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Summary. There are few references in the wood science literature to nonisothermal moisture move- 
ment. Some experiments by Voight, Babbitt, and Choong indicate that thermal diffusion in wood 
may be very significant. 

Three equations are presented to represent nonisothermal moisture movement through wood in 
the transverse direction. The first, described in detail in a previous paper, is based upon two driving 
forces: Soret potential which results in thermal diffusion and chemical potential which results from 
a gradient of equilibrium relative humidity. All three equations include the same term for Soret 
potential and, in the second two equations, the thermal-diffusion term was derived by the applica- 
tion of activation theory. The isothermal term in these two equations utilizes moisture content 
gradient as the driving force and therefore a knowledge of the sorption isotherm is not necessary. 
The third equation contains an additional term for moisture-content activation to account for the 
increase in flux with an increased moisture content. All three equations give approximately the 
same result with the same input data at low moisture contents. The results diverge at high moisture 
contents and experimental data are required to determine which equation is most representative of 
the physical phenomenon of nonisothermal moisture movement. 

Results and Discussion 

There is a conspicuous absence m the wood science literature of  references to thermal 

diffusion of  water through wood. Siau (1971) has pointed out that transverse moisture 

diffusion through wood below the fiber-saturation point is controlled essentially by 

diffusion through the cell wall. This paper will be limited to consideration of  the ther- 

mal diffusion of  bound water through the cell wall of  wood under a combined moisture 

and temperature gradient. A general discussion of  the phenomenon of  thermal diffusion 

in wood will be given first. This will be followed by the derivation of an equation for 

calculating the magnitude o f  thermal diffusion for the movement  of  bound or hygro- 

scopic water through the cell wall of  wood. 

0043-7719/0015/0105/$ 1.60 



106 Ch. Skaar and J. F. Siau 

Some insight into the importance of thermal diffusion m wood is provided by the 

nonisothermal experiments of Babbitt (1940), Voight et at. (t940), and Choong (1963). 
Babbitt studied fiber board rather than wood. His results, therefore, are not typical of 

wood due to the presence in fiber board of continuous openings in which gaseous 
diffusion would dominate. He found a significant flux w~th a temperature difference of 
10 ~ and with small gradients of relative humidity and moisture content. In Babbitt's 
experiment, hound water movement is expected to be negligible and thermal diffusion 

of gases should he dominant. Such diffusion is discussed by de Groot (1951), Katchalsky 
(1965), and lost (1960). Gene~fflly, the activation energy has a low value in inte~gas 
diffusion. 

The results of Voight, et at. and of Choong were discussed by Siau (1980). These 
experiments were carried out with relatively steep thermal gradients of approximately 
10 ~ and the specimens were encapsulated to prevent the entry or removal of 
moisture. Slicing of the specimens after equilihrimn was achieved indicated the presence 
of a water vapor pressure gradient, although the net flux was zero. Bramhall (1979) 
modified Choong's data to account for sorption hysteresis, but even with this modifica- 
tion there were distinct vapor pressure gradients in all cases for transverse movement. 

Siau (1980) proposed an equation based upon one given by Briggs (1967), in which 
Soret potential (causing thermal diffusion) and chemical potential (resulting from 
gradients of water vapor pressure) are assumed to be the two driving forces. The resulting 

equation is reproduced here in modified form: 

dM [ 9 ~ d T  d xx] J = r,-b Tx + (1)  

Where: J = flux (g water/cm 2" s) 
Kb = Moisture conductivity coefficient of the cell wall (g water/cm " s %), a 

function of M and T, as well as of sorption history. 
M = percent moisture content, based on oven-dry weight of wood. 
T = temperature in Kelvin degrees 

= chemical potential (cat/mole water) 
Q* = thermal heat of transfer (cal/mole water) 
x = distance in direction of flux (cm) 

Siau (1980) applied Eq. (1) to the results of Voight el at. (1940) and of Choong 
(1963), under conditions such that the net flux J was zero. By equating the gradients 
of Soret potential ((Q*/T) (dT/dx)) and chemical potential (d#/dx), he calculated Q*. 
The calculated values of Q* were in reasonable agreement with the activation energy 
for transverse water-vapor movement through wood, as determined by Choong (1963) 
and Stamm (1962). It was also shown by Siau (1980) that, according to the theory of 
Briggs (1967), the thermal heat of transfer Q* should equal the activation energy E b 
for bound-water diffusion, assuming that the latter was the controlling factor for 
transverse water diffusion through the gross wood used in the experiments of Voight 

et al., and of Choong. 



Thermal Diffusion of Bound Water in Wood 107 

In order to derive Eq. (1), it is convenient to consider the diagram shown in Fig. 1, 

adapted from Skaar (1972). This shows the relative energy state of  water in the cell 

wall of  wood (bound water) as a function of  wood moisture content under isothermal 

conditions, compared with the energy states of  water vapor and of  liquid water. Bound 

water has the lowest state, increasing with wood moisture content and reaching essent- 

ially the same state as liquid water at or above the fiber-saturation point. 

The terms E o and E v refer to the additional energy in calories which must be supplied 

to evaporate a mole o f  liquid water (Eo) or bound water (Ev). According to this diagram, 

bound water is held at sorption sites in the cell wall at energy levels lower than for 

liquid water. The difference E v - E0) is designated as E L. Under isothermal conditions, 

bound water tends to move toward regions of  lower moisture content because the 

chemical potential/a or free energy decreases with decreasing relative vapor pressure. 

In the model used in this derivation, it is assumed that the rate of  bound water move- 

ment is governed by an activation process. In other words, a bound water molecule can 

move only if it receives sufficient kinetic energy to escape from its sorption site and 

become an activated molecule. In this case, it tends to move to another sorption site of  

lower potential energy, that is to a region of  lower moisture potential where it gives up 

the kinetic energy. 

The activation energy for bound water diffusion, designated here as E b, is expected 

to be somewhere between EL and E v (Fig. 1). Choong (1963) and Stature (1964) give 

activation energies of  approximately 8,500 calories per mole at 10 percent moisture 

content based on application of  the Arrhenius rate equation to moisture diffusion. 

Bramhall (1979) contends that the actual value is higher. 
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Fig. 1. Schematic diagram showing the relative energy levels of water in vapor, liquid, and bound 
water form as related to wood moisture content. Also shown is a hypothetical curve for activated 
molecules in the cell wall 
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Figure 1 includes a hypothetical curve showing how E b might vary with wood 

moisture content. It is expected to increase with decreasing wood moisture content, as 
is indicated later in this paper. At the fiber-saturation point, it should approach as a 

lower limit the activation energy required for a molecule of liquid water to break away 

from a cluster of  other liquid water molecules. This activation energy is approximately 

4,000 calories per mole of water, as calculated from the variation of the viscosity of 

water as a function of temperature. However, Jost (1960, p. 295) gives a value of 

5,300 cal/mole for the self-diffusion of water through water. In Stamm's (1946) early 
model for calculating the bound water diffusion coefficient for the cell wall of wood, 

he used the Einstein diffusion equation, which includes the viscosity of the water as a 
temperature variable. The increase with temperature of the ceU wall diffusion coeffi- 

cient as calculated by Stature was caused primarily by the decrease of water viscosity 
with increasing temperature, an Arrhenius or activation type of process. 

Equation (1) can be derived in terms of moisture content M or moisture concentra- 

tion C (g water/era 3 wood). Since Eq. (1) is given in terms of M, this notation will be 

used here. The moisture conductivity coefficient K b in bound water movement may 

be written in terms of the Arrhenias equation in the form: 

K b = B exp(-Eb/RT ) (2) 

where Kb is the bound-water conductivity coefficient, B is a constant, and R is the gas 

constant (cal/mole-deg). 
The flux J of  bound-water may be considered to be proportional to the gradient of 

activated molecules. That is 

J = - A 0 (dM*/dx) (3) 

where Ao is a constant, assumed to be independent of M and T, and M* is the content 
of activated water molecules (% of dry weight) in the celt walt. This can be calculated 

from the Boltzmann distribution equation in the form, 

M* = M exp ( -Eb/RT) (4) 

In general, the gradient dM*/dx is a function of both M and T. Thus, 

dM*/dx = [(aM*/aT) (dT/dx) + (aM*/aM) (dM/dx)] (5) 

Eq. (3) then becomes, 

J = - A 0 [(aM*/aT) (dT/dx) + (aM*/aM) (dM/dx)] (6) 

Taking aM*/aT and aM*/OM in Eq. (4) gives 

aM*/aT = (MEb/RT 2) exp (-Eb/RT) 

aM*/aM = [1 - (E/RT) (aEb/aM ] exp (-Eb/RT) 

(7) 

(s) 
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assuming that E b is a function of M, but constant with T. Substituting (7) and (8) into 

(6) and simplifying gives, 

J - RT ~xx + - -  aM l ( 9 )  

The conductivity coefficient K b may be defined for the isothermal case by 

J = - K b (dM/dx) (10) 

Comparing (9) and (10) for the isothermal case (dT/dx = 0), it is evident that, 

AoM* (~__T ~Eb 1 
K b -  RT - -  3-MI (11) 

Equation (9) may then be rewritten as 

J = - (RT - MOEb/0M ) ~xx + - -  (12) 

Equation (1) can be obtained from (12) if two simplifying assumptions are made. 

The first of these is that Eb is independent of moisture content M, that is, 0Eb/bM = 0. 

In this case, Eq. (12) becomes, 

= -  R T  ~xx+-M --" (13) 

The second assumption is that the sorption isotherm is linear, that is that M = kh, 
where h is the relative vapor pressure and k is a constant. With this assumption, the 
term RT/M in Eq. (13) can be shown to be equivalent to O~/OM, where/l is the chemical 
potential. This can be shown by recalling that, for the isothermal case, 

O/~/0M = RT 8 In h/OM = (RT/h) (3h/~M) (14) 

since h = M/k, and 0h/OM = 1/k for a linear sorption isotherm, 

O/~/aM = RT/M (15) 

and Eq. (13) reduces to Eq. (1) when E b is taken to be equivalent to Q*. 
Stature (1962) and Choong (1963) found an activation energy of 8500 cal/mole at a 

moisture content of approximately 10 percent. Choong (1962) presents evidence that 
the activation energy increases as the moisture content is reduced. This would be 
expected because Skaar (1972) shows that both the heat of vaporization of bound 
water (Ev) and the differential heat of sorption (EL) increase as the moisture content is 
reduced. 

Stature (I 959) measured the moisture diffusion coefficient of cell-wall substance at 
26.7 ~ at moisture contents up to 28 percent. His results are reproduced in Fig. 2. 
There is a rapid increase with moisture content which can be explained by a decreased 
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Fig. 2. Longitudinal  bound-water  diffusion coefficient (DBL)Of the cell-wall substance of  Sitka spruce at 
26.7 ~ C as a funct ion of  average moisture  content  according to Stature (1959). Adapted from Siau (1971) 

14 

E B 

E B = 9300 - 

Fig. 3. The heat  o f  vaporization of bound water in wood (E v) and the activation energy for bound-  
water diffusion (Eb) as calculated from the data of  S tamm (1959) using the Arrhenius equat ion and 
assuming a value of  8500 cal/mole at a moisture content  of  10 percent.  Also shown is a linear approx- 
imation as stated in Eq. (16) 
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bonding energy with moisture content  which, in turn, can be at tr ibuted to a decreased 

activation energy. When Stamm's values of  diffusion coefficient are f i t ted to Eq. (2), 

assuming a value of  8500 cal/mole at M = 10 %, the calculated values of  activation 

energy (Eb) extend from 9500 cal/mole at M = 2 % to 7100 col/mole at M = 28 %. The 

relationship is slightly curvilinear as revealed in Fig. 3. This curvilinear function may be 

approximated by a linear equation as follows: 

E b = 9300 - 73M (16) 

where E b is expressed in cal/mole. 

When E b from (16) and aEb/0M = - 73 are substituted into Eq. (I 2) it becomes, 

KbM 9300 - 73 M) dT RT 3 M 

J = ( R T +  73M) T dx + - -  ~xx (17) 

Conclusions 

In summary, Eq. (1), (13) and (17) are presented for calculating non-isothermal moisture 

movement in wood. All three contain identical terms for the Soret potential ,  

(Eb/T) (dT/dx),  where the activation energy E b for bound-water diffusion is assumed 

to be identical with Q*, the thermal heat of  transfer of  Eq. (1). The most  general equa- 

tion in terms of  moisture content  gradients is Eq. (17). This reduces to Eq. (13) if 

activation energy E b is constant  with moisture content.  I t  reduces further to Eq. (1) if 

a linear sorption isotherm is also assumed. All three equations will give approximately 

equal results at low moisture contents  (up to 5 percent). Beyond that value, the results 

diverge with the coefficients decreasing in value when changing from Eq. (1) to ( t  3) to 

(17). These decreasing coefficients have the effect o f  diminshing the relative signific- 

ance o f  the thermal diffusion term. The question as to which equation is most represent- 

ative o f  the actual phenomenon must  be determined experimentally. If E b is equal to 

Ev, the content ion of Bramhall (1979) that  the fundamental driving force is the water 

vapor pressure gradient, is a reasonable approximation.  
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