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AxkmyanbHocmb uccrnedosaHusi obycrognieHa mem, Ymo mensogas 3aujuma o6opydogaHus u mpybonpogodos Uzpaem BaxHyt0 pPoib
npu nposedeHuu 3Hepeocbepezarolux meponpusimuli Ha 0bbekmax pasnu4yHo20 Ha3Ha4YeHUs, a POCM ypOSHS NOMePb MenIombl Unu
Xxo100a npu mpaHcnopmMUpPosKe aHepeoHocumenel si8isemcs npuquHol co30aHust Hoebix N00X0A08 K 3Hepaocbepezatowum Meponpus-
MUsAM NPU 8bINOITHEHUU MENIOU30AYUOHHbIX pabom. M38eCmHO, YMO OCHOBHbLIM MEMOAOM CHUXEHUS Nomepb menyiosoll 3Hepauu npu
€e MPaHCNOpMUPOBKe U XpaHEHUU A8MSemes NPUMEHEHUE 8bICOKOIhheKMUBHBIX MEeNIOU30IAYUOHHbIX Mamepuanos. TakuM Mamepu-
arnom s18/1iemcsi MOHKONIEHOYHas Mensosas U3onayus. YHuKasbHble mensiogphuauyeckue XxapakmepucmuKku MOHKONIEHOYHbIX mensio-
U30MSIYUOHHbIX NOKPLIMUL NO38OMISIOM UCNOIb308aMb UX 8 PasfUYHbIX SHEP2EMUYECKUX cucmemax u obopydosaHuu. Hecmomps Ha
MO MexHoo2uu npuMeHeHUs MOHKONJIEHOYHbIX Meniou3osiayUOHHbIX nOKprmUlj K Hacmosduwiemy MOMeHmy epemMeHuU He nonyqunu
pasgumus. Imo obbAcHAemCcs pAOOM NPUYUH, OCHOBHBIMU U3 KOMOPkIX Agnsomes: Hedocmamok 3HaHull 0 ¢husuyeckux ceolicmeax u
MexaHu3Max npouyeccos menioMacconepeHoca 8 MOHKONIEHOYHbIX MENIOU30AYUOHHBIX NOKPLIMUSIX.

Lenb: uccnedosaHue KOHOYKMUBHO-KOHBEKMUBHO20 MENIONEPEHOCa 8 CrI0e MOHKONIEHOYHbIX MENOU30NSIUUOHHBIX NOKPLIMUU C
y4emom pasHopoOHOCMU c8olicme MUKPOCKEP U CEA3YIOWUX BELECTS.

06Bexm: yunuHAPUYecKUl ¢r1oli MOHKONIEHOYHbIX MENTOU30SULUOHHbIX NOKPbIMuL. Ha 6HympeHHel U eHewHel nogepxXHOCMsX MoH-
KONJIEHOYHbIX MENsIoU30NSIYUOHHBIX NOKPbIMUL noddepxueaomesi NOCMOsiHHbIE memnepamypbl. [eomMempusi MOHKONIEHOYHbIX men-
JI0U30MISIYUOHHBIX NOKpbImuli npedcmasnisina coboli cesisylouiee 8ewiecmso U nonbie MUKpocgepsl. MccnedosaHus npogodunucs Ons
CI10S1 MOHKONMEHOYHbIX MEeNouU30NAYUOHHBIX Nnokpsimul monwuHol 0,33 mm. Temnepamypbl Ha 6HympeHHel U eHewHel No8epxXHO-
CMSX MOHKONIEHOYHbIX MENIOU30MAYLUOHHBIX NOKPbIMUL NPUHUManach 8 COOMeememeuUU ¢ 3KkcnepuMeHmarnbHbiMu daHHbMu. [Tpedno-
J182a710Ch, YMO €10l MOHKONIEHOYHbIX MENIOU30MAYLUOHHBIX NOKPbIMUL Ha 62 % cocmoum u3 Mukpocgep Ouamempom 50 mkm U Ha 38 %
U3 ceA3yroue20 seuwiecmea. Paccmampusanuck 08a muna nosbix MUKPOCGHED ¢ MonwUHaMu CMeHoK 5 u 2 MKM.

MemodbI. PeweHue nocmassnieHHol 3adaqu nomy4yeHo MemoOdoM KOHEYHbIX 31eMeHmos. Vcnonb3osanack annpokcumayust anepkuna,
HepagHOMEPHasi KOHEYHO-3MIleMeHmHas cemka. [lapaMempsi 3neMeHmMo8 cemKu 8bIbupanuck U3 ycroguli cxodumocmu peweHust. Yse-
JIUYEHUE YuCra AneMeHmos pacYemHol cemku nposoduiock ¢ ucnonb3osaHuem memoda [enoHe.

Pesynbmambl. BbiseneHo enusHue Ha mensnosbie nomepu euda Cesa3ylowe2o seuiecmsa U xapakmepucmuk MUKpocghep, monujuHb|
CMeHKU MUKpocghepsb! U 2a3080li hasbl, codepxauelica 8 nomocmu Mukpoceeps!. [ns paccmampugaeMoz0 Ciydasi OMKIOHEHUE om
aKcnepumeHmarnbHbix 0aHHbIX cocmasusio 00 90 % 8 3asucumocmu 0m cocmasa MOHKONIEHOYHbIX MENTOU30NSUUOHHBIX NOKPLIMUL.
AHanua pesynbmamos YUC/IEHH020 MOOenuposaHUs MensioNepPeHoca 8 CI0e MOHKONIEHOYHbIX MENIOU30SAUUOHHBIX NOKPbIMUL Onst
KOHOYKMUBHO-KOHB8EKMUBHOU U KOHOyKkmusHoU mModeneli nokasar, Ymo pacxox0eHue mexdy HuMu He npesbiaem 3 % u o6bAcHIemcs
N02PEWHOCMAMU YUCEHHbIX pacdemos. 1o amoli npuyuHe 8 NPaKMUYECKUX pacyemax MOXHO Ucnosib308ame 6oiee npocmyr KOHOYK-
musHyto Modenib mensionepeHoca.

Kntoyeesie cnosa:

ToHKONIEHOYHAS MeNosast U30NSLUS, SHePEocBepexeHue, menocHabxeHue,

MpaHCNoPMUPOBKa U XpaHeHUe SHeP2UU, MOOETUPOBaHUE.
Beepetue karomux TTIT [7-11], KOHIYKTHBHBIN TEMIONEpPEeHOCE B

Tennosas 3ammuta 06opygoBanus u Tpy6onmposogos  cioe TTII [6, 12, 13], a raxke pasimidHbIe MPAKTHICCKHE

UrpaeT BaXHYIO pojib NPU NPOBEAEHHH 3Heprocobepera-
TOIIAX MEPOIPHUATHI Ha 0OBEKTAaX PA3IMIHOTO Ha3Have-
uust [1-4]. Poct ypoBHS MOTeph TEIUIOTHI WIIM XOJNOAA
IIPU TPAHCIIOPTUPOBKE SHEPTOHOCUTENEH SIBISETCA IpU-
YHHOW CO3/IaHMSl HOBBIX MOJAXOJOB K 3HEprocOeperaro-
MM MEPONPUATUAM IPU BBIIOJHEHUH TEMIOH30JIALIM-
OHHBIX paboT. OCHOBHBIM METOAOM CHIDKEHHS IOTEpH
TEIJIOBOM SHEPIUM IIPH €€ TPAHCIIOPTUPOBKE U XPAaHEHUH
SBIAETCS MPUMEHEHHE BBICOKOI((EKTUBHBIX TETUION30-
JIIIAOHHBIX MATECPUAJIOB. O[LHI/IMI/I U3 TaKUX MAaT€pUaJIioB
ABJIAIOTCS JKUIKOKEPAMUUECKHE MaTepHasbl WM TOHKO-

IUTEHOYHBIE TeruIon3osironnble mokpeitus (TTI) [5, 6].

UccnenoBanusm temnoneperoca B cinoe TTII u ag-
q)eKTI/IBHOCTI/I UX TPUMCHCHHUS TIOCBAIICHO AOCTATOYHOC
KoJm4ecTBO padot [5-20]. B HuX paccMaTpuBarOTCS TeX-
HOJIOTHSI HCTIONb30BAHUS TEIUIO3ALIUTHBIX CBETOIPOIYC-
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npunoxkerus [14-20], B KOTOPBIX yUHTHIBACTCS BIHSHHE
ycnoBui 3kcmtyaranud TTII Ha ypoOBEHb TEMIOBBIX MO-
Tepb 000pyJOBaHUS U TPYOOIPOBOOB.

Hccnenosanus [6] mokasanm, 4to HanOONee BEPOSTHBINA
cocta TTII BrmoUaer B cedst momble MUKpOcdeps! H MHO-
TOKOMIIOHEHTHOE CBSI3YIOLIEE BELIECTBO. TEILIONEPEHOC B
Ta30HATIONHEHHBIX MOJIOCTAX MUKPOC(ep MOKET OCYILECTB-
JIATHCSA 3a CYET TEIUIONPOBOAHOCTH ¥ KOHBEKLHH (pafualy-
OHHBII TETNNOOOMEH MAJO BEPOSTEH, TIOCKOJIBKY Pa3HOCTH
temnepatyp B cinoe TTII He NpeBbIIAlOT HECKONBKUX Ipa-
nycoB [6]). [To 3Toii npuurHe HEOOXOOUMBIM SIBIISETCS HC-
CNEIOBAHUE COMPSLKEHHOTO KOHTYKTUBHO-KOHBEKTHBHOTO
TEIUIONEPEHOCa B PACCMATPUBAEMOI CUCTEME.

Lenpio pabOTHI ABIAETCS HCCIECAOBAHHE COTPSDKECH-
HOI'0 KOHJYKTUBHO-KOHBEKTHBHOIO TEIUIONEpPEHOCa B
cnoe TTII ¢ yueToM pa3HOPOIHOCTH CBOWCTB MHKpoOc(hep
Y CBA3YIOIUX BEIIECTB.
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MocTaHoBKa 3agauu

PaccmarpuBaercs cnoit TTII, cocrodmero ux momibix
MHUKpoc(ep W CBA3YIOLIEro BemecTBa. [Ipenmonaraercs,
YTO Ha BHYTPEHHEH U BHEIIHEH MOBEPXHOCTAX M30JIALM-
OHHOTO CJIOS TIOAICPKUBAIOTCS MOCTOSHHBIE TEMIIEPaTy-
pel. Ha puc. 1 cxemaTuyHo mpezactaBieHa o0acTh, Ui
KOTOpOHM OblTa pelieHa 3ajaya, yYUTHIBAIOLIAS COIpSA-
JKEHHBIH TEIUIONEPEeHOC B CHCTEME «IIONble MHKpoc(e-
pbl — cBaA3ymolee BemectBo». Mcnonb3oBaHue moaxoza
TAKOTO poJia K pemaeMoil 3ajaue o0OCHOBaHO B [21],
TIOCKOJIbKY M3 aHallu3a pa3MepHbIX 3Q(HeKToB B mpodie-
Max MepeHoca TeIIoTh [22] U3BECTHO, YTO HUKHEH Tpa-
Huteil npuMenenns: ypaBHenuii HaBbe—CTokca U 3aKo-
HOB TemnonepeHoca @ypre n HproToHa-Pruxmana sBis-
ercs pazmep He MeHee 100 HM.

1
2
3
4
5

Puc. 1. Obnacme pewenus 3a0auu: 1 — cesazyowee eewye-
cmeo; 2 — cmenka mMukpocghepvi; 3 — GHYMPEHHSAA
HOBEPXHOCMb U30IAYUU, 4 — BHEUWHAsl NOBEPXHOCMb
usonAYUU, 5 — NOI0CMb MUKPOChepbl

Fig. 1. Scheme of solution area: 1 — binder; 2 — surface of
microspheres; 3 — inner surface of insulation; 4 —
outer surface of insulation; 5 — microsphere cavity

OcHOBHBIE JOMYIIEHHUS, IPH KOTOPBIX PELIeHa 3a/aua,

COCTOSIT B CIIEAYIOIIEM:

1. Temno¢usnyeckne CBOICTBA SABISIOTCS M3BECTHBIMH
H [IOCTOSIHHBIME BeunHaMu [23].

2. Ta3 B Mukpocdepax SBISETCS HECKUMAEMON cpeoit
[24].

3. Muxkpochepbl ABIAHOTCS YHHPUIUPOBAHHBIMU 110
pasMepy H B CJI0€ M30JISAIMU PacToNararloTcs yrmops-
JIOYEHHO.

4. Ha rpaHumax CONMPUKOCHOBEHMS MEXIy MHKpocde-
PaMH U CBA3YIOLIUM BELIECTBOM BBINOIHSAIOTCS YCIO-
BUSA MEAIBHOTO TEIIOBOIO KOHTAKTA.

5. He yuuThiBaeTcs TemnooOMeH W3IydeHHeM U (a3o-
BBIC TIEPEXOBI B OJIOCTSIX MUKPOC(Ep U Ha BHELIHEH
noBepxHocty TTIL

6. Ha BHyrpenneil u BHemHel moBepxHocTsx TTII BeI-
CTaBIIIOTCS TPaHUYHBIE YCIOBUS IEPBOTO POJA.

7. CkopocTb ra3a Ha BHyTPEHHEH IOBEPXHOCTH CTEHOK
MHKpOc(ep paBHa HyIIO.

MatemaTtuyeckasa mogenb

C y4eroM BBINICONUCAHHBIX JIOMYIIEHHNHA MaTeMaTH-
YecKkas TOCTAHOBKA 3aJjau B 0000IICHHOM BHie OyneT
OIUCHIBATHCS:

B MOJIOCTAX MHUKpOc(ep YPaBHCHHSMH SHEPTHH, JIBIKE-
HUSL U HEPa3pBIBHOCTH

Cishis (Wi,stTi,s) = xi,SVZTi,S ,i=1-n, 1)

(Wis, V)W, g = —ini,s +v, Vi Wis+F, =1, (2)

i,5
VWwis =0, i=1-n; 3)

B CBS3YIOIIEM BEIIECTBE M CTEHKAX MUKpoc(ep ypaBHe-
HUSIMU TEIIONPOBOJHOCTH

V4T, =0, (4)
VzTi,Z = O, i=1-n. (5)

Ha BHyrpenneit u BHemHed moBepxHocTsax TTII
(puc. 1) 3HaUEHUS TeMIepaTyp CUUTATUCH TIOCTOSHHBIMHU:

T.«s = T.,=CONst, (6)

ins,3

T

ins,4

=T, =const. (7

B mectax COMPUKOCHOBECHUSA MEKIY MPIKpOC(I)epaMI/I u
CBAZYIOIIMM  BCIICCTBOM  BBICTABJIAJIMCH  T'PAHAYHBIC
YCJI0BHA Y€TBEPTOro poaa:

A grad(T,) =2, grad(T,,), T,=T,,. i=1-n. (8)

Jis cTeHOK MHUKpOC(ep BBINOIHAIUCH YCIOBUS CHUM-
METpPHH:

grad(T,,) =0, i=1-n. ©)

Ha BHyTpeHHeil MOBEPXHOCTH CTEHOK MHKpochep
CKOPOCTb JIBUKCHYS Ta30BOii (ha3sl pOBHA HYIIIO:
wis =0, i=1-n. (10)
MaccoBble cuibl B ypaBHEHHH (2) BBIUUCISIINCH U3
CIIEAYIONINX COOTHOIIEHUH:
F=0; (12)
Fy: GB]V5(T4*T3), i=1-n. (12)
O6o3nauenus: C — TemnoeMKkocTh; F — MaccoBble cH-
b1, G — yckopenue cubl TsokecTw; T — Temmeparypa; p —
JIaBJIeHHE; W — CKOPOCTh; f — KO3 DHUIMEHT TeMIepaTyp-
HOTO paclMpenus; A — Ko3Q(HUIMEHT TEIIONPOBOIHOCTH;
V — KHHEMATHYECKAs BA3KOCTh; P — IVIOTHOCTb.
Hupexcsr: 1-5 — B cOOTBETCTBHM C puc. 1; €X — BHel-
HUIL; INS — U30MsIHS; IN — BHYTPEHHHUH, N — KOJIXYECTBO
MuKpocgep, IT.

Metog peleHna n uCxogHble AaHHbIe

3amava (1)-(12) penrena MeToI0M KOHEYHBIX HIIEMEH-
TOB [25] ¢ ucHonb30BaHWEM HEPABHOMEPHOW KOHEYHO-
3JIEMEHTHOM CETKH.

YucneHHOE MOZAENHPOBAHHE TPOBOAMIOCH AN CIOS
temnon3oisimuu  TonmuHoi 0,33 M. Temmepatypsl Ha
BHYTPCHHEH M BHENIHEH MOBEPXHOCTSAX HM3OJSINHU ITIPH-
HAMAJKCh B COOTBETCTBUH C IKCIIEPHMEHTAILHBIMH JIaH-
HeiMu (12071, 1). [Ipeanonaranocsk, uto cnoit TTII Ha 62 %
coctouT u3 Mukpocdep auamerpom 50 Mxm u Ha 38 % u3
CBA3YIOLIEro BellecTBa. PaccMarpuBanuch JiBa THIA IMO-
JBIX MHKpOcdep ¢ TONIMHAMH CTEHOK 5 U 2 MkM. MuKk-
pocepsr mo tommuue TTII pacmonaramuchk ymopso-
YEHHO C «KOPHAOPHBIMY» BapHaHTOM pasMmenieHus. Hc-
CIleIOBaHUS IPOBOJMIINCH NP 3HAYEHUAX TeTodu3uye-
CKHX  XapaKTCPUCTHK  PAacCMAaTPUBAEMON  CHCTEMEI
(puc. 1), onmcanusx B [6, 23, 26].
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B tabn. | mpuBeseHB! pe3ybTaThl SKCIEPHMEHTANb-
HOTO ompenenceHus TemioBbix notepb [6] (T3, T4 K —
TEMIEpaTypsl BHYTPEHHEH U HapyxHOIl MOBepXHOCTEid,
Q, BT/M — nuHeHHbIE TETUIOBBIE MOTEPH).

Taonuya 1. Pezyivmamol 5KcnepumMeHmanbHo2o onpeoene-

KOHyKTHBHO-KOHBEKTHBHOM Q1 M KOHAYKTHBHOU Q) [6]
MOJEIEN.
PesyibTaThl YHCIEHHOTO MOICTMPOBAHHS, IPHBEACHHbIC
B Ta0I1. 2, TO3BOJLIIOT CIIETATh BBIBOJ O CYIICCTBEHHOM BITH-
ssHiM cocTaBa T 111 Ha TemnoBsle MOTepH TETLIONPOBOAA.
CormoctaBieHne pe3yIbTaTOB YHCICHHOTO MOICIUPO-

HUsL menioeblx nomepos [6] BaHUA TCIJIOBLIX MOTEPhL TCIUIONIPOBOJAA, U30JMPOBAHHO-

Table1.  Results of experimental determination of heat  ro TTII, ¢ pe3ynbTaTamMn 3KCIEPHUMEHTAIBHBIX HCCIEN0-
loss [6] BAaHUU CBHJETENBCTBYET 00 HX CYIIECTBEHHOM PacXOk-
T3, K 359,49 339,59 319,77 nexnd (10 90 %) B 3aBucumocty ot coctaBa TTIL
Ta K 363,15 343,15 323,15 AHanu3 pesyJbTaToOB YMCIEHHOrO MOJENHPOBAHHMS
Q. Br/m, W/im 27,09 25,84 24,20

T03BOJISET CAENATh BBIBOJ O TOM, 4TO JUIS IIPAKTHIECKUX
PAcYeTOB MOXHO HCIOIB30BaTh 00JIee IPOCTYI0 KOHIYK-
THBHYIO MOJIeNb [6], TIOCKONBKY PAaCXOXKICHHE MEXIY
pacueTHHIMU 3HAYEHUSMH TEIUIOBBIX IIOTOKOB IS KOH-
JyKTUBHO-KOHBEKTUBHOM U KOHIYKTHBHOH [6] Moneneit
He npesbimaet 3 %.

PeSyanaTbl YUCITIEHHOro MoaennpoBaHusa

B Ttabn. 2 mpuBeaeHbl BENMYUHBI TEIUIOBBIX MOTEPh
TemnonpoBoja, uMeromero cnoit TTII, B 3aBUCUMOCTH OT
COCTaBa Marepuana, BEIYUCICHHBIE B COOTBETCTBUH HC-
XOJHBIMH 3KCTICPUMEHTAIIHBIMA TaHHBIME (Tab1. 1), Juist

Tabnuya 2. Pesyivmamol uucienno2o mooeiuposanus menionepenoca 6 cioe TTIT npu T,=319,77 K, T3=323,15 K

Table 2. Results of numerical simulation of heat transfer in the layer of thin-film thermal insulation at T,=319,77 K,
T3=323,15 K
Q [ Q6] ,-q Q-Q
CocTaB TOHKOIIJIEHOYHOT'O TEIJIOU30JIALIMOHHOI'O TOKPBITHA 2 1 100% 2 100%
Composition of the thin-film insulation coating Br/M/W/m ,
TpexKOMIIOHEHTHOE CBA3yIOIlee 4745 | 48,03 121 49,59
Boszayx Three-component binder
Air Oz[Ho_KOMrIOHeHTHoe cBssyIoIlee 123.40| 120,00 283 79,84
5 Single component binder
TpexKoMIOHEHTHOE cBssylolIee 5233 | 51,99 0,65 49,66
CON, Three-component binder
TOJ’ILL[I/IHa CTCHKH OZ[HO'KOMHOHCHTHOC CBS'IBY}OLLLCC 116,37 119’20 237 79’7
Mukpochepst (MKM) Single component binder
Microsphere wall thickness TpeXKOMIIOHEHTHOE CBA3YIOLICE
(microns) Bosmyx Three-component binder 2831 28,12 066 1357
Air OJHOKOMITOHEHTHOE CBS3YIOIIEe
2 Single component binder 7369 | 75,20 2,01 67.8
TpexKOMIOHEHTHOE cBAsylolIee 30,18 | 30,56 1,25 20,81
CO+N Three-component binder
2 2
O}IHO'KOMI'IOHCHTHOC CBF'IBy}OILICC 75’32 74,08 *1,67 67,34
Single component binder

3625

362

43615

3605

02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 3595

Puc. 2. Tunuunwie nons ckopocmeti 8 nonocmsx mukpocghep TTII u pacnpedenenue memnepamyp 6 croe TTIT

Fig. 2. Typical velocity fields in the cavities of the microspheres of a thin-film thermal insulation coating and temperature
field in the thin film insulation layer
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Ha puc. 2 B xauecTBe npumepa NpeacTaBiIeHb! (par-
MEHTBI TUITMYHBIX TOJICH TeMIepaTyp U CKOPOCTH B pac-
CMaTpUBaeMOil 00MacTH peleHus I ciydas, Korja:
T,=359,49 K, T3=363,15K, cBssyromee BemecTBo —
TPEXKOMIIOHCHTHOE, MaTepuall CTEHOK MHKpocdep —
crekio C38-1, TonmuHa CTEHKH 2 MKM, TOJIOCTH MUKPO-
c(ep 3aroNTHEHb! BO3TYXOM.

N3 puc. 2 BugHo, uto B momocTsx Muxpocdep TTII
TEII00OMEH OCYIUECTBISIETCS B YCJOBUAX €CTECTBEHHOM
KOHBEKIIMH B 3aMKHYTOM TipoctpancTe [24]. Ctpykrypa
JBIDKEHHS TA30BOM Cpellbl B TOJIOCTIX MUKpOC(Ep TOHKO-
IUIEHOYHOTO TEIUIOM30JAIMOHHOTO TMOKPBITHS TPECTaB-
€T co00K 3aMKHYTbIe LMPKYIALMOHHBIE TEUeHUs (Mak-
CHMaJbHas CKOPOCTb HE MPEBBIMIAECT 710" m/c). 3mech
HE0OXOIMMO OTMETHTB, UTO /I PAaCCMATPUBAEMOI 3a1auH
3HavyeHus yncen ['pacrodda cocrapisor He Oonee 5107,
OT0 00CTOATENBCTBO MOATBEPKIACT BO3SMOXKHOCTH [24]
UCTIONB30BaHUs 00JIee IPOCTOI KOHIYKTHBHOM MoJIeNH [6]
py uccneaoBannu Temonepenoca B TTIL
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CONDUCTIVE-CONVECTIVE HEAT TRANSFER IN THIN-FILM THERMAL INSULATION

Viacheslav Yu. Polovnikov,
polov@tpu.ru

National Research Tomsk Polytechnic University,
30, Lenin Avenue, Tomsk, 634050, Russia.

The relevance of the study is explained by the fact that thermal protection of equipment and pipelines is important when implementing
energy-saving measures at energy facilities for various purposes. The increase in heat or cold losses during transportation of energy carri-
ers is the reason for development of new approaches to energy-saving measures when performing thermal insulation actions. The main
method of reducing heat energy losses during its transportation and storage is the use of highly efficient thermal insulation materials. This
material is thin-film thermal insulation. The unique thermal characteristics of thin-film thermal insulation coatings are the reason for their
use in various energy Systems and equipment. Despite this, the technology of using thin-film insulating coatings has not been developed.
This is due to the following reasons: lack of knowledge about the physical properties and mechanisms of heat and mass transfer in thin-
film thermal insulation coatings.

The main aim of the research is to study the conductive-convective heat transfer in the layer of thin-film thermal insulation taking into
account the heterogeneity of the properties of the microspheres and binders.

The object of the research is a cylindrical layer of thin-film insulating coating. The temperature is constant on the inner and outer surfaces
of the thermal insulation coating. The geometry of the thin-film thermal insulation coating was a binder and hollow microspheres. Scientific
research was carried out for a layer of insulation thickness of 0,33 mm. The temperatures on the inner and outer surfaces of the insulation
were taken in accordance with the experimental data. The layer of thin-film thermal insulation for 62 % consists of microspheres with a
diameter of 50 microns and for 38 % from binder. Two types of hollow microspheres with wall thicknesses (5 and 2 um) were considered.
Methods. The solution of the problems posed is obtained by the finite element method. Galerkin approximation, non-uniform finite element
mesh was used. The parameters of the grid elements were chosen from the conditions of convergence of the solution. An increase in the
number of elements of the computational grid was carried out using the Delaunay method.

Results. The author has investigated the effect of the type of binder and the characteristics of the microspheres, the wall thickness of the
microsphere and the gas phase contained in the cavity of the microsphere on heat loss. For the case under consideration, the deviation
from the experimental data was up to 90 %, depending on the composition of the thin-film thermal insulation coating. Comparison of the
results of numerical simulation of heat transfer in a layer of thin-film thermal insulation, performed using a conductive-convective heat
transfer model with the results for a conductive model showed a discrepancy between them does not exceed 3 %. This is due to the errors
in numerical calculations. For this reason, a simpler conductive model of heat transfer can be used in practical calculations.

Key words:
Thin-film thermal insulation, energy saving, heat supply, transportation and storage of energy, modeling.
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