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SUMMARY 

A model of steady-state moisture diffusion in conifer woods is presented in this 
paper. It is based on the results of previous scientific research on various forms 
of diffusion processes combined with the knowledge of the microscopic cellular 
structure of conifer woods. The sophistication and flexibility of the model 
structure enable it to predict the moisture diffusivity of various coniferous 
wood species in the hygroscopic range at different temperatures. When the data 
describing the cell dimensional structure of certain wood are determined 
properly and regulated , good predictions of the diffusivity wi l l be produced. 

Some simulations of the moisture diffusion of Scandinavian spruce are made 
in the three principal directions at several temperatures. Comparison of the 
resultant diffusivities with the experimental results of Berteisen (1984) and the 
predicted diffusivities of Siau's model has shown good similarities. 

Finally , as an attachment to the model, the resistance to moisture transfer 
through the boundary layer of flow air into or out of a wood lumber is analysed 
with boundary theory, and the resistance of moisture diffusion through the air 
space inside a cup (vapometer) are analysed with the equation of binary gaseous 
diffusion. The results of these investigations are expected to be able to serve for 
a better understanding of these two generally neglected problems in the 
measurement techniques of the cup and sorption methods. 

SVENSK SAMMANFATTNING 

Rapporten presenterar en matematisk modell för fuktdiffusion i barrved. Den är 
baserad på tidigare arbeten om olika diffusionsprocesser i kombination med 
kunskap om den mikroskopiska cellstrukturen hos barrved. Modellens nivå och 
mångsidighet gör det möjligt att förutsäga fuktdif fusiviteten inom det 
hygroskopiska området för olika typer av barrved och vid olika temperaturer. Då 
det finns data som beskriver dimensionerna i vedens cellstruktur korrekt, kan 
modellen förutsäga fuktdiffusiviteten. 

Fuktdiffusiviteten i skandivinaisk gran har simulerats i vedens tre huvudriktningar 
vid olika temperaturer och jämförts både med experimentalla data av Berteisen 
(1984) och med en annan modell av Siau (1984). Överensstämmelsen är god. 

I ett separat avsnitt har övergångsmotståndet i ett gränsskikt nära träytan 
analyserats teoretiskt. Även övergångsmotståndet genom luftskiktet inuti koppen, 
då den s.k koppmetoden används för mätning av fuktdiffusion, har analyserats 
teoretiskt. Resultaten ska förhoppningsvis underlätta förståelsen av fenomen i 
samband med övergångsmotstånd, som ofta förbises då kopp- och sorptions-
metoden används experimentellt. 



Nomenclature 

A, B, D lengths of three sections of the representative 
tracheid in the diffusion direction, figure 1 

Db bound water diffusivity, based on moisture 
concentration in wood cell substance 

D(w), 6(p) moisture diffusivities in wood , based on mois
ture concentrations in gross wood and in the air 

D/f^ effective diffusivity of bound water in cell wall, 
in section A of the representative tracheid, figure 1 

Db f̂f effective diffusivity of bound water, in section B 
D/ff effective diffusivity of bound water, in section D 

Eb activation energy of bound water 
FSP fiber saturation point 
g moisture flux 
G specific gravity of wood 
Go specific gravity of ovendry wood 

m 

m^s 

mVs 

mVs 
mVs 

J/mol 
% 
kg/m^s 

height of the air space inside a cup, figure 15 m 

L 

Mw 
n 

Na 

length of a lumber in the air flow direction 
molecular weight of water, equal to 0.01802 
porosity of solid wood 
mass flux of water vapor 
molar flux of the air 
molar flux of water vapor 

m 
kg/mol 

kg/m^s 
mol/m ŝ 
mol/m ŝ 

Pt total gas pressure 
Pg saturation water vapor pressure in the air 
T2 effective radius of aperture-pit chamber system 
r3 effective radius of margo pore 
R gas constant, equal to 8.31441 

S, Sj, S2 areas of various components of the represen-
S3, S4, S5 tative tracheid in diffusion direction, figure 1 
SJ a parameter defined in Eq( 14) 
S ,̂ Sh fractional volumetric swelling and shrinkage 

of solid wood between zero moisture content 
and FSP 

Pa 

Pa 
m 
m 

J/molK 

m^ 



T temperature K 

Tc temperature in Celsius C 
u moisture content in wood, based on dry wood % 

weight 
Uf moisture content at FSP % 
U air velocity m/s 

w moisture concentration in wood, based on wet kg/m^ 
volume 

Wq , Wji moisture concentrations on the surfaces of the kg/m^ 
model wood lumber, figure 5 

Xy molar fraction of water vapor in the air 
Y space coordinate m 

a attenuation factor, equal to the fraction of pits 
aspirated 

Pst mass transfer coefficient through still air m/s 
Pav average mass transfer coefficient through m/s 

boundary layer 

5]̂  Knudsen diffusivity m /̂s 
5}^ Knudsen diffusivity of water vapor in the mVs 

aperture and pit chamber capillaric system 
Knudsen diffusivity through margo pores rnVs 

8m molecular diffusivity of water vapor in the bulk air mVs 
5v diffusivity of water vapor mVs 

b^^^i effective diffusivity of water vapor in lumen mVs 
b^^^2 effective diffusivity of water vapor in the aperture rnVs 

and pit chamber capillaric system 
^^^^2 effective diffusivity of water vapor in margo mVs 

pores 

V kinematic viscosity of the air mVs 

Pa molar density of the air under atmospheric mol/m^ 
pressure 



p moisture concentration in the air kg/m^ 
Pi, pn moisture concentrations in the air in equilibria kg/m^ 

with moisture contents on the two surfaces of the 
modeled wood lumber, figure 5 

ps moisture concentration on the surface of a lumber, kg/m^ 
figure 12 

poo moisture concentration in the bulk flow air, kg/m^ 
figure 12 

pw normal density of water kg/m^ 

XI tortuosity of lumen 

12 tortuosity of aperture-pit chamber capillaric system 
X3 tortuosity of margo pores 
<t) relative humidity of the air % 
<|) s relative humidity on the surface of a lumber, % 

figure 12 
(j) 00 relative humidity in the bulk flow air, figure 12 % 
(t) t a parameter defined in Eq( 17) 

Note: Some sparsely used nomenclature is explained in the intimate context of 
the relevant equations and not listed here. 



1. INTRODUCTION 

Moisture transport in wood and wood composites assumes the form of diffusion under the 
fiber saturation point (FSP) which is entitled as the hygroscopic moisture range. In this 
moisture range, bound water diffuses in wood cell walls and water vapor diffuses in the 
lumen-margo pit capillaric system simultaneously. The cellular structure of wood is fairly 
regular: about 94 percent of the wood bulk comprises of longitudinal tracheids, with the rest 
being longitudinal canals and rays. These two facts can lead to a promising access to the 
mathematical modelling of hygroscopic moisture movement in the conifer woods. 

Solid wood is a kind of polymeric, bio-organic and porous material. The diffusion process of 
polymeric materials is in general regarded as an activated process that is frequently described 
with Arrhenius equation fitted with some experimentally or theoretically determined data of 
activated energy( in the case of diffusivity with exponential concentration dependency). The 
theories of moisture diffusion in the bulk air and gas diffusion through extremely tiny pores 
that exist in wood are both well developed. A combination of these theories with the 
knowledge of the cellular structure of conifer wood can produce a more precise 
comprehension of the moisture transport process in conifer woods. 

Simulation in this model is limited to isothermal diffusion in steady state along the three 

principal directions of conifer wood: tangential, radial, and longimdinal. This directly 
produces predicted moisture transport coefficient in the hygroscopic range: moisture 
diffusivities. Some examples of predicted diffusivities of average Scandinavian spruce in 
various climates are to be presented and compared with some available experimental data and 
with Siau's model. 

The resistance of moisture transport through stirred as well as still air, which exist in reality 
but are generally neglected in the measurement techniques of the cup and sorption methods, 
is to be analysed theoretically. They have nothing to do direcdy with the model. But since 
their contents are also in the study realm of moisture transport in woods, they are included in 
this paper as an attachment. 



2. MODEL STRUCTURE 

In constructing the model, the stmctural features of conifer woods are to be considered. As 
woods are anisotropic, moisture diffusion along each of their three principal directions needs 
be accounted. The sizes of the capillaries inside wood are in three different magnitude orders, 
in which the diffusion mechanisms differ to some extent. Moreover, the hygroscopic water 
also moves inside the wood cell walls in a bound (adsorbed) state whenever there is a 
concentration difference. These diffusion forms are to be treated separatedly and then 
combined in the model based on a volume-average wood entity - the representative tracheid. 

2.1 Representative Volume-averaged Tracheid 

The study of wood anatomy has revealed that longitudinal tracheids that are long, narrow 
and thick-walled wood cells make up nearly 94 percent of the bulk of conifer wood. We may 
consequently regard tracheids being the only components in conifer woods. This 
consideration can be modified by regulating some dimensional data of tracheid structure in 
account for the effect of 6 percent of the other cells. 

Consider a representative volume-averaged tracheid, whose dimension of cell wall, lumen 
and pit chamber are the average values of a certain wood species or a portion of this wood 
species, e.g., it can be heartwood or sapwood with or without aspiration, it can be wood 
from different parts of a stem etc. This definition plays a similar role to the representative 
elementary volume in the continuum approach for die theory of transport in porous media. It 
is possible to evaluate with reasonable certainty the data describing the dimensions of the 
representative volume-averaged tracheid, especially for Scandinavian spruce (Pice abies) and 
pine (Pinus silverstris) because Amber and Thömquist(1982), Boutelje (1983) and Bolton 
(1976) have made extensive investigations in this field. Siau (1984) and Cote (1965) also 
summarized and presented the dimensional data of conifer wood cells. 

Make a projection of this representative tracheid in the tangential and longitudinal directions 
(the radial projection is similar to the the tangential one, so it is omitted for simplicity), 
modify the projections by laying the areas of cell wall, pit chambers and membrane pores in 
each direction together as illustrated in figure 1. The modification is justified because it is 
equivalent to a tracheid structure if the connected cell wall of two adjacent cells are attributed 
to one tracheid and 
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Figure 1 
Dimensions of the representative volume-averaged tracheid and its modified projections 
in the tangential and longitudinal directions. The modification is in that the projected 
areas of the cell wall,pit chambers and pores in each direction are laid together. The 
arrows indicate the directions of moisture diffusion. 

S : area of the tracheid across diffusion direction 
S j : area of lumen across diffusion direction 
82: area of cell wall 
S3: area of lumen minus the areas of pit chambers 
84: sum of pit chamber areas minus pit areas 
85: sum of margo pore areas 

A : length of the lumen in the diffusion direction 
B : thickness of cell wall minus membrane thickness 
D : thickness of pit membrane 



the cell waU on the other side of this tracheid to the next one and so on. The diagram clearly 
depicts the fractional areas for bound water and vapor to diffuse in the three sections of the 
tracheid A, B and D. Note that the aperture and the pit chamber are treated here as one 
stmctural component and projected together since the sizes of them are similar. The average 
area of the aperture and the overall chamber is to be used for this component. 

Most commercial woods have been subjected to kiln drying before use which makes a large 
portion of pits aspirated. Pit aspiration reduces the area of margo pores available for vapor to 
go through. To consider this effect, an attenuation factor a is introduced which indicates the 
fraction of the pit aspirated. When a pit is aspirated we may regard it as having membrane 
without pores. The sum of chamber areas minus pore areas S4 and the sum of pore areas 
in figure 1 therefore need to be alterred in account for pit aspiration: 

S*4 = 8 4 + Sjtt 

5*5 = 85(1-a) 

Two other important parameters not indicated in figure 2 are the effective radii of the 
aperture-pit chamber rj and of the pore 

In the present model a block of solid conifer wood is assumed to be made up of a matrix of 
the representative tracheid in parallel and in series. 80 when diffusion in one representative 
tracheid is described along the three principal directions, the moisture transport in any 
direction of the block will be determined. 
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2.2 Molecular Diffusion in the Lumen 

The diameter of tracheid is in the range of 8-35 [Lm. Water vapor move through the air inside 
the lumen in the same way as it moves in the bulk air. The diffusivity of such molecular 
diffusion is: 

5 = 2 . 2 0 x l O - ^ ( i ^ ) ( - I - ) ^ - ^ ^ (1) ^ V p V 275J5 ^ ^ 

According to Pick's law, the unidirectional molar flux of vapor diffusion Â ^ relative to 
stationary coordinate in a binary mixture like water vapor and air is (Bird, Steward and 
Lightfoot, 1960): 

dX 
N = X ( N + N ) - p5 (2) 

V v"- V a'' ^a m 

In wood the net flux of air is zero (8tanish, 1986), = 0. Thus die molar flux of vapor is: 

p 5 dX 
N = - l l i I L _ l (3) 

1-X dY "̂̂^ 
V 

The mass flux of vapor expressed with mass concentration p is: 

n = -
V 

dp 
l-p/(p M J dY 

where is the molar density of the air that can be calculated with the ideal gas law, the 
molecular weight of water. 

In the representative tracheid ^ must be multiplied by the lumen area fraction and divided by 
a tortuosity in account for the area available for the molecular vapor diffusion and the 
probable non-straight path. The moisture flux in lumen is then simply expressed as: 

1 dY 

Here 5; ̂  is the effective diffusivity of vapor in lumen that is equal to: 
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1 - p/(p M J S 

The term p/CpJ^J in Eq(3), (5) is not only proportional to moisture concentration p but 
also rather strongly dependent on temperature. At a temperature below 50 °C, it is much less 
than unity and is probably negligible. But as temperature rises above 50 °C its value will be 
more and more near to unity, and is no longer excludable. For water vapor saturated air, the 
term p/iP(Mw) is equal to 0.0231,0.122 and 0.473 at 20 °C, 50 »C and 80 respectively. 
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2.3 Knudsen Diffusion through Pit Chamber 

For the tracheid the diameters of the border aperture, of tiie overall chamber and of the margo 
pores are in the ranges of 1.5-2.7 p.m, 8.0-17 p.m and 0.15-2.0 ^im respectively figure 2. 
These sizes are nearly in the same range as the mean free path of water vapor molecules at 
ordinary temperature at atmospheric pressure. 

1 

k • Jr-

k • 

Figure 2 

Bordered pit on tracheid wall 
Pit aperture 
pit chamber 
Pores on margo 
torus 

From molecular kinetic theory, it is known that vapor diffusion through die voids in the sizes 
of pit chambers and margo pores is opposed not only by the collision between gas molecules 
as in the case of molecular diffusion, but also by the collision of vapor molecules with the 
walls of die voids. The latter effect is described as the Knudsen diffusion (Hines and 
Maddox, 1985), die diffusivity of which is: 

6̂  = 9.70r(. 
lOOOM 

(6) 

where r is the radius of a void 



13 

The effective Knudsen diffusivity in the tracheid also equals to 5̂  multiplied by void area 
fraction of the void and divided by a tortuosity. When the molecular diffusion and the 
Knudsen diffusion occur simultaneously, the molar vapor flux is (Satterfield, 1970): 

V N = ^ 
N dY 

AsN y= 0 in wood, the mass flux is: 

n..= 1 ^ (7) 
l - p / ( p M J 1 

+ 
V k 

Since the diameter of the membrane pores are one order smaller than that of the overall pit 
chamber (figure 2), it is treated as a separate structural component here while the aperture and 
the chamber together as a component. The reciprocal of the effective diffusivity in the 
aperture-pit chamber system is: 

1 1-P/(PMJ 1 ,1-P/(P M J 1 _ S ^ 

V m k2 4 5 

The reciprocal of the effective diffusivity in the margo pores is: 

1 1 - p/(p M ) 1 l-p/(p M ) 1 s 

5 f ^ 3 85(1-a) ^ 

Here 5^ and 5^ are equal to 5̂  in Eq(6) when the diameter of the aperture-pit chamber r2 
and of the pore are substituted into it for respectively. The effect of the term pKPcMw) 
Eq(8), (9) to rather small and much less pronounced than its influence to 
^ffi in Eq(5). This is because 6^^ is approximately two orders greater than ^^"^ 
orders greater than 5^. 
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2.4 Bound Water Diffusion 

The concentration of water inside cell walls in equilibrium with the ambient air is in the order 
of about 10,000 times larger than the water vapor concentration in the air. This makes the 
bound water diffusion important for wood in the overall hygroscopic moisture movement. 
Stamm(1959, 1960) systematically measured bound water diffusivity of eight wood species 
(among them four are conifer wood and the other four are hardwood) in the three principal 
directions at several temperatures. He found that the bound water diffusivity is identical for 
different wood species and that it changed with moisture content and temperature 
exponentially. Skaar and Siau (1981) fitted the data measured of Stamm into the Arrhenius 
equation and thus calculated the activation energy of bound water diffusion £^ as a function 
of moisture content u, which is shown in figure 3. 

4100 

3800 

QJ 3500 

o 3200 

•5 2 9 0 0 h 

2600 k 

5 10 15 20 
M o i s t u r e C o n t e n t ( % ) 

25 30 

Figure 3 

The activation energy 
of bound water diffusion 
Eh versus moisture 
content, calculated by 
fitting Stamm's data 
(1959) into the Arrhenius 
equation. The straight 
line is a linear approxi
mation. 
(Skaar and Siau, 1981) 

Skaar and Siau approximated the function with a linear relation 

Eb = 38519-293.1 u J/mol 

To gain a higher accuracy, the curve in figure 3 is approximated by the present author with 
sectional quadratic equations. Nine points are taken from the curve, among them special attenuation 
is paid to use the three points proposed by Stamm: £^ = 59775 J/mol at u =2 %, Ei, = 35588 at 
u = 10% and = 29726 at w = 25%. The four quadratic equations are: 
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4 2 1 0 7 - 1334.2U + 83.965u2 O < u < 6 
E = 4 0 1 9 7 - 5 8 9 . 0 1 U + 12.804u2 6 < u < 1 6 

3 0 4 0 8 + 556.32U - 20.542u2 16 < u < 24 

- 6 0 1 2 2 + 7595.9U - 155.51u2 24 < u < 

With the above equation of activation energy, which would give reasonably accurate data in the 

range 2% < u< 28%, bound water diffusivity is expressed as: 

_ ^ 

D , = D ,e (10) 

Stamm found that the bound water diffusivity in longitudinal direction is approximately three 

times so large as that in tangential and two time as large as that in radial. At u= 20 % and T = 

25.5 C, the longitudinal bound water diffusivity of conifer wood is 39 x lO-^^ irrespective of 

wood density and species. From Stamm's data in Eq(lO) is determined as: 

2 . 6 2 X 10-5 in longitudinal 

Do = 8 .73 X 10-6 in tangential (11 ) 

1.31 X 10-5 in radial 

Diy in Eq(lO) ought be multiplied by the cell wall area fraction in the bound water flux 

expression, but not divided by a tortuosity since the bound water diffusivity measured by 

Stamm is believed to have incorporated the factor. Moreover, according to Siau ( 1 9 8 4 ) , is 

based on moisture concentration in wood cell substance. When used for moisture concen

tration in gross wood, it should be divided by a factor (1-n). Here n is the porosity of gross 

wood. 

The effective bound water diffusivity in the representative thacheid through section A, B, D 

(parallel with the lumen, the pit chamber and the membrane pore respectively) in figure 1 are 

consequently: 
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b S i _ n 

82 + 83 + 8 4 + 8 5 0 1 

1 - n 

2.5 Moisture in Wood and in the Air 

In this model the sorption equilibrium of moisture in the wood cell walls and in the air is 

rightfully assumed to be kept. 

Many theories and models have been proposed to explain the sorption of water vapor for 

polymers and wood. One of them is Hailwood-Horrobin sorption theory, which suggests a 

sorption equation as: 

W _ K , - l 

1800 ^ K , 

C = - r !—=-1 
i> 180000 + 1 ' 

Here Kj^ K2 and W are constants at a certain temperature. Simpson(1971, 1981) fitted the 
sorption data of solid wood in the Wood Hand Book to the Hailwood-Hoirobin equation for a 
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wide temperature range, and determined values of Kl, K2 and W as functions of the 
temperature in Celsius 7^: 

K, = 4.738 + 0.04782T - 0.0004989T^ 
1 c c 

K . = 0.7094 + 0.002093T - 5.553 x 10" ^ 
z c c 

W = 223.4 + 0.6942T +0.018531^ 
c c 

The Hailwood-Horrobin equation with the Ki K2 and W values correlated by Simpson has 

been proven to produce a good fit to sorption isotherm of solid woods between the temperature 

of -2.8 °C and 147 °C. It is well accepted and utilized in North America. For example, in a 

hand book with the title of Canadian Woods-Their Properties and Uses that is published by 

University of Toronto Press (1981, third edition), a whole table of sorption isotherm data for 

solid wood is made from this equation. A later edition of the Wood Hand Book:(1987) also 

includes the equation. 

This sorption equation is employed in this model to derive the analytical equilibrium relations 

of moisture concentration in wood w and in the air p. 

According to Kollmann and Cote (1968), the volumetric swelling of pine and birch changes 

linearly from zero moisture content to FSP, figure 4. Such linear swelling may be considered 

as being true of average solid wood. When the fractional volumetric swelling of a wood 

species from zero moisture content to FSP is known, the volume of wood lumber V 

with an oven dry volume at moisture content u is: 

S. 
V = V J 1 + — u ) 

0 u. 
w 

Here My is moisure content of wood at FSP that usually can be taken as 30% at room 

temperature. For Scandinavian spruce and pine Esping (1977) gave the value of 26 and 30% to 

the sapwood and heartwood respectively. An average of 28% wil l be used in this model. The 

wood moisture content at FSP decreases approximately linearly 0.1 percent per degree rise in 

temperature. (Esping, 1977 and Siau, 1984). My of a wood with the value equal to M̂ ŷ at 20 

°C can be expressed as: 

Uf = u20f-0.1(T-293.15) 
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Figure 4 

Volumetric and linear swelling 

of pine and birch. 

Py'. Volumetric swelling of pine 

By-. Volumetric swelling of birch 

Pt. Pr» P|" Tangential, radial and 

longitudinal swelling of pine. 

(Kollmann and Cote, 1968) 

^ *7 ifO \ SO 
Moisture content 

In several handbooks on wood drying, e.g.,. the one by Esping (1977), data of wood 
fractional shrinkage 5;, from green wood to zero moisture content for many wood species 
are presented. Here we define a parameter ^j., which equals to the fractional volumetric 
swelling per percentage rise in moisture centent: 

S 
S = ^ = 

' ( l -Sj^)Mf 

Then the volume of lumber with respect to moisture content is: 

(14) 

V = Vo(l + S,u) 



19 

The specific gravity of a wood lumber G with dry specific gravity is: 

G V G 
G ~ 

V (1 + S u) 1 + S u 
r ' r 

The moisture concentration in wood w in relation to moisture content u is therefore: 

.^oPw, u 

T 

where p̂ ,̂ is normal water density. 

Employ the ideal gas law to water vapor, the relation of relative humidity 0 and moisture 
concentration in the air p is: 

For simplicity a parameter (f) [ is defined here that is constant at a constant temperature: 

lOORT 

s w 

is the saturation water vapor pressure, which can be obtained rather accurately with the 

Frost-Kalkwarf formula (Frost and Kalkwarf,1953): 

logPs = A -f- BA' -t- C X logT + DP/r2 (18) 

A = 22.75017, C = -4.695517 
B = -2908.894 D = 0.424676 
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Frost and Kalkwarf stated that their fomula could produce vapor pressures of various liquids 

from triple point (0 °C for water) to critical point (374. °C for water) with an average 

deviation of 0.3 percent from the experimental values. Check by the present author has 

shown that for water vapor this formula can give vapor pressure between O °C and -10 °C 

with maximum deviation less than 2 percent from the values in the Hand Book of Chemistry 

and Physics (1978). 

The last term on the right hand side of the above formula is small compared with the rest, so 

is calculated with five cycles of succesive approximation in the computer. obtained with 

the formula has a unit of mm Hg. It is converted to Pascal only when the formula has been 

used in order to keep its accuracy. 

From Eq(13), (14), (15) and (16) the relation of w, p, dw/dp are deduced as: 

w = Ä x (19) 

100 A , + ( B , + S^np - C,(*,p)2 

dw ^ [ N - ^ W ' ] 

dp ' ' [ A ^ + (B^ + Sp<t. ,p-q(<t{p) '] ' 
(20) 

These two equations are used to correlate the moisture diffusion in the wood cell wall 

substance and in the air inside the capillaries of wood cells. 

2.6 Equations of Moisture Transport in Steady State 

The moisture flux in the representative u-acheid can now be written as: 
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^eff dw _eff dp . . » 
g = - D ^ — - 5i — m section A 

_eff dw eff dp r. 
g = - D j , ^ - § 2 ^ m section B (21) 

^eff dw _eff dp _ 
g = -Dd dY • ^3 dY msecnon D 

The flux in Eq(21) need to be reexpressed with only one kind of concentration gradient, 
dp/dy or dw/dy. We define a function F(p) = dwidp from Eq(20), then: 

dw dw dp dp 

S - { D f x F ( p ) . 5 f , ^ = - 5 ^ ^ , ^ p ) ^ 

g = - ( D f x F C p ) . 5 f ) | . = . 5 , , . „ ( p ) § in B (22) 

g = - ( D r x F ( p ) . 6 f , ^ = . 5 , , , „ ( p ) ^ 

A combination of the above flux expressions with the continuity equation dpidt = dgldy 
would give the diffusion equation of the present model. But in this paper we wi l l not employ 
this model to simulate moisture transport in any specific condition. Instead, we use it to some 
general cases of steady-state moisture diffusion in conifer woods and then calculate the 
moisture diffusivities from the obtained flux and moisture concentration data, which is 
probably of more interest as the coefficients reveal the important property of the capacity of 
woods in conducting moisture movement through them and may benefit the calculations of 
moisture transport amount in the woods in practical uses. 

We consider a piece of some conifer wood, on whose two surfaces moisture concentrations 
are maintained at constant values, as illustrated in figure 5. Moisture diffuses through the 
wood piece due to the concentration difference, and the diffusion has already lasted for such 
a sufficiently long time that steady state is reached. 
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P 

Sealing 

Figure 5 

A piece of wood on whose 
t w o su r faces the m o i s t u r e 
concen t ra t i on is kept a t 
cons tan t values. 

Since the moisture flux is constant in the steady-state moisture transport, we can equate the 
flux expression of each section (A, B, D) in any tracheid to tiiat of tiie next, and thus obtain a 
first-order, nonlinear differential equation group: 

( \ e f f ( P ) - 8 h . e f f ( P ) } ^ = 0 

dp 
(5b.eff(P)-5d,eff(P)}d7=0 

( 8 d . e f f ( P ) - 8 . . e f f ( P ) } ^ = 0 

(S«ff(P)-5b,eff(P)}Z7=0 

first tracheid 

(23) 

second tracheid 

(Sa ,e f f (P) -She . f f (P ) }^=0 dY 

last tracheid 

Boundary : P = Po at Y= 0 
condition P = Pn at Y= L 

This equation group is the expression of the present model for steady-state diffusion. The 
solution of it under given boundary conditions and at a certain temperature (T) wil l produce 
the moisture concentration distribution in the wood lumber. From this the effective diffusivity 
of the model wood in the given concentration range and temperatiu'e can be derived. 
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3. SOLUTION OF T H E MODEL EQUATIONS 
AND SOME R E S U L T S 

3.1 Solution of th Equations 

To solve Eq(23), the numerical method for solving the nonlinear differential equation is 
utilized. Eq(23) is firstly converted to a difference equation group. The space grid is directly 
taken asA,B,D that are the lengths of the three sections of the representative tracheid in 
diffusion direction. This approach is justified since the sizes of the tracheid are very small 
compared to the wood lumber. The difference equations thus obtained are: 

^ a . e f f ( P , , , ^ ^ - T ~ - \ e f f ( P , , l ) - ^ - = 0 

W P , , i ) ^ - s . , f f ( P , ^ , ) - ^ =0 

S c i . e f f ( P , , . ) ^ - 5 , , e f f ( P 3 , l ) ^ =0 (24) 

Jv N Pn-2 Pn-1 5j V Ri ^ 
\ e f f f r „ . 3 ) — B \ e f f ( P „ . ) — ^ = 0 

p. + p. , 
Where p , = l ^ f l i l -

PQ and p„ are known, the number of equations and the unknowns are both (n-1). The 
nonlinear differential equation group has been converted into a nonlinear algebraic equation 
group. It is solved on computer with numerical method. 

With the solution of Eq(24) the moisture concentration distribution (po> Ph P2> ••> Pi> •••> 

p„ j in the wood lumber is derived. Thereafter the concentration dependent diffusivity is 
determined by means of numerical differentiation with relation: 
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5(p) = Flux X — (25) 
dp 

The Flux is a constant that is obtainable in the process of solving Eq(24). 

The diffusivity calculated with Eq(25) is based on moisture concentration in the air, which is 

a requirement in the research of building materials. However in the wood drying research 

common interests are in the diffusivity based on moisture concentration in solid wood. 

Diffusivities expressed on the two bases can be easily converted from one to another with: 

D(w) = 5(p) X ^ (26) 
dw 

The analytical expression of dp/dw is Eq(20), with which D(w) is calculated directly from 

S(p) in the simulation. As w is about 10,000 time larger than p, D(w) in general about 

10,000 times less than S(p) in order of magnitude. 

3.2 Choice of Data for Cell Structural Dimensions 

Amber and Thömquist (1982) made extensive measurements for tracheid lengths, widths 

and dry wood density of different parts of a spruce and a pine felled near Uppsala, Sweden. 

They found in the stems of the U-ee the following: 
Spruce Pine 

Tracheid length 0.9 -3.9 mm 0.9 - 3.5 mm 
Tracheid width 0.021 - 0.042 mm 0.023 - 0.042 mm 
Dry density 300 -590 kg/m^ 300 - 540 kg/m^ 

In the investigation of the effects of the membrane deformation and the sizes of pit chamber , 
pore and lumen on the permeability during fluids flow through conifer woods, Bolton (1976) 
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presented detailed data of the tracheid structural sizes for spruce (Pinus Silvestris), a part of 
them is directly from his own measurements. Siau (1984) also made summaries of tracheid 
structural dimensions. A portion of their data together with the data fed into the present model in 
simulating average Scandinavian spmce are listed in the table below. 

Data of tracheid structural dimension 
from Bolton (1976), Siau (1984) and the 

ones fed in the model (unit: (im) 

Species 

Bolton(spruce) 

first formed 
earlywood 

center 

latewood 

Siau This model 

conifer 

wood 
spmce 

DIAMETER: 
Aperture 
Overall chamber 
Torus 

Pore (effective) 
Lumen 

2.70 
17 

8.5 
0.30 

30-35 

1.5 
8.0 

4.0 
0.40 

8-25 

6-30 

0.01-4 

20-30 

2.5 
14 

6.0 
0.2 

27 

Thickness of 0.21 
membrane 

Number of bordered 100 

pit per tracheid 

Number of margo 200 
per pit 

Tracheid length 4000 

0.28 

10 

50 

2400 

0.1-0.5 

3500 

0.23 

50 

140 

2500 

The tiiickness of the tracheid cell wall is determined approximately with the assumption 

(for this case only ) that the tracheid is square but its lumen are round in shape and that the 

fraction of the cell wall in the ends of the tracheid is negligibly small: 

T, = X 

Here di is the diameter of the lumen and n is the porosity of the wood, which at zero 
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moisture content is equal to: 

CW 

G^y^ is the specific gravity of the dry cell wall substance of solid wood, approximately equal 

to 1,460 kg/m^. The dry density of average Scandinavian spruce is taken as 450 kg/m^. The 

value ofA,B, D, and S],S2, S^, S4, for the representative tracheid in the three principal 

directions are calculated with die data above. 

Tracheid is tapered along the radial surface at its ends for a large portion of its length. Most 
bordered pit pairs are on the tapered part of radial surface. In the model, 90 percent of pits is 
assumed to be on the radial surface (facing the tangential direction). The fact that most pit 
"axes" (perpendicular to membrane) do not point to the three principal directions are 
accounted by choosing proper tortuosoty T2 and T3. This is especially true for longitudinal 
diffusion, where large tortuosities have to be used. T2 and T5. are assumed to be 50 in this 
case for modeling spruce. 

In the conventional drying of green wood the high tension produced as water evaporates 
from the cell pits forces a large proportion of the pit membrane towards the aperture until the 
tori cover and seal off the apertures. The aspirated tori are held on the aperture by hydrogen 
bonds, which prevents both vapor diffusion and liquids flow through the aspirated pits. 
According to Boutelje (1976) 75 percent of the pits are aspirated for the summer wood of 
Scandinavian spruce and 50 percent for the summer wood of pine after drying. To take 
account of a less value for spring wood, the attenuation factor 1 of average spruce is assumed 
to be 0.7 in the simulations. 

In short, in the simulation of moisture transport in average spruce the data used are: Dry 

wood density 450 kg/m^, pit number per tracheid 50, among them 45 items are in radial face 

and 5 items in the tangential one. Average pit aspiration is 70%. 

3.3 Some Results of Simulations 

This model is applicable in the entire hygroscopic range, especially from u = 2% to u = 

28%, between the temperatures of -2 °C and 147 °C. These applicability boundaries are laid 
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firstly by the curve of activation energy for bound water diffusion determined by Stamm, 
Skaar and Siau, figure 3, secondly by Simpson's data fitting of the Hailwood-Horrobin 
equation. 

Some simulation results of average Scandinavian spruce are plotted in figure 6, 7, 8,9 and 
10. To meet the interests of the building industry for ö(p) and of the wood drying research 
for Dfw), they are both presented by plotting their value curves against the relative humidity 
and the moisture content respectively. The relation of 6(p) and D(w) for solid wood are 
known only obscurely before. The simulation here will also set some light on this problem. 

The simulation derived tangential, radial and longitudinal diffusivities d(p) and the 
corresponding D(w) with 70 % pit aspiration at 23.3 °C are shown in figure 6 and figure 7. 
d(p) in the tangential and radial directions increases pseudo-exponentially with relative 
humidity for the most part. The curve shapes of D(w) are very different from those of S(p) 
and their values are about 10,000-100,(X)0 times smaller. In the tangential and longitudinal 
directions D(w) increases with moisture content between around u = 0 and u = 9.5, then it 
decreases as u becomes larger. But as u increases above 20%, D(w) in tangential increases 
again. This is probably caused by the level up of the sorption isotherm near this point that 
produces less dr/dC in Eq(26). The tangential and radial diffusivities are similar though not 
equal while the longitudinal diffusivity is much larger. 

In figure 8 are the simulation obtained diffusivities of spruce at 0 °C, 23.3 °C, 80 °C, and 
120 °C with 70% aspiration. The corresponding values ofD(w) are in figure 7 and figure 9. 
The variation of S(p) at these temperatures is not so large, much less than that of D(w). This 
probably arises from the fact that moisture concentration in wood w is rather sensitive to 
temperature and it increases much faster than the moisture concentration in the air when the 
temperature increases. 

The effect of pit aspiration on diffusivities is also simulated, and is presented in figure 10. It 

can be seen that the tangential diffusivity values at 23.3 °C distincts from each other when the 

percentage of pit aspiration is 0%, 70%, and 100%. The distinction is, however, very small. 
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8(p)(10-6 m V s ) 

A: Tangent ia l 
B: Radia l 
C: Longi tudina l 

16 

8 

® 

O 20 40 &0 
R e l a t i v e Humidity <"/-) 

80 100 

Figure 6 
Moisture diffusivity ö(p) of spruce versus relative humidity in the three principal 
directions from the present model. The temperature is 23.3 °C, pit aspiration 70%. 
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D(w)(10- iöm2/s) 

'10 

A: Tangential 
B: Radial 
C: Longitudinal 

D: Tangential 

23.3 C 

Moisture Content (X) 

Figure 7 
Moisture diffusivity D(w) versus moisture content for spruce with 70% pit aspiration. 
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6(p)(10-^ m^/s) 

A: Tesiperature 

20 40 60 
R e l a t i v e Humidity (%) 

80 100 

Figure 8 
Moisture diffusivity 8(p) versus relative humidity for spruce in tangential from the 
present model. Pit aspiration 70%. 
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OCw;(lO-'öm2/s) 

300 

200 

100 

A: Tenperature 120 C 

O 10 20 
Moisture Content 

Figure 9 
Moisture diffusivity D(w) versus moisture content for spruce in tangential, with 70% 
pit aspiration. 



32 

6(p) (10-^ m^/s) 
8 

A: Al l p i t s are destroyed, f r o i present 

B: lOX p i t are aspirated nodel 

C: 1007. p i t are aspirated 

D: The highest values of sapttood, 

E : The lowest values of heartwood 

froa Berte lsens 

experitent 

20 40 60 
R e l a t i v e Humidity <%) 

80 lOO 

Figure 10 
Tangential moisture diffusivity 8(p) versus relative humidity at 23.3 ^C. 

A, B and C are values from the present model for spruce with dry density of 450 kg/m .̂ 

Distributed between the curve D and E are the experimental results of Berteisen (1984) 
for spruce with various densities from 417 to 497 kg/m^ at 23.3 °C. 
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3,4 Comparison with Bertelsen's Experiment 

Berteisen (1984 ) measured the tangential diffusivity of spruce with the cup method at 23.3 
°C. He found that the moisture diffusivity differs to some extent between sapwood and 
heartwood. His test results are replotted in figure 10 together with the simulation results 
under the same conditions for spruce with 0%, 70% and 100% pit aspiration. The 
diffusivities from the simulation are 3 to 5 times as large as the values from Bertelsen's 
measurements when the relative humidity is below 50%. From around the relative humidity 
of 70% upwards the diffusivities of the two sources almost overlap. The curve shapes and 
variation tendencies of the diffusivities in respect to the relative humidity are very much 
similar. 

So the simulation results conforms well with those of Bertelsen's tests at high relative 

humidity. And although the conformation is less satisfactory at low relative humidity, it is 

still fairly good (note the small unit of the vertical coordinate in figure 10). 

The deviation at low relative humidity originates probably from: (1) The tracheid structural 

data in the simulation are of average one whereas the samples of Berteisen were prepared 

from one specific tree. (2) The tortuosities in the simulations are to some extent chosen at 

random since no previous data or experience is available. (3) There are inevitable inaccuracies 

involved both in the numerical solution of the model equations and the measurement system 

of Bertelsen's experiment, which will be discussed later. Despite these differences and 

uncertainties, the diffusivities produced from the model are rather near to those of the 

experiments. 

Owing to the relatively good conformation of the simulation results to those of Bertelsen's 

test, we may say that the simulation results presented in last section, from figure 6 to figure 

10, may provide a useful approximation of the moisture diffusivities of average spruce under 

the simulatied conditions. 
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3.5 Comparison with Siau's model 

Siau ( 1 9 8 4 ) presented a model of hygroscopic moisture transport in solid wood under two 

assumptions: 

1. The effect of pits are negligible, only lumens and cell walls determine moisture 

diffusivity in wood. 

2. The different components of a cell (cell wall and lumen) that provide resistance to 

diffusion can be ueated with analogy to the resistance of electric circuit. This means 

that the resistances are directiy additive when they are in series and their reciprocals 

are additive when they are in parallel. 

Together with the concept of a volume averaged cell, these two assumptions directly result in 

the analytical expressions of moisture diffusivities in longitudinal D L and in transverse 

(Siau did not separate tangential and radial). Based on moisture concentration in gross wood 

and written in the form of reciprocals for clarity, the diffusivities are: 

(1 - a)(l - a') , a(l -

i . = (1 - a ^ ) { _ ^ J . ^ - 1 ^ ) ( 2 8 ) 

Here a is the square root of wood porosity. and Di,i are bound water diffusivities in 

transverse and in longitudinal , and D^^ is vapor diffusivity in the air, all are based on 

moisture concentration in the wood substances. Dy,^ is directiy from Eq(l) by converting the 

basis from moisture concentration in the air to that in the wood cell substance. In the 

expression of longitudinal diffusivities a ratio of 1/100 for cell widtii and lengtii is supposed. 

If the resistance of wood cell walls is neglected when it is in parallel with lumens, the 
diffusivity expressions above are simplified to: 

1 D. p 
D = — ( 2 9 ) 
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D ^— nO) 
^ l -a^I^bt^OOUl-a)D vs 

Siau's model is pretty in form, relatively simple and easy to use. It has been believed to be 
able to produce reasonable estimations for the magnitude order of wood diffusivities. The 
drawback of this model is that it is not sufficiently sophisticated. For wood of any property, 
for wood having all pits aspirated or destroyed, it always predicts identical diffusivity when 
their densities are identical. Siau directly applied Eq(l) as the effective water vapor 
diffusivity without dividing it by a factor which certainly made his model 

invalid when the temperature is higher than 50 °C. But without realising this, Siau (1984, 
P. 164) used his model to temperature as high as 100 °C. Finally the analogy of moisture 
diffusion in wood to the electric circuit seems to be not strictly sound since it is not a linear 
system. The resistances to moisture diffusion are concentration dependent, they are not 
simply additive. 

The present model does not bear these disadvantages. It has incorporated in itself nearly all 
the factors that are possibly influential to isothermal moisture diffusion in conifer wood, and 
expressed them on the basis of physical understanding in such a flexible way as to be 
adaptable to the cellular structures of distinct conifer woods. So it can be used to a wood 
species by taking detailed considerations to its cellular structural features. It is also suitable 
for woods that has undergone various artificial treatments or natural processes that have 
alterred the cell structure to some degree. For example, simulations can be made for a wood 
plank that has been impregnated with some chemicals so that parts of its lumens and pores 
are blocked, or for a wood block whose pits are all destroyed by alkalis, enzymes or by 
water storage. But on the other hand, the present model is more time-consuming to use, and 
some trial and error work is needed to convert the structural features of a kind of wood to the 
various sizes of the representative tracheid if good predictions of diffusivities are anticipated. 

In figure 11 the transverse and longitudinal diffusivities Dfwj of solid wood with dry density 
of 500 kg/m3 at 20 °C and 80 presented by Siau (1984) from his model are reproduced. 
Plotted together are also the diffusivity curves from the present model for average 
Scandinavian spruce at 23.3 °C and 80 °C with all pit aspirated. Siau showed straight lines 
for the transverse diffusivities on the graph with logarithmic vertical coordinate, which is 
apparently not derived from Eq(27) or (29), but from a further simplification of Eq(29) that 
he originally stated to be vaHd only when moisture content is below 15%: 



36 

From figure 11 it can be seen that the diffusivity curves predicted from the present model for 
spruce are nearly in similar ranges and has similar variation tendencies to those from Siau's 
model. The higher diffusivities predicted by the present model is presumably caused mainly 
by the smaller dry wood density than that in Siau's model. The density is expected to affect 
wood diffusivity a great deal because it determine the sizes of lumens and the moisture 
diffusion in lumens is by far faster than in wood call wall. The much larger curvatures of the 
diffusivity curves from the present model may be attributed partially to the curve fitting of the 
activation energy with quadratic equations in Eq(lO), where Siau adopted the linear 
approximation. 

Therefore, although very different approaches are taken in the present model and in Siau's 
model, and although the wood simulated by the two models have some differences, the 
predicted diffusivities showed similarities and are in similar range. 
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10 15 20 

Moisture Content (%) 
25 30 

Figure 11 
Moisture diffusivities D(w) versus moisture content predicted by Siau's model 
(dotted curves) and present model (continuous curves). 

Siau's model: A, B — Tangential, temperature 20 °C and 80 
C, D — longitudinal, ; 20 and 80 »C 
dry density 500 kg/mS, pits are neglected 

Present model: E , F — Tangential, temperature 23.3 '̂C and 80 
GJH — longitudinal, ; 23.3 »C and 80 »C 
dry density 450 kg/m3,100% pit aspiration 
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4. ANALYSES OF MOISTURE TRANSFER T H R O U G H 
MOVING AND S T I L L AIR 

When the cup method and the sorption method are employed to the measure moisture 
diffusivity, the resistance to moistiu-e transport by the boundary layer between the moving 
bulk air and the sample surface is usually neglected (Liu Tong, 1986). This may cause some 
error in the measured results. The problem has scarcely been investigated and some analyses 
will therefore be made here with boundary layer theory. For the cup method, the stagnant air 
layer inside the cup can also hinder moisture movement through it. This commonly ignored 
problem is to be studied with the equation of binary gas diffusion. Analyses in these two 
problems here would hopefully be able to cast some light on them and lead to a better 
understanding and utilization of the two important measurement techniques. 

4.1 Moisture Transfer under Forced Convection 

Consider a piece of wood whose surface moisture content is or Wy Air that has a moisture 
concentration p o o is blown parallelly to the lumber with velocity U. Due to the shear stresses 
between the air and the surface, the air next to the surface is brought to rest when it reaches 
the leading edge of the lumber. The shear stresses in the air subsequently retard the flow of 
the air in a very small thickness known as boundary layer, figure 12. 

Figure 12 

Boundary layer and 

the velocity distri

bution of the flow 

air over a piece of 
wood 

The laminar boundary layer continues to thicken along tiie surface. If the lumber is 
sufficientiy long a point known as the critical lengtii would be reached after which the air 
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flow of the boundary layer becomes unstable and turbulent. 

The boundary layer opposes moisture transfer through it and bring about surface resistance. 

The mass transfer between the bulk air and the wood surface through the boundary layer can 

be described by: 

Hv = Pav(Ps - P oo) (31) 

where is the average mass transfer coefficient 

From the boundary layer theory (Hines and Maddox, 1985) it is known that when a 
Sherwood number Sh = p^v^/Sf^ is above 25 (which is in general fulfilled for air and water 
vapor system as d^^ is very small), the mass transfer resistance through the boundary layer is 
predominant for forced convective mass transfer. Under such conditions, the average mass 
transfer coefficient for the fluid flow across a flat plate is: 

5 i 1 
0.664 i ^)(Sc)^ (Re)^ 

Re < 500,000 
(laminar flow) 

p^= -iil<0.0365Re - 853) 

4 

0.0365 x ^ x R e ^ 

(32) (partial laminar and 
partial turbulent flow) 

500,000 < Re < 10 
(turbulent flow) 

where v is Uie kinematic viscosity of the air, L the length of the wood lumber in the air flow 

direction. 5c and Re are Sherwood number and Reynolds number, expressed in this case 

as: 

b e - g 
m 
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v can be obtained rather accurately with: 

v = (12.5 + 0.11 T.) X 10-6 (in2/s) 

Here T^. is the temperature in Celsius. The average mass transfer coefficient is dependent on 
air velocity, length of the wood lumber and temperature. It is not influenced by the flux of 
moisture through the boundary layer and inside the wood. So the analyses in this chapter is 
valid for both steady- state (cup method) and transient (sorption method) moisture transport. 

First, check whether the boundary layer in ordinary sorption and cup methods is laminar or 

turbulent. From the expression of Reynolds number the critical length is: 

L c , = 5 X 10+5 vAJ = (6 .25 + 0.055Tc)AJ 

at Tc = 20C, U = 3m/s, \.^ = 2A5 m 
U = 5m/s, Lcr= 1.47 m 
U = 8m/s, Lcr = 0.919m 

Therefore it can be concluded that with the cup and sorption methods the boundary layer is 
always laminar because the sample lengths never exceed 0.9 m. 

Assume that the length of the wood lumber is 0.1m, the average mass transfer coefficient is 
calculated with respect to air velocity at the temperatures of 5 °C, 23.3 °C and 80 °C 
respectively, figure 13. It can be seen from figure 13 that the average mass transfer 
coefficient increases proportionally with the square root of the air velocity. Temperature has a 
relatively weak influence on the average mass transfer coefficient 

In figure 14 the mass transfer coefficient with respect to air velocity for three situations are 
plotted: (1) Wood lumber length L=lm, temperature Tc=80 »C, (2) L=5m, Tc =80 and (3) 
L=5m, Tc =130 °C. In the regime of laminar flow, the average mass transfer coefficients are 
less for the two longer lumbers. But when turbulence appears around the air velocity of 2.5 
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m/s they increase rapidly, surpassing that of the 1 m long lumber when the air velocity is 
above 4 m/s. So the occurrence of turbulence on wood lumber of large length will effectively 
reduce the surface resistance. 

The difference of relative humidity between the lumber surface and the bulk air is 
proportional to the moisture flux through it. When the average mass transfer coefficient is 
known, it can be calculated, from Eq(31), Eq(16) and Eq(17): 

From figure 13 and figure 14 it is clear that the velocity should be no less than 1 m/s in 
order to keep this relative humidity difference small. In the test with the sorption method the 
flux decreases rather rapidly from the initial large value and so the value of f̂ ^ - (poo) would 
also change in such a way. Consequently, for the sorption method the moisture transfer is 
most sensitive to surface resistance in the initial sorption stage. In this stage a high air 
velocity is imperative. In the cup method, the flux of interest is constant, so the 
coiresponding relative humidity difference is also a constant. Proper air velocity (larger than 
1 m/s ) should be kept to make this difference small. By the way, if a sample has a very 
large diffusivity and a constant flux , much larger than those of wood samples, the air 
velocity should also be much larger. The difference of relative humidity and consequentiy the 
proper value of air velocity depends primarily on the magnitude of the flux. 
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Kav (lO.E-2 m/s) 

A i r V e l o c i t y (m/s) 

Figure 13 

Average mass transfer coefficient versus air velocity for a sample of 10 cm 
along the air flow direction. Temperatures are 5 °C, 23.3 °C and 80 °C. 
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Kav (lO.E-3 m /B) 

A i r V e l o c i t y <m/s) 

Figure 14 
Average mass transfer coefficient versus air velocity. 
Curve A: Sample length Im, temperature 80 °C 
Curve B: Sample length 5m, temperature 80 °C 

(the dotted branch would be assumed if 
turbulence did not occur). 

Curve C: Sample length 5m, temperature 130 °C. 
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4.2 Moisture Transfer Through Still Air 

When cup metiiod is used to measure moisture diffusivity, the stagnant air layer inside the 

cup between the sample and the salt solution or drying agent has some resistance for moisture 

transport figure 15. 

Figure 15 

Wood sample and 

cup in the cup method. 

A : Sample 

B : Cup 
C : Salt solution or 

drying agent 

The equation of water vapor diffusion in still air in the differential form is expressed in 
Eq(3). Integration of the molar flux along the height of the stagnant air layer results: 

N = • 

Here Xj and Xj, are the molar water vapor concentration in the air on the wood surface and at 

the bottom of the stagnant air layer. The corresponding mass flux expressed with mass 

concentration p^^ is: 

p M 6 p M - p 
n = l L _ ^ x ln(12_JL_- lL 
* h p M - p. 

) (34) 

We can equate the mass flux to a mass transfer coefficient times a linear driving force (p^ 
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p - p. p M 5 
Where (p) = , P,, = . 

* p M - p "̂ ^̂ l̂og 
l n ( l S - J ^ ) 

p M - p. 
w '̂ b 

When Ply and the flux Uy are known (p^ is determined by the salt solution or drying agent 

used, the flux is measured in experiment), can be calculated with: 

n 
V Pc = — + P 

Pst 
'b (36) 

The unknown is contained in the expression of pg^^ In the calculation an initial estimated 

Pg can be substituted into Eq(36) and better values are derived with successive 

approximation until satisfactory value is obtained. The difference of relative humidity in the 

air between the wood surface and at the bottom of the stagnant air layer can then be directly 

calculated with pg and p̂ ,: 

<t>s-<l>b = <t)tX(Ps-Pb) (37) 

Here some calculations with conditions quite probable in the cup method are made. Assume 

that at temperature 20 °C, the height of the stagnant air layer is 1 cm, 2 cm and 3 cm 

respectively. The relations of relative humidity difference (0^ - (f>i,) and hte moisture flux 

calculated with the above equations are illustrated in figure 16. It can be seen that ((p^ - <}>b) 
increases almost linearly with the flux. When flux is 1.4 x 10'̂  kg/m^s, ((p^ - (pi,) is about 

3.3%, 6.5% and 9.8% respectively - rather large indeed. The slope of the line increases 

proportionally with the height of the stagnant air layer. The slight curvature of the Uiree lines 

is caused by the factor fZ-Xyj in Eq(3). 
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To investigate the effect of temperature, calculations are made for the temperatures of 5 °C, 
20 °C, and 35 °C, taking the height of the stagnant air to be 2 cm, figure 17. As the 
temperature increases the resistance of the still air decreases apparently. This should be 
attributed to the temperature dependence of vapor diffusivity in bulk air 5^ and the saturation 
vapor pressure contained in (p^. Both quantities increases with temperature. 

Calculations are also made for the temperature 20 °C and chamber height 2 cm with relative 
humidities at the bottom of the air space being 66%, 33% and 0%, figure 18. This is for 
investigating whether the level of the lower relative humidity has some influence on ((ps-^Pb) • 

The answer is negative. The three curves nearly overlap completely. 

Berteisen (1984) made experiment with drying agent in the cup ((pi,=0) at temperature 23.3 
^C. One group of his spruce heartwood samples have the thickness of 8.8 mm. When the 
relative humidity outside the cup is 92.1%, 52.4% and 34.4% the measured average moisture 
flux 2.57 X 10-6, 0.253 x lO'^ and 0.0969 x 10-^ kg/m2s respectively. Berteisen did not 
state how large the distance between the drying agent and the wood surface was. Using his 
temperature and flux data, we now calculate the relative humidity difference between the 
drying agent and the sample surface in relation to the distance between them. The results are 
plotted in figure 19. We can see that for the two large fluxes the resistance of the air space in 
the cup brought about relatively large difference. As the air space is 1.5 cm high, which is 
most probable in a cup test, the difference of relative humidity is about 7.2%, 3.4% and 
0.36% for the three fluxes. 

We further consider for Bertelsen's test the surface resistance outside the cups. Berteisen 
measured the air velocities to be 3, 3.1 and 3.3 m/s. We take the average as 3.1 m/s. From 
figure 13 it can be read that at temperature 23.3 °C and air velocity 3.1 m/s the average mass 
transfer coefficient is about 6.45 x lO^^ m/s i f the samples are assumed to be 10 cm long in 
air flow direction. Had the air velocity been 0.5 m/s, the average mass transfer coefficient 
would be around 3.0 x lO^^ m/s. With these two values the difference of relative humidity 
between the bulk air and the wood surfaces outside the cups are calculated and listed below, 
together with the data for the cases inside the cups: 
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Difference of Relative Humidity of Cup Test 

produced from Bertelsen's data (1984) with two reasonable assumptions 
(1) the height of the air space inside the cup is 1.5 cm. 
(2) samples are 10 cm long in air flow direction) 

Outside the cup(%) 
(between the bulk air 
and wood surface) 

Flux air velocity 
(10-6 

kg/m2s) 3 m/s 0.5 m/s 

2.57 0.19 0.41 
0.253 0.019 0.040 
0.0969 0.0072 0.016 

Inside the cup 
(between drying agent 

and wood surface) 

7.2 
3.4 
0.36 

The deviations of the relative humidities on sample surface from the expected values is much 
larger inside the cup than outside it. It may be concluded consequentiy that the stagnant air 
space inside the cup exerts a much larger resistance to moisture diffusion than the boundary 
layer on the outside sample surface. This is tme even when the velocity of the air flow is 
rather low. 

>• 

100 200 
Moisture Flux (10-8 kg/m2«s) 

300 

Figure 16 
Difference of relative humidity versus moisture flux through the stagnant air 
layers that are 1, 2, and 3 cm high respectively. Temperature is 20 ^C. The 
lower relative humidity is zero. 
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Figure 17 

Difference of relative humidity versus moisture flux through a 2 cm thick stagnant 

air space at temperatures of 5*C, 20 °C and 35 ^C. The lower relative humidity is 

zero. 
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Figure 18 
Difference of relative humidity versus moisture flux through a 2 cm thick stagnant 
air space at 20 °C. The lower relative humidity are 1 %, 33% and 66%. 
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Figure 19 

Difference of relative humidity versus the height of the air space inside the cup at 

three flux values that Bertelsen(1984) obtained in his test for spmce samples. 
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5. DISCUSSION AND CONCLUSIONS 

Most previous models of moisture diffusion in solid woods are built on one of the 

assumptions or simplifications Uiat (1) wood is a porous media with homogeneous pores, 

(2) the pore shapes and sizes are in more than one category, and the resistances of each wood 

cell strucmral component to moisture diffusion can be calculated in analogy to the resistance 

of electric circuit, (3) the effect of pits on diffusion is negligibly small, solid wood can be 

treated as porous media with impervious pores. Compared to these treatments the present 

model is believed to be more realistic and exact in the description of wood cell structure and 

of the moisture diffusion manners. 

The prerequisites to the present model for obtaining good results in the prediction of moisture 

diffusivities are that, firstiy, the anatomic cellular stmcture of tiie modelled conifer wood are 

known well. Secondly, this cellular structure is properly converted and expressed to the 

structural dimensions of the representative volume-averaged tracheid. The extensive 

investigations in the area of wood anatomy so far has laid a sound basis for the application of 

this model. The experimental measurements of moisture diffusivities in pine and spruce by 

Berteisen (1984) and Svensson (1987) can further provide necessary means to check the 

predicted diffusivities from the model and even to regulate the model. 

Several theories of bound water diffusion in solid wood have been proposed. Among them, 

the one of Stamm, Skaar and Siau seems to be most clearly presented. It is mainly empirical 

theory based on extensive experimental measurements, and then combined with Arrhenius 

equation. And it is the only one that has considered on experimental proofs the differences of 

bound water diffusivities in the three principal directions of solid woods. 

In the analyses of moisture transfer through moving and stagnant air layers, the part of mass 

transfer in forced convection is only approximately correct. Boundary layer theory itself in 

this case is an approximation. And the critical distance of turbulence appearance depends not 
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only on sample length but also on the surface roughness. The kinematic viscosity of air 
varies also slightly with the water vapor concentration in it. Nevertheless the analysis can 
provide a good evaluation of the surface resistance for cup and sorption methods. 

The analysis of moisture diffusion through still air is, on the other hand, an accurate one. It is 

derived directly from the fundamental theory of binary gaseous diffusion. An approximation 

might be made by neglecting the term in (1-XJ of Eq(2), which would simplify the 

calculation. But this is correct only at temperature below 50 °C. 

The following conclusions can be made from the study written in this report: 

Conclusions 

1. The moisture diffusivity in average Scandinavian spruce predicted from the present 
model shows good conformation with the experimentally measured values of 
Berteisen (1984) for the same wood species. In both longitudinal and 
transverse directions this model has predicted diffusivities that are in the similar 
ranges and show similar tendencies of variation with the change of temperature 
and moisture content compared with the diffusivities predicted from Siau's 
model. 

2. From the present model it is known that the moisture diffusivities based on moisture 
concentration in the air are about 10000 times larger in order than the diffusivities 
based on moisture concentration in gross wood. The values of the diffusivities on 
both bases are quite similar in the tangential direction. In the longitudinal, they are 
much larger. 

3. From the analysis with the boundary layer theory, it is found that the surface 
resistance to moisture transfer under forced convection is small for the cup and 
sorption methods with solid wood samples. The influence of the surface 
resistance is so small when the air velocity is above 1 m/s. The resistance of 
moisture diffusion through the stagnant air layer inside the cup may be much 
larger. When the moisture flux is relatively large, the difference of relativ humi
dity between the sample surface and the salt solution or drying agent can reach 
from 2% to 10%. But this fact should not obstruct the use of cup method because, 
with the procedure described in this report, such difference in relative humidity is 
easy to accurately calculate and consider with the flux data obtained from the 
experiments. 
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