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Abstract 

Many topics relevant to lumber 
drying are discussed in detail. 
These include: wood structure and 
wood-moisture relationships, drying 
methods, kiln types and 
instrumentation, treatment of logs 
and lumber prior to drying, kiln 
schedules, and drying defects. 

Considerable tabular information 
dealing with wood properties and 
wood-moisture relationships at 
various temperatures is provided for 
important hardwoods and softwoods 
utilized in eastern Canada. A 
bibliography is included with each 
chapter. 

vii 



ix 

On traite en details de nombreux 
sujets touchant au sechage: la 
structure du bois, la relation 
bois-humidite, les methodes de 
sechage, les types de sechoirs et 
leur instrumentation, le traitement 
des billes et des sciages avant le 
sechage, les programmes de sechage 
et les defauts causes par le 
sechage. 

On presente de nombreuses tables sur 
les proprietes du bois et la 
relation bois-humidite a diverses 
temperatures existant chez les 
resineux et les feuillus utilises 
dans l'Est canadien; de plus, 
chaque chapitre se termine par une 
bibliographie. 
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I 

The drying of wood is an essential 
step in the manufacture of most wood 
products. Proper drying is 
essential to minimize the 
development of defects such as warp 
and checking, and to achieve a low, 
uniform moisture content before 
machining, gluing, and finishing are 
carried out. Drying also improves 
the strength and stiffness of wood 
and its resistance to stain and 
decay. 

If lumber is not dried according to 
proper procedures and techniques, 
severe losses can result, not only 
in terms of drying degrade before 
manufacture but also during 
subsequent use. Improper moisture 
content in wood can cause finished 
wood products (furniture, floors, 
stairs, etc.) to warp and split. 

Kiln-drying under controlled 
conditions of temperature and 
humidity is the most widely used 
method for removing moisture from 
wood. Modern dry kilns are designed 
to provide close control of these 
conditions, and a quality product 
can be produced efficiently and 
economically if kiln operators are 
aware of the various techniques and 
problems which are associated with 
kiln-drying operations. 

This manual provides extensive 
information on such subjects as 
kiln-drying, kiln maintenance and 
wood/moisture relationships. The 
text is divided into 9 sections, 
each with several sub-headings on 
particular aspects of the subject. 
An attempt has been made to make 
each section reasonably 
comprehensive and self-sufficient, 

Introduction 

even though this has necessitated 
some repetition between sections. 
This manual is written for kiln 
operators, not scientists. The 
objective is practicality. 

The "Why" aspects of kiln operation 
have been dealt with in considerable 
detail because experience has amply 
demonstrated that an understanding 
of why the various seasoning 
procedures are employed will enable 
an operator to do a better job of 
drying lumber. No one can teach an 
operator to solve all the potential 
problems, but if he understands the 
basics of the drying process and 
kiln operation, he will have 
sufficient confidence and capability 
to tackle any unusual problems that 
may arise. 



II Wood structure related to drying 

Although this manual is concerned 
with the seasoning of lumber, a 
brief discussion of the structure of 
wood is necessary for a better 
understanding of the principles of 
seasoning technology. 

Trees in a botanical sense are 
classified under two subdivisions of 
the plant kingdom: the Angiosperms, 
-- the broad-leaved, deciduous trees 
known in the lumber trade as 
hardwoods; and the Gymnosperms, the 
needle-leaved, coniferous trees 
the softwoods. It should be pointed 
out that the adjective "hard" is not 
directly associated with the 
hardness nor "soft" with the 
softness of the wood. In fact 
hardwoods like aspen or basswood 
have softer wood than such softwoods 
as red pine or black spruce. 

Growth in height and diameter is 
achieved through the division and 
subdivision of specialized cells, 
which are located at the tip of 
growing shoots and roots (growth in 
height), and around the 
circumference of the stem between 
bark and "wood" (growth in 
diameter). 

The region of cell division at the 
tip of each shoot is called the 
apical meristem and the zone of cell 
division between bark and wood is 
called the cambium (Figure 1). The 
cambium consists of a single layer 
of cells which divide radially and 
laterally. 

Radial division produces new wood 
cells "inwards" and new bark cells 
"outwards", and lateral division 
increases the circumference of the 
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cambium to keep pace with the 
increasing diameter of the stem. In 
the process of inward division the 
cambial layer is "pushed" outward. 

During the division of a single bark 
cell, a new wood cell subdivides 
several times, and for this reason a 
tree has a much greater volume of 
wood than bark. In temperate 
climates cell division occurs during 
a specific growing season, and the 
annual growth increments appear as 
concentric rings -- annual rings. 
In softwoods the first part of each 
increment is composed of 
comparatively large-diameter cells 
formed during the period of most 
rapid growth -- the spring. Wood 
composed of these cells is called 
earlywood. 

The cells present in the later part 
of the ring are formed when growth 
is slower. Their radial diameters 
are smaller and the cell walls are 
thicker. This wood is called 
latewood. In hardwoods the 
distinction between earlywood and 
latewood is generally associated 
with differences in the distribution 
and size of two distinct cell types; 
large-diameter, thin-walled cells 
(vessels) and small-diameter, 
thick-walled cells (fibers). 

The woody part of a mature tree is 
composed of two zones; the sapwood 
and, heartwood (Figure 1). The 
sapwood of freshly cut logs 
characteristically has a higher 
moisture content (MC) and normally 
it is lighter in color, and so is 
readily distinguishable from the 
darker heartwood; however there are 
a number of species where 



differentiation is difficult (e.g. 
spruce, basswood, poplar). 

In young stems, all cells are active 
in conducting sap from the roots to 
the leaves. As the tree grows, the 
wood nearest the pith becomes aged 
and undergoes changes. It stops 
conducting sap and a gradual 
transition to heartwood takes place, 
accompanied by the formation of 
materials such as tannins and gums. 
From a growth point of view, one can 
say that heartwood is dead; however, 
in terms of utilization as raw 
material, heartwood is extremely 
important, more so than sapwood. 

Wood cells are composed of thin 
walls of wood substance surrounding 
minute cavities and although there 

Figure 1. 
Cross-sectional segment of red oak. 

Heartwood 
I 

are different cell types, most are 
cylindrical in shape with their long 
axis oriented along the vertical 
axis of the tree. The amount of 
cell wall substance per unit volume 
of wood determines its specific 
gravity and therefore woods with 
thicker cell walls are heavy and 
those with thinner cell walls are 
light. Cell wall substance, with a 
specific gravity of about 1.5, is 
heavier than water (specific gravity 
1.0), but since air is normally 
present in many cell cavities, a 
piece of wood usually weighs less 
than an equal volume of water and 
the wood floats. However, if most 
cell cavities are filled with water 
the wood will weigh more than an 
equal volume of water and 
consequently the wood will sink. 

Sapwood 
I 

Outer Bark 

Inner Bark 
Cambium 

,. • ' Tangential Surface 

LS 1027 

I ..,..., .. " ,. 
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Knots are a normal feature of all 
trees. They are sections of tree 
branches which are embedded in the 
stem as the tree increases in 
diameter. When branches are alive 
(supporting live foliage) ther,e is a 
continuity in the wood tissue 
between stem and branch, and the 
knots are in-grown or "tight". When 
the branch is dead the continuity in 
growth between stem and branch is 

Figure2. 
Knot types. 

Tight knots (in-grown knot). 

5 

lost and consequently knots become 
loose or "encased" (Figure 2). 
Since knot wood differs from the 
surrounding wood (greater density 
and different grain orientation), it 
has important effects on lumber 
seasoning. Tight knots tend to 
remain fitted in the sawn board but 
encased knots loosen and often fall 
out during drying. 

Loose knot (encased knot). 



Microscopic features 
(1) Hardwoods 

Hardwoods (broadleaved trees) have a 
greater variety of cells than 
softwoods do and so their structure 
is more complex. The most notable 
difference is that harcwoods have 
large-diameter cells called vessel 
elements scattered among the fibers 
(Figure 3). The vessel elements 
have more-or-less open ends and are 
arranged one above another to form 

Figure 3. 
Three -dimensional view of poplar (magnification lOX) 

Tangential Face 

LS 1087 
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long vertical tubes called vessels. 
These can vary between 0.002 and 
0.01 inch (0.05 and 0.25 mm) in 
diameter. The vessels function as 
pipes through which liquids can 
pass. In some species, especially 
in the heartwood, the vessels may 
become blocked by tissue growths 
called tyloses, which stop the 
moisture movement. Tyloses are 
common in white oak, so this species 
is commonly used for barrels, kegs 
and vats. 



Approximately one-half of the volume 
of a piece of hardwood is composed 
o£ thick-walled fiber cells which 
are longer and much smaller in 
diameter than a vessel element. 
Hardwood fibers vary in length from 
about 0.03 to 0.08 inch (0.8 to 2.0 
rnrn) and have pointed ends that 
overlap one another. The primary 
function of fibers in the tree is to 
provide mechanical support. 

Hardwoods are classified as 
ring-porous or diffuse-porous 
depending upon the arrangement of 
the vessels within the annual ring. 
Ring-porous hardwoods such as oak 
(Figure 4) are characterized by 
layers of large vessels formed 
during the early spring, followed 
later in the growing season by the 
£ormation of denser fibrous wood 
containing smaller scattered 
vessels. In diffuse-porous woods 
(Figure 5) the vessels are 
distributed more uniformly 
throughout the annual ring, often 
making the boundaries o£ the annual 
rings difficult to determine · without 
magnification -- a good example is 
aspen. Trees also produce cells 
radiating laterally from pith to 
bark like spokes of a wheel. These 
are called ray cells. Their 
function is to store food and to 
facilitate the lateral movement of 
nutrients to other living wood 
cells. The rays are important in 
seasoning, since they have a marked 
influence on shrinkage and 
splitting. Rays are more pronounced 
in hardwoods than in softwoods, and 
in oaks and beech they are large and 
readily visible without 
magnification. Hardwoods, being 
more complex, have a much greater 
diversity in structure among 
species, consequently the seasoning 
behavior of hardwoods is more 
variable than that of softwoods. 
For example, in oak, the rays 
constitQte about 30 percent of the 

7 

volume 
they 

of wood, whereas in basswood 
form only about 5 percent by 

volume. 
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Ray Figure 5. Cross section of a diffuse-porous hardwood-poplar (magnification 15X) 

Fibers 

Annual Ring ----1 

9 WA4-52 



Figure 6. 
Cross section of a softwood- spruce (magnification 25X) 

Annual Ring 

Resin Ducts 

WA4-41 
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(2) Softwoods 

More than 90 percent of the volume 
of a piece of softwood is composed 
of vertically-aligned fiber-like 
cells called tracheids. These 
cells are typically 0.05 to 0.25 
inch (1.3 to 6.4 mm) in length and 
seldom exceed 0.002 inch (0.05 mm) 
in diameter. They are arranged in 
fairly regular radial rows (Figure 
6) and they perform the dual 
function of conducting liquid and 
providing mechanical support for the 
tree. Rays in softwoods are 

Figure 7. 
Three-dimensional view of spruce (magnification lOX) 

Radial Face 

11 

typically narrow and 
account for less than 8 
total wood volume (Figure 

generally 
percent of 
7) • 

Some softwoods such as the pines, 
spruces, larch, and Douglas-fir have 
both vertical and horizontal systems 
of enlarged cavities, surrounded by 
special cells which secrete resin 
into the cavities. These cavities 
are resin canals, and when not 
filled with resin they may also 
serve as pathways for the movement 
of moisture. 

Tangential Face 

LS 1086 



Effect of wood structure on shrinkage 
The cell wall structure of hardwood 
fibers and softwood tracheids is 
illustrated in Figure 8. The 
individual layers of the wall are 
composed of microfibrils 
thread-like bundles of cellulose 
molecules embedded in a "cement" of 
hemicellulose and lignin, the other 
main components of the cell wall. 
Lignin imparts stiffness and 
hardness to the cell wall and is the 
cementing agent between individual 
cells. In the living tree, the 
cell wall is moist. When water 
is removed from the cell wall, the 
microfibrils draw closer together, 
causing the cell wall to shrink. 
This shrinkage results mainly in a 
reduction in cell diameter. This in 
turn results in a much greater 
shrinkage across the wood grqin than 
along the grain, a fact well known 
to most people involved in the 
drying and use of wood. Only 
moisture contained within the cell 
wall structure has an effect on 
shrinkage, and consequently all 
water in the cell cavity (lumen) 
must be removed before any shrinkage 
of the cell wall can occur. This is 
the basis for the concept of fiber 
saturation point which is discussed 
in Section III. 

In general, the amount of shrinkage 
in different species depends upon 
the density of the wood. This is 
understandable when considering the 
structure of cell walls. Dense 
woods contain more cell wall 
material per cubic foot and, 
therefore, would be expected to show 
greater shrinkage on drying. 

There are three basic planes (faces) 
in wood which can be exposed by 
sawing (Figure l). These are: ( l) 
the tangential face, produced by a 
longitudinal cut perpendicular to 
the rays (tangent to the annual 

12 

Figure 8. 
Cell wall structure of a softwood tracheid. 

Lumen (cell cavity) 

Secondary Wall 
Inner Layer (S3) 

Secondary Wall 
Middle Layer (S2) 

Secondary Wall 
Outer Layer (S 1) 

(intercellular substance) 

rings); 
produced 
parallel 
to the 

(2) 
by a 

to the 
annual 

LS 1091 

the radial face, 
longitudinal cut 

rays (perpendicular 
rings); and (3) the 

transverse or cross-sectional (end 
grain) face, produced by a cut 
perpendicular to the grain. 

In wood, the shrinkage across the 
tangential face is approximately 
twice that occurring across the 
radial face, and although lumber 
seldom has purely tangential and 
radial faces, this difference in 
shrinkage is still sufficient to 
cause problems during and after 
seasoning. 

In terms of seasoning and lumber 
utilization, longitudinal shrinkage 
(parallel to the grain) is of minor 
concern, since it is only about l/40 
that of tangential shrinkage. 
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Ill 

Moisture in wood 
First we should deal with the old 
belief that the season of the year 
in which a tree is cut has a marked 
influence on some wood properties. 
The wood of winter-cut trees is 
often regarded as having certain 
inherent advantages over that 
produced from trees cut during other 
seasons; namely, lower moisture 
content (MC), greater durability, 
greater resistance to checking 
during seasoning, better color and 
even increased strength. This 
reputed inherent superiority of 
winter-cut trees has not been borne 
out by the various investigations 
that have been made. However, it is 
recognized that climatic conditions 
can affect wood quality with respect 
to seasoning. During cold weather 
the air-drying of stored logs and 
lumber proceeds slowly and less 
checking and splitting occurs than 
during warm weather. Furthermore, 
stain and decay are inhibited by low 
winter temperatures. 

The explanation most frequently 
offered for the presumed superiority 
of winter-cut material is that the 
sap is drawn down from the crown and 
trunk of a tree during the late fall. 
and taken back up again in the 
spring; hence it is claimed that 
wood cut in the winter is drier than 
that felled during the rest of the 
year. This presumed winter decrease 
in moisture in the tree trunk has 
not been substantiated by 
experiments; in fact, it has been 
shown that there is as much moisture 
in a tree in the winter as there is 
in other seasons. 
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Wood/moisture relations 

since the major function of sapwood 
is to transport water from the roots 
to the leaves, its cells normally 
contain large quantities of water 
even after the tree has been felled 
and converted to lumber. Generally, 
only a portion of this water is 
retained in the cells after 
transition to heartwood and 
consequently there is a large 
difference in MC between the 
heartwood and sapwood of most 
species. The amount of moisture in 
wood varies with the species, 
density, degree of seasoning and 
other factors. The average "green" 
MC of commercially important species 
in Eastern Canada is shown in Tables 
1 and 2. This moisture occurs in 
wood in two main ways: 

Free water: 
in liquid and 
cell cavities 

that which occurs 
vapor form in the 
(lumen) and 

Hygroscopic or bound water: 
that which is contained in or 
associated with the cell wall 
structure. It includes water 
vapor which remains in the cell 
cavity after the liquid water 
is removed. 

The MC at which the cell lumen 
(cavity) is completely devoid of 
liquid water, but the cell wall is 
still completely saturated, is 
called the fiber saturation point 
(FSP). This point is important in 
drying wood. At and above the FSP 
there is practically no change in 
wood volume (shrinkage or swelling) 
with changes in MC. It is virtually 
impossible to determine the exact 
FSP by direct methods because of the 



difficulty of producing, throughout 
a piece of wood, a uniform MC at 
which all cell walls are saturated 
but there is no free water in the 
lumens. For practical purposes, 
however, it may be stated that the 
FSP for wood is approximately 30 
percent MC, based upon its ovendry 
weight. The determination of wood 
MC is discussed in Section IV. 

Moisture movement during drying 
The mechanism of moisture movement 
during drying is complex and 
requires an extensive study of wood 
physics. For our purpose, however, 
a brief discussion of the subject 
will be sufficient. 

In simple terms, drying starts from 
the outside and moves towards the 
center; however, the actual removal 
of moisture takes place only at the 
surface of the wood and therefore 
the drying of wood is essentially a 
process of moisture movement from 
the inner zones of the wood to the 
surface. 

The rate of moisture movement is 
governed by several factors, the 
most important of which is the 
capacity of the surrounding air to 
absorb moisture from the surfaces of 
the wood. 

Moisture movement in wood is caused 
by a series of forces related to the 
affinity (attraction) that both air 
and wood cell walls have for 
moisture. The rate of moisture 
movement, whether into or out of the 
wood, is in large part dependent 
upon temperature and the relative 
dryness of the air and wood. 

Free water in wood is not held by 
the force of "moisture affinity" 
since under these conditions the 
cell walls are already saturated. 
The removal of free water is 
therefore restricted only by the 
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physical limitations imposed by the 
cellular structure, providing the 
air has the capacity to absorb the 
moisture; i.e. sufficiently low 
relative humidity (RH ). Dry air has 
a strong affinity for moisture and 
eventually moisture begins to leave 
the walls of the outer (surface) 
cells, but since cell walls also 
have an affinity for moisture, they 
will attract replacement moisture in 
an effort to maintain the FSP 
condition. They can only absorb 
moisture from an area of lower 
affinity, which is any portion of 
the wood having a higher MC, i.e. 
the interior zones. Moisture is 
therefore drawn from the interior of 
the board, but as it reaches the 
surface it is again absorbed by the 
dry air, and in this manner drying 
progresses inward. 

As mentioned previously, wood 
vessels are like drain pipes through 
which moisture can move lengthwise. 
Moisture can also move sideways from 
one cell to another. This is 
accomplished primarily through tiny 
openings in the cell walls called 
pits. 

In softwood cells (tracheids) the 
pit openings contain a thin porous 
membrane with a thickened central 
disc or pad called the torus. In 
sapwood the membrane and torus are 
suspended across the middle of the 
pit chamber, and liquids can pass 
freely around the torus and through 
the porous pit membrane. When the 
cells age and become heartwood, the 
pits become aspirated, meaning that 
the torus moves closer to the pit 
mouth, blocking the opening and 
restricting moisture movement from 
cell to cell. The pit membranes in 
hardwood cells (fibers) do not 
contain 
heartwood 
heavily 
deposits 

a torus; however, in 
these membranes can become 

encrusted with extraneous 
which similarly restrict 

' 



moisture movement between cells. 
The blockage of pit openings is one 
reason why the drying rate of 
heartwood is much slower than that 
of sapwood. 

Let us now consider the 
paths by which moisture 
through wood. There are 
passageways: 

various 
can move 
five main 

i) within the cell cavities 

ii) through the pit chambers 
from cell to cell by way of the 
porous pit membrane openings; 

iii) through the ray cells 

iv) through intercellular 
spaces (gaps between individual 
cells where they are not 
directly connected by the 
middle lamella); 

v) through transitory 
wall passageways. 

cell 

The transitory passageways exist 
only when a liquid separates the 
minute components of the wall; they 
finally disappear when the liquid is 
removed by drying. The space 
available for moisture movement 
ranges from 25 to about 85 percent 
of the total volume of wood, 
depending on its density. Of this, 
the ray cells represent only 2 
percent, and the intercellular 
spaces about 1 percent. 

Let us 
forces 

now 
that 

wood during 
These are: 

consider in detail the 
move moisture through 

the drying process. 

l) Capillary action: This causes 
the free water in the cell cavities 
to flow through the cavities, 
spaces, and pits from one cell to 
another. It is due to the 
simultaneous operation of adhesion 
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and cohesion. Adhesion is the 
attraction between water molecules 
and the walls of cells and pit 
chambers, and cohesion is the 
attraction of the water molecules to 
each other. When green wood 
commences to dry, free water 
evaporation will occur from the 
surface cells and the water in their 
pit openings will develop concave 
depressions known as menisci. 
Evaporation at the menisci and the 
cohesion of water molecules cause 
the menisci to exert a pull on the 
water in the adjoining cell 
cavities. As drying continues, and 
free water in the cell cavities is 
progressively removed, other drying 
forces become operative. Capillary 
action moves deeper into the wood 
core and gradually disappears as the 
MC of the core cells approaches FSP. 

2) Vapor pressure differences: When 
most of the capillary action ceases, 
the majority of the cell cavities 
will contain only air and water 
vapor, and this establishes a vapor 
pressure. The higher the vapor 
content, the higher the pressure. A 
pressure differential between cells 
occurs because the amount of vapor 
in a given volume of air decreases 
as the surface of the board is 
approached. This differential, or 
vapor pressure gradient, causes 
moisture in the vapor state to move 
from areas of high vapor pressure 
(interior) to areas of lower vapor 
pressure (surface of the board), 
passing through the cell cavities, 
pit chambers, pit membrane openings, 
and intercellular spaces. 

3) Moisture content differences: As 
moisture begins to leave the cell 
walls near the surface of a board, a 
moisture content difference or 
gradient develops between the 
surface and interior cells. 
However, since wood substance has an 
affinity for moisture, the drier 



surface cell walls will absorb 
moisture from cell walls of higher 
MC, i.e. moisture moves from the 
wetter interior cells to the drier 
surface cells. 

4) Diffusion: A combination of 
vapor pressure gradients and cell 
wall moisture gradients operates 
simultaneously in a process called 
diffusion. A water molecule moves 
through a cell wall by moisture 
gradient, across the cell cavity and 
through openings by vapor 
gradient, and again through a drier 
cell wall by moisture gradient until 
it finally reaches the wood surface. 

Internal diffusion of moisture takes 
place longitudinally and laterally, 
and it is the major factor 
controlling the drying rate of wood. 
Even though diffusion is 10 to 15 
times faster along the grain, most 
drying in lumber is by lateral 
d.iffusion (across the grain) because 
of the shorter distance involved. 
Moisture diffuses more rapidly in 
sapwood than it does in heartwood, 
probably because the extractives and 
aspirated pits that occur in 
heartwood partially block the 
passageways upon which moisture 
movement depends. 

Equilibrium moisture content 
As a board dries under constant 
atmospheric conditions of 
temperature and humidity, the vapor 
pressure of the moisture in the wood 
gradually decreases, i.e. the forces 
which move the moisture from the 
surface of the board to the 
surrounding air gradually decrease. 
A point or condition is eventually 
reached where the vapor pressure of 
the moisture on the surface of the 
board is equal to the vapor pressure 
of the surrounding air; i.e. the 
air is no longer able to absorb 
moisture from the surface of the 
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1 
wood. At this time the wood still \ 
has a moisture gradient, with a 
drier surface, and therefore the 
process of moisture diffusion toward 
the surface continues. The vapor 
pressure of the surface moisture 
increases and again some of the 
moisture diffuses into the air. The 
interior continues to dry until the 
moisture is distributed uniformly 
throughout the wooa, and the vapor 
pressure of the moisture in the wood 
is equal to the vapor pressure of 
the surrounding air. This defines 
an equilibrium moisture content 
(EMC) state at which wood neither 
gains nor loses moisture (at a given 
temperature and RH). 

Now it is essential to grasp a few 
significant terms. The actual 
weight of water per unit weight of 
dry air is termed absolute humidity 
and is independent of air 
temperature. However, the drying 
capacity of air depends on both the 
absolute humidity and the ambient 
temperature; therefore the"arnount" 
of water vapor in air is more 
appropriately expressed as a 
percentage of the total "amount" of 
vapor contained in saturated air at 
a given temperature and pressure; 
this is referred to as relative 
humidity (RH). Because relative 
humidity measures the capacity of 
air to absorb moisture, RH and 
temperature jointly affect the EMC 
of wood. For example, at 21°C 
(70°F) an RH of 55 percent gives an 
approximate EMC of 10.5 percent, 
whereas at 85°C (l85°F) an RH of 55 
percent gives an EMC of about 6.4 
percent. Tables 3, 4, and 5 list 
equilibrium moisture contents and 
relative humidities at various 
dry-bulb temperatures and wet-bulb 
depressions. The EMC attained by a 
given piece of wood will vary 
somewhat depending on species, 
drying temperatures used, presence 
of decay, reaction wood, etc; 



however, for practical purposes 
these factors are usually ignored. 

Shrinkage and swelling_ of wood: 

l) Moisture content effect: One of 
the principal problems in the 
seasoning, manufacture, and use of 
lumber is the change in dimension 
that occurs with a change in 
moisture content. A knowledge of 
the conditions affecting shrinkage 
and swelling is necessary in order 
to minimize this problem. 

Although wood is capable of holding 
large quantities of water above 
fiber saturation, its hygroscopic 
nature becomes evident only at 
moisture contents below the fiber 
saturation point. (Hygroscopic 
means "capable of attracting and 
absorbing water vapor"). When wood 
is at or above FSP, the cell wall is 
in the swollen or non-shrunken 
condition, and the microscopic 
components of the cell wall 
(microfibrils) are in their greatest 
natural state of separation. Below 
FSP, as water is removed from the 
cell wall by diffusion, the degree 
of separation decreases, i.e. the 
microfibrils are drawn closer 
together, and the cell shrinks. 

The FSP occurs at a moisture content 
which varies from approximately 22 
to more than 30 percent depending 
upon the wood species. However, for 
practical purposes it is assumed 
that the FSP and the point at which 
shrinkage begins is 30 percent MC. 
In kiln-drying thick lumber, the 
surface of a board is often dried 
below FSP while the average MC of 
the piece is still comparatively 
high. Therefore slight shrinkage 
may occur while the average MC of 
the board is above FSP. 

As an approximation, volumetric 
change in wood below FSP is directly 

proportional to the volume of water 
gained or lost from the cell wall. 
This relationship is expressed as 
follows: 
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where 

Sv = SG ( f - MC) 

Sv = total possible 
volumetric shrinkage 
(percent, green 
volume basis) 

SG = basic specific gravity 
of wood (ovendry weight, 
green volume basis --
Table 8, g per cm3) 

f = fiber saturation point 
(percent MC) 

MC = -moisture content of 
wood (below FSP) 

For example, given the following 
data: 

we find: 

SG = 0.35 

f = 30 percent (normal 
assumption) 

MC = 19 percent (target 
MC) 

Sv = 0.35 (30 - 19) = 3.8 
percent 

i.e. the volume of a green 
spruce stud will normally 
decrease by approximately 
3.8 percent during drying 
to a MC of 19 percent. 

Assuming a FSP of 30 percent, each 
percentage point decrease in MC 
below 30 would result in 1/30 of the 
total volumetric shrinkage. This 
formula is approximate only and 
shrinkage values are normally 
determined for a species by 
measuring the shrinkage of 



specimens. Average shrinkages for 
commercially important species in 
eastern Canada are listed in Tables 
6 and 7. 

As wood dries, shrinkage continues 
until the EMC is reached. In 
calculating shrinkage allowances, it 
is essential to know the final MC to 
which the lumber will be dried. The 
shrinkage of construction lumber 
kiln-dried to an average MC of 15 
percent, is much less than that of 
shop or factory lumber of the same 
species kiln-dried to a MC of 8 
percent. 

Substantial variation in shrinkage 
occurs within a given species, and 
therefore it is impossible to 
predict accurately the shrinkage of 
an individual piece of wood. The 
average shrinkage of a large number 
of pieces is more predictable, and 
to estimate this shrinkage from the 
green condition to any MC, the 
following equation can be used: 

Sm 

where: 

(30-m) = So ( 30) 

"Sm" is the percent shrinkage 
expected from the green condition. 

"So" is the total shrinkage (radial 
or tangential) in percent from 
Tables 6 and 7. 

"m" is the final 
percent). 

MC (below 30 

2) Wood density effect: The basic 
shrinkage relationship described 
previously indicates the influence 
of wood density (expressed as 
specific gravity, SG) on shrinkage. 
The denser the wood the greater the 
shrinkage tpat can be expected for a 
given change in MC, e.g. maple 
shrinks much more than pine, and the 
same rule applies to SG variation 

within a species. There is even a 
variation in shrinkage between 
earlywood and latewood within an 
annual ring, because of a difference 
in their densities. Basic density 
data are shown in Table 8. 

3) Grain effect: In discussing the 
various layers of the cell wall and 
the orientation of the microfibrils 
(Section II), it was pointed out 
that shrinkage of the cell wall 
results mainly in a reduction in 
cell diameter, with only a small 
reduction in cell length. Since the 
long axis of most cells is aligned 
parallel to the board length, 
shrinkage of boards across the grain 
(width and thickness) is much 
greater than along the grain 
(length). Longitudinal shrinkage 
(length) is less than 0.5 percent 
and is usually disregarded in 
shrinkage evaluation. Shrinkage in 
the tangential direction (parallel 
to the annual rings) is somewhat 
greater than shrinkage in the radial 
direction (perpendicular to the 
annual rings). Consequently, 
flat-sawn boards shrink more across 
their width than edge-grain or 
quarter-sawn boards. 
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Wood with spiral, diagonal, or curly 
grain may show excessive 
longitudinal shrinkage because the 
cells are not oriented parallel to 
the length of the board. If, for 
example, all the fibers run through 
the board at an angle of 45°, it 
would shrink in the same proportion 
lengthwise as widthwise. 

The shrinkage percentages shown in 
Tables 6 and 7 are based on 
measurements made on purely 
flat-grain and edge-grain lumber. 
In the case of lumber which is not 
truly flat-sawn, the values listed 
for tangential shrinkage would have 
to be decreased slightly, depending 
upon the angle at which the annual 



rings meet the face of the board as 
viewed on a cross-sectional cut. 

4) Extractives: The presence of 
extractive material in the cell 
walls of a given species will result 
in a lower-than-average FSP and 
lower-than-expected shrinkage in 
relation to the density. 

5) Abnormal Wood: 

a) compression wood: Normal wood 
shrinks so little along the grain 
that for practical purposes the 
change in length that occurs during 
drying may be neglected. Unusually 
large longitudinal shrinkage does, 
however, take place in compression 
wood which is a hard, heavy, brittle 
type of reaction wood that is formed 
on the lower side of branches and 
leaning trunks of softwood 
(coniferous) trees. Such wood is 
weak in tension, and boards with 
severe compression wood may develop 
breaks across the grain due to the 
abnormally high shrinkage stresses 
that occur along the grain during 
drying. No specific shrinkages can 
be provided but, in extreme cases, 
longitudinal shrinkage of 
compression wood may be as high as 5 
to 6 percent. 

compression wood in lumber is 
generally recognizable by its 
appearance. The annual growth rings 
are usually relatively wide and 
appear to have an unduly high 
percentage of darker, reddish brown 
or orange latewood. The usual clear 
line of demarcation between 
earlywood and latewood is frequently 
lacking in compression wood of some 
species, and there is often a dull, 
lifeless appearance in seasoned 
boards containing compression wood 
when compared with normal wood. 

In logs the appearance of 
compression wood is distinctive. It 
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normally occurs in only a portion of 
the growth ring within the tree, 
typically in a half-moon pattern 
extending along the annual rings on 
one side of the tree (Figure 9). 
Since the annual rings are generally 
wider on the compression-wood side, 
the pith of the log is seldom 
located in the geometric center of 
the log. The eccentricity of the 
rings can often be used to identify 
logs containing compression wood. 

Figure 9. 
Compression (reaction) wood seen in cross section of a 
red pine stem. 

Compression 
Wood 

LS 830 

b) Tension wood: In hardwoods the 
counterpart to compression wood is 
tension wood, which is a type of 
reaction wood commonly found on the 
upper side of branches and leaning 
trunks of trees. Tension wood 
fibers seem to contract or shrink 
while being formed in the tree, 
leading to growth stresses that 
contribute to splitting in sawn 
lumber. Zones of tension wood dry 
somewhat slower than normal wood, 
and remain at a higher MC than the 
surrounding wood after drying. 



During machining tension wood fibers 
frequently fray and tear, giving a 
fuzzy or woolly appearance to the 
surface of the lumber. This is 
particularly noticeable on the 
surface of unseasoned wood. 

The presence of tension wood in logs 
is often, but not always, associated 
with eccentricity of the annual 
rings. As seen on the log end, 
tension wood is found in the area of 
the major radius (widest annual 
rings). A clean cut can produce the 
characteristic woolliness, and in 
some species (beech, aspen) the 
tension wood zones also exhibit a 
silvery sheen. In other species it 
may be darker than normal wood. The 
difference in shrinkage between 
tension wood and normal hardwood is 
less than that between compression 
wood and normal softwood. In 
species where excessive shrinkage of 
tension wood does occur, it is often 
associated with collapse. 

c) Wet wood: Zones of abnormal 
wood, known as "wetwood", 
particularly common at 
sapwood-heartwood interface 
certain species (aspen, balsam 
white pine). The 

are 
the 
of 

fir, 
main 

characteristics are: high MC, 
presence of bacteria (but not 
decay-producing fungi), less acidic 
than adjacent wood, lower 
permeability, and somewhat higher 
shrinkage than is normal for the 
species. Shrinkage in wetwood is 
difficult to measure because it is 
frequently associated with collapse. 
No practical drying system is known 
at this time to adequately dry 
wetwood without severely overdrying 
the normal wood. 

d) Juvenile wood: In softwoods 
there is normally a zone of rapid 
growth (noticeably wider annual 
rings) adjacent to the pith. This 
is referred to as the juvenile core, 
and it has some properties which 
differ slightly from normal wood. 
The wood has lower than average 
density, and the fibril angle in the 
cell wall is such that the 
longitudinal shrinkage is greater 
than normal. This differential in 
longitudinal shrinkage often causes 
warp in lumber containing both 
juvenile core and normal wood. This 
is particularly evident in lumber 
from fast-grown plantation trees, 
because they generally have a higher 
proportion of juvenile wood than do 
forest-grown trees. 

Relationship of moisture content to weight of lumber 
The weight of lumber varies with the species, SG, MC, and lumber dimensions. 
In order to calculate the approximate weight of lumber at a given MC, sever-
al steps must be followed: 

1) Calculate the volume of the lumber at the given MC: 

Determine the total board foot measure according to actual dimensions 
and divide by 12. For standard, nominal softwood sizes surfaced 
green and dry {19 percent MC) , see Table 9 for volume (actual 
dimensions) . 

If board foot measure is scaled on more than actual thickness (e.g. 
hardwood lumber dressed to 13/16 inch is scaled as l-inch) , adjust 
board foot measure by the difference in thickness (example: for 
3/16-inch less, decrease measure by 19 percent). 
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If MC is greater than 30 percent, the above represents the green 
volume. 

2) If given MC is less than 30 percent, convert actual volume to equivalent 
green volume using volumetric shrinkage factor (Tables 6 and 7) : 

Green volume = dry volume (cubic feet) 

1 _ ( 30-MC x Vol. Shr. to ovendry) 
30 100 

3) Convert green volume to ovendry weight: 

- ·Multiply green volume by basic density of the species as given in 
Table B. 

4) Convert ovendry weight to weight at given MC: 

Example: 

( 
100 + MC) Multiply ovendry weight by MC factor 100 

therefore: (100 + MC) 
dry volume x basic density x 100 Weight = 

l -(30-MC X 
30 

Vol. Shr. to ovendry MC ) 
100 

one Mfb (nominal) of surfaced white spruce -- 1-1/2 inches x 
3-1/2 inches (2 x 4 stud) dried to an average MC of 12 percent 
would weight about: 

54.7 X 22.2 X 1.12 
1-(0.60 X 0.113) = 1459 lb. 

where: 54.7 =dry volume (cubic feet) of surfaced 
(Table 9) • 

22.2 

1.12 

0.60 

- basic density of white 
(Table 8) . 

(100+12) 
= MC factor = 100 

spruce in lb/cu. ft. 

. ( 30-12) = portion of total volumetric shr1nkage = 30 

0.113= 11.3 percent: the volumetric shrinkage, green 
to ovendry, for white spruce (Table 7). 

The above calculation is an estimate only; however, for practical use it 
is quite acceptable. 
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IV Determination of wood moisture content 

A major cause of problems in the 
manufacture and use of many wood 
products is the change in wood 
dimensions which accompanies a 
change in moisture content (MC). 
For example, if lumber is dried to 
an excessively low moisture content, 
it will later absorb moisture and 
swell. conversely, if 
insufficiently dried, it will 
continue to lose moisture after it 
is placed in service and 
consequently it will shrink and 
often check or warp. Obviously, for 
many products the amount of water 
present in wood must be monitored 
and controlled during the 
manufacturing process so that the 
moisture content at time of shipment 
is close to the equilibrium moisture 
content (EMC) to which the product 
will be exposed in service. 

In lumber seasoning the recognized 
method of expressing MC is to 
express the amount of moisture 
present as a percentage of the 
ovendry (moisture-free) weight of 
the wood. Moisture contents, 
therefore, may exceed 100 percent, 
especially in the sapwood of low 
density woods. (In the pulp and 
paper industry percent moisture 
content is based on the green 
weight.) 

The standard procedure for measuring 
the exact MC of wood is known as the 
ovendrying method. Electrical 
methods (moisture meters) are used 
for quick determination of MC; 
however, they are affected to 
various degrees by other variables 
(SG, species, temperature, moisture 
gradients) and therefore the 
measured MC is only an estimate of 
the true MC. 
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Ovendrying method 
To determine MC by the ovendrying 
method, cut a small piece from the 
wood to be tested, weigh it 
carefully, dry it in an oven until 
all moisture is evaporated, then 
reweigh. All the necessary 
equipment for this operation is 
shown in Figure 10. Figure 11 
illustrates the method of cutting 
test specimens for the determination 
of MC. Sketch "A" shows the sample 
used to determine average MC and 
sketches "B" and "C" show the 
section used to determine the 
moisture distribution. Type "B" is 
usually used for lumber up to 1-1/2 
inches (38 mm) thick and "C" for 
lumber more than 1-1/2 inches (38 
mm) thick. The step-by-step 
description follows: 

Figure 10. 
Equipment used to determine moisture content by ovendry 
method. 
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1) Select a board to be tested; cut 
and discard a piece from one end not 
less than 2-foot (0.6 m) in length. 
This will minimize the possibility 
of using a test sample in which 
end-drying has taken place. 



2) From the freshly exposed end, 
immediately cut the sample to be 
tested. This should be a section 
about 1 inch (25 mm) in the 
direction of the grain and the full 
width of the board. This section 
should never be near knots, rot, 
pitch pockets or other abnormalities 
where the MC may not be truly 
representative of the whole board. 
Number the section and the board for 
reference. 

Figure 11. 
Method of cutting samples for moisture distribution. 

2 feet or more 

.·· 

.. 

3) Trim all loose slivers from the 
section. 

4) Weigh the section immediately 
and accurately. This is called the 
original weight (Orig. wt.) 

5) Place the section in an oven at 
217° ± 4°F (103° ± 2°C) and allow it 
to dry until successive weighings at 
2-hour intervals show no change in 
weight -- normally 18 to 24 hours. 

Moisture Section Distribution Section 

a -----1 

Core 

Intermediate _.L---,,......r-/11 
Shell 

abouta / 4 abouta/6 

A B c 
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(Use of appreciably higher 
temperatures will result in 
inaccurate MC determination.) This 
time may be reduced to 10 to 20 
minutes by using a radio frequency 
(RF) oven. (Figure 12). 

6) When the section is dry 
(constant weight), it is removed 
from the oven and immediately 
reweighed before it has a chance to 
absorb moisture from the atmosphere. 
This weight is called ovendry weight 
(OD wt.). The MC can now be 
determined by means of a simple 
calculation using the following 
formula: 

MC = Orig. wt. - OD wt. X lOO 
OD wt. 

Figure 12. 
Radio-frequency oven. 

Example: 

Original weight of sample 60 g 
Ovendry weight of sample 50 g 

60 - 50 MC = 50 X 100 = 20% 

This method of determining MC is 
generally used as a standard or 
basis for calibration of other 
methods. It is important to be 
aware that inaccurate values may be 
obtained if the wood contains 
appreciable amounts of extractives 
that can evaporate or if the wood 
has been impregnated with chemicals. 
Other possible sources of error with 
this method are: 
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1) Failing to properly select or 
prepare test samples by cutting the 
sections too close to the ends of 
the board, or by inclusion of knots, 
resin streaks or rot. (i.e. 
sections which are not 
representative of the board). 

2) Allowing the sections to dry 
after cutting and before weighing. 

3) Removing the sections from the 
oven before all moisture has been 
evaporated; or the use of an oven 
temperature appreciably above or 
below 2l2°F (l00°C) . 

4) Allowing the section to absorb 
moisture after removal from the 
oven, before reweighing. 

Figure 13. 
Resistance moisture meter. 
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5) Careless weighing, or the use of 
scales that are not sufficiently 
accurate. The latter is a common 
source of error. 

6) Failure to properly identify or 
number sections. 

Electrical methods 
Electrical methods of assessing the 
MC of wood are commonly employed by 
the wood-using industries. These 
methods make use of an electrical 
property of wood, which varies with 
MC, such as electrical resistance, 
dielectric constant, or radio 
frequency power loss. Although 
there are a number of moisture meter 
manufacturers, there are only two 
types of electric moisture meters 
for use with lumber: 

(1) Resistance meters 

In the Canadian lumber industry the 
resistance-type meter with 2-pin 
insulated electrodes (Figure 13) is 
used almost exclusively. 

Below fiber saturation point (FSP), 
normally about 30 percent MC, the 
direct current resistance of wood 
varies greatly with MC. For 
example, from FSP to about 7 percent 
MC, the resistance increases ten 
thousand-fold whereas from FSP to 
about 100 percent MC resistance 
changes less than fifty-fold. 
Therefore the resistance-type meter 
is of no practical value above FSP 
and of limited value in the range 
from FSP down to about 21 percent 
MC. Below 7 percent MC the 
resistance is so high that it 
becomes difficult to measure. 
Therefore, the presently available 
resistance-type meters are useful 
only in the range of about 7 to 21 
percent MC, and then only if the 
proper correction factors (for 
species and wood temperature) are 
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applied. The probes commonly used 
with the resistance-type meter are 
equipped with two l-inch (25 mm) 
pins having only the tips 
uninsulated. However, there are 
still some probes in use equipped 
with four 5/16-inch (8 mm) 
completely uninsulated pins. Lumber 
tested for MC frequently has a 
moisture gradient, and since the 
pins or electrodes register the MC 
of the wettest wood contacted, the 
two types of probes can result in 
different MC determinations. For 
example, if inserted to 
mid-thickness in 2-inch (51 mm) 
boards, the l-inch (25 mm) pins will 
usually indicate the maximum MC, 
whereas the 5/16-inch (8 mm) pins 
would usually result in meter 
readings appreciably below the 
average for the board, providing 
that the material has not been 
surface-wetted. surface 
moisture results in erroneously high 
MC determinations when using 
uninsulated pins and therefore their 
use is not recommended. 

The two- and four-pin probes also 
have slightly different resistance 
characteristics and therefore 
separate species correction factors 
are required for each type of probe. 
Correction factors for the two-pin 
probe are provided in an EFPL report 
(Can. For. Serv. Tech. Rep. 7). 

The present 
Testing and 
Standard No. 

American Society for 
Materials (ASTM) 

2016 recommends (1976) 
that the insulated pins be inserted 
to one-quarter to one-fifth of the 
board an approximation 
of average board MC is desired. 
However, this Standard originated 
before the days of the steep 
moisture gradients characteristic of 
accelerated and high-temperature 
drying. Insertion to one-fifth 
boqrd thickness is less than halfway 
to the center of the board, and 

therefore, it could result in an 
underestimation of average board MC 
unless there was a prolonged 
equalization and conditionihg period 
prior to testing. Insertion to 
one-quarter board thickness would 
provide an estimate of average MC if 
the moisture gradient from the 
surface to the center of the board 
was a straight line relationship; 
but this is usually not the case, 
especially following 
high-temperature drying. Therefore, 
we recommend that the insulated pins 
should be driven into the board a 
distance greater than one-quarter 
the actual board thickness. A good 
estimate of the average MC can be 
obtained by taking successive 
readings at several depths and 
averaging the results; however, if 
the operator wants to be reasonably 
certain of detecting a wet core, he 
should drive the pins to 
mid-thickness. 

At a given MC 
resistance of wood 
species probably due to 
in wood structure and 

the electrical 
varies with 
differences 
electrolyte 

concentration. Therefore, 
correction factors are required for 
each species to convert a meter 
reading into the actual MC between 
the probe pins. It is important to 
remember that the temperature 
correction must be applied first, 
followed by the species correction 
for the temperature-corrected 
reading. To avoid the need for 
separate correction tables, the 
Eastern Forest Products Laboratory 
has prepared a handbook of combined 
temperature and species correction 
factors for all commercia·lly 
important eastern Canadian species. 

In eastern Canada and eastern U.S. 
it is customary to dry and sell 
mixed spruce, jack pine and balsam 
fir (Spruce Pine Fir) 
construction lumber. Since it is 
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sometimes difficult to distinguish 
visually between spruce and balsam 
fir lumber and since the correction 
factors for the two species differ 
appreciably, it is recommended that, 
whenever there is any uncertainty 
concerning species identification, 
the kiln operator use the white 
spruce factors because spruce makes 
up the largest portion of this 
mixture and has the largest 
correction factors. This practice 
will eliminate any possibility of 
underestimating the MC of a board 
because of incorrect species 
identification. 

(2) High-frequency meters 

There are two types of 
high-frequency moisture meters, both 
employing surface-contact electrodes. 

a) Power-loss type: This 
meter measures the power-loss 
factor when radio-frequency 
(RF) current penetrates the 
wood being tested, and uses 
this measurement to estimate MC 
(Figure 14) . 

With surface contact 
electrodes, the meter is quick 
and easy to use and it avoids 
the pin holes which 
resistance-type meters leave in 
lumber. On the other hand the 
power-loss meter is not as 
accurate as the 
resistance-type, particularly 
when measuring the MC of 
construction lumber. In fact, 
studies have shown that this 
type of meter is not 
sufficiently accurate for use 
on kiln-dried softwood 
dimension lumber unless the 
moisture gradient has been 

Figure 14-
Power loss moisture meter. 

= 

r 
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eliminated. However, for other 
applications such as in 
measuring the MC of veneer and 
dry shop lumber (5 to 8 
percent MC) where moisture 
gradients are negligible, the 
meter will give acceptable 
results. 

b) Capacitance type: This 
meter operates on the 
relationship between MC and the 
dielectric constant of the wood 
(Figure 15). To our knowledge, 
this type of meter is seldom 
used by the canadian lumber 
industry. 

(3) Continuous moisture meters 

Hand-held portable electric moisture 
meters are used to obtain moisture 
contents of individual boards which 
are usually selected so as to 
represent the average of a kiln 
charge. Although it would be ideal 
to have a MC determination for every 
piece in a charge, this is 
impracticable with a portable meter. 
Therefore, high-frequency-type 
moisture meters have been designed 
for monitoring a production line on 
a continuous basis. These meters 
are available with special 
accessories such as spray-markers, 
automatic counters, alarms, and the 
like. 

The continuous moisture meters 
operate on the same principles as 
the portable instruments, in that 
they measure a physical property of 
wood which is related to MC rather 
than measuring moisture content 
directly. The relationship between 
the physical property and the MC 
must be established before the meter 
is calibrated, and a common problem 

Figure 15. 
Capacitance moisture meter. 
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with the continuous moisture meters 
is that of maintaining calibration 
(preventing drift). Avoidance of 
this problem is dependent upon 
proper electronic design and 
conditions of installation. 

Some of the meters in use are based 
on a principle of combined 
resistance and capacitance, and 
these are affected by such variables 
as species, wood density, 
temperature, moisture distribution 
and lumber size. 

Most attention has been focused on 
three particular in-line meters: 

i) The Laucks meter is a 
capacitance type based on the 
dielectric constant of wood. 
Electrodes are mounted either 
immediately above or below the 
lumber to be measured, and they 
generate an electromagnetic field 
through which the boards pass. 

ii) The Irvington meter is claimed 
to be basically a high frequency 
resistance meter with minor sensing 
of wood capacitance. The system is 
energized by a high-frequency 
voltage source, applied across 
electrodes located in measuring 
heads above and below the lumber at 
a distance of 1 to 1-1/2 inches (25 
to 38 mm) from the surface of the 
lumber. It is claimed that this 
meter mainly measures the electrical 
resistance of the board between the 
measuring head and the grounding 
conveyor chain or another head which 
is approximately 2 feet (0.61 m) 
away. 

iii) The Wagner meter has measuring 
heads with multiple electrodes above 
and below the lumber (in the latest 
model all the electrodes are on one 
side). An electromagnetic field is 
established across the lumber by 
energizing the center electrodes, 

which operate as a unit. It is 
claimed that, because of the 
electrode arrangement, the meter can 
measure a combination of resistance 
along the wood and capacitance 
within it. 

Users of continuous in-line moisture 
meters should be aware of the 
factors that can produce inaccurate 
readings, such as variations in 
temperature, density, species, size, 
and moisture distribution. The user 
must be prepared at least to verify 
the validity of standard 
calibrations, or else to develop his 
own calibrations for his specific 
operating conditions. On this basis 
it appears that continuous moisture 
meters could be well adapted for use 
in a "GO NO GO" quality control 
test with predetermined acceptance 
levels. Such meters are usually 
coupled with a mechanism which 
automatically removes "wet" boards 
from the production line. 

There are two types of meter, not 
yet used commercially for lumber, 
which offer some promise. One of 
these is a micro-wave type, the 
other the nuclear moisture gauge. 
The first measures two parameters --
dielectric constant and dissipation 
factor -- which are related to the 
density and MC of the material. The 
second type is based on the 
"backscatter" of reflected nuclear 
energy generated by high intensity 
sources of low energy gamma or 
x-rays. This meter evaluates 
absolute wood density which, within 
a given species, is closely related 
to actual water content. 

Systems have been designed to 
continuously monitor the MC of 
selected boards during kiln drying. 
Pin-type electrodes are driven into 
selected boards (stations) during 
stacking; when the charge is in 
place the electrode leads are 
connected to a cable which is in 
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turn connected to a resistance-type 
moisture meter and station selector 
located outside the kiln (Figure 
16). In principle this is a very 
practical arrangement since it 
eliminates the need for removable 
sample boards and the necessity to 
enter the kiln during operation. 
schedule changes are made on the 
basis of MC readings from several 
stations. 

Figure 16. 
Cofltinuous moisture monitoring system. 

In practice, however, there are 
several limitations which make the 
accuracy of such systems 
questionable. Above fiber 
saturation point (25 to 30 percent 
MC) electrical resistance is so low 
that MC determination is unreliable, 
and therefore schedule changes may 
not be made at the proper time. 
Also, as wood begins to shrink the 
contact pressure between the wood 
and the electrodes will be reduced, 
and erroneous meter readings may 
result. 
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The effect of temperature, humidity, 
and air circulation on the mechanism 
of moisture movement in wood is a 
subject of considerable depth and 
complexity and only a short outline 
of the basic principles is attempted 
in this manual. 

Temperature 
Heat is the source from which the 
water molecules in wood acquire the 
kinetic energy necessary for 
evaporation to take place, and the 
rate of evaporation is dependent 
upon both the amount of energy 
supplied per unit time and the 
ability of the heating medium (air) 
to absorb moisture. Drying 
progresses inward from the surface 
of a board and, if temperature is 
constant, the rate of evaporation 
will gradually decrease as the 
supply of moisture in the wood is 
diminished and as the vapor pressure 
of the air is increased. Therefore, 
to maintain a steady drying rate, 
the water molecules in the wood must 
acquire additional energy, or the 
vapor pressure of the kiln 
atmosphere must be reduced. This is 
achieved by either increasing the 
temperature (more energy) or 
reducing the relative humidity (RH) 
(lower vapor pressure). In order to 
obtain the same rate of moisture 
movement at 120°F as at 160°F (49°C 
and 71°C), a much lower humidity 
would be required, such that the 
reduction in heat energy is 
compensated for by the increased 
moisture affinity of the drier air. 

In discussing temperature, it should 
be borne in mind that the dry-bulb 
kiln temperature during the drying 

Physical elements of drying 

process is higher than the 
temperature of the lumber. When 
lumber contains free water, the 
temperature of the wood is 
approximately the same as that of 
the wet bulb, and it will stay close 
to this temperature as long as there 
is sufficient moisture movement to 
keep the surface moist. As the 
supply of free water diminishes and 
the moisture content (MC) of the 
wood approaches fiber saturation 
point (FSP), the temperature of the 
wood begins to rise toward the 
dry-bulb temperature. It may 
finally reach this temperature as 
the MC of the wood approaches 0 
percent. 

Humidity and equilibrium 
moisture content 
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As used in lumber seasoning, RH is a 
measure of the "amount" of water 
vapor in the air, expressed as a 
percentage of the total "amount" 
contained in saturated air at a 
given temperature and pressure. For 
example, when air is saturated (100 
percent RH) at 140°F (60°C) and 
atmospheric pressure, it holds 131 
grams of moisture per cubic meter, 
but if only 72 grams are present at 
this temperature and pressure, the 
RH is 72/131 of 100; or 55 percent. 
Increasing the temperature of the 
air increases its capacity for 
holding moisture, and therefore more 
grams of moisture per cubic meter 
are required to saturate the air if 
the temperature is increased. 
Increasing the temperature of the 
air without adding more moisture 
will cause the RH to decrease. For 
example, if air with a RH of 100 
percent at 140°F (60°C) is heated to 



158°F {70°C) , its RH drops to 64 
percent because of the increased 
moisture-holding capacity of the 
hotter air. The effect of 
temperature increase on RH is shown 
in Table 12 for ambient temperatures 
of -20 to 90°F (-29 to 32°C) . 

In seasoning, RH is determined by 
use of the dry- and wet-bulb 
psychrometer (Figure 37). This 
instrument consists of two similar 
thermometers exposed to the 
circulating air; the bulb of one of 
them, the wet-bulb thermometer, is 
surrounded by a clean cotton wick 
which is kept wet by a small 
reservoir of water. Evaporation 
from the wet-bulb wick cools the 
wet-bulb thermometer, which 
therefore shows a lower temperature 
than the dry-bulb thermometer. The 
difference between the two 
thermometer readings is called the 
wet-bulb depression, which is 
directly related to the RH of the 
air. The greater the rate of 
evaporation from the wet-bulb wick, 
the greater is the cooling effect, 
and this varies directly with the 
amount of moisture in the air, such 
that a greater wet-bulb depression 
is equivalent to a lower RH. 

Relative humidity does not directly 
indicate the drying capacity of the 
kiln atmosphere. Therefore, drying 
schedules are expressed in terms of 
dry-bulb temperature, and either 
equilibrium moisture content (EMC) 
or wet-bulb depression, or both. 
For example, when drying wood at a 
dry-bulb temperature of 140°F {60°C) 
and wet-bulb depression of 9F0 

(5C 0
) , the indicated EMC condition 

is 13 percent (Table 4). The 
manipulation of kiln conditions in 
order to control the drying rate is 
based on this concept. During 
drying the EMC conditions 
established by the temperature and 
humidity relate only to the 

immediate surface MC of the wood. I 
However, they do provide an 
indication of the severity of the 
drying conditions and of the 
moisture gradients established in 
the wood. 

Air circulation 

constant circulation of air is 
necessary in kiln-drying to carry 
heat to the lumber being dried, and 
to carry away evaporated moisture. 
For effective drying, this 
circulating air must be continually 
conditioned for temperature and 
humidity before it passes through 
the lumber stack. Also, the rate of 
air movement over the surface of the 
lumber should be sufficiently high 
so that the limiting factor in 
drying will be the rate at which 
moisture becomes available for 
evaporation at the surface of the 
wood. As air passes through the 
lumber stack it becomes cooler and 
more humid. Consequently the air 
velocity must be high enough to 
effect a rapid exchange of air, 
otherwise the actual drying 
conditions inside the lumber stack 
will deviate from those "set" in the 
control room, and the desired drying 
rate would not be achieved. Higher 
air velocities also minimize "dead 
spots" and promote more uniform 
drying throughout the load. 

As wood dries, the surface moisture 
does not pass directly into the main 
air stream. Between the wood and 
the circulating air is a thin film 
of slowly moving, saturated air 
called the boundary layer where the 
vapor pressure is substantially 
higher than in the main stream. 
This layer has a strong influence on 
the rate of moisture evaporation 
from the wood, and it is essential 
to remove moisture from this layer 
as rapidly as possible to maintain 
the desired drying rate. This is 
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achieved by controlling the 
circulation rate of the main air 
stream, usually through the use of 
multiple-speed fan motors. 

Rapid air circulati9n reduces the 
boundary layer effect, and for this 
reason higher rates are 
beneficial during tne early stages 
of drying when wood is wet and the 
requirement for surface evaporation 
and moisture removal is high. 

As the FSP is approached, diffusion 
to the surface becomes the limiting 
factor in rate of moisture removal, 
and air velocity should be reduced 
accordingly. High air velocity 
becomes wasteful from an energy 
standpoint when it has the potential 
to remove more moisture from the 
boundary layer than can be supplied 
by the diffusion of moisture to the 
wood surface. In other words air 
velocity has a diminishing effect on 
the rate of evaporation as the MC of 
the wood decreases, and therefore 
air velocity can be adjusted to 
advantage under a given condition of 
temperature and humidity, especially 
during the early stages of drying. 

In recent years the trend has been 
towards a higher rate of air 
circulation in dry kilns. This has 
been accomplished by increasing the 
diameter and speed of the fans and 
by increasing the clearance between 
the walls and the kiln charge. 
However, power consumption of the 
fan motor is directly proportional 
to the third power (cube) of the air 
velocity produced. 

Air circulation has some effect on 
the rate of heat transfer, although 
this effect decreases as the wood MC 
drops below FSP. The rate of heat 
transfer is primarily affected by 
the temperature differential (air 
stream and wood surface) , which to 
some extent is affected by the rate 
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of evaporation. If velocity is 
constant the rate of heat transfer 
from a moving air stream to a wood 
surface is more or less proportional 
to this temperature difference. 
Initially, when the wood is wet, the 
temperature difference between air 
stream and wood surface will be 
equal to the wet-bulb depression. 
Large quantities of heat are 
required to vaporize the free water 
brought to the wood surface, and the 
rate of heat transfer is at a 
maximum. Later, as the FSP is· 
reached at progressively deeper 
levels in each piece of lumber, the 
wood temperature approaches the air 
stream temperature, and the rate of 
heat transfer diminishes. As drying 
progresses below the FSP, the rate 
of heat transfer is further reduced 
and, since this affects the drying 
rate, the dry-bulb temperature must 
be increased to maintain an 
acceptable drying rate. At this 
stage high air velocity has little 
effect on drying rate and its 
continuation serves no useful 
purpose. 
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VI 

The various 
lumber can 
categories: 
conventional 
air-drying and 
specialized 

methods used to dry 
be divided into two 
the commonly used 

procedures of 
kiln-drying, and the 
techniques using 

chemicals, solvents, vacuum retorts, 
dehumidifiers, high frequency 
generators, etc. Although the 
primary objective of all drying 
methods is to remove water from 
wood, the selection of a particular 
procedure will depend on several 
other factors such as capital 
investment, energy sources, 
production capacity, drying 
efficiency and end product. The 
special drying techniques are 
usually expensive and oriented to 
particular high-value end products. 

Air-drying 

Lumber to be air-dried is generally 
flat-piled in large, open yards, 
with stickers between each layer of 
lumber to allow free circulation of 
air over and under the individual 
boards. Piles are constructed over 
elevated concrete or treated-timber 
foundations aligned so that the 
prevailing winds penetrate between 
the lumber courses. The piles 
should be covered with a sloped roof 
for protection against the direct 
rays of the sun and also to prevent 
the accumulation of standing water 
on boards and under stickers. 
Ideally the piles should also be 
slightly sloped; however, in most 
drying operations lumber is stacked 
in fork-lift packages of 500 to 
1,500 bf (1.18 to 3.54 m3) and 
sloped piles make fork-lift handling 
awkward. Stickered piles may also 
be assembled in large open drying 

Drying methods 

sheds which eliminate the necessity 
of a roof on individual stacks. 

Drying rates are essentially 
uncontrolled and, depending on the 
ambient temperature, relative 
humidity and wind, drying times will 
vary substantially throughout the 
drying season. Some control over 
air circulation can be exercised 
through the use of wind shields, or 
a change in sticker thickness, e.g. 
excessively rapid drying can be 
minimized when conditions are 
conducive to surface checking. 

Air-drying in most regions of Canada 
reduces the moisture content (MC) of 
lumber to a minimum of about 15 
percent and therefore as a complete 
drying process air-drying is used 
primarily for construction lumber. 
Other objectives of air-drying or 
partial air-drying include: 
preparation of lumber for 
preservation treatment, reduction of 
shipping weight, surface drying 
immediately after sawing to minimize 
the incidence of stain and decay, 
and pre-drying to reduce subsequent 
drying time in a kiln. 

The advantages and disadvantages of 
air-drying will vary, depending on 
location, annual production, drying 
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season, lumber species and 
dimensions, existing drying 
facilities, and cost of inventory. 
However, capital investment is low 
and for some small operations 
air-drying may be an economical 
seasoning method. 

Degrade losses during air-drying can 
be considerable if proper drying 
procedures are not observed. The 



most common form of degrade 
checking, which develops 

is end 
readily 

when ends are exposed to the direct 
rays of the sun. High-value lumber 
is frequently end-coated for this 
reason. Surface checking is seldom 
a problem when drying softwood 
lumber; but for certain hardwoods, 
such as oak and beech, checking can 
be a significant factor, 
particularly when freshly sawn 
lumber is exposed to severe drying 
conditions. 

During air-drying the amount of 
moisture moving to the lumber 
surfaces is often greater than the 
amount that can be removed by the 
normal flow of air. Prevailing 
winds generally have a low moisture 
holding capacity due to relatively 
low temperature (compared to that 
used in kilns). Wind velocity 
through the piles is often reduced 
to a negligible level because of 
overcrowding in lumber yards. 
Natural air velocity is therefore of 
limited value because winds cannot 
be ordered when needed nor shifted 
to the direction most desirable for 
efficient drying. 

Accelerated air-drying 

The drying procedure is similar to 
that for normal air-drying with the 
exception that air is forced through 
the lumber piles by large 
multi-blade fans. These fans are 
either an integral part of a drying 
shed or are separately housed in a 
fan shed with appropriate roofing 
and baffling over the lumber piles 
(Figure 17). Forced-air drying 
provides some control over air 
circulation: This helps to reduce 
both drying time and lumber 
inventory. However, one must 
consider the added cost of sheds, 
fans, motors, and electrical power. 
To minimize power consumption, 
humidistats are installed to stop 
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the fans when higher air velocities 
are undesirable or ineffective. 
During periods of high humidity the 
removal of moisture from the wood is 
slow and fans have little effect on 
drying rate. When humidity is 
excessively low and lumber is green, 
the fans can be stopped to prevent 
rapid drying and consequent surface 
checking. 

Figure 17. 
Unit for accelerated air-drying. 
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The efficiency of accelerated 
air-drying is greatest with high 
moisture contents and thin lumber. 
As the surface of the lumber becomes 
dry, the rate of moisture movement 
through wood becomes the major 
factor governing drying rate. In 
thick lumber (greater than 2 inches 
(51 mm)) this factor predominates 
over a long portion of the drying 
period, and accelerated air-drying 
generally becomes uneconomical. 

Low-temperature drying 
Low-temperature driers, often 
referred to as predriers, are 
basically low-cost drying chambers 
operated at temperatures of 70 to 
110°F (21 to 43°C), and designed to 
accommodate large quantities of 
lumber (100 to 300 Mbf; 236 to 700 
m3). Provision is made for 
ventilation and fans are included to 
produce air velocities of 500 to 700 



fpm (2.5 to 3.6 m/s). In most cases 
an effective humidification system 
is not compatible with the size and 
cost objectives of low-temperature 
drying, and therefore humidity is 
influenced solely by the evaporation 
of moisture from the wood and by the 
ambient atmospheric conditions. 
Humidistats are used to control fan 
operation, and, by venting, some 
control over extremes of humidity 
can be exercised. 

The main objective of 
low-temperature drying is to produce 
large quantities of "air-dry" lumber 
in a comparatively short time, with 
minimal capital expenditure in 
building materials and equipment. 
In warm climates insulation is not 
critical, as heat losses are minimal 
and low-temperature driers can be 
used effectively year-round. 
However, in Canada where winter 
temperatures drop well below 
freezing, outdoor driers have an 
effective drying season of about 8 
months (April to November). For 
year-round operation insulation and 
heating capacity would have to be 
increased to a point where costs 
would approach that of a 
conventional dry kiln. Small driers 
are occasionally erected inside 
existing buildings to avoid this 
problem. 

Low-temperature driers are most 
advantageous as predriers, 
particularly for slow-drying 
hardwoods which are occasionally 
predried to 25 or 30 percent MC 
prior to conventional kiln drying. 
In the U.S.A. predrying is more 
common and many of the driers are 
equipped with limited but controlled 
humidification systems to minimize 
degrade in the high-value species. 
The use of these driers is also well 
suited to drying large dimension 
lumber such as beams and rail ties. 
General softwood construction lumber 
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(studs and joists) can be more 
economically seasoned in 
conventional or high-temperature dry 
kilns for which drying time and 
inventory 
quicker. 

turn-over are much 

Conventional kiln-drying 
Conventional kiln-drying is a fully 
controlled drying procedure 
operating at temperatures below the 
boiling point of water (212°F; 
l00°C). Heat losses and 
inefficiencies in heat transfer 
usually limit maximum temperatures 
to between 180°F and 200°F (82°.to 
93°C). Steam is the most common 
source of heat for conventional 
kilns, but direct-fired gas and oil 
burners and electrical heating 
systems are also used (Section VII). 

Humidity is controlled through the 
operation of steam or water spray 
valves and kiln vents. Spray 
valves, vents and heating systems 
are regulated by means of 
air-operated or electric 
recorder-controllers set to maintain 
selected wet and dry-bulb 
temperatures i.e. a certain drying 
schedule. Fan systems are designed 
to give reasonably uniform air 
circulation at velocities from 300 
to over 600 fpm (1.5 to 3.0 m/s). 
Older kilns are commonly equipped 
with single-speed fans 
(approximately 200 fpm (1.0 m/s) ), 
whereas modern kilns have fans with 
two- or three-speed settings. 
Variable speed motors are also 
available but seldom used 
commercially. 
periodically 
obtain more 
drying. 

Air circulation 
reversed by a timer 

uniform heating 

is 
to 

and 

The main advantage of conventional 
kilns over predriers is the 
reduction in drying time obtained 
with higher temperatures. However, 



with controlled humidification there 
is also the benefit of including an 
equalization period to reduce the 
variation in final MC, and a 
conditioning treatment to relieve 
residual stresses (Section IX). For 
indoor applications, such 
furniture and flooring, a final MC 
of 6 to 8 percent is recommended, 
and kiln-drying is the only 
practical means presently available 
for obtaining these low moisture 
contents. Because drying times for 
various species under given 
schedules are well established and 
reproducible with reasonable 
consistency, kiln-drying can be 
scheduled to meet production and 

as 

consumer demands. 

High-temperature kiln-drying 

High-temperature kiln-drying which 
uses temperatures above the boiling 
point of water (212°F; l00°C), is 
now widely recognized as an 
efficient method for drying softwood 
construction lumber. Kilns and 
equipment are similar in principle 
to modern conventional kilns, but 
are designed for temperatures 
approaching 300°F (149°C) . In 
addition to increased heating 
capacity, there are also more 
demanding specifications on 
insulation, construction materials, 
and maintenance. If kilns are 
heated by steam, a high-pressure 
boiler is required, and this in turn 
may require the services of a 
qualified stationary engineer. 

The capital investment per unit 
capacity is appreciably higher for 
high-temperature kilns than for 
conventional kilns. However, drying 
times for most softwood species are 
reduced to about 25 percent of the 
time required in conventional kilns, 
and this offsets the disadvantage of 
higher investment costs. With very 
short drying times fewer or smaller 
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kilns are required or, 
alternatively, production can be 
increased. Although high-
temperature kilns are used to best 
advantage in drying softwoods, they 
can easily be operated in the 
conventional temperature range 
below 212°F; (100°C) to accommodate 
slow-drying hardwoods; however, 
this defeats the efficient 
utilization of high-temperature 
kilns. 

High-temperature drying studies have 
established that refractory hardwood 
species such as oak, hard maple, and 
birch cannot be dried satisfactorily 
at high temperatures directly from 
the green condition. The presently 
recommended procedures require that 
the lumber be well air-dried or 
predried at low temperatures to 
about 20 percent MC prior to final 
high-temperature drying. Studies 
have shown that low-high combination 
schedules can result in improved 
lumber quality; however, reductions 
in drying time are marginal, making 
the drying of hardwoods in 
high-temperature kilns economically 
uncertain. Indications are that low 
density hardwoods such as aspen and 
basswood can be dried green from the 
saw, but they represent onl y a minor 
portion of hardwood production. 

Energy consumption for high-
temperature softwood drying (in 
research kilns) is reported to be 25 
to 50 percent less than that 
required for conventional kiln 
drying. The reduced energy is 
primarily the result of the large 
reduction in drying time, coupled 
with better heat transfer to the 
wood and improved insulation of the 
kiln. The actual saving will depend 
on species, initial MC, type of 
heating system and temperature. 



Other drying methods 
(1) Drying by dehumidification 

A large dehumidifier can be used to 
remove moisture from air circulated 
through a drying chamber or kiln 
(Figure 18). A small electrical 
heater is used to bring the kiln 
charge up to operating temperature 
at the beginning of a run, after 
which the dehumidifier supplies the 
necessary heat to continue the 
drying process. The maximum 
operating temperature of the 
dehumidifier is limited to about 
120°F (49°C) and the only humidity 
available is that produced by 
evaporation of moisture from the 
wood. The operation of the 
dehumidifier is regulated by a 
thermostat and humidistat, and this 
provides some control over the 
drying conditions in the kiln. 

Figure 18. 
Experimental equipment for drying by dehumidification. 
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In the drying process, air is drawn 
from the drying chamber or kiln, and 
forced over the cold evaporator 
coils in the dehumidification unit. 
The moisture in the air condenses on 
the coils and the water is drained 
from the system. The sensible heat 
removed from the air and the latent 
heat of condensation are transferred 
to the refrigerant fluid, causing it 
to vaporize. The heated refrigerant 
vapor is then cycled through the 
compressor where it absorbs some 
additional heat energy equivalent to 
the work input of the compressor. 
As a hot gas at high pressure, the 
refrigerant passes through the 
condenser, at which point the 
acquired heat is transferred back to 
the "dry" kiln air coming from the 
evaporator, and the refrigerant 
reverts back to the liquid state. 
In this manner heat is recycled to 
maintain the drying conditions in 
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the kiln, whereas in conventional 
kiln-drying systems considerable 
heat is exhausted to the atmosphere 
through venting of excess humidity. 

The dehumidification drying 
technique has its advantages and 
disadvantages in comparison to 
conventional kiln-drying systems. 
In addition to the efficient 
utilization of available heat, 
dehumidifiers impose fewer 
restrictions on materials and 
construction of the drying chamber. 
The system can be adapted to any 
enclosure which is reasonably 
air-tight, moisture-resistant and 
insulated. Small driers can be 
built indoors, using a variety of 
materials, such as prefabricated 
aluminum panels, concrete block, 
brick or simple wood framing and 
sheathing. Initial capital 
investment, maintenance costs, and 
peak power requirements are 
comparatively low. The system 
operates at relatively low 
temperatures and with mild drying 
conditions similar species can be 
dried at the same time. 

There are, however, several 
uncertainties which must be 
considered in any appraisal of the 
process. Drying times are 
considerably longer, tying U? 
inventory and restricting production 
capacity. Any conclusions on 
operating costs would be highly 
dependent on species, lumber 
dimensions, size of kiln and climate 
(if outdoors). Thicker lumber 
requires a proportionately longer 
drying time, especially in species 
which are tolerant of rapid drying 
conditions at higher temperatures. 
Kiln temperatures and drying rates 
are 90mparatively low and therefore 
kilns must be well insulated to 
prevent heat loss during cold winter 
months, as any reduction in 
temperature will result in a 

substantial increase in drying time. 
In some installations it may be 
necessary to use a supplementary 
source of heat to maintain effective 
drying temperatures. From the 
available information it appears 
that dehumidification drying is not 
a viable alternative to conventional 
kiln-drying for medium to large 
lumber producers, especially where 
fast-drying species are being 
processed. 

Small mills without drying 
facilities and various custom 
woodworking shops could economically 
utilize an indoor dehumidification 
drying system, taking advantage of 
its simplicity and low installation 
and operating costs. However, the 
system does not provide any means of 
conditioning lumber for stress 
relief and in order to complete the 
drying process properly, the drying ' 
chamber should be fitted with some 
type of humidification system, 
either steam spray from a small 
steam generator or by an atomized 
hot water spray. 
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(2) Radio-frequency (RF) dielectric heating 

Radio-frequency drying, also called 
high-frequency drying, is a rapid 
drying process whereby the heat 
necessary to dry wood is generated 
within the wood itself. Wood 
containing moisture is subjected to 
an alternating electric field which 
causes the dipole water molecules to 
rotate in response to the changing 
polarity of the field. This 
rotation causes molecular friction, 
and at RF drying frequencies (1 to 
30 the frictional heat is 
sufficient to produce temperatures 
exceeding the boiling point of 
water. In the drying -apparatus the 
alternating field is created between 
two large, metal-plate electrodes 
which are connected to a high 
frequency generator. Green wood is 



dried by placing or passing it 
between these electrodes. Although 
considerable research has been 
conducted on the application of RF 
drying, and on combinations of RF 
drying with conventional kiln 
drying, RF systems in their present 
state of development are not 
economic for seasoning lumber. 

The commercial use of RF heating in 
the wood industry is restricted to 
the curing of gluelines and to the 
drying of small wood items such as 
handles, turnings, spools, and golf 
club heads. The advantage of using 
RF for small items is that they can 
be dried to a uniform MC in a matter 
of minutes without developing 
defects. This is made possible by 
the high proportion of permeable end 
grain which allows internal moisture 
to escape rapidly, thereby avoiding 
the severe moisture gradients and 
stresses which cause checking. 

Microwave heating operates on the 
same principles as RF heating, but 
with frequencies in the range of 915 
to 2450 MHz. In this manner the 
heating rate and power conversion 
efficiencies can be increased, but 
the limitations of RF drying still 
apply. 

(3) Solvent seasoning 

Solvent seasoning is a general term 
referring to drying methods which 
employ hot organic solvents as the 
drying medium. There are three 
basic procedures: solvent drying, 
azeotropic drying, and vapor drying; 
each takes advantage of efficient 
heat transfer between solvent and 
wood to maintain a rapid rate of 
drying. 

In solvent drying a water miscible 
solvent (e.g. acetone or alcohol) is 
continuously circulated over the 
lumber, removing water and some wood 
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extractives in the process. Water 
in wood is attracted more strongly 
to these solvents than to the wood 
cells. Such solvents are operative 
even when cold; however, in the 
drying process a high solvent 
temperature is maintained to 
accelerate the drying rate. 

The azeotropic process uses an im-
miscible solvent perchloroe-
thylene or trichloroethylene) as the 
heat exchange medium. As heat is 
transferred from the liquid solvent 
to the wood, the vapor pressure of 
the water in the wood increases, 
causing moisture to move to the 
surface. There it forms an 
azeotrope with the solvent and boils 
off at the lower (azeotropic) 
boiling point of the water-solvent 
mixture. 

In the vapor drying process, hot 
solvent vapors condense on the wood 
and liberate large quantities of 
latent heat which cause rapid 
diffusion and evaporation of 
moisture from the wood surface. 

The drying procedure in each of 
these methods is basically similar. 
Lumber is placed in a retort or 
extractor and the hot solvent 
(liquid or vapor) is circulated 
through the retort. Water and 
solvent vapors are removed from the 
retort, condensed, and separated. 
The recovered solvent is reheated 
and recycled through the retort and 
the water is collected to determine 
the drying rate and MC of the 
charge. After drying, the remaining 
solvent in the wood is recovered by 
vaporization, either through heating 
of the retort (hot air or steam) or 
by using a vacuum to reduce vapor 
pressure. 

Substantial reductions in drying 
time (compared to conventional kiln 
drying) have been reported for 
solvent seasoning; 50 to 75 percent 



for softwoods depending on 
solvent, lumber thickness, MC, and 
species. Reductions for denser 
hardwoods are not so pronounced and 
with the exception of sapwood, 
refractory hardwoods such as maple, 
birch and oak cannot be 
without excessive degrade. However, 
solvent seasoning is rarely if ever 
used on a commercial scale because 
the capital costs and the cost of 
solvent recovery are high, and the 
operator must have some knowledge of 
chemistry. 

(4) Boiling in oil 

wood can be dried rapidly by 
immersing it in a high-boiling-point 
liquid such as oil or creosote which 
is maintained at a temperature above 
the boiling point of water. In this 
process the lumber is placed in a 
large open tank of hot oil. Heat 
from the oil is efficiently 
transferred to the wood, and as the 
surface moisture boils off, a 
moisture gradient is established 
which causes rapid diffusion of 
internal moisture. In this respect 
the drying principle is similar to 
the azeotropic drying process; 
however, the oil (solvent) itself is 
not vaporized as it is in azeotropic 
drying. 

The major disadvantage of this 
method, as with all extremely rapid 
drying methods, is that it is 
limited to the seasoning of highly 
permeable woods. While there is 
free water in the wood, steam 
escapes to the surface, keeping 
surface temperatures at about 2l2°F 
(l00°C). However, after the MC 
reaches fiber saturation point, wood 
temperatures begin to increase and 
severe drying conditions develop. 
Tests have shown that under these 
conditions even the comparatively 
permeable heartwood of pine will 
develop moderate surface checking, 

and since there is no provision for 
conditioning, all lumber is severely 
casehardened. Also, moisture 
equalization is not possible and 
variation in final MC is high. 
These limitations and also the 
problem of oil retention in the wood 
discount "boiling-in-oil" as a 
drying method for lumber. The only 
commercial application of this 
method is in the preparation of 
timbers, ties and poles for 
preservation, where the final MC is 
only 25 to 30 percent. The system 
is slightly modified and is known as 
the Boulton process or 
"boultonizing". 

(5) Solar drying 

46 

Solar driers are designed to utilize 
solar radiation for heating air 
above the temperatures encountered 
in normal air drying. The solar 
drier consists of a metal or wood 
frame structure, sheathed with a 
clear or translucent material such 
as glass, plastic or fiberglass. 
Doors are hung on a solid wall 
facing away from the sun and the 
transparent roof is pitched at an 
angle approximately perpendicular to 
the mean position of the sun. A 
heat collector is mounted a foot or 
so below and parallel to the roof. 
Most collectors are constructed of 
flat or corrugated metal sheets 
painted black; however, several 
variations in collector design have 
been investigated and some are more 
efficient than others. Air vents 
are located at the base of two 
opposite walls and fans are mounted 
in the roof area to circulate air 
over the heat collector and through 
the lumber. 

The efficiency of solar driers is 
highly dependent on drier design and 
climate. In sunny tropical climates 
the average temperature in the drier 
can easily exceed the aver-age 

\ 



ambient temperature by 30F0 (l7C 0
), 

with maximum differences of as much 
as 40 to 60F0 

( 22 to 33C0
) • 

Under these conditions air-dry 
lumber (15 to 20 percent MC) can be 
obtained in one-half to one-quarter 
of the time required for normal air 
drying, and final MC's of 10 to 12 
percent are possible without unduly 
extending the drying time. In 
contrast, solar drying in temperate 
zones (northern u.s.A. and Canada) 
is only effective for a few months 
of the year, when both warm 
temperatures and sunshine prevail. 

(6) Chemical seasoning 

Chemical seasoning, not to be 
confused with solvent seasoning, is 
not a different drying method, but 
rather a pretreatment used to 
prevent or reduce drying defects 
under normal drying procedures. 
Hygroscopic chemicals such as common 
salt, urea, urea-formaldehyde and 
diethylene glycol have the capacity 
to absorb and retain moisture, and 
when deposited in the surface layers 
of lumber they maintain a relatively 
higher surface MC under given drying 
(EMC) conditions. This reduces 
shrinkage and severe moisture 
gradients which would normally 
result in surface checking. 

The treatment is applied by soaking, 
dipping, or spraying the wood with a 
water solution of the chemical, or 
more commonly by spreading the 
chemical dry on green lumber as it 
is being solid-piled. The lumber is 
left in solid piles for a short 
period to allow the chemical to 
diffuse into the surface layers 
prior to stickering for drying. 
Chemical seasoning is desirable only 
when the reduction in degrade 
sufficiently increases lumber value 
to cover the cost of the treatment. 
In practice this is limited to 
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drying of large-dimension lumber and 
timbers which are prone to surface 
checking and splitting. Although 
the chemicals have little effect on 
drying rate, they do permit the use 
of accelerated drying schedules for 
certain species. 

The disadvantage of chemical 
treatment is that it imparts some 
undesirable qualities to the dry 
wood. Strength properties are 
generally reduced; problems may be 
encountered in gluing; and 
corrosion of nails and fasteners is 
accelerated. 

(7) Vacuum drying 

Although the drying of wood under 
vacuum is not new in principle, the 
application of the technique has 
only recently been refined to a 
level suitable for drying lumber. 
Compared to drying at atmospheric 
pressure, vacuum reduces the vapor 
pressure and allows moisture to 
evaporate faster at the same 
temperature (or at the same speed at 
a lower temperature). The problem, 
however, lies in the application of 
heat. Air is effectively eliminated 
as a heating medium during the 
vacuum period, and without heat the 
diffusion of moisture through wood 
is extremely slow. Most vacuum 
drying systems have therefore been 
designed for alternate cycles of 
vacuum and heat. 

In a recent European development the 
wood is heated through direct 
contact with water-heated metal 
platens located between consecutive 
lumber courses (Figure 19). Heat is 
transferred directly from the metal 
to the wood during the vacuum cycle 
and as a result drying rates are 
substantially accelerated. Drying 
is conducted in a large vacuum 
retort, and the basic process 
consists of repeated cycles of 



heating under vacuum followed by a 
short cooling period, during which 
the evaporated moisture is condensed 
on the cooled platens and removed 
from the retort. During condensation 
the wood surfaces regain some of the 
lost moisture; severe moisture 
gradients, surface checking, and 
casehardening are thereby avoided. 

The vacuum process accelerates the 
drying rate and produces good 
quality lumber; however, the 
capacity of such retort-type kilns 
is very low in relation to the cost 
of the equipment and consequently 
the volume of lumber processed over 
a given period is substantially less 
in comparison to that obtained from 
conventional kilns of equal cost. 
Also, the heating platens can 
develop leaks, causing delays and 
excessive maintenance costs. 

Figure 19. 
Vacuum kiln. 
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(8) Infra-red drying 

Heat for drying wood can be 
generated by infra-red radiation 
from infra-red (heat) lamps. The 
process, however, is neither 
economical nor practical for drying 
lumber. The radiation penetrates ! 
wood only to a slight degree, 
resulting in high surface 
temperatures, severe moisture 
gradients and casehardening. Only 
thin slices of wood and veneer can 
be effectively dried by this 
process, but even so there are more 
economical alternatives. 
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VII 

Kiln classification 
Dry kilns are designed to provide 
and control the physical factors 
necessary for the drying of wood: 
these are heat, humidity and air 
circulation. In the development of 
modern kiln-drying systems many 
modifications in design have been 
explored in relation to method of 
heating, arrangement and type of 
fans, ventilation, construction 
materials, and operational 
techniques. Nevertheless all kilns 
used in Canada may be classified 
under two broad categories; one 
describing the operational technique 
and the other identifying the 
temperatures used to effect drying. 
The former distinguishes between (a) 
Compartment kilns, and (b) 
Progressive kilns; whereas the 
latter distinguishes between 
High-temperature, Conventional, and 
Low-temperature kilns. Other 
possible classifications include 
energy sources and fan arrangement. 

Classification by operational technique 

a) Compartment-type kilns (Figure 
20) are designed for a batch process 
in which the kiln is completely 
charged with lumber in one 
operation, and the lumber remains 
stationary during the entire drying 
cycle. Temperature and humidity 
conditions in the kiln are changed 
in accordance with a predetermined 
drying schedule based on the 
moisture content (MC) of the lumber. 

A well-designed Compartment kiln 
will maintain reasonably uniform 
drying conditions throughout its 
interior, and the conditions can be 

Kiln types and instrumentation 

closely controlled over a wide range 
of temperature and humidity, 
suitable for all species and a 
variety of lumber dimensions. 
Reliable drying, especially for 
difficult-to-dry species and sizes, 
is obtained in a Compartment kiln, 
and therefore it is the predominant 
type of kiln in Canada. 

b) Progressive-type kilns (Figure 
21) are designed for a continuous 
process in which the charges of 
lumber enter the green or loading 
end of the kiln, and are moved 
forward from day to day through 
progressively more severe drying 
conditions until the dry or 
unloading end of the kiln is 
reached. Each move forward is 
accompanied by the removal of a 
completed charge from the dry end, 
and the addition of a fresh charge 
at the green end. The temperature 
increases and humidity decreases as 
charges move from one zone to the 
next, so that the desired schedule 
effect is achieved. Therefore, to 
obtain the necessary range of drying 
conditions, kilns will vary in 
length depending on the species and 
MC of lumber being dried. 

Progressive kilns lack flexibility 
in drying a succession of kiln 
charges that vary in species, 
dimensions, or MC. Temperature and 
humidity are more difficult to 
control and the kilns must be kept 
fully charged to maintain proper 
drying conditions. For these 
reasons there are relatively few 
Progressive kiln installations in 
Canada. Those which are still in 
operation are 
seasoning of 
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primarily used in the 
construction lumber, 



where a continuous volume of uniform 
material is being produced. For 
quality drying, Progressive kilns 
are not recommended. 

Classification by temperature 

Some kilns are designed to operate 
specifically within a limited 
temperature range, whereas others 
may operate through a wider range of 
temperatures. When kilns are 
classified with respect to their 
operating temperatures the following 
distinctions can be made: 

Figure20. 
A compartment kiln with longitudinal-shaft fan arrangement. 

Multi-blade Fan 
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Low-temperature - under ll0°F (43°C) 

Conventional-temperature: 
- standard - 110 to 180°F 

(43 to 82°C) 

- elevated - 180 to 212°F 
(82 to 100°C) 

High-temperature - above 212°F 
(100°C) 

Regardless of the temperatures used, 
the basic requirements of controlled 
heat, humidity and air circulation 

Load Baffle 

Steam Spray Line 
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apply, and therefore 
between kilns of 

differences 
different 

temperature classification are 
primarily in terms of the source of 
heat energy and the type of 
materials and equipment used in the 
kiln structure. Naturally, 
materials exposed to higher 
temperatures should be more 
resistant to corrosion and thermal 
degradation. For a given capacity, 
low-temperature kilns are least 
expensive; they are constructed of 
such materials as concrete blocks, 
wood, and steel, whereas 

Figure 21. 
A progressive kiln 
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high-temperature kilns, and many 
conventional kilns, are constructed 
of insulated aluminum skin panels. 
The cost of the aluminum kiln 
structure does not differ 
appreciably between conventional and 
high-temperature kilns; but for a 
given kiln capacity high-temperature 
drying requires a much higher rate 
of heat input, and this adds 
substantially to the total cost of 
the system. The reduction in drying 
time for softwood construction 
lumber, however, is usually 
sufficient to offset this cost. 

Steam Spray 
Line 

LS 1094 



Classification by fan arrangement 

Air circulation is required within a 
kiln to carry heat from the heating 
fixtures to the lumber being dried 
and to carry away the moisture 
evaporated from the wood. This is 
achieved by an internal fan system 
which circulates the heated air 
through the lumber stack. 

There are two main types of internal 
fan systems in compartment-type 
kilns: the longitudinal or 
line-shaft type and the cross-shaft 
type. In the line-shaft type a 
series of disc or multi-blade fans 
is arranged along a shaft running 
the full length of the kiln over a 
false ceiling; the motor is 
generally in an operating room or 
protective housing at the end of the 
kiln (Figure 20). The fans are 

Figure 22. 

alternately right hand and left 
hand, and housed in a baffle system 
which deflects the air stream 
outward and downward into the plenum 
chamber along the sides of the 
individual piles. In this manner 
air is channeled through the piles 
perpendicular to the length of the 
boards. 

In the cross-shaft arrangement the 
fans are mounted on individual 
shafts at right angles to the length 
of the kiln (Figure 22) . The fans 
are commonly of the 3- or 4-blade 
propeller type, mounted over a false 
ceiling or along one side of the 
kiln, depending on the design. They 
are usually driven by individual 
motors, either by a pulley system 
or, more commonly, direct-coupled to 
the fans inside the kiln. Motors 
mounted inside the kiln must be 

A direct-fired kiln with external blower and cross-shaft (direct coupled) fan arrangement. 
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built to withstand internal kiln 
temperatures. 

Both longitudinal and cross-shaft 
fan arrangements are designed for 
reversible circulation and they are 
available in small or large units to 
accommodate any commercial-size 
kiln. 

External centrifugal blowers, 
associated with direct-fired heating 
systems, are part of the main 
circulation system, whereby the hot 
products of combustion are 
distributed to the internal 
cross-circulation fans by means of 
supply and return ducts (Figure 22). 
The blower draws air from the kiln, 
forces it through the fire-box and 
back into the kiln, where it is 
circulated through the lumber in the 
conventional manner. 

Classification by energy source 

Energy sources, when used to 
classify kiln types, may be divided 
into three categories in accordance 
with the method of heating: Steam 
or hot water systems, direct-fired 
(hot air) systems, and electrical 
heating. 

a) Steam: Steam has long been the 
most widely used heating medium for 
kiln-drying . Many plants require 
steam for a variety of applications, 
and it is therefore only natural to 
include sufficient boiler capacity 
for kiln-drying operations. The 
need for steam provides an ideal 
opportunity to salvage the energy 
potential of wood residues by means 
of residue-fired boilers, although 
there are direct-fired waste burning 

systems available for kiln-drying . 
Oil and natural gas are most 
commonly used to generate steam, but 
as these become increasingly 
expensive more emphasis will be 
placed on the burning of wood 
residues to provide steam. 

The current preference is to use 
low-pressure, low-capacity boilers 
for steam generation, thereby 
eliminating the requirement and 
expense of one or more stationary 
engineers. However, the decision 
regarding boiler pressure and 
capacity should not be taken 
lightly. Before selecting a new or 
additional boiler there are a number 
of factors to be considered, such 
as: future steam and temperature 
requirements, cost, depreciation, 
maintenance, etc. 

One must also be aware of provincial 
regulations regarding boilers. For 
example, an installation of 150 
boiler horsepower at 15 psig* (103 
kPa) requires no engineer, but if 
the demand for steam increases and a 
second boiler is installed, the 
total output would be 300 
horsepower; in Ontario this 
presently requires the attendance of 
a fourth class engineer during one 
shift, if both boilers are feeding a 
single header. coil-tube boilers 
(high boiler horsepower, low water 
volume) have less stringent 
requirements for stationary 
engineers. 

If it appears that stationary 
engineers are unavoidable, then the 
alternative of using a high-pressure 
boiler should be considered. Some 
plants use high pressure steam at up 

*Steam gauges normally record pressures above atmospheric; i.e., a gauge 
pressure of 0 means an absolute pressure of 14.7 psi (101.4 kPa) at 
sea level. 
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to 150 psig (1034 kPa) and by means 
of reducing valves are able to 
operate several kilns at lower 
pressure, depending on the capacity 
of the boiler. High pressure 
boilers also offer more flexibility 
with respect to maximum drying 
temperature, and the possibility of 
installing a high-temperature kiln. 

Pressure varies directly with 
temperature and inversely with 
volume (P a T/V); and therefore an 
increase in boiler pressure 
increases the temperature at which 
water changes to steam. The 
relationship between boiler gauge 
pressure and steam temperature is 
shown below. 

In North America the standard unit 
of measurement for heat energy in 
steam is the BTU, which stands for 
British thermal unit. The total 
heat of steam is commonly expressed 
in BTU's per pound of steam and this 
is affected by the 
pressure-temperature relationship. 

Steam at a given pressure is called 
saturated or dry when all water is 
entirely in the form of steam and 
its total heat per pound is 
equivalent to the BTU's required to 
heat and completely evaporate the 
water at that pressure, beginning at 
a base of 32°F (0°C) . When water 
droplets are present in steam it is 
known as wet steam. Wet steam occurs 

in dry-kiln heating systems because 
some water is entrained when the 
steam leaves the boiler, and 
condensation inevitably occurs in 
the pipes. Superheated steam 
contains more than enough energy to 
evaporate all the water. In other 
words additional heat is supplied to 
raise the temperature of the steam 
above that for saturated steam at 
the specified pressure. The total 
heat of saturated steam at 100 psig 
(689 kPa) is 1189 BTU per pound 
(2.764 kJ/g), whereas the total heat 
of steam at 15 psig (103 kPa) is 
1164 BTU per pound (2.706 kJ/g). 
The total heat of steam increases 
only slightly with a substantial 
increase in pressure; however, total 
heat should not be confused with 
steam temperature: this increases 
substantially with increasing 
pressure. 

At 100 psig (689 kPa) the volume of 
a pound of steam is much less than 
at 15 psig (103 kPa) and pipes 
carrying steam at 15 psig (103 kPa) 
have to be from 2 to 2.5 times 
larger in diameter to deliver the 
same quantity of heat per unit time. 
It is also worth noting that steel 
pipes will expand 0.8 inch (20.3 mm) 
in 100 feet {30.5 m) of length for 
every l00F0 (55.6C 0

) temperature 
increase, so that 100 feet (30.5 m) 
of pipe at 32°F (0°C) will expand 
about 2.5 inches {63.5 mm) when 
pressure is brought up to 100 psig 

Gauge Pressure Temperature Total Heat Energy 

psi kPa OF oc BTU/lb kJ/g 

0 0 212 100 1150 2.673 
15 103 250 121 1164 2.706 
30 207 274 134 1172 2.724 

100 689 338 170 1189 2.764 
150 1034 366 186 1196 2.780 
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(689 kPa) at the equivalent 
temperature of 338°F (170°C). This 
expansion is usually absorbed by 
expansion loops in the piping; if 
there are none, there will be 
trouble. 

Heat transfer in the kiln is 
directly proportional to the area of 
the heating surface; therefore, 
doubling the number of coils would 
double the transferable heat, all 
other conditions remaining the same. 

The general heat transfer equation 
applied to a dry kiln is: 

where: 

Q = 

Q = 

u = 

UA (t - t . steam a1r 
) 

heat transferred (BTU/h 
or kJ/h) 
overall heat transfer 
coefficient 
(BTU/h/sq ft/°F or 
kJ/h/m2/°C) 

A = heat transfer area 
(sq ft or m2) 

t = temperature of steam and 
air in °F or °C, 
respectively 

An increase in pressure results in 
an increase in the temperature of 
steam, so that the higher the 
pressure the more rapid the heat 
transfer. For example, in a kiln 
maintaining a dry-bulb temperature 
of 160°F (7l°C) with steam at 100 
psig and 338°F (689 kPa, 170°C), the 
temperature difference between steam 
and air (t steam t air) would be 
(338-160) or 178F0 (99C 0

) • If the 
same kiln had a dry-bulb temperature 
of 160°F (71°C) with steam at 15 
psig and 250°F (103 kPa, l21°C), the 
temperature difference would be only 
90F 0 (50C 0

) • The temperature 
difference has been almost halved. 
Therefore, to maintain the same heat 
transfer, the heating surface would 
have to be doubled when using the 
lower pressure. Where exhaust steam 

is used as the heat source it is 
usually in the range of 15 to 30 
psig (103 to 207 kPa) and may 
contain about 10 percent by weight 
of entrained water. Its heat 
potential would be calculated on 
this (90 percent) basis. 
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Boiler installations for 
high-temperature kiln-drying should 
be capable of producing kiln 
temperatures of up to 240°F (ll6°C) 
within 6 to 8 hours in a 
fully-loaded kiln operating under 
normal winter drying conditions. It 
has been shown that steam at 15 psig 
103 kPa) has a temperature of 250°F 
(121°C); however, due to heat losses 
and pressure drop in the system, 
this pressure is not sufficient to 
achieve a drying temperature of 
240°F (ll6°C). Even with steam at 
30 psig (207 kPa) and 274°F (134°C), 
the heat-up period would be well in 
excess of 8 hours, defeating the 
advantages of short drying times and 
increased production capacity. The 
heat-up period could be reduced by 
increasing the number of heating 
coils and the volume of steam, but 
this would be prohibitive in terms 
of the increased cost of the kiln 
and the requirements for larger and 
more expensive piping, valves, steam 
traps, etc. For an efficient 
high-temperature system, a steam 
pressure of at least 100 psig (689 
kPa) is recommended. 

b) Hot water: Hot water may be 
used in place of steam for kiln 
heating, although such systems have 
a much lower drying efficiency and 
are rarely if ever used in 
commercial drying operations. On 
the other hand, hot water heating 
may be a viable alternative for 
small home-made or "do-it-yourself" 
installations where steam generation 
is either impractical or too 
expensive. 



The maximum temperature attained by 
hot water heating is usually lower 
than that used in steam-heated 
kilns. Under the same pressure, the 
temperature of steam is only 
slightly higher than that of water 
near the boiling point. In the 
kiln, however, the radiation of heat 
energy from the hot water results in 
a substantial temperature drop along 
the length of the heating coils, 
whereas with steam the temperature 
drop is small and the heat energy 
utilized is primarily from the 
condensation of steam. Condensation 
releases large quantities of latent 
heat of vaporization, without 
affecting the temperature of the 
steam itself. 

c) Gas and oil: Both gas and oil 
burners can be used with either of 
two types of direct-fired systems: 
those which use a heat exchanger to 
transfer the heat from the burner to 
the circulating air, and those which 
heat the air directly in mixture 
with the hot products of combustion. 
Heat exchangers avoid the danger of 
lumber discoloration which can 
result when wood is exposed to 
combustion gases. The burners are 
commonly located in the kiln control 
room, and air is drawn from the 
kiln, heated and returned to the 
kiln by a centrifugal blower and 
ducts which distribute the hot air 
to the main circulation fans. 

Natural gas is the most common heat 
source for direct-fired systems. It 
is piped directly to the consumer, 
eliminating the need for fuel 
storage facilities. Where natural 
gas pipelines are not available, 
condensed propane or butane, or 
trucked-in oil, is used. Gas mixes 
intimately and easily with air to 
give complete and smokeless 
combustion, and it is substantially 
free of ash. 

Natural gas is composed of 
combustibles, mainly methane and 
ethane, and some inert gases like 
carbon dioxide, nitrogen and helium. 
Ordinarily the ethane content does 
not exceed 20 percent and the total 
inert gases are under 10 percent by 
volume. Accordingly, there is a 
slight variation in the heating 
value of natural gas, ranging from 
approximately 1,000 to 1,200 BTU per 
cubic foot {37.23 to 44.67 MJ/m3) 
depending on the source of supply. 
This is the higher or gross heating 
value, which includes the heat of 
vaporization of the water vapor 
formed by combustion. The lower or 
net heating value ranges from about 
900 to 1,100 BTU per cubic foot 
{33.51 to 40.95 MJjm3). The 
specific gravity of natural gas also 
varies in relation to its 
composition, ranging from 0.6 to 0.7 
relative to pure air at 60°F 
{15.6°C) and atmospheric pressure. 

The efficiency of a gas burner is 
affected by these particular 
characteristics of natural gas, and 
adjustments in the air supply are 
necessary for efficient burning if 
there is an appreciable change in 
heat value or specific gravity. The 
flame characteristics of a gas 
burner can give an indication of its 
operating efficiency. If the flame 
is sharp and blue in color, there is 
excess air and, consequently, loss 
of heat. If the flame is lazy and 
yellow with a smoky tip, there is a 
deficiency of air. An efficient 
operation is characterized by a 
flame which is slightly blue at the 
burner tip, gradually changing to a 
clear light-orange haze. 

Direct-fired systems are well suited 
to high-temperature kiln-drying of 
softwoods. The required 
temperatures are easily achieved and 
controlled, and any discoloration of 
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wood due to the effect of combustion 
gases is of little consequence in 
most softwood operations. 

d) Electricity: Electrical energy 
is sometimes used as a heat source 
in regions where electricity is less 
expensive than other energy sources 
or where the supply of electricity 
is more dependable. The electrical 
heating elements are arranged 
similarly to the coils in a modern 
steam kiln, usually above the false 
ceiling adjacent to the circulation 
fans. This form of energy provides 
rapid heating and is clean and 
easily controlled. On the other 
hand its cost is not usually 
competitive with conventional fuels 
and the required number of kilowatts 
are often not available. 

Occasionally electrical heating 
elements are used in combination 
with direct-fired or steam systems 
to provide additional heating 
capacity or to take advantage of the 
lower cost of electricity during 
off-peak periods. 

Kiln materials and construction 
A number of materials and forms of 
construction are used in the 
fabrication of dry kilns. Materials 
in common use are poured concrete, 
concrete blocks, brick, and 
insulated pre-fab aluminum panels. 
Steel or aluminum is used in the 
kiln for structural purposes and for 
support of fan decks, motors, 
heating coils, etc. 

The various design options for kilns 
include: 

a) side or end loading, b) shaft 
or direct-coupled fan drive, c) 
steam, direct-fired (gas or oil), or 
electrical heating, d) gable or flat 
roof. 
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To be efficient, dry kilns must be 
reasonably well insulated against 
loss of heat and humidity and they 
must withstand the effects of high 
temperatures and humidities, the 
expansion and contraction caused by 
frequent and wide changes in 
temperature, and the frequently 
corrosive action of acidic vapors 
from the wood being dried. 

The principal considerations in the 
selection of kiln design and 
materials are life expectancy, 
capital investment, operating 
expense, suitability to the size and 
type of operation, insurance, and 
other carrying charges. Good 
construction and engineering 
practice should always be followed 
in the design and erection of kilns, 
since they are subject to more 
severe conditions than ordinary 
buildings. Carelessness or cheap 
construction will reduce the useful 
life of the structure. 

1) Pre-fabricated aluminum: The 
most advanced kilns are constructed 
of pre-fabricated fiberglass or 
polyurethane-insulated aluminum 
panels, which are joined together 
and bolted to structural 

Figure 23. 
Prefabricated aluminum kiln showing construction of wall, 
roof, and kiln door. 
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load-bearing members of either steel 
or aluminum (Figure 23). 
Full-length wall and roof panels are 
manufactured in standard dimensions 
for rapid installation and 
flexibility in kiln size. All 
connecting joints are designed to 
minimize heat losses and to allow 
for expansion and contraction of the 
metal with changing temperature. 
Mastic or rubber sealants are used 
in the joints between the insulated 
panels. vents are included in 
specific roof panels. The false 
ceiling or fan deck is usually 
connected to the underside of deep 
roof trusses, between which the 
circulation fans and heating 
elements are mounted. 

Kiln doors are of similar 
lightweight, insulated, panel-type 
construction, with additional 
bracing for strength and rigidity. 
Most doors are moved by hangers 
which are connected to rollers 
operating on a rail over the door 
opening. A rubber gasket is used 
around the opening to keep 
infiltration and leakage to a 
minimum. 

Kiln structures are relatively 
maintenance-free as they do not 
require any special vapor sealants, 
moisture barriers or other weather 
proofing measures; however, 
periodic inspection is required to 
ensure that no leaks develop in the 
joints, and that punctures of the 
aluminum skin are · repaired to 
prevent condensation from destroying 
the effectiveness of the insulation. 

2) Concrete block or brick: 
Concrete block or brick walls may be 
either the load-bearing or 
non-load-bearing type. Where walls 
are non load bearing, the block or 
brick is laid between structural 
steel members that support the roof 
beams or trusses. Trusses, 
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depending on span, are usually less 
expensive for a given load-carrying 
capacity, while at the same time 
providing the space necessary 
between fan deck and roof for fans, 
motors, heating elements, etc. 
Short-span roof structures may use a 
double "I"-beam arrangement for roof 
and fan deck. The beams or trusses 
are fitted directly into 
load-bearing block or brick walls 
reinforced under the beams with 
pilasters. 

Both concrete block and brick should 
be of high quality, taking into 
consideration such factors as 
durability, insulating properties, 
and resistance to moisture, 
humidity, and temperature 
fluctuations. Naturally, a 
high-quality tempered-cement mortar 
must also be used. To protect the 
masonry against humidity and 
condensation, and also to reduce 
heat and vapor transmission, the 
interior walls and ceiling are given 
one or two coats of a specially 
formulated heat and vapor-resistant 
kiln paint or mastic. 

Roofing materials for masonry kilns 
usually consist of a layered 
composite of roofers' felt, vapor 
barrier, insulation, and pitch, on 
top of asbestos-cavity-deck roof 
panels (Figure 24) or reinforced 
concrete slabs. 

The doors of masonry kilns may be 
constructed of insulated wood 
panels; however, these are heavy 
and deteriorate with time. The 
newer structures use metal doors 
which operate on the same sliding 
hanger arrangement used in pre-fab 
aluminum kilns. Doors may be 
installed on the side, end or both 
ends of the kiln, depending on 
operational requirements. All 
sliding doors should be fitted with 
some type of safety device to 
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Figure24. 
Cavity-deck roof structure. 

Cavity Deck 

L------+- Creosote Treated 
Wood Filler Strip 1 Ply Roofing Felt 
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12" Bond Beam 
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prevent them from falling. 
rope passing through the 
carrier will prevent the 
from falling should it 
disengaged from the track. 

A wire 
door 

carrier 
become 

3) Wood: The use of wood for kiln 
construction is limited to 
applications where inexpensive, 
short-term installations are 
planned, and where small, possibly 
home-made, facilities are considered 
adequate. Wood walls should be 
constructed of 2 by 6-inch studs on 
16-inch centers (41 em} with 
interior and exterior 
tongue-and-groove sheathing of 
boards or plywood treated with a 
preservative. The stud spaces are 
filled with moisture-resistant 
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insulation, and a vapor barrier of 
heavy aluminum foil or roll roofing 
is stapled to the inner stud face 
before the interior sheathing is 
applied. Generally, some type of 
siding is used as an exterior finish 
and the inside is given one or two 
coats of kiln paint. All nails and 
metallic fasteners must be 
non-corrosive, and mastic or rubber 
sealants should be used liberally to 
minimize leakage. Crib or laminated 
walls (Figure 25} , consisting of 2 
by 6-inch planks laid flat one on 
top of another and well nailed, can 
be constructed if lumber is 
inexpensive. This gives a solid 
wall which often has a lower fire 
insurance rating than standard frame 
walls. 



A flat kiln 
of treated 
(25 or 
sheathing. 

roof may be constructed 
joists and 1 or 2-inch 
51 mm) exterior wood 

This sheathing is 
covered with a vapor barrier and 
mopped down with asphalt, followed 
by a second layer of sheathing and a 
final covering of impregnated felt 
mopped with a coating of hot pitch 
and gravel. For better insulating 
properties an asbestos-cavity-deck 
roofing system can be installed. 

Figure25. 
Kiln wall construction-wooden type. 

Vapor Barrier 

FRAME WALL 

62 

\ 
Doors, vents, heating elements and 
fans should be installed in 
accordance with the basic design 
principles adopted by the various I 
kiln manufacturers. Small 
inspection doors should be provided 
in each kiln for the convenience of I 
the operator in inspecting the kiln 

I during operation. Such doors can be I 
cut into the main door if no other 
space is available. They should 
always be provided with latches that 
can also be operated from the inside 
of the kiln. 

2" x 6" or 2" x 8" spiked 

Vapor Barrier 

CRIB WALL 

LS 1098 



4) Foundations: 
that kilns be 

It 
built 

is essential 

foundation, 
foundation 

since the 
settlement 

on a firm 
effects of 

and the 
resulting structural misalignment 
and development of cracks are more 
serious in kilns than in many other 
types of construction. Misalignment 
of kilns throws the track system out 
of line and creates serious problems 
when moving kiln trucks; cracks 
cause loss of heat, and difficulty 
in humidity control. When kilns 
must be built on insecure soil, the 
assistance of an architect or 
engineer familiar with local 
conditions should be obtained to 
design a suitable foundation. 

Foundation walls and footings are 
almost invariably of concrete. 
Their width or bearing area is 
determined by the character of the 
soil and by the loads to be imposed 
upon them. The walls are usually at 
least 10 inches (25 em) thick, 
extending from 4 feet (1. 22 m) below 
grade to 6 (15 em) or more inches 
above grade. 

5) Floors: Most kiln floors are 
made of poured concrete, usually 6 
inches (15 em) I thick. Where such 
floors are not installed, and where 
kilns are loaded with fork-lift 
packages, a thick layer of crushed 
stone may be used. crushed stone 
has a disadvantage in that heat is 
more readily lost to the soil, or 
alternatively, humidity from the 
soil enters the kiln when kiln 
humidity is low. However, it does 
allow for rapid drainage when 
condensation, and water from snow or 
ice, accumulate in the kiln during 
warm-up. 

Kiln fans 
In modern dry kilh design there are 
three basic types of fan; disc, 
multi-blade, and propeller. Each 

has certain advantages, although 
with the necessity for reversible 
air circulation all must be designed 
so that reversal does not 
appreciably alter the air velocity 
through the lumber stack. These 
fans operate at low static pressures 
but are required to move large 
volumes of air. 

The disc fan (Figure 26) is a 
multi-blade aluminum alloy or steel 
fan, up to 84 inches ( 213 em) in 
diameter, with wide, flat blades 
that under operating conditions 
develop air speeds of up to 400 fpm 
(2 m/s) (measured on the leaving-air 
side of the stack). The fans are 
usually installed in a lineshaft 
system and are best suited for 
conventional kilns where air 
velocities are comparatively low. 
The disc fan is the least expensive 
of the three types, and it is 
normally manufactured in balanced 
halves so that it may be installed 
and maintained without disturbing 
the shaft and bearings. As 
mentioned previously, fans on the 
lineshaft are alternately right-hand 
and left-hand, so that two adjacent 
fans force air towards each other; 
the baffle system and kiln walls 
deflect the air stream downward 
along one side of the pile and then 
through the lumber from one side to 
the other (Figure 20) . 

When facing 
clockwise 
fan blows 
left-hand 
you. 

a fan rotating in a 
direction, a right-hand 
air toward you and a 

fan blows air away from 

contain several 
either flat or 

contoured in shape 
The new contoured 

Multi-blade fans 
narrow blades, 
symmetrically 
(Figure 27). 
type, also called the 
"airfoil-type", are made of cast 
aluminum or aluminum alloy. The 
multi-blade fans offer increased air 
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velocity, and are commonly installed 
in either line-shaft or cross-shaft 
systems. 

The modern trend is to higher air 
velocities, particularly in relation 
to fast-drying species, and for this 
purpose the propeller-type fan 
(Figure 28) is most efficient. Such 
fans have two to four blades, 
usually of cast aluminum, up to 84 
inches (213 ern) in diameter. They 
operate at relatively high RPM and 
are capable of producing air 
velocities of 900 fprn (4.6 rn/s). 
Propeller-type fans are either 
direct-driven by individual motors 
or are part of a cross-shaft system 
in which the fans are operated in 
belt-driven pairs. The direction 
and duration of rotation may be 
controlled manually, but normally 
they are controlled through a time 
switch which can be set to stop the 
motor, reverse the current and 
restart the motor at desired time 
intervals. Fans should always be 
allowed to come to rest before 
restarting. The use of variable or 
multiple-speed motors can produce 
considerable savings in electrical 
energy consumption by enabling the 
use of high air velocities when the 
MC is above the fiber saturation 
point, and of substantially lower 
air velocities after the MC has been 
reduced. 

Low RPM, disc fans generally provide 
a uniform air speed over a wide 
frontal area whereas a 
smaller-diameter, high-speed 
propeller fan may result in a rapid 
air flow with a "tunnel" 
configuration, thereby causing 
nonuniform air circulation within 
the load. Kiln design must be 
optimized for each type of fan in 
order to obtain uniform . air 
circulation throughout the lumber 
stack. 
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Figure 26. 
Multiple-blade fan for kiln. 
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Figure 27. 
Conventional multiple-airfoil fan for kiln. 

LS 1099 



Figure 28. 
Propeller-type multiple-airfoil fan for kiln. 

Figure29. 
Hori1ontal plain header coil (made of finned pipe). 

Figure 30. 
Booster coils. 
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Kiln heating 
Steam-heated kilns 

Steam is commonly used as a source 
of heat in kilns. The temperature 
of saturated steam varies with its 
pressure, and more radiating surface 
is required to maintain a given heat 
transfer rate with low steam 
pressure than with high pressure 
steam. 

Pipe coils used in steam-heated 
kilns are of several types: 
plain-header coils, single-return-
bend header coils, multiple-return-
bend header coils, and booster 
coils. 
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Plain header coils {Figure 29) , 
either horizontal or vertical, are 
most commonly used. They may be of 
any length, although short coils are 
more efficient and produce more 
unifqrm temperatures along their 
length than do long coils. They 
consist of varying numbers {runs) of 
pipes connected directly to a header 
at one end and attached to short 
springer pipes at the other. The 
springer pipes are in turn connected 
to a drain header. The coil pipes 
are usually from 1 to 2 inches {25 
to 51 mm) in diameter and the 
springer pipes are usually smaller. 
This provides flexibility in the 
springer section, so the unequal 
thermal expansion of the runs will 
not crack the headers. All 
horizontal coils should be installed 
with a downward pitch varying from 
1/8 to 1/4 inch per foot {10.4 to 
20.8 mmjm) of coil length to allow 
for drainage of condensate. In 
multiple track kilns where the air 
circuit from the fans passes through 
more than one load, it is customary 
to install booster coils vertically 
between the tracks {Figure 30) . 
They are used to prevent an 
excessive temperature drop across 
the loads. 



Plain iron pipes were for many years 
the standard material for radiating 
surfaces, but now finned pipe 
heating coils are used almost 
exclusively: they increase the 
radiating capacity and reduce the 
quantity of pipe required. 
Depending on diameter and other 
factors, it is considered that 
finned pipes have from four to eight 
times the radiating capacity of 
conventional black iron pipe. 
Finned pipes are made of iron or 
copper piping wound with thin metal 
strips or covered with closely 
spaced discs which increase the 
radiating surface of the pipe. The 
fins may be of various materials. 
Heavy gauge steel is the most rigid 
and serviceable but subject to 
corrosion, whereas aluminum, an 
excellent heat conductor, is much 
more subject to damage. Copper is 
the best conductor; however, it is 
expensive and also subject to 
damage. One kiln manufacturer 
provides a bimetallic finned system 
where the fin is aluminum and the 
sleeve is heavy-wall copper. 
Another provides an iron sleeve with 
a wound-on aluminum fin. Its heat 
transfer rate is stated to be twice 
as great as a steel fin. 

Steam traps and 
used to conserve 
its flow through 

control valves are 
steam and regulate 
the heating coils. 

In any steam system, large volumes 
of condensate form as heat energy is 
transferred from the coils to the 
surrounding kiln atmosphere. This 
condensate, initially at the 
temperature of the steam, must be 
allowed to drain freely, otherwise 
the temperature of the coils would 
drop as they fill with condensate 
and as the condensate gives up its 
sensible heat. 

The drainage of the condensate is 
controlled by a steam trap, usually 
located outside the kiln. The steam 
trap is designed to remove the 
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condensed water from the heating 
system without wasting steam or 
reducing its pressure. The 
efficient working of a steam trap 
has a direct bearing on the 
efficiency of the heating equipment. 
The hot condensate may be wasted, 
but more commonly it is returned to 
the boiler to avoid the need for 
heat energy which would otherwise be 
required to heat cooler water. 

A single 
used to 
heating 

steam trap should not be 
drain more than one bank of 
coils. The steam pressure 

at the drain header can vary between 
different banks and this may prevent 
the condensate in the unit with the 
lowest pressure from reaching the 
trap. Each trap should have a 
manual by-pass valve in case of 
steam trap failure. The by-pass 
also allows for rapid drainage 
during the initial warm-up period 
when the rate of condensation may be 
too high for the size of steam trap 
used. 

There are two main types of steam 
traps: the mechanical or bucket type 
and the thermostatic type. The 
bucket trap, illustrated in Figure 
31, is in general use, but the 
thermostatic trap is being installed 
in most new kilns. There are 
different makes of bucket traps, but 
the principles of operation are 
similar. The condensate entering 
the trap causes the bucket, which is 
buoyant to lift, thereby closing the 
outlet valve. As the volume of 
condensate increases, the water 
level in the body of the trap rises 
until finally it spills over the 
edge of the bucket, causing it to 
sink. The sinking of the bucket 
opens the valve and the steam 
pressure in the coils forces water 
through the outlet. When some of 
the water has been ejected, the 
bucket rises again and closes the 
valve, and the cycle is repeated. 



Figure 31. 
Open-bucket steam trap. 

Splash Plate 
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Figure 32. 
Thermostatic steam trap. 
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Discharge Port 
Continuous 

Thermostatic Air Vent 

Outlet 

Valve and Valve Seat 

Valve Stem 
( 

Opening in Guide Post 

In the thermostatic trap (Figure 32) 
an oil-filled bellows inside the 
trap reacts to the difference in 
temperature between steam and 
condensate. As the cooler 
condensate enters the trap, the 
bellows contracts, causing a valve 
to open allowing expulsion of the 
water. As the water is removed, 
steam enters the trap and the higher 
temperature of the steam causes the 
bellows to expand and close the 
valve. condensate again accumulates 
to repeat the cycle. Occasionally 
thermostatic traps are also 
installed at the end of the 
steam-spray (humidification) pipes 
to remove any condensate that occurs 
when sprays are operating 
intermittently. This keeps the 
steam spray dry, thus preventing 
water discoloration of the lumber. 



Both types of steam trap are 
effective if they are kept in good 
condition. Most manufacturers 
recommend that a strainer be placed 
before the trap to remove dirt, and 
a check valve behind the trap to 
prevent reverse condensate flow. 

Steam flow to the heating coils is 
regulated by automatically-
controlled, air- or electrically-
operated valves (see controlling 
instruments), and the steam pressure 
(and consequently its temperature) 
is controlled by pressure regulators 
on the steam supply line. Hand-
operated globe valves are installed 
ahead of the regulating valves for 
"on-off" control of the steam 
supply. Hand valves are also 
advantageous on the feed and drain 
lines of individual heating-coil 
banks. This enables operatqrs to 
close certain banks for better 
control at lower temperatures, 
thereby reducing excessive 
fluctuations in temperature due to 
over shoot of the dry bulb when all 
banks are open. Damaged or leaking 
coils may also be removed and 
repaired without disturbing the 
remainder, but this may require an 
increase in pressure to maintain 
heating capacity. 

Direct-fired kilns 

Heating equipment for direct-fired 
gas, oil, or waste fuel systems 
consists essentially of a burner, 
combustion chamber, centrifugal 
blower, air distribution and return 
ducts, and temperature regulating 
equipment. Several "failsafe" 
devices are incorporated in the 
system to prevent hazardous 
conditions. 

commonly have electrically 
or pneumatically modulated fuel 
valves which operate in connection 
with the recorder-controller. The 

fuel and air supply for combustion 
is regulated so that the desired 
kiln temperature is maintained. 
Some designs use several burner 
nozzles which can be operated 
individually or the series can be 
modulated over a wide turndown ! 
range. Oil-fired systems may use 
various oil preheating techniques ! 
depending on the grade of oil. Some 
burners are designed to utilize gas 
and oil interchangeably. 

In the heating chamber the hot 
products of combustion are mixed 
with the circulating air, raising 
its temperature to the point where 
subsequent mixing in the kiln -will 
produce the required temperature as 
governed by the dry-bulb-control 
mechanism. Temperature 
limit-switches on the inlet and 
discharge ends of the combustion 
chamber will shut down burners if f 
they overheat. The discharge air is 
usually limited to a maximum of 325 
to 350°F (163 to 177°C). The 
centrifugal blower forces the heated 
air through ducts to a plenum 
chamber which distributes the air to 
the circulation fans. Most of the 
kiln air makes repeated circuits 
through the lumber piles, and only a 
portion is returned to the heating 
chamber, usually by means of a 
collecting plenum running the full 
length of the kiln. In some kilns 
the heat energy from the burners is 
transmitted through a heat exchanger 
to the circulating air in order to 
prevent combustion gases from 
entering the kiln. 
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In electrically-heated kilns the 
heating elements are located in the 
same position as the heating coils 
in steam-heated kilns (above the 
false ceiling adjacent to the 
circulation fans). Kiln 
temperatures are thermostatically 
controlled in accordance with the 
dry-bulb control mechanism and the 



heating elements are wired so that 
the operator can engage all or only 
a portion of the elements at one 
time. At low temperatures the kiln 
can be switched to low heating 
capacity (fewer elements) to prevent 
excessive fluctuations in the 
dry-bulb temperature. 

Kiln humidification and ventilation 
Kiln humidification 

The control of humidity is essential 
to satisfactory kiln-drying . In 
steam-heated kilns humidity is 
usually supplied as steam from the 
same source as that supplying the 
heating coils. Steam is ejected 
through special nozzles on a steam 
spray line located in the air stream 
adjacent to the circulation fans. 
As with the heating system, steam 
humidification is regulated by 
either electrically or, more 
commonly, pneumatically-controlled 
valves. 

If high-pressure steam is used for 
humidification, it may add a 
considerable amount of heat to the 
kiln, causing fluctuation and 
overshoot of the dry-bulb 
temperature. This is especially 
critical during the conditioning 
period when a large volume of steam 
is added to the kiln to bring up the 
wet-bulb temperature. Steam 
pressure should, therefore, be 
reduced by a pressure regulator or a 
simple throttling valve. A 
reduction of pressure increases the 
time required to attain the wet-bulb 
setting, but this can be 
counterbalanced by reducing the 
dry-bulb temperature, so that the 
proper conditioning equilibrium 
moisture content (EMC) can be 
achieved at a lower wet-bulb 
setting. 
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Direct-fired kilns that have no 
auxiliary steam supply are 
humidified by a water spray injected 
into the kiln by atomizing nozzles 
located either in the hot air 
discharge duct or, more commonly, in 
the air stream opposite the 
circulation fans. 

It is highly desirable to heat the 
spray water since cold water has an 
appreciable cooling effect in the 
kiln, causing fluctuation of the 
dry-bulb temperature and poor 
control of drying conditions. The 
atomizing nozzles require 
considerable maintenance. For these 
reasons, water injection is less 
efficient than direct steam 
injection, particularly for drying 
hardwoods where high humidities are 
required for conditioning lumber to 
obtain proper stress relief. 

For closer control of wet-bulb 
temperature, direct-fired kilns may 
be humidified by steam from other 
sources, including oil or gas-fired 
steam generators which produce large 
volumes of steam at low pressure. 

Kiln ventilation 

Moisture is removed from a kiln 
through roof ventilators on the 
intake and exhaust sides of the 
fans; dry fresh air is drawn in on 
the suction side and moist air 
forced out on the pressure side of 
the load. When the direction of 
rotation of the fans is reversed, 
the flow of air through the 
ventilators is also reversed. The 
size and number of ventilators 
required depends on the species 
being dried: wet woods, such as 
poplar and white pine, require more 
ventilation than species with lower 
initial MC's such as hard maple. 



vents are arranged in-line along the 
length of the kiln and the hinged 
vent lids are connected by a 
continuous metal rod so that the 
entire line can be operated as a 
unit (Figure 33). Kilns may have 
one or two vent lines depending on 
the fan arrangement, and each line 
is automatically opened and closed 
by electrically or pneumatically 
powered motors activated by the 
recording-controlling instrument 
system. 

As an alternative to the numerous 
vents required in a standard venting 
system, kilns are being designed for 
powered or forced ventilation. The 
initial capital investment for the 
powered venting system is greater; 
however, it is claimed that the 
higher cost is offset by more 
efficient drying and lower 
maintenance costs. 

In the powered venting system, roof 
openings are replaced with two 
identical metal ducts placed inside 
the kiln, running full length in the 
zone above the fan deck. These 
ducts vent to the atmosphere through 
louvered openings, and adjustable 
openings along the length of each 
duct regulate the volume of air 
discharged into or withdrawn from 
the kiln; thus air is distributed 
uniformly throughout the kiln. A 
fan unit at the end of each duct 
acts interchangeably as intake or 
exhaust, depending on the direction 
of air circulation. When the main 
circulation fans are reversed, the 
venting system also reverses, with 
the louvers actuated to open 
immediately prior to the fans 
starting. 

The vent system in any kiln exhausts 
more air than it draws into the 
kiln, to accommodate the expansion 
in volume of incoming air as it is 
heated. This is accomplished, in 
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Figure33. 
Automatically controlled roof vents. 

the case of powered venting, by the 
design of the fan blade airfoil. 
The venting system is regulated by 
the recorder-controller mechanism as 
in normal roof venting. In some 
direct-fired kilns the centrifugal 
blower produces a type of powered 
ventilation by venting moisture 
through a damper in the return air 
duct to the blower. 

Many Scandinavian kilns utilize the 
vented moist air to heat the 
incoming air, through heat 
exchangers located on the kiln roof. 
This system is not used in North 
America but may receive more 
attention as fuel costs rise. 

Kiln controls and calibration 
An essential feature of a modern dry 
kiln is the temperature 
recorder-controller. This 
instrument continuously measures and 
records on a chart the conditions 
prevailing within the kiln, and 
controls the heat and humidity to 
conform to the conditions preset by 
the operator. Although the initial 
cost of this equipment is high, the 
results obtained more than justify 
the expenditure. 

At the same time, the kiln operator 
must realize that he has under his 
supervision sensitive instruments 
which supply accurate information on 



kiln conditions providing they are 
properly calibrated and in good 
operating condition. An 
understanding of the principles of 
operation of kiln instruments will 
enable the operator to use them most 
effectively. 

With few exceptions the 
recorder-controllers used in Canada 
are of the pneumatic type with a 
vapor-pressure-actuated temperature 
sensing system. The instrument 
records and controls continuously 
the dry and wet-bulb temperatures 
and by means of standard tables 
(Tables 3,4,5) one can determine the 
relative humidity (RH) and EMC 
conditions in the kiln. 

Recording instruments 

There are four main parts to a 
recording instrument, namely: (1) 
the temperature-sensing bulbs inside 
the kiln; (2) the armor-protected 
fine-bore capillary tubes, 
connecting the bulbs with the 
controlling mechanism; (3) the 
helical movement, or Bourdon tubes 
inside the instrument which move the 
arms of the pen on the chart; and 
(4) the clock movement which turns 
the chart. 

The wet-bulb and dry-bulb 
temperature-sensing bulbs are 
connected individually by long 
capillary tubes to the Bourdon tubes 
in the recorder-controller located 
outside the kiln. The bulb, 
capillary tube and Bourdon tube are 
a sealed system containing a 
volatile liquid and its vapor. 
Mercury or gas filled bulbs are 
available but seldom used. The 
liquid in the bulb evaporates and 
condenses with changes in kiln 
temperature, thereby causing a 
change of pressure in the 
liquid-vapor system. 
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An increase in temperature increases 
the vapor pressure of the liquid: 
the capillary transmits the pressure 
into the helical or spiral Bourdon 
tube, causing it to expand ln an 
unwinding motion. This movement is 
transmitted to the pen arm which 
moves radially outward on the 
recording chart to indicate the 
increase in temperature. When 
temperature decreases the reverse 
process takes place. 

A single wet bulb located anywhere 
in the kiln will measure the 
wet-bulb temperature, provided there 
is good air circulation. The RH and 
EMC, however, vary with temperature 
and there is inevitably a 
temperature drop across the load. 
Since control of temperature must be 
based on the entering air, and air 
circulation is periodically 
reversed, it is necessary to locate 
dry-bulb sensors in the main air 
stream on both sides of a load, a 
dual dry-bulb control system. 

As the liquid in the air-entry side 
sensing bulb becomes hotter and 
evaporates, condensation takes place 
in the cooler, exit-side bulb. This 
occurs alternately between the two 
bulbs as air circulation is reversed 
but, since the temperature of a hot 
vapor-filled bulb responds more 
quickly in relation to temperature 
change than does a liquid-filled 
bulb, there may be a short pressure 
lag which causes a momentary dip in 
the dry bulb recording. 

The wet bulb is of the same 
construction as the dry bulb but is 
covered by a wickl the end of which 
is placed in a water-filled trough 
below the bulb. The cooling effect 
of evaporation from the wick is 
indicated by the lower wet-bulb 
temperature. The water trough is 
supplied with water from a source 
outside the kiln. If the tap water 



is hard, it is necessary either to 
use distilled water from an inverted 
bottle reservoir or to change the 
wet-bulb wick frequently, otherwise 
the wick becomes clogged with the 
water-hardening substances and 
ceases to function properly. An 
overflow drain from the water trough 
to the kiln exterior enables the 
operator to determine at a glance 
whether the trough is full. 

The sensing bulbs and connecting 
capillary tubes are made of 
corrosion-resistant metal, usually 
copper or copper alloys. 
occasionally stainless steel is used 
if the extractive vapors from the 
wood are highly corrosive, as from 
western red cedar or hemlock. 

Controlling instruments 

The valves on the heating and 
humidifying systems in a dry kiln 
may be controlled manually or 
automatically. All modern 
installations have automatic control 
of temperature, humidity, and 
ventilation (Figure 34) . In 
discussing the operation of the 
pneumatically-operated controlling 
mechanism, reference is made to the 
schematic diagram shown in Figure 
35. Some of the mechanisms vary in 
design between different makes of 
recorder-controllers, but the 
principles of operation are similar. 

Inside the recorder-controller the 
capillary tube from each sensing 
bulb and dry) is divided, with 
one lead connected to the Bourdon 
tube of the recording pen and the 
other connected to a second Bourdon 
tube which opens and closes a 
needle-type air valve. The 
operating air pressure is generally 
20 psi {_138 kPa) . 

a) Dry-bulb control: Advancing the 
temperature selection dial moves a 

Figure 34. 
Recorder-controller. 
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valve lifter on the air-valve 
Bourdon tube away from the valve 
stern, causing the air valve to 
close. This causes air pressure to 
open the diaphragm valve on the 
steam line, (Figure 36) allowing 
steam into the heating coils. 
Consequently, the kiln temperature 
increases, causing both the 
recording-pen Bourdon tube spiral 
and the air-valve Bourdon-tube 
spiral to expand. As the 
temperature reaches the point set, 
the valve lifter opens the air valve 
which then exhausts air to the 
atmosphere, cutting off air pressure 
to the heating diaphragm valve. The 
valve closes to cut off the steam 
supply to the coils. 



Figure35. 
Schematic diagram of recorder-controller mechanism. 
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Figure 36. 
Air-operated steam control valve. 
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This action cycles to maintain 
dry-bulb control. If the selection 
dial is turned to a lower 
temperature the valve lifter keeps 
the air valve open until the kiln 
temperature drops to the selected 
temperature. 

b) Wet-bulb control: Turning the 
wet-bulb selection dial operates two 
air valves, one controlling the 
steam spray and the other 
controlling the kiln ventilation. 
The valve lifter on the Bourdon tube 
is inclined so that the steam spray 
air valve is always opened first to 
ensure that venting and 
humidification cannot occur 
simultaneously. 

When the 
advanced, 

wet-bulb setting 
the valve lifter on 

is 
the 

Bourdon tube moves away from the two 
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valve stems. Air is thus directed 
to the steam spray diaphragm valve 
(causing it to open), and also to 
the ventilator relay. Air pressure 
in the relay diaphragm closes a 
valve which cuts off air supply and 
air pressure in the ventilator 
air-motor. The ventilator, 
therefore, remains closed while the 
steam spray is increasing the 
wet-bulb temperature to the set 
level; as the temperature 
increases, the Bourdon tube spiral 
expands. 

When the wet-bulb temperature is 
reached the valve lifter on the 
Bourdon tube opens the steam spray 
air valve first, exhausting air to 
the atmosphere. This closes the 
steam spray diaphragm valve. The 
inclination of the valve lifter is 
adjusted to give a ventilator lag 
which allows the wet-bulb to 
overshoot slightly before the 
ventilators open. This prevents the 
recently-introduced steam from being 
vented when a little extra moisture 
from the lumber is added to the kiln 
air. The ventilator air valve opens 
only when the wet-bulb temperature 
exceeds the steam spray closing 
temperature by more than the 
ventilator lag (usually 2.5F0

, 

1.4C0
). This occurs primarily 

during the early stages of drying 
when large quantities of wood 
moisture are liberated. 

When the ventilator air valve 
the air pressure on the 
diaphragm is released. The 
valve opens the air supply 

opens, 
relay 
relay 

to the 
ventilators air motor, which 
operates a lever to open the kiln 
ventilators. As moisture is vented 
the wet-bulb temperature drops until 
the ventilators close in response to 
the contraction of the Bourdon tube 
spiral. As the temperature 
continues to drop, the steam spray 
air valve closes and steam is once 



again injected to maintain wet-bulb 
control. 

Calibration of instruments 

A kiln operator should regularly 
check the accuracy of the kiln 
control instruments, i.e., determine 
whether the instrument records the 
actual temperatures inside the kiln. 
This is readily accomplished by 
placing a maximum-reading wet- and 
dry-bulb psychrometer (Figure 37) 
beside the sensing bulbs in the kiln 
for a period of at least 15 minutes. 

Figure37. 
Psychrometer for checking kiln temperatures. 
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This comparison should be made 
during the period when the 
psychrometer and adjacent sensing 
bulbs are on the entry-air side of 
the lumber stack. 

If the instrument is properly 
calibrated, the highest temperature 
recorded on the chart during the 
test period will be the same as the 
maximum temperature shown on the 
psychrometer. In this manner any 
deterioration in the calibration of 
the temperature recording system 
becomes evident. 

Small discrepancies in wet and 
dry-bulb temperatures can be 
corrected by using the minor 
adjustment screw on the pen arm to 
move the pen up or down the scale by 
an amount equivalent to the 
difference between the recorder and 
psychrometer readings. Before any 
adjustment of the pen arm is 
attempted, several tests should be 
made at each of several settings. 
Any slight adjustments should be 
made at a temperature midway on the 
scale. 

It is recommended practice to have 
the temperature recording sy?tem 
calibrated once a year, but before 
any calibration is attempted the 
following examination for obvious 
physical defects should be made: 

a) The recording pen may 
lag as a result of too much 
tension on the pen arm, or the 
pen arm may be bent. 

b) The capillary tube may be 
kinked. 

c) The temperature-sensing 
bulbs may be damaged or 
severely corroded. 



A few simple pieces of equipment are 
required to carry out the 
calibration. These include an 
etched-stem mercury thermometer of 
known accuracy; a container of 
water large enough to submerge the 
sensing bulbs of the instrument; a 
hotplate or other appliance for 
heating the water to 80 percent of 
the maximum chart range; and a 
stirring device for agitating the 
water to ensure uniform water 
temperature. Using this equipment, 
the calibration procedure is as 
follows: 

1) Submerge the wet- and 
dry-bulbs in the container with 
water at about 80°F (26.7°C), 
taking care that the bulbs 
remain at approximately the 
same elevation as when 
installed in the kiln (i.e. at 
the same height above the 
floor). 

2) Submerge 
thermometer close 
and agitate 
continuously. 

3) Allow the 

the mercury 
to the bulbs 

the water 

system to 
stabilize at a constant water 
temperature and record the dry-
bulb, wet-bulb and thermometer 
readings. 

4) Consider the operating 
temperature range of the 
instrument and, by changing the 
water temperature, repeat step 
3 at regular temperature 
intervals in the chart range. 
A good comparison of bulb and 
thermometer temperatures can be 
obtained by taking readings at 
intervals of 10F0 (5C 0

), up to 
about 80 percent of the maximum 
chart temperature. 

5) Tabulate the information 
obtained. If the error is 
systematically high or low and 
of small magnitude (2 or 3F0

; 1 
or 2C 0

), an adjustment can be 
made by the minor adjustment 
screw on the pen arm. If the 
error is larger, it is 
recommended that the instrument 
be returned to the manufacturer 
for calibration. 

6) Some operators may prefer 
to use the information 
collected in the calibration 
process as a correction table 
to avoid touching the 
calibration of the instrument. 

In dual dry-bulb systems with a 
single recording pen, the second dry 
bulb need not be included in the 
water bath; however, under these 
circumstances the water temperature 
must be higher than the temperature 
of the second dry bulb, as the 
instrument always records the higher 
of the two bulb 

Kiln inspection and maintenance 
The effect of extreme variations in 
relative humidity and temperature, 
as well as the frequently corrosive 
action of vapors coming from the 
wood being dried, combine to reduce 
the useful life of kilns, buildings, 
and components. Good maintenance 
procedures applied at regular 
intervals will result in a maximum 
service life from this equipment. 
It is customary for kiln 
manufacturers to provide maintenance 
instructions for their and 
these should be followed as 
recommended. 

Kiln structure 

(a) General: Cracks or open joints 
may eventually develop in walls, 
floors, roofs, and ceilings of kiln 



structures. If these are not sealed 
when small, they will increase in 
size, leading to excessive heat and 
vapor losses and premature 
deterioration of the structure. For 
small cracks, a coating of kiln 
paint may be sufficient, but larger 
cracks should be filled with mastic, 
mortar, or rubber sealant. Mortar 
and cement fillers should be coated 
with kiln paint after setting. 
Openings in the kiln structure for 
steam lines, tubing, fan shafts, and 
the like should be small. Insert 
sleeves in the openings if needed 
and plug the remaining voids with 
mastic, asbestos, 
material. 

or similar 

Poorly maintained doors, door seals · 
and hangers may result in leaks 
around doors and excessive loss of 
heat and vapor. Lower temperatures 
may occur near leaking doors, 
resulting in slower drying rates and 
nonuniform drying. Frequent 
lubrication of moving parts, repair 
of damaged components, and 
inspection and replacement of the 
rubber door seals will provide 
trouble-free service from kiln 
doors. 

(b) Masonry and wood structures: 
The inside surfaces (walls, ceiling) 
of the kiln and all steel members 
should be coated with vapor- and 
corrosion-resistant materials before 
the kiln is used, and renewed as 
required. Usually a recoating is 
necessary each year or two. 
Suitable kiln paints coatings can 
be obtained from kiln manufacturers. 
These coatings should never be 
applied to the outside surface of a 
kiln since any moisture penetrating 
the inside vapor barrier would be 
trapped in the wall, thereby 
reducing the effectiveness of the 
insulation. 
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(c) Aluminum structures: All steel 
parts should be painted with a 
rust-resistant coating once a year. 
Bolts and fasteners should be kept 
tight. Moisture should not be 
allowed to enter insulated panels; 
repair any accidental punctures 
immediately. Do not use abrasives 
to clean 
appropriate 
stains, and 

Heating system 

aluminum panels; use 
solvents to remove 

rinse thoroughly. 

A properly designed and maintained 
heating system produces uniform 
temperatures in a kiln. 
Unfortunately, the maintenance of 
heating systems is often neglected, 
resulting in non-uniform drying 
conditions, extended drying time, 
greater MC variability, higher 
degrade, and increased drying cost. 

(a} Steam heating: Properly 
insulated feed lines from the boiler 
to the kiln wili reduce steam 
consumption. In some kilns hot 
spots may be produced by radiation 
from uninsulated feed lines running 
inside the kiln from the control 
valves to the heating coil header. 
If this occurs, the lines should be 
insulated. 

All heating pipes must be maintained 
on a slight slope to allow the 
condensate to drain from the feed 
end to the steam trap; otherwise an 
accumulation of condensate will 
reduce the efficiency of heat 
transfer. Pipes and pipe 
connections may develop leaks which 
may upset the wet-bulb temperature 
or waste steam as a result of 
excessive venting. 

Manual valves and the air-operated 
diaphragm valves must be maintained 
in good operating condition. 



Properly functioning steam traps are 
essential to an efficient heating 
system. Steam traps should be 
capable of handling the peak 
condensate loads, and be able to 
operate effectively over the range 
of steam pressures used. Failure to 
discharge condensate may be caused 
by excessive back pressure in the 
return line, excessive operating 
pressure, worn or defective 
components, or accumulation of dirt 
in the trap. Discharge of steam is 
generally caused by improper seating 
of the discharge valve or damage to 
the valve mechanism. A check valve 
on the discharge side will prevent 
reverse condensate flow, and a 
strainer on the inlet side will keep 
dirt from clogging the trap. 

When an operator becomes familiar 
with the proper functioning of steam 
traps he will be able to detect 
changes characteristic of defective 
traps. If a trap fails to discharge 
condensate, the temperature of the 
inlet pipe will be lower than normal 
and the return pipe will be 
appreciably cooler. Conversely, if 
the trap leaks steam, the return 
pipe will be hotter than normal. A 
pyrometer can be used to spot-test 
the supply and discharge 
temperatures. A differential of 10 
to 15F0 (6 to 8C0

) indicates proper 
operation. Problems may also be 
detected by installing a drain tap 
on the return line and observing the 
flushing action of the trap. 
Irregularities in the on-off 
flushing may even be detected by 
sound. 

(b) Direct-fired heating: Gas and 
oil-fired systems are relatively 
easy to maintain and should be 
inspected every six months. A clean 
gas or oil supply will 
little trouble, but an accumulation 
of water and dirt can shut down a 
kiln for hours. A capped, 

dirt-trapping leg of pipe is located 
at most low spots in a gas line. To 
clean the line, first close the 
adjacent valve, then remove the cap. 
The valve is then opened slowly to 
blow out any moisture and other 
foreign matter. After a careful 
blow down, the cap is replaced --
gas tight. During this operation, 
all doors and windows must be open 
to exhaust gas blown out of the 
pipe. Caution: absolutely no naked 
flames or smoking within 100 feet 
(30.5 m) while this work being 
performed. 

If oil is used, all filters should 
be checked regularly and replaced 
when necessary. Burner nozzles 
should be inspected, cleaned, and 
adjusted as required. 

The temperature limit switches and 
the air-flow proving switch should 
be examined and checked for 
operation. Replace any faulty parts 
immediately. Do not defeat safety 
systems by using a j umper when a 
detector malfunctions. Water 
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sometimes enters the air-flow 
proving switch,causing corrosion and 
sticky operation. This corrosion 
can be minimized by installing the 
proving switch on the low-pressure 
side of the combustion chamber 
circulation blower. Bulbs on 
temperature limit switches can also 
become corroded, allowing the 
operating medium to leak out, and 
the assembly fails. Check the bulbs 
for corrosion, clean, test for 
temperature operation, and replace 
where necessary . Caution: do not 
use including steel 
on any sensor. Rather use a solvent 
and a cloth. Gas detectors, where 
provided, should be checked 
regularly and if faulty, replaced 
immediately. 



Direct-fired kilns which do not have 
heat exchangers in the fire box are 
likely to contain toxic combustion 
gases. Do not enter the kiln during 
operation or during brief shutdown 
periods unless you are wearing a 

breathing apparatus 
or the kiln has been thoroughly 
aired out by opening the large 
doors. 

Humidification system 

Steam or water sprays are used to 
supply the moisture necessary to 
maintain the desired relative 
humidity in a kiln. Frequent 
inspection of these systems for 
leaking or defective control valves, 
and proper operation and position of 
the discharge nozzles, is required. 

Ventilation system 

Vent motors and the linkages 
controlling the vent caps or dampers 
should be kept lubricated, and 
inspected periodically for proper 
operation. Vent caps or dampers 
should be adjusted to close as 
tightly as possible. The 
installation of rubber seals or 
gaskets may be found desirable to 
control excessive leakage. Screens 
may be inserted in the ventilators 
to trap sawdust and other debris, 
and these should be cleaned 
periodically. Leaky vents are most 
conspicuous when viewed from the 
outdoors on a cold winter day. 

Air circulation system 

Fan motors should be securely 
mounted, properly ventilated and 
protected from the weather. Regular 
removal of dust from the windings 
and armature as well as regular 
lubrication of the motor bearings is 
also required. These motors should 
be protected against overload by 
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adjusting the relays to kick out 
under small overloads. 

Fan shaft bearings should be kept 
properly aligned with the fan shaft, 
and lubricated according to the 
manufacturer's 
Pulleys should be kept 

instructions. 
tight on the 

shafts, inspected for excessive wear 
and replaced if worn or damaged. 
Belts should be checked for wear or 
damage and kept tensioned according 
to the manufacturer's instructions. 

Periodic inspection of the fan deck 
is recommended to ensure that all 
fans and baffles are in good 
operating condition. constant 
vibration can cause bolts and 
fasteners to work loose. At the 
same time the structural and framing 
members can be assessed for 
corrosion and recoated where 
necessary. It is desirable to check 
the current draw of all electric 
motors occasionally: any 
electrician can perform this test. 

Kiln trucks 

Frequent inspection and proper 
lubrication and maintenance of kiln 
trucks will help extend truck life. 
All bolts should be checked 
regularly for tightness and track 
alignment checked to prevent the 
possibility of spilling a load of 
lumber. Do not overload kiln 
trucks. 

Air supply 

The air supply compressor should be 
blown down at least weekly -- more 
frequently when water or oil is seen 
to gather in quantity. The air 
intake should be placed where it 
will pull in clean air, free of 
contaminants. For correct operation 
of the recorder-controller the air 
supply must be clean and free of oil 



and water. The air filter at the 
instrument is the last point where 
the compressed air is cleaned, when 
the filter material is seen to be 
dirty, moist or oil-ridden, the air 
filter cartridge should be replaced. 

Housekeeping 

Good housekeeping around dry kilns 
is essential to minimize the 
possibility of injuries, damage to 
equipment, derailment of kiln 
trucks, and fires. Keep the dry 
kiln, the operating room, and the 
surrounding area clean and free of 
safety and fire hazards. The 
following are good housekeeping 
practices: 

1) Immediately pick up fallen 
stickers from loads of lumber and 
place them in conveniently-located 
sticker racks. 

2) Pick up fallen lumber and 
repile it on the loads or return 
it to the storage area. 

3) collect and remove sawdust and 
other debris that accumulates in 
the kiln. 

4) Keep walkways in a kiln free 
of debris. 

5) cut or push back into the load 
of lumber any boards that project 
into walkways, to prevent injuries 
to workmen. Projecting boards 
also cause non-uniform air 
velocity through the loads of 
lumber in some types of kilns. 

6) Stop oil or grease leaks 
around bearings, fans, blowers, 
and motors, and wipe up spilled 
oil or grease immediately. Place 
oily or greasy rags in closed 
containers. 
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7) Keep control rooms 
and operating pits clean 

ventilated at all times. 

and 
well 

8) Inspect 
frequently 

stairways and ladders 
and replace weak 

members at once. 

9) Check and replace light bulbs 
and keep wiring and fixtures free 
of dust. 

10) Mercury from broken 
thermometers must be removed 
without delay after the mill area 
has been thoroughly ventilated. A 
small diameter glass tube 
connected to a rubber suction bulb 
can be used to recover the mercury 
droplets. Recovered mercury, as 
well as the recovery apparatus, 
should be stored in sealed 
containers in a well ventilated 
area until the recovered mercury 
can be disposed of according to 
local pollution control 
authorities. 

Care should be exercised to avoid 
skin contact with mercury, as well 
as the inhalation of its vapor. 

Troubleshooting guide for 
kiln operators 

When attempting to follow a definite 
temperature and humidity schedule in 
a dry kiln equipped with automatic 
controls, it may occasionally appear 
that t 'he controller is having 
difficulty in maintaining the 
desired dry-bulb and wet-bulb 
temperatures in the kiln. This 
difficulty is seldom the fault of 
the automatic controller itself; 
various possible causes of trouble 
are listed below. 

Check all of the suggested 
possibilities before removing the 
controller from the kiln. It is not 



unusual that controllers are 
returned for repair, only to find 
that the controller is in excellent 
operating condition, and the real 
trouble lies in some other part of 
the kiln installation. Only the 
items designated by an asterisk (*) 
in the following list are troubles 
which can be attributed to a faulty 
controlling instrument. 

I. Wet- or dry-bulb fails to reach 
set temperature. 

(a) Insufficient steam supply to 
kiln 

1) Low steam pressure (check 
pressure gauges at kiln and 
header). 

2) Hand valve in steam heating 
or spray lines not fully open. 

3) Heating or spray control 
diaphragm valve not opening 
fully. 

packing around valve stem 
tight, hard, or dry. 

scale formed on valve stem 
near packing gland. 

scale or dirt lodged inside 
valve. 

leak in rubber diaphragm of 
valve or in air line from 
controller to valve (check air 
pressure gauges at controller). 

failure of proper air supply 
of 15 to 17 psi (103 to 117 
kPa) to the controller (check 
pressure on AIR SUPPLY gauge) 

*- dirt, oil or water clogging 
small air lines or air valves 
inside controller case. 

(b) 

4) Dry-bulb: Steam trap not 
discharging condensate, causing 
heating coils to fill with 
water (verify by opening 
by-pass valve or drain tap 
replace trap if necessary). 

5) Dry-bulb: Steam trap stuck 
open (or by-pass open) letting 
steam. blow through with loss of 
steam pressure (listen to 
trap). 

Insufficient heating capacity 
for temperature desired. 

1) Problem cannot be remedied 
without major alterations 
extra heating coils 
increased steam supply. 

i.e. 
and 

(c) Excessive ventilation 
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1) Automatic ventilators not 
closing properly, or open too 
wide if manually operated 
(check vent mechanism). 

and linkage in 
system need 

bearings 
ventilator 
adjustment and lubrication. 

by-pass valve in air line to 
vent motor not fully closed. 

*- dirt, oil, or water 
clogging small air lines or air 
valves inside controller case 
(check air pressure on VENT 
gauge at controller). 

*- jammed or broken vent relay 
valve. 

2) Leaky kiln building. 

kiln doors not fitting 
properly (see if light enters 
kiln around doors). 

holes in walls or roof. 



3) Excessive humidity due to 
snow or ice-covered lumber, or 
ground water seeping into kiln. 
Heat loss (to heat this extra 
moisture) prevents dry bulb 
from reaching its setting; 
also, the high humidity keeps 
the vents open and much of the 
heat input goes straight out 
the vents. 

(d) Incorrect recording of kiln 
temperature on controller chart. 

l) Excess cold water from 
wet-bulb water box striking the 
wet-bulb or being blown or 
splashed onto the dry-bulb 
(check needle valve on water 
supply line and the rate of 
overflow). 

2) Restricted circulation of 
heated air over the bulbs. 

*3) Defective 
sensing system 
capillary tubing 
Bourdon tubes) . 

temperature 
(bulbs, 

and spiral 

Temperature will not record 
properly if fluid leaks from 
any part of the system. Never 
cut, shorten, or kink capillary 
tubing. 

4) Wrong chart placed on 
controller face (check chart 
number with number on 
controller name plate). 

*5) Instrument out of 
calibration. 

II. Wet or dry-bulb temperature 
recording rides continuously above 
the set temperature. 

(a) Excessive steam entering spray 
lines or heating coils. 
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l) Steam spray 
diaphragm valve 
properly. 

or 
not 

heating 
closing 

packing around valve stem 
tight, hard, or dry. 

scale formed on valve stem 
near packing gland. 

scale or dirt lodged in 
valve seat. 

insufficient compression in 
diaphragm valve spring. 

2) Air pressure remaining on 
diaphragm valve (check air 
pressure on SPRAY or HEAT 
gauges under controller). 

or water 
lines or air 

inside 

*- dirt, oil, 
clogging small air 
valves 
recorder-controller. 

3) Hand valve 
around diaphragm 
fully closed. 

in by-pass 
valve not 

(b) Incorrect recording of 
temperature on controller chart. 

l) Water box gone 
dry (check overflow tube), wick 
not on bulb, wick too encrusted 
to absorb water, or restricted 
circulation of air over the 
bulb. At temperatures over 
212°F (l00°C), water may turn 
to steam if a long section of 
the supply tube runs inside the 
kiln, and if the rate of flow 
is low. 

2) Dry-bulb: Steam pipe 
leaking directly on sensing 
bulb, or heat radiation from 
nearby steam pipes. 



3) Wrong chart placed on 
controller face (check chart 
number with number on 
controller name plate). 

*4) Instrument out of 
calibration. 

(c) External factors 

(d) 

1) Set temperatures are too 
low in relation to outdoor 
temperature or humidity. 

2) Dry-bulb: 
through wall 
adjacent kiln. 

Heat transmitted 
from a hot 

3) Wet-bulb: Leak in steam or 
water pipes in the kiln or 
ground water seeping into 
bottom of kiln. 

Insufficient ventilation 

1) Wet-bulb: Automatic 
not opening ventilators 

properly or 
if manually 

not open far enough 
operated. 

bearings and linkage in 
ventilator system need 
adjustment and lubrication. 

leak in rubber diaphragm of 
vent air motor or in the air 
line from controller to air 
motor (check air pressure on 
VENT gauge). 

failure of proper air supply 
of 15 to 17 psi (103 to 117 
kPa) to the controller (check 
air pressure on AIR SUPPLY 
gauge). 

*- dirt, oil, or water 
clogging small air lines or air 
valves inside controller case. 
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III. Dry-bulb temperature recording 
shows wide fluctuation of 
temperature from set point to 
several degrees above set point 

(a) Excessive radiation of heat 
inside kiln. 

1) Too many heating coil units 
being used. 

2) Excessive steam pressure 
being used. 

Use of test instruments 

It is often necessary to check 
temperatures and air velocities in a 
dry kiln to determine the causes of 
non-uniform drying and of 
temperature and velocity differences 
within the kiln. Determinations of 
temperature are usually made on the 
entering-air side of the load, 
whereas the air-velocity is measured 
on the leaving-air-side of the load. 

(a) Psychrometer: Etched-stem 
glass thermometers of known accuracy 
are mounted on a convenient holder 
(Figure 37) with one used as dry 
bulb and the other as a wet bulb. 
This test fixture is placed in the 
kiln at the locations to be checked, 
and arranged so that the air flows 
freely over the thermometer bulbs. 
The thermometers are allowed to 
"adjust"to the kiln temperatures, 
after which the readings are taken 
and the test fixture is moved to the 
next location. The kiln operator 
must go into the kiln to make these 
temperature readings and when 
necessary, he should wear a proper 
heat suit. Maximum-reading glass 
thermometers can be used instead of 
regular thermometers so that the 
maximum wet- and dry-bulb 
temperatures at any location can be 
determined. 



(b) Anemometers: Several types of 
anemometers 
air velocity 
38) consists 

are used to determine 
in kilns. One (Figure 
of a disk fan mounted 

on bearings and a revolution counter 
calibrated in feet. This meter is 
allowed to run for several minutes 
and the average air velocity in feet 
per minute is obtained by dividing 
the number of feet indicated by the 
number of minutes the meter has 
operated. 

The hot-wire anemometer (Figure 39) 
is also used to determine air 
velocity. The hot-wire in the probe 
is heated electrically; moving air 
cools the wire proportionally to the 
air velocity. Readout is usually on 
a scale calibrated in feet per 
minute. 

The pith ball anemometer (Figure 40) 
can also be used to determine air 
velocity. Although less accurate 
than the other two meters mentioned, 
it is relatively inexpensive and can 
provide satisfactory comparative 
measurements of air velocity within 
the kiln. 

(c) Smoke generator: Occasionally 
air-flow patterns may be of 
interest. For this purpose, a 
special chemical smoke generator 
(Figure 41) has been devised. 
Essentially, it consists of three 
large-mouthed bottles suitably 
mounted in a wooden stand and 
connected one with another by means 
of glass and rubber tubing in the 
manner shown. The first bottle is 
left empty, the second is filled 
with concentrated hydrochloric acid 
and the third with concentrated 
ammonia. The acid is poisonous and 
corrosive, so that care should be 
taken that it does not come into 
contact with hands or clothing. A 
length of rubber tubing is connected 
to the first (empty) bottle and by 
blowing into it, a dense white smoke 

will emerge from the 
tubing connected to 
bottle. The empty 

end of the 
the third 
bottle is 

provided to ensure that no acid or 
fumes inadvertently find their way 
into the operator's mouth. For the 
actual testing, the kiln should be 
fully loaded and running at a 
temperature and humidity not too 
unpleasant for those carrying out 
tests inside it. 

Figure38. 
Fan anemometer. 

.. ' 
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Figure 39. 
Hot-wire anemometer. 

• ··-. 

Figure41. 
Chemical smoke generating device. 
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Figure40. 
Pith-ball anemometer. 
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VIII Treatment, care, and handling of logs 
and lumber prior to drying 

Protective treatments and coatings 
When temperatures are below or near 
freezing, the checking losses in 
green logs and lumber are minimal, 
and the growth of stain and 
decay-producing fungi is negligible, 
if not entirely inhibited. Logs and 
lumber can therefore be stored over 
prolonged periods during winter 
without risk of fungal attack or 
severe end-checking. At other times 
of the year temperatures are high 
enough for fungi to develop. End 
drying progresses more rapidly and 
both checking losses and decay can 
be severe once ambient temperatures 
exceed 50°F (l0°C). 

Fungal stains are generally confined 
to the sapwood and are therefore 
included under the general term of 
sap-stain, of which blue stain is 
the most common type. These stains 
are detrimental to appearance and 
have little effect on the mechanical 
strength of wood, whereas the 
wood-decaying fungi, which attack 
both heartwood and sapwood, have a 
substantial effect on strength 
properties. 

The most effective means of 
minimizing losses during warm 
weather is by rapid conversion of 
logs to dry lumber. Sap-staining 
fungi spread rapidly and significant 
staining can occur if lumber is not 
dried within one or two weeks after 
the trees are felled. Some chemical 
stains, such as brown stain, develop 
so rapidly that sufficiently prompt 
conversion becomes impractical, and 
some other form of protection 
becomes necessary. 
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End-coatings 

All species are subject to some 
degree of end-checking as a result 
of rapid end-drying during storage, 
but for economic reasons only the 
more valuable lumber is end-coated 
on a regular basis, either in log 
form or immediately after sawing. 
The tendency to develop severe 
checking and splits is more 
pronounced in the denser hardwoods 
(which include many of our more 
valuable species), and the severity 
of checking increases with 
increasing log diameter or board 
width. In some instances it may be 
desirable to trim and coat the ends 
of partially dried lumber so as to 
remove existing checks which 
otherwise may develop into large 
splits during subsequent 
kiln-drying. End-coatings also 
reduce the risk of fungal attack, 
provided that the coating is applied 
immediately after the logs are cut. 

End-sealing compounds are classified 
either on the basis of their 
application temperature (hot or cold 
coatings) or on the basis of their 
chemical nature (bituminous 
compounds, waxes, wax emulsions, 
paints and varnishes). The 
advantages and disadvantages of the 
different coatings vary with respect 
to softening temperature, method of 
application (spray or brush), 
adhesion, number of applications, 
flexibility, resistance to moisture, 
and cost. The characteristics of 
the various coatings are well 
described in the literature. An 
effective coating is a combination 
of white lead and boiled linseed 
oil, mixed to an easily brushable 



paste. This mixture, although more 
costly than most coatings, has good 
adhesion and moisture resistance, 
and is suitable for a wide range of 
applications, from log storage to 
high-temperature kiln-drying. 

Water-spraying and ponding 

Underwater storage of logs (ponding) 
and continuous or adequate 
intermittent water-spraying of green 
logs and lumber protects the wood 
against checking · and fungal attack 
during warm weather. Continuous 
exposure to water maintains a high 
moisture content (MC) in the wood 
and this restricts the amount of 
oxygen necessary for the development 
of fungal stain and decay. It also 
makes conditions unfavorable to 
attack by wood-boring insects. 

Full submersion of the logs is the 
more effective method, but spraying 
also gives good protection. In 
comparison to artificial log ponds, 
spraying has the advantages of lower 
capital and handling costs, as well 
as flexibility in location and 
storage volume. Adequate coverage 
can be obtained by using several 
long-range sprinklers connected to 
underground piping. Furthermore, 
logs stored in ponds, lakes, and 
rivers are seldom forcibly submerged 
and as a result the exposed portion 
of a floating log may stain and 
decay. Natural waters may also have 
a substantial iron content. Iron 
will react with the tannins in the 
wood and under prolonged exposure 
this reaction produces a grayish to 
deep purple stain, particularly in 
species such as oak and hemlock 
which have a high tannin content. 

Water storage systems which 
the oxygen necessary for 
growth also 
oxidative-enzymatic chemical 
such as brown stain in pine 

cut off 
fungal 

inhibit 
stains 

and the 
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less common reddish yellow stains in 
birch, maple and cherry sapwood. 

Chemical treatments 

In addition to oxygen, fungi also 
require nutrients for growth. 
Decay, fungal stain, and molds can 
therefore be controlled by chemical 
solutions which poison the food 
source. The most effective 
chemicals are organometallic 
compounds and water-miscible salts 
of chlorinated phenols. Some of 
these fungicidal solutions are also 
supplemented with an insecticide 
(commonly benzene hexachloride) for 
added protection against wood-boring 
insects. A combination of these 
chemicals in oil solution is 
especially appropriate for a single 
spray coating of logs when 
continuous water spraying or pending 
is not possible. Commercial 
fungicide and anti-stain solutions 
with appropriate instructions for 
application can be obtained from 
chemical companies or through kiln 
manufacturers. 

For protection of green lumber a 
fungicide is usually sufficient; 
however, for species which are 
susceptible to chemical stain, a 
second inhibitor is necessary to 
provide complete protection. White 
pine, for example, will develop 
brown stain if logs or green lumber 
are stored for longer than about 
three days during warm weather, 
regardless of whether or not a 
fungicide is applied. For 
winter-cut logs and lumber the 
storage period is not critical. 
also Staining and Discoloration 
Section X). 



.Treatments to facilitate drying 
Steaming (presteaming) 

Steaming as a treatment prior to 
drying has been proposed for various 
reasons: sterilization, color 
improvement, reduction of degrade, 
improvement of machining qualities, 
and acceleration of the drying rate. 
These potential benefits are 
restricted to certain species and 
products, and consequently steaming 
has not been generally adopted. It 
is sometimes used to improve the 
uniformity of color in walnut, and 
to minimize sap stain (by 
sterilization) in thick lumber which 
must be dried at low temperature and 
high humidity for prolonged periods. 
A short steaming period can also be 
used for rapid heat transfer to melt 
snow and ice on lumber. 

Steaming does improve permeability, 
and significant increases in drying 
rate can be obtained for some 
species; however, there is no 
conclusive evaluation of its effect 
on degrade and it is expected that 
steaming in a kiln immediately prior 
to drying will result in excessive 
checking in green lumber that 
requires a mild initial setting, 
i.e. refractory hardwoods. 
Considerable time is necessary to 
allow steamed lumber to cool down to 
the initial temperatures specified 
in the schedule and, since humidity 
falls off at a much faster rate than 
does temperature, severe drying 
conditions develop. The alternative 
is to steam the lumber in a separate 
chamber and remove it quickly; 
however, this has practical 
limitations. 

Steaming 
rather 

is an essential step, 
than an optional 

pretreatment, in certain 
high-temperature schedules. Where 
the initial dry-bulb temperature is 
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well above 200°F (93°C) , preliminary 
steaming (2 to 3 hours) is required 
to bring the lumber safely up to the 
operating temperature; otherwise the 
shell dries off too rapidly and 
surface checking results. 

Dynamic transverse compression 

Transverse compression prior to 
drying has been found effective in 
improving the permeability of 
certain species. Studies have shown 
that drying time for l-inch (25 mm) 
maple and oak can be reduced by 
about 6 percent by passing the green 
lumber between compression rollers 
set to produce a 7 to 8 percent 
deformation of the board thickness. 
The treatment causes no permanent 
reduction in board thickness, and 
has no apparent effect on the lumber 
quality of these species. For 
softwoods and low-density hardwoods 
such as aspen, the compression level 
can be increased to about 15 percent 
deformation, and under conventional 
drying schedules a reduction of 15 
to 20 percent in drying time may be 
expected. There is strong evidence 
that the treatment also reduces 
warp, particularly with respect to 
crook in studs and joists; however, 
in the process there is a reduction 
in some strength properties. 
Investigation of compression 
treatment is comparatively recent 
and further trials, experimental and 
commercial, will be required to 
fully assess its effects. 

Presurfacing 

The surfacing of green lumber prior 
to drying reduces surface checking, 
and is used primarily with the 
drying of oak. Unquestionably, 
presurfacing permits faster drying. 
However, the process requires a 
slight increase in green lumber 
thickness to avoid excessive planer 
skip. There are also additional 



handling and maintenance costs, and 
for these reasons presurfacing has 
failed to gain commercial 
acceptance. 

Hygroscopic chemicals 

The use of hygroscopic chemicals to 
facilitate drying is commonly 
referred to as chemical seasoning 
and is discussed under Section VI. 

Preparation of lumber for drying 

Sorting 

In large mills where sawing, drying 
and manufacturing facilities are 
integrated, the green lumber is 
commonly processed through a 
mechanized sorting system and 
separated with respect to species, 
thickness, length, and grade 
according to various drying, 
manufacturing and marketing 
specifications. The integrated 
system is designed for continuous 
material flow and therefore the 
lumber packages entering the kiln 
are also of reasonably uniform MC. 
However, if green lumber is 
purchased separately from one or 
more mills, or if for any reason it 
is partially air-dried, then the 
possibility of large differences in 
MC between packages must be 
considered. A kiln operator should 
test individual packages if he has 
any doubt as to the uniformity of 
the MC, otherwise there is a danger 
of degrading the wetter lumber if, 
by chance, the sample boards and 
schedule changes are based on the 
drier material. Furthermore, 
variations in final MC between 
packages will inevitably be higher 
than normal, with some of the lumber 
being either overdried or 
insufficiently dry. Therefore, as 
far as possible, lumber of similar 
green MC should be selected for a 
given charge. 
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In a large number of smaller mills, 
lumber is sorted manually. As with 
the mechanized systems, lumber 
should be sorted if possible for 
uniformity in thickness, species, 
and grade. Packages should also be 
identified and dated so that the 
longest in storage are always 
shipped out or dried first, thereby 
affording the kiln operator the 
opportunity of drying lumber of 
reasonably uniform MC. Properly 
sorted lumber is easily tallied when 
taking inventory, and convenient 
when stacking lumber for kiln 
drying. 

Warp is particularly objectionable 
in furniture lumber (hardwoods and 
some species of pine). Wide boards 
may cup severely during drying and 
occasionally this causes distortion 
in the entire stack, and 
greater-than-normal warp in the 
remaining lumber. Therefore, it may 
be desirable to segregate 
exceptionally wide boards from the 
normal range of widths. Such 
boards, e.g. 12 inches (30 em) and 
wider, could be ripped before 
stacking; however, if the quantity 
of such boards is minimal it would 
be more practical to place them in 
the bottom layers of the charge, 
where the restraining weight is 
greatest. 

On occasion some mills find it 
advantageous to dry various widths 
of dimension lumber, such as studs, 
joists, and planks simultaneously. 
Warp is not a particularly serious 
problem at the 19 percent MC limit 
for construction lumber; however, 
the narrow material dries at a 
somewhat faster rate and 
consequently more kiln time than 
necessary will be used in the 
process of drying the wider 
material. 



Lumber sawn from "sinker" logs has a 
much higher MC than normal, and 
cannot be dried under the same 
schedules used to dry normal stock 
without severe degrade, particularly 
collapse. Sinkers are commonly 
cedar, hemlock, redwood, and old 
growth white pine. Mills in eastern 
Canada rarely encounter sufficient 
quantities of sinker logs to warrant 
special attention. 

Piling 

The main objective of piling or 
stacking is to achieve good air 
circulation over all lumber surfaces 
while at the same time providing 
sufficient support to prevent warp. 
This can be attained by the proper 
use of kiln stickers, a careful 
arrangement of boards, and 
uniformity in lumber thickness. 
Undersized and oversized boards 
should be avoided because restraint 
against warp is dependent on firm 
sticker contact with each board in 
the pile. Miscut boards can be set 
aside and piled separately when 
enough of them are available to 
construct a complete course of 
thicker or thinner lumber. If an 
appreciable volume of oversize 
hardwood lumber has to be dried, and 
particularly if there is a large 
variation in thickness between 
individual boards, it may be 
economic to run all the green lumber 
through a planer set for the minimum 
green thickness that will allow 
surfacing without planer skip after 
drying. 

The generally accepted method of 
piling lumber is flat-piling, either 
directly on kiln trucks or in unit 
packages which are subsequently 
forwarded to the kilns by fork-lift 
trucks. In constructing the pile it 
is recommended that stickers be 
spaced no more than 3 feet (0.91 m) 
apart for 2-inch (51 mm) lumber and 
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only 1-1/2 to 2 feet (0.46 to 0.61 
m) apart for l-inch (25 mm) stock. 
All stickers should be aligned in 
straight vertical tiers to transmit 
the load directly through the 
stickers to a supporting foundation 
member. Also, stickers should be 
placed flush with or as close as 
possible to the ends of the pile, 
since this decreases the amount of 
end checking. Long, unsupported 
ends are almost certain to warp 
severely, causing a disruption in 
air flow between the lumber courses. 
Proper sticker spacing, good 
alignment and uniform lumber 
thickness will minimize warp, 
improve air circulation and prevent 
premature replacement of stickers. 
Stickers are easily warped or broken 
as a result of shearing stresses 
which exist in poorly-constructed 
loads. 

The ideal pile for symmetrical 
stacking would consist of only one 
length of lumber; however, this is 
not always possible. In order to 
obtain the maximum yield from 
tree-lengths, many producers have no 
alternative but to manufacture logs 
of mixed lengths, and to trim back 
some lumber from the original . log 
length. There are two methods used 
in piling mixed lengths; box-piling 
and step-piling, of which box-piling 
is by far the most commonly used 
procedure. 

In box-piling, the longest boards 
are placed on the outside edges of 
the pile, with the shorter pieces 
arranged in between, with adjacent 
boards flush with alternate ends of 
the pile (Figure 42). In the 
following course, the end-to-end 
staggering is reversed so as to 
cover the gaps left by the shorter 
boards in the course below. Short 
boards can also be placed end to end 
if their combined length does not 
exceed the length of the pile. 



Figure 42. 
Box-piling (uneven lengths). 
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Occasionally it may be necessary to 
use shorter pieces on the outer 
edges, in which case all spaces or 
gaps should be filled with short 
blocks to support the sticker ends. 

In the step-piling method the 
longest boards are piled first, 
followed by successively shorter 
lengths. Usually such lumber is 
trimmed at 2-foot (0.61 m) intervals 
(6, 8, 10, etc.) which coincide with 
the sticker spacing so that stickers 
are vertically aligned and flush 
with the board ends. Step-piling is 
not sui table for kiln-drying when 
piles are stacked two or three high 
since the shorter lumber does not 
provide a continuous foundation for 
the piles above. The large spaces 
left by the shorter boards must also 
be covered or baffled to ensure good 
air circulation. 

Stickers should be made of 
kiln-dried, straight-grained, 
defect-free material cut to uniform 
length, slightly longer than the 
width of the pile. The 
cross-sectional dimensions can vary, 
depending on species, drying method, 
and product; however, the most 
practical and common stickers have a 
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dressed thickness of about 9/16 to 
13/16 inch (14 to 21 mm ) and a width 
of 1-1/2 to 1-5/8 inches (38 to 41 
mm). In any given drying operation 
all stickers should be of the same 
thickness, and in no case should the 
width of a sticker be close to its 
thickness, as this could result in 
some stickers being rolled or placed 
on edge, causing lumber to warp. 
Species such as hard maple, beech, 
and oak make excellent stickers, but 
for economic reasons stickers are 
usually of the species being dried 
at the plant, including softwoods. 
Softwood stickers are, in fact, 
desirable when drying low density 
species such as white pine and 
basswood. Hardwood tends to crush 
the softwood fibers under heavy 
load, resulting in deep indentations 
which may not surface out during 
dressing. Stickers can be made 
wider to increase the load-bearing 
area, but this also restricts drying 
under the stickers and may cause 
problems with stain and sticker 
marking. Manufactured stickers of 
glue-laminated veneer or 
resin-reinforced kraft laminates are 
available; however, they are 
expensive, and their performance and 
utility in relation to solid wood 
stickers has not been fully 
assessed. 

When piling lumber it is common 
practice to leave a small space of 
no more than 1/2 inch (13 mm ) 
between adjacent boards. This 
allows air to filter vertically 
through the pile and the more 
turbulent air flow is beneficial to 
moisture absorption. 



Piling equipment 

Piling equipment is designed to make 
lumber handling more efficient by 
reducing labor content and by 
speeding up handling procedures. 
One of the least expensive and more 
useful pieces of equipment is the 
sticker guide. A simple guide can 
be designed and assembled by plant 
personnel to ensure that the 
stickers are quickly and easily 
placed in perfect vertical 
alignment, and with the proper 
horizontal spacing. The ends of the 
stickers on one side of the pile 
(portable units) are placed in 
vertical guide slots (Figure 43). 
Permanent units may have guides on 
both sides. 

Flgure43. 
Portable sticker guide. 
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In addition to sticker guides, the 
commercial stackers also incorporate 
a lumber piling system whereby the 
boards are mechanically transferred 
over the stickers by a conveyor 
which in many cases is also part of 
a mechanized sorting system (Figure 
44). Mechanical sorter-stackers are 
efficient and beneficial to large, 
high-volume operations, particularly 
in the production of softwoods where 
lumber is packaged in uniform length 
and width. In hardwood operations 
the sorter system can be used to 
accumulate different lengths which 
are then forwarded separately to 
produce uniform packages. Stackers 
are not designed to box-pile random 
lengths selectively, with the lumber 
flush at both ends of the pile. 

Figure 44. 
Lumber stacker 
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The mechanized systems also include 
a movable stacking platform which 
can be raised or lowered to maintain 
a level profile between the top of 
the pile and the stationary supply 
conveyor while the pile is being 
constructed. This idea is also 
practical for manual piling since it 
enables the work to be carried out 
at a convenient height. 
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Fork-lift trucks are frequently used 
to transport stacked lumber to the 
kilns or air-drying yard. When 
lifted by the forks the lumber in 
the lower courses tends to sag and 
as a result stickers at the ends of 
the pile may slide out, particularly 
if long, thin lumber is being moved. 
Loss of stickers can be minimized if 
the forks are adjusted or if the 
pile is constructed so that the 
forks fit directly under a tier of 
stickers. 

Stacking in the kiln 

When stacking lumber in a kiln, the 
main considerations are efficient 
utilization of space, good 
circulation of air throughout the 
load, and proper supports and 
weights to reduce warp. It goes 
without saying that the lumber must 
be stacked so that the flow of air 
is parallel to the stickers. 
Furthermore, if lumber is stacked or 
piled on kiln trucks, then all 
considerations for space and 
circulation are dependent on the 
kiln design. It only remains that 
the kiln trucks be fully loaded to 
the design height, width and depth 
of the kiln and that sufficient 
foundation members (bolsters and 
bunks) be added, if necessary, to 
provide solid support under each 
tier of stickers. Under no 
circumstances should 
forced-circulation kilns be 
overloaded with a portion of the 
load extending into the plenum 
chamber the space between the 
lumber and the wall (on each side of 
the load) that is reserved for air 
entry and exit. This would 
seriously restrict the designed air 
flow characteristics of the kiln, 
resulting in uneven drying. 

Poor air circulation and uneven 
drying may also occur when openings 
are left between two loads placed 
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end to end in the kiln, or between 
the ends of a load and the kiln 
wall. Such openings are in line 
with the direction of air flow and 
allow large volumes of air to bypass 
the lumber. This situation can 
arise when the lengths of lumber do 
not conform to the kiln length or 
when boards protrude from the ends 
of the load. All large openings 
should be avoided or at least 
baffled, including spaces if any, 
between the load and the kiln floor, 
and the space left between the top 
of the load and the kiln ceiling 
(false ceiling in overhead-fan 
kilns). These considerations also 
apply to kilns loaded with fork-lift 
packages, and care must be taken to 
see that design specifications for 
plenum width and load size are not 
disregarded. Attention should also 
be given to adequate support between 

Figure45. 
A self-weighting device. 

n-- --

packages by placing bolsters under 
each tier of stickers, or every 
other tier, depending on sticker 
spacing and lumber thickness. 

When drying species which have a 
tendency to warp, it is often 
desirable to weight the load to 
minimize warp in the upper lumber 
courses. This can be accomplished 
by simply placing some heavy weights 
over the load, such as concrete 
slabs or steel plates. Some 
self-weighting devices have been 
devised to apply a restraining force 
to the top of kiln loads. A simple 
system utilizes a series of upper 
and lower cross beams connected by 
spring-loaded tie rods, while 
another method utilizes the weight 
of the lumber itself to exert a 
vertical force through the load 
(Figure 45) . 

Cross-Beam 
_ _L'(in line with stickers) 
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Figure 46. 
Pattern for cutting specimens for moisture content from a kiln sample board. 

2 feet or more 1 r 1" 1 r as long as can be handled in kiln 1 r 1" 1 

Sample boards 

The use of sample boards is 
essential to a quality kiln-drying 
operation. Only through the use of 
sample boards can the kiln operator 
effectively monitor drying rates and 
MC to ensure that schedule changes 
are made at the proper time, and 
that the lumber is dried to the 
desired final MC. Time-based 
schedules have been developed and 
can be used providing that the 
lumber entering the kiln is 
consistently of the same MC, and 
that the drying conditions are 
closely controlled and reproducible. 
However, these are risky 
assumptions, and a kiln operator 
cannot be certain that his lumber 
will consistently be of good quality 
and uniform MC. This is especially 
true of hardwoods. 

In high-temperature drying the use 
of sample boards becomes 
impractical, as this would 
necessitate human exposure to 
temperatures well in excess of 200°F 
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(93°C) . Under these circumstances 
the kiln operator has little 
alternative but to use a time-based 
schedule. Fortunately 
high-temperature schedules are 
limited to the more tolerant 
softwoods, and with experience a 
procedure can be worked out with 
satisfactory results. 

sufficient sample boards should be 
selected to provide a good 
indication of the drying trend, 
usually two or three boards for each 
5 Mbf (12 m3) of lumber in the kiln. 
These should be representative of 
the charge in such characteristics 
as rate of growth, proportion of 
heartwood and sapwood, knots, pitch 
streaks, etc. Care should be taken 
that samples representing the 
maximum MC are included. If this is 
not done, and kiln controls are set 
for drying lumber with a lower MC, 
the lumber which has a high MC may 
be damaged. Since there is a high 
rate of drying at board ends, sample 
boards should be at least three feet 
(0.91 m) long, and end-coated. 



Moisture sections are cut from each 
sample board, preferably one from 
each end, as illustrated in Figure 
46. If the lumber has been 
air-dried, the moisture sections 
should be cut at least two feet 
(0.61 m) from the end. 

The sections should 
defects, cut the full 

be free of 
width of the 

board, and one inch (25 mm) wide in 
the direction of the grain. The 
moisture test sections should be 
weighed (after removing all loose 
slivers) immediately after they are 
cut, since any delay will result in 
loss of moisture to the atmosphere. 
The remaining sample boards should 
be end-coated to prevent an 
excessive rate of end-drying, and 
also weighed, preferably at the same 
time as the sections. A good 
end-coating can be prepared from a 
combination of white or red lead and 
boiled linseed oil, mixed to form an 
easily spreadable paste for brush 
application. Two coats of aluminum 
paint are also satisfactory, and a 
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good grade of barn paint provides 
protection, but to a lesser degree. 

The various 
determination 

procedures 
have been 

for MC 
discussed 

under Section IV; however, proper 
determination of MC is a critical 
step in any drying operation and a 
certain amount of repetition at this 
point, with appropriate examples, 
will illustrate the proper use of 
sample boards. 

Following the initial weighing, the 
test sections should be dried in an 
oven at a temperature of 217° ± 4°F 
(103° ± 2°C) until repeated 
weighings indicate that no more 
moisture can be removed. This will 
require from 24 to 36 hours for wet 
lumber. When re-weighing the 
sections, care should be taken that 
they are weighed immediately after 
they are removed from the oven, 
since they will absorb moisture from 
the atmosphere as soon as they begin 
to cool. 



As an example: 

Original weight of sample board (after test sections 
have been removed from each end) 

Original weight of section lA 

Original weight of section lB 

Ovendry weight of section lA 

Ovendry weight of section lB 

Using the formula: 

MC% = orig. Wt. - OD Wt. X lOO 
OD Wt. 

the MC of section lA 74.9 - 51.6 = X 100 = 45.2% 
51.6 

83.0 - 57.8 = X 100 = 43.6% 57.8 and of section lB 

= 7450 

= 74.9 

= 83.0 

= 51.6 

= 57.8 

Since the moisture sections were taken from opposite ends of the sample 
board, it may be assumed that the MC of the sample board is the average 
of sections lA and lB. Thus: 

Avg. MC = 
45.2 + 43.6 

2 
= 44.4% 

The ovendry weight of the sample board may now be calculated from the 
formula: 

OD Wt. = Orig. Wt. X lOO = 
MC + 100 

7450 
144.6 X 100 = 5159 g 

g 

g 

g 

g 

g 

Knowing the ovendry weight of the sample board, its MC may be determined 
at any time by weighing it and using the formula: 

MC weight at any time - OD Wt. = X 100 OD Wt. 

Assume the weight at some particular time is 6200 g, then MC at that time 
can be calculated as follows: 

MC 6200 - 5159 20.2% = X 100 = 
5159 
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Sample boards should be placed in 
the pile in such a position that 
they may be removed easily for 
weighing. When the sample boards 
are placed in the side of the load, 
space may be obtained by using two 
short boards on the outside ends of 
the pile. This will leave a space 
in the lumber tiers where the sample 
boards may be inserted (Figure 47). 
In the sample board tier, the 
stickers over the sample must be 
shorter by an amount equal to the 
width of the board. This allows the 
sample board to be placed on the 
lower stickers without restraint 
from the overhead load. When sample 
boards are placed at the ends of the 
piles, clearance may be obtained 
either by the use of shims or by 
cutting out apEroximately l/2 inch 
(13 mm) from the bottom of the 
stickers concerned to form a gap 

Figure 47. 
Placement of moisture samples in a pile. 

Sticker Shortened to 
Leave Space over Sample Board 

over the sample board. Sometimes it 
is necessary to use thicker stickers 
to maintain sufficient strength when 
a portion is cut away. When thicker 
stickers are used over the sample 
boards, the remainder of the 
stickers in the same layer must, of 
course, also be of the same extra 
thickness. As soon as sample boards 
are cut, end-coated, and weighed, 
they should be placed in position on 
the kiln truck. They should be 
re-weighed immediately prior to 
starting the drying operation (if 
there has been some delay since the 
first weighing) to determine the MC 
and thus the required drying 
conditions at the beginning of the 
run. Thereafter they should be 
weighed periodically (at least 
daily) and moisture contents 
determined so that drying conditions 
may be changed at the MC level 
recommended in the drying schedule. 

Shim 1 / 2 inch Thick 

Side-loaded Sample Board 
(end-coated) 
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To make full and proper use of 
sample boards, a kiln operator 
should plot a drying curve based on 
the average MC of the samples 
selected (Section IX). The plotted 
points of MC versus drying time are 
connected by a smooth curve which 
can be projected slightly ahead to 
predict when the charge will be 
ready for a change in drying 
conditions. It is only by chance 
that the time of sample weighing 
will coincide with a schedule 
change. 

Remote moisture-sensing systems have 
been designed whereby a 
resistance-type moisture meter is 
used to monitor the MC changes in 
lqmber as it dries. Such systems 
have several pin-type electrode 
assemblies which are driven into 
selected sample boards in various 
parts of the load (stations). Wire 
leads from each assembly are 
connected to kiln wall outlets which 
lead to a moisture meter in the 
control room. By means of a station 
selector on the meter the various 
sample boards can be monitored for 
MC without entering or shutting down 
the kiln. The system may also be 
modified to include a strip chart 
recorder which automatically records 
meter readings at desired 
intervals. 

As stated in Section IV, the 
measurement of MC by means of 
electrical resistance is reliable 
only in the range of about 7 to 21 
percent MC, and even in this range 
there is variation of up to ±2 
percent MC in the temperature and 
species correction factors for a 
given meter reading. Furthermore, 
wood may shrink away from the pins 
during drying, and if the electrodes 
do not remain in solid contact with 
the wood, a false low moisture 
reading will be obtained. Such 
factors must be seriously considered 

in any decision regarding the use of 
remote moisture-sensing systems. 
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IX Schedule selection and drying operations 

Selection of schedule 
Drying schedules are usually 
presented in the form of tables 
showing the temperature, equilibrium 
moisture content {EMC) and air 
velocity to be used at various 
stages of the drying process. 
Schedules vary with the species, 
size, and grade of lumber being 
dried, and the required changes in 
temperature and humidity are based 
on either predetermined drying time 
for each setting or on the moisture 
content {MC) of the lumber. 

A large proportion of the lumber on 
the West Coast of North America is 
kiln-dried direct from the saw and, 
therefore, its initial MC 
consistently falls within a certain 
known range. This factor 
facilitates the use of a time-based 
schedule. In eastern Canada, 
however, lumber is often obtained 
from several sources or transported 
long distances from the mill to the 
dry kilns. Consequently lumber 
enters the kiln in an air-dry or 
partially air-dry condition, with 
considerable variation in MC. A 
time-based schedule applicable to 
one charge may be inadequate for the 
next. 

In the east there is also a much 
larger number of species being 
dried, 1and a greater variation in 
the drying characteristics of 
individual kilns, varying as they do 
from modern forced-circulation kilns 
to antiquated "hot-boxes". 

Therefore, schedules 
average MC are better 
kiln-drying in the east. 

based 
suited 

on 
to 

A kiln operator, who has 
familiar with drying certain 
and dimensions by repeated 
schedules based on the MC 

become 
species 
use of 
of the 

lumber, can draw up time-based 
schedules which would be applicable 
to his particular kiln, providing 
the appropriate adjustments in time 
have been established for 
differences in green MC. To 
accommodate time schedules, many 
modern recorder-controllers are 
fitted with a mechanism whereby 
temperature changes can be made 
automatically by attaching a set of 
schedule cams to the recorder clock. 

A cam can be produced by gluing a 
recording chart to a metal or 
hard-cardboard disc of the same 
diameter as the chart. The desired . 
dry-bulb schedule {time vs. 
temperature) is then drawn on the 
chart and the chart is "cut out" 
along the drawn line so that the 
outer edge represents the 
time-temperature profile desired 
{Figure 48). This is the dry-bulb 
cam. A second cam is cut for the 
wetbulb temperature. 

The two cams are then set on the 
recorder-controller in a similar 
manner to the recording chart. Wet-
and dry-bulb cam "followers" ride on 
the outer edges of the cams and the 
mechanism controls the kiln 
temperatures in accordance with the 
temperatures "cut" on the cams. 
Prior to starting the kiln, both 
cams must be set to the appropriate 
starting conditions and time. 

Before drying 
schedule must be 
suitable for the 

is commenced, a 
selected which is 

particular species 
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and dimension of lumber to be dried. 
If the charge contains more than one 
species, a schedule suitable for the 
slowest-drying species should be 
used. However, it must be realized 
that the two species will not dry to 
the same final MC in the same time. 
The faster-drying species will have 
to be removed sooner if a lower MC 
is unacceptable. Alternatively, a 
long and costly MC equalization 
period can be applied at the end of 
the drying period, providing that 
the final average MC of the two 
species differs by no more than 3 or 
4 percent according to sample board 
calculations. The drying of mixed 
dimensions and species in a single 
charge is undesirable; the greater 
the difference in permeability 
between the two species, the more 
undesirable is the practice. 
Figure 48. 
Schedule cams inside record-controller. 

LS 1090 

Unfortunately, segregation of 
species is not always a practical 
procedure. Spruce, jack pine and 
balsam fir construction lumber are 
harvested together in eastern 
Canada, sold in the same species 
group, and used for the same 
purpose, and therefore sawmills find 
it convenient to dry mixed charges 
of these species. Balsam fir has a 
much higher green MC and 
characteristically contains 
substantial amounts of "wetwood" 
(pockets of very high MC). 
Therefore, when spruce and pine are 
acceptably dry much of the fir is 
still above the 19 percent MC limit 
established for construction lumber. 

If drying time is extended until the 
fir reaches 19 percent MC, the 
spruce and jack pine will be 
over-dried to perhaps 7 or 8 percent 
MC, resulting in severe checking and 
perhaps warp. At present there is 
no practical solution to the 
problem. Sorting the logs by 
species (so that the balsam lumber 
can be dried separately) is 
expensive; in-line moisture meters 
are good for ejecting the occasional 
piece for re-drying, but if there 
are many consecutive pieces of wet 
balsam the conveyor system for 
rejects can become plugged. 

Drying schedules for species 
commonly dried in eastern Canada are 
listed in Table 10 and described in 
Table 11. The schedule selected 
will show certain dry and wet bulb 
temperatures, together with the 
corresponding equilibrium moisture 
content (EMC) conditions and air 
velocities that should be maintained 
in the kiln for the species, 
thickness, and MC of the lumber 
being dried. These tables also 
include new high-temperature 
schedules and some improved 
accelerated schedules designed for 
modern kilns capable of maintaining 
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a temperature of 200°F (93°C) and 
air velocities of up to 600 fpm(3.0 
m/s) . 

Since every kiln has its own drying 
characteristics, the schedules are 
recommended as guides only, subject 
to adjustments to suit each 
particular kiln. On the whole, the 
new schedules listed are more severe 
than those formerly issued by the 
EFPL, but are considered safe for 
ordinary kiln operation. Recent 
research on kiln-drying has shown 
that drying may be ,speeded up 
without damage to the lumber -- by 
increasing the dry bulb temperature 
quickly and thereby reducing the 
relative humidity -- as soon as the 
fiber saturation point (25 to 30 
percent MC) has peen reached. 
Experienced kiln operators may find 
that they can use more severe 
schedules, depending on their 
equipme11t. 

Lumber producers mainly concerned 
with drying construction softwoods 
may consider drying their material 
at high temperatures above 212°F 
(100°C). This would require 
high-temperature kilns designed to 
produce and withstand prolonged 
temperatures of 240°F (116°C) or 
more. On the other hand, drying 
times are reduced up to 50 percent 
with little or no increase in 
degrade compared to material dried 
under conventional temperatures. 

Modification of schedules 
All schedules described in Table 11 
are designed for drying freshly cut 
lumber or lumber which has been 
maintained in the green condition by 
storage under water spray. If 
lumber entering the kiln is 
partially air dried, frozen, or 
highly prone to stain, it is 
necessary to modify the normal 
schedule to prevent excessive 

degrade. 

Lumber which is partially air-dried 
will have an unknown moisture 
gradient ranging from perhaps 15 
percent in the shell to almost green 
in the core, depending on lumber 
thickness and duration of the 
air-drying period. This presents a 
problem in deciding what temperature 
settings to use when such lumber is 
subsequently kiln dried. The kiln 
operator determines the approximate 
average MC of the air-dry lumber 
through his sample boards, but if he 
sets the kiln condition according to 
the prescribed setting for this MC, 
he will cause further drying of the 
shell before sufficient heat is able 
to penetrate the board to initiate 
moisture movement from the core. 
This will certainly aggravate any 
existing surface checks and may 
cause the development of new checks. 

When loading partially air-dried 
lumber into a kiln it is essential 
to set the kiln controls for an EMC 
slightly above the shell MC of 
air-dry lumber, i.e. an EMC of 17 to 
18 percent. After these initial 
drying conditions have been reached 
and maintained for 12 to 24 hours 
(depending on species, thickness and 

MC gradient), the EMC should be 
lowered to the next stage listed in 
the schedule and so on until the EMC 
specified for the actual MC of the 
air-dry lumber is reached. 
Subsequent changes in drying 
conditions are made when the average 
MC of the sample boards reaches the 
values specified for schedule 
changes. Publications dealing with 
this subject are listed at the end 
of the section. 

In winter a kiln operator may be 
forced to load a kiln with frozen 
lumber. Wood is a good insulating 
material and during the initial 
heating period the temperature of 

105 



the wood surface rises rapidly in 
comparison to the core. Softwoods, 
particularly if dried at high 
temperature, dry rapidly and 
consequently the core may still be 
frozen as the shell begins to dry. 
This establishes a severe moisture 
gradient with a comparatively dry 
shell in which tensile stresses due 
to shrinkage are usually sufficient 
to cause surface checking. The 
problem becomes more pronounced with 
increasing lumber thickness and with 
partial air-drying of the shell 
prior to loading the kiln. The 
slow-drying hardwoods do not pose a 
problem in this respect, since the 
initial drying conditions are 
relatively mild, allowing the lumber 
to thaw before any appreciable 
drying takes place. 

If frozen softwood is to be dried at 
high temperatures, all lumber must 
be thawed prior to entering the 
first stage of the drying schedule. 
This can be accomplished by running 
the kiln with both wet and dry bulbs 
set at the same temperature of about 
140°F (60°C) for 5 to 10 hours, 
depending on species, lumber 
thickness, and capability of the 
kiln. The wet bulb is applied only 
as a precaution against damage which 
would result if the thawing period 
were inadvertently prolonged with 
only the dry bulb operative. 

It is sometimes possible to modify 
schedules to shorten drying time; 
however, this involves a certain 
element of risk. Commercial kilns 
and controlling equipment are not 
well suited for schedule 
experimentation and one must 
consider the possibility of ruining 
a large volume of lumber. Trial 
modification of a drying schedule 
may be warranted only if the kiln 
operator is highly experienced and 
familiar with the species, the 
capabilities of his kilns, and the 

degrade acceptable in subsequent 
operations. changes should be made 
in a gradual, systematic manner with 
the understanding that satisfactory 
modifications for lumber from one 
source, or dried in one particular 
kiln, may not be adequate for lumber 
from another source or dried in a 
different kiln. 

With these considerations in mind, 
an attempt can be made to shorten 
drying time by first increasing the 
wet-bulb depression slightly, 
perhaps by 2 or 3F0 (1 or 2C 0 ) at 
each stage below the fiber 
saturation point (25 to 30 percent 
MC) . . If, after a few runs, the 
degrade is still less than can be 
accepted, the depression may be 
slightly increased again. 
Modifications above the fiber 
saturation point are more critical 
to degrade, particularly with 
respect to the initial drying 
conditions, and changes in wet-bulb 
depression should not be more than 
lFo (0.5C 0 ) at a time. 

Schedule modifications may be 
unavoidable in situations where the 
kiln is not capable of reaching the 
specified temperature settings, in 
which case the operator simply runs 
the charge at a lower dry bulb 
temperature, making sure that the 
wet bulb is dropped accordingly to 
maintain the EMC conditions 
specified in the schedule. This 
results in a somewhat milder 
schedule and consequently there is 
no danger of increasing degrade. 
The appropriate reduction in 
wet-bulb temperature for specified 
EMC can be derived from Tables 4 and 
5. 

For example: the accelerated 
schedule for l-inch (25 mm) red oak 
calls for a dry bulb of 200°F (93°C) 
at 20 percent MC, and with a wet 
bulb of 170°F (77°C) this gives an 
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EMC of 5.3 percent. However, if the 
kiln is only capable of maintaining 
a dry bulb of 18QOF (82oC), then 
according to Table 4 the wet bulb 
must be reduced to 150°F (66°C) for 
an EMC of 5.3 percent. 

Modified schedules have also been 
developed to minimize the occurrence 
of brown stain, prevent sapwood 
discoloration, and reduce resin 
exudation from dressed lumber. The 
causes and prevention of these 
problems are discussed in Section X, 
with the appropriate schedules 
listed in Table 10. 

Equalization and conditioning 
At the end of the drying period 
lumber will inevitably contain some 
residual drying stresses and a 
variation in MC between and within 
boards. 

Equalization 

If the variation in final MC is 
excessive, serious problems may 
occur during subsequent processing 
and use, particularly with respect 
to shop lumber. cuttings of 
variable MC will eventually 
equalize, and if the shrinkage or 
swelling differential between 
individual pieces is sufficient, 
then components may be rejected as a 
result of warp, splits, glueline 
failure, and other defects. To 
avoid such problems, lumber of high 
MC variation should be subjected to 
an equalization treatment after 
completion of the regular drying 
schedule. 

Drying should be continued until the 
average MC of the sample boards is 
slightly below {1 or 2 percent) that 
desired for final use. At this 
time, the wet-bulb temperature 
should be set to produce an EMC 
equivalent to the desired final MC 

of the lumber, which is generally 6 
to 8 percent for shop lumber. At 
this setting, the wetter boards will 
continue to dry, over-dried boards 
will absorb moisture., and boards 
already at the desired MC will 
remain unchanged. The equalization 
process should be continued until 
the wettest sample board is 
sufficiently dry, and this will 
depend on species, lumber thickness 
and the extent of MC variation. 
Equalization is less critical for 
construction softwoods than for 
hardwoods. 

Conditioning 

A conditioning period is required to 
relieve drying stresses regardless 
of whether or not the lumber is 
subjected to an equalization 
treatment. Conditioning of 
hardwoods is particularly important 
since the lumber is normally 
fabricated into products in which a 
high degree of dimensional stability 
is essential. Lumber in which 
drying stresses have not been 
relieved will tend to cup or bow 
when machined or re-sawn. 

Conditioning should be started as 
soon as the average MC of the sample 
boards is slightly below the 
required final MC. Some operators 
find it desirable to check the MC by 
cutting oven-test MC sections from 
the center of a few of the wetter 
sample boards and comparing them to 
the MC determined from the 
calculated ovendry weight of the 
samples. This, however, requires 
the use of an RF oven for quick MC 
determination, as outlined in 
Section IV. 

To condition lumber, the drying 
conditions in the kiln are set to 
produce an EMC of about 12 percent. 
With standard drying schedules this 
is usually achieved by maintaining 
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the final dry-bulb temperature and 
increasing the wet bulb to the 
depression required for 12 percent 
EMC. High-temperature drying, 
however, requires that the final dry 
bulb temperature be dropped since 
the highest wet-bulb temperature 
attainable is somewhat less than 
212°F (100°C). The appropriate 
settings for conditioning are listed 
in Table 11 as an integral part 
of the drying schedule. The 
duration of conditioning depends on 
species, lumber thickness, kiln 
characteristics, and the severity of 
residual stresses (case-hardening); 
however, as a general rule lumber is 
sufficiently conditioned when 
"prong-test" samples for 
case-hardening show that drying 
stresses have been properly relieved 
(See Section X: case-hardening). 

Kiln records and quality control 
The keeping of kiln records is an 
important phase of kiln operation. 
Modern business practice demands 
that records be kept of all data 
which may be useful as a guide in 
future practice or as evidence of 
past practice. This imposes no 
burden on the kiln operator inasmuch 
as certain records are essential in 
his work. It is highly recommended 
that a complete drying record be 
maintained for each charge. A 
complete record should consist of 
seven specific items, each properly 
labeled and dated. These are: 

(a) The Recorder-Controller Chart 

(b) The Kiln Charge and Schedule 
Record 

(c) The Tabulated and Graphic 
Drying Record 

(d) Maintenance and Lost Time 
Records 

(e) The Monthly Kiln output Sheet 

(f) Other records 

(g) Quality control 

These records, carefully kept and 
used, will render maximum value to 
both management and operator for the 
time expended. They are discussed 
in more detail below. 

(a) The recorder-controller chart: 
One of the most important records is 
the chart from a properly checked 
and calibrated recorder-controller. 
The chart will: 

1) Serve as a ready reference as to 
how well the drying conditions were 
controlled during the drying period. 

2) Indicate malfunctions in some 
part of the kiln, kiln equipment or 
heating plant. 

3) Provide a permanent record of 
conditions under which a particular 
charge was dried, including the date 
and time of any abnormal occurrence 
which may have resulted in excess 
drying time or degrade. For this 
reason it is imperative that charts 
be changed regularly and not allowed 
to "run over" . 

(b) The kiln charge and schedule 
record: This record, in addition to 
the drying schedule, shows such 
particulars as Kiln No., Charge No., 
stock dried, quantity, dates in and 
out of kiln, moisture contents, 
conditioning time, equalization (if 
required), and total drying time 
(Figure 49). It also provides space 
for explicit operating instructions 
for shift men as to schedule 
changes, sample weighing and other 
information. Duties performed by 
other personnel should be initialed 
as instructions are carried out. 
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The record should also include 
remarks on the condition of the 
lumber {amount and type of degrade), 
malfunctions, and other particulars 
the operator feels are useful for 
future reference. The average dry 
MC of a few randomly selected boards 
should be determined and recorded. 
Oven-test MC samples are preferable 
in this respect; however, a 

Figure49. 
Record of kiln charge and schedule. 

resistance-type moisture meter can 
be used with reasonable accuracy 
once the lumber has cooled to its 
ultimate storage temperature 
{Section IV). Good final MC records 
are extremely useful in refuting 
claims that a particular shipment or 
batch of lumber was improperly 
dried. 
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KILN CHARGE RECORD 

SPECIES KE.:t::> OAIC... ORDER 

KILN NO. z CHARGE NO. .1 DATE 2' 3. OB. 7b 

TOTAL SCALE 30 1161 SIZE 4/t GRADE 112 U?mtJ(J?t 

SAMPLE BOARDS 5' Remarks /%, srute ?lffb 
Initial MC BO % re..'i..r t::J?-1 c.t:212.'"t/ 
Final MC 7.5 % tJfi2!tJetl/'b'WJ z 1c 7: tJ % 

I 

SCHEDULE 

Wood MC D.B. W.B. EMC Circ. Sched.Changes Initials Remarks (%) OFl OFl (%) fpm Time Date 

a6ove- 50 ) 2.0 J I{, JBA· 23.08./b 
so fo 40 /2 S" 120 /7.0 I I 20_, 27. 
40 Jo 30 J "?. 0 124 J$,3 10-.. 3(!). -l-P-
30 tv 2-5" 140 '2S" 9·8 }0 4-U --1..-\A 
zs-1$ 20 J$"0 )10 3.8 -1--M-

2() 170 JZO 2.9 I o o-o 4. 

170 lfoO 12./ 6.,e 1. 09.70 
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1 or OC 
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(c) The tabulated and graphic 
drying record: In the discussion 
devoted to the use of sample boards 
(Section VIII), it was recommended 
that they be weighed periodically so 
that the degree and rate of drying 
could be followed. To do this 
properly, MC changes should be 

Figure 50. 

recorded during drying and the 
record maintained for future 
reference when other charges of the 
same species are being dried. 
Figure 50 illustrates a form which 
has been found satisfactory for 
recording the changing moisture 
contents of sample boards. 

Drying record of sample boards. MC is calculated periodically. based on calculated ovendry weight of sample board. LS 1140 

SAMPLE BOARD MOISTURE CONTENTS 

SPECIESlSsD TOTAL SCALE 3oMb£- GRADE 1 4 2 Com '"Jon 0'11 ORDER B-36 

KILN NO. 'Z CHARGE NO. 1 SIZE 4-/_4- DATE Z3.08.Z6. 

Calculated Oven-dry Weight of Sample Boards 
Elapsed 1 2 3 4 5 

Date Time Time 
(h) Weight MC Weight MC Weight MC Weight MC Weight MC Avg. 

"' "' % % % % 

8 ..... 0 ISSbO eo.q 
ZS" e."" 48 14-02.0 "':..o 
2"- e.- 72 1352..0 '57.2 
27 e .... 5 1.8 
27 20 ...... !OS lZBBO 4q,e, 
28 120 47.5 
29 e.- 144- 1"2.330 4 :..4-
30 s.- '"B 120b6 40.2 
/.09 .7" EJ.'' '2/b II SID 33.S 
2 e.- 240 \IZJO 
3 s.- 1"'4- 107fo0 z:>.l 
4 e.- 2BB 10340 2<'.2 

"' (S ." 33b q:s-qo J}:S .,. e .... ctzqo 8.0 
7 14."'"' '3"- '1250 7.5" 
7 Z2.D0 37tf qzBo 7.9 
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The record of calculated MC's 
obtained each time the sample board 
is weighed allows the operator to 
plot a curve of the average 
sample-board MC against drying time, 
thereby obtaining a graphical 
illustration of the drying rate. It 
may also be useful to record the 
schedule (temperature and humidity) 
on the same graph so as to enable 
comparison of drying rate with kiln 
conditions (Figure 51). 

When an operator becomes experienced 
in plotting curves, he will be able 
to predict certain schedule changes 
in advance by projecting the curve 
ahead according to the drying rate 
(slope of curve) which is known from 
previous curves for similar charges. 

Figure 51. 

This will eliminate the need for 
frequent weighing of the sample 
boards, and a single weighing close 
to the predicted time is usually 
sufficient to make possible a 
schedule change at the proper MC 
level. It also allows the operator 
to leave instructions as to what 
should be done in his absence, i.e. 
he may wish to have the samples 
weighed and the schedule changed. 

For example: a schedule change is 
required at 40 percent MC. It is 
4:00p.m. and the last MC plotted on 
the curve is 43 percent. The 
operator projects the curve from 43 
to 40 percent MC and finds that 40 
percent will be reached in 5 hours 
(9:00 p.m.). With a skilled 

Graph showing kiln conditions and moisture content changes of the sample boards 
during drying. LS 1112 
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assistant, he can then leave 
instructions to have the samples 
weighed and the schedule changed to 
the next setting at 10:00 p.m., 
leaving a one-hour margin of safety. 
The original setting could have been 
safely maintained until next day, 
but this would have increased the 
drying time by several hours. On 
the other hand, delegation of 
responsibility to inexperienced 
personnel is not recommended, and 
accepting an increase in drying time 
may well be the better alternative. 

(d) Maintenance and lost time 
records: These are separate sheets 
maintained for each kiln, providing 
complete, dated records of 
maintenance performed, and the cause 
and duration of lost time. 

(e) The monthly kiln output: During 
the month, as each charge is 
completed, all data are entered 
under headings that appear on the 
sheet: size, grade, species, 
average drying time, quantity (per 
charge and monthly total), along 
with lost time and the reasons for 
it. 

(f) Other records: Some plants 
require that records be kept of 
quantity and cost of fuel used, 
whether mill waste, oil or gas. In 
plants having progressive-type kilns 
a record system is sometimes used so 
that the operator may know the 
location of a particular load at any 
given time. Management often 
requires that records be kept of 
such items as: green stock to be 
dried, transportation to and from 
the kiln, duration of dry storage, 
and so forth. These duties often 
overlap with those of other members 
of the organization and the keeping 
of suitable records is worked out 
between them. Certain records, 
however, fall entirely within the 
kiln operator's domain and are 
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applicable 
operations. 

to nearly all drying 

(g) Quality control: In drying, 
quality is not controlled by any 
specific method, beyond maintaining 
a close check that the proper 
procedures and recommendations are 
observed at every stage of the 
operation, beginning with storage of 
logs and lumber and continuing until 
the final product is produced. 
Every employee should be aware of 
quality control, and it is up to 
management to develop a system 
whereby certain individuals are 
responsible for quality control in 
various segments of the operation. 
Consideration should be given to the 
following: 

log and lumber storage 

sawing accuracy 

piling and stacking 

kiln equipment and maintenance 

drying procedures and moisture 
content control 

protection and care 
lumber 

maintenance of 
production records 

of seasoned 

drying and 
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X Seasoning defects and their prevention 

The removal of moisture from the 
cell walls of wood is always 
accompanied by dimensional changes 
due to shrinkage; this is true of 
all drying methods unless the wood 
has been treated prior to drying 
with a stabilizing or a bulking 
chemical such as polyethylene 
glycol. As shrinkage takes place, 
internal stresses are set up and, 
unless the conditions of drying are 
properly controlled, the lumber may 
suffer serious damage. 

Experience has shown that even under 
the best possible practical drying 
conditions stresses may be 
sufficient to adversely affect the 
quality of lumber. It is important, 
therefore, to understand how the 
various seasoning stresses develop, 
the problems they cause and the 
measures necessary to minimize their 
effect. 

Most defects are directly 
attributable to shrinkage and the 
resultant stresses. The notable 
exceptions are stain (fungal and 
chemical), resin exudation, and 
temperature-induced discoloration. 

Surface and end checking 

As the lumber surface begins to dry, 
the shell moisture content (MC) 
becomes lower than that in the core. 
This sets up a moisture gradient or 
differential in MC between the 
surface and the interior (Figure 
52). As drying continues, the MC of 
the surface falls below fiber 
saturation point (FSP) 
(approximately 25 to 30 percent MC), 
and shrinkage begins. 
time, the core still 

At the same 
has a MC 

considerably above FSP. Since no 
shrinkage occurs in wood until it 
dries below fiber saturation point, 
none will have occurred in the core 
and its dimensions are still the 
same as they were before drying 
began. The core, therefore, tends 
to maintain the shrinking surface or 
shell at its original size, i.e. 
the core resists the shrinkage of 
the shell, and . in the process the 
shell is subjected to tensile stress 
across the grain. These forces are 
simultaneously accompanied by an 
equal counteracting compressive 
stress in the core (Figure 53). 

[ 

During drying the surface fibers 
will strain or stretch a certain 
amount to accommodate shrinkage; 
i.e. the cell diameters are held to 
their original dimension and do not 
shrink appreciably. However, if the 
surface dries too rapidly in 
relation to the core, the resulting 
high tensile forces caused by 
shrinkage may exceed the strength of 
the wood in tension perpendicular to 
the grain. The result is that the 
stretched cells suddenly decrease in 
diameter, leaving a crack (check) 
between the cells, i.e. surface 
checks will open to relieve the 
stress (Figure 54). The juncture 
between the ray cells and the wood 
fibers is the weak point in tension 
perpendicular to the grain and this 
is usually where check development 
begins. 

wood is considerably more permeable 
to moisture movement along the grain 
than across the grain and, as a 
result, a board dries more rapidly 
within 6 to 12 inches (15 to 30 em) 
of each end than in the middle. The 
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Figure 52. 
Moisture content in different zones of 1 by 8 -inch yellow birch heartwood board 
during drying. 
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ends tend to shrink across the grain 
(making the board narrower) but are 
restrained by the remainder of the 
board and consequently tensile 
stresses develop which may be 
sufficiently high to cause 
end-checks and splits. 

Mild drying conditions must be used 
during the early stages of drying to 
minimize the severity of moisture 
gradients and thus prevent the 
development of high tensile 

DRYING TIME (hours) 

LS 593 

stresses. This is critical in 
species such as oak and beech which 
have large rays and are highly 
susceptible to checking; and also 
in thick lumber where the MC 
difference between shell and core 
becomes large during drying. Drying 
schedules for these species are 
designed accordingly; however, if 
checking is a problem the operator 
should endeavor to increase the 
humidity during the initial stages. 
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Figure 53. 
Strain development in different zones of 1 by 8-inch flat-sawn yellow birch heartwood 
board dried at 220'F (104'C) . 
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Figure 54. 
Surface-checking in oak. 
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Case hardening 
During the early stages of drying 
when shell MC drops below FSP, the 
fibers in the shell will be 
stretched as a result of restrained 
shrinkage. As these stresses 
develop the shell acquires a 
"permanent" set which causes it to 
remain in an expanded or stretched 
condition in relation to the 
shrinkage which would have occurred 
had the core not exerted a 
restraining force. As drying 
continues, the core eventually 
begins to dry and shrink, but the 
"permanent" set of the shell 
attempts to hold the core in an 
expanded condition. At this stage 
the stresses have reversed; the 
shell is subjected to a compressive 
stress (because the core is trying 
to make it shrink), whereas the 
core, unable to shrink completely, 
is under tension. This occurs 
towards the end of the drying cycle 
and the board assumes a 
case-hardened condition which must 
subsequently be relieved by a 
conditioning treatment (Section IX). 

Failure to condition lumber 
sufficiently 
leave the 

for stress relief will 
lumber case-hardened. 

This causes cupping and distortion 
of lumber when it is re-sawn or 
machined (Figure 
importance of proper 
must be emphasized; if 
is carried too far the 

55). The 
conditioning 
conditioning 
lumber will 

acquire a reverse case-hardened 
condition in which the outer fibers 
are again under tensile stress and 
the inner fibers under compressive 
stress, as is the case during the 
early stages of drying. 

Figure 55. 
Cupping of re-sawn lumber as a result of case-hardening 
-insufficient conditioning far stress relief. LS 1031 

Before After 
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Figure 56. 
Prong test. 

(A) Test piece for determination 
of case-hardening . Prongs 
2 and 5 should be broken off . 

(B) Test piece, showing 
samples of lumber free 
from case-hardening. 

(C) Test piece, showing 
case-hardening in 
lumber partially dry. 

(D) Test piece, showing 
case-hardening in 
lumber at end of 
drying period. 

(E) Test piece, showing 
reverse case-hardening 
after excessive 
conditioning. 

(F) Cupping of case-hardened 
lumber after resawing. 
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Case-hardening or reverse 
case-hardening may be detected by 
the prong test (Figure 56). The 
method of test is as follows: from 
a board which has been selected for 
testing, a section is cut similar to 
the NC section shown in Figure 46. 
Since wood dries more quickly in a 
direction parallel to the grain than 
across it, the section should be cut 
at least 18 inches (46 em) from the 
end of a board to avoid any wood in 
which end-drying may have occurred. 
This section should be approximately 
l-inch (25 rnm) along the grain and 
the full width and thickness of the 
board. Up to six prongs (five cuts) 
may be made in l-inch (25 rnm) 
material and ten prongs (nine cuts) 
in 2-inch (51 rnm) material. To 
obtain a more definite indication of 
residual stress, the second and 
fifth prongs should be broken out 
when five cuts are made, and the 
second, fourth, seventh, and ninth 
prongs when nine cuts are made. The 
action of the prongs at the time of 
sawing, and after drying to room 
conditions, indicates the nature and 
extent of the case-hardening. (A 
small handsaw is the ideal machine 
for cutting prong samples.) 

If the outer prongs of the test 
section (cut from the conditioned 
board) turn or cup inward, a 
case-hardened condition is indicated 
in which the residual stresses of 
the test section have been relieved 
by allowing the inner surface of the 
outer prong to contract (thus 
bending the prong inwards). This is 
similar to the stress relief through 
cupping which occurs when 
case-hardened lumber is re-sawn. 
Test section prongs which are 
straight after drying to room 
conditions show that the lumber has 
been properly conditioned for a 
sufficient length of time to obtain 
stress relief. 
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If a prong test is taken during or 
immediately after conditioning, the 
outer prongs should show a slight 
outward turn when cut. After a 
short exposure to the normally drier 
atmosphere of the plant, the 
moisture absorbed on the surface 
during conditioning will evaporate, 
and the prongs should attain a 
straight position. If the outward 
turn of the is too great they 
may not return to a normal position, 
indicating that the lumber has been 
over-conditioned to a reverse 
case-hardened state. In such a 
case, additional kiln-drying is 
required to remove the excess 
moisture from the surfaces. 

The required length of the 
conditioning period is determined by 
prong testing; however, with 
experience the time can be 
predetermined so that only a final 
test is necessary to confirm that 
the stresses have been adequately 
relieved. 

Honeycombing 
Honeycombing is a type of checking 
which develops in the interior or 
core of lumber during the latter 
stages of drying when the inner 
fibers are shrinking and under 
tensile stress in relation to the 
compressive stresses in the set 
shell (see case-hardening). At this 
stage the outer shell is resisting 
shrinkage of the core i.e. pulling 
on the core from both sides. If the 
board is flat-sawn the rays are 
perpendicular to the surface of the 
board, and stresses are pulling the 
longitudinal cells away from the ray 
cells. As with surface checking, 
these stresses can increase to a 
point where they exceed the strength 
of the wood perpendicular to the 
grain and as a result internal 
checking (honeycombing) develops 
along the weak fiber-ray interfaces 

(Figure 57). Usually this type of 
checking is not detected until the 
l umber is re-sawn or machined, and 
in this respect it represents one of 
the most costly forms of degrade. 

Honeycombing is frequently connected 
with surface checking. Checks 
progress inward from the surface and 
as drying continues the shell comes 
under compression and they gradually 
close on the surface to a point 
where they may no longer be visible. 
The failure, however, still exists 
beneath the surface and provides a 
point of weakness where subsequent 
tensile stresses in the core can 
extend and expand the check to 
produce a honeycomb type of defect. 
This is sometimes referred to as a 
"bottle-neck" check in that a small 
surface check has expanded into a 
longer and wider internal check. 

Species such as oak and beech which 
are highly susceptible to surface 
checking are also susceptible to 
honeycombing, particularly in 
thicker boards where drying stresses 
are more severe. If honeycombing 
persists under a given schedule, the 
drying conditions should be made 
milder until most of the free water 
has been removed from the wood (25 
to 30 percent MC). 

Collapse 

Certain species such as aspen, 
willow and western red cedar have a 
high green MC which, combined with a 
relatively impermeable heartwood, 
makes them susceptible to a form of 
defect known as collapse. This 
results in a corrugated appearance 
of the surface of the wood caused by 
a "caving-in" phenomenon in which 
the cell walls are irregularly drawn 
in and collapsed into the cell 
cavities (Figure 58). Collapse is 
primarily the result of rapid 
removal of capillary (free) water by 
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Figure 57. 
Honeycombing in oak. 
Note failure along the rays 

Figure 58. 
Collapse in aspen boards. 

high dry-bulb temperatures during 
the initial stages of drying. Since 

conditions also produce a these 
tensile set in severe 

collapse is 
the shell, 

with other 
case-hardening 

associated 

and 
as 

honeycombing. 
such 

frequently 
defects 

LS 539 

conditions slow-drying Under extreme 
hardwoods such as oak and hickory 

Although it also develop 
is probable 
collapse to 

collapse. 
that most 

some extent 
hardwoods 

during 
be drying, this condition can rarely 

distinguished from normal shrinkage. 
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The factors essential for collapse 
development in wood are as follows: 

(a) cells completely filled with 
water (without air bubbles) 

(b) small diameter of pit apertures 

(c) high compressive drying 
stresses in the core. 

It is an accepted theory that, under 
these circumstances, high liquid 
tension stresses are set up by the 
capillary movement of water as it is 
drawn from the cell cavity. When 
this liquid tension stress exceeds 
the crushing strength of the cells, 
collapse will occur. It has also 
been suggested that it is the 
combination of high compressive 
drying stresses in the core plus 
liquid tension which ultimately 
causes collapse. Both thin cell 
walls and high temperatures which 
soften (plasticise) the walls, 
increase susceptibility to collapse. 

If collapse is not too severe the 
cells can be restored to their 
original shape by steaming at 
temperatures above 185°F (85°C) over 
periods of 4 to 8 hours, depending 
on type of lumber and extent of 
collapse. However, in the process 
of regaining their shape the cell 
walls absorb moisture and 
consequently the steaming treatment 
must be followed by careful 
re-drying under milder final 
conditions (lower temperature and 
higher humidity). Collapse should 
not recur since the cells are no 
longer in the water-filled condition 
necessary for the development of 
liquid tension stresses. The 
steaming treatment is most effective 
if carried out when the lumber is at 
approximately 20 percent MC and it 
is therefore to the operator's 
advantage to detect collapse early. 

Collapse can be minimized or 
prevented by reducing the initial 
dry-bulb temperatures (maintaining 
the wet-bulb depression) until most 
of the free water has been removed 
from the cells. This reduces the 
plasticising effect which higher 
temperatures have on wood and gives 
the cell walls greater rigidity to 
resist the liquid tension stresses. 
The critical temperature varies 
between species, and problems have 
been encountered with temperatures 
as low as 120°F (49°C). In general, 
however, the temperatures given in 
the drying schedules are 
appropriate, and it is only in 
extreme cases that schedules will 
have to be modified. 

Another means of preventing collapse 
is to expose the stickered kiln 
loads to air drying for a period of 
about two weeks, depending on. type 
of lumber and the drying season. 
This exposure removes some of the 
free water from completely-filled 
cells and prevents high 
liquid-tension stresses. 

Warp 

As wood dries it has a tendency to 
warp or deform due to the inherent 
differences in the degree of radial, 
tangential and longitudinal 
shrinkage (Section III). The extent 
to which boards shrink more in one 
direction than another is also 
affected by the presence of cross 
grain, reaction wood and juvenile 
core wood. Warping is generally 
categorized under five forms of 
distortion; cup, crook, bow twist, 
and diamonding (Figure 59). 
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Figure 59. 
Types of warp. 
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1. Cup occurs in the form of a 
curvature across the face of the 
board. It is the most common type 
of warp in hardwoods (l-inch (25 mm) 
lumber) and is most severe in flat 
sawn boards having most growth rings 
oriented at approximately 45° to the 
board surface. Boards cut from the 
outer portion of large logs will 
have comparatively little ring 
curvature and therefore less cup. 
Since shrinkage along the annual 
rings (tangential) is about twice 
that of radial shrinkage, flat-sawn 
boards with considerable ring 
curvature will cup outwards. A wide 
board and a narrow board may have 
the same degree of surface 
curvature, but the depth of the cup 
is much greater in the wide board. 
Therefore a deeper cut will be 
required in the facer-planer of a 
furniture plant to dress the two 
surfaces clean, and the final board 
will probably be too thin for use. 
Quarter-sawn lumber has little or no 
tendency to cup. 

2. Crook occurs in the form of a 
lengthwise curvature or bend along 
the edge of a board, and is the 
result of excessive longitudinal 
shrinkage along the concave edge. 
This happens when one edge contains 
reaction wood or juvenile wood 
fibers, both of which shrink 
longitudinally somewhat more than 
normal fibers. 

3. Bow, as opposed to crook, occurs 
in the form of a lengthwise 
curvature or bend along the face of 
a board, and is the result of 
excessive longitudinal shrinkage 
along the concave face. 

4. Twist is a deformation in which 
the edges of a board curve away from 
the flat plane, such that the four 
corners of the board no longer lie 
flat. Twist is primarily caused by 
a combination of unequal 

longitudinal shrinkage (as in crook) 
and spiral or cross grain in the 
board. 

5. Diamonding is a form of warp 
associated with the drying of 
squares. Squares which have the 
annual rings running diagonally 
between the corners assume a diamond 
shape as they dry, owing to the 
difference between radial and 
tangential shrinkage. 

Warp can be kept to a minimum by 
ensuring that proper piling 
practices are observed, as outlined 
in Section VIII. To minimize 
cupping, it is essential that the 
lumber be of uniform thickness and 
that wide, flat-sawn boards be 
segregated and placed in the bottom 
layers of the pile, or ripped to 
narrower dimensions to reduce 
distortion in the entire pile. Wide 
lumber with excessive cup generally 
will split down the middle when 
passing under the pressure roller of 
the planer. For this reason, there 
is not much point in producing wide 
boards in the sawmill if the 
seasoning procedure is not capable 
of producing dry flat boards. Some 
mills try to avoid producing high 
grade boards wider than 10 inches 
(25 em). 

For prevention of bow and twist, 
closer sticker spacing is 
recommended. Crook is more 
difficult to control since there is 
no direct lateral restraint in a 
pile other than that provided by the 
weight of the load itself. Crook is 
particularly detrimental tq softwood 
construction lumber such as studs 
and joists, and care should be taken 
in sawing, so as to avoid excessive 
grain _ deviations and boxed-pith 
lumber. Such pieces will have a 
greater tendency to crook and bow 
than if the pith is "split". 
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Staining and discoloration 
Special or modified schedules have 
been developed to minimize the 
occurrence of stain, particularly 
brown stain in white pine and 
sapwood discoloration in maple. 
Brown stain (Figure 60) is the 
result of enzymatic-oxidative 
chemical reactions which take place 
during storage of green lumber, 
especially in solid piles during the 
active period, April to November. 
However, the stain itself does not 
appear until the lumber begins to 
dry (kiln-drying or air-drying). 
Proper storage, chemical dip 
treatments and rapid conversion 
(logs to dry lumber) are the best 

means of preventing brown stain. 
Any modification of the drying 
schedule only serves to reduce the 
severity of staining if for some 
reason adequate protective measures 
were not observed during storage. 
Chemical brown stain in white pine 
lumber can be practically eliminated 

Figure 60. 
Brown stain in white pine lumber. 

if the lumber is treated with a 0.5 
percent (by weight) aqueous solution 
of sodium fluoride immediately after 
sawing. This can be conveniently 
carried out by passing the lumber 
through a dip tank or a spray booth 
on the green chain. In large 
quantities (high concentration) 
sodium fluoride can produce toxic 
symptoms in man; however, at 0.5 
percent the solution is far below 
the concentration required to 
present a serious health hazard. 
The use of rubber gloves and aprons 
is recommended when handling lumber 
during treatment, nevertheless. 

A kiln operator cannot always be 
certain that the lumber he receives 
has been chemically treated, or that 
the storage period was restricted 
within the critical limit for brown 
stain development (three to four 
days in warm weather). Under these 
circumstances a mild schedule (Table 
11) using low temperature and 
humidity, should be used to reduce 
the severity of staining. 

A) Close-piled for 14 days prior to 
kiln-drying. 

B) Close-piled for 14 days prior to 
kiln-drying but treated with 0.2% 
sodium fluoride solution before 
piling. 

C) Close-piled for 14 days prior to 
kiln-drying but treated with 0.4% 
sodium fluoride solution before 
piling. 
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Conversely, if the lumber is treated 
with an anti-stain solution or dried 
immediately after felling and 
sawing, a more severe schedule may 
be used. This severe schedule may 
cause a very slight darkening or 
dullness in the appearance of the 
wood, but often this does not affect 
the usefulness of the lumber. If 
appearance is a factor, a schedule 
of medium severity is recommended to 
retain brightness. 

Discoloration in the sapwood of 
maple during drying sometimes occurs 
when operators are drying "white" 
maple for products such as bowling 
alley bed stock, moulding material 
and furniture. The normal kiln 
schedule for maple is designed for 
mill-run lumber and it may cause 
discoloration in the sapwood, 
ranging from yellowish or 
reddish-brown to pinkish (pinking). 
Fortunately, the premium paid for 
"white" maple covers the cost of 
segregating, in which case the 
discoloration can be minimized or 
prevented by using lower 
temperatures and lower humidities 
during drying (Table 10). Sapwood 
should be able to withstand some 
reduction in humidity (greater 
wet-bulb depression) at each stage 
of the schedule. The problem can 
also be avoided by air-drying the 
sapwood prior to final kiln-drying 
at the normal schedule. 

surface molds and sap-staining fungi 
(blue stain) may develop in some 
species during the initial stage of 
kiln-drying if humidities are too 
high and temperatures low; however, 
such excessively mild conditions are 
usually the result of improper wet-
and dry-bulb settings. The listed 
schedules are designed to avoid such 
problems, and if mold or stain does 
occur the operator should check the 
kiln conditions, as they may not 
correspond to the 

recorder-controller 
(Figure 61) is 
detrimental to 

settings. Mold 
in itself not 

lumber quality, and 
superficial discolorations, if any, 
are easily removed during dressing. 
Mold is often an indicator of kiln 
controls that are out of 
calibration. Fungal staining is 
more serious, and although 
excessively mild conditions are 
seldom maintained beyond the initial 
settings, some sap-staining fungi 
penetrate quickly and may cause 
stain to appreciable depth. 
Protective treatments for fungal 
stain should be applied immediately 
after sawing, as outlined in Section 
XIII. 

Sticker stain can occur in many 
species during either air drying or 
kiln drying, but is most prevalent 
in air drying of hardwood sapwood. 
The stains in the board surface 
layers develop directly under the 
kiln stickers or appear as narrow 
darker bands beside the sticker 
edges (Figure 62). 

The stains vary in color and are 
known to occur when general drying 
is good, but drying beneath the 
stickers is slow. Under these 
circumstances the moisture under the 
stickers is forced to move laterally 
to an evaporation zone adjacent to 
the stickers. This zone is at or 
near the wood surface and during the 
period of free-water diffusion it is 
believed that certain water-soluble 
extractives (sugars, tannins) are 
carried from beneath the stickers 
and deposited along the evaporation 
zones in the form of sticker stain. 
If these stains are shallow they can 
be removed by surfacing and sanding, 
but often they are deep and steps 
must be taken to prevent their 
occurrence. 
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Figure 61. 
Surface mold on 2-inch aspen. 
(Note whitish layer on the end grain surface). 
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Figure 62. 
Sticker stain. 

Sticker stain can 
minimized by using 
1/4-inch) (32 mm) 
hardwood stickers, 

be prevented or 
narrow (about 1 

thoroughly dry, 
or by milling a 

wide, 
face 

shallow "groove" 
of (slightly 

along 
wider) 

each 
dry 

stickers to reduce the contact area. 
It is also necessary to protect the 
lumber from rain and snow, since any 
accumulation of moisture under the 
stickers will only aggravate 
staining problems. This also 
applies to lumber which becomes wet 
as a result of exposure during the 
period between stacking and kiln-
drying. When stickers are not in 
use they should be stored under 
cover, preferably in a convenient 
sticker rack or bin which can be 
easily moved from place to place as 
required. 

Sometimes a kiln operator may find 
irregular patches or spots of stain 
on the surface of his lumber. This 
may be caused by water dripping on 
the lumber as a result of leaks in 
the heating coil or faulty spray 
valves. Iron compounds dissolved in 
water react with the tannins in wood 
to produce a brown to gray-blue 
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d1scoloration, especially in species 
such as oak and hemlock which have a 
high tannin content. 

Staining of wood may also be caused 
by chemicals whose actual function 
is to protect the wood from fungal 
stain. Some chemicals, e.g. sodium 
bicarbonate, cause yellowish patches 
which will seldom plane out 
successfully. This may be 
objectionable in species which are 
sold at a premium because of their 
natural color (white pine, basswood, 
etc.). 

Resin exudation 

The exudation of resin (Figure 63) 
during the drying of softwoods does 
not present a problem insofar as 
drying is concerned, nor is it of 
any consequence in the utilization 
of lumber for construction purposes. 
However, there is a trend toward 
greater use of resinous species such 
as red pine and jack pine for shop 
lumber (mill work, outdoor 
furniture, siding) and in these 
products resin exudation is 
undesirable. Excessively resinous 
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boards are normally segregated as 
unfit for shop use, but this does 
not ensure that exudation will not 
occur in the acceptable material. 
If the lumber is dried under 
conventional schedules some 
exudation during service is almost 
certain to occur, even in boards 
which appear resin-free. 

High-temperature 
ll8°C) , although 

drying 
not 

(245°F, 
totally 

effective, will reduce exudation 
substantially. In a further effort 
to eliminate resin exudation a 

Figure 63. 
Resin exudation in red pine. 

modified high-temperature schedule 
has been developed for l-inch (25 
mm) red pine (Table 11). This 
schedule utilizes intermittent 
steaming and a prolonged 
conditioning treatment designed to 
remove most of the volatiles and 
deposit solids on the surface for 
removal during surfacing. The 
drying time, however, is 
considerably extended (50 hours in 
total) and therefore the benefits of 
eliminating exudation must be 
weighed against the additional cost 
of drying. 
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XI Storage and transit of seasoned lumber 

Lumber storage 
Improper handling and storage of 
dried lumber often results in 
deterioration of lumber quality, and 
sometimes the poor quality is 
incorrectly attributed to faulty 
drying. It is both wasteful and 
uneconomic to kiln-dry lumber 
properly and then store it in such a 
manner that the lumber will 
deteriorate. 

Wood is a hygroscopic (moisture-
attracting} material and when 
exposed to specific conditions of 
temperature and relative humidity 
(RH} it will either lose or gain 
moisture until it reaches a moisture 
content (MC} in equilibrium with 
these conditions. The equilibrium 
moisture content (EMC} that wood 
attains under outdoor conditions 
varies from about 12 to 18 percent, 
depending on locale and season. 
Therefore when kiln-dried lumber (6 
to 8 percent MC) is stored for long 
periods in open sheds or in closed, 
unheated sheds it will absorb 
moisture, even if the lumber is 
close-piled. Laboratory studies 
have shown that the outside boards 
and the ends of interior boards in a 
pile react almost as quickly to 
changing moisture conditions as 
boards entirely exposed. Under very 
humid exposure the ends and outer 
boards may attain full air-dry 
moisture conditions in only a week. 
This, of course, renders these 
sections unfit for uses where lumber 
at 6 to 8 percent MC is required. 
Sections of boards in the interior 
of the pile, while not reacting as 
quickly as those on the outside, 
will eventually reach moisture and 

dimensional conditions similar to 
the outside boards. In the 
meantime, however, the MC of the 
center section of each board may be 
much lower than the MC at the ends. 
Consequently, when such lumber is 
manufactured and the product is 
exposed to heated indoor conditions 
(winter}, the end sections will 
shrink to a width narrower than that 
of the center section. In contrast, 
if the plant conditions are 
excessively humid (summer}, the 
drier center portion of the board 
can swell to a width greater than 
the ends. such dimensional changes 
result in stresses which may be 
sufficiently severe to cause warp, 
splits, and glueline failure in 
assembled products. Problems may 
also occur if kiln-dried lumber is 
stored over damp floors, as moisture 
from the floors will be absorbed by 
the lumber. 

softwoods kiln-dried to 19 percent 
MC for construction purposes need 
only be protected against re-wetting 
by rain and snow; open and unheated 
sheds provide sufficient protection. 
At 19 percent MC the lumber may lose 
some additional moisture, but this 
only brings it more in line with the 
equilibrium which it will attain in 
service. On the other hand the MC 
is close to the critical limit for 
fungal activity and any re-wetting 
may result in stain or decay. Water 
which has seeped into a solid pile 
of lumber is not easily removed and 
the wood tends to remain wet for an 
extended period, even if the lumber 
is subsequently stored under cover. 

Lumber kiln-dried for manufacturing 
purposes (6 to 8 percent MC} should 
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be processed within a few days after 
cooling, or alternatively it may be 
held under closed storage facilities 
that include heating or conditioning 
equipment, and adequate air 
circulation capable of maintaining 
the lumber at the required MC. 
Increasing the temperature of the 
storage area will reduce the 
relative humidity (RH) of the 
ambient air, and by providing 
sufficient circulation and heat the 
proper EMC conditions can be 
achieved. Table 12 lists the 
relative humidities obtained when 
initial conditions are changed by 
increasing the temperature at 
intervals of 10F0 (6C 0

). The 
humidity-temperature conditions 
which correspond to EMC's of 6 to 8 
percent are shown in parentheses for 
easy reference. 

For example: if an EMC of 7 percent 
is required in a storage area, it 
will be necessary to heat air at 
l0°F (-12°C) and 81 percent RH 
(average January atmospheric 
conditions for the Ottawa area) to a 
temperature of 35°F (2°C), without 
adding or removing moisture, to 
produce an RH of 27 percent and an 
EMC of approximately 7 percent. 
Similarly, air at 70°F (21°C) and 71 
percent RH (average July atmospheric 
conditions) must be heated to 90°F 
(32°C) to produce an RH of 38 
percent and maintain the desired EMC 
of 7 percent. 

The temperature calculated in the 
preceding paragraph must be 
considered as theoretical because, 
to compensate for moisture being 
admitted from outside sources (rain, 
snow, ground water, etc), a higher 
temperature is often required to 
maintain the required EMC. 
Furthermore, ambient atmospheric 
conditions change from day to day 
and the control of storage 
qonditions is thereby limited. 

Under these circumstances 
adjustments will have to be made on 
a regular basis in accordance with 
the changes in ambient 
atmospheric conditions, perhaps 
weekly or monthly depending on the 
season and location. Even such 
limited control will result in 
substantially improved storage 
conditions. 

The best storage conditions are 
those in which temperature and RH 
are automatically controlled; 
however, this type of equipment 
(available commercially) is 
generally used for storage of 
high-quality lumber, and of machined 
wood parts and products. A heated 
shed should have solid, dry floors 
(crushed stone, asphalt, concrete) 
with tight walls and roof, but need 
not necessarily be well insulated 
since the required difference 
between interior and exterior 
temperature is seldom more than 25F0 

(14C0
). 

Kiln-dried lumber should be stored 
under temperature and humidity 
conditions similar to those which it 
will encounter during use. The 
desirable range of wood MC for a 
variety of end uses is shown in 
Figure 64. 
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Figure 64. 
Approximate moistu_re content of wood for various uses. 
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Transit of kiln-dried lumber 
Kiln-dried lumber shipped for 
domestic or foreign use may be in 
transit or interim storage for a 
considerable time, and consequently 
it should be protected against the 
adverse effects of weather (sun, 
rain, snow, high humidity). The 
most common form of overland 
shipping is by rail flatcar and 
flatbed transport. This offers 
obvious advantages in faster and 
more efficient handling of unitized 
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packages; however, the lumber is 
exposed and, if unprotected, can 
gain sufficient moisture to exceed 
the MC specifications of the 
purchaser. The entire shipment may 
be rejected on this basis, aside 
from the problems which may arise as 
a result of subsequent redrying and 
shrinkage during use. The MC of 
construction softwoods, as stated 
previously, is near the limit for 
fungal ' growth and any wetting of the 
lumber may result in mold and stain. 
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Ocean freight is generally carried 
on a volume basis, and therefore 
most lumber shipped by boat is in 
the green condition. Under these 
circumstances the lumber must be 
treated with a fungicide to prevent 
deterioration from mold, stain, and 
decay (Section VIII). Such 
treatment is prevalent on the West 
Coast where large volumes of green 
construction lumber are shipped by 
bulk ocean carrier. All seasoned 
lumber should be stored below deck 
in a well-ventilated hold, 
preferably with packages enclosed in 
a protective wrap. 

The wrapping of lumber packages is 
an effective method of protecting 
kiln-dried stock during flatcar 
shipment and is now an accepted 
standard in many parts of the lumber 
industry (construction lumber, 
plywood, beams, veneer, etc.). The 
most widely used commercial wrapping 
material is a reinforced paper 
designed to resist moisture, tearing 
and punctures. Other protective 
coverings such as reusable plastic 
shrouds and tarpaulins may be used 
during truck transport. 
Water-repellent wax-based solutions 
are also used to protect dry lumber 
in storage or transit. These are 
normally applied by a spray 
treatment in the process of 
unstickering. 
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XII Drying characteristics of commercial species 
in eastern Canada 

This section provides guidance to 
the kiln operator concerning the 
drying characteristics of various 
species, and the relationships 
existing among the various species 
harvested in Eastern Canada in terms 
of their drying characteristics. 
What species are susceptible to 
collapse? What mixtures can be 
dried successfully, and what 
techniques or precautions are 
necessary? (MC = moisture content, 
EMC =equilibrium MC). 

Hardwoods 

1) the ashes: 

Mild schedules are recommended for 
all species; end and surface 
checking may occur in all 
thicknesses, and honeycomb in 
thicker stock. 

2) Basswood: 

Seasons well under fairly severe 
schedules, but may acquire a 
brownish chemical stain. 

3) Beech: 

Very mild kiln schedules are 
required and the wood is subject to 
severe checking. It is extremely 
important to put beech lumber into 
the kiln as soon as possible after 
the tree has been felled (because 
tyloses form soon after felling). 

4) The birches: 

Drying characteristics are similar 
to those of hard maple. It responds 
well to combination schedules. The 

EFPL has done considerable work on 
high-temperature · drying of yellow 
birch, but recommends the most 
favorable procedure as being 
predrying from green to 20 percent 
moisture content (MC), followed by 
high-temperature drying (212°F or 
100°C, 3 percent EMC and normal air 
velocity). 

5) Cherry: 

A relatively mild schedule should be 
used to minimize degrade. 

6) The elms: 

A relatively mild schedule should be 
used; the lumber must be well piled 
so as to avoid warping. 

7) The hickories: 

Must be kiln-dried under a mild 
schedule to minimize end-checking. 

8) The maples: 

The EFPL has found that the most 
favorable procedure for drying green 
l-inch (25 mm) hard maple lumber to 
8 percent MC involves a combination 
of low-temperature predrying to 20 
percent MC, followed by 
high-temperature drying. The use of 
heavy weights on top of each charge 
is strongly recommended, to reduce 
warp. Good piling is essential. 

9) The oaks: 

This species group 
susceptible to surface 
collapse. Again a 
schedule appears to be 
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10) The poplars: 

This species group includes aspen, 
balsam poplar and cottonwood. Aspen 
generally dries faster and under a 
more severe schedule than cottonwood 
but it is subject to a defect known 
as "wetwood", i.e. "pockets" of wood 
having an abnormally high MC, and 
reduced permeability. No practical 
schedule has been developed that 
will avoid excessive checking and 
collapse in wetwood zones. The EFPL 
has found that aspen studs which do 
not contain wetwood can be dried to 
15 percent average MC, using either 
conventional or high-temperature 
schedules, with little degrade but 
with large variability in MC. The 
drying behavior of studs containing 
wetwood is appreciably different 
from that of normal studs, and 
high-temperature drying of mixed 
charges produces severe overdrying 
of normal studs. 

11) The walnuts: 

Butternut is light, soft, and low in 
strength; the heartwood is light 
chestnut-brown. This species 
seasons relatively easily. Black 
walnut is heavy, hard, and strong; 
the heartwood is light brown to 
chocolate-colored or purplish-brown. 
Because it is one of the most 
valuable hardwoods in North America, 
it should be seasoned' under a mild 
schedule to minimize end checks and 
honeycomb. 

Softwoods 

1) The spruces: 

This species group is not difficult 
to dry; several schedules are 
provided. Jack pine and balsam fir 
are frequently dried together with 
spruce in eastern Canada, but this 
invariably results in overdrying the 
spruce and pine, or underdrying the 
balsam fir. 

2) The pines: 

This species group is divided into 
two subgroups -- the soft pines and 
the hard pines whose woods are 
quite different in appearance and 
properties. The hard pines of 
eastern Canada, jack pine and red 
pine, are readily kiln-dried and are 
frequently dried together with 
spruce. 

Eastern white pine, a soft pine, is 
relatively easy to dry although it 
sometimes contains wetwood (similar 
to the wet pockets in aspen). The 
upper lumber grades are frequently 
kiln-dried under mild schedules in 
order to minimize degrade. 

All pines have seasoning 
characteristics in common which 
require special treatment. They are 
all subject to sap stain, which may 
occur in the log when the timber is 
felled in warm, moist weather, or 
when it remains too long in the 
woods. If no stain develops in the 
sapwood prior to kiln-drying, it may 
occur in the initial stages of 
seasoning if a low temperature is 
maintained in the kiln. It may be 
necessary, therefore, to give the 
charge a sterilizing period at the 
beginning of the run, carrying an 
initial temperature sufficiently 
high to destroy the staining 
organisms and a high humidity to 
prevent excessive drying. When the 
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stain is already present, no initial 
sterilizing period is necessary, 
since the damage has been done and 
cannot be rectified. 

Another stain common to the white 
pines is known as "brown stain". It 
results from chemical action. Rapid 
utilization of cut logs is 
recommended or a chemical dip of the 
freshly cut lumber. 

3) The hemlocks: 

The MC of the wood tends to be high, 
particularly for the sapwood and the 
heartwood of butt logs, so that 
drying times are relatively long for 
these species. Eastern hemlock is 
prone to shake, which may not be 
visible before drying. 

4) The cedars: 

Seasons well under fairly severe 
schedules, but often contains 
wetwood with reduced permeability. 
The EFPL has developed new kiln 
schedules for cedar siding and 
lumber panel products. 

5) The true firs: 

In eastern Canada 
seasoned with 

balsam fir is 
its associated 

species, 
both. 

spruce 
The EFPL 

or jack pine, or 
has shown that 

balsam fir containing wetwood cannot 
be dried satisfactorily in mixture 
with spruce and jack pine. We 
advocate the segregation and 
separate drying of balsam fir. 
(Douglas-fir is not a true fir, and 
it requires a different schedule.) 
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Glossary 
A list of generally accepted 
definitions for some common terms 
used in wood seasoning is provided 
below. Free reference was made to 
the Glossary prepared by the Wood 
Drying Committee of the Forest 
Products Research Society. 

Absorption (from liquid): The 
taking-in or imbibing of a liquid. 

Adsorption (from vapor): the 
adhesion of the molecules of vapor 
to the surface of a solid. 

Air velocity: the speed at which 
air moves, generally measured in 
feet per minute or metres per 
second, on the leaving-air side of 
the lumber stack. 

Anemometer: an instrument for 
measuring air velocity. 

Annual growth ring: the layer of 
growth added to the circumference of 
woody stems each year during the 
growing season; each ring includes 
earlywood (spring growth) and 
latewood (summer growth). 

Azeotrope: a mixture of two or more 
liquids which at boiling will 
distill over without separating into 
different proportions of the 
individual constituents. The 
boiling point of the mixture is 
lower than that of its constituents. 

Baffle: a piece of material used to 
deflect, check, or otherwise direct 
the flow of air in a kiln. 

Blanking: surfacing 
lumber, usually on one 

of green 
side only, 

Appendix 1 

prior to kiln-drying, in order to 
obtain uniform lumber thickness. 

Boiler horsepower (BHP): rating for 
energy output of boilers. One 
boiler horsepower is the energy 
required to evaporate 34.5 pounds 
(15.7 kg) of water per hour, from 
water at 212°F (100° C) to steam at 
212°F (100°C). This is equivalent 
to 33,475 BTU per hour (35.29 MJ/h). 

Bolster (or bunk): A square timber 
placed between stickered packages of 
lumber to provide for entry and exit 
of the forks of a lift truck. 

Bound water: water contained within 
the cell walls of wood and held by 
molecular association with the wood 
substance. 

Boundary layer: in wood seasoning 
the thin, slow-moving or 

stationary, layer of air adjacent to 
the wood surface, through which 
moisture must pass to reach the main 
airstream. 

Bourdon tube: a spiral or helical 
tube which responds to pressure 
changes and used 
recorder-controllers to 
temperature and actuate 
instrument air valves and 
recording pens. 

in 
sense 

the 
the 

British Thermal Unit (BTU): the 
amount of heat necessary to increase 
the temperature of 1 pound of water 
by 1:t> . (Its counterpart in the 
metric system is the joule (J) which 
is equivalent to 0.0009486 BTU. 

Bulb, control: the sensor of the 
recording and/or controlling system, 
located in the kiln, which contains 
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the temperature-sensitive liquid or 
gas. The bulb is connected to a 
recording or controlling instrument 
by a capillary tube. 

Bulb, dual control: two bulbs of a 
Y-shaped control system (connected 
to a common capillary tube). They 
are usually located on each kiln 
wall directly opposite each other 
and control the temperature 
entering air regardless 
direction of air movement. 

of the 
of the 

cam: a sheet metal pattern which is 
inserted into the control 
instrument. The operator cuts a 
separate pattern for each schedule 
which he wishes to use. The degree 
of curvature along its circumference 
controls the temperature setting as 
drying progresses. The patterns are 
used in pairs, one representing the 
changes in dry-bulb temperature with 
time, the other the wet-bulb. 

cambium: in wood anatomy, the 
one-cell-thick layer of tissue 
between the bark and wood that 
repeatedly subdivides to form 
wood and bark cells. 

new 

Capillary: a tube less than 1/25 
inch (1 mm) in diameter. Used in 
lumber seasoning to connect a bulb 
to a controller or recorder. 

Capillary action: the combination 
of solid-liquid adhesion and surface 
tension by which a liquid is 
elevated in a tube or moves through 
a cellular structure. 

Casehardening: a condition of 
stress and set in wood in which the 
outer fibers are 
stress and the 
tensile stress. 

under compressive 
inner fibers under 

casehardening, reverse: a final 
stress and set condition in wood in 
which the outer fibers are under a 

tensile stress and the inner fibers 
are under a compressive 
Usually a result 
overconditioning. 

stress. 
of 

Centrifugal blower: a type of fan 
in which air is drawn in at the fan 
hub and forced radially outward and 
around the circumference to a 
discharge port on the fan housing. 

Cell: a general term for the minute 
units of wood structure, including 
wood fibers, vessel segments, and 
other elements of diverse structure 
and function. Each cell has a 
multi-layered wall enclosing a 
cavity. 

Cell lumen: the space or cavity in 
the interior of woody cells. 

Cellulose: a 
carbohydrate molecule, 
constituent of wood, 
framework of the cells. 

long-chain 
the principal 

forming the 

Charge: in lumber seasoning the 
total load of lumber for a single 
drying operation (also called kiln 
run). 

Chart, recorder: a usually 
circular, on which a graphic record 
of kiln temperatures is 
automatically drawn. 

Check: in wood seasoning a 
drying defect, characterized by a 
separation between wood cells, 
extending into the wood, usually 
along the grain, and caused by 
tensile stresses induced as wood 
shrinks during drying; checks are 
qualified as to location, i.e. end 
check, surface check and internal 
check. 

Check valve: 
prevent reverse 
system. 

a valve 
flow in 

used to 
a piping 
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Cohesion: 
attraction 
liquid. 

the physical force of 
between molecules of a 

Coil, booster (or reheat coil): a 
supplementary heating coil, usually 
located between tracks of a 
double-track kiln, used to add heat 
to air that has already been cooled 
by moving through one truckload. 

Coil, heating: in kiln-drying, a 
heat exchanger made up of one or 
more runs of plain or finned pipes 
in the kiln through which steam, hot 
water, or hot oil flows to heat the 
circulated air. 

Collapse: in wood technology, a 
seasoning defect characterized by a 
corrugated or sunken appearance of 
the surface of a piece of dried 
wood; caused by an irregular 
drawing together of cell walls as 
free water leaves the cavities. 

Compression wood: abnormal wood 
formed on the lower side of branches 
and inclined trunks of softwood 
trees. Compression wood shrinks 
more than normal wood 

Condensate: the liquid obtained 
when a vapor cools and changes 
state, i.e. water is the condensate 
of steam. 

Condensation: the change in state 
from vapor to liquid. At 
atmospheric pressure steam releases 
970 BTU per lb. or 2.3 MJ per kg in 
changing to a liquid state. 

Conditioning: a process for 
relieving the drying stresses in 
wood by subjecting the stock while 
in the kiln to a fairly high 
humidity to increase surface MC 
(usually an EMC of 12 percent). 

Controller: 
instrument 
controls both 

in lumber seasoning an 
that automatically 
dry bulb and wet bulb 

temperatures. 

core: in lumber 
interior portion of 
timbers. 

seasoning, the 
sawn boards or 

Course: a single layer of lumber of 
the same thickness in a stickered 
pile or package. 

Cross grain: in 
which the fiber 
noticeably from 
wood member. 

lumber -- grain in 
alignment deviates 

the long axis of the 

Cross section: in wood face 
exposed when a cut is made across 
the grain (at right angles to the 
fibers) -- also called transverse 
section. 

Cross shaft: in kiln design 
classification a fan-drive system 
in which the fan shaft is mounted in 
line with the direction of air 
circulation; normally across the 
width of the kiln. 

Defect, drying: any change in the 
condition or appearance of lumber 
which is the result of drying and 
which is detrimental to lumber 
quality, i.e. checks, splits, warp, 
stain, collapse, honeycombing. 

Degrade: a drop in lumber grade 
that results from seasoning. 

Density, wood: mass (weight) of 
wood per unit volume; usually 
expressed in pounds per cubic foot, 
grams per cubic centimeter, or 
kilograms per cubic metre. 

Depression, 
difference 

wet-bulb: the 
between the dry- and 

wet-bulb temperatures. 
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Diaphragm valve, air: a type of 
valve which opens and closes in 
response to air pressure acting on 
one side of a flexible diaphragm. 

Dielectric constant: the dielectric 
constant of a material (wood) is the 
ratio of the electric potential 
energy stored in a certain volume of 
the material in a given electric 
field to the corresponding energy 
stored in the same volume of free 
space in the same electric field. 

Diffusion: spontaneous movement of 
heat, moisture, or gas throughout a 
body or space. Movement is from 
high points to low points of 
temperature or concentration. 

Diffuse-porous wood: wood from 
hardwood species in which the large 
vessel cells are similar in size and 
evenly distributed throughout the 
annual growth ring, e.g. birch. 

Dry bulb, kiln: 
temperature-sensing 
kiln, which senses 
temperature. 

the 
bulb 
the 

in 
dry 

"bare" 
the 

bulb 

Dry bulb temperature: the 
temperature of the air; determined 
by a "bare" thermometer or 
thermocouple. 

Drying rate: the amount of moisture 
lost from lumber per unit of time; 
generally expressed in percentage of 
moisture content loss per hour or 
per day. 

Earlywood: that portion of the 
annual growth ring produced at the 
beginning or early in the growing 
season -- also called springwood. 

Edge grain: in lumber -- the grain 
produced when a board is sawn so 
that the annual growth rings are 
mainly perpendicular to the flat 
face of the board -- also called 
vertical grain and quarter-sawn. 

Electrodes, insulated: in testing 
wood for moisture content (MC) with 
resistance-type electric moisture 
meters, the entire surface of each 
electrode, except the tip, is coated 
with an insulating material so that 
MC is measured only between the 
points of the two electrodes. 

Electrolyte: a substance 
suitable 

which, 
solvent dissolved 

(usually 
in a 
water), conducts an 

electric current. 

Entrained water: water 
along in steam pipes as a 
condensation in the piping 

carried 
result of 
system. 

Equalization: in kiln-drying a 
process for reducing variation in 
the final moisture content of lumber 
after normal drying is complete --
kiln conditions are set to give an 
equilibrium moisture content 
equivalent to the desired final 
moisture content of the lumber. 

Equilibrium moisture content (EMC): 
moisture content at which wood 
neither gains nor loses moisture 
when surrounded by air at a given 
relative humidity and temperature. 
The moisture content which wood 
eventually attains when subjected to 
any given constant condition of 
humidity and temperature. 

Extractives: substances in wood, 
not an integral part of the cellular 
structure, that can be removed by 
hot or cold water, ether, benzene, 
or other solvents and that do not 
react chemically with wood 
substance. 

Fiber 
thin, 
tapered 

or fiber tracheid: 
cylindrical wood 

and closed at both 

long, 
cells, 

ends. 
Also a general term of convenience 
for any long, narrow cellular 
tissue, i.e. fibrous. 

Fiber saturation point (FSP): the 
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stage in the drying or wetting 
wood at which the cell walls 
saturated with water and the 

of 
are 

cell 
cavities are free 
It is usually 
approximately 30 
content. The FSP 
downward) from 
according to the 
factors. 

of liquid water. 
assumed to be 
percent moisture 
varies (usually 

30 percent MC 
species and other 

Finned pipe: heating pipe wound 
with thin metal strips or discs 
which increase the heat radiating 
area for better heat transfer. 

Flat grain: in lumber -- the grain 
or figure produced when a board is 
sawn so that the annual growth rings 
are mainly parallel to the flat face 
of the board also called 
flat-sawn or plain-sawn. 

Heartwood: the wood extending from 
the pith to the sapwood; it is 
generally darker than the sapwood 
due to the formation of gums, resins 
and other substances which 
accumulate when the cells die. 

Heat exchanger: a device designed 
to transfer heat from the heating 
source to the heat-carrying medium 
(finned pipe is a type of heat 
exchanger). 

Heating value: the amount of heat 
which can be obtained from the 
combustion of a given quantity of 
fuel. For gases this is normally 
stated in Btu per cubic foot or 
Megajoules {MJ) per cubic metre. 

Honeycombing: a seasoning defect 
demonstrated by separation of the 
fibers in the interior of the piece, 
usually along the wood rays. The 
failures often are not visible on 
the surface, although they can be 
extensions of surface and end 
checks. 

Humidity, absolute: the actual 
weight of water (vapor) per unit 

weight of dry air, independent 
air temperature and pressure. 

of 

Humidity, relative: the ratio of 
the actual vapor pressure to the 
pressure of saturated vapor at the 
prevailing dry bulb temperature. 

Hygrometer: 
measuring the 
air. 

an instrument for 
relative humidity of 

Hygroscopicity: 
substance such 
permits it to 
moisture readily. 

the property of a 
as wood, which 

absorb or lose 

Immiscible: two or more liquids 
which, after mixing, will separate 
into two layers or remain as a 
suspension of droplets of one in the 
other. 

Joule (J): 
or energy. 

metric measure of heat 

Juvenile wood: the wide 
rings of low density wood 
near the pith of the stem. 

growth 
formed 

Kinetic energy: the energy 
associated with the mass and 
velocity of an object, i.e. moving 
molecules have kinetic energy. 

Kiln: an enclosed chamber in which 
air of controlled temperature and 
relative humidity is circulated 
through stickered parcels of lumber 
in order to remove moisture from the 
lumber. 

Kiln, progressive: a kiln in which 
the total charge of lumber is not 
dried as a single unit but as 
several units, such as kiln-truck 
loads, that move progressively 
through the dryer. The kiln is 
designed so that the temperature is 
lower and the relative humidity 
higher at the entering·end than at 
the discharge end. 

Kiln run: a term applied to the 
drying of a single charge of lumber. 
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Latent heat: heat which, when added 
to or abstracted from a substance, 
does not affect its temperature but 
does change its state, e.g. heat is 

0 required to change water at 212 F 
( 100° C) to steam at 212° F ( 100° C) . 

Latewood: that 
annual growth 
during the 

portion of the 
ring that is formed 

latter part of the 
growing season 
summerwood. 

also called 

Lignin: a substance of the wood 
cell wall which acts as a binding 
agent to hold cells and cell wall 
components together. It is most 
abundant in the middle lamella. 

Meniscus: the surface of a liquid 
in a tube or container. It is 
usually curved adjacent to the wall 
of the tube, owing to the surface 
tension effect (Wood cells serve as 
containers for liquid water). 

Meter, moisture: an instrument for 
determining the moisture content of 
wood. It is furnished with 
electrodes which may be needles that 
are driven into the wood or flat 
plates that touch the wood surface. 
Meter readings must be adjusted 
through the use of factors 
corresponding to the temperature of 
the wood and to the species. 

Microfibril: the smallest natural 
unit of cell wall structure that can 
be distinguished with an electron 
microscope; primarily a bundle of 
cellulose polymer chains. 

Middle lamella: a thin layer of an 
isotropic substance, mainly lignin, 
located mid-way between wood cells, 
and which serves as a binding agent 
to hold the cells together. 

Mineral stain: olive to 
greenish-black streaks usually 
containing high mineral 
concentrations (common in hard 
maple). 

Miscible: capable of mixing or 
proportions to 
mixture (i.e. a 

dissolving in all 
give a homogeneous 
solution). 

Moisture content: 
weight of water 

in wood, the 
(bound and free) 

present, expressed as a percentage 
of the weight of the ovendry wood. 

Moisture distribution: the varying 
concentration of moisture throughout 
a piece of wood, usually from face 
to face but sometimes from end to 
end. 

Moisture gradient: a condition of 
graduated moisture content between 
the inner and outer portions of 
wood, due to loss or absorption of 
moisture. 

Pilaster: a column built as an 
integral part of a wall, used for 
support of load-bearing members. 

Piling, box: a method of flat 
piling random-length lumber; the 
longest boards are placed at the 
outer edges of the layers and the 
shorter boards are alternated 
lengthwise between the longer ones 
to produce square-end, hand-built 
piles, unit packages, or kiln 
truckloads. 

Piling, bulk (or solid, close 
piling): is a unit package or a 
pile without vertical spaces or 
stickers between the layers; i.e. 
it is not piled ready for drying. 

Piling, flat: lumber piled so that 
the face of the board is horizontal. 

Pit: a minute opening 
wall of woody cells, 
passageway from one 
(cavity) to the next. 

in the cell 
providing a 
cell lumen 

Pith: the small, soft (pulpy) core 
in the center of a tree stem, branch 
or twig. 

Plenum chamber: in kiln-drying the 
space for air circulation on the 
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pressure side of a fan or blower in 
which the air is maintained under 
pressure. 

Power-loss factor: the ratio of 
power absorbed per cycle of 
oscillating RF current to the total 
apparent power stored during the 
cycle. This relationship is 
affected by wood MC, and as such it 
is the basis for the RF-power-loss 
type moisture meter. 

Pressure, absolute: force per unit 
area exerted by a fluid on a surface 
at rest relative to the fluid, and 
referred to vacuum as zero pressure. 

Pressure, gauge: pressure indicated 
by a gauge, showing pressure above 
the local atmospheric pressure. 

Pressure, static: 
unit area exerted 
surface at rest 
fluid. 

the force per 
by a fluid on a 
relative to the 

Psychrometer: an instrument for 
measuring the dry-bulb and wet-bulb 
temperatures of the air, usually 
consisting of two thermometers. The 
difference between the two 
thermometer readings is used to 
determine the relative humidity of 
the air and the equilibrium moisture 
content (EMC) for wood (from 
standard tables). 

Pyrometer: an instrument for 
measuring high temperatures. 

Radial face or section: in wood the 
face exposed when lumber is 
quarter-sawn . i.e. face perpendicular 
to the annual growth rings. 

Radio frequency (RF): oscillating 
frequency (cycles per second or 
Hertz) of an electric field with 
frequencies of 10 kilohertz and 
higher. 

Ray, 
band 

wood: 
of 

in wood anatomy a 
wood cells extending 

radially from the bark towards the 
pith. 

Reaction wood: wood of more or less 
distinctive anatomical and shrinkage 
characteristics, formed in parts of 
leaning or crooked stems. In 
hardwoods it is termed "tension 
wood" and in softwoods "compression 
wood". 

Recorder-controller: instrumentation 
which automatically controls the 
kiln temperatures and records these 
temperatures on a time chart. 

Refractory wood: in relation to 
drying -- wood that is difficult 
to dry; it is relatively 
impermeable to the movement of 
liquids, e.g. white oak, beech that 
is not freshly cut, and wet pockets 
in poplar and white pine. 

Resin canal or resin duct: a 
tubular intercellular space usually 
containing resin and sheathed with 
specialized cells which secrete 
resin when in the living sapwood. 

Ring-porous wood: hardwoods in 
which the vessel cells of the 
earlywood are distinctly larger than 
those of the latewood, and form a 
well-defined zone or ring, e.g. oak. 

Sample board: a board from which 
one or more kiln samples be cut 
and placed in the kiln charge so 
that they can be removed 
periodically for examination, 
weighing, and MC determination. 

Sapwood: outer portion of a woody 
stem that, in a living tree, 
contains living cells and reserve 
materials, e.g. starch. The sapwood 
is usually lighter in color than the 
heartwood. 

sensible heat: 
or abstracted 
changes its 
Latent heat). 

heat which, added to 
from a substance, 

temperature; (see 

145 



Set: in relation to lumber 
seasoning, a localized 
semi-permanent deformation in wood 
caused by internal stresses. 

Set, compression: a set, occurring 
as a result of compressive stresses, 
that tends to give wood a smaller 
than normal dimension after drying; 
usually found in the interior of 
wood during the last stages of 
drying, but sometimes in the outer 
layers after over-conditioning or 
rewetting. 

Set, tension: a set, occuring as a 
result of tensile stresses, that 
tends to give wood a larger than 
normal dimension after drying, 
usually occurring in the outer 
layers during the first stages of 
drying. 

Shell: in lumber the outer 
portion of sawn boards and timbers. 

Shrinkage: contraction which occurs 
as wood is dried below the fiber 
saturation point. 

Specific gravity basic: the 
ratio of the ovendry weight of a 
piece of wood to the weight of water 
at 39°F (4°C) displaced by the wood. 
It is based on the green volume of 
the wood. 

stain, blue: a bluish or grayish 
discoloration in the sapwood caused 
by the growth of certain 
dark-colored fungi on the surface 
and in the interior of the wood, 
made possible by the same conditions 
that favor the growth of other 
fungi. 

Stain, brown, or kiln 
brownish discoloration 

burn: a 
of chemical 

origin in wood that sometimes occurs 
during the air-drying or kiln-drying 
of several softwood species 
(particularly white pine). 

Stain, sticker or sticker marking: a 
gray-to-blue chemical stain 
occurring on and beneath the 
surfaces of boards, where they are 
in contact with stickers; also, a 
brown stain, caused by fungi in air 
drying of lumber where the stickers 
contact the boards. 

Steam, saturated: steam at the same 
temperature as the water from which 
it was formed (and which does not 
contain droplets of water), as 
distinct from steam which has been 
subsequently heated. 

steam, superheated: 
temperature higher 

steam 
than 

at a 
the 

saturation temperature at a given 
pressure. 

Steam, wet: steam which contains 
suspended droplets of water. 

Steam trap: a mechanical device 
used on a steam line to 
automatically expel condensed water, 
while at the same time preventing 
the passage of steam. 

Stickers: strips or 
separate the layers 

slats used to 
(tiers) of 

lumber in a stack, thereby 
permitting air to circulate 
the layers. 

between 

Strain: the physical deformation 
caused in a material when a force is 
applied across it. 

stress, 
in wood 
moisture 
tendency 
set. 

drying: stress that occurs 
during drying because of 
gradients and its inherent 

to shrink unevenly and to 

stress, compressive: a drying 
stress found in the interior region 
of wood during the early stages of 
drying, caused by shrinking of the 
outer shell; also the stress in the 
outer layer later in drying caused 
by shrinking of the interior. 
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Stress relief: the result of a 
conditioning treatment following the 
final stages of drying, which causes 
a redistribution of moisture and 
relief of set, with a consequent 
relief of stresses. 

Stress section: a cross-section of 
a sample board that is cut into 
prongs of equal thickness from face 
to face, to detect the presence of 
stresses in wood. 

Stress, tensile: a drying stress 
found in the outer layers of wood 
during the early stages of drying 
when shrinkage is restrained by the 
still-wet interior regions; also 
the stress in the interior layers 
later in drying as they try to 
shrink but are restrained by the set 
outer shell. 

Tangential face or section: in wood 
-- the face exposed when lumber is 
flat-sawn, i.e. face parallel to the 
annual growth rings. 

Tension wood: abnormal wood 
(reaction wood) formed on the upper 
side of branches and inclined trunks 
of hardwood trees. Tension wood 
shrinks longitudinally more than 
normal wood, and the fibers tend to 
tear and pull out during sawing and 
machining. 

Torus: the central thickening of 
the pit membrane of certain wood 
cells, which if displaced against 
the pit opening, blocks the 
passageway between the cell cavities 
and prevents the movement of water. 

Tracheid: the long, cylindrical, 
fibrous cells which constitute a 
major part of the cellular structure 
of softwood trees. Its counterpart 
in hardwoods is the fiber, or more 
precisely, the fiber tracheid. 

Transverse face or section: a 
section cut at right angles to the 
grain -- also called cross section. 

Tyloses: tissue-like growths which 
extend into the cell cavities of 
vessels, effectively blocking the 
cavity to the free movement of 
liquids and vapor (most common in 
white oak and black locust). 

Vapor barrier: usually a sheet 
material such as aluminum foil or 
tar paper, highly resistant to vapor 
movement; used to protect materials 
and susceptible to damage 
from vapor and condensation (e.g. 
insulation). 

Vapor pressure: the pressure 
exerted by a vapor, either by itself 
or in a mixture of gases. The 
pressure of a given saturated vapor 
is a function of temperature only. 

Wet bulb, kiln: the temperature 
sensing bulb in the kiln which is 
covered by an absorbent wick 
extending into a water reservoir. 

wet-bulb temperature: the 
temperature indicated by a 
thermometer of which the bulb is 
covered by a wick, wet with water, 
and exposed to air movement. The 
resulting evaporation cools the 
water and the sensing bulb to the 
wet-bulb temperature. 

Wetwood or 
within wood 
following 

wet pockets: 
having some of 

characteristics: 
moisture content, presence 
bacteria (not decay fungi), 
acidity than adjacent wood, 
lower permeability than normal 
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Common abbreviations 

English 
BHP 

BTU 

OF 

Db 

EMC 

fpm 

FSP 

Hz 

hp 

SJ units 

cm3 
m3 
oc 

g/cm3 

J 

kcal 
kg 

kg/m 3 

kg/cm2 

Term 

boiler horsepower 

British thermal unit 

cubic centimetres 

cubic metres 

degree Celsius 

degree Fahrenheit 

dry bulb 

equilibrium moisture content 

feet per minute 

fiber saturation point 

grams per cubic centimetre 

Hertz (= cycles per second) 
(MHz = 1 million Hz; 
GHz = 1000 million Hz) 

horsepower 

joule 

kilocalorie 

kilogram 

kilograms per cubic metre 

kilograms per square centimetre 
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MC 

OD 

lb 

lb/ft 3 

psi 

psig 

RF 

RH 

rpm 

SG 

Mbf 

Wb 

M 

MJ/kg 

m/s 
r 

Pa 

Mega (one million) 

Megajoule per kilogram 

metres per second 

moisture content 

ovendry 

Pascal 

pound 

pounds per cubic foot 

pounds per square inch 

pounds per square inch gauge pressure 

radio frequency 

relative humidity 

revolutions per minute 

specific gravity 

thousand board feet 

wet bulb 
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Species commonly dried in eastern Canada 

English names 
White pine 

Red pine 

Jack pine 
(also Princess pine) 

Larch 
(also Tamarack & Hackmatack) 

White spruce 

Red spruce 

Black spruce 

Eastern hemlock 

Balsam fir 

White cedar 

Willow 

Trembling aspen 

Large-tooth aspen 

Noms francais 
Pin blanc 

Pin rouge 

Pin gris 

.. 

Meleze laricin 

Epinette blanche 

Epinette rouge 

Epinette noire 

Pruche du Canada 

Sapin baumier 

Thuya occidental 

Saule 

Peuplier faux-tremble 

Peuplier a grandes dents 

Balsam poplar Peuplier baumier 
(also Balm-of-Gilead & Tacamahac) 

Eastern cottonwood 

Butternut 

Walnut 

Peuplier deltoide 

Noyer cendre 

Noyer noir 

Appendix 3 

Latin names 
Pinus strobus L. 

Pinus resinosa Ait. 

Pinus banksiana Lamb. 

Larix laricina (Du Roi) K. Koch 

Picea glauca (Moench) Voss 

Picea rubens Sarg . 

Picea mariana (Mill.) B.S.P. 

Tsuga canadensis (L.) Carr. 

Abies balsamea (L.) Mill. 

Thuja occidentalis L. 

Salix (genus) 
Populus tremuloides Michx. 

Populus grandidentata Michx. 

Populus balsamifera L. 

Populus deltoides Bartr. 

Juglans cinerea L. 
Juglans nigra L. 

---------------------------------
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Hickory 

Yellow birch 

White birch 

Beech 

White oak 

Bur oak 

Red oak 

Black oak 

White elm 

Rock elm 

Red elm 
(also, Slippery elm) 

Hackberry 

Tulip tree 
(also, Yellow poplar) 

Sycamore 

Black cherry 

Hard maple 
(also Sugar maple) 

Silver (soft) maple 

Red (soft) maple 

Basswood 

White ash 

Black ash 

Caryer 

Bouleau jaune 
(aussi Merisier) 

Bouleau a papier 

Hetre (a grandes feuilles) 

Chene blanc 

Chene a gros fruits 

Chene rouge 

Chene noir 

orme d 'Amerique 

orme liege 

Orme rouge 

Micocoulier occidental 

Tulipier d'Amerique 

Platane occidental 

Cerisier tardif 

Erable a sucre 

Erable argente 

Erable rouge 

Tilleul d'Amerique 

Frene blanc 

Frene noir 

Carya (genus) 
Betula alleghaniensis Britton 

Betula papyrifera Marsh. 

Fagus grandifolia Ehrh. 

Quercus alba L. 

Quercus macrocarpa Michx. 

Quercus rubra L. 

Quercus velutina Lam. 

Ulmus americana L. 

Ulmus thomasii Sarg. 

Ulmus rubra Muhl. 

Celtis occidentalis L. 

Liriodendron tulipifera L. 

Platanus occidentalis L. 

Prunus serotina Ehrh. 

Acer saccharum Marsh. 

Acer saccharinum L. 

Acer rubrum L. 

Tilia americana L. 

Fraxinus americana L. 

Fraxinus nigra Marsh. 



Temperature conversion 

-40 
-37 
-34 
-32 
-29 
-26 
-23 
-21 
-18 
-15 
-12 
- 9 
- 7 
- 4 
- 1 

2 
4 
7 

10 
13 
16 
18 
21 
24 
27 
29 
32 
35 
38 

* 
-40 
-35 
-30 
-25 
-20 
-15 
-10 
- 5 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

-40 
-31 
-22 
-13 
- 4 

5 
14 
23 
32 
41 
50 
59 
68 
77 
86 
95 
104 
113 
122 
131 
140 
149 
158 
167 
176 
185 
194 
203 
212 

41 
43 
46 
49 
52 
54 
57 
60 
63 
66 
68 
71 
74 
77 
79 
82 
85 
88 
91 
93 
96 
99 

100 
102 
104 
107 
110 
113 
116 

* 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
205 
210 
212 
215 
220 
225 
230 
235 
240 

Appendix 4 

221 
230 
239 
248 
257 
266 
275 
284 
293 
302 
311 
320 
329 
338 
347 
356 
365 
374 
383 
392 
401 
410 
414 
419 
428 
437 
446 
455 
464 

* The numbers in the center column refer to the temperature (either in 
Celsius or Fahrenheit) to be converted to the other scale. If 
converting Fahrenheit to Celsius, the Celsius temperature will be found 
in the left column. If converting Celsius to Fahrenheit, the Fahrenheit 
temperature will be found in the right column. The data have been 
rounded to the nearest whole number. 
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Commonly used conversion factors (rounded to three significant decimal figures) 

Weight 
1 pound 
1 kilogram 

1 short ton 
1 metric ton 
1 short ton 
1 metric ton 

Length 
1 inch 
1 centimetre 

1 foot 
1 metre 

1 metre 
1 yard 

1 mile 
1 kilometre 

Volume (liquid measure) 
1 imperial gallon 
1 litre · 

1 imperial gallon 
1 u.s. gallon 

1 u.s. gallon 
1 litre 
1 cubic foot 

= 0.454 kilograms 
= 2.205 pounds 

= 2,000 pounds 
= 1,000 kilograms 
= 0.907 metric tons 
= 1.102 short tons 

= 2.54 centimetres 
= 0.394 inches 

= 0.305 metres 
= 3.281 feet 

= 1.094 yards 
= 0.914 metres 

= 1.609 kilometres 
= 0.621 miles 

= 4.546 litres 
= 0.220 imperial gallons 

= 1.201 U.S. gallons 
= 0.833 imperial gallons 

= 3.785 litres 
= 0.264 U.S. gallons 
= 6.229 imperial gallons 
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Volume (solid cubic measure) 
1 cubic inch = 16.387 cubic centimetres 
1 cubic centimetre = 0.061 cubic inches 
1 cubic foot = 28,316.847 cubic centimetres 

1 cubic yard = 0.765 cubic metres 
1 cubic metre = 1.308 cubic yards 
1 board foot = 0.00236 cubic metres 

Velocity 
1 foot per second = 60 feet per minute 
1 foot per second = 0.682 miles per hour 
1 mile per hour = 1.467 feet per second 

1 foot per second = 0.305 metres per second 
1 metre per second = 3.281 feet per second 

Pressure 
...... 1 pound per square inch = 6.895 kilopascals 
Ul 
Ul Energy 

1 British Thermal Unit = 1,054 joules 
= 251.996 gram calories 
= 0.293 watt hours 

1 kilowatt hour = 3.6 MJ 
1 joule = 1.0 watt second exactly 
1 Megajoule = 948.6 BTU 

Power 
1 horsepower = 746 watts 
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Properties of water, and saturated steam (English units) 

Temp. 
OF 

32 (water) 

126 

153 

170 

183 

193 

202 

210 

212 

228 

240 

250 

Saturated 
steam pressure 
psia psig 

0.09 -
2 -
4 -
6 -
8 -

10 -

12 -
14 -
14.7 · o 

20 5.3 

25 10.3 

30 15.3 

Volume of 1 lb 
liquid vapor 
cu ft cu ft 

0.0160 3,304 

0.0162 174 

0.0164 91 

0.0165 62 

0.0165 47 

0.0166 38 

0.0166 32 

0.0167 28 

0.0167 26.8 

0.0168 20.1 

0.0169 16.3 

0.0170 13.7 

Heat content* 
of liquid 

BTU/lb 

0 

94 

121 

138 

151 

161 

170 

178 

180 

196 

208 

219 

Latent heat 
of evap. 

BTU/lb 

1075 

1022 

1006 

996 

988 

982 

977 

972 

970 

960 

952 

945 

Appendix 6 

Total heat* 
content 

BTU/lb 

1075 

1116 

1127 

1134 

1139 

1143 

1147 

1150 

1150 

1156 

1160 

1164 



Temp. Saturated Volume of lb Heat content* Latent heat Total heat* 
OF steam ,2ressure liquid vapor of liquid of evap. content 

psi a psig cu ft cu ft BTU/lb BTU/lb BTU/lb 

259 35 20.3 0.0171 11.9 228 939 1167 

267 40 25.3 0.0172 10.5 236 934 1170 

274 45 30.3 0.0172 9.4 243 929 1172 

281 so 35.3 0.0173 8.5 250 924 1174 

287 55 40.3 0.0173 7.8 256 920 1176 

293 60 45.3 0.0174 7.2 262 916 1178 

I-' 303 70 55.3 0.0175 6.2 273 908 1181 
U1 
...] 

312 80 65.3 0.0176 5.5 282 901 1183 

320 90 75.3 0.0177 4.9 291 895 1186 

328 100 85.3 0.0177 4.4 298 889 1187 

335 110 95.3 0.0178 4.0 306 883 1189 

341 120 105.3 0.0179 3.7 312 878 1190 

*Above liquid state at 32°F 



Appendix 6 (continued) 

Properties of water, and saturated steam (SI units) 

Temp. Saturated 
oc steam .12ressure Volume of 1 kg Heat content* Latent heat Total heat* 

kPa kPa liquid vapor of liquid of evap. content 
absolute gauge m3 m3 kJ/kg kJ/kg kJ/kg 

0 (water) 0.62 - 0.00100 206.3 0 2499 2499 

52.2 13.8 - 0.00101 10.9 219 2376 2594 

1--' 67.2 27.6 - 0.00102 5.68 281 2338 2620 
U1 
co 

76.7 41.4 - 0.00103 3.87 321 2315 2636 

83.9 55.2 - 0.00103 2.93 351 2297 2648 

89.4 68.9 - 0.00104 2.37 374 2283 2657 

94.4 82.7 - 0.00104 2.00 395 2271 2666 

98.9 96.5 - 0.00104 1. 75 414 2259 2673 

100.0 101.4 0 0.00104 1.67 418 2255 2673 

108.9 137.9 36.5 0.00105 1.25 456 2232 2687 

115.6 172.3 71.0 0.00106 1.02 484 2213 2696 

121.1 206.8 105.5 0.00106 0.855 509 2197 2706 

-·--



Temp. Saturated 
oc steam 12ressure Volume of 1 kg Heat content* Latent heat Total heat* 

kPa kPa liquid vapor of liquid of evap. content 
absolute gauge rn3 rn3 kJ/kg kJ/kg kJ/kg 

126.1 241.3 140.0 0.00107 0.743 530 2183 2713 

130.6 275.8 174.4 0.00107 0.655 549 2171 2720 

134.4 310.3 208.9 0.00107 0.587 565 2160 2724 

138.3 344.7 243.4 0.00108 0.531 581 2148 2729 

141.7 379.2 277.9 0.00108 0.487 595 2139 2734 

145.0 413.7 312.3 0.00109 0.449 609 2129 2738 

I-' 150.6 482.6 381.3 0.00109 0.387 635 2111 2745 U1 
\0 

155.6 551.6 450.2 0.00110 0.343 656 2094 2750 

160.0 620.5 519.2 0.00110 0.306 676 2080 2757 

164.4 689.5 588.1 0.00110 0.275 693 2067 2759 

168.3 758.4 657.1 0.00111 0.250 711 2053 2764 

171.7 827.4 726.0 0.00112 0.231 725 2041 2766 

*Above liquid state at 0°C. 



Table 1 

Average green moisture contents for important hardwoods utilized in 
eastern Canada 
Species Moisture Content (%) 

Heartwood Sapwood Mixed 

Ash, black 95 

Ash, white 46 44 

Aspen (poplar) 95 113 

Basswood 81 133 

Beech 55 72 

Birch, white 74 72 73 

Birch, yellow 70 68 69 

Cherry, black 58 65 

Elm, white 95 92 

Elm, rock 44 57 

Hickory (various) 75 53 

Maple, red (soft) 70 

Maple, silver (soft) 58 97 

Maple, sugar (hard) 65 72 68 

Oak, red 80 69 

Oak, white 64 78 

Walnut, black 90 73 
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Average green moisture contents for important softwoods utilized in 
eastern Canada 
Species Moisture Content 

Heartwood Sapwood 

Cedar, eastern white 32 240 

Cedar, western red 58 249 

Cypress, yellow (yellow cedar) 32 166 

Douglas-fir, coastal 39 115 

Douglas-fir, interior 31 132 

Fir, balsam 88 173 

Hemlock, eastern 107 129 

Hemlock, western 55 143 

Juniper (eastern red cedar) 33 

Pine, eastern white 50 175 

Pine, red 32 134 

Pine, jack 

Spruce, white 38 144 

Spruce, Sitka 41 142 

Spruce, black 52 113 

Spruce, red 41 132 

Tamarack 49 

163 

Table 2 

(%) 

Mixed 

93 

62 

52 

45 

43 

118 

111 

85 

90 

51 

55 

43 

77 

89 



1--' 
0'1 
U'l 

RELATIVE HUMIDITY 1 AND APPROXIMATE EQUILIBRIUM MOISTURE CONTENT2 

OF WOOD FOR STORAGE OR LOW-TEMPERATURE DRYING CONDITIONS 

Dry- Wet-bulb Depression (F 0
) 

bulb 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 (o F) 

30 { 78 67 56 46 36 26 16 6 
18.3 14.4 11.9 10.3 8.4 7.0 5.3 3.4 

35 { 81 72 63 54 45 36 27 19 10 
19.5 15.6 13.2 11.3 9.8 8.4 6.9 5.6 4.0 

40 { 83 75 68 60 52 45 37 29 22 15 7 
20.2 16.6 14.3 12.4 10.8 9.7 8.3 7.2 5.9 4.8 3.3 

45 { 86 78 71 64 57 51 44 38 31 25 18 12 6 
21.3 17.6 14.9 13;·.o . 11.7 10.6 9.3 8.3 7.3 6.3 5.2 4.1 2.9 

50 { 87 80 74 67 61 55 49 43 38 32 27 21 16 10 5 
21.5 18.2 15.6 13.6 12.3 11.1 10.1 9.0 8.2 7.3 6.4 5.4 4.7 3.5 1.1 

55 { 88 82 76 70 65 59 54 49 43 38 33 28 23 19 14 9 5 
21.9 18.9 16.2 14.3 12.9 11.8 10.8 9.9 8.8 8.1 7.3 6.4 5.6 4.9 4.2 3.3 2.4 

60 { 89 83 78 73 68 63 58 53 48 43 39 34 30 26 21 17 13 
22.2 19.0 17.0 15.0 13.5 12.4 11.3 10.5 9.6 8.6 8.1 7.3 6.5 5.8 5.2 4.4 3.8 

65 85 80 75 70 66 61 56 52 48 44 39 35 31 27 24 20 
20.0 )7.5 15.4 13.9 12.8 11.9 10.8 10;2 9.4 8.6 7.9 7.2 6.5 5.9 5.4 4.8 

70 {2?s 
86 81 77 72 68 64 59 55 51 48 44 40 36 33 29 25 

20.3 17.8 15.9 14.3 13.2 12.3 11.2 10.5 9.8 9.2 8.5 7.9 7.2 6.7 6.0 5.4 

75 { 91 86 82 78 74 70 66 62 58 54 51 47 44 40 37 34 30 
23.0 20.0 17.9 16.0 14.6 13.5 12.6 11.7 10.8 10.2 9.6 8.8 8.4 7. 7 7.2 6.7 6.0 

80 { 91 87 83 79 75 72 68 64 61 57 54 50 47 44 41 38 35 
22.7 20.3 18.0 16.2 14.8 13.9 12.9 12.0 11.3 10.5 10.0 9.2 8.7 8.2 7. 7 7.2 6.7 

85 { 92 88 84 80 76 73 70 66 63 59 56 53 50 47 44 41 38 
23.4 20.5 18.2 16.5 14.9 14.0 13.3 12.3 11.5 10.8 10.2 9.6 9.0 8.5 8.0 7.5 7.1 

90 { 92 89 85 81 78 74 71 68 65 61 58 55 52 49 47 44 41 
23.0 20.9 18.5 16.6 15.4 14.1 13.3 12.5 11.8 10.9 10.4 9.8 9.2 8.7 8.4 7.8 7.4 

95 { 93 89 85 82 79 75 72 69 66 63 60 57 54 52 49 46 43 
23.6 20.5 18.4. 17.0 15.5 14.2 13.4 12.6 11.9 11.2 10.7 10.0 9.4 9.0 8.5 8.0 7.5 
1.1 1.7 2.2 2.8 3.3 3.9 4.4 5.0 5.6 6.1 6.7 7.2 7.8 8.3 8.9 9.4 10.0 

Wet-bulb Depression.(C 0
) 

1 Relative humJdity values in roman type. 
2 Equilibrium moisture content values in italic type. 

Table 3 

Dry-
19 20 22 24 26 28 30 bulb 

C C) 

-1.1 

1.7 

4.4 

7.2 

10.0 

12.8 

9 5 15.6 3.1 2.3 
16 12 5 18.3 4.2 3.5 2.3 
22 19 12 6 21.1 4.9 4.5 3.3 2.3 

27 24 18 12 7 23.9 5.6 5.1 4.2 3.3 2.4 
32 29 23 18 12 7 26.7 6.2 5.7 4.8 4.0 3.1 2.2 
35 32 27 22 17 13 8 29.4 6.5 6.0 5.3 4.5 3.8 3.1 2.4 

39 36 31 26 22 17 13 32.2 7.1 6.5 5.7 4.9 4.4 3.6 3.0 
42 38 34 30 25 21 17 35.0 7.4 6.7 6.0 5.4 4.6 4.1 3.5 

10.6 11.1 12.2 13.3 14.4 15.6 16.7 



Table 4 
RELATIVE HUMIDITY 1 AND APPROXIMATE EQUILIBRIUM 
MOISTURE CONTENT2 OF WOOD FOR CONVENTIONAL TEMPERATURES 
(air-steam mixture at atmospheric pressure) 

Dry Wet-bulb Depression (F 0
) 

Bulb 
(of) 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

100 93 89 86 83 80 77 73 70 68 65 62 59 56 54 
23.3 20.4 18.5 17.1 15.6 14.6 13.4 12.7 12.2 11.4 10.8 10.2 9.6 9.3 

105 93 90 87 83 80 77 74 72 69 66 63 60 58 56 
23.1 20.7 18.7 16.7 15.3 14.4 13.5 12.9 12.3 11.5 10.9 10.3 9.8 9.4 

110 93 90 87 84 81 78 75 72 70 67 64 62 60 57 
22.8 20.5 18.4 17.0 15.5 14.5 13.6 12.8 12.3 11.6 10.8 10.5 10.1 9.5 

115 93 90 88 85 82 79 76 73 71 68 66 63 61 59 
22.5 20.0 18.7 17.3 15.6 14.7 13.7 12.9 12.4 11.7 11.1 10.5 10.1 9.7 

120 94 91 88 85 82 79 71 74 72 69 66 64 62 60 
23.4 20.5 18.4 17.0 15.4 14.4 13.8 12.9 12.4 11.8 10.9 10.5 10.1 9.7 

125 94 91 88 86 83 80 78 75 73 70 68 65 63 61 
22.9 20.0 18.1 17.2 15.5 14.5 14.0 13.0 12.5 11.8 11.2 10.5 10.2 9.7 

130 94 91 89 86 83 80 78 76 73 71 68 66 64 62 
22.5 19.5 18.3 16.9 15.3 14.3 13.8 13.1 12.4 11.8 11.0 10.6 10.1 9.8 

135 94 92 89 86 84 81 79 77 74 72 69 67 65 63 " 
22.1 20.0 18.0 16.5 15.5 14.4 13.8 13.2 12.4 11.9 11.0 10.6 10.2 9.8 

140 94 92 89 87 84 81 79 17 75 72 70 68 66 64 
21.8 19.5 17.7 16.7 15.2 14.3 13.6 13.0 12.5 11.7 11.1 10.7 10.2 9.8 

145 95 92 90 87 85 82 80 78 75 73 71 69 67 65 
22.3 19.1 18.0 16.4 15.3 14.3 13.7 13.1 12.3 11.8 11.1 10.7 10.2 9.8 

150 95 92 90 87 85 82 80 78 76 74 72 70 68 66 
21.9 18.8 17.7 16.0 15.1 14.2 13.5 12.9 12.3 11.8 11.2 10.7 10.2 9.8 

155 95 93 90 88 85 83 81 79 77 74 72 71 69 67 
21.5 19.0 17.4 16.3 14.8 14.3 13.6 13.0 12.5 11.6 11.0 10.7 10.2 9.8 

160 95 93 90 88 86 83 81 79 77 75 73 71 69 67 
21.2 18.7 17.1 16.0 15.0 14.1 13.4 12.8 12.3 11.7 11.0 10.5 10.1 9.6 

165 95 93 91 88 86 84 82 80 78 76 74 72 70 68 
20.3 18.5 17.4 15.7 14.8 14.2 13.5 12.9 12.3 11.7 11.0 10.6 10.1 9.7 

170 95 93 91 89 86 84 82 80 78 76 74 72 70 69 
19.5 18.2 17.1 15.9 14.6 14.0 13.3 12.7 12.1 11.4 10.8 10.3 9.8 9.7 

175 96 94 91 89 87 85 83 81 79 77 75 73 71 70 
19.9 18.4 16.6 15.5 14.7 14.1 13.4 12.8 12.2 11.5 10.9 10.4 9.9 9.6 

180 96 94 91 89 87 85 83 81 79 77 75 73 72 70 
19.3 18.1 16.4 15.1 14.5 13.9 13.2 12.6 11.9 11.3 10.7 10.2 9.9 9.4 

185 96 94 92 90 87 85 83 82 80 78 76 74 72 71 
18.9 17.9 16.6 15.3 14.3 13.7 13.0 12.7 12.0 11.3 10.7 10.2 9.7 9.5 

190 96 94 92 90 88 85 84 82 80 78 76 75 73 71 
18.5 17.5 16.2 15.0 14.4 13.4 13.0 12.4 11.8 11.1 10.5 10.2 9.7 9.3 

195 96 94 92 90 88 86 84 82 80 78 77 75 73 72 
18.3 17.2 15.9 14.8 14.2 13.5 12.8 12.2 11.4 10.8 10.5 10.0 9.5 9.3 

200 96 94 92 90 88 86 84 82 80 79 17 75 74 72 
18.0 16.9 15.5 14.6 14.0 13.3 12.6 12.0 11.1 10.8 10.3 9.8 9.5 9.0 

205 96 94 . 92 90 88 86 84 83 81 79 77 76 74 72 
17.6 16.4 15.0 14.4 13.8 13.0 12.4 12.0 11.3 10.6 10.0 9.8 9.3 8.8 

210 96 94 93 90 88 87 85 83 81 80 78 76 75 73 
17.2 16.0 15.5 14.3 13.5 13.1 12.5 11. 7 10.9 10.6 10.0 9.5 9.3 8.8 
1.1 1.7 2.2 2.8 3;] 3.9 4.4 5.0 5.6 6.1 6.7 7.2 7.8 8.3 

Wet-bulb Depression (C 0
) 

1 Relative humidity values in roman type. 
1 Equilibrium moisture content values in italic type. 

166 

Dry 
Bulb 

16 (OC) 

51 37.8 8.7 
53 40.6 8.8 
55 43.3 9.0 
56 46.1 9.0 
57 48.9 9.1 
59 51.7 9.3 
60 54.4 9.3 
61 57.2 9.3 
62 60.0 9.3 
63 62.8 9.4 
64 65.6 9.4 
65 68.3 9.3 
65 71.1 9.2 
66 73.9 9.2 
67 76.7 9.2 
68 79.4 9.2 
68 82.2 9.0 
69 85.0 9.0 
69 87.8 8.8 
70 90.6 8.8 
70 93.3 8.8 
71 96.1 8.5 
71 98.9 8.4 

8.9 



Table 4 (continued) 

Dry Wet-bulb Depression (F 0
) Dry 

Bulb Bulb 
eF> 17 18 19 20 22 24 26 28 30 32 34 36 38 40 45 50 55 60 eq 
100 49 46 44 41 37 33 28 24 21 17 13 10 7 ...... . . . . . ... .... . ... 37.8 8.4 7.9 7.5 7.0 6.3 5.7 4.9 4.4 4.0 3.4 2.8 2.4 2.0 .... . . . . . . . . . ... . ... 
105 51 48 46 44 40 36 32 28 24 20 17 14 11 7 0 0 0 0 .... • • 0 • . . . . 40.6 8.5 8.0 7.7 7.3 6.7 5.9 5.3 4.8 4.2 3.7 3.3 2.9 2.5 2.0 •• 0 0 0 0 •• • 0 •• • • 0. 

110 52 50 48 46 41 37 34 30 27 23 20 17 14 11 ••• 0 • 0 •• 0. 0 • • • • 0 43.3 8.5 8.2 7.8 7.5 6.6 5.9 5.5 4.9 4.5 4.0 3.6 3.2 2.8 2.4 •• 0 • • • 0 • • • 0 • • • • 0 

115 54 52 50 47 44 40 36 33 29 26 24 20 17 14 . . . . . . . . 0. 0 • . ... 46.1 8.7 8.3 8.0 7.7 7.0 6.3 5.6 5.2 4.7 4.3 4.0 3.5 3.1 2.7 .... • • 0. 0. 0 • • • 0. 

120 55 53 51 49 45 41 38 34 31 28 25 22 19 16 10 0 ••• • 0. 0 . ... 48.9 8.7 8.3 8.0 7. 7 7.0 6.3 5.8 5.3 4.8 4.4 4.0 3.7 3.3 2.9 2.2 .... 0 0. 0 ••• 0 

125 57 55 53 51 47 43 40 37 33 30 28 25 22 19 14 0 ••• • 0 •• • 0 0. 51.7 8.9 8.5 8.1 7.8 7.1 6.4 5.9 5.5 4.9 4.5 4.3 3.9 3.5 3.2 2.6 .... • 0 0 0 .... 
130 58 56 54 52 48 44 41 38 35 32 29 26 24 21 15 10 0 0 0 • • 0 •• 54.4 8.9 8.5 8.2 7.8 7.2 6.4 5.9 5.5 5.1 4.7 4.3 3.9 3.7 3.3 2.6 2.1 .... • • • 0 

135 59 57 55 53 so 46 43 40 37 34 31 28 26 24 18 13 • 0 •• • 0 •• 57.2 8.9 8.5 8.2 7.8 7.3 6.6 6.1 5.6 5.2 4.8 4.4 4.0 3.8 3.6 2.8 2.3 .... • 0 •• 

140 60 58 56 54 51 47 44 41 38 35 33 30 27 25 19 14 10 0 ... 0 60.0 8.9 8.5 8.2 7.8 7.3 6.6 6.1 5.6 5.2 4.8 4.6 4.2 3.8 3.6 2.9 2.4 2.0 .... 
145 61 59 57 55 52 49 45 43 40 37 35 32 29 27 21 17 12 ••• 0 62.8 8.9 8.5 8.2 7.8 7.3 6.7 6.0 5.7 5.3 4.9 4.7 4.3 4.0 3.7 3.0 2.6 2.1 .... 
150 62 60 58 51 53 49 46 43 41 38 36 33 30 28 23 18 13 .... 65.6 8.9 8.5 8.2 7.9 7.3 6.6 6.0 5.6 5.4 4.9 4.7 4.3 4.0 3.8 3.2 2.7 2.2 •• 0. 

155 63 61 59 58 54 51 48 45 42 40 37 34 32 30 24 20 15 11 68.3 8.9 8.5 8.2 7.9 7.3 6.7 6.2 5.7 5.3 5.0 4.7 4.3 4.1 3.8 3.2 2.8 2.4 1.9 
160 64 62 60 58 55 52 49 46 43 41 38 35 33 31 25 21 17 13 71.1 8.9 8.5 8.2 7.8 7.3 6.8 6.3 5.8 5.3 5.0 4.7 4.4 4.1 3.9 3.2 2.8 2.5 2.1 

165 65 63 61 59 56 53 so 47 44 42 39 37 35 32 27 23 18 14 73.9 8.9 8.5 8.2 7.8 7.3 6.7 6.2 5.7 5.3 5.0 4.7 4.4 4.2 3.9 3.4 2.9 2.5 2.2 
170 65 63 62 60 57 53 51 48 45 43 40 38 35 33 28 24 19 15 76.7 8.7 8.3 8.2 7.8 7.3 6.5 6.2 5.7 5.3 5.0 4.7 4.4 4.2 3.9 3.4 2.9 2.5 2.2 

175 66 64 63 61 58 55 52 49 46 44 42 39 37 35 29 25 21 17 79.4 8.7 8.3 8.1 7.8 7.2 6.7 6.2 5.7 5.3 5.0 4.8 4.5 4.3 4.0 3.4 3.0 2.7 2.3 
180 67 65 63 62 58 55 52 50 47 45 42 40 38 35 30 26 22 18 82.2 8.7 8.4 7.9 7.8 7.1 6.5 6.0 5.7 5.3 5.0 4.7 4.5 4.3 3.9 3.4 3.0 2.7 2.4 
185 67 66 64 62 59 56 53 51 48 46 43 41 39 37 32 27 23 19 85.0 8.5 8.3 7.9 7.6 7.0 6.5 6.0 5.7 5.3 5.0 4.7 4.5 4.3 4.0 3.6 3.1 2.7 2.4 

190 68 66 65 63 60 57 54 51 49 46 44 42 39 37 32 28 24 20 87.8 8.6 8.1 7.9 7.5 7.0 6.5 6.0 5.6 5.3 4.9 4.7 4.5 4.2 3.9 3.4 3.1 2.7 2.4 
195 68 67 65 64 61 58 55 52 50 47 45 43 40 38 33 29 25 21 90.6 8.4 8.1 7.7 7.6 7.0 6.5 6.0 5.6 5.3 4.9 4.7 4.5 4.2 4.0 3.6 3.1 2.8 2.4 

2ao 69 67 66 64 61 58 55 53 51 48 46 43 41 39 34 30 26 22 93.3 8.4 7.9 7.8 7.4 6.9 6.3 5.9 5.5 5.3 4.9 4.7 4.4 4.2 4.0 3.5 3.2 2.8 2.5 
205 69 68 66 65 62 59 56 54 51 49 46 44 42 40 35 31 27 23 96.1 8.2 7.9 7.6 7.4 6.8 6.3 5.9 5.6 5.2 4.9 4.6 4.4 4.3 4.0 3.5 3.2 2.8 2.6 
210 70 68 67 65 62 60 57 54 52 49 47 45 43 41 36 32 28 24 98.9 8.1 7.8 7.5 7.2 6.7 6.3 5.9 5.4 5.1 4.8 4.7 4.4 4.3 4.0 3.6 3.2 2.8 2.6 

9.4 10.0 10.6 11.1 12.2 13.3 14.4 15.6 16.7 17.8 18.9 20.0 21.1 22.2 25.0 27.8 30.6 33.3 
Wet-bulb Depression (C 0

) 

1 Relative humidity values in roman type. 
2 Equilibrium moisture content values in italic type. 
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I-' 

1.0 

RELATIVE HUMIDITY 1 AND APPROXIMATE EQUILIBRIUM MOISTURE CONTENT2 OF 
WOOD FOR HIGH TEMPERATURES (air-steam mixture at atmospheric pressure) 

Dry Wet-bulb Depression (F 0
) 

Bulb 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 
(of) 

212 92 82 73 64 57 52 47 42 38 34 30 
14.4 11.0 8.5 6.7 5.7 5.0 4.5 4.0 3.6 3.0 2.9 

215 90 82 74 66 58 52 47 43 38 34 30 
14.0 10.7 8.7 7.0 5.7 5.0 4.5 4.0 3.5 3.3 2.9 

220 82 74 67 61 52 47 42 38 34 31 27 
10.4 8.3 6.9 5.9 5.0 4.3 3.9 3.5 3.2 2.9 2.6 

225 74 67 62 56 48 42 38 35 31 28 25 
8.0 6.6 5.8 5.1 4.3 3.7 3.4 3.2 2.8 2.6 2.3 

230 67 61 55 51 44 39 35 32 28 25 23 
6.3 5.5 4.9 4.5 3.8 3.4 3.1 2.8 2.5 2.3 2.1 

235 61 55 51 46 40 35 31 29 26 23 21 
5.4 4.7 4.3 3.9 3.4 3.0 2. 7 2.5 2.3 2.1 1.9 

240 56 51 46 42 37 32 29 26 24 21 19 
4.7 4.2 3.8 3.5 3.1 2.7 2.5 2.2 2.1 1.9 1.7 

245 51 47 42 38 34 30 27 24 22 19 17 
4.0 3.8 3.4 3.1 2.8 2.5 2.3 2.0 1.9 1.6 1.5 

250 47 43 39 35 30 28 24 22 20 17 
3.6 3.4 3.1 2.8 2.4 2.2 2.0 1.8 1. 7 1.4 

255 43 39 36 32 28 25 22 20 18 
3.3 3.0 2.8 2.5 2.2 2.0 1.8 1.6 1.5 

260 40 36 32 30 26 23 20 19 
2.9 2.7 2.4 2.2 2.0 1.8 1.6 1.5 

2.8 5.6 8.3 11.1 13.9 16.7 19.4 22.2 25 .0 27.8 30.6 33.3 36.1 38.9 41.7 44.4 47.2 
Wet-bulb Depression (C 0

) 

1 Relative humidity values in roman type. 
l Equilibrium moisture content values in italic type. 

Table 5 

Dry 
90 95 100 Bulb 

(OC) 

100 

101.7 

104.4 

107.2 

110.0 

112.8 

115.6 

118.3 

16 121.1 1.3 

16 14 123.9 1.3 1.2 
17 IS 13 126.7 1.3 1.2 1.0 

50.0 52.8 55 .6 



Table 6 

I Average shrinkages for important hardwoods utilized in eastern Canada 
Shrinkage (%) 

(based on dimensions when green) 

Radial Tangential Volumetric 

Green to Green to Green to Green to Green to Green to 
Species ovendry airdry* ovendry airdry* oven dry airdry* 

Ash, black 4.3 2.6 8.2 4.9 13.8 7.9 

Ash, white 4.2 2.5 7.0 4.2 13.1 7.2 

Aspen (poplar) 3.6 2.2 6.6 4.0 11.8 8.3 

Basswood 6.7 4.0 9.3 5.6 18.4 13.4 

Beech 5.2 3.1 10.1 6.1 17.3 11.7 

Birch, white 5.2 3.1 7.2 4.3 13.8 10.5 

Birch, yellow 5.8 3.5 7.1 4.3 15.1 9.9 

Cherry, black 4.0 2.4 7.1 4.3 12.7 8.6 

Elm, white 4.4 2.6 7.8 4.7 15.2 9.4 

Elm, rock 5.2 3.1 9.2 5.5 14.8 10.7 

Hickory, 4.9 2.9 8.4 5.0 17.2 11.1 
shagbark 

Maple, red 3.6 2.2 6.0 3.6 12.4 8.2 
(soft) 

Maple, silver 3.2 1.9 6.4 3.8 12.8 7.3 
(soft) 

Maple, sugar 4.6 2.8 8.8 5.3 15.7 9.3 
(hard) 

Oak, red 3.6 2.2 6.7 4.0 12.0 6.9 

Oak, white 4.7 2.8 6.0 3.6 16.6 9.6 

Walnut, black 4.8 2.9 7.8 4.7 13.8 9.4 

* Approximate shrinkage at 12% MC. 
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Table 7 

Average shrinkages for important softwoods utilized in eastern Canada 

Shrinkage (%) 

(based on dimensions when green) 

Radial Tangential Volumetric 

Green to 
Species ovendry 

Cedar, eastern 1.7 
white 

Cedar, western 2.1 
red 

Cypress, yellow 
(yellow cedar) 

Douglas-fir 

Fir, balsam 

Hemlock, 
eastern 

Hemlock, 
western 

3.7 

4.8 

2.7 

3.5 

5.4 

Juniper (eastern 3.1 
red cedar) 

Pine, eastern 2.5 
white 

Pine, red 3.7 

Pine, jack 4.0 

Spruce, white 3.2 

Spruce, Sitka 4.6 

Spruce, black 3.8 

Spruce, red 4.0 

Tamarack 2.8 

Green to 
air dry* 

1.0 

1.3 

2.2 

2.9 

1.6 

2.1 

3.2 

1.9 

1.5 

2.2 

2.4 

1.9 

2.8 

2.3 

2.4 

1.7 

* Approximate shrinkage at 12% MC. 

Green to 
oven dry 

3.6 

4.5 

6.0 

7.4 

7.5 

6.7 

8.5 

4.7 

6.3 

6.3 

5.9 

6.9 

7.8 

7.5 

7.9 

6.2 
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Green to 
airdry* 

2.2 

2.7 

3.6 

4.4 

4.5 

4.0 

5.1 

2.8 

3.8 

3.8 

3.5 

4.1 

4.7 

4.5 

4.7 

3.7 

Green to 
ovendry 

6.4 

7.8 

9.4 

11.9 

10.7 

11.2 

13.0 

7.7 

8.2 

9.6 

9.6 

11.3 

11.7 

11.1 

11.7 

11.2 

Green to 
airdry* 

3.8 

4.8 

5.0 

7.0 

5.7 

6.2 

8.1 

4.6 

4.5 

6.5 

5.7 

6.8 

6.0 

6.5 

6.2 

7.1 



Table 8 

Average basic density* for important species utilized in eastern Canada 

SOFTWOODS HARDWOODS 

lb per g per . lb per g per 
Species ft 3 cm3 Species ft 3 cm 3 

Cedar, eastern white 18.7 0.30 Ash, black 29.3 0.47 

Cedar, western red 19.4 0.31 Ash, white 35.6 0.57 

Cypress, yellow 26.2 0.42 Aspen (poplar) 23.1 0.37 
(yellow cedar) 

Douglas-fir, coastal 28.1 0.45 Basswood 22.5 0.36 

Douglas-fir, interior 26.2 0.42 Beech 36.8 0.59 

Fir, balsam 21.2 0.34 Birch, white 31.8 0.51 

Hemlock, eastern 25.0 0.40 Birch, yellow 35.0 0.56 

Hemlock, western 25.6 0.41 Cherry, black 31.8 0.51 

Juniper (eastern 27.5 0.44 Elm, white 32.5 0.52 
red cedar) 

Pine, eastern white 22.5 0.36 Elm, rock 38.7 0.62 

Pine, red 24.3 0.39 Hickory (various) 40.0 0.64 

Pine, jack 26.2 0.42 Maple, red (soft) 32.5 0.52 

Spruce, White 21.8 0.35 Maple, silver 28.7 0.46 
(soft) 

Spruce, Sitka 21.8 0.35 Maple, sugar 37.5 0.60 
(hard) 

Spruce, black 25.6 0.41 Oak, red 36.2 0.58 

Spruce, red 23.7 0.38 Oak, white 40.6 0.65 

Tamarack 30.0 0.48 Walnut, black 34.3 0.55 

*based on volume when green (i.e. before any shrinkage due to drying) and 
weight when ovendry; volume is measured in cubic feet (ft 3) or in cubic 
centimeters (cm3). 
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Table 9 

Volume of lumber per thousand board feet for various standard softwood lumber sizes 
Nominal Surfaced Green Surfaced Dry (< 19% MC) 
Sizel Actual Volume Actual Volume 
(inches) size (inches) Cubic feet Cubic meters size (inches) Cubic feet Cubic meters 

1 X 2 25/32 X 1 9/16 50.9 1.44 3/4 X 1 1/2 46.9 1. 33 
1 X 3 25/32 X 2 9/16 55.6 1.57 3/4 X 2 1/2 52.1 1.48 
1 X 4 25/32 X 3 9/16 58.0 1.64 3/4 X 3 1/2 54 . 7 1.55 
1 X 6 25/32 X 5 5/8 61.0 1. 73 3/4 X 5 1/2 57.3 1.62 
1 X 8 25/32 X 7 -1/2 61.0 1. 73 3/4 X 7 1/4 56.6 1.60 
1 X 10 25/32 X 9 1/2 61.8 l. 75 3/4 X 9 1/4 57.8 1.64 
1 X 12 25/32 X 11 1/2 62.4 1. 77 3/4 X 11 1/4 58.6 1.66 ...... 

-...I 2 X 2 1 9/16 X 1 9/16 50.9 1.44 1 1/2 X 1 1/2 46.9 1. 33 -...I 
2 X 3 1 9/16 X 2 9/16 55.6 1.57 1 1/2 X 2 1/2 52 . 1 1.48 
2 X 4 1 9/16 X 3 9/16 58.0 1.64 1 1/2 X 3 1/2 54.7 1.55 
2 X 6 1 9/16 X 5 5/8 61.0 l. 73 1 1/2 X 5 1/2 57 . 3 1.62 
2 X 8 1 9/16 X 7 1/2 61.0 1. 73 1 1/2 X 7 1/4 56.6 1.60 
2 X 10 1 9/16 X 9 1/2 61.8 1. 75 1 1/2 X 9 1/4 57.8 1.64 
2 X 12 1 9/16 X 11 1/2 62.4 1. 77 1 1/2 X 11 1/4 58.6 1.66 

3 X 4 2 9/16 X 3 9/16 63.4 1.80 2 1/2 X 3 1/2 60.8 1. 72 
3 X 6 2 9/16 X 5 5/8 66.7 1.89 2 1/2 X 5 1/2 63.7 1.80 
3 X 8 2 9/16 X 7 1/2 66.7 1.89 2 1/2 X 7 1/4 62.9 1. 78 
3 X 10 2 9/16 X 9 1/2 67.6 1.91 2 1/2 X 9 1/4 64.2 1.82 
3 X 12 2 9/16 X 11 1/2 68.2 1.93 2 1/2 X 11 1/4 65.1 1.84, 

4 X 4 3 9/16 X 3 9/16 66.1 1.87 3 1/2 X 3 1/2 63.8 1.81 
4 X 6 3 9/16 X 5 5/8 69.6 1.97 3 1/2 X 5 1/2 66.8 1.89 
4 X 8 3 9/16 X 7 1/2 69.6 1.97 3 1/2 X 7 1/4 66.1 1.87 
4 X 10 3 9/16 X 9 1/2 70.5 2.00 3 1/2 X 9 1/4 67.4 1.91 
4 X 12 3 9/16 X 11 1/2 71.1 2.01 3 1/2 X 11 3/4 68.4 1.94 

1 Mbf = 83.33 cu. ft. 



Note concerning kiln drying schedules 

The previous text has illustrated the complex relationships between wo 
and moisture within the wood structure; at this point a kiln operat 
should remember that safe kiln conditions are governed by temperatur 
humidity, and the moisture content of the wood at which changes in 
conditions are to be made. Table 10 lists drying schedules which may 
followed in kiln-drying various species and dimensions of lumber. 
indicated previously, every ki ln has its own individual dry' 
characteristics, and the schedules are recommended as a guide only, subj s 
to adjustment to suit each particular kiln. Recent research has shown t 
kiln-drying may be accelerated in a number of species without damage 
lumber, and these accelerated schedules are shown in Table 11, in additj 
to the conventional schedules. 

Additional copies of the drying schedules are available from the EFPL 
request. 
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Drying schedule index for eastern Canadian species (see table 11). 
Species 

Conventional 
schedules 

Ash 
Aspen 
Basswood 
Beech 
Birch 
Cherry, black 
Elm 

Schedule Number 

Lumber thickness 1 
1" to 1 1/2" 1 3/4" to 2 1/4" 

12 13 
9 10 
9 10 

16 17 
10 11 
12 13 
11 12 

II 

Species 

Accelerated 
schedules 

Birch 
Maple, hard 
Oak, red 

Cedar, white 
Pine, white 

Table 10 

Schedule Number 

Lumber thickness 1 

1" to 1 1/2" 1 3/4" to 2 1/4" 

23 
23 
24 

22 
19 21 

Hickory 
Maple, hard 
Oak 

14 15 
II 

High-temperature 

Walnut, black 

Cedar, white 
Fir, balsam2 

Hemlock, eastern 
Pine, jack2 

Pine, red 2 

Pine, white 
Spruce 

12 
14 
14 

4 
1 
3 
1 
1 

18 
6 

13 
15 
15 

5 
2 
4 
2 
2 

20 
II 3 

schedules 

Aspen 3 

Cedar, white 
Pine, jack 
Pine, red 
Spruce 

Modified 
schedules 

Aspen 4 

Maple, hard 5 

Pine, red 6 

p . h. 7 J.ne, w J.te 

1 
2 

3 
4 
5 

6 

7 

1" to 1 1/2" = 25 to 38 rnrn; 1 3/4" to 2 1/4" = 44 to 57 rnrn. 
When dried in mixture with spruce, use spruce schedule. 
Not recommended for high grade dimension lumber. 
To minimize collapse and degrade. 
To prevent sapwood discoloration (for "white" maple). 
To prevent resin exudation from dried lumber. 
To minimize brown stain. 

25 

26 
27 
27 
27 

31 
29 
30 

7 

25 

28 
28 
28 

8 



Table 11 

Drying schedules 1 

Schedule Wood Temperature Equilibrium 
Number Moisture Dry-bulb Wet-bulb Depression Moisture 

Content (%) OF oc OF oc Fo co Content (%) 

-
1 Above 35 180 82.0 173 ?8.5 7 3.5 13.9 

35 to 25 190 88.0 175 ?9.5 15 8.5 9.3 
Below 25 200 93.5 150 65.5 50 28.0 3.2 
Conditioning 200 93.5 192 89.0 8 4.5 12.6 

2 Above 30 180 82.0 174 ?9.0 6 3.0 14.5 
30 to 25 190 88.0 180 82.0 10 6.0 11.8 
Below 25 200 93.5 150 65.5 50 28.0 3.2 

..... Conditioning 
CX) 

200 93.5 192 89.0 8 4.5 12.6 
0 

3 Above 40 140 60.0 133 56.0 7 4.0 14.3 
40 to 30 150 65.5 135 57.0 15 8.5 9.8 
30 to 25 160 71.0 130 54.5 30 16.5 5.3 
Below 25 180 82.0 130 54.5 50 27.5 3.0 
Conditioning 180 82.0 171 7?.0 9 5.0 12.6 

4 Above 40 160 71.0 154 68.0 6 3.0 15.0 
40 to 30 170 76.5 158 70.0 12 6.5 10.8 
30 to 25 170 ?6.5 150 65.5 20 11.0 7.8 
Below 25 180 82.0 130 54.5 50 27.5 3.0 
Conditioning 180 82.0 171 77.0 9 5.0 12.6 

5 Above 30 160 71.0 155 68.5 5 2.5 16.0 
30 to 25 170 76.5 160 71.0 10 5.5 12.1 
Below 25 180 82.0 130 54.5 50 27.5 3.0 
Conditioning 180 82.0 171 77.0 9 5.0 12.6 



Table 11 (continued) 

Schedule Wood Temperature Equilibrium 
Number Moisture Dry-bulb Wet-bulb Depression Moisture 

Content (%) OF oc OF oc Fo co Content (%) 

6 Above 40 160 ?1. 0 151 66.0 9 5.0 12.8 
40 to 30 170 ?6.5 150 65.5 20 11.0 7.8 
Below 30 180 82.0 130 54.5 50 2?.5 3.0 
Conditioning 180 82.0 171 ??.0 9 5.0 12.6 

7 Above 50 120 49.0 108 42.0 12 ?.0 10.9 
50 to 30 125 51.5 105 40.5 20 11.0 7.8 
30 to 25 135 5?. 0 107 41.5 28 15.5 5.6 
Below 25 150 65.5 100 38.0 50 2?.5 2.7 

1--' Conditioning 150 65.5 140 60.0 10 5.5 12.3 (X) 
1--' 

8 Above 50 115 46.0 103 39.5 12 6.5 11.0 
50 to 30 120 49.0 102 39.0 18 10.0 8.3 
30 to 25 130 54.5 105 40.5 25 14.0 6.1 
Below 25 150 65.5 100 38.0 50 2?.5 2.7 
Conditioning 150 65.5 140 60.0 10 5.5 12.3 

9 Above 40 160 ?1.0 142 61.0 18 10.0 8.5 
40 to 30 170 ?6.5 136 58.0 34 18.5 4.7 
Below 30 180 82.0 130 54.5 50 2?.5 3.0 
Conditioning 180 82.0 171 ??.0 9 5.0 12.6 

10 Above 40 140 60.0 133 56.0 7 4.0 14.3 
40 to 30 150 65.5 130 54.5 20 11.0 7.9 
Below 30 170 ?6.5 120 49.0 50 2?.5 2.9 
Conditioning 170 ?6.5 161 ?1.5 9 5.0 12.7 

1 Air velocity of 350 fpm (1.78 m/s) throughout. 



Table 11 (continued) 

Drying schedules 1 -
Schedule Wood Temperature Equilibrium 
Number Hoisture 

Dry-bulb Depression Moisture 
Content (%) Wet-bulb Content (%) OF oc OF oc Fo co 

11 Above 40 135 5?.0 129 54.0 6 3.0 15.4 
40 to 30 140 60.0 130 54.5 10 5.5 12.5 
30 to 25 150 65.5 135 5?.0 15 8.5 9.8 
Below 25 165 ?4.0 115 46.0 50 28.0 2.9 
Conditioning 165 ?4.0 156 69.0 9 5.0 12.9 

12 Above 40 130 54.5 125 51.5 5 3.0 16.9 
1-' 40 to 30 135 5?.0 126 52.0 9 5.0 13.1 
co 30 to 25 145 63.0 115 46.0 30 1?.0 5.3 N 

Below 25 160 ?1. 0 110 43.5 50 2?.5 2.8 
Conditioning 160 ?1.0 151 66.0 9 5.0 12.8 

13 Above 40 125 51.5 120 49.0 5 2.5 17.0 
40 to 30 130 54.5 123 50.5 7 4.0 14.3 
30 to 25 140 60.0 123 50.5 17 9.5 8.9 
Below 25 155 68.5 105 40.5 50 28.0 2.8 
Conditioning 155 68.5 146 63.5 9 5.0 12 .·9 

14 Above 50 120 49.0 116 46.5 4 2.5 18.4 
50 to 40 125 51.5 120 49.0 5 2.5 17.0 
40 to 30 130 54.5 124 51.0 6 3.5 15.3 
30 to 25 140 60.0 125 51.5 15 8.5 9.8 
25 to 20 150 65.5 110 43.5 40 22.0 3.8 
Below 20 170 ?6.5 120 49.0 50 2?.5 2.9 
Conditioning 170 ?6.5 160 ?1. 0 10 5.5 12.1 



Table 11 (continued) 

Schedule Wood Temperature Equilibrium 
Number Moisture 

Dry-bulb Wet-bulb Depression Moisture 
Content (%) Content (%) 

OF oc OF oc Fo co 

15 Above 50 115 46.0 112 44.5 3 1.5 20.0 
50 to 40 120 49.0 116 46.5 4 2.5 18.4 
40 to 30 125 51.5 120 49.0 5 2.5 17.0 
30 to 25 135 5'1.0 123 50.5 12 6.5 11.0 
25 to 20 145 6:3.0 110 4:3.5 35 19.5 4.4 
Below 20 160 '11. 0 110 4:3.5 50 2'1.5 2.8 
Conditioning 160 71.0 150 65.5 10 5.5 12.3 

16 Above 40 125 51.5 123 50.5 2 1.0 22.8 
co 40 to 30 130 54.5 126 52.0 4 2.5 18.3 w 30 to 25 135 57.0 129 54.0 6 :3.0 15.4 

25 to 20 145 6:3.0 125 51.5 20 11.5 7.8 
Below 20 160 '11. 0 110 4:3.5 50 27.5 2.8 
Conditioning 160 '11.0 151 66.0 9 5.0 12.8 

17 Above 40 120 49.0 118 48.0 2 1.0 23.5 
40 to 30 125 51.5 122 50.0 3 1.5 20.0 
30 to 25 130 54.5 125 51.5 5 :3.0 16.9 
25 to 20 140 60.0 125 51.5 15 8.5 9.8 
Below 20 155 68.5 105 40.5 50 28.0 2.8 
Conditioning 155 68.5 146 6:3.5 9 5.0 12.9 

18 Above 30 160 '11. 0 144 62.0 16 9.0 9.2 
30 to 20 160 '11. 0 135 57.0 25 14.0 6.5 
Below 20 160 71.0 110 4:3.5 50 2'1.5 2.8 
Conditioning 160 '11. 0 151 66.0 9 5.0 12.8 

1 Air velocity of 350 fpm (1.78 m/s) throughout. 
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Drying schedules 1 

Schedule 
Number 

19 

20 

21 

22 

Wood 
Moisture 
Content (%} 

Above 30 
30 to 20 
Below 20 
Conditioning 

Above 30 
30 to 20 
Below 20 
Conditioning 

Above 30 
30 to 20 
Below 20 
Conditioning 

Above 35 
35 to 20 
Below 20 
Conditioning 

Dry-bulb 
OF oc 

160 ?1.0 
170 ?6.5 
190 88.0 
170 ?6.5 

150 65.5 
160 ?1. 0 
160 71.0 
160 ?1. 0 

150 65.5 
160 71.0 
190 88.0 
170 ?6.5 

160 ?1.0 
170 ?6.5 
200 93.5 
200 93.5 

Temperature 

Wet-bulb 
OF oc 

144 62.0 
145 63.0 
140 60.0 
161 ?1. 5 

138 59.0 
144 62.0 
110 43.5 
151 66.0 

138 59.0 
144 62.0 
140 60.0 
161 71.5 

154 68.0 
150 65.5 
150 65.5 
191 88.5 

Table 11 (continued) 

Depression 
Fo Co 

16 9.0 
25 13.5 
50 28.0 

9 5.0 

12 6.5 
16 9.0 
50 2?.5 

9 5.0 

12 6.5 
16 9.0 
50 28.0 

9 5.0 

6 3.0 
20 11.0 
50 28.0 

9 5.0 

Equilibrium 
Moisture 
Content (%) 

9.2 
6.4 
3.1 

12.7 

11.2 
9.2 
2.8 

12.8 

11.2 
9.2 
3.1 

12.7 

15.0 
7.8 
3.2 

12.0 



...... 
co 
U1 

Schedule 
Number 

23 

24 

25 

Wood 
Moisture 
Content (%) 

Above 28 
28 to 20 
Below 20 
Conditioning 

Above 40 
40 to 35 
35 to 30 
30 to 25 
25 to 20 
20 to 12 
Below 12 
Conditioning 

Warm-up ( 3h) 
Green to dry 
Conditioning 

1 Equilibrium moisture content. 

Dry-bulb 
OF oc 

120 49.0 
160 ?1.0 
200 93.5 
179 81.5 

110 43.5 
110 43.5 
120 49.0 
130 54.5 
140 60.0 
200 93.5 
200 93.5 
180 82.0 

201 94.0 
220 104.5 
205 96.0 

Temperature 

Wet-bulb 
OF oc 

112 44.5 
145 63.0 
170 ?6.5 
170 ?6.5 

107 41.5 
105 40.5 
110 43.5 
110 43.5 
110 43.5 
170 ?6.5 
155 68.5 
171 ??.0 

201 94.0 
201 94.0 
201 94.0 

Depression 
Fo Co 

8 4.5 
15 8.0 
30 1?. 0 

9 5.0 

3 2.0 
5 3.0 

10 5.5 
20 11.0 
30 16.5 
30 1?. 0 
45 25.0 

9 5.0 

- -
19 10.5 

4 2.0 

Table 11 (continued) 

EMc 1 
(%) 

13.8 
9.6 
5.3 

12.6 

20.5 
17.0 
12.4 

7.8 
5.2 
5.3 
3.5 

12.6 

-
7.0 

15.0 

Air 
Velocity 
fpm m/s 

500 2.54 
300 1.52 
300 1.52 
300 1.52 

500 2.54 
500 2.54 
500 2.54 
500 2.54 
350 1.?8 
350 1.?8 
350 1.?8 
350 1. ?8 

300 1.52 
400 2.03 
300 1.52 



Table 11 (continued 

Drying schedules 1 

Schedule Wood Temperature Air 
Number Moisture Dry-bulb Wet-bulb Depression EMC 1 Velocity 

Content (%) OF oc OF oc Fo co (%) fpm rn/s 

26 Warm-up ( 2h) - - 212 100.0 - - - 350 1.78 
Above 30 230 110.0 208 98.0 22 12. 0 6. 0 350 1. 78 
Below 30 230 110.0 192 89.0 38 21. 0 4.0 350 1.78 
Conditioning 190 88.0 180 82.0 10 6.0 11.8 350 1. 78 

27 Warm-up ( 2h) - - 210 99.0 - - - 350 1. 78 
Above 35 235 113.0 200 93.5 35 19.5 4.3 350 1.78 

I-' 35 to 20 240 115.5 190 88.0 50 27.5 3.1 350 1. 78 00 
Below 20 245 118.5 180 82.0 65 36.5 2.3 350 1.78 
Conditioning 190 88.0 180 82.0 10 6.0 11.8 350 1.78 

28 Warm-up ( 3h) - - 210 99.0 - - - 300 1.52 
(1/2 h) 240 115.5 210 99.0 30 16.5 4.7 400 2.03 

Green to dry 240 115.5 200 93.5 40 22.0 3.8 400 2.03 
Conditioning 219 104.0 212 100.0 7 4.0 12.0 300 1.52 

29 Above 30 110 43.5 100 38.0 10 5.5 12.3 350 1. 78 
30 to 25 110 43.5 97 36.0 13 7.5 10.5 350 1.78 
25 to 20 110 43.5 88 31.0 22 12.5 6.6 350 1.78 
20 to 15 115 46.0 88 31.0 27 15.0 5.4 350 1.78 
15 to 10 120 49.0 84 29.0 36 20.0 3.7 350 1.78 
Below 10 150 65.5 100 38.0 50 27.5 2.7 350 1.78 
Conditioning 150 65.5 140 60.0 10 5.5 12.3 350 1. 78 



1-' 
00 
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Schedule 
Number 

30 

Wood 
Moisture 
Content (%) 

Steam (1-1/2 h) 
Above 35 
Steam (lh) 
35 to 20 
Steam ( lh) 
Below 20 
Conditioning 

Dry-bulb 
OF oc 

- -
235 113.0 
- -

240 115.5 
- -

245 118.5 
210 99.0 

Temperature 

Wet-bulb 
OF oc 

210 99.0 
200 93.5 
210 99.0 
190 88.0 
210 99.0 
180 82.0 
201 94.0 

Depression 
Fo Co 

- -
35 19.5 
- -
50 2?.5 
- -
65 36.5 

9 5.0 
Condition for 40h with lh steaming at each 6h interval. 

31 Above 40 100 38.0 NSH 2 - -
40 to 30 120 49.0 101 38.5 19 10.5 
30 to 25 140 60.0 121 49.5 19 10.5 
25 to 20 160 ?1.0 141 60.5 19 10.5 
20 to 15 170 ?6.5 140 60.0 30 16.5 
Below 15 190 88.0 140 60.0 50 28.0 
Conditioning 150 65.5 140 60.0 10 5.5 

1 Equilibrium moisture content. 
2 No supplementary humidification - all vents open. 

Table 11 (concluded) 

EMC 1 

(%) 

-
4.3 
-
3.1 
-
2.3 

11.7 

-
8.0 
8.2 
8.2 
5.3 
3.1 

12.3 

Air 
Velocity 
fpm m/s 

350 1.?8 
350 1.?8 
350 1.?8 
350 1.?8 
350 1.?8 
350 1. ?8 
350 1.?8 

600 3.05 
600 3.05 
600 3.05 
400 2.03 
400 2.03 
400 2.03 
400 2.03 



Table 12 

EFFECT OF 
TEMPER-
ATURE 
INCREASE ON 
RELATIVE 
HUMIDITY. 

INITIAL 
CONDITIONS 

Temperature Relative 
Humidity 

(of) % 

- 20 30 
40 
50 
60 
70 
80 
90 

100 

- 10 30 
40 
50 
60 
70 
80 
90 

100 

0 30 
40 
50 
60 
70 
80 
90 

100 

10 30 
40 
50 
60 
70 
80 
90 

100 

20 30 
40 
50 
60 
70 
80 
90 

100 

30 (30) 
40 
50 
60 
70 
80 
90 

100 

10 20 

% % 

7.1 4.6 
9.4 6.1 

11.8 7.6 
14.1 9.1 
16.5 10.7 
18.9 12.2 
21.2 13.7 
23.6 15.2 

11.7 7.6 
15.6 10.1 
19.5 12.6 
23.5 15.2 
27.4 17.7 
31.3 20.2 
35.2 22.7 
39.1 25.3 

19.0 12.3 
25.3 16.3 
31.6 20.4 
37.9 24.5 
44.3 28.6 
50.6 32.7 
56.9 36.8 
63.2 40.9 

19.4 
25.8 
32.3 
38.8 
45.2 
51.7 
58.1 
64.6 

- 12.2 - 6.7 

188 

Heated to (° F) 

30 40 50 60 70 80 

NEW RELATIV E HUMIDITY Temperatur 

% % % % % % t C> 

3.0 2.0 1.4 - 28.9 
4.0 2.7 1.8 
5.0 3.4 2.3 
6.0 4.0 2.8 
7.0 4.7 3.2 
8.0 5.4 3.7 
9.0 6.1 4.1 

10.0 6.7 4.6 

5.0 3.4 2.3 1.6 - 23.3 
6.7 4.5 3.1 2.1 
8.3 5.6 3.8 2.7 

10.0 6.7 4.6 3.2 
11.7 7.8 5.3 3.7 
13.3 8.9 6.1 4.2 
15.0 10.1 6.9 4.8 
16.6 11.2 7.6 5.3 

8.1 5.4 3.7 2.6 1.8 - 17.8 
10.8 7.2 4.9 3.4 2.4 
13.5 9.0 6.2 4.3 3.0 
16.2 10.8 7.4 5.2 3.6 
18.8 12.7 8.7 6.0 4.2 

(21.5) 14.5 9.9 6.9 4.8 
(24.2) 16.3 11.1 7.7 5.5 
(26.9) 18.1 12.4 8.6 6.1 

12.8 8.6 5.9 4.1 2.9 2.1 - 12.2 
17.0 11.4 7.8 5.4 3.8 2.7 

(21.3) 14.3 9.8 6.8 4.8 3.4 
(25.5) 17.2 11.7 8.1 5.7 4.1 
(29.8) 20.0 13.7 9.5 6.7 4.8 
34.1 (22.9) 15.6 10.9 7.7 5.5 
38.3 (25.7) 17.6 12.2 8.6 6.2 
42.6 (28.6) 19.5 13.6 9.6 6.9 

19.8 13.3 9.1 6.3 4.4 3.2 - 6.7 
(26.4) 17.7 12.1 8.4 5.9 4.2 
(33.0) 22.1 15.1 10.5 7.4 5.3 
39.5 (26.6) 18.1 12.6 8.9 6.4 
46.1 (31.0) 21.2 14.7 10.4 7.4 
52.7 35.4 24.2 16.8 11.9 8.5 
59.3 39.8 (27.2) 18.9 13.3 9.6 
65.9 44.3 (30.2) 21.0 14.8 10.6 

20.1 13.8 9.6 6.8 4.8 - 1.1 
(26.9) 18.4 12.8 9.0 6.4 
(33.6) 22.9 15.9 11.3 8.1 
40.3 (27 .5) 19.1 13.5 9.7 
47.0 (32.1) 22.3 15.8 11.3 
53.7 (36.7) 25.5 18.0 12.9 
60.4 41.3 (28.7) 20.3 14.5 
67.2 45.9 (31.9) 22.5 16.1 

I"-
- 1.1 4.4 10.0 15.6 21.1 26.7 

Heated to (0 C) 



INITIAL 
CONDITIONS 50 60 

Temperature Relative 
Humidity 

("F) % % % 

40 (30) 20.5 14.2 
40 (27.3) 19.0 
50 (34.2) 23.7 
60 41.0 (28.5) 
70 47.8 (33.2) 
80 54.7 (38.0) 
90 61.5 42.7 

100 68.3 47.5 

50 (30) 20.8 
40 (27.8) 
50 (34. 7) 
60 41.7 
70 48.6 
80 55.6 
90 62.5 

100 69.5 

60 (30) 
40 
50 
60 
70 
80 
90 

100 

70 (30) 
(40) 
50 
60 
70 
80 
90 

100 

80 30 
(40) 
50 
60 
70 
80 
90 

100 

90 30 
(40) 
50 
60 
70 
80 
90 

100 

10.0 15.6 

Heated to (° F) 

70 80 90 100 

NEW RELATIVE HUMIDITY 

% % % % 

I 0.1 7.2 5.2 3.8 
13.4 9.6 7.0 5.1 
16.8 12.0 8.7 6.4 
20.1 14.4 10.5 7.7 
23.5 16.8 12.2 9.0 
26.8 19.2 13.9 10.3 

(30.2) 21.6 15.7 11.5 
(33.5) 24.0 17.4 12.8 

14.7 10.5 7.6 5.6 
19.6 14.0 10.2 7.5 
24.5 17.6 12.7 9.4 

(29.4) 21.1 15.3 11.2 
(34.3) 24.6 17.8 13.1 
(39.2) 28.1 20.4 15.0 
44.1 (31.6) 22.9 16.9 
49.0 (35.1) 25.5 18.7 

21.2 15.2 11.0 8.1 
28.2 20.2 14.7 10.8 

(35.3) 25.3 18.3 13.5 
42.3 30.3 22.0 16.2 
49.4 (35.4) 25.7 18.9 
56.5 (40.4) 29.4 21.6 
63.5 45.5 (33.0) 24.3 
70.6 50.5 (36. 7) 27.0 

21.5 15.6 11.5 
28.6 20.8 15.3 

(35.8) 26.0 19.1 
43.0 31.2 22.9 
50.1 (36.4) 26.8 
57.3 ( 41.6) 30.6 
64.4 46.8 34.4 
71.6 52.0 (38.2) 

21.8 16.0 
29.0 21.4 

(36.3) 26.7 
(43.6) 32.0 
50.8 (37.4) 
58.1 (42. 7) 
65.3 48.1 
72.6 53.4 

22.1 
29.4 

(36.8) 
( 44.1) 
51.5 
58.8 
66.2 
73.5 

21.1 26.7 32.2 37.8 

Heated to (0 C) 

189 

110 

% 

4.2 
5.6 
7.0 
8.4 
9.8 

11.2 
12.6 
14.0 

6.0 
8.0 

10.0 
12.1 
14.1 
16.1 
18.1 
20.1 

8.5 
11.4 
14.2 
17.1 
19.9 
22.8 
25.6 
28.5 

11.9 
15.9 
19.9 
23.9 
27.8 
31.8 
35.8 

(39.8) 

16.4 
21.9 
27.4 
32.9 

(38.3) 
(43.8) 
(49.3) 
54.8 

43.3 

120 

% 

4.5 
6.1 
7.6· 
9.1 

10.6 
12.1 
13.6 
15.1 

6.4 
8.6 

10.7 
12.9 
15.0 
17.2 
19.3 
21.4 

9.0 
12.0 
15.0 
18.0 
21.0 
24.0 
27.0 
29.9 

12.4 
16.5 
20.6 
24.7 
28.9 
33.0 
37.1 

(41.2) 

48.9 

Temperature 

("C) 

4.4 

10.0 

15.6 

2l.l 

26.7 

32.2 

Table 12 
(continued) 

l. Figures in 
parentheses are 
humidities 
which corres-
pond to 
equilibrium 
moisture con-
tent conditions 
of 6 to 8 per-
cent. 






