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Ensuring high thermal resistance of building, cladding, finishing and other materials helps to solve the problems of energy
efficiency of buildings and energy saving in general. Typically, building and cladding structures have several layers. This makes
it difficult to predict their heat transfer. To solve these problems, it is proposed to model the thermal resistance of layered
structures. The mathematical functions that should be used in modelling are determined. In particular, the mechanisms of heat
transfer due to thermal conductivity and radiant heat transfer are separated. The assumptions and simplifications in the
calculations that are acceptable in terms of errors are determined. The use of glass fibres for blocking infrared radiation is
theoretically substantiated. The thermal resistance of a layered structure with an arbitrary number of layers and different thermal
properties of each layer was modelled. The modelling was carried out using COMSOL tools. Changes in the thermal state of the
layered structure in space and time were obtained. The modelling results were verified. Samples of materials based on glass fibre
were manufactured and tested using a standard thermal imager. It was found that such a three-layer glass fibre material actually
completely blocks infrared radiation at an initial temperature of up to 40 °C. Comparison of the results with the efficiency of a
standard thermal insulation product shows that the predominant mechanism for blocking infrared radiation in a glass fibre-based
product is the scattering of infrared radiation. This opens up the possibility of using glass fibre fabrics both to increase the
thermal resistance of building and finishing materials and to produce infrared camouflage.
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Introduction

Increasing the thermal resistance of building, finishing and cladding materials is of great
importance for solving the problems of energy efficiency of buildings and structures and energy saving
in general. To achieve these goals, it is necessary to minimize the intensity of infrared radiation
transmission through materials and structures. This is possible by reducing the thermal conductivity
coefficients and increasing the material thickness. However, increasing the thickness of the material is
not always possible or advisable. Therefore, it is necessary to design structures with low thermal
conductivity coefficients. Real building structures, cladding and finishes have a multi-layered
structure. Therefore, it is difficult to take into account different constants for each layer. Especially if
you need to minimize the overall thickness of the structure. To some extent, this process can be
optimized by modelling the processes of heat transfer through a layered structure with different
physical parameters of each layer. This requires the development of an error-acceptable mathematical
apparatus and the use of modern software tools. Such research is relevant in terms of energy saving
and energy efficiency of buildings and structures. In Ukraine, such research is particularly relevant due
to the need to develop materials with high thermal resistance for use as infrared camouflage. For
laminated materials of small thicknesses, it is particularly important to correctly model the passage of
infrared radiation through the material with its maximum blocking in the protective layers.
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An overview of literary sources

Modern research on modelling heat transfer processes is carried out mainly for the purpose of
energy supply and diagnostics of metal structures. In [1], the modelling of thermoacoustic devices for
use in the field of renewable energy was carried out. Study [2] deals with heat transfer processes in
thermal control systems for energy storage devices. The modelling was carried out with a small error,
but the considered heat transfer processes cannot be used to simulate the penetration of infrared
radiation through solid layered structures. Study [3] deals with changes in the thermal state of a
material. Changes in heat flux due to the evolution of the microstructure of metals are modelled. The
advantage of this work is the consideration of several approaches to modelling. Paper [4] considers a
model of heat flow changes on defects in the form of material points, which is not acceptable for
considering heat flow penetration through continuous thin structures. For materials that can potentially
be used as finishing materials and infrared camouflage, the main requirement is ease of use. Paper [5]
presents the results of studies of the temperature field distribution in a film coated with an alloy of
germanium, antimony, and tellurium. This material is quite effective, but has a high cost. The material
described in [6] has almost similar characteristics. The basis of this material is polyurethane with the
addition of antimony and tin oxide. But it has a complex manufacturing technology. In addition, the
manufacturability of its application is low. A common disadvantage of all heterogeneous materials
with a uniform distribution of inhomogeneities in the matrix is the inability to use modelling methods
to design a protective material with the required properties. The modelling of protective materials with
high thermal resistances suitable for blocking infrared radiation is somewhat outdated [7, 8]. At least,
the distribution of the thermal field obtained as a result of modelling is questionable. To a certain
extent, the shortcomings of modelling heat transfer processes are due to the imperfection of the
calculation apparatus [9]. Analysis of available sources leads to the conclusion that layered materials
with different thermophysical parameters are the most promising for blocking infrared radiation.
Therefore, it is advisable to develop models that characterize changes in the thermal resistance of
layered materials with different initial data, as well as to verify the modelling results.

Presentation of the main material

The amount of heat transferred through a unit area of a homogeneous material is defined as:

ar _ h-T
d 1oy +d/A+1/o,’
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where A — thermal conductivity of the material, e temperature gradient in the thickness of the
x

material, 7; — temperature of the inner surface of the material, 7, — temperature of the outer surface of
the material, d — material thickness, a;, a, heat exchange coefficients of the inner and outer surfaces
with the environment.

In this case, the thermal resistance of the material:

R= L+1+L, 2)
o, A a,
For multi-layer structures:
1 &d 1
R=—+) ‘+t+—. 3
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Parameters o, o, are constant for certain environments. That is, increasing the thermal resistance of
a layered structure is possible only by increasing the thickness of the material, layers of materials, and
reducing thermal conductivity.
Therefore, it is advisable to model the thermal resistance of layered structures with any number of
layers using these parameters.
The heat transfer process is defined by Eq:
2
&2 @)
ot o2
where T — temperature, ¢ — time, A, — is the thermal conductivity coefficient in the x direction.
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However, in real conditions, the heat transfer process consists of two components: thermal
conductivity and radiation.
The contribution of thermal conductivity to heat transfer is determined by the N component [10]:

M
40T
where T — is the absolute temperature of the inner surface of the material.

The contribution of radiation to the heat transfer process is more difficult to determine. This is
because the radiative heat transfer equations do not have exact solutions. Therefore, to solve more
specific problems, it is necessary to apply some reasonable assumptions and simplifications.

The smaller the value of N, the smaller the contribution of thermal conductivity.

The radiation transfer equation does not have exact solutions. However, in specific problems, with
appropriate simplifications, solutions are possible. In the following, we will assume that the shielding
material is a grey medium, and the absorption coefficient k does not depend on the wavelength of
radiation between two grey and diffuse plane-parallel surfaces. In general, these assumptions are not
physically feasible.

For example, E-glass is used for the manufacture of glass fibre, the absorption spectrum of which is
continuous in the wavelength range of 810 um, which corresponds to infrared radiation. Therefore,
such assumptions are correct.

The intensity of the radiation passing through the medium is reduced by absorption. At the same
time, the medium heats up and becomes a source of thermal radiation itself. Thus, along with a
decrease in intensity due to absorption, there is an increase in intensity due to intrinsic radiation. In this
case, with one-dimensional radiation transfer along the x-axis perpendicular to the material, the
following equation can be written for the change in intensity I in a layer of medium with thickness dx
within the framework of the approximation under consideration:

dl = (—kI + J)dx, (6)
J —is the radiation energy emitted by a unit volume of the medium in a unit solid angle per unit time.

It is known that under conditions of thermodynamic equilibrium, in this case, due to the non-

isothermal nature of the medium, there is a thermodynamic equilibrium for each elementary volume.

J=KI", (7)
I° —is the radiation intensity of an absolutely black body at the temperature of the medium.
Taking into account (7) from (6) for the radiation intensity /, after passing through a layer of
medium with a thickness 4, the integration results in the following:
L=Le +1,, (8)
1, — radiation intensity at the input of the medium; /; — is the intensity of the intrinsic radiation of the
medium arising in elementary volumes of length dx and attenuated by elementary volumes on the path
from x to 4, where 0 < x < h:

)

Iy = joh kI° (x)e_Lh o, 9)

Considering the relation between intensity and flux density of hemispherical radiation of an
absolutely black body E°
0
J (10)
T
In accordance with the Stefan-Boltzmann law, we have:

E'(x) of (x)
T T
where 7(x) — temperature in the medium layer with coordinate x.
It follows from (11) that in order to integrate (9), it is necessary to know the explicit form of the

dependence T(x). As a first approximation, we will use the linear dependence 7*(x), which occurs in
the case of an optically dense medium. (x/>>1) [10]:

T =T —bx, (12)

X

1°(x)= (11)
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b — constant.
Then, substituting (11) into (9), taking into account (12), we find:

_koh 4 —k(h=x) 4. _ KO A th phe b k=) gy
Ip = ?J‘o (I, —bx)e dx = ?(Tl jo e dx —bjo xe dx) =

1 (13)
4
=25 (=) =b(h— (1= ).
T
And finally, expressing /; and 7 in terms of the surface temperatures of the shielding material:
0 ¢ 0 ¢
I, —efi_ 00 A —efe O , (14)
T T T T

€ — degree of blackness of surfaces; EIO i Eg — radiation flux densities of an absolutely black body at

surface temperatures, and taking into account that under conditions of thermodynamic equilibrium on
the basis of Kirchhoff's law, the degree of blackness of the surface is equal to its absorption capacity a:

e=a=1-¢", (15)
From (7), after substituting (13)—(15), we obtain the following simple transformations:
bh 1
oY =T 1+ e —( ——} 16
2 1 ( ) 1 e fh k ( )

In other words, we have obtained a relation that can be conveniently used to select a protective
material.

It should be noted that in the limiting approximation of an optically dense medium, at large values
of k, this expression becomes a known linear dependence:

T, =T - bh. (17)

The choice of glass fibre as a material that shields infrared (thermal) radiation is due to its low
thermal conductivity and significant absorption of infrared radiation in the 8—14 pum spectral range,
which is the operating range of most thermal imagers. Indeed, the chemical composition of the E-glass
fibre used to make the glass fibre fabric offered as a shielding material includes, in particular, 53-55 %
Si0,, 17-21 % CaO, and 5-10 % B,0s. The vibration frequencies of the Si—O bonds cover almost the
entire range from 600 to 1100 cm™, the Ca—O bonds are in the range of 700-1400 cm™, and the B-O
bonds are in the range of 1300-1400 cm™. This leads to the presence of intense absorption bands in the
wavelength range of interest.

On the basis of the defined relations, the thermal resistance of a material with an arbitrary number
of layers with different thermal and physical characteristics was modelled. The modelling was carried
out using an explicit difference scheme. The temperature value was determined at the centres of the
difference cells. The computational domain of the difference scheme is shown in Fig. 1.

w0 ol
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Fig. 1. Calculated area of the difference circuit. The ordinate axis is the distance in centimeters, the abscissa axis is the
distance in millimeters (a) — material diagram with several layers of material; (b) — finite element mesh

The results of modelling heat transfer through the layered structure are shown in Fig. 2.

In this model, the initial temperature was assumed to be around 40°C (left). The outside temperature
is 15°C (right). It can be concluded that the above method can be used to estimate the thermal resistance
of any layered structure, provided that the thermal characteristics of each layer are known.
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Fig. 2. Modelling of heat transfer through a layered
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structure: (a), (b), (¢), (d), () correspond to time intervals of
0,1, 2, 3, 4 hours. The temperature scale is on the right

Since the main (outer) layer was assumed to be made of glass fibre, a glass fibre sample was made to
verify the modelling results. The second and third layers were made of two different textile materials.

The tests were carried out using a professional thermal imager UNI-T UTi120S.

Fig. 3 shows the original photo of the object in the infrared region of the electromagnetic spectrum.

In Fig. 4 shows a photo of an object protected by a layered structure based on glass fibre.

As can be seen from the figures above, the transmission of infrared radiation through the test sample

is minimal.

It is important to separate the
mechanisms of inductive and conductive
heat transfer. That is, the resistance to
heat transfer due to thermal conductivity
and radiant heat transfer. The results
obtained were compared with the
efficiency of a standard European-made
thermal blanket sample (Fig. 5).

Comparing the data of Fig. 5 and Fig.
4, it can be concluded that the glass fibre-
based structure is more effective than the
thermal insulation coating. That is, the
main mechanism of thermal protection in
glass fibre is the scattering of infrared
radiation in the glass fibres.

125 °C asc

2024.02.12 22:17

2024.02.12 22:47

Fig. 3. An object in the infrared region of the electromagnetic spectrum
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It can also be concluded that the
design of layered structures to block
infrared radiation by modelling thermal
resistance has an acceptable agreement
with the experiment.

Conclusions

1. The theoretical foundations and
mathematical functions for modelling
the thermal resistance of layered
structures  for  blocking infrared
radiation are developed. The limits of
application of mathematical functions

2024.02.12 22220 2024.02.12 .
for calculating the processes of thermal
Fig. 4. Thermal protection efficiency of a layered structure based on energy transfer due to thermal
glass fibre conductivity and radiant heat transfer

are shown. The use of glass fibre for
blocking  infrared  radiation is
substantiated.

2. The thermal resistance of layered
structures ~ was  modelled  using
COMSOL tools. It is shown that this
" toolkit is suitable for designing thermal
protection for any purpose. Correct
modelling requires data on the thermal

L ¥ and physical characteristics of the

11408 1oc materials of each layer qf the layered

, structure. The results obtained allow us

2024.02.12 22:24 2024.02.12 22:24 to determine the dynamics of heat

transfer processes in space and time.

3. The simulation results were
verified using a three-layer structure based on glass fibre. Comparison of theoretical and experimental
results shows their acceptable convergence. It is determined that the predominant mechanism of
blocking infrared radiation in glass fibre is scattering of radiation even by a thin layer of material. This
opens up the possibility of using glass fibre-based materials as infrared camouflage.

Fig. 5. Thermal protection efficiency of a thermal blanket
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Iuea B.A., Bypoeiina H.B., Jlesuenxo JI.O., Kpacuancokuii I'.FO., Bipyk A.1., /loeeanoscvkuii M.O.
MOJEJIOBAHHS TEPMIYHOI'O OIIOPY HWIAPYBATHUX CTPYKTYP JJIs1 BJIOKYBAHHA
IH®PAYEPBOHHMX BUIIPOMIHIOBAHb

3abe3neyeHHs] BUCOKOTO TEPMIUHOro onopy OyiBeabHUX, OOJNMIIOBAIBHUX, 0300JI0BAaHUX Ta IHIIMX MaTepiajiB crpHse
BUPIIIEHHIO 3a/1a4 €Heproe()eKTUBHOCTI CIOpPYA Ta EHEpro30epeKeHHs B LiIoMy. 3a3Buuail OyaiBenbHI i OOJHMLIOBaIBHI
KOHCTPYKIII MalooTh jAeKijgbka mapis. Lle yckiaaHioe nporHosyBaHHs ix Ttemonepenadi. /Ui BupilIeHHS LUX 3anad
3aIPOIIOHOBAHO 3/IIICHEHHS MOJIEIIOBAHHS TEPMOOIIOPY MIAPyBaTUX CTPYKTYp. Bu3HaueHo MaTemMaTnyuHi GyHKILIT, AKi JOLIIBHO
3aCTOCYBAaTH IIPU MOJENIIOBaHHI. 30KpeMa BiJJOKPEMJIEHI MEXaHI3MM TeIlonepeaadyi 3a paxyHOK TeIUIONpPOBIJHOCTI i
MIPOMEHEBOI TerJionepenadi. BuzHaueHo NpUHATHI 32 MOXMOKaMU NMPUITYIIEHHS W CHPOLIEHHS Yy po3paxyHKax. TeopeTHyHO
OOTPYHTOBAHO 3aCTOCYBAaHHsS CKJIOBOJIOKOH JUIi OJIOKYBaHHS iH(pauepBOHUX BHUIIPOMIHIOBAaHb. 3JIHCHEHO MOJCIIIOBAHHS
TEPMIYHOT0 ONOPY LIAPYBATOI CTPYKTYPH 3 JOBUIBHOIO KUIBKICTIO IIAPiB Ta PISHUMH TEIUIO(GI3HYHUMHU BIACTUBOCTMU KOXXHOT'O
mapy. MozenmoBanHs 37ilcHIOBanocs i3 3actocyBaHHsM 3aco0iB COMSOL. OtpumaHO 3MiHM TENJIOBOrO CTaHy IapyBaTol
CTPYKTYpH y mpocropi i yaci. [IpoBeneno Bepudikalio pe3ysbraTiB MOEIOBaHHA. ByJlo BUTOTOBICHO 3pa3ku MaTtepialiB Ha
OCHOBI CKJIOTKaHUHHU i BUIPOOYBAHO X 3 BUKOPUCTAHHSAM CTaHAAPTHOrO TEIUIOBi30pa. BCTaHOBIIEHO, 1110 TaKuil TpUILApOBUit
Marepiajl Ha OCHOBI CKJIOTKaHMHHU (paKTHMYHO MOBHICTIO OJIOKYe iH(pauepBOHE BUIIPOMIHIOBAHHS 33 BHXIJHOI TEMIEpaTypu 10
40 °C. TlopiBHSHHS OTPUMAHUX pE3yJbTaTiB 3 €(QEKTHBHICTIO CTAHAAPTHOIO TEIUIOI30JLIKHOrO BUPOOY CBIAYMTH, IO
NePEeBAKHUM MEXaHI3MOM OJIOKYBaHHS iH(pauepBOHOrO BHUIIPOMIHIOBAHHS Y BUPOOi Ha OCHOBI CKJIOBOJIOKOH € PO3CIIOBaHHS
iH(payepBOHOro BUNPOMiHIOBaHHS. L{e BiqKpuBae MOXIIMBICTb IS 3aCTOCYBAHHS CKIOTKAHHH SIK JUIS ITiBUILEHHS TEPMIYHOr O
ornopy OyziBeNIbHHUX Ta 0300JI0BaIbHUX MaTepialiB, TaK i I BATOTOBJICHHS 1H(PauepBOHOr0 KaMy QIIsKY .

Kuaro4oBi ciioBa: TepMidyHUii onip, MOEIOBaHHS, iH(pauepBOHE BUIPOMIHIOBAHHS, TEIJIONPOBIIHICTb.

Glyva V.A., Burdeina N.B., Levchenko L.O., Krasnianskyi G.Y., Biruk Y.I., Dovhanovskyi M.O.
MODELLING THE THERMAL RESISTANCE OF LAYERED STRUCTURES FOR BLOCKING INFRARED
RADIATION

Ensuring high thermal resistance of building, cladding, finishing and other materials helps to solve the problems of energy
efficiency of buildings and energy saving in general. Typically, building and cladding structures have several layers. This makes
it difficult to predict their heat transfer. To solve these problems, it is proposed to model the thermal resistance of layered
structures. The mathematical functions that should be used in modelling are determined. In particular, the mechanisms of heat
transfer due to thermal conductivity and radiant heat transfer are separated. The assumptions and simplifications in the
calculations that are acceptable in terms of errors are determined. The use of glass fibres for blocking infrared radiation is
theoretically substantiated. The thermal resistance of a layered structure with an arbitrary number of layers and different thermal
properties of each layer was modelled. The modelling was carried out using COMSOL tools. Changes in the thermal state of the
layered structure in space and time were obtained. The modelling results were verified. Samples of materials based on glass fibre
were manufactured and tested using a standard thermal imager. It was found that such a three-layer glass fibre material actually
completely blocks infrared radiation at an initial temperature of up to 40 °C. Comparison of the results with the efficiency of a
standard thermal insulation product shows that the predominant mechanism for blocking infrared radiation in a glass fibre-based
product is the scattering of infrared radiation. This opens up the possibility of using glass fibre fabrics both to increase the
thermal resistance of building and finishing materials and to produce infrared camouflage.

Keywords: thermal resistance, modelling, infrared radiation, thermal conductivity.
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The theoretical foundations and modelling of the thermal resistance of layered structures with an arbitrary number of layers and
different thermal properties of each layer to block infrared radiation have been developed. This makes it possible to use glass
fibre-based materials both to increase the thermal resistance of construction, cladding and finishing materials and to produce
infrared camouflage.
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