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ABSTRACT

  Capacity optimisation of Norway spruce, 150x50 mm2 was carried out in a full-scale kiln dryer starting at 50 °C wet
bulb temperature. The objective was to reach as high capacity as possible. Maximum allowed moisture content (MC)
standard deviation was 10% of the end moisture content value with 2 % maximum allowed amount of checks. An
adaptive control strategy for the process control of a kiln dryer was used to optimise the drying process. The
temperature drop across the load (TDL) was used to achieve a constant moisture flux from the drying batch. The
drying time was 56 h and the total cycle time was 66. 7 h. The end moisture content was 15. 6 % with a standard
deviation of 1. 4 %-units. It was concluded that adjustments in TDL due to the amount of heartwood need to be done
using this control strategy. Optimising start parameters for different wood species and board dimensions considering
maximum allowed checking is important to achieve maximum capacity with this control strategy.

INTRODUCTION
  Automation in sawmill processes is generally
increasing. Focus on economy, quality, productivity and
at the same time complex processes lead to an interest in
optimising control systems: The control system itself
can optimise some quality parameters and often also
process time. This concerns in particular the drying
process. One important part of the solution to this is
developing more intelligent and more efficient control
systems. 

Process control of a kiln dryer can be achieved by
different strategies. One way is to focus on controlling
the thermodynamical properties of the circulating air,
without making adjustments due to the actual state of
the drying batch. The aim in this case is to control dry
and wet bulb temperatures due to a predetermined
schedule of set temperatures. This is the most common
way of controlling a kiln dryer. The feed-back to the
control system in this case is the variations in the state
of the circulating air. No adjustments are done due to
the actual state of the drying batch. 

Simulation models for moisture and stress development
are often used to produce fixed schedules for kiln
dryers. These simulations are often based on Fickian
diffusion models through the hole drying process. 

Wiberg (1995) showed that very steep moisture
gradients develop at the surface as well as in the
heartwood portion of the cross section. This supports
the ideas presented by Hawley (1931) on water
migration mechanisms above fibre saturation point.
Wiberg and Morén (1998) showed the presence of a
receding front that started very close to the surface (0.5-
1mm below the surface at the start of the drying
process). This distance to the receding front increased
slowly. Rosenkilde and Glover (2002) used MRI
(Magnetic Resonance Imaging) and concluded that for
wood moisture contents above approximately 50 %, the
resulting profiles were almost flat from a depth of 90
µm and further into the wood, and between the surface
and 90 µm deep there was a steep moisture gradient. 
The phenomena of a thin “dry shell” was recently
supported and discussed by Salin (2002).
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All things considered, there may be better ways than
Fickian diffusion models based on moisture content
gradients to describe internal moisture flux in the
capillary regime (or at least they must be adjusted in
some way). Heat and mass transfer relations mainly
seem to control the drying rate in this regime. Morén
(2001) has described the drying process in three
different regimes: the capillary drying regime with free
water migration to the evaporation surface, that lasts
until irreducible moisture content is reached (at
approximately 50 % average moisture content), the
transition drying regime where there still can be isolated
regions of free water in the sapwood when the drying is
turning to a diffusion controlled regime, the diffusion
drying regime when the bound-water diffusion controls
the drying rate according to Fickian diffusion behaviour.
In this paper, one way of adaptive kiln dryer control is
presented with full-scale drying results and possibilities
of future development. 

MATERIAL AND METHODS

Adaptive Control Systems 
  The initial average moisture content of a batch is
normally not known before the start of the drying
process. Still, it would be advantageous if the drying
process itself adapted to the average moisture content of
the batch. If a batch has a lower average moisture
content than expected, the control system should
automatically shorten the drying time in the capillary
regime and if a batch has a higher average moisture
content, the drying time should be longer in this regime.

If it is assumed that the temperature of the batch is
constant, the process can be regarded as isenthalpic.
Morén (2001) showed that the temperature across the
load can be calculated approximately by:

pc
r

xTDL 0≈ (1)

x = vapour ratio (moisture flux added from the batch
related to dry air flux of the circulating air)
r0 = latent heat of evaporation at 0 °C
cp = heat capacity of air at constant pressure

From equation (1) the temperature across the load is
approximately proportional to the total moisture flux
from the boards in the channel where the circulating air
is flowing. Thus by measuring the TDL and keeping it
at a constant value the moisture flux will be
approximately constant. 

FIGURE 1. Example of an adaptively controlled process
for industrial use. Controlled by System 9000, delivered
by Valutec AB. Upper curve: Dry bulb temperature.
Lower curve: Wet bulb temperature.

A: After heating the batch an initializing period takes
place. During this the TDL is measured. 
B: In this period the TDL is kept at the same value as
measured during the initializing period (or proportional
to the measured TDL during the initializing period).
By keeping the TDL constant the climate adapts
automatically to the amount of moisture flux from the
batch.
C: Same as B but now the maximum allowed
temperature is reached. 
D: Drying in a constant climate. Drying time calculated
according to the TDL.
E: Conditioning period.

The process described above has been in industrial use
since 1995, delivered by Valutec AB in a control system
called System 9000. More than 700 kilns are controlled
by System 9000 and most of them use the adaptive
control strategy instead of predetermined fixed
schedules, which are also available in System 9000.

As an example, capacity optimisation of Norway
spruce, dimension 150x50 mm2 was carried out in a
full-scale kiln dryer at a starting wet temperature of 50
°C. Maximum allowed temperature was 70 °C (dry
temperature). The objective was to reach as high
capacity as possible. Maximum allowed moisture
standard deviation = 10 % of the end moisture content.
Maximum allowed amount of checks = 2 %.  

Checks were measured on 54 boards from two
packages: A2 and C2, se FIGURE 2. The measurements
included the top layer of the packages and downwards.
Moisture content was measured in 25 boards (from the
top end of each board) with the dry weight method from
4 packages: A4, B3, C2 and D1.  
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FIGURE 2. Nomenclature of drying batch

RESULTS AND DISCUSSION
  Results from optimisation of the drying process by
using adaptive control strategy are shown in Table 1.

Table 1. Results from a full-scale test with adaptive
control and constant TDL. The stated temperatures are
mean values from the single temperatures measured on

both sides of the drying batch.
Wood species Spruce 150 x 50mm2

Initial dry temperature 59 °C
Initial wet temperature 50 °C
Final dry temperature 70 °C
Final wet temperature 49 °C

Heating time 9. 3 h
Drying time 56. 1 h
Cooling time 1. 3 h

Total time 66. 7 h
End moisture content 15. 6 %

Standard deviation 1. 4 %
Checking 2. 2 %

A normal (often used in Swedish sawmill industries)
drying time at these temperatures for this dimension, is
often over 100 h. There are possibilities to increase the
drying capacities of a lot of kiln dryers but an important
variable is the allowed amount of checks. If this variable
is set to zero (or close to zero) the drying time will
increase to more than 56 h in this specific kiln and
maybe up to around 100h generally. This is true
independent of control strategy. 

Adjustments Due to Heartwood
  The described control strategy works very well for
boards with non-visible heartwood on the sapwood side
as in FIGURE 3 (Right). However, for boards with
visible heartwood on the sapwood side, as in FIGURE 3
(Left) some adjustments have to be done. The TDL
measured during the initializing period is proportional
to the moisture flux from the boards. The main part of
the moisture flux comes from the sapwood that contains

capillary free water in void volumes. Hereby the TDL is
proportional to the amount of sapwood. If this control
strategy is used on boards as in FIGURE 3 (Left), the
measured TDL in the initializing period must be
reduced by some factor for control of period B in
FIGURE 1. Checks in heartwood in these kinds of
boards are probably not dependent of the TDL in the
initializing period. For these kinds of boards a
predetermined schedule constructed by a simulation
model will probably give a capacity and quality result as
good as the adaptive strategy. Still, it is possible to gain
very good results with the adaptive strategy if the TDL
is reduced in period B.

FIGURE 3. Left: Visible heartwood on the sapwood
side in pine 225x75 mm2. Right: Non-visible heartwood
on the sapwood side in pine 125x50 mm2.

Fixed Schedules 
  A problem that might occur by using fixed schedules is
that the development of the dry bulb in relation to actual
moisture content may be too quick or too slow. An
example of this was when pine 100x38 mm2 was dried
in an industrial kiln to a moisture content of 14 % in a
total time of 187 h, se FIGURE 4.  After about 90 h the
dry temperature increased quite fast (predetermined).
The TDL increased almost as much as the dry
temperature at this point and thus the moisture content
was still high (probably well above fibre saturation
point). The resulting amount of checks was in this case
25 %. It is likely that the checks were produced during
the period of high TDL (somewhere between 90 and
160 h). 

FIGURE 4. Fixed schedule for pine 100x38 mm2.

This was not an appropriate schedule for this product
and a good result could also have been achieved by
another (adjusted) fixed schedule. For example, by
using a greater difference between the dry and the wet
bulb in the capillary regime, together with a slower
increase of the dry bulb, the amount of checks would
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probably have been decreased to close to zero. But by
using the adaptive strategy, this particular problem
would not have occurred due to the control of the TDL.
(If the same start temperatures would have been used
with this strategy, a slower increase of the dry bulb
would automatically have resulted). 

Initial Parameters
  The TDL measured in period A (see FIGURE 1) is
dependent of the moisture flux from the boards.
Moisture flux is also dependent of wet- and dry bulb
temperatures during this period. To achieve maximum
capacity for a specific raw material with good quality
results (especially low amount of checks) these initial
parameters have to be optimised. This can preferably be
done empirically by full-scale tests. Increasing the
amount of sapwood in the raw material should increase
capacity gain using this adaptive control strategy. 

End Point Problem
  There is a need for accurate and automatic moisture
content measurements, or mathematical models for
dryers. The need is even greater for the use of adaptive
control systems due to more variation in drying time.
The objective here is to have an automatic control
system independent of operator measurements. This
may preferably be achieved by a mathematical model
using already measured variables in the drying process,
by some moisture measuring equipment or
combinations thereof.  The variation in time in the
adaptive strategy is mainly bound to the capillary
regime. The capillary regime is also the one where there
is a potential capacity gain with the adaptive strategy.
FIGURES 5 and 6 give examples of different times in
capillary regime (a) but the same time in the diffusion-
controlled regime (b). 

FIGURE 5. Regime a = 100 h, b= 100 h.

FIGURE 6. Regime a = 75 h, b= 100 h.

Thus it might be possible to mathematically, by the use
of Fickian diffusion models, determine the desired time
for period b, in FIGURES 5 and 6.

Expert System 
  Besides models for the prediction of checks and
moisture development there are also other wood
characteristics which would be interesting to predict.
Some examples of these are wood colour, knot checks,
moisture standard deviation and moisture gradients.
Models like these and suggestions as to which control
strategy is preferable for a specific raw material can be
called an expert system. The expert system exists only
graphically in the control system to help the operator to
dry the wood to the desired end quality. 
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