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Abstract: Research and synthesis of materials with fundamentally new properties play the key role in the development of modern
science and technology. The most perspective materials are considered to be aerogels: nanostructured materials with many useful
properties. The mesoporous structure of airgels determines their widespread use, both in industry and in science.

Over the past few decades, nanostructured silica-based material has become an integral part of many industry segments: ther-
mal and noise insulation, electronics, chemistry, medicine, environmental protection, industrial and fire safety, energy, aerospace
industry, consumer goods and military technology.

The article discusses an experimental study of the heat-shielding properties of a heat-insulating material based on silicon oxide
airgel - Insuflex. This is a flexible rolled material used for thermal insulation of elements of technological installations, pipelines, valves
and control valves. Using the method of ordinal statistics, the exponential dependence of the coefficient of thermal conductivity of
the airgel on the average temperature of the sample is determined. The results obtained indicate the possibility of energy-efficient
use of the material in heat supply and heat consumption systems.
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Pe3iome: B HacToALlee BpeMA JOCTMXKEHUA B Pa3BUTUM NepeAoBbIX TEXHONIOMNIA HEMNOCPEACTBEHHO CBA3aHbl C KAUeCTBOM
1 TEXHOJOTMYHOCTBIO MCMONb3yeMblX MaTepuranoB. K Hanbonee nepcnekTMBHbIM OTHOCATCA a3pOoresin — HAHOCTPYKTYPUPOBaHHbIE
MaTepuarbl CO MHOXKECTBOM MOJIe3HbIX CBOMCTB. Me3onopucTasa CTpyKTypa asporenen onpefenaer Ux LWMPoOKoe NpUMeHeHNe,
KaK B MPOMBILLIEHHOCTU, Tak U B HayKe.

3a neprog OKoo NonyBeKa HAHOCTPYKTYPUPOBAHHbI MaTepuran Ha OCHOBE KpeMHe3eMa Halles LWPOKOe NpYMEHEHVE BO MHO-
X HaMpaBIEHUAX HayKM 1 TeXHUKW. CPeAn HUX — TEMNO- U LYMOU30/IALMA, aBTOMATVIKA, XUMUA, MeAULIMHA, OXPaHa OKpYy»KaloLLeil
cpefpbl, NPOMbILLIEHHAA U MoXapHaa 6€30MacHOCTb, SHepPreTMKa, aPOKOCMMYECKan MPOMbILINIEHHOCTb, NOTPebUTENbCKIMe TOBapDI
1 BOEHHbIE TEXHOJOTVIN.

B cTaTbe paccMOTpeHO 3KCnepuMeHTanbHOe UCCejoBaHMe TEMM03aLWMTHbBIX CBONCTB TEMOM30ALMOHHOMO MaTeprana Ha
OCHOBe KpeMHMIoKcugHoro asporens — Insuflex. 1o rmbKunii pynoHHbIN MaTepuan ana CHKEHNA TeNIonoTepb C MOBEPXHOCTU
TeXHonormyeckoro 06opyAoBaHNa, TPY6ONpPOBOLHbIX CUCTEM, OTCEKAIOLWWEN 1 perynupyoLiein apMatypbl. MeTogom nopagKoBbIX
CTaTUCTUK YCTAHOBJIEHA SKCMOHEHLMaNbHaA 3aBUCMMOCTb KOG dULMEHTa TENTONPOBOAHOCTN a3pOorensa OT CpefHel TeMrnepaTypbl
obpasua. MonyyeHHble pe3ynbTaThl CBUAETENCTBYIOT O BOSMOXHOCTY S3HeproaddeKTMBHOIo NpYMeHeHVs mateprana B cMctemMax
TennocHabxeHna 1 TennonoTpebneHns.
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INTRODUCTION

lot of modern research is concentrated in the devel-

opment of new materials [1]. Of greatest interest is
the group of nanostructured airgels [2]. By 2019, quartz,
amorphous silica, carbon, and silica with gadolinium and
terbium additives [3], aerogels based on oxides of zinc,
chromium, tin, tungsten, iron with aluminum additives,
etc. were obtained in the world [4].

The material of the airgel class is a lattice of intercon-
nected nanofibers or nanotubes [5]. This is a special cluster
of substances with high porosity, specific surface area, small
size of solid particles, and openwork structure of a solid
skeleton [6]. Aerogels were first synthesized by S. Kistler
(USA) in the early 30s of the twentieth century [2]. The
first airgel samples were obtained on the basis of silicon
dioxide, oxides of aluminum, tungsten, iron, tin, etc. [7, 8]

In the gel family, airgel based on SiO, is of interest
both from the point of view of scientific study and for
practical use [9, 10]. Its gross production exceeds one

Table 1
Technical characteristics of silica SiO, airgel [16]

v

third of the global synthesis of nanomaterials [11]. Silicon
oxide airgel has a stochastic fractal structure, which is de-
termined by the structure and nature of the bonds between
silicon oxide bridges (O—Si—O—Si —O) [12]. The special
properties of the airgel are due to the high specific pore
volume (up to 99% of the volume) with sizes from 5 nm
to 100 nm each [13].

In the table 1 the main technical characteristics of sili-
ca SiO, airgel based on studies of the Lawrence Livermore
National Laboratory (USA) are shown [14, 15].

MAIN PART
The relevance of the task

Airgels with low thermal conductivity are used as heat-
insulating, heat- and fire-retardant, sound-insulating,
structural, filtering materials, etc. [17]. Thermal protec-
tion based on them is increasingly used in refrigeration
technologies for tanks with liquefied hydrocarbons [18].

Ne | Name of indicator

Value of indicator

[a—

Composition

hydrophobic type — 95% SiO,, ~4% C, ~1% H
hydrophilic type — 99,6% SiO,, ~0,4%H

2 | Density, kg/m3 4...600

3 Porosity, % 73...99,8

4 The thickness of the fibers, nm 2.3

5 | Specific surface area, m?/g 580...960

6 Coefficient of thermal expansion, cm/cm ~2%107% (at 293...353 K)
7 | Thermal conductivity, W / (mK) 0,016...0,030

8 Melting point, K ~1473

9 | Usetemperature, K 3...650
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The authors’ studies [ 18] showed that the total thermal
conductivity of the airgel slightly depends on the proper-
ties of the material frame. In this case, heat transfer by
heat conduction between granules and nanofibers plays
a decisive role at low operating environmental param-
eters. At high temperatures, the bulk of the thermal en-
ergy is transferred in a radiant manner. The convective
heat transfer in nanopores and capillaries with a diameter
of less than 2 mm is negligible in view of the impossibil-
ity of forming free convection flows [19]. Many authors
have experimentally confirmed that the overall thermal
conductivity of materials based on airgel significantly
depends on the properties of the gas filling the pores and
capillaries, humidity, and the diameter of the nanopores.

Studies conducted on airgels [20, 21] show that ther-
mal conductivity decreases with decreasing material tem-
perature (Fig. 1).

In this case, the minimum values @@ of the coefficient
of thermal conductivity are achieved in the zone of deep
negative temperatures. This indicates the particular ef-
fectiveness of the aerogels use in the cryogenic region
of the operating parameters.

Experimental part

This work is devoted to the justification of the heat-
shielding properties of airgel material in the temperature
range of operation of heat supply systems. An experi-
mental study of the thermal insulation properties of the
airgel was carried out on samples of industrial thermal
insulation made on the basis of fiberglass. This is a rolled
material for coating technological equipment, pipelines,
shutoff and control valves in order to reduce heat loss
[22]. The thickness of the material in the roll is 10 mm
(Fig. 2a). The accuracy of the experiment was ensured
by the organization of measurements on samples of two

types — in 2 and 3 layers of material, i.e. total thickness
of 20 and 30 mm.

To measure the thermal conductivity of the material,
the ITP-MG4 «250» device was used (Fig. 2b).

The device is designed to measure indicators of the
intensity of heat transfer by thermal conductivity:

— thermal conductivity coefficient, A, W/mK;
— thermal resistance, R, m*K/W.

The instrument options allow you to conduct an ex-
periment either in stationary mode or by using a heat
probe.

In the experiment, the thermal conductivity and
thermal resistance of the material were determined at an
average sample temperature of +15° to +42.5°C. The tem-
perature control of the refrigerator and heater and their
temperature control were carried out automatically.

The main technical characteristics of the device are
given in table 2.

During measurements, a stationary heat flux through
a flat sample is created. In the experiment, the thickness
of the sample, the density of the heat flux, and the tem-
perature of the faces of the sample are recorded.

To ensure the stability of heat transfer in the device,
a control unit for the heater and the refrigerator is made
on Peltier elements, a heat meter, and platinum thermo-
couples. The cooling of the Peltier elements is organized
by a fan.

The measurements were carried out in a stationary
mode on samples of different thicknesses at different tem-
peratures of the heater and refrigerator in the entire range
of operating temperatures of the device. The temperature
difference between the heater and the refrigerator was
maintained in the range of 35—40°C. The results of mea-
surements of the thermal conductivity of the material for
a sample 30 mm thick are given in table 3, for a sample
20 mm thick — in table 4.

Fig. 2. Organization of an experimental study of airgel material
a — heat insulation based on airgel Insuflex; b — heat meter ITP-MG4 «250»
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Table 2
Technical characteristics of ITP-MG4 «250»

Ne | Name of indicator Value of indicator

Range of measurement of the coefficient of thermal conductivity in stationary mode, W/mK [0,01...1,5

2 | Range of measurement of thermal resistance, m>K/W 0,01...1,5

Range of measurement of thermal conductivity by the method of a heat probe, W/mK 0,03...1

The limit of the main relative error in determining the coefficient of thermal

. . . . 5
conductivity and thermal resistance in stationary mode, %

The limit of the main relative error in determining the coefficient of thermal
conductivity and thermal resistance in stationary mode, %

6 |Sizes of the test sample, mm 250%250%5..50
Time of one measurement, no more, min:

5 +7

7 | — in stationary mode 120
8 | — by a method of a thermal probe 10
Table 3
Measurement results on a sample 30 mm thick
Material Surface Temperature Thermal
cold heated medium conductivity
Test number
t t t, A
°C °C °C W/mxK
Ne 1 —1 35 17 0,017
Ne 2 0 36 18 0,018
Ne 3 1 37 19 0,018
Ne 4 2 38 20 0,018
Ne 5 3 39 21 0,020
Ne 6 4 40 22 0,020
No 7 5 41 23 0,020
Ne 8 6 42 24 0,019
Ne 9 7 43 25 0,018
Ne 10 8 44 26 0,020
Ne 11 9 45 27 0,019
No 12 10 46 28 0,018
Ne 13 11 47 29 0,018
Ne 14 12 48 30 0,018
No 15 13 49 31 0,019
Ne 16 14 50 32 0,018
Ne 17 15 51 33 0,018
No 18 16 52 34 0,019
Ne 19 17 53 35 0,018
Ne 20 18 54 36 0,018
No 21 19 55 37 0,018
Ne 22 20 56 38 0,018
Ne 23 21 57 39 0,018
Ne 24 22 58 40 0,018
Ne 25 23 59 41 0,018
Ne 26 24 60 42 0,020
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Table 4
Measurement results on a sample 20 mm thick
Material Surface Temperature Thermal
cold heated medium conductivity
Test number
t t t, A
°C °C °C W/mxK
Ne 1 -1 35 17 0,018
Ne 2 2 38 20 0,018
Ne 3 4 40 22 0,018
Ne 4 42 24 0,018
Ne 5 8 44 26 0,018
Ne 6 10 46 28 0,018
Ne 7 12 48 30 0,018
Ne 8 14 50 32 0,018
Ne 9 16 52 34 0,018
Ne 10 18 54 36 0,018
Ne 11 20 56 38 0,019
Ne 12 22 58 40 0,019
Analysis of the results of the average value in the interval for three sub-intervals,

The results obtained during the measurements showed
that the experimental value of the thermal conductivity
of the insulating material lies in a rather narrow range
of values@ @ (0,017...0,02) W/mK with high repeatabil-
ity of 0,018 W/mK. Therefore, an assumption was made
about the normal law of distribution of thermal conduc-
tivity values O O for the range of average temperatures
of the material (17...42)°C.

To confirm this hypothesis [23] according to the re-
sults of measurements carried out on a sample 30 mm
thick, a histogram of the relative frequencies of thermal
conductivity hitting values O @ was plotted as a function

shown in Fig. 3. The sample size was 26 values, the sub-
interval length was 0.001 W/mK. The sample average
value for this sample, taking into account the relative
frequency, was 0,0188 W/mK. For such a distribution,
the sample standard deviation is 0 = 5,49x 104,

The calculated value of the Pearson %> consent crite-
rion is identified at 0,065, which indicates a low reliability
of the accepted hypothesis. This is due to the influence
of the average temperature on the thermal conductivity
of the material, which is significant for the studied tem-
perature range.

The dependence of the thermal conductivity of the
material on the average temperature of the sample is

0,7
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>

0,1

>

Relative frequency, p.u.

0,0175

The average value of thermal conductivity in the interval, W / mK

0,0185 0,0195

Fig. 3. Relative frequency histogram
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0,021 0,020
0,020 QO O 1% 0,019
0,019 -
0,018 ~
0,018 -
0,017 O 0,017
0,016 0,016
0,015 T T T 0,015 T T T
10 20 30 40 10 20 30 40
a The average temperature of the sample, ° C b The average temperature of the sample, ° C

Fig. 4. The dependence of the thermal conductivity of the material on the average temperature of the airgel sample

a — sample thickness 30 mm; b — sample thickness 20 mm

shown in Fig. 4a and Fig. 4b. The solid line in the figures
shows the dependence of the thermal conductivity of the
material on temperature according to the manufacturer
of thermal insulation. In general, the presented results
confirm the data on the thermal insulation properties
of the airgel, declared by the manufacturer of this material
(marker in Fig. 1).

At the same time, on the sample with a thickness
of 20 mm, a fairly clear increasing dependence of thermal
conductivity on temperature is observed, which corre-
sponds to the data of the manufacturer of thermal insula-
tion material.

The results obtained on a sample 30 mm thick have
a sufficient amount of noise interference, which prevented
a more accurate determination of the desired value.

Building a model for data with a large spread gives
an approximate solution with a low confidence value.
To increase the accuracy of determining the dependence,
we used the method of ordinal statics or the ordinal ap-
proximation of a monotonic dependence [23]. Moreover,
from the obtained experimental data, the monotonic
dependence is restored, in accordance with a previously
known distribution law. In particular, for thermal con-
ductivity this is a monotonically increasing function.
The result of applying the method of ordinal statics for
experimental data obtained on a sample 30 mm thick
is shown in Fig. 5. These results have a higher confi-
dence value compared to the initial data, which con-
firms the effectiveness of this method for the restoration
of monotonic dependencies.

L =0,016e2005tp

Thermal Conductivity, W/ mK
o
©
%

0,015 . .
15 20 25

The average temperature of the sample, ° C

30 35 40 45

Fig. 5. The dependence of the coefficient of thermal conductivity of the airgel on average temperature restored

by the method of ordinal statics
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CONCLUSION

1. The average value of the coefficient of thermal con-
ductivity of a thermal insulation material based on silicon
oxide airgel — Insuflex — at the level of 0,0185 W/mK,
which is significantly lower than similar indicators for
other thermal insulation materials in the temperature
regime of heat supply systems, has been experimentally
established.

BBEJEHUE

MHO)KCCTBO COBPEMEHHBIX MCCIICIOBAHII CKOHIICH-
TPUPOBAHO B c(pepe pa3pabOTKM HOBBIX MaTepHa-
Ji0B [1]. Hanbonwiumii MHTEpeC BhI3bIBAET rPYIIa HAaHO-
CTPYKTYpPHBIX asporesneii [2]. K 2019 1. B Mupe IorydeHbI
KBaplEeBbIii, aMOP(HBIN KPEMHE3EMHBII, YIJIEPOIHBIH,
KpeMHEe3eMHbIH ¢ JoOaBKaMU rafoJIMHuS U Tepons 3],
a’poresiM Ha OCHOBE OKCUIOB IIMHKA, XpOMa, 0JIOBA,
BoibdpaMa, XKeje3a ¢ aTFOMUHUEBBIMH TOOaBKaMU
unp. [4].

Marepuan Kiacca a3porejieil IpeAcTaBisIeT coooit
PEIIEeTKY U3 CBA3aHHBIX MEXKITY COO0I HAHOBOJIOKOH MJIN
HAHOTPYOOK [5]. DTO 0cOOBI KiTacTep BEMIECTB € BHICO-
KOM TIOPUCTOCTHIO, YIEIbHON MOBEPXHOCTHIO, MAJTbIM
pa3MepoM TBEPABIX YACTUIl U aXXYPHOU CTPYKTYPOM
TBEPIOTO Kapkaca [6]. BiepBble asporenn ObUIH CUH-
te3upoBaHbl C. Kuctinepowm (CILIA) B Havase 30-x romoB
XX Beka [2]. TlepBbie 006pasiisl a3porest ObUTH ToTyde-
HBI HAa OCHOBE IBYOKVCH KPEMHMSI, OKCHIOB aJTFOMUHUSI,
Bosb(paMa, XKeJre3a, ojioBa u 1p. [7, 8]

B cewmeiicTBe reseit asporenb Ha ocHoBe SiO, BbI-
3BIBaCT MHTEPEC KaK C TOYKM 3PCHUSI HAYTHOTO M3Y-

Tabauya 1

2. An equation of one-parameter regression of the
dependence of the thermal conductivity coefficient of air-
gel thermal insulation on the average temperature of the
material is obtained.

3. The low value of the coefficient of thermal conduc-
tivity of the material indicates its high energy efficiency.
The use of thermal insulation based on airgel will reduce
heat loss by no less than 47% compared with the used
heat-insulating materials.

YEeHUS, TaK W IJI MPaKTUICCKOTO MCITOJIb30BaHUS
[9, 10]. Ero BaioBoe IIpon3BOACTBO IIPEBHIIIACT TPETHIO
YyacTh OT MUPOBOro CUHTe3a HaHoMaTepuajoB [11].
KpeMHUITOKCUIHBIN a3pOTreslb UMEET CTOXaCTUICCKYIO
(pakTaIbHYIO CTPYKTYPY, OIIPEACIIeMYIO CTPOCHIEM 1
XapaKTepOM CBSI3ei MeXIY KPeMHUIHOKCHUIHBIMA MO-
ctukamMu (O—Si—0—Si—O0) [12]. Ocobric cBOICTBa
asporerst 00yCIIOBIICHBI BBICOKMM YIEJIbHBIM 00bEMOM
nop (1o 99% obbeMa) ¢ pazMepaMu KaxIoi OT 5 10
100 um [13].

B 1a6:1. 1 npuBeaeHbl OCHOBHBIE TEXHUYECKUE XapaK-
TEPUCTUKM KPeMHE3eMHOTO SiO,-asporens Ha OCHOBE
uccaenoBaHuii JInBepMoOpCcKoOil HallMOHAIbHOM 1a00-
paropuu um.Jloyperca (CIIA) [14, 15].

OCHOBHA{ YACTb

AKTyaJbHOCTDb 321291

A3poresin ¢ HU3KOMW TeTUTONTPOBOAHOCTBIO HAXOISAT
MPUMEHEHNE B KaYeCTBE TEIIOM3OISIIIMOHHBIX, TEIl-

JIO- ¥ OTHE3AIUTHBIX, 3BYKON3OJIIIINOHHBIX, KOHCTPYK-
IIMOHHBIX, GWILTPYIOIINX MaTepuasnoB u mip. [17]. Te-

Texnnueckue xapakTepucTuKU Kpemuesemuoro SiO,-asporens [16]

Nen/n| HaumeHoBaHNMe MOKa3aTes

3HaueHHe MoKa3aTess

1 CocraB

runpodo6Hbiit Tun — 95% Si0,, ~4% C, ~1% H
runpoduibHbli THI — 99,6% SiO,, ~0,4%H

2 | TlmoTHOCTB, KT/M3 4...600

3 ITopucrocts, % 73...99,8

4 | TonuHa BOJOKOH, HM 2.3

5 [nomanp ynenbHO MOBEPXHOCTH, M%/T 580...960

6 | KoadduumeHt repMuyeckoro paciumperust, cm/cm | ~2x10-¢ (mpu temmeparype (293...353)K)
7 Koaddunuent rermonposogHoctu, Br/(MK) 0,016...0,030

8 Temmneparypa nnaBnennst, K ~1473

9 | Temneparypa npumMeHeHus, K 3...650
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Puc.1. 3aBucumocThb K03(h(hHureHTa TEIIONPOBOTHOCTH A3POreJis OT CPeIHell TeMIepaTypsl MaTepuaja

10 CBeIEHUSM MPOU3BOIUTE]IS
® — pe3yibTaT U3MEPCHUI aBTOpaMM

TUTOBasl 3alllMTa Ha UX OCHOBE BCE IIMPE UCIIONB3YIOTCS
B XOJIOIVJTHHBIX TEXHOJIOTHSIX IUTST eMKOCTEH CO CXKIDKEH-
HBIMHU yTJieBomoponamu [18].

HccaemoBanus aBTopoB [ 18] mokaszaiu, yTo oommast
TETIJIONPOBOIHOCTD a3pOresisi He3HAYUTEIbHO 3aBUCUT
OT CBOIMCTB KapKaca Marepuaia. [1pu 3ToM TermtoooMeH
TETUIOIIPOBOAHOCTHIO MEXKITY TPaHYJIaMU 1 HAHOBOJIOK-
HaMU UTPaeT OIPEICISTIONIYIO POJTb IIPY HEBBICOKUX pe-
KMMHBIX TTapaMeTpax oKpysKatomeit cpenpl. [1pu BbIco-
KHX TeMIIepaTypax OCHOBHAS IOJIST TETUIOBOI SHEPTUH
TIEPEHOCHUTCS JIYIUCTBIM CITOCOO0M. KOHBEKTHBHBIM
TEPEHOC TEIJIOTH B HaHOMOpPaxX M KalmjIIsapax Jua-
METPOM MeHee 2 MM IIPpeHeOpekKMMO MaJl B BUILY HEBO3-
MOXHOCTH! (hOPMHUPOBAHMS ITOTOKOB CBOOOTHOM KOH-
Bek1u [19]. MHOTMME aBTOpaMU SKCIICPUMEHTAIBHO
OBUIO TTOATBEPKACHO, YTO 00IIasI TCILIOIIPOBOTHOCTh
MaTepuajioB Ha OCHOBE a3pOTeJisi 3HAUMTETBHO 3aBUCUT
OT CBOMCTB Ta3a, 3aIlOHSIONIETO TTOPBI M KAITHJLUISIPHI,
BIIAXKHOCTH OKPY3KAIOIIeil cpebl M AuaMeTpa HaHOIIOP.

Hccnenosanus, IpoBeieHHbBIE Ha asporensx [20, 21],
TTOKa3bIBAIOT, UTO C IIOHIDKEHUEM TeMITepaTyphl MaTepH-
ajla YMEHBIIIAeTCS TETUIOIIPOBOTHOCTD (puc. 1).

I1pu 3TOM MUHUMAJIBHBIE 3HAUYEHUS KO3 ULIMeH-
Ta TEIUIONIPOBOIHOCTHU JOCTUTAIOTCS B 30HE INIYOOKHX
OTPHIIATEIBHBIX TEMIIEPATYP. DTO CBUACTEIHCTBYET
00 0c000i1 3(PPeKTUBHOCTU TIPUMEHEHUS adporeliei
B KPMOTEHHOI 00JIaCTH TapaMeTPOB SKCIUTyaTalliH.

DKcrnepuMeHTAIbHAS YaCTh
Hacrosmasg paboTta mocssilieHa 00OCHOBaHUIO

TETJIO3AaIIUTHBIX CBOMCTB as’poreJIeBoro Mmarcpuaiaa
B AMNAIIa3oHE TeEMIIEpaTyp SKCIIyaTallu CUCTEM TC-

IUTOCHAOXKEHUS. DKCITepUMEHTAIbHOE NCCIeIOBaHNE
TETUTOU3OJISILINOHHBIX CBOMCTB a3pOTeJIsl IIPOBOIMIOCH
Ha 00paslax IPOMBITIUICHHO TETIOBOM M30JISIIINY, BBI-
ITIOJTHEHHOI Ha OCHOBE CTEKJIOXOJICTa. DTO PYIOHHBIMN
MaTepHa Il TOKPBITHS TEXHOJIOTUTISCKOTO 000PyIO-
BaHUSI, TPYOOITPOBOIOB, 3aIIOPHOI U peTyIMpPYIOIIeii ap-
MaTypHI C LIEIbI0 CHIDKEHUS IIOTEePh TETIOBOM SHEPTUN
[22]. TonmmHa MaTepuala B pyJioHe cocTaBiseT 10 MM
(puc. 2a). TouHOCTH MTPOBEICHUST IKCTIEPUMEHTA ObLiIa
obecrieueHa opraHM3allel n3MepeHNIT Ha oOpasiiax
IIBYX BUIOOB — B 2 M B 3 CJIOS MaTepuraia, T.c. IIOJTHOU
TonmHoi 20 1 30 MMm.

Jlist uamepeHust KoadduiimeHTa TeIrIonpoBOIHOCTA
Marepualia ObII0 MCIOJIb30BaHo ycTpoiictBo UTII-MT4
«250» (puc. 20).

[Tpubop npegHA3HAYCH WIS U3MEPEHMS TTOKa3aTelei
MHTCHCUBHOCTH TEIUIOOOMEHA TETIOIIPOBOTHOCTHIO:

— KoadhuIeHTa TeIIoNpPoBOTHOCTH, A, BT/MK;
— TepMHUYECKOro corpotusieHus, R, m>K/BrT.

Omun mprdopa MO3BOJISIOT IIPOBOAUTD SKCITEPH-
MEHT JIN0O MPH CTAIITMOHAPHOM PEKMME, TUOO0 METOIOM
TEILIOBOTO 30H/A.

B skcrmieprMenTe orpenessiach TeIIOIPOBOTHOCTD
1 TEPMUIECKOE COITPOTUBIICHNE MaTepHraia IIpY CPeITHEH
TeMmneparype obpasna ot +15° o +42,5°C. Perymmpo-
BaHWE TEMIIEpaTyp XOJOMMIBHUKA W HarpeBaTeNIsl U NX
TEPMOCTATHPOBAHNE BHITIOTHSIIIOCH ABTOMAaTUICCKA.

OCHOBHBIC TEXHUUECKHE XapaKTEPUCTUKH IIprOopa
IIpUBEACHEI B Ta0. 2.

IIpu ipoBeAeHUY N3MEPEHUI CO3MACTCSI CTAIIMOHAP-
HBIN TEIUIOBOI MOTOK Yepe3 ITocKuil odpasell. B akc-
IepuMeHTe (PUKCUPYeTCs TOJIIINHA 00pa3iia, INIOTHOCTh
TEILTOBOTO TIOTOKA M TeMIIePaTyphl TpaHeil oopasma.
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Puc. 2. Opranusanus 3KcnepuMeHTAJILHOTO HCCIeIOBAHNS a3POreJIbHOr0 MaTepuaja

a — TerutoBast U30JISIIIUST Ha ocHOBe asporesns Insuflex; 6 — uamepurens teronposonHoct UTTT-MT'4«250»

Tabauya 2
Texnnueckue xapakrepuctuku UTII-MI'4 «250»
No 3HavyeHne
n/n HaumeHnoBaHue XxapaKTepuCTHK T T
| [uamna3oH nusMepeHus ko3 duimeHTa TerIonpoOBOAHOCTY MTPU CTALIMOHAPHOM 0.01.15
pexume, Bt/m K e
Juana3oH u3MepeHust TepMUUECKOro conpotusieHus, M2 K/Bt 0,01...1,5
3 | Anama3oH u3MepeHus TETUIONPOBOIHOCTH METOIOM TeTUIOBOTO 30Haa, BT/MK 0,03...1
4 [Ipenen oCHOBHOI OTHOCUTEIBLHOM MOTPEITHOCTH OIpeaeaeHus KoadduiimeHra +5
TEIJIONPOBOIHOCTH U TEPMMUYECKOTO COIPOTUBJICHUSI IIPU CTAallMOHAPHOM pexkume, % |~
5 [Mpenen 0CHOBHOI OTHOCUTETLHOI TTOTPEITHOCTH OTpenesieHust KoadduireHra +7
TETUTONTPOBOIHOCTU METOIOM TETUTOBOTO 30HAa, % -
6 | Pazmepsl MCTIBITBIBAEMOTO 00pa3sia, MM 250%250%5..50
Bpewmst omHOTO M3MepeHus, He Oosee, MUH:
7 | — Opu cTallMOHAPHOM PEXUME 120
8 | — MeTOomOM TEeIlJIOBOTrO 30Haa 10

st obecrieueHus CTallMOHAPHOCTU TEeTJI0O00OMeHa
B YCTPOMCTBE MPEeayCMOTPEH OJIOK YIIpaBJICHUS Ha-
rpeBaTelieM M XOJOIMIBHUKOM, BBIITOJTHEHHBIM Ha
aneMeHTax IlenbThe, TEIIOMED, TUIATUHOBBIC TEPMO-
mapel. OxnmaxkneHune smeMeHToB [1epThe OpraHn30BaHO
BCHTIUISITOPOM.

M3MepeHUsT TpOM3BOAMINCH B CTAIIMOHAPHOM pPe-
KMMe Ha 00pasliax pa3HOM TOJIIIWHBI TIPU Pa3TnIHBIX
TeMIlepaTypax HarpeBaTeIsl M XOJOAMIbHIKA BO BCEM
nuana3oHe pabouyux TemrepaTtyp npuodopa. PazHuua
TeMIIepaTyp MeXIy HarpeBaTeJIeM U XOJIOIMIbHUKOM
nomaepkuBatach B nrnana3one 35—40°C. Pe3yabTaThl 13-
MepeHMI KoadhUIMeHTa TEIIOPOBOIHOCTA MaTepra-
J1a TSt 0Opasiia TOMIHOM 30 MM TIpUBEICHBI B Ta0II. 3,
11T 0Opa3iia TommuHoi 20 MM — B Ta0II. 4.

AHaU3 MOJIyYeHHBIX Pe3yJIbTATOB

Pe3ynbTaThl, IMOTyYeHHBIC B XOI¢ M3MEPCHUI,
ImoKa3ajan, 9YTO 3KCIepUMEHTaTIbHOEe 3HAaUYCHUE Te-
TIJIOTIPOBOOHOCTH TEIUIOU3OISIIIMOHHOTO MaTepHa-
JIa JICKUT B TOCTATOYHO Y3KOM IHMAIMa30He 3HAYCHUN
(0,017...0,02) Bt/MK mipu BBICOKOT TTOBTOPSIEMOCTH
sHaueHusa 0,018 Br/MK. CnemoBaTtenbHO, OBIIO CIETaHO
TIPEATIONIOKEHIE O HOPMAJIBHOM 3aKOHE pacIpeIe/ICHIST
3HAYCHUI TeTUIOIPOBOAHOCTH IIJIST IMAIIa30HA CPETHIX
TemriiepaTyp mMatepuana (17...42)°C.

st moaTBepXKOeHNs JaHHOUW rumoTte3sl [23] 1mo
pe3yibTaTaM M3MEpPEHUI, TIPOBEACHHBIX Ha 00pasiie
tommuHOM 30 MM, ObLTa TTOCTPOSHA TUCTOTPAMMa OT-
HOCHUTEJIBHBIX YaCTOT ITOIagaHNsI 3HAUCHUH TETIOIPO-
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Tabauya 3
Pe3ynbraThl u3mMepeHuii Ha 00pasiie TomuHoi 30 MM
TemmepaTypa nOBePXHOCTH MATEPUAJIA Koaddumment
. . . TENJI0NpPOBO-
Howep onbira XOJIOHOM HarpeBaemo cpeanei NHOCTH
t t t, A
°C °C °C Br/mXK

No 1 —1 35 17 0,017

Ne 2 0 36 18 0,018

Ne 3 1 37 19 0,018

Ne 4 2 38 20 0,018

Ne 5 3 39 21 0,020

Ne 6 4 40 22 0,020

Ne 7 5 41 23 0,020

Ne 8 6 42 24 0,019

Ne 9 7 43 25 0,018

Ne 10 8 44 26 0,020

Ne 11 9 45 27 0,019

Ne 12 10 46 28 0,018

Ne 13 11 47 29 0,018

No 14 12 48 30 0,018

Ne 15 13 49 31 0,019

Ne 16 14 50 32 0,018

Ne 17 15 51 33 0,018

No 18 16 52 34 0,019

Ne 19 17 53 35 0,018

Ne 20 18 54 36 0,018

Ne 21 19 55 37 0,018

Ne 22 20 56 38 0,018

No 23 21 57 39 0,018

No 24 22 58 40 0,018

Ne 25 23 59 41 0,018

Ne 26 24 60 42 0,020
BOTHOCTH B 3aBUCUMOCTH OT CPEIHETO 3HAYCHUS B MH-  IUIOIPOBOXHOCTh MaTepHaja, KOTopasl IUIsl H3y4eHHOTO
TepBaJie IS TpeX MONBIHTePBAJIOB, IIPEACTaBICHHAsI HA  IHMAalla30Ha TeMIIepaTyp CYIIeCTBEHHA.
puc. 3. O0beM BEIOOPKM COCTaBWII 26 3HAYEHNH, IJTMHA 3aBUCUMOCTDL KO3 PUILIMEHTa TEIIOTPOBOIHO-
noneiHTepBana — 0,001 Br/MK. Beibopounoe cpemree CTU MaTepuaja OT CpedHel TeMIiepaTypbl oOpa3siia
3HaYCHUE TSI JTAaHHOI BEIOOPKU C YYETOM OTHOCHUTENIb-  TpeAcTaBiicHa Ha puc. 4a n 46. CIUTOITHON JTUHUEH

Holf yacTtoThl cocTaBuio 0,0188 Br/MK. [Inst Takoro  Ha pHCyHKax IMOKa3aHa 3aBUCHMOCTH Ko3(ddummenTa
pacripeaejieHus BHIOOPOYHOE CPeIHEeKBaApaTUYHOE  TEIIOMPOBOAHOCTU MaTepuajia OT TeMIIepaTyphl 10

OTKJIOHEHHUE COCTAaBWIO 0 = 5,49x 1074, TAHHBIM M3TOTOBUTEIIS TEILIOBOM N30SI, B 11emom,

PacuetHOe 3HaueHME KpuTepus cornacus [Inpcona  mpemcTaBieHHBIC pe3yIbTaThl MTOATBEPKAAIOT JaHHEIC
¥? uaeHTuuLIUupoBaHo Ha ypoBHe 0,065, 4To CBUAECTENb- 110 TEIUIOM3O/ISLIMOHHBIM CBOMCTBAM adpOreJisi, 3asiB-
CTBYET O HU3KOI1 TOCTOBEPHOCTU IIPUHSITON TUIIOTE3bl.  JICHHBIC M3TOTOBUTENIEM TaHHOTO MaTepuaja (MapKep
DTO CBA3aHO C BIUSHUEM CpeIHEel TeMIlepaTypsl Ha Te-  Ha puc. 1).
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Tabauua 4
Pe3yabraThl n3MepeHnii Ha 00pasiie TOJMUHOM 20 MM
TemMnepaTypa moBepXHOCTH MaTepuaa Koaddumment
OJIOTHOWA arpeBaemoyi cpenHeii LS
X0l i H BaeMo Heil
Howmep onbiTa A - L AHOCTH
t t t A
X Cp
°C o °C Br/mXK

No 1 —1 35 17 0,018
Ne 2 2 38 20 0,018
Ne 3 4 40 22 0,018
No 4 6 42 24 0,018
Ne 5 8 44 26 0,018
Ne 6 10 46 28 0,018
Ne 7 12 48 30 0,018
Ne 8 14 50 32 0,018
Ne 9 16 52 34 0,018
Ne 10 18 54 36 0,018
Ne 11 20 56 38 0,019
Ne 12 22 58 40 0,019

3 07

= bl

s 0,6

g 05

o

5 04

& 0,3

% >

E 0,2

g 0,1

g 0,0175 0,0185 0,0195

CpenHee 3HaUeHUE KO3 ULIMeHTa TEMIONPOBOAHOCTU B MHTepBaje, Bt/m K

Puc. 3. TucrorpamMma OTHOCHTEJIbHBIX 4ACTOT

ITpu 3TOM, Ha 0Opa3Ie TOMMIUHOM 20 MM ITPOCIIEKI-
BaeTCs TOCTATOYHO YeTKasI BO3pACTaoIast 3aBUCMOCTh
TETJIONIPOBOIHOCTHU OT TeMIIePaTypPhbl, COOTBETCTBYIO-
IIast JaHHBIM TTPOU3BOINTENIS TEIUIOU30JISIIMOHHOTO
MaTepHana.

Pesynbratsl, moydeHHBIC Ha 00pa3iie TONIINHOMN
30 MM, IMEIOT TOCTATOYHOE KOJIMYECTBO IITYMOBHIX T10-
MeX, TOMEIIABIINX 00JIee TOYHOMY OIIPEISICHUIO C-
KOMOI BeJTMIMHEL.

ITocTpoeHMe MOOEIN IJIs JAHHBIX ¢ OOJIBIITUM pa3-
OpocoM maeT IMpUOIMKEHHOE PelIeHNe ¢ HI3KOM Be-

JIMIUHOI TOCTOBEpHOCTH. JIJIsI TOBBIIIEHUSI TOUHOCTHU
OIIpele/IeHNS] 3aBUCUMOCTH OBLT MCITOJIb30BaH METOI
MMOPSIIKOBBIX CTAaTUK WJIW MOPSIIKOBOE ITPUOIIIKE-
HUe MOHOTOHHOI 3aBucuMocTtH [23]. IIpu sToM, U3
ITOJTYYeHHBIX SKCIEPUMEHTAJIbHBIX TaHHBIX BOCCTA-
HaBJIWBAaIOT MOHOTOHHYIO 3aBUCUMOCTb, B COOTBET-
CTBUU C 3apaHee N3BECTHBIM 3aKOHOM pacIIpeacICHUS.
B wacTHOCTHM, TSI TETUIOTIPOBOTHOCTU 3TO MOHOTOHHO
Bo3pacTatomas GyHKIusA. Pe3yrbTaT IpuMeHEHHS Me-
TOIA MMOPSIKOBBIX CTATHK IJISI SKCITEPUMEHTAIbHBIX
MAaHHBIX, TTOJTYYCHHBIX Ha 00pas3iie TommuHoi 30 MM,
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Puc. 5. BoccTanoB/ieHHasi METOAOM NMOPSIAKOBBIX CTATHK 3aBUCUMOCTDb K03 (uiueHTa TenIonpoBOAHOCTH

asporeJis OT cpelHeil TeMnepaTypbl

IIpeacTaBJI€CH Ha pHUC. 5. HaHHbIC pe3yJabTaTbl UMCIOT
boiee BBICOKYIO BCIIMYMHY JOCTOBEPHOCTH, IO CpaB-
HCHHMIO C HaYaJIbHBIMHM JaHHBIMHW, YTO IMOATBCPXKIACT
B(beCKTI/IBHOCTb JaHHOTO ME€TOoJa IJIs1 BOCCTAaHOBJICHMU A
MOHOTOHHBIX 3aBUCUMOCTEN.

3AKTIOYEHUE

1. DKCIepUMEHTAIBHO YCTAHOBIEHO CpeaHEee 3Ha-
yeHre Ko3GhUILIMEHTa TEIUIONPOBOAHOCTH TEILIOU30-
JISILMOHHOIO MaTepraa Ha OCHOBE KPEMHUIAOKCUIHOTO
asporenst — Insuflex — Ha yposue 0,0185 Bt/MK, uTo
CYIIECTBEHHO HMXKE aHaJOIMYHbBIX [OKa3aTeseil 1Is

MPOYUX TEIUIOU3OJISILIUOHHBIX MaTEpUAIOB B TeMIIEpa-
TYPHOM pexXuMe padOThl CUCTEM TETUIOCHAOXKEHMSI.

2. [TonyyeHo ypaBHEHUE OMHOMAapaMeTPpUICCKOMN
perpeccuu 3aBUCUMOCTU KO3 PUIIUEHTA TETJIONPOBO-
IHOCTH a3pPOrebHONM TEIJIOBO M30JISILUU OT CpeaHEN
TeMIlepaTypbl MaTepraa.

3. Huskoe 3HaueHne KoahdUIIMeHTa TeTI0Ipo-
BOJHOCTU MaTepuaja CBUIETEIbCTBYET O BHICOKOI €ro
sHeproahGeKTUBHOCTH. [IpMeHeHne TEIUIOBOI M30-
JISILIMYA Ha OCHOBE a3pOTreisl TO3BOJIMT CHU3UTD TETIJIOBhIC
IOTepU He MeHee, yeM Ha 47% 110 CpaBHEHUIO C IIPpU-
MEHSIEMBIMU B CUCTEMAaX TEIUIOCHAOXEHUS TEIIOU30-
JISIIMOHHBIMUM MaTepUaaaMu.
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