PEER-REVIEWED ARTICLE b | oresources.com

Development of an Air Drying Index for Lumber

Philip H. Mitchell *

Lumber is often air dried in an air drying yard prior to being placed in a dry
kiln for final moisture content removal. The rate of the air drying process
is dependent on local weather conditions and wood moisture content.
Introduced more than 30 years ago, the Drying Index is a method to
estimate the relative drying time using the difference in vapor pressures
between the dry bulb and wet bulb temperatures. This paper extends its
application and describes the development and use of an Air Drying Index
to estimate the relative potential of a geographic location to air dry lumber
based on the average monthly climate conditions for that location. The
monthly Air Drying Index for 252 US locations is presented, and the annual
mean for each location was used to develop an air drying map.
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INTRODUCTION

The question of precisely how much time it will take to dry lumber can be difficult
to answer because of all the variables involved. In an environment maintained at a constant
relative humidity and temperature, wood will reach a moisture content that is in equilibrium
with the surrounding air. Temperature and relative humidity determine the equilibrium
moisture content (EMC) condition, and the moisture content of wood in a given
environment will approach that EMC. Knowing the average EMC of an environment or a
geographic location can provide an indication of how fast lumber might dry if stacked on
an air drying yard.

Lewis (1985) introduced the Drying Index as a method that can be used to estimate
the relative drying time. This method states that the “speed of drying is related to the vapor
pressure deficit” between the dry bulb and wet bulb temperatures and that the deficit value
can be used to compare the relative drying rates between different EMC conditions.

Two recent publications from NC State University Wood Products Extension have
determined the average monthly EMC’s based on climate data for 252 locations in the US
(Mitchell 2016), and used that geographic climate data to estimate the length of time
required to air dry 4/4 (1-inch thick) lumber to a target moisture content for red oak, yellow
poplar, and sugar maple (Mitchell 2018a).

Maps illustrating zones having the same number of “good air drying months” have
been published (Forest Products Laboratory 1999; Denig et al. 2000). The zone boundaries
are largely based on the average cumulative “growing degree days” from March 1 to mid-
October for 1971 to 1975 (Denig et al 2000). These published maps are based on older
and limited data, and are only indirectly related to the air drying of lumber.

The purpose of this paper is to describe the development and use of an Air Drying
Index (ADI) to estimate the relative potential of a US geographic location to air dry lumber
based on the average monthly climate conditions for that location, and then to use that
information to develop an air drying map.
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EXPERIMENTAL

Drying Index as a Measure of the Speed of Drying

Figure 1 presents Lewis’ Drying Index as a function of the dry bulb temperature
and wet bulb depression. For two different sets of drying conditions (as described by dry
bulb temperature and wet bulb depression), the ratio of the two drying indices provides a
relative measure of the drying speed between the two conditions.
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Fig. 1. Drying index as a function of dry bulb temperature and wet bulb depression (Lewis 1985)

A mathematical relationship that calculates the drying index from the dry bulb
temperature and wet bulb depression was derived from Fig. 1 and is presented as Eq. 1.
This equation allows the Drying Index to be calculated based on knowledge of the dry bulb
and wet bulb temperatures. Although using this equation to calculate the Drying Index for
most air drying conditions does extrapolate beyond the conditions shown in Fig. 1 that
were used to derive it, the calculated Drying Index does provide a method to compare
drying conditions,

Drying Index = 0.00229 DBT + 0.04038 (po-pw) 1)

where DBT is dry bulb temperature (°F), po is the vapor pressure at the dry bulb temperature
(mm Hg), and pw is the vapor pressure at the wet bulb temperature (mm Hg).

Use of Climate Normals to Calculate Air Drying Index (ADI)

In a recent paper, 30-year Climate Normals covering the period from 1981 to 2010
for 252 US locations (NCDC 2016) were used to calculate the EMC based on the average
monthly temperature and relative humidity for each location (Mitchell 2016). For the
purposes of this paper, the Climate Normals for each location were used along with Eqg. 1
to describe an average Air Drying Index (ADI) for each month at each location. Although
this application of Eq. 1 was used at temperatures that extrapolate beyond Lewis’ paper,
the concept of relating vapor pressure differential to the relative drying rate is preserved.
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Estimating Average Daily Moisture Content Loss During Air Drying

To match the ADI developed from Climate Normals as described above, an
estimate of moisture loss during air drying based on the same Climate Normals was
required. For the air drying of 4/4 red oak, Denig and Wengert (1982) presented the
following equation to estimate the daily percent moisture content (%MC) loss based on
initial %MC, temperature, and percent relative humidity,

Daily %MC Loss = 0.27 + 0.00071 (MC?) + 0.025 (DBT) — 0.031 (RH)  (2)

where MC is the daily initial moisture content (percent), DBT is the average monthly dry
bulb temperature (°F), and RH is the average monthly relative humidity (percent).
Equation 2 was one of the air drying models used in developing the Excel spreadsheet “Air
Drying Estimator” (Mitchell 2018b).

As illustrated by Eq. 2, the initial %MC exerts considerable influence on the Daily
%MC Loss calculated. This agrees with the fact that the initial drying rate of green lumber
is much higher than the rate during the later stages of drying when the diffusion of bound
water from the interior to the wood surface limits the drying rate. Hence, daily drying rates
were calculated based on this equation for lumber starting at 80% and 40% average
moisture contents as a function of mean monthly temperature and relative humidity.
Separately, for these two moisture content groups, the ADI and Daily %MC Loss were
paired for each month and location (with equal Climate Normals for each month and
location). Graphs of the results are presented in Fig. 2.

Daily %MC Loss
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Fig. 2. Average daily %MC loss versus monthly air drying index (ADI) for lumber having an initial
%MC of either 80% or 40% MC.
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In summary, Climate Normals were used to calculate a monthly Air Drying Index
using Eqg. 1, and to calculate the Daily %MC Loss using Eq. 2. The relationship between
the resulting calculated ADI and the Daily %MC Loss having the same Climate Normal is
presented in Fig. 2. The goal is to use the ADI value to determine whether, on average,
“good” air drying conditions exist for a given month and location.

RESULTS AND DISCUSSION

“Good” Air Drying Conditions

“Good” air drying is described (Denig et al. 2000) as being able to dry 4/4 oak to
25% MC in 90 days, with the “best” air drying only taking 60 days. Assuming an initial
moisture content of 80%, “good” air drying removes an average 0.61% MC per day, while
the “best” air drying removes 0.92% MC per day. For the purposes of this paper, “good”
air drying is defined as drying 0.61% MC (or more) per day. Of course, much higher drying
rates may be excessive for the species being dried and may cause drying degrade. Denig
et al. (2000) presents the safe drying rates (%MC loss per day) for selected species that
will result in high quality dried lumber. Exceeding this rate increases the risk of quality
loss, while drying at rates considerably below the safe rate can increase the risk of staining.

Using ADI to Determine “Good” Monthly Air Drying Conditions

Several points can be realized by examining Fig. 2. First, across the range of ADI
from 0.15 to 0.5 (67% of the data points), the Daily %MC Loss for lumber at 80% MC is
about 3 to 10 times higher compared to lumber at 40% MC (see Table 1). This means that
even when climate conditions are cold and damp (resulting in a relatively low ADI), daily
moisture loss is relatively high for very green lumber. This also means that lower moisture
content lumber will be the limiting factor in establishing a “good” air drying month (drying
rate of 0.61% MC per day or more). Secondly, increasing the ADI from 0.15 to 0.5 has a
much larger relative effect on the Daily %MC Loss for lumber at 40% MC compared to
80% MC. As can be seen in Table 1, an increase in the ADI from 0.15 to 0.5 resulted in a
corresponding increase in the Daily %MC Loss by a factor of 4.6 for the drier lumber,
compared to an increase by a factor of only 1.4 for the wetter lumber.

Table 1. Comparison of the Daily %MC Loss* for Selected ADI's that Range from
0.15 to 0.5 for Lumber Moisture Contents of 40% and 80%

Ratio
ADI > 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 | ADI0.50/
ADI 0.15
Daily %MC Loss
80% MC 3.86 4.22 4.49 4.70 4.87 5.02 5.15 5.26 1.4
40% MC 0.40 0.77 1.04 1.25 1.42 1.57 1.70 1.82 4.6
Ratio
80%MC Loss / 9.8 5.5 4.3 3.8 34 3.2 3.0 2.9
40%MC Loss

* The Daily %MC Loss was calculated by the following equations:
For 80% MC: e(Ave-Daily%MCLoss) = 414,13 ADI — 14.689 R?=10.78 3
For 40% MC: e(Avg-Daily%MCLoss) = 13 316 ADI — 0.513 R2=10.83 4)
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Hence in determining what is a “good” air drying month based on monthly average
ADI, one only needs to focus on the lower moisture content lumber group, since the green
lumber dries quite well across the ADI range (all months). Figure 3 graphically presents
the relationship between e®aly %MC Loss) and the monthly ADI for the lumber at 40% MC.
Also shown in Fig. 3 is the linear regression line for all e®ally %MC Loss) yersys monthly ADI
for the lumber at 40% MC. Additionally, Fig. 3 depicts the linear relationship illustrated
by the red line drawn along the lowest points which represents the minimum Average Daily
%MC Loss for that particular Monthly Air Drying Index, and thereby defines the slowest
air drying days for a given ADI. This red line is the minimum Average Daily MC% Loss
exhibited by the drier (40% MC) lumber and is described by the equation:

g (Avg.Daily MC% Loss) = 1(0).40 (AD|) —0.357 (5)

Rearranging Equation 5 to calculate the ADI:

e(AvgDaily MC% Loss) 4357

= ADI (6)

10.4

(sl %MGLoss) = 13 316 ADI - 0.513

e Avg. Daily %MC Loss

elDally %MC Loss) = 10,40 ADI - 0.357

Monthly Air Drying Index

Fig. 3. The graph of eAverage Daily %MC Loss yersus Monthly Air Drying Index (ADI) for lumber having an
initial MC of 40% MC. The black line is the regression line for all data. The red line drawn along
the lowest points represents the lowest or minimum Average Daily %MC Loss for that particular
value of the Monthly Air Drying Index.
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Using the previously defined “good” air drying rate as 0.61% MC loss per day and
solving Eq. 6 for ADI results in an ADI of 0.2113. For each month and location, the Air
Drying Index (ADI) calculated using Eq. 1 was compared to an ADI of 0.2113. If the ADI
was equal to or greater than 0.2113 for the month, that month was considered to be a “good”
air drying month. For each location, the total number of “good” or effective air drying
months was summed and is presented in Table 2. Keep in mind that in this context, “good”
air drying considers only the rate of moisture removal and does not consider drying quality.
(An expanded table which shows monthly ADI for 252 US locations is available at:
https://go.ncsu.edu/adi-table.)

Creating an Air Drying Map Based on the Air Drying Index

The graphical representation of the Air Drying Index as a map is shown in Fig. 4.
The map was created using ArcGIS Pro software from Esri. The Air Dry Index data for
the US locations were interpolated using the Natural Neighbor method, producing a final
raster with a cell size of 500 square meters. From the raster, contour lines were generated
at 0.5 intervals between Air Dry Index numbers (0.5, 1.5, 2.5, etc.) in order to clearly
illustrate index value changes across the country, including Alaska.

L
Fig. 4. Air drying map of the United States based on the Air Drying Index. Numbers on the map
represent the number of good air drying months, defined as having an Air Drying Index (ADI) of
0.2113, corresponding to an average rate of moisture loss of 0.61% per day for 4/4 red oak lumber.
Alaska, not to scale, is shown in the insert. The ADI for Hawaiian cities was 12 and is not shown
on this map. This map was created by Jeff Essic, Data and Visualization Librarian, D.H. Hill Library,
North Carolina State University.
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Table 2. US Locations and the Number of "Good" Air Drying Months as
Previously Defined in Fig. 1

SACRAMENTO, CA
SAN DIEGO, CA

BATON ROUGE, LA
LAKE CHARLES, LA

CHARLOTTE, NC
GREENSBORO-WS-HP, NC

WICHITA FALLS, TX
SALT LAKE CITY, UT

"Good" "Good" "Good" "Good"
US Location Al.r US Location A|.r US Location Al.r US Location Al.r
Drying Drying Drying Drying
Months Months Months Months
BIRMINGHAM, AL 7 VERO BEACH, FL 12 KANSAS CITY, MO ALLENTOWN, PA
HUNTSVILLE, AL 7 WEST PALM BEACH, FL 12 ST. LOUIS, MO ERIE, PA
MOBILE, AL 9 ATHENS, GA 7 SPRINGFIELD, MO MIDDLETOWN/HARRISBRG, PA
MONTGOMERY, AL 8 ATLANTA, GA 7 BILLINGS, MT PHILADELPHIA, PA
ANCHORAGE, AK 2 AUGUSTA, GA 7 GLASGOW, MT PITTSBURGH, PA
ANNETTE, AK 0 COLUMBUS, GA 8 GREAT FALLS, MT AVOCA, PA
BARROW, AK 0 MACON, GA 8 HAVRE, MT WILLIAMSPORT, PA
BETHEL, AK 0 SAVANNAH, GA 9 HELENA, MT PROVIDENCE, RI
BETTLES, AK 2 HILO, HI 12 KALISPELL, MT CHARLESTON, SC
BIG DELTA, AK 2 HONOLULU, HI 12 MISSOULA, MT COLUMBIA, SC
COLD BAY, AK 0 KAHULUI, HI 12 GRAND ISLAND, NE GRNVILLE-SPARTANBURG,SC
FAIRBANKS, AK 3 LIHUE, HI 12 LINCOLN, NE ABERDEEN, SD
GULKANA, AK 2 BOISE, ID 6 NORFOLK, NE HURON, SD
HOMER, AK 0 LEWISTON, ID NORTH PLATTE, NE RAPID CITY, SD
JUNEAU, AK 0 POCATELLO, ID OMAHA, NE SIOUX FALLS, SD
KING SALMON, AK 0 CHICAGO, IL SCOTTSBLUFF, NE BRISTOL-JNSN CT-KNGPT, TN
KODIAK, AK 0 MOLINE, IL VALENTINE, NE CHATTANOOGA, TN
KOTZEBUE, AK 0 PEORIA, IL ELKO, NV KNOXVILLE, TN
MCGRATH, AK 2 ROCKFORD, IL ELY, NV MEMPHIS, TN
NOME, AK 0 SPRINGFIELD, IL LAS VEGAS, NV NASHVILLE, TN
ST. PAUL ISLAND, AK 0 EVANSVILLE, IN RENO, NV ABILENE, TX
TALKEETNA, AK 2 FORT WAYNE, IN WINNEMUCCA, NV AMARILLO, TX
VALDEZ, AK 0 INDIANAPOLIS, IN CONCORD, NH AUSTIN, TX
YAKUTAT, AK 0 SOUTH BEND, IN ATLANTIC CITY, NJ BROWNSVILLE, TX
FLAGSTAFF, AZ 5 DES MOINES, 1A NEWARK, NJ CORPUS CHRISTI, TX
PHOENIX, AZ 12 DUBUQUE, 1A ALBUQUERQUE, NM DALLAS, TX
TUCSON, AZ 12 SIOUX CITY, IA CLAYTON, NM DEL RIO, TX
WINSLOW, AZ 7 WATERLOO, 1A ROSWELL, NM EL PASO, TX
FORT SMITH, AR 7 CONCORDIA, KS ALBANY, NY GALVESTON, TX
LITTLE ROCK, AR 7 DODGE CITY, KS BINGHAMTON, NY HOUSTON, TX
BAKERSFIELD, CA 9 GOODLAND, KS BUFFALO, NY LUBBOCK, TX
BISHOP, CA 8 TOPEKA, KS ISLIP, NY MIDLAND-ODESSA, TX
BLUE CANYON, CA 6 WICHITA, KS NEW YORK, NY PORT ARTHUR, TX
FRESNO, CA 8 JACKSON, KY ROCHESTER, NY SAN ANGELO, TX
LONG BEACH, CA 12 LEXINGTON, KY SYRACUSE, NY SAN ANTONIO, TX
LOS ANGELES, CA 12 LOUISVILLE, KY ASHEVILLE, NC VICTORIA, TX
REDDING, CA 8 PADUCAH, KY CAPE HATTERAS, NC WACO, TX
7
12
1
8
5
7
5
5
6
7
7
5
5
5
6
7
10
12
9
9
12
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SAN FRANCISCO, CA NEW ORLEANS, LA RALEIGH, NC BURLINGTON, VT
SANTA BARBARA, CA SHREVEPORT, LA WILMINGTON, NC LYNCHBURG, VA
SANTA MARIA, CA CARIBOU, ME BISMARCK, ND NORFOLK, VA
STOCKTON, CA PORTLAND, ME FARGO, ND RICHMOND, VA
ALAMOSA, CO BALTIMORE, MD GRAND FORKS, ND ROANOKE, VA
COLORADO SPRINGS, CO BOSTON, MA WILLISTON, ND WALLOPS ISLAND, VA
DENVER, CO WORCESTER, MA AKRON, OH OLYMPIA, WA
GRAND JUNCTION, CO ALPENA, MI CINCINNATI, OH QUILLAYUTE, WA
PUEBLO, CO DETROIT, MI CLEVELAND, OH SEATTLE, WA
BRIDGEPORT, CT FLINT, Ml COLUMBUS, OH SPOKANE, WA
HARTFORD, CT GRAND RAPIDS, MI DAYTON, OH WALLA WALLA, WA
WILMINGTON, DE HOUGHTON LAKE, Ml MANSFIELD, OH YAKIMA, WA
WASHINGTON DULLES, DC LANSING, MI TOLEDO, OH BECKLEY, WV
WASHINGTON NAT'L, DC MUSKEGON, MI YOUNGSTOWN, OH CHARLESTON, WV
DAYTONA BEACH, FL SAULT STE. MARIE, MI OKLAHOMA CITY, OK ELKINS, WV
FORT MYERS, FL DULUTH, MN TULSA, OK HUNTINGTON, WV
GAINESVILLE, FL INTERNATIONAL FALLS, MN ASTORIA, OR GREEN BAY, WI
JACKSONVILLE, FL MINNEAPOLIS-ST.PAUL, MN BURNS, OR LA CROSSE, WI
KEY WEST, FL ROCHESTER, MN EUGENE, OR MADISON, WI
MIAMI, FL 12 SAINT CLOUD, MN MEDFORD, OR MILWAUKEE, WI
ORLANDO, FL 12 JACKSON, MS PENDLETON, OR CASPER, WY
PENSACOLA, FL 9 MERIDIAN, MS PORTLAND, OR CHEYENNE, WY
TALLAHASSEE, FL 9 TUPELO, MS SALEM, OR LANDER, WY
TAMPA, FL 12 COLUMBIA, MO SEXTON SUMMIT, OR SHERIDAN, WY
SUMMARY

An Air Drying Index was calculated that was based on the average monthly dry
bulb temperature and the difference in relative vapor pressures between the dry and wet
bulb temperatures for 252 US locations as reported by the 30-year Climate Normals. A
previously developed air drying model for 4/4 red oak lumber was used to predict daily
moisture content loss based on the initial MC, average monthly temperature, and relative
humidity. “Good” air drying was defined as a minimum MC loss of 0.61% (or more) per
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day in red oak lumber having an initial moisture content of 40%. The corresponding Air
Drying Index (ADI) value is 0.2113. If the monthly average ADI for a geographic location
was 0.2113 or greater, that month was deemed a good air drying month. The number of
good air drying months in a year for a location was then summed and presented in both
tabular form and graphically as an air drying map.

This work connects 30-year Climate Normals, an air drying model for red oak, and
the concept of a drying index, and characterizes geographic locations according to their air
drying potential for 4/4 red oak lumber. The result is a method which estimates the number
of good or effective air drying months for 252 geographic locations in the United States.
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