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ABSTRACT

In answer to increased interest in using high-temperature (above 212 F) drying of wood, a method
is described to extrapolate low-temperature equilibrium moisture content (EMC) data to high tem-
peratures. The results are compared with data in the literature, and EMC data from 212 F to 300 F
are presented in a form useful for kiln control as well as for other uses.
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INTRODUCTION

Relationships of equilibrium moisture content (EMC), relative humidity (RH),
and temperature of wood at temperatures up to 210 F have been well established
(Forest Products Laboratory (FPL) 1974). They have served the forest products
industry well for estimates of EMC’s of wood products in use and as critical
process-control guidelines in dryer control. For the last 10 to 15 years interest
and use of high-temperature (above 212 F) drying have been steadily increasing.
High-temperature drying offers increased processing efficiency, and it is likely
that the application of this high-temperature drying will be further encouraged.

Optimum process control in high-temperature drying depends on a knowledge
of EMC-RH-temperature relationships at these high temperatures. Unfortunately,
in the high-temperature drying range few data are available on EMC’s. Similarly.
although psychrometric relationships are available from a number of sources,
none have been presented in a form easily useful for kiln control at high temper-
atures. Psychrometric information is necessary for evaluating energy use and for
energy recovery potentials from dry kilns and veneer dryers.

This paper describes a method of extrapolating low-temperature EMC data to
higher temperatures, compares these results with data in the literature, and pre-
sents EMC data from 212 F to 300 F comprehensively and in a form most useful
for kiln control.
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LITERATURE REVIEW

The EMC-RH-temperature data presented in the Dry Kiln Operator’s Manual
(Rasmussen 1961) and the Wood Handbook (U.S. FPL 1974) to 210 F are based
largely on Sitka spruce (Picea sitchensis) during what has been termed ‘‘oscil-
lating desorption’” from the initial green condition (Stamm and Loughborough
1935; Seborg and Stamm 1931). Although thorough documentation is not avail-
able, the authors understand that the data of several other species are also rep-
resented. Despite these imperfections, the data have served their practical pur-
pose well for many years.

Most of the EMC data in the literature at temperatures above 212 F are with
pure steam at atmospheric pressure. Keylwerth (1949) experimentally determined
the EMC of spruce and beech in saturated steam at several temperatures between
217 F and 248 F; for comparison, he also extrapolated low-temperature data. The
experimental EMC’s were somewhat lower (1% to 3% MC) than extrapolated
values, but he attributed this to faulty experimental apparatus. Grumach (1951)
determined EMC’s of mountain ash (Fucalyprus regnans) and hoop pine (Ar-
aucaria cunninghamii) in saturated steam at temperatures up to 310 F. Kollman
and Malmquist (1952) presented data on high-temperature EMC’s of pine up to
266 F.

Of the several references in the literature that present extrapolated values for
EMC’s above 212 F, it is not always clear how the extrapolation was accom-
plished. One common technique, presented by Stamm and Loughborough (1935)
and used by Kauman (1956) to extrapolate low-temperature data, involves plotting
lines of constant EMC (isosteres) on a coordinate system of the logarithm of
water vapor pressure versus the reciprocal of absolute temperature and extending
them to higher temperatures. Sturany (1952) has extrapolated low-temperature
EMC data (Stamm and Loughborough 1935; Rasmussen 1961; U.S. FPL 1974)
to 266 F. Ladell (1957) has extrapolated low-temperature EMC data of Stamm
and Loughborough (1935) and Keylwerth (1949) and presented a table of EMC’s
as a function of dry-bulb temperatures from 212 F to 260 F, wet-bulb temperatures
from 160 F to 212 F, and RH.

Lutz (1974), Hann (1965), Strickler (1968), and Engelhardt (1979) have exper-
imentally determined EMC values in saturated steam at temperatures above 212 F.
Lutz’s data were on red oak at temperatures from 220 F to 250 F, and were
determined on veneer steamed in various types of dryers. Hann’s data were on
yellow-poplar (Liriodendron tulipifera) at 250 F; Strickler’s data on grand fir
(Abies grandis) for temperatures between 212 F and 338 F. Engelhardt deter-
mined EMC values of beech between 230 F and 338 F, and attempted to make
corrections for thermal degradation.

ESTIMATES OF HIGH-TEMPERATURE EMC’S
Wet-bulb and relative humidity

Rosen and Simpson (1980) have discussed the difference between the adiabatic
saturation temperature, or thermodynamic wet-bulb temperature, and the true
wet-bulb temperature. When unsaturated air is brought in contact with water, the
air is humidified and cooled. If the system is operated so that no heat is gained
or lost to the surroundings, the process is adiabatic. Thus, if the water remains
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at constant temperature, the latent heat of evaporation must equal the sensible
heat released by the air in cooling. If the temperature reached by the air when
it becomes saturated is the same as the water, this temperature is called adiabatic
saturation temperature, or the thermodynamic wet-bulb temperature.

When unsaturated air is passed over a wetted thermometer bulb, so that water
evaporates from the wetted surface and causes the thermometer bulb to cool, an
equilibrium temperature (called the true wet-bulb temperature) is reached. At this
point the rate of heat transfer from the wetted surface is equal to the rate at which
the wetted surface loses heat in the form of latent heat of evaporation. The
thermodynamic wet-bulb and true wet-bulb temperatures are not necessarily
equal. Rosen and Simpson (1980) have shown that in the range of 215 F to 300 F
these temperatures are negligibly different. Thus, the RH’s based on the dif-
ference between the dry-bulb temperature and the thermodynamic wet-bulb tem-
perature do not differ significantly from RH’s based on the difference between
the dry-bulb temperature and the true wet-bulb temperature. The maximum dif-
ference is 0.54% RH; on the average, the difference is £0.25% RH.

Relative humidity can be calculated from the adiabatic saturation temperature
by the following procedure (Hawkins 1978). By writing energy and mass balances
for the process of adiabatic saturation:

(0.24 + 0.44Y Ty — T,)

Y=Y = Tooa 0447, - T, v

where

%
|

= specific humidity (Ib water/Ib dry air)
specific humidity for saturation at T, (Ib water/lb dry air)

2=
i
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T, = dry-bulb temperature (F)
T, = adiabatic saturation temperature (F)

and

Ps
Y= —+ % 2
*T 161, — py) =

where
p. = vapor pressure at T, (in. Hg)
p; = total pressure (in. Hg).

To calculate relative vapor pressure at T, and T,, it is necessary to calculate
partial pressure p at Ty, and 7.

_1.61Yp,

P16y @
and relative vapor pressure 4 is:

h="2 (4)
P
where
p* = saturated vapor pressure at T, (in. Hg).

RH is then defined as:

RH = /4 x 100. (5)

At atmospheric pressure (at which most kiln-drying is done), it is not possible
to obtain wet-bulb temperatures above 212 F. Thus, at dry-bulb temperatures
above 212 F, the maximum possible RH is less than 100%. These maximum
possible RH’s are shown in Fig. 1 and vary from just under 100% at a dry-bulb
temperature of 213 F to about 12% at 340 F.

Relative humidity and equilibrium moisture content

After the RH-wet- and dry-bulb relationship is established, the EMC-RH re-
lationship can be calculated from sorption models that relate EMC and RH.
Simpson (1971, 1973) has shown that many of these models can be fitted to EMC-
RH data by nonlinear regression techniques. One convenient model, the Hail-
wood and Horrobin model (1946), can predict the sorption data tabulated in the
Dry Kiln Operator’s Manual (Rasmussen 1961) and the Wood Handbook (U.S.
FPL 1974) within 1% MC. The model is:

K K>h Kyh 1800
M:L+kkm+l~kA W ©)
where
M = MC (%)
h = relative vapor pressure
K., K,, W = coefficients of the model.

Simpson (1971) has determined the values of the coefficients for sorption data
between 30 F and 210 F to be:



WOOD AND FIBER, JULY 1981, V. 13(3)

154

WO AMSIOW W

nba )7 pur tANpILNY 2AURIAL Ky AImeIadwal 4ing-19m ¢y e SuoiRiadlqqe UWni]) ¢

f vl S0t I 6 001 - - S6 - - 06 - - 8 — — 08 it - &L ovl
¢ L'C Sl t [y [N < 61 SOt < Pl 001 I 8 S6 - — 06 - - &8 (U]
< 0'¢ Y4 ¢ 144 oct ¢ 8t ST v e (IR 0t sor ¢ 61 oor T el $6 0zl
8 L sel L 89 0tl L 9 Scl L Y or 9 6’ St 9 't orr ¢ S SOl [0
0L ol syl 0L L6 ot 01 16 193 IR VN B ogl 01 L'L Tl 6 0L ozl 6 9 St 001
[N 4 B S £l el 08 €L 9l syl L6 bl [0 AR S SN S yor o oel £l 96 Scl 06
Ll P8l <9l [ T AYA G ] | JAN SR | 1A BN B B T 11 A S N A cetoopt L 8¢l sel 08
1'C 8¢ S 1'c 0ed 0Ll 't T 991 't §IT 091 g L0T ssTT 66l 0§10 TT 06l Svl 0L
9T 08 S8l 9T €67 081 9T 98 Sl 9T ®LZ 0Ll LT 0OLT 91 LT T9T 091 LT [ YA 09
87T 8¢ 06l 8T '€ S8l 6T TCE 081 6T FlE S 0€ L0f 0L 0t 667 91 0t 6'8C 091 59
' LLE s6l "¢ 69¢ 061 Tt U9 ¢8I £f  p'sE 081 €Y LpE SLL YE 6'fE 0Ll pE 6°Ct  S91 0s
Ve o'y 00 't Iy sel St cor o 06l 9t 86t s8I e 06t 081 L't £RE S48t €Le 0Lt N4
8¢ L9 80 6¢ 65K 00T Ov TSy s6l 0F S 061 't 8¢v 81 v I'¢y 081 T'¥ ey Sl oy
£y 81s 0IC Py 01S ST PP o€0S 00T SP L6y S61 9% 06p 061 9F €8y 81 L'V 'Ly 081 St
6y $95 0l 0y 6 soc 1€ 00C TS LPS S6l €S 0vS 061 S 1'es 681 0t
€S '8 0T PS 0T v§ ILS el §S ¥9g 6l 98 ey L8l 8¢
9¢ 909 60T  L¢ ¥OT LS $eS 661 8 065 el 6'S 1gs 681 <
6's 1ty 1l 09 90z 19 1'TY 10T T9  §19 961 9 L09 161 v
€9 80T P9 LP9 £0T 99  v9 861 99 £E9 6l o«
L9 oIc 69 §L9 SOT 0L 09 00T 0L 1'99  ¢6i 0T
0L 1T 1I'L 68 90T TL ¥8 10T tL 9°LY 961 6l
€L £0L L0T vL 669 W §L 069 L6 81
9L 8IL 80T LL €IL 0T 8L 0L 861 Ll
6L TEL 60T OB TLovoT 08 TL 661 91
U8 LbL O0IT €8 £FL S0T '8 ¢eL 00T €l
C®  T9L 11T 98  6'6L 90T L8 I'g¢e 10T vl
06 VvLL LOT 06 L9L 0T ¢l
v6  06L 80T V6 [ VAR A | A
86 908 60T 86 6'6L  YOC I
€0l €8 0lt €0l 918 <coT 0!
0L 0P8 11T 801 '8  90C 6
yi1r 08  LOT 8
0Tl L'98 80C L
L' §8%8 60T 9
s'er 06 0IC <
2284 N B T 14
[$5) 120 4 ) 2 i 1% 1200 ) 1250 %) ) (25) %) ) (4 1) (45) (&) (=8 ()
RlAE . HY qm ] DWA HY 4np OWA HY am L JOWH HY QL IWA HA qmp DWHE HY amL INA HY gml }mev
st i SYT 0r¢ ts 0TT sI¢ qing
RET'Y
41 aimeradwat ying- <y
o SPZ O 4 CI7 WOAL (POos Jo TUIIOY 2anSIoW winlgljinby ] A1y ]



TABLE 2. Equilibrium moisture content of wood* from 250 F to 300 F.

Dry-bulb temperature (F)

Wet-
bulb 250 255 260 270 280 290 300
depres-
sion Twb RH EMC Twb RH EMC  Twb RH EMC Twb RH EMC Twb RH EMC  Twb RH EMC Twb RH EMC
(F) [¢3)] (%) (%) (F} (%) (%) (F) (%) (%) (F) (%) (%) (F) (%) (%) (F) (%) (%) (F) (%) (%)

40 210 473 37

45 205 427 33 210 434 33

50 200 384 3.0 205 391 29 210 399 29

55 195 345 2.7 200 352 27 205 360 26

60 190 309 2.5 195 316 24 200 324 23 210 337 22

70 180 245 2.0 18 252 20 190 260 1.9 200 273 1.8 210 286 1.6

80 170 191 1.6 175 198 1.6 180 206 1.6 190 219 [.5 200 232 t.3 210 245 1.2

90 160 147 1.3 165 54 1.3 170 166 1.2 180 173 1.2 190 i86 1.1 200 198 1.0 210 21.0 0.8
100 150 11.0 1.0 155 116 1.0 160 123 1.0 170 13.5 9 180 147 9 190 159 .8 200 17.0 .6
110 140 8.0 8 145 8.6 .8 150 2 8 160 103 g 170 114 71800 125 6 190 13.6 5
120 130 5.5 S50 135 6.1 6 140 6.6 .6 150 7.6 5 160 8.7 S0 1700 97 5 180 10.7 4
130 120 3.5 4 125 4.0 4 130 4.5 4 140 5.5 4 50 4 4 160 7.3 4 170 8.3 3
140 110 1.9 2 115 2.4 2120 2.8 3 130 3.7 3 140 4.6 3 150 54 3 160 6.2 2
150 100 — — 105 1.0 .1 110 1.4 . 120 2.3 .20 130 3.1 2 140 38 2 150 4.6 2
160 9% — — 95 — — 100 — — 110 1.1 1 120 1.8 .1 130 2.5 .1 140 3.1 .1
170 80 — — 8 — — 90 — — 100 — — 110 — — 120 1.5 N 130 2.1 A

AOOM 0 DINH—was0y pup uosduis

* Column abbreviations are: Twb, wet-bulb temperature; RH. relative humidity: and EMC. equilibrium moisture content.

¢¢l



TABLE 3. Comparison of data in the literature for high-temperature equilibrium moisture content in prre steam.

Experimental equilibrium moisture content (%) Extrapolated equilibrium moisture content (%) C(!)\fl];)eils]ttu(r%)
Keylwerth Kollman Simpson
1949 and an
Tem- Relative ——rou— Malm- Engel- Keyl- Rosen Maximum Maximum
perature  humidity Grumach quist Hann Strickler [Lutz hardt werth Sturany  Kauman Ladelt (This discrep- discrep-
(F) (%} Spruce Beech 1951 1952 1965 1968 1974 1979 1949 1952 1956 1957 paper) ancy' ancy?
215 93.9 — — 17.0 17.4 — — — — 16.0 15.4 15.2 15.5 15.4 2.0 1.6
217 90.5 10.5 11.7 — — — — — — — — 13.3 — 12,1 2.8 1.6
220 85.6 — — 1.5 12.8 — — 11.3 — 11.5 10.7 11.4 11.3 11.3 2.1 1.5
221 83.8 8.8 10.4 — — — — — — — — 10.0 — 10.9 2.1 2.1
225 77.6 — — 8.9 10.1 — — — — 9.0 8.3 8.7 8.7 8.8 1.8 1.3
230 70.5 6.3 6.6 7.3 8.3 — — 6.9 7.0 7.5 6.8 7.2 6.9 7.2 2.0 1.1
235 64.1 —_ — 6.3 6.7 — — — — 6.3 5.7 5.9 5.8 6.1 1.0 .6
239 59.5 43 — — — — - — — — — 5.1 — 5.3 1.0 1.0
240 58.3 —_ — 5.6 5.7 — — 5.4 — 5.4 4.9 5.0 5.0 5.2 8 5
245 53.2 — — 5.0 — — — — — 4.8 4.2 4.4 4.2 4.4 .8 .6
248 50.3 — 3.6 — — — — — — — — 4.0 4.2 4.1 5 )
250 48.5 — — 4.6 — 3.5 — 3.8 — 4.3 3.7 3.9 3.8 3.9 1.1 7
255 44.2 — — 4.2 — — — — — 3.8 33 3.6 34 3.4 9 .8
260 40.4 — — 3.9 — — — — — 34 3.1 3.2 3.1 3.0 9 9
266 36.1 — — — — — 3.5 — 3.0 — — 2.6 — 2.5 1.0 1.0
270 336 — — 33 — — — — — — — 2.5 — 2.2 1.1 I.1
280 27.9 — — 2.8 — — — — — — — 2.1 — 1.7 1.1 1.1
290 23.2 — — 2.4 — — — — — — — 1.7 — 1.2 1.2 1.2
300 19.1 — — 2.1 — — — — — — — 1.4 — .8 1.3 1.3
302 18.4 — — —_ — — 1.4 — 1.8 — - — — i 1.1 1.1

! Between all referenced data.
? Between data of this paper and all referenced data.
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K, =3.730 + 0.03642T,, — 0.0001547T,* (7)
K, = 0.6740 + 0.001053T,, — 0.000001714T,,* (8)
W = 216.9 + 0.01961T,, + 0.0057207,," 9

Extrapolation of low-temperature equilibrium moisture content

The relationship between wet- and dry-bulb temperature and RH was deter-
mined using Egs. 1-5. The values of K,, K,, and W were determined by using
equations to extrapolate between 210 F and 300 F. Then the value of these coef-
ficients and the appropriate values of h determined from Eqs. 1-4 were used in
Eq. 6 to extrapolate EMC data of 30 F to 210 F to higher temperatures. The
results of these calculations are shown in Table 1 for dry-bulb temperatures from
215 F to 245 F; and in Table 2, from 250 F to 300 F.

COMPARISON WITH EQUILIBRIUM MOISTURE CONTENTS IN THE LITERATURE

As discussed, some high-temperature EMC data in the literature are experi-
mental and some are extrapolated. Almost all of the experimental data at high
temperatures and at atmospheric pressure were determined in saturated steam,
1.e., the wet-bulb temperature was 212 F. A summary of the data in the literature.
both experimental and extrapolated, is shown in Table 3, as are extrapolated
values calculated in this paper. The maximum discrepancy between reported
values at a common temperature is 2.8% MC; most discrepancies are 2% or less.
The maximum discrepancy between the values determined by the extrapolation
of this paper and all referenced data is 2.1% MC, with all others 1.6% or less.
Because of different species, different experimental techniques, and different
extrapolation techniques and bases for extrapolation, exact agreement cannot be
expected. Whether or not these discrepancies are large enough to be of practical
concern is uncertain.

Little comparative data are available to comprehensively establish the species
dependency of the sorption isotherm. In the absence of these data, the high-
temperature EMC data in the literature, as well as those developed in this paper,

apparently can serve as a useful guideline in process control and other uses of
EMC data.

SUMMARY

A technique is described in this paper for extrapolating the low-temperature
(below 212 F) relationship between wet- and dry-bulb temperature, RH, and the
EMC of wood to temperatures between 215 F and 300 F. Although comprehensive
experimental EMC data at these temperatures are not available, the extrapolated
values agree closely enough to data available in the literature so that they can be
considered useful estimates.
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