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The article considers the urgent issue of developing protective clothing
for work in adverse conditions during ultra-high heat exposure. As found,
the heat-protective military clothing insufficiently provides the necessary
preservation and impedes the calculation of the maximum effective time
of protective action under severe operating conditions. As shown, the
nanotechnology in the creation of modern textile materials tends to grow
in accessibility from the economic and technological point of view. There-
fore, new capabilities have emerged for modelling technological processes
carried out at the nanoscale level. The advancement of this area is fos-
tered by the growing demand for the latest materials with fundamentally
new properties. This up-to-date approach is being applied and further de-
veloped in the research laboratories of the Kyiv National University of
Technologies and Design. As confirmed, in multilayer clothing, the
amount of air layers between individual layers of materials is insignifi-
cant. In addition, the amount of air layers in the garment package, rather
than in the package of materials of the corresponding garment compo-
nents, is found to be more significant. This is the factor being relied upon
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in the development of complex types of overalls for critical applications.
Design and practical approaches to the creation of effective thermal pro-
tective packages applying modern textile materials of the ‘advanced tex-
tiles’ class are proposed in order to reveal the possibilities of creating
critical components and elements of clothing as a starting point for the
development of types of heat-protective clothing.

PosrianyTo akTyasbHy IpO0JEeMYy IIPOEKTYBAaHHA 3aXWCHOTO OLATY AJA PO-
0iT Yy HECHPUATJIMBUX YMOBAX IIiJl Yac HAJABMCOKOTIO TEIJIOBOTO BILIMBY. Bu-
ABJIEHO, IO TEIJIOBAXUCHUU CHEIOAAT BiICBKOBOT'O IIPU3HAYEHHS HEIIOBHOIO
Miporo 3abesmeuye HeoOXimHe 30epesKeHHA I YCKJIAMHIOE BU3HAUEHHSA I'DaHU-
YHO JOIIYCTHOTO Yacy 3aXWMCHOI Aii 3rilHO 3 BaKKMMMU YMOBaMM’ €KCILIyaTa-
mii. ITokasano, 10 HAHOTEXHOJOrIl ¥ CTBOPEHHi CydyacHUX TEKCTUJIBHUX Ma-
TepPifAJiB CTAIOThL HUHI BCe GiJIBII JOCTYIHUMHN 3 eKOHOMIYHOI'O Ta TE€XHOJIOTI-
yHOTO TmoriAxy. Tomy 3’ABUJIMICA HOBI MOMKJIMBOCTI MOJEJTIOBAHHS TE€XHOJIO-
rivHMx mpoilieciB, AKi BimOyBalThCsa Ha HaHoMAacHITaOHOMY piBHi. PosBuTok
IOTO HAIIPAMY BU3HAYAETHCA 3POCTAIOUUM IIOIIMTOM Ha HOBITHI MaTepidnu 3
MIPUHITAIIOBO HOBUMM BJAacTHUBOCTAMH. Taxkuil cydacHME Tigxim 3acToOCOBY-
€ThCS Ta PO3PO0JAEThCA Y HAYKOBUX Jaboparopisx KwuiBchbKoro marioHain-
HOTO YHiBEpPCUTETYy TEXHOJIOTi#l Ta ausaiiny. IloBemeHO, 110 B OaratomapoBo-
My OAs3i BeJIMUYMHA IIPOIIAPKIB MOBITPS MiK OKpeMMMH IIIapaMi MATepiaIiB
€ He3HayHOI. BusaBieHO, IO B IIaKeTi OAATy, Ta He B IMAKeTi MaTepiAis
BiIIOBiHMX BYBJIiB OJATY BeJIWYMWHA IMOBITPAHUX IPOIINApPKiB OiibII 3HAUY-
mia. Takuii e)eKT BUKOPHUCTOBYETHCA IJIsI CTBOPEHHS CKJIAJHUX BUIIB CIIEIl-
OJATY BiATIOBiZaJBLHOTO NMPU3HAUEHHA. 3alPOIMOHOBAHO NMPOEKTHO-IPAKTUUHIL
MiAX0AMW IIOMO0 CTBOPEeHHSA e(deKTUBHUX TEIJIO3aXMCHUX ITaKeTiB i3 sacTocy-
BAHHAM CYYaCHUX TeKCTHUJILHUX MaTepiasiB Kiacy ‘advanced textiles’ 3 me-
TOIO BHUSABJEHHS MOJKJIMBOCTEH MHPOEKTYBAHHS KPUTUUYHHUX BY3JiB i ejeMeH-
TiB OOATY K IMiATPYHTA PO3POOKM Pi3HOBUIIB TEILIO3aXHCHOTO OAATY.

Key words: clothing design, thermal protection of a human, heat-
protective clothing for special purposes, textile barrier materials, multi-
layer protective clothing, thermal protection characteristics of materials,
heat-protective costumes.
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XUCHUM OAT CIEIisiIbHOTO NPU3HAUEHHS, TeKCTUIbHI 0ap’epHiI MaTepidnu,
baraTomrapoBuil 3aXUCHUIN ONAT, TEIJO3aXWCHI XapaKTepPUCTUKH MaTepis-
JiB, KOCTIOMY TEeIJI03aXMCHi.
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1. INTRODUCTION

As a primary objective of the innovation development in the crea-
tion of protective clothing, the implementation of the latest tech-
nologies and production facilities is crucial to ensure the entry into
modern high-tech markets. The transition of design and production
processes is aimed at fundamentally enhancing the protecting prop-
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erties of human protective equipment for work in adverse environ-
mental conditions. This mechanism requires subsequent advance-
ment of scientific, technical and innovation policy to promote the
quality and competitiveness of the final product. With this range of
objectives outlined, the relevance of the present study is deter-
mined. The selected approach is distinguished by a higher complexi-
ty and depth of the functional concept of previous studies by the
authors of the scientific school of ergonomics and design of special-
purpose clothing. Of importance is the analysis of the nature and
context of real production operations in relation to human work in
conditions of high temperature exposure and other extreme hazard-
ous factors of an aggressive environment.

The work of a human in conditions of advanced temperatures
may only be enabled by the use of heat-protective special clothing
(HPSC). In the current scientific environment, the development of
effective heat-protective clothing is an urgent matter, the complexi-
ty of which is conditioned by the multi-parametric nature of the
tasks of designing, manufacturing and operating the clothing. Of
particular urgency is the challenge of creating an effective HPSC
designed to protect a human from the effects of a combination of
thermal factors—thermal radiation, high air temperature, flame,
and contact with heated objects. Consequently, human work in a
variety of environmental conditions and temperatures necessitates
scientifically based approaches to the development of special heat-
protective clothing. This requirement holds especial relevance in
conditions that dramatically deviate from normal and are approxi-
mating extreme levels, which places a major responsibility on the
developers of protective clothing in terms of reducing production
injuries and fatalities during traditional and emergency rescue op-
erations of varying severity.

It is suggested that the sets of special protective clothing cur-
rently in service in Ukraine and abroad for traditional and emer-
gency rescue operations be divided into two groups depending on
the type of work. As for conventional work in the oil and gas indus-
try, the following lightweight protective suits are used: jackets and
trousers (or semi-coveralls), coveralls of various types, as well as
overalls of known global brands AVER (Germany), TWIMAN-
TEMPLETON&CO (USA), DU PONT (USA), etc. In case of minor
outbreaks of fire, insulating lightweight costumes or coveralls, as
well as overalls by AVER, EXGALOR (Germany), DU PONT (USA),
COMASEC (France), etc. are used for carrying out repair work [1].

The variety of types and operating conditions of special protec-
tive clothing implies that the clothing developer is aware of physio-
logical and hygienic standards, when selecting the entire set of
equipment, as well as takes into account the organism’s functional
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reactivity to external factors. Operational experience with heat-
protective clothing illustrates not only does it not fully provide the
necessary protection, but in some cases it causes additional thermal
dangers. This effect is caused by the thermal failure and flashover
of the constituent materials. The reason for this stems from insuf-
ficient research on the resistance of HPSC materials to thermal fac-
tors caused by the limited laboratory and experimental basis, which
inevitably leads to a difficulty in determining the maximum effec-
tive time of protective action of heat-protective clothing under spe-
cific operating conditions.

Lately, nanotechnology has grown into a more accessible medium
from an economic and technical point of view. Now, it appears possible
to model processes running at the nanoscale. Such a tendency is stimu-
lated by the ever-growing demand for the latest materials with funda-
mentally new properties. It is the development of nanomaterials with
new thermophysical properties that is an all-purpose solution to many
problems in the light industry. The convergence of nano-, info-, bio-,
and cognitive technologies may serve in the prospect as a key to pro-
longing the active stage of human functioning. The identified areas
direct the level of future technologies, which are often associated with
the creation of hybrid structures capable of combining and connecting
organic fragments with inorganic ones or living tissues with synthetic
components. The modern technologies mentioned above may impart
new properties in the development of materials with primarily unique
strength, elasticity, thermal conductivity (thermal protection), and
significantly accelerate the search for new ecological systems with ad-
vantageous properties [2—5].

The aim of the work is to study the process of heat transfer
through a protective package of materials in a passive mode of pro-
tection, as well as to determine the temperature of the subjoint
space and the time of protective action of the sets to solve the prob-
lems of developing varieties of heat-protective clothing.

The specificity of developing heat-protective clothing depends on
the modes and parameters of thermal load during operation and is
characterized by a passive or active degree of protection. According
to the ergothermic load of a human, when working in personal pro-
tective equipment (PPE), as well as the thermal resistance of the
package, which is determined by the combination of materials to
provide barrier multifunctional heat protection, the main character-
istic of a human’s comfortable state remains the temperature of the
subjoint space.

2. MATERIALS AND METHODS OF RESEARCH

At the end of the twentieth and beginning of the twenty-first cen-
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tury, there was a significant expansion of the production of various
technical and environmental materials (eco-, agro-, geo-, and con-
struction textiles, etc.), along with materials for clothing with spe-
cial properties: heat-protective, heat-repellent, antistatic, electrical-
ly conductive, antibacterial, sorptive, waterproof, etc. [5—9]. They
have a corresponding application in specific types of clothing (pro-
tective, medical, sportswear, etc.). Such materials, as a rule, demon-
strate several properties and can be used as separate layers of cloth-
ing and underwear, as well as, in a layered form in certain clothing
packages in accordance with the zonal placement on different parts
of the human body, generating barrier multifunctional protection.
As intended, diverse properties of such multifunctional materials
may be obtained by mixing fibres with a variety of properties; mod-
ifying textile materials and their surfaces; creating multilayer ma-
terials, etc.

Over the years, the Kyiv National University of Technologies and
Design (KNUTD) has pursued research into the development of new
types of protective clothing and textile materials for their manufac-
ture and industrial production. With the use of KNUTD laboratory
equipment, a technology for obtaining materials based on a thermo-
plastic polymer composition modified with Ag, Cu, and Fe nanopar-
ticles by depositing the molten mass of metal nanodispersion on the
low-melting surface of a polypropylene granule was established [1,
10-14]. Such barrier materials enable the creation of clothing with
predictable protective properties by combining layers of materials
into packages, according to the zoning of the clothing surface and
the properties of each material. When designing personal protective
equipment, taking into account environmental conditions and hu-
man capabilities, the process of selecting the initial parameters re-
sults in a compromise optimization of the life support system. The
protective role of clothing increases particularly in cases of extreme
external exposure (temperature 35—40°C and above) and when the
natural thermoregulation system is unable to maintain thermal ho-
meostasis at a given level [1, 10-11, 15].

Therefore, today brings about the emergence of new types of
lightweight, durable composite materials for a wide range of appli-
cations, including materials for insulating clothing for various pur-
poses, sportswear and paraphernalia, as well as medical products.
The use of biomimetic nanomaterials and materials for medical pur-
poses, in particular for personal protective equipment, various aux-
iliary tools, face protection masks, surgical implants, sets the stage
for ensuring the high level of human safety in extreme environmen-
tal conditions, and for high-quality and effective medical care in
case of emergencies [2, 15-19].

Nanotechnology enables the creation of new systems for visualiz-
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ing the surface of materials with high accuracy. The development
and use of the latest materials and nanotechnologies is the main
driving force behind the modernization and advancement of produc-
tion, infrastructure, and the social sphere. Another breakthrough is
the spread of self-assembly production technologies; namely, the so-
called ‘desktop nanofactory’ is capable of producing certain prod-
ucts with molecular precision and in a short time [20-22]. Intelli-
gent functional structural materials with high strength, ductility,
lightness, transparency, and reflectivity substitute metals and plas-
tic compositions these days, possessing an increased ability to im-
prove the technical properties of products: resistance to radiation
and corrosion, high and low temperature effects, material ageing,
etc. Challenges in this regard include a deficiency of modern scien-
tific and industrial equipment for the development of new materials
based on nanotechnology and the production of nanoproducts for
various purposes; a shortage of high-quality domestic raw materi-
als; a demand for qualified personnel; competition in the markets;
and the need for substantial investments in organizing large-scale
production of significant volumes. Promising markets to focus on
are textiles and leather goods, medical equipment and medical sup-
plies. The methodology of theoretical research is grounded in the
basic provisions of the theory of heat and mass transfer, and in the
fundamental principles of the theory of thermoelasticity of shells
and plates.

3. DISCUSSION

Heat-resistant nanostructured composite, ceramic, and metal mate-
rials prove vastly beneficial in many industries due to their re-
sistance to chemical decomposition at elevated temperatures. It is
materials with such properties that should not only be used in vari-
ous types of PPE, but also to protect humans from ultra-high heat,
which are up to now on the list of most demanded in the manufac-
ture of reliable products. It should be noted that the main contribu-
tion to thermal protection of a human is made by such groups of
PPE as special clothing and insulating costumes, which are types of
protective overalls (Fig. 1). Such PPE operates under conditions of
various thermal effects and degrees of protection corresponding to
the operating conditions [1, 16, 22-25], making it necessary to
study the peculiarities of heat transfer in the subjoint space pack-
ages for the purpose of their qualitative development and design.
The presented varieties of heat-protective clothing indicate that
the generalized classification of costumes is lightweight and insu-
lating, and that they meet the standards and specifications for PPE.
Lightweight protective clothing is of high mass and is made of
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Fig. 1. Varieties of heat-protective costumes, coveralls, insulating sets of
special clothing.

thick materials of high surface density. Insulating suits that func-
tion as emergency protection against extremely high temperatures
are of even more mass, which puts an additional strain on the hu-
man and requires careful study of the composition of materials and
their thermal protection characteristics for specific clothing design
conditions.

Overalls are known to represent an approximate three-
dimensional shape of the human body, formed by connecting indi-
vidual cut parts using various (primarily threaded) joints. Overalls
can be single-layer; however, complex, multilayer, multicomponent
overalls are more commonly used [1, 16-18, 22].

In multilayer clothing, the amount of air layers between individ-
ual layers of materials is insignificant, due to these layers being
bonded to each other at the edges and in the middle areas of the
clothing. Between individual types of overalls, in the so-called gar-
ment package (rather than in the package of materials), the amount
of air interlayers is more significant. This factor is the primary
driver in the creation of sophisticated overalls for critical applica-
tions. Their size depends on the allowances for a loose fit, which for
overalls range from 1.5 to 2.0 cm. While this means that the size of
air interlayers between the layers of clothing is the same, it is cer-
tain that an increase in allowances contributes to an increase in air
interlayers in clothing.

The intricate shape of the human body, and the way it performs
certain movements, leads to a considerable imbalance of air layers
in the package of a set of overalls. The high thermal insulation
properties of air in an inert state necessitate considering it when
determining the total thermal insulation properties of clothing.
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It is known that the thermal insulation of the human body for
the account of clothing is expressed by the value of the average to-
tal thermal resistance. For a package of overall materials, the equa-
tion is as follows [1, 12, 23, 25]:

Ly WS 1
Ry =204 2 b+ (M
f

1 v 1

is the sum of thermal resistances of n air layers in

air

where i S, /M
1

the clothing; ng /kf is the sum of thermal resistances of m layers
1

of fabric in the clothing; 1/a is heat transfer coefficient; A, is air
thermal conductivity coefficient; A; is thermal conductivity coeffi-
cient of the fabric; §,, is the average measured thickness of the air
interlayer between the layers of materials, as well as between the
linen and human skin; d; is the average measured thickness of the
materials.

All the terms of the sum of Eq. (1) are variable values. The first
two of them determine the average equivalent resistance and depend
on the constructive structure of the clothing, the last one, namely,
surface thermal resistance, is largely determined by the resistance
of the environment, each of which is to be considered.

The thermal resistance of air layers in clothing varies with their
thickness and thermal conductivity. Maximum thermal insulation is
achieved through the inertness of air, i.e., when heat is transferred
by conduction. Air stillness is feasible in narrow layers not exceed-
ing 1.27 cm [24]. For this reason, air layers in overalls above this
value are impractical. Since 1.27 cm is the maximum value, the
largest average air interlayer should strive to a lower value. Given
that a set of clothes consists of several items that a human wears in
layers, starting with underwear, there is natural pressure from the
outer layers on the inner ones. This reduces the size of air layers in
a set of clothes in correspondence with certain indicators of the
elastic properties of fabrics and construction details.

The air inertness generated by sequentially applying the clothing
items depends not only on the size of the air layers: movement pat-
terns, gait, and working postures change the size of the air layers
of the clothing. In addition to heat transfer by conduction, a con-
vective component occurs, as a result of which the thermal conduc-
tivity of the air increases with the thermal resistance of the air lay-
ers decreasing, thereby reducing the thermal resistance of the en-
tire set of overalls. Meanwhile, the circulation of air inside the
clothing during human movement is by no means a disadvantage:
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rather, it is even advisable, since human movements are accompa-
nied by increased heat generation and automatic reduction of the
total thermal resistance of clothing is required to maintain com-
fortable conditions in the sub-joint space. This is not the case,
when, due to the presence of openings in the clothing, as well as the
breathability of materials and seams, outside air enters the sub-
joint space. In this regard, the convective component of the air in
the layers rises with the increase in air velocity quite significantly,
resulting in a dramatic decrease in the total thermal resistance of
the clothing. Consequently, when developing protective clothing, it
is imperative to take into account the variability of the total ther-
mal resistance of its air layers. To maintain comfort conditions
when a human moves, natural air circulation should be sustained by
increasing air layers in clothing. At the same time, it is necessary
to prevent air from entering the clothing, for which purpose blind
fasteners, sealed joints of parts, and the application of air-resistant
materials or substrates are advisable.

A similar nature is the variability of the total thermal resistance
of materials in a clothing package depending on the nature of the
fibre. The fibre composition of materials determines the thermal
protection properties of fabrics, i.e., the ability to keep air in a sta-
tionary state well or poorly. The amount of air contained in a mate-
rial depends on the thickness, porosity and volumetric content of
the material. The requirements for materials, as well as their ergo-
nomics, allow us to determine with sufficient accuracy the total
thermal resistance of the combination of materials included in the
clothing package. Nonetheless, the diversity of requirements is un-
likely to lead to a substantial increase of this value. Therefore, for
the purpose of designing overalls with high heat protection perfor-
mance, a prominent role is played by nonwoven insulating materials
(substracts), the insulating properties of which are largely deter-
mined by their thickness and significant porosity. The softness and
flexibility of these materials enables the designed shape of overalls
to be shaped into any constructive structure. However, to maintain
high heat protection properties, insulating membranes shall have
good elastic properties, since the thermal insulation properties di-
minish with decreasing thickness.

The most critical component of the packages’ thermal insulation
properties belongs to the top material, the main purpose of which is
to protect the entire set from the main aggressive environmental
factor. But, under any combination of aggressive factors, one can-
not neglect the changeability of the heat transfer coefficient due to
the presence of the so-called ‘boundary layer’ of air at the interface
between the outer surface of the clothing and the environment, fur-
ther increasing the total thermal resistance. In Eq. (1), this is taken
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into account by the third term.

Among the numerous parameters that affect the value of the heat
transfer coefficient, the most influential for overalls are the con-
structive shape of the clothing (surface curvature factor) and air
velocity. Considering that the human body is a complex spatial
shape, clothing is unable to copy it in exact form, i.e., it reflects the
curvature factor to a high extent, but in a steadier form, especially
in matters of the average heat transfer coefficient over the entire
surface of the overalls.

As such, knowing the air velocity and assuming the clothing as a
flat parallel plate or cylinder with a diameter of 0.18 m, the con-
vective-conductive component of the heat transfer coefficient may
be calculated by the theory of similarity. The radiation component
of the heat transfer coefficient is a function of the temperature of
the objects surrounding the human and the radiation constant of
the outer fabric. The higher the equivalent resistance of the cloth-
ing, the more its surface temperature approximates the ambient air
temperature, the smaller the temperature difference and the lesser
the heat transfer by radiation. Therefore, when designing overalls,
consideration should be given to the value of the surface thermal
resistance of clothing and its variability, similar to thermal re-
sistance.

The analysis of the components of Eq. (1) in relation to a set of
protective clothing on a human indicates the complexity of the heat
transfer process in the human-environment system, taking into ac-
count the constructive specifics of the clothing structure. The solu-
tion of the stated tasks appears to be possible when conducting an
array of theoretical studies and their experimental confirmation,
calculating the time of the protective effect of the set in order to
predict the behaviour of types of heat-protective clothing, as well as
keeping in view its constructive and technological level for specific
situations and searching for unified models of design solutions.

Summarizing, the paper outlines the directions of basic research
addressing the problem of developing heat-protective clothing to
determine heat loss of the body and human comfort zones in heat-
protective clothing, heat-protective properties of materials and
thermal insulation membranes, thermal protective properties of ma-
terial packages and clothing in general. The first group of issues is
within the competence of hygienists, without whom no research on
protective clothing and further advancement of this area is practi-
cable. Long-term cooperation between the authors and physiologists
and hygienists led to the successful completion of the tasks [1, 12—
14, 16—-19]. Other areas require separate studies of the heat protec-
tion properties of fabrics and membranes, which is the key objective
in accordance with the aim of the present work. It is associated
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with the disclosure of the mechanisms of the immobilizing proper-
ties of textile materials, which should allow establishing rational
values of their thickness, porosity, volumetric content, and elastici-
ty. The results obtained allow us to proceed to a reasonable selec-
tion of materials and membranes to address the issues of designing
overalls with specific heat-protective properties and calculating the
time spent by humans working in adverse environmental conditions.

In calculating the effectiveness of human protection against
thermal effects using a composition of layers of clothing materials,
a stationary thermal regime is assumed. However, under the influ-
ence of powerful radiation fluxes and high atmospheric tempera-
tures, in the course of clothing operation, it is necessary to take
into account a significantly non-stationary thermal regime. The
conventional methods of estimating heat-protective clothing in sta-
tionary training with a relatively short time of its stable operation
may lead to major errors [12—14, 25]. For this reason, approaches
have been developed to establish a mathematical model of nonsta-
tionary heat transfer through a multilayer set of clothing to the
human body and an instrumentation base has been set up [17-19,
26—-28].

The heat-protective clothing package is represented as a system
of flat plates that may be separated by gas-air layers (Fig. 2).

For the sake of simplicity, suppose we neglect the effect of the
steam flow formed by the evaporation of sweat and air from the
surface of the human body on heat transfer through a set of
clothes, since the influence of these flows is negligible.

The heat transfer in the i-th layer of clothing, i=1, 2, ..., j, is
described by the acclaimed Fourier—Kirchhoff heat-transfer equa-

tion:
oT o (. oT
ep S = 9 L, 2
Pi 6x(laxj (2)

where ¢;, p;, A; are the heat capacity, density and thermal conductiv-
ity of the i-th layer of clothing, which can be functions of the co-
ordinate x, time t and temperature T.

Should there be no gas-air space between the layers i and i+ 1,
the thermal interaction between these layers is characterized by
heat transfer conditions of the fourth grade at the boundary of
their contact x = x,,;:

dT (x,, - 0,1) dT (x,, +0,1)
N ———t =y,
dx dx 3
T(x,, -0,1t) =T (x,, +0,¢),
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Fig. 2. Physical model of heat transfer through a package of materials of
protective clothing.

where T(x,, —0,7) and T(x,, +0,1) are the limits of the tempera-
ture function T, when, at a constant time t, point x proceeds to the
point x=x,,, remaining in the clothing layer, respectively, i and
i+1.

The heat transfer through a unit surface of the gas-air layer i,
which has a thickness 9;, is defined as

q = %[T(xm,r)— T (x,,7)]+ &0, (T(x”l’T)T -[T(xi’r)y , (4)

100 100

i

where o, is the radiation coefficient of an absolutely black body; &
is the given degree of blackness of the gas-air layer, which is de-
termined by the values of the degrees ¢, and ;. layers of the cloth-
ing i and i + 1, by the ratio:

m

g =1/(s" +e5-1),

il

A, is thermal conductivity of air, referred to the medium tempera-
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ture of the layer:

[T(xm,r) + T(xi,r)]
i 2 ¢
Pursuant to Eq. (5), for the conditions of complex heat transfer
and clarity of the process description, it is convenient to introduce

the effective thermal conductivity coefficient A,;, which is deter-
mined in accordance with the expression

q, = XeffiSi’l [T(xm,r) - T(xi,r)J , and is obtained by the relationship

W 80,0 T(x,)+01)" (T(x,-0,0)"
AT (x,,,1) - T, 1) 100 100 '

()

Air layers have a significant impact on the heat protection prop-
erties of clothing. It is common for the total thermal resistance of
air layers to surpass that of the clothing layer composition. Depend-
ing on the composition of the clothing set, the total thermal re-
sistance of the air layers may be several times greater (or less) than
the thermal resistance of the clothing materials. With that said, the
thickness of air layers for a set of household clothing is practically
within 4-7 mm. Therefore, to determine the temperature T,(t) on
the inner surface of the clothing separated from the body by an air
layer (i = 1), an equation akin to Eq. (5) may be implemented:

M myaee (L) (LY
QT—SI(Tz 711)+8150|:(100j (100)]. (6)

To meet the many and often contradictory requirements of con-
sumers, it is essential that multifunctional textile materials be de-
veloped. Such consumer requirements are an impetus for research-
ers and textile manufacturers. The analysis of scientific and patent
literature has revealed a consistent interest in the development of
multifunctional textile materials [29-31].

With a large number of modern textile materials, referred to as
advanced textiles, which are classified as high-tech and possess var-
ious physical, mechanical and thermal protection properties, it may
be assumed that the method of layering (or joining) individual tex-
tile products into one structure enables the technical properties of
textile composite materials to be adjusted within a wide range to
ensure thermophysiological comfort. The mentioned works have
been identified as promising for many years and have been success-
fully implemented in the research of the Kyiv National University
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of Technologies and Design [1, 22, 32—33]. The most basic methods
of obtaining multifunctional textiles (mixing fibres, modifying
yarns, modifying the structure and surface of textile fabrics) are of
limited potential. The transition to complex layered composite tex-
tile structures opens up wide opportunities for product manufactur-
ing. Such structures should consist of different functional layers
arranged in the right order. In recent years, global developments in
this area have received a high priority: they are directly related to
the creation of Intelligent Textiles and Smart Textiles—advanced
and innovative textile materials.

4. CONCLUSIONS

It has been shown that the study of the heat-protective properties
of clothing packages implies the issue of rational arrangement and
alternation of materials with proven physical properties to obtain
the optimal thermal insulation effect. It has been established that
environmental factors and air layers of clothing material packages
exert a significant influence. The composition of the material pack-
ages was calculated and determined, and the selection of physical
models for the design of heat-protective clothing sets was substan-
tiated. For the first time, a mathematical model of unsteady heat
transfer through a multilayer set of heat-protective clothing was
presented as a system of flat plates distributed by gas layers. Due
to the air mobility, the model is considered for the case of flow
around a circular cylinder under the influence of incoming air with
a natural degree of flow tubulisation. The analytical equations for
determining the temperatures on the inner surface of clothing,
which is separated from the body by a clothing package and air lay-
ers, are obtained.
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