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ABSTRACT 
The drying theories devcloped over the past fifty years have originated from the point of 

view of either the internal mechanisms of drying, which treats the flow of moisture within 
n porous material, or from the vicw of the external mechanisms of drying, which considers 
the inovenlent of moisture away froin the material. This paper considers the success the 
drying scientist has had in analytically predicting the moisture transport rates, suggests 
means to realize overall drying rates, and recommends areas of specific research required 
to obtain a technology which will result in faster, more economical, and more uniform 
drying of lumber. 

INTRODUCTION 

Interest in the mechanisms occurring dur- 
ing wood drying has increased rapidly over 
the last fifty years. Most efforts have been 
directed toward shortening the overall dry- 
ing time which is one of the most important 
factors in the economics of lumber produc- 
tion. To avoid undesirable shrinkage and 
stresses, it is necessary to dry lumber to a 
moisture content approximately equal to 
that present under service conditions. To 
procure suitable lumber in an ecollomically 
convenient time, it is necessary to dry it 
artificially in kilns or drying chambers. As 
a result, seasoning is the most time-consum- 
ing operation in lumber manufacture. Con- 
ventionally, lumber is stacked in courses or 
layers separated by narrow strips of wood 
called stickers. In the kiln, the stacked lum- 
ber is subjected to a sequence of tempera- 
ture, humidity, and air flow conditions. 
The drying rate is thus a complex function 
of the stacking geometry, the dry bulb tem- 
perature, the wet bulb depression, the dif- 
fusion characteristics within the wood, and 
any factor which controls the effectiveness 
of the air circulation in heating and remov- 
ing the moisture from the lumber surface. 
In any given situation, it is to be expected 
that there exists some optimum combination 
of these states which provides the fastest 
drying rate compatible with low lumber de- 
grade. 

Historically, the magnitudes and sequence 
of these states (i.e., the so-called schedule 
developmcnt) have been determined by 
tedious empirical trial and error studies 
which involved changing those variables 
the operator believed were pertinent. Al- 
though qualitatively significant and specifi- 
cally useful, this technique has resulted in a 
large amount of uncorrelatable data which 
cannot be extrapolated to new conditions or 
species. 

Within recent years, great advancements 
have been made in an understanding of the 
diffusion processes within wood substances. 
Studies by such researchers as Stamm, Tie- 
mann, and Comstock have resulted in a 
thorough yet concise literature on the sub- 
ject. (ANC Bulletin 1946; Baker 1956; 
Brown 1965; Burr and Stamm 1956; Choong 
and Fogg 1968; Comstock 1963; Panshin, 
Brown and Forsaith 1964; Stamm 196.2 and 
1967; Tiemann 1938). On the other hand, 
the regime of aerodynamically dominated 
drying has received considerably less inves- 
tigation. New information and many new 
techniques of measurements are available 
in the field of fluid mechanics as developed 
by other disciplines. I t  is the intention of 
this paper to review that literature related 
to the latter mechanism. 

CLASSIFICATION OF DRYING MECHANISMS 

W. K. Lewis and T. K. Shenvood were 
among the first to recognize that the drying ' The author would like to acknowledge the sup- 

port of the U S. Dep'lrbnent of Agri~ulturc, Folest process might be divided into a number of 

Ser\lce under Grant 16-81 (5-10-68). See end of specific periods in which different drying 
,irtl~Ie for cxplan,tt1011 of symbol5 and suh5cnpt\. mechanisms were dominant (Lewis 1921, 
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Sherwood 1929a; 1929b). They identified the constant rate period was limited by the 
two ba\ic regimes which were designated ability of the circulating air to remove the 
the "constant rate" and the "falling rate" water from the lumber surface. Generalized 
periods. The rate of moisture loss during time-temperature records from varioils ex- 
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periments indicate the presence of a con- 
stant rate regime for lumber (Nissan and 
IIansen 1961; Torgeson 1959). At low mois- 
ture contents (below 30%), the rate of mois- 
ture transport is limited by the ability of 
the water to diffuse through the wood to its 
surface and the energy available for sorp- 
tion-hence the falling rate period. 

Fig. l a  and l b  are generalized graphs of 
the drying rate and temperature distribu- 
tions during a typical drying process. At a 
particular "critical moisture content," the 
rate of drying begins to decrease. The 
period from the moment when the critical 
moisture content is reached until the mo- 
ment when the solid is "dry" is the "falling 
rate period." Some authors divide the 
falling rate region into further sections 
( McCready and McCabe 1933; Nissan and 
IIansen 1961; Sherwood 1929a, 1929b). It  
is also postulated by some authors that the 
initial drop in the falling rate period results 
because of a decrease in the total wetting 
surface as some areas dry out (Shenvood 
1929a; Treybal 1955). This drop in drying 
rate would not necessarily be directly pro- 
portional to the areas involved because the 
dry areas might absorb more heat and raise 
the surface temperature (pseudo wet-bulb 
temperature) (Nissan and Hansen 1961; 
Sherwood 1929a). Other authors suggest 
that the initial part of the falling rate 
regime involves a retreat of the vaporization 
jrone into the solid before the free water has 
been entirely removed from the center por- 
tion of the solid (McCready and McCabe 
1933). It  is at least evident that this portion 
of the falling rate regime responds to the 
behavior of the circulation about the lum- 
ber in a manner similar to the constant rate 
drying region. 

FALLING RATE: PERIOD OF DRYING 

Early investigators recognized the effect 
of fluid motion on the moisture transfer 
rates but appeared reluctant to consider the 
problem in detail because of its difficulty. 
The first analytic approach to drying rates 
concentrated on the mathematical analogy 
between the conduction of heat in solids 
and the diffusion of moisture in a porous 

medium (ANC Bulletin 1946; Carrier 1921; 
Lewis 1921; McCready and McCabe 1933; 
Newman 1932; Shenvood 1929a; 19129b; 
Tuttle 1925; Vick 1965). These solutions 
are dependent on the assumption that the 
surface of the wood is at its final equilibrium 
moisture content immediately after drying 
begins. This assumption is good for air-dried 
lumber near or below the fiber-saturation 
point at low or medium dry-bulb tempera- 
tures; however it has doubtful validity for 
many species whose original moisture con- 
tent is high (Keer 1956). In addition, the 
conduction-analogy model buries in  a 
pseudo-integral diffusion coefficient the ef- 
fects of variation in the circulatiorl and 
tends to disguise the specific effects of the 
fluid motion. 

The mathematical analogy theory of dry- 
ing initially required the following asiump- 
tions: 

a )  the validity of Ficks' second law of 
diffusion in a solid (the rate of change of 
concentration, &/at, at any point into the 
diffusion medium in the x direction is pro- 
portional to the rate at  which the rate of 
variation of concentration with distance 
changes, d2c/ax2) ; 

b )  the constancy of the diffusion factor 
D (proportionality constant in Ficks' second 
law); 

c )  a uniform moisture distribution when 
drying starts (this assumption later removed 
by Newman [1932]); 

d )  that the effective moisture movement 
is normal to the surface planes; 

e )  that the surface fibers attain thc equi- 
librium moisture content as soon as drying 
starts; 

f ) that the thickness of the lumber does 
not change during drying; and 

g )  that the equilibrium moisture content 
remains constant for the drying process 

These criteria are met only roughly by 
drying wood. The dimensions of the wood 
vary from lamina to lamina because of the 
moisture contcnt gradient and because 
wood naturally shrinks below the fiber- 
saturation point. The diffusion constant D 
has been found to vary with moisture con- 
tent. Conditions e )  and f )  may not t)e met 
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over the entire drying pried. Finally, cases 
have been recorded in which water vapor 
and bound water movement are in opposite 
directions (Burr and Stamm 1956). In such 
cases, the drying rate may be proportional 
to the vapor-pressure gradient rather than 
the moisture-content gradient. 

Although obviously not rigorously valid, 
the theory based on the above assumptions 
provides an estimation technique for mois- 
ture loss rates for wood below the fiber- 
saturation moisture content. The technique 
was originally suggested by Tuttle and 
Loughborough (Tuttle 1925). Subsequently, 
it was developed in greater detail, and con- 
venient tables were produced by Newman 
(1932). 

In essence, Tuttle recognized that Ficks' 
second law of diffusion, 

arid the pertinent boundary conditions were 
c,cluivalent to a heat transport problem in 
conduction heat transfer. The solution for 
the moisture distribution, as developed by 
Newman for the general case where the ef- 
fect of the evaporation resistance at the sur- 
face is not neglected, requires the boundary 
conditions: 

The original moisture distribution may also 
be parabolic: 

A solution which satisfies all these condi- 
tions is 

in which the recursion expression for the 
coefficients is 

ha 
A,, -= I (ha)2 + PI,' + ha] cos P,,' 

2pn+ ha,&" 2ha 
B,, == . ( 5 )  1 (ha)2 + P,," ha] cos p,, 

and Pn is defined by cos Pn = &,/'(ha). 
(Tabulated in Tables by Jahnke and Emde 
and Newrnan [I9321 ) . 

The above solution of the problem gives 
the concentration in terms of time ancl loca- 
tion. An equation giving the average free 
liquid concentration at any time is useful 
and can be obtained by integration. Hence, 

results in expressions which may be ab- 
breviated as 

for an initially uniform distribution, and as 

for an initial parabolic distribution. The 
solution for an initially uniform moisture 
distribution results in Fig. 2. Tables for the 
functions E and E' in terms of (Dt/a2) and 
(ha)  are included in Newman ( 1932). 

The empirical coefficients D (the aver- 
age diffusion constant) and h (the surface 
evaporation rate coefficient) must be deter- 
mined separately. The coefficient h is 
directly related to the flow configuration 
of the drying air passing over the wood 
surface. It will be a complex function of 
stacking geometry, surface roughness, air 
velocity, and turbulence level. This factor 
will be discussed in detail in a subsequent 
section. 

The diffusion process is of great impor- 
tance in general wood technology, since 
the treatment of wood with preservatives, 
fire retardants, anti-shrink and seasoning 
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FIG. 2. hloisture gradients for zero surface 
resistance and unifolm initial moisture distribution. 

chcniicals, and thc penetration of chips 
with reagents prior to pulping all involve 
diffusion. Hence, the value of the diffusion 
coefficient, D, for various woods has been 
examined in great detail both empirically 
and analytically, (Burr and Staiilnl 1956; 
Comstock 1963; Marshall 1958; Stamm 
1964; Yao 1966). Drying diffusion coeffi- 
cients for wood have been obtained from 
three different types of data involving 
measurements of: 

a )  moisture gradients set up under tran- 
sient conditions; 

1)) ratc of water movement in wood 
unclcr steady-state conditions; and 

c )  rate of drying of wood. 
The empirical diffusion coefficients are 

determined by fitting the experimental data 
to thcoretical curves, assuming that Ficks' 
diffusion laws hold. ( Comstock 1963: New- 

culated in this manner for a swollen-volume 
specific gravity of 0.4 plotted versus re- 
ciprocal temperature are summarizod by 
Stamrn in Fig. 23-1 of his text (1964). 

The diffusion of water through a com- 
plex network of capillaries (actually a 
complex network of solids, liquids, and 
gases) in wood is analogous to electrical 
conduction in some equivalent resistance 
circuit. I €  the hindrance of the various 
structural components of the wood to dif- 
fusion is expressed in terms of a resistance, 
a diffusion coefficient may be predicted on 
the basis of a simple electrical conduction 
analog. This idea has been developed in 
detail by Stamm, et al., and the agreement 
between the theoretical and experimental 
values appears good, (Burr and Stamm 
1956; Stamm 1964). Stamm has summa- 
rized the theoretical prediction for the 
diffusion coefficient between the fiber 
saturation point and the oven-dry condition 
in Fig. 23-3 of his text ( 1964). 

Used properly, the conduction analogy 
technique is a very powerful tool to predict 
moisture loss rates. A recent paper by Vick 
claims very good agreement for predicting 
drying rate curves for yellow-poplar lum- 
ber; however, he does not indicate how he 
determined the diffusion coefficient or the 
surface transfer coefficient ( 1965). 

Unfortunately, it would appear that the 
conduction-analogy technique has also 
been utilized for situations in which the 
initial moisture contents are much above 
the fiber-saturation point. Under such 
conditions, it is probable that the psuedo- 
integral diffusion coefficient deduced only 
masks variations in circulation and dis- 
guises the specific effects of the fluid 
motion. 

A number of approximate drying rela- 
tions have also been derived, (Lewis 1921; 
McCready and McCabe 1933; Sherwood 
192913). Thcse are all essentially simplified 
versions of the previous analogy. A typical 
assumption would be that the drying rate 
is a linear function of the moisture content. 
This results in the expression 

man 1932;  herw wood l929a; Stamm 1964; In = S, t t = -N --, (9) 
Tuttle 1925). Diffusion coefficients cal- (M.C., - M.C.,)Aea a 
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where 

M.C. - M.C., 
E = 

M.C., - M.C., 
,4 = surface area 
p = density of dry solid 
S,. = rate of drying in constant ratc region 
a = one-half thickness of wood slab 

\vhrrc N is an empirical constant. This 
constant is related to the pseudointegral 
diffusion coefficient mcntioncd above and 
has the same deficiencies. 

CONSTANT RATE OF DRYING 

Most very wet solids being dried under 
constant drying conditions exhibit a period 
during which the rate of drying is constant. 
The rate does not continue constant until 
thc solid is dry, but at one definite liquid 
content "critical point," the ratc of drying 
starts to decrease. Obviously, if the initial 
liquid content is less than critical, no con- 
stant rate period appears. 

Most wood drying literature reports that 
thc actual length of time the constant rate 
period exists is very short. In addition, the 
literature asserts that thc equilibrium mois- 
ture content is attained at the surface 
i111nost immediately. The author has ob- 
sc,rved n constant rate period for drying 
Engleman spruce which was at least one- 
sixth of the total drying time for a dry-bulb 
tc:mperature of 130 F and a wet-bulb de- 
prcssion of 20 F (Meroney and Ostrowski 
1967). Even if the constant rate period 
itsclf is very short, it is evident that for 
lunibcr initially very wet ( green), the fac- 
tors which control the constant rate period 
drying rate also dominate an appreciable 
section of the falling rate region (Killmann 
1961 ) . 

A constant rate drying region is generally 
concerned with the evaporation of liquid 
from the solid lateral surfaces of a porous 
inaterial wherc resistance to internal dif- 
fusion is stnalI as compared to the removal 
of vapor from the surface. Hence, the dry- 
ing ratc is generally independent of the 
illaterial being dried (unless the material 
is water soluble and so affects the vapor 
pressure). During the constant ratc period, 

the evaporation takes place at the surface 
of the wet solid, the rate of drying being 
limited by the rate of diffusion of water 
vapor through the surface air film (bound- 
ary layer) out into the main body of the 
air. The drying, in this period, is similar 
to the ebaporation of water from :i free 
liquid surface, and for a sufficientljr long 
constant rate period the solid may assume 
a constant equilibrium temperature, just as 
a free liquid surface is maintained by eva- 
poration at  the wet-bulb temperature of the 
air. The resistance of the surface film to 
moisture transport is a complex function 
of the stacking geometry (board spacing), 
dry-bulb tempearture, wet-bulb depres- 
sion, turbulent intensity level, uniformity 
of the circulation, surface roughness, and 
any othei- factor which controls the effec- 
tiveness of the fluid motion to heat and 
remove the moisture from the lumber 
surface. 

Early investigators recognized the effect 
of the fluid motion on the moisture transfer 
rates, but appeared reluctant to consider 
thc problem in any analytical detail be- 
cause of its difficulty; thus, almost all 
schedule development has been empirical. 
At the beginning of the century, natural 
draught (free circulation) kilns were pop- 
ular, and in the first forced circulation kilns 
which were used, air speeds over the lum- 
ber surface were less than 100 ft/min 
( Torgeson 1960). Subsequently, research 
by such organizations as the Forest 13roduct 
Laboratory in Wisconsin encouraged the 
use of speeds up to 600 ft/min. More 
recently, some studies have utilized speeds 
as high as 2,700 ft/min (Kollmann 1961). 
Some investigators have examined the ef- 
fect of fluid motion on a specific configura- 
tion and material (Lewis 1921; McCready 
and McCabe 1933; Sherwood 1929b; Ste- 
vens and Pratt 1958). Samples of such 
substances as asbestos, heel board, clay, 
whiting, paper pulp, cord-twine, and even 
wood were examined under a variety of 
conditions of velocity and humidity. These 
studies were not comprehensive in the 
sense that measurements were made at  only 
one position and for a specific configura- 
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tion. Effects of free turbulence intcnsity, 
velocity, pulsation, stack geometry varia- 
tion, and roughness variations were not 
considered at all. 

Additional work of a qualitative nature 
has been done on the advantages of flow 
reversal (Keer 1956; Stevens and Pratt 
1958). An article on pulsation on drying 
rate has been published, but has not re- 
sulted in any further attention in the drying 
literature (Fessel 1956). A large amount 
of work has been done on impingement 
drying, but the studies have not been based 
on fundamentals of heat and mass transfer 
in wood drying (Reitz 1967). One inves- 
tiagtor, Lymann, used a wetted felt mat 
material to cvaluate the circulation effects 
in impingement drying in an effort to avoid 
the variation of wood ( 1965). 

Qualitative experiments such as those 
listed above and long empirical experience 
have produced various fundamental charac- 
teristics for wood drying. Among these are 
the following: 

a )  sapwood dries more rapidly than 
heartwood of a species; 

b )  drying rates from the end grain are 
from 10 to 15 times as fast as from the 
tangential surface; 

c )  the drying rate, everything else being 
equal, is affected by velocity of air move- 
ment; and 

d )  the drying rate is a direct function of 
temperature and an inverse function of the 
relative humidity. 
These concepts are too fundamental, how- 
ever, to be of much assistance in calculat- 
ing the drying time for a specific piece 
of lumber. One might examine the data 
collected by such an organization as the 
Forest Product Laboratory; however, such 
an analysis would be affected by many 
confusing factors such as the wide range 
in initial moisture content conditions, varia- 
tions from standard procedures, and the 
fact that scientific information regarding 
the interactions of some of the important 
variables is missing. 

Hence, most calculations have been 
based on simplc transport analogies to 
relations available from heat transport 

equations under similar conditions. Much 
new information is available in this field, 
and the transport problem will be discussed 
in the next sections. 

MOISTURE TRANSPORT FROM 

WETTED SURFACES 

Although mathematical solutions are not 
available for all possible boundary condi- 
tions, dimensional analysis may be applied 
to group significant variables, thereby 
establishing, hopefully, a law of similarity 
for evaporation. A given set of conditions 
all uniquely determine the distribution of 
the vapor and the velocity in the flow and, 
hence, the evaporation rate from the sur- 
face. Consequently, one may expect a 
functional relationship to exist between the 
local rate of evaporation and properties or 
parameters which are descriptive of the 
specified conditions. Using the conven- 
tional dimensional analysis techniques as 
summarized by Bridgman ( 1931), ono can 
obtain for momentum, heat, and mass 
transport the functional equations 

fl(R,,, Cf, T, Gr, x/d, d/a, ks/d) = 0, (10) 
f2(R,,, Nu,,, T, Gr, Pr, x/d, d/a, 

ks/d) = 0, (11) 
and 

f3(R11, Sh,,, T, Grm, Sc, x/d, d/a, 
k,/d) = 0, (12) 

where the individual terms are identified 
in the list of symbols. I t  is experimentally 
evident that not all of the parameters are 
equally iivlportant or effective. For in- 
stance, the magnitude of the forced convec- 
tion velocity in a modern industrial kiln is 
such that the dimensionless free convection 
moclulus, ('rr , the Grashoff number, can be 
neglected. These groups are often further 
combined or altered as experience indi- 
cates, hence, such moduli as the Pecklet 
number, P e ,  and the Stanton number, S t .  
In addition, the microscopic transport co- 
efficients may often be simply replaced by 
their turbulent counterpart for turbulent 
flow; therefore, 

PCP € Pr = -- may become Prt = -. 
k €1; 
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where E represents the eddy diffusion coef- 
ficients due to turbulent fluctuations. 

The large number of governing param- 
ctcrs which exist during drying require a 
carefully constructed series of experiments 
to isolate correctly their individual effects. 
The interpretation of data from experiments 
not controlling these variables is not pos- 
sible. 

Estcnsive solutions are available for heat 
or Inass transport through a laminar bound- 
ary layer for a wide variety of boundary 
conditions including plates, pipes, ducts, 
and channels (Bird, Stewart, and Lightfoot 
1960; Jakob 1949; Spalding 1963). Varia- 
tions have been obtained for entrance 
regions, high mass transport rates, and 
\rariable wall temperatures or mass flux 
rates (Terrill 1965; Yil~ and Cermak 1951). 
Unfortunately, except for the flat plate 
solutions discussed below, the turbulent 
transport case is by no ineans as well 
treatcd or understood. The reason for this 
lack of success is the extreme complexity 
of turbulent motion. In turbulent flow, 
irregular velocity fluctuations are always 
superimposed upon the motion of the main 
strvain, and the fluctuating components 
cannot be described by simple equations. 
Yet it is precisely these fluctuations which 
are primarily responsible for the transfer 
of heat, n~omentun~, or mass in turbulent 
flow. 

Exact solutions of the general equation 
for tv7o-dimensional evaporation in the 
absence of a pressurc gradient from a flat 
surface have been obtained, assuming that 
the eschange coefficient for momentum is 
tllc saine as for vapor transport. Sutton, 
Pnsq~~ill ,  Kohler, and Yih determined solu- 
tions very similar in format, as compared 
by Cermak and Lin ( 1955). Yih's solution 
of \ id1  evaporation is 

where , 

and m is the exponent if one assumes 
U/U, = ( Z / Z ~ ) ~ ,  The total rate of evapo- 
ration is found by writing 

These expressions appear to correlate evap- 
oration data for the flat wall case quite 
well. 

Most relations utilized for industrial mass 
transport calculations are based on the 
assumption of an equivalent transport 
mechanism for heat, momentum, and mass 
transport. The basic concepts of this anal- 
ogy were introduced by Osborn Reynolds 
in 1874. The analogy was later improved 
by Prandtl, Von Karman, Boelter, et al., 
Martenelli, and most recently by Deissler 
(Bird, Stewart, and Lightfoot 1960). 

In essence, Reynolds observed that under 
certain circumstances the simplified gov- 
erning exchange equation and boundary 
conditions for mass, momentum, and heat 
transfer are formally equivalent, except for 
certain transport coefficients which com- 
bined into thc various dimensionless pa- 
rameters previously discussed. Hence, if a 
solution is obtained for one trarlsport 
process in a given situation and is expressed 
functionally as suggested by Equations 
(10, 11, or 12), then the same functional 
formulation should exist for the remaining 
transport process when the appropriate 
dimensional parameters are inserted. 

In view of the fact that most mass 
transport solutions are obtained by analogy, 
potential success of the prediction of the 
mass transport in a turbulent system is 
dependent on the equivalent state of the 
art for heat and momentum transport. 
Analytically, the basic solution of the con- 
stant rate drying region between flat plates 
looks very favorable. Heat transfer solu- 
tions for turbulent flow are availal~le for 
the simple flat plate case for a wide variety 
of wall temperatures, flux rates, and pres- 
sure gradients (Keston and Richardson 1963; 
Reynolds et al. 1960; Rotta 1965). These 
solution techniques have been extended to 
the slot problem for a variety of boundary 
conditions. Deissler and Hatton have pro- 
vided an analysis of turbulent heat transfer 
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and flow in the entrance regions of smooth 
passages ( Deissler 1953; Ilatton 1963-64). 
Since 1961, flow between parallel plates 
has specifically received concerted atten- 
tion; recent papers by Hatton et al. (Hatton 
and Quarnlby 1963; Hatton and Gundy 
1964; Hatton and Quarmby 1964), Mori 
and Uchida (1966), Barrow (1961; 1962), 
and Seban (1950) are available. In most 
cases, scant experimental cvidence exists to 
confirm the results which are displayed by 
the various authors graphically. No cxperi- 
mental evidcnce is available to confirm the 
adequacy of any of the solutions for their 
equivalent Inass transport situation. Even 
for the qualitative effect of a simple change 
in air velocity on drying rates, there ap- 
pears to be a large discrepancy in pub- 
lished results. Papers by Carrier ( 1921), 
Stevens ( 1956), Torgeson ( 1957), and 
Gaby (1961) suggest a linear variation of 
drying rate with velocity; yet experiments 
by Sherwood and Lewis (1929b; 1921) and 
recent practice in fluid mechanics would 
suggest that drying rates should vary as a 
power of one-half to eight-tenths velocity. 

PREDICTION OF TOTAL DRYING TIME 

The mechanism of drying in the falling 
rate period has been seen to be compli- 
cated, this period being, in general, divis- 
ible into two zones, involving at lcast two 
different drying mechanisms. However, for 
practical analysis of drying data and for 
computations involved in the design and 
operation of con~mercial drying equipment, 
it is important to have a simple formulation, 
which, even if only an approximation, is 
casily manipulated. Such an equation may 
be derived by the simplification that the 
drying rate is proportional to the moisture 
content (Lewis 1921; Nissan and Hansen 
1961; Sherwood 192%) or perhaps to a 
polynominal relation fitted to match the 
constant drying rate at the critical point. 
For example, the assumption of a linear 
variation of drying rate in the falling rate 
rcgion yields Eq. ( 9 ) .  I t  is evident that 
knowledge of S, and M.C.,. provides a suit- 
able mcthod to construct analytical drying 
curves. 

a Ions Although a knowledge of the vari t' 
of S, is probably available from existing 
drying theories as discussed, there is very 
little systematic information available con- 
cerning the critical moisture content, hl.C.,. 
From the studies of McCready and Mc- 
Cabe, the critical moisture content is re- 
lated to the fiber-saturation moisture con- 
tent, but it is not necessarily the same value 
( 1933). The critical moisture content does 
not appear to vary significantly with rela- 
tive humidity, air velocity, or slab thick- 
ness; however, it does vary with dry density 
or porosity. 

CONCLUSION 

The rcmarks contained in the previous 
sections summarize briefly the current 
status of the understanding of the lumber 
drying process as found in industrial kilns. 
The lack of a consistent set of experimental 
data and a conclusive analytical formula- 
tion is apparent. It is, therefore, concluded 
that future investigations should involve 
the measurement of actual mass and heat 
transfer data to determine, specifically, the 
influence of slab thickness, board width, 
turbulent intensity, surface roughness, and 
kiln geometry for presentation in terms of 
the specified dimensionless parameters. In 
addition, the mechanisms of the establish- 
ment of the constant-rate region, its dura- 
tion, and the value of the critical moisture 
content warrant further investig a t ' ion. 

LIST OF SYhlBOLS 

S t~n~bo l  

A 
1 

c 
C.P. 
C i 
c, 

c, 

cl 
U 
3 c  
Et 

E 
Gr 

Definition 

Surface area 
One-half slab thickness 
Water vapor concentration 
Critical point 
Drag coefficient T / ( ~ U , ' / ~ )  
Water vapor concentration 

of ambient air 
Saturation water vapor conccn- 

tration at temperature T,,, 
Slab separation 
Uiffi~sion coefficient 
c. - c, 
Evaporation wcight per ~ m i t  

area and unit time 
See Eq. 9 
crashoff number [&p(T-T,) 
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r (;rashoff n111nher d i ~ c  to concen- 
tration variation rather 
than tenrneratr~re - 

11 

k ,  
k, , ,  
l1.C. 
N11,l 
Pe 
Pr 
8:: 
n,, 
Sc 
S, 

Sh,, 
St  
t 
'I' 
'I' 
I J 
U 

CTv2 

\v 
x 

L 

7 l 

11 Q 
S ~ ~ r f a c c  transfer coefficient ---- I ~ ~ T  ' - LZT 
Effective roughness height L, 
Evchange coefficient of vapor -- 
hloisture content - 
Nrlsselt nunn1)t:r hd 1 k - 
I'ecklet nnnlber ReI'r - 
l'randtl nunlber pc,,/k - 
Hcynoltls number U.,l/v<. - 
Reynolds nliinber U,k/v 
Schmidt number pD/p - 
Ilrying rate at critical inoistlire 

content (d mass/dt),. hI/T 
Shrrewood number k,,,d/(cD) - 
Stanton nuinber = N~tRejPr - 
Time T 
Te~nperature 0 
'I'urbulent intcnsity v'/U, - 
1,ocal velocity in boundary layer I,/T 
Rlca~i apparent shear vclocity at  

the downstream end of the 
surface under consitleratio~i L/T 

il~ilbicnt velocity of the mcan 
motion 1, jT 

Weight of watcr evapor;~tctl 
Distance downstream from tlie 

beginning of evaporation 
Ix~undnry L 

Distance measured v~rtically 
from the surface of 
evaporation l~oi~nclary 1, 

l~efcrencc elevation I , 
I' <:amma fl~nction 
p Ilcnsity 
p llynatnic viscosity 
ZJ Kinenlatic viqcosity 

Eddy diffnsivity 

Subscripts 

1 
1 

c 
e 
111 

0 

~11) 
P\YI) 
wI> 

Dcrinitioll 

b~quiIil)ri11i11 
Snrfacc, 
Critical point 
E(~11ililIri11111 
Center plane 
Initial 
Dryhull) 
l'scndo-wet 111111) 
]Vet 1)llll) 
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