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Preface 
 

 

 
Dear readers, 

 

 

 

The study of heat transfer is one of the important fields of engineering science. Heat transfer problems are 

of great practical significance in textile chemistry engineering, clothing and thermo physics. Despite the 

importance of the subject, it is hard to find a book on thermal analysis of textiles. Textile fabrics have been 

improved to assist in thermal and moisture regulation to and from human body through engineering of 

fibers, yarns and fabric construction, and developing fabric finishes. The book is written for both 

engineering students and engineers practicing in areas involving heat diffusion problems. In chapter 1, the 

basic concepts and fundamentals of heat transfer are presented. Chapter 2 is devoted to heat convection 

drying of textiles. In chapters 3 and 4, heat conduction and heat radiation in drying process of textiles are 

presented, respectively. Chapter 5 deals with heat and mass transfer in textiles with particular reference to 

clothing comfort. The book was compiled and written this book for those who wish to acquire a basic 

knowledge of the many common heat and moisture transfer concepts in textiles. It aims to provide a good 

basis for engineers employed in the textile industry and following a course of study in further education. As 

this book is intended to be essentially a practical guide, a detailed discussion of the theoretical side of the 

subject should be outside its scope. A considerable literature exists and the reader who wishes to make a 

further study of this aspect of the subject is referred to the bibliography at the end of this book. However, 

for a proper appreciation of what is involved to heat and mass transfer in textiles, certain basic theories and 

concepts should be understood. 

 

 

 

 

A. K. Haghi (PhD) 

Science Editor 

Montreal, Canada 
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Nomenclature  
 
 
 
A Area 
a,b,c Constants 
c p  constant pressure specific heat 

AC  moisture content of air in fabric pores 
Ca  water-vapor concentration in the air filling the inter-fiber void space 

eC  moisture content of extent air 
FC  moisture content of fibers in a fabric 

C f  water-vapor concentration in the fibers of the fabric (kg m3 ) 
pC  specific heat  

D  diffusion coefficient 
bD  bound water conductivity 
effD  effective diffusivity 
dE  activation energy of movement of bound water 

H enthalpy (J/kg) 
eh  Heat transfer coefficient 
mh  mass transfer coefficient 
hv  enthalpy of vaporization (J/kg) 

vaph  latent heat of evaporation 

J species diffusion flux  
LJ  free water flux 

K Permeability 
0K  single phase permeability of porous material 
rK  relative permeability 

k  thermal conductivity 
keff  effective thermal conductivity  
m  Ratio of diffusion coefficients of air and water vapour 
m'  mass source per unit volume  
m evaporation rate, mass transfer rate  
M molecular weight 
P pressure  

cP  capillary pressure 

iv

Administrator
Text Box



 7 

sP  saturation pressure 
q  convective heat transfer rate 
Q entholpy of desorption from solid phase  
R Radius 
R gas constant, Fiber regain 
S Pore saturation 
T Time 
T Temperature 

eT  external air temperature 
U moisture content 
 
 

Greek symbols 
  Pore volume density function 
  latent heat of evaporation 

eff  effective thermal conductivity 
  Viscosity 
v  Fluid velocity 
  Density 
  surface tension 
  tortuosity factor of capillary paths 
  relative humidity 
  averaging volume  
  volume fraction ( m3 of quantity /m3 ) 

 
 
Subscripts 

0 Initial 
C capillary, critical 
Eq Equilibrium 
G Gas 
Ir Irreducible 
Ms maximum sorptive 
V Vapour 
W Water 
  Liquid phase 
  Gas phase 
  Solid phase 
Bl Bound liquid 
Ds Dry solid 

Nomenclature
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Lv Liquid-to-vapor 
Ls Liquid-to-solid 
Sat Saturation 
Sv Solid-to-vapor 
V Vapor 

 
 

Superscripts 

G intrinsic average over the gaseous phase 
L intrinsic average over the liquid phase 
* vapour saturated 
- average value 
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GGeenneerraall  ccoonncceeppttss 
 
   
 For Heat flow analysis of wet porous materials, the liquid is water and the gas is 
air. Evaporation or condensation occurs at the interface between the water and air so 
that the air is mixed with water vapor. A flow of the mixture of air and vapor may be 
caused by external forces, for instance, by an imposed pressure difference. The vapor 
will also move relative to the gas by diffusion from regions where the partial pressure 
of the vapor is higher to those where it is lower.  
  

Heat flow in porous media is the study of energy movement in the form of 
heat which occurs in many types of processes. The transfer of heat in porous media 
occurs from the high to the low temperature regions. Therefore a temperature gradient 
has to exist between the two regions for heat transfer to happen. It can be done by 
conduction (within one porous solid or between two porous solids in contact), by 
convection (between two fluids or a fluid and a porous solid in direct contact with the 
fluid), by radiation (transmission by electromagnetic waves through space) or by 
combination of the above three methods. 
The general equation for heat transfer in porous media is: 

When a wet porous material is subjected to thermal drying two processes occur 
simultaneously, namely: 

a) Transfer of heat to raise the wet porous media temperature and to evaporate 
the moisture content. 

b) Transfer of mass in the form of internal moisture to the surface of the porous 
material and its subsequent evaporation.  

 
The rate at which drying is accomplished is governed by the rate at which these 

two processes proceed. Heat is a form of energy that can across the boundary of a 
system. Heat can, therefore, be defined as “the form of energy that is transferred 
between a system and its surroundings as a result of a temperature difference”. There 
can only be a transfer of energy across the boundary in the form of heat if there is a 
temperature difference between the system and its surroundings. Conversely, if the 
system and surroundings are at the same temperature there is no heat transfer across 
the boundary. 
 Strictly speaking, the term “heat” is a name given to the particular form of energy 
crossing the boundary. However, heat is more usually referred to in thermodynamics 
through the term “heat transfer”, which is consistent with the ability of heat to raise or 
lower the energy within a system. 
 There are three modes of heat flow in porous media: 
- convection 
- conduction 
- radiation 
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 All three are different. Convection relies on movement of a fluid in porous 
material. Conduction relies on transfer of energy between molecules within a porous 
solid or fluid. Radiation is a form of electromagnetic energy transmission and is 
independent of any substance between the emitter and receiver of such energy. 
However, all three modes of heat flow rely on a temperature difference for the transfer 
of energy to take place. 
 The greater the temperature difference the more rapidly will the heat be 
transferred. Conversely, the lower the temperature difference, the slower will be the 
rate at which heat is transferred. When discussing the modes of heat transfer it is the 
rate of heat transfer Q that defines the characteristics rather than the quantity of heat. 
 As it was mentioned earlier, there are three modes of heat flow in porous 
structures, convection, conduction and radiation. Although two, or even all three, 
modes of heat flow may be combined in any particular thermodynamic situation, the 
three are quite different and will be introduced separately. 
 The coupled heat and liquid moisture transport of porous material has wide 
industrial applications. Heat transfer mechanisms in porous textiles include 
conduction by the solid material of fibers, conduction by intervening air, radiation, 
and convection. Meanwhile, liquid and moisture transfer mechanisms include vapor 
diffusion in the void space and moisture sorption by the fiber, evaporation, and 
capillary effects. Water vapor moves through porous textiles as a result of water vapor 
concentration differences. Fibers absorb water vapor due to their internal chemical 
compositions and structures. The flow of liquid moisture through the textiles is caused 
by fiber-liquid molecular attraction at the surface of fiber materials, which is 
determined mainly by surface tension and effective capillary pore distribution and 
pathways. Evaporation and/or condensation take place, depending on the temperature 
and moisture distributions. The heat transfer process is coupled with the moisture 
transfer processes with phase changes such as moisture sorption/desorption and 
evaporation/condensation. 
 

Heat flow and drying of porous structures 
 

All three of the mechanisms by which heat is transferred- conduction, 
radiation and convection, may enter into drying. The relative importance of the 
mechanisms varies from one drying process to another and very often one mode of 
heat transfer predominates to such extent that it governs the overall process. 
As an example, in air drying the rate of heat transfer is given by: 
 

 sas TTAhq          (0.1) 
Where q is the heat transfer rate in Js-1, sh  is the surface heat-transfer coefficient in   
Jm-2   s-1  ºC-1      , A  is the area through which heat flow is taking place, m-2 , Ta  is the 
air temperature and Ts    is the temperature of the surface which is drying, ºC. 
 

To take another example, in a cylindrical dryer where moist material is spread 
over the surface of a heated cylinder, heat transfer occurs by conduction from the 
cylinder to the porous media, so that the equation is 
 

 si TTUAq             (0.2)       
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Where U is the overall heat-transfer coefficient, Ti is the cylinder temperature (usually 
very close to that of the steam), Ts is the surface temperature of textile and A is the 
area of the drying surface on the cylinder. The value of U can be estimated from the 
conductivity of the cylinder material and of the layer of porous solid. 
 
 Mass transfer in the drying of a wet porous material will depend on two 
mechanisms: movement of moisture within the porous material which will be a 
function of the internal physical nature of the solid and its moisture content; and the 
movement of water vapour from the material surface as a result of water vapour from 
the material surface as a result of external conditions of temperature, air humidity and 
flow, area of exposed surface and supernatant pressure. 

Some porous materials such as textiles exposed to a hot air stream may be 
cooled evaporatively by bleeding water through its surface. Water vapour may 
condense out of damp air onto cool surfaces. Heat will flow through an air-water 
mixture in these situations, but water vapour will diffuse or convect through air as 
well. This sort of transport of one substance relative to another called mass transfer. 
The moisture content, X, is described as the ratio of the amount of water in the 
materials, OHm 2  to the dry weight of materia, materialm : 

material

OH

m
mX 2          (0-3) 

There are large differences in quality between different porous materials 
depending on structure and type of material. A porous material such as textiles can be 
hydrophilic or hydrophobic. The hydrophilic fibres can absorb water, while 
hydrophobic fibers do not. A textile that transports water through its porous structures 
without absorbing moisture is preferable to use as a first layer (Haghi 2005). Mass 
transfer during drying depends on the transport within the fiber and from the textile 
surface, as well as on how the textile absorbs water, all of which will affect the drying 
process (Haghi 2006). 

As the critical moisture content or the falling drying rate period is reached, the 
drying rate is less affected by external factors such as air velocity. Instead, the internal 
factors due to moisture transport in the material will have a larger impact. Moisture is 
according to Haghi (2006) transported in textile during drying through 

 
• capillary flow of unbound water 
• movement of bound water and 
• vapour transfer 

Unbound water in a porous media such as  textile will be transported primarily 
by capillary flow (Haghi 2006). 

As water is transported out of the porous material, air will be replacing the 
water in the pores. This will leave isolated areas of moisture where the capillary flow 
continues (Bejan et al. 2004). 

Moisture in a porous structure can be transferred in liquid and gaseous phases. 
Several modes of moisture transport can be distinguished (Bejan et al. 2004): 
• transport by liquid diffusion 
• transport by vapour diffusion 
• transport by effusion (Knudsen-type diffusion) 
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• transport by thermodiffusion 
• transport by capillary forces 
• transport by osmotic pressure and 
• transport due to pressure gradient. 
 
 

Convection heat flow in porous media 
 
A very common method of removing water from porous structures is convective 
drying. Concevtion is a mode of heat transfer that takes place as a result of motion 
within a fluid. If the fluid, starts at a constant temperature and the surface is suddenly 
increased in temperature to above that of the fluid, there will be convective heat 
transfer from the surface to the fluid as a result of the temperature difference. Under 
these conditions the temperature difference causing the heat transfer can be defined 
as: 
 

T  = surface temperature-mean fluid temperature 
 
Using this definition of the temperature difference, the rate of heat transfer due to 
convection can be evaluated using Newton’s law of cooling: 
 

TAhQ c           (0-4) 
 
where A is the heat transfer surface area and hc  is the coefficient of heat transfer from 
the surface to the fluid, referred to as the “convective heat transfer coefficient”. 
 The units of the convective heat transfer coefficient can be determined from the 
units of other variables: 
 

KmhW

TAhQ

c

c
2)(


         (0-5)                       

 
so the units of hc  are W m K/ 2 . 

The relationships given in equations (0.4 and 0.5) are also true for the situation 
where a surface is being heated due to the fluid having higher temperature than the 
surface. However, in this case the direction of heat transfer is from the fluid to the 
surface and the temperature difference will now be 
 

T mean fluid temperature-surface temperature 
 
The relative temperatures of the surface and fluid determine the direction of heat 
transfer and the rate at which heat transfer take place. 
 As given in previous equations, the rate of heat transfer is not only determined by 
the temperature difference but also by the convective heat transfer coefficient hc . This 
is not a constant but varies quite widely depending on the properties of the fluid and 
the behaviour of the flow. The value of hc  must depend on the thermal capacity of the 
fluid particle considered, i.e. mCp  for the particle. So the higher the density and Cp  
of the fluid the better the convective heat transfer. 
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 Two common heat transfer fluids are air and water, due to their widespread 
availability. Water is approximately 800 times more dense than air and also has a 
higher value of Cp . If the argument given above is valid then water has a higher 
thermal capacity than air and should have a better convective heat transfer 
performance. This is borne out in practice because typical values of convective heat 
transfer coefficients are as follows: 
 
 

Fluid  h W m Kc / 2  

water 500-10000 
air 5-100 

 
 
The variation in the values reflects the variation in the behaviour of the flow, 
particularly the flow velocity, with the higher values of hc  resulting from higher flow 
velocities over the surface. 
When a fluid is in forced or natural convective motion along a surface, the rate of heat 
transfer between the solid and the fluid is expressed by the following equation: 
 

 fW TTAhq  .          (0-6) 
 

The coefficient h is dependent on the system geometry, the fluid properties 
and velocity and the temperature gradient. Most of the resistance to heat transfer 
happens in the stationary layer of fluid present at the surface of the solid, therefore the 
coefficient  h  is often called film coefficient. 
 

Correlations for predicting film coefficient h are semi empirical and use 
dimensionless numbers which describe the physical properties of the fluid, the type of 
flow, the temperature difference and the geometry of the system. 

The Reynolds Number characterizes the flow properties (laminar or turbulent). 
L is the characteristic length: length for a plate, diameter for cylinder or sphere. 
 


LN Re          (0-7) 

 
The Prandtl Number characterizes the physical properties of the fluid for the 

viscous layer near the wall. 
 

k
c

N p
Pr          (0-8) 

 
The Nusselt Number relates the heat transfer coefficient h to the thermal conductivity 
k of the fluid. 
 

k
hLN Nu            (0-9) 
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The Grashof Number characterizes the physical properties of the fluid for natural 
convection. 
 

2

23

2

3





 TgLgLNGr





         (0-10) 

  

Conduction heat flow in porous materials 
 

If a fluid could be kept stationary there would be no convection taking place. 
However, it would still be possible to transfer heat by means of conduction. 
Conduction depends on the transfer of energy from one molecule to another within the 
heat transfer medium and, in this sense, thermal conduction is analogous to electrical 
conduction. 
 Conduction can occur within both porous solids and fluids. The rate of heat 
transfer depends on a physical property of the particular porous solid of fluid, termed 
its thermal conductivity k, and the temperature gradient across the porous medium. 
The thermal conductivity is defined as the measure of the rate of heat transfer across a 
unit width of porous material, for a unit cross-sectional area and for a unit difference 
in temperature. 
From the definition of thermal conductivity k it can be shown that the rate of heat 
transfer is given by the relationship: 
 

x
TkAQ 

          (0-12) 

where T  is the temperature difference 21 TT  , defined by the temperature  on the 
either side of the porous solid. The units of thermal conductivity can be determined 
from the units of the other variables: 
 

mKmkW
xTkAQ

/)(
/

2


        (0-13) 

 
so the unit of k are mKmW // 2 , expressed as W/mK. 
 
Fourier's Law can be integrated through a flat wall of constant cross section A for the 
case of steady-state heat transfer when the thermal conductivity of the wall k is 
constant. 
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 21

2

1

2

1

TT
x

k
A
qdTkdx

A
q x

x

T

T




        (0-14) 

 
At any position x between x1 and x2, the temperature T varies linearly with the 
distance:  
 

 TT
xx

k
A
q




 1
1

         (0-15) 

 

Radiation heat flow in porous solids 
 
The third mode of heat flow, radiation, does not depend on any medium for its 
transmission. In fact, it takes place most freely when there is a perfect vacuum 
between the emitter and the receiver of such energy. This is proved daily by the 
transfer of energy from the sun to the earth across the intervening space. 

Radiation is a form of electromagnetic energy transmission and takes place 
between all matters providing that it is at a temperature above absolute zero. Infra-red 
radiation form just part of the overall electromagnetic spectrum. Radiation is energy 
emitted by the electrons vibrating in the molecules at the surface of a porous body. 
The amount of energy that can be transferred depends on the absolute temperature of 
the porous body and the radiant properties of the surface. 

A porous body that has a surface that will absorb all the radiant energy it 
receives is an ideal radiator, termed a "black body". Such a porous body will not only 
absorb radiation at a maximum level but will also emit radiation at a maximum level. 
However, in practice, porous bodies do not have the surface characteristics of a black 
body and will always absorb, or emit, radiant energy at a lower level than a black 
body. 

It is possible to define how much of the radiant energy will be absorbed, or 
emitted, by a particular surface by the use of a correction factor, known as the 
"emissivity" and given the symbol ε. The emmisivity of a surface is the measure of 
the actual amount of radiant energy that can be absorbed, compared to a black body. 
Similarly, the emissivity defines the radiant energy emitted from a surface compared 
to a black body. A black body would, therefore, by definition, have an emissivity ε of 
1.  

Since World War II, there have been major developments in the use of 
microwaves for heating applications. After this time it was realized that microwaves 
had the potential to provide rapid, energy-efficient heating of materials. These main 
applications of microwave heating today include food processing, wood drying, 
plastic and rubber treating as well as curing and preheating of ceramics. Broadly 
speaking, microwave radiation is the term associated with any electromagnetic 
radiation in the microwave frequency range of 300 MHz-300 Ghz. Domestic and 
industrial microwave ovens generally operate at a frequency of 2.45 Ghz 
corresponding to a wavelength of 12.2 cm. However, not all materials can be heated 
rapidly by microwaves. Porous materials may be classified into three groups, i.e. 
conductors insulators and absorbers. Porous materials that absorb microwave 
radiation are called dielectrics, thus, microwave heating is also referred to as dielectric 
heating. Dielectrics have two important properties: 
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 -They have very few charge carriers. When an external electric field is applied 
there is very little change carried through the material matrix. 
 - The molecules or atoms comprising the dielectric exhibit a dipole movement 
distance.  

An example of this is the stereochemistry of covalent bonds in a water molecule, 
giving the water molecule a dipole movement. Water is the typical case of non-
symmetric molecule. Dipoles may be a natural feature of the dielectric or they may be 
induced. Distortion of the electron cloud around non-polar molecules or atoms 
through the presence of an external electric field can induce a temporary dipole 
movement. This movement generates friction inside the dielectric and the energy is 
dissipated subsequently as heat. 
 The interaction of dielectric materials with electromagnetic radiation in the 
microwave range results in energy absorbance. The ability of a material to absorb 
energy while in a microwave cavity is related to the loss tangent of the material. 
 This depends on the relaxation times of the molecules in the material, which, in 
turn, depends on the nature of the functional groups and the volume of the molecule. 
Generally, the dielectric properties of a material are related to temperature, moisture 
content, density and material geometry. 
 An important characteristic of microwave heating is the phenomenon of “hot 
spot” formation, whereby regions of very high temperature form due to non-uniform 
heating. This thermal instability arises because of the non-linear dependence of the 
electromagnetic and thermal properties of material on temperature. The formation of 
standing waves within the microwave cavity results in some regions being exposed to 
higher energy than others. This result in an increased rate of heating in these higher 
energy areas due to the non-linear dependence. Cavity design is an important factor in 
the control, or the utilization of this “hot spots” phenomenon. 
 Microwave energy is extremely efficient in the selective heating of materials as 
no energy is wasted in “bulk heating” the sample. This is a clear advantage that 
microwave heating has over conventional methods. Microwave heating processes are 
currently undergoing investigation for application in a number of fields where the 
advantages of microwave energy may lead to significant savings in energy 
consumption, process time and environmental remediation. 
 Compared with conventional heating techniques, microwave heating has the 
following additional advantages: 
-higher heating rates; 
-no direct contact between the heating source and the heated material; 
-selective heating may be achieved; 
-greater control of the heating or drying process; 
-reduced equipment size and waste. 

As mentioned earlier, radiation is a term applied to many processes which 
involve energy transfer by electromagnetic wave (x rays, light, gamma rays ...). It 
obeys the same laws as light, travels in straight lines and can be transmitted through 
space and vacuum. It is an important mode of heat transfer encountered where large 
temperature difference occurs between two surfaces such as in furnaces, radiant driers 
and baking ovens. 

The thermal energy of the hot source is converted into the energy of 
electromagnetic waves. These waves travel through space into straight lines and strike 
a cold surface. The waves that strike the cold body are absorbed by that body and 
converted back to thermal energy or heat. When thermal radiations falls upon a body, 
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part is absorbed by the body in the form of heat, part is reflected back into space and 
in some case part can be transmitted through the body.  
The basic equation for heat transfer by radiation from a body at temperature T is: 
 

4TAq           (0-16) 
 
where є is the emissivity of the body. є = 1 for a perfect black body while real bodies 
which are gray bodies have an є < 1 
 

Porosity and pore size distribution in a body 
 
 

Porosity refers to volume fraction of void spaces. This void space can be 
actual space filled with air or space filled with both water and air. Many different 
definitions of porosity are possible. For non-hygroscopic materials, porosity does not 
change with change in moisture content. For hygroscopic materials, porosity changes 
with moisture content. However, such changes during processing are complex due to 
consideration of bound water and are typically not included in computations. 
The distinction between porous and capillary-porous is based on the presence and size 
of the pores. Porous materials are sometimes defined as those having pore diameter 
greater than or equal to 10-7 m and capillary-porous as one having diameter less than  
10-7 m. Porous and capillary porous materials were defined as those having a clearly 
recognizable pore space.  

In non-hygroscopic materials, the pore space is filled with liquid if the 
material is completely saturated and with air if it is completely dry. The amount of 
physically bound water is negligible. Such a material does not shrink during heating. 
In non-hygroscopic materials, vapour pressure is a function of temperature only. 
Examples of non-hygroscopic capillary-porous materials are sand, polymer particles 
and some ceramics. Transport materials in non-hygroscopic materials do not cause 
any additional complications as in hygroscopic materials. 

In hygroscopic materials, there is large amount of physically bound water and 
the material often shrinks during heating. In hygroscopic materials there is a level of 
moisture saturation below which the internal vapour pressure is a function of 
saturation and temperature. These relationships are called equilibrium moisture 
isotherms. Above this moisture saturation, the vapour pressure is a function of 
temperature only and independent of the moisture level. Thus, above certain moisture 
level, all materials behave non-hygroscopic. 

Transport of water in hygroscopic materials can be complex. The unbound 
water can be in funicular and pendular states. This bound water is removed by 
progressive vaporization below the surface of the solid, which is accompanied by 
diffusion of water vapour through the solid. 

Examples of porous materials are to be found in everyday life. Soil, porous or 
fissured rocks, ceramics, fibrous aggregates, sand filters, snow layers and a piece of 
sugar or bread are but just a few. All of these materials have properties in common 
that intuitively lead us to classify them into a single denomination: porous media. 

Indeed, one recognizes a common feature to all these examples. All are 
described as “solids” with “holes”, i.e. presenting connected void spaces, distributed - 
randomly or quite homogeneously - within a solid matrix. Fluid flows can occur 
within the porous medium, so that we add one essential feature: this void space 
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consists of a complex tridimensional network of interconnected small empty volumes 
called “pores”, with several continuous paths linking up the porous matrix spatial 
extension, to enable flow across the sample. 

If we consider a porous medium that is not consolidated, it is possible to 
derive the particle-size distribution of the constitutive solid grains. The problem is 
obvious when dealing with spherical shaped particles, but raises the question of what 
is meant by particle size in the case of an irregular shaped particle. In both cases, a 
first intuitive approach is to start with a sieve analysis. It consists to sort the 
constitutive solid particles among various sieves, each one having a calibrated mesh 
size. The most common type of sieve is a woven cloth of stainless steel or other metal, 
with wire diameter and tightness of weave controlled to produced roughly rectangular 
openings of known, uniform size. By shaking adequately the raw granular material, 
the solid grains are progressively falling through the stacked sieves of decreasing 
mesh sizes, i.e. a sieve column. We finally get separation of the grains as function of 
their particle- size distribution that is also denoted by the porous medium 
granulometry. This method can be implemented for dry granular samples. The sieve 
analysis is a very simple and inexpensive separation method, but the reported 
granulometry depends very much on the shape of the particles and the duration of the 
laboratory test, since the sieve will let in theory pass any particle with a smallest 
cross-section smaller than the nominal mesh opening. For example, one gets very 
different figure while comparing long thin particles to spherical particles of the same 
weight. 

The definition of a porous medium can be based on the objective of describing 
flow in porous media. A porous medium is a heterogeneous system consisting of a 
rigid and stationary solid matrix and fluid filled voids. The solid matrix or phase is 
always continuous and fully connected. A phase is considered a homogeneous portion 
of a system, which is separated from other such portions by a definitive boundary, 
called an interface. The size of the voids or pores is large enough such that the 
contained fluids can be treated as a continuum. On the other hand, they are small 
enough that the interface between different fluids is not significantly affected by 
gravity. 

The topology of the solid phase determines if the porous medium is 
permeable, i.e. if fluid can flow through it, and the geometry determines the resistance 
to flown and therefore the permeability. The most important influence of the geometry 
on the permeability is through the interfacial or surface area between the solid phase 
and the fluid phase. The topology and geometry also determine if a porous medium is 
isotropic, i.e. all parameters are independent of orientation or anisotropic if the 
parameters depend on orientation. In multi- phase flow the geometry and surface 
characteristics of the solid phase determine the fluid distribution in the pores, as does 
the interaction between the fluids. A porous medium is homogeneous if its average 
properties are independent of location, and heterogeneous if they depend on location. 
An example of a porous medium is sand. Sand is an unconsolidated porous medium, 
and the grains have predominantly point contact. Because of the irregular and angular 
nature of sand grains, many wedge-like crevices are present. An important 
quantitative aspect is the surface area of the sand grains exposed to the fluid. It 
determines the amount of water which can be held by capillary forces against the 
action of gravity and influences the degree of permeability. 

The fluid phase occupying the voids can be heterogeneous in itself, consisting 
of any number of miscible or immiscible fluids. If a specific fluid phase is connected, 
continuous flow is possible. If the specific fluid phase is not connected, it can still 
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have bulk movement in ganglia or drops. For single-phase flow the movement of a 
Newtonian fluid is described. For two-phase immiscible flow, a viscous Newtonian 
wetting liquid together with a non-viscous gas are described. In practice these would 
be water and air. 
 

Pore-size distribution in porous structure 
 

A detailed description of the complex tri-dimensional network of pores is 
obviously impossible to derive. For consolidated porous media, the determination of a 
pore-size distribution is nevertheless useful. For those particular media, it is indeed 
impossible to handle any particle-size distribution analysis. 

One approach to define a pore size is in the following way: the pore diameter 
 at a given point within the pore space is the diameter of the largest sphere that 
contains this point, while still remaining entirely within the pore space. To each point 
of the pore space such a “diameter” can be attached rigorously, and the pore-size 
distribution can be derived by introducing the pore-size density function    defined 
as the fraction of the total void space that has a pore diameter comprised between  
and  d . This distribution is normalized by the relation: 
 

  1
0




 d          (0-17) 

 
A porous structure should be: 
 

- A material medium made of heterogeneous or multiphase matter. At least one 
of the considered phases is not solid. The solid phase is usually called the solid 
matrix. The space within the porous medium domain that is not part of the 
solid matrix is named void space or pore space. It is filled by gaseous and/or 
liquid phases. 

 
- The solid phase should be distributed throughout the porous medium to draw a 

network of pores, whose characteristic size can vary greatly. Some of the 
pores comprising the void space must enable the flow across the solid matrix, 
so that they should then be interconnected. 

 
- The interconnected pore space is often denoted as the effective pore space,  

while unconnected pores may be considered from the hydrodynamic point of 
view as part of the solid matrix, since those pores are ineffective as far as flow 
through the porous medium is concerned. They are dead-end pores or blind 
pores, that contain stagnant fluid and no flow occurs through them. 

 
 

A porous material is a set of pores embedded in a matrix of mostly solid material. 
The pores are the voids in the material itself. Pores can be isolated or interconnected. 
Furthermore, a pore can contain a fluid or a vapor, but it can also be empty. If the pore 
is completely filled with the fluid, it will be called saturated and if it is partially filled, 
it will be called non-saturated. So the porous material is primarily characterized by the 
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content of its voids and not by the properties of the material itself. Figure 1 gives a 
sketch of a porous material. 
 

 
 

Fig. 1. A 2D sketch of a non-saturated porous material. 
 

If the pores are not interconnected very well, the relaxation-time distribution 
of an NMR(Nuclear Magnetic Resonance) spin-echo measurement can be interpreted 
in terms of a pore-size distribution (PSD). For magnetically doped materials like clay 
and .red-clay this so-called relaxometry technique gives a pore-size distribution 
between 100 nm and 100 µm, which is also the range of the majority of the pores in 
these materials. NMR (Nuclear Magnetic Resonance) can be used for spectroscopy, 
because different nuclei resonate at different frequencies and can therefore be 
distinguished from each other. Not only nuclei, but also different isotopes can be 
distinguished. Since also the surrounding of the nucleus has an effect on the exact 
resonance frequency, NMR spectroscopy is also used to distinguish specific 
molecules. By manipulating the spatial dependence of the magnetic field strength and 
the frequency of the RF excitation, the NMR sensitive region can be varied. This 
enables a noninvasive measurement of the spatial distribution of a certain nucleus and 
is called NMR Imaging (MRI). 

In many NMR experiments it was noticed that liquids confined in porous 
materials exhibit properties that are very different from those of the bulk fluid. The 
so-called longitudinal (T1) and transverse (T2) relaxation time of bulk water, e.g., are 
on the order of seconds, whereas for water in a porous material these times can be on 
the order of milliseconds. The measurement of T1 and T2 in an NMR experiment is 
often called NMR relaxometry. The transverse relaxation time is more sensitive to 
local magnetic field gradients inside the porous material than the longitudinal 
relaxation time. This sensitivity can be used to measure the self-di.usion coe.cient of 
the liquid. The interpretation of the measured self-diffusion coefficient of a confined 
liquid is often called NMR diffusometry. 

Nuclear Magnetic Resonance is based on the following principle. When a 
nucleus is placed in a static magnetic field, the nuclear spin _I will start to presses 
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around this field, since the magnetic moment   of the nucleus is related to the 
nuclear spin I  (Fig. 2). 
 

 
 
 
 

Fig. 2.  Larmor precession of a nuclear magnetic moment in a magnetic field. 
 
 
The frequency of this precession motion is called the Larmor frequency: 
 

02
Bf L 


          (0-18) 

 
where 0B  is the magnitude of the static magnetic field, which is usually taken aligned 
with the z-axis, Lf  is the Larmor frequency and   is the gyromagnetic ratio of the 
nucleus. 

The NMR resonance condition (Eq. 0-18) states that the Larmor frequency 
depends linearly on the magnetic field. Normally one starts to assume that the 
magnetic field in the porous material is equal to the magnetic field generated by the 
experimental setup. This can be either the magnetic field emerging from a permanent 
magnet, an electromagnet, or a superconducting magnet. Frequently, an extra 
magnetic field gradient is added to the main magnetic field. This magnetic field 
gradient is used to discriminate spins at a certain position from spins at other 
positions. It is the basic principle of NMR Imaging (MRI). However, the magnetic 
field inside the porous sample can deviate largely from the magnetic field applied 
externally. 

Because the magnetic susceptibility of the porous material differs from that of 
the surrounding air, the magnetic field inside the porous sample will deviate from the 
magnetic field that is present in the sample chamber or insert. Apart from this, the 
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magnetic field in the pores of the material may differ from that in the bulk matrix. 
Consider two media with a different susceptibility. If the magnetic susceptibility of 
the sphere is larger (Fig. 3 on the left) than that of the environment, the magnetic field 
inside this sphere is larger than the external magnetic field and the sphere is called 
paramagnetic. If, on the other hand, the susceptibility of the sphere is smaller (Fig. 3 
on the right) than that of the environment, the magnetic field inside the sphere is 
smaller than the external magnetic field and the sphere is called diamagnetic. 
 

 
Fig. 3.  Disturbance of homogeneous magnetic field  0B  by an object with 
different susceptibility. Plotted are the magnetic field lines. On the left: a 

paramagnetic sphere; on the right: a diamagnetic sphere. 
 

The amount of water in a porous body such as the textiles at the EMC is 
defined as bound water and it is absorbed by the textile fibers. When the textile is 
unable to absorb more water, all excess water is defined as unbound moisture. The 
unbound moisture is often found as a continuous liquid within the porous material. 

Drying of porous media is accomplished by vaporizing the water and to do this 
the latent heat of vaporization must be supplied. There are, thus, two important 
process-controlling factors that enter into the process of drying:  

(a) transfer of heat to provide the necessary latent heat of vaporization, 
(b) movement of water or water vapour through textiles and then away from it to 
effect separation of water.  
 
 

Basic flow Relations in porous body 
 
The motion of a fluid is described by the basic hydrodynamic equations, the 
continuity equation 
 

  0.  ut          (0-19) 
 
which expresses the conservation of mass, and the momentum equation 
 
    gpuut   ..       (0-20)  
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which expresses the conservation of momentum. Here   is the fluid density, u the 
fluid velocity, p the hydrostatic pressure,   the fluid stress tensor, and g the 
acceleration due to external forces including e.g. the effect of gravity on the fluid. 
The equation for energy conservation can be written as 
 

     Tkup
dt
ud ..
ˆ

       (0-21)  

 
where T is temperature, k the coefficient of thermal conductivity of the fluid,   the 
viscous dissipation function, and the density of thermal energy  Tpuu ,ˆˆ    is often 
approximated such that dTcud vˆ  , where vc  is the specific heat. 
At low Reynolds numbers, the most important relation describing fluid transport 
through porous media is Darcy’s law 
 

pkq 


         (0-22) 

 
 
 
where q is the volumetric fluid flow through the (homogeneous) medium and k is the 
permeability coefficient that measures the conductivity to fluid flow of the porous 
material. 
 

Transport mechanisms in porous media 
 

The study of flow systems which compose of a porous medium and a 
homogenous fluid has attracted much attention since they occur in a wide range of the 
industrial and environmental applications. Examples of practical applications are: 
flow past porous scaffolds in bioreactors, drying process, electronic cooling, ceramic 
processing, and overland flow during rainfall, and ground-water pollution. 

In the single-domain approach, the composite region is considered as a 
continuum and one set of general governing equations is applied for the whole 
domain. The explicit formulation of boundary conditions is avoided at the interface 
and the transitions of the properties between the fluid and porous medium are 
achieved by certain artifacts. Although this method is relatively easier to implement, 
the flow behavior at the interface may not be simulated properly, depending on how 
the code is structured. 

In the two-domain approach, two sets of governing equations are applied to 
describe the flow in the two regions and additional boundary conditions are applied at 
the interface to close the two set of equations. This method is more reliable since it 
tries to simulate the flow behavior at the interface. Hence, in the present study, the 
two-domain approach, and the implementation of the interface boundary conditions, 
will be considered. 

Fluid flow in a porous medium is a common phenomenon in nature, and in 
many fields of science and engineering. Important everyday flow phenomena include 
transport of water in living plants and trees, and fertilizers or wastes in soil. Moreover, 
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there is a wide variety of technical processes that involve fluid dynamics in various 
branches of process industry. The importance of improving our understanding of such 
processes arises from the high amount of energy consumed by them. In oil recovery, 
for example, a typical problem is the amount of unrecovered oil left in oil reservoirs 
by traditional recovery techniques. In many cases the porous structure of the medium 
and the related fluid flow are very complex, and detailed studies of these flows pose 
demanding tasks even in the case of stationary single-fluid flow. In experimental and 
theoretical work on fluid flow in porous materials it is typically relevant to find 
correlations between material characteristics, such as porosity and specific surface 
area, and flow properties. The most important phenomenological law governing the 
flow properties, first discovered by Darcy, defines the permeability as conductivity to 
fluid flow of the porous material. Permeability is given by the coefficient of linear 
response of the fluid to a non-zero pressure gradient in terms of the flux induced. 
Some of the material properties that affect the permeability, e.g. tortuosity, are 
difficult to determine accurately with experimental techniques, which have been, for a 
long time, the only practical way to study many fluid-dynamical problems. 
Improvement of computers and the subsequent development of methods of 
computational fluid dynamics (CFD) have gradually made it possible to directly solve 
many complex fluid-dynamical problems. Flow is determined by its velocity and 
pressure fields, and the CFD methods typically solve these in a discrete computational 
grid generated in the fluid phases of the system. Traditionally CFD has concentrated 
on finding solution to differential continuum equations that govern the fluid flow. The 
results of many conventional methods are sensitive to grid generation which most 
often can be the main effort in the application. A successfully generated grid is 
typically an irregular mesh including knotty details that follow the expected 
streamlines. 
 

Transport in a porous media can be due to several different mechanisms. Three 
of these mechanisms are often considered most dominant: molecular diffusion, 
capillary diffusion, and convection (Darcy flow). 
The Darcy law has been derived as follows: we consider a macroscopic porous 
medium which has a cross section A and overall length L, and we impose an oriented 
fluid flow rate Q


 , to flow through it .When a steady state is reached, the induced 

hydrostatic pressure gradient p


 is related to Q


 by the vectorial formula : 
Fluid dynamics (also called fluid mechanics) is the study of moving 

(deformable) matter, and includes liquids and gases, plasmas and, to some extent, 
plastic solids. From a ’fluid-mechanical’ point of view, matter can, in a broad sense, 
be considered to consist of fluid and solid, in a one-fluid system the difference 
between these two states being that a solid can resist shear stress by a static 
deformation, but a fluid can not . Notice also that thermodynamically a distinction 
between the gas and liquid states of matter cannot be made if temperature is above 
that of the so-called critical point, and below that temperature the only essential 
differences between these two phases are their differing equilibrium densities and 
compressibility. 
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where g is the acceleration of the gravity  field, f and f  are respectively the 
specific mass and the dynamic viscosity of fluid, m

  the filtration velocity over the 
cross section A. Formula (1.23) defines a second order symmetrical tensor K , the 
permeability. It takes into account the macroscopic influence of the porous structure 
from the “resistance to the flow” point of view. The more permeable a porous medium 
is, the less it will resist to an imposed flow. The permeability is an intrinsic property 
of the porous matrix, based only on geometrical considerations, and is expressed in 
[m2]. The tensorial character of K  reflects the porous matrix anisotropy. 
 

At the surface of the textile, two processes occur simultaneously in drying: 
heat transfer from the air to the drying surface and mass transfer from the drying 
surface to the surrounding air. The energy transfer between a surface and a fluid 
moving over the surface is traditionally described by convection. The unbound 
moisture on the surface of the material is first vaporised during the constant drying 
rate period. 
Heat transfer by convection is described as 

 SA TTAh
dt
dQ

         (0-24) 

 
where dQ/dt is the rate of heat transfer, h ]/[ 2 KmW  is the average heat transfer 
coefficient for the entire surface, A. ST  is the temperature of the material surface and 

AT  is the air temperature. The temperature on the surface is close to the wet bulb 
temperature of the air when unbound water is evaporated (Bejan et al.2004). 
A similar equation describes the convective mass transfer. The total molar transfer 
rate of water vapour from a surface, dtdN v /  [kmol/s], is determined by 
 

 SvAvm
v CCAh

dt
dN

,,         (0-25) 

 
 
where mh  [m/s] is the average convection mass transfer coefficient for the entire 
surface, AvC ,  is the molar concentration of water vapour in the surrounding air and 

SvC , is the molar concentration on the surface of the solid with the units of [kmol/m3]. 
During the constant drying rate period the drying rate is controlled by the heat and/or 
mass transfer coefficients, the area exposed to the drying medium, and the difference 
in temperature and relative humidity between the drying air and the wet surface of the 
material (Bejan et al. 2004). 
 

The average convection coefficients depend on the surface geometry of the 
material and the flow conditions. The heat transfer coefficient, h , can be determined 
by the average Nusselt number, uN : 
 

 PrRe,f
k

LhuN
A

         (0-26) 
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where Ak  is the heat conductivity for the air and L is the characteristic length ofthe 
surface of interest. uN shows the ratio of the heat transfer that depends on convection 
to the heat transfer that depends on conduction in the boundary layer. The Nusselt 
number is a function of the Reynold number,Re, and the Prantdl- number,Pr. Pr is the 
relation between the thickness of the thermal and the velocity boundary layers. If 
Pr=1, the thickness of the thermal and velocity boundary layers are equal. For air 
Pr=0.7 (Incropera & DeWitt 2002). To determine the mass transfer coefficient, mh  , 
the average Sherwood-number, hS  is used: 
 

 Scf
D

LhhS
AS

m Re,        (0-27) 

 
 
where ASD  is the diffusion coefficient. hS  is a function of the Reynold number, Re, 
and the Schmidt number, Sc, which is the relation between the thickness of the 
concentration and the velocity boundary layers. 
 
 

Water vapour in the porous media can move by molecular or Fickian diffusion 
if the pores are large enough. Molecular diffusion is described by Fick's law 
 

x
cDJ



          (0-28) 

Where D is the molecular diffusivity.  
 

In a fiber such as textile the diffusion does not only depend on the difference 
in concentration but also on the characteristics of the textile as described by Keey 
(1995). He describes the moisture movement as being dependent on the density of the 
solid, which is a function of the moisture content as the fiber swells or shrinks in 
response to the moisture that is present. 
 

Flow in porous media plays an important role in many areas of science and 
engineering. Examples of the application of porous media flow phenomena are as 
diverse as flow in human lungs or flow due to solidification in the mushy zone of 
liquid metals. 

Flow in porous media is difficult to be accurately modeled quantitatively. 
Richards equation can give good results, but needs constitutive relations. These are 
usually empirically based and require extensive calibration. The parameters needed in 
the calibration are amongst others: capillary pressure and pressure gradient, 
volumetric flow, liquid content, irreducible liquid content, and temperature. In 
practice it is usually too demanding to measure all these parameters. 

The description of the behavior of fluids in porous media is based on 
knowledge gained in studying these fluids in pure form. Flow and transport 
phenomena are described analogous to the movement of pure fluids without the 
presence of a porous medium. The presence of a permeable solid influences these 
phenomena significantly. The individual description of the movement of the °uid 
phases and their interaction with the solid phase is modeled by an up-scaled porous 
media flow equation. The concept of up-scaling from small to large scales is widely 
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used in physics. Statistical physics translates the description of individual molecules 
into a continuum description of different phases, which in turn is translated by volume 
averaging into a continuum porous medium description. 
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1 
 

Basic concepts of heat transfer through fabrics 
 
 
 
 
 
 

1.1. Introduction 
 
Philosophers tell us  that man is an “unfinished being”. This is certainly true in the 
man (Homo sapiens) has had to devise a ‘second skin’ called clothing, a product made 
from a material called fabric. Properly engineered (designed) fabrics and clothing 
permit people to (a) live in most of the locations on planet earth from Sahara Desert to 
Polar region environmental conditions, (b) explore lake and ocean depths as well as 
the earth’s moon, and (c) travel in interplanetary space. Clothing also functions to 
protect people from hazardous substances in their environment. For thermal 
equilibrium of man in his environment, it is convenient for the parameters related to 
the ambiance (air and radiant temperatures, air velocity and humidity) and for those  
concerning man (activity and clothing) to compensate their effects. In temperate 
climates this is possible, whereas in hot or cold climates constraints on lifestyle 
necessarily exist. 
 For millenniums, textile fabrics have been improved to assist in thermal and 
moisture regulation to and from human body through engineering of fibers, yarns and 
fabric construction, and developing fabric finishes. Fabric can thus be designed to (a) 
offer a specific rate of loss of insensible perspiration thus assisting the skin in 
conserving essential levels of body fluids or to cool the body, (b)  offer specific rates 
of heat loss to keep the body in a cold environment at its critical internal temperature, 
(c) keep cold water from reaching the skin and causing the body to become too cold, 
(d) absorb solar ultraviolet radiation and toxic gases, (e) and completely block the 
transport of harmful fluids such as blood-containing pathogens through it. Now, new 
technologies are permitting the production of ‘intelligent’ textiles; textiles capable of 
sensing changes in environmental conditions or body functioning and responding to 
those changes. Fabrics may now contain a chemical that senses a change in 
environmental temperature and respond by releasing heat when the temperature 
decreases. It should be noted that, the total heat loss from skin is made up of two 
parts, the heat loss by evaporation and the heat loss by conduction, convection and 
radiation. Under normal conditions the loss of heat by evaporation takes place in the 
form of insensible perspiration which accounts for approximately 15% of the heat loss 
through the skin. In cases of hard physical exertion or in tropical conditions the heat 
loss by evaporation is enhanced by sweating, when the skin becomes covered with a 
film of water. Meanwhile, fabrics today may have integrated sensors to detect heart 
arrhythmia and respond by alerting the wearer of this physiological event. Other 
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fabrics may contain carrier molecules that absorb substances from the skin, detect 
changes in levels of those substances, and respond by releasing a therapeutic or 
cosmetic compound to the skin. 
 The wearing of a ‘second skin’ is, unfortunately, not without problems. Potential 
health risks are introduced. Most fabrics that people wear every day are flammable 
materials and thus can burn the skin if accidentally ignited. Fabrics that are meant to 
protect from hazardous substance may not permit the necessary amounts of heat and 
moisture transfer from the skin to the external environment under all wearing 
conditions. The amount of water retained in a fabric is traditionally expressed as some 
function of the fabric weight. This is valid, useful, and convenient method for many 
purposes. It is quite obvious that any water beyond that actually sorbed in the fibers 
must be retained as liquid water within the voids of the fabric structure. Generally, 
such free volumes are considerably greater than the volume of fibers which provide 
the space matrix of the fabric. For the liquid water held in a fabric, the fiber network 
constitutes an elaborately shaped vessel with peculiar and specific wall properties. 
 Heat and mass transfer in wet porous media are coupled in a complicated way. 
The structure of the solid matrix varies widely in shape. There is, in general, a 
distribution of void sizes, and the structures may also be locally irregular. Energy 
transport in such a medium occurs by conduction in all of the phases. Mass transport 
occurs within voids of the medium. In an unsaturated state these voids are partially 
filled with a liquid, whereas the rest of the voids contain some gas. It is a common 
misapprehension that nonhygroscopic fibers (i.e., those of low intrinsic for moisture 
vapor) will automatically produce a hydrophobic fabric. The major significance of the 
fine geometry of a textile structure in contributing to resistance to water penetration 
can be stated in the following manner :  
The requirements of a water repellent fabric are (a) that the fibers shall be spaced 
uniformly and as far apart as possible and (b) that they should be held so as to prevent 
their ends drawing together. In the meantime, wetting takes place more readily on 
surfaces of high fiber density and in a fabric where there are regions of high fiber 
density such as yarns, the peripheries of the yarns will be the first areas to wet out and 
when the peripheries are wetted, water can pass unhindered through the fabric. The 
ease of penetration, which controls both the extent of liquid uptake and dependent 
upon the spatial disposition of the fiber surfaces.  
 For thermal analysis of wet fabrics, the liquid is water and the gas is air. 
Evaporation or condensation occurs at the interface between the water and air so that 
the air is mixed with water vapor. A flow of the mixture of air and vapor may be 
caused by external forces, for instance, by an imposed pressure difference. The vapor 
will also move relative to the gas by diffusion from regions where the partial pressure 
of the vapor is higher to those where it is lower.  
 Again, heat transfer by conduction, convection, and radiation and moisture 
transfer by vapor diffusion are the most important mechanisms in very cool or warm 
environments from the skin. 
 Meanwhile, Textile manufacturing involves a crucial energy-intensive drying 
stage at the end of the process to remove moisture left from dye setting. Determining 
drying characteristics for textiles, such as temperature levels, transition times, total 
drying times and evaporation rates, etc  is vitally important so as to optimize the 
drying stage. In general, drying means to make free or relatively free from a liquid. 
We define it more narrowly as the vaporization and removal of water from textiles. 
 
 In this book, two types of heat source are considered: 
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- dryers (chapters 2-4) and  
- skin (chapter 5). 
 
 

1.2. Heat  
  
When a wet fabric is subjected to thermal drying two processes occur simultaneously, 
namely: 

c) Transfer of heat to raise the wet fabric temperature and to evaporate the 
moisture content. 

d) Transfer of mass in the form of internal moisture to the surface of the fabric 
and its subsequent evaporation.  

The rate at which drying is accomplished is governed by the rate at which these two 
processes proceed. Heat is a form of energy that can across the boundary of a system. 
Heat can, therefore, be defined as “the form of energy that is transferred between a 
system and its surroundings as a result of a temperature difference”. There can only be 
a transfer of energy across the boundary in the form of heat if there is a temperature 
difference between the system and its surroundings. Conversely, if the system and 
surroundings are at the same temperature there is no heat transfer across the boundary. 
 Strictly speaking, the term “heat” is a name given to the particular form of energy 
crossing the boundary. However, heat is more usually referred to in thermodynamics 
through the term “heat transfer”, which is consistent with the ability of heat to raise or 
lower the energy within a system. 
 There are three modes of heat transfer: 
- convection 
- conduction 
- radiation 
 
 All three are different. Convection relies on movement of a fluid. Conduction 
relies on transfer of energy between molecules within a solid or fluid. Radiation is a 
form of electromagnetic energy transmission and is independent of any substance 
between the emitter and receiver of such energy. However, all three modes of heat 
transfer rely on a temperature difference for the transfer of energy to take place. 
 The greater the temperature difference the more rapidly will the heat be 
transferred. Conversely, the lower the temperature difference, the slower will be the 
rate at which heat is transferred. When discussing the modes of heat transfer it is the 
rate of heat transfer Q that defines the characteristics rather than the quantity of heat. 
 As it was mentioned earlier, there are three modes of heat transfer, convection, 
conduction and radiation. Although two, or even all three, modes of heat transfer may 
be combined in any particular thermodynamic situation, the three are quite different 
and will be introduced separately. 
 The coupled heat and liquid moisture transport of porous material has wide 
industrial applications in textile engineering and functional design of apparel 
products. Heat transfer mechanisms in porous textiles include conduction by the solid 
material of fibers, conduction by intervening air, radiation, and convection. 
Meanwhile, liquid and moisture transfer mechanisms include vapor diffusion in the 
void space and moisture sorption by the fiber, evaporation, and capillary effects. 
Water vapor moves through textiles as a result of water vapor concentration 
differences. Fibers absorb water vapor due to their  internal chemical compositions 
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and structures. The flow of liquid moisture through the textiles is caused by fiber-
liquid molecular attraction at the surface of fiber materials, which is determined 
mainly by surface tension and effective capillary pore distribution and pathways. 
Evaporation and/or condensation take place, depending on the temperature and 
moisture distributions. The heat transfer process is coupled with the moisture transfer 
processes with phase changes such as moisture sorption/desorption and 
evaporation/condensation. 
 Mass transfer in the drying of a wet fabric will depend on two mechanisms: 
movement of moisture within the fabric which will be a function of the internal 
physical nature of the solid and its moisture content; and the movement of water 
vapour from the material surface as a result of water vapour from the material surface 
as a result of external conditions of temperature , air humidity and flow, area of 
exposed surface and supernatant pressure. 
 
 

1.3.  Convection heat transfer 
 
A very common method of removing water from textiles is convective drying. 
Concevtion is a mode of heat transfer that takes place as a result of motion within a 
fluid. If the fluid, starts at a constant temperature and the surface is suddenly 
increased in temperature to above that of the fluid, there will be convective heat 
transfer from the surface to the fluid as a result of the temperature difference. Under 
these conditions the temperature difference causing the heat transfer can be defined 
as: 
 

T  = surface temperature-mean fluid temperature 
 
Using this definition of the temperature difference, the rate of heat transfer due to 
convection can be evaluated using Newton’s law of cooling: 
 

TAhQ c            (1.1) 
 
where A is the heat transfer surface area and hc  is the coefficient of heat transfer from 
the surface to the fluid, referred to as the “convective heat transfer coefficient”. 
 The units of the convective heat transfer coefficient can be determined from the 
units of other variables: 
 

KmhW

TAhQ

c

c
2)(


 

 
so the units of hc  are W m K/ 2 . 
The relationship given in equation (1.1) is also true for the situation where a surface is 
being heated due to the fluid having higher temperature than the surface. However, in 
this case the direction of heat transfer is from the fluid to the surface and the 
temperature difference will now be 
 

T mean fluid temperature-surface temperature 
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The relative temperatures of the surface and fluid determine the direction of heat 
transfer and the rate at which heat transfer take place. 
 As given in equation (1.1), the rate of heat transfer is not only determined by the 
temperature difference but also by the convective heat transfer coefficient hc . This is 
not a constant but varies quite widely depending on the properties of the fluid and the 
behaviour of the flow. The value of hc  must depend on the thermal capacity of the 
fluid particle considered, i.e. mCp  for the particle. In other words the higher the 
density and Cp  of the fluid the better the convective heat transfer. 
 Two common heat transfer fluids are air and water, due to their widespread 
availability. Water is approximately 800 times more dense than air and also has a 
higher value of Cp . If the argument given above is valid then water has a higher 
thermal capacity than air and should have a better convective heat transfer 
performance. This is borne out in practice because typical values of convective heat 
transfer coefficients are as follows: 
 
 

Fluid  h W m Kc / 2  

water 500-10000 
air 5-100 

 
 
The variation in the values reflects the variation in the behaviour of the flow, 
particularly the flow velocity, with the higher values of hc  resulting from higher flow 
velocities over the surface. 
 Polyester fiber-containing fabrics are mostly heat-set on a pin-stenter. Hot air is 
usually employed and is directed from above and below by jets onto the material. A 
controlled lengthwise and widthwise shrinkage is possible on this machine; the width 
of the frame and the overfeed can be  adapted to the shrinkage to be expected. To 
ensure a good flow of hot air between the selvedge and the pin chain, and to avoid an 
impression of the pin-bed on the edge of the material, it is recommended that use be 
made of hook shaped pins or pins with a thickened base or the like. "Quenching" of 
material is a cooling zone by blowing on cold air. 
 

1.4. Conduction heat transfer 
 
If a fluid could be kept stationary there would be no convection taking place. 
However, it would still be possible to transfer heat by means of conduction. 
Conduction depends on the transfer of energy from one molecule to another within the 
heat transfer medium and , in this sense, thermal conduction is analogous to electrical 
conduction. 
 Conduction can occur within both solids and fluids. The rate of heat transfer 
depends on a physical property of the particular solid of fluid, termed its thermal 
conductivity k, and the temperature gradient across the medium. The thermal 
conductivity is defined as the measure of the rate of heat transfer across a unit width 
of material, for a unit cross-sectional area and for a unit difference in temperature. 
From the definition of thermal conductivity k it can be shown that the rate of heat 
transfer is given by the relationship : 
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x
TkAQ 

          (1.2) 

where T  is the temperature difference 21 TT  , defined by the temperature  on the 
either side of the fabric. The units of thermal conductivity can be determined from the 
units of the other variables: 
 

mKmkW
xTkAQ

/)(
/

2


 

 
so the unit of k are mKmW // 2 , expressed as W/mK. 
 
 

1.5. Radiation heat transfer 
 
The third mode of heat transfer , radiation, does not depend on any medium for its 
transmission. In fact, it take place most freely when there is a perfect vacuum between 
the emitter and the receiver of such energy. This is proved daily by the transfer of 
energy from the sun to the earth across the intervening space. 

Radiation is a form of electromagnetic energy transmission and takes place 
between all matter providing that it is at a temperature above absolute zero. Infra-red 
radiation form just part of the overall electromagnetic spectrum. Radiation is energy 
emitted by the electrons vibrating in the molecules at the surface of a body. The 
amount of energy that can be transferred depends on the absolute temperature of the 
body and the radiant properties of the surface. 

A body that has a surface that will absorb all the radiant energy it receives is 
an ideal radiator , termed a "black body". Such a body will not only absorb radiation 
at a maximum level but will also emit radiation at a maximum level. However, in 
practice, bodies do not have the surface characteristics of a black body and will 
always absorb, or emit, radiant energy at a lower level than a black body. 

It is possible to define how much of the radiant energy will be absorbed, or 
emitted, by a particular surface by the use of a correction factor, known as the 
"emissivity" and given the symbol ε. The emmisivity of a surface is the measure of 
the actual amount of radiant energy that can be absorbed, compared to a black body. 
Similarly, the emissivity defines the radiant energy emitted from a surface compared 
to a black body. A black body would , therefore, by definition, has an emissivity ε of 
1. It should be noted that the value of emissivity is influenced more by the nature of 
texture of clothes, than its colour. The practice of wearing white clothes in preference 
to dark clothes in order to keep cool on a hot summer's day is not necessarily valid. 
The amount of radiant energy absorbed is more a function of the texture of the clothes 
rather than the colour. 
Since world war II , there have been major developments in the use of microwaves for 
heating applications. After this time it was realized that microwaves had the potential 
to provide rapid, energy-efficient heating of materials. This main applications of 
microwave heating today include food processing, wood drying, plastic and rubber 
treating as well as curing and preheating of ceramics. Broadly speaking, microwave 
radiation is the term associated with any electromagnetic radiation in the microwave 
frequency range of 300 MHz-300 Ghz. Domestic and industrial microwave ovens 
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generally operate at a frequency of 2.45 Ghz corresponding to a wavelength of 12.2 
cm. However, not all materials can be heated rapidly by microwaves. Materials may 
be classified into three groups, i.e. conductors insulators and absorbers. Materials that 
absorb microwave radiation are called dielectrics, thus, microwave heating is also 
referred to as dielectric heating. Dielectrics have two important properties: 
 
 -They have very few charge carriers. When an external electric field is applied 
there is very little change carried through the material matrix. 
 - The molecules or atoms comprising the dielectric exhibit a dipole movement 
distance. An example of this is the stereochemistry of covalent bonds in a water 
molecule, giving the water molecule a dipole movement. Water is the typical case of 
non-symmetric molecule. Dipoles may be a natural feature of the dielectric or they 
may be induced. Distortion of the electron cloud around  non-polar molecules or 
atoms through the presence of an external electric field can induce a temporary dipole 
movement. This movement generates friction inside the dielectric and the energy is 
dissipated subsequently as heat. 
 The interaction of dielectric materials with electromagnetic radiation in the 
microwave range results in energy absorbance. The ability of a material to absorb 
energy while in a microwave cavity is related to the loss tangent of the material. 
 This depends on the relaxation times of the molecules in the material, which, in 
turn, depends on the nature of the functional groups and the volume of the molecule. 
Generally, the dielectric properties of a material are related to temperature, moisture 
content, density and material geometry. 
 An important characteristic of microwave heating is the phenomenon of “hot 
spot” formation, whereby regions of very high temperature form due to non-uniform 
heating. This thermal instability arises because of the non-linear dependence of the 
electromagnetic and thermal properties of material on temperature. The formation of 
standing waves within the microwave cavity results in some regions being exposed to 
higher energy than others. This result in an increased rate of heating in these higher 
energy areas due to the non-linear dependence. Cavity design is an important factor in 
the control, or the utilization of this “hot spots” phenomenon. 
 Microwave energy is extremely efficient in the selective heating of materials as 
no energy is wasted in “bulk heating” the sample. This is a clear advantage that 
microwave heating has over conventional methods. Microwave heating processes are 
currently undergoing investigation for application in a number of fields where the 
advantages of microwave energy may lead to significant savings in energy 
consumption, process time and environmental remediation. 
 Compared with conventional heating techniques, microwave heating has the 
following additional advantages : 
-higher heating rates; 
-no direct contact between the heating source and the heated material; 
-selective heating may be achieved; 
-greater control of the heating or drying process; 
-reduced equipment size and waste. 
 

1.6. Combined heat transfer coefficient 
 
For most practical situations, heat transfer relies on two, or even all three modes 
occurring together. For such situations, it is inconvenient to analyse each mode 
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separately. Therefore, it is useful to derive an overall heat transfer coefficient that will 
combine the effect of each mode within a general situation. The heat transfer in moist 
fabrics takes place through three modes, conduction, radiation, and the process of 
distillation. With a dry fabric, only conduction and radiation are present. 
 

1.7. Porosity and pore size distribution in fabric 
 
The amount of porosity, i.e., the volume fraction of voids within  the fabric, 
determines the capacity of a fabric to hold water; the greater the porosity, the more 
water the fabric can hold. Porosity is obtained by dividing  the total volume of water 
extruded from fabric sample by the volume of the sample: 
 
Porosity = volume of water/volume of fabric 
 = (volume of water per gram sample)(density of sample) 
 
It should be noted that most of water is stored between the yarns rather than within 
them. In the other words ,  all the water can be accommodated by the pores within the 
yarns, and it seems likely that the water is chiefly located there. It should be noted that 
pores of different sizes are distributed within a fabric (Figure 1.1). By a porous 
medium we mean a material consisting a solid matrix with an interconnected void. 
The interconnectedness of the pores allows the flow of  fluid through the fabric. In the 
simple situation (“single phase flow”) the pores is saturated by a single fluid. In “two-
phase flow” a liquid and a gas share the pore space. As it is shown clearly in Figure 1, 
in fabrics the distribution of pores with respect to shape and size is irregular. On the 
pore scale (the microscopic scale) the flow quantities (velocity, pressure, etc.) will 
clearly be irregular.   

The usual way of driving the laws governing the macroscopic variables is to begin 
with standard equations obeyed by the fluid and to obtain the macroscopic equations 
by averaging over volumes or areas containing  many pores. 
In defining porosity we may assume that all the pore space is connected. If in fact we 
have to deal with a fabric in which some of the pore space is disconnected from the 
reminder, then we have to introduce a “effective porosity”, defined as the ratio of the 
connected pore to total volume.   
A further complication arises in forced convection in fabric which is a porous 
medium. There may be significant thermal dispersion, i.e., heat transfer due to 
hydrodynamic mixing of the fluid at the pore scale. In addition to the molecular 
diffusion of heat, there is mixing due to the nature of  the fabric. 
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Figure 1.1. Pore size distribution within a fabric 
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1.8. Moisture permeation of clothing: A factor 
governing thermal equilibrium and comfort 
 
Some of the issues of clothing comfort that are most readily involve the mechanisms 
by which clothing materials influence heat and moisture transfer from skin to the 
environment. Heat transfer by conduction, convection, and radiation and moisture 
transfer by vapor diffusion are the most important mechanisms in very cool or warm 
environments from the skin   
 It has been recognized that the moisture-transport process in clothing under a 
humidity transient is one of the most important factors influencing the dynamic 
comfort of a wearer in practical wear situations. However, the moisture transport 
process is hardly a single process since it is coupled with the heat-transfer process 
under dynamic conditions. Some materials will posses properties promoting rapid 
capillary and diffusion movement  of moisture to the surface and the controlling factor 
will be the rate at which surface evaporation can be secured. In the initial stages of 
drying materials of high moisture content, also it is important to obtain the highest 
possible rate of surface evaporation. This surface evaporation is essentially the 
diffusion of vapour from the surface of the fabric to the surrounding atmosphere 
through a relatively stationary film of air in contact with its surface. This air film, in 
addition to presenting a resistance to the vapour flow, is itself a heat insulant. The 
thickness of this film rapidly decreases with increase in the velocity of the air  in 
contact with it whilst never actually disappearing. The inner film of air in contact with 
the wet fabric remains saturated with vapour so long as the fabric surface has free 
moisture present. This results in a vapor pressure gradient through the film from the 
wetted solid surface to the outer air and , with large air movements, the rate of 
moisture diffusion through the air film will be considerable. The rate of diffusion, and 
hence evaporation of the moisture will be directly proportional to the exposed area of 
the fabric, inversely proportional to the film thickness and directly proportional to the 
inner film surface and the partial pressure of the water vapour in the surrounding air. 
It is of importance to note at this point that, since the layer of air film in contact with 
the wetted fabric undergoing drying remains saturated at the temperature of the area 
of contact, the temperature of the fabric surface whilst still possessing free moisture 
will lie very close to wet-bulb temperature of the air. 
 
 

1.9. Moisture in fibers 
 
The amount of moisture that a fiber can take up varies markedly, as Table 1.1 shows. 
At low relative humidities, below 0.35, water is adsorbed monomolecularly by many 
natural fibers.. From thermodynamic reasoning, we expect the movement of water 
through a single fiber to occur at a rate that depends on the chemical potential 
gradient. Meanwhile, moisture has a profound effect on the physical properties of 
many fibers. Hygroscopic fibers will swell as moisture is sorbed and shrink as it is 
driven off. Very wet fabrics lose the moisture trapped between the threads first, and 
only when the threads themselves dry out will shrinkage begin. The change in volume 
on shrinkage is normally assumed to be linear with moisture content. With 
hydrophilic materials moisture is found to reduce stiffness and increase creep, 
probably as a result of plasticization. Variations in moisture content can enhance 
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creep. To describe movement of moisture at equilibrium relative humidities below 
unity, the idea of sorptive diffusion can be applied. Only those molecules with kinetic 
energies greater than the activation energy of the moisture-fiber bonds can migrate 
from one site to another. The driving force for sorptive diffusion is considered to be 
the spreading pressure, which acts over molecular surfaces in two-dimensional 
geometry and is similar to the vapour pressure, which acts over three dimensional 
space[1]. 
 
 

Table 1.1. Smoothed values of dry-basis moisture content (kg/kg) for the 
adsorption of water vapour at 30˚C onto textile fibers [1] 

 

Fiber Mc=0.2 Mc=0.5 Mc=1.0 

Cotton 0.0305 0.0565 0.23 

Cotton, mercerised 0.042 0.0775 0.335 

Nylon 6.6, drawn 0.0127 0.0287 0.05 

Orlon (50˚C) 0.0031 0.0088 0.05 

Cupro 0.0515 0.0935 0.36 

Polyester 0.0014 0.0037 0.03 

Viscose 0.034 0.062 0.25 

Wool 0.062 0.09 0.38 
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2 
 

 
 

 
Convection heat transfer in textiles 

 
 
 
 
 

The objective of any drying process is to produce a dried product of desired 
quality at minimum cost and maximum throughput possible. A very common method 
of removing water from textiles is convective drying. Hot air is used as the heat 
transfer medium and is exhausted to remove vaporized water. Considerable thermal 
energy, is required to heat make-up air as the hot air is exhausted. The effect of 
humidity on the drying rate of textiles depends on both gas stream temperature and 
flow rate, and are much larger in the warm-up and constant rate periods than in the 
falling rate period.  

 

2.1. Introduction 
 
When faced with a drying problem on an industrial scale, many factors have to be 
taken into account in selecting the most suitable type of dryer  to install and the 
problem requires to be analysed from several standpoints. Even an initial analysis of 
the possibilities must be backed up by a pilot-scale tests unless previous experience 
has indicated the type most likely to be suitable. The accent today, due to high labour 
costs, is on continuously  operating unit equipment, to what extent possible 
automatically controlled. In any event, the selection of a suitable dryer should be 
made in two stages, a preliminary selection based on the general nature of the problem 
and the textile material to be handled, followed by a final selection based on pilot-
scale tests or previous experience combined with economic considerations. 

Textile manufacturing involves a crucial energy-intensive drying stage at the 
end of the process to remove moisture left from dye setting. Determining drying 
characteristics for textiles, such as temperature levels, transition times, total drying 
times, and evaporation rates, is vitally important so as to optimize the drying stage. 
Meanwhile, a textile material undergoes some physical and chemical changes that can 
affect the final textile quality. 

The stenter is the universal machine for treating textile fabric in web form. It 
can be used for drying, heat-setting, curing, permanent finishing and even 
thermosolling, as well as many other processes. In the course of these operation the 
fabric can be stretched or shrunk in longitudinal and cross directions. On the one 
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hand, the stenter should be able to treat highly elastic, light-weight and extremely 
delicate fabric types with care and, on the other, be suitable for carrying out drying or 
coating processes with heavy materials, right to felts and carpets. The sensitivity of a 
material to temperature will have an important bearing on the choice of dryer. 
 
 
 
 

2.2. Effect of humidity on the drying rate 
 

A typical drying curve showing moisture content versus time is illustrated in 
Figure 2.1. It should be noted that the slope of this curve is the drying rate, at which 
moisture is being removed. The curve begins with a warm-up period, where the 
material is heated and the drying rate is usually low. As the material heats up, the rate 
of drying increases to a peak rate that is maintained  for a period of time known as the 
constant rate period. Eventually, the moisture content of the material drops to a level, 
known as the critical moisture content, where the high rate of evaporation cannot be 
maintained. This is the beginning of the falling rate period. During falling rate period, 
the moisture flow to the surface is insufficient to maintain saturation  at the surface. 
This period can be divided into the first and second falling rate periods. The first 
falling rate period is a transition between the constant rate period and the second 
falling rate period. In the constant rate period, external variables such as gas stream 
humidity, temperature, and flow rate dominate. In the second falling rate period, 
internal factors such as moisture and energy transport in the textile material dominate. 
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   Figure 2.1. A typical moisture content profile for textile material 
  
 

Although much of the water is removed in the constant rate period of drying, the 
time required to reduce the moisture in the product to the desired value can depend on 
the falling rate period. If the target moisture content is significantly lower than the 
critical moisture content, the drying rates in the falling rate period become important. 

Time  

A B C D 

Critical moisture content 

A= warm-up period 
 
B= constant rate period 
 
C= 1st falling rate period 
 
D= 2nd falling rate period 
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 The drying process can also be represented by a plot of drying rate versus 
moisture content, as illustrated if Figure 2.2. In this plot, time proceeds from right to 
left. The warm-up period is on the far right, and the constant rate period corresponds 
to the plateau region. The falling rate period is the section between the plateau region 
and the origin. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2.2.  A typical drying rate profile for textile material 

 
 

2.2.1. Constant rate period and Falling rate period 
  
During the constant rate period, evaporation is taking place from the fabric surface. 
The rate of drying is essentially that of the evaporation of the liquid component under 
the conditions of temperature and air flow during the process. High air velocities will 
reduce the thickness of the stationary gas film on the surface of textile material and 
hence increase the heat and mass transfer coefficients. In commercial forced 
convection dryers the effects of heat transfer by conduction and radiation may be 
appreciable, due to the fact that the material surface temperatures are higher than the 
wet-bulb temperature of the drying air. Thus in stenter dryer, the drying rate in the 
constant rate period may be higher than that calculated values through the effect of 
radiation. 
  As has been stated earlier, the period of constant rate of evaporation from wet 
textile material is followed by a period during which the rate of drying progressively 
decreases, the transition from one period to the other taking place at the point of 
critical moisture content of the textile material. During the constant rate drying period, 
surface of the exposed textile material is completely wetted, at the change to falling 
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rate period some of the fabric surfaces will be still wet and some dry depending 
largely on the physical form of the textile material being dried. The rate of 
evaporation of the less moist surfaces will be lower than that of the completely wetted 
portions, the net result being a falling off in the rate of drying as drying proceeds 
when compared with the rate during the constant rate period. The rate of drying in this 
part of the drying curve will still be affected by factors which influence the constant 
rate drying period as discussed earlier. Once all the exposed surfaces of the textile 
material cease to be wetted, however, the rate of drying will be a function of the rate 
at which moisture or moisture vapour can move physically by diffusion and capillarity 
from within the fabric to its surface. 
 
 

2.3. Convective heat transfer rate 
 

Many investigators have attempted to explain the effects of humidity on 
drying rates and the existence of inversion temperatures. The explanations are usually 
based on changes that occur in convective heat transfer, radiative heat transfer, and 
mass transfer as the humidity and temperature of the gas stream change. 
 At a given gas stream temperature, convective heat transfer rates can change as 
the humidity in the gas stream is varied, because product temperature and fluid 
properties vary with humidity. These effects can be explained using the following 
relationship for the convective heat transfer rate: 
 

  ThTThAq s  /       (2.1) 
 
here  q/A is the convective heat transfer rate per unit surface area A,  h is the heat 
transfer coefficient,  
T  is the  free stream temperature of driving medium, sT  is the  surface temperature of 

textile material being dried, and sTTT    is the  temperature difference between 
the drying medium and the textile material being dried 
 Since product temperature is dependent on humidity, clearly T  is also 
dependent. Further, the heat transfer coefficient h is a function of both product 
temperature and fluid properties. Thus the convective heat transfer rate changes with 
humidity, as does the drying rate of a textile material. 
 

2.4. Equilibrium moisture content 
 

In considering a drying problem, it is important to establish at the earliest 
stage, the final or residual moisture content of the textile material which can be 
accepted. This is important in many hygroscopic materials and if dried below a certain 
moisture content they will absorb or “regain” moisture from the surrounding 
atmosphere depending upon its moisture and humidity. The material will establish a 
condition in equilibrium with this atmosphere and the moisture content of the material 
under this condition is termed the equilibrium  moisture content. Equilibrium moisture 
content is not greatly affected at the lower end of the atmospheric scale but as this 
temperature increases the equilibrium moisture content figure decreases, which 
explains why materials can in fact be dried in the presence of superheated moisture 
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vapour. Meanwhile, drying medium temperatures and humidities assume considerable 
importance in the operation of direct dryers. 
In  the more common drying operations met with in practice, the equilibrium moisture 
content of a material is important as drying may be carried out  unnecessarily far, 
resulting in a reduction in the capacity of a given drying installation and an 
unjustifiably high cost of drying. Thus, if the equilibrium moisture content of wool 
hanks in contact with normal ambient air is of the order of 13 to 14% on the wet-
weight basis there would be no point in drying to a much lower moisture content. 
Table 2.1 gives examples of the equilibrium moisture content in contact with air at 
different percentage relative humidities at 16 ºC. 
 
 
Table 2.1. Equilibrium moisture content (percentage on dry-weight baises) 
 

Material 20% r.h.a 30%r.h.a 40%r.h.a 50%r.h.a 60%r.h.a 

Wool (worsted) 9.5 13.0 16.5 18.5 21.5 

Cotton cloth 3.5 4.5 6.0 7.0 7.5 

Egyptian cotton 3.5 4.5 5.5 6.0 7.25 

Linen 2.75 3.5 4.5 5.1 6.0 

r.h.a = relative humidity of air 
 
 
It should be noted that two processes occur simultaneously during the thermal process 
of drying a wet textile material, namely, heat transfer in order to raise temperature of 
the wet textile material and to evaporate its moisture content together with mass 
transfer of moisture to the surface of the textile material and its evaporation from the 
surface to the surrounding atmosphere which, in convection dryers, is the drying 
medium. The quantity of air required to remove the moisture as liberated, as distinct 
from the quantity of air which will release the required amount of heat through a drop 
in its temperature in the course of drying, however, has to be determined from the 
known capacity of air to pick up moisture at a given temperature in relation to its 
initial content of moisture. For most practical purposes, moisture is in the form of 
water vapour but the same principles apply, with different values and humidity charts, 
for other volatile components. 
  

2.5. Inversion temperature 
 
Drying air will always have an advantage over drying in steam because ΔT in 
equation 2.1 is larger for drying in air; this is a consequence of sT  being very nearly 
the wet bulb temperature. The wet bulb temperature is lowest for dry air, increases 
with increasing humidity, and reaches the saturation temperature of water for a pure 
steam environment. Thus AIRT  will be larger than STEAMT   , but AIRT / STEAMT  
decreases with increasing T . Further, the heat transfer coefficient increases with 
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humidity. Apparently, the net effect of the changes in h and ΔT is the convective heat 
transfer rate increases faster for steam than for air with increasing temperature. Some 
authors indicated that this is the reason inversion temperature exist. If the dominant 
heat transfer mechanism is convection, this explanation is plausible.  
 The variation of gas stream properties with humidity has been reported to explain 
the existence of inversion temperatures by several investigators  [1, 2, 3, 4]. 
For example, Sheikholeslami and Watkinson [4] explain the existence of inversion 
temperatures based on the total transferable heat in the drying gas. This depends on 
the specific heat of the gas, the mass flow rate of the gas, and ΔT between the gas and 
the drying textile material. Further, Chung and Chow [1]  use a dimensionless 
correlation for the convective heat transfer coefficient in parallel flow to explain the 
existence of inversion temperatures. Large Renold's numbers and prandl numbers 
favor higher drying rates in steam, while the high thermal conductivity of air tends to 
offset these effects. This line of reasoning may be flawed according to Sheikholeslami 
and Watkinson [4] , who claim that convective heat transfer is altered in the presence 
of liquid evaporation. Thus, the correlations developed for heat transfer in the absence 
of drying may not be applicable to heat transfer with liquid evaporation. 
 Workers have proposed that in version temperatures are due to the higher 
radiative heat transfer in steam [ 5] . 
Differences in radiative heat transfer are grounded in the Stefan-Boltzmann law. 
Radiative heat transfer increases with the forth power of temperature, while 
convective heat transfer varies linearly with temperature. Thus, the relative 
importance of radiative heat transfer increases with temperature. Since the emissivity 
of steam is higher than that of air, radiative heat transfer from steam is greater at high 
temperatures. When the temperature increases sufficiently, the radiative heat transfer 
effects cause the drying rates in steam to equal those in air. 
 

2.6. Mass transfer  
 
In a specialized sense, the term “mass transfer” is the transport of a substance that is 
involved as a component (constituent, species) in a fluid mixture. An example is the 
transport of salt in saltine water. Moreover, convective mass transfer is analogous to 
convective heat transfer.  
Consider a batch of fluid of volume V and mass m. Let the subscript i refer to the ith 
component  of the mixture. The total mass is equal to the sum of the individual masses 

im  so  imm . Hence if the concentration of component i is defined as VmC ii /  
then the aggregate density   of the mixture must be the sum of all the individual 
concentrations,  iC . Clearly the unit of concentration is 3kgm . Instead of iC  
the alternative notation i  is appropriate if we think of each component spread out 
over the total volume V. 

When chemical reactions are of interest it is convenient to work in terms of an 
alternative description, one involving the concept of mole. By definition, a mole is the 
amount of substance that contains as many molecules as there are in 12 grams of 
carbon 12. That number of entities is 6.022  2310 (Avogadro’s constant). The molar 
mass of a substance is the mass of one mole of that substance. Hence, if there are n 
moles in a mixture of molar mass M and mass m, then Mmn /  . Similarly the 
number of moles in  in a mixture is the mass of that component divided by its molar 
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mass iM , iii Mmn / .  The mass fraction of component i is mmii /  so clearly 
1 i . Similarly the mole fraction of component i is nnx ii /  and 1 ix . To 

summarize, we have three alternative ways to deal with composition-a dimensional 
concept (concentration) and two dimensionless ratios (mass fraction and mole 
fraction). These quantities are related by iiii xMMC )/(  , where the 
equivalent molar mass (M) of the mixture is given by ii xMM  . If, for example, 
the mixture can be modeled as an ideal gas, then its equation of state is TmRPV m  
or nRTPV   , where the gas constant of the mixture )( mR  and the universal gas 
constant )(R  are related by mnRm /  , MRR m / . The partial pressure iP  of 
component i is the pressure we would measure if component i alone  were to fill the 
mixture volume V at the same temperature T as the mixture. Thus TRmVP mii    or 

.RTnVP ii   Summing these equations over i, we obtain Dalton’s law,  iPP , 
which states that the pressure of a mixture of gases at a specified volume and 
temperature is equal to the sum of the partial pressures of the components. Note that 

ii xPP / , and so using Equation iiii xMMC )/(   and ii xMM   we can 
relate iC  to iP . 

Mass transfer, as used here, is the transfer of moisture from the wet material to 
the gas stream. One explanation of  the existence of inversion temperatures is based 
on the theory that the driving potential for mass transfer into an environment of steam 
is different from the driving potential into air [6, 7] . 
The driving potential for mass transfer in convective drying in air is commonly 
considered to be differences of vapour concentration across a boundary layer. An 
alternative view is that mass transfer in steam occurs by bulk flow due to a pressure 
difference. The vapour pressure at the surface where evaporation occurs is thought to 
be slightly higher than the free stream pressure, and causes bulk flow of vapour into 
the gas stream. Surface temperatures slightly higher than the saturation temperature 
have been measured [8]. 
Only a slight elevation in surface temperature is required to produce a pressure 
difference capable of generating a large bulk flow of vapour into the gas stream. 
 

2.7. Dry air and superheated steam  
 
A number of investigators have focused on the two humidity extremes, dry air and 
superheated steam. Comparing drying in superheated steam with drying in air, six 
observations, excluding economic considerations, warrant attention. First, the drying 
rate of the constant rate period in air at temperatures above the inversion temperature [ 
9, 10]. 
At  saturation temperature, the drying rate in superheated steam is zero, but as the 
temperature increases, drying rates in superheated steam increases faster  than those in 
air. At the inversion temperature, drying rates in superheated steam increase faster 
than those in air. Second, the critical moisture content decreases with increasing 
humidity of the drying gas. Third, in the falling rate period, drying rates in 
superheated steam roughly equal those in air, even at temperatures below the 
inversion temperature. Fourth, the equilibrium moisture content of a material dried in 
superheated steam at high temperatures (usually as high as the inversion temperature) 
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is often lower than the equilibrium moisture content of a textile material dried in air at 
the same temperature [11, 12]. 
As it was mentioned earlier, equilibrium moisture content is the moisture content of a 
material when it comes to equilibrium with its environmental conditions, primarily the 
conditions of humidity and temperature. Fifth, more even moisture distribution in the 
textile material being dried occurs in superheated steam. When drying in air, 
heterogeneous surface wetting typically occurs below the critical moisture content. 
Sixth, material porosity and pliability are sustained better when dried in superheated 
steam than when dried in air. 
 

2.8. Heat setting process 
 
The main aim of the heat setting process is to ensure that fabrics do not alter their 
dimensions during use. This is particularly important for uses such as timing and 
driving belts, where stretching of the belt could cause serious problems. It is important 
to examine the causes of this loss in stability so that a full understanding can be 
obtained of the effects that heat and mechanical forces have on the stability of fabrics. 
All fabrics have constraints place on them by their construction and method of 
manufacture, but it is the heat-setting mechanism that occurs within the fiber that will 
ultimately influence fabric dimensions. Heat setting on modern stenter is often carried 
out by first drying and then heat setting in one passage through stenter. The 
temperature and time of setting must be carefully monitored and controlled to ensure 
the consistent fabric properties are achieved. During heat setting, the segmental 
motion of the chain molecules of the amorphous regions of the fiber are generally 
increased leading to structural relaxation within the fiber structure. During cooling, 
the temperature is decreased below the fiber glass transition temperature ( gT ) and the 
new fiber structure is established. Because the polymer chain molecules have vibrated 
and moved into new equilibrium positions at a high temperature in heat setting, 
subsequent heat treatments at lower temperatures do not cause heat-set fiber to relax 
and shrink, so that the fabric dimensional stability is high. Presetting of fabric prior to 
dyeing alters the polymer chain molecular arrangement within the fibers, and hence 
can alter the rate of dye uptake during dyeing. Process variations (e.g. temperature, 
time or tension differences) during heat setting may thus give rise to dyeability 
variations that become apparent after dyeing. Fabric postsetting after coloration can 
lead to the diffusion of dyes such as disperse dyes to the fiber surface and 
sublimation, thermomigration and blooming problems, all of which can alter the 
colour and markedly decrease the colour fastness to washing and rubbing of technical 
textiles containing polyester fibers. 

A mixture of superheated steam and air is necessary for the rapid heat setting 
process. In the steam/air mixture used as the setting medium, the total heat capacity is 
increased considerably and thus it is possible to apply much more energy to the fabric 
within a given time and it is possible to heat-set the synthetic fiber fabrics in a shorter 
time. 
 An explanation for this increased energy transfer is that the specific heat  of 
steam/air mixture  is almost twice of that of air alone. Also by using steam/air 
mixture, heat exchange at the exterior of the fiber is increased, but the heat conduction 
from the surface to the interior of the fiber remains unchanged. Thus warp knitted 
fabrics and light weight wovens like taffeta and georgette require 3-4 seconds with 
steam/air mixture, compared with 15 seconds if hot air alone is used. Heavier fabrics, 
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especially wovens require 9 seconds with rapid heat setting (with steam/air mixture) 
and 30 seconds with hot air. 
 Drawn polyester filaments, which have not been set have good tenacity and 
elasticity properties, but lack dimensional stability when subjected to the action  of 
heat. Also, twisted or doubled filaments have a tendency to curl, which adversely 
affects further processing. Planar structures produced from unset continuous filaments 
or fibers exhibit creasing behaviour when in use. It is necessary to impart dimensional 
stability to polyester fabrics so that the garments made from them retain their shape 
on being subject to washing and ironing – therefore it is necessary to set the drawn, 
twisted filament or fabric in this state in order to attain resistance against shrinkage, 
and dimensional curling and crease resistance. This can be achieved by a process 
called heat setting in which they are subjected to the action of heat in the presence or 
absence of swelling agents, with or without tension. In practice, hot water, saturated 
steam or dry heat is used. 
 The favorable effect of the heat setting  process lies in the fact that it compensates 
the stresses in the filaments resulting from manufacturing processes (spinning, 
drawing, twisting). The process may be explained as follows: 
 The linkage between the molecular chains or crystallites which were "frozen in" 
under tension and the mechanical stresses can be balanced by heat, thereby giving rise 
to greater freedom to the chains to oscillate. This provides the bonds an opportunity to 
snap into the sites of least energy. Subsequent cooling results in a state of lower strain. 
Further, the action of heat induces crystallization and orientation  processes. 
 Pin stenter is one of the machines used for heat setting synthetic fiber fabrics and 
operates at  temperature up to 230 ˚C using hot air. Polyester fabrics have been set at  
230 ˚C and then dyed to a good standard of quality. Even dyeing obtained indicates 
uniformity of heating provided by the hot which impinges on both sides of the fabric 
and rapidly equilibriates both stenter pins and the fabric to the same temperature as 
they pass through the hot zone. 
In summery, only by heat-setting the polyester fibers acquire the dimensional 
stability, crease-resistance and resilience desired in use. It should be noted that heat-
setting is usually indispensable for ensuring satisfactory behaviour of the material 
during other finishing processes and is one of the most important finishing processes 
employed with materials containing polyester fibers or their mixtures with other 
fibers.  
 

2.9. Convective heat and mass transfer coefficients 
 
The convective heat and mass transfer coefficients at the surface of textile materials 
are important parameters in drying processes; they are functions of velocity and 
physical properties of the drying medium [13], and in general, can be expressed in the 
form of 
 

cbaNu PrRe          (2.2) 
''Re' cb ScaSh          (2.3) 

 
Where Nu is the Nusselt number, Re, is the  Reynolds number, Pr, is the  Prandtl 
number,  S  is pore saturation and a, b, c, are constants. 
It should be noted that for a fully wetted surface, the areas for heat and mass transfer 
are virtually the same, so that the surface temperature is close to the wet bulb 
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temperature; for partly wetted surface, the effective area for mass transfer decreases 
with the surface moisture content. 
 Suzuki and Maeda  [14] proposed a model for convective mass transfer 
coefficient which 
assumed that evaporation  take places from discontinuous wet surface consisting of 
dry and wet patches. The ratio of a wet area to the total surface area decreases with 
decreasing moisture content. However, it is not clear how the fraction of wet area 
varies with the surface moisture content. Moreover for hygroscopic textile materials, 
when the fraction of wet area at the surface approaches zero or the surface moisture 
content is equal to the maximum sorptive value, the evaporation rate at the fabric 
surface may not be equal to zero. 
 
 

2.10. Convective drying of textile material: Simple 
case 
 
In this section we focus on the equations  which considers all  the major internal 
moisture transfer mechanisms and the properties of the textile material to be dried, 
including whether it is hygroscopic or non-hygroscopic. The convective heat and 
mass transfer coefficients are assumed to vary with the surface moisture content. 
 As it was mentioned earlier, drying of textile materials involves simultaneous heat 
and mass transfer in a multiphase system. The drying textile materials may be 
classified into hygroscopic and non-hygroscopic . For non-hygroscopic textile 
materials, pores of different sizes form a complex network of capillary paths. The 
water inside the pores that contribute to flow is called free water. However,  the water 
inside very fine capillaries  is difficult to replace by air. This portion of water is 
known as the irreducible water content. Here, it is defined as bound water. The  voids 
in textile materials are interconnected and filled with air and certain amount of free 
water. 
When a textile material is exposed to convective surface condition, three main 
mechanisms of internal moisture transfer is assumed to prevail; 

- capillary flow of free water,  
- movement of bound water and 
-  vapour transfer. 

If the initial moisture content of the textile material is high enough, the surface is 
covered with a continuous layer of free water and evaporation  takes place mainly at 
the surface. Internal moisture transfer is mainly attributable to capillary flow of free 
water through the pores. Therefore, the drying rate is determined by external 
conditions only, i.e. the temperature, humidity and flow rate of the convective 
medium, and a constant drying rate period will be observed. As drying proceeds, the 
fraction of wet area decreases with decreasing surface moisture content, so that the 
mass transfer coefficient decreases. In order to predict how the wet area fraction 
varies with surface moisture content, it is necessary to introduce percolation theory 
[15]. 
According to percolation theory, when water passes through randomly distributed 
paths in a medium, there exist a percolation threshold, which usually corresponds to 
critical free water movement content. When the free water content is greater than the 
critical, the water phase is continuous. For a two-dimensional porous medium, this 
critical value is about 50% of the saturated free water content and for a three-
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dimensional porous medium it is around 30%.Regardless of the rate of internal 
moisture transfer, so long as the free water content at the surface is less than the 
critical, the surface will form discontinuous wet patches. Thus, the mass transfer 
coefficient decreases with the surface free water content and the first falling rate 
periods starts. In the first falling rate period, a new energy balance will be reached at 
the surface, the ‘dry’ pitches still contain bound water, and the vapour pressure at the 
surface is determined by the Clausius-Clapeyron equation. When the surface moisture 
content reaches its maximum value, no free water exists. The surface temperature will 
rise rapidly, signaling the start of the second falling rate period, during which receding 
evaporation front often appears, dividing the system into two regions, the wet region 
and the sorption regions. Inside the evaporation front, the material is wet, i.e. the 
voids contain free water and the main mechanism of moisture transfer is capillary 
flow. Outside the front, no free water exists. All water is in the sorptive or bound 
water state and the main mechanisms of moisture transfer are movement of bound 
water and vapour transfer. Evaporation takes place at the front as well as in the whole 
sorption region, while vapour flows through the sorption region to the surface. 
Therefore, based on the definitions of the constant rate, first falling rate and second 
falling rate periods, the characteristics of most drying processes can be described 
mathematically [16]. 
 

2.10.1. Capillary flow of free water 
 
In textile material, pores provide capillary paths for free water to flow. The driving 
force for capillary flow is tension gradient or pressure gradient. The pertinent 
expression for capillary flow of free water is given by [17,18]: 
 

)( gPPKJ wcgWL 


       (2.4) 

 
Here,  

LJ ][ 12  skgm  represent the free water flux, w ][ 3kgm is  the density of water, K 
[ ]2m  refers to  the permeability, µ ][ 11  skgm  is the viscosity, gP ][ 2Nm   is the  gas 

pressure, cP ][ 2Nm  is the  capillary pressure { ( Lg PP  ) ][ 2Nm } and LP ][ 2Nm  is  
the liquid moisture or free water pressure 
We can also assume that: 

1. the textile material is macroscopically homogeneous; 
2. the flow in the capillary paths is laminar; 
3. there is no significant temperature gradient; 
4. the effect of the gas phase pressure and gravity force are negligible. 

 
Thus equation (2.4) can be simplified as : 
 

 gPPKJ wcg
L

wL 


        (2.5) 
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As pointed out by Miller and Miller [19], for homogeneous media and negligible 
gravity forces, tension is proportional to moisture content. It appears that Krischer and 
Kast's equation for liquid flow [20] may be valid; 
 

UDJ LL  0        (2.6) 
 
where 0 is the bulk  density of dry material, LD  ][ 12 sm is  the capillary conductivity 
and U ])([ 1solidkgkg  is the moisture content. 
 Since the permeability LK depends on the pore structure of the material and the 
interaction between water and the textile material, it is difficult to find a theoretical 
form to relate LK and the capillary conductivity LD  . However, the velocity of flow in 
capillaries may be assumed to follow the Hagen-Poiseuille law [21]: 
 

cPrv 
8

2

        (2.7) 

Where v ][ 1ms  is the fluid velocity, r [m] is the radius and   is the tortuosity factor 
of capillary paths. 
 
The total mass flow rate of free water can then be expressed in terms of the local 
velocity and corresponding capillary radius cr ,  which is defined as the radius of the 
largest capillary in which free water exist, i.e. 
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where )(r  is the pore volume density function, defined as 
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here,   is the porosity and S is the pore saturation.The relationship between the pore 
saturation and the pore density function is 
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where maxr   is the overall largest capillary in the porous material. Comparing 
equations (2.5) and (2.6) with equation  (2.8), LK   may be expressed as 

L
cc

cL
L K

rrU
PKK




 )(
2

2



      (2.10) 

here   is the surface tension.   
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The capillary conductivity LD  may be expressed as 
 

L
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cwL
L K

rrU
PKD







 )(
2

2
0





      (2.11) 

 
The pore volume density function can be obtained from the relationship between 
capillary pressure and pore saturation of a porous medium. Solving equations (2.9) 
and (2.10) using the correlation of pore volume density obtained from the 
experimental results of Chatzis [22], a relationship between pore saturation and 
relative permeability can be obtained which is very close to the empirical correlation  
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Therefore, equation (2.12) can be used to predict the relative permeability, rK  . For 
water,  /  is a linear function of temperature [23], which can be expressed as ; 
 

)(3.394064.1 1 msT

       (2.13) 

 
here T[K]  is the temperature. The value of r in equation (2.11) might be constant or a 
function of free water content. Consequently, the following form is obtained to predict 
the capillary conductivity of free water for non-hygroscopic textile materials: 
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here 0K  ][ 2m  is the single phase permeability of porous material 
and similarly, for hygroscopic materials 
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2.10.2. Movement of bound water 
 
Movement of bound water, sometimes known as "liquid moisture transfer near 
dryness" or "sorption diffusion", has been studied by a number of investigators [24, 
25, 26]. 
It has been shown that liquid moisture transfer still exists in the sorption region and is 
a strong function of free water content. Whitaker  and Chou [27] studied  
gas phase convective transport in the dry region which contains irreducible water and 
concluded that there could be a liquid moisture flux in the region. Movement of bound 
water however cannot be simply defined as a diffusion process, which often creates 
confusion in the analysis of liquid moisture transfer in drying processes. Moreover, 
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the bound water conductivity measured is strongly influenced by moisture content. 
Therefore, movement of bound water may rather be due to flow along very fine 
capillaries or through cellular membranes. 
In the sorption region, both movement of bound water and vapour transfer play 
important roles in moisture transfer. The transport equation for bound water may be 
expressed as 
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      (2.16) 

 
Since the bound water in the sorption region is in equilibrium with vapour in the gas 
phase, equation (2.16) may be written as 
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where  is the relative humidity, bD ][ 12 sm  is bound water conductivity. Thus the 
bound water conductivity may be written as 
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      (2.18) 

 
here t [s] is time, dE  is defined as the activation energy of movement of bound water. 
 

2.10.3. Vapour flow 
  
During a drying process, water vapour flows through the pores of the textile material 
by convection and diffusion. The equations of vapour flow and air flow may be 
written as; 
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    (2.20) 

 
where M is the molecular weight, m is the ratio of air and vapour diffusion 
coefficients. 
 

2.11. Macroscopic equations governing heat and 
mass transfer in textile material 
 
The theoretical formulation of heat and mass transfer in porous media is usually 
obtained by a change in scale. We can pass from a microscopic view where the size of 
the representative volume is small with regards to pores, to a microscopic view where 
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the size of the representative volume ω is large with regard to the pores. Moreover, 
the heat and mass transfer equations can be deduced from Whitaker's theory. The 
macroscopic equations can be obtained by averaging the classical fluid mechanics, 
diffusion and transfer equations over the averaging volume ω ][ 3m . The average of a 
function f is; 

 







fdf 1           (2.21) 

 
and the intrinsic average over a phase i is  
 







fdf
i

i 1          (2.22) 

 
 
 
 
 

2.11.1 Generalized Darcy's law 
 
Darcy's law is extended by using relative permeabilities. For gaseous phase, since no 
gravitational effect is noted; 
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        (2.23) 

 
where gv  is the speed of the gaseous phase, K ][ 2m  the intrinsic permeability, gK  the 

relative permeability to the gaseous phase, g
gP  the average intrinsic pressure of the 

gaseous mixture, and g  the viscosity of the gaseous phase. 
 For the liquid phase 
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where 1v  is  the speed of the liquid phase, 1K  the relative permeability to the liquid 
phase, cP  the capillarity pressure,  g µ the viscosity of the liquid, g the gravitational 
constant, and 1  the density of liquid. 
 

2.11.2 Mass conservation equations 
 
For the liquid 
 

mv
xt v

g
v 








)(1 
         (2.25) 
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where m is the evaporated water in units of time and volume. 
 For the vapour 
 

mv
xt v

g
v

v 







)(
         (2.26) 

 
where 

 

)/( gveff
g
gg

g
vv

g
v x

Dvv 



       (2.27) 

  
P and P are the average densities of the water vapour and of the gaseous mixture, D 
the coefficient of the effective diffusion of vapour in the porous medium.  
For the gaseous mixture  

 

mv
xt g

g
g

g 







)(


       (2.28) 

 

2.11.3. Energy conservation equation 
 
By assuming all the specific heats as constant and with aid of the mass conservation 
equations, the energy balance takes a form which is unusual but efficient in the 
calculations 
 

mh
x
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x

TvCTC
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vapeff
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








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







 

)(

)()(
,

11
1
1




     (2.29) 

 
here, 

vaph  is a constant defined by 
 

TCChh pvpvapvap )( 1          (2.30) 
 

eff  the effective thermal conductivity of the textile material, vaph the enthalpy of 

vaporization, pC  the constant pressure heat capacity of the textile material. 
 

paapvvppsp CCCCC   11      (2.31) 
 

2.11.4. Thermodynamic relations 
 
The partial pressure of the vapour is equal to its equilibrium pressure 
 

),( STPP veq
g

v          (2.32) 
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The gaseous mixture is supported to be an ideal mixture of perfect gases 
 

jjj MTRP /  ;   j =a, v       (2.33) 





vaj

jg PP
,

 ;    



vaj

jg
,
        (2.34) 

 
 

2.12. Heat and mass transfer of textile fabrics in the 
stenter 
 
By modification of the mathematical model developed by Nordon and David [28] 
the transient temperature and moisture concentration distribution of a fabric in the 
stenter can be determined; 
 

t
C

t
C

x
CD AFA












2

2

       (2.35) 

 
and 

t
C

t
TC

x
Tk F

p 










2

2

       (2.36) 

Here, D ]/[ 2 sm  is the diffusion coefficient, ]/[ 3mkgCA  is the moisture content of air 
in fabric pores, ]/[ 3mkgCF  is the moisture content of fibers in a fabric,   is the 
porosity, ]/[ mKWk  is the thermal conductivity, ]/[ 3mkg  is the density, 

]/[ kgKkJC p  is the specific heat, ]/[ kgkj  is the latent heat of evaporation. 
The boundary conditions for convective heat transfer are 
 

)( TThq ee           (2.37) 
 
and  
 

)( Aem CChm          (2.38) 
 
here, ]/[ 2mWq  is the convective heat transfer rate, ]/[ 2 KmWhe  heat transfer 
coefficient, ][KTe  is the external air temperature, ]/[ 2smkgm  is the mass transfer 
rate, ]/[ smhm  is the mass transfer coefficient, and  ]/[ 3mkgCe  is the moisture 
content of external air. The deriving force determining the rate mass transfer inside 
the fabric is the difference between the relative humidities of the air in the pores and 
the fibers in the fabric. The rate of moisture exchange may be considered as  
proportional to the relative humidity difference. Thus the rate equation for mass 
transfer is 
 

)(
)1(

1
FA

F yyK
t

C





 
      (2.39) 
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where Ay  is the relative humidity of air in pores of fabric and Fy  is the relative 
humidity of fiber of fabric. Also, the relative humidities of air and fabric for polyester 
are assumed to be 
 

s

A
A P

RTCy          (2.40) 

and 

)1(  
 P

F
Cy         (2.41) 

 
here ]/[ kgKkJR  is the gas constant and ]/[ 2mkgPs  is the saturation pressure.  

The rate constant K in Equation 2.39 is an unknown empirical constant. The 
transient fabric temperatures can be calculated assuming various values of the rate 
constant K. The value of the rate constant can be varied from 0.01 to 10 .When the 
rate constant is small, the evaporation rate is so small that the moisture  content 
decreases very slowly. Initially, the surface temperature increases rapidly, but later 
this rate declines (Figure 2.3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3. Effect of rate constant on the fabric surface temperature 
 
 
When K is greater than 1, however, the effect of the rate constant on the surface 
temperature distribution is not as significant. This indicates that when the rate is 
greater than 1, the evaporation rate is high and the diffusion mechanism inside the 
fabric. From Figure (2.4) we see that the surface and center temperatures increase 
rapidly in the initial stage up to the saturation temperature, at which point the moisture 
in the fabric starts to evaporate. 
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Figure 2.4. Temperature variation of surface and center fabric 
 
 
 From that point, the difference between the surface temperature and the center 
temperature increases due to the different moisture contents of the surface and the 
center. In this stage the fabric stats to dry from the surface, and the moisture in the 
interior is transferred to the fabric surface. Then the moisture content decreases during 
drying of the fabric. Thereafter, the surface and center temperatures coverage to reach 
the external air temperature. The moisture variations of the surface and the center of 
fabric is shown in Figure 2.5.  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.5. Moisture content variation of surface and center fabric 
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Initially, the surface moisture content decreases rapidly, but later this rate declines 
because moisture is transferred to the external air from the fabric surface. The center 
moisture content remains constant for a short time, and then decreases rapidly, 
because the moisture content difference between the surface and the interior of the 
fabric becomes large. After drying out, both center and surface moisture contents 
converge to reach the external air moisture content. When the initial moisture content 
is high, the temperature rise is relatively small and drying takes a long time. This may 
be because the higher moisture content needs much more heat for evaporation from 
the fabric. Also, the saturation temperature for higher moisture content is lower, and 
thus the temperature rise in the initial stage is comparatively small (Figure 2.6).  

Moreover, the effect of stenter air moisture content can be evaluated as shown in 
Figure (2.7). When the moisture content is high, the initial temperature  rise of the 
fabric also become high. This may be because the saturation temperature in the initial 
stage largely depends on the stenter air moisture content.  

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

          
 
               
 
 
 
 
 

 
Figure 2.6. Effect of initial moisture content of fabric 

 
 
 
 
 
 
 

 
 
 

Time  

Te
m

pe
ra

tu
re

  

Convection Heat Transfer in Textiles

52

Administrator
Text Box



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.7. Effect of stenter air moisture content 
 
 
After the initial temperature rise, however, the temperature increase is relatively 
small, and thus the time required for complete drying is comparatively long. 
Meanwhile, when the stenter air temperature is high, the temperature rise of the fabric 
is great. Also, the average fabric temperature converges on the stenter air temperature 
converges on the stenter air temperature in a relatively short time(Figure 2.8). This 
may be because the fabric dries more rapidly due to the large difference between its 
temperature and that of the stenter air [29]. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Effect of stenter air temperature 
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3 
 

Conduction heat transfer in textiles 
 
 
 
 
 
Conduction is the process of heat transfer by molecular motion, supplemented by the 
flow of heat through textile material from a region of high temperature . Heat transfer 
by conduction  takes place across the interface between two bodies in contact  when 
they are at different temperatures. A common example of heat conduction is heating 
textile fabric in a cylindrical dryer. 
 

3.1. Introduction 
 
In most textile engineering problems, our primary interest lies not in the molecular 
behaviour of  textiles, but rather in how the textile behaves as a continuous medium. 
In our study of heat conduction, we will therefore neglect the molecular structure of 
the textile and consider it to be a continuous medium-continuum, which is a valid 
approach to many practical problems were only macroscopic information is of 
interest. Such a model may be used provided that the size and the free path of 
molecules are small compared with other dimensions existing in the medium, so that a 
statistical average is meaningful. This approach, which is also known as the 
phenomenological approach to heat conduction, is simpler than microscopic 
approaches and usually gives the answers required in textile engineering. For heat 
conduction problems, the use of first and second laws of thermodynamics is 
sufficient. In addition to these general laws, it is usually necessary to bring certain 
particular laws into an analysis. There are three such particular laws we employ in the 
analysis of conduction heat transfer: 

a) Fourier's law of heat conduction 
b) Newton's law of cooling, and 
c) Stefan-Boltzmann's law of radiation. 

 

3.2. First law of thermodynamics 
 
When a system undergoes a cyclic process, the first law of thermodynamics can be 
expressed as 
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  WQ          (3.1) 
 

where cyclic integral  Q  represents the net heat transferred to the system, and the 

cyclic integral  W  is the net work done by the system during cyclic process. Both 
heat and work are path functions. For a process that involves an infinitesimal change 
of state during a time interval dt, the first law of the thermodynamics is given by 
 

WQdE          (3.2) 
 

where Q  and W are the differential amounts of heat added to the system and the 
work done by the system, respectively, and dE is the corresponding increase in the 
total energy of the system during the time interval dt. The energy E is a property of 
the system and, like other properties, is a point function. That is, dE, depends on the 
initial and final states only, and not on the path followed between the two states. The 
physical property E represents the total energy contained within the system and is 
customarily separated into three parts as bulk kinetic energy, bulk potential energy, 
and internal energy; that is, 
 

◌ٍ UPEKEE         (3.3) 
 

The internal energy U, which includes all forms of energy in a system other than bulk 
kinetic and potential energies, represents the energy associated with molecular and 
atomic structure and behaviour of the system. 
Equation (3.2) can also be written as a rate equation: 
 

dt
W

dt
Q

dt
dE 

        (3.4a) 

 
or 

Wq
dt
dE          (3.4b) 

 
where dtQq /  represents the rate of heat transfer to the system and dtWW / is 
the rate of work done by the system. 
 

3.3. Second law of thermodynamics 
 
The second law leads to the thermodynamic property of entropy. For any reversible 
process that a system undergoes during a time interval dt, the change in the entropy S 
of the system is given by 

 

revT
QdS 






          (3.5a) 

 
For an irreversible process, the change, however, is 
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irrT
QdS 





         (3.5b) 

 
where Q  is the small amount of heat added to the system during the time interval dt, 
and T is the temperature of the system at the time of heat transfer. Equations (3.5) 
may be taken as the mathematical statement of the second law, and they can also be 
written in rate form as 

 

dt
Q

Tdt
dS 1

         (3.6) 

 
The control-volume from of the second law can be developed also by : 
 

t
Q

T
dAnVsdvs

t cv cs cs 


  

 1ˆ.    (3.7) 

 
where s is the entropy per unit mass, and the equality applies to reversible processes 
and the inequality to irreversible processes. 
 

3.4. Heat conduction and thermal conductivity 
 
The rate of heat conduction through a material may be proportional to the temperature 
difference across the material and to the area perpendicular to the heat flow and 
inversely proportional to the length of the path of heat flow between the two 
temperature levels. This dependence was established by well known French scientist 
J.B.J. Fourier, who used it in his remarkable work, Theorie Analytique de la Chaleur, 
published in Paris in 1822. In this book he gave a very complete exposition of the 
theory of heat conduction. The constant of proportionality in Fourier's law, denoted by 
k, is called the thermal conductivity. It is a property of the conducting material and of 
its state. With the notation indicated in figure 3.1, Fourier's law is 
 

 21 tt
L
kAq         (3.8)  

 
where kA/L is called the conductance of the geometry. In figure 3.1, since there is a 
temperature difference of ( 21 tt   ) between the surfaces, heat will flow through the 
material. From the second law of thermodynamics, we know that the direction of this 
flow is from the higher temperature surface to the lower one. According to the first 
law of thermodynamics, under steady conditions, this flow of heat will be at a 
constant rate. 
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Figure 3.1 One-dimensional steady-state heat conduction 
 

The thermal conductivity k, which is analogous to electrical conductivity, is a 
property of the thermal material. It is equivalent to the rate of heat transfer between 
opposite faces of a unit cube of the material which are maintained at temperatures 
differing by 1˚. In SI unit, k is expressed as W/mK. 
The conduction equation 3.8 may also be written as the heat transfer rate per unit area 
normal to the direction of heat flow, q", as  

 

dx
dtk

L
ttktt

L
kq

A
q





 


)(
)(" 12

21      (3.9) 

 
The quantity q" is very useful and is hereafter called the heat flux. Note that the 
quantity in the brackets is minus the temperature gradient through the material, that is, 
-dt/dx. 
Moreover, thermal conductivity is a thermophysical property. The thermal 
conductivity of a material depends on its chemical composition, physical structure, 
and state. It is also varies with the temperature and pressure to which the material is 
subjected. In most cases, however, thermal conductivity is much less dependent on 
pressure than on temperature, so that the dependence on pressure may be neglected 
and thermal conductivity can be tabulated as a function of temperature. In some case, 
thermal conductivity may also vary with direction of heat flow as in anisotropic 
materials. The variation of thermal conductivity with temperature may be neglected 
when the temperature range under consideration is not too severe. For numerous 
materials, especially within a small temperature range, the variation of thermal 
conductivity with temperature can be presented by the linear function 

 
 )(1)( 00 TTkTk          (3.10) 

 
where )( 0Tkk  ; 0T  is a reference temperature, and   is a constant called the 
temperature coefficient of thermal conductivity. 
Heat conduction in gases and vapours depends mainly on the molecular transfer of 
kinetic energy of the molecular movement. That is, heat conduction is transmission of 
kinetic energy by the more active molecules in high temperature regions to the 

L 

A t1 

t2 

L 

x 
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molecules in low molecular kinetic energy regions by successive collisions. 
According to kinetic theory of gases, the temperature of an element of gas is 
proportional to the mean kinetic energy of its constituent molecules. Clearly, the 
faster the molecules move, the faster they will transfer energy. This implies, therefore, 
that thermal conductivity of a gas should be dependent on its temperature. 
 

3.5. Thermal conduction Mechanisms 
 
Theoretical predictions and measurements have been made of the value of thermal 
conductivity, k, for many types of substances. In gases, heat is conducted (i.e., thermal 
energy is diffused) by random motion of molecules. Higher-velocity molecules from 
higher-temperature regions move about randomly, and some reach regions of lower 
temperature. By a similar random process, lower-velocity molecules from lower-
temperature regions reach higher temperature regions. Thereby, net energy is 
exchanged between the two regions. The thermal conductivity depends upon the space 
density of molecules, upon their mean free path, and upon the magnitude of the 
molecular velocities. The net result of these effects, for gases having very simple 
molecules, is dependence of k upon T, where T is the absolute temperature. This 
results from kinetic of gases. 
 

3.6. Mass diffusion and diffusivity  
 
Mass diffusion through a region occurs by the motion of quantities of mass or 
chemical species through the textile material.  The diffusion mechanism in a plane 
layer of textile material is formulated in Figure 3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 Imposed surface concentration 1C  and 2C  at x=0 and L, for a 
diffusing textile material. 

  
 
A layer L thick and of area A has concentration levels 1C   and 2C  maintained at the 
two boundaries, at x=0 and  x=L. In this example it is assumed that there is no local 
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adsorption or release of stored or bound diffusing material C in the region x=0 to L. 
The mass diffusion coefficient D is also taken as uniform, that is, constant across the 
region. 
The rate of mass diffusion through the layer is steady state, m, will be proportional to 
the concentration difference across the material, ( 21 CC  ), and to the area 
perpendicular to the mass diffusion, A.  It will be inversely proportional to the length 
of the path L of mass diffusion between the two imposed concentration levels 1C   and 

2C . Then the mass flow rate through the region, m, of species C is given by 
 

)( 21 CC
L

DAm          (3.10) 

 
where DA/L  is the “mass” conductance across the region. This result is completely 
analogous to Equation (3.8) for heat flow, which follows from the FOURIER LAW 
OF CONDUCTION. The mass diffusion formulation given in Equation (3.10) is a 
form of Fick’s first law. 
Equation (3.10) is also written in terms of a mass flux, that is, the diffusion rate in 
mass per unit cross-section area, per unit time, as m”: 
 

dx
dCD

L
CCDCC

L
Dm

A
m





 


)(
)(" 12

21     (3.11) 

 
The quantity in brackets is minus the concentration gradient through the textile 
material, that is dxdC / . 
Several consistent systems of dimensions and units are used for the physical quantities 
in Equation (3.11). A common practice expresses concentration in mass per unit 
volume, 3/ LM , m” in mass flux per unit area and time, that is, TLM 2/ . Then D has 
the dimensions of TL /2 . The unit may be scm /2  or  hrft /2  , or  as sm /2 in SI 
units. Other commonly used measures and terms of composition and concentration 
include number density of fraction, partial density, mass or mole fraction, and molar 
concentration. 
 The magnitude of the diffusion coefficient depends strongly on both the material 
through which diffusion occurs and the diffusing species. As for heat conduction, as 
discussed in Equation (3.11) indicates that both the gradient of concentration dC/dx 
and  the mass flux m”(x) are constant across the region. This follows from the 
condition of steady state when D is uniform across the region and no local adsorption 
of species C occurs in the region. 
 

3.7. Conduction heat transfer in textile fabric 
 
In the cylindrical dryers, the transfer of heat to textile fabrics can be calculated by 
 
(Heat transferred to fabric) = (Heat absorbed by fabric) – (Heat transferred from fabric 
to the ambient air by convection and radiation)  
 
That means; 
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))()(())()()(())()(( dtdATTdtdACmdtdATT ats    
 

or 
 

dtTTdTCmdtTT ats )())()(()(        (3.12) 
 

where 
][ 12  KWm is the overall heat transfer coefficient of cylindrical dryer-fabric , T[K} 

is the relative temperature of fabric, T [K] is the temperature of cylindrical dryer, dA 
is the differential surface of fabric, t[s] is the heating period, ].[ 2mkgms is the mass 
of fabric , ][KTa  is the temperature of ambient and  ].[ 11  KkgJC  is the specific heat 
of textile fabric. 
It should be noted that thermal loss is an important parameter which may occur during 
high rotation of the cylinders. Meanwhile, t  is a heat transfer coefficient which 
characterizes the thermal loss of fabric toward the ambient. This can be shown in the 
general form of 
 

bTTa at  )(         (3.13) 
 

Substitution of Equation (3.13) into Equation (3.12) yields 
 

  dtTTbTTadTCmdtTT aas )()())(()(     (3.14) 
 

We assume that   is independent of temperature, then the Equation (3.14) can be 
written as: 
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meanwhile,  1T  could be a  particular solution which corresponds to equilibrium 

temperature 01 
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Therefore, 
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with 
 

3
2

1 4' KK           (3.18) 
 

and  
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
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To identify   , we can show, 
 




T
t

lim  

  is equal to the equilibrium temperature of fabric i.e., eqT . 
and 

 
    1

1
1 2   eqeqa TKTT       (3.20) 
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4 
 

Radiation heat transfer in textiles 
 
 
 
 
 

Radiation is a form of electromagnetic energy transmission and takes place 
between all matter providing that it is at a temperature above absolute zero. Infra-red 
radiation form just part of the overall electromagnetic spectrum. Radiation is energy 
emitted by the electrons vibrating in the molecules at the surface of a body. The 
amount of energy that can be transferred depends on the absolute temperature of the 
body and the radiant properties of the surface. 
Electromagnetic radiation is a form of energy that propagates through a vacuum in the 
absence of any moving material. We observe electromagnetic radiation as light and 
use it as radio waves, X-rayes, etc. Here, we are mostly interested in a form of 
electromagnetic radiation called microwaves that can be used to heat and dry textile 
materials. 
 

4.1. Introduction 
 
The word microwave is  not new to every walk of life as there are more than 60 
million microwave ovens in the households all over the world. On account of its great 
success in processing food, people believe that the microwave technology can also be 
wisely employed to process materials. Microwave characteristics that are not available 
in conventional processing of materials consists of : penetrating radiation, controllable 
electric field distribution, rapid heating, selective heating materials and self-limiting 
reactions. Single or in combination, these characteristics lead to benefits and 
opportunities that are not available in conventional processing methods.  

 Since world war II , there have been major developments in the use of 
microwaves for heating applications. After this time it was realized that microwaves 
had the potential to provide rapid, energy-efficient heating of materials. This main 
applications of microwave heating today include food processing, wood drying, 
plastic and rubber treating as well as curing and preheating of ceramics. Broadly 
speaking, microwave radiation is the term associated with any electromagnetic 
radiation in the microwave frequency range of 300 MHz-300 Ghz. Domestic and 
industrial microwave ovens generally operate at a frequency of 2.45 Ghz 
corresponding to a wavelength of 12.2 cm. However, not all materials can be heated 
rapidly by microwaves. Materials may be classified into three groups, i.e. conductors 
insulators and absorbers. Materials that absorb microwave radiation are called 
dielectrics, thus, microwave heating is also referred to as dielectric heating. 
Dielectrics have two important properties: 
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 -They have very few charge carriers. When an external electric field is applied 
there is very little change carried through the material matrix. 
 - The molecules or atoms comprising the dielectric exhibit a dipole movement 
distance. An example of this is the stereochemistry of covalent bonds in a water 
molecule, giving the water molecule a dipole movement. Water is the typical case of 
non-symmetric molecule. Dipoles may be a natural feature of the dielectric or they 
may be induced. Distortion of the electron cloud around  non-polar molecules or 
atoms through the presence of an external electric field can induce a temporary dipole 
movement. This movement generates friction inside the dielectric and the energy is 
dissipated subsequently as heat[1]. 
 The interaction of dielectric materials with electromagnetic radiation in the 
microwave range results in energy absorbance. The ability of a material to absorb 
energy while in a microwave cavity is related to the loss tangent of the material. 
 This depends on the relaxation times of the molecules in the material, which, in 
turn, depends on the nature of the functional groups and the volume of the molecule. 
Generally, the dielectric properties of a material are related to temperature, moisture 
content, density and material geometry. 
 An important characteristic of microwave heating is the phenomenon of “hot 
spot” formation, whereby regions of very high temperature form due to non-uniform 
heating. This thermal instability arises because of the non-linear dependence of the 
electromagnetic and thermal properties of material on temperature. The formation of 
standing waves within the microwave cavity results in some regions being exposed to 
higher energy than others. This result in an increased rate of heating in these higher 
energy areas due to the non-linear dependence. Cavity design is an important factor in 
the control, or the utilization of this “hot spots” phenomenon. 
 Microwave energy is extremely efficient in the selective heating of materials as 
no energy is wasted in “bulk heating” the sample. This is a clear advantage that 
microwave heating has over conventional methods. Microwave heating processes are 
currently undergoing investigation for application in a number of fields where the 
advantages of microwave energy may lead to significant savings in energy 
consumption, process time and environmental remediation. 
 Compared with conventional heating techniques, microwave heating has the 
following additional advantages : 
-higher heating rates; 
-no direct contact between the heating source and the heated material; 
-selective heating may be achieved; 
-greater control of the heating or drying process; 
-reduced equipment size and waste. 
 The benefit of microwave technology has been realized over the past decade with 
the growing acceptance of microwave ovens in the home. This, together with the 
gloomy outlook of a worldwide energy crises, has paved the way for extensive 
research into new and innovative heating and drying processes. The use of microwave 
drying cannot only greatly enhance the drying rates of textile materials, but it may 
also enhance the final product quality. 
 While cost present a major barrier to wider use of microwave in textile industry, 
an equally important barrier is the lack of understanding of how microwaves interact 
with materials during heating and drying. The design of  suitable process equipment is 
further confounded by the constraint that geometry places on the prediction of field 
patterns and hence heating rates within the materials. Effects such as resonance within 
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the material can occur as well as large variations in field patterns at the textile 
material surface. 
 The phenomenon of drying has been investigated at considerable length and 
treated in various texts. However in general, there is only a very small section of this 
literature devoted to microwave to microwave drying of textile materials. 
 One of the main features which distinguishes microwave drying from 
conventional drying processes is that because liquids such as water absorb the bulk of 
the electromagnetic energy at microwave frequencies, the energy is transmitted 
directly to the wet material. The process does not rely on conduction of heat from the 
surface of the textile material and thus increased heat transfer occurs, speeding up the 
drying process. This has the advantage of eliminating case hardening of textile 
material which is usually associated with convective hot air drying operations. 
Another feature is the large increase in the dielectric loss factor with moisture content. 
This can be used with great effect to produce a moisture leveling phenomenon during 
the drying process since the electromagnetic energy will selectively or preferentially 
dry the wettest regions of the solid [2].  
 Meanwhile, infrared heating on textile lines has been in use for many years on 
dyeing lines to set the dyes prior to the tenter oven and to predry a host of fabric 
finishes or topical coatings on fabrics. The renewed interest in infrared predrying is 
due in large part to the need for ever-increasing line speeds and the availiability of 
improved infrared hardware. Infrared predrying of the dyed or finished fabric rapidly 
preheats and predries wetted fabrics far faster than the typical convection tenter dryer. 
Typically an air dryer requires 20-25% of its length just to preheat the wetted fabric to 
a temperature where water is freely evaporated. The infrared preheater/predryer 
section takes over this function in a fraction of the length required in the convection 
dryer. For dyed fabrics, infrared predryers are typically vertical in configuration, and  
are generally mounted on the line prior to the tenter frame. The systems consist of 
arrays of electric infrared emitters positioned on both sides of the fabric. The emitters 
are typically controlled from the fabric temperature. The evaporative load on the 
predryer dictates how much energy is required and how many vertical sections the 
predryer must be. With today's more efficient and higher powered emitters most 
predryers are one or two passes. In applications where two-sided heatinf is not 
required, such as latex backcoatings, an infrared predryer can be enclosed around pin 
and clip tenter frames immediately prior to the tenter oven. As a result, line speeds are 
increased as the added energy accelerates the heating the heating or drying process 
that has previously taken place only inside the oven. Heatsetting operations can 
benefit from preheating as well. 
 It should be noted that controlling shade variations and shade shifts in dyed 
fabrics has typically been problematic for manufacturing engineers. Without 
predrying, the likelihood of shade variation from one side of the fabric to the other 
increases. Dyestuffs tend to migrate to the heated side of the fabric as it passes 
through the oven. The migration is due partly to gravity, and partly to fluid dynamics. 
Dyed fabrics come onto the tenter frame at usually 50% to 80% wet pickup. Optimum 
product quality requires that wet pickup be reduced to the 30% to 60% range with 
equal water removal from both sides of the fabric. The predryed fabric is then 
presented to the horizontal tenter oven with the dyes "locked in" to position. 
Additional quality benefits can be realized on topical finishes or coatings. Rapid 
heating with infrared immediately after coating applications tends to keep the coating 
from deeply wicking into the fabric. For example, the infrared predrying of foamed on 
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fluorochemical finishes for stain resistance tend to keep the coating more towards the 
surface of the fabric where they do the most good [3]. 
 

4.2. Background 
 
This section reviews the basic principles of physics pertaining to microwave heating.  
-Energy :  energy is the capacitance to do work, and work is defined as the product of 
a force acting over a distance, that is, 
E = W = (F)(x)       (4.1) 
Where E = energy, W = the equivalent work, F = force that performs the work, x = 
distance a mass is moved by the force. 
-Atomic particles :  all matter are composed of atoms. Atoms, in turn, consist of a 
nuclei surrounded by orbiting electrons. The nucleus consists of positively charged 
protons and unchanged neutrons. The surrounding electrons are negatively charged. In 
neutral atoms, the number of protons in the nucleus equals the number of electrons, 
resulting in a 0 net charge. 
- Electrostatic forces :  if  some electrons are removed from a piece of material, the 
protons will outnumber the electrons and the material will take on a positive charge. 
Similarly, if some electrons are added to a piece of material, the material will take a 
negative charge. If two positively charged objects are brought near to each other, they 
will each feel a force pushing them apart. Similarly, if two negatively charged objects 
are brought together, they will each experience a force pushing them apart. On the 
other hand, if a negatively charged object is brought near a positively charged object, 
each will experience a force pulling them together. 
Columb's law :  if two charges of magnitude 1q   and 2q  are separated by a distance r 
as shown if Figure 4.1, each will feel a force magnitude ; 
 

2
21

r
qqkF        (4.2) 

 
 
 
 
 
 
 
 

 
Figure 4.1. Principle of Columb’s law 

 
 
It is clear from Equation (4.2) that the force is proportional to the magnitude of each 
charge and inversely proportional to the square of the distance between them. If, for 
example, we double the charge on either object, the force will double. On the other 
hand, if we double the distance between them, the force will be reduced to 1/4 of its 
previous value. 
 
Electric fields :  Electrostatic force is defined as "force at a distance" (Equation 4.1). 
If we have a charge Q, and a test charge q is placed a distance R away from it, Q will 

 r 

 q1   q2 
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push on q across that distance as shown in Figure 4.2. The magnitude of  push will 
depend on the magnitudes of Q, q, and r  as given in Equation (4.2). 
 
 
 
 
 
 
 
 
 

 
 

Figure 4.2. Forces around charge Q 
 
 
Another way to look at this is to say that Q creates a field in the space that surrounds 
it. At any point in that space , the field will have a strength E that depends on Q and r. 
If a test charge is placed at some point in the space, the field at that point will push on 
it with a force depends on the field strength E at that point and on q. To make these 
two explanations mathematically equivalent, we separate Equation (4.2) into two 
parts; thus  

 

)(22 q
r
Qk

r
QqkF 






       (4.3) 

 
The second part is simply the charge of the second particle. The first part we call E, 
the field strength at distance r away from Q: 

 







 2r

QkE         (4.4) 

 
Now the force on q can be defined in terms of the field strength times the magnitude 
of q:  
 

qEF .         (4.5) 
 
A microwave oven consists of three major parts: 

- The magnetron is the device that generates the microwaves. 
- Wave guides direct these waves to the oven cavity. 
- The oven cavity holds the material to be heated so that microwaves can 

impinge on them. 
Magnetron : It generates microwaves and consists of the following parts: 

a) Central cathode. The cathode is a metal cylinder at the center of the magnetron 
that is coated with an electron-emitting material. In operation, the cathode is 
heated to a temperature high enough to cause electrons to boil off the coating. 

b) Outer anode. There is a metal ring called an anode around the magnetron that 
is maintained at a large positive potential (voltage) relative to the cathode. 

Q 
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This sets up an electrostatic field between the cathode and anode that 
accelerates the electrons toward the anode. 

Magnetic field: a  strong magnetic field is placed next to the anode and cathode in  
such an orientation that it produces a magnetic field at right angles to the electrostatic 
field. This field has the effect of  bending the path of the electrons so that, instead of 
rushing to the anode, they begin to circle in the space between the cathode and anode 
in a high-energy swarm. 
Resonant cavities: they have been built into the anode. Random noise in the electron 
swarm causes occasional electrons to strike these cavities are such that most radiation 
frequencies die out. Microwave frequencies, on the other hand, bounce around the 
cavities and tend to grow, thus getting their energy from the magnetron, passes 
through the wave guides, and enters the cavity. 
 However, not all materials can be heated rapidly by microwaves. Materials  are 
reflected from the surface and therefore do not heat metals. Metals in general have 
high conductivity and are classed as conductors. Conductors are often used as 
conduits (waveguide) for microwaves. Materials which are transparent to microwaves 
are classed as insulators. Insulators are often used in microwave ovens to support the 
material to be heated. Materials which are excellent absorbers of microwave energy 
are easily used and are classed as dielectric. Figure 4.3 shows these properties. 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

Figure 4.3. Interaction of microwave with materials 
 

 
Microwaves from part of a continuous electromagnetic spectrum that extends from 
low frequency alternating currents to cosmic rays shown in Table 4.1. 
In this continuum, the radio-frequency range is divided into bands as depicted in 
Table 4.2. Radio-frequency (r.f.) energy has several possible benefits in textile 
processing. Substitution of conventional heating methods by radio-frequency 
techniques may result in quicker and more uniform heating, more compact processing 
machinery requiring less space, and less material in-process at a particular time. 
Radio-frequency energy has been used for many years to heat bulk materials such as 

Material type   penetration 
 

 
     Transparent    Total 
        (no heat)       transmission 
 
 
 
 
 
       Conductor  
 (no heat) 
 
 
 
 
 
 Absorber      partial to total  
    materials are         absorption 

heated 

None 
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spools of yarn.  Bands 9, 10, and 11 constitute the microwave range that is limited on 
the frequency side by HF and on the high frequency side by the infrared. These 
microwaves propagate through empty space through empty space at the velocity of 
light. The frequency ranges from 300 MHz to 300 GHz. 
 

Table 4.1. The electromagnetic spectrum 
 

Region Frequencies (Hz) Wavelength 

Audio frequencies 30- 31030  10mm-10km 

Radio frequencies 31030 - 111030  10km-1m 

Infrared 111030 - 14104  1m-730nm 

Visible 14104 - 14105.7   730nm-0.3nm 

Ultraviolet 14105.7  - 18101  400nm-0.3nm 

X-rays > 17101  < 3nm 

Gamma rays > 20101  < 3nm 

Cosmic rays > 20101  < 3nm 
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Table 4.2. Frequency bands 
 

Band Designation Frequency limits 

4 Very low frequency (VLF) 3-30 kHz 

5 Low frequency (LF) 30-300 kHz 

6 Medium frequency (MF) 300 kHz- 3MHz 

7 High frequency (HF) 3-300 MHz 

8 Very high frequency (VHF) 30-300 MHz 

9 Ultra high frequency (UHF) 300-3 GHz 

10 Super high frequency (SHF) 3-30 GHz 

11 Extremely high frequency (EHF) 30-300 GHz 

 
 
- Pertinent electromagnetic parameters governing the microwave heating: 

The loss tangent can be derived from material’s complex permittivity. The real 
component of the permittivity is called the dielectric constant whilst the imaginary 
component is referred to as the loss factor. The ratio of the loss factor to the dielectric 
constant is the loss tangent. The complex dielectric constant is given by: 
 

   ' "j        (4.6) 
 
Where   is the complex permittivity,  '  is the real part of dielectric constant; "  is 
the loss factor, and   ' " tan  is the loss tangent. 
Knowledge of a material’s dielectric properties enables the prediction of its ability to 
absorb energy when exposed to microwave radiation. The average power absorbed by 
a given volume of material when heated dielectrically is given by the equation: 
 

P E Vav eff rms  0
2"       (4.7) 

 
Where Pav  is the average power absorbed (W);   is the angular frequency of the 
generator (rad/s);  0  is the permittivity of free space;  eff "  is the effective loss factor; 

E is the electric field strength (V/m); and V is the volume  m3 . 
The effective loss factor  eff "  includes the effects of conductivity in addition to the 
losses due to polarization. It provides an adequate measure of total loss, since the 
mechanisms contributing to losses are usually difficult to isolate in most 
circumstances. 
Another important factor in dielectric heating is the depth of penetration of the 
radiation because an even field distribution in a material is essential for the uniform 
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heating. The properties that most strongly influence the penetration depth are the 
dielectric properties of the material. These may vary with the free space wavelength 
and frequency of the propagating wave. For low loss dielectrics such as plastics 
(ε''<<1) the penetration depth is given approximately by : 
 

DP
eff


 

0

2
'

"          (4.8) 

 
Where DP  is the penetration depth;  0  is the free space wavelength;  '  is the 
dielectric constant; and  eff

"  is the effective loss factor. 
 The penetration depth increases linearly with respect to the wavelength, and also 
increases as the loss factor decreases. Despite this, however, penetration is not 
influenced significantly when increasing frequencies are used because the loss factor 
also drops away maintaining a reasonable balance in the above equation 
 As the material is heated, its moisture content decreases leading to a decrease in 
the loss factor. It can be seen from equation (4.8) that the decrease in loss factor 
causes in the penetration depth of radiation. 
Microwaves cause molecular motion by migration of ionic species and/or rotation of 
dipolar species. Microwave heating a material depends to a great extent on its 
"dissipation" factor, which is the ratio of dielectric loss or "loss" factor to dielectric 
constant of the material. The dielectric constant is a measure of the ability of the 
material to retard microwave energy as it passes through; the loss factor is a measure 
of the ability of the material to dissipate the energy. In other words "loss" factor 
represents the amount of input microwave energy that is lost in the material by being 
dissipated as heat. Therefore, a material with high "loss" factor is easily heated by 
microwave energy. In fact, ionic conduction and dipolar rotation are the two 
important mechanisms of the microwave energy loss (i.e., energy dissipation in the 
material). Non-homogeneous material (in terms of dielectric property) may not heat 
uniformly, that is, some parts of the materials heat faster than others. This 
phenomenon is often referred to as thermal runway.  
Continuous temperature measurement during microwave irradiation is a major 
problem. Luxtron fluoroptic or accufiber can be employed to measure temperature up 
to 400˚C but are too fragile for most industrial applications. An optical pyrometer and 
thermocouple can be employed to measure higher temperatures. Optical pyrometers, 
such as thermovision infrared camera, only records surface temperature, which is 
invariably much lower than the interior sample temperature. When a thermocouple 
(metallic probe) is employed for temperature measurements, arcing between the 
sample and the thermocouple can occur leading to temperature measurements, arcing 
between the sample and thermocouple can occur leading to failure in thermocouple 
performance. A recent development is the ultrasonic temperature probe, which covers 
temperature up to 1500 ˚C. 

 In summery, microwave heating is unique and offers a number of advantages 
over conventional heating such as: 
-non-contact heating; 
-energy transfer, not heat transfer; 
-rapid heating; 
-material selective heating; 
-volumetric heating; 
-quick start-up and stopping; 
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-heating starts from interior of the material body; 
-higher level of safety and automation. 
Some glossaries of microwave heating system are shown in Table 4.3[4]. 
 

Table 4.3. Some glossaries of microwave heating system. 
 

Applicator or cavity  A closed space where a material is exposed to microwaves for 
heating 

Choke Barriers placed at entrance and exit of the applicator to prevent 
leakage of microwaves. 

Circulator 
A three port ferrite device allowing transmission of energy in one 
direction but directing reflected energy into water load (dummy 
load) connected at the third port. 

Coupling The transfer of energy from one portion of a circuit to another. 

Dielectric It is a measure of a sample's ability to retard microwave energy 
as it passes through. 

Dielectric loss or 
loss factor 

It is a measure of a sample's ability to dissipate microwave 
energy. 

Hertz (Hz) 1 Hz = 1 cycle/s. 
Magnetron An electronic tube for generating microwaves. 
Single mode 
applicator 

Dimension of applicator or cavity is comparable with the wave 
length of microwave. 

Multimode 
applicator 

An applicator dimension is large in relation to the wave legth of 
incident microwaves. 

 
 

4.3 Basic concepts of microwave heating 
 
As it was mentioned earlier, microwaves are electromagnetic waves having a 
frequency ranging from 300 MHz and 0.3 THz. Most of the existing apparatuses, 
however, operate between 400 MHz and 60 GHz, using well defined frequencies, 
allocated for industrial, Scientific and Medical (ISM) applications. Among them, the 
2.45 GHz is widely used for heating applications, since it is allowed word-wide and it 
presents some advantages in terms of costs and penetration depth. 
 It was also mentioned earlier, that quantitative information regarding the 
microwave-material interaction can be deduced by measuring the dielectric properties 
of the material, in particular of the real and imaginary part of the relative complex 
permittivity, effj "'   , where the term "

eff   includes conduction losses, as well as 
dielectric losses. The relative permeability is not a constant and strictly depends on 
frequency and temperature. A different and more practical way to express the degree 
of interaction between microwaves and materials is given by two parameters; the 
power penetration depth ( PD ) and the power density dissipated in the material (P), as 
defined earlier in a simplified version as follows:  
 

"2/)'( 0 PD   2"
02 rmseff EfP         (4.9) 
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where "' effj   is the complex permittivity of the material under treatment, 0  is 

the wavelength of the radiation, f is its frequency, 12
0 10.854.8   F/m is the 

permittivity of empty space and rmsE  is the electric field strength inside the material 
itself. It should be noted that P and DP  can only give quantitative and often 
misleading information, especially when it is critical to determine the temperature 
profiles inside the material. Others are the variables involved, however from this two 
parameters can be deduced most of the peculiarities which make the microwave 
heating a unique process[5]. 
 First of all, it can be noticed the existence of temperature profile inversion with 
respect to conventional heating techniques. The air in proximity of the materials 
during the heat treatment, in fact, is not a good microwave absorber so that it can be 
considered that the atmosphere surrounding the material is essentially at low 
temperature. 
Viceversa, the material under treatment, interacting in a stronger way with the 
electromagnetic field, heats up and reaches higher temperature. The result is that, in 
most cases, the surface temperature of the sample is lower than inside the material 
itself. This effect is more pronounced for poor heat conducting materials. 
Since the given formulation for  DP  and P show a strong dependence upon the real 
and imaginary part of the material permittivity,  for multiphase systems having 
components with quite different permittivities, it is expected a strong selectivity of the 
microwave heating process. Power, in fact, is transferred preferentially to lossy 
materials (high "

eff ) so that it can be possible to rise the  temperature of  just a single 
phase or component, or to spatially limit the heat treatment to the material, without 
involving the surrounding environment. This peculiarities can be particularly useful 
when treating composite materials. 
The rapid variations of the permittivity as a function of temperature is responsible for 
a not always desirable phenomenon, the thermal runaway, that is to say the rapid and 
uncontrollable overheating of parts of the material under processing. Considering a 
low thermal conductivity material, whose permittivity increases as the temperature 
rises, in particular ε'' increasing the temperature growing, it will be subject to gradient 
of temperature, being colder in the regions where heat is rapidly dissipated or the field 
strength is lower, and hotter in the remaining zones. These zones, presenting higher 
values of ε'', and thus of P, will start absorbing microwaves more than the cold ones, 
further rising their temperature and consequently the local value of ε'', strengthening 
the phenomenon. 
Finally, dielectric heating is penetrating, depending on the operating wavelength, and 
permits to directly heat treat the surface and the core of the body, without waiting for 
the heat to reach the core of the sample by means of conduction, particularly time-
taking for low thermal conductivity materials, like most polymers are. In these 
materials, the penetration depth is high, of the order of some tens of centimeters, thus 
facilitating the processing of large bodies, too[6]. 
 

4.4. Heat and mass transfer  classical equations 
 
The conservation of mass and energy for a textile  material give the following 
equations:   
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       (4.9) 
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where n =1 and 2  refers to the inner and outer layer of material, and D is diffusivity 

 m s2 ; X the moisture content ( kg kg  dry basis); k the thermal conductivity 

(W m K);   the density ( kg m/ 3 ); Cp  the heat capacity ( J kg K); and Q is the 

microwave source term (W m3 ). 
 The empirical model for calculating moisture diffusivity as a function of moisture 
and temperature; 
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0exp exp   (4.11) 

 
where D  m s2  is the moisture diffusivity; X the moisture content (kg/kg dry basis); 

T (C) the material temperature; Tr  a reference temperature, and R=0.0083143 kj/mol 
K is the ideal gas constant; D0 ( m s2 ) the diffusivity at moisture X= 0 and 
temperature T Tr   ; Di  ( m s2 ) the diffusivity at moisture X= and temperature 
T Tr  ; E0 (kJ/mol) the activation energy of diffusion in dry material at X=0 and E i  
(kj/mol) is the activation energy of diffusion in wet material at X=. The proposed 
model may uses the estimated parameters in Table 1. 
 
Table 4.3.  Numerical values for wool ( based on data from various authors) 

 
 

Diffusion coefficient of water vapor - 1st stage : 
( . . . )104 68 20 1342 59 102 14  W Wc c   , t  540s 
Diffusion coefficient of water vapor - 2nd stage : 

  16164 1 18163 28 0 10 14. exp . exp( . )   Wc  , t  540s 

Diffusion coefficient in the air : 2 5 5. e  
Volumetric heat capacity of fiber : 373 3 46610 4 221. . . W Tc  
Thermal conductivity of fiber : 

 38 49 0 720 0113 0 002 102 3 3. . . .   W W Wc c c  

Heat of sorption:  1602 5 1172 2522 0. exp . . Wc  
Porosity of fiber : 0.92 
Density of fiber ; 1300 kg m3  
Radius of fiber ; 1.03 e5 m 
Mass transfer coefficient : 0.137 m/s 
Heat transfer coefficient : 99.4  W m K2  
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- Initial conditions: At time t =0 :  T T r z 0 ,    , X X r z 0 ( , )  

- Boundary conditions:  

X
t r H t( , / , ) 


0 2 0

0     ,     

T
t r H t( , / , ) 


0 2 0

0   

 
 Figure 4.4 shows that there is an increase in drying rate because of the microwave 
power density.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4 Comparison of conventional and microwave heating on average 
moisture content. 

 
This can be attributed to the effect of microwave on moisture by rapidly increasing 
the moisture migration to the surface and increased evaporation. A comparison of 
these drying curves demonstrates improvement in drying times, under microwave 
heating. Nevertheless the results show significant improvement in average drying 
times over the conventional heating method. 
 

4.5. Heat and mass transfer  exponential model 
 
It has been recognized that microwaves could perform a useful function in textile 
drying in the leveling out of moisture profiles across a wet sample. This is not 
surprising because water is more reactive than any other material to dielectric heating 
so that water removal is accelerated. An exponential model presented here.[7] can be 
used to describe the drying curves. 

 
eq

d
eq XtbXaX  ).exp().(       (4.12) 

 
and its derivative form: 
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XtdbdtdX d ...)/( )1(         (4.13) 
 
Parameters a, b, d  can be determined by regression by the least square method. The 
quantities b and d  vary with the experimental conditions and they are drying 
coefficients. X is the moisture content of the drying material, dX/dt is the drying rate 
and t is the drying time.. Parameter a represents the initial moisture content.    From 
Figure 4.5 it is seen that the incident power strongly influenced the drying kinetics of 
a textile sample, reducing the drying time by raising the microwave heating power. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5 Normalized moisture content for two power of microwave 
heating 

 
 
 

4.6. Combined microwave and convective drying of 
tufted textile material 
 
It should be noted that because of the higher temperature and pressure gradients 
generated during combined microwave and convective drying, greater care must be 
taken not to damage the textile material to be dried, whilst still taking advantage of 
the increased drying rates provided by the microwave environment. To fully 
understand the heat and mass transfer phenomenon occurring within the material 
during combined microwave and convective drying, it is required to analyse the 
moisture, temperature and pressure distributions generated throughout the process 
It was shown by Ilic and Turner [8] that a theory based on a continuum approach led 
to the following equations of motion governing the drying of a slab of material : 
 
Total mass: 
 

    0.  WWWgggWWgg VVSS
t



      (4.14) 

Power position=10 

aX
X  

Time 

Power position=1 
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Total liquid: 
 

    0.  WWWgvgvgWWgvg VVSS
t



     (4.15) 

 
Here, S is the volume saturation,  is the porosity, [kgm3 ] is the density of the 
fibers   is the surface porosity,  is the porosity 
  
Total enthalpy: 

 



          
t

S h S h S h S h h h S dSg gv gv g ga ga g ga ga W W W S S W W

SW

     








( ) ( )1

0



 
 
     WWWWgagagaggvgvgvg hVhVhV   .  
 
      TKKXK SWWgg ))1((.     (4.16) 
 
Where  is the internal microwave power dissipated per unit volume, K ][ 2m  is 
permeability, and h ][ 1Jkg  is the averaged enthalpy. In equation (4.16) the effects of 
viscous dissipation and compressional work have been omitted. 
The equations (4.14, 4.15 and 4.16) are augmented with the usual thermodynamic 
relations  and the following relations : 
- Flux expressions are given as follows : 
Gas flux : 
 

 gP
T

SKK
V gg

g

gWg
ggg 




 
)(
)(

     (4.16a) 

 
Here, g ][ 2ms  is the gravitational constant and gK  is the relative permeability of gas. 
 
Liquid flux : 
 

  gTSPP
T

SKKV WWCg
W

WWW
WWW 




  ),(
)(
)(    (4.16b) 

 
Where, WK  is the relative permeability of water, and  ][ 1Hm is the permeability of 
free spaces. 
Vapour flux : 
 

 
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g
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Here, V ][ 1ms  is the averages velocity and M ][ 1kgmol  is the molar mass. 
Air flux : 
 

gvggggggagag VVV           (4.16d) 
 
- Relative humidity (Kelvin effect) : 
 

 
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
S T

P
P T

T M
r S RTW

gv
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W W

,
( )

exp
( )

( )
 









2
     (4.17) 

 
where  is the relative humidity and P Tgvs ( )  is the saturated vapour pressure given 
by the Clausius-Clapeyron equation. 
 
- Differential heat of sorption : 
 

h R T
TW v 2  


(ln )         (4.18) 

 
- Enthalpy-Temperature relations : 
 

h C T Tga pa R ( )
        (4.19) 

 h h C T Tgv vap pv R  0        (4.20) 
 

 h C T TW pW R          (4.21) 
 

h C T Ts ps R ( )         (4.22) 
 
The expressions for Kg  , KW  are those given by Turner and Ilic [8], and  g  , W   
have had functional fits according to the data by Holman [9]. The diffusivity 
 D T Pg,  given by Quintard and Puiggali [10] and the latent heat of evaporation given 

by, 
 

 h T h hvap gv W          (4.23) 
 
After some mathematical manipulations, the one-dimensional system of three non-
linear coupled partial differential equations which model the drying process in a 
thermal equilibrium environment are given by : 
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a T
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The capacity coefficients aS1 , aT1  , a p1  and the kinetic coefficients KS1  , KT1  , K P1 , 
Kgr1  all depend on the independent variables : Saturation SW  , Temperature T and 
total pressure Pg  . The boundary conditions are written in one dimension as : 
 
At z=0 (Drying surface) : 
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P Pg o                (4.27c) 

 
At z=L (Impermeable surface): 
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       (4.28c) 

 
Initially: 
 

 T z T,0 1                 (4.29a) 
 

 P z Pg .0 0          (4.29b) 
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Figures 4.6 and 4.7 show a comparison of convective drying with or without 
microwaves. Whilst for convective drying there are definite constant rate and falling 
rate periods, when microwaves are added the form of the curves change [2]. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6. Average saturation profiles in time for drying with or without 
microwaves. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.7. Drying rate curves corresponding to profiles plotted in Figure 4.6. 
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5 
 

Heat and Moisture transfer in textiles with 
particular reference to clothing comfort 

 
 
 
 
 
 
Information on the transmission of water vapour by textiles fibers is desirable for 
better understanding of the problems of comfort, and data for design in special 
applications such as upholstery, footwear, immersion suits and other protective 
clothing, and wrapping or packaging, where high resistance to liquid water is desired, 
combined with considerable permeability of water vapour. Some of the issues of 
clothing comfort that are most readily understood involve the mechanisms by which 
clothing materials influence heat and moisture transfer from the skin to the 
environment. Heat transfer by convection, conduction and radiation and moisture 
transfer by vapor diffusion are the most important mechanisms in very cool or warm 
environments.  
 

5.1. Introduction and background 
 
During physical activity the body provides cooling partly by producing insensible 
perspiration. If the water vapour cannot escape to the surrounding atmosphere the 
relative humidity of the microclimate inside the clothing increases causing  a 
corresponding increased thermal conductivity of the insulating air, and the clothing 
becomes uncomfortable. In extreme cases hypothermia can result if the body loses 
heat more rapidly than it is able to produce it, for example when physical activity has 
stopped, causing a decrease in core temperature. If perspiration cannot evaporate and 
liquid sweat (sensible perspiration) is produced, the body is prevented from cooling at 
the same rate as heat is produced, for example during physical activity, and 
hyperthermia can result as the body core temperature increases. Table 5.1 shows heat 
energy produced by various activities and corresponding perspiration rates. 
The ability of fabric to allow water vapour to penetrate is commonly known as 
breathability. This should more scientifically be referred to as water vapour 
permeability. Although perspiration rates and water vapour permeability are usually 
quoted in units of grams per day and grams per square meter per day, respectively, the 
maximum work rate can only be endured for a very short time. During rest, most 
surplus body heat is lost by conduction and radiation, whereas during physical 
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activity, the dominant means of losing excess body heat is by evaporation of 
perspiration. It has been found that the length of time the body can endure arduous 
work decreases linearly with decrease in fabric water vapour permeability. 
 
 

 
Table 5.1 Heat energy produced by various activities and corresponding 

perspiration rates[1] 
 

Activity Work rate (watts) Perspiration rate (g/day) 

Sleeping 60 2280 

Sitting 100 3800 

Gentle Walking 200 7600 

Active Walking 300 11500 

With light pack 400 15200 

With heavy pack 500 19000 

Mountain walking with heavy pack 600-800 22800-30400 

Maximum work rate 1000-1200 38000-45600 

 
It has also been shown that the maximum performance of a subject wearing clothing 
with a vapour barrier is some 60% less than that of a subject wearing  the same 
clothing but without a vapour barrier. Even with two sets of clothing that exhibit a 
small variation in water vapour permeability, the differences in the wearer's 
performance are significant [1]. 
In an environment where body temperature cannot be regulated without a lot of 
sweating, we often try to get rid of heat from our body by turning on the air 
conditioning systems or moving into a conditioned room. Just after the change of the 
environment, we will feel "cool" or "comfortable". But the sweat accumulated in 
clothing evaporates gradually, until the heat loss from our body can be more than 
needed and at last we might feel "cold" or "uncomfortable".  A review of clothing 
studies has shown that moisture collection in cold weather clothing, even after heavy 
exercise, seldom exceeds 10% by weight of added water [2]. One of the 
measurements are used to calculate values related to water vapour transmission 
properties is "water vapour resistance". This is the water vapour pressure difference 
across the two faces of the fabric divided by the heat flux per unit area, measured in 
square meters pascal per watt. Some water vapour resistance data on different types of 
outwear fabrics are presented in Table 5.2. The measurement of water vapour 
resistance in thickness unit (mm) is the thickness of a still air layer having the same 
resistance as the fabric. The use of thickness units facilitates the calculations of 
resistance values for clothing assemblies comprising textile and air layers. 
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This observation is generally explained by noting that the major transfer mechanism 
from wet skin to underwear is one of distillation. An initial observation noting the 
surprisingly strong discomfort sensations associated with small amounts of water in 
the skin-clothing interface [3]. 
 
 
 
Table 5.2 Typical water vapour resistance(WVR) of fabrics[1] 
 

Fabric, Outer (shell) material WVR(mm still air) 

Neoprene, rubber or PVC coated 1000-1200 

Conventional PVC coated 300-400 

Waxed cotton 1000+ 

Wool overcoating 6-13 

Leather 7-8 

Woven microfiber 3-5 

Closely woven cotton 2-4 

Ventile L28 3.5 

Other Ventile 1-3 

Two-layer PTFE laminates 2-3 

Three-layer laminates (PTFE, polyester) 3-6 

Microporous polyurethane (various types) 3-14 

 
It has been confirmed in a number of studies in which either moisture from sweating 
or added moisture generates these clothing contact sensations. The procedures for 
these measurements [4] emphasize again that very little moisture is required to 
stimulate sensations of discomfort. Often 3% to 5% added moisture is ample to 
develop discomfort [5]. 

Simultaneous differential equations for the transfer of heat and moisture in 
porous medial under combined influence of gravity and gradients of temperature and 
moisture content were developed  by D.A. De Vries [6]. These equations are a 
generalization of those drived by philip et al. [7]. Eckert and Faghri [8] have 
performed a general analysis of moisture migration in a slab of an unsaturated porous 
material  for a condition where the temperature of one surface is suddenly increased to 
a higher value whereas the temperature of the other surface is maintained constant. 
Udell [9], [10] has derived a general, one-dimensional, steady-state model describing 
the heat and mass transfer within a homogeneous porous medium, saturated with a 
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wetting liquid, its vapor and a non-condensible gas. The effects of gas diffusion, 
phase change, conduction, liquid and vapor transport, capillarity, and gravity are 
included. The analysis is based on a general thermodynamic description of the unique 
equilibrium states characteristics of liquid wetting porous media. Bouddor et al. [11] 
have provided a systematic, rigorous and unified treatment of the governing equations 
for simultaneous heat and mass transfer within a wide range of porous media.  
Some work has also been done in the area of coupled diffusion of moisture and heat in 
hygroscopic textile materials. Gibson [12] has given a review of numerical modeling 
of convection, diffusion and phase changes in textiles. The paper summarizes current 
and past work aimed at utilizing CFD techniques for clothing applications. It was 
shown that water in a hygroscopic porous textile may exist in vapor or liquid form in 
the pore spaces. Phase changes associated with water include liquid 
evaporation/condensation in the pore spaces and sorption/desorption from polymer 
fibers. Additional factors such as swelling of solid polymer due to water and heat of 
sorption was incorporated into the appropriate conservation and transport equations. 
Nordon and David [13] have attempted to solve the non-linear differential equations 
which describe coupled diffusion of heat and mass (moisture) in hygroscopic textile 
materials. In addition to the diffusion equations, a rate equation was introduced 
describing the rate of exchange of moisture between the solid (textile fibers) and the 
gas phase. The predictions compared favorably with experimental observations on 
wool bales and wool fabrics [14]. Farnworth [15] has developed a simple model of 
combined heat and water vapor transport in clothing. Transport by forced convection 
was not included in this model. 
Osczevski and Dolhan [16] and Farnworth et al [17] reported a strong dependency of 
water vapour resistance of hydrophilic membranes or coatings: the higher the relative 
humidity at the membrane, the lower the water vapour resistance (i.e., the higher the 
water vapour permeability or breathability). 
 In a temperature dependent experiment, Osczevski[18] placed a hydrophilic film 
on an ice block. Water vapour sublimating from the ice could diffuse only through the 
film and was collected by a desiccant. Osczevski measured mass transport through the 
film, and he found that water vapour resistance is an exponential function of 
temperature. In this experiment, water vapour permeability varnishes nearly 
completely with decreasing textile temperature. Because diffusion in hydrophilic 
materials is non-Fickian, he also derived from his results a theory of diffusion speed 
depending on activation energy, and he accounted for different relative humidities. 
Additionally, Gretton et al [19] reported an increase in the moisture vapour 
transmission rate of hydrophilic and microporous textiles when measuring with a 
heated dish instead of unheated dish. They interpreted their results by the increased 
motion of water vapour and polymer molecules, which they claimed would also work 
for microporous constructions. 
 Galbraith et al [20] compared cotton, water repellent cotton, and acrylic garments 
through wearing tests and concluded that the major factor causing discomfort was the 
excess amount of sweat remaining on the skin surface. Niwa [21] stated that the 
ability of fabrics to absorb liquid water (sweat) is more important than water vapour 
permeability in determining the comfort factor of fabrics. 
 Morooka and Niwa [22] postulated physiological factors related to the wearing 
comfort of fabrics as follows: sweating occurs whenever there is a tendency for the 
body temperature to rise, such as high temperature in the surrounding air and physical 
exercise, etc. If liquid water (sweat) cannot be dissipated quickly, the humidity of the 
air in the space in between the skin and the fabric that contacts with the skin rises. 
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This increased humidity prevents rapid evaporation of liquid water on the skin and 
gives the body the sensation of “heat” that triggered the sweating in the first place. 
Consequently, the body responds with increased sweating to dissipate excess thermal 
energy. Thus a fabric’s inability to remove liquid water seems to be the major factor 
causing uncomfortable feelings for the wearer. 
 Hollies [23] conducted wearer trails for shirts made of various fibers. They 
concluded that the largest factor that influenced wearing comfort was the ability of 
fibers to absorb water, regardless of weather fibers were synthetic or natural. 
 All of these studies indicate that the transient state phenomenon responding to the 
physiological demand to cause sweating is most relevant to comfort or discomfort 
associated with fabrics. 
 When work is performed in heavy clothing, evaporation of sweat from the skin to 
the environment is limited by layers of wet clothing and air. The magnitude of 
decrement in evaporative cooling is a function of the clothing’s resistance to 
permeation of water vapour. 
King and Cassie [24] conducted an experimental study on the rate of absorption of 
water vapor by wool fibers. They observed that, if a textile is immersed in a humid 
atmosphere, the time required for the fibers to come to equilibrium with this 
atmosphere is negligible compared with the time required for the dissipation of heat 
generated or absorbed when the regain changes. Gretton [25] investigated the effects 
of heat of sorption in the wool-water sorption system. They observed that the 
equilibrium value of the water content was directly determined by the humidity but 
that the rate of absorption and desorption decreased as the heat-transfer efficiency 
decreased. Heat transfer was influenced by the mass of the sample, the packing 
density of the fiber assembly, and the geometry of the constituent fibers. Crank [26] 
pointed out that the water-vapor-uptake rate of wool is reduced by a rise in 
temperature that is due to the heat of sorption. The dynamic-water-vapor-sorption 
behavior of fabrics in the transient state will therefore not be the same as that of single 
fibers owing to the heat of sorption and the process to dissipate the heat released or 
absorbed. 
 Henry [27,28] was who the first started theoretical investigation of this 
phenomenon. He proposed a system of differential equations to describe the coupled 
heat and moisture diffusion into bales of cotton. Two of the equations involve the 
conservation of mass and energy, and the third relates fiber moisture content  with the 
moisture in the adjacent air. Since these equations are non-linear, Henry made a 
number of simplifying assumptions to derive an analytical solution. 
 In order to model the two-stage sorption process of wool fibers, David and 
Nordon [13] proposed three empirical expressions for a description of the dynamic 
relationship between fiber moisture content and the surrounding relative humidity. By 
incorporating several features omitted by Henry into the three equations, David and 
Nordon were able to solve the model numerically. Since their sorption mechanisms 
(i.e. sorption kinetics) of fibers were neglected, the constants in their sorption-rate 
equations had to be determined by comparing theoretical predictions with 
experimental results. Based on conservation  equations, this global model consists of 
two differential coupled equations with variables for temperature and water 
concentration in air  Ca  and in the fibers of the textile  C f , which is generally the 
water adsorbed by hygroscopic fibers. C f  is not in equilibrium with Ca  , but an 
empirical relation between the adjustable parameters is assumed: the rate of sorption 
is a linear function of the difference between the actual C f  and the equilibrium value. 
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The introduced coefficients are not directly linked to the physical properties of the 
clothes[29]. 
 Farnworth [14] reported a numerical model describing the combined heat and 
water-vapor transport through clothing. The assumptions in the model did not allow 
for the complexity of the moisture-sorption isotherm and the sorption kinetics of 
fibers. Wehner et al [30] presented two mechanical models to simulate the interaction 
between moisture sorption by fibers and moisture flux through the void spaces of a 
fabric. In the first model, diffusion within the fiber was considered to be so rapid that 
the fiber moisture content was always in equilibrium with the adjacent air. In the 
second model, the sorption kinetics of the fiber were assumed to follow Fickian 
diffusion. In these models, the effect of heat of sorption and the complicated sorption 
behavior of the fibers were neglected. 
 Li and Holcombe [31] developed a two -stage model, which takes into account 
water-vapor-sorption kinetics of wool fibers and can be used to describe the coupled 
heat and moisture transfer in wool fabrics. The predictions from the model showed 
good agreement with experimental observations obtained from a sorption-cell 
experiment. More recently, Li and Luo [32] further improved the method of 
mathematical simulation of the coupled diffusion of the moisture and heat in wool 
fabric by using a direct numerical solution of the moisture-diffusion equation in the 
fibers with two sets of variable diffusion coefficients. These research publications 
were focused on fabrics made from one type of fiber. The features and differences in 
the physical mechanisms of coupled moisture and heat diffusion into fabrics made 
from different fibers have not been systematically investigated. 
Holmer [33] compared the heat exchange and thermal insulation of two ensembles, 
one made from wool, the other from nylon, worn by subjects who exercised either 
lightly (dry condition) or strenuously (wet condition) for 60 minutes, then rested 60 
minutes. He found that there was a significant difference in physiological and 
subjective responses between dry and wet conditions, but not between the two fiber 
types. Further, there was no significant difference between the ratings of temperature 
and humidity sensations for the wool and nylon garments. The wool garment picked 
up more water than the nylon garment (245 g versus 198 g) for the wet condition.  
 However, the wool fabric may have been slightly thicker than the nylon fabric, 
since it was reported to have a slightly greater thermal resistance and therefore hold 
more water [34]. 
 Nielsen and Edrusick [29] evaluated the effect of five kinds of knit structures, all 
made from 100% polypropylene were evaluated. On subjects exercising for 40 
minutes at 5C followed by 20 minutes at rest, and then repeated. The thickest knit, a 
fleece, caused the greatest total sweat production, retained the most moisture, and 
wetted skin the most. They stated that the hydrophobic polypropylene prevented 
extensive sweat accumulation in the underwear (10 to22%) causing the sweat to 
accumulate in the outer garments. 
 Bakkevig and Nielsen [35] repeated the protocol above, but used low and high 
work rates with three kinds of underwear (a polypropylene 11 knit, a wool 11 knit, 
and a fishnet polypropylene)  worn under wool fleece covered by polyester/cotton 
outer garments. Total sweat production and evaporated sweat were the same for all 
three underwear fabrics, but where the sweat accumulated differed significantly. More 
sweat accumulated in the wool underwear than either polypropylene at both work 
rates. At the higher work rate, more sweat moved into the fleece layer from both kinds 
of polypropylene underwear than for the wool. Most likely for the 11 knits, the 
thicker wool underwear(1.95 mm) simply holds more water than the polypropylene 
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underwear (1.41 mm) and based on outer  layer-to layer wicking results, needs a 
greater volume of sweat to fill it pores before it starts to donate the excess to the layer 
above it. 
  
 Galbraith et al [34] conducted wear trails for shirts made of various fibers. They 
concluded that the largest factor that influenced wearing comfort was the ability of 
fibers to absorb water, regardless of whether fibers were synthetic or natural. 
 All of these studies indicates that the transient state phenomenon responding to 
the physiological demand to cause sweating is most relevant to comfort or discomfort 
associated with this general principle. It is important to point out that a highly water 
absorbing fabric placed in the first layer keeps the partial pressure of water vapor near 
the skin low, which helps dissipate water at  the skin surface, although the water vapor 
transport rate is smaller than for non-absorbing fabrics. 
 In the other words, the dissipation of water by means of absorption by fabrics 
appears to be much more efficient way to keep the water vapor pressure near the skin 
low than dissipation by permeation through fabrics. Highly water absorbing fabrics 
raise the temperature of the air space near the skin. The temperature rise will further 
decrease relative humidity; however, the higher temperature may or may not desirable 
depending on environmental conditions [37]. 
 In the literature, the emphasis has been placed on the correlation between 
sweating and discomfort associated with wearing fabrics. However, there is relatively 
less emphasis placed on the influence of changes in the surrounding conditions, that 
is, the influence of the seasons. Many comfort studies are conducted with a single 
layer of fabric at relatively warm and moderately humid conditions. Severe winter 
conditions, which mandate the use of layered fabrics, would necessitate totally 
different kinds of testing procedures. Consequently, it is necessary to distinguish the 
comfort factor and the survival factor, and to investigate these factors with different 
perspective[38]. 
 The evaporation process is also influenced by the liquid transport process. When 
liquid water cannot diffuse into the fabric, it can only evaporate at the lower surface 
of the fabric. As the liquid diffuses into the fabric due to capillary action, evaporation 
can take place throughout the fabric[39]. 
Moreover, the heat transfer process has significant impact on the evaporation process 
in cotton fabrics but not in polyester fabrics. The process of moisture sorption is 
largely affected by water vapor diffusion and liquid water diffusion, but not by heat 
transfer. When there is liquid diffusion in the fabric, the moisture sorption of fibers is 
mainly determined by the liquid transport process, because the fiber surfaces are 
covered by liquid water quickly. Meanwhile, the water content distributions in the 
fibers are not significantly related to temperature distributions. 
 All moisture transport processes, on the other hand, affect heat transfer 
significantly. Evaporation and moisture sorption have a direct impact on heat transfer, 
which in turn is influenced by water vapor diffusion and liquid diffusion. The 
temperature rise during  the transient period is caused by the balance of heat released 
during fiber moisture sorption and the heat absorbed during the evaporation 
process[40]. 
 As a whole, a dry fabric exhibits three stages of transport behavior in responding 
to external humidity transients. The first stage is dominated by two fast processes: 
water vapor diffusion and liquid water diffusion in the air filling the interfiber void 
spaces, which can reach new steady states within fractions of seconds . During this 
period, water vapor diffuses into the fabric due to the concentration gradient across 
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the two surfaces. Meanwhile, liquid water starts to flow out of the regions of higher 
liquid content to the dryer regions due to surface tension force [41]. 
 The second stage features the moisture sorption of fibers, which is relatively slow 
and takes a few minutes to a few hours to complete. In this period, water sorption into 
the fibers takes place as the water vapor diffuses into the fabric, which increases the 
relative humidity at the surfaces of fibers. After liquid water diffuses into the fabric, 
the surfaces of the fibers are saturated due to the film of water on them, which again 
will enhance the sorption process. During these two transient stages, heat transfer is 
coupled with the four different forms of liquid transfer due to the heat released or 
absorbed during sorption/desorption and evaporation/condensation. Sorption/ 
desorption and evaporation/condensation, in turn, are affected by the efficiency of the 
heat transfer. For instance, sorption and evaporation in thick cotton fabric take a 
longer time to reach steady states than in thin cotton fabrics. 
 Finally, the third stage is reached as a steady state, in which all four forms of 
moisture transport and the heat transfer process become steady, and the coupling 
effects among them become less significant. The distributions of temperature, water 
vapor concentration, fiber water content, and liquid volume fraction and evaporation 
rate become invariant in time. With the evaporation of liquid water at the upper 
surface of the fabrics, liquid water is drawn from capillaries to the upper surface. 
 
 

5.2. Effective thermal conductivity 
 
One way of expressing the insulating performance of a textile is to quote "effective 
thermal conductivity". Here the term "effective" refers to the fact that conductivity is 
calculated from the rate of heat flow per unit area of the fabric divided by the 
temperature gradient between opposite faces. It is not true condition, because heat 
transfer takes place by a combination of conduction through fibers and air and 
infrared radiation. If moisture is present, other mechanisms may be also involved. 
Research on the thermal resistance of apparel textiles [42-47], has established that the 
thermal resistance of a dry fabric or 
one containing very small amounts of water depends on its thickness, and to lesser 
extent on fabric construction and fiber conductivity. Indeed, measurements of 
effective thermal conductivity by standard steady-state methods show that differences 
between fabrics and mainly attributable to thickness. Despite these findings, 
consumers continue to regard wool as "warmer" than other fibers, and show 
preference for wearing  wool garments in cold weather, particularly when light rain or 
sea spray is involved. 
Meanwhile, the effective thermal conductivites of fabrics can be studied for varying 
regains. Regain is the mass of water present expressed as a percentage of the dry 
weight of the material. The effective thermal conductivities for porous acrylic, 
polypropylene, wool, and cotton is shown in Figure 5.1. 
The curves indicate that changes in "effective thermal conductivity" with increasing 
regain are not linear, but can be explained in terms of water within the fibers of 
fabrics with regain.  
Figure 5-2 presents the various phases diagrammatically. When fabrics containing 
water are subjected to a temperature gradient, three different modes of heat flow can 
be distinguished; 
 

- the presence of condensed water  
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- vapor transport, and 
- condensation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1. Comparison of effective thermal conductivities for porous acrylic, 
polypropylene, wool and cotton. 

 
 

Figure 5.2.b. Cross sections of absorbent material at different regains. 
Fiber sorption properties influence the heat and mass transfer up to the point when the 
rate of increased conductivity with regain is low in the curves, and then all fiber types 
behave similarly. Generally heat transfer increases with increasing regain, but in this 
initial regain the rise is most pronounces for the nonabsorbent polypropylene. The 
fiber with the lowest effective conductivity over the regain 0-200% regain is wool, an 
effect that is especially pronounced  in the region of low regains from zero to 
saturation. This is mostly influenced by fiber sorption properties . Low regains are 
most common in real wear situation. This is mostly influenced by fiber sorption 
properties. Low regains are most common in real wear situations. 
This explains the popular association between wool and warmth in situations such as 
yachting, where the garment will very likely become wet. Cotton fabric has the 
highest effective thermal conductivity for almost the whole regain. 
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Figure 5.2.a.  Cross sections of nonabsorbent material at different regains. 
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Figure 5.2.b. Cross sections of absorbent material at different regains. (Followed) 
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Figure 5.2.b. Cross sections of absorbent material at different regains. 

 
 

5.3 Transport phenomena for sweat 
 
Fabrics to protect human body are, in most cases used under nonequilibrium 
conditions; therefore, characteristics of fabrics under nonisothermal and 
nonequilibrium conditions are important in evaluating overall performance. 
Furthermore, in colder environments, layered fabrics rather than a single fabric are 
used in most cases. Under such conditions, the two most important characteristics of 
fabrics are water vapour and heat transport. However, the water vapour transport may 
not  influenced significantly by surface characteristics-the hydrophilic or hydrophobic 
nature of fabrics. On the other hand, when liquid water contacted a fabric, such as in 
the case of sweating, the surface wetability of fabric play a dominant role in 
determining the water vapour transport through layered fabrics[48-50]. 
In such a case, the wicking characteristics, which determines how quickly and how 
widely liquid water spreads out laterally on the surface of or within the matrix of the 
fabric, determines the overall water vapour transport rate through the layered fabrics. 
It should be noted that the overall water vapour and heat transport characteristics of a 
fabric should depend on other factors such as the water vapour absorbability of the 
fibers, the porosity, density, and thickness of the fabric, etc[51-53]. 
Moreover, transport phenomena for the sweat case are much more complicated than 
the water vapour case because wetting of the surface by liquid water precedes water 
wetting of the surface by liquid water precedes water vapour transmission. Note that 
there is an important difference in water absorbing characterizing of wool and cotton, 
although both fibers have relatively high water vapour absorption rates. Because of 
the hydrophobic surface of wool fibers, a liquid droplet in contact with a wool fabric 
does not spread out laterally within a fabric layer. The water vapour transport rate, in 
the sweat case, can be indicated by the size of liquid water spread out on the surface 
or within a fabric matrix[54,55]. 
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 Moreover, the term "breathable" implies that the fabric is actively ventilated. This 
is not the case. Breathable fabrics passively allow water vapour to diffuse through 
them yet still prevent the penetration of liquid water. Production of water vapour by 
the skin is essential for maintenance of body temperature. The normal body core 
temperature is 37˚C, and skin temperature is between 33 and 35˚C, depending on 
conditions. If the core temperature goes beyond critical limits of about 24˚C and 45˚C 
then death results. The narrower limits of 34˚C and 42˚C can cause adverse effects 
such as disorientation and convulsions. If the sufferer is engaged in a hazardous 
pastime or occupation then this could have disastrous consequences. 
 

5.4. Factors influencing the comfort associated with 
wearing fabrics 
 
 As it was mentioned earlier, if liquid water (sweat (sweat) cannot be dissipated 
quickly, the humidity of the air in the space in between the skin and the fabric that 
contacts with the skin rises. This increased humidity prevents rapid evaporation of 
liquid water on the skin and gives the body the sensation of "heat" that triggered the 
sweating in the first place. Consequently, the body responds with increased sweating 
to dissipate excess thermal energy. Thus a fabric's inability to remove liquid water 
seems to be the major factor causing uncomfortable feeling for the wearer. 
 Hollies et al. [38] conducted wearer trails for shirts made of various fibers. 
They concluded that the largest factor that influence wearing comfort was the ability 
of fibers to absorb water, regardless of whether fibers were synthetic or natural. All of 
these studies indicate that the transient state phenomenon responding to the 
physiological demand to cause sweating is most relevant to comfort or discomfort 
associated with fabrics. It is important to point out that a highly water absorbing fabric 
placed in the first layer keeps the partial pressure of water vapour near the skin low, 
which helps to dissipate water at the skin surface, although the vapour transport rate is 
smaller than for non-absorbing fabrics. In other words, the dissipation of water by 
means of absorption by fabrics appears to be much more efficient way to keep water 
vapour pressure near the skin low than dissipation by permeation through fabrics. 
Highly water absorbing fabrics raise the temperature of the air space near the skin. 
The temperature rise will further decreases relative humidity; however, the higher 
temperature may or may not be desirable depending on environmental conditions. 
  

5.5. Interaction of moisture with fabrics 
 
Trying to stay warm and dry while active outdoors in winter has always been a 
challenge. In the worst case, an individual exercises strenuously, sweats profusely, 
then rests. During exercise, liquid water accumulates on the skin and starts to wet the 
clothing layers above skin. Some of the sweat evaporates from both the skin and the 
clothing. Depending on the temperature and humidity gradient across the clothing, the 
water vapor either leaves the clothing or condenses and freezes somewhere in its outer 
layers. 
 When one stops exercising and begins to rest, active sweating soon ceases, 
allowing the skin and clothing layers eventually dry. During this time, however, the 
heat loss from body can be considerable. Heat is taken from the body  to evaporate the 
sweat, both that on the skin and that in the clothing. The heat flow from the skin 
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through the clothing can be considerably greater when the clothing is very wet, since 
water decreases clothing’s thermal insulation. This post-exercise chill can be 
exceedingly comfortable and can lead to dangerous hypothermia. 
 A dry layer next to the skin is more comfortable than a wet one. If one can wear 
clothing next to the skin that does not pick up any moisture, but rather passes it 
through to a layer away from the skin, heat loss at rest will be reduced. For such 
reasons, synthetic fibers have gained  popularity with winter enthusiasts such as hikers 
and skiers. 
Advertising the popular press would have us believe that synthetic materials pick up 
very little moisture, dry quickly, and so leave the wearer warm and dry. In contrast, 
warnings are given against wearing cotton or wool next to skin, since these fibers 
absorb sweat and so "lower body temperature". A further property credited to 
synthetics, in particular polypropylene, is that they wick water away from the skin, 
leaving one dry and comfortable. 
 In the early fifties, when synthetic fibers such as nylon and the acrylics were first 
coming onto the consumer market, Fourt et al. [56] and Coplan [57] compared  
the water absorption and drying properties of these "miracle" fibers with those of 
conventional wool and cotton. Forty-five years latter, the water absorption and drying 
properties of synthetics were compared with natural fibers and it was found that all 
fabrics pick up water, and the time they take to dry is proportional to the amount of 
water they initially pick up [58,59].  
It was also found that properties relevant to clothing on an exercising person, that is, 
the energy required to evaporated water from under and through a dry fabric or to dry 
a wet fabric and layer-to-layer wicking [60]. 
Holmer [61] compared the heat exchange and thermal insulation of two ensembles, 
one made from wool, the other from nylon, worn by subjects who exercised either 
lightly (dry condition) or strenuously(wet condition) for 60 minutes, then rested 60 
minutes.  
He found that there was a significant difference in the physiological and subjective 
responses between dry and wet conditions, but not between the two fiber types. 
Further, there was no significant difference between the ratings of temperature and 
humidity sensations for the wool and nylon garments. The wool garment picked up 
more water than the nylon garment (245 g versus 198 g) for the wet condition. 
However, the wool fabric may have been slightly thicker than the nylon fabric, since 
it was reported to have a slightly greater thermal resistance and would therefore, hold 
more water. 
 

5.6. Moisture transfer in textiles 
 
In nude man any increase of sweating is immediately accompanied by an increase in 
heat loss due to evaporation. Similarly any decrease in sweating is immediately 
accompanied by a decrease in heat loss. Thus, nude man has a control of his heat loss 
which has no appreciable time lag. This is shown diagrammatically in Figure 5.3.  
In this figure time is plotted as abscissa and rate of heat produced or lost as ordinate. 
To maintain perfect heat balance and a  constant temperature, heat loss should equal 
heat production so that the heat production and heat loss curves should be the same. 
Suppose a man is initially at rest with a low heat production and a like heat loss as 
represented by the solid line in period A. When he exercises and produce more heat, 
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the heat loss should rise as represented by the solid line in period B. Again, when he 
returns to the resting condition, period C, heat loss should return to the solid base line. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.3. Rate of heat transfer versus time 

 
 
If sweating is the mechanism bringing about increasing heat loss but evaporation is 
limited, the increased heat loss might only be sufficient to match an increased heat 
production represented by the dashed line in period B. The position of this dashed line 
will depend on the equilibrium vapor transfer characteristics of the clothing. If , 
however, the hypothetical man is clothed in absorbent clothing, some of the sweat 
initially evaporated at the skin at the start of the exercise period will be absorbed by 
the clothing and its heat of absorption will appear in the clothing as sensible heat. This 
source of sensible heat will temporarily reduce the heat loss so that it follows the 
dotted line. Eventually a new equilibrium moisture content will be established and the 
dotted and dashed lines will coincide. When exercise and sweating stop, period C, 
moisture accumulated in the clothing will be desorbed or evaporated and tend to cool 
the clothing and the man wearing it. Thus, there is a time lag, and the heat loss curve 
will tend to follow the dotted curve during the after-exercise period. Since in Figure 
5.3 heat loss per unit time is plotted against time, the area between the dotted line and 
the solid line represents an amount of heat, as distinguished from rate of heat loss, 
which can be regarded as a quantitative value of after exercise chill [62]. 
It should be noted that the moisture contained in the clothing need not be only that 
which is collected by absorption. It is also possible in cold damp or extreme cold 
environments that sweat which is evaporated at the skin will recondense when it 
reaches colder layers of clothing. Alternatively the sweat rate may be so high that 
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some of it will not evaporate from the skin. In nude man this drips off, but in clothed 
man it is blotted up by clothing to evaporate after sweating ceases. 
 Meanwhile, measurements of water vapour permeability of woven fabrics have 
indicated that in the lower ranges of fabric density, the main path of water vapour 
transfer is through the air spaces between fibers and yarns. This covers the densities 
characteristic of most apparel fabrics made from staple fibers, although filament yarn 
fabrics may be woven to higher densities in which the kind of fiber itself in the 
passage of water vapour , it is necessary to account for the water vapour passage 
through air spaces. 
 

5.7. Water vapour sorption mechanism in fabrics 
 
In 1393, Henry [63] proposed a mathematical model for describing heat and moisture  
transfer in fabric, as shown in Equations 5.1 and 5.2 , and the further analysed the 
model in 1948 [64]; 
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In these equations, both vC and λ  are functions of the concentration of water absorbed 
by the fibers. Most textile fibers have very small diameters and very large 
surface/volume ratios. The assumption in the second equation of instantaneous 
thermal equilibrium between the fibers and the gas in the interfiber space does not 
therefore lead to appreciable error. The two equations in the model are not linear and 
contain three unknown, i.e., fC , T, and aC  . A third equation should be established 
appropriately in order to solve the model. Henry [63, 64] derived a third equation to 
obtain an analytical solution by assuming that fC  is linearly dependent on T and aC  , 
and that fibers reach equilibrium with adjacent air instantaneously. Considering the 
two-stage sorption process of wool, David and Nordon [65]  proposed an exponential 
relationship to describe the rate of water content change in the 
fibers, as shown in equations (5.3) and (5.4); 
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and 1k  and 2k  are adjustable parameters that are evaluated by comparing the 
prediction of the model and measured moisture content of the fabric. 
Farnworth [66]  reported a numerical model describing combined heat and water 
vapour transport through clothing.  
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The assumptions in his model do not allow for the complexity of the moisture 
sorption isotherm and the sorption kinetics of fibers. Wehner et a.l [67] presented  
two mathematical models to simulate the interaction between moisture sorption by 
fiber and moisture flux through the air spaces of a fabric. In the first model, they 
considered diffusion within the fiber to be so rapid that the fiber moisture content is 
always in equilibrium with the adjacent air. In the second model, they assumed that 
the sorption kinetics of the fiber follows a Fickian diffusion. Their model neglected 
the effect of heat of sorption behavior of the fiber. Li and Luo [32]  developed a new 
sorption equation that takes into account the two-stage sorption kinetics of wool 
fibers, and incorporated this with more realistic boundary conditions to simulate the 
sorption behavior of wool fabrics. They assumed that water vapour uptake rate of 
fiber consists of a two components associated with the two stages of sorption 
identified by Downes and Mackay [68] and described by Watt [69]. 
The first stage is represented by Fickian diffusion with a constant coefficient. Second-
stage sorption is much slower than the first and follows an exponential relationship. 
The relative contributions of the two stages to the total uptake vary with the sorption 
stage and the initial regain of the fibers. Thus, the sorption rate equation can be 
written as; 
 

21)1( pRRp
t

C f 



        (5.5) 

 
where 1R  is the first-stage sorption rate, 2R   is the second-stage rate sorption rate, and 
p  is a proportional of uptake in the second stage. Equation (5.5) assumes that the 
sorption rate is a linear average of the first and second sorption rates. The first-stage 
sorption rate 1R  can be derived using Crank's truncated solution [26].  
Which may lead to a corresponding  algorithm that needs a strict time striction and 
hence long computation times. 
 The second-stage sorption rate 2R  , which relates local temperature, humidity, 
and the sorption history of the fabric, is assumed to have the following form; 
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where 1s  and 2s   are constants. No values for 1s  and 2s  have been reported  in the 
literature for any textile fibers. This is also an empirical equation that has an unclear 
physical meaning, which makes it inconvenient to predict and simulate heat and 
moisture transport in a fabric. These equations were improved substantially by  Li and  
Luo [32]. The numerical values and approximate relationships they used are listed in 
Table 5.3. They assumed that moisture sorption by a wool fiber can be generally 
described by a uniform diffusion equation for both stages of sorption; 
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where ),( txD f  are the diffusion coefficients that have different presentations at 
different stages of sorption, and x is the coordinate of a fiber in the given fabric. The 
boundary condition is determined by the relative humidity of the air surrounding a 
fiber at x. In a wool fabric, ),( txD f  is a function of ),( txWc ,  which depends on the 
sorption time and the fiber location. 
 
Table 5.3. Numerical values of wool and physical properties 
 

Parameters Initial values Mathematical relationship 

Thermal conductivity of 
fabric (KJ/m.K) 
 

28493.3 e  
33

2

10)002.0

113.072.0493.38(




c

cc

W
WW

 
Volumetric heat capacity 
of fabric ( / . )kJ m K3  1609.7 373.3+4661 Wc +4.221 T 

Diffusion coefficient of 
fiber ( / )m s2  2.4435 e14  

1.0637 arc tan(1541.1933) 
(3600/ t 2 )10 14  

Diffusion coefficient of 
water vapor in fabric 
( m s2 / )  

1.91 e5   
______ 

 
Heat of sorption or 
desorption of water by 
fibers ( / )KJ Kg  

4124.5 
1602.5exp(-11.72Wc ) 

+2522 

Porosity of fabric 0.925 ______ 

Density of fabric 
( / )Kg m3  1330 ______ 

Radius of wool fiber (m) 104 5. e  ______ 

Mass transfer coefficient 
(m/s) 0.137 ______ 

Heat transfer coefficient 
( / . )W m K2  99.4 ______ 

Wc  =Water content of the fibers in the fabric 
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5.8. Modeling 
 
The fabric model simulates the transport of a liquid and vapor-phase fluid that can 
undergo phase change (e.g., water) and an inert gas (air) in a textile layer. Several new 
models and capabilities were added to a standard commercial CFD code (FLUENT 
Version 6.0, Fluent Inc., Lebanon, NH) [47]. These capabilities include: 
- Vapor phase transport (variable permeability). 
- Liquid phase transport (wicking). 
- Fabric property dependence on moisture content. 
-Vapor/liquid phase change (evaporation/condensation). 
-Sorption to fabric fibers. 
 In the fabric, transport equations are derived for mass, momentum, and energy in 
the gas and liquid phases by volume-averaging techniques. Definitions for intrinsic 
phase average, global phase average, and spatial average for porous media are those 
given by Whitaker [48]. Since the fabric porosity is not constant due to changing 
amounts of liquid and bound water, the source term for each transport equation 
includes quantities that arise due to the variable porosity. These equations are 
summarized in general form below [47]. 
 Gas phase continuity equation: 
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 Vapor continuity equation: 
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 Gas phase momentum equation: 
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 Liquid transport: 
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In summery, due to the intensive body activity, the wearer perspires and the cloth 
worn next to skin will get wet. These moisture fabric reduces the body heat and makes 
the wearer to become tired. So the cloth worn next to the skin should assist for the 
moisture release quickly to the atmosphere. The fabric worn next to the skin should 
have two important properties. The initial and fore most property is to evaporate the 
perspiration from the skin surface and the second property is to transfer the moisture 
to the atmosphere and make the wearer to feel comfort. Diffusion and wicking are the 
two ways by which the moisture is transferred to the atmosphere. These two are 
mostly governed by the fiber type and fabric stricture. The air flow through the fabric 
makes the moisture to evaporate to the atmosphere. The capillary path plays a vital 
role in the transfer of moisture and this depends on the wicking behavior of the fabric. 
In the development of protective clothing and other textiles, modeling offers a 
powerful companion to experiments and testing. 
It should be noted that condensation occurs when the vapor density of the steam is 
higher that its saturation vapor density. The condensation rate is proportional to the 
vapor density  difference between that in the gas phase and that at the condensing 
surface. The relative hygrometry is quite different due to the action (water vapor 
pressure) of the airs on each side of the fabric (Figure 5.4). Sorption and desorption 
have not opposite kinetics, the former faster in temperature and in charge of humidity 
during the first minutes, the latter more completer in discharge of humidity after a 
long time (figure 5.5). Figure 5.6  shows  experimental results of hygrometry for the 
internal and external surfaces of wool fabric(between skin and fabric). Meanwhile, the 
internal gap has a considerable effect on the moisture transmission rate. The internal 
air gap has been identified as being a source of potential errors in most experimental 
works due to its changing resistance (Figure 5.7). Figure 5.8 shows the effect of  
thickness on the amount of water can be held in a fabric. 
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Figure 5.4. Relative hygrometry of wool  fiber during desorption. 
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Figure 5.5.  Relative hygrometry of wool  fiber during sorption. 
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Figure 5.6.  Experimental results of hygrometry for the internal 
and external surfaces of wool fabric(between skin and fabric). 
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Figure 5.7.  Effect of the internal air gap size on the moisture 

Vapor transmission (MVTR). 
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Figure 5.8.   Thickness versus the amount of water held in fabric. 
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Appendix 
 

 
 

Heat transfer 
 
Heat transfer is the study of energy movement in the form of heat which occurs in 
many types of processes. The transfer occurs from the high to the low temperature 
regions. Therefore a temperature gradient has to exist between the two regions for 
heat transfer to happen. It can be done by conduction (within one solid or between 
two solids in contact), by convection (between two fluids or a fluid and a solid in 
direct contact with the fluid), by radiation (transmission by electromagnetic waves 
through space) or by combination of the above three methods. 
The general equation for heat transfer is: 

 

Mass Transfer 
Textiles exposed to a hot air stream may be cooled evaporatively by bleeding water 
through its surface. Water vapour may condense out of damp air onto cool surfaces. 
Heat will flow through an air-water mixture in these situations, but water vapour will 
diffuse or convect through air as well. This sort of transport of one substance relative 
to another called mass transfer.  

 

Drying of textiles 
 Drying of textiles is accomplished by vaporizing the water and to do this the latent 
heat of vaporization must be supplied. There are, thus, two important process-
controlling factors that enter into the process of drying:  

(a) transfer of heat to provide the necessary latent heat of vaporization, 
(b) movement of water or water vapour through textiles and then away from it to 
effect separation of water.  
 

112

Administrator
Text Box



 118 

Drying processes fall into different categories:  
In air and contact drying, heat is transferred through the textiles either from heated air 
or from heated surfaces.  
The water vapour is removed with the air. Heat transfer in is generally by convection, 
conduction,sometimes by radiation. 
 

Steady state heat transfer 
 
Heat transfer is said to be at steady-state when the quantity of heat flowing from one 
point to another by unit time is constant and the temperatures at each point in the 
system do not change with time. 
Assuming no heat generation, no accumulation of heat and transfer of heat by 
conduction, at steady state we have: 
 

xxx qq   

dx
dTkAqx   

A
qx  is the heat flux in Wm-2 while the quantity dT/dx  represent the temperature 

gradient in the x direction. 
 

 
 
 

Convective Heat-Transfer Coefficient 
 
When a fluid is in forced or natural convective motion along a surface, the rate of heat 
transfer between the solid and the fluid is expressed by the following equation: 

 fW TTAhq  .  
 

The coefficient h is dependent on the system geometry, the fluid properties and 
velocity and the temperature gradient. Most of the resistance to heat transfer happens 
in the stationary layer of fluid present at the surface of the solid, therefore the 
coefficient h is often called film coefficient. 
 

 
 

Dimensionless Numbers in Convective Heat Transfer 
 
Correlations for predicting film coefficient h are semi empirical and use 
dimensionless numbers which describe the physical properties of the fluid, the type of 
flow, the temperature difference and the geometry of the system. 
 

 
The Reynolds Number characterizes the flow properties (laminar or turbulent). L is 
the characteristic length: length for a plate, diameter for cylinder or sphere. 
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The Prandtl Number characterizes the physical properties of the fluid for the viscous 
layer near the wall. 

 
The Nusselt Number relates the heat transfer coefficient h to the thermal conductivity 
k of the fluid. 

 
The Grashof Number characterizes the physical properties of the fluid for natural 
convection. 
 

 
 
 

Radiation heat transfer 
 
Radiation is a term applied to many processes which involve energy transfer by 
electromagnetic wave (x rays, light, gamma rays ...). It obeys the same laws as light, 
travels in straight lines and can be transmitted through space and vacuum. It is an 
important mode of heat transfer encountered where large temperature difference 
occurs between two surfaces such as in furnaces, radiant driers and baking ovens. 
The thermal energy of the hot source is converted into the energy of electromagnetic 
waves. These waves travel through space into straight lines and strike a cold surface. 
The waves that strike the cold body are absorbed by that body and converted back to 
thermal energy or heat. When thermal radiations falls upon a body, part is absorbed 
by the body in the form of heat, part is reflected back into space and in some case part 
can be transmitted through the body.  
The basic equation for heat transfer by radiation from a body at temperature T is: 
 

4TAq   
where є is the emissivity of the body. є = 1 for a perfect black body while real bodies 
which are gray bodies have an є < 1 
 
 

Combining Radiation and Convection Heat Transfer 
 
In many applications radiation and convection occurs at the same time. A body 
receiving energy from radiation will return some to its surrounding (unless in 
vacuum) through convective heat transfer. 
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For convenience, a radiative heat transfer coefficient hR expressed in W/m2.K can be 
evaluated in the following manner: 

 
 
 
 
 
 

Conductive Heat Transfer 
 
Fourier's Law can be integrated through a flat wall of constant cross section A for the 
case of steady-state heat transfer when the thermal conductivity of the wall k is 
constant. 

 
 

 
At any position x between x1 and x2, the temperature T varies linearly withthe 
distance:   
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