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Knowledge of how moisture travels through wood during the drying process, of
what causes the moisture to move, and of the factors that influence the rate
of moisture movement is of considerabie interest to the kiln operator. Such
knowledge aids him in the intelligent understanding of some features of wood
behavior during drying. The movement of moisture in drying wood is highly
complicated, however, and probably is not fully understood in all its
aspects. This summary reflects current thought on the subject; future
research may reveal new conceptions or modify present ones. This paper
discusses the movement of the moisture in drying wood and presents formulas
for the calculation of moisture content at the midthickness of a board or
plank and of the time required to dry different sizes of the same speciesof wood.

Movement of Moisture in Wood

Simply stated, water in wood normally moves from points of higher moisture
content to points of lower moisture content, a fact that gives rise to the
familiar statement that "wood dries from the outside in." Practically,
this means that the surface fibers of wood must be drier than the interior
ones if moisture is to be removed from the wood. In kiln drying wood, the
surface fibers of the heartwood of most species attain the equilibrium mois-2
ture content- corresponding to the immediately surrounding atmosphere al-
most as soon as drying begins. The surface fibers of sapwood also tend to
attain the equilibrium moisture content corresponding to the immediately
surrounding atmosphere early in the drying process, if the air circulation
is fast enough to evaporate the water as rapidly as it comes to the surface
of the wood.. _If the•air circulation is insufficient for such purpose, alonger time is required for the surfaces of sapwood to attain equilibrium
moisture content.. For rapid drying, the equilibrium moisture content of

Maintained at Madison, Wis., in cooperation with the University of
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uilibrium moisture content is that moisture content at which wood neither
gains nor loses moisture when surrounded by air at a given relativehumidity and temperature.
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the surface fibers should be as low as is consistent with the prevention of
surface checking and end splitting.

Passageways for Moisture Movement

The drying of wood involves the loss of water from it through several
separately distinct kinds of passageways, which are collectively called the
capillary structure. In this report, reference shall be made to them simply
as passageways. Some of the passageways of certain species are so large
that they can be seen with the naked eye; others are visible only under the
highest-powered microscopes, and others exist only when the cell walls of
the mod fibers are swollen by water or other swelling agents. The passage-
ways through which water travel are:

1. The cavities of fibers and vessels, which are at times visible to the
naked eye (as are the large pores of some hardwoods), and which at
other times are so small that a microscope is required to see them.

2. The wood-ray cells, which may be seen only with a microscope. Large
wood rays consisting of many cells are, however, often visible to
the naked eye.

3. The pit chambers and their pit-membrane openings, which permit move-
ment of material from one cell to another. Pit chambers are visible
only under a microscope and pit-membrane openings are often invisible
under the highest-powered microscopes.

4. The resin ducts of certain softwoods and the intercellular spaces in
all kinds of wood. Resin ducts are sometimes visible to the naked
eye, but intercellular spaces are visible only under microscope.

5. Transitory cell-wall passageways, which exist within the cell wall
only when a liquid separates the submicroscopic components of the
wall and which disappear when the liquid is removed. They are
invisible under an ordinary microscope.

Volume of passaeways.--The passageways available for moiSture travel con-
stitute from 25 to 55 percent of the over-all volume of the wood. Woods of
high specific gravity have the lower percentages of passageway volumes.
The wood-ray cells have only about 2 percent of the total passageway volume,
and they are relatively unimportant in the movement of moisture in soft-
woods other than the pines. Intercellular spaces represent such a small
volume that they are not significant factors; and resin ducts are not very
effective,• since they are usually clogged with resin.

Principal passageways.--Most of the moisture lost by wood in its drying
moves through cavities, pit chambers, and pit-membrane openings of the wood
cells and through the transitory cell wall passageways. Movement of mois-
ture in these passageways occurs not only lengthwise (longitudinally) in the
cells, but also sidewise (laterally) from cell to cell until it reaches
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the lateral drying surfaces of the wood, In fact, a long board dries
principally from its wide lateral surfaces.

Generally speaking, woods of low specific gravity and with large volumes of
passageways dry most readily. Exceptions to this rule occur when the pas-
sageways are plugged with extraneous materials, such as resins and gums.

Forces that Impel Moisture Movement 

When wood is dried, several moisture-driving forces may be operating to
reduce its moisture content, and it is conceivable that all of these forces
occasionally may be acting at the same time. These driving forces are:

1, Capillary action that causes the practically normal, free water to
flow principally through cell cavities, pit chambers, and pit.
membrane openings, This action is relatively unimportant in the
drying of wood of lumber sizes, because it is effective in a
secondary capacity,_ usually in the interior of the piece.

2. Vapor-pressure differences that cause moisture that is in the vapor
state to flow through cell cavities, pit chambers, pit-membrane
openings, and intercellular spaces. They are particularly effec-
tive at higher temperatures and decreased moisture content, and in
woods of low specific gravity.

3. Moisture content differences that cause movement through transitory
passageways within the cell walls of the physically and chemically
bound liquid water, which has a specific gravity greater than normal.
They are very important in low-temperature drying.

In contrast to the movement of free water by capillary forces, water vapor
and bound water move by the process of diffusion.

Movement of Water by Capillary Action

The movement oflree water by capillary action is due to the simultaneous
operation of adhesion (attraction between water particles and the walls of
the pit-membrane openings) and cohesion (attraction of water particles for
each other), The adhesive force (about 367,500 pounds per square inch)
between wood and the first layer of water molecules is twice as great as
the cohesive force between water particles.

When green wood starts to dry, free evaporation will occur from its surface
cells until the water in their pit-membrane openings develops concave
depressions known as menisci, Due to the cohesion of water particles, these
menisci exert a pull on the water in the cell cavity that, at a temperature
of 50° F, and a relative humidity of 99 percent, amounts to about 197 pounds
per square inch; but, if the relative humidity is lowered to 20 percent at
this same temperature, the pull exerted is about 31,700 pounds per square
inch. These calculations assume that the effective radius of the pit-membrane

Re pt. No. R1642	 -3.



opening is somewhat less‘than 2:millionths of an inch. Actually, this
figure . is larger than that for the , raaiUs - of the average pit-membrane open-
ing. Therefore, since the pulling forces of menisci increase as the radius
of the opening decreases, greater pulling forces exist in drying wood than
those given in the foregoing calculatiOne.

Behavior of green wood containing some air in cell cavities.--If green wood
has same air in its cell cavities, in addition to free water, the tension
forces set up by the menisci exert a pull on the virtually free water.
Liquid water can then move from cell to cell, and the . air in the cavities
expands, thereby preventing any tension stress on the cell walls due to the
decreasing volume of water. AS drying continues, the free water is progres-
sively removed from a cell cavity until only air and water vapor fill the:
cavity. Unfortunately, movement of water by capillary action cannot, con-
tinue definitely, for as soon as the surface fibers of the wood reach the
fiber-saturation point, 2 the continuous columns of water formed by water
in the cell 'cavities, are destroyed and any free water in the cavities is,
adsorbed by the cell walls.

The equilibrium moisture content of wood in an atmosphere having a relative
humidity of 100 percent is virtually the same as the fiber-saturation point.
Since wood cannot:dry in a humidity of 100 percent, the equilibrium moisture
content of the surface fibers, even in the mildest drying schedule, must
necessarily be below the fiber-saturation point. This means that any con-
tinuous columns of water formed by water in the cell cavities will be broken
as soon as the surface fibers reach this equilibrium moisture content. From
a practical standpoint, it must therefore be concluded that the drying result-
ing from the movement of water by capillary action is of little importance.
It is•known: however, that moisture moves by capillary action in the interior
of the piece after the capillary movement near the wood surfaces has been
destroyed. When capillary movement of free water near the surfaces of wood
ceases to exist, further drying must result from the diffusion forces that
move water and that, from then on, control the rate of free-water movement.

Behavior of completely water-soaked wood.-When a piece of wood is so com-
pletely filled with water that its cell cavities contain no air bubbles (or
when the air bubbles are of smaller diameter than the pit-membrane openings)
and its cell walls are so impenetrable that air cannot enter the cell
cavities through them, free evaporation will occur at the surface of the
wood until the water in the pit-membrane openings of the surface cells forms
menisci. Since there is no air capable of expansion in the cell cavity,
the water ordinarily sceases to move in the liquid form, and further drying
results from the diffusion of water vapor and bound water. However, if
evaporation continues from the pit-membrane openings sufficiently to cause
the menisci to exert enough pull to move the liquid, the full cohesive
force of the water, as its volume is reduced, will collapse the cell walls
into the cell cavity.

-The stage in the drying or in the wetting of wood at which the cell walls
are saturated with and the cell cavities are free from water.
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Movement of Moisture by Diffusion

As stated' previously, vapor-pressure differences and moisture-content differ-
ences act as driving forces to remove water from wood. These forces move
water vapor and bound water by diffusion. Since movement of water by
capillary action is not very effective, most of the water removed from wood
in the drying process necessarily moves to the surface,by the two types of.
diffusion. Both types of diffusion go on simultaneously:- At high tempera-
tures, diffusion of water vapor through the larger passageways predominates,
while at low temperatures diffusion of bound water through the transitory
cell wall passageways predominates. Generally speaking, internal diffusion
of moisture controls the drying rate of any given piece of wood.

Longitudinal diffusion.--Diffusion of water toward the end-grain surface of
a piece of wood, depends almost entirely upon the proportion of the cross-
sectional area of the piece that is occupied by cell cavities. Diffusion in
this direction is slower in woods of high specific gravity, because such
woods have small cell cavities and thick cell walls. This diffusion de-
creases proportionately as specific gravity increases. Diffusion toward
the end-grain surface is about 10 to 15 times faster than diffusion to the
lateral surfaces of wood.

Lateral diffusion.--Most of the water removed in drying wood is the result of
lateral diffusion from the interior to the wide surfaces. Lateral diffusion
is much more complicated than longitudinal diffusion, because of the devious
course followed by the moisture in moving from cell to cell to reach the
lateral surfaces of the wood. The rate of lateral diffusion depends to a
large extent upon the porosity of the pit membranes, upon other open spaces,
and upon the thicknesses of the cell walls, since vapor moves through the'
cell cavities and pit membranes and a considerable amount of water moves as
a liquid through the cell walls. In softwoods, this diffusion decreases
rapidly as the specific gravity increases to about 0.55: but softwoods having
higher specific gravities than this dry almost as rapidly as those having a
specific gravity of 0.55. The lateral diffusion in flat-grained wood is, as
a general rule, slightly faster than that in quarter-sawed wood. There are,
however, some exceptions where lateral diffusion is faster.in quarter-sawed
material, notably Douglas-fir.

Drying of long boards.--Since diffusion toward the end-grain surface is only
10 to 15 times as fast as lateral diffusion, a long board dries principally
from the wide surfaces. In an inch board, for example, water will diffuse
laterally 1/2 inch just as quickly as it will diffuse longitudinally 5 to
7-1/2 inches. This accounts for the fact that a long board that is sealed
at the ends with a moisture-retardant material will dry just as quickly As
an unsealed one.

Diffusion in heartwood and sapwood.=-Moisture diffuses in sapwood more
rapidly than it does in adjacent heartwood. The difference between the dif-
fusion rates of heartwood and sapwood cannot be explained on the basis of
specific gravity. A more . logical explanation is that the partial plugging
of 'thepit membranes by extractives.in the heartwood effectively reduces
these passageways for:water movement.
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In some species, such as Douglas-fir, in which the heartwood has a much
lover moisture content than the sapwood, the heartwood, when dried in the
same charge as sapwood, may reach the desired moisture content in a shorter
time than the sapwood. This is accounted for-by the fact.that the sapwood
has to lose much more water than the heartwood. Generally, the diffusion
rate of sapwood is about twice as great as that of heartwood.

Moisture Distribution Patterns 

When green wood dries, its moisture content throughout the piece iinct
reduced uniformly. As previously stated, the fibers on the. surface of the
wood (heartwood more readily than sapwood) soon come to the equilibrium
moisture content corresponding to the atmosphere in immediate contact with
the surface, while the adjacent interior fibers have considerably higher
moisture content values. In response to the drying conditions in a kiln,
the forces that move water in wood start a moisture movement toward the
drying surfaces of the wood. A gradation of moisture content values is
thereby established, wherein the lowest value is in the surface fibers and
the highest moisture content value is normally in the center of the piece.
Two distinct moisture-distribution patterns are recognized when uniformly
vet wood is dried.

Normal or Parabolic Moisture Distribution

If the wood is incompletely saturated with water so that some air is con-
tained in the cell cavities, the distribution of moisture during drying will
ultimately assume the first of these two patterns. By plotting the moisture
content values for successive:layers of the wood from the opposite, wide
surfaces to the midthickness of a board or plank and connecting these points
by a line, it has been found that the line so formed closely approximates
the mathematical curve known as a parabola. This parabolic distribution of
moisture is in evidence when the moisture content at the midthickness of the
piece is above as well as below the fiber-saturation point in a piece that
contains some air. Such a moisture distribution indicates that there has been
some movement of free water in the interior of the piece.

Moisture Distribution in Drying
Thoroughly Saturated Wood 

The second possible . moisture-distribution:pattern is rarely encountered in
nature and applies to wood that is so fully saturated with water that no air
is present in.the cell cavities. In this instance, the free water in the
cavities cannot move without collapsing the cell walls. A board or plank
containing no air shows a parabolic moisture distribution up to the fiber-
saturation point, with a rather abrupt break to the condition of completely
water-filled cells. The "wet line" bounding the completely water-filled
cells moves from the surface of the piece to the midthickness of the piece
as drying progresses. When the moisture content at the midthickness of the
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piece reaches the fiber-saturation point, the moisture distribution through
out the piece is, and continues thereafter to be, of the normal parabolic
type.

Formerly, when the moisture distribution typical in fully-soaked wood in the
early stages of its drying was encountered, it was erroneously thought to be
due to cutting off capillary movement of free water by permitting the sur-
face layers of the wood to become too dry. As a result many operators in-
sisted upon using high relative humidities that unduly prolonged the drying
time.

Calculation of Moisture Content at Midthickness 

of a Board or Plank 

Assuming that the distribution is parabolic, it is possible to estimate, by
calculation, the moisture content at any point in the thickness of a board
or plank. In practical work, it is often desirable to know the moisture
content at the midthickness of a piece of lumber. This calculation can be.
made by simple arithmetic, if the surface and average moisture content values
of the piece are known.

If the surface moisture content is represented by E l the average or mean
moisture content by 4 1 and the midthickness moisture content by Y, the mid-
thickness moisture content is equal to 3/2 of the difference between the
average and the surface moisture content values plus the surface moisture
content, or:

Y = 3/2 (A-E) +E

Suppose the average moisture content, as determined by an oven test or by an
electric moisture meter, is 9 percent, and the surface moisture content, as
determined from a knowledge of the final drying conditions in a kiln or by
an electric moisture meter, is 5 percent; the moisture content at the mid-
thickness of a board or plank would be:

Y ' 3/2 (9-5) + 5
= 3/2 (4) + 5
= 6 + 5 = 11 percent

The moisture content at a point slightly more than one-fifth the total thick-
ness below the wide surface of a piece of lumber that has a parabolic mois-
ture gradient, is representative of the average moisture content at the sec-
tion of the piece under consideration. Therefore, in using an electric mois-
ture meter of the resistance type, the needle points should be driven to this
depth in the piece in order to determine the average moisture content of the
piece at any desired location.
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Time Required to Dry Different Sizes of the Same Species

The time required to dry lumber of different sizes of the same species varies
as the squares of the thicknesses, provided that the thickness used is the
thickness of a square having the same drying characteristics as the rectangular
section of the material being dried. The square of the thickness of the
equivalent drying square is found by the formula,

2	 2(a x 

	

C	 2	 2 3

a +b

in which C is the thickness of the equivalent drying square and a and b are
the thickness and width, respectively, of the piece of wood in question.
As an example, assume that 1- by 8-inch boards of a certain species can be
dried to the desired moisture content in 3 days, and it is desired to know.
how long a drying period will be required for 2- by 8-inch planks of the
same species, using the same drying schedule. The first step is to calculate
the squares of the thicknesses of the equivalent drying squares for the 1-
by and 8- and the 2- by 8-inch pieces.

For the 1 x 8, C2 _ 2(1x 8)
2
 =2(64) 

	(1)2 + (8)	
65

7. ip 7. 1.97

8)2_ 2(2 x 8)	 2(256) 
For the 2 x 8, C2

	

(2)2 (67	 68

= aa = 7.53

The drying time for the 2- by 8-inch planks is then calculated by multiplying
the drying time of the 1- by 8-inch boards by the ratio of the squares of the
thicknesses of the equivalent squares for the two pieces, as follows:

7 ' 53 x 3 = 11 9 5 days (approximately)
1.97

Drying'times for pieces of other dimensions can be calculated by substituting
the proper dimensions in the formula for determining the square of the thick-
ness of the equivalent drying square and proceeding as shown in the example.
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PUBLICATION LISTS ISSUED BY THE FOREST PRODUCTS LABORATORY

The following lists of publications based on research at the
Forest Products Laboratory (Madison 5, Wis.) are obtainable on request:

Boxing and Crating

Building Construction Subjects

Chemistry of Wood and Derived Products

Fungus Defects in Forest Products

Furniture Manufacturers, Woodworkers,
and Teachers of Wood Shop Practice

Glue and Plywood

Logging, Manufacture, and Utilization of
Timber, Lumber, and Other Wood Products

Mechanical Properties and Structural Uses
of Wood and Wood Products

Pulp and Paper

Seasoning of Wood

Structure and Identification of Wood

Wood Finishing Subjects

Wood Preservation

Since Forest Products Laboratory publications are so varied in
subject no single big list is issued. Instead a list is made up for
each Laboratory division as shown above. Twice a year, a list is made
up showing new reports for the previous 6 months. This is the only
item sent regularly to the Laboratory's mailing list. Anyone who has
asked for and received the proper subject lists and who has had his
name placed on the mailing list can keep up to date on Forest Products
Laboratory publications. There is no charge for single copies of any
of the reports.
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