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Abstract

A theoretical model of simultaneous heat and moisture transfer is presented and applied to consider the moisture accumulation and thermal
insulation performance of multi-layer clothing assemblies consisting of different types of fibrous battings. Concerning the boundaries with dra-
matic change in the multiple ply battings, the numerical model was solved using finite volume method. The computational results were first
compared with the experimental measurements and then applied to evaluate whether and how the positions of different types of battings affect on
the moisture accumulation and thermal insulation performance of the clothing assemblies. It was found that placing the hygroscopic wool batting
in the inner region (i.e. closer to the body) and the non-hygroscopic polyester batting in the outer region (i.e. away from the body) could reduce
the moisture accumulation within and the total heat loss through clothing assemblies. This provides potential to improve the performance of the
clothing by optimizing the positions of the battings for the clothing having the same materials.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The moisture accumulation (i.e. absorption or condensation)
within clothing is a serious problem for sportswear and clothing
worn in cold climate [1–5]. As the wearer stops the exercise and
his metabolic heat production reduces, the reduction of cloth-
ing thermal insulation due to condensates within clothing and
the heat absorption by the moisture de-sorption re-evaporation
of the condensates will cause “chilling” discomfort or even hy-
pothermia. It is therefore important to optimize the construction
of clothing assemblies so as to maximize the moisture transmis-
sion through clothing and minimize the moisture absorption and
condensation within clothing.

In order to optimize the construction of clothing assem-
blies, it is essential to understand the heat and moisture transfer
through fibrous materials. Coupled heat and moisture transfer
through textile fabrics was first modeled by Henry [6], who
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considered the coupling effects of sorption/desorption in fab-
ric textiles. Condensation/evaporation in textile fabrics was first
considered by Ogniewicz and Tien [7], who developed a quasi-
steady state model assuming condensate was in pendular state.
Modeling in textile fabrics was further developed by consider-
ing the movement of condensates [8] and sorption transfer func-
tion [9], the effect of gravity [10,11], the frosting effect [12], the
hygroscopic effect [13–15] as well as the variable permeability
effect of the porous medium [16–18].

Recently, based on extensive theoretical modeling and ex-
perimental investigation, Fan et al. [4,19–24] established an
integrated transient model of heat and moisture transfer through
textile fabrics, which for the first time took into account of ra-
diative heat transfer, condensations/evaporation, movement of
liquid condensate, and the moisture bulk flow induced by the
vapor pressure gradients. Very good agreements were found
between the experimental results [25–27] and the numerical
ones.

In the previous studies, the analysis of heat and moisture
transfer was focused on a single type of fibrous batting sand-
wiched by an inner layer and an outer layer of covering fabric.
In the present study, we consider whether and how the combi-
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Nomenclature

A surface area of fiber covered by condensate . . m2

Ca water vapor concentration in inter-fiber void
space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

Cf mean water vapor concentration in fiber . . kg m−3

Cv effective volumetric heat capacity of fibrous
batting . . . . . . . . . . . . . . . . . . . . . . . . . . . kJ m−3 K−1

Cva volumetric heat capacity of dry air . . kJ m−3 K−1

Cvf effective volumetric heat capacity of
fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kJ m−3 K−1

Cvw volumetric heat capacity of water . . . kJ m−3 K−1

Da diffusion coefficient of water vapor in air m2 s−1

df diffusion coefficient of moisture in fiber . . m2 s−1

dl dispersion coefficient of free water in fibrous
batting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2 s−1

E condensation or evaporation coefficient, dimension-
less

FL total thermal radiation incident traveling to the
left . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W

FR total thermal radiation incident traveling to the
right . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W

hc convective mass transfer coefficient . . . . . . . m s−1

ht convective thermal transfer
coefficient . . . . . . . . . . . . . . . . . . . . . . . . W m−2 K−1

k effective thermal conductivity of fibrous
batting . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−1 K−1

kD permeability of porous batting . . . . . . . . . . . . . . m2

kD0 initial permeability of porous batting . . . . . . . . m2

kDr relative permeability of porous batting
L thickness of sing layer batting . . . . . . . . . . . . . . . m
L0 thickness of inner or outer covering fabrics . . . . m
M molecular weight of evaporating substance,

M = 18.0152 for water . . . . . . . . . . . . . . . . g mol−1

p pressure of water vapor in inter-fiber void . . . . Pa
psat saturated water vapor pressure at

temperature Ts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
pv vapor pressure in vapor region at Tv . . . . . . . . . . Pa
R the universal gas constant, R = 8.31 J K−1 mol−1

Rti resistance to heat transfer of inner or outer cover-
ing fabric (i.e. i = 0: inner fabric, i = 1: outer
fabric) . . . . . . . . . . . . . . . . . . . . . . . . . . . K m−2 W−1

Rdi diffusion resistance to water vapor (i.e. i = 0: inner
fabric, i = 1: outer fabric) . . . . . . . . . . . . . . . s m−1

RH relative humidity
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Ti temperature of the boundaries (i.e. i = 0: surface

next to human body, i = 1: surrounding air) . . . K
Ts temperature at the interface of condensates and

vapor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Tv temperature in the vapor region . . . . . . . . . . . . . . K
u velocity of water vapor . . . . . . . . . . . . . . . . . . m s−1

W total water content of the fibrous batting, which is
defined as the weight of water divided by the
weight of the dry fibrous batting . . . . . . . . . . . . . %

Wf content of free water in batting
W̃ content of water absorbed in fiber
x distance from the inner covering fabric (the warm

side) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

β radiative sorption constant of the fibers . . . . . m−1

ε porosity of fibrous batting considering condensates
(liquid water, or ices) in the batting

ε0 porosity of the dry fibrous batting without conden-
sates

λ latent heat of (de)sorption of fibers or condensation
of water vapor . . . . . . . . . . . . . . . . . . . . . . . . kJ kg−1

μ dynamic viscosity of water vapor . . . . kg m−1 s−1

μ0 initial dynamic viscosity of water vapor
at T0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−1 s−1

ρ density of the fibers . . . . . . . . . . . . . . . . . . . . kg m−3

ρw density of liquid water or ice . . . . . . . . . . . . kg m−3

σ Boltzmann constant,
σ = 5.6705 × 10−8 . . . . . . . . . . . . . . . . W K−4 m−2

τ effective tortuosity of the fibrous batting
Γ total rate of (de)sorption, condensation, freezing

and/or evaporation . . . . . . . . . . . . . . . . . kg s−1 m−3

Γce rate of condensation, freezing and/or
evaporation . . . . . . . . . . . . . . . . . . . . . . . kg s−1 m−3

ΓS rate of (de)sorption . . . . . . . . . . . . . . . . . kg s−1 m−3
nation of different types of fibrous battings affect the heat and
moisture transfer through the clothing assemblies. In this work,
the previously presented model [19–24] is further developed
and solved in consideration of the effects of changes of per-
meability, viscosity, boundary conditions in the combinations
of different types of battings on the performance of clothing
assemblies. The computational results will be compared with
experimental results produced using the method of Fan et al.
[4,27]. The computational and experimental investigations will
be applied to evaluate whether and how the positions of dif-
ferent types of battings affect the moisture accumulation and
thermal insulation performance of the clothing assemblies.
2. Theoretical analysis

A clothing assembly as illustrated in Fig. 1 consisting of an
inner lining fabric, a layer of inner fibrous batting, a layer of
outer fibrous batting and an outer lining fabric was considered
in a cold climate in the paper. On the assumptions that each fi-
brous material is isotropic; there is no change of volumes; there
is only sublimation or ablimation in the frozen region; local
thermal equilibrium exists among all phases and the moisture
content at the fibre surface is in sorptive equilibrium with that
of the surrounding air, we can have the following governing
equations.
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Fig. 1. Schematic diagram of the clothing assembly system.

2.1. Mass conservation equations

For the water vapor in the void space of the fibrous battings,
we have:

ε
∂Ca

∂t
= −εu

∂Ca

∂x
+ Daε

τ

∂2Ca

∂x2
− Γ (x, t) (1)

where, Γ (x, t) is the source term of water vapor including the
moisture accumulation due to absorption or desorption by fibers
(ΓS ) and the water condensation or evaporation (Γce):

Γ (x, t) = ΓS(x, t) + Γce(x, t) (2)

The water vapor due to the adsorption or desorption in the fibers
may be calculated according to the following equation:

ΓS(x, t) = ρ(1 − ε)
∂Cf (x, t)

∂t
(3)

The water vapor due to condensation or evaporation can be
modeled using the Hertz–Knudsen equation on the assumption
that the fibers are assumed to be in an ideal cylinder shape [28].
The condensation or evaporation rate covered with condensates
(liquid water or ice) can be calculated by:

Γce(x, t) = −AE
√

M/2πR
(
Psat/

√
Ts − Pv/

√
Tv

)
(4)

For the free water among the fabrics, the mass conservation
equation can be expressed as:

ρ(1 − ε)
∂W̃

∂t
= ρ(1 − ε)dl

∂2W̃

∂x2
+ Γce(x, t) (5)

W̃ = W(x, t) − Wf (x, t) (6)

where, W is the total water content of the fibrous batting. Wf

and W̃ are the content of free water in the battings and the con-
tent of absorbed in the fiber, respectively.
Wf = Cf

ρ
(7)

W(x, t) = 1

ρ(1 − ε′)

t∫
0

Γ (x, t)dt (8)

2.2. Energy conservation equation

For heat transfer through the fibrous battings, we have:

Cv(x, t)
∂T

∂t
= −εuCva(x, t)

∂T

∂x
+ ∂

∂x

(
k(x, t)

∂T

∂x

)

− ∂FR

∂x
+ ∂FL

∂x
+ λ(x, t)Γ (x, t) (9)

where

∂FL

∂x
= β(x)FL − β(x)σT 4(x, t) (10)

∂FR

∂x
= −β(x)FR + β(x)σT 4(x, t) (11)

where, k(x, t) is the effective thermal conductivity of the fab-
ric, which can be calculated by k(x, t) = εka + (1 − ε)(kf +
ρWkw). Similarly, the effective volumetric heat capacity and
the porosity of the fabric are calculated by Cv = εCva + (1 −
ε)(Cvf + ρWCvw), and ε = ε0 − (ρ/ρw)W(1 − ε0), respec-
tively.

2.3. Generalized Darcy’s law

The moisture bulk flow within the fibrous insulations can be
expressed using the Darcy’s law,

u = −kD

μ

∂pv

∂x
(12)

where ∂pv/∂x is the pressure gradient in the flow direction and
μ is the dynamic viscosity of the water vapor.

μ = μ0

(
T0

T

)1.25

(13)

where, T0 is the initial temperature, and μ0 is the initial dy-
namic viscosity of the water vapor at T0. kD is the permeability
of the fibrous batting, which is calculated from the initial per-
meability kD0 and the relative permeability kDr ,

kD = kD0 · kDr (14)

The relative permeability varies with the change of po-
rosity and may be calculated according to Carman–Kozeny
model [29]:

kDr = ( ε
ε0

)3

( 1−ε
1−ε0

)2
(15)

2.4. Thermodynamic relations

The partial pressure of the water vapor is equal to its equi-
librium pressure

pv = pv eq(T ,RH) (16)
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The gaseous mixture (including water vapor and air) is sup-
posed to be an ideal mixture of perfect gases:

pi = ρiRT/Mi; i = a, v (17)

2.5. Boundary and initial conditions

Since, on the inner face (x = 0) and the outer face (x =
2L0 + 2L) of the clothing assemblies, the heat fluxes are con-
tinuous, we have:

k(0, t)
∂T

∂x

∣∣∣∣
x=0

= 1

Rt0
(T |x=0 − T0) (18)

k(L, t)
∂T

∂x

∣∣∣∣
x=2L0+2L

= T1 − T |
x=2L0+2L

Rt1 + (1/ht )
(19)

Similarly, the boundary conditions for the moisture transfer
on the inner and outer faces of the battings can be expressed as:

Daε

τ

∂Ca

∂x

∣∣∣∣
x=0

= Ca|x=0 − Ca0

Rd0
(20)

Daε

τ

∂Ca

∂x

∣∣∣∣
x=2L0+2L

= Ca1 − Ca|x=2L0+2L

Rd1 + (1/hc)
(21)

For the radiative heat transfer on the inner and outer faces,
the boundary conditions can be expressed as

(1 − ζ1)FL|x=0 + ζ1σT 4
∣∣
x=0 = FR|x=0 (22)

(1 − ζ2)FL|x=2L0+2L + ζ2σT 4
∣∣
x=2L0+2L

= FR|x=2L0+2L

(23)

Initially, the clothing assembles are transferred from the nor-
mal room environment. Therefore, the initial conditions are

T |t=0 = 25; RH|t=0 = 65% (24)

2.6. Numerical solution with finite volume scheme

The governing equations and described boundary conditions
are discretized and solved using the FVM [23,30,31]. Using
the FVM as shown in Fig. 2, the vector quantities (i.e. mois-
ture bulk flow velocity, heat resistance, vapor resistance and
Darcy flow resistance) are calculated on the boundaries of the
elements, while the scalar quantities (i.e. temperature, moisture
pressure, vapor concentration and free water content) are placed

Fig. 2. Schematic of grid partition and quantities placement using FVM.
Table 1
Parameters used in the numerical calculation

ρw kw Cvw ρa ka Cva Da

990 0.57 4200 1.205 0.026 1013 2.5 × 10−5

ξ1 ξ2 σ λ(dry) λ(wet) τ (freezing) τ

0.9 0.9 5.672 × 10−8 2522.0 2260.0 2593.0 1.2

on the centers of the elements. Compared to the finite difference
method (FDM) in previous studies [19–22,24], FVM is helpful
in better dealing with the boundary of dramatic change espe-
cially in the fibrous combinations of multiple types of fibrous
battings. Therefore, the treatment using FVM is advantageous
to a more accurate physical representation of the heat and liquid
moisture transfer.

In the calculation, we assume the temperature and relative
humidity at the inner side were preset at 35 ◦C and 96%, respec-
tively, simulating the sweating condition of human body. The
temperature and the relative humidity in environment were pre-
set at −20 ◦C and 95%, respectively, simulating a cold subzero
condition. The parameters used in the numerical calculation are
listed in Table 1.

3. Experimental investigation

The sweating guarded hot plate previously developed by Fan
et al. [4,27] on the basis of ISO/EN31092 was used to test
two types of clothing assemblies: (1) Goretex inner fabric +
multiple ply wool battings + multiple ply polyester battings
+ Goretex outer fabric and (2) Goretex inner fabric + mul-
tiple ply polyester battings + multiple ply wool battings +
Goretex outer fabric. The samples were first placed in the air-
conditioned room with the temperature of 25 ± 1 ◦C and RH of
65 ± 5% for at least 24 h before being placed onto the sweating
hot plate, which is placed in a cold chamber of −20±1 ◦C. The
temperatures between the plies were recorded by RTD sensors.

Each fabric ply was weighed before and after a pre-determ-
ined time period (e.g., 8 hours and 24 hours) to determine the
water accumulated in the clothing assemblies. The mass of wa-
ter accumulated in the ith ply batting (mw,i) can be calculated
with the following equation:

mw,i = mi,t − mi,0 (25)

where, mi,t and mi,0 are the weights of the ith batting at time t

and at the start, respectively.
As the present investigation is aimed at examining whether

alternating the positions of multiple ply wool battings and mul-
tiple ply polyester battings has any effects, the multiple ply
wool battings and multiple ply polyester battings were made to
have the same thickness of 1.5 cm and almost the same initial
mass. The multiple ply wool batting consisted of two plies of
batting, and the multiple ply polyester batting consisted of three
plies of battings. The properties of the multiple ply wool and
polyester battings are listed in Table 2, and those of the cover
Goretex fabric are listed in Table 3. In order to compare with the
clothing assemblies consisting of different types of battings, the
combinations consisting of a single type of batting (i.e. all-wool
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Table 2
Properties of fibrous battings

Composition Multiple ply wool battings Multiple ply Polyester battings

Made of two single plies Made of three single plies

Thickness (cm) 1.50 1.50
Mass (kg m−2) 0.145 0.153
Fibre density (kg m−3) 1310 1390
Volumetric heat capacity (kJ m−3 K−1) 1600 1300
Diffusion coefficient of moisture (m2 s−1) 6.0 × 10−13 6.0 × 10−13

Disperse coefficient of free water (m2 s−1) 5.4 × 10−11 1.35 × 10−13
Table 3
Properties of the inner and outer Goretex cover fabric

Composition Three layer laminated fabric

Construction Woven + membrane + warp knit
Mass (kg m−2) 0.22
Thickness (m) 5.15 × 10−4

Thermal resistance (m2 K W−1) 0.0316
Water vapor resistance (m2 Pa W−1) 8.6
Resistance to air penetration Impermeable
Coefficient of Darcy’s law (m2 Pa−1 s−1) 5.21 × 10−11

Fig. 3. Distribution of mass of water in Goretex + wool + polyester + Goretex.

and all-polyester) were also tested in the experiments. Three re-
peated measures were carried out at each combination for the
error analysis of the experimental tests.

4. Results and discussion

Fig. 3 presents the comparison of the mass of water accumu-
lated in the clothing assembly consisting of Goretex + wool +
polyester + Goretex between the numerically calculated and
experimentally measured results at 8 h and 24 h. Accordingly,
Fig. 4 shows the comparison of the mass of water accumulated
in the Goretex + polyester + wool + Goretex assembly be-
tween the numerical and experimental results. The error bars in
Figs. 3 and 4 are the standard deviations of the three repeated
measures. From Figs. 3 and 4, it could also be observed that
Fig. 4. Distribution of mass of water in Goretex + polyester + wool + Goretex.

numerical calculations agree well with the experimental mea-
surements for both the clothing assemblies.

As a comparison of the mass of water between the two cloth-
ing assemblies shown in Figs. 3 and 4, there was less water in
the inner region but faster increase in the middle region when
the polyester battings were placed in the inner region and the
wool battings are placed in the outer region. It is understand-
able as the polyester battings absorb little moisture, but wool
battings are highly hygroscopic.

The comparison of the water accumulated in the two cloth-
ing assemblies (i.e. Goretex + wool + polyester + Goretex
and Goretex + polyester + wool + Goretex) between the com-
putational and experimental results is shown in Fig. 5. It can
be observed that the computational results are slightly smaller
than but very close (the differences below than 3%) to the ex-
perimental results for the two clothing assemblies consisting of
different battings. Fig. 5 also presents the experimental results
of the water amount accumulated in the clothing assemblies
consisting of a single type of batting (i.e. Goretex + all-wool +
Goretex and Goretex + all-polyester + Goretex). As can be
observed from the comparison of the amounts of water accumu-
lated within the above four combinations in Fig. 5, placing wool
battings in the inner regions and polyester in the outer regions
resulted the lowest moisture accumulation after 24 hours of test-
ing. Therefore, the combination of wool (in the inner region) +
polyester (in the outer region) could reduce the water accumula-
tion noticeably compared to the clothing assemblies consisting
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Fig. 5. Comparison of total amount of water accumulation after 24 h.

Fig. 6. Comparison of total dry heat loss during 24 h.

of a single type of batting as well as the combination of poly-
ester + wool. For example, the amount of water accumulated
in the combination Goretex + wool + polyester + Goretex was
approximately 7% less than that in Goretex + polyester + wool
+ Goretex. Since the wool and polyester battings were fully sat-
urated in both the clothing assemblies, the difference in the total
water accumulation must be caused by the reduced condensa-
tion within the clothing assembly having wool battings in the
inner region. The difference in condensation affected the dry
heat loss through the clothing assemblies. As can be observed
from Fig. 6, the total dry heat loss through the clothing assem-
bly consisting of Goretex + wool + polyester + Goretex is
about 10% less than that through the clothing assembly consist-
ing of Goretex + polyester + wool + Goretex. In Fig. 6, the
amount of heat loss is the total heat loss through the clothing
assemblies from the start to the 24 h, which is an integral of the
dry heat flux versus time from 0 to 24 h. Fig. 6 also presents
the experimental results of the total dry heat through the cloth-
ing assemblies consisting of a single type of batting from 0 to
24 h. It can be observed that the combination Goretex + wool
+ polyester + Goretex has noticeably lowest amount of total
dry heat than the other three combinations.
Fig. 7. Temperature distribution of Goretex + wool + polyester + Goretex.

Fig. 8. Temperature distribution of Goretex + polyester + wool + Goretex.

The differences in the water accumulation due to the alter-
nating position of wool and polyester battings may affect the
changes in temperature distributions within the clothing assem-
blies. Figs. 7 and 8 plot the numerical results of the changes
of temperatures for the two types of clothing assemblies, Gore-
tex + wool + polyester + Goretex and Goretex + polyester +
wool + Goretex, respectively. As can be observed, the cloth-
ing assembly having the wool battings in the inner region and
polyester battings in the outer region approached a steady tem-
perature distribution at a slower pace than that having the wool
battings in the outer region. It is because the wool battings
release heat when absorbing moisture. Fig. 9 showed the com-
putational results of the water vapour concentrations within
the two clothing assemblies. It can be observed that the water
vapour concentration in the clothing assembly having wool bat-
tings in the inner region is lower, which is a further explanation
for the reduced condensation.

5. Conclusions

Both theoretical analysis and experimental measurements
were carried out to examine the effects of the positions of dif-
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Fig. 9. Water vapor concentration distributions at 24 h.

ferent types of fibrous battings on condensation within and dry
heat transfer through clothing assemblies. Theoretical results
showed very good agreement with the experimental ones. The
results further demonstrated that placing the hygroscopic bat-
tings in the inner region and non-hygroscopic battings in the
outer region of clothing assembly is advantageous in terms of
thermal comfort as it would reduce condensation and associated
dry heat loss. The effects of locations of batting layers have sig-
nificant practical implications, as it means, we can optimize the
performance of the clothing having the same materials, but op-
timally construct the materials into clothing system.

Acknowledgements

The authors would like to thank the funding support of the
Hong Kong Polytechnic University (Project No. G-U165) and
Innovation and Technology Commission of the Hong Kong
Special Administrative Region.

References

[1] W.A. Lotens, G. Havenith, Effects of moisture absorption in clothing on
the human heat balance, Ergonomics 38 (1995) 1092–1113.

[2] X. Berger, H. Sari, A new dynamic clothing model, part I: heat and mass
transfer, Internat. J. Thermal Sci. 39 (2000) 673–683.

[3] G. Havenith, E.D. Hartog, R. Heus, Moisture accumulation in sleeping
bags at −7 ◦C and −20 ◦C in relation to cover material and method of
use, Ergonomics 47 (2004) 1424–1431.

[4] J. Fan, X.Y. Cheng, Heat and moisture transfer with sorption and phase
change through clothing assemblies, part I: experimental investigation,
Textile Res. J. 75 (2) (2005) 99–105.

[5] N. Ghaddar, K. Ghali, B. Jones, Integrated human-clothing system model
for estimating the effect of walking on clothing insulation, Internat. J.
Thermal Sci. 42 (2003) 605–619.

[6] P.S.H. Henry, Diffusion in absorbing media, Proc. R. Soc. London Ser.
A 171 (1939) 215–241.

[7] Y. Ogniewicz, C.L. Tien, Analysis of condensation in porous insulation,
J. Heat Mass Transfer 24 (4) (1981) 421–429.

[8] K. Murata, Heat and mass transfer with condensation in a fibrous insula-
tion slab bounded on one side by a cold surface, Internat. J. Heat Mass
Transfer 38 (1995) 3253–3262.
[9] A. Ghenaim, S.B. Amar, X. Berger, Sorptive transfers through textile fab-
rics during wear, Internat. J. Thermal Sci. 41 (2002) 303–313.

[10] Z. Wang, Y. Li, Q.Y. Zhu, Z.X. Luo, Radiation and conduction heat trans-
fer coupled with liquid water transfer, moisture sorption, and condensation
in porous polymer materials, J. Appl. Polym. Sci. 89 (2003) 2780–2790.

[11] Y. Li, Q.Y. Zhu, A model of coupled liquid moisture and heat transfer
in porous textiles with consideration of gravity, Numer. Heat Transfer,
Part A 43 (2003) 501–523.

[12] Y.X. Tao, R.W. Besant, K.S. Rezkallah, Unsteady heat and mass transfer
with phase changes in an insulation slab: frosting effects, Internat. J. Heat
Mass Transfer 34 (7) (1991) 1593–1603.

[13] Y.X. Tao, R.W. Besant, K.S. Rezkallah, The transient thermal response
of a glass-fiber insulation slab with hygroscopic effects, Internat. J. Heat
Mass Transfer 35 (5) (1992) 1155–1167.

[14] Y. Li, Z.X. Luo, An improved mathematical simulation of the coupled
diffusion of moisture and heat in wool fabric, Textile Res. J. 69 (10) (1999)
160–768.

[15] S. Yoo, R.L. Barker, Moisture management properties of heat-resistant
workwear fabrics—Effects of hydrophilic finishes and hygroscopic fiber
blends, Textile Res. J. 74 (11) (2004) 995–1000.

[16] D.A.S. Rees, I. Pop, Vertical free convection in a porous medium with
variable permeability effects, Internat. J. Heat Mass Transfer 43 (2000)
2565–2571.

[17] Y. Li, Q.Y. Zhu, K.W. Yeung, Influence of thickness of porosity on the
coupled heat and liquid moisture transfer in porous textiles, Textile Res.
J. 72 (5) (2002) 435–446.

[18] B. Markicevic, T.D. Papathanasiou, An explicit physics-based model for
the transverse permeability of multi-material dual porosity fibrous media,
Transport Porous Media 53 (2003) 265–280.

[19] J. Fan, Z. Luo, Y. Li, Heat and moisture transfer with sorption and conden-
sation in porous clothing assemblies and numerical simulation, Internat. J.
Heat Mass Transfer 43 (2000) 2989–3000.

[20] J. Fan, X. Wen, Modelling heat and moisture transfer through fibrous insu-
lation with phase change and mobile condensates, Internat. J. Heat Mass
Transfer 45 (2002) 4045–4055.

[21] J. Fan, X.Y. Cheng, X. Wen, W. Sun, An improved model of heat and
moisture transfer with phase change and mobile condensates in fibrous in-
sulation and comparison with experimental results, Internat. J. Heat Mass
Transfer 47 (2004) 2343–2352.

[22] X.Y. Cheng, J. Fan, Simulation of heat and moisture transfer with phase
change and mobile condensates in fibrous insulation, Internat. J. Thermal
Sci. 43 (2004) 665–676.

[23] Y.B. Li, J. Fan, Transient analysis of heat and moisture transfer with sorp-
tion/desorption and phase change in fibrous clothing insulation, Numer.
Heat Transfer, Part B, in press.

[24] J. Fan, X.Y. Cheng, Heat and moisture transfer with sorption and phase
change through clothing assemblies, Part II: Theoretical modeling, sim-
ulation, and comparison with experimental results, Textile Res. J. 75 (3)
(2005) 187–196.

[25] X.M. Qian, J. Fan, Interactions of the surface heat and moisture trans-
fer from the human body under varying climatic conditions and walking
speeds, Appl. Ergon. 37 (6) (2006) 685–693.

[26] X.M. Qian, J. Fan, Prediction of clothing thermal insulation and mois-
ture vapour resistance of the clothed body walking in wind, Ann. Occup.
Hyg. 50 (8) (2006) 833–842.

[27] J. Fan, X.Y. Cheng, Y.S. Chen, An experimental investigation of moisture
absorption and condensation in fibrous insulations under low temperature,
Exp. Thermal Fluid Sci. 27 (2003) 723–729.

[28] E.F. Jones, Evaporation of Water-With Emphasis on Application and Mea-
surements, Lewis Publishers, Michigan, 1992, pp. 25–43.

[29] D.A. Nield, A. Bejan, Convection in Porous Media, Springer Science +
Business Media, Inc., USA, 2006.

[30] W.Q. Tao, Y.L. He, Z.Y. Li, Z.G. Qu, Some recent advances in finite
volume approach and their applications in the study of heat transfer en-
hancement, Internat. J. Thermal Sci. 41 (2002) 303–313.

[31] S.V. Patankar, Numerical Heat Transfer and Fluid Flow, Taylor & Francis,
Levittown, 1980, pp. 31–40.


