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INTRODUCTIO N

Substantially every important property of wood is affected b y
the presence of some liquid, in one form or another, that is normally
in contact with and usually distributed through the wood under the
conditions of its commercial use . It seems unnecessary, therefore ,
to debate the practical importance of fundamental studies of th e
relations between wood and liquids or to catalogue. the instance s
where information gained from such studies has been of direc t
practical service . In justification of investigative work of this kind ,
It should be sufficient merely to point ollt. that the many important
practical problems in connection with die drying and the impregna-
tion of wood, the shrinkage of wood, and the numerous uses of woo d
in which liquids affect the properties seriously, all have their origins
in the fundamental relations between wood and liquids .

A large amount of general information on this subject has been
obtained from observation of the practical problems involved bot h

The difficult problem presented by the movement of moisture in wood, which has been unsolved for
Years, required the best thought of specialists and many points of view, and successful and efficient wor k
demanded close coordination of the efforts of several investigators . The moisture committee of the Fores t
Products Laboratory was formed to obtain such coordination within the laboratory . The personnel of the
committee has included : E. Bateman, F . L . Browne, M . E . Dunlap . L . F . Hawley (chairman), A . Koeh-
ler, W . K . Loughborough, A . J . Stamm, R . Thelen, H . D . Tiemann, and F . Tuttle . The wide and varied
experience of the members has supplied a comprehensive foundation for the investigative and analytica l
work of the moisture committee and has therefore contributed largely to this initial report . The sub-
committee on publication, Messrs . Bateman, Loughborough (chairman), and Tiemann, has been of specia l
assistance in the study of the literature and in the preparation of the report itself . The author is pleased t o
acknowledge his indebtedness to his associates .

2 Maintained by the U. S . Department of Agriculture at Madison, Wis ., in cooperation with the Uni-
versity of Wisconsin .
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in using wood and in preparing it for use, and from extensive ex _
perimentation in these problems . There is also available a consid-
erable quantity of fragmentary data on the more fundamental
aspects of wood-liquid relations . Besides these sources of inforina _
tion there are many studies of phenomena of the same kind occurring
between liquids and substances other than wood, and also much
information on the minute structure of the material, a subject pre_
requisite to any adequate treatment. of wood-liquid relations .

FIGURE 1 .-A magnified block of a typical softwood : ar, Annual growth ring ; bp ,
bordered pit ; fmr, fusiform wood ray ; hrd, horizontal resin canal or duct ; ml,
middle lamella ; mr, wood ray ; mrt, wood ray tracheid ; rr, radial surface ; s,
spring wood ; sm, summer wood ; sp . simple pit ; sw, secondary wall ; tg, tan-
gential surface ; tr, tracheid ; tt, transverse surface ; vrd, vertical resin canal
or duct

The primary purpose of this bulletin is to summarize the presen t
knowled ge of wood-liquid relations and to prepare the way for a
series of publications reporting experimental research on variou s
parts of the general problem. The most significant portions of th e
available information about wood-liquid relations and wood struc-
ture will be included in this presentation of the subject and will b e
correlated as far as possible by means of the general physical laws
applicable .
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THE STRUCTURE OF WOO D

SOFTWOODS

Perhaps the best way to show the general structure of wood is by
means of enlarged and somewhat idealized drawings of specime n
blocks of wood, as shown ill Figures 1 and 2 . Figure 1 represents a

FIGURE 2.-A magnified block of a typical hardwood : ar, Annual growth ring ; f,
fiber ; Trot, middle lamella ; nor. wood ray ; p, pit ; rr, radial surface ; s, spring
wood ; sc, scalariform perforation between vessels ; sm, summer wood ; sw, sec-
ondary wall ; tg, tangential surface ; tt, transverse surface ; v, vessel or pore ;
wp, wood parenchym a

block of wood, one-fourtieth of an inch on the longer edges, of
northern white pine (Pines strobus), which may be considere d
typical of the softwoods (gymnosperms) . The vertical direction
in the block represents the vertical direction in the tree from whic h
the block was cut. Since most of the structural elements of the woo d

3 The names of species of wood appearing in this bulletin, other than unverifiable quoted
ones, are the standard common names given in the Check List of the Forest Trees of the
United States (25) .
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lie in this direction, it is commonly called longitudinal . The direc-
tion represented by the line ar, from the bark of the tree to the pith ,
is called the radial direction . The third direction, represented by
the line tg, at right angles to the other two, is called tangential .

The main part of the block in Figure 1 is made tip of the walls of
a series of longitudinal (vertical) cells, tr. These are called fiber s
or, in stricter terminology, tracheids . The end of one series o f
tracheids and the beginning of another is shown halfway up th e
left, side surface, rr. Contiguous tracheids possess in common a
median wall layer, the middle lamella, rrrl, which appears to be a
cementing layer . The other tubular longitudinal spaces, larger tha n
the cavities in the tracheids, are the vertical resin canals (sometime s
called resin ducts), vrd. These are surrounded by specialized cells ,
shorter than the tracheids, which are capable of secreting resin .

The radial structures nir are called wood rays. The cells compos-
ing them, which are much shorter than the tracheids, are called ra y
cells. Some of the radial bands of ray cells contain a horizonta l
resin canal, hrd, which communicates directly with a vertical canal ,
as shown near the lower right corner of the block . There are no
main structural elements leading in a tangential direction, but ther e
are means of communication between the tracheids in the tangentia l
direction, the bordered pits, bp. Further communication by mean s
of simple pits (sp) exists between the tracheids and the wood rays .
Bordered pits are thin, circular spots in the cell wall, called pi t
membranes, over which the unthinned wall extends in a domelike
formation that is open at the top . In a simple pit, on the other hand ,
the unthinned wall does not project over the thinned portion . A
pit may be bordered on one side and simple on the other .

Some tracheids are larger in cross section and have relativel y
thinner walls than others. The large tracheids, which are formed
in the earlier part of the season's growth, make up the sprin g
wood, s. The later growth of thicker walled tracheids forms the
summer wood, sin . The spring wood and summer wood togethe r
form the annual growth ring, av. The growth bands can usually h e
seen with the naked eye in the cross section of a piece of wood.

The other softwoods have a general structure very similar to tha t
of northern white pine . Some have larger and some smaller resi n
canals, and in others these canals are wholly lacking . Aside from
this, however, there are no major differences .

HARDWOODS

The hardwoods (angiosperms) as a class, on the other hand, hav e
some major features distinguishing them from the softwoods . These
are shown in Figure 2, which represents a cube of yellow poplar
(Liriodendron, tulipif era) of the same over-all size as the block in
Figure I. In addition to the fibers like f, which have a purel y
mechanical function, the hardwoods possess characteristic longi-
tudinal structures of prominence, the vessels or ducts v, which in a
cross section are called pores . Vessels are composite structures mad e
up of segments or large cells arranged in rows that are vertical i n
the tree trunk. The vessel segments are shorter and much larger i n
diameter than the fibers around them, and besides their cavities
are joined end to end, instead of side to side, through relatively
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large openings, sc . The hardwood fibers are generally shorter an d
smaller in diameter than tIle softwood tracheids . The pits p in
the fibers of the hardwoods are much smaller and less numerou s
and hence less conspicuous than those in the tracheids of the soft -
woods .

Although the hardwoods may or may not have larger and mor e
thinly walled fibrous tissue in the spring wood than in the summe r
wood, in many species the spring wood is characterized by the presenc e
of pores much larger than those found in the summer wood . Such
hardwoods are known as ring-porous woods. In others, the diffuse-
porous woods, the pores are more nearly the same size and are fairly
evenly distributed through the annual growth ring. The middle
lamella, rit1, the annual growth rings, car, and the wood rays, 'no . , of
the hardwoods are similar to those of the softwoods, although th e
wood rays are larger.

DIMENSIONS OF WOOD ELEMENTS

The average length of the tracheids in softwoods may vary from
1 .5 to 8 mm., and the inside diameter from 0 .005 to 0.05 mm. The
ends of longitudinally adjacent tracheids overlap from one-tenth
to one-fourth of their length, and the bordered pits usually ar e
most abundant in the overlapping portions . In the hardwoods the
fibers average about 1 mm . in length, and the range in the diam-
eter of the cell lumina is from about 0 .003 mm. for the smaller
fibers to ap proximately 0 .4 mm. for the larger vessels . In addition
to these details of structure, which are visible under the microscope ,
it has recently been shown (21)` that there are openings extending
from tracheid to tracheid, which are probably through tile mem-
branes of the pits, of unknown shape but with effective diameter s
(the diameters of true circles having the same effect .) as follows :

Range in maximum diameters of five species : 68mµ to 18=1mµ . 5
Range in average diameters of two species : 11mµ to 23mµ.

These diameters apply definitely to softwoods only, although it i s
likely that the pit pores of hardwoods also fall within the same
limits .

STATIC S

The static relationships of wood-liquid systems are of primary
importance, since they control the equilibrium conditions that i n
turn govern the absorption of liquids by wood and thus not only
determine the amount of variation in the physical properties affecte d
by the presence of liquids but also influence the dynamic relation -
ships. In fact many of the dynamic changes are due directly to
lack of equilibrium in the static relationships .

Accurate details concerning the static relations between wood an d
liquids are largely wanting . This situation comes partly fro m
lack of proper investigations and partly from difficulties in dis-
tinguishing between the effects caused solely by the wood substance
and the modifications of these effects by the complex wood structure .
In all of the following discussion of statics, it will be necessary t o
consider first the theoretical relations between the liquids and th e

'Italic numbers in parentheses refer to Literature Cited, p . 32 .
s The Greek letter mu (µ) represents one-millionth part of a meter ; a millimicron (mµ)

is one-thousandth of a micron .
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wood substance and then the possible effects of structure . For sim-
plicity it will also be necessary to consider the equilibriums of wood
substance as a whole, without any attempt to distinguish betwee n
different parts.

The static relations between wood and liquids considered her e
belong to the general class of phenomena grouped under the ter m

absorption." Various other terms, such as " adsorption," " sorp-
tion," "imbibition," and "solid solution," have been used to differen-
tiate various types of absorption from the standpoint either of th e
gross effects or of the mechanism by which the effects are obtained .
This study is not concerned with such differentiation ; the matter
is largely controversial, and there is nothing to be gained by includ-
ing a discussion of it in this attempt to correlate the absorption
effects of wood. On the other hand, the general laws governing
the similar absorption effects of other materials will be of value .
This bulletin will therefore use the general term " absorption " i n
referring to the static relations between wood and liquids .

ABSORPTION OF WATE R

From the commercial standpoint the absorption of water by wood
substance is more important than that of other liquids . Further,
the absorption effects of water are greater, and there is more infor-
mation available on such absorption . This bulletin will therefor e
take up water absorption first and will then describe the effects of
other liquids through comparison with those of water. The absorp-
tion of water by wood belongs to the general class of absorptions of
liquids by elastic jellies and is almost exactly analogous to the ab-
sorptions of water by various cellulosic fibrous materials . These
absorptions are characterized by heat of absorption, swelling of th e
fibrous material, decrease in the vapor pressure of the water ab-
sorbed, various changes in physical properties of the fibers, and a
comparatively low limit for the water absorbed .

HEAT OF ABSORPTION

The heat given off during the absorption of water by wood is a
measure of the strength of the combination and bears a quantitativ e
relationship to the other measures of energy change . Dunlap 8 has
determined the total heat of absorption of water by wood at 0° C . ,
finding that for several species there is a range from 14 .6 to 19.6
calories per gram of wood . Rosenbohm (15) obtained 20.8 calories
per gram for the heat of wetting of cotton cellulose by water. Vol-
behr (31) has also determined the heat of absorption of differen t
amounts of water by wood, from 2 per cent up to complete satura-
tion, as shown in Figure 3 . Katz (4) has shown that cotton cellu-
lose gives a very similar curve .

SWELLING OF WOOD

The amount of swelling of wood substance that accompanies the
-absorption of water has never been determined with any degree o f

6 DUNLAP, F . HEAT OF ABSORPTION OF WATER IN WOOD . Unpublished report . 1913.

ABSORPTION IN GENERAL
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completeness or accuracy . The only direct known information on
the subject consists of a few measurements by Roth (16), who found
that the cell wall in microsections of longleaf pine and of norther n
white pine decreased in thickness during drying 15 to 31 per cent
of the thickness when wet . It is probable that such wide variation
is due to lack of control of the dryness during the measurements ,
since the publication does not mention this control . The only indi-
rect quantitative information available is that obtained from the
specific gravities of wood substance and water, together with th e
amount. of water absorbed during swelling . The specific gravity
of wood substance is about 1 .52, and if during swelling the wood sub-
stance absorbs (as will be seen later in this bulletin) about 29 per

18
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8 /0 12 /4 /6 /8 2D 22 24
OR/QINAL M0/ST1/RE CONTENT (PER CENT)

FIGIIEF7 3.--The relation between change in original moisture content and residua l
heat of absorption for pine-wood flour as the moisture content increases to th e
fiber-saturation point

cent by weight of water having a specific gravity of 1 the volum e
of the swollen wood should be 144 .1 per cent that of the original dry
wood :

.l

	

0.29
1 .52+1 .00

=1 .4411
1 .52

This computation involves the assumptions that there is no compres-
sion of the water during the absorption and that there are no pre -
existent cavities occupied by the absorbed water (23), which assump-
tions are only approximately correct . A swelling of 44 .1 per cent
of the dry volume is the same as a shrinkage of 30 .6 per cent of th e
green volume, and this value thus corresponds to the upper figure s
given by Roth .
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WOOD-LIQUID RELATIONS

Although a. large amount of data on the swelling and shrinking o f
blocks and boards has been published, such information is not suit -
able for fundamental consideration on account of the effect of th e
wood structure on the transmission of the swelling of the wood sub -
stance to the external dimensions of the block . Roth has shown one
instance in which only one-third of the shrinkage of the cell wall wa s
effective in changing the outside dimensions of a microsection . There
is a wide variation in the shrinkage of the outside dimensions o f
blocks, not only in different species but also in different directions i n
the wood. And, further, difference in the conditions of drying ,
which affect the degree of surface set in casehardened pieces, like -
wise causes variation in such shrinkage . For instance, in measure-
ments made on a large number of species grown in the United States
(10, 12) the volumetric shrinkage from a saturated to an oven-dry
condition varied from 7 .3 to 25 per cent, the linear tangential shrink -
age from 3 .6 to 15 .3 per cent, and the radial from 2.1 to 8.2 per cent .
The longitudinal shrinkage of normal wood i only a few tenths o f
1 per cent (a) . zt. is probable that these variations in outside shrink -
age are due entirely to variation in the wood structure and not to any
variation in the amount of shrinkage of the wood substance .

Differential swelling measurements (-3, 29,1 3) have been made onl y
on pieces of considerable size so that they do not. give accurate quan-
titative relationships between absorbed water and swelling, although
they do show the general relationship . This relationship appear s
to be linear over the e'hole range of water absorption except, per-
haps, in the immediate vicinity of the fiber-saturation point, wher e
the data are less reliable anyway .

EFFECT OF ABSORPTION ON VAPOR PRESSUR E

The effect of absorption on the vapor pressure of the wate r
absorbed is shown in the curves of Figure 4 . The shape of these
curves corresponds to that of Figure 3 in that the greater diminu-
tion of vapor pressure is accompanied by the greater heat of absorp-
tion. The data expressed in these two sets of curves were obtaine d
from two species of wood only, pine and Sitka spruce, and other
species might show some slight variations . The general shape of
the curves, however, would be the same for all species .

The solid lines in the curves ' of Figure 4 are based on experi-
mental data ; the dotted parts of the lines are calculated .

EFFECT OF MOISTURE CONTENT ON STRENGTH

The effect of absorbed moisture on the strength of wood has bee n
determined for a considerable number of species . The general form
of the curves for all the species tested is shown in Figure 5, which
records the results of different strength tests of Sitka spruce. The
point at which there is no further change in strength with change in
moisture content seems to vary somewhat with the species and per-
haps with the type of test . At present there is no explanation fo r
this apparent variation .

'The data represented in these curves are the work of W . K. Loughborough.

49145°-31	 2
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EFFECT OF MOISTURE CONTENT ON ELECTRICAL PROPERTIE S

10 1

it

Stamm (20, 23) has recently studied the quantitative relationshi p
between the moisture content and the electrical conductivity of woo d
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D-F/BER STRESS AT ELASTIC LIMIT IN COMPRESSIO N
PERPENDICULAR TO THE GRAIN =/.245 x/0-0.02'N

M=MO/STURE CONTENT in PER CENT

k'I

INtil
5

	

/0

	

/5

	

20

	

25

	

30

	

35

	

40

	

4 5
MOISTURE CONTENT (PERCENTAGE OF WEIGHT OVEN-DRV)

FIGURE 5 .-The relation between the strength and the moisture content of small, clea r
specimens of Sitka spruce

substance. He found that the logarithm of the conductivity varied
directly as the percentage of absorbed water, up to the fiber-satura-
tion point ; Figure 6 gives a typical curve showing this relation -
ship. As with previously mentioned properties, the absorbed wate r
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has a quantitative effect different from that of the free water ; the
curve indicates this fact . Table 1 shows that electrical resistance ,
like many other properties, is different in the different directions in
wood.

LEGEND
0- GREE N
0-SAME SPEC/MEN OVEN-DRIED AND RESOAKE O
Q- GREE N
0-SAME SPECIMEN OVEN-OR/ED AND RESOAKE O

4 -9 -
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FIGURE 6.-The effect of moisture content on the specific electrical conductance o f
nonextracted redwood.

TABLE 1.---Typical variation in the electrical resistance of wood in its differen t
structural directions

Electrical resistance

Western red cedar	
Sitka spruce	
A1aska cedar	
Douglas fir	

Mois-
ture con-

ten t

Per cen t
14 . 0
15 . 7
15. 6
15. 3

Longi-
tudinal

Megohms
9

1 0
18
11

Radial Tangen-
tial

Megohms Megohms
22

	

24
18

	

20
27 i

	

27
21

	

23

Specie s

The condensive capacity of wood under different moisture-conten t
values would not be expected to show a change in value at the fiber -
saturation point but should remain directly proportional to th e
relative amounts of wood and of water and to their dielectric con-
stants (specific inductive capacities) . There are no experimental
data available to substantiate this statement as far as wood is con-
cerned. The few data that are available are given in Table 2 (19) ;
they are merely the dielectric constants for woods of unknown
moisture content .



12 TECHNICAL BULLETIN 2481 U. S. DEPT. OF AGRICULTURE 1TABLE 2.Dielectric constants (specific inductive capaciities) of wood o f
unknown moisture content

Dielectric constan t

I

Red beech 1

	

	 ------------------------------------------------------- -
Oak	

Species
Parallel t o

grai n

2.51-4.83
2.46-4 .22

Perpendic-
ular to
grain

73 .63-7 .73
3 .64-6,84

1 Possibly a European wood .

EFFECT OF MOISTURE CONTENT ON THERMAL CONDUCTIVIT Y

Figure 7 gives a typical example of the findings of Griffiths and
Kaye (2) on the effect of moisture content on the thermal conduc-
tivity of wood. The range in moisture content that their experi-
ments embraced was too small to show whether the effect of absorbe d
water is different from that of free water .

3. 5

2.9
0 20

Flack' 7.--The effect of moisture content on the therma l
conductivity of spruc e

In addition to the effects of moisture the same investigators foun d
that, over the range in moisture content shown in Figure 7, the longi-
tudinal thermal conductivity is about twice that of either of the
transverse conductivities, while the radial conductivity is usually 5
or 10 per cent greater than the tangential .

THE FIBER-SATURATION POINT

The term " fiber-saturation point " was first used, by Tieman n
(26), to designate the moisture content at which further reductio n
causes an increase in the strength of the wood. As other water -
absorption phenomena were studied the term gradually came into
use to express the more genet-al conception of the limit of absorptio n
of water by wood substance, and it will be used in that meaning i n
this bulletin. Although the fiber-saturation point has been deter -
mined by several methods, no complete and accurate study of differ -
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ent species and specimens has been carried out . Figures 4, 5, and 6
indicate methods by which the fiber-saturation point may be . deter-
mined ; none of them, however., are entirely satisfactory .

The points where the temperature curves of Figure 4 intersect th e
100 per cent relative-humidity curve indicate the fiber-saturation
points nt the respective temperatures . Most of these points were
not actually determined-as indicated by the dotted portions, mos t
of the temperature curves were extrapolated (by calculation) abov e
the 90 per cent relative humidity intersections. The fiber-saturatio n
point can not be accurately and directly determined by the metho d
of Figure 4 because of the small capillaries (the cell cavities) exist-
ing in the wood. In a saturated atmosphere these cavities will con-
dense moisture and consequently will give an apparent fiber-satura-
tion point much higher than the actual value that is due to the
water absorbed by the cell wall . It is possible that with thin trans -
verse sections of wood or with relative humidities of say 99 .8 per
cent this difficulty could be avoided and close approximations made
to the true limit of absorption . Volbehr (31) has reported a deter-
mination of the fiber-saturation point of pine wood made by thi s
general method, with a result of 29.03 per cent, but he does no t
describe the details of his technic .

The relation between moisture content and strength shown i n
Figure 5 offers a method for determining the fiber-saturation point ,
but it is not a simple one because of the large number of observa-
tions and tests required to give accurate average results . In severa l
series of strength tests similar to those of Figure 5, the fiber-satura-
tion points of a number of woods have been found to vary betwee n
20 and 31 per cent in average values, with an even greater rang e
between individual values (26, 27) . This wide variation in the
results obtained in the past indicates a lack of suitability in this
method for determining the fiber-saturation point ; the curves of
Figure 5, however, may show that increased refinement in test an d
work-up will give more nearly consistent results . On the other
hand, there is some evidence that even within the same species the
indicated - fiber-saturation point may vary with the particula r
strength value investigated .

Figure 6 shows some results obtained by a rapid and fairly accur-
ate method for determining the fiber-saturation point . Thin sec-
tions of wood were used so that the desired moisture content coul d
be readily obtained without a moisture gradient . The break in the
curve that presents the relation between moisture content and elec-
trical conductivity is not sharp enough to give an accurate deter-
mination of the fiber-saturation point, but the results plotted i n
Figure 6 show that the break comes at 30 per cent -!- 1 per cent.

The relation between swelling and moisture content has also been
used for determining the fiber-saturation point . Theoretically there
should be no shrinkage of green wood on drying until the fiber -
saturation point is reached, but here also the effects of the woo d
structure and of unequal moisture distribution prevent accurat e
determinations by this method (13) .

It is evident that niariy more careful and precise determination s
are needed to give conclusive and detailed information on the fiber -
saturation point of wood ; they should cover such matters as the
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variation in different species, the variation at different temperatures ,
and the variation after different treatments. The few existing
determinations show too much divergence to be satisfactory.

REVERSIBILITY OF ABSORPTION

Very little is known about the reversibility of the absorption o f
water by wood. Although this absorption seems to be substantially
completely reversible there are indications that drying wood to a very
low moisture content or subjecting it to elevated temperatures (C )
permanently changes the value of the equilibrum moisture content .
Further, like pure cellulosic fibers, wood has a hysteresis effect ,
with a difference in the equilibrium values when absorbing and when
giving off moisture (1, 14, 30) .

ABSORPTION OF LIQUIDS OTHER THAN WATE R

Even less is known about the absorption of liquids other than
water, although there are a few scattered data on the subject .. The
relative swelling effects of different liquids on dry birch wood have
been determined by Hasselblatt (3) as shown in Table 3 . The
liquids are arranged in the table in the order of decreasing polarity ,
and the amount of swelling is seen to decrease in the same order .
By an indirect method Stamm found in the absorption of liquids o f
various polarities consistent differences that are similar to the differ-
ences indicated in Table 3 (22) . Dunlap has reported that turpen-
tine and coal tar creosote give heats of absorption of 2 .3 and 5
calories per grain of wood, in comparison with the 14.6 to 19.6
calories for the heat of absorption of water. Wieben found tha t
white spruce absorbed about 4 .5 per cent by weight of kerosene from
air saturated with kerosene vapor and 5 per cent of xylol under a
similar condition . Theses figures may not be the maximum amount
because the tests were not run . to equilibrium, but they are probably
somewhere near the equilibrium value .

TABLE 3.-Tangential swelling of birch (dried at 110 ° C .) in. various liquid s

Liquid

Percentag e
increas e

over origi- Liquid

Percentage
increase

over origi -
nal dimen-

sion
nal dimen -

sion

Water	 13 .6 Turpentine	 1 . 8
Glycerin	 13. 1 Benzol	 . 7
Ethyl alcohol	 9.4 Carbon bisulphide	 . 8
Propyl alcohol	 9. 5 Decaline	 . 3
Acetone	 9 . 1 Petroleum	 . 3
Ethyl ether	 4.4 Ligroin --•	 0
Chloroform	 ._ .	 4 .2

There are no quantitative date available on the subject of th e
effect of the absorption of liquids other than water on the physica l
properties of wood. Tiemann has shown, however, that air-dr y
wood (about 12 to 15 per cent moisture content) soaked in turpen -

9 WIEBEN, A. M . STUDY OF THE RELATIVE ADSORPTION OF WOOD FOR WATER AND VARIOU S
OILS . 33 p., illus. 1922. [ Unpublished thesis, Univ. Wis . 1
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tine, kerosene, or coal' tar creosote gives decreased strength values ,
although the values are not decreased to the same extent that the y
are when the wood is soaked in water (26) .

DYNAMICS

This bulletin has already discussed the structure of wood and the
static relations between liquids and the cell-wall substance of wood .
In brief resume, wood in general is made up largely of longitudinall y
arranged hollow elements from 0 .5 to 8 mm. in length, from 0.003
to 0.4 mm . in inside diameter, and from 0 .002 to 0.04 mm. in thick-
ness of wall between two adjoining cavities. These elements, either
tracheids, fibers, or vessels, communicate with one another by mean s
of extremely small but numerous openings through thin membranes ;
the openings, which are of unknown shape, have the effective size o f
circular apertures 11 inµ to 184 nip, in diameter for softwoods, and
probably are substantially the same for hardwoods . In addition
there is another and much smaller system of radially arranged cells ,
shorter than the fibers, which communicate with one another and
with the adjoining longitudinal fibers through apertures of unknow n
shape and size that probably are similar to those between the fibers .
The walls of which this structure of intercommunicating passages is
built up are composed of a reversible aqueous jelly that can absorb ,
with swelling, about 29 per cent of its weight of water and les s
amounts of other liquids. With the preceding information concern-
ing this structure and the properties of the substance composing i t
as a part of the basis, the conditions under which liquids may exis t
in wood and move through wood may now be discussed .

Liquids may exist in wood in three forms : (1) As free liquid in
the cell cavities, (2) as bound liquid in the cell walls, and (3) a s
vapor in the cell cavities. Since the vapors in wood under practica l
conditions are always mixed with some gas, that is the only con-
dition of vapor existence which will here be discussed . The free
liquid can exist only when the adjacent wood substance is at th e
fiber-saturation point but the other two forms occur at all values
of moisture content except tlia.t the vapor form will be absent in
cells completely filled with liquid) . Movement of free liquid can
therefore take place only above the fiber-saturation point, and boun d
liquid and vapor can diffuse in response to variation in concentra-
tion or in vapor pressure only below the fiber-saturation point . All
three movements can take place simultaneously, however, in differen t
parts of the same small piece of wood. Certain general physical
laws govern fluid movements of these types and with their aid i t
may be possible to correlate the known structure and properties of
wood with the existing experimental data and thus obtain som e
evidence on the probable mechanism of the movement of liquid s
through wood, especially under the conditions that prevail in th e
practical processes of impregnation and drying .

IMPREGNATION BY PRESSUR E

The impregnation of wood by liquids under pressure, as in the
preservation process, is probably the simplest case of the movement

!I
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of a liquid in wood, because it consists almost entirely of the move-
ment of free liquid . If the impregnating liquid is an oil that i s
only slightly absorbed by the cell wall, the bound-liquid movement
will be negligible. If on the contrary it is a water solution, sinc e
the cell walls are already partly saturated the only bound-water
movement will then be merely that required to complete the satura-
tion by absorption from the free water as it comes in contact wit h
the partly saturated cell wall . In either instance the vapor move_
meat will be negligible in comparison with the amount of free-liqui d
movement . It is permissible, therefore, to consider impregnatio n
as the movement of free liquid only . If it is such, the movement
should follow the well-known laws governing the flow of liquids
through small tubes . A simplified expression of these laws is given
by Poiseuille's equation,

VP

	

(1 )

t

	

871 1

in which V represents the volume of liquid that has flowed, t the
time of flow, r the radius of the tube, Y the pressure, 7? the viscosity
of the liquid, and 1 the length of the tube, all in centimeter-gram-
second units . The equation is not directly applicable to the impreg-
nation of wood by liquids because it expresses the conditions o f
liquid flow through tubes already filled with liquid, while the com-
mercial impregnation of wood both involves the flow of liquid int o
empty tubes and includes a variation in the value of I. The math-
ematical relationship between these two types of flow will be de-
veloped later in this report . Before this is done, however, it wil l
be necessary to discuss other variables, not used in equation (1) ,
that may affect the flow of liquids through or into wood .

LOCALIZATION OF RESISTANCE TO FLOW ; IMPACT TURBULENCE

As already indicated, the open passages through wood are not
capillary tubes of constant diameter as required by Poiseuille's equa-
tion but are instead a series of discontinuous capillary tubes (the
cell cavities) communicating through numerous orifices very muc h
smaller than the tubes themselves. The orifices are so small, com-
paratively, that practically all the resistance to the flow of liquids
is localized in them, and hence the resistance to flow in the cell
cavities may be considered negligible (21) . The sudden change in
diameter of the passages, from an orifice to a cell cavity, brings i n
another variable, impact turbulence, not included in Poiseuille' s
equation. The effect of impact turbulence can be computed from
Couette 's modification (22) of Poiseuille's equation . Under the
average conditions prevailing in the impregnation of heartwood, im-
pact turbulence is negligible. Even under the most exceptional con-
ditions that might occur locally or temporarily in the flow of th e
impregnating liquid through the cell cavities of heartwood th e
maximum correction to be applied to computations from equation
(1) would be only about 1 .6 per cent . Therefore the effect of impact
turbulence need not be considered in the further discussions o f
impregnation.

i4
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EFFECTS OF CAPILLARY FORCES

When liquid is entering either an empty capillary or a gas-fille d
one the flow is affected by the surface tension of the liquid at its
entering surface, which for the gas-filled capillary is the boundar y
between liquid and gas . The effect of the surface tension may b e
expressed quantitatively in terms of pressure tending to cause flow ,
and the general phenomenon of surface tension modified by size of
capillary is often called " capillary pressure ." Since this pressure
may be exerted either toward or away from the surface, depending
on the shape of the surface film, it may be either a positive or a
negative pressure in so far as the internal pressure of the liquid is
concerned . It is often expressed, however, as a positive pressure act-
ing in one direction or the other . The discussion immediately fol-
lowing and also the discussion of Figures 11 to 14 make it desirabl e
to restate here the preceding well-known facts .

Under the conditions postulated for the Poiseuille equation n o
capillary forces are acting. Such forces, however, not only may act
but may also become important when the liquid is entering capillary
spaces in wood that are filled with air . If the liquid wets the wood
the capillary forces tend to pull the liquid into the empty spaces ;
that is, the resultant of these various forces acts in the same directio n
as the pressure applied to the liquid from the outside of the piece .
The capillary pressure varies inversely as the radius of curvature o f
the meniscus, which in turn depends upon the radius of the capillary ,
and the cell cavities are small enough to give, with water as the
liquid, about half an atmosphere of capillary pressure-a value not
large in comparison with the external pressures applied in practice .
The capillary pressures caused by meniscuses in the orifices in the pi t
membranes, on the other hand, may be greater than 50 atmospheres ,
although they are practically ineffective in assisting to force liqui d
into the wood on account of the extreme thinness of the membranes
and the correspondingly short distances through which the high
values are active . In fact the pit membranes may actually retar d
the capillary rise of liquid into wood on account of the large angle
of the surface film just after the orifices have become filled with
liquid .

If the. liquid does not wet the wood, the resultant of the capillar y
forces acts in the direction opposite to the direction for water, tha t
is, against the flow of the liquid into the empty spaces . In this case ,
however, it is the small, short capillaries of the pit membranes tha t
are most. important. since they determine the minimum force require d
to cause the initial flow of liquid into a cavity . With a liquid that
does not wet wood a pressure as high as 50 atmospheres may be re-
quired to overcome the capillary pressure and cause a flow from on e
cell cavity to another.

As long as the liquid wets the wood, therefore, the effect of varia-
tion in surface tension is not important in modifying the externall y
applied pressure, but whatever its surface tension a liquid that does

{ not wet the wood can be forced through the small orifices only by
extremely high pressures . Although the liquids used for treatin g
wood do wet the wood under normal conditions, yet there may be

49145°-313
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temporary and localized resistance to wetting caused by extremely
small surface deposits of materials not wet by the liquid . A strictly
analogous occurrence is often noted in the flow of water into glass
capillaries that are not perfectly clean . If such resistances to wet _
ting were localized in the small orifices they would be important i n
preventing, or at least in retarding, the flow of the liquid .

TRAPPED AIR

During the impregnation of wood the air in the cavities may b e
trapped in two different ways, which have different ef fects on the
impregnation process. In the more apparent way the air occupie s
the central, untreated portion of the piece, and in the more Ina _
portant one it forms bubbles in the cell cavities that are otherwis e
filled with the treating liquid . The first of these bodies of trapped
air is not likely to be of appreciable moment in its effect on im-
pregnation. Even if no air were trapped as bubbles and all the air
formerly in the treated portion of the piece were displaced towar d
the center, its pressure would thereby be raised only in the ratio o f
the volume of the air displaced to that of the air previously in the
untreated portion . For example, if one-half the piece is treated and
all the air is therefore compressed into one-half the volume i t
originally occupied, the pressure of the compressed air is only dou-
bled, and if it were at atmospheric pressure at the start it woul d
then be at a pressure of only two atmospheres . An increase in in-
ternal pressure of an atmosphere or so is small in comparison wit h
the external pressures of 7 to 15 atmospheres commonly applied in
practice. Furthermore, the amount of air trapped as bubbles cor-
respondingly decreases this effect. Usually the treating liquid pene-
trates less than one-half the piece, as one more consideration, and in
the experimental data to be considered later in this bulletin less than
one-half was thus penetrated .

The effect of air trapped as bubbles in the liquid is much mor e
complicated . That this kind of air entrapment does take place ,
however, is easily established . It is proven by the "kick back" of
the liquid, the reversed flow of liquid out of the wood that occur s
when the pressure is released after the impregnation treatment ha s
been finished. Although it may be thought that the kick back i s
caused by the air that has been compressed in the untreated, centra l
portion of the piece, this can not be the fact because the air com-
pressed in the center of the piece can not expand further than t o
the nearest small orifices . When the liquid has retreated until th e
dividing surfaces between the air and the liquid lie within thes e
orifices, the capillary pressure resisting further retreat may be a s
high as 50 atmospheres, a pressure far greater than that of the com-
pressed air. The kick back at ordinary commercial treating pres-
sures must be due, therefore, to the combined effect of the expansio n
of many small air bubbles trapped in the liquid .

The kick back caused by the expansion of trapped air is occa-
sionally accompanied by a similar effect caused by the expansion
of the wood itself upon the release of the applied pressure . This
effect is noticeable chiefly in species of relatively low mechanica l
strength that are resistant to impregnation treatment and when
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high temperatures and pressures are used . Since only the total
kick back can be measured, it is difficult to estimate the individua l
amounts that are due, respectively, to each of the two possible
causes .

The air confined in the central, untreated portion of the piec e
affects the impregnation directly in that its pressure is substracted
from the applied pressure to give the 'total effective pressure. The
effects of the air trapped as rubbles are much more involved an d
are correspondingly difficult to estimate, especially the immediat e
effects as distinguished from the later kick back. If there were
no change in the pressure to which these bubbles are subjected the y
would have no effect on the amount, of flow . Since, however, the
bubbles are subjected to increasing pressures and therefore dim-
inish in size as the impregnation proceeds, the cell cavities in whic h
air is trapped are not filled to their final capacity when the liqui d
enters them initially but continue to fill with liquid throughout th e
course of the impregnation process. The quantitative aspects o f
this effect will be discussed later in this bulletin .

FLOW OF IMPREGNATING LIQUID

Before discussing the effect of such variables as viscosity an d
pressure on the amount of liquid injected into wood in the impreg-
nation process, it is desirable to develop the mathematical relation -
ship between the type of flow covered by equation (1) and that which
takes place during treatment . This can readily be accomplished
after making the simplifying assumptions that the structural con-
ditions of the wood remain substantially unchanged during impreg-
nation and that the dimensions of the different cell cavities and th e
number and dimensions of the communicating passages between the
different cell cavities are the same throughout the wood . Although
the last assumptions are obviously untenable, the flow through a
large number of cavities and communicating passages, even though
the channels have widely varying dimensions, would be much th e
same as that through equivalent channels having constant dimen-
sions, and the assumptions are therefore justified for their present
purpose .

The results of experiments in wood impregnation are naturally
expressed in terms of total amount of liquid absorbed or in depth o f
penetration. Such terms evidently bear a relationship to the V ,
volume, in equation (1) , but the exact nature of the relationship mus t
be ascertained. Washburn (32) has already developed such a rela-
tionship for capillaries of uniform bore, but his equation does not
apply under the conditions under discussion because, as alread y
pointed out, the flow of liquid into wood may be safely considere d
as the filling of successive reservoirs (the cell cavities) throug h
extremely restricted and short communicating orifices (the pores i n
the pit membranes), the resistance to flow as expressed by r and n
being located practically entirely in the orifices. The flow of the
liquid during impregnation can therefore be considered as a serie s
of discontinuous flows, the conditions remaining constant while on e
set of cell cavities is being filled and the resistance increasing step -
wise by a practically constant amount as each set of cell cavities i s
filled and the liquid begins to flow through the next set of orifices .
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Accordingly, if it takes one unit of time to fill the first set of cavities '
through one set of orifices, it will take two units of time to fill th e
second set of cavities, since for the second filling the liquid must flow
through two similar sets of orifices in series ; the third set of cavitie s
x.11 require three units of time, and so on . If, then, y is the depth
of penetration, b the dimension of a cell cavity in the direction of
the flow, ae the time required to penetrate the depth y, and a the tim e
required to fill the first cell, when y/b=l, x/a=1 ; when y/b=2 ,
ce/a= 3 ; when y/b-3, x/a= 6 ; and so on . The relation between y/b
and x/a is therefore given by the equation

or
/y+ - -

/
bl

x=ay(2b 2

Equation (2) requires that every row of cells be either completely
filled or at least filled to the same extent, and that the final maxi -
mum filling of each row take place before the next row begins to '
fill. Air bubbles trapped in the cell cavities prevent the individual
fulfillment of both of these requirements, (1) because, although each
cell may be originally filled to the same extent (to the stage wher e
the entrapment of air is finished), the final subsequent compressio n
of the trapped air and the corresponding additional amount o f
entering liquid that remains in the cell will vary according to th e
pressure on the liquid finally attained, and (2) because as the
trapped air is compressed the cell continues to fill with liquid afte r
the liquid has begun to flow into the cells beyond . Although the
presence of trapped air thus destroys the actual quantitative rela-
tionship shown in equation (2) between the times required to fil l
the first row of cells and the subsequent rows, yet after the first two
or three rows of cells have been filled the additional time required to
fill each successive row becomes constant (to less than 1 part in 200)
for any given piece, and this individually constant value is a func-
tion of the time required to fill the first row . This statement is in-
troduced without proof because the development of the formulas
and the computations on which it is based would take more spac e
than the subject merits . If the statement is accepted, then equation
(2) may be used exactly as it stands although a will then no longe r
represent the mathematically exact time required to fill the first cel l
but instead a function of that time, which has a practically constan t
= value for a given case .

No attempt will be made to apply equation (2) to the experimental
wood-impregnation data on the relation between time and penetra-
tion ; it will be used only in applying equation (1) to the data on
the effect of pressure and of viscosity .

MacLean's curves showing the relationship between time and pene -
tration (7) are of the same general type as those given by equation
(2) except for the considerable amount of absorption recorded a s
occurring at the very beginning of the impregnation, even before
the maximum pressure has been attained . This rapid absorption at

x_ _
a

(2)
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the start is undoubtedly due to checks and ruptured cell walls that
allow certain cavities to be filled without the passage of the liqui d
through apertures as small as those between the cell cavities . After
this abnormally rapid first absorption, MacLean is curves can be
closely duplicated by means of equation (2) with. properly chose n
values of a and b . The duplications are not exact, it is true, probabl y
because the conditions assumed to be constant in the derivation of
the equation were. not actually constant during the experimenta l
impregnations . The theoretical and experimental curves are so
close, however, that the theoretical can be safely used in combina-
tion with equation (1) to deduce the effects of pressure and viscosit y
on penetration for cutnparison with the experimental results .

EFFECT OF PRESSURE ON PENETRATIO N

For all practical purposes y, the penetration, in equation (2) ma y
be considered to vary inversely as the squaw root of a, the time re _
quired to fill the first cell . Although this relation between a and y ,
which is affected by the value of the constant b, is never strictly ac -
curate, when y is large in comparison with b, as it always is except
at the very beginning of the impregnation, the inaccuracy is neg _
ligible. According to equation (1) the tithe: a required to fill the
first cell should vary inversely with the pressure p . Therefore ,
other conditions remaining constant, the penetration y should vary
as the square root of the pressure p . Yet. MacLean 's figures show _
ing the erect of pressure on penetration do not give exactly such a
relationship . The effect of pressure on peiietrat ion is not consistent
in his different experiments ; in general, however, the penetratio n
he obtained varies more nearly directly with the pressure than

{ with the square root of the pressure . The universal laws governing
the flow of liquids in capillaries can not become suddenly inopera-
tive in the impregnation of wood, and therefore some reasonable ex -
planation of this apparent peculiarity must be sought .

If, as has been indicated in the previous discussion, the opening s
between the cell cavities are located in the very thin pit membranes ,
it seems reasonable to assuitte that pressure ma y cause a stretching o f
the membrane with coitsequent . increase in the size of the openings .
Hence all the conditions affecting the rate of flow, other than pres-
sure, may not have been constant in the experiments . Rather, the
size of the openings may also have varied, and may have varied a s
some function of the pressure. That this explanation is reasonabl e
is further indicated by the fact that the same mechanism may be
used in accounting for the observed effects of steaming the wood jus t
prior to impregnation. Common practice in commercial plants is t o
steam the wood in order to increase the ease of penetration . and since
steaming is known to soften the wood, making• at least the macro-
scopic units of the wood substance more plastic, it probably increases
the effect of pressure on the stretching of the membranes and there -
fore on the size of the openings .

EFFECT OF VISCOSITY ON PENETRATION

According to equation (2), the penetration should vary inversely
as the square root of the time required to fill the first cell, and accord-
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ing to equation (1) the time required to fill the first cell should var y
directly as the viscosity . All other factors affecting impregnation
being constant, the penetration should therefore vary inversely a sthe square root of the viscosity .

The experimental data showing the effect of viscosity on p enetra-
tion are very meager . In most of 'MacLean's work (7, 8, and 9) on th e
effect of viscosity on penetration lie obtained variation in viscosity
by variation in temperature . The effect of viscosity alone, therefore ,
can not be determined from these data . In a few of his experiments ,
however, temperature was held constant and variation in viscosit y
was obtained by using mixtures of coal tar creosote with variou s
proportions of petroleum oil . Four different petroleum oils wer e
used, although only one at a time was mixed with the creosote . For
the mixtures of creosote with any one oil, the relation between vis-
cosity and penetration corresponds fairly well to the theoretica l
relation.

constant

	

penetration--	

	

-v

	

-
viscosity

although the constant is different for the different oils . Even when
the results for all four oils are plotted together, there is a roug h
correspondence to a straight-line relationship between the penetratio n
and the square root of the reciprocal of the viscosity . It may be con-
cluded, therefore, that the experimental data ., within the limits of
their inconsistencies, confirm the deduction that the effect of viscosit y
on penetration in wood impregnation is what would be expected fro m
the laws governing the flow of liquids in capillaries .

DIFFUSION CAUSED BY DIFFERENCES IN MOISTURE CONTEN T

There are no data on the diffusion in wood of either pure vapor
or pure bound liquid, and a detailed discussion of the diffusio n
equations that might apply is therefore unnecessary . It is of inter-
est, however, to review the attempts that have been made to appl y
diffusion equations to experimental data obtained in the drying o f
wood . Tuttle ( ;?8) and later Sherwood (18) applied diffusion equa-
tions to the rate of drying of wood and found a good concordanc e
of calculated and of observed results . In both instances, however ,
the wood was above the fiber-saturation point at the beginning of the
experimental work, and the apparent success of the application of th e
diffusion equation proves only that the . probably complicated mecha-
nism actually in operation happened to have a resultant the sam e
as that of the assumed simple mechanism ; the success does not prove
that the mechanism of the moisture movement corresponds to th e
assumptions of a. simple diffusion . In fact the available informatio n
already reported herein demonstrates that this can not be so . The
water existing in wood above the fiber-saturation point is free water ,
and free water has no properties that would cause it to diffuse fro m
a point of higher to a point of lower concentration, as required b y
the diffusion law . Hence, in order to obtain details on the mecha-
nism of moisture. movement in wood through proper application o f
the diffusion laws it is necessary to use simplified cases in whic h
the three different mechanisms that are possible in that movemen t
may not all be in action at the same time .
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The problem is simplified and the interpretation of results is les s
difficult when the experiments are conducted on wood below the fiber -
saturation point so that instead of three there are only two possibl e
ways of moisture movement-as vapor and as bound liquid . Still-
well (24) and Martley (11) have studied the diffusion of water
through wood below the fiber-saturation point and have further
simplified the interpretation by carrying on the diffusion at a constan t
rate, that is, with a constant high relative humidity on one side of a
piece of wood and a constant low relative humidity on the other side .
Under these conditions the distribution of the moisture, the moistur e
gradient in the direction of flow, may be expected to give some in -
formation on the mech -
anism of the diffu-
sion. The usual diffu-
sion equation assume s
a driving force pro-
portional to the differ-
ences in concentratio n
of the diffusing sub -
stance. If this assump-
tion held for wood,
with no, other variable
affecting the rate of
diffusion, and if the
moisture diffusion
through wood were en-
tirely as bound liquid ,
the moisture gradient
set up at the steady
sta to should be a
straight ]ine as show n
in Figure 8, A. If,
on the other hand, the
diffusion were entirel y
in vapor form, the
gradient of v a p o r
pressure should be a
s t r a i g h t line at a FIGURE 8.-Theoretical moisture gradients in wood at a

steady state : A, When the moisture moves as bound
steady state, but the

	

water ; B, when the moisture moves as vapo r
graph representing the
different moisture-content values of the wood in equilibrium with
these uniformly varying vapor pressures would not be a straight line .
Instead, the moisture gradients in equilibrium with a straight line o f
vapor pressures would have a form similar to the curve in Figure 8 ,
B. The assumption that the driving force is proportional to differ-
ences in vapor pressure is undoubtedly true for pure vapor diffusion ,
but there is no evidence that the driving force is proportional t o
differences in moisture content in bound-water diffusion . On the
contrary, the available evidence is opposed to such an assumption .
It has been shown under the heading Statics (figs . 3 and 4) that the
intensity of absorption of water by wood, as measured by heat of
absorption and by diminution of vapor pressure, decreases greatl y
over the range from dry wood to the fiber-saturation point, and it
might be expected that the diffusion constant would vary in the sam e

DISTANCE FROM DRY/NC SURFACE



24 TECHNICAL BULLETIN 248 1 U . S. DEPT. OF AGRICULTUR E

manner. If this were so the moisture gradients caused by the dif-
fusion of bound water should also resemble Figure 8, B .

Stillwell (24) found that the moisture gradients did not cor-
respond closely to either of these assumptions but were more lik e
Figure 8, A, or in some cases even convex from above. Nor did the
rate of diffusion give any definite evidence of the mechanism . His
work, however, was described as only preliminary in character, and
certain experimental difficulties in the control of conditions were
pointed out as affecting the results to such an extent that quantitativ e
conclusions could not be drawn.

Martley (11), also making his experiments at the steady state,
found that all his moisture gradients were curves convex from above
and approached tangency to the horizontal at high values of mois-
ture content, indicating that diffusion is more rapid at the highe r
values of moisture content . His experiments, therefore, do not indi-
cate which diffusion mechanism, vapor or bound water, is prepon-
derant in the drying of wood below the fiber-saturation point, bu t
they do show that, whatever the mechanism, and whether differenc e
in vapor pressure or difference in moisture content is the driving
force, the diffusion is not proportional to the driving force alone .
It varies also with the moisture concentration ; this concentratio n
may be that in the wood substance for the diffusion of bound water
or that (partial pressure) in the air in the cell cavities for the dif-
fusion of vapor . The same kind of a moisture gradient has been note d
with drying soap (18), where the water is all bound water, and als o
in the diffusion of water through rubber (17), where the movement
appears to be largely in the form of vapor . The fact that there is a
variation with concentration, therefore, does not indicate any pref-
erence for either of the two possible forms of water movement .

Undoubtedly both forms of diffusion, as vapor and as boun d
water, are taking place at the same time in the drying of wood belo w
the fiber-saturation point . The only question concerns the relative
speed of the two forms. This can be determined by measuring th e
effect of some variable that can affect only one form of the diffusio n
or by adding a variable that can be affected by only one form .
Studies of this kind are already under way at the Forest Product s
Laboratory. There is also another experimental method for differ-
entiating between these two forms of moisture movement in drying ;
it is based on the fact that vapor diffusion requires heat for the
evaporation of moisture in the interior of the wood, while bound -
water diffusion requires heat for evaporation only at the surface .
The temperature gradients in wood drying below the fiber-satura-
tion point, therefore, may throw some light on this subject . Another
suggested method is to study the rate of drying of wood saturate d
with a volatile liquid not absorbed or only very slightly absorbed by
the cell wall, so as to exclude or at least minimize any diffusion a s
bound liquid .

MOVEMENT OF LIQUID ABOVE THE FIBER-SATURATION POIN T

It has already been shown that the water occurring in wood above
the fiber-saturation point is free water and that differences in mois-
ture content above the fiber-saturation point, such for instance a s
between 40 and 50 per cent, do not in themselves develop any poten-
tial that can cause a flow from the higher to the lower concentration .

{
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Yet there is evidence that free water moves in wood during the
drying process . The main evidence, and all that needs to be con-
sidered here, is found in determinations of the moisture gradients
at different stages of drying. If there were no movement of free
water during drying the moisture gradients at successive periods
would be as shown in Figure 9-curves A, B, and C, in order . All
the movement of moisture toward the drying surface would then li e
in portions of the piece below the fiber-saturation point, and th e
sharp break in the moisture
content between the fiber -
saturation point and the
original moisture content

	

moisture content
would persist but would

	

r
gradually move away fro m
the drying surface . Such
curves are in fact obtained
with certain kinds of wood .
On the other hand, certai n
other kinds of wood furnis h
moisture gradients similar
to those of Figure 10, i n
which the original moisture
content is seen to drop con-
siderably before the fiber -
saturation point is reached.
The movement of free water
is the simplest explanation
of this type of moisture-dis-
tribution curve .

Such a. movement of fre e
water during drying can be
readily explained by the ap-
plication of the information
that has already been pre-
sented on the structure o f
wood and on wood-water re-
lationships. Fortunately i t
is not necessary to assum e
that either vapor diffusio n
or bound-water diffusion is
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m ovement toys, and the (11-y- FIGURE 9.-The moisture-gradient in wood at three
mg surface in that part of

	

stages of drying when there is no movement of
free water : A, at an early stage in drying ; Btl,e piece of wood below the

	

and C, at successive later stage s
fi ber-saturation point may
be largely due to either of these mechanisms and yet the genera l
effect on free-water movement will be the same . This explanation
of free.-water movement does in fact present a fairly complete an d
definite picture of the details of moisture movement during th e
drying of wood. It is not yet possible to give a quantitative treat-
ment of the subject, but the following conception seems to fit th e
known facts and to furnish an acceptable presentation of the various
mechanisms involved .

1
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In addition to the foregoing it is only necessary to consider briefl y
the evaporation from the free surface of water in a capillary befor e
developing the subject in connection with the drying of wood . As
explained under the heading, Effect of Capillary Forces, capillar y
tension and pressure vary inversely with the radius of the capillary ,
and the same principle applies to a. small bubble of air or other gas
in a liquid . If, therefore, we consider a capillary of irregular cross

section, Figure IL filled wit h
water except for a bubble, b ,
the system is in equilibrium
only when the radius of the
tube is the same at a and c
and, if the gas in b is at
atmospheric pressure, whe n
the radius of b is also the
same. If now evaporation
of water takes place at a the
retreat of the menisclis, rn ,
toward a1 , with constantly
decreasing radius of the tube ,
produces a constantly in -
creasing capillary tension
;illd, therefore, the meniscu s
n moves toward c 1 , its radius
always being equal to the
radius at the other end o f
the tube. Meanwhile, with
the capillary tensions at the
ends of the tube increasing ,
the bubble b expands until
the gas and vapor pressure
within the bubble plus it s
capillary pressure are equal
to the capillary forces at the
ends of the tube plus the
atmospheric pressure ; the

i	 I	 pressure within the bubble
zo
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/00 decreases as the bubble ex -
THICKNESS OF 504RO

	

pands. With further evapor -
(PERCENTAGE OF TOTAL THICKNESS)

	

at•ion at m this procedure
FIouaP] 10.-The moisture gradient in wood at

	

t

	

f
four stages in typical kiln-drying when there -will continue until the mini -
is a movement of free water : A, at a very mum radius is reached at a1 .
early stage in drying ; B, C, and D, at succes-
sive later stages

	

Then if a1 is smaller than
c1 the meniscus n will con-

tinue to retreat toward a1 , and the evaporated surface will move
forward and back between al and the end of the tube, keeping m
and n always of equal size until all the water in the tube is evap-
orated. If al is larger than c 1, the meniscus m will not retreat be-
yond cal, but instead m will continue to move toward n, until
evaporation is complete. The presence of the bubble b does not
materially affect the procedure under the conditions shown in th e
figure, but, if the minimum radiuses near the ends of the tube ar e

Initial moisture content
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very small in comparison to the radius of b, sufficient capillary forc e
may be developed to expand b very considerably . In fact, the mini-
mum radiuses may be so small that the capillary forces will be greater
than the tensio n
of the liquid in the
surface film of the
bubble b, in which
event m and n will
both remain station-
ary while b expands
until the tube is emp-
tied of liquid water .

--n APPLICATION OF PRINCIPLES TO A
SIMPLIFIED STRUCTURE

For the application of the
preceding principles to th e
drying of wood we may use an
idealized and simplified struc -
ture (figs. 12, 13, and 14) that
resembles wood in all the de -
tails essential to this discus -
sion. The cells selected for
illustration have an insid e
diameter of about 0.01 mm.
and the orifices connectin g
them have a diameter of about
70n1,z. In Figure 12 all cel l
cavities when drying started
were full of water, except f
and 11, , which contained ai r
bubbles. Evaporation from
the surface of the wood mn
lowers the water level in the
cells a, b, and c, and at the
same time the walls begin to
dry out from the line mn
downward. Further evapora-
tion brings the water level
down to the positions shown
in Figure 12. Other evapora -
tion of water is probably also
taking place from the cell wall s
into the cell cavities, as indi -
cated by the line xy, which
marks the limit of fiber sat -
uration in the c e 11 w a 11 s .

There is a definite capillary tension at each of the meniscuses i n
a, b, and c ; these tensions, however, can have an effect in moving
liquid water only when the curvature of any meniscus or bubble
surface in the intercommunicating system is larger than the curva -

FIGunn 11 .-A capillary tube of nonuniform bore, with a
bubble of entrapped gas : a, One aperture ; a,, position
of minimum radius of aperture a ; b, a bubble of en -
trapped air or other gas ; c, the other aperture ; e l, posi-
tion of minimum radius of aperture c; m, meniscus at
aperture a; n, meniscus at aperture c

'icURH 12.-An early stage in the drying of an
idealized wood structure : a, b, c, d, e, f, g
and h, Fiber cavities in an idealized woo dstructure : b l and b2, bubbles of entrappe d
air or other gas ; mn, exterior surface of thep iece of wood ; ay, surface of the liquid in
the cavities from which evaporation takesplace
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tures in a, b, and c. The level in a is shown as higher than the levels
in b and c on account of the greater capillarity in a (a is slightly
smaller than b and c) . If the bubble in h has a diameter greater than
the diameter of the meniscus in a, it will expand after evaporatio n
from the surface at a until equilibrium is restored, in accordance wit h
the action described in connection with the bubble in Figure 11 .

Continued evaporation will finally bring about the situation indi-
cated in Figure 13 . Here the cells a, b, and c no longer contain

water, and there is a meniscusm--
-

	

- ~' - - "~ ~ - '°~	 n across each of the orifices lead -
ing inward from these cells .
On account of the great in..
crease in the capillary force s
in these small orifices over the
forces previously exerted by th e
larger menisensesin thecellcav-
ities, the evaporating surfac e
will tend to remain stationar y
within them as long as there
are larger surfaces from whic h
the water can flow to replace
the evaporated water. At the
same time there is evaporation
of bound water into the cel l
cavities of a, b, and c ; the bound
water is supplied by diffusio n
through the cell walls from the
free water in contact with the
other sides. The bubbles b l in
f and b 2 in h had previously
been in equilibrium with th e
capillary forces exerted by the
meniscus in a . Now they must
come into equilibrium with the
conditions set up by the much
smaller meniscuses in the ori-
fices between the cell cavities.
The water eva,poration along

i IGURE 13.-A second stage in the drying of an the line xy is supplied by the
idealized wood structure : a, b, c, d, e, f, g, expansion of the bubbles andand h, Fiber cavities in an idealized wood
structure ; bi and b2, bubbles of'eiitrapped air the internal tension in th eor other gas ; mn, exterior surface of th e
piece of wood ; xy, surface of the liquid in body of the water gradually
the cavities from which evaporation take s
place

	

increases. for a time, as this
- evaporation proceeds. The ex-

pansion of the bubbles during this stage is accomplished by ex-
pansion of the air contained in them and by evaporation into the m
of water from their surface films . Finally, however, the increasin g
vapor pressures of the water in the surface films become equivalen t
to the tension conditions in the body of the liquid, and then th e
bubbles continue to expand without further changes in liquid ten-
sion. This stage is reached by b 2 sooner than by b ;_, since the
size of the bubble and hence the vapor pressure in the surfac e
film of b2 is greater. The bubble b, expands until it fills the
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cavity h, all the water passing upward into e. This leaves a
meniscus in the orifice between e and h, which will remain station-
ary as long as there are larger surfaces anywhere in the system t o
be moved first . The bubble b 1, being larger than any of the menis-
cuses now in the system, will expand under increasing tension unti l
it reaches the second stage described for bubble b, and will then
expand further at constant liquid tension until it fills f . Since
there is now no water to sustain them the films in the orifices betwee n
a and f, and f and b will coni -
pletely evaporate, and the lire,-

	

- n

sure in f will be made normal

	

x
by the entrance of air from a
and b . The condition shown
in Figure 14 is now reached .
Only the three cell cavities d, e ,
and h are left active in the
dead-end system, and the next
development depends on the
relative size of the orifices at
which there are meniscuses .
If the one between It and e is
the largest (and is also suffi-
ciently larger than the other s
to make up for the low pres-
sure existing in A) it will be
pulled into e, and the wate r
in e will pass out partl y
through d and partly throug h
the cell walls and orifices into
b and f. If, however, the ori-
fice between c and d is the
largest of the group its menis-
cus will be pulled back into th e
cavity d, and on account of
the low pressure existing in It
a part of the water in el will
flow through e to It until the
pressure in It is again normal .
Thus there is the interesting FIGURE 14.-A third stage in the drying of a n
possibility of occasional flow

	

idealized wood structure : a, h, e, d, e, t, g,
and h, Fiber cavities in an idealized wood

of liquid water for a short dis-

	

structure ; mn, exterior surface of the piece
of wood ; my, surface of the liquid in the

tance in the direction away

	

cavities from which evaporation takes plac e
from the drying surface when -
ever a meniscus on the drying surface becomes greatly enlarged b y
being pulled back into a cell cavity .

Collapse.---During the stages of Figures 12 and 13 the meniscuse s
between the cell cavities are not required- to exert their maximu m
capillary tensions . Whenever a condition similar to that shown in
Figure 14 exists, however, there will be a great mechanical stress
in the walls of the dead-end system before one of the meniscuses i s
pulled through its orifice into a cell cavity. With orifices of an
effective diameter of 70 m il the tension required to pull a meniscus
into the cell cavity would be about 40 atmospheres . So great a
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force may be sufficient in some species of wood to cause a collap S e

of the cell wall ; such collapse is frequently observed in dried wood ,
Although our knowledge of the submicroscopic structure and the
initial moisture characteristics of the species most subject to collaps e
is still too meager for a definite substantiation of this explanation o f
the phenomenon, all that we do know is in agreement with it .

BRIEF APPLICATION OF PRINCIPLES TO ACTUAL WOOD STRUCTUR E

It is thought that the foregoing greatly simplified p resentation
covers the principles and the essential details of the mechanism o f
free-water movement during the drying of wood . Numerous detail s
pertinent even to so simplified a presentation are not included i n
the discussion, but all the details omitted seem of little importance i n
their effect on the gross results . No attempt will be made to give
any complete and detailed application of these principles to th e
structure of actual wood, which is much more complex than tha t
represented in the elementary diagrams of Figures 12, 13, and 14, bu t
a few general observations will be made in amplification and partia l
application of the preceding restricted discussion .

Since wood is normally made up of continuously intercommuni-
cating passages it has no completely closed systems like that show n
below rn-n in Figures 12, 13, and 14 . The capillary force set up at
the evaporating surface. of an actual piece of wood, therefore, may
exert an effect through a large number of cell cavities . Even in
2I cell cavity nearly filled with an air bubble there are probably con-
tinuous fine columns of water (resulting from the irregularities i n
the interior surface of the cell wall) that persist even at considerabl y
reduced vapor and gas pressures and thus allow a flow of water
through the cell . On account of the very small size of the opening s
between the cell cavities there is a considerable resistance even to
so reduced a flow, and the openings may in certain instances be s o
small that the free water can not flow to the free surface as fast
as it is being evaporated from the surface . In such event the
meniscuses on the evaporating surface may be broken by evapora-
tion, and the liquid surface will then recede to the next row of cells .
This illustrates the manner in which a moderate variation in size
or in number of the small openings between cell cavities may con-
siderably affect the mode of drying, as indicated by the moistur e
gradients. Qualitatively the mode of drying is always the same-
there is always some movement of free water in response to the
capillary force developed at the drying surface, but this movemen t
may extend only a few tracheids beyond the evaporating surfac e
before- the evaporating surface begins to progress inward . The re-
sult is a moisture gradient similar to those shown in Figure 9, be -
cause the distance through which free water moves in such dryin g
is so small as to have very little effect on the gradients . Since the
flow varies as the fourth power of the radius a moderate increase i n
the average size of the openings will cause a considerable decreas e
in the. resistance to flow, and the movement of free water may the n
extend for many trache-ids beyond the evaporating surface, giving
gradients similar to those in Figure 10 .

The picture so far presented is substantially one of movement in a
longitudinal direction . The movement in a tangential direction
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differs from the longitudinal only in the relative rates at which move-
ment takes place. It should be slower because there are more mem-
branes and hence more small openings in series per unit of distanc e
from the drying surface than in the longitudinal direction. In the
radial direction there are wood rays, which are oriented similarly t o
the cells in the longitudinal direction, which the rate of movemen t
should simulate the movement within the longitudinal cells, and con-
sequently radial drying should partake of both longitudinal and .
tangential rates .

The preceding discussion of the movement of liquids in actual woo d
has also been limited largely to a restricted structure similar to that
of a softwood without resin ducts . The presence of resin ducts or o f
the special vessel systems of hardwoods may greatly modify th e
details, but the principles and the general results will be the same .

There are no observations or experimental data on the evaporation
from wood of liquids other than water so that this subject need not
be discussed, but here again the general mechanism should be the
same as with water.

CONCLUSIONS

Although this bulletin is essentially a review and correlation of
known facts and principles it permits the drawing of definite con-
clusions.

Some specific conclusions are : In. the impregnation of wood with
liquids the effect of the viscosity of the liquid on the penetration i s
what would be expected from the known facts in regard to woo d
structure and the. laws governing the flow of liquids into capillary
tubes, whereas the effect. of pressure on the penetration is not what
would be expected, which indicates the existence of other variable s
not yet. controlled, such for example as the effect of temperature o n
the plasticity of the wood . The movement of free water during the
drying of wood depends on the size and the number of the opening s
between cavities containing water and on the proportions of ai r
and water in these cavities.

Corollaries are : Experimental methods are suggested for deter -
mining the preponderance of vapor flow or of bound-liquid flo w
during drying below the fiber-saturation point.. The lack of variety
and of completeness in certain determinations, such as the fiber -
saturation point., the size of openings in the wood structure, an d
structural details, especially the location and the number of pits ,
in different pieces and different species of wood, is pointed out .

Three conclusions are : (1) It is profitable, at an early stage in
experimental work, to study the principles involved in the proble m
and, with the aid of all the known facts, to formulate a tentative
hypothesis. (2) Mathematical formulas than fit experimental data
do not necessarily give any information on what the fundamenta l
variables are or on the relation between them ; such formulas may
even lead to a false conclusion in regard to the simplicity of th e
process. (3) In dealing with a material of complicated structure ,
like wood, it is necessary to know the finest details of the structur e
and to keep them constantly in mind in order to properly interpre t
experimental data or plan experimental work . These conclusions
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may be considered trite and commonplace statements of prevailin g
opinion, but restatement and emphasis can do no harm in connectio

nwith a subject so important as efficiency in research methods .

SUMMARY

e

	

Many of the problems that occur in the drying and other prepara _
r• ;

	

tion of green wood for use originate in the fundamental relation s
~;r{

	

between wood and liquids . This bulletin summarizes the present
knowledge

	

pof wood structure and of wood-liquid relations and thu s
ia(

	

serves as an introduction for a series of publications that will repor t
is experimental research on various parts of the general problem of

establishing these relations . Further, the correlation of existing
information has made possible the formulation of satisfactor y
hypotheses covering the detailed mechanism of the movement (1 )
of liquid water in wood during the drying process and (2) of th e
impregnating liquid during the preservative treatment of timber .
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