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For a dry kiln to be operated in a highly productive manner it is important
that the kiln operator understand the variables that can, and often do, impact drying
quality. These may be kiln variables such as temperature and air velocity or they
may be wood variables such as density and moisture content. To actually measure
the effect of these variables would require many kiln runs. The use of a computer
model which simulates kiln drying allows us to estimate these effects without
actually measuring them experimentally.

The purpose of this paper is to: 1) demonstrate how wood drying models
can be used to benefit researchers and kiln operators, and 2) evaluate the relative
effects of various wood and kiln parameters on the final outcome of the kiln
schedule in an effort to understand the variability that results in kiln drying.

The drying model used herein was developed within Weyerhaeuser under
the direction of Kayihan. Details of the model are published elsewhere (2,3,4).
Briefly, the simulation can be described as a stochastic model which employs
population balances techniques. Written in Fortran, it is capable of running on
IBM-PC compatibles in a matter of minutes, and provides an estimate of the drying
rate curve as well as a final moisture content distribution. In order for the model
to produce reasonably accurate results, it must first be "fitted" to a specific kiln and
lumber type (size and species).

MODELING OF THE DRYING PROCESS

Because the simulated drying is a stochastic model (meaning that the results
will vary even though the input variables are constant), values presented in the
following discussion are the average of 5 runs of the drying simulation program.

For this paper, we chose to model the drying of 2" x 4" Western hemlock.
For the base case, which will be used as a standard of comparison, schedule IC
from the Dry Kiln Operator's Manual (1) was used in drying to a target moisture
content of 12 percent in 90 hours. Further details of the base case kiln conditions
are listed in Table 1.

The results of the base case kiln conditions are listed in Table 1 and
graphically depicted in Figure 1. In addition to the average final moisture content,
the percent of wets (lumber with an average moisture content greater than 19%)
and the percent overdried (lumber with an average moisture content less than or
equal to 6%) are also given. Our base case conditions resulted in an average
moisture content of 11.9% with 4.6% of the lumber wet and 17.4% overdried. The
amount of lumber whose moisture content was within the specified range of 7 to 19
percent was 78.0%.

EFFECT OF KILN VARIABLES

Following the establishment of the base case kiln conditions, drying
variables were modified one at a time to observe the effect on the drying rate and
moisture content distribution. The drying variables can be classified as either kiln
variables or lumber variables. Kiln variables are concerned with the total drying
system including the stack of lumber placed in the kiln. The lumber variables can
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Table 1. Descriptive kiln conditions and lumber properties for the base case, and
the results of drying.

KILN CONDITIONS

Drying schedule used 	 IC*
Drying time	 90 hours
Target final moisture content 	 12 percent
Stack width	 8 ft (22 pieces across)
Sticker thickness in.
Air velocity	

5/8 in
300 fpm

Fan reversal	 Every 12 hours

LUMBER PROPERTIES

Lumber width
	

3.75 in.
Lumber thickness
	 1.75 in.

Lumber length
	

16 ft.
Initial average moisture content

	
79 percent

Dry wood density
	 0.433

BASE CASE RESULTS

Average final moisture content
	

11.9

Percent overdry (less than or equal to 6% MC)
	

17.4

Percent wet (greater than 19%MC)
	

4.6

Percent meeting specification (greater than 6%
	

78.0
and less than 20%)

* from reference (1).
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be thought of as the average properties of the wood in the kiln. Results caused by
each variable change are given in Table 2. The drying times to reach the target
final moisture content (12%) are given in Table 3.

Dry Bulb Temperature
One of the basic aspects of good kiln control is maintaining a uniform dry

bulb temperature on the entering air side of the kiln. We can ask "What is the
effect on final moisture content if one area of our kiln is constantly 5° F
(Fahrenheit) hotter than our schedule requires, which is at the base case
temperature?" Qualitatively we could answer that the lumber would be overdried.
With the drying model, we can begin to quantify the answer. The moisture content
of the lumber exposed to the higher temperature will average 9.1%, with 28.4% of
the lumber overdried and no wets produced (Table 2). Hence, about 72% of the
lumber was dried to meet specifications. Conversely, if we have a cold spot in the
kiln, we could anticipate that a higher percentage of wets would occur there. The
model shows that if an area of the kiln is consistently 5° F too low, the average
moisture content of lumber in that cold spot will be 16.5% with 8.4% of the lumber
overdried and 30.5% wet, for a total of 61% of the lumber meeting our drying
specifications. These large shifts in the final moisture content distribution, as
shown in Figure 2, indicate the importance of striving to maintain dry bulb
temperature uniformity throughout the dry kiln.

Wet Bulb Temperature
The question of uniform wet bulb temperature is more applicable in

comparing separate kiln loads, since the wet bulb temperature within a kiln at a
particular instant is fairly uniform. For example, if the wet bulb temperature is 5°
F hotter than the previous load (which we consider to have been the base case),
the average moisture content will be 15.4% with 8.2% of the lumber overdried and
24.2% wet (Table 2). If on the other hand the wet bulb temperature was 5° F
lower, the average moisture content will be 9.7% with about 24% overdried and
essentially no wet lumber. Once again we see the importance in obtaining
consistently accurate temperature measurements. A difference in the wet bulb
reading as small as 5° F is enough to reduce the amount of lumber meeting drying
specifications by 10 percentage points.

Air Velocity
Air velocity does vary throughout even the best baffled and loaded kiln.

The base case used an air velocity of 300 feet per minute (fpm). It is not
unreasonable to assume that in some areas of a kiln with a nonuniform air flow
distribution (such as the bunks and the upper layers) an air velocity of 600 fpm is
possible. In that case (Table 2 and Figure 3) the average final moisture content will
be 8.8% with 28% of the lumber overdried. No wet lumber would be produced.

Poor stickering which blocks air flow, or inadequate baffling may cause
problems with air flow uniformity, and as a result the air velocity may be as low as
150 fpm through some lumber courses. The model predicts that these layers will
average 22.4% moisture content, produce 8.7% overdried lumber and 46.8% wet
lumber.

The wide range of air velocities used here may represent the worst case
scenarios. Regardless, they show the devastating potential non-uniform air flow
conditions can have on drying quality. This is the one variable that can be most
impacted by drying personnel (stacking, loading, baffling) on a day-to-day basis.

Fan Reversals

The base case assumes that fan reversals occur every 12 hours throughout
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'fable 2. The effect of changing kiln or lumber variables (one at a time) upon the average and
distribution of the final moisture content as predicted by the drying model. 	 Each case
assumes a drying time of 90 hours, unless otherwise noted.

Final Over- Wets Meets
Moisture dry Specs
Content < 6% > 19% 6 < MC < 20

Dry bulb is 175 F 16.5 8.4 30.5 61.1
Dry bulb is 180 F (base case) 11.9 17.4 4.6 78.0
Dry bulb is 185 F 9.1 28.4 0.0 71.6

Wet bulb is 5 degrees too low 9.7 23.6 0.1 76.3
Wet bulb at setpoint (base case) 11.9 17.4 4.6 78.0
Wet bulb is 5 degrees too high 15.4 8.2 24.2 67.6

Air velocity is 600 fpm 8.8 28.0 0.0 72.0
Air velocity is 300 fpm(base case) 11.9 17.4 4.6 78.0
Air velocity is 150 fpm 22.4 8.7 46.8 44.5

Miss first fan reversal 11.9 20.0 5.5 74.5
Miss no fan reversals (base case) 11.9 17.4 4.6 78.0
Miss last fan reversal 11.9 18.6 4.8 76.6

1-inch thick sticker 10.5 29.4 2.0 68.6
5/8-inch thick sticker (base case) 11.9 17.4 4.6 78.0
3/8-inch thick sticker 16.6 4.4 26.7 68.9

4-ft wide stack (78 hours) 12.0 20.3 5.9 73.8
8-ft wide stack	 (base case) 11.9 17.4 4.6 78.0
10-ft wide stack (96 hours) 12.1 18.5 6.2 75.4

Initial MC 59% 8.9 24.8 0.0 75.2
Initial MC 79% (base case) 11.9 17.4 4.6 78.0
Initial MC 88% 13.7 16.7 15.3 67.9

Final MC 9% (105 hours) 9.1 26.3 0.0 73.7
Final MC 12% (90 hours -base case)I1.9 17.4 4.6 78.0
Final MC 15% (80 hours) 15.1 12.8 23.3 63.9

Lumber 1.65" thick 10.9 22.3 2.0 75.7
Lumber 1.75" thick (base case) 11.9 17.4 4.6 78.0
Lumber 1.85" thick 12.9 16.3 9.8 73.9

Wood density 0.390 10.2 20.7 0.1 79.2
Wood density 0.433 (base case) 11.9 17.4 4.6 78.0
Wood density 0.476 13.8 13.7 15.3 71.0
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Table 3. The effect of changing kiln or lumber variables (one at a time) upon the
approximate drying time to 12 percent final moisture content (FMC) as
predicted by the drying model.

Drying time to 12% FMC
Hours

Dry bulb is 175 F	 107
Dry bulb is 180 F (base case)	 90
Dry bulb is 185 F	 78

Wet bulb is 5 degrees too low	 80
Wet bulb at setpoint (base case) 	 90
Wet bulb is 5 degrees too high 	 103

Air velocity is 600 fpm	 75
Air velocity is 300 fpm(base case)	 90
Air velocity is 150 fpm	 118

1-inch thick sticker	 84
5/8-inch thick sticker (base case) 	 90
3/8-inch thick sticker	 105

4-ft wide stack	 78
8-ft wide stack (base case)	 90
10-ft wide stack	 96

Initial MC 59%	 75
Initial MC 79% (base case)	 90
Initial MC 88%	 96

Lumber 1.65" thick	 86
Lumber 1.75" thick (base case)	 90
Lumber 1.85" thick	 94

Wood density 0.390	 82
Wood density 0.433 (base case)	 90
Wood density 0.476	 96

Target moisture content 9%	 105
Target moisture content 12% (base case) 	 90
Target moisture content 15%	 80
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Figure 2. Final moisture content distributions resulting from dry bulb temperatures either 5° F below setpoint.



Effect of Air Velocity
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Figure 3. Effect of air velocity on final moisture content distribution of Western hemlock  dried for 90 hours.
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the schedule. Occasionally fan reversals fail to occur either through mechanical or
human error. Which is worse, to miss the first or last reversal?

In both cases, the model predicted that the average final moisture content
remained 11.9%, the same as the base case (Table 2). The distributions, however,
slightly shifted. In the case where the last fan reversal is missed, the total amount
of lumber within the moisture content specifications was reduced only 1.1%.
Missing the first fan reversal was more critical, decreasing the amount of quality
lumber by 3.2%. Air velocity and direction are more important early in the drying
when free water is likely to be present at the surface and drying is limited by the
transfer of heat to the wood and of moisture away from the wood surface. At lower
moisture contents, the diffusion of moisture within the wood limits the drying rate,
and air movement is less important. Compared to variations in either air velocity,
dry bulb, or wet bulb temperatures, missing a fan reversal early or late in the drying
schedule causes only a small effect.

Sticker Thickness

In the base case we used a sticker thickness of 5/8-inch. We now vary the
sticker thickness from 3/8-inch to 1-inch for different loads, and maintain a
constant air velocity of 300 fpm. This example evaluates the kiln design rather than
the operational characteristics of the drying system since the question of how thick
a sticker to use is typically addressed before the kiln is built. We assume that
different horsepower of fan motors will be used with different sticker thicknesses
to maintain 300 fpm.

Lumber modeled with the thinner sticker dried to an average moisture
content of 16.6% in 90 hours, producing 26.7% wets and 4.4% overdried (Table 2).
On the other hand, a sticker thickness of 1-inch allowed a greater volume of air to
pass between the lumber courses. In this case the lumber dried to an average
moisture content of 10.5% with only 2% of the lumber wet, but with 29.4%
overdried. Maintaining a constant volume of air through the load rather than a
constant air velocity would have resulted in less difference among the different
sticker thicknesses.

Stack Width

As with sticker thickness, the question of how wide a stack of lumber should
be in the kiln is a design decision. The base case modeled a stack width of eight
feet. In addition, a four-foot wide stack and a ten-foot wide stack were also
modeled, drying to an average moisture content of about 12 percent in both cases.
The stack that was four feet wide dried in 78 hours, a reduction in drying time of
13%. Compared to the base case, the amount of both the overdried and wet lumber
increased, resulting in a net loss of lumber meeting the drying specifications of
3.9% (Table 2). The reduction in drying quality coupled with the fact that our dry
volume has been halved suggests that a four foot wide stack for hemlock may not
be beneficial.

The ten feet wide stack dried for 96 hours did not result in improved quality
compared to the base case, but did have a higher percentage of lumber within the
specified range than did the four feet wide stack (75.4% versus 73.8%). The almost
7 percent increase in drying time is more than offset by the 25% increase in volume
(10 ft wide versus 8 ft wide). An operation that could tolerate 2% more wet lumber
may be attracted to the wider loads if productivity were a higher goal than quality.

EFFECT OF LUMBER VARIABLES

It is of interest to examine the contribution that the natural variability of
the wood makes to variability of the drying process for two reasons. First, it
demonstrates what is attainable in terms of minimal variation in the perfect kiln
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with uniform entering air temperature and air velocity. Secondly, it can
demonstrate where the opportunities of green lumber sorting exist.

Initial Moisture Content

As the emphasis on drying quality increases and kilns achieve greater
uniformity of conditions, the next step to improve quality is to focus on lumber
variables which might affect final moisture content uniformity. One lumber vari-
able with potential impact on the final moisture content distribution is the green or
initial moisture content.

The initial moisture content of the base case was 79%. We also considered
cases in which the initial moisture content was 88% and 59%. In 90 hours of
drying, the lumber with the higher moisture content averaged 13.7% moisture
content, and the lower initial moisture content lumber dried to an average of 8.9%
(Table 2 and Figure 4). The amount of wets in the former group was 15.3%, while
the latter group had no wets. Almost 25% of the lower moisture content group
was overdried, compared to about 17% for the wettest group.

In terms of sorting opportunities, hemlock whose green moisture content
averaged 88% would dry to 12% moisture in about 96 hours while hemlock with a
green moisture content of 59% would take only 75 hours to dry to the same level
(Figure 5).

Final Moisture Content

Another question that can be addressed with drying simulation models is
"How dry is dry enough?" Besides the base case (target moisture content of 12%
reached in 90 hours), two other target final moisture contents (9% and 15%) were
examined. It required 105 hours to reach 9% and only 80 hours to reach 15%.
By extending the drying time, kiln productivity was reduced by 17% compared to
the base case. Although wet lumber has been eliminated (Table 2 and Figure 6),
the overall amount of lumber meeting the drying specs was reduced by 4.3
percentage points (from 78.0% to 73.7%). In contrast, shortening the drying time
increases the kiln productivity 11% (compared to base case), yet significantly raises
the percent of wet lumber from about 4% to over 23%.

Based on the model results, a target final moisture content of 12 percent is
preferable to either 9% or 15%.

Lumber Thickness

Poor quality in the sawmill can contribute significantly to poor quality in
drying. A large variability in lumber thickness will result in excessive warp, poor
air flow uniformity, damaged sticks, and final moisture content variability. The
drying model addresses the last factor.

Lumber in the base case had a thickness of 1.75 inches. This was varied
+ /- 0.10 inches and dried using the model. As shown in Table 2, the thick lumber
dried to an average moisture of 12.9%, resulting in almost 10 percent wet lumber
and 16.3% overdried. The thinner lumber dried to 10.9% average moisture content
with 22.3% overdried and only 2% wets. More of the thinner lumber met the
drying specifications than did the thicker lumber (75.7 versus 73.9) but this
difference was small compared to the other kiln or lumber variables examined.

The sawn thickness variation considered here was moderate rather than
excessive. The model demonstrates that while moderate thickness variation does
not produce large differences in final moisture content, it is a contributor worth
controlling.

Wood Density

The density of the hemlock used in modeling the base case was 433
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Figure 6. Final moisture content distribution as affected by average final moisture content.
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kilograms per cubic meter (ovendry wood mass and volume). The model was also
run using densities of 390 and 476 kilograms per cubic meter (± 10% of base case
density). This probably underestimates the typical range of hemlock density within
a kiln. The initial moisture content was held constant at 79% in both cases. The
denser hemlock dried to 13.8% in 90 hours. Over 15% of the lumber was wet, and
almost 14% was overdried (Table 2). The less dense hemlock dried to 10.2% in the
same time period with essentially no (0.1%) wets produced, and 20.7% of the
lumber overdried. The percentage of the less dense hemlock meeting the drying
specifications was actually higher than the base case (79.2% versus 78.0%), while
the dense lumber within the specifications was 71.0%. Wood density impacts
drying time as well as moisture distribution. As shown in Table 3, the model
predicted that the less dense hemlock would dry to 12% in 82 hours, while the
dense hemlock would require 96 hours to reach the same average moisture content.

SUMMARY

This paper has discussed the results of a drying model which predicts the
effect of selected kiln and lumber variables on drying quality. The reader should
now have some insight in understanding the large impact that variations in the dry
or wet bulb temperatures, air velocity, green moisture content, or wood density
has on the drying rate and final moisture content distribution of Western hemlock.
Perhaps even more importantly, the reader should better appreciate the value and
potential of computer drying models. Drying models will certainly be part of the
future for drying researchers and dry kiln operators.
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