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ABSTRACT

Under vacuum drying, there is an equilibrium moisture content corresponding to the vacuum drying
conditions, that is, temperature and pressure. Theoretical methods to calculate equilibrium moisture
content were developed based on the Hailwood-Horobin sorption theory. The equilibrium moisture
contents at pressures from 5 to 760 mm Hg and temperatures from 0 to 100°C were calculated and
tabulated in this paper. These equilibrium moisture contents can serve as an aid in the vacuum drying

control.
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INTRODUCTION

In the atmospheric environment, wood loses
or gains moisture until it reaches equilibrium
with conditions of the air. During conventional
drying, equilibrium moisture content (EMC) is
related to the temperature and the relative hu-
midity (or wet bulb depression) of the air (For-
est Products Laboratory 1990). However, dur-
ing vacuum drying, there is little air. In this
case, EMC depends primarily on the total
pressure and temperature conditions.

Wood contains the solid phase of wood sub-
stance, the liquid phase of free water, and the
gaseous phase consisting of air and water va-
por. During vacuum drying, the liquid water
in the wood evaporates into water vapor. The
water vapor and air are removed from the
wood. The percentage of air volume becomes
less and less as drying continues. Since the
volume of water vapor from evaporation is
much greater than the volume of air inside the
wood (Chen 1997), the volume of air is ne-
glected and the pressure of the air is not con-
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sidered. Under atmospheric conditions, the to-
tal pressure is the sum of the air partial pres-
sure and vapor partial pressure. Under vacuum
conditions, total pressure is the same as vapor
partial pressure.

Vacuum drying still requires control of
EMC conditions, i.e., temperature and pres-
sure. Thus, it is essential to know the relation-
ship between temperature, pressure, and EMC.
The objective of this paper is to develop a
method to calculate EMCs under vacuum.
These theoretical EMCs under various tem-
peratures and pressures were tabulated.

THEORETICAL EMCS UNDER VACUUM DRYING

When wood is exposed to the air, EMC de-
pends on the relative humidity and the tem-
perature of the air. These relationships of EMC
have been well established (Forest Products
Laboratory 1990). The original data are based
on Sitka spruce drying from the initial green
condition at atmospheric temperature and hu-
midity.

The Hailwood-Horrobin sorption theory has
been applied to wood for many years (Hail-



TaBLE la. Theoretical equilibrium moisture content ai various temperatures and pressures.
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Temperature Pressure mm Hg
C F s 10 15 20 25 30 as 40 45 50 S8 60) 65 70 75 80 83 90 95 100
0 32.0

1 33.8 288

2 356 230

3 374 194

4 392 170

5 41.0 151

6 42.8 138

7 446 12,6

8 464 117

9 482 109

10 50.0 102

11 51.8 9.6

12 53.6 9.1 250

13 554 8.6 208

14 57.2 82 180

15 59.0 7.8 16.0

16 60.8 74 145

17 62.6 7.0 132

18 64.4 6.7 122 275

19 66.2 64 114 224

20 68.0 6.1 107 19.1

21 69.8 58 101 168

22 716 55 9.5 151

23 73.4 5.2 9.0 138 259

24 75.2 50 85 127 214

25 77.0 4.7 81 11.8 185

26 78.8 4.5 77 110 164

27 80.6 4.3 7.3 104 147 247

28 824 4.1 70 98 135 207

29 84.2 3.8 6.7 92 124 179

30 86.0 3.7 6.4 88 11.6 159 255

31 87.8 3.5 6.1 83 10.8 144 212

32 89.6 33 5.8 79 102 132 183

33 914 3.1 55 7.5 9.6 122 162 240
34 93.2 29 53 7.2 9.1 114 146 202
35 95.0 2.8 50 69 87 107 134 176 26.1
36 96.8 26 48 6.5 82 10.1 124 157 215
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TABLE la.

Pressure mm Hg

Temperature

100

95

90

85

80

70

65

60

55

50

45

40

3s

30

S

20

15

10
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5
4.9
4.7

7
5.4
5.2
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2
2.1
2.0

2
104.0
105.8

40
41
42
43
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45
46
47
48

4.5

35
33

2.4

1.2
1.2

120.2

122.0

49

7.4

6.7

5.9

v

4.3

23

50

wood and Horrobin 1946). This sorption theory
considers wood as a polymer. Simpson (1971,
1973) derived the coefficients of the Hailwood-
Horrobin model to calculate the EMC for Sitka
spruce. He found that the maximum deviation
from traditional tabulated data is only 0.9%
with the average deviation of 0.13%. Although
based on Sitka spruce, results are applicable to
other species (Simpson 1973).

The Hailwood-Horrobin formula to calcu-
late EMC is (Simpson 1973, Forest Products
Laboratory 1990):

KK,h + 2K°K, K, h? Kh
EMC = +
| + KK, K,h? + K,Kh | — Kh
. 1800 0
W )

where
W =349 + 1.29 X T + 0.0135 X T? (2)
K = 0.805 + 0.000736 X T
- 0.00000273 X T2 3
K, =627 —0.00938 X T

- 0.000303 X T2 4)
K, =191 + 00407 X T
- 0.000293 X T? (5

where, EMC is equilibrium moisture content,
(%); T is temperature (°C); and # is the relative
humidity, (%/100).

This model representing sorption isotherm
is relatively simple and is in excellent agree-
ment with the experimental results in a broad
range of relative humidity (Simpson 1973).
Simpson used these equations to calculate the
EMC of wood in outdoor locations with the
United States and also worldwide (Simpson
1998). Sorption isotherms are experimentally
determined in the humid air at normal pres-
sure. Voigt et al. (1940) demonstrated the va-
lidity of sorption isotherms for vacuum con-
dition. Thus, the Hailwood-Horrobin model
that is used for normal atmospheric pressure
can also be applied to vacuum condition.

In atmospheric pressure, the relative humid-
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TABLE 1b.  Continued.

Pressure mm Hg

Tempcrature

100

55 60 65 70 75 80 85 90 95
2.4 2.7

1.4
1.4

45 50
1.3

10

30 RE}

25

20

Py

15

0.4

10

0.2

oy

1.9
1.7

1.7
1.6

1.6

1.2

1.0

1.0
0.9

0.6 08 0.9

0.5

0.1

190.4
192.2
194.0
195.8
197.6
199.4
201.2

88
89
90
91

2.1

2.0

2.4
2.2
2.1

o
o3

2.1
2.0

2.1

1.9
1.8
1.7
1.6
1.5
14
1.3
1.2
1.2

1.8
1.7

2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2

1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.2

2.0

1.9
1.8
1.7
1.6

vy

(o]

0.8
0.8

0.7

0.6

0.5

0.2

0.1

1.4
1.3

o

ol

1.0
1.0

0.9

0.7

0.4
0.4
0.4

0.2

0.1

1.2

0.6 0.7 09

0.5

0.2 0.3

0.1

1.0

0.6 0.7 0.8

0.5

92 0.1 0.2 0.3
93

94
95

1.1

06 08 09 1.0
0.8 0.9

0.6
0.6

0.6

Lg]

0.2

0.1

1.0
0.9

0.9

0.7

0.4
0.4
0.4

02 02 03

0.2

0.1

0.8 1.0
1.0
0.9
0.8

0.7

0.7

0.5

(a0

0.2

0.1

203.0
204.8

13
1.2
1.2

0.5 06 07 0.8

0.5

0.2

0.1

0.1

96
97
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1.0
0.9

0.7 0.7 0.8

0.6
0.5

Lp]

0.1 0.1 0.2

206.6

vy

1.0

0.9
0.9

0.7 0.8

0.6

0.5

04

0.3

0.2

0.1

208.4
210.2
212.0

98

1.0
0.9

0.6 0.7 0.8 0.9

0.6
0.5

0.4
0.4

04

[an]

0.1 0.1 02 02

99
100

[eg]

1.0

0.7 0.7 0.8

0.6

0.5

0.1 02 02 03

0.1

ity is defined as the ratio of the partial vapor
pressure in the air to the saturated vapor pres-
sure for a given temperature. In vacuum, since
there is little or no air, the partial air pressure
is practically negligible. Thus, the absolute
pressure in the vacuum can be assumed to be
the same as water vapor pressure. In such a
vacuum drying system, there are, therefore,
two parameters: the absolute pressure and the
medium temperature. Complete vacuum is O
mm Hg of the absolute pressure. The relative
humidity (%) in a vacuum system is defined as
the ratio of absolute pressure (p) in the system
to the saturated vapor pressure (p,) at a given
temperature (7). Thus, the relative humidity in
a vacuum can be expressed as:

h=2 x 100% (6)

pz)

where £ is relative humidity (%), p is absolute
pressure (mm HG), p, is the saturated vapor
pressure at the given temperature (mm Hg).

The relation between the saturation pressure
and temperature from O to 100°C is expressed
as (Siau 1984):

10,400

P, =875 X 10® X Exp| — RT

(N

where P, is saturation pressure, mm Hg. R is
gas constant, 1.987 cal/mol K, and T is the
temperature in Kelvin.

Thus, by combining equations Eqs. (1), (6,)
and (7,) it is possible to estimate EMC for
wood under vacuum conditions.

Tables la, 1b, lc illustrate the calculated
EMC values under vacuum conditions. The
values calculated using Eq. (1.) Figure 1 is the
graphical representation of the same EMC val-
ues at the various pressures. During vacuum
drying, EMC increases with increasing the
pressure (less vacuum) and with decreasing
temperature.

Some considerations should be noted about
the EMC data from this model. The data in
Table 1 are derived from isotherm sorption
theory and are based on experimental data de-
termined at atmospheric pressure. They are not



WOOD AND FIBER SCIENCE, OCTOBER 2002, V. 34(4)

¥'6l ¢¢l TOI T8 99 ¢¢ IS 8¢y 9v v¥ 't 8¢ 9¢ ¢t I'e 9881 L8
e o6vl Ol L8 OL 9¢ €€ I'e 8% 9% ¢+ 0% 8¢ €€ T¢ 898l 98
et 0clt ¢6 vL 6S 96 €€ I's 8v Sv Ty OF Lt tve 068l S8
00Tt T¢I 66 8L T9 6S 96 ¢¢ O¢ L¥Y SvY Ty 6¢ 9¢ Te8l 8
Sv¢e L¥l 901 T8 €¢9 ¢9 6¢ 9¢ ¢¢ 0¢ ¥y ¥vv¥ It 8¢ +¢I8l 8
891 ¢1I1 L8 89 ¢9 19 8¢ &6 TS 6¥Y 9y v 0Oy 96Ll T8
el 9¢Ct €6 CTL 89 €9 9 8¢ ¢¢ ['c 8y ¢+ 't 8LLL I8
9¢T 6¢l 66 SL 't 89 +9 1o s ¥s 0¢ Ly vy 09L1 08
9¢l L0l 6L €L 'L L9 ¥9 09 9¢ €6 6v 9v TPLl 6L

6Ll ST v8 6L L e L9 €9 6¢ 66 T¢ 8y ¥l 8L

I'lc &¢I 68 ¥8 6L ¥L 0L 99 ¢9 8¢ ¥¢ 0¢ 90L1 LL

09T 8¢l ¢6 68 €8 8L ¥L 69 C9 19 LS TS 88 9L

el 101 ¥e6 88 €8 LL €L 89 ¥9 6¢ &6 0L91 6L

9Ll 801 10l ¥6 L8 T8 9L 'L L9 79 LS TSSOl vL

90¢c L1 g0l 00l €6 98 08 ¢L 0L €S9 09 ve9l <L

ase Ll 911 Lol 66 ['6 €8 64 ¢ 89 ¢£€9 9I91 L

ovl 9Tl <11 S0l L6 06 €8 LL 't 99 g6l IL

sk 6el s <1l v0ol 6 88 18 ¢L 69 081 0L

6'Ll SC1 Lel ¢l 'L 10l €6 98 6L €L T91 69

60C 9L1 TSI ¥l 0T 601 66 ['6 €8 9L ¥vSl 89

9¢c ¢0C TLL 6wl I'el L1l 90l 96 &8 08 9Tl L9

6vyCc 00¢ L9 vl LJ<l ¢I1 T0l ¢£6 +v8 8051 99

Oyc €6l TI9l 6¢l ¢3¢l 601 66 68 06Vl <9

6'cc ¢81 ¢Sl vel 1L S0 ve Ty P9

88C L1 9LF 8¥%[ 8Tl <1l 00l t'svl €9

89T ¥0T 991 Ovl TTl L0l 9¢rl  T9

9ve 061 9¢I el SIL gIvl 19

§CC 9Ll 9%l vl 00¥L 09

08T S0CT €91 &€l T8l 6§

Lve 981 O€¢I votl 8¢

81T 89l 9vel LS

89T <6l 8cel 9§

LT O1el S¢

£8C T6cl  ve

2
96l Cs
gech IS
092 0oL 059 009 05§ 008 ost 0ot sy 00t 0sT 003 081 0Lt 091 051 ot 0t ] 0zt 011 o4 B}

aaduag,

aInssalf

waudnssaid pun REXTIDXER TR SHOLDA 112 JUJUOD JLHISTOU :\:\,:\\\w:\u«w [P2HLO0Y [ O] A9 ],



Continued.

TABLE lc.

Pressure mm Hg

Temperature

550 600 650 700 760

500
16.6 27.0

146 215
13.0

11.8

450
10.8

400
2.1

350

300
7.7

250

200

180 190
49 5.1

4.6

170
4.4
42

120 130 140 150 160
4.1

110

2.9

1

o

o

o

o

190.4
192.2

88
89
90
91

11.1

o

6.0
5.7

4.9
54

4.6

4.4

3.7
35

wy

o

3.0
2.8
2.7

2.5

2.8

18.0 299

15.6 23.1

6.9
6.6

6.2

40 42 44 46

3.7
3.6
34

(8]

3.1

2.6
2.5

194.0
195.8
197.6

7.8

40 42 44
4.2

3.8

3.8

3.1 33

29
2.8

19.0

13.8

8.8

7.4
7.0

6.6

4.0
38

3.6

32

23

92

10.0 124 163 24.1

8.3
7.8

v

49
4.7

4.0
3.8

3.6

(ag]

o

3.0
29
2.7

26 28
2.5

2.4

2.2
2.1

199.4

201.2

93

19.6

14.3

5.6

o

o

2.7

94
95
96
97

16.6 242

14.5

1

12.7

10.3

8.6
8.1

74
6.9
6.6
6.2

o
vy

4.5

[ag!

34

o

3.1

2.9
2.7

2.5

[ag]

2.1

2.0

2.0
1.8
1.7
1.6

1.5

203.0

19.6

11.5
10.6

9.6

6.0

w

42

o

o

[ag}

2.9
2.7

L]

24

2.2

204.8
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16.6 23.6

2.9

8.9

7.6
7.2
6.8
6.4

5.7

4.8

4.0

32

[an

2.9

2.6

2.4

2.1

1.9
1.8
1.7
1.6

206.6

11.7 145 192

9.7

v

4.6

38

[agl

2.9
2.7

2.7
2.6

2.6
2.4

2.3

2.4

[ss]

2.1

2.0
1.8
1.7

208.4

98

16.3 243

10.6 129

9.0

7.8

59
5.6

43 5.1

29
2.7

2.6
2.4

23
22

2.1

2.0

210.2
212.0

99
100

142 19.6

11.6

9.8

7.3

4.8

4.1

3.4

2.0

1.9

14

35

Pressure: mmHg
30 {5 100

140 500
30 6s

25

EMC (%)

0 T T
0 20 40 60 80 100

Temperature (C)

Fi1G. 1. Theoretical EMC under vacuum at the various
temperatures and pressures.

experimental data developed under vacuum
conditions. EMCs may differ for various spe-
cies in a practical situation. There is no infor-
mation available on the presence or absence
of a hysteresis effect under vacuum. A poten-
tial hysteresis may generate different EMC
values under vacuum. Furthermore the pres-
sure used in the calculation of EMC was taken
as vapor pressure where the air was assumed
to be absent. Because many factors can affect
EMC under vacuum, these data are only ap-
proximations. However, they can serve as use-
ful practical estimates.
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