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Foreword 
 
The objective of this manual is to provide a representation of the drying operation, linking the physical 
processes taking place during drying and the kiln control parameters, i.e. air temperature and humidity. 
By using sets of equations shown in the manual, engineers and kiln operators will be able to assess the 
significance of events occurring during the drying process with a calculator or a simple Excel spreadsheet 
(included). 
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1 Introduction 
 
Drying schedule improvement will be one of the wood industry’s priorities over the coming years.  
Originally, drying was performed for essentially practical reasons: protection from decay, sapstain or 
insects; enhanced mechanical properties and dimensional stability; or reduced shipping weights. 
Nowadays, however, new requirements are involved, mostly related to the physical, mechanical and 
esthetical properties of wood. Consequently, process performance needs to be upgraded from the 
combined viewpoints of drying time, wood quality and energy consumption. By introducing the 
fundamental principles involved in controlling the wood drying process, this manual will serve as a tool 
for practitioners to develop better drying schedules. 
 
1.1 Definitions 
 
A wood drying kiln describes any enclosed space where piles of lumber are stacked in a given 
arrangement, and where one or more mechanical systems are controlled to maintain conditions such that 
wood may dry. 
Wood drying refers to the transfer of water trapped in the wood, either in liquid or gaseous form, to the air 
force-driven through the wood piles in the kiln. 

The kiln controller function consists of two different components.  The first component defines the kiln’s 
operational program (e.g., drying schedule) that will optimize a given performance criterion on the basis 
of the initial condition of the load and the targeted final condition.  The second component of the control 
function aims to stabilize the conditions of the wood and the air in the kiln set by the drying schedule, 
taking into account a variety of factors, including system disturbances, measurement inaccuracy 
(distributed system), as well as limitations due to the kiln itself and its equipment. 
The performance criterion selected for the kiln controller will minimize the amount of energy and the 
time required to evaporate the water within the constraints defined by quality characteristics such as warp, 
checks, splits, final moisture gradient within boards, wood discolouration, etc. 

Kiln drying under controlled air temperature and humidity conditions is the most commonly used method 
to reduce the moisture content of softwood lumber in Eastern Canada.  This type of kiln will be used as an 
example throughout this manual.  Even though much has been published on the topic of wood drying, the 
literature contains few reports dealing with kiln control.  We will begin with a description of the kiln and 
its environment 
 
1.2 Lumber Drying Kiln  
 
A lumber drying kiln (See Figure 1.1) is an industrial structure where conditions allowing for lumber to 
dry can be maintained.  Its shape and construction characteristics are designed to provide and maintain the 
required air temperature, humidity and circulation conditions.  Most modern kilns make use of insulated 
aluminium panels.  They are equipped with fans, heating systems and a venting system.  Roof vents are 
provided to release water (steam) from the wood drying process.  Fans located under the roof ensure air 
circulation; they are distributed all along the length of the kiln in order to ensure a good mix of fresh and 
recycled air.  The air is heated through steam coils also located all along the length of the kiln.  This kiln 
concept seems to be standard, and it has seen little innovation over the past few years.  
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Figure 1.1 illustrates a typical lumber drying kiln. Lumber drying is a batch process, which means that the 
load does not move during the process; rather, drying conditions change throughout the cycle as 
prescribed by the drying schedule.  A typical load consists of three layers of two bundles side-by-side for 
each track.  Thus, a kiln section such as shown in Figure 1.1 would contain 12 bundles.  The length of the 
kiln determines the total number of bundles in the load. 

 

Figure 1.   Lumber Drying Kiln 

Design quality affects the kiln’s ability to properly dry lumber.  As regards energy, the kiln should be 
adequately insulated to reduce energy consumption and prevent condensation on kiln walls.  A kiln 
should also be airtight for adequate control of cold air infiltration or warm air losses; air-tightness allows 
for reduced air humidity variations and limits the need for additional moisture.  Finally, heating coils and 
fans should be located in such a way as to provide uniform air and heat distribution during the drying 
cycle.  As will be seen, kiln design may be a limitation to improved drying schedules. 

1.3 Drying Method 
 
Forced-air drying is the method most commonly used by the Canadian softwood lumber industry. As 
shown in Figure 1.2, the objective is to force-drive air through the lumber pile in order to create the heat 
and mass transfer necessary for controlled drying.  Air conditioning during the drying cycle proceeds 
along the following steps.  The air is heated up to a set-point temperature that determines its capacity to 
hold moisture, i.e. its relative humidity (RH).  As the warm air travels through the lumber piles, it releases 
energy that causes the water contained in the wood to evaporate.  The air coming out of the piles is mixed 
with small amounts of fresh air and reheated, which restores its ability to dry wood as it is re-circulated 
through the lumber piles. 
Other methods are available to dry lumber, including dehumidification drying, radio-frequency dielectric 
heating, solvent drying and vacuum drying.  This study focuses on medium-temperature [82 to 93°C] 
forced-air drying.  Low-temperature [21 to 43°C] and high-temperature [app. 100 to 150°C] kilns have 
also been used, but medium-temperature kilns are the most common in eastern Canada. 
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Figure 2.   Schematic representation of a lumber kiln 

1.4 Drying Rate 
 
The control of ambient conditions inside a kiln makes it possible to accelerate the lumber drying process. 
The speed of the process is known as the drying rate. It is determined by a variety of factors, including the 
temperature and moisture content of the wood, its structure and its geometry, as well as elements related 
to the process itself, such as ventilation, kiln design, etc. 

At the beginning of the cycle, when there is plenty of water in the wood, large quantities of this water can 
be found in liquid or vapour form in the cell voids; this has a positive effect on the drying rate. In Figure 
1.3, the drying rate is defined by a tangent to the drying curve. It is calculated by the moisture content 
differential divided by the time differential shown in the small triangle tangential to the drying curve in 
Figure 1.3.  

If a similar triangle were to be drawn tangentially to the drying curve later on in the process, the slope 
would be lower, indicating a reduced drying rate. In the second phase of the drying process, smaller 
amounts of water remain in the wood, and migration to the surface becomes more difficult. Thus, the 
drying rate slows down towards the end of the cycle. This is an important characteristic of the drying 
process, with major impact on the way drying schedules are implemented. 
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Figure 3.   Typical drying curve 

The progression of lumber moisture content (MC) is also affected by other factors. Most significant are 
wood structure variations, lumber geometry and board position in the load.  It follows that, even if 
different boards had the same initial MCs, their MC progression through the cycle would vary within 
limits.  This is the concept illustrated in Figure 1.4. If we consider a large number of boards being dried 
simultaneously, the progression of their respective MCs against time would fall within the boundaries 
identified in the graph as MCmin and MCmax.  

 
Figure 4.   Lumber moisture content progression boundaries in a kiln 

To complete the picture, we also need to consider that, in practice, the many boards making up a load do 
not have the same initial MCs. Consequently, MC progression as shown in Figure 1.4 can be considered 
more representative of the drying process. 

In real lumber, initial MCs vary over a given range, and final MCs also vary.  In both cases, measuring 
MC variations in process is a challenge. Our approach, however, is to consider the board population 
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making up the load as a whole. In this manner, MC progression becomes characteristic of the process and 
the load, which brings the concept of a drying process area. 

1.5 Drying Process Domain 
 
MC progression in a load can be represented as an area defined by upper and lower boundaries rather than 
a simple curve, as exemplified in the array of experimental curves obtained from a load of fir shown in 
Figure 1.5.  This area is known as the drying process domain. 

In fact, the drying process domain shown in Figure 1.5 is determined by the load itself and the method 
used to control MC progression. For example, an equivalent graph for spruce would show initial moisture 
contents ranging from 40% to 100%, with an average of 70%.  Similarly, different types of wood supply 
would experience different drying rates; and the use of different drying temperatures or kiln 
configurations would lead to different drying curves. The drying process domain concept is therefore the 
best approach to study the drying process. 

 

Figure 5.   Drying process domain 

1.6 Drying Parameters 
 
The various parameters influencing the shape of the drying process domain may be categorized as 
operation-related, geometry-related or resource-related, and listed accordingly, as shown in Table 1.1 
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Table 1.  Parameters affecting the drying process 
 

Operational parameters 
• Air temperature 
• Air relative humidity 
• Air velocity 
• Drying schedule 
• Measures taken to progress through the schedule 
Geometry parameters 
 
• Distance travelled by the air 
• Sticker thickness 
• Number of stacks in one row 
• Lumber length and thickness 
• Lumber quality characteristics (e.g., wane) 
Raw material parameters 
 
• Species 
• Initial moisture content 
• Density 
• Provenance 
 
In addition, these parameters are not deterministic and their distribution affects the width of the drying 
process domain. The corresponding values therefore need to be expressed by distribution profiles, average 
values and standard deviations. Characteristics that need to be identified for this approach are listed in 
Table 1.2; they express the stochastic nature of the lumber drying process [1]. 

Table 2.  Stochastic nature of the lumber drying process 
 
Raw material (from tree to dimension lumber) 
 
• Stochastic distribution of initial moisture contents 
• Stochastic distribution of drying rates 
• Stochastic distribution of thicknesses and grades 
Drying potential (varying as a result of the degradation of 
air conditions in the kiln) 
 
• Changing according to location in the kiln 
• Changing with time throughout the cycle 
• Batch process 
• Large number of pieces (e.g., 10,000) in a lot  
Grading takes place after drying 
 
• Each board is graded individually before shipment 
• High correlation between final moisture content and drying 

degrade 
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1.7 Kiln Control 
 
The objective of kiln control is to modify the moisture content of the load in such a way as to minimize 
drying time, drying degrade and energy consumption. Since no kiln controller can determine wood 
moisture content directly, the operation of the kiln is achieved through control of air conditions. This was 
the concept introduced at the beginning of this chapter in connection with the two components of a kiln 
control system.  For a better grasp of this concept of a two-component control system, it may be 
convenient to split the system into two sub-systems, i.e. wood drying and air conditioning. 

1.7.1 First Control System Component:  The Wood Drying Process 
 
Wood drying takes place by means of a heat and mass transfer process between the air and the wood. The 
air/wood relationships are sufficiently well known to provide a basis for determining optimum drying 
conditions. For this reason, kiln controllers are designed to regulate the temperature, humidity and 
velocity of the air in the kiln. Air conditions change over the drying cycle as required by the drying 
schedule, which is defined according to observable wood conditions and known transfer mechanisms. 

In daily operations, an experienced operator may modify a drying schedule to take into account 
parameters such as listed in Tables 1.1 and 1.2. For example, a basic schedule might look like the one 
illustrated in Table 1.6. The operator may analyze various strategies such as the impact of pre-sorting, the 
effect of changes in load geometry, variations among the different methods to measure moisture content 
progression in the load, etc. Following such analyses, he or she may modify set-point temperatures, or 
add new segments to the schedule in order to refine kiln performance. 

To be able to adequately segment a drying schedule and set operating temperatures, one needs to 
understand each of the steps involved in the schedule. Some of these steps relate to the process itself 
whereas others are tied to the behaviour of the wood during drying. These steps will be reviewed below. 

The first step in the drying program consists in preheating the wood without drying it; it also involves 
raising the temperature of the air and the kiln. In winter, snow has to be melted, and frozen wood thawed 
out. As will be seen later on, the temperature rise is necessary to accelerate the drying process. The 
diffusion of water present in the wood increases rapidly with rising temperatures; it is critical, however, to 
tightly control air characteristics at this stage so that the heat available is applied to increase wood 
temperature rather than evaporate its moisture. A slow temperature rise would encourage surface drying 
and generate internal stresses that might lead to wood distortion. The pre-heating phase is therefore 
unique to the process. 
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Figure 6.   Drying schedule for black spruce [2] 

The drying phase proper is next. At the beginning, the drying rate is limited by stresses resulting from 
shrinkage in the various wood layers, which must not exceed certain limits, as they would cause 
distortions. Such limits are species-specific. The drying rate is therefore maintained until stresses are 
reversed and the risks of distortion are finally reduced. This point cannot be detected during the drying 
process, but it is generally associated with the fibre saturation point (FSP). Thus, the first phase of the 
drying operation is completed when lumber moisture contents average approximately 30%.  In the second 
drying phase, more severe conditions can be selected. This second phase continues until the lumber 
reaches the target moisture content. 

Occasionally, a third phase may be required to reduce moisture content variations between boards in a 
load (equalizing) and possibly to reduce moisture content variations between face and core in individual 
boards (conditioning), which also leads to a reduction in internal stresses. 

Drying schedules control the progression of air characteristics in the kiln in relation to these drying 
phases. They consist of combinations of dry-bulb and wet-bulb temperatures (the set points of the kiln 
controller) creating the right conditions for drying. From one phase of the schedule to the next, set points 
are changed either as a result of process variable measurements or on the basis of an estimate of average 
lumber moisture contents in the load, or simply on a time basis. The methods used to control schedule 
progression constitute the main distinctions between the various kiln controllers currently on the market.  

As far as control of the system is concerned, each stage in the drying operation has its own rules and 
physical constraints. The drying schedule represents the first control level; it will be discussed in more 
detail in Section 5. At this point, let us consider the local control mechanisms regulating air characteristics 
as mandated by the drying schedule. Regulating air conditions constitutes the other component of kiln 
control. 
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1.7.2 Second Component of the Control System: The Air Conditioning Process 
 
As shown in Figure 1.7, air circulation inside a kiln follows a loop. The air first travels through the 
lumber stack at the temperature and relative humidity conditions directed by the schedule. Then, it travels 
through heat exchangers and fans before being either humidified with steam or dehumidified by the 
addition of fresh air. These systems are controllable and need to precisely compensate for heat losses and 
moisture gains resulting from the passage of air through the stack. The heating and 
humidification/dehumidification systems make it possible to maintain the air conditions required for 
drying. This is called the second level of air conditioning control. The systems used to maintain the 
required air conditions are described briefly in the following sections. 

 
 

Figure 7.   Air circulation inside a kiln 

1.7.2.1 Heating System 
 
The heating system ensures that the desired kiln temperatures are obtained. This is a multiple function, as 
energy must be provided to compensate for losses to water evaporation, increase wood temperature, 
increase the temperature of the make-up air needed to maintain the required relative humidity in the kiln, 
and compensate for heat losses through kiln walls and doors.  The ability of the heating system to 
compensate for such energy losses depends on steam pressure, heat exchanger surface area and air 
velocity. In eastern Canadian sawmills, industrial kilns mostly rely on steam as their energy source (but 
different conditions prevail in other parts of Canada) 

1.7.2.2 Humidification/dehumidification system 
 

In the present study, air humidification is achieved either by injection of low-pressure steam or by cold 
water spray. In industry, cold water spray is used mostly in situations were steam availability is limited or 
non-existent, as in direct-fired kilns. Air humidification is required in two phases of the drying schedule: 
first in the pre-heating phase, where relative humidify must be as high as possible to minimize wood 
drying; secondly, the conditioning phase demands additional moisture in the air to provide lumber 
surfaces with some moisture so as to reduce differentials and stresses between face and core. In addition, 
some high-humidity schedules may require additional moisture at certain points in the drying schedule, 
mostly as a result of air leakage and poor kiln insulation. 
Kilns are also equipped with the means to dehumidify air; dehumidification takes place throughout the 
drying process. It is achieved by mixing moist air in the kiln with dry, outside air. Fresh air intake takes 
place through vents distributed all along the roof of the kiln. 
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1.7.2.3 Control systems  
 

The second control level is applied through a regulation system consisting of a feedback system that 
adjusts temperature and relative humidity in relation to measured deviations between values actually 
measured and target temperature and relative humidity. As applied to air heating, for example, the system 
opens or closes a steam valve according to measured deviations. One advantage of the regulation system 
is that it allows the kiln to operate independently from external disturbances and varying lumber 
conditions. 
 

1.7.3 Additional Information on Drying Process Control 
 

 

Figure 8.   Optimal load moisture content progression curve during drying 

The challenge with controlling the drying process is to determine the optimal moisture content curve in 
order to reach the desired final moisture content while attaining maximum performance in terms of drying 
degrade, time and energy (See Figure 1.8) 

This optimum curve must be determined in relation to kiln capacity, its dynamics, load response, load 
initial moisture content, degradation of air conditions as they travel through the stack, and physical 
property variations in individual boards. 
 
In the language of automation, this approach can be represented as shown in Figure 1.9, where the kiln 
and its load, called the drying system, respond to instructions from the controller in such a way as to force 
moisture contents to evolve according to a predetermined optimal curve. In this approach, the moisture 
content (MC) becomes the control variable. 
 

 
 

Figure 9.   Control structure with MC as control variable 
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This control system is defined as a closed loop control system. It uses an output signal, measured MC in 
this case, in relation to a set point, the target MC, to trigger action by the control system in order to reduce 
the error detected.  

The development of this type of control system requires that three elements be defined. The first of these 
elements is the identification of an optimal MC variation curve as described above. The second element is 
the development of the controller as such; finally, for the system to operate, some means must be found to 
measure the MC variable as output of the system. 

In practice, these elements are difficult, if not impossible, to determine in the case of wood drying. No 
method has yet been identified to define up front the optimal MC curve for a complete load in relation to 
drying degrade, time and energy. Only a few experimental data are available to define this curve. This is 
due to the difficulty of characterizing the load to be dried, and to the variability of wood characteristics, as 
shown in Tables 1.1 and 1.2. 

In addition, in the control system shown in Figure 1.9, the controller needs to compare the MC set point 
and the output. It is difficult, however, to measure MC as an output signal because it varies from one 
board to another and even within boards, and because it can only be measured in a limited range of 
values. Consequently, there is no possibility of measuring MC to compare it to the set point, which makes 
it difficult to use the control structure illustrated in Figure 1.9. 

As a final point, this type of control system cannot act directly on lumber MC, as this involves transfers 
between the air and the wood, described as diffusion, mass transfer, convection and conduction. In fact, a 
control system such as described in Figure 1.9 cannot be applied to lumber drying. What is used in this 
case is an indirect control system. 
 
In this approach, the direct control variables are air temperature, air velocity and its direction. Figure 1.10 
presents a simplified illustration of a common control structure. With this control structure, it becomes 
possible to measure air temperature and compare it to a set point; it is therefore possible to act on the 
process in order to reduce errors detected if any.  
 
MC is still the system’s output but it is derived from an estimate. The estimate can be based on time 
elapsed, sample MC measurements, temperature differential through the pile (TDAL), the weight 
variation of the stack, or that of control boards. Once this value has been estimated, it determines the 
point reached in the drying schedule. New temperature set points are established in this manner 
throughout the drying schedule. 
 



Fundamental Principles Involved in Controlling the Wood Drying Process 

 
 
 
 

 
 

12 of 66 
 

 

Figure 10.   implified  block diagram of current kin control systems 

In this respect, drying process control as such takes place through an open loop system. The output, i.e. 
the varying MC, has no direct impact on kiln control other than triggering passage to the next drying 
phase. For this reason, disturbances occurring in the drying process cannot be detected by the control 
system, nor will they cause any change to the process. Automatic improvements to the drying operation 
are consequently limited in practice when such open loop control systems are used.  
 

 
 

Figure 11.   Algorithm to modify a drying schedule 
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Under these conditions, the definition and application of a drying schedule still raise a number of 
problems. In fact, operators define and adjust drying schedules without any assistance from reliable tools. 
Trial and error is the norm. Operators have to go through a cycle where they define and adjust the 
schedule, dry the load and check the results (Figure 1.11). They are then in a position to identify 
improvement opportunities, and adjust the schedule accordingly. 

Tools at their disposal are limited. They can change operating temperatures, or seek new ways of 
monitoring condition variations in the kiln. Figure 1.12 illustrates these two modes of action on the drying 
schedule. During drying, improvements relate mostly to the vertical lines of the drying schedule. A 
horizontal shift of vertical lines represents an attempt to find a more appropriate time to change 
temperature conditions inside the kiln. Such a shift should take place only when the operator thoroughly 
understands the physical processes at work in the drying operation.  

 
 

Figure 12.   Modifiable segments of a drying schedule 

1.8 Document Structure 
 
In this introduction, we have reviewed several definitions and structured the information necessary to 
facilitate drying schedule improvement. An important point in this approach is that the system can be 
divided into two sub-systems, i.e. wood and air. Each of these systems will be studied in a separate 
chapter. 
 
Chapter 2 will cover the dynamic behaviour of the lumber. The key physical processes involved in the 
drying operation will be represented by equations. The processes involved are water diffusion across the 
lumber and wood temperature variations under the influence of air. Equations will provide interpretations 
of various measurements conducted on the process, as well as advance interpretations of some 
assumptions before they can be applied to actual systems. To this end, the specific characteristics of the 
wood material will be examined one at a time with respect to mass transfer and energy. The amount of 
energy required to carry the lumber from one drying phase to the next will then be examined. The 
progression of wood temperature and moisture content changes will be interpreted in relation to air 
conditions prevailing in the kiln. 
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Chapter 3 will introduce air behaviour with an analysis of its evolution through the wood stack and when 
it is heated and humidified. Air behaviour will be studied through analyses of thermodynamic cycles. An 
understanding of this element is critical, as air is frequently the limiting factor in the implementation of a 
control decision in the kiln.  
 
In Chapter 4, we will revisit the concepts developed in previous chapters while introducing the constraints 
imposed by the kiln itself as the equipment used to implement the drying process. This will involve 
discussing the influence of kiln design over the behaviour of the lumber stack during drying. 
 
Chapter 5 will continue the study and analysis of control structures used in the lumber drying industry as 
a means of developing practical solutions to the improvement of drying schedules. A better understanding 
of kiln control mechanisms will also facilitate interpretation of the measurement of process errors brought 
to the attention of operators. 
 
 

2 Studying the Dynamics of the Wood Drying Process 
 
Controlling the drying process requires a good understanding of the dynamics of the process involved, 
which are based on heat and mass transfers between the air and the lumber. As an introduction to these 
processes, the physical characteristics of lumber that facilitate or inhibit drying will first be presented. We 
will then define the mathematical relationships linking these properties and expressing the progression of 
lumber temperature and moisture content, as well as relationships describing exchanges between the air 
and the wood. Once the process has thus been characterized, we will be ready to study the influence of 
process control variables such as temperature, relative humidity, and air velocity on the dynamics of the 
drying process.  
 
2.1 Physical Properties of Wood 
 
Physical wood characteristics include density, moisture content, equilibrium moisture content, fibre 
saturation point, specific heat, conductivity and diffusivity. As we will see, some of these characteristics 
may be species-specific; they may also vary with wood temperature and moisture content. Our first topic 
will be the parameters defining moisture content, which is the chief control variable for drying. 
 
2.1.1 Wood Constituents — Eastern Canadian SPF Species 
 
Table 2.1 provides wood compositions for three species: black spruce, jack pine, and balsam fir. It should 
be noted that drying behaviour is not related to wood composition (other than extractives), but rather to 
wood anatomy and permeability. 
 

Table 3.  Chemical composition of three lumber species [3,4,5,6,7 ] 
 
 Cellulose Lignin Mannan Araban Xylan 
Black spruce 43.5% 25.3% N.A. N.A. 6.8% 
Jack pine 45.0% 28.6% 10.8% 1.4% 7.1% 
Balsam fir 47.7% 29.4% 12.4% 0.5% 4.8% 
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2.1.2 Basic Density 
 
Density defines a material’s weight per volume unit; it is represented by the symbol ρbs, expressed in 
units of mass per unit of volume [kg/m³]. Given that the volume of wood varies in relation to its moisture 
content (due to shrinkage), volume must be taken into account; thus, basic density refers to the unit 
volume of green wood, and anhydrous (bone-dry) density to the volume of dry wood. It should also be 
remembered that density varies with species, wood supply characteristics, plantation type, specimen 
location in a tree, etc. Table 2.2 provides average basic densities. 
 

Table 4.  Anhydrous wood density [8] 
 
 Density [kg/m3] 
Black spruce 406 
Jack pine 421 
Balsam fir 335 
 
To calculate the mass of a board or load from its density, you need to know its volume. The following 
table provides useful conversion factors for these calculations. 
 

Table 5.  Board and load volumes 
 
Board dimensions Actual board 

volume (m3) 
Nominal 

board volume 
(fbm) 

Boards per 
Mfbm of 
lumber 

2x3x8 7.732 E-3 4.00 250 
2x4x8 1.054 E-2 5.33 187.5 
2x6x8 1.617 E-2 8.00 125 

 
Note: Rough sizes are as follows: 2’’(nominal)= 1.75’’(actual), 3’’(nominal)= 2.75’’(actual), 
4’’(nominal)= 3.75’’(actual), 6’’(nominal)= 5.75’’(actual), with a 2’’ trim allowance on length. 
 
Example: Calculate the bone-dry weight of 110 Mfbm of 2x4x8ft black spruce lumber. 
 

lumberboardsdwvdw VolMfbmNbm ⋅⋅⋅= 110/ρ  

2598810054.11105.187406 2 =⋅⋅⋅⋅= −
vdwm  [kg] 

 
2.1.3 Moisture Content 
 
Moisture content characterizes the amount of moisture present in the wood. It is a control variable for the 
drying process, and it influences density, as explained above. Moisture content is represented by the 
symbol MC; it is expressed as a percentage [%], and defined as the proportion of water present in the 
wood on a bone-dry weight basis (See Equation 2.1). 
 

     [%]  %100  
 - 

  •=
dwm
mm

MC dww  (Eq. 2.1) 
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where  
mw  : Total mass of wood before drying, [kg] 
mdw  : Total mass of wood in the bone-dry state (oven dry), [kg] 
 
It would of practical interest to determine the initial MC of the lumber before it enters the kilns. 
Unfortunately, current instruments cannot be used to measure high MC levels with any degree of 
accuracy. Other than drying a sample of lumber in the oven to determine MC with Equation 2.1 as 
described above, initial MC can be evaluated from the mass of the lumber before and after drying, and its 
final moisture content. Equation 2.2 and Example 2.1 illustrate the method used. The problem with this 
method is that initial MC is only known after drying. 

[%]  %100  1
100

1  2

2

1 •⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟

⎠
⎞

⎜
⎝
⎛ +=

MC
m
m

MC
w

w
i    (Eq. 2.2) 

 
where  
mw1  : Total mass of wood before drying, [kg] 
mw2  : Total mass of wood after drying, [kg] 
MC2  : Moisture meter measurement of MC after drying, [%] 
 
Example: What is the initial MC of a 2x4x8ft black spruce board whose initial mass was 5.675 kg?  Mass 
after drying is 4.216 kg and moisture meter reading is 15.3%.  

%2.55%100  1
100

3.151
216.4
675.5  =•⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⎟

⎠
⎞

⎜
⎝
⎛ +=iMC  

 
The initial lumber moisture content presents other peculiarities. One of them is that it is not uniform 
throughout a board. The amount of moisture in the tree is related to the growth needs of the tree, and there 
is more water, for example, in the sapwood than in the heartwood. MC also varies between tree species. 
Table 2.3 provides typical MC values for the heartwood (central part of the tree) and sapwood 
(periphery). 
 

Table 6.  Heartwood and sapwood MC of three SPF species [8] 
 
 Heartwood Sapwood Average 
Black spruce 52% 113% 77% 
Jack pine 33% 124% 51% 
Balsam fir 88% 173% 118% 
 
2.1.4 Equilibrium Moisture Content of Wood 
 
As soon as a tree has been felled, its wood begins to dry. Its moisture content decreases from the initial 
level shown in Table 2.3 to a final MC level called equilibrium moisture content (EMC) under prevailing 
ambient air conditions. This is due to the fact that, as a porous material, wood exchanges water molecules 
with the air. Table 2.4 provides EMC values for three wood species and several relative humidity levels at 
25°C. Under given air conditions, wood will cease to dry at the corresponding EMC. 
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Table 7.  EMC of three SPF species at different relative humidity levels 
 

EMC vs. Relative humidity of air at 25°C 
Relative humidity Relative humidity 

0% 0% 
25% 25% 
50% 50% 
75% 75% 
99% 99% 

 
The climatic conditions prevailing at the location where the wood is used will determine final product 
MC. Table 2.5 provides examples of wood EMC for interior and exterior applications in various Canadian 
regions. This information serves as a basis for the wood industry to prescribe to final moisture content not 
exceeding 19%. This MC level also ensures a degree of dimensional stability and some protection from 
decay. 
 

Table 8.  Lumber EMC according to regions and seasons [9] 
 

Location  Average (%) Winter (%) Summer (%) 
  West coast Interior 10 to 11 8 12 
 Exterior 15 to 16 18 13 
  Prairies Interior 6 to 7 5 8 
 Exterior 11 to 12 12 10 
  Central Canada Interior 7 to 8 5 10 
 Exterior 13 to 14 17 10 
  East coast Interior 8 to 9 7 10 
 Exterior 14 to 15 19 12 
 
The following equation can be used to determine approximate EMC values [10]: 
 

22
211

22
211

1
2

1
1800

RHkkkkRHk
RHkkkkRHk

RHk
RHk

W
EMC

++
+

+⎥⎦
⎤

⎢⎣
⎡

⋅−
⋅

=  (Eq 2.3) 

 
where 
EMC : Equilibrium moisture content [%] 

TTW ⋅⋅++= )0135.029.1(349  
( ) TT00000273.0000736.0805.0k ⋅⋅−+=  
( ) TTk ⋅⋅−−+= 000303.000938.027.61  
( ) TTk ⋅⋅−+= 000293.00407.091.12  

and  
T  : Air temperature [°C] 
RH : Air relative humidity [%] 
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2.1.5 Fibre Saturation Point 
 
The fibre saturation point (FSP) is the highest MC level at which water molecules can be physically 
bound to the wood cells. This has a major impact on a wood characteristic call shrinkagea.  Above the 
FSP, water molecules are free and they can leave the wood with no effect on its structure.  Below the 
FSP, as the wood dries, shrinkage causes dimensional changes that are not uniform throughout the board, 
and may lead to distortions affecting lumber value (drying degrade). FSP is usually understood as 
corresponding to a MC of 30%, but its exact level varies with temperature. The relationship is provided in 
Equation 2.4 [11]. 
 

TFSP ⋅−= 133.01.34   (Eq. 2.4) 
where 
FSP  : Fibre saturation point [%] 
T  : Wood temperature [°C] 
 
2.1.6 Lumber Mass vs. Water to be Evaporated 
 
Once the concepts of wood density and MC are understood, it is clear that lumber mass is not a true 
indicator of the mass of water that needs to be evaporated. Table 2.6 illustrates how important it is to 
properly characterize the lumber to be dried. For example, a balsam fir board may hold 3.6 kg of water to 
be evaporated, while the corresponding mass of water will be 2.7 kg in a black spruce board of the same 
mass.  Table 2.6 indicates total lumber mass and water mass to be evaporated for the MC to reach 15% 
for the sapwood and heartwood of three species. 
 

Table 9.  Mass of 2x4x8ft boards of three species and mass of water to be evaporated, based   
  on initial MC  

 
Heartwood Sapwood Average  

Density 
[kg/m3] 

MC 
[%] 

Wood 
mass 
[kg] 

Water 
mass 
 [kg] 

MC 
[%] 

Wood 
mass 
[kg] 

Water 
mass    
[kg] 

MC 
[%] 

Wood 
mass 
[kg] 

Water 
mass 
[kg] 

Black 
spruce 406 52 6.5 1.6 113 9.1 4.2 77 7.6 2.7 

Jack pine 421 33 5.9 0.8 124 9.9 4.8 51 6.6 1.6 
Balsam 
fir 335 88 6.6 2.6 173 9.6 5.6 118 7.7 3.6 

 
Example: What mass of water needs to be evaporated to dry a) a 2x4x8ft stud, and b) a load of 110Mfbm 
of similar black spruce studs? 
                                                      
a The FSP, hence the degree of shrinkage, is not constant within the boards as they dry. This is due to the process itself, which 
requires that the surface (or shell) MC be lower than the core MC. Shrinkage begins in the surface as it reaches the FSP, but not 
in the core, where MC is still higher. As a result, tension stresses occur in surface layers, and compression stresses in the core. As 
drying progresses, the core MC decreases gradually and drops below the FSP, at which point shrinkage begins in the core. By this 
time, however, the shell has undergone permanent deformations, inducing tension stresses in the core, which are compensated by 
compression stresses in the shell. At the very moment when tensions are reversed, more severe drying conditions can be imposed 
to accelerate the process. As this occurs when the average MC of the board is close to the FSP, average FSP is frequently used as 
the key point on which to base drying schedules, even though the real critical point is that when stresses are reversed.  It should 
be kept in mind that the shell reaches the FSP very early in the cycle.   
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Solution: Calculate the mass of water to be evaporated on the basis of initial MC and target MC (using 
Tables 2.2, 2.2.1 and 2.3): 
 
a) mwater in stud = (MCi-MCf )•ρbs • volstud = (0.77-0.15) • 406 • 0.01054 =  2.653 kg 
b) mwater in load = mwater in stud  •  nbstuds in  110Mfbm=  2.6 • 110 • 187.5 = 54,720 kg 
 
Other wood characteristics, such as specific heat and thermal conductivity, also affect thermal properties. 
These are discussed in the following sections.   
 
2.1.7 Specific Heat 
 
The specific heat of a material is defined as the amount of energy (in Joules) required to increase the unit 
mass (in kilograms) of this material by one degree Celsius (1°C). It is measured in [J/(kg °C)] units, and 
the symbol used in the case of woodb is Hsw.  Specific heat varies with temperature as well as with MC. It 
is also significantly affected by the presence of ice in the wood (frozen lumber). Table 2.7 provides 
examples of specific heat values in relation to temperature and MC. Specific heat is not species-
dependant. As shown in Table 2.7, below 0°C, Hsw is not affected by MC. 
 

Table 10.   Specific heat of wood as a function of temperature and MC 
 

Hs wood [J/kg °C] MC [%] 
-20°C 20°C 80°C 

118 1948.00 3127.38 3426.18 
77 1948.00 2770.27 3069.07 
51 1948.00 2543.81 2842.61 
30 1948.00 2360.90 2659.70 
15 1948.00 2230.25 2529.05 

 
The specific heat of wood, Hsw, can be calculated with Equation 2.5 [12]  
 
 ( ) 6.162280 T⋅+   for T < 0°C (Eq. 2.5a)  
Hsw = 
 ( )  98.471.82000 TTH ⋅+⋅+  for T >= 0°C (Eq. 2.5b) 
 
where 
 
Hsw  : Specific heat of dry wood, [J/kg °C] 
T  : Lumber temperature, [°C] 
MC  : Lumber moisture content, [%] 
 

                                                      
b A number of studies have been conducted to determine Cpb, and they have produced very different 
values. The numbers used in Table 2.7 were cited by Steinhagen [12], and they cover all conditions 
applicable to the drying process. The same comment applies to thermal conductivity values. 
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2.1.8 Thermal Conductivity 
 
Thermal conductivity is defined as the flow of heat through one square metre of a material one metre 
thick when the temperature difference between surfaces is one degree Celsius (1°C).  For the purpose of 
the drying process, thermal conductivity characterizes the ability of wood to transfer heat from the surface 
to the core. It is represented as k, and the unit is W/m °C.  Thermal conductivity increases with density, 
MC, and temperature. Table 2.8 provides a few examples for black spruce, jack pine, and balsam fir as a 
function of MC at 20 and 80°C. 
 

Table 11.  Thermal conductivity of three wood species as a function of MC at 20 and 80 °C 
 

MC [%] Spruce [W/m °C] 
20°C        80°C 

Jack pine [W/m 
°C] 

20°C        80°C 

Fir [W/m °C] 
20°C        80°C 

118 0.36 0.45 0.38 0.46 0.31 0.38 
77 0.28 0.34 0.29 0.35 0.24 0.29 
51 0.23 0.28 0.24 0.29 0.20 0.23 
30 0.19 0.22 0.20 0.23 0.16 0.19 
15 0.16 0.18 0.17 0.19 0.14 0.15 

 
The thermal conductivity of wood, kw, can be calculated with Equation 2.6. [12] 
For T < 0°C 
 

( ) ( )  1000/03.2105.0*0008.00033.0096.0 ρ⋅+⋅−⋅+= TTHkb  (Eq. 2.6a)  
 
and for T >= 0°C 
 

( )( ) ( )  1000/03.2105.0*TTH101.1102.2TH0019.0138.0k 65
b ρ+⋅⋅+⋅++= −− (Eq.2.6b)  

where 
kw  : Thermal conductivity of wood, [W/m °C] 
T  : Wood temperature, [°C] 
MC  : Wood moisture content, [%] 
 
2.2 Physical Phenomena Involved in the Drying Process 
 
This section reviews the mathematical equations describing all the phenomena involved in the dynamics 
of the drying process on the basis of the lumber properties defined above. These equations characterize 
the various processes that come into play during drying, i.e. convection, conduction, heat storage, 
evaporation (drying), and phase change (thaw). Considering that the first principle of thermodynamics, 
which holds that, from an energy point of view, nothing is created which does not already exist, is 
applicable to kilns, we will start introducing these phenomena with an energy balance. Equation 2.7 
illustrates this balance with, on one side, the power available from the air, and, on the other side, the 
power required by the wood drying process. 
 

 0  qqqq dryingtconv ++= °∆   (Eq. 2.7) 
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where 
 
qconv  : Convection power available to meet immediate process needs, [W] 
q∆t,  : Power required to increase temperature and heat lumber, [W] 
q°0,  : Power required for thawing out lumber, [W] 
qdrying  : Power required for evaporating water (drying), [W]  
 
The parameters of this equation illustrate the influence of temperature, relative humidity, and air velocity 
over wood temperature and drying rate. They also illustrate why raising wood temperature before 
encouraging diffusion has a beneficial effect on the transfer of water from the core to the surface, and 
why drying schedules are designed to encourage only one of the processes shown on the right-hand side 
of the equation at a time. It should finally be noted that the speed at which these transfer processes take 
place is determined by the various characteristics of the wood and the air, as well as the load geometry. 
These characteristics are actually included in Equation 2.7 through the definitions of the factors. For this 
reason, Equation 2.7 is of the greatest interest, as it provides a structure to understand the dynamics of the 
wood drying process. 
 
Although radiation is found in a kiln, it does not play a significant role in the heat transfer process, and we 
will ignore it. The next step is to describe the different parameters present in Equation 2.7. 
 
2.2.1 Convection 
 
The air provides the power required for drying lumber in a kiln, shown on the left-hand side of Equation 
2.7.  This power is transmitted by forced convection. In our application, convection is defined as an 
exchange of heat between the air and the lumber as air flows over lumber surfaces. Equation 2.8 may be 
used to calculate the convection power available from the air. 
 

  aconvconv TAhq ∆=    (Eq. 2.8) 
 
where 
qconv  : Convection heat flow, [W] 
hconv  : Convection factor, [W/m² °C] 
A  : Area perpendicular to heat flow, [m²] 
)Ta  : Temperature differential between wood surface and air, [°C] 
 
The convection described by Equation 2.8 is controlled by the temperature differential between the air 
and the lumber, the contact area between the air and the lumber, and the convection factor. In terms of 
controlling the drying process, convection is a key factor; it serves as the main instrument to induce wood 
temperatures encouraging water diffusion, in addition to providing all the energy needed for the drying 
operation  
 
2.2.1.1 Calculating the Convection Factor [1,13] 
 
The calculation of the convection factor takes into account the air temperature, air velocity, and air space 
thickness between rows of lumber in the stack. It also requires introduction of dimensionless numbers 
such as the Reynolds, Nusselt and Prandlt numbers. 
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a
conv k

dNuh ⋅
=  (Eq. 2.9) 

where 
Nu  : Nusselt number 
d  : Specific dimension; in this case, double the sticker thickness [m] 
ka  : Thermal conductivity of air [W/m °C] 
 

2000;    5029.0 4194.0 <⋅= PePeNu  
 

2000;    1244.0 6032.0 ≥⋅= PePeNu  
 
where 
Pe = Re x Pr : Product of Reynolds and Prandlt numbers 
 

a

aa vd
Re

µ
ρ ⋅⋅

=  (Eq. 2.10) 

where 
 
Re  : Reynolds number 
ρa  : Density of moist air  [kga/m³] 
d  : Specific dimension; in this case, double the sticker thickness [m] 
va : Air velocity between rows [m/s] 
µa  : Air viscosity [m/s²] 
 

a

aa

k
Cp µ⋅

=Pr  (Eq. 2.11) 

where 
Pr  : Prandlt number 
Hsa  : Specific heat of air [J/kga °C] 
µa  : Air viscosity [m/s²] 
ka  : Thermal conductivity of air  [W/m °C] 
 

Table 12.  Values of parameters required to calculate hconv 
 

 Tbs=60, Tbh=56 °C Tbs=71, Tbh=54.5 °C Tbs=82, Tbh=54.5 °C 
Hsa [J/kga°C] 1095.85 1084.12 1080.11 
µa, [m/s] 1.99E-05 2.03E-05 2.08E-05 

ka, [W/m°C] 0.028 0.029 0.030 
 
The convection factor can be evaluated with these equations. Table 2.10 provides a few examples. 
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Table 13.  Convection factor valuesc, hconv [W/m²°C] 
 

 Temperatures °C 
 Tdb Twb Tdb Twb Tdb Twb

Air velocity [m/s] 60 56 71 54.5 82 54.5
2 (400 ft/min) 11.45 11.33 11.22 
3 (590 ft/min) 14.63 14.46 14.32 
4 (785 ft/min) 17.40 17.20 17.04 
5 (985 ft/min) 19.91 19.68 19.49 

 
Note: hconv was calculated on the basis of a sticker thickness of 0.75”, i.e. 0.019 m. 
 
Example: How much power is available from the air through the convection process? a) For a 2x4x8ft 
stud; b ) For a load of 110 Mfbm (assuming temperatures of 60°C for the air and 56°C for the wood, and 
an air velocity of 2m/s (400 ft/min)). 
Solution: Calculate the convection factor with Equations 2.9, 2.10 and 2.11, or use Table 2.10. To 
calculate the wood surface area, divide the stud volume (Table 2.2.1) by its thickness. The temperature 
differential is Tair – Twood; at the beginning of the drying process, it can be considered equal to the wet-
bulb temperature. Calculate power with Equation 2.8. 
 

a) qconv, wood = hconv  x  A  x  (Tair – Twood)= 11.45 * (0.01054/0.0445) *(60-56) = 10.86 W 
b) qconv = qconv, wood x 187.5 studs/Mfbm x 110Mfbm =  224 kW 
 
Note: Two points should be borne in mind: 1) These calculations only provide an approximation of the convection factor, and 2) Neither the 
wood temperature nor the air temperature are constant throughout the lumber stack.  
 
2.2.1.2 Interpretation of the Influence of Convection on the Drying Process 
 
As shown in Table 2.10, the convection factor increases with air velocity and decreases only slightly with 
temperature, but we will see later on that optimum temperature and air velocity are also affected on other 
parameters. In fact, the selection of operating temperatures is primarily a compromise.   
 
Even if accelerating air velocity appears to increase the convection factor, we will see that, after a 
relatively short period at the beginning of the cycle, this effect fades as the difference between wood and 
air temperatures decreases. This happens when convection provides enough energy to sustain evaporation 
and excess energy serves to increase wood temperature, thereby reducing the differential between wood 
and air temperatures; as the differential decreases, the power available from convection also decreases. 
 
On the other hand, increased air velocity makes for a more even temperature distribution across the stack, 
and generally leads to higher wood temperatures, which is beneficial to the diffusion process. Decisions 
should be made carefully, with proper consideration for the diffusion characteristics of the lumber. Here 
lies the challenge to optimizing the drying process. 
 
 

                                                      
c The convection factor of wood is difficult to measure. In the scientific literature, different authors suggest different values. We 
chose to use the calculation method described in [1].   
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2.2.1.3 Relationships Between Convection and Kiln Operating Parameters  
 
Convection is key to controlling the drying process. Operators can modify two parameters: temperature 
and air velocity. As seen earlier, these parameters affect convection. As for the wood temperature, it is 
determined by the system in relation to the condition of the lumber and the specific phase of the process 
that is in progress. Convection is also affected by other factors, such the air space between rows in the 
stack; in this case, the space provided by the stickers modifies air velocity, hence convection. This 
explains how changing sticker thickness or air speed can change the power delivered by the air during the 
drying process. 
 
2.2.2 Lumber Preheating 
 
Lumber preheating is the first step in the drying cycle. The energy available from the air is used to raise 
wood temperature, facilitating diffusion and drying. The speed at which energy is transferred to the wood 
characterizes the power of the system, which can be calculated with Equation 2.12. 

1

,

t
T

Hsmq avet
wbwt ∆

∆
⋅=∆  (Eq. 2.12) 

where 
wm   : Mass of the volume of wood considered, [kg] 

wHs   : Specific heat of wet wood, [J/kg °C] 

1

,

t
T avet

∆
∆

  : Average temperature variation over a time period )t [°C/s] 

 
The variation of the average lumber temperature over a given time period is indicative of lumber response 
to a change in ambient air temperature. This variation can be measured in a kiln, and it is a very useful 
measurement in the development of drying schedules, as it serves to calculate the power required at this 
stage of the process. The response time can also be evaluated through calculations, and the next section 
will explain how to proceed.   
 
2.2.2.1 Lumber Response Time During Preheating Phase 
 
Response time is generally defined as the time required for the lumber temperature to get to within 5% of 
target temperature. Given the wide variability of lumber characteristics, calculating lumber response time 
to within 10% of target should be adequate, and this is in line with industry conditions. The calculation is 
based on the relationships between convection, conduction, and energy storage in the lumber. The 
response time can, however, be estimated with sufficient accuracy from only one variable, as shown in 
Equation 2.13, which is used to calculate the ∆Tave/∆t of the lumber. 
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with the following initial condition and boundaries 
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α =  : Thermal diffusivity of wood [m²/s] 

kw : Thermal conductivity of wood  [W/m °C] 
 
The boundary imposed on the surface is due to the convection process, and it provides the link to the 
control parameters discussed in the previous section. This boundary condition can be described as 
follows: a thin layer of wood forming part of the lumber surface is subjected to heat transfer processes, 
the air providing convection energy on one side, and the wood absorbing this energy by conduction on the 
other side. This explains why the equation contains both wood convection and conduction factors. 
 
Equation 2.13 also makes use of the thermal diffusivity factor, α, which represents the ratio of wood 
conduction to the product of specific heat and wood density. Diffusivity creates a link between 
conductivity and the storage of energy in the lumber. It is through diffusivity that a change in lumber MC 
or temperature, for example, can influence the system’s response time during the preheating phase. 
 

 
Figure 13.   Wood response time to a temperature change as a result of convection.  

  T1 is the time constant for wood, and T2 the response time to reach 90% of 
target 
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Table 14.  Examples of response time for three species and two moisture levels 
 
 Wet Dry 
Black spruce 2.20 [h] 1.52 [h] 
Jack pine 1.90 [h] 1.55 [h] 
Balsam fir 2.41 [h] 1.39 [h] 
 
2.2.2.2 Conduction 
 
Conduction is the process whereby heat is transferred from one area of the lumber to another as a result of 
a temperature difference. The same calculation is used to determine the insulating characteristics of the 
frame of a structure. The resulting heat flow is calculated as follows: 

dy
dTAkq w−=   (Eq.  2.14 ) 

where 
q  : Heat flow through the lumber surface, [W] 
kw  : Thermal conductivity of wood (Eq. 2.6 ), [W/m °C] 
A  : Surface area perpendicular to heat flow, [m²] 

dy
dT

  : Temperature gradient causing the transfer of heat across the wood, [°C/s] 

The negative sign reflects the fact that a heat flow is traditionally considered positive when it travels from 
a warmer to a colder area along the positive y-axis. 
 
2.2.2.3 Estimation of Power Requirements for Preheating Phase 
 
Evaluation of the power required is based on the relationship between the specific heat of wood and the 
temperature. Given that the correlation is linear (See Equation 2.5), a calculation based on the specific 
heat of wood at the average temperature yields good results. If the lumber temperature is below 0°C, two 
averages need to be calculated: one for temperatures below 0°C and one for temperatures above 0°C. 
 
Example: What is the power required to increase temperatures from 20°C to 60°C in four hours for  a) a 
2x4x8ft spruce stud; and b ) a load of 110Mfbm? 
 
Solution: Specific heat will be calculated for an average temperature of 40°C  
a) qacc, lumber = mlumber  x bCp ((Twf + Tw,i)/2)  x  (Tb,f – Tb,i)/(4x3600) = 
     = 406 x 0.01054 x 2870 x (60-20)/(4x3600)  =34.1  W 
b) qacc = qacc, lumber  x 187.50 studs/Mfbm x 110 =  703 kW 
 
Note: When the preheating time is not known, Equation 2.13 can be used to evaluate it. 
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2.2.2.4 Relationships Between Preheating Time and Kiln Operating Parameters   
 
Control of the preheating phase takes into account the characteristics of the air and the wood. First of all, 
evaporation needs to be limited. This is achieved by keeping relative humidity high enough to reduce 
surface evaporation. Once air conditions are under control, the other parameters responsible for increasing 
wood temperature are air temperature and velocity, which determine convection. These are the control 
variables for the preheating phase. Other relevant parameters include wood density, conductivity and MC. 
Density and MC are specific to the material, and they cannot be modified, although pre-sorting is an 
option for reducing the variability of these two variables in kiln loads, and improve process efficiency.  
 
2.2.3 Lumber Thawing  
 
When the initial lumber temperature is below freezing, a thawing period is required. The power needed 
for the phase change of the free water present in the wood can be calculated with Equation 2.15.  Only 
free water, i.e. the portion above the FSP, is frozen [12]. 
 

( )
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i
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⋅
⋅+
−

⋅=°   (Eq. 2.15) 

where 
q°0 : Energy required to melt the ice present in the lumber, evaluated on the basis of MC over the 

FSP, [kWh]  
mvdw  : Mass of dry wood, [kg] 
MCi  : Initial lumber MC, [%] 
FSP  : Fibre saturation point, [%] 
hsf  : Energy required for the ice-to-water phase change, 334 [kJ/kg] 
∆t  : Time required to thaw out the lumber, [s] 
 
Lumber thawing is a specific characteristic of the preheating phase, which was introduced earlier with the 
concept of specific heat around 0°C. At 0°C, the specific heat actually becomes infinite, all the energy 
available being used to convert ice into water with no increase in lumber temperature. The thawing 
process therefore requires additional power relative to the preheating phase.  
 
2.2.4 Lumber Drying 
 
Once the lumber has reached a temperature level conducive to diffusion (phases described in the 
preheating process), most of the energy consumed is applied to drying. Equation 2.16 can be used to 
calculate the power required to evaporate water from the lumber in the kiln.  
 

( )   bfg
e

drying Th
t

m
q ⋅

∆
=  (Eq. 2.16) 

 
where 
qdrying  : Power required to evaporate the water contained in the lumber, [kW] 

t
me

∆
  : Mass of water in the lumber to be evaporated per unit of time, [kg/s] 
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hfg (Tw ) : Evaporation energy as a function of lumber temperature. [kJ/kg] 
  
Examples of hfg (Tw ) values are provided in Table 2.12. 
 

Table 15.  Values of hfg (Tw ) J/kg 
 

 20°C 60°C 80°C 
hfg (Tb ) 2.45E6 2.36E6 2.31E6 
 
Determining ∆MC/∆t is key to controlling the drying process. Being able to predict it would be ideal; as a 
second best solution, the calculations shown below will provide an approximation. Measurements can 
also be used to calculate the power and energy consumed in this critical phase of the drying process. 
 
2.2.4.1 Calculating Drying Rate 
 
Wood dries as a result of mass transfer from its surface to the air circulating around it. The transfer takes 
place as a result of differential water vapour concentrations between the wood and the air. Many studies 
have been conducted on the mathematical description of wood drying  [14], each of them with its strong 
and its weak points. Once the diffusion factor has been validated, a diffusion model provides an 
acceptable interpretation of wood behaviour during drying, allowing us to understand the effects of the 
main drying parameters, i.e. wood temperature and MC. When the drying rate has been determined, the 
power required to dry the lumber can be evaluated. 
 
Equation 2.17 uses a one-dimensional model to describe MC changes. 
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    (Eq. 2.17) 

 
where 
 
D(MC,T) : Diffusion factor, [m²/s] 
 
With the following boundary conditions: 
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A numerical resolution of Equation 2.17 describes lumber behaviour during the drying process (See 
Figure 2.2). 
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Figure 14.   Simulation of the wood drying process 

2.2.4.2 Calculating the Diffusion Factor 
 
The diffusion factor is considered to be related to lumber MC and temperature. A number of researchers 
have tried to quantify it. Contrary to other variables describing the drying process that are measurable, 
such as temperature, diffusion cannot be measured directly, and the scientific literature offers a range of 
values. On the basis of our understanding of the drying process, the diffusion factor should rise gradually 
to reach a plateau as long as the MC is above the FSP, then rise again as the MC falls below the FSP; it 
should also vary with wood temperature. Practical observation confirms that higher temperatures result in 
faster drying. We therefore introduce a diffusion factor related to temperature and MC, as shown in 
Equation 2.18, which corresponds to wood drying experience. 
 

( )( )15.273exp
01.0

exp +⋅⋅⎟
⎠
⎞

⎜
⎝
⎛ −

⋅= Tc
MC
baD   (Eq 2.18) 

where 
 
D  : Diffusion factor, [m²/s] 
a,b,c  : Factors to be adjusted on the basis of tests in the kiln [15]  
MC  : Moisture content distributed across the lumber pieces. Related to depth in this case [%] 
T  : Wood temperature, [°C] 
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Figure 15.   Variation of diffusion factor for temperatures ranging from 30°C to 

95°C 

Figure 2.3 illustrates the form taken by Equation 2.18 once factors a, b and c have been ajusted. 
 
2.2.4.3 Interpretation of the early stages of the drying process 
 
As shown in Figure 2.2, at the beginning of the drying process, the drying rate is controlled by the ability 
of the air to evaporate the water present on the lumber surface; this is apparent from the fact that the 
surface MC of the wood is greater then the EMC corresponding to kiln conditions (EMC is shown in the 
lower curve of Figure 2.2). After a short while, however, the wood surface reaches EMC level. From this 
point onwards, surface evaporation is controlled by the diffusion process within the lumber. It is worth 
noting that this occurs long before the lumber reaches the FSP. A conclusion from this observation is that, 
at the beginning of the drying process, the drying rate is controlled by the convection power available, 
with diffusion becoming the controlling factor as drying proceeds. 
 
Increasing air temperature and velocity is effective at the beginning of the drying process (See Table 
2.12), but there are practical limitations to doing so. With a higher temperature, it is more difficult to 
maintain the required EMC at the wood surface (as will be shown in the next chapter). As a result, the 
surface becomes drier, and the drying rate is reduced. As for increasing air velocity without raising the 
temperature, it is advantageous in the early stages, but it leads to larger MC gradients within individual 
boards, and diffusion becomes the controlling factor earlier in the process. 
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2.2.4.4 Importance of Knowing EMC Relative to Air Conditions during Drying 
 
The lumber surface quickly reaches EMC for prevailing air conditions (See Figure 2.2). Given that EMC 
dictates wood surface MC, it is critical to know where it stands (See Figure 2.2). Surface MC causes a 
potentially large gradient to develop inside the wood. As the surface MC is below the FSP, gradients 
trigger tension and compression stresses resulting from non-uniform fibre shrinkage in the various layers 
of the wood. If the structure of the wood is such that the stresses exceed its capacity to resist them, drying 
defects occur, leading to degrade. It follows that efficient control of the drying operation demands good 
control of EMC conditions, so that wood surface MC does not create conditions leading to wood failure 
and degrade.  
 
2.2.4.5 Estimating Power Requirements by Monitoring Control Boards 
 
The power required to dry lumber can be calculated on the basis of information obtained by monitoring 
control boards. The method is as follows: 
 

 Weigh the control before drying, mc(t1); 
 Weigh the control throughout the drying process, recording times and e weights, ms(t2); 
 For every time interval, determine the weight variation; 
 Use Equation 2.19 to evaluate the power required for drying the lumber in the time period considered. 
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2.2.4.6 Estimating Power Requirements from MC Measurements 
 
The power required to dry lumber can be calculated on the basis of MC differential measured over a 
period of time. 
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( )itMC  : Moisture content of a board at time ti, [%] 

ρ  : Wood density for the species considered, [kg/m³] 
vc  : Volume of the control board considered, [m³] 
ti  : Time at which measurements take place, [s] 
 

2.3 Comparing Power Requirements over the Drying Process 
 
Power availability is frequently the main factor limiting drying rate. It should be useful, therefore, to 
compare power requirements for the various physical components involved in the process, in order to 
develop a better understanding of energy requirements at different times. For example, it takes 23 W of 
power to dry spruce lumber at the rate of 1 MC % point per hour, which requires a convection level such 
that the temperature difference between the air and the wood be 5.2°C. With the same power available, fir 
would dry at the rate of 1.21 % points per hour, i.e. 21 % faster than spruce. Similarly, in the absence of 



Fundamental Principles Involved in Controlling the Wood Drying Process 

 
 
 
 

 
 

32 of 66 
 

any drying, the same power would raise the temperature of a wet spruce board by 4.5°C per hour, and that 
of a dry board by 8.4°C per hour. Further comparisons can be derived from Table 2.12.  
 

Table 16.  Comparative energy needs of the various physical components of the drying  
   process 

 

Physical processes Spruce Jack pine Fir 
Evaporation rate  1.0  % point/h 0.96  % point/h 1.21  % points/h 
Convection 5.2 °C 5.2 °C 5.2 °C 
Preheating 4.5  °C/h 5.5  °C/h 3.9  °C/h 
Temp. variation below FSP 8.4 °C/h 8.1 °C/h 10.2 °C/h 
 
These calculations were based on the following parameters: sticker thickness, 0.019m; air velocity, 2 m/s, 
and air temperature 65.5 °C Tdb and 57°C Twb. 
 
 

3 Studying the Dynamics of the Drying Air Conditioning 
Process  

In the previous chapter, we studied lumber behaviour during the drying process, showing how convection 
and equilibrium moisture content are the key parameters to control wood temperature and induce drying. 
The description of the physical processes involved clearly illustrated the effect of such control parameters 
as air temperature, humidity, and velocity on the process. In the present chapter, we will explore the 
dynamics of the air conditioning process as required to control conditions before entry into the stack. 
 
To create the conditions required by drying schedules, kilns rely on three mechanical systems (See 
Chapter 1): the heating system, the humidification system, and the venting system. The function of the 
heating system is to compensate for heat losses due to the kiln envelope, evaporation of water from the 
lumber load, and the addition of fresh air at the vents. The role of the humidification system is to 
humidify the air at the beginning of the drying process, while that of the vents is to dehumidify it during 
the drying phase proper. Air velocity is usually kept constant throughout the scheduled. Implementation of 
drying schedules relies on these three systems. 
 
Implementation of a drying schedule is achieved by forcing a pair of air temperature parameters over a 
period of time. When the time is up, or, more likely, when MC targets have been reached, the system 
forces new air conditions. As can be seen, the dynamics of air conditioning involve two types of 
processes. In the first process, successive sets of conditions are implemented from one step to the next, as 
prescribed by the schedule. In the second process, air conditions on the entry sidee of the stack must be 
maintained, as they change continuously during passage through the stack, in contact with fresh exterior 
air, and in contact with the heating coils. These two processes will be respectively described as 
implementation of the drying schedule, and stabilization of air conditions. 
 
In practice, air conditions can only be maintained if they can be measured. The approach is to determine 
temperatures and the corresponding amounts of water vapour contained in moist air. This water can be 
                                                      
d A number of recent kiln models are equipped with variable speed fans, allowing for smoother start-up conditions. 
e The control variable may also be measured on the exit side of the pile, but the concept remains the same. 
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described in several ways, with concepts such as dry-bulb temperature, wet-bulb temperature, RH, and 
dew point. With respect to drying, it can be described through the EMC, as explained in the previous 
chapter. Whatever their designation, all these concepts refer to the amount of water vapour present in the 
air as expressed by the drying schedule. What matters in practical terms is to relate air condition 
measurements to the needs of the drying process. 
 
In this chapter, we will study those air properties that are required to establish an energy balance, as well 
as the mathematical equations needed to handle these different concepts and describe air conditions. We 
will also establish the power and energy required to implement a drying schedule, and show how air 
conditions within the kiln can be stabilized. 
 
3.1 Physical Properties of Airf 

 
The main characteristics of air in terms of its conditioning for the drying process are its density, RH, and 
specific heat. As we will see, these properties are all related to air temperature and RH. 
 
3.1.1 Air Constituents 
 
Dry air consists mainly of nitrogen, oxygen, and carbon dioxide, but the moist air found in kilns is a 
combination of air and water vapour. The amount of water combined with the air is determined by the 
partial pressure exerted by each of the constituents, i.e. air and water, according to Boyle’s law. The 
pressure ratio can be described in a number of ways. 
 
3.1.2 Moisture Ratio 
The moisture ratio is the ratio of the mass of water vapour to the mass of air in a given volume of 
air/vapour mix. It has no unit, but implies a number of kg of water vapour per kg of dry air. It is 
represented by the symbol W.  
 

da

w

M
M

W =  (Eq. 3.1) 

where 
 
W : Moisture ratio [kgw/kgda] 
Mw  : Mass of water vapour in the volume considered [kg] 
Mda  : Mass of dry air in the volume considered [kg] 
 
The best comparison for wood MC would be specific moisture (SM), which is the ratio of water vapour to 
total mass in a given volume. 
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where 
 
SM : Specific moisture[kgw/kgda] 
                                                      
f This section is, for the most part, based on the 1997 ASHRAE Handbook, Fundamentals [13 ]  
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Mw  : Mass of  water vapour in the volume considered [kg] 
Mda  : Mass of dry air in the volume considered [kg] 
 
There is major difference, however, between MC and SM. In the case of the gaseous mixture, the water 
vapour and the air are mutually exclusive; in other words, any amount of water vapour introduced into a 
given volume of dry air causes an equivalent volume of dry air to be expelled. This does not happen with 
water in wood, since the mass of wood does not change irrespective of MC. 
 
3.1.3 Air Density  
 
Air density is the mass of an air/water vapour mix per unit of volume [kga/m³] 

( ) VMM wdaa /+=ρ   (Eq. 3.3) 
 
where 
ρa  : Density of air/vapour mix [kga/m³] 
Mw  : Mass of  water vapour in the volume considered [kgw] 
Mda  : Mass of dry air in the volume considered [kgda] 
V  : Volume of air/vapour mix [m³] 
 
We will see in the next section that density can be calculated with Equation 3.4 when two state variables 
are known, i.e. specific volume, v, and moisture ratio, W.  
 

( )( )W1/1a +υ=ρ  (Eq. 3.4) 
 
where 

ρa  : Density of  air/vapour mix [kga/m³] 
W  : Moisture ratio [kgw/kgas ] 
v  : Specific volume of  air/vapour mix [m³/kgas ] 
 
Table 3.1 shows that air density is heavily influenced by temperature and moisture variations.  
 

Table 17.  Typical air density values under wood drying conditions 
 

Black spruce 
Dry-bulb 

temp. 
Tdb, [°C] 

Wet-bulb 
temp. 

Twb, [°C] 

Air density, 
[kga/m³] 

Specific heat 
Cpda, [J/kgda] 

20.00 14.00 1.198 1014.26 MC, [%] 
Above 40 60.00 56.00 0.995 1226.48 
40 to 30 65.50 57.00 0.977 1235.52 
30 to 25 71.00 54.50 0.970 1195.89 
Below 25 82 54.5 0.943 1185.65 
Conditioning 82 77 0.839 1827.21 
 
3.1.4 Specific Heat 
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As with wood, the specific heat of air is defined as the amount of energy required to raise the temperature 
of one unit volume by one degree Celsius. It is known as Hsda, and measured in [J/kgda °C].  Specific heat 
varies with the ratio of air to vapour in the mix, but the effect of temperature is minimal. Table 3.1 
provides a few typical values. Specific heat can be calculated by [1] 
 

wdaa WHsHsHs +=  (Eq. 3.5) 
 
where 
 
W : [Eq. 3.4] 
Hsa  : Specific heat of air/vapour mix [J/kga °C] 
Hsda  : Specific heat of dry air, considered constant during the wood drying cycle 
  Hsda = 1000  [J/kgda °C] 
Hsw  : Specific heat of water vapour, considered constant during the wood drying cycle 
  Hsw =1900 [J/kgw °C] 
 
3.1.5 Mass flow of air through the kiln 
 
The air properties introduced so far are calculated on the basis of dry air mass. It is also useful to calculate 
the flow of dry air through the kiln in order to develop energy balances. Mass flow can be calculated from 
a state variable, specific volume, v, and air velocity in-between the rows.  
 

V
LeNN

fm spr
effda ⋅

⋅⋅⋅
=

υ

.
 (Eq. 3.6) 

where 

dam
.

 : Mass flow of dry air through the kiln, [kgda/s] 
feff : 1+ % of air flowing around the stack, [ ] 
Nr : Number of rows per bundle minus one, [ ] 
Nb : Number of bundles in stack, [ ] 
es  : Sticker thickness, [m] 
L : Kiln length, [m] 
V : Air velocity measured in-between rows, [m/s] 
v  : Specific volume of dry air [m³/kgda ] 
 
To take into account the total air flow through the kiln, one needs to introduce a factor, feff, usually in the 
range of 1.2 to 1.5, to account for air flowing outside the stack.  The value of feff varies according to the 
baffles used in the kiln to force air though the stack. 
 
Example: Calculate total air flow in a kiln 22 m in length, with 17 rows per bundle, 3 bundles per pile 
(total lumber volume, 110 Mfbm) and air velocity between rows estimated at 2 m/s. Sticker thickness is 
0.019m. The dry- and wet-bulb temperatures are 60 and 56°C respectively. According to the 
manufacturer, 33% of the air flows outside the piles. 
 

[ ]skgm dada /  4.502
1245.1

22019.031733.1
.

=⋅
⋅⋅⋅

⋅=  
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3.2  Thermodynamic States of Air in the Kiln 
 
The air conditions called for by the drying schedule define the thermodynamic state of air in the kiln. At a 
given pressure, only dry-bulb and wet-bulb temperatures are needed to fully define an air state, whatever 
its history. For that same state, other thermodynamic variables can be defined to help understand the air 
conditioning process; they include the dew point, relative humidity, various temperatures and partial 
pressures (see below), enthalpy, etc. It should be noted that any given air state can be fully described by 
various pairs of parameters. These thermodynamic parameters are described below.   All the equations 
needed to calculate the thermodynamic states of air are explained in [13]. 
 
3.2.1 Boyle’s Law 
 
Boyle’s law has been proved useful in the calculation of the thermodynamic states of moist air. All 
calculations in this section are therefore based on it. 
 
3.2.2 Barometric Pressure 
To define the state of air, one must measure barometric pressure, represented by the symbol P, and 
measured in kPa. In our presentation of the drying process, we assume a constant reference value of 
101.325 kPa. This is a necessary assumption for the calculations defining air conditioning, but the fans, 
stack configuration and altitude all play a role in determining actual pressure in the kilns. Should major 
pressure deviations be suspected, the calculations suggested in this section would need to be modified 
accordingly.  
 
3.2.3 Partial Air Pressure 
 
Partial air pressure refers to the pressure exerted by the air portion in the volume of air/vapour considered. 
It is represented by the symbol Pda, and measured in kPa. Partial air pressure is determined by the 
proportion of air moles in the mix. The total air pressure consists of the pressure exerted by the air and 
that exerted by the water vapour. 
 
3.2.4 Partial Water Vapour Pressure 
 
Partial water vapour pressure refers to the pressure exerted by the water vapour in the air/vapour mix. It is 
represented by the symbol Pw, and measured in kPa. Partial water vapour pressure is determined by the 
proportion of water moles in the mix.  
 
3.2.5 Water Vapour Pressure at Saturation 
 
Water vapour pressure at saturation is the maximum pressure that water vapour can exert in an air/vapour 
mix at a given temperature. It is represented by the symbol Pws, and measured in kPa.  When vapour 
pressure has reached the saturation point, no more water vapour can be added to the air. The implication 
for the lumber drying process is that drying is no longer possible. Similarly, if the air temperature drops in 
the kiln, condensation will occur; this is to be avoided except during the preheating phase, when it is 
useful. 
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3.2.6 Moisture Ratio at Saturation 
 
The moisture ratio at saturation is the ratio of maximum water vapour mass to air mass for a given 
volume.  It is represented as Ws, and measured with the same units as W, i.e. kg of water vapour by kg of 
dry air. 
 
3.2.7 Relative Humidity 
 
Relative humidity refers to the ratio of water vapour present in a given volume of air/vapour mix to the 
maximum potential amount of water vapour in this same volume. It is represented as RH, and measured 
as a percentage, [%]. In the air conditioning process, heating the air reduces RH. No drying can occur 
when the RH is 100%, as the air can no longer absorb the water evaporating from the wood.  
 
3.2.8 Dry-bulb Temperature 
 
The dry-bulb temperature is the air temperature read by a thermometer. It is represented as Tdb, and 
measured in °C.  Being easy to measure, it is one of the basic parameters used to describe the state of the 
air in all drying schedules. 
 
3.2.9 Wet-bulb Temperature 
 
The wet-bulb temperature is the air temperature read by a thermometer whose “bulb” is covered with a 
wet socket. It is represented as Twb, and measured in °C.  The wet-bulb temperature is reasonably easy to 
measure, and, for this reason, it is the second most common parameter used to describe the state of the air 
in drying schedules. Twb is always lower than or equal to Tdb.  The difference between the two 
temperatures reflects the capacity of the air to evaporate the water from the wet socket, which is an 
indicator of the amount of water vapour present in the air mix. If, for example, Twb is equal to Tdb, it 
follows that no further evaporation is possible; the air/vapour mix is saturated. By the same token, a large 
difference between the two temperatures indicates that the air can evaporate more water. This explains 
why drying schedules frequently refer to lowering the wet-bulb temperature.  
 
3.2.10 Dew Point Temperature 
 
The dew point temperature is defined as the temperature threshold at which the water vapour present in 
the air begins to form into droplets if the temperature further decreases. It is represented as Tdp, and 
measured in °C. In the drying process, the dew point temperature also refers to the temperature of a wall 
or piece of lumber at which condensation would begin. Although Tdp and Twb are distinct in nature, the 
difference between Tdb and Tdp is interpreted as expressing the same phenomenon, i.e. the amount of 
water vapour in a given volume of air/vapour mix. The greater the difference between the two, the drier 
the air, and the greater its capacity to evaporate water. 
 
3.2.11 Enthalpy 
 
The enthalpy of the air/water vapour mix defines a thermodynamic state of the air that is useful in the 
calculation of energy requirements. It is represented as h, and measured in [J/kgda]. As enthalpy relates to 
both dry-bulb and wet-bulb temperatures, the energy required to go from one state to another can be 
determined, as well as the means to achieve this. 
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3.3 Power Required to Change the Thermodynamic State of the Air 
 
If, for example, there is a need to determine the power required to shift the air from one thermodynamic 
state to another, the easiest method is to multiply the mass air flow by the enthalpy variation between the 
two known states (See Equation 3.7). 

12

.

−∆= hmq da  (3.7) 
 
where 
q : Power needed to shift from one state to another, [W] 

dam
.

 : Mass flow for dry air [kgda/s] 
∆h2-1 : Enthalpy variation to shift from State 1 to State 2 [J/kgda] 
 
The final thermodynamic state of the air is not always known, but it can be estimated from psychrometric 
charts, as shown below. Table 3.2 describes one of these thermodynamic states, based on the starting 
point provided for black spruce by Schedule No. 3 in the Drying Operator’s Manual.  
 

Table 18.  Thermodynamic states of the air for one point in a drying schedule 
 

Black spruce Tdb, 
[°C] Twb, [°C] HE, [%] RH, [%] W, [kgw/kgda] Tdp, [°C] h, [kJ/kgda]

Starting point 60.0 56.0 14.1 82 0.1192 55.69 371.39 
 
3.4 Psychrometric Charts 
 
Psychrometric charts are a useful tool for air state change calculations. With the multiple scales available, 
a specific state can be located, and all the thermodynamic variables needed for the calculations identified. 
In addition, all changes affecting the air in the drying process follow a pre-determined direction on the 
chart. The following paragraphs will explain how the charts are used. 
 
Figure 3.1 captures the process condition (one point) defined in Table 3.2 above. The chart provides all 
the thermodynamic states for that particular condition. For example, a projection over the lower 
horizontal axis indicates the dry-bulb temperature, Tdb; a projection over the right-hand horizontal axis 
indicates the moisture ratio, W; a projection over the left-hand curve (saturation curve, where maximum 
relative humidity is reached) indicates the dew point temperature, Tdp; and a reading off the curve running 
past the point indicates relative humidity, RH. When two parameters are known, all others can be 
determined. 
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Figure 16.    Psychrometric chart showing air states as defined by a drying schedule 

Psychrometric charts can also be used to graphically represent all air conditioning processes taking place 
in the kiln (See Figure 3.2). For example, air heating proceeds in the direction shown by arrow #1; water 
spray humidification proceeds indirections ranging from arrows #5 to #2, which means that it can go in 
the same direction as drying (case #2) or, if the water is too cold, it can act as a dehumidifier (case #5). 
Steam injection follows arrow #3; if the vapour pressure happened to be the same as that of the kiln, the 
direction would be perfectly vertical; whenever the vapour pressure is higher than the kiln pressure, the 
air temperature will increase, as will the relative humidity. The blending in of fresh air follows arrow #4; 
and drying follows arrow #5. This is another reason for using psychrometric charts to study air 
conditioning in the wood drying process. 
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Figure 17.   Typical parameter directions  

 

3.5 Implementation of a Drying Schedule 
 
We can now proceed to the implementation of a drying schedule, using the example of a black spruce 
schedule defined as Schedule No.3 in the Drying Operator’s Manual (2).  
 
The program is defined as a sequence of dry- and wet-bulb temperatures on the basis of estimated lumber 
moisture content. Table 3.3 lists parameter values for the various phases, as well as corresponding values 
calculated as previously explained.  
 

Table 19.  Drying schedule No. 3 as defined by its thermodynamic parameters  
 

Spruce MC, [%] Tdb, [°C] Twb, [°C] HE, [%] RH, [%] W, [kgw/kgda] Tdp, [°C] h, [kJ/kgda]
20.0 14.0 9.5 52 0.0075 9.79 39.16 Start ⇒ 

Above 40 60.0 56.0 14.1 82 0.1192 55.69 371.39 
40 to 30 65.5 57.0 9.8 66 0.1240 56.38 390.57 
30 to 25 71.0 54.5 6.4 44 0.1031 53.13 342.50 
Below  25 82.0 54.5 3.7 27 0.0977 52.18 341.33 
Conditioning 82.0 77.0 12.2 81 0.4354 76.91 1235.80 

 
The psychrometric chart in Figure 3.3 shows how this schedule is implemented. 
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Figure 18.   Air states on entry side of stack resulting from implementation of 

Schedule No. 3 

As shown in Figure 3.3, the transition from one set point to the next in the drying schedule determines the 
progression of air conditions.  
 
3.5.1 Preheating Phase 
 
During the preheating phase, the air needs to be heated and humidified. The amount of energy required to 
preheat the air is negligible in relation to the amount required to preheat the wood. However, the process 
is subject to a few constraints.  
 
The energy needed to preheat the air can be calculated with Equation 3.8. 
 

( )( )6
121,, 102778.0 −

∆ −⋅= xhhmE daaT  (Eq. 3.8) 
 
where  
E∆T,a  : Energy required to preheat the air, [kW-h] 

( )
1,

ln
1,

da

stackski
da v

VolVol
m

−
=  : air mass initially present in the kiln, [kgda] 

vda,1 : Specific volume of dry air, [m³/kgda] 
hi  : Air enthalpy for state i [J/kgda] 
0.2778x10-6  : Conversion factor  [kWh/J] 
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Example: Determine the energy required to heat the air from 20, 14°C to 60, 56°C in a kiln holding 
110,000 fbm of 2x4x8ft lumber, the total kiln volume being 1435 m³. (Refer to Table 2.2a to calculate 
stack volume) 
 

( ) ( ) 6
2060

20,

ln
4 102778.0 −

°°
°

⋅⋅−
−

= CC
Ca

stackski hh
v

VolVol
E  

 
( ) ( ) ]hkW[9.13310x2778.039164371389

8394.0
01054.01105.1871435E 6

4 −=⋅−
⋅⋅−

= −  

If the air temperature was –20°C, as might occur in winter, the energy required would increase to 184 kW-h. 

 
The amount of water added to the air as steam can be calculated as follows: 
 

( ) ( ) ( ) steam of kg 161007.0118.0
8394.0

01054.01105.1871435
12 =−

⋅⋅−
=−= WWmm aw   

Note: These calculations tend to overestimate energy requirements, as air density actually decreases 
when temperature increases. 
 
One of the main challenges in the preheating phase is condensation on cold surfaces. As apparent in Table 
3.3, the dew point temperature very closely follows the air temperature. Condensation may limit the 
heating rate.  
 
3.5.2 Drying 
 
The various state changes inherent to the drying process do not cause any particular problem with respect 
to energy. 
 
3.5.3 Conditioning 
 
Calculations applying to the conditioning phase are the same as for the preheating phase. This time, 
however, only the addition of steam is involved, and the amount of water is two to tree times higher. In 
addition, condensation problems are rare, as kiln wall temperatures are usually above the dew point. 
Water adsorption by the lumber releases energy to the air and to the lumber. 
 
3.5.3.1 Steam Injection 
 
Steam injection is commonly used as a means of humidifying the air in the kiln. Depending on 
availability from the mill, the steam injected may be low pressure or high pressure. Upon injection, high-
pressure steam turns into superheated steam as the pressure is released; it transfers energy to the air, and 
may increase its temperatureg. The following equation can be used to establish the energy balance needed 
to determine the state of the air following steam injection. On Figure 3.3, this change is represented by the 
vertical line ending at 82.77°C. 
                                                      
g If the steam injected into the kiln is not saturated, it will not cause the air temperature to increase. This can be replicated by 
simultaneously injecting water and steam. Excess steam energy will evaporate a certain amount of additional water. Water 
injection will be more effective if the water is sprayed in fine droplets for a larger exchange area.  
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w12 hWhh ⋅∆+=  (Eq. 3.9) 

 
where 
 
∆W : Variation of moisture ratio between the two states considered, [kgw/kgda] 
hi : Air enthalpy at state i, [J/kgda] 
hw : Water or steam enthalpy, [J/kgda] 
 
The air temperature can be calculated with the following equation: 
 

W9.100.1
W2501h1000T

+
−

=                                                                                                       (Eq. 3.10)  

 

where 
 
T : air temperature after the air and the steam have mixed, [�C] 
h : Air enthalpy at the final state, [J/kgda] 
W : Moisture ratio at the final state, [kgw/kgda] 
 
Table 3.4 shows final temperatures of the air/steam mix under two sets of conditions commonly found in 
the drying process. 
 

Table 20.  Final temperature of air/steam mix 
 
Initial temperature: 82°C Final T of mix
Low-press. steam 103.4 kPa (15 psi) 87.4 
High-press. steam 827.4 kPa (120 psi) 108.8 
 
3.5.3.2 Water Injection 
 
Humidification with a water spray presents two problems. First, the droplets need to be fine enough for 
complete and rapid vaporization. Second, the heating system needs to produce enough energy to vaporize 
the water. The energy needed is calculated as follows: 
 

( )( )6
spray 102778.0 −∆+⋅∆⋅= xTHshWmE wfgda  (Eq. 3.11) 

where  
Espray   : Energy required to vaporize the water [kW-h] 

( )
as

pilesséchoir
as v

VolVol
m

−
=  : Air mass initially present in the kiln [kgda] 

vda : Specific volume of the air, [m³/kgda] 
hfg  : Air enthalpy at state i [J/kgda] 
∆W : Moisture ratio variation between the two states, [kgw/kgda] 
Hsw : Specific heat of water, [J/kgw °C] 
∆T : Temperature differential between water and kiln air, [°C] 
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Example: Calculate the energy needed to humidify the air from 82, 54,5 °C to 82, 77 °C with a water 
spray in the same kiln as in the previous example. 
 

( ) ( )( )

( ) [kWh]  244102778.0                

2082419023030003278.0
163.1

01054.01105.1871435

6

spray

=⋅

⋅−⋅+⋅⋅
⋅⋅−

=

−x

E
 

 
As a final point, part of the water present in the air is transferred to the wood as a result of the 
conditioning process. Water must me added continuously to make for this water loss. As already 
mentioned, the adsorption process also generates energy that is returned to the air.  
 
3.6 Stabilisation of Air Conditions 
 
At each set point from the drying schedule the air is subject to state changes as a result of passing through 
the stack, passing through the steam coils, and being mixed with either fresh air or steam (or water spray). 
The main objective of the kiln controller is to a stabilize air conditions by applying the air conditioning 
mechanisms in relation to processes taking place inside the kiln that cannot be controlled directly, i.e. 
wood drying, condensation on colder kiln walls, and fresh air temperature. 
 
3.6.1 Preheating Phase 
 
Figure 3.4 illustrates state changes as the air flows through the kiln. Between Point 1 and Point 2, the air 
transfers heat to wood by convection, increasing its temperature and drying it. Segment 2-3 indicates 
possible condensationh on the wood in the stack; in this case, condensation is not absolutely undesirable, 
as some of the energy released serves to increase the lumber temperature. Segment 3-4 indicates 
condensation on kiln walls. Some of the energy released will warm up the kiln walls; on the other hand, 
condensation has been observed to accelerate corrosion. Segment 4-5 represents the heat required to 
compensate for all heat losses incurred as the air travels through the kiln. Segment 5-6 represents the 
amount of water vapour needed to compensate for losses due to condensation. The two remaining changes 
represent the control system used to stabilize air conditions inside the kiln.  
 

                                                      
h In practice, segments 1-2, 2-3 and 3-4 are not quite this straight.  Condensation occurs throughout the passage of air across the 
stack, particularly in the air layer in contact with the lumber. Consequently, the shape of the segments is more likely to be slightly 
curved. 
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Figure 19.   Thermodynamic cycle of the air in one step of the preheating phase 

The total amount of energy required for the preheating phase is the sum of the energy needed to preheat 
the air and the energy needed to re-humidify it. This amount can be calculated with Equation 3.7. 
 
Example: How much power is required at the time in the preheating phase when the temperature set 
point is 30.27°C and the air velocity 2 m/s  (400 ft/min)? 
 
q = 1.33 x 2 x 0.019 x 22 x 17 x 3 x 1/0.8624 x ( 84.74-67.89)  =  1.1MW 
The required power is distributed as follows: 43%to preheat the air, and 57% to humidify it. 
 
The 5a-6 progression shows that the air temperature increase can be obtained in part from the 
humidification process if high-pressure steam is used. 
 
The preheating rate impacts directly on the length of segment 2-4. As discussed in the previous chapter, 
the lumber temperature rises at a certain rate as a result of convection. If the preheating rate is such that 
the temperature difference between the lumber and the air causes the lumber to fall below the dew point, 
condensation occurs. In this case, condensation will result in a temperature increase for the load and the 
kiln walls. However, condensation may also result in insufficient humidification causing the wet-bulb 
temperature to drop as the equilibrium moisture content of the lumber decreases. 
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Figure 20.   Thermodynamic cycle of the air in one step of the preheating phase 

As the lumber dries, the state of the air follows segment 1-2 on the psychrometric chart. This progression 
is described as adiabatic, because all the energy lost by the air (loss of ∆T)i is recovered through water 
evaporation in the air (gain of ∆W).  Thus, the total amount of energy corresponding to this state of the air 
(and identified as its enthalpy, h) is constant throughout this progression. On the chart, the diagonal lines 
represent such constant enthalpy, and it should be noted that segment 1-2 is parallel to these constant 
enthalpy lines.  
 
3.6.2.1 Drying Rate 
 
A projection of segment 1-2 onto the right-hand axis identifies the moisture ratio variation, ∆W, of the air 
as it travels across the stack. ∆W is proportional to the lumber drying rate. On the basis of this 
information, Equation 3.12 can be used to evaluate the drying rate.  

1003600
.

⋅⋅
⋅∆

=
∆

∆

dw

da

m
mW

t
MC

  (Eq. 3.12) 

 
where 

t
MC
∆

∆
 : Drying rate, [%/h] 

∆W : Moisture ratio variation, [kgw/kgda] 

                                                      
i Industry operators refer to this ∆T loss as the DTAB (differential temperature across the bundle) or, more commonly, the TDAL 
(temperature differential across the pile). 
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dam
.

 : Dry air mass flow on the entry side of the stack, [kgda/s] 
mdw : Dry lumber mass, [kgw] 
3600 x 100 : Conversion factor, [% s/h] 
Example: What is the drying rate in a lumber stack consisting of 24  2x4x8ft boards across its width, 
when the value of ∆W is 0.0025 kgw/kgda  and the air velocity is 2 m/s? Air temperatures are 65,5,57°C. 
 

[ ]h
t

MC /%   72.01003600
148.12401054.0406

4892.2019.020025.0
=⋅⋅

⋅⋅⋅
⋅⋅⋅

=
∆

∆
 

 
3.6.2.2 Temperature Differential, TDAL 
 
As shown in Figure 3.5, for any value of ∆W, there is a corresponding value of ∆T; and ∆T is related to 
TDAL, the differential temperature across the load. With the following energy balance (See Equation 
3.13), the rate of effective drying in the pile can be calculated. 
 

( ) ( )[ ] TDAPHsTTWTTDAPTWh awbwbfg =−− ,, 11  (Eq. 3.13a) 
 
The same equation can be expressed differently to give the drying rate: 
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where 

t
MC
∆

∆
 : Drying rate, [%/h] 

Hsda : Specific heat of the air, [J/kgda °C] 
TDAL : Temperature differential between the entry side and the exit side of the pile, [°C] 
Hfg : Evaporation enthalpy, [J/kgw] 

dam
.

 : Air mass flow in-between two rows, [kgda/s] 
mdw : Dry lumber mass in a row, [kgw] 
 
Example: What is the drying rate in a lumber stack consisting of 24  2x4x8ft boards across its width, 
when the TDAL is 5.3°C 
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3.6.2.3 Fresh Air Intakej 
 
The most commonly used method to dehumidify drying air is to mix it fresh (outside) air. We need to 
know how much air is needed, and how much power it will take to bring the make-up air to kiln 
conditions. 
 

da

freshair

freshair m
WW

WWm
.

1

12
.

−
−

=  (Eq. 3.14) 

where 

ext air
.

m : Fresh air mass flow, [kgda/s] 
W1 : Air moisture ratio at the entry to the pile, as per drying schedule, [kge/kgda] 
W2 : Air moisture ratio coming out of the pile, before fresh air intake, [kge/kgdw] 
Wfreshair  : Air moisture ratio outside the kiln, [kge/kgda] 

as
.

m  : Dry air mass flow through the kiln (as calculated with Eq. 3.6), [kgda/s] 
 
Example: Calculate the air flow required to dehumidify drying air under the following conditions: air 
flow through the kiln, 50.4 [kgas/s]; temperatures on entry side to the pile, 65.5, 57°; TDAL, 5,3°C; 
exterior air temperature, 20, 14°C. 

[kg/s] 09.14.50
00747.0122488.0
122488.0124966.0

freshair

.
=⋅

−
−

=m  

 
The power required cal be calculated as follows: 

( )freshairafreshair TTCpmq −= 2

.

freshair  (Eq. 3.15) 
 
where 
qfresh air : Power required to preheat the additional air, [W] 

freshairm
.

 : Fresh air mass flow, [kgdw/s] 
Hsa : Specific heat of exterior air, [J/kgda °C] 
T2 : Air mix temperature, [°C] 
Tfreshair : Exterior air temperature, [°C] 
 
The temperature of this air mix can be useful. It is calculated as follows: 
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23  (Eq. 3.16) 

 

                                                      
j The drying process requires a certain amount of fresh air. This section shows that the addition of fresh air requires energy. 
Similarly, air infiltrations result in (unwanted) additional energy consumption. If you can quantify air leakage, this section will 
show you how to calculate its impact. If air leakeage is signficant, the need for make-up steam should also be considered. 
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Table 3.5 illustrates the effect of exterior air temperatures (and the differential with kiln air temperature) 
on the temperature of the mixed air, and the energy required to heat up fresh air during the drying process. 
 

Table 21.  Effect of exterior temperature on fresh air intake and power required 
 

Tdb,Twb RH[%] W[kg/kg] m fresh air 
[kgda/s] 

T3 [°C] q [kW-h] 

-20, -20.5 64.4 0.00041 1.77 58.5 139.27 
20, 14 51.7 0.00751 1.88 59.3 74.96 
20, 19 91.2 0.01337 1.98 59.2 79.71 

 
As shown in this table, the relative humidity of exterior air has little effect on the drying process. This is 
due to the large quantity of water vapour present in the kiln in comparison to the small amount of water 
introduced into the kiln with fresh air. 
 

3.6.2.4 Power required to preheat the air 
 
To stabilize the conditions of the air, you need to heat it. This progression is represented by segment 3-4 
on the chart in Figure 3.5. Use Equation 3.13 to calculate the power required. 

( )34

.
TTHsmq ada −=  (Eq. 3.13) 

 
3.6.2.5 Power required to preheat the air as a result of losses through the kiln walls 
 
At each phase in the drying process, energy is lost through the kiln walls. Such losses are due to the same 
conduction and convection processes as already introduced for wood. 
 

TAUq g ∆⋅⋅=  

 
q : Power lost through the walls, [W] 
Ug : Overall conduction factor, [W/m² °C] 
A : Surface affected by heat exchanges, [m²] 
∆T : Temperature differential between the two sides of the kiln walls, [�C] 

 
 

4 Visualizing the Drying Process  
 
In Chapter 1, we introduced the drying domain concept, which describes the principles of kiln drying and 
the lumber load to be dried. We will now use this concept to discuss how the various drying parameters 
affect the drying domain and the final moisture content distribution in the load. The discussion will also 
take into account the detailed presentation of wood and air behaviour such as described in Chapters 2 and 
3. To conclude this chapter, we will compare drying energy demand and consumption for several load 
configurations. 
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4.1 Factors Affecting the Drying Process Domain 
 
As a brief reminder, the drying process domain is the area defined by two drying curves on a moisture 
content, MC, vs. time, t, progression diagram (See Figure 4.1). The boundaries defined by the two curves 
represent moisture content progressions for the slowest drying piece (upper curve) and the fastest drying 
piece (lower curve). Both curves integrate load and kiln characteristics, which is why we use this concept 
to demonstrate the effects of the various drying parameters. 
 

 
 

Figure 21.   Representation of the drying process domain 

The figure also illustrates the basic objective of the drying process, which is to confine the final board 
moisture content distribution to an acceptable range. In the case of construction lumber, moisture contents 
should not exceed 19%; to achieve this, some boards may be overdried.   
 
Figure 4.2 illustrates an example where a compromise is required. If the drying process is interrupted after 
86 hours, a portion of the load will still be above 19%. If, on the other hand, the process is allowed to 
continue until the 98-hour mark, a portion of the load will be overdried. To avoid having to compromise, 
it would be desirable to modify the schedule so that the entire load could be within acceptable limits.   

 
 

 
Figure 22.   Target final moisture contents 
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4.1.1 Operational Factors 
 
4.1.1.1 Air Conditions 
 

 
 

Figure 23.   Influence of air conditions on the drying process domain – comparison 
between two loads (dotted lines vs. solid lines) 

Air conditions are defined by the dry-bulb and wet-bulb temperatures; they are the main factor 
influencing the slope of the drying curves.  As the slope determines the drying time, the drying process 
domain will expand or contract according to air conditions. The effect of temperature on the drying 
process domain can be summarized as follows. 
Diffusion increases with rising temperatures, as shown in Figure 2.3. High temperatures will therefore 
lead to faster drying, but some restrictions apply; these are due either to the kilnk or to specific lumber 
characteristics. As regards the kiln, it should be able to maintain adequate relative humidity conditions, so 
that lumber surfaces do not dry too fast. If they do, they interfere with moisture migration and slow down 
diffusion. As for lumber characteristics, they limit allowable moisture gradients in individual species. 
Excessive gradients induce internal strain and result in unacceptable drying degrade. In view of these 
limitations, air temperature and humidity conditions are clearly key factors in the drying rate and, 
consequently, the shape of the drying process domain. 
 
Even when adequate air conditions have been selected, care must be taken to ensure proper distribution 
throughout the kiln. Air infiltrations, uneven distribution, stratification or cooling due to kiln walls may 
cause broad temperature variations inside the kiln. For example, poor temperature distribution may reduce 
the slope of the upper curve and increase that of the lower curve, leading to greater moisture content 
variations (See Figure 4.3). 
 

                                                      
k High temperatures are also known to affect corrosion, which may discourage producers to use them. 



Fundamental Principles Involved in Controlling the Wood Drying Process 

 
 
 
 

 
 

52 of 66 
 

4.1.1.2 Air velocity 
 
The effect of air velocity in the kiln relates to the energy available to dry wood. Air velocity variations in 
various parts of the kiln translate into different drying rates. The effect of air velocity also varies with 
drying phases. At the beginning of the cycle, for example, higher air velocity leads to faster heat transfer 
and evaporation; but this, in turn, creates new limitations as fast drying induces greater moisture gradients 
and internal stresses. Fast drying also brings down the shell moisture content more rapidly, which may 
inhibit diffusion. As a result, the slope of the drying curve may be steeper at the beginning, but flatter 
later on.  
 
Towards the end of the drying cycle, higher air velocity will result in higher wood temperatures. As 
shown in Chapter 2, higher wood temperatures are conducive to improved diffusion, which may be an 
advantage. 
 
4.2 Geometry Factors 
 
4.2.1 Travel Distance 
 
The distance travelled by the air across the stack is a major factor on drying performance. As it travels, 
the air undergoes condition changes that affect heat and mass transfer. For example, water evaporation 
uses energy from the air, causing a temperature drop. As it drops, the temperature difference between the 
air and the wood is reduced, and so is the evaporation capacity of the air. At the beginning of the drying 
cycle, the air/wood temperature differential may be reduced to the point that water evaporation becomes 
impossible. This will affect the drying domain, which will expand as moisture content variations increase.  
 
4.2.2 Sticker Thickness 
 
Sticker thickness has an effect on air velocity. Thicker stickers reduce air velocity while thinner ones 
increase it. All considerations regarding air velocity are therefore applicable. In addition, there is a 
thickness threshold below which the fans cannot maintain adequate pressure levels as a result of friction. 
 
4.2.3 Visualizing Energy Requirements for Different Drying Situations 
 
With different situations, seasons, initial moisture contents or wood species, drying schedules need to be 
adjusted so given quality criteria can be met, and energy consumption varies with these conditions. Kiln 
performance, however, is restricted by the power capacity of the system, as we will see in the following 
section.  
 
4.3 Evaluating Energy Consumption for Black Spruce in Summer and Winter 
 
Figure 4.4 provides energy consumption distributions for black spruce lumber drying in summer and 
winter. The load is assumed to consist of 110,000 fbm of 2x4x8ft lumber at 77% average initial moisture 
content. The drying schedule is still No. 3 in the operator’s manual [2]. 
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Figure 24.   Compared energy consumption distributions in summer and winter 

Figure 4.4 shows total energy consumption for each condition, and it can be seen that it takes 27% more 
energy to dry the same load in winter than in summer. Actual differences may be wider yet as initial 
moisture contents tend to be lower in summer due to natural drying.   
 
The figure also shows that water evaporation is the largest consumer of energy in the drying process. As 
for the season, it mostly affects preheating energy and also the admission of fresh air. In modern kilns, on 
the other hand, adequate wall insulation significantly reduces energy loss through the walll.  
 
4.3.1 Energy Consumption for Three Species in SPF Group 
 
Figure 4.5 illustrates energy consumption for loads of three species, i.e. black spruce, jack pine and 
balsam fir. Initial moisture contents were assumed to be 77% for the spruce, 51% for the pine, and 118% 
for the fir. Drying schedules were as suggested in the operator’s manual for these species, and summer 
conditions were assumed. 
 

                                                      
l This has been demonstrated with the high levels of insulation specified by equipment manufacturers in new kilns. In practice, 
losses due to reduced insulation efficiency combined with other losses and infiltrations may represent up to 15% of total energy. 
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Figure 25.   Compared energy requirements for SPF species 

With all three species, the major portion of the energy consumed goes to water evaporation, and it is 
almost proportional to initial moisture contents in the three species. On this basis, jack pine is the least 
costly species to dry, while balsam fir is the most costly.  
 
The amount of energy required for preheating and fresh air conditioning varies with species but also with 
the drying schedule selected, which explains the variations observed, in terms of amounts and 
proportions, for these components of the energy consumed. 
 
4.3.2 Energy Consumption and Initial Moisture Content 
 
If the lumber making up a load has lost some of its initial moisture as a result of natural drying, drying 
energy requirements will be lower by a percentage that is almost proportional to the moisture content 
reduction. For example, if a load of balsam fir were to dry naturally from 118% to 80%, the energy 
required to dry it would be reduced by 34%.   
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Figure 26.   Compared energy requirements for balsam fir at different initial 

moisture contents 

4.3.3 Energy Consumption and Drying Schedule 
 
Figure 4.7 illustrates the effects of two different drying schedules (No. 2 and No. 3 in the Drying 
Operator’s Manual [2]) on energy consumption. Schedule No. 2 calls for less aggressive humidity 
conditions and higher temperatures. As can be seen, total energy consumption is not significantly 
affected. 
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Figure 27.   Compared energy consumption for two drying schedules 

In terms of kiln operation, power requirements are more critical than energy consumption; in other words, 
the system needs to provide enough power in order to avoid unduly extending drying time. To create this 
link between power and energy requirements, the concept of time must be introduced. This is the object 
of the following section. 
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4.4 Power Constraints 
 
Table 4.1 lists power requirements at the various stages of the drying process. Power can be defined as the 
energy required divided by the time over which it is applied. In a properly designed kiln, there is 
sufficient power to evaporate water.    
 

Table 22.  Power demand for the various steps of the drying cycle 
 
 Tdb [°C] Twb, [°C] Time, [h] Power, [kW] Twood, [°C] 
Start 20.0 14.0 4.00 962.77 20.00 
Step I 60.0 56.0 30.83 757.73 53.81 
Step II 65.5 57.0 12.50 557.57 61.38 
Step III 71.0 54.5 8.33 456.27 67.91 
Step IV 82.0 54.5 33.33 222.82 80.46 
Step V 82.0 77.0 8.00  82.00 
 
Table 4.1 shows that the preheating phase, at the beginning of the cycle, requires more power than any 
other. Power availability from the heating system is therefore key to preheating the wood faster and 
reducing the time required. If the power supply is not sufficient to optimize the preheating phase, the 
preheating rate is set according to power available, and the process takes longer. 
 
It should also be obvious that, whenever the heating system supplies more than one kiln, care should be 
taken to ensure that preheating phases are offset in the different kilns, so that available power my be used 
as efficiently as possible.  
 
 

5 Kiln Control Systems 
 
In this chapter, we will discuss the various types of kiln controllers used to regulate air temperatures 
against the set points provided by drying schedules. To help visualize this concept, the following section 
will use diagrams to illustrate interactions between the drying schedule, the system regulating air 
conditions, and the reaction of the lumber stack. 

5.1 Kiln Controller Structure 
 
In an automation language known as block diagrams, the structure links the various elements constituting 
the kiln system (See Figure 5.1). The main line of the structure includes the Integral Plus Derivative (IPD) 
regulator, the various heating, humidification, and dehumidificationm systems, the air, and finally the 
lumber.  Three feedback loops transmit the reactions influencing the system. This schematic 
representation will help us understand how a lumber kiln operates. 

                                                      
m Humidification and dehumidification systems are not shown in Figure 5.1, but they are parallel to the heating system. 
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Figure 28.   Block diagrams of lumber drying system 

The first feedback loop links the lumber and the air (See Figure 5.2). Most of the air is constantly being 
recirculated through the kiln, with only a small portion being introduced as fresh air. Control of the kiln, 
which acts on air conditions on the entry side of the stack, is therefore largely dependant on air conditions 
on the exit side of the stack. This is what the feedback loop above the air And Lumber stack blocks 
illustrates.  

 

 
Figure 29.   Air circulation inside a kiln 

What the diagram shows is that only the air influences the lumber, and consequently the drying process. 
But the air itself is influenced by several inputs, i.e. the heating and dehumidification systems, the return 
air from the exit side of the stack, and outdoor air conditions (which affect fresh air input and losses 
through kiln walls).  

This explains why the kiln controller needs an air regulation loop (See Figure 5.3).  This second feedback 
loop is used to automatically maintain air conditions on the entry side of the stack. It includes measuring 
instruments, the heating and humidification systems, the IPD regulator, and a comparator that measures 
temperature differentials between actual kiln conditions and the set points provided by the drying 
schedule. Thanks to this loop, the system can adjust rapidly to variations in the environment, and 
accurately maintain stable conditions.  
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Figure 30.   Detailed block diagrams for regulation loop 

The third loop, detailed in Figure 5.4, links air conditions in the kiln to the drying process itself. Through 
this loop, measured drying parameters such as lumber moisture content, control board weight, and the 
temperature drop across the load (TDAL) control temperature changes provided by the drying schedule. 
The main difference between this loop and that shown in Figure 5.3 is that it works in successive steps 
rather than reacting to correct a recorded deviation. The major differences between kiln controllers relate 
to this third loop. 

 

Figure 31.   Detailed block diagrams including drying schedule 

In the following sections, we will review the various elements constituting the structures shown in 
Figures 5.2, 5.3 and 5.4. 

5.1.1 Air and Lumber 
 
We dealt separately with the air and the lumber in the drying system because these two elements behave 
differently in the process and they are studied separately. However, their interaction defines the drying 
process, as was explained in Chapters 2 and 3. 

Going back to Figure 5.3, it should be clear now why two regulation loops are required to maintain drying 
conditions inside the kiln. The first loop adjusts the air temperature by controlling the heating system, and 
the other adjusts air humidity either by adding water or steam (humidification) or by adding drier fresh air 
(dehumification). In practice, this is achieved by three complementary systems: heating, humidification, 
and ventilation. The two feedback loops adjust air conditions by acting on these systems. 
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5.1.2 Integral Plus Derivative (IPD) 
 
Feedback loops equipped with an IPD system are very common in industry. The IPD regulator allows the 
kiln to react to changes resulting from external factors such as the opening of a door, or a sudden change 
in the outside temperature; the IPD regulator’s function is to correct temperature deviations inside the 
kiln. Its name (Integral Plus Derivative) describes function that could be performed manually by an 
operator if he observed the same temperature deviation in the kiln. 

Here is how it works. The first mode of action is proportional and can be described as the opening/closing 
of a tap proportionately to the deviation observed between the temperature actually measured in the kiln 
and the desired temperature. The integral action commands a continuing reaction if the deviation persists 
in spite of proportional action on the tap. As for the derivative action, it commands an amplified reaction 
on the tap as soon as a deviation is detected, simulating a predictive action; its effect is to compensate for 
delayed reaction by systems that can only react slowly to new demands (e.g., in our example, demand for 
additional energy). The combination of these three functions defines the regulator’s function. 

Other control systems can be found in industrial kilns, such as on/off systems. Humidification may be 
based on a system of this type. They are simple, inexpensive and reliable but relatively inaccurate. 
Accuracy can be improved through the use of shorter intervals between the on and off modes; however, 
this results in premature equipment wear. 

5.1.3 Comparator 
 
The comparator (See structure in Figure 5.5) serves to link the input of a return loop and its output. In the 
case of a kiln, its function is to compare temperatures such as measured in the kiln to set point 
temperatures such as provided by the drying schedule. The comparator makes it possible to control the 
heat input valve on the basis of air temperature instead of resorting to the percentage of valve opening. 
The deviation measured by the comparator is then used by the IPD regulator. 

 

Figure 32.   Detailed structure surrounding the comparator 
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In summary, the deviation measured by the comparator between the measured temperature and the 
desired temperature (defined as the set point) is fed to the IPD regulator, which amplifies the deviation 
according to the way it was adjusted, and activates the heating or dehumidification systems as required. 
As a result, air conditions are such that wood drying can proceed. 

The deviation is a parameter that operators should constantly be monitoring. Whenever the deviation 
increases, he should try and identify what causes it to increase, and work on reducing it. Excessive 
deviations will trigger alarms. 

5.1.4 Measurements 
 
In modern kilns using computers and programmable logic controllers (PLCs), measurements are essential. 
They are of two types. 

In the regulation loop, measurements of the dry-bulb and wet-bulb temperatures are needed to maintain 
air conditions so the lumber can dry. Sensors installed in the air stream measure the dry-bulb temperature. 
Wet-bulb temperatures are measured in a similar fashion and provide an appreciation of the air capacity to 
evaporate water from the wood. These two measurements are compared to the set points from the drying 
schedule. 

A number of other instruments are also available on the market to measure wet-bulb temperatures. 
Whether we are dealing with the relative humidity, dew point temperature, absolute humidity or the 
relative moisture content of the lumber, we refer to the same physical parameter, i.e. the amount of water 
vapour present in the air circulating in the kiln.  

Measurements are required to trigger progression from one step of the drying schedule to the next. For 
example, air temperature differentials between entry and exit points in the stack serve to evaluate drying 
rates. Similarly, continuous stack weight measurements provide information on drying progression. 
Another method consists in introducing sensors in a number of control boards. Whatever the method 
used, its objective is to evaluate lumber moisture content progression in order to move from one step of 
the drying schedule to the next.  It should be stressed that measurement accuracy (to within 1° Celsius) is 
critical. Drying problems can often be traced back to measurement errors by one sensor or another. This 
can happen for a variety of reasons, not all of them related to the sensor per se. Instruments may not 
record poor air distribution and the presence of cold spots inside the kiln, as they are necessarily limited 
to a few locations. 

5.2 Major Controller Types 
 
Progression from one phase (set point) to another along the drying schedule is triggered by an evaluation 
of the average moisture content for the boards in the stack. The methods used to control this progression 
are the main characteristic differentiating the various controllers currently available. The following 
sections describe the principles involved in some of these controllers. 

5.2.1 Time-based Controller 
 
Time-based systems are the simplest but they are not sensitive to changes of conditions in the kiln. The 
operator plays a more important role, as he has to estimate the drying rate and the time the load will take 
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to reach the stage when set points can be changed. Figure 5.6 illustrates this type of structure. As can be 
seen, time-based systems operate with only two (rather than three) feedback loops. As long as initial 
lumber conditions and outdoor conditions are stable, good drying results can be obtained. With this type 
of system, the role of the operator is critical as he is the only link between the schedule adjustments and 
the results obtained. 

 

Figure 33.   Control structure of a time-based drying system 

5.2.2 Moisture Content-based Controllers 
 
Figure 5.7 illustrates a typical structure for a controller based on measurements of average lumber 
moisture content. The main difference with the previous structure (Figure 5.6) is the feedback loop 
linking the drying schedule to the lumber moisture content. Lumber moisture content measurements are 
compared to the schedule’s thresholds, and the system automatically  moves on to the next step (i.e. new 
dry-and wet-bulb set points) as soon as these thresholds are reached. 
 

 
 

Figure 34.   Control structure of a moisture content-based drying system 

Moisture content evaluations are based on the resistance measured between two electrodes (pins) driven 
into the lumber. The correlation between resistance and moisture content is also affected, however, by 
other process- or wood-specific factors such as temperature and density. In addition, this correlation is 
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only accurate in 5-30% range, according to moisture meter manufacturers. Despite these limitations, 
resistance moisture meters are most commonly used. 
 
The quality of average moisture content measurements varies with the number of sensors used, their 
location in the load, and the range of moisture content variations within the load. To be able to use these 
measurements efficiently for kiln control, the operator needs to know the confidence interval implied by 
the measurements. Table 5.1 provides the minimum number of specimens corresponding to various 
confidence levels, assuming 15.5% moisture content and a standard deviation of 3.0. 
 

Table 23.  Interpretation of sensor-based moisture contents 
 

Average 15.5% Confidence intervals 
No. of specimens 95% 90% 80% 

5 2.63 2.21 1.72 
10 1.86 1.56 1.22 
12 1.70 1.42 1.11 
15 1.52 1.27 1.00 
20 1.31 1.10 0.86 

 
If, for example, 12 sensors indicate an average moisture content of 15.5% with an standard deviation of 
3.0, the table shows that there is a 95% probability that the actual average moisture content is between 
13.8 and 17.2%.  Proper interpretation of the information received is critical to the operator deciding 
when to bring the drying process to an end. 
 
In conclusion, even though the controller receives a degree of feedback from the load, this system cannot 
be considered to be truly feedback-controlled. The schedule is determined even before the drying cycle 
starts, and it is based on the operator’s experience.    
 
5.2.3 Weight-based Controllers 
 
Weight-based systems operate on essentially the same principle as moisture-based systems, and the 
structure is identical (See Figure 5.7). A weigh scale measures the weight of a part of the load. The 
moisture content of the load is based on this measurement and an estimate of its bone-dry weight. If the 
scale is sufficiently accurate, the average drying rate of the load can be estimated. 
 
Equipment manufacturers generally install these weigh scales under a carriage at one end of the kiln. The 
scale therefore records the combined weight of the carriage, the stickers, the lumber and its moisture 
content.  
 
Operators relying on these measurements need to consider a number of factors. Moisture content 
measurement accuracy is predicated on an estimation of the bone-dry weight of the load, which implies 
that variations in the wood supply must be taken into account. Care must also be taken to account for any 
change in sticker configuration or carriage characteristics.  
 
Weigh scale accuracy is another critical factor. In theory, scales are accurate, usually to 0.1% or even 
better. In practice, however, they weigh only a portion of the load, and accuracy can drop very rapidly. If, 
for example, a carriage and its load weigh 18,541 kg (24x51 boards x 0.02108m³/board x 406 kg/m³ x 
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1.77 MC), the accuracy on the measurement will be +/-18.5 kg.  When this is translated into a drying rate, 
the error can reach 10%. The dynamic effects of air velocity may also affect readings. The operator needs 
to integrate all these factors to make the right decisions on the basis of the information obtained. 
 
5.2.4 TDAL-based Controllers 
 
One of the commonly used methods relies on the temperature drop across the load (TDAL).  The TDAL 
indirectly provides an evaluation of the drying rate and the load’s moisture content, the key parameters 
for kiln control. TDAL are used to trigger progression from one step (set point) to the next in the drying 
schedule. Still, the operator needs to use judgment in his interpretation of TDAL and its use to run the 
drying program. 
 
Figure 5.8 shows in block diagrams the structure of a TDAL-based system. TDAL measurements are 
derived from comparisons between temperatures actually measured in the kiln, Te, and the temperature 
set point, Ts. The air temperature changes continuously as the air travels across the stack as its energy is 
used to evaporate water from the lumber. But TDAL measurements cannot be perceived as absolute 
values; they mean different things depending on the kiln’s operating temperature, the spacing between 
rows, the air velocity across the stack, the width of the stack, etc. Consequently, efficient kiln control 
requires that all such factors specific to the load or to the kiln be taken into account.  

 
 

Figure 35.   Control structure of a TDAL- based drying system) 

Once the TDAL has been properly interpreted, the operator can use it to define the drying schedule as 
permitted by the regulation system. It can be used to limit progression during the drying phase, or to 
detect critical moisture content levels in the stack. During the preheating phase, for example, TDAL is 
used to determine a maximum preheating rate; a lower TDAL indicates that the stack is storing less 
energy, and the temperature set point can therefore be raised. The temperature rise stops when the final 
temperature has been reached.  
 
Once the drying phase proper has started, it continues at a constant during rate. In terms of TDAL, a 
constant drying rate implies a constant TDAL. To maintain the drying rate, the dry-bulb temperature is 
raised whenever the TDAL begins to drop. As explained in Chapter 2, diffusion is directly proportional to 
the air temperature around the lumber; a higher dry-bulb temperature will therefore result in a higher 
drying rate and higher TDAL. This process continues until a temperature threshold has been reached, and 
the TDAL ceases to rise, signalling that the fibre saturation point is close.  
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Below the fibre saturation point, with no further changes to kiln operating conditions, the TDAL falls 
steadily, almost linearly, with time, and a projection of the drying curve slope indicates at what point the 
drying cycle can be brought to an end, based on the current drying rate. 
 
This approach is particularly useful as the TDAL usually becomes very small towards the end of the 
cycle, hence difficult to measure. The combined errors resulting from the system also make it hard to 
measure with any accuracy. In addition, drying degrade and drying time minimization requires a good 
understanding of TDAL significance and the potential effects of external factors.  
 
TDAL-based controllers do include a link between the drying schedule and the drying rate, but, as all 
previously described systems, set points are pre-established and the operators needs to understand and 
monitor drying progress to optimize the process. 
 
5.2.5 Variation on Temperature Measurement in a Kiln’s Regulation Loop 
 
The drying system involves two regulation loops, which operate independently in terms of regulation, yet 
are linked by the processes governing air behaviour. The structure shown in Figure 5.9 provides some 
detail of these two feedback loops. 
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Figure 36.   Detailed structure of a kiln’s regulation system 

As shown in the figure, the humidification loop includes an on/off element while the dehumidification 
loop includes a proportional element, these choices being made strictly as examples. 
 
The operation of one regulation loop affects the other loop. If, for example, the system detects a deviation 
with respect to the dry-bulb temperature, and the deviation is due to the fact that the dry-bulb temperature 
is actually lower than the set point, the system will provide more heat to the air. As shown earlier with 
psychrometric charts, when the air temperature goes up, its relative humidity goes down. The loop 
regulating relative humidity will therefore detect a deviation, and action will be taken to add moisture to 
the air. In turn, the additional moisture causes the dry-bulb temperature to rise, and a new deviation is 
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detected. For this reason, all regulation systems are equipped with logical sequences privileging one or 
the other system, depending on which phase of the cycle is involved. Table 5.2 provides a summary of 
temperature corrections observed in a kiln. 
 

Table 24.  Summary of interaction between heating and humidification systems, and their  
  effects on temperature 

 
 Heating Steam injection Dehumidification 
Dry-bulb temperature + + - 
Wet-bulb temperature - + - 
 
Finally, the location of dry-bulb temperature sensors has an effect on the feedback control loops. 
Temperatures can be measured either on the entry side or on the exit side of the stack. Measuring on the 
entry side determines the maximum temperature in the kiln; response time is also shorter as the heating 
coils are located close to where the temperature is measured. 
 
When temperatures are measured on the exit side, the system will determine the minimum temperature in 
the kiln. This is due to the fact that the stack affects temperature measurements. Once the system is stable, 
i.e. when it has been operating for some time, the temperature is higher on the entry side than on the exit 
side by an amount that is proportional to the drying rate. When air circulation is reversed in the kiln, or a 
significant temperature variation occurs, the stack’s inertia affects the temperature. For example, the 
lumber may be supplied heat to the air, in which case the system reacts as though there was no need to 
supply heat to the kiln, and the air temperature on the entry side begins to slip. Efficient adjustment of 
drying schedules requires a clear understanding of the various factors at play. 
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