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Abstract
Clothing materials coated with semi-permeable membranes were analysed as products 
protecting the organism against heat loss as well as ensuring the drainage of sweat. Both 
physical and mathematical models of the coupled heat and water vapour transfer within the 
multilayer structures were discussed. Material parameters should be determined for different 
numbers of layers, compositions of the raw material and thicknesses of the laminate with 
a membrane. The heat transfer resistance and resistance of the water vapour transfer were 
determined, which helped to design material for clothing that fulfils the user’s expectations and 
ensures thermal comfort. 
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a strong breeze. Membranes are thin and 
do not have sufficient insulation proper-
ties. Thus, an additional insulating layer 
should be introduced to protect against low 
temperatures. Clothing made of two-layer 
laminates should have additional material 
which secures the membrane mechani-
cally, thereby reducing negative coolness 
during contact with the skin. 

The main goal of clothing is to ensure 
adequate thermal protection of the user. 
The human body should be protected 
against cold, moisture, wind and heat. 
Manufacturing textile products with the 
characteristics required should satisfy the 
user’s requirements, i.e. we can select 
single-layer materials as well as single-
layer material systems. In addition to 
being impermeable to wind, membranes 
are waterproof against moisture from 
the surroundings, simultaneously perme-
able to sweat transported from the skin, 
chemical and thermal resistant, stable to 
a high fatigue strength and resistant to 
destruction. Membranes are sensitive to 
puncture and should be secured within the 
finished product. According to fashion cri-
terion, the different connections between 
the membrane and lining of the clothing, 
filling material or nonwoven allow to 
introduce an optional external material. 
We can also design fashionable clothing 
made of attractive materials which protect 
against weather conditions and are imper-
meable to wind. 

Multilayer materials are usually subjected 
to coupled heat and mass transfer. The 
purposes of the present paper are as fol-
lows: (i) to discuss the influence of the 
membrane on heat and mass transfer 
conditions, and (ii) to determine selected 
material characteristics for a model of 
a multilayer textile composite with a 

membrane. Some of the parameters nec-
essary to solve the basic state equation 
are determined by means of a practical 
method, whereas the others are defined 
from literature. Chitrphiromsri and Kuzni-
etsov [1] discussed the energy, enthalpy 
and equations of continuities for heat and 
mass transport in firefighter protective 
clothing during fire exposure. The model 
is complicated and does not completely 
describe conditions during normal use. 
Querying the literature proved that there 
are no other solutions published concern-
ing heat and mass transfer problems within 
personal protective clothing.

	 Coupled heat and water 
vapour transfer in a multilayer 
textile composite

Coupled heat and mass transfer is defined 
by different models. Each model describes 
the coupled transport of the following 
components: a part of energy connected 
with water enthalpy is transported with the 
heat, and a part of the heat is transferred 
together with the water vapour. We have 
different standard mathematical descrip-
tions of the problem. The simplest is dis-
cussed, for example, by Lukovicova and 
Zamecnik [7] by means of cross-transport 
coefficients. The problem needs further 
study because the coefficients should be 
determined practically for particular con-
figurations of material layers. Li, Luo [5] 
and Li [6] described a textile structure as 
the sum of fibres and gas (air) within the 
free spaces between fibres. Heat energy 
is transported by conduction within fibres 
and convection on the external surface of 
fibres. Changes in the volume of fibres 
caused by the different contents of mois-
ture are practically negligible. The authors 
describe a coupled process by means of 
the sorption of water vapour within the 

n	 Introduction
Clothing is the main countermeasure 
against weather conditions. Textiles create 
the specific microclimate of the human 
body and secure the thermal comfort of the 
user. Interactions between clothing materi-
als and the human body have been investi-
gated for a long time. These characteristics 
are defined as biophysical properties. The 
microclimate of the human body is created 
by the following parameters of clothing 
material: water and air permeability, and 
heat insulation. Appropriate air perme-
ability ensures an adequate level of carbon 
dioxide within the layer near the skin, for 
which the optimal value is assumed to be 
equal to 0.03%. Water vapour permeability 
defines the drainage of sweat from the 
skin’s surface by the clothing, in which 
the skin is not subjected to liquid. Heat 
insulation ensures a mean temperature of 
the skin of 33 ºC. There is a great number 
of publications concerning connections 
between the parameters and characteristics 
of fibres within clothing discussed, such 
as the interlacing of threads, the fineness 
of yarn, the textile article, the finishing 
procedure etc. [3, 4, 10].

Recently, some new textiles have been 
produced that are simulateneously perme-
able to water vapour from the inside and 
waterproof outside. Thus, human sweat 
can be transported to the surroundings, 
whereas moisture and harmful external 
factors are stopped. Semi-permeable 
membranes additionally improve the heat 
insulation of clothing. Heat is partially 
lost by air transport through the layers of 
textile material. Consequently, multilayer 
clothing with a membrane minimises air 
permeability, thereby ensuring an ad-
equate temperature of the body as well 
as an advantageous microclimate during 
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material of fibres and desorption into the 
void interfibre spaces. Additionally, fibre 
orientation within the material plays a 
minimum role during the mass transport. 
The fibres have a small diameter, and wa-
ter vapour can travel more rapidly within 
the void interfibre spaces as within the 
fibre material. We can also introduce el-
ementary thermodynamic equilibrium be-
tween the fibre material and the gas within 
the interfibre spaces during the process. 
Heat and water vapour are transported in 
one direction only: from the human skin 
to the surroundings, due to the membrane 
being semi-permeable. Thus, the model 
can be described in a micro scale as a 
1D problem. The state equations within 
each layer are second-order differential 
correlations with respect to coordinate x 
and a first-order differential correlation 
with respect to time. We can introduce 
the following description for the i-th layer

	
 

   

(1)

where: 
wa	 - the water vapour concentration in the 

air filling the interfibre void space, 
wf	 - the water vapor concentration in the 

fibres, 
ε 	 - the porosity of the fabric, 
t 	 - the real time, 
ha 	 - the diffusion coefficient of water 

vapor in the air, 
ζ 	 - the effective tortuousness of the 

fabric, 
T	 - the temperature, 
λ 	 - the thermal conductivity of the fabric,

λw	 - the heat sorption of water vapour by 
fibres, and 

c 	 - the volumetric heat capacity of the 
fabric.

The state equations above contain three 
state variables: T, wa, and wf,but only 
two correlations. The third equation can 
have different forms, but according to 
David and Nordon [2] textile structures 
are usually described by the experimental 
correlation for the i-th material layer
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where:
Ha 		 - the relative humidity of the air, 
Hf	  	 - the relative humidity of fibres, and 
k1 and k2	- adjustable parameters predict-

ed or evaluated by comparing 
the model and the mass of the 
fabric measured. 

We can now assume that the results are 
the same for the theoretical model and 
practical investigations, hence k1 = k2 = 1, 
cf. Li [6]. 

The state equations should be accom-
panied by a set of boundary and initial 
conditions. Typical clothing comes into 
contact with the skin through a thin air 
layer of prescribed values of temperature 
and water vapour concentration. This part 
of boundary Γ1 and ΓT for coordinate 
x = 0 is subjected to first-kind boundary 
conditions. The external surface Γ3 and 
ΓC for coordinate x = L is not isolated, 
and the heat as well as water vapour are 
transported to the surroundings by convec-
tion. Initial conditions describe the initial 
distribution of state parameters within the 
structure. The problem can be described 
as follows
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T(x,0) = T0; wa(x,0) = wa0;

wf(x,0) = wf(w∞,T0)

where:
h 		 - the heat convection coefficient, 
hw 		 - the mass convection coefficient, 
T∞ 		 - the surrounding temperature, and 
w∞ 		 - the water vapour concentration of 

the surroundings. 

The coupled transfer on the internal 
boundaries is described by fourth-kind 
boundary conditions. Thus, the heat and 
mass flux densities are the same on the 
common surface of the adjacent layers 
(i) and (i+1). 
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The membrane is relatively thin, and its 
effect can be described semi-analytically 
by a decrease in the state variables within 
the membrane material. The problem 
should be discussed in depth with refer-
ence to tests results. Additionally, the 
equations discussed contain some material 
parameters necessary to determine the 
right solution.

n	 Test stand
Heat resistance and resistance to the per-
meability of water vapor were determined 
by means of the ’skin’ model of M259B 
made by SDL International, Great Britain. 
The device is equipped with a “sweating 
guarded hotplate”, described as the “skin 
model plate”, which simulates the coupled 
emission of heat and water vapour from 
the skin, cf. Figure 1. The test sample is 
situated on the electrically heated plate, 
whereas the flux of conditioned air is di-
rected parallel to its upper surface. 
The heat resistance Rct is determined for 
constant climatic conditions: temperature 
of the surface plate Tm = 308.15 K, air 
temperature within the air-conditioned 
channel Ta = 293.15 K, relative humidity 
of the air Ha = 65%, and air flow velocity 
va = 1 m/s. The resistance to the perme-
ability of water vapour Ret was deter-
mined for the following parameters: tem-
perature of both the surface plate and air  
Tm = Ta = 308.15 K, relative humidity of 
the air Ha = 40%, and the air flow velocity 
va = 1 m/s.

The heat resistance Rct can be defined as 
follows
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where:
Tm 	 - the temperature of the sweating 

guarded hotplate, 

Figure 1. Skin model with the con-
trol of temperature and water supply;  
1 - sweating guarded hotplate (skin model 
plate), 2 - temperature sensor, 3 - ther-
moregulator, 4 - thermal power con-
trol device, 5 - water dispenser device, 
6 - metal block with heating element,  
Tm –temperature of measuring unit.
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Ta 	 - the air temperature within the 
channel, 

H 	 - the applied power of the sweating 
guarded hotplate, 

ΔHc 	- the correctional constant of the 
applied power of the sweating 
guarded hotplate, 

Rcto	 - the device constant, and 
A 	 - the surface of the sweating guard-

ed hotplate.

The resistance to the permeability of 
water vapour Ret can be defined by the 
correlation
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where pm = 5620 Pa is the partial pressure 
of saturated water vapour at a temperature 
of 308.15 K; pa = 2250 Pa is the partial 
pressure of water vapour at a relative 
humidity of Ha = 40%; ΔHe denotes the 
correctional constant of thermal power 
during tests of the resistance to the per-
meability of water vapour, and Reto is the 
device constant.

Thus, the water vapour permeability index 
imt can be determined as follows:

imt = S . Rct/Ret,            (7)

where S = 60 Pa/K denotes the correctional 
constant. Index imt is dimensionless, and 
its value is within the range 0 – 1. An index 
equal to 0 denotes infinite resistance to 
the permeability of water vapour, i.e. the 
structure is not permeable to water vapour. 
An index equal to 1 has the same value for 
both the heat resistance and resistance to 
the permeability of water vapour as an air 
layer of identical thickness [9]. 

The temperature controller, including the 
temperature sensor of the unit, maintains a 
constant temperature Tm of the measuring 
unit to within ± 0.1 K. The heating power 
H is measurable by means of a power me-
ter to within ± 2% above the whole of its 
usable range. According to the theoretical 
correlations and device accuracy given by 
the producer, the measuring accuracy is 
equal to ± 3%.

n	 Samples and test methods
Samples made of Optex firm were tested. 
All the samples were diversified i.e. they 
were made of different textile raw mate-
rials, membranes, weave as well as the 
number and types of layers. The material 
characteristics are given in Table 1. The test 
method was determined according to [8].

n	 Test results and analysis
The resistances to permeability of water 
vapour were tested in order to minimise 
the resistance to mass transport through 
the laminate. The results obtained are 
shown in Figure 2.

In Figure 2 we immediately see that 
minimal values of the resistance to the 
permeability of water vapour are obtained 
for two-layer laminates (A2, B2, C2, D2, 
mean value Ret = 6.74 m2·Pa/W) and three-
layer laminates:
n	 N3, value Ret = 4.91 m2·Pa/W; 
n	 J3, value Ret = 5.98 m2·Pa/W. 
The laminates discussed have the most 
optimal characteristics of all the struc-
tures tested. The less the resistance to the 
permeability of water vapour, the better 
sweat is transported from the skin to the 
surroundings. 

Clothing made of two-layer laminates 
should have additional material which se-
cures the membrane mechanically, thereby 

reducing negative coolness during contact 
with the skin. 

Minimal resistance to the permeability of 
water vapour was obtained for laminates 
N3 and J3, where a membrane made of 
PTFE is laminated to a woven fabric and 
knitted fabric of the polar type.

The majority of laminates tested have a re-
sistance to the permeability of water vapor 
=  Ret ≤ 20 m2·Pa/W; only laminate G3 has 
Ret > 20 m2·Pa/W. Laminate G3 is of three 
layers; both the external and internal layers 
are made of polar-type fabric. Laminate 
G3 also represents Class 2, according to 
Table 2, i.e. a medium level of biophysi-
cal characteristics. All the other laminates 
represent Class 3, i.e. an advantegeous 
level of biophysical characteristics. 

Different resistances to the permeability 
of water vapour are caused by different 
membrane characteristics applied in textile 
laminates, cf. Figure 3. The membrane 
made of PTFE ensures minimal resistance, 

Table 1. Characteristics of different clothing materials with semi-permeable membranes.

Notation
Material composition Weave 

(external 
fabrics)

Surface mass Thickness

Outside Membrane Rear side ·10-3 kg/m2 ·10-2 m

A2 PES – 100% PES – 100% - twill 165 0.40
B2 PES – 100% PES – 100% - twill 145 0.29

C2 PES - 30%
CO – 70% PU – 100% - twill 220 0.54

D2 PES – 100% PU – 100% - twill 160 0.47
E3 PES – 100% PU – 100% PES – 100% plain 400 2.82
F3 PES – 100% PU – 100% PES – 100% plain 380 2.64
G3 PES – 100% PU – 100% PES – 100% - 420 3.53
H3 PES – 100% PES – 100% PES – 100% twill 448 2.42
I3 PES – 100% PU – 100% PES – 100% plain 330 2.17
J3 PES – 100% PTFE – 100% PES – 100% plain 310 2.09
K3 PES – 100% PES – 100% PES – 100% twill 193 0.53
L3 PES – 100% PU – 100% PES – 100% plain 370 2.43

M3 PES – 70%
CV – 30% PU – 100% PES – 100% plain 394 2.21

N3 PES - 100% PTFE – 100% PES – 100% plain 330 2.04

Figure 2. Diagram 
of the monofactoral 
analysis of vari-
ance, the variable 
being the resistance 
to the permeability 
of water vapour. 

paRet
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A penetration index equal to 1 indicates 
the material has a heat resistance and 
resistance to the permeability of water 
vapour equivalent to an air layer of the 
same thickness. 

n	 Conclusions
The most important conditions defined 
for outer materials are effective protection 
against low temperatures and rainfall, as 
well as moisture transport from the skin. 
From the tests the following may be 
concluded:
n	 Laminates equipped with a membrane 

made of PTFE have minimal resistance 
to mass transport. A membrane made of 
PU ensures maximal resistance to mass 
transport through the laminate, which 
can cause user discomfort.

n	 A major part of the laminates are the 
3 class materials, i.e. they have good 
biophysical properties. Only laminate 
G3 is a 2 class material, i.e. it has a 
“medium level” of the properties dis-
cussed.

n	 The three-layer laminate G3 has the 
best heat-insulating properties; it has a 
different structure made up of three lay-
ers. The outer and inner sides are made 
of polar, and its thickness is maximal.

n	  Of the three-layer laminates, laminate 
K3 of minimal thickness has minimal 
heat insulation.

Thus, the physiological properties of 
three-layer material are created by all ma-
terial layers of the structure. The protective 
function required as well as satisfactory 
physiological properties are determined 
within the finished products by the accu-
rate selection of textile materials.

Summarising the practical considerations, 
we can formulate the following theoretical 
conclusions concerning coupled heat and 
water vapour transfer within membrane 
structures.
n	 The coupled transport through semi-

permeable membranes is difficult to 
model for multilayer structures. The 
perfect membrane ensures the complete 
transport of moisture and heat from 
the skin to the surroundings. Heat and 
water vapor are not transported from 
the surroundings to the human body 
as they are stopped by the membrane. 
Heat resistance and resistance to the 
permeability of water vapour are not 
tested for membranes within the mate-
rial. Thus, the membrane effect can be 

whereas the that made of PU ensures maxi-
mal resistance to water vapour transport 
through the laminate. Thus, membranes 
made of PU can be uncomfortable for the 
user of clothing made of these materials.
Let us compare the influence of the 
membrane on the resistance to the per-
meability of water vapour for laminates 
I3 (a membrane made of 100% PU) and 
J3 (a membrane made of 100% PTFE). 
The membranes have similar thicknesses 
(laminate I3 – 2.17 mm, laminate J3 – 
2.09 mm) but absolutely different resist-
ances to the permeability of water vapour 
(laminate I3 – 18.65 m2Pa/W, laminate 
J3 – 5.98 m2Pa/W).

As regards the tests results, there is a heavy 
influence of the material of the inner part 
on the resistance to the permeability of wa-
ter vapour. The parameters discussed are 
shown in Figure 4. Two-layer laminates 
with the inside made of a membrane have 
a minimal value of the mean resistance to 
the permeability of water vapour. Thus, 
these materials have a minimal resistance 
to mass transport through the laminate. 
The main disadvantage is the negative 
feeling of cold caused by the membrane 

in contact with the body. To reduce the 
negative sensation, the finished product 
needs an additional layer of material (a 
lining of clothing).

The values of heat resistance obtained for 
the complete textile material with a mem-
brane and all material layers (Figure 5) 
are of a wide range 0.002 – 0.063 m2K/W 
for the laminates tested. The difference is 
caused by the different thicknesses of the 
laminate. The bigger the thickness of the 
laminate (laminates E3 and G3 have the 
biggest), the higher the heat resistance (i.e. 
protection against cold). The heat isolator 
is optimised by changes in the thickness 
of the laminate. The protective clothing 
should be relatively light, which improves 
user comfort. 

Laminate K3 has the minimal heat resist-
ance of the materials tested. Thus, this 
laminate has minimal thickness, which 
suggests the linear dependence of heat 
resistance on the thickness.

A water vapor permeability index (Fig-
ure  6) equal to zero indicates that the 
material is impermeable to water vapor. 

Table 2. Classification of the resistance to the permeability of water vapour [9]. 

Resistance to the permeability of water vapour 
Ret, m2Pa/W

Class
3 2 1

Ret ≤ 20 20 < Ret ≤ 40  40 < Ret

Figure 3. Mean values of resistance to the 
permeability of water vapour for different 
membranes. 

Figure 4. Mean values of the resistance to 
the permeability of water vapour for differ-
ent inner parts.

Figure 5. Diagram of the mean values of 
the monofactoral analysis of variance, the 
variable being heat resistance.

Figure 6. Water vapour permeability index 
for different materials. 
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determined practically for a material of 
negligible thickness.

n Correct physical and mathematical 
models of the membrane should be 
determined from tests of existing struc-
tures. The membrane material should 
have the prescribed properties of heat 
and water vapour transport as well as 
negligible thickness. A new theoreti-
cal model of the multilayer membrane 
structure will be introduced in the sec-
ond part of the paper, which is now in 
preparation. The model presented can 
be used to shape the optimisation of 
structures subjected to coupled trans-
port.
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