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Summary

This manual is intended to serve as an educational resource and work-
ing tool for people actively involved in the drying of Spruce-Pine-Fir (SPF) 
lumber.  The manual covers subject matter from the basic principles of 
drying through to the application of techniques specific to the drying of 
this species group.  The range and depth of information presented has 
been selected to meet these objectives.

A great deal of attention is given to the diversity of material within the 
SPF grouping and how that impacts on decisions made concerning dry-
ing.  The authors have tried to present solutions to cover a wide range of 
resource and operating conditions.  The early chapters in this manual are 
intended to provide readers with the background they need to analyze 
the various potential solutions with regard to their own situation.

Studies conducted at our laboratories have provided a lot of the back-
ground for the material in this manual.  Detailed results of testing con-
ducted at FPInnovations – Forintek Division on the drying of SPF can be 
obtained from the technical reports listed under Further Reading.  

Lumber drying should not be considered just as the actions that take 
place in the kiln or the air drying yard.  One of the objectives of this man-
ual is to demonstrate how the kiln operator must maintain a wide field 
of view when managing the drying process.  Joseph M. Juran, a quality 
management pioneer, described a process as “…a systematic series of 
actions directed to the achievement of a goal.  Process performance 
and excess variation will directly affect an organization’s financial 
performance.”  The objective is not to eliminate all variation but to un-
derstand it and minimize its impact on the operation’s performance.  

“Variation in a process is natural; it should be expected. But it is 
a wild beast that must be controlled.” (Gitlow and Gillow from The  
Deming Guide to Quality and Competitive Position.)
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noTe To readerS

As a neutral organization, FPInnovations – Forintek will not recommend 
one brand of equipment over another.  Our goal is to provide information 
that will help industry make the best choices for their particular situation 
and to make the best use of their equipment.

Information provided in this manual must be applied in consideration of 
many site-specific factors.  This includes recommendations with regard to 
drying schedules and equipment selection.  Wherever possible, the range 
of site-specific factors to be considered are listed and mill operators must 
review these to determine which ones are relevant to their situation.
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11
SPF GROWING REGIONS, SPECIES DIVERSITY,
AND GENERAL DRYING PROPERTIES

In Canada the SPF or Spruce-Pine-Fir species grouping 
includes eight species as defined within the National 
Lumber Grades Authority (NLGA) “Standard Grading 
Rules for Canadian Lumber”.  The common names in 
English and French are listed in Table 1-1 along with the 
scientific names for each.  These eight species have been 
grouped together for processing and marketing as their 
properties are similar and their growing regions overlap.  
In most regions of the country, mills processing this spe-
cies mix are dealing with at least 3 or 4 species from this 
grouping.  This manual will deal with the issues of drying 
these species - mixed as well as individually.

Of these eight species, four can be considered as nation-
al in their range.  White and black spruce, jack pine and 
balsam fir can be found from the east coast westward 
all the way to the Rockies and from the southern border 
all the way to the northern limit of tree growth.  The re-
maining four species have a limited regional distribution 
but are predominant species within their ranges.  Red 
spruce is found mainly in the Maritime provinces and 
Quebec.  Lodgepole pine is found throughout British Co-
lumbia and the western portion of Alberta.  Engelmann 
spruce and subalpine fir are found in the interior of Brit-
ish Columbia and into the foothills of Alberta.

As a result of the number of different species involved 
and the overlapping of ranges most mills are processing 
their own unique blend of material.  This is one of the 
challenges of preparing drying information for this spe-
cies mix.

1.1 The SPF GrouPinG

Common Name (English) 
 

White spruce
Engelmann spruce

Black spruce
Red spruce

Lodgepole pine
Jack pine

Subalpine fir
Balsam fir

Common Name (French) 
 

Épinette blanche
Épinette d’Engelmann

Épinette noire
Épinette rouge

Pin tordu latifolié
Pin gris

Sapin subalpin
Sapin baumier

Scientific Name 
 

Picea glauca (Moench) Voss
Picea engelmannii Parry ex Engelm.

Picea Mariana (Mill.) BSP
Picea rubens Sarg.

Pinus contorta Dougl.
Pinus banksiana Lamb.

Abies lasiocarpa (Hook.) Nutt.
Abies balsamea (L.) Mill.

1.2 raw MaTerial DiverSiTy

The physical properties related to drying are discussed in 
Chapter 2, however, there are a number of other factors 
that have a potential impact on drying.  Since some of 
these species grow across a wide geographic range, they 
exhibit a certain amount of within-species variability.  
Some of this variability is likely due to slight genetic dif-
ferences in trees of the same species separated by a large 
geographic distance.  Other variability may be more re-
lated to local growth conditions.  For example, material 
growing in low, swampy areas tends to be slower grown 
than material originating from higher, well-drained sites.  
A tremendous range in growth rate and log size and 
form can be seen in material from within the same grow-
ing region (see Figure 1-1).

Table 1-1 
Species that comprise the 
Spruce-Pine-Fir (SPF) spe-
cies grouping as  
defined within the  
National Lumber Grades 
Authority (NLGA) “Stan-
dard Grading Rules for 
Canadian Lumber”

Figure 1-1
Diversity within the SPF group as evidenced by the range of log sizes 
processed at one mill.
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1.3 General DryinG CharaCTeriSTiCS oF 
inDiviDual SPeCieS

1.3.1  whiTe SPruCe

White spruce is typically cut and processed with other 
spruce species such as red spruce in the Maritimes and 
Engelmann spruce in B.C.  On its own, it can be dried on 
relatively aggressive schedules with good results.  It com-
monly grows in the same area as balsam fir and is there-
fore often mixed with this species for processing.  Drying 
these two species together poses a problem, as balsam 
fir will typically take 2 to 3 times as long to dry.  If dried 
together, compromises must be made that usually result 
in either over-dried spruce, with extra drying degrade, or 
a high percentage of wet balsam fir.  Some difficulties 
may arise when drying white spruce with denser, slower-
drying black spruce.  This is usually accounted for in the 
drying schedule rather than by segregating these species. 
 
Warp is the main drying defect of concern for white 
spruce.  As with any of the spruce species, it is prone to 
reaction wood (not as prevalent as in black spruce).  This 
wood fibre shrinks considerably more in the longitudi-
nal direction than normal wood and contributes to in-
creased levels of crook, bow and twist.  Cupping is also a 
concern, especially in wider boards, due to the large dif-
ferential between radial and tangential shrinkage.  Final 
moisture content uniformity is always a concern when 
drying any spruce species including white spruce.  This is 
due to the variability in initial moisture content (MC) and 
variations in density within this species.  Collapse can oc-
cur in white spruce due to the relatively low density and 
high initial moisture content of the sapwood.  Problems 
can be severe when drying with harsh initial conditions 
such as a high-temperature schedule.  Collapse can usu-
ally be avoided by maintaining high humidity for the first 
stage of drying.

1.3.2 enGelMann SPruCe

Engelmann spruce is native to the southern interior re-
gion of B.C.  White spruce also grows throughout this 
region and the two species are often indistinguishable.  
As with the tree, the wood is also very similar in terms 
of specific gravity, initial MC levels and drying charac-
teristics.  The two species are not separated or even 
distinguishable for drying.  Comments listed in the pre-
vious section on white spruce are therefore relevant to 
Engelmann spruce.

1.3.3 BlaCk SPruCe

Black spruce is typically cut and processed with jack pine, 
balsam fir and other spruce species.  In many northern 

areas it is the dominant species and dictates the drying 
conditions when these species are dried together.  Most 
of the production has historically gone into construction 
grade lumber with a final MC requirement of 19% or less.  
Due to its good strength properties, black spruce is also 
used extensively for MSR (machine stress rated) lumber, 
where a slightly lower final MC is often targeted.  The 
small tree size and variability in wood properties contrib-
ute to final MC variation and extra drying defects.  If the 
intended end use is some form of specialty product, gen-
tler drying schedules can be employed to enhance the 
uniformity of final MC and to minimize drying defects. 
 
Black spruce is prone to a number of drying defects, 
mostly resulting from a wide range of physical prop-
erties as well as various growth-related characteristics.  
Warp is a major problem with this species.  The frequent 
presence of reaction wood and cross grain are definite 
contributing factors to a higher incidence of crook, bow 
and twist.  Final MC variability aggravates the problem 
further due to the effect of over-drying the faster-drying 
material in each kiln load.  Due to the relatively small log 
size and the difference between radial and tangential 
shrinkage, cupping will be a problem with wider boards 
(especially when dried to low MCs).
 

1.3.3.1 yellow SPruCe

In some regions of the country, particularly in Northern 
Quebec, a portion of the black spruce population has 
been identified as being particularly difficult to dry.  It 
is known locally as “yellow spruce” (“épinette jaune”) 
due to the yellowish hue often seen on kiln-dried boards.  
Although there is no botanical distinction between this 
sub-group and “normal” black spruce, both the physical 
and drying attributes are quite different.  Studies at Fo-
rintek have distinguished “yellow” spruce as being both 
denser and having a higher initial MC than “normal” 
black spruce.  Specific information on these properties 
is presented in Chapter 3.  Material identified as “yel-
low” spruce is more likely to originate from low lying 
swampy areas where the trees are typically very slow 
growing.  Ring counts of up to 35 rings per inch were 
observed (average of 19 rings per inch) in yellow spruce 
from the Abitibi region of Quebec versus a more typical 
average value of 7 rings per inch for normal black spruce 
from the same region.  Figure 1-2 shows a comparison 
of growth rate on board ends for “normal” versus “yel-
low” spruce samples.  Information on how to deal with 
“yellow” spruce in order to minimize its impact on the 
drying operations is provided in Chapters 11 and 15.
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Figure 1-2 
Photo of board ends showing difference in growth rate between yel-
low spruce and normal black spruce.

1.3.4 reD SPruCe

Red spruce is found mostly in the Maritime region of 
Eastern Canada and is typically cut and processed with 
other spruce species  from that region including white 
and black spruce.  On its own, it can be dried on rel-
atively aggressive schedules with good results.  Dry-
ing times are similar to white spruce so mixing it with 
that species is not a concern.  It commonly grows in 
the same area as balsam fir and is therefore often mixed 
with this species for processing.  Drying these two spe-
cies together poses a problem, as balsam fir will typically 
take 2 to 3 times as long to dry.  Some difficulties may 
arise when drying red spruce with denser, slower drying, 
black spruce.  This is usually accounted for in the dry-
ing schedule rather than by segregating these species. 
 
Warp is the main drying defect of concern for red spruce.  
As with any of the spruce species, it is prone to reaction 
wood which will contribute to increased levels of crook, 
bow and twist.  Cupping is also a concern, especially 
in wider boards, due to the large differential between 
radial and tangential shrinkage.  Final MC uniformity is 
always a concern when drying any spruce species, in-
cluding red spruce.  This is due to the large variability in 
initial MC and variations in density within this species.  
Collapse can occur in red spruce, especially when dry-
ing high initial-MC boards with harsh drying conditions 
such as a high-temperature schedule.  This can usually 
be avoided by maintaining high humidity for the first 
stage of drying.

1.3.5 loDGePole Pine

Lodgepole pine is usually sawn and dried for structural 
lumber but is increasingly used for other, higher-valued 
products.  This species is usually harvested and processed 
in mixture with white spruce in Western Canada and, de-
pending on the region, varying proportions of subalpine 
fir or balsam fir.  When dried with white spruce it is the 
spruce that dries faster and to a lower final MC than 
the lodgepole pine.  Final MCs are more variable than 
with spruce, and wet pockets do occur.  It can be high-
temperature dried without causing undue degrade.

Lumber sawn from near the pith, particularly of small 
logs, has a tendency to twist.  This species exhibits a 
wide range of log diameters and larger logs will produce 
larger dimension, higher grade boards.  Upper grades 
are typically dried on much milder schedules to preserve 
quality and colour, and achieve a more uniform final 
MC.

1.3.6 JaCk Pine

Jack pine is typically cut and processed with various 
spruce species and balsam fir.  Due to its good treat-
ing and machining properties it is sometimes separat-
ed in the bush or sawmill and processed on its own.  
Jack pine tends to dry quite readily with good unifor-
mity in final MC and few problems with downgrade.  It 
will dry faster than either spruce or fir and as a result 
will tend to be over-dried when dried in mixed charges 
with these species.  When dried on its own, more ag-
gressive drying schedules, including high-temperature, 
can be employed and relatively good results obtained 
for construction grade lumber.  If the intended end 
use is some form of specialty product, gentler drying 
schedules should be employed to enhance the uni-
formity of final MC and to minimize drying defects. 
 
This species is not particularly prone to any of the ma-
jor wood downgrading factors associated with drying.  
There is very little problem with reaction wood, which is 
a major factor in warp development in other softwood 
species.  As a result, it can be over-dried without too 
much concern for increased warp.  Due to the relatively 
small log size and the difference between radial and 
tangential shrinkage, cupping will be a problem with 
wider boards (especially when dried to low MCs).  This 
species is not prone to problems with wet pockets or 
shake.  When used in specialty products, such as siding 
and millwork, resin exudation can be a problem.  This 
can generally be alleviated by using a kiln schedule with 
temperatures in excess of 82oC (180oF) for a portion of 
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the cycle.  In general, this species is not as resinous as 
other pine species such as red and white pine.

1.3.7 SuBalPine Fir

Subalpine fir has a relatively low specific gravity but its 
initial MCs for both sapwood and heartwood are high.  
Large variations in drying rate and initial MC make it a 
very difficult species to dry.  Similar to balsam fir, it con-
tains significant amounts of wetwood material which 
takes considerably longer to dry than normal wood of 
this species.  The wetwood zones have a higher initial 
MC and dry at a slower rate than normal wood of this 
species.  More information on dealing with wetwood is 
contained in Chapter 4.

When dried in mixture with spruce and pine, these two 
species will reach the target MC long before the subal-
pine fir.  The faster drying material will be well over-dried 
and experience more shrinkage and warp if allowed to 
stay in the kiln until all the subalpine fir has reached the 
final target MC.  Solutions for dealing with this material 
include pre-sorting, air drying, low-temperature drying, 
and post-sorting of “wets” for redrying.  All of these op-
tions are discussed in later chapters.

1.3.8 BalSaM Fir

In most areas of the country balsam fir is not a dominant 
species and it is therefore normally harvested and pro-
cessed with other SPF species.  A few mills will separate 
this species in the bush or sawmill in order to sell it to 
the treated wood market or to alleviate drying related 
problems.  Although it will take up preservative quite 
well, it does not dry as readily as other species from the 
SPF grouping.  It is a difficult species to dry on its own 
but is even more difficult when mixed with spruce and/
or pine.  This species is prone to wet pockets which are 
the result of (or at least associated with) a bacterial in-
fection in the standing tree.  A description of wetwood 
and how to deal with it is presented in Chapter 4.  Per-
meability between wetwood and normal wood is sig-
nificantly different, to the extent that boards contain-
ing a high proportion of wetwood may take up to three 
times as long to dry as normal wood.  There have been 
no drying technologies or methods to modify wood 
properties that have adequately addressed the problem 
of drying balsam fir.  Techniques for dealing with spe-
cies containing wetwood are presented in Chapter 4. 
 
This species is prone to a number of drying related de-
fects depending on the drying system employed and the 
severity of the drying schedule.  A highly variable final 
MC is the main concern of most people drying or using 
this species.  Localized wet pockets can remain at 50 

to 60% MC or higher even after extended drying cycles.  
The variable final MC also results in a large proportion 
of over-dried lumber which, in turn, causes more down-
grade due to warp.  Twist and crook are the primary 
form of warp of concern for construction grade lumber.  
The low density and high initial MC of this species make 
it vulnerable to collapse, which can be quite severe when 
high-temperature drying schedules are employed.  Inter-
nal checking is also a concern from the result of either 
steam explosions when drying aggressively or from high 
moisture gradients that remain at the end of most dry-
ing treatments.

1.4 SPeCieS DiFFerenTiaTion

Another complication in dealing with this species mix is 
identifying exactly what species are present.  Distinction 
of the precise species within one genus is often difficult 
but in the case of spruce species is sometimes impos-
sible.  All of the species listed in this group can be read-
ily identified in the tree form based on the form of the 
tree and characteristics of the bark and foliage.  “Trees in 
Canada” by Farrar (1995) provides a good description of 
individual species.

Once the material has been processed to tree-length 
or log form it becomes a little more difficult to identify 
the species.  Characteristics of the bark, i.e., texture and 
colour are the fastest and most commonly employed 
method of distinguishing species at this stage.  Some 
mills will sort balsam or subalpine fir from their produc-
tion at this stage either in the bush, the log yard or at the 
infeed to the sawmill debarking line.  Visual characteris-
tics of bark are also covered by Farrar.

Again it becomes more difficult to distinguish wood spe-
cies after the material has been sawn.  Wood colour, 
grain, as well as number and size of knots are all char-
acteristics that can be used to make a visual sort.  Some 
of these characteristics tend to change or modify in ap-
pearance as the wood dries and it is therefore best to 
become familiar with identification under a given set of 
lighting and wood moisture conditions.  Some mills rely 
on making a visual sort of material at the sawmill.  In 
some cases this may be for marketing purposes, for ex-
ample separating Jack pine for pressure treatment, while 
in other cases it may be to facilitate drying such as re-
moving balsam fir to dry it separately.  Identifying the ge-
nus (spruce vs. fir vs. pine) is generally fairly accurate at 
this stage but distinction within a genus (white vs. black 
spruce) is very difficult, if not impossible based on gross 
characteristics of the wood.  Examination with a hand 
lens or microscope can, in most cases, provide a defini-
tive determination of species.  Difficulty arises within the 
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spruce species where even microscopic examination can-
not always determine with certainty the true species.

This confusion or inability to differentiate between spe-
cies would not be an issue if it were not for the fact 
that some of these species have vastly different drying 
properties making it desirable, in some cases, to sepa-
rate them before drying.  Despite the difficulties men-
tioned above, some mills still rely on a visual separation 
of material along the green chain.  The accuracy of this 
process varies considerably from mill to mill.

A number of different technologies have been investi-
gated for on-line, automatic separation of species.  This 
has included imaging techniques, analysis of air samples 
taken from close to the board surface and chemical indi-
cators.  To date the only technique that has been applied 
industrially has been the use of chemical indicators.  The 
technology was developed and tested by Forintek and is 
now licensed to an equipment manufacturer and sold 

under the name “Spruce and Fir Drying Optimizer”.  As 
the name implies, it is designed primarily to handle a 
separation between spruce and balsam fir.  A chemical 
reagent (Saptek®) is sprayed on the board ends and pro-
duces a colour change as shown in Figure 1-3.

Whether species separation is done in the bush, mill 
yard or at the green chain there are definite advantages 
to be realized in the drying operations.  As discussed 
in the previous sections, there are distinct differences in 
the drying properties of the different species within the 
SPF grouping.  The lumber industry has been implement-
ing measures to become more efficient, and at the same 
time is under pressure to produce a higher-quality, more 
consistent end product.  Both of these demands can be 
furthered by supplying a more uniform initial product 
to the kilns.  Species separation is one means of achiev-
ing this but other pre-sorting options exist which can be 
used instead of, or in conjunction with, species sorting.  
Pre-sorting is discussed in more detail in Chapter 11.

Figure 1-3 
A commercial species sorting system applies a chemical reagent (Saptek®) that produces a colour change as shown above for 
balsam fir on the left versus spruce on the right.
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WOOD STRUCTURE RELATED TO DRYING

Figure 2-1 
Depiction of, and interaction  
between, the various components 
of a tree and woody tissue viewed 
at different levels of magnification.

2.1  inTroDuCTion

A comprehensive knowledge of the characteristics of any 
material is essential to its best utilization. This is espe-
cially true for wood because of its cellular nature and 
its complex cell-wall structure. One of the greatest ar-
chitects of all time, Frank Lloyd Wright, put it best in 
1928: “We may use wood with intelligence only if we 
understand wood”. Kiln operators and quality control 
staff who wish to be successful in their trade need to 
understand not only the principles of tree growth and 
wood structure, but also the normal and abnormal vari-
ation in wood properties.

Although we are surrounded by wooden structures, 
wooden objects and at least 5000 kinds of wood prod-
ucts if paper is included, the essential nature of wood 
escapes us because our eyes cannot see the structural 
detail. In other words, the structure of wood is much 
too fine to see. Unaided, the human eye cannot separate 

two point objects which are closer together than about 
0.1 mm; this is our limit of resolution. It so happens that 
about three to five wood fibres could be put side by side 
in a 0.1 mm wide space. For this reason, a microscope 
is required for studying wood structure. In this chapter, 
softwood structure will be discussed at various magnifi-
cations, from 200 to 5000 times, by “calling-up” a few 
simple props like milk-shake straws and pipes. The nor-
mal and abnormal variation in structural detail will be 
linked to drying and drying degrade.

2.2  Tree GrowTh anD wooD anaToMy

A tree stem in cross section reveals the secrets of tree 
growth and wood anatomy. Figure 2-1 shows the readily 
visible layers of tissue, the most obvious being the wood 
portion with concentric annual rings. Equally obvious is 
the bark tissue, composed of two layers: The inner living 
bark and the outer dead bark. The inner living bark is 
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contains up to four times more water than heartwood 
(see Table 3-1).  In spite of this, it is normally more dif-
ficult to remove water from heartwood than sapwood. 

2.3 MiCroSCoPiC STruCTure oF wooD

2.3.1 overview oF MiCroSTruCTure

At 200-times magnification one can think of wood as 
a handful of milk-shake straws held so tightly togeth-
er that there would be no air spaces left between the 
straws, only on the inside. At this magnification one 
complete softwood fibre would be about 7 mm in diam-
eter and about 700 mm long (generally, in softwoods, 
fibre length equals 100 times fibre diameter). One could 
easily make an authentic fibre model by pushing togeth-
er four milkshake straws end-to-end. 

A typical 8-foot 2x4 contains about 2.5 billion fibres ar-
ranged side by side and aligned along the long axis.  Due 
to the geometry of most wood products, such as this 
2x4, moisture movement inevitably occurs across the 
grain.  In moving moisture from the core to the surface 
the water molecules must pass through many cell walls 
and pit openings.  Therefore, the condition of the pit 
openings and the thickness of the cell walls (wood den-
sity) have a significant impact on drying rate.

Wood is an anisotropic material, which means that it has 
different properties when viewed in different directions. 
Because of the arrangement of growth rings in the tree, 
as well as the horizontal and vertical orientation of the 
individual cells, it is appropriate to consider the structure 
of wood in three-dimensional terms. Therefore, normal-
ly wood is examined in three planes: cross (transverse), 
tangential (flat grain) and radial (edge grain). This con-
cept is illustrated in Figure 2-2 at various magnifications. 
The top surface of this small cube (and a short length 
of 2x6 lumber) represents the cross-sectional surface, 
the left-hand front surface is the flat grain (tangential 
plane), and the right-hand front surface corresponds to 
the edge grain (radial plane). About 95 percent of the 
volume of wood is occupied by fibres which are oriented 
in the vertical direction. The remainder is mostly hori-
zontally aligned ray tissue, although some species also 
have a small percentage of epithelial cells which form 
resin canals.

2.3.2 BorDereD PiTS anD Their iMPaCT on DryinG

Figure 2-2 also shows two individual fibres and a few 
ray cells to bring to attention the morphology of these 
elements. These examples show that the thick-walled 
latewood fibres have very few markings, whereas the 
large-diameter, thin-walled earlywood fibres have a lot 

comprised of conducting and storage cells for the “fuel” 
(simple sugars produced through photosynthesis) that 
runs the total tree system. 

Perhaps the least obvious but the most important lay-
er of tissue in the cross section is the cambium. It is a 
thin layer of cells, located between the inner bark and 
the wood, as shown in Figure 2-1.This is where both 
wood and bark fibres are produced by the tree through 
cell division, using energy derived from the products of 
photosynthesis. Wood fibres are formed in an aqueous 
environment, and exist in a living tree in the “green” or 
maximum swollen state.

Annual rings seen in the cross section are a chart of 
yearly growing activity, which lasts approximately 4.5 
months of the year. Active cambial division (i.e., tree 
growth) begins at the time of flushing, usually in mid-
May to mid-June, when buds break their scales and re-
veal their needles. Low-density earlywood (springwood) 
is produced from this time until about mid-July, when 
leader growth stops and the maturation of fresh new 
needles takes place. At this time new foliage ceases to 
be a net sink of photosynthate and becomes an export-
er. Concurrently, there is a reduction in cambial division, 
therefore, more material becomes available for fibre wall 
thickening. Reduced crown activity limits growth-regu-
lating hormone production, which helps the formation 
of high-density latewood. Generally darker in appear-
ance, latewood continues to be produced to the end 
of the growing season, at about late September, when 
lower temperatures and a reduced photoperiod bring on 
tree dormancy. In summary, from bud-burst to mid-July 
the growing tree forms large diameter thin-walled fibres 
called earlywood, and during the latter part of the grow-
ing season the tree forms small diameter thick-walled 
fibres called latewood. Together, these thin- and thick-
walled fibres form an annual ring, or more popularly, a 
tree ring (Figure 2-1).

Often visible in a stem cross section is the different color-
ation of two broader divisions, sapwood and heartwood. 
The sapwood portion of the tree is physiologically active 
and is in continuous communication with the cambium 
and the inner living bark. Sapwood transports sap from 
the fine root hairs through the root system, the stem 
and the branches to the needles (leaves) in the crown. 
The sapwood acts as a food and water storage reservoir 
as well. Heartwood can be found usually at the centre 
of mature stems, and it is usually darker in colour than 
the sapwood, because of organic deposits (extractives). 
At one time heartwood was sapwood, but it no longer 
functions physiologically, its cells are dead. Sapwood 
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of markings, but only on the radial surfaces, in forms of 
bordered pits and ray cross-field pits. Pits are perfora-
tions through the fibre wall. If unblocked, sap (water or 
other fluids and gases) can flow through from one fibre 
to another. The pitting occurs almost exclusively on the 
radial face of the fibre wall. The more frequent pitting in 
earlywood fibres is due to the greater degree of physi-
ological activity taking place when the earlywood fibres 
were formed.

On average each earlywood fibre has about 5 to 10 ray 
contact areas along its length and about 100 bordered 
pits. The shape and size of ray cross-field pits contained 
in these areas provide vital diagnostic clues in micro-
scopic species identification.

A bordered pit in one fibre usually occurs opposite an-
other one in an adjacent fibre, forming a pit pair, a fibre-
to-fibre communication link. The pit pairs are actually 
holes in the fibre wall, a short distance apart, forming a 
pit chamber which is separated by a sieve-like pit mem-
brane and a torus. 

The torus is the thickened part of the sieve-like mem-
brane that acts as a valve. When the torus is in a central 
(open) position, sap or other liquids can bypass it and 

Figure 2-2 
Structure of softwood fibres show-
ing pit openings primarily located on 
the radial surfaces. The condition of 
these pit openings plays a significant 
role in how readily a piece of wood 
can be dried.

flow freely through the sieve-like pit membrane.  This 
situation in sapwood makes the wood very permeable. 
It allows the sapwood to dry easily and to be pressure-
treated with wood preservatives. Usually when sapwood 
becomes heartwood the valve (torus) will move to one 
side or the other in the pit chamber, thus sealing the pit. 
This plugs up the passageways, making the heartwood 
impermeable. This is one reason why the heartwood of 
most softwoods is usually more difficult to dry (especially 
above the fibre saturation point) and to impregnate with 
preservatives than the sapwood.

The practical implications of these anatomical features 
include the paintability and the dryability of wood. More 
precisely, paint sticks better to the radial surface (edge 
grain) than to the tangential surface (flat grain), because 
paint has a better chance to penetrate the wood through 
the bordered pit apertures. For this reason paint adhe-
sion is not very good in the latewood zone (or on the 
flat grain) where pitting is infrequent. Interestingly, wet-
wood dries faster on the flat grain than on edge grain.  
At first this seems like a contradiction, however, it must 
be kept in mind that paint penetration is very shallow, 
while moisture movement during drying is deep to the 
centre of the piece. In lumber drying the ray cells can act 
as conduits for moisture movement.
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Figure 2-3  
The fibril orientation for normal 
mature wood versus that for ju-
venile and compression wood as 
shown in Figure 2-4.

2.3.3 MiCroFiBril orienTaTion

A higher magnification is required to illustrate fibre wall 
architecture and show how microscopic structural detail 
has macroscopic implications. Solid wood-substance, 
or cell-wall material, is made up of precisely aligned or-
ganic building blocks, comprised of 45% cellulose, 27% 
hemicellulose and 28% lignin. 

Figure 2-3 shows at high magnification the layered 
structure of the fibre wall. Included here is the lignin-rich 
middle lamella (ML), a layer of “glue” that holds individ-
ual fibres together in a piece of wood. (This “glue” is the 
target of the chemical pulping process–dissolving the 
ML causes the wood to separate into its individual fibre 
elements forming pulp.) The lignin imparts the brown 
color to wood and also its stiffness. Without lignin the 
wood is pure cellulose, white in colour, and as flexible 
as rubber.

The primary wall (P) is made up of a loose and random 
weaving of cellulosic microfibrils intermixed with lignin. 
In the secondary wall, made up of SI, S2, and S3 layers, 
these cellulosic microfibrils are closely packed. The S2 
layer is the thickest of the three and, as a result, has the 
greatest impact on how the fibre will perform in strength 
tests, and in shrinking or swelling. Particularly important 
is the orientation or angle of the microfibrils in this S2 
layer. Microfibril angle refers to the mean helical (spiral) 
angle that the fibrils of the S2 layer of the fibre wall 
make with the longitudinal axis of the fibre.

Microfibril angle has macro implications due to the aniso-
tropic (has physical properties which depend on direc-
tion) nature of wood. As wood absorbs or releases wa-
ter it swells and shrinks more in the tangential direction 
than radially. Shrinkage of the fibre wall, and therefore 
of the whole wood, occurs as bound-water molecules 
escape from spaces between cellulose microfibrils allow-
ing these cellulose microfibrils to move closer together. 
The amount of shrinkage that occurs is generally propor-
tional to the amount of water that is removed from the 
wood and the orientation of microfibrils in the cell wall. 
Swelling is simply the reverse of this process.

Figure 2-3 shows the fibril orientation for normal mature 
wood versus that for juvenile and compression wood as 
shown in Figure 2-4. The longitudinal shrinkage of nor-
mal mature wood is negligible for most practical purpos-
es, because in normal wood the microfibril orientation 
is about 7° off the cell axis. Usually, some longitudinal 
shrinkage does occur in drying from green to oven-dry 
condition, but this is only 0.1 to 0.2% for most species 
and rarely exceeds 0.4%. As an example, an 8-foot long 
stud for the wall of a house would shrink approximately 
0.1 to 0.2 in. (2 to 5 mm) in length when drying from 
green (>30% MC) to oven-dry condition (if it were cut 
from normal wood). If this stud were cut from compres-
sion wood or juvenile wood, where microfibril orienta-
tion could be up to 45°, then the longitudinal shrink-
age can be as much as ten-fold (1.0 to 2.0 in. or 2.5 to 
5.0 cm) as a result. Troublesome warping results when 
longitudinal shrinkage potential varies within a piece of 
wood due to the presence of normal mature wood in 
combination with juvenile wood or compression wood.  
The development of warp is discussed in more detail in 
the next chapter.

2.3.4 Juvenile wooD

Juvenile wood has been characterised for a number of 
softwood species through microfibril orientation and 
longitudinal shrinkage measurements. The results show 
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that microfibril orientation near the pith is greater than 
35° with a gradual decrease as a function of age. Pith-to-
bark longitudinal shrinkage measurements show similar 
trends with excessive shrinkage of 1 to 2% near the pith 
compared to 0.3% or less by age 20. These large fibril 
angles in juvenile wood have been correlated to lower 
strength and stiffness in lumber products where these 
lower values could not be attributed to appreciable dif-
ferences in density.

2.3.5 CoMPreSSion wooD

Compression wood is a term applied to abnormal wood 
formed in softwood tree stems and branches that have 
grown out of the vertical position. As a rule, compres-
sion wood is formed in softwoods on the underside (or 
compression side) of leaning stems. This name refers 
only to the position where compression wood is formed 
and does not imply that it forms as a result of compres-
sion stress. 

The two main disadvantages of compression wood to the 
wood worker are its deleterious effects on strength and 
shrinkage. Brash failures (abnormal failures across the 
grain) in loaded wooden members may often be traced 
to the presence of compression wood. In structural uses 
where load bearing capability is vital, such as ladder rails, 
avoidance of compression wood is essential to prevent 
breakage at lower than expected loads. Excessive warp-
ing can often be traced to compression wood because it 
shrinks 10- to 20-times more than normal wood. 

2.4  SuMMary

This brief discussion was intended to introduce some 
factors that will influence water transport in wood and 
therefore affect the overall industrial drying process. An 
understanding of the wood structure features and how 
they affect water movement is extremely important when 
designing drying schedules. Many of the wood features 
and characteristics described in this chapter will be used 
to explain certain wood drying behaviors or the need for 
various approaches when drying.

Figure 2-4 
A softwood fibre originating from 
a compression wood zone.  The 
microfibril angle in this case is not 
parallel to the length of the cell and 
when compaction of these microfi-
brils (shrinkage) occurs the cell will 
be reduced significantly in length, 
as well as thickness.
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process wood contains varying amounts of free water 
and bound water.  For example, near the mid-stage of a 
softwood drying cycle, boards will contain strictly bound 
water near the surface and a mixture of bound and free 
water in the core.  Mechanisms of moisture movement 
are discussed in more detail in Chapter 6.

3.1.1  DeFiniTion oF MoiSTure ConTenT

The moisture content (MC) in a sample of wood is de-
fined as the weight of water in the wood expressed as a 
percentage of the weight of the oven-dry wood.  It can 
be calculated as the difference between the initial (wet) 
weight and the oven-dry weight, divided by the oven-dry 
weight and multiplied by 100 percent.

 

1Initial weight = Weight of wood at the time the sample 
is obtained.

For example, the moisture content of a sample of wood 
which weighs 40 grams  when wet and 30 grams after 
oven-drying is calculated as follows:

3.1.2  TyPiCal Green MoiSTure ConTenT valueS  
For SPF

Average green MCs for commercially important SPF spe-
cies are shown in Table 3-1.  These values represent MC 
in the material measured “fresh off the stump” and as 
close as possible to the natural condition of the living 
tree.  The values for sapwood and heartwood repre-
sent the MC of a board containing strictly one or the 
other of these wood types.  Given the relatively small 
log size of most SPF species, it is not realistic to expect 
to find boards that are either 100% sapwood or 100% 
heartwood.  Therefore, MC even in very fresh material 
will vary depending on the proportion of sapwood and 
heartwood in a board.  Additionally, MC will vary along 
the length of a board as the proportion of heartwood 
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WOOD MOISTURE RELATIONS

3.1  MoiSTure in wooD 

Wood in its natural state always contains a substantial 
amount of water, the amount varying from tree to tree, 
log to log and board to board.  Variations in the amount 
of water in boards sawn from the same log are due 
mainly to the position in the log from which the boards 
were sawn.  In many softwood species the sapwood 
is very much wetter than the heartwood.  Therefore, 
boards of the same size sawn from these two locations 
will contain different amounts of water and sapwood 
boards will weigh more than heartwood boards. 

Moisture in wood occurs in two distinct forms:

1. as free water in cell cavities that can be in the   
liquid or vapour state;

2. as bound water absorbed within and bonded to  
the cell wall structure.

As the name implies “free water” is not attached or 
bonded to the wood.  It exists as liquid (or frozen) water 
and water vapour within cell cavities.  Free water at or 
near the surface can be readily evaporated and driven 
out of the wood.  Free water toward the core of a board 
must be moved through the wood structure before it 
can be evaporated at the wood surface.  Movement of 
free water is limited by the pathways available through 
the wood.  In general terms, movement and release of 
free water from wood happens at a much greater rate 
than movement and release of bound water.  Water va-
pour is a form of free water but accounts for only a small 
proportion of the total amount of water present in green 
or partially dry wood.

Bound water refers to water molecules that are chemi-
cally bonded to the wood structure.  Breaking any chem-
ical bond requires energy, which in the case of most 
wood drying processes is provided by heat.  Bound water 
is typically the last portion of the water to be removed 
from wood and happens at a much slower rate than 
removal of free water.  Throughout most of the drying 

Moisture Content (%)= 
( 40 – 30 )

30
x 100 = 33.3%

x 100
Moisture Content (%)= 

( Initial Weight1 – Oven-dry Weight )

 Oven-dry Weight
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to sapwood changes.  Figure 3-1 shows a board with 
varying amounts of sapwood along the length and the 
impact on average MC at various positions.

Green MC is even more variable when assessed in green 
lumber at the sawmill or prior to drying.  A number of 
factors will influence the results of MC testing conducted 
at these points in the process, including:

•	 storage	time	of	logs	or	treelengths	in	the	bush;

•	 storage	time	and	conditions	at	the	sawmill	logyard;

•	 outside	influences	such	as	insect	infestation	of	the		
standing timber and forest fires; and

•	 duration	of	storage	of	green	lumber	and	environ-	
mental conditions in the yard prior to drying.

Table 3-2 lists some typical average MC values obtained 
from lumber samples collected at sawmills in various re-
gions of the country.  Rather than listing MC values for 
sapwood and heartwood, minimum and maximum ob-
served values are listed.  It is intuitive that the wide range 
of initial MC values listed here will contribute to a wide 
range of drying times.

Table 3-1  
Green MC (% of oven-dry 
weight) for sapwood and 
heartwood and overall 
species average based on 
relative proportion of sap-
wood and heartwood.

Table 3-2  
Typical MC levels as mea-
sured in green lumber 
sampled at various Cana-
dian commercial sawmill-
ing operations.

 Species  Moisture Content

              Heartwood         Sapwood        Average

East Black spruce 52 113 77
 “Yellow”(black) spruce n/a n/a 74
 Red spruce 41 132 89
 Jack pine 33 124 51
 Balsam fir 88 173 118
    
West White spruce 38 144 55
 Engelmann spruce 59 169 64
 Lodgepole pine 38 115 50
 Subalpine fir 56 153 65
    

 

Species and Location

Black spruce – Northern Quebec
“Yellow” (black) spruce

Jack pine – Northern Ontario
Balsam fir – Northern Quebec

Subalpine fir – B.C.
Lodgepole pine – B.C.
White spruce – B.C.

Average

44
74
48
114
74
61
102

Standard 
Deviation

12
19
15
34
n.a.
n.a.
n.a.

Maximum 
Value

100
137
106
207
200
150
255

Minimum 
Value

26
36
28
41
30
30
30

% Moisture Content (Oven-dry basis)

Fig 3-1
Typical softwood board showing 
mix of sapwood and heartwood and 
range of MCs.

125%

48%
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The higher the specific gravity of wood, the greater the 
amount of wood per unit volume.  Since MC is expressed 
as a percentage of the oven-dry weight, higher specific 
gravity species will contain more water than lower spe-
cific gravity species at the same oven-dry MC.  The green 
weight of one cubic foot of wood can be calculated us-
ing the following formula:

The metric equivalent would be:

For example, the green weight of one cubic foot of 
wood from a species with a specific gravity 0.4 at 75 
percent MC is 43.7 lb (19.8 kg).  The oven-dry weight 
(by substituting 0 for MC in the formula) is 25 lb (11.3 
kg), and thus 18.7 lb (8.5 kg) of water are present.  At 
a specific gravity of 0.6 and 75 percent MC, the green 
weight would now be 65.5 lb/ft3 (29.7 kg), the oven-dry 
weight would be 37.4 lb (17.0 kg), and the weight of 
water 28.1 lb (12.7 kg).  Thus, although the MC value 
and wood volume is the same for both species, there is 
9.4 lb (4.3 kg) more water in the species with the higher 
specific gravity.

The green weight of any volume of wood can be deter-
mined if the specific gravity and MC are known.  It must 
be remembered, however, that the actual volume is usu-
ally quite different from the nominal volume.  Therefore 
in order to get an accurate estimate of the wood weight, 
it is important to have accurate information on the lum-
ber size.

3.2.3  Bulk DenSiTy anD Bulk SPeCiFiC GraviTy

Green weight is the combined effect of both wood den-
sity and MC.  As has already been mentioned, both of 
these properties can affect drying time.  Therefore, it is 
useful to have a single value that expresses the effect of 
both of these properties in a manner that can be used 
to make valid comparisons among species.  The green 
weight expressed in weight per unit volume can be re-
ferred to as the “bulk density”.  Bulk specific gravity is 
similar to specific gravity in that it does not have any 
units associated with it and can be calculated as fol-
lows:

3.2  weiGhT oF wooD
3.2.1  SPeCiFiC GraviTy

Specific gravity is a physical property of wood that is an 
indicator of the ease of drying as well as an index of 
weight (Table 3-3).  In general, the heavier the wood, 
the slower the drying rate and the greater the likelihood 
of developing defects during drying.  Specific gravity 
is defined as the ratio of the weight of a body to the 
weight of an equal volume of water.  The specific gravity 
of wood is usually based on the volume of the wood at 
some specified moisture content and its weight when 
oven-dry:

Specific Gravity= 
Oven-dry Weight of Wood

 Weight of Equal Volume of Water

As with most properties of wood, the specific gravity can 
vary significantly within a species.  Since specific gravity 
can impact drying rate, these variations in specific grav-
ity within a species can partly explain differences in final 
MC among pieces.  Specific gravity values can be used to 
estimate the weight of wood in the oven-dry condition 
as well as at specific moisture levels as shown in the next 
section

Species

Black spruce
"Yellow" (black) spruce

Red spruce
Jack pine
Balsam fir

White spruce
Engelmann spruce

Lodgepole pine
Subalpine fir

SG (Av)

0.406
0.460
0.380
0.421
0.335

0.354
0.375
0.403

       0.331

SG ( Range)

0.335 – 0.477
0.351 – 0.553
0.333 – 0.427
0.348 – 0.494
0.282 – 0.388

0.283 – 0.425
0.312 – 0.438
0.333 – 0.473
0.260 – 0.402

East

West

Table 3-3 Specific Gravity of SPF Species (based on green volume and 
oven-dry weight)

3.2.2  wooD DenSiTy anD weiGhT DeTerMinaTion

If the specific gravity of a piece of green wood is 0.5, 
the oven-dry weight of one cubic foot of green wood 
is one-half the weight of a cubic foot of water.  Since 
water weighs 62.4 pounds per cubic foot, a cubic foot 
of oven-dry wood with a specific gravity of 0.5 will 
have a weight or density of 62.4 x 0.5 = 31.2 lbs.  The 
metric equivalent would be 1 cubic metre of water 
weighing 1000 kg multiplied by the specific gravity of 
0.5 to give a density for oven-dry wood of 500 kg/m3. 

Green Weight= 
Specific Gravity x (MC (%)+100) x 62.4

100

Green Weight (kg/m3)= 
Specific Gravity x (MC (%)+100) x 1000

100

Bulk Specific Gravity=Specific Gravity x (Moisture Content (%)+100) 
100

{ {
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As an example, a piece of black spruce with a specific 
gravity of 0.406 and a MC of 65% would have a bulk 
specific gravity of 0.670.  To determine the bulk density 
follow the steps outlined in the previous section to de-
termine wood weight per unit volume but substituting 
bulk specific gravity for specific gravity.  Bulk density and 
specific gravity will be referred to in later sections when 
discussing factors affecting drying rate and options for 
pre-sorting material.

3.3  MoiSTure in air
3.3.1  relaTive huMiDiTy

The most common term used to express the amount of 
water in air is relative humidity (RH).  RH is defined as the 
ratio of the weight of water vapour present in a given 
volume of air to the weight of water vapour required 
to saturate that volume of air at the same temperature.  
The ratio is then multiplied by 100, so that RH is always 
expressed as a percentage.  Air at a given temperature 
that contains the full amount of water that it is capable 
of holding has a RH of 100 percent and is said to be 
saturated.  If the air is holding only half the amount that 
it is capable of holding, its RH will be 50 percent.  If the 
temperature of a body of air is either increased or de-
creased, its moisture holding capacity will also be either 
increased or decreased.  Therefore, if the temperature of 
a stream of air is increased, without adding more mois-
ture to it, its relative humidity will be decreased.  Simi-
larly if the temperature of air is decreased, without add-
ing or removing moisture, its relative humidity will be 
increased.  Cooling air below the point at which it is sat-
urated will cause some of the vapour to condense either 
as mist or droplets in the air or as dew or condensation 
on surfaces.  One of the reasons for drying at elevated 
temperatures is that the moisture holding capacity of air 
is significantly increased at higher temperatures.  As an 
example, the moisture holding capacity of air increases 
almost 20 fold when the air temperature is increased 
from 20° to 70°C (68° to 158°F).

3.3.2  Dry- anD weT-BulB TeMPeraTure

In kiln drying, RH is often determined through measure-
ments of dry-bulb and wet-bulb temperature.  Dry-bulb 
(DB) temperature is simply the temperature measured by 
a dry, exposed temperature sensor.  Temperature sen-
sors used in kilns are usually electronic in the form of 
a resistance temperature detector (RTD), thermistor, or 
thermocouple or may be a gas-filled bulb.

Wet-bulb (WB) temperature is the temperature mea-
sured when a temperature sensor, such as the type listed 

above, is exposed to a moving air stream and the surface 
of that sensor is kept wet.  This is usually accomplished 
by draping a wet cloth over the sensor with the lower 
end of the cloth immersed in water that is then wicked 
up to keep the surface of the sensor wet.  Evaporation 
from that surface creates a cooling effect that causes a 
temperature somewhat lower than the DB temperature 
to be registered on the control system.  If the air passing 
over the wick is saturated, then clearly there can be no 
evaporation from the wick and the DB and WB tempera-
tures will be the same.  This means the RH is 100 per-
cent.  When the air is less than saturated, that is, when 
it has a vapour pressure less than the saturated vapour 
pressure at the DB temperature, evaporation will occur 
from the wick.  The WB temperature will then be lower 
than the DB temperature and the RH of the air will be 
less than 100 percent.  Tables and charts are available 
which show the RH for any given combination of DB 
and WB temperatures as well as equilibrium moisture 
content.  Table 3-4 shows some examples, with a wider 
range of conditions covered in Appendix II.

In wood drying, the term “wet-bulb depression” is of-
ten used as a means of describing the severity of dry-
ing.  The wet-bulb depression is simply the difference 
between the dry-bulb and wet-bulb temperatures.  For 
example, for a dry-bulb temperature of 120°F and a 
wet-bulb temperature of 110°F the wet-bulb depres-
sion (WBD) will be 10°F.  Regardless of the dry-bulb 
temperature, an increase in the WBD will result in a 
lower RH and therefore a more severe drying environ-
ment.  Likewise, a low WBD equates to a high RH and 
less aggressive drying conditions.  Therefore, one way 
to compare drying schedules is by comparing the wet-
bulb depression at different stages in the drying process. 

3.3.3  equiliBriuM MoiSTure ConTenT

If green wood is placed in an environment where the 
temperature and RH are kept constant, it will dry to a 
particular MC and remain at that level until the atmo-
spheric conditions change.  Similarly, dry wood will pick 
up moisture and rise to a particular MC in given condi-
tions of temperature and RH.  The MC at which wood 
neither gains nor loses moisture when subjected to given 
conditions of temperature and RH is called the equilib-
rium moisture content (EMC).  A change in either tem-
perature or humidity will cause a change of the EMC.

Tables and charts have also been prepared which show 
the relationships between dry-bulb and wet-bulb tem-
peratures, RH and EMC.  The following is an example of 
the inter-relationships between these:
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DB (OF) 

90
90
90

130
130
130

170
170
170

WB (OF) 

80
70
60

120
110
100

160
150
140

RH (%) 

65
36
13

73
52
35

78
60
45

EMC (%) 

11.5
6.8
3.0

12.0
8.2
5.9

11.7
8.2
6.2

Table 3-4
Relative humidity (RH) and equilibrium moisture content (EMC) 
as a function of dry-bulb (DB) temperature and wet-bulb (WB)  
temperature.

A complete table covering a wide range of temperatures 
is presented in Appendix II.

EMC is a useful term in wood drying as it facilitates re-
lating the drying conditions to the MC of the wood.  As 
already stated, if the EMC is different than the MC of the 
wood, the wood will either gain or lose moisture until 
it reaches equilibrium.  In addition, the greater the dif-
ference between the EMC of the air and the MC of the 
wood, the faster that rate of change will be.  Therefore, 
in order to speed up drying, lower the EMC to widen the 
gap between the EMC and the wood MC.  To raise or 
lower the kiln temperature without drastically affecting 
drying rate adjust the RH (or WB temperature) to assure 
the kiln is still running with the same EMC.  Usually, dry-
ing schedules are constructed so that the EMC is con-
tinually being lowered throughout the period of drying.  
By remaining at the same EMC too long, the drying rate 
will slow down.

Another way in which EMC is useful is to consider what 
is going on with specific material within the load.  Drying 
schedules with very low EMCs at the end of the sched-
ule will result in more over-dried material.  Faster drying 
material will tend to approach an MC close to the EMC 
faster than the rest of the material.  If the EMC in a kiln 
is set at, for example, 12 percent, no material will drop 
below 12 percent.  On the other hand, if the EMC is 2.5 
percent, there is a much greater capacity to severely over 
dry some of the material.  Another portion of the wood 
that is significantly affected by EMC conditions is the 

surface of boards.  Wood at the surface responds quite 
quickly to changes in EMC.  The difference between core 
and surface MC in wood (the moisture gradient) is of-
ten the cause of certain drying defects.  Given that the 
surface MC quickly approaches the EMC, one way of 
managing the severity of the moisture gradient is to pay 
close attention to the EMC condition in the kiln.  These 
points are discussed in more detail in Chapter 15 (Drying 
Schedules).

3.4  FiBre SaTuraTion PoinT

Wood cells can be thought of as long tubes where both 
the walls and the hollow cavities can hold water.

The water that is contained in the cells of wood is in two 
forms; free water in the cell cavities and bound water lo-
cated within the cell walls. The free water can be likened 
to water in a cup or bucket.  There is no attachment of 
the liquid to the material the cup is made of and, like-
wise, for practical purposes it can be said there is no at-
tachment of the free water to the substance comprising 
the cell walls.  The difference is that we cannot “pour” 
the free water out of wood due to the minute and lim-
ited pathways available through which the liquid water 
must move.

Bound water is said to be intimately absorbed by the cell 
walls.  The difference in this property between free and 
bound water greatly affects the drying process, both in 
the rate of drying and in the effects on wood properties 
due to drying.

As a piece of wood dries, the cavity of each cell empties 
first and only when the cavity has lost all of its water 
does the cell wall begin to dry.  The condition of wood 
where the cell cavities no longer contain water, but the 
cell walls are still fully saturated, is an important stage in 
drying called the fibre saturation point (FSP).  The FSP in 
most wood species occurs at a MC of between 25 and 
30 percent.  Virtually all kiln-dried softwoods are dried to 
a final MC target of 19% or less. Therefore, the process 
of drying involves removing all of the free water and, 
depending on the end use of the wood, a certain portion 
of the bound water as well.

As mentioned above, the FSP is not a precisely defined 
point in terms of MC.  It will vary in relation to a num-
ber of factors including species, specific gravity, ambient 
(wood) temperature and other factors.  When consid-
ering the effects of shrinkage it is often assumed that 
the FSP is 30 percent and calculations are based on that 
value as shown in the following sections.
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In reality, when drying a piece of wood there is no point 
where the entire piece can be said to be at the fibre 
saturation point.  This is because wood is dried from 
the outer surfaces and inevitably a moisture gradient 
is created.  This means that the surface may reach the 
FSP long before the core.  In fact, if a minute surface 
layer is considered, wood starts to shrink soon after it is 
placed in the kiln and long before the “average” MC has 
reached the FSP.

3.5  ShrinkaGe

Shrinkage is a normal, practically unavoidable process 
which occurs in drying any wood to a final MC below 
the FSP (25 to 30% MC). Shrinkage is one of the most 
undesirable characteristics of wood, but in itself shrink-
age is not a form of degrade or damage.  Shrinkage can, 
however, lead to drying damage such as splits and warp.  
A good understanding of the process of shrinkage and 
the factors which cause it and influence it will allow a 
kiln operator to take steps to minimize losses.

3.5.1  relaTionShiP BeTween ShrinkaGe anD 
MoiSTure 

Shrinkage of wood cell walls is a gradual process.  As 
more and more bound water leaves spaces between fi-
brils, so do more fibrils move closer and closer together.  
The onset of shrinkage in any one cell is when the first 
bound water is removed; shrinkage ceases when all of 
the bound water has been removed and that cell is at 
zero MC.

Between FSP and zero percent MC, the shrinkage is pro-
portional to the change in MC.  For example, assuming 
that the FSP is 30 percent MC, then in drying from 30 
percent to 20 percent, one-third [(30 – 20)÷30], of the 
possible shrinkage will take place.  In drying from 30 
percent to 10 percent, two-thirds of the possible shrink-
age will take place.  Put another way, a wood cell wall 
will shrink by 1/30th of its possible shrinkage for each 
1 percent drop in MC between 30 and 0 percent.  This 
linear relationship between shrinkage and MC is shown 
in Figure 3-2 for black spruce.

When a piece of wood dries, the outer cells dry first, 
reach their FSP and begin to shrink before those below 
the surface.  It is, therefore, possible for shrinkage to 
begin in a piece of wood while the average MC of the 
whole piece is above the FSP.  In drying to any MC below 
the FSP, the wood will continue to shrink until all of the 
cells in the piece have reached the final MC.

Figure 3-2 
Radial and tangential shrinkage of black spruce as related to moisture 
content.
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3.5.2  relaTionShiP BeTween ShrinkaGe anD The 
ShaPe oF The wooD

Wood cell walls shrink in thickness, but very little in 
length; therefore, a piece of sawn wood will shrink in the 
across-the-grain directions, but an insignificant amount 
in the along-the-grain direction.  Shrinkage in width and 
thickness is referred to as transverse shrinkage, transverse 
meaning in the across-the-grain directions.  There are 
two principal transverse directions that can be observed 
on the end of a board or log, namely the radial (across 
the annual rings) and tangential (parallel to the annual 
rings) directions.  The wide surface of a flat-sawn board 
is sawn in the tangential direction, i.e., at a tangent to 
the growth rings, so that the growth rings run paral-
lel to the wide face. The wide surface of an edge-sawn 
board is sawn in the radial direction, i.e., along a radius 
between the pith and the bark, so that the growth rings 
run parallel to the narrow edge.

Figure 3-3 
Log end showing various grain patterns in sawn lumber.

FlaT-Sawn

eDGe-

(or quarTer) Sawn
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Shrinkage across the grain does not occur to the same 
extent in all directions.  Due to the restraining effect of 
some anatomical features acting in the radial direction, 
shrinkage in the radial direction is about half that of the 
shrinkage in the tangential direction.  It follows from this 
that if two identical size boards are sawn from a log, the 
one flat-sawn and the other edge-sawn, and dried to the 
same MC, then;

(a) the flat-sawn board will shrink twice as much in  
 width as the edge-sawn board;

(b)  the edge-sawn board will shrink twice as much in 
 thickness as the flat-sawn board.

Such differences in shrinkage are the most common 
causes of warp in sawn lumber.  A flat-sawn board, 
which is allowed to dry without any means of holding 
it flat, will tend to cup away from the heartwood side.  
This is because the growth rings are more parallel on 
the sapwood side; therefore more tangential shrinkage 
takes place on this side of the board than on the heart-
wood side.  A square piece of wood with sides truly flat-
sawn and edge-sawn will shrink to become rectangular 
in shape.  However, if the growth rings run diagonally 
across a pair of opposite corners, then the difference in 
shrinkage will cause the square section to become dia-
mond shaped   Examples of deformations caused by dif-
ferential shrinkage are shown in Figure 17-8.

The size of the cross section of sawn lumber influences 
the amount of shrinkage that develops.  In general, piec-
es of larger cross section shrink proportionately less than 
those of smaller cross section.  This is due to the outer 
zone of large-section lumber drying while being pre-
vented from shrinking by the large central core of wetter 
unshrunk wood.  In thin cross sections, the surface and 
the inner zone of the wood tend to dry at similar rates 
and, therefore, they shrink together.  Since neither zone 
restricts the other from shrinking, the total shrinkage in 
thin cross sections is proportionately more than in thick 
cross sections.

3.5.3  MeaSureMenT anD CalCulaTion oF Shrink-
aGe

In most situations an operator will be concerned with 
determining shrinkage to a specific final MC rather than 
the process for determining total shrinkage as described 
earlier.  How much wood will be left if the wood is dried 
to, for example 12% MC?  The standard method of 
expressing shrinkage in wood is as a percentage of its 
green size in the tangential and radial directions when 
dried to a given MC.

Total shrinkage values have been developed for most 
commercially important species and those for SPF are 
listed in Table 3-5.  Calculated values to specific final MCs 
between FSP and oven-dry are listed in Appendix III.

Using white spruce as an example, Appendix V shows 
that this species can be expected to shrink 1.6% and 
3.5% in drying from green to a final MC of 15% It may 
be necessary to know, in absolute terms, how much this 
lumber will shrink in drying to that MC.  The shrinkage 
formula is:

As an example of this, assume a truly edge-(quarter)
sawn board measuring exactly 6 inches by 2 inches.

 Tangential (thickness) shrinkage  = 2  ×  3.5/100 =   
 0.07 inches

 Radial (width) shrinkage =  6 × 1.6/100  =  0.096  
 inches

Therefore, the final dimension values are: 

 Tangential (thickness) =  2 - 0.070  =   1.930 inches
 Radial (width) =  6  -  0.096 =   5.904 inches
    
If this had been a flat-sawn board the tangential shrink-
age value would apply to the width and the radial value 
to the thickness.  In this case, the final thickness and 
width of the board described above would have been 
1.968 inches and 5.790 inches, respectively.

It is important to use the correct shrinkage values, so 
that tangential shrinkages apply to the width of flat-
sawn boards and the thickness of edge-sawn boards; 
whereas radial shrinkages apply to the thickness of flat-
sawn boards and the width of edge-sawn boards. 
 
When considering a load of lumber it is usually not pos-
sible to specifically state the grain direction for either the 
thickness or width.  To calculate the shrinkage allowance 
for a sawmill target size consider a worst-case scenario.  
In this event assume and calculate based on tangential 
shrinkage values in both directions.  However, a quick 
inspection of the lumber may reveal that most pieces 
are flat-sawn and this would justify applying the radial 
shrinkage value to the thickness and the tangential val-
ue to the width.  Another consideration is the final MC 
value to apply.  In the above example a final MC of 12% 
was assumed, however, even the best drying operation 
cannot achieve total uniformity in final MC.  Therefore, 

Actual Shrinkage =
Green Dimension x Percent Shrinkage

100
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when trying to arrive at a worst-case value for shrinkage 
it is necessary to consider the lowest MC the material is 
dried to.  Considering the above example again, assume 
that the moisture check has shown that some material in 
the load is actually dried as low as 9% MC.  In this case, 
there is no pre-calculated value listed in Appendix V and 
it is necessary to make an adjustment for final MC.  The 
following paragraphs describe the procedure for this.

As mentioned earlier an alternative method of express-
ing shrinkage is as the maximum or total shrinkage.  This 
simply refers to the shrinkage from at, or above, the FSP 
down to zero percent MC.  Values for total shrinkage are 
listed in Table 3-5.

For example, assume that a green flat-sawn, white 
spruce board 10 inches wide is to be dried to 10% MC.  
The FSP is 30% MC and the total tangential shrinkage 
for this species in the tangential direction is 6.9%.  How 
much will the board shrink in width when it dries to 10% 
MC?

The problem cannot be solved in one step.  First, it is 
necessary to calculate by what percentage it will shrink.  
Remember that shrinkage is proportional to the drop in 
MC from fibre saturation point to zero percent MC.

That is, when the board dries to 10% MC, it will shrink 
in width by 4.6%.  The second step is to calculate the 
actual amount of shrinkage.  This is done by using the 
shrinkage formula listed earlier:

 

 

Subtracting 0.46 inches from 10 inches, the final width 
of the board will therefore be 9.54 inches.  This proce-
dure can be applied to any situation where the species 
and final MC are known.

A simplified procedure to calculate shrinkage to specific 
MC levels is presented in Appendix V.

Shrinkage (%)= x Total Shrinkage 
(FSP - Final MC)

FSP
[ [

Shrinkage (%)= x 6.9
(30 - 10)

30
[ [

Shrinkage (%)= 4.6%

Actual Shrinkage = Green Dimension x Percent Shrinkage
100

= 0.46 inchesActual Shrinkage = 
10 x 4.6

100

Species 

Black spruce
Red spruce
Jack pine
Balsam fir

White spruce
Engelmann spruce

Lodgepole pine
Alpine fir

Radial Shrinkage (%) 

3.8
4.0
4.0
2.7
3.2
4.2
4.7
2.6

Tangential Shrinkage (%) 

7.5
7.9
5.9
7.5
6.9
8.2
6.8
7.4

Table 3-5
Total shrinkage values for SPF species in the radial and tangential  
directions.

3.5.4  eFFeCT oF wooD TyPe on ShrinkaGe

Normally wood shrinks only transversely, but there are 
some abnormal forms of wood which shrink significantly 
along the grain.  Reaction wood is the most common ex-
ample, this being the wood that forms in branches and 
leaning stems.  In softwoods, it forms on the underside 
of leaning stems and is called compression wood.

Compression wood is usually recognizable by its appear-
ance.  In a log it does not fill the complete circuit of a 
growth ring and, therefore, in cross section it is found 
in a half-moon pattern.  The growth rings in compres-
sion wood are unusually large and appear to have a high 
percentage of latewood.  It usually has a deep red colour 
and in boards the wood has a dull lifeless appearance.

This type of wood has an unusually large amount of lon-
gitudinal shrinkage.  Since compression wood normally 
occurs in streaks or pockets in sawn lumber, there is an 
interaction between normal wood resisting longitudinal 
shrinkage and the compression wood trying to shrink.  
This results in severe local distortions when the boards 
dry.

Other types of wood have been found to have measur-
able amounts of longitudinal shrinkage, which are im-
portant enough to cause problems during drying.  Wood 
with spiral or sloping grain sometimes occurs where the 
wood cells do not lie parallel to the length of the board.  
As they shrink in drying, they collectively cause the length 
of the board to shrink and distortion in the form of twist 
can result.  Juvenile wood from near the pith (core) of 
a tree will often exhibit greater than normal amounts 
of longitudinal shrinkage.  A board that has juvenile or 
compression wood along one edge and normal wood 
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fibre along the opposite edge will develop a differential 
shrinkage situation as the wood dries below the FSP.  In 
this case, the board is likely to develop a sideways deflec-
tion (crook) as shown in Figure 3-4.

Figure 3-4
Edgewise distortion (crook) in this board has been caused by compression wood (the darker-coloured fibre) along the bottom edge of this board 
shrinking more than the normal wood on the opposite edge.

3.6  MoiSTure reGain anD SwellinG

To this point, the only change in wood size due to MC 
changes that has been described is shrinkage due to loss 
of MC below FSP.  However, if dry wood is placed in a 
humid atmosphere, then the wood cell walls are capable 
of taking up moisture and swelling.  This is caused by the 
reverse of the mechanism described earlier under shrink-
age.  Now, moisture in the form of bound water en-
ters the spaces between the fibrils in cell walls, the walls 
swell and therefore the across-the-grain dimensions of 
the wood increase.

While the principal concern in lumber drying is reaching 
a low enough MC, problems can arise if lumber is too 
dry.  For example, furniture constructed with wood dried 
to a low MC can be seriously damaged by wood swelling 
and the glued joints breaking if it is placed in an exces-
sively humid atmosphere.

Moisture regain can also be an issue if the wood MC is 
elevated beyond what the customer has specified.  As 
described above, an EMC level higher than the MC of 
the wood will cause the wood to regain moisture.  This 
type of moisture change involves only changes in relative 
humidity of the air and the amount of bound water in 
the wood.  Therefore, the only concern is when the EMC 
exceeds the target MC.  If, for example, lumber is dried 
to 19% and less, the only way to regain moisture in the 
manner described above would be if the EMC was in 
excess of 19%.  At 70°F it would take a relative humid-
ity of 88% or higher (see Appendix II), sustained over a 
considerable amount of time to elevate the MC of such 
material.  Therefore, the material that is at most risk of 
moisture regain from the atmosphere is that dried to 

much lower final MCs.  In practical terms it is only ma-
terial dried to 12% or less that will require some form 
of protection from conditions of high relative humidity.  
In most instances, if the wood MC has been elevated 
beyond 19% after drying, it is because of exposure to 
some form of liquid water such as rain, melting snow or 
puddles of water on the ground.  It is usually protection 
from these sources of moisture that must be addressed 
when storing or shipping softwood dimension lumber.

3.7  CollaPSe

There exists a totally different form of shrinkage in some 
wood species, which is commonly referred to as abnor-
mal shrinkage or collapse.  It is very important to rec-
ognize the differences between normal shrinkage and 
collapse.

The commonly accepted theory for explaining the phe-
nomenon of collapse is as follows.  In very wet wood, 
the cavities of a number of cells may be entirely filled 
with liquid free water, with no room being left for air.  As 
these cells dry, air should enter the cell cavities to replace 
the free water moving out.  The passage of air through 
wet wood is very slow, however, and the free water can 
pass out of the saturated cells faster than the air can 
enter, especially when heat and low humidity conditions 
are being applied.  When this happens the cell walls are 
drawn together by capillary tension forces and they will 
buckle and fold to the extent that the cell cavity is com-
pletely closed.  Note that it is not the external air pressure 
on the outside of the wood which is responsible for this 
collapse, but rather the cohesive force of the water pull-
ing the wet cell walls together.  The collapse of groups 
of many cells produces sunken areas in the surface of 
lumber giving a washboard effect, and in thick lumber 
internal checks may also develop.
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Figure 3-5
Collapse in this board has resulted in a sunken or depressed area on 
the surface.

The main difference between collapse and normal 
shrinkage is that collapse occurs only in cells which are 
losing free water from the cell cavities, whereas normal 
shrinkage occurs only in cells whose cavities are empty 
of free water and whose walls are losing bound water.  
Therefore, collapse can occur only in cells well above FSP 
and normal shrinkage can occur only in cells below FSP.

These are some characteristics of collapse:

•	 It	 is	very	rarely	found	in	sapwood	because	sapwood	
is generally more permeable than heartwood and air 
can enter cell cavities as the free water is moving out.

•	 It	occurs	more	frequently	in	species	that	have	a	very	
high initial MC combined with poor permeability char-
acteristics.  Examples of species from the SPF group-
ing prone to collapse are balsam and subalpine fir, 
and red or white spruce (especially plantation grown 
stock).  

•	 It	occurs	more	in	earlywood	than	in	latewood	because	
earlywood cells have thinner walls and, therefore, 
provide less resistance to the forces pulling the walls 
together.  

•		It	creates	a	washboard	effect	on	the	surface,	the	raised	
areas being the latewood bands which have collapsed 
less than the earlywood bands.

Cell walls become soft and plastic when wood at a high 
MC is heated; collapse is therefore more liable to occur 
when excessively high temperatures are used in kiln-dry-
ing.  If a particular species is known to be prone to col-
lapse, then one solution is to air-dry the lumber before 
kiln-drying.

NOTES
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WETWOOD DRYING IMPLICATIONS

4.1  DeFininG weTwooD

Wetwood is a condition present in certain tree species 
that has a very pronounced effect on the wood’s drying 
properties.  In general wetwood has a higher MC and 
slower drying rate than normal wood.  A link has been 
identified between the presence of anaerobic bacteria 
and the presence of what is recognized as wetwood.  
From the SPF species grouping both balsam fir and sub-
alpine fir are heavily affected by the presence of wet-
wood.  The problem caused by wetwood is not so much 
that it dries slowly but that it is difficult to identify (and 
isolate) and therefore it is dried with other, much faster 
drying, material.  Any time material with varying drying 
properties is mixed, the kiln operator’s task becomes a 
lot more challenging.

The bacteria associated with wetwood may have entered 
the tree through the roots (from the soil) or through 
wounds, i.e., broken branches along the stem.  In either 
case, it is clear that the cause of the problem originates 
with the standing, live tree.  The extent that wetwood is 
present in a particular board or log varies considerably; 
this is likely the result of various stages of infestation by 
the bacteria.  Given that the bacteria spread from single 
or multiple points of entry, it takes time for the entire 
tree or log to become affected.  In the process of pro-
ducing lumber from logs, we inevitably cut through in-
fected and non-infected areas.  This results in some lum-
ber that is heavily affected by wetwood and other pieces 
that are lightly or not affected at all.  This also explains 
why even within a single piece of lumber, one portion 
may contain wetwood while the rest of the board dries 
quite normally.

One of the side effects associated with wetwood is the 
presence or apparent development of shake during kiln 
drying.  It is believed that the bacteria described above 
have an effect on intercellular material (the middle la-
mella) in the area separating one annual ring from an-
other.  This causes a line of weakness along the annual 
rings.  Sometimes the shake can be observed in green 

lumber, in which case it can be used as an indicator of 
areas prone to wetwood.  Most often it cannot be seen 
until after drying when the wood has shrunk and been 
exposed to some drying stresses which result in these 
lines of weakness opening up and the shake becoming 
more apparent.

4.2  DeTeCTinG weTwooD

There are a number of wood characteristics that are 
often associated with wetwood but, as yet, there is no 
definitive way of identifying wetwood in green lumber.  
Wetwood is generally recognized by the moisture pat-
terns present in either green or dry lumber.  In green 
lumber it is typically detected as darker areas on the 
board surface which appear wetter than surrounding 
wood.  Figure 4-1 shows a sample of green subalpine 
fir with the presence of darker streaks in the wetwood 
zone.  These darker zones often appear in a mottled pat-
tern that does not necessarily follow the grain pattern in 
the material.

Figure 4-1 
Sample of green subalpine fir with the presence of darker streaks in 
the wetwood zone.  

Over the course of the drying period, lumber inevitably 
develops a moisture gradient.  If no special treatments, 
such as conditioning, are conducted, the lumber will end 
up with a shell that is somewhat drier than the core.  
The severity of the moisture gradient is influenced by the 
severity of the drying schedule employed.  These subjects 
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are discussed in more detail in Chapters 15 through 18.  
The presence of wetwood in a board interferes with the 
development of a normal moisture gradient.  Figure 4-2 
shows both a normal moisture gradient and a non-nor-
mal gradient that would be typical of a piece of kiln-dried 
lumber containing wetwood.  In the normal sample, 
there is a regular (and predictable) increase in moisture 
in the progression from any surface toward the core.  In 
the sample containing wetwood, there is no predictable 
pattern to the moisture gradient.  Zones within the cross 
section that were heavily infected will have dried much 
more slowly while normal wood, even a few centimeters 
away, may have dried quite readily.  Figure 4-2 shows a 
photo of a cross section of a board containing wetwood 
shortly after removal from the kiln.

Figure 4-2  
Photograph of board ends showing wet pocket and non-wet pocket 
pieces.

When a moisture meter is used to sample dry MC of 
lumber, wet pockets are detected by the random nature 
of high versus low readings.  For example, five meter 
readings taken along the length of a board all indicate 
a very low final MC but the sixth reading gives an MC 
estimate of 35%.  This would be typical of material con-
taining wetwood.

Other species with wetwood often have characteristics 
that make it easier to identify affected material in the 
green condition.  For example, oak with wetwood will 
tend to have a vinegar-like smell.  Various tests have 
shown that wetwood areas will also have a lower pH 
(more acidic) than normal wood.  As a result, kilns dry-
ing a lot of wetwood material will develop more corro-
sion problems due to the acidic nature of condensates 
formed on the walls.  Many species, including subalpine 
and balsam fir will tend to develop a different colour in 
wetwood areas.  The colour difference is quite subtle 
and is usually just a slightly greyer area.

To further complicate the matter, it is not always the 
wettest boards that have the bacterial infection.  There 
is no direct link between initial MC and incidence of wet 
pockets after drying.  Earlier tests at Forintek on white 
pine indicated that material from near the middle of the 
initial MC range was more likely to contain wetwood 
than material from the high end.  In this case (and quite 
likely with other softwood species prone to wetwood) 
the highest MC material was sapwood.  Sapwood is 
quite permeable and, although its initial MC is high, it 
dries quite readily and can normally be included with 
lower MC “normal” heartwood.  Green MC testing on 
balsam fir from Eastern Canada gave a range from 41 to 
207%.  The lowest material is most likely all normal heart-
wood; the highest MC material (i.e., 160% and higher) 
is likely all fast-drying sapwood; while the mid-range MC  
material would be more likely to contain wetwood.  
Therefore, in-line, green MC detectors cannot be relied 
on fully to separate material with wetwood.

The following visual characteristics will help identify 
balsam fir that has a greater tendency to contain wet-
wood:

•	 Boards	containing	a	greyish	discoloration	will	tend	to	
develop a higher incidence of wet pockets.

•	 Boards	displaying	a	blotchy	or	mottled	appearance	of	
wetter and drier zones will tend to develop a higher 
incidence of wet pockets.

•	 Boards	 displaying	 any	degree	of	 shake	 in	 the	green	
condition will tend to have a higher incidence of wet 
pockets after drying.

•	 Boards	looking	very	wet	but	looking	consistently	wet	
across a wide surface area may be sapwood and will 
therefore dry quite readily.  Signs of wane or noting 
the position of the board from within the cross sec-
tion of the log may help confirm that the material is 
indeed sapwood.  This material can be left in with 
faster drying material.

•	 Heavy	boards	which	are	obviously	not	sapwood,	i.e.,	
containing pith, should be considered as wetwood 
and kept with the slower drying material.

Some mills have trained staff to recognize these charac-
teristics and implemented a pre-sort based on a visual 
inspection of the green lumber.

4.3  eFFeCT on DryinG ProPerTieS

It is well understood that material containing wetwood 
dries more slowly than normal material of the same 
species or other species from the SPF grouping.  From 
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laboratory testing on balsam fir and subalpine fir it has 
been determined that, sapwood has the greatest perme-
ability, heartwood the lowest, and wetwood somewhere 
between the two.  Therefore, differences in permeability 
alone do not fully explain the differences in drying time 
encountered in practice.  Whatever the mechanism, it 
is clear that the impact on the drying properties is most 
pronounced while there is still free water present in the 
wood.  Once the wood is reduced below the FSP (25 to 
30%), the movement of bound water is not affected by 
the factors listed above.  Keep in mind that achieving an 
average MC below the FSP does not always mean that 
all free water is gone.  A normal moisture gradient or 
wet pocket surrounded by dry wood may still explain 
the presence of free water.  Therefore, when drying con-
struction grade lumber to 19% or less, the presence of 
wetwood has an impact for most, if not all, of the drying 
cycle.

4.4  eFFeCT on DryinG raTe

A previous Forintek study showed that high MC balsam 
fir (average of 129%) required 161 hours to dry versus 
124 hours for material starting at a lower initial MC 
(85%).  Another study identified a range of drying times 
for material at different starting MCs and specific gravity 
levels.  The results of that test are summarized in Table 
4-1.  Drying time increased with increases in both initial 
MC and specific gravity. 

Initial 
MC (%) 

88.3

83.4

131.6

122.2

Description 
 

Low Initial MC
Low Specific Gravity

Low Initial MC
High Specific Gravity 

High Initial MC
Low Specific Gravity 

High Initial MC
High Specific Gravity

Specific 
Gravity

0.31

0.36

0.30

0.36

Time to Dry 
(hrs)1

113

122

156

167

Table 4-1  
Summary of drying time results from laboratory tests on Eastern bal-
sam fir (Savard, 1995).

1 Drying time defined as time for 95% of material to reach 19% MC or less

Another Forintek study showed similar results for sub-
alpine fir.  In those tests, drying rate was measured in 
%MC/hour at different stages of the drying process.  

Figure 4-3 
Drying rates in western SPF.
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Figure 4-3 shows a comparison of drying rates for the 
three main species in the SPF grouping from Western 
Canada.  This graph shows the results for material sorted 
as having a high initial MC.  It shows that subalpine fir 
dries more slowly than spruce or pine at all MC levels 
but that the discrepancy is greater at higher MCs.  This 
again demonstrates that wetwood material not only has 
a higher MC but does indeed dry more slowly.  Similar 
results were shown for material sorted as mid-MC but 
for material sorted with a low initial MC the drying rates 
for subalpine fir were similar to spruce.

4.5  wayS oF DealinG wiTh weTwooD 
Prone SPeCieS

The previous sections of this chapter have dealt with de-
scribing how and why wetwood material is different and 
how much of an impact it has on the drying properties.  
These explanations help the kiln and mill operators un-
derstand the need to apply different techniques when 
drying material with wetwood.  This section will present 
some of the techniques that are available to help dry this 
difficult material.

Two variables that impact on the decision of how to deal 
with wetwood are the percentage of subalpine or balsam 
fir present and the quality of that portion of the lumber 
mix.  Mills that are lucky to have a very small percent-
age of fir in their mix (i.e., less than 10%) can often get 
away with leaving it in the lumber mix and not having it 
significantly affect their drying operation.  As discussed 
previously, a certain proportion of fir will be adequately 
dried using a normal spruce or pine schedule.  Therefore, 
if the overall percentage of fir present is low, any “wets” 
remaining in the load can either be tolerated in the final 
product or easily removed and sold as an “off grade” 
product.  The next consideration is the quality of the fir 
contained in the lumber mix.  Based, to a large extent, 
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species without balsam or subalpine fir present.  Dry-
ing times for the majority of the spruce and pine species 
included in the SPF grouping are much better matched 
than when subalpine or balsam fir are included.  There-
fore, drying the remaining species together produces a 
much better result in terms of improved final MC uni-
formity and reduced drying degrade.  The question then 
becomes what to do with the fir species (or other wet-
wood species) when they are dried alone.

Drying tests on a small-scale research kiln at Forintek 
demonstrated that the variability in drying time within 
the balsam fir population is quite significant.  Those 
tests showed that some boards were dry in as little as 27 
hours while other pieces took up to 151 hours.  Putting 
material with such differing drying characteristics into 
the kiln together ends up with the same compromise 
situation described above for the mixed species.  As with 
the mixed species, one of the potential solutions is to 
employ the use of lengthy drying schedules incorporat-
ing an equalization treatment.  The same compromises 
exist as above.

Air drying is an option that becomes more viable once the 
particular fir species that you are dealing with has been 
separated.  Air drying achieves the same objective as a 
long-slow drying cycle with equalization.  Outdoor EMC 
(equilibrium moisture content) conditions are relatively 
mild when compared to most kiln schedules.  In most ar-
eas of the country it is impossible to dry the material any 
lower than 12 to 15%, and even this is only obtained after 
one or two full drying seasons.  The objective in air drying 
balsam or subalpine fir is to reduce or eliminate the free 
water present.  As mentioned previously, the wetwood 
effect is only significant when the wood is above the FSP.  
By air drying the lumber to a MC near the FSP, it can then 
be dried on a more aggressive schedule once it reaches 
the kiln with less likelihood of developing wet pockets or 

Figure 4-4
Drying schedule with an extended equalization treatment added at 
the end.
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on the conditions of the growing region, balsam or sub-
alpine fir in some regions of the country will exhibit less 
problems with wetwood.  This again, is another basis by 
which a certain proportion of fir can be tolerated in the 
lumber mix without having to modify the drying opera-
tions.  Some mills are able to manage the problem simply 
by limiting the amount of fir allowed into the sawmill.  If 
sorted in the bush, excess fir can be re-directed to other 
operations or run separately as a “green” product.

4.5.1  DryinG weTwooD wiTh norMal MaTerial

Drying material with different drying properties together 
is always a compromise situation.  The operator must 
decide what aspect(s) of the drying operation can be 
compromised and to what extent.  For example, dry 
slowly and negatively affect kiln productivity or dry more 
aggressively and accept more rejects from “wets” and 
extra warpage in over-dried material.  The answer will be 
different in each situation as each mill not only has its 
own unique log mix but also unique demands as far as 
productivity objectives at the kilns and quality expecta-
tions for the lumber.

Slow and fast drying material can be dried together with 
good results (with regard to lumber quality).  This is 
achieved by running with a relatively mild drying sched-
ule and incorporating a long equalization treatment 
at the end of the cycle.  This is the only way to avoid 
over-drying the faster drying material and to ensure the 
slower drying material reaches the intended final MC.  
Unfortunately, the required drying time is often so long 
that most mills cannot afford, either for productivity or 
economic reasons, to implement this measure.  It should 
be kept in mind that when mixing any two groups of 
lumber with different drying characteristics in the same 
kiln, the drying cycle required to achieve a good quality 
final product will, in most cases, be longer than the dry-
ing cycle for the slowest drying material in the group if it 
were dried alone.  This is a result of having to “back off” 
on the drying schedule and begin equalizing once the 
faster drying material has reached, or almost reached, 
the intended final MC.  The concept is shown diagram-
matically in Figure 4-4.  It can be seen in this Figure that 
the drying rate of both fir and spruce decrease signifi-
cantly once the equalization phase begins.  Drying sched-
ules for mixed species and the concept of equalizing are 
covered in more detail in Chapter 15.

4.5.2  DryinG BalSaM or SuBalPine Fir alone

Extracting and drying species containing wetwood on 
their own does achieve some advantage over drying 
them in mixture with other species.  In the case of SPF, 
the main benefits are those realized by drying the other 
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excessive drying degrade.  A Forintek study on Eastern SPF 
showed that after 6 to 8 weeks air drying under spring/
summer conditions, balsam fir could be mixed with green 
spruce and pine for a final kiln drying cycle more typical 
of the drying time for spruce and pine.  More detail on air 
drying is presented in Chapter 13.

Another manner in which air drying is being employed 
is as a full drying treatment rather than an initial treat-
ment for the material.  If the percentage of balsam fir is 
relatively low, it may make sense to let the material air 
dry until it has reached the required final MC.  Again, 
the procedures on how to do this are well described in 
Chapter 13 along with some data on drying rates.  If an 
air drying yard is being set up, it is important to take 
measures to ensure as rapid and uniform a drying rate 
as possible.  As mentioned above, it is quite possible, in 
most areas of the country to obtain a final MC of 19% or 
less.  According to the NLGA grading rules this material 
can be stamped as “S-Dry”.  Recently, however, the need 
to heat treat material that may be exported has caused 
mills that were, or are considering, air drying to re-evalu-
ate how they do things.  With the need to reach 56°C in 
the core of the material it is necessary to put the lumber 
into a kiln (or heat-treatment chamber) at some point in 
time.  If air drying is used as a pre-treatment to kiln dry-
ing then this is usually not an issue (see section on heat 
treatment).  Another way of addressing this concern is 
to place the material into the kiln for a rapid heat treat-
ment prior to placing it in the yard for air drying.  Either 
method is acceptable from a phytosanitary standpoint.

Some mills have employed the use of low-temperature 
dryers to dry subalpine or balsam fir.  Again this achieves 
the same objective as an equalization treatment.  An ad-
vantage in operating such a system is that it is easier to 
maintain higher EMC levels at the lower operating tem-
peratures in these kilns.  Drying times will be consider-
ably longer than a conventional or high-temperature kiln 
but shorter and more predictable than air drying.  If you 
intend to dry wetwood material alone at low tempera-
tures, the installation of a purpose-built low temperature 
dryer should be considered over using a conventional 
kiln and running it at low temperature.  Capital and op-
erating costs for a low-temperature kiln will be less than 
those for an equivalent capacity conventional kiln.

Aggressive drying routines do not work well for balsam 
or subalpine fir.  Whether it is being dried at low or high 
temperature, a large depression at the start of the sched-
ule will cause cell collapse.  An initial depression of more 
than 15 to 20°F (8 to 11°C) should be avoided.  More 
details on drying schedules are presented in Chapter 15.  

One reason why low temperature drying works better on 
these fir species, is that it is easier to achieve and main-
tain a low depression at lower dry-bulb temperatures.

4.5.3  SeParaTinG weTwooD FroM norMal wooD

Some of the characteristics described earlier in the sec-
tions “Defining Wetwood” and “Detecting Wetwood” 
can be used to make a separation within balsam or sub-
alpine fir.  The objective is to remove the difficult-to-dry 
portion from the easier-to-dry portion.  As mentioned 
earlier there is a portion of the wood that will dry on 
schedules more typical of spruce and pine.  The trick is 
to identify those pieces and remove them.  Some mills 
do a visual sort based on the characteristics described in 
the earlier sections of this chapter.  Other mills employ 
some sort of technology to try to automate the process 
of differentiating the material.  Green MC detectors have 
been employed in the past.  A hurdle with these sys-
tems is to find one that is not affected by other wood 
properties and, in particular, variations in specific gravity.  
At this time there are no technologies on the market 
that can be described as true, green MC meters.  Other 
technologies based on RF measurements or measuring 
board weight have been developed and are being em-
ployed.  In each of these cases, the measurement that is 
being made is in part influenced by the amount of wood 
present (i.e., specific gravity) and the amount of water 
present.  Board-to-board differences in both of these 
variables are significant, from a drying standpoint, when 
one species is being processed (whether that species has 
wetwood or not).  When multiple species are being pro-
cessed differences in specific gravity from one species 
to the other will complicate the process of identifying 
and sorting difficult-to-dry material from the easier-to-
dry material.

Once a separation has been made between the difficult 
and easier-to-dry portions of a wetwood species, it is 
possible to develop drying routines that meet the de-
mands of each group.  Often, the easier-to-dry portion 
of balsam or subalpine fir can be mixed with spruce and 
pine and dried on a normal schedule for those species.  
The difficult-to-dry portion can then either be air dried, 
partially air dried, or dried in a kiln using a long, mild 
drying schedule.  By minimizing the portion of the ma-
terial that absolutely needs to be dried on a long, slow 
schedule several advantages are realized.  The easier-to-
dry portion can be dried on a more aggressive schedule 
with less risk of downgrade and a positive impact on 
kiln productivity.  Time saved on drying the easier-to-dry 
material can then help justify devoting a longer kiln cycle 
to the difficult-to-dry material.
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4.5.4  re-DryinG MaTerial wiTh weT PoCkeTS

All of the measures discussed up to this point have in-
volved solutions to the problem of wetwood that can be 
implemented before or during the drying of the lumber.  
An alternative to these options is to address the problem 
after the dry kiln.  Whether subalpine or balsam fir is 
dried on its own or with other species a wide range of 
final MC will result.  Figure 4-5 shows a typical mois-
ture distribution toward the end of the drying cycle for 
a SPF mix containing one of the wetwood species.  If  a 
charge like this is exposed to harsh drying conditions, 
the material at the low end of the MC range will become 
well over-dried and develop extra degrade due to  warp 
(see section on effect of final MC on drying degrade in 
Chapter 17).  An alternative is to prematurely remove the 
material from the kiln, scan it with an in-line moisture 
meter and separate the material that needs re-drying.  
The net effect is usually a reduction in average drying 
time as well as an improvement in grade recovery.  The 
down side is the extra handling involved and the need to 
install a moisture measuring system and equipment to 
remove “wets” before the planer.

“Wets” are boards that are removed from the semi-dry 
lumber mix but they are not wet in the sense that they 
are still green.  They are likely a mix of slow-drying nor-
mal wood (the smaller proportion) together with boards 
containing wetwood.  These wetwood pieces will have 
varying amounts of wetwood present and therefore, even 
a charge of material selected for re-drying will exhibit a 
wide range of moisture conditions and represent mate-
rial with a wide range of drying characteristics.  Some 
pieces may need only a short re-drying cycle while others 
will still require a considerable amount of time to reach 
the desired MC.  Therefore, the best way to handle such 
material in a conventional kiln is to run it on a gentle 

Figure 4-5 
Typical distribution of final MC in mixture of spruce and fir (subalpine 
or balsam).
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cycle and essentially equalize the load.  Suggestions on 
schedules for re-drying are presented in Chapter 15.

The re-drying step can be achieved in a conventional 
kiln, as described above, or with some other type of 
drying system.  Considerable attention has been given 
to linking radio-frequency vacuum (RFV) drying with a 
conventional kiln.  The rationale for this is as follows.  
The material can be dried on a shortened cycle in the 
conventional kiln and “wets” removed for re-drying.  The 
material selected for re-drying can then be accumulated 
and prepared for re-drying.  Lumber does not need to be 
piled on stickers for RFV drying and this would therefore 
facilitate the handling and re-piling of “wets”.  A RFV kiln 
can achieve relatively fast drying times (see description of 
drying systems in Chapter 7) and therefore a small-vol-
ume chamber can be used to handle the re-drying needs 
of a much larger conventional kiln(s).  This concept has 
been installed on a commercial scale for Western Hem-Fir 
(another species mix with a wetwood problem) and has 
been proposed for SPF applications.  Tests conducted by 
Forintek and Hydro Quebec have demonstrated the tech-
nical feasibility.  Tests on re-drying of 2-inch black spruce 
demonstrated a drying rate almost 4 times faster than 
conventional drying.  The RFV kiln was able to achieve 
an average moisture loss of 2.2% MC per hour versus 
0.6% MC per hour in a conventional kiln.  At this time, 
however, this option is not economically viable as the 
equipment and operating costs are higher than alterna-
tive re-drying systems.

As with any equipment or process decision, the ultimate 
criteria are the impact on production cost and/or prod-
uct value.  Re-drying presents an opportunity to have a 
positive impact on both of these criteria and should not 
be overlooked as an option. This is especially true when 
designing and setting up a new drying operation and 
the process can be designed to accommodate the mate-
rial flow needs of a re-drying system.  Even if re-drying 
is not considered at the outset, designing a mill to maxi-
mize the opportunities to sort and re-handle material at 
different points in the process will keep options open for 
the future.  This may be as simple as leaving space to ac-
commodate future changes.
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DETERMINATION OF WOOD MOISTURE CONTENT

5.1 overview

Moisture content (MC) is the most important material 
property to be evaluated in a lumber drying operation.  
From green to dry, and all the stages in between, ac-
curate data on MC is critical if correct decisions or judg-
ments are to be made.  Unfortunately, there is no one 
method of measuring MC that is both accurate enough 
and practical for application in all situations where wood 
MC information is required.  This chapter will highlight 
the various methods for measuring MC.  The method 
used in any specific application will depend on the level 
of accuracy required and the time available to produce 
results.

5.2 oven DryinG MeThoD

The standard way of determining wood MC is known 
as the oven drying method.  This direct method which 
is applicable to all species including SPF, provides a very 
accurate measure of wood MC over the entire moisture 
range from fresh green wood to kiln-dried.  This method 
also serves as a standard against which a number of in-
direct moisture measuring systems can be calibrated and 
compared.

As an example assume that the average MC of a board 
is to be determined.  The following are the step-by-step 
procedures which are recognized as providing the most 
accurate result.

1. Cut and discard about 2 feet (0.6 m) from each end 
of the board.  This is done to eliminate the possibility 
that drying has already occurred from the ends of the 
board.

2. Cut a section about 1-inch (25 mm) long along the 
grain from each of the freshly cut ends.  These sections, 
which will be used for MC determination, should be 
free of knots, rot, pitch pockets or any other imperfec-
tions.

3. Remove all loose splinters and sawdust from the sec-
tions.

4. Weigh the sections immediately and record these 
measurements as original or green weights.  If there is 
a delay before weighing, the sections should be tight-
ly wrapped in a plastic bag.  An electronic balance ca-
pable of indicating weight to a precision of 0.1 grams 
is the preferred way of measuring sample weight.

5. Place the sections in a ventilated oven at 215o to 220°F 
(102o to 104°C) and allow them to dry until they have 
reached a constant weight.  Normally this will require 
18 to 24 hours and at that point the wood is assumed 
to be at 0% MC.

6. Immediately reweigh the sections and record the 
measurements as oven-dry weight.

7. Apply the method shown earlier (Chapter 3) to calcu-
late the MC of each section, example:

Moisture content  
sections to be  
oven-dried

Figure 5-1
Pattern for cutting MC  
sections for MC determination 
by the oven drying method.
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Moisture Content= x 100 = 70% 
(80-47)

47
[ [

Moisture Content= x 100 = 87% 
(101-54)

54
[ [

Section 1

Section 2

Original Weight = 80 grams
Oven-dry Weight = 47 grams 

Original Weight = 101 grams
Oven-dry Weight = 54 grams 

Since the moisture sections were taken from opposite 
ends of the board, the average of the two MCs, (78.5%), 
can be used as an estimate of the average MC of the 
board.

One of the disadvantages of an oven test is the time 
required to get the results.  One way to shorten the time 
is to use a microwave oven to dry the samples.  Since 
microwave ovens vary considerably in power ratings and 
features it is impossible to give a specific routine to fol-
low.  The danger with a microwave oven is the potential 
to burn the sample, which normally starts in the interior 
of the sample and is well progressed by the time it is de-
tected.  The way to avoid this is to use a lower power set-
ting and to cycle the sample in and out of the microwave 
to allow some cooling.  It may be possible to reduce 
the overall time to get the results but the manpower 
required to conduct this test will often be greater than 
conducting a standard oven test.

Since the oven test is time consuming and also destruc-
tive, in that a sample must be cut from each board that 
is to be evaluated, there is a need for some alternative 
ways to assess MC in kiln-dried wood.

5.3  eleCTriCal MeThoDS

For industrial use, the oven drying method for MC de-
terminations is often too time consuming and wasteful 
of material.  Fortunately there are portable electric mois-
ture meters easily operated by one person which provide 
rapid assessment of MC.  These meters use an electrical 
property of wood which varies with MC, such as elec-
trical resistance, dielectric constant or radio frequency 
power loss.

5.3.1  DC-reSiSTanCe MoiSTure MeTerS

Resistance-type meters are offered by several manufac-
turers but all employ the same principle of operation.  
The operation of the DC-resistance-type of meter is based 
on the fact that oven-dry wood is an excellent electrical 

insulator; that is, the wood has a very high electrical re-
sistance.  The resistance decreases rapidly as the MC of 
the wood rises towards the fibre saturation point (FSP 
= 25 to 30% MC) after which point there is very little 
change in resistance with increases in MC.

A resistance meter is designed to measure the electrical 
resistance between two points in a piece of wood.  The 
resistance is usually measured between two electrodes 
or needles which are driven into the wood so that the 
electrodes are aligned along the grain of the wood.  
Electrodes are usually mounted on convenient handles 
which allow them to be driven into and withdrawn from 
the wood with little effort.  For smaller units short elec-
trodes are mounted directly on the meter.

Figure 5-2
Example of a DC-resistance 
moisture meter with probe 
(a). Most meters of this 
type are calibrated for 
readings taken with the 
pins parallel to the grain  
direction (b).

To take a reading, drive the electrodes into the wood 
parallel to the grain, wait a second or two for the read-
ing to stabilize and then observe the value on the meter 
which is normally expressed as percent MC.  This value 
however, should not be assumed to be the MC since 
both temperature of the wood and the species affect 
the reading obtained and must be adjusted for accord-
ingly.  Whether these adjustments are made internally by 
the software in the meter or manually, the user needs to 
be concerned with whether the most appropriate cor-
rection factors are being applied.

(a)

(b)
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The temperature of the wood being tested affects the 
reading given by the meter because at any given MC, 
the resistance in the wood falls as the temperature in-
creases.  Usually the reading given by the meter has been 
calibrated for a wood temperature of 70°F (21°C) and, if 
the wood temperature is higher or lower than this, then 
a correction must be made.  It is therefore necessary to 
know the temperature of the wood being tested and 
then correction tables can be used to correct the read-
ings.  Temperature corrections for both DC-resistance and 
dielectric moisture meters are presented in Table 5-2.

A convenient method for measuring wood tempera-
ture is to insert a temperature sensing probe such as a 
thermocouple into a hole made by the moisture meter 
needles and read the temperature directly on the tem-
perature meter.

Figure 5-3 
Wood temperature can be measured with an electronic thermometer, 
such as the one shown here, fitted with a thermocouple probe small 
enough to insert into hole left by moisture meter pin.

The electrical resistance of wood varies with species due 
to differences in wood structure and electrolyte con-
centration.  Correction factors have been developed for 
all commercially important softwoods.  SPF is a species 
grouping which is usually processed together and this 
creates a problem when using a DC-resistance meter 
since the meter cannot realistically be adjusted for spe-
cies from board to board.  There are two ways to address 
this.  The first is to determine if the species grouping 
is very heavily weighted to one species and, if so, set 
the meter for that species and accept any error incurred 
when measuring other species.  The second option is to 
make use of a composite correction factor assembled 
specifically for the SPF grouping.  In Canada the CLSAB 
has developed a combined correction factor for SPF that 
grading associations and many mills apply.  For grade 
stamp lumber this process works well since all parties 

employ the same factor and therefore get good agree-
ment.  For applications involving value-added products 
or other situations where a greater degree of accuracy 
is required, using individual species correction factors is 
advised.

Individual species correction factors are available from 
various sources including the meter manufacturers and 
research institutes such as Forintek.  Forintek has a book-
let of correction factors available that presents combined 
adjustments for the effect of both wood temperature 
and species.  As mentioned previously, the onus is on 
the user to ensure that the most appropriate correction 
factors are being applied.  In some cases this is deter-
mined by either the customer or inspection agency set-
ting the standards for the dry lumber.  In such instances 
it is important to follow the procedures set by them to 
minimize any potential for discrepancy.

Most manufacturers now supply meters complete with 
user selectable temperature and species factors which 
then allow a direct reading on the meter display.  Some 
models provide the option to down-load into a data col-
lection system.  In these cases, the user should be aware 
of the source of those corrections and make a judgment 
as to whether they are the best for the situation.  In 
some cases, the manufacturer will provide a choice of 
correction factors programmed into the meter or even 
install several different versions on the same meter.

Pin-type electrodes can be of two main types, insulated 
and uninsulated.  Insulated electrodes can be of any 
length and their identifying characteristic is that they are 
coated with non-conductive coating along their length 
except for the tip or final one-eighth inch (3 mm).  The 
result of this is that the resistance and, therefore the MC 
is measured only between the electrode tips.  As the pair 
of needles is driven into the wood to varying depths, a 
MC profile can be developed.

In most instances when wood has recently been removed 
from a kiln, the moisture in the wood is not evenly distrib-
uted.  Typically a moisture gradient exists with MC being 
lowest at the surface and increasing towards the center.  
This distribution can be accurately detected by using insu-
lated needles long enough to penetrate to mid-thickness 
of boards.  If uninsulated needles are used, the MC indi-
cated will always be that of the wettest wood between 
the electrodes, at whatever depth this occurs.  This is be-
cause the electrical resistance is lowest in wet wood, the 
small electric current flowing between the electrodes will 
always follow the path of least resistance.
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Figure 5-4 shows the pattern of a typical post-drying 
moisture gradient in SPF dimension lumber.  It is easy to 
see from this that if the pins are driven into the centre of 
the board, the average MC of the wood will be over-esti-
mated.  Conversely, if the pins are placed on or very close 
to the surface, the average MC will be under-estimated.  
Forintek has conducted some testing to determine an 
appropriate depth for testing MC in SPF dimension lum-
ber.  The rule of thumb developed is to pin to approxi-
mately one-fifth the thickness of the board.  For 2-inch 
dimension lumber this turns out to be approximately 
3/8-inch (9.5 mm) in dry-rough lumber, and 5/16-inch 
(8 mm) in dry-dressed lumber.  This recommended pin-
ning depth is less valid for high-temperature, fast-dried 
wood and is very unreliable for wood that commonly has 
wet pockets or streaks.  This caution obviously applies 
to high-temperature-dried SPF and to eastern balsam fir 
and western subalpine fir where wet pockets are a com-
mon occurrence.

Figure 5-4
Diagram of board end showing normal MC gradient and 1/5th posi-
tion for average MC.  

If the surface of kiln-dried wood has gained moisture 
from exposure to high humidity, then irrespective of the 
length, using uninsulated needles (or insulated needles 
with the paint coating worn off) will always result in 
a high estimate of MC.  If insulated needles had been 
used, the operator would have seen a high reading as 
the needles penetrated the surface layers of the wood, 
but the reading would have fallen, as the uninsulated 
conducting tips were driven in towards the center of the 
board.  If the surface has been severely re-wetted from 
rain or melting snow, even the use of insulated pins may 
not prevent errors.

The range of MC which can be reliably measured with this 
type of meter is between 6 and 25%.  Below 6% the resis-
tance is too high to measure easily, and above 25% there 
is too little change in resistance to permit accurate mea-
surements.  Some meter scales extend beyond 25% but 
this is only to permit temperature corrections up to the FSP 

and do not imply accuracy of readings beyond this limit.  
This is not an indication, however, that high readings are 
invalid.  They are still an indication that the wood MC is 
in excess (and probably well in excess) of the desired MC. 

Proper operation of the meter should be confirmed by 
conducting a calibration check every time the meter is 
to be used such as prior to a hot check or inspection of 
dried lumber at the planer mill.  Many meters have inter-
nal calibration checks that verify the workings of the in-
ternal components.  With a DC-resistance meter it is also 
advised to conduct a check of the meter, the probe, and 
cables by testing the resistance measured through the 
pins on the probe.  Figure 5-5 shows how a block with 
a known resistance can be placed against the pin tips.  
Given that the meter is set for a standard species and 
temperature (usually Douglas-fir at 70°F) this test should 
result in the same meter reading.  While holding the re-
sistance block against the pins, the cables can be gently 
pulled and pushed to see if there are any loose connec-
tions.  Operators should be alert for other indications of 
problems with the meter such as it not re-zeroing be-
tween readings or readings that are highly erratic.

To avoid errors introduced by end-drying, meter readings 
with any type of meter should not be taken less than 2 
feet (0.6 m) from either end of a board.  

Figure 5-5  
Calibration of DC-resistance meters 
can be checked by using a known 
resistance placed across the tips of 
the pins.

5.3.2  DieleCTriC MoiSTure MeTerS

The term “dielectric” can be used to generally describe 
a broad range of moisture meters using other electri-
cal properties.  Radio-frequency waves are affected by 
the presence of most materials including wood and wa-
ter.  Dielectric meters operate by measuring capacitance, 
power loss, or a combination of these two.  As a sample 
is entered into the electric field these electrical proper-
ties are affected by the amount of wood and moisture 
present.  By subtracting the effect of the wood from the 
reading the net effect of the moisture present can be 
observed.  The precise mechanism of operation of these 
meters is not as apparent as it is with DC-resistance and 
therefore it is impossible to give a more detailed tech-
nical description for the various commercial brands in 

10%
12%
15%
18%
21%
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use.  From an end-users point of view, it is important to 
understand under what conditions this type of equip-
ment can be employed and what level of accuracy can 
be expected.

Specific gravity has an effect on the meter reading and 
this effect is usually accounted for by the meter before 
providing an estimate of MC.  It is important to ensure 
that the meter is compensating for the appropriate 
specific gravity for the species being evaluated.  As de-
scribed in Chapters 1 and 2, specific gravity of any spe-
cies is prone to variation.  Meter manufacturers typically 
use published species average values when developing 
their correction factors.  In some cases it may be nec-
essary to test the specific gravity of the material being 
processed to determine if it is the same or close to the 
value programmed within the meter.  Most meters pro-
vide some means of compensating for species that are 
either not included within the meter or where the pre-
programmed value is not appropriate.

One advantage of a dielectric meter is that it does not 
damage or physically mark the material in any way.  This 
does make it appealing for applications where pin holes 
are not acceptable in the end product.  The down side of 
this, however, is that this class of meter cannot provide 
any specific data on the distribution of moisture within a 
sample.  In some cases, the presence of a moisture gra-
dient may negatively affect the readings from this type 
of meter.  The dielectric field created by the meter is af-

fected by material within its range.  Tests conducted by 
Forintek show that when applied to material with a nor-
mal post-drying moisture gradient, reasonable estimates 
of average MC can be obtained.  When “non-normal” 
conditions are encountered, the readings may become 
less accurate.  For example, wood that has become re-
wetted on the surface will produce misleading results.  
Even a thin layer of high-MC material near the surface 
will elevate the reading on a dielectric meter more than 
expected and result in an overestimation of the average 
MC.  When sampling wet pocket material the situation 
is reversed such that the presence of a large wet pocket 
just below a very dry shell will result in an underesti-
mation of the average MC.  These situations should be 
either avoided or at least taken into consideration when 
interpreting readings from this type of meter.

Factor

Species (black spruce)

Specific Gravity

Moisture Gradient

Wood Temperature

Condition of Wood Surface

Width of Board

Impact on Reading

Underestimate MCs below about 12.5%. Overestimate MCs above this level. 

Within-species variations in specific gravity will affect accuracy.
Underestimate MC if specific gravity chosen on meter is more than the actual specific gravity of the 
wood. Overestimate MC if specific gravity chosen on meter is less than actual specific gravity of the 
wood.

Reading is affected by surface moisture (either higher or lower than average MC for cross section) 

Meter reading is increased with increasing wood temperature (see Table 5-2). 

Underestimate MC on rough vs. planed surface. 

Underestimate MC when board width is less than width of sensor head.

Figure 5-6  
Dielectric type moisture 
meter with extension probe 
used to obtain MC esti-
mates from boards inside a 
load of stickered lumber.

Table 5-1 
Factors affecting MC estimates made with dielectric meters.
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As with DC-resistance, dielectric meters are affected by a 
number of physical and environmental factors.  Table 5-1 
provides a summary of factors which have been found to 
affect a commonly employed dielectric meter.  Although 
it is impossible to correct for all of these factors it is often 
possible to test in situations where these factors do not 
affect the reading.  Another approach is to standardize 
testing procedures so that readings taken at one time 
can be compared to those taken either before or after.

As shown below, dielectric meter readings are also af-
fected by wood temperature.  Tests conducted by Fo-
rintek on one particular brand of meter have shown 
that the magnitude of this temperature effect is roughly 
half of that experienced with DC-resistance meters.  Al-
though minor fluctuations in wood temperature may 
not be a concern for this meter type, there are situations 
where temperature compensation should be taken into 
account.  This would include the evaluation of extreme-
ly cold or warm material such as winter-stored lumber 
or material recently removed from (or still in) the kiln.  
Table 5-2 lists the temperature correction developed by 
Forintek for the “Wagner” brand of dielectric meter.  A 
report is available providing more detail on the effects of 
temperature and other variables on meter reading.

As shown in Figure 5-6, dielectric meters can be fitted 
with a remote probe that allows MC measurements to 
be obtained on boards within a stickered package of 
lumber.  This makes it possible to obtain a larger, more 
representative range of samples.  Care must be taken, 
however, to ensure that the sensor head is well centred 
over a board before a reading is recorded.  If the sensor 
head is not centred and is either bridging two boards or 
partly exposed to an air space, the meter readings will be 
lower.  All of the factors listed above that affect dielectric 
meter readings are relevant whether using the meter on 
its own or with a remote probe.

Figure 5-7 
Checking calibration on a dielectric moisture meter with a block that 
provides a known response.

As with DC-resistance meters, calibration must be 
checked on a regular basis.  Again, an internal calibration 
check may verify the internal components but the best 
check is some sort of external reference block.  This can-
not be a block of wood as the MC of any piece of wood 
will vary over time.  Manufacturers often supply or make 
available as an option a composite block with known 
and stable dielectric properties (see Figure 5-7).  The sen-
sor pad, either on the meter or a remote probe, can then 
be placed on this reference block and the reading on the 
meter verified.  This only takes a few seconds and should 
be done prior to every application of the meter.

5.3.3  aPPliCaTion anD inTerPreTaTion oF reSulTS 
FroM hanDhelD MoiSTure MeTerS

The specific technical guidelines mentioned above should 
be taken into account when using either of the two ma-
jor classes of handheld moisture meters.  The following 
general comments are relevant to the interpretation of 
results from either type of meter.

Various studies at Forintek and elsewhere have shown 
that dielectric and DC-resistance meters can achieve 
similar levels of accuracy, given that they are employed 

Dielectric

DC-resistance

-30°

+2.5

+5.2

-20°

+2.0

+4.3

-10°

+1.5

+3.3

0°

+1.1

+2.4

10°

+0.6

+1.3

20°

+0.1

+0.3

30°

-0.4

-0.8

40°

-0.9

-1.9

50°

-1.3

-3.1

Temperature Correction at a Wood Temperature of (°C)

Table 5-2   
Effect of wood temperature on dielectric and DC-resistance meter readings.  (Forintek study results)

60°

-1.8

-4.3
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Oven-dry MC

Moisture Meter 
MC Estimate

Error (ODMC-
MeterMC)

18.5

17.2

+1.3

17.9

18.1

-0.2

16.2

15.6

+0.6

13.4

13.6

-0.2

15.4

16.8

-1.4

18.1

19.8

-1.7

16.9

15.8

+1.1

17.1

17.5

-0.4

16.4

16

+0.4

16.1

16.9

-0.8

Average 
 

16.6

16.7

Individual Meter Readings

Table 5-3  
Example of how averaging a group of meter readings can result in a good estimate of the average MC even though individual meter readings may 
have larger errors.

correctly and the appropriate correction factors applied.  
As with DC-resistance, dielectric meters are designed for 
use on material below the FSP.  These meters tend to 
be more stable when measuring lower MC material; i.e., 
under 10%.  For both meter types the meter readings will 
be more accurate toward the lower end of their range.  
Individual readings in excess of 19% will have a wider 
margin of error associated with them.  Under the condi-
tions described above, both classes of meters can gener-
ally attain an accuracy of plus or minus 1 to 2% MC.

All moisture meters exhibit some variation in error from 
sample to sample.  This is due to the varying properties 
of wood such as specific gravity and extractive content.  
Over a large population, these effects should average 
out.  Therefore, a way of achieving better estimates of 
MC for a charge or group of material is to look at popu-
lation statistics rather than individual readings.  Parame-
ters such as average, standard deviation and percentage 
of material within specific MC ranges are useful ways of 
evaluating and comparing batches of material.  The fol-
lowing example (Table 5-3) shows how a good estimate 
of the average MC for a relatively small number of sam-
ples can be achieved.  In this case, the moisture meter 
was able to achieve an estimate of the average MC for 
the group with an error of less than 0.5% MC from the 
actual average oven-dry MC.  Although individual board 
readings show larger errors, the positives and negatives 
often average out in your favour.

Although neither meter type is recommended for use 
on material over the FSP that does not mean that high 
readings are totally unreliable.  In most applications of a 
meter the primary concern is whether the material falls 
within or outside of the desired final MC range.  The vast 
majority of products require a final MC of 19% or less.  
Therefore, readings below this level can be relied on as a 
good indication that the material is dry.  Although read-

ings above this level are less accurate they are still a good 
indication that the material is wetter than the acceptable 
limit.  Again, if we consider that estimation errors hap-
pen in both directions, then the percentage of “wets” 
for a large group will generally be a good estimate of 
that particular parameter.

The guidelines mentioned above are appropriate to most 
sampling situations, however, when dealing with materi-
al prone to wet pockets there are some precautions.  Fig-
ure 5-8 shows histograms of final MC for SPF mixtures 
both with and without wetwood material.  The sample 
group without wetwood displays a “normal” distribu-
tion pattern and for this pattern, the above advice on 
use of statistics is relevant.  The second histogram re-
veals a skewed distribution due to the presence of wets 
caused by wetwood material.  For this material, statistics 
such as average and standard deviation are less useful.  
In this situation it may be better to look at percentage of 
material in excess of a certain MC.  Since over-drying is 
also a concern when handling material with wets, it may 
also be useful to look at percentage of material within 
a pre-established “acceptable” range and then present 
statistics on percentage of material “over-dried” as well 
as “wet”.

5.4  in-line MoiSTure MeTerS For Dry 
luMBer

In-line moisture meters have been available for many 
years but have only recently become common in planer 
mills of SPF operations.  Most modern mills are equipped 
with an in-line meter at the planer mill to measure MC 
of each piece of kiln-dried lumber.  The value and uses of 
these data is the subject of this section.

The technology employed for in-line meters is similar to 

Note:  This example is relevant to any meter type and assumes that readings have been corrected for the effect of temperature, species, and other 

factors mentioned in the previous sections.
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the handheld dielectric meters.  The size and power of 
the sensing plates are much greater than in the hand-
held versions, but many of the factors affecting perfor-
mance of the handheld meters also affect the in-line me-
ters.  Moisture gradient, wood temperature and specific 
gravity are all factors which need to be either corrected 
for or considered when interpreting readings from these 
systems.

In-line moisture meters provide an opportunity to collect 
detailed information on final MC that is not attainable 
through other means.  The board-by-board MC data can 
be used in a number of ways to improve a drying opera-
tion.

The obvious application of an in-line meter is to assure 
that all material meets the MC specification of the cus-
tomer.  These meters are often installed downstream 
from the planer and are used to assure that the MC dis-
tribution of the material meets the requirements.  When 

excess amounts of “wets” are encountered material may 
be rejected or downgraded and typically, subsequent kiln 
charges are dried on a longer schedule.  This is an impor-
tant function and advantage of this type of equipment 
but, if this is the only use, there are some opportunities 
being overlooked.

Analysis of the data from the in-line moisture meter can 
help reveal problems with drying schedules or equip-
ment issues.  One way of doing this is to “map” the final 
MC distribution within the kiln.  Figure 5-9 shows an 
example of how the final MC data can be summarized 
to reveal variations in final MC related to location within 
the kiln.  As can be seen, there is one zone within the 
kiln that is wetter than the rest of the load.  This should 
suggest to the kiln operator that there may be a problem 
in the kiln.  The problem may be related to airflow or 
temperature distribution.  By alerting the operator in this 
manner the problem can be addressed before it persists 
long enough to cause a problem for customers.  To ac-
complish this final MC data must be summarized and 
provided back to the kiln operator.  By “closing the loop” 
in this manner, the kiln operator can measure the impact 
of other variables such as changes in the drying schedule 
or changes to the pre-sorting operations.  In-line meters 
should be considered as the number one quality control 
and process improvement tool for most SPF drying op-
erations.

In-line meters also offer the opportunity to implement 
a re-drying program.  Re-drying is discussed in detail in 
Chapters 4 and15.  The only way, however, to implement 
such a program is with an in-line meter.  For this type 
of application the meter must be installed prior to the 
planer along with some means of physically separating 
the “wets” in the rough condition.  In this manner they 
can be returned to the kiln (or some other drying pro-
cess) for re-drying.

5.5 CorrelaTinG reaDinGS FroM DiFFer-
enT MeTerS

Due to the wide range of factors that affect each of the 
different electrical methods for estimating MC it is inevi-
table that test results will never be directly comparable.  
This is true whether different meter types are being used 
or even if the same type of meter is used at different 
stages in the production process.  The best practice is 
to standardize the test procedures, accept the fact that 
different meters will result in different MC estimates, and 
develop a means to correlate among them.  Techniques 
and an example on how to develop a correlation are pre-
sented in Chapter 14.  Before proceeding, however, a 
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Figure 5-8 
Histograms showing both a “normal” (part b) and “non-normal” 
(part a) distribution of final MC.  Both diagrams also identify mate-
rial designated as “over-dried” or “wets”.
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decision must be made on what is the base line or stan-
dard for any correlations to be developed.  This could be 
oven-dry MC, but in most cases will be a specific meter 
type with specified correction factors.  This will usually 
be the meter that the mill has had the most experience 
with and/or the one in which they have developed the 
most confidence.

10.5% 11.9% 13.2% 13.8% 14.2% 16.2%

12.2% 13.1% 15.0% 14.5% 16.1% 17.9%

13.8% 14.8% 15.5% 15.2% 16.5% 20.4% Figure 5-9
Presentation of final MC data from 
an in-line meter to “map”  or “recon-
struct” a kiln load (side view).  Colours 
indicate areas of kiln contributing to 
over-dried or “wets”.

Top of Load
On Target

Over-dried

Too wet
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PhYSICAL ELEMENTS OF DRYING

The effect of temperature, humidity and air circulation 
on the mechanism of moisture movement in wood is a 
subject of considerable depth and complexity and only a 
short outline of the basic principles is attempted in this 
manual.

6.1  waTer in wooD

Descriptions were provided in earlier chapters of the 
various forms of water in wood; free water in both the 
liquid and vapour form and bound water.  In the drying 
of lumber these forms of water move to the surface by 
quite different mechanisms and by different flow paths.  
Depending on the conditions which exist in the wood, 
water may be converted from one form to another dur-
ing this migration.  For example, green lumber at ordi-
nary temperatures contains about 30% of its dry weight 
as bound water, a negligible quantity of water vapour, 
and the remainder of the moisture as free water.  For a 
wood like spruce, with an initial moisture content (MC) 
of about 60%, roughly half the moisture will be bound 
water and half free water.  For subalpine fir, with 90% 
initial MC, there will be twice as much free water as 
bound water.  In drying, the free water of the surface 
layers is the first to be removed.  As a result, the mois-
ture in the surface layers soon consists almost entirely of 
bound water, with a very small quantity of water vapour.  
Moisture moving from the core is converted, in turn, to 
bound water and then to water vapour, in which form 
it escapes.

6.1.1  Free waTer MoveMenT

Free water in wood moves in response to capillary forces 
created by the evaporation of water from the surface 
cells.  These forces exert a pull on the free water in zones 
below the surface.  The most important factor affecting 
capillary flow is the permeability of the wood.  Capillarity 
requires the least energy and is the most rapid form of 
the various flow mechanisms.  This is the major reason 
why moisture-laden permeable sapwood normally dries 
at a more rapid rate than heartwood.

Capillary flow is at least 50 times faster in the direction of 

the grain than across it, because bordered pits or other 
obstructions (which are bottlenecks, even in permeable 
woods) are encountered much less frequently.

Free water movement can only occur where free water 
is present; that is, above the FSP. But it also requires the 
presence of enough moisture to provide a continuity of 
water reaching from the surface or evaporating zone to 
the zones below.  Consequently it is faster at higher MC. 

A further factor affecting capillary movement is the 
wood temperature.  At higher wood temperatures the 
viscosity of water is reduced so that under a given capil-
lary pull, the water will flow more rapidly.  A rise of wood 
temperature from 70°F (21°C) to 210°F (99°C) reduces 
viscosity by a factor of three.  

6.1.2  MaSS Flow

Another drying process is mass flow during high tem-
perature drying.  When lumber at a MC greater than 
the FSP is heated above the boiling point of water, some 
of the water is converted to steam at a pressure above 
atmospheric.  If the lumber is of a permeable wood, the 
steam escapes due to the pressure differential and the 
lumber dries.  If the lumber is of an impermeable wood, 
drying can take place only by diffusion, although at this 
temperature it is a fairly rapid process.  Because steam 
generated in wood heated above boiling point may have 
enough pressure to split wood, the use of high tempera-
tures to dry an impermeable wood will usually result in 
severe degrade and should therefore be avoided.  High 
temperatures are effective and safe on more permeable 
species such as jack pine and some spruce species.

6.1.3  vaPour DiFFuSion

Water vapour moves by diffusion.  In this process, mole-
cules move in a random manner in all directions.  If a high 
concentration of molecules occurs in one area and a low 
concentration of molecules occurs in another, more mol-
ecules will leave the high-concentration area than will 
enter it.  If the molecules moving are water molecules, 
then the MC of the wood will be reduced.  Similarly, if 
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molecules are being captured, condensed or removed 
from another area, more molecules will diffuse in than 
out, and there will be a net movement in that direction.  
The rate of vapour diffusion is thus proportional to the 
difference in concentration of diffusing water molecules 
or, more precisely, is proportional to the difference in va-
pour pressure.  The vapour pressure within moist wood 
increases with increasing MC up to the FSP;  thus, while 
drying is taking place a vapour pressure gradient will ex-
ist from the zone within the wood which is at or above 
the FSP to the wood surface.  There will be no significant 
vapour pressure gradient within the zone that is above 
the FSP.  This means that within the zone above the FSP, 
no significant vapour movement is taking place.  Since 
there must be a continuous flow path available to permit 
vapour to diffuse from one zone to another, pure vapour 
diffusion is only effective in permeable wood.

Permeability results from the presence of connecting 
pit openings between wood cells.  It is not related to 
hardness or strength, but only to the openness of these 
connecting passages.  Liquids and gases move through 
permeable wood at rates which permit rapid drying.  In 
impermeable wood, most or all passages are blocked, so 
that movement of liquids and gases is obstructed.  Va-
pour diffusion must then operate in conjunction with 
bound water diffusion.  The sapwood of SPF species is 
permeable, but the heartwood of most softwoods is 
much less so.  Heartwood of subalpine and balsam fir 
is impermeable, that of lodgepole and jack pine is semi-
permeable, white and red spruce may be considered 
semi-permeable to permeable, and black spruce may be 
considered semi-permeable to impermeable.  The “yel-
low spruce” portion of black spruce would definitely fall 
into the impermeable category.

6.1.4  BounD waTer DiFFuSion

The movement of bound water through the cell walls is 
also a diffusion process.  As in vapour diffusion, there are 
fewer water molecules leaving the drier sites and more 
leaving the wetter sites.  Consequently, there is a general 
migration from the wet to the dry parts of the wood.  
Since the wood surface is usually driest because of evapo-
ration, there is a migration from core to surface and a 
moisture gradient exists.  

The force responsible for bound water diffusion is the 
same as for vapour diffusion, the vapour-pressure gradi-
ent.  Bound water diffusion is a much slower process than 
vapour diffusion even though driven by the same force.

6.1.5  CoMBineD BounD waTer anD vaPour  
DiFFuSion

During drying neither bound water nor vapour diffusion 
acts alone.  In moving from the core to the surface of the 
wood most moisture passes in sequence through the cell 
walls by bound water diffusion, evaporates into the cell 
lumen, passes across it by vapour diffusion, is absorbed 
by the next cell wall, passes through by bound water 
diffusion, and so on until the wood surface is reached.  
Figure 6-1 shows how this sequence may exist within a 
piece of wood toward the middle stages of drying.

Figure 6-1 
A cross section of wood cells from the surface below FSP toward 
the core with cells containing both bound and free water. 

When drying takes place from the ends of lumber the 
migrating moisture must pass through fewer cell walls, 
and the greater part of its migration is through the cell 
cavities by the much faster process of vapour diffusion.  
Consequently, drying through the ends is much faster 
than drying through the sides of a piece.  Since dense 
wood contains a much higher ratio of cell wall to cell lu-
men than low density (light) wood, and since bound wa-
ter movement through the cell walls is slower, the rate 
of drying below the FSP in dense woods is much slower 
than in light woods.  The greater resistance to drying of 
dense wood can result in a much greater moisture gradi-
ent being formed and much greater shrinkage stresses 
being developed so that the possibility of degrade in 
dense hardwoods is much more than in most softwoods 
including all SPF species.
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6.2  MoiSTure GraDienTS DurinG DryinG

Water in wood normally moves from higher to lower 
zones of MC.  This fact supports the common statement 
that “wood dries from the outside in”, which means that 
the surface of the wood must be drier than the interior if 
moisture is to be removed.  Drying can be broken down 
into two phases: movement of water from the interior 
to the surface of wood, and removal of water from the 
surface. Moisture moves to the surface more slowly in 
heartwood than in sapwood, primarily because extrac-
tives plug the pits of heartwood.  In drying, the surface 
fibres of heartwood of most species reach moisture equi-
librium with the surrounding air soon after drying be-
gins.  This is the beginning of the development of a typi-
cal moisture gradient as shown in Figure 6-2.  In a drying 
process the MC in the inner portion of the board will be 
higher than the outer portion.  Figure 6-2 also compares 
the differences in moisture gradient when green wood 
is exposed to high EMC and low EMC conditions.  The 
surface fibres of sapwood also tend to reach moisture 
equilibrium with the surrounding air if the air circulation 
is fast enough to evaporate moisture from the surface as 
quickly as it reaches the surface.  If the air circulation is 
too slow, a longer time is required for the surface of sap-
wood boards to reach moisture equilibrium.  This is one 
reason why air circulation is so important, but especially 
during the early stages of kiln during.

Figure 6-2
Impact of drying conditions on severity of moisture gradient created 
during the early to middle stages of drying.  Once the shell falls below 
the FSP the magnitude of the MC difference between the shell and 
core will be directly related to the stress level created. The lower ex-
ample depicts a harsher drying environment and the impact on mois-
ture gradient can be seen.

TimeDB/WB/EMC

160/150/11.5

180/140/4.4

50%60%

45%60%

42%

30%

25%

25%

40%60%

20%60%

32%

17%

18%

15%

22%60%

10%60%

18%

7%

14%

5%

Water moves through wood as liquid or vapour through 
several kinds of passageways.  These are the cavities of 
fibres, ray cells, pit chambers and their pit membrane 
openings, resin ducts of certain softwoods, and other 
intercellular spaces.  Most water lost by wood during 
drying moves through cell cavities and pits.  It moves 
in these passageways in all directions, both along and 
across the grain.  In general, lower density species dry 
faster than heavier species because their structure con-
tains more openings per unit volume.

When wood is drying, several forces may be acting si-
multaneously to move water:

1. Capillary action causes free water to flow through the 
cell cavities and pits.

2. Differences in RH cause water vapour to move through 
the cell cavities by diffusion, which moves water from 
areas of high to areas of low RH.  Cell walls are the 
source of water vapour; that is, water evaporates from 
the cell walls into the cell cavities.

3. Differences in MC cause bound water to move through 
the cell walls by diffusion, which moves water from 
areas of high to areas of low MC.  Generally, any wa-
ter molecule that moves through wood by diffusion 
moves through both cell walls and cell cavities.  Water 
may evaporate from a cell wall into a cell cavity, move 
across the cell cavity, be reabsorbed on the opposite 
cell wall, move through the cell wall by diffusion, and 
so on until it reaches the surface of the board.

When green wood starts to dry, evaporation of water 
from the surface cells sets up capillary forces that exert a 
pull on the free water in the wood beneath the surface, 
and flow results.  This is similar to the movement of water 
in a wick.  Much free water in sapwood moves in this way.  
In comparison to diffusion, capillary movement is fast.
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Longitudinal diffusion is about 10 to 15 times faster 
than lateral (radial or tangential) diffusion.  Although 
longitudinal diffusion is faster than lateral diffusion, it is 
of practical importance only in short items.  Most lumber 
products are so much longer than they are thick that the 
majority of water removed during drying goes through 
the thickness direction, leaving from the wide face of 
the board.  Radial diffusion, perpendicular to the growth 
rings, is somewhat faster than tangential diffusion, par-
allel to the rings.  This explains why flatsawn lumber 
dries faster than quartersawn lumber.  In lumber where 
width and thickness are not greatly different, such as in 
squares, significant drying occurs in both the thickness 
and width directions.

The rate of diffusion depends to a large extent upon the 
permeability of the cell walls and their thickness.  Thus 
permeable species dry faster than impermeable ones, 
and the rate of diffusion decreases as the specific gravity 
increases.

Because moisture moves more freely in sapwood than 
heartwood, both by diffusion and by capillary flow, sap-
wood generally dries faster than heartwood under the 
same drying conditions.  The heartwood of many spe-
cies, however, is lower in MC than sapwood, and may 
reach the desired final MC sooner.

6.3  TeMPeraTure

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

In discussing temperature, it should be borne in mind 
that the dry-bulb kiln temperature during the drying pro-
cess is higher than the temperature of the lumber.  When 

lumber contains free water, the temperature of the wood 
is approximately the same as that of the wet-bulb, and 
it will stay close to this temperature as long as there is 
sufficient moisture movement to keep the surface moist.  
As the supply of free water diminishes and the MC of the 
wood approaches fibre saturation point (FSP), the tem-
perature of the wood begins to rise towards the dry-bulb 
temperature.  As the MC falls below the FSP, the wood 
will quickly approach the dry-bulb temperature.

6.4  TeMPeraTure DroP aCroSS The loaD 
(TDal)

As air passes through the lumber pile, it gives up heat 
to the wet wood, becomes cooler and cannot heat the 
lumber near the exit side as much as that on the entry 
side.  There is therefore a temperature gradient or drop 
across the load (TDAL) with the higher temperature on 
the entry side.  This gradient is not regular, since a larger 
portion of the heat is lost in the first part of the load.  
Since more heat is transferred from the air to the wood 
in the first portion of the load, this wood dries faster 
and, consequently, at any stage in the drying process, its 
MC is lower than the remainder. 

This non-uniform MC profile along the air pathway wors-
ens as the distance that the air has to travel increases, 
that is, the width of the lumber pile is increased.  In or-
der to minimize the effects of the TDAL, it is necessary to 
establish regular fan reversal periods and try to keep the 
air pathway as short (narrow) as possible.

Rate of airflow through the load will also affect the 
TDAL.  Slower moving air will spend more time within 
the load on each pass and the temperature drop will 
be greater.  Therefore, one means of reducing the TDAL 
and producing a more uniform drying environment, es-
pecially during the early stages of drying, is to increase 
the rate of airflow.

In recent years TDAL has been used by kiln operators and 
kiln controller manufacturers as an indirect measure of 
the rate or progress of drying.  It has been used as an 
indicator of when to make changes to the kiln schedules, 
when to alter (usually lower) kiln air velocities and when 
a load is dry.  

6.5  relaTive huMiDiTy (rh) anD equiliB-
riuM MoiSTure ConTenT (eMC)

As used in lumber drying, RH is a measure of the 
“amount” of water vapour in the air, expressed as a per-
centage of the total “amount” contained in saturated air 
at a given temperature and pressure.  For example, when 

Initial  
Temperature (°C) 

-20

0

+20
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air is saturated (100% RH) at 140°F (60°C) and atmo-
spheric pressure, it holds 131 grams of moisture per cu-
bic meter.  If only 72g/m3 are present at this temperature 
and pressure, the RH is 55% (72÷131).  Increasing the 
temperature of the air increases its capacity for holding 
moisture.  More moisture is required to saturate the air 
if the temperature is raised.  Increasing the temperature 
of the air without adding more moisture will cause the 
RH to decrease.  For example, if the air with a RH of 90% 
at 20°C is heated to 70°C, its RH drops to 7% because 
of the increased moisture-holding capacity of the hotter 
air.  The effect of temperature increase on RH is shown 
in Table 6-1 for a wider range of temperature and RH 
conditions.

In kiln drying, RH is often determined by use of some 
form of dry- and wet-bulb psychrometer (Figure 6-3).   

Figure 6-3

RH and EMC can be 
determined by  mea-
suring wet- and dry-
bulb temperatures 
using either a sling 
psychrometer (a) 
or a traditional dry-
bulb/wet-bulb sensor 
placed in a moving 
air stream (b).

A psychrometer consists of two similar thermometers 
exposed to the circulating air; the bulb of one of them, 
the wet-bulb thermometer, is surrounded by a clean 
cotton wick which is kept wet by a small reservoir of 
water.  Evaporation from the wick creates a cooling ef-
fect and therefore shows a lower temperature than the 

dry-bulb thermometer.  The difference between the two 
thermometer readings is called the wet-bulb depression, 
which is directly related to the RH of the air.  The great-
er the rate of evaporation from the wet-bulb wick, the 
greater is the cooling effect and this varies directly with 
the amount of moisture in the air, such that a greater 
wet-bulb depression is equivalent to a lower RH.

Direct measuring RH devices are now available for use 
in kilns.  As shown in Figure 6-4, these are stand alone 
devices which do not require a water supply or wick and 
require only occasional attention or maintenance.  The 
most reliable method for measuring kiln conditions is 
still a wet- and dry-bulb system and, therefore, it is usu-
ally used as the reference when calibrating other systems 
such as electronic RH sensors.  There are other systems 
available for calibrating these devices but they are usu-
ally more expensive, complicated and not required for a 
kiln drying situation.

Figure 6-4
RH and EMC can also be determined through the use of an electronic 
RH sensor (a) or an EMC sensor such as this paper wafer (b) held be-
tween two electrodes.

The EMC of lumber is determined largely by the RH in a 
kiln.  Therefore, to avoid excessive surface shrinkage and 
consequent drying defects, the RH should be kept at a 
high value.  On the other hand, high relative humidi-
ties reduce the difference in vapour pressure between 
the dry- and wet- bulb temperatures and, consequently, 
reduces the rate of drying.   As the kiln humidity increas-
es due to evaporation from the lumber, provision must 
be made to remove the excess moisture.  This is usually 
done by discharging some of the kiln air through roof-
mounted vents.

EMC is usually determined through the measurement of 
wet- and dry-bulb temperatures and the use of charts 
such as those shown in Table 3-4 and, in more detail, 
in Appendix II.  There are some systems, such as that 

Initial  
Temperature (°C) 

-20

0

+20

Initial 
RH

50%
90%
50%
90%
50%
90%

New RH (%) when air is heated by:

10°C 

19
36
25
45
27
50

20°C 

8
15
13
24
16
29

30°C 

4
8
7

13
9

17

50°C 

<2
4
2
4
4
7

70°C 

<2
<2
<2
<2
<2
3

(a) (b)(a)

(b)

Table 6-1
Effect of raising temperature on the relative humidity of a body of air 
when no moisture is added.
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shown in Figure 6-4 which are available for measuring 
EMC.  This system measures electrical resistance of a thin 
fibrous wafer which quickly picks up or loses moisture in 
relation to the conditions around it.

6.6  air CirCulaTion

To perform effective drying, a uniform movement of air 
is necessary to carry heat to lumber and to carry evapo-
rated moisture away.  This circulating air must pass over 
the surface of the boards being dried.  Any air that miss-
es a pile of lumber accomplishes no drying.

In most kilns, air flow is the means by which heat is 
transferred from the heating system to the wood.  As air 
flows over the surface a temperature gradient between 
the air and the wood (with the air being hotter) causes 
an exchange of heat between the two and the wood’s 
temperature will increase.  The effectiveness of this heat 
transfer is affected by air flow.  At low flow rates, there 
is a drag effect near the surface which produces a thin 
layer of dead air and slows down the rate of heat trans-
fer.  By increasing air flow, the air patterns near the sur-
face become turbulent and heat transfer rates increase.  
The critical level of air flow for heat transfer is about 250 
to 300 fpm (1.3 to 1.5 m/sec).  The majority of modern 
kilns for softwood drying operate at air flow levels in 
excess of this and therefore, this is not usually a limiting 
factor in determining drying rate or time.

Since air is cooled and becomes wetter as it picks up 
moisture, its ability to dry becomes progressively less as 
it passes through a load.  By increasing the air velocity, 
the lumber near the exit side of a load receives hotter, 
drier air than it otherwise would.  Not only will this result 
in faster drying of the lumber at the exit side, increasing 
the average rate of drying and reducing the drying time, 
but it will also result in higher surface transfer rates and 
more uniform drying of a load.  These advantages must 
be measured against the increased cost of power to at-
tain the greater air velocities. 

At the beginning of drying, a considerable amount of 
water is being evaporated and, as a result, the drop in 
air temperature across a load is very high, and the hu-
midity of the air increases almost to the point of satura-
tion.  Under these conditions, for rapid drying the air 
velocity should be high.  On the other hand, when the 
surface of the lumber has dried below the FSP, the rate of 
evaporation is reduced.  Under these conditions, a much 
reduced air velocity is acceptable.  Figure 6-5 shows the 
impact of airflow on drying rate for material at different 
MC levels.

Figure 6-5 
Impact of level of airflow on drying rate for SPF lumber above and 
below the fibre saturation point.

The concept of using adjustable speed drive controls 
for kiln fans was introduced to the industry in the mid-
1980s.  In principle, the concept is based on the fact 
that when free water is available at the surface of lumber 
being dried, the drying rate is limited only by the rate of 
evaporation from these surfaces.  Therefore, higher air 
velocity will pass a larger mass or volume of air over the 
lumber surfaces and evaporate more water.

As the surfaces dry below the FSP, the rate of drying 
becomes limited by the diffusion of water through the 
wood cell walls.  As this occurs the drying rate is said to 
be diffusion limited, and is not appreciably improved by 
higher air flow.

Newer kiln controls track MC in the lumber being dried 
using a variety of indirect measures including TDAL, 
weight sensing and in-kiln resistance or capacitance 
probes.  After a history of schedules has been developed 
it is possible to program the instrument to produce kiln 
fan speed control as a function of MC.  This makes the 
fan speed control interactive with the drying process.  
The main incentive to reduce air flow later in drying is to 
save electrical energy.  The application of variable speed 
drives and impact on energy consumption are described 
further in Chapter 20.

Hot air is less dense than cooler air and is therefore easier 
to circulate.  The result is that fans that may be highly 
loaded at start-up will have extra capacity when the air 
is heated.  If a variable speed drive is used, this phenom-
enon can be used to advantage.  By starting the fans at 
a lower speed the maximum load on the motor can then 
be achieved once the kiln air is heated.  This will result in 
a faster air flow and reduced drying time.
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DRYING SYSTEMS

Lumber drying equipment has diversified considerably 
both in terms of operating systems and scale of equip-
ment.  Drying demands have also diversified and the 
combined effect is, that for most applications, there are 
many decisions to be made in making a final selection on 
a new facility.  This chapter will provide a brief overview 
of the various drying technologies available and their 
relevance to the SPF industry.  The majority of kilns cur-
rently in use in this industry are of the “heat-and-vent” 
variety, therefore, more detail will be provided on them 
in the next chapter.

Figure 7-1 is a flowchart showing the range of drying 
systems available and how they relate to each other.  The 
majority of dry kilns in use operate at atmospheric pres-
sure under controlled conditions of temperature, humid-
ity and airflow.  Operating temperatures and installed 

features may vary but all of these systems basically dry 
lumber in the same manner.  All things being equal a 
dehumidification kiln drying at 150°F with a depression 
of 20°F will dry in exactly the same manner as a conven-
tional kiln maintaining the same conditions.  In practice, 
however, the inherent characteristics of each technology 
may make it more or less suited than another system 
when the specific requirements of an application are 
considered.

7.1  heaT-anD-venT kilnS

Heat-and-vent (conventional) drying is by far the most 
widely used technology in Canadian SPF lumber drying 
operations.  The majority of kilns in service and currently 
being sold fall into this broad category.  The term “heat-
and-vent” aptly describes how these kilns operate.  Heat 
provides the energy to dry the material and venting is 
regulated to exhaust the moisture extracted from the 
wood and to control relative humidity (RH) levels in the 
chamber.  The kilns that comprise this category feature 
a broad range of equipment options and can be further 
sub-divided by features including operating tempera-
tures as shown in Figure 7-1.

The following is a list of features or capacities that can 
be used to describe a kiln falling into this category.

Figure 7-1 
Range of kiln types and  
differentiating characteristics.
 

Operating at 
Atmospheric 

Pressure?

Yes No

Lumber Dry Kilns

Vacuum 
Kilns

High 
Temperature  

(over 160°F / 71oC)

Dehumidification
Kilns

Conventional 
Temperature
(up to 160°F)* 

(71ºC)

Heat-and-Vent
Kilns

Low Temperature
(up to 130°F)* 

(54ºC)

Superheated
Steam 

Vacuum 

Low
Temperature
(up to 130°F)

(54ºC)

Radio-frequency
Vacuum 

High Temperature
(over 212°F)* 

(100ºC)

Platen
Heating Systems

Conventional
Temperature
(up to 200°F)*

(93ºC)

*Approximate temperature ranges based on maximum  

operating temperature.
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•	 Operating	Temperature

 - Low temperature [up to 130°F (54°C)] 
- Conventional temperature [up to 200°F (93°C)] 
- High temperature [maximum operating tempera- 
ture over 212°F (100°C)]

•	 Heating	System

 - Hot water 
- Steam (low or high pressure) 
- Hot oil 
- Direct-fired 
- Indirect-fired

•	 Energy	Sources

 - Fossil fuels 
- Wood residue

•	 Loading	Arrangement

 - Track loaded 
- Package loaded (also referred to as side-load ing)

•	 Fan	arrangement

 - Line shaft 
- Cross shaft 
- Single pass 
- Double pass

•	 Options

 - Steam or water sprays for humidification 
- Variable air flow 
- In-kiln top restraint

More detail on each of these features is presented in 
Chapter 8. 

Figure 7-2 
In heat-and-vent kilns, roof or wall vents are used both to evacuate 
warm, humid air and to introduce cool, relatively dry air.

7.2  DehuMiDiFiCaTion Dry kilnS

Dehumidification (DH) kilns dry lumber in the same man-
ner as heat-and-vent kilns by operating at atmospheric 
pressure and maintaining pre-set levels of temperature 
and RH.  As shown in Figure 7-1, DH kilns can also be 
designated by the operating temperature they are able 
to attain.  Where DH kilns differ from heat-and-vent kilns 
is in how they achieve the dry-bulb and wet-bulb tem-
perature requirements.  In a DH kiln a heat pump is used 
to both remove moisture from the kiln air and to supply 
heat.  Figure 7-3 is a schematic of a typical DH arrange-
ment.

In a DH kiln a compressor charged with a refrigerant is 
situated so that kiln air can be passed first over the cold 
evaporator coils and then over the hot condensing coils.  
If the temperature of the “cold” coils is below the dew 
point of the air stream, moisture will be condensed on 
their surface.  Energy from both the sensible heat and la-
tent heat of evaporation are captured by the refrigerant.  
The refrigerant is then passed through the next stages 
of the heat pump and eventually to the “hot” condens-
ing coils.  These coils will be hotter than the cooled and 
dehumidified kiln air and as that air is passed over them 
its temperature is raised through the addition of sensible 
heat.  In this respect these systems are more energy ef-
ficient than the heat-and-vent principle described in the 
previous section.  The overall energy balance for a given 
application and the cost of various fuels will determine 
if this type of system will be more cost efficient.  Invari-
ably it will be the economic considerations that drive the 
choice of this, or any other, drying system.

The operating temperature limits of a heat pump are de-
termined by the type of refrigerant used.  Earlier systems 
used either R12 or R22 and were limited to operating 
temperatures of approximately 120 to 130oF (49 to 54oC) 
or 150o to 160oF (66 to 71oC) depending on when they 
were built.  Environmental concerns over the use of those 
refrigerants have limited their use and most new systems 
being installed are using newer, more environmentally ac-
ceptable refrigerants.  Older systems can still be serviced 
but as time goes on, supplies of the earlier refrigerants 
will disappear or become extremely limited.  For exist-
ing systems, it may be possible to convert to one of the 
newer refrigerants but only the kiln manufacturer or a 
heat pump specialist could make this determination.

The dehumidification process is more energy efficient 
than other means of dehumidifying and heating an air 
stream.  When considering just the operation of the heat 
pump, the coefficient of performance will be from 2.0 
to 4.5.  This means the system is able to recapture and 
transfer back to the air stream up to 4.5 times as much 
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Figure 7-3 
Dehumidification kilns use a heat pump system to ex-
tract moisture from the warm, humid kiln air and then 
to reheat it before supplying it back to the kiln.  This 
diagram shows the pattern of airflow from and back 
to the kiln including the provision to add auxiliary heat.  
Auxiliary heat can be supplied from various sources.  
Equipment configuration including location of heat 
pump within or outside the kiln can vary considerably.

energy as is consumed by the compressor.  Virtually all 
compressors on dehumidification kilns are driven by 
electric motors which means that the input energy for 
the heat pump is electricity.  As mentioned previously, 
the local energy options and costs will play a big role 
in determining if dehumidification is an economically vi-
able alternative.

With regard to energy efficiency, the entire drying pro-
cess needs to be considered.  Although a heat pump is 
very efficient, it cannot always meet all of the demands 
of the drying operation.  At some points in the process, 
the dehumidifying capacity of the system may not be 
large enough to meet the demands of the material be-
ing dried.  At those times there is a danger of developing 
RH levels higher than the intended conditions.  If the DH 
system cannot extract the moisture fast enough from the 
kiln air, it may be necessary to open over-humidity vents 
to exhaust humid air and bring in cooler, drier air.  At 
other times, and especially during initial warm-up, the 
system may not be able to provide all of the heat energy 
required to achieve the targeted dry-bulb temperature.  
Therefore, most DH systems are equipped with some sort 

of auxiliary heating system.  The operation of either the 
over-humidity vents or the auxiliary heaters will impact 
on the overall energy efficiency of the kiln.

The above factors need to be taken into account when 
determining the overall energy efficiency for a DH sys-
tem.  Detailed energy data is difficult to find for any 
industrial drying system and this includes DH systems.  
There are various models that have been proposed and 
applied to predict energy consumption.  Information on 
these is included in Chapter 19.  A European study of 
commercial DH drying systems reported that average 
energy consumption for softwoods ranged from 0.64 to 
0.73 kWh per litre of water removed.  These numbers 
are probably relevant to Canadian softwood species as 
long as balsam fir is not considered.  The higher initial 
MC and slower drying rate of balsam fir results in greater 
energy consumption.  Fortin (2003) reported that energy 
consumption for balsam fir is roughly double that for 
drying black spruce.

Comparative energy consumption data for DH versus 
heat-and-vent drying is also difficult to obtain, espe-
cially for softwood species.  Various studies have shown 
energy consumption to be in the order of 50% of that 
for a conventional kiln.  The relative energy savings may 
be even greater when considering a drying application 
where a greater proportion of the total drying cycle in-
volves removing free water.  In this situation the com-

 

Basic dehumidification 
drying principle

Auxiliary
heater

Kiln

Warm Dry Air

Fan

Thermostatic
expansion valve

Warm Humid AirEvaporation 
(cold)Cool dry air

Condenser
(hot)

Hot gas

Cool gas
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pressor will be more heavily loaded for a large propor-
tion of the drying time.

Energy savings do not always translate into cost savings.  
Fuel costs (both fossil and electrical) are quite variable 
over time as well as from region to region.  Therefore, 
it is necessary to translate the fuel consumed into an 
operating cost.  If electrical costs are high in your region, 
it may be advantageous to operate a heat-and-vent kiln 
even though it would consume more energy.  In some 
regions of the country, electrical energy costs are lower 
and DH drying can be realistically considered for a wider 
range of applications.

For maximum energy efficiency and to still achieve a 
good drying time, it is important to have a good match 
between the capacity of the DH equipment and the re-
quired drying rate of the material.  There is a general dis-
cussion on sizing of equipment later in this chapter.  One 
of the considerations specific to selecting DH equipment 
is the size of the compressor chosen.  If it is too small, 
the system will not be able to maintain the desired drying 
rate.  If the compressor is sized to match the peak drying 
rate (usually near the start of the drying cycle), capital 
costs will be increased and overall energy efficiency is re-
duced.  When drying higher grades of softwood or hard-
wood lumber, extending the drying time is sometimes 
acceptable, however, for softwood dimension lumber, 
productivity is always a major consideration.  Therefore, 
when selecting or specifying a DH system for SPF drying 
it is advisable to select a system that will match the maxi-
mum (or desired) drying rate.

7.2.1  auxiliary heaTinG SySTeMS

Most DH kilns require some sort of auxiliary heating sys-
tem in order to maintain the desired dry-bulb tempera-
ture.  Auxiliary heaters are required at start-up to heat 
the system to a temperature at which the heat pump 
can operate.  This initial temperature is usually specified 
by the manufacturer and is dependent on the type of re-
frigerant being used and characteristics of the compres-
sor.  Once the kiln has been heated up and the lumber 
has started to dry, the compressor will provide heat to 
the kiln air both from the heat pump cycle as well as the 
electric motors used to circulate air and, in some cases, 
the motor used to drive the compressor.  When the lum-
ber is at a high MC and is drying rapidly, the compressor 
will run either continuously or for a large percentage of 
the time.  Under these conditions, the auxiliary heaters 
may not be required.  It is also under these conditions 
that the system will be operating at its peak energy effi-
ciency.  Later in the drying process, the drying rate slows 
and the compressor does not need to operate 100% of 

the time.  At these times, the auxiliary heater may be 
needed to maintain the desired dry-bulb temperature.

Auxiliary heat can be provided from a number of sourc-
es.  Traditionally, manufacturers have installed electrical 
resistance heaters in the return air duct to boost dry-bulb 
temperature when needed.  The capital cost of adding 
this is low but operating costs can be high as electrical 
energy for heat is usually higher than other fuel sources.  
Other options for auxiliary heat include steam (if a boiler 
is already present) or hot water.  In either of these cases, 
the energy source can be fossil fuel, electrical or wood 
residue.  Using wood residue provides an opportunity to 
reduce this portion of the operating costs.

7.2.2  huMiDiFiCaTion 

The question of the need to inject humidity during the 
drying of SPF lumber is covered as part of the discussion 
on drying schedules in Chapter 15.  Most DH lumber dry-
ing systems (as well as many other drying systems built 
exclusively for SPF drying) do not come supplied with a 
humidification system.  A complicating factor for most 
DH operations is that they are not linked to a source of 
steam which can be tapped into for the purpose of rais-
ing the humidity of the kiln air.  Therefore, if humidifica-
tion is required at any point in the process, it is necessary 
to add some sort of humidity injection system.  This could 
be in the form of a steam generator, low-pressure wa-
ter spray, high-pressure water atomizing system or some 
other means.  The operating features and advantages/
disadvantages of each of these systems are discussed in 
detail in Chapter 8.

7.3  hyBriD DryinG SySTeMS

DH drying can be quite energy efficient when the equip-
ment is operating at or close to its capacity.  At other 
points in the process, the system will be less efficient.  
There are also temperature limits on the operation of the 
compressor system.  It cannot operate below or above a 
specified temperature range due to limitations with the 
refrigerant and heat pump.  As mentioned previously, 
auxiliary heat can be used to raise the temperature of the 
kiln air to a point where the compressor can be started.  
Some operators and kiln manufacturers have also used 
these auxiliary heaters to operate the kiln at tempera-
tures beyond what the compressor and refrigerant are 
rated for.  In order to do this the heat pump must be 
located outside of the kiln chamber and the air flow to 
it suspended when operating at higher temperatures.  
Even if the heat pump is shut down, exposing it to tem-
peratures higher than it is rated for will cause damage 
to the system.
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There are several reasons why an operator may want to 
extend the operating temperature range for their dry 
kiln.  When the wood falls below the fibre saturation 
point, the removal of bound water is greatly enhanced 
by operating at higher dry-bulb temperatures.  Some 
woods may also be able to tolerate a higher wet-bulb 
depression (lower EMC) toward the end of the drying cy-
cle and this may be difficult to attain at the lower operat-
ing temperature of the DH system.  Inevitably, the main 
reason for raising the dry-bulb temperature is to acceler-
ate the drying rate.  Once the DH system is shut down, 
vents must be used to remove humidity from the kiln air.  
At this point, the system is running as a heat-and-vent 
kiln.  By operating the kiln for part of the cycle as a DH 
kiln and part as a heat-and-vent kiln, the advantages of 
both systems are realized.  This type of drying arrange-
ment is known as a “hybrid” dry kiln.  It allows achieving 
the energy efficiency of a DH system at the early stages 
of drying combined with the faster, final drying rate of 
a conventional heat-and-vent kiln.  The disadvantages 
are that the capital cost of having both technologies in-
stalled will be higher than either a DH or heat-and-vent 
kiln and the extra mechanical components will require 
more maintenance.  The heating system installed for a 
hybrid kiln should have greater operating capacity, both 
in terms of total BTUs and operating temperature, than 
an auxiliary heating system typically supplied with a DH 
kiln.  A report prepared by Hydro Quebec showed that 
a hybrid drying system using a natural gas auxiliary heat 
system would have a 38% lower total energy cost than a 
DH system running exclusively on electric power.  These 
savings could help offset higher initial costs.

7.4  vaCuuM

Vacuum kilns dry lumber in a sealed chamber with the 
drying environment maintained below atmospheric pres-
sure.  When drying in such conditions, the lower boiling 
point of water and greater pressure differentials creat-
ed between the core and surface of the wood result in 
much faster drying times.  Drying times in vacuum kilns 
vary considerably, depending on the specific technology 
employed, however, most achieve drying times that are 
a small fraction (1/4 to 1/20) of the time required in a 
conventional heat-and-vent kiln.  There are also some 
wood quality advantages from drying wood in an oxy-
gen-free (or oxygen-reduced) environment. Specifically, 
many of the wood staining mechanisms are partially or 
fully blocked.  Depending on the type of products being 
produced, this may or may not have an impact on the 
final product value.

Even though the boiling point is reduced, there is still a 
need to provide thermal energy to create evaporation of 
moisture.  Most of the water in wood is evaporated and 
carried away in the form of water vapour.  The energy 
lost from the system in this manner must be replaced in 
order to maintain the desired wood temperature.  The 
main differentiating feature between vacuum kilns is 
the manner in which the wood is heated.  The following 
provides a breakdown of the various means by which a 
vacuum kiln can be heated as well as the potential en-
ergy sources and options available.

•	 Wood	Heating	Mechanism

 -  Partial atmosphere, Superheated Steam Vacuum  
 (SSV)

 -  Radio-frequency field used to heat a solid-piled  
 stack (RFV)

 -  Cycling between heating at atmospheric pressure  
 and drying under vacuum (discontinuous  
 vacuum)

 -  Wood in direct contact with heated platens

•	 Energy	Sources

 -  Mostly electric

 -  Some offer potential to use other energy sources  
 for heat supply (i.e., fossil fuels, wood residue)

•	 Options

 -  Compressive loading for warp control

 -  Steam or water sprays for humidification

By their nature, vacuum drying technologies are more 
complicated and more expensive to install and operate 
than the previously described drying options.  As with 
any alternate commercial process, there must be benefits 
that will at least offset the extra costs in order to make 
it a viable investment.  The two main benefits associated 
with vacuum drying are faster drying time and preserva-
tion of wood colour.  Colour is not normally a significant 
factor affecting value of softwood construction lumber.  
Therefore, the reduction in drying time is the most sig-
nificant factor to consider in evaluating vacuum drying 
technology for an SPF application.

When making economic comparisons of different dry-
ing systems, it is important to compare facilities with the 
same potential annual production capacity.  In order to 
do this it is necessary to have accurate information on the 
drying times available for the drying technologies being 
considered.  Table 7-1 presents sample drying times for 
various softwood species, vacuum drying technologies 
and MC ranges.  Production capacity will be the most 
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significant factor affecting the economic performance of 
a drying facility for SPF lumber.  Therefore, anyone con-
sidering a vacuum drying system for this sort of appli-
cation should seek out existing information or conduct 
some testing to verify the drying times attainable.

Table 7-1  
Examples of vacuum drying times for softwood lumber. 

Figure 7-4
Small-scale superheated-steam vacuum (SSV) kiln.  In this kiln type 
the lumber is piled on stickers and fans are used to circulate the water 
vapour present in the kiln atmosphere.

Vacuum 
Technology

SSV
SSV
RFV
RFV
RFV

Species

Subalpine fir
Western hem-fir

Black spruce
Balsam fir
Balsam fir

Thickness 
(mm)1

51
76
51
51
51

MC Reduction

Initial

62-82%
70-91%

25%
100-110%

25%

Final

15-20%
15-20%

15%
10-15%

15%

Drying  
Time 

(hours)

60
144

4 to 5
14

3 to 4

1   Based on nominal thickness i.e., 51mm = 2-inch rough green 
dimension

7.4.1  SuPerheaTeD-STeaM vaCuuM DryinG (SSv)

SSV kilns (see Figure 7-4) dry lumber in a partial vacuum 
but with the presence of pure water vapour (steam with 
no air present) to provide heat transfer to the wood.  The 
boiling point of water is lower in a vacuum.  In SSV dry-
ing the dry-bulb temperature is maintained above the 
boiling point.  The steam is circulated at a high flow 
rate by internally mounted fans.  Heating coils are used 
to reheat the water vapour which, in turn delivers the 
heat to the lumber.  Heat energy can be supplied by 
steam, hot water or other fluid.  As with a heat-and-
vent or DH kiln, the lumber must be piled on stickers 
to provide good contact with the heating medium.  

Drying times for this type of system are typically 1/4 
or 1/5th  what they would be in a heat-and-vent kiln. 

7.4.2  raDio-FrequenCy vaCuuM DryinG (rFv)

In a RFV kiln a solid stack of lumber is placed between 
metal plates (electrodes) which are connected to a radio-
frequency (RF) generator.  The RF field created between 
the plates, continuously heats the lumber as it dries (see 
Figure 7-5).  A vacuum is maintained and water vapour 
emanating from the lumber is extracted through the 
vacuum pump, condensed, and drained from the sys-
tem.  With this system, the lumber can be heated and 
exposed to a partial vacuum continuously during the 
drying process.  As a result, the drying times for this type 
of system are considerably shorter than conventional 
drying systems and shorter than other vacuum drying 
technologies.  Drying times can be as short as 5 to 10% 
of the drying time in a heat-and-vent kiln.

This technology has been around for many years and has 
undergone various transitions as the technologies for RF 
generation and control have advanced.  There have been 
various successful applications of RFV but most of these 
have been for high-valued products that are difficult or 
very time consuming to dry in heat-and-vent or DH kilns.  
The exception with regard to softwood construction lum-
ber has been for the re-drying of “kiln wets”.  One major 
North American installation and research conducted by 
Forintek and Hydro Quebec has shown that this technol-
ogy can successfully dry “kiln wets”.  The main advan-
tage for this application is that material can be separated 
at the planer mill and solid-stacked (rather than re-piled 
on stickers) for re-drying.  The determining factor for a 
successful commercial application is economic viability.  
At this point, the higher capital and operating costs do 
not make this a viable installation for most potential ap-
plications.  The concept of re-drying is discussed in more 
detail in Chapter 15.

Figure 7-5 
Example of a commercial-scale, radio frequency vacuum (RFV) kiln.
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7.4.3  vaCuuM/PlaTen DryinG

Another option for heating wood when it is under par-
tial vacuum is by direct contact.  Various types of direct 
contact heating methods have been employed, from 
electrically-heated blankets to metallic, hollow-core plat-
ens that have a heated liquid circulated through them.  
In either case the lumber stack must be constructed with 
alternating layers of lumber and heating surface (see 
Figure 7-6).  As with RFV this arrangement allows con-
tinuous heating of the lumber while it is under vacuum.  
Therefore, the drying times are reduced considerably 
and are usually 1/3 to 1/10 of that achieved in heat-
and-vent kilns.  A disadvantage, especially for fast drying 
material is the time and labour required to construct the 
kiln loads.

Figure 7-6  
Lumber in a vacuum kiln can also be heated by direct contact with 
platens placed between each row, and which (in this example) have a 
heated liquid circulated within them.

7.4.4  DiSConTinuouS vaCuuM

Another means of heating lumber in a vacuum cham-
ber is to operate, at certain times in the process, with air 
present.  This arrangement requires that the lumber be 
piled on stickers.  When air is introduced to the chamber 
a heating system, such as a bank of finned tubes, is used 
to heat the air which in turn will heat the lumber.  Once 
the lumber has reached a pre-determined temperature, 
the heating system is shut down and the vacuum pump 
is started.  Once the vacuum has been achieved, the re-
sidual heat in the lumber acts as the driving force for 
drying.  As the lumber dries, it cools and the drying rate 
will be reduced.  The wood temperature is monitored 
and when it drops to a pre-determined level air is re-
introduced and the above process is repeated.  As the 
wood is not under a continuous vacuum, the drying 
times will be somewhat longer than other vacuum dry-
ing systems.  Drying times with this type of system will 

be more in the order of 1/2 to 1/3 of that achieved in a 
heat-and-vent kiln.

7.4.5  eConoMiCS oF vaCuuM DryinG

Equipment costs for the various systems described above 
vary considerably.  As mentioned previously, these costs 
need to be considered in light of the production capac-
ity of the equipment.  Despite that, vacuum drying will 
inevitably be more expensive than most other drying sys-
tems to install and operate.  Given this, it becomes nec-
essary to assign some monetary value to the advantages 
of vacuum drying.  For example, if solid-stacking material 
for re-drying is a desirable attribute in favor of RFV dry-
ing then the economic impact of that attribute for the 
operation being considered needs to be determined.  In 
most cases, these are site or company specific evaluations 
and therefore, no broad statements can be made on the 
application of vacuum drying for a particular product.  
Keep in mind the caution made earlier that many of the 
advantages offered by vacuum drying will only result in 
economic gain when drying higher-valued products.

7.5  CaPaCiTy oF DryinG equiPMenT

Kiln capacity requirements are discussed in the final 
chapter of this manual along with other factors affecting 
the economics of drying.  This section will deal strictly 
with the physical capacity of the equipment and its abil-
ity to maintain the intended drying conditions.  The dry-
ing rate of wood varies considerably from the start to 
the end of the drying schedule.  The initial drying rate is 
fastest when removing large amounts of free water.  This 
variation is even more pronounced when dealing with 
species and/or products with an extremely high initial 
MC or species that are highly permeable.

The peak drying rate will affect the size of the heating 
system as well as the moisture removal and airflow sys-
tems.  In many drying situations for other species and 
products it is not always warranted or justified to design 
around the peak load but generally something less than 
the peak to keep capital costs down.  In the case of SPF 
drying, productivity is usually an over-riding consider-
ation and therefore designing around the peak load is 
often desirable.  The peak load will be determined by 
the nature of the material to be dried and the dry- and 
wet-bulb temperatures employed (drying schedule) and 
the amount of airflow.  Therefore, it is not possible to 
give general figures on equipment capacity but is more 
appropriate to demonstrate the process of determining 
what the peak loads will be.  With this information in 
hand a mill will be able to check on specifications from 
potential suppliers and possibly troubleshoot the source 
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of problems in existing kilns.

In order to demonstrate the process of determining the 
peak requirement, consider the following example:

Initial MC: 90%
MC after 24 hrs in kiln: 40%
Specific gravity (density): 0.38  (23.7 lbs/ft3)
Volume of wood in kiln: 18,000 cu. ft. (approx. 250,000 bd. ft. nominal)
Weight at 90% MC: 810,540 lbs.
Weight at 40% MC: 597,240 lbs.
Water lost: 213,300 lbs.  =  21,330 gallons (96,838 litres)
Rate of water loss: 887 gallons/hr  (4029  litres/hr)

Species: Red spruce

Regardless of the type of drying system employed, if 
the wood is to lose the amount of moisture assumed 
in the above example, the equipment must have the 
capacity to deliver enough energy to dry (heat and 
evaporate) that much water from the wood; and 
a water extraction capacity of at least 887 gallons/hr 
(4029 litres/hr).

If the kiln cannot meet these requirements then the 
drying rate will be lower than expected.  An important 
assumption in determining these capacities is the dry-
ing rate.  Just because it is assumed the wood will lose 
50% MC in the first 24 hours and the equipment is sized 
accordingly does not mean that rate will be achieved.  
Therefore, it is important to obtain realistic drying rate 
information based on first hand experience or informa-
tion gathered from other kilns operating under similar 
conditions.
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hEAT-AND-VENT KILNS 

8.1  overview

As mentioned in the previous chapter the majority of 
dry kilns used for drying SPF in Canada fall into the heat-
and-vent category.  This group of kilns includes what is 
typically referred to as conventional dry kilns as well as 
low- and high-temperature variations.  There are very 
few low-temperature kilns employed for the drying of 
SPF and they will not be covered here, however, some 
discussion on drying at lower temperatures is included 
in Chapter 15.  Specific descriptions of conventional and 
high-temperature kilns follow.  The term heat-and-vent 
provides a general, technical description of the manner in 
which kilns in this category operate.  Heat is introduced 
to the kiln environment to provide energy for drying the 
wood.  As humidity builds up in the kiln environment, 
vents are used to exhaust a portion of the air and replace 
it with cool, relatively dry air.  The systems of heating and 
venting are regulated to follow a pre-determined drying 
schedule.  Forced air circulation is achieved by fans nor-
mally mounted above the lumber pile.  In some cases, 
a source of humidification may be required in order to 
raise the relative humidity (RH).  All of these components 
are discussed in the following sections.

8.2  ClaSSiFiCaTion By oPeraTinG  
TeMPeraTure

8.2.1  ConvenTional TeMPeraTure

The term conventional kiln is used extensively in the in-
dustry to refer to a wide range of kilns.  There is no pre-
cise definition on what constitutes a conventional kiln 
but it is generally applied to kilns in the heat-and-vent 
category that operate at temperatures up to approxi-
mately 200°F (93°C) but which definitely do not exceed 
the boiling point of water.

8.2.2  hiGh-TeMPeraTure

The term high-temperature kilns generally refers to heat-
and-vent kilns that operate with maximum temperatures 
that exceed the boiling point of water for at least a por-
tion of the drying cycle.  In Canada, high-temperature 
kilns operate with maximum temperatures of up to 230 

to 240°F (110o to 115°C).  At these temperatures, the 
mass flow mechanism of moisture movement described 
in Chapter 6 comes into effect and results in consider-
ably shorter drying times.  Drying times will typically 
be one-half to one-third of what would be achieved in 
conventional temperature, heat-and-vent kilns.  Faster 
drying does come at a cost.  Due to the faster drying 
rate, the equipment must be designed to both deliver 
the heat and extract the moisture from the system.  In 
addition, the insulating materials and metal components 
must be selected to withstand the effects of the higher 
temperatures.  As a result, this equipment will be more 
expensive when considered on the basis of lumber hold-
ing capacity for a kiln but cheaper when considered on 
the basis of lumber drying capacity.

In addition to the extra costs described above, high-tem-
perature drying does have some negative impact on the 
material.  The process of thermal degradation in wood 
occurs at all drying temperatures, but is accelerated, and 
more pronounced, when drying at high-temperature.  
Some strength properties of wood are decreased as a 
result of exposure to the higher temperatures.  Several 
studies on Eastern SPF as well as other softwood spe-
cies have shown similar results.  The MOR (modulus of 
rupture) is reduced in the order of 10 to 12% whereas 
there is no significant effect on the MOE (modulus of 
elasticity).  A study on full-size Eastern SPF joists con-
firmed this strength loss but also noted that none of the 
high-temperature dried lumber fell outside of the design 
limits for the material.  Another consideration with re-
gard to strength loss is that material used for a lot of 
engineered wood products is now machine stress rated 
(MSR) after drying.  Any effect due to drying conditions 
will be compensated for by this selection process.

High-temperature drying may also impact the machin-
ing properties of the material.  The high final dry-bulb 
temperatures associated with these schedules create 
extremely low EMC conditions in the kiln.  As a result, 
steeper moisture gradients are created within the cross 
section of the lumber.  Wood at the surface of the boards 
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may be dried down as low as 3 to 5% MC.  The low MC 
combined with some degradation of the wood fibre will 
make it more difficult to achieve a smooth finish at the 
planer.  Grain tear out can be an issue.  The problem 
can be alleviated by implementing some sort of equal-
izing or conditioning treatment.  This can be done in the 
kiln if humidity can be added at the end of the cycle or 
may be achieved by providing a few days of equaliza-
tion outside the kiln where exterior EMC conditions will 
naturally raise the surface MC up to a level better suited 
for machining.

High-temperature drying is attractive from the stand-
point of reductions in drying time, however, the factors 
affecting product quality should be considered carefully 
before making a decision on whether or not it is the 
right choice for a particular application.  When compar-
ing the economics also consider whether a conditioning 
treatment will be necessary at the end of the run.  If so, 
extra time will need to be added to the drying cycle as 
well as extra equipment costs to provide humidification.

In other areas of the world, high-temperature drying is 
typically employed on very permeable woods.  For rea-
sons of wood structure, wood moisture relations, and 
physical aspects of drying described in Chapters 2, 3 and 
6 not all species will respond well to high-temperature 
drying.  High-temperature drying creates an environment 
where mass flow will occur and quickly drive out large 
amounts of free water.  The high dry-bulb temperatures 
are also effective at keeping bound water molecules very 
active and speeding up the process of bound water dif-
fusion.  For mass flow to be effective, the wood needs 

to be quite permeable.  If not, internal steam pressures 
can build up and actually create internal explosions and 
separation of wood fibre.  Therefore, species such as 
subalpine fir, balsam fir, and the “yellow” spruce portion 
of black spruce will not respond well.  The less perme-
able pieces within these species may develop defects as 
described above or will at least be the cause of large vari-
ations in final MC.  The species that have had the best 
success in high-temperature drying in Canada have been 
the more permeable portion of spruce such as white and 
red spruce and jack pine. 

Industrial drying times for normal black spruce at high 
temperature are generally in the range of 20 to 24 hours.  
Jack pine, which has a low initial MC and is quite per-
meable, can be dried in less than 18 hours.  Guidelines 
for high-temperature drying schedules are provided in 
Chapter 15.

8.3  ClaSSiFiCaTion By heaTinG SySTeM

There are numerous ways in which heat can be deliv-
ered into a heat-and-vent kiln.  The heating mechanism 
within the kiln will either be direct-fired or some sort of 
indirect (radiant) heating system.  In a direct-fired system 
the heat of combustion from the fuel is used directly 
to heat the air in the kiln.  The combustion gases are 
either mixed with the kiln air or are passed through an 
air-to-air heat exchange system.  The difference with an 
indirect-heating system is that the heat of combustion is 
transferred to some other medium which in turn is used 
to heat the kiln air.  This is typically achieved with hot 
water, steam, or hot oil.  Figures 8-1 and 8-2 show cross 
sections for both direct-fired and indirect-heated kilns.

Figure 8-1
Diagram of a double-
track, direct-fired kiln, 
with a cross-shaft fan 
arrangement.
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8.3.1  DireCT-FireD kilnS

This category of kilns is attractive for drying commodity 
products of SPF for several reasons.  Initial cost of the 
equipment, when considering both the kiln and energy 
system, will be less than an indirect-heated system.  Burner 
systems for these kilns can realistically be sized to achieve 
a rapid initial heat-up and maintain a rapid drying rate 
which may make the drying time somewhat shorter than 
an indirect-fired kiln.  By injecting the combustion gases 
directly into the kiln, this type of kiln will be the most en-
ergy efficient of the various heat-and-vent configurations.  
Information on energy consumption and comparisons 
with other drying systems or configurations is presented 
in Chapter 19.

The rapid heating rates referred to above can be a prob-
lem in some situations.  When drying a species or product 
that has a low initial MC, it is common for the dry-bulb 
temperature to rise faster than the wet-bulb temperature.  
This can create a wet-bulb depression (and EMC) more 
severe than intended.  This problem can be alleviated by 
adding some form of humidification system as described 
later in this chapter.  Another concern in operating any 

kiln, but in particular a direct-fired kiln is the temperature 
uniformity achieved in the chamber.  Combustion gases 
from the burner, even after mixing with makeup air, may 
be over 1,000°F and these gases must be mixed with the 
kiln air in order to achieve a uniform, but much lower, 
operating temperature.  If the system is not designed or 
balanced properly large temperature variations can de-
velop in the kiln which can in turn lead to variations in fi-
nal MC.  Temperature uniformity is an issue which should 
be addressed initially with the supplier and subsequently 
checked and verified at regular intervals.  Most of the 
burners used on these kilns have only limited capability 
to throttle back when heating demands are lower.  See 
Chapter 9 for more information on maintaining a dry kiln 
in good operating order.

Another feature of a direct-fired kiln is that the chamber 
is more positively pressured than with other heating sys-
tems.  The huge volume of heated air pushed into the kiln 
creates higher overall pressures and this contributes to 
greater leakage, especially around doors, vent openings, 
and joints between panels.  With this type of kiln, more so 
than others, it is important to maintain a tight structure.

Booster Coils

Load Baffle

(left hand)
Vent

Vent Air-motor

(right hand) 

Fan Baffle
Fan Deck

Heating Coils

Multiblade Fan

Plenum Chamber

Steam Spray line

Control Room

Figure 8-2 
Diagram of a double-track, indirect- 
heated (in this case steam) kiln, with 
a line-shaft fan arrangement.
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8.3.2  inDireCT-heaTeD kilnS

When a liquid or steam is used as the heating medium, 
coils can be distributed around the kiln to achieve a uni-
form heating environment.  The heat is generated at a 
central burner/boiler system which facilitates the use of 
lower grade fuels such as wet sawdust and bark.  There 
is less of a difference between the temperature of the 
heating medium and the operating temperature of the 
kiln which is both an advantage and disadvantage.  It is 
advantageous in the sense that there is less likelihood 
of developing hot spots within the kiln.  The disadvan-
tage is that the lower the operating temperature of the 
heating medium, the greater the surface area of heat 
exchanger required in the kiln.  This drives the price of 
the equipment up and any compromises made will usu-
ally have the impact of slowing the initial heat up and/
or drying rate.

Unlike direct-fired kilns, indirect-heated kilns do not re-
quire makeup air to be injected into the kiln and the 
result is a lower static pressure being developed within 
the kiln.  The impact of this is less leakage around doors 
and joints in the kiln.

8.4  ClaSSiFiCaTion By loaDinG arranGe-
MenT

Heat-and-vent kilns can be designated by loading ar-
rangement as either a track-loaded configuration or 
package-loaded.  Package-loading kilns are also referred 
to as “side-loading” or “forklift-loading” kilns.  The kilns 
shown in Figures 8-1 and 8-2 are both examples of track-
loading kilns.  A typical package-loading kiln is shown in 
Figure 8-3.

Figure 8-3 

8.4.1  TraCk-loaDinG kilnS

There are two distinct advantages of track-loading kilns 
that make them well suited to the drying of commodity 
grade SPF products.  Since charges can be pre-staged, 
the turnaround time for the kiln can be very short.  Most 
operations can unload and reload a track kiln of 200 
MBM or more in 30 minutes or less.  Another advantage 
of this kiln configuration is the relatively short distance 
that air must travel through the load.  The lumber stack 
on a single track is typically in the range of 8 to 12 feet 
(2.4 to 3.7 metres) wide.  This reduces the variation in 
temperature and humidity conditions across the load 
and results in a more uniform drying rate.  If the kiln is 
a double-track configuration, a re-heat system can be 
installed between the tracks to achieve the same effect 
across both tracks.  A re-heat system may not be neces-
sary on slower-drying products but for most SPF appli-
cations utilizing a double-track configuration, a reheat 
system is essential.  Installing a double-track kiln without 
a re-heat system defeats some of the advantage in se-
lecting this kiln configuration.

The initial cost of track kilns will be more expensive for 
several reasons.  The cost of the track and footings for 
the track extending to both ends of the kiln must be 
included in the initial cost.  This configuration of kiln 
requires loading doors at both ends of the kiln which will 
also increase the price.  Additionally, a track-loading kiln 
will not hold as much lumber per unit area of floor space 
as a large package-loading kiln.  As mentioned above, 
however, these disadvantages are more than offset when 
considering a high-production SPF drying operation.

8.4.2  PaCkaGe-loaDinG kilnS

For the reasons mentioned in the previous section, a 
package-loading kiln will be more economical on an ini-
tial cost basis than a track kiln.  Large, package-loading 
kilns may take 4 to 8 hours to unload and reload making 
them impractical for a situation where the drying time 
will only be from 24 to 60 hours long.  On this basis, a 
mill would incur more than 10% down time strictly for 
the loading operations.

Package-loading kilns do make sense when drying times 
are much longer or where the dry lumber volume re-
quirements are relatively small.  A typical example would 
be a mill that has a need to dry small volumes of 1-inch 
spruce or pine for millwork or furniture applications.

8.5  ClaSSiFiCaTion By Fan arranGeMenT

There are two fan orientations that are applied in dry 
kilns.  Figures 8-1 and 8-2 show both the cross-shaft and 

Example of a side-loading, heat-and-vent kiln.
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line-shaft fan arrangements.  When operating at lower 
rates of airflow the line-shaft arrangement is quite ef-
fective.  The advantages of this system are that there are 
only one or two motors to service and these motors are 
mounted outside the kiln.  The cross-shaft fan arrange-
ment is typically employed where higher airflow rates are 
required.  In a cross-shaft arrangement, the fan motors 
may be mounted either internally or externally depend-
ing on temperatures employed, cost considerations and 
mill preference.  Externally mounted motors may be eas-
ier to service but the initial cost is greater and there is 
more maintenance required with the longer shaft length 
and more bearings.

Airflow requirements are discussed in Chapter 15, how-
ever, when airflows of 1000 feet per minute (5.1 metres/
second) or higher are required, most suppliers go with a 
cross-shaft arrangement.  Forintek tests on industrial ap-
plications have shown that the cross-shaft arrangement 
can be more energy efficient.

As mentioned in the description of track-loading kilns, it 
is often desirable to have some form of re-heat system 
installed on a double-track kiln.  The exception to this 
rule is when the airflow patterns are modified such that 
the air only passes through a single track on each pass.  
Figure 8-4 shows how the airflow pattern can be modi-
fied to achieve this.  The single-air-pass arrangement can 
be achieved using either a line-shaft or cross-shaft fan 
orientation.  There is a cost saving from not having to 
install a re-heat system but there may be additional cost 
incurred depending on the type of fan system.

Figure 8-4 
Diagram of a single-pass (a) and double-pass (b) air flow arrange-
ment.

8.6  kiln venTinG SySTeMS anD heaT 

exChanGerS

In a heat-and-vent kiln, the vents are the intended way of 
extracting moisture that is building up in the kiln.  As the 
wood dries, the RH of the air increases and, once it sur-
passes the set-point, the vents will open to both exhaust 
hot, humid air and inject cool, relatively dry air.  Modern 
control systems provide options to achieve proportional 
control of the vents and to adjust the opening of intake 
versus exhaust vents to account for the difference in air 
volume requirements in the hot versus cold air streams.  
This feature helps avoid over-shooting the set-point and 
helps address the varying demand on venting capability 
throughout the kiln run.

Since 60 to 70% of the energy consumed in drying is 
used to evaporate moisture, venting would appear to be 
an obvious waste of a lot of energy–and it is.  As shown 
in Figure 20-2 heat exchangers have been employed to 
try to recapture a portion of this energy.  These heat ex-
changers do not interfere with the operation of the kiln.  
The energy savings and economics of installing heat ex-
changers are covered in Chapter 20.

8.7  kiln huMiDiFiCaTion SySTeMS

There are a number of reasons why raising the humidity 
in a dry kiln may be necessary.  For some operators it is 
the need to either equalize or condition lumber.  Equal-
izing is carried out in order to minimize between and 
within board differences in final MC.  Conditioning is 
done to remove residual stress that has developed as a 
result of the kiln drying process (see Chapter 15 for more 
detail on equalizing and conditioning).  Both of these 
post-drying treatments require raising humidity at a time 

(a) (b)
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when there is very little moisture available from the wood.  
Other situations where extra humidity may be required 
include the drying of air dried lumber, drying a mixture 
of species or running a high-humidity schedule to deal 
with a wet-pocket species.  When heat treating lumber 
for phytosanitary purposes it is also desirable to operate 
at a high RH.  In all of these cases there are a number of 
equipment additions or modifications that can be made 
to allow mills to reach the desired RH level.

Figure 8-5 
Leaky kilns and/or a lack of a humidification system sometimes make 
it difficult to achieve the desired kiln conditions as shown in this kiln 
record.  This results in inconsistencies from charge to charge and a 
more severe drying schedule than intended. 

This section provides descriptions of the different op-
tions available for raising RH in a dry kiln.  As in most 
situations there is not a single solution that will work for 
everyone.  The solution for a given mill will depend on 
the specific circumstances such as the type of energy and 
heating system, condition of the kiln and cost of fuel.

8.7.1  The CheaP SoluTion

The easiest, and usually cheapest, solution to raise hu-
midity in a dry kiln is to rely on the moisture coming 
out of the wood.  For some of the situations described 
above, such as heat treating and schedule modification, 
the demand for high humidity may be occurring at a time 
when the wood still has considerable moisture available.  
The only way to take advantage of this moisture to raise 
the wet-bulb temperature is to have the kiln as tight as 
possible.  There are a number of things that can be done 
to minimize loss of water vapour from the chamber and 
these are outlined in detail in the following chapter on 
kiln maintenance.

A well sealed kiln is imperative if relying on using mois-
ture extracted from the wood to raise the humidity level.  
However, it is equally important when using a supple-
mentary humidification system since the effectiveness 

and the amount of energy used by such a system will 
be affected by how tight the kiln is.  A side benefit from 
sealing up leaks in the kiln is that drying conditions will 
be more uniform and should help produce a more uni-
form final MC in the product.  The following sections 
provide some options for supplementary humidification 
of dry kilns.

Figure 8-6 
Leaks in the kiln structure result in a loss of steam that could be used 
to achieve higher RH (higher wet-bulb temperatures) in the kiln.

8.7.2  live STeaM oPTionS

Live steam is a very effective way of raising RH.  Saturated 
steam can introduce a large amount of water into the kiln 
air in a short period of time.  If you have an existing steam 
supply with extra capacity this will probably be your first 
choice for kiln humidification.  The best steam for humid-
ification is low pressure, saturated steam.  This ensures 
a maximum amount of water vapour at a relatively low 
temperature.  The problem with higher pressure steam 
or steam at less than a saturated condition is that it will 
push the dry-bulb temperature up faster than the wet-
bulb temperature.  Pushing live steam into a leaky kiln 
can also have the same effect.  Conditions dangerous to 
wood quality can develop if the dry-bulb temperature is 
pushed too high.  Furthermore, if the dry-bulb tempera-
ture is raised, the depression being sought may never be 
reached and conditioning of the lumber will not occur.  
Therefore, when using live steam, ensure that both the 
kiln and steam supply system are in good condition.  High 
pressure steam can be passed through a de-superheater 
to both reduce its temperature and pressure.

Some companies have installed steam generators or a small 
boiler for the sole purpose of producing live steam for con-
ditioning.  Steam generators are often electrically heated 
and, due to the high cost of electricity, are only viable on 
relatively small kilns.  A small-scale boiler can also be used 
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to produce live steam.  This option will have a higher initial 
cost but operating costs will be lower than an electric sys-
tem since they are usually fired with a fossil fuel.

Another way of generating live steam in a kiln is by boil-
ing water in place.  This technique has been used exten-
sively in New Zealand and other areas of the world to 
condition and straighten warp prone material.  Boiling 
water in place is usually done by filling a trough along 
the length of the kiln floor with water and having some 
sort of submerged heating system.  A few mills in Can-
ada have implemented this type of system.  This type of 
humidification system fits well for mills operating with 
a hot oil or high-pressure steam heating system.  In the 
case of high-pressure steam it avoids both the dry-bulb 
temperature problem described above as well as having 
to spray expensive, treated boiler water into the kiln air.

8.7.3  waTer SPray SySTeMS

Water sprays have been used for many years by dehu-
midification as well as other kiln manufacturers.  A pres-
surized water line and atomizing nozzles are used to in-
ject a fine spray of water into the kiln air.  The warm kiln 
air will quickly evaporate the water, raising the humidity 
of the air to the desired level.  Experience has shown 
that these systems are most effective when operating at 
a high water pressure (i.e., 800 to 1000 psi) and using 
nozzles that produce as fine a mist as possible.  The small 
droplet size with such systems results in quick evapora-
tion of the water.  Lower pressure systems produce larg-
er water droplets which either take longer to evaporate 
or end up hitting the kiln wall or fans and running off 
as liquid.  Low-pressure water sprays may be effective 
in raising humidity high enough for equalizing but will 
not be able to achieve the wet-bulb temperatures neces-
sary for conditioning (stress relief).  An important con-
sideration in a high-pressure water spray system is the 
water quality.  Depending on the source and quality of 
the water available, some conditioning and/or filtering 
will be necessary to prevent clogging of nozzles.  Despite 
that, nozzles for these systems require frequent cleaning 
and it is often desirable to have an extra set on hand to 
reduce down time.

8.7.4  oTher TeChnoloGieS

Another technology being applied in the Eastern U.S. is 
known as a spinning disk.  A disk with a felt pad is rotat-
ed at high speed and water is introduced into the centre 
of it.  As water migrates by centrifugal force to the rim of 
the disk it is propelled into the kiln air in a fine mist.  As 
with the high-pressure water spray, this mist is absorbed 
quickly by the kiln air.  This system has been applied in a 

number of hardwood mills and feedback on the effec-
tiveness of it has been quite positive.  Initial tests at a mill 
in Eastern Canada have also been promising.

8.7.5  iS huMiDiFiCaTion neCeSSary?

As softwood producers become involved in more value-
added applications for their resource, the question of 
stress-relief comes up more often.  Glue-lam lumber and 
I-joist flanges are examples of products that may need to 
be well conditioned to avoid problems during the manu-
facturing stages or in service.  Since many kilns built for 
softwood dimension lumber do not have humidification 
systems, companies will need to seek out solutions to 
retrofit them.  The above options should help identify 
the solution(s) that are most relevant to your particular 
situation.

8.8  kiln ConTrolS

Kiln controls vary considerably in cost, features and ca-
pabilities.  Only a brief overview of the range of systems 
available will be provided here along with some advice 
on selecting a system.

Kiln controls can be broken into three main categories:

•	 Manual	control	systems

 -   Manually set temperature and humidity conditions

 - Usually incorporate some sort of recording device  
 such as a circular chart recorder or printer

 - No programming capability

 - No moisture monitoring or automatic shut-down  
 capability

 - Each unit operates a single kiln

•	 Semi-automatic	systems

 - Some means of programming basic schedules  
 such as a time-based schedule

 - Sometimes include a system to record schedules  
 or records of previous charges

 - Can be programmed to automatically shut down  
 based on time

 - No moisture monitoring capability

 - Each unit operates a single kiln

•	 Fully	automatic	control

 - Use a computer and/or a PLC to maintain  
 cotinuous automatic control and recording of  
 kiln conditions

• Usually some sort of feedback system to assess   
progress of drying such as:
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  - DC-resistance pins embedded in boards in the  
  load

  - Dielectric probes to estimate MC of individual  
  packages (or partial packages) of lumber

  - Use of temperature drop across the load   
  (TDAL) data to estimate intermediate MC levels  
  and/or end point in the drying process

  - In-kiln, package weighing system

	 •	 By	incorporating	one	of	the	above,	the	system	is		
 able to tailor the drying schedule to meet the indi- 
 vidual requirements of each load

	 •	 Ability	to	program	and	store	a	range	of	drying		
 schedules

	 •	 Ability	to	monitor	and	control	a	number	of	kilns		
 from one computer

	 •	 Ability	 to	 verify	 and	 modify	 kiln	 conditions	 via	 
 remote access.

 
These three categories of control are also distinctly dif-
ferent in price, with the fully automatic systems being 
the most expensive.  Most large-scale SPF drying opera-
tions are concerned with maximizing productivity and 
minimizing operator involvement and are therefore 
more inclined to go with the more expensive, fully-au-
tomated type of system.  The best advice in selecting a 
fully-automated system is to select one that presents the 
information in a user-friendly manner and that provides 
as many different options as possible for kiln control.  
Although a black-box system that removes all need for 
operator input may seem attractive, such a system may 
not be able to respond to future needs.

Selecting a system that provides a full range of program-
ming and kiln operating options may take a little longer 
to become familiar with but will provide more flexibility 
to deal with new products or drying requirements.  As 
an example, a schedule based on exiting-air tempera-
ture may work well for some stud grade products but 
situations may arise, such as laminated stock, where the 
ability to run with an entering air temperature sched-
ule will work better.  Therefore, a control system able 
to operate in both of these modes would be desirable.  
Another desirable feature for an automated control sys-
tem is the ability to integrate it with other systems.  For 
example, various after-market, in-kiln moisture monitor-
ing devices are now available.  To take full advantage 
of these systems the information needs to be imported 
to the control system and used as criteria in setting kiln 
conditions.
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MAINTAINING ThE KILN 

9.1  MainTenanCe ProGraMS

Quality drying demands good tools to get the job done.  
The previous chapters have covered many of the operat-
ing features that go toward specifying a good kiln for 
SPF drying applications.  The purpose of this chapter is to 
provide some guidance on how that equipment should 
be maintained to keep it doing a good job throughout 
its serviceable life. 

When it comes to dry kilns, by the time something is 
seen to be broken, it may have already cost a lot of 
money in lost production or degraded lumber.  Feedback 
time on problems developing in a sawmill is very rapid, 
if not instantaneous.  This is not the case with a dry kiln 
and problems can go undetected for weeks.  This is a 
consequence of the nature of the equipment and also 
that personnel are not as intimately involved with it as 
in a sawmill.

To maintain an efficient drying operation and ensure 
consistent product quality, it is necessary to have a good 
preventive maintenance program.  In many mills the 
kilns tend to be the last when it comes to getting time 
from the maintenance department.  This is understand-
able when considering that most of the working parts of 
a kiln are in tight working quarters, with warm tempera-
tures, high humidity and often quite dirty.  As a kiln op-
erator, the first objective should be to make the job more 
attractive for whoever has to work there.  Keep the kiln 
clean and cool it down to a reasonable temperature well 
before any personnel need to enter.  This is not only a 
comfort consideration but also one of safety.  Implement 
a good preventive maintenance program that identifies 
repairs ahead of time and allows them to be scheduled 
between charges rather than as an emergency in the 
middle of a charge. 

What constitutes a good maintenance program for a dry 
kiln? Since kiln types and technologies vary considerably, 
it is impossible to identify one program that will work for 
everyone.  There are some general points that should be 

remembered.  First, consider what the objectives of a dry 
kiln are, and then maintain it to achieve those objectives.  
The objective is to dry wood in a controlled environment 
that exposes each piece to, as close as is practically possi-
ble, the same drying conditions.  There are three aspects 
of a kilns’ operation that impact on this objective: tem-
perature control, relative humidity control and airflow.  
A good maintenance program will address all of the as-
pects of the kiln that can potentially affect the control 
and uniformity of these variables.  In addition, there are 
further measures that will simply prolong the life of the 
kiln and provide a better return on investment.

The first requirement is to develop a checklist of all the 
kiln’s features that require maintenance.  That list can 
then be sub-divided based on the frequency of attention 
required in each area.  Due to the range of equipment 
types in industry, it is impossible to list all the possible in-
spection/maintenance items that need to be addressed.  
Since drying times are relatively short for SPF (as com-
pared to hardwood schedules), it is important to catch 
problems quickly.  There are items that should be verified 
daily, whereas other items can be done less frequently.  
The following tables list some items which should be in-
spected/verified on a daily (shift), charge-by-charge and 
monthly basis.

The idea is that all items that can possibly go out of con-
trol are identified and entered on the appropriate list so 
that their operation is verified on a regular basis.  Iden-
tifying problems with the equipment is the basis of any 
good maintenance program.  The kiln operator(s) and 
maintenance personnel should be able to identify most 
of the items for these lists.  For new operations, the kiln 
supplier should be able to help identify the maintenance 
checklists.



m
A

IN
TA

IN
IN

G
 T

h
E 

K
IL

N
 

CH
AP

TE
R 

 9

62

9.2  aSSeSSinG kiln PerForManCe

9.2.1  TeMPeraTure uniForMiTy

There are other preventive maintenance routines that 
can be implemented to help identify and correct prob-
lems.  As previously mentioned, the main objective in 
operating a dry kiln is to maintain a uniform and ac-
curate drying environment.  Dry-bulb (DB) temperature 
uniformity is one way to measure the effectiveness of 
a kiln.  This can be done by setting up a series of tem-
perature sensors around the kiln.  Some controllers offer 
multiple DB sensors but it is often desirable to set up an 
independent system so that the operation of the control-

Table 9-2 
Examples of items to be 
checked on a daily basis.

Table 9-3 
Examples of 
maintenance 
items to be checked on a 
monthly basis.

ler can be verified at the same time.  A multi-channel 
temperature data-logger (see Figure 9-1), with a supply 
of thermocouple wire can be easily set up to monitor the 
temperature around a kiln.  The degree of temperature 
uniformity required in a kiln is a factor of what is be-
ing dried.  For SPF drying operations it is suggested that 
when the kiln is running at a stable condition, all zones 
of the kiln are within +/- 5oF (+/-2.8oC).  When checking 
on the operation of the heating system, it is always best 
to check the temperature on the air-entering side of the 
load where the air temperature has not been affected 
by the moisture condition of the lumber or the rate of 
airflow through the stack.

Table 9-1 
Sample list of items for a 
charge-by-charge pre-start-
up check list.

Item  Date and Time Checked

Item  Date and Time Checked

DAILY (SHIFT) CHECKLIST

MONTHLY CHECKLIST

1.  Visual check on vent operation (not stuck open or closed)
2.  Visual and/or audible check on operation of fans
3.  Check oil level on fan bearing oilers
4.  Check record on temperatures for any deviations from schedule
etc.

1.  Check fan rpm on line-shaft kilns to detect belt slippage
2 . Check fan bearings and verify tightness of fans on shaft
3.  Verify proper operation of fan reversal mechanism
4.  Check operation of heat control system
5.  Check operation of steam traps (steam systems)
6.  Quick check on calibration of instruments
etc. 

1.  Start fans and verify proper operation
2.  Check and/or replace wet-bulb wick
3.  Check water flow to wet-bulb
4.  Baffles in good condition and lowered into place
5.  Check operation of roof vents
6.  Inspect kiln doors and gaskets
7.  Set up charge records, list any unusual conditions 
etc. 

Item  Date and Time Checked

PRE-STARTUP CHECKLIST
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Figure 9-1  
A multi-channel temperature datalogger (a), such as this 12-channel 
version, can be used to measure kiln performance with regard to tem-
perature uniformity and accuracy.  Thermocouples (b) can be located 
around the kiln and attached to the load or mounted beside the kiln 
controller probes.

Figure 9-2
Miniature temperature dataloggers such as the one shown here can 
also be used to monitor temperature in dry kilns, storage areas and 
shipping containers.

Figure 9-3 
A temporary water reservoir and a thermocouple can be set up to test 
wet-bulb temperature uniformity and accuracy.

Placing a thermocouple next to the DB sensor(s) in the 
kiln will provide a means of quickly checking the calibra-
tion of these sensors and the control system.  As shown 
in Figure 9-3 a temporary wet-bulb (WB) can also be 
set up with a thermocouple thermometer to check the 
operation of the kiln control system.  In both cases, the 
temperature indicated on the control system should be 
within 2°F (1°C) of the temperature indicated by the inde-
pendent recording system.  Of course, the independent 
recording system must be properly calibrated for this 
process to work.  A quick (and inexpensive) way to check 
on this system is to purchase a glass-stem thermometer 
that is traceable to a calibration standard.  Calibration 
can be verified by placing the glass-stem thermometer 
and the sensor(s) into a hot-water bath.

The temporary WB sensor shown in Figure 9-3 can also 
be used to verify the proper operation and calibration of 
other humidity measuring systems such as EMC wafers 
and electronic RH sensors.

Figure 9-4 shows a typical result of a temperature inspec-
tion on a dry kiln.  In this case, thermocouple sensors 
were set up in a grid pattern on one side of the kiln at 
16-foot centres along the kiln and at 4-foot increments 
in height.  This sort of check will help identify either de-
ficiencies in the original kiln design or items related to 
the heating and airflow system that are not functioning 
correctly.

Figure 9-4  
Temperature data over a kiln run (or portion of a kiln run) can be 
plotted as shown here to detect areas that are consistently above or 
below the set point.

9.2.2  airFlow uniForMiTy

Similar to the process described above for DB tempera-
ture, airflow patterns in a kiln should be checked on a 
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regular basis.  The best instrument for doing this is a hot-
wire anemometer.  The instrument shown in Figure 9-5 
comes with a probe that can be extended to facilitate 
taking readings higher in the lumber stack.  Airflow mea-
surements are always taken on the air-exiting side of the 
load.  Again, uniformity is the key to getting good dry-
ing.  Most SPF kilns operate with an average airflow of 
500 feet per minute (fpm) (2.5 metres/second) or higher.  
At these levels, the recommended degree of uniformity 
is to have all readings within +/- 100 fpm of the aver-
age.  When conducting an airflow check make sure that 
the kiln is fully loaded, the baffles are in place and that 
the lumber is properly piled and placed in the kiln.

Figure 9-5  
A digital reading, hot-wire anemometer such as the one shown here 
can be used to quickly obtain airflow readings through the lumber 
stack in a kiln or air-drying yard.

If airflow is not within the suggested range with regard 
to uniformity, the first thing is to check that all fans are 
operating and installed correctly.  On a line-shaft kiln, the 
fans alternate between left hand and right hand fans.  On 
a cross-shaft kiln check to ensure that all motors are oper-
ating in the same direction at the same time.  With twenty 
or thirty motors in a kiln it is common to find a motor that 
has been wired incorrectly or is not operating at all.

9.2.3 TeST equiPMenT requireMenTS

In order to conduct the tests described above, a kiln op-
erator will need access to a range of test instruments.  
The following list is a summary of the suggested instru-
ments for a medium- to large-scale SPF drying operation.  
Considering the value of the kiln equipment, the speed 
of drying, and the total value of the lumber processed by 
a kiln, this is a small investment to make.

•	 Hot	wire	anemometer	 (airflow)	or	other	 type	of	an-
emometer with a probe small enough to insert into a 
sticker opening

•	 Tachometer	[check	rpm	on	fan	shaft(s)]

•	 Single-channel	 thermocouple	 (or	 RTD)	 temperature	
detector

•	 Multi-channel	 thermocouple	 (or	 RTD)	 temperature	
data-logger

•	 Glass-stem	thermometer	calibrated	against	traceable	
standard

•	 Portable	wet-bulb	sensor

•	 Infra-red	 thermometer	 for	 spot	 checks	 on	 surface	
temperature of walls, pipes, steam traps, etc.

•	 Steam	trap	tester	(if	operating	a	steam	boiler).

9.3  MainTenanCe oF kiln STruCTure

Physical abuse and corrosion are the two main enemies 
of the kiln structure.  Physical abuse is usually the re-
sult of damage caused by forklifts and mis-handling of 
kiln doors.  The cause of these problems is a manage-
ment issue but the important thing to keep in mind is 
if this damage occurs, have it repaired as soon as pos-
sible.  Holes in the kiln walls provide pathways for water 
or water vapour to impregnate the insulation and render 
it ineffective.

Corrosion is an issue for all kilns but certain situations will 
make it worse for some kilns than others.  Running very 
high humidity schedules will cause more condensation, 
keeping interior kiln surfaces wet for a longer portion of 
the schedule and contribute to more and/or accelerated 
corrosion.  The solution is to not necessarily abandon the 
high humidity schedule but to provide better protection 
for the structure.  Whether considering the concrete or 
metallic portions of the kiln, the best protection from 
corrosion is some form of coating.  These are best ap-
plied when the kiln is new.  Coal-tar epoxy can be used 
to coat concrete and metallic parts.  A coatings specialist 
will be able to identify other coatings that are also effec-
tive for these surfaces.

Commercial kiln coatings are typically petroleum-based 
products that serve a dual role.  First they form a physi-
cal barrier to prevent corrosion.  Secondly, since they are 
fairly thick, they will help seal cracks in concrete or gaps 
between panels.

For new kilns, more corrosion resistant components can 
be specified.  In some areas of the world, most of the 
metallic components inside a kiln are made of stainless 
steel.  This is usually to resist against acidic environments 
when dealing with wet-pocket species or species like oak 
and hemlock that have more acidic extractives.
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9.4  ProDuCT qualiTy aS an inDiCaTor oF 
kiln ProBleMS

As mentioned earlier, the objective of a good maintenance 
program should be to detect and correct any equipment 
faults before they result in problems with the product be-
ing dried.  Ideally this is done by inspecting and monitor-
ing the equipment, however, there is another means of 
identifying equipment shortcomings.  Monitoring the dry 
product for final MC uniformity and drying defects will 
also identify problems with kiln equipment. This is where 
the quality control program should merge with the main-
tenance program.  Setting tolerances for final MC variabil-
ity and incidence levels of drying defects will help identify 
when the process is heading out of control.  Information 
on the type and incidence of drying defects can help zero 
in on a mechanical problem.  For example, if there are 
consistently high MCs and stain at one end of the kiln, 
look for a fan problem.  It sounds simple, but many mills 
cannot identify from which kiln, let alone which area of a 
kiln, that a problem package originated.

9.5  reDuCinG kiln leakaGe

Kiln leakage will contribute to excess energy consump-
tion, non-uniformity of temperature and failure to 
achieve desired kiln settings.  The following steps can be 
taken to produce a tighter kiln that will help produce a 
more uniform final MC.

The biggest, and most obvious, source of leakage is 
around the kiln loading doors.  Straightening the doors 
and re-fitting them with good-quality gaskets will help 
cut down leakage.  Door gaskets should be considered 
as a regular maintenance item and expect to change 
them every year or two or sooner if damaged.  Using 
some sort of clamping or hold down device to push the 
doors tighter against the kiln wall will also help reduce 
leakage.  A particularly poor area for contact is along the 
bottom of the kiln doors.  Again, using a good quality 
rubber gasket will help.  The floor or sill plate below the 
kiln door must be kept in good shape to provide a good 
surface for contact.  On track kilns there is the problem 
of sealing around the tracks.  Some operators will block 
these areas from inside the kiln with a bag of sawdust, 
or something similar.  Some kiln manufacturers provide 
a removable section of track below the kiln door that 
avoids the problem of having to seal around the rails.
 
Other sources of leakage around the kiln are the joints 
between panels and the contact between wall panels 
and kiln footings.  Again, good kiln maintenance will 
help minimize the problem.  Large gaps can be filled 
with epoxy-based filler or a closed-cell expanding foam 

insulating product.  Seams between panels and small 
gaps can be sealed with a good quality silicone sealant.  
Good surface preparation is required to ensure proper 
adhesion of the silicone.  Also, some of the commercial 
kiln coatings are thick enough that they will block minor 
gaps between kiln components.  Regular application of 
an internal kiln coating will also help extend kiln life by 
reducing corrosion problems.

The kiln vents are another area where needless loss of 
humidity occurs.  Obviously the role of the vents is to 
get rid of humidity but this should only be when they 
are open.  When closed, the vents should be adjusted 
to fit as tightly as possible.  If a kiln has too many vents, 
consider closing some off permanently to reduce losses.  
A centralized venting system, such as that used with 
some heat exchanger systems, will also help minimize 
unwanted losses.  A cold day in the winter is a good 
time to check how well things are sealed in this as well 
as other areas of the kiln.

Another consideration with the existing equipment is the 
amount and condition of insulation.  Condensation on 
interior surfaces of the kiln walls robs some of the mois-
ture from the kiln air.  Cutting a few inspection holes in 
kiln walls and doors will reveal if the current insulation is 
in good shape (see Figure 20-1). Thicker, better insulated 
kiln walls not only reduce the potential for condensation 
but are inherently better sealed to reduce the type of 
leakage losses described above.

Direct-fired kilns are more positively pressured than kilns 
with other heating systems due to the addition of make-
up air at the burner.  As a result, leakage from these 
kilns will be greater, especially if they are in poor physical 
condition.  Using a variable speed drive for the make-up 
air fan will help reduce the amount of pressurization at 
times when the burner is not on high fire.  When try-
ing to raise humidity in a direct-fired kiln, a well-sealed 
structure is doubly important.

9.6 MaxiMizinG Fan eFFiCienCy

Regardless of age, many kilns do not operate at their 
peak capacity or efficiency when it comes to the air flow 
system.  A quick check with an anemometer (air flow 
meter) and call to the kiln supplier will reveal whether or 
not the kiln is operating at its design capacity.  Regard-
less of the outcome of that test, there may be ways to 
get more from the existing fan and motor combination.  
Many kilns are equipped with variable pitch fans and/or 
variable speed drives.  Both of these can be regulated to 
achieve the maximum output.  Most drying operations 



m
A

IN
TA

IN
IN

G
 T

h
E 

K
IL

N
 

CH
AP

TE
R 

 9

66

can benefit from increased air flow by reducing drying 
time and/or improving on final MC uniformity.

Hot air is less dense than cooler air and is therefore easier 
to circulate.  The result is that fans that may be highly 
loaded at start-up will have extra capacity when the air 
is heated.  If a variable speed drive is used, this phenom-
enon can be used to advantage.  By starting the fans at 
a lower speed the maximum load on the motor can then 
be achieved once the kiln air is heated.  This will result in 
a faster air flow when the kiln is at operating tempera-
ture, and may reduce drying time.

Operating parameters on fans can be verified and/or 
modified to achieve the maximum output.  A tachom-
eter will quickly reveal if the fan and motor combination 
are turning at the correct rpm.  A quick check with the 
fan and kiln manufacturer will help determine the design 
value for a given operation.  It is not uncommon to find 
motors or pulleys that have been changed since the kiln 
was first installed that have reduced the output of the 
fan system. 

Variable pitch fans can be adjusted to achieve the maxi-
mum airflow for a particular situation.  The fan manu-
facturer can provide information not only on the design 
speed (rpm) but also the range of fan blade pitch that 
can be tolerated.  The objective is to achieve the maxi-
mum out of the fan/motor combination.  If the fan motor 
is not drawing something close to its maximum current 
there is an opportunity to adjust the fan pitch to increase 
airflow.  The pitch can be increased until the motors have 
reached something close to their capacity.  If there is a 
variable speed drive, it can be used in conjunction with 
the fan pitch adjustment to optimize performance in a 
heated kiln as described earlier in this section.

NOTES
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STORAGE AND hANDLING OF LOGS/TREE-LENGThS 
PRIOR TO DRYING

10.1  overview

There are a number of factors arising from the manner 
in which green lumber, logs or tree-lengths are handled 
prior to reaching the kiln that can potentially affect how 
the lumber responds in the kiln.  A good kiln operator 
will make themself aware of the full history of the mate-
rial in order to make the best decisions at the kiln.  The 
purpose of this chapter is to consider what happens to 
the material during the stages prior to drying and how 
that may affect decisions made at the kilns.

10.2  STanDinG DeaD TiMBer

Insect infestations and forest fires are two possible ex-
planations why material may exist in the forest in the 
“standing dead” state.  There is increasing pressure on 
industry to utilize this fibre source rather than to let it go 
to waste.  If harvested and processed within a reason-
able amount of time this material can produce a good 
quality product.  The precise definition of “reasonable 
time” varies considerably depending on the reason the 
trees died in the first place and the local conditions that 
the material is exposed to after dying.  In most cases, 
it seems that this material must be processed within a 
maximum period of 2 to 3 years after mortality.  Beyond 
this time period, wood rotting fungi become more es-
tablished and deteriorate the wood fibre extensively.  
Within this time period, however, there are changes to 
the wood that will affect how it is handled at the kiln.

In the standing, live tree (as well as fresh, green logs), 
the bark acts as a natural barrier to inhibit drying.  Once 
the tree dies, the inner bark starts to dry out, crack, 
and, over time, begins to fall off.  This allows the wood 
underneath to also start drying.  Before that happens, 
however, the wood is likely to stay at an elevated MC 
(over the fibre saturation point) for a sufficient period 
of time to allow the development of blue-stain fungi.  
These fungi do not have a significant effect on either 
the strength or drying properties of the wood but they 
do affect its marketability.  Longer term exposure of the 
wood at elevated MCs will result in the development of 

wood-rotting fungi which do have a significant effect on 
strength properties.  Wood with incipient decay will also 
dry out much more readily.  The objective, therefore, is 
to get the timber to the mill and processed before any 
significant amount of wood-rotting fungi have become 
established.  

Standing dead timber will begin to dry shortly after the 
trees have died.  Damage to the outer portion of the 
stem, whether from insects or fire, will expose the wood 
and allow it to begin drying.  Since not all trees are af-
fected equally, certain trees will dry out readily while oth-
ers (perhaps still alive) may remain in a close to green 
condition.  Therefore, one of the challenges posed by 
processing this type of timber is the variability in MC that 
will likely be present.  Much of the material may already 
be at or below the required final MC while other material 
is still well above that level.  One way to deal with this 
variability at the mill is to install a pre-sorting system that 
will differentiate between low and high MC material.

10.3  loG SToraGe PraCTiCeS

Another stage of timber processing that can have a 
significant effect on the moisture condition of the lum-
ber delivered to the kilns is log storage.  Timber har-
vesting and inventory practices vary considerably across 
the country in the SPF industry.  Again, it is usually a 
case that the kiln operations must be adjusted to suit 
the needs of the material delivered to them rather than 
changing the logging or inventory practices.  Material 
held in inventory for long periods of time will dry out 
from the log ends as well as through the bark.  What 
is different from standing dead timber is that log piles 
will only dry out from the exposed surfaces.  Therefore, 
as shown in Figure 10-1, the upper rows of logs or tree 
lengths and the log ends will be the material that dries 
out significantly during the storage period.  Inner por-
tions of the log pile will take considerably longer to dry 
out.  It is not uncommon to open up log piles in July and 
still find ice and snow.  The issue created for the dry kilns 
is one of variability in MC.
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Figure 10-1 
Log ends as well as exposed logs in a lumber pile will dry out pref-
erentially causing the development of end and surface checks and 
contributing to variations in initial MC.

There are some things which can be done at this stage 
to minimize the impact at the dry kilns.  Good inven-
tory management to ensure a supply of even-aged logs 
to the sawmill will result in a more uniform initial MC 
distribution.  Aside from maintaining a large inventory 
of logs or tree-lengths, many mills will continue to re-
ceive a certain portion of fresh, green material over the 
year.  From a drying standpoint, it would be better for 
the fresh, green material to be processed in batches so 
that it could be identified and treated differently when 
reaching the kiln.  Similarly, if the kiln operator receives 
kiln loads composed of older, but uniformly aged mate-
rial, better decisions can be made on how to deal with 
it at the kilns.  Schedule modifications for dealing with 
particular situations such as low initial MC or variable ini-
tial MC are discussed in the section on drying schedules 
in Chapter 15.

10.4  awareneSS

It is usually the case that the drying operations must ad-
just to the realities of the situations posed by less-than-
ideal storage and handling practices.  In order to do this, 
the kiln operator must be aware of the condition of the 
material delivered to the kilns.  The best way to achieve 
this is to maintain lines of communication among all the 
various stages of manufacturing.  This will help avoid 
any surprises either when the material arrives at the kilns 
or, more importantly, when it leaves the kilns.  The kiln 
operator and kiln operations should be involved in, or at 
least informed of decisions on how to store, handle and 
process tree-lengths and logs.

There are ways to deal with most situations posed by 
variability in initial MC.  Some of these procedures may 
impact on either productivity or grade recovery after dry-
ing.  By involving the kiln operator from the outset, the 
possible implications of processing certain mixes of ma-
terial can be identified and decisions made accordingly.
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PRE-SORTING AND ITS IMPACT ON DRYING 

11.1  inTroDuCTion

A certain portion of Canadian lumber producers involved 
in the manufacture of SPF dimension lumber have been 
sorting lumber prior to drying since the mid-1980s.  
Gradually, companies have moved from the situation 
of drying all SPF in a mixture, to sorting by species and 
more recently (mid-1990s) to sorting by species and/or 
other characteristics such as initial MC and green density.  
Pre-sorting green lumber offers the potential to reduce 
drying time, reduce energy consumption, improve grade 
recovery, improve final MC uniformity, and minimize ex-
cessive shrinkage.

This chapter provides some background on green lum-
ber characteristics that have an impact on drying rate 
and can therefore affect drying uniformity within the 
SPF grouping.  It also presents information on current 
technologies being used in Canadian sawmills to pre-
sort green lumber to improve overall drying efficiency.  
The challenge for mills is to find a pre-sorting technol-
ogy that best addresses their particular raw material 
situation, can be easily implemented, and will deliver a 
tangible return on investment for the specific sawmill 
environment.

11.2  BaCkGrounD

Large variations in initial MC and drying rate within or 
between species in the SPF grouping results in a wide 
range of MC after drying.  Since SPF lumber is processed 
in large batch kilns, it is necessary to over-dry most of 
the boards in a kiln load in order to ensure that the per-
centage of wet boards meets the grading authority or 
customer requirements.  Over-drying causes increased 
shrinkage and warp, which in turn, increases the per-
centage of down-graded boards and thus decreases 
product value.

Reducing the input variability of a batch process like SPF 
drying will also improve overall productivity.  Slower dry-
ing material will be dried separately, thus reducing the 
kiln residence time for faster drying material.  Even if the 
slower drying material is dried on a longer than normal 

schedule, the volume of material dried on this longer 
schedule is usually small and, as a result, the average 
drying time is still reduced.

Figure 11-1
Inherent variations in initial MC both between and within species are 
reasons why sorting on the basis of this parameter can result in more 
uniform (from a dryability standpoint) kiln charges.

The effect of wood properties on drying rate is covered 
in Chapter 2.  In general, the following species-specific 
wood characteristics have an impact on drying time and 
uniformity:

•	 initial	MC	and	its	variability

•	 basic	density	and	its	variability

•	 sapwood	vs	heartwood	proportion

•	 growth	rate

•	 wood	permeability.

In order to optimize drying performance, mill staff need 
to find ways to supply their dry kilns with homogeneous 
lumber without incurring excessive sorting and handling 
costs.  Various Forintek studies have demonstrated that 
initial MC is not the only physical criterion for pre-sorting 
lumber prior to drying.  Bulk (green) density, which is the 
weight of a piece of green lumber divided by its actual 
volume, is a good indictor of its drying time.  This is 
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explained by the fact that green density is a function of 
the amount of water present for a given volume (which 
is the moisture concentration) and the weight of wood 
fibre for the same volume (which is the basic density).  
Both of these factors affect either drying rate or drying 
time, or both.

The first generation of pre-sorting equipment was de-
signed to measure and estimate the MC of green mate-
rial.  The belief at that time was that drying time was 
directly related to initial MC.  More recent advances in 
sorting equipment have addressed the concept of “dry-
ability” to justify their performance.  “Dryability” can be 
defined as the drying behaviour of each piece of lumber 
either at a given time or throughout the drying process.  
The idea behind dryability is to identify and isolate pieces 
that will dry in a similar time regardless of how they may 
differ or resemble each other with respect to any single 
property.  As an example, a piece of sapwood lumber 
may dry in the same time as a piece of heartwood, at 
a lower initial MC, since the sapwood is generally more 
permeable and will release its moisture more readily.  
These two pieces could be said to have the same dry-
ability.

11.3  inDuSTrial Pre-SorTinG ProCeSS
11.3.1  non-auToMaTeD SySTeMS

11.3.1.1  viSual SPeCieS SorTinG

Most of the time species sorting is done at one of three 
processing steps; during the harvesting operations, at the 
log handling stage just prior to entering the mill or just 
before the sawmill’s lumber sorting system.  The choice 
of which of these to use is driven by various processing 
considerations.  This could include, but would not be 
limited to, the proportion of species in chips going to 
a pulp or paper mill or the mix of log sizes fed into the 
sawmill.  Since different species often have different tree 
size characteristics feeding one species at a time into the 
sawmill may not be desirable.  Many mills have been set 
up to run efficiently when handling an expected range 
of log sizes.

Species sorting in the bush incurs extra costs such as 
more handling by the harvester to produce and man-
age separate piles, extra distance to carry tree-lengths 
or logs and dealing with a larger number of piles for 
trucks loading in the bush.  Once the material arrives at 
the sawmill extra costs arise from more complicated yard 
management.  Some conditions can make species identi-
fication less reliable such as night harvesting operations 
or completely unreliable such as harvesting a fire-killed 
stand.  Depending on who is doing the harvesting, the 

extra costs of sorting in the bush are either incurred di-
rectly or are passed on by the logging contractor.  This 
option must therefore be compared against other sort-
ing scenarios based on the impact of total cost and ef-
fectiveness.

Some mills have implemented sorting at the infeed to 
the sawmill by identifying bark characteristics of the 
logs.  It is generally the fir species that are of interest for 
sorting and, in many regions of the country, it is easy to 
distinguish fir logs from either spruce or pine.  When oc-
curring in a relatively small proportion the fir logs can be 
set aside for processing at a later time.

Species sorting at the mill is done visually by operators on 
sawn lumber.  They will look for various visual indicators 
such as colour, knots and appearance of wet pockets to 
identify fir lumber.  They often use fluorescent crayon to 
place an identifying mark on the lower proportion spe-
cies (usually the fir pieces) at the trimmer station and 
prior to the bin-sorter.  The identification must be done 
at production rates that are often in excess of 2 pieces 
per second.  Non-uniformity in sorting performance is 
often the result of these high production speeds.  

To implement pre-sorting, sawmills require extra bins 
to handle material for each lumber dimension that is 
sorted.  The cost of extra bins is often the limiting fac-
tor when implementing any pre-sorting scenario at the 
sawmill.  Visually sorting by species may offer more flex-
ibility than automated systems with regard to sorting ca-
pacity requirements.  Some mills that are visually sorting 
by species have set up sorting rules to deal with a spe-
cific part of their lumber supply in order to reduce over- 
or under-drying.  As an example, heavy fir containing 
wet pockets (often called “blue fir”) can be set aside for  
air drying before kiln drying.

11.3.2  The auToMaTeD SySTeMS

Canada has pioneered in the area of sorting equipment 
and still leads in the development of new technology.  
There are a number of technologies, some already well 
established and others just emerging, that offer the po-
tential to sort lumber prior to drying.  The challenge is to 
find a technology that will work well in a sawmill envi-
ronment, is capable of sorting lumber into groups with 
similar drying characteristics and is not too costly.

Automated sorting systems can be divided in two main 
groups, those making spot or point readings at one or 
more places along the board’s length and those that 
scan the entire piece.  Most of the existing technology 
belongs within the first group.  These systems provide 
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the advantage of being able to provide information on 
within-board variability of the measured property.  As 
an example, these systems can potentially provide infor-
mation on the occurrence and severity of wet pockets 
within the different sorted groups of material.  That 
information can then be used to develop new drying 
strategies such as electing to air dry a specific “problem” 
group of material.  The inherent within-board variability 
of each species should be considered in determining the 
best number and location of sensors.  A system designed 
for sorting fir lumber would ideally have more sensing 
points than a system designed for pine or spruce.

The second group of pre-sorting systems is comprised 
of those that take a single reading for the entire piece 
such as a weight-based sorting system that weighs the 
full board.  These systems have the advantage of being 
able to provide information on the entire board and are 
less influenced by local characteristics of the wood such 
as wane, knots or decay and variations in the proportion 
of sapwood to heartwood.

11.3.2.1  MC-BaSeD SorTinG

The first industrially implemented initial MC sorting sys-
tem was developed by Forintek in the mid-1980s and 
was based on the principles of heat capacity and thermal 
conductivity.  The operating principle was based on the 
known heating properties of wood and water and us-
ing infra-red thermometry to scan surface temperature.  
When the surface of a piece of wood is heated, its tem-
perature rises, but the amount of temperature increase 
is affected by the wood’s MC.  If the wood is relatively 
dry, it heats up quickly.  If the same heat source is applied 
to wood with a relatively high MC it will not achieve 
the same temperature increase.  By applying an equal 
amount of heat to each piece of lumber on the produc-
tion line and than measuring its temperature before and 
after, the change in temperature can be used to estimate 
the lumber‘s MC.  There were problems correlating the 
change in temperature against MC, mostly due to limita-
tions in surface temperature measurement and the need 
to correlate spot estimates of MC to the MC of the entire 
board.

The next system designed to measure initial MC was 
based on the primary response characteristics of a ma-
terial exposed to a laser beam.  Similar to the infra-red 
technology described above it took spot readings, cor-
related those to MC and then allowed the user to set the 
sorting criteria.  This technology was relatively expensive 
and, as a result, did not gain a lot of application and ac-
ceptance in the industry.  

Another commercial pre-sorting technology has been 
developed based on the use of infra-red imaging.  It uses 
sophisticated spectral imaging technology and instead 
of focusing on specific points along the length of the 
lumber, the system analyses the entire piece of lumber.  
The surface of each board is mapped and a graphical 
representation of the water distribution is available to 
the user.  The principle of the system is that the wood 
temperature will decrease due to evaporation of mois-
ture and the evaporation rate will vary across the surface 
and from board to board based on the wood MC and 
drying properties.  Thus for the same ambient condi-
tions, a wetter piece of wood will be cooler than a drier 
one.  These systems are calibrated in units of MC but in 
reality the calibration is a relative one.  Wetter, faster dry-
ing pieces of wood will have a lower temperature than 
dryer, slower drying boards.  The manufacturer prefers 
to convey the idea that its system sorts lumber based 
on its ability to release moisture, that is, on its potential 
ability to dry.

11.3.2.2  weiGhT-BaSeD SorTinG

Several equipment manufacturers have introduced 
equipment using load cells to obtain dynamic measure-
ments of individual board weight at the green chain at 
normal mill operating speeds (see Figure 11-2). 

 
A commercial sorting system based on green weight utilizes load cells 
along the green chain to measure individual board weight.

If the exact dimension of each board is known, from a 
sawmill scanning system for example, it is possible to 
calculate the bulk density.  If exact dimensions are not 
known nominal dimensions can be used to determine 
an estimated volume.  In these cases, however, the 
green density of wany boards will be under-estimated.  

Figure 11-2 
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This arrangement allows measurements to be taken on 
both wide faces of the lumber.  Depending on the length 
of the lumber, four or more pairs of sensors are located 
across the width of the deck to obtain readings along 
the length of the lumber.  There are over 100 systems of 
this sort currently installed with most of these located in 
Western Canada.

11.3.2.4  ph-BaSeD SorTinG

In the late 1990s, Forintek developed a system to auto-
matically sort balsam fir being processed in mixture with 
other species of the SPF grouping.  The system uses an 
alcohol based pH indicator which when sprayed onto 
the end of a board reacts with naturally occurring wood 
chemicals to produce a colour change.  A fibre optic 
detector analyses the colour change and then assigns 
boards into specific sorts based on pre-determined sort-
ing criteria.  The system segregates all high MC balsam fir 
from spruce based on the colour change.  Low MC bal-
sam fir pieces do not produce the same colour change 
and are placed in the same group as spruce.  High MC 
spruce sapwood boards do not react the same as lower 
MC spruce and are grouped with balsam fir.  Consider-
ing the drying characteristics of the material this is the 
ideal sorting placement for this material.  As a result the 
system is marketed more as a dryability sorter.  Results 
of a mill study in the Maritime region of Eastern Canada 
have shown an increase in kiln productivity of 19% and a 
decrease in over-drying.  This system is being used in SPF 
mills in Nova Scotia, New Brunswick, Quebec, Ontario 
and New Hampshire.

Figure 11-4 
A commercial pre-sorting system uses a chemical indicator that is 
sprayed on board ends and changes colour based on species and 
other characteristics of green lumber.  An optical system is then used 
to assess the colour change and sort lumber into different groups for 
drying.

Also, when nominal dimensions are used, boards that 
are thicker due to sawing variation will appear to have a 
higher green density and may get placed in a slower dry-
ing group, which is not a mistake since thicker lumber 
will take longer to dry.

These systems are being used mainly in Eastern Canada 
(Quebec, New Brunswick and Nova Scotia).  They have 
demonstrated a good capability to sort balsam fir into 
two or three distinctive groups and have been also 
used to segregate the dense black spruce called “yellow 
spruce” (see Chapter 1) from normal black spruce.

11.3.2.3  DieleCTriC SorTinG

Dry MC detectors based on measurements of dielectric 
properties were used in the 1980s by some mills to pre-
sort green lumber.  These systems were used in some 
cases to sort fir from spruce with relative success under 
summer conditions.   The principle did not work well 
on frozen lumber, which is a significant weakness given 
the Canadian climate, and as a result did not gain wide-
spread application.

In the mid-1990s another system based on dielectric 
properties was introduced to the Canadian market.  The 
system measures certain dielectric properties of wood 
which are influenced by MC and density.  Since the me-
ter does not distinguish between these two properties, 
the resulting reading is the combined effect of both.  The 
output from the system is a number between 0 and 100 
which relates to potential dryability.  Sensors are typically 
installed in pairs with one located above and the other 
under the lumber as it is conveyed on a transverse chain 
(see Figure 11-3). 

This in-line, green lumber sorting system measures a dielectric prop-
erty of wood with sensors mounted both above and below the lumber 
and at multiple points along the length. 

Figure 11-3 
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11.3.2.5  GaMMa ray SorTinG

A New Zealand company has developed a non-contact 
system, based on gamma ray technology for sorting 
green lumber by density and, if required, by MC.  This 
system uses very low-energy gamma rays emitted by a 
source placed beneath the lumber chain.  Gamma ray 
count is measured continuously by a detector placed 
above the lumber chain.  When a piece of lumber passes 
between the source and detector, some of the gamma 
particles are absorbed by the lumber, so the count rate 
at the detector goes down.  The amount of decrease is 
proportional to the green density of the lumber and the 
thickness of the lumber.  There are very few systems in 
place at this time and therefore very little information 
available on the effectiveness of this technology.

11.3.2.6  DC-reSiSTanCe SorTinG

More recently, another sorting system based on a DC-
resistance technology has appeared on the market.  The 
system combines two different steps of measurement.  A 
first station called the pre-sorter is located at the sawmill 
green chain.  It uses DC-resistance measurements com-
bined with weight to assess the lumber’s dryability.  The 
system has shown good performance with mixed fir and 
spruce operations.  By assessing the dryability of each 
individual piece, the system distinguishes fast-drying 
pieces of fir that can be dried on a fast spruce schedule 
and slow-drying spruce that can be dried with fir.  The 
system can sort the production into two or three distinct 
dryability groups.  A second station located at the planer 
mill measures the final MC and feeds the information 
back to the pre-sorter to optimize the sorting strategy.  
The in-line system at the planer mill uses DC-resistance 
measurements taken at four locations to estimate the 
final MC of lumber.  The DC-resistance measurements 
taken at the sawmill and planer mill are compensated 
for wood temperature when developing estimates of the 
wood dryability or MC.

11.4  FeaSiBiliTy anD BeneFiTS oF Pre-
SorTinG

Research has shown that significant drying benefits are 
attainable through pre-sorting.  Pre-sorting green lum-
ber has the potential to reduce the average drying time, 
the incidence of wets and/or over-dried pieces and dry-
ing degrade.  One Forintek study at a Northern Ontario 
mill reported specific drying benefits from pre-sorting 
jack pine into two different initial MC categories.  Kiln 
productivity was increased by 9%, energy consumption 
was reduced by 8.7% and the proportion of material 
down-graded was decreased by 7.9%.

Species sorting is the first strategy to consider when in-
vestigating pre-sorting options for a mill processing bal-
sam or subalpine fir in combination with spruce or pine.  
A Forintek study reported up to a 30% increase in kiln 
productivity and 57% reduction in over-dried boards re-
sulting from the implementation of species sorting at a 
mill with a 57:43 ratio of spruce to balsam fir.  Mills pro-
cessing just pine and spruce will also benefit from spe-
cies sorting but the gains are less since the two species 
have more similar drying characteristics.  Even minor dif-
ferences in drying time between spruce and pine can of-
fer an opportunity to optimize the drying operations and 
produce a more consistent and higher quality product.  
Another potential advantage in sorting pine from spruce 
is that pine is a more permeable wood and can with-
stand higher drying temperatures.  Also the pine species 
are less prone to downgrade during drying since they 
exhibit less of the characteristics associated with warp 
such as compression wood and severe slope of grain.

Linking species sorting with other criteria such as MC or 
green density is the next step to consider in optimizing 
benefits from pre-sorting.  By gathering more informa-
tion on factors that are known to have an impact on dry-
ing, smarter decisions can be made on how to pre-sort 
the material.  Doubling up on the number of scanning 
systems does not necessarily result in the need for more 
sorting capacity over and above what was required when 
sorting based on one parameter.  Consider the situation 
for a hypothetical mill laid out in Figure 11-5. In this case 
information on both species and board weight are con-
sidered when deciding how to recombine the material 
into groups with similar drying requirements.

When it comes to material sorting strategies there is no 
one solution that is good for all mills.  The species pro-
portions, log handling and storage practices, and drying 
demands are sufficiently different from mill to mill that 
a site-specific evaluation must be conducted to identify 
the best technical and economic solution.  Increased 
awareness of material drying properties and competent 
in-house technical capabilities will allow mills to conduct 
a review of their material sorting options that will best 
suit their needs.

When it comes time to identify, justify or implement pre-
sorting strategies, mill personnel need to consider a lot 
of information.  Forintek has developed a methodology 
and software tool, called OASiS™, to help identify the 
best sorting strategy for a specific fibre supply and tak-
ing into account mill-specific constraints.  OASiS™ helps 
mills simulate a wide range of pre-sorting scenarios and 
provides a drying simulation component.  This decision-
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in a small kiln set up to monitor board-by-board drying 
rate.  This service and the software are available directly 
from Forintek.

11.5  FuTure TrenDS

In relation to stringent quality requirements imposed by 
end-users, it is expected that rising production and en-
ergy costs will encourage the development of new sys-
tems and/or strategies to achieve better drying.  Greater 
knowledge of material drying characteristics may also 
generate ideas for different sorting strategies using new 
innovative technologies.

An old concept that is receiving new attention is the 
idea of re-drying.  In addition to pre-sorting, lumber 
producers should also consider and investigate the po-
tential benefits of post-sorting “wets” from dried lumber 
to re-dry.  To implement a re-drying program an in-line 
moisture detector (see Chapter 5) is used to sort lum-
ber after drying.  The concept of re-drying is attracting 
interest because it has the potential to both eliminate 
over-drying and increase kiln productivity.  Decisions 
can be made to stop kiln loads prematurely.  Lumber 
with a MC that is above its target is identified before the 
planer, separated, re-stacked and then either re-dried or 

assist tool has been developed to help identify the opti-
mum sawmill pre-sorting strategy(ies) based on impact 
on drying degrade and kiln productivity.  With OASiS™ 
the user can simulate various pre-sorting scenarios in-
cluding species, initial MC, and green density or a com-
bination of these criteria.  Benefits are evaluated based 
on kiln productivity and proportion of pieces over- or 
under-dried.  The user can set the species proportion at 
his sawmill or simulate future trends of the species mix.  

Figure 11-6 provides a sample of the input requirements 
and output generated by OASiS™.  By re-running the 
software multiple times with different sorting scenarios, 
a user can zero in on the best solution for their mill.  The 
output results can be used to determine the net eco-
nomic impact to the mill of implementing pre-sorting.  
From there the mill can compare the benefits against the 
cost of installing the pre-sorting technology and extra 
sorting capacity required and determine a payback for 
the investment.

OASiS™ has several general databases available for mills 
to use, however, the best results are obtained when a 
site-specific database is developed.  This entails taking 
a small, representative sample of material and drying it 

Figure 11-5
Example of how two different pre-sort-
ing technologies can be combined to 
make better matched groups of mate-
rial for drying without necessarily dou-
bling the number of groups.Species Sorting

Weight
based

Sorting

Weight
based

Sorting

Spruce & Pine

Regular spruce 
& pine

Fir

Light Fir

Very heavy 
Spruce

Moderate to
heavy fir

Drying Group 2
Heavy spruce and 
moderate to heavy 
fir dried on a long, 
gentle schedule

Drying Group 1
Regular spruce & pine 
+ light fir dried on an 
aggressive schedule

Drying Group 3
Very heavy fir sent to air  
drying yard for pre-drying

Mill Run SPF Mix
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Figure 11-6 
Forintek’s OASiSTM software allows mills to evaluate various pre-sort-
ing options in order to identify the optimum solution. These screen 
captures depict the various input parameters (a and b) and the output 
format (c and d) generated by the software.

(a)

(b)

(c)

(d)

sold to a market that can tolerate a higher final MC.  
Lumber meeting the MC specifications after the first pass 
through the kiln continues on to the planer.  This avoids 
having to over-dry the majority of a charge just to ensure 
that a small percentage of slow-drying material is at an 
acceptable MC.  This is another strategy that results in 
increased kiln productivity, greater MC uniformity and 
improved lumber quality.



NOTES
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1212
PREPARING LUMbER FOR DRYING  

12.1  overview

The proper preparation of loads or packages of lumber 
and their assembly on kiln carts and in the kiln is es-
sential for uniform drying.  Any lack of conformance to 
the procedures described below will be at the expense 
of causing more drying degrade, widening the range 
of final MCs and extending kiln drying times, thereby 
causing excessive energy consumption and reduced kiln 
throughput.

12.2  raw MaTerial ConSiDeraTionS

12.2.1  luMBer ThiCkneSS

Drying time increases disproportionately with thickness.  
A doubling of thickness results in more than a doubling 
of drying time.  Even minor variations in thickness can 
have an impact on drying time or final MC variability.  
Size variation and mixing of lumber dimensions are 
therefore a concern when drying lumber.

Some variation in lumber thickness is to be expected 
from normal sawing conditions, however, thickness vari-
ation greater than about 1.00 mm or 1/32-inch is usually 
a result of sawblade or feed problems in the sawmill.  
Thickness variation greater than this can have an effect 
on kiln drying SPF.  Thick lumber dries more slowly than 
thin lumber, so mixing thick and thin lumber in a kiln 
charge increases MC variation.  When drying in a high 
production environment it is not likely that you will be 
able to address this final MC variability by implementing 
an equalization treatment.  Therefore, the only practical 
way to deal with the problem is to work toward mini-
mizing size variations at the sawmill.  Also, when thick 
and thin pieces are mixed across a course, the thinner 
pieces are not restrained by the stickers.  This lumber 
is then free to cup, bow, crook and twist as shown in 
Figure 12-1.

Lumber with different target thicknesses should never be 
mixed (for example 1x6 with 2x6) in a kiln charge since 
clearly both over-drying of the thin and under-drying of 
the thick stock can occur.  Considering the difference in 

drying time and impact on quality it is usually more cost 
effective to dry two partial charges (each with a single 
thickness) rather than one charge of mixed thicknesses.  
The practice of “doubling” 1-inch boards with stickers 
only every second row, to simulate 2-inch stock is not 
recommended since when the kiln packages are broken 
down the boards will inevitably be wetter on the faces 
that were placed together, and may therefore cup upon 
further drying during storage, shipping or in service.  Al-
though stickering between every row results in less lum-
ber in the kiln there is an offsetting reduction in drying 
time as well as an improvement in final MC uniformity.

Figure 12-1
Excessive lumber size variation results in un-restrained pieces within 
the pile that will be free to warp and contribute to drying degrade.

12.2.2  luMBer lenGTh

The mixing of several lengths in the same load or pack-
age results in overhanging board ends as shown in Fig-
ure 12-2.  The protruding board ends result in large gaps 
between loads and because air passing through these 
gaps by-passes the greater part of a load, overall circula-
tion is reduced and drying time increased.  On the other 
hand, while the greater part of the load is exposed to 
reduced circulation, the overhanging ends are exposed 
to an abnormally high volume of air, and dry consider-
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ably faster than the bulk of the charge. This results in 
both non-uniform drying, extra warp, end-checking and 
a reduced volume of wood in the kiln.

 
 

In addition, because of lack of support and restraint, the 
ends are subject to warping (see Figure 12-2) and break-
age.  

Piling of mixed lengths is not recommended unless the 
material can be box piled.  Box piling is used extensively 
in the hardwood industry where drying random length 
lumber is a normal practice.  In this method the longest 
pieces are placed at the side of a pile in order to restrict 
the amount of air bypassing a load.  Shorter pieces are 
placed on the inside and positioned alternately flush 
with one end or the other of the bundle.  The technique 
of box piling is shown in Figure 12-3.  This piling method 
not only eliminates overhanging ends but also results in 
squarer packages that provide a better base for upper 
packages either in the yard or the dry kiln.  This results 
in less breakage of boards as well as less leaning and 
tipping over of lumber packages, and provides returns 
both in terms of improved lumber quality and improved 
safety.  Automated stacking systems are available to han-
dle mixed lengths and produce good-quality, box piled 
packages.

12.2.3  luMBer wiDTh

Ideally, board widths should be uniform throughout a 
kiln charge, or at least not vary more than 2-inches, i.e., 
4-inch with 6-inch wide, or 8-inch with 10-inch wide.  
This avoids the mixing of narrow width, high-MC sap-
wood with wider predominantly heartwood pieces which 
have a substantially lower green MC.  Another reason for 

drying uniform widths is to allow the operator to de-
velop schedules specific to the needs of each width.  As 
well as initial MC differences between material, as men-
tioned above, there may often be different final MC or 
quality objectives for different dimension material.  For 
example, some mills will prefer to run a gentler schedule 
on wider widths to avoid too much over-drying and the 
resulting cupping.

Figure 12-3
Box piling is an effective way of providing 
good restraint to all pieces when 
piling mixed lengths without 
impacting kiln airflow 
performance.

12.3  PilinG luMBer

12.3.1  Pile PreParaTion

Piling or stacking lumber involves assembling boards in 
horizontal rows or tiers, each row separated by a number 
of regularly spaced strips or stickers.  The spaces formed 
by the stickers are the passageways for the circulation of 
air.  Lumber may be piled directly onto kiln carts which 
are pushed or pulled on rails into a kiln.  This type of 
stacking which can be done manually or automatically 
eliminates the need for bunks at intervals up the height 
of the kiln load.  All of the spaces are therefore sticker 
spaces and air circulation should be very uniform.  Al-
ternatively, lumber may be piled as packages which are 
stacked on top of each other by forklift to achieve the 
desired height.  The thick bunks separating packages 
can, however, disrupt the uniformity of air flow.

Piling is one of the most important steps in the lumber 
drying process and it is important to note that all of the 
improvements in kiln designs and kiln schedules cannot 
offset drying degrade which originates by poor piling 
practices.  The principles of piling are very simple.

Stickers are placed at regular intervals (see section on 
sticker spacing) so that the rows of stickers are in per-
fect vertical alignment. The stickers should also be in 
alignment with the thicker supporting bunks below each 

Figure 12-2
Mixing board lengths in a single 
package (a) results in board ends 
with less restraint.  Overlength 
pieces (b) cause problems for kiln 
loading.  Both practices nega-
tively impact airflow through the 
kiln load.

(a)

(b)



P
R

EP
A

R
IN

G
 L

U
m

b
ER

 F
O

R
 D

R
YI

N
G
  

CH
AP

TE
R 

 1
2

79

package and those, in turn with the bunks at ground 
level or supporting points on the kiln carts.  In this way, 
all of the downward force is in a perfect line and there 
can be no tendency for boards to be forced out of shape 
due to misplaced stickers.  Figure 12-4 illustrates these 
points.  The sides of the pile should be as flush as pos-
sible, with no boards projecting beyond the others.  
Boards which do protrude will act as deflectors, causing 
more air to flow through some air slots and less air to 
flow through others.

Ideally, stickers should protrude by a small amount on 
both sides of the pile, regardless of the width of boards 
being piled.  When stickers do not provide full support 
and restraint for edge boards, extra warp will develop.  
Given this, it is also important that stickers do not pro-
trude too far.  Stickers protruding by more than 1 to 
2 inches (25 to 50 mm) are likely to get hung up on 
other packages when being placed in a storage yard or 
when being loaded for kiln drying.  This again results in 
unnecessary breakage of stickers and increased warp in 
unsupported boards.

Figure 12-4 
As shown here, stickers 
and bunks should be 
well aligned vertically 
to transfer weight from 
upper rows and provide 
good restraint to the 
lumber as it dries.

The outermost stickers should be placed as near to the 
ends of the boards as possible.  This minimizes warp 
at the board ends, which tend to dry faster, and it also 
reduces the tendency for end checking.  Problems can 
arise when handling long packages by fork-lift truck as 
the jostling and deflection of the lumber causes the end 
stickers to fall out.  This can be overcome through the 
use of plastic strapping (see later section in this chapter) 
or by reducing sticker spacing in the lower six to eight 
rows to stiffen up the packages.

12.3.2  STiCker SizinG

Width
Stickers are usually 1½ to 3½ inches (38 to 89 mm) wide.  
If narrower than this, stickers can bite into soft lumber 
and this reduces the height of the air slot.  If wider, the 
wood under a sticker may not dry and pockets of wet 
wood will be left along the lengths of boards.  One im-
portant reason for having a sticker width distinctly dif-
ferent (usually greater) than the thickness is to make sure 
that there is no confusion, either by the equipment or 
operators, on how to place the stickers.

Thickness
Sticker thickness is a subject which attracts a lot of at-
tention.  There is always interest in reducing sticker thick-
ness.  Thinner stickers obviously result in more lumber in a 
kiln but if that lumber dries more slowly or less uniformly 
the problems created may be greater than the advan-
tage gained.  Some claim that drying is faster with thin 
stickers, while others have found results to the contrary.  
The most common sticker thickness is 3/4-inch (19 mm) 
followed by 5/8-inch (16 mm).  By reducing sticker thick-
ness more lumber can be placed in the kiln. For example, 
kiln capacity can be increased by approximately 5% by 
reducing sticker thickness from 3/4-inch to 5/8-inch.

Typically a kiln is designed to achieve a certain airflow 
based on sticker openings of a fixed size.  Normally, this 
is about 3/4-inch (19 mm).  Reducing the sticker thick-
ness will also affect the physics of airflow in the kiln.  The 
use of a thinner sticker may actually increase air velocity 
through the load but decrease the total volume of air.  
The thinner stickers create more air passages therefore, 
the air being circulated by the fans is divided up among 
a greater number of passageways.  Consequently, the 
volume of air flowing between any two rows of lumber 
is less.  The reduction in air volume results in a greater 
temperature drop across the width of the pile, less uni-
form drying conditions and greater variability in final 
MC.  

The reduced opening size associated with thinner stick-
ers will increase static pressure on the upwind side of 
the load which could also have a negative effect on fan 
efficiency.  If you are considering the use of a thinner 
sticker on an existing kiln, problems will arise.  If you are 
building new kilns and want to use a thinner sticker, this 
change should be discussed with the kiln manufacturer 
well ahead of time.  The only way to compensate for the 
negative effects listed above is by installing a more pow-
erful fan system to achieve higher air flow rates.
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Uniformity in sticker thickness is as important as uni-
formity in lumber thickness.  Piling lumber on a mix of 
thick and thin stickers will result in boards, or portions of 
boards, that have less restraint on them during drying.

12.3.3  STiCker MaTerial

A variety of sticker materials are available, ranging from 
cheap in-mill generated green stickers to expensive, 
high-grade plastic and metal stickers.  Which type is 
most economical for a mill depends not only upon initial 
purchase price but also on sticker life.  For example, wide 
variations in lumber thickness and piling random-length 
lumber can distort and even break stickers.  The manner 
in which stickers are handled and stored can also impact 
sticker quality.

Actual sticker costs can be determined by dividing the 
cost of a sticker by the average number of times it passes 
through the kilns.  If new stickers are colour-coded, by 
painting the ends, they can be tracked to determine an 
average life-span.  Thinner or narrower stickers may be 
less expensive on initial cost but if the life expectancy is 
short, a larger sticker may be justified from the longevity 
issue alone.
 
Green stickers, either hardwood or softwood, suffer 
from a number of disadvantages.  Being green, they are 
inherently weak and soft in their first kiln charge and 
are therefore more prone to distortion due to uneven 
lumber thickness, and at the same time are less able 
to provide rigid restraint particularly in the uppermost 
rows of lumber.  Stickers will shrink during their first kiln 
run, and the amount of shrinkage will vary according to 
factors including species, wood type and grain angle.  
In this way a unit parcel of uniform-size green stickers 
may quickly develop into a range of sizes, particularly 
thickness, which will thereafter provide poor restraint 
against warp in the lumber packages into which they 
are placed.

Some SPF mills produce their own stickers from kiln-
dried stock.  Ideally these should be sawn from select 
clears which are straight grained and have few knots.  It 
is recommended that stickers not be made from lower 
grades since the presence of knots and cross grain result 
in excessive rates of breakage.

More expensive stickers include those made from phe-
nolic resins or plastics, aluminum, steel and LVL (lami-
nated veneer lumber).  They have barely been used be-
yond the experimental stage, but LVL stickers show the 
most promise.  They are uniform in size and MC when 

purchased, and are reported to keep their dimensions 
better and warp less than solid wood stickers.  A major 
disadvantage with non-wood stickers is the reduced fric-
tion between them and the wood.  This causes problems 
with loads shifting especially when dealing with frozen 
lumber.

12.3.4  STiCker SPaCinG

It must be kept in mind that stickers serve a dual role in 
drying – that of providing an airspace between rows and 
that of providing restraint for the material to minimize 
warp.  Both of these roles are affected by the spacing 
between stickers but it is the reduction of warp that is 
more significantly affected.  It is clear that the more con-
tact points between stickers and boards, the better the 
chance that those boards will be well restrained during 
drying.  The challenge, however, has always been to de-
termine the optimum sticker spacing that will minimize 
piling and sticker inventory costs and at the same time 
help avoid warp.

Softwood construction lumber mills use a wide range 
of sticker spacing.  The most popular spacing presently 
seems to be 4 feet (1.2 m) with 3 stickers on an 8-foot 
(2.4 m) package and 5 stickers on a 16-foot (4.8 m) 
package.  A few mills have gone to a 2-foot (0.6 m) 
spacing.  A study conducted by Forintek identified im-
provements in lumber quality with most reductions in 
sticker spacing.  In considering both the reductions in 
warp and the increased stacking costs, the following rec-
ommendations were developed: 

•	 for	regular	grade	softwood	dimension	lumber	a	sticker	
spacing of 32 inches (0.8 m) or less is recommended;

•	 for	high-quality	material,	a	sticker	spacing	of	24	inch-
es (0.6 m) is recommended:

•	 also	 employ	 a	 24-inch	 spacing	 (0.6	 m)	 for	 material	
with a greater tendency to warp including juvenile 
wood, plantation stock, and material with a high in-
cidence of compression wood and/or severe slope of 
grain (e.g., black/yellow spruce).

The Forintek study showed that on regular grade east-
ern SPF the percentage of pieces downgraded due to 
warp dropped from 2.2% to 1.3% as a result of reduc-
ing sticker spacing from 48 inches to 32 inches (1.2 to 
0.8 m).  When considering just superior grade products, 
with a much smaller tolerance for warp, the percentage 
of pieces downgraded due to warp was reduced from 
71% to 49% by going to a 24-inch (0.6 m) spacing.  To 
capitalize on this significant improvement in recovery of 



P
R

EP
A

R
IN

G
 L

U
m

b
ER

 F
O

R
 D

R
YI

N
G
  

CH
AP

TE
R 

 1
2

81

higher-grade material a mill could consider separating 
this grade at the sawmill and piling it with a narrower 
sticker spacing.

Wood becomes more plastic when it is exposed to high 
temperatures.  Therefore, the impact of missing stickers 
or misaligned stickers or bunks will be more pronounced 
when material is dried in a kiln versus an air drying yard 
and will be more severe again in kilns with higher drying 
temperatures.  Doing all of the basics of piling correctly 
becomes more critical as drying temperature increases.

12.4  PilinG warP-Prone luMBer

Some SPF lumber is naturally warp-prone; for example, 
lumber sawn from juvenile wood near the pith is likely 
to twist, and lumber sawn from logs containing com-
pression wood can develop crook or twist.  Piling such 
material warrants extra care since if the lumber can be 
held perfectly flat and straight during drying, then there 
is an excellent chance that it will remain straight when it 
is down-piled, planed and put into service.

Stickers must be in perfect alignment and there must 
be more of them, one for every 2 feet (0.6 m) of lumber 
length.  Sawing should be to very close thickness tol-
erances because a mixture of thick and thin pieces will 
result in the thinner pieces having no restraint from the 
stickers and they will be free to warp.

Lumber sawn from larger, mature logs seldom gives warp 
problems during drying but the utilization of smaller, 
younger logs can be expected to make this an increasing 
problem in the future.

When piling mixed dimensions or products in a kiln 
the more warp-prone material can be placed toward 
the bottom of the load to take advantage of the extra 
weight.  For example, some mills experience more warp 
in 2x3s since they often originate from very small logs 
and have more warp-producing characteristics.  On the 
other hand, wider boards are cut from larger logs that 
are often a better grade.  In this case, the wider mate-
rial could be placed on top of the narrower material to 
provide more restraint during drying.  Mill staff need to 
make this decision themselves based on their knowledge 
of the warp characteristics and drying times of their dif-
ferent material.

12.5  kiln loaDinG PraCTiCeS

If possible, all packages stacked on top of each other 
and side-by-side packages in a track kiln should be of the 
same length.  When this is not possible, the shorter pack-

ages should be placed on the top of the longer packages 
and on the side away from the top baffle.  The top baffle 
will provide maximum air flow benefit if it is in contact 
with lumber the entire length of the kiln.  If two shorter 
packages have to be positioned side by side in a track 
kiln, they should be staggered so that no voids are left 
to permit the air to short-circuit.  If the void is left at the 
end of the charge, air can pass around the end baffle. 

In some loading systems, stickers do not span the whole 
width of the pile.  For example, a 9-foot (2.7 m) wide 
pile in a package-loaded kiln may consist of two, 4.5-
foot (1.4 m) wide packages side-by-side.  In these situ-
ations, some air slots in one package may not line up 
with those in the adjacent package (see Figure 12-5a).  
This causes a great resistance to air flow through both 
packages reducing the air velocity and slowing the dry-
ing rate.  To overcome this problem a vertical chimney 
2 to 3 inches (51 to 76 mm) wide must always be left 
between the packages as shown in Figure 12-5b.  This 
way the air can move easily from the exit side of the air 
slots of the first package to the entry side of the air slots 
of the second package.

Figure 12-5
When sticker openings do not align (a) airflow is impeded and will 
cause problems with extended drying time and/or increased vari-
ability in final MC.  The problem is rectified by maintaining a chim-
ney of 2 to 3 inches (51 to 76 mm) in width between packages (b). 

12.6  ToP reSTrainT

Most losses from warp occur in lumber near the top of 
the lumber pile since that lumber has little or no weight 
above to hold it flat.  To save this lumber from degrade, 
weights in the form of concrete slabs or blocks or steel 
I-beams can be placed on top of the loads.  A number of 
hydraulic, spring-loaded clamps have also been suggest-
ed.  To be effective they must be capable of maintaining 
pressure on the load as it shrinks in height due to thick-
ness shrinkage of individual boards during drying.

(a)
(b)
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A Forintek study on this subject identified that warp loss-
es in the upper 10 to 15 rows of unrestrained material 
were, on average, twice as high as that in the rest of the 
load.  To prevent this, a top restraint in the order of 100 
pounds per square foot (500 kg/m2) is recommended.  
This equates to approximately 8 inches (20 cm) of con-
crete or 2.4 inches (6.1 cm) of sheet steel.  Figure 12-6 
shows the placement of concrete weights on a load of 
SPF lumber.  The savings associated with a reduction in 
warp must be balanced against the extra costs in order 
to make a judgment of whether or not this is economi-
cally viable.  Extra costs are incurred from a reduction in 
the number of rows of lumber in the kiln, the cost of the 
weights, and the extra time to handle, place and remove 
them from the load.  Another consideration with dead 
weight on top of a load is the potential safety hazard 
if equipment is not set up to handle the extra weight 
and guard against movement.  Figure 12-7 shows a me-
chanical restraining system incorporated into a kiln.  This 
type of device may not work in every situation but where 
it does, it removes some of the disadvantages associated 
with top restraint mentioned above. 

Figure 12-6 
A Forintek study has 
shown that approxi-
mately 100 lb/ft.2 
(500 kg/m2) of weight 
on top of a kiln load 
(8-inch thick concrete 
in this example) will 
reduce drying de-
grade in the upper 
rows of the kiln load.

Figure 12-7  
Top restraint can also 
be achieved by means 
of a mechanical device 
as shown here.  The 
device must be able 
to constantly adjust 
to maintain restraint 
as the load dries and 

shrinks.
12.7  PlaSTiC STraPPinG

Placing plastic straps around green bundles of lumber at 
the sawmill has been suggested as an alternative to top 
restraint.  Plastic strapping products are now available 
that can accommodate a certain amount of stretch in 
order to adapt to the shape and size of shifting packages 
as well as the shrinkage that occurs during drying.  A 
number of mills in Eastern and Western Canada have im-
plemented this measure and have realized benefits other 
than reductions in warp.  Based on experience at these 
mills, the main benefits attained are from a reduction in 
pieces lost from packages during handling in the yard.  
Another benefit stems from better maintenance of pack-
age integrity from the sawmill to the kilns.  Squarer pack-
ages means better restraint for all pieces within the load.  
The better secured packages can be handled more read-
ily, increasing productivity with the fork lifts.  Although 
the straps apply a considerable amount of compressive 
force to the load they do not reach the same level of 
restraint as a full top restraint system would.  However, 
the restraint that is applied is enough to achieve some 
benefit from a reduction in warp.

Plastic strapping systems can be quite simple and applied 
manually with handheld equipment or fully automated.  
Fully automated systems can incorporate some sort of 
package compression system to compress the package 
in both the horizontal and vertical directions prior to ap-
plying the strapping.  Other variables to be considered 
in implementing a strapping system include the grade 
or gauge of strapping, which can affect the tensile load 
that can be applied, and the number of straps to apply 
per package.  Some mills have opted for a single strap 
whereas others have gone with two.  In either case the 
strapping must be applied either over or adjacent to one 
of the vertical lines of stickers.  A single strap will help 
maintain package integrity but will not have a lot of im-
pact with regard to warp reduction.

The plastic strapping is removed only after the packages 
reach the planer mill and therefore it also provides pro-
tection against loss of material between the kilns and 
planer.  The used strapping is chopped up and returned 
to the manufacturer for recycling.

Some mills have tried using metal strapping but this typi-
cally becomes loose with the first handling after leaving 
the sawmill and quickly loses it effectiveness other than 
to stop boards from falling out of the package.
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13
AIR DRYING 

13.1  overview

Whether you realize it or not, you are involved in air dry-
ing your lumber.  Unless every board leaving the sawmill 
makes it into the dry kiln within a few days of being 
sawn it does get exposed to some drying from the natu-
ral elements.  If the material is managed and handled 
properly there is potential benefit from any drying that 
takes place at this stage.  On the other hand, if care is 
not taken, it can complicate the situation for the kiln op-
erator when the material arrives at the kilns.  Significant 
drying can take place at certain times of the year and if 
this is achieved in a uniform manner it can help reduce 
kiln residence times, reduce energy consumption and 
even reduce drying degrade.

When producing  SPF products such as dimension lum-
ber, the final MC requirements of 12 to 19% can real-
istically be reached in a well-managed air drying yard, 
avoiding the need for dry kilns.  Other considerations, 
however, such as inventory reduction, on-time delivery 
and phytosanitary (heat treatment) requirements often 
dictate that air drying is, at the most, a supplementary 
drying system.  Achieving uniformity in drying at this 
stage will produce a more easily dried product for the 
dry kilns.  Following the basics described in the next sec-
tions will help achieve a better degree of uniformity.

The following situations are examples of where air dry-
ing can realistically be used to advantage:

•	 pre-drying	of	a	wetwood	species	 such	as	balsam	or	
subalpine fir;

•	 pre-drying	material	at	times	of	the	year	when	the	kilns	
cannot maintain pace with the sawmill;

•	 drying	 material	 that	 is	 to	 be	 used	 domestically	 and	
does not require heat treatment;

•	 post-drying	of	“wets”	remaining	in	a	charge	after	an	
initial kiln drying treatment.
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13.2  The BaSiCS oF air DryinG

13.2.1  luMBer PilinG

Good piling is as critical for air drying as it is for kiln 
drying.  Proper alignment and spacing of stickers and 
bunks, as described in the previous chapter, will help re-
duce warp and promote airflow.

Stickers of less than 3/4-inch (19mm) can sometimes be 
accommodated in a dry kiln, assuming that the airflow 
system is designed around it.  In an air drying yard how-
ever, thin stickers are an impediment to airflow.  With a 
thinner sticker there is a greater resistance to air flow, 
causing slow drying and quick saturation of the air as it 
passes through the load.  If air drying is relied on as part 
of the overall drying program, stickers should be no less 
than 3/4-inch thick.  The main advantage from a thicker 
sticker will be the promotion of more uniform drying.

Securing packages of green lumber with one or two 
plastic straps at the sawmill will help maintain package 
integrity.  This topic is discussed in more detail in the 
previous chapter.  When air drying, there is sometimes 
a need to handle the lumber more often and transport 
it over longer distances in the yard.  Under these condi-
tions, plastic strapping will prove beneficial.

13.2.2  yarD loCaTion

The first step in setting up a successful air drying op-
eration is to select a good location.  There are several 
aspects of location that are important.  First of all the 
site should be located so that it is well exposed to the 
prevailing winds.  A yard located close to large buildings, 
next to a forested area, or other natural barrier will not 
achieve good air flow and therefore will dry more slowly 
and/or less uniformly.  The ideal location for an air drying 
yard is an elevated area, away from obstacles.

A second important aspect of yard location is choosing 
a site that is well drained with a firm base.  Figure 13-1 
shows the difference between a poor and a good base.  
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Poorly drained areas are more prone to frost heaving in 
the winter and sinking in the spring, both of which can 
cause loads to lean and even tip over.  This is a safety 
concern as well as a quality and productivity issue.  If a 
good natural base is not available, some time and effort 
should be made to prepare such a site.  Very few mills 
can afford to pave their air drying yard, but adding a 
good quality fill or gravel will help keep both roadways 
and piling areas level and smooth.  Not only does this 
provide a stable base for packages but it also promotes 
faster handling of material in the yard and better pack-
age integrity.

Figure 13-1 

As shown a well leveled yard and firm base (a) will facilitate package 
placement and spacing.  Leaning packages (b) not only are a safety 
hazard but contribute to uneven drying and extra drying degrade.

Figure 13-1 b

13.2.3  yarD orienTaTion, PreParaTion anD Main-
TenanCe

Once a smooth level site has been selected, the next step 
is to lay out a piling pattern and prepare pile bottoms 
to accept lumber.  There are two principal patterns for 
configuring an air drying yard — line and row arrange-
ments.  Figure 13-2 shows the placement of packages in 
both types of yards.  They can be compared to a track 
versus package-loading kiln not only in package arrange-
ment but also in the effect of each on drying.

In a line-type yard, the distance of air flow through the 
lumber stack is quite short, and more uniform drying can 
be expected.  Whereas in a row-type arrangement, the air 
must pass through much more lumber and some variation 
in drying rate can be expected.  A row-type yard should 
be limited to no more than 5 to 7, 4-foot (1.2 m) wide 
packages between roadways.  More than this will make it 
difficult to access material and will impede airflow.  The 
impact of distance of air flow is minimized in both yard 
arrangements by leaving approximately 2 feet (0.6 m) be-
tween packages.  This provides a means of injecting some 
fresh, relatively dry air into the air stream.

The orientation of the packages in relation to the prevail-
ing winds is another factor that must be considered.  Al-
though there are different theories, placing the packages 
at a slight angle to the prevailing winds as shown in Figure 
13-2 is the best compromise.  The wide face of the pack-
age should be almost perpendicular to the wind so that 
most of the air hits the sticker openings.  The angle helps 
ensure some infusion of new air into the spaces left be-
tween packages.  In areas with heavy snowfall, it is often 
desirable to orient the yard so that the spring sun shines 
along the alleyways left between packages.  This will help 
melt snow and allow early springtime drying.  In many 
cases these last two considerations may conflict, in which 
case a good compromise should be identified.

There are some other factors to be considered in decid-
ing to build a row or line-type yard.  With a line yard, all 
material can be accessed at any given time.  However, in a 
row-type yard, material can be blocked in, and if good in-
ventory practices are not maintained, a “first in, last out” 
situation can develop.  This defeats the main purpose of 
air drying, which is to reduce the MC to a lower and more 
uniform level before kiln drying.  For a given volume of 
lumber, a line yard will require more land area but the ad-
vantages of uniform drying and ease of inventory control 
may justify the extra cost.

Pile bottoms can be made from wood, concrete, steel, or 
combinations of these materials.  In an ideal setting, the 

(a)

(b)
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Figure 13-2 a & b 
Air drying yards can be set out in a row configuration (a) or a line configuration (b).  There are advantages and 
disadvantage with each as discussed in the text.

Row type yard Line type yard

Ro
ad

w
ay

Ro
ad

w
ay

lower portion, or main supports for the pile bottoms, 
would be permanently placed.  This helps ensure consis-
tent placement of packages with regard to the recom-
mendations mentioned above concerning orientation 
and spacing.  The pile bottoms should be at least 12 
to 18 inches (30 to 45 cm) high to provide good air 
flow below the packages and provide greater assurance 
that no packages come into contact with the ground.  If 
material is being kept for a long period of time it may 
be necessary to cut or spray weeds or grass to ensure 
they do not block air flow below or through the lower 
courses of wood.

In line-type yards, the number of packages between 
roadways is limited to two.  As mentioned above, the 
number of packages between roadways in a row-type 
yard should not exceed 7, 4-foot (1.2 m) wide packages.  
Jamming a larger number of packages between road-
ways results in poor air flow and a large variability in dry-
ing rate between packages located near the outside of 
the pile and those sandwiched in the middle.  This again 
contributes to non-uniform drying and could result in 
supplying a lumber mix to the kilns that will be more dif-
ficult to dry than fresh green material.

Longer bunks or additional bunks can be used to bridge 
between two adjacent rows of bundles (as shown in 

Figure 13-3).  This will provide greater stability for the 
individual rows and help reduce leaning or falling over 
of lumber piles.  Pile covers are used in some yards either 
when material is being stored for extended periods or 
in locations that receive significant amounts of rain or 
snowfall.

Figure 13-3 
When material is to be left in an air drying yard for an extended pe-
riod, the use of pile covers will protect the wood from re-wetting and 
bridging bunks will help prevent pile tipping.

(a) (b)Prevailing wind
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13.3  MoniTorinG anD invenTory ConTrol

All packages should be tagged, or otherwise marked, to 
indicate when they were placed in the air drying yard.  
This will facilitate the assembly of kiln charges of even-
aged material.  A paper or computer mapping/inventory 
system can be set up to quickly identify age and location 
of all material in the yard.

Aside from maintaining inventory records it is still impor-
tant to conduct visual inspections of material in the yard 
on a regular basis.  During a walk around the yard look for 
any bad practices related to piling or placement of pack-
ages in the yard.  Also look for signs of slow drying, such 
as mould or blue-stain beginning to develop on pieces, 
especially between rows of bundles.  Although severe end 
checking is not desirable, no sign of any end checking is 
probably an indication of overly slow air drying.

Monitoring of drying rate in an air drying yard is difficult.  
There are no practical ways of obtaining information on 
MC and MC changes when the material is significantly 
above the fibre saturation point (FSP = 25 to 30% MC).  
Once the material starts to approach the FSP, handheld 
moisture meters can be used to get a rough approxima-
tion of the wood’s MC.  This is useful in those situations 
where the objective of air drying is to remove some or all 
of the free water.

There is also the possibility of using wireless transmitters 
attached to DC-resistance probes to determine when a 
target MC has been met in an air drying yard.  These de-
vices are used in dry kilns for this same purpose but their 
application has been mostly limited to hardwoods and 
high-valued, softwood products.  For mills trying to opti-
mize their productivity this tool could help assure better 
consistency of material going into the kilns.

13.4  raTe oF DryinG in an air DryinG 
yarD

One of the ways of addressing the wet pocket issue in 
subalpine and balsam fir (see Chapter 4) is to air dry this 
material down to a MC where it will dry in a similar man-
ner and time to spruce and pine.  A Forintek study inves-
tigated this approach specifically with regard to its ap-
plication on Eastern balsam fir.  It was possible to air dry 
balsam fir from a green condition to approximately 18% 
MC over a 16-week period commencing in early April at 
a mill in South-eastern Quebec.  As in many locations 
across Canada, the best air drying conditions tend to be 
in April and May when there is good air movement and 
low relative humidity.  Figure 13-4 shows the observed 
air drying rate for balsam fir from this study.  Under 

spring and summer conditions, material over 35% MC 
dropped slightly more than 2% MC per day in a good air 
drying yard.  As with kiln drying, the drying rate slows 
considerably once the wood approaches the FSP.  These 
tests showed that balsam fir could be air dried to ap-
proximately the FSP in about 8 to 10 weeks under sum-
mer conditions.  At this point, the material can be placed 
in a conventional kiln and dried on a schedule similar to 
that employed for normal green spruce or pine.

Figure 13-4 
Drying rate of 2-inch (51 mm) thick balsam fir lumber in an industrial 
air drying yard in south-eastern Quebec.

Final MC uniformity is the main benefit achieved from 
air drying.  In the test described above, kiln drying bal-
sam fir from the green condition resulted in a standard 
deviation on the final MC of 8.6%.  By air drying to the 
FSP and then kiln drying, the standard deviation on final 
MC was reduced to 5.7%.  When the material was air 
dried completely to the target MC of less than 19%, the 
standard deviation was reduced to 2.4%.  When dried 
in combination with spruce and pine, a pre-air drying 
treatment for fir reduces the tendency to over-dry these 
other species.  Less over-drying results in less shrinkage 
and warp and therefore less downgrade and value loss 
due to drying.

Virtually all of the SPF producing regions of Canada ex-
perience significant winter conditions for at least a few 
months of the year.  The assumption has always been 
that material placed in the yard does not air dry during 
the winter months.  The tests described above demon-
strated that, although drying rates were slowed consid-
erably, the material did dry under winter conditions.  For 
high MC material, the average drying rate under winter 
conditions was approximately 0.6% MC per day.  There-
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fore, placing high MC balsam or subalpine fir in the air 
drying yard in the winter will still achieve some drying.  
The best scenario is to place this material in the yard dur-
ing the winter and leave it there through the early spring 
period when drying conditions are at their optimum.

13.5  SuMMary oF reCoMMenDaTionS 
relaTeD To air DryinG

1. Air drying does make an effective pre-treatment for 
balsam and/or subalpine fir and, in some cases, allows 
this material to subsequently be dried on a normal 
spruce and pine schedule.

2. Due to slow drying below the fibre saturation point 
and phytosanitary requirements, air drying is not a vi-
able total drying option but does work well in con-
junction with some form of elevated temperature dry-
ing system.

3. Proper air drying practices need to be followed to 
maximize drying rate and ensure uniform drying of all 
material.

4. An air drying yard can serve as an equalization treat-
ment for “wets” segregated after an initial kiln run.
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14
MONITORING ThE KILN DRYING PROCESS
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14.1  luMBer ConDiTionS BeFore kiln

DryinG

Knowledge of the history and, in particular the moisture 
condition of the material entering the kiln is valuable 
when determining what drying conditions to apply to a 
given load.  Chapters 10 and 11 provide an overview of 
variables that need to be considered when tracking and 
handling material prior to the kiln.  The next step in the 
information process is to be able to gather and interpret 
information during the drying process in order to make 
the best decisions possible.  Most industrial drying pro-
cesses for SPF dimension lumber do not lend themselves 
well to human intervention either due to the physical 
conditions in the kiln or the shortness of the drying cycle.  
Therefore, practices applied in other lumber drying situ-
ations may not work well or will have limited use for SPF 
drying.  Information collected before and during drying 
will help the operator make the best decisions with re-
gard to the application of drying schedules which are 
covered in Chapter 15.

One way to gather some information on the starting 
condition of the load is to use a DC-resistance meter to 
sample MCs along the edge of the kiln load.  This can 
be done either before the load is placed in the kiln or 
after it is pushed/loaded in the kiln but before starting 
the kiln.  Although the absolute MC levels measured at 
this stage are not very accurate, they do provide some 
insight into the condition of the load, especially if some 
air drying has taken place.  With some experience, an 
operator will learn to detect differences between spruce/
pine versus balsam/subalpine fir.  In this manner they can 
get a measure of the relative proportion of each in a kiln 
load which could help with schedule selection or better 
estimating the required drying time.

14.2  TeChniqueS For MoniTorinG ProG-
reSS oF DryinG
14.2.1  luMBer-weiGhT MeThoDS

14.2.1.1  loaD weiGhT

Laboratory test kilns are frequently designed so that an 
entire load rests on a weighing system allowing weight 
loss to be measured continuously throughout a run.  If 
a reasonably accurate measure of the initial average MC 
for the load is made, the changes in load weight can 
then be used to calculate subsequent average MC values 
for the load.

Similarly, a few kiln manufacturers have incorporated sys-
tems to measure an entire package or kiln cart of lumber.  
The information on package weight can be utilized in 
several ways.  As described above if the initial MC of the 
wood is known, the subsequent weight changes can be 
related to MC changes.  The rate of weight change may 
be an indicator of the status of the charge.  Since drying 
rate steadily declines throughout the process, achieving 
a certain rate of weight loss may be a good predictor 
of intermediate or end-point MC.  Another technique 
would involve knowing the specific gravity and volume 
of material in the portion of the load being weighed.  
Specific gravity could either be taken from the literature 
(see Chapter 3) or an average value determined for the 
range of material being processed.  If the weight, spe-
cific gravity and volume of a piece of wood is known, it 
is a relatively simple calculation to determine the initial 
and any subsequent MCs.  Procedures to relate specific 
gravity, weight and MC are described in Chapter 3.

14.2.1.2  SaMPle BoarD MeThoD

An approximation of the load weighing method is re-
ferred to as the sample board technique.  This technique 
involves using selected sample boards from a load and 
monitoring their individual weight losses.  It is employed 
widely in the hardwood industry for high-valued prod-
ucts requiring long drying times.  It can also be applied 
in drying high-grade softwoods where long schedules 
are used, hence it is described here.  Another potential 
application in the softwood dimension lumber industry is 
as a tool to help develop drying schedules.  The method 
consists of placing a number of prepared sample boards 
in a load to be dried so that they can be withdrawn at 
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various intermittent times, and weighed to estimate 
their MC.

Boards from which samples are to be cut, should ideally 
be selected while the lumber is being piled for drying.  
The boards selected should be representative of the dri-
est and wettest, thickest and thinnest, edge-sawn and 
flat-sawn, and from boards containing varying amounts 
of sapwood and heartwood.  At least 18 to 24 inches 
(46 to 61 cm) should be trimmed from each end of these 
boards.  The next 1-inch (25 mm) along the grain is then 
cut off to obtain a MC section.  The cutting procedure 
for a sample board is shown in Figure 5-1 in Chapter 5.  
The remaining portion of the board will form the sample 
board to be placed in the load.  It should be no shorter 
than 2 to 3 feet (0.6 to 0.9 m) in length.  Neither the 
MC sections nor the sample boards should contain pitch 
pockets, rot, knots or large amounts of bark.

Sample boards should be end coated with an imperme-
able coating such as roofing tar, silicone sealant, or a 
very thick paint to prevent end drying.  The most practi-
cal placement of samples boards is somewhere in the 
opening created by the supporting bunks. 

Each time the sample boards are removed they are 
weighed and their MCs are calculated as described be-
low:

Step 1: 
Calculate the average MC of each sample board by oven drying the 
two small sections and using the procedure described in Chapter 5 to 
determine their individual MCs.   Average the two MCs to determine 
an “Average MC” for the sample board.

Step 2: 
For each sample board calculate its predicted oven-dry weight accord-
ing to the formula:

Step 3: 
Each time a sample board is removed during drying, it is weighed 
and its new weight used to calculate an intermediate MC using the 
following formula:

Predicted Oven-dry Weight = Green weight of board

(Avg. Moisture Content + 100)
x 100{ {

Intermediate 
MC (%) =

(Intermediate Weight-Predicted Oven-dry Weight)

(Avg. Moisture Content + 100)
x 100{ {

Changes can then be made in schedules when either the 
average of the MCs of all the sample boards reaches a 
change point, or when the wettest sample board reach-
es a change point.

It will be obvious that the sample board method would 
be difficult to use in situations of high productivity with 
short drying cycles.  In addition, since access to the kiln 
is necessary, it can only be used when the kiln tempera-
tures are low enough to permit entry; and the method 
cannot be used in direct-fired kilns where burner emis-
sions create an environment dangerous to humans.

A major drawback to this technique lies in the number 
of samples that can be tested, and in how representative 
they are of the total load.  A sample of 12 boards out of 
50,000 or more in a load may not be truly representa-
tive.  Added to this is the fact that where the samples are 
placed in the load will represent the drying conditions 
only at those locations in the kiln.

A potential application of the sample board technique in 
a high-speed softwood drying operation would be as a 
tool to develop or test drying schedules.  The drying rate 
information that can be obtained is useful in identifying 
where to make changes in a drying schedule.  In this 
manner sample boards could occasionally be used to de-
velop new or to optimize existing drying routines.

14.2.1.3   in-kiln SaMPle BoarD weiGhinG

Another way of implementing the sample board tech-
nique is by automating the process of collecting inter-
mediate board weights.  Electronic load cells have been 
developed that will tolerate and work well in a kiln envi-
ronment.  One obvious application has been to replace 
the manual weighing of sample boards when drying 
high-quality woods.  There are several kiln instrument 
manufacturers offering this type of control system.  Once 
the technical hurdles of weighing a sample in a dry kiln 
have been overcome, the concept is simple, accurate, 
and straightforward.  Load cells are available that cover 
a wide range of operating temperatures but there are 
limits either imposed by the technology itself or cost.

The advantages over a manual sample board system are 
continuous weighing rather than spot checks and the 
possibility of weighing samples in an environment in-
hospitable to a human operator (direct-fired kilns).  The 
operator must still manually select and set up the sample 
boards as in the past, but they are now placed in an ap-
paratus either on or suspended from load cells to con-
tinuously monitor individual sample weight.
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14.2.2  eleCTroniC MeThoDS

14.2.2.1 DC-reSiSTanCe ProBeS

Lumber MC can be estimated using the DC-resistance 
principle and sets of electrodes inserted into predrilled 
holes at one or more depths in each of a number of 
boards in the kiln charge.  The principle of measurement 
is almost identical to that of hand-held moisture meters 
described in Chapter 5.  A major limitation of this type 
of monitoring is the inherent inaccuracy of resistance-
type systems above fibre saturation point (FSP), and the 
need to make temperature adjustments to the readings 
obtained.  In a computerized system the temperature 
adjustment can be taken care of automatically.

Again, as with the above weight-based sample board 
method, the selection of sample boards to adequately 
represent the entire load, and their location in the load, 
clearly influence the accuracy of the system.  One meth-
od to screen boards and make a final selection is to use 
a handheld DC-resistance meter.  By pinning a larger 
number of boards, a smaller sample can be selected that 
still represents the range of material present in the entire 
load.

This method can be used not only as a feedback system 
to assess progress of drying, but can also be incorporated 
into a continuous fully automatic kiln control processor.  
Many operators will use the DC-resistance estimates of MC 
as only one of two or more means of predicting final MC 
in order to make a decision on when to terminate drying. 

Figure 14-1 
Some kiln controllers and independent MC monitoring systems utilize 
DC-resistance probes placed in boards within the kiln load to monitor 
drying rate and/or determine end point.

of a pair of metal strips that are slid through the sticker 
openings (see Figure 14-2).  Each kiln can be fitted with 
multiple sensors to obtain MC estimates from various ar-
eas of the load.  The metallic sensor strips are spaced at 
a pre-determined distance (i.e., specific number of rows) 
apart.  This typically results in 200 or more boards being 
contained within the sensing zone.

This type of in-kiln moisture detector provides a single 
MC estimate for each sensor.  This MC estimate is in-
tended to represent the average MC for all of the mate-
rial in the sensing zone.  How well that value represents 
the actual MC depends to a large extent on how well the 
system is calibrated.

Figure 14-2 
An example of an in-kiln MC monitoring system based on a dielectric 
principle and using probes that extend through part of the kiln load.

14.2.2.2  DieleCTriC ProBeS

Several manufacturers are now providing an in-kiln mois-
ture sensing system that measures the dielectric proper-
ties of an entire bundle (or large portion of a bundle) of 
lumber.  The sensors of these systems typically consist 

Most systems can accommodate 8 or more sensors per 
kiln.  The data is fed to a central computer that can be 
used to monitor multiple kilns.  The readings are col-
lected on a continuous basis and therefore a drying 
curve is generated for the material in each sensing zone.  
The primary application for the MC data is to serve as 
an operator assist in determining the most appropriate 
time to shut the kiln down.  The ultimate benefit should 
be a reduction in the number of charges that are either 
under- or over-dried.  A more consistent final MC means 
less downgrade from warp, associated with over-drying, 
or “wets”, resulting from too short a drying cycle.  An-
other possible application of the information is to as-
sist in operating the kiln by providing intermediate MC 
values that help the operator determine when to make 
schedule changes.



m
O

N
IT

O
R

IN
G

 T
h

E 
D

R
YI

N
G

 P
R

O
C

ES
S 

 
CH

AP
TE

R 
 1

4

92

Taking more time and effort to calibrate the system 
will help achieve more consistent results and a faster 
payback on the investment.  The following sugges-
tions are provided as a guide on how to approach the 
process of calibrating a new in-kiln moisture detector.  

•	 First,	determine	the	base	line	to	which	results	will	be	
compared.  In many mills this is likely to be the in-line 
moisture meter at the planer.  If this is the case, make 
sure that the in-line meter has also been properly cali-
brated and is in good working order before beginning 
the process of calibrating the in-kiln detector.

•	 In	order	to	calibrate	against	an	in-line	moisture	meter	
it will be necessary to capture data from individual kiln 
charges as well as lumber originating from each of 
the sensing zones being monitored.  In this manner, 
it should be possible to develop correlations among 
individual probe readings (taken at the end of the kiln 
run) and average MC data from the in-line meter from 
the sampling zone.  Likewise, it will be possible to 
eventually develop correlations between the average 
of all the final probe readings from a given kiln charge 
with the average MC data from the in-line meter for 
the entire charge of lumber.

•	 Without	an	in-line	meter,	it	is	still	possible	to	develop	
the same types of correlations but it will take a little 
more effort.  Separate material from each of the sens-
ing zones can be identified for MC measurements us-
ing a hand-held meter. For data on the entire charge, 
spot checks on it can be conducted as it is being pro-
cessed at the planer mill.

•	 For	 improved	overall	accuracy,	one	of	 the	mill	mois-
ture measuring systems should be calibrated against 
oven-dry determinations of MC.  The oven-dry pro-
cedure is the most accurate procedure available and 
provides the best base line for any moisture meter.  In 
a mill with an in-line meter it can be calibrated against 
oven-dry results.  Other systems, such as the in-kiln 
meter, could then be calibrated against the in-line 
meter.  An important consideration is to make sure 
that whatever is done is tied in with the system that 
is ultimately being used to judge the final MC of the 
product.  This could include sampling procedures or 
correction factors that are specific to the products be-
ing produced or customer being served.

The main disadvantage of this type of in-kiln moisture 
sensor is the absence of data related to final MC vari-
ability.  It may be possible to obtain improved informa-
tion with regard to average MC for the load but these 
systems do not provide any board-by-board MC data.  If 
drying material that has very consistent final MC char-

acteristics, this may not be so important.  However, in 
many cases it is the standard deviation (variability) on the 
final MC that determines when a load can be pulled.  If 
this is the case, then it may still be necessary to conduct 
a hot check with a handheld meter capable of obtaining 
board-by-board data.

14.2.3  TeMPeraTure DroP aCroSS loaD (TDal)

Temperature drop across the load (TDAL) is a parameter 
used by several manufacturers and is a measure of the 
amount of energy given up by air in evaporating mois-
ture as it passes over wet wood surfaces.  Typically most 
woods will produce a large temperature drop across 
the load at the start of drying with this value becoming 
smaller as drying progresses.  With experience, a given 
temperature drop across the load value can be interpret-
ed as an end point in drying and an indicator of when to 
shut down a kiln.
 
In order to use TDAL effectively, the value must be cor-
related against some other system.  The procedure de-
scribed in the previous section on calibrating an in-kiln 
device can be used to develop correlations between final 
TDAL values and final MC values observed at the planer 
mill.  TDAL is affected by a number of other variables and 
it will therefore be necessary to develop correlations for 
a number of different operating conditions.  This would 
include different drying schedules, different products in 
the kiln, and especially different airflow characteristics.

14.3  TeChniqueS For DeTerMininG The 
enD PoinT in DryinG

Determining when a kiln charge is dry is critical to suc-
cessful kiln drying.  Under-dried lumber has a MC that 
fails to meet standards and is usually unsuitable for its 
intended end use.  Over-drying increases the likelihood 
of drying degrade as well as wasting energy and produc-
tion time.

Each of the above methods can be used to estimate dry-
ing end-point but the following conditions and require-
ments apply.

14.3.1  SaMPle BoarD MeThoDS

Whether weighed manually or with an in-kiln system the 
success of these methods depends on the initial board 
selection being representative of the load, placement in 
the load, not being in ‘cold-spots’ or ‘hot-spots’ in the 
kiln, and frequent measurement towards the end of a 
drying cycle to avoid over-drying.
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14.3.2  in-kiln DC-reSiSTanCe ProBeS anD  
DieleCTriC ProBeS

Both these methods can be used to estimate end-point 
MC provided that adequate care is taken to correlate 
readings against measurements taken at the planer mill.  
In the case of DC-resistance it is important to apply cor-
rect wood temperature adjustment factors.  Even if this 
is done automatically the appropriateness of the factors 
applied should be verified.  Final wood temperatures will 
be very close to the  kiln’s dry-bulb temperature, but the 
actual values can only be determined if a temperature 
probe such as a thermocouple is also inserted into the 
sample boards.

The accuracy of these methods will improve as data from 
successive runs are accumulated and the kiln operator 
gains experience by comparing with feedback from 
moisture checks subsequently carried out on loads after 
removal from the kiln and cool-down are completed.

14.3.3  TeMPeraTure DroP aCroSS loaD (TDal)

TDAL values drop towards the end of a drying cycle since 
less energy is consumed in evaporating moisture from 
the wood.  Exactly what TDAL value is used in estimating 
end-point can only be learned from experience, and as 
with other methods must be correlated with data later 
obtained from quality control checks of dry dressed lum-
ber.  Record keeping is of primary importance to allow 
confident interpretation of TDAL data.

14.3.4  hoT CheCkS

A hot check entails using a hand-held moisture meter to 
estimate the MC of a load of lumber still in a kiln.  The 
“hot” portion of the term refers to the temperature of the 
wood at the time of the test.  The reason for conducting 
a hot check is to determine whether or not a particular 
kiln load has reached the desired final MC.  Sometimes 
this test may be simply a double-check on information 
obtained by some of the other measures described above.  
In other cases it may be the only check on final MC.  The 
reason for conducting this test while the wood is still in 
the kiln is that if the wood is not dry enough the kiln can 
be re-started to complete the process.  There are safety 
considerations when conducting this test.  Management 
and the kiln operating staff must establish safe operat-
ing practices.  These practices will vary from mill to mill 
depending on the nature of the kiln equipment but the 
following points should all be considered:

•	 lowering	the	temperature	to	a	“safe”	and	reasonably	
comfortable level;

•	 if	 the	 kiln	 is	 direct-fired,	 implementing	 some	proce-
dure to ensure that the kiln is well aired out before 
anyone enters;

•	 putting	in	place	measures	to	prevent	or	guard	against	
loose boards falling off the load;

•	 locking	out	 the	kiln	 to	prevent	 its	operation	and	 in-
forming a co-worker that someone is in the kiln.

There is no one preferred tool for conducting a hot check.  
Both DC-resistance meters and dielectric (RF) moisture 
meters can be used.  In general, a DC-resistance meter 
works well for uniformly drying species and a dielectric 
meter for wet pocket-prone species.  When sampling a 
wet pocket species it is important to get a large sample 
of readings and this is more easily done with a dielectric 
meter.

The DC-resistance meter must be used with insulated 
pins to ensure that the readings obtained are always 
originating from between the tips of the pins.  With this 
meter, the only boards that can be accessed are along 
the side of the kiln load.  It is necessary to pin the boards 
from the edge, rather than the wide face as is typically 
done outside the kiln.  The moisture gradient from the 
edge will be different from that on the wide face and 
this necessitates pinning a little deeper than normal.  
There is no rule on what depth to pin to, but if the nor-
mal pinning depth is 3/8-inch (9 mm) on the wide face 
it will be preferable to pin to about 3/4-inch (19 mm) 
from the edge.  The most important consideration is to 
ensure that the pinning depth is kept constant.  This can 
be done by placing a block over the pins to prevent them 
being driven in any deeper than the target depth.  By 
keeping pinning depth and other test variables constant, 
more success will be obtained in correlating hot check 
results against other checks of final MC normally done 
at the planer mill.

When using a dielectric meter for a hot check, it must be 
fitted with a probe to insert between the sticker open-
ings.  As with the meter itself, the sensing pad at the end 
of the probe must make good contact with the wood 
being sampled.

With both meters, correction factors must be applied 
either manually or automatically by the meter.  For a DC-
resistance meter it is necessary to correct for the effect 
of both wood species and temperature.  In the case of 
temperature, it is often difficult to estimate the tempera-
ture of the wood itself.  It is recommended to use a small 
gauge thermocouple wire and electronic thermometer 
to measure the internal temperature of the wood.  The 
average of 2 or 3 readings should be sufficient, with the 
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caution that if measuring on both sides of the load the 
temperatures may differ.  For the dielectric meter, species 
and temperature corrections are also required.

The most important aspect of a hot check is to standard-
ize the sampling procedure and ensure that it is used 
consistently by each operator at a given mill.  There are a 
large number of variables that can affect the relationship 
between the hot check and MC sampling taken later.  
Each mill therefore needs to establish its own correla-
tion between hot checks and “true MC”.  Some of the 
techniques described in the section on in-kiln moisture 
sensors can be followed for developing a correlation be-
tween hot check results and the more accurate estimates 
of MC obtained later, after the lumber has cooled.  Fig-
ure 14-3 shows a sample graph developed for a mill to 
correlate hot check results against final MC measured at 
an in-line meter in the planer mill.

Figure 14-3  
Hot check moisture estimates should be calibrated against another 
system, such as an in-line moisture meter, to make the process more 
accurate and determine the most appropriate shut down time for the 
kiln.
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Mill staff need to establish their own base line for final 
MC.  This base line MC for any mill depends on the level 
of accuracy and expectations of customers.  At an SPF 
mill producing dimension grade lumber it is important to 
compare hot check results against the same procedures 
used by the grading association to assess final MC.

A quick and easy measure of the effectiveness of a hot 
check is the number of times needed to re-start a kiln 
after conducting a hot check.  One of the goals of con-
ducting a hot check is to optimize the drying time for 
a particular kiln and product.  If the lumber is always 
over-dried and it is never necessary to re-start the kiln 
this objective has been missed.  Since drying times do 

vary between loads of lumber, a successful hot check 
procedure will inevitably identify charges that need to 
be re-started from time to time.  Over time an operator 
will learn to judge how much additional drying time is 
needed based on the results of the hot check.  Once this 
is done, a second hot check may not be necessary.  A 
final check outside the kiln will be sufficient.



D
R

YI
N

G
 S

C
h

ED
U

LE
S 
  

CH
AP

TE
R 

 1
5

95

15
DryinG SCheDuleS 

CH
AP

TE
R 

15

15.1  overview

This chapter provides background on the process for de-
veloping a drying schedule as well as examples of specific 
drying schedules.  Material presented in earlier chapters 
should help the reader select the best solution for their 
particular situation.  There are too many variables that 
need to be considered to allow listing a schedule to cov-
er every possible industrial drying scenario.  Schedules 
are listed for specific species and dimensions and guid-
ance provided on how to select or modify a schedule for 
species mixtures.  No claims or assurances are made with 
regard to drying time or quality.  The schedules provided 
should be considered as starting points from which a mill 
can develop their own site-specific drying procedures.

Most of the Canadian lumber drying industry still oper-
ates with control systems and drying schedules based on 
temperature in degrees Fahrenheit.  In order to simplify 
the presentation and interpretation of drying schedules 
in this chapter they will all be listed in Fahrenheit.  A ta-
ble of conversions is listed in Appendix I of this manual.

15.2  STraTeGy

Anyone who has operated a kiln drying SPF lumber will 
already know that there is no “cookie-cutter” approach 
to drying this species mix.  A lot of attention has been 
given in earlier chapters to the diversity of material prop-
erties both within and among species.  In addition there 
are many site-specific factors to be taken into consid-
eration.  Everything from logging practices to green 
lumber storage in the mill yard and the various steps in 
between can have an impact.  As a result it would be 
impossible to provide specific drying schedules to cover 
every potential situation.

The objective of this chapter is to build on the knowl-
edge gained from understanding the material and the 
drying process and to apply that knowledge to develop 
drying processes that work well for a particular situation.  
Hopefully, by the end of this chapter, the reader will be in 
a better position to use the examples provided and the 

strategies described to develop their own specific drying 
process.

The term “drying process” is used instead of “drying 
schedules” to convey a specific message.  “Drying pro-
cess” is a broader term that encompasses not only what 
is done when the material is in the kiln, but many of the 
pre- and post-drying practices such as:
•	 whether	a	mill	is	pre-sorting

•	 whether	a	mill	is	air	drying

•	 whether	a	mill	is	re-drying.

These are all examples of dynamic processes going on 
that must be understood, monitored, and, in each case 
controlled in order to maintain good productivity and 
highest recovery of upper grade products.

15.3  SeTTinG The TarGeT 

The first step in any journey should be to know the end 
point.  Setting good targets helps everyone focus on 
modifying the process to achieve the objective.  Targets 
can always be modified later if it is found that the cost 
of achieving them is too high.  Without them, however, 
many operators will end up searching for the right solu-
tion and may not even recognize it when it happens.

What are the targets that need to be set and how are 
they set?  The key element at this stage is communica-
tion with and involvement of others within, and perhaps 
outside, the operation.  One objective of any drying op-
eration is to get the material to a condition that it will 
perform well in its intended end use.  Therefore some 
knowledge of the end use of the material is necessary 
in order to set realistic goals and objectives for the dry-
ing operation.  For a SPF operator there are a number 
of potential end and intermediate users of the product 
that will have an interest in the dry lumber quality.  The 
following is a list of traits that are desirable from the 
standpoint of different stages in the lumber manufactur-
ing and utilization chain.
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•	 The	planer	mill	operator	likes	flat	lumber	that	is	not	too	
dry on the surface as this material will machine well 
and reduce the incidence of jam ups at the planer.

•	 The	mill	manager	wants	good	straight	lumber	in	order	
to get the highest percent of upper grade lumber that 
is dry enough that no claims are being made on final 
MC, and that is dried in the shortest time possible.

•	 The	grade	inspector	wants	to	see	that	the	 lumber	 is	
dry enough to meet the 19% MC requirement.

•	 The	end	user	wants	straight	lumber	that	will	remain	
straight.

•	 The	kiln	operator	wants	to	keep	all	of	the	above	happy!

Fortunately, these desired attributes are not mutually ex-
clusive but they do require that the kiln operator devel-
ops a compromise strategy that keeps everyone happy.  
The first part of that strategy is setting the targets for the 
drying operation.  The following criteria can all be con-
sidered in setting up targets for the drying operation.

15.3.1  Final MoiSTure ConTenT

Final MC is the most obvious objective in drying.  In 
North America, the National Lumber Grades Authority 
(NLGA) specifies that if lumber is to be marked as “S-
Dry” it must be dried to a MC of 19% or less.  Further-
more, if an inspection of final MC is conducted, 95% or 
more of the material must be at 19% MC or less.  This is 
the requirement that most SPF operators have targeted 
over the years. However, this is a market requirement for 
final MC and should not necessarily be considered as the 
final MC target at the kilns.  Circumstances may dictate 
that a different target is developed for the kilns in order 
to maximize productivity and/or grade recovery.

Recently, certain products or markets have started de-
manding MCs different than the traditional 19% value 
for SPF lumber.  The NLGA specifies that material can 
be marked at a different final MC requirement such as 
“MC-15”.  This allows the supplier and user to agree on 
a different MC.  In many instances, however, the final MC 
requirement may be set directly between the end user 
and supplier.  In some cases this may be another manu-
facturing step such as a glulam or I-beam operation.  In 
other cases it may be a special requirement developed by 
a wholesaler or retailer of the product.  When wood is 
to be stored in and sold from a heated warehouse type 
of store (rather than the traditional lumber yard) it may 
be desirable to dry it to a lower MC.  In other cases, the 
lumber manufacturer themselves may decide to develop 
a different specification as part of a marketing strategy.
It is impossible to list specific target MCs for every situ-
ation.  These targets need to be developed taking into 

consideration the needs of the end user(s).  Many tradi-
tional markets for SPF lumber will continue to request 
“under 19%” as the requirement but even this needs to 
be clearly defined.  NLGA grading rules allow for up to 
5% of the product to be off “spec” for final MC.  In some 
cases, such as a RF gluing operation, even 5% of mate-
rial above 19% MC may be enough to cause problems.  
As another example a glulam manufacturer may request 
that all material be dried to an average MC of 12% +/- 
2% MC.  In another case, the end user may be concerned 
about not only the average or maximum MC but may 
want to avoid too much over-dried material.

Thus it is important to discuss the needs of the end user 
and then clearly agree on the target.  Once that is in 
place, the kiln operator can develop drying strategies that 
will achieve those targets.  Once the targets are known, 
the kiln operator can also comment on the attainability 
of them given the known properties of the resource and 
capabilities of the equipment.  For example, if a tight 
final MC requirement is needed and the resource mix 
has a high percentage of balsam fir, the kiln operator will 
need to run a relatively long, mild schedule with a long 
equalization treatment.  The kiln operator and manage-
ment can then make a judgment on whether or not this 
can be done economically.

15.3.2  DryinG DeGraDe

Defining an acceptable level of drying degrade is another 
objective that should be clearly stated from the outset.  
Drying degrade refers to the loss in value associated with 
drying.
 
As with moisture specification, the NLGA grading rules 
define what is allowable in terms of the various forms of 
warp.  These are usually minimum standards to target 
and the market may demand something different.  As 
an example, many companies selling “Premium” grade 
material will specify that warp levels be no more than 
half of that allowed in No.1&2 Common lumber.

Another component of drying degrade is trim loss.  Vol-
ume loss due to trimming to remove drying defects and 
the drop in grade described above will combine to cre-
ate a certain value loss due to drying.  It would be easy 
to specify that losses due to drying should be “zero” or 
“minimal” but it is more reasonable and realistic to set 
an achievable target against which the performance can 
be measured.  Ways and means of measuring the value 
loss associated with drying are described in Chapter 18 
“Quality Control Measures”.

Setting a target and then measuring performance against 
it will help the kiln operator modify drying schedules.  As 



D
R

YI
N

G
 S

C
h

ED
U

LE
S 
  

CH
AP

TE
R 

 1
5

97

an example if the material being dried is warp-prone, the 
kiln operator may want to run a milder schedule to avoid 
over-drying too much material.

15.3.3  DryinG STreSS

In most applications for SPF lumber, drying stress is not 
a concern.  Drying stress becomes a concern when the 
end user will be machining the wood into a shape differ-
ent than the regular rectangular cross-sectional shape of 
dimension lumber.  Another situation where stress is of 
concern is when the wood is to be re-sawn.  Examples of 
both are shown in Figure 15-1.

Figure 15-1
Residual drying stress can cause warp to develop in dry lumber that  
is either resawn or machined. 

The important aspect from the point of view of the per-
son setting up the kiln schedule is whether or not drying 

stress is of concern.  If it is, then a conditioning treat-
ment must be incorporated in the schedule and some 
allowance made in the estimate of drying time.

15.4  STruCTure oF a DryinG SCheDule
15.4.1  Dry-BulB anD weT-BulB TeMPeraTure  
PaTTernS

Drying schedules can be described in a tabular or graphic 
form.  Historically, drying schedules were typically a se-
ries of steps and, therefore, a tabular format worked well.  
Most kiln controllers now make changes on a gradual ba-
sis.  For this reason a graphic format is usually the best way 
to view and compare schedules.  A tabular format is more 
often used when translating the schedule into something 
the control system can implement and all control systems 
tend to have their own particular format.  Schedules pre-
sented in this chapter will all be listed in a graphic and 
tabular format as shown in Figure 15-2.

The schedule shown in Figure 15-2 follows the typical 
pattern of a softwood drying schedule.  The dry-bulb 
temperature starts low and, after an initial, rapid heat 
up phase continues to gradually rise over the course of 
the drying period.  The difference between the dry-bulb 
and wet-bulb temperatures (known as the wet-bulb de-
pression) also increases over the course of the drying 
schedule.  This increase in depression is associated with a 
decrease in RH and equilibrium moisture content (EMC).  
Most drying schedules follow this pattern.  The reasons 
for this are explained in the earlier chapters on Wood 
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Green-55
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6.6
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4.9

End
20-end

195
160
4.9

Figure 15-2
Typical pattern of an SPF dry-
ing schedule (Schedule No. 1 
from Appendix IV).
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Structure as Related to Drying (Chapter 2), Wood Mois-
ture Relations (Chapter 3), and Physical Elements of Dry-
ing (Chapter 6).  Where schedules start to deviate from 
this pattern is when additional treatments to equalize or 
condition the wood are required.

15.4.2 airFlow aS ParT oF a DryinG SCheDule

Drying schedules, including those listed in this manual, 
do not typically include specifications for airflow.  Dry-
bulb and wet-bulb temperature affect drying rate of 
wood as does airflow (see Chapter 6).  We know that 
higher airflow at certain stages in drying will result in 
an increase in drying rate.  Therefore, it would make 
sense to include airflow as part of a drying schedule.  
It is only recently that kilns have started to be routinely 
equipped with adjustable speed drives, and without this 
equipment the implementation of a varying airflow rate 
would not be possible.  For kilns that have this capac-
ity, kiln operators should consider adding a column to 
their drying schedules to specify airflow.  Since airflow 
capabilities vary widely from kiln to kiln it does not make 
sense to include them on schedules listed in this chapter 
but the following guidelines can be applied in setting 
airflow levels for schedule steps.

•	 At	 the	start	of	 the	drying	schedule,	 ramp	airflow	to	
the maximum level attainable for green lumber.

•	 Start	to	decrease	airflow	as	the	MC	of	the	wood	ap-
proaches the fibre saturation point (FSP).

•	 Consider	using	lower	airflow	for	well	air-dried	material.

•	 Temperature	drop	across	the	load	(TDAL)	can	be	used	
as an indicator of airflow needs;  higher TDAL = 
greater need for high airflow.

•	 Do	not	reduce	fan	speed	to	less	than	about	300	feet	
per minute airflow on the exiting side of the load.

•	 Refer	to	other	material	in	this	manual	on	airflow	with	
regard to kiln maintenance and performance (Chapter 
9) and effect of airflow on drying rate (Chapter 6).

There is no down side to too much airflow from a dry-
ing rate or drying quality standpoint.  Assuming that 
the conditions of dry-bulb and wet-bulb temperature 
have been set at appropriate levels for the material be-
ing dried, airflow becomes just a means of achieving the 
desired drying rate uniformly across the load.  However, 
there is an economic advantage to reducing airflow.  Re-
ducing fan speed reduces the electrical energy demand 
as well as the overall consumption.  Even small reduc-
tions in airflow can have a significant impact on drying 
costs.

15.5   ConvenTional verSuS hiGh- 
TeMPeraTure DryinG SCheDuleS

The majority of kilns used to dry SPF lumber in Canada 
are classified as “conventional” in terms of their oper-
ating temperature capability.  Although many of these 
kilns do surpass the boiling point for a portion of the 
drying schedule, they do not meet the typical criteria for 
high-temperature kilns.  Therefore, most of the sched-
ules presented in this chapter are designed for these 
kilns and involve maximum dry-bulb temperatures up to 
approximately 220°F.

High-temperature drying typically refers to equipment 
and schedules that operate for a majority of the drying 
time well above the boiling point of water.  As described 
above, many schedules exceed the boiling for a small 
portion of the drying time, and in particular once the 
wood is near or below the FSP.  A few examples of “true” 
high-temperature schedules are also presented in this 
chapter along with notes regarding their application.

15.6   DryinG SCheDuleS For 2-inCh  
DiMenSion luMBer

As mentioned earlier, success in lumber drying depends 
on many variables and therefore it is always difficult to 
generalize the results even when the lumber is dried in 
similar kilns.  Thus, published drying schedules should 
always be used as guidelines or ‘starting points’ that can 
be adapted or tailored to specific material characteristics 
or equipment capabilities.

One of the main challenges related to the drying of SPF 
lumber is related to the variation of initial MC.  Varia-
tions in initial MC may be the result of natural variations 
among and within species or differences resulting from 
the manner in which the material has been handled and 
stored.   Mills that employ ‘green sorting’ systems have 
alleviated the problem to a certain extent.  However, 
most of these mills do not sort all lumber sizes so that 
the initial MC problem still persists for at least a portion 
of the production.

Kiln characteristics may also influence results from a dry-
ing schedule.  As an example, published drying schedules 
assume that adequate air flow will be achieved through 
all portions of the kiln load.  For many kilns, especially 
older kilns, that assumption may not be valid.  Sticker 
variation and lumber package quality will influence air 
velocity and therefore expected drying results for a par-
ticular drying schedule may not be achieved because the 
kiln may not be capable of attaining and/or maintain-
ing set points.  Direct-fired kilns may not be capable of 
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achieving wet-bulb set points without supplementary 
humidification.  In such cases, drying schedules may 
need to be adjusted to avoid drying degrade.

Drying SPF has changed significantly in recent years.  
Previously SPF was dried together as a single group at 
each mill regardless of the range of species present.  By 
doing so mills invariably had to deal with over-drying 
the spruce and pine and under-drying the fir.  The pres-
ence of excessive amounts of drying degrade and “wets” 
(boards in excess of maximum allowable MC) have con-
vinced many mills to separate spruce and pine from fir 
for drying purposes.  An immediate benefit was identi-
fied with a reduction in over-drying of spruce and pine.  
Subalpine and balsam fir require longer drying times and 
many mills report that best results are obtained when 
the species is air dried for a couple of months before 
kiln drying.

Table 15-1 provides the regular schedule number for each 
species along with alternate schedules.  These numbers 
refer to the schedules for 2-inch lumber listed in Appen-
dix IV.  As each mill’s drying demands and priorities will 
differ, three versions of each schedule are listed.  Along 
with the regular or base schedule there are also “accel-
erated” and “conservative” versions of each.  “Acceler-
ated” refers to more aggressive drying schedules that 
should achieve a relatively short drying time but will not 
achieve the same level of final MC uniformity.  “Conser-
vative” schedules are those that are designed to handle 
difficult to dry individual species or groupings of species 
with a wide range of drying characteristics.  The base 
schedules are suggested as a starting point.  From there 
the results should be analyzed to determine if there is 
potential to benefit from applying the more conservative 
or accelerated version. 

15.7  SeleCTinG anD MoDiFyinG a DryinG 
SCheDule

There are many reasons why a drying schedule will not 
produce acceptable results for a particular situation.  As 
described previously the variables introduced by raw 
material characteristics and equipment operating capa-
bilities are too numerous to make it possible to develop 
schedules to cover every situation.  Therefore it is quite 
likely that kiln operators will need to select a modified 
schedule or make modifications to suit their particular 
situation.  The drying schedules for 2-inch dimension 
lumber presented earlier included accelerated and con-
servative versions of each schedule.  This section will pro-
vide some further background on factors that may affect 
the selection of a drying schedule.

15.7.1 SeleCTinG a SCheDule For MixeD SPeCieS

The schedules listed earlier in Table 15-1 for 2-inch thick 
dimension lumber are identified by individual species.  In 
most cases, SPF mills are drying a mix of species from the 
SPF grouping.  Drying characteristics can vary substan-
tially within the individual species of the SPF grouping 
as described in Chapters 2 and 3.  As a result, drying of 
mixed species will usually result in a compromise situa-
tion.  The compromises are usually one of the follow-
ing:

•	 Do	you	follow	the	drying	schedule	for	the	faster	dry-
ing species and experience some “wets” in the slower 
drying species?

•	 Do	you	follow	the	drying	schedule	for	the	slower	dry-
ing species and experience more over-dried material in 
the faster drying species?

Suggested Schedule(s)1

Regular Schedule No.

1
2

3
4
5
6

Conservative

1-C
2-C

3-C
4-C
5-C
6-C

Accelerated

1-A
2-A

3-A
4-A
5-A
6-A

High Temp.2

H-1, H-24

H-1, H-24

Not recommended
H-1, H-24, H-3

Not recommended
Not recommended

Species

Eastern white and red spruce
Western white spruce and

Black Spruce (yellow spruce3)
Jack pine
Lodgepole pine
Balsam and Subalpine fir

Engelmann spruce

Notes:

1 See notes on selection and application of drying schedules earlier in this section. 
2 See notes on high-temperature drying in Chapter 6 and section 15.5. 
3 Yellow spruce has a higher initial MC and dries more slowly than normal black spruce  

 and should be dried on a conservative schedule. 
4 For material starting at a low MC i.e., air-dried or insect-killed material.

Table 15-1 
Suggested regular, ac-
celerated, conservative and 
high-temperature drying 
schedules for 2-inch SPF 
lumber.  Schedules are 
listed in Appendix  IV.
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Schedule No. 21 Schedule No. 51 Blended Schedule

Time 
(hrs) 

6
16
24
36
48

DB 
(°F) 

140
160
180
190
195

WBD 
(°F) 

0
5
8
16
27

WB 
(°F) 

140
155
172
174
168

Time 
(hrs) 

6
16
24
36
42

DB 
(°F) 

140
165
185
195
200

WBD 
(°F) 

0
5
8
16
26

WB 
(°F) 

140
160
177
179
174

Time 
(hrs) 

6
16
24
36
48

DB 
(°F) 

140
160
180
190
195

WBD 
(°F) 

0
5
8

16
26

WB 
(°F) 

140
155
172
174
169

•	 Do	 you	 modify	 the	 end	 of	 the	 drying	 schedule	 to	
equalize the material to avoid either of the above sce-
narios but at the cost of extending the drying time?

Inevitably the choice must be made for each drying facil-
ity based on site-specific information.  Which option can 
be tolerated from the standpoint of productivity and mill 
profitability?

The question of which compromise to accept is easier 
when the differences among species are less extreme.  
Mixing pine and spruce in most regions is a better com-
promise than mixing balsam or subalpine fir with other 
species.  Therefore, many mills look for options to handle 
the fir species separately and deal with drying spruce and 
pine together.   For optimal performance at the kilns, 
however, even separating spruce and pine (as well as 
looking for other pre-sorting options) will produce the 
best results.

Anything that can be done to minimize the variability in 
the material in the kiln will make it easier to select, build 
or modify a drying schedule.

One way of producing a “blended” schedule for a spe-
cies mix is to take the individual schedules for each spe-
cies and compare them side-by-side.  An example of how 
to do this is presented in Table 15-2.  At each schedule 
step the lowest dry-bulb temperature, the lowest wet-
bulb depression, and the latest time for the change in 
the schedule condition is selected.  This will normally 
result in a schedule which is more conservative than ei-
ther of the original schedules.  This will help reduce the 
tendency to over-dry material.  When drying any mix of 
species, however, it is important to increase the sample 
size when conducting hot checks in order to get a good 
measure of the final MC variability.

15.7.2 MoDiFyinG a SCheDule For 1-inCh luMBer

Most softwood dimension mills produce a relatively small 

proportion of nominal 1-inch thick lumber.  In some cases 
this material is sold green for various applications where 
dry lumber is not essential.  In other cases, this material 
must be dried and/or heat treated based on customer 
demands or market access issues.  Since the volume of 
1-inch thick material is usually quite small, mills are not 
always set up to handle this material effectively.

Some mills will pile their 1-inch lumber back-to-back 
with stickers between every second row and then dry 
the material as if it were 2-inch lumber (sometimes in 
the same kiln charge as 2-inch thick lumber).  This prac-
tice can be effective for achieving heat treatment but is 
not conducive to achieving a well-dried product.  Two 
1-inch boards dried back-to-back will dry faster than 
2-inch thick lumber.  If dried together the 1-inch material 
will be over-dried.  If dried on its own the back-to-back 
boards will develop a non-normal moisture distribution 
with the inside face of the boards having a slightly high-
er MC than the exposed face.  There is then potential for 
this material to distort, usually in the form of cupping, 
after it is removed from the kiln and equalizes in storage 
or service.

If a well dried product is required, the best solution for 
1-inch thick lumber is to place stickers between every 
row and dry the material on specialized schedules.  The 
schedules for 2-inch lumber could be used to dry 1-inch 
material but the material will dry much faster and will 
likely have reached the target MC long before the last 
schedule step is reached.  Therefore, the best solution is 
to reduce the length of time at each schedule step.  The 
specific procedure for modifying a 2-inch schedule for 
1-inch material would be as follows:

•	 Following	the	guidelines	for	schedule	selection	listed	
in the previous section, select a regular 2-inch sched-
ule for the appropriate species.

•	 Follow	the	initial	warm-up	step	without	reducing	the	
time.

Table 15-2  
Example of how to produce 
a “blended” schedule from 
two individual schedules.  
At each schedule step select 
the least severe conditions 
(highlighted values) of dry-
bulb temperature, wet-bulb 
depression, and schedule 
step time.

1 Schedules taken from Appendix  IV
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•	 Reduce	the	time	at	each	subsequent	schedule	step	by	
approximately 50%.

•	 Until	a	target	drying	time	has	been	established	start	
conducting hot checks at approximately 40% of the 
time normally required for 2-inch lumber.

Drying times for 1-inch lumber in any species are typi-
cally somewhat less than half of the time required for 
2-inch material.  A general rule of thumb used for hard-
wood lumber is that doubling the thickness will result in 
approximately a tripling of the drying time.  The same 
reduction in drying time for thin lumber is not usually 
achieved in softwood dimension lumber drying for sev-
eral reasons.  Drying schedules for softwood dimension 
lumber are not constrained by the same internal drying 
stress limits as dense hardwoods.  A large proportion of 
1-inch lumber originates from the outer portion of the 
log and therefore contains a large proportion of sap-
wood.  In most softwood species, the initial MC of sap-
wood is at least twice as high as that of heartwood.  As 
a result, drying times for 1-inch softwood are more likely 
to be in the order of 50% of the time required for 2-inch 
material.  Until a target drying time has been established 
it is recommended that an initial hot check be conducted 
at approximately 40% of the time required for 2-inch 
material of the same species or species mixture.

Air drying will reduce kiln residence time.  For the same 
reasons listed above, 1-inch lumber will air dry quite 
rapidly.  Therefore, if material is stored outdoors for any 
significant period of time, the rules on drying time in 
the kiln will be altered.  In such cases, the kiln operator 
will need to be more vigilant and monitor the kiln drying 
phase more closely.

An important consideration when drying 1-inch, or simi-
lar thickness material is the piling.  Proper piling tech-
niques are described in Chapter 12.  A sticker spacing 
of no more than 24 inches is recommended for 1-inch 
thick lumber.  Since this material is thinner, and therefore 
weaker, proper sticker and bunk alignment are critical to 
maintain straight lumber.

15.7.3 MoDiFyinG a SCheDule For ThiCk luMBer

A relatively small volume of SPF is sawn into material 
thicker than 2 inches.  In most cases, this material is be-
ing produced for special orders rather than as a com-
modity product for the open market.  As a result, it is 
usually the end use that will define the final MC require-
ment and other aspects of dry lumber quality.  This could 
include tolerance of or limits on MC gradients, drying 
stresses, warp, surface checking and discoloration.  It is 
important to have access to and take into consideration 

all of these product quality criteria before making any 
decisions on how to dry the lumber.

The following schedule developed for 3- and 4-inch 
thick softwood lumber is relatively conservative.  The 
drying times are approximate and, until a target drying 
time has been established, frequent hot checks should 
be conducted to determine the appropriate end point.  
The schedule, as listed, is suggested for spruce and pine 
lumber.  Balsam and subalpine fir can be dried on this 
schedule but the time at each schedule step should be 
increased significantly.

Step Duration (hrs) 
 

12
24
48
48
48
48
48
48

Total 324 hrs

Dry-Bulb 
(°F)
130
135
140
145
150
155
160
175

Wet-Bulb 
(°F)
125
130
135
135
135
135
135
135

EMC 

16.0
15.9
15.8
11.9
9.5
8.0
6.8
4.4

Table 15-3
 Drying schedule for 3- to 4-inch thick spruce and pine lumber.

In cases where a more severe drying schedule can be 
tolerated, the conservative version of the appropriate 
2-inch drying schedule presented earlier in this chapter 
can be modified for 3- and 4-inch material.  As a guide-
line, the 2-inch schedules can be modified by doubling 
and tripling respectively the duration at each schedule 
step for 3- and 4-inch thick material.  Again, frequent 
hot checks (or other means of determining the in-kiln 
MC) should be implemented to identify the most appro-
priate end point.

A similar process (increasing time at each schedule step) 
can be applied to material thicker than 4 inches.  In most 
instances however, material over 4 inches thick is seldom 
required to be dried to a low MC throughout the cross 
section.  Typically, this material is either put in the kiln 
to dry only the outer shell to avoid mould and sap-stain 
growth or is air dried first and then placed in the kiln to 
achieve heat treatment.  Further detail on heat treating 
material is presented in Chapter 19.

15.7.4 MoDiFyinG a SCheDule’S DryinG SeveriTy

The drying schedules presented in section 15.5 for 2-inch 
dimension lumber include both accelerated and conserva-
tive versions of each schedule.  These schedules have been 
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modified following some straightforward principles that 
can be applied to any drying schedule.  These principles 
are summarized here as guidelines for those who wish to 
further modify these or any other drying schedules.

In order to evaluate the effectiveness of any change in an 
operation requires that information is gathered on the 
overall performance of the system.  In drying this would 
ideally mean having the ability to monitor the properties 
of the material both as it goes into as well as out of the 
kiln.  This information is important for a good quality 
control system.  Information gathering and analysis as 
part of a quality control program is covered in detail in 
Chapter 18.

The results of a thorough inspection of dry lumber will 
indicate whether or not a more severe or conservative 
drying schedule would help achieve the objectives set for 
the kiln (see section 15.3 “Setting the Target”).

Drying schedule severity is the result of a number of fac-
tors.  For most drying operations the three main vari-
ables that can be adjusted are dry-bulb temperature, 
wet-bulb depression and time of schedule change.  The 
general trends with regard to each of these on drying 
schedule severity are listed in Table 15-4.  More specific 
information on the impact of these variables on drying is 
presented in Chapter 3 (Wood Moisture Relations) and 
Chapter 6 (Physical Elements of Drying).

Table 15-4
Modifying the kiln operating parameters to produce an accelerated 
or conservative version of a drying schedule.

Schedule 
Parameter

Wet-bulb  
depression

Dry-bulb  
temperature

Schedule step 
changes

More Severe 
(Accelerated)

Increase  
depression

Increase  
temperature
 
Shorten (make sched-
ule change sooner)

Conservative 

Decrease  
depression

Decrease  
temperature

Lengthen (delay mak-
ing schedule changes)

Patience is the order of the day when it comes to mak-
ing schedule changes.  Changes to schedules should be 
made in small incremental steps and time given for the 
effect of those changes to show up in the final product.  

Avoid making quick decisions on the effectiveness of a 
schedule change based on the results of just one charge 
of lumber.  The outcome of a single charge may be influ-
enced by many variables other than schedule.  Also avoid 
changing too many variables at once.  For example if you 
are trying to improve final MC uniformity by developing 
a more conservative schedule you may want to start with 
a reduction in wet-bulb depression toward the end of 
the schedule.  If it is found that the new lower depres-
sion cannot be achieved it may then be necessary to also 
lower the dry-bulb temperature.  Finally, it is important 
to document the type of changes that were made, when 
they were made, and take note of any non-normal con-
ditions that may develop during the transition period 
that may also affect the outcome.

15.8  iMPaCT oF Pre-SorTinG on SCheDule 
SeleCTion

The reasons for pre-sorting and the methods used are 
described in Chapter 11.  Pre-sorting results in groups 
of wood that inherently have different drying properties.  
Each group will have different drying times even if dried 
on the same schedule.  Further benefits from pre-sorting 
can be realized by developing drying schedules specific 
to each group of material.  The schedules listed in the 
previous sections are for individual species but also in-
clude both accelerated and conservative versions of 
those schedules.  This section provides some advice on 
the application of these schedules for lumber that has 
been pre-sorted.

Table 15-5 provides descriptions of various wood groups 
as sorted prior to drying.  Included in the Table is a rec-
ommendation with regard to the type of schedule to ap-
ply.  For example if you are dealing with black spruce and 
sorting based on density, a more conservative schedule is 
suggested for the high density material.  A conservative 
schedule for black spruce could then be selected from 
those listed in Table 15-1 or the current schedule modi-
fied as described in the previous section.

15.9  iMPaCT oF Frozen luMBer on kiln 
oPeraTion

Wood containing free water is a relatively good thermal 
conductor.  Whether or not the wood is frozen, if suf-
ficient heat is applied at the surface it will only take a 
relatively short period of time to get the core heated to 
something close to the operating temperature of the 
kiln.  This is reflected in the heat treatment schedules 
listed in Chapter 19 but was also demonstrated in a Fo-
rintek study on effect of frozen lumber on drying opera-
tions.  That study concluded that the limiting factor in 
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heating a load of frozen lumber is not the heat transfer 
properties of the wood but is more related to the heat-
ing capacity of the kiln itself.

Figure 15-3 shows how the core temperature of a piece 
of frozen, green, 2-inch lumber changes as it is heated.  
There is a plateau in the temperature curve around the 
freezing point (0°C) associated with the phase change 
from ice to liquid water.  The extra energy required to 
make this phase change is referred to as the heat of fu-
sion.  The heat of fusion from ice to liquid water is 334 
Kilo-joules per kilogram (144 btu/lb).  

Figure 15-3
Heating rate in a small laboratory kiln for frozen, 2-inch thick (nomi-
nal) lumber comparing one piece starting a low initial MC versus an-
other at a high initial MC.

Table 15-5  
Recommended drying schedule severity (regular vs. accelerated vs. 
conservative) based on pre-sorting criteria.

Sorting Criteria

Initial MC 

 
Specific Gravity 

 

Bulk Specific Gravity

Sorted Description

High
Middle
Low 

High
Middle
Low 

High
Middle
Low

Schedule Severity Recommendation 
R=Regular, A=Accelerated, C=Conservative

Red and White Spruce
 
R
A
A

C
R
A

C
R
A

Black/Yellow Spruce 

C
R
R

C
C
R

C
C
R

Pines 

R
A
A

R
A
A

R
A
A

Firs 

C
R
R

C
R
R

C
C
R

A large kiln load of frozen lumber with a high initial MC 
will therefore require a significant amount of energy to 
raise the temperature.  If the kiln is not able to rapidly 
supply that energy the heating of the load will be de-
layed.  If the kiln is able to supply the required energy, 
wood can be thawed and heated to the operating tem-
perature in a relatively short period of time as shown in 
Figure 15-3.  As shown in this figure, the low and high 
initial MC boards achieve the same core temperature at 
approximately 5 hours.

Another factor that is often overlooked with frozen lum-
ber is the starting MC.  Many operators attribute the 
longer heating and overall drying times to the fact that 
the wood was frozen.  In addition to the extra energy 
demands noted above, there is also the distinct possibil-
ity that the wood will be starting at a higher initial MC 
during the winter.  This is usually a consequence of the 
poor air drying conditions that exist during the winter 
months.  Lumber sitting in the mill yard for several weeks 
during the winter will not dry anywhere near as much as 
it will in the summer.  Data on air drying rates are pre-
sented in Chapter 13 on Air Drying.  This higher initial 
MC will not only result in a longer drying time but will 
also increase the energy demands on the system.  Again, 
if the system is limited in this capacity, the drying times 
will be extended due to a slower heat up rate.

The above factors should be taken into account when 
applying a kiln schedule.  If the kiln is able to achieve it, 
a rapid heat up rate on frozen lumber will help achieve 
shorter drying times without detriment to the lumber.  
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However, drying times may need to be extended to ac-
count for the higher initial MC of the lumber during the 
winter months.

Well air-dried wood will typically be close to or below the 
FSP and, as a result will not be affected by the above.  
Since there is no free water present, there will be no 
phase change and therefore no significantly higher de-
mand on the heating system.  Air-dried lumber can be 
heated rapidly regardless of its starting temperature.

It should be kept in mind, however, that if the kiln is 
poorly insulated and has considerable leakage that the 
heating times during the winter will be extended regard-
less of the starting MC of the lumber.

15.10 enTerinG verSuS exiTinG air 
SCheDuleS

The concept of temperature drop across the load (TDAL) 
is described in Chapter 6.  TDAL inherently results in a 
lower dry-bulb temperature on the exiting side of the 
lumber stack.  If this exiting dry-bulb temperature is used 
as the control temperature of the kiln, the drying sched-
ules need to be designed accordingly.  This principle of 
operation is a feature of some automated control sys-
tems.  It provides a way of responding to the drying load 
by supplying more heat (higher temperature) on the 
entering side of the load when the drying load is high.  
Temperature drop across the load (TDAL) is an indicator 
of the progress of drying; when TDAL is high the wood is 
drying rapidly and when it is low drying rates are slow.

If drying conditions are set based on the exiting air tem-
perature, then the entering air temperature becomes a 
result of the TDAL.  The schedules presented in the previ-
ous sections are all based on entering air conditions.  To 
apply these schedules with a controller operating on ex-

iting air will require some knowledge of the TDAL values 
that typically develop at various stages of drying.  TDAL 
is affected by factors other than just the MC of the wood 
such as airflow, stack width, piling pattern, and other 
site-specific characteristics.  Therefore it is not possible 
to give a straightforward conversion procedure to mod-
ify an entering air schedule to an exiting air schedule.  If 
the operator knows, or can collect some data on TDAL 
for a particular kiln, that information can then be used 
to transform a schedule.

Figure 15-4 shows the entering and exiting dry-bulb 
temperature for a typical drying run.  The typical pattern 
of TDAL results in less difference between the entering 
and exiting dry-bulb temperature  toward the end of the 
drying schedule.  Therefore the difference between an 
entering and exiting air schedule will be greater at the 
start of the drying cycle than toward the end.

Some operators prefer to run with exiting air schedules 
as they can compensate for variations in charge condi-
tions from load to load.  An example is shown in Fig-
ure 15-4 for two different kiln loads from the same kiln.  
Charge No. 2 had a higher initial MC and therefore cre-
ated a greater TDAL.  Even though the exiting air condi-
tion is similar for both loads, the entering air tempera-
ture is different.  As a consequence, the wetter load is 
dried on a harsher schedule, based on the entering air 
conditions.  In this manner, the exiting air control strat-
egy compensates for wetter versus drier material.  This 
strategy works well as long as the conditions created do 
not cause other problems.  Operators need to be aware 
of the conditions in all regions of their kiln when set-
ting up a drying schedule.  What may appear to be a 
conservative schedule based on exiting air may in fact be 
quite severe.  This same caution applies when comparing 
schedules.
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Figure 15-4
Diagram of two kiln loads operat-
ing with a similar exiting air tem-
perature but different entering air 
temperatures due to MC differences 
between the material.
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15.11 noTeS on DryinG TiMeS

Drying times listed in the schedules presented in this 
manual are strictly estimates.  Actual drying times will 
vary depending on many factors such as resource char-
acteristics, green log and lumber handling and storage 
practices, and drying equipment condition and capabili-
ties.  As many of these factors will vary from site to site 
it is usually difficult to compare drying times between 
sites.

Drying time should not be the only or, in many cases, 
even the main criteria for judging a drying schedule’s 
effectiveness.  Productivity is always a major concern 
for producers of any product but especially commodity 
products.  However, lumber quality issues may over-ride 
drying time considerations even in a commodity product 
setting.  When it comes to drying schedule modifica-
tion, improved quality usually implies extra time in the 
kiln.  Therefore the only way to justify the extra time in 
the kiln is to measure the product quality.  Ways and 
means of doing this are described in Chapter 18 (Quality 
Control).



NOTES
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16
SToraGe anD ShiPPinG oF Dry luMBer
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16.1 inTroDuCTion

Moisture content (MC) specifications that are laid down 
for dried lumber are based on the ultimate end use of 
that lumber.  It is usually assumed that it is largely the 
responsibility of the kiln operator to have the lumber at 
that MC.  However, once it has left the kilns, the storage 
and transit conditions can play a large part in determin-
ing the actual MC that exists when it reaches the cus-
tomer.  Lumber that has been kiln dried to a particular 
MC can lose further moisture if it is placed in an en-
vironment with a substantially lower equilibrium mois-
ture content (EMC), or likewise it can gain moisture if 
exposed to a higher EMC.

16.2  STorinG Dry luMBer on STiCkerS

Most of the material in this chapter relates to the trans-
portation and storage of dry-dressed lumber.  The stor-
age period of dry rough lumber between the kilns and 
planer mill must also be addressed when setting up pro-
cedures to maintain the final MC of the lumber.  In most 
situations involving construction grade lumber, a short 
exposure period outside will not harm the material.  In 
fact, a few days of outdoor exposure is often desirable 
as it helps raise the surface MC of the lumber and im-
proves its machinability.  Even a small amount of rain is 
not detrimental as the moisture absorption is primarily 
on the surface and this material will be machined off at 
the planer mill.

Problems arise when the wood is exposed to extreme or 
prolonged conditions of rain or snow that subsequently 
melts.  In such instances, there is the potential that the 
average MC of the material will be raised above the tar-
get.  Even if the moisture that is re-absorbed does not 
penetrate to the core of the material, it may well be 
enough to raise the average MC to an unacceptable level.  
Hand-held and in-line meters are influenced by surface 
moisture and will therefore detect this material as “wet” 
even if it is not significantly beyond the target MC.

The most practical protection for rough dry lumber 
stored on stickers is to manage the storage period to 
achieve the benefits and, at the same time, avoid the 
problems described above.  This “safe” storage period 
will vary considerably depending on the geographic lo-
cation of the mill and the time of year.  The only way to 
establish this safe storage period is to conduct extensive 
checks of final MC both immediately following the kiln 
and immediately prior to planing.  In this manner, oper-
ating guidelines can be established.  However, any time 
wood is left exposed to the environment, there is always 
the potential for problems.

The above procedures will work well for relatively short-
term storage of rough dry lumber that has been dried to 
19% and less.  When storage times are longer or when 
dealing with material dried to lower MCs, other means 
of protection may be required.  The best protection for 
rough dry lumber is under cover.  Mills in areas that ex-
perience a lot of rainfall will often install a covered area 
at the outfeed of the kilns.  This allows the material to 
cool and “equalize” somewhat before being planed.  An 
open-sided, covered building will usually provide suffi-
cient protection for SPF lumber.

16.3  eFFeCT oF rain anD Snow on Dry 
luMBer

Dry lumber may be rained on, both while it is being 
transported and while it is in storage.  Moisture is ab-
sorbed readily and the surface MC quickly rises in rain.  
Repeated wetting and drying of the surfaces gives lum-
ber a very weathered appearance, and the swelling or 
shrinking that accompanies the changes in MC causes 
surface and end checks.

As an example, rain and snow falling on unwrapped, 
packaged lumber (or packaged lumber with a torn wrap), 
at a construction site wets not only the exposed surfaces, 
but also seeps down between the rows of boards.  While 
exposed surfaces dry readily moisture will be retained in-
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side packages.  Problems can arise if this packaged lum-
ber is stored for lengthy periods of time before being 
used.  Water trapped inside the package can raise the 
MC of the wood to a level high enough to permit fungal 
growth–generally considered to be 22% MC or higher.  
At best this is unsightly when the wood becomes discol-
ored from surface moulds and blue-staining fungi.  At 
the worst, wood left in this condition for an extended 
period of time may develop rot and the lumber would 
be unusable.

Figure 16-1 
Dry lumber that has been allowed to regain moisture can quickly de-
velop surface mould, especially if left in a solid-stacked condition.

16.4 eFFeCT oF STorinG Dry luMBer wiTh 
weT luMBer

Kiln-dried lumber can, under certain conditions, gain 
moisture when it is shipped or stored with green lumber.  
There are various reasons why moisture regain may hap-
pen.  Direct contact with green lumber in the same hold 
or storage area will allow moisture to migrate from the 
wetter wood.  If shipping by container or other closed 
space, high EMC conditions may develop in the closed 
air space and this could cause re-wetting of the wood 
directly or via condensation produced in the container.

Any dry lumber that is placed in direct contact with lum-
ber at a much higher MC will gain moisture.  In pack-
aged lumber, only the outside boards will make contact 
and, while their gain in MC may be large, there will 
be very little effect on the average MC of the package.  
Nevertheless, since the outside boards can become wet 
enough to develop mould and stain, care should be tak-
en to prevent contact between dry and wet lumber.

EMC levels in a ship’s hold will normally rise during a 
voyage due to evaporation from green lumber to the 
air and, in some areas, due to the entry of high EMC 
outside air.  The practicalities of loading and unload-
ing ships usually make it impossible to segregate wet 
and dry lumber into separate holds.  Therefore there 

Average Moisture Content

Stored with 
dry lumber 

Stored with 
green lumber

When  
Loaded

18.7%
 

19.1%

When  
Unloaded

 
- 0.3% 

 

+3.2%

Maximum MC of 
 any Board 

19% 
 

26%

is always a large volume of water in the green lumber 
capable of evaporating into the air and, consequently, 
the relative humidity (RH) in a closed hold is very high.  
Ventilation and de-humidification will help to keep the 
level down.  The following example (Table 16-1), taken 
from past research, shows the effect of storage condi-
tions on the MC of dried lumber.  The data refer to a 
shipment of 2-inch spruce from Vancouver to Australia. 

Table 16-1
Effect on MC from shipping lumber by boat for 66 days in a closed 
hold.
 

 

A particular problem of condensation arises in holds due 
to incoming warm humid air being cooled to below its 
dew point when it hits cold lumber or cold steel frames.  
The condensation so produced collects or drips onto 
the dry lumber packages and the high MCs thereby pro-
duced allow fungal growth to proceed.

16.5 eFFeCT oF SToraGe ouTDoorS or in 
oPen SheDS

Lumber stored open to the air, but sheltered from rain 
and snow, will change MC according to the prevailing 
EMC conditions.  The more exposure that the lumber 
has to the air, the faster will be any change in MC.  Solid-
stacked lumber has limited exposure to the air and will 
therefore change in MC more slowly.  However, if dried 
lumber is left in a stickered pile, all pieces will tend to 
change in MC as the EMC changes.  Table 16-2 provides 
a listing of outside average EMC conditions for a sample 
of Canadian and U.S. cities.  This table clearly shows situ-
ations where moisture regain may be an issue for low 
MC dried material and where continued moisture loss 
may be an issue for other material.

Moisture pick-up or loss by dried lumber is affected by 
the conditions that were used to dry the lumber.  In 
general, air-dried lumber shows a greater gain in MC 
for a given time than kiln-dried lumber.  Lumber that is  
kiln-dried at high temperatures i.e., over 100°C (212°F) 
will gain less moisture than lumber dried at lower or 
conventional temperatures.
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16.6 Dry luMBer SToraGe in CloSeD 
heaTeD BuilDinGS

Problems can arise in winter in closed heated buildings, 
such as woodworking plants, when lumber that has 
been carefully dried to a particular MC is then subjected 
to considerably lower EMC conditions.  In winter, the 
outside cold air, which can hold very little moisture, en-
ters the plant by forced or natural ventilation and is then 
heated to room temperature.  Its RH and EMC fall sharp-
ly and the wood dries further.  Warping or checking can 
result and the wood can become difficult to process and 
unsatisfactory to use.  The following table illustrates the 
changes that can develop when outside air, at 75% RH 
and various temperatures, is heated to 22°C (72°F).

Table 16-3 
Effect of raising dry-bulb temperature on RH and EMC.

To overcome this problem, it is clear that humidity must 
be added to the air and that the level of humidity in the 
air be controlled.  In this way, the EMC and the wood 
moisture MC can be kept at a near constant level.  Au-
tomatic humidification equipment to fulfill this function 
should be installed.  Some of the humidification tech-
nologies discussed in Chapter 8 for kilns can also be used 
to humidify storage or manufacturing areas.  This would 
include low pressure steam sprays and water atomizing 
systems.

16.7 ProTeCTion oF Dry luMBer DurinG 
ShiPPinG
16.7.1 CloSeD ConTainerS

The ideal solution is to transport dry lumber in closed 
box cars, trucks or containers and store it under cover 
in sheds or closed buildings to protect it from rain and 
snow.  Lumber dried to low MCs for furniture, millwork 
or joinery stock is often shipped in closed containers to 
provide the best protection against moisture regain.  

Kiln-dried dimension lumber that is dried to below the 
19% MC limit is extremely unlikely to regain sufficient 
moisture from high EMC air to raise its MC over the limit; 
therefore, it can be stored satisfactorily in an open shed.  
Shop grade and finish lumber that is dried to lower MCs, 
for example, 9% with a range of 7 to 11%, should not 
be stored in an open shed.  In one test, western spruce 
that was kiln dried to 7% MC and stored in an open shed 
in Vancouver, rose to 14% MC after 46 days.  Similar ma-
terial was also stored in a closed shed heated to a tem-
perature of 15°C (59°F) during winter months, and over 
an 11-month period rose in MC from 6.3% to 10.9%.  It 
can be concluded therefore that shop grade and finish 
lumber shows a much slower MC gain in a closed and 
heated shed.

Table 16-2  
Outside, average EMC conditions for various North American locations.

From:  U.S. Dept. of Agriculture, Forest Service Research Note FPL-
RN-0268 “Equilibrium Moisture Content of Wood in Outdoor Loca-
tions in the United States and Worldwide”.

Figure 16-2  
Dry lumber stored at a building site can quickly regain moisture if left 
uncovered or in contact with the soil.

Temperature 
(0oC)   (oF)

Relative  
Humidity

75% 
75%
75%
75%
75%
75%
75%

New RH (%) 
 

34.4
24.3
17.0
11.5
7.3
4.6
2.9

EMC (%) 

6.7
5.1
3.9
2.8
1.9
1.1

Less than 1.1

Outside Air
Resulting Inside Conditions 
When Heated to 22°C (720F)

10
5
0
-5
-10
-15
-20

50
41
32
23
14
5
-4

City

Halifax
Montreal
Toronto

Winnipeg
Calgary

Vancouver
Atlanta

New York
Chicago
Phoenix

Los Angeles

January

14.6
13.8
15.7
16.6
10.8
17.6
13.3
12.2
14.2
9.4
12.2

April

13.6
11.5
12.4
11.2
9.5

14.7
11.8
11.0
12.5
6.1

13.8

July

13.8
12.6
12.3
12.9
10.4
13.8
13.8
11.8
12.8
6.2

15.0

October

16.1
13.8
14.6
13.0
9.9
18.0
13.0
12.3
12.9
7.0
13.8

Average Outside EMC Condition
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These measures are not always practical or possible and 
alternate methods must often be used.

16.7.2 ProTeCTive wraPS

Dry lumber transported on railway flat cars or flat bed 
trucks is usually wrapped in plastic or waterproof paper.  
These covers are very effective provided that they are not 
damaged by poor handling or by wind.  The cover will 
usually remain with the lumber up to the end user where 
it can then serve as protection for full or opened pack-
ages of lumber at building sites.

Most lumber wraps used today are composed of a wo-
ven plastic fabric (polyethylene and/or polypropylene) 
with company colours on the outside and a black layer 
to the inside.  A lighter colour on the outside will reduce 
the heating effect and thereby minimize evaporation un-
der the wrap.  The black layer helps protect against ultra 
violet (UV) penetration, minimizes any weathering ef-
fect on the wood and reduces the risk of condensation.  
There are also wraps composed of a plastic outer layer 
with a paper inner layer.  The paper reportedly provides 
some wicking properties to direct moisture away from 
the wood’s surface.  From a wood drying standpoint, 
the important characteristic of a lumber wrap is its water 
resistance.  There are a number of other factors which 
need to be taken into account when selecting a wrap in-
cluding longevity, tear resistance, recyclability and cost.   
As long as they do not become damaged all commercial 
wraps provide a waterproof barrier and are an effective 
way of maintaining MC in construction grade lumber.

For material dried to lower MCs, solid stacking and wrap-
ping will provide protection against moisture regain but 
will not prevent the inevitable.  If the surrounding EMC 
is higher than the MC of the wood, the wood’s MC will 
rise.  A lumber wrap will slow down the process of mois-
ture regain and as long as storage and shipment times 
are kept to a minimum, this can be an effective way of 
shipping low MC material. 

Although wrapping provides good protection, some 
precautions need to be taken when using it.  Wrapped 
lumber may, in some circumstances, actually promote 
the build-up of moisture on lumber surfaces.  SPF lum-
ber that has been kiln-dried to a uniform MC of 19% and 
lower contains between 3 and 4 pounds of water per 
cubic foot of wood.  This water, in the form of bound 
water and water vapour, can move within the wood 
in response to changes in temperature.  If the surface 
temperature of the wood falls, the vapour pressure at 
the surface falls, and moisture moves from the inside to-

wards the surface and can evapourate from the surface.  
If the surface temperatures rise, then the vapour pres-
sure at the surfaces rises and moisture will move towards 
the center of the boards.

If moisture evaporating from the surface is contained 
within the wrapping material, then in time it may con-
dense and accumulate on the wood surface.  The wood 
surface can then be wetted sufficiently to support fun-
gal growth.  The problem can become particularly seri-
ous if the package contains lumber that has pockets of 
moisture considerably higher than 19%.  Wet pockets 
remaining in dry wood in species such as balsam fir and 
subalpine fir can contribute to this problem.

To reduce the problem of moisture build-up inside wrap-
pers most wrapping is done on only the four sides and 
top surface of the bundle.  Leaving the wrapper open at 
the bottom allows some escape of moisture.  Colours 
on wrappers have been modified to reduce the radiant 
heating effect when packages are placed out in the sun.  
Some sectors of the wood industry, especially mills pro-
ducing value-added products, have opted for a shrink 
wrap type of protection.  These work well on low MC 
material that is not going to be stored outdoors for long 
periods of time.  The problem with leaving such a wrap 
outside is that it acts as a greenhouse where the wood 
inside is heated, dries a little, and the water vapour ends 
up condensing on the inside of the wrap.
 
An alternative to wrapping is treatment with a water-
repellent chemical.  There are a number of these prod-
ucts available, and they are typically applied by spraying 
individual boards.  These treatments have been used in 
the past, especially on coastal lumber products being ex-
ported overseas.  Most companies, however, now opt 
for the physical barrier and protection provided by a 
lumber wrap.

16.7.3 ShiPPinG on oPen TruCkS

Unwrapped dry lumber is sometimes shipped on open 
flat-bed trucks.  Depending on the time of year and 
weather conditions this material will be susceptible to 
moisture regain.  If being shipped short distances in 
good weather this is an acceptable means of transpor-
tation.  For longer distances or when there is inclem-
ent weather, the lumber should either be wrapped, as 
described above, or a tarpaulin used to cover the entire 
load.  A tarpaulin will provide protection during transit 
but the wood will still be exposed during the loading 
and unloading operations until it can be placed under 
cover.
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16.8 ProTeCTion oF Dry luMBer aFTer 
ShiPPinG

Moisture content in wood is a dynamic property con-
tinuously changing as the environment that the wood is 
exposed to changes.  This process does not end once the 
product arrives at the customer’s site.  Wood can often 
sit for periods of time at construction yards, wholesaler 
storage yards and retail stores.  When problems con-
cerning MC arise at any of these stages in the lumber 
handling process the first suspicion is that the material 
was not dried properly.  To guard against this, it is often 
wise to educate end users as to the effect of their actions 
on wood MC.  Being aware of what your customers are 
doing and providing advice to avoid problems is a good 
proactive stance that will reduce customer claims and 
maintain better customer relations.  The Canadian Wood 
Council has a publication designed especially for builders 
entitled “Managing Moisture and Wood – Building Per-
formance Series No. 6”.  It provides a lot of information 
concerning “best practices” at the building site to avoid 
creating moisture issues.

16.8.1 reTail SaleS anD SToraGe oF Dry luMBer

The majority of lumber handling situations involve pro-
tecting dry lumber from moisture regain.  Current trends 
in retailing lumber at “big box” stores poses the unique 
problem of the impact of continued drying on lumber 
quality.  To keep customers dry and happy when shop-
ping means keeping the wood in a warm and dry loca-
tion.  

Figure 16-3 
Many “big box” stores bring lumber indoors into heated warehouses 
with low EMC conditions.  Wood intended for these markets is some-
times dried to lower MCs to avoid problems with uncontrolled drying 
while it is on the shelf.

Wood dried to the normal standard for construction 
grade lumber of 19% and less will lose moisture when 
stored in a heated building, especially during the winter 
months in areas with a cold winter climate.

Measures are suggested in the earlier section on storage 
in “Closed Heated Buildings” on how to minimize this 
problem.  Another way to address the issue is to dry 
wood intended for this market segment to a lower MC.  
Drying the wood to a MC closer to EMC of the storage 
or end use location will minimize the amount of subse-
quent drying taking place.  The problem with this sub-
sequent drying is that it takes place in a situation where 
the wood is not well restrained and where only some 
surfaces of boards are exposed to the low EMC condi-
tions.  Both of these situations will create more warp in 
the material raising the amount of reject or unsaleable 
material.

16.9 low ouTSiDe eMC ConDiTionS

Another situation where wood products will get exposed 
to low EMC conditions is when shipped to certain geo-
graphic locations with naturally occurring low RH levels.  
Take for example, material shipped to Phoenix, Arizona.  
As shown in Table 16-2, the outside EMC conditions at 
this location are around 6% during the summer months.  
Such a dry environment creates an enormous potential 
to further dry wood products, especially those that have 
been dried to just below the 19% level for construction 
grade wood.  In this situation it is impossible to modify 
the EMC level to which the wood is exposed.  There are 
two possible ways of dealing with the problem.  The first 
is to dry material for such markets to a lower MC so that 
there is less potential for further drying when the mate-
rial reaches its destination.  The second option is to avoid 
shipping material or products that are warp-prone.  As 
discussed in Chapter 17 the presence of certain physi-
cal characteristics in wood will make it more likely to 
develop warp when dried.  By using species or grades 
of wood that have a lower incidence of these character-
istics the problem of warp related to further drying will 
be minimized.  The wood may continue to dry when it 
reaches its destination but it will not develop as much 
warp.

The problem of warp related to subsequent drying of 
solid wood products is often aggravated when the wood 
is assembled into some sort of composite product.  Lam-
inated beams or panels are an example of products that 
will warp if they continue to dry after assembly.  Often 
the warp is the result of one or more of the pieces in 
the assembly developing excess shrinkage due to some 
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abnormal grain characteristic such as compression wood 
or slope of grain.  Again the best way to address the 
problem is to either implement procedures to eliminate 
such pieces from the process or dry the material to a 
lower MC.

NOTES
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17.1 overview

The drying of SPF lumber by all practical methods pres-
ently used is accompanied by shrinkage.  In itself shrink-
age is not a defect but most drying defects are a direct 
result of shrinkage and the resultant stresses.  It is impor-
tant to understand how the stresses develop, the prob-
lems they cause and the measures necessary to minimize 
damage to the wood.

17.2 STreSS DeveloPMenT

When a very thin [less than ½-inch (12.5 mm) thick] 
piece of wood dries, it does so quite uniformly, so that 
all of the piece dries and shrinks together.  No shrinkage 
problems should be encountered.  With thicker lumber 
however, drying proceeds more or less layer by layer, 
with the outer faces and edges drying first and this dry 
zone gradually moving towards the center of the cross 
section of a piece.

An important stage is reached when all of the free wa-
ter in the outer layers, referred to as the shell, has been 
removed and removal of the bound water begins, while 
the center or core still contains free water.  At this point, 
the shell wants to shrink, but it is prevented from doing 
so by the core that is still in its wet swollen state.  Dry-
ing of the shell proceeds, but shrinkage is prevented.  
The result is a dry shell that is larger than it would have 
been if it had been able to shrink in the normal fashion.  
The shell therefore, is in a stretched condition and is de-
scribed as being in tension.  The core on the other hand, 
is being squeezed by the shell that wants to shrink and it 
is said to be in compression.

If the tensile stresses are maintained the shell of the 
wood will retain its stretched condition to the end of 
the drying process and possibly beyond.  Although it will 
shrink or swell with subsequent changes in MC as deter-
mined by the atmosphere where it is placed, it will al-
ways be larger than it would have been if shrinkage had 
taken place unhindered.  This piece of wood would then 
be described as being set in a stretched condition and 

the shell is referred to as being in tension set.  This can 
be compared to an elastic band that has been held in a 
stretched condition for a long time and will not return to 
its original size when released.

Similarly, the wet core of the wood that is being com-
pressed at the early stages of drying can take on a com-
pression set.  Later, as it dries and begins to shrink, it will 
shrink more than it would have if allowed to dry without 
being squeezed by the outer shell and will then develop 
tensile stress within the core.

In terms of drying defects, stress can cause problems for 
the end user and this is discussed more in the following 
sections.  The immediate concern during drying is that 
the stresses do not cause any physical damage to the 
material.  Since wood is much stronger in compression 
than in tension, it is always the tensile forces that are 
of most concern.  With regard to tensile stress, it is the 
transverse tensile stress in the direction perpendicular to 
the grain that it is the weakest and it is in this direction 
that failures will occur.  When tensile stresses exceed the 
strength of the wood, separations develop between the 
wood fibres.  These separations are referred to as checks 
and are discussed in detail in a later section.  One distin-
guishing feature of all checks developing as a result of 
drying stress is that they always run parallel to the direc-
tion of the wood’s grain.  Splits or separations in wood 
fibre developing in other directions are nearly always the 
result of other wood quality factors.

17.3 CaSeharDeninG

The term “casehardening” has long been used in the lum-
ber drying field to describe a stress condition that exists 
within the wood either during or, remaining in the wood, 
after drying.  It is this stress condition that is described 
in the following sections.  Within the SPF industry, the 
term “casehardened” has become associated with a very 
dry shell and relatively wet core condition that can de-
velop in slower drying pieces of wood exposed to a harsh 
drying environment.  In some ways both conditions are 
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similar in that they are a natural consequence of drying 
and both become more severe if a faster drying schedule 
is employed.  This section deals with the stress condition 
known as casehardening.  Chapter 15 describes sched-
ule modifications that can address the steep moisture 
gradient condition referred to as casehardened.

17.3.1 DeveloPMenT oF CaSeharDeninG.

Casehardening is a term used to describe a particular 
distribution of stresses which are found in lumber after 
drying.  It is important to follow the step-by-step devel-
opment of casehardening as it develops during drying 
so that appropriate measures can be taken to correct it 
where necessary.  The stresses that contribute to case-
hardening are also the same as those which can cause 
surface and internal checking.  In the early stages of 
drying the shell is restricted from shrinkage by the non-
shrinking core that is still above fibre saturation point 
(FSP).  The shell therefore is in tension while the core is 
in compression.  Ultimately, a tension set develops in the 
shell and a compression set develops in the core.

Later in drying the core begins to dry below FSP and it 
therefore begins to shrink.  If compression set had de-
veloped earlier then shrinkage of the core will tend to be 
greater than it would have otherwise been. When the 
core begins to shrink it is at first aided by the shell which 
had been stretched while trying to shrink.  The shrinkage 
of the core is said to relieve some of the tension stresses 
in the surface layers.  However, as the core continues to 
shrink as it dries, it is prevented from doing so by the 
shell which has a tension set; that is the shell is fixed in a 
stretched condition.

The stresses start to reverse at this point; the shell goes 
from a stretched condition to a tendency to be pulled by 
the core, and it therefore becomes compressed or goes 
into compression.  The core goes from a compressed 
condition to being pulled by the surface shell and it 
therefore goes into tension.

This condition is known as casehardening.  The surface is 
in compression and the core is in tension.  If the surface 
and the core could be separated at this point the surface 
would enlarge and the core would shrink.  If a process 
to relieve these stresses is not included in the drying rou-
tine, this casehardened stress condition will persist in the 
material long after drying.

The casehardening condition is the normal result of 
kiln drying but the severity of the condition can be in-
fluenced by the drying conditions which are used.  If a 

board in this condition is turned on edge and resawn 
lengthwise, the two halves will cup towards one another 
(Figure 17-1).  This is because by cutting the wood at 
this time and in this manner an imbalanced stress condi-
tion develops.  Each of the resulting boards has one face 
containing wood fibre that was formerly (before cutting) 
under tension and the other face, from the core of the 
board, that was under compression.  The face that was 
originally the outside surface will enlarge and the new 
face (formerly the core of the single piece) will shrink and 
cupping will result.

Figure 17-1 
When re-sawing material in a
casehardened state the resulting 
unbalanced stresses may 
cause boards to distort such 
as the cupping shown here.

In any manufacturing process which involves resawing 
lumber lengthwise or removing substantially more from 
one side of a piece than from the other (as in produc-
ing a molding), the presence of casehardening will cause 
problems.  Casehardening is not a problem for many 
softwood lumber end products since the material is not 
being remanufactured in this manner.  If left as a solid 
cross section a balance is always maintained between 
the compression stresses in the shell and the tension 
stresses in the core.

There are other instances where casehardening or re-
sidual stress in wood can cause problems for either the 
customer or next user of the product.  When any sort of 
precision machining is done on wood containing resid-
ual drying stress there is always the possibility that it will 
change shape or size somewhat.  For example, if wood 
is being machined for fingerjointing or notched for an 
I-joist flange, the presence of severe casehardening can 
cause the wood to “move” such that the quality of the 
joint being produced will be affected.  In these and other 
cases, the solution is to incorporate a stress relief com-
ponent into the drying schedule.
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17.3.2 DeTeCTion oF CaSeharDeninG

When it is known that lumber is being dried for further 
manufacturing processes, it is wise to check how great 
the imbalance is between shell and core stresses.  The 
usual method used for detection begins by sawing a 
strip about one-half to 1-inch (12 to 25 mm) long in the 
along-the-grain direction at least 18 inches (46 cm) from 
the end of a board from the kiln charge being dried.  If 
the test strip is cut from nearer to the board end, stresses 
will not be representative since most of the drying here 
has occurred along the grain, and smaller differences in 
MC between the shell and core have developed.

Each strip is then slotted by a number of saw cuts run-
ning from one edge parallel to the original board faces.  
The cuts are stopped about 1/2-inch (12.5 mm) from 
one end to hold together the prongs so formed.  Those 
steps are indicated in Figure 17-2.  For nominal 2-inch 
(38 mm) lumber it is often sufficient to cut a sample with 
only the outer prongs left in place as shown in Figure 
17-2(b).  

Severe drying stresses can be detected immediately by 
the movement of the outer prongs.  To eliminate any 
shrinkage stresses which are due solely to MC differences 
between the shell and core, the sets of prongs should 
be allowed to stand for one day in a warm room.  Dur-
ing this time all the wood will arrive at a uniform MC.  
The condition of the prongs will now give a precise in-
dication of the presence of casehardening as indicated 
in Figure 17-2(c) and (d).  If the wood is casehardened 
the prongs will pinch inward and if there are no drying 
stresses present the prongs will remain straight.

The saw cuts allow each prong (which represents a layer 
of wood across the cross section) to move according to 
any stresses present.  Wood that is in tension contracts 
and wood that is in compression expands.  If the prongs 
are straight at this time, it indicates that there are no 
casehardening stresses present and the lumber could be 
resawn or otherwise machined with no danger of warp 
or movement developing due to drying stresses.

If the outer prongs pinch inward, this indicates case-
hardening which must be removed if the lumber is to be 
further manufactured.

17.3.3 ConDiTioninG To relieve CaSeharDeninG 
STreSSeS

Casehardening originates from fast-drying and the rapid 
development of a large difference in MC between the 
shell and core.  The tendency towards casehardening is 

greater in thick lumber than in thin lumber, in imper-
meable slow-to-dry species than in permeable ones, and 
in rapid forced drying conditions than in slower drying 
conditions.  In general, drying stresses will be minimal, 
or non-existent, in air-dried wood, moderate in low-
temperature-dried wood and progressively more severe 
as drying temperatures increase and drying times de-
crease.

In order to minimize the development of casehardening 
in lumber that is to be further manufactured, an opera-
tor must try to keep the surface of the wood at as high 
a MC as possible without excessively slowing the rate of 
drying. In effect, this means drying in humid conditions 
rather than in very dry conditions. 

If, at the end of the drying period, it is found with the 
prong test that an excessively severe casehardening con-

Figure 17-2 
Pattern for cutting a prong test to detect presence of stress in lumber.  
Straight prongs as in (b) indicate no drying stress; (c) depicts a stress 
condition early in drying and (d) a casehardened state that typically 
exists at the end of drying (prior to conditioning).

a) Test piece for determination of casehardening.
Inner prongs should be broken off.

b) Test piece, showing sample of lumber free from 
casehardening.

c) Test piece, showing casehardening in lumber par-
tially dry.

d) Test piece, showing casehardening in lumber 
at end of drying period.
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dition is present, so that further manufacturing processes 
would be difficult, then a special stress-relief treatment 
must be given.  The basis of this treatment is that wood 
becomes more plastic (soft) if its temperature and MC 
are raised. When the wood is made more plastic it can 
yield to any stresses present and the stresses can then 
even themselves out. 

In practice this treatment is applied by raising the tem-
perature and humidity in the kiln.  This is frequently done 
by simply allowing saturated steam to enter the cham-
ber.  Other means of raising the humidity in the kiln, 
such as those listed in Chapter 8, Section 8.7 can also be 
used. The goal is to raise the humidity level in the kiln to 
achieve a wet-bulb depression of 8 to 10oF  (4 to 5oC). 
Under these conditions, the wood will regain moisture 
at the surface and a process of internal stress relaxation 
is achieved. This procedure is more effective, and more 
often required, when wood is dried to lower final MCs. 
As an example, lam-stock dried to 12% is more likely to 
need conditioning than regular grade lumber dried to 
19%.

The end point in the treatment is rather difficult to deter-
mine and a real danger exists if the process is continued 
too long.  The only way to determine the time required 
for conditioning is to cut frequent stress samples.  Once 
a conditioning time has been identified for a particu-
lar product and kiln, this time can be applied to future 
charges avoiding the need to cut multiple charges.  If 
wood is being supplied to a customer who is concerned 
about drying stress, it is still advisable to cut stress sam-
ples on every load.  Four to six samples are usually suf-
ficient.  The results of the stress evaluation can be stored 
electronically or on paper by placing the samples on a 
computer scanner or photocopier and producing an im-
age that can be saved as part of the drying record.

Figure 17-3 
To record the stress condition present in the material, stress samples 
can be scanned or photocopied and the resulting image stored with 
the drying records.

The result of too much stress relieving is to reverse the 
stresses that were present, so that now the shell is in 
tension and the core is in compression.  This condition is 
known as reverse casehardening and is identified when 
the outer prongs in the stress sample fan outwards. This 
is a serious condition as it cannot be reversed unless the 
wood is completely soaked and redried.

For this reason, stress relief is a treatment that requires 
much attention from a kiln operator.  When drying the 
same species and sizes under the same drying condi-
tions, it will soon become apparent how long the treat-
ment must be continued.

17.4 CheCkinG

In the description of casehardening, much was said 
about drying stresses caused by unequal shrinkage.  If 
the stresses are so severe that the wood cannot with-
stand them, then wood failure will occur in the form of 
a check or split.  A check may be defined as a separation, 
formed during drying, of the wood cells extending lon-
gitudinally along the length of a piece.  

Depending on how and when the stresses due to un-
equal shrinkage develop, different kinds of checks can 
be found.  Unequal shrinkage has three principal causes:  

•	 As	described	in	relation	to	casehardening,	the	differ-
ence in shrinkage between shell and core during dry-
ing.

•	 The	difference	in	shrinkage	in	the	radial	and	tangen-
tial directions of the wood.

•	 The	difference	in	amount	of	shrinkage	between	nor-
mal wood and compression wood.

In general, checking is caused by unequal shrinkage in 
adjacent areas of wood.  The following sections describe 
the nature and cause of the principal types of checks.

17.4.1 enD CheCkS

End checks (Figure 17-4) are caused by too rapid drying 
of the ends of boards.  Wood dries more rapidly along 
the grain than across it and this effect extends for up 
to 18 inches (46 cm) in from each end of a board.  Ob-
viously drying is most rapid at the extreme ends.  The 
ends, therefore, tend to shrink much sooner than the re-
mainder of the piece which will resist the shrinkage, thus 
placing the ends into tension.  If the tension stresses are 
greater than the strength of the wood, then checking 
will result.
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Figure 17-4
End checking results from rapid drying and shrinkage of wood at the 
end of a board long before the remaining portions of the board have 
reached the fibre saturation point (FSP).

End checking is more prevalent in wide boards since the 
transverse stresses that develop are inherently greater.  
End checking is also more of an issue in air-dried mate-
rial rather than material that is kiln-dried from the green 
condition.  This is in part because under the accelerated 
drying conditions in the kiln there is less differential in 
drying rate between board ends versus mid-portions.  
This is aggravated in some areas of the country by very 
low outside EMC conditions at certain times of the year.  
End splits are also more common in flat-sawn boards 
because width shrinkage in flat-sawn boards is about 
double that of edge-sawn boards.

One solution to this problem is to coat the ends with 
a moisture resistant coating, thereby slowing down the 
drying and the shrinkage.  While this is economically fea-
sible with large or valuable timbers, it is generally not 
done when drying SPF dimension lumber.  Rather, the 
common practice is to trim back the ends to remove 
severe end checking at the planer mill.  Trim losses are 
a drying defect and should be counted that way when 
evaluating a drying operation.

Another approach to reducing these losses is by taking 
great care in the construction of stickered loads of lum-
ber being placed in a kiln.  Loads should be constructed 
so that no ends protrude and the outermost stickers 
should be flush with the ends of the lumber.  In this way 
air circulation will be impeded at the ends of the boards 
and the differential in drying rate versus mid-portions of 
the board reduced.

End checking due to air drying can be reduced by taking 
other measures to slow down the drying rate from board 
ends.  Placing package ends close together in the yard will 
minimize the amount of direct sunlight hitting them and 
reduce air flow.  Some mills have draped a plastic mesh 
fabric over package ends to achieve the same effect.

17.4.2 SurFaCe CheCkS

Surface checks of lumber as shown in Figure 17-5 are 
caused by the surface layers drying and shrinking faster 
than the core.  As described under casehardening, ear-
ly in drying, tension stresses develop in the shell and if 
these are greater in magnitude than the strength of the 
wood, checks will develop.  Surface checking is more 
common in the early stages of kiln drying than in later 
stages since when the MC is higher, the wood is weaker 
and less capable of withstanding stresses.

Figure 17-5 
 

Surface checking is more likely to occur in flat-sawn 
and wide boards, since shrinkage across the width of 
flat-sawn boards is about double the shrinkage across 
edge-sawn boards.  The difference in shrinkage between 
a drying surface and a still swollen core will, therefore, 
be correspondingly greater.

Generally, surface checks formed during the early stages 
of drying will close as drying proceeds and the inner lay-
ers start to shrink.  The checks become almost invisible 
on the surface of boards and very difficult to detect.  The 
checks may close but the damage to the wood is done 
and under some conditions they may open up again, 
even after the wood is in service (see internal checks be-
low).  Sometimes they will close on the surface, but will 
remain open further down in the board to become a 
form of internal check.  

Rapid drying of the surface, especially in impermeable wood, may 
generate drying stresses sufficient to cause a separation of wood fibre 
(surface checking).
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Stresses are an inevitable part of drying.  Successful dry-
ing of wood free of surface checks requires control of the 
drying rate in order to minimize MC differences between 
shell and core.  In general this means using a schedule 
that maintains higher EMC levels and perhaps accepting 
a slightly longer drying time.

17.4.3 inTernal CheCkS (alSo known aS “honey-
CoMB”)

Internal checks or “honeycomb” can be the result of an 
extension of surface checks or may be the result of  inter-
nal tension stresses that develop toward the middle and 
later stages of drying.

Figure 17-6
Internal checking, or honeycomb, may be the result of an extension of 
surface checks and/or drying of the core after the surface has achieved a 
stretched “set” condition. 
 

As drying continues beyond the initial stages, progress-
ing layer by layer from the surface inwards, the core 
eventually dries below FSP and tends to shrink.  Shrink-
age of the core is restricted however, by the outer shell 
which was forced to dry in an enlarged condition (shell 
tension set in the initial stages of casehardening).  A ten-
sion stress is set up in the core and, again if this stress is 
greater than the strength of the wood, the cells will tear 
apart and internal checks will result. 

The prevention of internal checks is based upon not cre-
ating too great a MC gradient between the shell and the 
core for those species and sizes which are known to be 
prone to internal checking.

Wet pocket species are prone to the development of in-
ternal checks.  Due to the low permeability and high MC 
of this wood it is more likely that the severe moisture 
gradient conditions described above will develop.  In 
some cases these internal checks will develop after the 
material has been trimmed back to expose a fresh board 
end with a still elevated internal MC.
 

17.5 knoT DaMaGe

Certain grades of lumber can be downgraded if knots 
check, become loose or fall out leaving holes as shown 
in Figure 17-7.  Even structural grades of lumber may be 
downgraded due to loose or missing knots.  In pine spe-
cies in particular, knots may be encased in resin and, if 
too high drying temperatures are used, the resin becomes 
brittle and is broken up in the planer allowing knots to 
fall out.  Knots dry and shrink faster than the surrounding 
wood causing another situation with differential drying 
rates.  Damage to knots can only be prevented by slow 
drying and by targeting as high a final MC as possible in 
order to minimize shrinkage.  For the most part, knots 
in SPF lumber are quite small, well scattered around 
the board, and do not cause a problem during drying. 

Figure 17-7 
Drying conditions can contribute to loosening of knots.

17.6 warP

Warp may be defined as any form of distortion which 
occurs during milling or drying of lumber.  Warp is the 
result of differential shrinkage between one face or edge 
of a board versus another.  The differential shrinkage 
may be the result of normal differences between ra-
dial, tangential and longitudinal shrinkage.  Differential 
shrinkage may also be the result of wavy or distorted 
grain, compression wood or juvenile wood.  The com-
mon forms of warp are shown in Figure 17-8 and de-
scribed in the following sections.

17.6.1 CuP

Cup is the shape taken when a board develops a curva-
ture across the grain.  Flat-sawn lumber has a natural 
tendency to cup when drying, since shrinkage is greater 
on the face which is most parallel to the growth rings;  
that is, on the sapwood side.  Cupping is also the distor-
tion which results from resawing casehardened lumber 
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Figure 17-8 
The four principal types of warp that develop in lum-
ber as it is dried.

as described in the section on casehardening.  Another 
situation that can lead to cupping is if boards dry more, 
or more rapidly, on one face than on the other.  This is 
why the practice of drying wide, 1-inch (25 mm) lumber 
with stickers between only every second row should be 
avoided.  Using more stickers and incorporating good 
piling practices, as described in Chapter 12, are the best 
preventions against cupping.   Cupping will be more of 
a problem in wider boards and boards cut either from 
small logs or from close to the pith of the tree.  This is 
because the greater ring curvature in these pieces cre-
ates a greater differential in shrinkage between the two 
opposing faces. The greatest losses due to cup occur in 
planing since the pressure of planer rollers will cause se-
verely cupped boards to split.

17.6.2 Bow

Bow is the shape taken when a board develops a cur-
vature along the grain, so that the wide faces become 
concave and convex in a longitudinal direction.  Bow is 
frequently due to the presence of reaction wood along 

Cup

Crook

Bow

Twist

one wide face resulting in an abnormally large amount 
of longitudinal shrinkage on one face only.  Good sticker 
restraint will help to minimize this problem.

17.6.3 Crook

Crook is similar to bow in that it is the shape taken when 
a board develops a curvature along the grain, but this 
time the narrow edges become concave and convex.  
Crook is frequently due to the presence of reaction or ju-
venile wood along one edge so that significant longitu-
dinal shrinkage develops along that edge only.  Since it is 
a sideways deflection, the stickers are less able to restrain 
movement in this direction to reduce crook.  Good lum-
ber size control is important in order to maintain some 
restraint on all boards.  As with all shrinkage related de-
fects, crook is made worse by over-drying.  

17.6.4 TwiST

Twist is the shape taken when a board develops a spiral-
like distortion along the grain so that the four corners of 
any face are no longer in the same plane.  Twist can re-
sult when a spiral-grained log is sawn or when a straight-
grained log is sawn so that lumber with diagonal grain is 
produced.  This means that the length of wood cells runs 
at an angle to the edges and faces of a board instead 
of parallel to them.  Normal shrinkage during drying, 
therefore, is slightly in the longitudinal direction and the 
board twists.  

Twist is a particular problem in lumber sawn to enclose 
the pith since the wood nearest the pith, juvenile wood, 
often has spiral grain and has an unusually high com-
ponent of longitudinal shrinkage.  It is for this reason 
that twist is a problem in drying wood sawn from young 
trees or plywood peeler cores.  Twist-prone lumber must 
be sawn to minimize thickness variation since good con-
tact with stickers is essential to restrain movement dur-
ing drying.  A combination of high-temperature drying, 
closer sticker spacing and clamps or weights on the top 
of loads has been shown to almost eliminate the prob-
lem.

17.7 inCiDenCe anD eConoMiC iMPaCT oF 
warP

Several Forintek studies have investigated the incidence 
and causes of warp in SPF dimension lumber.  Of the four 
types of warp described above, crook is by far the most 
frequent form of warp causing a board to be downgraded 
in industrial drying operations.  Twist is the second most 
frequent cause for downgrade due to warp.  Figure 17-9 
shows the relative amounts of material downgraded by 
warp type.  Overall levels of downgrade due to warp are 
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Figure 17-11
Drying degrade as a function of position within the kiln load.  These 
test results are for drying without top restraint and show the potential 
gain from applying restraint.

17.8 MiSCellaneouS DryinG DeFeCTS

17.8.1 CollaPSe

Collapse is an abnormal type of shrinkage which distorts, 
flattens or crushes wood cells.  The commonly accepted 
theory for explaining the phenomenon of collapse is as 
follows:  in very wet wood, the cavities of a number of 
cells may be entirely filled with liquid free water with no 
room being left for air.  As these cells dry, air should en-
ter the cell cavities to replace the free water moving out.  
The passage of air through wet wood is very slow how-
ever, and the free water can pass out of the saturated 
cells faster than the air can enter.  When this happens 
the cell walls are drawn together by capillary tension 
forces and they will buckle and fold to the extent that 
the cell cavity is completely closed.  Note that it is not the 

not high;  more boards are downgraded due to natural 
defects than to drying defects.  However, drying defects 
are often thought of as avoidable forms of downgrade 
and it is therefore important to take measures to mini-
mize the impact.  The two most important things that 
can be done in this respect are final MC control (prevent-
ing over-drying) and implementation of good piling and 
handling practices.

Figure 17-9 
A Forintek study of industrial SPF drying operations showed that crook 
and twist are the most common reasons for a board to be down-
graded after drying.

A Forintek study at seven industrial Eastern SPF drying 
operations showed the average value loss due to drying 
to represent approximately 6% of the potential dry lum-
ber value.  Virtually all the value loss was due to warp.  
Individual mills varied from a low of 2% to a high of 9%.  
Since these mills were all dealing with a similar resource 
mix, the wide range of results shows that there is a pay-
back from implementing good practices.  Figure 17-10 
shows the impact of final MC on drying degrade.  This 
highlights the importance of final MC control.  Mate-
rial at the lower end of the MC range exhibited roughly 
twice the value loss when compared to material close to 
the final target of 19% MC.

The same study showed that drying degrade in the up-
per 10 to 15 rows of lumber is roughly twice as high as 
that experienced in the lower portions of the kiln load, as 
shown in Figure 17-11. Therefore, there is a benefit as-
sociated with applying top restraint.  Details on types of 
top restraint systems are provided in Chapter 12. Losses 
in the upper rows can be brought back to levels more 
typical of the rest of the load through the application of 
top restraint of about 100 pounds per square foot (500 
kg/m2).

Figure 17-10
Value loss due to drying degrade as a function of final moisture con-
tent.
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external air pressure on the outside of the wood which 
is responsible for this collapse, but rather the cohesive 
force of the water pulling the wet cell walls together.  
The collapse of groups of many cells produces sunken 
areas in the surface of lumber giving a washboard effect 
and in thick lumber internal checks may also develop. 

Figure 17-12
Severe collapse and shake in a sample of balsam fir dried rapidly.

The species that are most susceptible to collapse are 
those that have a very high initial MC – at least in por-
tions of the wood – and have a low density.  The low 
density equates with thin cell walls which are weaker 
and less able to withstand the stresses described above.  
Of the SPF species balsam and subalpine fir are the most 
likely to experience problems with collapse.  High MC 
boards from white and red spruce are also likely to de-
velop collapse.

Collapse is avoided by using milder drying conditions at 
the start of the drying schedule.  This slows drying and 
provides time for some air to enter the cells and reduce 
the stress levels.

17.8.2 raiSeD Grain

This corrugated appearance of the surface of some soft-
wood lumber, known as raised grain usually develops 
when lumber is not dried to a uniform low MC before it 
is planed.  In flat-grain lumber corrugation of the surface 
is due principally to the planer knives crushing the hard 
latewood into the softer earlywood beneath it.  Later due 
to mechanical springback or moisture pick-up, the late-
wood rises above the earlywood cells causing the rippled 
surface effect.  In edge-sawn lumber that is planed when 
dry, but which then absorbs moisture, a corrugated sur-
face is caused by greater swelling of the latewood bands 
above the earlywood bands.

17.8.3 Shake anD looSeneD Grain

Shake or ring shake is a natural defect in the wood that 
is sometimes associated with or attributed to the dry-

ing process.  Shake is a separation or weakness of cells 
along the border between one annual ring and another.  
This separation may not be apparent when the wood is 
green but will often open up as the wood is dried and 
normal drying stresses develop. Shake may develop from 
mechanical stresses exerted on the standing tree (i.e., 
wind) or may be associated with wetwood as described 
in Chapter 4.

The defect known as loosened grain most frequently oc-
curs on softwood lumber having very dense latewood, 
in which the shrinkage of the latewood in one annual 
ring is much greater than that of the earlywood in the 
adjacent ring.  This difference in shrinkage may cause a 
plane of shear to develop between the two rings.  The 
consequent separation of the annual rings will cause sliv-
ers to occur near the surface which when pulled, will 
often tear along the length of the board.

The occurrence of loosened grain is aggravated by the 
use of too low a RH during the kiln drying process.  This 
does not mean that low RH will always cause loosened 
grain, but rather that certain classes of timber are prone 
to develop this defect under faulty drying conditions.  In 
species prone to this defect or containing naturally oc-
curring shake, the pounding of the wood by improperly 
adjusted planer knives also can cause separation of the 
grain at the annual rings, particularly in wood in which 
there is a considerable difference between the density 
of earlywood and latewood.  Excessive pressure on the 
feed rolls may also be responsible for this defect in such 
species.

17.8.4 FunGal STain

Surface moulds and sapstaining fungi (blue-stain) will de-
velop in some softwood species, particularly pines, if the 
kiln conditions are set to provide too low temperatures 
[less than 110°F (43°C)] and high humidity.  Sapstain is 
caused by fungi growing on the wood surface, but can 
be prevented by rapid drying of the wood surface to re-
duce surface moisture or by drying at temperatures over 
140o to 150°F (60o to 65.5°C).  Most SPF drying is done 
at temperatures well in excess of this and, consequently, 
sapstain developing in the kiln is not an issue.  One area 
of concern is if lumber is being air-dried.  Poor air drying 
practices can result in slow drying conditions that can 
lead to the development of sapstain.  Long log storage 
times, over the summer months, can also lead to exces-
sive levels of sapstain.

The presence of sapstain and mould do not negatively af-
fect the grade of most traditional grades of SPF dimension 
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or stud lumber.  New trends in lumber marketing, how-
ever, are introducing specialty grades that do not toler-
ate stain.  Since most of these specialty grades are also 
associated with a higher lumber value, there is an eco-
nomic incentive to implement measures to prevent or 
minimize the development of sapstain.

17.8.5 CheMiCal DiSColoraTionS

There are a number of colour changes that can occur in 
wood due to interaction of the chemical constituents of 
wood with moisture and air.  In most cases these are oxi-
dative reactions.  None of the species in the SPF group-
ing are prone to severe chemical discolorations and any 
slight discolorations that may develop would not affect 
the grade or marketability of the material.

NOTES
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18.1  overview

Results related to the drying operation are commonly 
measured by:
a) productivity

b) drying costs

c) quality of the final product (grade recovery and final 
MC).

In most cases kiln drying adds value to the final product.  
In addition to the financial incentive, mills dry lumber 
products to enhance their attributes and to achieve de-
sired dimensional stability.  In practical terms, the kiln 
drying operation probably represents the best opportu-
nity to add value to the final product as long as drying 
defects do not deteriorate the quality or grade category.  
For some mills the kiln drying operation is considered 
as a ‘profit centre’.  To maximize its profits by adding 
value and reducing operational costs, kiln operators and 
supervisors must adhere to well established quality control 
(QC) practices such as those outlined below. 

The three items outlined above (productivity, drying 
costs and quality) are closely connected.  In most cases, 
increasing productivity means “do more with less” that 
is, mills try to maximize their present kiln capacity and 
thereby avoid, or at least postpone, significant capital 
investments in kiln drying.  Selection of drying sched-
ules, sorting prior to drying and the daily operation of 
kilns (kiln uptime and scheduled and unscheduled main-
tenance) are the main variables affecting productivity.  
Mills vary in the way they compute their drying costs.  
For kilns heated using fossil fuels, energy can be a ma-
jor component.  In most cases, energy and labour are 
the main components of the cost of drying.  Quality of 
the final product is perhaps the most important mea-
sure for any kiln drying operation.  The assessment of 
quality has a tangible component (measured through 
degrade and MC assessment) and an intangible com-
ponent that relates to how the customer perceives the 
quality of the final product.  For example, two similar 

KD 2x4x16’ boards may fall in the same grade catego-
ry, as defined by lumber grading standards, but due to 
differing amounts of actual warp, they may be sold for 
significantly different prices or used in different applica-
tions.  Thus, more progressive mills use standard grad-
ing rules as well as develop their own criteria to match 
specific customer requirements and thereby maximize the 
value of their product mix.  The role of QC as it relates 
to drying will increase in importance as mills optimize 
their grade (including specialty grade) outturn and face 
competition with other wood substitute products such 
as plastic, steel or concrete.

18.2  aSSeSSinG Final MoiSTure ConTenT

18.2.1 SeTTinG TarGeTS

Setting target MC is a strategic decision that should 
involve kiln operators, supervisors, QC personnel, man-
agement, and sales/marketing or customer relations per-
sonnel.  Product use or application and environment in 
which the final product will be used must dictate tar-
get MC.  Thus, depending on the product, where it will 
be used and the time of the year, different target MCs 
must be selected to ensure optimum performance.  One 
important consideration when deciding on target MC 
refers to the maximum variation allowed.  There are dif-
ferent ways of assessing MC variation but probably the 
most useful information can be obtained by:

•	 knowing	the	average	and	standard	deviation;

•	 knowing	the	range	of	variation	that	is,	the	difference	
between the maximum and minimum values;

•	 knowing	 the	proportion	of	material	 either	below	or	
above a pre-defined acceptable moisture range.

The variables above allow the kiln operator to make de-
cisions about the schedule and/or kilns to be used to 
achieve the desired results.  For example, usually kiln op-
erators drying softwood dimension lumber target their 
final MC so that all material falls in the range of 10% to 
19%.  The maximum value of 19% is determined by the 
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grading rules and the minimum value of 10% is com-
mon industrial practice although it may vary from mill 
to mill.  In general, lumber exhibiting MC values lower 
than 10% tend to warp excessively and therefore can 
be downgraded, resulting in financial loss for the mill.  
In other wood processing sectors, more stringent MC 
targets for lumber products used in the manufacture of 
high quality furniture and musical instruments are in-
variably required to ensure product performance.  Target 
MC ranges for some of these products can be as narrow 
as +/- 1 to 2% MC or less.  

18.2.2 MeThoDS For aSSeSSinG Final MC

18.2.2.1 hoT CheCkS

The hot check process is used to assess the MC at the 
end or very close to the end of the drying process.  It is 
basically an opportunity for the kiln operator to deter-
mine whether the drying process should be continued 
(target MC has not been attained) or terminated.  The 
procedure to conduct a hot check is described in section 
14.3.4 of Chapter 14.  Although hot checks estimate the 
MC of a relatively small sample (usually less than 1%), 
the results give the kiln operator the opportunity to de-
tect variations within the kiln and to use the information 
to decide when to shut down the kiln.  

Consistent gathering of hot check information can be 
quite useful if it is related to the MC values obtained at 
the planer mill where each piece can be individually as-
sessed.  In some cases, hot check MC estimates will be 
higher than planer MC values and in other cases lower.  
In general they differ by 2 to 4% MC and this differential 
is usually consistent for a particular product.  It is impor-
tant to understand the relationship between these two 
in order for the kiln operator to decide when to end the 
drying process and avoid over-drying the lumber.

18.2.2.2 ColD CheCkS

In the same manner as a hot check, a “cold” check can 
be conducted while the material is still on stickers but 
after it has been removed from the kiln and cooled to 
ambient temperature.  This may provide an opportunity 
for mills that are not set up to do so at the planer mill 
to gather more detailed information on final MC.  With 
the lumber out of the kiln and in a more hospitable en-
vironment operators can take the time to sample more 
locations around the load.  The same procedures and 
precautions suggested for hot checks with hand-held 
meters need to be followed for this sort of testing.

18.2.2.3 oven-Dry TeSTS

Oven-dry tests are considered the most accurate method 

to determine MC of wood – green or dry.  However, since 
the oven-dry test method is time consuming it is rarely 
used in day-to-day operations dealing with softwood 
dimension lumber.  The procedures for conducting an 
oven-dry MC determination are described in Chapter 5.  
A good quality control program  will use this method to 
check calibration of their hand-held and/or in-line mois-
ture meters on an intermittent but preferably regular 
basis.  Every lumber drying operation should have equip-
ment available and personnel able to conduct an oven-
dry test (See Chapter 5).

18.2.2.4 in-kiln MC MeaSureMenTS

Although in-kiln MC measuring systems were developed 
more than 20 years ago, it is only recently that the tech-
nology has gained acceptance by mills drying softwood 
dimension lumber.  There are several suppliers of such 
systems in Canada.  The main advantage of in-kiln MC 
meters is the potential to end the drying process at the 
most appropriate point, without excessive amounts of ei-
ther over-dried or “wet” boards.  In-kiln meters normally 
assess the MC in up to eight different zones throughout 
the kiln and the combined number of pieces involved in 
the assessment represents 3 to 5% of the total number 
of pieces inside the kiln.  This is an improvement in terms 
of proportion of material sampled when compared to 
the hot check procedure.  In-kiln MC meters can also be 
used to detect significant differences in MC between the 
eight zones.  Kiln operators can then adjust their sched-
ules or residence times based on the differences in MC. 
Since in-kiln MC meters measure the MC for a group of 
pieces in a zone (200 to 250 pieces per zone depend-
ing on lumber dimensions), it does not give an idea of 
the variation within the packages.  Thus, kiln operators 
do not have the option with this equipment to assess 
board-by-board variability or estimate the standard de-
viation.

18.2.2.5 qC–MC CheCkS (DurinG GraDe CheCkS)

Final MC checks are routinely carried out by QC person-
nel.  Mills set their own standards and sample size when 
carrying out QC-MC checks.  In many mills a sample 
extracted from a shift production involving 100 to 200 
pieces is used to assess grading accuracy and this pro-
vides an opportunity to collect information on ‘types of 
defects’ and ‘causes of degrade’.  Other mills carry out 
random checks and select one or more packages per 
grade per week.  A package of 2x4 can contain as many 
as 480 pieces.  In either case the sampled material can 
also be tested for MC using handheld electric meters 
(DC-resistance or dielectric types).  Mills that produce 
machine stress rated lumber (MSR lumber) also assess 
MC using electric moisture meters during their standard 
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MSR testing procedures.  All of these situations are op-
portunities for the kiln operator to gather data on the 
final MC characteristics of the dry material.

18.2.2.6  Planer in-line MC MeaSureMenTS

Moisture content values obtained at the planer are 
ultimately accepted as the final MC at the end of the 
manufacturing phase.  This is the only opportunity in 
the process to assess the final MC of every board be-
ing manufactured.  This is an important assessment as it 
provides the opportunity to downgrade and/or remove 
any piece if the MC is above the upper acceptable level 
set by standards or the customer.  Thus, it is imperative 
that in-line moisture meters are constantly checked for 
accuracy and mill personnel should follow maintenance 
and operational procedures according to the instructions 
supplied by the manufacturers.  Some mills have the ca-
pability of tracking packages as they come out of the 
kilns and are processed through the planer mills.  This is 
the ideal scenario since it will be possible to assess MC 
for a specific kiln charge (drying run) and not only obtain 
the average MC and standard deviation but also obtain 
a detailed MC distribution profile according to package 
location within the kiln.  Kiln operators can then trouble-
shoot their kilns and kiln schedules using the tracked in-
formation obtained at the planer mill.

18.2.2.7 CuSToMer MC CheCkS

As the name implies, customer MC checks are usually 
carried out for the lumber delivered to the customer.  In 
some cases, the inspection is conducted before the lum-
ber leaves the mill but most commonly, MC checks are 
carried out at the customer location.  In general, cus-
tomer MC checks are carried out once the lumber has 
been delivered and is initiated due to a disagreement 
regarding the value of the final MC.  In most cases, mill 
QC personnel are involved with the customer in decid-
ing criteria for acceptance and/or rejection of the de-
livered product.  Kiln operators rarely get involved with 
customer MC checks but it is important that they receive 
feedback from QC personnel regarding the results of the 
inspection.

18.2.3 aSSeSSinG Final MC variaTion

Assessing final MC variation is an important aspect of 
QC procedures associated with the drying operation.  It 
can provide useful information so that kiln operators can 
modify their drying schedules.  It will allow mill man-
agers to evaluate the potential benefits of sorting prior 
to drying and it also allows maintenance supervisors to 
troubleshoot areas in the kiln that may be causing varia-
tions in drying rates that result in significant variations 

of final MC.  There are several means for assessing MC 
variation and the discussion below involves the most 
practical ones.

18.2.3.1 averaGe anD STanDarD DeviaTion

Average final MC (MCavg) is probably the most common 
parameter used to assess MC at the end of the drying 
process.  Today's moisture meters are designed so that 
kiln operators can obtain average MC by simply press-
ing a button after measuring the MC of a number of 
pieces.  It is easy and quick to obtain, but average MC is 
of limited value when assessing a charge or load of lum-
ber.  To give a more comprehensive view of the results it 
is necessary to obtain another parameter: the standard 
deviation (SD).  With these two parameters, MCavg and 
SD, kiln operators can have a much better appreciation 
of the range of final MC for a particular situation.  One 
of the limitations of SD is that it is based on a “normal” 
distribution of results.  Figure 18-1 shows a distribution 
of final MC results that would be considered, in statisti-
cal terms, as “normal”.  In this pattern there is an equal 
and similar distribution of readings occurring both be-
low and above the mean value.  Unfortunately, final MC 
is not a variable that always fits the “normal” distribution 
as shown here.  Despite this limitation it is still a useful 
tool for comparing drying results from charge to charge 
and is worthwhile setting a target value for.

In many cases the final MC distribution for individual 
charges resembles the graph illustrated in Figure 18-2.  
In comparison to the distribution of readings in Figure 
18-1 it can be seen that the readings are now heavier, or 
skewed, toward the lower MC side.  This occurs because 
the drying rate of wood slows considerably at lower MCs 
and therefore, pieces tend to accumulate in the lower 
MC ranges – especially when drying times are extended.

Figure 18-1 
Final moisture content (normal distribution assumed).
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Figure 18-2  
Typical final moisture content distribution (skewed).

Standard deviation can still be calculated and used to 
describe a skewed population but, comparisons to other 
populations can sometimes be misleading. However, 
the ‘law of large numbers’, (known in Statistics as the 
Central Limit Theorem) provides a means of using the 
normal distribution rules to advantage.  This theorem 
states that, although the individual sample groups may 
not follow a normal distribution, the distribution of the 
charge averages for a number of charges will be nor-
mally distributed.  Thus, if the average MC values for 
a large number of kiln charges are plotted, the overall 
distribution of the final charge average MC for the mill 
(or kiln, product, etc.) will resemble the graph illustrated 
in Figure 18-1.  Doing some basic statistics on the values 
of charge average MC will also provide some informa-
tion on how this property varies from charge to charge.  
In this case, a standard deviation of 3% tells us that the 
average MC for individual charges will fall within a range 
of 12 to 18% MC 68% of the time (based on the defini-
tion of SD).  The same definition of SD states that 96% 

16
14
12
10
8
6
4
2

0

100
90
80
70
60
50
40
30
20
10
0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
MC (%)

of the results will fall within plus or minus two standard 
deviations (9 to 21% MC in this case).  Quality control 
personnel can therefore set up not only target average 
MCs but also a target SD.  If a mill sets a target average 
charge MC of 15% and a SD of 2%, they could expect to 
see their final charge average MCs fall within the range 
of 11 to 19% most (96%) of the time.

At the end of the drying process kiln operators can mea-
sure MCavg  and over time calculate the SD on this prop-
erty, and thereby develop distributions similar to those 
illustrated above.  The results of this analysis will have 
additional meaning when they are associated with a spe-
cific kiln,  product, species, sorting group or time of the 
year (season).  When kiln operators are equipped with 
this type of information, they can carry out comparison 
analysis and, as an example, adjust the drying schedules 
to bring things within the targeted range.  

18.2.3.2 loCaTion wiThin The kiln

As mentioned earlier, assessing MC based on location 
within the kiln will allow the kiln operator and mainte-
nance personnel to troubleshoot and fix problems.  For 
example, kiln issues that affect drying rates are usually 
related to non-uniform air velocity and/or non-uniform 
conditions of temperature and RH.  Figure 18-3 illus-
trates the assessment of MC for different regions of the 
kiln.

As shown in Figure 18-3, lumber located in Zone 1 
(northeast part of the kiln) is clearly over-dried.  There are 
many reasons that could be contributing to the situation 
illustrated.  Once the trend is identified, kiln operators 
can start investigating possible causes.  In some cases it 
will be useful to assess the ‘degrade’ that will probably 
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Figure 18-3  
Assessing MC for different regions of the kiln.
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Figure 18-4  
Distribution of final MC (MCavg = 11.0% , SD=3.5%).

Figure 18-5  
Disribution of final MC (MCavg = 14%, SD=3.5%). 

 

Figure 18-6  
Distribution of final MC (MCavg =14.3%, SD=2.2%).

 

Figure 18-7  
Distribution of final MC (MCavg =14.3%, SD=4.3%).
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occur for the lumber that was over-dried (northeast lo-
cation).  Determining the financial impact will certainly 
help justify the investment to address the problem that 
is causing over-drying.  It is quite possible that the rea-
son for the over-drying observed for Zone 1 was due to 
the lumber in that location within the kiln having been 
air drying in the yard for some time.  Although it is not 
a recommended practice mills are sometimes forced to 
load kilns with lumber having different yard history and 
therefore different initial MCs.  If that is the case, display-
ing the final MC data as illustrated in Figure 18-3 may 
be sufficient to justify changes in procedures.  In this 
case it may simply be establishing guidelines to ensure 
that lumber to be loaded in a single kiln charge will have 
similar yard history.  Whenever that is not possible, the 
kiln operator could then be empowered to use a more 
conservative drying schedule to avoid over-drying the 
portion of the load with the lower initial MC.

18.2.3.3 inTerPreTinG STaTiSTiCal ParaMeTerS

As discussed above, the average final MC and SD are 
probably the most commonly used parameters to assess 
the results of the drying process.  Individually, MCavg and 
SD do not give a definitive idea of the results of a partic-
ular kiln charge.  Thus, they need to be reported as a pair 
to more fully describe the results.  Figure 18-4 illustrates 
the distribution for a hypothetical kiln charge for which 
the MCavg and SD are 11.0% and 3.5% respectively.

Figure 18-5 illustrates another distribution with a differ-
ent MCavg but the same SD.  The MC distributions illus-
trated in Figures 18-4 and Figure 18-5 show a similar 
‘spread’ (same SD) but significantly different average 
MCs.  The distribution in Figure 18-4 clearly illustrates 
that a considerable amount of lumber was over-dried 
whereas the distribution shown in Figure 18-5 depicts 
reasonable results.  Thus, even though both distributions 
exhibit the same ‘spread’, the final MCavg clearly differen-
tiates them.  Likewise, the scenarios illustrated in Figures 
18-6 and 18-7 illustrate the situation where both distri-
butions exhibit the same MCavg =14.3% but significantly 
different SDs.

Although the MCavg for the distributions is the same 
(14.3%), the ‘spread’ illustrated by Figure 18-6 clearly 
indicates better results when compared to the results il-
lustrated by Figure 18-7.
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In addition to the parameters of MCavg and SD, kiln op-
erators can get useful information from histograms, MC 
ranges, and cumulative distributions.  For example, the 
distribution of final MC for a typical kiln charge is illus-
trated in Figure 18-8.  The MCavg and SD are 14.4% and 
4.5% respectively.  In addition to noting the skewed pat-
tern of final MC, the operator can get an idea of the 
range; that is, the difference between maximum and 
minimum MCs.  For the example shown in Figure 18-8, 
the range is 25% (30 to 5%).  This graph also has a 
line added to show the cumulative distribution of final 
MC.  This line can be used to determine the amount 
of material falling below (or above) a specific final MC 
value.  For example, this graph indicates that about 15% 
of the lumber has an MC below 10% .  Thus the kiln 
operator can quickly get a good estimate of the amount 
of over-drying (designated here as material below 10%) 
and therefore evaluate the effectiveness of the drying 
run and determine whether there is a need to modify 
the drying schedule.  The graph in Figure 18-8 can also 
be used to determine the amount of “wet” material or 
material falling over a pre-defined maximum acceptable 
MC.  In this case, the example on the graph shows that 
approximately 90% of the load has a final MC of 20% or 
less.  Therefore, there would be 10% of the material with 
a final MC greater than 20%.  Adding the percent of 
over-dried and under-dried (“wets”) material will provide 
a quick total of the amount of material that falls outside 
of the pre-defined target range.

Figure 18-8  
Distribution of final MC (MCavg =14.4%, SD=4.5%).

All the results illustrated by the figures above represent 
typical scenarios found in industrial drying operations.  
The main performance indicators, as pointed out in the 
introduction to the chapter, productivity, drying costs 
and quality, must be considered when analyzing the 
graphs above.  For example, for operations producing 
lumber for ‘laminated stock’ the results illustrated by 
Figure 18-4 might apparently comply with requirements 
(MC lower than 14%).  However, a closer analysis would 

12

10

8

6

4

2

0

100
90
80
70
60
50
40
30
20
10
0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Final MC (%)

MC (%)

reveal that 15 to 20% of the lumber would have a final 
MC over 14%.  Kiln operators and managers must decide 
whether the amount of “wets” for this case is too high 
or if it can be sorted out and directed to different final 
products.  On the other hand if the kiln operator dried 
the charge to a lower MCavg, most of the lumber would 
invariably fall below 14%.  However, the additional drying 
would probably cause other problems associated with 
excessive shrinkage and warp as there would be a larger 
proportion of over-dried material.  Thus, mill QC and kiln 
operating staff must agree on and set target values for 
final MCavg, SD, and final MC range.  It is quite likely that 
different targets will need to be set depending on the 
product, time of year, species and/or customer require-
ments.  This dynamic approach to interpreting results is 
necessary to optimize the three main components that 
measure the success of the drying operation (productiv-
ity, drying costs and quality of the final product).

18.3  iMPaCT oF DryinG on ProDuCT  
qualiTy
18.3.1 aSSeSSinG luMBer qualiTy

Mills employ different ways of expressing their quality 
results depending on the products being manufactured 
and target markets.  In many cases, dimension mills ex-
press their results in terms of percentage of the produc-
tion for a certain grade outturn.  Mills producing random 
length dimension lumber normally express their results 
in terms of ‘percentage of No. 2 & Better’.  Other grade 
categories such as Premium, J-grade, Economy and Util-
ity can also used to provide a comprehensive distribution 
of quality for the products and therefore allow managers 
and supervisors to continually evaluate results and com-
pare to other similar mills.

In general when a mill reports that their percentage of 
No. 2 and Better is 85%, it means that 15% of the lum-
ber did not make it into the higher grades.  The reason 
for downgrade may be the result of natural defects or a 
problem caused by the manufacturing process, includ-
ing the kiln drying stage.  The process of determining the 
proportion of material downgraded due to drying can 
be a difficult and time consuming task but does result 
in valuable data.  Mills often overlook the opportunity 
to determine the actual cost of degrade due to drying 
and therefore the potential increase in annual revenue 
that can be generated through a well run drying op-
eration.  Although the potential increase in annual rev-
enue depends on lumber prices and market conditions, 
improving the drying operation will inevitably result in 
attractive benefits and payback both tangible (better 
grade recovery) and intangible (better quality perceived 
by the customer).
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18.3.2 aSSeSSinG warP aS a qualiTy inDiCaTor 
For DryinG DeFeCT anD DeGraDe

Warp is the most significant drying defect affecting the 
grade of SPF dimension lumber.  Thus, if warp can be 
accurately assessed, it can be used to estimate the im-
pact that, for example, a particular drying schedule will 
have on the final quality of the product.  The diagram 
below (based on NLGA rules) illustrates the critical limits 
for various forms of warp in terms of their impact on 
drying degrade,

Figure 18-9  
Actual warp (crook and twist) allowances based on NLGA grading 
rules for softwood dimension lumber.

define whether a board makes one grade or another.  
By gathering data on grade recovery alone, the result 
is a simple “pass”/“fail” evaluation.  By gathering and 
analysing data on actual warp measurements, increases 
in the amount of warp can be detected before a major 
impact on grade recovery develops.  The best way to 
measure warp manually is to pull material off line and 
place it on a flat surface as shown in Figure 18-10.  Au-
tomated grading systems are evolving and at least some 
of them now have the capacity to provide data on the 
actual amount of warp present.  Regardless of the man-
ner chosen to gather data on warp in dry lumber, it must 
be remembered that not all warp is a direct result of dry-
ing.  Some warp can be imparted to the lumber during 
the sawing process either from natural growth stresses 
or curve sawing operations.  If these sources of warp can 
be considered as minimal or constant (this needs to be 
determined), then variations in warp in the dry product 
will be, for the most part, a result of the drying opera-
tions.

Figure 18-10 
Detailed measurements of warp require removing material from the 
production line and placing it on a flat surface.  Newer, automated 
grading systems may be able to provide similar information.
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There are various ways in which drying degrade can be 
evaluated for SPF dimension lumber.  The method cho-
sen will be determined by the level of detail required.  
Mills should consider using several of the following op-
tions as part of an ongoing program to monitor the level 
of drying degrade.

1. MoniTorinG reaSonS For DownGraDe

The regular grade check system employed at many mills 
can be elaborated upon to gather data on pieces down-
graded due to warp.  By monitoring the “percent of 
pieces downgraded due to warp” a mill can pick up on 
increases that may be the result of equipment or op-
erational problems at the kiln.  Some automated grad-
ing systems now offer the ability to monitor this perfor-
mance criterion on a regular basis.

2. MeaSurinG warP in Dry luMBer

Taking actual measurements of warp in dry lumber can 
reveal more information on when things are starting to 
go “out of control” in a drying operation.  As shown in 
Figure 18-9 there are various discrete levels of warp that 

3. MeaSurinG warP BeFore anD aFTer DryinG

A more accurate but time consuming way of collecting 
data on warp is to measure the product both before and 
after drying.  This eliminates the problem of existing warp 
in green lumber affecting the results.  This type of test 
can be conducted manually or with an automated grad-
ing system.  If using an automated grading system, the 
packages of green lumber to be assessed would have to 
be run through the grading system prior to drying.  The 
opportunity to do this will vary from mill to mill and will 
depend on physical restrictions for getting green lumber 
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in and out of the grading line and the availability of free 
time on that line.

4. TriM loSSeS aS a CoMPonenT oF DryinG DeGraDe

With every lumber manufacturing operation there is an 
element of volume loss associated with trimming at the 
planer mill.  Depending on the product a certain portion 
of those trim losses will be due to drying defects such 
as end checking or warp.  In order to get a complete 
picture of drying degrade, a degrade analysis should in-
clude at least a quick evaluation of the trim losses to 
see if this component is significant.  Trim losses can be 
evaluated as part of a “before and after” grading evalu-
ation as detailed in No. 3 above or can be assessed by 
monitoring dry lumber being processed at the planer 
mill.  If done on line with a manual grading situation, 
the graders can indicate when a board is being trimmed 
back and by how much due to a drying defect.  Again, 
automated grading systems may offer an opportunity to 
collect these data more efficiently.

NOTES
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19.1  overview

The Food and Agriculture Organization (FAO) of the 
United Nations has issued International Standards for 
Phytosanitary Measures (ISPM) to help control the trans-
mission of forest (and other) pests from country to coun-
try or continent to continent.  ISPM No. 15 “Guidelines 
for Regulating Wood Packaging Material in International 
Trade” lists heat treatment (HT) as an approved measure 
for wood packaging material. 
 
ISPM No. 5 defines heat treatment as:
“The process in which a commodity is heated until it 
reaches a minimum temperature for a minimum period 
of time according to an official technical specification.”

ISPM No. 15 states that:
“Wood packaging material should be heated in accor-
dance with a specific time-temperature schedule that 
achieves a minimum wood core temperature of 56°C for 
a minimum of 30 minutes.”

The footnote for this line states that this combination 
of temperature and time was chosen “in consideration 
of the wide range of pests for which this combination 
is documented to be lethal and a commercially feasible 
treatment.”  Although these documents relate to wood 
packaging materials, HT is now accepted by many coun-
tries as an effective phytosanitary measure for all solid 
wood products.  For example, Canadian softwood lum-
ber being shipped to Europe needs to meet the above 
standard in order to be marked or otherwise document-
ed as being heat treated.

Within North America an “HT” designation has been 
added to the grade stamp for softwood dimension and 
stud-grade lumber.  Most kiln drying operations meet 
the temperature criteria listed above and are therefore 
able to include this designation on their material along 
with a “KD” designation.  Material may also be marked 
as “HT” without the “KD” designation provided an ap-
proved treatment has been followed.

19.2  hiSTory oF hT requireMenT

In the late 1980s the European Union identified the  
pinewood nematode (PWN) (Bursaphelenchus  
xylophilus), which was present in some North American 
softwoods, as a possible threat to their forests.  As a 
result the Canadian lumber industry needed a way to  
ensure their product was phytosanitary safe.  For the 
most part, kiln drying was accepted as an effective means 
of eliminating pests as the majority of kilns operated at 
temperatures of 160o to 180°F (approx. 70o to 80°C) or 
higher.  However, kiln drying has certain costs associated 
with it which are only recovered when the customer has 
requested the lumber in that condition.

In order to develop a lower cost alternative, Forintek and 
several other Canadian research facilities embarked on 
a project to identify the lowest temperature and short-
est time combination that would eliminate the PWN and 
its vector, the Monochamus beetle.  The results of that 
work identified 56°C (133°F) for 30 minutes as an effec-
tive treatment.  This temperature-time combination was 
recommended after taking into consideration the most 
temperature resistant isolate of PWN and the worst case 
combination of wood species and MC.

19.3  eFFeCT oF wooD ProPerTieS on hT

Physical properties such as basic density and MC have 
long been known to have an effect on heating time in 
wood; however, the significance of each of these is not 
well documented for Canadian species in this tempera-
ture range.  Wood at a high MC has little air present and 
wood cells saturated with water are a better conductor 
of heat than wood cells filled just with air.  On the other 
hand, more water present means more mass and there-
fore more energy is required to heat the piece.  One of 
the factors limiting heating rate is the surface area in 
contact with the heated air stream.
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An analytical method of predicting heating rate in wood 
has been developed by Forintek.  Results confirm that 
increasing either wood density or MC will cause an in-
crease in heat treatment time, all other factors being 
equal.  However, wood thickness has by far the greatest 
impact on total treatment time.  Treatment time increas-
es in relation to, and at a faster rate than thickness.  If 
lumber thickness doubles, heat treating time will more 
than double.

When heat treating green lumber, it is the wet-bulb tem-
perature that has by far the greatest impact on treat-
ment time.  This is not surprising if it is considered that 
a piece of wood that is well saturated will act very much 
like a wet-bulb sensor.  Moisture evaporating from the 
surface will cause a cooling effect.  On very green wood, 
the surface temperature will not rise above the wet-bulb 
temperature until some drying has taken place.  There-
fore, in order to achieve a short treatment time it is es-
sential that the wet-bulb temperature be somewhat in 
excess of the target core temperature.  Work conducted 
by Forintek identified that treatment chambers operat-
ing at a wet-bulb temperature of 60°C (140°F) or higher 
achieved the shortest heat treatment times [when tar-
geting a core temperature of 56°C (133°F)].

It is possible to achieve a successful heat treatment with 
wet-bulb temperatures lower than the target core tem-
perature as long as the dry-bulb temperature is greater 
than the target core temperature.  Under these condi-
tions, however, it must be expected that treatment times 
will be greatly extended.  In order for these conditions to 
be effective, the wood must either be partially dry at the 
time of treatment or some time must be given within the 
treatment to dry the surface of the wood.  This will then 
allow the surface temperature to rise above the wet-bulb 
temperature.

Figure 19-1 shows the relationship between wood tem-
perature, dry-bulb temperature, and wet-bulb tempera-
ture during a typical heating phase.  As mentioned pre-
viously, the temperature of wet wood approaches and 
follows the wet-bulb temperature more closely than the 
dry-bulb temperature.  Due to the close link between 
wet-bulb temperature and wood temperature, many of 
the heat treatment schedules developed for solid wood 
are based primarily on wet-bulb temperature.

Figure 19-1  
Sample heating rate in 2-inch softwood lumber as compared to dry- 
and wet-bulb temperatures.

19.4  heaT TreaTMenT SCheDuleS

The export of heat treated lumber is regulated by the 
Canadian Food Inspection Agency (CFIA).  The CFIA has 
developed various programs in which the industry and 
associations can participate.  The options available to in-
dustry for heat treatment of solid wood are described 
in the CFIA document “The Technical Heat Treatment 
Guidelines and Operating Conditions Manual” (PI-07).  
Mills can elect to either have a third party develop a 
site-specific treatment schedule or use a number of “ge-
neric” heat treatment schedules.  There are two general 
groups of generic schedules; some based primarily on 
wet-bulb temperature and others based exclusively on 
dry-bulb temperature.  

The wet-bulb-based generic schedules for Canadian 
softwood lumber up to 130 mm thick are listed in Table 
19-1 and others can be found in the CFIA document 
PI-07.  These schedules list a minimum total treatment 
time, the portion of the schedule where the wet-bulb 
must meet or exceed 140°F (60°C) and the final wet-bulb 
temperature that needs to be attained.

These schedules reflect the actual conditions achieved 
during industrial heat treatment processes.  They are flex-
ible in that the total treatment time must be extended if 
the wet-bulb temperature does not reach 140°F (60°C) 
within the allotted time.  For example, on  material up to 
2-1/4 inches (60 mm), if the chamber does not reach a 
wet-bulb temperature of 140°F (60°C) until 7 hours, 30 
minutes into the process, the total treatment time would 
become 9 hours, 33 minutes (7 hours, 30 minutes to 
reach 60°C plus 2 hours, 3 minutes over 60°C).
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 Minimum total  
treatment time 

6 hours, 26 minutes
7 hours, 20 minutes

10 hours, 57 minutes

Time with wet-bulb 
temp. over 140°F (60°C)

2 hours, 3 minutes
3 hours,  20 minutes
6 hours, 34 minutes

Final wet-bulb  
temperature °F (°C) 

145° (63°)
151° (66°)
153° (67°)

Lumber thickness 
inches (mm) 

 
Up to 1-1/8 (28)
Up to 2-1/4 (60)
Up to 3-1/4 (85)
Up to 4-1/4 (110)

Dry-bulb temperature run time with 
temperature over 126°F (52°C)

8 hours
18 hours
45 hours
72 hours

Minimum time at the end of the treatment 
with dry-bulb temperature over 140°F (60°C)

4 hours
6 hours
15 hours
24 hours

Lumber thickness 
inches (mm)

Up to 2-1/4 (60)

Minimum treatment run time

12 hours

Minimum time at the end of the treatment 
with dry-bulb temperature over 160°F (71°C)

6 hours

still available, however, the generic schedule option is 
cheaper and easier for most companies to meet the re-
quirements.  Companies handling large volumes of ma-
terial may still benefit from the site-specific procedure as 
it will result in the shortest treatment time possible.

The above information has been provided as an overview 
of the current state of HT in Canada.  Anyone consider-
ing registering their facility to produce heat treated lum-
ber should check with both the CFIA and their grading 
association to get the most up-to-date and relevant in-
formation for their situation.

19.5  PraCTiCal aSPeCTS oF heaT TreaTinG

The physical aspects of heating a large load of lumber 
are quite complex.  In a very small chamber heating con-
ditions can be assumed to be uniform over time as well 

Other generic schedules based strictly on dry-bulb tem-
perature are also available.  Table 19-2 provides the de-
tails for the low-temperature, dry-bulb treatment option 
known as “Option C” within the CFIA document PI-07.  
Table 19-3 lists the conditions for a higher, dry-bulb tem-
perature-based schedule.

The CFIA document PI-07 and website list a number of 
other generic treatment options to cover hardwoods 
and softwoods up to 12 inches (205 mm) thick.  The 
generic schedule options are available to all industry pro-
viding they demonstrate that they meet certain operat-
ing requirements and register into a CFIA program.  A 
number of industry associations (i.e., lumber grading as-
sociations) provide technical and administrative support 
to the industry to facilitate registration for their mem-
bers.  The site-specific chamber certification process is 

Maximum thickness 
inches (mm) 

2-1/4 (60)
3-1/4 (85)
4-1/4 (110)

Table 19-1  
Generic heat treatment schedules applicable to all Canadian softwood lumber as listed in the Canadian Food Inspection Agency document PI-07.

 

Table 19-2 
Low dry-bulb temperature heat treatment schedule for Canadian Softwood species.  As listed in the CFIA document PI-07.

Table 19-3  
High dry-bulb temperature heat treatment schedule for Canadian Softwood species.  As listed in the CFIA document PI-07. 
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as throughout the treatment chamber.  In an industrial 
kiln, the large volume of wood will rapidly absorb heat 
at the start of the process and therefore prevent the kiln 
air from heating up as rapidly as it would in a small test 
kiln.  The ratio of heating capacity to kiln volume will 
be much larger in a small-scale kiln than in an industrial 
kiln.  Another factor to consider in a large-scale kiln is 
the variation in conditions across the load.  As air flows 
through the load, it gives up heat to the lumber and its 
temperature is reduced.  This results in a temperature 
drop across the load which needs to be considered in 
determining the “worst-case” heating conditions in the 
chamber.  It is the “worst-case” heating conditions that 
will invariably determine the total treatment time.

For the most part, treatment chambers used to heat treat 
wood products were built originally, and in most cases 
are still primarily used, to dry lumber.  There are many 
shapes, sizes, equipment types, capacities and equip-
ment configurations found in lumber dry kilns.  Not all 
dry kilns are necessarily good HT facilities.  The following 
is a brief list of operating features that make a dry kiln 
(or any chamber) better suited for use as a heat treating 
facility:

•	 high and uniform air flow – helps reduce tempera-
ture drop across the load and improves heat transfer 
to the wood

•	 uniform temperature distribution – helps provide 
even heating along the length and from top to bot-
tom in the kiln

• well sealed – helps retain moisture escaping from 
the wood and thereby helps maintain a higher wet-
bulb temperature

•	 large heating capacity – typically need a faster 
heating rate than what most kilns are designed for

•	 humidification system – ability to add humidity to 
the kiln air and achieve the desired wet-bulb tempera-
ture sooner.

It is not imperative that HT chambers have all the ca-
pacities listed above.  Kilns that have most of the above 
characteristics would also be ones that are more likely to 
benefit from the site-specific approach mentioned ear-
lier.  Any kiln that can reach the prescribed conditions 
in the generic schedules in the minimum listed time will 
likely be able to attain an even shorter treatment time if 
tested following the site-specific procedure.

NOTES
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This chapter deals with describing where and how ener-
gy is used in drying with the purpose of helping to iden-
tify how a drying operation can be made more energy 
efficient.  Efficiencies arising from improved equipment 
operation and maintenance will be discussed along with 
technologies to help reduce energy consumption.  There 
are many other documents that go into great detail on 
how to break down the amount of energy used in dry-
ing and calculate specific energy consumption values for 
each.  Some of these are listed in the section on further 
reading.
 
The types of energy systems and sources of energy are 
discussed in Chapters 7 and 8.  The subject of energy sys-
tems to supply thermal and/or electrical energy require-
ments for dry kilns is beyond the scope of this chapter 
and manual.  There are many new technologies available 
to take advantage of biomass fuels to reduce energy costs 
for mills, make them less dependent on outside suppliers 
and help achieve a carbon neutral status.

20.1  overview oF enerGy uSe

Drying can account for 70% or more of the total energy 
used to transform logs into lumber.  This figure will be 
quite variable depending on factors such as initial MC, 
final MC requirements and sizes of lumber produced.  
Regardless of the precise figure, drying represents the 
single largest contributor to the overall energy require-
ments in lumber production.  Consequently, all of the 
typical concerns related to utilization of energy are rel-
evant to lumber drying operations.  The two main con-
cerns are cost and environmental issues.  An awareness 
of what energy is used for in drying and how much is 
used will help operators identify opportunities to achieve 
greater efficiencies and economies.

Two forms of energy are used in lumber drying.  Electri-
cal energy is used to drive motors primarily for the air 
circulation system but, to a lesser extent, motors for the 
energy system.  A larger amount of energy is used to 
generate heat to drive the drying process.  The relative 

amount of electrical to thermal energy used varies con-
siderably by drying system.  In some situations, for exam-
ple dehumidification drying, a large part of the thermal 
energy required is produced by electrical means.

Energy is also one of the major cost components in dry-
ing.  Fortunately there are things that can be done to 
minimize the energy requirements.  This includes proper 
maintenance of equipment, following recommended 
drying practices and looking for options to run with less 
expensive fuel sources.  Some practical ways of reducing 
energy consumption are listed later in this chapter.

One advantage the wood products industry has is the 
easy access to some form or another of wood by-prod-
uct from the sawmilling process either at no cost or very 
minimal cost.  Most of the conventional drying systems 
and many of the non-conventional systems offer at least 
some capacity to inject heat from burning wood fibre or 
bark.  In heat-and-vent kilns this could form the major 
portion of the energy.  However, even in dehumidification 
and vacuum drying systems there is often the opportunity 
to supply part of the thermal energy requirements from 
a combustion system which can just as readily be fired by 
by-products from the sawmill or planer mill as by fossil 
fuel.  There are many small-scale wood-burning systems 
available that can easily be adapted to fit a wood drying 
application. Burning wood residues also has an environ-
mental advantage over burning fossil fuels in that it is 
“carbon neutral”.  The subject of energy self sufficiency 
and reducing the industry’s “carbon footprint” are key 
motivations for seeking out such technology and lumber 
drying is the logical place to look for opportunities.

Most of the material in this chapter is directly relevant 
to heat-and-vent kilns but many of the recommenda-
tions regarding a more efficient overall drying process 
are equally relevant to other drying systems.

Regardless of the type of energy used, there will be both 
economic and environmental benefits from making a 
drying system more energy efficient.
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20.2  TherMal enerGy BreakDown

Lumber drying, in any system, invariably involves the 
evaporation of water present in the wood. Independent 
of the kiln, green wood consumes a certain amount of 
heat to raise its temperature, and a certain amount of 
heat to raise the temperature and subsequently evap-
orate the moisture present.  To illustrate this, consider 
a charge of green lumber having a MC of 60% and a 
basic density of 24.9 lb/ft3 (400 kg/m3).  Assume that 
the ambient temperature is 15oC, and that the lumber 
is to be dried to a final MC of 14% using a constant 
dry-bulb temperature of 85°C (185oF).  It can be easily 
calculated from this that to dry the lumber will consume 
160,000 btu/MBM for warm-up and 950,000 btu/MBM 
for moisture evaporation. This 1.11 million btu/MBM is 
the “bottom line”, and represents the amount of energy 
that must be delivered to the wood to dry it to the stated 
MC.  Actual energy consumption may be higher or lower 
than this value depending on efficiencies and heat losses 
from the system or the utilization of a drying system that 
recaptures some of the energy used to evaporate mois-
ture.   Any heat required over and above this value is not 
actually supplied to the wood, but lost somewhere on 
its way from the energy system to the kiln.  This “bottom 
line” can vary considerably among species and dimen-
sions due to differences in wood density as well as initial 
and final MC.

In heat-and-vent kilns, thermal energy is by far the most 
significant energy input to the process.  Thermal energy 
(heat) can be supplied to the kiln directly via hot combus-
tion gases or indirectly through a radiant heating system 
using steam, hot water or hot oil.  Some understanding 
of how this thermal energy is used will provide some in-
sight into how energy savings may be achieved.  Various 
authors have broken down the thermal energy input into 
various categories.  Work at the University of Maine in 
the 1970s by Schottafer and Schuller provided not only 
a means of describing the breakdown of thermal energy 
used but also a way to estimate the requirements for 
each.  Their work provides the following breakdown for 
thermal energy use in heat-and-vent drying.

Table 20-1  
Breakdown of thermal 
energy use during drying. 1. Raise the temperature of the wood    3 to 5%

2. Overcome hygroscopic forces     approx. 1%
 (break chemical bonds between water and wood)
3. Raise temperature of remaining water    approx. 1%
4. Heat and evaporate water removed    50 to 70%
5. Replace heat losses (walls, roof & floor)    15 to 30%
6. Raise temperature and RH of replacement air   10 to 20%

Thermal Energy Use % of Total Energy

 

There is a wide range associated with most of the listed 
thermal energy components because of the diversity of 
drying scenarios that may exist.  As an example, heat 
losses (item No. 5) will be less when drying times are 
short, and higher when long drying times are employed.  
Energy to heat and evaporate water (item No. 4) will 
not be significantly affected by drying time but will be 
heavily influenced by initial MC.  This list also provides 
an indication of where a significant impact on energy 
consumption can be achieved.  For example, providing 
better insulation on the kiln walls may seem like a logical 
way to reduce energy but, based on the above break-
down, even if the amount of insulation on the walls and 
roof is doubled, the overall energy consumption would 
only be reduced by 7 to 15%.

The obvious major opportunity to reduce energy con-
sumption is with respect to item no. 4, “heat and evapo-
rate water removed”.  Some means of reducing the initial 
MC, for example air drying, will have a major impact on 
overall energy consumption.  Unfortunately, in a heat-
and-vent kiln all of this energy is lost through the vents 
when the warm humid air is exhausted.  This provides 
an opportunity to re-capture some of this energy.  Some 
equipment manufacturers offer heat exchangers either 
as part of the initial kiln design or as a retrofit.  It is in 
this area where dehumidification kilns offer an energy 
advantage over heat-and-vent kilns.  Instead of either 
venting all of this energy or recapturing a small portion 
of it, a dehumidification kiln operates in a closed loop 
that retains most of the energy within the system.  How-
ever, since dehumidification kilns rely on electricity as 
their primary energy source, this energy reduction does 
not always translate into an energy cost saving.

20.3  TherMal enerGy requireMenTS

As already mentioned, the amount of thermal energy 
used in a heat-and-vent kiln will vary considerably de-
pending on many specifics related to each installation.  
Forintek has developed a methodology to assess energy 
consumption in drying.  Based on this methodology, 
Table 20-2 provides a list of the estimated thermal en-
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* MBM nominal lumber volume, m3 actual lumber volume
**70% lodgepole pine, 20% white spruce, 10% subalpine fir

These energy estimates are based on the net amount of 
energy delivered to the kiln and do not take into account 
efficiency factors related to the energy system.  They are 
also all based on good drying practices, with the kiln 
equipment in good condition, and dried to the appropri-
ate final MC.  The following sections deal with different 
aspects of the kilns’ operation and how each can affect 
energy consumption.

20.4  oPPorTuniTieS To reDuCe TherMal 
enerGy DeManDS

Some of the suggestions listed above are useful 
when considering options to install a new kiln, but 
what about existing kilns?  When dealing with an en-
ergy guzzling, less-efficient type of kiln what can 
be done to reduce energy costs?  The best invest-
ment can only be determined on a case by case ba-
sis, but the following guidelines may be helpful. 

1. Repair a leaky kiln if there is trouble maintaining kiln 
conditions or a lot of steam or water spray is being 
used to maintain the wet-bulb temperature.

2. As a basic rule, look into improving kiln insulation if 
drying times are very long.

3. Heat losses through the kiln vents can be reduced by 
using air-to-air heat exchangers to preheat the incom-
ing air.

4. Avoid over-drying the lumber.  Raising the final MC by 
even a small amount will have a significant effect on 
both drying time and energy consumption.

5. Consider pre-sorting material to supply a more uni-
form product to the kiln and thereby reduce final MC 
variability.

6. Take measures to improve uniformity of temperature 
and airflow in the kiln.  A more uniform drying envi-
ronment will result in a more uniform final MC and 
this may result in a shorter drying time or eliminate 
the need for an equalization treatment.

7. Consider air drying to reduce initial MC going into the 
kiln.  Many species can tolerate air drying and free 
water can be driven off quite readily – even in a cold 
climate!

Further detail and explanation on each of the above 
points is provided in the following sections.

20.4.1  venTinG loSSeS

In a heat-and-vent kiln venting is a necessary part of the 
process.  Recapturing some of this energy is covered in 
a later section.  This section deals with the situation that 
exists in many mills of uncontrolled or over-venting.  The 
normal process for venting can be referred to as con-
trolled venting and involves opening flaps, normally on 
the roof of the kiln, to exhaust warm humid air and bring 
in relatively cool dry air.

Uncontrolled venting refers to the flow of fresh air into 
the kiln other than through the kiln vents, and its con-
tribution to the energy losses depends on whether dry-
ing requires venting to release the evaporated moisture.  
When drying requires venting to release the evaporated 
moisture, then the total volume of vented air (controlled 
plus uncontrolled) should be more or less independent 
of the way in which venting occurs.  On the other hand, 
when limited venting is required, uncontrolled venting 
can be considered an unnecessary loss of heat and hu-
midity.

Uncontrolled venting is usually a result of leaks around 
kiln panels and especially around kiln doors.  Chapter 9 
provides details on how to make a kiln tighter along with 
some of the operational advantages from doing this.

ergy requirements for different SPF drying scenarios in a 
typical industrial kiln.  One significant result of this com-
parison is the extremely large amount of energy required 
to dry balsam fir as compared to drying either spruce or 
pine.  This is a direct result of both the very high initial 
MC for this species and the long drying time required.

Table 20-2 
Estimated energy consumption when kiln drying SPF in a 250 MBM 
capacity, direct-fired, heat-and-vent kiln to a final MC of approximate-
ly 17%.  Estimates are based on average annual climatic conditions.

Species 

SPF (combined)**

Black spruce
White spruce

Jack pine
Lodgepole pine

Balsam fir
Subalpine fir

Initial MC  
(approx.) 

 
53
77
59
51
50
118
65

Thermal Energy  
Requirement

million btu/MBM* 
 

1.15
1.75
1.19
1.17
1.12
2.36
1.26

GJ/m3 
 

0.67
1.02
0.69
0.68
0.65
1.38
0.73

Hrs 
 

42
45
38
31
38
82
58

Approximate 
Drying Time 
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Ventilation losses depend on differences in dry- and wet-
bulb temperatures inside and outside the kiln, and these 
losses increase proportionally with the amount of water 
evaporated.  As a general rule, the lower the kiln dry- 
and wet-bulb temperatures, the higher the amount of 
fresh air required to ventilate the same amount of water 
vapour.  For example, if the lumber in the earlier example 
is dried at a constant temperature of 185°F (85°C) with 
a wet-bulb depression of 25°F (14°C), the ventilation 
losses will be approximately 100,000 btu/MBM.  If the 
dry-bulb temperature is reduced from 185°F (85°C) to 
158°F (70°C) and the same wet-bulb depression is main-
tained, the ventilation losses increase to approximately 
200,000 btu/MBM.

20.4.2  heaT loSSeS ThrouGh The kiln STruCTure

Insulation losses in conventional drying are a conse-
quence of heat conduction through the kiln walls, doors, 
roof and floor.  As shown in Table 20-1, the total heat 
losses in drying can range from 15 to 30% of the to-
tal energy.  These heat losses include losses through the 
concrete floor which is typically not insulated. Therefore, 
when installing a new kiln, one way to reduce operating 
costs is to consider insulating below the concrete pad.  
There is no practical way of applying insulation after 
construction but the extra cost at the time of construc-
tion should be minimal.

Heat losses through the insulation are a consequence of 
the difference in temperature between the inside and 
outside of the kiln, and they increase proportionally to 
the drying time. The exterior surface area of a typical 
industrial kiln represents about 86 ft2 (8 m2) of surface 
area per MBM of kiln capacity.  The average insulation 
coefficient of both a typical fibreglass-aluminum panel 
construction and concrete floor will be around 4 btu/
hr•m2•oC. Therefore, if the lumber in the example is 
dried in 3 days, then total heat loss through the kiln 
walls, roof, and floor is approximately 160,000 btu/
MBM.  If the same lumber is dried in 11 days, the energy 
losses through the insulation increase to 600,000 btu/
MBM.  Therefore, shortening drying time does have an 
impact on total energy consumption.

The walls, doors and roof of most kilns in Canada are 
composed of a semi-rigid foam or fibreglass insulation 
sheathed with thin gauge aluminum.  The insulating 
value of this combination depends on the thickness of 
insulation used.  Most common insulating materials are 
rated on the basis of R-value.  The R-value is directly re-
lated to the rate of heat transfer per unit area with an 

R-value of 1 equalling 1 ft2•°F•h/btu.				Most	wall	and	
roof structures are 3 to 4 inches (7.5 to 10 cm) thick with 
a total R-value of up to 20.  R-values will vary depend-
ing on the type and density of insulating material used.  
Semi-rigid fibreglass has a R-value of from 3 to 5 per 
inch of thickness.  Some kiln doors are as thin as 2 inch-
es (5 cm).  Thin kiln doors not only contribute to extra 
heat loss from a lower insulating value but they are also 
more susceptible to damage during opening and closing 
and as a result are more likely to have problems with air 
leakage.  These factors often combine to produce “cold” 
zones near the end of long, track-loading kilns.

Increasing the amount of insulation on a kiln will re-
duce heat losses and overall energy requirements.  What 
needs to be considered is whether or not an investment 
in insulation will result in a good return on the invest-
ment.  The specific answer to this question will depend 
on many site-specific parameters including source and 
cost of energy.  The following example should help de-
termine the expected reduction in energy consumption 
due to adding insulation.  This can be combined with 
energy cost data to determine the payback.

exaMPle:   

•	 Track	kiln:

 - 120 ft. (36 m) long 

 - 18 ft. (5.5 m) high

 - 30 ft. (9 m) wide

•	 Drying	at	temperatures:		Up	to	200°F	(93°C)

•	 Average	 R-value	 of	 kiln	 walls,	 doors,	 and	 roof	 (pre-
upgrade) = 15

•	 Average	R-value	after	upgrading	insulation	=	30

•	 Total	expected	annual	energy	savings	=	363	million	btu

•	 Approx.	fuel	equivalent	=	10,000	m3 natural gas

  OR  9,800 litres of No. 2 fuel

The above example would help a mill determine the di-
rect payback from installing extra insulation on a kiln.  
The direct payback will be the result of a reduction in 
the amount of fuel used and the cost of that fuel will 
determine the attractiveness of the investment.  There 
are, however, other indirect benefits which will result 
from installing extra insulation.  As mentioned above, a 
tighter kiln will produce a more uniform drying environ-
ment which will, in turn, produce a more uniform final 
MC.  Even small reductions in energy requirements will 
sometimes be enough to eliminate bottlenecks at the 
energy system.  This could mean being able to more eas-
ily meet peak demands or being able to supply heat to 
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other applications.  In some instances this could even 
help avoid the need to either expand or replace the exist-
ing energy system.

Another consideration with regard to kiln insulation is 
whether or not the existing insulation is performing up 
to its rating.  Corrosion, deterioration of sealing mate-
rial and physical damage to panels are all reasons why 
moisture may have found its way into the wall cavities 
and reduced the effectiveness of the existing insulation.  
There are several ways to check for this.  When the kiln is 
operating you can check for “hot spots” on the outside 
of the kiln with a contact surface temperature sensor, 
an infra-red thermometer to obtain remote readings, or 
simply use your hand.  Hot spots in a kiln panel may 
indicate that the insulation has become saturated with 
water.  The next step would be to cut or drill a small 
inspection hole to feel the insulation.  If the insulation is 
found to have deteriorated, the next step should be to 
consider the options to replace it and repair the problem 
that allowed the situation to develop.

Figure 20-1 
An inspection hole can be cut into a kiln panel or an existing hole (a) 
used to check on the condition of kiln insulation.  In either case the 
hole should be properly patched and sealed (b) to avoid further infil-
tration of moisture into the walls.

20.4.3  heaT exChanGerS To reCover venTinG 
loSSeS

In a traditional heat-and-vent kiln, all the heat used to 
evaporate water from the wood is lost.  If the kiln is 
in good condition, most of this lost energy will be ex-
hausted in the form of warm moist air through the 
vents.  Therefore, there exists an opportunity to capture 
that heat and re-use it to make the entire process more 
energy efficient.

Vent losses can be reduced by installing air-to-air heat 
exchangers to warm up the incoming fresh air with heat 
from the kiln exhaust air.  Figure 20-2 illustrates the prin-
ciple of an air-to-air heat exchanger.  The incoming fresh 
air from outside is heated with hot air flowing out of the 
kiln by indirect contact through a heat exchange sur-
face.

Figure 20-2
An air-to-air heat exchanger can be used to recapture heat from ex-
haust air and pre-heat incoming air.

Heat exchanger

Supply air  
to kiln

Exhaust air 
from kiln

The maximum amount of energy that can be recovered 
with an air-to-air heat exchanger is the heat required to 
warm up the fresh air from the outside temperature to 
the operating temperature of the kiln.  This value corre-
sponds to the kiln vent losses (Item No. 6 in Table 20-1) 
and can vary from 10 to 25% of the total energy require-
ments.  The energy in the exiting air stream represents 
the energy used to heat and evaporate moisture in the 
wood (Item No. 4 in Table 20-1) and can vary from 50 to 
70% of the total energy requirements.  Therefore, even 
with an efficient heat exchanger, there is a limit to how 
much energy can be re-used in the process.  In tests con-
ducted on a research-scale kiln at Forintek, a heat-pipe 
type of heat exchanger was able to consistently raise the 
temperature of the incoming air to within 10°F (5.5°C) of 
the operating temperature of the kiln.

After heating the incoming air, there will still be consider-
able energy left over in the exiting air stream.  This warm 
moist air could potentially be passed through another 
heat exchange system to serve some other heating need 
such as pre-heating boiler water or assisting with space 
heating requirements.  Air leakage and air required for 

(a)

(b)
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combustion in direct-fired kilns are other factors reduc-
ing the potential efficiency of a heat exchange system.

The use of air-to-air heat exchangers has been consid-
ered for decades but the overall economics have not 
been attractive enough to generate widespread accep-
tance.  As with the idea of installing extra insulation the 
economic feasibility will depend largely on the type and 
cost of fuel being used.  Other factors which can po-
tentially motivate a mill to consider this technology are 
the idea of freeing up more energy to fire an additional 
kiln or avoiding problems with meeting peak demand.  
These situations are more likely to develop in larger mills 
with multiple kilns.

There are many different types of heat exchange tech-
nologies used in many different industries.  For lumber 
drying applications, air-to-air heat exchangers are the 
preferred technology.  Within air-to-air exchangers there 
are two main types which have been employed in dry 
kilns and they are plate type and heat pipe.  In both 
types there is the potential to reduce the temperature 
of the outgoing air stream to below the dew point re-
sulting in condensation.  Therefore, there is a need to 
design these systems to drain any condensate that forms 
and to periodically inspect and clean the heat exchange 
surfaces.

20.4.4  reDuCe over-DryinG

In an industrial kiln holding 200 MBM of lumber, over-
drying by only 1% MC will result in having to remove the 
equivalent of approximately 4,300 gallons (19,500 litres) 
of additional water per charge.  Considering the various 
efficiency factors involved in industrial drying, this small 
amount of over-drying in the above kiln would result in 
an extra fuel requirement of approximately 30,400 m3 of 
natural gas per year or 29,800 litres of No. 2 fuel oil.  At 
a rate of $8.00/ m3 for natural gas this would amount to 
an additional fuel cost of approximately $240,000 per 
year just for the one kiln.  Even for mills relying on wood 
residue as their fuel source, this reduction in energy will 
have benefits in terms of better utilization of the energy 
system and reduced environmental impact.

All of the above is based on over-drying by only 1% MC.  
Considering some drying operations may be over-drying 
by 3 to 4% MC or more, the opportunity to reduce oper-
ating costs and increase energy efficiency are even more 
significant.  The main reason for over-drying is the ne-
cessity to get average final MC to the right level.  When 
a wide range of final MC exists, the average must be 
reduced further in order to achieve the appropriate por-

tion of material above the highest acceptable limit (usu-
ally no more than 5% of a load above 19% MC for SPF 
dimension lumber).  Therefore, the best way to raise the 
final average MC is to address the factors that contribute 
to final MC variability.  Many of the topics discussed in 
this manual are designed to achieve just this.  This would 
include, schedule modification, better equipment main-
tenance, and better selection and preparation of mate-
rial for kiln loads.  It could also include installing capacity 
to run on slower drying schedules or the ability to con-
duct equalization treatments.  More drastic measures 
that achieve this same objective include the options of 
pre-sorting or implementing a re-drying program.  Infor-
mation on both of these concepts is presented in earlier 
chapters.

20.4.5  air DryinG

Air drying can be considered as free drying when it comes 
to energy costs and kiln residence time.  Any reduction 
in initial MC will result in energy savings.  As shown in 
the example in the section on over-drying even small 
changes in the amount of moisture that needs to be 
dried in the kiln will have a significant impact on energy 
consumption.  If, for example, the initial MC of balsam 
fir is reduced from an average of 100% to 50% through 
air drying, the energy savings at the kiln would be ap-
proximately 50 times higher than that demonstrated in 
the over-drying example.  For the same 200 MBM capac-
ity kiln dedicated to drying balsam fir, the energy saving 
would therefore be approximately 1.5 million m3 of nat-
ural gas per year.  Proper techniques and other benefits 
associated with air drying are covered in Chapter 13.

20.5  iMPaCT oF kiln DeSiGn

The choice of dry kiln has a very significant impact on the 
amount of energy used to dry lumber.

20.5.1  DireCT-FireD kilnS

In many systems the products of fuel combustion are 
released directly into the kiln.  These kilns are normally 
referred to as direct-fired, and they are very efficient in 
terms of energy utilization.  In direct-fired kilns, hot gases 
of combustion go directly into an air duct where air from 
inside the kiln is taken, mixed with the hot gases, and re-
distributed inside the kiln. The temperature of combus-
tion will be approximately 1100oC (approx. 2000°F), but 
the hot gases are diluted in the air duct to temperatures 
that are safe for the kiln and lumber.  This “cooled” air 
is then mixed with the air in the kiln to achieve the de-
sired temperature.  The main energy loss in a direct-fired 
energy system is thermal radiation from the burner and 
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duct surfaces; this is typically less than 5% of the total 
energy consumed.

One limitation of direct-fired kilns is that they cannot 
reach high wet-bulb temperatures. Although combus-
tion of fossil fuels or wood residue produces water, this 
is only sufficient to achieve wet-bulb temperatures of 
about 50 to 55oC (122 to 131°F).  The rest of the water 
vapour required to reach the desired wet-bulb tempera-
ture must be provided by other means.  This can include 
moisture evaporated from the wood or the injection of 
water vapour in the form of steam or water mist.  Inject-
ing water into the hot air stream may help raise the wet-
bulb temperature but it will also contribute to higher 
energy consumption, as energy is needed to evaporate 
this moisture.
 
Another limitation of direct-fired kilns is that they typi-
cally operate with a higher internal air pressure than 
other heating systems.  This contributes to greater over-
all leakage of kiln air, especially around the doors.  This 
leakage can contribute to higher heat losses from the 
system.  Also, the water vapour leaking around the kiln 
doors will quickly condense on the door and door frame 
which may lead to more problems with corrosion in 
these areas.

Figure 20-3  
Keeping doors and 
gaskets in good condi-
tion will help minimize 
losses of heat and hu-
midity and help achieve 
the prescribed kiln con-
ditions.

20.5.2  inDireCT-heaTeD kilnS

Indirect-heated kilns are those equipped with an energy 
system where the products of combustion are used to 
heat up a thermal-fluid such as steam, water or oil that 
flows inside a heat exchanger. The hot thermal-fluid is 
then pumped to other places in the mill where heat is 
required.  Since heat can only flow from hot to cold, 
burner gases will still be hotter than the thermal-fluid 
when they are released from the burner stack.  For ex-
ample, thermal oil being returned from the kiln may 
need to be heated to about 480°F (250°C) and in such 

a case the gases discharged from the stack will still be 
around 570°F (300°C).  Hot water, indirect-fired sys-
tems and steam boilers require much lower tempera-
tures, and gases from the stack may discharge at around 
360°F (180°C).  The greater the temperature difference 
between the burner gases and the heating medium, the 
more efficient the overall system will be.

A modern boiler, in good condition producing steam 
from natural gas or oil is 85 to 90% efficient.  This means 
that of the fuel burned only 85 to 90% of the total btu 
value is actually captured in the steam.  There are fur-
ther losses in these systems due to heat transmission 
along pipes leading to the kilns.  If a boiler is employed 
it should be well maintained to ensure that it is oper-
ating as close as possible to the maximum energy effi-
ciency.  Steam pipes from the boiler to the kiln should be 
as short as possible and well insulated to minimize heat 
losses.  Steam traps and other components of the heat 
transfer system must also be in good working order to 
extract the most from the steam being supplied to the 
kiln.  Poorly designed and/or maintained steam systems 
are a common cause of heating problems and energy 
inefficiency in kilns.

20.5.3  DehuMiDiFiCaTion kilnS

Dehumidification (DH) kilns offer the opportunity to 
reduce the “bottom line” in terms of energy consump-
tion.  They do this by recapturing and reusing some of 
the energy used to evaporate moisture from the wood.  
DH kilns use a compressor and refrigerant system and 
operate as a heat pump.  Moisture evaporated from the 
wood is condensed on a cold coil containing refriger-
ant gas, and the refrigerant gas is compressed and con-
densed inside a hot coil to return the heat of evaporation 
to the kiln air as “dry heat”.  If everything is engineered 
and designed correctly, these systems can operate as a 
closed loop with no, or very little, venting required.  In 
this manner, these kilns can be built much tighter and 
are usually better insulated than heat-and-vent kilns.

DH may only require 50% or less of the energy required 
to dry in a heat-and-vent kiln.  The process is most ef-
ficient during the early stages of drying while the wood 
is still above the fibre saturation point (FSP=25 to 30% 
MC).  As a result, some manufacturers have offered a 
“hybrid” kiln that utilizes DH technology for the initial 
drying phase and converts to a conventional heat-and-
vent mode of operation when the wood is below the 
FSP.  Whether or not the energy savings associated with 
a DH kiln translate into a cost saving depends on a lot 
of factors specific to each installation.  Local energy op-
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tions and costs must be considered along with final MC 
requirements.

20.6  eleCTriCal enerGy requireMenTS

The main use of electrical power in heat-and-vent kilns is 
to power the motors that drive the fan system.  Electrical 
energy demand at the kiln will represent about 5% of 
the total energy requirements for drying.  Since electric-
ity is usually the most expensive form of energy used in 
drying, this 5% can translate into a much bigger propor-
tion of the total energy cost.

Air flow has long been an underrated factor in the drying 
of SPF lumber.  It is only recently that the contribution 
of airflow to overall drying rate and MC uniformity has 
been recognized.  Specific recommendations on airflow 
requirements are provided in Chapter 15.  As equipment 
manufacturers and operators implement faster and 
faster rates of airflow, the need to consider ways and 
means of achieving greater energy efficiency becomes 
more pressing.

20.6.1  enerGy SavinGS FroM variaBle SPeeD 
DriveS

High airflow has been shown by numerous authors, 
including work done at Forintek, to be beneficial in in-
creasing the drying rate above the FSP.  Figure 6-5 (Chap-
ter 6) shows the impact of airflow on drying rate when 
drying SPF.  Given that there is no benefit to higher air-
flow below 25 to 30% MC it makes sense to consider 
installing technology to reduce airflow at this stage in 
drying.  This is even more attractive when considering 
that energy requirements of an electric motor and fan 
assembly increase as a cube of the fan speed.  That is, if 
the fan speed is reduced by one-half it can be expected 
that the energy consumption will be reduced to about 
1/8 of the previous level.  The other implication of this 
is that even small reductions in fan speed can have a 
significant impact on electrical energy requirements.  
Even reducing the airflow by about 20% will cut electri-

cal energy consumption in half. Figure 20-4 shows how 
energy consumption increases as a function of airflow 
and reinforces the benefits associated with fan speed 
reduction.

An earlier Forintek study demonstrated energy savings 
resulting from reducing fan speed during high-tem-
perature drying of jack pine and spruce.  The strategy 
employed in this case was to reduce fan speed as tem-
perature drop across the load (TDAL) decreased.  Since 
TDAL is strongly affected by wood MC this achieves the 
same goal outlined above – to reduce fan speed as MC 
is reduced.  In this case a variable speed drive was used 
to modify fan speed at various stages in drying.  The fan 
speed adjustments achieved a 50% reduction in electri-
cal energy consumption with no impact on drying time, 
product quality or final MC distribution.

Variable speed drives offer one way to reduce fan speed 
during drying.  The payback on a system will depend on 
local electrical rates and the extent to which airflow can 
be reduced.

Figure 20-4 
Electrical energy requirements of fans as a function of airflow.
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Species being dried:    Mix of black and white spruce and jack pine
Kiln capacity:     288 MBM
Maximum drying temperature:   Approx. 210°F (98°C)
Total installed fan horsepower:   260 HP
Airflow – at full speed:    1000 fpm (5.1 m/s)
Reduced airflow (below FSP):   500 fpm (2.5 m/s)
Drying time:     Approx. 30 hrs
Portion of drying cycle below FSP:   60% of total drying time
 
Payback period for an adjustable speed drive:  12.6 months
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Some characteristics that go toward making a fan sys-
tem more efficient include:

•	 adequate	plenum	width	in	kiln	and	no	constrictions	in	
the airflow path from the fans to the lumber

•	 well-piled	lumber	on	appropriately-sized	stickers	(usu-
ally ¾-inch thickness)

•	 maintaining	a	chimney	space	between	adjacent	pack-
ages in the kiln

•	 well-baffled	loads	to	minimize	bypass	air

•	 fan	 motors,	 fan	 and	 fan	 pitch	 matched	 to	 achieve	
maximum efficiency

•	 using	 a	 variable	 speed	 drive	 to	 reduce	 fan	 speed	
whenever possible.

Figure 20-6 
There are many ways to get more airflow from existing equipment, 
including optimizing the fan blade angle and adding well-placed de-
flectors and baffles. 

In order to achieve savings from reducing airflow, a kiln 
must already be running with airflow somewhat in ex-
cess of the minimum requirements.  The absolute mini-
mum recommended airflow for any kiln is approximately 
300 fpm (1.5 m/s).  Any kiln operating below or near this 
level should not even be considered for an adjustable 
speed drive.  For SPF it is suggested that only those kilns 
operating with an average airflow in excess of 500 fpm 
be considered for an adjustable speed drive.

Most mills realize benefits from installing an adjustable 
speed drive beyond the energy savings.  The ability to 
ramp up the speed slowly at the start of drying reduces 
peak demand and extends motor life.  The fan system 
can also be designed to operate at its peak efficiency 
only once the kiln has warmed up.  This provides the 
opportunity to either get more out of existing motors 
or to specify a slightly smaller motor when designing a 
new kiln.

20.6.2  eFFiCienCy oF airFlow SySTeM

Most mill operators have paid very little attention to spe-
cific details of the fan system when purchasing a kiln.  In 
most cases this is not a detail that is considered much 
beyond specifying what the target airflow is and the 
cost of the system.  Some recent work, however, has 
shown that there is a wide range in energy efficiency of 
airflow systems between one kiln and another.  Figure 
20-5 shows a comparison of installed horsepower versus 
average airflow as measured in a number of industrial 
dry kilns.  The various combinations of fan type, fan drive 
system (line vs. cross-shaft) and kiln configuration (track- 
vs. package-loading) along with other factors will result 
in a wide range of efficiencies.  Forintek work has shown 
that getting the best combination of technology can re-
duce electrical energy demand by up to 35%.

Figure 20-5  
Airflow efficiency as a factor of installed horsepower versus air flow 
rate achieved.  Results of survey of industrial drying operations.
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21
CoST ConSiDeraTionS in DryinG
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21.1 overview

In business everything eventually comes back to cost ver-
sus benefit.  The purpose of drying is to bring the lumber 
to a condition that will ensure that it performs better in 
service.  For most applications, wood could not even be 
considered unless it was properly dried.  Regardless of 
this, when most mill operators look at an existing or pro-
posed drying operation they want to know what direct 
return they will have on their investment.  Drying wood 
increases its value and this increase in value must more 
than offset the costs associated with drying.  In order to 
make good decisions on equipment or operating strate-
gies it is important to have good information at hand 
on the real costs of drying.  Given the variability of most 
costs, and especially energy costs, it is not practical to 
try to quantify actual drying costs in this type of manual.  
Therefore, this chapter will deal with identifying the vari-
ous components of the overall drying cost.  This will help 
mill or kiln operators conduct their own review of the 
actual or expected economic performance of a drying 
operation. 

In general, anything being done as a result of drying that 
would not be done if the lumber was sold green, should 
be considered as part of the drying cost.  However, over 
and above this, there is another element that does not 
often get considered as part of the drying cost.  Drying 
degrade is a reduction in the potential value of the lum-
ber.  Although a certain amount of degrade is inevitable 
in drying, the differences in drying degrade between one 
drying system and another or even between one drying 
schedule and another should be considered when mak-
ing decisions on equipment type or capacity.

21.2 revenue FroM DryinG

The first component to consider when evaluating the 
economics of a drying installation is the revenue portion.  
Revenue generated from drying is quite erratic, more so 
even than lumber prices themselves.  The graph in Figure 
21-1 shows how price differential between green and 
dry can vary considerably.  In this case over just a two-

year period the price differential varied from less than 
$10/MBM to over $70/MBM.  Since these price differen-
tials are often used to help justify investments in kilns or 
kiln additions, it is important to consider the longer term 
average rather than spot prices.  There is not much like-
lihood that anyone could justify installing kilns, strictly 
from the point of view of return on investment if the 
price differential remained consistently below $10/MBM.  
By the same token, it would be unwise to base an invest-
ment decision on the highest price differential.

Figure 21-1  
Price differential between green and dry 2x4 lumber over a two-year 
period.
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There are several factors other than price differential 
which motivate mills to dry lumber.  Dry lumber is a 
much more stable product to ship and store than green 
material.  Also, due to the larger market for dry lumber, 
there are more options of where it can be sold, provid-
ing more flexibility.  Dry lumber is the commodity in the 
marketplace.  For most mills, green lumber is just a point 
along the production chain.  Therefore, when making 
major investment decisions, rather than considering the 
drying operations on their own, it may make more sense 
to look at the total production cost at the sawmill site 
rather than individual steps within the processing chain.  
This does not mean that there should no concern with 
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detailed costs at the kilns.  Information on profitability at 
the kilns will help identify payback on equipment addi-
tions or changes to the manufacturing process.

21.3  CoST oF DryinG luMBer

The short answer to the cost of drying lumber is to con-
sider everything that needs to be done (or done differ-
ently) than if the lumber were sold green.  For the most 
part this involves things taking place from the outfeed 
of the sawmill to the infeed of the planer mill.  In some 
cases there may be activities beyond this that need to 
be considered as part of the drying cost.  For example, if 
pre-sorting is being done to improve final product quali-
ty or productivity at the kilns it may be considered as part 
of the overall drying cost.  As mentioned in the previous 
section, however, it is not always reasonable to look at 
all of the drying costs and expect that they will all be off-
set by the difference in dry versus green lumber alone.

Drying costs can be categorized as:
•	 capital,	or	upfront	costs

•	 fixed	costs	and

•	 variable	costs.

The following sections provide an overview of the main 
components within each of these groups.  This is not 
intended to be a comprehensive list.  Anyone wishing 
to conduct a detailed economic analysis of a drying op-
eration (or proposed drying operation) is encouraged to 
check some of the references provided in the section on 
further reading.

21.3.1 CaPiTal CoSTS

Capital cost is often the cost component that is most 
closely scrutinized by potential buyers of kilns.  This is 
reasonable given that a kiln is a major purchase for any 
company; however, it is important to make sure that 
the equipment selected will do the job.  Cutting corners 
at the equipment selection stage may potentially affect 
productivity and or quality outturn.  Although saving a 
small amount on up-front costs may seem attractive, the 
cost of operating a less productive system or system that 
cannot produce the required quality will remain long af-
ter the initial sale.

An important part of obtaining capital cost estimates is 
to set specific operational targets that need to be met 
and then making sure that quotes received are for equip-
ment that can meet these targets.  Information provided 
in earlier chapters on kiln performance (Chapters 7, 8 
and 9) will help set performance specifications for kilns 
or kiln components.  Sizing the kiln is another impor-

tant aspect.  Some guidance on how to determine the 
required kiln size is provided in a later section of this 
chapter.

Capital cost usually includes all of the purchases 
that need to be made up-front to make an instal-
lation operable.  A typical drying installation for a 
mill with no existing kilns may include the following: 

•	 dry	kiln(s)

•	 cost	to	acquire	or	prepare	land

•	 control	room

•	 energy	system

•	 kiln	carts	(track	kilns)

•	 dry	storage	area	or	roof	over	dry	end	of	kilns

•	 lumber	piling	equipment

•	 extra	forklift(s)	for	loading	and	unloading

•	 unstacker	and	sticker	recovery	equipment

•	 initial	supply	of	stickers

•	 setup	 of	 both	 green	 and	 dry	 storage	 areas	 in	 mill	
yard

•	 kiln	test	equipment	(i.e.,	temperature	monitoring,	MC	
meters, etc.).

21.3.2 oPeraTinG CoSTS

Any cost incurred as a result of operating a drying facility 
is considered an operating cost.  Some of these costs are 
constant regardless of production level, “Fixed Costs”, 
whereas others are directly tied to the production from 
the kilns, “Variable Costs”.  Examples of both cost types 
are listed in the following sections.

21.3.2.1 FixeD CoSTS

Fixed costs are those that remain constant, or close to 
constant, regardless of production level at the kilns.  
Some of these may be considered as overhead items 
(things that are done in support of the drying operation) 
while others may be more directly related to the day-to-
day operation.  These costs are usually calculated as a 
lump sum on an annual basis.  Some examples of fixed 
operating costs include:
•	 management	costs

•	 taxes

•	 Insurance

•	 equipment	maintenance

•	 depreciation

•	 kiln	supervision	(may	be	partly	variable).
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21.3.2.2 variaBle CoSTS

Variable costs are those that fluctuate with the level of 
production.  Some costs, such as kiln supervision may 
be partly variable and partly fixed.  For example, the 
primary kiln operator will often be assigned only to the 
kilns and does not shift around with changes in material 
flow.  Secondary supervisors or kiln loading personnel 
will often only work at the kilns on an “as needed” ba-
sis and therefore their cost can be considered variable.  
These costs are usually calculated on the basis of cost per 
unit volume of production (i.e., $/MBM).  The following 
items can all be considered as variable costs.
•	 Energy

 - thermal energy (fossil fuel, wood residue, etc.)

 - electricity (for kiln fans and energy system)

•	 Labour

 - kiln supervision and operation

 - kiln loading

 - lumber piling

•	 Loaders	and	loader	operators

•	 Re-supply	of	stickers	(replenish	breakage)

•	 Strapping	costs.

Another variable cost of drying is the degrade that 
occurs as a consequence of drying.  This is often an  
over looked component but is important in determining 
the success or failure of a drying operation.

21.3.2.3 CoST oF DryinG DeGraDe

Many people consider drying degrade as a natural conse-
quence of drying wood.  The development of, and factors 
contributing to, drying degrade are well covered in earlier 
chapters.  It should be clear by this point that a certain 
portion of drying degrade is unavoidable.  Another por-
tion of drying degrade may be avoidable but the measures 
needed to minimize or avoid it have some cost associated 
with them.  In order to make a judgment of whether those 
costs are warranted, it is important to have a good esti-
mate of the level of drying degrade and the possible impact 
of implementing a certain action.  For example, running a 
longer drying schedule may reduce final MC variability and 
reduce over-drying but the gain in grade outturn must be 
offset against the reduced productive capacity at the kilns.  
As another example, not installing a humidification system 
will reduce capital costs but may have the impact of in-
creasing operating costs by over-drying and downgrading 
a larger proportion of boards.  Therefore getting a handle 
on the relative difference between one scenario and an-
other is often what is required to determine the payback 
and feasibility of an investment.

Figure 21-2
Drying degrade should be considered as a cost of drying.  Efforts to 
reduce the “avoidable” portion of warp will pay off in improved grade 
recovery.

Drying degrade is one of the most difficult components 
of operating costs to estimate.  It will vary not only with 
the type of equipment chosen and the way it is operated 
but also, to a large extent, with the characteristics of the 
material being dried.  Even a single species may vary con-
siderably across its range making degrade experiences 
or expectations at one mill not relevant to another.  The 
only solution is to put in place systems to measure dry-
ing degrade.  Some ways and means of doing this are 
presented in Chapter 18 on Quality Control.

Once a good target level of accepted drying degrade 
has been developed, measured and achieved, it then 
becomes possible to make changes to the process and 
measure their impact.  Changing a drying schedule or 
the pre-sorting criteria may result in better productivity 
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SaMPle kiln CaPaCiTy DeTerMinaTion

•	 Required	production:	 	 	 	 50,000	MBM/yr.

•	 Species:	 	 	 	 	 Black	spruce

•	 Dimensions:	 	 	 	 	 2x4	&	2x6

•	 Weighted	average	net	drying	time:		 	 46	hours

•	 Kiln	loading/unloading	time:		 	 	 2	hours/charge

•	 Total	cycle	time:	 	 	 	 48	hours

•	 Maximum	operating	hours/yr:	 	 	 365x24	=	8760	hours

•	 Deduct	1	week	for	annual	shutdown:		 	 168	hours

•	 Downtime	for	repairs	and	maintenance:		 172	hours	(2%	of	operating	hours)

•	 Total	hours	available	for	drying:	 	 8,420	hours/yr.

•	 No.	of	drying	cycles	per	year	per	kiln:	 	 8,420/48	=175	cycles/kiln

•	 Total	kiln	capacity	required	per	charge:	 	 50,000	MBM/175	cycles	=	285	MBM

at the kilns but the gains made there may be offset, in 
part or in whole, by increases in drying degrade.

Since resource characteristics can change from season 
to season (and even week to week) at a given mill, it is 
important to make and measure the impact of changes 
when the log mix going into the sawmill is relatively sta-
ble.  If, for example, the proportion of balsam fir in the 
lumber mix increases at the same time that a change is 
made in the drying schedule it will be impossible to get 
a true measure of the impact.

21.4  DeTerMininG kiln CaPaCiTy

Chapters 7 and 8 provide some information on deter-
mining equipment capacities in terms of moisture ex-
traction, airflow, etc.  When conducting an economic 
analysis it is important that the kilns considered all have 
the technical capability to dry the material properly.  It is 
also important that the kilns being considered are sized 
correctly to realistically handle the volume of wood to be 
dried each year.  The most important variable to quan-
tify is the expected drying time associated with each kiln 

system considered.  All the costs identified above have 
an impact on the economic viability of a kiln facility but 
when a feasibility analysis is conducted, it is variations 
in the production level from the kilns that will have the 
biggest impact on the outcome.

The net drying time for a given species and thickness 
of material is the per charge drying time without taking 
into account equipment breakdowns or time to load and 
unload the kiln.  The best estimates of net drying time 
are those from other parts of your own operation or 
other, nearby mills drying a very similar product.  Drying 
times will inevitably vary from summer to winter so the 
best estimate of net drying time is a weighted average 
value for the year.  The net drying time must be adjust-
ed for turnaround time from charge to charge.  This, in 
turn, will be influenced by the kiln configuration (track-
vs. package-loading) selected.  Finally, some allowance 
needs to be made for regular maintenance and (in some 
cases) an annual shutdown for holidays and/or major 
maintenance.  The following provides an example of the 
manner in which to determine the required kiln capacity 
for a given annual production.
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Therefore a single kiln (or combination of kilns) with a 
total lumber holding capacity of 285 MBM would be 
required to dry the stated production target under the 
above conditions.

Another factor that affects capital cost is the manner in 
which the required kiln capacity is broken up.  For the 
example above, some companies may elect to go with 
a single 285 MBM capacity dry kiln while others may 
find it advantageous to break this up to 2 or 3 smaller 
kilns.  This should be determined at the outset as there 
are obvious implications with regard to the capital cost 
estimates.  A stud mill may be content with a single kiln 
chamber whereas a dimension lumber mill producing 
many different products and sizes will benefit from hav-
ing several smaller chambers.

21.5  eConoMiC PerForManCe

Economic performance of an investment can be ex-
pressed as payback period, return on investment, net 
present value, or other similar parameters.  For relatively 
small investments, a simple payback period can be cal-
culated by determining how long it will take to recover 
the initial investment.  For example, if an investment of 
$10,000 in an energy saving technology results in annu-
al savings of $20,000 in fuel the simple payback will be 
6 months.  In this case, probably nothing further would 
be required to make a decision on the investment.

When the investment is larger, more complicated, or less 
obvious than the above example, more detailed informa-
tion is needed.  Most large investments must be consid-
ered over a longer time span and sometimes even over 
the expected life of the equipment in order to make a 
sound decision.  There are many cash flow analysis pro-
grams and professional economists that can be utilized 
for this purpose.  What these programs and specialists 
cannot provide is the detailed information on the actual 
or expected costs.  This is where the kiln operator and 
other mill staff must get involved and ensure that the 
information provided is as accurate as possible.
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TEMPERATURE CONVERSION TABLES APPENDIX I

TEMPERATURE CONVERSION        
  
To use these tables find the 10s digit for the temperature to be converted in the left hand 
column and then find the  intersection of that line with the 1s digit along the top line. 
        
The value in the intersecting point is the converted temperature rounded to the nearest 
degree. 
         
DeGreeS C To DeGreeS F (rounDeD To neareST DeGree)    

(example for 65°C to 149°F)  
        
 0 1 2 3 4 5 6 7 8 9

-20 -4 -6 -8 -9 -11 -13 -15 -17 -18 -20

-10 14 12 10 9 7 5 3 1 0 -2

0 32 34 36 37 39 41 43 45 46 48

10 50 52 54 55 57 59 61 63 64 66

20 68 70 72 73 75 77 79 81 82 84

30 86 88 90 91 93 95 97 99 100 102

40 104 106 108 109 111 113 115 117 118 120

50 122 124 126 127 129 131 133 135 136 138

60 140 142 144 145 147 149 151 153 154 156

70 158 160 162 163 165 167 169 171 172 174

80 176 178 180 181 183 185 187 189 190 192

90 194 196 198 199 201 203 205 207 208 210

100 212 214 216 217 219 221 223 225 226 228

110 230 232 234 235 237 239 241 243 244 246

120 248 250 252 253 255 257 259 261 262 264
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DeGreeS F To DeGreeS C (rounDeD To neareST DeGree)    

(example for 155°F to 68°C)
         
 0 1 2 3 4 5 6 7 8 9

0 -18 -17 -17 -16 -16 -15 -14 -14 -13 -13

10 -12 -12 -11 -11 -10 -9 -9 -8 -8 -7

20 -7 -6 -6 -5 -4 -4 -3 -3 -2 -2

30 -1 -1 0 1 1 2 2 3 3 4

40 4 5 6 6 7 7 8 8 9 9

50 10 11 11 12 12 13 13 14 14 15

60 16 16 17 17 18 18 19 19 20 21

70 21 22 22 23 23 24 24 25 26 26

80 27 27 28 28 29 29 30 31 31 32

90 32 33 33 34 34 35 36 36 37 37

100 38 38 39 39 40 41 41 42 42 43

110 43 44 44 45 46 46 47 47 48 48

120 49 49 50 51 51 52 52 53 53 54

130 54 55 56 56 57 57 58 58 59 59

140 60 61 61 62 62 63 63 64 64 65

150 66 66 67 67 68 68 69 69 70 71

160 71 72 72 73 73 74 74 75 76 76

170 77 77 78 78 79 79 80 81 81 82

180 82 83 83 84 84 85 86 86 87 87

190 88 88 89 89 90 91 91 92 92 93

200 93 94 94 95 96 96 97 97 98 98

210 99 99 100 101 101 102 102 103 103 104

220 104 105 106 106 107 107 108 108 109 109

230 110 111 111 112 112 113 113 114 114 115

240 116 116 117 117 118 118 119 119 120 121

250 121 122 122 123 123 124 124 125 126 126

TEMPERATURE CONVERSION TABLES APPENDIX I
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Co     Fo

ConverTinG weT-BulB DePreSSion   

Use these tables to convert a wet-bulb depression value in one unit to the equivalent depression 
expressed in the other unit.

i.e.,Wet-bulb depression of 5oF=2.8oC

TEMPERATURE CONVERSION TABLES APPENDIX I
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Source: Based on several reports published by the US Dept. of Agriculture by W.T. Simpson et al.

Questions on Wood Drying ? Contact our specialists at: drying@forintek.ca
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RELATIVE HUMIDITY (RH) AND APPROXIMATE
EqUILIBRIUM MOISTURE CONTENT (EMC) OF WOOD

EMC TABLE CELSIUS APPENDIX II
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APPENDIX II

RELATIVE HUMIDITY (RH) AND APPROXIMATE
EqUILIBRIUM MOISTURE CONTENT (EMC) OF WOOD

EMC TABLE FAHRENHEIT
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Source: Based on several reports published by the US Dept. of Agriculture by W.T. Simpson et al.
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APPENDIX IIIAPPENDIX II

 

ShrinkaGe exPreSSeD aS a PerCenTaGe oF The 
Green DiMenSion anD a FunCTion oF The Final 
MoiSTure ConTenT

Species 

Black spruce

Red spruce

Jack pine

Balsam fir

White spruce

Engelmann spruce

Lodgepole pine

Subalpine fir

Grain  
Direction

Radial 
Tangential

Radial
Tangential

Radial
Tangential

Radial
Tangential

Radial
Tangential

Radial
Tangential

Radial
Tangential

Radial
Tangential

Percent Shrinkage Adjusted to a Moisture Content of:

21
1.1
2.1
1.1
2.3
1.1
1.7
0.8
2.1
0.9
2.0

  1.2
2.3
1.3
1.9
0.7
2.1

19
1.4
2.7
1.5
2.9
1.5
2.2
1.0
2.7
1.2
2.5
1.5
3.0
1.7
2.5
0.9
2.7

15
1.9
3.7
2.0
3.9
2.0
2.9
1.3
3.7
1.6
3.5
2.1
4.1
2.3
3.4
1.3
3.7

10
2.5
5.0
2.7
5.3
2.7
3.9
1.8
5.0
2.1
4.6
2.8
5.5
3.1
4.5
1.7
4.9

6
3.0
5.9
3.1
6.2
3.1
4.6
2.1
5.9
2.5
5.4
3.3
6.4
3.7
5.3
2.0
5.8

Total Shrinkage 
(to 0%) MC 

3.8
7.5
4.0
7.9
4.0
5.9
2.7
7.5
3.2
6.9
  4.2
8.2
4.7
6.8
2.6
7.4

To calculate actual shrinkage for a given piece of wood 
use the values from the above table and the following 
formula:

See Chapter 3 for further explanation on how to ap-
ply the values from the above Table and more detail on 
wood moisture relations.

Actual Shrinkage= 
100

Green Dimension x Percent Shrinkage based on final MC

SHRINKAGE CALCULATION PROCEDURE
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0 10 20 30 40 50

DB Temp.
WB Temp.

EMC
Moisture Content
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Dry-Bulb
Wet-Bulb

EMC

Time  
Dry-Bulb
Wet-Bulb

Time  
Dry-Bulb
Wet-Bulb

6
Green-55

140
140
24.6

4
140
140

8
140
140

16
55-40
160
150
11.9

12
160
148

20
160
152

24
40-30
180
166
9.1

19
180
164

30
180
168

36
30-24
190
166

7

30
190
164

44
190
168

42
24-20
195
160
5.3

35
195
158

50
195
162

End
20-end

195
160
5.3

35 to end
195
158

50 to end
195
162

Te
m

p.
 O

F

MC
/E

MC
(%

)
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Drying Time (hours)
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DB Temp.
WB Temp.
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Time (hrs)
Approx MC Range

Dry-Bulb
Wet-Bulb

EMC

Time  
Dry-Bulb
Wet-Bulb

Time  
Dry-Bulb
Wet-Bulb

6
Green-55

140
140
24.6

4
140
140

8
140
140

16
55-44
160
155
15.7

12
160
153

20
160
156

24
44-35
180
172
12.8

18
180
170

30
180
174

36
35-25
190
174
8.9

28
190
172

44
190
176

42
25-20
195
168
6.4

38
195
166

58
195
170

End
20-end

195
168
6.4

38 to end
195
166

58 to end
195
170

Te
m

p.
 O

F

MC
/E

MC
(%

)

Shedule 1

Shedule 1-A
(accelerated)

Shedule 1-C
(conservative)

SCHEDULE 1

SCHEDULE 2

Shedule 2

Shedule 2-A
(accelerated)

Shedule 2-C
(conservative)

Note: See Chapter 15 for information on selection and application of drying schedules.
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Drying Time (hours)
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DB Temp.
WB Temp.
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Time (hrs)
Approx MC Range

Dry-Bulb
Wet-Bulb

EMC

Time  
Dry-Bulb
Wet-Bulb

Time  
Dry-Bulb
Wet-Bulb

2
50-48
140
135
16.1

2
145
140

4
140
137

20
48-34
150
135
9.8

18
150
130

24
150
137

32
34-28
160
130
6.2

28
162
130

36
160
135

46
28-21
180
150
6.1

40
185
150

52
180
155

End
20-end

180
150
6.1

40 to end
195
150

50 to end
180
155

Te
m

p.
 O

F

MC
/E

MC
 (%

)

200
180
160
140
120
100
80
60
40
20
0

60

50

40

30

20

10

0

Drying Time (hours)
0 10 20 30 40 6050

DB Temp.
WB Temp.

EMC
Moisture Content

Time (hrs)
MC Range
Dry-Bulb
Wet-Bulb

EMC

Time  
Dry-Bulb
Wet-Bulb

Time  
Dry-Bulb
Wet-Bulb

12
Green-40

150
135
9.8

10
150
133

12
150
140

20
48-34
150
130
6.2

16
162
130

22
160
140

30
32-25
180
130
3.6

24
190
140

34
180
140

End
25-end

180
130
3.6

24-end
190
140

34-end
180
140

Te
m

p.
 O

F

MC
/E

MC
 (%

)

SCHEDULE 3

SCHEDULE 4

Shedule 3

Shedule 4

Shedule 3-A
(accelerated)

Shedule 4-A
(accelerated)

Shedule 3-C
(conservative)

Shedule 4-C
(conservative)

Note: See Chapter 15 for information on selection and application of drying schedules.
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Drying Time (hours)
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Time (hrs)
Approx MC Range

Dry-Bulb
Wet-Bulb

EMC

Time  
Dry-Bulb
Wet-Bulb

Time  
Dry-Bulb
Wet-Bulb

6
Green-58

140
140
24.6

4
140
140

8
140
140

16
58-45
165
160
15.6

12
165
158

20
165
161

24
45-35
185
177
12.7

19
185
175

29
185
179

36
35-23
195
179
8.8

30
195
177

42
195
181

42
23-20
200
174
6.4

36
200
172

50
200
176

42 to end
20-end

200
174
6.4

36 to end
200
172

50 to end
200
176

Te
m

p.
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F
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/E

MC
(%

)

200
180
160
140
120
100
80
60
40
20
0

140

120
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60
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20

0

Drying Time (hours)
0 20 40 30 60 100 120 140 16080

DB Temp.
WB Temp.

EMC
Moisture Content

Time (hrs)
Approx MC Range

Dry-Bulb
Wet-Bulb

EMC

Time  
Dry-Bulb
Wet-Bulb

Time  
Dry-Bulb
Wet-Bulb

4
120-110

140
135
16.1

4
145
140

4
140
135

35
110-75

150
135
9.8

32
150
133

24
150
140

60
75-55
160
140
8.2

55
160
138

70
160
145

80
55-40
180
155
6.9

70
180
150

95
180
160

100 to end
40-30
180
150
6.1

90 to end
180
145

120 to end
180
160

Te
m

p.
 O

F

MC
/E

MC
 (%

)

SCHEDULE 5

SCHEDULE 6

Shedule 5

Shedule 5-A
(accelerated)

Shedule 5-C
(conservative)

Shedule 6

Shedule 6-A
(accelerated)

Shedule 6-C
(conservative)

Note: See Chapter 15 for information on selection and application of drying schedules.
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Time (hrs)
Approx MC Range

Dry-Bulb
Wet-Bulb

EMC

2
60-55
190
160
6.0

2
30-29
190
160
6.0

10
55-40
220
175
3.7

7
29-24
220
175
3.7

16
40-24
230
180
3.3

10
24-20
230
180
3.3

End
24-end

230
180
3.3

End
20-16
230
180
3.3

Te
m

p.
 O

F
Te

m
p.

 O
F

MC
/E

MC
(%

)
MC

/E
MC
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)

30

12 14 16

SCHEDULE H-1

SCHEDULE H-2

Note: See Chapter 15 for information on selection and application of drying schedules.
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DRYING SCHEDULES FOR 2-INCH SPF DIMENSION LUMBER

SCHEDULE H-3

Note: See Chapter 15 for information on selection and application of drying schedules.
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GloSSary

This section provides brief definitions of terms gener-
ally used in lumber drying.  Further detail on many of 
these terms can be found within the manual in the 
appropriate section(s).  Free reference has been made 
to Forintek’s previous kiln operator manuals and the 
U.S. Dry Kiln Operator’s Manual.

aBSorPTion  The taking-in or imbibing of water mol-
ecules (usually liquid form) at the surface of wood.

aDSorPTion  The uptake of water molecules from the 
air directly into the wood.  Adsorbed water is synony-
mous with bound water.

air veloCiTy  The speed at which air moves, generally 
measured in feet per minute (fpm) or metres per sec-
ond (m/s), on the exiting-air side of the lumber stack.

aneMoMeTer  A mechanical or electronic instrument 
for measuring air velocity.  A hot-wire anemometer is 
the preferred instrument for measuring airflow in a 
dry kiln.

annual rinG  The layer of growth added to the cir-
cumference of wood stems each year during the 
growing season; each ring includes earlywood (spring 
growth) and latewood (summer growth).

BaFFle  A piece of material (usually a metal or wood 
panel) used to block openings around the kiln load 
and deflect air through the sticker openings.

Boiler horSePower (BhP)  Rating for energy output 
of boilers.  One boiler horsepower is the energy re-
quired to evaporate 34.5 pounds (15.7 kg) of water 
per hour, from water at 212°F (100°C) to steam at the 
same temperature.  This is equivalent to 33,475 BTU 
per hour (35.29 MJ/h).

BounD waTer  Water contained within the cell walls 
of wood and held by molecular association within the 
wood substance.

BriTiSh TherMal uniT (BTu)  The amount of heat nec-
essary to increase the temperature of 1 pound of wa-
ter by 1F°.  (Its counterpart in the metric system is the 
joule (J) which is equivalent to 0.0009486 BTU.

Bunk (or BolSTer)  A timber placed between stick-
ered packages of lumber to provide for entry and exit 
of the forks of a lift truck.

CaMBiuM  In wood anatomy, the one-cell-thick layer 
of tissue between the bark and wood that repeatedly 
subdivides to form new wood and bark cells.

CaPillary aCTion  The combination of solid-liquid 
adhesion and surface tension by which a liquid is el-
evated in a tube or moves through a cellular struc-
ture.

CaSeharDeninG (STreSS relaTeD)  A condition of 
stress and set in wood in which the outer fibres are 
under compressive stress and  the inner fibres under 
tensile stress.

CaSeharDeninG (MC relaTeD)  In softwood drying, 
casehardening is often used to describe a condi-
tion that exists later in drying where the surface has 
reached a very low MC but the core is still at an el-
evated MC.

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

CelluloSe  A long-chain carbohydrate molecule, the 
principal constituent of wood, forming the framewok 
of the cells.

CheCk  A drying defect, characterized by a separation 
between wood cells, extending into the wood, usu-
ally along the grain, and caused by tensile stresses in-
duced as wood shrinks during drying.  Checks may be 
further classified depending on their location; surface 
checks, end checks, and internal checks.

Coil, heaTinG  A heat exchanger made up of one or 
more runs of (usually) finned pipes through which 
steam, hot water, or hot oil flows to heat the circu-
lated air.

Coil, re-heaT  A supplementary heating coil, usually 
located between tracks of a double-track kiln, used to 
add heat to air that has already been cooled by mov-
ing through one portion of the load.

CollaPSe  A seasoning defect characterized by a cor-
rugated or sunken appearance of the surface of a 
piece of dried wood; caused by an irregular drawing 
together of cell walls as free water leaves the cavi-
ties.

CoMPreSSion wooD  Abnormal wood formed on the 
lower side of branches and inclined trunks of soft-
wood trees.  Compression wood is more dense and 
shrinks considerably more (especially in the longitudi-
nal direction) than normal wood.

GLOSSARY APPENDIX V
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ConDiTioninG  A process for relieving the drying stress-
es in wood by subjecting the lumber, while in the kiln, 
to a relatively high humidity to increase the surface 
MC.

CroSS Grain  In lumber – grain in which the fibre 
alignment deviates noticeably from the long axis of the 
wood member.

CroSS SeCTion  The face exposed when a cut is made 
across the grain of a board (at right angles to the fi-
bres) – also called the transverse section.

CroSS ShaFT  A fan-drive system in which the fan shaft 
is mounted parallel with the direction of air flow.

DeFeCT, DryinG  Any change in the condition or ap-
pearance of lumber which is the result of drying and 
which is detrimental to lumber quality, i.e., checks, 
splits, warp, stain, collapse, honeycombing.

DeGraDe, DryinG A drop in lumber grade that results 
from drying.

DenSiTy (wooD)  Mass (weight) of wood per unit vol-
ume; usually expressed in pounds per cubic foot, grams 
per cubic centimetre, or kilograms per cubic metre.

DenSiTy, Bulk  Mass (weight) of wood and water pres-
ent per unit volume; usually expressed in pounds per 
cubic foot, grams per cubic centimetre, or kilograms 
per cubic metre.

DePreSSion, weT-BulB  The difference between the 
dry- and wet-bulb temperatures.

DeSuPerheaTer  A device for removing from steam the 
heat in excess of that required for saturation at a given 
pressure.  In kiln drying, atomized water injection is 
often used to eliminate the superheat from the steam 
employed for humidification.

DiFFuSion  Spontaneous movement of heat, moisture, 
or gas throughout a body or space.  Movement is from 
high points to low points of temperature or concentra-
tion.

DireCT-FireD  A method of heating a dry kiln where 
the hot gases produced by burning gas, oil, or wood 
byproducts are discharged directly into the kiln atmo-
sphere.

Dry-BulB  A “bare” temperature sensor exposed to an 
air stream to measure the dry-bulb temperature.

Dry-BulB TeMPeraTure  The temperature of the air as 
determined by a “bare” thermometer or thermocouple.

DryinG raTe  The amount of moisture lost from lum-
ber per unit of time; generally expressed in moisture 
content (%) loss per hour or per day.

DryinG SCheDule A series of predefined steps that de-
termine how the various control parameters of a kiln 
will be regulated to achieve a specific drying rate and 
final moisture content.  In a heat-and-vent (conven-
tional) kiln this will typically be a series of dry- and 
wet-bulb temperatures expressed as a function of time 
(time-based schedule) or wood moisture content (MC-
based schedule).

earlywooD  That portion of the annual growth ring 
produced at the beginning or early in the growing sea-
son – also called springwood.  Earlywood is typically 
lighter in colour than latewood.

eDGe-Grain  The grain produced when a board is 
sawn so that the annual growth rings are mainly per-
pendicular to the flat face of the board – also called 
vertical grain and quarter-sawn.

equalizaTion (in kiln drying)  A process for reducing 
within and between board variation in final moisture 
content of lumber after normal drying is complete.

equiliBriuM MoiSTure ConTenT (eMC)  Moisture con-
tent at which wood neither gains nor loses moisture 
when surrounded by air at a given (and constant) rela-
tive humidity and dry-bulb temperature.  The moisture 
content which wood eventually attains when subject-
ed to any given constant condition of humidity and 
temperature.

exTraCTiveS  Chemical constituents of wood that are 
not an integral part of the cellular structure and that 
can be removed by a solvent such as water or ben-
zene.

FiBre or FiBre TraCheiD  Long, thin, cylindrical wood 
cells, tapered and closed at both ends.  Also a general 
term of convenience for any long, narrow cellular tis-
sue, i.e., fibrous.

FiBre SaTuraTion PoinT (FSP) The stage in the drying or 
wetting of wood at which the cell walls are saturated 
with water and the cell cavities are free of liquid water.  
It is usually assumed to be approximately 30% mois-
ture content (MC).  The FSP varies (usually downward) 
from 30% MC according to the species and other fac-
tors.  It is significant in drying since any changes in MC 
below the FSP will result in either shrinkage (moisture 
loss) or swelling (moisture regain) of the wood.
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FlaT-Grain  The grain or figure produced when a 
board is sawn so that the annual growth rings are 
mainly parallel to the flat face of the board – also 
called flat-sawn or plain-sawn.

hearTwooD  The wood extending from the pith (cen-
tre of the tree) outward to  the sapwood.  It is gener-
ally darker than the sapwood due to the formation of 
gums, resins and other substances which accumulate 
when the cells die.

heaT exChanGer  A device designed to introduce heat 
into a process, for example finned pipe carrying steam 
or hot water from a central boiler.  Also, a device to 
transfer heat from one part of a process to another, 
for example a plate-type heat exchanger to recapture 
heat from exhaust air and pre-heat the incoming air.

heaT TreaTMenT (PhyToSaniTary)  Heating wood to 
achieve a specific temperature known to be lethal to 
wood inhabiting pests (insects, nematodes) or as de-
fined by various regulatory agencies for access to for-
eign markets.

hiGh-TeMPeraTure DryinG  Drying systems or sched-
ules that employ dry-bulb temperatures in excess of 
212°F (100°C).

honeyCoMBinG  A drying defect characterized by a 
separation of the fibres in the interior of the piece, 
usually along the wood rays (in the radial direction).  
The failures are not usually visible on the surface, al-
though they may be extensions of surface and end 
checks.

huMiDiTy, aBSoluTe  The actual weight of water (va-
pour) per unit weight of dry air, independent of air 
temperature and pressure.

huMiDiTy,  relaTive  The ratio of the actual vapour 
pressure to the pressure of saturated vapour at the 
prevailing dry-bulb temperature.  In a practical sense it 
is an expression of the amount of water vapour pres-
ent in air in comparison with the theoretical maximum 
at the same conditions of dry-bulb temperature and 
pressure.

hyGroMeTer  An instrument for measuring the rela-
tive humidity of air.

hyGroSCoPiCiTy  The property of a substance such 
as wood, which permits it to absorb or lose moisture 
readily.

inDireCT-FireD  A kiln that is heated by a central burner 
system producing steam, hot water, or hot oil which is 
circulated within the kiln and the heat transferred to the 
kiln air via a radiating surface such as finned pipes.

Joule (J)  Metric measure of heat or energy.  One Joule 
is equivalent to 0.0009486 BTU.

Juvenile wooD  Wood adjacent to the pith of the tree 
and formed during the first few years of growth.  These 
annual rings are generally wider and the wood of a 
lower density than normal wood.  This wood also tends 
to shrink more (especially longitudinally) than normal 
wood.

kiln  An enclosed chamber in which the environmental 
conditions are controlled to achieve drying, equalizing, 
or conditioning of lumber.

kiln, DehuMiDiFiCaTion  A dry kiln that operates in a 
closed system employing a heat pump to dehumidify 
the kiln air and extract the latent heat to recirculate to 
the kiln in the form of sensible heat to maintain or raise 
the dry-bulb temperature.

kiln, ProGreSSive  A kiln in which the lumber is either 
continuously or intermittently moved (usually in stick-
ered packages) to expose it to different environmental 
conditions to achieve drying and or equalization and 
conditioning.

kiln, vaCuuM  A dry kiln equipped with an airtight 
chamber and vacuum pump to dry wood at sub- 
atmospheric pressures.

laTenT heaT  Heat which, when added to or abstracted 
from a substance, does not affect its temperature but 
does change its state.  For example, heat is required 
to change water at 212°F (100°C) to steam at 212°F 
(100°C).

laTewooD  That portion of the annual growth ring that 
is formed during the latter part of the growing season – 
also called summerwood.  This part of the growth ring 
is typically darker in colour and has higher density than 
earlywood (springwood).

liGnin  A substance of the wood cell wall which acts as 
a binding agent to hold cells and cell wall components 
together.

line ShaFT  A fan-drive system in which multiple fans 
are linked via one or more long shafts that run perpen-
dicular to the direction of air flow.

GLOSSARY
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MeTer, MoiSTure  An instrument for determining the 
moisture content of wood.  Most commercial moisture 
meters for dry wood are based on the relationship of a 
particular electrical property that varies in a predictable 
way with the wood moisture content.

MeTer, in-line  An instrument installed along a pro-
duction line (sawmill or planer mill) to measure the 
moisture content of individual boards.  These instru-
ments are based on either an electrical (i.e., DC-resis-
tance) or physical (i.e., weight) property that can be 
related to the moisture content of the wood.

MiCroFiBril  Bundles of cellulose polymer chains that 
make up the cell wall.  The orientation of microfibrils 
will affect the shrinkage and swelling properties of 
wood.

MoiSTure ConTenT (MC)  In wood, the weight of water 
(bound and free) present, expressed as a percentage of 
the oven-dry weight of the wood.

MoiSTure GraDienT  A variation in moisture content 
usually considered across the thickness of a board.  A 
normal, post-drying moisture gradient will vary from 
a low MC at the surface to a high MC in the core.  A 
reverse moisture gradient may develop in boards that 
have been dried and subsequently re-wetted.

PiT A minute opening in the cell wall of woody cells, 
providing a passageway from one cell lumen (cavity) to 
the next.  The condition (openness) of pit openings has 
a significant impact on drying rate.

PlenuM  In a kiln the space provided on the air enter-
ing or exiting side of the load between the load and 
the kiln wall.  This space acts as a pressure zone and 
reservoir on the entering side of the load to achieve 
uniform airflow from top to bottom and along the 
length of the kiln.

Pre-SorTinG  Sorting lumber before drying on the ba-
sis of a physical property, such as MC or density, that 
has been shown to have a direct correlation with dry-
ing time.

PSyChroMeTer  An instrument for measuring the 
dry-bulb and wet-bulb temperatures of the air, usu-
ally consisting of two thermometers.  The difference 
between the two thermometers (the wet-bulb depres-
sion) is used to determine the relative humidity of the 
air and the equilibrium moisture content (EMC) for 
wood (from standard tables).

raDio FrequenCy (rF)  Oscillating frequency (cycles per 
second or Hertz) of an electric field with frequencies of 
10 kilohertz and higher.

ray, wooD  In wood anatomy a band of wood cells 
extending radially from the pith towards the bark.

reaCTion wooD  Wood of more or less distinctive 
anatomical and shrinkage characteristics, formed in 
parts of leaning or crooked stems.  In hardwoods it is 
termed “tension wood” and in softwoods “compres-
sion wood”.

reCorDer-ConTroller  Instrumentation which auto-
matically controls the kiln environmental conditions 
and records the information for future reference.

re-DryinG  A process in which boards exceeding a pre-
defined upper limit after an initial kiln drying treatment 
are identified, removed, and returned to a kiln for fur-
ther drying.

reFraCTory wooD  In relation to drying – wood that is 
difficult to dry.  It is relatively impermeable to the move-
ment of liquids, for example, wet pockets in balsam or 
subalpine fir.

reSin Canal or reSin DuCT  A tubular intercellular space 
usually containing resin and sheathed with specialized 
cells which secrete resin when in the living sapwood.

rTD (reSiSTanCe TeMPeraTure DeTeCTor)  Electronic 
temperature sensor based on the change in electrical 
resistance with changing temperature.

SaMPle BoarD  A board, or portion of a board, placed 
within the kiln load for the specific purpose of monitor-
ing the drying rate.  The board may be removed peri-
odically for weighing or may be fitted with a probe(s) to 
electrically measure the MC.

SaPwooD  The outer portion of a wood stem that, in 
a living tree, contains living cells and reserve materi-
als.  The sapwood is usually lighter in colour than heart-
wood and, in the case of softwoods, has a considerably 
higher green moisture content.

SenSiBle heaT  Heat which, when added to or abstract-
ed from a substance, changes its temperature (see La-
tent Heat).

SeT  In relation to lumber seasoning, a localized semi-
permanent deformation in wood caused by internal 
stresses.  Wood may become set due to compressive 
(compression set) or tensile (tension set) forces.
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Shake  As seen on the end grain, shake is a separation 
of wood fibres parallel to the annual rings.  Shake may 
be the result of physical conditions that the tree was ex-
posed to while growing but in softwoods is more often 
associated with wetwood in those species susceptible 
to this defect.

Shell  In lumber, the outer portion of sawn boards and 
timbers.

ShrinkaGe  Contraction which occurs as wood is dried 
below the fibre saturation point.

SPeCiFiC GraviTy (BaSiC)  The ratio of the oven-dry 
weight of a piece of wood to the weight of water at 
39°F (4°C) displaced by the wood.  It is based on the 
green volume of the wood.

SPF (SPruCe-Pine-Fir)  Species grouping as defined by 
the National Lumber Grades Authority (NLGA) which 
identifies 8 Canadian species falling within this group-
ing (See Chapter 1).

STain, Blue-STain  A bluish or grayish discoloration in 
the sapwood caused by the growth and presence of 
certain dark-coloured fungi on the surface and in the 
interior of the wood.

STain, Brown  A brownish discoloration of chemical 
origin in wood that sometimes occurs during the air 
drying or kiln drying of several softwood species (par-
ticularly white pine).

STain, STiCker  A discoloration in wood in the zone of 
contact with the sticker that can be due to fungal or 
chemical action as a result of the slow drying conditions 
that sometimes exist there.

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

STeaM, SuPerheaTeD  Steam at a temperature higher 
than the saturation temperature at a given pressure.

STeaM, weT  Steam which contains suspended droplets 
of water.

STeaM TraP  A mechanical device used on a steam line 
to automatically expel condensed water, while at the 
same time preventing the passage of steam.

STiCkerS  Strips or slats used to separate the layers (tiers) 
of lumber in a stack, thereby permitting air to circulate 
between the layers.

STreSS, DryinG  Stress that occurs in wood during drying 
because of moisture gradients and its inherent tenden-
cy to shrink unevenly and to develop a “set” condition.  
Re-sawing or otherwise machining material with drying 
stress may result in deformations such as cupping.

STreSS relieF  The result of a conditioning treatment fol-
lowing the final stages of drying, which causes a redistri-
bution of moisture and relief of set, with a consequent 
relief of stresses.

STreSS SeCTion  A cross section of a board that is cut 
into prongs of equal thickness from face to face, to de-
tect the presence of stresses in wood.

TeMPeraTure DroP aCroSS The loaD (TDal)  The reduc-
tion in dry-bulb temperature as air passes through a load 
of lumber and sensible heat is abstracted from the air to 
achieve heating and drying of the lumber.

TherMoCouPle  A temperature sensing device consist-
ing of a pair of wires made of dissimilar metals, fused at 
one end and that generate a voltage signal proportional 
to the temperature at the point the wires are fused.

ToP reSTrainT A mechanical restraining system or 
weights placed on top of the kiln load to apply physi-
cal restraint to the lumber during drying in an effort to 
reduce warp.

TraCheiD  The long, cylindrical, fibrous cells which con-
stitute a major part of the cellular structure of softwood 
trees.

warP  A general term to describe various distortions (de-
viations from a straight and flat condition) that develop 
as a result of drying or growth stresses, or that may have 
been machined into the wood.  (See also bow, crook, 
cup and twist in Chapter 17.)

weT-BulB  A temperature sensing  bulb which is covered 
by an absorbent wick extending into a water reservoir.

weT-BulB TeMPeraTure  The temperature indicated by 
a thermometer where the sensing portion is covered by 
a wick, wetted with water, and exposed to air move-
ment.  The resulting evaporation cools the water and 
the sensing portion of the thermometer to the wet-bulb 
temperature.

weTwooD or weT PoCkeTS  Zones within wood hav-
ing some or all of the following characteristics:  high 
moisture content, presence of bacteria, more acidic than 
adjacent wood, and lower permeability than normal 
wood.
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FurTher reaDinG

This manual is in part the result of experiences gained 
from research conducted at Forintek on the drying of SPF 
lumber.  The following is a list of research reports that 
readers may wish to review if looking for further detailed 
information on specific topics.

FPinnovaTionS – ForinTek rePorTS

(for information on obtaining copies of these reports 
please contact the FPInnovations – Forintek library at ei-
ther the Vancouver or Quebec laboratories – see inside 
back cover for contact information).

review oF inDuSTrial SorTinG TeChnoloGieS For Green 
luMBer

Oliveira, L.  2003.  Report prepared for Coastal Forest 
and Lumber Association. Contract No. 2003-3824.

oPPorTuniTieS To reDuCe enerGy ConSuMPTion in luM-
Ber DryinG

Elustondo, D., L. Oliveira, and J. Wallace. 2005. Forintek 
general revenue project No. 4400.

eConoMiC iMPaCT oF STiCker SPaCinG on The qualiTy oF 
kiln-DrieD SoFTwooD ConSTruCTion luMBer

Normand, D. and M. Savard.  Forintek general revenue 
project No. 4031.

SorTinG anD DryinG eaSTern SPF on The BaSiS oF iniTial 
MoiSTure ConTenT

Garrahan, P.A., M. Savard, and D.A. Cane.  1994.   
Forintek project No. 3743K441.

analySiS oF DeGraDe levelS in DryinG eaSTern SPruCe-
Pine-Fir DiMenSion luMBer

Garrahan, P. and D. Cane.  1988.  Forintek project No. 
3743K411.

TeChniCal anD eConoMiC evaluaTion oF ToP reSTrainT 
To reDuCe DeGraDe loSSeS in eaSTern SPruCe-Pine-Fir

Garrahan, P.A.1997. Forintek project No. 3742K428.

evaluaTion oF FaCTorS inFluenCinG aCCuraCy oF MoiS-
Ture ConTenT eSTiMaTeS wiTh a DieleCTriC MoiSTure Me-
Ter

Garrahan, P. and V. Lavoie. 2004. Forintek general rev-
enue project No. 1941.
 

iMPaCT oF airFlow on The DryinG raTe oF BlaCk SPruCe

Normand, D. and V. Lavoie.2005. Forintek general rev-
enue project No. 4033.

DryinG SuBalPine Fir wiTh weT PoCkeTS

Hartley, I.D.  1997.  Forintek report prepared for the  
Canadian Forest Service, project No. 1003 (CFS No. 36).

equalizinG anD ConDiTioninG oF SPF DiMenSion luMBer

Cai, L. and L. Oliveira.  2001.  Forintek project No. 
2347.

The CauSeS anD oCCurrenCe oF warP in eaSTern SPruCe-
Pine-Fir DiMenSion luMBer

Barbour, R.J. and G. Chauret.  1993.  Forintek report No. 
3712K209.

PhySiCal ProPerTieS relaTeD To DryinG TiMe oF eaSTern 
SPF

Savard, M.  1995.  Forintek project No. 3712K220.

MeThoD To evaluaTe The Behaviour oF Frozen luMBer 
DurinG The PreheaTinG PhaSe

Léger, F.  2001.  Forintek project No. 2673.

DryinG anD Pre-DryinG oF BalSaM Fir in an air DryinG 
yarD (rePorT availaBle in FrenCh only)

Tremblay, C.  2003.  Forintek report No. 3259.

DryinG raTeS oF SPF (weSTern) luMBer

Oliveira, L.C.  1995.  Forintek report prepared for the 
Canadian Forest Service, project No. 1212K039 (CFS 
No.30).
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oTher PuBliCaTionS (non ForinTek)

Dry kiln oPeraTor’S Manual

Simpson, W.T.  1991.  United States Department of Ag-
riculture, Forest Service, Forest Products Laboratory.  Ag-
riculture Handbook 188.  (Available through the Forest 
Products Society, Madison, WI.)

Dry kiln SCheDuleS For CoMMerCial wooDS – TeMPeraTe 
anD TroPiCal

Boone, R.S., C.J. Kozlik, P.J. Bois, and E.M. Wengert.  
1993.  United States Department of Agriculture, Forest 
Service, Forest Products Laboratory.  (Available through 
the Forest Products Society, Madison, WI.)
ISBN 0-935018-60-3.

SoFTwooD DryinG – enhanCinG kiln oPeraTionS

Culpepper, L.  2000.  Published by Miller Freeman Books, 
San Francisco.  ISBN 0-87930-581-9.

hiGh TeMPeraTure DryinG – enhanCinG kiln oPeraTionS

Culpepper, L.  1990.  Published by Miller Freeman Books, 
San Francisco.  ISBN 0-87930-186-4.
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For more information please contact: 

Publications
Western Region Library
Tel.: (604) 222-2743 / Fax: (604) 222-5690
publications.forintek@fpinnovations.ca

Publications
Eastern Region Library
Tel.: (418) 659-2647 / Fax.: (418) 659-2922
publications.forintek@fpinnovations.ca

This publication was made possible 
by funding from Natural Resources 
Canada/Canadian Forest Service. 



Successful drying is the result of paying 

attention to many small, seemingly  

inconsequential details.


