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ABSTRACT

Thi s paper reviews the technol ogy of wood drying and recent

devel opments in the field. The inportance of drying is reviewed
first. Then the fundanental s of wood properties as they relate

to drying are discussed, including how water is held in wood, how
it noves through wood, and how drying stresses that lead to drying
defects develop. Traditional drying technology for |unber, veneer
and heavy tinbers is then presented. Wth this background, the

di scussi on nmoves to recent devel opnents in drying technol ogy that
have been inmplemented comrercially, such as high-tenperature
drying, lowtenperature drying, continuously rising tenperature
dryi ng, vacuum drying, and advances in process control. Finally,
a discussion is presented on drying technology of the future

This topic describes processes that offer potential inprovenents
in drying technology, but are still in the research and devel opment

st age

| NTRODUCTI ON

For many end uses,wood must be formally dried to perform satis-
factorily. If formal drying is not carried out before the fina
product is nade, “informal” drying will occur in service, often
with disastrous results

Wod is dried in a variety of shapes and sizes. The appropriate
drying techni que depends on size and species. Because there are
400-500 trees species or generic groups in the world with some
commercial inmportance, we are faced with a fornidable range of
possible drying techniques. Fortunately, experience and certain
conmonal i ties make the choice easier.

Key Wrds and Phrases: Cell structure; diffusion; energy; form of
wat er; heartwood; kiln; |unber; noisture novenent; shrinkage;
stresses, structure; thernmodynam cs; veneer
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Vel | -dried wood has many advantages for both producers and users:
- Because weight is reduced, so are shipping and handling costs.
- Subsequent shrinking and swelling is inconsequential.

- Cutting and machining is easier and nore efficient.

- Wod parts join nmore readily and securely with nails, screws,
bolts, and adhesi ves.

- Warping, splitting, cracking, and other harnful effects of
uncontrolled drying (in service) are alnost elinmnated.

Paint, varnish, and other finishes go on easier and last |onger.

- Decay hazards are elimnated if dried wood is treated with
preservatives or protected from excessive moisture regain.
Drying is therefore a key processing step in the use of wood
products.

Data are not available to nake an accurate estimate of the anount
of wood dried annually in the world, but an order-of-magnitude
estimate is possible. Data gathered by the Food and Agriculture
Organi zation of the United Nations (1982) place the 1980 world
production of solid wood products at about 550 million cubic
meters. The term solid wood products as used here includes itemns
such as sawn |unber, tinbers, sleepers, veneer, plywod, and
particl eboard, and excludes wood pul p products and fuelwod. If
we assune that only one-half of this anount, 275 million cubic
meters, is formally dried, then the amount of water renoved is
approxi mately 1011 kg. The energy required to evaporate this

water is about 2 x 1017 joules, or 35 mllion barrels of oil.

In this paper | review sone of the fundamentals of wood-nmisture
relations, noisture novement, wood properties related to drying,
and quality considerations.- | also review current comercial
drying practices, as well as some non-conventional or experinental
processes that have good potential. The coverage is limted to
solid wood products as previously defined.

FUNDAMENTAL S

The structure of wood and the location and amount of water in wood
influence its drying characteristics. A cross section of a tree
(Figure 1) shows well-defined features from outside to inside.

One sees the bark, a light-colored sapwood zone next to the bark,
an inner and darker heartwood zone, and growth rings that show as
concentric rings. Wod is a cellular structure. Each cell has a
cell cavity, or lumen, and cell walls conposed of several |ayers
arranged in different ways (Figure 2). The cell wall constituents



FIGURE 1. Cross section of a white oak tree trunk: A, Canbium
| ayer (mcroscopic) is inside inner bark and forns wood and bark
cells. B, Inner bark is moist, soft, and contains living tissue.
Carries prepared food fromleaves to all growi ng parts of tree.
C, Quter bark containing corky layers is conposed of dry dead
tissue. Gves general protection against external injuries.
Inner and outer bark are separated by a bark canmbium D, Sap-
wood, which contains both living and dead tissues, is the light-
col ored wood beneath the bark. Carries sap fromroots to |eaves.
E, Heartwood (inactive) is formed by a gradual change in the
sapwood. F, Pith is the soft tissue about which the first wood
growth takes place in the newy fornmed twigs. G Wod rays
connect the various layers frompith to bark for storage and
transfer of food. (M 88620 F)
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are cellulose, hemicelluloses, and lignin. Mst of the tube-like
cells are oriented parallel to the long axis of the tree trunk
and are termed fibers, tracheids, or vessels, depending on their
particul ar anatom cal characteristics and function. Another type
of cell, wood rays, lie on radial lines fromthe center of the
tree outward and perpendicular to the long axis. Figures 3 and 4
illustrate the arrangenent of cells in conifers and broad-| eaf
trees, whose anatomes are simlar but do have slight differences

One particular type of anatomical elenment, called a pit, is

inportant in water flow. A pit is a small, valve-like opening
that connects adjacent wood cells and thus is an inportant pathway
for the flow of water. Several types of pits are shown in Figure 5.

Anot her inportant characteristic of wood relevant in drying is the
difference between sapwood and heartwood. In the living tree, the
sapwood |ayer next to the bark contains living cells that are
active in the transport of fluids. As the tree grows and increases
in diameter by adding new layers of sapwood, the inner layers of
sapwood die and become infiltrated with guns, resins, and other
materi al . Because of these infiltrations, heartwood is nore re-
sistant to fluid flow than sapwood, and has quite different drying
characteristics. Qther details of wood anatony and properties can
be found in Panshin and deZeeuw (1980).

Water in Wod

Water occurs in wood in three forms--liquid (or free) water in the
cell cavities; water vapor in the cell cavities; and bound (or
hydroscopic) water in the cell walls. Wien a tree is felled, the
moi sture content may range from 30 to nearly 200 percent (dry

basi s), depending on species and sapwood or heartwood. Sapwood

is usually higher in noisture content than heartwood. [If drying is
required for an end use, the final noisture content requirenent

will vary from about 5 to 20 percent, depending upon end product
and use environnent. As wood dries, water |eaves cell cavities
first. \Wen cell cavities are enpty, cell walls begin to dry.

The term fiber saturation point (fsp) has been defined as the

moi sture content at which cell cavities are enpty and cell walls
have not begun to dry, and is in the range of 25 to 30 percent.
Although the fsp is difficult to determne experinmentally because
of capillary condensation and noisture gradients that form during
drying, the property is inportant. NMbst physical properties do

not vary nuch with noisture content above the fsp, but they do
begin to change as water |eaves cell walls. Shrinkage begins at
fsp. As we will see later, this change in properties and shrinkage
below fsp has great significance in wood drying

Anot her property of the wood-water system inportant in drying is
equi l i brium nmoi sture content (EMC). Wod will cone to a noisture
content, sonmewhere between zero percent and the fsp, that is at
equilibrium with ambient relative humdity and tenperature. The
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Wyod structure of a hardwood.
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FIGURE 5. Cross sections of: A a bordered pit; B, sinple pit;
and C, a half-bordered pit. (M 134,593)



i mportance of EMC in drying technol ogy, which will be discussed
later, is its use in controlling drying rate. Typical sorption
i sotherns for wood are shown in Figure 6.

The thernodynam cs of adsorption of water on wood are di scussed by
Stanm (1964) and Skaar (1972). The energies of adsorption are of
particular interest in drying because they determ ne energy
requirenents in drying. The energies can be divided as foll ows
(Figure 7): The energy rel eased when water is absorbed by the

cell wall of wood (or the energy required to evaporate water from
the cell wall of wood) is termed Q; the energy rel eased when water
vapor condenses to water (or the energy required to evaporate water
fromthe liquid state) is the heat of vaporization of water, Q.
The difference between these two quantities

Q = Q- Q (1)

is the differential heat of adsorption. Q@ is the additional energy,
above the heat of vaporization of water, réleased when water is
adsorbed by wood. It is also the additional energy, above the heat
of vaporization of water, required to evaporate water from wood

Shrinkage of Wod

Shrinkage of wood is the root of nost of the problens that occur
during drying and nmany that occur in service. Wen water begins

to leave the cell walls at 25-30 percent noisture content, the

wal |'s begin to shrink. Even after drying, wood will shrink and
swell in service as relative humdity varies. The direction in

whi ch wood shrinks is the cause of many drying problems. Wod
shrinks nost in the direction tangent to the concentric growth
rings. This tangential shrinkage ranges from about 4 to 13 percent,
depending on species. Radial shrinkage, i.e., perpendicular to

the growth rings, ranges from about 2 to 8 percent.

This differential shrinkage is caused by the basic anisotropy of
wood shrinkage, and leads to undesirable drying stresses. The
orientation of nost of the Iong-chain cellulosic structure in the
cell-wall is nearly parallel with the long axis of the cell which
in turn, for nobst wood el enents, is parallel to the long axis of
the tree (or boards). As water nolecules |eave the cell walls
nost of the resulting shrinkage is perpendicular to the cell walls,
with little change in length. This |ongitudinal shrinkage is
usual l'y only about 0.1-0.2 percent fromwet to total dryness,

al though it may reach as nuch as 2 percent in certain abnormal
types of wood.

Mbi st ure Mvenent

Wod drying includes three nechani sns of moi sture novenent that
occur in various conbinations and proportions, depending on spe
cies , thickness, and stage of drying. 1) Mass flow of liquid
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water through the capillary structure of cell cavities and inter-
connecting pits occurs at noisture contents above fsp. 2) Below
fsp, diffusion of water occurs through the network of cell walls
and cell cavities. These two nmechanisns bring water to the surface,
and the third mechani sm of noisture noverment is 3) renoval from

t he surface.

The reader can expand upon the following brief discussion of

moi sture novenment in Stamm (1964), Hart (1965), and Siau (1971).
The flow of free water above the fps requires both a continuous
passageway for flow and a driving pressure. The continuous pas-
sageway is provided mainly by cell cavities and interconnecting
pits. Pit openings range from 0.1 to 1 microneters in dianeter.
The driving pressure is the difference between the pressure in the
gas phase and the liquid phase, and is given by the equation:

_ 20
Po - P1 = (2)
where
Po = pressure in gaseous phase
P1 = pressure in liquid phase
0 = surface tension of liquid
r = radius of capillary

Bel ow the fsp, water noves through wood by diffusion of water

mol ecul es through cell walls and cell cavities. The path may be
continuous through cell walls or through a conbination of cell
walls and cell cavities. Stanm (1964) has analyzed diffusion with
an electrical analogy using parallel and series networks of

di ffusion paths.

Diffusion in wood drying is usually characterized by Fick's second
law and the mathematics of diffusion, which follow fromthe basic
differential equation (Crank, 1975]:

9c _ 9 D 3c

3t ~ 9x 3x (3)
where
¢ = moisture concentration
t = time
X = distance in flow direction
D = diffusion coefficient

From a process or equipnment design engineer’s standpoint, it would
be desirable to have handbook tables or coefficients available for
estimating the drying time for any species, thickness, dryer rela-
tive humdities and tenperatures, initial and final moisture
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contents, and air velocity, This information is not available for
wood products. Not only is there only limted basic drying rate
data, the framework necessary to use such data has not been fully
devel oped. (For the purpose of this discussion, we will assume
that the statistical problem of variability of wood properties

i nfluencing drying behavior can be overcome.) The mathematics of
diffusion are of little help in predicting drying tine fromthe
variables that effect it because they have not been integrated
with mass liquid flow  They could be used to estimte drying
times fromfsp to final noisture content, but a workable system
complete with engineering data on diffusion coefficients is not
avai | abl e.

Several researchers have attenpted to devel op equations or series
of equations to estimate drying time. Sone attenpts have been
built on a relatively sinplified physical nodel and have resulted
in sinple but effective equations. Qhers have attenpted a
detail ed description of the physics involved and have devel oped
conpl ex nmodels that are also effective. No one, however, has
carried through a systematic devel opnent that would result in
engi neering handbook dat a.

Constock (1971), Tschernitz and Sinpson (1979), and Rosen (1980)
have devel oped sem -enpirical models that are based on a conbina-
tion of sinplified physics of drying and enpirical observations of
the shape of the drying rate vs. noisture curve. |n several cases
the authors have related the paraneters of their nodels to rele-
vant physical quantities, such as tenperature, so that the nodels
do have sone generalized applicability. Bramhall (1979), Ashworth
(1980), Spol ek and Pl unmb (1980), and Hart (1981) have devel oped
model s that attenpt to describe the physics of drying. The nodels
are derived from the basic heat, mass, and monentum transport
equati ons. The resulting nodels are quite conplex. They also
require the use of physical constants that are not always avail -
able. However, the nodels represent admirable attenpts to address
the conpl ex mechanisns of drying and reduce them to a manageabl e
phenomenon that can be described quantitatively.

Drying Stresses and Defects

Drying stresses are the main cause of defects that occur in wood
during drying. There are two causes of drying stresses, hydro-

static tension and differential shrinkage. Hydrostatic tension
develops on the cell walls of water-filled [unens according to

equation 2. Differential shrinkage is either due to the anisot-
ropy of shrinkage or as the result of mpisture content gradients
in wood as it dries.

Hydrostatic tension |leads to a defect known as collapse. Wth
pits as small as 0.1 mcrometer, the hydrostatic tension of
equation 2 can reach 1400 kPa, which exceeds the proportional
limt at high drying tenperatures for sone woods. The result is
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an inward collapse of cell walls that shows externally as exces-
sive shrinkage or a washboard effect (Figure 8).

Differential shrinkage between the shell and core of |unber is

al so a cause of drying defects. This occurs because the outer
fibers in the shell dry first and begin to shrink. However, the
core has not yet begun to dry and shrink, and consequently the
shell is restrained from shrinking by the core. Thus the shel
goes into tension and the core into conpression. If the shel
dries too rapidly, it is stressed beyond the elastic limt and
dries in a permanently stretched condition without attaining ful
shrinkage. Sometimes surface fractures occur during this early
stage of drying, and they can be a serious drying defect for nany
uses, As drying progresses, the core begins to dry and attenpts
to shrink. However, the shell is set in a permanently expanded
condition and prevents normal shrinkage of the core. This causes
the stresses to reverse--the core goes into tension and the shel
into conpression. These internal tension stresses may be severe
enough to cause or contribute to internal fractures called
honeyconb (Figure 8).

Differential shrinkage caused by differences in radial, tangential
and longitudinal shrinkage are a mmjor cause of distortion of

| umber during drying. Five common types of warp are shown in
Figure 9.

TRADI TI ONAL DRYI NG TECHNOLOGY

Before turning to sone of the newer developments in drying tech-
nol ogy, we should spend a short time on the traditional ways of
drying wood. Then we will turn to sone recent technology now in
comercial use and conclude with some of the pronising technol ogy
still in the research and devel opnent stage

Lumber

The ol dest method of drying lunber is sinple air drying. Wth
proper stacking for air circulation and with support for warp
prevention, lunber can be dried with no need to add energy above
the drying capacity of the ambient air. However, this advantage
of free energy is offset by several serious disadvantages. One
is the long drying time, which can range from several nonths to
several years depending on species, climte, and |unber thickness.
Anot her di sadvantage for some end uses is the inpossibility of
reaching a moisture content |ow enough for certain environments
such as air-conditioned spaces in the tropics or heated hones in
northern latitudes. In air drying we are at the nmercy of the
weather.  Tenperature is linited to bel ow optimum drying tenpera-
tures, and air drying alnost ceases in northern winters. The nost
serious vagary of the weather is the alternating wet and dry
periods that subject surface fibers to cyclic periods of drying,
which might be violent at times, and wetting. The subsequent
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shrinking and swelling of the surface often |leads to surface cracks
and consequently value loss. Despite all of its drawbacks, air
drying is still used extensively, either alone or as a prelude to
kiln drying.

In the early 1900's, producers of wood products recogni zed the
limtations of air drying and devel oped dry kilns for providing

a drying environment at elevated tenperatures. Experience soon
showed that there were definite limts to tenperature elevation
before drying defects (collapse, surface and internal cracks)

devel oped. A controlled environment was necessary. A Kkiln thus
provi des means for tenperature and humdity control, air circulation,
and renoval of noist air.

Drying schedules were enpirically developed. A drying schedule

is a conprom se between the desire to dry wood as rapidly as pos-
sible yet slowmy enough to avoid drying defects. Early in drying
wood dries the fastest, and because of high noisture content, it
isinits weakest condition. Thus wood is very susceptible to
drying defects early in drying, and relatively |ow tenperatures

and high hunidities are required for many species. As drying
progresses, drying rate decreases. W would like to raise tenpera-
ture and reduce humdity to maintain drying rate. Fortunately, as
wood dries below fsp it becomes stronger, and we can maeke these
changes. A kiln schedule is thus an enpirically determned (trial
and error) recipe for gradually increasing tenperature and decreasing
relative humdity at certain noisture contents in such a way as to
mnimze both drying tine and drying defects. Species and thick-
ness are the main factors influencing selection of kiln schedule.
Here are exanples of a mld schedule for a species very susceptible
to drying defects and a severe schedule for a species not as
susceptible to drying defects:

A) Mild Schedule--25-mm-thick southern (U.S.)
lowland oak (Quercus)

Moisture Content Temperature Relative Humidity
(%) (°c) (%)
Above 40 38 89
40-35 38 86
35-30 38 80
30-25 43 70
25-20 49 40
20-15 54 10

15-7 66 8
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B) Severe Schedul e-- 25-nmthick lauan (Shorea)

Above 50 66 82
50-40 69 76
40-35 66 66
35-30 66 48
30-25 71 31
25-20 71 21
20-15 77 24
15-7 82 26

These schedul es are based on making tenperature and relative

humi dity changes at certain noisture content levels. This requires
a process control schene that includes nonitoring of moisture con-
tent. The nost certain way to do this is by periodic weighing of
pre-sel ected sanple boards. This is a cunbersome and sonetinmes

i npractical procedure but is often necessary for high-value |unber
susceptible to drying defects.

El ectrical nethods are sometimes used to nonitor noisture content.
The electrical properties of wood change with noisture content.
Unfortunately, nost of the change occurs between fsp and total
dryness, so electrical methods are of little use at high noisture
contents where critical changes in conditions are sonetines
necessary.

Ti me- based schedules are not as precise as moisture. content
schedul es, but they are often used for certain species and for end
uses where nminor drying defects can be tolerated. They sinplify
process control because changes can be nade automatically or nman-
ually without the need to sense any wood properties. Tinme-based
schedul es are derived by trial and error and |ong experience with

a standard species-thickness conbination that is dried repetitively.

Process control in lunber drying is quite prinitive. The conbina-
tion of susceptibility to drying defects and the variability of
wood properties within one given species (or even one tree)
prohibits establishing standard drying cycles of time, tenperature,
and relative humdity that can be applied universally with certainty.
Wod that enters a dryer will not all have the sane initial nois-
ture content, drying rate, or mechanical strength. Furthernore,
the traditional paraneters that vary with noisture content and
that m ght be used as a basis for process control will not be
uniform The end result is a statistical problemthat is diffi-
cult to manage and has hindered advances in process control

Veneer

Commercial veneer, either peeled or sliced, is usuallY 4 nm or
less in thickness conpared to lunber that is usually at |east
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25 nm t hi ck, Because of this thinness, veneer is dried differ-
ently than lunber. Mich shorter drying cycles are possible because
drying tine varies exponentially with thickness, and drying
tenperatures can be relatively high because internal drying stresses
are not as damaging as in lunber. The end result is drying cycles
that are usually less than 1 hour and often less than 10 minutes
Wth such short drying tines, veneer operations are often continu-
ous production systems. Surface evaporation and heat transfer to
the veneer, rather than internal moisture flow, are usually the
controlling factors that determine veneer drying rates. Therefore,
high air velocity across or perpendicular to the veneer surfaces

is inportant.

Pol es and Heavy Ti nbers

The large size of poles and heavy tinbers make their drying as
different from that of l|unber as veneer drying. The large size
neans that drying rate is Iow, which causes steep noisture
gradients and drying stresses of long duration. The result is |ong
drying times and the alnpbst certain occurrence of surface cracks
The long drying times often make kiln drying prohibitively expen-
sive, so that air drying is the nmpbst common practice. Poles, which
are often treated with preservatives to prevent decay, are usually
partially dried before treatment. Surface moisture is renoved to
al l ow successful penetration of preservative. Drying cycles for
this purpose are short enough to be done econonmically in a kiln or
in some processes in a treating cylinder just before treatnent

begi ns.

RECENT | MPLEMENTATI ON OF NEW DRYI NG TECHNOLOGY

Most of the recent advances in drying technol ogy, as well as newer
technology still in the research stage, have been notivated by the

following factors

1. Gowng recognition of the econom c value of |unber and veneer
and the need to maintain quality of the dried product.

2. Gowing recognition of the high cost of long drying times.
High interest rates raise the cost of holding large inventories
during prolonged drying.

3. Increased concern over energy consunption in drying and the
need to identify ways to mnimze energy use.

4. More interest in sophisticated drying processes and net hods of
process control

H gh- Tenperature Kiln Drying

Oneof the first inprovenents in traditional kiln drying technol ogy
was an increase in drying tenperatures to reduce drying tine.
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Whet her by tradition or good reason, kiln schedul es seldomcalled
for drying tenperatures above 80-90° C, and then only at the |ast
step in a schedule, when the wood was nearly dry. Over the past
10- 15 years, higher drying tenperatures, up to 120° C or nore,

have been found safe for mre and nmore species. The major limta-
tion has been drying defects. Each species reacts differently to
hi gh-tenperature drying, so progress has been made on a species-by-
species basis. Sonme species can be dried at high tenperature from
initial to final noisture content with little or no honeyconb,
col l apse, or surface cracks. Qther species will not tolerate such
drying at all, and others will survive high drying tenperatures

if first partially dried at |ow tenperatures. In general, high-
tenprature drying has worked best on softwood structural |unber and
not well on hardwood | unber.

Sone of the early success in inplenenting high-tenperature kiln
drying occurred in Germany. Kollmann (1961) reported that hard-
woods first partially dried at |ow tenperature and some softwoods
could be successfully dried at high tenperatures. Another suc-
cessful application of high-tenperature kiln drying was for the
pines grown in the southern United States. These pines are an
inportant source of structural lunmber. They are very perneable
and can be dried in 24 hours or less at 120° C without serious
drying defects (Koch, 1971). Traditional schedules often required
up to 80-90 hours. This was a mjor advance in kiln drying tech-
nol ogy and hel ped notivate the search for additional applications.
Reductions in drying tine simlar to those found for the

United States southern pines have also been found for radiata pine,
which grows in Australia, New Zealand, and South Africa (Kininnouth,
1973).  Cech and Huffman (1971) reduced drying of spruce structural
| unber from 60 to 15 hours, and Huffrman (1972) showed that drying
time of aspen structural |unber could be reduced from175 to

59 hours using high-tenperature drying.

A problem nmore subtle than obvious drying defects |ike honeyconb
and col | apse sometimes occurs in high-tenmperature drying. The

time of exposure to high temperature at high noisture content some-
times results in a thermal degradation that reduces sone nechani cal
properties such as nodulus of rupture and nodulus of elasticity.
Property reductions range froma | ow of about 5 percent for the
southern pines to 20 percent for Douglas-fir (Gerhards and MM I en,

1976)..

Conti nuously Rising Tenperature (CRT)

The continuously rising temperature (CRT) process is a patented
process (Dedrick, 1968, 1973) that has been inplenented in softwood
structural lunber drying. CRT is credited with reductions in kiln
drying tine, energy, and drying defects. Early in conventional
Kiln drying when lunber is wet, the wood surface assumes the wet
bulb tenperature. Asdrying progresses, the surface tenperature

ri ses and approaches the dry bulb tenperature. As a result, the
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tenperature difference between air and wood, which is the driving
force for heat transfer fromair to wood, becones progressively
smaller. The CRT process is clained to control heat transfer from
air to wood by maintaining a constant air-to-wood tenperature
difference by continuously increasing dry bulb tenperature during
drying. The result is a nearly constant drying rate throughout
drying instead of the usual falling rate (Figure 10). One advantage
of CRT is that initial drying temperatures can be kept relatively
low (60°C typical) and still realize a respectable drying rate

whi ch mnimzes drying defects and mechanical property loss due to
thermal degradation. Then later in drying when high tenperature
(100° C typical) beconmes necessary to maintain drying rate, the
wood is not as susceptible to drying defects and degradation.

Low Tenperature Drying

At the opposite end of the drying tenperature spectrum |ow
tenperature drying has certain applications quite different from

hi gh-tenperature drying. H gh-tenperature drying has been inple-
mented nostly for softwood structural lunber. Mst of these species
dry relatively easily, and the end use permts mnor drying defects.
The production of softwood structural lumber is a high vol ume
system with enphasis on throughput. The product is relatively

| ow val ue, so rapid, lowcost drying is necessary. Conversely,
hardwood |unmber is usually nore difficult to dry without defects
than softwood |unber, drying times are |onger, and for many conmon
uses (e.g. furniture) no drying defects can be tolerated. Because
of long drying times and the high cost of kiln drying, hardwood

| umber has conmonly been air dried before final kiln drying. How
ever, air drying is a slow process and drying defects often devel op
because of lack of control over drying conditions. Until recently,
air drying was still often econom cal despite these disadvantages
But with the increasing cost of |unber and interest costs on
inventory during long air drying periods, air drying defects and
long air drying tines are less and less tolerable. The result has
been an upsurge in the use of previously little-used |owtenperature
dryers as a replacenent for air drying. Lowtenperature dryers are
lypically lowcost dryers that provide a mnimum of air circulation
and tenperature and relative humdity control, but just enough to
reduce drying time and drying defects significantly. Tenperatures
typically are 27-40° C.  Wengert (1979) estimtes a 23 percent
reduction in total drying costs of oak |unber (including reduced
drying defects) by the conbination of pre-drying plus kiln drying
vs. air drying plus kiln drying, and a 40 percent reduction conpared
to kiln drying alone frominitial to final misture content.

In addition to use in pre-drying to be followed by kiln drying,

| ow-tenperature dryers are also sonetines used for the entire
drying process. A particularly popular and w dely inplemented
type of lowtenperature dryer for this purpose is the dehumdifier
dryer, which typically operates bel ow 50° C Instead of the usua
venting systens to renove noisture from kilns, dehumdifier kilns
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operate by passing air over cooling coils of a dehumdifier and
condensing water. The dried air is then reheated and sent back to
the drying chamber. The latent heat of vaporization is recovered
and used in drying. Lack of venting losses and recovery of the
heat of vaporization conbine to nmake dehumdification drying more
energy efficient than conventional kiln drying. Pratt (1968)
found that energy consunption in dehumdification drying ranged
from 15 to over 50 percent less than in conventional kiln drying,
depending on species. Cech and Pfaff (1977) also found energy
reductions of over 50 percent.

Dehum dification is not, however, without its penalties, Drying
times to final moisture content are often two or nore tines |onger
than in a conventional kiln operated at higher tenperatures. Even
though total energy consunption is reduced, electrical energy is
required, which is often nore expensive than alternate sources of
energy. Recent advances in equi pment technol ogy have raised the
operating tenmperature of dehumdifier dryers to 70-80° C, so

newer dryers are not necessarily limted to |owtenperature drying.

Sol ar _Drying

Interest in solar drying of lumber dates back many years, but the
energy crisis of the early 1970's brought on a flurry of activity.
Most of the activity has been confined to design and testing of
smal | experimental dryers, with only a few in comercial use. The
proposed designs, both greenhouse and external collector types,
have usually been intended as |owcost dryers, often for use by
smal | producers or in tropical developing countries. Wth only a
few exceptions, the designs incorporate flat-plate collectors with
air as the heat transfer medium  Typical tenperatures realized in
solar kilns usually range from 15-20° C above ambient, with

maxi num tenperatures of from 50-60° C.  Controls have usually been
crude or non-existent, but there has been a recent trend to provide
some control through |ow cost humidistats, thernostats, humdifiers,
etc.

Pluntre (1967, 1973) designed a solar kiln in Uganda. He built
several versions, observed their performance, and then nade

i nprovenents.  The design has operated successfully in comercial
use for several years. Gough (1977) designed and built a produc-
tion capacity solar kiln for use in Fiji. The dryer was built as
an experimental unit, but practical econonmic and technical details
were carefully considered so that the final design is offered for
commercial use. Tschernitz and Sinpson (1979) have designed a |ow
cost solar kiln that has been operating successfully at a furniture
factory in Sri Lanka for several years. The kiln is equipped with
| ow-cost controls that allow unattended kiln operation. Chen et al.
(1982) have coupled dehunmidification and solar drying. The resulting
dryer takes advantage of the two energy efficient technologies in a
| ow-cost dryer that can operate 24 hours a day with a m ni mum of

purchased energy.
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One notabl e exception to the lowcost solar kilns that have

been designed is a kiln built in the southern United States with
U. S. Department of Energy funds (Robertson and MCorm ck, 1977).
The system is built with state-of-the-art solar technol ogy using
factory manufactured collectors and other system conponents and is
far more costly than the relatively unsophisticated solar Kkilns
built previously. The system has a |unber capacity of 100 m and
was designed to test technical and economic feasibility of solar
heating in commercial size kilns. The design goal was for solar
to provide about 40 percent of the total energy and natural gas
the rest. A water system was used to provide both heat transfer
and energy storage.

Process Control

Process control in lunmber drying is still often linmted to cunber-
some manual sanpling procedures or inexact time-based procedures
Recently, however, two new nethods have been inplemented to a
limted extent, and both are based on the fact that electrica
properties of wood change with noisture content. Janes and Boone
(1982) describe an evaluation of two slightly nodified comrercial
in-kKiln nmoisture monitors that neasure the change in dielectric
properties of wood as it dries. Electrodes are placed within the
stacked |unber before drying begins and thereafter give a con-
tinuous nonitor reading throughout drying. Even though it is not
possible to accurately calibrate the nonitor readings with misture
content, experience with monitors in specific kilns with repetitive
| unber configurations leads to a characteristic nonitor reading

vs. tinme relationship that allows operators to determ ne when

final noisture content is reached. These nonitors are used
primarily in drying softwood structural |unber, where the nost
inmportant need is a reliable and easily determ ned estinate of

when target moisture content is reached

The second process control method, based on a continuous nonitoring
of noisture content, uses the increase of electrical resistance of
wood with decreasing noisture content. Electrodes are inbedded
into the wood at a nuner of |ocations. Another type of probe
senses the EMC conditions in the kiln. Once the wood has fallen
bel ow fsp, the inbedded sensors can begin providing useful esti-
mates of internal noisture content. These estimates are conpared
to the EMC conditions of the kiln, which estimates surface nois’
ture content. Wth surface and core estimates, the operator has

an estimate of the noisture gradient. Experience then reveals
approxi mati ons of maxi num safe noisture gradients that allow drying
to proceed as rapidly as possible without drying defects. One of
the problens with this type of monitor is changes in contact resist-
ance as drying proceeds. These changes may be due to surface

pol arization or other electro-chemcal surface effects. In any
case, the reliability of the readings is suspect
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Vacuum Drying

Researchers in wood drying have long recognized the potential
benefits of vacuum drying. By drying wood under vacuum the
boiling tenperature is lowered, and the free water in wood can be
vaporized and renoved rapidly below 100° C. Drying rate is there-
fore increased without the dangers of defects that would surely
devel op during drying at 100° C. The problens with vacuum drying
systens have been devel opment of techniques for energy transfer

to the wood and the high cost of the equipnent. In a recent devel -
opment (Koppel man, 1976; Wodworking and Furniture Digest, 1982)
dielectric heating has been combined with vacuum drying in a process
just now gaining some commercial acceptance. The system reportedly
can dry lunber faster than possible in a conventional dry kiln, and
with no drying defects. The best application of the process seens
to be for high value, thick lunmber that might take weeks or nonths
to dry conventionally. For exanple, 100-mmthick oak is reported
to dry in 72 hours. Normal drying time in a kiln would be several
months. Despite the high cost of the equi pment, econonmic anal yses
by the manufacturer estimate that the dryer has a cost advantage
over kilns in drying high value, thick hardwood |unber. In another
variation of vacuum drying, Pagnozzi (1982) has devel oped a nethod
of introducing steaminto a cylinder. An energy recovery system
is also incorporated.

Veneer Drying

Current veneer dryers depend on air-to-wod heat transfer either
by parallel flow or high speed perpendicular inmpingenment. 1In a
new type of veneer dryer recently inplenented, the sheets are
pressed between hot platens (Allen and Pierson, 1980). The
primary advantage is better heat transfer to the veneer and there-
fore a reduced drying time. Platen tenperatures range from 120 to
200° C and platen pressures from35 to 500 kPa. Drying tines
range from2 to 12 minutes conpared to an hour or nore in sone
convection dryers. An additional benefit of platen drying is the
reduction in warp that drying under pressure restraint provides.

Warp Control

Warp has always been a problemin drying, but in sone countries it
has becone nore of a problemas the nature of the tinber resource
has changed. Large dianeter, old growth trees are no |longer always
available.  Spamll dianeter, young growth, sonetinmes plantation
grown, is beconming the normin many countries. Young growth tinber
often has a high proportion of juvenile wood present, which shrinks
more |ongitudinally than normal wood and | eads to warp. Because

of this characteristic, crook, bow and twist in softwod struc-
tural lunber is a major concern. Various methods are being used
commercially to reduce warp. One of the sinplest nethods is
restraint inmposed by weighting the top of |unber stacks with

500- 2000 kPa (Mackay and Runball, 1971). This reduces the vertical
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distortion of bow and twi st but not the lateral distortion of crook
Koch (1971) devel oped a stacking system that clanps boards so that
they cannot warp laterally and devel op crook. A further precau-
tion against twist is to apply a reverse tw st during stacking
(Australian Forest Industries Journal, 1973) by raising one corner
of the stack base. Al of these restraint methods require high-
tenperature drying for maxi num effectiveness. Hi gh tenperatures
increase stress relaxation, so that when restraint is released
boards are less likely to distort.

DRYI NG TECHNOLOGY OF THE FUTURE

The age-old fight in advancing drying technology is product
quality vs. drying time. Sonetimes we cannot have both high
product quality and short drying time, but sone of the advances

in the past 5-15 years have shown that opportunities exist to
reduce drying time and still avoid serious drying defects. | would
expect future drying research and devel opment to continue this
struggle to identify opportunities to reduce drying tinme. \hat
follows is a description of several avenues of research pursued

in recent years. The ideas have either not been inplemented or
inplenmented to only a linmted extent, but they do represent Poten
tial for inprovenents in drying technol ogy.

Pretreatments

Wi |l e we cannot engineer wood structure to be favorable for
drying, we can consider ways to modify it or its interaction wth
water to inprove drying. Research in pretreatnents has ained at
techniques to increase drying rate or reduce susceptibility to
drying defects. Presurfacing is one pretreatnent that reduces
both drying time and drying defects in oak |umber. \Wen boards
are sawn from logs, their surfaces have many small fractures and
tears left fromthe saw blade. During drying these fractures
act as points of stress concentration and open up into surface
cracks. If the lunber receives a shallow presurfacing before
drying, the surface tears are renmoved and the incidence of sur-
face crackling is reduced. This in turn allows faster drying as
wel | as increased kiln capacity by reducing thickness (MMIlen
and Baltes, 1972).

Cech (1971) has devel oped a preconpression process whereby

| unber is monmentarily conmpressed from 2.5 to 20 percent of its
thickness before drying. The result is creation of many mcro-
scopic splits in the inpermeable pit menbranes of hardwoods and

an increased drying rate. The increased permeability greatly
reduces susceptibility to drying defects and allows acceleration

of drying. Preconpressed yellow birch was dried at high tenpera-
ture in 200 hours conpared to the usual 430 hours at |ower tenpera-
tures. Presteaming has also been shown effective in increasing
the drying rate of sonme species (Sinpson, 1975).
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Wet wood

A problem that has plagued wood drying technology for many years
i's beginning to be understood, and the potential to reduce the
probl em | ooks pronmising. Trees of several conmercially inportant
species groups (pines, firs, henlocks, oaks, and poplars) are
susceptible to infection by bacteria in the living tree. An asso-
ciation has been found between this infection and subsequent
drying problens with |unber and veneer cut from infected trees
(Ward and Pong, 1980). The term wetwood has devel oped over the
years because one of the synptons of bacterial infection is pockets
within the wood that are higher than normal in moisture content
and quite inpernmeable conpared to normal wood. Wetwood dries nore
slowy than normal wood, and since wetwood and normal wood are
often mixed in the same dryer and even the same board, the final
moi sture content varies unacceptably. In addition, wetwood is
more susceptible to honeyconb and col | apse than normal wood.
Present techniques for separating wetwood from normal wood are
either unreliable or time consuming laboratory tests. The goal

of research in this area is to devel op separation techniques that
are fast and reliable enough to be used in production. Ward (1983)
has reported results that show differences in electrical properties
may be a base for separation.

Continuous Lunber Dryer

Veneer drying cycles are short enough that continuous dryers are
possible. Even though a continuous |unber drying process has |ong
been a dream of many researchers, the long drying times of |unber
make it inpractical. However, recent advances in high-tenperature
drying of non-collapsing, permeable species like radiata pine and
the United States southern pines have changed that thinking. Wth
perm ssible drying tenperatures of 140-150° C, the drying tinme can
be shortened enough that a continuous dryer becomes a practica
possibility.  Christensen and Barker (1973) devel oped a prototype
continuous feed dryer where 25-mmthick radiata pine can be dried
in 4 hours at 140° C and an air velocity of about 10 m'sec. Boards
are |loaded into racks that are bolted onto a conveyor chain to help
reduce warp. The racks then slowly move the individual boards
through the dryer. Koch and Wllford (1977) have devel oped a
concept for a continuous tunnel dryer in which stacked |unber is
moved continuously through a zone-controlled tunnel. In sinulation
studies in a conventional kiln they showed that Southern Pine
structural lunber 44 nm thick can be dried at 132° C and an air
velocity of 8 msec. in about 12-14 hours. The dryer they envision
woul d have several zones for drying, conditioning, and cooling, and
woul d be 30 neters |ong.

Press Drying

Press drying of veneer has been inplemented. Press drying of
| unber, however, presents problenms that do not affect veneer
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drying. Therefore it has had very linmited inplenentation. But
because press drying means greatly reduced drying time, it has
been the object of considerable research. The main problemis

t he devel opnent of honeyconb, but the payoff is drying cycles

for 25-mmthick [umber of only 1-2 hours conmpared to a week or
nore in a dry kiln. Schmidt (1967) reported on a commercial process
in Denmark on press drying of 25-nmthick European beech for
flooring. Drying from 80 to 7 percent noisture content took

1-2 hours at platen tenperatures of 150-170° C. Httneier et al.
(1968) press dried nine hardwood species at 170° C platen tenpera-
ture to 6 percent noisture content in from 20 to 200 minutes
dependi ng on thickness (12 or 25 mm and species. Al species
showed drying defects ranging from nmnor for sone of the |ower
density hardwoods at 12-nm thickness, to major for the higher
density hardwoods at 25-mm thickness. Haygreen and Turkia (1968)
press dried aspen and paper birch at 170° Cin from80 to

130 minutes and noted nmmjor defects in aspen heartwood. Quality
of the paper birch was apparently acceptable. Chen (1978) press
dried 25-mmthick walnut and noted the presence of honeyconb.
Alternating anbient air drying with press drying significantly
reduced, though did not elimnate, the occurrence of honeyconb

but extended the drying time. Chen (1979) showed that prefreezing
reduced but did not elinminate honeyconb in press dried wal nut.

Recent research has shown two potential ways to reduce honeyconb

and still retain the advantage of greatly reduced drying tine.

One way is to precede press drying by a |ower tenperature pre-drying
to approximately the fsp (Schmdt, 1967; Sinpson, 1982a). This
apparently alters internal stress levels and strength properties
enough to avoid honeycomb. The process still requires an
unshortened pre-drying tine, but the press drying fromfsp to final
noi sture content is less than 1 hour in a press conpared to as much
as 1 week in a dry kiln. The second way to reduce honeyconb in
press drying can be applied without the necessity of |owtenperature
predrying. By altering the pattern by which boards are usually

sawn fromlogs it is possible to avoid honeycomb (Sinpson, 1982h)
Boards can be produced and oriented in the press so the critica
internal tension forces that cause honeyconb are oriented in such

a way that the conpressive force of the press counteracts them

and prevents honeyconb.

Gt her Rapid Drying Processes

In addition to press drying, several other rapid drying nethods
have been developed recently. Rosen and Bodkin (1978) devel oped
an experinmental jet inpingement dryer for lunmber. In this dryer,
air heated to between 100-200° Cis inpinged perpendicular to the
surface at velocities ranging from5 to 45 msec. Drying tines
for maple ranged from 1.2 to 37 hours depending on board thickness
(25 and 50 mm), air velocity, and tenperature. Air velocity above
10 misec. did not reduce drying tinme. Honeyconb was present and
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severe in all 50-MM boards and still present in 25-40 percent of
the 25-mm boards.

Rosen (1981) has al so developed a prototype pressure steam dryer
where the circulated steamin the drying cylinder is generated
fromthe wet wood. Drying is done at tenperatures from 115° to
150° C and at pressures up to 2 atmospheres. One advantage of this
systemis the ability to control the relative humdity in the dryer
at levels higher than are possible at high tenperatures at atnops-
pheric pressure. Therefore, the high drying rates possible at high
tenperatures are realized, but the severity of drying conditions
can be tenpered somewhat by the ability to naintain high relative
hum dities in the dryer.

Process Control

Process control in lunber drying is usually based on sone estimte
of moisture content. In many cases the limting factor in drying
is the internal stresses that lead to drying defects. If we could
somehow nonitor internal stresses we mght be able to use them as
warning signals that drying defects are about to occur. In this
way, drying rate could be pushed to the maximum without drying
defects.

H 1l (1981) has developed a differential strain gauge that is
capable of monitoring internal strains during drying. Surface
fibers dry before interior fibers and thus shrink first. The
result is a differential strain between shell and core that can

be neasured at the edge of a board by this gauge. The differentia
strain increases as drying progresses, then reaches a nmaxi num and
begins to decrease as the core begins to dry and shrink. [If this
strain record can be correlated with devel opnent of drying defects
it will provide a powerful tool in process control

Anot her use of internal drying stresses for process control is
that of acoustic enissions as an early warning signal of the
approach of dangerously high internal stress levels. Severa
researchers (Skaar, et al., 1980; Noguchi, 1980; Becker, 1982)
have shown that during drying, lowlevel acoustic em ssions are pro-
duced that are inaudible unless isolated from extraneous noise and
anplified. Furthernore, they have shown that the rate of drying
and incidence of surface cracks is related to the anplitude and
number of acoustic emissions. If a reliable correlation between
defects and acoustic emssions can be developed to identify the
approach of dangerously high emssions, then drying rate can be
maxi m zed and defects mininzed

Hi gh- Frequency Drying

H gh-frequency electrical energy for wood drying has been studied
for many years in research and prototype devel opment studies
H gh equi prent and energy costs have prevented nore than token
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i npl enentation. However, the method is attractive enough that
research and devel opment continues, and perhaps as the relative
costs of energy sources shift in the future, electrical energy nmay
becone competitive. Hi gh-frequency heating has ihe advantage of
rapid and direct energy transfer to all parts of a piece of wood
rather than by conduction from external heat sources. The result
is the possibility of rapid drying--in fact, so rapid that con-
siderable research is devoted to maintenance of quality. Another
advant age of high-frequency heating is that energy is preferen-
tially absorbed by high npisture content regions, and a noisture
leveling effect occurs. MAlister and Resch (1971) successfully
dried 25-mmthick pine in less than 3 hours using a microwave
dryer. This conpared to normal kiln drying tines of 3 days. They
mani pul ated mcrowave power input and dryer air tenperature to
elimnate drying defects. Barnes et al. (1976) devel oped a proto-
type continuous mnicrowave dryer for softwood structural |unber.
Hem ock and Dougl as-fir 50 nm thick were dried in 5-10 hours with
little degrade. This conpares with several days in conventiona
kiln drying. Despite the dramatic decrease in drying tine, the
authors did not believe the process would be econonically feasible
except for high value products.

SUMMARY

In this paper | have attenpted to review the fundamentals of wood
drying, traditional wood drying practices, new drying technol ogy
that has been inplenmented recently, and new technol ogy that seens
promising but is still in the research and devel opnent stage

Most of the recent advances in drying technol ogy have been
motivated by the following factors.

1. Gowing recognition of the economic value of |unber and veneer
and the need to maintain quality of the dried product.

2. Gowing recognition of the high cost of long drying tines
3. Increased concern over energy consunption.

4, Mre interest in sophisticated drying processes and nethods
of process control

| expect drying research and devel opnent in the future to also be
motivated by these factors. The tinber resources of any country
are a valuable, and sonetimes scarce, asset. Wse and efficient
use of these natural resources will help extend the tinber supply
and bring economc benefit to both producers and consuners.

| mproved drying technology is one way to inprove efficient use
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