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INTRODUCTION

Each year the U.S. forest products industry invests a significant amount of
money in lumber drying activities. In 1989, for example, nearly 30 billion board feet
of lumber were kiln dried (8) at a cost of about $1 billion: approximately $500
million to dry the lumber, and another $500 million in value lost to degrade
(18,20,21).

In addition, between about $75,000 and $300,000 was spent on each of the
450 to 600 new kilns built to keep up with the demand for dry lumber (14,15), and
several thousand dollars probably were spent on repair and maintenance on each
of the 12,000 or more existing kilns. Finally, billions of dollars were tied up in
drying-lumber inventories longer than necessary, and in dry kilns and related
equipment.

Experience and research indicate that it would be possible to reduce some
of those expenses by drying lumber using more effective and efficient methods of
control.

Ideally, the drying of lumber would be controlled based on the moisture
content of the lumber, not on the temperature and moisture content of the air
circulating around the lumber as is currently the case. And ideally, lumber moisture
content would be determined based on weight, since weight is the only factor that
allows moisture content determinations at all moisture content levels.

Since there does not exist equipment either to determine or to control
drying automatically using weight as the basis of control, industries drying high-
valued lumber must use a manual method. In these operations, operators
periodically enter the kilns, remove a few carefully selected and prepared boards,
and weigh them to determine their moisture content. The boards are then put back
into the kiln to continue drying.

The moisture content determined from the few boards is assumed to
represent the moisture content of the rest of the load, and is used to control drying
conditions for the entire load. Operators can do this because high valued species
typically are dried over periods of a few weeks to several months at relatively low
temperatures (up to 150° F). The major drawback to this method is that control of
drying conditions for at the boards is based on what is happening in a
nonsignificant number of boards, that is, perhaps 10 to 15 in a load of 5000 to 8000.

That sample-board-weight monitoring and control method can not be used
in most high-production, lumber drying operations because in those operations the
lumber is dried in from 15 to 150 hours at temperatures up to 250° F. These short-
time, high-temperature conditions do not give operators the chance to enter the kiln
to collect and weigh sample boards.

As a result of these shortcomings, researchers and industry technicians have
searched for ways to monitor lumber moisture content from outside the dry kiln.
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About 30 years ago, researchers discovered and quantified the electrical
properties of lumber. Those discoveries led to the development of two t ypes of
lumber moisture content sensors. The first type measures the electrical
conductance of the lumber in immediate contact with small pins or nails driven into
it. The second type measures the electrical capacitive-admittance (energy-storing
capacity) of a part of a load of lumber surrounding the flat-plate electrode.

The main disadvantage associated with these devices is the fact that while
they are only able to measure moisture content reliably from 7% to about 27% (the
fiber saturation point near the tips of the pins or the aluminum strip), the moisture
content of most commercial softwood species, which make up the greatest
percentage of all lumber dried, may be 150% or more at the start of drying. As that
lumber may not reach 27% moisture content until 75% or more of the entire drying
time has elapsed, the dilemma remains as to what basis to use for process control
up to that point. And the moisture content of most hardwoods when they arc
placed in dry kilns is enough greater than 27% as to render controllers based on
these devices unreliable at the start of drying.

The other disadvantages include the facts that controllers using pin-type
meters can only monitor a nonsignificant number of boards (usually eight in a load
of perhaps 8000 pieces), and the process of inserting and removing the sensors is
labor intensive, costly and slow. The capacitance monitor provides only a voltage
reading, not a moisture content reading, and is used only to signal when the end-
point in drying is reached.

In summary, while both of these types of lumber moisture content monitors
are finding wider use in lumber drying operations, they suffer from two significant 
shortcomings: both measure the moisture content condition of a small or
nonsignificant amount of lumber, and the electrical properties measured provide
valid feedback for control over only a very limited part of the entire moisture
content range likely to be encountered from the start to the finish of drying.

Even with the advent of these devices, what the lumber-drying industry still
lacked was a device for monitoring the moisture content of all, or a significant
amount, of the lumber from the start to the finish of drying.

ATTEMPTS TO DEVELOP
WEIGHT-BASED CONTROL SYSTEMS

A significant advance towards a solution to the problem was made in 1975
when Holmes and Arganbright developed a commercial device for monitoring the
moisture content of an entire load of lumber from the start to the finish of drying
(5). The device consisted of electronic load cells placed in a kiln truck under the
lumber. The load cells monitored the weight of the lumber. Their tests in an
experimental kiln showed that when weight was the basis for control, drying
times were 13% to 24% less for ponderosa pine and white fir, respectively,
than when manual or cam systems were the basis for control.

The device was installed in a commercial drying facility and worked
successfully for several years to control drying (17). The weight-based system, and
commercial systems based on it, have not been adopted by lumber driers because
of periodic constraints they force on the production, repair and maintenance
processes, and because of problems associated with the electrical cable connection.

Holmes and Arganbright work was not the first attempt at a solution to this
industrial dilemma. A French firm (1933) and The Foxboro Company (1955)
patented methods for controlling dry kilns using cam-operated mechanical

34



connections between a platform inside the kiln, on which rested one or a few
sample boards, and control devices outside the kiln. The assumption was that the
weight of the sample board(s) was a reliable indicator of the moisture content
condition of the other 5000 to 8000 boards in the kiln.

Wengert and Evans developed a system for controlling conditions in an
experimental kiln based on the weight of all the lumber measured with a set of four
load cells under the kiln floor outside the kiln. The load cells operated at ambient
temperature and were connected to a controller by cables.

Randolph obtained a patent (10) for a commercial kiln control system that
used lumber weight as the basis for control. Load cells were installed under a
special section of track inside the kiln, and cables carried power and data between
the load cells and the controller. The advantage of this method is that the load cells
could be isolated from the extreme temperature changes inside the dry kiln.

Doll obtained a patent (3) for a commercial kiln control system that used
the weight of a few sample boards as the basis for control. The boards are placed
on a small electronic balance inside the kiln that is connected to the controller by
cables.

Oliveira used a load cell located above an experimental kiln to weigh boards
on a platform inside the kiln by suspending the platform from a wire that passed
through the roof. Such a system would be difficult to implement commercially due
to the non-weight-bearing nature of kiln roofs, and because the load would sway in
the air causing unreliable weights to be recorded.

Shida used load cells inside an experimental kiln to weigh a few sample
boards. The load cells were connected by a cable to a controller. His difficulties
were related to the nonlinear response of the load cells at high temperatures.
Milota (Oregon State University; pers. comm.) reported having the same difficulties
while doing research at the USDA Forest Products Lab.

Taylor has been working with electronic load weighing systems for a
number of years. His most recent work was reported to the Western Dry Kiln
Association (16).

Hydraulic systems have been used to weigh loads of lumber inside an
experimental kiln. Because hydraulic fluids expand and contract on heating and
cooling, the temperature-related changes produce nonlinear responses to weight
that are difficult to calibrate. One solution to this problem would be to locate the
hydraulic lines in an insulated chamber under the kiln floor.

A few researchers and inventors have and continue to attempt to apply
laboratory techniques to commercial operations, but so far they have been
unsuccessful
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ADVANTAGES PROVIDED BY WEIGHT-BASED
LUMBER DRYING CONTROL SYSTEMS

In addition to the few advantages already noted, users of weight-based
lumber drying control systems could expect to experience some or all of the
following advantages in their dry lumber producing operations.

Maximize lumber recovery by allowing sawyers to cut to the smallest
possible green dimension as the controller will be able to dry lumber to the highest
possible final moisture content, thus minimizing shrinkage.

Optimize grade recovery by drying at the rate most appropriate for each
species, dimension and grade. The controller will allow the lumber to dry itself at
any rate desired, for example, 10% moisture content loss per day.

Optimize grade recovery by not overdrying, causing defects to occur or
worsen to the point that they degrade the piece. This is especially important with
species like hemlock in which the presence of sinker wood, and the desire or need
to dry it to below 19%, usually results in an overdrying of most of the lumber. The
sensors will indicate when the normal lumber has reached the desired final moisture
content and could stop drying when that moisture content is reached. The sinker
wood then could be sorted out for redry or for sale green at a great savings of time,
money and energy.

Increase kiln capacity, without the need to purchase more kiln capacity,
by being able to dry lumber faster for two reasons. First, the sensors will indicate
the starting (green) moisture content of the lumber and automatically advance the
schedule to the conditions most appropriate for that moisture content. Lumber will
be dried faster by starting as far into the schedule as possible. Second, by allowing
the rate at which the lumber is drying to control the rate at which kiln conditions
are changed, the lumber will dry itself as fast as the computer is programmed to
allow.

Increase kiln capacity by being able to stop drying at the earliest possible
time. The sensors will be able to indicate when the desired final moisture content
is achieved, even when a large amount of sinker wood is present.

Minimize capital expenditures on other kiln equipment as no alterations,
improvements in, or additions to the existing physical plant will be required for the
use of the lumber moisture content sensors by themselves. Also, as information
generated by the sensors will help indicate the quantitative improvements in drying
capacity likely to be achieved with changes in the kilns and related equipment,
operators and engineers will be better able to determine which improvements will
yield the greatest return on investment.

Maximize kiln occupancy time by being able to predict very accurately
(probably to within 10 minutes or less) when the lumber will reach the desired
average final moisture content. That will allow operators to schedule the timely
unloading and loading of the kiln.

Optimize control of lumber drying by basing control on the average
moisture content of all of the lumber in the kiln.

Optimize control by automatically establishing the same drying conditions
for different loads of lumber as they achieve similar moisture contents.

Maintain full production with the use of the lumber moisture content
sensors as no downtime will be required for the repair, maintenance or replacement
of the sensors.

Optimize steam use by drying at the optimal rate based on lumber
moisture content, and by drying to as high a final moisture content as possible.
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Minimize electrical energy costs by controlling fan speed from the start
to the finish of drying based on lumber moisture content.

Minimize operator training time by providing operators and trainees with
the ability to know the moisture content of the lumber at any time.

Maximize the efficiency and effectiveness with which schedules for old
and new species, dimensions and grades are improved and developed by using
computer-aided scheduling. Computer generated drying rate and time information
will provide suggestions for ways to improve schedules.

Control drying effectively even when the lumber is frozen or water
soaked, when there are shortages of steam for short or long periods of time, or
when the lumber is poorly stacked or otherwise improperly prepared for drying.

RECENT RESEARCH

While at OSU, I studied the relationships between weight, as indicated by
load moisture content, and the rate and timing of weight (moisture content) loss,
and kiln conditions. The goal was to give researchers and kiln operators more
information about how to use lumber weight as a basis for kiln control.

WHAT WE DID AND HOW

The experimental kiln at Oregon State University's Forest Research
Laboratory is equipped with a balance-beam scale under the floor that allows
weighing the entire load on it. We dried 18 loads of Douglas-fir, each load
containing 161 boards (7 boards wide, 23 tiers high), nominally 2-inch by 6-inch by
8-foot. Three replications of each set of the six conditions shown in Table 1 were
tried.

For each test, lumber was stacked on the kiln car, rolled into the kiln and
the load was baffled. On startup, only heat was used (the spray valve was closed
manually) until both dry- and wet-bulb temperatures came up to their set-points,
or until the wet-bulb depression was reached, at which time the steam spray valve
was opened and allowed to operate automatically. This allowed the free water in
the lumber to evaporate freely, providing the moisture needed for wet-bulb control.
(If steam spray had been used at the outset it most likely would have condensed on
the surface of the lumber; which would have caused an increase in weight. That
water then would have to have been evaporated.)

The weight of the entire load (kiln floor and cart, stickers, and baffles, in
addition to the lumber) was recorded before drying began. Thereafter, weights were
recorded at approximately one-hour intervals. After each weight was recorded, the
weight of the kiln truck, stickers and baffles were subtracted to give the weight of
the lumber (and water) alone.

After each test the lumber was cooled in the kiln for 8 hours with the fans
on and the door slightly ajar, removed from the kiln, and the moisture content of
each piece was determined with a pin-type moisture meter. Measurements were
made two-feet in from both ends, at a depth of one-quarter of the lumbers'
thickness. The final moisture contents were averaged to provide an average
moisture content for the entire load. That average, and the final weight of the
entire load, were used to calculate the moisture contents corresponding to each of
the in-process weights. (This method is described in the Dry Kiln Operators'
Manual (11).) These data were used to determine the relationships between weight
(moisture content) and other variables in the process.
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Table 1. Types of control and kiln temperature schedules.

Type of control	 Time	 Dry Bulb	 Wet bulb
(Hours)	 (F0)	 (F0)

"On-off, conventional" = On
= Manual set-point	 0	 170	 160

determination,	 18	 170	 150
on-off valve response	 30	 175	 150

	

42	 180	 150

	

80+	 Steam 15 minutes
Cool slowly overnight

"Proportional, conventional" = Prop
= Manual set-point determination,

proportional valve response

"Cam, conventional = Cam
= cam set-point determination,

proportional valve response

(same)

(same)

"On-off, high temperature" = On HT
= Manual set-point	 0	 230

determination,	 18	 230
on-off valve response	 32+	 Steam 15 minutes

Cool slowly overnight

"Proportional, high temperature" = Prop HT	 (same)
= Manual set-point determination,

proportional valve response

"Cam, high temperature" = Cam HT	 (same)
= cam set-point determination,

proportional valve response

205
195
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WHAT WE FOUND

Only the relationships between drying time and lumber weight/moisture
content, between drying time and the rate of moisture content loss, and between the
rate of moisture content loss and different moisture contents, will be discussed here
because these relationships proved particularly insightful, and because they can be
transferred reliably from the laboratory to commercial situations.

Weight and Moisture Content Versus Drying Time

The starting and ending weights, moisture contents and total drying times
for the 18 tests are given in Table 2. Graphs from Proportional Control,
Conventional Temperature Test 3 (Prop 3) test will be used to illustrate the
discussion.

The lumber lost weight slowly at the start (Figure 1, segment A) while the
kiln was coming up to the initial set-point temperatures. (If there was an increase
in weight at the start due to steam spray condensing on the lumbers' surface, which
would have been evidenced by an increase in weight in segment A, those
measurements were not considered.) Once the air and the lumber surface had
warmed up, the rate of weight loss increased greatly (Figure 1, segment B) due to
the evaporation of free water. The rate of loss slowed gradually (Figure 1, segment
C) as the moisture content decreased. These changes were expected as they are
predicted by theory and have been observed by other researchers.

The relationship that proved most accurate in expressing the weight-loss
data was a regression of the natural log (1n) of weight against time alone, and
against time and time squared together, although the latter provided only a slightly
better fit. In all 18 tests the correlation coefficients (R-squared) were greater than
0.99. This means that the equation used to predict the moisture content based on
drying time was nearly perfect.

Figure 2 shows the weights translated into moisture contents. While the
minimum, average and maximum starting moisture contents of all 18 tests were
45%, 57% and 74%, respectively, the final moisture contents were within a few
percentage points of each other (Table 2).

The lumber dried using high temperatures dried about twice as fast as that
dried using conventional temperatures.

Rate of Moisture Content Loss versus Drying Time

The rate of moisture content loss (Figure 3) was low at the start when the
lumber was warming up, reached its greatest value soon thereafter as the free water
was evaporating, and gradually diminished as the lumber dried out and diffusion
controlled the rate of evaporation. (All 18 graphs had this characteristic shape.)

There are two reasons these rate data fluctuate up and down. The first is
that the weighing device was not very accurate. The second is that, because the
scale under the kiln measured the total load on the floor, fluctuations in the
downward and upward force of the circulating air on the floor and lumber load
caused measureable changes in weight not be related to moisture content loss.
Those errors were magnified as the lumber got drier and lighter.

Rate of Moisture Content Loss versus Moisture Content

The rate of moisture content loss decreased as the moisture content
decreased (Figure 4). These data were extrapolated (dotted line) from the last few
actual values to the point on the x-axis representing the 5.7 percent equilibrium
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Table 2. Starting and ending weights and moisture contents, and total drying times,
for the 18 tests.

Test

Load Weight
Moisture Content

Start	 End
(Calc.)	 (Meter)

(%)	 (%)

Total
drying
time
(Hrs.)

Start
(#)

End
(#)

ON 1 3130 4050 45 12 95.4
ON 2 3063 4437 64 13 95.8
ON 3 2608 4052 74 12 91.4

PROP 1 3149 4464 60 13 96.1
PROP 2 2810 3746 51 13 96.4
PROP 3 2827 3800 55 15 80.7

CAM 1 2875 3795 49 13 90.9
CAM 2 2950 3950 53 14 91.1
CAM 3 2826 4038 61 13 81.2

ON HT 1 3194 4526 63 15 41.5
ON HT 2 3010 4230 65 17 32.7
ON HT 3 3018 4043 55 16 32.7

PROP HT 1 2918 4068 56 12 32.7
PROP HT 2 3003 3896 49 15 33.9
PROP HT 3 2855 3868 59 17 32.7

CAM HT 1 2952 3986 56 15 32.9
CAM HT 2 2872 3910 58 16 32.6
CAM HT 3 2815 3607 45 13 32.7
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lumber moisture content (EMC) conditions in the kiln. This line indicates how the
rate of moisture content loss would have decreased asymptotically (towards but
never reaching) to zero had kiln conditions not changed.

CONCLUSIONS FROM THIS RESEARCH

Referring to Figure 1, and to the fact that the equations describing the
relationship of weight/moisture content to drying time were nearly perfect, it
should be possible to predict the moisture content of a load of drying lumber at
some future time based on past measurements of weight/moisture content. That is,
you could use weight/moisture content data collected at the start of drying to
develop an equation describing the drying character of that load of lumber. That
information could be used to calculate when the lumber would reach some other
moisture content. That other moisture content might be when you wanted to make
the next schedule change, or when the lumber would reach the desired final
moisture content.
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