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RESUMO

Os tecidos téxteis tém diferentes propriedades de transferéncia de calor, que dependem das condi¢des de
consumo do produto e de varios tipos de processamento. Tudo isso é de interesse cientifico para identificar
fatores e propriedades de materiais individuais. O objetivo do estudo foi monitorar a transferéncia de calor através
de embalagens de materiais téxteis multicamada em condi¢des térmicas estacionarias e transitérias. Uma
propriedade especial dos materiais téxteis reside na capacidade de se deformar sob o seu proprio peso, de modo
que uma amostra possa ser colocada entre as células do material com alta resisténcia ao calor. A transferéncia
de calor é realizada por convecgao de calor entre a superficie do material e o ar. Para o estudo, a lei de Fourier
foi usada nos calculos e métodos numéricos para resolver problemas de condugédo de calor. O programa
desenvolvido, criado para pesquisa, permite gravar pardmetros em um computador e usa-los para calcular as
propriedades termofisicas da amostra. Como resultado do trabalho, foram apresentados graficos do estado de
embalagem dos materiais e foi proposto um dispositivo que permite determinar os modos que caracterizam as
propriedades termofisicas dos materiais utilizados na fabricacdo de roupas e suas embalagens. O dispositivo
permite com alta preciséo registrar, gravar e armazenar altera¢cdes nos pardmetros em que os estudos foram
realizados.

Palavras-chave: material téxtil, coeficiente de condutividade térmica, condutividade térmica equivalente,
propriedades termofisicas, regime térmico regular.

ABSTRACT

Textile fabrics have different heat transfer properties, which depend on the conditions of consumption of
the product and various types of processing. All this is of scientific interest for identifying factors and features of
individual materials. The purpose of the study was to track heat transfer through packages of multilayer textile
materials in stationary and transient thermal conditions. A particular property of textile materials lies in their ability
to deform under their weight so that a sample can be placed between meshes of a material with high heat
resistance. Heat transfer is carried out by convective heat transfer between the surface of the material and the
air. To conduct this study, the Fourier law was used in the calculations and numerical methods for solving heat
conduction problems. The developed program, which was created for the study, permit to write parameters to a
computer and uses them to calculate the thermophysical properties of the sample. As a result of the work, graphs
of the state of the package of materials were presented, and a device was proposed that allows to determine the
modes that characterize the thermophysical properties of the materials used in the manufacture of clothing and
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its packages. The device admits with high accuracy to record, record and store changes in the parameters at
which studies were conducted.

Keywords: textile material, thermal conductivity coefficient, equivalent thermal conductivity, thermophysical
properties, regular thermal regime.

AHHOTALUA

TekcTunbHbIE TKAHW MMEIOT pasHble TENNOOOMEHHbIE CBOMCTBA, YTO 3aBUCUT OT YCNoBun notpebneHuns
npoayKTa u pasnuyHbix BuaoB obpaboTkn. Bce aTo npeacTaBnsieT HayyHbIM UHTEpPEeC ANS BbiABNEHUs hakTopos
N CBOWCTB OTAENbHbIX MaTepuanos. Lienbio nccrnegosaHns 6bino oTcrexveaHue TennoobmeHa yepes nakeThbl
MHOIOCIIOMHBIX TEKCTUMbHBIX MaTepuanoB B CTauMOHApHbIX WM MepexoAHblX Tennosbix ycnosusx. Ocoboe
CBOMCTBO TEKCTWIbHbIX MaTepuasnoB 3akfoyaeTcs B UX crnocobHocTn aedopmMmupoBaTbCA Mog AeVCTBMEM
cobCcTBEHHOro Beca, Tak 4YTo o6pasel MoxeT ObiTb NOMELLeH Mexay sS4yernkamu maTepuana C BbICOKOW
TEPMOCTOMKOCTbIO.  Tennonepegada  OCyLECTBMASETCA MNyTeM  KOHBEKTMBHOIO  TennoobmeHa  mexay
MOBEPXHOCTLIO MaTtepuana v Bo3gyxom. [nd npoBedeHWs uccrnegoBaHust ucnonb3oBancs 3akoH dypbe B
pacyeTax u YUCreHHble MeToAbl pelleHns 3agay TennonpoBoaHocTu. Pa3paboTaHHasa nporpamma, co3gaHHas
ONs uccrnegoBaHns, Mo3BONsAeT 3anucbiBaTb MapamMeTpbl B KOMMbIOTEP M MCMOMb30BaTb WX ANS pacyeTta
Tennoduanyeckmx cBocTe obpasua. B pesynbtate paboTtbl 6binn npeacTaBneHbl rpadvkn COCTOSHNUS YNaKoBKU
mMaTtepuanos W MpeasniokeHo YCTPOWCTBO, MO3BOMsOWEee onpedensTb pPexuMbl, XapakTepusylolme
Tennodunanyeckne CBOMNCTBA MaTepuasnioB, WCMOMb3yeMblX MPW W3rOTOBNEHUN OAeXAbl W ee YNakoBOK.
YCTpONCTBO AONycKaeT C BbICOKOW TOYHOCTBIO PErMCTPMPOBATh, 3aMMChbiBaTb 1 XPAHUTb U3MEHEHUsI napamMeTpoB,

NPy KOTOPbIX NpOBOAUITUCH UCCneaoBaHnA.

KnioueBble cnoBa: meKkcmusbHbIU Mamepuari,

Ko3aghgbuyueHm mennonpoeodHOCMU, 3KeUBaneHmMHasi

mensnionposodHOCMb, merioghusudeckue ceolicmea, peayisipHbIl menmnosol pexum.

1. INTRODUCTION:

The features of the thermal processes
occurring in textile materials under various
processing conditions and consumption conditions
are of great theoretical and practical interest, both
for choosing the optimal processing conditions
and for ensuring thermal comfort during operation.
This is due to both the variety of textile materials
and the conditions of use of clothes, the processes
in which can be complex. The thermophysical
properties of clothing play an essential role in
ensuring the thermal comfort of the user, and in
the effectiveness of protection against exposure to
low or high temperatures. The design of heat-
protective clothing is a multilayer package of
materials, the properties of which are determined
by the amount of materials, the order of their
location and the properties of each layer
(Angelova et al., 2017; Cherunova et al., 2018b;
Cilveli et al., 2020; lvashchenko et al., 2017;
Labanieh et al., 2019; Liu et al., 2018).

Numerous works have been devoted to
studies of the heat-protective properties of
materials, the results of which have been
successfully used to study the properties of textile
materials and theoretical calculations of the
relationship between the properties of individual
materials and their packages (Kolesnikov, 1964;
Bessonova and Zhikharev, 2007; Tsirkina and
Nikiforov, 2016), based on the general theory of

heat transfer (Mikheev and Mikheeva, 1977;
Carslaw et al. 1959; Xu et al. 2019), the
development of methods research instruments
(Carslaw et al. 1959; Clulow and Rees, 1968;
Tessier, 2017; Ghang, 2001; Sokolovskaya, 2005)
by research automation that allowed experimental
studies of materials and multilayer packets under
various conditions of thermal processes, including
with fixing constant parameters in the automatic
mode (Cherunova et al., 2018a; Shaid et al., 2019;
Cherunova et al., 2015), using a special dummy
recreate human thermal comfort (Hunter and Fan,
2015; Osmanov and Sharpar, 2017; Siddiqui and
Sun, 2018; Trofimovich et al, 2018;
Venkataraman et al., 2016). To examine the
relationship between the thermal insulation
properties of the individual materials and
multilayer package (Matusiak, 2006; Matusiak and
Kowalczyk, 2014; Ronald et al., 1987; Liang et al.,
2019; Michalak et al., 2009; Sokolovskaya et al.,
2012; Sokolovskii and Shablygin, 2015).

However, the methods have the
disadvantage that the thermal process in a textile
material is examined in contact with a heater, most
often a metal one, and it differs from the specific
heat exchange of a person with an external (air)
environment through a package of textile clothing
materials. Therefore, it is advisable to study and
evaluate the specificity of thermal processes in
textile materials in various conditions, including
the air. In the air, drying processes of textile
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materials, and textile products, wet-heat
treatment; Thus, during the wet-heat treatment,
the processing time is determined by the time of
heating the package of processed materials and
the time of free cooling in the air. During the
operation of clothes, an unsteady mode occurs
when a person enters a warm room after a cold or
vice versa. The work aimed to study the heat
transfer through multilayer packets of textile
materials in the air under conditions of stationary
and non-stationary thermal conditions. For
research, a method was proposed, and a device
was developed in which the heat packet of air is
affected by a package of materials, the power of
which can vary (Bartkowiak and Greszta, 2018;
Matusiak and Sybilska, 2016; Neves et al., 2017;
Seretis et al., 2018; Wazna et al., 2019).

2. MATERIALS AND METHODS:

The method helps to explore the thermal
state of the package of materials at various
temperature conditions; determine the equivalent
coefficient of thermal conductivity, Aeq Of multilayer
packets. In the device, heat transfer between the
surface of the material and the air is carried out by
convective heat transfer, and inside the package
between the outer layers by heat conduction. The
Fourier law and numerical methods for solving
heat conduction problems are used in the
calculations (Mikheev and Mikheeva, 1977;
Carslaw et al. 1959; Cremar et al., 2016). Fourier
law under stationary thermal conditions (Equation

1).

Where: A is the thermal conductivity
coefficient W/(mxK); Q is the heat flux power, W;
F is the heat exchange surface area, m?; 7 is the
time, s.; At is the temperature head, temperature
difference: °C; | is the length, m.

The thermal conductivity coefficient A,
W/(mxK) is a characteristic of the physical
properties of the material, is determined by the
formula (Equation 2).

Where 0 is the thickness of the test sample,
m; q is the heat flux density from the heater, W/m?,
AT is the temperature difference at the sample
boundaries, °C.

Itis believed (Kolesnikov, 1964; Deryabina
and Lisienkova, 2016; Deryabina and Lisienkova,
2017) that for multilayer packets, the value of the
equivalent coefficient of thermal conductivity
depends on the values of thermal conductivity and
the thickness of individual layers and can be
calculated by the formula (Equation 3).

Where: Aeq is the equivalent thermal

conductivity of the multilayer packet W/(mxK); A is
the thickness of the package, m.; &iis the thickness
of an individual layer, m; A is the thermal
conductivity coefficient of an individual layer,
W/(mxK).

The proposed method was based on the
method of heating/cooling the material in the air,
which is described in (Mikheev and Mikheeva,
1977; Celcar, 2012; Kim et al., 2016; Lizak and
Mojumdar, 2013; Lizak and Mojumdar, 2015). The
temperature field of the material is determined by
the influence of the environment, the physical
properties of the materials, the geometrical shape
and dimensions of the system in which the process
proceeds, as well as its initial thermal state. We
accept the studied material package/sample as a
single-layer (homogeneous) flat wall with a
thickness of A, m with unknown thermal
conductivity (Kobrakov et al., 2017; Peng et al.,
2019; Satomi et al., 2016). Characteristics of the
materials included in the studied system (device):
O is the thickness, m; F area m?; A is the coefficient
of thermal conductivity, W/(mxK); a is the heat
transfer coefficient W/(mxK). Process parameters:
temperature of the outer surfaces of the sample,
te1 and te, °C; air temperature near the sample
surface tn and tp, cooling time (heating) 1, with
heat transfer: °C; heat flux power Q, W. The nature
of the temperature change is shown in Figure 1.

Before testing, the sample is maintained
under normal conditions for 24 hours. Therefore,
the initial test conditions are stationary
temperature field, temperature head At = 0. Air
temperature ti1 = t. On the sample surfaces t¢1 =
teo; time 1= 0. Testing: a heat flow of air of constant
power Q1 is supplied on one side of the package,
which ensures a stationary (regular) heat transfer
mode. As a result, the air temperature t'11> t'2, (t'11-
t'2)> 0; temperature on sample surfaces t'c1> t'c,
(ter — t'e2).> 0. The flow is supplied until the
temperature on the surface of the material reaches
a predetermined value t'c1 = N, °C. After which the
flow stops. Then the sample cools down, and the
parameters are fixed when the temperature
difference on the surfaces of the sample is ~ 1 °C;
A1 = t"2 = 1°C the field is stationary. The air
temperature is determined t"1, t";2, time is the 1". If
the heat fluxes Q1 and Q2 are supplied on both
sides of the sample, or if Q1> >Q2, more complex
heat transfer processes can be simulated; a
stationary or non-stationary temperature field is
reached regular and irregular thermal conditions.

The calculation of indicators is carried out
according to generally accepted formulas
(Mikheev and Mikheeva, 1977; Fir§t Rogale et al.,
2018). The calculations take into account the heat
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flux passing through the walls of the device. A
device for implementing the enclosed method is a
housing made of heat-permeable material that
allows exchange with the environment; sensors
are mounted in the housing that transmit data to a
computer. The device diagram is shown in Figure
2a, the sensor connection diagram in Figure 2b.
The technical solution of the device is protected by
the patent for utility model of the Republic of
Uzbekistan No. FAP 00950 (Appendix 1), the
software is protected by a patent for a computer
program No. DGU 02633 (Appendix 2) (Juraev et
al., 2012; Rikhsieva et al., 2012).

The housing (1) is made of organic glass
with a thickness of 0.08 m with a heat transfer
coefficient of 3.6 W/m?K. Case dimensions 0.3 x
0.4 x 0.5m3 The body is divided into two
compartments (8), (9) with a horizontal partition
(3), with an opening in which the sample holder (3)
is placed (Fig. 1a). The size of the sample is
0.3x0.3m?. A specific property of textile materials
(bags) is the ability to deform under their own
weight; therefore, the sample (2) can be placed
between the grids (13) of a material with high
thermal resistance, the distance between the grids
can vary from 0.005 m to 0.025 m. The thickness
of the material package was determined in a non-
contact manner (Nemirova et al, 2008;
Cherunova et al., 2019; Gilewicz et al., 2013).

Air is supplied to the compartment by fan-
fans (4) and (5) with an adjustable mode, which
allows changing the density of the heat flow. When
choosing a device, it should be borne in mind that
a household hair dryer allows you to set the
nominal temperature of the exhaust air in one of
three modes: weak 40°C, moderate 55°C, strong
70°C, the nominal capacity is adjustable and
leaves from 3x10-3 m¥%s, up to 16x10-3 m¥s,
depending on the type of hairdryer. To obtain a
higher temperature, building hair dryers should be
used. For their fastening in the case above and
below there are holes in the form of a truncated
cone with a curvilinear generatrix: through the
upper hole (6) cold air is supplied from the
hairdryer in cooling mode, and a heated air stream
(from the hairdryer during heating mode is
supplied through the lower hole (7)). The power
consumption of hairdryers is measured using
electronic power meters (11) and (12). The
temperature on the surface of the sample is
recorded by contact temperature sensors,
thermocouples (10), (15). The air temperature in
the compartments is recorded by thermometers.
Air supply stops when the temperature, or
temperature difference, reaches a certain value —
temperature measurement range from 40

to+126°C.

A specially developed program writes
parameters to a computer, for which the device is
connected via USB to a computer and the
USBTermo program opens. By the “measure”
command, the measured parameters are shown
on the monitor: time, heat flow, air temperature,
temperature and temperature difference of the
sample surfaces. The results are stored and used
to calculate the thermophysical properties of
materials. According to the results in Excel, a
graph of the thermal state of the test sample can
be built (Appendix 1, 2).

3. RESULTS AND DISCUSSION:

Experimental studies on the proposed
installation were carried out in the testing
laboratory of SentexUz, Republic of Uzbekistan. In
this study, hairdryers with a maximum power of
1800 watts were used. with an electronic
temperature regulator with an interval of 10°C.
Tests were carried out under the following modes
of nominal productivity: 3x10-3 m3/s, 8x10-3
m3/s. Test samples of textile bags included cotton
gabardine, cotton wool and cotton lining twill
(Table 1).

To reproduce standardized conditions, the
flow of heated air into the compartments was
stopped when the surface temperature on the “hot”
side of the sample was 50°C. Measurements were
continued until the temperature difference on the
sample surfaces became less than 1.0°C. To
assess the accuracy and reproducibility of the
results obtained on this device, tested a sample of
a package of materials, the results of which are
shown in Table 1.

According to the results of statistical data
processing, it was found that the relative
measurement error is from 4% to 10%. Therefore,
the developed device allows the study of the
thermophysical properties of materials for clothing
and their packages, providing the required
accuracy (up to 10%), adopted in studies in the
light industry. The error is lower when testing in 2
modes. Table 2 shows the data characterizing the
thermal state of the package of materials and the
values of the equivalent coefficient of thermal
conductivity under various heating conditions
under given conditions: heating the surface of the
sample in air to 50°C.

A graph of changes in the thermal state of
a package of materials during heating and cooling
in air is shown in Figure 3.

The obtained experimental data show that
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with an increase in the heating power in air, the
time for establishing thermal equilibrium in the
sample is reduced, which can be taken into
account when choosing the parameters of heat
treatment of materials and products. The results
show that the proposed device allows you to set
the modes and measure the parameters
characterizing the thermophysical properties of
materials and clothing packages, provides high
measurement accuracy, reproducibility of the
results, as well as the preservation of the results
of each experiment.

4. CONCLUSIONS:

As a result of the study, it was found that
the developed device facilitates the study of
thermophysical properties of materials for clothing
and their packaging, providing the necessary
accuracy (up to 10%), which was adopted in light
industry research. Using the program developed
for the study, it is possible to write parameters to a
computer and calculate the thermophysical
properties of the sample. The method that we used
in the research process allowed us to analyze the
thermal conditions of the package of materials at
different temperatures, as well as to calculate the
equivalent thermal conductivity of multilayer
packages. The device provides high-precision
recording and storage of the results of temperature
changes in the sample. The results obtained help
to formulate and solve the problems of choosing
materials in packages, taking into account thermal
conditions.
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A=1=, Eq. 2
AT (Eq. 2)
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A1 Ay 23 A1 Ay 23

Figure 1. Non-stationary thermal conductivity: nature of temperature change (Mikheev and Mikheeva,
1977)
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Figure 2. Scheme of the device for studying the thermophysical properties of materials in air: a)
technical solution; b) connection of sensors
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Figure 3. The diagram of the thermal state of packages of textile materials
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Table 1. The measurement results of the test parameters of the package of materials

Mode 1. Nominal productivity: 3x10- m®s
. Temperature measurement time Ts, test, No.
Options 1 2 3 4 5
5 /1884|1208 5 | 986 |1164| 5 | 832 |1432|5| 864 [1344|5| 904 [1241
The surface
teThpeeLa;:;? Of 194 342.4]31.75(24.4340.31(32.81| 24.3 |41.56|35.87|24|42.18|34.56|24|42.48[31.19
sample t51°C;
lower ts2, °C  |24.4| 50 |32.68|25.01] 50 | 33.7 [24.28] 50 |36.81|24| 50 |35.5|24| 50 |33.16
Temperature 7.6/0.93 9.69 | 0.89 8.44(094| |7.82/094| |7.52|0097
drop AT,°C
Equivalent
thermal
conductivity 0.05
coefficient Aeq,
W/(mxK)
Mode 2. Nominal productivity: 8x10° m®/s
Obtions Temperature measurement time T1s, test, No.
P 6 7 8 9 10
5 1369|506 | 5 |404 | 553 | 5 | 327|567 |5| 380 | 546 |5| 399 | 531
The surface
teThpeeLa;:: Of 194.241.5] 36.0 [24.43|42.37|34.56(24.13|41.97| 33.5 24| 42 |34.12|24|42.37|34.68
sample t51°C;
lower ts2,°C [24.4| 50 |36.93|25.01| 50 | 35.5|24.950.06/34.43|23| 50 |35.06|24| 50.0 |35.62
Temperature
drop AT,°C 8.5/0.93 7.63]0.94 8.09|0.93 8 094 7.63(0.94
Equivalent
thermal
conductivity 0.045
coefficient Aeq,
W/(mxK)
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Table 2. The measurement results of test parameters of samples of packages of materials

Mode 1. Nominal productivity: 3x10- m?%/s

Temperature measurement time 1,

Options Sample 1 Sample 2 Sample 3 Sample 4
5 | % |1278| 5 1687 [3522| 5 | 19213046 698 | 1129
The surface
temperature of | 24. | 41. 332 24, 441 | 325 | 243 | 447 | 308 36.9 | 30.9
the upper 2 8 1 3 3
sample t51°C;
lower ts2,°C | % | 50 | 342 | %> | 50 | 33.4 | %4 | 50 | 317 s0 | 8
Temperature 13.0
drop AT,°C 82| 1.0 59 | 09 53 | 09 7 0.94
Equivalent
thermal
conductivity 0.036 0.0152 0.143 0.035
coefficient Aeq,
W/(mxK)
Mode 2. Nominal productivity: 8x10° m%/s
Temperature measurement time 1, ¢
Options Sample 1 Sample 2 Sample 3 Sample 4
5 |57 | 640 | 5 | 696 [1842| 5 | 864 | 1344 373 | 579
The surface
temperature of | 23. | 42. 39.1 | 29.6 42.3 | 35.8 421 | 34.5
the upper g | 1 |36 25 g | g |3 7| 7 8 | 6
sample t51°C;
lower tez, °C | 24 [ 50 | 3%° | 25 | 50 | 306|242 5o | 3638 50 | 355
1 3 2 8 1
Temperature
drop AT,°C 7.9 | 0.93 10.2 | 0.9 7.62 | 0.9 7.82 | 0.94
Equivalent
thermal
conductivity 0.05 0.01 0.04 0.02
coefficient Aeq,
W/(mxK)
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Appendix 1. Documents on copyright protection of intellectual activity for a utility model; b) for
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Appendix 2. Documents on copyright protection of intellectual activity for software
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