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CHAPTER 1 

INTRODUCTION 

This paper deals with the quantitativa description of moisture move

ment withiD wood at moilture conteDta below the fiber aaturatiou poiDt. 

Ficka laws of diffuaioa are used to describe the moisture flow tD math

ematical teras. the application of these laws to the moisture movemeat 

problem is first investigated theoretically. Solutions of the diffuaioa 

equatiOD are then compared with experimeatal drying results to sbDw that 

the diffusion equation may be used to describe moisture movement 1D 

wood during dryin&• 

the quantitative descriptiou of moisture movemeat iu wood ia a funda

mental problem in the field of wood techaology for several reasous. Oaa 

of thesa reasoas is that the ability to accurately predict drying rates, 

moisture content distributioaa, aad teaperature distributions for both 

hypothetical and actual dryiag coDditione would enable researcher• to 

augineer drytag processes with lower expenditures of time aod money for 

measurem&At of these variables. Predictious of maximum dryiaa rates made 

from a thermodynamic approach would help the researcher to determine the 

proper mode of energy application to accomplish a givea dryta& result. 

One example of the need to be able to make this type of predic

tion is found 1D the attempt to apply radio frequency heat~ to wood 

drytDg. Several investigators have expertmented with applytng this type 

of heating in short pulses aud 1D combination with cooveatioual methods 

1 



2 

of heating in order to reduce drying stresses and to lower heating power 

consumption. Predictions of drying rates and moisture content distribu

tions would reduce the amount of experimental work needed to enable in•es

tigators to predict and develop schedules for minimum energy consumption. 

The quantitative description of moisture movement is important in 

drying technology for another reason. At least part of the emphasis on 

wood drying research in the future must undoubtedly be directed toward 

increasing the ease with which moisture moves through wood (Youngs, 1959). 

Treatment with ultrasonic vibrations and with controlled fungal attack 

are examples of proposed treatments. The coefficients of the diffusion 

equations generally applied to moisture mo•ement are a measure of the 

ability of wood to "conduct" moisture. If these coefficients are consis

tently and logically defined, they offer a direct comparison of the ease 

of drying wood after it has been subjected to a variety of treatments. 

The chemical treatment of wood is another area in which the quan

titative description of moisture movement is important. If the problem 

of moisture flow out of wood iA solved 1 the solutions can be adapted to 

describe the flow of other liquids into the wood. 

The problem of moisture movement in wood at moisture contents below 

the fiber saturation point is somewhat less complicated than at moisture 

contents above this level. It is for this reason that most studies, in

cluding this one, have been limited to the movement of moisture below the 

fiber saturation point. This author feels that this is a logical limita

tion, since any solution applicable to moisture contents above the fiber 
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saturation point where water exists both in liquid and bound form must 

include iD eo~ form the solution for moveaeut of bound water alone. 

Fick'e lawa of diffusion have been applied to moisture movement 

in wood at moisture contaate below the fiber saturation point by several 

laveetigatore. There have, however, been considerable differences ia 

the numerical values and relationship to moisture content of the "diffu

sion coefficients" to be used in these applications. 

Three general methods of gaaeratiug coefficients have been employed. 

Coefficients have been obtained on a theoretical basis by combinina hypo

thetical contributions of the various structural features of wood to mois

ture movement. Coefficients have been calculated fro. the rates of 

adsorption, desorption, or swelling of selected samples when exposed to 

kaova moisture content gradients. Coefficients have been calculated froa 

steady-state flow rates through selected samples which were subjected to 

a known moisture gradient, Coefficients generated in the above ways have 

beea compared by several investigators. The value of the coefficient 

baa been found to depend upon the maoaer in which it was meas~ed, 

Ob1estivee 

The objective of this study was to evaluate the diffusion coefficients 

maaeured by the different methode in order to deteraine which values « 

the coefficient are useful in the solution of the wood dryiag problem. 

The evaluation vas made by comparing ~rimental concaatratioa-dietance 

curvea with solutions of the diffusion equation 1a which the valuee of the 



diffusion coefficient found in the literature were used. This comparison 

showed how cloRely the diffusion equations approximate the drying process. 

The comparison was made for the species Lirigdendrga Sulipif!Jt •· 

Yellow poplar was choaen for this etudy because diffusion coafficieDta 

for this species measured by the three most coamou methode were available 

1n the literature, and because ita uniform structure allows a a~ple 

mathematical approach. It ta felt that because of the greater simplicity 

in uainJ a wood which may reasonably be treated as homogeneous, the 

results are easier to interpret in terms of the diffusion problem. 

The experimental results which were generated to make the comparison 

for thie report make possible the calculatiOQ of the diffusion coefficient 

by a method which has not yet bean applied to wood. This method allows 

graphical determination of the diffusion coefficient from the experi

mental concentration-distance curves. This method does not give values 

of real accuracy, but does alva a uaeful estimate of the variation of 

the diffusion coefficient with moisture content. By usina the values of 

the coefficient calculated in this manner and the values found in the 

literature as starting points, values of the coefficients which allow 

calculation of moisture content a1str1butiona were developed by a trial 

and error approach. 

Oraanhas&oa 

This paper is divided into five chaptera. The first of these, the 

previoua work, deale with the literature which is pertinent to the 

application of the diffusion equation• to wood drying. This chapter 
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deals primarily with the evaluation of the diffusion coefficients by 

~th~r tnvesti~ators. These coefficients are needed in order to develop 

a solution of the diffusion equation. 

The second chapter deals with the mathematical development of the 

diffusion equations. Diffusion theory is based on an analogy to heat 

conduction. For this reason the development of the heat conduction 

equation from Fourier's law is first presented. The diffusion equation 

is developed and the similarities to the heat conduction equation are 

noted. Heat conduction and moisture movement are shown to be directly 

related. The final mathematical description of the moisture diffusion 

problem is shown to be the simultaneous solution of the differential 

equations of neat conduction and moisture diffusion. 

It is felt that part of the disagreement 1n reported values of the 

diffusion coefficient is a result of the techniques used in their meaaure

mant. The assumptions involved in the measurement of a diffusion coeffi

cient impose artificial restrictions on its numerical value. For this 

reason a discussion of the methods currently used to measure the diffusion 

coefficient of wood is presented 1n the chapter dealin8 wich the develop

ment of the diffusion equatiOltb. 

The experimental procedures used in this investigation are diacusaed 

in a separate chapter. These procedures include the development of 

concentration-distance curves, measurement of the boundary conditions 

during drying, and the solution of the diffusion equation. The fortran 

program of the solution is presented in the Appendix. 



6 

The experimental results of this investigation are preaented in the 

fourth chapter. These results constat prtmarily of the comparison of 

the experimental concentration-distance curves with solutions of tbe 

diffusion equation using coefficients founr in the literature. A 

discussion of the value of the diffusion equations in descxibina the 

drying process is included 1n this eection. 

The concluding chapter is a summary of the expertmantal results of 

this investigation and a discussion of their meaning in term& of the 

wood drying proble~ The direction of future work in this area is 

considered, and recommeadationa for specific 1nvast1aatlons are aiven. 
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CHAPTER II 

PREVIOUS WORK 

Wood drying and seasoning has bean the subject of numerous studies. 

Recent reviews by Ellwood {1961), Kolzlik {1963), and Preston and 

Nelson {1959) cover all aapects of the wood drying problem. In addition 

to these general reviews, special reviews covering specific phases of 

the wood drying problem are available. An excellent bibliography by 

Lowery and Krier {1966) covers the spacial case of the high temperature 

drying of wood. Halvorson {1963) reviews the methods employed in wood 

drying. McCormic {1962) reviews the mathematical techniques which have 

been used to describe the drying process for fibrous materials. 

The above reviews cover all aspects of the wood drying problem. 

Those articles which deal with the theory and solution of the diffusion 

equation are presented as these topics are discussed. This review 

covers those articles which deal directly with the description of mois

ture movement in wood by the diffusion equation. 

Several investigators have made approximate measurements of the 

diffusion coefficients of various species of wooa. While the exact re

lationship of the diffusion coefficient to moisture content is still un

certain, most investigations have shown a definite increase with moisture 

content. 

Martley (1926) made coefficient determinations involviua steady-state 

measurement of the rate of flow and of concentration aradiants. His data 

showed that the diffusion coefficient increaaes with moieture content and 
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that this increase ia greater at higher moisture contents. Skaar (l9S8) 

found that the diffusion coefficient of beech increases approximately 

exponentially with an increase in moisture content. Rowever, measure

ments made in the tangential direction showed the diffusion coefficient 

to be fairly constant with moisture content. 

Stamm (1960) maasured the diffusion coefficient of sitka spruce in 

the tanaential direction. Stamm measured the adsorption rate of selected 

samples when exposed to controlled drying conditions. He then calculated 

the diffusion coefficient from an equation baaed on the Boltzman solution 

to the diffusion equation, given in terms of the diffusion coefficient as 

a variable. In the Boltzman solution the diffusion coefficient must be 

assumed constant. Therefore, this method does not measure the actual 

diffusion coefficient, but instead it gives an integral or average value 

for the coefficient over the moisture content range for which the adsorp

tion data is taken. Stamm approximates the variation of the coefficient 

with moisture content by repeating the experiment for different adsorp

tion conditions, and plotting the average diffusion coefficient as a 

function of the aYerage moisture content of the sample during adsorption. 

An additional error is caused by violation of the boundary conditions of 

the Boltaman solution, which assumes no moisture content change at the 

center of the adsorbing medium. 

In this same paper Stamm made a theoretical calculation of the 

diffusion coefficient by uae of an electrical conduction model. Stamm 

(1947) baa also shown that diffusion can be considered &Daloaoua to 



e.lectrit:al conduction. The tbe<>recical co,!fficient 1.,as c.:l\lculated at 

20 percent utoisture conteat anc.l fouud to te in a;~recment with the 

measured value at this ave.ra&e lllOisture content. 

Stamm and Nelson (1961) measured the diffusion coefficient of 

loblolly pine 1n the tangential and radial directions using the same 

method as Sta.taro (1960), but measurin& the rate of desorption rather than 

adsorption. This iav\lst~gation showed the diffusion coefficient to be 

higher in the radial direction, and to incr·ease with the average toois

ture content of the sa::.~ple. Heasurements were made at several temper

atures, and the diffusion coefficient \las found to increase o~arkedly 

t..1ith increnaing temperature. Theoretical coefficients for the two 

directions were r.alculated u~ing the electrical conduction analogy and 

coraparcd with the exp~trimantal values. These theoretical values "1ere 

founJ to be fro~:;t 25 to 50 percent lower than the measured values. 

Cboong (1965) determined the diffusion coefficient of western fir 

in the radial direction uaina a steady-state method previously used by 

King (1945) for keratin membranes. Choong measured the diffusion coef

ficient at two average moisture contents and four different temperatures. 

In order to illustrate the variation with temperatures, Cboong assumed 

a linear relationship with moisture content. He says himaelf, on page 

22a "There is no basis to assume that this linear relationship holds, 

for it has been found by other investigators ••• tbat tbe diffusion coef

ficient does not vary linearly with moisture content." 

Choong also calculated the diffusion coefficient for all three 
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primary directions by use of the electrical conductivity analogy. The 

calculated values for the radial direction showed the same trend with 

regard to temperature and moisture content as the measured values. 

Biggerstaff (1965) measured the diffualon coefficient of eaat-

ern hemlock as a function of temperature in an effort to reduce the dif

ferences between observed and theoretical coefficients. He used the same 

method of measurement as Stamm (1960) and reported only the integral coef

ficient. Biggerstaff's measurements showed a marked influence of temper

ature on the diffuaton coefficient. By measuring the internal temperature 

of the drying sample, he was able to account for part of the difference 

in the theoretical and measured coefficient by showing that the actual 

drying process took place at a lover average temperature than the surface 

temperature. 

Comstock (1963) measured the diffusion coefficient of yellow poplar 

in the radial direction by both the adsorption and desorption methode 

baaed on the Boltzman solutioa and by a &teady state method. Since the 

measuremeata were made on identical specimens from the same tree, be was 

able to compare the difference in the results given by each method. There 

was an appreciable difference in the variation of the coefficient with 

moisture content between the coefficient given by the steady state method 

and by the adsorption and desorption methods. In addition there was a 

smaller variation between coefficients measured by the ataady state 

method following adsorption and following deaorption. There waa a 

similar variation between coefficients measured by the adaorption and 

desorption methods. 
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In summation• the dlffuaton coefficients of several woods have beea 

determined by aeveral tecbaiquea. There are large variations in the 

numerical value of these coefficient• which may be explained iu part by 

artificial restrlctloas imposed by the .. thod of meaauremaut of the 

coefficient. It atill remains to determine which values of the coef

ficient give the closest approximation to the wood drylna process wbea 

used with the lava of diffuaioa. When values of the coefficient have 

beeo determined which atve accurate solutions of the diffusion equations 

then these equation• may be uaad in the evaluation of proposed wood 

dryiDg techDiquea. 



CHAPTER III 

DEVELOPMENT AND THEORETICAL ASPECTS 

OF DIFFUSION EQUATIONS 

l!!5. Heat Condustlop !gUjtiOn 

The dissuasion of the heat conduction equations is included 1n this 

report for two main reasons. One of these reasons is that the diffusion 

equations are directly analogous to the heat conduction equations, and 

because of this it ia neceaaary to undarstand the principle involved in 

heat tranafer to obtain an understanding of the mathematical assumptions 

necessary to apply the diffusion equations to the mass transfer problem. 

The second and moat important reason for discussing the heat con

duction equations is that in wood drying at elevated temperatures the heat 

flow problem is interrelated with the moisture movement problem. The dif

fusion coefficient of wood has been shown by Biggerstaff (1965), Choong 

(1965), and others to vary markedly with temperature. Rowley (1933) 

showed the thermal conductivity of wood to depend directly on the moisture 

content, as did Maclean (1941), and Wangaard (1940). 

Therefore tbe prediction of either the moisture distribution or 

the temperature distribution in wood drying must involve the simultaneous 

solution of the heat conduction and the diffusion equations. This means 

that the heat flow problem is actually a part of diffusion theory. The 

importance of tha heat conduction equations in the description of wood 

drying has been investigated extensively by the Russian authors Lebedev 

12 
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(1960) and Luikov (1954) 1 Lebedev's treatment of this problem will be 

discuased later in this section. 

The theory of beat conductioa 1a baaed on the observation that the 

rate of heat conductioa throu&h a solid material 1a depacleat upoa the 

temperature difference aero•• the material, the area perpeadicular to tba 

heat flow, the nature of the material, ad the diatance betweea the two 

temperature lavale. This observation 11AY be expressed in •theutical 

notation as followsa 

LlQ .AI. 
.c1 t • i<x A L!.X (1) 

Where ..1 Q 11 the heat flow in time D. t through a thickness .6 X 8Dd an 

area A normal to the temperature difference, Ll T1 1D the x direction, K 

ia called the th!rmal gonduct1v&sx and is a quantitative measure of the 

ability of the material to coaduct heat. The dependence of the rate of 

heat transfer upon the temperature aradient and the thermal conductivity 

of the material waa established by Fourier, accordtDg to Gebhart (1961), 

page 2, and ia known aa Fourier's law. It is analogous to Ohm'• relation 

for the coDductioa of electricity. K ia then aoaloaous to the electrical 

coDC:luctiv1ty. 

The thermal coaductivity K is not exactly constant for moat materials, 

but depuda upoo the temperature. OVer a limited temperature ruae, how-

ever, the change in K can be neglected, and in ordtaary mathematical 

theory, K is coneidered constant with respect to temperature. The thermal 

conductivity of wood varies with moisture content, the direction of the 

gratn, specific aravity, the quantity aad kind of extractives and aroaa 
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structural faatuaa such as knots and checka. The thermal eonductivity 

is almost tBdependeot of species. (Wood Handbook (1955). 

The system of units moat frequently used in laboratory work measures 

the quantity of heat 1u calories, leaath, mass, aad time 1a the c.a••• 

systea, and temperature oa the centigrade scale. In this system K is 

then measured in units of (cal/sec) I (~ (•etc.)). 

To deal mathematically with the problem of heat conductiou, it is 

-useful to deftDe for every point P of the couductiag solid a vector f 

whose components are the rate of heat transfered by conductions per unit 

area across planes parallel to the coordinate planes. This vector l ls 

called the heat flux vector at the point P. The compoaata of the flux 

are denoted by fx• f1, and f&, and are the rates of conduction per unit 

area respectively in the x, y and z directions. 

Fourier's law aay be developed into the general equation of heat 

couduction by the following approach. This approach is baaed on the 

development of the heat cooductioa equation by C&rslav aad Jaeaer (1959), 

011 paps 1 tbrouab 40. The reader is referred to this work for a more 

complete treatment. 

By equation (1) • the rate of conduction per unit area in the x 

direction 1a a 

-~<x 
AT 
Tx (2) 

The negative sisa has been added to make quantity of heat flow positive 

when the direction of heat flow is positive, since 1u this case I:!T/ Ax 
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is negative. By taking the limit ashx~o we may write 

(Ja) 

Similarly for the y and z directions we may write 

f •-ILJL! y --y @ y (Jb) 

(3c) 

It ahould be noted here that there has been nothing 1n the above state-

menta or in Fourier's Law to prove that the limit asLl x+-0 may be taken. 

The verification of this step is to be found in the agreement of expert-

ment with the calculations obtained from the mathematical theory of heat 

conduction which is based on this differential approach. 

The fundamental equation of heat cODduction may be arrived at by 

coDSidertng a Carteatan volume element at point P within the conducting 

solid with sides of length 2dx, 2dy, end 2dz aa in Fig. 1. Let fx• fy• 

and fa be the components of the thermal flux at the point P. Let ABCD 

and~ B"c'o'be the faces of the element in the planes x-dx and x+dx 

respectively. The rate at which heat is conducted into the volume element 

through the face ABCD is simply the area of the face multiplied by the 

value of fx 1n the plane x-dx. This rate 1a then 

4 dy dz (fx- ~dx). 
cJX 

The rate at which beat is conducted out of the element through the face 

As" c' n" 1s 
4 dy dz (fx + l!Lr. dx). 

dX 



z 

4dydz(r -~dx) 

/ 
/ 

0/ 
/ 

I 
I 
I 
I 
1c c 
~-------

Fig.l Heat Conduct ion Volume E Iemen t 

X 
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The net rate of gain of heat within the volume from the x component of 

conduction will be the difference of these two term.. This difference is 

()f 
- 8 dx dy dx ..:....:.&. Clx • 

Similar expressions may be written for the net rate of gain of heat for 

the y and s componanu of heat conduction. The rate of gain due to the 

y component of conduction is then, 

- 8 dx dy dz ~ 
dY 

aDd for the z component, 

- 8 dx dy dz ~. ay 

The nat rate of heat gain of the volume element by conduction is the sum 

of the gains due to the x, Yt amd z components of conduction. Thus the 

net rate of heat gain of the element by conduction is 

-8(~+~+~) dxdydz 
clx CJy 7JY 

This may be more coaveniently written as 

-- dv div f 

where dv • 8 dx dy dz is the volume element and f is the flux vector 

defined previously. 

The time rate of change of stored energy, or the rate of gain of 

heat, of the vol'Wie element may be described by the produce of its mass, 

specific heat, and the tlma rate of change of ita temperatura. 

The rata gain of heat by the element may therefore be written asa 

8 f>c ~! dxdydz 
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where f is the deuaity and c tha specific heat at the temperatura T 

of the material. 

If there is heat aaneratioa within the coaductina solid., the rate 

of aeneratioa may be described by the strenath of the distributed source 

par uait volume tt.ea the voluae of the el..ant, or dvQ' where Q' ia the 

rate of heat aenaration per unit volume of the conductin& material. Q' 

may be a functioa of poaitioa, time1 or temperature. 

The &81leral equation of heat conduction aay nov be obtaiDed by 

equating the rata of aaiD of beat of the elemaut to the aua of the heat 

gain by conduction and by eneray aeneratioa. This result is 

c ~ • Q' - div £. at 
Substitution for f by the components fx1 fy1 and f 8 aa aiven by 

equatioaa (la), (Jb), aDd (lc) yields the aeneral equation of heat coaduc-

tiOD. 

f c _a • Q 1 + ~ (Kz ~ + £. (Ky U ) + ~ (KaiU. ) 
c>t C)x vx CJy ;;y C>• a. 

Ia the above equation , c, q, Kx• Ky1 ud K8 aay be functions of t811p8r

atura, position, ed. time. However, it 1a rarely necasa&Jy to apply tlae 

equation 1D ita 1110at aanaral form, as several of the tarma My usually be 

taken as constant in specific applications. 

For a homagenoua material with thermal coaductivity independent of 

temperature, sad for a thermal aradient in only one prtm&ry direction, the 

couductioo equation may be writtena 

wbereO(• Kx/ f c ad 1a called the thermal d.iffusivity. The tlaerul 
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diffuai•ity of a Material is then the ratio of the thermal conductivity 

to the thermal capacity. The d~aiona of o<. are (L2 T-1). The theraal 

diffusivity ia a particulary useful term because it contains all of the 

constants of a material which will affect a chanae in temperature by 

conduction. Values of the thermal diffuatvity of most material• are 

tabulated in ensineariug handbooks. 

Further couaidaratioaa in tba heat conduction process are the 

initial mel boundary conditione to which the beat conduction equatiou 

are subject. The initial temperature distribution mu.t be known. ADy 

discontinutles in this temperature distribution must disappear after an 

infinitestmal inter.al of time. Thera are number of boundary conditions 

which have beau devised to describe heat traasfer acroaa a boundary. 

The two mathematical forma wbieb will later be needed 1u the discussion 

of the diffusion equation will be discussed here. 

The moat often used boundary condition is a prescribed surface 

t•perature. Tbia temperature IUJ be constant, or a fuuctlon of tiM 

•d position. In practice it ia ofteu difficult to prescribe surface 

temperature, ao a form which allows for heat transfer at the surface must 

ao•Uaaa be used. The moat COIIImOil boundary condition of this typa is 

baaed on the assumption that the thermal flux acrose the surface is 

proportional to the teaperature difference between the surface and the 

surroundin& 118dium, or 

-f • H (T - T0 ) (S) 

where T ia the surface temperatura, T0 ia the temperature of the 
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surrounding medium, and a 1s a constant known as the coefficie.ut of 

surface heat transfer. If temperature is measured in •c, then the 

units of H are those of flux t•c, or cal/(aec - cm2 - •c). Equation 

(5) is known as Newton's Law of Cooling. Using Newton'• Law of Coolina, 

the boundary condition may be written as 

K 2.! + a (T - T0 ) • 0 
C)n 

where H, T1 and T0 are defiQed aa before. K is the thermal conductivity, 

and CJ I CJ n denotes differentation with respect to the outward draw 

normal at the surface. 

Stevena, Johnston, and Pratt (1956) investigated the effects of air 

velocity on the heat transfer coefficient during lumber drying. They 

made measurement• of the heat transfer coefficienta 1 or coefficients of 

surface beat transfer, of pine lumbar. Fleiacbar (1953) iavaatigated the 

drying rates of thin aections of wood and showed the dryin& rata to be 

dapaadent primarily on the rate of beat transfer to the wood. Other 

inveatigators1 Kollman, Frantz, and Schneider (1961) and Stevens and 

Johnston (1957) have dealt with the effect of surface coaditions on the 

drying rata of lumber. 

The D1ffualop Egyatlon 

Diffuaioa is the proceaa by which matter is transported from one 

region to aaother by a aeries of random molecular motions. The movement 

of water in wood at moisture contents below the fiber saturation point is 

probably a much more complicated procaae than ordinary diffusion of liquids 

and gases. However, by applying the equations of diffusion to be developed 

in this section on a macroscopic scale, a model which gives results of a 
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usable degree of accuracy may be developed. l~re complex equations may 

be developed which more closely describe the actual physical processes 

takina place in moisture movement. Yet the applicatioa of the diffusion 

equations aloae appears to be a logical and necessary starting poiat iD 

the description of moisture flow. 

The mathematical description of diffusion is baaed on the hypothesis 

that the rate of transfer of the diffusing substance through a unit area 

of a section is proportioaal to the gradient of a quantity C' which is a 

function of the concentration of the diffuaia& substance. This assu~tion 

may be written as 
F • -Dx (C') ~ 
x C)x 

(6) 

Where C' is a function of the concentration of the diffusing substance, 

in this case water, and Fx i1 the x component of the moisture flux, or 

the rate of moisture transfer per unit area across planea perpendicular 

to the coordinate planes. This ia the defining equation for the quantity 

D (C') which is called the diffusion coefftcient. 1 

The atailarity of the above hypothesis to Fourier's law is apparent. 

This mathematical theory of diffusion was first developed by Fick (1855) 

who recognized the analogy to the classical theory of heat conduction 

derived by Fourier. Equation (6) is commonly known as !ick'a first law. 

In the case of heat conduction the driving force is clearly defined 

D(C 1) corresponds to the thermal conductivity ia heat transfer theory 
and the electrical conductivity in electrical theory. D(C') should be 
called the moisture conductivity in drying theory, and it somet~es is. 
However, in the majority of dryina literature D(C') 1s called simply "the 
diffusion coefficient" and is so named in thia paper to avoid undue 
confusion. One problem is encountered in this usage in that coefficients 
other than D(C') are sometimes encountered in the diffusion equations. 
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as the temperature gradient• and the units of the thermal conductivity• 

Ke are defined by Fourier's Law. In tbe case of moisture diffusion the 

driving force may be taken to be the gradient of any of several quantities 

which are related to concentration. Therefore both the numerical value 

and the units of D(C') depend upon the choice of the gradientJC'/Jx 

and the choice of units used to defiae concentration. Several of these 

choices and their implications will be discusGed in detail at a later 

stage of this development. 

The general diffusion equation is developed from Fick'a law in the 

same manner as the general equation of heat conduction was derived from 

Fourier's Law. The development given hera is baaed on the derivation 

of the diffusion equation by Crank (1956). Consider once again the 

Cartesian volume element with sides 2dx• 2dy• and 2dz. Let the center of 

the element P (x.y.z) be at concentration c. Let F be the moisture flux 

through the point P. 

If the same manner of reasoning used in the development of the heat 

conduction equation is followed• the rate of increase of moisture in the 

volume element due to diffusion in the three coordinate direction• will be 

-8dxdydz ( ~ + 21Jx + ~ ) 
ax y a z 

(7) 

The rate of increase of moisture in the volume element may also 

be written as 
dv~ 

C>t 

Where C is the moisture concentration. expressed in terms of the mass of 

water per unit dry volume of wood, and dv • 8dxdydz. 
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Equating the two expraasiooa for the rata of increaae we have 

;Jc + dlv i • o 
Tt (8) 

-The component• of the moisture flua, F, are given by Fick'a firat 

law, eq (6). When theae are substituted into the above equation it 

becomes 

; ~ • !. (ox(C') c:)+ ffJ (o1(c') ddc;)+ f; (oa(c'~<>c:) (9) 
Thia result ia known as the general diffusion equation. D(C') can be 

factored out of the space derivative terma only if it is iodepeadant of 

concentration. This 18 in general not true 1n the caae of wood. D(C') 

depends markedly upon concentration and on t .. perature for diffuaion 1n 

wood and moat other polymeric materiala. 

So far nothing baa been said about the nature of the gradient, 

dC'/dx, which control• the flow of moisture 1n the dryina material. One 

asaumption is that the moisture concentration aradient control• the flow. 

Another is that the flow is controlled by the vapor pressure gradient. 

Van Arsdel (1947) hal shown that in the absence of temperature aradienta 

the choice ia purely arbitrary. That is, if the proper unita are uaed, 

the solutions of the basic equations will be identical. 

If the moisture flow is assumed to be controlled by the vapor 

preaaure gradient CJ P/CJx the diffuaion equation for one dimenaion may be 

written aa 
CJ f. JP) ac 
~ \DxpJ; • ~ 

in which Dx has been denoted as Dx, p for the caae 1n which C' • P. For 

convenience we may uae the dimeaaionleas variable B • ( J M.C./ C) H)T where 
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H,C, is the moisture content defined as the mass of water per unit dry 

mass of wood. H is the relative vapor pressure and ia defined by the 

relationship H • P/Ps where Ps ia the saturation vapor pressure. 

The moisture concentration C is given C • (M,C,) where 1a the dry 

density of the wood, Assuming T and P to be independent of time 1 1 we may 

write the derivitave of C as 

~ • fC>M,C • f( JM,C) c22. • £. ~ ~ • .t§.~ 
~t Jt dp T8t Ps ~Tdt Psot 

Therefore the diffusion equation may be written aa 

L ( JP) dB u.£. 
tlx Dxp 5;" • dPs ~ (11) 

For the special case where Dx,p may be assumed to be constant the 

equation may be written as 

J2p l ~ 
Jx2 • ex C)t (12) 

whereo<• Dx1 p Pa I P B, o< is called the moisture diffuaivity and 1s 

analogous to the thermal diffuaivity defined on page 13. 

Another choice is that the moisture concentration gradient ia the 

controlling factor in diffusion. Writing the diffusion equation in 

terms of C • P(M.c), it becomes in one dimension 

CJ l1,C iL_ ( D Y H,C) (13) 
- • C)x C)x 

In the case where D may be taken as constant, this equation becomes 

J 2 (U,C) 
D C) xZ 

.L d(k1,G) 
•o<x ~t (14) 

1, P is not constant as wood shrinks upon drying, However this variation 
is usually ignored as it is small and difficult to treat mathematically, 
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whereo<• D. Therefore in the case for which the concentration gradient 

is assumed to control flow, the moisture diffuaivity is identical with 

the diffusion coefficient. 

Comparing equations (12) and (14), we find that they have the same 

form. Thia 1s what Van Arsdel means when be says that in the abaence of 

temperature gradients the choice of the diffusion gradient ia arbitrary, 

for both choices lead eventually to the same equation. 

Byram (1963) has investigated the relationship of D and for a 

number of choicea of the gradient CJ C 'I CJ x for the case in which D may be 

considered constant. Tbecx's were found to be identical for all choices 

of the gradient and to have the dimensions (L2T-l). Both the value and 

the dimensions of D depend upon the gradient. 1 

The Simultaaeoue Diffusign ~neat .!W!, Hotawrs 

The beat conduction equation and the moisture diffusion equation 

have been developed separately in this paper. However these two equations 

are interrelated by the coefficients which are used to deacribe flow. 

Choong (1965), Bisgerstaff (1965), and Stamm (1960) have shown that 

temperature has a marked influence on the diffusion coefficient of wood. 

Conversely, Maclean (1941), Rowley (1933) and Wangaard (1940) have shown 

that the thermal conductivity of wood depends upon moisture content. 

1• For the case in which D 1s constant, it would seem that o< is the 
controlling factor, and should be referred to as the diffusion coefficient. 
However, if D is not constant, o< cannot be defined. It is for thia reason 
that D ia usually referred to as the "Diffusion Coefficient", rather than 
as the "moisture conductivity". 
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Therefore the prediction of the moisture content dtatribution at any 

time depends upon the solution of both the heat conduction and the 

diffusion equations. 

The problem of the simultaneous diffusion of heat and moisture 

bas been approached for drying of materials structually stailar to wood. 

Cassie (1948) described the case of moisture uptake of textile fibers. 

Henry (1948) developed a solution to account for the heat of sorption 

during adsorption in textile packages. However this solution was for 

the ease in which both the thermal conductivity and the diffu1ion coef-

ficient are constant. 

Lebedev (1960) gives a complete discussion of the necessity of 

solving both equations in order to describe the drying of moist solids. 

Lebedev includes in his discussion the possibility of moisture transfer 

resulting from a thermal gradient. He attributes the discovery of this 

phenomenon to another Russian investigator, Luikov. So far no expert-

mental evidence tl~t this transfer takes place in wood hal been reported. 

The system of equations proposed by Lebedev (1960) to describe 

moisture transfer in one dimension isJ 

JT --Jt 
J2T C) C 

K C)x2 +S ~ + Q (x,t) 

where C is concentration in gms/cm3, x is distance in em, t is time in 

seconds, and T is temperature in •c. D and K are the diffusion coef-

ficients and thermal conductivity respectively, and are functions of 
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both temperature and concentration. Q (x,t) represeats the heat applied 

during the drytRg process as a function of position and time. A (~2T/Jx2) 

is the te~ which allows for moisture flow due to a thermal gradient. 

S(0C/dt) ia a te~ which accounts for the heat of sorption. 

Because of tbe uncertainity of measuring all of the coefficients in 

these equations, it is not practical to approach the wood drying problem 

at this tlllle by attempting to solve these equations in their aeueral form. 

In this in•eatigation all thermal gradients ware eliminated. This 

approach eliminates the heat conduction problem entirely, leavina the 

diffusion equation alone for solution. 

lB! Mpaauremepta sL Diffssion Coefficients 

Methods for the measurements of the diffusion coefficients are 

commonly classed in two types according to whether the flow ia transient 

or steady. Moat methode depend upon the assumption that the coefficient 

is constant over a given range, ao that a mean value of the coefficient 

for the conditions of the experiment is measured. 

The moat common method used for the measurement of the diffusion 

coefficient of wood involves the observation of the overall rate of loss 

or gain of moisture by a specimen of known size and shape. The observed 

rate of loss or gain is coapared with a calculated rate derived from 

solution of the diffusion equation in terms of the variable Dt. 

Prager and Long (1951) derived the equation 

E • (~);t (~) 1/2 (15) 
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from a solution of the diffusion equation by Boltaman. E ia the moisture 

content attained in the time, t measured in seconds, expressed aa a 

fraction of the fiul or equilibrium moisture content, and L 1.8 the 

thickness of the apectman measured in em. The solution used tn generating 

equation (15) is subject to the following conditional 

1. There 1s no concentration change at tbe center of the 
apec:lman. 

2. The aurface attain equilibrium immediately. 

3. The 1Ditial moisture content 1a uniform. 

4. The diffusion coeffic1eat is cona1dered conatant. 

5. The equation 1a for one-dt.anaional flow only. 

In practice, samples are pre-conditioned to different moisture 

content levels and edge-coated with a moisture barrier to allow drying 

in only one direction. The samples are then exposed to various huadd1ty 
2 

coaditiona and weighed at reaular intervale. Tbe value f is computed 

for each sample from the drying data, aad the average diffuaion c:oef-

fic1ent 1 D1 is calculated. The average diffusion c:oefflc1ent1 D1 la 

defiaed graphically in Fig 2. An approxtmat1on of the true diffus1oa 

-coefficient ia given by plotting D as a function of the average moisture 

content of the speciman during drying. 

-Actually the diffusiv1ty1 o< 1 not the diffuaion coefficient, D1 

is measured by the above method. However, since the moisture concentration 

ia chosen as the aradient for the aolution (15) 1 the result is identical 

with the diffusion coefficient D. However if one wishes to use this coef-

ficient in an equation baaed on some other choice of the aradient1 it is 

necessary to remember that D is the dlffusivity. 
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The steady-state method3 which have been applied to wood are ex-

tremely simple. A thin section is exposed to different relative humid-

ities at the two faces and left until the rate of flow through it is 

-constant. The average diffusion coefficient, n, is given immediately 

as the quotient of tbe flow rate through unit area divided by the 

concentration gradient. In tbis case the term ~.aeasurad is the moisture 

conductivity, or the diffusion coefficient. The value of the coefficient 

obtained is the average diffusion coefficient as defined 1n Figure (2}. 

A method for the measurement of the diffusion coefficient from 

experi~tal concentration-distance curves was develop~d by Matano (1933) 

for use tn metal systems. This method is baaed on the aolution to the 

equation resulting when the Boltzman variable,~· x/2 t! where xis 

diatance measured in em. and t is time, measured in seconds, is substituted 

into the diffusion equation 1n oue dimension • 

.2. (n ~) • ~ 
.;lx Jx Jt 

In terms of the variable we have 

and 

JC X dC 
~ • 4el/z "d11 

The equation finally becomes 

d -d~ (16) 



.. , 

.,).t .. 

(11) 

of the abeat• and thea to evaluate n at various conceutrati~ cl, from 

(17). The integral• are obtained froa araphtcal methoda aad the gradients 

dx/dc1 by drawing taapats. 



CHAPTER IV 

PROCEDURES 

Concentration - Distance Curves 

The objective of this part of the investigation was to provide the 

necessary information to check the solutions of the diffusion equation 

using the coefficients obtained in the literature and to obtain a 

concentration-distance curve suitable for the estimation of a diffusion 

coefficient by the method of t1antano (1932). 

Yellow Poplar (Liriodendnon tulip1fsra £J was chosen for this work 

because of the reasons given in the introduction. All of the samples 

were taken from the first 24 feet of a single yellow poplar with a breast 

height diameter of 27". This diameter was large enough to allow the 

cutting of nearly flat sawn sapwood sections. 

The logs were rough sawn into planks 2 3/8" x 8 1/2" x 8'• with the 

sawing patt•rn chosen so that as many tangential sectiona as possible 

could be cut. The d~sions were chosen so that after shrinkage the 

planks could be dressed to 2" x 8" finished size. After sawing the ends 

of the planks were coated with paraffin to prevent checking and the rough 

lumber was stacked for several months to allow partial seasoning. 

After this short seasoning period the planks were cut into 3 foot 

sections and placed in a temperature-humidity control chamber in order to 

bring them to a uniform moisture content as near to 16% as possible. The 

chamber was set with a dry bulb temperature of 4o•c. Since the final 

32 
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evaluation of the diffusion coeffict.Dt was to ba at this temperatura 

this conditioning period enabled all temperature gradients to be dispersed 

before the final drying was beguD. The couditioulna period was continued 

until measurements with au electrical resistance moisture content meter 

iDdicated a moisture contaat of approximately 17% at tba cauter of the 

boards. 

Durin& thia period an Amtnco-Aire chamber was prepared for the 

controlled drytDg. The dry bulb temperature was set at 4o•c and the dew 

point teaaparature at 21.s•c. Theae teaperaturea given an equiU.brium 

moisture content of 6%. A microtome was placed inside the chamber ao 

that thin sections could be cut froaa blocks in an effort to determine 

the tt.e 1D which the apeciman surface approached equilibrium with the 

atmosphere within the chamber. Speciauma 2" x 1" x 1/2" were placed 1a 

the chamber for per1o4s of up to 3 hours. After time Interval& of 1, 2, 

aad 3 hours, slides 200 micrORs thick were taken from the aurfaces aud 

wrapped 1D aluminum foU before re-.oval from the chamber. These samples 

were weighed, oven dried, ad reweighed to allow deterainatioa of the 

mobtue content. 

In order to measure the actual equilibrium moisture content within 

the chamber, a aeries of 200 micron sections was placed 1n the chamber for 

24 hours. These sections vera wrapped ill aluminum foil for weighing. 

After the conditioning period the sample boards ware laid out aad 

sawn according to Figure 3 in order to obtain samples both for drying and 

for maaaur...at of the initial moisture content diatribution. The edgea 
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Fig. 3 Sample Layout 
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of the 8" square drying samples were immediately coated with liquid 

neoprene to form a moisture seal and allow diffusion in only one 

direction. These samples were placed in the Aminco-chamber for the 

controlled drying period. Baffles were placed in the chamber to provide 

increased air flow across the surfaces of the samples. Figure 4 shows 

the loaded chamber and the baffles. 

The three 4" square blocks from each plank were sectioned to 

determine the moisture content distribution. The first group of samples 

was sectioned by sawing into 1/2"-thick slices on a handsaw. These 

slices were wrapped in foil to prevent moisture loss and then weighed 

on a laboratory type balance. 

This method gave undesired experimental error for several reasons. 

It was found that the sections could not be accurately sawn. It was 

also found that sawing generated considerable heat and therefore possibly 

a loss or redistribution of moisture. This effect was noted by Hawkins 

and HcKenzie (1965). 

For these reasons a hydraulically operated slicer was constructed 

for sectioning the samples. Details of the slicer and its operation are 

shown in Figure 5 and Figure 6. It was found that by slicing the sections 

could be cut quickly, accurately, and with little heating effect. The 

elimination of the saw kerf and the improved accuracy of cutting allowed 

the cutting of thinner sections and therefore more precise measurement 

of the moisture content distribution. The samples processed after the 

completion of the slicer were cut into 1/8" sections, rather than 1/4". 



Fig.4 Loaded Chamber with Baffles 



Fig. 5 Cutting and Weighing Sections 



Fig. 6 D e t a i I s of S. I i c i n g 
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In addition to the errors in !ll&Wiog 1 it was found that the time 

necessary to ,weigh the samples on the balance and to obtain the tare 

weight of. the aluminum foil allowed soa1e moisture loss tn the samples 

which were weighed last. 

For this reason a Mettler automatic balance was obtained, and the 

samples ware wei&hed without wrapping as soon as they were removed fro• 

the slicer. The time necessary for weighing ~1as about 20 seconda 1 and 

there was little moiNture transfer during this time. 

After the completion of the controlled drying period the samples were 

removed from the chamber for moisture content distribution determinatioa. 

Prior to sectioning a 2" strip was sawn from the aides of the sample to 

eliminate any possible effect of drytns through the liquid neoprene seal. 

The remaining 4" square sar11ples ~1ere then sectioned and wetped according 

to the procedure above. After weighing the samples were oven dried and 

re-veigbed. nae moisture content w~• calculated for each slice, and the 

moisture content distribution was plotted for each aaaple. 

Sglution .!!.£. 1!!1. Diffusion Equation 

Analytic solutions to the parabolic differential equation with 

variable coefficients are known for only a few cases 1 the moat often seen 

of tbeae are for the cases of linear and exponential coefficients. Moat 

of the solutions from these cases involve transformations which are limited 

to the case of a semi-infinite medium. For this investisation solutions 

ware needed for a variety of coeffi~ienta• and for this reason a numerical 

solution by the method of finite differences was used. 
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Several siaplif1cat1ons were made to the seneral diffusion problem 

1D order to allow ita solution. The most important of these was the 

elimination of temperature sradients durtDs the dryins of the ezperi-

mental saaplas. The elimination of these gradients eliminates the nee-

esslty of simultaneous solution of the heat conduction equation. Of 

course a sllsht cooltna affect is produced durins the desorption process, 

but since the thermal conductivity of wood is approximately two orders of 

aaanitude higher tbaa the diffusion coefficient, it is felt that no 

appreciable teaperature gradients will be built up because of this effect. 

A second simplification was made by allowing the moisture diffusion 

process to taka place in only one direction. This allows the solution of 

the general diffusion equation for the case of one-dimensional flow. 

With these simplifications, the equation to be solved taa 

~ • ,i_ /D (C) d C) 
Jt ;>x ~ 5'i (16) 

A syst .. of difference equations approxiaatlna (16) stven by 

Newmann and Ricbtmeyer (1963) was chosen. This approximation involves 

the calculation of a 2-dimansional arid with uniform spaciaa and x aDd t 

as the variables. This arid is shown in Fiaure 7. 

The value of C (x,t) at the point (JL tn) is denoted by C (L,N). 

I D (L- z ,N) denotes the value of the coefficient D at a point midway between 

the points (Xf., tn> aad (XJ.-h Tn). Similarly D (L + ~ , N) deD.otea tba 

value between the points (XL, tn) and (XL+l• tn)• 
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Fig. 7 The Numerical Solution Matrix 
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The system of difference equations approximating (16) given by 

Newman and Rich tmeyer 1a 

C(L1N+l) • C(L,N) + (18) 

~;2 [n(L+}1N) ~(L+l,H) ... C(L1N)J -D(L•[.N) [ C(L-1 1N) -c(LlNil J 
This difference equation is baaed on first order approximations of 

both the tima and space derlviativea. Because it involves first-order 

approximations a limitation to this equation is imposed by ita aenaitivity 

to round-off error. It is not necessarily t~ue that accuracy is improved 

by arbitrarily reducing the size of~X and~t 1 because this increases 

the number of numerical computations, and increases the effect of round 

off errors. The stability coadition which must be aet for thla approxi• 

mation is: 

WhereAt and 4 x are the time and distance incrementa respectively and 

D' is the maxtmum value of the diffusion coefficient over the range for 

which tbe estimating equation (l8) is applied. This condition imposes 

the limitation that 1f4X is made extreJllftly small, .1t must be made 

much smaller, and the solution is difficult for long times. 

For this experiment the solution vas done using the dimensional 

variables x1 t 1 and c. Theae variables were chosen instead of the 

common dimensionless variables because they make the evaluation of the 

data more easily underetood in terms of the pbyetcal probl~ 

Equation (18) was programmed for solution on the VPI IBM 7040 

computer. The proaraa waa written so as to •llow freedoa of choice 
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of the eoefficient. o. the initial and boundary <lond1t1ons, a.,d the 

ratio~ t/ ~ x2. 

This proaram and related discussion ie given 1a the Appendix. 
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RESULTS 

The main objective of this investigation was to determine the 

usefulness of the diffusion coefficients found in the literature for 

the description of the drying process. In order to make this evaluation, 

experimental concentration-diatance curves were generated by the 

procedure discussed in the previous chapter. Solutions of the diffusion 

equation were made for the coefficients found in the literature, using 

the experimental drying conditions aa boundary conditions. This 

comparison and the data necessary to make it are &ivan in this eec~ion. 

Because of the volume taken up by the samples, it was necessary 

to pre-condition the experimental drying samples in two separate groups. 

A. a result the second group of samples were air-dried for a lonaer 

period of time than the first, and consequently were brought to a 

lower moisture content than the first group. 

The concentration-diatance measurements were made for three 

different times of drying. The samples for two of these drying times 

were taken from the first group of samples, and those for the third 

drying time were taken from the second group of samples. 

Twelve of the three foot long sample boards were chosen from the 

first group of pre-conditioned samples. These boards were choeen on 

the basis of their closeness to a tangential section and their lack 

of defects. 

44 
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These boarda were laid out aa in Pig. 3 and the samples for tba 

moisture content diatribution maasuremaot vera aawu and wei&bad. Upon 

deteraioatioa of tba moisture conteats the data were exa.ined to aea if 

there vaa a significant lougitudillal variation of moisture content lu 

any of the sample boards. None vaa foumd. The results ware examined 

atatiatically and it was found that neither a parabola nor a straight 

line vas a good eatimate of tha variation of moisture contaat with 

position. For this reason it was decided to uaa tha curve of tha mean 

moisture content at each position to aatimata the moisture cootaut 

distribution. Pis. 8 shows the orislual moisture couteat distribution 

for group I, and shows the mazilum spread of points about each mean. 

The aacond group of boards vas pra-conditlonad, and twelve mora 

boards cbo1en to cut 1amples froa. The mol1tura content distribution 

samples were sectioned by aliciug ln this case, aad the azparimeatal 

variation was reduced. Asain thara was no llguificant loualtudiual 

variation of moisture coatent. Fig. 9 shows tba original molature 

cont&Dt distribution for group II. 

The samples froa group I were dried in tha AmiDco unit for perloda 

of 183 and 314 boura. The sa.plaa from group II ware dried for 147 

hours. Figs. 10, 11, and 12 show the moisture content distributions 

and the expertmeatal variation for tbase times. 

The maaauremeat of the rate with which tha aurfaca of the drying 

aamples attained equilibrium with the atmolphere within tha Aalnco 
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chamber proved to have a high variation. However these measurements 

did show a trend towards equilibrium in about four hours. Thin sections 

placed in the chamber showed the equilibrium moisture content to be 5.9%. 

The literature was surveyed to obtain the coefficients to be used 

for solution of the diffusion equation. Comstock (1963) measured the 

diffusion coefficient of yellow poplar by all three methods which have 

been applied to wood. These measurement• were all made at 4o• Centigrade. 

In addition to these values of the coefficiant 1 solutions were run using 

the coefficient for Sitka spruce measured by Stamm (1960) and that for 

western hemlock measured by Choons (1965). The coefficients used for 

solution of the diffusion equation are showa in Fig. 13. ~Wny inves

tigators measured the average diffusion coefficient for only one 

moisture content. While this type of data is not useful in the 

solution of the diffusion equation• it is included in Fig. 14 because 

it indicates the approximate level of the diffusion coefficient. 

The diffusion coefficients shown in Fig. 13 were used to solve 

the diffusion equation with the original moisture content distribution 

of sample groups I and II• Fig. 8 and Fig. 91 as initial conditions. 

The boundary conditton was taken to be the equilibrium moisture content 

of the atmo11phere in the chamber, or 6% ll¥)isture content. 

Fig. 151 Fig. 161 and Fig. 17 show the solutions to the diffusion 

equation using the chosen coefficients. Examination of these figures 

shous that the coefficients found in the literature do not give solutions 

which correspond with the experimental concentration-distance curves. 
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INVESTIGATOR SPECIES TEMP. 0 

Biggerstaff(1965) e. hemlock 50"C 5.5 X lo-6 

Biggerstaff(1965) e.hemlock 50"C 6 X 10-6 

Stamm and Nelson(1961) s. pine 50"C 6 X 10-6 

S tarrm and Ne 1 son ( 1961) s. pine 50"C 8 x 10-6 

Choong(1965) w.fir 40oC 3.45 X 10-6 

COMMENTS 

Corrected to .4 specific gravity by Stamm's 
theoretical approach. Initial MC of 26%. 
Sample was preheated to 50°C before drying 
was begun. 

Corrected to .4 specific gravity by Starrm's 
theoretical approach. Initial MC of 26%. 
Drying was begun at room temperature. 

Corrected to .4 specific gravity by Stamm's 
theoretical approach. Initial MC of 26%. 

Theoretical coefficient, .4 specific gravity. 

Theoretical coefficient, .4 specific gravity, 
1 S"lo MC • 

Fig. 14 Diffusion Coefficients From Previous Investigations 
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These solutions were repeated with a boundary condition of 6.2% 

moisture content in an effort to determiDe the affect of a slight 

change in the boundary condition on the solution. The effect of this 

alight change in boundary conditions on the solutions was leas than one 

percent. This means that a small error in the measurement of the 

boundary conditions would not have affected the solutions to a 

significant degree. Therefore we muat conclude that the values of 

the coefficient found in the literature are appreciably lower than 

the true diffusion coefficient. 

In order to further check thia conclusion, and to determine wbat 

the approximate value of the diffusion coefficient should be, additional 

aolutiona were made uatag coefficients obtained by increasing the 

previoua coefficients by arbitrary amounts. 

The coefficients used are shown in Fig. 18. Their resulting 

solutions are shown compared with the experimental data in Figs. 19, 

20, and 21. It may be seen from examination of these figures that the 

shape of the diffusion coefficient has little effect OR the solution 

at the longer times. Instead, for the longer times the controlling 

factor seema to be the value of the coefficient near the boundary 

region. At the aborter times the ahape of the coefficient baa a more 

marked effect. 

Three samples from group II were dried for the relatively abort 

time of 86 hours to allow the measurement of the diffusion coefficient 

by the method of Matano (1933), discussed iu an earlier section of this 
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report. The moisture content distribution of these samples was 

obtained by slicing the samples into l/811 sections and weighina as 

was done for the previous samples. 

The equation to be applied for the calculation of the diffusion 

coefficient was derived on page 31, and iss 

De-el --.L .u...lel 
2t del Xde 

c-eo 

where Del is tha value of the diffusion coefficient at concentration Cl• 

t is the ttme, :~ is the slope of the concentration dietance curve at 

concentration e1, andiel is the area between tba original concentration 
X dC 
Co 

distribution and the concentration dietance curve. 

Because the variable in the above equation is concentration, it 

was necessary to convert the moisture content values to concentration, 

in terma of graas water/cm3 wood. This was done by dividing the 

moisture content by .42, which is tbe value of the density of yellow 

poplar given by the Wood Handbook (1955). This introduces soma error, 

but this is felt to be small compared to other approximations of the 

method. The concentration-distance curve and an example of the neees-

aary slope and area to determine the coefficient are shown in Fi&• 22. 

The values of the diffusion coefficient measured by this method werez 

D • 1.65 x 10-6 cm2/sec at 8% M.C. 

D • 2.34 x lo-6 cm2/aec at 9% M.c. 

D • 3.42 x lo-6 cm2/sec at 10% M.c. 
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D • 4.30 x lo-6 cm2/sec at 11% M.c. 

Because of the relatively large chanae 1a concentration at the 

center of the aamplea1 13%1 aad a fairly large experimental error, it 

vas felt that there vaa enouah error in these measurements so that they 

could not be extrapolated to give the diffusion coefficient over tbe 

whole dry1Dg raaae used in this expertment. For this reason these 

valQea could DOt be used for solution of the diffusion equation. 

Comparison with Fig. 13 and Fig. 18 show however that these values are 

considerably higher than the reported values of the diffusion coef

ficient, and indeed approach the values of tba coefficient shown 1D 

this report to give usable solutions to the diffusion equation. 

In summation, the evaluation of the diffusion coefficients foQDd 

in the literature shoved that the three methods used to .. asure coef

ficients give values that are appreciably lover thaD the true diffusion 

coefficient. It was shown that if the level of these coefficients is 

increased, theft they may give solutions which are accQrate to v1th1n 

20% or less dependina upon the lenath of time of the aolutioa. The 

diffusion coefficient vas measured by the method of Matano (1933). It 

was foUDd that due to the errors in using this solution near the eada 

of the raaae ower which it waa applied that the diffusion coefficient 

could be measured OYer only a limited range With the data available. 

However these measurements did tend to support tbe concluaioa that tbe 

published valuea of the coefficient are too low. 



CHAPTER VI 

Conelua199s !14 Recommeadatiopa 

It was found in this study that the methoda presently used for 

measurement of the diffusion coefficient of wood do not give an 

accurate value of the true diffusion coefficient for solution of the 

diffusion equationa. The coefficient• found in the literature appeared 

to be low by a factor of one-fourth to one-half. In addition, many 

of the coefficients were measured and reported in such a manner that 

they could not be uaed for solution of the diffusion equation, since 

there was no way what moisture content range they could be applied over. 

It was found that at the preaent time the diffuaion equation can 

be used to describe wood drying below the fiber saturation point if 

experimental concentration-diatance curves are first made for the 

particular drying problem in order to fix the level of the coefficient. 

It was found that by slicing large blocks into .. ctiona, 

experimental coa.centration-diatance curves could be developed which 

allow measurement of the diffusion coefficient. However it was found 

that the use of this method requires a considerable lenath of time 

because of the necessity of attainin& a uniform moisture content throuah

out a larae sample. 

Oo the baais of the information found in this investigation, it 

would seem that future experimental work should first be oriented towards 

the development of a method to measure directly coefficients which can be 

65 
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used in the solution of the diffusion equation. The beat approach might 

be to make steady state measurements over very small concentration 

gradients in order to obtain the diffusion coefficient aa a function 

of moisture content. This coefficient should then be checked by 

Matano (1933) method using specimens from the same tree and location 

within the tree. Differences in the value of the coefficient measured 

by these two methods might indicate whether or not the energy of 

sorption affecta the transient flow problem. 

An important consideration in the above measurements should be the 

actual boundary conditions during the experimental drying. One of the 

main reasons that it ia difficult to use and compare coefficients from 

the literature is tbat often no idea can be obtained as to the actual 

boundary conditions for which the measurement was made. 

In addition to the experimental work, there is a need for further 

investigation of the diffusion equations from a theoretical standpoint. 

If the temperature distribution were measured as a function of time for 

a non-isothermal experiment• this measured distribution could be used 

tn conjunction with the diffusion equation1 giving the practical effect 

of a atmultaneoua solution of the temperature and moisture flow equations. 

In this manner the importance of thermal effects on the diffusion equations 

could be evaluated. 

These suggestions lead to the following approach to the deacxiption 

of moisture flow by the diffusion equational 
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1. Accurate measurGmeut of the diffusion coefficient as a function 

of concentration for the isothermal problem. 

2. Estimation of the variation of the diffusion coefficient 

with tamperature. (This data may already be available froa 

the literature.) 

4. Measurement of the temperature distribution as a function of 

time during a drying experiment. 

s. Solution of the diffuaion equation usi~S the measured 

temperature distribution to fix the value of the moisture 

conductivity as a function of temperatura. 

It would probably be better to tackle the solution of the diffusion 

equation in conjunction with a measured temperature distribution on 

the analog computer rather than the digital. The analos machine gives 

results which are certainly as precise as the data would allow. In 

addition, the~mperature distributions could more easily be entered 

into tha analog computer, because they could be entered directly in 

sraphical form. 

The completion of this sort of approach could provide almost all 

of the needed information to determine the importance of the various 

variables in the drying process below the fiber aaturation point. After 

this information is obtained, it will be easier to determine the effect 

of the atructual features of the wood itself. 
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Al'PENUIX 

The actual fourtran proaram used in this report ls aiven here. 

The nomenclatura used as followaa 

C • moiature content 

Q • D1 the dlffualon coefficient 

The diffusion coefficient ia varied by chancing statemeuta #25 1 26, 

aud 27. The time of solution ia coo trolled by the value of NN in 

statement 1155. Tbe number of intervale of time, .!:1 t 1 between the 

lloea of output are controlled by L in atatemeut #51. For ezample, 

this statement produces an output line for every second time iteration. 

The boundary conditioaa are read by statement #3, the initial 

cond:l.tiooa by 110. If the boundary cond:l.tions are conataut, a:J 

waa the caae in this report, they may be generated by meana of a 

Do loop• rather than read individually. 

The solution hera baa bean folded at the center of the dryiDs 

•dia• aaaumins ayrmaatry of the two halvea. Statasant 156 1a thea 

just the extimatiag equation (18), page 42, wr:l.tten for the central 

Ll X increm&Dt. 
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A THIORBTICAL AND UPBRIMINTAL 

INVESTIGATION OF MOISTURI DIFFUSION 

IN WOOD 

by 

William W. Moachler, Jr. 

Abstract 

In this paper the application of the diffusion equation to the 

problem of moisture movement below the fiber saturation point is 

investigated. The general diffusion equation was solved by numerical 

methods for the case of a concentration-dependent coefficient and a 

boundary condition of a specified concentration variation. Experi

mental concentration-distance curves were generated from the drying 

of yellow poplar. Solutions to the diffusion equation using 

coefficients from the literature were then compared with the experi

mental data. The diffusion coefficient of yellow poplar was determined 

directly from the concentration-distance curves by the method of 

Matano. On the basis of the above information, a diffuaion coefficient 

was determined which accurately describes the drying of yellow poplar 

between 61 and 181 moisture content. 
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