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Bimsinne cocTOossHUS TOBEPXHOCTU HarpeBa
HAa HWHTEHCHUBHOCTH TEILIOOTAa4Yu
IpU KUICHUM HAHOKUAKOCTEH

Kurnienue KuKoCTel MIMPOKO MTPUMEHSIETCS B TEIJIOOOMEHHOM O6OPYZOBAHUM, TaK KaK XapakTe-
pU3yeTcsl HWHTEHCHBHOW TEIIOOT/aueil, OCOOGEHHO TIPU WUCHOJb30BAHUM HAHOMKH/IKOCTENl B
KayecTBe TeruioHocuTesei. 1Ipr aToM Ha MOBEPXHOCTH HArpeBa MTPOMCXOUT CAMOITPOM3BOJILHOE
o6pas3oBamiie HAHOCTPYKTYD PAa3JIMYHOIl apXUTEKTYPbl, IOPHCTOCTH U IIEPOXOBATOCTH, YTO
CO3/laeT  yCJOBUSL JUIsT  pe3koil  umHTeHcudukanuu TerviooOMena. B xozme  1a60paTopHBIX
9KCIIEPUMEHTOB ObLTN BBISICHEHBI 3aKOHOMEDHOCTH MEXK/Iy UHTEHCHBHOCTBIO TEILIOOTAAYM IIPU
KUTICHIA HAHOXKHUJKOCTEH W XapaKTepOM HAHOCTPYKTYPHDIX OTJIOKEHWI HA MOBEPXHOCTH Harpe-
Ba. /[lna wccse/loBaHnsT KUTIEHUS HAHOXKHU/KOCTEH CO3/1aHa aBTOMATH3WPOBAHHAS YCTAHOBKA W
nporpamMHoe  oGecriedenne, TO3BOJISIONIee CHUMATh paboure XapaKTePUCTHKH W YIIPABJISATD
NPOIECCOM B PeabHOM BpemeHn. Ha ocHOBe aHasmmMsa aKcnepuMeHTanbHoro mMarepuania (rpadwu-
YeCKHe 3aBICHMOCTH, BUAEOCHEMKA, TOpoMeTpust, SEM-u3o6paskenus) ceaH BBIBOJ, O TOM, YTO
MaKCHMAJIbHbIE 3HAYEHUS TEMJIOBBIX MapaMeTpoB Tpu KuteHnn (y/eTbHBIA TEMIOBOH TOTOK (| U
KO3 UIIIEHT TENIOOT/AYN 0) 3aPETHCTPUPOBAHDI /I HAHOKUAKOCTEH, TIOTyIeHHBIX Ha OCHOBE
cMeceil HaHOYACTHUIL CUJTBHO aHM30oMeTprdHoi dopmer. buba. 20, puc. 4, maba. 2.

Kmouesbie cioBa: HaHOXMW/IKOCTH, TeH]IOOéMeH, IIOBEPXHOCTb HarpeBna, OCa/lOK.

Tax masbiBaemble <«Hanoxuakoctn» (HI)K) — HO mepcHnexkTHBHBI A OXJAXKAEHUS PAa3JUIHOTO
5TO HOBOE MOKOJIEHWE TEIJIOHOCUTENEH, MPEACTaB- 9HEePreTH4eckoro obopymoBanus (Hampumep, aaep-
JIAIOMIX CO60M KOJJIONAHBIE AUCIIEPCUE HAaHOYACc- HBIX PEaKTOPOB U Ap.). VHTepecHas 0COGEHHOCTDH
i (HY) B 0GBIYHBIX KUAKOCTAX TaKnX, Kak Bo- HJK sakiiouaercda B TOM, 4TO B IIPOIECCE UX KUIIE-
Jla, STUJEHTJWKOJb, Macjda W Jp. biarogaps mX HHUS Ha TOBEPXHOCTH HarpeBa IMPOWCXOMUT CaMo-
MOBBIIIEHHON TETJIONPOBOHOCTH M aHOMAJIBHO BbI-  MPOU3BOJIbHOE 00pa3oBaHue HAHOCTPYKTYD pas-
cokoii TermooTave npu kunennn H7K upe3Bbryaili- JIMYHON apXUTEKTYPbI, MOPUCTOCTH U TEPOXOBATO-
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CTH, YTO BBI3bIBAET PE3KYI0 MHTEHCH(PUKAINIO TEll-
Joo6MeHa. Hampumep, MaKCUMATbHO TOCTYKUMBIN
yJebHbIi Ten1oBoil m0ToK (qy,) HpH KuneHunu
Boanoit HK mosker Bospactu Ha 300—400 % 110
CPaBHEHUIO C OOBIYHON BOJON M JOCTHUYD BEJTHUU-
ubl (3-4)-106 Br,/M2, a MakcuMaJbHOe 3HaueHue
koaddunuenta termnoorgaayn (o) MOKET TIPEBBI-
cuth 50000 Br,/(M2-K) [1]. Hamu 6bio o6Hapy-
JKeHO, 4TO (hOPMUPYIONUICS MOPUCTBI CJIOH Ha
MOBEPXHOCTHM HarpeBaTesisi clocOOeH OTOJBUHYTD
(beroMeH Kpmawca KHUIEHW, YPEBATHIH MEPESKOTOM
M BBIXOJOM U3 cTposi obopynosanus [2]. [Ipemro-
JIATAeTCs, YTO BCE ITU MOJOKHUTETbHbIE 3(P(PEKThI
CBSI3aHBI C M3MEHEHHEM BEJMYMHDBI U MPHUPOJBI TI0-
BEPXHOCTHU TeliooOMerHa (ee cMauMBaeMOCTH U 1Ie-
POXOBATOCTH) M YTO MMEHHO MOPHUCTasi CTPYKTypa
U CBOICTBA OTJIOKEHHOTO CJIOS BO MHOTOM OIIpejie-
JITIOT TEIJIOBbIE TapaMeTpbhl, XapaKTePHU3YIOollie
TEIIOOTIAuy [IPU KUIIEHUN HAHOMIIOUI0B.

BungHre cMauynBaeMOCTH MTOBEPXHOCTH Harpe-
Ba Ha WHTEHCHBHOCTH TETIOOOMEHA M Ha KPUTHYE-
ckmii ternosoii morok (KTII) npu kunenun GbLan
peMEeTOM MHOTOYWMCJIEHHBIX HCcJaefoBaHuil. 13-
BectHo, uro KTII pesko ymenbliaercs Ha THAPO-
(oOHBIX TMOBEPXHOCTAX, a THAPOPUIbHDBIE TTOBEPX-
HOCTH XapakTepusyorcs 0oJjiee BBICOKUMHU KO-
(pummenTamu temootnaun n 6osiee BHICOKMMH 3HA-
yennamu KTII [3—5]. Joctukenus B o6JiacTu uc-
CJITOBAHUN TI0 M3MEHEHWIO TOBEPXHOCTHON 3HEp-
UM TBEPJIbIX TeJ, onucanubie B pabore [6], or-
KPBLIM HOBBIE BO3MOXXHOCTHU JIJISI TIOBBITIIEHUS TETl-
JIOOTJJAUN TIPU KUTIEHWN BCJEJCTBHE YMEHDIIEHUS
KPaeBOro yrja CMAuuMBaHUs 32 CUET CO3/aHUS Ha-
HOCTPYKTYP Ha TIOBEPXHOCTH Harpesa [7].

Ha cymecrBoBanue Takoil cBsi3u 0OpaTUIN
BHUMaHUe W Jpyrue ucciaegosareyau. Tak, Hampu-
Mep, B pa6ortax [8—10] mokazaHo, 4To Tpu Ty-
3pipbkoBOM Kkurennn HIK Ha ocHOBe OKCHIIOB
AIOMWHMS, IUPKOHUS W KPEMHUS HEKOTOpbIe Ha-
HOYACTHIIBI OCeJAl0T Ha MOBEPXHOCTH HArpeBa o
(GopMupyoT OPUCTBIN CJIOH, MPUBOASINNN K 3HA-
yurembHoMmy pocty KTII. /lokazano, uto aTOT
CJIOIl 3HAYUTEJLHO IIOBBINIAET CMAYUBAEMOCTDH TIO-
BEPXHOCTH HArpeBa, 4YTO IIOJATBEPKIEHO yMeHbIIIe-
HIeM KOHTAaKTHOT'O YIJIa CMAuMBaHUS 3TO MOBepX-
Hoctu nocsie kuienus HIK mo cpaBmenuio ¢ 1o-
BEPXHOCTSIMU II0CJe KHUIIEHUS IAUCTUJLINPOBAHHOM
BoAbl [8—10]. YMenbiieHue KOHTAKTHOTO YTJia
CMAYMBAHUSA CBSA3aHO C M3MEHEHWEM MOBEPXHOCT-
HOUl sHepruu W MOPQOJOTHH TTOBEPXHOCTH, BBI-
3BaHHbIMI HasgmuneM cjost HYU. Ha ocHoBanum cy-
MIECTBYIONIMX TEOPUN TOPSYUX WM CYXWX MATEH
[11] B paGorax [9, 10] oTMeueHO, YTO MEXKAY TIO-
BormerneM KTII n yayumenneM cmaunmBaeMocTn
MOBEPXHOCTH UMEETCsT MpsSMasi CBSI3b. Pe3yJbTaTol
orleHoYHBIX pacueToB pocta KTII mo mepe ymennb-

HIeHUS KOHTAKTHOIO YIJla CMauMBaHUS XOPOIIO
COTJIACYIOTCSI € BEJWYUHAMM, MOJYYEHHBIMH B
JKCIIEPUMEHTE.

B pa6ote [12] na mpumepe Boaubix HIK ¢
Hanouacturamu AlyOg ¥ yriepoHbIX HaHOTPYOOK
(YHT) nokasaHo, uTo /g MIOJIy4eHUsT BBICOKMX
BesmmunH KTII n koaddpurmenTa tenmooraaun npu
KUIIEHNN He 006s513aTeJbHO, YTOOBI MOBEPXHOCTD
HarpeBaTeJisi 6bLIa MOKPBITA CIVIONIHBIM caoeM HY
n o6Jaziana BBICOKOW CMAvYMBAaeMOCTBIO, XOTS TIO-
cJe/lHee TOXe BasKHO /s Teloorjauu. bouee
BaKHBIM TTapaMeTpPOM /TSI MHTEHCHUBHOTO TerJoo6-
MeHa 0Kasajach MIEPOXOBATOCTb OTJOXKEHHOTO Ha
noBepxHOcTH HarpeBa cjod u3 HY, xors m3BecTHO
[6], uTo pocT MIEPOXOBATOCTH TaK)Xe YJIYUIIaeT
CMaYNBaEMOCTb TIOBEPXHOCTEH.

Cormacuo [12], B ciyyae KOMOMHMPOBAHHOTO
nanodaonga (AlyO3 + YHT) peiictByoT oxHO-
BpeMeHHO o6a dakropa (yaydnienne cMaumBaeMo-
CTM M POCT MIEPOXOBATOCTH MOBEPXHOCTH), M 9TO
OpUBOANUT K Hambosiee BbicokoMy 3HaueHmio KTII
Cpey BceX TpeX HaHOMIOWZO0B. AHAIHN3 TAHHBIX
no KTII, mosyyeHHbIX B JaHHOI paboTe, TTOKa3am,
YTO YeM BBIIIIEe TepoXoBaTocTh, TeM Goubire KTII,
HE3aBUCHMO OT KOHTAKTHOTO yTJIA.

Haxe ecmm poct KTII mpu xunenuum Ha-
Hodonsa BbizBan ob6oumu (axropamu (cmaun-
BAEMOCTHIO U MIEPOXOBATOCTHIO TIOBEPXHOCTH), 3-
(exr mepoxoBaroctu Oynaer 6oJiee CUJIBHBIM U JI0-
MUHUPYIONINM, YeM BJHUSHUE KOHTAKTHOTO YTJIa
CMavYMBaHug. IJTO, BEPOSITHO, MMEET MECTO MOTO-
MY, YTO POCT MIEPOXOBATOCTH MOBEPXHOCTH Harpe-
Ba YBEJUYHMBAET HE CTOJDHKO ILJIONAIb TEMJI006Me-
Ha, a TJABHBIM 06pa3oM POCT TIJIOTHOCTH TIEHTPOB
Mapoo6pa3oBaHUs.

[IpoBenennbie  MCCAEAOBAHUS — MTOATBEPAIIH
BQJKHOCTb YJIyUIICHUS CMAauMBAEMOCTH [1OBEPXHOCTU
n ($opMUpOBaHUS IIEPOXOBATHIX HAHOCTPYKTYP Ha
[IOBEPXHOCTU HarpeBatesisl Kak 3¢d@eKTHBHOrO Me-
TO/Ia TIOBBIIIEHUS TEIJIOOTAu TIPU KUTICHUN.

3a rmocJsejHee JeCATUJIETHE 3HAUYUTEJIbHOE
YHUCJI0 MCCJaeJ0BaHnuil Mokasdao, uyro Auasa HIK xa-
paxtepubl 1oBbimrennbie (Ha 10—35 %) BeJMYUHEBI
TEIJIONPOBOJJHOCTH 110 CPaBHEHMIO C TaKOBbBIMU
Juist 6a30BbIX JKuAKOCTell (Boja, STUIEHTIMKOJb)
[13—16] u uyro McHoIb30BaHME HAHOKUIKOCTEH B
KayecTBe TEIJIOHOCUTesIel 1103BoJIeT JOCTHYDb Bbl-
cokux suauenwit KTII u koaddummenTta Termoor-
paun (KTO) npu xunenmn [8—10, 17-20]. He-
CMOTPSI Ha 3TO OTMEUYEHHBIN POCT TETLIONPOBOIHO-
CTH He MOXKeT OODBSICHUTH AaHOMAJbHO BBICOKYIO
(6omee 200 %) temnooraawy npu kunernn HIK 1o
cpaBHEHUIO ¢ BO0H. OMBITHI TOKA3a/1, YTO TTOBBI-
UICHHDBIE BEJMYUHBL (i, W o 1pu kunennu HIK
OTIPE/IETISIIOTCS B OCHOBHOM COCTOSTHMEM MTOBEPXHO-
CTHM HarpeBa, ee TOTOJIOTHYECKUMU U XUMUYEeCKUMU
CBOMCTBaMMN.
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C 1esblo BbIACHEHUS CBA3M MEX/Yy MHTEHCHB-
HOCTBIO TeriooTAaun npu kurnennn HIK u xapak-
TEPOM HAHOCTPYKTYPHBIX OTJOXKEHWIT Ha TOBEPX-
HOCTW HarpeBa HaMU WM3YY€Hbl KPWBbIE KHUIICHUS
pasimnunbix HIK, geranbHo mccaesoBana Tororpa-
¢us OTN0KEHHDBIX TOKPBITUI, UX TTOPUCTas CTPYK-
Typa M MOJy4YEHHbIC Pe3yJbTaTbl COIOCTABJICHDBI C
BEJIMYMHAMU OCHOBHBIX TEIJIOBLIX MapaMeTpOB KH-
NEHUS (e ¥ O

Ha ocHoBe aHasm3a sKCHEPUMEHTAIbHOTO Ma-
tepuasia (rpapuuecknx sasucumocreii, SEM-uso-
6paskeHuii HAHOCTPYKTYPHBIX OTJIOXKEHUH, MOPO-
METPUYECKNX JIAHHBIX) TOJydeHa WHTepecHas WH-
¢opmarug o Baugaun (HopMbl U AHU3OMETPHUH Ha-
HOYACTHI[ HA MUKpOpeJbed MOBEPXHOCTH W WHTEH-
CHBHOCTD TeIJIOOOMEHa, BasKHAS /IS IIPAKTHIECKO-
ro npnmeHenuss HK.

OO6beKkTaMu MCCJIEIOBAHUS CJIYKUJIH BOJHBIE
HaHOMJIIONIBI HA OCHOBE MPUPOIHBIX AJTIOMOCHJIN-
KaTOB YKPAWHCKUX MECTOPOKIEHUI: aTTaIyJbIuTa
(AlSi-5), rugpocmioger (AlSi-6), remermyeckoii
cMecH MOHTMOPUJLIOHHTA 1 artamyJibrura (AlSi-7),
a Tak)Ke MOKCHIA THTaHA PYTHJIbHOH Moamduka-
u (TiOy); must cpaBHenns usyvena HOK Ha oc-
HOBE CMECH AJIOMOCHJIMKATOB C YIJIEPOJHBIMHM Ha-
norpy6ramu (AlSi-7 + YHT).

Hanodmonapl nmosyyanan myTeM KpaTKOBpPe-
MeHHOTO (2 MUH) yJIbTPasByKOBOIO JUCIEPIHPOBa-
Husa Ha ycranoBke Y3/IH-2T coorBercTByomux
MUKPOTIOPONIKOB B JMCTUJJINPOBAHHOIN Boje 6e3
MPUMEHEHUS JUCIIEPTeHTa.

[ucnepcuprii coctaB u C-morennman HIK
OTIPeJIEJISIIN ¢ TIOMOIIBIO JIA3ePHOTO KOPPEJISIINOH-
noro cnekrpomerpa ZetaSizer NANO-ZS (Malvern
Instrument, UK), a moBepXHOCTHOE HATSKEHHE —
MeTO/JIOM IIacTUHKU Busbressymu (Moaudurmpo-
Bauubiii Tersuomerp K6 KRUSS GmbH, Ger-
many). YCToHYMBOCTD UCCJIEYEMbIX HAHOAMUCIIED-
CUii, OIleHeHHAsd 10 BeJUYUHAM WX C-TIOTEHIIHAIa U
CeIMMEHTAIIMOHHBIM METO/I0M, ObLia BIIOJHE Y/I0B-
JIETBOPUTEIbHAS JIJII M3MEPEHHS TEIJIOBBIX TTapa-
METPOB.

Tenmodusnueckne uccaenoBanus HIK Obimm
BBITIOJTHEHBI HA CIENHATHHO CO3/IAHHOM aBTOMATH-
3UPOBAHHOM 3JKCIIEPUMEHTATBHOM CTEHJEe, pabo-
TalolleM Ha IIOCTOSHHOM TOKe U YIIPaBJseMOM
rUOKOI KOMIIBIOTEPHO TTPOrpaMMoii, KOTOpas To-
3BoJIsieT (huKcupoBath ¢ nomoirbio PC Heob6xou-
Mble mapaMerpbl (TOK, HaNpPsKEHUe, TEIJIOBbIe
OTOKH, KOI(DPUIMEHT TEIIOOT/aul 1 AP.) U Bbl-
MOJIHATD PEryJaupOBaHUE TEIJIOBOH HAarpy3Ku B
MIMPOKOM Jnanazone. [lyig onpeaeneHus temiepa-
TYypbl TIOBEPXHOCTH HarpeBaTesis HAMU HCIOJb30-
BaHa 3aBUCHMOCTD yEJbHOTO CONPOTUBJICHUS HU-
XpoMa OT TeMIlepaTypbl. KoMIIbIOTEpOM CUHXPOH-
HO CTPOMJINCH TpadudecKue 3aBUCUMOCTH MEXKIY

OCHOBHBIMU BBIIIENIEPEYNCICHHBIMU BeJIUYMHAMU
U TIapaMeTpaMu B peasbHOM BpeMmenu [1-3].

Mukpopesbed OTI0XKEHHII Ha MOBEPXHOCTH
HarpeBa npu kunennn HK usdyyanm ¢ momoribio
CKAHUPYIOIIETO 3JEKTPOHHOTO MUKpockomna JSM
6700F, a mopomerpnyeckue n3MepeHus MOKPLITHI
6blM BBIIOMHEHbI Ha nopomerpe QuantaChrome”
AsiQwin™,

MexannaM 06pasoBaHUs HAHOCTPYKTYP Ha II0-
BEPXHOCTH HATpeBa BO MHOTOM HAIlOMWHAeT o0pa-
30BaHue HAKUIIM Ha IIOBEPXHOCTU HarpesaTess C
TeM OTJIMYKMEM, YTO B IIEPBOM CJlydae IIPOLECC OJ-
HOCTA/IMITHBIN, TO €CTh TPH My3bIPbKOBOM KUTICHWH
nanoxkuakocty HY nanpsamyio ocaxjalorcsd Ha I10-
BepxHOocTH (BO3JIE IEHTPOB MAapooGpasoBaHusi), a
BO BTOpPOM cJlydyae IIPOIECC MHOTIOCTaJAUIHbBIH.
Cravasia B o6beMe SKUIKOCTH MPHU TIObeMEe TeMIle-
paTypbl UMeeT MEeCTO PasJosKeHHe MOJEKYJ pac-
TBOPUMBIX TujpokapbonaroB Ca, Mg, Fe u ap.,
UX KOaryJsius B 60Jiee KPYIIHbIE YaCTUIIbI Hepac-
TBOPUMBIX KapOOHATOB, a 3aTeM UX OTJIOJKEeHUe Ha
MOBEPXHOCTH HarpeBa. B mepBoM ciydyae BO3HU-
KaloT GoJiee MM MeHee TOPUCTbIE OCAJIKU, a BO
BTOPOM — OTJIO’KeHMS HaKUIIU, UMelollue ILI0T-
HYI0 CTPYKTYPY C BbICOKUM TEPMHYECKUM COIIPO-
TUBJEHWEM, BbBI3bIBAIONNE PE3KOe yMeHbIeHue
TEILJIOOTZauy U IIepesxor HarpeBaTeJis.

Hamm o6Hapy:KeHO, UTO OTJIOKEHHe YaCcTHIl U
¢gopMupoBaHe HAHOCTPYKTYP Ha MOBEPXHOCTU Ha-
rpeBa HabIOAAaeTcs y:Ke B JOKPHU3UCHOI 06JacTh
IIy3bIPbKOBOI'O KUIIEHUS BOJHBIX HAHOXKHUIKOCTEH
(qyp < 0,7 MBr/M2).

Ha xop mporecca xurenusi u xapakrep o6pa-
3YIOIETOCsT 0Ca/Ka BJUAIOT Takue (PaKTopbl: Xu-
MuyYecKkas npupoja, GopMa u aHU30MeTPUS YaCTHUIL
HIK u ap.

Ha puc.1-3 npuBenenbl KpuBble KUIEHUSI U CO-
OTBETCTBYTOIIHE 3aBUCUMOCTH KO3(MD(UIMEHTA TeTIo-
oraaun o or pasnocrtu Ttemenparyp (AT) aas
kumsamx HYK, o6pasyomux Ha TIOBEPXHOCTH Terl-
JIoo6OMeHA HAHOCTPYKTYPUPOBAHHYIO aApPXUTEKTYPY,
n306paskeHHyo Ha puc.4. DOU3NKO-XUMUYECKUE Xa-
PAKTEPUCTUKN M 3HAYEHUS TEIJIOBBIX IIapaMeTpOB
MCCJIE/IOBAaHHBIX HAHOMJIIONI0B TIPEJCTABJICHbI B
Tabu.1.

[Mosnydyennbie aKCIepUMEHTAJbHBIE [AHHBIC
CBUIETENBCTBYIOT O BJUSAHUU TOMOrpaduu oca-
KOB, OTJIO)KEHHBIX Ha IMOBEPXHOCTU HArpeBa IIpH
kunennn HJK, #Ha (opMy KpPUBBIX KUNEHUS U UH-
TEHCUBHOCTb Temoorjgaur. OueBUIHO, YTO OTJIO-
JKEHMe YaCTULl OKCHJOB U aJIOMOCUJIMKATOB Ha Me-
TaJIMYecKoil TTOBEepXHOCTH HarpeBa JleaoT ee 6o-
Jee THAPOMUILHON M TIEPOXOBATOM, YTO TOATBEP-
JKJAeTcsl YMEHbIIEHUeM KpaeBOro yrja cMauMBaHUS
6 [12] u SEM-uzo6pakeHusiMu OBEPXHOCTHBIX OT-
noxkenuit (cM. puc.4). A NOBbILEHHE CMAYUBAEMO-
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Puc.1. Kpussbie kunenns (a) u koadpduumentsr terooraaun (6) B 3aBUCUMOCTH OT Pa3HOCTH TeMIEPATyp CTEHKN W KUTISIIEN sKujl-
koct (AT) /718 HAHOKMKOCTH Ha ocHoBe ruzpocaioabl (1) u aucTuiauposanHoit Bojbt (2).
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Puc.2. Kpusste kunenus (a) u koaduruents: reroorsaun (6) B 3aBUCHMOCTI OT Pa3HOCTI TeMIIEPATyp CTEHKI U KHUIISILIEl K-
kocri (AT) st HaHoskuaKoctn Ha ocHoBe TiO, (1) u guctmLtnpoBanHoit Bogpl (2).
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Puc.3. Kpusbie kunenua (a) u koapduiuentst Ternmooraaun (6) B 3aBUCUMOCTH OT Pa3HOCTH TEMIIEPATYP CTEHKH W KUIIsIeil sKuji-
koctn (AT) mra manoxkuakoctn AlSi-7 ¢ go6asnenmem YHT (1), AlSi-7 (2) n auctumaposannoii Boapr (3).
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Puc.4. SEM-uzo6paskenust OTJIOKEHUI Ha TOBEPXHOCTH HArpeBa MOC/e KUIEHUS BOAHBIX HaHO(IOUA0B HA OCHOBE ruapocmoabt (a),
TiO, (6), npupoaHoil cMecu artaiy,/ibruta 1 MoHTMOpULIoHuTa (B) 1 9100t ke cMecu ¢ 106aBKoit 0,2 % yraepoaubix HanotpyGok ().

Ta6mua 1. MU3HKO-XUMHYECKHE XapaKTepucTUKU M MakcuMaJbnbie 3Hadenus KTII u KTO uccaeno-
BaHHBIX HaHOQJIIONI0B

I/IccneayeMaﬂ o — quV x 10_6? Oyraxces
KILAKOCTE d, um C, % (06.) k=1/d pH c, MH /™M ¢, mB Br /a2 Br/ (M2 K)

Hucrnamposan- - 0 - 6,0 72,8 - 0,7 25000
Had BO/la
AlSi-6 50—400 0,5 10-30 5,4 72,6 -25,7 1,45 25000
TiO» 70—-300 0,5 3-5 6,0 71,8 -39,5 1,55 35000
AlSi-5 100-500 0,5 200—400 5,8 71,5 -18,0 1,65 36000
AlSi-7 50-500 0,5 200-500 5,9 72,6 -19,8 2,42 38000
AlSi-7 + YHT 70-3000 0,5 500-750 6,5 71,9 -11,5 3,50 52000

IIpumeuanue. d — cpemunit pazmep wactur; C — KoHmeHTparms qactuil; k — cpeganii kKoahPuImeHT aHM30MeTPUI YaCTHIl; G —
nosepxHocTHoe HaTsokeHue 1ipu 20 °C;  — anexkTpokunernyeckuii morennman; YHT — yraepognble HaHOTPYOKH.

Ta6mna 2. AAcOpOUMOHHO-CTPYKTYPHbIE XapaKTEPUCTHKH HAHOCTPYKTYPUPOBAHHBIX OTJIOKEHHH Ha
MOBEPXHOCTH HarpeBa Mocje KHIEHNs HAHOXKUIKOCTelt

Y enbHad 1mosepx-

Cpennuii paauyc

O6beM MUKPOIIOP,

Oroxerus HOCTb, M2 /T MHUKPOIIOpP, HM cM3 /T
Tuapocona 85,0 4,2 0,2
Atranyasrut + montMopusnornt (1 : 1) 375 3,0 0,54
Atrranyasrut + montmopustonnt (1 : 1) + YHT (0,2 %) 420 2,3 0,62
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CTH W IIEPOXOBATOCTH TOBEPXHOCTH CIIOCOOCTBYET
YBEJIMYEHNIO (g, 1 o [9-11].

ConocraBiene MaKCUMAJIbHO JOCTUTHYTBIX
BesimunH  KoahduimenTos rtemaooraaun  (puc.
1,6-3,6, ta6a.1) ¢ xapakrepoM MHKpopeabeda
noBepxHocTH Harpesa (puc.4) W JaHHBIMU IOPHC-
TOIl CTPYKTYPbBI OTJOXKEHHBIX ocaakoB (Ta6m.2)
MOKAa3bIBAET, YTO YeM BBIIIE MIEPOXOBATOCTb IO-
BEPXHOCTHBIX OTJOXKEHUN W aHW30MeTpus (POPMbI
YaCTUIl, TEM BbIIIE BEJMYUHDBI (p U O, XapaKTepH-
3yIolue MJIOTHOCTb TEIJIOBOTO TOTOKA U MHTEHCHUB-
Hoctb Termoo6mena (em. tabm.1).

OKCIPUMEHTBI TIOKA3aJ¥, YTO Ja’Ke ecd KO-
apduiueHT aHU30METPUN [TOCTATOYHO BEJIUK, HO
¢opma vacTuil mIocKas, Kak 9T0 XapaKTepHO [IJIs
yactun, ruapocmionst (AlSi-6), To mopucrocth u
MIEPOXOBATOCTL OTJIOXKEHUI MaJibl U TEIJIOBbIE Tia-
pameTpbl nipu kurennn Takoit HK Toske HeBbIico-
kue. JleiictBuresnbno, rugpocmoga (puc.4,a) us-3a
NJACTUHYATONH (DOPMBI HaHOYACTHI[ 06pasyeT Ha
MOBEPXHOCTH HArpeBa TIOCKOTAPAJIEbHBIN TIO0T-
HO YTIaKOBAaHHbBII CJI0if ¢ OTHOCUTEJbHO MaJON Iie-
POXOBATOCTHIO M CJAO0 BBIPAKEHHON MOPUCTOCTHIO
[0 CPABHEHUIO C JPYTUMU AHAJTU3UPYEMbIMU OCA[l-
kamn HJK, coorBerctBenHO U K03 PUITHEHT Tel-
JIOOTJIAYM HEBBICOKUI: Olyare = 25000 Br,/(M2-K)
(puc.1,6, Ta6a.1).

g manoxuakoctn Ha ocHoBe TiO9 mMakcu-
MaJIbHBIH KO3 PUIIMEHT Tenao0Taaun JOCTUTAET
35000 Bt/ (M2-K) (puc.2,6). OueBUHO, 9TO MOK-
HO OODBSICHUTH TeM, uTo HaHodyacTuilbl TiO9, umes
6osiee maM MeHee OKpyTriayio dhopmy, GOpMUPYIOT
Ha TIOBEPXHOCTH HArpeBaTessl CJO# ¢ HECKOJbKO
60JbIllelf  TOPUCTOCTHIO U IEPOXOBATOCTDHIO
(puc.4,6).

AP dexT BAUAHUSA MOPUCTOCTU U LIEPOXOBATO-
CTH OCaJIKa Ha TETJI00TAa4y OCOOCHHO OTYETIHBO
oOHapyskuBaercs s AByx HIK: Ha ocHOBe cmecn
MPUPOJHBIX AJIOMOCUJIUKATOB MOHTMOPUJJIOHUTA
u arranyabruta (AlSi-7) u aToil ke cMecu ¢ J0-
GaBkoil yriepoaubix HaHOTPyGok (AlSi-7+YHT).
Kak Bugno us puc.4,8,r u tabu.2, MOPUCTOCTb U
MIEPOXOBATOCTH MOBEPXHOCTHBIX OTJOXKEHUIT, 00-
pasyembix npu kKunenuu Bropoir HIK, comepska-
meii YHT, BbipakeHbl 3aMeTHO CHUJIbHee, YeM II0-
cae kurnenus nepsoir HyK. Ilpu stom 3Hauenus
KO3 PUINEHTOB TETLIOOTIAYH Olyqye IS TOCTE-
nux asyx HJK (puc.3,6, ta6n.1) cymecrsenno
BBITIE AHAJOTUYHBIX KO3(MOUIMEHTOB [/ THAPO-
caoapl n TiOy M cOCTaBJASIOT COOTBETCTBEHHO
38000 u 52000 Bt/ (M2-K). Takoe 6oJblioe yuc-
JoBOoe 3HaueHue KO3I(PPUITMEHTOB TENJI00TIauN
stux HIK m mx pasiaumune oODBICHSIETCS BBICOKOI
rupOOUIBHOCTBIO aqioMocuankatiprx HY, a Tax-
xKe pasamanoit gopmoit (maockasi, urospuaras,
Bopcucrag) u anmsoMerpueii HU Bropoii cmecn,

JIAIONINX TIPU KUIIEHWN HAHOCTPYKTYPUPOBAHHbBIE
ocajiku ¢ HamboJiee Pa3BUTON TTOBEPXHOCTHIO, IO-
PUCTOCTBHIO U MIEPOXOBATOCTHIO. OUEBUHO, YTO
3TH TPU TJaBHbIe (akTopa 06ecIeuynBaiOT MaKCH-
MaJIbHYTO TIIOTHOCTH IIEHTPOB MapooOpa3oBaHus M,
Kak cJeJcTBue, 0O0YyCJOBIUBAIOT HaumboJiee BBICO-
Kue 3HavYeHUs KOa(D(UIMEHTOB TeNJI00TAaun
Opaxe- KpOMe TOTO, BO3MOKHO, YTO BBe/IEHHE YT-
JIEPOJIHBIX HAHOTPYOOK, O6JIAJAIONINX BBICOKOW Te-
IJIOTIPOBO/IHOCTDIO, 3HAYUTEJIbHO YMEHbIIAET Tep-
MHUYECKOe COIPOTUBJIEHUE CJIOS, CHOCOOCTBYS WH-
TeHCH(UKAIUN TETJIONEepPeIaul IPU KUTTEHUH.

[IpencraBnennnie Ha puc.1,a, 2,a, 3,a KpUBbIE
KUTIEHUS TTO3BOJISIOT CJIeJIaTh BBIBOJ O CYIIECTBEH-
HBIX Pa3/JNUMsIX yAEJTbHBIX TEIJIOBBIX MOTOKOB IS
HK, o6pasyiomux npu KUTIEHUH OCAJAKU € PA3HOI
nepoxoBatocTbio. Tak, mpu OJHOW W TOU Ke pas-
HUIle TEMTEPATyp MeX/y Tperolell TOBEPXHOCThIO
u Kunsmei sxugxocteio (AT =100 K) y/leJIbHbIe Te-
TIZTOBBIE TIOTOKH (y, ISt HI/K ¢ yactunamm pas-
JINYHOW aHW30METPUU MMEJH CJeIyIole 3Have-
nug, MBt,/M2: guctmmmposannas Boga — 0,7;
THIPOCTIIO/NA 1,0; TiOy 1,4; AlSi-7 — 1,5;
AlSi-7 + YHT — 1,8. B rtakoil xe mocJemgoBa-
TeJIbHOCTH, KaK BH/IHO M3 puc.4 u Tabj.2, Bo3pac-
TaeT MOPHUCTOCTh W IEPOXOBATOCTb OTJIOKEHUN Ha
MTOBEPXHOCTU HarpeBaTeJis.

Takum 06pa3oM, yCTaHOBJIEHO, YTO 3JKCIIEpPU-
MEHTAJbHO TIOJyYeHHbIE BEJUYUHBI TEIJIOBBIX TIa-
pamerpoB nipu kunenun H7K xoporio koppesupy-
0T C MOPUCTOCTHIO M IHIEPOXOBATOCTHIO OTJIOXKEH-
HBIX HAHOCTPYKTYD, 3aBUCANMX OT (DOPMBI U KO-
appurmenta anmzomerpun HU. U3 atoro caeny-
€T, 4TO JJi MHTeHCHudUKaImu TenaooOMeHa IeJe-
co06pa3HoO MCIOJIb30BaHNE HAHOKU/IKOCTEH, oOpa-
3YIONMX MPU KUTIEHUW HAHOCTPYKTYPHBIE OTJIOMKe-
HUS C PA3BUTON MOPUCTOCTHIO U HIEPOXOBATOCTHIO.

BroiBo b1

Otrnoxkenne vacTui] u GOPMUPOBAHUE HAHO-
CTPYKTYP Ha TIOBEPXHOCTH HarpeBa Ha(JI0/1aeTCs
yiKe B JIOKPU3UCHON 06JIACTH My3bIPbKOBOTO KHIIE-
nug sBoanbix HIK (q < 0,7 MBr/(M2-K)).

ApxuTekTypa 006pasyIoINXCcsl HAHOCTPYKTYD,
TO €CThb UX TOmorpadusi, TOPUCTOCTh U IMIEPOXOBA-
TOCTb, ompejensiercs popMoit U aHU30MeETpHUeEl Ha-
nouactull. OHa ocTaercd MOYTH HEM3MEHHOMH [0
TeMIlepaTyp, OTBEYAIONIUX HAayaJy U3MCHEHUN Kpu-
crajnyeckoil crpykrypbt HY.

YcTaHOBJCHO HAJUYUE KOPPEJSIUN MEXIY
MOPHUCTOCTBIO OTJIOKEHHOTO OCAJKA U TEIJIOBBIMU
napaMeTpaMiu: ¢ POCTOM Y/I€JbHOW MOBEPXHOCTH U
o0beMa MOP OCA/IKA YBEJIUYMBAIOTCS MAKCUMAJIbHO
JIOCTHKUMBIH y/IeTbHBbIH TETJI0BOI TOTOK M WHTEH-
CUBHOCTH TeriooOMeHa tipu kunennn HIK.
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MakcuMaabHble TeIJIOBbIE IapaMeTpbl MpHU
kunennn (q u o) sapeructpuposanbl s HIK Ha
ocHoBe cmeceit HU cusibHO anusomerpuyHoit dop-
MbI, (DOPMUPYIOMIUX TIPU KUIIEHUU HAHOCTPYKTYPbI
¢ HamboJiee PA3BUTON TOBEPXHOCTHIO, MOPUCTO-
CTBIO W IIEPOXOBATOCTBIO. BeposiTHee Bcero, 3To
o0bsicHseTcs HanboJiee BBICOKOW TIJIOTHOCTHIO 11€H-
TPOB Mapoo6pa3oBaHUs B 3TUX C(HOPMUPOBAHHBIX
MOBEPXHOCTHBIX HAHOCTPYKTYpax.
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BniuB craHy mnoBepxHi HarpiBy Ha iHTE€HCUBHICTb
TeNJIOBiAJa4i NPH KUIiHHI HAHOPiJIUH

Kurminus pimH MMpoKo 3aCTOCOBYETHCA Y TEMJIOOOMIHHOMY O6JIa/lHAHHI, OCKiJIbKU Xapak-
TEPU3YETHCS iIHTEHCUBHOIO TEILJIOBij1auero, 0cOOJUBO TIPU BUKOPUCTAHHI HAHOPIIMH SK TeTl-
JoHociiB. IIpu mboMy Ha TIOBepXHi HarpiBaHHS BifI0YBAETHCS CIIOHTAHHE YTBOPEHHS HAHOCT-
PYKTYP Pi3HOI apXiTeKTypH, IMOPUCTOCTI Ta KOPCTKOCTI, 11O CTBOPIOE YMOBU /IS Pi3KOi MH-
teHcuuKaIii TermmrooOMiny. 3’SCOBaHO 3B’S3KM MiXK IHTEHCHBHICTIO TeIJIOBi/jiadi mpu
KUIIIHHI HAHOPIAUH Ta XapaKTepOM HAHOCTPYKTYPHUX BiJAKJa/JeHb Ha IIOBEPXHI HarpiBaHHd.
[l oTpuMaHHS KPUBUX KHUIIHHS Ta OIIHKK KoedillieHTa TEIJIOBi/Iadi CTBOPEHO eKCIIepH-
MEHTAJIbHUH CTEH]] i3 aBTOMATHYHWM BUMIPOM BXiJHUX i PO3PaxXyHKOBHUX TapaMeTpiB Ta
VIPaBJIiHHAM TIPOBE/IEHHSI eKCIEePUMEHTIB TIPU X KOMII'IoTepHOMY cynpoBo/pkenHi. Ha oc-
HOBi aHasi3y ekcrnepuMeHTaJbHOro Marepiamy (rpadiuni samexnocti, BigeosiioMka, 1Opo-
merpist, SEM-306pasenns) 3po0JeHO BUCHOBOK, IO MAKCHMaJbHi 3HAYEHHS TEILJIOBUX IIa-
pamerpiB npu Kumindi (mmToMuii Temosmil moTik q Ta koedilieHT TemoBigzavi o) 3a-
peecTpoBaHi [/ HAHOPIJMH HAa OCHOBI CyMillleil HAaHOYACTMHOK CUJIbHO aHi3OMeTPUYHOT
dopmu. Biba. 20, puc. 4, maba. 2.
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Influence of Heat Surface Properties on Intensity
of Heat Exchange at Nanofluids Boiling

Boiling of liquids is widely used in energetics, because of its high intensity of heat ex-
change, especially when nanofluids (NF) used as coolants. Such boiling process is accom-
panied with spontaneous formation of various nanostructures of diferent architecture, po-
rosity and roughness on heating surface. The purpose of research is estimating correlation
between heat transfer intensity of NF boiling and properties of nanostructured deposits on
heating surface. Experiments were performed by specially designed and fully automated
test unit, equipped with DC power supply and operated by program enabling to control in
real time by PC all the parameters of a critical mode including CHF. Experimental data
analysis (graphs, charts, SEM images, porosity measurement) shows that maximum heat
transfer characteristics of NF boiling (q, o) were registered in the case of NFs with a mix-
ture of NPs of anisometric shape, giving during boiling nanostructures with the most devel-
oped surface porosity and roughness. Bibl. 20, Fig. 4, Table 2.

Key words: nanofluids, heat exchange, heating surface, sediment.
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