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Abstract

Many tropical species are underutilized because of
their varied and frequently unknown drying properties.
When handling a large number of species, harvesting
and processing the species individualy is impractical,
and grouping species by similar drying properties is
difficult. This report examines the relationship between
green moisture content and specific gravity of tropica
species, using data gathered from the world literature.
The report shows how these data, converted to green
weight density, can be used to estimate drying times
and thus to group tropical species by similar estimated
drying times.
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Introduction

The lumber of tropical species can be kiln-dried most
efficiently in species groups because of the large number
of species, their diffuse occurrence in the forest, and
the difficulty of singling out species for harvesting and
drying. However, the many species present a wide
variety of drying properties, which complicates the
drying of mixtures of species. In a previous report
(Simpson and Baah 1989), a mathematical model was
described for grouping species by similar estimated
drying times. The goal was to develop a grouping
model so that al species in a group would emerge
from the same kiln a the same time, within set

limits of moisture content, and with minimum drying
defects. The model, which utilizes experimental drying
rate data collected in previously reported research,
incorporates specific gravity and initial moisture
content as criteria for grouping species on the basis of
estimated drying time.

One limitation of the mode is the availability of green
moisture content data for species. This information

is not always collected in studies on the characteristic
properties of species nor is it aways easily available to
interested users. The general objective of our study was
to eliminate the need for green moisture content data
when such data are not available for estimating drying
time.

This report presents data collected from the literature
on green moisture content and green weight density (for
calculating green shipping weight of tropical species),
establishes a relationship between green moisture
content and specific gravity, and presents an estimated
drying time index for the species listed.

Mathematical Model

Estimation of Drying Time

The method for grouping species is based on a
mathematical model that estimates drying time in
relationship to specific gravity, initidl moisture content,
temperature, relative humidity, and board thickness
(Simpson and Bash 1989).' The finad equation of the
model is

_ _Ll.sszl W, — W,

t =
bobra 1H(Wo = We) ()

where

t is time (days),

L board thickness (mm),

b, empirical specific gravity coefficient (mm?!-52/day),
br1 empirical temperature coefficient for T; = 49°C,

bt empirical temperature coeflicient for Ty = 38°C to

82°C,

W, average moisture content of board (percent) at
time t,

We equilibrium moisture content (EMC) in kiln
(percent), and

Wo initial moisture content of board (percent).

Determination of the coefficients was described in
Tschernitz and Simpson (1977). In that experiment,

! Note: The vertical axis units for bg in Figure 1 of the
Simpson and Baah report are incorrect. These units
are inch™? (136.6 mm"*)/day.
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Figure 1—Correlation of drying rate coefficient
bs to specific gravity at 49°C.

T, = 40°C. The coefficient by was determined for 43
Philippine species at T;, and it was related to specific
gravity as shown in Figure 1. Regression analysis
resulted in the following relationship between by and
specific gravity Gy :
18.2

by =1.42+ Gr (2)
The ratio of br; to by, adjusts by for temperatures
other than 49°C. The relationship between these
coefficients, temperature, and humidity is as follows
(Smpson and Tschernitz 1980):

br = 0.0575 + 0.00142p 3)

where p is the vapor pressure of water in millimeters
mercury (1 mmHg = 133 Pa) within the temperature
range of 38°C to 82°C, and

5,132 ) )

P = exp (2041 - m

where T is temperature in degrees Celsius.

Combining Equations (3) and (4), br; and by, are
calculated by

5,132
b = 0.0575 + 0.00142 exp (20.41 on 273) (5)

The grouping method is based on determining combina
tions of specific gravity and green moisture content that
result in similar drying times. For example, Equation
(1) predicts that 11 days are required to dry 29-mm-
thick lumber from green to 30 percent moisture

2

content a 38°C and 14 percent EMC when green
moisture content is 120 percent and specific gravity is
0.472. However, drying time is aso 11 days when green
moisture content is 60 percent and specific gravity

is 0.870. Thus, the two species with these properties
could be grouped together for drying. In practica use,
combinations of species with drying times that fall
within an interval of perhaps 2 days might be grouped
together, dried by a kiln schedule suitable for al species
in the group, and then equalized after drying to reduce
variability in final moisture content.

Equation (1) can be applied to a multiple-step drying
schedule by making the final moisture content (W,) of
each step the initidl moisture content (W) of the next
step.

Estimation of Green Moisture Content

If W, is not known, Equation (1) cannot be used

to estimate drying time. Samad and Wallin (1966)
developed, tested, and confirmed a relationship between
specific gravity and green moisture content. If specific
gravity is known, green moisture content can be
estimated and Equation (1) used to estimate drying
time. The relationship between specific gravity and
green moisture content is expressed as

1-0.65G
M, = _%100(1 — exp (AGy, + BGY)) (6)

where

M, is green moisture content (percent) (W, in
Equation (1)),

Gy is specific gravity, and

A and B are regression coefficients.

The first term in Equation (6), (1 - 0.65G,/Gg)100, is
the maximum moisture content possible for any specific
gravity, assuming a specific gravity of 1.54 for wood
substance (Brown and others 1952, Kollman and Cote
1968).

Green Moisture Content
Data in Literature

The regression coefficients A and B must be deter-
mined to use Equation (6) to estimate green mois-
ture content. Samad and Wallin (1966) found these
coefficients to be -1.57 and -3.09, respectively, for
Bangladesh species. However, these results were based
on only 14 species. Therefore, to expand the data base,
we examined other literature in which green moisture
content and specific gravity were both reported. We
found 15 references that reported both properties and



a total of 729 data entries (approximately 650 species).
Tropical Asia, Africa, and Latin America were al rep-
resented. In some cases species were repeated, but in

these cases the repeated data constituted independent
data sets.

The results of the literature search are listed in Ap-
pendix A alphabetically by scientific name. Common
name, geographical region, and literature source are
also given. Both the basic specific gravity (ovendry
weight/green volume) and specific gravity at 12 percent
moisture content (ovendry weight/volume at 12 percent
moisture content) are listed, as well as shrinkage data
Green weight density is also listed.

Several references did not provide data on green
moisture content or either basic specific gravity

or specific gravity at 12 percent moisture content;
these values were estimated (see Appendix B). The
equations used to caculate green weight density are
also presented in Appendix B.

Green Moisture Content
and Specific Gravity

The green moisture content-basic specific gravity data
in Appendix A were fitted by regresson andysis to
Equation (6). The values of the regression coefficients
A and B are —4.79 and 4.13, respectively. The raw
data, regression curve, and maximum moisture content
curve are shown in Figure 2. Green moisture content
ranged from >200 percent at G, < 0.3 to <30 percent
a G, 2 1.0. Most data were clustered between
green moisture content of 50 to 100 percent and G, of
0.4 to 0.8.

One problem was lack of information on the experi-
mental methods used to collect data on green mois-
ture content. The references did not describe how green
moisture content specimens were handled from the time
they were cut until the green weight was determined.
Freshly cut green specimens can easily lose moisture,
resulting in calculation errors in moisture content if
the specimens are not either weighed immediately after
cutting or wrapped in vapor-resistant wrapping until
weighed. Therefore, in generd we might expect some
reported green moisture content values to be lower than
the true values. Figure 2 suggests this because many
data points fall well below the maximum moisture con-
tent curve.

Drying Time Index

The species listed in Appendix A can be categorized by
a drying time index that reflects their relative drying
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Figure 2—Relationship between basic specific
gravity (Gv) and green moisture content (M)
of tropical hardwoods. Figure shows actual
data points, regression curve (solid line), and
maximum moisture content curve (broken line).

Table 1—Kiln schedule for calculating drying time index

Equilibrium

Moisture Dry bulb Relative moisture
content temperature humidity content
(percent) (°C) (percent) (percent)
Green—25 40 70 12.2

25-20 50 50 8.1

20-15 60 40 6.3

15-10 70 30 4.6

time and thus gives a first approximation for grouping.
The base for the index is somewhat arbitrary; we chose
the base as the drying time of 29-mm-thick lumber at
G, = 0.500. The average green moisture content of
the data in Appendix A is 97.5 percent at this specific
gravity. The drying time index is thus defined as the
ratio of the drying time estimated by Equation (1) at
any G, - W, combination to the drying time a the
0.500-97.5-percent combination. The index is also
dightly dependent on kiln schedule because drying
temperature and EMC have a nonlinear effect on
drying time. Therefore, we chose a simple conservative
schedule that could be applied safely to many species
(Table 1). To illustrate the sensitivity of drying time
index to drying time, a change in drying time index of
0.065 is equivalent to a change in drying time of 1 day
a the drying conditions listed in Table 1. If we were
to choose a drying time of 2 days as an interva for
grouping, then our grouping criterion would be drying
time index +0.065.
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Figure 4—Dependence of drying time index on
basic specific gravity of tropical hardwoods,
assuming the Equation (2) relationship between
basic specific gravity and green moisture
content.

The drying time index for each species is included

in Appendix A and illustrated in Figures 3 and 4.
Figure 3 shows the relationship between drying time
index and green moisture content at severa levels

of basic specific gravity. However, if green moisture
content is not known, Figure 3 cannot be used to
determine drying time index. In that case, the drying
time index-basic specific gravity relationship shown in
Figure 4 applies.

The drying time index can also be empiricaly related
to green weight density (Fig. 5). The rdationship
shown suggests that green weight density aone
might offer a good basis for a grouping system. Basic
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Figure 5—Dependence of drying time index
(DTI) on green weight density (Dyg). Correlation
coefficient is 0.756.

specific gravity and initial moisture content both
require an oven to determine ovendry weights. Green
weight density requires only calipers (for measuring
dimensions) and a balance, and eliminates the need
for an oven and the time required for determining
ovendry weight. Green weight density is thus easier to
determine and could offer a more practical grouping
system than do specific gravity and green moisture
content. The sendtivity of drying time to green
weight density is the equivalency of 1 day of drying to
80 kg/m® green weight density. A 2-day drying time
interval for grouping could then be stated in terms of
green weight density +80 kg/m®.

Concluding Remarks

Data on green moisture content of tropica hardwoods
have been reported in the literature, but the data

are in many different sources, not al of which are
easily accessible to potentiad users. This report

brings together some of these data and uses this
expanded data base to confirm a previously developed
relationship between basic specific gravity and green
moisture content. This relationship makes possible a
first approximation at grouping tropical hardwoods by
similar estimated drying times given only basic specific
gravity or green weight density.
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Appendix A. Drying Properties
of Tropical Hardwoods

The table in Appendix A lists tropical hardwoods
by scientific name, common name, and geographical
region. Drying properties include green moisture
content, basic specific gravity, specific gravity at

12 percent moisture content, volumetric shrinkage,
tangential shrinkage, radial shrinkage, and green
weight. The drying time index is aso listed for each
Species.
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Appendix B. Estimation
of Drying Properties

Chichignoud and others (1990) did not provide data
on basic specific gravity and green moisture content.
These properties were estimated from green weight W,
(kg/m®), specific gravity at 12 percent moisture content
Gy, tangential shrinkage St from green to ovendry,
and radial shrinkage S from green to ovendry. The
caculations for green moisture content My, ovendry
weight OD, and basic specific gravity G, are given in
Equations (7) to (9), respectively:

W, — OD

= e
Mg oD 100 )
OD = GppVg (8)

where Vg is taken as 1 cm® and r is the density of

water:
30— 12
G, =G12{1- 5,

o= (1-5. 2212 ©)

where S, is volumetric shrinkage estimated as the
sum of radial and tangential shrinkage. Shrinkage
is assumed to begin at the fiber saturation point of
30 percent moisture content, although some tropical
species have lower values.

Example:

30 —12
30

Gy = 0.68 (1 — (0.066 + 0.048) ) =0.634

OD = 0.634(1g/cm®)(1 cm®) = 0.634¢

0.900g — 0.634g
063ag  100=

In two reports (Anonymous 1988, 1990), green moisture
content data were not provided. These sources
provided data for basic specific gravity, green density
(o/em®), specific gravity at 12 percent, and volumetric,
tangential, and radial shrinkage. Using Equations

(7) and (8) to caculate green moisture content and
ovendry weight,

Mg = 42.0 percent

OD = 0.38(1g/cm®)(1 cm®) = 0.38¢

Mg = 9—%100 = 77.6 percent
Other sources (Dickinson and others 1949, Hess
and others 1950, van der Slooten and others 1971,
Wangaard and others 1952, 1954, 1955) did not provide
data for specific gravity at 12 percent moisture content
but did provide data for basic specific gravity, green
moisture content, and volumetric shrinkage. Specific
gravity at 12 percent was calculated by Equation (9).

In the study by van Vuuren and others (1978), neither
basic specific gravity nor specific gravity a 12 percent
moisture content were given. The study provided
data for green moisture content, green weight, and
volumetric shrinkage. Basic specific gravity was
calculated by Equation (8), and ovendry weight was
calculated by

Specific gravity at 12 percent moisture content was
calculated by Equation (9). Example:

_0.88g
OD = i/t00 71— 0388
_0398g
Gv = lem3(1g/em3) — 0.398
0.398

G2 =0.421

= 1-0.09[(30 — 12)/30]

Green weight density Dy was calculated as described by
Panshin and deZeeuw (1980). The working equation is

Dg = [Gb + Gu(Mg/100)]1,000kg/m>
Example:

Dg = [0.430 + 0.430(86.3/100)]1, 000 = 801 kg/m®
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