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TEINVIO®I3UKA JUCIIEPCHUX CUCTEM

YK 536.6:537.9:579.69
Jucenxos E.A.", Cmprousxuii O.B.*

1 . . .o Lo .
YHoprnomopcokuil hayionanvruil ynieepcumem imeni [lempa Mozunu, Muxonais,
ealysenkov@ukr.net
Inemumym ximii ucokomonexynaprux cnonyk HAH Ykpainu, Kuis

BB HaHOYACTHHOK CPi0Ja HA CTPYKTYPY Ta PYHKIIOHAJIbHI BJACTUBOCTI
AHTUMIKPOOHUX MOJIMEPHUX HAHOKOMIIO3UTIB HA OCHOBI MOJIIeTUICHOKCUY

Y pobomi 6yno po3pobreno noguil nioxio 0o cunmesy HAHOYACMUHOK cpibaa. Bukopucmo-
8yIOUU Memoou eNeKmpoOHHOI MIKPOCKONii, OughepenyianvHoi cKaHysalvbHoi Karopumempii,
IMREOaHCHOT CneKMpOCKONii ma OucKo-ougy3itHutl MiKpooiono2iunuti Mmemoo 0y10 8UBYEHO
00CNi02CEHO CMPYKMYPY Mad 61ACMUBOCHI AHMUMMIKPOOHUXHAHOKMMNO3UMHUX Mamepianie
Ha OCHOBI NONIeMUIEeHOKCUOY Ma CUHME308AHUX YACMUHOK cpibaa. YV pesynvmami Oyno
OMPUMAHO HAHOYACMUHKU CPIONa i3 cepeOHim po3mipom 6nuszvko 8-10 um. Becmanoeneno, wjo
cmaobinizo0eani HAHOYACMUHKU CPIOAA ICMOMHO BNAUBAIOMb HA OCHOBHI XAPAKMEPUCHUKU
memnepamypHux nepexoois ma eieKmpuiti 61acmueocmi NOJIMepHOi Mampuyi npu 8iOHOCHO
HU3bKUX KOHYenmpayiax HanoHanosurosaua (1-2%). 3aecanvna enexmponpogionicme cucmem
3pocmae Ha 08a NopsoKuU npu esedenti 2 % HanosHiwosaua. Hanoxomnoszummuuii mamepian,
akuti  micmums 2 % HAHOYACMUHOK CpIONA  BUABNAE 3HAYHY AKMUBHICMb  WOOO
Staphylococcusaureus (30na in2idyeanusn 22 mm).

Knrouoei cnosa:nanouacmunku cpiona, noiimepri HAHOKOMNO3UMU, e1eKMpOnpoGioOHicmb,
meniogizuuti Xapaxmepucmuxu, AHMUMIKPOOHI 81aCMUBOCTI.

[ToniMepHI KOMITIO3UTHI MaTepiaiv, HaMOBHEHI YaCTUHKAMM METAJIIB, JeJalll aK-
THBHIIIE BUKOPUCTOBYIOTHCSl y CBITOBIN MpakThili. [IpakTU4He 3aCTOCYBaHHS TaKHUX
MartepialliB MOCTIHHO 3POCTAE, 10 BUKIUKAHO TUM, [0 BOHU MOEAHYIOTh ONTUMAabHI
BJIACTUBOCTI TOJIIMEPIB Ta HEOPTraHiuHUX 4acTUHOK [1, 2]. OcobnuBe Micie cepen
METaJIOMOJIMEPHUX KOMIIO3UTIB 3aiMat0Th MaTepiaiy 13 BKIIOYCHHSIM HAaHOYAaCTUHOK
cpioma (AgNPs). [TokazaHo, 1110 BJIACTUBOCTI HAaHOCPi0JIa BIIPI3HAIOTHCS B1J] BIACTH-
BOCTEH MacUBHOTO MaTepiaiy [3], Ta aHTUMIKPOOHA aKTHUBHICTh OOYMOBJICHA 3 OJIHO-
ro 00Ky BUCOKOIO KOHIIEHTpAIIIE€I0 10HIB Cpibiia, 110 Y PO3YMH 3 HAHOYACTHHOK, 3 1H-
I0T0 — MIPOJIOHTOBAHUM TEPMIHOM TaKOI'O POy BIUIUBY [4].

IHocranoBka 3agaui. /[ BUrOTOBJIEHHA MaTepiajliB HA OCHOBI MOJIIMEPY Ta
HAaHOYACTHUHOK cpi0ia icCHYI0Th 6arato metojiB. Cepej IMX METOIB € MJIa3MOBE Ha-
HECEHHs, 10HHA IMIUIaHTaIlisl, 00poOKa po3ILIaBy, NOIIAPOBOTO HAHECEHHS HA BOJIOK-
HO, JIUTTSI PO3YMHY Ta OPraHIYHO-HEOpraHiyHe riopuane nokpurts tomo [5]. Li me-
TOAM MAIOTh SIK CBOI IEpEBAru, Tak 1 HeAOIIKH. ToMy miadip METOAY BUTOTOBJIEHHS €
CKJIaJIHOIO 33J1a4€l0 1 MOTPeOy€ MOIabIIOTO BUBYEHHS.

Oco0suBYy yBary Takox NPUAULSIIOTE BUOOPY moJiiMepHoi Matpuul. Lleit BuOip
0e3ImocepeIHbO 3aJICKUTh Bl 0aKaHOTO KOMILIEKCY (h13MKO-MEXaHIUHUX Ta (DYHKIII-
OHAJILHUX BJiacTHBOCTEeM Marepiany. Cepen MaTpullb JJiss CTBOPEHHS MOJIMEPHUX
HAaHOKOMITO3UTIB BUKOPUCTOBYIOTh SIK TEPMOIUJIACTHYHI, TaK 1 TEPMOPEAKTUBHI MOJIi-

DOI: 10.18524/0367-1631.2022.60.265598
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Mmepu. [Homerunenokcun (ITEO), cepen iHmmMx 100pe BUBUEHUX MONIMEPIB, € MATPH-
1[e10, KA J100pe MIIXOMATH JUIsl 1HKAICYJIAII] METaJIeBUX HAHOYACTHMHOK, TAaKUX SIK
cpibyo. Y poboTi [6], aBTOpU JOCTIIHKYBAIM HAHOKOMITO3UTH Ha OCHOBI IOJIiETHIIE-
HOKCUJTy Ta HaHOYacTUHOK cpibia (AgNPs), 1li matepianu Oynu po3poOiieH1 sk HOBI
aKTUBHI aHTUMIKPOOH1 Ta aHTUO10TUIIBKOBI MOKpUTTA. Komoinu cpibna Oynu cuHTe-
30BaH1 METOJIOM HAaHOCEKYH/IHOI JIa3epHOi a0l B pO34HHI 3 BAKOPUCTAHHIM Opra-
HIYHOT'O PO3YMHHHUKA, 1100 3a0e3MeYNTH JOBIOTPUBAITY CTaOUIBHICTh HAHOKOJIOIIB 1
XOpOIIly PO3YMHHICTh y mojiMepHoMYy po3uuHi. AgNPs Oynu BKIIOU€Hi B 010po3KJia-
THY TIOJTIMEPHY MaTPHITIO JIJISI BATOTOBJICHHS KOMITO3UTHHX TUTIBOK.

OTxe, MOE€THAHHS MATPUIll MOJIETUICHOKCHIY Ta HAHOYACTUHOK cpibyia y HO-
BOMY Matepiajii € MEepCHeKTUBHUM 1 MOTpeOy€e MOadblIIoro BUBUYEHHS. ToMy METOIO
JaHoi poboTu Oyno po3poOka HOBOTO Marepialy Ha OCHOBI MOJIIETUICHOKCHUIY Ta
HaHOYACTHUHOK Cpi0Jia, a TAKOXK JOCHTIKEHHS HOro (PyHKIIOHAIbHUX BIACTUBOCTEH.

1. ExcnepumenTtanbHa yactuna. [lomietunenokcua (ITEO 1000), HO[-CH,-
CH,-O-],H (n = 22) monexynsapuoi macu M,= 1000, BupoOHuirrea komnanii Aldrich,
O0yB 00panumii nmomimepHoro marpurero. [lpu 7' = 298 K TIEO-1000 € tBepot0 peyo-
BHHOIO 3 IycTHHOIO p = 1070 kr/m’. Temnepatypa miasienns Ty, =~ 34-35 °C.

Hukmiuauii  adrigpun 2-cyiabhobensoitnoi kuciaoru (“Aldrich” >95%), N-
metunimMigaszon (“Aldrich”, 99%), AgNO; (dpapm.) 1 Tpunatpiiiiurpat (C¢HsO;Nas,
(apM.) BUKOPUCTOBYBAIM 0€3 TOAATKOBOI OYHMCTKH; TIIEPPO3Tady>KeHUI amipaTud-
Huil oniroectepnoiion Boltorn®H30 (“Perstorp” Sweden) MM 3500 (ekBiBajieHTHa
MM oniromepy 3a TiIIPOKCHJIBHUMH TPYIIaMH, BH3HA4Y€HA METOIOM AallMIFOBAHHS,
cknagae 117 r/ekB) ouninany HIISXOM MEPEOCAIHKEHHS 3 alleTOHY B €Tep 3 HACTYII-
HOIO CYIIKOIO B BakyyMi (1-3 MM.pT.cT.) mipu Temmeparypi 25-30°C npotsrom 6 rox;
numetmipopmamin (JIMDA) neperansiy npu 3aJIUIIKOBOMY TUCKY 1-3 MM.pT.CT, a
€TaHOJI Ta JIEeTHJIOBUN €Tep BUKOPUCTOBYBAIIA O€3 MEPETOHKH.

CuHTe3 aHIOHHOI MPOTOHHOI OJITOMEPHOI 10HHOI PIJIMHU TINEPPO3raTyKEHOI
6ynosu I'P-([SO;] [HMim'])s, 3aificHroBanu B 1Bi cTafii y BiAMOBiZHOCTI 3 paHime
po3pobiiecHOI0 Hamu MeToaukor [7]. Ha mepmmiii cragii mpoBOIWIM BUYEPITHE
AIMIIIOBAHHS OJIITOECTEPNONIoNy (MICTUTh 32 KiHIIEBl MEPBUHHI T1IPOKCUIIBHI TPYM)
[UKIIYHUM aHriapuaoM 2-cyiabdobensoitnol kucinotu B JJM®PA npu 80-90°C 3 Ha-
CTYITHMUM YaCTKOBUM BHJIAJICHHSIM PO3UYMHHHUKA IPU 3HUKEHOMY THCKY, BHUCAIIKY-
BaHHSIM IMPOJAYKTY PEakKilii B €Tep Ta CYIIKO Bakyymi. Ha npyriii craaii oTpuMaHuii
MPOAYKT peakiiii HedTpaaizyBaii N-METHUIIMIIa30JI0M B €TaHOJI1 32 KIMHATHOI TeM-
nepaTypu 3 HACTYITHUM YaCTKOBHM BHIMAPIOBAHHSM PO3YMHHHUKA, BHCAKyBAaHHSIM
OTPUMAHOI CIIOJIYKH B €Tep, OYMCTKOIO MEPEOCAHKEHHIM 31 CIUPTY B €TE€p Ta CyII-
KOO B BaKyyMi.

Cunte3 HanouyactuHokAg(0) 3aificHioBanu BigHOBJIEHHSM 10HIB Ag(I) B ckmani
AgNO;TpUHATPIAIUTPATOM B PUCYTHOCTI PO3POOICHOr0 HAMHU OJIITOMEPYTINeppo3-
ranyxenoi 6ynosu I'P-([SO;][HMim ])s, sk cTabinizatopa ix mosepxni. Meron cus-
Te3y HAHOYACTHMHOK cpibiia Ta iX cralimizaiis 3a JOMOMOTOI0 TIMeppo3raly>KeHUX
OJIITOMEPIB € HOBUM, TOPIBHSIHO 13 Tpaguiiiianumu migxonamu.Jlo 0,941 r (0,002202
exs) I'P-([SO;] [HMim ]);, B 22 mnt Bou go6asnsmu 0,125 1 (0,000734 exs) AgNOsB
8 mu1 BoaM, mepeminryBasiii cymim 10 XB 3a KIMHATHOI TeMmIepaTypH, 100aBIsUId
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0,731 r (0,002833 exB) CsHsO;Naz; B 30 M1 Bogu Ta nepemimryBanu me 10 xB. ami
TeMIIEparypy po3uuny migHiManu 10 100°C ta K’ sSTuiaM 3i 3BOPOTHUM XOJIOIUIIb-
HukoM | rox. Ilpu 1ipoMy KoJlip po34MHY 3MIHIOBABCS BiJl 3KOBTOTO /10 KOPUYHEBOTO.
Po3unH QinsTpyBaim, Boay BumaproBanu mpu 70-75°C, oTpuMaHuil y BUTJISII KOPH-
YHEBOTO 0Caay MPOAYKT BaKyyMYBaJIU NP 3IUIIKOBOMY TUCKY 1-3 MM.pT.CT. 1 TE€M-
neparypi 75-80°C, mpoMHBaJId €TaHOJIOM Ta CYIIHIH B BakyyMmi (1-3 MM.pT.CT.) mipu
75-80°C. Buxinx nmpoaykry 0,868 1 (85,2%). OTprMaHuii MPOAYKT SBIISE COOOKO KO-
PUYHEBUI TOPOIIOK PO3YMHHUHN Y BOJII TA HEPO3UMHHHUM B OPTaHIYHUX PO3UMHHHKAX.

HanokoMmno3utu Oynu NpUTrOTOBaHI METOJIOM YJIBTPA3BYKOBOTO 3MIIIYBAHHS Y
PO3ILIaBi 3a AOMOMOI0I0 yiabTpa3BykoBoro aucnepraropa ¥3/-A650. Yac aucnepry-
BaHHSI CTAHOBHB 5 XB, NOTYXHIcTh — 150 BT.

CTpyKTypHY Oprasi3alil0 HaHOYaCTHHOK OYyJI0 OTPHUMAaHO 3a JOMOMOIrOI0 Mpo-
CBIUyHOYOro enekTpoHHoro Mikpockomna [IEM-125K y LleHTp1 KOJIEeKTUBHOTO KOPHC-
TyBaHHS HAyKOBUM oOOJajHaHHAM «JlabopaTopis MaTepialo3HABCTBA relioeHepreTH-
YHUX, CCHCOPHUX Ta HAHOCJIEKTPOHHUX CHUCTEM.

JlocmiKeHHsT TeMITepaTypHUX 3aJIeKHOCTEH TEIIOBOIO MOTOKYBUKOHYBAJIU B
cyxiii arMocgepi moBiTps B inTepBaii Temmueparyp Big —70 °C go 200 °C npu mBu-
kocti HarpiBanus 10 °C/xB meTomoMm audepeHIialbHOI CKaHyBaJIbHOI KaJOpHMET-
pii(ZICK) na npunaai DSC-60 Plus (Anonis). AGcontoTHa MOXUOKa BUSHAUYCHHS TEM-
neparypu (a3oBUX Ta pellakcaliiftnux nepexomais cranosuna 0,1 °C.

EnexTpuyHi BIAaCTUBOCTI AOCTIKYBAJIM METOJOM IMIIEJAHCHOI CHEKTPOCKOMII,
peanizoBaHoi Ha 0Oa3i immenaHcMerpa E7-20. YacToTHmil iHTEpBan BUMIPIOBaHHS
ctanoBuB BiJ 10 't ;o 1 MI't. ToBuuHa 3pa3kiB cranoBmia 100 MKM.

AHTUMIKPOOHY aKTHUBHICTh HAHOKOMIIO3UTIB BUBYAJIA METOJIOM Iu(y3ii B arap
Ha TBepAoMy noxuBHOMY cepenoBuill MH (Mromnepa-Xintona). Yamku I[lerpi 3
noxuBHUM cepenoBuiieM MH 3aciBanu 10p L iHOKySTY TecT-MiKpoOpraHizmis S.
aureus Ta E. coli 3 pospaxynky 2:10° KYO/mu. [lonepeHp0 BUrOTOBIICH 3pa3Ky Ha-
HOKOMITO3UTIB 3 HAHOYACTUHKAMU cpibiia po3pizaiu Ha AUCKU AiamerpoM 10 mm Ta
MOMIIAIM  HAa  TOBEPXHIO  MOXKHUBHOTO  CEpENOBHUINA,  3aCiIHOTO  TeCT-
Mikpoopranizmamu. Yamiku iHkyOyBanu 24 roa 3a temneparypu 37 °C. IlokazHukom
AHTUMIKPOOHOI aKTUBHOCTI OyJia HASIBHICTh YITKOT BUTBHOT BiJl MIKPOOPTaHi3MiB 30HH
HABKOJIO JIUCKAa HAHOKOMIIO3UTY 3 HaHOYACTHMHKaMu cpibiia. YuM Oinblla 30Ha Ha-
BKOJIO JTMCKA, TUM BHINA 1HTIOyBajibHA €(EeKTUBHICTH 3pa3ka. KoHTpojeM ciyryBas
JMCK HAaHOKOMITO3UTY 0€3 HaHOYacTHHOK cpibina. Jlocmia moBToproBanu Tpudi. Jloc-
TOBIPHICTbh PE3YJIbTATIB OLIIHIOBAIM 32 f-KputTepieM CTbIOACHTA.

2. PesyabTaTu Ta 00roBopeHHs. [[1s XapakTepUCTUKH OTPUMAHHMX MaTepialliB
Ha OCHOBI MOJIETUJICHOKCUAY Ta HAHOYACTMHOK Cpibjia MPOBOJMIM JIOCHIIKEHHS
CTPYKTYpPHUX OCOOJIMBOCTEH, OCHOBHUX XapaKTEPUCTUKTEMIIEPATyPHUX MEPEXO/IB Ta
CJIEKTPUYHUX BJIACTUBOCTEH, a TAKOK aHTUMIKPOOHOT aKTUBHOCTI.

MiKpOCTPYKTYPHi 0CO0JIMBOCTI HAaHOYACTUHOKCTPIOMa. Ha puc. 1 npusene-
Ha MikpodoTorpadis /uisi HAHOYACTUHOK Cpibiia, M0 31HCHIOBAINA BITHOBJICHHSM 10-
HiB Ag(l) B ckinami AgNO;TpUHATPIAIIUTPATOM Y MPUCYTHOCTI PO3POOJIIEHOTO HAMHU
10HBMICHOTOOJIITOMEPYTINIeppO3raly>keHoi OyJoBH K cTabiimizatopa iX IMOBEPXHI.
MikpodoTorpadis oTpuMaHa 3a JOMOMOI'OI0 MPOCBIYYIOYOTr0 €JIEKTPOHHOT'O MIKpOC-
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Puc. 2.3a71€KHOCTI TEIJIOBOTO MOTOKY Puc. 3. YacTtoTHA 3a7€KHICTH €JIEKTPOIPO-
B1Jl TEMIIEPATyPUHAHOKOMITIO3UTIB Ha OC- BigHoCTI [t cucteM ITIEO-AgNP.
HoBi [IEO, HartoBHEHOTO HAHOYAaCTHHKAMH
cpibina

Koma JyIsl CyXoro ApiOHOJUCIEPCHOTO MOPOIIKY 13 CHHTE€30BaHUX HaHOYacTUHOK. Ha
doTorpadii cnocTepiraloTbCsi poeNnoioHa CTPYKTYypa, 10 CKIANAETHCA 13 HaHOPO3-
MIPHUX YaCTUHOK. BHJIHO, 1110 YACTMHKU MAIOTh CTPYKTYPY THUITY SIpPO-000JIOHKA, e
HAaHOYACTHHKA Cpibjia € siApOM, a OpTraHiuHMi cTabiIi3aTop — 000JIOHKOK. AHAII3
MikpodoTorpadiii okaszas, M0 CEpeaHINA PO3MIP OTPUMAHUX HAHOYACTUHOK CTaHO-
BUTH 8-10 HM.

Oco0smmBocti Temmneparypuux mnepexoaiB y cucremi IIEO-HaHOYaCTHHKH
cpidsia. Ha puc. 2 npeacrasneni faHi 1u@epeHIiaibHOI CKaHYyBaIbHOI KaJIOpUMETPIi
nust cuctem Ha ocHoBi ITEO B TemneparyproMy inTepBati Bix -100 go 100 °C.

JIJ1st BC1X HAHOKOMITO3HTIB Ha 3aJIEKHOCTSIX TEIJIOBOTO MOTOKY B1J TEMIEPATYpH
CIIOCTEPIraeThCs JABa TEMIEPAaTypHUX MEPEXO: CKIyBaHHS Ta IuiaBieHHs. [Ipoiec
PO3CKITyBaHHsI BiIOyBa€ThCs B TeMIieparypHoMy inTepsaii -81 — -76 °C. IureHcuBHi
MaKCHUMyMH B o0Jacti Temmeparyp Bix -10 g0 60 °C BKa3yroTh Ha IUIaBJICHHS KPUC-
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Ta6auusa 1. Temnepatrypu nepexoiB, EHTaNbIIis MJIABJIEHHS Ta CTYIIHb KPUCTAIIYHOC-
TIHAaHOKOMITO3UTIB Ha ocHOBI [TEO.

Hassa T, °C T, °C AH,,, JIx/T Ae» Yo
ITEO -78.2 353 125.2 75.3
ITEO+0,5% AgNP -77.4 34.8 89.2 50.8
ITEO+1% AgNP -76.1 32.1 83.2 47.4
ITEO+2% AgNP -77.7 33.7 86.2 48.5

tamiyHoi (azu [IEO. V Tabn. 1 HaBeieHI OCHOBHI XapaKTEPUCTUKUIPOLIECY ILIaB-
nenHs g [IEO Ta HaHOKOMITO3UTIB Ha TOTO OCHOBI.

3 puc. 2 ta Tabn. 1 BUJIHO, IO HAHOYACTUHKH CpibJia 3HAYHO BIUIMBAIOTH HA Te-
MmIeparypuIuiaBieHss 7, Ta ckiyBaHHATnonimepHoi Matpuni ITIEO. Jlana BigmiH-
HICTb TPOSBIISIETHCS Y TeMIieparypax (a30BHUX Ta pelIaKCalliiHUX TMEePEXO/iB HAHO-
KOMITIO3MTIB, SIKI 3MIHIOIOTHCS 31 30UIBIIEHHSM BMICTY HAllOBHIOBAaua, MPOSBIISIOYH
eKCTpeMasbHy MOBEAIHKY. SIK TeMIiepaTypa IUJIaBJIeHHs, TaK 1 TeMIepaTypa CKIyBaH-
HS CIIOYATKY 3HUKYIOTBCS, TIPU 301JIbIIIEHHI BMICTY HAallOBHIOBAYa Y CUCTEMI.

[Ipu BMICTI HamoBHIOBaya, 10 ckiagae 1 % BiAMOBIAHI TemmepaTypu HaOyBa-
I0Thb CBOrO MiHIManbHOTO 3HaueHHA. [licisa 3poctanHs kuibkocTi AgNP y cucremi
CIIOCTEPITa€ThCS HE3HAYHE ITiIBUILICHHS TEMITepaTyp IJIaBICHHS Ta CKIIyBaHHS.

I3 3a1exHOCTEH TEIUIOBOTO MOTOKY BiJl TeMmmepaTypu OylIo po3paxoBaHO CTy-
MHb KPUCTAIIYHOCTI HAHOKOMMO3UTIB Ha ocHOBI [TEQO, 3a nonomororo piBH. (1) [8]:

Xc:—m: (1)

ne AH,— BuMipsHa eHTaibllis IUaBjieHHs, AH, — eHranbmnis miasieHds 100%
kpucTaniytoro noximepa (s [TEO, AH |, =165,5 Jlx/r [8]).

3HaYeHHS CTYNEHS KPUCTAJIIYHOCTI JJIs AOCHII)KYBAaHUX CUCTEM, PO3PaxOBaHi 3a
piBH. (1), npuBeneni B Tabn. 1. BunHo, 1o BBeJeHHS HAHOYACTUHOK CpiOJia y modi-
MEpHY MaTPULIO, MPU3BOJUTH JO 3HAYHOTr0 3HMWkKEeHHS KpucTtaiaiunocti [TEO.

[Tpn mu3pkomy BMmicTi AgNP (< 1%) HasBHICTb PO3BUHEHOI MOBEPXHI HANOB-
HIOBaya NEPEIIKOKAE MPOLIEcaM TEIJIOBOI0 PyXy MOJIEKYJ MOJIMEPHOI MaTpull 1,
TaKUM YUHOM, BIUJIMBA€ Ha ii OCHOBHI XapaKTePUCTUKUTEMIIEPATYPHUX IMEPEXOiB.
Lle 3HMXKYy€e KPUCTANIYHICTD 1 TEMIIEpATypy IUIaBJIeHHs Npu KoHueHTpaii AgNP 1%,
YTBOPIOETHCSI MEpeXka, MOAIOHA 0 MEPKOJSALIMHOI CITKM BYIJIELIEBUX HAHOTPYOOK
[9]. IIpu BMicTI HamoBHIOBava Oinblie 1% HaHOYACTHMHKU MOYMHAIOTH YTBOPIOBATHU
arperatu (MOXJIMBO, HE 3MOYYIOTHCS MATPHIICIO), IO MPU3BOAUTH IO 3MEHIIEHHS
MOBEPXHI HAIlOBHIOBAUa, SIKa 3/1aTHA B3a€MOJIIATU 3 MAaTPUILICIO.

Enexrpuuni Bnacrusocti cucrem IIEOQ-AgNP. Ockinbku cpiOiao Mae BUCOKY
€JIEKTPOIPOBIAHICTh, HEOOX1THO Oys10 BUBUUTU BIUTMB AZNP Ha enexkTpuyHi BIacTH-
BOCTI HAaHOKOMIO3UTIB Ha ocHOBI [IEO. JIns 11poro BUBYANM 3aJ1€KHICTh €IEKTpUY-
HUX XapakTEPUCTHK MaTepialliB BiJi YACTOTU METOJOM IMIIEIAHCHOI CIEKTPOCKOMII.
Ha puc. 3 npuBeseHi 4aCTOTHI 3aJIEKHOCTI €J€KTPOIPOBIIHOCTI B1Jl BMICTY HAHOYAC-
THHOK cpi0ya y mupokoMy iHTepBam yactot Big 10 I'u go 1 MI'L.

3 puc. 3 BUJHO, 1110 BKa3aHi 3aJI€KHOCTI MalOTh HENlHIMHUX xapakrtep. JlaHi 3a-
JISKHOCTI MOKHA YMOBHO PO3JIJIUTH HA JBI JUISSHKU: 00JIaCTh 3pOCTaHHS €JIEKTPOI-
POBIJTHOCTI Ta 0o0yiacTh 1aTo. Ilepia o6iacTs MOB’A3aHa 13 Tak 3BaHUM «e(eKToM
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OJIOKYBaHHSI €JIEKTPOAY» 1, IO CYTi, € mojisipu3anieo Makcsesmia-Baruepa-Ciapca
(Maxwell-Wagner—Sillarseffect). O6nacTh MiaTO BIAMNOBIIAE E€IEKTPOIPOBITHOCTI,
SKa HE 3aJICKUTH BiJl YACTOTH 1 € €JIEKTPONPOBIIHICTIO TP MOCTIHHOMY CTPYMI — Gc.
3 puc. 3 BUIIHO, 110 MEpeXiJ BiJ MOJSPHU3ALIMHUX €PEeKTIB 10 00JIacTi MOCTIMHOIO
CTPYMY CHOCTEPITA€ThCS MPH pi3HUX yacTtoTaX. [Ipu 11bomy 31 30LIBIICHHSIM BMICTY
HAIMOBHIOBaYa 4acToTa Takoi 3MiHU 3pocTae. Llei edekT nos's3aHuil 31 301JIbIIEHHAM
ILJIOII MiXK(a3HOTO Iapy.

AHaJI3yI0UM 3arajibHUi pIBEHb €JIEKTPOIPOBILAHOCTI MOCTIHHOTO CTPYMY MOX-
Ha KOHCTaTyBaTH, 1110 31 3011blIeHHIM BMicTy AgNP 1eil piens 3pocrtae. [1pu npomy
eJIEKTPOIPOBIHICTh Jocsrae piBHs 10 CM/cM mpu BMIiCTi HamoOBHIOBaYa PiBHOMY
2 %. et edekt mop's3aHUl 31 30UIBIICHHSM BMICTY OUIBII €JIEKTPONPOBIIHUX, Y
MOPIBHSIHHI 13 MOJIMEPHOIO MATPUIICI0, YACTUHOK y cucTeMi. OJIHaK BapTO BIIMITH-
TH, 110 OTPUMAaHUI PIBEHb €JIEKTPOIPOBIIHOCTI € 3HAYHO HHKYUM 32 €JIEKTPOIPOBI-
JHICTH YuCTOro cpibna. lle mosicHIoeThCsl TUM, 110 HAHOYACTUHKH cpibia Oynu cra-
O11130BaH1 HOHHOIO PIJIMHOIO, SIKa, M0 CYTI, € TIIeppo3ratykeHuM nojimepom. Ilori-
MEp CTBOPIOE HABKOJO YACTHHKU OOOJIOHKY, fIKa IMEPEHIKOKAE MPSIMOMY MPOXO-
JLUKEHHIO HOCIIB 3apsy uepe3 4acTHUHKU cpibyia. Tomy mjig MOCHiKyBaHUX HAHOKO-
MITO3UTHHUX CUCTEM 3POCTA€ BILUIUB MOJIAPU3ALIHUX €(DEKTIB, a piBEHb €JIEKTPOIPO-
BIIHOCTI1 € 3HAYHO HUKYUM 3a cpibJI0.

Iurioyroui BiaacruBocti cucrem INEO-nanocpibsmo. [IpuponHe moxoKeHHs
JOCJIIIKYBAaHUX TIOJIIMEPHUX CUCTEM € CBIAYEHHSIM X JIOSJIBHOCTI 10 JOBKULIA 1 J10
OpraHi3Mmy JIIOJMHU 30KpeMa, 110 BIAKPUBAE MIMPOKI NEPCIIEKTUBU 1X 3aCTOCYBAHHS Yy
O10J10T11, MEAUIMHI, PapMaAKOJIOTIT TOIIO. 3 OTJIsAy Ha 1€ ¢l OyJI0 BUBUYMUTH 1HT10Y-
F04l BJACTUBOCTI LIMX MaTepialliB MO0 I'PaM-NO3UTUBHUX Ta IPaM-HETaTUBHUX OaK-
tepii. Hanokommnosutu Ha ocHoBI IIEO Ta HaHOYAaCcTHHOK cpibiia IEMOHCTPYIOTh BU-
COKY aHTHUMIKpOOHY aKTUBHICTh 11010 mtamiB S. aureus Ta E. coli. ITicnsa 24 rox iu-
kyOyBanHs npu 37 °C crocrepirajacs HasBHICTb YHUCTOI 30HM HABKOJO KOHTYpIB
TUTIBOK, IO BKa3ye Ha 1HT1OyBaHHS POCTY MIKpoopraHi3miB (puc. 4 i T1abmn. 2).

BcranoBneHo, 1m0 aHTUMIKpOOHA aKTUBHICTH CPiOJIOBMICHUXHAHOKOMITO3UTIB
3aJIeKUTh BiJ] BMICTY HAHOYACTUHOK. Tak njist cuctemu, sika Mictuth 0.5 % HaHOCpi-
0Jia He crocTepiraeThes 1HTIOIIA MikpoopraHi3miB. Takuii edexT nos'si3anuii 13 He-
JIOCTaTHBHOIO KUIBKICTIO HAMOBHIOBaYa y cuctemi. Jljig marepiainiB, ki MIcTATh 1 % 1
outbiie AgNP raibMyeThes piCT yCixX JOCTIKYBaHUX OaKTEpIu.

Tabauusa 2. 3HadyeHHs aiameTpisB (y MM) 30H 3aTPUMKH POCTY MIKPOOPraHi3MiB (30H
1Hr1011111) y cepenopuii Mrosiepa-X1HTOHA.

Hazssa

Staphylococcusaureus
(3010THCTHI CTa(ITOKOK)

Escherichiacoli
(KUIIIKOBA MAJIMYKA)

275 (0.5% AgNP)

20+ 2

13 £1

287 (1.0% AgNP)
416 (1.5% AgNP) 20 + 1 16= 1
414 (2.0% AgNP) 22+ 1 16+ 2

Sk 1 odiKyBasioCs, HAUBUIILY AHTUMIKPOOHY aKTUBHICTh MTPOSIBIISIIOTH 3pa3KH, SIKi

MICTATh 2 % HaHocpiOna. [{s mporo 3pa3ka xapakTepHa 30Ha 1HTIO01IIT A1 OaKkTepiid
30JI0TUCTOTO CTA(PIIOKOKY CTAHOBHUTH 22 MM, IO € AYyXe€ OMU3bKUM 10 €(EeKTy aHTHU-
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Puc. 4. AuTUMiKpoOHA aKTUBHICTH CPiOIOBMICHUXHAHOKOMITO3UTiB, Ha 0cHOBI1 [TEO 110-
no mramiB S. aureus (a) Ta E. coli (0).

6ioTukiB. OTpUMaHe 3HAYCHHS aHTUMIKPOOHOI aKTUBHOCTI JIs S. aureus BUSBUIUCS
3HaYHO BUIIMMHM 32 3HAYCHHS, OTpUMaHi aBTopamMu poOoTu [10] ans MOKpUTTIB Ha
OCHOBI TMOJIIETHJICHOKCH]TY Ta HAHOYACTUHOK Ccpibiyia. Y BkazaHii poOOTi 30Ha 1HT101-
11i pu HanoBHEHHI 2,5 % HaHOYACTHHOK cpibia cTaHoBuiIa 16 MM.

BucnoBku. Y naniii po6oTi Oysi0 3alpONOHOBAHO HOBUW MIJXiJ JO CHUHTE3Y
cTab11130BaHUX HAHOYACTHUHOK Cpibiia Ta JOCTIIKEHO (DYHKIIIOHAIBHI BIACTUBOCTI
AHTUMIKPOOHUX MOJIMEPHUX HAHOKOMITO3UTHUX MaTepiaiiB Ha OCHOBI MOJIE€TUICHO-
Kcuay. BUKOpHCTOBYIOUM HOBHM MiIX1T I CHHTE3Y OYJI0 OTPMMaHO HaHOYACTHHKHU
cpibia i3 cepemaHiM po3mipom 61m3pKko 8-10 HM. OTpuMaHi HAHOYACTUHKH TIPE/ICTaB-
JSI0Th CO00I0 00’ €KTH THUITY «Iap0-00010HKa». BeTaHoBIeHo, Mo cTabimi3oBaHi Ha-
HOYACTHUHKY Cpi0ja CyTTEBO BILIMBAIOTH HA OCHOBHI XapaKTEPUCTUKUTEMIIEPATYPHHIX
MEPEXO/IiB Ta €JIEKTPUYHI BJIACTHBOCTI MOJIMEPHOI MATPHIIl MPHU BIJHOCHO HU3BKUX
KOHIIEHTpAllIAX HaHOHamoBHIOBa4a (~ 1-2%). IIpu oMy TemmepaTypu ¢Ga3zoBux Ta
penaKcaliiHuX MepPexXoiB, a TAKOX CTYIIHb KPUCTAIIYHOCTI MOJIMEPHOI MaTpHIIll
MPOSIBIISIIOTH €KCTPEMANIbHY MOBEAIHKY 31 301JIbIIIEHHAM BMICTY HAIIOBHIOBAaYa y CHC-
temi. [lokazaHo, 0 €JIEKTPOIPOBIIHICTh JOCTIKYBAHUX CHUCTEM 3pPOCTa€ 31 3poc-
TaHHSM BMICTY HAaHOYACTUHOK y cucteMi. [Ipu BMicTy 2 % HamoBHIOBaya €JIeKTpOI-
POBIJIHICTh JIOCATA€E PIBHS 10 Cm/em. Hanokxommosut, sxkuii MicTuTh 2 % HaHOYac-
TUHOK cpi0Jjia BUSBIISIE 3HAYHY aKTUBHICTH 110/10 Staphylococcusaureus (30Ha iHT10y-
BaHHs 22 MM). Po3poOieni MaTepianu 3 nmokpameHuMu GyHKIIOHATbHUMU XapaKTe-
PUCTUKAMH B MalOyTHROMY MOKYTh OYTH BUKOPHCTaHI K aHTUMIKPOOHI TIOKPHTTSI,
aHTUMIKPOOHI IUTIBKH Ta KPEMH, a TaKOX OyiBelbHI BUPOOH 3 HEOOXiAHUMH (HYHK-
IIOHATPHUMH XapaKTEPUCTUKAMHU Ta aHTUMIKPOOHOIO (PYHKITIETO.

JlitepaTtypa:

14



dizuka aepoaucnepcHux cucrem. — 2022, — Ne 60. — C.8-16

l.

Wan J., Fan B., Thang S.H.Sonochemical preparation of polymer—metal nanocompo-
sites with catalytic and plasmonic properties // Nanoscale Adv. —2021. — Vol. 3. — P.
3306-3315.

Giliopoulos D., Zamboulis A., Giannakoudakis D., Bikiaris D., Triantafyllidis K. Poly-
mer/Metal Organic Framework (MOF) Nanocomposites for Biomedical Applications //
Molecules. —2020. — Vol. 25, Ne 1. — P. 185.

Olmos D., Gonzdlez-Benito J. Polymeric Materials with Antibacterial Activity: A Re-
view // Polymers (Basel). — 2021. — Vol. 13, No 4. — P. 613.

Polivkova M., Hubdcek T., Staszek M., Svorcik V., Siegel J. Antimicrobial Treatment of
Polymeric Medical Devices by Silver Nanomaterials and Related Technology // Int. J.
Mol. Sci. —2017. - Vol. 18. - P. 419.

. Jokar M., Loeschner K., Nafchi A.M. Modeling of Silver Migration from Polyethylene

Nanocomposite Package Response Surface Methodology // International Journal of
Food Engineering. —2016. — Vol. 2, Ne 2. — P. 96-102.

Sportelli  M.C., Izzi M., Volpe A, Clemente M., Picca RA.,
Ancona A., Cioffi N. Novel polyethylene oxide coatings implementing ultra-stable laser-
ablated silver nanoparticles // Applied Surface Science. — 2020. —Vol. 507. — P. 145-
156.

Shevchenko V.V., Stryutsky A.V., Klymenko N.S. et. al. Protic and aprotic anionic oligo-
meric ionic liquids // Polymer. — 2014. — Vol. 55, Ne 16. — P. 3349-3359.

Lysenkov E.A., Klepko V.V., Golovanets V.M., Demchenko V.L. Electric field effect on
the percolative behavior of systems based on polyethylene glycol and carbon nanotubes
// Ukrainian Journal of Physics. —2014. — Vol. 59, Ne 9. — P. 906-914.

Lysenkov E.A., Klepko VV, Lysenkova I.P. Features of Microstructure and Percolation
Behavior of Polypropylene Glycol, Filled by Multiwalled Carbon Nanotubes // Journal
of Nano- and Electronic Physics. — 2017. — Vol. 9, Ne 5. — P. 05021.

10. Rujitanaroj P., Pimpha N., Supaphol P. Preparation of Ultrafine Poly (ethylene oxide) /

Poly (ethylene glycol) Fibers Containing Silver Nanoparticles as Antibacterial Coating
// 2nd IEEE International Conference on Nano/Micro Engineered and Molecular Sys-
tems. — 2007. — 1065-1070.

15



dizuka aepoaucnepcHux cucrem. — 2022, — Ne 60. — C.8-16

Lysenkov E.A., Stryutsky O.V.

The effect of silver nanoparticles on the structure and functional properties of

16

antimicrobial polymer nanocomposites based on polyethylene oxide

SUMMARY

The presence of antibacterial materials in biomedicine and related fields of science and
technology has become essential. Excellent antibacterial activity and low cytotoxic potential
of silver nanoparticles generally depend not only on their size, but also on the distribution in
matrix media. The development of stabilized polymer-silver nanocomposites containing nano-
particles is considered to be one of the most promising solutions. We developed a new ap-
proach to the synthesis of silver nanoparticles. The structure and properties of antimicrobial
nanocomposite materials based on polyethylene oxide and synthesized silver particles were
studied using the methods of electron microscopy, differential scanning calorimetry, imped-
ance spectroscopy and disk-diffusion microbiological method. As a result, silver nanopar-
ticles with an average size of about 8-10 nm were obtained. It was established that stabilized
silver nanoparticles significantly affect the thermophysical and electrical properties of the po-
lymer matrix at relatively low concentrations of the nanofiller (1-2%). The total electrical
conductivity of the systems increases by two orders of magnitude when 2% filler is added.
Nanocomposite material containing 2% of silver nanoparticles shows significant activity
against Staphylococcus aureus (inhibition zone 22 mm). The novel aproach for synthesis of
stabilized silver nanoparticles open a new window of possibilities in the development of new
antimicrobial materials, based on various polymer matrix: from thermoplastic to elastic. The
developed materials with improved functional characteristics in the future can be used as an-
timicrobial coatings, antimicrobial films and creams, as well as construction products with
the necessary functional characteristics and antimicrobial function.

Keywords: silver nanoparticles, polymer nanocomposites, electrical conductivity, thermo-
physical properties, antimicrobial properties.
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Properties and behavior of nanoparticles

The methods of obtaining nanomaterials have been described, and the conditions for the
formation of nanoparticles of a given size have been assessed. It has been shown that the sur-
face energy of the nano-sized particles, due to a large portion of surface atoms, is significant-
ly greater than the surface energy of the microparticles resulting in the non-equilibrium state
of the former with the possibility to self-organize forming, in particular, strong and wear-
resistant cladding films from the metallic nanoparticles on the friction surfaces. To explain
the interaction of the nanoparticles, which are at the boundary of the quantum and classical
states, with the environment, the main provisions of quantum mechanics have been used. The
mutual interaction between the bare nanoparticles and between the nanoparticle and a sur-
face, separated by the environment, has been considered. It has been shown that without the
stabilization with surfactants, metallic nanoparticles will aggregate, in turn, the nature of the
interaction between the nanoparticles with the solid substrates is determined by their dielec-
tric constants. The paper presents an overview of the development of the nanotechnology in-
dustry, indicates the commercial demand for nanomaterials, marks the countries that are
leaders in the production of nanomaterials, and lists the mainelements used for the produc-
tion of metallicnanopowders.

Keywords: production methods,surface energy, non-equilibrium, self-organization, quan-
tum behavior.

Introduction.When the size of the substance changes along the one, two or
three coordinates to the size of a nanometer scale, a new quality, new properties and
characteristics appear [1]. Materials, containing structural elements whose dimen-
sions do not exceed 100 nm in at least one dimension, are classified as nanomaterials.

In 1959, R. F. Feynman, who is considered the founder of nanotechnology,
noted [2], “I am sure that by learning to regulate and control structures at the atomic
level, we will obtain materials with completely unexpected properties and discover
completely unusual effects.” In 1974, the Japanese physicist N. Taniguchi introduced
the term “nanotechnology,” proposing to describe mechanisms with a size smaller
than one micron. Physicists and chemists began to research the methods of obtaining
nanomaterials and their special properties, and the achieved scientific results were
awarded six times with Nobel prizes.

For all nanoparticles, a change in fundamental physical parameters is observed:
a significant decrease in the melting temperature [3], an increase in strength [4] and a
simultaneous increase in strength and ductility [5]. Compared to traditional materials,
nanomaterials are characterized [1] by increased hardness (2...7 times), strength limit
(1.5...8 times) and yield strength (2...3 times).

DOI: 10.18524/0367-1631.2022.60.265983
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When silicon oxide particles with a diameter of 16 nm are applied to the surface,
a superhydrophobic material is formed [6] with high wetting angles (up to 170°) and
a small angle of inclination of the surface to the horizon (<5°). The use of nanomate-
rials in solar cells allows to obtain up to 80% of the energy of sunlight while existing
solar cells can only use 20% [7]. The addition of nanoparticles to liquids improves
thermal conductivity [8] and heat transfer [9].Additive manufacturing (3D printing)
provides new opportunities in the manufacture of ultralight components and machine
parts using nanopowders [10].Significant achievements in optics, electronics and
computer technology are determined by the use of nanoparticles [11]. It i1s assumed
that by the middle of the 21st century, nanotechnology will have been used in all
spheres of human activity.

Problem statement. The work examines the features of the behavior of nano-
particles, determined by their production methods and structure; the mechanism of
interaction between nanoparticles and the environment; the structure of production
and the cost of nanomaterials.

1. Production of nanomaterials. All methods of obtaining nanomaterials can
be conditionally divided into two large groups [1]: “bottom-up,” when nanomaterials
are formed from individual atoms, and “top-down,” which act by cutting off excess
material.

The physical and chemical methods of the first group provide for obtaining ob-
jects from individual atoms through the formation of particle nucleation centres.
High-energy methods (plasma excitation, laser radiation, voltaic arc or thermal expo-
sure [12]) achieve high temperatures and ensure the transition of substances into a ga-
seous state followed by condensation of products. Evaporation and condensation can
occur in a vacuum, in inert gas or reactive gas.

At the heart of these methodsisobtaining a critical nucleus and creating condi-
tions that prevent the growth of the particle, or its removal from the formation zone.
The formation of the nucleus is determined by the energy balance [13]:

1) increase in Gibbs potential of a systemdue to the formation of the surface s of
the nucleus

AG, =c-s, (1)
where o isspecific surface energy;

2) decrease in Gibbs potential of a system for an account of the combination of
molecules into a phase with a lower chemical potential accompanied by the release of
the heat of crystallization

AGV:(HZ—HI)—T(SZ—SI). (2)
Changes in enthalpy and entropy are determined by the formulas [13]
H,-H =—qV, Sz—Slz—qT—V, T=T, —AT, 3)

k
where ¢ is the heat of fusion of a unit volume, V is the nucleus volume, T}, is the tem-
perature of formation of the phase, and AT is the amount of supercooling.
From (2) we get,
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AG, =—qV —. 4)
k
Therefore, the total change in the Gibbs potential due to the fluctuating forma-
tion of the nucleus will be

AT
AG=cs—q—V; (5)

I,
in the case of a spherical nucleus of a radius r, we obtain
AG = 4mr’c — qﬂi . (6)

T, 3
The critical size of the nucleus is determined by the condition d(AG)/dr = 0,
which gives

r, = 22772‘ : (7)

The resulting expression defines the critical nucleus: all nuclei of size r >, are

unstable and disappear, and all nuclei of a radius »>r, will continue to grow, be-

cause their growth process leads to a decrease in energy. We should note that the size
of the critical nucleus decreases with an increase in supercooling AT.

Representative values for most materials are ¢ ~ 0.1 J/m* andg ~ 10° J/m’, then
as follows from formula (7), to create a critical nucleus with a radius 7., = 5-10 nm, it
1s necessary to create a significant supercooling AT ~ (0.1- 0.2)T},, which is 10-20%
of the evaporation temperature of the substance. The created critical nucleus begins to
grow, and by regulating the processes of growth and removal of particles from the
zone of formation, nanoparticles of a given size are obtained[14].

The widespread chemical sol-gel methodis based on the quick introduction of
the second reagent into the heated mixture of the primary reagent. As a result of the
chemical reaction, a saturated solution of the compound is formed; nucleation (the
formation of a nucleus) occurs quickly and nucleus growth begins. The size of the ob-
tained nanoparticles is determined by the competition of the processes of nucleation
and growth of the formed product.

Another method 1s based on the grinding of the material to the nanoscale level as
a result of large deformations. The essence of this method is repeated intense plastic
deformation in different directions, which leads to crushing into nanoelements [5].
For this, mills, hydrodynamic cavitation, conductor explosion, etc. are used.

Therefore, nanoparticles obtained by various methods are not in equilibrium,
which is determined both by the non-equilibrium process of formation and by me-
thods of preventing further growth. In addition, they have excess surface energy, a
significant proportion of surface atoms, and a concentration of defects in the crystal
structure, which determine their special properties and behavior.

2. Properties of nanoparticles.

2.1. The role of the surface. In ordinary macroscopic bodies, we deal in every-
day life, the number of molecules on the surface is much smaller compared to their

19



dizuka aepoaucrepcHux cucrem. — 2022. — Ne 60. — C.17-30

number in the volume. Therefore, all physical properties of macroscopic bodies are
determined by the features in the volume; for nanoparticles, the relative portion of
surface atoms is significant.

Atoms near the surface differ geometrically and physically from the positions
within the crystal, and the composition at the surface layer does not correspond to the
stoichiometric composition of the chemical compound [15]. Therefore, a change in
structure, breaking of translational symmetry, a change in the coordination number,
the appearance of broken (unsaturated) bonds, point defects and dislocations are ob-
served on the surface of crystalline bodies. The mobility of surface atoms and the
ability to adsorb with phases that are in contact with the surface change significantly
[16]. Restoration of the saturated bonds for surface atoms is possible due to the ad-
sorption of atoms from the environment [17].

Thus, when the particle size reduces, the activity of the substance in the solid
state and the speed of physicochemical interaction with the surrounding medium in-
crease sharply due to the riseof the portion of atoms on the surface. The speed of such
interaction is always proportional to the area of the surface.

In addition to the above, the electronic structure changes — donor or acceptor
centres appear near the surface [17]. The presence of surface centrescan lead to the
charging of the surface, which also affects the interaction of nanoparticles with the
environment.

We will evaluate [18] the portion of atoms (molecules) located on the surface of a
spherical particle with a diameter d to the total number of atoms in the volume:

-1
M:thf(d—zé)ﬂ(ﬁfj 5 (8)
V 6 6 6 d

where dis the thickness of the surface layer of aparticle.

The thickness of the surface layer of nanoparticles 6 is determined by 3-4 mono-
layers and has a value of ~ 0.5 nm. Then, for spherical particles of 50, 20 and 10 nm,
the portion of surface atoms is 6%, 15% and 30%, respectively. Therefore, it is im-
possible to explain the behavior of nanoparticles without taking into account the role
of surface atoms. An increase in the share of surface atoms (molecules) leads to the
active interaction of particles located on the surface of a nanoparticle with the envi-
ronment, playing a decisive role in the formation of their unusual physical and me-
chanical properties [19].

A decrease in particle size leads to an increase in the total surface energy and,
hence, to a non-equilibrium state of nanoparticles. Simple calculations [19] show that
when a spherical particle is broken into N small particles while maintaining the same
volume V = Nv, we get

4 R =N ﬂnr3 9)
3 3
where R is the radius of the initial particle and r 1s the radius of the formed particles.

From this, we can find the ratio between the radii
1

r=N 3R (10)
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Since the surface energy is proportional to the surface area, the ratio of the generated
surface energy to the initial one gives

2 2
Y, :N;Z :N(%j : (11)
W, O

and, taking into account (10), we have
2

1
W CN.N3=N3=

E. (12)
r

Thus, the surface energy increases as many times as the particle size reduces,
1.e., when micron-sized particles are replaced by nano-sized ones, the surface energy
increases a thousand times, and the excess surface energy causes their non-
equilibrium state. Hence, the thermodynamics of non-equilibrium processes [20] has
to be applied to explain the behavior of nanoparticles.

Surface atoms form fewer bonds, and therefore their binding energy is lower
compared to atoms in bulk. X-ray and neutron imaging studies of nanocrystalline Pd
established [21] that the density of the substance at the interface is 20-40% less than
the density of ordinary Pd, and the coordination number of an atom is less than the
coordination number of an atom in an ordinary crystal.

The authors [21] measured the diffusion of tin in copper at a temperature of
1000°C and established the ratio between the volume diffusion coefficient D,, and the
boundary diffusion coefficient D:

D,/D,=8-10°. (13)

This ratio increases when the temperature lowers. Therefore, surface atoms have

a significantly higher diffusion coefficient, which greatly speeds up the process of the
embedding of surface atoms of a nanoparticle into the body upon contact.

W

2.2. Quantum-mechanical behavior of nanoparticles. On a dimensional
scale, nanoparticles are on the boundary of the quantum [22] and classical states, and
this metastable and structurally heterogeneous state determines a unique complex of
their physicochemical and mechanical properties. To understand their behavior, it is
necessary to take into account the features that distinguish the behavior of classical
and quantum particles [23]:

1. Heisenberg's uncertainty principle. The accuracy limit for the simultaneous de-
termination of a pair of quantities described by non-commuting operators is limited.
By measuring, for example, the coordinate and momentum of a particle, we get

Ax-AP > h,. (14)
where Ax is the uncertainty (measurement error) of the microparticle's spatial coordi-
nate, APis the uncertainty of the particle's momentum and h is Planck's constant. For
a classical particle, both the coordinate and the momentum can be measured accurate-
ly (within the accuracy of the method).

In addition to coordinate and momentum, non-commuting pairs of operators in-
clude, for example, current and voltage, electric field intensity and magnetic induc-
tion, etc.
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2. Wave-particle duality. The same representative of the microworld exhibits
both wave and particle properties, therefore wave-particle duality is a general feature
of the behavior of a quantum particle. The propagation of a de Broglie wave is asso-
ciated with the movement of the particle.

The de Broglie wavelength A is determined by the values characterizing the par-
ticle

Kzﬁz h . (15)
P 2mkT

where P is the momentum of the particle, h is Planck's constant, m and T are the
mass of the particle and its absolute temperature, respectively.

Estimation of the de Broglie wavelength for an atom at room temperature ac-
cording to equation (15) gives a representative value

A=0.2-0.1nm,
that 1s, the atoms located on the surface of nanoparticles behave like classical par-
ticles, and their motion is described by the equations of classical mechanics.

For electrons in metals, the de Broglie wavelength has a typical value of 1.0 nm.
That 1s, the quantum nature of electron behavior can be exhibited for small particles
or in thin films. For nanoparticles of semimetals (Bi) and semiconductors (ZnSb)
[20], the effective mass of electrons m~0.01m, and energy E~0.1eV, then the value
of the de Broglie wavelength is about 10 nm;that is, the manifestation of quantum ef-
fects for electrons of this type of nanomaterials is significant. For electrons of surface
atoms, this estimate gives

A=5-10nm.
Therefore, in most cases quantum mechanics has to be used to explain the electron
behavior in nanoparticles.
3. Probabilistic nature. Quantum mechanics only predicts the probability of
processes. Thus, the probability of finding a microparticle of mass m in the volume
dV surrounding the point 7at a certain time t is determined by the squared absolute

2, which is found from the Schrodinger steady-state

value of its wave function |l/)(r,t)
equation [22]

W(oy oy &
S R
2m\ ox~ oOy" Oz
here E is the energy of the particle and ., )is the potential energy. Thus, in the

y,Z

] V= Ev;. (16)

quantum world, a particle's movement is characterized not by the trajectory but by the
most probable trajectory.

The structural and electronic properties of surface atoms and molecules, includ-
ing adsorbed ones, are described by the quantum-mechanical method of molecular
orbitals. Molecular orbitals are obtained by linear combinations of atomic wave func-
tions, which are found by solving the Schrodinger equation (16).

In the one-electron approximation, wave functions are found as a sum of radial
and angular components [22]

- Rnl(r) ’ Ylm(e,q)) . (17)

nlm(r,9,¢)
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where Ry are radial functions, Y, g 4)are spherical functions, the type of which

depends on the quantum numbers n and [ and characterizes the electron density dis-
tribution.
The wave function of the system of k electrons Wi » = yis approximated

by the product of kindividual functions (9)
k
\P(Flfz ----- ﬁ():H[ﬂLPnlm;‘ (18)

in such a way, the electron density of the cluster is calculated.

The positions of surface atoms are different due to unsaturated electron bonds
compared to nanoparticle atoms in bulk. Therefore, in the case of the surface of a na-
noparticle, the orbitals can protrude beyond the object and bond with the environ-
ment. Due to the interaction with the environment, the orbitals are deformed and their
energy changes. When the energy of the interacting orbital reaches the Fermi level
[17] (the maximum energy of an electron in metal at T = 0), the electron moves to a
vacancy in the metal zone upon contact.As a result, there is a Coulomb interaction
between the nanoparticle and the metal. Due toattractive forces, configurations with a
strong covalent or ionic bond or a weak van der Waals bond are formed [17].

4. Quantum states. The Schrodinger equation has a solution for the entire varia-
ble range if the eigenvalues of E belong to the discrete spectrum, i.e. a quantum par-
ticle can be in stable states which correspond to discrete energy values. It should be
noted that a classical particle can have an arbitrary energy value not exceeding mc?.

Discrete values also take other physical quantities that characterize a quantum
particle [22] and fundamentally distinguish it from a classical one. The transition of a
quantum particle to other states occurs in a jump. If the external disturbance is not in-
tense enough, the system will not change its state; the state can be changed only if the
disturbance has sufficient intensity.

5. Tunnel effect. The probability of a quantum particle with an energy E to pe-
netrate the region [xq, x,] where the value of the potential energyu ) > E is deter-
mined from the expression

w=D=D,-exp —%xz 2m(u,  —E|-dx|. (19)
ho (x)

As follows from the formula, when E < u, we get w > 0 (a quantum particle has a
chance to pass through the barrier if its energy is less than the maximum potential
energy; for a classical particle in this case w = 0); when E > u, w < 1(for a classical
particle in this case w = 1).

Examples of tunneling are the conductivity of points of the mechanical joint of
conductors covered with a dielectric oxide film, the movement of dislocations in
crystals [17], etc.

Therefore, electron tunneling from nanoparticles during interaction with the en-
vironment is quite probable. When electrons are tunneled from the surface of nano-
particles, an additional Coulomb interaction occurs between the nanoparticle and the
environment accelerating the embedding of nanoparticle atoms [23].
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Indeed, the formation of strong and ductile films on friction pairs has been ob-
served [24] when nanosized powders of Cu, Ag, Bi, In, Sn and Pb are added to lubri-
cants increasing the service life of friction pairs.

3. Self-organization. According to the laws of classical thermodynamics, the
evolution of a physical system should lead to an equilibrium state, which corresponds
to the complete absence of ordering. For an isolated system

dS /dt>0, (20)
and in the equilibrium state, the entropy S reaches a maximum. Therefore, the spon-
taneous formation of an ordered structure is not possible at the macroscopic level in
an isolated system, because this process corresponds to a decrease in entropy [13].

If the system, which was in stable equilibrium, is affected by external factors
that bring it out of this state, then according to Le Chatelier's principle [13], processes
that occur in the system try to counteract changes caused by external action. With
minor deviations from the equilibrium position, according to Onsager's hypothesis
[25],there 1s a linear relationship between the emerging flows/ and driving forces X;

J:ZLkaiXk- (21)

k

However, when the deviation from the equilibrium state increases, as Prigogine
[25] showed, the thermodynamic system loses stability, and then small fluctuations
can lead to self-organization processes — the creation of new spatial and time struc-
tures that do not develop near the equilibrium state.

To describe the processes that occur in such systems, the concept of an open
system is introduced. The change in entropy consists of two components [25]

ds =dS, +dS;, (22)
where dS, < 0 is the increase in entropy in the system due to the ongoing processes,
and dS is the flow of entropy due to the exchange of energy or matter with the envi-

ronment, and this term does not have a definite sign. In such an open system, called
an “active element,” a redistribution of energy between its elements, leading to the
decrease of entropy, is possible:
dS:(dSV +a’SS)<0. (23)

That is, in open thermodynamic systems, transformations with a decrease in en-
tropy can occur, leading to the system ordering due to the tendency of the system to
reduce entropy through self-organization [25] of structures. Self-organization is a
process that results in a new order in an open system that is far from thermodynamic
equilibrium when the transition from chaotic motion and a chaotic state occurs due to
an increase in the magnitude of fluctuations spreading to the entire system.

Self-organization of structures causes [26] the occurrence of self-oscillations,
spatially inhomogeneous structures in physical and chemical processes, etc. Such ex-
amples in hydrodynamics [13] are the structuring of convective flows in cells — Ray-
leigh-Benard convection, and the emergence of symmetric vortex structures during
turbulent flow around bodies — the Karman street.

We will evaluate the excess surface energy of spherical nanoparticles with a size
of 1, = 10 nm in a sample of amassm = 1 g.
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The average density has been taken as p = 4 - 103kg/m’; the volume of a given mass is
V=m/p=25-10" m’.

o 4 - : :
The volume of a nanoparticle is V, =§nr3 =4.2-10" m’ and its surface area is

S =4mr’ =1.26-10" m’.
Since the number of particles isN =V /V, =6-10"°, their total surface area is

S=SN=15 m” and total surface energy is W =oS =7.5 J, where the specific sur-

face energy has a representative value o~ 0.1 J/m®. If such energy is used to lift a
given mass in the gravitational field, the lift will be equal toAh = w/mg = 750 m.

We should note that the specific surface energy increases as the size r of the
spherical particle reduces [27]:

G(I’):G(1+28/I’)_l, (24)
here o is the surface energy value for a flat surface, 0 is the diameter of the molecules
of the substance. For a nanoparticle with a size of 10 nm, we can assume o(r) = o.

Therefore, 1 gram of nanoparticles has a representative value of the total surface
~ 10-100 m* and a characteristic value of excess surface energy ~ 1-10 J.

The very process of nanoparticle formation 1s accompanied by self-organization
processes. Due to the creation of a non-equilibrium state, self-organization first trans-
forms the chaotic movement of atoms (molecules) in the gas phase into an oscillato-
ry-translational movement during the creation of a critical nucleus. After that, self-
organization leads to the formation of a crystal lattice in the nanoparticle itself. Since
the formed nanoparticles have large excess energy, self-organization of the already
formed nanoparticles can occur under appropriate conditions.

For example, when metal nanoparticles are added to the lubricant, high stresses
and temperature gradients are achieved in friction pairs creating significant deviations
from equilibrium. In these positions, nanoparticles are capable to self-organize [28].
This leads to the formation of a strong and wear-resistant cladding film that increases
the service life of friction pairs.

4. Interaction between nanoparticles. Consider
two spherical nanoparticles of equal radius R, sepa-

rated by a distance D and interacting in the medium as D
shown in Fig. 1. The interaction between the particles R >
is mainly determined by the Van der Waals force,

which arises due to the dipole-induced interaction
[29]. Van der Waals forces contribute to the aggrega-
tion or flocculation of particles. For short distances
between particles (whenD < R), the interaction ener-
gy 1s determined by the equation [30]

Fig.1. Interaction between
two bare nanoparticles.

w8 (25)
12D
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where A is the Hamaker constant, which, as a rule, has the order of 10™"° - 102'J and
is a function of the properties of the material and the environment in which the inte-

raction takes place. To estimate the Hamaker constant, an approximate formula is
used [30]

4 g +¢

here k is the Boltzmann constant, T is the absolute temperature, € is the dielectric
constant, and subscripts 1 and 3 refer to the particle and environment, respectively.

The Hamaker constant is an important parameter because its sign determines
whether the interaction is repulsive or attractive, while its magnitude determines the
strength of the interaction. It can be seen from equation (26) that for the case of bare
nanoparticles, the value A always takes a positive sign indicating attraction. There-
fore, bare metallic nanoparticles, which are dispersed in inert nonpolar liquids, will
aggregate and form clusters, which leads to their instability. To prevent the aggrega-
tion of nanoparticles, researchers have developed two methods of increasing the sta-
bility of nanoparticle dispersion: electrostatic repulsion and steric repulsion [29]. Re-
pulsion is usually carried out by the adsorption of surfactants on the surface of nano-
particles.

2
A:im{%_%j; (26)

5. Interaction between nanoparticles and surfaces. In addition to the interac-
tion between particles, the interaction of the nanoparticle with the surrounding body
is important. An example when a spherical nanoparticle of radius R interacts with a
substrate located at a distance D from the nanoparticle, as shown in Fig. 2, is deter-
mined by the formula [30]

CR
W=—— (27)
6D
when D < R. An approximate formula is used to estimate the constant C
C=Spr| B8 |28 (28)
4 g +¢& Jle, +¢g

Subscripts 1, 2, and 3 refer to the particle, surface, and medium, respectively.
We should note that when €, >¢, >¢, or g >¢,>¢,, and when &, >¢, >¢ or
€, >¢ >¢,, the constant Cis always positive,

which leads to the attraction of the nanoparticle
to the surface.

When interacting with a metallic surface
(e, >>1), nanoparticles added to the lubricant

(relative dielectric constant is low €; ~ 2-3) will
be attracted to the metallic surface if ¢ >¢, and
improve its tribological properties, which ex-

plains the effectiveness of nanoparticle additives
in lubricants [19, 30].

Fig.2. Interaction between the nanopar-
ticle and surface.
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However, when ¢, >¢;,>¢, or g, >¢, >¢,(the medium has an intermediate di-

electric constant), the C parameter will always be negative leading to the repulsion of
the nanoparticle from the surface.

Thus, by changing the values of the dielectric constants of the involved mate-
rials and the environment, it is possible to manipulate the sign of C and, hence, the
type of interaction of nanoparticles with contacting surfaces.

6. Production volumes of nanomaterials, their specifics and prices.

6.1. Development of the nanotechnology industry. In 2000, the US Adminis-
tration launched the “National Nanotechnology Initiative.” In the same year, 500 mil-
lion dollars were allocated from the US federal budget, and already in 2015, the US
government increased the funding of scientific research in the field of nanotechnolo-
gy to 3.7 billion dollars. Besides the USA, intensive research and development in the
field of nanotechnology are conducted by Japan, China, Germany and Israel [31].
Fundamental research on the problems of nanotechnology is also conducted in
Ukraine within the framework of the comprehensive program of the National Acad-
emy of Sciences of Ukraine “Nanostructural systems, nanomaterials and nanotech-
nologies.”

According to the calculations of the Lux Research consulting company, in 2012
the volume of the nanotechnology market in the world amounted to 190.3 billion US
dollars and had increased to 569 billion dollars by 2021. The world leaders in the
production of nanomaterials and their implementation are the United States (278.8
USD billion), Europe (147 USD billion) and the Pacific Region (29.4 USD billion,
mainly Japan) [31, 32]. The United States leads by the volume of the commercial
market, the number of publications (about 25,000), and nanotechnology patents (45%
of all relatedones.)

The industry demand for nanoproducts in 2020 (USD billion): manufacturing
industry— 455, nanoelectronics— 390, the pharmaceutical industry— 234, ecology— 130
and transport —91. Unfortunately, the production capacity of nanomaterials can satis-
fy the demand of the industry by only 40%.

6.2. Structure of nanomaterial production. Metal powders and their oxides
are the main type of products on the world market of nanopowders.

In the market of pure metallicnanopowders, the volume of production is as fol-
lows: nickel — 16.5%, copper — 16.5%, iron — 14%, aluminum — 13%, titanium —
13%, zinc — 10%, tungsten — 5% and molybdenum — 5% [31]. Metallicnanopowders
are used to obtain various compounds and for additional charging in powder metal-
lurgy to strengthen parts.

In the product group of metal oxides, 4/5 of the production volume 1s accounted
for by the three most common raw materials: silicon dioxide — silica (Si0O,), alumi-
num oxide — alumina (Al,O3) and titanium dioxide (TiO,). At the same time, silica
occupies more than half of the total production, alumina — 18% and titanium dioxide
— 10%. In addition, the most available oxides are oxides of iron, zinc, cerium, zirco-
nium, copper, magnesium and yttrium.

27



dizuka aepoaucrepcHux cucrem. — 2022. — Ne 60. — C.17-30

Production of nanopowders by particle size: 22% with sizes less than 15 nm,
23% with sizes in the range of 16-30 nm, and 15% with sizes in the range of 31-60
nm. Therefore, more than half of all nanopowders (up to 60%) have a particle size of
less than 60 nm, and about 45% less than 30 nm [32].

6.3. Cost of nanomaterials. Prices for nanomaterials vary and are determined
by the following factors: manufacturers cooperate with specific industries, therefore,
produce nanopowders with different characteristics (fractional composition, shape,
purity, etc.); in the production of nanopowders with controlled properties the impor-
tant indicator which determines the price is the volume of the batch.

The approximate cost of some common nanopowders in US dollars per kilogram
is currently as follows: silicon dioxide — 60, iron oxide — 60, titanium dioxide — 70,
zinc oxide — 75, barium oxide — 80, aluminum oxide — 95, cerium oxide — 150, zirco-
nium oxide — 500, silver oxide — 1000 and indium tin oxide — 1500 [31, 32]. It should
be noted that the high cost of nanopowders of zirconium oxide, silver oxide and in-
dium tin oxide is determined by the high cost of raw materials and small production
volumes.

The cost of manufacturers may differ from the specified by 25-50% and de-
pends, in particular, on the size of the order and transport costs during delivery to the
consumer.

The authors express their sincere gratitude to Professor V. Kalinchak and Pro-
fessor O. Khliyeva for their sound advice and comments regarding the problems con-
sidered in the article.

Conclusions.

. Methods of obtaining nanomaterials lead to their non-equilibrium state.

. The imbalance of nanoparticles can initiate self-organization, which determines

the effectiveness of their application.

3. Nanoparticles exhibit quantum properties, and quantum mechanics has to be used
to explain their behavior.

4. An important role in the features of the behavior of nanoparticles plays a large
portion of surface atoms.

5. Bare nanoparticles attract each other and their surface is covered with surface-
active substances preventing aggregation.

6. It is possible to control the nature of the interaction of embedded nanoparticles
with the environment by changing the dielectric constant of nanoparticles and the
materials into which they are introduced.

7. Recent advances in nanotechnology have significantly reduced their cost and
made them competitive in use. The industry demand for nanomaterials exceeds
the capabilities of nanotechnology production.
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Ko3uuyvkuu C.B., Kipian C.B.
BiacTuBocTi Ta MOBeAiHKA HAHOYACTHHOK

AHOTANIA

Y emammi posenadaiomvca memoou ompumanus nanomamepianie ma ymMogu YmeopeHHs
HAHOUACMUHOK 3a0ano2o posmipy. Ilokazano, wo nogepxnesa eHepeis HAHOPO3IMIPDHUX YAC-
MUHOK, 3A80AKU GENUKIU YaAcmyi NOGEPXHEBUX aMOMIB, 3HAYHO NEPesUUyE NOBEPXHEBY
eHepeilo  MIKpOYACMUHOK, W0 HNpU3800UMb 00 HEPIBHOBANICHO2O0 CMAHY Nepuux i3
MONCTUBICINIO CAMOOPeAHi3ayii ma QOpMYBanHs, 30Kpemd, Ha NOBEPXHAX mepms MiyHoi ma
3HOCOCMILIKOI NIAKYB8ANIbHOI NII6KU 3 Memanesux HaHOYACMUHOK, KA CYMMEBO 30L1bULI0Mb
pecypc nap mepms. [[1s nosachenns 83a€mMo0ii 3 OMOYeHHAM HAHOYACMUHOK, WO 3HAX0OAMb-
€5l Ha MedCi KBAHMOB020 I KIACUYHO20 CMAHIB, BUKOPUCTAHO OCHOBHI NOJIONCEHHS K8AHMOBOI
mexaniku. Pozensinymo 63aemooiio midc 201umu HAHOYACMUHKAMU MA MIdHC HAHOYACMUHKOIO
i nosepxuero, posdinenux cepedosuujem. I[lokazano, wo 6e3 cmabinizayii nosepxmeso-
AKMUBHUMU PEYOBUHAMU Memalegi HaHOUYACMUHKY OY0ymb azpezyeamu, y C8010 uepey, Xa-
pakmep 83aeMO0Ii HAHOUACMUHKU 13 MEePO0i0 NIOKIAOKOIW BUSHAYAEMbCA X OlaNeKMUYHUMU
KOHcmaumamu. Y cmammi HageoeHo 027150 pO36UMKY HAHOIHOYCMPIi, 8KA3AHO KOMepYIUHUL
nonum Ha HaHomamepianu, 3A3HAYEHO KpaiHu - aidepu 3 BUPOOHUYMEA HAHOMAMepIais,
npugeoeri Memanu, wo SUKOPUCOBYIOMbCS Ol BUPOOHUYMEA OCHOBHOI NPOOYKYii — mema-
J1e8UX HAHONOPOUIKIG.

Knwuosi cnosa: memoou supodonuymea, nogepxnesa emepeis, HepieHo8azd, camoopeaHi-
3ayis, KBAHMOBA NOBEOIHKA.
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TemogiznyHi BJACTHBOCTI MOJIMEPHUX KOMIIO3UTIB HA OCHOBI HAIIOBHEHOT0
TEPMOPO3IIMPEHUM IPapiToOM NMOJIXJIOPTPUPTOPETHIICHY

Ha ocnosi docnidocens ma nopieusanibHo20 aumanizy meniogizuunux (numoma menioem-
HiCMb Cp, MepMiYHUll Koeiyienm NiHIlIHO20 POWUPEHHS ¢Y) 61ACMUBOCHEeN CUCHEeM NOLIX-
nopmpugmopemunen (IIXT@E) - nanooucnepcruii mepmoposwupenuti epagim (TPI) ma
IIXT®E - nanomooughixosanuii diokcuoom kpemuiro (SiOz) TPI' (30% SiO; na 70% TPI') 6u-
8YABCS BNIUE CIMPYKMYPHO MOPPON02IUHO20 CMAHY KOMHOHEHM md iX KOHYeHmpayii, pieHs
Midcqpaznoi 83aem00ii Ha Pi3udHI 1ACMUBOCIT HAHOKOMNO3UMIE.

B pobomi ecmanogneno, wo mMooudikosanuti HAHOHANOBHIO8AY NPOABIAE OIIbULY AKMUG-
HIiCMb N0 BIOHOWEHHIO 00 NOAIMepHoi mampuyi Hixc Hemoougikosanuil. Iloxkazano, wo y
KOMNO3UMAX NPOAGIACMbCA NOOGINIHA Oii MOOUPIKOBAHO20 HAHOHANOBHIOBAYA HA CMPYKM)-
DY Mampuyi, AKa nousA2ae 8 YmeopeHHi NOMYICHOI KPUCMANIYHOI CIMPYKMYPU 8 30HAX 8NIUEY
HAHOHANOBHI08A4A ma amopghizayii nonimeproi mampuyi 6 nepughepitinux 3onax. 3’saco8amo,
wo pezynomamom amopizayii mampuyi € 3MeHuleHHs NI0Wi NiKie memMnepamypHux pegiex-
Ci8 Ha MeMnepamypHux 3a1edCHOCMAX NUMOMOI MenI0EMHOCMI ma 3POCMAanHs AOCOIIOMHO-
20 3HAYEHHs MeMnepamypHo20 Koepiyienma NiHiUHO20 PO3UUPEHHS NpU 30i1bUIeHH] KOHYe-
Hmpayii mooughikosarnoeo TPI.

Knrouoei cnosa: nonimep, nonixiopmpugpmopemuieH, mepmoposwuperuii epagim, men-
JIOEMHICMb, MENJI06€ POSUUPEHHL.

IMocranoBka 3amaui. B pe3ynbrari Hammx momnepeaHiX eKCIepUMEHTATbHUX
nocaiikeHs [1,2] BcTaHOBIIEHO, 10 HAHOKOMITIO3UTH Ha OCHOBI HOJIXJIOPTpU(TOpE-
tuneny (IIXT®E) namoBHEHOro HaHOAMCIEPCHUM TEPMOPO3IIMPEHUM TpadiToM
(TPI') mposiBiIsItOTH BIAHOCHO HU3BKHUH Topir nepkoisiiii (= 0,95 mac. %). B 3anex-
HOCTI Bia KoHueHtpauii TPI' cTpykTypa marpulil 1 CUCTEMH B LLJIOMY JAEMOHCTPYE
MIEPETBOPEHHSI 32 PO3MIPOM HEOAHOPIIHOCTI. Y BHUIIAJIKy HAHOHAIIOBHIOBAYiB HEJO-
IUJIBHO BUKOPUCTOBYBATH KOHIIEHTpAIlli, 1110 3HAYHO MEPEBUIIYIOTh MOPIT MEPKOIs-
1[1i, OCKUIbKY 11€ TPUBOJUTH JI0 KOAryJIsIii YACTUHOK HAMOBHIOBAaYa Ta BIANOBIIHOIO
PUXJIEHHS] MATPULIL.

3MiHa po3Mipy HEOJHOPIAHOCTI CTPYKTYPH CUCTEMH TOB’s13aHa 3 IEPEX0JA0M Bijl
HEOJHOPITHOCTEH, IK PO3MIPY KPHUCTAIITIB, PICT SKUX aKTHBOBAHHI HAaHOHAMOBHIO-
BayeM IpU HU3bKUX KOHIIEHTpaLisX (A0 MOPOTy MEPKOJIALii), 10 HEOJHOPIIHOCTEH,
MOB’SI3aHUX 3 KOAryJISIIIE€I0 HAHOYACTMHOK NMPU KOHLEHTPAIlSX, 110 MEPEBUIIYIOThH
MOPIr MEePKOJIAILIT;

Monugikaiiiss HaHOHANIOBHIOBaya (IUCIEProBaHOIO TEPMOPO3LIMPEHOTO Ipadi-
Ty JIIOKCHJIOM KPEMHII0) CIpHsi€ 30UIBIICHHIO MIXKMOJEKYIISIPHOI B3a€MO/IIi HAIOB-
HIOBa4 — MaTpuus [2].

DOI: 10.18524/0367-1631.2022.60.265987
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Memoro oanoi podomu 6yino 3’sICyBaHHS BIUIMBY HAHOPO3MIPHOT'O HAIlOBHIOBA-
4ya Ha BJIACTUBOCTI MOJIMEPHOTO Kommo3ulliiHoro matepiany [IKM Ta nociimkeHHs
TeroQi3uuyHUX  BIacTUBOCTel cuctemu nonixioprpudroperuwsien [IXTOE -
HAaHOHANIOBHIOBAUl Ha OCHOBI TepMopo3impeHoro rpadity TPI'.

ExcnepumenTanbHa yacTuHa. [l BUpILIECHHS MOCTAaBJICHUX 3a7ay eTamy
BUKOPUCTOBYBAJIUCh EKCIIEPUMEHTAIbHI YCTAHOBKH Ta METOJIUKH:
e MeTronuka JOCIIKEHHS TEMITEPATYPHUX 3aJI€KHOCTEH MUTOMOI TEIJIOEMHOCTI
Ha 0a3il IMHAMIYHOTO KaJIOPUMETPY.
e MeTonMKka JOCHIIKEHHSI TEMIIEPATypPHUX 3aJI€KHOCTEH TEIIOBOrO JIHIHHOTO
PO3UIUPEHHS (JIIHIMHUM TUTATOMETP).

JlocaigskeHHs] MATOMOI TEMJIOEMHOCTI. B ocTaHHIll 4yac BH3HAYEHHS IMHUTOMOI
TEIJIOEMHOCTI MOJIMEPHUX MaTepiajiB peanti3yeTbcsi, B OCHOBHOMY, METOJOM ajiiada-
TUYHOI KanopumeTpii. JlocaiakyBaHOMY 3pa3Ky HaJae€TbCsl B MPOLECT TOCIIAYy MeBHA
KUIBKICTh TEIUIOTH 1 IPH LBOMY PEECTPYIOTHCA BIJIMOBIIHI 3MIHM TEMIEPaTypH.
KoHcTpykTHBHA 0COOJIMBICTh a11a0aTUYHOTO KaJOPUMETPY AJIA TeIIO(I3UYHUX J10C-
JKeHb TOJIIMEPIB HaBeIeHOo B [3]. Meroa nosisirae y ToMy, 10 JOCHIIKYBaHUH 3pa-
30K OTOYYETHCS OOOJIOHKOIO MaJIOi TEIUIOMPOBIAHOCTI, HA SIKI BUMIPIOETHCS TEMIIE-
patypauii nepenaj. Ilig yac HarpiBaHHs BeCh TEIJIOBUM MOTIK, SIKUM HAJIXOAUTH Y
3pa30K, MPOXOJUTH Yepe3 I[I0 OOOJOHKY 1 KOHTPOJIIOETHCS IUISIXOM BUMIPIOBAHHS
TEMIIEPATypHOTO Nepenany IudepeHIialbHO TeEpMOOaTapeeto, 110 pIBHOMIPHO PO3-
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Puc. 1. Cxematuyne 300pakeHHsI BU- Puc. 2. CxematnuHe 300pak€HHS KaJOpUMETPY.
MipIOBaJIbHOT KOMIpKH: 1 — KamopumeT- 1 - KaJIOpUMETPUIHHUIN OJIOK, 2 - (IKCYIOUH KpH-
pU4HMIA OJI0K, 2 — HarpiBay, BUIIOBHE- IKH, 3 - AlaTepMiuHi 000JOHKH, 4 - AOCTIIKYBa-
HUM 3 HIXpOMOBOI cripani, 3 — miatep- HUM 3pa3oK, 5- €TaJOHHUM 3pa3ok, 6 — Tepmonapa
MiYHa KBapIioBa 000J0HKa, 4 — TepMO- JUIsl BUMIPIOBaHHSI TeMIepaTypu 3paska, 7 - To-
Oarapes cynuHa /Iproapa, 8 - OJ0K JiHIHHOTO HarpiBaHHS,

9 — mnarpiBau, 10 - camMONUCHUN MOTEHIIOMETP,
11 - 6ok peectpartii i KOHTPOJIIO

32



dizuka aepoaucnepcHux cucrem. — 2022. — Ne 60. — C.31-39

TallloBaHa Ha 00O0JOHI. PeecTpallisi TemnepaTypHOro nepemnaay Ha 0OOJIOHII 3/1Hc-
HIOETbCS MU epeHIliaIbHOI0 TepMobaTapeeto, 1110 PIBHOMIPHO MOKpUBAE OOOJIOHKH,
TaK 10 “XOJIOAHI” crmal 3HaXOJAThCS Ha OJHIN ii MOBEpXHI, a “rapsa4i” crai — Ha 1H-
i,

Ha ocHoBi 1mporo meromy Oyna po3poOiieHa aBTOMAaTHYHA KaJOpUMETPUYHA
YCTaHOBKA JJIA JOCIIKEHHS TETUIOEMHOCT] Ta TEIUIOBUX €(EeKTiB B MojiMepax B 1H-
tepBaiui Temneparyp (Big —100 mgo +250 °C).

BumiproBaHHsS MUTOMOI TEMJIOEMHOCTI MPOBOJUTHCS B yMOBaX KBasiCTalllOHAp-
Horo pexumy. Kanopumerpuunuii 6510k 1 3akputuid 3BepXy Ta 3HHU3Y (PIKCYIOUUMH
kpuiikamu 2. IIpoBiIHHMKYM BiJ TepMOIlap BUBEIEHI YEpe3 HIXKHIO YaCTHHY OJIOKY,
py LbOMYy TepMmoOarapei BBIMKHYTI “Ha3zycTpiu”. BcepeauHi 000J0HOK 3 3Haxo-
ISATHCA METAJIEBI KalCyJH, B IKMX PO3MILIEH] JOCTIA)KYBaHHUM 3pa30K 4 Ta €TaJOHHUM
3pa3zok 5. BuMipioBaHHs TeMmepaTypu 3pa3Ka MPOBOIUTHCS TEPMOIAPOI0 6, eTaloH-
HUM craif SKoi BMileHu# y nocynuny JIproapa 7, ska 3alOBHIOETHCS CYMIIIIIIO JIbO-
1y Ta BOJH, 1110 3a0e3neuye onopHy Temrepatypy 0 °C. Jlns 3miiicHeHHS JHIHHOTO
PO3IrpiBy BUMIPIOBAIbHOI KOMIPKH CIY>KUTh OJIOK JIIHIHHOTO HarpiBaHHs 8. Poiib iio-
ro MOJIATAE Y TOMY, 100 PEeryJIoBaTh MoJlauy €JIEKTPUYHOrO0 CTPYMY Ha HarpiBHUKH
9 Bin aBTOTpaHchopmaropy. IIIBUAKICTE HArpiBaHHS JTOCHIIKYBAaHOTO 3pa3Ka CKJa-
nae 2 rpaj/xs.

B pe3ynbrari cCkaHyBaHHS OTPUMYEMO TEMIIEPATypPHY 3aJI€KHICTh TUTOMOI TeIl-
JIOEMHOCTI Cp,. KamiOpyBaHHs KaJOpUMETpa NPOBOIKMIIOCS 32 JONOMOIOK0 PEYOBHH 3
B1JIOMOIO TeruioeMHICTIO (KopyHIy Al,O; Ta 1H.). O1iHKa TOYHOCTI pOOOTH YCTaHOB-
KM BUKOHYBAJIaCh 3a JOIOMOTOIO0 3pa3KiB IUIABJICHOTO KBapIly Ta MOJIMETHIMETaK-
puiaty, noxubka BUMipIOBaHb He nepepuiyBaia 1,5-2,0 %. [3].

JlocaigxeHHsl TeNJOBOro JIiHIHOrO po3mupeHHsi. B po0OTI BHKOPHUCTAHO
CXeMy, sIKa MOE€NHYE B COO1 YaCTUHU MOJAHU(PIKOBAHOTIO AWIATOMETPA IHIYKLIHHOIO
THUITy Ta KBapLOBOT'0 AWJIATOMETPA, B IKOMY 3aMiCTh KBapily BUKOPUCTAHO 1HBap.

Puc. 3. biiok-cxema qunaroMmerpa 3 €1eKTPOMArHiTHUM (1IHIYKIIHHUM) 1HIAKATOPOM
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JliHIMHUN AUIATOMETP CKJIAAAEThCSA 3 TEPMOKAMEpH, 1[0 BUTOTOBJICHA 3 1HBApy
— cruaBy 3 Manum BiacHUM TKIJIP, sika ckinamaerbes 3 KoHTEHEpa J71s 3paska 1, 3pa-
3Ka 2, mToka 3, matGopMu 3 HEMarHiTHOTO Marepiany 4, HarpiBHUKA 5, OXOJOIKY-
Baua 6 Ta BUMIipIoBaIbHOI cuctemu b. BumiproBasibHa cuctema BKIIO4ae B cebe: 1H-
JUKATOP BUMIPIOBAHHS JOBXKWHU 7, migcuimoBad ['YY, nudepeHiianpHy TepMornapy
9, “rapsaunii” cnail sIKO1 MICTUTBHCSI B KOHTAKTI 31 3pa3koM, a “xonoguuit” crmait (XC)
3HaXOAMUTHCS B IOCYIUHI /[proapa 3 TaHy4YHMM JIb0JI0M; OJIOK >KUBJIeHHs B; camo3amnu-
cyrounii norenuiomerp KCII-4.

JIxepeno >kuBJEHHsS 3a0e3ledye MOJAAHHS Ha HAarpiBHUK HApOCTal4doi B 4aci
HaIMpyTH, M0 B CBOIO YEPTY Ja€ MOXKJIUBICTh 3J1MCHUTH 3aJaHUM TEMIT HArpiBaHH,
KOJIM TeMIepaTypa 3p0ocTae MPOHOpIiHO A0 Yacy (IIBUAKICTh HArpiBaHHS 3a4a€ThCS
nepes nmoyatkom gociiay). [lpu HarpiBaHH1 JiHIHAHI pO3MIpHU 3pa3Ka 3poCTaloTh, 3pa-
30K migiiMae mTok 3 3 miargopmoro 4. [HaMKaToOp-BUMIpIOBaY JOBXKUHU 7 Ta IMIJCHU-
moBau ['YY 3a6e3reuyoTh BUMIPIOBaHHS BIJICTaH1 MK 11aTGopmoro 4 Ta 1HIUKATO-
poMm 7, TOOTO (IKCYIOTh 3MiHY po3Mipy 3pa3ka. [IpunHimn aii iHauKaTopa — BUMIPIO-
Baua JIOBKMHU 0a3yeThCs HA BUMIPIOBAHHI 1HIYKTUBHOCTI KOTYIIKH, IO BXOJUTH 10
Moro cknany. Habmmwkenns mnatdopmu 4 10 1HAUKaTopa 7 TPU3BOIUTH 10 30171b-
IIEHHS 1HAYKTUBHOCT1, OCKUJIBKM TIPHU I[bOMY IIaTdopMa BIIITpae poib Ocepis KO-
TYIIIKH, 1110, B CBOIO YEPry, BUKIMKAE 3MIHY BUXIJIHOTO CUTHaIly miacwioBaya ['YY.
OpnHouacHO (iKCyeThCsl TeMIlepaTypa 3pa3ka 3a JIONMOMOror audepeHIiaabHol Tep-
Momnapu. CHUTHaIM TepMONapy Ta CUCTEMHU BUMIPY JOBXKHHH 3pa3ka MOMAOTHCS Ha
noteHiiomeTp KCII-4 nns 3anucy Ha oro aiarpaMHiid CTpidii.

Pe3yabTaTtu Ta ix 00roBopeHHsi. O0’€KTH JOCIIIKEHHS TOTOBUIIUCH 32 METO-
JMKaMU, OMMCAaHUMU B HAIlIMX MomepeaHix pooorax [1,2]. TeMneparypHa 3a1eXHICTh
MATOMOI TeIIOEMHOCTI nojixyoprpudroperwiieny [IXTOE orpumana MmeronoM au-
HaMIYHOT'O KaJIOpUMETPyY Ta IpejcTaBiieHa Ha puc. 4. 3anexHocTi ¢, = (1) nns Hano-
BHEHUX KOMITO3ULINA MalOTh aHAJIOTTYHUIN BUTIIS.

AHani3 TeMIepaTypHHX 3aJIeKHOCTEH MHUTOMOI TEIIOEMHOCTI CHUCTEMHU
[IXT®E-TPI' no3sosse Bumi-

JIUTH JIBA OCHOBHUX peQIICKCH 200
Ha BKa3aHUX TepMOIpamMax.
Ile cBiguuTh Mpo po3IIapy- 2000 -

BaHHSI KPUCTAJIYHOI CTPYKTY-
pu IIXTOE Ha ABI CKIag0BI:
HU3BKOTEMIIEPATYPHY TIpU ~
+175°C Ta BHCOKOTEMIIEpA-
TypHy npu = +212°C. Bre- P
CEHHS HAHOHAIIOBHIOBaua 13
30UIBIIICHHSAM  KOHIICHTpAIlil
MPUBOJUTHL JO ITOCTYIOBOTO
3pOCTaHHS TeMIepaTyp Ipo- Lo

SIBY BKA3aHMX PeIeKciB MPH  Ppye, 4, TemmepaTypHa 3aeKHICTb MHTOMOT Tell-
JIOCATHEHHI MOPOTy MePKOIA-  joenvmocti [IXTDOE
ii (= 0.95%) (puc. 5).
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Puc. 5. KonuenrpariitHi 3aj1eKHOCTI TeMIEpaTypH IJIaBICHHS HU3bKOTEMIIEpaTypHOi Ta
BUCOKOTEMMNepaTypHoi ckinagoBoi cucremMu [IXTOE - TPT'

301IbIIEHHS KOHIEHTpAIlll HAlOBHIOBAYa, K B IHTEPBaJl MEPKOJALIL, TaK 1 MPU
MIePEBUIIICHH] TTEPKOJIIIIHHNX 3HAYeHb JEMOHCTPYE NMPHUIMHEHHS 3pOCTaHHS TEeMIIe-
paTyp BKazaHux pediekciB, K1 BIJIMOBIAAIOTH 3a TUIABJICHHS JBOX CKJIAJOBUX KpHC-
TaJI9HOI CTPYKTYpH KOMITO3HTY.

Taka moBeaiHKa 3aJ€KHOCTEH MUTOMOI TEMJIOEMHOCTI Bl TEMIEPATYpPH CBIJI-
YUTh MPO TOJIBIIHY 110 HAHOHAIMOBHIOBAYA HA KPUCTAIIYHY CTPYKTYPY KOMIIO3UTY.
3 oaHOro OOKY, 3B’SI3yBaHHS YaCTMHKaMHU HAaHOHANOBHIOBAaYa JUISTHOK MaKpOMOJe-
KYJSIpHUX JIQHIJIOTIB CTa€ 1HIIIATOPOM KpHUCTami3allii, OCKUIBKH IHIIIIOE€ TOSIBY
IEHTPIB KpUcTam3aili. 3 iHmoro 60Ky, He ¢l 3a0yBaTH Mpo Te, [0 HAIIOBHIOBAY €
HAaHOHANIOBHIOBaYEeM. Y BHUMAJKY MIKpOHAMOBHIOBaYa, PO3MIpH YACTUHOK SKOTO Tie-
PEBUIIYIOTH PO3MIPU MAKpOMOJIEKYJIH, TIPU B3a€MO/I1i HAIIOBHIOBAY 3B’SI3y€ JIOCTAT-
HBO JIOBT1 JUISTHKHA MaKpOMOJICKYJI. Y BUTAJKy HAHOHAIIOBHIOBAYA IS i HOCUTH TO-
YKOBUW Xapakrtep. [3 30UIbLIEHHSM KOHIIEHTpalli HAaHOHAIOBHIOBAYa TaKUX TOYOK
cTae Bce OubIe. 3a paxXyHOK I[bOI'O B 30HaX KOHTAKTY IOJIMEp - HaloBHIOBaY (pop-
MYIOTbCS KPHUCTAJITU OUIBIIOro po3mipy. PazoMm 3 Tum, ToukoBa (Qikcamis AUISTHOK
MaKpOMOJIEKYJl OOMEXYye iX pyx B nepudepiiiHuxX 30HaX, TOMY KpUCTaji3alis B IUX
30HAaX CTa€ yTPyAHEHOI0. TakuM YMHOM MOBiHHA i HAHOHAIIOBHIOBAaYa HA KPUCTa-
JIYHY CKJIQJIOBY CTPYKTYpU MaTpHIll MOJISITA€ B TOMY, 110 BiOYBa€ThCS YTBOPEHHS
OUIBIII PO3BUHEHOI KPUCTAIYHOI CTPYKTYPU B 30HAX B3a€EMO/III MOJIIMEP - HAITOBHIO-
Bau Ta, HaBMaku, MeBHa amop(izamis B nepudepiiHux 3oHax. OgHOYACHO, 301Jb-
IIEHHS! KOHIIEHTpaIlii HAHOHATIOBHIOBAayYa MPUBOAUTH 10 KOHKYPYBaHHS KpUCTasi3aiii
CYCIIHIX KPUCTAJITIB Ta MOMJIUBOCTI 3aKPIIJICHHS MaKpOMOJIEKYJ 3 000X KIHIIIB Ha
YaCTMHKAaX HAHOHAINOBHIOBa4a. ICHYBaHHS TakuX KOHKYPEHTHUX (DaKTOpiB MPHUBO-
JUThH JI0 1X B3a€EMHOI KOMIICHCAIlli, PO IO CBIAYUTH cTallaizallis temMmneparyp ped-
JIEKCIB Ha TepMOTpaMax MICis JOCSITHEHHS Ta MEPEBUILECHHS MOPOTY MEPKOJIAII, 110
MiATBEPIKYETHCS TaHUMHU puC. 5. J0AaTKOBUM MM ATBEPHKEHHSIM CKa3aHOTO € Xapak-
Tep 3MIHM IO pedeKCiB Ha TepMorpamax sl 000X CKJIaJAOBUX KPUCTAIIYHOI
CTPYKTYPH MaTpHIIL.

AHaui3 TemnepaTypHHUX 3aJIeKHOCTENH MUTOMOI TermoeMHOCTI cuctemu [IXTOE
- moaudikoBanuii aucneproBanuit TPI' (puc. 6) 103BOJIsI€ TaKOX BUIUIATH JIBA OC-
HOBHUX pe(IeKCH Ha BKa3aHUX TepMOTpaMax.
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Puc. 6. KonuenTpariiina 3aj1eXHICTh TEMIEpaTypH IUIABICHHS HU3bKOTEMIIEpaTyp-
Hoi cknaaoBoi (I mik) Ta BucokoremnepatypHoi ckiagoBoi (II mik) cucremu IIXTOE
- TPI'/30%S10,

BuecenHst MmoinQikoBaHOTO HAHOHAMOBHIOBaYa 13 30UIBIICHHSIM KOHLIEHTpAILIil
MIPUBOANTH JI0 TMOCTYMOBOTO 3POCTAHHS TEMIIEpaTyp MPOSBY PedICKCIB 10 TOPOTY
MepKoJiALii Ta BKItoyarouu iHTepBan nepkossmii (0,95+1,5%). Ilpu nepeBuiieHH1
X 3HAYCHb TEMIIEPATYPH MPOSBY BKAa3aHUX pe(IICKCIB 3HIKYIOTHCS Ta JOCITAIOThH
3Ha4Y€Hb, XapakTepHux st unctoro [IXTOE.

[TonsiitHa Al MOaM(}IKOBAHOTO HAHOHAIIOBHIOBaYa HAa KPHUCTAJIYHY CKJIAIOBY
CTPYKTYPH MaTpPHIIl TOJISATAE B TOMY, IO BiJJOYBA€THCSI YTBOPEHHS O11bIII PO3BUHEHOT
KPUCTAJIYHOI CTPYKTYpPH B 30HaX B3a€MOJIIi MoyiMep - MoJM(]iKoBaHUN HAHOHATIOB-
HIOBaY Ta, HaBMAKH, IeBHA amop@izaiiist B epudepiiinux 3onax. OnHOYacHO, 30171b-
IIEHHST KOHIIEHTpallii MOIU(IKOBAHOTO HAHOHAIOBHIOBAaYa MPUBOAUTH O KOHKYPEH-
I1i POCTY CYCIJIHIX KPUCTAJITIB Ta MOKJIMBOCTI (DIKCYBaHHS MaKpOMOJIEKYJ “3 000X
KIHIIB” Ha YaCTUHKaX MOJM(}IKOBAHOTO HAHOHAMOBHIOBaYa. SIKIO y BUIAJIKy HEMO-
nugikoBaHoro gucneproBanoro TPI' icHyBaHHS TaKuX KOHKYPYIOUHMX (PaKTOPiB MpH-
BOJWJIO JI0 iX B3a€EMHOI KOMIEHcalli 1, K HACIIJOK, CTaOUI3yBaHHS TeMIEpPATyp
MposiBY pe(IeKCiB MICsA AOCATHEHHS MOPOTY MEPKOJIALIT Ta NEPEBULIEHHS MOPOry
MEePKOJIALIT, TO Y BUIMAJIKYy MOJU(PIKOBAHOTO HAHOHAIOBHIOBaYa KOJIM B3a€MO/IISI TO-
JIMEep-HAOBHIOBAY 3pPOCTAE HA CTAJIISAX, K1 MEPEBUILYIOTh MOPIT NEPKOJISALIT APYTUil
(dakTOop nepeBaxkae, 0 NPUBOAUTH J0 3MEHIIEHHS TEMIEPATYp BIAMOBIIHUX peduie-
KCIB IMPAKTUYHO JI0 iX 3HAYCHHS, K1 BIJMOBIIAIOTh YUCTIH MATPHUIII.

HaniifHicTh BUKJIQJICHUX BHCHOBKIB MIATBEPDKYETHCS pe3yJbTaTaMu JIOCi-
JDKEHHST TEMIIEPATYpPHUX 3aJIEKHOCTEH TEPMIYHOTO KoedillieHTa JIHIHHOTO pO3IIu-
penns (TKJIP). Xapakrepna kpuBa TemrepaTypHoi 3anexHocti TKJIP nis gyuctoro
[IXT®E npeacrasnena na puc. 7. Temnepatyphi 3anexxnocti TKJIP nist kommosuiriit
[IXT®E - TPI" ta [IXT®E - TPI'/30%S10, MatoTh aHaJIOTIYHNAI BUTIIAL.

Ax Buano 3 puc.7 nus uncrtoro [IXT®E nHa temnepatypHhiii 3anexunocti TKJIP
CIIOCTEPITa€EThCS CKIyBaHHS aMOpGHOI CKIag0Bo1 B paiioni +45 + +50 °C. Takox, K
1 1711 KPUBUX 3AJIEKHOCTEN MUTOMOI TETUIOEMHOCTI BiJI TeMIIepaTypu pediiekcis, ski
BIJINOBIJIAlOTh MEPETBOPEHHIO KPUCTATIYHOI CKIIAJ0BOI 3pOCTAaIOTh 13 POCTOM KOHIIE-
HTpatii gucneproBanoro TPI'. IIpudomy 13 pocTom KOHIEHTparii 111 pediekcu, e-
MOHCTpPYIOUM 30UIBIIECHHSI TEMIIEpaTyp NPOSBY, MOCTYIOBO 30JMKAIOTHCA Ta MPH
KOHIICHTpAIISX, 10 MEePEBUIYIOTh nopir nepkoismii (1,78+3,45%) npakTtuyHo Ha-
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BaHWU HAHOHAMOBHIOBAY IMPOSIB-
Jsi€ OUIBIITY aKTUBHICTD MO BIAHOMIECHHIO JIO MOJIIMEPHOI MaTPUIll HIXK HEMOU(IKOBa-
HUM; TPOSBISETHCS MOJBIMHA il MOJIM(IKOBAHOTO HAHOHAIOBHIOBaYa HA CTPYKTYPY
MAaTpHIIi, sIKA MOJISITa€ B YTBOPEHHI MOTY>KHOI KPUCTAIIYHOT CTPYKTYPH B 30HAX BILIHU-
By HaHOHAIOBHIOBaYa Ta aMmopdizallli MaTpuill B nepudepiiiHuX 30HaX; Pe3yJbTaTOM
amop(izarlii € 3MEHILIEHHS IO MKIB TEMIIEPaTyPHUX PEQIIEKCIB HA TEMIIEpaTypHUX
3aJIeKHOCTSAX MUTOMOI TETNIOEMHOCTI Ta 3pOCTaHHS a0COMIOTHOTO 3HAYEHHS TeMIepa-
TYPHOTO Koe(illl€HTa JIHIHHOTO PO3IIUPEHHS NpU 30UIBIIEHH] KOHUEHTpalli Moaudi-
koBaHoro TPT'.

015

Puc. 7. TemneparypHa 3aJ1€KHICTh TEPMIYHOTO
koedimienty miHiftHOTO po3mupeHHs [IXTDE

BucHoBku. BcranoBneHo 1mo:

® B 3QJIEKHOCTI B1JI KOHIIGHTpallli HAHOHAMIOBHIOBAaYa CTPYKTypa MaTpHIll 1 CUCTe-
MU B IIIJIOMY JI€MOHCTPY€ IEPETBOPEHHS 32 PO3MIPOM HEOTHOPITHOCTI;

® 3MiHA PO3MIpy HEOJIHOPIAHOCTI CTPYKTYPH CUCTEMH TOB’si3aHa 3 MEPEX0JIOM Bij
HEOJHOPIAHOCTI, K PO3MIPY KPHUCTANITIB, PICT IKUX aKTUBOBAaHWU HAaHOHAIOB-
HIOBa4YeM MPU HU3BKUX KOHLEHTpALIsAX, Yepe3 Mopir NepKoysaLli, 10 HEOAHOPII-
HOCTEH, OB’ SI3aHUX 3 KOAryJslli€l0 HAHOYACTUHOK MPU KOHIEHTPALISX, 110 Te-
PEBUIIYIOTH OPIT TEPKOJIALIT;

® y BUIAQIKy HAHOHAIIOBHIOBAYiB HEOIIFHO BHKOPHUCTOBYBAaTH KOHIICHTPAIIIIO,
10 3HAYHO MEPEBUIIYIOTh MOPIT MEPKOJIALIi, OCKIIBKH 1€ MPU3BOJUTH JI0 KOAry-
JISAL11 YaCTUHOK HAITOBHIOBAYa Ta BIJMIOBIIHOTO PUXJICHHS MaTPHII;

e Mmoaudikarlisi HanoHanoBHoBava (TPI/30%Si10,) cipuse 301IbIIEHHIO MI>XKMOJIE-
KYJISIPHOI B3a€MO/I1i B CUCTEMI HAlIOBHIOBAY-MaTPUIIS;

® B 3QIEKHOCTI BlJI KOHILIEHTpALlli HAMOBHIOBaYa CTPYKTypa MaTpHIll Ta CUCTEMU BLIJIOMY
JEMOHCTPYE JMHAMIYHI IEPETBOPEHHSI 32 PO3MIPOM HEOTHOPITHOCTI CTPYKTYPU;

e MoAM(IKOBaHUI HAHOHATIOBHIOBAY MPOSIBIISiE€ OUIBINTY aKTUBHICTH MO BiJIHOIICH-
HIO JIO MOJIMEPHOI MaTpHIll HIXK HEMOAU(PIKOBAHUI;
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® IPOSIBISIETHCS MOABIMHA M1s1 MOAM(DIKOBAHOIO HAHOHAINOBHIOBAYA HA CTPYKTYPY

MaTpHIli, sKa MOJIATa€ B YTBOPEHHI MOTYKHOI KPUCTAIIYHOT CTPYKTYPH B 30HAX
BIUTMBY HaHOHANOBHIOBaua Ta amopdizaliii MaTpulli B nepudepiiHux 30HaX.
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Heat physical properties of polymer composites based on polychlortrifluoroethy-
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lene filled with thermally expanded graphite

SUMMARY

Based on research and comparative analysis of heat physical (specific heat capacity c,,
thermal coefficient of linear expansion @) properties of systems polychlorotrifluoroethylene
(PCTFE) - nanodispersed thermally expanded graphite (TEG) and PCTFE - nanomodified
silicon dioxide (SiO,) TEG (30% SiO, for 70% TEG) the influence of the structural-
morphological state of the components and their concentration, the level of interfacial inte-
raction on the physical properties of nanocomposites has been studied.

1t is established that the double effect of the modified nanofiller on the crystalline compo-
nent of the matrix structure is that a more developed crystal structure is formed in the poly-
mer-modified nanofiller interaction zones and, conversely, some amorphization in the peri-
pheral zones. At the same time, increasing the concentration of the modified nanofiller leads
to competition from the growth of neighboring crystallites and the ability to fix macromole-
cules “from both ends” on the particles of the modified nanofiller. Whereas in the case of
unmodified dispersed TEG the existence of such competing factors led to their mutual com-
pensation and, as a consequence, stabilization of reflex temperatures after reaching the per-
colation threshold and exceeding the percolation threshold, in the case of modified nanofiller
when polymer-filler interactions percolation of the second factor predominates, which leads
to a decrease in the temperatures of the corresponding reflexes almost to their values, which
correspond to a pure matrix.

The work found that depending on the nanofiller concentration, the structure of the matrix
and the system as a whole shows a transformation in the size of the inhomogeneity and
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change in the size of the inhomogeneity of the system structure is associated with the transi-
tion from inhomogeneity as the size of crystallites, the growth of which is activated by nanofil-
ler at low concentrations, through the percolation threshold, to inhomogeneities associated
with coagulation of nanoparticles at concentrations exceeding the percolation threshold.
Thus the case of nanofillers, it is not advisable to use concentrations that significantly exceed
the percolation threshold, as this leads to coagulation of the filler particles and the corres-
ponding loosening of the matrix.

It is also shown that modification of the nanofiller (TRG/30%Si0;) increases intermolecu-
lar interaction in the filler-matrix system. Depending on the concentration of the filler, the
structure of the matrix and the system as a whole demonstrates dynamic transformations in
the size of the heterogeneity of the structure. Also, research results show that modified nano-
filler is more active against the polymer matrix than unmodified, which is a consequence of
the fact of the double action of the modified nanofiller on the matrix structure is manifested,
which consists in the formation of a strong crystalline structure in the zones of influence of
the nanofiller and amorphization of the matrix in the peripheral zones

Key words: polymer, polychlortrifluoroethylene, thermally expanded graphite, heat capac-
ity, thermal expansion.

Cuukapw T.I., Pokuuykuiit M.A., Anueeckuii JI.K., Pokuuykas I'.B.,
Ypcyn K.B., lllym H.H.

Tensiopuznyeckne CBOMCTBA NMOJMMEPHBIX KOMIIO3UTOB HA OCHOBE HAIIOJIHEH-
HOI'0 TEPMOPACIIMPEHHBIM I'Pa@UTOM NOJTUXJIOPTPUPTOPETHIICHA

AHHOTALIUA

Ha ocnoge uccnedosanuii u cpagnumenvbHo2o anaiuza meniouzuyeckux (yoenvHas men-
JI0EMKOCHb Cp, MEPMUYECKUll KOIPhuyuenm IuHeuH020 pacuupenus Q) ceolcme cucmem
noauxnopmpugmopsmuner (IIXTD3) — nanooucnepcHullii mepmopacuiupenHvlll 2pagpum
(TPI') u IIXT®D — nanomoouguyuposannsiii ouoxcuoom kpemuus (SiO;) TPI" (30% SiO; na
70% TPI') uzyuanocs énusanue cmpyKmypHO-mMopponocuiecKko2o cOCmoanus KOMNOHEHM U UX
KOHYEHMpayuu, YPO8Hs MeHCPa3Ho2o 63aumMo0eticmsus Ha Qusuyeckue c8olcmea HaHOKOM-
nO3UMmoa.

B pabome ycmamnosneno, umo moougpuyuposanHulii HAHOHANOIHUMENb NPOABTAem 00/b-
WY aKMu8HOCMb N0 OMHOUIEHUIO K NOJUMEPHOU Mampuye, 4em HemMoOuuyupo8anHulil.
Ilokazarno, umo 8 KOMNO3UMAax NPosABIAemcs 08olHoe Oellcmsaue MOOUPUYUPOBAHHO2O HAHO-
HanoIHumens Ha CMpyKmypy Mampuybsl, 3aKm04aouyiocs 8 00pazo8arHuy MOWHOU KPUCMaJ-
JIUYeCKOlU CMPYKMYPbl 8 30HAX 8030€UCMBUS HAHOHANOIHUMENS U AMOPPUIAYUU NOIUMEPHOU
mMampuysl 8 nepugeputinblx 30Hax. Buiacueno, umo pezyromam amopguzayuu mampuysl a6-
JISlemcs YMeHbuleHue NA0Waou NUKo8 memnepamypHulx pegekcos Ha memnepamypHuix 3d-
BUCUMOCTAX YOEIbHOU MEeNi10eMKOCMU U PpOCm abCONOMHO20 3HAYEHUS MeMNepamypHo20
KO3 huyuenma nuHeliHo20 pacuuperus npu yeerudenul KOHYeHmpayuu mMoouduyuposam-
Hozo TPI'.

Knrwouesvie cnosa: nonumep, noauxaopmpugmopsmuiier, mepmopacuupertvii spagum,
Meni0eMKOCmb, Menjlo8oe pacuupeHue..
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®opMyBaHHA TA iIHPOPMATUBHHMI 3MiCT (POTOILNICTU3MOIPA(PIYHOIO CHTHAJLY B
YMOBaX KOHTPOJIbOBAHOI 30BHIIIHBbOI KOMIIpecii

Teopemuuno 0ocnioxcyemuvcs Qizuuna npupooa ma KilbKiCHI Xapakmepucmuku (pomon-
nemuzmoepagiunozo (DIII) cuenany 6 ymosax 308HiuHb0I Komnpecii 00Ci0Hcy8anoi OinanKu
mKanunu. Buaeneno 3anexcnocmi cmanoi ma 3minnoi cknadoeux @III cuenany 6io npukiade-
HO20 MUCKY, W0 MAomb MAKCUMYMU NPU 0esiKUX 3HA4eHHAX Komnpecii. Dizuyna mooensb npo-
yecy ¢popmysannsn DIII" cuenany 8paxo8ye onmuyHi ma Mexariyti 61acmueocmi 0i0102TYHUX
mkaHuH. Mooenv 3acHosana Ha po3ensadi Oupy3H020 NOWUPEHHS C8IMIA Y 080KOMNOHEHMHO-
MY PO3CIIOI0UOMY cepedosulyi (Kpoe + HaBKONUWHI MKAHUHU) 3a OONOMO2010 080CMPYMOBOL
meopii Kybenku — Mynka; npu ybomy KilbKicmb KpoGi 8 MKAHUHAX GU3HAYAEMbCS YMOBAMU
MEXAaHIuHOT piBHOBAcU MA 3aKOHAMU 0edopMayii MKAHUH.

Iloka3zano, wo po3euHena mMooenb npasulbHoO onucye aKicui ocoonusocmi @I cuenany,
a npoyeoypa Hatkpaujo20 y3200H4CeHHs MeopemudHuUx ma eKCnepumeHmanroHux Kpusux 0o-
3680.15€ 8 pealbHOMY YACi BUSHAYUMU KINbKICHI Xapakmepucmuky nepughepiiino2o Kpogoooizy
(cepeone 3HauenHs ma amniimyoa KoIUeaHb MUCKY KPOSI 8 NPEeKaniisapax, KoHyenmpayis
epumpoyumie, cepeonitl Cmyninb oKkcueeHayii Kposi cminok cyour i m.o.). Pozpobneni cnoco-
OU BUBHAYUEHHS NAPAMEMPIE KPOBOODIZY MOHCYMb OYMuU NOKIAOEHI 8 OCHO8Y HeO0PO2UX ma
eheKMUBHUX eKCNPEeCHUX MeMmOoOUK OOCIIONCEHHS MA MeOUHHOI OIAeHOCMUKU, 0CODNIUBO KO-
PUCHUX NIO YaC MACOBUX 0OCcmedHcetb ab0 8 eKOI02IYHOMY MOHIMOPUHSY.

Knrwouoei cnosa: bionociuni mkanunu, po3cito8anHs C8ImMid, 3068HIUHIL KOMAPECIs, KPo-
B0HANOBHEHHSI MKAHUH, POmoMexaniuHi echekmu

Beryn. SIKio ocBITUTH IUISHKY TMTOKPUBHOT TKAHWHM KMBOTO OpraHi3My, IeBHA
JacTHHA Tajardoi eHeprii Oyae BigouTa abo po3cisHa y 3BOPOTHOMY HAIMPSIMKY.
SKIII0 CBITII0 MOHOXPOMATHYHE 1 HAJIGKUTH 0 YePBOHOTO abo OmmxHboro 1Y miama-
30HY, TO BEJIMYMHA I[i€l YaCTUHU BUPIMIAJTLHUM YUHOM 3aJICKHUTh BiJl KUIBKOCTI Ta
CKJIaJly KpPOBI B MPWJIEIVIMX TKaHWHAX. BUMIpIOIOYM BIANOBIIHUM CHUTHAN, MOXHa
OTpUMaTH O6arato KOpUCHOI iH(pOpMAILlii K PO CTaH KPOBOOOITY, TaK 1 MPO BaXKJIMBI
BJIACTUBOCTI MPUIIOBEPXHEBUX TKAHWH. Takwii METOA JOCIIKEHHS Ha3UBA€ThCS (HO-
torietuzMorpadiuaum (PIII).

®oromeTuaMorpadis € 3py4HUM 1 TOUHUM METOJIOM BUBYEHHS CYAUHHUX ped-
JIEKCIB, BU3HAYEHHS CYAMHHOTO TOHYCY, OO €MHOI IIBUAKOCTI KPOBOTOKY,
KpOB’STHOTO THCKY TOIIO, a OTKE, TMHAMIKA KPOBOHAIIOBHEHHS, M’ SI30BOi aKTUBHOCTI
Ta 0araTbOX 1HIIMX TMapaMmeTpiB, M0 XAPAKTEPU3YIOTh CYAMHH PIZHUX PO3MIPIB y
OyIb-SIKIM JIJSHIN MIKIPU Ta CIU30BUX 000JI0HOK [1—4]. Jlo minHux nepeBar OIIT
METOJMK BITHOCSATHCS BHCOKA YYTJIWBICTh, MIHIMAJIbHUN BIUIMB Ha 00’€KT JOCITI-
JUKEHHS, BEJMKa 3aBaJOCTIMKICTh 1 IIBHJIKOJISA, JIHIWHICT, Ta OaraTOKaHAJILHICTH
BUMIpIOBaHb, O€3MeKa MpU eKCIUTyaTallii, a TaKoK MOXJIMBICTh peajizailii 3a J0mo-
MOTOI0 IMOPTATHUBHUX Ta 3PYYHUX Y KOPUCTYBAaHHI HEIOPOTUX MPUCTPOiB. B ymoBax
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nangemMii SARS-Covid-19 oco6nmBoi Baru HaOyBawoTh MUPoki MoxuBocTi DI
JUTsI CTBOPEHHS JCIICBUX Ta HECKJIATHUX METOIUK ONEPATUBHOTO BU3HAYEHHS HACH-
YEHOCTI KPOBI KUCHEM, MPUJIATHUX VISl €KCIIPECHOTO 00CTeXEeHHS (YyHKIIOHATBLHOTO
CTaHy OpraHi3My y NPUPOJHUX YMOBAX MOTO KUTTEMISILHOCTI.

B Takux ymoBax 3aBJaHHS JUCTAHI[IHHOTO MOHITOPHHTY »XHUTTEBO BaKIMBUX
MTOKa3HUKIB YCKIIAQIHIOETHCA Yepe3 HE3HAUHY aMIUIITYly 1HPOPMATUBHUX CKJIAJOBUX
OIII" curnany [5—8]. B ocHOBY omucaHoro B JaHiii poOOTi JOCIII)KEHHSI CTaB BCTa-
HOBJICHUI MOINEpPEAHIMU criocTepexeHHsAMU (akT noMiTHOro 30utbmenHs @I cur-
HaJy MpU BUKOPUCTaHHI (POTOMEXaHIYHHX €(EKTIB, 3yMOBJIEHUX TUCKOM KpOBI Ha
TkaHuHU. Ha >xanb, Ha JaHuil yac 3aI0BUILHOTO YSIBIECHHS Npo (HOTOMEXaHIuHY IO
KpOBOTOKY He icHye. [1oB’s13aHO 11€ 3 HEOOX1IHICTIO BpaxyBaHHs 0aratbox (pakTopis
Ta CKJIQJHICTIO aHaJi30BaHOi cucteMu. KonuBaHHsa 00’€My KpoOBi, BUKIIMKAHI ceplie-
BUMH CKOPOYCHHSIMHU, MPU3BOAATH /10 JePopMalliif TKaHUH 1 CTIHOK CYJUH, 1110 BHa-
CJIJIOK CHJIBHOI HENHIMHOCTI 3aKOHIB nedopmarliii 6i0TkaHuH [9] TarHe 3a co0oro
3MIHYy MEXaHIYHHMX BJIACTUBOCTEW OCTaHHIX. SIK HACIIJOK, yMOBHU PIBHOBAaru B CUCTE-
Mi “KpOB + OTOYYIOYl TKAHWUHHU TOCTIHO 3MIHIOIOTHCS, 1 CHHXPOHHO 3MIHIOIOTHCS
o0cAr KpoBl, CTyIIHb Jedopmalli TKaHUH Ta iX ONTUYHI Xapakrepuctuku. Ha Hamry
OYMKY, caM€ TaKUH MEXaHI3M € FOJIOBHOI MPUYUHOI CYTTEBHX OOMEXEHb TOYHOCTI
BIJIOMHX METO/IIB MYJIbCOBOI OKCUMETpIi Ta no3umetpii [1-3,10]; 3 iHmoro Ooky, 1e
o3Hayae, mo y PIII" curnam MicTUThCs 3HaYHO OuTblIe 1H(MOPMAIi, HIX TPHIHITO
BBa)XAaTH, 1 HEOOXIJTHO 3HAUTU CIIOCOOU 11 BUITYUYEHHSI Ta BUKOPUCTAHHS.

3 1i€0 MeTO B POOOTI aHANI3YyEThCS T€OpEeTHYHa MoJeib (hopmyBaHHs DI
CUTHAIIy 3 ypaxyBaHHSIM (OTOMEXaHIYHUX €(EeKTIB KPOBOHAIIOBHEHHS TKaHUH. B pa-
MKax MOJIeNl MoKa3aHo, Mo xapaktep 3anexxHocti OIII" curnany Bix kommpecii J10-
3BOJISIE BU3HAYUTH JOJIATKOBI JIaHl MO0 nepudepiiftHoro KpoBoooOIiry Ta MiKpoLup-
KYJIAI1i, 30KpeMa, cepeHiid TUCK Ta aMIUTITyy mysibcoBoi xBuil (I1X) y npexarisi-
pax, rmapamMeTpH MPY>KHOCTI CTIHOK CYJIUH, BMICT €PUTPOIIMTIB Y KPOBI Ta CTYMiHb ii
okcureHarii. Pe3ynbratu poGOTH CHIPUATUMYTH MOIIYKaM ONTHUMAJIbHOI MPOILEIypH
00poOku DIII" curnamy, mo 3abe3nedye OTpUMaAHHS Ta IHTEPIPETAIil0 HEOOX1THOT
¢1310J10T14HOI Ta 610(p13nyHOI 1H(DOpMaIIli, a TAKO)K CTBOPEHHIO PEKOMEHIAIIN 1100
ontuManbHOro Bukopuctanus OIII" nanux.

Onuc moaeni. /Ing BuzHaueHHd ocobOimBocteld nmoBediHkun OIII' curnamy B
yMOBaxX 30BHIIIHBOI KOMIpecii Tpeba BUKOHATH aHaJIl3 MPOLECIB MOMIMUPEHHS CBITIIA
B 0araTOKOMIIOHEHTHOMY PpO3CIIOI0UOMY CEpPEIOBHUIIl 31 3MIHHUMHU CKJIAJOM,
00’€MOM 1 IIUIBHICTIO, NPU BpaxyBaHHI BUMOT MEXaHIYHOI CYMICHOCTI JedopMaliiii
Ta 3aJI€KHOCTI ONTUYHUX BIACTUBOCTEH BiJl YCIX BHINE3TralaHuX (PakTopiB. 3BUUAMHI
mozen ¢opmyBanug OIII curnany OepyTh 0 yBaru, sik MpaBUIIO, JIUIIE OJUH-/IBA
(bakTOpu, HANMPUKIIAJ, KOHIICHTPAIIII0 PI3HUX KIITHH KPOBI, 1 TOMY HE 3/]aTHI1 MpaBH-
JBHO BpaxyBaTH BIUIMB TUCKY [8]. B iHmux Bumnaakax (Hamp., [11]) Bia3Havyaiach ex-
CTpeMaJibHa JIisl 30BHIIIHBOTO THCKY Ha MPOXOJ/KEHHS CBITJIIa yepe3 010JIOTivHE ce-
penoBulIe 3a YMOBH MPHUAYIIECHHS KPOBOTOKY, aje 0e3 MOBHOLIHHOIO KIJIbKICHOTO
aHamizy. Y 1bOMY PO3JiTl CTAaBUTHCS METa BU3HAYUTH OCHOBHI 3aKOHOMIPHOCTI IO-
IIMPEHHS CBITJIa B OlOJIOTTYHMX OO’€KTax MPU MEXaHIYHOMY BIUIMBI Ha TKAHHWHH;
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Binourra + sBopoTHE - - N T
pPO3CIFOBAHHA

Puc. 1. Bxmtodenns kpoBi (1) XaoTHYHO po3MOJiIeHI Y cepeaoBuIi-mMaTpuil (2); p —
30BHINIHIH THCK, F, i /7 — CBITJIOBI TOTOKY, HanpaBJeHi BIIIHMO i, HABIIAKH, JO MOBEPX-

HI cepeloBUIIIA.

3Ba)KalOUM Ha CKJIAJHICTh AOCIIIKYBaHOI CHCTEMH, 3a/lada aHalli3yeThCsl HA OCHOBI
pocToi ABONOTOKOBOI Teopii Kyodenku-Mynka [12].

JUis COpoIIeHHs MaTEMaTUYHOTO OMUCY IPUITYCTIMO, 110 po3Citoroue 01010r14-
HE CEpEeIOBUIIE CKIIAJIAE€ThCS 3 KPOBI Ta “MaTpHII”, MiJl IKOIO PO3YMIIOTHCS BCl 1HIII
TKaHUHU. 3 OTJIAly Ha BIIOMY CTPYKTYPY NOKPUBHUX TKaHUH [13], MOXKHa BBaXkaTw,
10 B MPHUIIOBEPXHEBOMY IIapi, KU TOJIOBHUM YMHOM Bianosigae 3a OIII" curnan,
KpPOB MICTUTBCS B MIKPOCKOMIYHHMX CYJWHAX (HAIPUKIAd, IpeKanusipax), skl po3no-
I1J€H1 B IPOCTOP1 XaOTUYHO 1 AOCUTH OAHOP1AHO. [IpocTip Mixk cyiMHAMU 3aITOBHEHO
cepeoBUIIIEM-MaTPHUIICHO, (DI3UUHI MapaMeTPH SKOI MOXKHA 3aMO3WYUTH 3 Pe3yJbTa-
TIB BUMIPIOBaHb, BUKOHAHUX in Vitro. 'eoMeTpruyHe ySBICHHS MPO MOJE/Ib J1a€ PUC.
1.

OCKUIbKM CYJUHU T1IpaBIIYHO MOB’s13aH1 3 KPOBOHOCHOIO CUCTEMOIO, BHYTPIIII-
HIA TUCK Yy HHUX TMEPIOJUYHO 3MIHIOETHCS BiANOBIIHO A0 nomwupenns [1X. Ile npus-
BOJUTH JI0 MEPIOAUYHOI MOAYJIALIT 00 €My KpOBI, IPUUOMY XapaKTEPUCTHKU MOJY-
JAL11, OYEBUAHO, 3aJ€KaTh BiJ MEXaHIYHUX BJIACTHUBOCTEH 000X CEpeloBHUII Ta iX
MEX, a TAKOX 30BHIIIHBOTO TUCKY. KpOB po3risiiaeThcs SIK HECTUCIMBA piuHa (Tyc-
THHA € CTaJIol0), 1 11 00CST BCepeIMHI OpTaHy, 110 PO3IJIAIA€ThCS, 3MIHIOETHCS TUIBKU
BHACJIIOK MPUIUIMBY 13 30BHIMIHBOI (MO BIAHOIICHHIO 0 OpraHy) CUCTEMHU KPOBOO-
0iry, SIKy MOHa BBa)KaTH HECKIHUCHHO BEJIMKHUM pe3epByapoM. Y TOH Ke yac cepe-
JOBUIIIE-MATPULS IOBUHHO PO3IJIAIATUCA SIK CTUCIUBE, ajie HEIUIMHHE, TaK 1o Oy/b-
AKa 3MiHa MOro o0cAry CynpOBOKYETHCS BIANOBIAHOIO 3MIHOKO I'yCTHHH, aje MOBHA
KUIBKICTh PO3CIIOBauIB 3aJMIIAETHCA CTaJO0. BHYTpIilIHIA TUCK B 000X CepeloBU-
1jax, 0 BUHUKAE BHACIIJOK 30BHIIIHBOI KoMIipecii abo 11X, BBaxkaeTbca ogHOpII-
HUM Ta 130TPOITHUM.

OnTuyHuii po3paxyHok. [Ipu omnuci mommpeHHs CBITIAa MOYKHA MPUITYCTUTH,
10 BUCOKA IIIJIBHICTh 1 XaOTUYHICTh PO3MOALTY CYJAUH 1O 00’€My cepeJIOBHINA JI0-

3BOJISIE ITHOPYBATH MPOCTOPOBE PO3IJICHHS €JIEMEHTIB KPOBI Ta HAaBKOJIMIIHIX TKa-
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HUH 1 BBQXaTH, 110 MOTJMHAIOUI Ta PO3CIIOBAIbHI IIEHTPU KOKHOTO CEPEIOBUINA O/I-
HOPIJIHO PO3MO/IIIEH] TT0 00’eMy Oprany abo oro mociiKyBaHoi yactunu. Lle no-
3BOJISIE BUKOPUCTOBYBATH 3BUYAITHY TEOPIIO MOIIMPEHHS CBITJIa B CHJIBHO PO3CIIOIO-
YUX CEPEIOBUIIAX 3 OJTHUM JIUIIE 3aCTEPEKEHHSIM, 10 MPUCYTHI MOTIMHAI0YI Ta PO3-
CIIOBaJIbHI IIEHTPHU JABOX COPTIB. 3B1ICH BUIUIMBAE, 110 SIKIO KOHIIEHTPAIIIO BiAMOBI-
JTHUX LEHTPIB y CEPEJOBUIIl { O3HAYUTHU SIK 1;, TO iX €PEeKTHBHA KOHIECHTpALlis B
YChOMY PO3IJIIyBaHOMY OpraHi JT0PiBHIOE

N, =n, L ) (D

n+v,

ne V; — o0wem i-ro cepenoBumia (i =1 — kpoB, i =2 — MaTpuus).

[Tpu aHani31 NOMIMPEHHS CBITIa B TAKOMY CEPEIOBUIII CJIiJ MaTH Ha yBasl, IO B
MMOBEPXHEBOMY IIap1 HIKIpH, HAMPUKIIAJ, B €MiIepMici, 3HaYHa YacTHHA MaJar04yoro
MoToKy HaOyBae nudy3Horo xapakrepy. s onucy qudy3HOro MOUMpeHHs CBITIA B
KaJIAMyTHUX CEpeIOBHUINAX 3a3BUYall BUKOPHCTOBYETHCS TBOMOTOKOBa Teopis Kyoe-
nku — Myska [12]; npupoAHO O4lKyBaTH, II0 BOHA 3aCTOCOBHA 1 JUIsl aHaJi3y KPOBO-
BMICHUX CEpEIOBHUII TUIy MPEICTAaBICHOr0 Ha puc. 1. Y paMkax 3a3HadeHOi Teopii
BEJIMYMHA KOe]Ili€eHTa 3BOPOTHOTO PO3CIIOBAHHS BU3HAYAETHCS BIJHOIICHHSM Ips-
MOTO Ta 3BOPOTHOTO JU(Yy3HUX MOTOKIB HA 30BHILIHIA MEXK1 CEpPEeIOBUILA:

F (0
p, == @
£.(0)
a caMi OTOKH OIIUCYIOTBCA piBHHHHHMH
dF. dF
t=—(A+9S)F, +SF, d—:—SF++(A+S)F_, (3)
Z Z

ne A ta S cyTh eeKTHBHI KOC]IIIEHTH TTOTIMHAHHS Ta PO3CiIOBaHHS TUQPY3HUX I10-
TOKIB.

Po3B’s13aHHA piBHSAHB (3) 3 BIANOBIAHUMH I'PAHUYHUMH YMOBAMHM JUIsl HaIliBOE3-
KIHEYHOTo 1mapy (z > 0) no3Bosse 3anucatu npoctuil Bupas aius p, [14-16]

p,=1+Z—-\(1+2Z)" -1, Zzé, (4)

S
sKe, SIKIOo 4 1 S BioMi, IPaKTUYHO PO3B’A3y€ ONTHYHY YaCTHHY 3anavi. Ha xanb,
11 BEJIMYMHU 3a3BUYail HE MAlOTh MPOCTOTO 3B’ A3KY 3 MIKPOCKOIIIUHUMH XapaKTepHUc-
TUKaMHU CEepelloBUIIA abd0 PO3CIIOIYHMX YACTHHOK, ajlé MOXKHA IMOKA3aTH, L0 SKILIO
MPUCYTHI YaCTUHKU TUIBKM OJHOTO COPTY 3 KOHIEHTpaliero N, MpuOIn3HUI BUpa3

bOTO 3B 3Ky Ma€ BUTIIAA [12]

S = Ns, A= Na, ®)
e
3 _
S ZZGS(I—M), a=20c,, (6)

I — cepelHIi KOCHHYC KyTa PO3CIIOBaHHsA, G, Ta G, — IEPEPI3H PO3CIIOBaHH 1 IOT-
JMHAHHS OJIMHUYHOI YACTUHKH BIAMOBIIHO. Y OUIbII 3araibHii CUTYyalli, KOJIU MpH-

CYTHI YaCTUHKH KIIBKOX COPTIB, MPUPOAHO BBAKATU iX BHECKU 0 A 1 S aguTHBHU-
MU:
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S=>8=>Ns; A=Y 4= Na,. (7)

TyT iHAEKCH HYMEpPYIOTh BUAM YaCTUHOK a0o0, BIAMOBIJHO, PO3CIIOIOUUX cepe-
noBuil (y HamoMmy BUManKy i =1, 2). Bapro nigkpecnuty, mo koediuieHtu S, u 4,

— 1, M0 CYTi, XapaKTePUCTUKU MATPUYHOTO CEPENIOBHUINA, SIKI MOXKYTh OyTH BU3HA-
YeH1 He3aJIeKHO MPHU NMPSIMUX BUMIPIOBAHHSX in Vitro.

Mexaniunnii po3paxyHok. Takum yuHoMm, piBHSHHS (4) B koMOiHarlii 3 (6) 1 (7)
Jla€ MOKJIUBICTh 3HAWTHU 3B’SI30K PO3CISTHOTO «HAa3a/1» CBITJIA 3 HAMBAXXIUBIIIMUMH OIl-
THYHUMU TTapaMeTpamMu cepefoBuina. [lomampimmii aHai3 CTOCYEThCS TOTO, SIK MEXa-
HIYHI BJIACTUBOCTI CEPEIOBHUIIA BIUIMBAIOTH HA 1€ 3B’ SI30K.

Posrnsanemo BenuuuHy Z 3 (4), MOBENIHKA SKOI Ma€ BUpIIIAJIbHE 3HAYEHHSA. 3a
nomnomororo (7) 1i MoxHa 300pa3uTH B HACTYITHIN 3pyuHiil dopmi:

-1
P I A
Sl Sl SZ S2

3BepHIMO yBary Ha JOJaHOK OJMHHIII B 3HAMEHHHKY IIhOTO BUpa3y. [IpeacTas-

astroud S, moaidHo 1o (5) Ta BuKopucToByrouu (1), MokHa nepenucati (8) y BUIIIAII

(8)

Nis, _ " Sy _ Vie M, 0
S, 1V1+V2n LS Vi 1,5,
2V1+V2 2

ne 0=V,/V,,,aV,, € nepnuii piBHOBaXKHMH 00’€M KPOBH, LIO Bi/INOBi/Ia€ MiHIMAIIb-
HOMY HaIlPY>KEHHIO CTIHOK CYJMH Ta HaBKOJMIIHIX TKAHUH, KU JJIs JaHOTO 010J10-
T'1IYHOr0 00’€KTa € CTaInM.

BHacaiok npumynieHHs Tpo HECTUCIUBICTh 1 3aBIISIKM HE3MIHHOCTI MOBHOTO
YuciIa po3ciloBayiB y cepenosuiii-matpuni (V,n, =const), Bupa3 y AyKkax € CTajluM

1 JIOPIBHIOE (Sl/ S, )0— BIJTHOIIICHHIO TTapaMETPIB PO3CIIOBAHHS KPOBI 1 TKAHUHU TIPH

V,=V,,. B pe3ynpTaTti MaemMo piBHSIHHSA
-1

a a A S
Z="1—-|L-2l1+ L] o] . 9)
S s S, S, 0
Ha meprmuii moruisi 3Bijic BUIUTHBAE, 110 3HAYCHHS Z 1 pa3oM 3 HUM 3HAYCHHS

P, ABHO 3&JICKUTh TUIBKU BlJ] OHOTO MEXAHIYHOI'O IIapaMeTpa: BIIHOCHOTO 00’eMy
KpOBI1 ¢ . AJle MyCUMO B3SITH JI0 YBaru Ie¢ OJMH ONTHUKO-MEXaHIYHUNA e(EeKT, XapakK-

TEpHUU U1l AeSIKUX O10JIOTTYHUX TKaHUH — MOJKJIMBI Bapiallii nepepizy po3CiloBaHHS,
CIIPUYMHEHI CTUCKAHHSIM TKaHUHU [17]. OCKUIbKH B HAIIOMYy BUIAJKY CEpEeIOBUIIIE-
MaTpHUIIsl CXUJIbHE J0 1[bOTO e(eKTy, HOro CiiJl BpaXyBaTH, BBIBIIH Yy (9) 3aJIeKHICTD
S, Bix THUCKY. 3 OISy Ha BIIHOCHO HEBEIUKY BEJIMYHMHY THUCKY, MOXKHA MIPUITYCTH-
TH, IO 115 3AJICKHICTh Ma€ JTiHIHHY Gopmy [17]
S, =8,,1-Kp). (10)
Hapemiri, abu 3aBepmintu aHanii3, MOTPIOHO MOB’SI3aTH 3MIHU ¢ 3 BapialisiMu
KPOB’SIHOTO THCKY p, (3 ypaxyBaHHSM TOTrO, IO Bapialli THKy BUHMKAalOTh B yMOBax
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30BHIIIHBOI KOMIIpecii). i 1[boro 3a3Ha4uMo, M0 B Oy/Ib-IKUH MOMEHT THCK KPOBI
y CyIUHaX YPIBHOBaXYEThCS CIUIBHOIO JII€I0 30BHIIIHBOTO THUCKY p 1 NMPYKHHUX Ha-

IIPYXCHb Y CTIHKax CyJUH Ta TKaHHHaX OTOYCHHA P

Py=D,*tD- (11)

Tyt p, € QpyHkuiero ¢ abo, 1O
Te X came, 00’emy V. Burman wmiei Py
(GyHKIIIT BU3HAYAETHCS 3aKOHOM J1e(po- } /
pMmanli cyauHHUX CTiHOK. Ha >xaib,
TOYHa (opMa [HOTO 3aKOHY HEBiJIOMa,
ajie MU MOKEMO TPHUITYCTUTH, 110 HOTO
rpadiuHe 300pakeHHs MOJI0HE 110
rpadika Ha puc. 2, IKUI 3BUYANHO 3a-
CTOCOBYETBCSL JJII M’SIKUX TKaHUH
[18].

JIns KIIBKICHOTO OMHCY 3PYYHO
anpoOKCUMYBAaTH KpHUBY Jedopmarliii Ha
puC. 2 NMPUIATHOIO aHATITUYHOIO PYyH-
kuiero p, (V). Jlerko Gaunrty, mo oc-

1= Vo

Puc. 2. 3anexHictb TUCKY Y M’sKiil Oio-
. o JOTiyHIM TKaHMHI BiJ 1 00’eMy: CyIUIbHA
HOBHI BIAaCTHBOCTI i€l QYHKII y  pigig — EKCIICPUMEHT, TOHKA IITPHUXO0BA JIiHis
3HAUyIIOMy JiamnasoHi Jjgedopmaiii  — ampokcumaris (12).
MOYKHA OIMCAaTH BUPA30M

VI_VIO

p, =k, tan (12)

o
ne k,, k, — KOHCTaHTH, MO MiUIATAOTh eMIipu4Hid miarodmi. Kpim Toro, mMoxxHa
BBaXxaty, mo V, =2V, tak mo p, =0. 3 ypaxyBanHsaMm (12), noci He BU3HaUEHUII

3B 130K MIXK ¢ 1 p, MOYKHA ITIOJaTH Y BUIJIAAL

o=1+k, arctan 22— L2 (13)
kl
Tenep moBHUIl BUpa3 Ui 3al€XKHOCTI P, B KPOB’SHOTO TUCKY MOXe OyTH

OTPUMAHO HUISIXOM KOMOiHyBaHHs piBHsHB (4), (8) — (10) Ta (12). SAkmio Hac mika-
BUTh aMILIITya 3MIHHOI KOMIIOHEHTH, CIIiJ B3ATH NOoXiaHY (9) mo p, mobnnsy podo-

401 TOYKH, SdKa BiI[HOBiIIaG IICBHOMY IIOY4TKOBOMY CTaHy 3 (=@, IIpHU 30BHiHIHI)OMy
TUCKY p. OcTaTOYHO MaTUMEMO

S)oa 4
dpv:dp dz d([):_ 2p§ ) Sz o S S20(1—Kp) . klkZ (14)
dp, dZdodp, 1-p; 1-Kp X s o, 2 k12+(Pb—p)2.
S, )J,1-Kp
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Tyt p, — cepenHe 3HaYeHHA KOE(]ILIEHTY 3BOPOTHOTO PO3CIIOBAHHSA, IO B1AIIO-

BiJIae poOoulid Touni. Hapemiri, MokeMo 3anucaty 3arajibHl BUpa3u IJis CTanoi /; Ta
3MiHHOI /, cknagoBux OIII" curnany:

d
I,=p,-B,  I,==P-ip,-B, (15)
dp,
ne Ap, — aMILITyAa MOIYJIALIN KpOB SSHOrO TUCKY, BUKiIMKkaHux [1X, a B — neBHuii

anapaTHUi KoedilieHT, 0 BPaXOBY€E MOTY>KHICTh MAJJal0u0ro CBITIA 1 cymMapHy ede-
KTUBHICTh CXEMH MPUIOMY Ta 0OpOOKH PO3CISIHOTO HA3a]l MOTOKY.

Posrasinemo pesynbrar (14) noknagHinie; Ipu HbOMY MU MOXEMO 3HEXTYBaTH
CIIA0KOI0 3AJICXKHICTIO PO3CIIOBAHHSI Bijl THCKY, 110 BUpaxaeThcs hakropom (1—Kp),
3anpoBakeHuM y piBHsHHIL (10). IIpaBa yactuna (14) cknanaerbes 3 TPhOX MHOXK-
HUKIB, IPUYOMY OCTaHHIN 3aBKIU MO3UTUBHUM. [lepimii Takok MO3UTUBHUI 3aBIs-
KU OueBUHIN HepiBHOCTI P, <1. TakuMm unHOM, 3HaKk (14) BU3HAUAETHCS 3HAKOM pi-
3HUIII

G _ 4 (16)

s 5,
(TOYHIIIE, MPOTHIIEKHUN HOMY), SIKHA MOKE OyTH JIErKO OL[IHEHUH 3a JAOMOMOTOIO
IaHUX, B3ATUX 3 JiTepatyp. [Ipu noBxkuH1 xBuii 665 HM, 0 € poOOUYOO 151 OLIBILIO-
CTI TIOPTATUBHHX dDHF MPUCTPOIB, MOXHA TNPUUAHATH, IO JJIsI EPUTPOIMTIB
o, (1-n)=0.28 MKM’, TOAI fIK o, Moxe 3MiHoBatuch BiJ 0.06 (mpu 100%-Hiit okcu-
reHarii kposi) 10 0.4 MxMm” (y BHMAAKY MOBHOI ae3okcureHanii) [11]. dami 3 piBHsH-
Hs1 (6) 3HAXOMMO, IO Bi/NOBIIHE 3HAYEHHS ¢, /s, 3akmodene Mixk 0.57 i 5.0. 3a Thx
CaMHUX yMOB, SIKIIIO CEPEJOBHINE-MATPHUIl YTBOPEHE TKaHWUHAMM IIKIPH, 3HAYEHHS
koedilieHTiB mornmuHaHHs (~ 2 cM '), poscioBaHHs (~ 244 cM ') i cepenHboro Kocu-
Hyca Kyra poscitoanns (0.81), B3sri 3 [7,19], natots 4,/S, ~0.04. Orxe, pisnuus

(16) 3aBkau nonartua, i Tomy dp, /dp, <0 y noBHiif 3r01i 3 EKCIIEPUMEHTOM.

, IO TTPOTIOPIIiii-

Tenep 3BepHIMOCH /10 aHAJI3y MMOBEAIHKU BEJIMYMHU |d p,/dp,

Ha BuUMIpIoBaHii ammuityal curHany [1X. SlcHo, mo ii 3HaYeHHS BU3HAYAETHCS
ocraHHIM wieHoM (14). Jlerko 6aunTh, mo came B obnacti p < p,, A€ CIPaBEIINBI

/ dpb| € 3pOCTaou00 (PYHKINEW p, IO

anpokcumaiiis (12) ta ii maciigok (14),
csira€ MaKCUMyMa Ipu p = p, . TakuM 4MHOM, MOJEJIb IPOTHO3Y€ 3pOCTaHHS 3MIHHO-
ro OIII" curnany npu HakJIagaHHI 30BHIITHBOTO TUCKY. Lle sBUIle MOXKHA MOSCHUTH
HAO4YHO 3a jonomororo puc. 2. Crpasi, BiaAnoBiaHO 110 (12), npu ¢ikcoBaHOMY 30B-
HIIIHBOMY TUCKOB1 p KOXHiM 3MIHI TUCKY KPOB1 p, BIAIOBIJIA€ NPOIOpPLIHHA 3MIiHA
HaIpy>KEeHHs CTIHOK CYIUH p, , IO BeJe A0 BIANOBIIHOI 3MIHU 00’ €My KpoOBi V. Ho-
ro 3J]aTHICTh CIIyBaTH 3a BapiallisiMU KpPOB’STHOTO TUCKY HamlpsiMy 3aJIeXKHUTh BiJl Be-
mauan dV;/dp,, . B HopmanbHOMy (hi3ionornaHoMy cTaHi TKaHUHH (6€3 30BHIIIHBO-

ro CTUCKAHHS) BOHHU 3a3HAIOTh JOBOJII CHJIBHUX Halpy:KeHb (po3Tiaryrouux [18]), 1
TIOYaTKOBOMY CTaHy Bi/IIIOBifla€, HATPHKIA, poboua Touka A Ha puc. 2, ne dV,/dp,

Ma€e BeJIbMU Maiie a0COJIIOTHE 3HAaueHHA. Y BiAnoBigHOCTI /10 (10), 30BHIMIHINA THCK
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BeJIC 10 3MEHILIEHHs p, (CepelHe 3Ha4eHHs 1 00JacTh 3MIH p, BU3HAYaIOThCS (i310-
JIOT1€10), TOOTO 3CyBae poOOYy TOUKY AO IHIIOIO IMOJOXKEHHs (Hampukiazn, B), ae
dV,/dp,, icrorno Ginbuie. Tomy uyTmmBicts @I curHamy 10 3MiH KpOB SIHOTO THC-

Ky 3pOCTac.
CkasaHe cnpaBeJIMBO, TOKH HE 3MIHIOIOTHCS 3HaKU Aedopmaniii, Tooto V, =2V,

1 p, 2 0. ko 11 ymoBa nopyuyeTsest, 004ail TIAbKY B YaCTHHI ITyJIbCOBOTO LIUKITY,
3aKOH JedopMallii CTIHOK CyAUH yke Oye BIIPI3HATUCH Bl 300pasKeHOTr0 Ha puc. 2.
Lle cnpuymHsie acUMETPIIO 3aJIEKHOCTI |d p,/ dpb| BIJIHOCHO MaKCHUMyMa. 30Kpema,
ICHy€ Taka poOo4a Touka p, = p, ., 10 KOJIU p, < p, ., KPOB ITOBHICTIO BUTICHAETHCA
3 JOCHIIKYBaHOI IUIAHKM TKaHWHU, 1 V; =0. OCKUIbKY 3HaY€HHA p, CTPOro oOMe-
KEHI IE€BHUM Jlalla30HOM Bapiaumii  p, . <p,<p, . §CHO, IO KOJIH
P = DPymax — Pro> 00°€M KpoBl V;, =0 nHa mpotast Beeoro nukiy [1X. ITogibni Mipky-
BaHHSI MOSCHIOIOTHh MOXJIHMBI BinxuieHHs DI curnany Big nependadens teopii (14),
(15) npu cunpHii komnpecii. B geskiil npoMiKHIA 00J1acTi KOMIPECiid, KoJu oOMe-
keHHs V, =0 rpae posb Tinbku Ha yactuHi [IX nukiy, e Bupaxaerbes y aedopma-
uii kpuBux 3anexxkHocTi PIII' curnamy Bij 30BHINIHBOrO TUCKY. Hapemri, komiu
P < Pyin — Do » 3AKOH Aedopmaltii CTIHOK cyiuH Oyzie AOCUTh OIM3bKUIL 10 TOro, 110
300pakeHH Ha puC. 2; BIATOBIAHA alpOKCUMAIlisi MOXe OyTH B3gTa y BUTIslL (12) 3
(MOJTMBO) 1HIIMMH 3HAYCHHSIMU M1JTOHOYHHUX CTaJHX.

IHopiBHSIHHA 3 eKCNIEPUMEHTOM Ta BU3HAYEHHS MapaMeTpiB Mojei. SkicHi
MIPKYBaHHSI TONEPETHHOTO PO3ALTY 3HAXOAATh MIAKPIIUIEHHS B KIJIbKICHOMY aHal3l,
[0 Ma€ 3a METy HiAiOpaTy HalKpallll 3HaYEHHs MapaMeTpiB, sIKI MICTATbCA Yy (8) —

(13). PospaxyHKHM HpOBONHMINCh HpH YK€ 3TafyBaHHX yMoBaXx A, ~2cM = H
S, ~244-(1-0.81) cM™' ~46 cM', Tozi sk pemTa MapaMeTPiB MiAraHAIHCh TaK, MO0
PO3XOKEHHSI MK KPUBUMHU, 110 BUILIMBAIOTH 3 hopmyi (4), (9), (14) 1 (15) 3 ogHoro
00Ky, Ta €KCIIEpUMEHTAILHUMU JAHUMU 3 1HILIOTO, OYJIM MIHIMAJIbHI.

Taka mpoueaypa CiIy>)XKUTb OJHOYACHO 1 JJIsi €KCIIEPUMEHTAJIBHOIO MIATBEp-
JDKEHHST Teopii, BUKIIAJEHOI B po3aiiax «ONTUYHUN po3paxyHOK» Ta «MexaHIuHHiM
PO3paxyHOK», 1 11 €KCIIEPUMEHTAILHOTO BU3HAYEHHS BAXKJIMBUX MapaMeTpiB Mo/Ie-
71, 3HAYEHHS SIKUX a priori TOCTEMEHHO He BijioMi. THUIOBI pe3ylbTaTy MPOUEAYPHU
npeactaBieni Ha puc. 3. KpuBy 1 oTpuMaHO HUISIXOM «IIACTpOIOBaHHS» (YHKIIIT
(14) 1 mpaBoi wactuau (15) 70 HaOOpy EKCHMEPUMEHTAIBHUX JAaHUX JJISi 3MIHHOI
cknagoBoi OIII' curnamy. KpuBy 2 0TpuMaHO aHAJIOTIYHO LUISIXOM MOPIBHSHHS BH-
pasiB (4), (9) 1 nepmoro piBHAHHS (15) 3 cTayio0 CKIAIO0BOIO CUTHAITY. Y BIJANOBIA-
HOCTI JI0 BHUIIIECKA3aHOTO, MPHU PO3paXyHKax BHECOK EKCIIEPUMEHTAIbHUX NAaHUX Ha
JUJISIHIIL, /1€ 3aJIeXKHICTh 3MIHHOT CKJIQIOBO1 B1JT KOMITpeEcii 3a3Hae cnany (p > 60 Top),
BpPaXOBYETHCA 3 MEHIIIOIO BIJIHOCHOIO Barolo, Hik BHECOK TOYOK MOYATKOBOI JIUISHKHU.
B pesynbrati Oyiu 3HalIeH! Takl 3Ha4YE€HHS MapaMeTpiB (OKPYTIEH] JO ABOX 3HAKIB):
k, =30 Top, k,=0.71, p, =44 Top (10 LIIKOM y3TOIKYETHCS 3 3araJbHONPUIHA-

THUM 3HAUEHHSAM KpOB’SHOTO THCKYy B mpekamimapax [20]), K =0, (Ap,-B)=98
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Puc. 3. 3anexHicTe 3MiHHOI (Y€pBOHA KpUBA) Ta CTaJOil (CHHI KPHBI)
cknanoBux @I curnamy (15) Big 30BHIIIHKOI Kommpecii. Ekciepumen-
TaJbHI TOYKU MOKa3aH1 KPY>KKaMHU.

Top-mB, B=103MB, (q,/s,)=1.5 u (SI/S2 )O =0.10. OcTanHe yncIo 03HAYAE, IO B

HOpMaJbHOMY cTaHl (TOOTO 0€3 KOMIIpecii) BIIHOIIECHHS BHECKIB KPOBI Ta CEPEI0-
BUIIA-MaTPHUI[l B CyMapHEe PO3CIIOBAHHS TKAHUHU CTAHOBUTH

50 (5 1+k2arctg& =0.17.

Sz Sz 0 kl
Orxe, S,(0)~7.8 cM ', 3BinKw, 3rigHo (5) — (7), MOXHA 3HANTH KOHIEHTPALiIO
IEHTpiB po3citoBaHHsA B kKpoBi N, =3.7-10° CM °, 110 32 TOPSAKOM BEIMYHHHU 30ira-
€THCS 3 3arajJbHONPUIHITIM 3HaYEHHSIM KOHIIEHTpallli epuTpouuTiB [12].

JiarHocTH4HI 3acTocyBaHHs Mojesi. Puc. 3 cBiguuTh, 110 3ampoOroOHOBaHA
MpOCTa MOJIEJIb HEMOTaHo onucye poToMexaHIuH1 eeKTH, OB’ sI3aHl 3 KPOBOHAIOB-
HEHHSAM O10JIOTTYHUX TKaHUH (OUIBII pi3KE CHaJaHHS €KCIEPUMEHTAIBHUX KPUBUX B
00J1aCT1 BEJIMKUX KOMITPECiii MOxke OyTU MOSACHEHE YK€ OOrOBOPEHUMU MPUUNMHAMHU).
binbin Toro, Mojens Moke OyTH BUKOpPUCTaHA ISl BUITYYEHHS I[IHHOT J1arHOCTUYHOL
1H(dOopMaIrii.

Hamnpuknaz, 3HaliieHa BUIllE CYKYIHICTh MMapaMeTpiB J03BOJIsIE 0€3M0CEPETHBO
oumiHUTH cepeHiil Tuck (~ 44 Top) 1 ammmrtyny I1X B xanumpax (Ap, =10 Top),

. 9 _ .
3HaYeHHs KOHIEHTparii eputpouutiB N, =3.7-10 cm >, a Benmuunm k, i k, xapaxTe-
PU3YIOTh MEXaHIYH1 BJIACTHUBOCTI CTIHOK CYAMH Ta MPWJIETINX TKaHUH (SKIIO OyTH
klkZ
2
ki + (pb -p )
pennst). Kpim Toro, 3uanus (@,/s,) M03BONSE BU3HAYMTH OKCHTEHAINIO KPOBi B TIpe-

OLIbII TOYHUM, BUpPA3 > SABISIE COOO0I0 KOEe(ili€eHT 00’€MHOTO PO3MLIM-

Kanusipax. JificHo, BenuunHa g, 0e3nocepeHbO OB s3aHa 3 apaMeTpaMu OKCHUIre-
Halii KpoBi, OCKUIbkH, 3rimHO (7), BOHa MOke OyTH BUpakeHa SK
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a,=a,x,+a,1-x), 1e iHIEKCH 0 1 e BIAHOCATHCA N0 OKCHUTCHOBAHUX Ta JAE30KCH-

loxo
IeHOBaHMX €PUTPOLIUTIB BIANOBIIHO; X, IO3HAYa€ CTYMIHb OKCUIeHauli (BIAHOIIEH-
HSl YHMCJIa OKCUT€HOBAHUX EPUTPOLUTIB JI0 TIOBHOTO YHCIa €PUTPOLMUTIB). OCKUIBKH
a,, Ta a,, 3BUYaiiHO B1IOMI 3 JITEpaTypH, TO BUSHAYECHHS X, HE CTAHOBUTH IPOOIIE-
MU. Tak, KOpUCTYIOUKCh BIJOMUMH 3HAYEHHSIMH MONEPEYHUX MEPEPI31B €pUTPOLIUTIB
[12], HeBaxkKko 3Haiith, IO, 3rimHO (6), s =0.28MKM’, @, =0.12MKkM°, a,, =1.04

MKM’, i TOJIi 3HaiiJieHe B MOMEPEHFOMY PO3/iNi 3HAYCHHS (a,/s,)=1.5 npusBoxuts
n0 ominku g, = 0.31MKkM’, siKa BianoBinae crymenio okcurenanii x, = 0.80.

Bapro yBaru, 1o noBeJiiHKa CTan0i KOMIOHEHTH CUTHaIY, 300pakeHa KPUBOIO
2 Ha pucC. 3, € TUIIOBOIO, ajie HEe O0OB’SI3KOBOIO. [HOJI CHOCTEPIra€ThCsl HEBEJIUKE
CHa/IaHHsl CUTHAYy MPHU BEJIMKUX KOMIPECISIX, MOJIOHE TOMY, 110 MOKHA OAYUTH Ha
KpuBiil 3 (BOHA BIAPIZHAETHCA BIJ] KPUBOi 2 TIJIBKUA T€M, IO TpH ii MOOYI0BI 3aMiCTh
K =0 6yno npuitasaro K =0.01Top ). Taki dakTi MoXyTh GyTH iHTEpIpeTOBaHi K
CBIJIOIITBO TOTO, II0 ONTHYHI XapaKTEPUCTUKUA PO3CIIOBAYIB y CEPEIOBUILI-MATpPHII],
AK MPABWJIO, HE YYTJIMBI 10 3MIH 30BHIIIHBOTO THCKY (IIpUHANMHI B MEKax 3BHYaii-
HOTO Jllana3oHy KOMIIpECiii), ajie B IESIKUX YMOBaX, MPUPOJa SIKUX MOKH IO HE LLJ-
KOM $ICHA, BIUTUB 30BHIITHHOTO TUCKY MPOSIBISIETHCS JOCUTD YITKO.

BucnoBku. Ha 3aBepiieHHs 3a3Ha4MMO, M0 HE3BaXKAIOUM Ha YCIIX OMHCAHOL
MOJIE1, CITi] 3BaXKaTH Ha OYEBHJIHI OOMEXXEHHS JTaHOTOo Tiaxoay. He kaxydu mpo J1o-
Ope BigoMi1 0OMEKEHHS JIBOIIOTOKOBOI Teopii [12] Ta reoMeTpito, BEIbMU JIaJIEKy Bij
peanbHOCTI (UB. puc. 1), ICHYIOTH JesiKki (i310JI0T14HI SIBUIIIA, sIKI MOTJIH ©6 OyTH Bpa-
XOBaH1 MOJIEJIIIO, ajie 3aJIMIIMINCH MTOKH 110 Mo3a yBaroto. Hampukias, KoxHMA Ta-
pametp y piBHAHHX (8), (9) 1 (14) BBaxkaBcsi cramuM Ha mpotasi [IX nukiy, xoua
IPUPOJHO INPUITYCKATH, IO CTYIIHb OKCHI'€HAlli 3MIHIOE€TBCS CHHXPOHHO 3 p,. 3a
HEOOXIJTHOCTI, el ePEeKT MOKHA BKIIIOUUTH A0 PO3IJSAY, MPEACTABUBIINA 3MIHHHMA
CUTHAJI SIK CyMYy JBOX aJUTUBHUX 4acTtuH: [ =/ +/ ,, mepiia 3 SKUX JA€TbCS Y-

a2’
ruM piBHsHHAM (15), a npyra mae Burnsag [, = (a’ o,/ a’al)Aa1 - B. Toni BulieHaBee-

H1 MIpKYBaHHS CTOCYIOTHCS JIMIIIE MEePIIOi YACTUHH, 1 JIs MOJABIIOT0 3aCTOCYBAHHS
aHaji3y moTpiOHO 3a37ajerib PO3IIIUTH “‘MeXaHIYHUN Ta “(1310JI0TTYHUNA" BHECKH.
[I1o6 po3B’s3aTH 110 3a71a49y, MOKHA BUKOPHCTATH XapaKTEPHY PUCY MPEACTABICHOI
MOJICITi, a caMe TOW (pakT, IO B 3BUYAHHUX yMoBax, konmu K =0, curHan 3aj1eKuTh
TUIBKM B1J pi3HOCTI p, — p . lle 3HauuTh, M0 JUIsl HE3aJIekKHOT 00pOOKHU “MeXaHIYHO-

ro” BHECKY MO’KHA 3aCTOCYBaTH MOJIYJISLIIO 30BHIIIHBOTO TUCKY. J{1MICHO, OCKUIBKH
3rigHo 3 (14) moximHl p, O p, 11O p PI3HATHCA TUIBKM 3HAKOM, MOJIYJISLIS CTUC-

KaHHS MOPOJDKY€E 3MIHHUN CUTHAJ, aMIUTITYJa IKOr0 BUPaXaeThes y (opmi, aHAIOT -
yHii (15),
1,=(dp,/dp)Ap-B=—(dp,/dp,)Ap-B.
Axne, Ha BiamiHy Bif (15), TyT MHOXXHHUK Ap € KOHTPOJIHOBAHUM 1, TAKUM YH-
HOM, BUHMKAE JIOJATKOBHI HE3aIEKHUI KaHaI OTpuMarHi indopmarii npo dp,/dp, .

OTke, € MOXKIIMBICT BU3HAYUTH BEIWYMHY WieHA [, 3 JaHUX MOAYJILINHUX BUMI-
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pIOBaHb, MICIA 4Oro 3Ha4YeHHA [, MoOke OyTH 3HalJCHO IUIAXOM IPOCTUX OO0YHC-

neHb. B Takomy Bumnagky MoxHa Oyjae JOCIIKYBaTH JUHAMIKY IPOLIECIB OKCUTEHAa-
11i KpOBI B MpeKanusipax.

Cnin 3a3HaunTt, 1o oopodka @I curnany 3a AOMOMOIO0 3alMpONOHOBAHOL B
poOOTI MOJIeN 03BOJIA€E BU3HAUYMTH TaKl HAMBaXJIMBIII XapaKTEPUCTUKU Nepude-
pPIHHOTO KpOBOOOITY Ta MIKPOLMPKYJSAILIL, K cepenHid THCK Ta ammuntyny I[1X y
MpeKanuisgpax, mapaMmeTpu IPYKHOCTI CTIHOK CYJIUH, BMICT €pUTPOIUTIB y KPOBI Ta
CTymiHb ii okcureHamii. [lpu mpomy, OGe3nepepBHO 3MIHIOIOYKA KOMIIPECIIO, MOXKHA
BU3HAYUTH BCl JIaH1 B OJTHOMY ITMKJII BUMIPIOBaHb, 0 3aiiMa€ He OUIbIIE XBWJIUHH, 1
3 BUKOPUCTaHHSM JOCUThH MpocToi amapatypu. Moxnuse noeaHanus OIII goci-
JDKEHD 13 aHaJli30M IapaMeTpiB cepLeBOro purMmy [21], mo gae KOMIIEKCHY Xapak-
TEPUCTUKY (PYHKI[IOHAIBHOTO CTaHy SIK CEPLIEBO-CYAUHHOI CUCTEMH, TAK 1 OPraHi3My
3aragoM. ToMy pe3yiabTraté poOOTH MOXYTh 3HAWTH 3aCTOCYBaHHS MPU CTBOPEHHI
HEJOPOTUX EKCIPECHUX MIarHOCTUYHUX METOIHK, 0 OCOOJMBO BaXKIMBO IMPH MPO-
(deciiiHuX orisax Ta B 3a/1a4yax €KOJIOTTYHOIO MOHITOPHHTY.
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Bekshaev A.Ya.

Formation and informative content of photoplethysmographic signal under the
conditions of controllable external compression

SUMMARY

The physical nature and quantitative characteristics of the photoplethysmographic (PPG)
signal under conditions of external compression of the studied tissue area are theoretically
investigated. Dependences of the constant and variable components of the PPG signal on the
applied pressure are revealed, which have maxima at certain compression values. The physi-
cal model of the PPG signal formation process takes into account the optical and mechanical
properties of biological tissues. The model is based on the consideration of the diffuse propa-
gation of light in a two-component scattering medium (blood + surrounding tissues) and em-
ploys the Kubelka — Munk two-stream theory, in this case, the amount of blood in the tissues
is determined by the conditions of mechanical equilibrium and the laws of tissue deformation.

1t is shown that the developed model correctly describes the observed qualitative features of
the PPG signal, and the condition for the best agreement between theoretical and experimen-
tal curves allows real-time determination of the peripheral microcirculation quantitative cha-
racteristics (mean value and amplitude of the blood pressure fluctuations in precapillaries,
erythrocyte concentration, average degree of blood oxygenation, the vessel walls elasticity,
etc.). The developed methods for determining the blood circulation parameters can be used as
the basis for inexpensive and effective express methods of research and medical diagnostics,
which are especially useful in mass surveys or in environmental monitoring.

Keywords: biological tissue, light scattering, external compression, tissue blood-filling, pho-
tomechanical effects
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®opmupoBaHue U HHPOPMATUBHOCTD (POTOMIETU3MOIPAGUUECKOI0 CUTHAJIA B

52

YCJIOBUAX KOHTPOJHUPYEMOil BHEIIHEH KOMIIPECCUU

AHHOTALIUA

Teopemuuecku ucciedyemcs guszuyeckas npupooa u KOIU4eCmeeHHble XapaKmepucmuku
gomonnemuzmoepaguueckozco (@III) cuenana 8 yciosusx HewHell KOMIPeccuu ucciedye-
MO20 yHacmKka mxkaHu. Buvisenenvl 3a8ucumMocmu nOCMOsSIHHOU U NEPEMEHHOU COCMAsIAowel
QIII" cuenana om NPULONHCEHHO20 OABLEHUs, UMEIOWUe MAKCUMYMbL NPU HEKOMOPbIX 3HaYe-
Husix komnpeccuu. Quzuueckas moodenv npoyecca gopmuposanuss PIII" cuenana yyumoieaem
onmuueckue u MexaHuveckue ceolcmea ouonozuveckux mrauei. Mooenv ocHoéana Ha pac-
cmompenuu oupyznoeo pacnpocmpanenus céema 8 08YXKOMNOHEHMHOU pacceusaruels
cpede (Kposb + oKpyacarouue mKaHu) ¢ NOMowbo 08yxnomokogou meopuu Kyboeaku — Myn-
Ka, npu 2Mom KOAUYeCmB0 KPOSU 6 MKAHAX ONPedensiemcsi YCI08UAMU MEXAHUYECKO20 pas-
HOBecuUsl U 3aKOHamu depopmayuy mrkaHeu.

Tlokaszano, umo pazeumas Mooeib NPAGUILHO ONUCHIBAem HADIOAeMble KAYeCmEeHHble
ocobennocmu @III" cuenana, a ycnogue HaUIY4uLe20 CO2NACOB8AHUL MEOPEeMUYECKUX U dIKcne-
PUMEHMANILHBIX KPUBIX NO360JIE€M 8 PedbHOM 8PeMeHU ONpedeums KOAUUeCmeeHHble Xa-
pakmepucmuku nepugheputino2o Kposoobpaujenus (cpedHee 3Haverue u amniumyoa Koueoa-
HULL 0asleHUs KPOSU 8 NPEKANULIAPAX, KOHYEHMPAayus 3pumpoyumos, cpeousisi Cmenensb oK-
cueeHayuu Kposu, ynpy2ocms CmMeHoK cocyoos u m.o.). Pazpabomannvie cnocobwi onpeoeie-
HUSL NAPAMempos Kpo8oobpaweruss Mo2ym Oblmb NOJONCEHbL 8 OCHOBY HeOopo2ux u d¢hgex-
MUBHBIX IKCNPECCHBIX MEMOOUK UCCIe008aHUS U MEOUYUHCKOU OUAZHOCMUKUY, 0COOEHHO No-
JIE3HBIX NPU MACCOBLIX 0OCNEO0BAHUAX UNU 8 IKOJIO2UYECKOM MOHUMOPUHZE.

Knruesuvie cnosa: buonocuueckue mranu, paccesnue cema, HEeUHsIs1 KOMIPECCust, Kpo-
geHanoiHenue mrawet, homomexanuyeckue 3¢ghexmoi
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Buxopucranus acrpoHoMiunoi kamepu ZWO ASI120MM nos
AOCJIIIZKEHHS MOJICKYJISIPHOI'0 PO3CisIHHS CBiTJIa

MonexynapHe po3cisinus ceimaa — memoo, AKUll 00360JA€ GUSHAYAMU [HIMEHCUBHICMb Mda
Koeghiyienm po3cisnms ceimaa. /s Oinbuiocmi 600HUX PO3UUHIB, BEIUUUHA MAKO20 Koehiyie-
HMa Cnispo3mMipHa 3 maxorw 0. OeH301y, ane Ha NOPAOOK Oinbuie Hidxc 015 6oou. [lomomy He-
00Xi0HO peecmpyéamu iHMEHCUBHICMb UNPOMIHIOBAHHA NOPAOKY R, <R~ R, . 3aons ycyHen-
HSl NepeuKo0, no8 sI3aHuxX 3 QI3UKO-XIMIYHUMU Npoyecamu, npu npo8eoeHHi NOOIOHUX eKchne-
pumenmis, 6y10 3aNPONOHOBAHO BUKOPUCMOBYBAMU BUCOKOUYMIUBL ACMPOHOMIYHI KAMepU.
Mema oanoi pobomu nonseae 6 3acmocysanti gucoxouymausux kamep ZWO ASI120MM npu
00CNIOJCEHHI MONEKYIAPHO20 PO3CIAHHA c8imaa. B acmponomiunux O0ocniodceHusax npu 6u-
8ueHi 00 €kmis 3i CIAOKUMU CEIMIOBUMU NOMOKAMU (KOMem, Memeopis, acmepoiodis), 3a36u-
uau eukopucmosyromocsi CCD-kamepu. /[ nopieHanHs npueedeHi mpu munu Kamep, sKi 6u-
Kopucmosyromuocs 6 acmporHomiunux cnocmepesxcenusax. CCD-kamepa BUJEOCKAH-415-
2001 suxopucmosyromscs 051 CNOCMEPENCEHH KoMem ma acmepoiois, 60HA MA€E MAEHbKI
PO3MIpU ma Modice npo8ooUmy HaKONU4eHHs CUsHaly b6es cucmemu oxonooxcents. Kawepa
Watec WAT-902H2 ULTIMATE mae 6ucoky uymaugicms, wjo 00360JA€ il Qikcysamu weuo-
Konpoaimarwoui acmponomiuni 06 ’ekmu, Hanpukiad, memeopu. CCD-xkamepa DMK
214U04.A4S xompa € ananocom ZWO ASI120MM, suxopucmosyemvcs 015 peecmpayii uieuo-
Konpomikaouux npoyecis. B oanii cmammi, nokazane ycniuihe 3acmocy8anHs acmpoHOMid-
Hux xamep ZWO ASI120MM npu 0ocniodcenni monekynsapHo2o posciauns ceimua. Ilpeocma-
8lIeHA CXeMa eKCNepUMeHmaibHol YCMAaHOB8KU, 3 GUKOPUCIAHHAM OaHoi kamepu. [lokazaHo,
Wo 6 pe3ynbmanmi NpoBeOeH s eKCNEPUMEHMI8 MONCHA GUSHAYUUMU THMEHCUBHICb 3aloMle-
HO20 Ma OCHOBHO20 NPOMEHIG Ul pO3paxyeamu Koe@iyicum po3ciaiHsi R 0151 00CHi0NCYBAHUX
po3uunie. [{na pobomu 3i 300pasicenHAMU, OMPUMAHUMU 8 Pe3YIbmami 00CIIONHCeHb, CMBope-
HO cneyianvhe npocpamue 3abesnevens. Pospobnena npoepama «Light» 0os3gonse npoeoou-
Mmu 8UMIPIOBAHHS YCePeOHeH020 3HAYEeHHs iIHmeHCcUugHocmi. B xo0i nocnioyrouux excnepume-
mis, npu NOCMAHOBYI HOBUX 3a0ay, Npocpamue 3abe3neyenHs Oyde 0onpaybo8yBaAmMuUcs ma
800CKOHAN08amMUCA. B nooanvuiomy, niaHyemuvcs GUKOPUCIOBYBAMU OAHY MemOOUKy Ojisl
00CNI0HCEHHS BOOHO-OLIKOBUX POZUUHIS.

Knrouoei cnosa: monexynsipue po3cisHHs c8imid, ACMpOHOMIYHI Kamepu, Koeghiyienm po3-
CIAIHHA, BOOHI PO3UUHUL.

Beryn. Sk Bigomo, monekymsipHe poscisinas cBiTiia (MPC) — meton, sikuit no-
3BOJISIE OTPUMYBATH 1H(OpPMAIIiIO PO B3aEMOJIIO CBITJIa 3 KOHJICHCOBAHOI PEYOBHU-
HOM0. JIJ1s IbOro, Ha NMUIAXY MaJaryvoro CBITJIOBOTO MOTOKY IMOBHHHI 3yCTpidaTHCS
ONTHUYHI HEOIHOPITHOCTI, HAMPHKJIA: KOJOIAHI YaCTHHKH, mua abo caxa [1]. Bu-
BUCHHIO JTAHOT'O METO/IY MPUCBAYEHA BEJIMKA KIJIBKICTh POOIT, 3 HUX MOYKHA BUJILIIUTH
dbynnamenTanbHi nocnigxenns dadenincekoro ta Bykca [2,3].

JUtst nocimiKeHHsT MOJIEKYJISIPHOTO PO3CISIHHSL CBITJa HEOOXIJHI TPU OCHOBHI
KOMITOHEHTH €KCIIEPUMEHTAJILHOT YCTAaHOBKH: JDKEPETIO BHUIPOMIHIOBAHHS, CHCTEMa
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JUIA 3aJJaBaHHS KYyTiB Ta oTonpuiiMaibHUM mpucTpiil. [xepenoM BUIPOMIHIOBAHHS
3a3BUYail BUCTYIAE JIa3ep, B SIKOCTI (POTONPUNHMAIBHOIO MPUIATy BUKOPUCTOBYIOTh
@OFEII (poTtoenekTpoHHUI TOMHOXKYBaY), SIKUM MPaIIOE B PEKUMI JIiUeHHS (OTOHIB.
B ocranHiii yac, 3aa1s MOZAEpHIi3alli BUMIPIOBaHb B MOAIOHMX YCTaHOBKAX, 3aMiCTh
@OFII noyanu BUKOPUCTOBYBAaTH PI3HOMaHITHI KaMmepu. Tak B AesSKHX CTarTAX [4-6]
npezacTaBieHo 3actocyBanHss CCD-kamep 111 BUBYEHHS TMHAMIYHOTO PO3CIFOBAHHS
CBITJIA.

3a JOMOMOT0I0 METOIY MOJIEKYJISIPHOTO PO3CISTHHA CBITJIA MOXHA BU3HAUUTH 1H-
TEHCUBHICTh Ta KOE(ILUIEHT PO3CISTHHS pedyoBUHU R (KoediuieHT Penes). Takum yu-
HOM, TP JOCIIJPKEeHH1 piiuH [3] Oyj0 BU3HAYEHO, 110 Y BoJaU B 12 pa3iB cialkiia
CBITJIOPO3CIIOBaJIbHA 3/IaTHICTh, HK Yy O€H30/1y. BIIbIIICTh JOCIIIKYBAaHUX BOTHUX
PO3YMHIB MalOTh KOEQILIEHT PO3CISIHHS CIIBPO3MIPHHUM 3 OEH30JI0M, ITOTOMY HEOO-
X1IHO 3a0€3MeUYUTH PEeeECTpalilo 1HTEHCUBHOCTI MOPAAKY R, <R=~R,. OCHOBHUMHU
MEPEIIKOIaMH TP MPOBEACHHI MOAIOHNX €KCIIEPUMEHTIB € (PIIyKTyalli IHTEHCUBHO-
CT1 JoKEepea CBITIa Ta 3a0pyAHEHHS (IOMIIIKK) B po34uHi. Po3niimTu 3MiHYy 1HTEH-
CUBHOCTI OB s13aHy 3 (P13UKO-XIMIYHUMU MPOLECAMU Ta IIIyMH, 3a3BUYail, HEMOXJIH-
Bo. ToMy Oyso 3ampOnNOHOBAHO BUKOPUCTOBYBATH BHCOKOUYYTJIMBI aCTPOHOMIYHI
KaMepH, Ta METOAUKH, KI BUKOPUCTOBYIOTHCSI B aCTPOHOMII MPU peecTparlii c1adKux
CBITJIOBHX MOTOKIB Ta 00’€KTIB, IO IMIBUIKO 3MIHIOIOTHCS (TUIy METEOpIB), NJIs 3a-
Jla4 MOJIEKYJISIPHOTO PO3CISIHHSI CBITJIA.

Mertoro 1i€i poOOTH € 3aCTOCYBAaHHS BUCOKOUYTIMBOI aCTPOHOMIYHOI Kamepu
ZWO ASI120MM nsist JoCaiKEHHST MOJIEKYJISIPHOTO PO3CIsTHHS CBITJIA.

1. 3acTocyBaHHsI KaMep B aCTPOHOMIYHHMX CIOCTepe:KeHHsAX. B acTpoHoMIU-
HIM TIPAKTHII, JOCIIDKYIOUN 00’ €KTH 3 MAJIUMH CBITJIOBUMH ITOTOKaMH, 3a3BHYai 3a-
cTocoBytoTh CCD-kamepu 3 HaKONMUYEHHSIM, 110 JO3BOJIAE€ (PIKCYBaTH Taki 00 €KTU
AK: 30p1, aCTEPOiIU, KOMETH 1 T.JA. SIK MpaBUII0, JOCIIKYBaHl 00’ €KTH MarOTh Cl1ad-
KM CBITJIOBHI MOTIK 1 6a30Ba 3a/1a4a mpuiiMaya BUIIPOMIHIOBAHHS - HAKOITUYHTH J10-
CTaTHBO CBITJIA, 00 Oyja MOKJIUBICTh NMPOBECTU ACTPOHOMIYHI Ta (OTOMETPHUYHI
BUMIPIOBaHHS.

AJne iCHYIOTh aCTPOHOMIYHI SBHINA 3 Jy>K€ KOPOTKUM 4acoM KUTTA. Lle meTeo-
pHI SBHIIA — FOPIHHS MUJIOBHX KOCMIYHMX YAaCTHHOK B aTMocdepi 3emill Ha BUCOTI
80-100 kM. BaiTatoun 10 3eMHOiI atMocdepu 31 KOCMIYHOIO MBHAKICTIO 11.2-72 kMm/c
NUJIOBAa METEOpHA YAaCTHUHKA, MACOIO J0 IpaMy, 3a3BUYail, OPOIKY€E METEOPHE SIBU-
11e, K€ IPOJOBKY€EThCA MEHILE CEKyHIU. B mpakTuili MeTeopHoi acTpOHOMIi, YacoBi
MIPOMIXKH, SIKE€ TOTPIOH1 1711 OTPUMAHHS MUTTEBOTO 300pa)K€HHs, CKJIaJat0Th MpUo-
m3Ho 107-10 ¢. Takoro 4acoBOro po3JiNEHHS MOXKYTh DOCSATATH TUTBKH OKpeMi
MOJIeNIl KaMep W TUIbKM Y BUIIAQJIKY BEJIMKHUX CBITJIOBUX MOTOKIB. B Hamomy Bunaaxy
1€ MOKJIMBO JIJIsl BETUKUX METEOPOiIiB, Kl HOPOKYIOTh BXKE HE METEOPHI SBUIIIA, a
OO TH].

Jlis mpukiiagy HaBeAeMO TPU THIH KaMmep, SKi BUKOPUCTOBYIOTHCS HAMU IS
CIIOCTEpEKEHH KOMET, MeTeopiB Ta Oomiais, e CCD-kamepa BUJIEOCKAH-415-
2001, Watec WAT-902H2 ULTIMATE ta CCD-kamepa DMK 21AU04.AS (ogHOTO
Kiacy 3 kameporo ZWO ASI120MM).
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1.1. CCD-kamepa BUJIEOCKAH-415-2001. [IpencraBineHa kamepa BUKOPHU-
CTOBYETHCSI HAMU Ha Teneckomni cuctemu LlIMinra, BoHa 100pe cebe 3apeKoMeHTyBa-
Ja 1715 MO3ULIMHUX CIIOCTEPEXEHb KOMET i1 acTepoiniB. Moke BUKOPHUCTOBYBATHCS B
AKOCTI METEOPHOTO MAaTPYII0 B TENEBI3IMHOMY PEXHMI JJI CKpPaBUX METEOPIB Ta
0O0JI111B.

Ha puc.1 npencraBieHo TectoBe 300paeHHs TUISHKH 31pKOBOr0 Heba 3 eKCIo-
sutiero 40 c, orpumane 3a gonomororo kamepu BUJIEOCKAH-415-2001.

Jlo mepeBar 1i€i KaMepu MOKHA BIJHECTH ii HEBEJIHMKI PO3MIPH, MOXIHUBICTh
MIPOBOJIUTH HAKOMMYEHHS CUTHAITY 0€3 CUCTEMHU OXOJIOJIPKEHHS, HASIBHICTD €JIEKTPOH-
HOro 3aTBopy. Jlo HEMOMIKIB CIiJl BIAHECTH TOW (haKT, M0 MPU MAIUX EKCIO3UIIIAX
YyTJIMBICTh 3HAUHO CIIaJIa€ B MOPIBHSHI, HAPUKJIIAM, 3 Kamepamu Watec.

Puc. 1. GOBG 306p>1<eHH;1 JUISTHKY 31pKOBOTO Heba OTpUMaHe Ha MOJIEPHI30BAHOMY
teneckori cuctemu miara 3 CCD-kameporo BUJEOCKAH-415-2001.

1.2. Kamepa Watec WAT-902H2 ULTIMATE Ta ii moaugikamii. /lana mo-
JIeNib B PI3HOMAHITHUX MOJU(DIKAIIIX BUKOPUCTOBYETHCA HA CIIOCTEPEXKHIN CTaHIIii
KpwxkaniBka Onecbkoi acTpoHoMiuHOi obcepBatopii 3 2003 poky, sSIK OCHOBHHIA
npuiiMay BUIPOMIHIOBAHHS JIJIsl METEOPHOTO TeleBi3iitHoro natpymo. Kamepu Watec
WAT-902 He3Baxkarouu Ha JOCTaTHbO CKPOMHI (hopmaT 300paxkeHb, pO3Mip MiKce-
7B, YacoBe pPO3JUICHHS, §-0IT pO3pSIHUN aHAJIOrOBO-IU(POBUIN MEPETBOPIOBAB,
MalOTh OJIHY BOXKJIMBY XapaKTEPUCTHKY, siKa HEJAOCSHKHA Ui 1HIIKUX kamep. Lle Buco-
Ka YyTJIMBICTb, SIKA pOOUTH 111 KAMEPHU MOKJIIMBO €JUHUMH B IIbOMY KJacl (3 4aCOBUM
pozauteHHsmM 0.02 ¢) npunataumu 175 pikcarlii ciabkux MeTeopiB ad0 1HIINUX IIBUI-
KOIPOJIITAIOUUX 00’ €KTIB, HAIPHUKJIAA ITYYHUX CYNyTHHKIB 3emul. Taki kamepu J10-
3BOJIIFOTh OTPUMYBATH 300pa)K€HHS METEOpiB /10 12 31pKOBOI BEIMYHMHH, 110 OYJIO0
TOCSIKHUM 17151 poTorpadiuHuX CIIOCTEPEKEHb Y MUHYJIOMY. Ha puc.2 npeacTaBieHo
KOMOIHOBaHI 300pa)K€HHS PI3HUX THUIIIB METEOPIB, € KOKHHUMA IITPUX MPEACTaBISIE
okpemy ekcrno3uilito B 0.02 c.
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Puc.2. K0M6iH0BaHi 3o6pa>1<eHH;1 PI3HHUX THUIIIB METEOPIB.

Pi3Huns y 300pakeHHsAX METEOPIB MOB’sA3aHa 3 iX PI3HUMH MOXOHKEHHSIMU: O
HI € YAaCTUHAMHU ACTEPOI/iB, a IHIII — KOMET. ACTEpOIAH] MUJIOBI YACTUHKHU MPEACTaB-
JS0TH CO00I0 KaM’siH1 a00 3aj1i3H1 NWIMHKY Ta MAIOTh BEJIMKY I'YCTHHY, B TOW 4Yac K
YACTUHKH KOMETHOTO TIOXOKEHHS MPEICTaBISIOTh COO0I0 CyMIlll MY Ta JbOIy. Y
METEOpIB KOMETHOTO MOXOKEHHS, K IMPABUJIIO, ICHY€E XBICT. BIH NOKa3y€e 1HTEHCUB-
HicTh pyiHaii yactuaku. CCD-kamepu Watec 103BOJISIIOTH HAJIHHO (iKCYBaTH -
HaMiKy TaKoTro IpOoIIeCy.

B niBiit yactuHi puc. 2 npeAcTaBieHi pe3yabTaTu 00OpoOKH METEOPHUX IITPHUXIB,
AK1 JTO3BOJISIIOTh OTPUMYBATH BHUCOKOTOYHI BEJIMYMHU KYTOBUX HIBUIKOCTEH METEO-
piB. Taky MOXJIHMBICTB 3a0e3meunia cTabiibHa poboTa kamep. B oaHiil 3 nmepmx po-
01T o 1 Temi [7] Oyio MPOBENECHO CHeliaibHI €KCIIEPUMEHTH Ta MPOTECTOBAHO Ka-
Mepy Watec 902K nHa npeamet ctabinbHOCTI poOoTH. OOpoOKa JaHUX E€KCIIEPUMEH-
TiB TIOKa3ala, MO AOCATAETHCS CTAabLIBHICTD YacToTH 3 TounicTio 0.05 Mc™, cTabinb-
HICTh IHTEHCHUBHOCTI CUTHAJy He ripuie 6%. Pe3ynbTaT AOCHIIKEHb MPEICTABICHO
y psal myomxkamii [7-9].

Jlns imrocTpartiii po3auibHOI 37aTHOCTI kKamep Watec Ha puc.3 HaBeleHO 300pa-
KEHHS METeopa, 0 MOAPIOHIOETHCS, OTPUMAaH1 OJTHOYACHO HA ABOX IHCTPYMEHTAX.

BepxHiii 3HIMOK oTpuMaHO 3a gonoMoror 00’ektuBy KO-140 (cBiTioBa cuna
1:2, pokycHa BigcTanb 140Mm), HIKHIN — 32 1OoMTOMOToI0 Teneckona cuctemu LImiza-
Ta (cBiTiIOBa cuna 1:2.24, ekBiBasieHTHa (pokycHa BijacTanb S00MM). BukopucroByBa-
JUCh OJHOTHUMHI npuiiMaui BunpomidioBanHs CCD-kamepu Watec. Otpumano yHi-
KaJIbHI 3HIMKH, SIK1 JJOKYMEHTAJIBHO MIATBEPIKYIOTh MPOIEC MOJPIOHEHHSI METEOPIB
y 3eMHi aTMocdepi, Mo PaaioJOKaIlIHHUM CIIOCTEPEKEHHSIM CEpeJl BCIX 1HIIUX Me-
TEOpiB, TakKi, 10 MOAPIOHIOIOTHCS, 3aliMaroTh Juie 2%. 3a JOMOMOrow 00’ €KTUBY 3
KOPOTKOIO (DOKYCHOIO BIJCTaHHIO (DIKCYIOThCA JIMIIE JIBa BEJIMKUX (pparMeHTH, a 3
teneckoniom cuctemu I[IIMinra moxkHa (ikcyBaTH TOHKY CTPYKTypy Meteopa. Ha
puc.3 3 mpaBoi CTOPOHU MPEACTABICHO Ipadiky MOMEPEUHUX CKaHIB BIAHOCHO TPA€K-
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Puc.3. IlogpiOHEeHHSI METEOPHUX YaCTUHOK B 3€MH1I aTMocdepi

Topii pyxy. ¥ Bunmajky Teneckomny cucremu llImiara qist Toro x meteopy 3adikcoBa-
HO He MeHIIe 10 gparmenTiB. ACTpoHOMIYHA 0OPOOKA KOKHOTO 300paKeHHS 3 MO3H-
LIAHOIO0 PO3IBHOIO 3/IaTHICTIO B | KyTOBY CEKYH/ly Ta YaCOBUM po3aiieHHsM B (.02
C, J03BOJIMJIa BU3HAYUTH, IIO I1JI Yac MOJbOTY B 3€MHIM aTMocdepi BIIOYIOCS TpH
akTu noApiOHeHHs. Lle roBOpUTH MPO HEOAHOPIAHY CTPYKTYPY SICKPABOTO METEOPY.
B uutomy, iHpopmariis oTpruMaHa 3a A0oMOror kamep Watec, 103BOJIsi€ OTpUMATH
VHIKQJIBHUA MaTepian i CHOCTEPEKEHHs, 1HTEpIpeTalis SIKOTO BIJIKPHBAE HOBI
MO>KJIUBOCTI B METEOPHIN aCTPOHOMII.

1.3. CCD-kamepa DMK 21AU04.AS. CCD-kamepa DMK 21AU04.AS anano-
riuda kamepi ZWO ASI120MM. Jlo nepeBar Takux Kamep, MOKHa BITHECTH MaJICHb-
kuit po3mip mikceniB 5.6 MM juist DMK 21AU04.AS Ta 3.75 mxm aia kamepu ZWO
ASI120MM. Takox, MOKHa J0JaTH MOXJIMBICTH IpaloBaTtu uyepe3 USB-nopr, mo
3HAYHO MOJIETIIYE CIIOCTEPEKEHHS. 3BICHO, Il KaMepH MOCTynaroThcs kamepam BU-
HNEOCKAH-415-2001 ta Watec WAT-902H2 ULTIMATE 3a uyTiuBicTiO, ajie BOHH
MPU3HAYEH1 [l TUIAHETAPHO-MICIYHUX 3HOMOK, JJIA TAPYBaHHS a00 CIIOCTEPEKEHHS
gackpaBux 00JiaiB. OKpiM TOro, MoJAI0H1 arnapaTu MOXYTh OYTH BUKOPUCTaH1 JJIsl pe-
€CTpalli MBUIKOMPOTIKAIOYUX MPOLECIB, B 3AJIEKHOCTI Bl MOXKJIMBOCTEW MpHiiMa-
JIbHOI arnaparypu.

2. 3acrocyBannsa xkamepu ZWO ASI120MM npas MPC. [Ins gociiKeHHs
MOJIEKYJIIPHOTO PO3CISIHHS CBITJIa BUKOPHCTOBYBAJIaCh YCTaHOBKA, OJIOK-cXeMa SKOi
npeacrasieHa Ha Puc.4. B Hamiil ekciepuMeHTanbHIi YCTaHOBIII BUKOPUCTOBYETHCS
kamepa ZWO ASI120MM. Ile moHOXpOMaTH4YHA Kamepa, sika Ma€ JETEKTOPHY MaT-
puito CMOS, posmipowm 1/3 mroiimy 3 nudposum 300paxenusm AR0130.

3 nazepy (1) BUXOAUTh MPOMiHBb, KOTPUM AUIMTHCS HA JIBa MPOMEH1 (OCHOBHHIA
Ta 3aioMJIeHu# ). OCHOBHUM MPOXOAUTH Y€pPe3 CUCTEMY KOJIIMATOPiB (2), naji Harpa-
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Puc.4. CxeMa ekcriepuMeHTaIbHOI YCTAaHOBKH: 1 — Kepeno cBiTia (Jiazep), 2 — cuctema
KOJIIMaTOpiB, 3 — KIoBeTa 3 po3unHoM, 4 — kamepa ZWO ASI120MM. Po3zainenns nasep-
HOTO ITPOMEHS 33 IOTIOMOTOIO0: a) CUCTEMH OIIOPHOTO MPOMEHSI, b) ONMTOBOJIOKHA

BJIATHCSI HA KIOBETY 3 piauHOIO (3) Ta dikcyeThest kKamepoto (4). 3anoMiieHui TpOMiHb
HaIpaBJSIETBCS 32 JIOMOMOTOI CHCTEMH OMOPHOro MpomeHs (a) abo ONMTOBOJIOKHA
(b), Takox Ha KroBeTy Ta (hiKcyeThcs aHanoriyHo. Jlam iHdopmaris 3 kamepu nepe-
naetbest Ha 11K, 00po0asThCs MporpaMoro, HAMMCaHOIO Ta aIalTOBAHOIO JJIsl pOOOTH
31 300paXE€HHSAMHU, OTPUMAaHUMH HAa YCTAHOBI(I IO PO3CIFOBAHHIO CBITIIA.

ITo IHTEHCHMBHOCTI 3aJIOMJICHOTO IMPOMCH: BU3HAYAECTHCA IO , a II0 IHTEHCUBHOCTI

OCHOBHOT0, IKUW TIPOXOJIUTH uepe3 KioBeTy — /. [loniOHe po3aiieHHs MPOMEHIB J10-
3BOJIIE BU3HAYUTH BiJHOCHY iHTGHCHBHICTB po3cisHoro cBitia [ /1. IIpu moneky-

JSIPHOMY PO3CISIHHI CBITJIa MOXYTh criocTepiratucs (uyKTyalii pi3HHUX BEJIWYUH:
aH130TpoIii, KOHIEHTpallil ado TUCKY. Po3cisiHHS cBiT/Ia Ha MOMIOHUX (DIYKTyaIlisx

MPU3BOAUTH /10 3MIHM YAaCTOTH Ta BIAMOBIJHO IHTEHCUBHOCTI PO3cCisiHOrO cBiTia. Ko-
2

.. . . Ir .
e(IlieHT PO3CISTHHS PIAMHU BU3HAYAETHCSI HACTYITHUM BUPa3oM R =17 [3], ne r— BI-
0

JCTaHb, V — 00’€M PO3CISIHHSA. 3a JOTIOMOTOIO JIaHOI YCTAHOBKHM 32 TE€CTOBI 3pa3Ku
JOCIIKYBJIUCh O€H30J1 Ta IUCTUIILOBAaHA BOJIA.

3. IIporpamue 3a0e3me4eHHs 1Jid 00POOKH 300pakeHb OTPUMAHUX 324 JI0IO-
Morow kamepu ZWO ASI120MM. BukopuctoByroun po3poOKHU MPOrpaMHOTO 3a-
Oe3nedeHHs sl 00poOKU 300paXKeHb METEOPHHUX SIBHIL, MU CTBOPWJIM MPOCTY MPO-
rpamy, KoTpa J03BOJIsi€ TPOBOAUTH BUMIPIOBaHHS MO 300pakKeHHAM, K1 OTpUMaHI 3a
nonoMoror kamepu ZWO ASI120MM. IlporpaMue 3a0e3reyeHHs: HanucaHo Ha MO-
Bl nporpamyBaHnHs Visual Basic 6.0.

Ha puc.5 Ta puc.6 npeacrasienuil intepgdeiic nporpamu «Lighty», mpu 00poOI1Ii
300pakeHb TECTOBUX 3pa3KiB, TMCTUILOBAHOI BOAM Ta OE€H30Jy BIANOBIAHO, OTpUMa-
HUX 32 JIONOMOTOK €KCIEPHUMEHTAIBHOI YCTAHOBKH MpecTaBieHol Buie. CBITIOBI
TOYKHU Ha 300paKEHHSAX — 3aJIOMJICHUN IPOMIHb.

[Ipu nopiBHSIHHI 300pa’keHb OEH30J1 Ta JUCTUIBOBAHOI Boau Puc.7, BUIHO, 110
IHTEHCUBHICTh PO3CISTHOTO CBITJIa B IUCTUIILOBAHIN BOJII HA0AraTo MEHIIa Hi’K B OCH-
30711, SIK MU ¥ 3a3HaYaJId paHIIIIE.
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E@ Cxanuposarnue

Sarpysure

Puc.5. Iatepdeiic nporpamu «Light» npu oO6poOI 300paskeHHs] TUCTHIIHOBA-
HOT Boiu oTpuMaHoi kameporo ZWO ASI120MM Ha ekcriepuMeHTalbHI YCTaHOBII.

A Cranuposanne

3arpysHTe

Puc.6. Inrepdetic mporpamu «Light» npu 00poO1ii 300paxkeHb OEH30ITy.
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Puc.7. IlopiBHsIHHS 300pa)KeHb JUCTHUIHLOBAHOI BOJU Ta OEH30ITY.
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PesynbraTom poboTu 3 kameporo € daitnu B popmati BMP 3 pospsianicTio 8 OiIT.
[Ipu HaTHUCKAHHI KHONKH «3arpy3uTu» BiIOYBA€THCS 3UUTYBaHHS (aiiny B ¢opmari
BMP Ta cTBOpEHHs UMCIOBOIO MacuBY, 3 KOTPUM i BIIOYBa€eThCs moaaibiia o0poo-
ka. [Ipu pyci KkypcopoM KOMII FOTEPHOT MUIII 1O 300pakKeHHI0, B1I0OpakaroThCs MO-
TOYH1 KOOPJMHATU Ta IHTEHCUBHICTh BUOpaHOro mikcensi. HacTynHorw mpoieayporo €
BUJILJIEHHSI poOOYOro BiKHA, B AKOMY Oyne BiiOyBaTUCA CKaHyBaHHS BUOpaHOi 30HU
300pakeHHs. HaTUCHYB J1iBy KHOIIKY MHMIII, BIAOOpaXaeThbCsl TOUKA, BOHA BIAMOBIIAE
OJTHOMY 3 KYTIB IPSIMOKYTHOIO poOOYOro BiKHA. 3MICTHBIIM KypCOp Ta HATHCHYB
[IpaBy KHOIKY MHILI, MH BIIMITUMO MPOTUJIEKHUI MO AlaroHanl poO0Yoro BiKHA KyT
MPAMOKYTHUKA, KOTPHUI MICIS HATUCKAHHS KHOIKH B1I0OPa3UThCS B BUTJISA/1 KOBTO-
ro npsiMoKyTHHKA. [liciig 1IbOro MOXHA HATUCHYTH KHOMKY «BupaxyBatuy, 110 Mpu-
BeJIC /10 CKaHyBaHHS 300paKe€HHsI, 1 B poO0OYOMY BIKHI BioOpa3uThes rpadik CKaHy.
Pe3ynbratu aBTOMaTH4HO 3anucyroThes B popmati CSV. KoxHa Touka Ha ckaHi Bij-
MOBIAA€ yCEPEAHEHOMY 3HAYEHHIO 1HTEHCUBHOCTI IO TOPU30HTAIBHOMY Py IMiKCe-
aeil. Y BUMAJKy, SKIIO MOTPeOYeThCS MOBTOPUTU MPOLENYPY, MOKHA HATHCHYTH
KHOMIKY «OYHUCTUTHY 1 TTOTIM BUILIATHA HOBE poOoue BikHO. JlaHY METOAMKY IIaHYe€-
MO 3aCTOCOBYBATH JIJIsl TOCHII>KEHHSI MOJICKYJIIPHOTO PO3CISIHHSI BOAHO-OLTKOBUX PO-
34nHIB. Tak fK MO iX aOCOJIOTHIA 1HTEHCMBHOCTI MOKHA BU3HAUYUTU MOJIEKYJISIPHY
Macy MakKpoMOJIEKyJ MpoTeiHiB[2]. B mopanbmioMy, mo Mipi NMOSIBM HOBHX 3ajiad,
nporpaMHe 3a0e3nedyeHHs Oyie 10MpalboBYBaTUCh.

BucnoBku. B naHiif poO0TI mpoaHani3oBaHO TPU BUAU KaMep, sIKl HalyacTile
BUKOPHUCTOBYIOTHCS B aCTPOHOMIYHUX CIIOCTEPEKEHHSAX. TaKoXK TMOKa3aHe YCIIITHE
3acTocyBaHHA acTpoHoMiuHOT Kamepu ZWO ASI120MM mipu 1oCiiKeHHI MOJIEKY-
JISIPHOTO PO3CISIHHS CBITJIa po3uyMHaMu. Po3poOseHo mporpamHe 3a0e3rneueHHs IS
00po0OKH 300paXkeHb OTPUMAHKX B MPOIIECI EKCIIEPUMEHTY. 3arajioMm, Mo/[10H1 Kamepu
TaKOX MOXYTh BUKOPUCTOBYBATHCS 1 B IHIINX PO3/1JIaX €KCIIEPUMEHTAIBHOI (h13HKH,
7€ TOCTIKYIOThCS IOCTAaTHI CBITJIOBI MOTOKKM. Hampukiaza, Taky METOJIUKY BHUMIPIO-
BaHHSI MO’KHA 3aIIPOIIOHYBATH MIPHU 3aCTOCYBaHH1 aCTPOHOMIYHUX BiJIEOKaMep B JIIYH-
JIBHUKY 4acTUHOK [10].
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Fudulei N.O., Gorbanev Yu.M.
Employment of astronomical cameras ZWQO ASI120MM for investigation of mo-
lecular light scattering

SUMMARY

Molecular light scattering — the method allow to determine the intensity and coefficient of
scattering of the substance. For most of aqueous solutions, the value of this coefficient is compara-
ble to that for benzene, but an order of magnitude more than for water. Therefore, it is necessary to
register the emitting intensity of the order of R, <R~ R, . For provide such experiments it has been
proposed to used the high sensitive astronomical cameras, for eliminate interference, which al-
lowed with physical-chemical processes. The aim of this work is to apply the high sensitive cameras
ZWO ASII20MM in the investigation of molecular light scattering. In astronomical research for
study the objects with weak light flows (comets, meteors, asteroids), usually used the CCD-cameras.
For comparison three types of cameras, which used in the astronomical observations, are given.
The CCD-camera VIDEOSCAN-415-2001 has been used for observation of the comets and astero-
ids, it has a small sizes and can to accumulate the signal without a system of refrigeration. The
camera Watec WAT-902H2 ULTIMATE has high sensitive, that allow to fix the fast flying astro-
nomical objects, meteors for example. The CCD-camera DMK 21AU04.AS, which is an analogue
of ZWO ASI120MM, has been used for registration of fast processes. This article shows a success-
ful application of the astronomical cameras ZWO ASI120MM in the investigation of molecular light
scattering. The scheme of experimental setup using that camera is presented. It is shown that as a
result of the experiments, it is possible to determine the intensity of the refracted and main ray and
calculate the scattering coefficient R for the solutions under study. For work with images obtained
as a result of experiments, special software has been created. The developed program “Light” is
allowed to conduct to measure the average value of the intensity. In the course of subsequent expe-
riments, when setting new tasks, the software will be refined and improved. In the future, it is
planned to use this technique for investigation the water-protein solutions.

Keywords: molecular light scattering, astronomical cameras, coefficient of scattering,
aqueous solutions.
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@yoynen H.A., I'opoanés FO.M.
Hcnoab3oBanue actpoHoMmudeckoid kamepol ZWO ASI120MM nJis1 uccjieoBa-
HUSI MOJIEKYJISIPHOTO PaccesiHUsI CBeTa

AHHOTALIUA

MonekynapHoe paccesiHue céema — memoo NO380NANUUL ONpedeisimb UHMEHCUBHOCMb U KO-
appuyuenm paccesnus ewecmaa. Jna 6016UUHCMBA 80OHBIX PACMBOPOS, BEIUYUHA IMO20 KO-
aghuyuenma cousmepuma ¢ maxosoi 0isi 6en3zona, Ho bonvute yem 0as 600vl. Ilosmomy Heobxo-
OUMO pe2ucmpuposams UHMEHCUBHOCMb U3YYEHUsl MAKo20 NOpAoKa. [ ycmpanenus nomex,
CBA3AHHBIX C DUSUKO-XUMULECKUMU NPOYeccaml, NPu nposeodeHuu N0OOOHbIX IKCHEPUMEHMO08, Obl-
JI0 NPeOdloNHCEHO UCNOIb308ANb 8bICOKOUYBCMBUMENbHbIe ACMPOHOMUYecKue kamepwl. Lleny oannoii
pabomwl 3aKn0UAEmMCcs 8 NPUMEHeHUlU 8blcoKoyyscmeumenvHovlx kamep ZWO ASII20MM npu uc-
Ce008aHUU MONEKVIAPHO20 pacceanus ceema. B acmponomuueckux ucciedoeanusx npu uzyyeHuu
00beKmMo8 co C1adbIMU CEEMOBLIMU HOMOKAMU (KOMem, Memeopos, adcmepoudos), 00blYHO UCNOJIb-
syrom CCD-xamepwi. /[ns cpasnenus npusedensvl mpu muna Kamep, KOmopbvle Ucnoib3ylomcs 6 ac-
mponomudeckux Haonooenusax. CCD-kamepa BUI[EOCKAH-415-2001 ucnonv3yemcsa onsa peaucm-
payuu Komem u acmepouoos, oHad umeem Mauavle pasmepuvl U Npo8ooum HAKONIeHue cuchaia bes3
cucmemul oxnaxcoenus. Kamepa Watec WAT-902H2 ULTIMATE umeem 8bicokyio uy8cmeumelv-
HOCMb, YMO N0360Jem el PUKCUposams Oblcmpoiemauue acmpoHoMuyecKue ooveKkmol, Hanpu-
mep memeopwvl. CCD-kamepa DMK 214AU04.AS, komopas aeénsemcs ananozcom ZWO ASI120MM,
ucnov3yemcs 05 pecucmpayuu 6bICmponpomeKarowux npoyeccos. B oannoti cmamoe, noxazano
ycnewHoe npumeHnenue acmponomudeckux kamep ZWO ASI120MM npu uccredosanuu monekyiap-
Ho20 paccesanus ceema. llpeocmasnena cxema 3KCNEepUMEHMANbHOU YCMAHOBKU, C NPUMEHEHUeM
oaunHotl kamepwl. Iloxazano, umo 8 pe3ynvmame NPoGedeHUss IKCNEPUMEHMOB8 MOIHCHO ONpedesiums
UHMEHCUBHOCMb NPEIOMIEHHO020 U OCHOBHO20 JY4a U paccyumams Kodgguyuenm paccesanuss R
0J151 UCcredyemvlx pacmeopos. /s pabomul ¢ u300padcenusmu, noay4eHHbIMU 8 pe3yibmame uc-
Cedosanuli, Cco30aHO CcneyualbHoe npozpammuoe obecneyenue. Paspabomannas npocpamma
«Light» noseonsiem nposooums uzmepeHusi ycCpeoOHeHHo20 3HAYeHUs uHmeHncusHocmu. B xode no-
CeOyIouux 3KCNEpUMEeHmos, Npu NOCMAHOB8Ke HOBbIX 3a0ad, NpocpamMmuoe obecneyeHue Oyoem
oopabamuvleamuvCs U CO8EPUIEHCMBO8AMbCA. B Oanvneliuem, nianupyemcs ucnons3o8ames 0aAHHYIO
MeMOOUKY 0/ U3YUeHUsL BOOHO-0ENKOBbIX PACMBOPOS.

Knrwouesvie cnosa: monexkynapHoe pacceanue ceema, AdCmpoHOMUYecKue Kamepwl, Ko3pghuyu-
eHm paccesiHus, 600Hble PACMBOPYL.
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IllIquapee F../I.L Yepnenko 0O.C., Ieanoe M.O. Cuoopos O.E.

Ooecvkuti HayioHanvHull yHigepcumem imeni 1. I. Meunuxosa

TeMmnepaTypHa 3aJ1€KHICTh B'SI3KOCTI BOAHO-Ma3yTHUX eMYJIbCil

B pobomi oocnioacyromscs ekcnepumeHmanbHi 3anedcHocmi KineMamuutoi 8'a3xocmi 60-
00-Ma3ymHux emynvCiu 8i0 memnepamypu. Booo-wazymui emynscii 3 eenukum emicmom 600u
(00 60%) comyeanucs wWiAXOM MPUBANO20 MEXAHIYHO20 NepeMilly8anHs 68 YUIITHOPUYHIU NOo-
CYOUHI 3a OONOMO2010 28UHMA 3 Memanesumu wimkamu. /s 6usHavyenHs 8 a3Kocmi 6UKOpu-
cmogysagcs memod Cmoxca. Emynscii € nenpozopumu piounamu. Tomy usHauascs yac pyxy
KYIIbKU MIIC 8EPXHIM MaA HUNCHIM wiapom piounu. [Ipu yvomy nio emynsciro 6 mpyoyi sHaxo-
ouecs wap 600u. Pyxomum minom d6yna memanesa KyivKa. /s 6UMIPIOBAHHS 8 S3KOCMI Npu
PI3HUX memnepamypax cucmemy nomiugyeanu 6 OinbuLy Kooy, uepes Ky NpoxKawyeanu Hazpi-
my 600y.

B pezynomami excnepumenmanbHo NOKA3aHO, WO 8'SA3KICMb MA3YMY HUXCUA 3a 8's13KICMb
11020 BOOHUX eMYNbCIl (MpU OOHUX [ MUX Jice memnepamypax). 3 nioguujeHHsIm emicmy 800U 8

(AK i iHwUx nOOIOHUX nanus), ix HeoOXiOHO nidicpieamu 00 memnepamyp, 3HA4eHHs AKUX 6U-
uje peKoOMeHO0BaAHUX OJisl YUCMO20 (He eMYIb208AH020) MA3YM)Y.
Kniouosi cnosa:emynvcis, 6 ’sa3kicms, memnepamypa.

Ymoeni noznauenns i ckopouennsa:
BME — BogHO-Ma3yTHA €eMYJIbCis;
B70m30 — BME, mio cknanaerscst 3 70% Boau 1 30% masyty;
B60m40 — BME, mio cknanaerscst 3 60% Boau 1 40% maszyty.

Bcemyn. B'S3KicTh € OCHOBHOIO XapaKTEPUCTHKOIO, 1110 BU3HAYAE PEOJIOTIIO Pij-
KOro manvBa. Bij B'S3KOCTI 3aJIeXUTh TEKYYICTh PIAMHH, €(PEKTUBHICTH PO3MUIIIO-
BaHHs nanuBa GOPCYHKAMH MAJbHHUKIB, BUTPATU €HEPrii HA MEPEMIIICHHS TOPIOYUX
piauH Hacocamu (TOOTO X TMPOJYKTUBHICTH), MIBUAKOCTI OCAHKEHHS MEXaHIYHUX
JIOMIIIOK MaJIbHOTO 1 PO3IIapyBaHHS BOJHO-TIATMBHUX €MYJIbCIH.

Sk mokaszama OaraTopiyHa MpakTHKa TeIUIoTexHIKW [1-2], mnsa 3abe3nedyeHHs
AKICHOTO JIMCIIEPTYBAHHS PIJKOTO MajiiBa MajdbHUKAMH KOTJIIB a00 TU3EIiB B'SI3KICThH
najauBa nepen (opcyHKamMu MOBHHHA MaTH 3HadeHHs Big 13 go 25 cCr. Bepxns no-
mycTuMa Mexa B'si3kocTi ckiagae 29 — 37 ¢Cr. B npotieci miaAroToBKM najivBa HEOO-
X17JHE 3HAUEHHA B'A3KOCTI 3a0e31euyeTbes Moro miairpiBom. Jljis BUBHAUYEHHS TeMIe-
paTypHOTO Jlana3oHy, IO BIANOBIZAE ONTUMAIBHIA B'SI3KOCTI MajMBa, BUKOPHUCTO-
BYIOThCSI HOMOTPAMHM 3aJIE’KHOCTI B'A3KOCTI NajduB BiJ Temnepatypu [3-4]. st peko-
MEHJIOBAHOT0 Jliana3oHy B's3k0cTi v = 13 — 25 ¢Ct npu miAroToBL NaauBa sl JUc-
nepryBanHsi popcyHkoro Mazyty maszki M 100, HeoOXiIHO TiAIrpiBaTH 1Iel Ma3yT 10
TeMIlepaTyp, o Jexarh B Aiana3oHi Bif 117 no 144 °C.

Cnin 3a3HauuTH, 110 B NMAJIMBHIA MaricTpail, 10 TIABOAUTH 10 (OPCYHKHU, TIPH
MIJBUILEHHI TEMIEPATypH MalnBa 3pOCTA€ TUCK. 31 3pOCTAHHSAM THUCKY, Y 3B'A3KY 3
¢13u4HOI0 AedopMarlliero MOJIEKyJ MajuBa, XIMIYHUMH PEAKIisIMU KOHJICHCAIT 1 TO-
JiMepu3allii ByrjieBOIHIB BIIOYBA€ThCS 301IBIIECHHS B'I3KOCTI Ma3yTy [5].
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HeoOxigHo BII3HAYUTH, 110 €MYJIbCiiiHA BOJIa BIUIMBAE HA BEJIIMUUHY B'SI3KOCTI.
Tak B [6] mpuBeneHa TeopeTUyYHa 3alexHICTh Mo (opmyni Piuapacona-J[xomi [7]
KIHEMaTHUYHOI B'SI3KOCTI BOJIOMACIISIHOL eMyJIbCii v BiJl 00'eMHOro0 3micTy C B Hili BOAU
(mpu C =0 1o 70 %).

v=v,-e“. (1)
1€ Vo — B'SI3KICTh NP HYJHOBIN KOHIEHTpAIlll BOJIM; Kk — eMIIIpUYHA KOHCTAHTA.
3a3Buuait k < 5.

B po6oTi [6] npuBeeH1 eKcriepuMeHTaIbHI 3a71€KHOCTI KIHEMAaTUYHOI B'SI3KOC-
T1 BOJIOMACJISIHUX €MYJIbCIi BiJl Temneparypu. B'a3kicTb eMylibceii OlIblle B'3KOCTI
OyIb-SIKOi 3 KOMIIOHEHTIB camMoi eMyJbCli (BOAM YW NaNKMBa) 3aMIPSHUX MPU OJIHIM 1
TIA K€ TeMIeparypi; MpU MiJIBUILIEHHI TEMIEpPATypu eMyJbCli ii B'S3KICTh 3MEHIIY-
€THCSL.

VY nianazoni temnepatyp 85 — 95 °C 3HaueHHS B'A3KOCTI BOJOMACIISIHOT EMYJIb-
cii 31 3mictoM Boau 110 40% Bia TeMIiepaTypu MOPIBHIOKOTHCS 3 B'SI3KICTIO Ma3yTy HpH
TIM K€ TeMIepaTypi.

Jlnst BomHO-Ma3yTHUX emyibcii (BME) 3 BenukuM BMICTOM BOJM JIaHi MO 3a-
JIKHOCTI 1X B'SI3KOCTI Bij Temmneparypu v = v (t) BiucyTHi. KpiM Toro, 3icTaBieHHs
EKCIIEpUMEHTAJILHUX JaHUX 3 PI3HUX JHKEepell MOKa3ye Ha 3HAYHUM PO3KU] 3HAUYCHb
3MIpSIHUX KOE(ILIEHTIB B'SI3KOCTI OJTHOTUITHUX eMylbeiit. [le, Ha Hamn nmorisia, moB's-
3aHO 3 SAKICTIO MPUTOTOBAHUX €MYJbCIA PI3HUMH METOJaMHU — PO3MOJLIOM TI00yI
JAUCTIEPCHOTO CEPEeIOBHUINA MO PO3Mipax, IO BHU3HAYAE XAPAKTEPUCTHKU PEOJIOTIiH
EeMYJIbCIH.

Mema oOanoi po6omu ctajio BU3HAUYCHHS 3HAYEHHS KIHEMATHUYHOI B'SI3KOCTI
BME 3 BenlMKUM BMICTOM BOJAM IPHU PI3HUX TEMIIEpaTypax AJisi 3a0€3MeUeHHs ONTH-
MaJbHUX BapiaHTIB PO3MIUTIOBAHHS [IUX TAIHB TIPOMHUCIOBUMH MaTbHUKAMH.

VY TemnorexHill, B OCHOBHOMY, BUKOPUCTOBYIOTh BEJIUYMHU AMHAMIYHOI, KiHE-
MAaTHYHOI B'SI3KOCTI 1 B yMOBHUX ofuHullsix (°E a6o °BY). YMoBHa B'A3KiCTh — 103a-
CUCTEMHa OJIMHULIA. Bennuuna, 1o mo6iyHO xapakTepu3ye omip piauHi Tedii. Bumi-
PIOETHCA YacOM 3aKiHYEHHS 3a/1aHOT0 00'eMy TajnBa uyepe3 BepTUKAIbHY TPYOKY 3a-
IAHOTO AiaMeTpy. BU3HAYaeThCs BiIHOLIGHHSM Yacy BUTIKaHHS B cekyHax 200 cm’
BUIPOOOBYBAHOI PIUHI MPHU JaHIA TeMIepaTypi 31 CIEHiaIbHOTO BICKO3UMETPA, 110
gacy Butikauas 200 cM’ IMCTHIBOBAHOI BOIH 3 TOro x mprmaxy mpu 20 °C. Bumi-
protoTh B rpaaycax Enrnepa (°E) abo B rpagycax °BY («B'si3kicTe YMOBHaR).

Onuc oocnioie 3 BME. ]{ns 3MiHH B’S3KOCTI BOJO-Ma3yTHUX €MYJILCIA TIPH Pi3-
HUX TemIeparypax OyJio MpUUHATO pillleHHs 3acTocyBath Metoj CTokca, Tak K Ha
MOMEHT NPOBEIEHHS JOCHIIIB Oyl BIACYTHI CIHELIANI30BaHl BICKO3UMETPH THUITY
BIIP-1, BIIPT-1, BHP, BHPT (Kanon-®encke-Onaka), a TakoK HaHOLIbII poO3MO-
BClo/KkeH1 BickosumeTpu [linkeBuua (mMapku BIIPT-2 ta BIIPT-4), HeoOxigH1 Auis
Takux ekcrepuMmeHTiB y BianosigHocTi 10 HACTY 33768-2015 «Metoa BU3HAUYECHHS
KIHEMAaTUYHOI B’SI3KOCTI Ta PO3paXxyHOK JUHAMIYHOI B’S3KOCTI MPO30pPUX Ta HEMpO-
30pux piaun» [8].

Cytb metony CTOKCYy (METOAy «IaJarouoi KyJIbKH») IOJIATAaE B HACTYIHOMY.
SIKI0 B MOCYAMHY 3 JOCIIKYBAaHOIO PIAMHOIO (pHC. 1) BKUHYTH KYJIbKY T'YCTHHOIO
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Puc. 1. Cxema Mmeroay «magarw4oi Puc. 2. Cxematuune 300pakeHHs 3MillyBaya
KyJbKku» 1 — focnigHa piavHa (manu- IUISL IPUTOTYBAHHS €MYJIbCii: 1 — eMmynbceis, 2
BO); 2 — BEpPXHs Ta HUXHS MITKH "He- — EMHICTh JUIsl eMylblyBaHHs, 3 — oOoiimMa
npo3opoi" emynbcii; 3 — Kynbka; 4 — npunsi, 4 — MeTaneBuil Ball, 5 — MeTajeBi MIiT-
MICTO BKUJAHHS KYJIbKU B TIOCYANHY KU, 6 — TUTACTUKOBI JIOTATI.

Px OLIBIIOIO 3a T'YCTHHY PIJMHH Py, TO BIH IaJaTHME 3 IIEBHOIO HMIBHJKICTIO IIOYHMHA-
I0YM 3 JeAKOi INIMOWHU 3aHypeHHs. [ 3HaXOMKEeHHS IIBHUJKOCTI CEJUMEHTAIlll u
BU3HAYAIOTh Yac ¢ MPOXOJUKEHHS KyJIbKH MK JBOMAa MITKaMH, BICTaHb Mk SIKUMH
L. SIxuio BBaXkaTu, MO CTIHKMU CYJWHH, 1[0 MA€ BHYTPIIHIN giameTp D, 3HaXOAAThCA
Ha 3HAYHIi BIJICTaHI BiJ] PyXOMOi KYJIbKH (J1aMeTp IKOro d), TO JUHAMIYHY B'S3KICTb
WL TOCHIKYBAaHOI PIAMHA METOJOM «I1aJal0u0il KyJIbKW» MOKHAa BU3HAYUTH MO (op-
MYJIL:

g-1-d*(p,—p,)

= oy 2)
18-L-(1+2.4)
D

OCHOBOIO CTEHAY € TPHU CKJISHI LMIIHAPOBI CyIUHU AlaMeTpy 60 MM 1 €MKICTIO
1.3 miTpa KokeH Ha 0a3l CTaHJApPTHUX XIMIYHMX MIpHMX HocyauH Ha | 1. (puc.2).
Bcepeanni K0HOTO 3 HUX BCTAHOBJIIOETHCS CHIBBICHA CKJISTHA TOHKOCTIHHA LIMJIIH/I-
poBa TpyOKa, BHYTpIllIHIN JiameTp D sikoi piBHUN 23 MM, a goxuHa L =470 mwm. s
TpyOKa € BUMIPIOBAJILHOIO KIOBETOIO, B IKYy HAJIMBAEThCS HociikyBana BME. Bauzy
KIOBETA 3aKpUTa T'YMOBOIO MPOOKOI0, Ha Ky BOHA OMHUPAETHCS B LIEHTPAIbHIN YacTH-
Hl THA 30BHIIIHBOI OCYIMHU. BepxHs yacTHHA KIOBETU LIEHTPYETHCS B TOPIIl MIPHOI
CYJIMHU PO3PI3HOI0 MOPUCTOIO TPYyOKO10. BCl TpH cynuHM po3TaiioBaHo Ha riaTtdop-
M1, 1110 Ma€ TPU TBUHTOBI IIMUIBKYU JJI1 BEPTUKAIU3ALMY BUMIPIOBAJIbHUX KIOBET.

B excriepruMeHTanbHUN CTEH]I TAKOXK BXOASATh BOAsHUN Tepmoctatr YT-15, ene-
KTPOHHUI BUMIpPIOBau TEMIIEPATYPH 3 XPOMEIIb-aTIOMENIEBOI0 TEPMOIIAPOI0, PTYTHUN
tepmomeTp (aiamazon 0 — 100 °C 3 minoto noauiku 1 °C), enekTpoHH1 Baru (3 1iHOKO
noauiku 0.01 r, 3 mexero 300 r), mikpomerp MT-3041 (3 minoro noauiku 0.01 mm),
MIpHI TJIACTUKOBI CTakaHUYMKHU (Ha 50 mu1 Baroro OJIM3bKO 4 T), CKIIAHI NOCYANHHU Ha
0.5 1 3 MeraneBUMH P13bOOBUMH NMPOOKAMH, HONOMIKHUHN XiMmocya. Yac maaiHHA
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KyJIbKHA BH3HAYaBCA 3a JOMIOMOIOIO BIJEOKAMEPH B PEKMMI KIHO3HOMKHU 3 YAaCTOTOIO
30 xaapiB B CEKyHY.

Memoouka npoeedenns 0ocnidie. Y CTaHOBKA JJIsl IPUTOTYBAHHS €MYJIbCli Oy-
Ja MeXaHiuHUM MikcepoM (puc. 2). lns obGepTaHHsS MIllIaJKd BUKOPUCTOBYBABCS
JPWIb 31 3MIHHUMHU PEryJIbOBAaHUMH 00OPOTaMH, B IIAHTOBYIO 00OMMY SIKOT BCTaBJIsI-
€THCSl BaJI METAJIEBO1 IIITKU. B HIDKHIN YacTUHI Baly MPUKPITUICH] CITIBBICHI JIOMATI,
1110 BCTAHOBJIEHI HOXMUIIO 0 FOPU30HTAJIBHOI IIOMUHU. IX POJb — CTBOPEHHS J10/aT-
KOBHX CTPYMIB PIAMHMU Il aKTUBaLli nepemMimyBaHHsA. KomMnoHeHTH MaiOyTHBOI
eMyJIbCli B 3aJJaHMX MPOMNOPLIAX 3aJMBAIOTHCA B METAJEBY LWIIHAPUYHY €MHICTb,
JTHO SKO1 KOHTAaKTye 3 enekTporunTor. HarpiBanacs cymim g0 90 °C, 1m0 akTuBye
MPOLIEC eMYJIbIyBaHHSI.

[TomiueHO, 110 KOJIM €MyJIbCiiiHAa piIMHA Ha TIEBHOMY €Tall MPUTOTyBaHHA CY-
MIIII TOYMHAE OMYCKATHUCS 31 CTIHOK Ha BEPXHIO MIITKY (pHC. 2b), TO MOYMHABCS €Tar
roMoreHizaiiii emysnbcii. Lle HenpsMuM 4MHOM BKa3yBaJio MPO MOYATKOBY a3y roro-
BHOCTI eMyJibCli (Bi3yaJdbHO BOHA BUTJIAJAja OAHOPIAHOIO). OpieHTOBHUI yac — 40
xBUIKH 17151 300 MJT BUX1THOT CYMIIII.

OCKUIbKH BOJHO-Ma3yTHI €MYJbCli € HEMPO30pUMHU PiAMHAMHU, TO KIACHYHHMA
BaplaHT «I1a/Ial040i KyJIbKW» 3 BUZHAUYCHHSIM Yacy MPOXOJHKEHHS JiBa MITOK (puc. 1)
OyB B JIaHMX EKCIIEPUMEHTaX MOJIEPHI30BaHUI HACTYITHUM YHUHOM. BepxHBOIO MIT-
KOI0, JIe TIOYMHAETHCS BIIUIIK Yacy PyXy KYJIbKU B PIAUHI, € BEpXHIN 3p13 LIIIHIPOBOI
KIOBETH, B Ky PIIUHY HAJIUTA «I0 Kpai». KynbKy He KHUAalOTh B KIOBETY, a 5K OH
«KJaIyTh» HA MOBEPXHIO PIAMHU B LIEHTP1 KIOBETH.

HuxHs MiTKa € MEXEI0 Mk BOJIOIO0, 1110 3HAXOIUTHCSI B IPUAOHHIN YACTHUHI KIO-
BETH 1 HIXKHBOIO YaCTUHOIO Henpo3oporo ctosna piaunu (BTE). Jlns ctBopeHHs Ta-
KOi MITKHM CIIOYATKy B YMCTY KIOBETY HAJIMBAIOTh CTUIBKU BOIM, 10O ii pIBEHb BiA
JTHA KioBeTH (paiioHy npoOku) 0yB 61u3bk0 30 mM. [10TiM B KIOBETY aKypaTHO HaJu-
BaIOTh MIJITPITY EMYJIbCIIO TaK, 1100 BOHA CTiKaja MO CTiHKaX. TMM caMuM yTBOpIO-
€ThCSl PIBHA MEKa BHHU3Y KioBeTH «Boja-emynbcis». Bincranp Mik TakuMH «MiTKa-
MU» BUMIpIOBAJIacs JiHIAKOIO 3 TouHICTIO = (0.5 MM. ['eoMeTpuuHi mapaMeTpu BUMi-
PIOBAIBHUX KIOBET: BHYTPIIIIHIM JiaMeTp BCiX KioBeT D = 23 MM, BiICTaHb L MIX Mi-
TkaMu 450 mm.

VY nocnigax BUKOPUCTOBYBAJIMCS CTajJeBl KYJbKHU 3 IMiANIMITHUAKA, OYUILEHI BiJ
CTaporo macyia po3YuHHUKOM P646. BumiproBaHHS iX I1aMeTpIB NPOBOJUIMCS MIK-
pomerpom MT-3041. JliameTp BCiX KyJboK d ckiagaB 6 mM. JJig Toro, mob nepexo-
HATHCS, 1[0 BOHU BUKOHAHI 3 MiAMUMHUKOBOI cTam [IX-15, ix ryctuHa BU3Havanacs
BaroBUM MeTOA0M. Maca KOoKHOi KyJibku ckiianana 0.88 r. 3Biacu ryctuHa p, = 7810
Kr/M.

BumiproBaHHs TeMmepaTypHOi 3aJ€KHOCTI KIHEMAaTUYHOI B'A3KOCTI €MYJIbCii
MIPOBOJIMJIUCS 110 HACTYITHOMY aliroputMmy. EMyInbcii, a Takox mMa3yT HaJIUBajuCs B
MIBJIITPOBI CKJISTHI €EMHOCTI 1 3aKYIIOPIOBANIUCS Pi3bOOBUMHU MPOOKaMU. €MKOCTI MOB-
HICTIO 3aHYPIOBAJIUCS B TEPMOCTAT, BOJIA B SIKOMY HarpiBajacs (Mpu MepeMilllyBaHHI
HacocoM Tepmoctara) a0 90 °C. BumiproBaHHsI TeMmmepaTypu BOJUM B TEPMOCTATI
MIPOBOJIUJIOCS. PTYTHUM TEPMOMETPOM 3 1iHOo0 noAuiku 1 °C. Jlocsarmm Temneparypu
Bosu 90 °C, eMKOCTI BUTATYBAJIUCS 3 TEPMOCTaTa, a €eMYJbCIi 3 IUX EMKOCTEH repe-
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Ta6a. 1. BumipsiHi ryctunu mazyty Ta BME

Bun nmanuBa Temmneparypa, °C I'yctuna p, KI/M
Masyr 70 954.,8
B50M50 78 949.4
B60M40 75 936,0
B70M30 76 932,6

;.8

Puc. 3. €MHOCTI BUMIPIOBAJIBHOTO CTEH-

ny: 1) Ilnatrpopma mns BepTHKamizamii

BUMIPIOBIBHUX KIOBET; 2) MpoOKa Jyis
2 HUKHBOI YACTUHU KIOBETH; 3) BUMIpIOBa-
JbHA KIOBETa; 4) 30BHIMIHS CKJISHA €M-
HICTb JUIsl TEPMOCTaTYBaHHS KIOBETH ; 5)
po3pi3Ha mopyBaTa TpyOKa Ui LEHTPY-
BaHHS KIOBETH; 6) HEHTP BUMIPIOBAIbHOI
KIOBETH, Kyl BHOCUTHCS KYyJIbKa.

JUBAJIUCS Y BUMIPIOBAJIbHI KioBeTU (puc. 3). Harpita Boga 3 TepmocTtara 3aauBajacs
B MIpHI MOCYANHM JI0 iX MaKCUMaJIbLHOTO 3alIOBHEHHS. THUM caMUM CTBOPIOBABCS pe-
UM TEPMOCTATyBaHHS €MYJIbCli y BUMIPIOBAJIbHIM KIOBETI.

3aNunIoK eMyJIbCIH B CKISTHUX €MKOCTSX MIIUIM HA BU3HAYEHHS 1X TYCTHH P, IPU
temriepatypi, 6mu3bkii 10 80 °C. ['ycTuHa BU3HaAYanacs 3BaKyBaHHSM Ha €JIEKTPOH-
HUX Barax B MipHOMY IUTAaCTUKOBOMY cTakaHi 50 mui (Tabi. 1).

Temnepatypu eMysbCii, 0 3HAXOAATHCS B TEPMOCTATOBAaHUX KIOBETaX, BU3HA-
Janucs eJIeKTPOHHUM TaTIYMKOM, XpOMeEb-aJloMeNeBasi TepMorapa SIKOro BBOJUIACS
B KOXXHY KIOBETY Ha ITTMOMHY, MPHUOJU3HO PIBHIN MOJOBUHI BIACTaHI MIK MITKAMH
(6mmu3pko 220 mm). ITo Mipi oxonomkeHHs: emynabcik Big 80 go 40 °C (WIBUAKICTH
oxojomkeHHs Oyna npubiuzno 10 °C 3a 20 xpuwiuH) 3 kpokoM 10 °C Bu3zHauvanacs
B'si3kicTh BME, a Takox yuctoro masyty. st K0XKHOI Temmeparypu Jjisi KOXKHOT
€MYJIbCii BAKOPUCTOBYBAJIUCSA 3 KYJIbKHU.

B xox1 excriepuMeHTiB Oyi10 BIAMIYEHO HAUTIAHHSA €MYJIbCli Ha KYJIbKH TP BU-
XO/Il X 3 eMYyJIbCUBHOT'O CTOBIIA B KIOBET1 B 00JIACTh BOJISTHOT'O CTOBMA (MPOXO/HKEHHI
HKHBOT Mexi1)(puc.4). lle HanumanHs Manao Miclie HaBiTh TOJI, KOJU KyJIbKU OyiH
CHeIlajJbHO MOKPUTI TOHKUM IIapOM BakyyMHOro macia. [lo Mipi oxosnopkeHHs ma-
JUBHUX P1IUH (30UTBIIIEHHS 1X B'I3KOCT1) CTYIIHb HAJUTAHHS 301TbITYBaBCS.

Ha puc. 4 nokazano tpu ¢otorpadii mpouecy BUXO1y KYJbKH 3 €MYJbCUBHOTO
cToBna B 00JacTh BOASHOro cTtoBna. Ha ¢pparMenTax KiHO3MOMKH 0) 1 8) BUIHO, SIK 32
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a) IOYaTOK BUXOAY KYJIbKH 0) uepe3 1/30 cexynnu B) uepe3 2/30 cek. micis BUXOAY

Puc. 4. ®ororpadii nporiecy BUXOly CTaJIeBO1 KYJIbKH 31 CTOBIA €MYJIbCIi.

v, cCr v, cCr
3000 2 5500 - b
2ot \._ oM100 (mocmim) 2000 @\ v
2000 \ ® HOMOTpaMa @ B60MA40
\ 1500 0 B70M30
1500 A
I 1000 |
1000 G\
500 e 500
0 0 T T T T T T T T T T T T
25 30 35 40 45 50 55 60 65 70 75 80 85 25 30 35 40 45 50 55 60 65 70 75 80 85
Temnepartypa, C Temnepartypa, C

Puc. 5. Jlocniani naHi o BUMIpIOBaHHS TeMIIepaTypHUX
3anexHocTel B s3KocTi v =V(t) mazyry M100 Ta iioro emynbCiii:
a) MOPIBHAHHSA V = V(t) Ma3yTy 3 HOMOTPaMolo;
0) MOPIBHIHHS JOCIIIHUX KPUBUX V = V(t) AJ11 Ma3yTy Ta eMyJbeit B60OM40 1 B70M30

KYJIBKOIO 3 HAJIMILJIOI €MYJIbCIEI0 TATHETHCS «CTOBIDY €MYJbCli, AKUH MOTIM BTSTY-
€THCS HA3a]l y BUMIPIOBAJIbHY KIOBETY MPH JOCITHEHHI KYJIBKOIO 11 JIHA.

Peszynvmamu 006pooku oanux i ix inmepnpemauia. B nociigax BU3HAYAIUCS
B'SI3KICTH ABOX emyJibcii B60M40, B70M30 1 ma3yty. Came Taki eMyJbCli 1[iKaBl Ha-
camIiepe/l MOXJIMBICTIO 1X CTIMKOTO TOPIHHS MPU €ICKTPOKIHETUYHIN i HA HUX B
MPOLIECi PO3MUITIOBAHHS.

Pe3synbpratu BUMIipIOBaHb B'S3KOCTI Ma3yTy 1 eMyJbCiil BiJ TeMIEpaTypu Mpe-
ctaByieHi Ha puc. 4. locniani naxi B o6macti temmeparyp 60°C 1 HIDKYE pO3XOAATHCA
3 PEKOMEHJIOBAaHUMH JIOBIJIKOBUMH JKeperamu. [IpudoMy TuM Oinblie, 9uM HUKYC
TeMIiepatypa manus. Hampukiaz, sikito B o6macti 70 — 80 °C mae mictie 1o0pwuit 36ir
JOCITITHOTO 1 TAOMYHOTO 3HA4YEHB (B paMKaX MOMHJIKH €KCTICPUMEHTY), TO BXKE TPH
60 °C 3Ha4yeHHs B'A3KOCTI Ma3yTy BIIPI3HSAETHCS BIJL HOMOIPAMMHOM Ha BETUYUHY B
300 cCr. Ilpu 40 °C nana pizHUIIS BiJIpi3HAETHCS BxKe B 3 pasu. Lle roBopuTts mpo Te,
[0 METOJ| «Ia/Iato40i KYJIbKI» JJIsl BUCOKOI B'SI3KOCTI MaJliBa HE MPUWHATHUMN BHA-
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CHIZOK TOTO, 110 PIAVMHU MO BIACTUBOCTAX PEOJIOTIH MEpecTaloTh onucyBaTucs (pop-
Mmyioro CTOKCY, 1, IK HACHIJIOK, €KCIIEpUMEHTaIbHA METOJMKA BU3HAYCHHS B'SI3KOCTI
Ha I[bOMY IPHUHIMUII (METO1 «Iaaryoi KyJbKI») mepectae 0yTu KopekTHoto. [Ipo-
Te, 10Opui 30ir JOCHIIHUX 1 TAOJMMYHUX AaHUX 17 Masyty M100 mpu Temnepary-
pax, 61mpux 3a 60 °C nae mijcTaBy 3poOUTH HacTymHI BUCHOBKH 171t BME:

- €KCIIEPUMEHTAJIBLHO MOKa3aHo, IO B'S3KICTh Ma3yTy HUXK4Ya 3a B'S3KICTh HOTO

BOJIHUX €MYJIbCiH (TIpU OAHUX 1 TUX JK€ TeMIlepaTypax);

- 1. JOTPUMAaHHSI YMOBU onTuUMaiabHOro po3nuity BME (sik 1 iHIIUX moaiOHuX

MajuB), IX HEOOX1IHO MIJIrpIiBaTH 10 TEMIEPATYpP, 3HAUEHHS SKUX BHILE PEKO-

MEHJIOBAaHUX IS YUCTOTO (HE EMYJIbrOBAaHOTO) Ma3yTy.

Taxk, mo Homorpami [2-4] aiana3oH TemiepaTtyp mairpisy Mazyty M100 nexursb
Big 117 no 144 °C JInga BME 3i 3naunum 3microm Boau (Ginbmmm 3a 60% Bij 3ara-
JBHOT Macu eMyJibCii) 1ei Aiana3oH 3MIMIYETHCS B 00JIACTh 111€ OUIBIIMX TEMIIepaTyp,
JIe BOJISIHI TJ100YJIM €MYJIbCll CXHMIIbHI JIO MPOIECY aKTUBHOTO KHUIIHHS. Taka «mepe-
IpiTa» €MYJIbCisl 3HAXOJUTHCA B HEPIBHOBAKHOMY CTaHi, MPUYOMY i1 MOBEAIHKA TIPU
JUCIiepryBaHHI (POPCYHKOIO JIOCTOBIPHO HE OMHMCaHa B HayKoBii Jiteparypi. Lle € mi-
JICTaBOIO JIJISl TIOJIAJTIBIIIOT0 KOMIUIEKCHOTO JTOCHIIPKEHHS JaHOi MpoOJIeMu aHalITHY-
HUM 1 eKCTIEPUMEHTAIILHUM HUTSIXOM.

Bucnoexu. baratopiuHa npakTHUKa TEIIOEHEPTETUKN PEKOMEHAYE ISl AKICHOTO
JUCHEPryBaHHS PIJKOro MajMBa MAJbHUKAMU KOTJIIB 3a0€3MEYUTH B'A3KICTh MaJIUBa
nepea (GopcyHkamu B Jiana3oHi 3HadeHb B 13 cCt no 25 c¢Cr. 1yig BaxKKUX ByTJie-
BOJIHIB TaKl BUMOTH JIOCATAIOTHCS MiAITPIBOM MaJiBa J0 EBHUX TeMIIepaTyp, po3pa-
XYHOK SIKMX MPOBOJHUTHCS MO CIeliaJbHUX HOMorpamax. OCTaHHIM 4acoM 3acToCy-
BaHHsS IUIa3MOBUX METOJIB AaKTUBAaLli 1 CTUMYJSLII NPOUECIB TOPIHHS BOJHO-
NAJIUBHUX €MYJIbCIH 3 BUCOKMM BMICTOM B HUX BOJH, TAKOX Iepeadayvae nonepeanii
HarpiB NajuBa Mepej Mojaayuero Horo y GopcyHKy MajabHHKA.

Orunsan niTepaTypHUX JHKEpe 1 BIACHI €KCIIEPUMEHTaIbHI JOCIIIKEHHS IMOKa3a-
JIM, IO TeMIIepaTypa MiAirpiBy BOJHO-TIAJIMBHOI €MYJIbCli MOBUHHA OYTH BHIIIE 32 Te-
MIIEpaTypy HarpiBy HaJIbHOTO, 110 € OCHOBOIO €MyJibcli. 3a0e3MeUeHHsl TaKoro Tel-
JIOBOTO PEXHUMY MOKE MEPEBOJAUTH EMYJIbCUBHE CEPEOBUILE B HEPIBHOBAXKHUIM «I1€-
PErpiTUii» CTaH, BUBUCHHS SKOTO JIACTh MOXKJIMBICTH MiJIBUIIUTU €()EKTUBHICTH TIPO-
1eCy IUCIEepPryBaHHs NanuBa. B s3KicTh emyibeiil 3 BMicToM Boau B 60-70% 3011b-
IIYE€ThCS. IO Mipi 30LIBIIEHHS] BMICTY BOAM (BITHOCHO Ma3yTy B 2 1 Oijblle pasiB), a
T'YCTHHA — 3MEHIITYEThCSI.
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TUHAMUYECKOH  BS3KOCTH  TPO3PAYHBIX M HEMPO3PAYHBIX  KHUIAKOCTEH
http://docs.cntd.ru/document/120014 1744

lShyngarev G.L.,| Chernenko A.S., Ivanov M.A., Sydorov A.E.
Temperature dependence of the viscosity of water-fuel oil emulsions

SUMMARY

The experimental dependence of the kinematic viscosity of oil-water emulsions on
temperature was examined. Oil-water emulsions with a high water content (up to 60%) were
prepared by long-term mechanical stirring in a cylindrical vessel using a screw with metal
brushes. The Stokes method was used to determine the viscosity. Emulsions are opaque
liquids. Therefore, the movement metal ball's time between the upper and lower layers of
liquid was determined. At the same time, there was a layer of water under the emulsion in the
tube. To measure the viscosity at different temperatures, the system was placed in a larger
flask through which heated water was pumped.

As a result, it was experimentally shown that the fuel oil viscosity is lower than oil-water
emulsions viscosity (at the same temperatures). As the water content in the emulsion
increases, its viscosity increases. In order to meet the conditions of optimal sprey of WOE (as
well as other similar fuels), they must be heated to temperatures higher than those
recommended for pure (non-emulsified) fuel oil.

Key words.: emulsion, viscosity, temperature
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Knacrepusauiss BOAHUX PO34YUHIB eTaHOMY. SAKICHIH mixxix

Y poGoTi 00roBOpIOIOTHECA OCOOIMBOCTI KacTepu3alii y BOJHUX PO3UYMHAX ETaHOY.
[TpuiimMaeTbes, Mo 00'eM €IEeMEHTapHOTO KJIACTEpPy, BUSBISETHCS MEHIIMM 332 CyMapHUN MoO-
JEKyNIApHUX 00'€éMiB KOMIIOHEHT, 110 YTBOPIOIOTH Lied kiactep. HaBeneHo oOrpyHTyBaHHS,
110 /IO BUTJISITY KOHIIEHTPALIHHOT 3aJIe)KHOCTI KIIaCTEpPHOTO mapaMeTpy & . Ha migcraBi gannx
PO KJIACTePHUI CKJIaJ PO3YMHIB BOAA-€TAHOJ OTPUMAHO KOHIIEHTPALIMHOI 3aJE€KHOCTI K.
[Tomuiika y BU3Ha4eHHI 3HaueHb kx He mepeBuinye 0.1 %. 3acTocoByrOUH rpyIoOBUI OMHKC PO-
3UMHIB, OTPUMaHa KOHIIEHTpaIlii{Ha 3aJIeKHICTh MOJISIPHOTO 00'eMy PO3YMHY B IHTEpBaJli KOH-
nentpanii 0.074 +0.25 . BigxuiaeHHs BiJl eKCIIEPUMEHTAIBHUX JaHUX He Oinbme 0.5% .

OTpuMaHi KOHIIEHTPAIIHHOT 3aJIe)KHOCTI KOHTPAKI(ii BOJHUX PO3YMHIB €TAHOJY 3a TeMIIe-
patyp Buiux Big 40°C . Lli 3a1eKHOCTI, HA BIIMIHY BiJl KOHTPAKIIii 32 TeMIepaTyp MEHIINX
HiX 40°C , He MPOXOIATh Yepe3 0COOIMUBY TOUKY PO3UHHY.

Knrouogi cnosa: posuunu, 600a, 00HOAMOMHI cnupmu, elemMeHmapHi Kiacmepu, ocoonusa
MOYKa.

Beryn. Ille 160 pokiB ToMmy Oyiu 3po6JieHi mepiii KPOKH IO J0 PO3IIISAY PO3-
YUHIB (a Jail PIAMHHUX CHUCTEM B3araji) 3 TOYKH 30py YTBOPEHHS MOJIEKYJISPHUX
acoriatiB. [{e 6yno Ha moyaTky 1utiiHOTO HaykoBoro uTTs [.I.MeHeneeBa, sike BiH
po3nouaB y Ojeci K BHKJIaJa4d 1 caMOCTIHHUN HaykoBelb. [licis #oro poOiT, Bxke
HarnpukiHii XX cropivus ¢i3uka po3dnHiB HaOyIa, 37aBajoCh, CTAIOTO BUTISALY [1].
Ane 6mu3bko 2010 poky B110OyIOCH BIAPOHKEHHS 1HTEpeCY A0 Iiei TemMu. Bennka ki-
JBKICTh POOIT 1 €KCIIEPUMEHTANBHUX, SIK1 3aJTy4ajyd HOBITHI METOJIU THUITY ITO3UTPOH-
HOI CHEKTPOCKOMII Ta KOMIT' FOTEPHOIO0 MOJEIIIOBAHHS, 1 TEOPETUYHI, SIKI PO3TIISIAIH
BECh MACHB JIaHUX Y paMKaxX HOBHUX MiAXOJIB Ta Mojenel. Psa takux poOIT 3 BUKO-
pUCTaHHSIM MoOJIeNiel KiacTepu3allii po3uuHiB [2-5] mpoBoguBcs 1y OHY imeni
[.I.MeunukoBa, y sskomy (e y OyTHicTh PimenbeBcbkoro minero) J.I.Menzaenees [6]
MMOYMHAB CBOi po0OTH. Ll cTaTTs y3araibHIOE PO3TJIS BOJHO-CIIMPTOBUX PO3UHHIB 3
TOYKH 30py TOTO, IO KJIACTEPU BOJA-CIHPT € JHUIIE YaCTUHOIO CUCTEMH, a TIOBHICTIO
KJIACTEPU30BAaHUM PO3YMH MOXHA PO3TJISIATH JIMIIE 32 KOHIIEHTpaIlli 0COOIMBOI TO-
yku. Ll ocoOnmBa Touka, sika XapaKTepU3YEThCS PAIOM aHOMAiN (PI3UYHUX BEIU-
Y1H, CIIBIAJA€E MO MOJIOKEHHIO 3 MEPIIOI0 TOYKOIO ripaTtaiiii MeHjeneena.

VY nomnepenHix Hamux podotax [7-9] po3risgaBcs SKICHUN ONMUC KiIacTepU3allii
BOJTHUX PO3YHUHIB CIIUPTIB.

MosnekynsapHuii CKJaj] KJIacTepiB XapaKTepU3yeThCs MmapaMeTpoM « [7, 8]

K= NN, (1)

DOI: 10.18524/0367-1631.2022.60.267061
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ne KinbkocTi Monekysn N - Bogu Ta N - criupry. CTymiHb KiaacTepu3aliii MOJIEKYII

w

cnupty Z,(x,T)=N/N, - BiiHOIIEHHAM KiJIbKOCTI MOJIEKYJI CIIUPTY, IO CKIaJa0Th
kiacTep N 110 HOBHOI KiJIbKOCTI MOJIEKYII CITUPTY N, .
Jlnst BusHaueHHa Z,(x,T) y po6otax [7, 8] Oyso 3po6IeHO HACTYIHI IPHUILY-

IICHHS:

1) B ocoOnuBiii ToUI [2-5] pO3YHH € MOBHICTIO KJIACTEPU30BAHUM;

2) mpu A0JlaBaHHI CIHUPTY JI0 BOJW [7] Ta BOaU 110 CUPTy [8] pedoBUHA, 1110
JI0JTA€THCA, KIACTEPU3YETHCS JTUIIIE YACTKOBO, 10 BiIOOpaKaeThCs 3HAYCHHSIMH CTY-
neHio Kiacrepusauii coupry Z,(x,7) ta Bogu Z,(x,T). OOuIBi 1li XapaKTEPUCTHKHU €
(yHKLISIMU KOHUEHTpAIll Ta TEMIEPATYPH.

VY 20-x pokax mMunyjnoro ctoaitts Jleurmiop [10] 3amporionyBaB Tak 3BaHUM
IPYIOBHUI OMUC MOJIEKYJSIPHUX CUCTEM. BiAMOBITHO 3 IIUM OMKMCOM MOJIEKYJIH PO3-
YUHY PO3NOJAUIAIOTHCS MIXK JIEKUIbKOMA rpynaMu (BUIbHI BOJA 1 CIIUPT Ta KJIACTEPH-
30BaHUN KOMIOHEHT). KilacTtepr3oBaHuii KOMIIOHEHT YTBOPIOETHCA 3 MOJIEKYJ BOJHU
Ta CIUPTY 3aBISAKU TOMY, 1[0 €HEPTis MIKMOJIEKYJISIPHOI B3a€EMO/IIT MK MOJIEKYJIaMHU
BOJIa-CIIUPT TMEPEBUIIYE EHEPTiI0 B3aEMOJII CHUPT-CIMPT Ta JEKiIbKa BOJa-BOAa
[11]. O6’eMu nuxX Tpyn AIUTUBHE AOJAIOTHCA 10 00’ €MY PO3UHHY.

VY poborax [7, 8] BIAMOBIAHO 3 TPYNOBUM OMKHCOM PO3YHHIB OYJI0 OTPUMAHO
KOHIIGHTpAI[IiHI Ta TeMIIepaTypHI 3aJIeKHOCTI CTYINEHIO KIAcTepu3allii MOJEKYI
CIUPTY y BOJIHUX PO3UMHAX.

1. «SIkicHuii onuc KiIacrepu3amii y BOAHUX PO3YHHIB eTaHOay». B pobOoTax
[7, 8] Oyno moka3zaHo, 11O JJI BOJHHUX PO3YMHIB METAaHOJIY B YChOMY IHTEpBail ix
KOHIICHTpAIii CTyMHiHb KJIacTepu3allii MOJIEKyJI cnupTy podoTax [7, 8] Oyno mokasza-
HO, 1110 JUIsl BOJAHMX PO3YMHIB METAHOJY B YChOMY IHTEpPBAJIl iX KOHIIEHTpAlIld CTY-
MIHb KJIACTE€pHU3allli MOJEKYJ CUPTY Z, <1. AJle MOYMHAIOYM 3 PO3YMHIB €TaHOJy Ha
KOHIEHTPALIHHUX 3a1€KHOCTIX Z, CHOCTEPIraeThCsl «0co0IUBa 30Hay, e Z, >1. L

npo0sema 1oyaeTbes y [7, 8] 3aBAsiKM BBEAEHHIO 3aJI€KHOCTI MApAMETPy kx BijJ KOH-
LEHTpaLii po34uHy (X, - KOHLEHTpAllls PO34KHY, 10 BiANOBLIA€ OCOOIMBOI TOUKH):

l—xp’ x<x,
Kx)=1 )
Lt SR

Take BHU3HAUEHHS MapaMeTpPy x MOXKJIMBO MOSCHUTH THM, IO B IHTEpBajl
KOHIEHTPALI} X >x, Yy PO34HHI YTBOPIOIOTLCS KJIACTEPH, CKIAJHIIII 32 €lIE€MEHTapHI

[12]. ITpu upomy, TiBOpPYY Bif 0COOIMBOI TOYKM (X <X,) Y BOAHUX PO3YMHAX CIHMPTIB
B1JI METAHOJIy J10, IPU HaiMi, OyTaHOJIY yTBOPIOKOTHCA JIMILE €JIEMEHTAPHI KIIACTEPH

[9].
OOMEXKUMOCH Yy pO3IJISA/Il TUIBKY BOJIHUMHU PO3UYMHAMH €TAHOILY.
VY [13] Ga3yrouuch Ha pe3ynbTaTax JOCHIIKEHb XIMIYHOIO 3CyBY IPOTOHIB Il-
JIPOKCHJIBHHUX 3B’S13KIB 3p00JIEHO BUCHOBOK, 110 MOBEAIHKY BOJHUX PO3YHHIB y BChO-
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My 1HTEpBaJl KOHLEHTpALlii HEMOXJIUBO PO3IJISAATH C TOUYKH 30PYy €IMHOTO MOJIEKY-
JSPHOTO MEXaHI3My. AHAJOTIYHUX BHUCHOBKIB OTpuMaHoO y [14] mpu aHami3i pi3HUX
(G13UKO-XIMIYHMX BJIACTHUBOCTEM IUX pO3uMHIB. Bech iHTEpBasl iCHYBaHHS pPO3YMHIB
MOXe OyTH po3iIeHO Ha 4, sk 1y [15], aiasHKu:

(a). 0<x<0.08, PO3UMH MICTUTH BUIbHI BOJYy, COUPT Ta KJIACTEPU IEPIIOTO
C,H,OH-12H,0 tuny,

(b). 0.08 < x<0.2, po34nuH MiCTUTH KiacTepu nepmoro C,H,OH —12H,0 Ta apy-
roro C,H,OH —3H,0 THIIB,

(¢). 02<x<0.8, PO3YMH MICTUTh KJaCTepH JPYroro Ta TPETHOTO
3C,H,OH — H,0O TUIIiB;

(d). 0.8<x<1.0, pO3YUH MICTUTH BIJIbHI BOJYy, CIHPT Ta KJIACTEPU TPETHOTO
C,H,OH -3H,0 tuny.

[ToniOHMK MOTs HAa CTPYKTYpPY KJIAcTEPIB B 3aJIEKHOCTI BiJi KOHILIEHTpAILIil
BOJHUX PO3YMHIB IHIIMX CIUPTIB HaBEACHO y myOmikamisx [16] — po3unHu TpeTny-
Horo Oytanoiy, [17-18] — po3uunu 1-nponanosny (H-MpoIraHomy).

Hamnpuknan y [17] iHTepBai icHyBaHHS pO3YMHIB BOJIHA - 1-IIpOIaHo MOJILIEH]
Ha 4 ninsHKH. [ onucy BOJIOMETPUYHUX BJIACTHUBOCTEH PO3UYMHIB aBTOPH 3ampo-

MOHOBYIOTh «YOTUPHU CETMEHTHY MOJIE€bY. | paHUUHUMU TOYKAMHU LIUX IHTEPBAJIB €:
x, = 0.038 = 0.006

x, = 0.260 + 0.020
x, = 0.735 £ 0.015

VY KOXKHOMY 3 IIMX 1HTEPBAIIB HAJIMIIKOBUNA 00’ €M pO3YMHY OMUCYETHCS BIla-
CHOIO 3aJICKHICTIO B1Jl KOHLIEHTpAIli.

3 morsiay Ha Te, IO €Heprii BOJAHEBHX 3B’SI3KIB BOJA-€TAHOJ MEPEBUIIYIOThH
aHaJIOTIYHMM IS BOJIa-BOJIa, ajie JOCTaTHBO Ou3bKi (3,57 kkan / Moss) apTopu [11]
CTBEP/IKYIOTh €(PEKT «CTPYKTYPYBAHHS» PO3YUHY BiZOYBA€ThCS Y KOHIIEHTPAIHHO-
My 1HTepBaJl (a) - 0< x<0.08. Lle sBUIIIE CYNPOBOIKYETHCS 3POCTAHHSIM CaMOAaCOIli-
arii MoJekyn Boau. Y iHTepBaii (b) - 0.08 < x<0.2 JAOAATKOBA KIIBKICTH MOJIEKYII
€TaHOJTy MIOYMHAE PYHHYBATH NIEPBUHHY CTPYKTYPY BOJIH.

Konuenrpaniiiny MoBeAIHKM KJIaCTEPHOIO mapamerpy (2) y iHrepmami x>x,

MOKJIUBO OOIPYHTYBAaTH HACTYITHUM YHMHOM. Y JPYroMy KOHIICHTpPALIHOMY IHTEp-
BaJi (b), pO3YMH € CyMINIIIIO KJIACTEPIB JBOX THUIIB, KOXKHUHN 3 TKUX MOXE OyTH OXa-
PaKTEpU30BAHUM BJIACHUM KJIACTEPHHM MapaMeTpoM x, 1 x, Ta KOHIICHTpAIisIMU

0COOJIMBOI TOUKH x,; 1 x,,. MonsgpHa mMaca boro po3uuHy J0piBHIOE [8]:

mKk+m,  mK +m N\ mK,+m, _
M#: w _a: w1 a(l_X)‘i‘Mx’
l+x I+x I+x,
— _ X=X,
ae k — CCPCAHE 3HAYCHHA KJIIACTCPHOTO MMapaMCTpy, x =
—X
p2 pl

Toxi k mOpIBHIOE:
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110 30iraeThCs 3 BUPAa30M JUI IapaMeTpy « [7-8] B inTepBam x>x, (1uB. GOpMysy
(2)).
VY nepuiomy KOHIEHTpaLItHOMY 1HTEpBaJl (a) Ma€e MiClie PIBHSHHSL:

m,K +m -\ m K tm, _
w a:mw(l_x)+ w1 ax’

1+ x 1+ kK,

AK€ MPU3BOJUTH JI0 & = &, , IO NIATBEPIXKYE HAIIE MPUITYILIEHHS CTOCOBHO HE3MIHHO-
CTI IapaMeTpy x BiJ KOHIEHTPALli y [bOMY 1HTEpPBAJIL.

3a3HaurMMo, 110 MIMPUHA «OCOOJIMBA 30Ha», 1€ Z, <1 3aJeXUTh BiJ TeMIlepaTy-
pu. 31 3pOCTaHHSM TeMIEpaTypu ii HIMpPUHA 3MEHUIYEThCS. Take SIBUIIE MOXKIUBO
MOSICHUTU PYHHYBaHHSAM KJIACTEPIB APYroro TUily. EHepris yTBOpEHHS LUX MOJIEKY-
JSPHUX MEHILA 33 aHAJOrIYyHy JUIs KJjacTepiB mepuroro tumy. Biamosimno ao [15]
€Hepris YTBOpPEHHs kiacTtepiB Apyroro tuny (C,H,OH-3H,0) pnopiBHioe 3.077

kJ>x/Monb (1.26kgT y po3paxyHKy Ha OJIHY YAaCTHUHKY), a JUJISl KJIacTEepiB MEPIIOro
tuny (C,H,OH —12H,0), BinnoBiaHo,8.7 kJ[>x/mMomns (3.57kgT).

ArnipokcuMaliisi KOHIICHTPALIMHOI 3alieHOCT1 Z, [7-8] Ha OuIbiIl TemnepaTypu
y JiHIHHOMY HaOJMKCHHI MOKa3ye, 10 3a Temreparypu omusbkoi go 1 ~ 49.06°C
IIUPUHA «OCOOIMBOI 30HM» Ma€ HYJIbOBE 3HAUCHHA. Y BUMAJKY PO3UMHIB METAHOY
«0c00JIMBa 30Ha» CTIATHYTa B OCOOJIMBY TOYKY PO3UMHY Ta Ma€ HYJIbOBE 3HAYCHHS Y
1HTEpBaIl TEMIEPATyp 0 +20°C , IO HA HaI TOTJIS MATBEPIXKY€E YTBOPEHHS Y ITUX
PO34YMHAX JIUIIIE eIEMEHTAPHUX KJIACTEPIB.

VY pob6ori [19] HaBeneHi AaHl T'YCTUHH BOJHUX PO3YMHIB €TAHOJY Yy 1HTEpBasi
temrepatyp Bia 293K go 323K. Ha puc. 1 BiioOpakeHO KOHIEHTpAIliiHI 3aJIeKHOCTI
KOHTpAakKIii BOAHUX PO3YMHIB E€TAHOIY.

Jlns O11bII0OT HAOYHOCTI 3aJEXKHOCTI Y 0.00
inTepBan Bia 273K no 313K BigoOpa- 0 0.1 x 0.2
KEHI IS TpPaHUYHHX TEMIIepaTyp - 1
273K Ta 313K. Po3paxyHku Jjisi bOTO -0.01
IHTEepBaly Temreparyp 3poOJeHl Ha mi-
JICTaBl JJaHUX TYCTMHU PO3YUHIB BOJIa-
eranon [20]. baunmo, 1m0 3a3Ha4cHI 3a-

- R
JEKHOCTI B3a€EMHO TEPETHUHAIOTHCS B %02
ocobnuBiit Touri. [TomoxxeHHs 111€l TOY-
KU B1J0OpaK€HO BEPTHKAIBHOIO JIIHIEIO. 0.03 -
JIJist pO34rHIB BO/Ia-€TAHOJ 1151 KOHIIEH-
Tpauis gopisaioe x, ~0.074 [2-5] mo-
JBHUX YaCTOK crHpTy. JlJIs po3uMHIB 3 -0.04 - olx)

HOBOTr0 1HTCPBATY IIPUTAMAaHHA Taka K€  Ppye, 1. KonuenTpauiiini 3a1exkHOCTI KOHTpa-
caMe IOBEAIHKA. /I pO3YMHIB 3a TEM- KIIi1 BOJHUX PO3YHHIB €TaHOJY. 3aJIe)KHOCTI 1
neparyp 318K mo 323K cmocrepiraetb-  — 0°C i 2 — 40 °C orpumano 3 [2]. Jani mns
cs 1HIIA noBeniHKa (quB puc.l). baun- pospaxynky mns 3 - 45°C i 4 - 50°C orpuma-
MO, IO B3aJeKHOCTI 3a Temmeparyp Ho 3 [19]. Beprukanena i BiAnoBigae
318K g0 323K He NEpeTMHAIOTLCA y  OCOOIMBOI TOYII PO3YMHY - 0.074 MOJBHUX
OCOONMBIN TOYIl, a MPOXOJATh HUXk4e TaCTOK CTAHOIY.
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€1 TOYKH.

Taky nmoBeAIHKY MOKHA MOSACHUTH 3MEHIICHHSIM BIUTUBY BOJHEBUX 3B S3KIB 3
MIJBUILIEHHAM Temrepatypu. [Ipu mocarHeHH1 TeMmriepaTypu TOPSIKY 42°C IIM
BIUIMBOM MO>KHA 3HEXTyBatH [21].

VY po6orti [15] HaBeleHO KOHIIEHTPAIIIHI 3aI€KHOCTI KUIBKOCTEH MOJIEeH MOB-
HICTIO KJIACTEPU30BAaHUX PO3YMHIB, 10 MICTITh KJIAacTepu 31 CKJIaJaMH:
C,H,OH -12H,0, C,H,OH-3H,0, C,H,OH-3H,0 (nuB. TabiuIio). 3a JOMOMOTOI0
BU3HAUYCHHS KJlacTepHOro mapameTpy (1) maemo:

N 12n,(x)+3m,(x)+ ny(x)
K(x): © ) (3)
N, nl(x)+n2(x)+3n3(x)
e n,(x), n,(x), ny(x) - KimbKOCTI MONEH PO3UMHIB, IO MICTATH KiacTepu 1, 2 Ta 3 TH-

niB. Po3paxyHok x(x) 3a momomororo (3) mokaszaB BigminHHA 30ir (MeHm 0.1 %) 3
IPUITYIIEHHSIM CTOCOBHO KOHIIEHTPAL[IHOI 3aJIeKHOCTI 3HaYEHb KJIaCTEpHOTo Iapa-
MeTpy (1) y 1bOMy KOHIICHTpalIHOMY Ta TEMIIEpaTypHOMY IHTEpBajiaX, 10 OYJo
BUCYHYTO y [7-8]. IIpupoano, o 3i 3pOCTaHHAM TEMIEPATYpU y iHTepBali (x> x,)
3JIEKHICTh KJIACTEPHOIO MapaMeTpy BiJl KOHIEHTpalii Oyjne HaOyBaTh BUIJIAI Bif-
MiHHUH BiJ (2).

PosrnsiHemMo AetanpHille po3YMHM 3 1HTEpBANy KOHIIEHTpalliil mpaBopyd BiA

Ta6auus. Kinbkoctel Mosiel MOBHICTIO KJIACTEPU30BAHUX PO3YMHIB 31 CKIIJaMu:
C,H.OH-12H,0, C,H.OH -3H,0, 3C,H,OH - H,0 [15].

MaccoBhIC C,H.OH-12H,0 | C,H,OH-3H,0 | 3C,H,OH—H,0

mponents | m (x) n,(x) ny(x)
0 0.00
5 0.02 1.0860
10 0.04 2.1730
15 0.06 3.2600
20 0.08 3.4890 0.8588
25 0.11 2.8180 2.6168
30 0.14 2.1471 4.3746
35 0.17 1.4761 6.1326
40 0.21 0.8052 7.8905
45 0.24 0.1342 9.6484
50 0.28 9.0508 0.6007
55 0.32 7.8749 1.3530
60 0.37 6.6890 2.1083
65 0.42 5.5216 2.8625
70 0.48 4.3454 3.6164
75 0.54 3.1688 4.3703
80 0.61 1.9921 5.1243
85 0.69 0.8159 5.8781
90 0.78 5.5506
95 0.88 2.7753
100 | 1.00
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0COOJMBOI TOUKH - x = 0.0742 +0.25 . PO3urHM Oy/ieMO pO3IIsiIaT 3 TOYKH 30py Tpy-
noBoi mojeni [10], sxa Oyma 3actocoBaHa y [7-9] aiist onmucy KiaacTtepu3aliii y BOJHHUX
po3urHax crnupTiB. OOMEKUMOCH JIJIsl TTOYATKY MOTJISIOM JIO OMUCY CTPYKTYpHU PO3-
YUHIB, 110 3ampornoHoBaHo y [15]. Tak y iHTepBam x=0.0742 +0.25 PO3YHMH BOJA-
etanot 3a Temneparypu 1 = 20 °C ckiagaeThCs 3 KJIacTEPiB 3 HACTYITHUMH MOJIEKY-
JIsIpHUMU CTpyKTypamu: C,H,OH-12H,0 ta C,H,OH -3H,0.

J1s po3paxyHKy MOJISPHOro 00’eMy po3uuHiB V, gk 1y [9] 3acTocyemo npuH-

Ui 0ajaHCy KIIbKOCTI MOJICKYJI KOMIIOHCHTIB po3uuHy. [IepBHHHHI PO3YMH Ma€e
KOHIICHTpAIlII0 X = X = 0.074 MOJNBHHMX YacTOK CIHPTY. BiAMOBIIHO 10 BUCYHYTOI'O

NpUNYIIEHHS [7-8] el po3YMH MOBHICTIO KJacTepu3oBaHUM. Buxoautumemo 3 Mo-
A€, 10 IIPU JOJABaHHI 10 MOBHICTIO KJIACTEPU30BAHOTO PO3UMHY, IO CKJIAJAETHCS
3 KJIaCTEPIB MEPILOTO TUITY, TPhOX MOJIEKYJI CIIUPTY, pyiHY€eThbes | KiacTep mepuioro
THITY Ta YTBOPIOIOThCA 4 KJIacTepH Apyroro tuiy. Toal s V, MaeMo:

B 31 —x)—n(l)(x—xp) (x—prn(l) +3)
V= 3(1-x,) vt M-x) @

ne x,=0.074 - KOHLUEHTPALIAHE MOJ0KEHHSA OCOOIUBOI TOYKH, Uy 1 Uy, - MOJSAPHI

00’€MH PO3YHHIB IPU KOHIEHTPAIISX X, TA x = 0.25 MOJBHUX 4ACTOK eTaHouy, n') -

KUTBKICTh MOJICKYJI KOMIIOHEHTIB PO3YMHY Y €JIEMEHTapHOMY KJIacTepi.
OOGuucneHHs MOJSIPHOTO 00'eMy po3unHy 3a dhopmylioro (4) mokazye MaKcUuma-
JIbHE BIJIXWJICHHS 3HAYE€Hb BiJl eKcliepuMeHTanbHuX He Outbie 0.5%.

BucHoBKH. 3acTOCyBaHHS TPYNOBOI MOJEII J03BOJISIE aJ€KBATHO OMMCYBaTH
KOHIICHTpAIlIHI 3aJI€KHOCT1 BOJIIOMETPIYHUX BIACTUBOCTEM BOAHUX PO3UMHIB CITUP-
TiB. Y HaWOUIBII MPOCTOMY BHUIAJKY (PO3YMHU METAHOJY) JJI OMHUCY JOCTATHHO 3a-
CTOCYBaTH €JIEMEHTapHUN KJacTep (CKJIaja SIKOTO BIAMOBIJAE KOHIEHTPALl PO3UUHY
y 0COOJIMBOT TOUII1). 3aIIPOIIOHOBAHO 1110 Y PO3YMHAX YTBOPIOIOTHCS JMHAMIYHI KJlac-
TEpHU MEPEBAKHO OJHOTO CKJIaay. Y BUNAJKY PO3UYMHIB €TaHOJIY MOTPIOHI JIEKIIbKa
napameTpiB. CriBHaaiHHS 3 €KCIIEPUMEHTOM J1a€ TUIbKU 3aCTOCYBaHHS 3aJI€KHOCTI
KJIACTEPHOTO CKJIaJy PO3YMHIB B1J KOHLIEHTpAILI.

3 MIJBHILEHHAM TEMIIEpaTypH BIUIMB BOJHEBHX 3B’SA3KIB Ha BOJIIOMETPIYHI Bila-
CTHBOCTI PO3YHMHIB 3MEHIIYETHCA. 3a TEMIEPATyp BUIIUX 40°C 1M BILUTUBOM MO>KHA
3HEeXTyBaTHU. [IposSBOM LBOTO € BIACYTHICTh y PO3YMHIB 3a LUX TEMIEPATyp OCOOIu-
BO1 TOYKH.
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Chechko V.E., Gotsulskyi V.YA.
Clustering of aqueous ethanol solutions. Qualitative approach

SUMMARY

The papers discuss the features of clustering in aqueous solutions of ethanol. It is assumed
that the volume of an elementary cluster is smaller than the total molecular volumes of the
components that make up this cluster. It is justified that the form of the concentration depen-
dence of the cluster parameter k. Based on the data on the cluster composition of water-
ethanol solutions, the concentration dependence of k was obtained. The value determination
accuracy of k does not worse than0.1% . Applying the group description of solutions, the
concentration dependence of the molar volume of the solution in the concentration range
0.074 +0.25 was obtained. The deviation from experimental data is no more than 0.5% . Ob-
tained concentration dependence of contraction of aqueous solutions of ethanol at tempera-
tures higher than 40°C . These dependences, in contrast to the contraction at temperatures
lower than 40°C, do not pass through a special point of the solution.

Keywords: solutions, water, monohydric alcohols, elementary clusters, special point.

Yeuxko B.E., I'ouyynvckuit B.A.
Kunacrepuzauusi BOAHBIX pacTBOPOB 3TaHoJ1a. KayecTBeHHBII MOAX0/1

AHHOTALIIUA

B pabote obcyxmaroTcs OCOOCHHOCTH KIIAaCTEpPH3allMd B BOAHBIX PAaCTBOpAxX STaHOIA.
[IpuauMaercs, 4To 00BEM IEMEHTAPHOTO KJIacTepa OKa3bIBAE€TCS MEHBIIE CyMMapHOTO MO-
JIEKYJISIPHOTO 00beMa KOMIIOHEHTOB, 00pa3yromux 3ToT kjiactep. [IpuBegeHo obocHoBaHue
BUJIa KOHIICHTPAIMOHHOM 3aBUCHMOCTH KJIACTEPHOTO NapaMeTpa k. Ha ocHOBaHMM JaHHBIX O
KJIACTEPHOM COCTaBE PACTBOPOB BOAA-ITAHOJI OJY4YE€HA KOHIICHTPAIMOHHOW 3aBUCUMOCTH K .
TouHOCTH B onpenesieHnu 3HaueHuid kK He Xyxe 0.1% . [Ipumensisa rpynmnoBoe onucaHue pac-
TBOPOB, MOJy4YEHHAas] KOHILIEHTPAIIMOHHAs 3aBUCUMOCTh MOJSIPHOrO o0ObeMa pacTBOpa B WH-
TepBasie KoHueHTpanuii 0.074 +0.25. OTKIOHEHHE OT AKCIEPUMEHTAJIbHBIX JaHHBIX B Ipe-
nenax 0.5% . IlomydyeHHbIE KOHIEHTPALMOHHOW 3aBUCUMOCTH KOHTPAKLHU BOJHBIX PACTBO-
POB 3TaHOJA MpU TeMmiiepaTypax Boie 40°C . DTH 3aBUCUMOCTH, B OTJINYME OT KOHTPAKIIMH
IIpH TeMIieparypax Menbline 40°C , He IpOXOIiAT uepe3 0coOyIo TOUKY pacTBOpA.

Knrouesvie cnosa: pacmeopul, 600a, 00Hoamomusie CRUpmbl, 1eMeHmapHble Kiacmepul,
0CcobenHas mouka.
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Effect of fullerene Cg, admixture in paraffin wax on the refractive index and
phase transition temperatures

The paraffin wax (PW) utilized as a phase change material is promising for thermal energy
storage systems. However, the application of this material is limited by itslow thermal con-
ductivity. The fullerene Csy adding in PW can help to eliminate this problem.Therefore, the
system PW/Cgyis promising for studying its properties.

The results of an experimental study of the refractive index of solutions of fullerene Cgy in
PWof 52...54 °C melting point at the ranges of Cgpcontent of 0...0.052 wt. %and temperatures
of 41...65 °C are presented in the study. The complex character of the concentration depen-
dence of the refractive index on isotherms for the studied thermodynamic systems has been
registeredboth in liquid and solid phases.Data on the effect of the Csy content in PW on the
temperatures of the start and finish of its phase transition is presented. At Cgy content in PW
of 0...0.01 wt. % the temperatures of the start and finish of the phase transition decreased, at
Ceo content of 0.01...0.04 wt. % they increased more than the pure PW temperatures and at
Ceo content more than 0.04 wt. % they decreased again.

The obtained effects of a decrease and increase in the refractive index on the isotherms
and temperatures of start and finish of PWcrystallizationcan be explained by structural trans-
formations in PW caused by Cg presence. In the authors' opinion, the reason for the extreme
behavior of concentration dependence of the refractive index of objects of study is the effect of
Cep on the density fluctuations and the quasi-crystalline structure of the liquid and solid phas-
es.These structural transformations in PW cause a similar change inthe concentration depen-
dencies of the temperatures of the start and finish of the phase transition of objects of study.

Keywords: paraffin wax (PW); fullerene Cg,; solution; refractive index, phase transition

1. Introduction. The paraffin wax (PW) utilized as phase change material
(PCM) is very promising for thermal energy storage systems. These materials have a
wide range of fusion temperatures and are appropriate for medium-temperature ther-
mal energy storage applications [1, 2, 3].However, the application of PW as PCM is
limited by low thermal conductivity.

The fullerene Cqy adding in PW can help to eliminate this problem[2, 3]. The
advantage of fullerene Cy 1s that form a time-stable molecular solution with PW [4].
However, nowadays there are very few papers devoted to studying the PCM contain-
ing fullerene. In [2] the thermal conductivity enhancement of composite PW/Cg, vs.
pure PW was shown.The expediency of adding the fullerene C60 in PCM (binary
carbonate eutectic salts) was studied in [5], however, the thermal conductivity en-
hancement was not recorded.Fullerene has been chosen as nanoadditives into
poly(ethylene oxide), and obtained by melt-solidification method composite was in-
vestigated for thermal energy storage applications in [6]. The higher heat of melting
in comparison to theoretical values has been observedfor the blend with fullerene. Al-
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so, it has been found that for the crystallization of samples, the incorporation of fulle-
rene lowers the activation energy of nucleation. Therefore, further study of the prop-
erties of PW/Cg solutions for use as PCM is currently important.

Within the comprehensive studies of the thermophysical properties of composite
PCMs, the use of simple methods of experimental study of the nanoparticles' effect
on the phase transition parameters of these materials is of interest. Conventional me-
thods for studying the phase transitions of n-alkanes are adiabatic and differential
scanning calorimetry [3, 6]. In addition, optical methods are often applied to studying
the parameters of phase transitions of various substances due to their simplicity and
precision [7, 8, 9, 10]. The temperatures of phase transitions (melting, crystallization,
rotator phases) were determined for a number of individual n-alkanes from C;9Hy, to
C,sHsg by the optical method based on dynamic light scattering [9]. However, alkanes
were studied as an emulsion in water [9].In the authors' opinion, it is practical to use
the refractometry method to determine the phase transition temperatures, since it pro-
vides the high accuracy of the refractive index measurement and allowsto registerof
the structural transformations in the studying samples [7,8, 10].

It is known that the temperature dependence of the refractive index np(?) exhibits
a discontinuity (an abrupt change in np) or a break (an abrupt change in dnp/dt) atthe
phase transition point for pure substances.An abrupt change in np(?) dependence is
typical for the melting point of a pure substance, and a break in the np() dependence
1s observed during second-order phase transitions [7]. For n-alkanes (components of
industrial PW) a considerable “jump” in np during the phase transition is typical [8].
This circumstance makes refractometry a sufficiently accurate technique for studying
the phase transition temperatures in this class of substances.

The promise of the method for determining the phase transition temperatures by
the refractive index temperature dependence is confirmed by the presence of recent
studies that propose devices and methods for the express determination of phase tran-
sition temperatures for various substances [10]. A single-mode-no-core-single-mode
(SNS) fiber optical sensor for the detection of solid-liquid and liquid-solid phase
changes in n-octadecane is proposed in [10]. A large discontinuous change of the n-
octadecane’s refractive index during its phase transition leads to the corresponding
step-like change in the transmitted optical power that can reliably indicate the phase
change of the sample in the vicinity of the sensor.

The purpose of the present paper is to study the effect of the fullerene Cg in in-
dustrial PW on the refractive index and phase transition temperaturesby applying the
refractometry method.

2. Experiments.

2.1 Object of study. The following materials have been used to prepare compo-
site PCMs:

— paraffin wax (PW) (produced in Germany, industrial grade T-3, melting tem-
perature 53.5 °C according to the supplier);

—fullerene Cg¢, (purchased from Suzhou Dade Carbon Nanotechnology Co., Ltd.,
China, CAS# 99685-96-8), purity 0.995 kg-kg ™).
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The first step of the composite PCMs prep-
aration containing Cgy consists of Cg mixing in
molten PW and mechanical stirring at about
55+5 °C.

During the second step, the composite
PCM containing Cg, was kept for 15 days in the
liquid phase at a temperature of about 60 °C in
an air thermostat. This is necessary because it
takes considerable time to reach the saturation
equilibrium, from several hours to several days
[4]. The obtained solution has been founded as  Fig. I —Image of saturation solu-
supersaturated because of the presence of the tion of Cgoin PW at 60 °C (n{al‘ss
undissolved crystals of fullerene Cy in form of a fraction Ceois 0.000746 g-g )
precipitate. The precipitate with crystals of Cg
was carefully removed after PW/Cg, crystallization. The removed PW with Cg preci-
pitate was washed repeatedly by n-pentane to remove PW (Cg has very low solubili-
ty in n-pentane 0.005 mg-ml™ at 20 °C [11]) and filtered through a paper filter. The
difference in mass of the dry filter with Cg crystals and the filter before the experi-
ment allowed us to obtain the mass of Cg, that was not dissolved in PW. The satura-
tion mass fractions of Cgo in PW at 60...65 °C is 0.000746 g-g ' — Fig. 1.

Composite PCM samples for further studies were obtained by diluting the satu-
rated solution of PW/Cg, with pure PW. The required quantity of components was
measured using the Model GR 300 electronic balance with an instrument error of 0.5
mg. The Cgy mass fraction uncertainties were evaluated as 1.0 %.

The list of samples that were used for the refractive index measurement is given
in Table. 1. The image of PW samples with various content of Cg is shown in Fig. 2.

Table 1. Objects of study

Ceo mass fraction, | Shown in figures | C¢o mass fraction, | Shown in figures
gg’! and text gg’! and text
0 PW 0.000247 PW/C¢, 0.024
0.000060 PW/Cg, 0.006 0.000320 PW/Cgy 0.032
0.000124 PW/Cg, 0.012 0.000400 PW/Cqg, 0.040
0.000150 PW/Cg, 0.015 0.000460 PW/C¢, 0.046
0.000200 PW/Cg, 0.020 0.000524 PW/Cgy 0.052

Fig. 2.Image of the several samples in form pellet (from left to right): PW, PW/Cq,
0.006, PW/Cqg 0.012, PW/Cgy 0.020, PW/Cg 0.024, PW/Cq 0.052.
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2.2 Experiment technique. AnlIP®-454b Abbe type refractometer was used in
the study. The index of refraction, relative to the air, at a wavelength of 589 nm (so-
dium D line) was measured. It was revealed in [12, 13] that fullerene Cg, in solutions
of tetralin and o-xylene at low content does not absorb light of 589 nm wavelength.

Convergence of readings of the refractive index is no more than +5-10.A circulation
thermostat was used to maintain a constant temperature during the refractive index
measuring. The water thermostat was equipped with automatic temperature control.
Temperature deviations in the thermostat from the set value did not exceed +0.02 °C.
The uncertainty of measured temperature in the temperature-controlled part of the re-
fractometer did not exceed 0.05 °C.

PW is a multicomponent solution, thus, after the crystallization of molten PW,
the compositions of the solid sample on the surface and in the volume may differ
slightly. This effect is caused by different crystallization temperatures of the PW
components and thermal diffusion processes. The previously performed experimental
analysis revealed that the refractive index of the samples taken in the solid state from
different parts of large-volume objects of study can vary within 0.001. To eliminate
the methodological error, the samples for measurements were taken from the liquid
phase of the object of study, and the refractive index was measured from a higher
temperature to a lower one.

3. Results. The measured values of the refractive index of the objects of study
are presented in Fig. 3. Additionally measured values of the refractive index and the
temperatures of the start and finish of the crystallization are presented in Table A.1 of
the Appendix.

The data obtained reveal that the effects of small amounts of fullerene Cgy in PW
on the refractive index variation are insignificant in absolute value. Therefore, it is
advisable to analyze the concentration dependence np=f(w) at T = const after the ex-
perimental data fitting to reduce the influence of the random component of uncertain-
ty.

The obtained experimental data were fitted by Eq. (1). The coefficients of Eq.
(1) and its range of application are given in Table 2.

n,=a+b-w+c-w+d-w+e-t, (1)
where a, b, ¢, d,ande are the fitting coefficients; w is the mass fraction of the Cgp, %
wt.; ¢ is temperature, °C.

Deviations of experimental data from fitting ones are presented in Fig. 4.

The performed analysis reveals that the expanded uncertainty in measuring the
refractive index of PW/Cy, samples did not exceed 5.52-10™ for liquid phase and
6.57-10 for solid phase.

4. Discussion. As follows from the given in Fig. 3 information, the temperature
dependencies of the refractive index of composite PCMs PW/Cg represent a series of
almost equidistant straight lines. Curvetting of the linear dependencies of the refrac-
tive index np(?) in the solid phase is observed only at temperatures below 44°C.Since
industrial PW is a multi-component mixture of high molecular alkanes (from C,9 and
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Fig. 3.Temperature dependence of the refractive index for objects of study
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Table 2 Fitting coefficients of Eq. (1)

Liquid phase, tempera- | Solid phase, tempera-

Parameters tlcllre ral:r)lge54. : .65p °C | ture rzll)nge 41.. .5p2 °C
Coefﬁ201ents of determina- 0.969 0.978
tion R
Fitting standard error 0.000234 0.000456

a 1.46238 1.54634

b -0.050419 -0.114336

c 2.33985 7.03193

d -28.4598 -104.0962

e -0.00041492 -0.00043969
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Fig 4.Deviations of experimental data on the refractive index from fitting ones: a — liquid
phase, b — solid phase
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Fig 5.Concentration dependences of the refractive index in the liquid (57...62 °C) and
solid (43...51 °C) phases corresponding to various isotherms

above), this curvature reflects the effects of structural transformations of some com-
ponents in the solid phase.

During slow PW cooling with achieving the liquid-solid phase transition tem-
peratures, a second total internal reflection boundary was observed at refractometry.
In the authors’ opinion, its presence is explained by the appearance of a new phase
(Fig. 3). There are reasons to suppose [7] that under conditions of a low rate of for-
mation of crystallization centers in PW and a strong increase in viscosity of PW the
glassy state of the substance can form. The data obtained reveal that the refractive in-
dex of this phase differs significantly from the refractive index of PW in the liquid
and solid crystalline states - Fig. 3.PW in the glassy state is in equilibrium with the
solid phase formed during cooling. With a further decrease in temperature, the glassy
state transforms into a solid state.

Fig. 5 presents the concentration dependences of the refractive index corres-
ponding to various isotherms in the liquid and solid phases.

The analysis of the results revealed the existence of variousregions with two ex-
tremes on the concentration dependencies of the refractive index of the system
PW/Cgonp(w) at T=const. The minimum points on the dependenciesnp(w) have its
confirmation with the previously obtained data for other systems [13-20].
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Obviously, the complex behavior of the concentration dependencies of the
refractive index of the PW/Cg liquid and solid phases should have a thermodynamic
substantiation. Since the thermophysical properties of substances and the refractive
index are related [7], the presence of extrema should also manifest itself in the
concentration dependencies of other thermophysical properties.

Up to now a lot of studies devoted to investigating the effect of fullerene on the
thermophysical properties of liquids were published [4, 11, 13-20]. However, the
principles of thermodynamic modeling of the nanofluids properties, including
properties of solutions of PW/Cg, (the molecule Cgin the solution can be considered
both a nanoparticle and a large molecule [4]), remain developed insufficiently [13,
15, 21, 22]. In the opinion of some authors [18—22], the current situation is caused by
the absence of an approach for the correct evaluation of the nanoparticles' effect on
structural changes in the base fluids.It should be emphasized, that mentioned above
concerns not only the formation of an interfacial phase around nanoparticles in a
nanofluid but also structural changes in the base fluidat the distance from the
nanoparticles.

According to the mentioned, the study of the properties of fullerene solutions in
hydrocarbons is of considerable interest. The interfacial layer of base liquid mole-
cules around Cg, molecules i1s absent in these solutions.At the same time, fullerene
Ceo solutions exhibit unusual optical, thermodynamic, kinetic, and other properties [4,
11, 13-20]: complex temperature dependence of the solubility of fullerenes in some
solvents was revealed in [4, 11, 16], non-linear nature of the change in some thermo-
physical properties with concentration at low content of fullerene in solutions was re-
vealed in [13-15, 17-20].

There are several hypotheses of anomalous variation in the base liquids' proper-
ties with the presence of fullerene in low content. Thus, the authors of the study [17]
assume the presence of two shells around fullerene molecule in solution, first a
“loose” lyophobic one, second a lyophilic one (the dense layer of base liquid).

The mentioned features of the fullerene Cgy behavior in solutions are explained
by the recently predicted theoretically and discovered experimentally phenomenon of
the formation of structural anomalies in solutions [17-20]. The dissolution of fulle-
rene Cgoin aromatic solvents is typicallyfollowed by heat release and entropy de-
crease, which indicates structural transformations in the liquid phase of the solvent.

The most comprehensive explanation of the described phenomena is given in the
studies of Ginzburg with coauthors[17-19], where the hypothesis about the appear-
ance of regions with "zero" density in the liquid phase of aromatic hydrocarbons dur-
ing the fullerene dissolving is formulated. The model of fullerene Cgsolutions in
aromatic hydrocarbons assumes the formation of a shell with zero density around Cg,
molecules[17]. The volume of this shell in the solution cannot be filled with liquid,
since the shell's size is smaller than the size of liquid molecules. The formation of this
volume by adding a low amount of fullerene Cgocancontribute to a decrease in the
density of aromatic hydrocarbons.

A new thermodynamic hypothesis that explained the causes of fullerene
Csoadmixtures'effect on the variation of thermophysical properties of aromatic hydro-
carbons was proposedin studies [13-15]. According to the hypothesis, a low amountof
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Fig 6. Concentration dependencies of the temperatures of the start and finish of
phase transition of the PW/Cyg,

fullerene admixtures Cg, contribute to an anomalous variation in fluctuations of den-
sity and volume, as well as variation in the activation energy of aromatic hydrocarbon
molecules. As a result, the saturated vapor pressure, density, and viscosity of the lig-
uid significantly change.The obtained data on the refractive index of the liquid phase
of composite PCM PW/Cq allow us to state that the hypothesis on the effect of fulle-
rene admixtures on fluctuations of the thermodynamic functions is also valid for
high-molecular n-alkanes.

This conclusion is confirmed by the concentration dependencies of the refractive
index - Fig. 5. The refractive index values are related to the density by the Lorentz-
Lorenz equation. Therefore, the decreasing refractive index in the range of fullerene
concentrations of 0...0.01 wt. % is concerned with increasing the density fluctuations
[13]. According mentioned above, the obtained data on the refractive index of
PW/Cq is thermodynamically justified. The increasing refractive index in the con-
centration range of 0.01...0.035 is probably concerned with the destruction of the
long-range order between the molecules of the PW components (clusters), which is
typical for liquids with parameters close to the triple point [23].

Refractive index values obtained in the temperature range of phase transition
allow us to accurately determine the temperatures of the start and finish of melting
for the PW/Cq.The studying breaks of the dependencies of np(z) is an effective me-
thod to register the phase transformations in the objects of study. The obtained con-
centration dependencies of the temperatures of the start and finish of the phase transi-
tion are shown in Fig. 6.

An analysis of data presented in Fig.6 reveals that fullerene Cg, admixture
changes the temperatures of the phase transition of the objects of study. Repeated ex-
periments state that the melting points of the same PW/C¢, sample can vary within
0.5...1 °C. This effect has a random character and is typical for systems with abroken
metastable state (the supercooled liquid phase transforms into a solid phase).The con-
centration dependence of the start and finish of the phase transition is complex. At
Ceo content in PW of 0...0.01 wt. % the temperatures of the start and finish of the
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phase transition decreased, at Cg, content of 0.01...0.04 wt. % they increased more
than the pure PW temperatures and at Cq content more than 0.04 wt. % they de-
creased again. It should be noted that the concentration dependencies of the phase
transition temperatures and concentration dependencies of the refractive index are
similar in shape and location of the extrema points — Figs. 5-6.

Conclusion. The purpose of the paper was to study the effect of the fullerene
Ceo 1n industrial PW on the refractive index and phase transition temperatures by ap-
plying the refractometry method.

The values of the refractive index of solutions of fullerene Cgy in PW of 52...54
°C melting point at the ranges of Cgocontent of 0...0.052 wt. % and temperatures of
41...65 °C were obtained. The expandeduncertainty of the experimental data did not
exceed 5.52-10™ for liquid phase and 6.57-10™ for solid phase.The complex character
of the concentration dependence of the refractive index on isotherms for system
PW/Cgohas been registered both in liquid and solid phases. Data on the effect of the
Ceo content in PW on the temperatures of the start and finish of its phase transition
was obtained. At Cgy content in PW of 0...0.01 wt. % the temperatures of the start
and finish of the phase transition decreased, at C¢, content of 0.01...0.04 wt. % they
increased more than the pure PW temperatures and at C4, content more than 0.04 wt.
% they decreased again.The obtained effects of a decrease and increase in the refrac-
tive index on the i1sotherms and temperatures of start and finish of PW crystallization-
can be explained by structural transformations in PW caused by Cgy presence. In the
authors' opinion, the reason for the extreme behavior of concentration dependence of
the refractive index of objects of study is the effect of C¢y on the density fluctuations
and the quasi-crystalline structure of the liquid and solid phases. These structural
transformations in PW cause a similar change in the concentration dependencies of
the temperatures of the start and finish of the phase transition of objects of study.
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Appendix
Table A.1 - Experimental data on the refractive index of solutions of fullerene

Ceo iIn PW (interval of phase transition temperatures in italics, liquid phase,
solid phase)

t, °C |w, wt.%| ¢, °C |w, wt.%| ¢, °C |w, wt.%| ¢, °C ‘w, wt. %[ t, °C |w, wt.%| ¢, °C |w, wt.%

PW 63.5 |1.4360| 52.5 | 1.474 | PW/Cqg 0.024 | 50.5 | 1.5235| 46.5 |1.5252
62.0 | 1.4367| 63.0 |1.4362| 52.0 | 1.4749| 65.5 |1.4354| 50.0 |1.5237| 46.0 |1.5257
61.0 |1.4369| 62.5 |1.4363| 51.5 | 1.4751| 64.5 |1.4357| PW/Cg 0.024 | 45.0 | 1.5261
60.0 |1.4372| 62.0 |1.4365| 51.0 |1.5242] 64.0 |1.4359| 60.0 |1.4372] 44.5 |1.5265
59.0 |1.4374| 61.5 |1.4369| 50.5 |1.5248 | 63.5 |1.4360| 59.5 |1.4373| 43.5 |1.5269
58.0 |[1.4379| 61.0 |1.4371] 50.0 |1.5249| 63.0 |1.4361| 59.0 |1.4375] 43.0 |1.5271
57.0 | 1.4385| 60.5 |1.4372| 495 | 1.525 | 62.0 |1.4364| 58.5 |1.4378| 42.5 |1.5273
56.5 | 1.4388| 60.0 |1.4374| 49.0 |1.5251| 61.5 |1.4367| 58.0 |1.4380| 42.0 |1.5277
56.0 [1.4390| 59.5 |1.4376| 48.5 |1.5252] 61.0 |1.4369| 57.5 |1.4384| 41.5 |1.5281
55.5 | 1.4400| 59.0 |1.4379| 47.0 |1.5261| 60.0 |1.4371| 57.0 |1.4385| 41.0 |1.5289
55.0 |1.4401| 58.5 |1.4381| 46.0 | 1.5268 | 59.5 |1.4375] 56.5 |1.4387| PW/Cg 0.046
54.5 | 1.4731| 58.0 |1.4383| 455 |1.5269| 59.0 |1.4376] 56.0 |1.4388| 65.5 |1.4352
54.0 | 1.4751| 57.5 |1.4385| 45.0 |1.5271| 58.5 |1.4378| 55.5 |1.4721| 65.0 |1.4352
53.5 | 1.4749| 57.0 |1.4388| 43.5 |1.5282| 58.0 |1.4380| 55.0 | 1.4722| 64.5 |1.4354
53.0 |1.5222] 56.5 |1.4390| PW/Ce 0.015 | 57.5 | 1.4719| 54.5 |1.4723| 64.0 |1.4356
52.5 |1.5230| 56.0 |1.4391| 65.5 |1.4352] 57.0 |1.4721| 54.0 |1.5224| 63.5 |1.4358
52.0 | 1.5235| 55.5 |1.4395| 65.0 |1.4354| 56.5 |1.4722| 53.5 |1.5225| 63.0 |1.4360
51.0 | 1.5240| 55.0 |1.4399| 64.5 |1.4355| 56.0 |1.4723] 53.0 |1.5226| 62.5 |1.4362
50.5 |1.5242| 54.5 | 1.4731| 64.0 |1.4357| 55.5 |1.5221] 52.5 |1.5228| 62.0 |1.4364
50.0 |1.5249| 54.0 | 1.4734| 63.5 |1.4359| 55.0 |1.5223| 52.0 |1.5230| 61.5 |1.4366
49.0 |1.5251| 53.5 | 1.4737| 63.0 |1.4360| 54.5 |1.5228 | 51.5 |1.5232] 61.0 |1.4368
47.0 |1.5259] 53.0 | 1.4739| 62.5 |1.4361| 54.0 |1.5231| 51.0 |1.5233} 60.5 |1.4369
46.0 | 1.5263| 52.5 |1.4741| 62.0 |1.4364| 53.0 | 1.5232| PW/Cg 0.032 | 60.0 | 1.4371

PW 52.0 |1.5232| 61.5 |1.4367] 52.5 |1.5233| 65.0 |1.4354] 59.5 |1.4373
65.5 | 1.4353 ] 51.5 |1.5237] 61.0 |1.4369| 51.0 |1.5237| 64.5 |1.4355| 59.0 |1.4376
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64.0 |1.4358) 50.0 |1.5241] 60.5 |1.4370| 50.0 |1.5240| 64.0 |1.4358 | 58.5 |1.4378
63.5 |1.4360| 49.5 |1.5248 | 60.0 | 1.4371| 49.5 |1.5245] 63.5 |1.4360| 58.0 |1.4380
63.0 | 1.4362| 49.0 |1.5249] 59.5 |1.4373] 48.5 |1.5250| 63.0 |1.4362| 57.5 |1.4382
62.5 |1.4365| 48.5 |[1.5250| 59.0 |1.4375] 48.0 |1.5252| 62.5 |1.4364| 56.5 |1.4722
62.0 |1.4366| 48.0 |1.5252) 58.5 |1.4378| 47.0 |1.5260| 62.0 |1.4366| 56 |1.4728
61.0 [ 1.4370) 47.0 | 1.5255] 58.0 |1.4380| 46.5 |1.5262| 61.5 |1.4368| 55.5 | 1.4731
59.5 |1.4373] 46.5 |1.5258 | 57.5 |1.4382] 46.0 |1.5265| 61.0 |1.4370| 55.0 |1.5223
59.0 | 1.4377) 46.0 | 1.526 | 57.0 |1.4384| 45.0 | 1.527 | 60.5 |1.4371] 54.5 |1.5225
58.0 | 1.4380) 45.0 |1.5262] 56.5 |1.4386]| 44.0 |1.5275]| 60.0 |1.4374| 54.0 |1.5226
57.5 |1.4383| 44.0 | 1.527 | 56.0 | 1.4388 | PW/Cg 0.024 | 59.5 |1.4375| 53.5 |1.5227
57.0 |1.4385| 43.0 |1.5278 | 55.5 |1.4391| 65.5 |1.4358| 59.0 |1.4378| 53.0 |1.5229
56.5 | 1.4388 | 42.0 | 1.5279] 55.0 [ 1.4401| 65.0 |1.4359| 58.5 |1.4379] 52.5 |1.5231
56.0 |1.4390| 41.0 |1.5283 | 54.5 |1.4725| 64.5 |1.4360| 58.0 |1.4381| 52.0 |1.5234
55.5 | 1.4398 | PW/Cqg 0.006 | 54.0 | 1.4729| 64.0 |[1.4361) 57.5 |1.4383] 51.5 |1.5235
55.0 [ 1.4400| 65.5 |1.4351| 53.5 |1.4735] 63.5 |1.4362| 57.0 |1.4387| 51.0 |1.5237
54 | 14732 64.5 |1.4352) 52.5 |1.5227] 63.0 |1.4363| 56.5 |1.4389| 50.5 |1.5239
53.5 |1.4738| 64.0 |1.4355] 52.0 |1.5229| 62.5 |1.4365] 56.0 |1.4390| 50.0 | 1.524
52.5 |1.5227) 63.0 |1.4359] 51.5 | 1.523 | 62.0 |1.4369| 55.5 |1.4392] 49.5 |1.5241
52.0 |1.5236| 62.0 |1.4362] 50.5 |1.5231] 61.5 |[1.4370| 55.0 |1.4722| 49.0 |1.5242
51.0 |1.5239] 61.5 |[1.4364| 50.0 |1.5232] 61.0 |1.4371| 54.5 |1.4729| 48.5 |1.5243
50.5 | 1.5241) 61.0 | 1.4368] 49.5 |1.5233] 60.5 |1.4372| 54.0 |1.5228| 48.0 |1.5244
50.0 |1.5243 ) 60.5 |1.4370| 48.5 |1.5235] 60.0 |1.4374| 53.5 |1.5231| 47.5 |1.5249
49.5 [1.5249) 60.0 |1.4371] 48.0 | 1.524 | 59.5 [1.4376] 53.0 |1.5232) 47.0 |1.5252
48.0 |1.5252 | 59.0 |1.4374) 47.5 |1.5245] 59.0 |1.4379] 52.5 |1.5235] 46.5 |1.5255
47.0 [1.5256) 58.5 |1.4376] 47.0 |1.5249| 58.5 [1.4380] 52.0 |1.5237| 46.0 |1.5259
46.0 |1.5261 | 58.0 [1.4379| 46.5 |1.5251| 58.0 |[1.4382] 51.5 |1.5238| 45.5 | 1.526
45.0 [1.5262) 57.5 |1.4382] 46.0 |1.5252) 57.5 [1.4385] 51.0 | 1.524 | 45.0 |1.5262
44.0 [1.5271) 57.0 [1.4384] 45.5 |1.5253| 57.0 |1.4387] 50.5 |1.5241] 44.5 |1.5265
PW 56.5 | 1.4387] 45.0 |1.5256| 56.5 |1.4389| 50.0 |1.5243] 44.0 | 1.527
65.5 |1.4354| 56.0 |1.4389| 44.0 | 1.5258] 56.0 |1.4390| 49.5 |1.5247| 43.5 |1.5274
64.5 |1.4359| 55.5 |[1.4390| 43.5 |1.5259| 55.5 |[1.4391 | 49.0 | 1.525 | 43.0 |1.5276
64.0 | 1.4360) 55.0 | 1.4395] 43.0 |1.5261| 55.0 |1.4393| 48.5 |1.5252| 42.5 | 1.528
63.5 |1.4361| 54.5 [1.4400| 42.5 |1.5265| 54.0 | 1.4728| 48.0 |1.5254| 42.0 |1.5282
63.0 |1.4363| 54.0 | 1.474 | 42.0 | 1.5269| 53.5 | 1.473 | 47.5 |1.5256 | PW/Cg 0.052
62.5 |1.4367| 53.0 |1.4748) 41.5 | 1.527 | 53.0 |1.4735| 47.0 | 1.526 | 65.5 |1.4350
62.0 |1.4368| 52.5 | 1.475 | 41.0 |1.5272] 52.5 |1.5237| 46.5 |1.5265] 64.5 |1.4351
61.5 |1.4370] 52.0 |1.5237| 40.5 |1.5277] 51.5 |1.5244| 46.0 |1.5268| 64.0 |1.4353
61.0 | 1.4371) 51.5 | 1.524 | 40.0 |1.5285] 50.5 |1.5246| 45.5 | 1.527 | 63.5 |1.4354
60.5 |1.4374| 51.0 |1.5242] PW/Cqg 0.020 | 50.0 | 1.5248| 45.0 |1.5272| 63.0 |1.4357
60.0 |1.4376| 50.0 |1.5248 | 65.5 |1.4351| 49.5 |1.5250| 44.5 |1.5273| 62.5 |1.4359
59.5 |1.4378| 49.5 | 1.525 | 64.0 |1.4352] 49.0 |[1.5251) 44.0 |1.5275] 62.0 |1.4361
59.0 | 1.4379| 49.0 |1.5252] 63.5 |1.4355| 48.5 |1.5252| 43.5 | 1.528 | 61.0 |1.4365
58.5 |1.4380| 47.0 |1.5258 | 62.5 |1.4360| 48.0 |1.5254 | PW/Cs 0.040 | 60.5 |1.4368
58.0 |1.4382] 46.5 | 1.526 | 62.0 |1.4362| 47.5 |1.5255] 65.5 |1.4352| 59.5 |1.4374
57.5 |1.4385| 46.0 | 1.5265] 61.5 |1.4364| 47.0 |1.5257| 65.0 |1.4353] 59.0 |1.4378
57.0 |1.4388| 45.5 |1.5267| 61.0 |1.4365| 46.0 |1.5260| 64.5 |1.4355| 58.5 |1.4380
56.5 |[1.4390) 45.0 |1.5269] 60.0 |1.4370] 45.5 |1.5261| 64.0 |1.4358| 58.0 |1.4382
56.0 |1.4393| 44.5 | 1.527 | 59.5 |1.4371| 45.0 [1.5262) 63.5 |1.4360| 57.5 |1.4385
55.5 |1.4395| 43.5 |1.5278 | 59.0 |1.4372| 44.0 |[1.5270] 62.5 |1.4362| 57.0 |1.4388

90




dizuka aepoaucrepcHux cucrem. — 2022. — Ne 60. — C.79-92

55.0 | 1.4400) 43.0 |1.5279] 58.5 |1.4375] 43.0 |1.5274] 62.0 |1.4364| 56.5 |1.4390
53.0 |1.4738| 42.0 |1.5285| 58.0 |1.4378| 42.0 |1.5276| 61.5 |1.4367| 56.0 |1.4397
52.5 | 1.4740| PW/Cg 0.012 | 57.5 |1.4379| 41.0 | 1.5280| 61.0 |1.4369| 55.5 |1.4400
52.0 | 1.4745| 65.5 |1.4351] 56.5 |1.4380| 40.0 |1.5287| 60.5 |1.4370| 55 |1.4731
51.5 | 1.5232] 65.0 | 1.4352) 55.5 |1.4385| PW/Cqg 0.024 | 60.0 | 1.4371| 54.5 |1.4737
51.0 |1.5238] 64.0 |1.4354| 55.0 |1.4394] 60.0 |1.4371| 59.0 |1.4374| 54.0 |1.5203
50.0 | 1.5240) 63.5 |1.4357] 54.5 |1.4399] 59.5 |1.4372| 58.5 |1.4377| 53.0 |1.5212
49.5 11.5248 | 63.0 |1.4359| 52.0 |1.4725| 59.0 [1.4374] 58.0 |1.4380| 52.5 |1.5216
49.0 [1.5249) 62.5 [1.4360| 51.5 |1.4731| 58.5 |1.4378| 57.5 |1.4382] 52.0 | 1.522
48.0 |1.5251) 62.0 |1.4362) 51.0 | 1.522 | 58.0 |[1.4380] 57.0 |1.4383| 51.0 |1.5222
47.5 |1.5257| 61.5 |[1.4365| 50.5 |1.5222) 57.5 |1.4381] 56.5 |1.4732| 49.5 |1.5223
47.0 [1.5259) 61.0 [1.4366] 49.5 |1.5231| 57.0 |1.4383| 55.5 |1.4735] 49.0 |1.5228
46.0 |1.5261) 60.5 |1.4368] 49.0 |1.5233] 56.5 |[1.4384| 55.0 |1.5225] 48.0 |1.5231
45.5 [1.5262| 60.0 |1.4369) 48.5 |1.5236| 56.0 |1.4385| 54.5 | 1.523 | 47.0 | 1.5238
45.0 [1.5265| 59.0 | 1.4371] 48.0 | 1.524 | 55.5 |1.4721] 54.0 |1.5231| 46.5 | 1.524
43.5 |1.5269| 58.5 [1.4373 ) 47.5 |1.5245| 55.0 | 1.4722] 53.0 |1.5232] 46.0 | 1.5245
43.0 |1.5270) 58.0 |[1.4377| 47.0 |1.5249| 54.5 |1.4722] 52.5 |1.5233| 44.0 |1.5249
42.0 [1.5277) 57.5 [1.4379] 46.0 |1.5252) 54.0 |[1.5223] 51.5 |1.5234| 43.0 |1.5257
41.0 |1.5282) 57.0 |1.4381) 45.5 |1.5259| 53.5 |1.5225] 51.0 |1.5238| 42.0 | 1.526
PW 56.5 |1.4382] 45.0 |1.5261] 53.0 |1.5227| 50.0 | 1.524 | 41.0 |1.5262
65.5 |1.4351| 56.0 |1.4385] 44.0 |1.5264| 52.5 [1.5229) 49.5 |1.5241] 40.0 |1.5271
65.0 |1.4352) 55.0 | 1.4390] 43.0 |1.5268| 52.0 | 1.523 | 48.5 |1.5242] 39.0 |1.5271
64.5 |1.4355| 53.5 | 1.473 | 42.0 | 1.5271] 51.5 |1.5232| 47.5 |1.5248 - -
64.0 |1.4358| 53.0 |1.4735| 41.0 | 1.5279| 51.0 |1.5233| 47.0 | 1.525 - -

I'nex A.0., Ieuenxo /1.0., Xnieea O.4., /Keneznuii B.11. , 7ZKenioa IO.O.

BruiuB nomimok ¢ynepeny Cgq HA 3HAUECHHS MOKA3HNUKA 32JI0MJICHHA TA TeMIle-
patypu (a30BHUX NepexoiB TeXHIYHOTro napadiny

AHoOTALIA:

Texuiunuii napagin, ax mamepian 3 ¢pazosum nepexooom, € nepcneKmugHUM OJis 1020 3a-
CMOCYBAHHA Y MePMOaKyMyntosanvhux cucmemax. OOHAK 11020 WUPOKE BNPOBAONHCEHHS 00-
MediceHe HU3bKOI MenionposioHicmio. 32naoumu yel HedOoliK MOJICHA 34 PAXYHOK 000A8AHHS
0o napaghiny pynepeny Cqp. Tomy cucmema napagin/Csy € nepcnekmugnoio 0is
oocniodicenus ii enacmugocmell.

YV pobomi nasedeno pezyrbmamu eKCnepuMeHmManbHO20 OOCHIOHNCEHH NOKAZHUKA 3AT10M-
nennsi posuunie Cgy v mexniynomy napaghini 3 memnepamyporw niaginenwus 52..54 °C y
dianazonax konyemmpayiu 0...0,052 mac. % Csy ma memnepamyp 41...65°C. Biosnaueno
CKAAOHULL Xapakmep KOHYEHMPAayilHoi 3a1eHCHOCMI NOKA3HUKA 3AN0MJIeHHs HA i30mepmax
0J151 Q0CNIOACYBAHOI MEPMOOUHAMIUHOT cucmemu K 8 piOKil ¢hasi, max 1 6 meepoiu. Hasede-
Ho Oani npo enaus konyeumpayii Cgy y napaghini Ha memnepamypu nowamxy ma KiHys 1o2o
¢aszoeo2o nepexooy. Illokasano, wo 6 inmepsani konyenmpayiv 0...0.01 mac. % Cg 6
napacgini memnepamypu nouamxy ma KiHys ¢azoeo2o nepexoody 3MeHuylomscs, npu eMicmi
Cep 0.01...0.04 mac. % - 36inbwyromscs (nepesuwyrouu yi NOKA3HUKU 01 napagiun), a 3
niosuwgennam emicmy Ceoinout Hiore 0.04 mac. % - 3H08y 3MeHWLYIOMbCA.
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Ompumani eghexmu 3meHuieHHa ma 30i1bUEeHHs NOKA3HUKA 3A]I0MIIeHHS HA [30MepMax ma
memnepamyp noyamky ma Kinys Kpucmanizayii napaginy nog'azani 3i cmpykmypHumu ne-
pemeopennsimu 6 napagini 6 npucymnocmi Cg. Ha Oymky asmopis, npuuunoio
eKCmpemManbHoi N08edIHKU KOHYEHMPAYIHOI 3a1edCHOCMI NOKA3ZHUKA 3AJIOMAEHHA 00 '€Kmis
oocnioxcenus € enaue Cgy HA GeIUUUHY DIYKMYaAyil SYCMUHU Ma KEA3IKpUCMANIuHy CmpyK-
mypy piokoi ma meepooi ¢gazu. Lli cmpykmypHi nepemeopenHs y napagini, y ceorw uepey,
npu3600amMs 00 AHANO02IYHUX 3MIH KOHYEHMPAYIUHUX 3ATIeHCHOCMAX MeMnepamyp no4amky
ma Kinys gazoeux nepexodis 06’ €kmie 00CIIONHCEHHL.

Knwuoei cnosa: mexniunuii napagin, ¢ynepen Cey, po3uuH, NOKAZHUK 3AN0MAEHHA, Da-
308Ull nepexio
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PI3UKA I'OPIHHA

YAK: 621.791; 533.9

bynanun (D.I(.I, Humuu A.B.Z, Onapun A. C.I, Cuoopoe A.E.l, 1l eeuyk B.I'

'00eccruii nayuonansmwviil ynusepcumem umenu. U.1. Meunuxosa, yi. [Jeopanckas 2, 2. Odecca,
Yrpauna, 65026. E-mail: makload@gmail.com
Boenas axademus, yi. @onmanckas dopoza 10, 2. Odecca, Yrpauna, 65026.

Du3nyecKue aCneKThl M0KAPO-B3PbIB00E30NACHOCTH I'OPIOYHX MbLICH.
Yacte 1. Bociuiamenenue

Hcxo0s us 0cHo6ononazarouux c60tCmea 20pioyux CUCem — PACNPeOeieHHbIX HelIUHEHbIX
UCMOYHUKOS dHEP2UU U NOMOKOBOU CE53U MENCOY INEMEHMAMU CPeObl — NPeOCMAGIeH AHAIU3
PA3NMULHBIX PEACUMOB 20PeHUsl Nbliell. B 3asucumocmu om coOmHOWEHUl XapaKmepHvlx epe-
MeH 2openust (mepMOoKuUHemuyecKue XapaKkmepucmuxi) u menionepeoayu (macumadomvle xa-
PAKMEPUCMUKU) PACCMAMPUBAIOMCS NPEOETIbHbIE PENCUMbL — CAMOBOCHLIAMEHeHUe, Oupgy-
3UOHHOE 20peHUe U a8Mmo 80IHOBOE 20opeHue. B omauuuu om 2azos, 015 nuliell 6ce xapakme-
PUCMUKU 80CNAAMEHEHUS. U 20PEHUsL CYWECMBEHHbIM 00pA30M 3A6UCIM OM GHYMPEHHUX
macumabos cucmemvl — pasmepvl YACmuy U paccmosHus mexcoy numu. B nepeou uacmu pa-
OOMbL AHATUUPYIOMCSL 3ABUCUMOCIU KDUMUYECKOU MeMnepamypuvl 80CNIAMEHEHUsl U 8peme-
HU 3A0EPACKU BOCNIIAMEHEHUS OM 6CeX (DUUKO-XUMUYECKUX napamempos nvliu. Ilokazano,
umo 6ce dmu XapaKkmepucmuky Ois PA3IUUHBIX 20PIOHUX B03MONCHO ONUCAMb eOUHBIM 00pa-
30M, UCX005L U3 3AKOHO8 OKUCAEHUsl (TUHEHO20 U NApaboIuiecKo2o), npuiem cucmemamusu-
pyiowum napamempomf aeisemcs OmHOUEHUEe PEaKyUOHHOU NOBEPXHOCIMU MEEPO020 20PI0-
Ye2o K GHeulHell NOGEPXHOCMU Men1000MeHd.

C yuemom napamempa f, KOmopulil 58159emcsi OMHOUWEHUEM PeaKYUOHHOU NOBEPXHOCTU
NbLIYU K GHEWHel NOBEPXHOCIU MeNnI000MEHA 2A30836€CU, NOJYUEHbl KPUMUYECKUe VCI08Us
BOCNIIAMEHEHUsL 8 BUOE KPUMEPUsl, KOMOPbIl AHANO2UHEH MAKOBOMY Ol OOUHOYHBIX HaAC-
muy.Ilokazano, 4umo e2o MOJNCHO UCNONBL308AMb OJis NbLIEU KAK C JUHEUHbIM, MAaK U ¢ napa-
OOMUYeCKUM 3aKOHOM OKUCAeHUsl. PasHble 2opioyue 00uHakoso peazupyiom na usmeHenue na-
pamempa f, max ka oH He COOEPIUCUM XAPAKMEPUCMUK MONIUBA U OMOoOpadicaem cnocoo-
HOCMb 836ecu K Hakonienuto menia. Takum ob6pazom, memnepamypa 60CNJIAMEHEHUs A6TIs-
emcsi uHelnou gyukyueti eeruyunst 1/Inf, a nepuoo unoykyuu — 1/f.

Temnepamypa 6ocniiamenenus u 6pemst 360€PAHCKU BOCNILAMEHEHUsL He SGISIIOMCS (PU3UKO-
XUMUYECKUMU XAPAKMEPUCIUKAMU 836eCU, d OMPAdCAIOM aKMUSHOCMb Nbliell 8 npoyecce
BOCNIIAMEHEH UL, MAK KAK OHU 3A8UCI OM Pa3mepa peakyuoHHO20 cocyod.

Kniouesvie cnosa: memaniuueckue nvliu, aspog3eecu Memaios, GOCNlaMeHeHue 638ecel,
PEACUMDL PEASUPOBAHUS NbLIEU, CAMOBOCNIAMEHEHUE 836eCell.

Beenenmne. [1butn, Hapsay ¢ razamMu, XKUJIKOCTSIMU U TBEPABIMU BEIIECTBAMH,
SIBJISIFOTCSI OJTHUM U3 YEThIPEX KJIACCOB FOPIOYMX BEIIECTB U MAaTEPUAIOB U MOJIEKAT,
B COOTBETCTBMH C HOMEHKJIATypoul [l] ompeneneHuro mokasarelie ux moxKapo-
B3PBIBOOIIACHOCTH.

Coxuranue TBEpJIbIX TOPIOYMX B JIUCIIEPCHOM BHJIE SIBJIIETCS HauboJiee pacipo-
CTPaHEHHBIM CIIOCOOOM HUX TMpeoOpa30BaHUs B SHEPTOCHIIOBBIX YCTaHOBKaX, MO3BO-
JISIOIIMM JIOCTUYb BBICOKHX CKOPOCTEH IMpoIliecca BCIEACTBUE OOJBINON peaKIuOH-
HOI MOBEPXHOCTH, TOJydaeMou ipu apodsaeHuu. [lo Toil ke npuymHe BCe TEXHOJIO-

DOI: 10.18524/0367-1631.2022.60.267064
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TMYECKUE MPOLECCHI, CBSI3aHHBIE C TOPIOYUMHU MBUISIMU, SIBISIOTCA CYIIECTBEHHO IO-
’Kapo-B3pbIBOOMACHBIMU. B 0TaMunu OT ra3os, rJe Toprovee U OKUCIUTENb CIIOCOOHBI
[IEPEMENINBATECA HA MOJIEKYJISIPHOM YPOBHE, JUISl IIBUIEW XapaKTEPHbI TONOJHUATEIb-
HbI€ MPOCTPAHCTBEHHBbIE U BPEMEHHbIE MacIITaObl, 00YCIOBIEHHBIE pa3MepaMH HUC-
XOJHBIX YaCTULl U KOHJACHCUPOBAHHBIX MPOAYKTOB CrOpaHus (€ciiu Takue o0pa3yroT-
Cs1) U PACCTOSIHUSAMM MEXAYy HUMU. DTO IPUBOJUT K TOMY, YTO BCE XapaKTEPUCTUKU
BOCIIJIAMEHEHUS, TOPEHMSI U PACIIPOCTPAHEHHUS IUIAMEHH B IIBUIAX 3aBUCAT HE TOJIBKO
OT COCTaBa rOpPrOYEN CMECH, HO U, 3a4aCTYIO B ONPEIEISAIONIEH CTEIIEHH, OT apamerT-
POB PYHKIMM pacHpeesICHUs] YACTHIl M0 pazMepaM.ITO MPEAONPEaeseT LEIbld Pl
TPYAHOCTEM, CBSI3aHHBIX C UCCIECAOBAHUEM TOpeHUS NblIeh. C TEOPETUYECKOW TOUKHU
3pEHHUS — 3TO CJIOYKHAsl B3aMMOCBSI3b MPOIIECCOB KOHAYKTUBHOM, KOHBEKTUBHOM U pa-
JUAIMOHHOW TEIUIONEpeiayu B YCIOBUAX MEK(Pa3HOro MaccoBOT0, SHEPTETUUECKOTO
Y CUJIOBOrO0 OOMEHA; HaJM4Hhe Pa3HOOOpAa3HBIX 3aKOHOB OKUCIIEHUS TBEPAOrO IrOpro-
4ero (JIMHEHHBIX, CTENIEHHBIX, JTOrapu(MUYECKUX ); PA3IUUYHBIX MEXaHU3MOB FOPEHMUS
yacTull (TeTeporeHHoro, ra3zoa3Horo, napogazHoro); CylecTBEHHON poyiu paaua-
IIMOHHBIX OTOKOB B TEILJIO NOTEPSX WJIM IPOrpeBe UCXOAHOM MbUIM U caMo (POpMHU-
POBaHUE ITUX NOTOKOB C YYE€TOM H3JIy4E€HHS, PACCEMBAHUSA U NOTJIOLIECHUS U3IyYe-
HUS B IUCIIEPCHOM cpezie U Ap. DTO NPUBOAUT K HEOOXOJUMOCTH TIOCTAaHOBKHU U pe-
LIEHUS KaK MUHUMYM JIByXTEMIIEpaTypHBIX, IBYXCKOPOCTHBIX 3a/1a4, a B CIIy4ae Io-
JUAUCIEPCHBIX MBI 1 MHOTOKOMITIOHEHTHBIX 3a1a4. [Ipr 3TOM MOIX01bl MEXaHUKHU
MHOT0()a3HBIX pEarupyroluX Cpel He ABISIIOTCS MMaHalleel, MOCKOJIbKY 3a4acTylo Je-
TajgbHasg MH(OpMaANUs O BBILIEIEPEUYHUCICHHBIX MpOILeccaX WM OTCYTCTBYET, WJIU
MIPOTUBOpEUYNBa. B KauecTBe npuMepa NpUBEAEM CUTYALMIO, KOTOPasi BOZHUKAET IPU
ONMHMCAaHUM TYpOYJEHTHOTO TropeHus mnbuieil. M3 o0mux (usmyeckux cooOpakeHHit
CJIEIyET, YTO B MHEPTHBIX ABYX(A3HBIX Cpeax HAIMYME MEJIKOJUCIIEPCHOTO MOPOII-
Ka MOXET racuTh TypOYJEHTHBIE MMyJIbCAllMU BCJIEACTBUE PACX0Jla YIHEPTUU Ha yBJie-
YeHHE YacTHIl, a KpyIHOJIUCHEpCHas (ppakiiys — cnocoOCTBOBATh Pa3BUTHIO TypOy-
JIEHTHOCTH BCIIEJCTBUE CIBUIOBBIX T€YEHHI BOKPYI KPYIHBIX YacThll. B TO Bpems
KaK JUIsl pearrpyrolmX 4acTULl MOXKET CIIOKUTbCA oOpaTHasi CUTyalusi — ObICTPOTO-
psIIME MEJKHE YacTULbl CIOCOOHBI MHTEHCU(UIUPOBATH MEPEX0] K TypOyJIeHTHO-
CTH BCJIEZICTBHE OBICTPOTO BBIACICHUS TEIJIa U ra3000pa3HbIX MPOAYKTOB.
OOpatumcs k mpoOieMam, CBSI3aHHBIM C IKCIEPUMEHTAIbHBIM HCCIIETOBAaHUEM
napaMeTpoB ropeHus npuieil. Baxxuelimas u camas Tpy/Has npodiemMa, B OTIUYUU OT
ra3oBbIX CMECEU - CO3IaHUE AE3arperupOBaHHbBIX U PABHOMEPHO 3aIBIJIEHHBIX CPENI.
OT0 — HEOOXOOUMOE YCIOBHE ISl MOJYYEHHUS! TOCTOBEPHOW M BOCIPOM3BOAMMOM
uHpopmanuu. [IpuxoauTcs KOHCTaTUPOBATh, YTO YHUBEPCAJIbHBIE METOMBI MOTyYe-
HUA TaKUX Cpell OTCYTCTBYIOT. ['OpeHue mbuiel n3y4yaeTcsi B PEaKIIMOHHBIX MOIYOT-
KPBITBIX TpyOax ¢ 3a)KUTaHUEM y BEPXHETO WM HUKHETO OTKPBITOrO WIIH 3aKPBITOrO
KOHIIA; IIAXTHBIX rajepesix, A€ MOPOIIOK CHAYaNIa PACTIPENEIIIETCS BAOJIb JHA Tajie-
peu; MBUIEBBIX IOpEJIKaX; COCyAaX MOCTOSIHHOIO oObeMa WM JaBJICHHS. 3a4acTylo
B3BECh CO3/1a€TCsl THEBMATHYECKUM MMITYJIbCOM. B TakuX yCIIOBHSIX KpaliHE BaKHO
MPOU3BOJUTH 3aXKUTAHUE CIYCTS BpeMs, HEOOXOAUMOE JUIsl 3aTyXaHHs HaudalbHbIX
TypOYJIEHTHBIX MyJbCalUii, B MIPOTUBHOM CIy4yae HauajJbHbIH YpPOBEHb TypOYJIEHTHO-
CTH U pPaBHOMEPHOCTb 3albLICHUSI OCTAIOTCS oA BonpocoM. Hampumep, xopomo us-
BECTHO [2], 4TO BO B3pBIBHBIX LIWJIMHIPAaX MaKCHUMaJIbHasi CKOPOCTh HAPACTaHUs AaB-

94



dizuka aepoaucrepcHux cucrem. — 2022, — Ne 60. — C.93-104

JIEHUS B 3aBUCHUMOCTH OT BPEMEHU 3a/I€PKKU 3aKUTaHUS MOYKET U3MEHSATHCSA BO MHO-
ro pa3. B ycinoBusx peakunOHHBIX TPyO C MCHOJIb30BAaHHUEM HEMPEPBIBHOM JO3UPO-
BaHHOM Mojauu MOpOILKa MPUXOAUTCS UMETh JEJIO C MpoOJeMON ydera CKOPOCTH
CTOKCOBCKOT'O OCEJaHUsl MbUIM, OCOOCHHO KPYIHOAUCIEPCHOM. JleHcTBUTENbHO, B
MOJIyOTKPBITBIX TPyOax, ¢ MOJa4eil MbUIM Y BEPXHEro 3aKpbhITOTO U 3aKUTAHUEM Y
HIDKHET0 OTKPBITOTO KOHIA, CKOPOCTh OCEIaHUs B3BECH KaK LIEJIOr0 MOXKET IPEBOC-
XOJUTh BUJUMYIO CKOPOCTh paclpocTpaHeHus miaMeHu. Takoe siBIeHre HaOt01aeT-
cs mpu OONBIIMX KOHIIEHTPAUUAX MBUIM U MOXET CYIIECTBEHHO NPEBBIIIATH CKO-
pPOCTh OCEJaHusl OTJEIbHBIX YACTHI] B TE€X )K€ YCJIOBHSX, 3TO MPUBOAUT K TOMY, UTO
OpraHU30BaTh FOPEHHE B3BECH B TAKUX YCJOBHUSX CTAHOBUTCS HEBO3MOXHO. B ciy-
Yae M0JIayy bUTM Y HIXKHETO 3aKPBITOT0 KOHIA TPYOBI M 3aKUTaHHSI Y BEPXHETO, I
BBIHOCA KPYIMHOAMCIEPCHOIO MOPOIIKAHEOOXOJUM MOTOK raza, CKOPOCTb KOTOPOTO
TaK)K€ MOXKET MPEBOCXOIUTh CKOPOCTh TUIAMEHHM, U IJIaMsi HE CHOCOOHO MPOHUKHYTh
BHYTpb TpyObl. Kpome Toro, 3a cuer pasznuuus cKOpocTel razoBoro 1 TBEPAOro KoM-
noHeHTa 3(()EeKTUBHASI KOHLIEHTpALMsI TOPIOYEro i MJIaMEeHH, PaclpoCTpaHsIoLIe-
rocsi IPOTUB BEKTOPA CHJIBI TSIKECTH, MOYKET B HECKOJIBKO Pa3 MPEBOCXOAUTH KOH-
LIEHTPALMIO B UICXOAHOW CMECH. DTO CBSI3aHO C TE€M, YTO IPU BOCIUIAMEHEHUU YaCTHII
MPOUCXOIUT UX TOPMOXKEHHE B 30HE FOPEHUs (IIOCKOJIbBKY B3aMMOJCHCTBHE C ra3oM
OCYIIIECTBIISIETCS. HE Ha MMOBEPXHOCTU YaCTHUIIbl, @ HA IOBEPXHOCTU 30HBI TOPEHUS), B
pe3yNbTaTe MacCOBBII IMOTOK FOPIOYEro, MOCTYIAIOIIET0 B 30HY T'OPEHUsS, MOXKET B
HECKOJIBKO pa3 BO3pacTaTh MO CPABHEHUIO C «3aMOPOKEHHON» MbUIbI0. ITO MOXKET
MPUBOJUTH K TOMY, YTO HH)KHHE KOHUEHTPAIIMOHHBIE TMpEJebl paclpOCTPaHECHUS
IJIaMEHU B YCIIOBUSX IJIAMEH, PAaCpPOCTPAHAIOMIMXCA NMPOTUB BEKTOPA CUJIbI TsKe-
CTH, MOTYT OBITb B HECKOJIBKO pa3 HUXKE, YEM T€, KOTOPbIE PEaTU3yIOTCA B 30HE rO-
peHusi. COOTBETCTBEHHO, JJI IUIAMEH, PACHPOCTPAHSIOIIUXCS BIOJIb BEKTOPA CHIIbI
TSKECTU (BHU3), OHU MOTYT OBITh CYLIECTBEHHO 3aBBILICHBI.

Hpyras npoOnema — ae3arperaiys UCXOAHOTO MOPOIIKa. XOpOIIo U3BECTHO [2],
YTO ITHEBMOPACIIBUIOM JOCTHYb Ji€3arperaiuu IMOPOLIKOB Pa3MEpOM MEHBIIE He-
CKOJIbBKHUX MUKPOH HEBO3MOXHO. TO €CTh, B 3THX YCJIOBHUSX IIbUIb MOYKET IIPEICTAB-
JSATh COO0M COBOKYNMHOCTB Pa3IMYHbIX arjOMepaToB, YCIOBHS BOCIUIAMEHEHUS U TO-
pEHUsST KOTOPBIX CYIIECTBEHHO OTIMYAOTCS OT TAKOBBIX I MHAWBHUIYaJIbHBIX Yac-
tull. Hanpumep, B pabote[3] npuBeaeHbl JaHHbIE 11 MAKCUMAJIbHON CKOPOCTH Ha-
pacTaHMs JaBJIEHUS JUIsl HAHOIMCIEPCHBIX MOPOIIKOB amtoMuHud (d=35,75 u
100 aM). OHM OKa3bIBAIOTCS MPAKTHYECKH OAMHAKOBBIMHU, HECMOTpPS HAa TO, YTO UX
pa3Mep MEHSIETCS MOYTH B TPU pa3a. ITO HEBO3MOKXHO OOBSCHUTh HUYEM UHBIM, KaK
UX CYIIECTBEHHOU arjaoMepanuen.

OTMeTUM Takke, 4TO ONpPEAEIISIIONIEe 3HAUCHHUE JIJISl peaTu3yeMbIX [1apaMeTpOB
rOpEeHus MbUIM UMEIOT UCXOJHbIE pa3Mepbl yacTull. Bmecte ¢ Tem 17151 OONbIIMHCTBA
CBEJICHUI O MapaMmeTpax B3pbIBAEMOCTHU MbUIM MOAPOOHAas MHpOpMaLusa O Jucrepc-
HBIX XapaKTEPUCTHKAX INbUIM HE IPUBOJUTCS, B JIYYIIEM Cllydae yKa3aH IHAIa30H
pa3MepoOB WIH pa3Mep CHUT, Yepe3 KOTOPBIE MPOCEUBAIICA NOPOIIOK. DTO MPUBOJIUT K
TOMY, YTO B HEKOTOPBIX CIIy4asX JJII OJHOTO U TOrO K€ TOPIOYEro Marepuaia 3TU
JAHHBIE MOTYT OTJIMYAThCS ITOYTH HA MOPAINOK. B mocnennee Bpems MOSBUIICS LIEIIbIMA
PSA OUEHBb CEPhE3HBIX paboT [4-9], B KOTOPBIX M3Yy4aIOTCs B3PbIBHBIE XapaKTEPUCTHU-
KM MaKCHMAJIbHOE JABJICHHUE Py, 1 MaKCHMaJIbHasi CKOPOCTh HapACTAHMSI JIaBJICHHUS
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dP o
B3pLIBa [7 IJI1 AJITOMUHHCBBIX IIBIICH, B 3aBUCHMMOCTH OT KOHLCHTpALUK, pas3-
t max

Mepa 4acTHll, Aucnepcur GyHKUUU paclpeAesIeHHs YaCTHIl IO pa3Mepam, HayaJlbHO-
ro ypOBHSI TypOYJEHTHOCTH. Pe3ylbTaTbl 3TUX HCCIEHOBAaHUN CBUIETEIBCTBYIOT O
TOM, 4TO Py, OyAyUH TEPMOJUHAMUYECKON XapaKTEPUCTUKOM, 3aBUCUT OT COCTaBa
NbUTK U ¢J1a0o 3aBUCHT (B npenenax 30%) oT IUCHEpCHBIX XapaKTEPUCTUK U Hauallb-

dP o o
HOTO YpOBHS TypOyJIE€HTHOCTU (Ej , Oylyun AMHAMUYECKON XapaKTepUCTUKOM,

3aBUCSAIICH OT PeKMMa PACTIPOCTPAHCHUS TIJIaMEHH, CYIIECTBEHHO 3aBHCHT OT KOH-
IIEHTPAI[UU TOPIOYETo (JIOCTUTAasT MAaKCUMAIBHBIX 3HAYCHHUH 111 KOHIIEHTPAIMHN B HE-
CKOJIBKO pa3 MPEeBBIIIACT CTEXHOMETPUIECKUE) BO3PACTAET C YMEHBIIICHHUEM pa3Mepa
YJaCTHI] U TUCTIEPCUU (PYHKITUN pACIIPEACIICHUS U Ha4aJIbHOTO YPOBHS TypOyJIEHTHO-
cTu (710 6 pa3), 00yCIOBICHHOIO THEBMOUMITYJILCHBIM METOJIOM CO37aHus nbutd. [1o
HallleMy MHEHHIO, OOBEKTUBHBIC JaHHBIC O MapaMeTpax B3PHIBAEMOCTH IbUIH JOJIXK-

HbI COIIPOBOXKAATHCA NMCHHO I/IH(l)OpMaI_[HCfl O PaClpCACICHUN YaCTUII I10 pa3MCpaM.
3

o o ) 12
IIpu 5TOM BaXHEHIIEH XapaKTEPUCTHKON JUCICPCHOCTU JODKCH OBITH 7y, ==, 10-

o

CKOJIBKY MaCCOBasl KOHIOCHTPALUA I'OPOYCTO IIPOIIOPIUOHAIbHA Cp€,[[H€KY6I/ILIeCKOMy

pasMepy - 7;, . @ XapaKTEpUCTUKU BOCILUIAMEHEHHUS U FOPEHHS YaCTHL] CPEIHEKBapa-

TUYHOMY - 7,

Eme ogna mpoGiema, KOTOPYIO HENb3s OCTaBUTh 0€3 BHUMAHUSI — 3TO 3a3KUTa-
HUE MbUIM. B OTIMYMU OT ra30BbIX FOPIOYUX CUCTEM, TE€ BOIMPOC 3aKUTAHUS pellia-
€TCs 3JIEMEHTAPHO, B MbUISAX MPUXOAUTCS 3a4aCTYI0 UCIOJIb30BaTh JOCTATOYHO MOUI-
HbI€ UCTOYHUKH 35KUTAHUSI — MOIIIHBIC DJIEKTPUYECKUE Pa3psibl, HAKAJICHHYIO CITH-
pajib WM B3pPBIBAIOIIMECS MPOBOJIOKU, ITUIAMS Ta30BbIX TOPENIOK, MUPOTEXHUYECKUE
coctaBbl U T.N. Ecau B TpyAHOBOCIJIAMEHSEMOW NbUIM HE YJAETCs OpraHU30BaTh
MIPOLIECC PACTIPOCTPAHEHHUS TUIAMEHH, IPUXOJUTCS PELIaTh TUIEMMY — 00ecreyeH JIu
COOCTBEHHO MPOIIECC BOCIUIAMEHEHUS, MO0 CKOPOCTH PACIPOCTPAHEHHUS IUIAMEHH
OYEHb Majbl U B YCJIOBHSX SKCIEPUMEHTa, HalIpHUMeEp, BCJIEACTBUE €CTECTBEHHOU
KOHBEKIIMH, TUIaMsI HE CIIOCOOHO pacpOCTpaHIThCS MO JaHHOW mbutk. Hampuwmep, B
ra3oB3Becsx Oopa (kpucrauimueckuit 6op, d = 6.2 MKM) OpraHM30BaTh paclpocTpa-
HEHHE IUIAMEHM B BO3JYIIHBIX CMECAX HE YJAeTcs BIUIOTh 1O KOHIIEHTpaluu
B =400 r/™’, a mpu KOHLEHTPALHH KHCIOPOAa CBbIire 70% ILIaMs PacIpoCTpaHseT-
Csl CO CKOPOCTBIO BCero okojio 8 cM/c [23]. Y aTo mpu TOM, 4TO GOp SBIISIETCS OJHUM
13 HamOoJiee BBICOKOAHEPTreTHYecKux roprounx. OJIHaKO, BBICOKHE TEMIIEpPaTyphl
BocIuiaMeHeHus (1ig, =~ 1920 K) u 6omnblnne BpeMeHa rOpeHus 4acTUll CO3al0T O4YEHb
OonpIIME TPOOIEMBI B peai3allii €ro BBICOKUX MOTEHIMATIbHBIX BO3MOXHOCTEM.
Eme Oosiee moka3arenbHa CHTyallus CO CXKUTAaHMEM yroibHOW mbui. Hecmotps Ha
OTPOMHBIN MHTEPEC K CKUTAHUIO YTJISA B MBUICBUIHON (POpME U OrPOMHOE KOJIUYECT-
BO padoT, MOCBSIIEHHBIX 3TOMY BOIIPOCY, HUKOMY HE YAAJIOCh OPraHU30BaTh CHKUTa-
HUE€ TBUICBO3IYIIIHOW CMECH YISl B HOPMAJIbHBIX YCIOBHUSAX (aTMOC(hEpHOM JaBJie-
HUU U TeMIiepatype). s ero cxuranus UCHoJIb3yIOTCS pa3IMYHbIE METObl UHTEH-
cudukaruu [10] —gexxypHoe razoBoe Ijiamsi, ra3oBas «IOJCBETKa», MPEIBAPUTENb-
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HBIM HarpeB MBI, 00OTAIICHUE KUCIOPOAOM, PEIUPKYJISAIHS U CMEIICHUE C TIPOTYK-
TaMU TOPEHUS U JP.

[IpoOneMaM MBIIEBBIX B3PHIBOB MOCBAIIEHO JOCTATOYHO OOJBIIOE KOJIUYECTBO
MoHorpaduil u 0630poB [2, 11-16], ocobo BwienTUM MOHOTpaduio [2], KOTOPYIO B
OTpEJIECTICHHOW Mepe MOXHO paccMaTpuBaTh KaK HHIUKIIONEAMIO, MOCBSIIECHHYIO
naHHOM mpoOneme. TeM He MeHee, IO HalleMy MHEHHUIO, MHOTHE MMEHHO (u3nye-
CKHME€ aCTEKThl OCTAIOTCS HEJOCTATOYHO M3y4YeHHBIMU. OOCYXKICHUIO HEKOTOPHIX UX
HUX Y TIOCBSIIICHA JaHHas padoTa.

1. Pexxumbl ropennst npuieid. ['oproune nmpuid, Kak U a’po3o0iu U razodasHbie
IIPEABAPUTEIIBHO NEPEMEIIAHHBIE CMECH TOPIOYET0 C OKHUCIIUTENIEM, IPUHAIIECKAT K
TaK HA3bIBAEMOMY KJIACCY aKTHBHBIX CHCTEM, TO €CThb CHUCTEM C PaCHpEACIECHHBIMU
HEJIMHEHHBIMU HCTOYHUKAMH SHEPTHH U MOTOKOBOU (MU PY3MOHHOM) CBA3BIO MEKITY
AJIEMEHTaMu cpejibl. MaTteMaTHueckoi 0a30il 171 X U3y4yeHUs SBJISIOTCS YpPaBHEHUS
IU(pGy3NOHHON KUHETUKH — ypaBHEHUS AU(PPY3UH U TEMJIONPOBOJHOCTU C UCTOYU-
HUKaM{ 3HEPTUU U MaccChl, IPEICTaBISIIONINE COOON MapaboaruecKkue KBa3UIUHEH-
HbIE YpaBHEHMSI BTOPOrO NOPsAJIKA B YACTHBIX MPOU3BOJHBIX. [I0CKOJIBKY MpoLECcCH
II0’)KAPOB U B3PBIBOB 3a4acCTYHO COIPOBOKJIAIOTCS BBIHYKJICHHBIMU TEUECHHSIMU HC-
XOJHOW CMECH U MPOAYKTOB CrOpaHusi, JTUOO 3TU TEUEHHUs BO3HUKAIOT B IpoOIlecce
rOpeHusi, To 6a30Bbl€ YPABHEHUS JOMOJHAIOTCA YPABHEHUSIMHU THIPOJUHAMUKY (IS
NbUIEH YPAaBHEHUSIMU JUIsl TBEPABIX U ra3000pa3HbIX KOMIIOHEHTOB). DTH ypaBHEHMUS,
KpPOM€ HETMHEWHOCTH TEPMOKMHETHYECKOTO BUA, COAEPKAT TAKKE U HEIIMHEMHOCTD
TUAPOJIMHAMUYECKOTO TUIA. Y Ka3aHHBIE HEIMHEMHOCTH SIBJSIOTCS IPUHIIMIINAIBHON
OCOOEHHOCTBIO IIPOLIECCOB FOPEHUS.

B npocreiiem ciiydae ypaBHeHus: U Hy3MOHHON KUHETUKU UMEIOT CIEIYI0-
AN BUL:

ot Ox? T

7

oT _a82T+f(T), 0

A
rie a =—— — Ko3((UUIMEHT TeMIIepaTypOlpOBOJHOCTH, T, — XapAaKTEPHOE BPEMsI
p
~ E ~
xumMudeckoil peakuuu (ropenust), f(7T)~e’*’ — TepMOKMHETHYECKAS] HETUHEHHOCTD

AppEeHHYCOBCKOTO THIIA.
[TockonbKy TEMIOMACCOMEPEHOC COBEPILIAETCA B ONPEAEIECHHBIX I'€OMEeTpHUYe-
CKHMX MaciuTabax (rpaHUYHbIEC YCIOBHS), TO HEOOXOIUMO BBECTH €IIIE U XapaKTEPHOE

2
BpEeMs TEIJIOMACCONEPEadu B CUCTEME T, = L 4 , T1e L - XxapakTepHbIil pa3Mep cuc-
TEMBL.
B 3aBHCUMOCTH OT COOTHOILLIEHHS] MEXAY T, U T, BOBMOKHBI CIEAYIOIIUE Mpe-

JeJIbHBIE PEXKUMBI:
a) 1,<<t, — TEIJIOOOMEH MPOUCXOAUT OYEHb OBICTPO, MPOLECC JUMHTHPYETCS

CKOpPOCTBIO XUMHYECKOM PCaKIIUU. K 9TOMY KJIACCy PCIKUMOB OTHOCATCA IIPO-
IECChI TCIJIOBOT'O B3PhLIBA (CaMOBOCHHaMeHeHI/IH) OJHMHOYHBIX KaII€JIb, 4aCTHII,
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KOHTJIOMEPATOB, Ta30B3Beceil. ba3oBoe ypaBHEHUE YIIPOIIAETCS - HEIIMHEUHOE

or _ f(@).
ypaBHEHHUE MEPBOTO MOPSIKA 10 BPEMEHH — = ;

ot T,

b) 1,>>1, — peakuus NpoTeKaeT 04eHb OBICTPO, IPOLECC JIUMUTUPYETCS (hU3nUe-

CKUMH TIpolleccaMu Teruiomacconepenoca. K 3ToMy kiaccy peKMMOB OTHO-
cutcst Aud y3MOHHOE TOPEHHE YaCTHUIl U Karelb, 1uhdy3uoHHbIE ABYX(a3HbIe
¢dakena u np. bazoBoe ypaBHEeHHE — JIMHEITHOE ypaBHEHUE TEILIOMPOBOIHOCTU
oT 0T .
o

c) t,~1, —00a mporecca OAMHAKOBO Ba)KHBI. DTO BOJHOBBIE MPOIECCHI TOPEHUS.
bazoBoe ypaBHenue (1), cKkOpoCcTh pacnpoCTpaHeHUs IIaMeHU (CKOPOCTh aB-
TOBOJIHBI) SIBJISIETCS COOCTBEHHBIM 3HaueHWeM 3afauu (1) u ompenensercs
TOJIbKO BHYTPEHHUMH TTapaMeTpaMH CUCTEMBI (@ U T,) HE 3aBUCUT OT Haydallb-

HBIX U TPAaHUYIHBIX YCJIOBHH ¥ TIO MOPSJIKY BETUYHHEI V, ~\/a/t, . DTO BBIpaKke-

HUE OTPa)KaeT OCHOBHOE CBOMCTBO aKTUBHBIX CUCTEM — TU(DPy3nOHHBIN mepe-
HOC (@) ¥ HEJIMHEWHBIE UCTOYHUKH (T, ).

Hcnonb3yem clienyromyo MeXaHu4ecKyro aHaioruro. IIpencraBum peaknuon-
HYHK0 CUCTEMY B BHUJE LIETIOYKU CTOSIIIMX BEPTUKAIBHO KOCTSIIEK JOMHHO. B ucxon-
HOM COCTOSIHMM cHcTeMa 00J1a1aeT paclpeesIeHHbIM 3a11acoOM MTOTEHIIMAIbHOM 3HEep-
ruu. [lpyu 10cTaTOYHO MOUTHOM (KpPUTHYECKOM) BO3/IEUCTBUM Ha MOJJIOKKY BCE KOC-
TALIKW yNagyT OJHOBPEMEHHO — aHAJIOT TEIUIOBOro B3pbiBa. Ilpu cinabom Bo3neicT-
BUU Ha OJHY KOCTSILIKY (3aKMraHUE) IO LIENOoYKe OyJIeT paclpOoCTpPaHSThCsS BOJIHA
MMaJICHNS, CKOPOCTb KOTOPOW 3aBHUCHUT TOJIBKO OT BHYTPEHHUX CBOWCTB CHCTEMBI
(BHaM OT rpaHMIlbl) — BBICOTHI KOCTSIIEK U MEPUOAA ENOYKH. JTO aHAJIOT aBTOBOJ-
HbI TOPEHHUS.

B cBo1o ouepenp, 11s1 aBTOBOJIHOBOTO TOPEHHUS B 3aBUCUMOCTH OT BO3AECHCTBHS
Pa3IMYHBIX HEJIMHEWHBIX BO3MYILAIOMIMX (PaKTOPOB, BCET/la MPUCYTCTBYIOIIUX B IO-
pAILIEH CUCTEME, BO3MOKHO CYIIECTBOBAHHUE PA3IMYHBIX MPEACIbHBIX B TUAPOINHA-
MHYECKOM OTHOIIEHHH PEKHUMOB PACIPOCTPAHECHUS IJIAMEHU — JaMUHAPHOr0, BUO-
PaIOHHOr0, TYpOYJIEHTHOTO, JETOHAIMOHHOTO U MEPEXOJHBIX MEXAy HUMU. Jlamu-
HapHBIA PEKUM TOPEHUS XapaKTEPU3yEeTCs JJAMUHAPHBIM TEYEHUEM HCXOIHOM CMECH
U TJIaJIKOM OBEPXHOCTHIO (ppoHTA ropeHusi. IMeHHO JJ1sl 3TOro pexuMa MOXKHO BBe-
CTH MOHSITHE HOPMAJIbHOW CKOPOCTH IJIAaMEHH, KaK CKOPOCTU IepeMelieHus (ppoHTa
IJIAMEHHU 110 HOPMaJId K OBEPXHOCTU. BHOpalmOHHBIN pexUM MOXKET UMETh MECTO B
CTECHEHHBIX YCJIOBUAX (KaHajax), KOTrJla B CUCTEME BCIIEJCTBUE aKyCTHUECKON HEeyc-
TOMYMBOCTH IJIAMEHU MOTYT BO3HUKATh CTOSYME aKyCTUUYECKHE BOJIHBI. DTOT PEXKUM
XapaKTEepU3yeTcs NMEPUOJNYECKUM H3MEHEHUEM apAMETPOB BOJIHBI TOPEHUS U SIBIISI-
€TCSl pe3ylbTaTOM HAJOKEHHUS aKyCTHYECKUX KOJEOAHHI Ha pacnpoCTpaHSAIOIIUNCS
¢poHT mameHu. TypOyJeHTHOE TOpEHHE SBIAETCSA MO0 pe3ylabTaTOM HCXOLHOIO
TypOyJICHTHOI'O TE€YEHHSI CMECH, JIMOO Pe3ylbTaTOM Pa3BUTHUS TMAPOAMHAMUYECKOM
HEYCTOMYMBOCTU (PpOHTA TUTaMEHM (KOTJIa XapakTepHble yucia PeliHonbaca npeBbl-
IIAI0T KPUTHUYECKHE 3HAUEHMS B JAHHBIX YCIOBHSX), TMO0 TypOyiu3auued Ha mpe-
nATCTBUSAX. TypOyJE€HTHOE TOPEHHUE XapaKTepU3yeTcs CIy4yailHbIMU KPYNHO- U MEJ-
KOMacCIITaOHbIMU MyJbCAUsIMU TapaMeTpoB (poHTa IuiamMeHu. CkopocTu TypOy-
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JIEHTHOTO TOPEHUS Ha MOPSIIKU MPEBOCXOASAT CKOPOCTH JIAMUHAPHOTO IJIaMeHH. [le-
TOHALIMOHHOE TOPEHUE CO CKOPOCTSMH, MPEBBIMIAIOIIMMU CKOPOCTh 3ByKa B CMECH,
MOXKET SIBJISITHCS JIMOO pe3yJbTaTOM MOJIphIBa TOPIOYEH CMECH TOCTATOYHO MOIIHOM
yJIapHOM BOJIHOM, TMOO B CTECHEHHBIX YCIOBUSAX B pPe3yJibTaTe reHepaluy BOJIH CxKa-
THS HECTAIlMOHAPHBIM IUTAMEHEM, UX MOCICAYIOIMIUM CIHUSHHUEM C 00pa30BaHUEM
yJIapHOTO (PPOHTA U JETOHAIIMOHHOMN BOJIHBI.

OcTanoBuMcs 10JipoOHEE HAa OCOOEHHOCTSIX BBIIICTIEPEUMCICHHBIX PEXKUMOB B
MBUISX.

2. Kpurnueckue ycJOBHS CaMOBOCIUIAMEHEHUs mbLIeil. B cooTBeTcTBHM C
[1] Temmeparypa caMOBOCIIJIAMEHEHHSI — HAMMEHbBIIAs TEMIEpPATypa OKPYKArOIIEeH
Cpelbl, IPU KOTOPOW B YCJIOBUSIX CHEUUATIBHBIX HCHBITAHUN (JIEKTpOHArpeBaTeb-
HOM Teun) HaOI0aeTcsl BOCIJIAMEHEHHUE BEIECTBA BO BCEM PEAKIIMOHHOM O0BEME.
Ornpenenstoniee BIMIHUE HA TEMIIEPATypPy CAMOBOCIIJIAMEHEHHS! OKAa3bIBAIOT COCTAaB
TOPIOYETO U OKUCIUTENS, JUCIIEPCHOCTh U KOHILICHTPAIUS TOPIOYETO M OKUCIUTEIIS.
IIpy 5TOM OYEBUIIHO, YTO YEM BBIIIE PEAKIMOHHASI TOBEPXHOCTh MbUIM, TEM UHTEH-
CUBHEE U IpHU 00Jiee HU3KOM TeMIepaType MPOTeKaeT €€ BOCIUIAMEHEHUE U TOPEHHE.
XapaktepHasi 0COOCHHOCTh MEXaHHW3Ma BOCIUTAMEHEHUS TTbUTH 3aKJIF0YAETCs B TETIO-
BOM B3aMMO/JICHCTBUU YAaCTHI] C Ta30M-OKUCIUTEIEM U 00JaKa, KakK IeJoro, Co CTEH-
KaMU COCy/ia.

[Ipu TeopeTHyeckoM OMUCAHUM CUCTEMa MCXOJHBIX YpaBHEHUU, KaK U3BECTHO,
BKJIIOYAET B c€Os1 ypaBHEHHUS MPOTrPEeBa YaCTHUIIbI, 3aKOH €€ OKUCJICHUS U YpaBHCHUE
paszorpeBa Ta3oBOM cpelbl (IByXTeMIlepaTypHoe MpuoOimkeHue). B kadectBe mpu-
3HaKa BOCIIJIAMEHEHMS BBICTYIAIOT YCJIOBHUSI MOTEPU YCTOMUYMBOCTU CTAI[MOHAPHBIX
PEXKUMOB (KMHETHYECKUM 3aKOH OKUCJEHUs, 1 = ()), TM0O0 yCIOBUS CpbIBa TEILJIOBOTO
KBa3UCTAIlUOHAPHOTO PABHOBECHUSI CUCTEMbI (CTENEHHOM 3aKOH OKHUCJIEHUs, n > 1).
AHAIIUTUYECKUNA Y YUCIEHHBIN aHAJIU3 JAI0T CIEAYIONIME COOTHOIICHUS JIJIsl ONpee-
JICHUS TEMIEpaTyp CaMOBOCIUIAMEHEHHUSI MbUIEH U UX 3aBUCUMOCTEN OT MapaMeTpOB
cuctemsl [17]:

1

=0: o, =—-, 2
" T e(1+ A) @
B
n=1: AﬁﬂcerQ, (3)
’ C Ed C
A=15P B N (éj B=—-!/ ,6=Q L2 ze T,
p, =B Nu,\d C,+p, NuART.

E

30E Y 2¢C2 DT
¢RT? ) 3\d, ‘

3a€ech p — IWIOTHOCTh, Nu — yncno Hyccenpra, L — XapakTepHbIN pa3Mep ra3oB3BECH,
d, — nnametrp vactul, C — MaccoBas KOHLEHTpauus, () — TemaoBou 3dekr, £ —
DHEPIUsl AKTUBALMH, Z — PEAIKCIIOHEHIINAIbHBIM MHOKUTEND, T+ — 3HAUYCHUE TEMIIE-
paTypbl, OTHOCUTEIBHO KOTOPOM IPOBOJUTCS PA3JI0KEHUE 3KCHOHEHTHI M0 DaHk-
Kamenenkomy, ¢ — yaenbHas TEIJIOEMKOCTb, R — yHUBEpcaiabHas ra3oBas OCTOSH-
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Tign de K tind,d,C
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. e 1 ____.__.|_.-—— 0.2 < .. 5
800 o ===2 "/I *
T > e
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Puc. 1. 3aBucumocts Ttemmeparypel Boc-  Puc. 2. 3aBUCMMOCTb BPEMEHH 3alEPKKHU
IUJJAMEHEHHsI B3BECEW DPA3JMYHBIX FOPIOYMX  BOCIUIAMEHEHHMS B3BECEH PA3JIUYHBIX TO-
oT mapameTrpa f: 1 — NHMHEHHBIH 3aKOH  PIOYHX OT mapamerpa f: | — JTUHEHHBIH
OKHUCJICHHMSI 4YacTUll, 2 — Mapa0OJMYecKUd  3aKOH OKHUCIIEHMs 4acTHl, 2 — mapadoiu-
3aKOH OKHCJICHUS YaCTHII YECKHMM 3aKOH OKMCJICHUS YaCTHI]

Has, A — K03 OUIMEHT TeIIoNpOBOAHOCTH, D — kodpdutiment auddy3un; HHIEKCOM
g - 0003HaueHbI apaMeTphl Trasza, f — rOprYero, W — CTEHKH, 0X - OKUCIUTENS, 0O —
YCJIOBUS Ha 0ECKOHEYHOCTH, C7 — KPUTUUYECKUE 3HAUCHUS BEJTUYHH.

CootHomienus (2) u (3) ¢ COOTBETCTBYIOUIMMHM KOHCTAHTAMU XOPOIIIO OIHUCHI-
BAIOT ONBITHBIE JAaHHBIE U OTPAXAIOT (PU3HYECKYIO MPUPOY BOCILTIAMEHEHUS, KOTO-
poe peanu3yeTrcs, KOrjla CKOPOCTh TEIJIOBBIJICICHUS B CUCTEME MPEBOCXOIUT CKO-
pocThb TemionoTepb. OOBIYHO poib KOUIEKTUBHOTO 3(ddekta B hopmynax (2) u (3)
KaQ4ECTBEHHO M KOJIMYECTBEHHO XapaKTEPU3YIOTCS MapameTpoM A. DTOT mapameTp
y100HO MPEJCTABUTh B BUJIE:

A= @,
o, S,
rje o, o, — KodOPHUIMEHTh TEII000MeHa OT YaCTHIIBI K Ta3y M OT ra3a K CTEHKE CO-
OTBETCTBEHHO, S, — peaKIIMOHHAs TIOBEPXHOCTD, S, — MOBEPXHOCTh TEIIIO0OMEHA, T.€.
MTOBEPXHOCTh, C KOTOPOW B3BECH, KaK IIEJI0€, OTAAET TEIUIO B CTEHKU WIIU OKPYKaro-
LIYIO Cpeny.

Ecnu mpencraBuTh kpuTHUECKHE yCIIOBUs BociiameHeHus (2) u (3) ¢ yuerom

napametpa f =S./S,, TO oHE TIPHOOPETYT BHJ, aHATOTUYHBIN KPUTEPHUSIM BOCILIA-

MEHEHHUS OJMHOYHBIX YaCTHIL:
8 f=1/empun=0; Q f>~234npun=1. (5)

DT0 MO3BOJISET YAOOHO MPE/ICTABIATh YKCIIEPUMEHTAIbHBIC JIAHHBIE TSI TEMIIe-
paTyp BOCIUIaMEHEHUs Mbuled Tj,,(d) pasIn4HBIX TOPIOYMX B 3aBUCHMMOCTH OT 1/Inf
(puc. 1).

Kak BugHO u3 puc. 1, SKCHepUMEHTAIbHbIE TOYKU IS PA3IMYHBIX TOPIOUUX
[18-21], rpynnupytoTcst BOJIU3M ABYX KPUBBIX, KpuBoit 1 (miist n = 0) 1 kpuBo# 2 (17151
n = 1), 9TO yKa3pIBac€T Ha COOTBETCTBYIOIINE MEXaHW3MBI BOCIZIAMEHEHHUS Pa3HBIX
TOPIOYMX M TIOATBEPKIACT CIPABEIIMBOCTD MPEIaraeMoro Moaxoaa K aHaJIu3y KpH-
THYECKHUX YCIIOBUM BOCIUIAMECHEHHMsI Ta30B3Becei. IHTepecHO, 4TO pa3HbIe TOPIOYHE
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OJHHAKOBO pCarupyroT Ha U3BMCHCHHA OTHOIICHUA f = Sr /Sh . 910 CBs3aHO, Ha Halll

B3I, C TEM, UTO OTO OTHOLICHUE HE COAECPKUT XAPAKTEPUCTUK KOHKPETHOIO IO-
prodero (B TOM YHCJI€ U KMHETHYECKHX) M OTPAX)aeT TOJBbKO OCOOCHHOCTH MbUIU K
HaKOIUICHUIO Teruia. JTOT (DAKT MOJATBEPKIAET aKTUBHYIO POJIb PEAKIIMOHHOW IO-
BEPXHOCTH JUCTIEPCHON CUCTEMBI B MPOLIECCE €€ BOCINIAMEHCHHUS.

AHaJIOTUYHBIE 3AKOHOMEPHOCTH IMPOSABIAIOTCA W JUIA APYrov BaKHEWIIEW Xa-
PAKTEPUCTUKH TMPOLIECCa BOCIUIAMEHECHUSI NBUIM — BPEMEHU 3aJEP>KKH BOCIIJIAMEHE-
Hus. B paborax [22-26] aHaIUTUYECKH YCTAHOBJIEHA CBSI3b BPEMEHU 3aJI€PKKU BOC-
IUIAMEHECHHS B3BECH g, C TAPAMETPAaMH JUCIIEPCHOM CUCTEMBI IJIsl TMHEWHOIO U Ia-

pa6on1/1qec1<oro 3aKOHAa OKHNCJICHUA:
E E

o 1 7o a0 1 =@
10~ — et gt fe (6)

1gn f > "ign f2 2

rne I, =T°-B (TOg -7/ ) — TeMIlepaTypa CMELIEHUs B HaYaJabHbIH MOMEHT CO3/1a-

HUS B3BECH.

['padpuueckoe npeacraBiIeHUE UMEIOIIUXCS IKCIEPUMEHTAIBHBIX JTAHHBIX (pHC.
2) B xoopauHatax Tj,(d) - 1/f IOKa3pIBAa€T, YTO ONBITHBIE JAHHBIC IUIA PA3JIMYHBIX
TOPIOYMX TPYNIUPYIOTCA BOJIU3U ABYX MPSAMBIX, allllPOKCUMUPYIOIIHUX Pa3HbIE 3aKO-
HaM OKHCIICHUS.

BeiBoabl. B 3axnmroucHne NOJUYEPKHEM, UTO Tigy M figy ABIAIOTCA HE aOCOIOTHBI-
MU (T.e. YUCTO (PU3UKO-XUMHYECKUMH), @ OTHOCHUTEIbHBIMU XapaKTEPUCTUKAMHU aK-
TUBHOCTH TIBLIM 110 OTHOIIICHUIO K MPOIIECCY UX BOCTUIAMEHEHHUSI, TOCKOJIBKY 3aBHUCST
OT BHEIIIHETO TapaMeTpa — pa3Mepa peakIMOHHOro cocya. [loatoMy comocraBiieHue
Pe3yJIbTaTOB, MOTYYaeMbIX PAa3IUYHBIMH HCCIEIOBATEIISIMUA, BO3MOYKHO TOJIBKO IPH
y4eTe 3TOr0 00CTOATEIIbCTRA.

[TokazaHo, 4TO XapaKTEPUCTHKU BOCIUIAMEHEHHMS JUIS Pa3IMYHBIX TOPIOYMX
MOXHO TEOPETHYECKH OINMCATh CAMHBIM 00pa3oM, MCXOIS M3 3aKOHOB OKHCIICHHUS
(yiuHeliHOTO M mapabonnyeckoro). [Ipuuem cucteMmooOpa3yrouM napaMmeTpoM sBIIs-
€TCSl OTHOIICHHWE PEAKIIMOHHOW TMOBEPXHOCTH TOPIOYET0 K BHENTHEH IMMOBEPXHOCTH
Ter1I000MeHa.
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@Di3N4HI ACMEKTH MOKeK0- BUOYXOHEeOe3MeYHOCTI FTOPY0ro muiy.
Yacruna 1.3aiimaHHs.

AHoOTANIA

Buxoosuu 3 ocnosnuxenacmueocmeti 2oprouux cucmem — po3nooileHux HeMiHIHUX Heli-
HIUHUMU Odicepenamu eHepaii i NOMOK0B020 38 A3KY MIdC eleMeHmamu cepedosuiya — nOOaHo
aHaniz PizHUX PeXHCUMI8 peazy8aHHs 20pru020 nuiy. B 3anexcnocmi 6i0 cniggionouienHs xa-
PAKMEPHO20 4acy 20piHHA (MepMOKIHemMUYHi Xapakmepucmuxu) ma menionepeoadi (Mmacui-
MaobHi Xapakxmepucmuku) po3eiaoaromovcs SPAHUYHI PEHCUMU — CAMOCNANAXYB8AHHS, Ouy3iti-
He 20piHHA 1 aemoxeunrvoge 20pinHa. Ha 6iominy 610 2asis, Ons nuny 6ci xapakxmepucmuxu
CNAanaxy8amHus i 2OPIiHHA CYMMEBO 3ANEHCAMb 8I0 HYMPIUWHIX MACWmMabie cucmemu — po3mi-
Py YaACMUHOK 1 8i0CMaHi Midxc HUMU. B nepwiti yacmuni pobomu ananizyromscs 3an1edicHocmi
memnepamypu camoCnaniaxy8ants i 4acy 3ampumMKy CRAiaxy8anHs 8io 6Cix Qi3uKo-XiMiyHux
xapaxkmepucmuk nuny. Ilokazano, wo 6ci napamempu 015 pi3sHUX NATLHUX MONCIUBO ONUCA-
mu €COUHUM CROCOOOM, BUXOOAUU 3 3AKOHI68 OKUCIEHHS. (TIHIUHUM YU NAPAOOLTYHUM), NPULOMY
cucmemMamu3yrOyumM napamempomf 8UseIaEmMvcs GiOHOUEHHS PEaKyitinoi no8epxHi meepoo2o
NAIbHO20 00 308HIUHBOI NOBEPXHI MENTO0OMIHY.

3 epaxysannsam napamempy f, o € 8i0HOULEHHAM PeaKyiliHoi N08epXHi NULY 00 306HIUHbOT
NOBEPXHI MENI00OMIHY 2A303A8UCY, OMPUMAHI KPUMUYHI YMOBU 3AUMAHHS Y 8UlA0i Kpume-
Pito, wo anano2iuHuil 01 3aUMAHHA 0OUHOYHUX YacmuHok. I[lokazano, wo 1io2o ModiCHA BU-
Kopucmosysamu OJisi RUIY AK 3 JIHIUHUM, MAaK i 3 napabonidyHumM 3aKOHOM OKUcienHs. Pizni
naiea 00HAKOBO peazylomv HA 3MIHY f, AKUU He MICMums Xapakxmepucmux naiued i 8i0o-
bpascae ocobaugocmi nuiy 00 HakonudeHuro menaa. Tax, memnepamypa 3auUMaHHs € JAiHili-
Hoto Qynxyiero 6i0 eenuuunu 1/Inf, a nepioo inoykyii — 1/f.

Temnepamypa 3aUManHs | 4ac 3amMpuUMKU 3AUMAHHA He € I3UKO-XIMIYHUMU, A € 8IOHOC-
HUMU 81ACMUBOCIAMU AKMUBHOCMI MUY NO GIOHOUWEHHIO 00 npoyecy ix 3aiumanHs. Aoddxce
BOHU 3AJ1eAHCAMb 8I0 PO3MIPY PEAKYIUHOI NOCYOUHU.

Kniouosi cnosa: memaneguti nui, aepo3asguc mMemanie, 3auUMAaHHs CYCReH3il, pedcumu pea-
2Y8AHHA NUTLY, CAMO3AUMAHHS CYCNEH3I.
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Bulanin F.K. , Nimich A.V., Oparin A.S., Sydorov A.E., Shevchuk V.G.
Physical aspects of fire and explosion hazard of combustible dust.
Part 1.Ignition.

SUMMARY

Based on the fundamental combustible systems properties - distributed nonlinear energy
sources and flow connection between the environment elements - an analysis of various com-
bustion dust modes is presented. Depending on the ratio betweencharacteristic burning times
(thermokinetic characteristics) and heat transfer (scale characteristics), limiting modes are
considered as self-ignition, diffusion combustion and auto-wave combustion. Unlike gases,
for dusts all the characteristics of ignition and combustion essentially depend on the internal
system scales - particle sizes and distances between them. In presented part of the study, the
critical ignition temperature dependences and the ignition delay time on all physicochemical
dust parameters are analyzed. It is shown that these characteristics for various fuels can be
described in a unified way, based on the laws of oxidation (linear and parabolic), with the

systematizing parameterfbeing the ratio of the solid fuel reaction surface to the external heat
exchange surface.

Taking into account the parameter f, which is the ratio of the dust reaction surface to the
external aerosuspensionheat exchange surface of the dust, the critical ignition conditions are
obtained in the form of a criterion similar to the single particles ignition. It is shown that it
can be used for dust with both a linear and a parabolic oxidation law. Different fuels react in
the same way to a change in f, which does not contain fuel characteristics and reflects thedus-
theat accumulation capability. Thus, the ignition temperature is a linear function of 1/Inf, and
the induction period is 1/f.

The ignition temperature and ignition delay time are not physical or chemical, but are re-
lativedust activity properties in relation to the their ignitionprocess. After all, they depend on
the size of the reaction vessel.

Key words: metal dusts, air suspensions of metals, ignition of suspensions, modes of reac-
tion of dusts, self-ignition of suspensions.



dizuka aepoaucrnepcHux cucrem. — 2022, — Ne 60. — C.105-119

YK 662.61

Yepnenko A.C., IllIquapé'e F../I.L Heanoe M.O., Kaaunuax B.B., Koneiika A.K.

Ooecckuil HayuoHanbHbll YyHUsepcumem umenu .M. Meunukosa
E-mail: teplophys@onu.edu.ua

OmnpeneneHue CKOPOCTH BbITOPAHUSA FOPHOYMX KUAKOCTE

B pabome paccmampusaemcsi npedniodicenHblil agmopamu IKCHpecc-memoo IKCHepUMeH-
MANbHO2O ONpedesienus MAcco8oll CKOPOCMIU BbI2OPAHUSL HCUOKUX 20proyux eeujecms. Onu-
CHIBAIOMCSL ONBIMBL, NPOBOOUMbLE C PASTUUHBIMU HCUOKOCHISIMU, KOMOPLIMU NPONUMBIEAIUCD
uzoenus uz NOPUCmMo20 MepMOCmMoUK020 Mamepuana 6 euoe cghep U NIOCKUX YUTUHOpUYe-
CKUX «madnemoKk» pasHvlX ouamempos. Imu u3oeiuss nOMewanucs Ha Yyugposvie 6ecvl U
noodcueanuce. Buoeokamepa, cocmulko8anHas ¢ KOMNbIOMEPOM, 3aNUCHIEALA NOKA3AHUS Ge-
€08 U OOHOBPEMEHHO OMCIENHCUBALA NPOYECC 2OPEHUS, PUKCUPYSL BHAYEHIE MeKYUe2O 8peme-
Hu t. Ilpu obpabomxe sudeoatina cmpounacs 3a8UCUMOCMb MACCHL 8bl2opaiowell Ha oopas-
ye acuoxocmu om epemenu M = f(t). Ha smom epaguke vioensncs nuHetiHblll y4acmox O
UMepeHuss CKOpocmu yObliu MAaccyl, d NO Hell paccuyumuvléanacb YOeibHAs MACCO8As CKO-
pocmb @vleopanusi dcuokocmu m. Pesyromamul cpasHuganucy ¢ OAHHbIMU, NOJYYEHHbIMU
Opy2UMU UCCIe008aAMeNAMU 8 ONLIMAX NO PA3IUYHBIM MEMOOUKAM OnpedeneHus m: 8 4acm-
Hocmu, ¢ memooamu "cmayuonapnou cghepul”, "noosewennou kanau'", gvlieopanusi 6 mpyo-
uamotl eopeike, a maKdice ¢ NIOCKOU c80000HOU NOBEPXHOCTIUL.

Knrwoueswvie cnosa: nopucmas cghepa, ckopocms 20peHus, H#HUOKOCHb.

BBenenune. [Ipumensemas B pu3uke ropeHus, TEIJIOTEXHUKE U TIOXKAPOB3PHIBO-
0€30MaCHOCTH TEPMHUHOJIOTHSI «BBITOPAHUE» COOTHOCUTCS C IPOIIECCOM TOPEHUEM
BEIIECTB J0 WX TOJHOTO CTOpaHUs, T.€. €CTECTBEHHOTO OKOHYAHHS TOPEHHUs (BBITO-
panusi). Ero KonnyecTBEHHBIMU XapaKTEPUCTUKAMU SIBISIFOTCSI BEJIMUUHBI CKOPOCTH
Bbiropanus (CB), kak ckopocTu yObUTM Macchl BeliecTBa dM/dt B Xole ropeHus, a
Tak)Ke yelbHas MaccoBasi CKOPOCTh BBITOpaHUs 71, ornpenensiemas otHomeHrnem CB
K BEJIMYMHE IJIOLIAAM 30HBI TOpeHus S. DTH mapaMeTpbl HEOOXOAUMBI AJisl BbISICHE-
HUSl CTETIEHU TOPIOYECTH BEIIECTB. MHOIOYHMCIIEHHBIE SKCIIEPUMEHTHI MOKa3bIBaJIH,
YTO CKOPOCTh BBITOPAHUS HE BCETJa SBIISETCS MOCTOSIHHOM B Ipolecce ropenus [1].
Ecnu Ha BpeMEeHHOM 3aBUCHMOCTH MAacChl TOpAILIETro TormBa M = f(t) umeercs Ju-
HEWHBIN Yy4acTOK, TO CKOPOCTh BBITOPAHMSI PACCUUTHIBACTCS KaK TAaHTEHC yriia Ha-
KJIOHA Ha 3TOM yudacTtke AM/At. B ciydae, korjja Takoil y4acTOK TPYIHO BBIJICIHUTH,
TO Ha OCHOBAHWU TOJYYEHHOH KpuBOM M = f(t) ctpoutcss BpeMEHHAs! 3aBUCUMOCTH
yAEJIbHOM MacCOBOW CKOPOCTH BBITOPAHMSI TOIUIMBA 71 = &(1), HA KOTOPOUM ONpeness-
€TCS MAaKCUMYM. DTO HaumOOJIbLIEe 3HAYEHUE /1 MOYKET MPUHUMATHCA 32 OCHOBHOE
3HAYEHHE yIEIbHOM MAacCOBOI CKOPOCTH BBITOPAHUS TOPIOYET0O BELIECTBA.

B nacTosee Bpems CymecTByeT psia pacu€THBIX U IKCIEPUMEHTATbHBIX METO-
nuk omnpenenenus CB, Gmarogapsi KOTOpeIM co3/laHa 0a3a JaHHBIX 3HAYCHUH 71 JIst
Pa3TUYIHBIX TBEPABIX U KUIKUX TOPIOYUX.

B ob6mactu moxxapoB3pbIBOOE30MIACHOCTH JIJIsl ONPEACIICHUS 711 )KUIKUX TOILIUB
pacnpoCTpaHEHbl HCCIIEIOBAaHUS TOPEHUS B LMIMHAPUYECKHMX EMKOCTSAX Ppa3HbIX
muaMmeTpoB (st d = 0.5+1.5 m B [2, 3]). Tak B [4] onpeAe/suIuCh #it U BPEMs ITOJTHOTO
BBITOpPAHUS N-TENTaHa, a TaKKe U3EJIbHOrO TOTUIMBA (COJISIPHOTO Macjia) B IIMJIUH/I-
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pudeckux €MKocTiaX riayomHor 10 cM mpu pasnuunbix auamerpax oT 10 mo 40 cwm,
HaXOJAIIUXCS BHYTPU HEKOTOPOrO 3aMKHYTOTO 00BbEMa. 3HaUEHUs /1 KOJIeOaINCh B
uHTepBanax 8.2+12.7 r/(M*-c) ms n-rentana u 8.3+10.3 r/(M*c) 11 AU3EIBHOTO TO-
mBa. [Ipy TakoM KUCIOPOJHO-OTPaHUYEHHOM PEKUME TOPEHUST aBTOPHI MCIIOJIb30-
BaJIM KOA(PPUIMEHT pacxo/ia TOIJIMBA 1), OTPAXKAIOIIUN CTENEHb Pacxo/ia TOIIMBA Ha
BeCh Ipoliecc ropenusi: N = Am/M, rne Am nipencrapisier co0oil Maccy TOIUIMBA, U3-
Pacx0JOBaHHOTO B IIPOLIECCE TOPEHUs, a M — TEOPETUUYECKYI0 MacCy TOIUIMBA, KOTO-
past MOKET OBITh M3PACXO/I0BAHA MO KOJIMYECTBY KUCIOpPOAA BHYTPH T'€pMETU3UPO-
BaHHOTO mpocTtpaHcTBa. [Ipu nuamerpax émkoctu Oonee 15 cm HaOIOAANOCH «KH-
CJIOPOJTHOE TOJIOJaHUE» MPU BBITOPAHUU KUAKOro Torma. Kosdduiment pacxona
n-renra”a BappupoBaicsa oT 0.19 no 0.26, a 1U3eapHOrO TOIIMBA NMTPAKTUYECKHA CTa-
OwieH u cocTanisil okoio 0.28.

B meronuke, ykazanHou baparoBeim A.H. [S], MaccoByr0 CKOpPOCTb 71 Ompese-
JSIIOT TI0 CKOPOCTH BBIFOpPAHUS TOproYeH KUIKOCTH B LIUJIMHAPUYECKOM cocyhe (Tro-
penke) nuametpoMm 10 MM. HauanbHbli ypOBEHb JKUKOCTH B TOPEJIKE MOAIEPKUBAI-
Csl IOCTOSIHHBIM Ha YpOBHE 2.5 MM HU€ BEPXHEIr0 Kpasi TOPEJIKH 3a CU€T cOooOIIato-
nmxcst cocynoB. IIuTaromuii cocy; moMemancs Ha BEChl, YbH NOKA3aHMUS 3alMChIBa-
JIUCh BO BPEMEHHM. 3a CKOPOCTh BBITOPAHMSI KUJKOIO TOILIMBA 71 IPUHUMAIACh MakK-
CUMaJIbHasl CKOPOCTH 71 3a 15 MUHYT NPOBEAEHUS IKCIIEPUMEHTA.

B onmcaHHBIX BBIIIE UCCIEI0BAHUIX T'OPEHHUE JKUJIKOCTH IMPOUCXOAUIO C IUIO-
CKOHM MOBEPXHOCTU. BbIJIO 3aMeueHo0, 4To 4eM OoJiblIe IJIOMAAb MOBEPXHOCTH, TEM
Xy’K€ peaqu3yeTcsl MPUHLHUII PaBHOJOCTYITHOCTU OKHMCIUTENS K JHO0OM 4acTH 30HBI
rOpEHUs U, KaK CJIEICTBUE, YMEHBIIAETCS CKOPOCTh BhIropaHus. Takasl cuTyarus yc-
JIOKHSIET TEOPETUUYECKOE OIMCAaHUE MPOLECCa TOPEHUs KUAKOCTH € OOJBIIHUX IO-
BepxHocTel. VccnenoBanus mpoiiecca TOpeHus )KUIKOCTH Ha cepe B 3TOM IUIaHe
ABJISIFOTCSL aJIbTEPHATUBHBIMU «IIJIOCKOMY» BapUaHTY.

M3BecTeH ps KIIACCUYECKUX METOJOB [6] M3ydeHMs MpoLecca TOPEHUs Kalleab
KUJKOTO TOTUIMBA: 1) MeTOJ MOpUCTOH cdephl (CTallMOHAPHON KaIuiH), 2) MaIaromien
Karuy U 3) nojaBenieHHON Karii. OCOOEHHOCTBIO BYX MOCJIEIHUX METOJOB SIBISET-
C M3MEHEHHME pa3Mepa Kalld B TOAEC TOPEHHs U, COOTBETCTBEHHO, MU3MEHEHHE
(YMeHbIIIeHHE) MTOBEPXHOCTU Karid. B TaHHOM cilyyae XxapakTepUCTHKOW Ipoliecca
SIBIIICTCS. KOHCTAHTA rOpeHust K, (BbIpaxkaeMas B eIMHMIAX M’/c). DTOro Hea0CTaT-
Ka JMILEH METOJ MOPUCTOH cephl (CTAIMOHAPHOM KaIUIM), OJHAKO, /ISl €r0 peasu-
3l HEOOXOJUMO TMOCTOSTHHO TMOABOJMTH TOPIOUYIO KUIAKOCTh YEpe3 ONpereEH-
HBI KaHaJl BHYTpb mopucToil cepsrl. Ilpu 3TOM MaccoBasi CKOPOCTh BBITOPAHUS 7l
ONPEIENSIETCS MACCOBOM CKOPOCTHIO MOAAYH TOIUIMBA.

Heabio HacTosimeil padoThl SBISETCS 03HAKOMIIEHUE C pa3pa0OTaHHBIM aBTO-
paMU 3KCHEPUMEHTAIBHBIM 3KCIIPECC-METOJAOM OIPEAESIEHUS MacCOBOM CKOPOCTH
BBITOPAHUS JKUJIKMX TOPIOYMX. A TaKkKe OLIEHKa XapaKTePUCTUK HTOT0 METO/AA IpH
COTIOCTABJICHUU TOJYYEHHBIX KCIEPUMEHTAIbHBIX TaHHBIX C OJOOHBIMH pE3yibTa-
TaMH, U3MEPEHHBIMHU B OIBITAX APYTHX UCCIEA0BATEIICH.

DKCIpeCcC-METO | peanu3yeTcsl SKCIEPUMEHTAIBHON YCTaHOBKOW, ONMCAHHOMU
HIDKE, CXEMa KOTOPOM IToKa3aHa Ha puc. 1.

Obvekmamu uccnedosanusn ObUIA BHIOPAHBI CIEAYIOIINE KUIKUE TOPIOYUE Be-
IIECTBA: JTAJOHHBIE XUMUYECKH YHCTbIE TENTaH M OKTaH; pPacIpOCTPAaHEHHBIE
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Tabauua 1. [TapameTpsl nccneayeMbIx XKUAKOCTEH [7]

Ilapamempwr | Bewecmea — | I'entan | Otanon | Aueron | Okran AT IIT | M100
IInotHOCTH p (20 °C), KT/M 684 789 784 703 820845 | 920 | 1015
MossipHasi Macca [y, I/MOJTb 100 46 58 114 110+230

Temnepatypa kunenus 7Tp, °C 98.4 78.3 56.3 125.5 | 280+360 > 430
¥ eIIbHast TEMIOTA CroparHs 4.5 300 | 314 | 480 | 39.2+42.7 | 454 | 40.0
0, MJIx/kr

VY nenpHas TEIIOTa UCTIAPCHUS 316 236 513 300 2302250 1968
L ipu Ty, KJK/KT

KUAKOCTH dTaHON (96%) M TEXHUYECKUH alleTOH, a TaKXKe IMPOKO HCIIOIb3yEMbIE
Kuakue roproune — MazyT Mapku M100, nuzensHoe ToruBo ([T) u muponusnoe
toruBo (I1T), mosiydeHHOE U3 aBTOMOOMJIBHBIX MOKPHITIEK (CM. Ta0. 1).

JKCIEePUMEHTAJIbHASI YCTAHOBKA CXEMaTHYECKU NpPECTaBiIeHa Ha puc. | Ba-
puaHTaMu a) U b) I peasm3aii BECOBOTO METO/A OINPEAENIEHNUs CKOPOCTH BBITO-
paHus TOPIOYUX KUJIKOCTEN: a) — C TUIOCKOW MOPUCTON MOBEPXHOCTH (LMIUHApPUYE-
ckas TabieTka); b) — ¢ mopuctoii chepsl (cTallMOHApHAS KaIlig). A TaK)Ke BapUaHTOM
C) — NOPILHEBON MOIU(UKALUY TOJIaYH TOPIOYET0 B CTALIMOHAPHYIO KaILJIIoO.

B BapuanTax a) u b) ucnonb3yrorcs 1udpoBsie Bechl (1) ¢ MakCUMalbHO U3Me-
psiembiM BecoM — 50 r u TouyHOCThIO 1 Mr. BeO-kamepa (7) ycTaHOBJIEHA Tak, YTOOBI
e€ 1oJie 3peHuUsl OXBaThIBAJIO JUCIUIEH BecoB (2) Uil 3allMCU TEKYIIETO Beca 00bEKTa
U caM 00beKT (4 mim 5) ¢ dakenoM (cM. puc. 3 — ropsime MUWINHIAPUIECKUE Tad-
JIETKU U nopucthie cepnl). st Toro 4To0bl YMEHBIIUTD 3aCBETKY BeO-Kamepbl ¢a-
KEJIOM TopsIero oopasiia UCIoJIb3yeTcsl IKpaH (3) U3 HEUTPaIbHOTO CBETO(UIIBTpA.
BapuaHT skcriepuMeHTaIbHOM YCTAaHOBKH C) OYJET OMUCaH HIKE.

OTIMYUTENEHON 0COOEHHOCTRIO MPEIOKEHHOTO IKCIIPECC-METO/1a OT CYIIECT-
BYIOIINX METOOB OIpPEAEICHUSI CKOPOCTH BBITOPAHUS KUJKHX TOPIOYUX, SIBISICTCA
3HAYUTENIbHOE CHW)XCHHE PYTHHHOCTH CaMOTrO Tpolecca M3MepeHHs (COKpalleHHe
BPEMEHH JIJIs1 TIOATOTOBKM M TPOBEACHHUS OTMbBITA), & TAKKE HEOOXOJAMMOCTh HUMEThH

JEQX‘EQW |
¢ /74 II-- 8

10

1

a b C

Puc. 1. DxcriepuMeHTaNbHbIE YCTAHOBKHU JUISL ONPENETIeHNUs CKOPOCTH BBITOPAHUS >KUIKHUX
TOPIOYMX: BapHaHT a) — BBITOPAHUE KHUJKOCTH C IUIOCKOM MOBEPXHOCTH (LMIMHIpUYECKAs
TabJIeTKa U3 MOPUCTOr0 OTHEYNOPHOIrO MOPOLIKa); BapuaHT b) — mopucras cdepa; BapuaHT
C) — METOJI TI0/Ia4y TOPIOYETO B CTAIMOHAPHYIO c(pepy MOCPEICTBOM MOPIITHSI.

1 — uudpossie Beckl, 2 — TUCIUIEH BECOB, 3 — CBETOBOM IKpaH, 4 — HUIMHAPUIECKast EMKOCTh
C KepaMHUYECKHM MOpOIIKOM, 5 — mojicTaBka s cepbl, 6 — cepa U3 MOPUCTOrO OTHe-
yIIOpHOTO Matepuaina, 7 — BeO-kamepa, 8 — uria, 9 — EMKoOCTh ¢ roprouei KuakocTeio, 10 —
HOPIIEHB, IBWKYIIUICS C peryIupyeMoi HOCTOSIHHON CKOPOCTBIO.
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Puc. 2. BpemeHHbIe 3aBUCUMOCTH MPOLECCA BBITOPAHUS PA3IUYHBIX >KMJIKOCTEH Ha IJIO-
CKOU MOPHUCTON MOBEPXHOCTHU ITUIMHAPUYECKON KIOBETHI: a) MacChl TOpSIIEH KUIKOCTH M
= f(t); b) yaenpHOM MacCOBOM CKOPOCTH BBITOpaHus i1 = (). 'oproune ®KuakocTu: O — are-
TOH, M — 3TaHOJI, A — renTaH, © — okraH, ® — JIT (au3enpHoe ToTUHBO), ¢ — [T (MUponu3-
HOE TOIINBO), O — M100 (Ma3yt mapku 100 ). luamerp ktoBeThl d = 38 MM, Tuiomags S =
1134 mm?. Cpesia CKHTaHHS: BO3AYX TIPH KOMHATHOMN TeMITepaType.

METPOJIOTHYECKH 00ecTeueHHOEe CIIeaIn3upoBanHoe 00opyaoBanue. Benb ocHOB-
HOM SJIEMEHT B MPEIJI0KEHHOM METOJIe — AJIEKTPOHHBIE BEChI, KOTOPHIE BCETAA pea-
JU3YIOTCS MPEANPUATASIMUA-U3TOTOBUTEIISIMU METPOJIOTHYECKH obecnieueHHbIMUA. CaM
e TPOoIIeCcC JabHEHIIeH MepuoIuIeCcKOi MOBEPKU BECOB MPOCT M MOXKET OBITH MPO-
BEJICH CaMUM TIOJb30BaTeIEM MpPU HAIUYMM ASTAJOHHBIX CTaHAAPTHBIX TIPY3UKOB
(0OBIYHO BXOJALIUX B KOMIUIEKT BECOB).

W3mepenus B caMOM IIPOCTOM BapHaHTE ONBITHON YCTAHOBKH (BEChl O€3 cucTe-
MBI CBSI3U C KOMIIBIOTEPOM) MIPOBOJMINCH C UCIOIB30BAaHUEM CIEIYIOIIETO aJIrOPUT-
Mma. [Ipu mpocMoTpe BH€03aIUCH MPOLEcca BHITOPaHUS Ha KOMIIBIOTEPE COMOCTaB-
JSUTUCH TTOKa3aHUsl BECOB C COOTBETCTBYIOLMMU 3HAYEHUSMU BPEMEHH, OTMEYAEMbl-
MU KOMITBIOTEPOM Ha BHaeo(aiisie. 3aTeM MpU MOMOIIUA CTaHJAPTHON MPOrpamMMBI
00pabOTKHU JaHHBIX CTPOWJICS TpadUK CKOPOCTH rOpeHHs kuakoctu M = f(t), a u3
HETO CTPOMJIACh BPEMEHHAsI 3aBUCUMOCTH YJEIbHOW MAacCOBOM CKOPOCTH BBITOPAHHS
m = &(t) (cM. puc. 2a u 2b). AHanu3 3Tux rpadUKoB MO COCcO0y, OMMCAHHOMY BBIIIE,
JNA€T UCKOMBIE BEJIMYHHBI.

[IpenmyIiecTBO TaKOTO METO/Ia OTpPakaeT HE TOJIHKO €Tr0 Ha3BaHME — DKCIpECC,
HO ¥ BO3MOXKHOCTH CAMOCTOSATEIIBHO CO3/1aTh OMBITHYIO YCTAHOBKY 0€3 HCIIOIbh30Ba-
HUSl CHEIUAIbHOTO MHCTPYMEHTA M TEXHOJOTMYECKOTO HABBIKA JKCIIEPUMEHTATOPA
(;mabopanta). Kak Obu10 MokazaHo B 0030pHOI yactu crathbu (cM. Benenue), B cy-
IIECTBYIOLIUX METOJMKAX MPOLECC BHITOPAHUSI OPraHU30BBIBAJICS TAaK, YTOOBI MOYKHO
OBLIO BBIIEIUTH HA BPEMEHHOH 3aBUCUMOCTU M = f{(t) MTUHEWHBIH y4acTOK, O KOTO-
pPOMY pacCuuThIBaJIaCh CKOPOCTh BBITOpaHus #ir. JlJii MUHUMHU3ALMK BIUSHUS Tepe-
XOJHBIX MPOLECCOB (MMEIOIIMX MECTO B HayaJbHOM M KOHEYHOM CTaJMSIX TOPEHHUS)
paHee MCHOJb30Bajach HEMPEpBIBHAS MOJavya KUIKOCTH K 30HE TopeHus (K roped-
KaM) C CHCTEMOW M3MEpEHHs U CTaOWIM3aluu pacxoaa XuakocTu. [IpumeHeHune B
MPEIJIOKEHHOM METO/IE OTHEYMOPHBIX TMOPUCTHIX BEIIECTB JAJISl MPOTHUTKH UX HCCIe-
AyEeMBIMH TOPIOYMMH KUIKOCTAMU U JUHAMUYECKAM 3aMEPOM MAaCChl BBITOPAIOIICH
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KUJKOCTH TIO3BOJISIET OTKA3aThCs OT TaKUX clokHOocTel. [TokagpoBoe oTciexxuBanue
Ipolecca ropeHusl ¢ JUCKPETHOCThIO 1/5 cekyHAbl 1aéT BO3MOXKHOCTb ONPENEIUTH
JUHENHBIN y4acTOK 3a KOPOTKOE BpeMs TOPEHHs, T.€. MPU HCIOIb30BAHUHN HEOOIb-
IO MaCCHhI JKUJIKOCTU (HECKOJIbKO TpamM). [IpakTrka mokasaia, 4To Ha MPOBEJICHHE
OJIHOTO 3aMepa MapaMmeTpa roproUYecTH KHUAKOCTH (+ 00paboTKa JaHHBIX) HEOOXOH-
MO ~10+15 MunyT.

B onbiTax mo HOBOW METOAMKE MPOBOJUINCH UCCIEHOBAHUS, CBSI3aHHbBIE C CO-
MTOCTaBJIEHUEM IIPOLIECCOB BHITOPAHUS PA3IMYHBIX TOPIOYUX KUIKOCTEH (CM. Tad. 1)
C TJIOCKOM MOpHUCTON moBepxHOCTH (puc. la u 3ab) u chepuueckoil MOBEPXHOCTH
(puc. 1b u 3c,d). B Bapuante la npuUMeHSIMCh LHWJIMHIPUYECKUE KIOBETHI Pa3HbIX
JUAMETPOB, U3TOTOBIICHHBIE U3 AIIFOMUHUEBON (POJIbIH, B KOTOPbIE HACHIIAJICA U YII-
JIOTHSUICS TTOPOUIOK, U3TOTOBJIEHHBIM M3 CTaHJIAPTHOTO OTHEYIOPHOI'0 KUpIuya Map-
kn 1A mnotHoCThIO 500 Kr/M’. Kyckn KMpHHYa pacTHpaanch B CTYIE M MPOCEHBA-
Juch B cute ¢ pazmepom sueek 0.8 mm. KroBera (uunmuHapuueckas «TabieTkay) yc-
TaHaBJIMBAJIaCh Ha DJIEKTPOHHBIC BECHI, UMEIOIINE HA CBOEH paboueill MOBEPXHOCTH
TETUIOU30JIALIMOHHYIO MOJJIOKKY, a 3aTEM Ha IIAMOTHBIM MOPOIIOK MUNETKOW Haka-
MBIBAJIaCh TOPIOYas KUAKOCTh. HampuMep, B UMIMHIPUYECKYIO KIOBETY C BHYTPEH-
HUM auaMeTpoM d = 38 MM U BBICOTOM OOpTHKA /ig = 7 MM BIIMBAJIOCH OKOJIO 2 T HUC-
ciexyeMon xkunkoctu. [lpu BKIIOUEHHBIX KOMITbIOTEPE (C paboTarolieil mporpaMmmon
00paboTku BUIcO-(]ailyioB), BeO-KaMepe U Becax IIAMOTHBIN MOPOIIOK, MPOMUTaH-
HBIA TOPIOYEHN KUJIKOCTBIO, MOJIKUTAIICS ra30BoM ropesikoi. [locne Beiropanus xxum-
KOCTH BUJIe0-(hail, GUKCUPYIOIIUA Tpoliecc TopeHusi, oOpadaTheIBajcs mo Gopmyse
(1), mpeacTaBICHHON HIKE.

BTOphIM 3TanoM OMBITOB CTaI0 OMPENEIEHNE CKOPOCTH BBITOPAHUS C MOPUCTBIX
chep pazHbix auameTpoB (cM. puc. 1b). Cepbl U3roTaBIMBaIUCh U3 CTAHAAPTHOTO
OrHEyMopHOro Kupruda Mapku LA (m1oTHOCTBI0 500 KI/M’) METOZOM KPYrOBOTO
BBIpE3aHus TPyOUaThIMU CBEpIaMU (MO0 MpOOOWHUKAMU JIJISl MPOKIanoK). Bo3mo-
’KEH BApUAHT MU3TOTOBJICHMS chep U3 CTaHJIAPTHOTO IIAMOTHOTO MOPOIIKAa METOJO0M
JIENIKU TJIMHAHBIX [IAPUKOB, UX 00XKHUra B My(enbHOM MeYr U MOCJIETYIOIIETO OLIKY-
pUBaHUs 1O OTKPBITUS HOP.

Jliist ycraHoBKH c(ep Ha Becax Obljia U3TOTOBIIEHA KOHYCHAs TI0JICTaBKa U3 TOTO
K€ OTHEYIIOPHOTO KHMpIIMYa, B BEPUIMHE KOTOPO HaXOAWJIOCHh OTBEPCTHE, OPUEHTH-
POBaHHOE BOJIb BBICOTHI KOHYCA. B 3TO 0TBepcTHE BCTABIISIETCS yIpyras IpOBOJIOKA,
JIPYroil KOHEI| KOTOPOH BCTABIISIETCS B OTBEPCTUE B HUYKHEW YaCTH MOPUCTON CEpBHI.
KoHnyc u3 orneynopa Takxxe OJOKMpPYET TEIUIO, UAYIIEe K BEcaM MPU TOPEHUU IIOo-
puctoit cepsl. Best KOHCTpyKIIMS TTOMeIIagach Ha JIEKTPOHHbBIEC BeChl. [[s cMauu-
BaHMSI TOPIOYEH )KHJIKOCTBIO cpepa omycKajlach B HEOOJBIIYIO EMKOCTh C 3TOM JKU/I-
KOCTBIO U BBIJIEpKUBAJIACh B Hel 5+10 ¢, 4TOOBI roprouee OCHOBATEILHO BIIUTAIOCH B
nopbl. Best KOHCTPYKIMS CTaBUIIACh HA BECHI, 3aTEM c(epa MoaKuUraiach razoBoil ro-
penxoil. [Iponeaypa 3anucu mpouecca BUACOKaMEPON OIMCaHa BBILIIE.

Pe3yabTarsl ndmepenuii. Ha puc. 2a u 2b npeacranieHsl BpeMEHHBIE 3aBUCH-
MOCTH BBITOpaHHUSI MacChl Pa3jIUYHbIX TOPIOYUX XKUIKOCTH M = f(¢) B LWIUHApUYE-
CKOM KIOBETE C IIaMOTHBIM MOPOIIKOM (B IUIUHAPUUECKONU «TaOJIETKE») U paccyu-
TaHHOM U3 pHC. 2a yJeIbHON MacCOBOM CKOPOCTU BBITOpaHUs it = £(t) ITHUX KUIKO-
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creil. Pa3HOCTh MEXAY TEKYIIMM MOKA3aHUEM BECOB M; M MPEIBIAYIIIUM OKA3aHUEM
M, ; ecTb Macca CrOpEBIIETO TOIUIMBA (HAXOSIIErocs B OTHEYIOPHOM IOPOUIKE) 3a
HaOJro1aeMblil HHTEpBasl BpeMeHU. Kak yka3bIBanoch paHee, MOKaJApOBOE OTCIIEKH-
BaHUE Ipoliecca FOPeHUs] MPOUCXOIUT C AUCKPETHOCThIO B 1/5 cexyHnabl. B Hammx
OTbITaX MOKa3aHUsl BECOB CHUMAJIUCH JJIsl IOCTPOEHUs IpauKOB yepe3 5 CeKyH] Ipu
TOPEHHH alleTOHA, 3TAHOJa, FeNTaHa, OkTaHa U yepe3 20 CeKyHI ISl «MEIJIEHHO TO-
psawmux torue» — Mazyra M100, T, IIT. Y aenpHas maccoBasi CKOPOCTh BBITOpaHUs
71 OTIPEIEISTACh Ha KKIOM BPEMEHHOM y4JacTKe (OT .; MO ¢; ) KakK:

m= (M_ — M)/ St —t), (1)
rae S = nd*/4 — mwIouaab TOPEHHst IS INIOCKOTo ciaydas, S = nd” — 1s cdepbL.

N3 puc. 2a BUIHO, YTO MPU TOPEHUU HMJIUHAPUUYECKON «TabJIETKU» UMEET Me-
CTO TaKOW BPEMEHHOW HMHTEpBaJ, IJ€ Macca rOproYero yMEHBIIAeTCsS MPaKTHUECKU
JMHENHHO, YTO TOBOPUT O HAJMYHMH YyYaCTKa C KBA3UIIOCTOSIHHOM CKOPOCTHIO TOPEHUS.
Hanpumep, nns AT (au3enbHOro TOIJIMBA) 3TOT YYaCTOK UMEET MPOTKEHHOCTh OT
50 1o 170 cexyHa oT Hayana ropeHus (puc. 2a).

Ha KpHBBIX U3MEHEHUS YACIBHON MacCOBOM CKOPOCTH BBITOPAHMS CO BPEMEHEM
m = &(t) (puc. 2b) BUIHBI MAKCUMYMBbI, COOTBETCTBYIOIIUE TOUYKaM Iepernda Ha Bpe-
MEHHBIX KpUBbIX M = f(t) (puc. 2a). 3a UCKIIIOUEHUEM OKTaHa, YJelIbHasi MaccoBas
CKOPOCTb BBITOPAHMS 71 BCEX HCCIENAYEMBIX JKHJKOCTEH Ha JOCTATOYHO HIMPOKOM
BPEMEHHOM MHTEpBaJC HE OTIMYAETCS OT MAKCHMAJILHOTO 3HAYeHHs Ha =~ 25%. OT0
MO3BOJISIET B KAYECTBE HAWJICHHOW BEJIMYMHBI 71 UCIIOJIB30BaTh €€ CpEIHEE 3HAUEHUE
BOJIM3M TOUYKM neperuda kpuBot M = f(¢) (puc. 2a). OfHaKO NPEANOYTUTEIbHEN HC-
MOJIb30BaTh MAKCUMAJIbHOE 3HAYEHUE Mily,x U3 pUC. 2b, Kak Ooiiee y10OHBIA BapuaHT
KOMITBIOTEPHOU 00pabOTKM ONBITHBIX AaHHBIX. Hanmpumep, u3 kpuBoi m = (1) s
nu3enbHOro Tormea (JT) Ierko ONpeRessieTcst My = 107 kr/(M*c). DTOMY MaKcH-
MyMYy COOTBETCTBYET ¢ = 120 cek.

Bo Bcex ciydasix HaOmomaeTcss BpeMEHHOM y4acTOK MpOrpeBa roprouei aKUaKo-
CTH JI0 YCTAaHOBJICHUS KBAa3UCTALIMOHAPHOTO PEKMMA FOPEHUSI.

Ha puc. 3 npeacraBieH BHEIIHUN BUJT TOPSIIIUX MTOPUCTHIX MOBEPXHOCTEM, CMO-
YEHHBIX FOpIOYeH KHUJIKOCTBIO: a) HWIMHIPUUYECKUX TabJeTok u b) cdep. B mpouecce
TOPEHMsI COTJIACHO TEOPETHUUECKUM MPEJCTABICHUSAM [6, 8] HAa MOBEPXHOCTU CPepHI
TeMIiepaTypa OJIM3Ka K TeMIepaType KUMeHus TOTUIUBA.

Ha puc. 4 npencraBieHbl BpEMEHHBIE 3aBUCUMOCTH MacChl BBITOPAIOIIECH KU-
KOCTU Ha CMOYEHHOU nopuctoil cpepe nuamerpom 11.5 mm. KauectBeHHO rpaduku
MMEIOT BUJ, MPEACTaBICHHBIN B [1], mpuuéM y Bcex uMX HaOJIOAICsA y4acToOK C JIU-
HEWHBIM 3aKOHOM YMEHBILIEHHS MacChl TOpAIEl KUJIKOCTU cO BpemeHeM. B camom
oO1ieM ciryuyae 3aBUCUMOCTh M = f(t) (puc. 4a) MOXXHO pa3feiuTh Ha TPU Y4yacTKa.
[Ipu momxore razoBoi ropeskoit ceprl, IPONUTAHHON TOIJIMBOM, H3-3a €€ HarpeBa
Y Pa3HOPOJHOCTH IJIaMEHU Ha (PPOHTANIBHOW M THUIbHOM YacTsX cepbl, HAOI0JaeT-
Csl HapaCTaHUE CKOPOCTH TOPEHMS 1O YCTAHOBJIEHUS KBAa3HCTALMOHAPHOTO PEXHUMA.
Hcxond n3 puc. 4a, 3TOT NEPBBIN ATall 3aHUMAET 10 5 CEKYyH/.

Btopoii stan — cTtagus KBa3ucTallMOHAPHOrO ropeHus. Kak u npu ropeHun Ha
IUIOCKOM MOBEPXHOCTH (puc. 2b), HaON0AaeTCsd BOZHUKHOBEHUE MaKCUMyMa Ha Bpe-
MEHHOM 3aBHCUMOCTHU YJEJIbHOW MacCOBOM CKOPOCTHU BbITOpaHus rir (puc. 4b). Onna-
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b

Puc. 3. BHemHuid BUA ropsmux MOPUCTBIX TOBEPXHOCTEN, CMOYEHHBIX TOPHOYEH KUIAKO-
CTBIO (3TAHOJIOM): a, 0) — HUIUHAPUUECKUX TabneTok nuametpoM 40 u 60 mm u ¢, d) — chep
nuameTpom 11.5 u 35 mm.

3 -3 2
0 M 2 a0 . #i1, 103 kr/(M2¢) b
. ;gT A 5 N7
KTaH A o

06 7 o AT 35 o 2 o o OO:TEIH

M < AueToH 0?8@0‘0 & :'ﬂ'

L |
He & 30 + e H, H o] . < ALETOH
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0.3 ‘ 2 o © L] ) S0
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A QL L n * ) . Ic
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0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Puc. 4. BpemeHHBIE 3aBUCUMOCTH MPOIECCa BHITOPAHUS PA3TUYHBIX KUAKOCTEH Ha MOpPHUC-
TOH cdepe. a): Macchl TOPSIIEN )KUIKOCTU M = f(t). b): yaenbHON MaccOBOM CKOPOCTHU BBITO-
panus m = &(t). 'oproune xxunkoctu: ¢ — arileToH, m — 3TaHOJ, A — renrad, © — oktad, ® — JIT
(nu3enbHOE TOTUHBO), ¢ — [IT (muponusnoe TormnuBo). Auamerp chepol d = 11.5 mm, muio-
mams S =415 Mv’. Cpena cxxuranus: BO3AyX IIpU KOMHAaTHOM TEMIIEPAType.

KO TMPU TOPSHUH Ha TOPUCTOU cdepe BpeMEHHAs 30Ha MaKcuMyMma 0ojee IIHUpoKast
OTHOCUTEJILHO OOIIEro BPEMEHU TOPEHUS.

[Ipy npubnm>keHUM Mpouecca BBITOPAHUS K OKOHYAHMIO, JKUJKOCTh Ha cdepe
MEPECTaeT MOKPBIBaTh BCIO €€ MOBEPXHOCTh (TpeTwil »Tanm — yracanue). Kpupas
yAEJIbHOM MacCOBOM CKOPOCTH BBITOpaHUA 71 = &(¢) HAUMHAET NpUOIMKAThC K HY-
JeBOMY 3Ha4eHHUIO. [l pa3iu4HbIX >KUAKOCTEH BPEMEHHOH JMana3oH BBITOPAHUS
pasHbiii — oT =~ 30 10 70 cekyH (cM. puc. 4a).

B tabn. 2 npexacraBieHbl pe3ysbTaThl N0 YJEIbHON MacCOBOM CKOPOCTH BBITO-
paHus m ISl TUHEHHOTIO y4acTKa JJINTEIbHOCTBIO Ty

m=M/S,M=AM_ /1, 2)
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Tabauua 2a. DKCriepuMEHTANIBHBIC 3HAYEHUS yICIIBHON MacCOBOW CKOPOCTH BBITOPAHUS
rit [10°kr/(M” -c] 1 koHCTaHTBI TOpenns K, [107° m*/c]

Memoo | m nns cnenytomux roprounx — | l'enran | Otanon | Aueron | Oxran | AT IIT

[Imockast moBepXHOCTH MO [ 5] 29 7 370 596 739

d=10 MM

81 [8] 20 [8] 38 [8] | 81[8] | 54[8]
72 [3] 23[3], | 5213],
101 [1] 15[1] 41 [1] 55[1]

[Tockue MOBEPXHOCTH
¢ quametpamu d = 0.5+1.5 m

IInockas opucTas NOBEPXHOCTb

17.7 13.9 192 | 207 | 114 | 123
d=38 Mm
Hnockas xuias nopepxHOCTS 17.2 13.7 19.1 | 406 | 100 | 11.9
d=38 Mm
[opucras chepa 35.0 28.0 | 335 | 332 | 212 | 290
d=11.5Mm
CTaunoHapHas Kanis 54.4 390 | 557 | 60.8 | 41.8
d=8 Mm
[Tepecuét no dopmyne (4) ans «Karam» 14.4 13.9 19.8 14.5 14.4
d=11.5Mm

Kp,r 1151 «iofiBerieHHOM Kariu» 1o [10] 0.967 0.810 1.160 0.949 | 0.791

Taoauna 2b. OTHOILICHUE 3HAYEHUN YJIeIbHOM MacCOBOM CKOPOCTH BBHITOPAHUS KUIKOCTEH,
WCMOJIB3YEMBIX B SKCIIEPUMEHTE 71, , @ TAKKE KOHCTAHTBI TOPEHUS Kp,r K COOTBETCTBYIO-
MM 3HAYCHUSM 711, U1 dTaHoia € = m,./ m,

Memoo| € nns cnenyromux roprounx — | l'enran | Oranon | Aueron | Okran | [T [T
[T1ockasi MOBEPXHOCTh
d=10 My 110 [5] 2.42 1 1.61 2.13
[Tnockue MoBEpXHOCTH €
d=05:1.5 M 110 [8] 4.05 1 1.90 4.05 2.70
Hnockas mopucras 127 1 138 | 149 | 0.82 | 0.88
MOBEPXHOCTh d = 38 MM
[Tnockas xuaKas MoBepxXHOCTh d = 38 MM 1.25 1 1.39 2.96 0.73 0.87
[opucras chepa 1.25 I 120 | 1.19 | 076 | 1.04
d=11.5vMm
Cranuonapuas Kans 1.39 1 143 | 1.56 | 1.07
d =8 MM
[Tepecuét no dopmyne (4) ans «Karam» 1.04 1 |43 1.04 1.03
d=11.5vMm
Kp,r n1s1 "nonBemieHHou karn' mo [10] 1.19 1 1.42 1.17 0.98

Kak yka3piBasioch paHee, BeCOBbIe M3MEpEHUsT (PUKCHPYIOTCS 5 pa3 B CEKYHIY.
[loaTOMY NpU CHATHHM MX MOKAa3aHUW BUAEOKAMEPOW M MOCTPOEHUU rpadukoB M =
f(t) u m = E(t) ¢ nUCKpeTHOCTHIO 5 niu 20 ceKkyHa HaOII0Ial0TCs «CKAYKW» Y3JIOBBIX
3HaueHui BennuuH. Ha rpaguke M = f(t) oHu HecyliecTBeHHHBI (puc. 2a u 4a), Tak
KaK Ha MPSMOJIMHEHHOM ydacTKe s pacuétoB M mo (2) OCyLIECTBISETCS CIIIaXKH-
BaHue KpuBou. OnHaKo, Ipu MOCTpoeHuu rpaduka m = E(t), ucxoas u3 pacy€ToB IO
(1), mpoucxoauT BU3yaJbHOE «YCHJICHUN» pa3opoca Touek (cM. puc. 2b u 4b).

JIist KaxK oM KUAKOCTH MPOBOAMIUCH 10 TPU OMBITA, MOJIYYSHHBIE JAHHBIE YC-
penHsiuch. OTKIOHEHHE OT CPeAHEero apudMeTHIecKoro jocturano Am =+ 0.5-107°
Kkr/(M*-¢).
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N3 tabnui 2 npu conoctaBieHun no3unuii «Ilnockas mopucTtasi HOBEPXHOCTHY
n «Il;mockas *uakasi MOBEPXHOCTH» BUAHO, UTO HAIMYKE IIIAMOTHOTO MOPOIIIKA B Y-
JUHJPUYECKONW KIOBETE MPAKTUYECKU HE BIMSJIO HA 3HAYEHUS YAECIbHON MacCOBOM
CKOPOCTH BBITOPAHMUS /1 B paMKaxX MOTPEUTHOCTH U3MEPEHUM.

JInsi cpaBHEHHsSI paccMaTpPUBAEMOr0 METOAAa HAXOXKICHHUS 71 KUAKUAX TOIUIMB
P BBITOPAHMM C TOPUCTHIX MMOBEPXHOCTEW, aBTOpamMu ObUT HCIOJIb30BaH METOJ
«cTanuroHapHoi karum» (cM. puc. 1c) [11]. M3roTtoBieHHas U3 METaTMYECKON MPo-
BOJIOKH (ILTOTHOCTBIO 2900 Kr/M’) cdepa aumamerpom 0.8 cM (ILIOmanp BHEIMIHEH 110~
BepxHocTH 2.01cM?), MOJBEIINBATACH HA MEIUIMHCKON UITIe, Yepe3 KOTOPYIO C II0-
CTOSIHHOW CKOPOCTBIO MPOJIABJIMBAJIACH TOprOYasl *UIAKOCTh MPHU IMOMOIIM MOPIIHS.
CKOpoCTh JBHKEHHUS MOPUIHS MOAOHUpanIach TaKOW, MPU KOTOPOM HAOIOAANOCh yC-
TOMYMBOE TOPEHHUE KHUJKOCTH Ha MOBEPXHOCTH cepbl Oe3 oTphIBa Kameiab. Torma
yZeJIbHAsi MaccoBasi CKOPOCTh BBITOPAHUs TOTUIMBA OMPEAEIIIACH KAK:

m = pVs/Sots (3)

3neck V. — 00bEM ropro4ero, KOTOPBI MPOTAIIKUBAETCS MMOPLUIHEM 34 BPEMS T,

So — oAb BHENIHEN MOBEPXHOCTH «CTAlMOHAPHOU chephi.

[Ipu ropennn CBOOOIHO MaNarOIIEH WM MOJABEHICHHOW Karuld HaONroAaeTcs
JMHENHBIN 3aKOH W3MEHEHUsl KBaapara e€ nuamerpa co BpeMeHeM. KoadduuueHt
MIPONOPLMOHAIIBHOCTH HA3BIBAIOT KOHCTAHTOM ropeHus Ky, [9]. Xors pasmep mon-
BEIICHHOW KaIUIM M OTPaHWYEH, MPEANOJIOKNAM, YTO €€ MOYKHO HCIIOJIb30BaTh U JUIS
OoJiee KpyInHbIX Kamelnb. [103ToMy Mmoka Ha MOBEPXHOCTH «IOPUCTON cepb» eCcTh
roproyasi *HUJAKOCTh MOXHO NpUHUMAaTh €€ 3a Oonplrylo Karuio. Torma ynenbHas
MaccoBasi CKOPOCTb BBITOPAHUSL:

m = prur /4d: (4)
rae d — quamerp Karu (cdepsbl), 1isl KOTOPOW pacCUUTHIBACTCS 71, p — IJIOTHOCTD
rOprOYEH KUAKOCTH.

AHanu3 NaHHBIX U3 Tabj. 2 MO3BOJISET YTBEP)KIaTh, UTO 3HAUEHUE YJEIbHOMN
MacCOBOW CKOPOCTH BBITOPAHMs /1 3aBUCUT OT METOJ1a €€ U3MEPEHMS, B YACTHOCTH OT
pa3Mepa u (opMbl TOBEPXHOCTU UCHIAPEHMSI, a TAK)KE MOPUCTOCTU MaTepuana cepsl.

B [12] aBTOpHI yKa3bIBalOT HA TO, YTO BEJIMYMHA CKOPOCTH TOPEHUS KUJIKOCTHU
HETIOCTOSIHHAS U U3MEHSAETCS B 3aBUCUMOCTH OT HAYaJIbHOW TEMIIEPATYPBI, AUAMETPa
pe3epByapa, YpOBHS JKHUJKOCTU B pe3epByape u Apyrux (aktopoB. COriacHO TEOpUU
ropenus [6, 9] 3Tu (hakTOpBI BXOJAT B aHATUTHUYECKOE BBIPAKEHUE IS 7l

it = Nun 1+C—p(T +L(7;W—T)—Tsj , 5)
c,d L\ % Le £

rie Temneparypsl 7y, — ropenus, T, —OKpy»Karomero Bo3ayxa, I — IOBEpXHOCTH T0-

proueil JKUAKOCTH, L — ylenbpHas TEIUIoTa NapooOpa3oBaHus, ¢, — yAeIbHas TEILIO-

€MKOCTh MapoB, A — KO3(PUIIMEHT TEIIONPOBOJHOCTH BO3ayxa, Nu u Le — uucna

Hyccenpra n JIprouca.

DTaHoJI, Y KOTOPOro BHICOKAs TEIIoTa mapooOpazoBaHus (cMm. Tabiu. 1), pasme-
JISIeT UMEIOIINE 0OBEKTHI MCCIIEIOBAHUS Ha JIBE IPYIIbI (pUC. 2) — C BBICOKOU yI€Ib-
HOM CKOpPOCTBIO BhITOpaHus (rernTaH, aieToH, oktad) u auskoit (T, I1T, M100).

[IpencraBiisieT UHTEPEC PACCMOTPEHUE MOJIYYEHHBIX TaHHBIX (Ta0J. 2a) B BEJIU-

YUHAX OTHOIIECHUM = 71,/ Hir, JJIsl pa3IMYHBIX TOPIOYUX (Ta0. 2b), MPUBEIEHHBIX K
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XapakTepHOMY roproueMy (3TaHoiy). HecMoTpst Ha TO, 4YTO MO Pa3HbIM METOJUKaM
MOJIyYeHBI Pa3IU4HbIC 3HAYEHUS #l,. (COTJIACYIOTCSA TOJIBKO JTAaHHBIE [S] U JaHHBIC
"cranoHapHOW Karuin'), HaOJIroaeTCsl MHTEpecHass OCOOCHHOCTh: BEIMYHMHBI () B
HaIIUX OMBITaX OKA3aJIUCh JOCTATOYHO OJIM3KUMHU.

JI71s1 TOpENIOK MallbIX THAaMETPOB CKOPOCTh BBITOPAHUS 71 CPABHUTEIIBHO BEJIMKA
[12]. C yBenuueHneM auaMeTpa rOpeyiKM BEeJMYMHA /1 CHayaja yMEHbIIAeTcs, a 3a-
TEM BO3pacTaeT, MOKa HE JOCTUTAET OIPEIEICHHOIO IMOCTOSHHOTO 3HAYEHUS IS
JAHHOM XKUJKOCTH (B pe3epByapax auameTpom Oojee 2 m). Ha ckopocTh ropeHus B
MaJIbIX TOpEeJIKaxX CYIIECTBEHHO BJIMSIOT CTEHKU KOPITyca TOPEJIKU: IIaMsl HarpeBaeT
BEPXHIOI0O KPOMKY CTEHOK JI0 00Jiee BBICOKOUW TeMIlepaTypbl, OTKyJa 3a CUET TEIIo-
MPOBOAHOCTH TEILJIO NEepeAacTcs KUIAKOCTH, YTO YBEJIMYMBAET CKOPOCTh €€ HCIape-
HUsI. YBEJIUYEHUE CKOPOCTU TOPEHUS C YBEIWUYEHUEM JUAMETpPa CBA3AHO C MEPEXO-
JIOM OT JJAaMHUHAPHOTO PEKUMa TOPEHUS K TYpOyJICHTHOMY (COMPOBOXKIACTCS YMEHbB-
IIICHUEM TOJHOTHI CTOpaHus, o0pa3ylolas caka yBEJIMYMBACT TEIUIONOTEPU Ha U3-
JydeHue oT miaamenn). [lpu TypOyIeHTHOM TOpEHUHU BO3pACTaET MPOIecC OTBO/A Ta-
POB OT MOBEPXHOCTH JKHIKOCTH U CKOPOCTh UCIIAPEHUS YBEIUYUBAETCS.

bimaoB u Xyzaskos [13] ycTaHOBWIH, UTO MPY TOPEHUU KUJKOCTH B IHIJIUH]IPU-
YECKUX COCYJax MalslbIX JuaMmeTpoB (MeHee 10 MM) mpu HaAOJIOIEHUN JTAMUHAPHOTO
miamMeHu (aHanorus ¢ 1ud@Py3MoHHBIM TOPEHUEM Ta3a) OCTAETCS MOCTOSHHBIM OT-

Howmenne wd’ / 4h, rie w — IMHEHHAsA CKOPOCTh BHITOPAHMS JKHUIKOCTH B cOCye, d —
TUaMeTp cocyna, & — BBICOTA TUTaMeHH. [Ipu yBemWYeHWW AMaMeTpa TOPENIKH CKO-
POCTh JJAaMUHAPHOTO BBHITOPAHUS KHUAKOCTH IMaJlaeT M MPHU MEpexoae K TypOyJIeHTHO-
My pexuMy e€ maJeHue mpeKpamnaeTcs. 3aTeM OHa BO3pacTaeT, CTPEMSICh K HEKOTO-
poMy Tipeneny. Y MEHbIIEHUE CKOPOCTH TOPEHUS C POCTOM d CBSI3aHO C TE€M, UTO TOJI-
BOJ] TEIUIa OT IUTAMEHH 3a CYET TETUIONPOBOJIHOCTH MPOUCXOUT JIHIIb Ha BHEITHEH
YacTH TOPEJIKU U TporopiroHaneH e€ auametpy. [loaBona Temna u3iaydeHueM mpo-
MOPIIMOHAJIEH TIJIOMIAU MOMEPEUYHOro ceueHus ropenku. [loaTomy aBTOpHI Tpea-
raroT 3aBUCUMOCTb THIIA 711 = b + a/d. B Toxe BpeMsl yKa3bIBalOT, 4YTO OONbIIAs YacTh
TEIJIa, OTBOJUMOTO TI0 CTEHKaM KaMephl, pACCEUBAETCS, YTO CHUXKAET 3HAYCHUE 7il.
J1J1st BBISICHEHUSI BIUSIHUS TIJIOIIAU TTOBEPXHOCTH TOPEHUS KUJIKOCTU S Ha 3Ha-
YeHHMEe MAcCOBOM CKOPOCTU TopeHus M U yjenbHOH MacCoBOH CKOPOCTH BBLIFOPAHUS
71 OBLTM TIPOBEICHBI MX M3MEPEHUS JIJIS 3TaHOJa TIPH Pa3TUIHBIX pa3Mepax Kak Iio-
CKOM, Tak U cepruueckoil moBepxHocTen (cM. Tabi. 3). Pe3ynbTaThl clienyromue.

Ilnockasn nosepxnocms. HabmonaeTcsi yMEeHbIIIEHUE BEJIMYUHBI 71 C BO3pacTa-
HUEM IUIOIIAIU MOBEPXHOCTU ropeHus (ucnapeHus stanona). CornacuHo dhopmye (5)
3HAYEHHE #1 OOPATHO MPONOPLUUOHANBHO €€ nuamMerpy. s mIockoi mOBEpXHOCTH
MCTIAPEHHUs MOKHO MPUHSATH TapaMeTp 7itd = const.

[Ipu o6paboTke hoTon300paxkeHui nIaMmeHu ObI0 ycTaHoBIIEHO [14, cTp. 178],
YTO MaccoBasi CKOPOCTb FTOPEHUs], OTHECEHHAs! K PPOHTY IJIaMEHU AJI1 OHOTO U TOTO
K€ TOPIOYEro BEILLECTBA HE 3aBUCUT OT BEJIMYMHBI U (POPMBI MIIOCKON MOBEPXHOCTH
UCIIAPEHUs U SIBJSIETCS] OCTOSIHHON BEIMYMHOM. DTOT ()aKT HAalOMUHAET BBEJCHUE
HOpPMaJIbHOM CKOPOCTH PacHpOCTPAHEHHUs ra30B MpU TOPEHUH ra3oBbIX cmeceil. Of-
HAKO MOJOOHBIN CIIOCO0 OIpeeeHH s 71 ABIAETCS TPYAOEMKUM.
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Taboauua 3. Biusuaue mnomany v GopMbl TOBEPXHOCTH HA SIKCIIEPUMEHTATBHBIE
3HAuEeHHs MACCOBOM CKOPOCTH TOpeHHs 3TaHona M [10*6 Kr/c] ¥ yIeIbHOW MacCOBOM
CKOpPOCTH BBITOPAHHS 1l [1073 Kr/(M2 -c)]. 3necy d — nuamertp B MM, S — MIIOIIAAb
IOBEPXHOCTH B MM°, ritd [107 kr/(m-c)].

Ili10ckasi mopucrasi HOBEPXHOCTh Ilopucras chepa
d v — 23.5 40 68 dwu — | 115 21.0 35.0
S = nd*/4 433 1256 | 3630 S =nd" 415 1385 3847
M 12.4 18.1 36.0 M 11.3 28.6 16.6
Mlscen 28.7 14.0 9.9 Hloen 27.1 20.6 16.7
rd 0.67 0.57 0.68 rd 0.31 0.43 0.58
Hilpacq 110 (6) 23.7 31.2 41.2 md "% 8.89 7.89 7.20
Hipace 110 (7) 23.2 26.5 38.7 md "7 3.64 3.64 3.68

Ecmu B [5] bapatoB A.H. nmpuBOauT pe3ysbTaThl, NOJIYYEHHBIE NIPA CTAHIAPT-
Hou meroauke, onucanHou B 'OCTe 1984 ropa, rae ucciienoBaHusi MPOBOJATCS HA
ropenke oaHoro auamerpa d =10 mM, To B 6osee mo3aHeM ['OCTe 1991 roma [15]
JMaIia30H UCIOJIb3YEMbBIX Pa3MEPOB ropeok pacmmuper ot 10 go 60 mm. [Ipu yBenu-
YEHUU pa3Mepa TOpesIKU MPOUCXOJIUT MEPEXO] OT JAMHUHAPHOTO PEXUMa TOPEHUS
yepe3 MyJIbCUPYIOUUN K TypOyJIeHTHOMY (CM. pUC.3b — SKCTIEpUMEHTHI aBTOPOB CTa-
ThU, TUAMETP KIOBETHI C MIaMOTHBIM MOpomkoM d =60 mM). OTMedaeTcsi, 4To B yCIIO-
BUSIX JJAMUHAPHOTO rOpeHus (MIPU OTCYTCTBUU KOJICOaAHUH U 3aKpyYMBAHUU TUTAMEHH )
napameTp 7itd MOHOTOHHO YOBIBAIOT WJIM CJ1a00 MEHSIETCS C YBEJIMUYECHUEM JuameTrpa
ropenku. Jls mepexoaHOro pexMMa TOpPEHUsI XapaKTepHO BO3pacTaHHUE 3HAUYCHUI
md.

Pexxum ropeHust U 3HaYEHUE YJIEIbHOM CKOPOCTH BBITOPAHUS KUJKOCTH MOMKHO
paccuuTath 110 unciy I'amunes Ga=gd’ /v: u 6e3pasMepHOil CKOPOCTH BHITOPAHHS

M [15]. Tak 115t IEPEXOHOTO PEKUMA, KOTOPBIM U HaOIIOJaNICs B OKCIIEPUMEHTE:
1.5

=M pyv id, v, =33.5-10°| 12| | i = ABGa"™* mpu 3-10° < Ga<4.8-10°,
u,
02320/ r—(T, T 2
420570407735, B=222@lr= ey = 1) o pone Moo 6)

2 5 ’
L+c(T,-T,) Hony, Heny
rac Vv’ pv — KHHEMAaTHU4YCcCKadad BA3KOCTL U IINIOTHOCTH HapOB HpI/I TeMHepaType KUIIC-

HUSI TOPIOYEH KUIKOCTH B [MZ/C] 51 [KF/M3]; Q — Hu3Mmas yjelbHas TEIIoTa Mmapooo-
pa3zoBanus B [K/[K/kr], L — ynenbHas TeruioTa napooOpa3oBaHUs >KUIKOCTH IpPU
TEMIIEpaType KUIeHus B [KJ/MOIb]; Lo U [y —MOJIIPHBIE MAcChl KUCJIOPOJA U KU
KOCTH B I/MOJIb; o U Iy — CTEXUOMETPUYECKHE KOD(PPHUIIMEHTBI KHCI0POAa U KUIKO-
CTH B PEakluM ropenus, I, — Temreparypa okpyxaromei cpensl (293 K); ¢ — uso-
OapHas TeroéMKocTh NpoaykToB cropanud (¢ = 1 xx/kr-K); ¢, — cpennsis nzobap-
Hasl TEIVIOEMKOCTD KUJKOCTU B MHTEpBalle OT 1, 10 7).

Jlist oTaHona ¢ p, = 789 kr/M’, ¢, = 2.5 kJx/(kr-K) pe3yasraTs pacuétos 1o (6)
npencraBieHsl B Ta0n. 3. BumHo, 4To mMOdy4YeHHBIE SKCIIEPUMEHTANIbHBIE U PACUET-
HBIE 3HAYEHUS YIEIbHOHM MAacCOBOH CKOPOCTH BBITOPAHMS Hilygcy M Mlpaey 3aBUCAT OT
IuameTpa ropesiky.
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B I'OCTe [15] 3a cKOPOCTH BBITOPaHHS UCCIIEAYEMOM KUJKOCTU MPEIIAracTcs
MIPUHUMATH CKOPOCTH BBITOpaHUs B TypOyJIeHTHOM pekume. PacuéTHbiil quameTp ro-
penku 10 M. [Tpu 3TOM 3HaUEHUE /i1 MOKHO OIIEHUTH 0 (popmyiie

i = 0.168ri, (d,” /v, ), (7)
IJI€ 71, — DKCIIEPUMEHTAJIbHOE 3HAUEHHE CKOPOCTH BBITOPAHHUS B MEPEXOTHOM PEKU-
M€ ropeHus (0T JaMHUHAPHOTO K TypOYJIEHTHOMY) IIPU JUAMETPE ropeyiku d,. Pe3ymb-
TaTel pacu€ToB 1o (7), mpeacTaBileHHbIe B Ta0i.3, MOKa3bIBAIOT HA COINIACOBAHUE C
pacu€éTHBIMU 3HAUYCHUAMH 110 (6). CTOMT 00paTUTh BHUMAHUE, YTO pacuETHBIC 3HAUE-
HUSl Mipaey CHIBHO 3aBUCAT OT pa3Mepa TOpPENKH M INPHONIMKAIOTCS K yKa3aHHOMY
CIIPAaBOYHOMY 3HAYEHUIO [5] MpHU YBEIMYEHUU AHAMETpa TOpesiku yxke mpu 70 mwm.
Pacuérel gy TypOyJIeHTHOTO pekrma ropeHus npu d ropenku =10 M 1aér 3HaueHue
i1 =60-10" kr/(M>-c).

Cohepuueckan nogepxnocmsp. Kax BUIHO U3 SKCIIEPUMEHTANBHBIX PE3YIbTATOB
ropeHus Ha nopuctou cdepe (cm. Tabi. 3), ¢ poctom auameTpa chepsl d BO3pacTaeT
napameTp 7itd, 9T0 0OOBSCHSIETCS POJIbI0 KOHBEKITUH.

Cornacno Crnonaunry [16, ctp. 165] npu roperHnu chepudeckoit YacTHIlbl mid ~
d”. Tlpn MISHOYHOM PEeXMME KHIICHHH XKHIKOCTH B COCTOSIHWUM HACBHIMCHHST Nu ~
Gr'? ~ & [16, ctp. 237]. AHaTOTUYHO, TP TEIUIOOTIa4€ €CTECTBEHHOW KOHBEKIUN
Ha cdepe Nu ~ G ~ ¢ [17, ctp. 231]. 13 Tabu. 3 cieayer, 4To IKCIePHMEHTAb-
HbIC 3HA4YeHUS 7id > yOBIBAIOT C yBeIHYeHHeM auamerpa cdepsl. [IOCTOSHHBIM Oc-
Taetcst kommieke rid” . To ectb, ucmons3ys (5), umeeM rid ~ Nu ~ d””>. Dto Mox-
HO OOBSACHUTH YCUJICHHEM Mpollecca TeII000MeHa MPpU COBMECTHOM JIEMCTBUU €CTe-
CTBEHHOM KOHBEKIIMHU U UCTIAPEHUS TOPIOYEH KUKOCTH.

BeiBoabl. [IpuBoanMele B CIpaBOYHON JINTEPATYPE 3HAYEHUS YAECIBHBIX MACCO-
BBIX CKOPOCTEH BBITOPAHHUS )KUJIKUX TOIUIUB /1 y Psiia aBTOPOB, IPOBOJAUBIINX U3MeE-
pEeHMs, OTJIMYAIOTCS ApYr OT Apyra, Npu4yéM, BecbMa CYLIECTBEHHO (CM. Tadx. 2a).
D710 00BACHAETCS pa3HOOOpA3UEM METOMUK, B KOTOPBIX UMEIHM MECTO pa3Hble TEXHU-
YECKHUE NapaMeTphbl 3KCIEPUMEHTAIBHBIX CTEHJOB, PEXUMBI TOPEHUS U AJITOPUTMBI
00pabOTKM MOJYYEHHBIX pe3ynbTaToB. Tak, OT MIIOIIAau 30HBI BhIrOpaHus (M, ecre-
CTBEHHO, IMaMeTpa TOPEJIKH) 3aBUCUT PEXHUM FOPEHUs TOIUIMBA — JAMUHAPHBIN, I1e-
pPEXOIHBIN, TypOyneHTHbIA. Takke Ha pe3yJabTaThl U3MEPEHUH 71 OKA3bIBACT BIUSHUE
HadajbHas TEMIIEpATypa KXKUIAKOCTH, €€ YPOBEHb B FOPENKE, TEILUIONPOBOJAHOCTh Ma-
TepHrajia KOpITyca TOpPEJKH, €ro TOJIINUHA U JIP.

AHanmu3 3TUX (PaKTOpOB, TAOJUYHBIX 3HAUEHHUM U UX COMOCTABJICHHUE C ONBITHbI-
MU JaHHBIMHU, TIOJIyYEHHBIMUA aBTOPAMH HACTOSIIEH paOdOThI C UCIOJIb30BAHUEM COO-
CTBEHHOT'O OPUTMHAJIBHOTO JKCIIPECC-METO/1A, MTOKA3aJl, YTO BIIOJIHE OIPABIaHO BBE-
neHue Hekoero napaMerpa 2. OH oTpa)kaeT CONOCTABICHUE U3MEPEHHOIO 3HAUYCHHUS
CKOPOCTH BBITOpAHUS MCCIIEyEMOT0 TOIJINBA /i1, C MOAOOHOW BETUYMHOM AJIs ITa-
JIOHHOTO TOpIOYEro ri,. B kadecTBe TakoBOro Obul BBIOpAH pacHpOCTPaHEHHBIM U
JOCTYIIHBIM B 3KCHEPUMEHTAIBHON NPAKTUKE 3TaHOJ. CpaBHEHHE BEJIMYMHBI Iapa-
metpa € = r,./ Hi,, PACCUUTAHHOTO JUIsl pa3HBIX TOPIOYUX JKUJKOCTEH (cM. Tabi1. 2b),
IIOKAa3aJI0 HE CTOJIb 3HAYMTEIBHOE paznyue ), KaKk 3TO UMEET MECTO IS 7il.
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[IpenmyiecTBOM MPENTIOKEHHOTO aBTOPAMHM METOJAa C MOPHUCTBIMHU ITOBEPXHO-
CTSIMH (TUIOCKUMU U c(pepudecKUMU) AJIsl OIPEEIICHUS MAaCCOBOM CKOPOCTH TOPEHUS
M (a no Heii pacuéra yneabHON MacCoBO CKOPOCTH BHITOPAHUS 7i1) ABISAETCS HAJU-
qrie Ha 3aBUCUMOCTH M = f(?) JUIMTETHLHOTO BPEMEHHOTO yJ9acTKa C XapaKTEepPHOH JIH-
HEWHOCTBIO YOBLITU Macchl. Tak, B MeTo/ie MOPUCTON c(ephl JIMHEHHBIN y4acTOK 3a-
HUMaeT 00Jiee MOJOBUHBI OOIIETO BPEMEHU TOPEHUS B OTIUYHUE OT BHITOPAHUS C TUIO-
CKOI IOBEPXHOCTH, TJI€ YUaCTOK COCTABIISIET 0KO0JIO 1/3 MM MeHbIe OT 00LIero Bpe-
MeHU. [loBEepXHOCTh HMCHapeHHsl rOproYero M3 oOpasla Ha 3TOM MPSIMOIUHEIHHOM
Y4aCTKE OCTaeTCs MPAKTUYECKH ITOCTOSSHHOM. B mpemaraeMoM MeToae MOpUCTOU
cdepsl, COrIacHO pucC. 3, MyJbCallMU IJIaMEHU BO3HUKAIOT BAaH OT cdepsl. [loato-
MY UCITAPEHHE JKUIKOCTH IPOUCXOIUT ITPAKTUUECKA PABHOMEPHO C €€ MOBEPXHOCTH.

Emé omanM npeuMyniecTBOM MPEIJIOKEHHOTO IKCIPECC-METONA SIBISAETCS BO3-
MOYHOCTb CaMOCTOSITEIbHO CO3/1aTh ONBITHYK) YCTaHOBKY HAa OCHOBE JJIEKTPOHHBIX
BECOB C TOUHOCTHIO | MI' U 0OBIYHOM BeO-KaMephl 0€3 UCIIOJIb30BAHUS CIIELIUAIBLHOTO
MHCTPYMEHTA M TEXHOJOTUYECKOTro HaBbIKa. [[j1s1 mpoBeneHus ONbITOB TpeOyeTcs He-
00JIbIII0E KOJMYECTBO KHUIKOCTH,

MeToa HOPUCTBIX MOBEPXHOCTEW MO3BOJIAET AOCTATOYHO OBICTPO MPOBECTU
CpaBHEHUE YCIBHBIX MACCOBBIX CKOPOCTEH BHITOPAHUS KUJIKUX TOILTUB (B TOM YHC-
Je cMmecel, IMyJIbCUI U TOIUIMB C OOJBIION BSI3KOCTHIO) OTHOCUTEIBHO HEKOTOPOM
IIUPOKO MPUMEHSEMOM KUIKOCTU (Hampumep, 3TaHoia). [Ipu aTom ciemyer oTMme-
THUTb, YTO CPABHUTEIBHO JTOCTOBEPHBIM PE3YyJIbTATOM SIBISIETCS OTHOCHUTEIIbHAS BEJIH-
yrHA (2, TaK KaK KOJWYECTBEHHOE 3HAYEHUE YAECIbHOW MacCOBOW CKOPOCTH BBITOpPa-
HUsSL 71 B 9TOM METOJIE MOKET 3aBUCETh OT pa3Mepa IOp OrHEYINOPHOIO0 MaTepuala,
YTO MPEJICTABISET COO0M 3aauy OyAYIIUX UCCIIECIOBAHMIA.
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Bu3zHa4eHHS IIBUAKOCTI BUTOPAHHSA PIAKOr0 NMAJIHBA

AHOTAILILA

Y pobomi pozensioaecmoca sanpononosanuil agmopamu exKcnpec-memoo eKcnepumeH-
MANbHO20 BUSHAYEHHS MACOBOI UWBUOKOCMI 8U2OPAHHS PIOKUX 20piouux peuosun. Onucyromo-
¢ 00cniou, wo NPoBOOSIMbC 3 PIZHUMU PIOUHAMU, SKUMU NPOCOUYBATUCT SUPOOU 3
MepMOCmItiIKo20 NOPUCMO20 Mamepiany y eueiiadi cghep abo nioCKUX YuriHOpudHUX «mao.e-
moxy pisHux Oiamempis. L[i eupobu nomiwanucsa Ha yughposi eazu ma niONAIOBANUCH.
Bioeoxamepa, 3icmukoseana 3 komn'tomepom, 3anucyéana NOKA3AHHA 6a2u 1 OOHOYACHO
giocmedicyeana npoyec 2OopiHHA, (IKCyrouu 3HauyenHs nomounozo uacy t. Ilpu obpobyi
gioeogaiiny 6y0ysanacs 3anedlcHicmes mMacu piouHu, wo 8ueopse Ha 3pasky 6io uacy M = f(t).
Ha yvomy epapiyi euoinsanacs niniiina 0inanka 0nsa UMIPHOBAHHS WUEUOKOCHI 3MEHUEHHS Md-
cU, a 3a Helo po3paxosysanacsi NUMoOMAa MAco8a WEUOKICMb ueopsaHHs piounu m. Pesyrbma-
My NOPIBHIOBANUCS 3 OAHUMU, OMPUMAHUMU THUWUMU OOCAIOHUKAMU Y 00CAIOAX 3a PI3HUMU
Memodukamu BU3HAUEHHA: 30Kpema, 3 memoodamu "cmayionapnoi cgepu”, "niosiwenoi
Kpanni", ucopsanHs 6 mpyouacmomy NaibHUKy, a MaKoic 3 NI0CKOIO BIIbHON NOBEPXHENO.

Knrouoei cnoea: nopucma cpepa, weuoxicms 20pinHs, piouna
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Chernenko A.S., |Shyngarov G.L.,| Ivanov M. A., Kalinchak V.V,
Kopiyka A.K.
Measuring the burnout rate of flammable liquids

SUMMARY
The article discusses the express method proposed by the authors for experimental mea-
surement of the mass burnout rate of liquid combustible substances. Describes the experi-
ments carried out with various liquids, which impregnated products made of porous heat-
resistant material in the form of spheres or flat cylindrical "tablets" of different diameters.
These products were placed on digital scales and set on fire. A video camera connected to a
computer recorded the readings of the scales and simultaneously monitored the combustion
process, fixing the value of the current time t. When processing the video file, the dependence
of the mass of the liquid burning on the sample on time M = f(t) was plotted. On this graph, a
linear section was allocated to measure the mass loss rate, and the specific mass burnout rate
of the liquid m was calculated from it. The results were compared with data obtained by other
researchers in experiments using various methods for determining m. in particular, with the
methods of "stationary sphere"”, "suspended drop", burnout in a tubular burner, and also from
a flat free surface.
Key words: porous sphere, burning rate, liquid.
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Fume emissions by electric arc during gas metal arc welding

The influence of welding arc regime on the welding fumes formation is studied by numeri-
cal modeling via description of separate processes inside the space charge regions near elec-
trodes in the welding arc with consumable electrode. The modeling comprises the calculation
of temperature profiles for electrons and heavy component, calculation of space distribution
of gas components’ number densities, of gas particles’ mean free pathes, of electric potential
and field, calculation of the heat transfer from electrode wire (anode) to molten pool (ca-
thode). The formation of high temperature metal vapor from molten pool to environment as a
function of arc current is demonstrated. The nucleation in the plasma of welding fumes is
considered with taken into account ionization of vapor atoms via their interaction with nuc-
leus surface. The growth of nucleus droplets via vapor condensation and coalescence is cal-
culated. The coagulation of solid primary particles for various values of welding current is
calculated and inhalable particle size distribution is demonstrated.

Keywords: Welding arc, Plasma, Metal vapor, Condensation, Coagulation

1. Introduction. The arc welding is based on the electric discharge in gas with
high amperage, which is called an electric arc. Electric arc causes ionization of the
gas atoms and forms the plasma with temperature about 10000-20000 K, which al-
lows to use the electric arc for melting and welding of metals.

The arc column is surrounded by shielding gas, which protects the molten metal
in droplets and weld pool from oxidation. The shielding gas is evaporated from elec-
trode covering in shield metal arc welding (SMAW) or is injected into welding work-
space in gas metal arc welding (GMAW) and gas tungsten arc welding (GTAW),
which are different by type of electrodes. The consumable or non-consumable elec-
trodes can be used in arc welding with shielding gas. In the first case (GMAW), there
is a melting of welding wire and transfer of metal droplets to weld pool, where the
weld joint is formed. In the second case (GTAW), the electrode i1s used only for arc
providing, and the welding wire is entered directly into the weld pool.

Arc welding create the serious ecology dangers, because it is the source of weld-
ing fumes, which are formed via metal vapors condensation, and has toxically hazard
for human and environment. The study of these dangers and their minimization are
the important problem, as the arc welding is used very widely.

The experimental studies of electric arc in the welding process are complicated
because arc column is not stable, but continuously moves on the welded surface. The
optical or probe techniques are inapplicable in these conditions. Only high-speed

DOI: 10.18524/0367-1631.2022.60.267071
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photography in the visible and infrared ranges allows to record the droplets transfer
and temperature distribution in arc.

Therefore, search of the welding arc authentic computer model is the important
problem. Many authors calculate the arc plasma parameters via numerical solving of
the classical equations system [1-8]. It is difficult to understand at such approach,
how this or that process influence the arc parameters and welding fume properties.

The simplified sequential modeling of separate processes in boundary layers of
plasma near anode and cathode is proposed in the present paper. Thus, modeling
comes down to the solution of separate tasks, such as space distribution of tempera-
ture or particle number densities, in the anode and cathode regions. These tasks are
united in the common problem, as processes influence at each other, which is solved
by approximation method. The purpose of modeling is determination of vapor forma-
tion rate, which 1s flowed out from molten pool to environment, because this metal
vapor is the source of welding fumes.

The temperature of welding wire tip is about of boiling temperature, when arc
welding with consumable electrode is used. Therefore, metal vapor forms the layer
near electrode tip surface with high number of the iron atoms [9], which provide the
electron and ion number densities via thermal ionization. These free charge carriers
provide the space charge regions near anode and cathode, which determine the elec-
tric current through arc. The space charge region is the main research object in the
presented modeling.

The high-temperature metal vapor from arc mixes with the shielding gas and
cools. At some temperature the vapor supersaturation reaches critical value, which
provides the nucleation beginning. The heterogeneous ion-induced nucleation occurs,
because vapor-gas mixture is ionized. The presented consideration of nucleation is
took into account the exchange of charges and energy between ionized environment
and nuclei. The droplets of nuclei grow via vapor condensation and coalescence up to
solidification. Then coagulation of solid primary particles occurs. These processes are
considered in the present paper for various values of welding current.

The consideration is focused on conditions of our experiments [10, 11]: reverse
polarity, when electrode wire is positive (anode) and the molten pool is negative (ca-
thode); welding wire with 0.8 mm diameter; arc voltage of 18 to 30 V; arc current of
50 to 150 A; wire feed speed of 4 to 12 cm/s; shielding gas flow rate of 6 to 12 Ipm.
The plasma outside near-electrode layer is considered in the local thermodynamic
equilibrium (LTE) with temperature 7, = 15000 K, for definiteness [6].

2. Modeling of welding arc.

2.1. Temperature space distribution. The traditional description of arc plasma
adjacent to anode surface is based on division of the near-anode layer into several
zone [8, 12], such as sheath, presheath and arc column. The sheath zone is a space
charge layer, where the plasma neutrality is disturbed and the potential drop between
plasma and anode is formed.

The mean free path of iron atoms near consumable electrode (which is anode,
when reverse polarity is used) with temperature 7,, ~ 3000K is described by the fol-
lowing expression [8]:
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1
A, = ~lpm , (1)
n

aw<a

where Q =4nr’ is the atom collision cross section; r, is the atom radius;

n, = P! kT, is the atom number density near electrode tip surface; kz is the

Boltzmann constant; p,, 1s the saturated vapor pressure over electrode surface,
log,,(p,,)=A—B/T,, 4 and B is the Antoine constants for iron vapor.

The Eq. (1) is defined the Knudsen layer with collisionless plasma near anode
tip surface. In the Langmuir sheath model [13] is noted that description of heat trans-
fer from the plasma to the electrode using plasma thermal conductivities cannot be
used in collisionless layer. Instead, heat transfer from the plasma to the electrode is
determined by the charged particle fluxes through the layer.

The presheath zone is the region of non-isothermal quasineutral plasma, where
the electrons and ions are generated via thermal ionization [12]. This consideration
assumes that Debye screening length rp is essentially smaller than the mean free path
Eq. (1). However, the metal vapor from consumable anode influences the physical
properties of arc plasma and, consequently, the processes of mass, energy and charge
transfer [7, 14].

In this case, as it demonstrated below (Fig. 3), screening length near anode also
1, ~ lum. Therefore, near-anode layer cannot be divided into sheath and presheath in

this case, and for atoms, which are evaporated from electrode, Fourier’s law with
Newton’s law of cooling can be used and allow defining the temperature gradient
near electrode surface [15]:

dl"  h,

Z:;(Tpl_T)a (2)
where /. 1s the heat transfer coefficient, k is the thermal conductivity, z is the coordi-
nate directed from welding wire to molten pool, and radiation loss is neglected.

The heat transfer coefficient for wire electrode 4, ~3kWm 2K ' [16], and ther-
mal conductivity is

1 mc v, (T)
k(T)=—pc L v, =—22T 2 3
( ) 3pcp aVTa 3Qa ()

where p = n,m, is the mass density; m, is the iron atom mass; ¢, = SR/2p 1s the isobar-

ic heat capacity; u is the iron molecular weight; v, (I)=+/8k,T /m, is the atom

thermal velocity, R is the ideal gas constant.
Thus, it is possible to defined the characteristic length for Eq. (2) as

k T,
l:h_:lpl ?p

c

where [, =m,c v, (T,)/3Q,h, (in the system under consideration /, =15um). Ac-
cordingly, Eq. (2) can be presented in the following form
ar _T, =T [Ty
dz ) T

pl

4)
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This equation has cumbersome solution that, however, can be approximated by

function
1

__\is

T,(2)= {T]jf -~ (lef —~ T;'S)expl—zj ; (5)
pl

which is presented in Fig. 1 together with solution of Eq. (4). The electrode tip tem-

perature is 7,, = 3000 K; the temperature in arc region is 7,; = 15000 K. The defini-

tion 7}, is used for heavy component (ions and atoms).

2.2. Space distributions of gas particles. The vapor mass flow from consumable
electrode wire is J,, = 4, j, ., where

: / u
= , 6
-]OFe psat ZTCRTW ( )

is the iron vapour mass flux from electrode in the Hertz-Knudsen-Langmuir approx-
imation [17] and 4w is the tip surface area.
This flow 1s mixed with shielding gas mass flow J,: J

=Jop +J,, - The mix-

mix
ture flow divergence along coordinate z in the linear approach is

dJl . J
&z, )
7 Z,
where z, is the mixing length, which is defined as z, = kd,,; d,, 1s the welding wire di-

ameter; k£ = 0.4 is the Karman-Prandtl constant [18].
From Eq. (7) follows J,, = J exp(z/z,) and J, =J (exp(z / ZO) — 1) .

The conservation of iron mass requires g,,J,

mix

=J,z», Where g 1s the component
mass fraction. Hence,

gr(z)=exp(-2z/2,), &,(z)=1—exp(-z/z,) (8)

The analysis of the experimental data [19] demonstrates that distribution of ratio

gr/gs; along coordinate z 1s described well by Eq. (8), which allows to calculate the
available for ionization atom number density

(z
4 (Z) — g]é(T)patm ) (9)
31,(2)
where p,,, 1s the atmospheric pressure.
The atom ionization in the arc column occurs via electron-atom collisions and
via photoionization by UV radiation. However, photoionization performs weak effect
on the ionization balance [20], which, therefore, can be determined by Saha equation

[21]

nn . E.
—L=—ty (Texp| ——2 |=K (1), 10
) (T) p[ kBTj s(T) (10)

where n,, n; and n, are the average number densities of electrons, ions and atoms, re-
spectively; n, = ny, — n;; Z; and X, are the ion and atom statistical weights; v(7T) =
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3/2 . . . . .
Z(mekBT / 27ch2) is the effective density of the electron states; E;,, is the atom ioni-

zation energy; i is the Plank constant; K is the Saha constant.
In the unperturbed plasma the neutrality condition n, = n; = n, 1s valid, where n,
is the unperturbed number density, which value follows from Saha equation for each

component:
n, (z)= Ksj(Th(Z)) 144 nAj(Z) 1
" 2 Ky(T,(2)) )

and atom number density for each component is
n,(z) =n,(z)—n,,(z). (11)
The space distribution of the unperturbed number density n0(z) is presented in
Fig. 2. Distributions of the iron atoms’ number density and the number density of
shielding gas atoms are also presented for two types of shielding gas: argon and car-
bon dioxide. The carbon dioxide is dissociated in the arc plasma to CO, O and C;
however, CO2, CO and O have ionization potential about 14 eV. Carbon ionization
potential 1s 11.3 eV. Therefore CO2, CO and O atoms are combined in n,co. The
temperature dependency of carbon dioxide decomposition go(7) from [22] was used.
Almost all iron atoms are ionized at the distance from anode more than 1 mm, be-
cause they have lowermost ionization potential (7.9 eV) in this system.

no(z)zznw ’

2.3. Mean free paths of gas particles. Mean free path of the particle is defined
by its thermal velocity v, =+/8k,T"/ mm and collision frequency with target particles
fih=v,/f [23].

The collision frequency is
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S =m0, \ V% + Vé (12)

where n, is the target particle number density; Q) , is the particle collision cross sec-
tion.

The collision cross section of the neutral particles is determined by their radius-
es, for example, the atom-atom collision is described by cross section
Q. =n(r,+r,)" = 4nr’. The collision cross section of the charged particles is deter-
mined by impact parameter b, = ¢*/3k;T, (for single charge) [24], for example, the
electron-ion collision is described by cross section Q. =mb;IlnA, where

InA = In(r, / b,) is the Coulomb logarithm, r,, =/k,T. / 8ne’n, is the Debye screen-

ing length, where T, is the electron temperature [3, 4].

Because the temperature varies along z in the boundary layer, the collision fre-
quency also 1s changed, and those or other kinds of collision can prevail in the differ-
ent layer areas. Therefore, resulting collision frequency is defined as sum of individ-
ual frequencies: f, = f.; + f., for electrons and f; = f; + f;, for ions (scattering on elec-
trons is neglected because of a little momentum transfer).

Thus, the mean free paths for electrons and ions are

1 1

A, =—"""— = :
© Q410 " V2(nQ, +1,0,)

The space distributions of electron and ion mean free paths in the boundary

layer are presented in Fig. 3 together with Debye screening length. In addition, the

mean free paths for ion-ion and ion-atom collisions are presented in this figure, from

which clear that 1on-atom collisions dominate at electrode surface. However, the situ-

ation becomes reverse outside the Knudsen layer, where A;, >> A;; and, therefore, ion
thermalization occurs, 1.e. 1ons acquire common velocity.

(13)
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The particular interest represents the distance from which electron or ion reaches
the electrode surface (A(z) = z): for electron this distance is A, =1.7wm and for ion

Ao =1.4wm in the system under consideration.

It should be taken into account that electron mean free path is greater than ion
and atom ones. Therefore, cooling of electrons in the boundary layer must lag from
the temperature of heavy components. The electron temperature can be calculated via
consideration of energy transfer in collisions [25]:

dT, _T,-T,
d§ Ao

e

(14)

where & =z, — z 1s the coordinate which is digitized from the sheath boundary z,,
where { =0 and 7T, = Tj; L. = A(&) and T;(&) 1s described by Eq. (5).

The result of numerical solving of Eq. (14) for z, = 50 um is presented in Fig. 4.
This solution is approximated well by following function:

T.(2)=T,(2)+(T, —Tw)exp[—i+0.92ln&), (15)
A‘eO T pl
from which follows that electron temperature at the anode surface 1s 7,, ~ 5800 K.
For molten pool equations (4) and (14) should be solved with temperature 7,, = 2000
K. Then electron temperature at the cathode surface is 7,,, ~ 5000 K.

The Coulomb logarithm, which is necessary for calculation of electron and ion
mean free pathes, contains the Debye screening length, which depends on the elec-
tron temperature. Meantime, the parameter A,y is necessary for calculation the elec-
tron temperature by equation (15). This problem was solved by approximation me-
thod, where A,y was chosen as a parameter for minimization of difference between in-
put and output values. Thus, the dependencies (5) and (15) were taking into account
for calculation of particle mean free paths A(z) and Debye screening length rp(2),
which are presented in Fig. 3.

2.4. Equilibrium electric potential. The welding arc is the nonequilibrium sys-
tem with high value of current. However, it can be considered as a hypothetical equi-
librium system without current, where current causes the deviation from equilibrium
values.

The electric potential space distribution between two flat electrodes in the equili-
brium plasma as solution of Poisson equation is presented in Jacobi elliptic functions
[26]. If the distance between electrodes L > 8rp, the potential space distribution with
respect to the bulk plasma potential can be described in the following form:

20, 20,
__ inf o) inf o
O(x)=In (tanhx ;W j | (tanh xm2 xj B ) (16)

where ®© = ed/kpT is the dimensionless relative potential; x = z/rp is the dimensionless
coordinate; @’ 1s the dimensionless relative potential of welding wire with coordi-

nate z = 0; @ 1s the dimensionless relative potential of molten pool with coordinate z
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= L; x"" is a value of the coordinate which approaching the potential asymptotically
tends to infinity: x" = In|tanh(}, /4) , xI" = L/, ~Intanh (@}, / 4).

Boundary relative potential distributions can be obtained from Eq. (16) in a
semi-infinite approach for wire electrode

@ N
tanh M =tanh—* o, Lexp| — o , (17)
4 4 r,(2)
and for molten pool

®,(2))_, D z-L
tanh[Tj—tanh 2 exp[rD(Z)j. (18)

The resulting total potential is the sum ¢ = ¢+¢,;, where the bulk plasma poten-
tial gppl characterizes the size of operation that is necessary for the plasma to gain
some volumetric charge [27]. The bulk plasma potential ¢,, for the plasma layer is de-
termined by both boundary conditions [26],

kT )
9, =—20 tanh(q)wzq)’"j. (19)

e

The equilibrium relative potential of electrode (without current) is determined
via balance of the electron and ion fluxes on the electrode surface, and in the colli-
sionless plasma it is represented as the floating potential of Langmuir probe with tak-
en into account the thermionic emission from electrode, which is described by Rich-

ardson’s equation
. dmm (k,T,) /4
-]eT: ( BS ) eXp _—ff H (20)
(2757’2) kBTW
where W, =W —e,JeE,, is the electrode work function W with Schottky correction;
E,, is the surface field strength [26]:

kT, V
E =2-t2-<ginh—*—;
er, 2k,T,,
V. =k,T, @ is the potential barrier in the plasma near electrode wire in the arc cur-

rent absence. The Schottky correction describes the decrease in electron work func-
tion W as a result of the image force action [28] and only for negative potential bar-
rier is applicable.

The electron adsorption flux through the Knudsen layer [29]

1
Y =—n'v ex 21
.]e 4 0 p k TW ( )
and the ion flux to electrode through the potential barrier
n’ |viyexp| — VWW , V,>0
jiw = 70 X kBTh ) (22)

Vg, Vv, <0

w
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where v =./8k,T)" / mm, is the electron thermal velocity; v}, =+/8k,T," / mm, is the

ion thermal velocity; vy :\/kB (Thw +T€W)/ m, 1s the Bohm velocity [30] and n,, =

no(Ay) 1s the unperturbed number density outside the collisionless Knudsen layer [2],
at the distance Ay from electrode (see Fig4);T" =T, (7%0) ~6400K and

T," =T, (M, ) ~ 5000K K. The ion flux from electrode, which is caused by evaporation

(Jopo / m,) expl(W —E_ )/ k,T ], can be neglected because it much less than others.
Hence, the equilibrium potential barrier in the plasma near electrode without

current
w W
®° =In Vs +V€(Tw) L, exp| ——ZL ||. (23)
Ve ng T ksT,

The equilibrium potential barrier near molten pool is determined by following

equation
m w
CD; — ln VB + ve (T;n) Tm eXp _ eff , (24)
v ny T k,T,

eT
where v, 1s the electron thermal velocity; v, 1s the ion thermal velocity; v

o 1s the

Bohm velocity and »" 1s the unperturbed number density at the molten pool.

In the system under consideration the equilibrium relative potentials are: @ =
—4.6 (¢}, = —2.3V)and @ =—5.7 (¢;, = —2.5V). The bulk plasma potential is ¢,; =
2.6V.

The total potential space distribution ¢(z) = ¢(z) + ¢, is presented in Fig. 5 to-

gether with field distribution, which strength is determined by following equation
[26]
kBTe(Z) , e(p(z)
sinh :
erD(z) 2kBT;(Z)
Presented in figure 5 potential and field distributions are calculated for the plas-
ma without arc current and correspond to modeling of authors [1] for low current and

electrode temperatures of 3000 K and 4000 K. The electrode potential barrier de-
creases with increasing 7,,.

E(z)=2 (25)

2.5. Electric current across arc. The total arc voltage U, can be presented as
sum of voltage drops at electrode wire 6U,,, at arc column oU,,. and at molten pool
oU,,:

U.=oU,toU,, oU,,.

In addition, the current /. through system allows defining all voltage drops. In
present consideration, when electrode wire is anode, U, and /. are positive, when cur-
rent directed from electrode wire to molten pool.

Ohm’s Law determines the current across arc column

I =4 0, E (26)

arc ~ arc”—arc’

128



dizuka aepoaucrnepcHux cucrem. — 2022, — Ne 60. — C.120-142

3 A Cagradly
I’ ” 1
Vi 1
L
o 0
< a
2 G-+, (4000K) P — 0 100 150
= = >
N e il 8 & Arc current, I,. (A
S E (4000K) 2 - 1 L (8
= 20 5 o
2 }11 =
o
R = 8 2
— =
8 L - _E (3000K) < ©
'9 _________ [9) = T
3 c S vV
b+, (3000K) = o 3 S
(o] ~ ~
D_ ~
0 40 ~e
0.001 0.01 0.1 1 -4 Ssa

Distance from electrode wire, z (um) — T~eo___

Fig 5: Space distribution of the total poten- Fig 6: Dependencies of potential barrier
tial ¢ (solid) and field £ (dashed) in equili- height on the arc current for electrode
brium boundary layer for electrode tempera- wire (solid) and molten pool (dashed)..
ture 3000 K (black) and 4000 K (grey).

where 4, _=nd’ /4, d,, is the average arc diameter; o, is the average electrical

arc

conductivity in LTE arc region,

2 2
e e

c_ = + )
- me (Qei + Qea )vTe mi (Qu + Qia )vTi

Vi = \/8kBT . / T, ;, 1s the thermal velocity in arc region; E,,. is the field, which is

(27)

defined by the arc voltage drop and arc length: E,,. = oU,,/L.
Hence, the voltage drop at arc column as a function of current is

8Uarc = ICL ‘
AarcGarc
The potential barrier in the plasma near electrode wire is determined by equili-
brium value and voltage drop:

V,=ep’ +edU , (29)
where ¢ is the equilibrium relative potential (without current) of electrode wire,
which is defined by Eq. (23): ¢, = k,7,"®¢ /e.

The current through electrode wire surface is the sum of emission current and
currents of electron and ion fluxes to electrode from the plasma through Knudsen
layer:

(28)

Io=ed, (il =7 = J), (30)
where 4, =nd’ /4, d, is the diameter of anode spot.

Thus, Eq. (30) allows determining the voltage drop on electrode wire as a func-
tion of arc current 6U,,(/,.) via numerical calculation, as a root of equation

Jr(8U,) =i (8U,)—j"(8U,)—1./ed, =0.
The current through molten pool is the sum:
1 =ed, (ji+ i+ J = J0). 31)

129



dizuka aepoaucrnepcHux cucrem. — 2022, — Ne 60. — C.120-142

where 4 =mnd’ /4, where d,, is the diameter of cathode spot on the molten pool and

current components are defined by similar equations, but with others parameters and
signs. Besides, it should be considered that high potential barrier near cathode pro-
vides the field emission with flux ;.. The inward current in molten pool is positive

and potential barrier remains negative:

V. =ep —edU (32)
where ¢ 1is the equilibrium relative potential of molten pool, which is defined by Eq.
(24).

The thermionic emission flux is
2
4nm, (kB{m ) exp[—&} .
(2mh) kT,
The field emission is described by Fowler-Nordheim equation:
o { N j

3ehkE

The electron flux through Knudsen layer and the ion flux are

m 2

m
-]eT_

w1 v, w1
Je = 4710 V,r€xp kT , Ji —4n0VB-

Then, Eq. (31) allows determining the voltage drop on molten pool as a function
of arc current oU,,(1.). The dependencies of potential barrier heights (29) and (32) on
the arc current are presented in Fig. 6 for electrode wire (V,,) and molten pool (V).
The following parameters were used: diameter of wire anode spot d,, = 1.2mm (on the
tip of electrode wire the metal droplet is formed in the welding process, and diameter
of this droplet can exceed wire diameter); arc column average diameter d,,. = 5 mm,;
diameter of molten pool cathode spot d,, = 6 mm; arc length L = 14 mm; T,, = 3000K;
T,,=2000K; 7,, = 15000 K.

The total arc voltage is

U.(1)= Afcé +8U,(1,)+8U, (1), (33)

arc — arc

and potential distribution between electrode wire and grounded molten pool can be
describe by following equations

(01, 2) =0,(I,2) +¢,(,2) +¢,(, z)
¢, z) :%atanh{tanh ¢p, + U, (1) exp(— z ﬂ
e

4k37;w VD(Z)
- _ . (34)
o (1, 2) = FsTon piann| om0 ~BYn D) [ 2L
¢ 4k,T,, g (L—z)
[ (L-z
(pp,(l,z):c(—c)_q,m(], L)
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From calculations follows that basic voltage drop happens in the thin plasma
layer near cathode (molten pool), which is caused by need to maintain the large field
strength for effective electron emission. The potential barrier near anode surface re-
mains negative at small currents. The increase in current leads to change of the bar-
rier sign to positive.

3. Heat transfer in arc and metal vapor generation. The electron and ion cur-
rents provide not only transport of charges, but also energy transfer through electrode
surface. It should be considered that collision of ion with electrode wire (anode) leads
to its neutralization and provides transfer of the potential energy, which is equal to
(Eion—W), and the kinetic energy, which is defined by the average ion motion energy
outside the Knudsen layer 34,7, /2 and by the energy of acceleration in the sheath

electric field —V,, [3], if the potential barrier V,, < 0. Thus, flow of energy transfer via
ion-anode collisions is described by equation

(Eion /S +§kBTth, vV, <0
2

FIW = ijiw X

ion

(E —W+§kBThWJ, V. z0
2

In this case, the work function without Schottky correction is used, because the
image-force concept, which is a source of Schottky effect, is inapplicable to the elec-
tron exchange between adsorbed ion and electrode surface.

The adsorbed electron provides transfer of energy, which is equal to sum of the
average motion energy 3k,7." /2, the energy of acceleration V,,, if the potential bar-

rier 1s positive, and the work function as a potential energy. The flow of energy trans-
fer via electron adsorption is described by equation

(Eion -w-V, +%kBThW), Vv, <0
FW = ijiw x

1

(Em -w +%kBTth, v, 20

The electron leaving the anode via emission provides loss in energy, which is
equal to the work function:

Wy V, <0

) =4, x .
w, vV, 20
The evaporation flux (6) provides loss in energy:
F:Vap = ijFecpTw'
Thus, the total heat flow to electrode wire is described by following equation
FW = F:V + FZ/ o szm o Fl\j;p B AWSWGSBT; o AwkaTw’ (35)
where ¢ 5,7 is the heat flux, which occurs via radiation, ¢,, is the emissivity of the

welding wire, ogp is the Stefan-Boltzmann constant; «, VT, is the heat flux along the
electrode wire with thermal conductivity «,,.
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This heat flow should be counterbalanced with backflow heat transfer from elec-
trode wire to molten pool by the metal droplets:
1_‘a'rop = 1_‘w-
The molten metal in the form of droplets or spray transfers to molten pool and
provides the energy inflow. The total heat flow in molten pool is described by the fol-
lowing equation (with neglected of I',,, change during transfer through arc column):

1—‘m = 1ﬂdrop + F:A/ + F:} o FZ:M o AmGSBTnj - AmkaTm ’ (3 6)

i m ion

where I"=4 ]l’”(E —W—Vm+%k312’”j,

Fe :Am]e (VVejj’ +EkBTl"t j’ Fem :Am(]eT +JeE)VVeﬁ“

Under stationary conditions, the inflow of heat in molten pool I',, should be
counterbalanced with outflow of heat via metal evaporation and spraying to environ-
ment. Therefore, if spraying of metal from molten pool is neglected, flow of metal
vapor

D

Fig. 7 demonstrates the dependency of vapor mass flow, which emitted by mol-

ten pool,

r
vap (3 7)

w T
pm
on the arc current, which corresponds with experimental data [31, 32]. Growth of cur-

rent leads to increase in the potential barrier —V/,, that causes increase in heat flow
['" and reducing of I'” . These competing trends cause existence of the minimum in

dependence, which is presented in Fig. 7.
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The potential barrier near electrode wire V'w change its sign at some value of arc
current. This change provides sharp increase in energy flow, which is transferred
from the plasma to anode by conductivity electrons, because they are accelerated in
positive potential barrier. This effect can be a reason for transition of metal transfer in
welding process from globular to spraying regime [33].

4. Metal vapor condensation and formation of primary particles.

4.1. Vapor ionization. The high-temperature metal vapor from welding arc mix-
es with shielding gas under the welding torch nozzle. The numerical simulation [34]
demonstrates that the gas average temperature in the boundary region at the torch out-
let 7 ~ 2500 K. It means that condensation of metal vapor occurs in the vaporshiel-
ding gas mixture, before mixing with air.

The high-temperature vapor contains several elements, which concentrations
depend on compositions of electrode and welding material. However, for simplicity,
it is possible to assume that vapor contains only iron atoms. The flow of iron vapor
(37) is mixed with shielding gas, and the mixture flow divergence can be described
by equation, similar to Eq. (7). Thus, it is possible to determine the available for ioni-
zation atom number density as a function of distance from arc boundary r in the fol-
lowing form

mAv /

J
n, (r):¢exp[—L}, (38)
a““m vap mix
where m, is the iron atom mass; v,,, ~ 10m/s is the vapor flow velocity; /,,;, isthe
mixing length scale, which is determined experimentally and in the system under
consideration /,,, ~ 1.7 cm [35, 36].
The mixing of high-temperature vapor with cold shielding gas also determines

the temperature of mixture, which can be described by following equation [36]

T(r)=T,+(T,, —ng)exp(—llj, (39)
where T, = 300K is the temperature of shielding gas; T,,, = 3000K is the temperature
of vapor.

Ionization of atoms Eq. (38) can occur by electron impact or by UV radiation. In
the paper [20] was demonstrated that relaxation time of UV ionization at the arc
boundary 1ty ~ 10 ps, and for thermal impact ionization such relaxation time 1t ~
0.02 ps, that is much less. Therefore, it is possible to describe atoms’ ionization by
Saha equation (10) and determine the unperturbed number density as

no(r)—KS—(r)( 1+4m—1j, (40)

2 K(r)
with taken into account Egs. (38) and (39).
4.2. Nucleation. The cooling of vapor-gas mixture provides the increase in su-

persaturation S = p/py.., where p = ny/kpT is the partial pressure of iron vapor, and at
some distance from arc boundary rn condensation begins, when S > 1. The condensa-
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tion occurs in the plasma as a heterogeneous ion-induced nucleation and provides the
change in Gibbs free energy AG, which is described in the papers [37, 38, 39], where
was taken into account the exchange of charges and energy between nucleus and en-
vironment:

AG:47ca2y—ﬂ7ca3pk—BTlnS+E +E _+E;
3 m Y ex q

a

2 2
N R e

b 2 ex ion q 2 a 7

1

where a is the nucleus radius; y = yoa/(a + 20) is the surface free energy of the nuc-
leus; vy 1s the surface free energy of the flat; o is the Tolmen length; m, is the mass of
the condensable atoms; p is the nucleus density; S is the supersaturation of the con-
densable material; Z, is the nucleus charge number; ¢ is the dielectric constant; r; is
the radius of the single-charged positive ion, which induced the nucleation; E, is the
change in surface free energy as a result of the electrical double layer on the nucleus
surface; E,, 1s the change in Gibbs free energy as a result of the interphase energy ex-
change; E, is the change in Gibbs free energy as a result of the nucleus charging.

The temperature of nucleation start together with distance between nucleation
zone and arc boundary 7, in Fig. 8 is demonstrated as a function of arc current /.. This
dependence 1s similar to dependence in Fig. 7, because vapor flow from arc J,,, de-
termines the iron partial pressure in vapor-gas mixture and, accordingly, the supersa-
turation.

It should be noted, that the plasma not contains atoms of alkali metals when
GMAW is used. Therefore, the iron atoms execute both functions: a source of 1oniza-
tion and a source of nucleation, i.e. the plasma ionization balance is provided by ions
of iron, which number density n; should be excluded from atom number density,
which available for nucleation. This feature was described in paper [36], from which
the equation for number density of nuclei follows:

_ ny,—ny
& 32 AG(an) ’ “1)
N, +N_, exp———=
k,T

where N = 4npa’ /3m, is the number of atoms in the nucleus; p is the nucleus

density; AG(a,) 1s the change in Gibbs free energy under formation of equilibrium
nucleus with radius an.

In the welding fume from GMAW equilibrium nucleus number density much
greater equilibrium (Saha) electron and ion number densities [36]. Because 1ons are
the centers of ion-induced nucleation, they disappear from gas phase under nucleation
and electron-ion recombination is replaced by the neutralization of nuclei, which
have initial positive charge. As a result, the balance between ionization and recombi-
nation is broken in favor of ionization, and new electrons and ions appear in the
plasma via impact atom ionization, until electrons are being captured by nuclei.
Therefore, achievement of equilibrium nucleus number is the time-phased process,
which includes additional atom ionization and formation of additional nuclei until
equilibrium will be reached.
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The appearance of nuclei creates a new ionization-recombination channel. Atom
ionization and ion recombination occurs via interaction with nucleus surface. Surface
atom ionization degree is described by well-known Saha-Langmuir equation [40].
When the first nuclei are formed, their large number causes the capturing of electrons
and leads to change of ionization mechanism. Initial thermal ionization is replaced by
ionization via nuclei surface. Accordingly, the energy exchange term in Gibbs free
energy 1s also replaced: the electron transition between nucleus Fermi level and va-
lence electron level of the adsorbed atom should be used instead of transition between
nucleus and gas. Surface atom ionization and ion recombination provide increase in
ion number density. Thus, welding fume plasma in nucleation zone consist mainly of
positive ions and nuclei with average negative charge if GMAW is used [41].

The two kinds of nuclei are formed by the heterogeneous ion-induced nuclea-
tion: the equilibrium nuclei with radius a,, which are in the equilibrium state with the
environment; and the nonequilibrium critical nuclei with radius a.,., which appear as a
result of fluctuations. The radius of the equilibrium nucleus is determined as a mini-
mum of the function AG(a), and the radius of the critical nucleus is determined as the
maximum of the function AG(a). The equilibrium nucleus is in the stable stage and
some activation energy is necessary for the nucleus growth E,., = AG(a.,) — AG(a,).
This activation energy decreases down to zero (E,., — 0) with the vapor-gas mixture
cooling. After that, the unrestricted growth of nuclei begins, until the condensable
materials do not deplete. The temperature, which corresponds to nucleation termina-
tion in Fig. 8 also is presented as a function of arc current.

4.3. Droplet growth. The nuclei growth occurs via two mechanisms: condensa-
tion growth and coagulation, which is a coalescence, because nuclei are in the liquid
state. Condensation growth of nucleus with radius an is determined by the increment
in the mass due the adsorption and transpiration fluxes difference, and is described in
the free molecular regime by following equation [35]

dan — achamana (1 _&j’ (42)
dt 4p S

where a. is the eveporation-condensation coefficient [42]; n, = ny—n,—N,n, is the
number density of iron atoms in the gas phase; S is the current supersaturation; Sy =
Psa@n)/Psa(©) 1s the change in vapor partial pressure at the account of the surface
curvature and interphase interaction.

The large number density of nuclei 7, ~ 10'® cm™ causes their intensive Brow-
nian collisions and coalescence. As a result, the coagulated droplets with radius a.,,
which grow through coalescence and condensation are formed. However, it 1s neces-
sary to take into account that the nucleation continues, and the system thermodynam-
ics requires the presence of the nuclei with equilibrium number density (41). There-
fore, number and size of nuclei in the nucleation zone cannot change via coalescence,
because new nuclei appear. This requirement is removed after the nucleation termina-
tion.

Thus, already at the initial stage of nucleation the bimodal size distribution of
the droplets occurs. The first mode contains the droplets of nuclei; coagulated drop-
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lets resulting from the long-term coalescence and condensation represent the second
mode. It should be noted that in this case nucleation is the original “pump” for the
transfer of the atoms from the gas phase into the coagulated droplets, and intensity of
this process can be higher than the intensity of the vapor condensation (42) on the ag-
gregated droplets [43].

Droplets can be described by a log-normal size distribution, which is based on
the number of atoms N contained in the droplets, using probability density function
for two modes:

2
n —(lnN—lnNa":,)
N)= L ,
1. (N) NV2rlno ¢ 2Inc,
2
n —(lnN—lnN:Z,)
. N)= cd
Ju(N) N\/ﬂlnccdeXp 2ln’c,,
S =L (N)+ Ju(N) (43)

where index n is used for nuclei, index cd is used for coagulated droplets;
N" = N exp(—In*c/2) is the median of distribution; o is the standard deviation; N,
is the average number of atoms in the droplets.

The evolution of such a system can be described by the integral moments of the
distribution (43) [43]. The moments are described by the following equation:

S TN" f,aN,
0

and the Brownian coagulation can be described as

aM_ _j fNjB NNV (VN =N =N Javan, @)

where N and N’ are the numbers of atoms in the colliding droplets; B(N,N") is the col-
lision kernel. The Brownian collision kernel can be determined by the kinetic theory
of gases, or by the diffusion theory according to droplet size. If the droplets are much
smaller than mean free path of the gas particles, the gas-kinetic theory should be used
to determine the collision kernel

N3 4 N3 2 IN+N' v 6k, T
R e

where Coulomb interaction is neglected.

The evolution of the moments (44) can be determined for each mode (43). The
zero moments represent the total number densities of the generated particles »n, and
n.q. The total numbers of atoms in these are determined by the first moments. As a
result, the average number of atoms in the droplets of each mode is

=MDy MO (45)
M, (0) M., (0)
and the standard deviations are defined by the following equations:

136



dizuka aepoaucrnepcHux cucrem. — 2022, — Ne 60. — C.120-142

o MO L MOM,(2) 6
M, (1) M, (1)

Equations (43)-(46) allow to describe the evolution of the coalescence in the bi-
modal system of droplets with taking into account both the intramodal coalescence
and the intermodal association of the different droplet modes.

The growth of droplets occurs in the cooling environment and continues up to
phase transition. The temperature of the phase transition depend on the droplet radius
[44], i.e. the droplets of the coagulated mode (the melting point is about 1730 K) so-
lidify earlier, than droplets of the nuclei mode (the melting point is about 1330 K);
and exists the transient stage, when the coagulated mode is presented by solid par-
ticles, but the nuclei mode is the liquid droplets. The bimodal coalescence terminates,
when coagulated droplets become the solid particles. There is only coalescence of the
nuclei mode.

Calculation of the droplets’ growth gives the parameters of primary particles
size distribution after solidification, which is presented in the table 1. Increase in the
arc current leads to growth of particles’ sizes, but their number densities are changed
little, because vapor flow rate is increased with current.

5. Formation of welding fume via coagulation of primary particles.
The agglomerates generated from the solid primary particles are the irregular
structures; therefore, the radius of agglomerate, which contains N primary particles

. . /D, . .
(monomers), is described as 7,, =aN "/, where a is the radius of the monomers; D,

is the fractal dimension (D,= 3 for perfect sphere).
The collision kernel for the free molecule regime without electrical interaction
between particles is described by the followmg equation [45]:

BV.N) =B, (N + ) [ EEN \/ @7)

where p 1s the monomer density; N and N’ are the numbers of monomers in the collid-
ing agglomerates with fractal dimension Dy .
The collision kernel for charged particles is [46]

Bo(N,N')=B(N,N")exp “w,
k,T
where Uy y 1s the interaction energy on the shortest distance between the interacting
particles, which can be considered in the Coulomb approximation
CAVAY
a(Nl/D/ n N'I/D"' )’
where Zy and Z'y are the particle charges divided by the elementary charge, which are
determined by following equation [47]
/D,
Z, - k,Tr, nh2N be, (48)
2¢° rok,T
which under condition r,,V;, <rpksT can be described in Coulomb approach:

Uyy=
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Table 1: Characteristics of the primary particles 3000

Minimum sizes | Maximum sizes 2500

dyp (nm) 4.1 4.7

2000
np (cm™3) 3.1 x 1014 2.6 x 1014
dyg (nm) 8.3 9.5 1500
Ned (cm™3) 4.2 x 1013 3.5 x 1013

1000
I (A) 45 115

500

Particle number density, n. (cm™®)

0 100 200 300 400 500
Particle size, d (nm)

Fig 9: Inhalable particle size distribu-
tions for arc current /. = 45A (solid) and
1.= 155A (dashed)

Z,=aN""'V, /e
The resulting collision kernel is
By(N,N")=B(N,N")exp

_aN,N'VbNVbN'
2
ek, T

B

: (49)

where ay . =a(NN')"” (N + N"") 1.

The calculation of coagulation is carried out in the free molecular regime by me-
thod of moments while agglomerates’ sizes less than mean free path of the gas par-
ticles. When sizes exceed the mean free path length, Eq. (49) becomes inapplicable.
In this case the collision kernel should be described in the diffusion regime:

/D 11/D,
B (N N,) _ 2kBTC(aN,N') a(N ! T N f ) 1+ aN,N’V;JNV;JN’
ev 3n Ay ek, T )
where 1 1s the viscosity; C(a) is the Canningham slip correction [48]

C(a)=1 +&(1.142 " 0.5886Xp[—%j],

a

(50)

A = 67nm is the mean free path.

The calculation results presented in Fig. 9 as the inhalable particle size distribu-
tions for two values of the arc current, which correspond to minimum and maximum
high-temperature vapor flow rates.

6. Conclusion.

Thus, modeling of processes, which are occur in the electric arc during arc weld-
ing, allows determining the rate of high-temperature vapors efflux from molten pool
to environment. It is very important parameter, because metal vapors’ condensation is
a source of welding fumes and inhalable particles in the breathing zone [35, 39, 49].
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The equilibrium in contact of electrode wire or molten pool with plasma, which
is produced by arc, provides the negative potential barrier in the plasma near elec-
trodes. The electric current across the arc provides increase in negative barrier near
cathode and its decreasing near anode (the electrode wire is anode in the system un-
der consideration). At some value of current the change in barrier sign occurs and fur-
ther current amplification leads to increase in the positive potential barrier near
anode. The change in potential barrier sign provides sharp increase in energy flow,
which is transferred from the plasma to anode by conductivity electrons, because they
are accelerated in positive potential barrier. This effect can be a reason for transition
of metal transfer in welding process from globular to spraying regime.

Increase in the arc current leads to growth of high-temperature vapor flow rate
from welding arc to environment and provides increase in the size of solid primary
particles, because occurs the shift of nucleation zone toward the arc, i.e. in the area
with higher temperature; and, accordingly, increase in the time duration of droplets’
growth. This tendency persists in the inhalable particle size distribution after coagula-
tion of primary particles, what is correlated with experimental data [50]. Thus, the
fumes produced by welding with high current can easier be filtered.
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Buwmnsakoe B.1., /lapaxoe /I.C., Ennan A.A. , Kipo C.A.

BupiyieHHs1 AUMY eJIEKTPUYHOIO AYT00 IIPH ra30BOMY TYTOBOMY 3BAPIOBAHHI

AHOTAILIA

Memoodom uucenbHo2o0 MoOen08aHHA 0OCIIONCEHO BNIUE PENHCUMY 38API0BATILHOL OyeU Ha
VMBOPEHHS 36API0BAILHO20 OUMY UWIAXOM ONUCY OKPEMUX NPoYecie 8 001acmsax npocmopogo-
20 3apady 0Oins enekmpoois y 36apro8anbHill 0y3i 3 NIABKUM elekmpooom. Modenroganns
gKIO4AE 8 cebe pO3PAXYHOK MeMNepamypHux npo@inie 0iis eleKmpoHie i 8ax*CKO20 KOMNO-
HeHma, pO3pPAxyHOK NPOCMOPOBO2O PO3NOOLLY 2YCMUHU 2A306UX KOMNOHEHMIB, CepeOHbO20
BiIbHO2O NPOOI2y YACMUHOK 2A3Y, eNeKmpUYHo2o0 HnomeHyiary 1 Noasa, pPO3PAXYHOK
meni08i00adi 8i0 elekmpooHo2o opomy (anoda) 0o obracmi posnnasy (kamooa). Ilpooemon-
CMpPOBAHO YMBOPEHHs BUCOKOMEMNEPAMYPHOI Memaneeoi napu 3 6aHHU pO3NIAGY 8
HABKOIUWHE cepedosunge siKk QyHKYio cmpymy oyeu. Posensnymo 3apoocenns 6 niazmi 36a-
PIOBANILHO20 QUMY 3 VYPAXY8AHHAM IOHI3ayii amomie napu yepes ix 63a€mMo0il0 3 NOBEPXHEIO
3apooka. Pospaxosyemvcs 3pocmannsi Kpanenv s0pa  wiisiXom KOHOeHcayii napu ma
Koanecyenyii. Pospaxosano xoacynayito meepoux nepeuHHUX 4acmuHOK OJi PI3HUX 3HAYEHb
36apPIOBANBLHOCO CIMPYMY MA NPOOEMOHCMPOBAHO BOUXYBAHUL PO3NOOLL YACMUHOK 34
PO3IMIpAMU.

Knwwuosi crosa: 3saprosanvra oyea, niazma, napu Memainy, KOHOeHCayis, Koa2yisyis
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BuzHa4yeHHs (-noTeHUiag y HAaHO(IIOIAIB HA 0a3i PO3YUHIB €JIEKTPOJIITIB
3a pe3yJIbTATaMM BUMIPIOBAHb METOAAMH €JICKTPUYHOI CIIEKTPOCKOIIII TA J1a3e-
PHOI KOpeasiiiiHOI CIIEKTPOCKOIIIl

YV pobomi obz06oproecmuvcs npobrema sumipiosanns C -nomenyiany oas HaHO@M0IOI8 Ha
6a3i po3uunis enexkmponimis. Ilpedcmasieno meopito 018 00CHIONCEHHS BNAUBY MINCHAZHO20
(3acmiiinoeo) wapy, 30Kkpema, yepes maki napamempu sk G -nomenyian ma moswuna wapy

* . . .o . .
U Ha eghexmugHy npoGiOHICMb CYCNEeH3ill Gy . Teopia 6azyemvcsa Ha Memoodi KOMNAKMHUX

2pyn HeoOHOpIOHOCmel, 3ACMOCO8AHOM)Y 00 CUCMEM NPOGIOHUX YACMUHOK 3 MOPQOL02icto
meepoe A0pO-NPOHUKHA 000N0HKA. ][5l 3anponoHo8anoi Mooeii 8CIMAHOBIEeHO AHANIMUYHY
3a1eAHCHICMb NPOBGIOHOCMI 810 Yux napamempis. I3 weuokocmi sminu npo8iOHOCMI 8i0 KOHYe-

aee ey o . . * . .
Hmpayii 015 po3basneHux HaHopuioie 3anedxcHicmo mixe u' i C-nomenyiaiom 6CmaHo8I0-
embcst 00HO3HaUHO. Tomy 015 3Haxoodcenns G -nomenyiany HeoOXioHO 000aAMKO80 U3HAYU-

mu 2i0pOOUHAMIYHULL padTyC YACMUHKU, HANPUKIAO, Yepe3 Koeghiyicum ougy3ii Cmonyxoecs-
koco-Eunwmetina. Takum uunom, 0nist 3HaAxX002ceHHs1 C -NOMeHYiany nponoHyEmMvcs nPoOGecmu

cepiio He3aNedHCHUX 0OHOYACHUX BUMIPIOBAHbL MEMOOAMU eNeKMPUYHOI CHeKmpocKonii ma aa-
3epHOI KOPeNAYIHOI CHeKMPOCKONII.
Kniouoei cnosa: C -nomenyian, enexmpuuna npogionicms, nooeitinuii enexmpuynuii wap,

3aCcmiuHuL wap

Beryn. Enextpuyni BI1acTUBOCTI 3apsKEHOI MOBEPXHI BU3HAYAIOTH BEIMUYUHY
MOBEPXHEBOr0 3apsly Ta PO3MOAUI 3apsay B IOABIHHOMY €JIEKTPUYHOMY IIapi
(ITEI) naBkomo Hei [1-3]. Bin ckimagHimmii, HiXK JBa MIapu, 1 AesKi aBTOPU MPOIIO-
HYIOTh TEPMIH «EJEKTpUUHUN MiK(azHui mapy». EnexTpokiHeTHUHMI noTeHIian abo
C -mOTeHIia)l € BKJIMBUM IapaMeTPOM 3apsPKEHUX MOBEPXOHb, IO XapaKTEePHU3Ye
CJNIEKTPUYHUMA cTaH MiXK(pa3HOi obsacTi. C-MOTeHIal BU3HAYAETHCS MPUPOOI0 TO-
BEPXHI, ii 3apsI0M, KOHLIEHTPAIIEIO EIEKTPOJITY B PO3UHHI, TPUPOIOI0 EIEKTPOIITY
Ta pO3YMHHHUKA. T€OpEeTUYHO AJIsi OJTHAKOBUX MOBEPXOHb 13 33JaHUMHU NapaMeTpamu
C -TOTeHIIia)l € YiTKO BU3HAYCHOI BeMWunMHOIO. OfHAK, Pi3HI JOCHTITHUKA OTPUMY-
I0Th Pi3H1 {-TIOTEHIIaNy JJIsl OJHAKOBUX MOBEPXOHb, IO BKa3y€ HA YyTJIMBICTH IO-
TEHLIAJTy J0 PI3HUX MapameTpiB, HAPHUKIAA, HE3HAYHOI KUIBKOCTI JOMIIIOK Y PO3-
yuHi Too. Cepiio3HO10 MPoOIEMOI0 € TOM (haKT, 110 AJi 3HAXOIKEHHS MOTr0 YUCIIO-
BOT'O 3HAUYEHHSI BUKOPUCTOBYIOTHCS Pi13HI MOJEIIbHI MPUITYIIECHHS, SIKI 0a3yl0ThCsS Ha
MEBHUX YsBIEHHSAX mpo crpykrypy IIEIL, mineapu3aiii HENiHIMHHMX PIBHSHB, SIKI
ONMCYIOTh eTeKTPOKIHEeTHYHI ABHINA, i Pi3Hi MOJENbHI HAGIMKEHHS TpH aHani3i. Mo-
ro NMpaBUJIbHE BU3HAYCHHS 32 IOTIOMOTOI0 €JIEKTPOKIHETUYHUX BUMIPIOBAaHb BUMArae
YITKOI'O PO3YyMIiHHSI MEX 3aCTOCOBHOCTI Teopii. [HTeprpeTallis ix pe3yiabTaTiB 1 Mpa-
BUJIbHE BUKOPHUCTAHHSA IIMX TEOPii B MEXaX IX 3aCTOCYBaHHS CyTTE€BO BILUIMBAIOTH HA
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OIIHKY OTpUMaHMX ( -TIOTEHITiB. Y I[bOMY TUIaHI MMUTAHHS PO 3aCTOCOBHICTH CTa-

HIApTHOI MAKPOCKOIIYHOI TEOPIi 10 ONUCY HAHOYACTUHOK € BIIKPUTHUM.

Crig TakoX 3a3Ha4uTH, 110 1 came nuTaHHs npo cTpykrypy IIEI € auckyciii-
HUM. B Oaratbox ctanaapTHUX Monensix BBaxaeThcs, o [IEI ckianaeTscs 3 TOH-
KOro mapy ajacopboBanux 10HiB (mwap IlTtepnHa), mo npunsAraroTh 10 NOBEPXHI Yac-
TUHKH, Ta TU(PY3HOrO APy, Y AKOMY € HaJUIMILIOK 10HIB IPOTUJIEKHOTO 3HAKY 1 AKUI
MIIKOPSEThCS po3noalty bonpiMana. EnekTpokiHETHYHI TE€Opii SKpa3 1 BUKOPHUCTO-
BYIOTh TaKl MOJiefll. 3 IHILIOTO OOKY, caM AU(Y3HUN Iap HACTIPAB/Il MOXKE CKIaJIaTHCS
3 IBOX YaCTHH, O/IHA 13 IKUX € HEPYXOMOIO, ajie MOXe OyTH MPOBITHOIO — TaK 3BaHUI
3acTIHUM wap (aue. stagnant layer). MoxHa IpUITYyCTUTH, 1O CTPYKTypa L€l o0a-
CT1 CKJIaAHiIIa 1 HacmipaBal MK wapoM llItepHa 1 qudy3HUM MIapoM € HaBITh JesiKa
nepexigHa 00J1acTh, ICHyBaHHS SIKOT1 3a3BMYall ITHOPYETHCS CTAaHAAPTHUMH TEOPISIMU
esnekTpodopesy. Lle cknaana rizponrHaMiyHa 3a/1a4a.

B namiit po6oti posrisgaerscs mogaensb [IEIL, sika BpaxoBye 3acTiifHuil 1map
Ta aHAI3yEThCS MOTO BIUIUB HA €PEKTUBHY €ICKTPUYHY MPOBIIHICTh HAHO(IIOITY 3
PO3YMHOM EJIEKTPOJITY Y SKOCTI 0a30B0i piauHu. [lokazaHo, 1110 BOHA 3aJI€XKUTh BiJl
rapameTpiB 3aCTIHHOrO 1apy, B MEPILy Yepry BiJ HOro TOBIIMHU. BcTaHOBIEHO, 110
IIBUJKICTh 3MIHH MPOBIHOCTI PO30aBIEHUX CYCIEH31M 3 KOHIIEHTPALIEH YaCTHHOK
J03BOJISIE 3HAUTH (PYHKIIOHATBHY 3aJICKHICTh MK TOBIIMHOIO IOTO Iiapy Ta (-

noTeHIiaioM. [le o3Hauae, 1m0 Mar0YM TOBUIMHY 13 HE3AJIEKHUX BUMIPIOBaHb, 3a pe-
3yJIbTaTaMy BHMipIOBaHb MPOBITHOCTI MOKHA OIIHUTH ( -TTOTEHIlial B cucteMi. Bka-

3ye€MO, M0 JyIsi HAaHO(IOIAIB TaKUM HE3AJIE)KHUM METOJIOM € METOJ KOPEINSIINHOT
CIIEKTPOCKOTIII.

1. MogeJii noABiHHOI0 eJIeKTPUYHOTO MIAPY. 3TiAHO 3 HAUIIPOCTIIIO MOJIE-
mo, [1EII cknanaerbes 3 mapy aacopOoBaHUX Ha MOBEPXHI 10HIB, 5IK1 HECYTh MIEBHUMN
SJICKTPUYHUNA 3apsiji, HABKOJIO SIKOTO (OpMYyeThCs AUGPY3HUN EICKTPUUYHHM IIap, y
AKOMY € HaJIMIIOK 10HIB MNPOTUJICKHOrOo 3HaKy. OTke, YaCTMHKAa Mae€ 3apsij
MIPUB’SI3aHUM 10 MTOBEPXHi, Ta OTOYEHA 3apsigaMu B IU(y3HOMY IIapi, siKi € pyXJIu-
BUMH 1 MIJAKOPSIOTHCSA cTaTUCTHI bonbiiMana. YV Aeskux BUNAAKaX BBaXKAlOTh, IO
HaBiTh noauty [1EI na map llltepua ta nudy3Huii map HeTOCTATHRO JJIA IHTEpIIpe-
Taiii exciepumeHTiB [4-6]. llap [lItepHa noaiast0Th HA BHYTPilIHIN 1m1ap ['enbmro-
aeua (BILID), oOMexeHHiI MOBEPXHEI0 Ta BHYTPIIIHBOIO IJIOMIMHOK [ eabMmroibua
(BIII), 1 3oBHimHIN map ['ensmromnsua (31I), po3ramosanuii mixx BII Ta 30BHIIII-
Hbo10 mionmHoro ['ensmronbna (3I1T). Tpuknan Takoi moaeni 300paxkeno Ha Puc.1
[7]. Takuii mOJ1JT BUKOPUCTOBYETHCS, KOJIM OJHI TUIX 10HIB CHELU(PIYHUM YUHOM aJI-
COpOyIOThCSl HAa TOBEPXHI YACTHMHOK, 1HIII B3a€EMOIIOTH 3 TMOBEPXHEBUM 3apsioM
JUIIE eJeKTPOoCcTaTU4H1 criu. OCKUIBKU BUMIPSITH TMOBEPXHEBUM MOTEHIAN 130J1b0-
BaHUX YAaCTMHOK HEMOJXKJIMBO, HEOOXIJTHI JOAATKOBI MOJCIBHI MPHUIYIICHHSA. ToMy
HaWYacTIle y JMCIIEPCHUX CHCTeMaX CIIOYaTKy OIIHIOETHCS MOBEPXHEBUH 3apsij,
SAKUUW 3aJI€KUTh BiJl BIACTUBOCTEH KOMIIOHEHTIB Ta KMCIOTHOCTI PO34MHY [8], XiMiu-
HO1 00pOOKH YacTHHOK [9].

MonekynsapHo-nuHaMiuHi po3paxyHku [10] mokas3yroTh, 110 MPU TaHTEHIIIAIb-
HOMY pyCl PIAMHHU B3JIOBX 3aps/IKCHOI TBEPJI0i MOBEPXHI, BUKIWKAHE 30BHIIIHIM
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0 i d ek

BIII 3r:  Ipomikuuii map :
: : I TTIK

s (3acTilinmif) »
[Llap [l:JrepHeﬂ :
-—,—..4 Judysunii map
' ! ; -
0 B d dek X

Puc.1. CxemaTnuHe NpeACTABICHHS 3apsiiB 1 MOTEHILIaliB MOOIN3y MO3UTHBHO 3apsi-
. . . o . 0

JDKeHOi moBepxHi. O61acTh MK MOBEPXHEIO (EIEKTPUYHUHN MOTEHINal Y , TyCTHHA 3a-

pany ¢°) ta BIII (Bincrans [ Bix mosepxHi) € Hezapamkenoro. BIII (enexkTpudnuii 1mo-

TEHIian '; T'yCTUHA 3apsy G ) € 00JacTIO CrelianbHo ancopOoBanux iouis. Jqudysiii-
Huit map nounHaetses npu X =d (3IT" ), 3 norenuianom y* i ryctuHoio 3apsay o

[InomuHa KOB3aHHS a00 IUIOIIMHA TiJPOAMHAMIYHOIO 3CYBY PO3TAIlOBAaHA MPU X = d .
[ToTeHian y MJIONIMHI KOB3aHHs — II€ €JEKTPOKIHeTHYHHMH abo ( -ToTeHmian; ryctuHa

eJeKTPOKIHETHYHOro 3apsAay o°. Y [igoMy L cHcTeMa eJeKTPOHeHTpabHa:
o’+o'+0’=0.

CJIEKTPUYHUM TI0JIeM (eeKTpodope3, €NEKTPOOCMOCOM), 3a3BHYail J1y’)K€ TOHKUN
map piAMHY MpUIMNAE A0 moBepxHi. Lle rimponruaMiuHo 3acTiiHui (stagnant) map,

SIKMI TATHETBCS BiJl MOBEPXHI HA MEBHY BiAICTaHb X < d ™, /ie SHAXOAUTHCA TiPOIH-
HaMmiuHa TuionuHa koB3anHs (['TIK), meit map riapoanHaMiqYHO HEPYXOMHM, aje Mo-
&Ke OyTH eneKTponpoBiAHUM. PAaKTUYHO YACTUHKA Pa3oM 13 3aCTIHUM IIapoM Be-
IyTh cede sIK OJiHE IIiJIe, pajilyCc Takoi 00’ €IHaHOT YACTUHKHU YacTO Ha3UBaIOTh (Hi3u-
yHUM panaiycoM yacTuHku. 31T iHTepnperyeTbes K Mexa MK Henudy3HOIO Ta JU-
¢y3noro yactunamu I1EILL, ane Touno nokanizyBatu ii ckmanno. I'TIK iHTepnpery-
€THCS SIK ME&Xa MIX TIJIPOJIMHAMIYHO PyXOMOIO 1 HepyXoMoro piauHoro. Hacnpasmi
’KOJIHA 13 IIUX MEX He € pi3koro. OJHaAK pyX PIAMHU MOXKe OyTH yTpyAHEHUH B 00Ja-
CTl CWJIbHOI B3a€MO/I1 10HIB 3 MIOBEPXHEID, TOMY IMMOOLII3ALIIS PIAMHU MOIIUPIOETh-
cs nmami, Hix movyarok audysnoi wactunu [IEILL. Ile o3nauae, mo Ha mpaktuii (-

MOTEHITiaN JOPIBHIOE 200 MEHIIIE 3a BEJIMYMHOIO, HXK MOTEHIial Tudy3Horo mapy,
v

Ax popMyeThCs 3acTIMHUI Ap Ta SKI HOro BIACTUBOCTI JOCI HE 3pO3YyMLIIO.
bynu npumymieHHs, mo Takuii 11ap YTBOPIOETHCS TUIBKH HAa IMIOPCTKUX MOBEPXHSIX
[11] a0 BiH 3'ABIISAE€THCA BHACHIIJIOK B’A3KOEIEKTPUUYHOIO €(PEeKTy, TOOTO 30LIbIIY-
€THCS B'A3KICTh MPUJIMILION PIAMHM, IO BUKIMKAHO MOJSPU3ALIEI0 MO MOBIMHOTO
mapy [12]. Onnak, 3acTiiiHi Iapu MOXYTh YTBOPIOBATUCS 1 HA OJTHOPITHUX TIAJKUX
MOBEPXHSIX, 1 HA HE3aPSHKEHUX HOBerHSIX CrangapTHi Teopii TaKUX €JIeKTPOKiHe-
TUYHUX SBUI Tepeadadae po3B’sI30K PIBHAHb PYXy 3 PIBHSHHSMHU TOJIA Ta Bpaxy-
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BaHHS MEBHUX T'paHUYHUX YMOB [13-15]. ¥V nux Teopisix 4acTMHKA pa3oM 13 3acTiid-
HUM ILIApOM pO3IJISIIAEThCS SIK TBEpAe 1HEpTHE Tino. IloBepxHeBa MPOBIAHICTH Y
JBOILIAPOBIM YAaCTHHI 3a IJIOIIMHOIO KOB3aHHS BPAXOBYETHCSI aBTOMaTU4YHO. byio Bu-
SBJICHO, 110 JUIsl 3aCTIMHUX LIapiB, 110 MPUMHUKAIOThH 10 TBEPAUX HEBOPCUCTHUX IOBE-
PXOHb, 111 PYXJIMBOCTI TPOXU HUXKY1, HXK B OCHOBHIA MaTpHIII.

Teopiss CmonyxoBchkoro [2] cmpaBeuivBa AJisi HENPOBIAHUX YacTHHKH 32

YMOBH, 10 pajiyc KPUBHM3HU @ 3HAYHO MepeBMILye pamiyc debas k' : ka >>1. IIpu
1IbOMY, BIJTUBOM MOBEPXHEBOI MPOBIHOCTI K Y AU(PY3HIH, TaK 1 y BHYTpIlIHIN yac-
tuHax [IEI Ta #oro nonsipusani€ero, HeXTyOTb. J[Jisl TOCTaTHRO BUCOKUX MOTEHI{Ia-
JiB Teopis HempujaTHa. Y BHUIMAJIKY KOHLUEHTPOBAHUX CHCTEM HE MOKHA HEXTYBaTH
MO>KJIUBICTIO TIEPEKPUTTS MOJIBIMHUX MIAPIB CYCIIHIX YACTUHOK.

VY 3B’s3Ky 3 MepeniueHnuM, OIMHKU ( -TOTeHIIiany, 0COOHMBO ISl CHCTEM HAaHO-

YaCTUHOK, BU/IA€ThCA akTyalbHUM. Ha BiIMIHY BiJ ICHYIOUHMX MOJEJEH, MU BKJIIOYa-
€MO Yy CBOIO MOJIeNb TiepexigHy o6nacth Mixk mapoM Illtepna ta I'TIK, sxa € mouart-
koBoto yactuHowo audysHoro [TEIly BynyeMo Teopito en1eKTponpoBiIHOCTI CyCIIEH-
311 TaKUX YaCTHMHOK 3 YpaxXyBaHHSIM TaKOi BHYTPIITHBOI CTPYKTYPH 1 BUBOJUMO IS
€JIEKTPOJITIB (CycrneH31id) BUpa3u sl €pEeKTUBHOI MPOBITHOCTI CUCTEMHU.

B mamiit Teopii MM HaJMIpPHO HE JETaNI3y€MO BIACTUBOCTI 3aCTIHHOTO APy
[1EILl, ocHOBHUMH TIapaMeTpaMU BUCTYMAOTh WOTO TOBIIMHA 1 BITHOCHA BETUYHHA
MPOBIAHOCTI. MoJienbh 3HAYHO MOTJIMOII0E HEJaBHI TeopeTudHi pesynbratu [16,17],
K1 BUSBIIIUCS JyKe €(DEKTUBHUMHU MPHU 3aCTOCYBAaHHI IO HEBMOPSIKOBAHUX CUCTEM
TBEPJUX YaCTUHOK, TBEPIUX KOMIIO3UTHUX E€JIEKTPOJIITIB 1 MOJIMEPHUX KOMITO3UTHUX
eeKTpomiTiB. OCHOBHA OCOOJUBICTH TEOPIi MOJIATAE B TOMY, IO ME3OCTPYKTypa 1
BJIACTUBOCTI CYCIIE€H311 OMUCYIOTHCS 32 JOTIOMOTOI0 MO/l MAaKPOCKOMIIYHO OJTHOPII-
HOIO, 130TPOITHOI0 JTUCIIEPCIEI0 YAaCTUHOK 3 MOP(OJIOTi€r0 TBEpAE SApO—IpPOHUKHA
000JIOHKA, BKPAIUIEHUX B OJHOPIIHY MaTPULIO 3 IPOBIAHICTIO G,. OO0JIOHKHU YacTu-
HOK €JIEKTPUYHO HEOJHOPIJIHI B Pa/iaiIbHOMy HampsIMKy, Tpo(diiib iX MPOBITHOCTI
Gz(u) HernepepBHU. KOMITOHEHTH, MO MEePEeKPUBAIOTHCSA, ITIAKOPSIOTHCS MPABIITY
JOMIHYBaHHS, 3TAHO 3 SKUM JIOKQJIbHE 3HAYEHHS MPOBIJHOCTI BU3HAYAETHCS BIJIC-
TaHHIO B1J aHOi TOYKHU JO HAMOJMKUOi YaCTUHKHU. EnexkTpoanHaMiuHa roMoreHi3a-
115 MOJIEJ BPaXxOBY€ e(EeKTH Mossipu3anii Ta Kopemsuii 0araTb0X YaCTUHOK 1 € BHYT-
PIIIHBO 3aMKHYTOIO.

2. Mogean npoBigHocTi HaHOG0IAIB. ChHOpMYITIOEMO OCHOBHI 11€1 poOOTH.
Mu o0y tyBai Teopiro, sika J03BOJISIE OIIHUTH ( -TIOTEHITia Yyepe3 ePeKTUBHY MPO-
BIJHICTb G ;. MaeMo (GopMyily JUisl IPOBIJHOCTI, IPU MEBHUX NPUIYHIEHHSAX MO0
MPOBIAHOCTI 3aCTIHHOTO 1Iapy, OTPUMAEMO €(PEKTUBHY IMIPOBIAHICTh B 3aJIEKHOCTI BiJ
TOBIIMHHU 3aCTIHHOTO mmapy i { -moreHmiany. OCKUTbKH Ka 1 KOHIIGHTpAIIisl YaCTHHOK

BEJIMYMHU KOHTPOJIHOBAaHI MOXKEMO 3HAUTHU IIBUJIKICTh 3MIHU MPOBIAHOCTI 3 KOHIIEH-
Tpali€lo, Ka eKCIEPUMEHTAIBHO BUMIPIOEThCS. OTpUMaeMO 3aMKHEHUM BHUpa3 MIXK
TOBITUHOO mapy i  -moTeHIiagoM. SIKIIo 3HaEMO TOBIIMHY MOYKEMO OI[IHUTH ITOTe-
HIllaJI, a00 HaBIIaKH, 3HAIOYW MOTEHITIAJ, 3HANTH TOBIIMHY mapy. [lani He3anexHuM
METOJIOM MOJKHA 3HAWTH T1APOAMHAMIYHHUIN pajilyCc YaCTUHKH, HAIIPUKIIAa, METOAaMHU
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JIA3epHOI KOPEJISIIIIHHOT CIIEKTPOCKOITi, KOJIU PO3TISIAETHCS PO3CISTHHS CBITIIA B Ha-
Hodroifax. 3Haroun koedimieHT audysii CmoiryxoBchbKoro-EifHIITEHA, MOXEMO
3HAUTH (QI3UYHUEN pajlyC YaCTUHKHU. Taki JOCIIKEHHS TPOBOAMINCH JJIs1 HAHO(IIIO-
iniB i3ompomnanoi/Al,O; [18]. 3Haroum pasmiyc i 3HaWOUYW Ka MoOKeMo 3Haitu (-

noteHuian. lleil mMeronq He BHMarae HIIKUX JOJAaTKOBUX MpUIyIIEHb. JlocTaTHBO
MPOBECTU B TAaKUX CHUCTEMAaX CEPil0 HE3AJICKHUX, ajle OJIHOYACHUX BUMIPIB, 3HAUTHU
MPOBIAHICTh Ta pajiyc. Marouu JaHl HAHOYACTUHOK, MOKHA 3HAUTH TOBUIMHY OO0Ja-
CTi, SIKa MPUJIMITAE 0 YACTUHKH, Ta OIIHUATH { -TIOTEHITial.

Teopist 6a3zyeThcsi Ha pe3ynibTarax, OTPUMAHUX METOJOM KOMITAKTHUX TPyl
[19-21] nnst cucteM 4aCTUHOK TBEpJE Apo—TpoHHKHA 0OosioHKa [16,17]. Cycnensis
MOJIEIIIOETHCS K CyMIII TBEpAUX SAAep (SIKI BIANOBIJAIOTh YACTUHKAM pEajJbHUX CHUC-
TE€M) paJilyCoM a , IPOBIAHICTIO G, Ta 00'€MHOIO0 KOHIIEHTPAIIIE€IO C, 1 NPUJIETINX JI0
HUX TIPOHUKHUX 00O0JIOHOK, 1110 CKJIAJAI0THCS 3 JBOX YACTUH: BHYTPIIIHBOI O00JIOHKH
3 BIZHOCHUMH TOBIIMHOK U =(R—a)/a i 30BHIMIHBOI 0GOIOHKH (IIOB’SI3aHOT 3 PyX-

nuBo0 yactuHow audysHoro T1EII). R — paaiyc 4aCTUHOK pa3oM 13 MPUJIETIIUM 3a-
CTIHHUM 11apoM. OOOJIOHKH € €JIEKTPUYHO HEOJHOPITHUMH, 3 PO3MOJILIOM EJIEKTPO-
IPOBIJIHOCTI O, (u) YactuHky 1 6a30Ba pifnHa 3 NPOBIIHICTIO G, BKpaIUICHI B MaT-

PHLIO 3 MPOBIIHICTIO G5 . I OLIHKM 00'€éMHOI KOHIIEHTpALIl Aaep pa3oM 3 000J10-
HKaMu (p(c,u) BUKOPUCTOBYEMO JIBI TPAHUYHI MOJIENI — BIJIBHO MPOHUKHUX [22,23]

Ta TBEPAUX 0OOJOHOK.

VY paMmkax MeToJy KOMITAKTHUX T'PYIl CYCIIEH31 PO3TIIAAEThCS SIK CYKYITHICTh
MaKpOCKOIIIYHUX o0yiacTell (KOMIAKTHUX TPyM) 3 JIHIMHUMH po3MipaMu, Habararto
MEHIIIMMHU 3a JIOBKMHY XBWJII 30BHIIIHBOTO TOJII B CHUCTEMI. 3 OJHOTO OOKYy, Taki
Ipynu MaloTh CUMETPII0 Ta MAaKpOCKOIIYHI BJIACTUBOCTI BCI€i cUCTEMHU. 3 JPYroro
OOKy, Y MOPIBHSIHHI 3 JJOBXXWHOIO XBUJI1 MOJISI BOHU (PAKTUYHO € TOYKOBUMU. Bukopu-
CTOBYIOUHM METOAM TEOPil y3araJbHEHUX (PYHKI[IH 1 clieliaibHe MPEACTABICHHS MPO-
raratopa €JeKTPOMAarHiTHOTO MOJsl, Y JIOBTOXBUJILOBOMY HaOJIMKEHHI MOKHA BUOK-
PEMUTH BHECKM IIUX TPYI, YHUKAIOUM MPU bOMY JIeTaji3alii IpoueciB NepeBUIpo-
MIHIOBaHHS Ta KOPEJSIIA MK YacTUHKaMH. JIOBOJUTHCS, IO 11 BHECKU SIBISIFOTHCS
BU3HAYAIBHUMH Ta (POPMYIOTh €(PEKTUBHI KBA3iCTATHYHI AI€JIEKTPUYHI Ta MPOBIIHI
BJIACTUBOCTI CyCHEH3I].

["onoBHe piBHSHHA JUJIs €()EKTUBHOT MPOBIIHOCTI 3 BUCOKOIPOBITHUM BHYTpI-

. * .
mHiM mapoM G, (u)>>0,; s ue(O,u ) Ta HENPOBIAHUMM 4YacTUHKamu G, — 0

[ - @(C,M*)]% + ([)(C,M*)—%c —

Mae Burisn [24]:

2 00(c,u) 1 1 M

— du=0
he ou 264 + Gz(u) 204 + 0,

CxXOXi CHIBBiTHOIICHHS BHBOAMMO i I BUIAAKIB G, ()<< G Ta G, (1)~ G

. ¥Yci JIogaHKMd [bOTO PIBHSHHS B3a€EMOIOB'SI3aHI Ta MarOTh MPO30puUi (PiI3MUHUN
3MICT: TIEPIINUA T0JaHOK OMHUCY€E BHECOK 0a30BO1 PIAMHM; APYTHM — 11€ BHECOK YacCTH-
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HOK, €()EeKTHMBHA MPOBIAHICTh SIKMX BKJIIOYAE€ €(PEKT 10HHOTO TPAHCIOPTY B MIapi
HlTepHa; TpeTiii onucye BHECOK BHYTPIIIHBOI YaCTUHU AU(PY3HOTO 1IApy; YETBEPTUN
— BHECOK 30BHIIIHBOT YaCTUHHU JU(Y3HOTO MIapy. 3a MJIOIIMHOIO KOB3aHHS B 00JaCTi
U >u TPOBLAHICTH (OPMYETHCS PYXJIMBUMHU 10HAaMU B TU(PY3HOMY LIapl Ta MiJKO-
pstoThes po3noauty boneuMana. [Ipoduts enekTpuyHOI NPOBIAHOCTI B 1U(Y3HIN ya-

crudil [TEHI misg u > u':
Gz(u) =epl, (u)Z+nS_0)e—Z+y(u) _ eu_(u)Z_n(_O)e—Z_y(u) (2)
1€ e — eIeMEHTapHuil 3apsm; L, ,|L_ - PyXJIMBOCTI BiANOBIIHO KaTiOHIB Ta aHIOHIB i3

(0)

3apsIOBUMH YUCIIaMU Z,,Z_ Ta CepeHIMM KOHIEHTpaLisIMU 7, ,ngo); y(u) — pos-
o noreduiany B nudy3Hii yactusi [1EII. 3HaxomakeHHs] OCTAHHBOTO € HETPHBI-
aNbHOIO 0AraTOYaCTUHKOBOIO 33J1a4€l0, aJl€ Y BUIMAJIKY, KOJU NEPEKPUTTIM 000JIOHOK
MO’KHAa HEXTYBAaTH, BUKOPUCTOBYEMO MPOCTI Mojenl, Hanpukial, ['yi-UHenmena s
IJIOCKOT MOJIEI:

I-|yle ™ ( e )
wy=2In| €1y tanh| &> 3
y(u) T 4 AT 3)
ne k — crana bonbiimana; T — temreparypa. Jist po36aBieHUX CyCIIeH3ii 3HaX 011~
10 .
MO BCIIMYUHY _& , IKY CKCIICPUMCHTAJIbBHO MOZKHA ITOMIPATH!
Gy
10 , x _
— DBl 314y )3—2+9j(1+u)zmdu @)
c, Oc 2 26, +6,(u)

CxkopucraeMocsi popmyiioro (4) asis OIHKYA 3HU3Y TOBIIMHM 3aCTitHOTO mapy. 3rif-
HO 3 €KCIEPUMEHTAIBHUMH JaHUMU [25], /Ut cycrlieH31i YaCTUHOK JlaTekcy B paniy-
com 235 um y BogHomy posuuHi HCl monsiprictio M =0.005 (ka —54.6) npu 3Ha-
yeHHi e(/kT =—-3.22 moxinHa L% =—0.85£0.07. J{na mux nanux opmyna (4)
c, Oc

nae u*=0.052, mo BiANOBIa€ TOBIIMHI 3aCTIHOTO Mapy mpuoau3Ho 12 HM. Mox-
Ha OYiKyBaTH, IO ISl HAHOYACTUHOK 3 macnopTHUM paaiycom < 100 M 3acTiitHuii
map 3 TaKOK CaMOK0 TOBIIMHOIO MOBMHEH 30LIbIIYBATH iX (I3MYHMA po3MIp Ha
>12% . Take 3pocTaHHs pO3Mipy YaCTHHOK MOKHA 3apEECTPYBATH ONTUYHUMH MeE-
TO/IaMH.

VY poborti [18] MeTomamu Jia3epHOI KOPEJSIIAHOI CrieKTpocKorii [26,27] BuU-
3HAYAJUCS XapaKTepH1 pO3MIpH ONTUYHUX HEOJHOPITHOCTEN HaHO(IIOIIU 1301pomna-
HOJI/Al,O3;. BuMiproBaHHs! IPOBOIUIIUCS HA OPUTIHAIBHIN YCTAHOBIII METOJIOM TOMO-
nunyBaHHs [28]. XapaktepHi (i3u4HI pO3Mipd HAHOYACTUHOK BH3HAYAIMCS 3a JI0-
MIOMOTOI0  PE3yJIbTAaTiB BUMIPIOBAHHS KOPEJAIINHOT (QYHKIII 1HTEHCUBHICTh-
1HTEHCUBHICTh PO3CISTHOTO Y TayCCOBOMY HAONMMKEHH1 11 (PIIyKTYyaIii:

G*(1)=(1(0)I(c)) = 4 + Bexp(- 2Dg’x) (5)

ne D= — koediuieHt nudysii CmonyxoBcbkoro-ElHIITeliHA, ¢ — 3MiHA XBU-

6mnr
JHOBOTO BEKTOPa BHACIIAOK PO3CISTHHSI.
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u

Puc.2. Tpukian 3anexxHocti (- moTeHmiany Bix ' 1yisl CyCleH3il JTaTeKCHUX YacTHHOK

pamiycom a =83 um (Ka = 26.9) y Bogaomy po3unti 0.01 M HCI mis excriepuMeHTa b

1 o
HOT'O 3HAYCHHS = Poett __0 31 [25].
Go
XapakTepHui po3Mip YaCTUHOK BU3HAYABCS SIK T1IPOIUHAMIYHUN paiyc [27]
87n’ sin’ (gjkTrc
r= : (6)
3Ny

e 1 — MOKa3HWK 3aJIOMJICHHS pO3unHy, O — KyT po3CisiHHS, T, — 4ac Kopesmii, n —
Koe(ilieHT TUHAMIYHOI B'S3KOCTI, A, — JOBXHWHA XBUJIi MaJaf0u0T0 BHIIPOMIHIOBAH-

HSL.

Hani y po6oti [18] cBimuaTe npo 3MiHYy TIAPOAMHAMIYHOTO pajalyca 4YaCTHHOK
ALOs Bix 53 1o 86 (To6To 10 62%) HM TIpU 30UIBIICHHI MAacOBOI KOHIICHTpAIlli Ha-
HOYACTUHOK B 13omponanoni Bia 0,036 mo 4,2%.

BucnoBkn. Ha ocHOBI IIPOBCIACHOI'O aHaHi3y IIOKAa3aHO, IO BU3HAYCHH C- I10-

TeHIllaTy HaHO(JIOIIIB MOXKJIIMBE NUISIXOM KOMOIHAI[lT METO/IB €JIEKTPUYHOI CIEKT-
POCKOITIT Ta JJa3€pHOI KOPEISIIHHOT CIIEKTPOCKOITi. 3aMporoHOBaHa TEOPisl J03BOJISIE
YHUKATH HEOAHO3HAYHOCTI MPH 1HTEpIIpEeTalli pe3yJbTaTiB eeKTPO(HOPETUUHUX BU-
MIPIOBaHb Ha OCHOB1 KJIACHYHMX MOJIeJIel. Y 3amporoHOBaHIM Mojeni epexTuBHa
MIPOBIIHICTH BUPAKCHA Uepe3 TOBIIUHY 3acTiiHOTO 1rapy i { -moreHttian. OmiHOW0YH
IIBUJIKICTh 3MIHHU MPOBITHOCTI B 3aJICKHOCTI BiJI KOHIEHTpAlLlli METOJOM EJIEKTPUY-
HOI CIIEKTPOCKOITii, OTPUMAHO 3AJICKHICTh MiX TOBIIMHOIO 3aCTIHHOTO mapy u* Ta
C -moTeHIiaioM. AHaJI3yr0un PO3CISTHHSI CBITJIa HE3aJIS)KHUM METOJIOM JIa3ePHOI KO-
PEJSIIAHOT CIIEKTPOCKOII, MOXHA 3HAWTH T1APOJAMHAMIYHHUM pajilyc yacTUHKUA. Ma-
IOYH IIAaCIOPTHI [JaHI HAHOYACTHHOK, Jaji MOKHA OIHUTH u#* Ta 3HaWth (-
MOTEHIAI.

[IpencraBisitoTh 1HTEpEC OpraHizailis ¥ MPOBEACHHS BIAMOBIIHUX €KCIEPUMEH-
TIB Ta MPaKTU4YHA arpoOaris 3alpoIOHOBAHOT METOIUKH.
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Balika S.D.

Determination of -potential of nanofluids based on electrolyte solutions

from the measurements by the methods of electrical spectroscopy and laser
correlation spectroscopy

SUMMARY
The work discusses the problem of measurement of the C -potential for electrolyte-based
suspensions of nanoparticle. A theory is presented for the effect of the diffuse electric double
layer, including the interphase (stagnant) layer, on the effective conductivity of such suspen-
sions. The theory is based on the method of compact groups of inhomogeneities applied to a
model system of hard-core—penetrable-shell particles embedded together with the base liquid
in a uniform host of the conductivity Gy. The cores represent the particles. The shells are

electrically inhomogeneous in the radial direction, their conductivity profile being a conti-
nuous function o,(r). The overlapping components obey the rule of dominance, according to
which the local conductivity value is determined by the distance from the point to the center of
to the nearest particle. This model is possible to analyze rigorously in the static limit. The de-
sired conductivity is found from the integral relation which allows us to express the electrical
conductivity in the terms of the C -potential, thickness of the stagnant layer, matrix molarity,
etc. The theory reveals the existence of different scenarios of behavior of the conductivity de-
pending on the geometrical and electrical parameters of the stagnant layer. It is shown that
the functional dependence between the thickness and C -potential can be obtained from the

rate of change of the conductivity with concentration for diluted suspensions, this rate can be
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measured experimentally. It is pointed out that the hydrodynamic radius of a nanoparticle
can be obtained from the Smoluchowski-Einstein diffusion coefficient, which can be measured
by the method of laser correlation spectroscopy. We give all necessary estimates and rela-
tions to demonstrate the opportunity of measuring the C-potential by analyzing together the

results obtained by the indicated methods. Namely, in order to find the( -potential, it is ne-

cessary to simultaneously do a series of independent measurements: find the slope of the con-
ductivity and estimate the thickness of the stagnant layer.
Keywords: C -potential, electric conductivity, electric double layer, stagnant later
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Features of the interaction of space plasma flows with atmospheric
aerosols of the Earth

We considered the interaction of solar plasma flows with atmospheric gas containing mo-
lecules and particles with a condensed dispersed phase (hereafter CDF). Modeling and cal-
culations of existing electric currents and their structure are carried out. Conclusions are
made about the influence on the structure of the current both from the side of the atmosphere
and from the side of space flows of different composition. The equation of motion of the plas-
ma with the CDF in the Earth's ionosphere is considered. Conclusions are made about the in-
fluence of CDF on the thermal balance of the plasma. Cosmic plasma flows include a compo-
nent with high-energy particles and form showers of secondary radiation and currents of
cosmic radiation that are not involved in the operation of current tubes. It has been proven
that in the discharged layers of the ionosphere, plasma flows mixed with CDF are subjected
to significant additional heating by CDF particles. Heavy ionization losses lead to the forma-
tion of a secondary electronic component in the upper atmosphere. It has been proven that the
electrons arising in this case are drawn into the main plasma flow. The work emphasizes that
the registration of shown of secondary particles is a diagnostic criterion useful for calibrating
the structure of the plasma flow in the lower part of the Earth's atmosphere. It is noted that
small absolute values of currents of protons and particles are compensated by their signifi-
cant kinetic energy. In the lower layers, CDF particles are a heat-dissipating agent. Explosive
processes producedby fluctuations in plasma flows, electric current and cause fluctuations in
currents inside magnetic tubes. The possibility of their influence on the operation of power
supply networks during strong solar flares and their influence on the operation of power lines
in the mountains around the polar and equatorial zones is separately noted. The impact pa-
rameters depend on the amplitude fluctuations of the physical parameters of the medium that
forms the atmospheric currents. It is shown that the significant amplitude character of
changes in atmospheric currents and large induction areas of the systems form a significant
additional EMF during the indicated disturbances. An analysis of the necessary equipment
for monitoring the measurement of the induced voltage during fluctuations in the current
structures of the layers of the Earth's atmosphere was carried out.

Keywords: ionosphere plasma, plasma with CDP in magnetic tubes of the ionosphere, lo-
cal magnetic fields.

1. Introduction. The Earth's atmosphere is constantly exposed to directed flows
of cosmic plasma. As a result of their interaction with a magnetic field produce cur-
rents of electrons, protons, and less often a-particles. During the period of meteor ac-
tivity several times a year, the presence of the dust component of the interplanetary
medium should be added to these fluxes. The well-known distribution function of
these particles N(a) by size a is presented as N(a) = Nya~3* where N, is the total
concentration of dust particles in 1 cu3. In interplanetary space, the concentration of
particles is on average 3% of the concentration of atoms. The concentration of atoms
is 3 particles per 1 cu3. When the Earth collides with the meteor showed that N, in-
creases to 10 cu® and more. Being in the radiation field of the Sun, such particles
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create a significant positive charge [1]. The maximum speed of the CDF during a
head-on collision with the atmosphere does not exceed 60 km/s. According to the dis-
tribution N(a) presented above, the CDP particles are maximally provided with small
sizes. Observations show that the atmosphere "burns" larger particles while small par-
ticles are entrained by the plasma. The distribution function N(a) is characterized
shows that the quantitative fraction of small particles is much larger than the particles
with large sizes. Moreover, half of the total mass of CDP falls on small particles.
When micro- and nano-particles of space plasma dust interact with the Earth's mag-
netic field, the CDF is involved in a directed current motion towards the poles. Pro-
tons and a-particles experience significant ionization losses in the form of a decrease
in kinetic energy, which increases the electron concentration and the degree of ioniza-
tion of the atmospheric plasma. As a result, electric currents in various layers of the
atmosphere are amplified. Such currents, induced by the interaction of charged cos-
mic particles, radioactive cosmic dust, and solar wind currents, cause variations in the
local, near-surface magnetic field. Particular attention consists the phenomena of
transport and heat-mass-exchange in plasma flows with CDP moving towards the
poles. The variations of the magnetic field leads to fluctuation boundaries of the in-
duced magnetic field. During strong magnetic storms, it was found that the regular
magnetic field lines are strongly deformed, pressed from the side of the normal com-
ponent of the flow direction to the earth's surface. In the deformed state, the magnetic
field has a large bend towards the equator. This indicates that magnetic flux varia-
tions may occur near the equatorial atmosphere. In the "saddle" type configuration is
formed additional equatorial current. The presence of the equatorial current and its
rather significant fluctuations in the case of strong solar activity leads to the appear-
ance of an induced inductive current along the entire surface of the equator and adja-
cent regions of the globe. In this case, one should expect the appearance of induced
currents in open conductors in high-mountainous regions of middle geographic lati-
tudes. Particularly in power lines.

2. Physical conditions in the Earth's atmosphere in the zone of collision of
plasma flows. In the upper layers of the Earth's atmosphere, the number of ions are
n; ~ 108¢cm™3, Z, is the dust grain charge Z; ~ (3 — 8) - 103 electric charge units.
T,, particle temperature in eV (1-2 eV), the size a is about 3-10 microns. Let us intro-
duce the dimensionless charge Z instead of the charge number of the CDP particle
Zg.

Z d€2
aTl

e

7 = (1)
Where T,in eV, a is the particle radius in cm. In the intervals of the considered para-
meters, Z; ~ 10™*. Under these conditions, the dusty plasma is considered ideal. The
presence of fluxes of positively charged ions and electrons through the particle sur-
face noticeably changes the actual size of the screening region around the charged
particle. In our case, the size of such a region is determined by the ionic Debye radius

Ap;
Api =+/Ti/4mne? = (1 —2) km (2)
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The fluxes of the gas component of the Low Temperature Plasma (therefore)
through individual dust particles are given by the mean free paths of the ions. For free
paths by dust particles of radius for As, we have the formula: Aq, = (Ap;)?/aP,
where P = nyZ;/n;o. Substitution of all data leads to the inequality Arp > Ap;.

When a supersonic shock front passes through a dusty plasma at rest, the aver-
age distance between particles ahead of the front decreases. At this moment, the self-
potential energy of the KDF particles in the plasma is U (U = ZZe?/2a) changes so
that the "effective" charge is shifted downward.

At the same time, observations record that the heating of the gas reaches 40,000
K in the upper ionosphere. Within the framework of the above physical conditions, a
sharp rise in temperature can be caused only when the impact interaction in the boun-
dary layer is maintained for a long time. The capture of radioactive charged particles
CDP and the solar wind by the Earth's magnetic field is carried out in a rarefied part
of the atmosphere. Their further directed motion towards higher densities and the
fluctuations of the concentrations of moving particles in magnetic tubes, which were
originally laid down by solar flares, are the subject of our work.

The variability of the charges of the dust particles themselves leads to the fact
that in the potential electric field E = - Vo (¢ 1s the potential of the electric field), the
force acting on the dust particle is no longer regularly potential. In this way, systems
of charged dust particles of finite size differ from the usual physical ensemble of
point charged particles. As a result, an excitation of a vortex electric field appears
during the movement of the CDP, expressed by the relations: [VxZ,E] = [VZ4xE] +
0. One of the reasons for the excitation of eddy electric fields is the presence of a
charge gradient in CDP particles is (VZ;). We believe that the self-radiation of dust
will be recorded by ground-based instruments simultaneously with the recording of
infrasonic frequencies [2, 3].

In a plasma flow, the interaction of the gas component with highly charged dust
generates a high shear viscosity. That is, the dust is more strongly carried away by the
gas when the direction of its flow changes. The latter circumstance leads to the fact
that cosmic dust and dust from meteor showers, having small dimensions and a large
charge, become part of the meridian and equatorial flows - electric currents.

3. The equations of hydrodynamics. Let us consider the deceleration of one
counter gas jet by an infinite plane-parallel NTP flow with a CDP. Let us attribute the
particle size distribution to the CDP as N(a) = Nya~3>As noted in [1,6], the inters-
tellar medium placed in powerful high-energy radiation fields has a bell-shaped (mo-
nodisperse) size distribution. Thus, for considered flow, we have two continuity eq-
uations for gas and CDP separately, and one equation for a counter flow of gas (gen-
erally at rest). The average mass fraction of particles is 1% of the total mass of the
interstellar medium. Mass and volume fractions of CDP are denoted by the index p.
Index 1 denotes the corresponding coordinates: I = 1,2,3 — x,y,z. With a sufficiently
strong rarefaction of the medium, we consider the collision of counter-moving par-
ticles with a gas - equation (3a) and gas with gas (3b).
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0 0
E(p—l_pp)—'_a_.Xi(pui_ppupi):O’ (3a)
(o pw)+a%(pu,. —pyty,) =0, (3b)

There is also an interaction of particles with the flow's own gas. However, compared
with the interaction with the incident flow, this interaction can be neglected. The inte-
raction of particles with gas is taken into account at the stage of constructing the mo-
mentum conservation equation in the form of a hydrodynamic analogy of Newton's
second law. Assuming that the volume occupied by the CDP is insignificant, a new
term appears in the equations of motion for two different phases in the form of an ex-
ternal forceF),; acting from particles per unit volume of gas. Then for the accompany-
ing gas we have:

0 0 0
—(pu, ) +—(puu.)=—(-pd. +1. |+ F 4
at(pl) 8xj(pl /) 8)6].( PO, U) pi 4
For a counter flow of gas, relation (4) will be rewritten in the form:
0 0 0
E(puw,l.)+87j(puw,iuj) :aTj(_pSLj + Tij) + Fp;w,i (5)

The interaction between particles corresponds to the equations of motion in the
form:
0 0
E(ppupsi) + aT(ppup»iupJ) =—F,, (6)
j
Where 17;; is the viscous stress tensor for the gas in which the particles keep it
undisturbed. For given parameters of the problem, in layers with a large regular com-
ponent, a random (including Brownian) component and other types of pressure are
excluded.
Of the numerous forms of the energy balance equation, it is more convenient to
use the Marble expression [5]:

) ( 1 2) ) ( 1 2J
—|plet—u ||+—|pulet+—=u ||=
Ot 2 ox, / 2

° [uf (_pSU +TU)_qJ]+Qp +upini' (7)

and for a cloud of particles, the energy balance equation will

0 1 0 1
G i LA O3 1| RC ST
J

It is necessary to dwell in more detail on the notation used and the interpretation
of the quantities in formulas (5) and (6). Qp; up;Fp;. We represented that the power
expended on the transfer of heat from the cloud of particles to the gas phase. Togeth-
er with this the work performed by the particles passing through the gas. Of particular
note the assumption about the "smoothing" of the continuum variables for the gas.
The speed and temperature of the gas change strongly in the vicinity of a particle that
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moves and exchanges heat with the gas. But the values of u;, T and p, which appear
in continuum relations, are, in a sense, values averaged over a volume of gas contain-
ing a certain number of particles. The use of the same average values in the continui-
ty, momentum, and energy relations requires that all traces of particles in the area of
their direct influence quickly, during the time between one or two subsequent colli-
sions, dissipate (become Brownian). In an ideal dusty plasma, this condition is not
always satisfied. Especially if plasma particles and dust experience ionization losses
as a result of moving in a directed plasma flow with a high intrinsic velocity. We
have found that effective deceleration in the form of ionization losses occurs in the
outer part of the Earth's atmosphere. At low altitudes from observation has been seen
regular electric currents in magnetic tubes are already described in the thermodynam-
ic approximation.

The simplified forms of the energy conservation equations adopted above for
each phase, when using the appropriate equation of motion, lead to the following
"thermodynamic" form:

Oe Oe ou, 0q, u,
p[5+”"§j+p ox, :(Q’” ) axl)+ v+~ ) Fy )

i i J

Oe, Oe
p”[ar ”’axl) O (10)
Equation (9) is suitable for gas and shows that the usual relationship for the

energy balance is given by:
1. The rate of obtaining heat Q,, from the dispersed phase;

2. Energy dissipation rate (upi — ui)Fpiof particles moving relative to the gas.

This leads to the fact that for a cloud of particles, under the assumptions made
above regarding the processes of heat-mass transfer, the thermal energy of a particle
can only be changed by the heat flux transferred to it from the outside. Taking this
into account, from equation (9), the relation immediately follows:

0/ , 0 [,
p | —l\u, /2)+u,—\u,, /2)|=-uF,. (11)
p 8t( p ) J axj ( p ) ptp

Here, the work that occurs when the particles are slowed down by the gas affects
only the kinetic energy of the cloud of particles. The processes of deceleration and
heat transfer of the CDF, which connect the cloud of particles with the gas, can occur
in any mode, with the corresponding Reynolds (Re) and Mach (M) numbers.

It often happens that the flows of the falling gas and dust mixture interact with
the atmosphere in the Stokes regime (quadratic or hypersonic). In this case, an analyt-
ical description of the modes of motion of the current sheets is allowed. Therefore,
the analytical solution of the problem presented above allows us to draw important
conclusions and conduct a qualitative analysis based on the analysis of the characte-
ristic times of transport processes in gas and dust plasma; the effects of current fluc-
tuations in the atmosphere are tangible for sensitive ground-based magnetometers at
low altitudes.
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3.1 Characteristic times of hydrodynamic phenomena. Let us assume that the
resistance of particles and heat transfer are described in a flow, where the law of re-
sistance to the movement of particles of Stokes and the Nusselt number Py, (P, =
1)are valid. Then for particles of radius r and mass m moving in a gas with viscosity
W, the characteristic time is 7,,:

m

T

v

p— (12)
T, 1s the time required for the CDF particle to decrease its speed relative to the sur-
rounding gas, e ! times from its initial value in the un accelerated state. This time re-
quired to reach a steady velocity gives some idea of the process of interaction of gas
with particles in comparison with the time T characterizing the flow. Particles in the
flow of interplanetary gas begin to experience acceleration due to movement along a
curvilinear trajectory with the simultaneous action of the Earth's magnetic field and
friction against the gas at rest.

At 7, » 7 the particle enters the flow region and then leaves it before the
elapsed time 7 is sufficient to noticeably change its motion in the form of deceleration
and deviation from a rectilinear trajectory.

When 7, < 7, the particle "adapts" to the local motion of the gas before it
passes through a significant part of the area. If the motion of the gas is uniform, the
cloud of particles assumes the same velocity very quickly. When the gas moves with
acceleration along the magnetic tube, the flow of particles acquires a certain speed
relative to the gas due to inertia and friction, and conditions are provided for the en-
trainment and acceleration of the particles. As a result, the particle velocities reach
values close to the local gas velocity. Then the steady motion of the particle largely
depends on the local motion of the gas.

The situation can be considered in a clearer physical context. Considering a gas
accelerated to a characteristic velocity Uyover a characteristic length L (for example,
the characteristic distances along which the flow moves). Then an acceleration U3 /L
is applied to the particle, which leads to the sliding velocity of the particle U; = U —
U, When the particle obeys the Stokes law, the following estimates can be obtained

2
v, Uy U Ut _A, (13)
., L U, L L

v

Here, A, is defined - the characteristic length at which the velocity is balanced,
and then A, = U,t,1s interpreted as the distance that the particle travels during its
motion with the gas during the time 7,,. During the time 7, the sliding speed of the
particle on the gas decreases to ¢ from the initial value. Then we can conclude that
the sliding velocity of the particle is always less than the value of the gas velocity.
This is true on such scales when t,, 1s smaller compared to the characteristic length of
the system L. Dynamically, this condition means that while moving in a gas cloud,
the particles “adapt” to the slip values corresponding to the local gas acceleration,
overcoming a small distance compared to the characteristic dimension’s systems.

A similar discussion can be made for the temperature history of particles. The
time of establishment of thermal equilibrium is defined as:
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me, (14)
T, = .
T 4nok

This is the time required for the temperature difference between the particle and
the gas to decrease to ¢ from its initial value. When 7 /7 > 1, the particle tempera-
ture is relatively independent of the local gas temperature, but is strongly related to its
initial value. When 7/t « 1, the particle temperature is determined mainly by local
conditions; the difference between the particle and gas temperatures is of the order of:

T—TpNUOTTEK_T’ (15)

AT L L

where AT is a characteristic change in the gas temperature in the problem. We also
define the thermal balancing length A, which has the physical meaning of the dis-
tance that the particles are transported by the gas while they go through this balancing
process. It is clear that the cloud of particles and gas are close to thermal equilibrium
when Ay < L . Comparison of equations (12) and (14) confirms that the rate and
thermal relaxation processes are similar 7,, ® 7 when the Prandtl number is equal to
2/3. The relaxation time or relaxation length is used in the explicit formulation of the
particle strength Fp and the heat transfer rate Qp between the phases. The force acting
on a particle moving through a gas is equal to 67‘[6},[(Up —-U )so that for n non-
interacting particles in a unit volume of space, the effective body force Fp is equal to:

Uu,-U
- (17)

Similarly, the heat transferred from one particle to a gas is 4nck(7, — T) and the
rate of heat transfer per unit volume is

0, =I’l4TEGk(Tp —T) =(nm)(4nGchp (Tp —T) =ppcp[Tp T} (18)
T

mc, T

F, =n6mop(U, —U)=nm(6T:§HJ(Up ~U)=p,

v

The use of these relations in equations (3) - (6) together with the equations of
state for gas closes the main system of equations, except for the relations

e = ¢, 0T, (19)
de, = cOT,. (20)

In both cases necessary to reconsider the assumption of smoothed continuous
variables and the constraint they impose. For example, the same T, value has been
used to indicate the surface temperature of a particle in the transport law and to de-
termine the particle's internal energy in the energy equation. When considering a
problem involving very rapid changes in gas temperature, the bulk temperature of a
particle can lag significantly behind the surface temperature. For this reason, there is
a thermal explosion of large particles flying into the atmosphere.

One limiting form of the coupled equations of gas-particle systems is instructive
both physically and analytically. We want to continue observing until me small
enough 7, and 74 that the local sliding velocity of the particles and the temperature
difference of the gas particles also become small. When t,, = 0, for example, the
value ofU,, obeys the following limit transition U, — U — 0. The volumetric force
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of the particle remains finite. Similarly, as 7 > 0, T, > T - 0. The main limi-
tation of the physical models under consideration is that the particle radius is small.
While the number n of such particles per unit volume increases, so that p, = nm
usually remains constant. Then the immediate result of this restriction is that the
number of dependent variables is reduced by two, i.e. T, = T, u,; = u. From the eq-

: op O op 0 : :
uations —+—(pu. )=0; —2+—(p u_.)=0 it follows that as u,; = u it turns
o ox, (pu)=0: == o (py1) pi
D
out that w = const and this, in turn, indicates that the particles are "attached"
t

to the mass element of the gas they are in. If the initial distribution of particles is sta-
tionary, then p, /p =k = const is constant for the entire medium. Under this condi-
tion, the equations of motion for the two phases can be combined to eliminate the in-
teraction force, so that for an ideal gas we have the equation:

ou, ou. -1 0q, 1 57:1].

Ay 2 . 21
o e T(ek)pax,  (1+k)p o, (el

Combining the energy conservation equations (7) and (8) we get:

¢, +kc| OT oT -1 0g, 1 ou,
+u, = + T, : (22)
1+k | ot ox, | (1+k)pax, (1+k)p " ox,
In this case, the equation of state is reduced to the following form:
p:(1+k)p(ijr. 23)
1+k

With the resulting form of equations, the analogy with ideal gases is complete.
The physical system behaves exactly like an ideal gas with modified thermodynamic
parameters: where the density is corrected by increasing to (1+ K)p, and the molecu-
lar weight increases by (1+ K) times the true value for a pure gas (no dust), ¢, ¢, is
specific heat capacities at constant pressure and volume. Having determined the state
of the system by the characteristic quantities 7,, and 7, we proceed to solving the
problem. The use of the Stokes approximation allows us to reduce the solution of
previous equations in the scope of the similarity method. Spatially this is Sedov di-
mension method with the Zel'dovich-Raiser correction. To do this, we pass to the
group of dimensionless heat capacities and the associated coefficient y (meaning the
adiabatic exponent), which are a combination of the dimensional ¢, c, and the di-
mensionless quantity y are redefined as follows:

. ¢, +ke c, + ke c +kc

¢ , ¢ = , vy ==L 24
Ttk Ay Y @4)

Dimensionless groups of parameters, namely effective kinematic viscosity v*,
Reynolds number — Ry, Mach number — M and parameter — P are also redefined as:

vi=u/(1+K)p (25)
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R, _ ok =(1+k)U,L /v
\%
M:%—ﬂ (1+k)(1+ke/c,) (26)
a a (I+ke/c,)
Pk:;PM/K

So that, in addition to the changed gas parameters, the effective flow becomes
uniform for large Reynolds and Mach numbers. With a large mass fraction of par-
ticles, that is, K » 1, the Mach and Reynolds numbers increase markedly, then the ra-
tio of heat capacities is close to unity. In this case, the flow of CDP particles behaves
as a free molecular one. The convenience of the presented approach also lies in the
fact that the resulting "equilibrium" limit is a solution around which one can build a
series expansion under small perturbations. In this case, the expansion parameters are
T, /T or A, /A. Let us indicate the initial and boundary conditions for the velocity and
temperature of the particle. When 7, - 0 wmm A, = 0 the region in which the par-
ticle state relaxes from the initial state to stable slip experiences compression into a
small boundary layer. Main conclusion is that the detailed nature of heat transfer and
the laws of gas-dynamic resistance do not affect the nature of equilibrium in the
above limit for 7,4, = 0..

4. The flows around a sphere. Despite the irregular shape of dust falling into
the Earth's atmosphere, the approximation of a flow around a sphere of radius R is
one of the most frequently considered examples and illustrates the problems that arise
in such applications. Meteor showers rarely collide head-on with the Earth's atmos-
phere. We often deal with intersecting courses of the Earth's movement of CDF
streams, giving an average collision velocity of 5-20 km/s. The main part of large
particles under the noted conditions is instantly destroyed, evaporates and burns in
the upper layers of the atmosphere, forming a plasma column. At even lower veloci-
ties, the gas-plasma flows around a charged CDP particle according to the Rutherford
law. In the limit of the lowest, subsonic velocities, we have an approximation of the
motion of a CDP particle through an inviscid and incompressible fluid with a velocity
potential in a steady equilibrium flow, defined as:

3
¢, = uorcos\(}[l + %(éj J , (27)

where r and 9 are spherical polar coordinates in an axially symmetric flow and u,is
the initial velocity uniform in orientation.

If the perturbed non rotational, equilibrium flows are small, the sliding velocity
vector Ug 1s non-rotational. In this case particle sliding velocities follow from the

: : 9
potential @ ; i.e.,us; = a(p;'l.
i

ple form of the integral of motion:

Than equation of particle motion is reduced to a sim-
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u 1
—}L—O(ps’1 + E(ug - vé) = const (28)

v

where u,y u v, are components of the non-rotational equilibrium velocity can be writ-
ten in terms of the slip velocity vector and the value ¢ ;.

Our interest in such a motion lies in the fact that in an appropriate ratio of the
characteristic parameters of the system has next properties. The gas incident on the
particle flows around it without noticeable energy losses. An important consequence
of the latter is that the CDP particle accompanying the plasma current reaches the end
point, the North (rarely South) magnetic pole.

2 2
If (ZuTO) -C :TO > 0,v>0. No impact occurs even at the forward stagna-
v v

tion point, and the particle cloud does not reach the body at all. In other words, the

v

condition 7 = Pc gives the ratio between the parameters in the critical mode.

The value C is semi-empiric value and has been determined from the model ex-
periment planned by us, which is close to the conditions of the physical problem be-
ing solved.

1 : . A
If —>— system going to blow.The case of the reverse inequality — <—
R 4C R 4C

does not allow particle collisions.

Thus, we come to the following conclusions:

I. Micro meteoric and interplanetary particles of sufficiently small sizes
represent a stream accompanying the solar wind. The currents formed in this case in
the magnetic tubes include electrons, protons, and charged CDP particles.

2. The above physical conditions for the functioning of currents in near-Earth
magnetic tubes make it possible to conclude that the presence of significant CDP
concentrations in the solar wind plasma leads to a significant redistribution of the
energy balance. Due to energy loss by the electronic component [6]. The power of the
flow decreases, the thermodynamic temperature increases due to the decrease in the
energy of the directed motion of the plasma flow (solar wind). In this case, the cur-
rent strength experiences fluctuations of interest to us.

3. The observed impulsive nature of solar flares leads to the fact that the solar
wind flow has an irregular structure. Fluctuations in density, temperature, and pres-
sure during the entry of plasma into the Earth's magnetosphere lead to fluctuations in
the concentration of electric ions in magnetic tubes over the entire region.

5. Examples, numerical estimates. Physical aspects: The average resource of a
solar flare was fixed with the help of the first satellites. My; ~ 10'3g, N ~ 10*°
protons, electrons), regular solar wind velocity Vs, =~ 4 -107cm/s. Observed flare
temperatures in Sun is T ~ 108K. Proton velocity V, = 6-107cm/s, V, = 6,7 -
10%c¢m/s. There are 10'3electrons and protons per 1 cm3 in the region of the Earth

after a spherically symmetric explosion in the solar chromosphere. Electrons create a
current of 1600 A, protons 1.6 A and particles have pA. After interaction with a mag-
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netic field, the structure and direction of the current changes. The movement of
charges along the normal is replaced by their movement along the meridian direction
of the magnetic field along the magnetic tubes. The total charge resource is a multiple
of (102° —103%) charge units. To obtain the total maximum possible current
strength, it is necessary to know the duration of solar flares. Usually it is several days.
Therefore, the structure of the current pulse is as follows. The maximum current am-
plitude is 1,6 - 101° 4 for the entire flash period, 1.6 - 10* 4

Geometric factors. The configuration of the Earth's magnetic field is constantly
changing. It has long been known that the magnetic poles change during geological
epochs. However, during the processes under consideration, its unperturbed structure
is known and can be considered in the next approximation. In the capture zone of
LTP with QDF in the form of the solar wind, we assume a uniform rotation of the
plasma along a magnetic tube of a cylindrical structure with a simultaneous outflow
towards the poles. The role of each plasma component is defined above. Here we
note that in order to cause the aurora, it is necessary that, after ionization losses, its
energy potential be sufficient for this. Additional energy in the current sheet is
achieved due to the cone-shaped narrowing of magnetic tubes near their entrance to
the North or, more rarely, to the South Pole of the Earth. The plasma is sharply com-
pressed, heats up and is able to ionize the middle layers of the Earth's atmosphere.
Plasma fluctuations embedded at the point of entry into the atmosphere manifest
themselves only in the near-surface layers of the atmosphere.

Conclusions. Phenomena accompanying the collective movement of LTP with
CDP in the Earth's atmosphere have an impact on many types of practical activities.
In addition to the destruction of the ozone layer and disruption of radio communica-
tions, the collision of the solar wind with the Earth's atmosphere leads to an atmos-
pheric glow similar to auroras. In some cases, there are such amplitude fluctuations of
the electric current inside the tubes of the Earth's magnetic field that it causes an
overload of open-type power lines. It has always been believed that such a phenome-
non can only be attributed to the electronic component of the solar wind. In the
present work, the role of CDP of cosmic origin in the course of the noted processes
was indicated. In addition to the CDP, the proton component causes active ionization
along its track and forms a secondary electronic component. those. protons “pump” a
magnetic tube with fast secondary electrons like cosmic showers from cosmic rays of
significant energies [4,6]. Being "frozen" into the fiery clumps of the solar wind dur-
ing flares, all plasma components have the same speed. In such a plasma, the main
kinetic energy of directed motion is carried by protons. It is the proton component
that is responsible for maintaining the auroras for a much longer time than the solar
flare itself.

Results: In this article, we touched upon the role of the CDP in the formation of
current structures inside magnetic tubes. The presence of the CDP leads to the fol-
lowing consequences in the plasma flow that forms the currents.

1. Only very small particles are present in the current sheet, which were carried
towards the meridian and equatorial flows by the incident plasma flow.
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2. The presence of dust in the current sheet actively removes kinetic energy for its
own radiation and reduces the kinetic energy of chaotic motion.

3. At sufficiently low velocities and the criteria given in the work, the oncoming
plasma flow goes around small particles without collisions with them.

4. Larger particles are destroyed and burned in the atmosphere and do not affect
the formation of currents.

5. We hase found that during the formation of current pulses for every second, the
amplitude of the current strength changes in the likeness of atmospheric
lightning. However, such a process of changing the amplitude during the day
forms a constant additional EMF, causing overload and destruction of electrical
networks.

6. The presence of the QDF reduces the amplitude of current disturbances.

Authors' contribution: DND formulated the theoretical foundations for the
movement of charged meteor dust and plasma from solar flares in magnetic current
tubes and makes up 60% of the volume of the article. DMD participated in the joint
writing of all sections, personally developed and designed the technical means for
further field studies of induced currents from plasma flows in the atmosphere in the
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Hoiukoe /I.M., /louikoe M./I.
Oco01uBOCTI B3a€MOJII MOTOKIB KOCMIYHOI IJ1a3MH i3 aTMOChepHUMHA
aepo3ousamu 3emuri

Pe3rome. Y cmammi po3enadaemvcag3aemMo0isinoOmoKie COHAUHOI NAA3MU 3 AMMOChepHuUm
2azom, AKIU Micmums MOJEKYIU Ma 4YaCMmUHKU 3 KOHOEHCOBAHOW OUCNEPCHON ¢hazor (Oani
KJ{®). Ilposeoerno moodentoganus ma po3paxyHKU ICHYIOUUX eleKMPUYHUX CMpyMie ma ix
cmpyKmypu. 3poOnieHo 8UCHOBKU NPO 6NIUE HA CIPYKMYPY CMpyMy AK 3 00Ky ammocghepu,
max u 3 60Ky KOCMIYHUX NOMOKiI6 pizHo2o ckaady. Pozenanymopisuannusa pyxy niasmu 3 KD
8 ionocgepi 3emni. 3pobreno eucnosku 6ionocro enaugy K@ na mepmobananc nias-
mu.llomoku KOCMIYHOI nAG3MU 6KIIOUAIOMb KOMNOHEHM 3 YACMUHKAMU BUCOKUX eHeplill |
Gdopmyrome 31U6U GMOPUHHUX SUNPOMIHIOBAHb I CIMPYMIE KOCMIYHUX BUNPOMIHIOBAHL, He De-
pyms yuacms y pobomi cmpymosux mpyooxk. [losedeno, wo 6 po3paojiceHux uapax ionocge-
pu 3miwani 3 KJ/[®@ nomoku naasmu 3a3Haiomes 3HAUHO20 000AMKOB020 HAPIGAHHA YACMUH-
kamu KJ{®.Bacomi ionizayitini empamudosodams 00 ¢opmyeaHHs 6MOPUHHOI eleKMPOHHOT
KOMHOHeHmu y eepxuit ammocgepi. /losedeno, wjo enekmponu, sKi BUHUKAIOMb ) YbOMY 6U-
naoky, 3a1y4armscs 00 OCHO8HO20 NOMOKY NAA3Mu.y pobomi nioKpecieHo, wo peecmpayisi
371U6I68 GMOPUHHUX YACMUHOK € OIACHOCMUYHUM KPUMEPIEM, KOPUCHUM OJisl KAniOpy8anHs
CMpPYKmMypu ROMOKY NJIA3MUY HUNCHIU yacmuHi ammocgepu 3emni. Biozuaueno, wo mani ao-
CONIIOMHI 3HAYEHHS CIMPYMI8 NPOMOHIE MA 0-4ACOK KOMNEHCYIOMbCA iX 3HAYHON KIHemuu-
HOMeHep2iero. YHudICHIX wapax yi 4acmuuKky € menio 8i08IiOHUM azeHmMoM. Bubyxoesi npoye-
cughopmyroms paykmyayii nomoxie nia3Mu,e1eKMpULHO20 CMpymy i 008005mb 00 QIyKmy-
ayii cmpymie ycepeOouni macHimuux mpyoox. OKpemo i03HAYEHO MONCIUBICMbIXENIUBY HA
pobomy mepedsc eneKmponoCmayanHs nio 4ac CUNbHUX COHAYHUX CNANaxie maix e1ue Ha po-
bomy niHii enekmpomepedic y 20pax, HA8Ko10 NOJIAPHUX ma ekeamopianrbHux 30H. [lapamempu
BNIUBY 3ANEANCAMb 810 AMNIIMYOHUX QAVKMYyayitl Qi3uyHux napamempis cepedosuwya, op-
Myryo20 ammocgepri cmpymu./logedeHo, wo 3HAUHUN aMIAIMYOHUL XapaKkmep 3MIiHU am-
Mocgheprux cmpymis i genuxi niowi iHOYKYii cucmem, popmyoms cymmegy 000amros)y eie-
Kmpopyxaiouy ciny nio yac 3a3HaveHux ooypens. [Iposedeno ananiz HeobxioHo2o0 061a0HaHHSA
0J151 KOHMPOJIIO BUMIPIOBAHHS THOYKOBAHOI Hanpyau nio yac Qaykmyayii y cmpymosux cmpy-
Kmypax wiapie ammocgepu 3emii.

Knrouoei cnosa: ionocghepna naasma, nnasma 3 KD y maenimuux mpyoxax ionocgepu,
JOKANbHI MACHIMHI NOJIA.
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OnpenesieHue MeXaHMYECKUX XAPAKTEPUCTUK HAHOPA3MEPHBIX YACTHI 110
ocaxaeHuIo B 1n(pPy3noHHOU DaTapee CETOYHOI0 THIIA

Ilpeonooicen u IKCNepUMEHMATILHO NPOBEPEH Memo0 ONnpedesieHUst MEXAHUYECKUX U ao2e-
3UOHHBIX XAPAKMEPUCTNUK CUCTEMbL YACMUYA-NOBEPXHOCb, OCHOBAHMbIN HA CPABHEHUU pe-
3YILMAMO8 UBMEPEHUsL PAZMEPOS8 YACTUY 08YMSl HE3ABUCUMBIMU MEMOOAMU — NO DJleKmpuie-
CKOU NOOBUICHOCMU Yacmuy U Oupy3uonuvim memooom. B nepsom ciyuae pasmep wacmuy
VCMAHABIUBANCA  INIeKMPOCmamudeckum Kiaccuguxkamopom yacmuy (modenv TSI EC
3071A4), a 6o smopom — uzmepsica ougghyzuonrnoti bamapeeti (/[b) cemounozo muna (modeinsb
TSI 3041). B onvimax ucnonv308anvl a’apo3onu U00OEH301d, OKCUOA MOIUOOeHa U OKCuod
gonbppama ¢ pazmepom wacmuy om 3.05 um 0o 15.4 um 6 ouamempe. OnvimHvle OaHuble NO
NPOCKOKY asposons uepes /Ib ucnonvzosansi 015 pacuéma cpedneeo 3navenus d¢hdexmusHo-
cmu adee3uu u napamempos meniosoco omckoka yacmuy R. C npumenenuem mooeneil adze-
3Ul yacmuy K NIOCKOU NOBEPXHOCMU OnpedeieHbl a02e3UOHHble XAPAKMEPUCTNUKU CUCTEMbL
yacmuya-nosepxHocmy: nocmoaunasn I amaxepa A u yoenvhas sHepeus adze3uu Gp,s.

Knwuesvie cnoea: ouggyszus, apeesus, uacmuya, no8epxXHOCMb, eleKMpUYEcKas Noo-
BUIICHOCb.

BBenenne. lccnenoBaHne MEXaHMYECKHMX M AJT€3MOHHBIX CBOWCTB HAHOpA3-
MEPHBIX YaCTHUIl MPX B3aWUMOJEUCTBUU C TBEPAOW MOBEPXHOCTHIO MPEACTABIISIET UH-
TEpeC C HAyYHOU U MPAKTHYECKOW TOUKU 3peHHs. MHOXKECTBO pa3auyHbIX (DaKTOPOB,
BIIMSIOLIMX HA PE3yJbTaT CTOJIKHOBEHUS, CUJIBHO YCIIOKHIET PACCMOTPEHUE 3a4a4U B
oOuiem Buae. Bmecre ¢ Tem, pu onpeaeseHHbIX YCIOBUAX aHAIM3 MPOLIECcCa CTOJK-
HOBEHMS I103BOJIAECT OLIEHUTh HEKOTOPBIE U3 MEXaHUYECKUX XapaKTEPUCTUK HAHOYa-
ctull (koapduuuent [lyaccona, monynp FOHra) n paccunrtaTh aAre3MOHHBIE Xapak-
TEPUCTUKH CUCTEMBl YaCTULIA-TIOBEPXHOCTh (IIOCTOsIHHAsA ['amakepa, yaenbHas 3Hep-
rusl aare3un). JTO MPEACTABIAETCS BAXKHBIM, IOCKOJIBKY MEXaHHYECKHE CBOMCTBA
HAHOYACTHI] M MX aJATr€3HMOHHBIE XapaKTEPUCTUKHU Ui OOJIBIIMHCTBA U3BECTHBIX Ma-
TE€pPUAJIOB HE M3YyYEHBbl WM MCCIEI0BAaHbl HEAOCTATOYHO MOJHO. OCcoOBI MHTEpEC K
ATOMY JHANa30Hy pPa3MEpPOB YaCTHUIl BbI3BaH aKTHUBHBIM Pa3BUTHEM HAHOTEXHOJIOTUU
[1], cBsi3aH ¢ pa3pabOTKON MEMOpPaHHBIX M BOJIOKHHCTBIX (DUIBTPOB [2], BBITYCKOM
a’po30JIbHOTO 00opynoBanus [3,4].

[IpsiMBIE U KOCBEHHBIE METOJbI ONPEIACICHUS XaPAKTEPUCTUK HAHOYACTHUIL SB-
JISIFOTCS AOPOTOCTOAIIMMHI U UMEIOT ompenesieHHble orpanndenus [1]. Iloatomy BO3-
HUKAaeT HEOOXOJMMOCTb COBEPIICHCTBOBAHMSI M3BECTHBIX METOJOB HCCIIEOBAHMS
WJIY TTIOMCKA HOBBIX ITOJXO0/I0B.
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eabro JaHHOM PadOTHI CTaja peanv3u3alns Ha MPAKTUKE METOAA OIpeese-
HUSI MEXaHUYECKUX M aJIT€3MOHHBIX XapaKTEPUCTUK CUCTEMbI YaCTUIA-ITOBEPXHOCTD,
OCHOBAHHBIM Ha CPABHEHHUH JAHHBIX, IOJYYEHHBIX IBYMSI HE3aBUCUMBIMU METOIAMMU:
11 y3MOHHBIM METOJIOM U METOJIOM JIEKTPUUECKON MOJABUNKHOCTH YACTHII.

[lepBbIit U3 HUX — METOJI BOCCTAHOBJICHUS (DYHKIIMHU pacIpenesieHrs YacTHIl 10
UX DJIEKTPUYECKON MOABUIKHOCTU. DTOT METOJ OTINYAETCA BBICOKOW TOYHOCTBIO U
MOJIOKEH B OCHOBY Pa0OTHI a’pO30JIbHBIX MPUOOPOB — INEKTPOCTATUUECKUX KIIACCH-
(uKaTOpOB YacTUll. 3apsSKEHHBIE YAaCTULBI B TAKOM YCTPOWCTBE MPOXOIAT 4Yepes
CUJIBHOE AJIEKTPOCTATUYECKOE MOJIE, a TI0 MPOCKOKY YACTHUI] Yepe3 KaHall BOCCTAHAB-
JMBAETCA paclpeiesieHne YacTHI] 10 MOABUKHOCTH U pa3Mepy.

Bropoit — nuddy3noHHbI METO ONpeAciCHUsT apaMeTpoB a’po30Jisl, CYII-
HOCTbh KOTOPOTO 3aKJIFOYAETCS] B CPABHEHUM PACCUYUTAHHBIX U U3MEPEHHBIX XapakKTe-
PUCTHK OCaXKJICHUSI B HEKOTOPOW MOJIEIBHOW CHCTEME. B KauecTBe TakOW CHUCTEMBI
Ha MpaKTUKe NpUMEHsIOT nuddy3nonnsie 6arapeun ([Ib) kaHaTbHOTO WM CETOYHOTO
TUnoB [3,4].

B ortnuuue oT MeToAa pa3AeneHusl YacTHll M0 AJIEKTPUUYECKON MOJBHKHOCTH, B
b y3MOHHOM METO/I€ TaHHBIE U3MEPEHHU BO MHOTOM 3aBUCST OT B3aUMOICHCTBUS
YacTHI] C MOBEPXHOCThIO CTEHOK KaHajla UM BOJIOKOH Auddy3uonHo# Oatapeu. Pe-
3yJbTaT 3TOr0 B3aUMOJEHCTBHS, B CBOK OYEPEb, ONMPEIEIACTCS TEIJIOBBIM JIBHUKE-
HHUEM YacCTUIl, a TAK)K€ MEXaHUYECKUMH U aAr€3MOHHBIMU CBOWCTBAaMHU YacTHIl U I0-
BepxHOCTU. Ecnu N1Ba BbIlIE YIOMSHYTBIX METOAA OJHOBPEMEHHO MPUMEHUTH K ad-
PO30JII0 C (PUKCUPOBAHHBIMM MAPAMETPAMHU, TO IyTEM CPABHEHUS PE3YJIbTATOB U3ME-
PEHUN MOYKHO MOJTYYUTh HHPOPMALIUIO 00 0COOCHHOCTSAX B3aUMOJACHCTBUS YaCTHUII C
MOBEpPXHOCTHIO. [lomydeHHble NaHHbIE, B MPUHLHUIE, TO3BOJISIOT PACCUUTATh MEXa-
HUYECKUE M aJINe3MOHHBIC XapaKTEPUCTUKU YaCTHUIl M MOBEPXHOCTU. [1OBBICUTH Ha-
NEXKHOCTh PE3yNbTAaTOB MCCIEJOBAHUN U YNPOCTUTh 00PAOOTKY JAHHBIX MOXHO ITy-
TEM HCII0JIb30BaHUs B SKCIIEPUMEHTAX MOHOIHUCIIEPCHOTO a3pO30JIsl.

Teopurnueckue cBegeHbs. B COOTBETCTBUE € KIACCUYECKON MOJIEIbIO (PUIIBT-
paiuu a’po30Jeil BOJOKHUCTBIMU GuiIbTpamMu [5] ko3 duiment npockoka P MoHO-
JUCIIEPCHOTO a3p030JIsl Uepe3 HEKOTOPHIN (PUIIBTP ONpPENEAETCS BhIPAXKEHUEM:

P=exp(—E,N), (1)
rae E; — addexkTuBHOCTD 3axBaTa (ylIaBIMBaHUs) YACTUI] CJIoeM (PUIbTpa TOJIIUHON
AH ; N = H/AH — xonnuectBO 3QQEeKTUBHBIX cioeB (punbTpa; H — obmias TonmuHa
¢bunsTpa.

D¢ PexTUBHOCTD 3aXBaTa, B CBOIO 0UEpE/b, MOKHO MPEACTABUTH B BUJIE [2]:

E =¢n, 2)
rae 1M — 3¢ ()EKTUBHOCTh CTOJIKHOBEHHUS YaCTHUILL C TOBEPXHOCTHIO BOJIOKOH B €IUHUY-
HOM cJ10€; € — 3()PPEKTUBHOCTD AJITE3UM.

Knaccuueckast teopust (pUIbTpanMy HW3HAYAJIBHO MPEANOJAraeT, 4ro € = 1 u
paccMaTpuBaeT MOJEIHU OCAXIEHUS TOJbKO s omnpeaeineHuss 3(PpQPeKTUBHOCTH
CTOJIKHOBEHHS 1. BOnbIas 4acTe TakuX MOCNCH SBISIOTCS TOTYIMIUPHUCCKUMH,
T.€. TPEOYIOT KCIEPUMEHTAIBLHOIO ONPEEICHHS] HEKOTOPBIX MapaMeTpoB IS Kax-
J0M KOHKPETHOW KOHCTPYKIMU U CTPYKTYPBI (PUIIbTpA.
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PaccmatpuBas JIb ceTroyHOTO THIA, KaK BOJIOKHUCTHIN (DUIBTP, IO aHAJIOTUH C
(1) 6bL10 MPEIOAKEHO OMUCHIBATH TPOCKOK a’po30ist popmyioi [3]:

P = exp(-nSn), (3)
rac n — 4Yuciio CJIOEB CCTOK; S— FGOMeTpI/I‘-IGCKI/Iﬁ mapamMeCTp CCTKU:
S = 4ah/n(1-0)d}, (4)

I1€ 0 — INIOTHOCTh YNAKOBKH BOJIOKOH; /i — TOJIIIMHA CJIOSI CETKH; dy — JUaMeTp BO-
JIOKHA CETKHU.

Ecnu B (3) BBecT nmonpaBky Ha 3(pPEKTUBHOCTh aAT€3UU YaCTHUL, KaK 3TO cJe-
naHo B [2] (cM. popmyiy (2)), TO OHA TPUHUMAET BUJT

P =exp(—nSen). (5)

st aspozonisa ¢ yactuiiamu MeHee 0,1 MKM 3((EeKTUBHOCTh CTOJIKHOBEHHUS T
XOpOIIIO OTHCHIBACTCS TOTYIMIUPHICCKUM BBIPAKCHUEM TPU YCIOBHH, YTO TUIOT-
HOCTh YNAaKOBKHM BOJIOKOH JISKHT B mipenenax 0,02 < a < 0,35, a yucna PeliHonbica
(Re) u Ilexie (Pe) ynoBneTBOPSIOT yciIoBmsiM Re < o%, Pe > 0.2 [4]:

n = 2.7Pe", (6)

rne Pe = dU/D — aucno Ilexkne (nupdysnonnoe); U — CKOPOCTh TEYCHHS Ta3a B
nuddy3uonnoi 6atapee; D — koappunueHT nuddy3un qacTuil.

Ucnonbiys (4)-(6), MOKHO MOIYYUTh MPOCTOE BBIPAXKEHUE NIJIsI OLICHKHU € B 3a-
BUCHMOCTH OT pa3Mepa 4acTull U uX npockoka P uepe3 /b:

e = or’InP, (7)
I7ic 6 — HEKOTOPBIM YKCIIOBOM MapameTp, KOTOPBIH JIETKO PacCUMUTaTh MO YCIOBUSIM
AKCIIEpUMEHTA.

[Tomo6HO Ta30BBIM MOJIEKYJIaM, HAaHOYACTHUIIBI IIPU XAOTHYECKOM JBHKCHHH
CTAJIKUBAIOTCS C BOJIOKHAMU PuibTpa. CHIIbI aJire3uu ONPEACIISIIOT MPUIIMITIaHUE Yac-
TULIBI K TIOBEPXHOCTU BOJOKOH. DP(DHEKTUBHOCTH AAre3UH € 3aBUCUT OT CKOPOCTHU
CTOJIKHOBEHHS 4aCTUIBI C BOJOKHOM M HEKOTOPOM KPUTHYECKOW ckopoctu V., [2].
Ion V,, noHMMaeTcss MUHUMAIIbHAs. CKOPOCTD, IIPH KOTOPOM HAYMHAETCSI OTCKOK Yac-
THLl. Bce 4acTHIbl, CKOPOCTh KOTOPBIX BbIIIE V,,, OyIyT OTCKAKUBATh OT OBEPXHO-
CTH BOJIOKOH. DTOT 3 (PeKT momydusa HazBaHue 3P HeKTa TeIIOBOro OTCKOKa YacTHI]
[2].

Hns ouenku V,, aBTopamu [2] NpeUIoKeHO HCIOIb30BaTh ABE MOJEIH aAre3H-
OHHOTO B3aUMOJIEHCTBUS YacTUIA-TOBEepXHOCTh. [lepBas monens (bpammm-I'amakepa
unu mojaens b-I"), ocHoBanHast Ha moaxoje Bau-aep-Baanbca, npencrasiena B pabdo-
Tax [6,7] ¥ AaeT creayonmn pe3yibTar:

Vy =\AI79,7D, (8)

rae A — nocrostHHas I'amakepa; p, — INIOTHOCTh MaTepHajla YacTULIbL; Z) - MUHAMAIIb-
HOE PACCTOSIHUE MEX]y YacCTHUIEH M MOBEPXHOCTHIO, MPU KOTOPOM IPOUCXOJUT OT-
CKOK YacCTHIIhI (ITPU BHITIOJHEHUN PAcu€TOB, KaK MPAaBUIIO, IPUHUMAIOT z) paBHBIM 0,4
HM [2]); D, — nmaMeTp 4acTHIBL.

Bropas monens (/>xoncona-Kenpamna-Pobeprca [8] wim moxaens J[-K-P) mo-
3BOJIICT PAaCcCUUTATh KPUTHYECKYIO CKOPOCTh, BBOJS BEIMYMHY MPUBEICHHON JHEp-
T'UU aATE3HHU Gp s IIPY KOHTAKTE YaCTULA-TIOBEPXHOCTB:
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) 1/6
v, :3[3714(KP+KS) Gsp’s/p;DPS} . 9)

31eCh UHIIEKCHI «p» U «$» OTHOCATCS K YaCTHULIEC U MTOBEPXHOCTH, COOTBETCTBEH-
HO; K, 1 K; — MEXaHN4ECKHE KOHCTAHThI YaCTHUIIbI ¥ TIOBEPXHOCTH.

Hcnonb3yst MOHITHE KPUTUYECKOU CKOPOCTH, d3(PPEKTUBHOCTD aAre3ud MOKHO
ONPENENINTh, KaK OTHOLICHHWE YHCIA ad3pPO30JbHBIX YACTHUI], CKOPOCTb KOTOPBIX
MEHBIIE KPUTUIECKOU V,, K 00IEMY YUCITy YaCTHI B cucTeMe. Pacuér uncia gactun
BO3MOYKEH, €CJIM 334aTh BUJ (PYHKIUHU PACIPEIEICHUS YACTUIL 10 CKOPOCTSM.

Jliist oieHKHM 3(pdekTa TEemIoBOro OTCKOKa YacTHI] OT TOBEPXHOCTH BOJIOKOH aB-
TOpaMHu [2] BBEJIEH MapaMeTp TEIJIOBOIO OTCKOKAa R, KOTOPBIN ONpENesieTcs Kak OT-
HOULIEHWE CPENHEN TEIUIOBOM CKOPOCTH JIBUKEHUS YaCTHLl K KPUTUYECKOU CKOPOCTH.
CoracHo TIpeICTaBICHHBIM B [2] pacueTaM, 3¢ (HEKTUBHOCTD aATre3uH € MPAKTUYECKH
paBHa 1 npu ycinoBuu R < 0.4. Ecnu mapameTp R NpeBBIIAET YKa3aHHOE 3HAYCHHE,
TO 3(pPEeKTUBHOCTD aAT€3UM MOHOTOHHOE YMEHBINIAETCS, a MpU R > 2 — MEHSETCs 110
3aKoHy € ~ 1/ R’

JKCIEPUMEHT U Pe3yJbTAThl U3MeEPEeHUil. DKCIIEpUMEHTAIbHBIE HCCIEI0Ba-
HUSI BBITIOJIHEHBI HA YCTAHOBKE, OJI0K-CXeMa KOTOPOU mpe/icTaBjieHa Ha puc. 1.

B omnbiTax ObUIM KCHOJIB30BAaHBI a3p030JIM HOAOEH30/1a, OKCHIAa MOJMOACHA U
OKcHJa BoJb(ppama, KOTOPbIE MOJIy4aJId C MOMOUIBI0 POTOXUMUYECKOTO (H1010€H3011,
OKCHJIbI MOJIMO/IEHA U BOJib(Ppama) U TEPMOKOHJICHCAITMOHHOTO (OKCH]I BOJIb(hpama)
TE€HEPaTOPOB YIBTPATOHKHUX a3po30ien [9].

I'enepaTopbl MO3BOJISIIM TOIY4YaTh YJIBTPATOHKUNA a’po30Jib CO CTaHIAAPTHBIM
F€OMETPUYECKUM OTKJIOHEHHEM OT 1.5 10 2 B auama3oHe pa3MepoB 4acTHIl OT 3 10
20 uM ([0 AMAMETPy) ¢ YUCICHHOMN KOHIeHTpanmeii Ha Bxoze 6arapen 10 1.5-10% em™
st yactull 20 HM ¥ KOHIEHTpauen 10 7-10° em™ JUISL 4aCTHUL JUAMETPOM 3 HM.

[TonuaucnepcHbIN a3p030J1b NPOITYCKAJICS Yepe3 AIEKTPOCTATUYECKUM KIIACCH-
¢dukatop yactur ¢ nuuHou kosuiektopa 0.1111 m (monens TSI EC 3071A), koTopsiit
pa3ziessil 4acTUllbl Ha y3KHue (pakliyd CO CTAaHIAPTHBIM F€OMETPUYECKUM OTKIIOHE-
HueMm oT 1.15 mo 1.50. Jlanee aspo3omp noctynan B AudPy3noHHy0 OaTapero ceTou-
Horo tuna (moxaenb TSI 3041), koTopast npeacTaBiIsieT coO0N MUIMHAPUYECKUN Ka-

Bozayx
———— Teneparop asposons —(

\
OnexTpocTaTHYeCKui
KIaccHpHKATOP
vactun, EC 3071A

C“__: Huddyznonnas
Garapes, TSI 3041

O 1™ | CaeTunk gacTwH,
S UCPC 3025A

Puc. 1. binok-cxemMa sKCIEpUMEHTAIBHON YCTAHOBKHU

169



dizuka aepoaucrepcHux cucrem. — 2022, — Ne 60. — C. 166-175

HaJj, B KOTOPOM NEPINEHAUKYJSPHO K HANPaBJICHUIO TEYEHUS Ta3a pa3MELIEHbI CIOU
ceTok SS635. ITocne kaxmoro ciiosi, KOTOPbIM Ha3bIBalOT IIOPTOM, IIPELYCMOTPEH OT-
00p adpo30is 1 U3MEPEHHs KOHLEHTpauuu vyacTull. CeTKW M3roTOBJIEHBI U3 He-
PKaBEIOILEH CTAIM U UMEIOT CIIEAYIOUINE XapaKTEPUCTUKU [4]: 4UCIIO sSYeeK, IPUXo-
aamumxcs Ha 2.54 cMm nnuHbl — 635; nuamMeTrp BOJOKHA CeTKH — 20 MKM; TOJIIIMHA
cinos ceTkd — 50 MKM; IUNIOTHOCTh YIIAKOBKHM BOJIOKOH — 0.345; reoMerpudeckuil na-
pametp S = 1.677 (cMm. hopmyiy (4)).

KoHueHnTpanus a’spo30is B MOPTAX U3MEPSTIACh KOHAECHCAIMOHHBIM CYETUYHMKOM
yabTpaToHkoro a3po3ois (moaenb UCPC 3025A, TSI) ¢ ucnonb30BaHUEM KOMIIBIO-
TEPHOM MpOrpaMMBbl JUIsl yIIpaBlIeHUs U 00pabOTKH NaHHBIX AU(PHY3UOHHON OaTapen.
[Ipockok a3po30iid yepe3 NopT OaTaper pacCUUTHIBAJICA KaK OTHOLIEHUE KOHIIEHTpa-
LMIA a3p030J1s Ha BBIXOJE U3 JAaHHOIO MOpTa K KOHLUEHTPAIMU Ha BXO/IE.

TunuuHol popmoii npeacTaBieHus AaHHbIX Uil JIb ceTouyHOro Tuma sBiastoTCs
3aBUCUMOCTH KO3 (UIIMEeHTa INPOCKOKa OT YHCJa CJIOEB CETOK M HAaKJIOH KpPUBBIX
pOocKoKa Kak GpyHkuus yucna I[lekne. [{ns ¢puxcupoBanHOro pazmepa yacTHIl B IO-
JdynaorapugmMuueckoM MacuTaOe rnepBas 3aBUCUMOCTD SBJISIETCS JTUHEHHOM, 4TO He-
MOCPEACTBEHHO BBITEKAET U3 ypaBHEHU (3), a HAKJIOH KPUBOM MPOCKOKA — BEJIMYMHA
MOCTOSIHHAs! U MOKET OBITh paccuuTaHa 1no gopmyse:

M=-IgP/n. (10)

Ecnu npunHsaTh BO BHMMaHue BbipaxkeHus (3) u (6), To HETPYAHO 3aMETUTh, UTO
HaKJIOH M siBisieTcst pyHKUMEN AByX Oe3pasMepHbIX napaMmeTpoB: Pe (uucia Ilekie)
u reomeTrpudeckoro napamerpa cetku S. [ns JIb cetounoro tuna mapametp S dux-
CUpOBaH U 3aBUCUMOCTb (10) cTaHOBUTCA OJHONMapameTpudyeckoil. Bennunna Hakiio-
Ha KPUBBIX MIPOCKOKa M Mo CymiecTBy IMpeacTaBisieT co0oi 3pPpeKTUBHOCTH yiaB-
JMBAHUS YaCTUL] €IMHUYHBIM CJIOEM OaTapeu.

Ha puc. 2 npuBeneHbl JTaHHBIE 10 IPOCKOKY a’pO30JbHBIX 4acTul] yepe3 /b.
311ech K€ MyHKTUPOM MOKa3aHbl TEOPETHUECKHUE NPSIMbIE, paCCUUTaHHBIE IO (POpMY-
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£ "f; VNN ) é{
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g o — E
5 ) v \ | =)
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THCTI0 CIIOSB CETOK 1 9 [mlhoeme 1 00

Puc. 2. 3aBucumocts kodddunmenta mpo- Puc. 3. DbdexTuBHOCTH yInaBIMBaHUS adPO-
CKOKa a’po30Jii P OT YHuCla CJIO€B CETOK 30JbHBIX YAcCTHUI] OJMHOYHBIM CJIOEM BOJIO-
nuddy3noHHON Oatapen n ISl paslIWuHbIX KOH auddy3noHHON Oarapen E; OT dwucia
pa3mepoB U Mmarepuana yactuil: A — okcua Ilexne Pe: A — okcua monuOjieHa, m — OK-
Monnb/ieHa, ® — OKCHJ BojJb(ppama, ® — cuj Boibdpama, ® — HOAOEH30J, —— — TEO-
HonbeH3on, - - - — Teopus pus
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ne (3) o yacTHll yKa3aHHBIX Pa3MEpOB. Y CTAHOBIIEHO, YTO 3KCIIEPUMEHTAIIbHBIE
JAHHBIE C TOYHOCTHIO 10 12% coryacyrorces ¢ TEOpETUYECKUMU.

[To pe3ynpTaTam U3MepeHUi paccurTaHa 3PPEKTUBHOCTD YJIaBIUBAHUS YaCTHUI
E, enuanunbiM ciioem JIb. Pacuérhl £y BRIONHSAINCH ClIeayomuM oopaszoM. Jlis 3a-
JAHHOTO pa3Mepa YacTull Yepe3 Kakablid u3 noptoB /Ib paccuutsiBasics koappuu-
€HT IIPOCKOKA, KaK OTHOIIIEHHE YMCICHHON KOHILIEHTPALlMN YacTHUILl HAa BBIXOJE U BXO-
ne B nopt. [losydeHHOE 3HaYeHUe JEIMIOCh Ha YHCIIO CIOEB CETOK, PA3MELICHHBIX B
JAHHOM IOPTE U, ajiee, HAXOAUJIOCh CPENHEE 3HAYEHNE 110 BCEM CJIOSAM, YePE3 KOTO-
pBI€ MPOUCXOAMII MPOCKOK YACTHII.

Pe3ynbraTel pacy€éToB NMpUBEACHBI HA pUC.3 B BUAE 3aBUCUMOCTH £, OT yucia
ITexsie. Ananm3 JaHHBIX MTOKA3bIBAET, 9TO NpH Pe > 10 (D,> 6 HM) pe3ynbTaThl H3Me-
pPEHUI yIOBIETBOPUTEIBHO COTJIACYIOTCS C TEOpeTUYECKUMHU. [Ipu MEeHbIINUX 3Haue-
HUsiX Pe HaOMIOAaeTCs HEKOTOpOE pacxokiaeHue ¢ teopueit. Ilpu stom Teopetuue-
CKH€ 3Ha4eHUsI OblIM paccuuTaHbl 0e3 yuera 3¢(eKTa TerIoBOro OTCKOKa YacTHIL.

OneITHBIE JAHHBIE 110 ITPOCKOKY a3po30iist uepes [Ib nucnonp3oBansl 11 pacyéra
cpennero 3HaueHus YQPeKTUBHOCTU aare3uu € mo Gopmyne (7). Pesynbrarsl pacué-
TOB IIPUBEAECHBI B Ta0M. 1.

AHanu3 3HayeHui u3 Tab. 1 nmokaspiBaeT, 4To 3HPPEKTUBHOCTD a/IT€3UU YaCTHIL
€ MCCIIETyEMBIX BEILIECTB K MOBEPXHOCTH HEPKABEIOILIEH CTaIN 3aBUCHUT OT pa3Mepa u
BellecTBa yacTulpl. Jlyig yacTuil pazmMepoM Ooiiee 6 HM BEIMYMHA € MPAKTHUYECKU
paBHa 1, 4TO COOTBETCTBYET MPUIIUIIAHUIO YACTULl K TOBEPXHOCTH CeTOK. C yMEHb-
meHueM pazmepa yactuil 10 3.05 uM 3¢ PexTuBHOCTE aare3un ymenbinaercs 10 0.88
st onbensona u 0.84 u 0.81 anga okcuaoB MonuOaeHa U BoJb(ppaMa, COOTBETCT-
BeHHO. OYEBUIHO, UTO PACXOKJICHUE B 3HAYEHUSAX € JUISl PA3HBIX BEIIECTB OOBICHS-
€TCsl OTJIMYMEM B CBOMCTBAX YACTHII.

PaccunTaHHBIM 3HAYEHMSIM € COOTBETCTBYIOT CBOM 3HAYEHHUSI ITapamMeTpa TEIUIO-
BOro oTckoka yactull R. [locnennue ObUIM onpeaeaeHbl B MPEANOI0KEHUH, YTO pac-
IpeieJIeHNe a3pO30JIbHBIX YACTHI] [0 CKOPOCTSIM ONUChIBaeTCs QpyHKIue Makcse-
na. Pe3ynbTaTsl BRIUKCIICHUN TapaMeTpa R mpencraBieHsl B Tabm.2.

Kak cneayer U3 NpUBEAEHHBIX TaHHBIX, I KaXXI0T0 BEIIECTBA IPOCIEKUBACT-
Csl TEHJCHIMS K YMEHBIICHHUIO IapaMeTpa R ¢ yBelnuyeHueM pa3Mmepa dyactul. Hau-
OoJbllIee 3HaUEHUE R COOTBETCTBYET YacTULIaM OKCHAA BoJb(pama, a HAUMEHbIIEE —
yactuuaM rHoxadeH3ona. Panee ormedanoch, yTo 3HaueHue napamerpa R pasHoe 0.4
ABJIIETCS HEKOTOPHIM IPAHUYHBIM 3HAUEHUEM, ONPEJIEISIIOIIMM OTCKOK J100 MpHIIn-
MaHWEe YacTUll K moBepXHOCTH. [IpencraBiennbie B Ta0. 2 3HaueHUs! R CBUIETEIbCT-
BYIOT O TOM, 4TO B IIPOBEJAEHHBIX HKCIIEPUMEHTAX TOJBKO JUIs yacTul pasmepom 3.05
HM TpOSIBISUICS 3P PEKT TEIUIOBOTO OTCKOKA YacTHI] OT MOBEPXHOCTU BOJOKOH. [y
APYrUX pa3MEpOB YACTHUIl BEIMYMHA NapaMeTpa R AexuT OJu3Ko K rpaHUYHOMY 3Ha-
yeHuto. [[03ToMy OTCKOK 4acTHUIl PU COYAAPEHUH C BOJOKHOM JHOO MaJIOBEPOSITEH,
a10O0 JIMIIb HE3HAYUTENIbHASI 4acTh OT OOLIEro YMcia YacTUL[ OTCKAaKMBAET IMPHU CO-
YIApEHUH.

Bocrnons3zyemcsi yIOMSHYTBIMM paHEe MOACIIAMM a[Ir€3UU YacTHULl JUIS OLEHKU
aAT€3MOHHBIX U MEXAHWYECKHUX XapaKTEPUCTUK CHCTEMBI YaCTHULA-ITIOBEPXHOCTh. Ec-
m1 €<l, TO 3TO O3HAYaEeT, YTO IPHU COYIAPEHUHU YACTHULl C ITOBEPXHOCTBIO YaCTh HUX
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croco0Ha OTCKaKUBaTh OT HEe€. COOTHOILIEHUE MEX]y TEIIOBOM U KPUTHYECKOM CKO-
POCTBIO ONPENENSIETCS NapaMeTPOM TEIUIOBOTO OTCKOKa R. IIpnHHMast BO BHUMaHUE
IIPUBEJCHHBIEC BBILIE 3HAYCHUS IMapaMeTpa R, pacCuMThIBaeM IMOCTOSHHYIO I'amakepa
A ¥ yIenbHYI0 3HEPruro aare3ud. st onpeneseHnsl 3Ha4eHUH MEXaHU4EeCKUX KOH-
cranT K, u Ky UCIONB30BaH IOAXOJ, IPUMEHACMBIN s OAMHOYHBIX KPHUCTAJJIOB
[10]. Pe3ynbTaThl pacu€TOB NMPUBEICHBI B TA0J.3.

Kak cBUeTEenbCTBYIOT 1aHHbIe U3 Ta0. 3, Ui 00euX XapaKTepUCTHK (4 U Ops)
CYILLECTBYET OIpeAeSIEHHas 3aBHUCUMOCTb OT pa3Mepa yactul. Ha cymectBoBaHue
TaKOW 3aBUCHMOCTH YKa3bIBAIOT U MOJENN aire3uu. JleMCTBUTENBHO, €CIU IPUHATh

Tabnuua 1 Cpennee 3HaueHue 3P PEeKTUBHOCTD aAT€3UH € HAHOYACTHUIl OKCUIOB MO-
nubaeHa, Bosibpama u Hoa0eH30J1a K HEPIKABEIOIIECH CTalln

Pa3mep yacrtui, BeniectBo HaHOUaCTHII
HM Nonbenson Oxcua MoanoOaeHa Oxcwua Bosb(pama
3.05 0.88 0.84 0.81
4.07 0.93 0.91 0.89
5.05 0.95 0.94 0.95
6.04 0.97 0.95 0.96
8.06 1.0 1.0 1.0

Taoénuuya 2 IlapaMeTp TEMIOBOTO OTCKOKA R HAHOYACTHI] OKCHUJIOB MOJINO/IEHA,
BoJib(ppama u 1010€H30J1a OT MOBEPXHOCTH HEPXKABEIOIIEH CTaIN

Pasmep uacrui, BemecTBo HaHOYACTHI]
HM NonbeHson Oxkcun mommmbnena | Oxcua Bosibdhpama
3.1 0.65 0.78 0.85
4.1 0.45 0.49 0.52
5.1 0.41 0.45 0.46
6 0.36 0.38 0.39
8.1 0.28 0.31 0.32
10 0.2 0.2 0.2
154 0.1 0.1 0.1

Taonuya 3 3naueHns noctostHHOU ['amakepa A M yIeJIbHOM SHEPTUU AATE3UH Gp g
JUIs YaCTHIl HOI0€H30I1a, OKCUI0B MOJIMO/IEHa U BoJib(ppama K HepKaBeIoLIeH cTau

| | |
Pa3mep BemecTBo yacTuip
YaCTHII, Non6enson Oxkcun MmonnbieHa Oxkcup Bosibhpama
HM A4-107° Gps, A4-107° Gps, A4-107° Gps,
Jx Thx/M° Jx Thx/M* JIx Thx/M°
3.1 21.5 7.1-107 7.4 3.6:10” 5.1 2.2-10°
4.1 20.3 6.1-10” 6.8 2.9-10° 4.9 1.9-10°
5.1 19.2 4.8-107 6.6 2.6-10” 4.6 1.6-10”
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PaBHBIMM TEIUIOBYIO U KPUTHYECKYIO CKOPOCTH, TO U3 Mojenu b-I" cienyer, uro mo-
crosiHHas ['amakepa A4 ~ Dp'o’25 (D, — nnameTtp 4actui). B cBoro odepenp, B COOTBET-
ctBue ¢ mojenbto -K-P op g~ Dp'o’s. Bo Bcex ciyyasix yBeauUyeHHE pa3Mepa YacCTHIl
COITPOBOXK/IACTCSI YMEHBIIICHUEM M TTOCTOSIHHOM ["aMakepa U yJ1eJIbHOM SHEpTryuu aare-
3UHU.

3HaueHMUsl MOCTOSIHHOM ['amakepa W yAeIbHOW SHEPTUU aJre3uu IJisl UCCIEI0-
BaHHBIX MAaTEPHUAJIOB B JIUTEPATYPE OTCYTCTBYIOT. [103TOMY MOJIydeHHBIE PE3YIIbTATHI
MO>KHO CpaBHHUTb, HAIIPUMEDP, C OKCUJAAMHU APYTUX METauIoB. Tak noctosiHHbie ['ama-
Kepa, MOJYYEHHBIC APYTUM METOJIOM, COCTABIIAIOT: JIJI1 OKCUa MAarHus 10.6-10'ZOI[>K,
a juis okcua Kambiws — 12.4-107°Ix [11]. HeTpyaHo BHAETh XOpOIIee COOTBETCT-
BUE PACCUMTAHHBIX 3HAYCHUN IOCTOAHHON ['amMakepa C W3BECTHBIMU. Y JEIbHBIC
SHEPruM aJre3uM IS OOJBIIMHCTBA BemiecTB JjexaT B mpeaenax ot 0.001 mo 0.1
Jix/M” [2]. TomydeHHbIe pr 0OpaGOTKe OIMBITHBIX AHHBIX 3HAYCHUS Gps YKIIAJIbI-
BAIOTCSA B OTMEUYEHHBIN MHTEpBAI.

Taxkum oOpa3oM, IpUMEHsSIEMBII B IaHHOW paboTe MOJAX0J K aHaIu3y, o0paboT-
KE€ Y MPEJICTABICHUIO AKCIICPUMEHTAJIBHBIX JTAHHBIX 10 OCAXKJICHHUIO YaCTHI] B AUQ-
(dhy3rOHHOM OaTapee MOXKET OBITh MCIOJIB30BaH IS MOTydYeHHUsT HHGOpMaIUU 00 a-
TF€3MOHHBIX U MEXAHUYECKUX XapaKTEPUCTUK CUCTEMbI YACTHUIIA-TTIOBEPXHOCT.

BoiBoabl. [IpemyioxkeH U 3KCIEPUMEHTAIBHO MPOBEPEH METOJ OMNPEICIICHHS
MEXaHMYECKUX U aATr€3MOHHBIX XapaKTEPUCTUK CUCTEMBI YaCTUIA-IIOBEPXHOCTh, KO-
TOPBIM OCHOBAH Ha CPAaBHEHUU OMBITHBIX JIAHHBIX, MOJYUYCHHBIX TU(P(OY3MOHHBIM Me-
TOJIOM ¥ METOJOM DJIEKTPUYECKON MOABUKHOCTH YACTHII.

[TonydeHbl OMBITHBIE JAHHBIE MO MPOCKOKY a’po30Jisl C pa3MEpPOM YacTHI[ OT
3.05 no 15.4 am B quametpe depe3 nuddy3uoHHyI0 OaTapero CETOYHOro TUra, KOTo-
pbI€ HCIOJB30BaHbI ISl pacyéra cpeaHero 3HaueHus d(PQPEeKTUBHOCTU aATe3Uu IO
dbopmyie, yuuThIBarOIIEed BO3MOXXHOCTh OTCKOKA YaCTUI] OT MOBEPXHOCTH BOJIOKOH.
YcranoBiaeHo, 4yTo 3(PPEKTUBHOCTD A/IME3UN € YACTHUI] UCCIEAYEMbIX BEIIECTB K IO-
BEPXHOCTHU HEPHKABEIOUIEH CTallM 3aBUCUT OT Pa3Mepa U BEIIECTBA YACTHUIIBI.

PaccunTanbl mapameTpsl TEMJIOBOIO OTCKOKA YacTUIl R B MPEANOJIOAKEHNUU, YTO
pacrpeiesieHde a’po30JIbHBIX YaCTHUIl IO CKOPOCTSAM OmHUChIBaeTcs pyHkiuen Mak-
CBeJIJIa. Y CTaHOBJICHO, YTO JiJisi yacTull pasmepoMm 3.05 HM HauOoJblee 3HAYCHUE
napametpa R paBHoe (.85 COOTBETCTBYET UacTHUIlaM OKCHJa BoJibppama, a HAUMEHb-
mee paBHoe (.65 — yactunam oaoeH3o017a.

C ucnonb30BaHUEM MOJIENIEN aAre3ud U PaCCYUTAHHBIX MapaMETPOB TEIJIOBOTO
OTCKOKa R oOmpeneneHbl aare3MOHHbIE XapaKTEpUCTHKHA CUCTEMbl YacTHIlA-
MTOBEPXHOCTh: MOCTOsIHHAS ['aMakepa U yJenbHas 3Heprus aare3nu. Kak cBugerens-
CTBYIOT pe3yJbTaThl Pacy€ToB, ISl 00€MX XapaKTEPUCTUK CYIIECTBYET OMpeJeeH-
Has 3aBUCUMOCTb OT pa3Mepa YacTHll, Ha CyIlIECTBOBAHUE KOTOPOM YKa3bIBAIOT U MO-
nenu aare3un. OO0IIe 3aKOHOMEPHOCTBIO BO BCEX CITydasiX sIBJSETCS YMEHbIIICHUE U
MOCTOSIHHOM ['amakepa, U yAeNbHON 3HEPTUU aJre3uH C YBEIIMUCHHEM pa3Mepa yac-
THII.
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Skaptsov A.S.
Determination of mechanical characteristics of nanoscale
particles by deposition in a screen-type diffusion battery

SUMMARY

The method for determining the mechanical and adhesion characteristics of the particle-
surface system based on a comparison of the results of particle size measurements by two in-
dependent methods — by the electric mobility of particles and by the diffusion method - was
proposed and experimentally tested. In the first case, the particle size was established by an
Electrostatic classifier of particle (model TSI EC 3071A), and in the second case, it was
measured by a screen type diffusion battery (DB) (model TSI 3041). lodobenzene, molybde-
num oxide, and tungsten oxide aerosols with particle sizes ranging from 3.05 nm to 15.4 nm
in diameter were used in the experiments. Experimental data on aerosol penetration through
DB were used to calculate the average value of adhesion efficiency and thermal rebound pa-
rameters of particles. The adhesion characteristics of the particle-surface system: the Ga-
maker constant A and specific adhesion energy ops were determined by using the models of
particle adhesion to a flat surface.

Key words: diffusion, adhesion, particle, surface, electrical mobility.
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Ckanuog A.C.
Bu3zHayeHHSI MeXaHIYHUX XaPAKTEPUCTUK HAHOPO3MIPHUX YACTHHOK
ocaJsKeHHs B 1uy3iiiHiil 6aTapei CITKOBOI0 THILY

AHOTALIA

3anpononosano ma eKcnepumMeHmalbHO Nepesipeno Memoo BUHAYEHHS MEXAHIYHUX mda
A02e3UHUX  XAPAKMEPUCTUK CUCTEMU YACMUHKA-NOBEPXHS, 3ACHOBAHUN HA NOPIGHSIHHI
pe3yibmamis 8UMIPIOBAHHS PO3MIPI6 YACMUHOK 080MA HE3ANEHCHUMU MemooamMu — 3a eleK-
MPUYHOIO PYXTUBICIIO YACMUHOK MA OUQY3IUHUM MemOoOOM. Y nepuiomy 6unaoxky posmip
YACMUHOK 8CMAHOBIIOBABCS eNeKMPOCMAMUYHUM KIACUpikamopom yacmunox (mooensv TSI
EC 30714), a é opycomy sumiprosascs ougysziunoro 6amapecto ([b) cimkosoeo muny (mo-
oenv TSI 3041). ¥V oocnidax suxopucmani aepo3oii uo00en30y, OKcudy Moib0ery ma OKCu-
0y 6onvppamy 3 posamipom yacmurok 6i0 3,05 Hm 0o 15,4 nm y diamempi. [{ocgioueni oawni no
NPOCKOKY aepos3onto yepe3 JIB euxopucmano O0ns po3paxymKy cepeoHbo20 3HAYEHHS.
ehexmusnocmi adeesii ma napamempis menyiogoeo i0CKoOKy yacmunox R. I3 sacmocysannim
Mooenell adeesii YacCmuHoOK 00 NI0CKOI NOBEPXHI BUHAUEHO A02e3IUHI XapaKmepucmuKy Cuc-
memu yacmka-nogepxus: nocmitina I amaxepa A ma numoma enepeis adzesii op,s.
Knwuoegi cnosa: ougysis, aoeesis, 4yacmunka, N0BepxHs, e1eKMPUYHA PYXIUBICTD.
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IvanitskyG.K., TselenB.Ya.,Radchenko N.L., Gozhenko L.P.
Institute of Engineering Thermophysics of NAS Ukraine, Kiev

Modeling of water hammer effect during the single cavitating bubble
oscillation

The paper presents the results of an analytical study of the vapor-gas bubble dynamics in
cavitation processes, giving consideration to the liquid compressibility. The study is based on
the concept that cavitation effects are directly related to the occurrence of hydraulic shock on
the surface of an extremely compressed bubble. The purpose of this work is to study cavitation
bubble dynamics accounting for the spherical water hammer effects. An equation for the bub-
ble dynamics was obtained, which includes the coefficient of liquid adiabatic compressibility
B as a basic parameter that is directly related to the liquid compressibility. For 3 =0 this

equation reduces to the classical Rayleigh-Plesset equation for incompressible liquids. The
results of a computational experiment performed within the framework of the modified model
are presented for which the behavior of a cavitation bubble both in compressible and in in-
compressible water was analyzed. Based on a detailed analysis of the results obtained, it is
shown that over time At o« 1 uc.the compressed bubble is in the state of a supercritical fluid

with temperature up to 2000 K and pressure of about 400 MPa. The potential energy of the
compressed liquid, in the form of a powerful acoustic pulse, emitted by the bubble at the stage
of its collapse, is irreversibly dissipated in the surrounding liquid.

Key words: hydrodynamic cavitation, bubble dynamics, liquid compressibility, spherical
water hammer, acoustic impulse

Introduction. The problems of cavitation bubble dynamics have attracted the
attention of the scientific and industrial community for decades for many applica-
tions. To date, it has been established that the effects of cavitation can only be ade-
quately predicted with an allowance for the liquid compressibility. In the existing ca-
vitation models, describing the dynamics of a single bubble, the classical Rayleigh-
Plesset equation, which has been derived without taking into account the liquid com-
pressibility, is used as the basic motion equation [1-9].

Despite recent advances in high-speed photography and holography, experimen-
tal studies are still unable to provide the necessary information about the final stage
of the bubble collapse on a nanosecond scale. The experimental results are limited by
the resolution in space and time, especially for micro-bubbles whose size and period
are at 10 ° m and at 10%s.

Theoreticalstudiesofcavitationareaimedatdevelopingbubbledyna-
micsmodelsthatusevariousmodificationsoftheRayleigh—Plessetequation with dueac-
count of compressibility effects. Currently, there is a set of approximate equations
having the same degree of accuracy and entire equivalent on formal grounds, but with
no clear relationship to each other. These equations are used to study the dynamics of
single gas bubbles both in the processes of acoustic and hydrodynamic cavitation
[1,5,6,8,9]. However, these studies are mainly focused on the behavior of the inner

DOI: 10.18524/0367-1631.2022.60.267731
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part of the bubble while the analysis of the surrounding liquid dynamics during the
bubble collapse is very scarce.

At the stage of the bubble compression, liquid moves at high speed towards the
bubble center. When liquid suddenly decelerates on the extremely compressed bub-

blesurfacethe kinetic energy of the liquid (£ o 103 7 ) 1s transformed into the poten-

tial energy of compression with an increase in pressure up to Ap oc 103 MPa . Accord-

ing to the authors of [6], this situation bears a strong resemblance to the water ham-
mer phenomenon in a duct. As the liquid flow is halted by the abrupt closing of a
valve, pressure waves propagate upstream, reflect at the duct inlet, travel downstream
to the valve. In the present case the role of the valve is played by the bubble interface,
which opposes the inward liquid flow.

The water hammer phenomenon is well known to be an exceptional case in hy-
draulics, when the liquid compressibility need be accounted for [10]. Therefore, it is
interesting to evaluate the possibility of using this phenomenon in modeling the dy-
namics of cavitation bubbles in a compressible liquid.

This article discusses some features of the gas bubble oscillations in a compress-
ible liquid based on the mathematical model developed in our previous works [4,7].
The focus of this work is to study the physics of compressible cavitation flows and
predict the patterns of oscillation and collapse of gas-vapor bubbles, taking into ac-
count the spherical water hammer effects.

Formulation of the problem.Consider a spherical bubble with initial radius R,

incompressible and slightly viscous liquidat pressure p; ), temperature 7 o and density
p;. The bubble contains saturated vapor at pressure p, = pg, (Tj0)and non-
condensable gas at pressure p, (), so that the total pressure of gas-vapor mixture in-
side the bubble is pg = p,, + pgo- The equilibrium condition for a bubble with a lig-
uid is determined by the relation [1,7]

Pbo = Pgo + Py = Pio —20(T0)/ Ry , (1)
where (T} ) is the surface tension. Assuming the gas is ideal and the mass of gas in
the bubblem, is constant, the change in gas pressure inside the bubble during its
compression or growth is determined as

Po()=peol) /R ). @

Starting at 7 =0, liquid pressure away from the bubble p;, during a short time

ot decreases to the value p; i, << p;o as a result of which the bubble.is activated
and then grows under the pressure difference pj — pj,, to a maximum size R,y
[1,3-5,,7].At instantz) = 67y, the liquid pressure p;,, during a short timeinterval o7,
increases from p; i, to a final value p,,, (7)) << p fin S Pro- As a result, the bubble
1s rapidly compressed both under the pressure difference p;,, — pp and the sharply in-

creasing capillary pressure 257} )/R . The liquid in the vicinity of the bubble moves
rapidly in the radial direction towards the bubble center. The pressure value inside the
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bubble p;, grows due to a great increase in gas pressure po o R™3. When the increas-
ing gas pressure in the bubble becomes equal to the liquid pressure at the bubble wall
Pr(7)=pi(z)+20/R(z), the velocity of the liquid radial motion at the boundary
with the bubble(vy = dR/dt) will reach its maximum valuevp ax -

Accordingly, the kinetic energy of the liquid will also be maximum, and the me-
chanical potential energy of the system is considered to be zero (£, =0).

Thereafter the liquid moves with deceleration until the final stop, and the bubble
reaches its minimum size R ,;,, -With a sudden stop of the liquid on the compressed

bubble surface the water hammer effect occurs, as a result of which the liquid kinetic
energy is completely converted into the potential energy of the “liquid-bubble” sys-
tem, and the pressure at the bubble surface pp reaches its maximum value.

Let us analyze how the kinetic and potential energies of the system change dur-
ing the compression and subsequent expansion of the bubble, starting from the instant
in time, when the potential energy £, = 0. Up to this instant, liquid can be considered

as incompressible. A spherical coordinate system is used with the origin at the center
of the bubble, which is considered as spherical throughout the process.

Kinetic energy.Let us divide the liquid volume in the vicinity of the bubble into
elementary concentric spherical zones of widthdr. The volume of the layer at a dis-
tancer from the bubblecenter o) (r):47zr2dr , and the mass of liquid in the layer
om(r) = const. The liquid velocity at the boundary with the bubble isvg = dR/dt , and

the radial motion velocity of the liquid layer at a distancer is v(r,T)=vp (r)R2 / 2
Kinetic energy of the liquid inside this layer is

2 2 2
om-v “dmredr)-v 4 2\ dr
= 5 :('Ol 5 ) :(27ZR PIVR)'_z- 3)
r

Integrating the right side of Eq. (3) over the entire volume of the liquid, we find
the kinetic energy of the radial motion of the liquid surrounding the bubble

00 2 2

4 o pdr 3.2 4 3 v v
Rl" 3 2 2

The kinetic energy of an infinite volume of liquid is found be a finite value,

OE

equal tom,z - v 2, and mass of this liquid volume. m 4 is equivalent to the massof
q eff VR eff

liquid, occupying three times the volume of the bubble.

In a compressible liquid, any change in the kinetic energy in the first layer adja-
cent to the bubble surface is transferred to the spherical layer at a distance » in time
A7, =(r — Rypin )/C4c » Wherec,,. is the speed of sound in the resting liquid. The liquid

velocity near the bubble surface is assumed to bevy <c . [1-5, 8,9]. When the first

liquid layer abruptly stops on the surface of the extremely compressed bubble, i.e.
when the spherical water hammer occurs, the kinetic energy of the liquid entire vo-
lume is converted into potential energy not instantly, as in an incompressible liquid,
but in a finite time. This time can be estimated by determining a minimum distance
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from the bubble centerr,;, , beyond which the liquid velocity is negligible compared
to that near the bubble surface. It follows from the continuity condition that the liquid
velocity at a distancerisv(r)=vp (r)R2 / 2

Assuming that R, oc 1 MM and v < 10° m/s which corresponds to the

known experimental data [1,5,6,9], we determine the distancery;, beyond which

v(r)< 10~ m/s. For given conditionsradiusz,,;, ~1 mm. Therefore, when a spheri-

cal water hammer is realized, the transformation of kinetic energy into potential ener-
gy 1n the first layer 1s transferred to thedistance ry;,, 1n time

AT h = Fnin [ Cae < 1 MKc .By analogy with the classical water hammer in pipelines,
the distancer,,;, for the spherical water hammer corresponds to the distance from the

shut-off valve to the pipe inlet from a large reservoir [12].

Potential energy.Let us now consider the potential energy change in an elemen-
tary layer in the vicinity of the bubble when the liquid decelerates. A decrease in the
liquid kinetic energy oE), in the layeris accompanied by an increase in potential ener-

gy oE ,, associated with the work of compressing the layer. In a compressible liquid,
any pressure change in the first layer is transmitted sequentially to each layer at
sound speedc,,. . If the liquid is not compressed,the liquid pressure in the layer p,.(»)
1s equal to the liquid external pressure p;,, , and the layer initial volume is 6V(.While
the layer 1s compressed, its volume decreases (8V < 8V ). Excess pressure arising in
this layer Ap,. = p,.(r)— pj, is determined as
Sy (5)
V- B

wheref3 is the coefficient of the liquid adiabatic compressibility. Taking into account
Eq.(5), the change in the potential energy of the liquid is defined as

Ap =—

v (v =3V)* _ (Ap)* BV
dE = gAp(V)-de e f T 2 : (6)

The change in potential energy in the layer is equal to the kinetic energy change
in this layer, which, in accordance with Eq.(3), can be represented as follows

dm(Av, ) _ p; -V, (; (av, )’ _ (7)

Comparing the right-hand sides of Eqs.(6) and (7), we find the relationship be-
tween the change in pressure in the layer and the change in velocityin this layer

2 2
(ap)*B=p(av, ). ®)
The coefficient of adiabatic compressibility is related to the speed of sound by

dEy =

the relation [ = pcgc [1]. Substituting this value # into Eq.(8), we arrive atfamous-

Joukowsky equation, which determines the amount of excess pressure in a liquid dur-
ing the implementation of the water hammer phenomenon in pipes
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Ap =+ (,0/;85 “Avy = pegeAvy. 9)

The change in pressure in a layer at a distancer is determined by the excess
pressure Ap, = p,(r)— pjo . In the liquid layer adjacent to the bubble surface, the
excess pressure 1S App = pr — P -Expanding the terms on the right side of Eq.(6),

we represent the potential energy of the liquid in the layer at a distancer in the form

2 2 2
_(Bp)"pVy - An(py — pio)"B-ridr-
(r)="=—= ; : (10)
Using Joukowsky equation both for the first layer and forthe layer at a distance
r, we can write, that(pp — pjo )= pcgevp and (p, — pjoo )= pcgev, - This implies
2
v R
Pr = Pro =R = Pro)="== (PR = P1) =5 (1)
VR r
Substituting into Eq.(10) the value of(p, — p, ) from Eq.(11), we obtain

2 — i B Rar-
dE ()= (PR — Pi 2) B-Rdr- (12)

r

Integrating Eq.(12) within the range fromrzR(r) to » =00, and performing
obvious transformations, we find the current value of the potential energy of the en-
tire liquid volume in the process of bubble compression.

dE ,y

(pR_plOO)zﬁ (13)

b

2
4 _
Epl(r):§”R3 (pR 127100) ﬁ'3:meﬁ ;

where the effective mass m,g has the same physical meaning as in Eq.(4).

Bubble dynamics equationfor compressible liquids. The change in the kinetic
energy of the liquid is equal to the sum of the terms that determine the change in the
potential energy of the gas in the bubble and of the surrounding liquid.

dEk __dEpl B dpr

= . (14)
dr dt dr
The values dE; /dr and dE l / dt are found using, respectively, Egs.(4) and

Egs. (13). The change in the kinetic energy of the liquid per unit time is described as

3..2

E 2

9By _ bk pl"R)=47zR2p(§v% + —d"Rj-d—R. (15)
dt dt 2 dr ) dr

The change in the potential energy of the liquid per unit time is determined as

dEy,  d 2 .3 2 2 dR

—£ :_(277(19R ~ Plw)” BR )= 67R“(pR — Pic)” - B-—. (16)
dr dr dr

The change in the potential energy of gas compression in a cavitation bubble per
unit time can be described by the equation, which has been presented in [4]
dE

b dR
P2 — 47R* (pg —pzoo)-[—j- (17)
dr dr

This equation uses the density and pressure of the gas averaged over the volume
of the bubble.Substituting the right-hand sides of Eqgs.(15), (16) and (17)into Eq.(14),
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after carrying out obvious transformations, we arrive an equation that describes the
dynamics of a single spherical bubble of a compressible liquid

dvg _ PR~ P +3/2(PR — Pin)* B—3/2pvF (18)
dr PR .
At =0, Eq.(18) reduces to the classical Rayleigh—Plesset equation, which de-
scribes the bubbles dynamics in an incompressible liquid

2
dVR :pR_poO_3/2pVR (19)
dt PR
In Egs.(16)—(19)the liquid pressure at the bubble surface p p and the gas mixture

pressure py inside bubble py are related by the expression [1-5]
20 4y -vp

R R

Here 1y = f(T}) is the liquid dynamic viscosity at the boundary with the bubble.

Bubbledynamics simulation for compressible liquids.To study the bubble dy-
namics in cavitation and boiling processes, the previously created unified mathemati-
cal model DSB was used, which adequately predicts the behavior of a single vapor-
gas bubble in a viscous incompressible liquid with a change in external pressure
[4,7,11,13]. Model DSB is applicable in the entire temperature range of the liquid
phase existence up to the critical point [4.13].When studying cavitation effects in an
incompressible liquid, the Rayleigh-Plesset equation in the form Eq.(19) has used as
the motion equation, which with account of liquid compressibilityis replaced by
Eq.(18).The system of equations necessarily includes an independent equation for
thechange of external pressure in time ( pj, = f (r) ).

Results and discussion.Using the DSB model, a computational experiment was
carried out to study the peculiarities of thegas-vapor bubble oscillation both in com-
pressible and incompressible liquids in the processes of hydrodynamic cavitation.

According to the accepted definition [1,3,4,6], cavitation occurs, if the liquid
pressure falls sharply below the saturated vapor pressure ( p; < pyus (T 1)), that gives

PR=Dp— (20)

rise to the activation and growth of gas micronuclei, present in the liquid, and then
rapidly increases to a value p; > p,,, (T7), which leads to bubble compression to

minimum size. This condition is satisfied in the hydrodynamic cavitation processes,
where the drop and increase in pressure is due to the passage of a high-speed liquid
flow through a constricting-expanding nozzle, for example, a Venturi tube [1,11,12],
With a high-speed flow through the compression cone and the narrow throat of
the Venturi nozzle, the liquid pressure drops quickly to the value p; << pg, (T7).

The subsequent increase in the liquid pressure inside the diffuser leads to oscillation
of the extremely compressed cavitation bubble or its irreversible collapse [11,12].

By specifying a suitable nozzle geometry, as well as pressure values at the inlet
of the nozzle pq. at the nozzle throat p,;, and outlet of the nozzle. p ;,, one can
calculate,with using the Bernoulli equation,the change in pressure p; = f (r) in a
fixed liquidelement as it flows through the nozzle [11].
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Fig.1. The change in the bubble radius with time during bubble oscillations in waterwith ac-

counting for the liquid incompressibility (a, b) and compressibility (¢, d) for two initial sizes

of gas-vapor nuclei: Ry=1 pum (a, ¢) and Ry=7.5 um (b, d). The dotted lines in figures (c, d)

show the change in the liquid external pressure p;,, = f(z). Calculation according to the DSB
model under the conditions: p;o=3.5 bar; p 43, =1 bar; 7;=393 K

The computational experiment was carried out for water with temperature
Tjo =293 K at the constant pressurevalues: p;p=3.5 bar, pp;, =0.5 bar and p 5, =1

bar. The time intervals 671=0.5 ms and &7,=1.25 ms, which determine the duration
of the pressure change from pj to py, and from py,to p g, , respectively, also

kept constant. The evolution of single vapor-gas nuclei with initial radii Ry= 1 pm,

2.5 um, 5 pum, and 7.5 um was considered.

Figure 1 shows the comparative characteristics of the bubble oscillations calcu-
lated inboth the incompressible and the compressible water for two activated gas-
vapor nuclei with initial sizes Ry=I1pum and Ry=7,5 pm.

The calculation was carried out by using the Rayleigh Plesset equation in the
form of Eq.(19) for the incompressible liquid, and using Eq. (18) for the compressible
that. The change in the external pressure p;,, = f(z), which determines the activation,

growth and subsequent compression of the bubbles in both the compressible and in-
compressible water, is shown in Figs 1-c and 1-d by dashed lines.

The data presented in Fig.1.confirm the previously established regularity, that in
typical cavitating flows the maximum bubble size is about 100 times the initial size
of the gaseous nucleus [1-3].The figures show also that in an incompressible liquid
the duration of bubble oscillations until the final collapse is almost five times longer
than in a compressible liquid.
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This is explained by the fact that, neglecting the liquid compressibility, the ener-
gy dissipation of in an oscillating bubble is due to the influence of interfacial heat and
mass transfer, the effects of the liquid viscosity at the boundary with the bubble, and
the degree of compression of the bubble. [4,7]. All these factors were taken into ac-
count in the DEP model.

Brennen [1], referring to the work of Chapman and Plesset [2], indicates that the
damping of bubble oscillations is directly related to liquid viscosity, the liquid com-
pressibility through acoustic radiation, and is also due to thermal conductivity. These
three damping components are conveniently represented as three additive contribu-
tions to the effective viscosity s, : respectively, the actual liquid viscosity gz,

"acoustic” u,. and "thermal" up viscosities , which can then be used in the Ray-
leigh-Plesset equation in the form ¢ = u; + per + per instead of the actual fluid

viscosity 4, The calculated data show that the components z4 and u; are predomi-
nant, rather than the compressibility factor z,. [1,2]. In the absence of dissipation

mechanisms such as viscosity, the oscillations would continue indefinitely without
damping [1]. A similar approach with the introduction of various corrections for the
effective viscous pressure is also used in other bubble dynamics models to study the
mechanism of oscillation damping in compressible liquids [5,6,8,9].

The data presented in Fig. 1 demonstrate that the damping mechanism of bubble
oscillations in compressible liquids can be explained within the water hammer con-
cept without introducing any fitting corrections, if the model includes physical factors
responsible for the bubble behavior at the collapse stage.

In an incompressible liquid (Fig. 1 a, b), long-term bubble oscillation with a
slow decrease in amplitude is conditioned by the minor energy losseswhich aredue to
the liquidviscosity £, thermal effects and the kinetics of phase transitions.

In a compressible liquid, in each oscillation cycle, the energy losses are primari-
ly associated with the conversion of the potential energy of the compressed water at
R =R,,j, Into a power acoustic pulse, which is irreversibly dissipated in the sur-
rounding liquid. As a result, the compressed gas bubble cannot recover to its previous
size R ,x due to a significant energy loss, which isshown in Fig.1c,d.

Figure 2 demonstrates the fact, that in each cycle of oscillations during the liquid
compression and subsequent stretching near the bubble surface , the bubble radius
value R, remains constant and physical parameters of the gas mixture inside the

bubble (73, pp), reaching their maximum values, also remain unchanged. The dura-
tion of the spherical water hammer (2A7,; ), 1.e. the residence time of the com-
pressed bubble at rest, depends on the value R,;, 1n a given oscillation cycle.

An analysis of the obtained results shows that the main significance of the liquid
compressibility lies not so much in its relatively weak effect on the bubble dynamics,
but in the role that it plays in the formation of the water hammer acoustic pulses dur-
ing the bubble recovery following its collapse. With an increase in gas amount in the
bubblem, = f (Ry, ppo), the efficiency of the water hammer action decreases.The

liquid compressibility is known to damp the bubble oscillation amplitude in each os-
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Fig.2. The change in the liquid velocity at the boundary with the bubble v, (r) (@); the bub-
ble radius. R(r) (b); temperature. T}, (r) (¢) and pressure pj(z) (d) of the gas-vapor mixture
inside the bubble at the stage of its compression in one of the period of its oscillation in a
compressible water.

Calculation according to the DEP model: Ry=2.5 pm; p;=3.5 bar; p 5, =1 bar; T;o=393 K.

cillation cycle, but it is still unclear to what extent this effect is accurately captured
by weakly compressible versions of the Rayleigh-Plesset equation [1, 6].

In this study, the calculated maximum values of gas pressure inside the bubble at
the stage of its collapse are p; <400 MPa , and the maximum values of temperature

areTy, <2000 K.According to known experimental and calculated data [1, 4-7], pres-
sure values pj, inside extremely compressed bubbles can reach 10* MPa, and temper-
ature values 7}, can exceed 10* K, that is much higher than the critical values of these

parameters, which for water are 22.5 MPa and 647 K, respectively.
In such situation, the conception of an interfacial surface loses its physical
meaning. During Az oc lpus the substance inside a spherical micro-volume will be in a

state of supercritical fluid (SCF) (neither liquid nor vapor). In this local zone with di-
ameter d oc 10 pm an anomalously high temperature gradient VT ~10® K/m appears

[4,7,13]. These phenomena evidently associated with interfacial instability, that can-
lead to the cavitation bubbledestruction and its fragmentation into many small micro-
bubbles, which is recorded in experiments[1,9]. These effects were analyzed in detail
in [13] without accounting for the liquid compressibility and, to a certain extent, were
used in the equations of the DSB model. This allows a more correct description of the
behavior of an extremely compressed bubble, since none of the known bubble dy-
namics models gives consideration to possibility of a substance transition in the
“bubble-liquid” system to the supercritical region

Most bubble dynamics models deal mainly with spherical bubbles on the as-
sumption that the spherical shape is stable during bubble expansion, but it is not sta-
ble during bubble compression, which, according to the authors, explains the reason
for the bubble destruction. It is believed that the bubble destruction and fragmentation
into small micro-bubbles, excludes the possibility of emission of acoustic shock
pulses into the liquid volume [3,6]. In addition, a correct theoretical study cannot be
carried out also because the phase diagram of water for supercritical values of tem-
perature and pressure is currently not well known.
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Conclusion This analytical study was carried out within the generally accepted
assumptions about the existence of a liquid-gas interface at all stages of the evolution
of a spherical cavitation bubble, including the collapse and recovery stages. Obvious-
ly, in terms of further research, it is of interest to consider the development of hydrau-
lic shock on the surface of a collapsing bubble under the conditions of the short-term
disappearance of the interface and the transition of a substance to the state of a super-
critical fluid.

References:

1. Brennen Ch. E. Cavitation and Bubble Dynamics.—N.-Y., Oxford University Press,
1995.-294 p.

2. Chapman, R.B., Plesset M.S. Thermal effects in the free oscillation of gas bubbles.
ASME J. Basic Eng. 1971.-V.93.—P.373-376.

3. Prosperetti A., Lezzi A. Bubble dynamic in compressible liquid. Part 1. First order
theory. /Jour. Fluid Mech. 1986.—V.168.—P. 457—468.

4. Honuncxuii A.A., Ueanuykuii I K. TennomaccooOMeH M THAPOJMHAMHMKA B TapoO-
AKUJKOCTHBIX AUCHepcHbIX cpenax.—Kues: HaykoBagymka, 2008.—381 c.

5. Teterev A., Misychenko N., Rudak L., Doinikov A. Simulation of radial oscillation
of a free and a contrast agent bubble in an ultrasound field. //Computational. Me-
thods in Multiphase Flow IV.-2007.—P.239-249.

6. Fuster D., Dopazo C., Hauke G. Liquid compressibility effects during the collapse
of a single cavitating bubble. //J. Acoust. Soc. Am.—2011.-V.129 (1).—P.122—-131.

7. Ivanitsky G.K., TselenB.Ya., Nedbaylo A.E., Konyk A.V. Modeling the kinetics of
cavitation boiling up of liquid. //®i3uka aeponucnepcaux cucrem.—2019.—No.57,
P. 136-146.

8. Wang Ch., Wang G., Huang B. Characteristics and dynamics of compressible cavi-
tating flows with special emphasis on compressibility effects //Int. Journ. of Multi-
phase Flow.—2020.—V.30, September.—03357.

9. Wang Q., Liu W., Corbett C., Smith W.R.Microbubble dynamics in a viscous com-
pressible liquid subject to ultrasound. // Physics of Fluids.—2022.-V.34, No 1.—
012105.

10.Han Y., Shi W., Xu H.,Wang J., Zhou L. Effects of Closing Times and Laws on
Water Hammer in a Ball Valve Pipeline //Water.—2022.—V. 14.—P. 1497-1513.

11.lvanitsky G.K., Avdeyeva L.Y., Makarenko A.A. Using the effects of hydrodynamic
cavitation for purposeful dynamical action on the supramolecular structures. // ®i-
3uKa aepoauctepcHux cucrem.—2016.—No.53, P. 142151

12.Li M., Bussonniere A., Bronson M., XuZh., Liu Q. Study of Venturi tube geometry
on the hydrodynamic cavitation for the generation of microbubbles . //Minerals
Engng.—2019.-V.132.-P. 268-274

13. Hsanuykuiil. K.HanomacimrabusiesddpextoiBrponeccaxkaputaiuu. 1. Kpurtepnii
pa3pylieHus] KaBUTAIMOHHBIX MY3bIPbKOB // [IpoMblllIeHHAs TETUIOTEXHUKA.—
2003.-T. 25, No5.—C. 5-11.

185



dizuka aepoaucrnepcHux cucreM. — 2022, — Ne 60. — C. 176-186

186

Ieanuuvkuii I'.K., I]enenv b.A., Padouenxo H.JIL., I osicenxo JLII.

MogaenoBaHHs edeKTy riApaBJIivyHOro yaapy npu oCHuIsALii 0XMHOYHOL
KaBiTaliHHOI OyJIb0AIKH

AHOTAILILA

Hocniooicenusn ukonysanocs 3 memoio moougikayii mooeni OUHAMIKY napoeazosoi 6yib-
OawiKu 3 ypaxy8aHHam CMUCIU8OCMI PIOUHU, WO ICMOMHO BNIUBAE HA MOYHICMb OYIHKU eHe-
peemuyHux KasimayitHux enausie. Teopemuuri 00CIIONCEHHS KAGIMAYIIHUX NpOYecie Cnpsi-
MOBAHI HA pO3POOKY Mooenell OUHAMIKU OYTbOAULOK, 8 AKUX OISl YPAXYB8AHHA hakmopa Cmuc-
JIUBOCMI 3ACMOCOBYIOMbCAL Pi3HI MOOUuGpikayii kiacuunozo pisuanns Penes - [lnecema 0ns He-
cmucausux pioun. Li oocnioscenns 3ocepediceni Ha nogedinyi 2azo80i gasu scepeduni OVib-
bawku, mooi npoyecu 6 piouHi 8 oKoIUYi 6YILOAUKY BUBUEHO HeDOCMamHbo. Bouesuos, wujo
npupooa KagimayitiHux egexmis npsamo nos ’s3aHa i3 UHUKHEHHAM 2i0pasiiuHo2o yoapy npu
MUMMESIti 3ynuHyi padianvHoi meuyii piouHu Ha NOBEPXHI 2PAHUYHO CIMUCHYMOI OyibbawKu. B
Maxitl NOCMAaro8Yi OUHAMIKA Kagimayitnux 0yib0auiok 0oci ne posensoanacs. Memorw oanoi
pobomu € 00CNIOHCeHHs OUHAMIKU KABImayitiHoi 6y160auok 3 ypaxy8anuam Oii cghepuunozo
2iopoyoapy. B nnani nocmaenenoi 3a0ayi odepaicano pigHsHH OUHAMIKU OYIbOAWIKY, 8 KO-
My, AK napamemp, Wo 8paxosye CMUCIUBICIDb, 3ACMOCO8YEMbCA Koeiyienm adiabamuunoi

cmucaugocmi piounu f3, nog'azanuil 3i WEUOKICMIO 36Ky 6 PIOUHI C,. CNIB8IOHOUWEHHAM

2 . . .
B =pc,.. IIpu B =0 pienanni 3600umvcsi 00 Kiacuunoz2o pisusnns Penes - [Inecema, Hage-

0eHO pe3yIbmamu 0OUUCTIOBANbHO20 eKCNEePUMEHMY, 8 SKOMY O0CHI0NCEeHO NOBEJIHK) KAaGi-
mayitinoi 6y1boawiKy K 6 CIUCIugiti max i 8 Hecmucausiti 600i. Iloxazano, wo npomszom
Kopomkozo uacy At ocl MKC cmuchena Oynvbawika nepebygac 6 CmMaHi HAOKPUMUYHOZO
Gmroidy 3 memnepamyporo 0o 2000 K i muckom oausvko 400 Mlla, Ilomenyitina enepeis
CMUCHYMOI PIOUHU, y 8UIA0I NOMYAICHO2O AKYCIMUYHOZO IMAYILCY, WO BURPOMIHIOEMbCS HA
cmaoii konancy, 6e3no060pPOMHO OUCUNYEMBCSL 8 HABKOIUWHIT PIOUHI.

Kntouoegi cnosa: ciopoounamiuna xasimayis, ouHamixa 0yi60auiox, Cmuciusicms piou-
HU, chepuynull 2i0pasivHuil YOap, aKyCmuyHull IMnyisC.
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ExcnepuMeHTAJbHI JOCTIIKEHHS BUIIAPOBYBAHHSA Kpamne/b napaginis

Lapadghin € neckonnagkum mamepianom, KUl MOMce BUKOPUCNOBYBAMUCH 8 AKOCMI eKON0-
2IUHO YUCMO20 T BUCOKOEHep2emuyH020 naiued. Takoxc 1o2o MoXCHa po32nadamu K nepcne-
KmueHuti mamepian 3 gazosumu nepexooamu, 30amHuti akymynoeamu menio. Bidomo, wo
nepioo iHOyKyii cnanaxysanus Kpaneib napaginy ckiaoaemvcs 3 NOCIi008HUX cmaditl, OCHO-
BHUMU DIBUYHUMU MEXAHIZMAMU AKUX € NIAGIEHH Mad UNApo8ysants. B pobomi docrioxcy-
IOMbCA Npoyec BUNAPO8YBAHHs Kpanelb napadinie okmadekany ma 00K03aHy 8 nogimpi npu
piznux memnepamypax. Pospobnena memoouxa 00CnioicenHs: Kihemuky 8Uunapogyeamnis Kpa-
neib napapinoeo2o namea 3 BUKOPUCMAHHAM YUPPOBOL 3UOMKU 00 €Kma 00CiONHCEHHs ma
KOMN T0omepHoi 00poOKu 300pasicens.

Hokazano, wo Kinemuka 8UNapo8y8anHs OOCHIONCYBAHUX ANIKAHIE ONUCYEMbCA JIHIUHUM
3AKOHOM 3MIHU Keaopama Odiamempa kpanii 3 yacom. OYiHeHO WeUOKOCMI 8UNAPO8YE8aAHHS
yux napaginie ma snatioeno cmani sunapogysantns. Taxi oaui 6 nimepamypHux Odcepenax
wooo yux napaginie giocymui. ExcnepumenmanvHo 3HAUOeHI 3HAYEHHS CIAIUX SUNAPOs8y-
8aHHS 0ANU 3MO2Y OYIHUMU 4AC NOBHO20 BUNAPOBYBAHHSA Kpaneib ma UHAYUmu Koeqiyicum
ougysii napu napaginy 6 nosimpi npu piznux memnepamypax. L{a inghopmayis € yinnoro ons
NPOCHO3Y8AHHA NPOYECI8 MEeNIoMaAcO0OMIHY aepo30i6 OaHUX AlKAHI8 8 peaKYiliHuX 00 emax.
B pezynomami npoeedenux excnepumenmanoHux 00C1iOHCEHb BCMAHOBNEHO, WO UWBUOKICb
BUNAPOBYBAHHS OKMAadeKaHy Oinvuie Hidc 8 4 pazu suwa, Hidc 0okozany. Ompumarno, wo npu
00CsACHeHI memMnepamypoio noSimps GUHAYEHUX 3HAYUEHb WBUOKICMb 8UNAPOBYE8AHHS 6KA3A-
HUX QJIKAHI8 3HAYHO 3POCMAE.

Knwuoei cnoea: napaghinu, ankanu, eunapogysanHs, cmaia eUnaposy8amnHs, Koepiyicum

ougysii

[Ipouiecu BumapoByBaHHs 1 TOPIHHA Kpamesib PiIKOro MajuBa € NpeIMeTOM IIu-
POKHUX EKCIIEPUMEHTAJIbHUX 1 TEOPETHYHUX JOCIIKeHb. OTpUMaHO €KCIIEpUMEHTa-
JBHI JJaHl BIIHOCHO MEXaHI13MiB BHITAPOBYBAHHS 1 FOPIHHS BYIJIEBOJHEBUX MaJMB,
po3po0ieH] AeTanbHi (I3MKO-MaTEMaTUUYHI MOJEN BUCOKOTEMIEPATYPHOTO TEIUIO-
MacooOMiHY, Kl 1al0Th MOKJIUBICTh PO3paxyBaTu TEMIEPATYpPY 3aliMaHHA 1 TOPIHHS
KpaIuii, nepioj iIHAYKIIi1, yac ropiHHs[ 1-4].

[Tapadinu abo ankaHu BiA3HAYAIOTHCS THM, 1110 MIPU OpraHizailii mporecy ropiH-
Hsl BOHU BUKOPUCTOBYIOTHCA B TBEpAOMY cTaHl. CrajnaxyroTh 1 TOpATh JaHl peYOBUHU
B PIJKOMY CTaHi.

SIk BIIOMO, HOPMaJIbH1 QJIKAHU XapaKTePU3YIOThCS BIAHOCHO HU3bKUMH TEMIIE-
paTypamu nepexojy B piakuit ctaH (26+65°C) 1 B TOM ke 4ac BUCOKUMU 3HAYCHHIMU
MPUXOBAHOI TEIJIOTU IJIABJICHHS 1 eHTanbMii (TerioTu 3ropsiHHst). [loenHanHs naHux
BJIACTUBOCTEH 3 XIMIYHOIO 1HEPTHICTIO TP HOPMAJIBHUX YMOBax BH3HAYa€ IIUPOKHIMA
CHEKTP MOXKJIMBUX MPOMNO3ULIN 10 BUKOpUCTaHHSA. OfHa 13 HUX - 11€ BUKOPUCTAHHS
napadiny B SIKOCTI €KOJIOTIYHO YMUCTOro nayimpa [5,6]. [HIIMM MEepCIEKTUBHUM Ha-
MPSIMKOM BUKOPHUCTaHHS napadiHiB € CTBOPEHHS TEPMOAKYMYJIIOIOYMX IPHUCTPOIB Ha
OCHOBI MaTepialiiB 3 (pa30BUMHU IepexoiaMu [7].
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Jlatp

Puc.1. biok - cxeMa eKCIEPUMEHTAIBHOTO CTEHLY.
1 — mrratuB; 2 — miaBic; 3 — kpamis; 4 — miv; 5 — natp; 6 — TepMOMETD;
7 - mepcoHaNbHUIM KOMIT 10Tep; 8 — 1udpoBa Kamepa; 9 — MIKpOCKOII.

o - T

1 \ |

t=2xB t=25x8B t=35x8B t=45 xB

Puc.2. 300pakeHHs Ipoiiecy BUMApOBYBaHHs Kparuii OkTajiekany d,= 1,39 MM B
pi3HI MOMEHTH Yacy npu temrneparypi 7= 428 K.

[Tonepennimu nocuimkenasmu [8-10] mokazaHo, 10 nepioj IHAYKIIIT crajgaxy-
BaHHsI Kparesnb napadiny CKJIaIaeTbCs 13 MOCIIJOBHUX CTa/Aiil, OCHOBHUMH (Di3UUHU-
MU MEXaHI3MaMH SIKHX € IJIaBJICHHS Ta BUIIAPOBYBaHHA. MeTo JaHOi poOOTH € BU-
BUCHHS KIHETUKU BUIIAPOBYBAHHA Kpareib ankaHiB oktajaekana (CigHsg) 1 10KO3aHa
(CyHy6) Ta BU3HAYEHHS KoediieHTy Audy3ii mapu y moBiTpi.

KineTnka BunapoByBaHHs Kpaneib HACUYEHHUX BYTJIEBOJIHIB OKTa/ICKaHy 1 JOKa-
3aHy BHBYAJIACh Ha CHEMIaJbHO PO3POOJICHOMY €KCIIEPUMEHTAIBbHOMY CTEH/I TMpe-
CTaBJICHOMY Ha puc. 1.

[Ipouec BumapoByBaHHs BiIOyBaBCsS B MOBITPSIHOMY CEPEAOBHILI, HArPITOMY B
iaTepBani remneparyp 1,= 358-505 K npu armocheprnomy tucKy. Kpamms mapadiny
(3) 3amaHOrO MOYATKOBOIO J[IaMETPY HaBilTyBajach Ha MiJBIC (2) 1 BHOCWJIACh B Ha-
IpiTy 10 NEeBHOI Temneparypu iy (4). Temnepatypa nedi 3agaBanach 3a JOIOMOIOO
JIATPa (5) 1 BumiptoBanack TepMomeTpoM (6). 3miHa JiaMeTpy ¢ikcyBayiacs 4epes
Mikpockortl (9) 3 24-x kpaTHUM 30UTbIIEHHSIM 3a fonomororo Web — kamepu (8). Pe-
3yJbTaTH 3WOMKHU TepeaaBaiucs Ha nepcoHanbuuii koM 'otep (7). Ha puc. 2 Hana-
I0ThCS 300pa)KEHHS KPAIUIMHUA OKTaJIeKaHy B MPOIECl BUMTAPOBYBAHHS B Pi3HI MOMEH-
T! yacy. Kpams piauau 3Haxouaack Ha CepruaHOMY METaJIEBOMY TiJIBICI.
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Ky 107 Mnc

25 O

0,5 A a T.K
350 400 450 500 580
0 ; . . . . . It,X'B
o 10 20 30 40 a0 B0 7o
Puc. 3. 3anexxHicTh KBaApaTy aiameTpa Kpa- Puc. 4. 3aneXHICTh CTANI01 BUTIAPOBYBAHHS
nenb OKTajaeKany d, = 1.4 MM BiJ 4acy mpu pi-  Kparuli OKTaJieKaHa BiJl TemnepaTtypu dy=1.39
3HMX Temnepatypax: 1) 358K; 2) 428K; 3) MM

458K; 4) 508K.

Taéauns.1. XapakreprcTUKU BUIAPOBYBaHH Kpareib Ta koedimieHTiB qudys3ii napis napadi-
HOBOTO IIaJIMBa Ha OCHOBI OKTameKkaHa, <dp>= 1.39 mMm.

4 2 teyy XB. t.(full) =d,’/ K,,, XB
T,K K., 107 - Mm7/c (10 d =1.2 Mn1) (fulh
358 0.433 290 445
428 2.08 55 92
458 5.35 25 36
508 16.3 8 11.8

B nopanbiiomy, BUKOHYBaJIach KOMIT FOTEpHA 00pOOKa OTPUMaHUX 300paKeHb,
AK1 JIaJIi 3MOTy OTPUMATH 3aJIeKHICTh 3MIHU JIIaMeTpy KpaIruil Ta KBaJpary JiaMmeTpa
Kparuii OKTajJiekaHy Bij dacy (puc.3).

BceranoBiieHo, 10 3a7€XKHICTh KBaApaTy JAlaMeTpa BiJ Yyacy Mae€ JIHIWHUNA Xapa-
KTep (BUKOHY€eThCs 3aKOH Cpe3HeBchKoro). [lo TaHreHcy Kyra Haxuiry MOKHa OTpH-
MaTH CTaly IIBUIKOCTI BUIIAPOBYBAHHs. 3HAIOUM CTAJly BUIIAPOBYBAHHS MOXHa OIli-
HUTH Yac MOBHOT'O BUMAPOBYBAHHSI Kparui 4., (full) no niamerpyd=0.

B tabauui 1 nus 3amaHux TemmepaTyp MOBITPsS HalalOTbCA 3HAUYEHHS OTpUMa-
HUX CTaJMX BUIIapOBYBaHHSA K,, Ta 4yacy BUIIAPOBYBAHHS /., ISl CEPEAHBOIO JlamMe-
Tpy kparmii 1.39 MxMm.

3 tabnuii 1, BUIUIMBAE, 110 30UIbIIEHHS TeMIiepaTypu ra3y B 1.3 pa3u npusBo-
IUTH 10 3pOCTaHHS MIBUAKOCTI BUIIAPOBYBAHHS Kpareiab OKTaJeKaHy B 12 pasis.

OTtpumani pe3yiabTaTH Jajly 3MOTY MOOyIyBaTH 3aJE€XKHICTh CTAJOl BUIAPOBY-
BaHHs B1J] TEMIIEPATYPH, SIKA ITPEICTABICHA HA pUC.4.

3aJIe’)KHICTh CTal0l MIBUIKOCTI BUIIAPOBYBAHHS BIJl TEMIIEPATYPH HOCUTH HE JIi-
HiliHUM xapakTep. [lounmHarouum 3 Temneparyp Outbmnx 430 K BUHMKaE pi3Ke 30171b-
IICHHS IBUIKOCTI BUIIAPOBYBAHHSI.

3HaHHS CTajoi IMIBUAKOCTI BUIIAPOBYBAHHS A€ 3MOTYy BU3HAYUTU KOEPIIEHT
mudys3ii mapu (D) BkazaHUX aJIKaHIB B MOBITP1 MPHU 33/1aHiil TeMmeparypi :

k. =2(c,. -¢c,.). (1)
P;
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ne py - ryctuna piguan, Kr/M°, Cs, Ch — BIATIOBIIHO KOHIEHTpAIII] HACHYEHOT MapH
piauH 01514 MoBepxHi Kparuti Ta B noBiTpi. Jis ankaniB C,., = 0.

3 ypaxyBaHHSAM MPUPOHOI KOoHBeKIi Gopmyna (1) moxke OyTu 3amucaHa y BH-
IS

k,=*2c, N, @)
P
d(T-T
ne Nu=2+0.54Re",  Re=4+/0.5-Gr, Gr:% (3)
vV
g

B (3) Nu, Re, Gr — yncna Hyccenbra, PeitHonbaca ta I'pacrodda, v, — koedimi-
€HT KIHEMaTUYHOI B SI3KOCT1 TIOBITPSI.
Buxogsun 13 popmyan (1) ta (2), 3anumeMo BUpa3 A pO3paxyHKy KoeQilieH-
Ty 1udy3ii 6e3 ypaxyBaHHS IPUPOJHOI KOHBEKIIII:

D:Kev.pl

, 4
3C, . ®
Ta 3 ypaxyBaHHSIM:
. T 5)
4C, . (Nu)

KoHnienTpailis HacMU€HOI Mapu 3aJICKUTh BiJ Temieparypu. CKOpHUCTAEMOCH
HACTYITHOIO 3aJICKHICTIO TUCKY HACMYEHOT Mapy OKTajJieKaHa BiJl TEMIIEPATypH:

InP. = AInT)+B/T+C+DT?, (6)

ne A, B, C, D — ctani BeITUYHHN.
3Har04YM THCK, 3HAWJIEMO KOHIICHTPAIIlF0 HACUYECHOI Mapu:
C, . = £ M ’ (7)
RT
ne M — monsipHa Maca napadiny.
Buxopucroytouu (3) — (5) po3paxyemo koeditieHTH Audy3ii OKTaaeKany mpu
PI3HHUX TeMIlepaTypax 3 ypaxyBaHHSM Ta 0e3 ypaxyBaHHs MPUPOJIHOI KOHBeKIIii. Ha-
BEJICHI B TaOJUIll 2 po3paXxyHKH BKa3yIOTh Ha Te, 110 BpaxyBaHHS MPUPOJIHOT KOHBE-
KIIii IPUBOJIUTH /10 3MEHIIICHHS KoedimieHTy nudys3ii Ha 20 %.

Re- L,

3rigHo opmymu V, = , Oyna mpoBeJieHa OLIHKA MIBUJIKOCTI MPUPOIHOI
KOHBEKIIIi Ta OTpUMaHO 3HaueHHs V.= 12.2 mm/c B yMOBax HaIIOro €KCIIEPUMEHTY.

Taoauus 2. Koedinient nudysii napu okTajgekasa B noBiTpi, d,= 1.39 Mm.

TK D, 10*»’/c | D', 10™ w’/c
428 0.0048 0.0038
508 0.0223 0.0179

IHopiBHsIbHA XapPAKTEPUCTHKA KiHETUKH BUIIAPOBYBAHHS Kpamnejb 10KO-
3aHY Ta OKTaJieKaHy. /7151 BUIapoBYBaHHS KpaIelb JOKO3aHy TaKoxX OyJo oTpuma-
HO, 10 3aJIeKHICTh KBaApaTy JlaMeTpa Bl yacy mae JiHiHHuN xapakrep (puc.5). [o
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TAHIe€HCY KyTa HaXWiTy OyJI0 OTPUMAHO CTally IIBUAKOCTI BUMIapoBYBaHHs. B Tabmuii
3 mpencTaBiIeHO OTPUMAaHI JaHi Ui CTalol MIBUIKOCTI BUapoByBaHHS K,,, Ta yacy
BUIIAPOBYBAHHS f,, JUIS JOCIIKYBaHUX TEMIIEPATyp MOBITPS 1 CEPEIHBOTO OYATKO-
BOT'O JIlaMeTpy Kpareib Joko3any <d,>= 1.28 mm.

I3 mopiBHsHHS Tabauub 1 1 3 BUIUIMBAE 1110, KpaIlIl OKTa/IeKaHy BUIIAPOBYIOTHCS
B 4,5 pa3u mBHU/IIIe, HIXK Kparuii Joko3any (<7>=505 K).

Ha puc.6 HanaroThCsl B MOPIBHSIHHI TEMIEPATYPHI 3aJI€KHOCTI CTAIMX BUIIAPO-
BYBaHHsI OKTaJI€KaHy Ta JJOKO3aHy. BuHO, 0 IpY BU3HAYEHUX TeMIlepaTypax CIo-
CTEPIraeThecs pi3Ke 30UIBIICHHS CTANMX BUNApOBYBaHHS. I OKTa/leKaHy 1€ TeMIe-
patypa 6nusbsko 450 K, a aiist nokozany — 500 K.

B inTepBam tremneparyp 7 =450 + 500 K crana mBUAKOCTI BUITAPOBYBaHHS OK-
TaJieKaHy B 5 pa3iB OUIbIIA, HIK JOKO3aHY.

BucnoBku. TakuMm 4MHOM, TIPOBEJICHO JOCIIKEHHS] KIHETUKH BUIIAPOBYBAaHHSI
Kparenb mapadiHiB: OKTaJeKaHy 1 JoKazaHy B iHTepBaii Temmeparyp 350+500K.
3HailIeHO CTalli BUMTAPOBYBAHHSA IIUX PEUYOBHH, OI[IHEHO Yac BUMApOBYBAaHHS Ta KOE-
¢inientu qudys3ii mapy B MOBITPI.

18 112,MM2

45 Kev - 10 /e
g
35
a0 3
25

207

0 b DTI‘
i} 10 20 10 A0 50 0 350 400 450 300 530

Puc. 5. 3anexHicTs KBapaTy aiaMeTpa
KpaIlUTMH JJOKO3aHy BiJ 4acy:
0—T,=473 K; * - T, =493 K;
o0-T,=503K;A-T,=523 K.

Puc. 6. [TopiBHsIbHA 3aJIEKHICTh CTAIUX
BUIIapOBYBaHHs OKTajekaHa (1) Ta noko-
3aHa (2) B 3aJIEKHOCTI B1Jl TEMIEpaTypH
OTOYYIOYOTO CEpEIOBHIIIA.

Ta6aunsa 3. XapakTepucTUKN BUNIAPOBYBAHHS Kpareib T0Ko3aHa, <d,>= 1,28 MM.

4 2 teva XB. —72
T, K K., 107 mm/c (10 d=0.9 ) t(full) =d,”/ K,,, xB
473 1.58 52 103
493 2.23 38 73
503 3.03 25 54
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Orlovska S.G.
Experimental studies of evaporation of paraffin drops

SUMMARY

Paraffin is a low-melting material that can be used as an environmentally friendly and
high-energy fuel. It can also be considered as a promising material with phase transitions ca-
pable of accumulating heat. It is known that the period of induction of ignition of paraffin
droplets consists of successive stages, the main ones of which are melting and evaporation.
The paper examines the processes of evaporation of octadecane and docosane droplets in air
at different temperatures. A method of studying the kinetics of evaporation of paraffin fuel
droplets using digital photography of the research object and computer image processing has
been developed.

1t is proved that the evaporation kinetics of the studied alkanes is described by the linear
law of the change of the square of the diameter of the drop over time. Evaporation rate con-
stants were found. There are no such data in the literature for these paraffins. The use of eva-
poration constants made it possible to find the time of complete evaporation of drops and to
estimate the diffusion coefficient of paraffin vapor in air at different temperatures. As a result
of the experiments, it was established that the rate of evaporation of octadecane is more than
4 times higher than the rate of evaporation of docosane. It was found that when the air tem-
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perature reaches the specified values, the rate of evaporation of the specified alkanes in-
creases significantly.
Key words: paraffins, alkanes, evaporation, evaporation constant, diffusion coefficient

Opnoeckaa C.I.
IKCIEepPUMEHTAIbHbIE HCCIIEIOBAHNS HCTIAPEeHHs Kanelb napa@uHoB

AHHOTALIUA

B pabome uccnedyromes npoyeccel ucnapenus kaneiv napaguHos okmaodekana u 00Ko3a-
Ha 8 6030yxe Npu pasHvlx memnepamypax. Pazpabomana memoouxa uccie008aHusi KUHEMuKu
ucnapenus Kaneib napa@uHoso20 Monausa ¢ UCNOIb308AHUEM YUPDPOBOU CheMKU 00beKkma
UCcne008anusl U KOMRbIOMEPHOU 00paAOOMKU U300paAHCEHU.

Hoxazano, umo KuHemuKka ucnapenus Kaneib u3yuaemvblX alKAHO8 ONUCLIBAeMCsl TUHEl-
HbIM 3aKOHOM U3MEHeHUsl Keaopama ouamempa Kaniu co epemenem. OyeHneHvl CKOpocmu uc-
napenus. napa@uHos u HatloeHvl KOHCmanmel ucnapenusi. Takue OanHvle 6 TUMEPAMYPHLIX
ucmounuxax omcymcmeyrom. QyeHeHvl 8pemena NoIH020 UCNAPeHUs Kaneib U HA0eHbl KO3-
dduyuenmer ougppysuu napa oxmaoexkana 6 8030yXe NpU PAIUYHLIX MEMNepamypax.
Yemanoeneno, umo ckopocms ucnapenus okmaoekaua Oonee yem 6 4 pasa eviuie ckopocmu
ucnapenus 0okaszaua. Ilomyyeno, umo npu OOCMUdICEHUU MEMNEPAmypoll 6030yxXa onpede-
JIEHHbIX 3HAYEeHUTl, KOHCMAHMA UCNAPEeHUs YKA3AHHBIX AIKAHO8 Pe3KO 803DACMAem.

Knwuesvie cnosa: napagunsl, arkamsi, ucnapenue, KOHCMaHma ucnaperus, Ko3gguyu-
enm oughghyzuu.
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ITPABHJIA JIJISI ABTOPIB CTATEHN

1. V naykoBoMy 30ipHHUKY NyOIIKYIOTbCSA CTATTl 3 OPUTIHAIBHUMHU Pe3yJibTaTaMU HAYyKO-
BUX JIOCII/I)KEHb 3 TEMAaTUKH:

— BUIAPOBYBAHHSI, KOHJEHCAIIIS, KOATYJIALIS 1 €JIeKTpUYHA 3apsijika aepo30JiiB, Mexa-
HI3MH 1X YTBOPEHHS 1 IEPEHOCY;

— TOPiHHA a€POAMCIIEPCHUX CHCTEM;

— TEMJIOMAacoOOMIH 1 ra30/IMHAMIYHI SIBUIIA B JUCIEPCHUX CUCTeMax mpu (pa3oBuX i
XIMIYHMX NIEPETBOPEHHSX;

— HU3bKOTEMIIepaTypHa I1a3Ma 3 KOHJECHCOBAaHOIO TUCIIEPCHOIO (pa3oro.

2. CrarTi 3 pe3ynbraTaMH JOCHIKEHb, BAKOHAHUMHU B OpTaHi3allisiX, MOAA0ThC 3 J10-
3BOJIOM IIi€1 oprasizauii Ha MyOiKaIio 1 CynpoBIAHUM JUCTOM. PyKkonuc nminucyeTscs aB-
Topamu (aBTOpoM). Ha okpeMoMy nuCTI HEOOXiAHO BKa3aTH Mpi3BHIIE, IM's, IO OATHKOBI,
Mmiciie poOoTH, ocaay, KOHTAKTHI TeleOHH 1 afpecH (eISKTPOHHHUN 1 TOIITOBU).

3. Tekct craTeil MpeaCcTaBIAe€ThCS B IBOX €K3EMIUIIpax Ha YKpaiHCHKiil, poCiiChKii abo
AHTJIMCHKIM MOBI 3 JBOMa aHOTAIIIMHM Ha JIBOX (3 TPhOX BKa3aHMX) MOBAaxX, BIIMIHHHUX Bij
MOBU OpHUTIHAIYy CTaTTi 1 €JIEKTPOHHUM (aiijioM Ha eJIEKTPOHHY aapecy penakiii. daiin
cTBOpIO€Thc B Word 1 TOBUHEH MICTUTH TEKCT CTaTTi, aHOTalito 1 pucynku. Ha3sa daiimy
YTBOPIOETHCA BiJl Pi3BUINA EPIIOTO aBTOPA.

4. CraTTi NpoXOASITh HAYKOBE PEIICH3YBaHHSA. Y pa3l HEraTUBHOI peleH3li CTaTTs NpUcu-
JIAETHCS HA JTOOTPAIFOBaHHS a00 BIIXUIISETHCA.

Odopmiienns crarri
Marepian cTaTTi TOBUHEH OyTH BUKJIAICHUM B TaKii MOCIIJOBHOCTI:

1) nomep V/IK;

2) iHiiany 1 mpi3BHILA aBTOPIB;

3) Ha3zBa opranizaii (), mo npeacTaise (FOTh) CTATTIO (SKIIO OpraHizamiid OinbIe,
HIXK OJIHA, MICIs MPI3BHILA KOKHOTO aBTOPA CTABUTHCS 3HAK BUHOCKU (1, 2 1 T. 71.), @ HUXKYE
YKa3yIThCsI BC1 OpraHi3allii, Ha3BU MICT, €JIEKTPOHHA TOIITa OJTHOTO 3 aBTOPIB;

4) Ha3Ba CTarTi;

5) aHoTaris;

6) TEKCT CTaTTi;

7) miTepatypa;

8) aHoTarii Ha 2-X 3TraJlaHUX BHUILE MOBAaX, BIAMIHHUX BiJ] MOBU OpHUTIHAJIy CTaTTi, 3
NPI3BUIIAMU 1 1HIIIalaMU aBTOPIB 1 HA3BOIO CTATTI.

O06'eM cTarTi, BKIIIOYAIOYH PUCYHKH, JITEpaTypy, aHOTaIlli, HE TTOBUHEH NMEPEBUIIYBATH
10 cTopiHOK TEKCTY, HAPYKOBAHOTO HAa KOMIT 10Tepi uepe3 1 iHTepBai (3 po3mipom OykB 14
pt). Ions: miBe — 20 MM, npase 20 MM, BBepxy 20 MM, BHU3y 20 mMm. Ha3pa ctarti, npi3Bu-
I1a aBTOPIB 1 Ha3Ba OpraHizauii IpyKyIOThCS OyKBamH, po3mipoMm 14 pt 3 MDKPSAKOBOIO Bi-
nctanHio Mk Y/IK, Ha3Boro cTatTTi 1 Mpi3BUILIaMU aBTOPiB 1.5 iHTEpBamy.

Anorauii: KO>kKHa ITyOJiKallis He aHIJIiCbKO0 MOBOIO CYIIPOBOKYEThCS aHOTALIEI0
aHIIiiCbKOI0 MOBOIO 00csaroM He MeHII K 1800 3HaKiB, BKIFOYAOYU KIOUOBI cioBa. Ko-
’KHa IMyOJIiKaIlisl He YKPaiHChbKOI0 MOBOIO CYIPOBOJIKYETHCS TaKOX AHOTALIEID YKpaiH-
CbKOI0 MOBOIO 00csroM He MeHI K 1800 3HaKiB, BKIIFOYAIOUYX KJIIOYOBI CJIOBA.

@opmynu: Habuparothes mpudrom posmipy 14 myrkris. Po3mipu dhopmyn omHakoBi
1o BcboMy TekcTy. CIliJi yHUKATH 1HJEKCIB y 1HIEKCIB 1 CTYNEHIB y CTYyINEHiB. 3aCTOCOBY-
€ThCS CKpi3Ha HyMmeparlis Gpopmyi: (1), (2) 1 Tak mami. I'perpki OyKBH Ta MO3HAYCHHS XIM14-
HUX GopMyI 3aBkAU NpsaMi. Bekropu 1 MaTpulll HAOUPATU HAMIBXUPHUM MPSMUM LIpUP-
TOM (CTpiJIKa HaJ] BEKTOPOM HE BUKOPHUCTOBYEThCS). [HIEKkeH (JaTHHCBKI OykBH) y hopmy-
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JaX HaOWPaIOThCS KYpPCHBOM, 32 BHHSITKOM CKOPOYEHB CIIB THUIy min, max, eff, a Takox
HYJISI, SIKi HaOUpaeTbes MpsaMuM mpudToM. [Ipsamum mpudTom HaOUPaIOTHCS TaKOX (PYyHK-
11i{, HaMPUKIIAI Sin 2x, COs ®f 1 TaK JaTi.

Ta6auui. Tabauil HyMepyIOTh TIIBKU B TOMY BUIIAJIKY, SKILIO iX OUIblIe ofHIEl. Binc-
Tyn 10 Tabauui 1 micis Hei — 2 iHTepBanu. [Ipu HeoOXiAHOCTI TaOIUIl MOXKYTh MaTH 3aro-
JIOBOK 1 IIPUMITKY.

LmrocTpanii. [mrocTpaliii BUKOHYIOTBCS 1O X0y BUKJIAISHHS TEKCTY CTaTTI MO Mipi ix
3rajiku B TEKCTI B pcx (opmati abo iH1momy nomupenomy gpopmari. [1ix pucyHkom apyky-
€TbCsl BIANOBIAHUHN mianuc. Hanmucu, mo ycKiIaHIOTh CIPUNHATTS PUCYHKY, 3aMIHIOBATH
rdpoBuMH a00 OYKBEHUMH MO3HAYCHHSMH 1 TIEPEHOCUTH B TEKCT CTaTTI a00 B MIAMHKC i
pucyHkoM. Bci mo3HadueHHs Ha pUCYHKY ITOBHHHI BIJIIOBIaTH MTO3HAYCHHIM B TekcTi. Hy-
Mepallilo KpUBUX Ha PUCYHKY BECTH 3BEpXY BHU3, 3JliBa HampaBo. Po3Mip prcyHKa NOBHUHEH
O0ytu He meHie 50x50 mm 1 He Ounpie 100x100 mMm.

JlirepaTypa. Ilicia TekcTy cTaTTi uepe3 2 iHTEpBaJIU JAPYKYEThCS CIIMCOK JITEPATYp-
HUX JDKEpel, BUKOPUCTOBYBAHUX B CTATTi, HA MOBI OPUTIHAITY 3 3pa3KOM:

Knurmn:

1. babui B.U., Kysaes FO.®. I'opeHre yroiabHON MBUIM U pacyeT MbUICYTOJBHOTO (a-
kena. — M.: Dueproaromusaar, 1986. — 206c¢.

2. OCHOBBI MTPaKTUYECKON Teopuu TopeHus: yueOHoe nocodue ans By30B // B.B, Ilome-
panyes, K.M. Apeghves, /I.b. Axmemos u Op. // noxn pen. Ilomepanyesa. — J1.: Suep-
roaromusnar, 1986. — 312c.

Crarri:

a. Acnanos C.K., Koneiika I1./11. O0 0cOOEHHOCTSIX MOJI€NIel ETOHALIMOHHOTO CIIMHA B
pa3IUYHBIX roprounx cpenax. / dusuka aspoaucnepcHsix cucrem. — 1971. — Beim. 5.
—C.92-100.

b. @nopro A.B., 3onomxo A.H., Kamuncxas H.B., lllesuyk B.I. CnexTpaibHbIe UCCIIE-
JOBaHMs TOPEHUs] yacTUIpl MarHus // dusuka ropeHus u B3pbiBa. — 1982. — T.18,
Nel. - C.17-22.

c. Kanunuax B.B. TennomaccooOMeH W KMHETHKAa XUMHUYECKHX PEAKIUN YTrIepoIHON
yacTuIll ¢ razamu // Bicauk Onecbk. nepx. yH-Ty. Cep.: ¢i3.-mat. Hayku. — 1999. —
T.4, pun..4. — C.12-16.

d. Zatovsky A.V., Zvelindovsky A.V. Hydrodynamic fluctuations of a liquid with aniso-
tropic molecules // Physica A. —2001. — V.298. — P. 237-254.

Te3m:

1. Cmpyuaes A.U., Cmpyuaee H.H. OueHka cpeHero pa3mepa >KUpPOBbIX IIAPUKOB Io-
MOTEHU3UPOBAHHOTO MOJoKa // JlucniepcHblie cuctembl. XX Hay4yHasi KOH(epeHIus
ctpan CHI', 23-27 cent. 2002 r., Onecca, Ykpauna / Te3. gokn. — Onecca: Actpo-
mpuHT, 2002. — C.252-253.

2. Suslov A.V., Semenov K.I. Interaction of high-temperature monodispersed metal par-
ticles with gases / Abstr. Of 14" Annual meeting of the American Association for
aerosol research. — Pittsburgh, USA. — 1995. — P.37.

AHOTaIIis, Iepeyroda TeKCTY CTaTTi, MUIIEThCS Ha MOBI CTATTI OJHUM a03aIioM, po-
3mipoMm OykB 12 pt, 060’emom 6—10 psigkiB. AHOTAIIIl HA THITUX MOBAaX /10 TEKCTY CTATTI Ha-
JAIOTHCS MICS CHUCKY JiTepaTypu. AHOTalIsIM MEepeayloTh Npi3BUIIA 1 1HIIIAIH aBTOPIB 1
Ha3Ba ctarti. [licns cinoa “AHOTALIA” a6o “SUMMARY™ 3 aG3ana IpyKyeTbCsi TEKCT
a”oTarli.
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RULES FOR AUTHORS
Focus and scope:

— evaporation, condensation, coagulation and electric charge of aerosols, me-
chanisms of their formation and transfer;

— combustion of aerodisperse systems;

— heat and mass transfer and gas-dynamic phenomena in dispersed systems with
phase and chemical transformations;

— low-temperature plasma with condensed disperse phase

Material of the article should be presented in the following sequence:

1) UDC number;

2) the initials and surnames of the authors;

3) the name of the organization (s) presenting the article (if there are more than

one organizations, each author's name is followed by a footnote (1, 2, etc.), and

below all organizations, cities names, electronic mail from one of the authors;

4) the title of the article;

5) abstract;

6) text of the article;

7) references;

8) annotations in the two above-mentioned languages, other than the original

language of the article, with the surnames and initials of the authors and the title

of the article.

The size of the article, including drawings, literature, annotations, should not
exceed 10 pages of text printed on the computer in 1 interval (with the size of let-
ters14 pt). Fields: left -20 mm, right20 mm, top20 mm, below 20 mm. The title of the
article, authors' surnames and the name of the organization are printed in letters of
size 14 pts on the line spacing between the UDC, the title of the article and the names
of the authors of the 1.5 interval.

Formulas: 14-point font size. The size of the formulas is the same throughout the
text. Indices in indices and power in power should be avoided. The sequential num-
bering of the formulas must be (1), (2), and so on. Greek letters and chemical formula
are always straightforward. Vectors and matrices are typed in half-bold (the arrow
above the vector is not used). Indices (Latin letters) are arranged in italics in formu-
las, with the exception of the words min, max, eff, as well as zero, which are typed in
plain text. Also, functions such as sin 2x, cos ot and so on are also typed in direct
font.

Tables. Tables are numbered only if thereis more than one. Indent to the table
and after it - 2 intervals. If necessary, the table may have a title and a note.

lllustrations. Illustrations must be presented in the text of the paper as they are
mentioned, in .pcx format or any common format. A corresponding signature must be
printedunder the drawing. Inscriptions that impede the perception of anillustration,
should be replaced by digital or letter symbols and transferred to the text of the article
or the signature under the figure. All designations in the drawing must correspond to
the designations in the text. The numbering of the curves in the figure is from the top
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down, from left to right. The size of the drawing should be not less than 50x50 mm
and not more than 100x100 mm.
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