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B cmamve npuseden 0630p u ananuz dKCNepUMEHMANbHLIX UCCICO08AHUL U MeMOO08
pacuéma menionpogsooHocmu U a3kocmu  Hanoguoudos ¢ uacmuyamu  AlyOs.
Paccmompeno enusnue OCHOBHBIX (PAKMOPO8 HA CE0UCMEA hepeHoca HAHOPAIOUOOS,
BKIIOUAS. KOHYEHMPAYUIo, pasmep u Gopmy HAHOUacmuy, cnocod NOIyUeHUs HaHOPIOUO08
u m.o. Ilpugedenvl pe3ynomamvl IKCNEPUMEHMATLHOL0 UCCI008aHUA MENTONPOBOOHOCHIU
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MENnIoNnPOBOOHOCHU NPOBOOUNOCH O8YMS HE3ABUCUMBIMU MEMOOAMU — CIAYUOHAPHBIM U
HeCmayuoHapHeIM Memooamu Hazpemou Humu. Bsaskocmv u3mepanace ¢ noMowblo
KAnuuiApHelx 8UCKo3umempos. Hcciedosano maxoice enusnue 000a8KU HAHOUACMUY HA
8A3KOCMb XOJOOUILHO20 KOMNPECCOPHO20 Macaa. Pezynbmamur usmepenuii npedcmagnenoi
8 8Ude nPoCcmuix Mooerell.

Knruesvte cnoea: Tennonposoonocmv — Baskocms — Hanoghnrouovr — Hzonponunoswii
cnupm — Al,O3 — Komnpeccopnoe macio

|. BBEAEHHUE TpaHHUIEe pasnena JKAJIKOCTb—HAHOYACTHLIA,
OaTMCTUYECKUH TIEPEHOC TEIJIOBOW YHEPTUU BHYTPHU

PeSyHLTaTBI I/ICCJ'IeI[OBaHI/Iﬁ CBOWCTB HHﬂHBHHyaHBHOﬁ HaHO4YaCTHUIIbI u MEXKIY
HaHO(IIOMIOB, OMYOIMKOBAHHBIE B IIOCIECIHHUE TOJbI,  HAHOYACTHLAMM, KOTOPBIH TNPOMCXOAUT NPH HUX
MOKa3bIBAIOT BO3MOXHOCTb CYILIECTBEHHOI0  KOHTaKTe, a TakKe BIUSHUE  KJAcTepU3aLUU
LieJIeHaIIPaBIEHHOT O U3MEHEHUs HX  HAHOYACTHII. Bo3moxHocTh YIIy4LIEHUS
TEIUTO(PU3MYCCKUX U TEIUIOOOMCHHBIX XapaKTEPHCTHK  JHEPIreTHYCCKHX  XApaKTEPUCTHK  XOJOAHMIbHBIX

M0 CPaBHEHHIO C TPaJUIHUOHHBIMH PabOUYNMH TEIaMHU
U TEIUIOHOCHTEIsIMH. B psane pabor momyueHo
3HAUUTENBHOE YBEJINYEHHUE TEIIONPOBOAHOCTH U POCT
KOO(QPHUINEHTOB  TEIUIOOTAAYH TPHU  Pa3IHIHBIX
peXuMax TEUYeHHS B KaHaJIaX pa3iudHoOil (HOpMBI U
npu (azoBeIx mepexoaax. s oObsCHEHMS TPUYNH
9TOTrO SIBJIEHMSI AHAIM3UPYETCSI HECKOJIBKO OCHOBHBIX
MEXaHU3MOB: OpOYHOBCKOE [BM)XCHHE HAaHOYACTHII,
00pa3oBaHNe  BBICOKOTEIUIONPOBOIAHOTO  YKHUAKOTO
cios (C  TONIIMHOM MOJIEKYJISPHOTO YPOBHS) Ha

cucteM 3a cu€T 3TOro 3PQeKra B HACTOSIIEE BPEMs
n3ydaetcs. Hampumep, B psjge paboT moka3aHo, 4TO
HaHOYACTHUIIBI MOTYT OBITh UCIIOJB30BaHbI B KAUECTBE
JI00aBKH TIISE MOBBIIIEHUS PacTBOPUMOCTH
MuHepaibHOoro Macia ¢ HFC—xmamonamu, mpu 3TOoM
VIYYIIAIOTCS BO3BpaT Macjia B KOMIpPECCcop H
SHEPTeTUYECKHE  XapaKTePUCTUKUA  XOJOIUIbHON
cuctrembl (COP yBenmunBaetcs va 10-15%).

Cnegyer TakkKe OTMETUTb, YTO  Ba)KHOH
XapaKTePUCTHKON Uil pa3pabOTKH W ONTUMH3AIHU
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TEXHOJIOTUYECKUX  TEIJI00OMEHHEIX armaparoB, B

KOTOPBIX ~ LUPKYIMPYeT MOTOK  TEMJIOHOCUTENS,
SBISIETCS  BA3KOCTh, IIOCKOJIBKY 3TO  CBOWCTBO
ONpefersieT  3aTpaThl  3HEPTMH HA  NPOKAdKy

TEIUIOHOCUTENIEH M 3HAYUTENBHO  BJIUSET  Ha
3¢ (PEKTHBHOCTH MPOIIECCOB TEIUIOOOMEHA.

Bwmecte C TEM, SKCIICPUMEHTAJIBHBIC
HUCCICTOBaHUA TETIJIOTIPOBOJHOCTH n BA3KOCTH
HaHO(l)J'IIOI/I,HOB, MPOBCIACHHBIC K HacCToOALIEMY

BPEMEHH, BECbMa OrPAaHMYEHBl M PA3HOPEUMBHI, a
npo6IeMOil METOIBI PacuéTa 3THUX CBOUCTB SIBISIETCS
OTCYTCTBHE YHHMBEPCAILHOCTH (OHM MPUMEHUMBI
TOJBKO K  KOHKPETHBIM  TMPWIOKEHHSIM) U
(hH3MYECKOTO CMBICTIA.

B cBsBu ¢ »TEM, 1enpi0 HacTosmeH padoThHI
SIBUITACH KpaTKHi 0630p " AHAITH3
OKCIICPUMEHTAIBHBIX JAHHBIX W METOIOB pacuéra
TETIONPOBOMHOCTH ¥ BSI3KOCTH HAaHOQIIIOWIOB, a
TaKKe 3KCIEePUMEHTAIBHOE HCCIICIOBAHNE CYCIICH3HI
¢ HaHo4YacTHIAMH oKucH amroMuHus (Al,O3).

11. OB30P U AHAJIN3
3KCIIEPUMEHTAJIbHBIX UCCJIEJOBAHUM

B tabmume 1 mnpuBenaeHa wuHopmamus 00
OCHOBHBIX OITy OJIMKOBAaHHBIX HCCIE0BaHNH
TETUIONPOBOAHOCTH  HAaHOQUIIOWIOB C  YacTHLAMHU
Al,O;. B »3tux paborax B KayecTBe 0a30BBIX
XKHUIKOCTEH HCIIONB30BaHbl BOJA W OSTHIICHIIHMKOIb
(umeercst emé€ HECKOJIBKO ITyONMKamni, B KOTOPBIX
KayecTBe  0a30BBIX  JKHJIKOCTEH  HCIIOJIb30BAHbI
MOTOPHOE, KOMIIPECCOPHOE U TpaHc(opMaTopHOe
Macja U TIIMLIEPHH).

Tabéumna 1 — VccinenoBaHus TEIIONPOBOAHOCTH
Harodron 108 ¢ yactunamu Al,O5

* MTK — merox TemIepaTypHsIX kosebanuii, MIIC —
Metop maockoro ciod, HMHH — necranuonapHsIit
Meron Harperod Hutu, HMHKH — HectanumonapHsIit
METOJI KOPOTKOH Harperoil HMTH, 3—® — 3 omera
METO[I.

AHanu3 onmyONMKOBaHHBIX JAaHHBIX MOKA3bIBACT,
YTO TIOJMy9YEHHBIE B HUX PE3yJIbTaThl HE COTIACYIOTCS
MeXIy cOOOW, IpH ATOM HaWOOJIbIIee BIUSHHUE Ha
MPUBEJICHHYI0  TEIUIONPOBOAHOCTh  HAHOGUIIOWIOB
A/ Ag (the A, — TeIIONpOBOTHOCTS HaHO(IIION 1A, A5 —
TEIIONPOBOIHOCTE 0a30BOM JKHIKOCTH) OKa3bIBacT
KOHLICHTPAIsI HAHOYACTHII.

Kpome koHmeHTpamuu, U3 OCHOBHBIX (DaKTOpPOB,
BIMSIIOIMX Ha TEIJIONPOBOJHOCTE HAHO(IIIOW/IOB,
HanOosee BaKHBIMH SIBISIFOTCSl CJICAYIOLIHE: CIIOCO0
MOJTy4eHHs] HAaHO(MIIIOUAA U METOANKA €r0 HOATOTOBKH
K MWCCIICOBAHUSM; pasMep H ¢opMa HCXOIHBIX
HAHOYACTHIL; CTIOCOOHOCTh HAHOYACTHIl 00Pa30BHIBATH
KJIacTephl, pa3Mepbl KJIacTepoB; TemIeparypa |
JIaBJICHNWE,  IOBEPXHOCTHO—AKTHBHBIC  BEIECTBA
(cypaxtanTsl); TUIT U CBOICTBA Oa30BBIX YKHUIKOCTEH;
METOJIKA MPOBEJICHNS SKCIICPUMEHTA 1 €€ aJanTanns
K crienupuke HaHO(IIOUIOB, BIUSHIE KOHBEKTHBHOMN
cocTaBisIoIed 1 d3pQeKra «IeqHoi TpyObD», BIUSHNAC
i dy3rnoHHbIX d(Q(eKTOB, BIMSHHE HWIIYyYCHHS W
Nepen3aydyeHus JUIsi  HAHO(IIIOMIOB Ha OCHOBE
6a30BBIX JKUAKOCTEH, momympo3pauHslix B HWK-
obmact crmekTpa W T.A. AHamu3 3THX (DAKTOPOB
npHBeeH B Hamleil cratbe [1], B KOTOpOii mokasaHo,

YTO, HAlmpuMep, IO BIMSHHUIO  TEMIEpaTyphl
pe3ysnbTaThl  OMYOJNMKOBaHHBIX ~ PaboOT  MpsAMO
MPOTHUBOMOJNOKHBl — YacThb M3 HHUX II0Ka3bIBAaeT

YMCHBIICHUC 3CI)(1)€KT3 BJIMAHHWA HAHOYACTHUI] Ha
TCIJIOMPOBOJIHOCTD 0a30Boi KUIAKOCTU C POCTOM

TEMIIEPATyphl, Apyras YacTh — YBEJIMYEHHE ITOTrO
KonuenTpa Makc. sddekra.
L(HsI YACTHII, qaiiilﬁer:{ " addexr 1/1311:4/[eeTeolfnﬁ B Tabmuie 2 mnpezacrasieHa uH(oOpMamus 06
% ’ Al Ag, Y0 p OCHOBHBIX OMyOJIMKOBaHHBIX HCCIIeIOBAHUIX
Ba3zoBast 5KMIKOCTh — BOJA BSI3KOCTH HAHO(IIIOUIOB.
4 38 9 MTK
4 131 24 MIIC Tabéauna 2 — Omy0IMKOBaHHBIE JAHHBIX 110 BI3KOCTH
4.4 13 33 HMHH HaHO(ITFOU]IOB
43 38 11 HMHH Basopag |11 1 pasmep| Kowu. |Murepsan Make.
55 28 16 MIIC HAaHOYACTHII, [HAHOYAC| TEMIT-YP, [P PeKT,
1-4 11-150 30 HMHH PIAROCTR iy i, % | °C %
10 36-47 29 MIIC or TiO, (25) | 0,5+8 | 2060 | 22
5 11 8 HMHKH oy _
5 11-40 13 HMHH MACITO TiO, (21) 0,0+0,5| 10+90 9
5 60 21 HMHH Boma | TiO,(76) | 135 | 1070 | 240
1 48 4 HMHH Gt
1 80 12 HMHH MaCJ'l(l) CuO (30) | 3+39 | 15+45 400
4 45 13 3o SI/Boma| CuO (29) | 146 | —35+50 | 400
Ba3zoBast JKHAKOCTH — 3THJICHIJIHKOJIb Al,Os (30—
5 38 19 HMHH 288) 1+13 | 20+60 | 400
8 28 41 MIIC Bona Tio, (30-80) 13 20+60 433
5 35 - HMHH Si02 (30-80) 31 | 20+60 | 400
26— HMHH 2
> 6300 30 Al,O, (30) |05, 15| 20-50 | 75
3 20 14 HMHH .
Bona Si0, (12) |0,45+4| 20+50 400
0,5 150 10 HMHH - , ,
1 45 10 3o TiO, (21) | 0,2+3 | 12+55 130
Boma | Al,05;(25) | 0,5+5 | 20+50 850




20+50
20+90

220
260

or Al,O; (25)
OI'/Boga| Al,03(45)
*) 3T — STHICHIIIHKONb

0,5+5
1+10

AHanM3 TOKaszall, 4YTO BS3KOCTb 3aBUCHT OT
TEMIepaTypbl, KOHIICHTpPAaLlWH, pa3Mepa ¥ THIA
HAaHOYACTHIl, a TaK)Ke OT CIHOoco0a TPHUTOTOBICHUS
HaHO(IIOWJOB, OJHAKO KOJIMYECTBCHHBIC OICHKHU
STHX 3aBUCHMOCTEH W3 OITyOJIMKOBAaHHBIX ITaHHBIX
MOJYYHUTh HE yAaiock. Hampumep, mpencTaBieHHBIE
Ha pHUCyHKe 1 maHHBIE O IPUBEACHHOW TMHAMHYCCKON
BA3KOCTH 1/ 1y (THE 7jo— BSI3KOCTH 6a30BOM KUIKOCTH)
JUIL OJHUX W T€X K€ HAaHOQIIOWIOB C OIMHAKOBBIMHU
pa3MepaMu HaHOYACTHI], MOJTyYCHHBIC B paboTax [2] u
[3], oTmuuatotest Mmesxxay coboit B 4-—5 pas.
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Konnenrpanus HaHoyacThi, %

Pucynox 1 — 3asucumocmo npugedeHHou 8s3Kk0cmu
om 06BEMHOU KOHYEHMPAYULU HAHOYACTUY
1 - AlL,O3z-EG (28 nm) [3], 2 — Al,Os—water (28 nm)
[3], 3 - AlL,O3— EG (25 nm) [2], 4 — Al,Oz—water
(25 nm) [2]

[TpoTHBOPEYHBOCTE IKCTIEPUMEHTAIBHBIX
JaHHBIX OO0YyCIIOBJIEHA €CTECTBEHHBIMU TPYAHOCTSIMH
OpPOBENCHUsI  OMBITOB:  HE  YAACTCs  CO3[arh
MOHOUCIIEPCHYI0 HAHOXHAKOCTh, MPAKTHYCCKH HE
KOHTPOJIUPYETCSl  pachpenelieHHe  9acTul[ 110
pasmepam. Kpome TOro, ¢ pocTOM KOHIICHTPAIIHH
YJacCTUIl HAHOXKUJIKOCTb MOXET MCHATH PCOJIOTUIO.

I1l. METObI PACUETA
TEIIJIOIMTPOBOJHOCTH U BA3KOCTH
HAHO®JIIOUI0OB

B HacTosmiee BpeMsi HET HAAEKHOH TEOpUU
OpeICcKa3aHusl  aHOMajbHOM  TEIJIONPOBOJHOCTHU
HaHOXKuAkocre. TeM He MeHee, CyLIECTBYET
HECKOJIBKO TMOJYOMIIMPUICCKUX COOTHOIICHUM JUIIA
pacuera TEIIONPOBOJHOCTH IBYX(a3HBIX CMeECeH.

OTH MOJend MOXXHO YyCIOBHO pa3feNuTh Ha
KJaccnyeckne M IuHaMudeckwe. Kiaccumueckue
MOJICJIM, B OCHOBHOM, Oa3HpyIOTCS Ha pabote

Makcsesuia [4], B koTopoit nonydeno ypasaenue (1)

=kp+2kb+2(kp—kb)¢k 1)
Ky + 2k, —(kp —kpJp

eff

JUISL TEIUIONPOBOJHOCTU CYCHEH3UH C OTHOCHTEIHHO
KPYIHBIMH ~ C(EpUYECKMMH YacTHLAMH TPH  HX
HEOOIBIINX KOHIEHTPALUSX.

YacTHeIM cityyaeM MoAenn MakcBenia sSBIIeTCs
Mmozens 'amunsrona u Kpoccepa [5] mmst cycnensuit ¢
HecepuaeckuMu dactuiiamu. OHE BBenH  (hakTop
(bopMbI N 1715t yaeTa BIUsSHUS HOPMBI HaHOYACTHUII (2)

) _kp+(n—l)kb—(n—1)(kb—kp)¢k. @)
M k(DK + (ke —kp o

Kraccudeckue MOJICTIH BBIBOJISATCS u3
MIPEATIONOKEHUS CIUIOMIHOM Cpensl M BKIIIOYAIOT
TONIBKO ()OPMY YACTHIl U UX OOBEMHYIO JOINIO, TPH
9TOM TpeamnonaraeTcs AudQy3HBIA TepeHoc Tera B
obenx Jkuakoi u TBepaod  ¢dasax. Passurme
JUHAMUYECKUX MOJeNed LU0 1Mo myTh y4yéra |

JIPYTUX BO3MOXHBIX d(P(DEeKTOB, B TOM YHCIE
6pOyHOBCKOFO JBMKCHUA HAHOYACTHUL], TCPMUYECCKOTO
CONPOTHUBIICHHS MexdazHOro cIos,
TEIUIONPOBOIHOCTH caMux HAHOYACTHII,
KJIaCTepU3aLiy HAHOYACTHII U T.]I.

CymecTByromme MeToIbl pacuéra BS3KOCTH
HaHO(IIOUIOB  0asUpyIOTCS, B  OCHOBHOM, Ha

Moudukanmax mogenu DiHinTelHa [6], B KOoTOpO#
JUIL  BSIBKOCTH  HaHOQUIIOMZIOB €O  c(hepHUueCKUMHU
TBEPABIMA JaCTHLIAMH HCTIONB30BAHbI
(heHOMEHOJIOTHUECKHE YPAaBHEHHsI THAPOAMHAMUKHU C
y4€TOM BIUSIHUSL YaCTHL[ Ha THUAPOAWHAMUYECKOE
T10JIe CKOPOCTH HeCyllel )KUAKOCTU U, KaK CIIE/ICTBHE,
Ha TEH30p HampspKeHUi U koaddunmeHt Bsazkoctu (3)

Nnt =T|f[1+(5/2)‘|)n]’ (3)

/i€ 7)s— BSI3KOCTH 0a30BOM JXUJIKOCTH, ( — 00BEMHAS
KOHIIEHTpAIUs AUCTIEPCHBIX YaCTHII.

DTO ypaBHEHHE TONYyYEHO Ui OECKOHEYHO
pa30aBieHHOTO pacTBopa, COJIEpIKAIIETO
chepuueckue He B3aUMOJICHCTBYIOIINE MEXAY cOO0i
gactunpl. [locmenyromue SKCIIEpUMEHTHI TTOKa3aly,
aro (popmya (3) cripaBeuiiBa b npu ¢ < 107,

[MpuHTMMIAANEHEIM  (AaKTOM SBISETCS TO, YTO
Teopuss OWHINTElHA HE ONUCHIBA€T IMOBEACHUE
3¢ (GEeKTUBHON BS3KOCTH HAHOXKUIKOCTEH daxe MpH
MaJIbIX KOHI[CHTpAlMsAX HaHoyacTull. Ilpu HU3KHUX
KOHIIEHTPAIMSIX HAHOYACTHUI KOI(P(HUIIMEHT BAKOCTH
c1abo 3aBUCHUT OT pasMepa yactuil. OgHaKo, ¢ pOCTOM

KOHIIEHTPAIIH k03¢ dunyeHT BA3KOCTH
HaHOXKHAKOCTEHl ¢ Oojee MENKMMH YacTHLAMH
OKa3bIBa€TCS  CYIIECTBEHHO  BBINIE, YeM Yy

HAHOCYCHEH3UH ¢ KPYIMHBIMHU YaCTULAMH.

Ilo3nHee mnpennpUHUMATNCh MHOTOUYUCICHHBIE
TIONIBITKK 000OIINTh Teopuio DHHINTEHHA Ha ciydai
Oosiee BBICOKMX KOHIEHTpAaUMi HAHOYACTHI. OTH
paboOTBl MOXXHO TIIO/IPAa3JeNUTh Ha TPH Tpymnnbel. B
nepBoil W3 HHUX THIPOAMHAMHUYECKUMH METOAaMU
OTIPENICIISIINCh TIOTIPAaBKM K TOJISIM  CKOPOCTEH |
JnaBieHU  0a30BOW  JKMAKOCTH, OOYCIIOBIICHHBIE
B3aUMOBIIMSIHUEM JAMCIIEPCHBIX 4acTul. Bo BTOpoOi
rpynne padboT 3QPeKTUBHBIN KOIDOHUIIMEHT BAZKOCTH
HaHO(ITIONIOB OTIpeIeIsIICS METOAaMHU
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HEPaBHOBECHOU CTaTUCTHUYECKOU MEXaHUKH.
HakoHen, x Tperbeil rpymie OTHOcATCS paOoThl, B
KOTOPBIX IOJII CKOPOCTEH U JaBIECHUN MOAETUPYIOTCS
HEKOTOPBIMH CTOXAaCTHYECKUMH 3aKOHaMH. Bo Bcex
MIEPEUUCICHHBIX TEOPHAX MOTYyYaroTCs COOTHOLICHUS
Buna (4)

2

Mnf :T]f(l+2|5(Pn +kH‘Pn)' (4)
CoOTHOLIEHHS TakKoro BHUOA TIO3BOJIMIIN

HCECKOJIBKO pacminpuTh JAHaIIa3oH OIIMCaHUuA

SKCTIEPUMEHTAIIBHBIX JAaHHBIX (6] BS3BKOCTH

HaHOQJIIOMIOB, NPU 3TOM Jy4IIHe Pe3yJbTaThl AaéT
ypaBHeHue beruemopa [7], yuuThIBaromiee Kak
THAPOJMHAMUYECKUH d(Qdekr, Tak u  ddekr,
CBSI3aHHBIH C OpPOYHOBCKHM JBM)KCHHEM IKECTKUX
chepuueckux HaHouacTHil (5)

nor =n¢ L+ 250, +6,203). ®)

BMmecte ¢ TeM, 3TM MOJAEIM HE IO3BOJISIOT
MOJYYHTh MpPHUEMJIEMbIC pe3yJbTaThl. Tak pacyér
Bs3KOCTH i cucTeMbl Boaa/Al,O; U sKcriepuMeHT
npu  00BEMHOM KOHLEHTpAaLUWH HaHOYacTHLl 5%
OTJIMYAIOTCSI MEXKTy COOOM B HECKOJIBKO pa3.

1IV. 9dKCIIEPUMEHTAJIbBHOE
HUCCIEJOBAHHUE TEIIOINPOBOJHOCTH U
BA3KOCTHU HAHO®JIONJOB

HCCIICIOBaHUA  ObLIa
CHUCTEMa U3OMPOIWIOBBIA  CHHPT —
HaHOYACTHIIBI Al,Os. HccaenoBanue
TETJIONPOBOJHOCTH MIPOBOIUIIOCH JIBYMSI
HE3aBUCHUMBIMU  METOJaMH CTAIlMOHAPHBIM U
HECTAIlMOHAPHBIM  METOJaMU  HarpeTod  HHTH.
Meronuka  U3MEpPEeHMHM — TEIUIONPOBOJHOCTH U
HEKOTOpBIC SKCIIEPUMEHTAIILHBIE pe3yabTaThl
npuBeieHbl Hamu B pabote [1]. CTalMoHapHBIi METO
HarpeToll HHTH, KaK TIOKa3ajl aHaju3, IO03BOJSIET
mony4yatb Haa&KHBIE JaHHBIE IS KHIKOCTEH
cTabMIIBHOTO BO BpeMeHH cocTaBa. OmHaKo, s
HaHO(IFOWIIOB KITIOYEBOW MPoOIEeMoil ocTaercs uX
YCTOHYHUBOCTE. Knacrepusanus CIOCOOCTBYET
O0BEIMHEHUIO HAHOYACTHUI] M UX BBHIMAJCHUIO B
0CaJIOK, YTO TPHUBOJUT K BPEMEHHOMY HW3MEHEHUIO
KOHIIEHTpAaIUU HAHOYACTHI] " JIMHAMUKE
Tero(hU3NYECKUX CBOMCTB HaHO(IIIOUIOB. B cBsizu ¢
9TUM, OOJIBIIAsI YaCTh U3MEPEHUHN TEIIONMPOBOTHOCTH
MONydeHa C TMOMOINBI0 HECTAI[MOHAPHOTO MEeToja
HArpeTol HHUTH, KOTOPBIH 00Namaer JOCTaTOYHOU
TOYHOCTBIO W YPE3BBIUANHO SKCHPECCHBEH (IPOIECC
HU3MEPEHUs 3aHUMAeT He 0oJiee HECKOIBKUX CEKYH]T).

Bsizkocth Hu3Mepsiach c TIOMOIBIO
KaIMWULIPHBIX BHCKO3UMETPOB C «BUCSIYHAM) YPOBHEM
[8]. TIpu BBIGOpPE OOBEKTOB HCCIIEAOBAHUS BSI3KOCTH
ObUTM  CHOPMYJIMPOBAHBI  CIEAYIONINE OCHOBHBIC
3a/1a4u:

— HCCIEeNOBaTh BSI3KOCTh MOJEIBHOW CHCTEMBI
M30TIPOTIMIIOBBIA CITUPT (M30TIPOIIAHOI)/HAHOYACTHIIBI
Al,O3 ipy pasIMYHBIX KOHIEHTPAIMAX HAHOYACTHI] U

OOBEKTOM
MoJenbHas

BEIOpaHa

TeMIlepaTypax Juisl ONpENeNICHHUs] BIMSHHA OTHX
(haxTOpOB Ha SPPEKTUBHYIO BSI3KOCTD;

— MICCJIEIOBATH BIMSIHNE T0OABKYM HAHOYACTHI HA
BA3KOCTh ~ TEXHWYECKH  BAKHOM  JKUIKOCTH  —
XOJIOIMIIBHOTO KOMITPECCOPHOTO Maca.

Bropast 3agmaga cBszaHa Cc TeMm, 4TO J00aBKa
HAHOYACTHI, KaK CIEIyeT W3 OMyOJMKOBaHHBIX B
MOCJIeTHIE TOABI paboT, o0ecTIednBaeT OnpeaeIEHHbIC
NperMYyIIEecTBA HAHOQUIIOWIOB 10 CPAaBHEHUIO C
TPaAUIOHHBIMU pabounmMu BEIIECTBAMHU
XOJIOJUIIBHBIX MaIIHH.

Crnenyer OoTMETHTh, YTO JOOAaBKAa HAHOYACTHUIl B
XOJIOJMJIbHBIE KOMITPECCOPHBIE Macia CYIIECTBEHHO
YBEJIMYMBAIOT WX BSI3KOCTh, OJHAKO IPHCYTCTBHE
cypdpaktanta (poib KOTOPOTO MOXKET HIrpaTh
W30TIPOIIAHON)  O0ECIeYrBaeT  MPOTHBOIOJIOKHBIN
apdexr. Takum oOpasoMm, PemieHne mocTtaBIeHHBIX
3aJad MOTPeOOBalO TaKXKe M3MEPEHUs BSA3KOCTH
0a3oBbIX kmakocTeli — m3ompomanHonma  (HC),
XOJIOAMIBHOTO KoMmpeccopHoro Macina (XM) u
MacJI0—H30MPOINAHOIOBBIX CMECEH.

Pe3ynbrarel m3MepeHM TEMJIONPOBOJHOCTH H
BSI3KOCTH INTPECTABIICHBI HA PUCYHKaX 2 U 3.
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Pucynok 2 — 3asucumocmo menionpogooHocmu om
memnepamypol
1 - HC (cnpasounvie oannvie), 2 — UC,
3-HUC +1,19% Al,03, 4 — UC +2,64%

Basocts, Mm?/c

Temneparypa, °C

Pucynok 3 — 3asucumocmu 6s3xocmu om
memnepamypul.:
1- XM/HC/A|203 (X1=8,8%; X2=2,2%); 2- XM; 3-
XM/HC/A|203 (X1:9,4%; Xzzl,l%);
4 — XM/HUC (x=5,6%); 5 — XM/UC (x=19,5%), 6 — UC

AHanu3 TOMY4YEHHBIX MOAHHBIX II0Ka3aja, 4TO
Jn00aBka HAHOYACTHUI] CYIIECTBEHHO YBEIMYHBACT
BSI3KOCTh JKHJIKOCTH, a IPUCYTCTBHE cyp(dakTaHTa
(posib KOTOPOTO B HAIMIMX OMBITAX C XOJOIMIHHBIM

4



KOMIIPECCOPHBIM ~ MacjioM  Wrpal  MaJOBS3KHH
M30IIpOINIaHoN)  o0ecrieuynBaeT  MPOTHUBOIOJIOKHBIN
3¢ exr. PesynbraTh U3MEepeHnit BSI3KOCTH
KOMIIPECCOPHOTO Macjla W CMeceil 3Toro macia ¢
H30TIPOIIAaHOIIOM " HAaHOYAaCTHLIAMHA Al,O3,
IpeacTaBlIeHHbIe Ha pHC. 3, WUIIOCTPUPYIOT 3TO
3aKIIFOYCHUE. Taxum obpazom, moo0pas
COOTHOLICHHE  KOHLCHTPAUWA  HAHOYACTULI U
cypdakranra MOYHO «OTPETYJINPOBATH
CTaH/JApTHYI0  BS3KOCTH W  HMHIEGKC  BSI3KOCTH
XOJIOTUIIBHOTO KOMITPECCOPHOT0 Macia B
HEO0OXONMBIX TIpeJiernax.

V. AHAJIU3 U OBPABOTKA PE3YJIbTATOB
N3MEPEHUU

DKcnepuMeHTaNbHbIE JTAaHHBIE CUCTEMBI
nzorponmioBblit ciupt — Al,O3 Obutn 00padoTaHbl B
BHUJIC 3aBUCHMOCTH MPHUBEACHHOI TEILIONPOBOIHOCTH
Julg OT TEMIIEPATYphl U KOHIECHTPAIIUU HAHOYACTHIL

(6)
b 1y =1+ (336102 +5,0-107 -t x (6)
OTKIOHEHHSI BCEX pPE3YNLTATOB H3MEPEHUH,

BKJIIOYass 0a30BYIO JKUIKOCTh U HaHOQIIOWABI, HE
npesbimarT 1,5%.

IIpoBeneHo Takke CpaBHEHHE pPe3yJIbTAaTOB
U3MEPEHUIl TeMJIOMPOBOJHOCTH C pPacyeToM 0
KJIACCHYECKOH  MoJenu MakcBemra uw  ee

mogupukanusamu  'ammnerona u  Kpoccepa  mms
chepryecknx M IUIMHAPHYECKUX HAHOYACTHI. OTO
CpaBHEHUsI IpeacTaBiIeHO Ha pucyHke 4. Kak BuIHO
u3  9toro  rpaduka,  JIydmiee — COBIAJICHHE
9KCIIEPUMEHTAIBHBIX JAaHHBIX HMMEET MECTO MpH
pacuere mo MoxaemsiM MaxkcBemia u ['amMuipToHa —
Kpoccepa amst iunnHAPHYECKUX HAHOYACTHII.
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KoHIeHTpaLs, ;u
Pucynok 4 — Cpasnenue sxcnepumenmanbHuix
OaHHbBIX HO MENLONPOBOOHOCIU C PACUEMOM 015
Pa3IUHbIX MOOENEl.

1 — oxenepumenm npu 40 °C, 2 u 3 — pacuem no
modenam Maxceena u F'amuromona — Kpoccepa ons
YunuHOpu4ecKux Hanowacmuy, 4 u 5 — pacuem no
modenu I'amunvmona — Kpoccepa ons cgpepuueckux
HaHowacmuy.

AHanu3 pe3ylbTaTOB H3MEPEHUH  BSI3KOCTH

cucteMbl u3onponuioBblid cnupt — Al,O3 mokasai,
yro 3ddekT BIMAHMSA HAHOYACTHL[ Ha BS3KOCTh
3aBUCHT OT TEMIIEpaTypbl. BO3MOXHO, ¢ yBelTnUeHHEM
TEMIIEpaTypbl M TOABIKHOCTH MOJEKYN KIAaCTEphl
HAHOYACTHUIl HAYWHAIOT PACHAJaThCS, YTO U NPUBOANUT
K yMeHbIIeHHIO 3¢ ¢eKkTa BIMSIHAA HAHOYACTHI[ Ha
BSI3KOCTh 0a30BOH JKMAKOCTH. B CBsA3M C 3THM,
SKCIIEpUMEHTANBHBIC JNaHHBIE ObUTH 00paboTaHBI B
BHIC 3aBHCHMOCTH NPHBEICHHON BSI3KOCTH 7)/7)g OT

TEeMIIEpPaTyphbl u 00BEMHOM KOHLIEHTPALUH
HAHOYACTHII X,5 (7)
n/Mo =1+(8,24~10’1 -457.10°° ~t)~ X5 (7)

CpaBHeHHE HKCIEPUMEHTAIBHBIX JaHHBIX U
pe3yNbTaToOB pacyera MO ypaBHEHHIO (2) moKaszalo,
YTO PACXOKACHUS HE MpeBbIatoT 3%.

1V. BBIBO/JbI

[IpoBenenusIit 0030p u aHaIu3
9KCTIEPUMEHTAIBHBIX HCCIE0BaHNI
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TRANSPORT PROPERTIES OF NANOFLUIDS (EXPERIMENT AND CALCULATION
METHODS)

A review and analysis of experimental studies and methods of calculation of thermal
conductivity and viscosity of nanofluids with Al,O3 particles are presented. Analysis of
published data shows that the results are not consistent. The greatest influence on the
thermal conductivity and viscosity of nanofluids make a concentration of the nanoparticles.
In addition to concentration, a major factors influencing the transport properties are the
following: a method of producing nanofluids and the methods of their preparation for the
research; the size and shape of initial nanoparticles; the ability of the nanoparticles to form
clusters with different size; temperature and pressure; surface—active substances
(surfactants); type and properties of the base fluids; the methodology of the experiment and
its adaptation to the specifics of nanofluids. The results of experimental research of thermal
conductivity and viscosity for the model system isopropyl alcohol — Al,O3 nanoparticles at
various nanoparticle concentrations and temperatures are given. Study of thermal
conductivity was carried out by two independent methods — stady-state and transient hot
wire methods. The viscosity was measured with the capillary viscometers. The influence of
nanoparticles additives on the viscosity of refrigeration compressor oil is also studied. The
results of the measurements are presented in the form of simple models.

Keywords: Thermal Conductivity — Viscosity — Nanofluid — Isopropyl alcohol — Al,O3 —
Compressor oil
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