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A model that predicts heat and moisture transfer in the hygroscopic range of a
complex porous material such as wood, was evaluated with unsteady-state noni-
sothermal diffusion experimental data. Water chemical potential gradient was taken
as the driving force for diffusion, and the derivation of the temperature-gradient
phenomenological coefficient in the mass balance equation was based on the prin-
ciples of nonequilibrium thermodynamics. The results reveal an excellent prediction
of the specimen’s average moisture content during desorption in the hygroscopic
range. Moreover, a very good agreement was also shown between the specimen’s
center temperature and the model predictions. The model revealed the existence of
a thermal-diffusion phenomenon during the initial stages of the desorption process.
This phenomenon was not predicted by Fick’s equation for diffusion.

Introduction

Because of its important applications in the chemical in-
dustry, coupled heat and mass transfer in porous macromo-
lecular solids arouses great interest within the chemical
engineering field. Some of the fields that have to gain from
an expansion of our understanding regarding the interaction
of heat and mass transfer in complex porous materials are the
drying of foods (Parry, 1985; Haghighi et al., 1990); the drying
of wood and ceramics (Stanish et al., 1984, 1986); the diffusion
of solvents in polymers (L.aubi and Vergnaud, 1991), with
obvious applications in devolatilization (Maffettone et al.,
1991); the moisture absorption in fiber-reinforced plastics with
aerospace and other demanding structural applications (Col-
lins, 1991); the study of mechanical deterioration of materials
during drying or in-service (Lewis et al., 1976; Jomaa and
Puiggali, 1991). Models that adequately describe mass and heat
transfer in such media, can be used to study and evaluate
alternative industrial processing schemes, to facilitate experi-
mental testing, and to explain the physical mechanisms re-
sponsible for those particular transport processes.

A considerable volume of research has been carried out in
modeling heat and moisture transfer in materials such as pol-
ymers, wood, soils, coatings, and agricultural products (Par-
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rouffe and Mujumdar, 1988; Perre et al., 1986; Parry, 1985;
Strongin and Border, 1986; Oliveira and Fernandes, 1986;
Croll, 1987; Blondin et al., 1987). Using wood as the porous
hygroscopic material, model developments have been based
on either mechanistic approaches in which, macroscopic de-
scriptions of transfer phenomena have been derived from Four-
ier’s and Fick’s laws, or on the principles of nonequilibrium
thermodynamics. The latter embodies the entropy production
and flow in an open system that can identify the driving forces
and relate them to the heat and moisture fluxes through a
number of phenomenological coefficients (Stanish et al., 1984,
1986; Plumb et al., 1984; Beard et al., 1983; Thomas et al.,
1980; Adesanya et al., 1988; Bramhall, 1979a,b; Liu, 1990;
Kayihan, 1986; Avramidis and Siau, 1987b).

There is a conspicuous absence in the literature of models
that describe moisture fluxes and profiles in wood under dy-
namic, nonisothermal conditions. This can be explained by the
sorption of moisture always being accomplished either by ev-
olution or by the absorption of heat. The heat conducts through
the material and causes temperature fluctuations. As a result,
the material’s ability to adsorb or desorb moisture is affected.
Consequently, heat and moisture transfer should be considered
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coupled processes. The thermally induced mass transfer (Soret
effect), which contributes considerably to the total moisture
flux, should always be taken into account (Philips and DeVries,
1957; DeGroot and Mazur, 1962; Prigogine, 1961; Fortes and
Okos, 1978). Traditionally, moisture content gradients have
been employed as the driving forces for diffusion (Droin et
al., 1988; Droin-Josserand et al., 1988, 1989a,b; Vergnaud,
1991). In addition, the gradients of water chemical potential,
partial and spreading pressures have alsc been used (Nelson
1986a,b,c; Siau, 1983b, 1984a,b).

In a previous study, a new form of the phenomenological
coefficient, which describes the direction and magnitude of
moisture fluxes through a hygroscopic porous material, was
proposed, and the derived model was evaluated under steady-
state nonisothermal conditions (Avramidis et al., 1987; Avram-
idis and Siau, 1987b; Siau et al., 1986; Siau and Avramidis,
1992). In this study, we will formulate and evaluate a set of
coupled partial differential equations that utilize this phenom-
enological coefficient. This model is expected to simulate un-
steady-state nonisothermal moisture diffusion and heat transfer
in the hygroscopic range of a complex porous and hygroscopic
material.

Model Development

According to the principles of nonequilibrium thermody-
namics, NET, (Prigogine, 1961; Luikov, 1966), the general
equations that describe one-dimensional heat and moisture
transfer in a porous hygroscopic material with no free water
present in the pores have the following form:

aT oM
Jm:Lmqa+me3-'x_ (1)
and
aT oM
Jq=qua+Lqm'£ (2)

where J,, and J, are the moisture and heat fluxes, respectively
and the quantities L,,;, L., Lgm and Ly, are the phenome-
nological coefficients. In a previous series of studies (Avram-
idis and Siau, 1987b; Siau and Avramidis, 1992), new
expressions for the phenomenological coefficients of Eq. 1,
were proposed. The calculated moisture fluxes were success-
fully compared with the experimental data obtained for wood
under steady-state nonisothermal conditions. The moisture
“flux reversal’”’ phenomenon was also effectively predicted.
The temperature gradient coefficient was given as:

H oM
Lng=Ku <R—r) (5?1)
d#o E0+Eb+E1 Hp,,
X [ dT+ T +Rln <7,600>] 3)

and was named the ‘‘chemical potential’”’ or CP coefficient,
because its derivation was based on the assumption that the
water chemical potential gradient is the driving force for dif-
fusion. Furthermore, it was assumed that the thermal heat of
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transfer, which is the total energy transported by a water mol-
ecule less its enthalpy (Oriani, 1961), is equal to the activation
energy for diffusion. The entropy production and flow in an
open system was also considered in deriving L,, (Avramidis
and Siau, 1987b). The phenomenological coefficient for the
moisture gradient is:

GopD

me = =
100

Ky )

The single-component moisture conservation equation without
chemical reaction (Siau, 1983a) is given by:

m_(#M\ (3D aM\* 9¢ 0D\ (M) (0T
o “\a2) T\am) \ox) T\amTar) \ox) \ax
o\ [aT\’ FT
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When ¢ is multiplied by Gp/100, it yields the phenomenological
coefficient L,,, of Eq. 1. By taking the derivatives of ¢ = f(M,
T) with respect to moisture content and temperature, we ob-

tain:
a_d)_ _Ii ail a_D 9+.D_0
M \RT/ \ax /] \ox RT
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For a complete model, in addition to Eq. 5, the energy balance
equation introduced by Luikov (1966) is required. It describes
heat transfer through a capillary porous medium and is given

as:
oT 1 (. &T\ E\(om
. % unth eadla
3t+pcr< 7ax2>+ cr<az> (19
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where m is the fractional moisture content expressed in grams
of water per gram of oven-dry wood, and A, called the con-
densation or evaporation criterion, is the ratio of the vapor
diffusion coefficient in the material to the coefficient of total
diffusion of moisture inside the material. Thus, X\ defines the
amount of transferable vapor in the body in relation to the
total flow of moisture in the wet material. In this study, since
moisture transfer occurred only by diffusion, without any lig-
uid phase present, A was set equal to one.

All other variables, as well as the moisture sorption isotherms
required in the solution of Egs. 5 and 10, were based on
experimental data obtained in previous studies (Choong, 1962;
Stamm, 1964). The corresponding functions for wood have
been proven, in the past, to strongly depend on the moisture
content and the temperature levels (Siau, 1984; Skaar, 1989).
These functions are given in the Appendix A

Method of Soiution

The model equations are solved numerically. However, an-
alytical solutions available for constant material properties and
boundary conditions (Crank, 1975) have been compared with
the numerical solution to establish the accuracy of the nu-
merical procedure. The results are quite satisfactory and are
presented in subsequent sections.

The model equations are solved using the method of lines.
Since the model comprises a system of coupled parabolic partial
differential equations, the method of lines is ideally suited
(Machura and Sweet, 1980; Sincovec and Madsen, 1975) for
this purpose. With this approach, the space variables are first
discretized (in this case, using second-order accurate central
differences), and the resulting system of ordinary differential
equations (ODEs) is solved by an appropriate ODE solver. In
this work, the Gear’s (1971) backward differentiation scheme
was used, as implemented in the subroutine DDRVRB2, avail-
able at the Computer Software Libraries of the Los Alamos
National Laboratory.

Considering variable mesh spacing, the appropriate second-
order finite difference approximations of the spatial derivatives
of a function f at a point / are:

f i\ S —Sis
<BX) (6x) =%, tox. (11
and
2
<§_x2> <6X{) b[cl.f;+] f;+d,‘f,7]] (12)

where, b,=2/(6x.)(6x_), ¢;=6x/a;, d;=06x./a;, and o;=
bx, +6x_. In the above equations, dx_ and éx, indicate the
mesh size to the left and to the right of the grid point i,
respectively. Following the spatial discretization using N grid
points, the model reduces to a set of 2*N nonlinear, coupled
ODEs whose general form is:

ol (9. (5)
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where P, is, in general, a function of the material properties
at the point i. This term will also include spatial derivatives
of the physical properties of the system (expressed through
derivatives such as 8D/dx or d¢/dx, in Eq. 5).

Boundary conditions

The boundary conditions considered in this study are those
of negligible heat- and mass-transfer resistances at the interface
w, consistent with the intense aeration present in the drying
chambers (air velocity approximately S m/s), and the thickness
of the specimen (Avramidis and Siau, 1987a). It is assumed,
therefore, that 7T, and M, are constant. At the axis of sym-
metry, a condition of zero flux is imposed:

aT aM
= =()
() 70oms 35,

In the numerical implementation of the model, the partial
derivatives on the axis of symmetry are approximated by the
following one-sided second-order expression (Collatz, 1966):

(15)

e 1
(W) Ew[z‘f; - 5f;+2 + 4fs+2 _j;+3]

(@) o

where s, indicates values on the axis of symmetry.

Comparison with analytical solution

Under conditions of constant surface temperature and with
constant diffusivity, the solution of the energy equation in one
dimension is (Crank, 1975):

T ——1)"
- __Z 2n+1 [

~ D, (2n+ 17t
41*

X cos [M] amn
2

where ¢ is the time, / is the thickness of the specimen, and x
is the location within the specimen. This solution has been
compared with the numerical solution of Eq. 10, excluding the
evaporation term (E,\/cy) (dm/dt), and with constant ther-
mal diffusivity (D,;). Various mesh sizes and configurations
have been employed in an attempt to choose the mesh that
provides a balance between accuracy and computational cost.
Meshes of constant size, as well as graded meshes, were used.
The graded meshes were generated by a recursive formula of
the type:

(0x)p=a(dx),..1, n=2, N, O<a=<l1 (18)

Figure 1, shows the numerical solution to the energy equation
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Figure 1. Numerical solution of the energy equation and
the associated relative percent errors for two
meshes: (a) uniform, and (b) graded.

with the constant coefficient (D,;=0.1), at time t=0.3, along
with the associated percent relative error, defined as
100( Ty — Tana)/ Tanal, @s a function of the dimensionless dis-
tance. T,,, is the analytical solution given by Eq. 17. The
numerical solutions corresponding to the constant and graded
meshes are practically identical. An examination of the percent
relative error, however, indicates that the use of a graded mesh
with 41 nodes, and spacing parameter « equal to 0.9, improves
the accuracy of the numerical solution when compared with
equidistant mesh of equal size. At the same time, a graded
mesh provides a better resolution of the thermal gradients near
the surface. Based on this experience, a graded mesh of 41
nodes and an o« =0.9 was used in all the calculations reported
in this study.

Experimental Procedure

A rectangular (40 x 100 x 200 mm), all-heartwood specimen
of Douglas fir (Pseudotsuga menziessi (Poir.) Britton), was
cut from a piece of green lumber. The specimen was initially
oven-dried at 103 +2°C until the weight became constant, and
then it was placed in a conditioning chamber that was set to
20°C and 90% relative humidity, corresponding to an equi-
librium moisture content of 20%, approximately. The air ve-
locity in the chamber was maintained at 5 m/s. The conditioning
process continued until no detectable weight change had oc-
curred for 48 hours.

When it reached equilibrium, the specimen was immediately
placed in a plastic bag and stored in a controlled environment
room at 20°C. Concurrently, the conditions in the chamber
were changed to 70°C and 50% relative humidity, resulting in
an equilibrium moisture content of approximately 5%. When
the chamber attained the new conditions, the specimen was
immediately transferred back to the chamber and the change
of temperature at its geometric center was monitored with time
by a copper-constantan type T, teflon-insulated thermocouple
that was connected to a data logger. At the same time, the
change in the specimen’s weight with time, was monitored with
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Figure 2. Cross section of the wood-styrofoam experi-
mental assembly.

a digital balance. Since the weight monitoring required the
removal of the specimen from the chamber, efforts were made
for this to be done as fast as possible, thus minimizing any
sorption interruptions.

Heat and moisture transfer took place along the specimen’s
thickness (radial direction, 40 mm) through the top and bottom
surfaces. To accomplish this, the specimen’s sides were covered
flush by thick styrofoam. Moreover, the sides of the specimen
were sealed with epoxy resin and rubber sheets to provide
thermal insulation and prevent moisture loss. The styrofoam-
specimen assembly is shown in Figure 2.

When there was no detectable weight change of the styro-
foam-specimen assembly for 48 hours, it was assumed that a
state of equilibrium was reached, and that the experimental
run had been completed. At that point, the specimen was
immediately removed from the styrofoam block, and a 1-cm-
thick cross section was cut with a band saw. The section was
then cut into seven slices that were immediately weighed. Then
they were placed in a forced-circulation oven for 24 hours at
103 £2°C, thus obtaining the final moisture profile along the
thickness of the specimen. Moisture profiles during desorption
were not measured because there currently is no technique with
which to measure these profiles in a rapid and nondestructive
manner.

Results and Discussion

In this section, we present a simulation of the desorption
experiment outlined in the previous section. The specimen as
can be seen in Figure 2, had a length to half-thickness ratio
of 10. Because of this, and because the specimen’s sides were
covered with epoxy and styrofoam, it was reasonable to assume
that heat and mass transfer occurred predominantly in the
thickness direction (perpendicular to the direction of the air
flow). Hence, the system was modeled as one-dimensional.
This assumption is expected to be most valid at the geometrical
center of the specimen where the thermocouple was located,
and therefore its temperature measurements were not expected
to be influenced by end (or two-dimensional) effects. Two-
dimensional effects might, however, affect the moisture trans-
fer and the total desorption time, even though previous ex-
perience suggests that transport in specimens of this
configuration can be safely approximated as one-dimensional
(Stanish et al., 1986). Additionally, because of the high air
velocities (5 m/s) in the drying chamber, the boundary con-
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Figure 3. Plot of experimental and predicted average
moisture content by the CP models and Fick’s
equations.

ditions of negligible heat- and mass-transfer resistance em-
ployed at the wood/air interface are physically realistic.

The desorption curve

Figure 3 is a comparison of the experimental and predicted
overall average moisture content within the desorbing specimen
as a function of time. The conditions supplied to the computer
model correspond to the experiment outlined in the previous
section. As can be seen, the predictions of the CP model are
in excellent agreement with the experimental desorption curve.
This establishes the validity of the proposed CP model in
quantitatively predicting the desorption process in complex
porous hygroscopic materials.

The impact of the thermal gradient on the moisture flux is
eliminated by setting ¢ equal to zero in Eq. 5. The resulting
expression is equivalent to the one-dimensional Fick’s second
law of diffusion for a material whose diffusion coefficient is
a strong function of temperature and moisture content:

M __(9M\ 8D (oM\* (8D oM oT
o P\ ) Ta\ax) "ot ) 4P
It is of interest to investigate how Eq. 19 compares with the
proposed CP model and the experimental data. This compar-
ison is also presented in Figure 3, where the predicted curve
is under the name of nonlinear Fick’s law. As can be seen, it
lies significantly below the curve predicted by the CP model
(since no thermal counter-diffusion is allowed to occur in the
Fickian model), but, evidently, it is areasonable approximation
to the experimental desorption curve at least for the initial
stage of drying. The drying curve seems to be a strong function
of the diffusion coefficient itself, as can be seen by observing
the dotted-broken line in Figure 3. This line was obtained by
solving a quasi-linear form of the Fickian model, such as:

*M
M_ oo M

at ax’ 20)
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Figure 4. Moisture content profiles predicted by the CP
model.

derived from Eq. 19, in which the derivatives dD/3dM and D/
0T were set equal to zero but in which the diffusivity was still
a function of temperature and moisture content given by the
appropriate function in the Appendix A. It is obvious that this
model further under predicts the drying time. Clearly, the
drying of porous hygroscopic materials as complex as wood
is a highly nonlinear process and this nonlinearity needs to be
preserved in the models if meaningful quantitative predictions
are to be made.

Internal distribution of moisture and temperature

It has been shown that the proposed CP model can quan-
titatively predict the macroscopic moisture diffusion during
desorption with satisfactory accuracy. A further examination
of the internal distribution of moisture that was predicted by
the CP model, and by the nonlinear Fickian model reveals
significant quantitative as well as qualitative differences. Fig-
ure 4 shows the moisture profiles within the specimen, as pre-
dicted by the CP model for the first 10 hours of the experimental
run, where the moisture at the surface immediately takes the
ambient value of 5% as a result of zero mass transfer resistance
condition at the wood/air interface.

Initially, the center remains at the original 17.3% and there
is a local maximum in moisture content just below the surface.
As desorption progresses, this maximum shifts towards the
center and the slope of the moisture profile becomes smaller.
Concurrently, the center’s moisture content increases. This
trend continues until well into the 600 minute time period
during which the moisture content of the center reaches ap-
proximately 18.3%. Beyond that point, the moisture content
continuously decreases until final equilibrium. This diffusion
of moisture from the surfaces to the center resulted from the
steep thermal gradient that existed across the thickness of the
specimen in the initial stages of drying.

This transient distribution of moisture can have a significant
effect on the internal stresses that develop during the first stages
of desorption because of the differential thermal and/or hydro
expansion (contraction) of the material. It was speculated in
the past that large temperature gradients could result in thermal
diffusion (Soret effect) and establish a moisture flux toward
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Figure 5. Changes of moisture content with time at three
locations inside the specimen.

the center of the specimen under unsteady-state conditions
(Siau, 1983a). As a result, the moisture could increase in the
center of the specimen during the initial stages of desorption.
The existence of this phenomenon has been proven experi-
mentally under steady-state nonisothermal conditions in the
past (Avramidis and Siau, 1987b; Avramidis et al., 1987). The
present study has predicted the existence of a transient Soret
effect even though experimental validation is not possible be-
cause of the instrumentation difficulties associated with the
required nondestructive measurements.

The prediction of the Soret effect is more evident in Figure
5, where the predicted moisture contents of the center and two
other locations along the thickness of the specimen are plotted
against time. The initial increases and later decreases of mois-
ture content are very prominent. Figure 6, shows the differ-
ences between the CP model and Fick’s law in predicting the
existence of the Soret effect during unsteady-state noniso-
thermal desorption in small times. Clearly, in contrast to the
CP model, no transient moisture content rise in the core of
the specimen is predicted by Fickian diffusion. The corre-
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Figure 6. Predicted moisture profiles by the CP model
and Fick’s law (short times).

1284 August 1992

Vol. 38, No. 8

T T T
Solid Line: CP Model

Broken Line: Non-linear Fick's Law

10.0

Moisture Content (%)

7.5

0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Distance

Figure 7. Predicted moisture profiles by the CP model
and Fick’s law (long times).

sponding internal moisture distributions at longer times are
shown in Figure 7. It is evident that the Soret effect becomes
less significant as time progresses, and, therefore, the form of
¢ becomes less meaningful. At long times, moisture profiles
could well be simulated by Fick’s second law of diffusion.
The predicted temperature profiles within the specimen dur-
ing drying are shown in Figure 8 for both the CP model (solid
lines), and the nonlinear Fickian model (dotted lines). It is
evident that thermal equilibrium within the specimen is reached
much faster than moisture equilibrium. Furthermore, the in-
teractions between mass and heat transfer are demonstrated
by the fact that the CP model predicts higher temperatures at
the core of the specimen than the Fickian model, probably as
a result of the Soret effect. Finally, Figure 9 shows a com-
parison between the experimental and predicted temperatures
at the center of the specimen during desorption. A close ex-
amination of the graph reveals that both models predict the
same temperature for the first 30 minutes. It is also noticed

350 T T T T M

340

330

320

310

Temperature (K)

300

290 1 ) 1 " 1
0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless Distance

Figure 8. Predicted temperature profiles within the
specimen by the CP (solid line) and the Fick-
ian model (dotted line).

AIChE Journal



350 T T T T

340

330

320

310

Temperature (K)

© Experimental
— CP Model
------ Non-linear Fick's Model

300

200 L 1 1 )

0 100 200 300 400 500

Time (min)

Figure 9. Piot of experimental and predicted values for
the temperature at the specimen’s center vs.
time.

that the CP model predicts a slightly higher temperature for
the next 120 minutes, a difference that subsequently dimin-
ishes. Overall however, it is evident from the graph that theory
and experiment are in very close agreement.

Conclusions

A model that predicts heat and moisture transfer in a non-
homogeneous hygroscopic material such as wood, was eval-
unated using unsteady-state nonisothermal diffusion
experimental data. The proposed model provides an excellent
prediction of the specimen’s average moisture content during
desorption, thus establishing its validity. A very good agree-
ment was also found between the predicted and experimental
temperature rise data in the specimen’s center. The model also
predicted moisture flow from the surface toward the center of
the specimen during the initial stages of the desorption process,
indicating the existence of the Soret effect. A comparison of
the moisture predictions by the proposed model to the two
forms of Fick’s second law equation revealed the inability of
the latter to accurately predict both the drying curve and the
thermal-diffusion phenomenon.

It is concluded, therefore, that the proposed model, which
utilizes the chemical potential gradient of water as the driving
force for diffusion, has been very successful in simulating
moisture desorption in the hygroscopic range of wood under
nonisothermal unsteady-state conditions.
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Notation

cr specific heat of wood, cal/g-K

D = transverse diffusion coefficient, cm?/s
D,; = transverse thermal diffusivity coefficient, cm?/s
AIChE Journal August 1992

activation energy, cal/mol

heat of vaporization, cal/mol

differential heat of sorption, cal/mol

specific gravity

relative humidity, %

coefficient for diffusion due to moisture gradient, g/cm-s %
transverse thermal conductivity coefficient, cal/cm-K-s
moisture content {oven dry basis), %

saturated vapor pressure at 7, cm Hg

universal gas constant, (=2 cal/mol)

time, s

temperature, K

distance, cm

porosity of wood

L {1 1 1 I

Sk mIRRNmambd

Greek letters

o

u® = chemical potential of saturated vapor, cal/mol
p = density, g/cm?
A = condensation or evaporation criterion (= 1)
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APPENDIX

The diffusion coefficient for gross wood in the direction
transverse to the longitudinal (fiber) axis is given by:

D=0.07 exp[— (9,200 — TOM/RT}/(1 - V,) (1= V,)

where V, is the porosity of the material given by the empirical
equation:

V,=1-0.46(0.667 + 0.01M]

The thermal diffusivity for wood is given by:
-DhT: KT/CTP

where K ris the thermal conductivity coefficient for wood which
can be calculated by the empirical equation:

Ky=1[0.45(5.184+0.096M) + 0.57V,]JE—4

and ¢y and p are the specific heat and density of wood, re-
spectively, as given:
cr=(~0.0323+0.00117+0.01M)/(1+0.01M)
p=0.46(1+0.01M)

The derivative of the water chemical potential with respect
to temperature as well as the water activation, vaporization
and differential energies required in Eq. 9, are given by:

dp’/dT=10.37+0.0077(T—273)
E,=10,730+ 10273 - T)
E,=9,200-70M
E; =5,000 exp(—0.14M)
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The slope of the sorption isotherm is given by: B= (W/1,800)[(K,— 1)/(K, + 1)]
C=(WK,K,)/[180,000(K, + 1)]
W=1591-9.4T+0.01857°
K = ~49.74+0.32T7-0.000501T*

OM/dH= (A + CH*) /(A + BH— CH*)?
where

A= (W/B)I/K, (K, + )] Ky= —0.176+0.001697T — 5.64E— 6 T
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