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ABSTRACT: A new one-dimensional mathematical model
to simulate the complex coupled heat and moisture transfer
in porous polymer materials is presented. The new model
takes into account effects of multiple involved processes
such as radiation and conduction heat transfer, liquid cap-
illary action, moisture sorption, and condensation. The tech-
nique of volume of fraction (VOF) is used to model the
dynamic distribution of moisture in different phases, that is,
vapor and liquid. The finite volume method (FVM) is used
to develop the numerical computational scheme to solve the
model. The temperature change on the fabric surface de-

rived from the computational results of the model is com-
pared with experimental measurements with reasonable
agreement between the two. Further numerical simulations
were carried out to investigate the complex interactions and
coupling effects among the various heat and moisture-trans-
fer processes involved. © 2003 Wiley Periodicals, Inc. J Appl
Polym Sci 89: 2780–2790, 2003
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INTRODUCTION

As the pioneer, Henry1 reported a relatively simple
mathematical model to describe coupled heat and
moisture transfer in a bale of cotton fibers, which was
further developed and improved to take into account
various complex and interrelated physical mecha-
nisms. The heat transfer involves conduction by the
solid material of the fibers and intervening air,2 by
radiation attributed to the large temperature differ-
ence, and by convection when air penetrates the po-
rous material.3 Meanwhile, moisture transfer involves
vapor diffusion in the void space, moisture diffusion
in fibers (i.e., sorption/adsorption),4–6 condensation/
evaporation at fiber surface, and liquid transfer inside
the fabric by capillary effects.7–9 Because of the heat
released or absorbed during the processes of phase
change, such as sorption/adsorption and condensa-
tion/evaporation, the heat transfer is coupled with the
moisture transfer processes.10,11 In addition, the trans-
port of the liquid across the porous material increases
the medium’s thermal conductivity and changes the
behavior of heat transfer as well as the moisture ab-
sorption of fibers.

Gibson developed a series governing equations that
describe the transient heat and mass transfer through
hygroscopic porous media using volume-averaging
techniques.12 The model was applied to study the
interactions between the human thermoregulation
and the clothing layers.13 He also applied the simpli-
fied 1-D form of those equations to predict the behav-
ior of transient diffusion of couple heat and moisture
flow through groups of porous polymer materials
made of different textile fibers14 and obtained good
agreement with the experimental temperature profiles
of the materials. At the end of the study,14 Gibson also
discussed taking the effect of thermal radiation into
account at the boundary heat transfer and provided a
simple form for the effective heat transfer coefficient
by combining the convective and thermal radiative
transfer coefficient in a linear way.

Farnworth pointed out that under circumstances of
large temperature differences, radiative heat flow is
about the same as the conductive heat flow, and thus
should not be ignored. By incorporating the thermal
radiation model through the clothing insulation devel-
oped by Farnworth,3 Luo et al. improved the original
mathematical model for the coupled heat and mois-
ture transfer through the hygroscopic textile fabrics15

to the porous clothing assembly with consideration of
the moisture sorption mechanisms and the condensa-
tion process.16 However, the condensation term in
their model cannot describe the physical mechanism
of condensation/evaporation process and be distin-
guished from the sorption/adsorption process. More-
over, the whole model does not take into account the
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liquid capillary transport processes. To overcome
these problems, Li et al.11 developed a new model by
using the technique of volume of fraction (VOF). In
their model, the mechanism of capillary action was
considered, and was incorporated into the mass con-
servation equation for the liquid volumetric fraction.
The new model is able to illustrate the dynamic dis-
tribution of liquid water, water vapor in void space in
the fabric, and the water content in hygroscopic fibers.

In this study, we report a new mathematical model
that incorporates the complex physical mechanisms of
the radiative and conductive heat transfer processes
coupled with capillary action, moisture diffusion
through the porous polymer materials, and the inside
phase change processes such as moisture condensa-
tion/evaporation and moisture sorption/adsorption
by the fibers. We also developed a numerical solution
scheme for the model and compare the simulated
temperature profile of the fabric sample surface with
experimental measurements. Further, we report two
cases of numerical simulation, in which a porous poly-
mer slab is exposed to large temperature and moisture
gradients at the two sides with and without direct con-
tact of liquid on the inner surface to illustrate and com-
pare the complex mechanisms involved in the cases.

MECHANISMS AND MATHEMATICAL
FORMULATION

Description and assumptions of the model

Figure 1 shows a piece of porous polymer slab as part
of clothing assembly with two thin fabrics/films at-
tached at the two surfaces. The inner side is close to

the human skin and the outer surface is interfaced to
the external environment. The internal structure of the
porous polymer materials is assumed to be composed
of capillaries that are made up of interconnected pores
formed by polymer fibers. The distribution of liquid,
water vapor in any tiny element inside the slab is
described by a relationship of volumetric fractions �l

� �a � 1 � �f. Liquid water can then be propelled by
capillary action from regions of higher liquid content
to the drier regions. x � 0 and x � L denote the
positions at the inner and outer surfaces of the porous
slab, respectively.

In developing the model, we made the following
assumptions:

1. The porous polymer slab is isotropic in terms of
structure and thermal properties.

2. Local thermal equilibrium exists among all
phases because of the relatively low velocities
considered and the small dimensions of the con-
stituting fibers.

3. The angular distribution of radiative intensity is
approximately constant, and the scattering of ra-
diation by the fibers can be ignored.

4. Instant equilibrium is reached between the mois-
ture content at fiber surface and that of the sur-
rounding air.

5. The air–vapor mixture reaches saturation in-
stantly in the presence of liquid.

6. Swelling of the fibers attributed to absorbing
moisture can be neglected.

7. The inertial force is ignored because of the rela-
tively low velocities for liquid transfer.

Figure 1 Schematic diagram of the model.
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Governing equations

The following mathematical governing equations are
established on the basis of the above assumptions.
Equations (1) and (2) show the mass conservation of
moisture vapor and liquid, respectively, and eq. (3)
describes the energy conservation.
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The mathematical descriptions for the processes of
liquid transfer, moisture sorption/desorption, and
condensation/evaporation, as well as the radiative
heat transfer are explained in following text. Exact
definitions for the symbols can be found in the No-
menclature section.

The liquid diffusivity Dl(�l) in eq. (2) is derived from
the physical mechanisms of capillary theory and
Darcy’s law for the liquid transfer through the porous
media and is expressed as11

Dl��l� �
� cos � sin2dc�l

1/3

20��1/3 (4)

Equation (5) indicates the evaporation/condensa-
tion rate of the liquid/moisture, where the volumetric
fraction of vapor �a denotes the void space for liquid
water evaporation and the moisture vapor condensa-
tion.

�lg � �ahlgS	�C*�T� � Ca� (5)

Equation (6) describes the moisture sorption of the
fibers according to the second Fick’s law for a cylinder
coordinate system. The moisture vapor diffusion co-
efficient Df related by the water content inside the fiber
Wcf(x, t), and the moisture content at the fiber surface
are determined by the relative humidity (RH) of the
surrounding air at the time–space position of (x, t), as
shown in eq. (7).
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r

�

�r �rDf

�Cf�f�

�r � (6)

Cfs�x, Rf, t� � f�RHa�x, t�, T�x, t�� (7)

The proportions of moisture sorption at the fiber
surfaces covered by liquid and/or covered by air at
any position (x, t) are described by two factors �1 and
�2, whose relationship is determined by eq. (8).
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�
�

�l

�
� 1 (8)

Equations (9) and (10) give the attenuation of the
thermal radiation fluxes, but ignore the scattering of
radiation by fibers inside the slab. The total thermal
radiation incident on a tiny volume element inside the
slab traveling to the right and left direction is denoted,
respectively, by FR and FL; the fraction of FR or FL that
is absorbed by the fibers in a volume element is char-
acterized by the absorption constant �.3

�FR

�x � ��FR � ��T4 (9)

�FL

�x � �FL � ��T4 (10)

� �
�1 � ��

r �r (11)

Kmix is the effective thermal conductivity for the po-
rous polymer slab, and is defined as eq. (12),16 where
K is the dynamic thermal conductivity of the wetted
slab, and can be obtained from experiments2 or em-
pirical equations17; Kl is the thermal conductivity of
the liquid water.

Kmix � �lKl � ��l � �f�K (12)

Initial and boundary conditions

We assumed that a porous polymer slab is initially
equilibrated to a given skin surface and atmospheric
condition in terms of temperature and the vapor con-
centration (Tsk0, Csk0) and (Tenv0, Cenv0) with linear dis-
tributions across the thickness of the slab.

At the position x � 0, different boundary conditions
are specified for the situations of direct and nondirect
contact with liquid water as follows:

No direct contact with liquid water

Da

��Ca�a�

�x �
x�0

� Hc0�Ca � Csk�

�l�0, t� � 0

Kmix

�T
�x�

x�0

� Ht0�T � Tsk�

FR�0, t� � �1 � �0�FL�0, t� � �0�T4�0, t�

� (13a)
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Direct contact with liquid water
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At x � L, the boundary conditions are described by the
following equations with consideration of the convec-
tive nature of the boundary air layers:
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The proportions of the mass transfer at x � L by vapor
transport and that by the liquid water are denoted by �1
� �a/� and �2 � �l/�, respectively. In eqs. (13) and (14),
Hc and Ht are the combined mass transfer and the com-
bined heat transfer coefficients denoting the various
thermal and moisture-transfer resistance expressed as:

Hcn �
1

Wn �
1

hcn

(14a)

Htn �
1

Rn �
1

htn

(14b)

where n � (0, 1) for the inner and outer surface of the
slab, respectively; Wn and Rn are the resistance of
the moisture vapor and heat transfer of the surfaces
of the slab, respectively; and hcn and htn are the mass
and heat transfer coefficients, respectively.

NUMERICAL SCHEME FOR THE MODEL

The finite volume method is used to construct the
numerical scheme on the basis of work reported in Li
et al.11 and Luo et al.16 Along the direction of thickness
L, the slab is divided into (n � 1) control cells with
equal interval size. Each control cell is regarded as
being composed of different volumetric fractions of
liquid water �l and void space �a.

Let � � �x2/�t, �g � Dg/�g, �l � Dl(�l)/�l, �f �
�tDf/�r2, and � � 
f�1�f � 
l�2�f � 
lg�lg. The final
discrete equations are generated with a fully implicit
scheme as follows:
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n is an averaging operator in the cell j.

The calculation flow of the model is described in
Figure 2.
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NUMERICAL SOLUTIONS

Comparison with experimental measurements

The model is partially verified by comparing the sim-
ulation result with the experimental data published in
a previous study.11 Because of the difficulties in mea-
suring simultaneously the dynamic change of water
content in fibers, the liquid volumetric fraction distri-
bution, and the moisture sorption rate without affect-
ing the transport processes, we only validate the
model on fabric temperature measured using noncon-
tact infrared measurement techniques. The computa-
tional simulation was conducted on a Pentium III PC
computer by developing a program written in C��.

Figure 3 shows the comparison of the computed
temperature changes on the upper surface with exper-
imental measurements for a wool slab. The tempera-

ture changes on the surface of the slab during the
liquid moisture transfer process from 20.0 to 19.5°C in
the initial stage, then reaches an equilibrium state. The

Figure 2 Flow chart of the numerical calculation.

Figure 3 Comparison of computational results with exper-
imental results.
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computational temperature profiles are consistent
with the experimental observations, indicating that
the model is able to predict the temperature changes
on the slab surface during the liquid diffusion process.

Computational case studies

We simulated a clothed human body with initial skin
condition of (Tsk0 � 33°C, RHsk0 � 50%) and being
exposed to an ambient condition of (Tenv0 � 20°C,
RHenv0 � 60%). The person is assumed to move sud-
denly to a cold environment of (Tenv1 � 1°C, RHenv1 �
90%) with intensive physical exercises so that the con-
dition of skin surface is changed to (Tsk1 � 36°C, RHsk1

� 99%). The contact situation at the skin–slab surface
is assumed to have two cases1: there is no direct con-
tact between liquid water and the slab, so that mois-
ture transfer to the slab is by vapor diffusion (VD
case)2; there is a direct contact between liquid water
and the slab so that the liquid can diffuse into the slab
by capillary action (LD case).

Values or numerical relationships for a number of
the material properties and coefficients in the numer-
ical computations are listed in Table I. The values with
reference numbers were obtained from the literature
and those without a reference were determined exper-
imentally. The values of the related transfer coeffi-
cients are listed in Table II.

Figure 4 shows the dynamic temperature distribu-
tions in the porous polymer slab: (a) vapor diffusion
and (b) liquid diffusion. In the case of VD, there is a
temperature gradient maintained between the two
surfaces of the textile slab, although the temperature
close to the skin surface tends to decrease slightly after
a small increase initially. On the outer surface, the
temperature drops quickly from the initial 20°C to
around 4°C. In the case of LD, the temperature gradi-
ent between the two surfaces is much smaller. There is

a significant increase in temperature across the thick-
ness of the slab initially, then the temperature de-
creases significantly throughout the slab. There are
significant differences between the two cases in (1)
temperature distribution across the slab and (2) the
change of temperature distribution with time.

Figure 5 shows the dynamic water vapor concentra-
tion distributions in the slab for (a) the VD case and (b)
the LD case. In the VD case, there is a gradient in
water vapor concentration across the slab similar to
the temperature distribution. In the initial stage, the
vapor concentration increases significantly in the lay-
ers close to the skin surface and decreases in the outer
layers. In the LD case, the gradient in vapor concen-
tration between the two surfaces of the slab is small.
The vapor concentration throughout the slab increases
slightly in the initial transient period and then de-
creases gradually. There are significant differences be-
tween the two cases in (1) vapor concentration distri-
bution across the slab, (2) the initial rise in vapor
concentration (e.g., the maximum Ca), and (3) the
change of vapor concentration distribution with time
such as the minimum Ca reached in 60 min.

Figure 6 shows the dynamic distribution of the rel-
ative humidity throughout the slab for (a) the VD case
and (b) the LD case. In the VD case, the relative

TABLE I
Physical Properties of the Materials

Parameter Symbol Unit Value

Density of the polymer fiber18 � kg/m3 1.31 	 103

Radius of the polymer fiber (wool) Rf m 1.03 	 10�5

Porosity of polymer slab � 0.915
Diffusion coefficient of vapor in the fiber4 Df m2/s 1.34 	 10�13

Volumetric heat capacity of fiber19 cvf kJ m�3 K�1 4.184 	 103 	 1.31 	
(0.32�Wcf/1.0 � Wcf)

Thermal conductivity of slab16 K 	10�3 W m�1 K�1 Profiles
Heat of sorption of water vapour19 
v kJ kg 2522.0 � 1602.5e�11.72Wcf

Heat of sorption of liquid water19 
v kJ kg 1602.5e�11.72Wcf

Surface tension of liquid water11 � 	10�3 N m�1 30
Contact angle of the polymer fiber (wool)11 � degree (°) 85°
Fiber emissivity16 �r 0.9
Radiative absorption constant of the fiber3 � m�1 74.27
Capillary radius with the maximum distribution

inside the porous slab11
dc m 200 	 10�6

TABLE II
Values of Transfer Coefficients

Coefficient

n

0 1

hcn (m/s) 8.8 	 10�3 0.2 	 10�3

htn (W m�2 K�1) 10 50
Wn (s m�1) 0.0 410
Rn (m2 K W�1) 0 0.0054
Hcn (m/s) 8.8 	 10�3 1.85 	 10�4

Htn (W m�2 K�1) 10 39.4
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humidity increases gradually to 100% after a rapid
increase in the initial stage, especially on the two
surfaces. The distribution of relative humidity is not
uniform: the humidity on the two surfaces approaches
saturation in a short period but those in the middle
layer of the slab increase much more slowly. In the LD
case, the relative humidity rises rapidly to saturation
throughout the slab and becomes uniformly distrib-
uted within a few minutes.

Figure 7 illustrates the water content distribution in
the fibers for (a) the VD case and (b) the LD case,
which are very similar to the relative humidity distri-
butions. In the VD case, the water content increases
much faster in the fibers close to the two surfaces than
it does in the middle layers of the slab. Different
behavior is observed in the LD case, where the water
content in the fibers reaches the level of its saturation
within 10 min throughout the slab, as the relative

humidity of surrounding the fibers reaches the level of
100% across the slab [Fig. 6(b)].

Figure 8 shows the dynamic distribution of the liq-
uid volumetric fraction for (a) the VD case and (b) the
LD case. In the VD case, there is no liquid water in the
slab until condensation occurs on the outer surface of
the slab after a 45-min exposure and the condensed
liquid was transferred inwardly by the capillary force
to the dry region. At the low temperature, the relative
humidity can reach 100% even though the actual mois-
ture concentration in the air is low. For instance, at 1°C
the saturated water vapor concentration in the air is
about 5.18 	 10�3 kg/m3. When the water vapor
concentration is greater than the saturated vapor con-
centration of a given temperature, the water vapor
begins to condense and form liquid water. In our
simulation, at the time of condensation the tempera-
ture on the outer surface of the slab is about 5.3°C,

Figure 4 (a) Dynamic temperature distributions in the slab for VD case. (b) Dynamic temperature distributions in the slab
for LD case.

Figure 5 (a) Dynamic water vapor concentration distributions in the slab for VD case. (b) Dynamic water vapor concen-
tration distributions in the slab for LD case.
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with the water vapor concentration of 7.41 	 10�3

kg/m3, which is larger than the value of the saturated
concentration 6.91 	 10�3 kg/m3. In the LD case, the
capillary effect is so significant that the liquid water is
transferred in a very short time, which is in the order
of t 
 L2/Dl, to reach the status of equilibrium. When
�l � � � 0.915, the liquid diffusivity is 3 	 10�6 m2/s,
so the shortest equilibrium time is about 133 s. This
fast transfer phenomenon has a significant effect on
the dynamic changes of water vapor concentration
throughout the slab (Fig. 5), and consequently, the
distribution of RH (Fig. 6), water content in fiber (Fig.
7), and the temperature (Fig. 4).

DISCUSSION

The computational results illustrated in these figures
have outlined a complex picture of the interactions

among the different ways of moisture transfer and the
coupling effects between heat and moisture-transfer
processes, which are discussed in detail in the follow-
ing sections.

Interactions among different moisture-transport
mechanisms

Vapor diffusion and liquid diffusion

The dynamic distribution of water vapor concentra-
tion is mainly determined by the gradient in moisture
concentration [Fig. 5(a)] when the liquid volume in the
slab is insignificant [Fig. 8(a)]. When the liquid water
diffuses into the slab and dominates the void space
[Fig. 8(b)], the vapor concentration distribution is
mainly dependent on the temperature distribution in
the slab [Fig. 5(b)]. This is attributed to the fact that

Figure 6 (a) Dynamic RH distributions in the slab for VD case. (b) Dynamic RH distributions in the slab for LD case.

Figure 7 (a) Dynamic water content distributions in the fibers for VD case. (b) Dynamic water content distributions in the
fibers for LD case.
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moisture vapor reaches equilibrium saturation quickly
with surrounding liquid water and the saturated va-
por concentration is a function of the local tempera-
ture only.

Condensation/evaporation and liquid diffusion

The simulation shows the situation of moisture vapor
condensation on both the inner and outer surfaces of
the slab, and the mobility of condensed liquid water is
dependent on the accumulation of the liquid water,
the feature of the capillary pore distribution in the
slab, and the interaction between liquid water and the
solid surface.

When liquid water diffuses into the slab for the case
of LD, fiber surfaces are covered by liquid water and
the void space is filled with liquid water, so that
condensation becomes negligible, except on the outer
surface in the first few minutes. The evaporation rate
is also negligible because there is little space for evap-
oration in the slab and the outer surface is sealed by a
membrane with large water vapor resistance.

Coupling effects between heat transfer and
moisture transfer

Heat transfer and liquid diffusion

In a comparison of Figure 4 with Figure 8, it is obvious
that liquid diffusion has a very significant impact on
the heat-transfer process. When liquid water diffuses
into the slab and occupies the void space, the temper-
ature gradient between the two surfaces is reduced
significantly, largely attributable to the increase of
overall thermal conductivity of the slab by the liquid
water. This explains why we feel cold when our cloth-
ing gets wet and indicates the importance of prevent-

ing liquid water diffusion into textiles in apparel de-
sign.

Heat transfer and vapor diffusion

In a comparison of Figure 4 and Figure 5, the water
vapor concentration distribution has a pattern similar
to the temperature distribution in the case of LD. As
liquid water diffuses into the slab and occupies most
of the void space, the water vapor is assumed to reach
saturation at the presence of liquid, so that the vapor
concentration is the saturated concentration that is a
function of temperature. When there is no or little
liquid in the slab, the vapor diffusion is mainly deter-
mined by the gradient of moisture concentration ex-
cept in the initial stage when fiber moisture sorption is
significant.

Heat transfer and moisture sorption

The moisture content of the fibers in Figure 7(a) is
highly associated with the distribution of relative hu-
midity, which is in turn determined by the tempera-
ture and vapor concentration distributions [Fig. 6(a)].
This is because the moisture sorption rate is deter-
mined by eqs. (6) and (7), where the water concentra-
tion on the fiber surface is a function of relative hu-
midity of the surrounding air. The fiber moisture sorp-
tion, in return, induces a significant increase of
temperature in the middle to inner layers of the slab
and reduces the rate of temperature drop in the outer
layers of the slab [Fig. 4(a)]. In the VD simulation, the
RH is forced to change from 50% at 33°C (1.77 	 10�2

kg/m3) to 99% at 36°C (4.08 	 10�2 kg/m3) on the skin
surface. On the outer surface, the increase of RH is
mainly because of the drop of the temperature from

Figure 8 (a) Dynamic liquid water distributions in the slab for VD case. (b) Dynamic liquid water distributions in the slab
for LD case.
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20°C and 50% with water vapor concentration of 8.59
	 10�3 kg/m3 to 1°C with the nearly saturated water
vapor concentration of 4.67 	 10�3 kg/m3. The RH in
the middle layer of the slab is lower than that of the
outer surface because the heat is released from the
moisture sorption in the outer layers.

In the case of LD, the relative humidity across the
slab reaches 100% rapidly, as shown in Figure 6(b),
which induces a very high moisture sorption rate
throughout the slab and leads to a fast increase of
moisture content in the fibers [Fig. 7(b)]. Meanwhile, a
rapid temperature increase across the slab is observed
in the first few minutes of the liquid diffusion process
attributed to the fiber moisture sorption [Fig. 5(b)].
Because the heat of liquid sorption is much lower than
that of water vapor, the temperature does not increase
as much as it does in the VD case. After liquid water
is transferred into the slab by the capillary effect, the
temperature drops quickly as discussed above.

CONCLUSIONS

In summary, a new mathematical model and a numer-
ical solution were developed to simulate the radiation
and conduction heat transfer coupled with liquid wa-
ter transfer, moisture sorption, and condensation in
porous polymer materials for investigating the com-
plicated coupled interactions among them. The mod-
eling of the complicated coupling effects among the
different heat and moisture-transport processes was
partially verified on the fabric temperature changes.
Further computational case studies have revealed
complex interactions among different modes of mois-
ture transport and the coupling effects between heat
transfer and moisture-transfer mechanisms. Signifi-
cant differences were identified between different con-
tact boundary conditions and the physical mecha-
nisms were analyzed in detail for the situations with
direct and nondirect contact of liquid water. The
model can be used as an effective scientific analysis
tool for the engineering design of textile materials
with consideration of fiber-fabric structural features,
physical properties, and chemical-physical treatments
in manufacturing processes.

NOMENCLATURE

C* Saturated water vapor concentration (kg/m3)
Ca Water vapor concentration in the air filling the

interfiber void space (kg/m3)
Cenv Water vapor concentration of the ambient air

(kg/m3)
Cf Water vapor concentration in the polymer fi-

bers (kg/m3)
Cfs Water vapor concentration at the fiber surface

(kg/m3)

cv Volumetric heat capacity of the polymer po-
rous material (kJ m�3 K�1)

Da Diffusion coefficient of water vapor in the air
(m2/s)

Df Diffusion coefficient of water vapor in the
polymer fibers (m2/s)

Dl Diffusion coefficient of liquid water in the
polymer porous material (m2/s)

FL Elementary total thermal radiation incident
inside the clothing traveling to the left (W/
m2)

FR Elementary total thermal radiation incident
inside the clothing traveling to the right
(W/m2)

hcn Convective heat-transfer coefficient at the
clothing surface (n � 0, inner surface; n � 1,
outer surface) (W m�1 K�1)

Hcn Combined heat transfer coefficient at the
clothing surface (n � 0, inner surface; n � 1,
outer surface) (W m�1 K�1)

hlg Mass transfer coefficient for evaporation and
condensation (m/s)

hmn Convective vapor transfer coefficient at the
clothing surface (n � 0, inner surface; n � 1,
outer surface) (m/s)

Hmn Combined vapor transfer coefficient at the
clothing surface (n � 0, inner surface; n � 1,
outer surface) (m/s)

K Thermal conductivity of the fabric (W m�1

K�1)
Kl Thermal conductivity of the liquid water (W

m�1 K�1)
Kmix Effective thermal conductivity of the polymer

porous material (W m�1 K�1)
L Thickness of the polymer porous material (m)
Nmax Maximum time step of the calculation
r Radial coordinate of the fiber (m)
RHenv Relative humidity of ambient air
RHsk Relative humidity of skin surface
Sv Surface volume ratio of the polymer fiber

(m�1)
t Real time from change in calculation (s)
T Temperature of the polymer porous material

(K)
Tenv Temperature of the ambient air (K)
Tsk Temperature of the skin surface (K)
Wcf Water content of the polymer fibers
x x-coordinate for the direction of thickness (m)

Greek symbols

 Effective angle of capillaries in the polymer
porous material (°)

� Radiation absorption constant of the fiber
(m�1)

� Surface tension (N/m)
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�f Effective sorption rate of the moisture (kg m�3

s�1)
�lg Evaporation/condensation rate of the liquid/

vapor (kg m�3 s�1)
� Porosity of the polymer porous material
�a Volume fraction of water vapor
�f Volume fraction of fibers
�l Volume fraction of liquid phase
�n Thermal radiative emissivity at the clothing

surface (n �0, inner surface; n � 1, outer
surface)

�r Thermal radiative emissivity of the fiber
� Dynamic viscosity of liquid (kg m�3 s�1)

l Heat of sorption or adsorption of liquid water

by fibers (kJ/kg)

lg Heat of evaporation of water (kJ/kg)

v Heat of sorption or adsorption of vapor by

fibers (kJ/kg)
� Density of the fibers (kg/m3)
�l Density of the liquid water (kg/m3)
� Stefan–Boltzmann constant (56.7 	 10�9 w

m�2 K�4)
�a Effective tortuosity of the polymer porous ma-

terial for water vapor diffusion
�l Effective tortuosity of the polymer porous ma-

terial for liquid water diffusion
� Contact angle of the liquid water on the fiber

surface
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