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REZUMAT. Transferul de căldură prin materialele textile depinde foate mult de proprietăţile matricei solide
(fibrele), de porozitatea materialului, dar şi de proprietăţile termice şi fizice ale fluidului care umple spaţiile
goale. De cele mai multe ori, fluidul prezent în spatiile goale ale materialelor textile este aerul atmosferic. Deşi în
calcule, de cele mai multe ori, se iau în considerare valori aproximeative şi constante ale conductivităţtii termice
şi capacităţii termice, atât temperatura cât şi conţinutul de umiditate, pot influenţa semnificativ acesti
parametri. In literatura de specialitate, sunt prezentate numeroase metode pentru determinarea proprietăţilor
termice ale materialelor textile, dar determinările se fac în condiţii atmosferice specifice. In acelaşi timp, este
cunoscut faptul că, prin expunerea materialelor la surse de caldură, se modifică proprietăţile intrinseci ale
acestora. In această lucrare s-a analizat modul în care temperatura şi umiditatea influenţează caracteristicile
transferului de caldură ale materialelor textile. Aceste informaţii prezintă mare importanţă și, vor fi utilizate
pentru a dezvolta un model matematic pentru simularea transferului de căldură prin produsele textile.
Cuvinte cheie: textile, transfer de căldură, conductivitate termică, capacitate termică.
ABSTRACT. The heat transfer through textile materials largely depends on the properties of the solid matrix
(fiber), the porosity, but also on the thermo-physical characteristics of the fluid that fills the void spaces. In the
most common way the fluid is represented by atmospheric air. Although calculations often take into account
approximately constant values of thermal conductivity or heat capacity, both temperature and humidity
content can significantly change these parameters. Numerous methods for determining the thermal
properties of textile materials are described in the literature, but each measurement takes place under certain
environmental conditions. At the same time, it is well known that high heat exposure greatly modifies these
intrinsic properties of materials. In this paper we analyze how the temperature and humidity influence the
heat transfer characteristics of the textile materials. These information are of utmost importance and will be
used to develop a mathematical model for simulating heat transfer through textiles.
Keywords: textile, heat transfer, thermal conductivity, heat capacity.

1. INTRODUCTION
Clothing is designed to maintain a hygienic and
comfortable zone for the human body in which one
feels well, even if inner or outer influences change
rapidly. The main task of clothing is therefore
temperature regulation for the body through the heat
transfer, even under the least favorable climatic
conditions. Regardless the scale approaches, in
modeling, the textiles are porous materials, Figure 1.
In heat transfer processes, the flow through the
porous material is the key phenomenon. Despite of
that, little is known about flow phenomena in
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textiles. Thus, a study was started that will result in a
PhD-thesis, regarding the heat transfers through the
textile clothing.
The general aim of this project is to generate new
knowledge, to establish the interrelationships
between the heat and moisture transfer, and to
develop a model of heat and mass transfer through
the clothing.
In this paper we analyze how the temperature and
humidity influence the heat transfer characteristics
of the textile materials. This information is of utmost
importance and will be used to develop the
mathematical model for simulating heat and mass
transfer through the textiles.
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Fig. 1. Multi-scale approach on textile based porous materials in modeling.

where,  f and  a are the volumetric fractions and

2. THEORETICAL CONSIDERATIONS
The textile material is characterized in terms of a
bi-porous medium. The heat transfer through textile
materials largely depends on the properties of the
solid matrix (fiber), the porosity, but also on the
thermo-physical characteristics of the fluid that fills
the void spaces. In the most common way the fluid
is represented by atmospheric air. Although
calculations often take into account approximately
constant values of conductivity or thermal capacity,
both temperature and humidity content can
significantly change these parameters. Numerous
methods for determining the thermal properties of
textile materials are described in the literature [1],
but each measurement takes place under certain
environmental conditions. At the same time, it is
well known that high heat exposure greatly modifies
these intrinsic properties of materials [8].

k f , k a are the thermal conductivity of the fibers
and the air respectively.
Another more simplified model for thermal
conductivity of fibrous materials is promoted by
Torvi [9]:

k eff    k a T   1   k f T 

(2)

where,  is the porosity of the textile material.
As can be seen from the equation (2) both the
conductivity of the fibers and the conductivity of the
air are functions of temperature.
For each material, these functions are determined
experimentally. For example, for Nomex® fibres the
evolution of thermal conductivity is shown in Figure 2.
[12]:

2.1. Thermal conductivity of textile materials
Thermal conductivity is a physical property of a
material that characterizes the ability to transfer heat
when there is a temperature gradient. Morse et al. [5]
proposes the following equation for the thermal
conductivity calculation of textile materials:
keff  x    f  k f   a  k a  


k f  ka
 y
 a  k f   f  ka
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(1)
Fig. 2. Thermal conductivity of Nomex® fibres [5]
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2.2. Thermal capacity of textile materials
Assuming that the textile is a homogeneous
material, the thermal capacity can be calculated from
the calorimetric equation:

m

a



 m f CpT   T  ma  Cpa T   T 

 m f  Cp f T   T

(3)

where, ma and m f are the mass of the air and of the
fiber respectively, Cp is the thermal capacity of the
textile material, Cp a is the thermal capacity of the
air and Cp f is the thermal capacity of the fibers.
Similarly with the thermal conductivity, the thermal
capacity of textile fibers must be determined
experimentally, for the required temperature range.
For particular cases such as polymers, different
empirical formulas are used [7]:

Cp f  2.22  T  629

(4)

where nv is the number of moles of vapor and nm the
total number of moles of the mixture.
Using the gas state equation, the relationship (5)
becomes:
pv
p
(6)
 v
xv 
pa  pv
p0
where, pv is the partial pressure of the water vapor,
pa is the partial pressure of the dry air and p0 the
total pressure of the mixture.
For a given temperature, there is a maximum
value of the partial pressure (or molar fraction) of
saturated vapor (psat), and the ratio between vapor
pressure and saturation pressure is the relative
humidity of wet air [HR%]:
HR % 

xv 

nv
nm

x abs 

(5)

mv
[kg/m3]
V



heat capacity of dry air at constant pressure
[kJ/kg.K]:

Cp a  4.1892  10 10  T 3  8.8154  10 7  T 2 
 3.7536  10  4  T  1.0494



(9)

heat capacity of water vapors at constant
pressure [kJ/kg.K]:
(10)

dynamic viscosity of dry air,  a [Pa.s]:

 a  10 6  6.2524  10 12  T 4  2.9928  10 8  T 3  5.7171  10 5  T 2  0.074582  T  0.40401
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(8)

The values of thermo-physical characteristics of
water vapors and dry air have been determined
experimentally for different temperatures and have
been tabulated. These values can be found in the
literature.
In calculations and simulations, the polynomials
are used to interpolate the tabulated values, using the
temperature in °C (denoted by t) or in K (denoted by
T) [4]. Some of these functions are presented below,
representing a good approximation of the
experimentally values, for the temperature range of 50 °C to + 220 °C:

Cpv  1.3337  10 7  T 3  1.13555  10 4  T 2  3.3219  10 2  T  1.4334


(7)

Often in practice, absolute humidity xabs is also
used, representing the mass of water vapors reported
at a given volume:

2.3. Influence of humidity on thermal
transfer through textile materials
Humidity is defined as the presence of water in
the air or in a material. The amount of moisture in
textile material is an important feature because it can
influence both human comfort (when the fabric is
used as clothing) and various manufacturing
processes. Dry air is a mixture of several gases, the
highest concentrations being of nitrogen - 75.6% and
oxygen - 23.1%, which together account for about
98.7% of the total mass. For this reason many times
in calculations the dry air is considered di-atomic.
Atmospheric air is made up of dry air and water
vapors. In the kinetic-molecular theory of gaseous
mixtures, the magnitude of atmospheric humidity is
called the molar fraction of water vapors and is
defined as the ratio between the number of moles of
vapor and the total number of moles of the mixture,
in a given volume:

pv
[%]
p sat

(11)
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dynamic viscosity of water vapors, v [Pa.s]:

 v  10 6 



T
647.27
2

 647.27 
 647.27 
 647.27 
0.0181583  0.0177624  
  0.0105287  
  0.0036744  

 T 
 T 
 T 

exp 77 .345  0.0057  T  7235 / T 
T 8 .2

(13)

thermal conductivity of dry air, k a [W/m K]:

k a  2.43714  10 2  7.83035  10 5  t  1.94021  10 8  t 2  2.85943  10 12  t 3  2.6142  10 14  t 4


(12)

saturation pressure, Psat [Pa]:
Psat 



3

(14)

thermal conductivity of water vapor, kv [W/m K]

k v  1.74822  10 2  7.69127  10 5  t  3.23464  10 7  t 2  2.59524  10 9  t 3  23.17650  10 12  t 4
Making the assumption that the wet air is an ideal
gas consisting of dry air and water vapors, the
specific heat capacity of wet air can be calculated
using the equation (16):
m 
Cp a   v   Cp v
 ma 
(16)
Cp m 
 mv 

1  
 ma 

(15)

atmospheric pressure [2]. For the temperature range
of 0-100 °C, the values between 1.0006 and 1.0034
can be considered [10]. The variations of the specific
heat capacity of humid air in relation to temperature
and relative humidity (Equation 17) are shown in
Figure 3 and Figure 4.

where, mv and ma are the mass of water vapors
and dry air respectively.
Using the state equation of ideal gas one can
also write:
Cp a 1  x v   M a  Cp v  x v  M v
(17)
Cp m 
M a 1  x v   M v  x v
where, M a and M v are the molar mass of dry air
and water, respectively.
In fact, humid air does not behave as an ideal gas
but on restricted areas of temperature and pressure,
and thus a correction coefficient f (T , p) of the mass
fraction is required [3]. The equation (6) becomes:
x v  f T , p   RH 

p sat
p0

(18)

The correction coefficient f T , p  is a function
that depends on temperature, saturation pressure and
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Fig. 3. Specific heat capacity of humid air for certain relative
humidity.

For low temperatures between 0-40 °C (273-313
K), the influence of relative humidity RH% on the
specific heat capacity is of maximum 5%. For higher
temperatures and relative humidity higher than
50%, water vapors substantially influence the
transient energy balance. This is particularly
important in case of fire-fighting clothing, where
temperatures often exceed even 100 °C, in a humid
atmosphere.
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Fig. 5. Thermal conductivity of humid air.

Fig. 4. Variation of the specific heat capacity of humid air with
the relative humidity and temperature.

In order to determine he thermal conductivity of
humid air, the equation recommended by Ried [6]
can be used:

km
where,

1  xv   k a

1  xv   xv   av

xv  k v

xv  1  xv    va

(19)

k m [W/mK] is the thermal conductivity of

the humid air and av and va are the interaction
parameters (Shuterland coefficients) and are defined
according to the following relation [6]:

 i, j

    0.5
1   i 
   j 

 
8  1 
 

0.25 

Mj
 
 Mi






M i 

M j 

0.5





2

(20)

where, i and j are the two constituents of the mixture
(vapor and dry air), µi and µj are the dynamic
viscosities, and Mi and Mj are the molecular masses.
Figure 5 shows a graphical representation of the
Equation (19).
Another parameter used in the heat transfer
equations (convection transfer) is the dynamic
viscosity, µ. Wilke [11] sets the following equation
for determining the viscosity of a gas mixture:
n

m  
1

xi   i
 x j   i, j

where, µm is the viscosity of the mixture.
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(21)

Replacing the interaction parameters according
to the equation (20), a similar formula of the thermal
conductivity is obtained:

m 

1  x v    a
1  x v   x v   av



xv   v
(22)
x v  1  x v    va

However, in textile structures, where the
equivalent hydraulic diameter is very small, the heat
transfer occurs predominantly through conduction
(no convection occurs) and therefore, the viscosity
variation of the mixture does not influence the
thermal transfer phenomenon.
The conclusion that results from Figure 5 is that
for a given temperature the humid air conductivity
has a direct proportional decrease with the relative
humidity. Increasing the molar fraction of water
results in lower thermal agitation, as the molecular
weight of water is lower than of the dry air. The
phenomenon is more intense with increasing
temperature. Consequently, moisture from porous
materials plays a major role in the heat transfer
mostly at high temperatures.

3. CONCLUSIONS
Based on the relationships and equations in the
existent literature, it has been determined how the
temperature and relative humidity influence the
thermal transfer characteristics through the textile
materials and, the variation graphs were made using
the MATLAB® software. All these results will be
used to develop a mathematical model of heat and
moisture transfer through textile, in Comsol
Multiphysics® Modeling Software.
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