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Abstract

A dynamic model of heat and moisture transfer with sorption and condensation in porous clothing assemblies is
presented in this paper. The model considers for the first time the effect of water content in the porous fibrous
batting on the effective thermal conductivity as well as radiative heat transfer, which is a very important mode of
heat transfer when there is a great difference in the boundary temperatures. The distributions of temperature,
moisture concentration and liquid water content in the porous media for different material parameters and
boundary conditions were numerically computed and compared. The presented numerical results showed that the
condensation zone expends towards its boundaries with time. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Simultaneous heat and moisture transfer in porous
media is of growing interest in a wide range of scien-
tific and engineering fields such as civil engineering,
safety analysis of dam, meteorology, energy storage
and energy conservation, functional clothing design,
etc.

Heat and moisture transfers in porous media are
coupled in rather complicated mechanisms. Although
considerable previous work has been carried out on
the diverse aspects of simultaneous heat and moisture
transfer in the literature both theoretically and exper-
imentally, little has been done on the coupling of heat
and moisture transfer with phase change and conden-
sation until 1980s. Ogniewicz and Tien [1] are the first
workers who have contributed the analysis of the
coupled heat and moisture transfer with condensation,
assuming heat is transported by conduction and con-
vection and the condensate is in pendular state. Mota-
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kef and El-Masri [2] and Shapiro and Motakef [3]
extended the analysis to consider mobile condensates.
Murata [4] investigated the heat and moisture transfer
with condensation in a fibrous insulation slab for tem-
perature up to 100°C both theoretically and exper-
imentally. Murata’s model considered the condensate
falling under gravity and convective heat transfer. The
predicted heat transfer coefficient was found to agree
well with the experimental one. More recently, heat
and mass transfer in wet porous media in presence of
evaporation—condensation was recently revisited ana-
lytically by A. Bouddour et al. [5] using the homogen-
ization method of asymptotic for periodic structure.

In these studies, the researchers focused mainly
on materials that do not absorb moisture vapor.
For textile materials, the majority of textile fibers
have a certain degree of moisture absorption capa-
bility (called hygroscopicity). For instance, wool
fiber can take up 38% of moisture relative to its
own weight [6]. Such moisture absorption capability
influences the heat and moisture transfer processes
significantly as observed by previous research work
[7-11]. Therefore, the theoretical models developed
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Nomenclature

C, water vapor concentration in the interfiber
void space (kg m™)

Cx saturated water vapor concentration in the

interfiber void space (kg m ™)

Ce(x, t) mean water vapor concentration in a fiber
over its radius at a position of the fibrous
batting at a certain time (kg m ™)

Ct water vapor concentration in the fibers (it
varies over the radius of the fibers) (kg
m=3

Cis water vapor concentration at the surface
of the fibers in the fibrous batting (kg
m3

Cp volumetric heat capacity of the fabric (kJ
m=3eCch

D, diffusion coefficient of water vapor in the
air (m?s™h)

H, convective mass transfer coefficient (m s™')

H; relative humidity of the fibers

Hry convective heat transfer coefficient (kJ m~—2
o

k effective thermal conductivity of the fabric
(kJ m~'eC™h

ka thermal conductivity of air filling in the
fabric batting

ke effective thermal conductivity of the

fibrous battings

L thickness of the fabric (m)
r radius of fibers (m)
R resistance to direct heat transfer (i.e. 0

inner fabric, 1 outer fabric)
RH relative humidity (%)

T temperature of the fabric (°C)

t real time from change in conditions (s)

w resistance to water vapor resistance (0
inner fabric, 1 outer fabric)

|8 water content of the fibers in the fabric
(%), We = Cy/p

X distance (m)

Greek symbols

€ porosity of the fabric

A latent heat of (de)sorption or condensation
of water vapor by the fibers (kJ/kg)

o density of the fibers (kg/m?)

T effective tortuosity of the fabric

p an sorption constant, which is an average

over all angles of incidence and is indepen-
dent of position

Ax, t) specific heat of (de)sorption, vaporization
or fusion (kJ/kg)

I'(x,t) the rate of (de)sorption, condensation or
freezing (kg/m>)

for non-hygroscopic materials cannot be directly
adopted to describe the heat and moisture processes
in hygroscopic materials.

Henry in 1939 [7] proposed a mathematical model
for describing heat and moisture transfer in textiles
and further analyzed the model in 1948 [8]. He de-
rived an analytical solution by assuming that fiber
moisture content is linearly dependent on tempera-
ture and moisture concentration in the air, and that
fibers reach equilibrium with adjacent air instan-
taneously. These assumptions are too far from the
actual moisture sorption process and limit the appli-
cation of the model.

To improve the model, David and Nordon [10]
proposed an exponential relationship to describe the
rate of change of water content of the fibers, and
derived a numerical solution providing space—time
relationship for moisture concentration and tempera-
ture within air/fiber mass. The authors stated that
their model needed further consideration of the
sorption—desorption kinetics of the fibers and proper
boundary conditions for practical situations, es-
pecially in evaluating the role of sorption in cloth-

ing during wear. Li and Holcombe [12] developed a
new sorption rate equation that takes into account
the two-stage sorption kinetics of wool fibers, and
incorporated this with more realistic boundary con-
ditions to simulate the sorption behavior of wool
fabrics. They assumed that the water vapor uptake
rate of the fiber consists of two components associ-
ated with the two stages of sorption identified by
Downes and Mackay [13], and described by Watt
[14]. Li and Luo [15,16] improved the methodology
of mathematical simulation of the moisture sorption
process in the fibers to derive an equation with bet-
ter resolution and clearer physical meanings. The
two-stage sorption process in wool fiber is simulated
by a uniform diffusion equation with two sets of
variable diffusion coefficients: a moisture content-
dependent coefficient for the first stage and a time-
dependent coefficient for the second stage. The
authors further simulated and compared the theor-
etical results with the experimental data by using
the improved vapor diffusion coefficient in fibers
such as cotton, acrylic polyester and polypropylene.
Summarizing the above aspects of research on simul-
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taneous heat and moisture transfer in porous media,
we can find that the previous work has the following
limitations:

1. Most of previous models assumed that the system is
in a spatially steady state, i.e. temperature and
moisture concentration does not change with time,
but liquid water accumulates with time. Liquid
water accumulation before the spatially steady state
is developed was ignored.

2. The radiative heat transfer in the porous media was
neglected. This is unjustifiable when the temperature
difference between the boundaries are great. Several
studies of glass fiber battings and of animal furs [17]
have shown that radiative heat transfer can be sig-
nificant in these media and becomes a main mode
of heat transfer in the fibrous batting when the tem-
perature gradients is high.

3. The thermal conductivity of the porous media is
assumed to be constant. The effect of water content
on thermal conductivity was ignored. However, it
has been shown [18] that the effective thermal con-
ductivity of textile fabric increases with water con-
tent and also depends on fiber’s sorption properties,

4. The sorption/desorption of water by the porous
media was neglected. Sorption/desorption is how-
ever an important properties of hygroscopic fibers.
Wool, for example, can absorb up to 38% of water.

To simulate heat and moisture transfer mechanism
in a hygroscopic fibrous batting, we shall develop a
model by combining the hygroscopicity of fabric
materials. In the model presented in this paper, the
dynamic changes in temperature, moisture concen-

Inner fabric

Conduction

Radiation

Diffusion

tration, (de)sorption and water accumulation as well
as the effect of water content on the effective ther-
mal conductivity are considered. Heat transfer by
conduction and radiation is built into the model.
Convective heat transfer was not considered as it
was shown experimentally [17] that little convective
heat transfer was evident in fibrous batting having
even very high porosity and low density. Numerical
results of the model have provided insights on the
functional design of clothing for extreme cold con-
ditions.

The paper is composed as follows: Section 2 studies
the mechanisms of coupled heat and mass transfer in
porous fibrous batting and establishes the correspond-
ing mathematical formulation; Section 3 derives and
analyzes a series type analytical solutions of the model
under some simplified conditions; some finite difference
schemes are established and studied in Section 4 to
obtain the solution of the model, and Section 5 reports
on numerical results and discussion.

2. Mechanisms and mathematical formulation

In this work, we consider a model consisting of a
thin inner fabric layer, a thick fibrous batting and a
thin outer fabric as shown in Fig. 1. The inner fabric
is close to human skin and the outer fabric is next to a
cold environment. The temperature difference between
the inner and outer boundaries of the model is con-
sidered as great (in the order of ~50 K).

Fibrous
batting

Outer fabric

T, Cold
RH, Environment

Fig. 1. Schematic diagram of the system.
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2.1. Assumptions and restrictions

The following assumptions are made:

1. The fibrous batting is isotropic.

2. Local thermal equilibrium exists among all phases.
This is reasonable as the pore dimension of the
fibrous batting is small.

3. The liquid is immobile in the porous fabric and its
effect on the material properties other than the effec-
tive thermal conductivity is negligible. This is justi-
fied when the liquid water content is small.

4. Volume changes of the fibers due to changing moist-
ure and water content are neglected.

5. Diffusion within the fiber is considered to be so
rapid that the moisture content at the fiber surface
is always in sorptive equilibrium with that of the
surrounding air.

6. Free convection in the porous fabric is negligible.

7. The angular distribution of radiative intensity is ap-
proximately constant. This is reasonable as the tem-
perature difference across a penetration depth (~1
K) is much smaller than the mean temperature of
the batting (~300 K). The scattering of radiation by
the fibers is ignored as in the previous work [17].

2.2. Mathematical formulation of the model

Based on the above assumptions, we can establish
the following mathematical equations for the coupled
heat and mass transfer in the fibrous batting zone
according to the conservation of heat energy and mass
balance:

aT 9 aT
Cy(x, ) — = —(k(x, ¢
(e D57 = 5k 050
aFx  OF
+o R L OI(x, 1)
ax ax
IF,
T: = —BFr + BT *(x, 1) . (1)
aF
8xL =pF. — ﬂaT“(x, 1)
aC, D,e 3°C,
: I(x, 1) =
e a7 + I'(x, 1) a2

where Fy is the total thermal radiation incident on the
element travelling to the right, Fy is the corresponding
flux to the left, A(x, t) is a heat of (de)sorption, latent
of heats of vaporization or latent heat of fusion. k is
the effective thermal conductivity of fabric, i absorp-
tion constant, and ¢ the Boltzmann constant. I'(x, t) is
(de)sorption rate, condensation rate or freezing rate.
Conductive, radiative and (de)sorption heat flow are
considered in the first equation in (1), and the attenu-

ation of the radiation fluxes is given in the second and
third equation in (1) (see [17]). The last equation in (1)
is derived by considering the moisture accumulation by
both the air and the fibers and by using the mass bal-
ance.

The heat and moisture transfer in a porous fabric is
coupled by the term, I'(x, ¢), called water accumu-
lation rate. When there is no condensation on the sur-
face of a fiber in the porous fabric, I'(x, t) is of the
form I'(x, t)=((1—€)dCs(x, t)/dt) and which obeys
Fick’s law of diffusion with a variable diffusion coeffi-
cient Dy depends on water content in fibers [16],

act 19 3le>
=-—|D
at rar( ar @

where, Cf is the moisture concentration in the fiber.
The boundary condition around the fiber is determined
by assuming that the moisture concentration at the
fiber surface is instantaneously in equilibrium with the
surrounding air. Hence, the moisture concentration at
the fiber surface is determined by the relative humidity
of the surrounding air, i.e.

Ch(x. Re, 1) = f(RH(x, 1), 3)

where Cf is the moisture concentration at the fiber
surface and f the functional relationship. f is a non-
linear function, which has been determined experimen-
tally for different fibers and represented in a graph in
Ref. [6]. As f cannot be expressed in a simple math-
ematical form, the graph was traced using a B-Spline
function in the program in this work. C¢(x, t) is the
mean value of Ci(x, r, t) on [0, Rf]. The relative
humidity in the interfiber space can be determined by

(o]

T(x, 1) x Cy(x, 1) x 10°
RH(x, 1) =
(5D = 165 % Vap(T(x. 1)

where the vapor pressure is obtained from temperature
by the following relationship:

Vap(T) =

1013.25613431853—1.97652—0.644533—0.129954 T<273.16
1(10-5380997-2663.91/T T=273.16"

where s=T — 273.26.
The sorption of moisture in the porous fibrous bat-
ting can then be determined by

We(x, t) = Ce(x, t)/p,

where p is the density of the fiber.
When the relative humidity exceeds 100% at a pos-
ition in the batting, condensation occurs. In the con-
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densation region, the liquid and water vapor are in a
thermodynamic equilibrium. The vapor concentration
is saturated and solely determined by the temperature,
ie. Ch=Ci(T(x, t)). Under such circumstances, the
water condensation rate I'(x) can be uniquely deter-
mined by the mass balance equation, i.e.

D, 3*Ci(x, 1) dCH(x, 1)
F(x’t):(T ax2 o1 )

where
Cr(x, 1) =216.5 x Vap(T(x, 1)) x 108/ T(x, ©).

With I'(x), the water content can be calculated by
1 t
We(x, t) = —J I'(x, 1) dz. 4
P Jo

As mentioned before, the effective thermal conduc-
tivity of porous fibrous battings is related to the water
content. Figures 2 and 3 plots the experimentally deter-
mined [18] effective thermal conductivity against water
content for wool batting having a porosity of 0.915
and a polypropylene batting having the porosity of
0.87, where the regain means equilibrium water content
of fiber under certain environment conditions. The
effective thermal conductivity used in our computation
is estimated from the conductivity of the air k, and the
effective thermal conductivity k. given in Fig. 2 or
Fig. 3 according to:

k=[(1 - ek +eki]/c,

where ¢ is the porosity of the fabric batting, ¢ is a con-
stant for wool and polypropylene fabric, 0.085 and
0.13, respectively.

The volumetric heat capacity C,(x, t) of the fibrous
batting and latent heat A(x, ) in non-condensation
zone are also functions of water content. The
equations for calculating C,(x, ) and A(x, ¢) are given
in Section 5 according to Ref. [16].

cffectivity thermal
conductivity[m'wimkK’

0 +—r—rrrrrrrrrrrre
0 100 200 300

regain (%9

Fig. 2. The effective thermal conductivity against water con-
tent in a wool batting.
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Fig. 3. The effective thermal conductivity against water con-
tent in a polypropylene batting.

3. Analytical solution under a simplified initial and
boundary conditions

In order to obtain a general understanding on the
solutions of the problem, an analytical solution to Eq.
(1) was attempted. Since we concentrate on the tem-
perature and vapor concentration distribution in the
porous medium, we get from (1) by eliminating Fr and
FLa that

2 [ aT , aT 3% [ 4T a (. aT
— o= )= Pev—=—lk -k
ax2<cV a:) Fegr = \Fax ax \ ox

2 2
_gper? L 4 24/36T2(£> (0

ax?2 dx
aC, 9%2C,
= a3 —= — 4yl (x, ).
oy =@y T (x, 1)
6))
where
ACi(x, t
renn = 28D g,

2
Sx, ) = %(X(X, OI(x, 1) = B I(x, 1),

It can be seen from Eq. (5) that the equation con-
cerning on temperature becomes a non-linear partial
differential equation and very difficult to solve this
kind of partial differential equation analytically since
the radiative heat flow is involved in the model,
although the concerned region of the model is regular.
The analytical solution was therefore attempted under
the following very simplified initial and boundary con-
ditions where we assumed
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T\’(Oa Z) = ATI’ TY(la t) = AT2
T(x.0) = T,

ad ad . 6
2 0.0 = Cuo. -Cil 1) = Ca ©
dx ax

Cu(x,0) = Cy

We also assume that there is a smaller boundary
temperature difference to the porous fibrous batting,

and that the coefficients k, C, and A are constants.
Let

T(x, t) = To + Ti(x, 7)

and

T4x, ) T4+ 4T Ti(x, 0).

Let A=((AT>,—T,)/2) and B=AT,. We get the sol-
ution from mathematical analysis in the following
form:

t +00
T(x, 1) = Ax> + Bx + Ty + VOT() —+ Zv,,(t)cos nnx  (7)
n=1

where

¢l
vo(t) = —% Jo Lf(x, f)dxdr — <%A —|—B> + 2Ty

and
Vﬂ(t) =
2 t B 1
e ' a, + m [ e‘"’(g*’)J f(x, &)cos nmx dx dé |.
B Jo

0

2
(nm)

ay = == [(=1)""124 + B(=1)" = D].

_ aom)* — ()’

T () - B

and &, = 8foar T3 — ay f°

Similar to water concentration C,, we have

C t +00
Culx, 1) = A1x> + Bix + % + Zc,,(l)cos nmx ®)
n=1

where Al =((Cal_CaO)/2)s Bl_CaO> and

2 t rl
C()(Z)ZZC()— <§A1 +Bl) —204J J I'(x, Z) dx dr
0J0

t
Colt) = e—3(nn>3z|: d, — ay J ey (E=0)
0

1
X J I'(x, &)cos nmx dx d£:|
0

2

D 241+ B - D)

dn:_

It can be seen from the complexity of the above
series type solution, that an analytical solution to Eq.
(1) is almost impossible if no simplifying assumptions
are made. Furthermore, even under such simplification,
it is difficult to determine the condensation region in
the batting since there is no explicit expression of the
term I'(x, ).

4. Finite difference scheme

We chose a positive integer N, and inscribed it into
the strip such that {(x, 7): xe€[0, L], t >0}, a rec-
tangular grid {(ih, nAt)| i =0, 1, ..., N, n>0}, where
Ax=(L/N). Denote by T7 and C}; the values of the
temperature and the vapor concentration in ik at
time nA#, respectively. Since (8*T*/ax*)=12T9T/
9x)*+4T3(8°T/ox?) appears in nonlinear form, we
replace the first term of the right hand and T°
in the second term by the corresponding value at
previous time step, and utilize the mean difference
formula and backward difference formula to x and ¢,
respectively, to get a stable scheme. From the first part
of Eq. (5), we get the following finite difference
scheme:

n+1 n+l n+1n+l n+1 n+l n+1lpn+l
Ai Ti—2 +Bi Ti—l +Ci Ti +Di Ti-H

n+1 n+l
_Ef Ti+2

&)
:F;’l+l’
i=23,...,N=-2,

where
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o = /At A = KK;_5; B!
= —KKi > — (3 + B*W*)KK;_ — 8Bah*(T")’ — weviy;
CM = 3+ BPI)KK; + KK 1) + o2 + fhP)ev;
+ 16Bah*(T")?;
Dyt = —KKip1 — (3 + B h)KK; — 8Bah*(TT)’
— WCViy1;
ET = KKy
F?“ =—o(cvig T = 2evT] 4+ v TT)
+ of*hev;T" + R

W and RYF! = 24Bo(T)(T, — T/

32 n
- m(/{(X, DI, D)l ny + ﬁlel- I(xi, 1)

where KK;=(K;+ K; + 1)/2:= (k(x;) + k(x; + 1))/2.
Similarly, the finite difference scheme concerning
C.(x, t) is derived from the second part of Eq. (5):

ai+1

T (1 + &)CZ,-“ ~Dacn
T T wT

1—¢ 1
=Cy+ TFF(XI', ty)At (10)

Although it is not difficult to know from the compu-
tational mathematics theory that the given finite differ-
ence schemes are stable in mathematics, the practical
computation closely depends on the properties of the
coupled term because of the fact that the vapor con-
centration in porous media is non-negative.

4.1. Boundary conditions

To get the numerical solution for the problem, four
boundary conditions are needed for the equations con-
cerning temperature and vapor concentration, respect-
ively. The heat and moisture transfer in the inner and
outer fabric are simplified since the thickness of the
inner or outer fabric is very small (0.1 mm) com-
pared with the thickness of the fibrous batting (x40
mm). The properties of heat and moisture transfer in
the boundary fabric are described by the simple resist-
ance to heat and vapor transfer. The heat and water
vapor within the inner or outer fabric are assumed to
obey linear distribution.

The boundary conditions to the main partial differ-
ential equations can be established by considering con-

vective nature of the boundary fabrics, air layers and
the resistance of heat and water vapor transfer in the
inner and outer fabrics. We have

dTn-H(x) Tn+1 _ TbO

K(x, t o=

(’C, ) dx |x—0 RO (12)
k(’( l)dT(X, tn+1)| — Tbl - Tr]'v_H

T A TR R+ (1/H)

and

Dgacg+1| )

oy 0T W

’ (13)

D83C3+1| _ G = O

®ax TR Wi+ (1/Hy)

where Ry and R; are the resistance to heat transfer in
the inner and outer fabrics, respectively, and H; the
convective heat transfer coefficient between the outer
surface of the outer fabric and the environment. wy
and w, are the resistance to water vapor transfer of the
inner and outer fabric, and H, is the convective vapor
transfer coefficient between the outer surface of the
outer fabric and the environment.

At the left hand boundary, part of the radiative heat
flux incident on this boundary Fy (0, ¢) is reflected and
the inner fabric radiates. These two effects add to give
the flux leaving the right side of the inner fabric Fgr(0,
t). If the emissivity of the inner fabric is ¢;, we have

(1 = en)F(0, 1) + &16T 40, 1) = Fr(0, 1)
Similarly, at the right hand boundary, we have
(1 — &) Fr(L, ) + 26 T*(L, 1) = FL(0, ©).

The above boundary conditions can lead to the fol-
lowing linear equations by applying the finite difference
scheme:

Aiil+1 T8+l + B;H»l T)11+l + C)11+1 Tg+l + D111+l Tg+l =0
(14)
and

n+1 n+1 n+1 n+1 n+1 n+1 n+1 n+l __
AN TN+ BYL TN+ CVL TR + DY T =0,

(15)
where
A = — (1 4 coth)Ko + 8Ba(T 1) I,
BI =2+ coh)Ki + (1 + coth)Ko — 8fa(T 1) I’;
Ci'= —Q+coh)K — Ky and D1 = K,
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and
A = —Ky_;
B =2+ coah)Ky—1 + Ky-2;
C = —(2 4 coah)Kn—1 — (1 + cosh)Ky + 8a(T")* 1,
D = (14 coph)Ky — 8Ba(T ) h;
Ber Ber

2—81 2—82.

cop = and co| =

5. Numerical solutions and discussion

In this section, numerical analysis and solutions to
the system consisting of polypropylene and wool bat-
tings under given boundary conditions of temperature
and relative humidities are discussed. The numerical
solution simulates a person wearing the clothing and
moving suddenly from an initial warm condition to a
cold environment. The initial warm atmospheric con-
dition is assumed to be 20°C and 80% RH and the
cold condition is assumed to be —20°C and 90% RH.
The inner fabric is assumed to be close to the human
skin and the microclimate next to skin is assumed to
be 33°C and 96% RH.

In computation, the values of the material par-
ameters are listed as follows:

For polypropylene:

p = 910 kg/m?> (density of a fiber)

R; = 107> m (radius of a fiber)

De=13e"1 m2/s
(diffusion coefficient of vapor in a fiber)
2522 kJ/kg in dry region
A =1 2260kJ/kg in wet region
(2260 + 333) kJ/kg in freezing region
C, = 1715.0kJ/m* K
(volumetric heat capacity of fabric)
For wool:

p = 1310 kg/m? (density of a fiber)

R¢ = 1.03¢™> m (radius of a fiber)

Ds = 6.0e7 13 mz/s

(diffusion coefficient of vapor in a fiber)

=

1602.5¢~"172We 4 2522.0kJ/kg  in dry region
2260 kJ /kg in wet region
(2260 + 333)kJ /kg in freezing region

C, = 373.3 + 4661 W, +4.221Tkl/m*> K

(volumetric heat capacity of fabric)

The following parameters are also used in the com-
putations:

- 0.915 wool
~10.87  polypropylene

(porosity of the fabric batting zone)

T = 1.2 (effective tortuosity of the fabric batting)

K, =0.025w/m

k(thermal conductivity of vapor in the battings)

D, = 2.5¢™ m?/s (diffusion coefficient in the air)
L=0.04m

ey = e =0.9

For the results shown in Figs. 4-11, the resistance to
heat transfer of the inner (Ry) and outer (R;) fabric
was taken to be 0.003 m> K/W, and the water vapor
resistance of the inner (wg) outer (w;) fabric was taken
to be 10° s/m (corresponding to a moderately per-
meable breathable fabric).

Figures 4 and 5 show the changes of temperature
distribution with time in the polypropylene and wool
battings, respectively. Since the hygroscopicity of wool
is much higher than that of polypropylene, more water
is absorbed into the wool fibers than into polypro-
pylene fibers, and as a result, the temperature in the
most part of wool batting is lower than that in poly-
propylene batting at the same time and location. To
show this more clearly, Fig. 6 plots out the tempera-
ture distributions of the two kinds of materials at var-
ious times. It can be seen that the temperature
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Fig. 11. Distribution of condensed water in the wool batting.

difference between the polypropylene and wool batting
can be up to 7-8°C.

The distributions of water vapor concentration in
the polypropylene and wool battings are given in Figs.
7 and 8, respectively.

The distribution of water content in the fibrous bat-
ting is very interesting. Figures 9 and 10 show the dis-
tributions of water content in the polypropylene and
wool battings under the same conditions and par-
ameters, respectively. It can be seen that, the water
content increases rapidly in region closed to the outer
side of the batting. The maximum of the water content
in polypropylene and wool batting within 20 h is 42.4
and 74%, respectively. The water content can be in
the form regain absorbed by the fibers or in the form
of liquid or ice condensates. Since the saturated
regain of polypropylene is only 0.00352%, the water
content in the polypropylene batting is almost all in
the form of condensed liquid water or ice, hence the
distribution of the condensed water in the polypro-
pylene batting is almost the same as the that shown
in Fig. 9. However, as the saturated regain of wool
batting is 38.0%, much of the water content is in the
form of regain absorbed by the fibers. The distri-
bution of the condensed water in the wool batting is
shown in Fig. 11. From the results, we can see that,
the water vapor in the assembly consisting of poly-
propylene batting begins to condense (or freeze) in a
very short time, whereas condensation does not occur
in the assembly consisting of wool batting until after
about 4 h.

Since condensation should be avoided in clothing
assembly to prevent the significant loss of thermal
insulation associated with the wicking and evaporation
of condensed water. Numerical experiments were car-
ried out to examine the effects of using different inner
and outer fabrics and changing the porosity of batting
on the occurrence of condensation. Figure 12 shows
the distribution of condensed water in the assembly
consisting of polypropylene batting when water vapor
resistance of the inner fabric increases to 2700 s/m
(corresponding to a very impermeable coated breath-
able fabric) and that of outer fabric is remained
unchanged at 1000 s/m (corresponding to a moderately
permeable coated breathable fabric). Comparing Figs.
9 and 12, we can see that the maximum condensed
water content within 20 h is reduced from 42.4% to
30.5% by increasing the water vapor resistance of the
inner fabric. Figure 13 shows the distribution of con-
densed water content in the assembly consisting of
polypropylene batting when the resistance to vapor
transfer of the inner and outer fabrics are 2700 and
100 s/m (corresponding to very permeable coated
breathable fabric), respectively. As can be seen, the
maximum of condensed water content within 20 h is
reduced further to 21.33%.
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Fig. 12. Distribution of condensed water in the assembly con-
sisting of polypropylene batting with a water vapor resistance
of the inner fabric increased to 2700 s/m.
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Fig. 13. Distribution of condensed water content in the assem-
bly consisting of polypropylene batting when the resistance to
vapor transfer of the inner and outer fabrics are 2700 and 100
s/m.
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Fig. 14. Distribution of condensed water content with a chan-
ged porosity of the polypropylene fibrous batting.

The effects of changing the porosity of the fibrous
batting are shown in Fig. 14. In this case, we assume
that the fibrous batting consists of three kinds polypro-
pylene fibers with various porosity, the porosity is
10% in the inner 1.4 region and 75% in the outer 1/4
region of the batting, and obeys linearly distribution
within the remaining region. The resistance to vapor
transfer of the inner and outer fabric is taken as 1000
and 1000 s/m, respectively. The results show that the
maximum condensed water content within 20 h is
about 24.2% and the condensation occurs simul-
taneously in the regions near the inner and outer
boundaries. Comparing the results shown in Figs. 14
and 9, it can be seen that the condensation can be
reduced by changing the porosity distribution of the
batting. Numerical experiments have also been carried
out to wool fabric batting under the same conditions.
The theoretical results show that there is no conden-
sation in the fabric batting within 20 h.

6. Conclusion

A dynamic model of heat and moisture transfer with
sorption and condensation in porous clothing assem-
blies has been established in the paper. In this model,
the important effect of water content in the porous
fibrous batting on the effective thermal conductivity as
well as radiative heat transfer, which is a very import-
ant mode of heat transfer when there is a great differ-
ence in the boundary temperatures, are considered for
the first time. Numerical results of the model have
shown that less condensation occurs in clothing assem-
bly consisting of fibrous battings of higher hygro-
scopicity within a period of time. Condensation can
also be reduced by increasing the water vapor resist-
ance of the inner fabric, reducing the water vapor
resistance of the outer fabric and changing the porosity
distribution of the batting. It is believed that the model
can not only find applications in functional clothing
design, but also in other scientific and engineering fields
involving heat and mass transfer in porous media.

Acknowledgements

The authors wish to express their appreciation to
Dr. Patrick Chong, Dr. John Xin and Dr. K.F. Choi
for their helpful discussions and to Professor Edward
Newton for his support to this study.

References

[1] Y. Ogniewicz, C.L. Tien, Analysis of condensation in



3000

(2]

B3]

(4

(5]

(o]

(7]

(8]
]

J. Fan et al. | Int. J. Heat Mass Transfer 43 (2000) 2989-3000

porous insulation, J. Heat Mass Transfer 24 (1981) 421—
429.

S. Motakef, M.A. El-Masri, Simultaneous heat and
mass transfer with phase change in a porous slab, J.
Heat Mass Transfer 29 (10) (1986) 1503-1512.

A.P. Shapiro, S. Motakef, Unsteady heat and mass
transfer with phase change in porous slab: analytical
solutions and experimental results, J. Heat Mass
Transfer 33 (1) (1990) 163-173.

K. Murata, Heat and mass transfer with condensation
in a fibrous insulation slab bounded on one side by a
cold surface, Int. J. Heat Mass Transfer 38 (17) (1995)
3253-3262.

A. Bouddour, J.L. Auriault, M. Mhamdi-Alaoui, Heat
and mass transfer in wet porous media in presence of
evaporation—condensation, Int. J. Heat Mass Transfer
41 (15) (1998) 2263-22717.

Yao Mu, et al., Science of Textile Materials, 2nd ed.,
China Textile Press, 1996 (in Chinese).

P.S.H. Henry, Diffusion in absorbing media, Proc. R.
Soc. 171 (1939) 215-241.

P.S.H. Henry, The diffusion of moisture and heat
through textiles, Discuss. Faraday Soc 3 (1948) 243-257.
P. Nordon, H.G. David, Coupled diffusion of moisture
and heat in hygroscopic textile materials, Int. J. Heat
Mass Transfer 10 (1967) 853-866.

[10]

(11]

[12]

[13]

[14]

[13]

[16]

(17

(18]

H.G. David, P. Nordon, Case studies of coupled heat
and moisture diffusion in wool beds, Textile Res. J. 39
(1969) 166-172.

J.A. Wehner, B. Miller, et al., Dynamic of water vapor
transmission through fabric barriers, Textile Res. J. 58
(1988) 581-592.

Y. Li, B.V. Holcombe, A two-stage sorption model of
the coupled diffusion of moisture and heat in wool fab-
ric, Textile Res. J. 62 (4) (1992) 211-217.

J.G. Downes, B.H. Mackay, Sorption kinetics of water
vapor in wool beds, J. Polymer Sci. 28 (1958) 45-67.
1.C. Watt, Kinetic study of the wool-water system. Part
II. The mechanisms of two-stage absorption, Textile
Res. J. 30 (1960) 644-651.

Y. Li, Z.X. Luo, An improved mathematical simulation
of the coupled diffusion of moisture and heat in wool
fabric, Textile Research Journal, in press.

Y.Li, Z.X. Luo, Physical mechanisms of moisture diffu-
sion into hygroscopic fabrics during humidity transients,
Journal of the textile Institute, in press.

B. Farnworth, Mechanics of heat flow through clothing
insulation, Textile Res. J. (1983) 717-725.

A.M. Schneider, B.N. Hoschke, et al., Heat transfer
through moist fabrics, Textile Res. J. (1992) 61-66.



