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Abstract
Clothing fabrics are rarely used individually as the only layer protecting the body against
different outer factors. Especially in cold climates, human attire is usually composed of
several layers constituting together a multilayer set of textile materials. The purpose of
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Figure 1. Visualisation of air gaps between two surfaces of solid materials [5].

Fig. 1 Visualisation of air gaps between two surfaces of solid materials
[5]
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ferent directions of fibres and open pores, in particular of those materials creating the
ers, cause that two phenomena can occur:
• an increased number of contact points,
• the filling of pores in one layer by elements of an adjacent layer (fig. 2).
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Table 1. Basic structural
parameters of the woven fabrics investigated.
Parameter

Method

Unit

WL 11

WL 12

WL 13

Raw material

–

–

WO100

WO80/PES20

WO70/PES30

Weave

–

–

crepe

crepe

plain

Mass per square metre

PN-ISO 3801:1993

gm-2

360.0

376.9

198.6

cm-1

14.8

16.8

12.7

cm-1

12.4

14.0

10.0

mm

2.43

1.85

0.73

Number of ends
Number of picks
Thickness

96

PN-EN 1049-2:2000
PN-EN ISO 5084:1999

Rct = (tm – ta) (Qv-1 – Q0-1), mK m2W-1
(1)
where:
tm – temperature of the measuring head
surface,
ta – temperature of air in the wind channel,
Qo – density of heat flow through the
sample measured,
FIBRES & TEXTILES in Eastern Europe 2021, Vol. 29, 2(146)

140

140

120
Rc t , mK m2/W

Rc t , mK m2 /W

120
100
80
60

100
80
60
40

40

20

20

0

0

measured calculated measured calculated measured calculated

WL 11
1 layer

WL 12
2 layers

3 layers

WL 13

WL 11

4 layers

Figure 4. Thermal resistance of the single fabrics and multilayer
packages made thereof.

Qv – density of heat flow from the measuring head surface (without sample).
According to the standard, for each material (single and multilayer) three repetitions of measurement were performed.
The measurement was made at an air velocity of 1 m/s in standard climatic conditions.

Results and discussion
Results from the Permetest device are
presented in Table 2.
The highest thermal resistance was stated for the WL 11 fabric variant, and the
lowest – for the W 13 fabric variant.
The same relationship was stated for
the multilayer packages. For the textile
packages of the same number of layers, the highest thermal resistance was
stated for packages made of the WL 11
fabric, whereas the lowest – for the packages made of the WL 13 woven fabric.
According to expectations, the thermal
resistance of multilayer textile packages
increases with an increase in the number
of layers (Figure 4).
According to theory, the total thermal resistance of the multilayer textile package
is the sum of the thermal resistance of particular layers, according to Equation (2):
RT = RL1 + RL2 +...+ RLn

(2)

where:
RT – total thermal resistance of multilayer assembly,
RL1 – thermal resistance of 1st layer,
RL2 – thermal resistance of 2nd layer,
n – number of layers.
Taking the above into account, we calculated the theoretical thermal resistance of
FIBRES & TEXTILES in Eastern Europe 2021, Vol. 29, 2(146)
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Figure 5. Comparison of the measured and calculated thermal
resistance according to Equation (1).

the multilayer sets of textile materials as
the sum of the thermal resistance of individual materials creating the sets. A comparison of the measured and calculated
thermal resistance according to Equation (1) is presented in Figure 5.

However, while measuring by means of
the Alambeta device, the material measured is placed between two plates: hot
and cold. both of which adhere to the
sample at a constant pressure of 200 Pa
[11-13]. Measurement is performed
without air movement above the sample
measured.

The results presented are in agreement
with those stated in previous publications
[4, 8]. In almost all of cases, the thermal
resistance of the multilayer textile sets
measured by means of the Permetest device is lower than that calculated using
Equation (1). The exception is the thermal resistance of the four-layer set made
of the WL 12 woven fabric. This result
should be considered as an outlier.

In the Permetest measurement there are
also other factors which can influence the
results. According to Hes [12, 14], there
is an additional factor influencing the results. It is the so-called boundary effect.
The effect is based on the disruption of
air movement in the immediate vicinity of the sample surface due to surface
unevenness. Air movement turbulences near the fabric surface influence the
heat flow through the sample and, at the
same time, the results from the Permetest
device. Hes suggests a new procedure
which can be used to determine the thermal resistance of fabric using a Permetest
device and “skin model”. The procedure
involves measuring one layer and next
two layers of the material being assessed.
Finally, the thermal resistance of the fabric Rf investigated should be calculated as
the difference between the thermal resistance of two layers and one layer, according to Equation (3):

Taking into account the results presented,
we can assume that the above-mentioned
two phenomena [4,8]:
n increased number of contact points,
n fulfill of pores in one layer by elements of an adjacent layer (Figure 2),
also occurred in the current experiment.
Especially, the second factor mentioned
above can cause a compaction of the
structure of package in the zone of layer adhesion (Figure 2) and, at the same
time, higher thermal conductivity in this
zone. In the case of the multilayer textile packages created, the thermal contact
resistance is not visible in the results. At
the same time, there is agreement between the results from both instruments:
Alambeta and Permetest.

Rf = RL2 – RL1

(3)

Based on the Equation (3) and results
from the Permetest device (Table 2), the

Table 2. Thermal resistance of woven fabrics and multilayer sets made thereof, mK m2/W.
Fabric
variant

Number of layers
1 layer

2 layers

3 layers

4 layers

Mean

SD

Mean

SD

Mean

SD

Mean

SD

33.2

1.8

60.5

4.7

83.8

3.1

117.4

8.4

WL 12

215

2.7

37.7

1.8

63.5

3.2

102.4

4.8

WL 13

11.3

0.7

18.3

1.8

26.6

4.5

36.8

0.7

WL 11

97
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Figure 6. Thermal resistance of measured fabric Rf calculated on
the basis of Equations (3), (4) and (5).

thermal resistance of the fabrics investigated is as follows:
n WL 11 – 27.3 mK m2/W,
n WL 12 – 16.2 mK m2/W,
n WL 13 – 7.0 mK m2/W.

Rf, mK m2 /W

And,30.0
in consequence, the thermal resistance resulting from the boundary effect
25.0
is appropriately
5.9 mK m2/W for the
WL 11, 5.3 mK m2/W for the WL 12, and
20.0
4.3 mK m2/W for the WL 13. Differences
between
15.0 the values of thermal resistance
presented caused by the boundary effect
10.0
result
from the different surface characteristics of the fabrics measured.
5.0

It should
be taken into consideration that
0.0
the boundary WL11
effect also occurs
WL12while
measuring the heat flow without a sample. In this case, the size of the boundary
effect depends on the surface characteristics of the measuring head. Finally, the
thermal resistance caused by boundary
effects both connected with the surface of
the measuring head and that of the sample measured is a result of both values.
Following Hes’s suggestion, the thermal resistance of the fabrics investigated
can also be calculated as the difference
between the thermal resistance of the

Rf = RL3 – RL2

Rf = RL4 – RL3

R f, R mK m2 /W

(5)

Values of the thermal resistance of the
fabrics investigated calculated of the basis of Equations (4) and (5) are different
than those calculated using Equation (3)
(Figure 6).
Especially, the values calculated for the
WL 12 fabric differ from each other significantly,
WL 13 which is difficult to explain.
First of all, the precision of measurement
by means of the Permetest device can
cause differences. The unevenness of the
fabric structure should also be considered
as a reason for the differences stated for
the WL 12 fabric.
It was decided to calculate the thermal
resistance of the fabrics investigated as
the arithmetic mean of thermal resistance
calculated on the basis of Equations (3),
(4) and (5). Results are presented in Figure 7.
Figure 8. Comparison of mean values
of thermal resistance
Rf calculated on the
basis of the results
from the Permetest
device and thermal
resistance R from the
Alambeta device.
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or as the difference between the thermal resistance of the four-layer set and
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Figure 7. Mean thermal resistance Rf of fabrics measured.
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80

0

WL11

Figure 8 presents a comparison of the
mean values of thermal resistance Rf calculated on the basis of the results from the
Permetest device and thermal resistance
R from the Alambeta device. The absolute values of thermal resistance from
both instruments are different, which is
obvious because the principle of measurement using both instruments is different.
In contrast to the Permetest device, while
measuring using an Alambeta device there
is not any air movement above the fabric
surface. Due to this fact no forced diffusion occurs. There is a too low number of
cases to calculate the correlation coefficient between the results from the Alambeta and Permetest devices. However,
it is clearly seen that there is agreement
between both instruments in the aspect of
relationships between the thermal resistance of the fabrics measured. According
to both instruments, the highest thermal
resistance was stated for the WL 11 woven
fabric, whereas the lowest – for the WL 13
woven fabric (Figure 9).
There is also another factor which should
be taken into consideration while discussing the results from the Permetest device.
It is the change in the cross-section of
the wind channel resulting from adding
another layer to the multilayer packages
measured, which causes a diminishing of
the cross-section of the wind channel in
the space above the material measured.
At the same time, the wind velocity is
a little higher above the sample being
measured, which influences heat flow
in the channel of the device due to the
change in the forced heat diffusion.
There are many unknowns that do not allow to solve the problem unequivocally.
Among others, the surface geometry characteristic of the fabrics being investigated
plays an important role. Due to this fact it
FIBRES & TEXTILES in Eastern Europe 2021, Vol. 29, 2(146)

is predicted to continue the investigations
in this direction. Surface roughness and
other parameters characterising the surface
geometry of fabrics influence the boundary
effect and, at the same time, the final results
from the Permetest device. The surface
characteristic also influences the contact
thermal resistance while measuring multilayer sets. All factors mentioned should
be the objects of further investigations.
The surface geometry of textile materials
can be assessed using optical methods, for
instance 3D laser scanning and a profilometer. Such investigations published till now
[16, 17] have confirmed that it is possible
to quantify the surface geometry of fabrics
and next to connect the surface parameters
with the thermal properties.

Summing up
In the work presented, measurements of
multilayer packages of textile materials
were performed by means of a Permetest
device. The results obtained confirmed
that the thermal resistance of multilayer
sets of textile materials increases with an
increase in the number of layers. It was
also stated that the thermal contact resistance is not visible in the results for multilayer textile packages. Results from the
Permetset device are in agreement with
previously published results based on
measurement by means of an Alambeta
device. The boundary effect suggested by
Hes was also the object of analysis. For
both the thermal contact resistance and
boundary effect it is necessary to know
the surface geometry characteristic of the
fabrics measured, which can be done using advanced optical methods. This will
be analysed in further steps of the investigation of multilayer textile packages.
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