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Abstract

An analytical method is proposed for solving the problem of coupled heat and moisture transfer in porous
materials. The coupled partial differential equations and boundary conditions are first subjected to Laplace
transformation, the equations are reduced to ordinary differential equations, then the equations are converted into a
single fourth-order ordinary differential equation by introducing a transformation function. The solution of the
equation can be easily obtained, and thus, the temperature and moisture distributions in the transform domain can
be determined. Finally, the transformed values are analytically or numerically inverted to obtain the time domain
results. Therefore, the transient solution at any given time can be evaluated. The results are identical with published
analytical solutions for a special case using decoupling technique, and they agree with a published analytical
solution for wood slab. The method is compact enough to be generally applied to problems of heat and mass
transfer in porous media. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Simultaneous heat and moisture transfer ac-
companied by phase change and/or absorption heat in
some porous and composite materials is a process
which occurs frequently in various engineering appli-
cations. The moisture movement contributes to heat
transfer, while phase-change and/or heat of absorption
within the material act as heat sources or sinks.

The coupled system for temperature and moisture
potential can be handled through both analytical and
numerical approaches, depending on complexities of
the specific problem considered. For linear problems,
the analytical solutions, based on classical integral
transform approach, have been obtained by Mikhailov
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et al. [1]. It was later discovered by the same group [2]
that the existence of complex eigenvalues, not
accounted for in the solutions previously reported,
could significantly alter the temperature and moisture
distributions. Liu et al. [3] later reconfirmed such find-
ings by discovering a pair of complex eigenvalue.
Recently, Mikhailov et al. [4] again found another
complex eigenvalue. In the cited papers, there exist nu-
merical difficulties in computing the complex conjugate
eigenvalues that lead to an incorrect solution contain-
ing high frequency oscillation of limited usefulness.
Chang et al. [5] applied a decoupling technique to
coupled governing equations, but failed to address the
case of simultaneous coupling of governing equations
and boundary conditions. Ribeiro et al. [6] treated the
coupled system by applying the generalized integral
transform technique with complicated procedures.
Recently, Cheroto et al. [7] presented a modified
lumped system analysis method to yield approximate
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Nomenclature

cm  moisture capacity (kg/kg °M)

¢, heat capacity (J/kg K)

C  moisture content (kg/kg)

D equivalent diffusion coefficient of moisture con-
tent (m?/s)

D,, conductivity coefficient of moisture content
(kg/m s “M)

he  convective heat transfer coefficient (W/m? K)

hyn  convective moisture transfer coefficient (kg/m>
s °“M)

hry heat of phase change (kJ/kg)

Iy modify Bessel function of the first kind of
order zero

I,  modify Bessel function of the first kind of
order first

Jo  Bessel function of the first kind of order zero

J1  Bessel function of the first kind of order first

k  thermal conductivity (W/m K)

Ky modify Bessel function of the second kind of
order zero

K; modify Bessel function of the second kind of
order first

£ half thickness of specimen (m)

L  equivalent diffusion coefficient of temperature
(m?/s)

m  moisture potential ("M)

myp initial moisture potential (°M)

Laplace transformation of m

Laplace transformation parameter

time (s)

temperature (K)

initial temperature (K)

Laplace transformation of T’

Yy Bessel function of the second kind of order
zero

Y, Bessel function of the second kind of order

first

ﬂloﬂﬂchEl

Greek symbols

p  material density (kg/m®)

v coupling coefficient due to moisture migration
(K/°M)

coupling coefficient due to heat conduction
(*M/K)

transformation function

heat of absorption or desorption (kJ/kg)

ratio of vapor diffusion coefficient to coefficient
of total moisture diffusion

~

™ =2 o

Subscripts

0  initial condition

m  moisture

oo ambient atmosphere

solutions, avoiding difficulties experienced by Mikhai-
lov et al., Liu et al., and Ribeiro et al., but sacrificing
accuracy.

In this paper, a different analytical approach is
developed. The coupled system is first subjected to
Laplace transformation. The coupled partial differen-
tial equations thus are reduced to the coupled ordinary
differential equations. Then, the temperature and
moisture in the transformed domain are expressed in
terms of a transformation function. Consequently, the
system of ordinary differential equations can be
reduced to a single fourth-order ordinary differential
equation. The solution of the equation can be obtained
and the coefficients are determined from the boundary
conditions. Finally, the transformed solution can be
analytically or numerically inverted to yield the time
domain results.

2. Problem formulation

A typical heat and mass transfer problem is gov-
erned by Luikov’s equations [8], which relate to drying
a porous moist slab under constant pressure. The
phase-change occurring within the slab act as heat

source or sink resulting in the coupled relationship
between mass transfer and heat transfer. In a coupled
problem, the heat of absorption or desorption is gener-
ally one of the sources or sinks as well. This heat is
not negligible for some hygrothermal materials [9,10].
In the present study, one-dimensional governing
equations with coupled temperature and moisture for a
porous slab are considered, and the effect of the
absorption or desorption heat is added. Material prop-
erties and pressure are considered to be constant
throughout the material. A local thermodynamic equi-
librium between the fluid and the porous matrix is
assumed. Moreover, the coupled equations can be gen-
eralized to apply to cases of hollow cylindrical and
hollow spherical geometries. The equations are

172naT k 9 <x172ng

e ~Mox dx

om
T ) + pem(ehLy +p)x' 7" —

at
(1)

0x ox
(1b)

ad a a a aT
pcmxl’z”—sz _<x172n_m)+Dm(55<x172n_)
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where n = 1/2 for slab, n =0 for hollow cylinder, and
n = —1/2 for hollow sphere. T is the temperature, and
m is the moisture potential, k and D, are the thermal
and moisture conductivity coefficients, respectively, c,
and ¢, are the heat and moisture capacities of the
medium, respectively, p is the material density, Ay is
the heat of evaporative phase-change, y represents the
heat of absorption or desorption, ¢ is the thermogradi-
ent coefficient, and ¢ is the ratio of the vapor diffusion
coefficient to the coefficient of total moisture diffusion.
All the material properties mentioned above are effec-
tive properties. The moisture potential m is related to
the moisture content C, and

C=cpym )

The coupling diffusion system represented by Egs. (1a)
and (1b) contains not only general diffusion equations,
but also some source or sink terms. The governing
equation (la) expresses the balance of thermal energy
within the body; the last term in this equation rep-
resent the heat sources or heat sinks due to liquid-to-
vapor phase-change and to the heat of absorption or
desorption. Similarly, Eq. (1b) expresses the balance of
moisture within the medium; the last term in this
equation represents the moisture source or moisture
sink with respect to the temperature gradient.

To simplify the notation, dividing Eq. (la) by
pepx'™  and  using  the  expression  for
8/3x(x'"2"3T/dx) obtained from Eq. (la) into Eq.
(1b), then rearranging the two new equations, yields

9 oT oT om
Lx21 2 x1-2n ) - _—y— 3
¥ 8x<\ ox) " ar Vo Gy
9 om om aT
D212 |, 172n_> — = 3b
Y ax (’C dx a ot G0
where
k
L=-_" (42)
PCp
kDy,
D= (4b)
pem[k + Dnd(ehiy +7)]
m(eh }
po© (ehLy +7) (4c)
%
¢pDmd (4d)

/’L =
Cm [k + Dmé(ShLV + V)]

In Egs. (3a) and (3b), v and / are positive coupling
coefficients due to moisture migration and heat con-

duction, respectively; L and D are also always positive
expressing the equivalent temperature diffusion coef-
ficient and the equivalent moisture diffusion coefficient,
respectively. The moisture in Eq. (3a) will play the role
of a heat source for the temperature distribution, if the
moisture rate is positive (i.e. dm/dt > 0), and act as a
heat sink if the moisture rate is negative (i.e.
am/dt < 0). Similarly, the temperature may play the
role of a moisture source or a moisture sink, depend-
ing on the temperature rate being positive or negative.
Therefore, the coupling diffusion system rewritten as
Egs. (3a) and (3b) more compactly and clearly rep-
resents the same physical process modeled by Egs. (1a)
and (1b).

At the boundaries of the domain, the latent heat of
vaporization becomes part of the energy balance, and
the mass diffusion caused by the temperature and
moisture gradients affects the mass balance. The as-
sociated hygrothermal boundary and initial conditions
are

AT(x1.
(;C_;’) = he1[T(x 1, 1) = Toot] -

+ (I = &)y hm [m(x1, 1) — Moo |

k

+ (I = &)y hma[m(x2, 1) — Mo |

Dmam(xl, 1) +Dm63T(X1’ 1)
dx ax

= I [m(xl, ) — mool] (5¢)

D, Im(xy, 1) Do 0T (x2, 1)
0x ax

= hm2[M(x2, 1) — Mo | (5d)
T(x,0) =T, (62)
m(x, 0) = my (6b)

Egs. (5a)—(5d) constitute the natural boundary con-
ditions for temperature and moisture, respectively.
Egs. (5a) and (5b) represent the heat balance at x = x;
and x = x;. The two equations express the heat flux in
terms of convection heat transfer and the phase-change
energy transfer. Egs. (5¢) and (5d) represent the moist-
ure balance at the two surfaces; the two terms on the
left-hand side of the equal sign describe the supply of
moisture flux under the influence of a temperature
gradient and a moisture gradient, respectively. The
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terms to the right side of the equal sign describes the
amount of moisture drawn off from or into the sur-
faces. Egs. (6a) and (6b) represent initial temperature
and moisture value within the domain, respectively.

3. Method of solution
Applying the Laplace transformation to Egs. (3a),

(3b), (52)—(5d) and (6a), (6b) with respect to ¢, they
become

d dT .
sz”_l—(xl_zn—> =S8ST—Ty—vSm+vmy (7a)
dx dx

Dy 2! i(xlfznd—m> = S —my — AST+ ATy (7b)

dx dx
dT(x, S . T
k% = hc; [T(Xl» S) - T]}
(8a)
_ Mool
+ (1 — &)hLyhm |:m(xla S) - T}
—kidT(xz’ 5 _ hcz[f(xz, S) — @]
dx S
(8b)
_ Moo2
+ (1 — &)hLyhm |:m(xz, S) — T}
Dmdm(xl, S) +Dm5dT(X|, S)
dx dx
:hml[rh(xl,S)—%} (80)
_Dmdﬁz(xz, S) Dmédf(xz, S)
dx dx
= o [m(xz, ) — ’%ﬂ (8d)
T(x, 0) = % (92)
i(x, 0) = % (9b)

where T(S) and (S) are the Laplace transformation
of T(¢) and mi(t), respectively; and S is Laplace trans-
formation parameter.

Introducing a transformation function ¢(x, S) such
that

Table 1
The functions ¢;(x, S), shown in Eq. (12), for slab, hollow
cylinder and hollow sphere

Geometry n ;
Slab 1/2 er
Hollow cylinder 0 Iy(pix) fori=1,2
Ky(pix) for i =3, 4
Hollow sphere —-1/2 el /x
- T
T(x, S) = %q&(x, S) + ?0 (10a)
_ 1 1 ., d _,,do my
X, 8) = — ,/,S——'2n1—< 12!1_) o
M S) =906 S) = o e ) T
(10b)

we find that Eq. (7a) is automatically satisfied and Eq.
(7b) becomes

d d d dé
2n—1 2 1-2n = | [ .2n—1 = 1-2n =%
x dx{x dx |:x dx (x dx)]}

S D 2n71d 172nd¢
S0l v

Therefore, the system of coupled ODE equations (7a)
and (7b) is reduced to a single Eq. (11). Eq. (11) is a
fourth-order ODE.

Assume the solution of ¢(x,S) in the following
form

4
b= &Sp(x.S) (12)
i=1

where ¢@; represents different functions, as shown in
Table 1, for slab, hollow cylindrical and hollow spheri-
cal geometries.

In Table 1, p; = +/Sq;, in which g¢; is defined as

1/2
2
o D D 4,vD
;= 1+ = ) 11— = 13
q 5 +7 4B ( L>+L (13)
and where
1 fori=1,2 if slab and hollow sphere
=11 fori=1,2,3,4 if hollow cylinder
—1 fori=3,4 if slab and hollow sphere
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—1 fori=1,3
ﬁ’:{l fori=2,4

The coefficients £,(S) (i = 1, 2, 3, 4) can be determined
by using Egs. (8a)—(8d). The results are then written in
the matrix form

KI{&s)} = (Q} (14)
in which

K1 K Kiz Kig
K] = . (15a)

&)} = {&1(5), &x(S), &5(8), &4(S)) (15b)

{Q}TZ {01. 02, 03. 04} (15¢)

where {£(S)}T and {Q}7 stand for the transpose of
{&(S)} and {Q}, respectively, and where

Kl/' — (1 — E)hLthl ‘2”_1i(x1_2”d(pj> + kv%

X i jhadl
L dx

S dx dx
1
—Z[hcw +(1 - S)hLvhm1]<Pj
atx=x1,j=1,2,3,4 (16a)

Ky = (1 — &)heyhm 21 d <Y172n%> _ kvdg,
/ S ’ dx \ dx L dx

1
7 [hcav + (1 — S)hLvhmz](,D_,-
atx=x,,j=1,2,3,4 (16b)

D d 27|d< 1-2 dgo,-)]
Ka= — =8 2 | =1 2120200
y S dx|:x ax " dx

n hllxb:—li(xl—h%)

S dx dx

Dm dq) hml

s | ) PR
+7 (ov + )dx 7%
atx=x1,j=1,2,3,4 (16¢)

_Dm d 2n—1 d ( 1—2nd(p/>i|
Ky=-g dx[x v dx

n hlﬁxzn—li<x1—2n%>

S dx dx
Dm d(p hm2
_m 1 S Tme
LD -
atx =x,,7=1,2,3,4 (16d)

01 = é[ha(To — Too1) + (1 = &)hpyhmi (Mg — M) ]

(16e)
0, = é[/1C2(TO — Toe2) + (1 = &)y hmy (o — M) |
(16f)
_ hmi 16
Q3 = —5~ (Mo = Moot) (168)
_ hm2 16h
04 = ?(mo — Mx2). (16h)

The solution of Eq. (14) can be determined by Cra-
mer’s rule.

1Zi]
K|’

&(s) = i=1,2,34 17
where |Z;| is the determinant of the matrix resulting
from [K] in which the ith column is replaced by the
column vector {Q}.

Substituting Eq. (17) into Eq. (12), Egs. (10a) and
(10b) can be rewritten as

= v 4 Ty
T(x, $) = 7 3 &S)eoix, )+ < (18a)
i=1
4
m(x, ) = Z(% - q%)éi(s)wi(x, S)+ - (18b)

i=1

As it is difficult in general to find the inverse Laplace
transformation of the functions 7(x, S) and m(x, S)
analytically, a numerical inversion method [11] may be
used. This method has been proven to yield accurate
results in previous research [12]. However, for some
special cases, the functions at any given time can be
evaluated using the inversion theorem for the Laplace
transformation.

4. Analysis of a special case

As a special case of the foregoing analysis, we now
consider an infinitely long hollow cylinder, having
inner and outer radii x; and x,, respectively, subjected
to symmetrical hygrothermal loadings. The mathemat-
ical formulation is expressed as follows:

19 [ aT\ oT om
2 ()t om
x9x <x8x> o ot (192)

10 om om oT
p- L ()2 _,00 1
x8x<x3x) ar "ot (19)
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Fig. 1. Schematic representation of the wood slab.

120

100

80
3
H
=

g 60
Q
=3
g
]
=
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20

0

T(x1, 1) =T,  T(x2.1) = Too

m(xy, t) = mo, m(xa, 1) = myg

T(x,0) = Ty, m(x, 0) = my. (20)

In this problem, the moisture contains vapor phase
only, then the phase change within the cylinder is
excluded. A similar problem have been solved in pre-
vious research [5] by using decoupling techniques.

Comparing the present problem with the previous
general problem, we find that

her = hey = he—00,  hyi = hypy = hy—00,  p1 = p3,

P2 = P4,

Mool = Mog) =Moo =My, 1 =q3, 2 =4¢4, hy =0,

kD, CmY
L=—, p=—_"m _,_m
P pem(k + Dmoy) e
(21)
_ cpDimd
© cmlk+ Ddy)’

Center

Surface

Eigenvalue method(Liu et al.)

Present work

T

IIIIIIII I

10

IIIII[I| T T TTTTI

100 1000

Time (min)

Fig. 2. Temperature at the center and surface of wood specimen for case 1.
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This problem is a special case of the coupled system discussed previously. The corresponding coefficients are now
reduced to

v v v v
ZIO(PIXI) ZIO(szl) ZKO(.DIXI) ZKO(ple)

%IO(PIXZ) %Io(szz) %KO([’IX2) %Ko(l’zm)
B s L G LT (e .
Z_q' 0o(P1X1) Z—qz o(P2Xx1) Z_ql o(P1X1) z—qz o(P2x1)

1 1 1 1
i (Z - Q%)Io(lhxz) (Z - ‘I%)IO(PZXZ) (Z - C{%>K0(P1xz) (Z - Q%)Ko(szz) |

{Q}T=[T°°S_T°, Leclo o] 23)

Then &,(S) in Eq. (17) can be simplified as

_L(TOO_TO) 1_2q 1_2
ék(S)_SV(q%—q%)KL q2>/k+<L ‘“)""l

[Ko(v/Sqix2) — Ko(v/Sqix 1) 10w + 02) + [Io(v/Sqix 1) — Io(V/Sqx2) |93 + dar)

k=1,2,3,4 24
Io(V/Sqix 1) Ko (VSqix2) — Io(v/Sqix ) Ko (VSqex 1) 4

where

| -1 fork=1,3
=10 fork=2,4

and

_JO fork=1,3
=N fork=2,4

and 6; is the Kronecker delta which is defined as

1 wheni=j
0 wheni#j

5 =

Consequently, Egs. (18a) and (18b) become

= 5 S ()]
T(}"a S)_S(q%_q%) Z[ L q; 61n+ L qi 5211

n=1

[Ko(VSgux2) — Ko(vSgux1) [l (vSqux) + [10(VSgux 1) — 10(v/Sgux2) [Ko (v/Sqx) + D (252)

Iy (\/Ean 1 )KO (‘/Sqnx2) — 1y (\/Ean2)KO (\/Eq;le ) S

T = To)(z —a1)(& —43) §

i(x, S) = > 1= 01+ 62

Sv(gs — a1) e
) [Ko(v/Sgux2) — Ko(v/Sgux 1) 11 (vSgux) + [1(v/Sgux1) — Io(v/Sgux2) | Ko(vSgux) 4 Mo (25b)
Io(v/S¢ux 1) Ko(v/Squx2) — Io(v/Sgnx2) Ko(v/Sgnx 1) S

The temperature and moisture distributions in the transformation domain, Eqs. (25a) and (25b) can be transformed
to time domain by the inversion theorem for the Laplace transformation [13]. From the theorem we then have
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1.0

Moisture content (kg/kg)

02—  ————- Eigenvalue method(Liu et al.)

0.0 ,

Center

Present work

T IIIIII|

1 10

lIIIITII T T T TTTTI

100 1000

Time (min)

Fig. 3. Moisture content at the center and surface of wood specimen for case 1.

Too - TO
2ni(g3 — q7)

",'+l'ool 1 2)
[ d-Ge
L{1 , U,
[ (1) 52
1, L(1 U,
o (a5 (7)o ]2

eldz + To01y + Mmooy (26)

Wi(x. 1) =

where k = 1, 2; W, and W, represent T and m, respect-
ively; and
U = {[Ko(vZzqx2) — Ko(VZqrx1) 110 (v/Zqix)

+ [0 (Vzqrx 1) — 1o(VZqix2) [ Ko (Vzqix) } €,
k=1,2 (27a)

Vi = Io(vZqrx 1) Ko(v/Zqix2) — Io(v/Zqix2) Ko (Vzqix ),
k=1,2 (27b)

The singularities of the integrand are z=0,
JZq1 = iny, and /zq, = io,, which correspond to the
simple poles z=0, z=—02/q}, z=—0u2/q3, respect-

ively, where o, satisfies
J()(O(,,X1)Y0(O(,1XQ) —J()(O(,,XQ)Y()(OC,,xl) =0 (28)

Note that the relationships Iy(io;,x) = Jo(o,x) and
Ko(iotyx) = FE[Jo(0nx) — iYo(atyx)] are used to obtain
the above equation.

Using the residue theorem to evaluate Eq. (26),
yields

Wi(x, 1) = (T — To)d1x - Res(0)

(L_p
(- Ty =22
24

L1
X |:51k + ;(Z - q%>52k:|

2 2
1

S o 1 _
- Res( — 2 ) + (T — T 2—8
=1 4

q

L1
X |:51k + ;(Z - q§>6zk}

0 2
. ZRCS — —g + To01i + Moo
n=1 q2

k=1,2. (29)
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The residue at z =0 can be evaluated for small argu-
ments Iy(z)~1, L(z)~z/2, Ko(z)~ —Inz, and
Ki(z)~1/z; then the limit can be taken by letting
z—0, that is

Res(0) = 1. (30)
The residue at z= —o?/q3, and z = —o?/¢5 may be
obtained from
Res(—a’j) =— [ék(—oc,%/q,%) )

q ) /4 (dVi/dz)._ ) 31)

k=1,2.

Differentiating Eq. (27b), we have
% = %[xlll («/Eflkm)Ko(«/Eflkxz)

— x2lo(Vzqrx 1) Ki (VZqix )

— x201 (Vzqrx2) Ko (Vzqix 1)

+x11o(Vzqrx ) Ki (V) ] (32

30

3629

In Eq. (32), inserting iz, in place of \/zqx, and using
the relationships (2K (z) + L(2)Ko(z) = 1/z,
Iy(io,x) = Jo(a,x), and V= 0 in Eq. (27b), the follow-
ing form is obtained

ocﬁ dVi _ J%(ocnxz) — J%(ocnxl)
G 47 le=—zpg 2J0(X1)Jo(x2) 33)
k=1,2.
Similarly,
2 .
Ul — ? = - E{[Y()(OC,IXQ) - Y()(O(,,X])]J()(O(nx)
*
+ [Jo(az,,x 1) — Jo(at,,xz)] Yo(oc,,x)}
x e /i) Kk =1,2 (34)

Finally, substituting Egs. (33) and (34) into Eq. (31),
and then substituting Egs. (31) and (30) into Eq. (29),
the following results are obtained:

Temperature("C)

Center

Surface

5 T

0 1

I IIIIIIII

10

T IIIIHII

T TTTTT

I IIIIIIIl

100 1000 10000

Time(min)

Fig. 4. Temperature at the center and surface of wood specimen for case 2.



3630

W.-J. Chang, C.-1. Weng | Int. J. Heat Mass Transfer 43 (2000) 3621-3632

1.0
— Center
08 —| el
B \\ Surface
=0
)
\%D 0.6 —
=
2
g 1
Q
2
.2 04 —
=
0.2 —
0.0 LI AL I R L R LILL B BRI
0 1 10 100 1000 10000
Time(min)

Fig. 5. Moisture content at the center and surface of wood specimen for case 2.

&, [Jo(@nx 1) = Jo(0nx2) [[J0(%nX) Yo(2n X 2) = Jo(0nX2) Yo (% X) ]

Wi(x, t) = (Too — T0)01k — 1(Teo — TO)Z
n=1

1 2
—(2—42)[5 L(l 2) ] ~@i) L
A= out =7 —q7 Jou | eI +
{ B —qi vie B

1 _ 2 L
" —i]]l% [51/( + ;(% - q%)%k] e RN 4 Tody (35)

+ modok

In order to compare the results written in Eq. (35)
with the results of [5], Eq. (35) can be rewritten as fol-
lows:

T(x,t)—To_l_ o
Too — T B+ B
i [Jo(a,,xl) - Jo(a,,xz)].]o(oznxl YU (0nx)
J3(omx1) — J 3(0mx2)

n=1

X (Bl e e 4 B e’“'z”/q%) (36a)

J%(a”xl) — J%(ocnxz)

2

~Jo(0nx1)

m(x, t) — myg _ nlLB| B>

MTo—To)  D(Bi + By)

i [Jo(@nx 1) = Jo(%nX 2) ]Jo(0X 1) Un (% X)
T 3(emx1) = J §(onx2)

x (= e=%1a 4 e=oit/a3)

n=1

where

U (o x) = Jo(0X) Yo (0tn X 2) — Jo(0rX2) Yo (0 X)

(36b)

(37a)
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1 — Dg
B = — 11
1 " (37b)
D¢ — 1
B, = ‘137& (37¢)

and where (T — Ty)/(Te — To) and (m — mgy)/MT —
Ty) are dimensionless forms of 7" and m, respectively.

The temperature and moisture distributions, as writ-
ten in Egs. (36a) and (36b), are identical to those
obtained by previous research [5].

5. Numerical results and discussions

Now we consider a wood slab, subjected to sym-
metrical hygrothermal loadings; the heat and moisture
transfer are coupled within the slab and its boundaries.
Two cases are discussed here. For case 1, the coupled
system is modeled by Egs. (3a), (3b) to (6a), (6b). The
geometry and the material properties of the wood slab
shown in Fig. 1, which were used by Liu et al. [3], are
used in the numerical calculations for comparison.
Therefore, absorption heat in Egs. (3a) and (3b) is
assumed to be negligible and the geometry and bound-
ary conditions in Egs. (5a)—(5d) are assumed to be
symmetric. The results can be obtained from Egs.
(18a) and (18b), and the data are as follows:

n=1/2, Ty=10°C, T, =110°C, my = 86°M,
M = 4°M, p = 370kg/m?, k =0.65W/(mK),

D =22 x 1078 kg/(m's °M),

hoy = 2500kI/kg,  her = hea = he = 2.25 W /(m? K),
e=03, ¢, =2500J/(kgK), cm=0.01kg/(kg°M),
8 =2.0°M/K, /lmi = hm = hyn = 2.5 x 1078 kg/(m?
s°M), £=0.012m, y=0.

For case 1, the temperature and moisture evolution at
the surface and at the middle of the slab are shown in
Figs. 2 and 3. It can be seen that the results from the
two different methods agree well, even though the in-
itial moisture content deviates a little, as shown in Fig.
3. The discrepancies might be caused by not including
enough complex eigenvalues when using the eigenvalue
method [3,4].

For case 2, to evaluate the ambient temperature
effects on the moisture of the medium during drying,
we make 7Ty = T, = 25°C, and the other data are kept
the same as for case 1. Fig. 4 shows the temperature
evolution at the surface and at the center of the slab.

The temperature of the slab at initial time is equal to
that of the atmosphere, while the moisture of the slab
is higher than that of the atmosphere, so that moisture
is transferred from the surface of the slab as vapor to
the atmosphere. Initially, this evaporation causes cool-
ing of the slab at the surface. Subsequently, the tem-
perature within the slab also decreases due to heat
conduction. After the temperature decreases to a value
of about 9°C, it begins to increase due to heat convec-
tion from the surfaces. Simultaneously, the slab gains
heat from the ambient atmosphere and loses heat
through latent heat of evaporation. According to our
mathematical analysis, the slab should reach an equi-
librium temperature at 7'= 25°C after 30 h.

The moisture content evolution is shown in Fig. 5.
As expected, the moisture content of the slab decreases
with increases in time, until it reaches an equilibrium
value of 0.04 kg/kg after 30 h. The moisture content at
the surfaces is lower than in the interior.

Comparison of Figs. 3 and 5 indicates that the tem-
perature has some effects on moisture migration during
drying. Generally, the coupling effect between the tem-
perature and moisture content becomes significant as
the value D/L approaches unity, while it will diminish
as v - A approaches zero. In this study, according to the
data given by Liu et al., they are D/L~1/12 and v-
Ar1/20.

6. Conclusion

This study proposes a new analytical approach that
consists of applying the Laplace transform technique
and a transformation function to solve the problem of
coupled temperature and moisture transport. The
results, shown to be the same as published analytical
solutions obtained using a decoupled technique, com-
pare very well against published analytical solution for
a wood slab configuration, and can serve to evaluate
the accuracy of approximate or numerical solutions.
Therefore, the method is recommended for analytically
solving problems involving coupled temperature and
moisture transport in porous materials.
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