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� Heat/mass transport rates in clothing
analysed for several textile/fibre
properties.

� Analyses done for different levels of
heat/sweat release (exercise & post-
exercise).

� Fibre diffusion rate and clothes
emissivity affect skin temperature (in
exercise).

� Fibre diffusion rate, fraction, density
and water affinity affect water
content.

� Fibre fraction, density and water
affinity affects water content (in post-
exercise).
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Clothing plays a key role in the capacity of the body to adapt to the surrounding thermal environments.
Thus, it is critically important to have a solid understanding of the effects of clothing and fibres properties
on the body exchange rates. To this end, a detailed transfer model was implemented to analyse the effect
of several textiles characteristics (outer surface emissivity, tortuosity, and fraction of fibre) and fibre
properties (affinity with water, coefficient of water diffusion in the fibres, thermal conductivity, density,
and specific heat), on the heat and mass transfer through multilayer clothing, for different intensities of
heat/sweat release. The temperature and humidity predictions were validated with experimental data
obtained during measurements of textile evaporative resistance.
The results obtained for the multilayer clothing during an energy-demanding activity (i.e. metabolic

heat production of 300 Wm�2 and sweating of 240 g m�3 h�1) show that a decrease in the emissivity
of the outer surface (0.9 – 0.1), and an increase in the coefficient of water diffusion in the fibres of the
inner layer (4 � 10�16 – 4 � 10�11), induce an increase in the maximum skin temperature (of 4.5 �C
and 6.8 �C, respectively). Moreover, the water trapped inside clothing is significantly increased by aug-
menting the fraction of fibre (0.07 – 0.4), the density of the fibre (910 – 7850 kg m3), the fibre
affinity with water (i.e. regains of 0.07 – 0.3), and the coefficient of water diffusion in the fibres
(4 � 10�16 – 4 � 10�11). During the post-exercise phase (with metabolic heat production of 65 Wm�2

and perspiration of 9 g m�3 h�1), the parameters affecting significantly the water content of the inner
layer are the fraction of fibre, its density, and its affinity with water.
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Nomenclature

as specific surface area [m�1]
A area [m2]
C concentration [kg m�3]
Cp specific heat [J kg�1 K�1]
d diameter [m]
Da diffusivity of water vapour in a
Def effective diffusivity of gas throu
Df diffusivity of water in fibre [m2

fA fraction of fibre surface covered
hc heat transfer coefficient [W m�

kc mass transfer coefficient [m s�1

k thermal conductivity [Wm�1 K
L thickness [m]
Le Lewis number [–]
_mGS mass rate sorption of water fro

phase [kg s�1 m�3]
_mLG mass rate of condensation or

[kg s�1 m�3]
_mLS mass rate sorption of free wate
M molar mass [kg mol�1]
Nu Nusselt number [–]
p partial pressure [Pa]
_q heat flux [Wm�2]
r fibre radius [m]
Pr Prandtl number [–]
R gas constant [J K�1 mol�1]
Re Reynolds number [–]
Regaineq equilibrium regain [kgH2O kgfibr�1

Regainf ðu¼65%Þ equilibrium regain for u =
Regaint instantaneous regain [kgH2O kgfi�

t time [s]
T temperature [K]
V volume [m3]
x coordinate [m]
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The proposed numerical approach allows the study of strategies to optimise heat/mass transport rates
through materials surrounding the body (e.g. in clothing applications, automotive environments or work-
place microclimates) in order to minimise thermal discomfort and/or problems of high water content
(e.g. friction burns and/or growth of fungi and bacteria).

� 2017 Elsevier Ltd. All rights reserved.
ir [m2 s�1]
gh the textile [m2 s�1]
s�1]
by liquid water [–]

2 K�1]
]
�1]

m fibres to the gaseous

evaporation of water

r in fibres [kg s�1 m�3]

e]
65% [kgH2O kgfibre�1 ]
bre
1 ]

Greek letters
Dhsorp enthalpy of water desorption from fibre to the liquid

phase [J kg�1]
Dhvap water vaporisation enthalpy [J kg�1]
e volume fraction [–]
er emissivity [–]
q density [kg m�3]
s tortuosity [–]
u relative humidity [–]
cls proportionality constant for the sorption of liquid water

in fibres [kg m�3]
r Stefan-Boltzmann constant [Wm�2 K�4]

Superscripts
cond condensation
conv convection
evap evaporation
ls liquid - solid
sat saturation

Subscripts
a air
amb ambient
bw bounded water
ds dry fibre
ef effective
GS gas – solid
LS liquid – solid
GL gas – liquid
f fibre
l liquid
v water vapour
T total
0 initial condition
c gas phase
r solid phase
1. Introduction rates. This is often the case in warm working environments or mil-
The body adapts the heat exchange in response to changes in
the surrounding environment. In a thermally neutral environment,
when an individual carries out a moderate activity, the body con-
tinuously generates heat and a residual amount of water vapour
is excreted by the skin, i.e. insensible perspiration [1–3]. Together
with the environmental conditions (e.g. air temperature, humidity,
and velocity), the properties of the clothing worn by the user have
a crucial role in the heat and mass exchange between the body and
the environment. However, when the cooling needs of the body
increase (e.g. because of an increase in the intensity of physical
activity or in the ambient temperature), the body starts sweating
in order to benefit from evaporative cooling, i.e. heat loss due to
sweat evaporation. Yet, if the clothing water vapour permeability
hampers significantly the sweat transport, the sweat accumulates
near the skin (increasing its wetness) and only a portion evapo-
itary scenarios, where individuals may sweat for long periods, thus
exposing themselves to eventual dehydration and heat stroke.
Another detrimental effect of water accumulation in clothing is
the resulting tactile discomfort associated with the perception of
a wet surface in contact with the skin. Moreover, this increases
the risk of skin friction burns during activities implying motion
and eventually excessive cooling during post-exercise phase. These
drawbacks can be minimised by a good understanding of how
clothing properties influence heat and mass transfer from the
body. This is critical for the design and development of protective
clothing, where the selection of materials must follow accurate cri-
teria to avoid the risk of injuries or even death, with the particular
challenge of combining protection (e.g. to chemical agents, thermal
hazards) and thermal comfort. This knowledge is also very relevant
when developing automotive environments or artificial microcli-
mates for workplaces [4,5].
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Several thermal manikins and experimental procedures have
been developed to evaluate the performance of different types of
products under various conditions [6–11]. Zhao et al. [6] used a ther-
malmanikin to study the influence of design features of a ventilated
clothing on cooling performance, while Elabbassi et al. [10] used a
similar approach to analyse the efficiency of an electric-heated blan-
ket in preventing hypothermia in neonates. The usual procedure
consists of setting constant temperature or heat flux on themanikin
surface [6,8–10], corresponding to skin values of an human in a state
of thermal comfort. Recently, the surface temperature and sweat
rates of some thermalmanikins have been controlled bymathemat-
ical models of human thermoregulation [7,12,13]. However, few
research has focussed on the effect of clothing properties on the sur-
face of the thermal manikin, during consecutive activities with dif-
ferent levels of intensity [11,14]. In these experiments, sequences
of different heat fluxes (or temperatures) and sweating rates are
imposed on the manikin surface, in order to simulate different
human activities. For example, Keiser [11] analysed experimentally
the water distribution within a fire-fighter garment, simulating the
conditionsof a sweatingphase followedbyadryingphase. Each layer
of the garmentwasweighted at the beginning and at the end of each
phase. However, the disadvantage of this procedure is that the
results do not show the evolution and distribution of water over
the entire experiment. A reliable alternative would be to perform a
numerical analysis of theheat/mass transport through thegarments.

As in experimental procedures, the skin boundary conditions of
heat and of mass are often set constant in numerical studies of heat
andmass transfer through clothing [15–24]. Neves et al. [15] studied
the thermal performance of multilayer clothing assuming constant
temperature and sweat rate on the skin, whereas Wu and Fan [18]
defined the mass boundary condition as the concentration of water
saturation, when studying a multilayer assembly exposed to a cold
ambient. The aforementioned boundary conditions are also used in
other field of application like artificial microclimates to study the
interactionbetween thebuildingventilation andpersonalisedairflow
systems, with the thermal plume around human body [25–28]. In
clothing applications, those boundary conditions are used to study
various design parameters concerning how products properties
should be selected to minimise the wind chill effect [19,20,22,29],
and how the microclimates inside clothing affect the transport rates
from the body [30–33]. However, the available literature still lacks
detailed information about parameters of multilayer clothing that
affect its thermal performance andwater distribution, when the user
performs physical activity implying different heat/sweat release.

In this study, numerical simulations were conducted to analyse
the effect of several fibre properties (affinity with water, coefficient
of water diffusion in the fibre, thermal conductivity, density, and
specific heat) and textiles characteristics (outer surface emissivity,
tortuosity, and fraction of fibre) on the heat and mass transfer
across a textile assembly, during activities implying different levels
of heat/sweat release. A 1-D approach was used considering: (i) an
external boundary (representing the external clothing surface)
exposed to ambient air, where heat is removed by forced convec-
tion and radiant exchange while mass is removed by convection;
(ii) an inner boundary (representing the skin-clothing interface)
where two values of heat flux and water vapour flux were consid-
ered in order to mimic the heat/sweat released by the body, during
activities with two levels of intensity.
Fig. 1. Physical activity phases used to study the performance of a multilayer
clothing; heat and mass boundary conditions defined at the skin-clothing surface
for three phases: acclimatization, exercise, and post-exercise; * Difference between
metabolic heat production (phase I: 300 Wm�2; phase II: 65 Wm�2) and the heat
removal by sweat evaporation (phase I: 161 Wm�2; phase II: 6 Wm�2).
2. Formulation of the transfer model

2.1. Model assumptions and equations

In order to approximate a realistic scenario, the performance of
a multilayer clothing was studied for different levels of heat/sweat
release (Fig. 1). Three phases were considered: phase 0 correspond-
ing to the acclimatization period, followed by a phase of exercise
(phase I, Fig. 1) and a post-exercise phase (phase II, Fig. 1).
Throughout the simulation, the environment conditions of temper-
ature, relative humidity, and air velocity were assumed constant
(20 �C, 40%, and 0.5 m s�1, respectively). At the initial time
(t = 0 s, Fig. 1), the subject was assumed to be in equilibrium with
the environment, with a constant temperature of 34 �C and a con-
stant perspiration rate of 9 g m�3 h�1 (i.e. insensible perspiration,
[1–3]). In the subsequent phase, the subject performs a
physically-intensive activity, represented by high heat flux and
high sweat rate during 30 min, followed by a resting period of
30 min, with low heat flux and no sweating (only perspiration).
During phases I and II, two scenarios may occur depending on
the amount of water (vapour or liquid) released by the skin. While
the rate of sweat production is smaller than the maximum rate
that can be transferred through the clothing (i.e. when both perspi-
ration and sweating may be present but the skin is not fully wet;
Fig. 2a), one assumes that the total amount of water released by
the skin evaporates and the resulting vapour diffuses through the
clothing layer. When the rate of sweat production is bigger than
the maximum rate that can be transferred by diffusion through
the clothing (i.e. when the skin becomes fully wet or saturated;
Fig. 2b), one assumes that there is dripping of excess water and
that the boundary condition at the skin is well represented by
the concentration of saturated water vapour.

To represent the thermal behaviour of the multilayer clothing
during the different phases of exercise (Fig. 1), the numerical
model considers the heat transferred by conduction and the
enthalpies of sweat vaporisation, as well as those of water sorp-
tion/desorption in fibres and the diffusion of water vapour across
the clothing porous network (Fig. 2).

The implemented model describes the transient diffusion of
heat and mass through hygroscopic materials, following the gen-
eral governing equations given by Le et al. [34,35], Barker et al.
[36], and Gibson [37]. The model considers that the textile contains
three elements (fibres, air with water vapour and liquid water),
and the major simplifying assumptions are: (1) the textile material
is considered a homogeneous medium with mentioned three ele-
ments (i.e. the complex structure of the material is not taken into
account), (2) the liquid water is sorbed at the fibres surface (i.e.
there is no motion of liquid water across the layers), (3) heat trans-
fer by radiation between fibres is negligible, (4) the sorption/des-
orption of water from fibres occurs by water diffusion through
the fibre, (5) the water diffusion in the fibre is instantaneous and
at the initial rate, (6) water sorption occurs exclusively in the area
of fibres which is not in contact with free water, and (7) water



Fig. 2. Schematic diagram of a multilayer clothing facing the skin and of the surrounding environment conditions, prior and after full wetting of the skin: (a) skin not fully wet
(perspiration and sweating present) and (b) skin fully wet (only sweating).
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sorbed in fibres immediately becomes in equilibrium with the
water vapour inside the textile pores.

Four textile elements were assembled in terms of volume frac-
tion: a fraction of fibre (eds; considered constant [36]), a fraction of
water bounded in the fibre (ebw), a fraction of free water (e1), and
finally a fraction of gas inside the textile pores (air + water vapour;
ec). These fractions are related by:

eds þ ebw þ el þ ec ¼ 1 ð2:1Þ

Two energy balances were set, one for the gaseous phase (Eq.
(2.2)) and another for the solid phase (Eq. (2.3)).

ec � qc � Cpc �
@T
@t

þ @

@x
�ec � kc � @T

@x

� �
þ as � hc � ðT � T f Þ ¼ 0 ð2:2Þ

ebw � qw � Cpw þ eds � qds � Cpds þ eL � qL � CpL

� � � @T f

@t

þ @

@x
�½ebw þ eds þ eL� � kr � @T f

@x

� �
þ Dhvap � ð _mLG � _mGSÞ

� Dhsorp � ð _mGS þ _mLSÞ � as � hc � ðT � T fÞ ¼ 0 ð2:3Þ

In the energy balance to the gaseous phase (Eq. (2.2)), the first
and second terms represent, respectively, the accumulation and
conduction of energy through the textile thickness, and the third
term the convective exchange of energy between the gas and the
surface of the fibres. In the energy balance to the solid phase (Eq.
(2.3)), the first, second and fifth terms represent the accumulation,
conduction, and heat exchange between the solid and the gaseous
phases, respectively, while the third takes into account the energy
associated with water phase change and the fourth the energy
associated with water sorption in the fibres.

The thermal conductivity of the solid phase (kr) is given by
[37],

kr ¼ kw � qw � ðebw þ elÞ þ kds � qds � eds
qw � ðebw þ elÞ þ qds � eds

ð2:4Þ
and the gas thermal conductivity (kc) by,

kc ¼ km � qm þ ka � qa

qm þ qa
ð2:5Þ

where the density, specific heat, and thermal conductivity of water
and fibre (subscripts w and ds, respectively) can be found in litera-
ture [38], while the volume fractions of fibre, bounded water, and
gas depend on the textile structure and on the type of material.
To determine these parameters, the experimental procedures
reported in Neves et al. [24] were used. More properties of the gas-
eous phase such as the gas specific heat (Cpc), gas pressure (pc), air
partial pressure (pa), water vapour partial pressure (pv), dry air den-
sity (qa), and gas density (qc) are described by Eqs. (2.6)(2.10).

Cpc ¼ Cpa � qa þ Cpv � qv

qc
ð2:6Þ
pa ¼ pc � pv ð2:7Þ
pv ¼
qv � R � T
MH2O

ð2:8Þ
qa ¼
pa �Ma

R � T ð2:9Þ
qc ¼ qa þ qv ð2:10Þ
The equations expressing the enthalpies of water sorption in

the fibre and of water vaporisation (Dhsorp and Dhvap, respectively)
can be found in literature [38,39].

The fibre regain, which is related with the fibre affinity with
water, is the ratio between the mass of water retained in the fibre
and the mass of dry fibre [40]. The instantaneous and equilibrium
regains (Regaint and Regaineq, respectively), are expressed by Eqs.
(2.11) and (2.12), respectively [39]. The equilibrium regain of most
materials depends on the relative humidity and is nearly the same
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at different temperatures if the ambient relative humidity is the
same [39].

Regaint ¼
ebw � qw

eds � qds
ð2:11Þ

Regaineq ¼0:578 �Regainfðu¼65%Þ �u � ½ð0:321þuÞ�1þð1:262�uÞ�1�
ð2:12Þ

The source term due to vapour sorption (Dhsorp � _mGS, Eq. (2.3))
was modelled assuming that the diffusion is instantaneous [24]:

_mGS ¼ 16 � Df � eds � qds

d2
f

� ðRegaint � RegaineqÞ ð2:13Þ

where the ratio between the diffusivity of water in fibres (Df) and

the square diameter of fibre (d2
f ) is a sorption rate factor which con-

siders the actual fibre/yarn shape and size distribution. This ratio is
usually chosen to fit the experimental data [24,37].

Inside textile pores, water can exist in both states: liquid and
vapour. The rate of condensation of water vapour is given by Eq.
(2.14) (for temperatures lower than the saturation temperature)
whereas the rate of evaporation is given by Eq. (2.15) (for temper-
atures higher than the saturation temperature).

_mLG ¼ kcondc � as � ðqv � qsat
v Þ if T < Tsat and qv > qsat

v

� � ð2:14Þ

_mLG ¼ kevapc � as � ðqsat
v � qvÞ � f A if T P Tsat and qv 6 qsat

v

� � ð2:15Þ
Condensation (Eq. (2.14)) occurs on the full surface of the fibre

whereas evaporation (Eq. (2.15)) occurs only on the portion of the
fibre surface covered by liquid, fA. Further considerations that sup-
port Eqs. (2.14) and (2.15) are shown in Appendix A.

The continuity equation in the textile (Eq. (2.16)) accounts for
the water accumulation inside the pores of textile (first term),
the water vapour diffusion along textile thickness (second term),
and the water accumulated inside and sorbed on the fibres surface
(third and fourth terms).

@ðec � qvÞ
@t

þ @

@x
�Def

@qv

@x

� �
¼ _mLG � _mGS ð2:16Þ

The effective diffusivity of gas through the textile (Def, Eq.
(2.17)) can be related to the gas fraction (ec), the diffusivity of
water vapour in air (Da, Eq. (2.18); [39,41]), and the tortuosity of
the textile (s),

Def ¼ ec � Da

s
ð2:17Þ

where Da is calculated as,

Da ½m2 � s�1� ¼ 2:23� 10�5 � T
273:15

� �1:75

ð2:18Þ

The effective diffusivity of gas was calculated (Eq. (2.17)) using
values of gas fraction and tortuosity based on the specific charac-
teristics of the textile, in order to obtain a realistic estimate of
effective diffusivity. For that purpose, the gas fraction and textile
tortuosity were obtained via experimental procedures [24]. The
gas fraction was related with the textile variables obtained under
constant temperature and humidity conditions: the fraction of
fibre, the fraction of bounded water (via isothermal sorption curve,
[40]) and the effective density of the textile [24]. The tortuosity
was also obtained under equilibrium conditions, however, through
tests of evaporative resistance [24].

In the continuity equation of the water retained in the fibres
(Eq. (2.19)), one considered the accumulation in the fibres (first
term), the water vapour sorbed on the fibres surfaces ( _mGS, Eq.
(2.14) and (2.15)), and the free water ( _mLS, Eq. (2.20)).
qw
@ebw
@t

¼ _mGS þ _mLS ð2:19Þ

where _mLS is calculated as follows,

_mLS ¼ 16 � Df

d2
f

� eds � qds � ðRegaineq � RegaintÞ � f A ð2:20Þ

The previous equation is reported in the literature in an equiv-
alent form [36]. The advantage of Eq. (2.20) is that it only requires
the estimation of two parameters (i.e. Df and df) instead of three
([36]; see Appendix B).

The continuity equation of free water in the textile pores is
given by Eq. (2.21).

qw � @el
@t

¼ �ð _mLS þ _mLGÞ ð2:21Þ
2.2. Boundary conditions and numerical procedure

The one dimensional model considers the transport along the
thickness of the multilayer clothing, i.e. from the boundary facing
the skin to the boundary exposed to the environment (Fig. 2).
The boundary condition at the surface facing the skin was defined
according to the user activity level (Fig. 1), i.e. based on the
changes occurring at the skin. In the first phase (acclimatization
period; phase 0, Fig. 1) one considered that the temperature and
perspiration rate at the skin were constant, i.e. 34 �C (Dirichlet con-
dition) and 9 g m�3 h�1 (Neumann condition), respectively. More-
over, at t = 0, the multilayer clothing was assumed in equilibrium
with the mentioned skin conditions and with the environment
temperature and relative humidity. The exercise phase (phase I,
Fig. 1) was described at the boundary facing the skin, by a sweating
rate of 240 g m�3 h�1 and a heat flux of 139Wm�2. The latter
value considers that, from the energy produced by the body
(300Wm�2; [42]), a portion is used to evaporate sweat
(161Wm�2 corresponding to the evaporation of 240 g m�3 h�1)
and the rest is effectively transferred to the clothing layers
(139Wm�2). The post-exercise phase (phase II, Fig. 1) was
described by a perspiration rate of 9 g m�3 h�1 (equivalent to
insensible perspiration) and a heat flux of 59 Wm�2 (difference
between the heat released by the body, 65 Wm�2 [43], and that
used to evaporate 9 g m�3 h�1 of water, i.e. 6 Wm�2).

A Neumann boundary condition for heat and mass transfer was
considered at the clothing surface exposed to the environment
(Fig. 2). The heat was assumed to be released to the environment
by convection and radiation (Eqs. (2.22) and (2.23)) and the water
vapour by convection (Eq. (2.24)).

hconv
c � ðTamb � TÞx¼L ¼ �ec � kc@T

@x

����
x¼L

ð2:22Þ
hconv
c � ðTamb � T fÞx¼L þ er � r � ðT4

amb � T4
f Þx¼L

¼ �ðebw þ eds þ elÞ � kr � @T f

@x

����
x¼L

ð2:23Þ
kconvc � ðqamb � qvÞx¼L ¼ �Def
@qv

@x

����
x¼L

ð2:24Þ

In the previous equations, hconv
c is the convective heat transfer

coefficient, kconvc the convective mass transfer coefficient, Tamb the
ambient temperature, and qamb the ambient concentration of
water vapour. The convective heat transfer coefficient was calcu-
lated assuming that the clothing is covering a human torso (similar
to experimental procedures carried out with torso manikins; [12]),
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and the air flows perpendicular to the torso surface. Accordingly,
the Nusselt number (Nu) is given by Eq. (2.25) (valid for Re�Pr > 0.2;
[44]).

Nu ¼ hconv
c � dtorso

ka

¼ 0:3þ 0:62 � Re1=2 � Pr1=3
½1þ ð0:4=PrÞ�1=4

� 1þ Re
282;000

� �5=8
" #4=5

ð2:25Þ

In Eq. (2.25), the Reynolds number (Re) was calculated assum-
ing an air velocity of 0.5 m s�1 (to mimic conditions in standard-
ised thermal insulation testing, e.g. ISO 15831 [45]) and a Prandtl
number (Pr) evaluated at the film temperature (27 �C; [46]). The
torso diameter (dtorso) and the air conductivity (ka) were set to
0.3 m [12] and 2.6 � 10�2 Wm�1 K�1 [46], respectively. Therefore,
by solving Eq. (2.25), a hconv

c of 4.5 Wm�2 K�1 was obtained. A con-
vective mass transfer coefficient (kconvc ) of 3.9 � 10�3 m s�1 was
then obtained following the Lewis expression (2.26; [44]).

kconvc ¼ hconv
c

qa � Ca � L2=3e

ð2:26Þ

A finite element approach was used to solve the governing
equations: energy conservation in gaseous and solid phases (Eqs.
(2.2) and (2.3), respectively), mass transfer in textile (Eq. (2.16)),
free water accumulation in pores (Eq. (2.21)), and water retention
in fibres (Eq. (2.19)). The water sorption rates in fibres, from gas
and free water, were calculated through Eqs. (2.13) and (2.20),
respectively. When there was any free water in the textile, the
evaporation or condensation water rates were calculated by Eq.
(2.15) or Eq. (2.14), respectively.

In the numerical procedure, a second order discretization
scheme, a time-step of 0.01 s, and a maximum number of mesh
elements of 1400 (found adequate to ensure grid-independent
results) were used.
3. Numerical simulation of heat and mass transfer through
multilayer clothing

The present model was implemented and its numerical predic-
tions were compared to experimental temperature and humidity
data obtained during evaporative resistance tests [24]. Following
validation (Section 3.1), the model was used (Section 3.2) to study
the effect of several properties of multilayer clothing, for different
heat/sweat release (mimicking different exercise intensity).
3.1. Model validation

3.1.1. Experimental approach
The accuracy of the model described in Section 2 was evaluated

by comparison of numerical predictions and experimental data,
obtained during evaporative resistance tests, of two textiles sam-
ples (Table 1). During the tests, the temperature and humidity in
the middle of the samples were continuously measured (more
details in [24]).

The textile sample was initially in equilibriumwith the ambient
temperature and water vapour content (considering 35 �C and 40%
RH). The sample was placed inside a sweating guarded hotplate
([24,47]) which exposed it to a humidity gradient at isothermal
conditions: the surface facing the apparatus plate was exposed to
a saturated current of water vapour (RH = 100%, at 35 �C), while
the other surface was exposed to a constant air flow (1 m s�1) at
35 �C and 40% RH [24]. These test conditions follow those
described in the evaporative resistance tests standard [47].
3.1.2. Numerical assumptions
In the 1D model, the following boundary conditions were con-

sidered: a Dirichlet boundary condition for heat and mass transfer,
at the surface facing the plate (i.e. constant plate temperature and
relative humidity; Table 1) and a Neumann boundary condition at
the surface exposed to the ambient air (i.e. convective mass and
heat transfer coefficients: 0.01 m s�1 and 12.6 Wm�2 K�1, respec-
tively; [24]). At the beginning of the test (t = 0), the temperature
along the textile thickness (i.e. in gaseous and solid phases) was
considered uniform (T0 in Table 1), while the water content in
the fibres (i.e. in solid phase) was considered in equilibrium with
the humidity of the gaseous phase (u0 in Table 1). The governing
energy and mass conservation equations were then solved for
the entire numerical domain, as described in Section 2.2.

3.1.3. Comparison between experimental data and numerical
predictions of temperature and relative humidity

Fig. 3 shows measured and predicted transient temperature and
relative humidity data for each textile sample (at the middle plane
of the samples; Table 1). At the beginning of the test (t = 0) each
sample was exposed to a humidity gradient across its structure
[24,47]. This gradient induced the diffusion of water vapour
through the sample, and the corresponding increase of the relative
humidity in the pores (Fig. 3a and b). After that, the water content
and the water sorption rate in the fibres increased and, conse-
quently, there was a release of energy and an initial increase of
temperature (Fig. 3a). For example, after 3 min, the most hydrophi-
lic textile (i.e. wool; sample A, Fig. 3a) shows a temperature of
38.7 �C, i.e. 5 �C above its initial temperature. Over time, the rela-
tive humidity profile tends to a new equilibrium value (Fig. 3b)
and the rate of water sorption diminishes, reducing the energy
release and, thus, the temperature in the middle of the sample
(Fig. 3a). Over the test period, this temperature tends to the ambi-
ent temperature (i.e. 35 �C).

The experimental and numerical results shown in Fig. 3 are in
good agreement. As expected, the higher deviations occur at the
initial moments of the tests, as a result of the higher variations
of the water vapour partial pressure and of the saturation vapour
pressure. The maximum deviation in relative humidity occurs for
sample B during the first minute of test, with a predicted relative
humidity 4.2 percentage points lower than the corresponding
experimental value (Sample B, Fig. 3b). The temperature predic-
tions show a maximum deviation of 0.7 �C for sample B (Fig. 3a).
These consistent results indicate that the transient model predic-
tions are accurate, and so, can be used to study heat and mass
transfer across textiles.

The developed model was used to analyse the influence of
clothing and fibres properties on the temperature at the skin-
facing boundary and on water content inside clothing, for different
rates of heat/sweat release (mimicking different levels of exercise
intensity). As reference for clothing materials, the characteristics
and properties of the textiles used to validate the numerical model
were used (Table 1). The main results of this analysis are discussed
in the following section.

3.2. Influence of several parameters/characteristic of multilayer
clothing on its thermal performance

Before the preparation of a clothing prototype, its characteris-
tics and properties can be studied in order to maximise its thermal
performance and minimise moisture accumulation within its lay-
ers (that may be associated, for instance, to chilling discomfort in
sportswear [18], or changes in thermal performance of fire-
fighter’s protective garments [36]). This study aims to clarify how
clothing materials affect the temperature and water content of the
clothing surface in contact with the skin.



Table 1
Properties of water, air, gas, and textiles samples defined in numerical simulations.

Observation Parameter Unit Value Source

Water, air, and gas properties Cpv J kg�1 K�1 1862 Ref. [46]
Cpw J kg�1 K�1 4190 Ref. [46]
Cpa J kg�1 K�1 1003 Ref. [46]
qw kg m�3 1000 Ref. [46]
kw W K�1 m�1 0.60 Ref. [46]
MH2O kg mol�1 18.02 � 10�3 Ref. [46]
ka W K�1 m�1 2.56 � 10�2 Ref. [46]
Ma kg mol�1 28.97 � 10�3 Ref. [46]
kv W K�1 m�1 2.46 � 10�2 Ref. [46]
R J K�1 mol�1 8.314 Ref. [46]
uplate – 1.00 Experimental; Ref. [24]
Tplate K 308.15 Experimental; Ref. [24]

Sample A [layer A] kds W K�1 m�1 0.20 Ref. [38]
Cpds J kg�1 K�1 1360 Ref. [38]
qds kg m�3 1300 Ref. [38]
Regainf – 0.15 Ref. [38]
Df s�1 4.5 � 10�14 Fit
df m 24 � 10�6 Estimated
L m 8.57 � 10�3 Experimental; Ref. [24]
eds – 0.069 Experimental; Ref. [24]
s – 1.18 Experimental; Ref. [24]
hc W K�1 m�2 2.88 Fit
T0 K 306.85 Experimental; Ref. [24]
u0 – 0.35 Experimental; Ref. [24]

Sample B [layer B] kds W K�1 m�1 0.18 Weighted average, Ref. [38]
Cpds J kg�1 K�1 1285 Weighted average, Ref. [38]
qds kg m�3 1425 Weighted average, Ref. [38]
Regainf – 0.11 Weighted average, Ref. [38]
Df s�1 4.3 � 10�14 Fit
df m 24 � 10�6 Estimated
L m 6.00 � 10�3 Experimental; Ref. [24]
eds – 0.116 Experimental; Ref. [24]
s – 1.24 Experimental; Ref. [24]
hc W K�1 m�2 2.88 Fit
T0 K 306.75 Experimental; Ref. [24]
u0 – 0.36 Experimental; Ref. [24]

Fig. 3. Experimental and numerical data obtained in the middle plane of samples A and B [24] as a function of time; (a) temperature and (b) relative humidity (two
independent measurements for sample A; three independent measurements for sample B; 95% confidence interval).
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In this study, the effects of several characteristics and properties
of multilayer clothing (and of its fibres) on heat and mass transport
through its porous layers were analysed, for different levels of
heat/sweat release (Fig. 1). The clothing has two layers, one facing
the skin (layer A, Table 1) and another exposed to the environment
(layer B, Table 1). Two different types of hygroscopic textiles were
selected: wool and a mixture of wool and cotton (layer A and B,
respectively; Table 1), with different physical properties (e.g. tortu-
osity and fraction of fibre). The general characteristics of the gar-
ment, such as the thickness and emissivity of the outer surface of
the clothing (i.e. the surface exposed to environment) were set
1 mm and 0.7 [48–50], respectively. To analyse independently
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the effect of each clothing property on the transport rates, each
property was assumed to change relative to what is shown in
Table 1, while the remaining were taken as given in the table.

During the exercise phase (Fig. 1), the boundary conditions at
the skin (i.e. sweat rate and heat flux) were changed, affecting
the clothing properties (e.g. thermal insulation and evaporative
resistance), in particular near the surface facing the skin. This ulti-
mately influences the wearer thermal exchange. For that reason,
focus was put in the surface facing the skin, analysing how a
change in the clothing (and fibres) properties affects the skin tem-
perature and the water content in the multilayer clothing.

Several parameters influence the heat and mass transfer
through clothing. The fibre fraction and the path tortuosity influ-
ence the diffusion of water vapour from the skin to the ambient
while the thermal conductivity of the fibres affects the heat trans-
port rates. The effects of these parameters were studied by chang-
ing, independently, the value of each parameter within the range
shown in Table 2. Particular attention was put on the parame-
ters/properties of clothing inner layer (i.e. layer A, Table 2), because
it is in contact with the skin, and thus, is often very relevant for the
wearer thermal exchange. Moreover, the effect of the surface emis-
sivity of the clothing outer layer (i.e. layer B, Table 2) was also eval-
uated. The ranges considered in the analyses included values that
are typical of textile materials (taken from literature) but also less
common possibilities (e.g. regain values as high as 0.30 [39,51], or
density values of 7850 kg m�3 [52] that are typical of ferrous met-
als), which enabled the study of different possibilities in terms of
materials. Therefore, the possibility of using newmaterials to man-
ufacture clothing was explored, which could result in products
with improved thermal performance and/or new functionalities.

Fig. 4 shows the influence of the fibre fraction of the inner layer,
on the numerical predictions obtained at the clothing inner surface
(i.e. clothing surface facing the skin), during the exercise and post-
exercise phases (Fig. 1). The fibre fraction affects properties related
to water vapour transport, such as the effective diffusivity of water
vapour through the clothing structure (Eq. (2.17)), the amount of
water retained in the fibres (Eqs. (2.11) and (2.12)), and the water
sorption rates from the water vapour and from the free water (Eqs.
(2.13) and (2.20), respectively). During the exercise phase (first
30 min), an increase of the fibre fraction implies an augment in
the water sorption rate in the fibres (Fig. 4a), and consequently,
an increase of the fraction of bounded water (Fig. 4b). The increase
in water sorption rate implies that more water vapour is removed
from the clothing pores and more energy is released, as a result of
vapour condensation and water sorption in fibres. Therefore, the
relative humidity decreases and the temperature increases with
the increasing fibre fraction (Fig. 4c and d, respectively). For exam-
ple, at the time the maximum temperature occurs, the change in
the fibre fraction (of clothing inner layer) from 7% to 40% leads
to a decrease of 17 percentage points in relative humidity (from
67.7 to 50.9%) and an increase of 0.4 �C in temperature
Table 2
Properties of multilayer clothing (layer A facing the skin and layer B facing

Observation Parameter

Layer A Fraction of fibre
Tortuositya

Fibres of layer A Fibre regain
Fibre thermal conductivity
Fibre density
Coefficient of water diffusion in fibre
Specific heata

Surface of layer B Emissivity

a No significant influence on inner surface temperature and water cont
(Fig. 4c and d, respectively). During the exercise phase, the water
content tends to a new value of equilibrium (as water sorption rate
in fibres tends to zero, Fig. 4a). After 30 min of exercise, the inner
layer with lower fibre fraction (7%) shows values of water content
and temperature very near those at equilibrium (1.8% and 34.1 �C,
respectively). At the same instant, the surface temperature of the
inner layer with higher fibre fraction (40%) is still decreasing while
the fraction of bounded water is still increasing (Fig. 4d and b,
respectively). In equilibrium (phase I), this layer shows a surface
temperature and a fraction of bounded water of 32.3 �C and
11.7%, respectively.

When the post-exercise phase starts (after 30 min, Fig. 4), the
heat flux and sweating rate at the skin are reduced (phase II,
Fig. 1), and consequently, the temperature and relative humidity
in the pores at the inner surface of clothing decrease
(Fig. 4d and c, respectively). Therefore, the water is desorbed from
the fibres to the pores (negative water sorption rate, Fig. 4a) and
the fraction of bounded water decreases (Fig. 4d).

At the beginning of the post-exercise phase, the inner layer with
fibre fraction of 40% has more water retained in fibres (Fig. 4b).
Therefore, the gradient of water concentration between the fibres
and the gaseous phase and, thus, the water desorption rate, is
higher than for the layer with fibre fraction of 7% (negative water
sorption rate, Fig. 4a). Thus, the fraction of water retained in the
fibres decreases at a higher rate (Fig. 4d). For example, from 30
to 60 min, the fraction of bounded water diminishes approximately
2.0 and 0.7 percentage points for the inner layer with fibre frac-
tions of 40% and 7%, respectively. During this period, the retained
water desorbs from fibres and is vaporised, removing thermal
energy from the system. Therefore, the layer showing the higher
water desorption rates (fibre fraction of 40%; negative water sorp-
tion rates, Fig. 4a) also shows the lowest temperature (throughout
the post-exercise phase, Fig. 4d). At 60 min, a 5.7-fold increase in
the fibre fraction (from 7 to 40%) implies a decrease of 1.5 �C in
the temperature of the inner layer surface. This effect is opposed
to that observed during the first minutes of exercise (where higher
fibre fractions imply higher temperature, Fig. 4d). This opposite
trend occurs due to sorption and desorption phenomena that occur
during the exercise and post-exercise phases, respectively. When
these phenomena have a significant influence in the heat trans-
ferred trough clothing, the properties that affect the water sorption
(desorption) rate and the water retention in the fibres determine
an opposite effect on both phases of exercise.

The results shown in Fig. 4 demonstrate that the inner layers
with higher fibre fractions imply lower temperature during the
post-exercise phase and more water retained during both exercise
and post-exercise phases. This may affect the tactile comfort per-
ception and potentiate problems such as increased skin irritation
(because of friction) or excessive cooling of the body. Thus, from
this point-of-view, manufacturers should prefer a clothing inner
layer with a low fraction of fibre.
the environment) and fibres considered in the study.

Units Range

– [0.07,0.40]
– [1.2,3.0]

kgH2O kgfibre�1 [0.07,0.30]
Wm�1 K�1 [0.1,0.3]
kg m�3 [910,7850]

s m2 s�1 [4 � 10�16,4 � 10�11]
J kg�1 K�1 [200,1430]

– [0.1,0.9]

ent of clothing.



Fig. 4. Influence of the fibre fraction of the clothing inner layer on numerical predictions obtained at the clothing inner surface, during the exercise and post-exercise phases
(Fig. 1); (a) water sorption rate in fibres; (b) fraction of bounded water; (c) relative humidity, and; (d) temperature of the fibres.
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Similar analyses were conducted for all the properties of cloth-
ing mentioned in Table 2. The obtained results were then compiled
(Fig. 5) in order to allow an easy understanding of the different
effects. This Figure shows the influence of clothing (and fibres)
properties on temperature and on fraction of bounded water at
the inner surface of clothing (surface facing the skin), during activ-
ities with different intensities (Fig. 1). This influence is quantified
by deviations in temperature and fraction of bounded water, when
the value of a given property is increased according to the ranges
given in Table 2. These quantifications were done at three instants:
(1) at the moment when the maximum temperature is achieved
(Fig. 5a); (2) at the end of the exercise phase (phase I, Fig. 1;
30 min, Fig. 5b); and (3) at the end of the post-exercise phase
(phase II, Fig. 1; 60 min, Fig. 5c). The results obtained for the fibre
fraction (showed in Fig. 4) were also included in Fig. 5.

The fibre regain is a direct indicator of its affinity to water. A
change in this parameter can be seen as a change of the hygro-
scopic properties of the fibres, or a change in the type of fibre. This
parameter, like the fraction of fibre, also affects significantly the
clothing water content (Fig. 5a and b). Fig. 5a shows that a 5.7-
fold increase in the fibre fraction (from 7 to 40%) and a 4.3-fold
increase in the regain of the fibres (from 0.07 to 0.30) implies
respectively a 6.0 and 4.1-fold increase in the fraction of bounded
water. This occurs because both parameters influence the amount
of water retained in the fibres (Eqs. (2.11) and (2.12)) and also the
water sorption rates from the water vapour and from the free
water (Eqs. (2.13) and (2.20), respectively). The same effect is
observed for the post-exercise phase, i.e. at 60 min (Fig. 5b), when
the wearer heat flux and the sweat rate were reduced (Fig. 1).

The thermal conductivity of the fibres influences the thermal
conductivity of the textile solid phase (Eq. (2.4)) and the thermal
energy transferred by conduction (second term, Eq. (2.3)). As a
result, the skin temperature is affected by altering the fibre ther-
mal conductivity (Fig. 5). For example, a 3-fold increase in the fibre
thermal conductivity leads to a decrease of 2.7 �C (Fig. 5a) in the
maximum skin temperature and a decrease of 1.5 �C in skin tem-
perature at the end of exercise phase (Fig. 5b). The same trend is
observed at the end of post-exercise phase (Fig. 5c): a 3-fold
increase in the fibre conductivity leads to a decrease of 0.9 �C in
the skin temperature. Furthermore, Fig. 5 shows that for the range
considered in this work, the fibre thermal conductivity has no sig-
nificant effect on the water content of the inner layer.

The density of the fibre has also significant influence on the
water content of the inner layer (Fig. 5). The density of the fibres
influences the energy balance of the solid phase (Eq. (2.3)), the
amount of water retained in the fibres (Eq. (2.11)) as well as the
sorption rates of water vapour and of free water in the fibres
(Eqs. (2.13) and (2.20), respectively). An increase of the fibre den-
sity from 910 to 7850 kg m�3 (8.6-fold increase) implies a 8.7-fold
increase (from 0.3 to 2.8%) in the fraction of bounded water when
the temperature achieves the maximum value (Fig. 5a), and a 6.5-
fold increase (from 1.1 to 6.9%) after 30 min of exercise (Fig. 5b). At
60 min (Fig. 5b), an augment of 6940 kg m�3 in the fibre density, of
33 percentage points in the fibre fraction (from 7 to 40%), and of 23
percentage points in the regain of fibres (from 0.07 to 0.30) lead
respectively to a 9.2-, 6.2-, and 4.5-fold increase in the fraction of
bounded water. Because these increases in water content near
the skin could imply problems like skin irritation during exercise
(due to increased clothing friction) or may affect the tactile com-
fort perception, it is advisable to minimise the fraction of retained
water near the skin, i.e. in the inner clothing layer. In summary, the
results in Fig. 5 reveal that, to reduce the water content in the inner
clothing layer, the fibres should have low density, reduced regain
(or hydrophilicity), and low fraction of fibre. To adjust the density
or regain of fibres, different materials can be used. In this regard,
one should mention that although the use of different types of
fibres could influence the textile tortuosity (i.e. the complexity of
the porous network), we observed that the tortuosity (tested in



Fig. 5. Influence of an increase of clothing and fibres parameters (values range shown in Table 2) on temperature and on fraction of bounded water in the inner surface of
clothing, during the exercise and post-exercise phases (Fig. 1); (a) when the maximum temperature is achieved; (b) at the end of exercise phase (30 min), and; (c) at the end
of post-exercise phase (60 min).
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the range 1.3–3.0, Table 2), has no significant effect on the skin
temperature and on the water content of the inner layer.

The water diffusion coefficient in the fibres significantly affects
the temperature in the inner surface of clothing during the exercise
phase (Fig. 5a). This coefficient influences the water sorption rate
in the fibres (Eq. (2.13)), and, therefore, an increase in this param-
eter leads to higher values of maximum temperature and fraction
of bounded water, during the first minutes of exercise (positive
deviation in Fig. 5a). In this period, an increase of the coefficient
from 4 � 10�16 to 4 � 10�11 m2 s�1, leads to an increase of 6.8 �C
in the surface temperature and a 2.2-fold augment in the fraction
of bounded water (from 0.4 to 0.8%, Fig. 5a). However, after
30 min (Fig. 5b), the fibres with higher coefficient show the lowest
skin temperature (negative deviation of 0.8 �C). The reason for this
is straightforward: higher water diffusion coefficient implies
higher rates of sorption/desorption (Eq. (2.13)), and consequently,
the equilibrium is established faster. For that reason, at the end of
exercise phase (30 min, Fig. 1), a 4.4-fold increase in the fraction of
bounded water is obtained for the fibres with the higher water dif-
fusion coefficient (Fig. 5b).

The emissivity of the clothing outer surface significantly affects,
as expected, the skin temperature during both exercise and post-
exercise phases (Fig. 5). Higher values of emissivity imply more
heat transfer by radiation between the clothing and the environ-
ment, and, consequently, a lower temperature at the skin surface
(negative deviation, Fig. 5a). For example, an augment in the emis-
sivity of the outer surface from 0.1 to 0.9 implies a decrease of
4.5 �C in the maximum temperature and of 4.9 �C in the tempera-
ture at the end of the exercise phase (Fig. 5a and b, respectively).
This dependency is consistent with results reported in literature
[17,31], though, in addition to previous works, the approach imple-
mented in this work also takes into account the coupling between
heat and mass transfer along the clothing structure. For instance, at
the end of the exercise and post-exercise phases (phase I and II,
Fig. 1), the mentioned increase in emissivity leads respectively to
a 1.4 and 1.2-fold increase in the fraction of bounded water near
the skin (Fig. 5b).

In general, during the exercise phase (Fig. 5a and b), the emis-
sivity of the outer surface and the coefficient of water diffusion
in the fibres affect considerably the temperature of the inner layer.
At the same time, the fraction of bounded water in the inner sur-
face of the clothing (Fig. 5a and b) is significantly affected by the
fraction of fibre, density of the fibre, regain/hydrophilicity, and
coefficient of water diffusion in the fibres. At the end of post-
exercise phase (Fig. 5c), the parameters that significantly affect
the water content at the inner layer are the fraction of fibre, den-
sity, and regain/ hydrophilicity of fibres.

4. Conclusions

Numerical simulations were conducted to analyse the effect of
several textiles characteristics (the outer surface emissivity,
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tortuosity, and fraction of fibre) and fibre properties (affinity with
water, coefficient of water diffusion in the fibres, thermal conduc-
tivity, density, and specific heat) on heat and mass transfer across
multilayer clothing, during physical activities with different inten-
sities (i.e. heat/sweat release). Model validation was performed
against experimental data obtained during measurements of tex-
tile evaporative resistance.

During the exercise phase, the results obtained show that an
increase in the coefficient of water diffusion in the fibre and an
increase in its hygroscopic nature increase the maximum skin tem-
perature and the water content in the textile layer facing the skin,
respectively. In the post-exercise phase, textiles with high fraction
of fibres, regain/hydrophilicity, and density of fibres retain more
water. To reduce the water content near the skin, the less hydro-
philic layer should face the skin and the more hydrophilic layer
should face the ambient. Moreover, the results show that a change
in the emissivity of the clothing outer surface has substantial influ-
ence on the evolution of the skin temperature, during the exercise
and post-exercise phases. On the other hand, properties such as
textile tortuosity and specific heat of the fibres do not show a sig-
nificant effect on the transport rates through clothing.

The numerical approach described allows the study of the
effects of different properties, which are difficult to control accu-
rately in experiments (because the change of a parameter often
causes the change of others). The obtained results can assist man-
ufacturers and clothing developers to identify clothing properties
that can be adjusted to optimise the apparel thermal performance,
the water accumulation/distribution within clothing layers, and
the associated tactile comfort perception.

Our results highlight the advantage of studying numerically the
heat and mass transfer in clothing products (e.g. of protective
clothing or sports apparel) as a way to optimise its thermal perfor-
mance, while reducing the number of prototypes and cycles of pro-
duct development.
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Appendix A. Mass rates of condensation and evaporation of
water

Inside textile pores, when water vapour concentration is greater
than the saturation concentration, the water vapour condenses at
the entire surface of fibres. Thus the mass transfer area corre-
fA < 1 fA = 1

(a) (b)

Fig. 6. Fibre (gray) covered by liquid water (blue) for dif
sponds to the total area of the fibres [34]. The water condensation
rate ( _mcond) is therefore proportional to the specific surface area of
the fibre (as) and to the difference between the vapour concentra-
tion in the gas (qv), and vapour concentration near the surface
where condensation occurs (qsat

v ),

_mcond ¼ kcondc � as � ðqv � qsat
v Þ ðA:1Þ

where kcondc is the mass transfer coefficient of condensation. The
specific surface area of the fibre is the ratio between the surface
area of the fibre (Ads) and the total volume of the textile (VT),

as ¼ Ads

VT
ðA:2Þ

During evaporation, the mass transfer area corresponds to the
area covered by liquid water (Al),

a�s ¼
Al

VT
¼ Ads

VT

� �
� Al

Ads

� �
¼ as � f A ðA:3Þ

therefore, the evaporation rate can be calculated as,

_mevap ¼ kevapc � as � f A � ðqsat
v � qvÞ ðA:4Þ

The fraction fA was determined by the following equation,

f A ¼ el
ecril

¼ V l=VT

V cri
l =VT

 !
¼ Al � Ll=VT

Al � Ll=VT

� �
¼ Al

Ads

� �
ðA:5Þ

where el is liquid water fraction and �criL is the liquid water fraction
at the critical limit corresponding to the situation in which the mass
transfer area is equal to the total area of the fibre (Ads) and also 10%
of the pores are occupied by liquid water (a value of 10% was pro-
posed in Ref. [53] in the absence of any better experimental data;
�criL = 0.1 � {1 � eds}). Fig. 6 exemplifies the fibre area covered by liq-
uid water as function of fA.

Consider a fibre diameter df, with only a portion of the surface
covered by liquid water (area Al; in blue in Fig. 6a). Assuming that
the water film is very thin, the evaporation area is comparable to
the fibre area covered by water, Al. As the water concentration in
pores increases, the fibre surface covered by water also increases
until it reaches a critical limit, when the water covers the entire
surface of the fibre (Fig. 6b). In this situation, if more water con-
densates, it becomes mobile (Fig. 6c; scenario not considered in
the implemented model). Furthermore, if the film thickness is con-
sidered small, the evaporation area can be assumed equal to the
surface area of the fibre, Ads.
fA > 1

(c)

ferent fractions of area covered by liquid water (fA).
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Appendix B. Equivalent expressions to calculate the mass rate
sorption of free water in fibres

Considering that the water diffuses through the fibres radius (r),
the mass rate sorption of free water in fibres ( _mLS) can be expressed
by:

1
r

d
dr

r � ð�DfÞdCf

dr

� �
¼ � _mLS ðB:1Þ

This equation can be integrated taking the following boundary
conditions:

dCf

dr

����
r¼0

¼ 0;Cf ðRf Þ ¼ Cfeq and Cf ð0Þ ¼ Cf ;

Furthermore, by replacing the water concentration in the fibres
by the fibre regain, the following equation for the mass rate of free
water sorption in fibres is obtained,

_mLS ¼ 16 � Df � eds � qds

d2
f

� ðRegaineq � RegaintÞ ðB:2Þ

The Eq. (B.2) considers that the mass transfer area is equal to
the total area of the fibre surface. However, the model assumes
that only part of the fibre area is covered by free water (Appendix
A) and therefore the right side of B.2 equation must be multiplied
by the fraction fA

_mLS ¼ 16 � Df � eds � qds

d2
f

� ðRegaineq � RegaintÞ � f A ðB:3Þ

The Eq. (B.3) is apparently different from the equation reported
in literature (Eq. (B.4); [36]),

_mLS ¼ klsc � as � cls �
Regaineq

Regaint
� 1

� �
� f A ðB:4Þ

However, (B.3) and (B.4) are equivalent, as demonstrated below,

_mLS ¼ 16 � Df

d2
f

� eds � qds � ðRegaineq � Regaint�Þf A

¼ 4 � 4 � Df

df
� eds
df

� qds � Regaint �
Regaineq

Regaint
� 1

� �
� f A

¼ Df

df

	 

� 4 � eds

df

	 

� ½4 � qds � Regaint� �

Regaineq

Regaint
� 1

� �
� f A

m m m
klsc as cls

¼ klsc � as � cls �
Regaineq

Regaint
� 1

� �
� f A

ðB:5Þ
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