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Computational Analysis and Experimental Investigation of Heat
and Moisture Transfer in Multilayer Textile Package
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The transfer properties of the moisture and heat through multilayer textile packages have an influence on the wearing
comfort of the clothing assemblies produced from such materials. The necessary properties of the textile package are
obtained by means of proper selection of the structure of the package and physical properties of each individual textile
layer. The research of wearing comfort is focused on analysis of air permeability, thermal resistance and the resistance
and absorption of water vapour. In this work a typical assortment of textile materials, which is used in summer and
winter military clothing, was selected. During the experimental investigation the thermal and water vapour resistance of
the textile packages consisting of different combinations of layers made of different materials have been compared. The
finite element computational model has been developed for the analysis of heat transfer through the textile package
caused by heat conduction and advection due to ventilation air flow. The model enabled to obtain values and time laws
of temperatures in each layer of the package. The validity of the model is ensured by employing the experimentally
measured thermal resistance values for each individual layer of the structure. The numerical results have been compared
against experimentally measured data of the textile package.
Keywords: wearing comfort, military clothing, moisture and heat transfer, textile package, finite element analysis.

INTRODUCTION ∗

means of ventilation flow in-between fabric. Commonly
the ventilation flow is caused by the motion of the fabric
layers when the person wearing them is moving, however,
sometimes the ventilation flow can be intentionally
generated by special ventilators or other devices. Such kind
of complex processes by means of computational models
was analysed by N. Pan and P. Gibson [4] and in earlier
research by authors of this work [5].
In this work the investigations of the modern warrior
clothing comfort characteristics were performed. The aim
of this research was to develop the theoretical
prognostication methods for the comfort characteristics of
the textile package. Such investigations are essential as the
wearing comfort assurance is one of the main goals in the
development of perspective military clothing, also
indicated in NATO normative documents [6 – 8].
It can be summarised that in this work a number of
theoretical investigations of the comfort characteristics in
the military clothing was performed and the computative
model of the finite elements was developed. Such a model
describes the processes of the ventilation, heat and
moisture interchange in the multilayer clothing and at the
body’s microclimate zone.

Creating and manufacturing of contemporary
protective clothing is based on the main purposes: to
ensure optimal protection of the human body and to ensure
the satisfactory wearing characteristics.
In the modern protective clothing manufacturing a
number of fabrics with different structure and composition
(woven, nonwoven, knitted, multilayer, etc.) are used.
Such fabrics can be processed with different surface
treatment or finishing technologies and have very different
characteristics of wearing comfort. Besides, it is important
to notice that for the evaluation of such materials different
investigation methods are applied. The new materials
indicated for the development of the protective clothing
usually enter the manufacturing process still not
investigated properly or the results of such investigations
are obtained using different methods. For this reason it is
rather difficult to predict and to describe theoretically the
heat and moisture processes in multilayer protective
clothing [1 – 3].
Primary theoretical research of heat and moisture
exchange in clothes began only in recent years. Source [4]
defines that generally the amount of heat and moisture
generated by the human body is considered, which is
transferred through the clothes to the environment, and
what are the moisture and thermal conditions in the air
layer closest to the human skin (called microclimate layer).
Also the work points out that the heat and moisture
exchange takes place not only due to diffusion (i. e.
propagation through textiles due to their heat and moisture
conductivity), however, also due to advective exchange by

FINITE ELEMENT MODEL OF HEAT AND
MOISTURE EXCHANGE IN CLOTHES
Calculation of ventilation air flow
The scheme of air flow at the surface of human skin
and in the textile package is presented in Fig. 1.
The thickness of the air gap between the skin and the
fabric varies due to the motion of the surface of the skin
and forces the motion of the air in the gap. The equipped
active ventilation system may blow a certain amount of air
in-between the fabric and the skin. The air flow moves
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Equations (3) and (4) presented in terms of vector
components read as:
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The presented differential equations are subjected top
boundary conditions, which are prescribed for different
parts of the surface in Fig. 1 and are presented in Table 1.
The average velocity of air penetration w0 through the
textiles employed in boundary conditions Table 1 can be
expressed as:

towards the zones where the microclimate gap has a
contact with the outer air the pressure of which is P∞ .
Certain amounts of the moving air cannot be removed
through the open boundaries of the microclimate gap,
however, they are transferred through the pores of the
textiles and finally reach the open air through the outer
surface of the textile package. The process can be
described by means of partial differential equations, which
serve as the basis for the finite element model. The finite
element models enable to present adequately the thermal
and moisture exchange properties of various compositions
of textile packages and to investigate them theoretically.

w0 = α ( p 0 − p1 ) ,

(7)

where: α is the coefficient obtained experimentally, p0 is
the pressure value at the fabric surface S0 of the
microclimate gap (Fig. 2), which is obtained by solving the
air flow problem expressed by (5) and (6), p1 is the
pressure value at the other side of the fabric layer. For the
outer layer of the textile package value p1 = p∞, i. e., is
equal to the outer air pressure. The pressure value in the
gap in-between package layers is obtained as:
⎧
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;
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where Z is the thickness of the air gap.
Equation (8) indicates also that additional amount of
air is supplied to the gap due to the infiltration through
adjacent layers of material.
In equation (8) it is also assumed that the air flow
between the fabric layers can be regarded as steady
Poiseuille flow.

Fig. 1. Scheme of ventilation air flow of the textile package

The incompressible Navier-Stokes equations are
presented as [4]:
r
r r
r
dv
ρ0
+ ρ 0 v∇v = −∇p + μ∇ 2 v;
(1)
dt
r
divv = 0,
(2)
r
where: v = (u , v, w) are the velocities of the air flow, which
are different at every point of the domain, ρ 0 is the air
mass density; μ is the dynamic viscosity coefficient of the
air; p is the pressure.
The assumption that the air flow velocities are small
enables to neglect the convective acceleration terms and to
present equation (1) as:
r
r
dv
ρ
= −∇p + μ∇ 2 v ;
(3)
dt
r
div v = 0 .
(4)
Table 1. Boundary conditions for the ventilation problem
Surface

Boundary condition

S skin

rr
vn = v* (t ), ∈ S skin

The surface of the skin may vibrate with prescribed velocity v* in the normal direction,
r
where n – outer normal of the surface.

Svent

rr
vn = v * (t ),∈ S skin

*
The air flow generated by the ventilator. If no active ventilation is used vvent = 0 .

Sopen

p = p∞ , ∈ S open

Open boundary of the microclimate zone, where the pressure is equal to the outer pressure.

rr
vn = w0 , ∈ S0

The boundary of the “microclimate” zone with the textile package through which certain
amount of air is transferred. Velocity w0 is defined by relating the pressure difference on
both sides of the fabric layer against the average velocity of air penetration. The physical
meaning of it and be considered as Darcy velocity, which is generally employed for the
solution of filtration problems.

S0

Comments

.

81

advection (fourth to sixth terms), as air moves in the
microclimate gap. The boundary conditions on different
surfaces (Fig. 3) are summarized in Table 2.

Fig. 2. Scheme of the air flow through the layers of textile
package

The air flow in the next air gap is governed by
equations:
w1 = α ( p1 − p2 ) ,

Fig. 3. Scheme of the temperatures calculated by solving the
diffusion-advection equation

The heat exchange through the first fabric layer of the
textile package is described by the equation:
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It should be noticed that equations (3 – 9) are
interrelated and have to be solved together. The outer layer
of the fabric can be described by single equation (7) as the
outer air pressure is known.

⎡1 0⎤ ⎧T0 ⎫ ⎛ ⎡ 1 − 1⎤
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where: αf is the thermal conductivity coefficient of the
textile layer in the normal direction defined for the unity
surface area of the fabric; ρa , ca are the mass density and
mass thermal capacity of the air; cf is the thermal capacity
coefficient of the textiles defined for unity surface area of
the fabric; T0, T1 are the temperature values at the
boundary with the microclimate zone and in the first gap
in-between the fabric layers; w1 is the average filtration
velocity of the air through the first fabric layer obtained by
solving the ventilation problem.
The temperatures in the first gap of the textile package
are described as:

Calculation of thermal exchange
The heat exchange in the microclimate gap is governed
by the diffusion-advection equation:
∂ ⎛ ∂T ⎞ ∂ ⎛ ∂T ⎞ ∂ ⎛ ∂T ⎞
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dT
dT
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(10)

− c0ρ0u1

where: T is the air temperature [K]; b is the volumetric heat
source (if present); λ0 is the heat conduction coefficient of
the air, [W/(Km)]; ca is the mass heat capacity of the air,
[J/(K kg)]; ρa is the mass density of the air, [kg/m3], terms
u, v, w define the velocity components of air particles as
they move between the skin and the fabric layer; they are
obtained as a solution of the ventilation problem (4), (5).
Equation (10) describes the heat transfer by diffusion
(first three terms in the left-hand side of equation (10) and

∂T
dT1
dT
− c0ρ0v1 1 = ρ0c0 1 ,∈V0
∂t
dx
dy

,

(12)

Equation (12) assumes that the heat transfer to the
environment at the boundaries of the zone is negligible.
Equations (11) and (12) are repeated for every fabric layer
in the textile package. For example, the application of
equations for the second gap reads as:
⎡1 0⎤ ⎧T1 ⎫ ⎛ ⎡ 1 − 1⎤
⎡ 0 0⎤ ⎞⎧⎪ T1 ⎫⎪ ⎧0⎫
cf ⎢
+ w2 ρaca ⎢
⎨ ⎬ + ⎜⎜α f ⎢
⎥
⎥
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Table 2. Boundary conditions for the heat exchange problem

Boundary

S skin

Boundary condition

nx λ

∂T
∂T
∂T
+ nyλ
+ nz λ
− q * = 0,∈ S skin
∂x
∂y
∂z

T = T∞ ,∈ Svent

S vent

S0 ∪ Sopen

∂T
∂T
∂T
+ nyλ
+ nz λ
+
∂x
∂y
∂z
+ cp(n x u + n y u + n z u ) = 0,∈ S 0 ∪ S open
nx λ

Comment

q* is the amount of heat generated by the human body through the
unity area of the skin.
Ventilator air flow temperature T∞ is known and equal to the outer
temperature. If no forced ventilation applied, the boundary
condition is expressed as nx λ

∂T
∂T
∂T
+ nyλ
+ nz λ
= 0.
∂x
∂y
∂z

At the ventilated boundary of the zone and at the contact zone with
the textiles the heat is being lost by advection as the air flow exits
from the investigated zone.
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layers) clothing. The assortment and the main fabrics characteristics are presented in Table 3: military clothing is
manufactured from knitted, woven and multilayer
breathing materials (number of clothing layer is indicated
in ascending order from the body). Recently for the upper
layer of a soldier clothing three-layer materials are used.
Such materials are characterized by water resistance from
outside and good vapor penetration from inside, i. e.
breathing materials. Water vapor penetration characteristics of such materials mostly depend on the parameters of
membranes which are used in multilayer fabrics [9, 10].

∂ ⎛ ∂T2 ⎞ ∂ ⎛ ∂T2 ⎞
⎟−
⎟ + ⎜ λ0
⎜ λ0
∂x ⎝ ∂x ⎠ ∂y ⎜⎝ ∂y ⎟⎠
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dT2
dT2
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− c0ρ0u2
− c0ρ0v2
= ρ0c0
dy
dx
∂t
The ventilation equations (3 – 8) and heat exchange
equations (10 – 14), in the present formulation are solved
independently.
Calculation of moisture exchange
The moisture exchange in the textile package can be
described by diffusion-advection equations similar to the
heat exchange equations (10 – 14). The only difference is
that the vapour concentration is to be analyzed instead of
the temperature.
Necessary experimental data and relations
A series of experiments have been carried out for
obtaining coefficient values used in the formulated
equations:
a) Values of coefficients α , cf , αf are expressed by
equations (7) and (11). The coefficient α defines the air
penetration conductivity of the fabric layer, cf is the mass
thermal capacity coefficient of the fabric, αf is the thermal
conductivity coefficient in the direction perpendicular to
the fabric.
b) Experimentally obtained temperatures of the textiles
T0 and T1 in time. The relationships are necessary for the
model validation on the base of the following equation:

Fig. 4. Finite element mesh

The experimental investigation of the heat insulation
properties was performed according the LST EN
31092:2002 (ISO 11092:1993) method [11] defining the
values of water vapour and thermal resistance of 1, 2 and 5
layers packages (Table 4). Such multilayer packages are of
the same and different fibre composition and structure.

⎡ 0 0⎤ ⎞⎧T0 ⎫ ⎧Q0 ⎫
⎡1 0⎤⎧T0 ⎫ ⎛ ⎡ 1 − 1⎤
cf ⎢
⎥⎨T ⎬ + ⎜⎜α f ⎢− 1 1 ⎥ + w1ρaca ⎢− 1 1⎥ ⎟⎟⎨T ⎬ = ⎨ 0 ⎬, (15)
0
1
⎣
⎦ ⎠⎩ 1 ⎭ ⎩ ⎭
⎦
⎣
⎦⎩ 1 ⎭ ⎝ ⎣

RESULTS AND DISCUSSION

If temperature T0 is known, temperature T1 on the
other side of the material theoretically can be obtained
from the equation:
(16)
c f T1 + (α f + w1 ρ a ca )T1 = (α f + w1ρ a ca )T0 .

According to the results indicated in Table 4, it can be
concluded that at the increasing number of layers, the air
permeability of the package decreases while thermal
resistance increases. Such a growth in thermal resistance is
caused by heat transportation in air gaps between layers
[12, 13]. The results of the investigation indicated that the
best thermal resistance properties are achieved for double
faced knitted pile material (material No 3, Table 4).
The thermal resistance and air permeability investigation results of textile packages with different fibre content
and structure are presented in Table 5. The reliability of the
results corresponds the requirements indicated in the
standard (deviation does not exceed 7 %).
According to the results of the Table 5, it can be
concluded that the air permeability of the multilayer textile
package depends on the minimal values of the consisting
materials. The air permeability characteristics of the threelayer membrane materials also influence the air
permeability of the whole multilayer textile package
(materials No 5a and 5b, Table 4). The air permeability of
the two layer textile packages is close to the lower value of
the separate material, i. e. to the air permeability of the ripstop weaving fabric (material No 2a, Table 4).
Another extremely important wearing comfort
characteristic of the multilayer clothing is the moisture
transportation. As it was mentioned [3, 9 – 16], the wearing
comfort mostly depends on the textile material water
vapour resistance and absorption characteristics. Water
vapour transportation and condensation is not the same in

On the other hand, values of T1 can be measured
experimentally at certain intervals of time at some steady
value of T0 , as well as, when T0 increases.
c) Similar experiments of the measurement of
temperatures T0 and T1 are conducted for the textile
packages at known values of air flow velocity w1 .
Generation and implementation of the computational
model
The above presented equations (3 – 8) and (10 – 14) are
solved by using the finite element method. The 3D finite
elements are employed for presenting the microclimate
zone, and 2D meshes present each layer of the fabric
(Fig. 4). In 3D mesh numerical models of equations (4)
and (8) are implemented, and in each 2D mesh the elements are obtained on the base of equations (7, 8) and (11,
12). The 3D and 2D domains and each pair of the adjacent
2D domains are joined by using equations (3) and (7).

MATERIALS AND METHODS
Objects of investigation for the evaluation of moisture
and heat interchange were selected from military fabrics
which are used for soldier’s summer (two fabric layers:
T-shirt and uniform) and winter (in this case five fabric
83

Table 3. The assortment and characteristics of the textile materials used for military clothing

Sequence of
fabric layers

Material
No.

1 – closest to
the body

1a

Surface density,
g/m2

Thickness,
mm

120

0.8

Knitted material (rib (1×1))

215

1.2

Knitted material (rib (1×1))

187

0.7

Woven material (rip-stop)

251

0.8

Woven material (rip-stop)

Cotton – 100 %
Cotton – 92 %
Polyester – 6.3 %
Elastane – 1.7 %
Cotton – 32 %
Polyester – 68 %
Cotton – 62 %
Polyester – 38 %

1b
2

Fibre content

2a
2b

Description of the material

3

3

Polyester – 100 %

287

4.8

Double faced knitted material
(pile)

4

4

Cotton – 34 %
Polyester – 66 %

173

0.9

Woven material (plain)

5–
furthermost
from the
body

5a

Outer layer – polyester 100%
Middle layer – polyurethane 100 %
Inner layer – polyamide 100%

219

0.8

Three-layer material with micro
pore membrane

5b

Outer layer – polyester 100%
Middle layer – polyurethane 100%
Inner layer – polyamide 100%

258

0.9

Three-layer material with micro
pore membrane

Table 4. Thermal resistance and air permeability characteristics of the same structure and composition textile packages

Material No.
1a
1b
2a
2b
3
4
5a
5b

Thermal resistance, m2 K/W,
LST EN 31902:2002)

Thickness of textile package, mm

Air permeability, mm/s,
(LST EN ISO 9237:1997)

1 layer

2 layers

5 layers

1 layer

2 layers

5 layers

1 layer

2 layers

5 layers

0.8
1.2
0.7
0.8
4.8
0.9
0.8
0.9

1.6
2.4
1.4
1.5
9.6
1.8
1.6
1.9

4.0
6.1
3.5
3.9
24.0
4.6
3.9
4.7

0.025
0.035
0.007
0.008
0.147
0.023
0.005
0.006

0.070
0.078
0.013
0.015
0.264
0.034
0.008
0.009

0.149
0.141
0.067
0.075
0.627
0.109
0.050
0.060

1629
652
122
60
666
234
0
0

931
338
60
41
358
124
0
0

418
128
23
16
132
53
0
0

Table 5. The results of thermal resistance and air permeability of different structure and composition textile packages

Number of
layers in textile
package

Set of materials in the
textile package

Thickness of the textile
package, mm

Thermal resistance, m2 K/W,
(LST EN 31902:2002)

Air permeability, mm/s,
(LST EN ISO
9237:1997)

2
2
5
5

1a+2a
2a+1a
1a+2a+3+4+5a
1b+2a+3+4+5a

1.5
1.5
8.0
8.4

0.057
0.044
0.231
0.241

117
113
0
0

Table 6. The results of water vapour resistance and absorption of the same structure and composition textile packages

Material
No.

Surface density, g/m2,
(LST EN 12127:1999)

1a
1b
2a
2b
3
4
5a
5b

120
215
187
251
287
173
219
258

Water vapour resistance, m2 Pa /W,
(LST EN 31902:2002)

Water vapour absorption, %,
at relative humidity

1 layer

2 layers

5 layers

100 %

40 %

0.37
4.07
0.43
3.14
13.11
2.02
11.31
9.57

7.42
7.21
6.19
5.47
21.89
3.13
15.02
13.42

13.65
11.37
20.82
14.71
47.53
12.66
40.78
42.72

8.3
7.3
3.4
5.3
0.9
3.5
1.8
2.3

5.2
5.5
2.4
3.2
0.3
2.1
0.4
1.1
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Table 7. The results of water vapour permeability of different structure and composition textile packages

Number of layers in the
package

Set of materials in
the textile package

Thickness of the textile package, mm

Water vapour resistance, m2 Pa /W,
(LST EN 31902:2002)

2
2
5
5

1a+2a
2a+1a
1a+2a+3+4+5a
1b+2a+3+4+5a

1.5
1.5
8.0
8.4

9.12
9.52
35.91
31.78

3.

all the layers of the multilayer textile package [13, 15] and
depends on the thickness of air gaps in the multilayer
textile package, air humidity and water absorption of the
textile materials [15 – 17]. Also, the amount of moisture in
different layers of multilayer textile package depending on
the hydrophilic properties of used materials [13, 17].
Besides the research of the thermal resistance, the
investigations on the water vapour resistance and
absorption characteristics in the multilayer textile packages
with the same fibre structure and composition were also
accomplished. The average values of the obtained results
are presented in Table 6.
The results of water vapour permeability research for
different structure and composition textile materials are
presented in Table 7.
The results of the heat insulation characteristics
obtained using the experimental investigations were
applied for the theoretical research of heat and moisture
processes in the multilayer textile package.

4.
5.

6.
7.

8.

9.

CONCLUSIONS

10.

In present research mathematical expressions of
processes of the ventilation, heat and moisture interchange
were presented. Also process modelling was performed
and computative model of the finite elements was
developed.
It has been defined that for the approval of the
developed model experiments, which determine air
permeability, thermal and water vapour resistance
characteristics of various composition multilayer textile
packages must be accomplished.
The results of the accomplished experiments will be
used for the approval of the developed computative model
in order to adjust it for the description of the comfort
characteristics in military clothing at the body’s
microclimate zone.
The
presented
mathematical
relations
and
experimental data are the initial base for future
investigations. Further tests and validation comparisons of
computed results against the experimental ones are going
to be accomplished at the next phase of research.
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