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Abstract

�e paper presents the evaluation of textile 

material thermal properties and their com-

binations as used for business clothing sys-

tems, which was conducted through two sepa-

rate studies. In the �rst study, an investigation 

of textile thermal properties was carried out 

using di�erent measurement systems enabling 

the measuring of heat and/or moisture trans-

mission through textile materials by using the 

hot-plate apparatus, the �ermo Labo II and 

the Permetest measurement systems. �is part 

of the research investigated the correlations be-

tween the measured parameters of the textile 

thermal properties evaluated by using di�er-

ent measurement systems, and correlations be-

tween thickness and thermal properties. In the 

second study, the thermal properties of material 

combinations were evaluated by using a ther-

mal sweating cylinder enabling the evaluation 

of heat and moisture transmission through tex-

tile materials or material combinations. �e in-

�uences of di�erent environmental conditions 

and sweating levels on the thermal properties 

of material combinations were investigated for 

this purpose. 
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�e results show that statistically signi�cant 

correlations exist between the parameters of 

textile thermal resistances evaluated with dif-

ferent measurement systems using the hot-plate 

apparatus, the �ermo Labo II and the Per-

metest measurement systems. It is also evident 

from the results that by increasing textile thick-

nesses, the values of textile thermal resistances 

and water vapour resistance increase propor-

tionally. �e results of evaluating thermal prop-

erties of material combinations under di�erent 

environmental and sweating conditions showed 

that di�erent climate conditions and sweating 

levels in�uence the heat and moisture transmis-

sion properties of material combinations. �e 

results show that dry and evaporative heat loss 

and water vapour transmission depend on cli-

matic conditions or temperature gradient, re-

spectively, between the cylinder surface and 

ambient temperature, and that di�erent sweat-

ing levels in�uence the evaporative heat loss, 

corrected thermal resistance and water vapour 

transmission values.

Keywords: textiles, thermal properties, thermal 

comfort, hot plate, �ermo Labo II, Permetest, 

thermal sweating cylinder

1 Introduction

�e thermal properties of clothing materials 

which display the ability of transporting heat 

and moisture from the human body surface 

into the environment are the dominant deter-

minants of clothing thermal comfort. �e met-

abolic heat and humidity produced by the hu-

man body, and the environmental parameters 

(i.e. air and radiant temperature, relative hu-

midity and wind velocity) are also the param-

eters quantifying the clothing thermal comfort. 

Moreover, numerous other factors, e.g. colour, 

person’s physical and psychological state, in�u-

ence the transfer of energy and the feeling of 

comfort. In order to obtain good thermal com-

fort, there must be a balance between the heat 

production and heat dissipation [1, 2]. 

A variety of laboratory methods is available 

for determining the heat and moisture trans-

mission properties of clothing materials. �ese 

laboratory tests are usually performed by using 
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small pieces of fabric. Most of them require �at 

samples and are concerned with only one prop-

erty, either the resistance to dry heat loss or wa-

ter vapour transmission. �e best known and 

commonly used physical test is the Hohenstein 

Skin Model [3], which allows the measurements 

of simultaneous dry and evaporative heat loss 

through horizontally-placed textile materials. A 

few other methods exist for testing the heat and/

or moisture transmission through textile mate-

rials and have been of great interest to research-

ers, since thermal properties are among the ma-

jor characteristics determining clothing thermal 

comfort. It is thus possible to �nd papers in the 

literature which focus on the evaluation of tex-

tile material thermal properties [4‒18].

�e research work presented in this paper sum-

marizes the results of two separate studies con-

cerned with the laboratory measurements of 

heat and water vapour transfer through cloth-

ing materials, and their combinations, as used 

for male business clothing. �e �rst study 

presents the results of textile thermal proper-

ties evaluated by using the hot-plate apparatus, 

the �ermo Labo II and the Permetest meas-

urement system. �e correlations between the 

thermal properties measured using di�erent test 

methods were evaluated in this part of the re-

search, as well as the correlations between the 

thermal properties and thicknesses of the used 

fabrics. �e second study presents the results for 

thermal properties of di�erent clothing materi-

al combinations that simulate the male business 

clothing system. �e combinations of clothing 

materials which simulate 4-layer and 6-layer 

clothing systems were de�ned upon the usabil-

ity purpose of separate clothing layers in male 

business clothing system. �e in�uences of dif-

ferent climatic conditions and sweating levels 

on the thermal properties of clothing material 

combinations were evaluated by using a ther-

mal sweating cylinder.

2 The Evaluation of Textile 

 Thermal Properties

�e heat and water vapour transfer properties 

of textile materials are the dominant determi-

nants for thermal comfort regarding the wearer 

and are essentially determined by the thermal 
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Figure 1: Schematic representation of dry heat transmission 

through one layer of textile material [18]

and water vapour resistance [18]. �e ther-

mal resistance of a fabric represents a quanti-

tative evaluation of how well the fabric provides 

a thermal barrier for the wearer. �is means 

that the thermal resistance is an important pa-

rameter in cold environments, since it provides 

protection against thermal loss. �e water va-

pour resistance of the fabric is a critical proper-

ty for a clothing system, which must maintain 

the human body at the thermal equilibrium of 

the wearer. Clothing as an intermediate medi-

um between the skin and the ambient condi-

tions allows with the high water vapour per-

meability the human body to cool due to the 

evaporation. At high activity levels or in hot en-

vironments, the thermal resistance value alone 

is inadequate for characterizing and comparing 

clothing systems. �e evaporation of sweat be-

comes an important avenue for heat loss. In ad-

dition, high water vapour permeability is of im-

portance in cold environments, for it minimizes 

water accumulation in clothing, which leads to 

an increasing sense of discomfort. �erefore, 

both the thermal and water vapour resistanc-

es of fabrics are required in order to assess any 

heat exchange between the human body and 

the environment, and are related to human per-

ceptions of comfort [19].

�e process of heat transfer from the body into 

the environment through clothing materials is 

combined with heat transmission from the skin, 

which is considered to be the sum of the dry 

heat loss (ϕ
c
) and the evaporative heat loss (ϕ

e
) 

[1, 12]. �e quantity of dry heat loss lost from 

the body depends on the di�erence between the 

mean skin temperature and ambient tempera-

ture of the clothing surface area, and the thermal 

resistance of the clothing. �e greater the di�er-

ence between the temperatures, the larger the 

dry heat loss from the skin into the environment. 

�e dry heat loss is calculated with [1], equation 

1, where:

ϕ
c
 – dry heat loss [W],

T
–

s 
– mean skin temperature [K],

T
a 
 – ambient temperature [K],

A – surface area [m2],

R
c  

– thermal resistance of textile material or 

clothing [m2KW–1].

As shown schematically in Figure 1, the total 

thermal resistance (R
c,total

) of a single textile ma-
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(α) so bile določene s pomočjo merilnega sistema Thermo Labo 

II [21],

terial which is in direct contact with the skin 

is made up of di�erent components relating to 

physical mechanisms (i.e. conduction, convec-

tion and radiation) [18]. �e most important 

thermoregulation process in hot and dry envi-

ronments is the evaporation of sweat, where wa-

ter vapour pressure increases on the skin surface 

and thus causes evaporative heat losses. Due to 

the di�erences in water vapour pressure on the 

skin surface (p
s
) and in the environment (p

a
), the 

sweat evaporates from the skin surface and dif-

fuses through the clothing into the environment 

as water vapour. �e evaporative heat loss (φ
e
) 

depends on the surface area, water vapour pres-

sure di�erence (p
s
 – p

a
) and water vapour resist-

ance of the clothing material, and is calculated 

with [1], equation 2, where:

ϕ
e
 – evaporative heat loss [W],

p
—

s 
– mean water vapour pressure on skin [Pa],

p
a
 – water vapour pressure of ambient [Pa],

A – surface area [m2],

R
e
 – water vapour resistance of textile material 

or clothing [Pa×m2W–1].

�ere are several testing methods for estimat-

ing the thermal properties of textile materials. 

For physical tests, a device is used for simulat-

ing the skin heat and/or water vapour produc-

tion and can be performed either on textile ma-

terials or completed clothing systems. Most tests 

are concerned with only one property, i.e. the 

resistance to dry heat loss or to water vapour 

transmission. �e commonly used physical test 

is a standard testing method using a sweat-

ing guarded hot-plate instrument (Hautmod-

ell, Skin model) [3, 19], which enables the meas-

urements of simultaneous dry and evaporative 

heat loss through horizontally-placed textile 

materials. Some of the other methods for testing 

the heat and/or moisture transmission through 

textile materials are:

– thermal sweating cylinder that enables the 

evaluation of thermal resistance, corrected 

thermal resistance, and heat and water va-

pour transmission through textile materials 

or material combinations [12],

– �ermo Labo II measurement system that en-

ables the evaluation of the following textile 

thermal properties: warm-cool feeling, thermal 

conductivity, thermal resistance, water vapour 

resistance and heat-keeping property [21],
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Table 1: Description of test materials and their basic properties
 

layer

Weight

h Q
air

s

Shirt

Coat

Suit liner

Coat liner

Suit liner 

1) Thickness at pressure 0.069 gfcm–2 (1 gf = 0.9807 cN ≈ 1 cN)

-

-

-

h -

-

-

-

-

h

guarded hot-plate apparatus that enables the  –

evaluation of thermal resistance and thermal 

conductivity of textile materials [22],

Alambeta measurement system that enables  –

the evaluation of the following thermal prop-

erties: warm-cool feeling, thermal resistance, 

thermal conductivity, thermal absorptiveness 

and moisture absorptiveness [8], and

Permetest measurement system that enables  –

the evaluation of thermal resistance and the 

water vapour resistance of textile materials 

or clothing [20].

3 Experimental

�e experimental part of this research work was 

divided into two studies. �e �rst study of the 

experimental work included the investigations 

of textile thermal properties evaluated with dif-

ferent measurement systems and the investiga-

tions of the basic properties of textiles used in 

male business clothing. Table 1 shows a review 
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Table 2: Tested material combinations

Clothing
layer

Fabric

sample

Combinations

* * * * * * * * * * * * * * * *

Shirt * * * * * * * * * * * * * * * *

* * * *     * * * *

    * * * * * * * *

*    *    * *

 *    *   * *

  *    *  * *

   *    * * *

* * * * * * * *

Coat liner * * * * * * * *

3.1 Testne metode – uporabljeni merilni sistemi in metode

Raziskava toplotnih lastnosti analiziranih ploskih tekstilij je bila 

-

-

 

of the selected materials and their basic prop-

erties, which are partly published in Celcar et 

al [26]. �e determinations of basic material, 

thermal and water vapour transmission prop-

erties in steady-state conditions were conduct-

ed according to the standardized test methods, 

as follows:

material thickness (h) according to ISO  –

5084:1996 [23] and mass per unit area 

of textile materials (W) according to ISO 

3801:1977 [24];

air permeability (Q –
air

) of textile materials ac-

cording to ISO 9237: 1995 [25];

thermal resistance (R –
ct
) and thermal conduc-

tivity (λ) of textile materials determined with 

a hot-plate apparatus according to ISO 5085-

1:1989 [22];

water vapour resistance (R –
et
) and thermal 

resistance (R
ct
) determined with Permetest 

measurement [20];

thermal resistance (R –
ct
), warm-cool feeling 

(q
max

), thermal conductivity (λ) and heat-

keeping properties (α) determined with the 

�ermo Labo II measurement system [21];

water vapour transmission (WVT) of textile  –

materials according to the Gore cup method 

modi�ed by Gore-Tex [7].
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Table 3: Comparison between measurement systems and methods for evaluating thermal properties of textile 

materials (continued overleaf).
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Table 3: Comparison between measurement systems and methods for evaluating thermal properties of textile 

materials 
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�e second study of the experimental work in-

cluded the testing of di�erent combinations 

of textile materials used in the �rst part of re-

search, which simulated business clothing sys-

tems. 16 di�erent combinations of materials (cf. 

Table 2) were chosen for testing on the thermal 

sweating cylinder at three di�erent environ-

mental temperatures (i.e. 25 °C, 10 °C and ‒5 

°C) and two sweating conditions (100 and 200 

gm–2h–1). 

�e combinations of clothing materials which 

simulate the 4-layer and the 6-layer clothing 

systems were de�ned through the purpose of us-

ability of separate clothing layers in male busi-

ness clothing systems. �e eight tested combina-

tions of materials, which simulate the 4-layer 

business clothing system (c1‒c8), consisted of 

underwear layer, shirt layer, liner layer for suits 

and outerwear-suit layer. All tests were per-

formed under two warm-cool environmental 

conditions (10 °C/65% and 25 °C/65%, air ve-

locity 0.1 ms–1) and at two sweating levels (100 

and 200 gm–2h). �e other eight combinations 

of materials, which simulated the 6-layer busi-

ness clothing system (c9‒c16), consisted of un-

derwear layer, shirt layer, liner layer for suits, 

outerwear-suit layer, liner layer for coats and 

outerwear-layer for coats. �e tests in a cool-

cold environment were conducted under two 

environmental conditions (10 °C/65% and ‒5 

°C, air velocity 0.1 ms–1) at two sweating levels 

(100 and 200 gm–2h). �e same textile materi-

als for underwear, shirt, liner for suits and coats 

were used for testing and two parallel tests were 

carried out for all material combinations. If the 

di�erence in results was > 5%, a third test was 

done, whereby the two with most comparable 

results were retained and the one with the high-

est deviation was ignored. 

�e research of textile thermal properties was 

performed by using three di�erent measure-

ment systems and the Gore & Associates, Inc. 

method. A review and comparison of the used 

measurement systems and methods for meas-

uring the thermal properties of textile materials 

are shown in Table 3.

A thermal sweating cylinder was constructed to 

measure the simultaneous transmission of heat 

Figure 2: �ermal sweating cylinder dressed with a combination of 

materials
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T
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– temperatura zraka v klimatski komori [K],

A – površina območja testiranja na cilindru [A = 0,29 m2],

φ
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 – količina dovedene toplote oziroma suhi toplotni tok [W].

R
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φ
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 – količina dovedene toplote pri znojenju oziroma toplotni tok 
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ϕ
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kjer je:

Rctcorr
 – korigirani toplotni upor kombinacije ploskih tekstilij 

[m2KW–1],

φ
e
 – evaporativni toplotni tok [W],

m
i 
– količina dovedene vode v cilinder [gh–1],

m
c
 – količina absorbirane vodne pare v slojih tekstilij [gh–1],

m
e
 – količina evaporirane vodne pare [gh–1],

φ
25ºC

 – specifična toplota evaporacije vode pri 25 ºC = 0,684 

Whg–1.

m
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m
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m
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M
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kjer je:

and moisture through clothing materials or ma-

terial combinations. Measurements using the 

cylinder were made three-dimensionally and by 

using this method, it is possible to test di�erent 

types of materials or material combinations un-

der di�erent climate conditions in the climate 

chamber. �e basic idea is that the cylinder pro-

duces heat and moisture similarly to the human 

body. �e cylinder is dressed with the test mate-

rial or a combination of materials (cf. Figure 2) 

and placed into the climate chamber (temper-

ature range between ‒50 ºC and +70 ºC, rela-

tive humidity between 15% and 95%) on a bal-

ance, which records any weight changes during 

the test. �e cylinder wall is heated to the sur-

face temperature corresponding to skin tem-

perature (35 °C). A predetermined amount of 

liquid water is supplied to the surface (to the 

sweat gland), where it evaporates and leaves the 

cylinder as water vapour. �e amount of wa-

ter supply can be chosen within certain limits 

(from 0 to the maximum value within normal 

room temperature and without test material, 

approx. 300 gm-2h-1). �e amount of water con-

densed in the textiles is determined by weigh-

ing the samples prior to and immediately a?er 

the test [12, 26].

A computer program is used during the test for 

the control and measurement of the cylinder 

surface temperature (°C), heat supply (Wm-2), 

temperatures at di�erent points (layers of ma-

terials, °C), total weight increase during the test 

(g) and weight increases of individual materi-

al layers (g). Based on the measured values, the 

total thermal resistances of the combinations of 

textile materials (R
ct,tot

), which includes thermal 

resistance of the boundary air layer, is calculat-

ed with [12], equation 3, where:

R
ct,tot

 – total thermal resistance of the combina-

tion of materials [m2KW–1],

T
c
 – cylinder surface temperature [K],

T
a 

– ambient temperature in climate chamber 

[K],

A – surface test area [A = 0.29 m2],

ϕ
c
 – heat supplied to the cylinder in the dry test 

[W].

Taking into account that the heat supply is 

partly used to evaporate the water, the correct-

ed thermal resistance (R
ct,corr

) value is calculated 

with [12] equation 4, where ϕ
sw 

means heat sup-



Vrednotenje toplotnih lastnosti tekstilij in njihovih kombinacij 21

Tekstilec, 2010, letn. 53, št. 1–3, str. 9–32 

e
-

Rezultati raziskave toplotnih lastnosti ploskih tekstilij in njihovih 

rezultati toplotnih lastnosti ploskih tekstilij, ovrednoteni z raz- –

-

-

-

- –

-

-

- –

pri znojenju, toplotni upor in korigirani toplotni upor ter spo- 

-

Table 4: �ermal and water vapour transmission properties of clothing materials, evaluated with the hot-plate 

apparatus, Permetest measurement system and Gore & Associates, Inc. method

conductivity

Water vapour Water vapour

resistance

R
ct

R
et

plied to the cylinder in the wet test (W). Evapo-

rative heat loss is calculated with [12] equation 

5, where:

R
ct,corr

 – corrected thermal resistance of the com-

bination of materials [m2KW–1],

ϕ
e
 – evaporative heat loss [W],

m
i 
– amount of water fed into the cylinder 

[gh–1],

m
c
 – amount of condensed water in the textile 

materials [gh–1],

m
e
 – amount of evaporated water [gh–1],

φ
25ºC

 – speci�c heat of evaporated water at 25 

ºC = 0.684 Whg–1.

�e amount of evaporated water (M
e
) as the 

percentage of water input gives the value of the 

water vapour transmission of the tested materi-

al combination. �e amount of evaporated wa-

ter is calculated with [12] equation 6, where:

M
e
 – water vapour transmission in %.

4 Results and Discussion

�e results of the performed research work are 

presented as:

the results for the thermal properties of cloth- –

ing materials evaluated by using di�erent 
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-

-

-

-

-

-

-

-

-

-

volnena vlakna je značilno, da so slabi prevodniki toplote, kar po-

-

-

Table 5: �ermal properties of clothing materials, evaluated with the �ermo Labo II measurement system 

Fabric

sample

Thickness

h2)

Warm-

cool 

feeling

q
max

Heat 

flow

φ

Thermal 

conductivity

λ

Thermal 

resistance by 

conduction 

/ R
λ

R
ct
 

Thermal 

resistance

Heat-keeping 

property / α

R
ct-SK

R
ct-SBK

α
SK

α
SBK

[mm] [Wcm–2] [W] [Wm–1K–1] [m2KW–1] [m2KW–1] [m2KW–1] [%] [%]

TK 01 0.430 0.202 3.12 0.044

measurement systems: Table 4 presents the 

results evaluated with the hot-plate appara-

tus, Permetest measurement system, and the 

Gore & Associates, Inc. method, while Table 

5 shows the results evaluated by using the 

�ermo Labo II measurement system; 

the results of correlations between textile  –

thermal properties measured by using di�er-

ent test methods, and the results of correla-

tions between textile thermal properties and 

thicknesses; and

the results obtained with thermal sweating  –

cylinder measurements (the heat loss from 

the cylinder in dry and sweating tests, ther-

mal and corrected thermal resistance, and 

water vapour transmission).

�e results for the thermal properties, evaluat-

ed with the hot-plate apparatus and the Gore 

& Associates, Inc. method (cf. Table 4), and the 

results showed in Figures 6a, 7a, 7c and 8b are 

partly published in Celcar et al [26]. For a bet-

ter understanding and comparison of thermal 

properties, evaluated with di�erent measure-

ment systems and under di�erent environmen-

tal conditions, the same results are published in 

this paper as well.
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Figure 3: Correlation between thermal resistance evaluated with the hot-plate apparatus R
ct-TP

 and textile 

thickness (a), and correlation between thermal resistances evaluated with the �ermo Labo II measurement 

system R
ct-SK

 and textile thickness (b)

evaluated with the hot-plate apparatus R  and 

evaluated with the hot-plate apparatus R  and 

-

Figure 4: Correlation between the textile thermal resistances (R
ct
) evaluated with the hot-plate apparatus (R

ct-TP
), 

Permetest measurement system (R
ct-P

) and �ermo Labo II measurement system (R
ct-SK

)

videti, da se vrednosti le-tega bistveno ne razlikujeta, čeprav je tka-

-

From the thermal resistance values evaluat-

ed with the hot-plate apparatus and the Per-

metest measurement system (cf. Table 4), and 

the correlation analysis between thickness and 

textile thermal resistance (cf. Figure 3), it is ev-
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Statistična analiza odvisnosti med rezultati toplotnega upora, do-

ločenega s pomočjo toplotne plošče in merilne naprave Permetest, 

je pokazala, da med parametroma obstajajo statistično pomembne 

korelacije (slika 4a). Vrednost korelacijskega koeficienta (r) zna-

ša 0,99, kar pomeni, da gre za statistično dokazano korelacijo med 

parametroma, izmerjenima na različnih merilnih napravah. Toplo-

tni upor analiziranih ploskih tekstilij R
ct
, dobljen z merilno napra-

vo Thermo Labo II, je določen po dveh metodah, in sicer po suhi 

kontaktni metodi R
ct-SK

, kjer je preizkušanec v neposrednem stiku s 

toplotnim telesom, ter po suhi brezkontaktni metodi R
ct-SBK

, kjer je 

med toplotnim telesom in preizkušancem vstavljen še okvir z mre-

žico, s čimer se simulira zračni sloj. Iz rezultatov toplotnega upora 

je videti, da ima najvišjo vrednost tkanina za moški plašč, tj. tka-

nina z oznako TK09, najnižjo vrednost pa ima tkanina za podlo-

go moške obleke z oznako TK21, preglednica 5. Toplotni upor te-

kstilij, določen po suhi brezkontaktni metodi, je v povprečju za 55 

% višji od toplotnega upora, določenega po suhi kontaktni metodi. 

Statistična analiza odvisnosti med toplotnim uporom, izmerjenim 

s pomočjo merilne naprave Thermo Labo II po suhi kontaktni me-

todi, in toplotnim uporom, izmerjenim s toplotno ploščo in z me-

rilno napravo Permetest, je pokazala, da med parametri obstajajo 

statistično pomembne korelacije (sliki 4b in 4c). Vrednost korela-

cijskega koeficienta v prvem primeru (slika 4b) znaša 0,80, med-

tem ko vrednost korelacijskega koeficienta v drugem primeru (sli-

ka 4c) znaša 0,83. Iz tega lahko povzamemo, da med vrednostmi 

toplotnega upora, izmerjenega z merilno napravo Thermo Labo II, 

s toplotno ploščo in z merilno napravo Permetest, obstaja linear-

na povezava.

Prav tako je bilo na podlagi rezultatov toplotnega upora (R
λ-TL

), 

določenega iz kvocienta debeline in toplotne prevodnosti, doblje-

ne z merilno napravo Thermo Labo II, ter s toplotnim uporom 

(R
ct
), dobljenim s toplotno ploščo in z merilno napravo Permetest, 

ugotovljeno, da obstajajo statistično pomembne korelacije (sli-

Figure 5: Correlation between textile thermal resistance by conduction evaluated with the �ermo Labo II meas-

urement system R
λ-TL

 and textile thermal resistance evaluated with the hot-plate apparatus R
ct-TP

 (a) and Per-

metest measurement system R
ct-P

 (b)

ident that by increasing textile thickness, ther-

mal resistance values proportionally increase. 

A statistical analysis between measured thick-

ness and textile thermal resistance showed that 

statistically important correlations exist be-

tween thickness and textile thermal resistance, 

evaluated with a hot-plate apparatus (cf. Fig-

ure 3a), as well as correlations between thick-

ness and textile thermal resistance evaluated by 

using the �ermo Labo II measurement system 

(cf. Figure 3b). It is evident that the 100% cash-

mere fabric (TK09, used for coats) 1.71 mm in 

thickness has the highest thermal resistance val-

ue, while the 100% viscose fabric (TK12, used for 

suit linings) has the lowest thickness and the low-

est thermal resistance value. �e thermal resist-

ance values of textiles used for male suits show 

that the 100% wool fabric (TK01) has the high-

est value of thermal resistance, while the oth-

er two fabrics, a mixture of wool and polyamide 

(TK02), and a mixture of wool and elastane �-

bres (TK03), have slightly lower thermal resist-

ance values. Furthermore, fabrics used for lining 

suits and coats have very low thermal resistance 

values. By comparing the thermal resistance val-

ues of the two fabrics for male suit linings (TK12 

and TK21), it can be seen that the values do not 

di�erentiate at all despite the fabric coated with 

phase-change materials, PCMs (TK21), being 

thicker if compared to the fabric not coated with 

PCMs (TK12).

A statistical analysis of the textile thermal re-

sistance evaluated by using the hot-plate appa-
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ki 5a in 5b). Vrednost korelacijskega koeficienta v obeh primerih 

znaša 0,98, kar pomeni, da obstaja linearna povezava med ome-

njenima parametroma.

Iz rezultatov toplo-hladnega občutka q
max

 (preglednica 5), ki je 

bil določen s pomočjo merilne naprave Thermo Labo II, je videti, 

da imajo najvišje vrednosti parametra tkanine za podlogo moške 

obleke in plašča (najvišjo vrednost ima tkanina z oznako TK12), 

sledi jim tkanina za moško srajco z oznako TK07, kar pomeni, da 

omenjene tkanine dajejo hladnejši občutek v primerjavi z drugi-

mi tekstilijami, ki imajo nižje vrednosti toplo-hladnega občutka. 

Višje vrednosti povedo, da ploska tekstilija daje hladnejši občutek 

in nasprotno, kar pomeni, da tkanina z oznako TK12, tj. 100-od-

stotna viskozna tkanina za podlogo moške obleke, daje najhla-

dnejši občutek, tkanina z oznako TK09, tj. 100-odstotna kašmir-

ska dlaka, pa najtoplejši občutek. Sposobnost zadrževanja toplote, 

ki je izražena s koeficientom ohranjanja toplote (α), je izračuna-

na iz vrednosti izgub toplotnega toka, izmerjenega s pomočjo me-

rilne naprave Thermo Labo II po dveh metodah, in sicer na pod-

lagi suhe kontaktne metode (α
SK
) in suhe brezkontaktne metode 

(α
SBK
). Vrednosti koeficienta ohranjanja toplote, dobljene po suhi 

brezkontaktni metodi, so za 30 do 60 % višje od vrednosti koe-

ficienta, dobljenega po suhi kontaktni metodi. To pomeni, da pri 

suhi brezkontaktni metodi, kjer je med toplotnim telesom in pre-

izkušancem zračni sloj, ki je toplotni izolator, le-ta povečuje spo-

sobnost zadrževanja toplote. Iz rezultatov je videti, da najnižjo 

vrednost koeficienta ohranjanja toplote pri suhi kontaktni meto-

di izkazujeta tkanini s fazno spremenljivimi materiali v/na povr-

šini tekstilije, to sta tkanini z oznako TK21 in TK22, najvišjo vre-

dnost sposobnosti zadrževanja toplote pa kaže tkanina za moški 

plašč, z oznako TK09, sledi ji tkanina za srajco, z oznako TK07, 

tej pa pletivo za spodnje perilo z oznako TK15. Iz rezultatov me-

ritev upora ploskih tekstilij proti prehodu vodne pare (R
et
), ki je bil 

določen s pomočjo merilne naprave Permetest (preglednica 4) je 

videti, da je vrednost upora proti prehodu vodne pare najvišja pri 

bombažnem pletivu z oznako TK15, najnižja pa je bila izmerje-

na pri viskozni tkanini za podlogo moške obleke z oznako TK12. 

Meritve kažejo tudi, da ima tkanina z oznako TK21 (100-odstotna 

viskozna podloga z nanosom PCMs) enkrat višjo vrednost R
et
 kot 

tkanina z oznako TK12 (100-odstotna viskozna podloga). Zaznana 

razlika je posledica različnih ploskovnih mas in debelin analizira-

nih tkanin ter gostote niti in nanosa PCMs, ki zmanjšuje prenos 

vodne pare skozi plosko tekstilijo in povečuje upor proti prehodu 

vodne pare. Statistična primerjava debeline uporabljenih ploskih 

tekstilij z uporom tekstilije proti prehodu vodne pare je pokaza-

la, da med parametroma obstajajo statistično pomembne korelaci-

je s koleracijskim koeficientom (r) 0,96. To pomeni, da z narašča-

njem debeline materiala vrednost upora proti prehodu vodne pare 

sorazmerno narašča.

Rezultati analize vpliva klimatskih razmer in stopnje znojenja na 

vrednosti suhega (φ
c
) in evaporativnega (φ

e
) toplotnega toka kom-

ratus and the Permetest measurement system 

showed that statistically signi�cant correla-

tions (the value of correlation coe@cient (r) is 

0.99) exist between parameters (cf. Figure 4a). 

�e thermal resistance evaluated with the �er-

mo Labo II measurement system is determined 

according to two methods, i.e. the dry contact 

method (R
ct-SK

), where the sample is in direct 

contact with the hot plate, and the dry non-

contact method (R
ct-SKB

), where a constant dis-

tance space between the sample and the hot 

plate is maintained. �e results show that the 

fabric TK09, used for coats, has the highest val-

ue, and the fabric TK21, used for lining suits, 

has the lowest value of thermal resistance eval-

uated with the �ermo Labo II measurement 

system (cf. Table 5). �e thermal resistance val-

ues determined according to the dry non-con-

tact method are by approximately 55% high-

er than the values determined according to the 

dry contact method. �e statistical analysis of 

the textile thermal resistance evaluated with 

the dry contact method using the �ermo Labo 

II measurement system and the thermal resist-

ance evaluated using the hot-plate apparatus, 

and the Permetest measurement system pointed 

out statistically signi�cant correlations between 

the parameters (cf. Figure 4b and 4c). �e val-

ue of the correlation coe@cient (r) in the �rst 

case is 0.80 (cf. Figure 4b), while it is 0.83 in the 

second case (cf. Figure 4c). It can be concluded 

that linear connections exist between the textile 

thermal resistance values evaluated with the 

�ermo Labo II measurement system, the hot-

plate apparatus, and the Permetest measure-

ment system. 

�e results of the textile thermal resistance val-

ues by conduction (R
λ-TL

) determined with the 

quotient of the textile thickness and thermal 

conductivity evaluated with the �ermo Labo 

II measurement system, the textile thermal re-

sistance evaluated using the hot-plate appara-

tus, and the Permetest measurement system, 

leads to the existence of statistically signi�-

cant correlations (cf. Figure 5a and b). �e lat-

ter means that there are linear connections be-

tween these parameters. �e highest values of 

warm-cool feeling (q
max

), determined with the 

�ermo Labo II measurement system (cf. Ta-

ble 5), are attained at the fabrics used for lin-
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binacij ploskih tekstilij so prikazani na slikah 6 in 7. Analiza su-

hega toplotnega toka, ki ga je cilinder oddal pri različnih tempe-

raturah zraka (slika 6), je pokazala, da z naraščajočo temperaturo 

zraka padajo vrednosti suhega toplotnega toka in nasprotno, s po-

jemajočo temperaturo zraka naraščajo. To pomeni, da je prenos 

suhega toplotnega toka odvisen od razlike med temperaturo na 

površini cilindra in temperaturo zraka v okolici, torej od tempe-

raturnega gradienta ter toplotnega upora kombinacije tekstilij. Pri 

tem lahko poudarimo, da je cilinder v toplo-hladnem okolju pri 

temperaturi zraka 10 °C oddal za približno 60,6 % več toplote kot 

pri 25 °C, da je obdržal konstantno temperaturo na površini cilin-

dra. Tudi iz rezultatov v hladno-mrzlem okolju je videti, da cilin-

der pri temperaturi zraka –5 °C v povprečju odda za 32,2 % več 

toplote kot pri 10 °C, da obdrži konstantno temperaturo kože ozi-

roma temperaturo na površini cilindra, saj je temperaturna razlika 

med površino cilindra in temperaturo zraka dokaj velika in znaša 

40 °C. Dalje je iz primerjave suhega toplotnega toka, izmerjene-

ga v toplo-hladnem in hladno-mrzlem okolju pri temperaturi zraka 

10 °C, videti, da so vrednosti suhega toplotnega toka v prvem pri-

meru v povprečju za 25,5 % višje od vrednosti v drugem primeru, 

kjer je v kombinacijo oblačilnega sistema vključen še sloj ploske 

tekstilije za moški plašč, tj. tkanina z oznako TK09, in podloga za 

plašč, tj. tkanina z oznako TK14. To pomeni, da so kombinacije 

ploskih tekstilij z dodatnim slojem za plašč in podlogo zmanjša-

le prehod toplote skozi sloje tekstilij, kar zagotavlja boljšo toplo-

tno zaščito.

Figure 6: Dry heat loss ϕ
c
  from the cylinder through combinations of clothing materials at di�erent ambient 

temperatures

-

binacij ploskih tekstilij je pokazala, da vrednosti suhega toplotne-

-

-

ing suits and coats, and male shirts (TK07), 

which means that these fabrics o�er a cool-

er feeling compared to other fabrics with low-

er values of warm-cool feeling. If a fabric has a 

high warm-cool value, it gives a cooler feeling 

and, inversely, a fabric with a lower warm-cool 

value gives a warmer feeling. �is means that 

the fabric TK12, a 100% viscose fabric for lin-

ing suits, o�ers the coolest feeling of all, and the 

fabric TK09, a 100% cashmere fabric for coats, 

the warmest feeling. �e heat-keeping property 

(α) was determined from the heat-�ow values 

measured by using the �ermo Labo II meas-

urement system compared to the other two 

methods, i.e. the dry contact method (α
SK

) and 

the dry non-contact method (α
SBK

). �e heat-

keeping values determined according to the dry 

non-contact method are higher by 30‒60% than 

the heat-keeping values determined accord-

ing to the dry contact method. �is means that 

for the dry non-contact method, with a con-

stant distance air space between the sample and 

hot plate, the air-layer functioning as a ther-

mal isolator increases the ability to keep heat. 

�e results in Table 5 show that the lowest val-

ue of the heat-keeping property determined by 

using the dry contact method characterises the 

fabrics with phase-change materials (TK21 and 

TK22), the highest value has the fabric used for 

coats (TK09), followed by the fabrics for shirts 

(TK07) and knitwear for underwear (TK15). 

�e results for textile water vapour resistanc-

es (R
et
) evaluated with the Permetest meas-
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-

-

-

-

-

-

-

-

-

-

Figure 7: Evaporative heat loss (ϕ
e
) from the cylinder through combinations of clothing materials at 10 °C (a 

[26] and b), 25 °C (c [26]) and ‒5 °C (d) ambient temperatures and two sweating levels (SP100 and SP200)

urement system (cf. Table 4) reveal that cotton 

knitwear (TK15) has the highest value of wa-

ter vapour resistance, while the 100% viscose 

fabric for lining suits (TK12) has the lowest. It 

is also evident from the results that the fabric 

TK21 (100% viscose liner coated with PCMs) 

has a double value of R
et
 if compared to the fab-

ric TK12 (100% viscose liner without PCMs). 

�e di�erence is a consequence of di�erent 

weights, textile thicknesses, yarn densities and 

PCM coatings that reduce water vapour trans-

mission through fabrics and increase the textile 

water vapour resistance. �e statistical analy-

sis when comparing the textile thicknesses us-

ing water vapour resistance pointed out the ex-

istence of statistically signi�cant correlations (r 

= 0.96), which means that by increasing textile 

thicknesses, the values of textile water vapour 

also proportionally increase.

�e results for the measured heat loss values 

from the cylinder for the dry (ϕ
c
) and sweat 
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(φ
e
) -

ben za evaporacijo vode, ter skupnega toplotnega toka pri znoje-

nju (φ
sw

)

-

da so vrednosti evaporativnega toplotnega toka pri stopnji znoje-

-

-

-

kaže, da so vrednosti evaporativnega toplotnega toka pri stopnji 

-

-

-

R
ct,tot

R
ct,corr

-

nacije ploskih tekstilij pri znojenju, in rezultati vrednosti sposob-

M
e

m
e

-

m
i

-

-

-

-

R
ct,corr

 

-

lij pri znojenju, kjer je toplotni tok delno uporaben za evaporacijo 

-

-

-

tests (ϕ
e
) through combinations of clothing ma-

terials under di�erent environmental condi-

tions are shown in Figures 6 and 7.

�e analysis of the dry heat losses from the cyl-

inder under di�erent environmental conditions 

(cf. Figure 6) showed that by increasing the am-

bient temperature, the values of dry heat loss 

decrease and, inversely, by declining the am-

bient temperature, they increase. �is means 

that dry heat transfer depends on the di�er-

ence between the cylinder surface temperature 

and ambient temperature, and the thermal re-

sistances of material combinations. It is evi-

dent that a cylinder in the warm-cool environ-

ment at the ambient temperature 10 °C gives 

away by approx. 60.6% more heat than at 25 

°C, hence maintaining a constant surface tem-

perature. From the results gained in a cool-cold 

environment, it can be noted that the cylinder 

at the average ambient temperature ‒5 °C gives 

away by approx. 32.2% more heat than at 10 

°C. �e results gained at the ambient temper-

ature 10 °C in warm-cool and cool-cold envi-

ronments show that the values of dry heat losses 

in warm-cool environments are on average by 

25.5% higher than the values in cool-cold envi-

ronments, where the material combinations in-

clude two extra layers, i.e. the fabric for coats 

(TK09) and the liner-fabric for coats (TK14). 

�is leads to the conclusion that these extra lay-

ers reduce the heat transfer through the combi-

nation of materials and cause better thermal 

protection against cold. From the analysis of the 

dry heat loss values and thermal resistance val-

ues of di�erent combinations of materials, it is 

evident that the combination c2 in a warm-cool 

environment and the combination c10 in a cool-

cold environment have the highest values of dry 

heat loss at most environmental conditions. By 

comparing the combinations c1‒c4 with c5‒c8, 

which are di�erent (viscose liner coated with 

PCMs is used in the combination c5‒c8), and 

thicker liner-layers, it can be seen that the heat 

loss values in the combinations c5‒c8 are slight-

ly lower due to the thicker liner-layers and that 

the values of thermal resistance are higher. �e 

dry heat loss values measured for the combina-

tion c4 and c8 do not di�er essentially; in both 

combinations, the fabric used for suits (TK22) 

with incorporated PCMs was used. In contrast, 
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Raziskava vrednotenja toplotnih lastnosti ploskih tekstilij na raz-

-

-

plotnega upora in upora proti prehodu vodne pare ploskih teksti-

-

-

-

-

-

-

-

Figure 8: �ermal resistance (R
ct,tot

), corrected thermal resistance (R
ct,corr

) (a) and water vapour transmission 

(M
e
) (b [26]) for combinations of clothing materials at ambient temperature 25 °C

at other combinations, statistically signi�cant 

greater di�erences were noted. By comparing 

the combinations c9‒c12 with c13‒c16, it can 

be seen that the combinations c9‒c12 have low-

er dry heat loss values and higher thermal re-

sistance values. �e measured values of dry 

heat losses of the combination c12 and c16 do 

not di�er essentially if compared to other com-

binations. In spite of the noted di�erences in 

dry heat loss and the thermal resistance values 

of material combinations, it is evident that the 

combinations with 100% viscose liner coated 

with PCMs (TK21) have higher values of ther-

mal resistance compared to the combinations 

with 100% viscose liners without PCMs.

By comparing the evaporative heat loss values 

(ϕ
e
) (cf. Figure 7), which are required for water 

evaporation, and the total heat loss values dur-

ing the sweating process (ϕ
sw

) determined at two 

sweating levels (SP100 and SP200), it can be 

noted that by increasing the sweating level, the 

evaporative heat loss values and total heat loss 

values during the sweating process increase as 

well. �is means that for a higher amount of 

evaporating water, a higher amount of evapora-

tive heat loss is needed. �e values of the evap-

orative heat losses at the sweating level SP200 

and ambient temperature 25 °C are on average 

by 43.9% higher in comparison to the values 

gained at the sweating level SP100. At the am-

bient temperature 10 °C, the values of the evap-

orative heat losses at the sweating level SP200 in 

a warm-cool environment are by 46.3% higher 

than at SP100, and in a cool-cold environment 
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-

-

perature zraka in da vrednosti toplotnega toka pri znojenju z na-

dovedene količine vode v cilinder, torej z različno stopnjo znoje-

-

-

-

-

-

-

Körper-Klima-Kleidung. Wie funktioniert unse-

re Kleidung?

Human �ermal Environments. �e e�ects of 

hot, moderate, and cold environments on human health, com-

fort and performance

 ISO 11092: 1993. Textiles-Physiological e�ects-Measurement of 

thermal and water-vapour resistance under steady-state condi-

tions (sweating guarded-hot plate test). International Organiza-

tion for Standardization (ISO).

Fibres & Textiles in 

Eastern Europe

Textile 

Research Journal

Fibres & 

Textiles in Eastern Europe,

mproved analysis of comfort performance in 

coated fabrics

by 43.1%. By comparing the evaporative heat 

loss values measured at the ambient tempera-

ture ‒5 °C, it can be noted that the values at the 

sweating level SP200 are by 43.9% higher than 

those at the sweating level SP100. �e analy-

sis of heat losses during the sweating process (cf. 

Figure 7) showed that the evaporative heat loss 

and the total heat loss during the sweating proc-

ess change with the ambient temperature and 

sweating level.

Figure 8 shows the values of thermal (R
ct,tot

) and 

corrected thermal resistance (R
ct,corr

), as well as 

the values of water vapour transmission (M
e
) of 

the tested material combinations at the ambi-

ent temperature 25 °C. 

By comparing the corrected thermal resistance 

values, which represent the resistances of ma-

terial combinations during the sweating proc-

ess, measured at two sweating levels, SP100 and 

SP200 (cf. Figure 8a), it can be seen that by in-

creasing the sweating level, the corrected thermal 

resistance of the material combination reduces. 

It is noted that the corrected thermal resistance 

values measured at the ambient temperature 25 

°C and the sweating level SP200 are on average 

by 11.2% lower than at SP100. �e measured re-

sults at the ambient temperature 25 °C demon-

strate that the corrected thermal resistance val-

ues at the sweating level SP100 are on average 

by 14.4% and at SP200 by 23.9% lower than the 

thermal resistance values (cf. Figure 8a). �is 

means that the combinations during the sweat-

ing process o�er lower thermal protection. �e 

analysis of water vapour transmission values (cf. 

Figure 8b), which are determined by the amount 

of evaporated water (m
e
) as the percentage of 

water input (m
s
), show that by an increasing the 

sweating level, the water vapour transmission re-

duces. �erefore, at higher sweating levels, the 

combinations of materials transmit less evapo-

rated water. Furthermore, the results measured 

at the ambient temperature 25 °C show that the 

water vapour transmission values at the sweat-

ing level SP100 are on average by 10.7% higher 

than at the sweating level SP200.

5 Conclusion

From the results of the evaluated textile thermal 

properties on di�erent measurement systems, it 
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Textile Research Jour-

nal

Inter-

national Journal of Clothing Science and Technology

Textile Research Journal

Introduction of a new test method for meas-

uring heat and moisture transmission trough clothing materials 

and its application on winter work wear

Journal of 

the textile institute

-

Proceedings of the 11th International Conference 

on Environmental Ergonomics

Textile 

Research Journal

Textile 

Research Journal

Textile Research Journal, 

Proceedings of �e 7th International Wool Textile Research Con-

ference

Polymer 

Testing

Sensora Instruments & Consul-

ting

 Operating Instruction KES-F7: Manual for KES-F7 �ermo Labo 

II (Precise and Prompt �ermal Prosperity Measurement Instru-

ment),

 ISO 5085-1:1989. Textiles-Determination of thermal resistance-

Part 1: Low thermal resistance. ISO. Genève, Switzerland.

can be noted that statistically signi�cant corre-

lations exist between the parameters of the tex-

tile thermal resistances determined with the hot-

plate apparatus, Permetest and �ermo Labo 

II measurement systems. Moreover, the results 

point out that by increasing the textile thick-

ness, the values of the textile thermal resistance 

and water vapour resistance increase propor-

tionally. It is noted that a 100% cashmere fabric 

with the highest thickness has the highest value 

of thermal resistance, while a 100% viscose fab-

ric with the lowest thickness has the lowest val-

ues of thermal resistance and water vapour re-

sistance. Cotton knitwear has the highest value 

of water vapour resistance. Furthermore, statis-

tically signi�cant correlations exist between the 

textile thermal resistance by conduction evalu-

ated by using the �ermo Labo II measurement 

system and the textile thermal resistance evalu-

ated with the hot-plate apparatus, and the Per-

metest measurement system. From the heat-

keeping property evaluated according to the dry 

non-contact method using the �ermo Labo 

II measurement system, where a constant dis-

tance air space exists between the sample and 

hot plate, the air layer functioning as a thermal 

isolator increases the ability to keep heat.

From the thermal property analysis of materi-

al combinations evaluated by using a thermal 

sweating cylinder, it can be seen that the ther-

mal properties, i.e. dry and evaporative heat 

loss and water vapour transmission, depend on 

climatic conditions or temperature gradient be-

tween the cylinder surface, respectively, and the 

ambient temperature. �e results show that dry 

heat loss values increase with a decreasing am-

bient temperature and that the heat loss val-

ues in the sweat test increase with an increasing 

sweating level and/or lower ambient temper-

atures. It can be noted that di�erent sweating 

levels in�uence the thermal properties of ma-

terial combinations. �e measured results of 

thermal and corrected thermal-resistance val-

ues show that the sweating process reduces the 

thermal protection for material combinations. 

�e thermal property analysis of material com-

binations, evaluated at di�erent sweating levels, 

shows that by increasing the sweating level, the 

evaporative heat loss values increase, while the 

corrected thermal resistance and water vapour 
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International Journal of Clothing Science 
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transmission values reduce. In consequence, the 

material combinations o�er lower thermal pro-

tection during the sweating process. In addition, 

when dry-testing, small di�erences in heat loss 

and thermal resistance values exist between the 

combinations with 100% viscose liners (c1‒c4, 

c9‒c12) and combinations with 100% viscose 

liners coated with PCMs particles (c5‒c8, c13‒

c16). It is evident that the combinations with 

a 100% viscose liner coated with PCMs have 

higher values of thermal resistance if compared 

to the combinations with a 100% viscose liner 

without PCMs.
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