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KonaykromerpuyHi i OTHYHI BJIACTHBOCTI BOAHUX PO3YUHIB IPONAHOJIIB B
OKOJIi IX 0C00/ITUBHX TOYOK

Y pobomi excnepumenmanvro 0ocniodcyemupcs 36'a130K KOHOYKMOMEMPUUHUX MA ONMUYHUX
Xapakmepucmux 800HUX PO3UUHIE i30Mepié NPONAHOIY 8 0KOII ix 0cobaueoi mouku. Ocobausumu
npUUMaromscs mouku, y akux. 1) nepemunaiomovcsa Kpugi Kohmpaxkyii (8i0HOCHO20 HAOIUUIKOBO2O
00°emy) 3a pisHux memnepamyp, 2) cnocmepieacmvcsi AHOMANbHUL MAKCUMYM IHMEHCUBHOCI MO-
JIeKYNIAAPHO20 PO3CIAHHA c8imua. JlocniodceH s KOHYEeHMPAayitiHoi n08ediHKY NOKASHUKA 3410 MAEHHS
B00HO20 PO3YUHY [30MPONAHOLY MA 1020 KOHOYKMOMEMPUYHUX Xapakmepucmuk (nposionocmi G,
enekmpuyroi emnocmi C ma OieleKmpuyHoi NPOHUKHOCMI £) NOKA3AIU GIOXUNLEHHS 810 MOHOMOHHOT
3ANeHCHOCII CUMEMPUYHO MOYKU 3 KoHYyenmpayieto x = 0,06 monbHOi uacmku, wo 0oobpe Kopenoe
3 eKCnepuUMeHmamu no po3CiaHHIO C8IMAA I C8IOYUMb NPO CMPYKMYPHI 3MiHU Y cucmemi. Takooic
KOHYEeHmMpayitiHa nogediHKa eieKmpo@izuuHux napamempie abConitOmHo KOpenoe 3 6CMAHOBIEeH-
HAM CMAYIOHAPHUX 3HAYEHb NpU SUMIPIOBAHHI iMnedancy. Bioxunenws xkpueux 6i0 MOHOMOHHO2O
mpeHoy 0yau OMPUMAHI NICSE MPUBATIO20 BUMPUMYBAHHS PO3UUHIE (MUKCOeHb ma Oinbule), Heoo-
XIOHO020 0/11 6CMAHOBIeHHS PIBHOBAJICHO20 cmaHy. [lokazano, wo 6 okoi 0coOIUBOT MOUKU POZYUH
CMae HeCcMIitKuM, 8HACAIO0K 4020 CMYNIHb ONMUYHOI HEOOHOPIOHOCMI ICMOMHO 3pocmac. Ymeo-
PIOEMbCA MIKPOHEOOHOPIOHA CIMPYKMYPA Ul HASI8HA MOHKA CIPYKMYPA AHOMATbHO20 NIK)Y PO3CIAH-
HA. B cmammi Oyno 3anpononosano 3acmocysamu onuc eieKmpuyHux napamempis HaHoghuroioie
00 YUCMUX MOJEKYIAPHUX POIUUHIB, SAKI MONCYMb 88ANCAMUCS 8 OCOOIUBIU MOUYI KOJIOIOHOI CUc-
memoro. Konoykmomempuuni ma onmuyHi 0coOIUBOCMI KOPENtOOMb, OCKLIbKU HA SPAHUYSAX MIK-
POHEOOHOPIOHOCmEl NPOX00AmMb NPOYeCU 3 BUHUKHEHHAM NOOBIliIHO20 OieleKmpUu4Ho20 wapy 3a
PAXYHOK Oydce Maaux KilbKocmetll OOMIUOoK K i y Konoionux cucmemax. Iloosinuil dienexmpuy-
HULL wap eidiepae cymmesy poiv Yy popmysanui npogionocmi ma OieleKmpuiHoi NPOHUKHOCMI 800-
HUX PO3YUHIE NPONAHOIE 8 OKOJIL IX 0COOIUBUX MOUOK.

Knrowuoei cnosa: sooa, nponanon, ocobusi mouxu, peppaxyis, KOHOYKmMmomempis

Beryn. BonHi po3unHU pI3HUX PEYOBUH JABHO M, MaOyTh, HA3aBXIU 3aWHSIU
OCHOBHE MICIIE€ B JKUTT1 Ta TEXHOJIOTISIX JIOJIUHU B CUJIy 0aratboX 0COOJIMBOCTEN BO-
1. Boja He TIIbKM € OCHOBOIO JKUTTA. BoHAa Mae BU3HAYaNbHUN BIUIMB Ha MPOTIKAH-
He 0arathoX (Pi3MKO-XIMIYHUX, O10JOTIYHUX, T€OJOTTYHMX 1 TEXHOJIOTIYHUX MPOIIe-
ciB. OITHUM 13 HIMPOKO JOCIIJKYBAaHUX €(EKTIB y NEAKUX BOAHUX pPO3YMHAX, HAIIPU-
KJIaJl BOJIHUX PO3YMHAX CIHPTIB, € aHOMAJIbHE CBITJIOPO3CISIHHS 32 MaJNX KOHIICHT-
pauiii cnupty, akui Boepie cnocrepiraB M. @. Bykc nie B 60-x pokax MHHYJIOTO
cromtrs [1-4]. Lei xe miana3oH KOHLUEHTpaUid BIACTUBHUH Py MEIUYHUX 1 MPO-
MUCJIOBUX 3aCTOCYBaHb PO3YUHIB JJAHOTO THITY.

VY pobotax [5-8] Oys0 mokaszaHo, 10 € OPTaHIYHUIN 3B 30K MIXK aHOMAISIMU Pi-
3HUX (PI3UYHUX BEJIUYHMH Y OKOJII TOYKH 3 KOHIIEHTpPAIII€I0, IO BIAMOBIA€ aHOMAJIb-

DOI: http://dx.doi.org/10.18524/0367-1631.2020.58.206181
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Puc. 1. 3a1eXHICTh KOOPIUHAT OCOBIMBOI TOUKH po3unHiB crmpTiB X [7], Bi3Ha-
YeHi 32 aHOMAJIbHUM PO3CISIHHSAM CBITJIa, BiJI MOJICKYJSIPHOI Macu pO3YMHEHUX CIUPTIB:
1 — metanom; 2 — eTaHoid; 4 — €TIICHTIIKOIb, 6 — TPEeTUHHUI OyTaHOoJ; 7 — MeHTaHo. B
LEHTP1 KPUBOi TOYKH BIANOBIIAIOTH 130MepaM: 5 — H-MponaHo (IpONuIOBUNA ciupT, | —
MPOITaHoI) Ta 3 — 130MponaHoJI (2-MpoNaHoNI).

0.00

HOMY CBITJIOPO3CISIHHIO, 3 TAKOI0 0a30BOI0 BEIMYHUHOIO, SIK TYCTUHA PIAMHHOI CUCTe-
Mu. [Ipu yTBOpEHHI BOJIHO-CIMPTOBUX PO3UMHIB 3arajJbHUi 00'eM po3uuny V', Bipi-
3HSETHCS Bl CyMH MOYAaTKOBUX 00'eMiB V| 1 V, #oro kommnoHeHTiB. Taka moBe/iHKa
PO3YMHY XapaKTEePU3y€EThCsl O€3PO3MIPHUM MapaMeTpOM

ey (1)
i+,
SKAW TIPUHAHATO Ha3UBAaTH KOHTpakiiero. Mi3udHO - 1€ BIAHOCHUHN HaJIMIIKOBUN
00’eM, SIKMI BU3HAYAETHCI HE TIJIBKHM BIAXWICHHSIM CHCTEMH BIJI 17€aIbHOI ITOBEIIH-
KH, & 1 CyTO TECOMETPUYHUMU TTapaMeTPaMH MOJIEKYII.

VY po6ori [9] Oyno BcraHOBIEHO (Pi3WUYHY MPUPOAY BUHUKHEHHS y BOJHUX PO3-
YUHAX CIHUPTIB OCOOJMBUX TOYOK Ta 3pOCTAHHS (UIYKTyallid B iX OKOJI, a TAKOX 3a-
MIPOTIOHOBAHO PO3B’SI3aHHS MPOOJIEMHU YTBOPECHHS aHOMAJIBHOTO (HU3bKOKOHIICHTpPA-
LIAHOT0) MIKY MOJIEKYJIIPHOTO PO3CISIHHS CBITJIAa Y TAKMX po3uuHax. byno mokazaHo,
Mo 0coOMMBY TOUKy x” MOKHA BBECTH 3a YMOBH TI€PETHHAHHS TEMIIEpaTypHO-
KOHIICHTPAIIHHUX 3aJIeKHOCTEN KOoHTpakiii (1). AHami3 nitepaTypHUX JaHUX J03BO-
JIUB OTPUMATH 3aJIeXKHICTh KOOPAMHATH OCOOIMBOI TOUKH x”, IKy BU3HAYaIM 33 aHO-
MaJbHUM PO3CISIHHSIM CBITJIA JJI1 PO3YMHIB CIIUPTIB TOMOJIOTIYHOTO Py METAHOIY
[7]. Bci excriepuMeHTanbH1 JaHl J0Ope OMHUCYIOTHCS JIHIMHOIO 3aJIEXKHICTIO Bl MO-
nsipHOi Macu cnupTy (puc. 1), ane A po34rHiB 130MEPIB MPOIAHOTY, K1 BUBYAIOTh-
cs y il poOOTI KOHIICHTpAIIMHE MMOJI0KEHHS 0COOJIMBOT TOUKH ACIIO BIAPI3HIIOTHCS.

[IpoBenena MeToOM HallMEHIIMX KBaapaTiB 0OpoOKa eKCHepHUMEHTAIbHHUX
JAHUX Jajia MOXIJIUBICTb 3 MOXUOKOI <2% ommcaTH 1110 3aJI€XKHICTD K
x7'=0.002(88— M),
ne M — MoJeKyJsipHa Maca BIATIOBIHOTO CITUPTY.

(p:

1.3B’5130k KOHTpAaKIil, JieJIEeKTPUYHUX TA KOHAYKTOMETPHUYHUX NapamMeT-
PiB BOJHUX PO3YHUHIB NMPOMAHOJIB B OKOJi 0c00,uBOI ToukM. Edextu, mio

9
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Puc. 2. Oco611Bi TOYKM BOJAHHUX PO3UMHIB CIIUPTIB, BU3HAUECHI 110 TIEPETUHY KPUBUX
KOHTpakIii 3a Temneparyp Big 20°C go 60°C: a) mponwioBuii; 0) i30MpONUIOBUI
cnuptu. Po3paxoBaHo 3a JaHUMH I'yCTUHU PO34MHIB 1o [10].

MOB’513aH1 3 OCOOJIMBOCTSIMU KOHTPAKI[IT HAHOUIBII SPKO MPOSBISIOTHCS JJISI BOJHUX
pO34MHIB Boga-eTanoin. Came Ha MpUKIaAl iX OyJ0 BCTAHOBIEHO MPUPOLY aHOMAJIh-
HOTO PO3CIsiHHA cBiTJa Yy [5,6], 3BeeHHSAM 1i 1O BUHUKHEHHS MIKPOHEOAHOPITHOI
CTPYKTypH y po3unHax Ha puc.l oueBuaHO, 110 OCOOIMBI TOYKH Ji 130MEpPIB MPO-
MaHOJy JICIIO BIAPI3HSIOTHCS, TOOTO SIBUIE OOYMOBIIOETHCS HE CTUIBKU CITIBBIIHO-
HIEHHSAM 00’ €MIB MOJIEKYN (SIKHI € MPONOpUIHHUM MOJIEKYJISIpHIN Maci) y pO34uHi, a
1 (hOpMOIO MOJIEKYJI, IO BIUIMBAE HA iX MTUTOMUM (€PEeKTUBHUI) 00’ €M.

Hamu Oyno pospaxoBaHo (AuB. puc.2) KOHTpakiii (1) BOJHUX PO3YMHIB JBOX
130MepiB MPOIMAHOIIY: N-MIPOIAHON (TIPOIMAHO0J, HOPMAIbHUMN MPOMAHOM, |-TIPOIaHoi)
Ta 130mpornanon (2-mpomanon). s 1[b0ro CKOPUCTAIUChH TAaHUMHU IO KOHIIEHTpAaIlii-
HUM 3JIeKHOCTSIM BOJHHUX PO3YHMHIB IIPOIAHOMIB 32 pi3HUX Temmepatyp [10].

O4eBuHO, 1O MOJOKEHHSI OTPUMAHUX O0COOJIMBUX TOYOK 33 KOHTPAKIIIEIO JTyKe
OJIM3BKI JI0 MIKIB aHOMAJIBHOTO po3CisiHHA cBiTia (puc.l). ToOTo 10 HUX MOXke OyTH
3aCTOCOBaHa Taka caMe MoJieib (hI3UYHOTO SBUINA, IO 1 I 100pe TOCHTIIKEHUX BO-
THUX PO3YMHIB €TaHOIy. OCKIIbKH OYyJI0 MOKAa3aHO BUHUKHEHHS MIKPOHEOIHOP1IHO-
CTEH y pO34MHAax B OKOJ1 0COOJMBOI TOYKH 1 HASIBHICTh TOHKOI CTPYKTYpH aHOMAaJlb-
HOTO MmiKy po3cistHHA [11], Hamu OyJo 3anpONOHOBAHO 3aCTOCYBATH OIUC €JIEKTpUY-
HUX MapameTpiB HaHOGIIOIAIB [12] 70 YMCTUX MOJEKYISIPHUX PO3UUHIB, SIKI MOXKYTh
BBa)KaTHUCS B OCOOIMBIN TOYI KOJIOITHOIO CUCTEMOIO.

JlonaTkoBO HaMu OyJI0 MPOBEICHHS AOCIIKEHHS] KOHIEHTPALIHOT MOBEIIHKU
MTOKa3HUKA 3aJIOMJIEHHS BOJHOIO PO3YMHY 130MPOMNAHONy Ta HOr0 KOHAYKTOMETpUY-
HUX XapakTepucTHK pedpaktomerpamu PD-5, MPD-23. Ha puc. 3 npeacrasieHo 3a-
JISKHICTh MOKAa3HUKA 3aJIOMJICHHS BOJIHUX PO3YMHIB 130MPOMAHOIY 332 TEMIEpaTypH
25°C. Sk 1y po6oTi [13] oTpuMaHO BiIXWJICHHS BiJl MOHOTOHHOI 3aJIE’KHOCTI CUMET-
puuHo ToukHu 0,06 MOJIBHOI YacTKH, 10 A00pe KOPEIIOE 3 EKCIEPUMEHTaMH 10 pO3-
CISIHHIO CBITJIa 1 CBIIYUTH MIPO CTPYKTYpHI 3MiHM cuctemH. [limkpecnumo, mo oTpu-
MaHI BIIXWJICHHS OyJIM OTpHMaHI1 MICJsl TPUBAJIOTO BUTPUMYBAHHS PO3YUHIB, OJIU3b-
KO JeKUIbKa 1110, a caMi BIAXWJICHHS Oyl 3HAYHO OUIBIIMMH 32 TOYHICTH BHUMIPIO-
BaHHs on =0.001.

[IIupoke BUKOPUCTAHHS y JTOCHIIKEHHI PO3YHMHIB Ta YACTUX PEYOBUH 3HAMIILIA
KOHJyKTOMETpisi. BoHa mpencTaBiise CyKylmHICTh BEJIMKOTO YKCIIa METOJIB BUMIpIO-
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1,355 n

0 0,02 0,04 0,06 0,08 0,1 X

Puc. 3. 3anexHiCTh MOKa3HUK 3QJIOMJIEHHSI N BOJHHUX PO3YMHIB 130MPONUIIOBO-
TO CIOHUPTY BiA iX KoHIEHTparii (X) mpu temmeparypi 25°C: 1 — pe3yapTaT HaIIAX
BUMIPIB (CyIIUJIbHA JIiHIS), 2 — AOBIAKOBI fAaHi (myHKkTHpHA TiHis) [14]. [Toxubka BU-
MIpIOBaHHS MMOKa3HUKA 3aJIOMJICHHS CyMipHa 3 T03HaYKaMu Ha rpadiky.

BaHHSI IEPEBAXKHO aKTUBHOIO CKJIAJIOBOIO IMIIEIAHCY, TOOTO MOBHOTO OMOPY KOMIPKH
3 pedoBrHOIO. [lepeBaramMu KOHIYKTOMETPIi €: BUCOKA TOYHICTH 1 MPOCTOTAa METOJIUK
[15, 16]. ¥V maniii poOOTI HAMU BUKOPUCTOBYBABCS HU3bKOYACTOTHUNM KOHTAKTHUHN
METOJI KOHITYKTOMETPIi.

HaHi, ki 0yJ10 OTpUMaHO JJi1 BOJAHUX PO3YUHIB 130MPOMAHOTY KOHIYKTOMETPI-
€10 Yy TUIOCKOMY BUMIPIOBAJIbHOMY KOHJEHCATOP1 3 IJIATUHOBUMH €JICKTPOJAMHU Ha
yactoTi 1 K['I1 Takok IMoKa3aay HasIBHICTH JBOX MHiKIB. BoHM Tak camo, SK 1 114 3aje-
KHOCTEM TMOKa3HHKa 3aJOMJIEHHS, PO3TallOBaHI cuMeTpudHO TOouku 0,06 MOIbHOI
yacTku (AuB. puc. 4, puc. 5). Mexa nonyctumoi ocHoBHOI moxudku 0,1%. Konnent-
pariifHa moBeAiHKa eJIeKTPOPI3UYHUX MapaMeTPiB (EMHOCTI Ta €JIEKTPOMPOBITHOCTI)
aOCOJIIOTHO KOPEJIOE€ 3 BCTAHOBJIEHHSM CTAI[IOHAPHUX 3HAYE€Hb MPU BUMIPIOBAHHI
IMITeTaHCY.

Takum yrHOM, 3 pe3yJIbTATIB, MPEACTABICHUX Ha puc.4 Ta puc.5 MOXKHa JOBEC-
TH, 110 Y BOJAHUX PO3YMHAX, JIIHNCHO, YTBOPIOETHCS MIKPOHEOHOPIIHA CTPYKTYpa, a
KOHTYKTOMETPHUYHI Ta ONTHUYHI OCOOJIMBOCTI KOPEIIOIOTh, OCKUIBKY Ha TPAHUIISIX Mi-
KPOHEOTHOPIAHOCTEN MPOXOATH TaKi caMe MPOIECH 3 BUHUKHEHHSIM MOABIHHOTO Ji-

0,5 5 CICe
0,45 -
0,4 -
0,35 -
0,3 -
0,25
0,2 -
0,15
0,1 -
0,05

0

0 o,'oz 0,64 n,'ns o,rcrs n,l1

Puc. 4. KonnenTpauiiiHa 3aeXHICTh 111 BOJAHUX PO3YHHIB 130IPONAHOIY Bij-
HocHoi emHocti (C/C,, ne C, — €MHICTh TIPH 3alIOBHEHHI MPUJIaAy YHCTOIO BOJIOIO)
KOH/IEHCATOPHOI KOMIPKH 3 IJIATHHOBUMHU enekTpogamu. Temnepatypa 25°C.
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Puc. 5. KonuenrpauiiiHa 3a1eXHICTh JJi1 BOJHUX PO3YMHIB 130MPONAHOIY Bij-
HocHOT nipoBigHOCTI (G/G,, ne G, — NPOBIIHICTh MPHU 3aNOBHEHHI MPHJIATY YUCTOIO
BOJI010) KOHJICHCATOPHOT KOMIPKH 3 IUIATUHOBUMH eekTponaMu. Temneparypa 25°C.

€JIEKTPUYHOIO IIapy 32 PaXYHOK Jy>K€ MaJIUX KUIBKOCTEH IOMIIIOK SIK 1 y KOJOigax.
[ToxiOH1 3ameXHOCTI MPOBIIHOCTI Ta JIEIEKTPUYHOI HMPOHUKHOCTI Y HAaHOQIIOiIax
Al,O5 y 13onponanosi 6yso goOpe JOCHIIKEHO Ta MoscHeHo Y [12].

BucnoBku. Hamu Oyno mokasaHo, mo: 1) st BCTaHOBJIEHHS PIBHOBAXKHOTO
CTaHy Y HU3bKOKOHIICHTPALIMHNX BOJHUX PO3YMHAX 130TPOIAHOY TaK SK 1 ISl PO3-
YUHIB BOJa-€TaHOJI [9] HEOOXI1IHO JOCUTh BEJIMKUHN MTPOMIXKOK Yacy - JIeKiabKa /1i0; 2)
MOJIOKEHHSI aHOMAJIbHOTO (HU3BKOKOHIEHTPAIIITHOTO) MIKY MOJIEKYJSPHOTO PO3Ci-
SIHHSI CBITJIa KOPEJIIOE 3 pe3yJibTaTaMU aHai3y KOHTPAKIIT BOJHUX PO3UYHHIB 130TPO-
MaHOJTy Ta BUSABJICHUMH B JaHii 00J1acTi OCOOIMBOCTSIMU iX ONTUYHUX Ta KOHIYKTO-
METPUYHHUX XapaKTEPUCTHUK; 3) 30ir MOBEAIHKH TEPMOJMHAMIYHUX, ONTUYHUX Ta €Jie-
KTpO(I3MYHUX XapAKTEPUCTUK PO3UYMHIB BOJIA-IIPOIAHON € MPOSBOM IX CTPYKTYPHUX

0COOIMBOCTEM Ta CXOXKICTIO MIKPOHEOIHOPIAHOTO PO3UUHY 3 MIMCHUMH KOJOITHUMHU
cuctemMamu (HaHo(rOIgaMu).
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Cmupaney M.B.

Konaykromerpuyeckue M ONTHYECKHE CBOMCTBA BOJAHBIX PACTBOPOB IPO-
MAHOJIOB B OKPECTHOCTH MX 0COOBIX TOYEK

AHHOTALIUA

B pabome sxcnepumenmanbHo ucciedyemcs c8s13b6 KOHOYKMOMEMPU4eCKux u ONmuyecKux
Xapakmepucmux 600HbIX PACMBOPO8 U30MEPOS NPONAHONA 8 001acmu ux 0coOou MOYKU.
Ocobbimu npUHUMAlOMcs MOYKU, 8 Komopulx. 1) nepecexaromces Kpugvle KOHMPAaxKyuu (OmHo-
CUMenbHO20 U30bIMOUHO20 00beMa) NPU PA3IUYHbIX memnepamypax, 2) Habnooaemcs aHo-
MANbHBIL MAKCUMYM UHMEHCUBHOCTU MONEKYIAPHO20 paccesiHus ceema. Hccrnedosanue KoH-
YEHMPAYUOHHO20 NOBeOeHUsl NOKA3AMesi NPEeIOMIeHUsE B00OHO20 PACMEOPd U30NPONAHONA U
€20 KOHOYKmomempuieckux xapakmepucmuk (nposooumocmu G, anexkmpuueckou émxocmu C
U OUBIEKMPUYECKOU NPOHUYAEMOCU E) NOKA3ANU OMKIOHEHUs. OM MOHOMOHHOU 3A8UCUMO-
CMu CUMMEMPUYHO MOYKU ¢ KoHyenmpayuel cnupma x = 0,06 monvHOU 00U, XOpOuLo Kop-
penupyem ¢ dKCNepUMEHmMam no PAaccesiHuio c8ema u C8UOemenbCmeyem 0 CMpPYKMypPHbIX
usmeneHusx 6 cucmeme. Takoice KOHYESHMPAYUOHHOE NOBEOCHUE INEKMPODUIULECKUX Napa-
Mempos abCcoNOMHO Koppeaupyem ¢ YCMaHo8leHueM CMayuoOHapHuIX 3HAYeHUl npu uzmepe-
Huu umneodanca. OmKIOHeHUs: OM MOHOMOHHO20 MPEeHOa KPUBLLX ObLIU NOLYYeHbl Nocie Olu-
MeNbHO20 BbLOEPAHCUBAHUSL PACEOPO8 (Hedels u bonee), HeoOX00UMO20 OISl YCMAHOBIeHUs
pasHosechoeo cocmosinus. [lokazano, umo 6 okpecmHocmu 0co60t MOYKU pacmeop CMaHo-

13



®dizuka aepoaucnepcHux cucrem. — 2020. — Ne 58. — C.8-14

14

BUMCSI HEYCMOUYUBLIM, BCIEOCBUe Ye20 CHEeNeHb ONMUYECKOol HeOOHOPOOHOCIU CYuech-
senHo gospacmaem. Obpazyemcs MUKPOHEOOHOPOOHAs CIMPYKMYpa U NPUCymcmeyem moH-
Kasi CmMpyKmypa aHOMAalbHO20 NUKA pacceauus. B cmamwve Oviio npednosceno npumenHums
onucanue INeKMpUYECKUx napamempos HaHo@IoUo08 OJisi YUCMbIX MOJEKYIAPHbIX PACHEO-
P08, KOmopbie MO2ym CHUMAMbCs 8 0COO0U MmouKke KOaLouoHou cucmemou. Konoykmomem-
pudeckue u onmuyecKue 0CoOeHHOCMU KOPPerupyronm, NOCKOIbKY HA ePAHUYAX MUKPOHEOO-
HOpOOHOCMeEU NPOX00siMm NPOYeccyl ¢ BO3HUKHOBEHUEM OBOUHO20 OUINEKMPULECKO20 ClOs 3d
cuem OYeHb MANEHbKO20 KOIUYECMBd Npumecell, KaKk U 6 KOJLOUOHbIX cucmemax. /eotinou
OUdIEKMpUYecKull C10l uepaem CyujecmeenHylo poib 8 YOpMUpo8aHUU NPOBOOUMOCMU U OU-
INEKMPUYECKOU NPOHUYAEMOCIU BOOHBIX PACMEOPOE NPONAHONI08 8 OKPECIHOCMU UX 0CODbIX
MOouYex.
Knroueswie cnosa: 6ooa, nponanon, ocobvie mouxu, pe@ppaxkyus, KOHOYKmomempust

Stiranets M. V.
Conductometric and optical properties of aqueous solutions of propanols
near of their singular points

SUMMARY
In the work, the relationship between the conductometric and optical characteristics of
aqueous solutions of propanol isomers near of their singular point is experimentally investi-
gated. Peculiar points are taken at which: 1) the contraction curves (relative excess volume)
intersect at different temperatures; 2) an abnormal maximum of the intensity of molecular
light scattering is observed. The study of the concentration behavior of the refractive index of
an aqueous solution of isopropanol and its conductometric characteristics (conductivity G,

electrical capacitance C and dielectric permittivity &) showed deviations from the monotonic
dependence of the point symmetrically with the alcohol concentration x = 0,006, correlates
well with experiments on light scattering and indicates structural changes in the system. Also,
concentration behavior electrophysical parameters absolutely correlated with the setting of
fixed values for the impedance measurement. Deviations from the monotonous trend of the
curves were obtained after prolonged aging of the solutions (a week or more) necessary to es-
tablish an equilibrium state. It is shown that the solution becomes unstable in a vicinity of the
special point, so that the degree of optical inhomogeneity considerably increases. A
microinhomogeneous structure is formed and a fine structure of the anomalous scattering
peak is present. The article proposed the use of a description of the electrical parameters of
nanofluids for pure molecular solutions, which can be considered at a particular point as a
colloidal system. Conductometric and optical features correlate, since processes with the ap-
pearance of a double dielectric layer due to a very small amount of impurities occur at the
boundaries of microinhomogeneities, as in colloidal systems. The double dielectric layer
plays an essential role in the formation of the conductivity and permittivity of aqueous solu-
tions of propanols in the vicinity of their singular points.
Key words: water, propanol, peculiar points, refraction, conductometry
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®Di3nKo-MexXaHIYHI Ta peJaKcaliiHi BJaCTUBOCTI CHCTEMH
IXT®E — nanoaucnepcHuii rpagir

Yavmpaseykoeum memooom 0ocniodicysascs 6niiue HAHOPO3IMIPHO20 KAPOOHOB020 HANOG-
HI08AYA HA DI3UKO-MEXAHIYHI Ma PeraKcayitHi e1acmusocmi NoJIiMEpHO20 KOMRO3UMY HA
OCHO8I nonixropmpugpmopemunery. Hanoposmipnuii HanosHio8ay ompumysaiu wisaxom yiv-
mMpaseyKosoi oucnepeayii mepmoposuiuperozo epagimy. Po3pobneno i onucano memoouxy
nonepeoHb020 BU3HAYEHHSI NOpo2y nepkoayii. /Jocniodxcena iH8epcia MeXaHiuHux 61ACmueo-
cmeti KoMno3umie npu nepexooi uepes nopie nepkonsayii. Ilokazano, wo npu 6ueomoesieHHi
KOMNO3UMi6 HeOOYilbHO BUKOPUCMOBY8AMU KOHYeHmpayii, o 3HA4YHO nepesuwyroms nopie
nepKoNAYli, OCKINbKU Ye nPusooums 00 KOa2yIAyii YaCMUHOK HANOGHIOBAYA MA PO3PUXTEHHS
mampuyi.

Knwuosi cnosa: nonimep, nonixaopmpugmopemuiier, mepmoposwupenuti spagim, mo-
0Y/ib NPYHCHOCMI, NOTUHAHHSL.

1. IlocranoBka 3anayi. [linBuiieHnid 1HTEpEC A0 pO3pOOKH 1 BUBYEHHS BIACTH-
BOCTEH mojiMepHUX Kommo3uliiaux matepianiB (IIKM) 3ymoBieHuit MOXKIUBICTIO
CYTTEBOTO MOJIMIICHHS (PI3UYHUX BJIACTUBOCTEH KOMITO3MIIIN MO BIJHOIIEHHIO [0
BUX1THUX KOMITOHEHTIB. [IKM MoXyTh HaOyBaTH YHIKQJILHUX BJIACTUBOCTEH, SIKI BU-
3HAYAIOTHCS BIACTUBOCTSIMU SIK IMOJIMEPHOI MaTpHIIl, TaK 1 HAIIOBHIOBAYA.

CTBOpeHHsI KOMITO3UIIIMHUX MaTepialiiB Mae 0a3yBaTUCh Ha BUKOPUCTAHHI Ha-
MOBHIOBaYa B yJIbTPAJUCIIEPCHOMY CTaH1, KOJIU iX pO3MIp CTa€ CHIBPO3MIPHUM 3 pa-
JlycoM Aii CHJI MIXKaTOMHOI B3aemojii. BUKOpUCTaHHS HaHOPO3MIPHUX CKJIaJIOBHX
JUI OJIep’KaHHS KOMITO3ULIMHUX MaTepialiB JO3BOJISIE PETyIOBaTH iX (a30BU CTaH
1 cTpykTypy. OOHUM 13 BaxIUBUX (DAKTOPIB, 110 MPU3BOAUTH A0 MOJIMIIEHHS iX QY-
HKI[IOHAJIbBHUX BJIACTUBOCTEM € TaK0XX PIBHOMIPHUM PO3MOJIIA BHCOKOJIUCIIEPCHUX
YaCTUHOK B MOJIIMEPHIA MaTpull npu oaepxanni [IKM.

Buxopucranss rpagiToBUX MaTepialiiB B AKOCTI HAMIOBHIOBAYIB € HaJA3BUYANHO
nepcnektuBHUM. [IKM Ha 0cHOBI rpadiTOMICTKHX MaTepialiB BUKIUKAIOTh 3all1KaB-
JIEHICTh L€ ¥ TOMY, IO BOHU MalOTh BJIACTHBOCTI METANIB (BUCOKI €JIEKTPONPOBII-
HICTh Ta TEIJIONPOBIJIHICTD) 1, PA30M 3 THUM, TaKl XapaKTEPUCTHKH, K HU3bKa MUTOMA
Bara, KOpo3iifHa CTIHKICTh, IHEPTHICTh 1O BiJHOIIECHHIO JJO 0ararbox arpecCUBHUX Ce-
PEAOBUILL TOLIO.

Oco0nmBe Miclie cepel BYIVICLEBUX MaTepiaiiB 3aiiMae TepMOPO3LIMPEHUMN
rpadit (TPI'), orpumanuii mssxoM TIMOOKOT TEPMOXIMIYHOI OOPOOKH MPUPOIHOTO
nucnepcHoro rpadity [1, 2], 0 CynpoBOIKYETHCS PO3AITICHHSIM rpadiTOBUX MIAPiB.
BiacyTtHicTh GyHKIIIOHATBRHUX TPy HAa TOBEPXHI TpadiTOBUX IJIACTUHOK CHpPHUSIE Tie-
perpymnyBaHHIO MaTepiay B KJacTepu MikpoHHOro po3mipy. HamoBueni TPI" marepi-
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M BIIPI3HSIOTHCS BHCOKOKO aHi30Tpormiero (i3uyHuX BiaacTtuBocTei [3]. B3momx
rpadiTOBUX IJIOMIUH KOE(IIIIEHT TETIOMPOBIIHOCTI AOCITAE PIBHS TEILJIOMPOBITHOCTI
Mi/ll, @ B IEPICHAUKYJIIPHOMY HAMpsAMi MOKe OyTH Ha JIBa MOPSJIKK MEHIIIE.

Bceranosineno, mo B pizHux [IKM nHa ocHoBi nonimep + TPI' nopir nepkosisiii
(mepexia 3 €JEKTPUYHO HEMPOBIAHOTO B MPOBIIHUM CTaH) BiAOYBAETHCS MPHU JOCUTH
HU3bKUX KOoHIEeHTpauisx TPI'. Bennuuna nmopory nepkojsiuii 3ajexuTh Bl XIMIYHOI
MPUPOIN KOMIIOHEHTIB, iX BIACTHBOCTEH, TEXHOJIOTIYHUX YMOB IPHUTOTYBaHHS Ta
METO/1B BUNPOOYyBaHHs. HasBHICTh JOCUTh HU3BKUX MOPOTIB NEPKOJISILIT B KOMIIO3H-
tax 3 TPI' CBIIUUTH PO CXUIIbHICTh MOTO YaCTHUHOK J0 €()EKTUBHOTO (3 TOUKHU 30Dy
€JIEKTPOIIEPEHOCY) MAKPOCTPYKTYPOYTBOPEHHS B CEPEIOBHUILI MOJIIMEPHOI MATPHIII.

Memoro oanoi po6omu 6yino 3’ACyBaHHs BIUTUBY HAHOPO3MIPHOTO HAIOBHIOBA-
ya Ha BrnactuBocTi [IKM Ta mpocnimkeHHs Gpi3UKo-MEXaHIYHUX BIIACTUBOCTEN CUCTE-
MU TOIXJIOPTPUPTOPETUIIEH + HAHOKAPOOH.

[Momixnoprpudroperunen (I[IXTDE, toproa mapka — droporiact-3) — TUIIO-
BUI MPEJICTABHUK KJIACY KpHCTanoaMop(ngIx noyiiMepiB. BiH 3pyuHuit juist gocoi-
JDKEHHS (P13MKO-MEXaHIYHUX BJIACTUBOCTEH, TEIJIO- 1 €JIEKTPONEPEHOCY Ta MOJIEKY-
nsipHO1 pyxsiuBocTi. Makpomoiiekynu [IXT®OE nobynoBaHi 3 TPUHIUIIOBO 3aTHUX
710 KpUCTasi3ali JIHIMHUX THYYKUX JaHIIOT1B.

MonomepHa nanka [IXTOE € acumeTpuyHO10, Ma€ MOCTIMHUNA TUITOJIBHUI MO-
MEHT. 3aBJIIKH HAssBHOCTI OlJIbIll 00’€MHOTO MOPIBHSAHO 3 (PTOPOM aToMy XJIOPY (KO-
BAJICHTHI1 pajilycH BiAMOBIAHO A0piBHIOWOTH 0,72 Ta 0,99 A) HIBUJIKICTh KpUCTaTI3aIlil
[IXT®E pemnio meHma Biji BUCOKOKPUCTAIIYHUX MojiMepiB. e nae oMy 1ie onHy
repeBary — MOXJIMBICTh 3MIHIOBATH B IIMPOKMX MeXaX CTYHIHb KPHUCTAIIYHOCTI
(0,35 - 0,85 %) Ta MopdoJorio.

[NIXT®E rigpodoOuuii, Mac HU3bKY Mapo- 1 Ta30MPOHUKHICTh, BIJIPI3HIETHCS
BHUCOKOIO aTMOC(EPHOIO 1 XIMIYHOIO CTIHWKICTIO. BiH CTifikuii 10 1ii arpecMBHUX ce-
pPENOBULI: KUCJIOT PI3HOI KOHIIEHTpAIlii, CUJIbHUX OKUCHIOBAaUiB (TIEPEKHC BOHIO,
030H, PIJIKUNA KHCEHb, ra30noAiOHuit GpTop 1 XJI0p, XpOMOBA CyMilll), PO3YHHH JTYTIB,
cosiert Ta iH. [TomiMep eKoJIOTYHO YUCTHUHM, paiamiiiHo CTIHKuM [4 - 6]. 3aBIAKY IiH-
HUM KOCTSIM [IXT®E mupoko BUKOPUCTOBYETHCSA B XIMIUHINA, paJiOTEXHIYHIH, (a-
pMaleBTUYHIN, aBIaliiHIN Ta 1H. raidy3sX BUPOOHUITBA.

[IXT®E npoMucaoBoro BUpOOHUITBA — OPOIIOK Yy BUIJISAI KYJIbOK, IO YacCT-
KOBO arperyrorbcs Mix co0oro. Po3mipu kynbok ~ 200 M [S]. BiH ycmimHo BUKOpH-
CTOBYETBHCA B SIKOCTI 3B’ A3yr040ro /ijist BurorosyieHus [TKM.

HanoBHIoBay — HaHOKapOOH OTPUMYBAJIH IUIAXOM YJIbTPA3BYKOBOI JUCIIEpTraIlii
TEPMOPO3IIUPEHOTO0 rpadiTy B YATPA3BYKOBIi BaHHI.

2. ExcnepuMeHTanbHa yacTUHA. [ oJepKaHHS TEPMOPO3IIUPEHOTO Tpadi-
Ty OyJI0 IPOBEIEHO JUCHEPTYBAHHS B CIIMPTOBOMY aKyCTHUHOMY cepenoBuii. Tep-
Moposmmupenuit rpadit (m = 1,0 r) 3anuBanu etunoBuM cnuptom (150 mur) 1 06po6-
JSUTA YIBTPA3BYKOM 3a JOIMOMOIOI0 YJbTpa3ByKoBoro nucnepratopa ¥Y3/IH-A mpo-
Tarom (5 + 5) xB. Ha yacToTi 22 K['11 3 IepepBoIO 11 OXOJOKEHHS CyMIIIl 10 KiM-
HaTHOI Temmneparypu. Bmict nocyaunu o6’emom 300 mu (ckiio, KOHiuHa (opma,
muiika aiametpoM ~ 3 +4 cM) neHtpudyryBaim 3a mBuakocti 500 o6/xB. Ilicis
OXOJIO/IPKEHHS CyMIII BIJIMBAJIU B 3aKPUTY MOCYIUHY.
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1pm  NSC_KIPT 12/1/2010
20.0kV SEI SEM WD 10.0mm

Puc.1. EnextpoHHO-MiKpOCKoMiuHe 300pakeHHs qucnepropaHoro TPT
(HaHOKapOOHOBUX IJIACTUHOK)

Hucneprosanuii TPI' BucymyBanu 3a remneparypu 7' ~ 363 K 10 noBHOro Bu-
JaJIeHHsI CIIUPTY 1 BMIIIYBAJIX B TE€PMETHYHO 3aKpUTY MOCYAUHY. Pe3ynpTaTn enexT-
POHHOT MiKpOcKomii cBiguath (puc. 1), mo nucneprosani yactuaku TPI" marots do-
pmy muiactuH (d ~ 5 — 10) HM 3MiHHOT TOBIIMHH, €PEKTUBHUN PO3MIp SKHUX HE Tepe-
Buiye 25 — 40 HM.

s onepkanHs [IKM 3 pi3HUM BMICTOM KOMIIOHEHTIB HICJIA AUCIIEPTYBaHHS Y
CYMIIII TEPMOPO3IIMPEHOTO rpadiTy Ta €TUIOBOTO COUPTY J0AaBAIA MOPOIIKOMOII0-
Huit nomimep (IIXTDE). Cymim, nepioauuno nepemiinrytouu, HarpiBaiu (7' ~ 363 K)
710 TIOBHOTO BUAAJICHHS CIIUPTY. 3 MOPOLIKONOJIOHUX MOJIIMEPHUX KOMITO3UTIB rOTY-
BaJIM 3pa3Ku JJIsl TOCIHIKEHHS METOJI0M TEPMIYHOIO IPECYBAaHHS 3a OJHAKOBUX Oa-
POTEPMIYHHUX 1 YACOBUX YMOB B @aBTOMaTHUYHOMY PEKUMI.

Ha ocHoBi TeopeTnyHux po3paxyHkiB s nepepoOku [IKM y Bupobu obpa-
HO HACTYITHHM TeMIIepaTypHUM PEXUM: IIBUJKICTh HarpiBaHHg — 3 K/xB; Temrie-
patypa npecyBanHsa 7 = 523 K; BUTpHUMKa pO3IJIaBy MpH TeMIepaTypi MpecyBaH-
Ha 1 TrcKy p = 30 MIla — 20 XB.; OXOJOKEHHSI — MiJ TUCKOM 31 MIBUAKICTIO 2
K/xs.

J1J1st momiepeTHhOTO BU3HAYCHHS TIOPOTY MEePKOJIAIT Oyiio po3po0eHo ekcpec-
METOJIMKY Ta BUTOTOBJIEHO HPUCTPIN NI MpoBeAECHHS AociimkeHb. CyTh crocoly
3BOJUTHCS 10 BUSIBIEHHS CTPUOKOMOIIOHOT 3MIHU €JIEKTPUYHOIO ONOpPY IUCHEpraTy
(MexaHi4YHa CyMIIll €TUJIOBOTO CIUPTY - JICICKTPUKY Ta HAHOAUCTIEPCHOTO rpadity -
MPOBIIHKMKA 3 BIJOMUMH MacaMmH) B MPOIEC] BUMIAPOBYBAHHS CIIUPTY 1 3aMiHU 3aJTU-
IIKY CIUPTY - JIIeIEKTPUKA TIE€I0 5K MACOIO MOJIIMEPY - JI1eJIEKTPUKA.

[Ipuctpiit (komipka) AJis MONEPEAHHOTO BUSBIEHHS 1 OI[IHKH MOPOTY MEPKOJIALIIT
OyB 0o0JyilafHaHMI JABOMa HIKEJIEBUMHM €JIEKTPOJIaMH, 3aHypEHUMHU B aucreprar. bes-
MOCepEAHHOMY BHUMIPIOBAHHIO MIISATaB €ICKTPUYHHUI OMip JUCTIEPraTy MiX €IeKT-
ponamu. [licns BU3HAYEHHS TIOPOTY MEPKOJIALI] B CHUCTEMI €THJIOBHI CIUPT — HAHO-
AUCTIEpCHUM TpadiT NUITXOM BUIAPOBYBAHHS CIIUPTY 10 CTpUOKomoAiOHOTO (Ha 2-3
MOPSIKY BEIMYMHK ) 3MEHIICHHS OMOPY B CYMIII AUCIIEPrary A0JaBald Macy IuCIIe-
pcHoro [IXT®E, mo BianoBigae Maci 3ajJUIIKy CIIUPTY.

3 MeToro 3a0e3meueHHs aHali3y 3MiHU (i3UKO-MEXaHIYHUX BIACTUBOCTEH Oynu
MIPOBE/ICHI yJIBTPA3BYKOBI JOCHIKEHHS CUCTEMH Ha pi3HHX yactoTax (5, 7,5 ta 10
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Puc. 2. briok-cxema npunaay /uisi BUMIPIOBaHHS IIBUJKOCTI MOMIMPEHHS Ta MOTJIH-
HaHHS yIbTpa3ByKy B nosiMepax ta [IKM: 1 — BunpominioBay; 2 1 4 — OydepHi crep-
KHi; 3 — HOCHIIKYBaHUHN 3pa3ok; 5 — nmpuiiMay; 6 — renepaTop; 7 Ta 9 — mifcuItoBaui;
8 — cucTemMa aBTOMaTUYHOIO BUMIPIOBAHHS YaCOBHMX IHTEPBANIB MK IMIYyJIbCaMH 1
CIIBBITHOIICHHS aMILTITY/

MI'). JocnimxyBanuch (pi3MKO-MEXaHIuHI XapaKTePUCTUKUA CUCTeMHU (JificHA CKJia-
JI0Ba MOJYJIsE IPY>KHOCTI E’, ysiBHA CKJIaJ0Ba MOJYJIA MPY>KHOCTI, 800 MOJyJib BTpaT
E", TaHreHc KyTa MEXaHIYHUX BTPAT tgd, KOePIII€HT MOTIMHAHHS YIbTPA3BYKY o Ta
CTpUOOK TMOTJIMHAHHA YJIBTPa3BYKy NpH 3MiH1 yactotu Aa) [7, 8]. BkazaHni xapakre-
PUCTUKHM BU3HAYAIUCH CyMIIIEHUM MeToJIoM. CyTh METOJ]ly TOJISITa€ B CyMIIICHHI
MO>KJIUBOCTEN €ro-IMIyJIbCHOTO Ta IMIYJIbCHOTO ()a30BOro METO[IB, 1110 3abe3neuye
MO>KJIUBICTh BUMIPIOBAHHS Y3 XapaKTEPUCTHK MaTepiaiiB 13 BIJIHOCHO BUCOKUM I1OT-
JTUHAHHSIM.

CyTHICTP METOAY 3BOJUTHCA O HACTYHNHOTO (pHUC. 2): €NeKTPUYHHHA yAapHUIA
IMITyJibC A, 0 30yAKY€EThCSI T€HEPATOPOM O, MEPETBOPIOIOYUCH Y BUIIPOMiHIOBaul |
B YJIBTPa3BYKOBUM IMIYJIbC ((Pa30-IMIyJIbC) MOUIUPIOEThCS B CUCTEMI: OydepHuit
CTEPKEHb 2 — NOCHIIKYBaHUN 3pa3ok 3 — npyruii OydepHuil crepkeHs 4 — npuitmayu
5. OnHOYacHO, BUIIPOMIHIOBaY | € mpuiiMayeM exo-iMIyJbCy, BIIOUTOTO B MEXKI
JBOX cepeloBUIl: — OydepHUil cTrepxkeHb 2 — 3pa3ok 3. TakuM YMHOM, Ha CUCTEMY
aBTOMATUYHOTO BHMIPIOBAHHS 4acy 8 uepe3 MiACHIIOBayl MOTYXHOCTI 9 1 7 mopa-
IOThCSI JIBA IMITYJILCH: TEPIIUH IMITYJIbC B, 1110 MpoiiiioB 10BKUHU Oy(hEepHUX CTEpPXK-
HiB (2 1 4) (moBkuHa cTepkHIB 2 1 4 piBHI MK CO00I0) 1 TOBIIMHY JOCIIIKYBAaHOTO
3paska 3; Ta Apyruil imnynsc K, 1m0 mpoiioB aBi T0BKUHU Oy(epHOro cTepkHs 2.
ITpomikok yacy 7 Mix iMImyiabcamu B 1 K, 1110 Hagidnwim 10 CUCTEMU aBTOMaTHIHOTO
BIIJIIKY 4Yacy 8, XapaKTepu3ye 4ac MPOXOKEHHs YIbTPAa3BYKOBOTO IMITYJIbCY B JIOC-
JKYBAaHOMY 3pa3Ky 3, a CHiBBIJHOIICHHS aMIUTITYy ] iMIysibciB B 1 K 3anexuts Bij
Koe(irieHTa MOrIMHAHHS TOCTIIKYBaHOTO 3pa3Ka.

BumiproBanbHuii KOMIUIEKC 8 J103BOJIsiE aBTOMAaTUYHO BU3HAYATH YaCOBHI 1HTeE-
pBan 7 Mix iMnyiascamu B 1 K, a oTke, MBUAKICTh TOMIKUPEHHS YIbTPa3BYKOBHUX 1M-

: : l : o
mynbCiB (OCKUIbKU C = ppiC [ — TOBIIMHA JOCIII)KYBAaHOTO 3pa3Ka), Ta CIIBBIJIHO-

IIEHHS aMIUTITY, 110 Ja€ MOXJIMBICTh 3HAUTU KOE(ILIEHT MOTVIMHAHHA « YJIbTpa3-
BYKOBHX KOJIHMBAHb y JOCIiIKyBaHOMY 3pa3Ky (A = Aye %% ne A i A)— 3HaueHHs
aMILTITY]l IMITYJIbCiB BiMOBIIHO B 1 K).
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Taki MipKyBaHHSI CIIpaBe UIMBI JIJIsi BUNIAAKY, KOJIU JOBXKUHA cTepkHIB 2 (/) 1 4
(/) onnakoBi. Bonu OynyTh cripaBeyIMBUMU 1 B YCIX 1HIIUX BUIAIKAX, KOJIU JTOBKH-
Ha OydepHux ctepxHiB [ # [,. Hexall, moBKrWHA JOCIIKYBAHOTO 3pa3Kka 3 JIOPiB-
HIO€ / 1 IIBUJIKICTh MOIIMPEHHS YIbTPAa3BYKOBOIO iMIyJibey yepe3 Hporo C. Toai yac

: 2L, . Lo Lo L. .
IIPOXOJKEHH IMITybCy K T = ~.» & IMITyTbCy B tp = o Tt 14epes noci-
1 1 2
. L , 1 1 . :
JOKYBAaHHUU 3pa3oK Tgp — Tg = C—Z to- C—1 [Ticns mepemukaHHs BuMiproBada | mpa-
2 1
IIO€ K NpHiiMad 5, a mpuiiMay 5 — sk BUIIPOMIHIOBaY 1:

21 Lo L, !
Ty ="Tg=—+—2+51p—Tg==+=-—2.
C2 G G C ¢ G

(tg—1x)+(TB—TK) _!
2 C

Takum 4MHOM, HaBITh NPU CYTTEBO PI3HIN JOBXHHI OyPEpHUX CTEPXKHIB T0CTa-
THBO MPOBECTH JIBa BUMIPIOBAHHS 1 OOUMCIUTH MIBCYMY PI3HHULI 4acy Tp — T Ta
Tp — Tk, SKa JOPIBHIOE Yacy MPOXO/HKEHHS YIbTPa3BYKy B 3pa3Ky.

Bukopucranus cmocoOy CHIBCTABJIEHHS  IMIYJbCHO-(A30BOIO Ta  €XO-
IMITyJIbCHOTO METOJIIB JA03BOJISIE CIPOCTUTH BUMIPIOBAHHS IIBUAKOCTI MOIIUPEHHS 1
MOTJIMHAHHSA YJIbTPa3BYKY, BUKIIOUAIOUN 3 BUMIPIOBAHb Yac MPOXOKEHHSI IMITYJIbCY
B Oy(epHUX CTEpKHSX, IO JA€ MOXKIMBICTh OOIMTHCS O€3 MOMEepeIHbOro Tpagyro-
BaHHSI BUMIPIOBAJIbHOI KOMIPKH 1, TAKUM YHHOM, CIIPOIYE BUMIPIOBaHHA Ta MiJABU-
Y€ X TOYHICTb.

Po3paxyHku Ta aHasi3 pe3ysbTaTiB BUMIPIOBaHb MOKA3yIOTh: BIJHOCHA MOXHOKa
BU3HAUEHHS IIBHUJKOCTI TMOIIMPEHHS YJIbTPa3BYKy NpPU IOMY IMOHUXKYETHCS BIA
+1% no 0,6% 1 morinMHAHHS YJIBTPa3BYKOBUX KOJWBaHb — Bl =5 +6% 10
+4 + 5 %. 3anponoHoBaHa METOAUKA YCHIIIHO PEA3y€e€ThCAd 3 BUKOPUCTAHHSM Ce-
pifinoro npwiany YC-12-MM.

3a nmoka3HUKaMH T'yCTUHHU (), IIBUKOCTI MOMUpeHHs yiabTpa3Byky (C), Ta Ko-
edilieHTa NOMMHAHHA (0l) BU3HAYAIMCh MOJYJb MPYKHOCTI (E£) ISl MO3J0BXKHIX
KOJIMBaHb Ta tgo.

IIpn npomy

Ca
E = pc?;tgd = 0,231—,
wv
i€ V — 4acToTa.
OpHak, npy BUKOpUCTaHHI Bupasy E = pC? 1y BU3HAYEHHS MOJYJIS TIPY/KHO-
CT1 CIiJ] JOTPUMYBATHUCS BUMOT JI0 TEOMETPUYHUX PO3MIPIB JIOCHIIKYBAaHUX 3Pa3KiB.
OCKIIbKH pealibHe 3HaYeHHSI MOJIYJISl IPY>KHOCTI I MO3JI0BXKHIX KOJIMBaHb BU3Ha-

Ya€ThCS 3 BUPA3Y:
2 1—‘L'2

E =pC*—
p (1+12)2°
oC tgd
e T = : = 7, o — KYTOBa 4aCTOTaA.

3. Pe3yabTaTu Ta iX 00roBopeHHsi. 3 METOIO IMEPEBIPKU JIOCTOBIPHOCTI OJIEp-
’KAHOTO 3HAYEHHS TOPOTY MEPKOJIALIT Oyiu MpoBeJeH! MPOOHI BUMIPIOBAHHS €JIEKT-
POMPOBITHOCTI HA MOCTIHHOMY CTPYMI MPECOBAHUX 3pPa3KiB B OKOJI MONEPEAHBOrO
BU3HAYEHOI0 MOPOTY MEPKOJIALIII.
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Puc. 3. KonuenTpariitHi 3a1e:kHOCTI Jiorapu(my TUTOMOI €J1eKTPOIPOBIAHOCTI
(Igo) (a) Ta Mmomymnst mpysxHOCTI (E") (6) kommo3utiB cuctemu [IXT®E - Hanoaucnepce-
Hu# rpadit Ha yactoTax: 1 - S MI'm, 2 - 7,5 MI'tg ta 3 - 10 MI 1, BinmoBigHO

ExcnepuMeHTalIbHO BHU3HAYEHA 3aJIeXKHICTh MUTOMOI €JIEKTPOINPOBITHOCTI Ha-
HOKapOOHOBHX MOMIMEpHUX KOMMO3UTIB cucteMu [IXTOE — HanogucnepcHuii rpa-
¢IT Bl BMICTY HaHoaucnepcHoro rpadity (o = f (@) Ha NOCTIMHOMY CTpyM1 IOJIaHa
Ha puc. 3, a.

[IpoBeneH1 BUMIPIOBaHHS 3aJI€KHOCTI TUTOMOI €JIEKTPOIPOBITHOCTI BiJl BMICTY
HaHOJMCIEPCHOTO TpadiTy B 3MIHHOMY eJeKTpoMarHitHoMy mnoii (v =1 MI'm) miar-
BEPIWIIM OTPUMAHUU MOTIEPEAHIN Pe3yNbTat, M0 MIATBEPIKYE BUCOKY €(DEKTUBHICTH
BUKOPHUCTAHHS 3allpOIIOHOBAHOIO CMOCOOY 1 CHpHUs€ 3HAYHOMY IPUCKOPEHHIO BH-
BUCHHS 3aKOHOMIPHOCTEW BIUIMBY Mik(a3HOI B3aeMOJIl Ha CTPYKTYpy Ta (i3uU4HI
BJIACTUBOCTI.

Sk BiOMO, BIUIMB HAHOHANIOBHIOBAYIB CYTTEBO BIIPI3HAETHCS Bij BILUIMBY MiK-
POHANOBHIOBAYIB TUM, IO JO3BOJISIE 3HAYHO 3HU3UTHU NOpIr nepkosii. Lle neBHUM
YUHOM 3MIHIOE BJIACTUBOCTI HAHOHAIIOBHEHOI MOJIMEPHOI MaTpPHIIl IPH BHECEHI B HEl
HAHOKapOOHY, OTPUMAHOTO IIJITXOM YJIBTPa3BYKOBOI AUCIEprailii TepMOPO3IIHPEHO-
ro rpadiry.

3po3yMuI0, IO AUCHEPraLisi TEPMOPO3MIMPEHOTO rpadiTy NPUBOAUTH, 3 ypaxy-
BaHHSM OCOOJIMBOCTEN KPUCTAIIYHOI PEIIITKHU, 10 YTBOPEHHS IEBHOI MICTKOBOI CHC-
TEMHU, KOJIM PO3MIPH MICTKIB B3/I0BXK HEl CKJIaJar0Th MOPANKY 1+5 pum, a Bronepex
2+5 pum. 3 UM MoB’s13aHO 0COOJIMBICTh BITMBY TAKOT'O POJAY HAMOBHIOBAaYa HA MOJIi-
MEpHY MaTPHIIIO Ta BIAMOBIIHY 3MiHY (D13UKO-MEXaHIYHUX BJIACTUBOCTEH.

B pesynbrarti npoBesieHHs yIbTPa3ByKOBUX JOCIHIIKEHb (PI3UKO-MEXaHIYHUX BiIac-
TtuBocTel Komro3uTiB cucteMu [IXT®OE - nanogucnepcHuii rpadit, 6yo BCTaHOBIIEHO,
[0 TMPU HACKPI3HOMY “TPO3BYUYBaHHI” B PEXKHUMI IMITYJIbCHUX BHUIPOOYBaHb YMOBOIO
HEOOMEXEHOT0 CEepe/IOBUIIA JIJIsI BU3HAUCHHS IIBUAKOCTI 1 MOTJIMHAHHS YJIBTPA3BYKY €

d/A = 7, ne d - miameTp 3pa3ka, A — JOBXHHA Y3 XBHWI. 32 YMOBH JOTPUMAHHS OCTaH-
2

(14712)2
JISKUTH BIJl tgJ, Ja€ HECYTTEBY 3MiHY JJIsl BCIX KPUCTAIIYHUX MOMIMEpIB mipu tgd > 0.5, a
s proportacti npu tgd < 0.2. Lle nae miacTaBu A1 pO3paxyHKy MOYJISL IPYKHOCTI 3

HBOI BHMOI'H, SK ITOKa3aJlk GKCHepI/IMGHTaHBHi IIOCJ'IiI[)KeHHSI, BCJIMYMHA , IO 3a-
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Puc. 4. Konuenrpariiifai 3anexxHocTi MoayJs BTpat (£”) (a) Ta TaHTeHCca KyTa Mexa-
HIYHUX BTpaT (tg0) (6) kommno3utiB cucteMu [IXTDE - HanogucnepcHuii rpadit Ha
yactoTax: 1 — 5 MI'm, 2 —7.5 MI'u ta 3 — 10 MI'11, BigmoBigHO

o, nb/cm

1 " 1

0 1 2  ¢,Mac.% 0 1 2 ¢, Mac.%

Puc. 5. KonuenTpaiitHi 3a1e:kHOCTI Koedill€HTa TOTIMHAHHS YIbTPa3BYKY
(0, dB/cMm) (a) Ta cTpubka koedilieHTa MOTTUHAHHS yIbTPa3BYKY (Aa, dB/cm) (0)
koM1to3uTiB cuctemu [IXT®DE - HanonucnepcHwmii rpadit Ha yactorax: 1 — 5 MI'm,

2—7.5MI11Tta3 - 10 MI', BiimoBiTHO

no310BxHiX koyrBaHb i1 [IXTOE ta [IKM Ha #ioro 0CHOBI 3HEXTYBaTH MOIPABKOIO Ha
He IIPYKHMI1 OMip 1 KOpPUCTYBATUCA CIIiBBiqHOmEHHIM E = pC?2.

Ha BigMiHY Bij 3MiHM T'yCTHHU BKa3aH1 3aJIe’KHOCTI JIEMOHCTPYIOTh JOCTaTHBO
BHUCOKY YYTJUBICTh 3MIHHM (PI3MKO-MEXaHIYHUX BJIACTHUBOCTEH B1J] MACOBOT KOHIIEHT-
parii IucreproBaHoro TepMopo3iupeHoro rpadity. Ha KoHIeHTpaliiftHUX 3a1€KHO-
CTSIX JIMCHOI CKJIaJ0BOi MOy mpykHOCTI KoMmo3uTiB cuctemMu [IXTOE — nano-
nucnepcHuil rpadit (puc. 3. 0 Ta Tabi. 1) cocTepiraeTbes NeBHA 1HBEPCIS MICISA J10-
CSATHEHHsI opory nepkossiii (= 0.95 mac. %).

Taxy >k 1HBEpCII0 Mae 3aeKHICTh Moyt BTpat £ (puc. 4. a) OnHak, OCKIIIBKH
3MiHHU JIIMCHOT CKJIaJJ0BOT 3HAYHO MEHIII1, HI’K 3MIHHU YSIBHOI CKJIaJ[0BO1, 1€ TPUBOIUTH
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Taoauua 1

I'ycTiHa KOMITO3HII (p, Kr/M), MoLyb nipyxkHocTi (E 107, TTa), Mogymb BTpat

(E"-10°%, TIa), TaHrenc KyTa MexaHiYHHX BTPAT (tgd-10%) KOMIIO3HIII HA OCHOBI HOMIXIIOP-
TpUPTOPETHIICHY BiJ BMICTY HAHOAUCIIEPCHOTO TpadiTy

E"107, ITa E".10% IIa tg5.10?

3
¢, % | p,Kr/M | g 75 | 10 5 75 | 10 5 75 | 10
(MI'u) | MI'a) | MITa) | M) | (M) | (M) | (MTo) | (M) | (M)

0 2142 7.35 6.80 6.73 5.24 2.65 1.95 59 3.9 2.9
0.95 2149 7.64 7.22 7.33 4.51 3.03 241 5.9 4.2 3.3
1.48 2141 6.79 6.75 6.70 3.39 2.36 1.80 5.0 3.5 2.7
1.78 2140 8.55 7.97 8.44 5.64 3.43 2.95 6.6 4.3 3.5
2.55 2138 8.88 8.67 8.63 8.61 5.02 3.79 9.7 5.8 4.4

Taoaunga 2

KoeiuienT nornuHaHHs yabTpa3ByKy (a, 1b/cM) Ta “cTpruboK” KoedilieHTa moriu-
HaHHA YIbTpa3ByKy (Aa, nb/cm) nipu 3MiHi yacToT Bix 5 MI'm o 7.5 MI'n, Big 7.5 MI' o
10 MI'mti Big 5 MI'n 1o 10 MI'11 komMmo3uIIii Ha OCHOBI HOJIXJIOPTPUGTOPETHIICHY BiJ
BMICTY HAHOJUCIIEPCHOTO IpadiTy

o, n1b/cm Aa, n1b/cm

% | 5 75 10 | 755 | 10-7.5| 10-5
(MI'n) | MTI'y) | MTI'y) | MTI'o) | (MI) | (MI'o)

0 21.80 | 22.34 | 22.12 | 0.54 | -0.22 | 0.32
095 | 21.30 | 23.54 | 2459 | 2.24 1.05 3.29
1.48 | 19.19 | 20.38 | 20.80 | 1.19 0.42 1.61
1.78 | 22.50 | 22.80 | 23.77 | 0.30 0.97 1.27
2.55 | 3251 | 29.48 | 29.52 | -0.04 | 3.03 2.99

710 TIOSIBM MIHIMYMY tgd B OKOJII TIOpOTY mepkoJisiiii (puc. 4. 0). 3a3HaunMMo, 1110 3Ha-
YeHHs tgd 10 MOPOry MEPKOJIALIT Ta MiCisi HbOTO 3HAYHO OUIBIIN HIXK MPHU HOTO JTOCs-
THEHHI.

[le 3HaXOaUTH CBOE MIATBEPHKEHHS 1 B 3HAYEHH1 KOE(II€HTA MTOTJIMHAHHA YJIb-
Tpa3ByKy o (puc. 5.a). BigmiTumo, 1o Ha Bcix yactorax (5, 7.5 ta 10 MI'1) koHuen-
TpauiiHl 3JIEKHOCTI MPAKTUYHO 1IEHTUYHI 33 XapaKTEPOM.

binpmn nmeTtanbHUE aHall3 MOBEOIHKH CHUCTEMH A€ MOYKIIMBICTH 3aJIEKHICTH
cTpuOKa NOTJIMHAHHS B1J 3MIHM 4acTOTH (puc. 5.0 Ta Tadi. 2).

Sk BiIOMO Taki 3aJ€XHOCTI JEMOHCTPYIOTH 3MIHY PO3MIPy HEOJHOPITHOCTI
CTPYKTYPH CHCTEMH BI1Jl KOHIEHTpAILll HAIIOBHIOBAaYa y 3B’S3KYy 3 MEPEXOJOM B1JI JH-
(Gy3HOTO JI0 CTOXaCTUYHOTO 1, 1aJil, 0 PEIEIBCHKOTO PO3CIFOBAHHS.

AnHani3 pe3yibTaTiB J103BOJSIE TOBOPUTH IMPO TE, IO MPHU JOCATHEHHI MOPOTY
MEPKOJISIT CIIOCTEpIraeThecs HaMEHINI po3Mmip HeoaHopigHoctel. [lpu mpomy 110
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MOPOTY MEPKOJISAIIL Ta MiCJIst HhOTO BiH € OUIbIHM. [le MoXke MosCHIOBAaTHUCH TUM, 1110
3HaYHa B3a€MOJIiS TIOJIIMEpP — HANIOBHIOBAY JIO JIOCATHEHHS MOPOTY MEPKOJISIIT MpH-
BOJIUTH JI0 AKTUBHOT'O POCTY KPUCTAJITIB JJOCTATHHO BETUKOTrO po3mipy. Came BOHH,
B IIbOMY BHUIIaJIKy € OCHOBOIO HEOJAHOPIJHOCTI CUCTEMU. JJOCATHEHHS MOPOry MepKo-
TSI TPU3BOJUTH 10 3MEHLIEHHSI PO3MIpYy KPHUCTANITIB, OCKUIBKH ICHYE JTOCTAaTHBO
BEJIMKA KUTBKICTh LIEHTPIB KpHUCTaTi3allii, po3TalllOBAHUX BIAHOCHO OJIM3bKO OJIUH BIJl
OJIHOTO. 3pOCTaHHsI CTPUOKA MOTJIMHAHHS B1Jl 3MIHUA YaCTOTH MICJsI JOCSTHEHHS IO-
pOry MEpKOJIALIi Ta BUXOY 3a MEXI1 IHTepBaly MEPKOJALIi MOKe OyTH MOB’s3aHE 13
KOaryJisilii€l0 YaCTUHOK HANOBHIOBaya. Temnep HEOAHOPIIHICTIO CTalOTh KOATYJSHTH,
Ha BIJIMIHY BiJl KPUCTAIITIB JI0 OPOTY MEPKOJISIIII.

BucHoBku. Pe3ynbraté npoBeeHUX JOCTIIKEHb MOKa3yIOTh, 110 AJISi CUCTEMHU
MOJIIXJIOPTPUGTOPETUIICH — HAHOJUCTIEPCHUHN TpadiT XapaKTepHUM € BIJHOCHO HHU3b-
kuii nopir nepkossiii (= 0.95 mac. %). B 3anexHOCTI Bl KOHIIEHTpAIlli HAHOKapOOHY
CTPYKTYpa MOJIMEPHOI MaTpPHULIl Ta CUCTEMU B LIUIOMY XapaKTEPU3YEThCS 3MIHAMU PO-
3MIpIB HEOJAHOPIIHOCTI, IO MOB’SI3aHO 3 MEPEXOJOM BiJl HEOJHOPITHOCTEW y BUIJISAIL
KPHUCTAITIB, PICT AKUX 3yMOBJIOETHCS BIUIMBOM HAHOHAIOBHIOBaYa MpPU HU3BKUX
KOHLIEHTPALIAX, Yepe3 MOpir MepKOJIALii, 10 HEOJHOPITHOCTEH, OB’ A3aHUX 3 KOary-
JSIE0 HAHOYACTUHOK MPU KOHUEHTPALIAX, HI0 MEPEBUUIYIOTh MOPIT HEPKOJISALII.
KpiM TOro ynbrpa3BykoBl AOCTIIKEHHS (I3UKO-MEXaHIYHUX Ta pejlakCcalliHuX BIlac-
TtuBOCTEeN KOMIo3uTiB cucteMu [IXTOE — HanoaucniepcHuii rpadit nmokasanu, 1o npu
CTBOPEHH1 HAHOKOMITO3UTIB HEAOLIIbHO BUKOPUCTOBYBATH KOHLIEHTpAIlii, [0 3HAYHO
NEPEBULIYIOTh TOPIT MEPKOJIALIl, OCKUIBKM L€ MPUBOAUTH A0 KOAryJsuii 4YaCTUHOK
HAIOBHIOBAaYa Ta PO3PUXJICHHS MATpHIIl, 110 HETATUBHO BIUIMBAE HA KOMILIEKC iX (i-
3MKO-MEXaHIYHUX Ta €KCIUTyaTallliHUX BIACTUBOCTEM.
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DuU3NKO-MEeXaHUYECKHE U PeJIAKCALMOHHbIE CBOMCTBA CUCTEMBbI
IIXT®E — HanoaucnepcHbId rpagut

AHHOTALIUA

Yavmpaseykoevim memooom uccrnedoeanocv erusHue HAHOPA3ZMEPHO20 Y2lepoOHO20 HA-
noJIHUmMens Ha QuUsUKo-MexanuyecKue U peiaKcayuoHHbvle ceoUCmsead NOJIUMEPHO20 KOMNO3U-
ma Ha ocHose noauxaopmpugmopsmunena. HanopasmepHnuoli HanoaHumenb NOIY4YAIU Nymem
VAIbMPA38YKOBOU Oucnepeayuu mepmopacuiupennozo epaguma. Pazpabomana u onucana
Memoouxa npedsapumenbHo2o onpeoenenus nopo2a nepkoaayuu. Mcciedoseana uneepcus me-
XAHUYECKUX CBOUCME KOMNO3UMO8 npu nepexooe uepes nopoe nepkonsayuu. Ilokazano, umo
npu U320MOBIEHUU KOMNO3UMOE HeYerecooOpasHo UCNOIb306amMb KOHYEHMPAYuU, 3HAYU-
MelbHO npesvluialowue nopo2 NePKOIAYUU, NOCKOIbKY MO0 NPUBOOUM K KOA2YIAyuY 4acmuy
HANnoOJIHUMeNs U pa3pulXieHu0 Mampuybi.

Knrouesvie cnoea: nonumep, noauxiopmpugdmopsmuieH, mepmopacuiupenusii epagum,
MOOYIIb YAPY20CMU, NO2TOWEHUE.

Sichkar T.G., Rokytskyi M.O., Yanchevsky L.K., Rokytska H.V.,
Ursul K.V., Shut M.I.

Physical and mechanical, and relaxation properties of the system
PCTFE - nanodispersed graphite

SUMMARY

The effect of nanosized carbon filler on the physical and mechanical, and relaxation prop-
erties of a polymer composites based on polychlortrifluoroethylene was investigated by an ul-
trasonic method.

Nanoscale filler was obtained by ultrasonic dispersion of thermally expanded graphite.
The dispersion of thermally expanded graphite, taking into account the peculiarities of the
crystal lattice, leads to the formation of a specific bridging system, when the dimensions of
the bridges along it are about 1 +~ 5 um and across 2 =+ 5 um. This is due to the peculiarity of
the influence of this type of filler on the polymer matrix and the corresponding change in the
physical and mechanical properties.



dizuka aepoaucnepcHux cucrem. — 2020. — Ne 58. — C.15-25

The method of preliminary determination of the percolation threshold is developed and de-
scribed. The inversion of the mechanical properties of composites during the transition
through the percolation threshold was investigated.

As a result of ultrasound studies of the physical and mechanical properties of composites
of the PCTFE - nanodispersed graphite system, it was found that during the through "sound-
ing" in the mode of impulse tests, the condition of unlimited medium for determining the speed
and absorption of ultrasound is d/A > 7, where d is the diameter of the sample, 1 is the
length of the ultrasonic wave. This gives grounds for calculating the longitudinal oscillation
modulus for PCTFE and PCM based on it to neglect the correction for non-elastic resistance
and to use the relation E = pC°, which greatly simplifies the calculations of the physical and
mechanical, and relaxation characteristics complex.

The results of the studies show that the polychlorotrifluoroethylene - nanodispersed graph-
ite system is characterized by a relatively low percolation threshold (0.95 wt. %). Depending
on the nanocarbon concentration, the structure of the polymer matrix and the system as a
whole is characterized by changes in the size of the inhomogeneities, which is related to the
transition from inhomogeneities in the form of crystallites, the growth of which is caused by
the influence of the nanofiller at low concentrations, through the percolation threshold, to the
inhomogeneities related to the coagulation of nanoparticles at concentrations in excess of the
percolation threshold.

In addition, ultrasonic studies of the physical and mechanical, and relaxation properties of
the composites of the PCTFE - nanodispersed graphite system showed that it is impractical to
use concentrations much higher than the percolation threshold when creating
nanocomposites, since this leads to the coagulation of the filler particles and the disintegra-
tion of the matrix, which negatively affects their complex of physical and mechanical, and
performance properties.

Key words: polymer, polychlortrifluoroethylene, thermally expanded graphite, elastic
modulus, absorption.
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HoreHuiiHUi BIJIMB HEi30TEPMIYHOCTI Ta IPAJi€HTY KOHUEHTPALIl HA
CTOKCIBCKbKHUI PYX KY/JbKH B BOJAHO-TIVIIIEPUHHOBUX PO3YHHAX

Ilposooumucsa ananiz pyxy cmanesoi Kyivku oiamempom 4.37 Mm 8 600HO-2NiYePUHOBUX
po3uunax KimHamuoi memnepamypu. Ilokazano, wjo He3HaAUHA BIOMIHHICMb NOYAMKOBOL Me-
Mnepamypu KyJabKu 6i0 memnepamypu po3duty, Cymmeeo 6NIUBA€ HA 3MIHY WEUOKOCMI DYXY
KyaoKuU. Lle no8’a3ano 3 cunvbHo0 3anedcHicmio OUHAMIYHOIL 8 's13Kocmi piouHu 8i0 memnepa-
mypu ma KoHyeHmpayii 600u. /[ocniodcenns xapakmepy pyxy KyioKu 6 600HO-2NIYEPUHOBOMY
PO34UHI NOKA3AN0, WO NONEPEOHbO neped NPOBeOeHHAM O0CIIONCEHHS HeOOXIOHO nepemiua-
mu tioeo. llpu mpusanomy cmayionapromy 30epicanui 8i00y8acmvcs epasimayiiine po3uapy-
BAHHSL.

s eniyepuny, wjo 3Haxo0umvbcsi 0080Ji Oa2amo yacy iOKPUMUM 8 NPUMiLeHHi, 8ioMide-
He cymmege po3uiapysanns. Tak 2iepockoniuHicme 2iiyepuny npueooums 00 HAKONUYEHHS 8
HUDJICHIU YaCMUHI 8epMUKAIbHOI Klogemu 01uzvko 7.4 00. % 6oou. Lle npuzsooums 00 3meH-
WleHHsl 8 ’A3Kocmi PiOuHU NpubIuU3HO 6 3 pasu no GIOHOUEHHIO 00 8 S3KOCMI 2liyepury npu
mitl oce memnepamypi, Wo 6NIUBAE HA 3HAUHY 3MIHY UWBUOKOCHII.

Excnepumenmanvhe 0ocniodcents 3MiHu W8UOKOCMI PYXY KYIbKU NPOBOOUNIOCS MEMOOOM
yughposoi 0bpodxu ideodanux. Ilpoyec nadinus KyIvKu 6 PIOUHI 3HIMABCS 3a OONOMO20I0 Gi-
Oeokamepu 3 uacmomoro 30 kaopie 6 cexyHOy.

Pezynomamu excnepumenmanvuux 3nauensv 6 3k0Cmi 600HO-2NIIYEPUHOBUX POZUUHIE NOPI-
BHIOBANIUCA I3 PO3PAXYHKOBUMU 3HAYEHHAMU NO ANPOKCUMYIOUIU hOPMYILi.

Knrouoegi cnoea:é’a3xicms, 600HO-2NiYepUHO8i pO3UUHU, PYX,KVIbKA

Beryn. OgHuM 3 MOMIMPEHUX CTAaHAAPTHUX CIOCOOIB BUMIPIOBAHHS B'S3KOCTI
HBIOTIHOBCHKUX piuH € MeTosl Ctokca (abo ['emmuiepa), mo 6a3yeTbest Ha 3aKOHOMI-
PHOCTSIX PYXY KYJIbKH Y B'SI3KOMY CE€pPEIOBHIIIL.

OO6uucrieHHs KoedillleHTa JUHAMIYHOI B'S3KOCTI PIAMHH 31ACHIOETHCS 3a pe-
3yJbTaTaMU BUMIPIOBaHHS Yacy pyXy 31 CTaJOr0 MIBUIKICTIO B HiM KyJTbOK. 3a3BUYAid
Py BUKOHaHH1 JabopaTopHux poOIT [1-3] B SIKOCTI AOCTIIKYBAHOI HBIOTIHOBCHKOI
plAMHU BUOMPaIOTh rininepuH. OgHaK IpHU MOPIBHAHHI OTPUMAHUX €KCIIEPUMEHTaNIb-
HUX 1 BIJOMHUX TaOJUYHUX JAHUX MOTPIOHO 3BEPTaTH HA CHIbHY TEMIIEpaTypHY 3a-
JISKHICTh B'I3KOCTI MIILEPUHY IPU TEMIIEpAaTypax, BUIIMX 3a TEMIEPATypy KpUCTali-
3arqii (18°C). Takox CHJIBHUHN BIUIMB MOXKE HaJaTH HasBHICTb aOCOpOOBaHOI BOAU B
[IILEPYHI, TOMY 10 3a3BUYail K0J0a 3 TIILEPUHOM 3HAXOAUTHCS Y BIIKPUTOMY CTaH1
1 TJIILIEPUH € TrPOCKOMIYHHUM.

['niniepuH 1 Ooro BOJHI pO3YMHU MIMPOKO BUKOPUCTOBYIOTHCSI B Oaratbox raiy-
351X MPOMUCIIOBOTO BUPOOHHUIITBA, KOCMETHYHUX Ta (hapMalleBTUUHUX MPOJYKTaX, B
MEJUIMHI 1 T.1. BOogH1 po3unHU SBISIOTHCS €EeKTUBHUMU aHTUGpU3aMu. Y TEXHIY-
HI{ JIiTepaTypl pI3HUMH aBTOpaMHu [4 - 6] HABOASTHCS B IOCTATHIN Mipi IMOTO/[)KyBaB-
HI M)XK CO0O0I0 BIZJOMOCTI NMPO AUHAMIYHY B'SI3KOCTh IIIIEPUHY B IIMPOKOMY 1HTEpBa-
a1 (Big —10 mo 240 °C). OxHak BiIOMOCTI IO B’SI3KOCT1 BOJIHHX PO3YHHIB MPAKTUIHO

DOI: http://dx.doi.org/10.18524/0367-1631.2020.58.206184
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BIJICYTHI 3a BUKJIIOUCHHSIM JOBIJHMKA [4], 1e HaBeAeH! KamOpyBalibHI 3alIe’KHOCTI
u(C) (C — macoBa KOHIIEHTpAIIisl TIIIEPUHY) BCHOTO I TphoX Temmeparyp: 20, 25,
30 °C. Tomy BUBUYEHHS BIUTUBY 3MiHU TPAaHUYHUX YMOB Ha B'S3KOCTh BOJHUX PO3YH-
HIB IJTILIEPUHY NPEACTABISIIOTh TPAKTUYHUI Ta TEOPETUUHHM 1HTEpEC.

Memoro oanoi po6omu ctano AOCIHIHKEHHS pyXy CTajeBOl KyJbKH B BOJHO-
TIIIEPUHOBUX PO3YMHAX MIPH PI3HUX MOYATKOBUX TEMITEpaTypax KyJdbKH. 3a I Me-
TOJUKHU OTPUMAHHS €KCIIEpUMEHTAIBHUX JTaHUX OyJia BUKOpHcTaHa udpoBa o0poo-
Ka BIJICOJIAaHUX PYXY KYJIBKHU.

h
1. IlocTanoBka 3ajayi. B ocHOBI ekcriepumeHTa-

JLHOT METOAMKHU JIekKAaTh YSABICHHS 1 3aKOHOMIPHOCTI
pyXy TBepIOoro Tuia cheprudHoi GopMH B B'I3KOMY Ce-
penoBuii. [Ilapuk KuaarwTh 3 JAESKOI BUCOTH /i BEPTH- S [
KaJIbHO 3 HYJIbOBOIO MOYATKOBOIO IMIBUIKICTIO (puc. 1).
HexTyroun onopoM MoBiTpsl, 1 BBAXKAIOYH KYJIbKY MaTe- S
plalIbHOIO TOYKOIO, PO3TIIAIal0Th MOTO pyX J0 MOTpar-
JSHHA B PIOUHY SIK pIBHONPHCKOpeHHH. Tonal Ha Mexl S,
MOBITPS-P1IMHA KYJIbKa MA€ MBUJIKICTh:
u, =+2gh . (1) |

B pe3ynbrati B3aeMoil KyJIbKH 3 TIOBEPXHEIO pi- Puc. 1. 3aragsHa cxema eKc-
JIMHU 1 IOCTYIIOBOTO 3aHYPEHHS B B'SA3KY PIAMHY HOTO TIepUMEHTAIIBHOT YCTAHOBKH
MIBUJIKICTb 3MEHILIY€ThCS 1 CTa€e pi1BHOMO V. [licis 3any-

PEHHS B PIAMHY KyJbKa MPOAOBKYE PyX MiJ JI€I0 CUIU TSDKIHHS, CHIIM ApXimMeza i
Crokca. 3MiHa NIBUJIKOCTI BU3HAYAETHCA 3 PIBHIHHS PYXY:
du Py u
e PR _1811_2_ 2)
dt p pd
BuxopucroByroun nodyatkoBi yMoBH (f = 0; u = uy) OTpUMAEMO PILIEHHS AAHOTO
y ;
au(epeH1aIbHOr0 PIBHAHHS Yy BUTJIAII 3JIEXKHOCTI IIBUAKOCTI B1J] 4acy pyXy KyJb-
KM y B'SI3K1M pIIUHI:

i 1 pd?
u=u, —(u, —u,)e" =P (2)
> 18 n
ne d — maMeTp KyJIbKH, 1) — IMHaMIYHa B’ SI3KICTh CepeOBHUIIIA.

dx i )
BpaxoByrouu 1mo u = j , MOKHA OTPUMATH 3aJIC)KHICTh IIPOMICHOTO MUIAXY BiJT
t

yacy (mouyatkoBa ymoBa ¢t = 0, x = 0):
x:ust+(us —uo)(l+e_”r)r. 3)
PiBusiHHS (3) 3acTocyBaniocs Jyisi BU3HAYEHHS MOMEHTY 4acy 1 LIUISAXY, Mpoie-
HOTO JI0 IIOTO MOMEHTY, KOJH PyX 3 BUCOKHM CTYIEHEM TOYHOCTI MOKHA BBa)KaTH
piBHOMIpHUM. Tak npu ¢ = 4.5T WBUIKICTb PyXy KYJIbKU BIAPI3HAETHCS TIJIBKH Ha
1 % Big CTaIllOHAPHOTO 3HAYCHHS.

KoedirieHT B'I3K0CT1 po3paxoByeTheA 151 00IaCTl CTAllIOHAPHOTO PyXY 32 Ha-
MIBEMITIPUYHOIO (POPMYJIOLO:
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| d2 p_pliq ) 1 1 (4)

n=—g : ,
18 ug 14247 14335
R h

Tyt n — koedimieHT AMHAMIYHOI B'I3KOCT1 P1IUHU, g — MPUCKOPEHHS BIJILHOTO
naninns, g = 9.81 m/c; d, r — aiamerp i pamiyc KyIbKH, p — CyCTHHA MaTepialy, 3
SIKOTO 3p0o0JIeHa KylbKa (SIK 3a3BHYai L€ €, CTalb), P, — TYCTHHA PIAMHH, B 5Kl py-

XAa€ThCS KYyJIbKa, R — pajilyc CyJMHU, i — BUCOTA MOCYAUHH, IKY BBAKAIOTh IUJIH/I-
PUYHOIO BOHA MPUOJIM3HO JIOPIBHIOE BIJCTaHI, Ky MPOXOAUTH KyJIbKa B PEKUMI PiB-
HOMIPHOTO pyXY.

1
MHOXHHK k; = ————— BpaxoBye TOH (akKT, M0 KyJIbKa PyXa€eTbCs B MPOC-
1+24r/R

TOP1 HWIIHAPUYHOI MOCYJIMHHA, OOMEXKEHOMY CTIHKAMHU, @ HE B HECKIHUEHHO MPOTSIK-

: : 1 .
HOMY CYLIUIbHOMY cepenoBullll. MHOXHUK £, :m BpPaxoBY€ TOM (pakT, 10
+3.3r

KYJIbKY PYXa€ThCsl B IOCY/IMHI KIHIIEBOI BUCOTH.
[Ipu pi3HULI TeMIiepaTyp KyJIbKHU 1 piAMHU HEOOX1AHO BPaxOBYBaTH TEIIOOOMIH
MK HUMU. CTaHIapTHA MOJIENb POTPIBY (OXOJOKEHHS) CPEPUIHOI TBEPAOI Yac-
TUHKU B HEPYXOMIH PiIMHU 3aCHOBAaHA Ha 3aJICKHOCTI CEpeHBOI TEMIIEPATYPH Yac-
turku T Bif 9acy, Aka BU3HAYACTHCS AU(EPEHIIATBHIM PiBHIHHAM
oT - _
cpV—=-a8(T-T,), Te=0=17, (5
ot
_ A Nu

1
(0 ,SZTCdz,V:gTCClﬂ,

ne T, — TeMIepaTypa HaBKOJMIIHBOIO CEPEAOBHINA, 0 — KOCDILIEHT TeIUIOBI A,

S — mIoma nmoBepxHi YaCTUHKHU, V — 00'€M YaCTUHKH, ¢, — TEIIOEMHICTh MaTepiary
YaCTUHKH, P, — TYCTHHA MaTepially YaCTHHKH, ), — KOCQIIEHT TEMIONPOBIAHOCTI

razy, Nu — uncno Hyccenpra. Yucno PeitHonbaca Re mpumymeHo DOCHTH MaiauM,
3r1IHO 13 (hopMani3MOM CTOKCIBCHKOT Teuii.

2. AHaJi3 pe3yJbTaTiB YUCJIEHHOI0 pPo3paxyHkKy. B pesynbrari 00poOKku na-
HUX [4-6] nuHaAMIYHA B’A3KICTh BOJHO-TJIIIEPUHOBUX PO3YMHIB 3aJI€KUThH BiJl TEMIIC-
paTypH 1 KOHLIEHTpAIlli BOJH 5K

6674

I = L, exp exp(—(0.653 ~1.6- 10‘3T)C). (6)
[Ipu 3miHI TemmepaTypu BOAHO-TUiIIEpUHOBOTO po3unHy 3 20 mo 30°C, itoro
B’SI3KICTh Majae B 2—3 pa3u. A npu noaaBaHH1 01au3bko 4 mac.% BOJIU — B S3KICTh
Majja€e MPakTUYHO B 2 pasu.
Ha puc. 2 npeactaBieHi pe3ynbTaTd YUCEIBHOTO PO3B’S3KY CUCTEMH PIBHSHD
(1) — (2) mpwu pi3HUX MMOYATKOBUX TeMIlepaTypax Kyibku aiameTpoM 4.73 mm. Kyb-
Ka Maja€ B CTOBII IIIEpUHY BUCOTOIO 0.3 M.
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Puc. 2. 3anexHocTi LIBUAKOCTI, KOOPAUHATH, TEMIEPATYPH KYJIbKH 1 yncia PeliHonb -

ca BiJ yacy mnpu pyci B riinepuni (temneparypa 18 °C) npu pi3HUX MOYaTKOBUX TEMIIE-
patypax kyneku: 1) 8 °C, 2) 18 °C, 3) 38 °C.

JJist BUTIaKy 130TEPMIYHOTO PYXY CIOCTEPITAETHCS MPAKTUYHO MUTTEBE (4.5T =
20 MC) BCTaHOBJICHHS CTaIllOHAPHOT MIBUAKOCTI (pUC. 2a, KpuBa 2). 3HIKEHHS ToYa-
TKOBOi Temrnepatypu Ha 10 °C npuBoAUTH 10 30UIBIIEHHS Yacy MaiHHA KYJIbKH (pHUC.
2, kpuBa 1) maibke B J1Ba pa3u. B A3KiCTh IIIIIEPUHY PO3PAXOBYETHCS MPU CEPEIHIM
TEeMIIepaTypi Mk TEMIIEpaTypolo TIIIEpUHY 1 Kylbku. TemmnepaTypa 30UIbIIYETHCS
MOBLIEHO. TOMY MIBUIKICTD KYJIbKU 30UTbITYEThCS KBa3icTalioHapHo (ii 3MiHa BigOy-
BAa€ThCS 32 PAXyHOK 3MIHHM TeMmIiepaTypu). SIK 1 y BUMAAKYy 130T€PMIYHOTO MaJiHHS,
JUTSI TIOTIEPEIHBO XOJIOMHOI KyJIbKU yucio PeliHonbaca € manum (Mmenie 1). Le Bia-
MOBIJIa€ JTaMIHAPHOMY OOTIKAHHIO KYJIbKH, 110 HEOOXiJHE JJIsi BUKOPUCTAHHS CHUJIH
onopy 1o 3akony Crokca.

HarpiBanus kynbku Ha 20 °C (puc.2, kpuBa 3) 3HaAYHO NMPUCKOPIOE Yac MaJiHHS
KyJIbKH. TyT TakOX MOKHA CHOCTEpIraTH KBa3iCTAlllOHAPHE 3MEHILEHHS IIBUIKOCTI
pyxy Kynbku. OHAaK Ha MOYATKy PyXy 3@ paXyHOK OibIII BUCOKOI TeMIepaTypH Ky-
JBKH B’SI3KICTH TIILIEPUHY MEHIIA 1 unciio PeliHonbca cTae OUIBIIAM 33 OJMHHIIKO.
ToMy 17151 eKCIEpUMEHTAIBHUX JOCIIKEHb HEOOX1THO HarpiBaTH KYJIbKY HE BUIIE
40- 50 °C.

31 301IbIICHHSIM KOHIIEHTpAIlii BOJU BiI0OYBA€THCS 3MEHIIICHHS B SI3KOCT1 PI1/IHU-
HU, 110 IPUBOJIUTH J10 30UTBIIIEHHS MBUIKOCTI pyXy. [Ipu koHnentparii 5 mac.% Bo-
JI1 B pO34YMHI BiZIOYBa€TbCS MOPYIICHHS JJaMiHAPHOTO PyXY KyJbKu (4ucio PeitHoms-
Jica CTa€ OUIBIINM HIK OJUHMUIIS.
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3. AHAJIi3 eKcnepUMEHTAJIbLHUX Pe3yJbTaTiB. s TOCHiIKeHHS BUOUpaIICs
TPU PIAVMHU: YUCTUHN TIINEpUH, DiinepuH 3 5% 006’emHoOI0 (4 % MacoBOIO) YaCTKOIO
BOJM Ta BOJHO-TJIILIEPUHOBHI PO3UMH 3 almpiopl HEBIIOMOIO YACTKOIO BOJHU (3pa3ok,
110 3HAXOJIMBCS JOBIMM 4ac B JJaAOOPAaTOPHHX YMOBAax 3 BIJKPUTOIO MOBEpxHEI0). B
AKOCT1 KyJIbOK OyJIM B3SITI CTaJIEBl KyJbKH AiamMeTpoM d = 4.73MM Ta Macowo m =
0.437 r (ryctuna p = 7887 kr/m’). Bubip came cTanbHUX Ky/IbOK OCHOBAHHII Ha Be-
JUKOMY KO€(DILIEHTY YOPHOTI MOBEPXHI, 110 JO3BOJSE YITKO CIOCTEPIraTH PyX KyJib-
KM Ha (POHI MPO30pOro BOJHO-TIIIIEPUHOBOTO POZUUHY.

Pinuau Nel ta No2 HanuBanu B po30py BUCOKY KIOBETY 3 BUCOTOIO 360 MM Ta
mupuHO 39 mwm. Bucota pinunau B ktoBeTi 270 mM. Pinnna Ne3 3Haxoaunacs B Kro-
BeTi 3 BUcoTor0 420 MM Ta mupuHoro 67 mMm. Bucora pinunu B ktoBeti 400 mm. Ky-
JBKHU BIAMYCKAJIM Yy BEPXHBOI BIAKPUTOI MOBEPXHI KIOBETH, TPUMAIOUH ii MIHIIETOM
33151 IEPEIIKOKAaHHIO I0AaTKOBOMY HarpiBaHHIO UM OXOJIOKEHHIO BiJl PYKH.

JIJist BKUIaHHS TIOTIEPEIHRO HATrPITOI YU OXOJIOJKEHOT KYJIbKHU, 11 HamepemoaHi
3aKyTYBaJIM B MOJICTHJICHOBHUM MaKeT (7151 3a100iraHHs 3MOYyBaHHS BOJIOKO) 1 MTOMi-
IIaJIM B CTaKaH 3 TEIJIOK ab0 XOJOJHOI BOJOIO Ta PTYTHUM TepMomeTpoM. Ilicis
HarpiBaHHS YM OXOJIOJKEHHSI KYJIbKU B BOJ1, KyJIbKa JOCTAaBaJIaCs MHIETOM 3 aKeTy
1 IBUAKO 3aHYPIOBATUCA B PIAUHY JIJIsl BUBUEHHS 11 MaIIHHS.

[Ipouec nagiHHA KyJIbKH B PiAMHI 3HIMABCS 3a JOIOMOIOKO BlA€OKaMEPH 3 yac-
toToro 30 kaapiB B ceKyHAy. Bineokamepa posTamoByBajiacs NpUOIM3HO Ha pIBHI
LEHTPY KIOBETU TAKUM YMHOM, 1100 B 00’€KTUB MOTpaIuisia IIIKOM Bcsl KioBeTa. bi-
751 KIOBETH MOMIILIAIM €KpaH 3 apKyllIeM Nanepy B KJIITHHKY 3 po3MipamMu SXSMM 15
BU3HAYEHHS MaclITa0y Ta KOPEKIii HOro /10 JOBKHUHI KIOBETH.

[MudpoBa o6podka xanapiB B maketri Matlab [7] no3Bosiuia BU3HAUUTU 3aI€XK-
HICTb 3 4aCOM KOOPJMHATH IEHTPY Mac X(f) 1 BUIKOCTI PyXy u(f) KyJIbKH.

Ha puc. 3 npencraBieHi eKCliepUMEHTANIbHI PE3yJIbTaTH PyXy CTAJIEBUX KYJIbOK
3 PI3HMMHU NOYATKOBUMHM TEMIIEpaTypaMH B YUCTOMY IUIILIEPUHI. 3MIHa KOOPAUHATH
KYJIbKU BiJIOYBA€ThCS B KOKHOMY 3 IIMX BUMAJAKIB MPAKTUYHO JIiHIHHO. O HAK po3pa-
XYHOK IIIBHUJIKOCTI MOKa3y€e AKICHY BIIMIHHICTBH pyXy. JJisi momepenHbo HArpitoi Ky-
JbKHM IIBUAKICTh PyXy NPakTUYHO B JIBa pa3u Ounblla 3a IMIBUAKICTH OCiaHHA. B
MPOIIECI BCLOTO CBOTO PYXY Ha BCiM JOBXKHWHI KIOBETU IMIBUAKICTh HE BCTUTAE IOCATTH
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Puc. 3. KoopaunaTa Ta IBUIKICT pyXy CTaJEBO1 KyJIbKHU B TJILEPHHI (TeMIiepaTypa
18 °C) myst pi3HUX TOYAaTKOBUX Temneparyp kyiasku: 1) 7°C, 2) 18 °C, 3) 45 °C.
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Puc. 4. Yacosi 3a1eXHOCTI KOOPAMHATH (@) Ta MBUAKOCTI pyxy(b) cTaleBOi KyJIbKH B
riinepuHi (kpusi 1, 2) ta 5% BoAHO-TIINEPUHOBOMY po3uuHi (KpuBi 3, 4 — He mepe-
Mimanui, 5 — nepemimanuii, 18°C). Temnepatypa pigunu 20 °C).
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Puc. 5. KooparHara Ta MBHUAKICTh pyXy CTajJe€BOi KYJbKH B JIA0OPATOPHOMY «IJIILIE-
puHi» (Temmnepatypa 18 °C) ans pi3HHX MOYaTKOBUX TemrepaTypax Kyibku: 1) 18 °C,
2)45 °C.

CBOTO CTalllOHAPHOTO 3HAuY€HHA. [[7s 130TepMIYHOT KYJIbKU, SIK 1 JJIs MOINEPEAHBO
OXOJIOJKEHOT, MIBUAKICTh PYXY MPAKTUYHO 3aJIMIIAETHCS CTanoro. Tak ays po3paxy-
HKY KO€(]III€HTY AMHAMIYHOI B’ sI3K0CTI M0 popmyii (4) OyJ0 B3SITO 3HAYCHHS LIIBU/I-
KOCTI1 ocinaHHs u, = 45 mm/c. g p, = 7880 Kr/M3, d =473 mMm, piq = 1258 KI/M
OTPUMAEMO Upaer = 1.794 Tla-c, a 3r1HO OTpUMaHOI anpokcuMyrodoi Gpopmyiu (6)
1151 18°C MaeMO s, = 1.759 ITa-c.

Ha puc. 4 mpuBeneHi gaHHI JJig OCiJaHHS KyJIbKM B DJIIIEPHHI 1 BOJHO-
TIIIepuHOBOMY po3urHi. Ha BiqMiHy Bij yucToro riinepuny (kpusi 1, 2), 1e mBui-
KICTh OCIJIaHHS MPAKTUYHO CTaJia, B PO3YHHI IIBUIKICTh OCIIaHHS IIBUAKO ITaJIa€ BiJl
3HaueHHs 3-4 u, 10 u; (kpusi 3, 4). Lle moB’s13aHO 3 po3MIapyBaHHSIM PO3YUHY B rpa-
BiTaIliitHOMY T0JI1 (BOJA JIeTIa 3a TJILEepUH). 3HAYSHHS MIBUAKOCTI B KIiHII I[LOTO
PYXy TOBOPHTH MPO T€, IO BHU3Y KOJIOU 3HAXOAUTHCS YHCTHH TITIIIEPHH.

PerenbHe nepeminnyBanHs (puc.4, KpuBa 5) NPUBOJUTH A0 TOTO, IO MIBUAKICTh
OCIIaHHSI BIJHOCHO MOBUIBHO 3MEHINYEThCS. J{JIs1 OIIHKM KOE(IIEHTY IMHAMIYHOI
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B’SI3KOCTI B3TO 3HAUEHHS IMIBUAKOCTI ocinanns B riinepudi npu 20 °C u, = 53 mm/c,
a B peTesIbHO TepemimaHoMmy 5 00. %. BOAHO-TIIIIEPUHOBOMY PO3YMHI KOEPIIIEHTY
JUHAMIYHOI B SI3KOCTI BIIIIOBIA€ 3HAYEHHS IIBUIKOCTI ocigaHHd u, = 90 Mm/c.

Pospaxynok no (4) mae npu 20°C Ui TIUEPHHY Uppar = 1.523 T1a-C, @ plyasy =
1.503 ITa-c. dus 5% posuuny npu 18°C pypeq = 0.887 Ia-c, a pg, = 0.831 Ia-c.

JI71s1 1abopaTOPHOTrO IIIEPUHY», IKUH CTOITh BIIKPUTHI 1 HE MEPEMIIITY€EThCS
MMOBMHHO TaKOX CIOCTEpIraTUCs po3llapyBaHHsA. B BepXHiil yacTuHI Oliblia yacTka
BOJM, B HWKHIA — MeHIa. J{1s po3paxyHKy KOe(]illeHTy AMHAMIYHOi B’S3KOCTI B
HIDKHIN 4aCTUHI B34TO 3HAYEHHS MIBUAKOCTI ociaHHs u; = 140 Mm/c. Po3paxyHoK 1o
(4) mae mpu 18°C i “rminepuny” Wpaer = 0.577 Ila-c. Lle 3nauenns srigno (6) npu
temrepatypi 18 °C BignoBigae 6 mac.% TIilEpUHOBOMY pPO34MHY Boau abo 7.4
00.%.

BucnoBku. B pe3ynbrari poOOTH MOKa3aHO, 10 B 3aJIEKHOCTI BIJl MOYATKOBOL
TeMIiepaTypu KyJibku B Mexax + 10 K BiiHOCHO TemmnepaTypu TUILEpUHY, SKICHUN
XapaKTep pyXy 3MIHIO€TbCS. Lle MOsICHIOEThCS CHIIBHOIO TEMIEPATYPHOIO 3aJexkKHIC-
TIO B’SI3KOCTI IIlilepuHy. Take neperpiBaHHs KyJbKHA MOKJIUBE MPU JI0BOJI TPUBAJIO-
My JOTUKY PYKH €KCIIEpUMEHTATOpa Mepejl MOYaTKoM J0CTIY.

JlocmipkeHHsT XapakTepy pyXy KyJIbKH B BOJHO-TJIILIEPUHOBOMY PO3YMHI TTOKa-
3aJ10, IO TOMEPEJAHBO Iepe]l MPOBEACHHSAM JIOCIIKCHHS HEOOXITHO IMepeMilaTh
fioro. Ilpu TpuBasiomy craiioHapHOMY 30€piraHHI BUHHMKAIOTh CKJIQJHI TPAII€HTH
KOHIICHTpAITIH.

JIyist ToinepuHy, 1m0 3HaXOAUThCS IOBOJI OaraTto 4acy BIJIKPUTUM B MPUMIIIEH-
H1, BiAMI4€He po3iIapyBaHHA. Tak rirpoCKOMiuHICTh TIILIEPUHY TPUBOJAUTH 10 HAKO-
MAYEHHS B HUKHIM YaCTHHI BEPTUKAJIbHOI KIOBETH OJIM3bKO 7.4 00. % Boau. Lle mpu-
3BOJAUTH JI0 3MEHIICHHS B’SI3KOCTI PiAWHU MPUOIU3HO B 3 pa3u MO BiJHOIICHHIO /10
B’SI3KOCTI TJIILEPUHY MPU T e TeMIepaTypi.
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Kanunuax B.B., Yepnenko A.C., /Kykoeckasa O.B.
IoTeHunaJbHOE BJIAMSAHUE HEU30TEPMHUYHOCTH ¥ I'PAIMEHTA KOHLIEHTPANH
HAa CTOKCOBCKOE IBHKeHHE IIAPUKA B BOJHO-TJIMLIEPUHOBBIX PACTBOPAX

AHHOTALIUA

Ilposooumcs ananuz 08udiceHUss CmanrbHo2o0 wapuka ouamempom 4.37 Mm 8 600HO-
2NIUYEPUHOBLIX PACBOPAX KOMHAMHOU memnepamypsl. [lokazano, umo HesHauumenbHoe om-
JUYUe HAYAIbHOU MEeMNEPAmypbl WAPUKU O MeMnepamypbl pacmeopa, CywecmeeHHO 6usl-
em Ha UsMeHeHUue CKOPOCMU OBUNCEHUS WAPUKA. DMO CEA3AHO C CUTbHOU 3A8UCUMOCBIO OU-
HaMUYeCKOU 6513K0CHU HCUOKOCIU OM meMnepamypbl u Konyenmpayuu 600ul. Mccredosanue
xapakmepa 08UNCEHUS WAPUKA 8 BOOHO-2TUYEPUHOBOM PACMBOPe NOKA3AN0, YMO Npeosapu-
MenbHO nepeod NpogedeHuem UCCied08aHUsl He0OX00uUMo nepemewams e2o. Ilpu onumenvHom
CMAYUOHAPHOM XPAHEHUU NPOUCXOOUM SPABUMAYUOHHOE PO3ULAPY HUSL.

s enuyepuna, wmo HAxoOumcsi 008ONbHO MHO20 BPEeMEHU OMKPbIMbIM 6 NOMEWEHUU,
ommeueno paccroenue. Tak euepoCKONUYHOCMb eIUYEPUHA NPUBOOUM K HAKONIEHUIO 8 HUJC-
Hell yacmu 8epmuKaibHOU Klogemvl 0kono 7.4 06. % 600vl. Imo npueooum K yMeHbUIeHUIO
BAZKOCMU HCUOKOCMU NPUMEPHO 8 3 paza NO OMHOULEHUIO K BA3KOCMU 2IUYepUuHa npu mou
Jice memnepamype.

DKCnepumeHmanbHoe UCCIe008aHue USMEHEeHUs CKOPOCMU OBUNCEHUs. WAPUKA NPOBOOU-
J10Cb Memooom yupposoii oopabomku sudeodannvix. lIpoyecc nadenus wapuxra 6 HuoKoc-
MU CHUMAICS C NOMOWbIO eudeokamepwvl ¢ yacmomou 30 kaopoe 6 ceKyHOY.

Pe3ynbmamor nonyueHuvix 3HaueHull 8a3K0CMuU 600HO-2IUYEPUHOBLIX PACMBOPOE8 CPAGHU-
8ANIUCH CO 3HAUEHUAMU NO NOJYUEHHOU annpoKcuMupyroweu gopmyre.

Knrwouesvie cnosa: 6s13xK0cmv, 600HO-2IUYEPUHOBbIE PACIEOPDbL, OBUIICEHUE, UADUK.

Kalinchak V.V., Chernenko A.S., Zhukovskaya A.V.
Potential influence of nonisothermality and concentration gradient on ball's
Stokes motion in aqueous-glycerol solutions

SUMMARY

The movement of a steel ball with a diameter of 4.37 mm in aqueous-glycerol solutions at
room temperature is analyzed. It is shown that a slight difference between the initial ball's
temperature and the solution temperature significantly affects the change in the ball speed.
This is due to the strong dependence of the dynamic liquid viscosity on the temperature and
water concentration. A study of the ball movement in aqueous-glycerol solution showed that it
is necessary to mix it before the study. During long-term stationary storage, gravitational
Stratification occurs.

For glycerin, which is open for a long time indoors, delamination is observed. Thus, the
glycerol hygroscopicity leads to the accumulation in the lower part cylinder of about 7.4 vol.
% water. This reduces the liquid viscosity by about 3 times regarding the viscosity of glycerin
at the same temperature.

An experimental study of changes in the ball speed was performed by digital video
processing. The process of ball falling in the liquid was recorded using a video camera with a
frequency of 30 frames per second.

The results of the obtained values of aqueous-glycerol solutions viscosity were compared
with the values of the obtained approximating formula.

Key words: viscosity, aqueous-glycerol solutions, motion, ball.
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Classic origin of mesoscopic critical and boyle’s singularities simulated by
fluctuational potential

We have used the developed recently methodology of the congruent vapor-liquid (CVL) di-
agram for prediction, in particular, of the entire vapor-liquid equilibrium (VLE) diagram in
the test-fluid argon. The former is based on the proposed earlier principle of the global fluid
asymmetry (GFA) which rejects the conventional concept of a unified fluid equation of state
(EOS) in both sub- and supercritical regions. In contrast to the traditional VLE-locus appli-

cable in the restricted (subcritical) range between critical (T,) and triple (T,) temperatures,
the CVL-locus spans the much more wide ranges of fluid states located between the general-
ized Boyle’s (B) points (p—>0,T," ], (T —0,p}" ] predicted by FT-model of fluctuational

thermodynamics. The new shape, location and the opposite sign of curvature for the boundary
of metastable liquid which does not pass over CP (critical point) have been revealed in the

global fluid (f) temperature range (0,T;" ) including its supercritical segment. The classical

GFA-origin of the asymptotic criticality is unambiguously established without any appeals to
the non-classical scaling phenomenology but in accordance with its main findings, at least, in
the regions of stable and metastable liquid. Since the fundamental concept of a homogeneous
equilibrium Gibbsian phase achieves the limit of its applicability in the simulated discrete
N, V-systems of the Lennard-Jones’ particles, their metastable, at best, states are highly-
probable in the conventional scales of VLE-simulation.

Keywords: congruent vapor-liquid diagram, boundary of metastable liquid, global fluid
asymmetry.

1. Introduction. There is a set of objective difficulties in the various experi-
mental and/or simulation methodologies usable for determination of an actual (i.e.
non-mean-field (mf)) critical point’s (CP-) position. At least two parameters from its
EOS-thermodynamic set: {7,.,P. (critical fields [1]) and p.,Z.=P./p. kT, (critical
densities or volumes: v.=1/p,)} are hardly measurable by the direct experiment
with an uncertainty better than one percent. The standard extrapolation of the coexist-
ence-curve (CXC) data simulated far away from CP by a combination of the asymp-
totic scaling law and the so-called mf-rectilinear diameter is the rather arbitrary pro-
cedure. Its uncertainty becomes especially undesirable within the small asymptotic

CP-vicinity: A7 = ‘1 -T/ Tc‘ <107>. The discrepancies between the recommended by

different authors p,.-values can lead, in principle, to the significant uncertainties at

the estimation of standard substance-dependent amplitudes B, I, D and the respective
universal EOS-exponents: B, y, 6 [1, 2]. The isochoric heat capacity C, -parameters

A, a become especially elusive in this case. The common feature of the power-law
definitions is an attempt to elucidate the asymptotic behavior of the strongly- or

DOI: http://dx.doi.org/10.18524/0367-1631.2020.58.206188
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weakly-fluctuating [1] local densities (p, v, s — specific entropy) at the given subcriti-

cal (T_,P_)— and/or supercritical (T+,P+)—equilibrium state-points. One usually

determines the non-classical CP-trends in terms of the smooth functions defined
alongside either CXC or the CP-isolines: p, [T‘ —>T1.,P (T‘)] . P, [T‘ — TC,PV(T‘)} )
p(P”’ - PC;TC), Ay (T+ — TCQPC)- The square branches denote here and below the
implied functional dependences along CXC.

Strictly speaking, only the most problematic for an experiment CP-exponent

implements an important inverse task in which the pressure p/- (i.e. the thermo-
dynamic field [1]) is considered as the function of independent density p given along-
side the fixed a priori T,-value. At a glance, just this choice should be appropriate to

test the asymptotic scaling law P(p” "> p,T ) with two above-mentioned parame-

ters (D, 0) not only by the direct experiment but also by the most usable NV7-
ensemble of MD (molecular-dynamical) simulations [3]. Obviously that both exten-

sive but, at best, mesoscopic (Sect. 1l) parameters N,V =I? of a simulated box

should be simultaneously fixed to study the realistic fluctuation dynamics of any
equilibration in the CP-vicinity. However, there are some paradigms of the conven-
tional non-classical criticality, which forbid to realize namely such plan.

One admits that all real fluids (f) (Ar, CO,, H,0,...) belong to the special class
of universal criticality [1,2] which is determinable by the Ising-based Ib-systems. Its
distinctive features follow from the adopted so basic Ib-model of a lattice gas:

(1) the imposed primitive thermodynamic Ib-symmetry between the respective lig-

uid (/) and gas (g) CXC-densities at 7~ <7, with constant (vertical) 7-in-
dependent “diameter”: p, = [pg (T’) +p, (T’ )] /2;

(11) the underlying “particle-hole” lattice-gas’-symmetry symbolized by the + signs
standing before both CXC-branches: B, = ‘—Bg

,B, =B, (it is usually postulat-
ed also for the other subcritical EOS-exponents: 7; =74} o] = 5g );

(ii1)the absence of an inherent for real fluids isothermal latent heat of (g,/)-
transition: h(T_) =T [Sg (T_) — 5] (T_)} in the ordinary lattice-gas;

(iv)the implied external zero-field and the respective zero-value of its 7-derivative
(density) lead to the degeneracy of the thermodynamic Clausius-Clapey-ron’s
differential equality.

The remarks (i-iv) confirm the rather restrictive nature of the adopted basic Ib-
model at the description of CP-vicinity in real f-states. On the other hand, the as-
sumed by the original van der Waals’ vdW-EOS concept of an isothermal (g,l)-

continuity in both (7' +/ ) f-regions leads unavoidably to the known vdW-loop with
its conventional but rather controversial interpretation of the binodal-spinodal con-
struction. We mean here the physically questionable for a finite-volume (&, V)-system
of interacting particles predictions of the equilibrium unstable states (7 <0), the
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negative pressures (P <0) of spinodal decomposition (?7) and the supposedly errone-
ous critical mf-parameters (TCO,PO,pS,ZCO =3/ 8) for the so-called Andrews-van der

Waals’ CP [2,4]:
(6P/3p), =0 (a) (azp/apz)f =0 (). (1)

The first condition of the type Eq.(1a) defines also the mf-spinodal at 7" < T, .
Simultaneously, it should be fulfilled along any two-phase isotherm-isobar (T _,P_).

Some authors have exploited recently the similar vdW-formalism of (g,/)-
continuity combined either with the oversimplified particle-hole model [5] or with the
non-equilibrium gradient-type’s [4,6] models of non-homogeneity. The common aim
was to reveal the presumed existence of the higher (third)-order (g,l)-transition in the

supercritical T -region of f-states. In one case [5] a combination of the precise tabu-
lar EOS-data for Ar, CO,, H,O with the modelistic percolation transition has led to
the “disappearance” of a single mf-CP itself determined by Eq.(1). More accurately, it

becomes the horizontal critical (TCPC) isotherm-isobar-line. Such construction re-

sembles, of course, the coincidence of isotherms with isobars in a first-order transi-
tion. Their presumable critical “counterpart” termed rigidity [5] 1s limited, however,
by two “spinodal” point-densities of the reversible percolation ( g —/)- and (/ - g)-

transitions. In other case [6], a combination of the thermodynamic four-dimensional
phase space formed by coordinates (fields) and momenta (densities) (P,T ;P,0 = ps)

with the non-equilibrium gradient terms (defined only for densities of the number
particles: p=N/V and entropy c=S/V") was used. Such approach has provided a
possibility to discuss the dynamical (i.e. t-dependent) PVT-behavior (?) of the vdW-

? , VGH .
Besides, the proposed in [6] methodology introduces on the ad hoc basis the continu-
ous dependence for both vdW-coefficients (a,b) defined along an isotherm-isobar

too: b(T ,P), a(T ,P). Only 7-dependent coefficients are admissible (Sect. ILII) in

the framework of any cubic EOS.

The FT-(fluctuational thermodynamics’) model developed earlier [7-12] and
used in the present work excludes the itself traditional notion of an isotherm-isobar
determined as a line with the continuously variable densities. The latter leads not only
to the formal divergences of compressibility y, and expansivity ap everywhe-re

fluid’s criticality in terms of its extended chemical potential: M[T ,P;p,c ‘Vp

within mf-binodal. Indeed, the choice of the standard grand-canonical (V,;T,u ) and

isobaric (N, P,T)-ensembles with two fixed coordinates-fields cannot define compre-
hensively [4] the state of two-phase or, generally, heterophase assembly. Both pairs
of their conjugated momenta-densities: p,c =ps or specific (per mole or per particle)

quantities: v,s may vary locally within the given limits without changing of the fixed
fields: u,T or P,T respectively. In other words, the trans-formation of the measure-

able P,v,T EOS-surface into that determined exclusively by the fields: P,u,T
Gibbsian-surface [1] might, in principle, "wash off" the realistic heterophase struc-
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tures of real fluids and their mixtures.

2. Fluctuational — thermodynamic nature of mesoscopic simulations. Ther-
modynamics assumes a possibility of the Gibbsian (i.e. macroscopic) isothermal dif-
ferentiation applied to the thermodynamic fields of pressure P and chemical potential
u. The latter is determined for a pure substance as the specific (per particle) Gibbs’

function: G=N u(T ,P). The methodology of unified EOS adopts that its incon-
sistent variable of the mean (i.e. uniform) number density p=N/V =1/v can be

used as independent one either to realize the Maxwell’s rule at 77 < T, or to define

the “fundamental extensive state function” of “rigidity” [S] at T’ > e

(dP1dp) sy =p(di/ dp)psy = W(T+). @)
This local p-parametrization of the Gibbs-Duhem’s differential form is based on
the implied assumption of a smooth EOS-surface p(P,T ) . It becomes not completely

correct (due to the inconsistent choice of independent variable) if the finite-volume
small N-systems (termed in [10-12] the mesoscopic N,V-systems) composed by the
small number of constituent particles should be considered. In this case, one has to
distinct [30] the uniform above-mentioned chemical potential {=G/ N from its dif-

ferential form p=(0G /0N ). . Such distinction leads to the N-dependent difference,

which one has to take into account at the simulation of two-phase f-states. The
Gibbsian related to one particle model of a smooth field u(T ,P) implied, in particu-

lar, by Eq.(2) as well as by the conventional methodology of VLE-simulations [13]
should be modified in this case by N-dependent equality:
(aﬁt/éN)T’P:(u—ﬁ)/NzAp/N. 3)

This refinement of the standard test-particle methodology proposed by Widom
[31] 1s especially important due to the practically mesoscopic (m-) volumes of the
mostly simulated VLE-diagram. Hill [30] emphasized that small system effects in the
regions of phase transition and criticality are especially noticeable. In particular, an
additional independent variable N (discrete by nature) appears in the generalized
Clausius-Clapeyron’s system of equalities [30]. It can be termed as the formal sign of

mesoscopicity:
oP Sg¢ =S As
(_j = £ =—, (4)
oT )y Vo =V Av
oT A oP A
[ } -2 () (—j - m,  ©)
ON ), NAs ON ), NAv

where the left-hand sides and the difference Av = (Pl -p g)/ popy are measurable by

experiment or by numerical simulation. Hence, the unmeasurable entropy-dependent
differences Au and As may be appropriately estimated only by Eqs.(3-5) with the

implied differential equality between two uniform chemical potentials d[i g= dfy
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taken alongside the unique CXC in the field space.
It was argued earlier [7-9] that the necessary thermodynamic choice of an ex-

tensive V-scale for f-state leads in the thermodynamic limit: p= lim (N / V) to the
V—o0

special role of its conjugated variable P-pressure. The respective thermodynamic FT-
Hamiltonian determined in the four-dimensional phase space is degenerated on the

thermodynamic Gibbs’ surface: H(P,T,v,s)=0. The role of a new FT-Hamilto-
nian passes, as a result, just to P(V,T )—EOS with the exclusive role of a constant spe-

cific entropy s (as the path of “FT-motion”). We refer now the interested readers to
the development of an alternative geometric concept by Maslov [16,17] in which just

the alternative role of the Gibbs’-function G = Np(P,T) was discussed. This main

“tool” of classical WMG-phenomenology [9] originated to construct the actual VLE-
diagram on the base of a unified (i.e. common for both coexisting f~phases) EFOS is
highly modelistic by nature for a real mesoscopic finite-volume (N, V)-system. One

cannot realize the verification of the supposed equality i, (T _,P_) =Ly (T _,P_) by

the direct VLE-experiment. Moreover, its plausible two-phase imitation in the widely
usable numerical GEMC (Gibbs ensemble Monte Carlo) simulation [13] requires, to
our mind, the serious oversimplifications. It arises just due to the implied isothermal

1) f(p 7T ) -dependencies. GFA-principle omits the described “u-problem” at the
construction of CVL-diagram.
In the present work we intend to argue that some postulates of the classical

WMG-phenomenology [9] should be rejected, at the study of realistic finite-volume
(N, V)-systems. In their mesoscopic volumes (simulated at the given nano-scales of

length and volume V = L3) the main vdW-hypothesis of (g,/)-continuity and reversi-
bility of its two variants (g —/) and (/ — g) achieves the limit of its applicability.

Hence, the impact of a discrete variable (number of particles N) cannot be negligible
at any estimation of the two-phase thermodynamic field (T ,P;u) variables. Moreo-

ver, the different physical nature of mechanical (p = N /V -density, P-pressure (mo-
mentum flux), H = Ej;, +E,, — Hamiltonian (total mechanical energy of a con-

servative force-field) variables and thermal (T — temperature, u — chemical potential
per particle, e=E / N — internal energy per particle, s =S5/ N — entropy per parti-
cle) variables has to be taken into account by the appropriate simulation f~models. As
a result, the unavoidable distinctions in the local discrete structures of g- and /-states
might be presumably described in terms either the different interparticle effective po-

tentials d)f (r) accepted separately for every f~phase or by the distinguishable prima-

ry effective parameters (well-depth ¢/ and/or collision-diameter o/ , first of all) de-
termined for the same ¢ ’l(r)-function. At last, a possibility of metastable, at best,
local heterogeneous f-states, simulated by the conventional MD- and MC-techniques
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should not be excluded from analysis of the predicted thermodynamical properties (in
spite of the formal, highly-modelistic signs of the attained equilibration).

To test and corroborate the proposed FT/LJ-methodology of CXC-simulations
carried out in the framework of CVL-diagram, the choice of argon in Sections III,IV
seems to be the most appropriate . Its experimental and correlated by the empirical
EOS data [18,19] as well as simulated [20] CXC-data incorporated in the fundamen-
tal EOS [21] are plentiful. Thus, the detailed classical and non-classical variants of a
unified EOS are also well-known. The widespread belief in the similarity of real Ar to
the model LJ-fluid is here noteworthy. Its correctness will be discussed below in the
context of comparison with the FT/LJ-predictions of the present work.

3. Main concepts and hypotheses of cvl-diagram. The above-mentioned at-

tempts to lay the foundations of the third-order phase (g,/)-transition at 7, P -states
(see, for example, [5,6]) are similar to the long-standing problem of supercritical qua-

si-spinodal  (locus of zero-curvature: (82P / 8p2 ) =0) formulated by
T+

Semenchenko [22]. This author introduced the notion of above-critical phase transi-

tion 1n spite of the unified EOS and the Gibbsian concept of a homogeneous equilib-

rium phase used in consideration. The manifold of gas-like (T +,P+)—states at

p <p. located within this locus was termed by him [22,23] the region of a lowering

[f-stability. However, this appro-ach needs the high-level accuracy of EOS to be con-
vincing in its conclusions.

The same problem arises if the widely discussable construction of so-called Ze-
no-line (locus of the unit quasi-ideal-gas (qig) compressibility factor Z, = 1)

should be obtained [23-25]. It was used by many authors [24-29] for CP-predictions.
The construction of Zeno-line covers continuously the whole f~range between two as-

ymptotic Boyle’s points (7g,pz-; —0) and (pg,T7—; —0). Its original definition
of Tp-parameter [23] is based on the Boyle’s condition accepted for the model-
dependent second virial coefficient: B (T B) =0 chosen for (N, }V)-system. So one can

use either its approximate estimate for the vdW-fluid, for example, or the more so-
phisticated interpretation for the LJ-fluid [24,25] and so on:

By ~b—alkT  (a) Tp=alkb=(a/k)py ()  (6)

pr_y/ Tp (d_Bj zﬁzl_l. (7)
C(Tg)\dT Jr | pa Tg

The restrictions of the hardly available accurate knowledge of the third virial co-
efficient C(7,) as well as of the T-derivative of the second coefficient calculated at

the sought-for Boyle’s temperature 75 are obvious. They lead, often, to the rather

rough estimates of B-parameters and CP-position by Egs.(6,7) complemented by the
rule of «rectilinear diameter».
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It was shown recently [15] that such model-dependent uncertainty including that
arisen due to the fit of empirical data is inherent for the prescribed linearity of Zeno-
line. This feature makes the related Zeno-line with the other prescribed line of recti-
linear diameter to be the rather ambiguous methodology. The latter points out sup-

posedly the position of p,. (Tc) -value on the actual CXC. Even the rather unrealistic

classical variant of the symmetric lattice gas has been exploited [26] for real fluids to
develop the predictive scheme for estimation of Z . -values.

Unfortunately, the relative failure of such formalism in the certain CP-
predictions is recognizable not only by the asymptotic singularity of CXC-diameter
[32] and/or its evident curvature for such polar fluids as methanol or water [26-28].
Its implicit but essential constraint is just the attempt to connect by the continuous

Zeno-line the region of a very dilute fluid (pz—; —=0) near (I, Ps_; —0)-point
with a practically incompressible low-temperature [15,17] liquid (T 7-1 —>0) in the
vicinity of (pg, P7—; —0)-point. FT-model considers both asymptotic gig-
uncertainties of the type 0/0 in the formal Z;, = 1 -definition as the questionable con-

sequences of such attempt.

4. The fluctuational type of potentials. We have recently argued [14,33] that
even the role of a dominant variable in above f-regions (1/ k7T in the former gaseous
f-region and p in the latter liquid-like /-region) is drastically distinctive. The distinc-

tion should be reflected in the respective forms of f~dependent EOS. We report below
the well-known [35-37] virial EOS for g-phase at the very small density truncated af-

ter the second virial coefficient B(T “=kT/ 8) to emphasize the dominant effect of a

scaled reverse temperature (1 /T”):

* D/n D/m
2np [ D [ D
78, 1= — 1+— |—| — 1+—|]. 8
L‘] 3 [(T*J Y( n) (T*j Y( mﬂ ®
Here the implied infinite-range Lennard-Jones (/,n/m)-potential is:
(I)LJ(I”):IS[(G/F)”—(G/r)m} 9)

D =3 — dimensionality; ]/(x) — Euller’s gamma-function, (/ =4,n=12,m=6) — the

*
realistic most popular set of universal LJ-parameters and the reduced density p :

2o’ p/3= (4v0) p=bp is equivalent to the vdW-excluded volume.

The FT-estimates of the substance-dependent molecular parameters are princi-
pally different from those based just on the experimental B(7)-data for g-states [36].
One should know CP-parameters and two main PCS-factors (Z., 4. = Ri) of similari-

ty to predict the standard pair (Sf ,Gf ) of molecular characteristics in any f-phase for
any simple or complicated substance [11,12,14,15]:

e8! =kT.(1-Z,)=kT,—P./p,. (10)
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of =(3bg /2n)1/3 ={3(4. -2)/[4np, (4, —1)]}1/3, (11)

o =(38,/2m)"* =[1/(27p,)]". (12)

The last FT-definition is quite important for the formulation of GFA-principle
and for its realization by the CVL-diagram methodology. Eq.(12) can be derived
from Eq.(11) by the substitution of the universal for all vdW-fluids critical slope

Ag — 4. So to determine the value of effective diameter o’ in [-phase one should use
not only three actual CP-parameters (7,,P.,p. or Z.) from Eq.(10) but also the im-

plied classical vapor-pressure slope: (dPVO /dT )T - This FT-definition elucidates
% c

the meaningful inherent correlation between two fundamental vdW- and LJ-models of
f-states.
To illustrate this important conclusion of FT-model let us note that Eq.(8) must

*
lead to the Boyle’s condition Z f ;7 —1 by two concomitant trends: p — 0 and:

* 4

Ty 1| Y (3/2) 1y (7/4) | =3.441. (13)

This known LJ-result [34] provides the following. FT-estimate of the Boyle’s
temperature:

* %k %k

1=Tg /T, =Tg(1-Z,)=2.437. (14)

Its distinction from the larger estimate (75 =2.627) reported by Ben-Amotz and

Herschbach [24] is explainable by the “universal” LJ-estimate: TC* =1.31 [20,21]. It

corresponds to FT-estimate: T, c* =1.412 obtained namely for Ar. Thus our estimate:

T, g‘” =15-150.66 K =367.2 K 1s significantly lower than that reported in [24]:

T, §4r =408 K — estimate based on the hardly available data from Eq.(7). At the same

time, the vdW-variant (Ag =4) extended on the entire range of f-densities p € (O, p B]

leads independently to the similar values of vdW-estimates following from Eq.(6):
13 =9Z.=2.627 . It gives the value Tz =395.8 K usable by many authors [23, 25-
27,29].

The inherent correlation between vdW- and LJ-models [11,12] becomes espe-
cially apparent at the discussion of pg-magnitudes. FT-estimate of

Op :pB(T —>0)/ p.-value is independent on Zeno-methodology (as well as, the

above-discussed FT-estimate of tp) and is based on the local FT-EOS derived
[14,33] for /-phase of LJ-fluid:

[ (n = m x
ZZ/—1=—*(BP ”/D—Bp ’"/Dj- (15)

Its solution at the condition Zé 7 =1 and the arbitrary 7 i provides the value:
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—D/(n—m)
n
J /0.1905=3.711. (16)

% %
®p=pg/Pc=|—
m
It is the physically meaningful quantity (PE =1/~2 ). It corresponds to the esti-

mate: 2.63/0.713=3.689 (~0.6 %) obtained by Ben-Amotz and Herschbach [24].
They derived it from the theoretical virial coefficients [36] for the infinite-range (i.e.
mf-) LJ-potential (used at the estimate of 75 =2.63 and Zeno-slope 0.713). For Ar

these authors obtained the essential deviation: 2.70 /0.775 = 3.484 from the suppos-
edly basic LJ-fluid. Their estimate of wp 1s closer to the Timmermans-vdW estimate

[23] wp =1/Z.=3.42 which fails, however, for the recommended in [20,21] the

“best” estimates: Z-/ = P, /p.T, =0.126/(0.314-1.31)=0.3063 (o’ =3.265).

The independent FT-predictions by Eqgs.(15,16) are based on the realistic FT-
values of critical density pZ =0.1905 and critical temperature Tc* =1.412 for Ar
( Z.=0.2919). They will be used below instead of the conventional LJ-set [20] as the
reference LJ-parameters of mf-criticality. The aim is to introduce then the well-
established FT/LJ-procedure of a short-range LJ-potential. 1t follows from GFA-

principle and from FT-estimate of o€ -diameter by Eq.(11). Hence, the inherent inter-
relationship between the properties of g- and /-phases implied by Zeno-methodology
does exist in FT-model too. However, it is much more subtle in the latter, which re-
jects completely the predictive methodology of a unified EOS.

In particular, the shape of Zi s-contours for the local FT-EOS (15) derived ex-
clusively for liquid is the very different from that illustrated by [24] for CH,. Never-

theless, the locus of maxima for the set of Z ZL j-contours coincides with the unique
FT-predicted isochore: m; =2.624. It seems to be passing through or nearly the real
triple point: t, =2.639 of Ar [18,19]. This FT-isochore of a triple point @, forms to-
gether with the 1sochore of a closed-packed solid w g the specific for every substance
range of densities: wg +®; =3.711+2.624 in which the liquid might certainty exist

only as the metastable one. Such simple and plausible FT-estimate of two boundaries
restricting the acceptable range for a variety of phase transitions between the crystal
solid (cs), amorphous solid (as) and metastable liquid (m/) can be very useful for the
model calculations.

One may conclude that the common mf-restrictions of above EOS-forms are:
(1) the implied infinite range of pair interactions;
(ii) PCS-concept of only two main molecular scales (&,0) or thermodynamic scales

(a,b) while, at least, three independent critical parameters (T P> P

) are neces-
sary to indicate the fluids with the interactions deviated a substantially from the
reference, mf-based LJ-potential;

(i11) the unspecified, strictly speaking, region of EOS-adequacy because, in practice,

one compares the theoretical values of 7-dependent virial coefficients in a step-
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by-step manner with their “experimental p —dependent counterparts” to fix such
regions;

(iv) the loss of important thermodynamic information in any two-term EOS arisen
due to the restrictive (physically oversimplified) nature of the conventional ide-
al-gas (ig) reference EOS: Zig =1 [34];

(v)  an unsatisfactory choice of the more sophisticated but singular reference
models of f-states (hard or soft spheres (4s or ss), rectangular (square) or trian-
gular potential wells (sw or tw) and so on) in the frameworks of more advanced
perturbation expansions.

5. The fluctuational nature of correlation integrals. To explain the general
concept of CVL-diagram, let us remind that Zeno-line does not provide any infor-
mation concerning either the metastable f-phases or solid cs- and as-phases. Its ap-
proximate linearity of Eq.(7) in the (7,p)-plane stems from the elimination of one

bp=p/p)-root due to the adopted classical gig-condition Z, ;5 =1 in the original
vdW-EOS;

A A (17)
I-bp bkT Q\1-bp bkT

The same gig-condition applied to the local LJ-EOS (8) for g-phase and to the
local Eq.(15) for /-phase leads either to the similar artificial T; -isotherm (instead of

T; -point at pz — 0) or to the artificial p;kg -isochore (instead of pz -point at 7' . 0),
respectively. Their artificial alternative is the strict linearity of Zeno-line and the in-

terchangeable role of reduced density p=p/ p%— and reduced field T =T /T 39-
variables following from Eq.(7). Thus, the used by many authors [23,24,29] defini-
tion of second virial coefficient B, (T) by T-hyperbola from Eq.(6a) does not ex-

clude the existence of curvature in the supposedly “rectilinear” CXC-diameter for the
original vdW-EOS. GFA principle consider that the main shortcoming of this cubic
equation is its implied concept of a unified EOS. One should avoid it to retain the ad-
vantages of simplicity and to provide the physically-motivated f~-description.

Recently we have proposed [12,14,33] to distinguish three different fluctuation
(- ), mesoscopic (m-) and gaussian (g-) regimes in dependence on their finite-volume
scales chosen at the study of (V,V)-system. The respective scale of ranks (from the
complicated FT-EOS to its simplest variant) is:

:bf(T)p—cf(T)_af(T)p

zl 1 : (18)
Fr 1-b,(T)p kT
be(T)p—cr(T, T,
Z}?T_lz f( C)p Cf( C)_af( C)p’ (19)
1-bs(T;)p kT
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b 0
78, ~1=p| —L —T(aiJ , (20)
p

l—bfp oT

where B (T ,p) corresponds [37] exactly to the original vdW-EOS (17). Its introduc-
tion refines the definitions of Boyle’s parameters in comparison with Eqs.(6,7):

pB:p%—{T(é‘BO/@T)J , 1)

Ty /T:p%T(aBO /aT) . 22)
p
The smallest volumes are located in the range of locally-heterophase fluctua-

tions (f-regime) formed by two limits of volume. The lowest boundary is compatible
with the incompressible hard-core volume: ~d® of the FT-modified short-range
FT/LJ-potential [11, 14, 33] with three characteristic constants (€,6 > d,7. — the cut-
off radius of direct interparticle attraction). The reduced value of latter (A=7./0)

normalized by either CP-dependent & from Eq.(11) or by p,-dependent o from
Eq.(12) is assumed to be f~independent. It forms the highest natural boundary of f-

regime: ~ rc3 . Any simulations of (¥, V)-system performed within the above bounda-
ries of volume V e (~ d 3,~ rg’ ) should be controllable by the most general FT-EOS

(18) with the known set of f, T-dependent coefficients (see [9-12]).

Its specific form of Eq.(19) for m-regime (its volumes are less than the correla-
tion volume 2?33 implies the persistence of gig-fluctuations. Thus the conventional ig-
asymptotic trend at (p—>0,P —>0) [35] is modified in the discussed f,m-regimes

where Z ;o —>1-c(T) or Zye —>1-cy (T,.), respectively. We emphasize, once

qig
more, that FT-model, in contrast to the other fluctuation methodologies in which only
one extensive quantity N or V' is fixed, studies and simulates the real single-phase f-
systems with the average density p= N /V . The posed aim is an investigation of the
field fluctuations 07,0 P without any attempts to use the basic ig-model of statistical

mechanics formulated for the system of material non-interacting point-particles [35]
(e—>0,6>0). Its formal trend to the infinite isothermal compressibility:

leg = (ka)_1 = P! 5 o is obvious.
The classical WMG-phenomenology of a first-order phase transition introduces

the similar and unrealistic from our viewpoint locus of infinite values xT(p,T _)

termed spinodal [23]. Such a highly-model definition for a finite-volume (N, V)-
system at a given density leads to its inaccessibility by experiment [37]. Moreover,
itself y,-“indicator” of the fluctuation behavior can be formally excluded [12] from

44



dizuka aepoaucnepcHux cucrem. — 2020. — Ne 58. — C.34-50

the statistical-mechanical system of equations written for the total pair H ( p,T ) - and
direct C ( p,T ) -correlation integrals [2,35]:
pC(p.7T)
1-pC (p,T )
The spectacular similarity of Eq.(23) with the right-hand-side of vdW-EOS (18) tak-
en under the gig-constraint Z,;;7 =1 demonstrates unambiguously that the above-

—pH(p,T)=0. (23)

mentioned exclusion of an “extra”-root pC ( p,T ) at this condition well lead at p — 0
to the apparent congruous relation denoted below by the double arrow:

H(p,T)/C(p,T) =T /IT. (24)

It does not realized along the classical spinodal where: H p ( p,T ) — o due to its

definition. The refinement achieved by Eq.(22) becomes of great importance.
This observation was one of the main stimulus for FT-model [12] to introduce
the physically-realistic finite limits of action for correlation integrals (i.e. the total

correlation radius: F,( p,T’ ) for H ( p, T ) and the direct correlation radius of attraction
r, for C(p,T)). Hence, the implied FT-correction to the total correlation inte-
gral arisen due to the introduction of fluctuation coefficient ¢ o (T):

ap(T), _er(T)
kT p (1 ~by (T)p

has everywhere the finite value in the wide compressible f-regime even if the inequal-

ity & >r,. 1s fulfilled. Respectively, the divergence of H pp (p,T ) can be realized only

Crr(pT)=bs(T) (@) Hpp(p.T)e )(b) (25)

in the singular CP (p - p,.,I = 1) for which the limiting correlation radius tends
unquestionably to infinity: £. — 0.
Let us note that the p-dependent denominator of Eq.(25b) can be expressed [33]

in terms of the reduced pressure P/ le(g) too due to the interchangeable role of

p=p/ p% -and T=T/T g -variables along Zeno-line:

P oPo:%(_%}: T()Ll_];)} (26)
ppkTp pp\ pB) Tp T

This symmetric bifurcation of Zeno-variables noticed and discussed by many
authors (see, in particular, [16,17]) makes the proposed in [24] separability by Zeno-
line of the region of “soft” fluid from the region of “hard” fluid to be not enough in-
formative. It is interesting to note, in this context, that the proposed by Ben-Amotz

and Herschbach interpretation of pp in terms of C(7g) from Eq.(7) will lead to its
divergence C(Tg)=b/ [p(l — bp)] at p—0.
One should consider undoubtedly the other (F,Y_“ )— and (F,E) -projections at

the construction of CVL-diagram. Besides, the alternative dividing line located be-
tween f- and /-regions should avoid the evident crossing of the cs- and as-regions by
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the standard Zeno-line. This rather complicated problem is solvable, in principle, by
the non-classical FT-notion of an universal mi-boundary. 1t was introduced in the
frameworks of CVL-diagram by the unit relative compressibility line (i.e. not by the
unit compressibility factor line) related to the chosen unit: 7=V} /V, [12] of a fixed

2 ml
<(AN)I>:(XTJ :kT(ﬁp/aP) =1. (27)

(N), ).

This boundary of a metastable liquid (m/) is independent on the absolute value
of density p,,;. It corresponds to the achievable balance of gig-compressibility and

initial volume Vj):

ml-compressibility at any local density and local temperature from the total f~ranges
(p—0,pp) and (I' > 0,73 ), respectively. There are two possible strategies of its es-

timation. The first type corresponds to FT-EOS (19) with three constant T.-
dependent coefficients. They are determinative in the m-regime of mesoscopic vol-

umes located between ~ rc3 - and ~ §3 -limits: ~ rc3 <V <~ &3 (of course, if the respec-

tive difference (F,—rc) exists). It appears undoubtedly in the small near-critical re-

gion in which the density fluctuations of range longer than that of the intermolecular
attraction become significant. The second type relates to the much wider g-regime of

gaussian fluctuations in the macroscopic finite volumes: V >~ &3. It corresponds to

vdW-EOS (20) which is applicable, however, in accordance with GFA-principle [11]
to both g- and /-phases separately. Only in this g-regime as well as in its local realiza-
tions for a dilute g-phase and for a low-temperature /-phase by Eq.(15) the gig-
constraint: Z ;, =1 is fulfilled.

Conclusions. The proposed finite-range type of fluctuation potential provides
the promising tool for the simulation mesoscopic study of heterogeneous systems. In
the small vicinities of a critical point and coexistence curve the obtained by the
standard MD- or MC- simulations information can be, in principle, inaccurate or even
qualitatively distorted. The reason of both potential drawbacks is the possible misin-
terpretation of the simulated runs and properties. One assumes usually that the stand-
ard nano-scales of volume and the typical pico-scales of time concern to the average
properties of a macroscopic system. This assumption needs, however, the verification
in the above hardly testable by the direct experiment regions of a phase transition.
The ap plication of the classical binonal/spinonal concepts based on the gibbsian
strictly homogeneous phases becomes asymptotically questionable in the scales of
mesoscopicity. More accurately, the traditional mean-field VLE-diagram of equilib-
rium between the model coexistent infinite-volume/ infinite-lifetime phases of the
different but homogeneous densities and entropies is the highly model concept. The
physics of aerosol systems seems to be the appropriate field for the thorough verifica-
tion of the proposed fluctuation formalism.
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Pozankoe B. b., Pozankog O. B., Illéeuy M. B.
HcTouyHMK Me30CKONMUYECKUX, KPpUTHYECKUX U BoijIeBbIX CHHTYISIPHOCTEH
CHUMYJIMPOBAHHBIX (MJIYKTYAIHOHHBIM MOTEHIUAJIOM.

AHHOTALIMA

Ilpeonoocennas HeOasHo MemoOo02Uss KOHESPYIHMHOU NAP-HCUOKOCMHOU OUApammbl,
UCNOIb308aHA OJisl NPEOCKA3AHUSL 8Ce20 UHMEPBAA PABHOBECUSL HCUOKOCMb-NAD 8 MeCmo8OM
@oude-apeone. Memooonocus oCHOBAHA HA CHOPMYIUPOBAHHOM paHee NpuHyune 2100a1b-
HOU (IOUOHOU acuMMempuu, 8 KOMmopoM OMEEepeHYyma pacnpoCmMpaneHHds uoes eOuHo20
VpasHenusi cCoCmosiiusl, ooue2o 01 0beux, Kaxk noOKpUmu4eckou, maxk u HAOKPUmMuyeckou
obaacmetl cyujecmeoganus. B npomuononoicHocms 00b1UHOU NAP-HCUOKOCMHOU Ouazpam-
Me, JIOKATU308AHHOU MedHCOY KPUMUUECKOU MOYKOU U MPOUHOU MOYKOU, KOHSPYIHMHAS OUa-
2pamMma onucvléaem 3HayumenbHo Oonee WUPOKULL UHMeEPB8an (IIOUOHBIX COCMOSHULL, NpO-
cmuparowuics medxncoy 08yms 0bobwenHvimu moukamu boiia (npu ucuesarowe-manoi
NJIOMHOCMU NpU UcYe3arnuje-malol memnepamype), npeocKa3auHulll ¢ NOMOWbIO MoOelu
DryKmyayuoHHol mepmoOuHamMuKu. YcmanoseieHo Hogoe pacnonoxcerue, ¢opma u oopam-
HbIl 3HAK KPUBU3HBL O/ XAPAKMEPUCMUK Kiaccudeckou cnunodanu. Hoeas epanuya mema-
CcmaduNbHOU HCUOKOCMU He NPOXOOUm yepe3 KPUMU4ecKyro mouky u moxcem 0bims onpeoe-
JIeHa 80 eceM uHmepaaie Gaouoa, BKUas e20 C8ePXKPUMUYECKYI0 YACb.

Knaccuueckuii, no ne coomeemcmeyowuii meopuu cpeone2o nois UCMOYHUK CUHSYIAPHO-
cmell Ha 0CHO8e 2100ANIbHOU acumMMempuu Modcem Oblmsb YCMAaHoseH 6e3 npugieyerus ge-
HoMeHnono2uu ckeununea. Tem ne menee, nonyuennvie OanHvle (YNioujeHue ¢ OKOJIOKpumuie-
CKOU obnacmu 3a8UcCUMOCMU MeMnepamypsvl om opmooapuyeckux NJI0OMHOCmell) coomeem-
cmeyom pe3yibmamam meopuu Kpumuueckou oonacmu. OcHosHbie uoeu 2ubcco8cKol meo-
puU pasHosecuti Mexncoy 08YMs UOeanU3UPOBAHHO-00OHOPOOHBIMU COCYUjecCmeyrowumu asa-
Mu oocmuzaem 8 dmot ooracmu npeoeia c8oel NPUMEHUMOCTU.

Knrouesvie cnoea: koHepysHmMHAS NAp-IHCUOKOCMHASA OUAZPAMMA, 2PAHUYA Memacmaou-
JILHOU HCUOKOCMU, 2]I00AIbHAS DAIOUOHAST ACCUMEMPUSL.
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Poczaunkoe B. b., Pozankoeg O. B., Illgeuv M. B.
Jl’epesio Me30CKONIYHUX, KPpUTHYHUX i BoiIeBUX CHHTYJISAPHOCTEH CUMY-
JbOBAHUX (IYKTYyaliHHUM MOTEHUiaI0M.

AHOTALIIS

3anpononosana HedagHo Memooo0n02is KOHSPYEHMHOI nap-piounHoOI diazpamu, KA GUKOPU-
cmawna 01 nepedOayeHHss 6Cb020 IHMeEPBALy piBHO8A2U PIOUHA-NAP 8 Mecmosomy @ioiodi-
apeoni. Memo0onozis 3acno8ana Ha cghopmyib08aHOMY pariuie NPUHYuni 2100aibHoi ¢haroio-
HOU acumempii, y AKill BIOKUHYMA NOWUPEHA 10es EOUHO20 PIBHAHHSA CMAHY, 3a2AIbHO20, 5K
07151 NIOKpUMUYHIU, MAax i HAOKpuMuyHoi ooaacmi icnysauns. Ha npomunedxcuicmo 36uuatinii
nap-piounHiu oiazpami, AKa N0KANI308AHA MIHC KPUMUYHOIO MOYKOI0 | NOMPIHOI0 MOYKOIO,
KOHZpYyeHmHa diazpama OnuUcye 3HA4HO WUpuwull iHmepean GuioioHux cmamie, wo macHemscs
Midc 0soma y3azanbHenumu moykamu boiina (npu snukaroue-manoi 2ycmunu i npu 3HuKaroye-
manoi memnepamypi), nepedbauenoi 3a 00noMo2010 Mooei GryKmyayiuHoi mepmoOUHAMIKU.
Bcmanosneno nose posmautysanns, ghopma i 360pomuuti 3HaK KPUSUIHU OJisL XAPAKMEPUCTIUK
Knacuynoi cninooani. Hosa mesca memacmadinbHoi piounu He npoxooums uepe3 KPUmudHy
MOYKY i MOdce Oymu 8U3HAYEHA 8 YCbOMY IHMeEP8ai (ioiody, 6KII0UAI0YU U020 HAOKPUMUYHY
uacmumy.

Knacuune, ane ne 6ionogione meopii cepednbo2o nous 0xcepeno CUHSYIApHOCmel Ha OCHOBI
2n06anvHoi acumempii Modce Oymu 8CMAHOBNIeHO Oe3 3aNyueHHs (hDeHOMeHON02il CKellliHea.
IIpome, ompumani daui (cniowenuss y 6IU3bKO KpUMUYHOL 001aCmi 3a1eHCHOCMI memnepa-
mypu 6i0 opmooOapuyHoi 2ycmuHu) 8i0N0GI0ArOMb pe3yibmamam meopii KpumudHoi ooaacmi.
OcHosHi  i0dei  2ibcciBebKill  meopii  pieHogaz Midc 080MaA  10edni308aH0-00HOPIOHUMU
ichyrouumu azamu docseace 6 yiei 0b1acmi medvuci c80€i 3acmoco8HOCHI.

Kniwwuosi cnoea: xonwepyenmuna nap-piounuma oiazpama, medxca memacmaoiivHoi piouHu,
2nobanvra huroiona acumempis.
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CaBurosasi BA3KOCTh CyCIIEH3MH TBePAbIX ChepuieCcKUX YACTHIL

Ilposeden ananusz 3asucumocmu cO8U2080L 83KOCMU CYCREeH3UU CheputecKux acmuy om
ux obowvemuou donu. Paccmompenwvl ciyuau beckoneuno pazbaenieHnvix, noaypazoaeieHHblx u
KOHYeHMpupoB8anuwvix cycnensuil. Ilpednodcena oyenka 3Ha4eHutll KOHYEHmMpayuu 4acmuy
CYCneH3ul, npu KOMopoU MOJNCHO He YHUMbI8AmMb 6KAA0 OM 2UOPOOUHAMULECKUX 83AUMOOel-
cmeutl. Tlonyuena cesnzvo medcoy 00veMHOU 00/ell 4acmuy CYCHeH3UU U 6HYMPEeHHUM napa-
MEMPOM AUESUHBIX MOOeLel, KOMOPbLL XApaKmepuszyem CmeneHb MeiCuacmuiHo20 cuopoou-
HAMUYECK020 83AUMOOetCNEUS.

Knrwuesvie cnosa: cosucosas 653k0cmo, CyCcnen3usi, 00vbeMHast 005 YACmuy.

BBenenue. 3amaua noCTpOCHUS 3aBUCUMOCTH CIBUTOBOW BSI3KOCTH CYCIIEH3UU
TBEPABIX CPEPUUYECKUX YACTHL OT MX OOBEMHOM J0JIM NPEJCTaBIsACT MHTEPEC Ha
MPOTSHKEHUU MOCHEAHUX cTa JeT [1]. BaxKHOCTh Hanuuus aAeKBaTHOW 3KCIIEPUMEH-
TaJbHBIM JTaHHBIM MOJIENIM BA3KOCTU CYCIEH3UMU TBEPABIX CEep 3aKI0UaeTCA B TOM,
YTO B JIaJIbHEHIIIEM €€ MOKHO OYJIET UCIIOJIb30BaTh ISl ONMCAHUS TOBEJICHUS CUCTEM
0oJiee MHTEPECHBIX C MPUKJIAJAHONW TOUYKH 3peHus. [IpumMepoM MOTYT CIIyKUTh pas-
JIMYHBIE KOJUIOUIHBIE CUCTEMBI, SJIEKTPOJIUTHI, B3BECU 3aPSKEHHBIX U MOPUCTHIX Yac-
THII, TIOJIMMEPHBIE PACTBOPHI, IMYJIBCUU U CYCIIEH3UH YacTUll Hecepuueckoi Qop-
MBI, @ TAKK€ MHOTUE JPYTHE CUCTEMbI YACTHUI, UMEIOIIUX BHYTPEHHIOIO CTPYKTYpPY
[2].

Cy1miecTByeT MHOKECTBO SKCIEPUMEHTAIBHBIX pa0dOT M0 M3MEPEHHIO 3aBUCUMO-
CTH CIIBUTOBOM BSI3KOCTH CYCII€H3MHU OT OOBEMHOM 10U JaucriepcHor ¢asbl ¢ (0T-
HOIlIEHHE 00beMa, 3aHUMAEMOI'0 BCEl CyCIEH3UEeW K CyMMapHOMY OOBEMY YacTHII)
[3]. OgHako TOYHAs TEOpETHUYECKAas MOJEIb, ONMKUCHIBAIONIAS 3aBUCUMOCTD BS3KOCTU
Ha BCEM MPOMEXYTKe u3MeHeHus oobemuon o 0 < ¢ < 0.64 noka He noxydeHa.

HMeeTcst HECKOJBKO 3MIUPHYECKUX (HOPMYJI, KOTOPBIE COTJIACYIOTCS C pasiiny-
HBIMU 3KCIIEPUMEHTAIBHBIMU JJAHHBIMUA TPU Pa3HbIX 3HAUYCHUSX 00beMHOU monu. B
JaHHOUW paboTe oOCykJaercs BbIOOpP 3MIHPUYECKON (OPMYIbl, KOTOpas JIy4IIUM
00pa3oM COOTBETCTBYET 3KCIIEPUMEHTAIbHBIM JaHHBIM. PaccMOTpeHBl CyllIecTBYIO-
[I1ME TEOPETUUECKUE MOJIENIN BA3KOCTU CYCHEH3UHU, IPEIJIOKEH HOBBIN BBIOOD CBS3H
00BEMHOH J10JIM ¢ BHYTPEHHUMH MapaMeTpamMHu MOJENH, a TaKKe 00JIacTh MPUMEHH-
MOCTH Pa3JIMYHBIX TEOPETUUECKUX MOJEIIEN BSI3KOCTH.

1. 3aBHCHMOCTH BSI3KOCTH CYCHEH3HMH OT O00beMHOW J0J1H. 3aBHCUMOCTH
CIABUTOBOW BA3KOCTH CYCIIEH3MH 1] OT 00beMHOU A0iu ¢ ObLIa MPeaIMeTOM MHOTO-
YUCIICHHBIX AKCIEPUMEHTAIBHBIX UCCIECIOBAHUN W KOMIBIOTEPHBIX CUMYJISIIAN [4].
B pesynbrare BhIACHEHO cieaytomiee: 1) caABUroBas BSI3KOCTh CYCIIEH3UU TBEPABIX
chepruuecKux 4acTHI] 3aBUCUT OT UX 00OBEMHOM J0JIM HO, B ONIPEJICICHHBIX MpeIeliax,
HE 3aBUCHUT OT UX pa3Mepa; 2) eciu paccMaTpUBaTh 3aBUCUMOCTh BSI3KOCTH OT BEJIU-

DOI: http://dx.doi.org/10.18524/0367-1631.2020.58.206192
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Puc. 1. 3aBucumocTts cABUTOBOM BsA3KocTH  Pwue. 2. O6macth paanyca 1, B KOTOPO# CO-
CYCHEH3UU OT 00beMHON nosnu. PUrypaMu CpeaoTOYeHO BO3MYIIEHHE BEI3BAHHOE MTPH-
NpEACTaBIEHbl M3MEPEHMs] I YacTHL CYTCTBHEM YAaCTHIIBI.
uMeromux chepudeckyro GopMy pasHBIX
panuycoB B mpeaenax ot 28 qo 110 um [8].

CrhyomHas JTUHUS COOTBETCTBYET (opmyrie
(1), nyaxtupHas dopmye (2)

yuHbl O/ Py, (Tae ¢y, — 00beMHAs 015, COOTBETCTBYIONIAs] MAKCUMAJIbHOM yIIaKoB-
K€ 4acTull), TO (opMa KpUBOM OyAE€T OAMHAKOBOU IS Pa3IMYHbIX SKCIIEPUMEHTAIb-
HBIX JIaHHBIX; 3) CIBUIOBasl BSA3KOCTh 3aBUCUT OT CTENEHH MOJUIUCIEPCHOCTU Yac-
TUll; 4) €clii 4acTullbl UMEIOT Hechepruueckyro ¢hopMy wWiM 0o0Jaal0T BHYTPEHHEH
CTPYKTYpPOM, TO 3TO B 3HAUUTEIbHON MEpPE CKAa3bIBAETCS HA 3HAUEHHH BSI3KOCTU CYC-
neH3uu. B manHo# paboTe paccMaTpUBaIOTCSl HEKOJUIOUIHBIEC CYCIIEH3UH, B KOTOPBIX
MEXy YAaCTUIIAMH CYIIECTBYIOT TOJIBKO CHJIbI TMIPOJUHAMUYECKOTO B3aHMMOJEHUCT-
BHSL.

Jis onucanust 3aBUCUMOCTH M (¢) ObUIO MPEITOKEHO HECKOIBKO 3MIIUpUYE-
CKUX BbIpakeHUU. Cpei HUX MOKHO BBIIEIUTH J1BE (DOPMYJIbI, pE3yJIbTaThl KOTOPBIX
COrJIaCyIOTCSl C AKCHEPUMEHTAIbHBIMU JaHHBIMHU MPAKTUYECKU HA BCE OOJACTH W3-
MeHeHus o0veMHoN o 0 < ¢ < ¢,,. Boipaxenue, npennoxxennoe MapoHOM H
[Tupcowm [5] umeer Bua:

1
M=t (D
No 0
9,
Hpyras smnupuueckas ¢hopmya npeioxxena Kpurepom u Horeptu [6]
1
n.= - [0, ° (2)
Mo i
9,

rae [n] — xapakrepucTrueckas BI3KOCTh paBHas 2.5. CyIIecTByeT TakkKe HECKOIBKO
JIPYTUX SMIMPUYECKUX GopMyi [7], oAHAKO OHU JHOO CBOASTCS K JaHHBIM JBYM,
00 XyXe OMUCHIBAIOT YKCIIEPUMEHTAIbLHBIE JaHHBIE.
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Ha puc. 1 noka3zana xapaktepHas 3aBUCUMOCTb CIIBUTOBOI BA3KOCTH OT 00bEM-
HOM J10J1M, MOJTYYEHHAsi BO MHOTHUX YKCIEPUMEHTAIBHBIX pad0TaX U KOMITbIOTEPHBIX
cumyJisusx [8, 9].

B paznbix paboTax paccMaTpuUBaIMCh pa3IMYHbIC 3HAYEHUS OOBEMHOW IO
MaKCUMAJIbHOM YMaKOBKHM CepuyecKuX yacTull. 3BeCTHO, YTO CIydailHOM yIaKoB-
Ke cep COOTBETCTBYET 3HaYeHue ¢, = 0.49, crexnoanmio ¢, = 0.58, nmoTHOM
CITy4aiHOHM yNMakoBKE (., = 0.64, IIOTHON yNakoBKe paBHBIX chep ¢, = 0.74.
Takum o6pazom, ¢, SBISETCS MOJATOHOYHBIMH MApaMeTPOM B JIAaHHBIX (hopmyrax.
bruto ycranosneno [10] 4to, ecnu npeacTaBuTh 3HAYEHUS U3MEPEHHUS BI3KOCTHU B pa-
3IMYHBIX CYCIIEH3USIX OT mapameTpa ¢/d,,, TO OHU pacIoiaraloTcs MPaKTHISCKA Ha
OJIHOM JIMHHUH, KOTOpasi COOTBETCTBYET hopmyre (1).

XapakTep 3aBUCUMOCTH CIIBUTOBOM BS3KOCTH CYCIIEH3UU TBEPABIX CHEPUUECKUX
4acTHI] B HauboJiee NIMPOKOM MHTEpBaJie U3MEHEHUS! 0OBEMHOM JOJU OMKHCHIBACTCS
BbIpakeHueM (1), oJlHaKO HEIOCTATKOM ATOUM (pOpMyJIbI SABJISETCS €€ HEeCOrjacoBaH-
HOCTb ¢ popMyJioi DMHIITEHHA

M, =L =1+2.5¢ 3)
Mo
MIpU MaNbIX 3HA4YeHUSAX ¢. BripakeHue (2) MEHEE TOYHO ONMHUCHIBACT IKCIIEPUMEH-
TaJbHBIC JaHHBIC, OJHAKO corjacyercs ¢ Gopmyioil DifHiTelHa B Tipenenie 6ecKo-
HEYHO pa30aBiieHHbIX cycrnieH3uid. O6e 3Tu opMyJibl UMEIOT OJIMHAKOBYIO CTPYKTY-
py, oqHaKo B (2) [n] siBiIsieTcs MOATOHOYHBIM MTapaMeTpOM, TIPOU3BEICHUE KOTOPOTO
Ha ¢, MOXET OBITh PABHO 2, UTO COOTBETCTBYET opmyse (1). Ecnu nonoxurs, 4to
&, = 0.64, 10 [n] = 3.1 uro ommMyaercs oT Kiaaccuueckoro 2.5. s ¢, = 0.74
3HadyeHue [1n] = 2.7, 4To o4eHb OJIM3KO K SMHINTEHHOBCKON KOHCTaHTe. Takum oOpa-
30M, B JajbHEMIIeM OyaeM IMOJIb30BaThCsl BhIpakeHHeM (1) B KayecTBE AMIIMpUYE-
CKOM (hOpPMYJTBI HAMITYUYIITUM 00pa30M OMUCKHIBAIOIIEH HKCIIEPUMEHTAILHBIC JIAHHBIE.
PaccmoTpum ganee uMerommecs TEOPETUIECKUE MOJEIN BSI3KOCTH Ha Pa3IMYHbIX
WHTEpBajax U3MEHEHUs: 00bEMHOM JI0JIM TBEPAOH (Da3bl.

2. beckoHeuHo pa30aBjeHHbIe cycneH3MU. B ciydae 6eckoHeYHO pa3daBiieH-
HBIX CYCIICH3UW MPEAIOJIAraeTcsi, YTO B3BEIIEHHBIE YACTHUIbI HE B3aUMOJCHCTBYIOT
MexIy coOoi. BriepBbie 3TOT citydail OpUT paccMOTpeH DuHITeHoM [11], KoTOpHIit
MOTY4Ynsl BeIpakeHue (3) g BSI3KOCTH CYCIEH3UM TBEPJBIX CPEPUUYECKUX YaCTHII.
Nwm Oblmu ucnonb3oBaHbl ypaBHeHUus: CTokca Juisl ABMKEHUS cepbl U MPU MOMOIIU
COOOpa)KeHU O AMCCUIALUKM SHEPTUU TOJIYYEHO BBIPAKEHHUE, KOTOpOE B JaJIbHEH-
meM ObLJIO MPUHSTO KJIACCUYECKUM MPEACIbHBIM CIydaeM, Korja 3Ha4eHUs 00bheM-
HOW JI0JIM CTPEMSATCS K HYNI0. B manbHeniiem, HeCMOTpsl Ha KpUTHKY [12], 3TO BBI-
paXEHUE CUMTAJIOCh TOYHBIM B MOJABISIOIIEM KOJMYECTBE padOT MO MOAEIUPOBA-
HUIO CIBUTOBOM BSI3KOCTHU CYCIIEH3MM C(heprUUeCKUX YaCTHll, & MHOTIa U HAMHOTO 00-
JIe€ CI0KHBIX CUCTEM.

B 3aBucumoctu or 000py/I0OBaHUS U TEXHUKUA MPOBEACHUS SKCIEPUMEHTa TOY-
HOCTh HW3MEPEHUN CIBUTOBOW BSI3KOCTH cycmneH3uu aocturaer 2-3% [3]. Omnpene-
JIUM, Ha KaKOM PACCTOSIHUU 7, OT LIEHTPa YAaCTHUIbl KBAJAPAT BO3MYIIECHUS IOJs CKO-
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poctu OyAeT oTMuaTbesa OT ucxomaHoro Ha 3% (puc. 1). Pemenue 3amaun Crokca B
chepudecKkoil cucTeMe KOOpAMHAT JIJisl ABUKYIIEHCS cepbl UMEET BUT

1 3a o’
v, =—ucost| ———|,
2 ror
1 . a a
Vo =——usinf| —+—- |,
4 roor

rac a — paagnyc 4aCTuiibl, U — CKOPOCTh ABMXKCHHUA YaCTHLBI. HpeHe6pera51 YJICHaAMH

BBICIIIUX TTOPSIIKOB, TTOTYYHUM
2 2
V‘ 9(a )
——~—| — | (3cos°0—1).
u> 16 ( r j ( )

B HaIlpaBJICHUU IBMKCHHUA YaCTHUIIbI (0 = 0) JOJIDKHO BBITIOJIHATBCA CIICAYIOIICC
2

a
paBeHcTBO —| — | =0.03, oTkyna r, = 6.1a. Takum 06pa3om, IIpu MMOCTPOCHUU BSI3-
v

KOCTU cycrneH3ud 3¢ddexTaMu THAPOAUHAMHYECKOTO B3aUMOJICHCTBUS MOXHO Tpe-
HeOpeub B TOM cllydae, KOTJia cpeHee MeXYaCTUYHOE PACCTOsTHUE B MIECTh pa3 mpe-
BBIIIAET PAJIMyC YacCTULbl. TakoMy CpeaHEMY MEKYACTHYHOMY PACCTOSIHUIO COOT-
BETCTBYIOT 3HaueHusa o0beMHOU o ¢ ~ 0.01. O6b1yHO MoJyaratot, yto Gopmyia
OlHIITeNHHA TpuMeHnMa JiIs 3HadeHuid ¢ ~ 0.1. OgHako BbIIIENPUBEACHHAS OL[EHKA
MOKAa3bIBACT, YTO MPU MOJAOOHBIX 3HAYEHUSX 00BEMHOM JOJIM YK€ HEOOXOJIUMO YUH-
TBIBATh TUAPOJUHAMUYECKOE B3aUMOJICHCTBUE YACTHI], T.€. CTPOrO TOBOPSI, UCIOJIb-
30BaHus GopMyIibl (3) He 000CHOBAHO.

C npyroit ctoponsl npu ¢ = 0.01 morpemHocTs U3MEPEHUs BI3KOCTH HE MO3BO-
JSIET TOJIyYUTh TOYHOI'O 3HAYEHHUS XapaKTECPUCTHUCCKOM BSI3KOCTH [1)], KOTOpas sB-
JISI€TCSl TAHTEHCOM YIJla HaKJIOHA JIMHEHHOM 3aBUCMMOCTH B HyJe. Ha puc. 3 mpuse-
JICHBI TPU MPSAMbIE, YTIIOBbIE KOADPUIIMEHTHI KOTOPHIX COOTBETCTBEHHO PaBHHI 2, 2.5
u 3.1. BugHo, 4To cAenaTh 3aKJIIOYEHUE O PABEHCTBE XapaKTEPUCTUUECKON BSI3KOCTH
SUHIITEHHOBCKOMY 3Ha4YeHHUIO 2.5 ObLIO ObI HE BepHO. boiiee Toro, cama mMojielns cyc-
MEH3UM TBEPJBIX CHEPUUECKUX YACTHI] HE MPETECHYeT Ha CTOJb TOYHOE OMHCAHHE
CYCII€H3UU PealbHbIX YACTHII.

3. Iloaypa3ztaBiieHHbIe cycnieH3uH. /i1 nomypa30aBiIeHHbIX CyCIEH3UN 3HaYe-
HUS 00BEMHOM 10 HaxoAsaTcs B mHTepBasie ¢ < 0.25 [13]. B aT0it o6macTu 3Haqe-
HUN ¢pHEOOXOJUMO YUYUTHIBATh TMAPOJAMHAMUYECKUE B3auMojeicTBus. B3aumoneii-
CTBUSA MEXIYy IBYMs YacTHI[aMU ObLIM paccMoTpeHbl beruenopom [14], mexnay Tpe-
Mst Yuxorkum [15]. TlonoOGHbIe BEIYMCIEHUS IPUBOAT K BEIPAXKEHUIO BUIA

N, =1+Bo+ B, +B,p’ +... (4)
rae o0pruHo nosaratot By = 2.5. Jlnsa koaddunuenta B, B pa3nuyHbIx paboTax Obl-
JM TIOJIyYeHbl 3HaYeHus B npenenax 5.2 < B, < 14.1. 3nauenue B; = 9.1 [15]. U3
puc. 4 BUIHO, 4TO HauboJiee TOUHO MOJYyYEHHOE 3HaueHue B, = 6.2 gaet BO3MOX-
HOCTb IOJIyUYUTh COIJIACHE C SKCIIEPUMEHTOM 0 3HaueHuid ¢ < 0.15. OxgHako, eciau
HCIIOJIL30BaTh MOJydeHHoe B padote [12] 3nauenue B, = 14.1, To ynaercs 1oOUThCS

54



dizuka aepoaucnepcHux cucrem. — 2020. — Ne 58. — C.51-59

1.4

L3r 1

nr 2

0oz 0m4 006 0G8 01 077005 01 015 02 025 03 035 04 045 05
¢ ¢
Puc. 3. Ilpu cromp MmanpIx 3HadeHUsX  Puc 4. 3aBUCHMOCTH BS3KOCTH OT OOBEM-
¢ ~ 0.01, mosy4uTh TOYHOE 3HAUYCHUHM yr- HOW JOJU: | — DKCIEpUMEHTalIbHAs 3aBU-
Ja HaKJIOHA NpsIMOM He mpeactaBisercs cumocth (1); 2 — Bolpaxenue (4) c
BO3MOKHEIM: 1 — [n] = 3.1; 2 —[n] = 2.5; B, = 14.1; 3 — Bepaxenue (4) ¢ B, = 5.2.
3-[n] =2

cooTBeTCTBUS 10 3HaueHnd ¢ < 0.25. Takum oOpazom, cyIiecTBYyrOMIIas TEOpuUs
JABYX M TPEX YAaCTHUUHBIX THUAPOAMHAMHUYECKUX B3aUMOJICHCTBUI MO3BOJISIET a/1€KBaT-
HO ONMCAaTh SKCIEPUMEHTAJIbHYIO 3aBUCUMOCTb BA3KOCTH CYCIIEH3UH OT OOBEMHOM
J0JIM YacTHULl.

4. KoHueHTpupoBaHHble cycneH3nu. [lonnHomuansueie popMyibl Buaa (4) He
MOTYT aJIEKBaTHO OMKCATh PEaJbHYIO0 3aBUCUMOCTb BA3KOCTU OT 0OBEMHOM JI0JIH, TaK
KaK OHU NPEACKa3bIBAIOT KOHEUHBIE 3HAYCHUS BSA3KOCTU NpU ¢ — ¢,,,. Hanbomnwiee
BO3MOKHOE 3HAY€HHE OOBEMHOM JOJIM COOTBETCTBYET IUIOTHOM YIAKOBKE PaBHBIX
cdep, mpu koropoM ¢ = 0.74 (3HaUeHHUE BA3KOCTH paBHO OeckoHeyHOCTH). OJTHAKO
MaKCUMaJbHOE 3HaY€HHE O0OBEMHOM J0JM YaCTHULl CyCIIEH3UM HaMHOro MeHsle. Ec-
JIM CYCTICH3USI MOJICTIUPYETCS KaK JKUJKasl Cpe/ia ¢ paCTBOPCHHBIMU B HEM KECTKUMU
YacTULIAMH, TO ¢, TOKHO COOTBETCTBOBATH CIyYallHOW yIakoBKe TBEPABIX cdhep
¢m = 0.49. IIpu GonbIIMX 3HAYEHUSIX O0OBEMHOM JOJIM CycrneH3us OO0JbIlIe MOX0XKa
Ha TIPOCTYIO KHUJKOCTh CO CMa3KON MEXAY YaCTUIAMH U TUAPOAMHAMUYECKUE MPEI-
CTaBJICHUS B JAHHOM CTy4ae HE IPUMEHUMBI.

Jlnis MonenupoBaHus Bsi3KocTH B obnacti udmenenus 0.25 < ¢ < 0.49 ucnomnb-
3YIOT siueeuHble Mojienu. Hanbomnee n3BecTHHI 1Be U3 HUX, 3T0 MoAen Cumxu [16] u
Xarmmens [17]. Ilonaraetrcsi, 4To BCsl CycleH3us pa3OuTa Ha SIUEHUKH, B IEHTPE Kax-
JI0OM M3 KOTOPBIX HaxoAuTcs chepuyeckas yactuna. [uapoauHamuueckas 3agada
CTaBUTCA JIJISl OTHOU STUEUKH, TIPU 3TOM BIIMSHHUE OCTAJBHBIX siU€eK 00YCIIOBIECHO BbI-
OOpOM TpaHUYHBIX YCJIOBHI Ha BHEIIHEW MOBEpXHOCTU sueiiku. B monenu Cumxu
BO3MYILEHUE NOJISI CKOPOCTEN Ha TPAHUIE SYECUKHA paBHO HYJIO. B Momenu Xanmens
BO3MYIIICHUE TEH30pa HAMPSHKECHUN HA TPaHUIE SYCUKU PAaBHO HYJIIO.

3
o a
Bo Bcex siueeuHBIX MOACIAX BO3HHUKACT BAKHBIM ITAPAMCTP l/) = (E) , TAC R —

paanyc sYEMKH, KOTOPBIA CBSI3aH C AKCIIEPUMEHTAIBHO M3MEpPSeMOl 00BEMHOM A0-
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aei, a — paauyc dyactuipl. CylmecTByeT HECKOJIbKO BapUAaHTOB BbIOOpA 3aBUCUMOCTH
Y = Y(¢). B 6onpmaCcTBE paboTa moyaraercs
Y= )

OpHako Tak Kak SYEUKH MMEIOT chepuyeckyro GopMmy TO, B 3TOM cCiydae, HeE
YUYUTHIBAETCSI 00JIaCTh, 3aHUMAaeMas KUJKOCThI0O Mexay suelikamu. [lomydnm Gosee
000CHOBaHHYIO C T'€OMETPUYECKON TOUKH 3pEHUS 3aBUCHMOCTb pajuyca SYEHKH OT
00BbEMHOM J0JH.

Bo-nepBbIX, TaK Kak )KUJIKOCTh SBJISETCS HEYNOPSAOUYEHHOW CUCTEMOW, TO MaK-
CUMaJbHOE 3HAYeHUE OOBEMHOM JO0JU JOHKHO OBITh PABHO 3HAYEHHIO MPH CIIydaii-
HOI ymakoBKe paBHBIX c(ep. Bo-BTOpBIX, Npu 11000 KOHIIEHTPALUUA YacTHI] CycC-
MIEH3UHU B ONPEJIETICHHOM €€ 00beMe HaXOJUTCA CTOJBKO K€ SYEEeK, CKOJIbKO U Yac-
TUL, IPU 3TOM cepruecKHue sTUeHKH BCErJa 3aHUMAIOT JIOJII0 BCEro o0bema, COoOT-
BETCTBYIOIYIO CIy4alHON YIAKOBKE, T.€. ¢, = 0.49. Takum o0paszom, mosydum

CIEAYIONIEE BEIPAXKEHUE
Ve _
7 - ¢rcp
rae V — obbem Bcelt cycniensuu, V. — 00beM, 3aHUMaeMblii BCEMHU siUeKaMu. Y4u-
TBIBasi, UTO

Vep
7

rae Vi, — 00beM, 3aHMMaeMbIi BCEMH YaCTHI[AMH, TTOJTyYHM:
3

p=pg Ty L e
Vi rcp nv, rep — p3 Yrep repo
n-— KOHHeHTpaHI/IH YaCTHII. HOqueHHaﬂ HOBAasga 3aBUCUMOCTH

P =2 6)

¢rcp
00J1a/1a€T TEM CBOMCTBOM, YTO (b, MOSBIAECTCSA B AYCEUHOM MOJENM HE Kak Iapa-
METp, a KaK CJICICTBUE T€OMETPUU pacCMaTpUBAEMON CUCTEMBI. B Ipyrux mMonensx u
sMIupuueckux Gopmyrnax Buaa (2) 3Ta BeIMUYMHA SBISIACH MOJTOHOYHBIM MTapaMeT-
poMm.

Ha puc. 5 npuBeneHsl pe3ynbTaThl sSsUY€€YHBIX Mojened CuMxu u Xammens B
MIPEANOIOKEHUN PA3IMYHBIX BHIOOPOB BHYTpEeHHETO napameTpa . [lpu BeiOOpe 3a-
BUCUMOCTH (5) pe3yJbTaThl 00X MOJEICH KOJUYECTBEHHO HE COTJIACYIOTCSI C DKC-
MepUMEHTaIbHBIMU AaHHbIMU. [Ipyn 3TOM Hambosiee 4acTo HCMOJb3yemasi MOJEIb
CumMX¥ IPUBOJUT K 3aBBIIICHHBIM PE3yJibTaTaM U JaKe KaueCTBEHHO HE COIIacyeTcs
C DKCIIEpUMEHTAIBHBIMU JaHHBIMU. Eciu ke BbIOpaTh OoJiee aJeKBaTHYIO C TEOMET-
PUYECKOM TOYKU 3PEHUSI 3aBUCUMOCTD (6), TO U3 pUC. 5 BUIHO, UTO JaHHBIE MOJIEIHU
HE B COCTOSIHUM OINUCATh MOBEJICHUE CABUTOBOM BS3KOCTH KOHIIEHTPUPOBAHHBIX CYC-
MEH3UI J1a)Ke HAa KAYeCTBEHHOM ypoBHE. Ha Hamr B3misig 3TO SIBISIETCS CIIEICTBUEM
TOTO, YTO BHIOPAHHBIN TUI MOCTYNATEIHHOTO JBM)KCHHS YaCTUIIBI B 00€MX MOJEIISAX
HE MOXET aJIeKBATHO ONUCATh TUAPOJIUHAMUYECKHUE MTOTOKH, IPUCYTCTBYIOLIUE B pe-
aJbHBIX CYCIICH3USIX.

IIpu 0.49 < ¢ < 0.64, xorga NpeBbIIEH MpEAEea CIy4YalHOW YINaKOBKH TBEp-
IbIX c(ep, CYCIEeH3UI0 HEJb3sl OMUCHIBATh MPU MOMOIIM THIPOIUHAMUYECKUX MOJIe-
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[y
A

10

r

Puc. 5. 3aBucumocTtbh BA3KOCTH OT 00beMHOM nonu: 1 coorBercByeT popmyna (1);
2 — ¢popmyna Cumxu npu 3aBucuMocTH (5); 3 — popmyna Xamnmens npu 3aBUCUMO-
cti (5); 4 — popmyna Cumxu npu 3aBUCUMOCTH (6); 5 — popmyna Xarmnrmens mpH 3a-
BrcuMOCTH (6).

Je#, T.K. THAPOJINHAMUYECKUE MOTOKH KHUAKOCTH MEXIY YaCTUIAMU U TPAaHUYHBIC
YCIIOBUSI HE OKA3bIBAIOT CYIIECTBEHHOTO BIMSHUS HAa BA3KOCTH CYCIIEH3WH. JTO MO~
TBEPIKIIAETCS TeM, U4TO (popmMa SKCIIEPUMEHTAIHFHO MOJyYeHHOW 3aBHCHMOCTH BSI3KO-
CTH OT OOBEMHOM JI0JIM B JAHHOM CIIy4ae Mo 00Ha 3aBUCUMOCTH JIJIsl TPOCTHIX JKUJI-
KocTeil. MexxyacTuyHasi KHUAKOCTh UTPaeT POJb CMA3KH, YTO OTIMYAET KOHIICHTPH-
pPOBaHHBIE CYCIEH3UHM OT I'paHyJMpOBaHHBIX cpefl. CienoBarenbHO, TPEOYIOTCS HO-
BbI€ TEOPETUYECKUE MOJIENHN JIsl ONUCAHUSI TOAOOHBIX CUCTEM.

Taxum 00pa3zoM, CyIlIEeCTBYIOIIME MOJEIN CABUTOBOI BSI3KOCTH KOHLIEHTPUPO-
BaHHOI CyCIIEH3MHM HE B COCTOSIHUM aJIEKBATHO OINMCATh 3KCIEPUMEHTAJIbHBIE JaH-
Hble Ha Bcell oOnacTu u3MeHeHUs oObeMHOU nonu. Ecau ke BpIOpaTh mapametp i
SYEeUHBIX MOJIEJIel COTJIaCHO €€ 'eOMETPUH, TO IKCIEPUMEHTAIBHO MOJy4yeHHas 3a-
BUCHUMOCTH 7](¢)) HE BOCIIPOU3BOIAUTCS JaKe Ha KaYECTBEHHOM ypOBHE.

BoiBoabl. CyliecTByronye 3KCIepUMEHTAIbHbIE padOThl MO MOJEIUPOBAHUIO
MOBE/ICHUS CYCIIEH3UU TBEPABIX CPEPUUYECKUX YaCTHUI[ MOKA3BIBAIOT HE IMOJIHYIO CO-
IJIACOBAHHOCTH IMOJIYYEHHBIX JAHHBIX. TO OOBICHSIETCS TEM, YTO UCKIIIOUUTh IIOCTO-
poHHHE (AKTOPbI, OKa3bIBAIOIINE BIMSHHE Ha BA3KOCTh CYCHEH3UHM JOCTATOYHO
cinoxkHO. OJTHAKO BHJI 3aBUCUMOCTH CIIBUTOBOM BSI3KOCTH CYCHEH3MH OT OOBEMHOM
JI0JIM YacTHI] HanOoJee MpUOIMKEeH K BeIpaxeHuto (1).

[TokazaHno, 4To 00JaCTh TPUMEHUMOCTH MOJIEIN DUHINTEHHA CABUTOBOM BS3KO-
CTU OECKOHEYHO pa3z0aBJICHHOM CYCHEH3MM HAMHOTO 0oJiee y3Kasi, YeM CUUTAJIOCh
npexnae. Takum oOpa3zoM, MpoBepKa aAeKBATHOCTU (POpMyJibl DUHIITEITHA TPUBOAUT
K 3HAYUTEJIbHBIM TEXHUYECKUM CIIOKHOCTSIM.

JUts onMcaHusl MOBEACHUS CIABUIOBOM BA3KOCTH KOHLIEHTPUPOBAHHBIX KOJUIO-
UIHBIX CUCTEM IIMPOKO HCIOIB3YIOT sSiueeuHble Mojenu. [lpu 3ToM 3a OCHOBY BBIOH-
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paroT OJIHY M3 JBYX SUEEUYHBIX MOJEJEH, OMHUCHIBAIOIINX CYCIEH3UIO TBEPIBIX ce-
puudeckux yactuil. [Tokazano, uto 1) camu 3TH MOJIENN HE BIOJHE a/I€KBATHO OIHCHI-
BalOT 3KCIEPUMEHTANIbHbBIE JaHHBIE; 2) BBIOOP BHYTPEHHErO IapaMeTpa B 000UX Mo-
JIEJISIX HE COorjlacyercs ¢ T€OMETpUEN CUCTEMBI; 3) eciau BhIOpaTh BHYTPEHHUN Mapa-
METP CHCTEMBI aJICKBATHO I'€OMETPUH, TO PE3yIbTaThl HE COIVIACYIOTCS C JKCIEpU-
MEHTAJIIBHBIMH JAaHHBIMU JaXKE HA KAYECTBEHHOM YPOBHE.

11.
12.

13.

14.

15.

16.
17.
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Orlov E.V.
Shear viscosity of hard sphere suspensions

SUMMARY

The dependence of the shear viscosity of spherical particles suspension on the volume frac-
tion is analyzed. Existing experimental works on modeling the behavior of a suspension of
solid spherical particles show incomplete agreement between the data obtained. This is be-
cause it is quite difficult to exclude various factors that affect the viscosity of the suspension.
1t is rather difficult to obtain particles which shape is closest to spherical. Eliminating all
types of interactions inherent in colloidal systems is also a difficult task. However, it can be
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assumed that the form of the dependence of the shear viscosity of the suspension on the vol-
ume fraction of particles has a certain shape typical of a suspension of hard spheres.

The entire range of volume fraction changes from 0 to 0.64 is considered. An estimate of
the region of variation in the volume fraction of the dispersed phase is proposed, at which hy-
drodynamic interactions can be ignored. It is shown that the range of applicability of the Ein-
stein model of shear viscosity of an infinitely diluted suspension is much narrower than previ-
ously thought. Thus, checking the adequacy of the Einstein formula leads to significant tech-
nical difficulties.

Cell models are widely used to describe the shear viscosity behavior of concentrated col-
loidal systems. In this case, one of two cell models describing a suspension of solid spherical
particles is selected as the basis. A relationship between the volume fraction of suspension
particles and the internal parameter of cell models, which characterizes the degree of
interparticle hydrodynamic interaction, is obtained. It was shown that 1) these models them-
selves do not adequately describe the experimental data; 2) the choice of the internal parame-
ter in both models is not consistent with the geometry of the system; 3) if we choose the inter-
nal parameter of the system adequately to the geometry, then the results do not agree with the
experimental data even at a qualitative level.

Key words: shear viscosity, suspension, volume fraction of particles.

Opnoes E.B.
3cyBHa B’SI3KiCTh cycneH3ii TBepaux cpepruyHUX YaCTHHOK

AHOTALIIA

IIposedenuti ananis 3anesxcnocmi 3¢y8HOI 8'a3Kocmi cycnensii ciheputHux 4acmuHox 8io ix
00'emnoi doni. Icuyroui excnepumenmanvui pobomu no MoOen08aHHI0 NOBEOIHKU CYCNeH3il
meepoux chepuyHux 4acmuHoK NOKA3YIOmsb He NOBHY Y3200HCEHICMb OMPUMAHUX OAHUX MIdIC
cobor. Lle noacuroemvbcss mum, wo GUKIIOYUMU PI3HI YUHHUKU, WO pOOIAMb 6NIUE HA 8'A3-
Kicmb cycneH3ii documu ckiaono. Ompumamu YacmutKy, Gopma aKux Haubinbuw HabauxiceHa
00 cghepuunoi documo sadxicko. Buxnrouumu 6ci 6uou 83aeMO00ill 61ACMUB] KOJOIOHUM cucme-
MAM MAKONHC € CKIAOHUM 3a80aHHAM. IIpome modcHa esasxicamu, wo 6u2ia0 3a1eHCHOCMI 3Cy-
8HOI 8'a3K0Ccmi cycnensii 8i0 00'eMHOI 001 yacmuHOK Mae nesHy hopmy, xapakxmepmy Os cy-
CNeH3ii meepoux CcQhepuyHuUx YacCmMuHOK MidC AKUMU ICHYIOMb Julie 2i0pOOUHAMIYHI 83AEMO-
0ii.

Poszenanymuii 6eco inmepean 3minu 06'emnoi 0oni 6io 0 oo 0.64. 3anpononosana oyinka
obnacmi 3minu 00'emHOT doni ducnepcHoi gaszu, npu KU MONCHA He 8PAxX08y8amu 2iopoou-
Hamiuni 63aemodii. Ilokazano, wo obnacms 3acmocysanus mooeni AuHwmaiina 3cy8Hoi 6's13-
Kocmi HeCKiHueHHO po30asiieHoi cycneH3ii Habazamo 8ydicua, Hidc esadicanocs paviue. Takum
yuHoOM, nepesipka adexgamuocmi hopmyau AuHwmarina npueooums 00 3HAYHUX MEXHIYHUX
CKIIAOHOWIB.

s onucy nogedinku 3cy8HOI 8's13k0Cmi KOHYEHMPOBAHUX KOJIOIOHUX CUCTNEM UWUPOKO BU-
KOpUCMOo8YIomsb KOMIpKosi moodeni. IIpu ybomy 3a 0cHOBY 8UbOUpaoms 00HY 3 080X KOMIPKO-
8ux mMooeneu, Wo ONUCYIOMb CYCNEeH3II0 Mmeepoux cghepuunux yacmunox. B pobomi ompuma-
HUL 38'30K MidC 00'€MHOI0 00J1e10 YACMUHOK CYCNeH3ii i 6HympiuHiM napamempom KOMIpKo-
8UX MOOelell, AKUU XapaKkmepusye Mipy Midcuacmko8oi 2iopoounamiunoi é3acmodii. Ilokasza-
Ho, wo 1) cami yi mooeni He YINIKOM a0eK8amHoO ONUCYIOMb eKChepUMeHmanvui 0awi;, 2) eudip
BHYMPIWHBLO2O NAPAMEMPAa 8 000X MOOENAX He Y3200HCYEMbCA 3 2eomempicto cucmemu, 3)
AKWO eUOpamu GHYMpIWHIL napamemp cUCmeMu ad0eK8amHo 2eoMempii, mo pe3yibmamu He
V320021CYIOMbCAL 3 eKCNEPUMEHMATbHUMU OAHUMU HABIMb HA SKICHOMY DIGHI.

Knrouosi cnosa: 3cysna 8'sa3kicmn, cycnemnsis, 00'eMHa yacmrka YacmuHoK.
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HuskoremnepaTtypHbie HCTIAPUTEIbHbIC BO31YX00XJIAUTEJIH HA OCHOBE
TEIIOMACO00OMEHHBIX ANMNAPATOB C MOJABUKHBIM TPeX(a3HbIM HACATOYHBIM
cJj10eM

Lenv uccneoosanusi cocmoum 6 pazpabomke CXeMHbIX peuleHutl 0si AlbMePHAMUGHbIX
cucmem KOHOUYUOHUPOBAHUSL 8030VXA, OCHOBAHHBIX HA UCNONb308AHUU HU3KOMEMNEpamyp-
HbIX 8030yX00XAAdUmMenel. Asmopamu pazpabomarvl NPUHYUNUATbHBLE CXEMHbLE DeuleHUs]
MaKkux 8030YX00XAa0umeneti o CHUNICEHHbIM NPeOesioM UCNAPUMENbHO20 OXAAHCOeHUs CPed
om memnepamypvbl MOKpO20 mepmMomMempa NOCmynanuie2o Ha oOX1aicoeHue 030YuHO20 no-
moKka 00 memnepamypuvl mMouKku pocwvl. Bozoyxooxnadumenu pazpabomanvl 8 pazoeivHoM u
COBMEUIEHHOM BaAPUAHMAX KOMHOHOBKU. TIpu 5mom ucnonv3068ansl menio - MaccooOMenHble
annapamul ¢ NOOBUNCHOU NCEBOVONCUNCEHHOU HACAOKOU «2A3-HCUOKOCMb-MEEPOoe Meoy,
KaK NnepcnekmusHoe HAnpagieHue pazeumus meniomaccooomennou annapamypuol (TMA),
obecneuugarouee YCMoOU4UYIO IKCHLYAMAYUIO 8 IKCMPEMATbHLIX YCI08UAX, 20€ CYUecmas)-
em ONACHOCMb 3a2PA3HEeHULL U OMIoNCeHUll Ha pabouux nogepxnocmsax TMA, unmencuguka-
YU npoyecco8 menio-macoooMeHa, pocm HAazpy30K U 8bICOKYI0 PABHOMEPHOCHb pachnpede-
JIeHUsL KOHMAKMUupylowux nomokos 2asa u JHcuokocmu 8 obveme nacadounou uacmu TMA,
0COOEHHO 02151 peanu3ayuu nPoYeccos 8 UCNAPUMenbHbIX 8030YX00XAAOUMENSAX C pA3MeeHU-
emM Menio0OMEeHHUKA HEeNOCPEOCMBEHHO 6 00bemMe HACAOKU. DKCNEPUMEHMANbHOE UCCAE00-
8aHUe NO360IUNU YCIMAHOBUMb NPEONOUMUMENbHDIL O Peanu3ayuu npoyeccos meniomac-
Cco0bMeHa 8 clloe NOOBUIICHOU HACAOKU OUANA30H 3HAYeHUll d¢hHexmueHol NI10MHOCMU HACA-
OO0UHBIX IIEMEHMO8, OMAULAIOWULICA YCIOUYUBOCIBIO U 20MO2EHHOCMbIO HACAOOYHO20 CII0S,
WUPOKUM PAOOYUM YUACMKOM NO CKOPOCMU 2A308020 NOMOKA U NPUEMIEMbIMU 3HAYEHUAMU
VHOCA HCUOKOCMU NPU CPABHUMENLHO HEOOIbUIOU OUHAMUYECKOU 8bICOMOLL C0s. Bvinoiner,
HA OCHOBAHUU NOJIYYEHHBIX IKCNEPUMEHMATbHBIX OAHHBIX, CPAGHUMENbHbII AHAIU3 CUCTEM
KOHOUYUOHUPOBAHUSL 8030YXA HA OCHOBE HU3KOMEMNEPAMYPHO2O UCNAPUMETbHO20 8030YX0-
oxnaoumens - uunnepa. Paspabomanmnvie pewienus no3eonsitom pacuupums 001acmes npax-
MUYECKO20 UCNONb308AHUSL MEMOO08 UCNAPUMETLHO20 OXIANCOEHUs, Hanpumep, obecnedums
napamempvl KOM@POPMHOCMU 8030yXad 8 CUcmeme KOHOUYUOHUPOBAHUSL Oe3 NpusieyeHus
MPAOUYUOHHOU NAPOKOMAPECCUOHHOU MEXHUKY, d MAaKdHce YIYYUUmMb OCHOBHble IKO-
9Hepeemu4ecKue XapaKkmepucmuku paspadamvléaemblx CUCMEM.

Knwouesvie cnosa: HuzkxomemnepamypHvle ucnapumenbHvle 8030YX00XAAOUMENU, UCNA-
PUMETbHOE OXANCOEHUE, PENCUMBL NCEBOOONCUNCEHUSL, MENTOMACCOOOMEH, NPEOebl OXNAIC-
OeHus

BBenenne. MlHTepec K BO3MOXKHOCTSIM HCIIAPUTEIIBHOTO OXJIAXAECHUS Cpel B
MOCJICTHAE TOJbl HEYKJIOHHO BO3PacTaeT, 4TO OOYCJIOBJIEHO WX MajbIM HEPIoOIo-
TpeOJICHUEM U IKOJOTHYEeCKON yucToToi [1-26]. lllupokoe mpakTudyeckoe mpuMeHe-
HUE HaxoAsaT ucnaputenbHbie oxyanutenu (MO) nenmpsimoro tuna HMO (indirect

DOI: http://dx.doi.org/10.18524/0367-1631.2020.58.206197
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evaporative cooling, [EC). B03MOXXHOCTH Takux OXJaJWTENEH IO JOCTUTAEMOMY
TEMIIEPATYPHOMY YPOBHIO OXJIAXKACHUSI OTPAHUYEHBI TEMIIEPATYPOU HAPYKHOT'O BO3-
ayXa [0 MOKPOMY TEPMOMETPY ty, SBIISIOLIEHCS €CTECTBEHHBIM IIPEIEIIOM OXJIaXIe-
HUSI; UX 3(PPEKTUBHOCTH CYIIECTBEHHO 3aBUCUT OT MECTHBIX KIMMATUUECKUX YCJIO-
Bull [1-11]. 3HaunTeNbHBIA UHTEPEC B MOCIEIHUE TOAbI BbI3bIBAIOT IO CO CHUXKEH-
HBIM TIPENEIIOM HCIApPUTEIBHOIO oxXyaxkaeHus cpen [12-26]. CHuxeHue temiepa-
TYPHOTO YPOBHS OXJIQXJIEHUsI 00ecreunBaeT U o01lee YMEHbIICHUE KOJIUYECTBa BO-
Ibl, ucroib3zyeMor B MO, 4To 111 COBPEMEHHBIX SHEPIrETHUYECKUX CUCTEM O3HAYAET
pearbHOE YMEHBIIICHUE KOJUYECTBA BOJBI, TpeOyeMoe JJisi KOMIICHCAIlUU MOTEPh Ha
HCTIapEHUe.

1. HuskoremnepaTrypHble MCIAPUTEIbHbIE BO3XYX00JAAUTE]N HENPAMOro
THIIA CO CHUKEHHBIM IPeIeioM OXJaxKAeHus. B ncnapurenbHOM BO3AyX00XJIa 1~
tene Henpsmoro tuna HUOr (puc. 1, A u b), nonyuuBiiem Haunbosnblliee pacipo-
CTpaHEHUE B MocyieaHue rojsl [1-11], mosHbIA BO3AYIIHBIN TOTOK, MTOCTYIAKOIIAN Ha
oxnaxnaenue 1 (Hapyxubiii Bo3ayx HB) nenutcs Ha aBe yactu. BecnomoraTenbHbi
MOTOK Bo3ayxa (B) mocTymaer B «MOKPYIO» 4acTh OXJIQIUTENs, T/I€ KOHTAKTUPYET C
BOJIOM, pEIIUPKYJIMPYEIIEH uepe3 HacaJKy allrnapara, 00ecreunBas €€ CIapuTesbHOe
OXJIQXJIEHUE, KOTOpas, B CBOIO OuUepe/lb, OXJaxJaeT OCCKOHTAKTHO, 4Yepe3 pasfe-
JSIONIYI0 KaHAJIbl CTEHKY, OCHOBHOM BO3AYHIHBIM MOTOK (O). DTOT MOTOK BO3yXa
OXJIXKJAETCS TIPYU HEM3MEHHOM BJIArocoJiepKaHuHU, 4TO 00eCeUrBaET TPEUMYIIIECT-
Ba npu co3znanuu Ha ocHoBe HUOr cucrem xonauuuonupoBanusi Boznyxa (CKB).
BcerniomorartenbHbIN BO3AYIIHBIN NOTOK BBIHOCUT BCE TEIUIO M3 amlllapara, €ro TeMIIe-
paTypa TakKe MOHMYKAETCsl a BJIarocoiep>kaHue Bo3pacTtaeT. TemmepaTypa BOIbBI B
LHKJIE COXPAHAET HEU3MEHHOE 3HAYEHUE U OKa3bIBACTCS HECKOJBKO BBIIIE TEMIIEpa-
Typbl MOKpOro TepmomeTpa nocrynatomero B HUOr Bo3gyxa. Dra temneparypa 3a-
BUCUT OT COOTHOLUEHHS OCHOBHOI'O M BCIIOMOIaTEJIbHOIO BO3AYIIHBIX IOTOKOB B
HUOTr u sBnsgercs npeaenomM OxXJIakIeHus i1 000X BO3IYIIHBIX MOTOKOB. [Ipenen
OXJIQXKJIEHHUS 3/1eCh OTMPEACIIICTCS KOMIIJICKCOM: t'=f (tMl, 1=Go/Gg, 1'=Gg/ Gx),
1 OJHOBPEMEHHO XapaKTEepU3yeT BO3MOXKHOCTH OOOMX BO3AYIIHBIX MOTOKOB («O» u
«B»). Ha puc. 1 (A u b) npuBeneHbl Kak COBMEILEHHAs, TaK U PA3ACIbHASI CXEMBI
HUOTr. B nepBom citydae BO0-BO3IYIIHBIN TEIMJIO0OOMEHHUK pa3MelIeH HEMOCPEICT-
BEHHO B 00bEME HacaJKu TerioMaccooOMeHHoro amnmnapara TMA. D1o nenaer peiie-
Hre MO KOMIaKkTHBIM, HO YCIIOKHSIET CUCTEMY MOJA4YM W PaclpeAeeHUs] BO3TylI-
HBIX IOTOKOB B HacagoyHou yactu TMA

HcnaputenbHbie BO3AYX00XJIAIUTETH MOTYT OBITh OOBIYHOTO M PEreHepaTUBHO-
ro tunos [1-4, 12-26]. B nocnenuem (puc. 1B u I') paznenenue BO3IyIIHBIX TOTOKOB
OCYIIECTBJISIETCSl HA BBIXOJI€ M3 BOJIO-BO3AYIIHOTO TeriooOMeHHuKa. Hamu ata cxe-
Ma MapkupoBaHa kak HUO-Rr (Bo3mymnsiii unmiep Chg). Ilockonbky Bcromora-
TEJbHBIA BO3AYIIHBIA MOTOK «B)» MOCTynaeT B MCMAPUTENIBHYIO YacTh OXJIAIUTENS
YK€ OXJIAKJICHHBIM IIPU HEM3MEHHOM BIIArOCOJIEP’KAHHUH, €r0 MOTCHIMAT OXJIAXK]Ie-
HUS CYLIECTBEHHO BO3PACTaET U MPEIEN UCIIAPUTEIIBHOTO OXJIAXKICHUS TEOPETUUECKU
CHIDKAETCS IO TEMIIEPATYPhI TOUYKH POCHI HAPY)KHOTO BO3AyXa tp'. OTMETHM, UTO ec-
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CcOoBMeELLlEeHHada cxema pasgenibHaa cxemMma

Puc. 1. [IpunnunuanbHeie cxeMbl (B pa3felbHOM U COBMEIIEHHOM BapHaHTax) BO3MY-
xooxyaaureneil Henpsimoro tuna HUO (A, B) u Bo3ayxooxnaaureneit-umiinepos (B, I')
U OCHOBHBIEC AJIEMEHTHI TEMJIOMAacCOOOMEHHBIX ammapaToB (COBMELIECHHBIM BapHaHT) C
MOJBM)KHOM HACAIKOM C pasMeleHHEeM MHOTOKAaHAJILHOTO TEIJI00OMEHHHKAa B 00beMe
[TH (1, E). O603nauenus npuBeaeHbl B TEKCTE CTaTbU
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mu B HUOr ontumanbHOE COOTHOIIIEHHE BO3AYIIHBIX MOTOKOB | = G / Gp cocTapis-
et npumepHo 1,0 [1-4], To 3a€Ch yke caM MPUHLHIL, IPU PAaBHOM OTHOmEHUu Go U
Gp Ha BBIXOJIE€ M3 anmapara, IPUBOJUT K JBYKPATHOMY CHUKEHUIO COOTHOILICHHS
pPacxo/I0B KOHTaKTUPYIOMUX NOTOKOB (/ = Gy / Gg) B COCETHUX «MOKPBIX» U «CY-
XUX» KaHajax HacaJo4yHOU yactu amnmapara: - G (0XJIaXaaeMOro B «CyXO» 4acTu)
1 G (OTBOAAIIETO TEIJIO B COCEIHMX «MOKPBIX» KaHajaxX). JTO MOBBIIIAET YJEIb-
HBIE DHEPro3aTpaThl HA pealn3annio npouecca, cpaBauresnbHo ¢ HUOT. UHTepec k
BO3MOKHOCTSIM pelieHus no cxeme Chg B MupoBoii nepuoanke o4eHb Benuk [3-4,12-
26], pa3paboTKe U U3y4eHUIO BO3MOKHOCTEH oxianutens Chg mocBAileH psiji maTeH-
TOB ¥ ucciienopanuii B CIIA u psime eBponencKrux CTpaH.

Armnmapatsl ¢ TOABMKHON TiceBIoOKMKeHHON Hacajnkou (ITH) «rasz-kuakocTh-
TBEpJI0€ TEJI0» MEPCIEKTUBHOE HampasieHue pa3sutus TMA, obecneunBaroriee yc-
TOMYMBYIO DKCILUTYaTallMI0 B 3KCTPEMAJIBHBIX YCIOBUSX, II€ CYIIECTBYET OMACHOCTH
3arpsi3HEHMS U OTJIOKEHUN Ha pabounx moBepxHocTax TMA, HHTEeHCUDUKAIINIO
MIPOIIECCOB TEIJIO-MACOOOMEHA, POCT HArpy30K M BBICOKYIO MOIMEPEYHYIO paBHOMEP-
HOCTh [1-2]. OHmM Hambosee mprueMIeMbl I peann3anun mpoieccoB B MO ¢ pa3me-
IIEHUEM TEIJI00OMEHHUKA HEeTocpecTBEHHO B 00beme Hacaaku TMA. Ha puc. 1 (/]
u E) npuBeneHo ocHoBHOe penieHust pazpadoranHbeix aBropamu TMA (Chg) npume-
HUTEJBHO K peaju3aluy NpoLeccoB Termo-MmacooomMena Ha ocHoBe [TH. OOo3Haue-
Hus K puc. 1 (A-I): 1 — UO; 2 — HUOr; 3 — BeHTUIATOp; 4 — TEINIOOOMEHHUK; 5 —
Hacoc; K puc. 1 (I-E): 1 — paGouas kamepa; 2 — TOBOpOTHAs pelIeTKa; 3 —OIBHKHAS
Hacanka [TH (may1s Bo3myxooxnaguTens-yuiepa 3To, o puc. E, — Tem1oo0MeHHHUK Oc-
HOBHOT'O M BCIIOMOTATEJIbHOTO MOTOKOB BO3/lyXa, pacnoyiokeHHbld B cioe [TH u 00-
pasyroluii KaHaibl i noABMxkHOM Hacanku [1H); 5 — pacnpenenutensd xuakoctu; 6
— omnopHo-pacnpenenutenbHas pemerka (OPP); 7 — emkocTh mmst skuakoctu; 8§ — pe-
UUPKYJSLUOHHBIN BOJSHOW KOHTYp; 9 — cemaparop kamnenbHou Biary; 10, 11 u 12 —
noyHbIN (Bxoasmuii B Chg), OCHOBHOUM M BCIOMOTATEIbHBIA BO3YIIHBIE MOTOKH; 13
— MOBOPOTHBIN Auddy30p; 14 u 15 — kaHaBI T/Ka AJI MOTHOTO U BCIIOMOTAaTEILHOTO
BO3JIYIIHBIX TTOTOKOB, COOTBETCTBEHHO (14 — MHOTOKaHabHAs BEPTUKAJIbHAS TLIUTA
TETI000MEHHOTO DJIEMEHTA).

2. DKcnepuMEHTAIbHOE HMCCieI0BAHUE MPOLECCOB HCIAPUTEIBHOI0 0XJIa-
JKIEeHHUsI cpel B HU3KOTEMIIEPATYPHBIX HUCHAPUTEIbHBIX OXJIAUTENAX. JKCIe-
PUMeHTAJIbHOE 000pya0oBaHue. [[puHIMNIabHAS cCXeMa CTeH 1a PUBEICHA Ha PHC.
2. Crenn oOecrnieurBaeT BO3MOXKHOCTh HM3Yy4E€HHUs pPadOUMX IPOILIECCOB: B HCIAPU-
teabHOM Boznyxooxyaautesne HUOr u wmnepe Chg. Bosnyx 3abupaercs u3 arMmo-
chepbl BEHTHIATOPOM (2), TPOXOJUT TEPMOBIAKHOCTHYIO 00paboTKy (MOI0TpEB B
kanopudepe 1 u qoyBlaxxHeHUE yepe3 OallmacHyro JIMHUIO § OT HACHIIIEHHOTO BO3-
nymHoro notoka «By, mokunatomero MO) u nmonaercs B pabouyio kamepy 4, r1ie yc-
taHoBieH Moayib MO Ha ocHoBe IIH. Hanuuue snekTpoaBuratenis ¢ U3MEHsEMbIM
YUCJIOM 00OpPOTOB IMO3BOJISIET IUIABHO PETYJIUPOBATh PACXO]] BO3/AyXa Yepe3 arrmapar.
Temneparypa Bo3lyxa peryJupyeTcsi ¢ MOMOIIbI0 KaHAIBHOTO 3JIEKTpoKaopudepa
(1) u moxer cocrabnars 10 70°C. Kononna, B koTopoil pacnojnoxeH monyis MO,
BBITIOJTHEHA U3 TOJICTOCTEHHOTO MPO3PavyHOro MaTepHala, 4To 0O0ecleuynBaeT BU3ya-
JU3AIAIO TIPOTEKAIOIINX MPOIIECCOB M MPAKTHYECKH YCTPaHAET TEIUIOBBIC TTOTEPH
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Puc. 2. [IpuHnunuaneHas cxeMa 3KCIEPUMEHTAIBHOTO CTEHa
JUISL MCCIIEIOBAHMS MCTIAPUTEIIBHBIX BO3IyXO0OXJIaguTeNen (pas-
nenbHasg cxema Chg). O6o3naueHus: 1 — anekTpoHarpeBarens; 2
— BeHTWIATOD; 4 — pabouas kamepa (TMA c [1H); 5 — pacmpe-
JENUTENb )KUJIKOCTH; 6 — KaIlJIeyJIOBUTENb; 7 — pacxoaomep; 8 —
penupKyasuonHas auHus; 9, 10 — perynaropsl pacxoja BO3-
JIyIIHOTO NoToKa; 11 — BoasiHbie poTaMeTpsl; 12 — CeKIIMOHHBIN
U3MEpUTEIIb pacxoaa XKuakoctu; 13 — BoasHol Oak; 14 — Hacoc;
15 — ¢unbTp; 16 — BomoHarpesarens; 17 — perynarop Temmepa-
Typbl XuakoctH; 18, 19 — pTyTHBI TepMOMETp U TEPMOMETP
conpotubiienus; 20 — orbop maBnenus; 21 — eMKOCTb ISl ©3MeE-
peHus 3a7ePKKU KUAKOCTHU; 22 — U3MEpUTENIbHAS JIUHENKa; 23 —
BO/IO-BO3AYIIHBIN TEINIOOOMEHHUK; 24 — WU3MEpPUTENIbHBIN KOM-
TIEKC
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yepe3 CTEHKU KOJIOHHBI. Ha BO31ylIHOM JMHMM ycTaHOBIEH pacxoaomep (7) u pery-
nsTopbl pacxona (9) na 6aitnacuoit munuu (10). [upkynamuio Boabl yepe3 Hacago0y-
HYI0 4acThb MOJyJs oOecneunBaeT Hacoc (14) ¢ peryaupyemoil mpou3BOIUTENIBHO-
cThlo0. Pacxon Boabl omnpenensiercst mpu nomoiu 0yoka potamerpoB tuna PC (11).
Boaocbopauk 12 coctout u3 25 xkapmaHoB. JT0 obecneunBaeT qudpepeHunpoBaH-
HBII 3aMep pacxoja >KHIKOCTH 10 BCEMY MONEPEUHOMY CEHYEHHIO HAaCaJO4YHOIO MO-
IyJisl, 4YTO OCOOCHHO BAXKHO IMPHU pa3MelleHuu TerooOMeHHuka B oobeme [TH. Pac-
X0Jl Bo3ayxa usmepsercs Tpyokou [Iuro (20) u mukpomanomerpom. B cxeme npeny-
CMOTPEHBI U3MEPEHUSI TEMIEPATYPbl M OTHOCUTEIHFHOW BIAKHOCTH BO3IYIIHBIX IO-
TOKOB Tiepen U nocie padoueid kamepsl (18, 19), a Takke Temneparypbl peLUpKYIIu-
pyrolei uepe3 Hacaaky BOJbL. [ U3MepeHus napaMeTpoB BO3yXa MCIONb3YIOTCS
TepMoInapsl U JlabopaTopHble TepMoMeTphl ¢ LeHoi nenenus 0.1°C. B xauectBe Ha-
camouHbix aneMeHToB [IH B ompITax MCHONB30BajiM TOJBIEC IEJITYJIOUTHBIC IIAPhI
(BenumMHA pP.,; BaPHUPOBATACH MOCIEIOBATEILHBIM YACTHUHBIM 3alIOJTHEHHEM BOJIOU
MOJIBIX IIAPOB B KOHTPOJIBHBIX MapTusix). Ha ocHOBaHWU paHee MOTydeHHBIX Pe3yilb-
TaTOB BEJIMYMHA P, ObUIA MPUHATA B ONTUMAJIBHOM JUaNa3oHe 3HaYeHU (P, = 300 -
600 KF/M3), 00ecreynBaroIIeM BbIXOJ] Ha PEKUM Pa3BUTOIO I1/0 HACAJOYHOTO CJIOS.
Huametp snemenTa d,, = 37.1MM; BbICOTa CTaTUYECKOro ciosi Hacaiaku, He, MM ~

50, 100, 160 (ocHOBHas 4acTh ombITOB MpoBeaeHa npu He,, ~ 100mm). [TapannensHo
aBTOpAaMH ObLI IPOBENECH KOHTPOJIBHBIN 3KCIEPUMEHT C LIETbHBIMU IApAMH U3 BCIIE-
HEHHOT'O TOJIMIPOINHICHA, KOTOPBIMA KOMIIOHOBAJIMCh NMpOMBINUIEHHBIE TMA, BbI-
nyckasmuecss pykoBoaumoi A.B. Jlopomenko ¢upmoit «Hobie TexHomorum»
(1980-2004rr, Tunopasmepusie psanbl rpaguped ['TIH u Bozmyxooxnagutenein BITH
JUISL XOJOAWIbHOUM U KpuoreHHoit Texuuku u CKB [1-2]).

IIporpamma mcciiel0BaHus IIpeayCcMaTpUBAIa U3YYEHUE TUAPOAIPOAUHAMUKHI
U TEIJIOMacooOMeHa B peKMMaxX UCIAPUTEIBLHOIO OXJIaKIeHHUs Bo3ayxa B Chg kak B
pa3aesbHOM, TaK U B COBMEIEHHOM BapuaHTax. Ocoboe BHUMaHHUE OBLIO YJEJIEHO
TEOPETUYECKOMY U DKCIIEPUMEHTAIIbHOMY M3YYEHMIO XapaKTEPUCTUK HU3KOTEMIIEpa-
TYpPHBIX HCHApUTEIbHBIX OXJIAJUTENIECH, a TaKKe XapaKTepHOW ISl HUX IPOOJIEMBI
«PEKOHACHCALIUW», KOI/A BO3AYIIHBIA MOTOK ITIOJHOCTBIO HACBIIIAETCS €Ile A0 BbI-
xoJ1a u3 HacagoyHou yactu TMA. Jlns nzyuenus yniuiepoB Chg B cxemy cTteHaa ObLI
BKJIFOYEH BOJO-BO3YIIHBIA TEINIOOOMEHHHK 23, B KOTOpHI noctynaer u3 MO 4Jactob
OXJI&KJICHHOM BOJBI JUIsl TPEABAPUTEIBHOIO OXJIAXAECHUS BO3LYIIHOTO NOTOKA. [To-
I'PELIHOCTh U3MEPEHHSI OCHOBHBIX BEJIMYMH, O0YCIOBIEHHAs! TOYHOCTHbIO U3MEPEHUIA,
BBIYMCIISIIACH MPU 00paOOTKE JAHHBIX JJIs1 KAKJIOTO OMbITA U COCTABIISIET: TOYHOCTD
CBEJIEHUs TEIUIOBOT0 Oananca — 10 12%; skcrepuMeHTaIbHbI MaTepUall XapakTepH-
3yeTcsl HaZEKHOM BOCIIPOU3BOIUMOCTBIO.

3. AHaiM3 pe3yJbTAaTOB. OKCIIEPUMEHTAIbHBIE PE3YyJIbTaThl IPUBEICHBI Ha
puc. 3. BaXHBIM IPEICTaBISICTCA BOIIPOC O XapaKTepe Nepexoa HacaJl0qHOro CIIos
U3 CTallHOHAPHOTO B IOJBMKHOE COCTOsIHME. KpUTHUECKHE CKOPOCTH MEPEXOIHBIX
nporieccoB B cucteme ITH («ra3-KHIKOCTB-TBEPIOE TEIO»): W o — HAYANO TICEBJIO-
OKMKEHHUS «OPOILIAEMOT0» CJI0sl HACAAKU; W) — Ha4aJlo Pa3BUTOrO IICEBIOOKUKEHUS
U W, — Ha4aJl0 UHBEPCUH, ONPEACISIIIMCh BU3YaIbHO, AHAJIM30M KPHUBOMW IICEBIO0KU-
xKeHust Ap = f (w; U gy ). IIponiecc nepexoaa B MoABMKHOCTh HACAJKU C pa3MEILlECH-

65



dizuka aepoaucnepcHux cucrem. — 2020. — No 58. — C.60-76

A

10 ! | J II ] 30Ha
| WHBEPCUOHHas | | \ MHBEpCUM
Ap 10-3/HCT / kpuBas MHT-k ,'I I [
’ I ! \\
Ma/m DrKCUpoOBaHHbIN ! f — _'*1:' “
] \ 3
cnoiMH | i i [ || 600 krim
| | PaBouuit ananasoH =4 II \
8 - Harpy3oKk AW, = (W, - : ZH 7 VHBEPCUOHHAs
ws), M/c : 1 | kpusas MH
/ ; Z—AZ1* '
/ ; =2 | | 500 !
HacafouHbIN Il I — [ ':
3NemMeHT !
(5) 400 ;'
300 kr/m®
A !
4 //,' /,
30Ha HavaneHOro NceBao- O6nacTb «3a-
oxmkeHus cnos MMH, xnebbiBaHNA»
Wo* 1 Wy MpMBeSEHbI T
L7191 Poy = 300 ... 600 Kkr/m° ‘ ;| |
— — — WHBepcua (W,,):
=) —=—=rI1H= 55, =300 ... 600 kr/m’
': ] L cnom MH n MHT-k
2 ] I 1 ;
'. L
" I ! 30Ha Nepexofa HacafoHHO-
) +_ rocrnos B n/p cocTosHue
hY v (Pon 30D Kr/Mm™)
'/ Wo* W1 | |/ °
A f
1 \ 71
1 N A A1
5 0 L———-\\—\:————2___/_,/_,__' 4 6 Wr, M/C

[ Po = 300K/’ |

1 1 1 H

20

66

60

q)K! MS/(M2LI)

Puc 3. A — DxcnepuMeHTanbHbIE KpHUBBIE
IICEBJIOOXKIKEHHSI (K OINpPENIeNIEHUI0 Tpeaeib-
HO BO3MOXHBIX 3arpy3ok Ha TMA c [1H) nns:
— cBoboaHoro m/o ciost ITH (crmomrnepie u-
HUn); — 11 cnost [THT-x ¢ pa3menieHHbIME B
HEM TEIUIOOOMEHHBIMM 3JIeMEHTaMHu (ILTPUX-
NYHKTUpHbIE JuHUM). b — 3agepxka xuako-
CTM B TIICEBJOOXKHKEHHOM CJIO€ HaCaJKu
(BIIMSIHME HArpy30K IO XKHUAKOCTU Ha yJIEpKU-
Barollyto crnocoOHocTh ciost ITH): crutomnble
muaun — ITH, nyaxtupssie — I[THT-x (Her =
0,1m; wr=3,5M/C; poy = 300KF/M3)
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HbIM B Hell TeriooomenHukoM (ITHT-K) okazancst moctaTouHo OJM30K K MMOBEJIEHUIO
cBoOoHoTrO ciost Hacanaku [TH [2]. TIpu w, = W 00pa3yroTcsi HEYCTONYMBBIE TICEB-
JNOCTAllMOHAPHBIE COCTOSIHUS 3JIEMEHTOB Hacaaku JH, XapakTepusyromuecs nepuo-
JTUYECKUM JBWKEHHEM oTnelbHbIXx OH (mepectpoiika ciios ¢ U3MEHEHHEM €ro Io-
po3HOCTH). MI3MEHsAeTCA CTPYKTypa CJIOSl U KoJieOseTcs 3a7epKKa >KHJIKOCTH B HEM,
T.e. 3HAYCHHE W ( XapAKTEPH3YeTCs] HEKOTOPHIM AHAMA30HOM CyllecTBOBaHms. 1LIn-
pHHA ATOTO JMana3oHa 3aBUCUT OT CTENECHHU MEPBOHAYAIBHON YIJIOTHEHHOCTH CJIOS.
bbbt 3adukcupoBaH TUCTEPE3UC KPUBBIX MCEBIOOKIKEHUS MPU MPSIMOM U 0OOpaTHOM
xo0Jie (HapallMBaHUE U YMEHBIIEHUE HArpy3KH MO raszy), XapakTepHbIN Kak IJIsl «Cy-
XOTOo», Tak u «opotaemoro» cios [TH [2].

[IpeanouTuTenbHBIM 71 pealid3aluu mpoieccoB Termiomacooomena TMO B
cinoe I1H mpencrasnsgercst nuarna3on 3HaueHU 3(HPEKTUBHON TUIOTHOCTH Hacai04-
HBIX 3JIEMEHTOB pP,,; = 200 — 600 Kr/m’, OTITUYAOIIHANCS YCTOMYNBOCTHIO U TOMOTEH-
HOCThIO ciost [TH, mupokum pabodnm y4acTKOM MO Wy, IPUEMIIEMBIMU
3HAUYCHUSMH YHOCA KUIKOCTH U CPABHUTEIHLHO HEOOJIBIION TUHAMUYECKON BBICOTOM
ciosi. B aToM nuanasoHne p,, Hadally MCEBAOOKUKEHHS MPEAIIECTBYET YACTUYHOE 3a-
XJIeObIBaHUE CTAIMOHAPHOTO CJIOSA, a XapaKTep IMepexoj/ia CUCTEMbl B MOJABUKHOCTh
ONPENEIIIET BCE MOCIEAYIONIEee NOBeAeHNE CUCTEMBI. CKOPOCTh Havyala «BEPXHETO»
3axJjieObIBaHMs anmnapaTta (MHBepcuu) w, (ciost [TH, mpuxaToro BO3aylIHBIM MOTO-
KOM K BEpXHEW OTpaHUUYUTENIbHOW PEIIeTKe, HAaIpUMEp K KaIlIeyJIOBUTEIIO) J10CTa-
TOYHA BeMKa (= 6 -7m/c); yHOC )kuakocTd AG,, 13 pabodeil 30HbI HEBEIUK IIPAKTU-

YecKd 70 3HaueHu wy. [IpeanouturensHbiM s opraHuzanuu padotsl TMA sBms-
€TCS PEXKUM Pa3BUTOTO TICEBAOOKUKEHUSI, B JUANA30HE CKOPOCTEU JABUIKEHUS BO3-
IyIIHOTO 1moToka w, oT 2.5 (3.0) mo 5.0-6.5 m/c. (B 3aBUCUMOCTH OT p,y). 31€Ch BECh
CJIOM HacaJKy MOJABMKEH U CUCTEMa «T->K-T.T» OJIHOPOJHA (TOMOTE€HHA); MOJICPKH-
BACTCSl COCTOSIHME HA4yaJbHOI'O 3aXJEOBIBAHUS, KOTOPOE, OJIHAKO, C POCTOM W, HE
TpaHcopMHUpPYETCsSl B pa3BUTOE 3axjeObIBaHUE, OJlarogaps KOMIICHCUPYIOIIEMY Me-
XaHU3MYy paciuvpeHus ciosi. Takast cBoeoOpa3Hasi CUTyallusi MO/AIep>KUBAIOIIETOCS B
IIUPOKOM JIMANAa30HE W, PEKUMa HAYaJIbHOTO 3aXJIeObIBaHUSI 00ECIICUMBAET BO3ZMOXK-
HOCTb YCTOMYMBOM 3KcIuTyaTanuu anmnapatoB ¢ [TH B pexxume BBICOKMX HArpy30K.

Bemnuuna 3anepxku xuakoctu Hy nois ciosa [TH umeer onpenersironiee 3Have-
Hue (puc. 3b). CHimxkeHne pacxoja >KUJIKOCTH (BEJIMUMHBI INIOTHOCTU OPOIICHUS ()
HIDKE HEKOTOPOTO 3HAYCHHS (g, < 8 M/(M4)) MPUBOIUT K PE3KOMY ITaICHHIO BEIIH-
YUHBI 3a/IEPKKU KUJKOCTH B cioe, uto sl [IH paBHOCHIIBHO MaJ€HUIO BEJIUYUHBI
MOBEPXHOCTU TEIIOMACOOOMEHA MEXKy KOHTAKTHUPYIOIIMMHU MOTOKAMU Ta3a M >KU/I-
KOCTH. BBINOJIHEHO M3yueHHE XapakTepa pekuma «3axyieObiBanus» [1H Ha BbICOKMX
Harpy3kax 1o ra30BOMY IOTOKY M BBICTPOEHA MHBEPCHUOHHASI KpUBAasi, UTO 00ECIeUn-
BAa€T BO3MOXKHOCTh KOHKPETHU3AI[UU padoyvero auana3oHa Harpy3ok (pe3ysibTaT moity-
YEH ISl IOCTATOYHO BBICOKMX 3HAYECHUMW TJIOTHOCTEU OPOLICHUS ¢, = 15m° /(qu)).
POCT BENMUMHBI P,y = 300 ... 600 Kr/M’ NPHBOIMT K YBEIHYCHHIO HHBEPCHOHHOM
CKOPOCTH M K JaJbHEUIIIEMY Pa3BUTHUIO «BEPXHETO» 3aXJICObIBAHUS HACAJKU arapa-
Ta.

4. AHaJIM3 NPUHIUNHAJIBHBIX BO3MOKHOCTeH pa3padoranHbix CKB Ha oc-
HOBe Bo3ayxooxyaaurTeas-aymiepa Chg. CpaBHUTENbHBIN aHAIN3 00eCTIEeUeHUS
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OTHOCUTENbHAasA BNaXHoOCTb, %
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TpeObyeMbIX KOM(DOPTHBIX MapaMeTPoOB BO3ayxXa, mojaBaeMoro B nomemnienne CKB Ha
ocHOBe MO BBINIOJHEH € YYETOM JIEUCTBYIOLIETO TOCYAAPCTBEHHOTO CTaHJapTa YK-
paunbl JIBH B.2.5-67:2013 «OmnaneHHs, BEHTUIAIIS Ta KOHIUILIOHYBaHH» [27] (B
nosne H-X nuarpammel Ha puc. 4-7 30Ha KOMPOpPTHBIX napameTpoB Bo3ayxa KII BbI-
JieJIeHa CephIM I[BETOM, a 30Ha AomycTUMBIX KII mMyHKTHpHBIM MHOTOYTOJIBHUKOM).
AHanu3 BHITIOJIHEH HA OCHOBE MOJYYEHHBIX AKCIEPUMEHTAJIBHBIX JAaHHBIX TPUMEHHU-
tenbHO K CKB, MOCTpOeHHOM HAa HCHAPUTENBHOM BO3AYXOOXJIAAUTEIE MPSAMOTO TUIIA
(ITNOr), wenpsimoro tuna HUOr m HU3KOTEMIEpATYpHOM BO3AyXOOXJAIUTENE —
guiiepe Chg (mnsa yenosust: [* = G,/G, = 1.0 nns obeux cxem (HUOr u Chg) u Ha-
YaJbHBIX MAPAMETPOB BO3/IyXa: = 35°C, t, = 20.5°C, tp1 = 13°C, x'. 10 I/KT;, BEJIH-
yuHa Af,** = (fo — tpl) ATO CTENEeHb MPUOIMHKEHHUS K TeMIlepaType TOYKU POCHI TO-
crynatoiiero B MO Bozayxa). [Tomydeno (puc. 4):

1. TIMOr: £,> = 25.5°C. @ = 68%. At,** = 12.5°C;
= 26.0°C. @, = 48%. At,** = 13°C; t, = 25.0°C, @, = 95%;

2. HUOr: ¢,
3.Chg:  1,=19.0°C, 9, =68%., At,** = 6°C; t, = 26.5°C, @, = 100%

OtmetumMm, uto aguadbarudeckuii mpoiecc B MO npsimoro tuna (ITMO) He obec-
neunBaeT TpeOyeMbix KII Bo3ayxa, make mpu CpaBHUTEIHHO HEBBICOKOM BJIAroco-
Jep>KaHUM HAPYKHOTO BO3/yXa, MOCKOJIbKY, IPOTEKAsi TP HEU3MEHHOW SHTAIBIIUU
BO3/yXa, IPUBOJUT, HAPSY C OXJIAXKJACHUEM, K YBIXKHEHUIO BO3YIIHOTO MTOTOKA.

Ananu3 paboThl UCMIAPUTEIBLHOTO Bo3Ayxooxianutenss Chg mist pa3nuuHbIX Co-
OTHOIIEHUN OCHOBHOTO M BCIIOMOTATEIHHOTO BO3AYIIHBIX MOTOKOB [* = G,/Gy: 1% —
G,/G, = 1.5; 2 — 1.0; 3 — 0.5; HavajapHbIE TIapaMeTPhbl BO3IyXa: /= 35°C, tMl =
20.5°C, tpl = 13°C, x', 10 r/kr. ITonyueno (puc. 5):

1. I* = Go/G, = 1.5: t, = 23.0°C, @, = 52%. At,** = 10.0% t, = 27.0°C; ¢, =
100%;

2. 1% =1.0:£,=19.0° @, = 69%, At,** = 6.0°C; £, = 26.5°C, @y = 100%;

3. 1% =0.5: £, = 16,5°C, @, = 80%, At,** = 3.5°C; £, = 25.5% @, = 100%;

YMeHbIIEHNE JOJIM OCHOBHOTO «IIPOYKTOBOT0» MOTOKA «O» MPUBOIAUT K CHU-
’KEHHIO €ro TeMIlepaTypsbl, 1 Juist 3HaueHui 1* = 1,0 u 0,5 oHa HIKE TpaJUIIMIOHHOTO
npenena s MO (t,' = 20,5°C), HO IIpH 9TOM BO3paCTaeT OMACHOCTD PEKOHICHCALIHH
B ITOTOKE «B» M, KOHEUHO, YAEIbHbIE SHEPTrO3aTPATHI.

AHanmu3 paboThl UCHapUTENbHOrO Bo3ayxooxiaautens Chg mpu pazmuyHbIxX
BJIArOCOIEPKAHMAX HAPYKHOTO BO3AyXa: X' = 6 T/kr; X't = 10 r/kr; X' = 14 r/kr (t';
= 35°C). Ioxyueno (puc. 6):

1. x', =6 r/kr, t,,' = 17.0°C, t,' = 4.5°C: 1, = 15.8°C, @, = 50%, Ar** = 11.3°C;
t,=23.5°C, ¢, = 100%;

2.x' =10 r/xr, t,' =20.5°C, t,' = 13°C: £, = 19.0°C, @, = 69%. Ar** = 6.0°C;
t,=26.5°C, ¢, = 100%;

3.x' =14 r/kr, t, =24.5°C t,' = 19°C: t, = 23.8°C, @, = 77%. At** = 4.8°C;
t,=29.0°C, ¢, = 100%
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C POCTOM BEJMYMHBI X', CHIDKACTCS CTEIEHb OXJIAKICHUS MOTOKa «O»; IPH X
> 12.0r/xr 1O He moxet obecnieunth TpeOyembix KII Bo3myxa. Buano, uro nms Be-
nmuaMH X' = 6 u 10 1/kr koM@opTHbIe mapameTpsl Bo3ayxa CKB Ha ocHoBe Chg
o0ecneunBaeT ¢ «3aracom», 4TO IMO3BOJIAET YBEIMUYUTh COOTHOWEHHE [* = G/Gy,
YBEJIMYUB KOJUYECTBO «IIPOJYTOBOI0» OCHOBHOI'O BO3IYIIHOTO MOTOKAa «O» U CHHU-
3UTh BEJIMUMHY yICJIbHBIX SHEpPro3arpar.

Ha puc. 7 npuBeneHbsl 0000IICHHBIE IKCIEPUMEHTATIBHBIE PE3YIbTAThI, MOJIY-
YEHHBIE JIJI1 UCHapUTENbHOTO Bo3ayxooxiyanurens Chg npu paznuusbix: A — cOOT-
HOIIIEHUSX OCHOBHOT'O M BCIIOMOTATEIbHOIO BO3MYIIHBIX MOTOKOB [ = G,/G;; b — Bia-
rOCOJIEpKAHUSIX HAPY>KHOTO BO37yXa X, (Ha puC. A TMPUBEICHBI TAKXKE PE3YIbTAThI
it uciapurensHoro Bozayxooxnaaurens HUOr (IECg).

JIuHYS M3MEHEHHsI COCTOSIHUSI BCIIOMOTATEIbHOTO BO3AYIIHOIO MOTOKA KPUBO-
JIMHENHA U 10 BbIxoAa U3 Hacagku TMA MokeT BhIXoAuTh Ha KpuByro ¢ = 100%, c
ONPEIEeIEHHOTO MOMEHTA CIEAYys] HEMOCPEACTBEHHO M0 Hel. [locTpoeHue 3Tux Kpu-
BBIX BBITMIOJHEHO MO0 METOJMKE, pa3pa00TaHHONW HAa OCHOBE METO/Ia «IHTAIBITUITHOTO
MoTeHInaia» B padote [1-2].

3anava obecnieuenus: KII mpu BhICOKMX BlIarocojepkaHusX Hapy>KHOTO BO31yXa
(x'. > 12.0r/kr) MoxeT ObITh penieHa Ha ocHoBe Chg U IpeIBAPUTEIHHOM OCYIICHHUH
BO3/yXa B a0COPOIIMOHHON CUCTEME C UCIOJIb30BaHUEM COJIHEUHOW DHEPTUH IS pe-
reHepanuu abcopbenta [1-2], To ecTh A NoJAep>KaHUsl HEMPEPHIBHOCTHU IIUKIIA, HE
npuberaa K TpaguunoHHbIM CKB Ha ocHOBE MapOKOMIIPECCHMOHHOTO XOJOIUIBHOTO
[UKJIa, 3HAYUTEIBHO YJIy4Ilasi SKOJOTO-3HEPIeTUYECKHUE MOKa3aTeI CUCTEMBI B 11€-
oM [1-4]

BbIBOALI:

1. HuzkoremnepaTypHble MCIApUTEIbHBIE BO3TYXOOXJIAJAUTEIN — YAIIEPhl obecte-
YUBAIOT OXJIAKICHUE BO3MyXa MPU €ro HEHM3MEHHOM BJIArOCOJEpPKaHWUU CO CHH-
KECHHBIM TIPEICIIOM OXJIAKICHHS 0 TEMIEPATyPhl TOYKH POCHI HAPYKHOTO BO3MIY-
Xa, CYIIECTBEHHO pacIIHpssi 00JacTh MPAKTUYECKOTO HCIIOIL30BAHMUSI METOJIOB
HCITAPUTEIIBHOTO OXJIAXKICHHUS,

2. [IpeanodTuTeNIbHBIM JIJIs peau3aliuy mpoieccoB TemioMaccoooMena TMO B cioe
noaBwkHOW Hacaaku IIH mnpencrapmsieTcs nuama3zoH 3HadeHUM 3(PdeKTuBHOU
IJIOTHOCTH HACaJ0YHBIX JIEMEHTOB p,, = 200 — 600 kr/m’, oTanyaromuics yc-
TOMYHUBOCTHIO M TOMOTEHHOCTBIO HACAJOYHOI'O CJIOS, IMUPOKUM pabOYuM ydacT-
KOM I10 CKOPOCTH Ta30BOTO MOTOKA W, MPUEMJIEMbIMHU 3HAYEHUSIMHU YHOCA YKHJIKO-
CTU Y CPAaBHUTEJILHO HEOOJBIION JUHAMUYECKON BHICOTOM CJIOS; B 3TOM JIMAa30He
P,y Hadady TCEBIOOKIDKCHHS TPEIIISCTBYET YaCTHYHOE 3axJICOBIBAHHUE CTaIlHO-
HApHOTO CJIOS, a XapaKTep IMepexoja CUCTEMBbI B TOJBIKHOCTh ONpPENEISeT BCE
MocJIenyomiee MmoBeaeHne cucreMbl. CKOpPOCTh Hadaja WHBEPCHUU W, JTOCTATOYHA
BenuKa (= 6 -7m/c) a yHOC KUAKOCTH AG,, U3 paboyeil 30HbI HEBEIHUK MPaKTHYe-

CKH J10 3HAYECHUHN W,.

3. IIpeanoyTuTenbHbIM AJ1 opraHu3anuu padotel TMA sBIsieTCS peKUM Pa3BUTOIO
MICEB/IOOKUKEHUS, B JUANIA30HE CKOPOCTEW JBUKEHUS BO3IYIIHOTO IMOTOKA W OT
2.5 (3.0) 7o 5.0-6.5 m/c. (B 3aBUCUMOCTH OT p.;); 3[€Ch BECh CIION HACAJIKHU MOJIBU-
KEH U CUCTEMA «Ta3-KUAKOCTh-TBEPIOE TEI0» OJHOPOAHA (TOMOTEHHA);
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4.

Bemnuunna 3anepxku xunkocta Hy mis cnos [TH mmeer onpenenstomiee 3Have-
HHE; CHIDKCHUE PacXofa >KUIKOCTH HUKE (x < 8 M3/(M2‘{) MIPUBOJUT K PE3KOMY
MAJCHUIO BEJIMYMHBI 3aJCPKKA KUJIKOCTH B cioe, uto 1 [TH paBHOCMIBHO T1a-
JICHUIO BEJIMYMHBI MMOBEPXHOCTU TEIIOMACCOOOMEHA MEXKIY KOHTAKTHUPYIOUIUMHU
MMOTOKAMM Ia3a M )KUJKOCTH.

. BeinosiHeHO M3ydeHUE xapaktepa pexkuma «3axieoniBanus» [TH Ha BbhICOKMX Ha-

rpy3Kax 1o ra30BOMY IOTOKY M BBICTPO€HA MHBEPCUOHHAS! KpUBasi, 4YTO 00ecneyu-
BaeT BO3MOKHOCTb KOHKpPETH3allMu paboyero Juana3oHa Harpy30K; pOCT BEJINYH-
HBI Poy = 300 ... 600 KI/M’ IPUBOJUT K yBETHUCHHIO HHBEPCHOHHOI CKOPOCTH U K
JanbHENIIEeMy Pa3BUTHIO «BEPXHEr0» 3axJIeObIBaHUS HACAIKU aIIapara;

. Pazpaborannbie CKB Ha OCHOBE HHU3KOTEMIEPATYPHOTO MCIAPUTEIBHOTO BO3.Y-

xooxyaaurens-uniuiepa Chg obecneunBaroT nojiyueHre TpedyeMbIX KOM(POPTHBIX
rapaMeTpoB BO3/yXa B MOMEIICHUU 0€3 MPUBJICUYECHHs TPATUIIMOHHOW MAapOKOM-
MIPECCUOHHOW TEXHUKH, 3HAYUTENBHO YIy4lllas SKOJIOT0-3HEPreTHUEeCKUe MoKasa-
TEJI CUCTEMBI B LIEJIOM

Jlureparypa:
Doroshenko A.V., Glauberman M.A. Alternative energy [Alternative energy]. Refrig-
erating and Heating Systems. — Odessa 1.I. Mechnicow National University Press,
2012.
Jlopowenko A.B, I'opun A.H. TennomacooOMEHHBIC ammapathl IS TPAJAUIIMOHHBIX U
aNbTEPHATUBHBIX PHEpreTHUeckux cucreM. — Jloneuk, CBit kaury, 2013 — 327c.
Guangming CHEN, Aleksander DOROSHENKO, Kostyantyn SHESTOPALOYV. Evap-
orative coolers of gases and liquids with a lowered level of cooling. // 25th IIR Interna-
tional Congress of Refrigeration, Montreal, Canada, 2019.
Doroshenko A.V., Antonova A.R., Khalak V.F., Goncharenko A.S. Low-Temperature
Evaporative Air Coolers. Development and Analysis of Opportunities /. Problemele
energeticii regionale. — 2018. — Vol. 3 (38).
Foster R.E., Dijkastra E. Evaporative Air-Conditioning Fundamentals: Environmental
and Economic Benefits World Wide. // Proc. Int. Conf. “Applications for Natural Re-
frigerants”, Aarhus, Denmark, ITF/IIR, 1996. — P. 101-109.
Stoitchkov N. J., Dimirov G.J. Effectiveness of Crossflow Plate Heat Exchanger for
Indirect Evaporative Cooling // International Journal of Refrigeration. — 1998. — Vol.
21, Ne. 6. — P. 463-471.
Chen Y., Yang H., Luo Y. Indirect evaporative cooler considering condensation from
primary air: Model development and parameter analysis. // Building and Environment.
—2016. - Vol. 95. — P. 330-345.
Chen Y., Yang H., Luo Y. Parameter sensitivity analysis and configuration optimization
of indirect evaporative cooler (IEC) considering condensation. Applied Energy 2016.
Ren Chengqin, Yang Hongxing An analytical model for the heat and mass transfer pro-
cesses in indirect evaporative cooling with parallel/counter flow configurations // In-
ternational Journal of Heat and Mass Transfer. — 2006. — Vol. 49. — P. 617-627.

10. Zhou B., Huang X., Di Y. Effects of water sprays in indirect evaporative coolers on

heat and mass transfer // Build. Energy Environ. — 2003.

11. Hasan A. Indirect evaporative cooling of air to a sub-wet bulb temperature // Applied

74

Thermal Engineering. — 2010. — Vol. 30. — P. 2460-2468.



dizuka aepoaucnepcHux cucrem. — 2020. — No 58. — C.60-76

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Hasan A. Going below the wet-bulb temperature by indirect evaporative cooling:
Analysis using a modifiede-NTU method // Applied Energy. — 2012. — Vol. 89. — P.
237-245.

Maisotsenko V., Lelland Gillan, M. 2003, The Maisotsenko Cycle for Air Desiccant
Cooling. // Proc. 21" Int. Cong of Refrigeration IIR/IIF, 2003, Washington, D.C,
ICRO0646.

Denis Pandelidis, Sergey Anisimov, William M. Worec. Performance study of the
Maisotsenko Cycle heat exchangers in different air-conditioning applications //
International Journal of Heat and Mass Transfer. —2015. — Vol.81. — P. 207-221.
Muhammad H., Muhammad S., Miyazaki T., Koyama S., Maisotsenko S. Overview of
the Maisotsenko cycle-A way towards dew point evaporative cooling // Renewable
and Sustainable Energy Reviews. — 2016. — Vol. 66. — P. 537-555.

Zhao X., Li J., Riffat S. B. Numerical study of a novel counter-flow heat and mass ex-
changer for dew point evaporative cooling // Applied Thermal Engineering. — 2008. —
Vol. 28. - P. 1942-1951.

Riangvilaikul B., Kumar S. An experimental study of a novel dew point evaporative
cooling system // Energy Build. — 2010. — Vol. 42. — P. 637-644.

Anisimov S., Pandelidis D. Numerical study of the Maisotsenko cycle heat and mass
exchanger // International Journal of Heat and Mass Transfer. — 2014. — Vol. 75. — P.
75-96.

Zhan C., Zhao X., Smith S., Riffat S. B. Numerical study of a M-Cycle cross-flow heat
exchanger for indirect evaporative cooling // Building and Environment. — 2011. —
Vol. 46. — P. 657-668.

Zube D., Gillan L. Evaluating Coolerado Corportion’s heat-mass exchanger perfor-
mance through experimental analysis // International Journal of Energy for a Clean
Environment. — 2011. — 12 (2-4). — P. 101-116. Special Issue on M-Cycle Fundamen-
tals and Applications. http://dx.doi.org/10.1615/InterJEnerCleanEnv.2012005839.
Worek W. M., Khinkis M., Kalensky D., Maisotsenko V. Integrated desiccantindirect
evaporative cooling system utilizing the Maisotsenko cycle // Proceedings of the
ASME 2012 Summer Heat Transfer Conference. — HT2012-58039.

Miyazaki T., Nikai 1., Akisawa A. Simulation analysis of open cycle adsorption air
conditioning system — numeral modeling of a fixed bed dehumidification unit and the
Maisotsenko cycle cooling unit // International Journal of Energy for a Clean Envi-
ronment. — 2011. — Vol. 12. — P. 341-354. http://dx.doi.org/10.1615/InterJEnerClean
Env.2012005977.

Anisimov S., Pandelidis D., Jedlikowski A., Polushkin V. Performance investigation of
a M (Maisotsenko)-cycle cross-flow heat exchanger used for indirect evaporative cool-
ing // Energy. — 2014. — Vol. 76. — P. 593-606.

Anisimov S., Pandelidis D. Numerical study of perforated indirect evaporative air
cooler // International Journal of Energy for a Clean Environment. — 2011. — Vol.
12(2-4). — P. 239-250. http://dx.doi.org/10.1615/InterJEnerCleanEnv.2013006668
(““Special Issue on M-Cycle Fundamentals and Applications’’).

Riangvilaikul B., Kumar S. Numerical study of a novel dew point evaporative cooling
system // Energy Build. —2010. — Vol. 42. — P. 2241-2250.

JBH B.2.5-67:2013. OmnanenHs, BEHTWJIALIS Ta KOHAUIIIOHYBaHHsT [State Standard
B.2.5-67:2013. Heating, ventilation and conditioning]. Ukraine, Minregion of Ukraine,
2014. 141 p.

75



dizuka aepoaucnepcHux cucrem. — 2020. — No 58. — C.60-76

Doroshenko A.V., Demyanenko Ya.l., Kovalenko S.A., Glauberman M. A.

Solar absorption air conditioning systems based on low temperature
evaporative air coolers

SUMMARY

The purpose of the study is to develop circuit solutions for alternative air conditioning sys-
tems based on the use of low-temperature air coolers. The authors developed circuit diagrams
of such air coolers with a reduced limit of evaporative cooling of media from the temperature
of the wet thermometer supplied to the cooling of the air flow to the dew point temperature.
Air coolers are designed in separate and combined layout options. In this case, heat - mass
transfer apparatus with a movable fluidized bed "gas - liquid - solid" were used as a promis-
ing direction for the development of heat and mass transfer equipment (HMT). This ensures
stable operation in extreme conditions, when there is a risk of contamination and deposits on
the working surfaces of HMT, as well as the intensification of heat and mass exchange pro-
cesses and high uniformity of distribution of contacting gas and liquid flows in the HMT vol-
ume, especially for implementing processes in evaporative air coolers with direct placement
of the heat exchanger in the apparatus. An experimental study made it possible to establish
the optimal range of effective density of the packed elements for the implementation of heat
and mass transfer processes in a movable nozzle, characterized by stability and homogeneity,
a wide working area in terms of gas flow rate with a relatively small dynamic layer height.
Based on the obtained experimental data, a comparative analysis of air conditioning systems
based on a low-temperature evaporative air cooler - chiller is carried out. The developed so-
lutions allow expanding the field of practical use of evaporative cooling methods, for exam-
ple, providing air comfort parameters in the air conditioning system without involving tradi-
tional refrigeration equipment, as well as improving the basic environmental and energy
characteristics of the developed systems.

Keywords: low-temperature air coolers, evaporative cooling, cooling limits

Hopowenko A.B., /lem'anenxo IO.1., Kosanenko C.0O., I'nayoepman M.A.
HusbkoTemMnepaTypHi BUIIapHI 0X0J10/1KyBa4i IOBITPS HA OCHOBI
TEIIOMACOOOMIHHUX anapaTiB 3 PyXOMUM TPU(PAZHUMH HACATHUM HIAPOM

AHOTAIIA

Mema Oocnioxcenns nonsgeae 8 po3pooyi cxeMHux piuieHsv O0isi ANbIMePHAMUBHUX CUCTNEM
KOHOUYIOHYBAHHA NOBIMPSl, 3ACHOBAHUX HA BUKOPUCMAHHI aOCOPOYIIHO2O YUKTY | COHAYHOL
eHepeii 015 pecenepayii po3uury abcopoenmy, mobmo 0.1 NiOMpPUMAHHA-Hs Oe3nepepeHoCcmi
yukay. Bukonano na niocmasi ekcnepumenmanbHux OaHux NOPIGHANbHUL AHANI3 CUCEM KOH-
OUYIOHYBAHHS NOBIMPsL HA OCHOBI HU3LKOMEMNEPAMYPHO20 SUNAPHO20 NOBIMPOOXOJI00NHCYEA-
ya i COHAYHOI cucmemu KOHOUYIOHYB8AHHS NOBIMPS HA OCHO8I abCopOYilinoi cucmemu none-
PEOHbO OCYULeHHS NOBIMP3L I NOOANLULO20 1020 BUNAPHO20 0X0N00MCeHHs. Pospobneni piuen-
HA 00360JIAII0Mb  POWUPUMU 001ACMb NPAKMUYHO20 BUKOPUCMAHH MemoOi8 SUNApHO20
OXONOOMNCEHHs, HANPUKIAO, 3abe3neyumu napamempu KoM@popmuocmi nogimps 6 cucmemi
KOHOUYIOHY8AHHA 0e3 3aNyYeHHHs MpPAaouyitHoi napoKOMNPeCCUOHHOU MEeXHIKU, d MAaKOod’C
NOANUWUMU OCHOBHI eKO-eHep2emMUYHI XapaKmepucmuxu abcopoyii cucmem.

Knrouoei cnosa: HuzvkomemnepamypHi UnapHi oxono00xcy8ayi nosimps, coHsAuHi abcopo-
YIliHI cucmemu, OCYuweHHsl NOGIMPsl, BUNAPHOT OXON00NCEHHS, MEHCI OXOJI00NHCEHHS.
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PaguanuoHHble CBOMCTBA rOpAUIUX 00JIAKOB METAUIMYECKOM NMbLIH.
2. DKcnepUMeHTAJIbHbIE HCCIICeI0BAHUSA

DKcnepumeHmanbHo u3yyeHa OUHAMUKA USMEHEHUsl 80 8peMenU paouyca porma niame-
HU, meMnepamypuvl 20peHusi, paouayUuOHHbIX XapaKmepucmux (UHmezpaibHulil NOMOK U3Lyye-
Husi 8 ouanazone 2+20 MM, cuna ceema, YOeibHas C6eMOCyMMAa) copsyux 061aKo8 Mmema-
JIUYECKOU NblaU (ATIOMUHUL, ATIOMOMACHUEBbIL CHILA8, 2UOPUO ATIOMUHUS) 00véMmom bonee 10
a’. Iokazano, wmo uznyuamenvuvle Xapakmepucmuku 6oIbUUX 0GIAKOE COOMEEMCMBYIOM
makosvim 015 Manblx 0owvémos (V =5 n). Yemanoeneno, umo makcumanvbHou cunoi ceema
obnadarom a’pos3secu ATIOMUHUSL U SUOPUOA ATIOMUHUS, NPUHEM 8DEMsL UX CECYECHUs 8 UH-
@paxpachoil obracmu npesocxoo0um epemena ceeyenus opyeux cocmaeos. Hecmomps na 6vi-
COKUE C8emMOmexHU4ecKue NOKA3amenu aapoe3eect 2uopudd amtOMUHUsE YOelbHas C8EMOCyM-
Ma MmaKux a3poezeecell HU3KAsl, 4mo 00YCl08IEeHO 8bICOKOU cKopocmblo ux eopenus. CpasHe-
HUe C8eMOMeXHUUeCKUX noKazamenel 2opaumux 001aKo8 aspos3eec Memaiiudeckux 4acmuy
€ MakosvimMu 015 homocmecell 8 0C6eMUMENbHBIX NUPOMEXHUYECKUX COCNABAX NOKA3blEaem,
YUMo Cuibl céema u yOeibHble CEeMOCYMMbl AdP0OB3BECU OKA3bIBAIOMCS 8blude, YeM y NUpo-
MEeXHUYeCKUx coCmaso8 u NPUMEPHO 0OUHAKO8bIMU 0 homocmecel. OOHAKO NPOoOOaH#CU-
MeIbHOCMb 20PEeHUsT AdP06368ec 00bIYHO HA 08a NOPSAOKA 0onbule, YeMm OJUMeNbHOCHb
gCnvlWKU homocmecu, 20pazdo bonvuie u 00bEM UCMOYHUKA U3Nydenus. [[ns obnraxkos anto-
MUHUSL U MACHUSL BNEPBble 0OHAPYIHCEHO CYUeCMBO8aHUe ULYMONOO0OH020 PAOUOYACTIOMHO20
usnydenus: 6 ouanasore 1+40 I'Ty. Ilokazano, ymo paduouacmommslii Cnekmp umeem He me-
NI0BYIO NPUPOOY, HETUHEUHO 3A8UCUM OM YACMOMbL, d €20 00WdAsL IHEPLOEMKOCMb 8 VKA3AH-
HOM OUAnasone cOCMABUIA GeludUHy NopsaoOKa comwix Ooneli Bm/w’. IMpoananusuposano
BNUSAHUE MOPMO3HO20 UBLYUEHUsL HA XAPAKMEPUCTIUKYU PAOUOUTYYUEHUS OPSUUX 0OIAKO08.

Knwouesvie cnosa: zopawue oo1aka memannioe, CHeKmpaibHoulil AHAIU3, CBEMOMEXHU-
YyecKue XapaKmepucmuKku, paouousjiyuenue 2opauwue 001aK08, mepmoIMUCCUOHHAA Nbl-
Jeeas niama

C ucnosib30BaHUEM METOJMKHU, U3JI0KEHHON B yacTu 1 HacTosieit padoTsl [1],
MPOBEJICHB KOMIUJIEKCHBIE IKCIIEPUMEHTAIbHBIE HCCIICIOBAHUS TUHAMUKU H3MEHE-
HUSI pajuyca 30HBI TOPEHUS, CKOPOCTH M TEMIleparypa IUIAMEHH M ONTHUKO-
CIIEKTPAIbHBIX XapAaKTEPUCTUK TOPSIIUX MbUIEBBIX 00JaKkoB. B uccienoBaHusx uc-
MOJIB30BAIMCH pabouyne MOPOIIKHU, JUCTIEPCHBIE XapaKTEPUCTUKU KOTOPBIX MPUBEIE-
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Ta6auna 1. Xapakrepuctuku pabo4nx NOPOIIKO

Anmpokcumarnus
d> d3g
I'oprouee Mapka | d;p MM ’ ’ JIOTHOPMAaJIbHBIM 3aKOHOM
MM MM
dsp, MKM o p
AJroMuHUMI AC]I-1 7.80 10.7)  12.03 5.20 0.930 0.998
AJIFOMOMAarH1eBbIN AMJ] 3.92 5.34 7.20 2.46 0.848 0.998
cmiaB (50-50) [TAM-4 14.56 18.47 21.98 9.12 0.928 0.991
IMuapun anmromMuHus AlH; 17.19 21.04¢ 24.76 11.98 0.803 0.995
AJroMHUHHEBAS TTAII-1 1030 - - - - -
nyapa ITAII-Z  <10-+3( - - - - -
TK|R,, u 5.35 '505'2(
4000} 2.0 4%_43
T::N
3500 15 3 43
3000F 1.0 2 2
2500F 0.5 1 1
2000L 0.0 ' i ' o dJdo
0.0 0.1 0.2 0.3 0.4

7, cC
Puc.1 /lunamuka ropenust 60Japmux 00J1aKOB a3pOB3BECcEd YaCcTUILL aTIOMUHHUS
B =270 r/m’

HbI B Ta01. 1. 3aech ds) — MeIMaHHBIA TUaMeTp, G — napameTp Gopmbl, p — K0IPu-
IIUCHT KOPPEIIAIINH.

Cepust HaTYpPHBIX OITBITOB IO HMCCIIEIOBAHHUIO M3IIyYaTEIbHBIX XapaKTEPUCTHUK
TOpAIIKX 061aK0B 00BbeMoM Gonee 10 M’ oapasyMeBalia moaydeHne HHGOPMALHHT O
TEKyIIEM paauyce ppoHTa IIaMeHu R(f), Temneparype ropenus 1(f), ”HTErpajJbHOM

* ~
IIOTOKC H3JIYUYCHHSA B AHWAIIA30HC IJIHMH BOJIH 2+20 MKM R2_20 CO BCCH IIOBCPXHOCTHU

oOnaka, cuje cBeTa ropsero oonaka / (cM. puc.l).

OTMeTHM, YTO YCIIOBHO BECh MPOILIECC CrOpaHus OOJIbIINX 00JAKOB a3POB3BEC-
cH (CM. pHc. 2) MOXKHO Pa3leNuTh Ha TPU CTaauu: (HOpMHUpOBaHHs OOJiaka, paclpo-
CTpaHEHHUE MIaMeHU MO 00JaKy, oOpa3oBaHUE U ABMKCHHE WHTCHCHBHOTO TEPMHKA.
[IpuBenenHas Ha puc. 1 uHpOpMaIMs OTHOCUTCA KO BTOPOM CTaJWH — pacrpocTpa-
HEHHUIO TIJIAMEHHU 10 001aKy.

[Ipexxae Bcero OTMETHM, YTO TEMIIEpaTypa TOPEHUs, MHTETpaIbHass CBETUMOCTh

4 o
R=¢ ,06T" (mna amomuHus >pQPexTuBHBIN K0d(pPunneHT depHotsl €, ~ 0.05) n
UHTETPAJIbHBIE IOTOKU U3IY4YECHHUS C €IUHULIBI IOBEPXHOCTH 00JIaka R, ,, (Hampumep

i ACJI-1 1pu KoHIeHTpauuy roprodero B = 250 r/m’ cetumocts R, ,, = (15.5 +
2.5) - 10* Br/M’, ipu xommenTpamuu B = 450 v/’ R, ,, = (14.5 + 3.3)-10* Br/v’)

ONMU3KH K TAKOBLIM, IIOJIY4AaCMBIM B YCJIOBHAX MaI000BEMHEIX 00JIaKOB 00BEMOM
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Puc.2. Kunoepamma npoyecca copenus asposssecu AC/-1

Ta6auna 2. CBETOTEXHUYECKUE XAPAKTEPUCTUKU FOPSALIUX MbUIEBBIX 00JIaKOB

Bpewms
Macca Bpewms CBqunnﬁ Bpewms cBe- | Cuna cBera, YaenpHas
10 0,1 Lux 6 CBETOCyMMa

l'oprouee | cocTaBa, | cBeUeHHUs yenus B UK 1,107, 3

KT 70 Iy, © | PAOCTRE 1 e nacT, ¢ Kn L1107,

max BaHUU ’ Kna-c/r

c

ACJI-1 4.8 0.28 2.0 39 7.7 3.2
ACJI-1 2.3 0.26 1.4 3.8 4.5 2.8
I[TAM-4 4.6 0.14 1.2 3.2 3.0 0.8
AMJI 7.8 0.10 1.4 2.5 2.5 0.5
AlH; 53 0.06 0.6 1.6 7.9 0.7
ITAII-2 1.8 0.08 0.6 1.6 7.8 2.6

5107 o [2]. DTO MO3BOISET CliENIaTh BBIBOJIbI, BO-TIEPBBIX, O MIPABOMEPHOCTU HC-
MTOJIb30BaHUS ONTHKO-CIEKTPAIBHBIX XapaKTEPHUCTHK IOJy4aeMbIX B J1aOOPaTOPHBIX
MaJIoOOBEMHBIX YCIIOBUSAX 11 TIPOTHO3MPOBAHHUS TAaKOBBIX B KPYIMTHOMACIITAOHBIX
cutyanusax. Bo-BTOphIX, 4TO caM M3JIy4aTeslb MOXKHO CUMTATh ONTHYECKU TOJCTHIM.
[TocnenHuil BBIBOJ OCHOBBIBAETCS HAa OTCYTCTBMM 3aBUCHUMOCTH R, ,, OT pa3mMepoB

H3JIydaTcClIsd.
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UtoroBeie pe3ynbTaThl AJIS TOPSIIUX MBUIEBBIX 00JIAKOB MPUBEACHBI B Ta0. 2.
VYnenbHas cBeTrocymma L ompejensiach UHTETPUPOBAHUEM CHJIBI cBeTa [(f) 3a moJ-
HOE BpeMsl CBEUCHUS TUIAMEHHU B BUJIUMOM M MH(PpPAKpacHOU 00JIacTU OTHECEHHOM K
Macce UCXOIHOTO 00pasiia roproyero.

Kax BusHO U3 TabiuIlbl, MAKCUMAaJIbHBIC 3HAUEHUSI CUJIbI CBETA JJISi BCEX UCIIbI-
TAHHBIX COCTABOB O1H3KM M nuMeroT mopsimok 10° + 107 Ka. MakcHMaIbHON CHIION
cBeTa 00JaaloT a’pOB3BECH ATIOMUHHUA W THIAPHUAA ATIOMUHUS, MPUYEM BpeMs UX
cBeueHusi B UK obOnactu mpeBOCXOAAT BpeMEHa CBEUEHUS APYrHX cOCTaBoB. Mcmbl-
TaHUS a3POB3BECH TUJIPUJIA ATFOMUHMS MOKA3aJIM, YTO, HECMOTPSI Ha BBICOKHUE CBETO-
TEXHUYECKUE TOKA3aTENH, YACIbHAS CBETOCYyMMAa TaKHUX a’pOB3BECEW HM3Kas, 4TO
00YCIIOBJIEHO BBICOKOM CKOPOCTHIO UX TOpeHHs. OTMETHUM TakXe, YTO IMOPOIIKH
ATIOMUHUEBOM MYAPHI XOPOIIO XPAHATCA W PACHBUISIIOTCS, a TakKe 00JalaroT CTa-
OMJIBHBIMU CBETOTEXHUUYECKUMHU MapamMeTpaMHu.

CpaBHEHHE CBETOTEXHUYECKUX TMOKa3aTesel TopsIX 00JakoB a’pOB3BECU Me-
TaJUIMYECKUX YaCTHI] C TAKOBBIMHU ISl (POTOCMECEH B OCBETUTENIBHBIX MUPOTEXHUYE-
CKHX COCTaBOB [3] MOKa3bIBAET, YTO CUJIbI CBETA U YAEIbHBIE CBETOCYMMBI a3pPOB3BE-
CHU OKa3bIBAIOTCA BBIIIE, YEM y MMUPOTEXHUYECKUX cOCTaBOB. UTo kacaercs hoTocme-
CEl, TO CBETOTEXHUYECKHE IIOKA3aTEIM UX MPUMEPHO OJAMHAKOBBI C a3POB3BECSIMH.
OpmHako MpoIOJKUTETLHOCTh TOPEHUS a3POB3BECH OOBIYHO Ha JIBa MOPsiiKa OOJIbIIIE,
YeM JJIMTEILHOCTh BCHBIIIKK (POTOCMECH, TOpa3io OOJbIIe U 00BEM UCTOYHUKA U3-
nydeHus. Takoit 3(PpeKkT JoCTUraeTcss HCKIIOUUTENIBHO CHEUU(PUKON OpraHU3aIluu
CKaTHUs a3POB3BECH: TOPIOYEE CHAYaAJIA PACIIBUISAETCS, a 3aTEM ITPOUCXOIUT €TO 3aXKH-
TaHUeE.

JIns poBEpKM BO3MOKHOCTH TE€HEPALUM PAAMOYACTOTHOTO H3IYUYEHUS TOPSi-
IIMMHU TBUIEBBIMU 00JIaKaMU HaMH TIPEAIPUHSAT [IUKJI SKCIIEPUMEHTATBHBIX UCCIIEI0-
BaHUH, MPECIENYIOMUX 1eJb YCTAHOBUTh caM (hakT HAJIM4YMS TaKOTO U3JIyYCHHUs, a
TaKXe, M0 BO3MOYKHOCTH, BBIIBUTH XapAKTEP CHEKTPAJIbHOIO PacHpeieiacHus: dHEp-
MU B PaAMOYaCTOTHOM Juara3zoHe. OnbITel MPOBOAUINCH MO METOANKE, OITMCAHHON
B yacTu I-i [1], Ha ycTaHOBKE, UCIIOIB3YIONICH BRIMOHON crIoco0 co3manus obJiaka
1 0€32JIEKTPOJAHBINA CIIOCO0 €ro 3aKUTraHus MPOYKTaMU CTOPAHUS BBIIITMOHOTO 3apsi-
na. Ucnoeiranust aspos3Becu Maraust MII®D-4 u amomunueBoit myapsl [TAII-1. [Ipu
TOM CKOPOCTH PACIPOCTPAHECHUS IUIAMEHH OKa3aJIuCh NPUOIU3UTEIHLHO BIBOE
MEHBIIIMMHU, TI0 CPABHEHUIO C IIEHTPAJIBHBIM MOJKOTOM, YTO 00YCIIOBJIEHO 3a’KUTaHU-
eM 00J1aKka y ero HUKHEl KpOMKH.

Curnan perucTpupoBaJICS NATHIO PATUONPUEMHBIMU YCTPOMCTBAMU HA PE30-
HaHCHBIX yactoTtax 0,8; 5; 7;10;40 I'Tu. AHTEeHHBI paboTalid IO CXEME MPSIMOTO YCH-
JICHUSI U UMEJId TIPUMEPHO PABHBIC XAPAKTEPUCTUKHU KaK MO MOJOCE MPOITYCKAHUS
(oTHOCUTENBHO pabOYeil YacTOThI), TAK U MO KOAP(UIMEHTY Nepe/lauu, a TAKKe Xa-
paKTEpUCTUKAM JUarpaMMbl HAMPABIECHHOCTH. VICKIItOUeHNEM SIBJISIIACh AHTEHHA Je-
IIUMETPOBOTO JIMAIIa30Ha, UMEIOIIasi OONBITYI0 JOOPOTHOCTH B O0Jiee MUPOKYIO Jra-
rpaMMy HalpaBJIEHHOCTH BCJIEACTBUE CBOCH KOHCTPYKIIMH (ITapaboandekoit (opmbl).
PeructpupyemMbie aHTEHHAMU CUTHAJIbl YCUJIMBAIKCH ISIThIO UACHTUYHBIMU YCUIIUTE-
nsMHu ¢ kKoddduimentToM yeraernust 10° 1 3amuchIBaIKCh IUTSH(OBBIM OCIMILIONPa-

dhom.

80



®dizuka aepoaucnepcHux cucrem. — 2020. — Ne 58. — C.77-83

20 : : : : 8.0
15 7.5
=
5
10 70 5
>0 2
= =
5 6.5 =~
0 A S ‘o

0 10 20 30 40 50
PMC.3. CHGKTpaJ'IBHaSI NHTCHCHUBHOCTH I/IBJ’Iy‘leHI/ISI IIJIaMCHHU B paI[I/IO'-IaCTOTHOM auaria-
30HC. CHJIOHIHa}I JIMHUA — OKCIICPUMCHT, ITYHKTUPpHAA JIMHUSA — pacqéT CIICKTpPa TOPpMO3-
HOT'O U3JIYYCHHUA HAHOPASMCPHBIX YaCTHUIl OKHCHU Marnu:a
(T, =2600 K, n=5"10""M>, Z; = 6 n,= Zn;[5]).

Ha puc. 3 npuBenena 3aBUCUMOCTh OTHOCUTEIIBHOM CHEKTPAIBHON MJIOTHOCTHU
DHEPTUM U3IIydeHHA Jo/J, (3HEPTUM M3IIy4CHHs, HOPMHUPOBAHHOM II0 OTHOIICHHIO K
COOCTBEHHOMY IIyMY IIPUEMHOIO YCTPOMCTBA) OT YaCTOTHI V.

Peructpupyemsplii curian uMen UIyMonoJo0Hyr GopMmy, ONpenessiochk OTHO-
LIEHUE MHTCHCHUBHOCTH IIyMa PErMCTPUPYEMOIrO CHUTHala K TAKOBOMY B MCXOJHOM
COCTOSIHMM JUISl KOKI0M aHTeHHBI. [locne ycpeqHeHus: JaHHBIX 110 KaXKJIOMY paauo-
NpUEMHOMY KaHally ObUIM IMOJIyY€HbI 3aBUCUMOCTU CHEKTPAIbHOM IIIOTHOCTH HEp-
MM U3IY4YEHUs W HMHTErpajbHas MOIIHOCTh u3nyueHus (W) ropsiueil a’spoB3BecH
(puc.3.)

N3nydyenne ropsmmx o0makoB B paguodactoTHoMm (PY) aumanazoHe MOXeT
MMETh pa3HO0Opa3Hble MpUYUHBI. K OCHOBHBIM M3 HUX MOHO OTHECTHU TEIJIOBOE H3-
Jy4YEHUE B PAJUOYaCTOTHOM JAMana3oHe, MIa3MEeHHbIE KOJIeOaHUsl JIEKTPOHHOU KOM-
MTOHEHTHI, YCKOPEHHOE JBUKEHUE 3JIEKTPOHOB B I0JI€ MOHOB M 3aPSKEHHBIX OKCH/I-
HBIX YacTHI] (TOPMO3HOE U peKOMOUHALIMOHHOE H3iny4yeHue). OLEeHKN MOKa3alu, 4To
npu Temreparypax ropenus razos3secu 2500+3000K snepreTnueckuil BbIXOJ TEIl-
JI0BOTO M3IMydeHus B nuarasone 0+50 ITT (W < 10”° B1/M’) Ha HECKOJIBKO HOPSIKOB
MeHbIIIe n3MepeHHoro 3uaueHus (W ~ 0.02 Br/v’). KpoMe 3TOro mpernonoKeHue o
TEIJIOBOM MPUPOJE M3IIYyYEHHUS] HE MO3BOJISIET OOBSICHUTH (DOPMY 3aperucTpUpOBaH-
Horo PY criektpa (¢ 3KCTpeMyMOMm).

Xopolee KaueCTBEHHOE COTJIacue ¢ AKCIIEPUMEHTOM JAaeT TMIIOTe3a O TOPMO3-
Ho#l mpupone PY uznydenus (puc.3). 3aBUCUMOCTh CHEKTPAIbHOM MOIIHOCTH TOp-
MO3HOTro u3iydeHus P(v) [4] paccunTaHa B MPEANOI0KEHUU O TPUMEHUMOCTH T€O-
pUM Ta30BOM IUIA3Mbl JUIsI TEPMO3MHMCCHOHHOM JIBYXKOMIIOHEHTHOM 3JIEKTPOHHO-
NBUIEBOH IJ1a3Mbl, B KOTOPOW YacTULIbI KOHJEHCUPOBAHHOU (ha3bl paccMaTpUBAIOTCS
KaK MHOTO3apsAIHbIE HOHBI.

dP 82| & ’ 1 o | Znn,

= 1_ e i E 1
do 3Jn 4me, (mecz)wz o’ (kBTe)l/z () (1)
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®opmyna (1) cnpaBennusa npu iiw << k,T,, rae h, ky — noctosHuble [Inanka u
bonbumana, 7, — Ttemmneparypa o3yekTpoHoB. B (1) mnpuHsATEI 0003HAYCHWUS:

e

1/2
, = (I’lee2 /6‘07’1’16) — IINTa3MCHHAsA 94aCTOTa 3JICKTPOHOB, 71, — KOHOCHTPAIUA 3JICKTPO-
HOB, n; 1 Zl' — KOHOCHTpPAIKA U 3apAJ0BOC YUCJIO HOHOB.

1
st yZE :—GT) <<1 [4] E(y)z—ln‘yey‘ (y = 0.577 — nocrosiHHas Diinepa-

B e
Mackeponn); e, m,, ¢, & — GU3NIECKUE KOHCTAHTHI.
OpHako pacCMOTPEHHBIM MEXaHHW3M HW3IyYCHHsI TUIa3Mbl MPOJYKTOB CTOPAHHUS
Mg u Al B nnanasone yactot (@, /27 +50) I'T'y naeT Ha HECKOJIBKO MOPSIIKOB BEJHU-

unHBI GoJIee HU3KHE MHTErpaIbHbIe TOTOKH M3mydeHns (W ~ 10” Br/m’), uem noiy-
gennsie B skcrepumente (W ~ 107 Br/m’). TloaToMy, mist ONpeaeIeH:s] MEXaHH3Ma
TeHEPALMH U CHEKTPAIbHBIX XAPAKTEPUCTUK PATUOYACTOTHOTO U3IYyYEHHUSI B TOpS-
IIMX MBUIEBBIX 00JaKax METAJUIOB, TPeOyeTCsl MPOBEAEHUE JOMOJIHUTEIbHBIX HCCIIe-
JTOBaHUM.

3akiouenne. IIpuBeeHBl PE3YIbTAThl AKCIEPUMEHTAIBHBIX HCCIIEA0BAHUI
OTNITUKO-CIICKTPAIbHBIX U CBETOTEXHHUYCCKHX XapaKTCPUCTHK H3ITYYEHUs] OOJBIIHUX
(V>10 M3) 00JIaKOB METAJUIMYECKUX TOPIOYHX, KOTOPHIE MO3BOJIMIN YCTaHOBHTH
CIEIyIOIIEe:

1. Wsny4aTenpHble XapaKTEPUCTHKUA OOJBIIUX OO0JIAKOB COOTBETCTBYIOT TaKO-
BBIM JJIs1 Majibix 00bEMOB (V' = 5 ). MakcuManbHOM Cuilol cBeTa 001aiaioT a’po-
B3BECHU AJIIOMUHUS U THAPUJIA ATTFOMUHUSL.

2. CBETOTEXHHYECKUE MOKa3aTeM TOPSIUX OOJIAKOB a’pPOB3BECH METAILINYe-
CKHMX YaCTHI] BBIIIE, YEM Y MUPOTEXHUYECKUX COCTABOB U MPUMEPHO OJIMHAKOBBIMHU C
nokaszarensamMu i porocmeceil. [IpogoKUTENBHOCTS TOPEHUS a3POB3BECU OOBIUHO
Ha JIBa MopsJiKa O0JbIIe, YEM JUTUTEIHHOCTh BCIBIIIKN (POTOCMECH.

3. ns o0nakoB amOMHHMS M Mar"usi BIEpPBble OOHAPYKEHO CYIECTBOBAHME
IIyMOMOI00HOTO PajrovyacTOTHOro u3nydeHust B nuanazone 1+40 I'Tu. [lokazaHo,
YTO PaAMOYacCTOTHBIN CIIEKTP UMEET HE TEIUIOBYIO MPUPOJY, HETMHEHHO 3aBUCUT OT
YJacCTOTHI, a €ro 00Ias Y HEPTOEMKOCTh B YKa3aHHOM JIMANa30He COCTaBUJIa BEIMUUHY
MOpsIAKa COTBIX JIOJIEH Br/n’.
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Shevchuk V.G., Poletaev N.1L., Starikov M.A., Nimich A.V., Shynharov G.L.
Radiation properties of burning clouds of metal dust.
2. Experimental research

SUMMARY

The dynamics of the time variation of the flame front radius, combustion temperature, and
radiation characteristics (integrated radiation flux in the range of 2—20 um, luminous intensi-
ty, specific light sum) of burning clouds of metal dust (aluminum, aluminum-magnesium alloy,
aluminum hydride) with a volume of more than 10 m3 was experimentally studied. It is shown
that the radiative characteristics of large clouds correspond to those for small volumes (V =5
L). It has been established that aerosuspensions of aluminum and aluminum hydride have the
maximum luminous intensity, and the time of their luminescence in the infrared region ex-
ceeds the luminescence times of other compositions. Despite the high lighting performance of
aluminum hydride aerosuspensions, the specific light sum of such air suspensions is low, due
to their high burning rate. A comparison of the lighting performance of burning clouds of
aerosuspension of metal particles with those for photo mixtures in lighting pyrotechnic com-
positions shows that the luminous intensities and specific light sums of air suspension are
higher than those of pyrotechnic compositions and approximately the same for photo mix-
tures. However, the duration of combustion of an aerosuspension is usually two orders of
magnitude longer than the duration of the flash of the mixture, much more than the volume of
the radiation source. For clouds of aluminum and magnesium, the existence of noise-like ra-
dio-frequency radiation in the range 1+40 GHz was first discovered. It was shown that the
radio-frequency spectrum is not of a thermal nature, non-linearly dependent on frequency,
and its total energy intensity in the indicated range was of the order of hundredths of a W/m’.
The influence of bremsstrahlung on the radio emission characteristics of burning clouds was
analyzed.

Illeeuyk B. I'., Ilonemacee M. 1., Cmapixoe M. A., Himuu O. B., Illunzapvoe I'JI.
Paodiayiini enacmueocmi xmap memaniuHo20 RULY, W0 20PUMb.
2. EkcnepumenmanvHi 00Ci0HCeHHA

AHOTALIA

Excnepumenmanbho 6usueno OuHamiky sminu 6 uaci paoiycy @ppoHmy noaym's, memne-
pamypu 2opinHs, paodiayiiHux Xapakmepucmux (iHmeepaibHutl NOmiK eUNPOMIHIOBAHHS 8
dianazoni 2 + 20 MKM, cuna c8imida, NUMoMa C8Ima0CyMu) NAiaoyux Xmap memaneso2o
nuLy (AnOMIHIL, ATIOMOMACHIEBUI CNIA8, 2IOPUO antOMIHII0) 06 emom Oinbute 10 m3. Tloka-
3aHO, WO BUNPOMIHIOBANbHI XAPAKMEPUCMUKU BETUKUX XMAP 6I0N08I0aoms maxkum O
manux o6 ‘emie (V =5 1). Bcmanoenero, wo MaKkCumMaibHy CUILy c8imia Maioms aepo3asuci
QAIOMIHIIO T 2I0pUOy ANIOMIHIIO, NPUYOMY HaC iX C8IMIHHA 8 TH@pauepsoniil obiacmi nepe-
gepulye yacu c8imiHHA iHwux memanis. Heszgaowcaiouu Ha UCOKI C8IMIOMEXHIYHI NOKA3HU-
KU aepo3asucie 2iopudy antOMIiHil0 NUMOMA CEIMIA0CYMA MAKUX aepo3asucié HU3bKd, o
3YMOBIEHO BUCOKOI WBUOKICIIO iX 2opiHHA. [I0pi6HAHHA C8IMIOMEXHIYHUX NOKA3HUKIG Na-
JAI0YUX XMAp aepo3asucie Memanesux 4acmuHoK 3 makumu 0as pomocymiwi 6 oceimiio-
BANLHUX NIPOMEXHIUHUX CKAAOAX NOKA3ZVE, WO CUNU CEIMIA | NUMOMI C8IMIOCYMU aepo3a-
BUCIB BUABTAIOMBCA GUWUMU, HIJC Y NIPOMEXHIYHUX CKAAOI8 I NPUOIUZHO 0OHAKOBUMU OJis
domocymiwi. Oonax mpueanicms 20piHHA AepPO3aBUCIE 3a36ULAll HA 08a NOPAOKU Olinblule,
HIdIC mpusanicms cnanaxy gpomocymiwii, Habazamo 6inbuwull i 00 ‘€m ddxcepena eUNPOMIHIO-
sauHs. [[ns xmap anominiio i MacHilo enepuie 8UABIEHO ICHYBAHHA WYMONOO0IOHO20 padio-
yacmomHno2o eunpominosanusn 6 oianasoui 140 ITy. Iloxazano, wo padiovacmomuuil
CneKmp Mae Hemeniogy npupooy, HeNiHIHO 3aNedCums 6i0 Yacmomu, d 1020 3a2albHa
EHepP2OEMHICMb 8 3A3HAYEHOMY OIana30HI CKAANA BEIUYUHY NOPAOKY COMUX Bm/w’. IIpo-
AHANI3IPOBAHO 6NAUE CATNbMIBHO20 BUNPOMIHIOBAHHA HA XAPAKMEPUCTUKU.
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Oco0,1MBOCTI BUTOPAHHS OPYBATHX YACTHHOK KOKCY BYTJLISA

[TpoBOIUTHCS TOPIBHSIHHS EMIIPUYHHUX 1 TCOPSTUYHHUX 3aJIKHOCTEH TYCTUHU YaCTUHKH KOK-
ciB Bif ii miameTpy npwu ii ropinHi. Ha BigMmiHy BiJ ycTajgeHHX ysBIICHbB, IO BCEPEIMHI YACTHHKH B
nopax KuceHb AUQPYHAY€E MEePeBaAKHO KHYICEHIBCbKOIO AU(]Y3i€r0, MPU MOPIBHAHHI 3 YHCEITbHUMHU
pO3paxyHKaMH MOKa3aHoO, 110 BCEPEIUHI IMOp MOBHHHA BiAOYBAaTUCS TEpeBaKHO 00'eMHa TUQy3isl.
KuceHnp He BCTHTae MOTPAIUIATH BCEPEIUHY MEpexigHux 1 Mikpomop. s neBHOI 0651acTi TOpiHHS
(BHCOKE 3HaUEHHSI BHYTPIIIHBOTO JU(PY3iHHO-KIHETUIHOTO BiTHOIICHHS Se, > 5) OTpUMaHO aHali-
TUYHUN BUPA3, IO OMHCYE 3B'SI30K MiXK T'YCTHHOIO 1 JIiaMETPOM YaCTUHKHU B MPHITYIIECHHI MOJICKY-
nsipHOI Mudy3ii KHCHIO BCEpeIuHI MOP YacTUHOK Kokcy. [loka3aHo, mo, mpu ropiHHi YaCTUHOK BY-
r'JIBHOTO Ty 3 JiilaMeTpoM MeHule 150 MKM 3HaueHHs Se, MOKYTb Oy/IM MeHI 3a 5.

[To BU3HAUEHOMY MOKA3HHUKY CTENEHS B OTPUMAaHI 3a]I€KHOCTI MOKHA BU3HAYUTH 3HAYCHHS
e(eKTUBHOT MTUTOMOT MMOBEPXHI MOP KOKCY BYTLILIS.

Kiro4oBi cj10Ba: yacTHHKA KOKCY, TOPiHHSA, TYCTHHA, iaMeTpP, TUTOMA IIOBEPXHS 1TOP

Beryn. JlociikeHHs CKIIaHOTO MPOIIECY TEMIOMAacOOOMIHY 1 KIHETUKU TOPIH-
HS YaCTMHOK BYTUUIS MPEJCTaBIisge€ cOO00 LUTUN psii yCKIagHeHb. Tak B po6oTi [1]
y3araJIbHIOETHCS IUPOKUHN CIIEKTP HAYKOBO-JIOCIIIIHUX METOIOJIOTIMH, sIKl OyJIx CTBO-
pEH1 I BUBYEHHS TOPIHHS OKPEMHX YaCTMHOK BYTULIS 3 METOIO PO3pOOKH 3HaHb
PO BYTUJIbHI TEXHOJIOT1i. METO0 eKCiepruMeHTIB OyJ10 BceO1uHEe BUBUCHHSI IIPOILIECIB,
B SKMX YaCTHHKU BYTULISA 3a3HAIOTH 3MiH IPU BUCOKHUX TeMIleparypax. Sk mpaBwio,
11 3BOJAUTHLCS 0 BUBUCHHS XapaKTEPUCTUKHU SBUIIA 3aiiMaHHS YaCTHHOK 1 CTaIIHHO-
CT1 TOPIHHS YaCTHUHOK. B 1ijoMy BUA nanuBa, po3Mip, YMOBH 3rOpPaHHs, 30KpeMa Te-
MITepaTypa TOpiHHS, POOJIATh CHIIBHUN BIUIMB HAa PEKHUM 3ropanHs. OgHaK 9acTo Ja-
H1, 110 IPEACTABIICHI PI3HUMH JOCIITHUKAMU, HE 3aBXKJIU Y3TOJKYIOThCSI MI3K COOOIO.
Ili BIAMIHHOCTI 9acTO € HACIIAKOM HEIOJIKIB camMOi METOMOJIOTIi mociimkeHHs. bi-
JBIIICTh pOOIT (OKYCYIOThCS Ha JOCTIPKEHHI KIHETUKH, BU3HAYEHHI TeMIepaTypu
TOpIHHA Ta 3aiiMaHHS B 3aJIE’KHOCTI BiJ] MapaMEeTpPiB MPOIIECY Ta AlaMeTPy YaCTHUHOK.

[Ipu iboMy HEe BU3HAYAIOTHCS KUIBKICHO TaKi MapaMeTpH, sSIK TYCTHHA YACTHUHOK,
MOpPYBaTiCTh, MUTOMA MMOBEPXHs MOP Ta iX 3MiHA B Ipolieci BUropanHs. B podorax [2,
3] 3BepTaeThcs yBara Ha B3a€MO3B’SI30K 3MIHU T'YCTHHHU 1 JllaMeTpa YaCTUHKH B IMPO-
11eCl TOPIHHS MOPYBATUX YAaCTUHOK BYruwis. [Ipu mipomy, He 3Bakaroy Ha Te, IO €
BEJIMKUNA PO3KHUJ 1 aHaII3 TOPIHHS KOXKHOTO BYTULISI HEOOX1HO PO3TJSIATH 1HAUBI-
IyallbHO, 3a3BHYail 3aJIeKHICTh 3MIHA MacH, T'YCTUHH 1 J1aMETPy YACTUHKH MOXHa
arpOKCUMYBATH CTEIICHEBOIO 3aJICKHICTIO

plp=(d/d)", plpy=(mim)', didy=(m/m,) (1)

AHAJIITUYHO OTPUMATHU JIaH1 PIBHSAHHS MOKHA 3 aHalI3y KIHETHMKU pearyBaHHS
MOPYBaTOi YaCTUHKH B IPUMYLIEHHI BHYTPIITHBO-ANU(]Y31iTH1I 00JaCTI pearyBaHHs Ta
HE3MIHHOCTI apameTpiB pearyBaHHs B nopax [4]. Ile o3Hauae, 110 rycTuHa 1 giaMeTp
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3MIHIOIOTBCS 3 BTPATOI0 MacH Ha paHHIX CTaJisX TOPIHHS TaK, SK Ha Mi3HIX CTalisIX.

OpHak, KOJIM YaCTUHKU TOPSITh, JUPY31HHUIN OMIp MOP 3MEHIIYEThCS, OCKIIbKU
3aKPUTI TOPU BIJIKPUBAIOTHCS 1 TMOPH 3IMBAIOTHCS 1 3MBAIOTHCS. 1Ol SIK HAa paHHIX
CTaJiIX TOPIHHS BTpaTa Macu OOMEXYEThCS MEPII 3a BCE 30BHIMIHBOIO MepUdepiero
YaCTUHOK, Ha MI3HIX CTAaIsIX BTPAaTa MacHu BIAOYBAETHCS O BCbOMY 00CSA31 YACTUHOK.
Takum 4MHOM, OUYEBHUIHO, IO (PYHKI[IOHAJIbHA 3aJI€KHICTh MIXK CTYIIEHEM BTPAaTH Ma-
CH, PO3MIPOM 1 TYCTHHOIO YACTUHOK 3MIHIOIOTHCS B MPOLIECI TOPIHHS.

B poGotax [3, 5] aHamiTUYHO OTpHUMaHI (PYHKI[IOHAJIbHI 3aJIEKHOCTI TYCTHHH,
MacH 1 JlaMeTpa YaCTUHKHU 3 BpPaxXyBaHHSAM 3MIHHM B IPOILIEC] 1i TOPIHHSA MapaMeTpiB
BHYTPIIIHBOI CTPYKTYPH.

Eccenxaii [3] po3mupuB NpuBeIeHUI BUIE aHANI3, 00 MOKa3aTH, 1110 BIJHO-
meHHs /Y 3MIHIOETBCS 3aJIEKHO BiJl MOYATKOBOI T'YCTUHHU BYTriuUIA. ByB 3po0ienHuit
BHCHOBOK, 110 BIAMIHHOCTI B IIBUAKOCTI pearyBaHHs Pi3HUX KOKCIB BYTULISI MOXKYTh
OyTH MoB'sA3aH1 OLIbIIE 3 BIAMIHHOCTSIMH B (DI3MYHOMY JIOCTYIII /10 30BHIIIHBOI 1 BHY-
TPIIHBOI YACTHMHHM YAaCTUHOK, HIXK 13-32 XIMIYHOI akTHUBHOCTI. IloyaTkoBa rycTuHa
KOKCIB MO€ PO3IJISIIATUCS SIK MIpa JOCTYITHOCTI 10 BHYTPIIIHBOT YACTHHKHU.

Sk mapameTp, 0 J03BOJISIE BCTAHOBUTHU PEXUM TOPIHHS YaCTUHKH [3, 6] Bcepe-
JUH1 TIOP, BUKOPUCTOBYETHCS KOoe(ilieHT e(heKTUBHOCTI 1. BiH BU3Ha4aeThCs BiIHO-
HIEHHSIM €(PEeKTUBHOI IIBUAKOCTI PeakKilii 3 ypaXyBaHHSIM MacONEpEHOCY OKUCIIIOBaYa
710 MIBUIKOCTI XIMIYHOT peaKirii:

n=(1+Se)", Se= Ly
D,Sh

Moro 3HauyeHHs 3MiHIOEThCsS B Meskax 0 <1 < | i 3aimexuth Bix Mopdosorii Ma-
Tepiady YaCTUHKH, J1aMeTpPy 1 MUTOMOI MOBEPXHI Mop. SAK mpaBuiio, miABUIIECHHS I10-
pyBaTOCTI YaCTUHKH, MUTOMOI MOBEPXHI 1 {IaMETPy HOpP MPUBOAUTH J10 301TIbIICHHS
IIBUJIKOCTI 1i TOPIHHSL.

[Ipn HU3BKHUX TeMIEpaTypax MOBEPXHEBI peakilii BU3HAYAIOTh CYMapHY IIBH]I-
KICTh peakliil 1 pearyBaHHs MpOHHUKae y Bci nopu ( = 1). Po3Mip yacTUHKH IpaKTH-
YHO HE 3MIHIOETHCS, & TYCTUHA [TOCTYIOBO 3MEHIIIYETHCS.

[Ipu nyxe BHCOKHMX Temmeparypax AHQy3is OKUCIOBaya JIMITYE HIBUIKICTb
peakiiii. PearyBanHs Bi10yBa€ThCsl MEPEBAXKHO HA 30BHINIHINA MOBEPXHI YACTUHKH (1]
= ()) 1 KOHIIEHTpAIlisl OKUCITIOBa4Ya BCEPEANHI YaCTUHKH Om3bKa 70 Hyla. ToMmy ryc-
THHA YAaCTUHKHU B MPOLIECI TOPIHHS 3aJUIIAETHCS HE3MIHHOIO, a [laMeTp 3MEHIIY€Th-
col.

CaMe pocHiKEeHHS MPOMDKHHUX peXHUMIB, I skux 0 < n < 1, 3anumaeTscs
HaWOIBII 1IKABUM, KOJIM B MPOIIEC] TOPIHHS 3MEHIIYIOThCS T'YyCTHHA 1 JlaMeTp yac-
TUHKHU. /{7151 BCTAaHOBJIEHHS TaKUX PEKUMIB OKHCIIEHHS 3a3BUYail 3HUKYIOTh KOHLIEH-
Tpauio KUCHIO B cyMimll (Hanpukiaa, 10 5-10 06. %) [7] abo temneparypy cyminii
[8]. Toxi Temnepatypu ropiHHSI YaCTUHOK MOMITHO 3HUKYIOThCSI.

MeTtor AaHOi po0OTH € aHaJI3 3aJIEKHOCTEN T'YCTHUHM BiJ AlaMeTpy MOpYyBaTOi
BYIJICLIEBOI YACTHHKU JIJI1 BCTAHOBJIEHHS 3aKOHOMIPHOCTEU NPH ii TOpiHHI B 30BHIII-
HbOMY Ta BHYTPIIIHbOMY AU(DY31HHOMY PEXHMI; TPOAHAIZYBATH SIK 3aJI€XKHUTh MOKa-
3HHMK CTENEHs O B/l MPUPOJIM, BHYTPIIIHbOI CTPYKTYpPU YACTUHOK BYT'ULIA (ITOpYyBaTo-
CTI).
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1. MocTanoBka 3aja4i. 3MEHIIECHHS I1aMETPy YACTUHKH OOYMOBJIEHE XIMIUYHHU-
mu peakuisiMu C + O, = COy(1) 1 2C + O, = 2CO (11) Ha 1i 30BHIIIHIN TOBEPXHI, a
3MEHIIICHHS] TYCTUHU YaCTUHKH — MPOTIKAHHSM peakiliii BcepeauHi mnop. Ix 3men-

IIEHHS 3 YaCOM MPEICTABISAETHCS Y BUTTISIL [9]:
-1

) B -1

p“d):_coo‘&q WMy k+2u) 14— a ]| | 2)

ot 100 M, ™ D, Shp,

-1 -
d? 8(p):_(100—XA) oM Y, (k, +2k,) £, 1+ a dl, )
ot 100 ]\402 ? (k, + k) DgShpg

ks =k +k,+k +U,, d(tzo):db’ p(t:O):pb'

Tyt P, — TYCTHHA HaBKOJHMIIHBOIO rasy 0111 MOBEPXHI YaCTUHKHU, Kr/MS;

M., M, - MOJISIPHI MacH BYTJIELO 1 KMCHIO, KI/MOJIb; k,,k, — KOHCTAaHTH ILBUIKOC-

tert ximiuaux peakiii (I) — (II); &, — epexkTBHA KOHCTaHTa BHYTPIIIHBOTO pearyBaH-
HS; ¥, — BIIHOCHA MacoBa 4acTKa KHCHIO B rasi, D, — koediuieHT au¢ysii KUCHIO B

rasi, m%/c; P, — II0YaTKOBA I'yCTMHA YaCTUHKH, KoM, X , — MacoBa 4acTKa 30JI4 B BY-
TULIL.

Po3ninmuBmim oguH Ha oxne Bupasu (2) 1 (3), orpumaemo audepeHuiaabHe piB-
HSIHHS:

9 — 3EL _ (4)
od dk +k,

OcoOuBICTIO LILOT'O PIBHAHHS € T€, 0 BOHO CIIPaBEIMBE HE3AIEKHO B1J] 30B-
HIIIHBOTO PEXMMY MPOTIKAHHS peakilii (BU3HAYAEThCA YHUCIOM Se): KIHETUYHOTO,
MIPOMI>XKHOTO YU AU(Y31HHOTO.

B 3aranpHOMYy BHMaJKy KOHCTAHTa BHYTPIIIHBOI'O pearyBaHHS BH3HAYAETHCS
KIHETHUKOIO XIMIYHUX pEaKIlli, AlaMeTpOM 1 MOPYBATICTIO YACTHHKHU ) Ta MUTOMOIO
noBepxHero nop £, [10]:

2D, Fd*(k +k,)

(Se,cthSe, —1), Se, = ) (5)
4D,
Tyt Se, — BHyTpilTHE TU]Y31HHO-KIHETUYHE BIHOIIECHHS (BHYTPIIIHIN KpUTEPiit
CemeHoBa), 1110 BU3HAYAE BCEPEIUHI MO BIJHOIICHHS IBUKOCTI pEaryBaHHs KUCHIO
< . . 2
110 fioro Maconepenocy; D,, — koeiieHT 1udy3ii KHCHIO BCEPEIUHI Iop, M/c; F, —

k=

v

TMTOMA [IOBEPXHS 1O (3araibHa MOBEPXHS MOP B OMHUII 06'eMy YACTHHKH), M .
Buxopucranns Bupa3sy (5) He 103BOJII€ B aHATITUYHOMY BUIJISI/II BUSHAUYUTH 3a-
nexHIcTh p(d) 3 po3B’szky (4). [Ipu 3HadeHH] KpHUTEpitO Se, > 5 KOHCTaHTa BHYTI-

IIHBOI'O PearyBaHHs HE 3aJICKUTh BiJl ii 30BHILIIHBOTO J1aMETPy YaCTUHKU:
k, =[D,F,(k +k,), (6)
Came mieii Bupa3 OepeTbcs 3a OCHOBY [2, 3, 5] B moJaJIbIIOMy aHAJITUYHOMY
PO3B’s3KYy pIBHSHHSA (4).
SKII0 NpUIyCTUTH, M0 KOE(DILIEHT BHYTPIIIHbOI AUQPY31i 1 MUTOMA MOBEPXHS
[Op HE 3ajeXaTh BiJl TYCTHHU YaCTHHKHU, TO BEIWYHHA k, = const 1, MICIS IHTErpy-
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BaHHS (4), OTPUMY€EMO 3aJiekHICTh BUay (1), ne
D F

v

—Y Y =const.
k, +k,

a=3

Jliist onucy nudy3ii KUCHIO BCEPEAMHI MOP BUKOPUCTOBYETHCS 3aJIEKHICTD [2]:

Dv:%Deﬁ, Dl :Dl +D1 . (7)
eff g K

Tyt Dy — epexTrBHUN KOe(DImIeHT TU(Y31i KUCHIO B IOPHUCTIM CTPYKTYpl dac-
TUHKH, IKAH BpaxoBye 00’ eMHy nudysiro 1 qudysito Knyncena; D, — koedimieHT MO-
JeKyJsIpHOi 00’eMHOI audy3ii; Dgx — koedimienT nudysii Knyacena, mo xapakrepu-
3y€ TPAHCHOPT Yepe3 MOpH;  — MOPYBATICTh YACTUHKU; T — KOE(DIIIEHT 3BUBUCTOCTI
nop (2711 BUMaJKOBO OPIEHTOBAHUX OJHOPITHUX TOP T = V2 [11]).

Bupas nns xoedinienra audysii Kayncena Dy 3acHOBaHUM Ha KIHETUYHIN T€O-
pii qudys3ii rasiB B npsMii uiiHApUYHIN Topi [2, 11]:

pook o [BRL P )

>p
E/ TCI"L 0, p tr
IS I"p — CGpGIIHiﬁ paz[iyc Imop, M; u — HIBI/I,Z[KiCTb TCILJIOBOI'O PYXY MOJICKYJI KUCHIO,

M/C; p, — FYCTHHA CYLJIbHOI PEYOBUHH YAaCTHUHKU (J1/iCHA TYCTHHA), KI/M.

: 3 4u , .
Takum umHOM, n1s KHyJCEHIBChbKOI nudy3ii maemo D F| :E_X 1 He3aJIeK-
T

HICTh KOHCTaHTH BHYTPIIIHHOIO pearyBaHHs B SBHOMY BUIJIA/I BiJ MUTOMOI OBEPX-
H1 11op. PiBHSAHHSA (4) B pe3ynbTaTi NPUBOJUTHCA 10 BUTIISAY, AaHAJIOTIYHO SK 1 [3, 6]:
d op p
- == G’O - -
p od Py
Horo po3B’s130K BAAE€THCS MPEACTABUTH Yy BUTIIAIL

P (d/d,)”
Po 1—(1—(d/d0)°‘°).p0/p,,’

ne dy, p, — IOYaTKOBI 3HAYEHHS JI1aMETpy 1 TYCTHHU YaCTHHKH. TyT Koe(IieHT o,

BU3HAYAETHCS YEpe3 BEIMYMHY 3BHBUCTOCTI MOpP, TEMIIEPATYpPy YACTUHKH, & TAKOX
KIHETUYHUMH TIapaMeTpaMH XIMIYHOro pearyBaHHsA. OcCOONMBICTIO OTPUMAHOI 3ajie-
’KHOCTI € T€, 110 O, B [IbOMY BUIIAJIKy HE 3aJI€KUTh Bl IUTOMOI IOBEPXHI IOP.

B npunyuieHH1 TUIbKK MOJIEKYJISIpHOI 1U (Y31l BcepeauHi mop D, = D, MaeMo:

n+l

P
DVZZDg’ Dg:DgO % ?ﬁ)’
T 0
3aJIe’)KHICTh MUTOMOT HOBEPXHI MOP B1JI MOPUCTOCTI YaCTUHKU [12]:
1—
Fv = FVO X( X) >
Xo (1 — %o )

ne F , 17— no4aTKOBa IMMUTOMA IMIOBEPXHS ITOP 1 IIOPUCTICTh.
v0 0
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B pesynbtati piBHsiHHA (4) HaOyBae BUTIISAY:

D F
iﬁ_p:al( _Lj o a1=3\/ Fo
p od Pu )\ P Xo (1_X0)T(k1 +kz)

Horo po3B’s130k

(ij":(lh/p/pn)( Jos /p,.) . J@ \/g an
d, (1+\/po/ptr)( p/pﬂ

B ObOMY BHUIIAJIKY KOG(l)i]_IiEHT O, 3aJICKUTH SIBHO BIII MMUTOMO1 HOBerHl Inop.

Jlyist 3acTocyBaHHSA KHYACEHIBCbKOI Mu(y3ii HEOOXiIHe BUKOHAHHS YMOBH JIJIS
ancia Kayzacena Kn=1[,/d, > 1. SIKiio BpaxyBaTu TeMIIEPaTypHY 3aJICKHICTh JOB-

KUHH BibHOrO mpoGiry /, =1 T /Tj To, Hampukiaz, OpH TEMIEPATypi YaCTMHKH

1500 K maemo lp = (0.35 MkM. 3rigHo (8) pexuM KHYACEHIBCbKOI nu(y3ii MOXe BU-

KOHYBAaTHUCS JJIA 3Ha4YeHb F,> F,, = 107 M2/’

B pob6orax [2,3,5,6] mpuiimaeTbcs came nudysisi Kayacena Bcepeaudi mop,
OMHPAIOYKCh HA JOBOJI BUCOKI 3HaY€HHS MUTOMOI MOBEPXHI MOP Ta Majl 3HAUYCHHS
cepenHboro pajaiycy nop. OgHak He JTOBOJUTHCS YW JTIHCHO peai3yloThCsl BC1 MPH-
WHATI IPUTTYIIICHHS.

2. AHaui3 pe3yabTaTiB. 3HaUEHHS NUTOMOI MOBEPXHI MOP OJUHULI 00’ €My
F =pF u1n Macu F, KOKCy IOBOJI pi3HI 1 3a3BH4ail BU3Ha4aroThcs MetogamMu BET
(bpynep, Emmer Ta Temnep), prytHoi mopometpii un D-R(/[younin, PagymikeBuy).
Tak [st eIeKTPOAHOro BYTLLIL 3 TycTHHOI p = 1600 + 1700 kr/M’ BkazaHo 850
M>/kr [12]. JIas aMephKaHChKOTro BYIiLIA 3 IycTHHOIO p = 900 + 1400 kr/M’ (py =
1300 + 1600 kr/m’) maToMa moBepxus mop 100 + 400 m*/kr [11]. I HadTOBOTO By-
rimst maemo 2-10° M*/xr, nomenHoro xokcy mere 0.1-10° M%/kr, nepeBHOTO Byrimis
—16.7-10° m*/xr [13].

Paniyc nop, sik BugHO 3 (8) 00€pHEHO MPONOPUIMHUNA MUTOMIM MOBEPXHI MOP.
[IpuniiasaTo [11 14] paaiyc makpomnop 7, > 0.5 10°A, a BlI[HOBlI[Ha IM IIMTOMA IOBEP-
xus 0.5-2-10° m*/kr. Paziyc nepexinaux mop 8 < r, <0.5 10° A, a nutoma ix moBepx-
st 10 70-10° M*/kr. MiKpOmops MaioTh po3Mip r, < 8 A i maToma ix MOBEPXHS MiK-
porop 6 — 17 10° m*/kr.

OTxe, mapamMeTpoM, KUl BU3HauYae Xxapakrep 1udys3ii uepe3 NOopiBHAHHS pajly-
Cy TOp 1 JIOBKUHU BUIBHOTO Mpo0iry moiiekyn (uucio Kuyncena), € muroma rnoBepx-
Hs rop. ToMy B mogayibIiomMy JijIsi KOKHOTO BUy KOKCY 3HaXOAMWJIACs IUTOMA ITOBEp-
xHs nop F, ipu ki rpadiuHo po3B’s30K 3araibHOI 3ada4i (4), (5), (7) 130TepMiu-
HOT'O BUTOPAHHS YACTUHKU KOKCY MeTojioM Kol [4] y3ro/iKyBaBcs 3 eMOIpUYHOIO
3asiexkHicTIO (1).

B Ta6n. 1 nmpuBeaeH1 BUX1/IHI Ta pO3paXxyHKOBI JaH1 JJIs psIly YaCTUHOK Pi3HUX
KOKCIB [15-20]. BiAMIHHICTIO pe3yibTaTiB UX JOCIIIKEHb CEpPel] BEIMKOI KUIBKOCTI
aHAJOTIYHUX JTAHUX, SIKI y3arajbHIOIOTHCS B poOoTax [2, 3], € HasBHICTh 3aJIEKHOC-
Tel tuny (1) 0e3 BUKOPUCTaHHS HACUIIHOI T'YCTUHH JJI BYT'UIBHOTO MUITY. A, SIK Bi-
JIOMO, 1151 TYCTHHA 3HAYHO B1JIPI3HAETHCS B1Jl CEPEIHBOI I'YCTUHU YaCTUHOK. B ocHOB-
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Tab.1. [TapamMeTpy KOKCiB Ha OTpUMaH1 3HAYEHHS MTOKa3HUKIB CTCIICHS

Xieu | Young | Waters | Wall Smith | Monson | Szekely
[15] [16] [17] [18] [19] [20] [21]
Po, KT/M’ 650 1750 470 1300 1400 650 1120
dy, MKM 60 85 140 100 85 70 735
T,K 1700 1700 1800 1900 2000 1900 1700
Prry KT/M 1600 2250 1600 1600 2250 1600 1820
E, x]Jx/mMob 80 125 84 130 83 252 120
Seyo 6.2 2.2 4.6 4.8 1.4 1.9 38.4
D.y/D, 0.89 0.97 0.99 0.95 0.97 0.87 0.92
Fo(paca), M>/m° 25-10" | 2-10° 3-10° | 3-10° | 4-10° | 25-10" | 12-10°
F,o(pacd), M°/KT 384 11 64 23 2.8 384 107
a (9KcI) 3 0.67 1.0 1.0 0.125 5.6 4.0
0 (arpok) 4.5 2.5 1.25 3.5 0.35 8 8.0
a; (arpok) 9.0 2.8 2.9 4.0 0.43 14 11.0
o (pacw)no (10) 10.2 6.0 3.6 5.7 1.4 38.6 11.9
10— T T T T 1.0 - T T T T
p/po o 2 p/po o
o L]
o1 : o |
08F o 2 1 08r 1 .
g | S
.-"f ' | '3
0.6l m-|  06F s -
i ¥
| [ 3, .7 5
| oy
0.4F m - 04 - / i
- ] u u ,-'I f HII
. R4 i - . /
02 A ) 1 0 /o , o -
o g/ /
e // Vs .
/AR  dido e iy . dldo
1] 0.2 04 0.6 0.8 1.0 1] 02 04 0.6 0.8 1.0

Puc. 1. 3ane:xHOCTI TyCTUHHM YaCTHHKH KOKCY Bif 1i AiameTpy nipu ii ropinui: 1) o, Smith [19],
2) o, Waters [17], 3) m, Monson [20], 4) 0, Young [16], 5) 4,0, Szekely[21]. Po3paxyHkoBi 3a-
JISKHOCTI: — po3B's30k (4), (5), (7); -(1),——=—==@), ---- =(11).

HOMY pE3yJIbTaTH MPEACTaBIEHI MpHu BUCOKUX TemiepaTtypax (1200 — 2200 K) 1 ana
npioHuX yacTuHOK (Bix 10 10 100 Mkm).

JIyisi BU3HAUYEHHS KIHETUYHUX KOHCTaHT XimiuHux peakiiit (I) ta (II) Bukopuc-
TOBY€EMO 3B'SI30K €HEPTii akTHBAIlll Ta Mepesl eKCIIOHEHTHOIO MHOYKHUKA JJIs PI3HUX
peakiiit (k« =100 m/c 1 T« = 2600 K)[10]:

k. =k, exp(—E,/RT), k,,=k,exp(E,/RT)), E,=1.1E,,i=1,2.
3Beprae yBary (tabus. 1), mo migiOpaHi 3HaA4eHHS MUTOMOI MOBEPXHI mop Fiy
3HayHO MeH1i 3a F), ;. Lle roBoputh npo nepeBakaHHs 00'eMHO1 AUQy3ii B opax, 110
JOaTKOBO IOKa3ye 1 ONMMU3bKICTh BiTHOMEHHS D, 4/Dy 10 OJMHNALLI.

OTpumaHi 3Ha4YE€HHS MUTOMOI MOBEPXHI MOp B LUJIOMY Ha 1-3 mopsaIKu MeHI,

HDK oTpuMadi Metonamu BET um D-R. Ile MOXHa MOSCHUTH TUM, L0 MPU TOPIHHI

&9



dizuka aepoaucnepcHux cucreMm. — 2020. — Ne 58. — C.84-92

YaCTUHKH KOKCY KMCEHb HE BCTUTA€ IPOHUKHYTH BCEPEIUHY MEPEXITHUX 1 MIKPOIOP.
TaxuMm yMHOM 3aJIIHOIO 3AIMILAETHCS JIMILE YaCTUHA BCl€l MOBEpXHI mop 1 Oe3noce-
peAHbO OLJIs1 30BHINIHBOI MOBEPXHi. TOMY OTpUMaH1 3HAY€HHSI TUTOMO1 MTOBEPXHI MOP
MO>KHA BBa)KaTH €(PEKTUBHUMHU.

Excnepumenrtanbhi gaHi (puc.l) mokHa omucatu 3aiexHocTsMu (9) ta (11),
IUTSL AKX KOE(IIEHTH 0 Ta o mpuBeneHi B Tadi. 1. KoxHa 3 HUX oTpumana B npu-
nyieHHl audysii Kayacena un 06'emHoi nudy3sii kucHio B nopax. OHaK, APYroro
YMOBOIO 1X BUKOPUCTaHHS € BUKOHAHHSA Se, > 5.

3 Tabu. 1 BUAHO, O AJII YACTHHOK BYTUIBHOTO MUY J1aMeTpoM 10 150 Mkm
nepeBaxHo 1 < Se, < 5. lle B IpUHIUII CTaBUTh MUTaHHS B MOXJIMBICTh 3aCTOCOBY-
BaTU JJIsi OMUCY PE3yJIbTaTiB eKcrepuMeHTy 3aiiexkHocTi (9) ta (11). Onnak, mpu
3HAUYEHHSX Sey, OJIM3BKUX JI0 5, po3paxyHoK koedimieHTy o o Gopmymi (10) nas 3a-
JOBUIBHO y3rojkeHHs. Lle 1ae MOXIIMBICTh BUPILIYBaTH 0OEpHEHY 3a/1auy: BU3Haya-
TH TTUTOMY MOBEPXHIO TIOP 10 KoedilieHTy o,[4].

JIyist G111 BETMKUX YaCTHHOK, HANPHUKJIAJ arjioMepaTiB YacTHMHOK muiry [21],
BeJIMUMHA Se, > 5 1 me# miaxig crupaBeTuBUM.

BucnoBkn. B pe3ynbraTi MOpIBHAHHSA €MIIPUYHUX 1 TEOPETUYHUX 3AJIEKHOCTEN
T'YCTUHH B1J] AlaMETPy YACTUHKH KOKCIB IPH ii TOPIHHI, @ TAKOXK YUCEIBHUX PO3paxy-
HKIB, TIOKa3aHO, 1110 BCEpeArH] Nop BiAOyBaeThbes nepeBakHO 00'emHa nudysis. Ku-
CEHb HE BCTUTA€ MOTPAILIATH BCEPEIUHY MEPEX1IHUX 1 Mikponop. i1 meBHoi oOnac-
TI TOpPIHHS (BUCOKE 3HAYEHHS BHYTPIIIHBOIO IU(PY31HHO-KIHETHYHOIO BIJIHOIICHHS
Se, > 5) orpumaHuil BUpa3, M0 OMKUCYE aHATITUYHO 3B'I30K MIXK T'YCTHHOIO 1 JlaMeT-
POM YaCTMHKHM B IPUITYIIEHHI MOJIEKYJSIpHOI 1u(y31i KUCHIO BCEPEIUHI MOp 4acTu-
HOK KoKkcy. OJIHaK, JJil YaCTUHOK BYTUIBHOTO MUY JAiaMeTpoM MeHie 150 MkM mpu
iX TOpiHHI 3Ha4eHHS Se, MOXKYTh OyJIM MEHIII1 32 5.

[lo BU3HAYEHOMY MOKa3HMKY CTEINEHS B OTPUMaHIM 3aJeKHOCTI MOXKHA BU3HA-
YUTH 3HAYEHHS €(PEeKTUBHOI MUTOMOI IOBEPXHI NOP KOKCY BYTLJLISL.
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Yepnenko A.C., Kawunuax B.B., bamypuna A.II.
Oco0eHHOCTH BHITOPAHUSI MOPUCTHIX YACTHII KOKCA YIJIA

AHHOTALIUA

IIposooumcs cpasHenue SMNUPUYECKUX U MEeOPEeMULeCKUX 3a8UCUMOCMell NIOMHOCTU Ya-
cmuybl Kokca om eé ouamempa npu ee 2opeHuu. B omauuue om ycmosswuxcs npeocmasie-
HULLYMO HYMPU YACMUYbL 8 NOPAX KUCIOPOO Oupdynoupyem npeumyujecmeenio KnyoCeHu-
8CKOU Oupy3uell, npu CpaGHEeHUU C YUCTEHHLIMU PACYemamu NOKA3aHo, Ymo GHYympu nop
O00JIHCHA NPOUCXOOUMb NPEUMYUECMBEHHO 00beMHas ouddysus. Kuciopoo ne ycnesaem no-
naoams 6HYmMpb NEPexoOHbIX U MUKponop. [lis onpedenenHoll obnacmu 2openus (8blcoKoe
3HaYeHue 6HYmpeHHe20 OUp@y3UOHHO-KUHEMUUeCcKo20 omHoueHue Se,> 5) nonyueno aua-
JIUMUYECKOE B8bIPAdICEeHUe, ONUCIBAIOUee CE53b MeNCOY NIOMHOCIbIO U OUAMEMPOM YACMU-
Ybl 8 NPEONONIOANCEHUU MONEKYIAPHOU Oupdy3uu kuciopooa sHympu nop yacmuy Kokca. Ilo-
KA3aHo, 4mo Npu 20PeHuu 4acmuy YeoibHOU Nuliu ¢ ouamempom menee 150 mxm 3HaueHue
Sev mozym Oviiu menvuue .

Ilo onpedenennomy nokaszamento cmeneHu 8 NOLYYEHHOU 3AGUCUMOCTIU MOJICHO Onpede-
UMb 3HaveHue dPPexkmusHoll y0eabHOU NOBEPXHOCMU NOP KOKCA Y2l

Knwuesvie cnosa: uacmuya xoxca, copenus, NIOMHOCHb, Ouamemp, YOeibHAs NOGepX-
HOCMb Nop

Chernenko A.S., Kalinchak V.V., Baturina A.P
Features of burning's porous coal coke particles

SUMMARY
A comparison of empirical and theoretical dependences of coke particle density on the

diameter during its combustion is carried out. In contrast to the established notions that
oxygen diffuses inside the particle in the pores mainly by Knudsen diffusion, in comparison
with numerical calculations it is shown that mainly bulk diffusion should occur inside the
pores. Oxygen does not have time to get inside the transients and micropores. For a certain
combustion region (high value of the internal diffusion-kinetic ratio Sev> 5), an analytical
expression is obtained that describes the relationship between density and particle diameter
under the assumption of molecular diffusion of oxygen within the pores of coke particles. It is
shown that when burning particles of coal dust with a diameter of less than 150 um, the
values of Sev could be less than 5.

According to a certain degree in the obtained dependence, you can determine the value of
the effective specific surface area of the coke pores.

Key words: coke particle, combustion, density, diameter, specific pores surface area.
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New theoretical approach to dynamics of heat-mass-transfer, thermal
turbulence and air ventilation in atmosphere of an industrial city

We have developed a new theoretical approach to dynamics of heat-mass-transfer, ther-
mal turbulence and air ventilation in atmosphere of an industrial city, including an improved
theory of atmospheric circulation in combination with the hydrodynamic model (with correct
account of turbulence in atmosphere of the urban area) and theory of a complex geophysical
field is applied to the simulation of heat and air transfer in atmosphere of industrial region.
To determine a spectrum of thermal turbulence of an industrial city’s zone, the modified ap-
proximation of “shallow water” is used. In contrast to the standard difference methods of
their solution, we use the spectral expansion algorithm. For calculating air circulation in an
industrial city’s periphery we use theory of a plane complex geophysical field. Equating the
speed components determined in the shallow water model and plane complex geophysical
field model, one can find spectral matching between the wave numbers that define the func-
tional elements in the Fourier-Bessel series with source element of a plane field theory.

Key words: heat-mass-transfer, thermal turbulence, city’s atmosphere

Introduction. One of the most actual and important problems of the modern
physics of aerodispersed systems, atmospheric and climate systems is study of an
energy-, heat-, mass-transfer in natural continuous environments such as atmosphere
or other geospheres. The most of different simplified approaches that allow to esti-
mate the temporal and spatial structure of air ventilation in an atmosphere, signifi-
cantly use as the simple molecular diffusion models as system of regression equa-
tions [1-14]. Disadvantages of these approaches are well known and became very
critical if the atmosphere contains elements of convective instability. In our previous
papers [7, 15-18] we have developed an advanced approach to the simulation of heat
and air ventilation in atmosphere of an industrial region (so called local scale atmos-
pheric circulation complex-field (LACCF) approach). The approach includes an im-
proved theory of atmospheric circulation in combination with the hydrodynamic
forecast model (with quantitatively correct account of turbulence in the atmosphere at
local scales) and the Arakawa-Schubert model of cloud convection. Here we present
a new theoretical approach to dynamics of heat-mass-transfer, thermal turbulence (as
in a heat island zone as in a city’s periphery) and air ventilation in atmosphere of an
industrial city.

Spectrum of thermal turbulence of an industrial city’s zone. The modified
approximation of “shallow water” is used, but, in contrast to the standard difference

DOI: http://dx.doi.org/10.18524/0367-1631.2020.58.206217
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Figure 1. Flowchart of air mass transfer between the city and its periphery

methods of solution, in further we will use the spectral expansion algorithm [7, 15].
The necessary solution, for example, for the v,-iv, component for the city’s heat is-
land has the form of expansion into series on the Bessel functions. As usually, we
attribute the movement to the polar coordinates (r, 0) in the area located within the
zone of action of the thermal “cap” (or “heat island”) of the city [7]. Flowchart of the
ventilation over the urban region territory by air flows in a presence of the cloud’s
convection is presented in Figure 1 and explains the key physical processes [16].
The system of equations of motion is as follows [7]:

a—u—2a)v+ga—g=0,
ot or
ov g 0¢
——20u+=>—=>=0, 1
ot r 00 (D
ou 10v uow
—t——F+——=0,
or ro@ r oz

_0g

ot

(where u, v, w — components of wind speed, ® — angular velocity of rotation of the
circulation ring around the city heat island; g is acceleration of gravity, ¢ is free sur-
face level of the shallow water equations (1)) with boundary conditions:

a, _oH v -
ot or r oo
i
% :F[:LG_P_ |:6_u+l@ Zj‘dz+u%+3%’ (2b)
ot~ gp ot ylLor roo r or rado

where P — is the atmospheric pressure, H — height of the thermal head or free level.
Lateral boundary condition: | _=0 corresponds to the absence of disturbances

at the boundary of the circulation ring. In a single-layer fluid approximation:
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Equation (2) can be rewritten as follows:

i
og_1or [8@; l@+Z}dz+u%+vaC [ua—H+36—H} 4)

3)

Gt_gpﬁt Lor raod r r r oo or r 00
Equation (1) are transformed into independent ones with respect to u and v':
9 40 fu=-g 08 20 (52)
or oo e
0’ oC 0°C
—+4o0 20g—— : 5b
[aﬁ ]V S~ & roear (5b)

2

Applying the operator [%+4mzj to equation (5), and excluding u# and v, taking

into account advection, we obtain a nonlinear differential equation with respect to C:

2 2 2
8_+4 8Q:gﬁ 8_2+li+ Lo 1% 2 —+4
ot ot o ror 20 l|ot \or

1oP Tou 1ov u ot vot [ oH  voH
X¢———— || —F+——+—|dz+u—+—"—-|u — |r- (6)
gp ot ylor roo r or rado 6r r 00

C
Here: o __ a—P—Ka—P "RTap

ot or rod C, oz

oP .. :
where 7 and P set the temperature and baroclinic modes. The solution of equa-

tion (6) 1s divided into the solution of a homogeneous differential equation:

2 2 2
LR S T B S,
ot’ ot 0 ror r-o9° |ot

and further determination of a total solution in the form as a superposition of particu-
lar solutions of the equation (7). The natural definition of particular solution is as fol-

lows: {=C'(r)cos(mO—ot). Its substitution to Eq.(7) allows to obtain:

82C’ 16C
or* r@r ( __J(; 0 ®)
where
2 2
x2=%. (9)

Equation (8) coincides with the Bessel equation and, as it is known, its own solu-
tions will also be the Bessel functions: Q’( r) =J (xr). The total solution can be

presented as follows:
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M M
c(r,0,t) = ZZ(AM cosmbcosc,, t + B, , sinmBsin Gm’nl‘)Jm (km,nr) ,(10)
m=0 n=0
where A, , 1s “n” root of the function J,,(7). It is known that it is directly related to
frequency o,, if x In a particular solution 1s identified with A, , in a complete solu-
tion. The constants 4,,,, B,,, are then determined either from the initial level for 1 =0
for the function ¢, which in this case is a solution of the homogeneous equation (7),
or according to the method of solving the inhomogeneous equation (6), but without
satisfying, in the general case, the initial condition [19]. The series (10) is simultane-
ously the Fourier-Bessel series for the function {(r, 8). Further, one can easily get:
J,(x,,r) 2mod, ()

n m,n n mmr)
=33 5 o, Delwl) x

m=0 n=0 G r

x(Am)n sinmbcosc,, t+ B, , cosmOsin Gm)nf)];

(11)
— AN g . d‘]n (}\“m,nr) me,an (xm,nr)
V—n;; an,n_4®2 2m 7 + ; X

x(Am)n cosmbcosc,, t+ B,  sinmBsin Gmﬂt)].

The initial function of the thermal relief of an industrial city and the fields asso-
ciated with it are determined by the following Fourier-Bessel series:

F(r,0)= ff(cm cosmbcosc,, t, + D,  sinmBsinc t.)Jm’n (Xm’nr), (12)

m=0 n=0 -
Mﬁne FycosmbJ (A r)rd0dr, (13)
SEETENRY
D Mﬁme FysinmbJ (h. ryrdodr. (14)
o=y

It is interesting to note that further, for example, the diffusion of impurities in
atmosphere of industrial city inside the city’s heat island from some point sources is
read by the method of simple advection according to the values of the velocity pro-
jection calculated by formulas (11). One could also directly use the equation of mo-

lecular (wave) diffusion. The vertical rise of the impurity is calculated by the formula
(2b).

Application of the theory of a plane complex field for calculating air circu-
lation in an industrial city’s periphery. Within the new geophysical approach [16-
18], an air flux speed over a city’s periphery in a case of convective instability can be
found by method of plane complex field theory (in analogy with the Karman vortices
chain model) [6,19]:
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v, —iv, =£=L{ ! +>( 1 )}+i[2rk1n(g—bk)]. (15)
dg 2mi|\G—¢, T =Gkl c—gy+kl'] dgiiT

Here I'y —circulation on the vortex elements, created by clouds, b; — co-ordinates
of these elements, I" — circulation on the standard Karman chain vortices of, / — dis-
tance between standard vortices of the Karman chain, ¢ - co-ordinate of the convec-
tive perturbations line (or front divider) centre, (, - &/ — co-ordinate of beginning of
the convective perturbation line, Cy+k/ — co-ordinate of end of this line. The indicated
parameters are the input model ones and explained in details in Ref. [7].

Naturally, we further assume that possible convective disturbances on the pe-
riphery of an industrial city approach it in the form of convective ridges. The required
ridges of cloudiness can be set in the problem in the field of the velocity of vertical
currents and associated currents of involvement by formula (15). The model stability
of a front segment or a convective line in the general dynamics of the atmosphere can
be formulated by combining solution (11) with the formula of the theory of a plane
complex field (15):

/ /
iil:—cz ‘%40)2 (Gmm @, (Z:’"r ) _ 2med, (ot )J(Am’n sinmb’ coso,, ¢ + B

m,n
r

cosm@ sinc,, nt)] -

R R dJ (A r/) mc,  J (A r/) ) )
. g n m,n mnY n m,n / /
i 20 : + : : A cosmB cosoc. t+ B sinmO sinc_ t)|=
’;)nz(;|:6’2n’n _40)2 ( d”' 7’ )( m,n m,n m,n m,n )
L Z( Lo, J +i{2rk In(c —bk)} + (16)
21 | G—Gy a\G—Gy —kl Gg—g,+kl dg| 'S
C C C

+ + — o
(z=a,)" (z—a,)" z —a,
Here the coordinates 7,0 are located in the zone of action of the functional en-
semble of the front or the line of convective instability; the coordinates
a,,a La,a, ,a ,a,, "contouring" the said section of the frontal section include

m m—1

m—13°" m—13°""

the coordinates 7,0’ in the immediate vicinity. The consistency of the coefficients
A, ..B, , with the similarity coefficients ¢, ,c .,0, of the Laurent series in a cer-

m,n®" m,n m—12°*

tain neighborhood with nearby coordinate points a _,a

m> " m-1°""*

.,a, determines the stabil-

ity at the time point of the physical process specified by the complex velocity poten-
tial in the process of thermal circulation at the boundary of the city’s thermal ring
with the general solution of the thermal circulation model given by series (2). The ar-
ea of solution of the problem (1) — (2) in this case belongs to the line of maximum
speeds in the zone of the thermal circulation ring of the city. The multipole coeffi-
cients ¢,,0, ,...,0, specify the total contribution of focal convection beyond the
lines of convective perturbations. Next, one could find the spectral agreement be-

tween the wave numbers that define the functional element in the Fourier-Bessel se-
ries with the element source of the theory of a plane field:

Al by y7) 2Mod, (hy, ) . :
E [GMN - df,N B e GXP[Z(MG/ _GM,Nt)](AN,M "HBN,M)_

2 2
Gy — 4o
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~i— g . (_zmd]N(}\‘M,Nr/) + MGM,NJN(}\‘M,NF/)
Gy .y —4® dr

XAy +iBy ) = — { —— ji[rkln(g—bkm G,
’ c—G, c—¢,—kl ¢—g,+k dg z—aq,

In this case, the hnearlty of the circulation model is actually used. Further one
can write:

1 95 1 g (o dJN(}\’M,Nr/) B 2M('0JN(7\‘M,NF/)
2ni Y (z—a)’ |0}, — 40 -y dr r

XeXp[i(Me/ - GM,Nt)](AN,M + iBN,M) -

Al (hyy it Moy Ty Oy 1)
w( M,Nr)+ Surw Sy n” ))€Xp[l'(]‘/le/"'GM,Nt)]><

)expli(M6' +o, ,,1)]%
(17)

=

IR

- g
———(2o
Gy v — 40’ ( dr
r | 1 |

d
x(A4, ., +iB - + + +—I[I', In(c—b,)]}dc;
( Ny Tl N,M) 2ni{g—g0 (Q—Qo—kl g—g0+kl)} dg[ n(g—b,)]}dg

Here M,N are the wave numbers of the two-dimensional harmonic:
gt g (A, "), which best approximates the functional field of the dipole in the

circle of convergence of the Taylor series. As a result, the spectrum in the Fourier-
Bessel series is consistent with the source with weight C,. Of course, here we are
talking about coordinate wise matching of the spectral mode with a source in a small
subdomain of the total solution. In other subareas, the desired solution may be incon-
sistent. Nevertheless, it is possible to achieve fairly good agreement across the formu-
la (17) with the coefficients c, ,c o, and spectral modes: 4, ,,B, ,. Thus, in

Lo
fact, the problem is not solved at a specific point, but on average along the conver-
gence ring of the Laurent series. Coordinates r',8’ are recalculated when calculating
into a coordinate ¢ on a complex plane. An additional way to clarify the stability of
the front section or the line of convective disturbance in the field of action of the
thermal circulation of the city is based on the formula (theory of complex variable
functions):

Cﬁf(g)dg €y C‘22+...+ Co | (19)
2mi z—a (z-a) (z—a)’

f(2)=-

Here, obviously, the Laurent series with convergence in the ring in the neigh-
borhood of the point (a)i1s already applied. Further, we can represent the vortex chain

formula in the form of successive vortex sources in the field of the complex velocity
potential o in the complex plane with the coordinate z :

le i {1 [(Z Zo) Z[ln( Zk) In ( k)]}+COI’lSl (20)

Here [ is the distance between the Vortlces in the Karman cham; z,z,,...,z, are

the complex coordinates of the centers of the vortices, the coordinates z , were in-
troduced by Karman, but can be eliminated in relation to atmospheric disturbances if
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the coordinate z, coincides with a certain center of intense convection of the

intramass manifestation: I' = — circulation along the contour of an individual el-
ement of the vortex chain, where Q is a projection of the vortex element onto the
normal to the surface of a certain section separating the zone of intramass convection
from the rest of the solution area; ¢ is the area ofthe normal section of the elemen-
tary vortex in the chain. Specific model applications of the presented approach will
be considered in subsequent works. It is interesting to remind that the processes in the
thermal "cap" or heat island zone can be defined by analogy with the known soliton
of fogging as a "locale", which has its own wave and turbulent (or chaotic) structure.
These structures are rigidly connected to each other. Namely, the energy spectra of
harmonics of the Fourier or Fourier-Bessel transforms can be understood both as a
wave spectrum and as a spectrum of turbulent vortices (c.g. [19-21]). This is also
clear from theories of energy estimates of the spectrum of turbulent pulsations [7].
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Xeueniyc O.10., I'nywikoeé O.B., Cmenanenxo C.M.,
Cogponkoe O.H., Ceunapenko A.A., Iznamenxo I'.B.

HoBuii TeopeTnaHMA MiAXiA 10 JUHAMIKH TEIJIO-MACO-TIEPEHOCY, TEeNJI0OBOI
TypOYJIEHTHOCTI I BeHTWISALII MOBITPSA B aTMOcdepi NPOMHCIOBOro MicTa

AHOTAIIA
3anpononosano Hosuii meopemuunuil nioxXio 00 ONUCY OUHAMIKU MENIOMACONEPEeHOCY,
meniosoi mypoyieHmHocmi i 8eHMuIsAYii nosimps. 8 ammocghepi npoMUCcIO8020 Micma, ujo
BKIIIOYAE BOOCKOHANEHY Meopito ammochepHoi yupKynayii 8 NOEOHAHHI 3 MOOeNL0 2i0poou-
HAMIYHO20 NPO2HO3Y (3 KIIbKICHO KOPEKMHUM YPAXY8AHHAM MypOYIeHmHOCmi 6 ammocghepi
MicbKOI mepumopii), meopier ni0CKo20 KOMNIEKCHO20 2eoizuuno2o noas. /s eusHavyenHs
cnekmpy mennogoi myp0OyienmHocmi 8 30Hi 3a0y008U NPOMUCTIOB020 MICMA GUKOPUCMOBY-
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embcs Moougixosane HabIUdNCeHHs «OpiOHOI 600uy. Ha 6i0miny 6i0 cmanOapmuux pizHuye-
8UX MemoOi8 iX eupiuieHHs, 6 pobOmi NPONOHYEMbCA BUKOPUCTNOBYEBAMU MAK 36AHULL A120-
PUMM CREKMPATbHO20 PO3KIAOAHHS. JIsi pO3PAXYHKY YupKyiayii nogimps na nepugepii npo-
MUCTO0B8020 MICMA BUKOPUCTIOBYEMBCS MEOPIst NIOCKO20 KOMNIEKCHO20 2e0qi3uyH020 NOJIA.
IpupisHiotouu KomnoneHmu wWeUOKoCmi, neeui 6 mooeni OpibHOI 800U [ MOOeNi NIOCKO20
KOMNIEKCHO20 2e0QIi3utH020 NOJIs, MONCHA 3HAUMU CNeKMPAlbHULL 8I0N0BIOHICIb MIdHC XGU-
JIbOBUMU YUCTAMU, 5IKI 6USHAUAIOMb QYHKYIOHANbHI etemenmu 6 psdy Pyp'e-beccens, 3 6uxi-
OHUM elleMeHmMOoM meopii NI0CcK020 nos. Benuuunu cnekmpanvHux Moo, wo 8ionosioaroms
XUNILOBUM YUCTAM 6 PO3KIAOAHHAX 6 psou Dyp'e-Beccens memeoponociunux nouiis, dooam-
KOBO BUZHAUAIOMb 8a2Y HEI30MPONHOCMI 6 MYPOVIEHMHOMY pexcumi ammocgepu micma.
Mana neizomponnicms npu 6e1UKUX CNEKMPATbHUX MOOAX ICMOMHA K NOKANCUUK HASIGHOCMI
HeCcmayioHapHoCcmi 8 mypoyieHmHOMY pexcumi 8 1anowaghmi micma.
Knwwuoei cnosa: mennomaconepenic, menniosa mypoyieHmuicms, ammocghepa micma.

Xeuenuyc O.10., I'nywkoe A.B., Cmenanenxo C.H.,
Cogponkoe A.H., Ceunapenxo A.A., Hecnamenko A.B.

HoBblil TeopeTHYecKil MOAX0/ K IMHAMHUKE TEIJIO-MACCO-TIepeHoca,
TeNJIOBOM TYpPOYJIEHTHOCTH U BEHTWISILIUM BO3AyXxa B atMocdepe
MPOMBIIIJIEHHOT'0 TOPoAa

AHOTALIMA

IIpeonoorcen nowlll meopemu4eckuti NOOX00 K ONUCAHUIO OUHAMUKU MENI0MAcconepe-
HOCA, Mennio8ol MmypoyIeHmHOCMU U BeHMUISAYUU 8030YXA 8 AMMOCHepe NPOMbIULIEHHO20
20p00a, GKIIOYAIOWULL YCOBEPUIEHCTNBOBAHHYIO MEOPUI0 AMMOCHEPHOU YUPKYISAYUL 8 CoHe-
MAHUU ¢ MOOENbIO 2UOPOOUHAMUYECKO20 NPOSHO3A (C KOIUYECBEHHO KOPPEKMHbIM V4emom
MypOYIeHMHOCIU 8 ammocghepe 20pOOCKOl MeppumopuiL), meopueil Ni0CK020 KOMNIEKCHO-
20 eeoqhusuyeckozo nos. /s onpedeneHust cnekmpa menyiogo mypoyieHmHoCmu 6 30He 3d-
CMPOUKU NPOMBIULIEHHO20 20p00ad UCNONb3Yemcs MOOUPUYUPOBAHHOe NPUOIUdICEHUe «Mel-
Kol 600bl». B omauuue om cmanoapmuvlx pasHoCmHbIX Memoo08 ux peuienus, 6 pabome
npeonazaemcsi UCNOIb308amMb MAK HA3BIEAEMbIU AICOPUMM CNEKMPATbHO20 PA3I0NCEHUSL.
s pacuema yupkynisyuu 8030yxa Ha nepughepuu NPOMbIUIEHHO20 20p00d UCHONb3YemCsl
meopusi NJI0CKO20 KOMNIEKCHO20 2eopu3zuieckoeo nos. IIpupasnusas KoMnoHenmsi cKopo-
cmu, onpeoeieHHble 8 MOOeNU MENKOU 800bl U MOOENU NIOCKO20 KOMNIEKCHO20 2eoqhu3uye-
CK020 NOJISl, MOJNCHO HAUMU CNEKMPAIbHOE COOMBEMCMEUE MENCOY BOTHOBBIMU YUCIAMU, KO-
mopvle onpeodensiiom QYHKYUOHAIbHbIE demenmbl 6 pady Pypve-Beccens, ¢ UCX0OHbIM dJle-
MEHMOM Mmeopuu NJI0CK020 NoJis. Benuuunvt cnekmpanvuvix mo0, coomeemcmeyouux 60-
HOBbIM YUCIAM 8 PA3lodceHusix 8 psaovl Dypve-beccens memeoponro2uueckux nouei, 0onoJ-
HUMENbHO ONPeOesiton 6eC Heu30MpONHOCMU 8 MYPOYIEHMHOM peicume ammocgepuvl 2o-
pooa. Manasi neuzomponHocms npu OOILUWUX CREKMPATILHBIX MOOAX CYUjeCmEeHHAd KaK YKd-
3amenb HAIUYUs HeCMAYUOHAPHOCMU 8 MYPOYIeHMHOM pedcume 8 lanouagpme 20pood.

Kntoueswle cnosa: meniomacconepenoc, meniogast mypoyieHmHocms, ammocgepa 2o-

pooa.
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IBOJIIOLMS IJIEKTPOHHOM (PyHKIIUM pacnipeesieHUs 110 FHEPIUAM B
3anbLICHHON 11a3Me, 00,1y4aeMoil JKeCTKMMU U3J1y4YeHUsIMH.

Pestome. Paboma nocssiwyeHa usyuyeHuro paspedceHHOU HU3KOMEeMNEepamypHoU Nia3mbl
(0anee HTII) ¢ konOencuposanroti oucnepchoi gazoi (0anree KJ®) npu xapakmepuuix Hus-
Kux mepmoournamuveckux memnepamypax (Oaree HTT) T = 50 — 100K ons 08yx cmecell.
llepsas - yanepoono-xkuciopoonas cmecv (Oanee C-O-30Ha), 6mMopas 2enruedo-iHcene3Has
cmecw (Oanee Fe-He-cmecw). /[ 00cmamouno unmeHCusHbIX NOMOKO8 3APSINCEHHbIX Yacmuy
— NPOOYKmMos s10epHo2o pacnada eHympu paccmampusaemvix cucmem (0.1 — 0.6MeB) sviuuc-
JIeHbl 2JleKmpoHHble yHKyuu pacnpedenenuss no suepeusim f(E) emopuunvix Odice s1exmpo-
Hos. Ilo pe3ynomamam pacuemos 00KA3aHO NPUHYUNUATIbLHOE OMCYMCcmaue (yHKYUOHATbHOL
sasucumocmu y f(E). Ona nocum ouazpammuslii Xxapakmep u CUIbHO 3A8UCUM OM XUMUYECKO-
20 cocmaga cmecu, moyHee om AMOMHBIX HOMEPOos8 dnemenmos. [lokazanvl nociedcmeus 06-
nyuwenus HTII ¢ K[{®-nnazmvl nomoxamu 31eKmpoHO8 1 NO3UMPOHOS, C8513b MeNCOY UOHU3A-
YUOHHBIMU ROMEPAMU OM DNeKMPOHO8, NOZUMPOHO8 U cucmoepammamiu - f(E). Ha ocnosanuu
NOIYYEHHBIX PEe3YIbMamos COelaHbl 8bl800bL OMHOCUMENbHO B03MONICHOCHE KOMOUHUPOBA-
Hus memooog QOdice- U y- CHEKMPOCKONUU 6 COBPEMEHHLIX NPUKIAOHBIX MYIbIMU-
OUCYUNTUHAPHBIX npunodicenusx. l[lonyuennvie 2ucmozpammsl UCNOIb306AHbL Ol ONpedeiie-
HUSL CNOCOD08 NOOOEPHCAHUS 230601 COCMABIAIOWEU NIA3Mbl 8 UOHUZ0BAHHOM COCMOSHUU
3a cuem npesarupoBaHuUs peaKyuil 3apsi008020 0OMeHA HAO PeKOMOUHAYUOHHBIMU NPOYeCCa-
MU MHO203aPAOHBIX UOHO8, 803HUKAIOWUX 6 pe3yrbmame Oice-npoyeccos.

Knruesvie cnosa: konoencuposannas oucnepcHas ¢asa, HU3KomemnepamypHas niasma 6
maenumuom none, Oxce-npoyeccul 6 naasme u meepovix mejax.

Beenenmne. IIpucyrctBue yactun KJ® B HTII, Takke Kak M TSKEIbIX MOHOB
MPUBOJUT K M3MEHEHUIO YHEPreTUYECKOro M 3apsiioBoro Oamanca B Hew [1]. Ecnwm
paccMaTpuUBaEMylO0 CUCTEMY 00JIy4aTh KECTKUMHU HU3JIYYCHHUSIMU B BUJE DJIEKTPOHOB
1 TT03UTPOoHOB ¢ 3Heprusmu 0.6 MeB, To Bo3nukaet crienuduueckoe cocrossaue HTII
¢ KJ1®. Nonuzaunonusie norepu Ha yacturax KJ®D Obuin paccMOTpeHBI B MpE.Ibl-
nyiiet padore. B HacTosmieit ctatbe OyaemM paccMaTpuBaTh B3aUMOJICHCTBHE OBICT-
PBIX BHEIIHUX ITOTOKOB 3JIEKTPOHOB M MO3UTPOHOB € ra30BOM COCTABIIAIOLIEH IIa3-
MBIl U OJIHOBPEMEHHO YUYUTHIBATh TOJIbKO (hOTORIEKTPOHBI, NHKEKTUPYEMBbIEC TIbLIEC-
BBIMH yacTuilaMu. B3auMopelcTBue OBICTPHIX YacCTHIl C aTOMaMU ra3a U TBEPJOTO
TeJIa MPOUCXOIAT MO CIEAYIONIEH cXeMe. bbICTphIEe YacTUllbl, UMES JJIMHY BOJIHBI J€-
Bpoiins nopsiska win MeHbliie pa3MepoB aTOMHbIX K-000J104ek, co3maroT uMeHHO K-
BakaHcuio. [Ipu Takux yCIOBUSAX HMOHU3HUPYIOIIUE YACTHUI[BI MaKCUMAJIbHO OBICTPO
TEPSIOT PHEPTUIO0 U TEPMATHU3YIOTCS. Y BCEX aTOMOB MEPUOANYECKON Tabauisl MeH-
JiesieeBa rnocjie OepuUIns 3anaceHHas sHeprusi nonuzanuu K-Bakancuu pacxogyercs
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YaCTUYHO Ha DHEPIrHI0 KacKaJoB, pa3pelICHHBIX MpaBHJIaMU OTOOpa C BEPXHUX
YPOBHEH, a ocTajbHas — Ha CpbIB OkKe-3JIEKTPOHOB C BEPXHUX aTOMHBIX YpOBHEN [3].
B nHTEpecyromen Hac X0J04HOM IUIa3Me €IMHCTBEHHBIM UCTOYHUKOM MOJJIEPKaHUs
HTII ¢ KJ® saBnsieTcss MOHM3ALKS BEIIECTBA MTPOAYKTAMHU PAJUOAKTUBHOTO pacraaa
— BBICOKOAHEPrHYHBIMU dacTuiiamMu [3]. Mertoa, ucnonb3yronmuii (GopMUpOBaHUE
Oxe-3leKTpOHOB B pe3yJibTaTe HOHU3alMU B Buje oOpazoBanus K-, pexe L-
BAKAHCUW aTOMHBIX YPOBHEHN Ha3bIiBaeTcs Oxe-crekTpockonuen [2, 4]. OH u sSBiIgeT-
Cs OCHOBHBIM PAacCMaTPUBAEMbIM BOIPOCOM HACTOSILEN CPEBI.

1. IlosuTponnas cnekrpockonuss HTII ¢ KJA®. B nocnennue tpuauars et
OMBITHI C KUCIOJB30BAHUEM IOTOKOB MO3UTPOHOB B OCHOBHOM HMCIOJIB30BAIUCH NPH
M3Y4YEHUU TOBEPXHOCTHBIX CBOMCTB TBEPJIX TEN, MPU pa3pabOTKE UyBCTBUTEIbHBIX
K HUM JIaTYUKOB KOCMHUYECKHX Jydyeld. OIHOBPEMEHHO HMHTEHCHBHO IPOBOJUIIKCH
OMBITHl Ha OMOJOTMYECKUX TKAHAX C MCHOJIb30BAaHUEM, M3IIYHAIOIIETO IO3UTPOHBI,
pPaZMoaKTUBHOTO (PTOPA, KOTOPHIE 3aKOHUMINCH co3AaHueM coBpeMeHHbIX [T (mo-
3UTPOHHBIX 3MHUCCHOHHBIX TOMOTrpadoB). /luarHocTuueckas HEHHOCTh MO3UTPOHOB
BO BCEX INPUBEJEHHBIX CIIy4asX COCTOSUIA B TOM, YTO H3-3a SAEPHOIO MPOUCXOXKIE-
HUSL 3TH YacTULBl MPOU3BOAIAT KOMOMHUPOBAHHOE BO3jAe€HcTBUE Ha cpeay. Bo-
MEPBbIX, OHU HCIBITHIBAIOT HOHU3ALMOHHBIE MOTEPH MO YKA3aHHOMY BbILIE MeEXa-
HU3MY. BO-BTOpBIX NPOU3BOAAT aHHUTWIIALKIO 100 Ha 2 y-kBaHTa (£ = 0.511 M»aB)
IpU JTOCTHXKEHUM TEIJIOBBIX CKOPOCTEH, JINOO Ha oauH Y-KBaHT (E = 1.022 M»sB),
npu B3aumojeicTBuu ¢ K-anmekrponamu atroMoB. COOCTBEHHO, MEPBbI MEXaHU3M
(0o1HOGOTOHHAST AHHUTUIISALKA) JEKUT B ocHOBE paboTsl [19T. Bropoil mexanusm B
COUYETAaHUHU C MEPBBIM MOXKET OBITh UCMOIB30BaH Ipu cnekrpockonuu HTII ¢ KI®.
OCHOBHBIE PE3yJbTAaTBl U COOTHOLIEHWS IO NO3UTPOHHOM crnekTpockonuu. [loszm-
tponHas crnektpockonus HTII ¢ KJI® 6piia nmonpoOHo paccMmoTpeHa B padoTax [2],
[5]. ScHo, uTO OH BKIItOUaeT B ce0s Oxe-3pdextol. [1o3uTpoHBI NIEpel aHHUTUIISAIIN-
€l UCTIBITBIBAIOT MHOTOKPATHBIE CTOJIKHOBEHHUS ¢ K-00010uKkaMu aTOMOB, IOTOM, KO-
I/1a UX DHEPTUs CTAaHOBUTCS PABHOM YHEPTUU aTOMHOTO K-ypOBHSI — aHHUTWINPYIOT C
K-anextponom. [Ipu 3ToMm, Kak U ciaydyae ¢ 0ObIYHONW HOHU3ALUEHN, TPOUCXOAUT 00pa-
30BaHue KoHeuHON K-Bakancuu. [lns yaGopaTopHOW ma3Mbl JaHHBIA BHI Y-
CHEKTPOCKONUU OYJET paCCMOTPEH B CIEAYIOLIEH CTaThe.

2. Oxke-cnexkrpockonus HTII ¢ K/I®. Cyte naHHOr0O BuAa JUArHOCTUKHU W3-
JI0’KEHA BbIIIE B [2]. 31€Ch )K€ MPENCTABUM PEIICHHE 3a1a4d JUIl KOHKPETHOTO XH-
muueckoro cocraBa HTII. [l yka3aHHBIX HMKE aTOMOB NPEICTABUM PE3YJIbTATHI
pacyeToB NPOAYKTUBHOCTH MX KBAaHTOBBIX YpOBHEW B (opmupoBaHuu Oxe — iek-
TPOHHOTO CIIEKTPa, BEIPAXKaeMOT0 B TalibHEHIIEM (DyHKIMEH (TOYHEE TUCTOTPaMMOi)
pactpenenenns OKe-3JEKTPOHOB IO 3HEprusaM. Creayer NpOKOMMEHTUPOBATH Me-
TOJUKY PacyeToB, MPOBEJACHHBIX MEPBBIM aBTOPOM HACTOSIIEH CTaThu B padoTtax [2,
6]. HauneM c ¢u3nueckoil cxeMbl B3aUMOJICHCTBUS AJIEKTPOHHON M MO3UTPOHHBIX
KOMIIOHEHT C COOTBETCTBYIOILEH IUIA3MOH I10 CXEME:

- (ot k+1)+ -
A+e(e?) » AR 4 (k+ Degyger (1)
3I[GCI> A(k+1)+-- CTCIICHb MOHU3AllM MOHA-0OCTATKA ITOCJIC NOHHU3allUuN aTOMa A, Kac-
KaaHOIro 3allOJIHCHUS K-BaKaHCI/II/I 10 HpaBHJIaM 0T60pa KBAHTOBBIX nepexosz:
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2p = 1s5,3d — 2p — 1s,4f - 3d - 2p — 1s. OcranbHble pa3pelieHHbIE MepPexo-
Ibl HAMH HE PAacCMaTPUBAIMCHh U3-3a UX 3HAYMUTEIIBHO MEHBIIEH BEPOATHOCTH. Jleu-
CTBYIOIIIEE YHCIIO aTOMOB Opajoch paBHBIM 10"%cm™. B aTHX YCIIOBUSX JJIEKTPOHBI
(O3UTPOHBI) UCTIBITHIBAIOT B paMKax TaKOM SIMEMKU OKOJIO CTa COyJapeHuit ¢ obOpa-
3oBanueM K-Bakancuu. OT0 ke mojckasbiBaeT ¢opmyna bere-bnoxa. s Oxe-
CHEKTPOCKONUHU Ba)KHO 3HATh, YTO TAKOM MOAXOJ CIPABEIJIMB TOJBKO ISl 3J€MEH-
TOB, C aTOMHBIMU HOMepaMmu, 0oapMMHy 4 (3a Oeprinirem). J{ias OCTaJIbHBIX JIETKUX
anemenToB (H, He, Li, B) xackanel u Oxe- nepexoabl B KOHTUHYYM MpaBUJIaMH OT-
O0opa KBaHTOBOM MEXaHUKHU 3aIpeIlEeHbl. 3/1eCh MOXET OBbITh TOJbKO OOBbIYHASI MOHU-
3a1ysd, He Jaroliasi CylecTBEHHOro Bkiiaja B f(£). OHa MpoUCXOJUT NPU HUZKUX KH-
HETUYECKHUX SHEPTUSX JIEKTPOHOB. II03UTPOHBI ITPH ATUX YCIOBUAX YK€ HE CYIIECT-
BYIOT. [Ipyroe neno, camu Oe 3JIEKTPOHBI YXKE ABIISIOTCS MOHU3YIOLIMMU areHTaMu.
OpHako 3TO yke OTAeNbHasA 3a/1a4ya CTaTUCTUYECKON (PU3MKH, BBIXOAIIAS 32 PAMKH
HacTosimerd crarbd. OTAENBHO MOKHO OTMETUTH, YTO MNPHU JOCTATOYHO BBICOKOMU
IJIOTHOCTU BEILIECTBA WM JIEUCTBYIOIIETO YKCIIa aTOMOB, KaK 3TO MOXXET IpH HOp-
MaJIbHBIX YCJIOBUSAX, TAKUE CPEJIbl U3IYYAIOT XapaKTEpHOE YIbTPadroIeTOBOE U OIl-
TUYECKOE HETEIUIOBOE U3ITyYEHHsI, HAOJIFOIaBIIEECs CO CIIyTHUKOB BO BPEMsI XOPOILIO
M3BECTHOM TEXHOTeHHOW KaTacTpo(dsl Ha YepHoObUIbCKOM ADC, majgeHus: 00JIbIINX
KOJINYECTB PAJMOAKTUBHOW MeTeOpHOM mbuiM. lIpu ucnosnb3zoBanun Oxe CIEKTPO-
CKONHMM YAO00OHO TaKXe aHaJU3UpOBaTh MOJIEKYJSIpHbIE CIEeKTphl. X B030yxkmaer
HU3KOIHEPreTUIECKOe KPbUIO MPUBOAMMON HMKE HAa pUCYHKax pyHkuuu - f(E). [ns
HaIJISIIHOCTU U TOJIHOTHI MHTEPIpETaluu OyleM MPUBOJUTH KaK TaOJUYHbIC, TaK U
otoOpaHHble Tpaduyeckue naHHble. [logpoOHbIE (OpMyIbI, MOJyYEHHBIE MEPBHIM
aBTOPOM MO>KHO HalTH B paborax [2, 5].

3. PesyasbtaTsl pacueroB f(E) nasa C-O — muasmbl. Ha npuBoauMBIX HUXKE
TUCTOTPAMMHBIX H300paKEHUSIX OJHO3HAYHOW (DYHKIIMOHAIILHON 3aBUCUMOCTH HE
MPOCMATPUBACTCS. DTO CBS3aHO C TEM, YTO MPHU HUCMHOJIb30BAHUM MHOTOKOMITOHEHT-
HBbIX aTMOc(ep pa3Hble YPOBHU aTOMOB MOTYT UMETh OJIM3KUE 3HAUCHUS YHEPTUH KaK
Oxe-31eKTPOHOB, TaK U aTOMHBIX KackajoB. IIpakTuueckoe MCIOIB30BAHUE MOJIY-
YEHHBIX JaHHBIX BO3MOXKHO TOJIbKO TUCTOIPAMMHOM JIMOO0 TaOJIMYHOM BHUJE. DHEpPre-
tryeckas crpykrypa f(E) roBoput o crnegyromiem:

1. B HTII ¢ K® Oxe-kommnonenTa f(E) npuBoAUT K HAIUUYKIO OOJIBIINX Tpajane-
HTOB SHEPrUU MEXJy HEI U XOJOJHBIM, PAaBHOBECHBIM (MAaKCBEJJIOBCKHM)
KOMIIOHEHTaMU;

2. Pazorpes KJI® nmpoucxoauT myTeM HOHU3ALUUOHHBIX MOTEPh OKe-3JIeKTPOHHOM
KOMIOHEHTHI Ha L, M — ypOBHSIX M B3aUMOJIEUCTBUEM C TBEPAOTEIHHBIMU CBO-
OO0JTHBIMU DJIEKTPOHAMU;

3. BuyTpu yacTuil NOSBISIOTCS OOJBIINE TPATUEHTHI TEMIIEPATyp, MPUBOISAIIUE K
MHTEHCUBHBIM TEIUIOBBIM IMOTOKAM B LIEHTPaJIbHYIO NX YacTh K/ D.

PaccMOoTprM HECKOJBKO CIy4aeB TAKUX, B KOTOPBIX Y BCEX ATOMOB CIIy4ailHBIM

oOpa3om mpoucxoaut obOpazoBaHue K-BakaHcHil B pe3yibTare JABUXKEHUSI BBICOKO-
DHEPTUYHBIX YACTHII.
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Puc. 1. Pacnpenenenue AecATUYHOrO JiorapupMa HOPMHUPOBAHHOIO pPacHpeeIeHUs
anekTpoHoB lg (N) ot nmecstuyHoro norapudma suepruu lg (E) ana a) O-C-30Hb1 1 0)
Fe-He-30HbI

4. O-C-30Ha. B niepBoil paccMaTpuBaeMoOn Cpelie UMEEM aTOMBI YTIIEpO/Ia, KU-
ciopojia U HeoHa. B Tabi.1 XMMHUYECKHIl COCTaB yYWUTHIBAET CHEHU(PUKY 3aJayu U
MIPEJOCTABIEH B OTHOCUTENIbHBIX €JUHUIAX K IMOJIHOM Macce BEUIECTBa B 3aHUMae-
MOM 00BEME MPOCTPAHCTBA. 3aroJIOBKHU cTOJIOLOB lon - sHEprusa moHusauuu, Aug -
sneprust Oxe-anmektpona; EbL1, EbL2, EbL3, EbM1, EbM2, EbM3 - sHeprus cBs3u
TepMoB Ha L, M - ypoBHsx; NmK - konnuecTtBo OxKe-31€KTPOHOB, KOTOPHIE TIOKUHY-
mu ypoeHb K; NmL1 - yposens L1 u T.1., Elengl1 — sueprust Oxe-anektponon L1
— YPOBHSA U T.A.

N30panHyIo cpeay MOKHO CUMTATh YriepOAHO-KUCIOPOJHO-HEOHOBOM B KOTO-
PO OCTaJIbHBIE JIEMEHTHI SIBIAOTCS IpuMecsiMUA. HecMOTps Ha uX Manblil BKIaa B
sHeprodaisaHc BUAHO, YTO OHHU HAIOJHAIOT cpely OrKe-3JIeKTpOHAMM IIHPOKOTrO
CIIEKTpa DHEPTHUM. 3HA4YECHUS KOJIN4YeCTB OXKe-31IEKTPOHOB, MOKUHYBIIUX COOTBETCT-
BYIOIMI YPOBEHbD, IPUBOATCS n3 pacyéta Ha 10* atomoB. Yem BhIlIe ypoBeHb, TEM
OoJplIe BHEPrus 3JEKTpoHa (M3 SHEPIHMH HWOHU3ALMHM BBIYUTAETCS SHEPIUsS CBS3H
YPOBHS).

[ToapoOubIi popManu3M MpeACTaBICHHBIX 3/IECh PACUETOB COACPKUTCA B [2, 6].
W3 npoBeleHHBIX B HACTOSIIIEH CTaThe PE3yJIbTATOB BUIHO, YTO OCHOBHBIM IIpe-
HMMYIIIECTBOM H3JIOKEHHOT0 MeToJa OKe-CIEKTPOCKOINU — BO3MOXHOCTh BbI3bIBATh
U, €clii He00X0AUMO, HaOJF01aTh HETEIJIOBBIE U3IIYUYECHHS B PA3IMYHBIX OOBEKTAX U
JIeJIaTh BBIBOJBI O MPOLEHTHOM COOTHOILLIEHUH 3JIEMEHTOB C MaJlbIM aTOMHBIM HOME-
POM K 2JIEMEHTaM IPYIIIbI XKEJe3a, KOIrla OCTalbHbIE METO/IBI TUCTAHIIMOHHBIX U3Me-
pPEHUII HUYEro He MOJOOHOI0 HE MO3BOJISIIOT caenaTh. B paccMarpuBaeMbIXx HaMH
cpenax temneparypbl oueHb Hu3kue (50—100 K), mosTomy cpema Xopoino auarHo-
CTUpPYETCS MPEMIOKEHHBIM METOAOM. JlnarpamMmHblii puc.la. 1mo3BoJjseT BBIIBUTH
rJIaBHbIN KoMnoHeHT pacnpenenenus F(E) kucnoponno-yraepoanoit cpeae. B otnu-
yre oT Fe-Ne-30HbI 371€ch NIpEeBanupyroT pa3penieHHble 2p — 1s Kackaapl. A KBaH-
ThI, IOPOXKIAEHHBIE KACKaJaMH, XOPOLIO pa3penatoTcsi CIEKTPOCKOMMYECKUM 000py-
JOBaHUEM, MOCKOJIbKY, COTJIaCHO Ta0J. 1 ¥ 2 UX 3HEPIUM paziInyaroTcs sl pa3HbIX
AJIEMEHTOB HAa JECATKH M COTHHU JJIEKTPOH-BOJBT. KOHEYHO, 3IEKTPOHHAs COCTaB-
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nstroras razooopasnoit yactu HTII umeet G60mbIyt0 4acTh 3aaceHHOM YHEPTUU HUO-
HU30BAaHHOT'O COCTOSIHUS U Tociie BbIOpoca Oxke-371€KTPOHOB B OKPYKAIOIIYIO CPELy
o0pa3yroTcsl KaK MUHUMYM JBYX3apsiHbIe HOHBL. 371eCh MEeXaHU3M cieayrouuil. Ha-
JIETAIOIIAsi BBICOKOAHEpruyHas yactuia B coTHu KeB co3nmaer K-BakaHcHio u ¢ uH-
TepBasioM B 10 cek HHKEKTHpYeTCs y aTOMOB YIVIEpOa M KHCIOPO/a TOIbKO OJUH
AIEKTPOH.

B pesynsrate umeeM nousl C'* u O, a 2p — 1s mepexoa naeT KackKaaHblii
KBaHT. B nanpHeieM UM Hajgo KoMOMHUPOBaTh. CKOPOCTh TaKOW PEKOMOMHAINH B
HTII cunpHO 3aBucuT oT koHueHTpanuu aroMoB HTII. Yacto, B pa3pexeHHbIX cpe-
X C HU3KOW JJIEKTPOHHOW KOHLIEHTPALIMEH, BPEMs MEXKIY ITapHBIMU CTOJIKHOBE-
HUSIMHU C 3JIEKTPOHAMU MEHBIINX KMHETHYECKUX SHEPIUil yCTyIIaeT BpPEMEHH MapHbIX
CTOJIKHOBEHMH MeXIy aromMamu. Torna miasma camonognep:xkusaercs. IIpoucxonur
repesapsiika ¢ HEUTpaJbHBIMA aTOMAMHU. B 3TOM COCTOMT OJIHA W3 IPUYUH NOAJEP-
KaHus 1a00paTOPHOM IJIa3MBbl, TIa3Mbl HOHOC(hEpHI 3eMIIu.

HNHTEepecHbIM SBIAETCS MPOTHUBONOJIOKHBIN CIydaid, KOTJA JIETKUX JJEMEHTOB
Majo, a 3JIEMEHTBl C aTOMHBIM HOMEPOM BOJIM3M *kene3a MHoro. HazoBeM Takyro
cpeny Fe-He-3onoi. Ilo ananoruu ¢ npeapiayiieil TaOaueid u pucyHKkoM MpejcTa-
BHUM €€ B BHJIE PACIHpPEHECICHUS XUMHUYECKUX JJIEMEHTOB M MPOAYLUPYEMOTO HUMU
pacnpenenenns Oxe-31EKTPOHOB IO SHEPIUsAM. B TakuxX 30HAa IPOCTPAHCTBA CIEKTP
O2e 3JIEKTPOHOB M 3HEPrUil KBAHTOB KAacCKaJOB JIEKHUT B KECTKHX YP- U MITKUX
PEHTT€HOBCKUX Jyyax. TakuM 00pa3oM Halnyue XOTs Obl MaJIOi MPUCAAKU B CPEJIE C
Jake HU3KOM MHTEHCUBHOCTBIO OBICTPBIX AJIEKTPOHOB U MO3UTPOHOB MPOIYLHPYET
3HAQYUTEIbHBIN CIIEKTP ITUX U3JIYYCHUU.

B Tab1. 2 conepkaHus XMMHUUECKHUX 3JIEMEHTOB HOPMHUPOBAHA MO YUCILY YaCTHUI
108. B cronbuax: I — sHeprus nonusanuu, Aug — sHeprus Oxe-snektpona; EbL1,
EbL2, EbL3, EbMI1, EbM2, EbM3 - sHeprus cBs3u TepmoB Ha L, M - ypoBHsix; NmK
— Konn4ecTBO OKe-3JEKTPOHOB, KOTOpHIE MOKUHYJIN ypoBeHb K; NmL1 — ypoBeHb
L1. Pacuersl Oxe-nepexoa0B C BBIIECYKA3aHHBIX YPOBHEN HAJIO IOHMMATh HAaIlpHU-
Mep I aTOMa yriepoza Tak, u3 10* aromoB yriaepozna y 26 aToMoB o6pasyercst 1o 1
Oxe-anextpony ¢ K-ypoBas, a y 9974 aromoB oOpazyercs no 1 Oxe-anextpony. B
oOeux Tabmuuax yucna Oxe-3JEeKTPOHOB pa3MEILEHbl M0 YKa3aHHBIM BBIIIE YPOB-
HSIM.

ITOoTOKM KECTKHMX YaCTUL] B BUJE IIPOTOHOB, 3JIEKTPOHOB U ITO3UTPOHOB SBIISAIOT-
Csl CIIOCOOOM MOJYJIMPOBaHUS KOJUIEKTHBHBIX KOJIEOAHUN HaMarHWYEHHOW IJIa3MBbl.
Takue komnekTHBHbIE KOJNE€OaHUS yIOOHO PETUCTPUPYIOTCS B Pajuo AUANa30HE U
uH(pa3ByKe U NHTEHCUBHO pa3BUBalOTCsA. Kak Mbl BUIUM B TaKoOM IJIa3Me JIEKTPOH-
HBI KOMIIOHEHT CUJIbHO 3aBUCHUT 0T Oske-mporieccoB. Ha aTom 00CTOSITENBCTBE OC-
HOBAaH OJIMH U3 KpUTEpUEB NpUMeEHEHUs OKe-CIEKTPOCKOIHUH.

Fe-He-30Ha. B 3a1anHOl 30HE CpeHUE KOHUECHTpAIMHU Te k€. OHAKO IIeMEH-
el 59N, 57C0, 33Ti pamMOAKTUBHBI M PACIONOKEHBI B IOPSAAKE BO3PACTAHUSA IIe-
puonoB noxypacnazaa. QineMmenTsl H, He B Oxe-nponieccax y4acTust He IpUHUMAROT.

AHaM3 pe3yJbTaTOB M BbIBOJAbI. COBpEMEHHBIE CPEICTBA JMCTAHIMOHHOU
nuarnoctukn HTP ¢ KJ[® BkmrouaroT B cedst Oxe-, MO3UTPOHHYIO CIEKTPOCKOIIHIO.
OCHOBHBIE pe3yJbTaThl B 3TOM HalpaBiI€HUHU ObUIH MOIy4YeHbI pu n3ydenuu KD
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Taoauna 2 Xumnueckunii coctaB Fe-He-30Hb1, €€ paananoHHbIe
Y KUHETUYECKUE XapAKTEPUCTUKH CIIOSI

E| 2 = E a0 ! N a9 S g Q| % 3
Z| €| 3 o E|l 2| 2| 2| 2| =2|=|=2]|E| &
S| M= B | < lm | B R |8 |®B|3|2]| 2
o< 1 | =z
28 | 56 | Ni 0.75

27 157 ] Co 0.034
22 144 ] Ti 1.50E-03

1 1 H 2.30E-06

2 | 4 He 1.40E-01

6 | 12 C 3.60E-07 | 288 | 254 | 16.5 26 19974
7 |14 N 1.50E-06 | 403 | 365 | 20.3 60 | 9940
8 | 16 O 9.70E-06 | 538 | 491 | 28.5 94 | 9906
10 | 20 | Ne 1.00E-05 | 870 | 787 | 48.5 182 | 9818
11 | 23 | NalK | 6.00E-07 | 1075 | 954 | 70.9 | 38.5 | 38 260 | 6342
12 124 | Mg | 1.20E-05 | 1308 | 1150 | 96.5 | 57.8 | 57.6 1 | 544

13127 | Al 2.10E-05 | 1564 | 1373 | 126 | 81 | 80 | 10.6 5 | 391

14 | 28 Si 1.60E-04 | 1844 | 1652 | 154 | 104 | 104 | 13.5 12 | 438

16 | 32 S 1.20E-04 | 2476 | 2172 | 232 | 170 | 168 | 20.2 46 | 812
18 140 | Ar 1.20E-04 | 3206 | 2701 | 326 | 251 | 249 | 29.2 102 | 1172

20140 | Ca 1.30E-03 | 4041 | 3348 | 441 | 360 | 357 | 48 [34.7 343 | 1 167
21 |45 | Sc 2.30E-07 | 4494 | 3524 | 503 | 408 | 404 | 56 | 33 | 33 0 | 205
22 148 | Ti 8.60E-04 | 4970 | 3782 | 567 | 465 | 459 | 64 | 39 | 38 2 | 261
23 | 51 \Y 2.10E-05 | 5470 | 4016 | 633 | 525 | 518 | 72 | 44 | 43 6 | 340
24 152 Cr 1.30E-03 | 5995|4174 | 732 | 589 | 580 | 80 | 49 | 48 | 17 | 607
25 | 55| Mn | 1.00E-05 | 6544 | 4378 | 755 | 656 | 645 | 89 | 55 | 53 | 27 | 706
26 | 56 | Fe 2.30E-03 | 7117 | 4609 | 851 | 726 | 713 | 98 | 61 | 59 | 47 | 1005
27159 ] Co | 3.20E-03 | 7715|4834 | 931 | 800 | 785 | 107 | 68 | 66 | 73 | 1249
28 | 58| Ni 3.70E-02 | 8338 | 4940 | 1020 | 877 | 860 | 117 | 75 | 73 | 114 | 1571

HaHO-pa3MepoB B BUE TBepAbIX yacTull B HTII nmocie nosydeHus HageKHbIX UCTOY-
HUKOB JKECTKUX YaCTHUIl — PAJMOAKTUBHBIX M30TOIIOB. DTH METOJBI MO3BOJIAIOT CO3-
naBatb BHYTpu KJI® MATKUil peHTreH, M0 KOTOPOMY OIPEIESIUCh CTPYKTYPHBIE
KOMITOHEHTBI YaCTHII

B nannoii pabote ObUIO MOTYUYEHO CEAYIOIIEE:

1. /loxa3aHO MpaBUIBHOCTH MCIIOJIB30BAaHUSA METOJbI, IPA WX NPABUIBHOM HCIIO-
np3oBaHuu rogsatces u s uzydenuss HTTI ¢ KIA®. Jlns sToro Heo6xoaumo Ha-
au4re MO0 BHYTPEHHUX HWCTOYHHKOB PaJIMOAKTUBHOCTH, JHOO MX BHEIIHUX
ITIOTOKOB.

2. UcrounnkomM BO30YyXJIeHUd M TOJJAEpX aHus IUia3Mbl siBisierca  Oxe-
JJIEKTPOHBI.

3. Ilo cnekrpam, nojyyaeMbIM ¢ moMolbio Oxe-crekrporpada, Mbl, ¢ 10CTaTOU-
HOM TOYHOCTBIO JIEJIA€M BBIBOJbI OTHOCUTEIBHO CTPYKTYpPhI a30BOW KOMIIO-
HEHTBI
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ITpogomkeHue Tadaunbl 2.

v = | 3 - 2 o 3 < N 9 S
5|« E|%s| 2| 2| E | 2 || E| B %
= = = S = = = = = = = =)
& Z | & m Z & m Z. & m Z
C 288 19974 | 271.5 | 237.5
N 403 9940 | 382.7 | 344.7
O 538 | 9906 | 509.5 | 462.5
Ne 870 | 9818 | 821.5 | 738.5
NalK | 1075 | 6342 | 1004.1 | 883.1 | 3398 | 1036.5 | 915.5
Mg | 1308 | 544 | 1211.5 | 1053.5 | 8645 | 1250.2 | 1092.2 | 810 | 1250.4 | 1092.4
Al 1564 | 391 1438 1247 | 6272 | 1483 1292 | 3332 | 1484 1293
Si 1844 | 438 1690 1498 548 1740 1548 | 8643 | 1740 1548 359
S 2476 | 812 2244 1940 831 2306 2002 | 5600 | 2308 2004 2385
Ar | 3206|1172 | 2880 2375 | 1001 | 2955 2450 | 5172 | 2957 2452 2009
Ca [4041| 167 | 3600 2907 | 1317 | 3681 2988 | 1294 | 3684 2991 4435
Sc 4494 | 205 3991 3021 | 1426 | 4086 3116 | 1218 | 4090 3120 3457
Ti 4970 | 261 4403 3215 322 | 4505 3317 | 1895 | 4511 3323 2094
AV 5470 | 340 | 4837 3383 488 | 4945 3491 | 1479 | 4952 3498 1675
Cr 5995 | 607 | 5263 3442 | 723 5406 3585 | 1364 | 5415 3594 1118
Mn | 6544 | 706 5789 3623 838 5888 3722 | 1437 | 5899 3733 809
Fe 7117 | 1005 | 6266 3758 984 6391 3883 | 1438 | 6404 3896 970
Co | 771511249 | 6784 3903 | 1082 | 6915 4034 | 1493 | 6930 4049 1083
Ni 8338 | 1571 | 7318 3920 | 1234 | 7461 4063 | 1600 | 7478 4080 1166
| = = 1S S lglg| 8 ||z |2]|¢zZ
5| 7 o g | & @ | E | % D | Z | E| E| 2
&4 = O =) = O =] =] (5] m =] =] @
& m Z & m Z o m Z & | m
Si | 1830.54 | 1638.54
S 24558 | 2151.8 | 326
Ar | 3176.8 | 2671.8 | 544 | 505 2701
Ca 3993 3300 1713 | 693 |3313.3| 785 | 693 | 3313.7 | 34.3 | 288
Sc 4438 3468 2509 | 970 3491 958 | 970 3491 33 227 | 970 | 3491
Ti 4906 3718 | 3959 | 1188 | 3743 | 1160 | 1188 | 3744 38 | 278 | 1188 | 3744
AV 5398 3944 | 4056 | 1454 | 3972 | 1595 | 1454 | 3973 43 | 1595 | 1454 | 3973
Cr 5915 4094 3777 | 1821 | 4125 | 2070 | 1821 | 4126 48 304 | 1821 | 4126
Mn 6455 4289 1538 | 2166 | 4323 | 3121 | 2166 | 4325 53 | 1252 | 2166 | 4325
Fe 7019 4511 1598 | 2508 | 4548 | 2007 | 2508 | 4550 59 | 1729 | 2508 | 4550
Co 7608 4727 1462 | 2881 | 4766 | 1513 | 2881 | 4768 66 | 1379 | 2881 | 4768
Ni 8221 4823 1411 | 3398 | 4865 | 1366 | 3398 | 4867 73 | 1084 | 3398 | 4867

4. Ilo3uTpoHHAs CIEKTPOCKONUA JACT BO3MOXKHOCTh JUCTAHIIMOHHOTO OMNpeaee-
HUS J10J71eBoM cocTapistonier KJI® B Takoii mia3me.
5. TlonyyeHnsl 3HEpreTuueckue pacrpeneneHus Oxe-smekTpoHoB aisi C-O-u Fe-

He-cpen.
31ech He 00CYXaaJI0Ch MOAPOoOHO panuanuorHsie criekTpel C-O-u Fe-He-cpen.
OnHako yKa3bIBaIM Ha MX KacKaJHBIM M PEKOMOMHAIIMOHHBIN xapaktep. VcxoaHbie
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JaHHbIE 110 ATOMY SKCIIEPUMEHTAIILHOMY MaTepuaily ObUIM MOJyYEHbI NIPU MOCTpOE-
HuM Tabi. 1. 1 2., a Takke B [2] ¥ TOJTHOCTBIO HE 00CYKIAIUCH 3/16Ch. DTH CIEKTPO-
CKOIMYECKHE MapaMeTpbl, OJIHAKO, OMYOJIMKOBATh B cieaytouiei Hamel padore. [lo-
CJIe Yero mo cxeme nocTpoeHus Taduuin 1 u 2; pucyHKoB 1 U 2 mpeanpumeM Io-
CTPOCHHUE CHUHTETUYECKUX AMUCCHOHHBIX cnekTpoB HTII ¢ KJI®. BrizpiBaembie Ta-
KuMU miporieccamu HarpeB yactui] KJ{® Obu1 paccMoTpeH panee B [6].
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Doykov D.N., Khrapatyi S.V.

Evolution of the electron energy distribution function in a dusty plasma
irradiated by hard radiation.

Summary

The work is devoted to the study of rarefied low-temperature plasma (hereinafter referred
to as LTP) with a condensed dispersed phase (hereinafter referred to as CDF) at characteris-
tic low thermodynamic temperatures (hereinafter referred to as NTT) T = 50°K - 100°K for
two mixtures. The first is a carbon-oxygen mixture (hereinafter the C-O zone), the second is a
helium-iron mixture (hereinafter the Fe-He mixture). For sufficiently intense fluxes of
charged particles — products of nuclear decay inside the systems under consideration
(0.1MeV — 0.6MeV), the electron energy distribution functions f(E) of secondary Auger elec-
trons were calculated. Based on the calculation results, the fundamental absence of a func-
tional dependence of f(E) is proved. It is of a diagrammatic nature and strongly depends on
the chemical composition of the mixture, more precisely, on the atomic numbers of the ele-
ments. The effects of irradiation of LTP with a CDF plasma by electron and positron flows,
the relationship between ionization losses from electrons, positrons and histograms are
shown - f (E). Based on the results obtained, conclusions are drawn regarding the possibili-
ties of combining Auger and y spectroscopy methods in modern applied multi-disciplinary ap-
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plications. The obtained histograms were used to determine how to maintain the gas compo-
nent of the plasma in the ionized state due to the prevalence of charge exchange reactions
over the recombination processes of multiply charged ions resulting from Auger processes.

Key Words: condensed dispersed phase, low-temperature plasma, Auger processes in
plasma and solids.

Houxoe /.M., Xpanamuii C.B.
Eegonwuia enekmponnoi (pynkuyii po3nooiny no enepeiax 6 3anuieHii niami,
W0 ONPOMIHIOEMbCA HCOPCMKUM 8UNPOMIHIOBAHHAM.

AHOTAILIIA

Poboma npucesuena susuenuro pospioxcenii HuzbkomemnepamypHoi niazmu (Oarni HTII)
3 KOHOeHCco8aHoi oucnepchoi ¢azoro (Oani K/[P) ons xapakmepHux HU3bKUX MePMOOUHAMIY-
nux memnepamypax (0ani HTT) T = 50°K - 100°K ons 0eox cymiweti. Ilepwa - gyeneyeso-
kuchesa cymiw (Oani C-O-30Ha), Opyea eeniego-3anizna cymiwt (oani Fe-He-cymiw). /[ns 0o-
CUmMb IHMEHCUBHUX NOMOKIB 3APA0NCEHUX YACMUHOK-NPOOYKMIB A0epHO20 PO3nady ecepeouni
posenanymux cucmem (0.1MeB-0.6MeB) po3paxosani obuucneni enekmpouti Qyukyii po3no-
oiny no enepeisax f(E) smopunnux Odice-enekmponis. 3a pe3yiomamamu po3paxyHKie 0osede-
HO NPUHYUNO8y 8iocymuicme hynxyionanvnoi 3anrexchocmi y f(E). Bona nocums diacpammi
Xapaxkmep i CUTbHO 3aneACUms 8i0 XIMIUHO20 CKIAOY CyMiuli, MOYHiUle 8i0 AMOMHUX HOMEDI8
enemenmis. [loxazani nacnioku onpominenns HTII 3 K/[®-nnasmu nomoxkamu enekmpouis i
NO3UMPOHIB, 36'130K MIdC IOHI3AYIUHUMU 8MPAMAMU 8I0 el1eKMPOHIE8, NOUMPOHIE | cicmoe-
pamamu - f(E). Ha niocmaei ompumanux pe3yibmamie 3p00J1eH0 SUCHOBKU U000 MONCIUBO-
cmetl KoMOiHyeanHs memooie Ooice - i Y - CNeKMPOCKONIi 8 CyYacHUX NPUKIAOHUX bazamo-
oucyunainapuux oooamkax. Ompumani cicmozpamu BUKOPUCMAHI OJisl BUSHAYEHHS CROCO0I8
RIOMPUMKU 230801 CKIAO0B0I NIA3MU 8 IOHI308AHOMY CIMAHI 34 PAXYHOK NPesali08aHHs pea-
KYitl 3apsi006020 0OMIHY HAO PeKOMOIHAYIUHUMU npoyecamu 6a2amo3apsaonHux I0Hi6, Wo Gu-
Hukaroms 8 pezyiomami Odxce-npoyecis.

Knrwuosi cnoea: xonoencosana oucnepcua ¢haza, Huzbkomemnepamypua naasma, Ooice-
npoyecu 8 niami ma meepoux miidax.
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BruiuB HeogHOpiAHOCTI Mixk(a3HOro IAPY HA MEPKOJIALIHHY MOBEAIHKY IPOBI-
JHOCTI JUCIIEPCHUX CHCTEM THILY I30JIITOP-MPOBITHUK

B oaniii pobomi ananizyemocs éniue HeoOHOpiOHOCMI NPohinio erekmpuiHoi npogioHo-
cmi Midcghazno2o wapy Ha NO8ediHKY eleKmpUudHoOi npogioHOCMI cucmem muny i30as8mop-
NPOBIOHUK 6 OKOJNL MOUKU NePKONAYIL HA NPUKIAOl eKCNOHEeHYIATbHO-CNAOHUX (3 PI3HUMU
cmeneHAMU 8I0CMAaHi 6i0 NOBEPXHI YACMUHKU 00 3A0AHOI MOYKU 68 NOKA3HUKY eKCHNOHEHMU)
npo@inis. Ananiz nposooUmMsbCsi 8 pamMKax po3eUHymoi meopii e(heKmuHo2o eleKmpuyHo2o
BIO2YKY HeBNOPSAOKOBAHUX OA2amoghasHux cucmem YACMUHOK 3 Mopgonozicto meepoe s10po-
NPOHUKHA 000NI0HKA, NOOYO0BAHOI 8 PAMKAX MemOOy KOMNAKMHUX 2PYH HeOOHOPIOHOCMell.
3okpema, ananizylomvcsa NOJIONCEHHS NOpPO2y NEPKOAAYii ma edeKmusHi KpumuuHi iHOeKcu
npogionocmi. Taxooxc meopis 3acmoco8yemvcsi 00 00pOOKU eKCNePpUMEHMANbHUX OAHUX 3
KoHYyenmpayiinoi 3anexcnocmi nposionocmi cucmemu KCI-Ag.

Knrwowuoei cnosa: nepxonayis, npogionicmoe, 10po-00010HKA, MEMOO KOMNAKMHUX 2PN

Beryn. OnHi€ero 3 HaranbHUX Cy4acHUX 3aJa4y MaTeplalio3HaBCTBA Ta BUPOOHUII-
TBa € CTBOPEHHS JAMCIIEPCHUX CHCTEM 3 Hamepe]] 3alaHMMHU eIeKTPUIHUMHU XapaKTe-
puctukamu. TunoBuil axTop, 1o ciaiJg BpaxoByBaTtH, € (HOpPMYBaHHS MiXK(azHUX
1apiB HaBKOJIO YaCTUHOK JUCIEPCHOI (a3u: OKCUIHI IIapy Ha MOBEPXHI METAJIEBUX
yacTUHOK [1-3], o6macTi mpoCcTOPOBOTrO 3apsay B TBEPAUX KOMIIO3UTHUX €JIEKTPOJIi-
Tax [4] Ta aMmop$i130BaHOrO MOJIMEPY B MOJIMEPHUX KOMIIO3UTHHUX €JIEKTpoIIiTax [5],
MOJBIMHI €JIEKTPUYHI IMapu B Koyoigax [6] Tomo. EmekTpuyHi BIACTHBOCTI TaKHX
mapiB Ta iX MOXJIMBE 00’€/IHaHHS ICTOTHUM YMHOM BIUIMBAIOTh Ha (hOPMYBaHHS
e(eKTUBHUX XapaKTEPUCTHK TaKUX cucTeM [7]. 30kpema, KO MTUTOMa MPOBIAHICTD
TaKUX MapiB OUIbIIA 32 MUTOMY MPOBIAHICTH MATPHIIl, TO BOHHM MOXYTb PUBOAUTH
710 MOSIBH €PEKTY eJIEKTPUYHOT epKOJIALii [§].
EdekT enekTpuyHOi MEepKOISLii TOJOBHUM YHHOM MPOSBISAETHCS Y BUTIIAIL Pi3-
KOi 3MIHU MPOBIJIHOCTI HA BY3bKMX KOHILICHTPAILIMHUX IHTEpBaIaxX 3a paxyHOK (op-
MYyBaHHS BUCOKONPOBIJHUX HUISIXIB (MEPKOJSALIMHUX KiactepiB). OCTaHHI MOXKYTb
OyTu chopMOBaHi SIK 32 paxyHOK MiK(a3HUX IIapiB, Tak 1 caMux yacTUHOK. KoHiieH-
TpaIil0 YaCTHUHOK, MPH SIKiil BUHHUKAE MEPKOJAIIL, HA3UBAIOTh MMOPOTOM TMEPKOJIAIT
c,- B oKoui 1i€l TOYKU MPOBIAHICTH CUCTEMH G, 3a3BUYAl IHTEPIIOIIOIOTH CTCIICHE-
BHMH 3aKOHAMHU:
(c.—c)",c<c,
Oty ~ ) (1)

(c—c.),c>c,
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€, &,
Puc. 1. Mogens TBepae sapo-nMpoHrUKHA 000J0HKa: 61J1a 001aCTh — OJHOpPIIHA Ma-
TPHILL 3 JIETEKTPUIHOIO MPOHHUKHICTIO €,; YOPHI 0OONacTi — TBepAi YaCTUHKHU 3

HPOHHKHICTIO €, Ta paaiycoM R, ; cipi 007acTi — BiIbHO MPOHUKHI 0OOJOHKH TOB-
MIAHOI0 R0, III0 MAIOTh B 3arajJlbHOMY BHUIAJKY paaialbHO-HEOJHOPITHY MPOHHK-
HIiCTh €,. Bci MPOHUKHOCTI KOMILIEKCHI Ta MatOTh CTPYKTYPY (3)

1€ s 1t — NePKOJISLIHI KpUTUYHI 1HAEKCH IPOBIAHOCTI [7,8].

BB Mikda3zHuxX mapiB Ha NEPKOJIALIMHI XapaKTEPUCTUKA CUCTEMHU € MAJIO
BUBYEHHMM 4Yepe3 Te, 110 MEPKOJISLISA — CYyTTEBO 0araTo4aCTUHKOBUM €(EKT, TOMY IS
Horo onucy noTpiOHO 3HATH KOPEJAIINAHI Ta MOJSPU3aLiiHI BHECKH BUIIUX TOPS/I-
kiB. Lle € HeTpuBIaNbHOIO 3aJ1a4€l0 BXKE Ul €JIEKTPUYHO OJHOPIIHUX IIApiB, TA PO-
OUTHh BUBYEHHS OUIBII PO3MOBCIOKEHOTO BUIAIKY HEOJHOPITHUX IIApiB OJHIEIO 3
IyXe CKJIaJHUX, ajle HaraJIbHUX 3a7a4 Teopli eJeKTPUUHOI NEPKOJIALIT B JUCTIEPCHUX
CUCTEMAX.

B poGoTi [9] nobynoBaHo 0araTo4acTUHKOBY TEOPIIO KBa3iCTATUYHOTO EJIEKT-
PUYHOTO BIATYKY HEBIOPSIIKOBAHUX CHCTEM 3 €JIEKTPUYHO OJHOPIIHUM MPOHUKHUM
MDK(}A3HUM [IAPOM JJIsi CHCTEM THUILY 130JISITOP-IPOBIIHUK (CJIa0KO MPOBIIHA MATPH-
1151, BUCOKOITPOBIHI YACTUHKH, OOOJIOHKH 3 IPOMIKHOIO MTPOBIHICTIO) Ta MOKa3aHa ii
€()EeKTUBHICTb JJIs1 ONUCY MPOBIIHOCTI Ta IEIEKTPUYHOI TPOHUKHOCTI TAKUX CHCTEM
no0nIK3y MOpory MmepkoysALii. 30kpema, OyJIo MOKa3aHo, IO MOpIr nepkoAmii ¢, 3a-
JICKUTh TUIBKU BiJ] TEOMETPUYHUX PO3MIPIB OOOJIOHKM, a KPUTHYHI 1HJIEKCH § Ta f
MOXXYTh MaTH LIUPOKHH CHEKTP 3HAYECHb, SKI 3aJ€XKaTh Bl 3HAUYEHb NMPOBIAHOCTEH
KOMIIOHEHTIB CUCTEMH Ta KOHLUEHTPALIHHUX MPOMIXKKIB, Ha IKMX BOHU BU3HAYalOTh-
csi. B naniif pob0TI MU y3aranbHIOEMO 111 Pe3YyJIbTaTH Ha BUIAJOK €IEKTPUYHO HEO-
HOPIIHUX OOOJIOHOK, 3 MPABWJIOM JOMIHYBaHHs ONMKUMX oOnactedl mpodiio Haj
OLIBII JATeKUMU MPH iX nepekputTi (AuB. puc. 1). Po3rasg Begerses B pamkax g00pe
npoTtecTtoBaHoi Teopii [10, 11] Ha npukiani npodinro TpoBITHOCTI 00OJIOHOK BUY:

0,(U) =0, exp| —(u/8)’ In(s,,, / 5,.) ], 2)
IpU PI3HUX 3HAUEHHSX cTemeHs p =1, ne 0 =5/ R, — BinHOCHA TOBIIMHA OOOJIOHKY;
u=(r—R)/ R, — BiIHOCHA BiICTaHb BiJl MOBEPXHI S/Ipa YACTUHKH (7 — BIJICTaHb Bif
LEHTpPY sAApa); ©,. Ta G . -- 3HAYEHHs IPOBIIHOCTI 000NOHKHM Ipu u =0 Ta u =9,

BIANOBIAHO. Teopist 3aCTOCOBYEThCSA JUIsl YTOYHEHOTO ONHUCY EKCIEPUMEHTAIBHUX
naHux [1] 3 KOHUEHTpaliiHOT 3aJIeKHOCTI €(hEeKTUBHOI KBa3ICTATHYHOI MPOBIJHOCTI
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CUCTEM YaCTHHOK Ag 3 NMPOHUKHHMH OKCHJIHUMH OOOJOHKAMH, TUCTICPrOBAHHX B
matpuiro KCI.

1. Buxinni TeopernuHi pesyabratu. Teopisa [10, 11] noOynoBana Ha 6a3i me-
TOAYy KOMINAakTHUX Tpyn HeogHopiaHocTer (MKTY) [12, 13], axuil 103BoJsi€ BpaxyBa-
TU 0araTOYaCTUHKOBI BHECKU, YHUKAIOYM MOJICIBHOI JeTali3allli Il iX po3paxyHKY.
Po3rasaatoTeea Taki 4aCTOTH TECTYIOUOTO MOJSI @, IO BHECKAMH J1€JIEKTPUYHUX
BTpaT MOXHa 3HEXTyBaTWU. ToJl BIAHOCHI KOMIUIEKCHI JI€IEKTPUYHI MPOHUKHOCTI
KOMITOHEHTIB Ta CUCTEMHU MaIOTh CTPYKTYPY

e=¢+i0/ we,, 3)
Ie e, — CIEKTPUYHA CTaJa; £— JIHCHA YaCTUHA JIEJIEKTPUYHOI IPOHUKHOCTI; G —

KBa31CTaTHYHA €JIEKTPUYHA POBITHICTb.
EdexTuBHA KOMIUIEKCHA MPOHUKHICTD éeﬁ, BU3HAYAETHCS 13 CITIBBITHOIIEHHS

(J(r)) =—ioe, (E(r)E(r)) = —ioe,t,, (E(r)), (4)
ne J(r) Ta E(r) — JOKaJibHI 3HAaYEHHS KOMIUIEKCHUX TYCTUHM CTpymy Ta mojsi. B pa-
Mkax MKI' cepenHi 1ux mosiB [l MaKpOCKOMIIYHO OJTHOPIIHUX Ta 130TPOMHUX CHUC-
TeM 3HaxonaThes [9-13] uepe3 kBa3icTaTUUHI ITEpalliiiHl pO3B’SI3KU PIBHSIHHS PO3IIO-
BCIOJI’KEHHSI €JIEKTPOMAarHiTHOI XBUJIl B JOMOMIXKHIM CUCTEMI: BBaXKA€ThCs, IO eek-
TUBHHM €JIEKTPUYHUN BIATYK TUCIIEPCHOI CUCTEMHU €KBIBaJECHTHUHN BIJIFYKY JIOMOMIi-
KHOI CUCTEMH, YTBOPEHOI JUCIEPTyBaHHSAIM KOMIIOHEHTIB MEPIIOi B JIEAKY OAHOPII-
HYy MaTpuULo M 3 IPOHUKHICTIO €, . L{4 qomomixkHa cucTeMa po3risfaeThbes, sK CyKy-
MHICTh MAKPOCKOMIYHUX 001acTed (KOMIIAKTHUX TPyIl) 3 JIHIMHUMHU PO3MIpaMH, Ha-
0araTo MEHIIIMMH, HIXK JTOBKMHA XBUJIl TECTYIOUOTO MO B cepenopuiii. KommnakTHi
IPYIH € MO CYTI TOUKOBUMHU IO BIJHOIICHHIO JI0 TOJIS, IO JI03BOJISIE 3AJIUIIATH JIUILIC
CUHTYJISIpHI BHECKHM Y BHYTPIIIHIX Mpomararopax Ta IpoCyMyBaTH ITepaliiiHl psau
[11,12]. 3HaueHHs €, 3HAXOAUTBCS 3 TPAHWUYHHUX YMOB I HOPMAaJIbHUX KOMIIOHEHT
TOJIiB Ha MeXi po3iay M Ta TOMOTr€Hi30BaHOTO CEPEIOBHUINA Ta JOPIBHIOE € o [11].

s posrasamyBanoi cuctemu orpuMano [10,11] HacTyrHe iHTETpajabHE CITIBBIJI-
HOIIEHHS IS €, :

B-8, &8, N
[1_¢(696M)]2§ i B A 0d(c.u) ()~ Eyy du=0, (5)

o tE 28418 Oou 2, +¢,(u)
7e ¢ — 00’eMHa KOHIICHTpAIlisl TBEPIAUX YaCTHHOK; ¢ — 00’€MHA KOHIICHTpAIlis Jac-

THHOK pa3oM 3 IIPOHHUKHHUMMH O6OJ'IOHKaMI/I, oo MaroTb BiI[HOCHy TOBIIMHY 8M.

0

OcTaHHS KOHLIEHTpAIlisl MOXKe OyTH 3HalJIeHa CTATUCTUYHUMU MeToiamH [ 14]:

0(c,8) =1—(1—c)exp| - (1+8)’ —1D)c

1-¢

. (6)
3a+dE[, 3 1 3 6 3

- + - - +
2—cy |~ 146 (1+8) \1+6 (1487 (1+8) )

VY kBa3icTaTUYHOMY HAOJIM>KEHHI, SIKII0 BUKOHYIOTHCSI HEPIBHOCTI

exp
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|Geﬁ -0, |>>(oeo(2seﬁ, +gq), g=0,1,2,

OTPUMYEMO IS HpOBi)j[HOCTiZ

[1- 0(c.5,)] >

8y B
l—x N J- od(c,u) x,(u)—x du=0, 7
2x +x0 2x+1 ou 2x+x,(u)

0
ne x,=6,/0; X=0, /0. lle CNIBBIAHOUIEHHS € CTPOTUM y CTATUYHOMY BHUIIAJIKY

Ta Oy/ie BUKOPUCTOBYBATHUCS JIalll IK OCHOBHE PoOOYE CITIBBITHOIIICHHS.

2. Hopir nepkojsiuii Ta e(peKTUBHI KPUTHYHI IHAEKCH. /[ 3HAXOIKEHHS
HOPOTY NEPKOJALIL ¢, PO3INIAHEMO, SIK 1 y BUNAAKY OXHOPIAHOI 00010HKH [9], cuc-
TEMY 3 HENpOBiIHOK MaTpuuero (x, =0). [ Takoi cucreMu (Qi3U4HUN pO3B’A30K

(7) cknagaeThcsa 3 IBOX BITOK, IO BIAMOBIAAIOTh HACTYIMHUM KOHILIEHTPALIMHUM 1H-
TepBanaMm: 1) mpu ¢ <c, po3B’s30K TpuBlagbHUK Xx =0; 2) mpu ¢ >c, HEHyJIbOBA

e(eKTHBHA IPOBIAHICTD X 3HAXOUTHCS 13 CITIBBIIHOIICHHS:
dyr _
——[1 o(c, st)]+c1 al jad’(c’“) b WY (8)
x+1 ¢ ou  2x+x,(u)

BI/IXOI[H‘-II/I 3 YMOBH HCIICPCPBHOI'O 3IMMBAHHA [IUX ABOX BITOK y TO‘II_[i c, , AJIA 3HAaXO-

IKEHHS II0JI0’KEHHS OCTaHHBOI JOCTAaTHBO NOoKIacTu y (8) x=0 1a ¢ =c,_:
foo(c,,u
—[1-4(c,.3,, )] te, + j ‘1’( ett) g, o,
110 1a€ PIBHSAHHSA IS 3HAXOJDKEHHS C,

1
(I)(Ccaa)_g- (10)

BoHo 306iraerbes 3 pailiie 3HaiIGHUM CIIBBIIHOLICHHSIM JIJIsI TIOPOTY MEPKOJIs-
I1i B CUCTEMI YaCTUHOK 3 MPOBITHUMHU OJHOPIAHUMEU oOosioHkamu [9]. Lleit pesyb-
TaT MIAKPECIIOE, IO MOPIT MEPKOJALIL HE 3aJI€KUTh BIJl BEJIMYUHH 1 PO3MOALTY MpO-
BIJIHOCTI IPOBITHUX M1K()a3HUX IIAPIB, @ BABHAYAETHCSA iX TEOMETPUYHUM PO3MIPOM.

[Toka3HUKH 7 1 5, IO HA MPAKTHILI BUMIPIOIOTHCS Ha JIEIKOMY MTPOMIKKY KOHIEH-
Tpauii [c,,c,], BU3HAYA€EMO HACTYITHUM YHHOM:

)

(e) — (e} —
eff (CZ) ln C2 Cc ; Seff - _ ln eff (C2) ln Cc CZ . (1 1)
G (C)) ¢ —C G (C)) €. —C

JI1s1 eIeKTpUYHO OAHOPITHUX OOOJIOHOK 3aJIe)KHOCTI 1HIACKCY Ly BIJ ¢, Ta 1H-

eff _1

JICKCY S, BI X, NMPEACTABIICHI HA pUC. 2, 3 (IUTPUX-IYHKTUPHI JIiHiT). [HIEKC 7, 32

BU3HAYEHHSIM BBOJUTHCS MPHU HYJIbOBIM MPOBIAHOCTI MATPULl, TOMY ISl BUSBIICHHS
HOTO 3alIeKHOCTI BN [¢,,c,] Oyno noknaaeHo x, = 0. IIpodins (2) npu aHamsi 0boro

. -10
iHaeKcy posrisaascs npu 6, =107 "0, o =0, 414 1BOX 3HaueHb p=1T1a p=2

max
(HemepepBHA Ta IITPUXOBaHA JiHIi, BiAMOBIAHO). II[o0 crpaBmkyBanacs piBHICTb
0,(8) =0,, 10 UBOro mpodumo no1aBanock (—c,; ). [HAEKC s, 33 BU3HAYCHHAM

min

BBOJIUTBCA UL CUCTEM 3 X, << X,,X,, TOMy 3Ha4€HHs IlapameTpiB npodiiro (2) Oynu
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1 e m e rmrmAm A RAEAERARA R RS LR LR

c. 0252 0254 0256 0258 0.260
c2
Puc. 2. 3anexHicTh IHIEKCY 4 BiA ¢, NPU

X =0, 0=0.1 (c,=0.251) Ta pi3HUX 3Ha-
YCHHSX ¢, 10 BKa3aHi BEPTHUKAIbHUMU TO-

YKOBUMHU JHIAMH. LITpUX-NyHKTUPHI JiHIT
— AaHl s oAHOpigHOTO Npodutto [9] mpu

1.0F
0.9

0.8 Y
S’! ‘\‘s
7oz

0.6

0.5},
10—10

10-9 10-0

Xo
Puc. 3. 3anexHicTe iHAEKCY s, BIA X,
=024, =025, §6=0.1

(c,=0.251). HlTpux-nmyHKTHpHA JiHIA —

npu

UIs  OJHOpigHOro  mpodumo  mpu
x, =5x10" [9]; HenmepepBHa Ta MITPHUXO-

x, =5x107; HeNepepBHi Ta IITPUXOBAHI — pama — pesynbTaTy AT IPodimo (2), ams
pesynbratu g npodino (2) 3 momankom p=1 Ta p=2, BIINOBIAHO, TMpHU
(—0..,), 11 p=1 Ta p=2, BIANOBIAHO, o =5x10%0,, 0, =0,

-10
npu 6, . =106, 6 =0,

_5 .. . ~10
c..=9x1070,, o =0, M 3HaueHb p=1 Tta p=2, npu 3miHi x, Big 107" 1o

m

10", V nopiBHAHHI i3 3aJI€XKHICTIO I OHOPIHOT OOOJIOHKH, 3aIEKHICTb £, IS
npodiro (2) Mae OUIBIIKN KyT HAXUITY, 1110 3pOCTAE MPHU 30UIbIICHH] 3HAYEHHS p Ta

J03BOJISIE TIOKPUTH OUIbITY OOJACTh 3Ha4Y€Hb Ha (PIKCOBAaHOMY KOHIIEHTpALIHHOMY
iaTepBaii. Taki 3HaYeHHA . AIMCHO NMPOSABIACTbCA Ha excrnepuMenTi [15]. s s

SKICHA MOBEIHKA TEX 30€pIracThCs; 3MIHIOETHCS JIMIIIE 001aCTh HOTO 3HAYCHb.

3. 3acTocyBaHHA 10 eKCIIePUMEHTAJbLHUX JaHuX. B poborti [1] npencrasieHi
€KCIIEpMMEHTAJIbHI JaH1 3 KOHIIEHTPALIMHOI 3aJIeKHOCTI €(DEKTUBHOI KBAa31CTaTUYHOI
npoBiaHOCTI cucteM Ha ocHOBI KCl 3 yactunkamu Ag 3 cepeHiM pajJilycoM npuOIu-
3H0 10 HM. YacTUHKM OyJIM BUTOTOBJICHI IIJIIXOM BUIIAPOBYBAHHS Ag y MPUCYTHOCTI
aproHy Ta OKCUTeHY 3311 (OpMyBaHHS HA MOBEPXHI YACTUHOK TOHKOI (MpuOIn3HO 1
HM, O =~ 0.10) okCUAHOT TTIBKH, 110 MEPENIKO/Kajda YaCTUHKAM 3JIUNaTucs, ajie Oyma
JIOCTaTHHO TOHKA Ta MPOHUKHA JUIsi BUHUKHEHHS KOHTAKTIB MeTajl-MeTal Iij] Beu-
kuM THCcKOM. Lli yactunku nomaBanucs Ao nopomky KCI, nepeminnyBanucs Ta mpe-
CYBAJIUCS M1 TUCKOM /10 TBEPJUX 3Pa3KiB.

Ha puc. 4a npencraBineHo o6poOKy 1ux gaHux 3a ¢popmysoro (7) B paMKax Mo-
JIeJiel 3 OJTHOP1THOI0 O0OJIOHKOO (IITPUX-ITYHKTUPHA JiHIs; 1uB. [9]) Ta HEOTHOPI -
HOIO 000JIOHKOIO (HemepepBHa JiHis) 3 mpodiigemM mpoBiaHOCTI (2) mpu p=3.2,
c,..=0,, 6. =1 CM/M. 3Ha4eHHd G_, BIANOBIIA€ 3a MOPAJKOM BEIMYMHH 3HA-
YEHHIO MPOBIAHOCTI cyMili nmopomkiB AgO ta Ag,O [16]. Enextpudno HeogHopigHa
CTPYKTypa npodiaro Moxke BioOpakatu eeKT TyHEITIOBAHHS €JIeKTPOHIB, ISl IKOTO
3aJIEKHICTh MPOBIHOCTI BIJ BIICTaHI Mk ABOMa YaCTHHKAMU BUPAKAETHCA Y BUIJIS-

1l EKCIIOHEHI1AJILHOTO 3aKOHY [15]:

m n
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£= g 10
U:g 102 %)
© S 1000
107
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0.21 0215 022 0.225 0.00 0.05 0.10 0.15
C u
a) 0)

Puc. 4. a) 3anexuicts edpexkruBHOi npoBigHOCTI cucteM KCl-Ag [1] Bin KoHIEHTparlii
YaCTMHOK Ag B OKOJII MOPOTY MEPKOJISLIT Ta pe3yabTaTH il 00pOOKH, BUKOPUCTOBYIOUN
OJTHOPIAHUH MPodinb pH x, =4x10™°, x, =5x107"° [9] (WTpUX-IYHKTHPHA JIiHis, PHC.
0) ta HeomHopimHi mpodum (2) ta (13) npu p=32, o, =0, 0., =1 Cm/Mm,
x, =7.5x107" (HemepepBHa Ta MITPUXOBAHA JIiHII, BiIOBiAHO, puc. 0). IHmI mapamer-
pu: 6, =625x10" Cm/M, §=0.162 (c, =0.214).

exp[—4u/8h], (12)

Ie G, — KOHTaKTHa IPOBIJHICTh MIXK YaCTUHKaMHU; O, =&/ R, - BIJHOLLICHHS Xapak-

c,(u)=0

cont

TEPHOI IOBKUHU TYHEIIOBaHHS §, 1110 Ma€ BEIIMYUHY MOPSAKY KUTBKOX HaHOMETIB,
70 pajaiycy sjapa 4acTUHKH.. OLiHKYA 3HaYeHHS & 3a 3HAWJEHUMH MMapaMeTpaMu 3Ha-

. -5 .
xoasaTbes y Mexax Bix 0.4 no 1.0 HanomeTpa /i 3HaueH» G, =0, +10° o, Biano-

cont
BiIHO. Sk Oyze mokas3aHO Jaji, MOOJM3y TOYKU u# =0 OTPUMaHUN Hamu Npodiib
MOYHa JJOCUTh J0Ope anpOKCUMYBATH €KCIIOHEHIIIATbHUM.

JInst MeTaneBMX HAHOYAaCTHMHOK BIIOMUM € TakoX Tak 3BaHWil spill-out edext
[17] 3 xapaKkTepHOIO TOBIIMHOIO Iapy spill-out eneKTpoHIB MOPSAIKY COTUX HAHOMET-
pa, 110 BIANOBIAaE HaWOMMK4YIN 10 siapa obnacTi npodumo. Ak Oyno Bkazano B [10,
11], pi3Hi obnacTi mpo@iit0 MalOTh JOMIHYIOUY POJIb HA PI3HUX 1HTEpBaJIaX KOHIICH-
Tpamii. 30kpema, IHTepBaJl, 110 BIJIOBIIa€ HAHOMMKYIN 10 s/ipa 001acTi, BUXOIUTh
3a paMKH JIOCJIIJDKYBAHOTO Ha €KCIIEPUMEHTI, TOX MposiB spill-out epexty B nanomy
BUITAJIKy HE MOKe OyTH 3a(iKCOBAaHUMU 3a pe3ysbTaTaMu OOPOOKH IUX EKCIIEPUMEH-
TaJIbHUX JIAaHUX HAIIOI0 Teopi€ro. J{iMCHO, SIKIIO MU OOMEXUMOCS JTIHIMHUM YJICHOM Y
PO3KJIaJl TTOKa3HUKA €KCTIOHEHTH B (2) B psig 3a u —O B okoJii u =0 (quB. puc. 40,
IITPUXOBaHA JIiHIA), TO OTPUMAEMO TPOPiIb

62 (l/l) = Gmin eXp[_p 1n((jmax / Gmin )(Z/l - 8) / 6] . (13)
IIpn po3paxyHKy o A LbOrO MPO(MIII0 3 THMU CaMHMH IapaMeTpaMHu, L0

OyJiu BUKOpHUCTaHi 1 npodiito (2), MU OTPUMAEMO JTIOCUTh 100pE Y3TOJIPKEHHS 3 K-
CIIEpUMEHTOM (AuB. puc. 4a, IITPUXOBaHA JI1HIsA), IKE€ MOKHA MTOKPAIUTH, 3MECHIIIUB-
M 3HadeHHs p . Ognak npodins (13) npu manux 3HadYeHHSIX U Ta p # 1 Mae acumii-

TOTHUKY, BIAIMIHHY BiJ] aCUMTOTHKH TIpodito (2).
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107 1072 102 107"
(c-cc)lce
6)
Puc. 5. 3anexuicts (y norapudpmiuaux macimradax) BiIHOCHOI €pEeKTUBHOT MTPOBITHOCTI CH-
ctem KCl-Ag [1] Big BizacTaHi 10 mopory nepkosisuii B odnactsx a) ¢ <c, 1a 0) ¢ >c,. He-

nepepsHi (S = 0.99, ¢ ~1.09+1.60) ta mrpux-nmyHkrupHi (S = 0.68, 7, ~1.00+1.01)
JiHIT — X 00poOKu, M0 Oynau MpeacTaBieHl Ha puc. 4; TOUYKOBI JIHIT — MIJATOHKH METOJOM

HaifiMeHImX kBajparis (5., ~ 0.56, 7., ~1.48).

EdexTruBHI KpUTHYHI 1HAEKCH MPOBITHOCTI JUIS IMX JAaHUX MOXKHA BITHOBHUTH 13
3aJIEKHOCTI JIorapu@my BiJTHOCHOI €(peKTHUBHOI MPOBIIHOCTI BiJ Jlorapumy BiJCTaHi
M0 KOHIIEHTpalli BiJI OPOTY MEPKOJIALIl B 00JIaCTAX c¢<c, Ta c¢>c¢, (OUB. puc. 5).
Jns 1H7€eKCy s, pe3yabTaT MIATOHKKA METOJOM HaMEHINMX KBaapaTiB S, ~ 0.56 Ta
pe3yabTaT Ui OJHOPIAHOI OOOJIOHKH s, . ~ 0.68 nekaTh JOCUTH OM3bKO. Pesynbprar
IJIs1 HEOAHOPIAHOTO MPOopUII0 s, ~0.99 € OIM3BKUM 10 Pe3ysbTaTy MOAEIl CaMoy3-
TOJPKEHOTO MoJs B Teopil mepkosanii (s=1). Jng 1HaekCy ¢, pe3ylbTaT METOLy
HalIMEHIIUX KBapaTiB 7. ~1.48 JIeKNUTh y MeKaX 3HA4€Hb, OTPUMAHUX AJIS HEO.-
HOpiAHOTO npodimo, ¢ . ~1.09-+1.60; ogHOPIIHUI NPOPUIb Na€ pe3ynbTaT MOAENI
CaMOYy3TOKEHOro nomus ¢ ~1.00 +1.01. Bcl KpuTHYHI IHAEKCH pO3paxoBaHi A 1H-
TEpBAIB [c,,c, ], A€ 3HAUEHHS KOHLIEHTPALiil BIANOBIJAI0Th €KCIIEPUMEHTAIbLHUM TO-

ykaMm. BigzHauumo, 110 11e Julie iHTEPHoJIAiiHI OIIHKY, 3HANACH] IS 1y Ke He3Ha-
YHOI KUIBKOCT1 TOYOK.

4. Pe3yJbTaTu Ta BUCHOBKHU. [Ipo1eMOHCTpOBAHO, 110 HEOAHOPIAHICTH MPOdi-
JII0 TIPOBITHOCTI OOOJIOHOK TPa€ CYTTEBY POJIb y MOBE/IHIN €()EeKTUBHOT MPOBITHOCTI
JUCIIEPCHOI CUCTEMHU B OKOJI1 IOPOTY €JIEKTPUYHOI MEPKOJIALIi. 3a T0IOMOT 00 00po-
OKM €KCIEepUMEHTAIbHUX JAHUX MOKHA BCTAHOBUTH, LIOHAWMEHIIE SKICHO, CTPYK-
Typy LbOro MpoduI0 Ta AaTH IHTEpHpETalio Horo GpizuyHoi Mpupoau. 30KpemMa, B
po3risiHyToMy HaHokoMno3uTi KCl-Ag HeogHOpiiHA CTPYKTYypa Mpodisiro IpoBiIHO-
CT1 OKCHIHOT 000JOHKH MOXe OyTH PEe3yJIbTaTOM MEXaHi3My TYHEIIOBaHHS €IeKTPO-
HIB, IO MIATBEPKYETHCA BUSABIECHOK (OPMOIO MPOQLII0 MPOBIAHOCTI 0OOJOHKHU Ta
OLIIHKaMH XapaKTEepHOi JOBXUHU TyHeNMoBaHHSA. BHecku B mpoduib e(pekTiB, sKi
rparoTh POJIb HA BUCOKMX KOHIIEHTPAIISIX, [0 HE BXOAWIU B IOCHIHKCHUI HA eKCIIe-
pUMEHTI 1HTepBan (Hampukian, spill-out edexTt), HEMOXIMBO BHUSBUTH BHACIIJIOK
Opaxky HEOOX1THMX €KCIIEPUMEHTAIbHUX JTaHUX.

118



dizuka aepoaucnepcHux cucrem. — 2020. — Ne 58. — C.112-120

TeopeTnyHO MNPOAEMOHCTPOBAHO HEYHIBEPCAIBHICTh MEPKOJSALIMHUX KPUTHY-

HUX 1HJICKCIB TPOBIAHOCTI ISl PO3TIITHYTUX MOJICIBHUX CHCTEM Ta iX 3aJICKHICTh BiJl
XapakTepy HeoAHOpiAHOCTI poditto. [lokazaHo, 110 MOI0KEHHS TOPOTY MEPKOJIALIL
B CHCTEMAaX 3 E€JIEKTPUYHO HEOJHOPITHUM MDK(DA3HUM MPOBIAHUM IIAPOM 3aJIEKHUTh
JUIIE Bl TOBIIMHUA 000JOHKU. EQEeKTUBHICTE TEOpIi MATBEPKYETHCA pe3yabTaTaMu
il 3acTOCYBaHHS 10 OOPOOKH €KCIIEPUMEHTAIbHUX JTaHUX.
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Semenov A. K.

Effect of inhomogeneity of the interphase layer on the conductivity
percolation behavior of insulator/conductor dispersions

Summary

In the present work we analyze the influence of electrical inhomogeneity of the interphase
layer on the electric conductivity of insulator-conductor systems in the vicinity of the percola-
tion threshold for the example of exponentially-decaying profiles (with different powers of the
distance from the particle’s surface to the point of interest in the exponent). The analysis is
carried out in terms of the theory of effective electric response of random many-phase systems
of particles with the hard-core-penetrable-shell morphology, built with the method of compact
groups of inhomogeneities. Particularly, we analyze the position of the percolation threshold
and the effective critical exponents for the conductivity. Also, the theory is applied to experi-
mental data for the concentration dependence of the conductivity of KCI-Ag system.

Key words: percolation, conductivity, core-shell, compact groups approach

Cemenos A.K.

Bausinue HECOJHOPOAHOCTH Me)K(l)aSHOFO CJIOA HA NICPKOJAIMOHHLIC ITIOBCACHUC
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MPOBOAUMOCTHA JUCIIEPCHBIX CUCTEM THUIIA U30JATOP-IIPOBOJAHUK

AHHOTanuUs

B oaunnoti pabome ananuzupyemcs enusnue HeoOHOPOOHOCMU NPODUIISL IEKMPUYECKOl
NPOBOOUMOCIU MENCPHAZHO20 CNI0SL HA NOBEOEHUE INEKMPUYECKOLU NPOBOOUMOCU CUCHEM
MUNa U301Mop-npoBOOHUK 8 OKPECMHOCMU MOYKU NEPKOIAYUU HA npumepe IKCHOHEeHYU-
AbHO-HUCXOOAWUX (C PASHBIMU CMENEHAMU PACCMOSHUU OM NOBEPXHOCMU YACUYbl 00 3d-
OaHHOU MOYKU 8 noKazamese dKCHOHeHmbl) npoduie. AHanu3 npoeoOUmMcs 6 pamkax pas-
BUMOTL Meopuu IPPHEKMUBHO20 INEKMPUYECKO2O OMKIUKA HEYNOPAOOUEHHBIX MHO2ODA3HbIX
cucmem yacmuy c mopgonozueli mgeepooe A0po-npoHuyaema 006010YKA, NOCMPOEHHOU 8
PAMKAX Memooa KOMRAKMHBIX 2PYRN HeOOHOpOoOHoCcmell. B uacmnocmu, ananusupyromes no-
JIOJCEHUSL NOpo2a NepKoaayuU U 3Pgexmusnvie Kpumuieckue UHOEKCbl NPOBOOUMOCHIU.
Takowce meopusi npumensiemcsi K 00pabomke IKCHePUMEHMATbHbIX OAHHBIX NO KOHYEHMpayu-
OoHHOU 3asucumocmu nposooumocmu cucmemvt KCI-Ag.

Knroueevle cnosa: neprxonsyuu, nposooumocms, s0po-00010YKA, Memoo KOMNAKMHBIX

2pynn.
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NurudéupoBaHue npouecca 00pa3oBaHusi 030HA MPH YJIEKTPOAYTOBOi CBapKe
METAJJIOB B 3alIIUTHOM ra3se.

DKCNepuMeHmanbHo UCCIe008aAHO GIUSHUE KOMIOHEHMHO20 COCMABA 3AWUMHO20 2a3d
(Ar, CO; u cmecu Ar + CQO,), maccosoeo pacxoda u cnocoba 88edenusi NPUCAOKU Kaius 8 30-
HY Oyeu Ha KOHYEHMpAayur 030HAd 8 30He ObIXAHUS C8APUWUKA NPU C8APKE/HANNABKE XPOMOHU-
Kelegol Cmanu 8 3auumuom 2aze. Ycmawnoeieno, umo yeeaudenue cooepxcanus CO; 6 3a-
WUMHOM 2a3€ NPUBOOUN K YMEHbULEHUIO KOHYESHMPAYUU MOKCUYHO20 030HAd, U NPU UCTOTb30-
sanuu moavko CO, 6 ~7 paz menvute, yem sapeore. s cex cnocobos 66edeHus npucaoku
Kanus 8 30HY OyeU Y8eluueHue MAcco8020 pacxodd NPUCAOKU Kaius 6 npoyecce Ceap-
KU/Haniasky XpoMOHUKENEeBOl CMAlU 8 ap2oHe Npusooum K YMEeHbUIeHUIO KOHYEeHmpayuu
030HA 6 30He Ovixanus ceapwuxa. Ilonyuennvie pesyivmamol mMoeym ObiMb UCHOIb30BAHBL
OISl MUHUMU3AUUU — HE2AMUBHO20  GIUSAHUS MOKCUYHO20 O030HA U NPU  CAHUMAPHO-
2UCUCHUYeCKOU ammecmayuu paboqux Mecm ceapujuxos.

Knrouesvie cnosa: ceapounviii aspo3oib, 030H, NPUCAOKA KAIUSL.

O30H (O3) sBAsETCAs OJHUM HamOoJiee TOKCUYHBIX ra30B, 00pa3yIOIIUXCA MPH
AIEKTPOAYTrOBOM CBAapKe TUIABSAIIMMCS M HEIUIABSIIEMCS 3JIEKTPOJIaMH B 3al[UTHOM
rase (ITJJK=0,1mr/m’). O30H 06pasyeTcs NPy BO3ACHCTBUN YIbTPa(GHOIETOBOTO H3-
nyuyenue (YDU) cBapouHOil 1yru ¢ JUIMHOW BOJIHBI MeHee 242 HM Ha KUCJIOPOJ BO3-
nyxa [1, 2]. Ilox nerictBUeM KOpOTKOBOIHOBOrO Y ®U KHciopod pa3iaraercs:

0, + hv (A <242 um)—- O+ O,
3aTeM, B pe3yjIbTaTe TPEXUACTUUHBIX CTOJIKHOBEHUN 00pa3yeTcsl 030H:
rae M= 0,, N, — TpeTbsi MOJIEKya.

[TapannensHo ¢ 00pa3oBaHUEM, O30H PACXOJyeTCsl B peakiusax ero (orosmsa
npu Bo3aericTBuu YOU ¢ 242 <A < 315 M, B3aUMOACHCTBUS ¢ aTOMapHBIM KHUCIIO-
poroM U okcuaoM azora NO, KOTOpbI 00pasyercs MpU BBICOKOTEMIIEPATYPHOM
OKHCJICHUH a30Ta BO3/1yXa BOJIU3M CBAPOUYHOU yTH [2, 3]:

O; + hv(242am < A <315H8M) - 0 + 0,
O;+ 0 - 20,
NO + 03 = NO, + 0,

CrnenosarenbHO, KOHLIEHTparus o30Ha (C,,,,) Ha paboueM MecTe CBapIIvKa OI-
penensercs 0aJaHCOM MEXy 0Opa30BaHUMEM U PACXOJOBAHHEM O30HA U 3aBUCHUT OT
MHTEHCUBHOCTU U crHekTpalibHoro cocraBa Y®U. O30H oOpasyercst BesJe, I/i€ WMH-
TeHCUBHOCTh Y OU ¢ A<242 HM npeBbilIaeT UHTEHCUBHOCTh Y DU ¢ 242<A<315 Hm.
CnekTpanbHbId COCTaB U MHTEHCUBHOCTh Y DI 3aBUCUT OT yCIIOBHI CBApKH, B 4aCT-
HOCTH, CHJIBI TOKA W HaIpSKEHUS TyTH, ITHAMETpa MPOBOJIOKU, KOMIOHEHTHOTO CO-
CTaBa CBAPOYHBIX MAaTE€pUAIIOB U 3allIUTHOTO ra3a [4, 5].

Hns cawkenus C,,,, B padotax [4, 6] npemsioxkeHo H00aBISITH HEOOIBIIIOE KO-
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7 1

ITaton ITICHU-250P
TTee®e

o e ™

N\

Puc. 1. [IpuanunuaneHas cxema SKCIIEpUMEHTAIBHON YCTAHOBKH: | — cBapo4Has kame-
pa, 2 — BAJIMK HAIUIABJIEHHOIO METAJIIA, 3 — BPAIAOIINICS JUCK, 4 - COIIO CBAPOYHOM
TOPEJIKH, 5 - CBapoyHas ropeska, 6 — 6ajIoH ¢ 3allUTHBIM ra3oM, 7 - BO31yX03a00pHUK,
8 — razoananmuzatop InaH-03, 9 — mpobooTOOPHHUK.

ardecTBO (0.03 06.%) BoccranoButenbHbIX Ta30B NO i C,H, B 3amuTHBIN Ta3 Ar.
OnHako B pe3ysibTaTe XUMUYECKUX PEAKIIUN ATUX BOCCTAHOBUTEIBHBIX T'a30B C 030-
HOM, C,,,, 3HAYUTEIHLHO YMEHBIIWJIACh TOJBLKO B TOM O0JAcTH, TNi€ 3alUTHBIN Ta3
CMEIINBACTCSA C OKPYXAIOIUM BO3JYXOM, TO €CTh BOJIM3U JyTd, a B 30HE JIbIXaHUS
cBapmiuka (40-60 cM oT 1yru) - HE U3MEHUJIACh.

B nHacTrosimiel 3amMeTke MpeACcTaBiIEHbl Pe3yJIbTaTbl U3MEPEHUN KOHLEHTPALNU
030HAa B 30HE ABIXaHMS CBApLIMKA MPHU CBAPKE XPOMOHUKEJIEBOI CTalu B 3alIUTHOM
rase, a Takxe 3aBUCUMOCTH C,;,, OT KOMIIOHEHTHOTO COCTaBa 3alIUTHOTO ras3a (Ar,
CO, u cmech Ar+CQO,) 1 MaccoBOTO pacxojia MIPUCATKKU Kajus, KOTOpas BBOJUTCS B
30Hy nyru. Huszkuit notennuan nonusanuu kamus (4.3 eV) gomkeH o0ecneduThb Imo-
riomenue Y ®U ¢ sneprusimu ¢hotoHoB hv>4,3 5B, 4TO COOTBETCTBYET JJIMHE BOJIHBI
A<288 HM.

[IpuHIMNIMATBEHAS cXeMa PKCIEPUMEHTAIBLHON YCTaHOBKM MPUBEEHA Ha puc.l.
HccnenoBanust MpoOBOJWIA B CBAPOYHOM KaMEpE C BBITSIKHOW BEHTWISAIIMEH HaJ Me-
CTOM HAIUIaBKHU (PacXoj yaamseMoro Bosayxa 1,7 M /mun). Hamnasky BBITOIHSIM Ha
Bpamatonmecs (106/mun) nucku (quamerp 220 mM, TonmuHa 15 MM) U3 XpOMOHU-
kesneBoil crtanu 08X 18H9 npu momorm cBapOYHOM TOPEIKHU, YCTAHOBIEHHON BEPTHU-
KaJIbHO TaK, YTO €€ COIUIO HaXOAMJIOCh Ha paccTosiHuu 13 MM OT Jucka. B kauectBe
MCTOYHMKA MUTAHUS CBAPOYHON AYTH MPUMEHSIIN WHBEPTOPHBIA HU(PPOBOM BHITIPS-
murenb [laton [ICHU-250P.

N3mepeHust nmpoBOAWIN B JWANA30HE PEKOMEHJIOBAHHBIX PEKMMOB HaIlJIaBKU
cramu 08X18HY mposonokoit CBO4X19H9 nuamerpom 0,8 MM: HampsiKE€HUE NYyrU
U=23 B; cBapouHblii TOK (IIOCTOSIHHBIN MpU 00paTtHOM mossipHoctu) I = 90 £ 5 4;
CKOPOCTh TOoJa4u IPOoBOJIOKH vV =10 cM/c; CKOPOCTh HAILJIaBKU 6,5 MM/C; 3alUTHBIN
ra3z (Ar, CO, u cmech 92%Ar+8%CO,;) co ckopocTbio 12 j1i/MUH TIogaBajcs u3 Oai-
J0HOB. M3MepeHuss MacCOBOM KOHIIEHTPALUM O30HA C YACTOTOM 1 TIl 1 OTHOCUTEIIb-
HOM NOrpemHOCThI0 20% OCYIIECTBISUIM Ta30aHAIM3aTOPOM HENPEPBIBHOTO JEHCT-
BHS «OnaH-03» C JIEKTPOXUMUYECKUM AETEKTOPOM, YEPE3 KOTOPBIM MPOITYCKaIH J10-
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Puc. 2. IsmeHenue nokaszanuii razoaHa- Pmumc.3. M3MeHeHne moka3aHHMM Tra3oaHa-
Jau3atopa B Tporecce (MpOAOJDKUTEIb-  JU3aropa B mporecce (MpoaoIKUTEIb-
HOoCcTh 30 ¢) M mociie mpekpamieHuss Ha-  HOCTh 30 ) HalIaBKU B 3aBUCHUMOCTHU
IUIaBKU MaccoBOTo pacxoja kaiaus (crocod Nel).

3UPOBAaHHBIN TOTOK aHAIM3UPyeMOTro Bozayxa. s or6opa npobd Bozmyxa ¢ 00BEM-
HOI ckopocThio 0,3 JI/MUH KCIIONB30BATIM CTEKJISTHHBIN MPOO0OTOOPHUK C Te(IOHO-
BbIMU coequHuTenbHbIMEU TpyOKkamu (PTFE 4/2), ycroitunBeIME K BO3/IEHCTBUIO 030-
Ha u YOU. XapaktepHoe BpeMs TPAHCIIOPTHOTO 3aIa3blBaHUs U3MEHEHHS KOHIICH-
TpalKuHd 030HA B AETEKTOPE ~2 C, a UHTEPBaJI BPEMEHU, B TEUCHHE KOTOPOTO MOKa3a-
HUS razoaHaim3atopa aocturaroT 90% 3HadyeHHUs KOHLEHTpPAllMd B TOYKE HU3MEpe-
Hust ~20 c. [loatomy HammaBka npoBoauiack B TeueHu 30 ¢, a MacCCOBYIO KOHIICH-
TpalMi0 O30HA ONPENeNsUId MOclie CTa0WIM3alMu TOKAa3aHWM Tra3zoaHaln3aTopa
(t>25¢). ITpoGooTOOpHUK Ta3zo0aHaln3aTOpa ObUI YCTAHOBJIEH HA BbICOTE 1.5 M OT
T0J1a, MO YIJIOM 0, = 5° K MOBEPXHOCTH BPALIAFOIIErOCs IUCKA U Ha paccTtostHuu 0.55
M OT CBapOYHOU NyTH (pacCTOSIHUE BBHITAHYTOM PYKHU CBApIIKKa).
Brenenue npucaaky Kaius B 30HY JyTd OCYIIECTBISIIA TPEMSI CLIOCOOaMMU:

1) Boausiii pactBop kapOoHaTa Kajusi paBHOMEPHO HAHOCHWJIM Ha MPOTHO3UpPYe-
MYIO MOBEPXHOCTh HAIUIABJIICHHOTO BAJIMKA I1BA U BPAIAIOIIUNACSA TUCK OBLI BbI-
CYyIIIEH Tepel HayajaoMm u3MepeHuil. PacueTr maccoBOro pacxoja Kajius B Ipo-
1IeCCE€ HAIUIaBKHA IMPOBOJMIIA MO JAHHBIM O CKOPOCTH HAIUIaBKH, IJIOIMIAAH IO-
BEPXHOCTH CBAPHOTO IIIBA U KOHIIEHTpAIMKU pacTBopa (cmocod Nel).

2) Boanblit pacTBOp KapOOHaTa Kajusi paBHOMEPHO HAHOCWJIM Ha MPOBOJIOKY Me-
TOJOM ee cMauuBaHusi. KioBeTa ¢ BaTol, CMOYEHHOUW pacTBOpoM, ObLia ycTa-
HOBJICHA MEPEJ KOHTAKTHBIM HAKOHEYHMKOM CBapOYHOW Tropenku. MaccoBbId
pacxoj Kajius ONpeNessiiu MyTeM HU3MEpPEHUs] U3MEHEHHUSI MAacChl KIOBETHI 3a
BpEMs HaIlJIABKU M CKOPOCTH T0J1a4M MPOBOJIOKH (cmocod Ne2).

3) BBenenue kanus B 3alIUTHBIN ra3 (Ar) OCYIIECTBISIOCH C TOMOIIBIO ITHEBMA-
TUYECKOTO MeauIMHCKoro HeOynaitzepa (Vega Technologies Inc.) nmo metoavke
[7] (cmoco® Ne3).
3aBUCHUMOCTh TOKAa3aHMUI razoaHanusaTopa «2naH-0O3» OT KOMIIOHEHTHOTO CO-

CTaBa 3alllMTHOIO raza B Ipoiiecce (MpoaoLKUTENbHOCTh 30 C€) U mocie mpekpare-
HUSI HAaIUTaBKU IIPUBEJICHBI HA PUC. 2.
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Puc.S. I3meHenue noka3zaHuii razoaHaiu-
3aTopa B Mpoiiecce (MpOoa0KUTETbHOCTh
30 ¢) HarTaBKU B 3aBUCHMOCTH MacCOBO-
ro pacxoja kanus (croco6 Ne3).

Puc.4. MI3menenne noka3zanuii razoaHa-
nu3aTopa B rpoiiecce (IIPOoI0KUTEIb-
HOCTh 30 C) HAITaBKH B 3aBUCUMOCTH
MaccoBOT0 pacxoja kanus (crocod Ne2).

Tabauna 1. Maccoas konueHtpanus o30Ha (C,,,,) B 30HE TbIXaHHUS
CBapIIMKa B 3aBUCUMOCTH OT MacCOBOTO pacxoja Kajusl.

MaccoBblii pacxo Coions MI/M° (otHOCuTenpHOE yMeHbIienue C,,,,)
KaJIusl, Mr/c crroco0 Nel crroco0 Ne2 crroco0 Ne3
0 0.087 (1) 0.092 (1) 0.094 (1)
0.1 0.076 (1.1) 0.065 (1.4) -
0.2 0.064 (1.4) 0.058 (1.6) -
0.3 0.052 (1.7) 0.041 (2.2) -
0.8 - - 0.095 (1)
1.2 - - 0.078 (1.2)

Kak cnenyer u3 puc. 2 MaccoBasi KOHIEHTpALMs. 030HA B 30HE JIbIXaHUs CBap-
nuKa (mocie crabuiu3aluy MoKa3aHui ra3oaHaan3aropa,) Ipyu HaljJaBKe XpOMOHU-
keneBoi cranmu 08X 18H9 npososiokoit CB04X19H9 cocrasnsier: - B Ar - C,,,,=0,094
Mr/v’, B emecu 92% Ar+8% CO, - C,,,=0,048 mMr/m’ 1 B CO; - C,,,,=0,014 mMr/n’.
Takum 00pa3oM UCIOIB30BAHUE B KAYECTBE 3alIUTHOTO raza cmecu 92% Ar+8% CO,
MIpU CBapKe/HAIJIABKE XPOMOHUKEIEBOM CTaIM MO3BOJSET B 2 pa3a YMEHBIIUTh KOH-
IEHTPALIMI0 TOKCUYHOT'O O30HA B 30HE JbIXaHUs cBapiiuka. OJHAKO TEXHOJOTHhYe-
CKHE BO3MOXXHOCTH YMEHBIIICHHSI KOHIICHTpaIus O30Ha IMyTEM H3MEHEHUS KOMIIO-
HEHTHOT'O COCTaBa 3alllUTHOrO ra3a OrpaHUYEHbI - HEOOXOUMO YUUTHIBATh BO3MOXK-
HbIE€ U3MEHEHUSI CBAPMBAEMOCTH METAJIJIOB M KaUue€CTBA CBAPHBIX COCIMHEHUMN.

N3mMeHneHne nokasanuii razoananuszaropa «2naH-03» B 3aBUCUMOCTHA OT Macco-
BOT'0 pacxoja Kajus B mporecce (MpoAaoHKUTebHOCTh 30 ¢) HAIIaBKU XPOMOHHKE-
neBoi cranu 08X18H9 B Ar nmpuBenieHsl Ha puc. 3-5, a MaccoBasi KOHIIEHTpaIus 030-
Ha B 30HE JIbIXaHMsI CBapIIMKa (IOocjie cTabuIn3aliy MoKa3aHuil ra3oaHain3aTopa) B
Tabm. 1.
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Kak cnenyer u3 1abn. 1 nms Bcex crmocoOOB yBEIMYEHHS] MAacCOBOTO pacxoja
MPUCAJIKN Kallisi B IMPOILIECCE aprOHOAYrOBOM HAIJIaBKU NMPUBOAUT K YMEHBIICHUIO
KOHIIGHTpAaIlMK 030HA B 30HE JbIXaHus cBapiiuka. Haubonee apdexkTuBHbIM Ccrioco-
O0oMm (yMmeHbleHre B 2,2 pasa) SIBJISETCS BBEJCHUE MPUCAIKU KaJIusl ¢ MAaCCOBBIM pac-
xozoM 0,3 Mr/c B 30Hy IyT'H MYTEM CMAauUBaHUS 3JIEKTPOJHON MPOBOJOKU BOIHBIM
pactBopom motarmu. [Ipu aTom mpucaaka kaaus (0,3Mr/c) He BIUSIET Ha XUMUYECCKHUI
COCTaB HAIUIABJIIEHHOI'O METaJllla U BHEUIHUI BUJ HAIUIABJIEHHOTO Bajuka mBa. Cie-
yeT TaKKe OTMETUTh, YTO IOJjaya Kajus B aproH J1aeT CYIIECTBEHHO MEHBIIUN 3(-
(heKT, o CPaBHEHUIO C APYTUMHU CIOCOOAMU BBEICHUS MTPUCAJIKU KaJIUs B 30HY IYTH,
YTO CBA3aHO C MeHbIIeH 3 pexTuBHOCTHIO ToromeHuss Y ®U kanuem B pe3ynbTaTe
€ro MepeMeIINBaHus C 3aUTHBIM Fa30M.

Takum oOpazoM, JJIsl yIIydIlIeHHE YCIOBUU TpyAa CBapIIMKa MPU aproHOIYTO-
BOM CBapKe METAJIOB MOKHO PEKOMEHI0OBaTh BBOJUTH Mpucaaky kamus (~0,04 macc.
%) B cOCTaB 3JIEKTPOIHOM MMPOBOJIOKH Ha ATare €€ MpOU3BOCTBA.
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Buwmnsakos B. L., Kipo C. A., Onpa M. B., Ennan A. A.
IHri0yBaHHsI MpoLecy YTBOPEHHS 030HY IIPH €JIEKTPOAYT0BOMY 3BapI0-
BaHI MeTaJIB B 3aXHMCHOMY rasi.

AHOTAIIA

Excnepumenmanvno 0ocniosceno 6naue KOMNOHEHmMHO20 cK1ady 3axucroeo 2azy (Ar, CO;
ma cymiwi Ar+CQO,), macoeoi sumpamu i cnocoby 86edenHs. NpUcaoKu Kaiio 8 30Hy 0y2u Ha
KOHYEeHmMpayito 0301y 6 30Hi OUXAHHS 36APHUKA NPU 36API0BAHHI/HANLABIIEHHI XDOMOHIKENe80i
cmani 6 3axucromy 2asi. Konyenmpayito 0301y 8uMipiosaniu 2a3oananizamopom be3nepepsHoi
0ii’ «Enan-O3» 3 enekmpoximivnum oemekmopom Ha giocmani 0,55 cm 8i0 mouku 36apro6am-
HA (8i0cmanb eumseHymoi pyku 36apuuxa). Bemanoeneno, wo 36inouenns emicmy CO6 3a-
XUCHOMY 2a31 NpuU3800UMb 00 3MEHUEHHS KOHYEHMpPayii moKCU4HO20 030HY, 1 Npu UKOPUC-
manni minoku CO; 6 ~ 7 pasie menute, Hidxc - Ar. s écix cnocobie 66edenHs npucaoxu Kauiio
V 30Hy Oyeu 30i1bUWleHHs MAco80i eumpamu HpUCAOKU Kalilo 8 Hnpoyeci 36aproeaH-
HSA/HanaeeHHs. XpOMOHiKenesoi cmaii y Ar npuzeooums 00 3MeHUeHHs KOHYeHMpPAayii 030Hy
8 30Hi OuxauHs 3eapuuxa. Egexmuenicmv cnocobie 6sedenns npucadku Kaiio 6 30Hy oyeu
30LILUWYEMBCA 8 HACMYNHOMY NOPAOKY. NPU NHEGMAMUYHOMY PO3NOPOUEHHI PO3UUHY NOma-
wy 68 Ar << npu nameceHnHi pO3uUHy HA NPOSHO308AH) NOBEPXHIO 36APHO20 WA < NPU 3MOUY-
8aHHI PO3YUHOM eNeKMPOOHOI npogonoku. Ompumani pe3yrbmamu Moxicyms 6ymu 6UKOpuc-
maui 3 Memorw MIHIMI3ayii He2amueHo20 6NIU8Y MOKCUYHO20 O030HY 1 NpuU CAHIMAapHo-
2ieieniunoi amecmayii pobouux Micyb 36apHUKIG.

Knrouoei cnoea: 36aprosanvruii aepo3onv, 030H, NPUCAOKA KATIIO.

Vishnyakov V.1I., Kiro S.A., Oprya M.V., Ennan A.A.
Inhibition of ozone formation in gas metal arc welding.

SUMMARY

The influence of shielding gas component composition (pure Ar, pure CO; and mixture Ar
+ CO;), mass rate of potassium additional agent and its injecting method on the ozone con-
centration in breathing zone are studied experimentally during the gas metal arc welding. Po-
tassium injection into the arc zone was carried out in three different ways: via wetting the
electrode wire or welding disk by aqueous solution of potassium carbonate, or by premix of
the droplets of such a solution with shielding gas. Gas analyzer with electrochemical detector
ELAN-Oswas used for the measurement of ozone mass concentration in air with relative error
20%. The air sampler was located on the distance of 55 cm from arc.
ItwasdetectedthatincreaseofCO, content in shielding gas leads to decrease of ozone concen-
tration down to 7 times, when pure CO; is used. The increase of potassium additional agent
injecting mass rate leads to decrease of ozone concentration in breathing zone for any method
of potassium injection. The effect of potassium influence is different for the different injecting
methods. Addition of potassium via wetting the electrode wire or workpiece by aqueous solu-
tion of potassium carbonate is more effective than via its premix with shielding gas. These re-
sults can be used for minimization of ozone hazard during the gas metal arc welding.

Key words: welding aerosol, ozone, potassium additional agent.
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JJIeKTPOOOMEH B cCTeMe KOH/ICHCMPOBAHHAS JucnepcHas ¢a3a u
HArperasi 4aCTHIA TUTAHA

Ilpeocmasnenvl pesyromamol ucciedosanuti yacmuy mumana ¢ pazmepom 10 — 100 mxm,
Hazpemuvix evlule memnepamypul niasieHus. Ilpusedena cxema u gpomozpaguu sKcnepumen-
MANbLHOU YCIMAHOBKU, KOMOPAs COCMOUM U3 2eHepamopa Hazpemsix yacmuy mumana, 6J10ka
memMnepamypHuIX usmeperull, eKuouarweco 8 cebs omoriekmpuieckuti. 0amuyux memne-
pamypsl 08UNCYUWUXCS Yacmuy, OI0KA UMEpeHUs dNeKmMpUlecKko2o 3apsaod, CoCmosaue2o U3
BEPMUKANILHBIX NAOCKUX NAPALIETbHBIX 3APAHCEHHBIX MEMANIUYeCKUX NAACUH, OJ10KA usme-
PeHUs CKOPOCMU OBUMNCEHUST Yacmuy. DKCNepUMEeHMAIbHO NOKA3AHO, 4MO BOKpY2 MAKUX
yacmuy o6pazyemcs KOHOeHCUPOBAHHAs OUCNEPCHAs Gasza, K-(haza, Komopas npu 08UIHCEHUU
yacmuy 6 8030YWHOLL cpede COCMOUmM U3 HAHOYACMUY OKUCI08 mumana. Pe3ynomamul 2/1ek-
MPOHHOMUKPOCKONUYECKO20 UCCAe008AHUSL KOHOEHCUPOBAHHOU OUCNEPCHOU (ha3bl NOKA3AIU,
umo pasmep yacmuy KOHOEHCUPOBAHHOU OUChepcHoll ¢hazvl nedxcum 6 npedenax 5 - 100 Hm u
3aeucum om HauanbHulx yciosul. llpusedenvt meopemuyeckue pacuemvl, Onpeoesouue
91eKMpPooOMeH 8 cucmeme Hazpemas cepuyeckas 4acmuya U OKpysHcaruds ee KOHOeHCU-
POBaHHAA OucnepcHas gaza, Komopwvle NOKA3AIU COBNAOEHUEe C IKCNEPUMEHMATbHBIMU OAH-
HbIMU 8 npedenax OWUOKU UsMepeHUll, a 3aps0 4acmuy OKA3alcs NOpsaoKa COmeH Mmulcsay -
MULTUOHA 3ap008 dnekmpoHa. Teopemuueckoe ucciedoganue KUHEMUKU mepmMoIMUCCUOH-
HOU 3apsA0KU Yacmuy mumana noxkazaio, ymo epems Haxonienus 95% pasnosecnozo 3apsoa
yacmuywl npu memnepamypax 3000 — 2200 K coomeemcmeenno cocmasuno 14 nc — 33 mxc.
IIpu memnepamype 2000 K epems naxonnenus 85 % pasnogecnoeco 3apsioa cocmasuno 240
mkc. Ilpu memnepamype 1400 K epems maxonnenus 91% pasnogecnozo 3apsioa moi ice
yacmuysl cocmagnsem 610 mxc. Ilposedennvie oyeHKU NOKA3AIU, YMO 3d 8peMsl perlaKcayuu
3apsoa 0nsa yacmuyvl mumana npu memnepamype oonvuteti 1400 K nocneonee npakmuuecku
He MeHsiemcs. Dmo no380jiem cuumamos npoyecc mMepMOoIMUCCUOHHOU 3apPA0KU YACIUY 6
OaHHbIX YCN08UAX KeéasucmayuoHapuvim. llonyyennsie pesyrbmamol Mo2ym Oblmb UCNOIb30-
8aHbl 8 UCCIEO0BAHUAX NPOYECCO8 INEKMPOOOMEHA 8 A3POOUCHEPCHBIX CUCEMAX NPU 8blCO-
Kux memnepamypax. Pazeumas moodenb mepmosanekmponuHou 3apaoKu 4acmuy no3eousem 6
oanvHeluem UCnoab308amsb €€ 0Jisi MOOEIUPOBAHUSL NOBeOeHUs K-(a3bl 60U3U HACPEMbLX
yacmuy, a makyce 013 opyaux yeneu. llonyuennvie pezynomamsl noKa3vl8aom y0061emeo-
pumenvHoe coomeemcmeaue mMexcoy IKCNepUMeHmanibHbIMU U paciemubiMy 3HAYeHUaMuy 3a-
paoa.

Knroueesvie cnosa: cnosa:muman, okcuo mumana, copeHue, 0OMeH 3apsa008, HAHOYACMU-

Yol

BBeaenume. [1Io pacnpocTpaHEHHOCTH B KOHCTPYKIIMOHHBIX MaTepualiaXx TUTaH
HaxoauTcs Ha 4eTBEPTOM Mecte mnocie Al, Fe u Mg. Bo -nepBoix, Ti — nérkuii, BbI-
COKOITPOYHBIA ¥ KOPPO3MOHHOCTOMKHNN KOHCTPYKIIMOHHBIN MaTepuall, IPUMEHSIEMbIN
B DKCTPEMAJIbHBIX YCIOBUSX [1], B XUMHUUYECKUX peakTopax, u T. 11.). Bo-Bropsix, Ti —
nupodopHOEe MeTaumdeckoe roprodee. Takum oOpazom Ti KcHosib3yeTcs B COCTaBe
MUPOTEXHUYECKUX KOMMO3UIMK [2] U B KOMIIO3ULMAX TEXHOJOTUYECKOTO TOPEHUSA
[3]. UccnenyroTcsi BOBMOXKHOCTH UCIOIb30BaHus T1 B pakeTHOM ToruinBe [4] U BO
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B3PBIBUATBIX CMECSAX IPOMBIIUIEHHOTO WM TEXHOJOTMYECKOro Ha3HadeHus [5].
BcenencrBue MHOrooOpasHoro npuMeHeHus Ti, UcCae10BaHUsl €r0 BOCIUIAMEHEHUS U
rOpeHHsl BeChMa aKkTyallbHbl. B TOM umncie, akTyalbHbl HCCIEI0BaHUS 00pa3oBaHUE
KOHJICHCUPOBaHHOW AucnepcHOM ¢a3bl (K-(pa3bl) BOKPYTI YacTHIL] METAJLIMYECKOU
yacTUIbl B 4acTHOCTH, Ba)XHbl MCCIIEIOBAHUS 3JIEKTPOOOMEHA BOJM3M YaCTHULBI C
pasmepom 10 — 100 mukpon [6, 7], HarpeTou 10 TeMIeparypbl B THICSYU T'PaayCoOB,
MMEHHO 3TO OBUIO LEJIbI0 JAHHOW PadOThI, YTO CHOCOOCTBYET Pa3BUTHUIO U ONTHUMHU-
3alMM OJJHOTO M3 MyTe MPOU3BOJICTBA HAHOYACTHI]. B 3aBHCUMOCTH OT XUMHYECKOTO
COCTaBa OKPYKaIoIIEH Cpebl, MOXKHO MOJIYyYUTh KaK HAHOYACTHUI[bl YUCTOTO METaJ-
Ja, TAK ¥ HAHOYACTHULIBI METAJNINYECKUX OKCHUIOB. MBI IPOBOJIUM HCCIEAOBAHUS Ha
IIpUMEPE U3YYECHMS XAPAKTEPUCTUK HAHOYACTHUI[ PYyTHJIA, KOTOPBIE IMUPOKO HCIOJIb-
30BaHbl B JIETKUX 3aIIUTHBIX CTPYKTYpax, BIMUSIOT Ha OaKTepuaibHbIE 3HOCIIOPHI, B
MOJTYTPOBOHUKAX JJISI CO3[IaHUs 3aMpelieHHON 30HbI muprHoi 3.23 u 3.06 3B. Yac-
THLBI PACIUIABJICHHOTO TUTaHA C JMAMETPOM OKOJIO CTa MHUKPOH IPOU3BOJIUIIMCH
AIIEKTPUYECKON Nyroil u3 mpoBojoku TuTaHa. [locne oOpa3zoBaHMs M JABMKEHUS B
BO3/yX€, YacTHIla U K-(a3a yJaBIUBaINCh Ha MOJUIOKKY. Pe3yabTaThl XUMHUYECKOTO
aHajMu3a Mmokasanu GopMUpPOBaHUE 7 Pa3IMYHBIX (a3 FOMOJOTHYECKOTO psijia PyTUa.
B uncrom kucnopoge m nasinenuu 101 klla ¢popmupoBanucy HaHOYACTHULIBI PYTHIIA.
Hanuuue snexkTprueckoro 3apsjia Ha YaCTUIE BIMAET Ha MPOIlecC MaccoOOMEHa IpH
TOPEHUU METAJUIM3UPOBAHHBIX TOILUIUB, & TAKKE€ HA MPOLECC KOAryJsilUd B BBICOKO-
TEMIIEPATYPHBIX JUCIIEPCHBIX cucTemax [8, 9], 4To, B CBOXO OYEpEb, BIUSAET HA ITOJI-
HOTY CrOpaHMsl 4acTull TOoIuiMBa. McciienoBanue 31eKTpoOOMEHa TaKUX CUCTEM Be-
JI€TCS. UHTEHCUBHO, TEM HE MEHee, JOCTATOYHO MOJIHOTO MPEACTAaBICHHUS 00 3JeK-
Tpo(pU3NUECKUX Iporeccax, NPOTEKAIOLUMX B HUX HET, YTO MOCITYXKUJIO LENbIO J1aH-
HOU paboThl. B ganHol pa®oTe mpoBeAeHNUE aHAIN3a BIUSHUS TEIIOMAacCOOOMEHA
NOBEPXHOCTU yacTull TuTaHa ¢ K-(ha3oi, AByx(OTOHHBIE NPOLIECCHI, BOIIPOCHI KOary-
asun yactull K-¢asel 1 MHOTHE nipourie 3Qp¢GeKThl ObLJIO PELICHO HE 3aTparuBath, B
OCHOBHOM, TI0 IIPUYMHE OTpaHUUEHUS peAakiueil o0bemMa cTaThi, HO aBTOpaMU Iljia-
HUPYETCS 3aTPOHYTh 0003HaYEHHBIE BOPOCHI B CIEAYIOIINX CTAThAX.

Pe3yabTaTbl. DKCIEpUMEHTAIbHASI YCTAHOBKA, ONUCAaHHAasA B [4], mpuBeaeHa HA
puc. 1. YcranoBka conepxana: 1 — reHepaTop HarpeThIX YacTHIl; 2 — OJIOK NMUTAHUS;
3 — paznenuTenbHbIA TpaHchopmaTop; 4 — cocyl, B KOTOPOM MPOUCXOAUT JBUKCHUE
YaCTHULL, 5 — JIEKTPOCTATUYECKUM BOJIBTMETP; 6 — BBICOKOBOJIBTHBIM I'€HEpATop; 7 —
0JI0K uTaHus; 8 — 6awIoH ¢ a30ToM; 9 — kpan; 10 — poramerp; 11 — BoasHOM 3aTBOD;
12 — paznenurenvHas neperopojika; 13 — nogbémHbIN Mexanusm; 14 — ynopsr; 15 —
OTKpBIBaroOIIHecs npucnocodnenus; 16 — kpsimka; 17 — mukpockorr; 18 — dhoroanma-
pat; 19 — o6TrOparop; 20 — 6yiok utanus; 21 — mamna; 22 — poroauon; 23 — koMa-
patop; 24 — yactotomep; 25 — nmupoMeTp; 26 — 3aOMUHAIONUN ociruuiorpad Tumna
C8-17; 27 — doToanmapat; 28 — MOAJI0KKA JIJIs YIaBIUBAHUS YACTHII.

UccnenoBanne mapameTpoB K-(ha3bl MPOBOAMIOCH HA PEHTTEHOBCKOM JU(pPaK-
tomerpe JIPOH - 3.0, xoTopbIil MO3BOJIUI ONpeAeiuTh (a3bl U MapaMeTphl UX pe-
meétku. dotorpadupoBaHue mokaszano, 4To 00JIako HAHOUYACTHUIL, OKPYKaroIuX cde-
PUYECKYI0 HAarpeTylo 4acTHUIly, UMEET MWIMHAPUYECKYI0 cUMMeTputo. OcaxiaeHue
YaCTHIl Ha MOJJIOKKY B DJIEKTPOCTATUYECKOM T10JI€ BBISIBIII pa3Indus B 3HAKaX 3apsi-
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Puc.1. Cxema (cneBa) u pororpadus (crpapa) SKCIIEpUMEHTAIBHON YCTaHOBKH

Jla HAHOYACTHUII K-(ha3bl B 3aBUCUMOCTH OT UX PACCTOSHUSA OT LIEHTPAJIbHOW YaCTHUIIBI.
[TnotHOCTH HaHOYacTHI] B "XBocTe" K-(pa3bl magaeT B 3-6 pa3, a KOHIIEHTpAIUsI HAHO-
YacTHI] 3aBUCUT OT HayaJIbHOW TeMIepaTyphl HEHTPAIbHOM yacTullbl. MccnenoBanus
HAaHOYACTHII, OCAXKJICHHBIX Ha MOJJIOKKY, TOKa3aJld, YTO UX pa3Mep JICKUT B Mpeje-
nax 5 - 100 HM u 3aBHUCHUT OT HaYaJIbHBIX YCIIOBUH, CM. pUC. 2. Pe3ynbraThl namepe-
HUM 3apsi/ia HarpeTord 4acTUIbl TUTaHAa MPUBEACHBI HA PUC. 3 (PKCIIEPUMEHTAIbHBIC
3Ha4YeHUs 0003HAYEHBI KpyXKKaMHu). [[71s1 pacyeTa 3apsaa HEOOXOAUMBbI ObLIIU TaHHBIE
0 TeMmIepaType YacTHIbl, SKCIIEPUMEHTAIbHAS 3aBUCUMOCTh KOTOPOM OT BPEMEHH
JIBWKEHUS MPUBEICHA HA pUC. 4 U ONpeaeisiach METOJIOM, NMPEITIOKEHHBIM B [10,
I1].

[Ipouecc TepMOAIMUCCUOHHON 3apsiiku CHEepUUECKON METAIIMUYEeCKON YacTHIIbI
UJET MPU BBICOKOW TeMIlepaType MOJy4yaeMOW B JYre 4acTULbI, KOTOPYIO B Jajib-
HelmeM OyaeM 0003HayaTh Kak 7.

DKCIEpUMEHTAIbHBIE JIAHHBIE TEPMOAMUCCHOHHOW 3apsiIKA YAaCTHUIL] THUTaHA C
paguycom r =125 MKM MOKa3blBalOT, YTO NPH TEMIIEpAType YacTHUIbI MOPSIAKa

12 Q 1014 ¢c }
8k

Tt

0. T, K

2000 3000

Puc. 2. ®otorpadus yuactka k-asei, Pue. 3. DkcrnepumeHTalbHbIE (YEpHBIE
OCKJEHHOW Ha TMOMJIOXKY (TOydyeHa C TMPSIMOYTOJbHUKH) M pacyeTHbIE (CIUIONI-
HCIIOJIb30BAaHUEM DJICKTPOHHOTO TPOCBE- Hasl JIMHUS) 3aBUCHMOCTH PAaBHOBECHOTO

YUBAKOIICTO MI/IKpOCKOHa HpI/I YBCJII/I‘—IGHI/II/I 3ap51;[a Ha C(l)@pH‘I@CKOfI YaCTHUIIC TUTAHaA
20000).
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1090K uX 3apsny cocraBisieT Q ~ s0q, T K
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NOPSAJKA, YTO U JUIsl YaCTULl MEH C .

r=117 MkM, TaHraza c¢ r=185 30001 e

MKM, MpeACTaBlIeHHbIE B padoTax N
[S, 7], naHHBIE IO CBOWMCTBAM THUTA- 2600 Ta
Ha Opamucs B [12, 13]. Pesyabrarhl N
COINIACyIOTCA C HaHHBIMH B [14 - N
16]. IIpn Takux ycClIOBHUAX BBINOJI- . "
HSETCSl COOTHOIIEHUE e > kT, T1ie : : : |

0.0 0.2 0.4
0

¢= , € — 3apsil OJIEKTPOHA, k — Py, 4. DKCIepUMEHTaIbHBIE 3aBUCIMOCTH TEM-

- 4ne.r
0 o
mepaTypsbl MOJy4aeMoi B Jyre YacTUIbI TUTAHA
nocrosiHHasg boabpiiMana, 77 — TeM-

reparypa MOBEPXHOCTH YacTULBI
— 3apsi/l YaCTHLIBI, &) - SJEKTpUYECKas MOCTOSHHA, ' — PaJUyC YacTUIbl. DTO MO3BO-
JSIeT CYUTATh JEKTPOCTATHUECKOE 10JI€ YACTHIIBI B IPOLIECCE €€ TEPMOIMUCCHOHHOM
3apSAIKA JOMUHUPYIOIIUM.
VYpaBHEHHE TEPMOIMUCCHOHHOW 3apsiiku cepUyecKor YacTHIbl pajnycoM 7,
OKpPYXEHHOU K-(ha30ii B 00J1aCTH €€ OTPULIATENBHOTO 3apsaa umeet Buf [17 - 19]
2
d — el re AA - A
a9 _ arien,v,|1-——1—1 02 ——— | |-4xr’AT exp| ——
dt ArkT,e,r 21, kT,

1/2

(1)

31ech: 71, — KOHIIEHTPALMIO 3JIEKTPOHOB y TIOBEPXHOCTH YaCTHULbI , 4 HOCTOSHHAS
Puuapscona Jlemmana, v, = (8k7, / zm,)" — CpeAHss CKOPOCTh TEIUIOBOTO JBUKCHHS

aneKTpoHOB, [1=(ly/Ty)T| — mMprUHA KUHETUYECKOM 30HBI YACTHUIIBI (T/I€ JICKTPOHBI
JIBUKYTCSI TIPAKTUYECKU 0€3 CTOJIKHOBEHUM), [y — MIMpUHA KUHETUYECKOW 30HBI TIPH
Ty=300K, n. — KOHIEHTpaIUsl JICKTPOHOB Ha rpaHuUIlle oOpa3zoBaHus K-(a3bl, 4| —
paboTa BBIX0/1a SJIEKTPOHA C TTIOBEPXHOCTH YaCTHIIbL. ECIu mpennonoxuTh, 4To dJeK-
TPOCTATUYECKOE TI0JIE B HETIOCPEACTBEHHOM OJIM30CTH OT MOBEPXHOCTU YACTHIIBI O/I-
HOPOJIHO, TO B COOTBETCTBUHM C JAHHBIMH PabOTHI [14]

A4, =2Fex, . (2)

2 .
3nech E = Q/ 4me,r” — HaPsHKEHHOCTD MIEKTPOCTATHUECKOTO MOl Ha TOBEPX-

HOCTH YaCTHIIBI, X, — KOOpJIMHATA MaKCHUMyMa TMOTEHIIMAIBHOTO Oapbepa, 00ycIoB-
JICHHOTO CYTEPIO3UINEH 3IEKTPOCTATHYECKOTO MOJISI YaCTHUIIBI M OIS 36PKAIbHOTO
0TOOpaXeHUs 3aps/ia dIEKTPOHA

e

X = |——. (3)
"\ 16me,E
[ToacTaBsisi e U X, B BeIpakeHue (2), moiayyuM 3HaueHue A4, B SBHOM BHUJIC
Q1/2 83/2
A ==——. 4)
dre,r

VYpaBHeHUE 3aps0BOTO PABHOBECHs] YACTHUIBI C OKpYyXaroliehd e€ HaHOMIMC-
nepcHoM K-¢azoit MoxkHO nory4duTh u3 (1), monaras dQ/dt =0
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. 12 \? 12 32
mrlen,v, l—e—ll2 0" e =4’ AT exp e’ 4 . (5
AnkT,e,r 21, AnkTeyr kT

JI1st OTpULIATENLHOTO 3apsiia YaCTHIIbI, BEIMYMHA KOTOPOTO YJIOBJIETBOPSIET HeE-
2472 . .
paBeHcTBY 0 < Q < er’/4l,” noTeHUMANBbHBIA OApbEp BHYTPU KUHETUUYECKOM 30HBI OT-
CYTCTBYET U ypaBHEeHHE (5) yrnpolaercs

. 12 _3/2
mrlen,v, = 4nr’ AT exp Qe 4 : (6)
AnkTie,r kI,

U3 ypaBHeHus (6) MOITYYUM 3aBUCUMOCTD BEITMYMHBI PABHOBECHOTO OTPULIATENb-
HOTO 3apsiia YACTHULIbI OT € TeMIIepatypsl 7).
— 2
0- 4me kT, | en, vexp( 4,/ kT,)
e 44T,
[ocie TOro, KaK TemIeparypa 4acTuipbl ) OmycTHTCs 10 3HadeHus 71s , K-(asa

o0OpazyeTcsi HeOCPEACTBEHHO y TTIOBEPXHOCTH yacTullsl. B ypaBuenuu (5) Bmecto 7,
oynet ¢urypupoBath 7.

. 12 \? 12 32
mlen,v, l—e—ll2 Q“Z—ﬂ =4’ AT exp Q e’ 4 , (8)
AnkT e r 21, AnkTeyr kT,

(7)

- 1/2
rae v, =(8kT, /mm,) .

YpaBHEHHE TEPMOIMUCCHOHHOMN 3aps/IKM YaCTHIIB B TOJIOKUTENBHON 00IacTH
MMEET BUT

d A 4Qe
a9 _ 4’ AT exp I L mrinev, . 9)
dt kT,

VYpaBHeHUE 3apsAI0BOr0 paBHOBECHS YaCTULBI ¢ K-(Pa3bl moayyuM u3 (9), nomna-

ras 40 =0:
dt
A+ 4Qe
4’ AT exp| — LT winev, . (10)
A,

N3 ypaBHenus (10) mosyurm 3aBUCHMOCTD BEJIMYHMHBI MOJOKUTEIBHOTO 3apsiaa
YaCTULBI OT €€ TEMIIEpaTypsl 7

2
0= dme rkT, In 44T Aneyrd, . (1)

e nev, e
Wurerpupys ypaBHenue (9), moixydaeM 3aBHCUMOCTb BEJIMYMHBI MOJOKUTEIb-
HOT'O 3apsia 4acTULbl OT BPEMEHU
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Temnepartypa, K Temnepatypa, K

Puc 5. 3aBucumocts norapupma otHocu- Puc 6. 3aBucHMOCTH Jorapudma OTHOCH-
TEJIbHOM KOHLIEHTpaLUU K-(ha3bl OT TeMIepa- TEeJIbHOM KOHLEHTpPAlUU 3JEKTPOHOB B K-

TYpBL. (ase oT TeMIepaTypbI YaCTHIIBL.
LT 4 AT exp _I:;l‘ —enev_e
=150 gy . (12)
ren,v ) A — Qe
¢ A4AT exp| —=L |—en,vexp| ————
kT, AnkTe,r

XapakTepHbIil pa3Mep YacTHUI] ONIPEACIISIETCS PaluyCOM PABHOBEIMKOIO MO Mac-
ce mapa r,(qb=rWN1/ 3. 3neck r,=(3wAnp)"” pagmyc Burnepa-3eiiTua, | — Macca MoJIe-
KYJIbl OKCHJIA, p - MAKPOCKONIMYECKas MIIOTHOCTh OKCUa. PacueTsl mMOKa3bIBaIOT, YTO
XapaKTepHbIi pasmep dactui K-assl TiOs cocrapmsror 2,12°107 M.

3aBUCUMOCTh KOHIIEHTpAIlMK YacTUll K-(a3bl y MOBEPXHOCTH YAaCTHUIIBI OT €€
temmeparypsl 17 B uarepBane 1,,,> 11> 1,,,, HAWJIEM C UCTIOJIb30BAHUEM YPABHCHUS
Kianeitpona-Knaysuyca

P L1 1
ny, =—""—exp—| ———|. (13)
"Nt R\, T,

[Tpu Temneparype vactuubl 77<7,,, aHAIOTUYHAS 3aBUCUMOCTh UMEET BU]]

P. L+AL[ 1 1
X,

n, = e -—— 14
v kZNT{ v R Tplav 7—1 ( )

3nech Ty U Ty — COOTBETCTBEHHO TEMIIEpATypa IUIABJIICHUSI U KUIICHUS Me-
tamna, Py, U P, — COOTBETCTBEHHO HOPMAJIBHOE aTMOC(EPHOE TABJICHUE U J1aBIIe-
HUE€ HaCBIILIEHHBIX [MapOB MeTaJlIa MpU TeMIlepaType 1uiaBinenus, L u AL — cooTBeT-
CTBEHHO MOJISIpHAsl TEIJIOTa MapooOpa30BaHus MPU TEMIEPATYPEe KUIEHUS U MOJISIp-
Has TEIJIOTA IUIABJIEHUS MeTalula, R — YyHUBEpcalibHas ra3oBasi MOCTOSIHHAsA, Z - KO-
JM4YECTBO aTOMOB META/lZIa B OJHOW MOJIEKyJe OKkcuaa Metaia. PacuérHas 3aBucu-
MOCTh KOHLEHTpauu K-(pa3pl OT TeMIepaTypbl YacTULbl IIpuBeAeHa Ha puc. 5. Co-
OTHOIIIEHHE MEXy KOHLIEHTPALUAMH 3apsKEHHBIX U HEUTPAJIbHBIX YacTHI] B K-(aze
onpenensercs ypasHeHrneMm Caxa
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nn /ln, = 2(2TcmekT / h2)3/2 exp(—4, 1 kT), (15)

r€ M, M, N, — COOTBETCTBEHHO KOHLEHTPALUU 3JIEKTPOHOB, MOJOKUTEIBHO 3aps-
KEHHBIX U HEUTpPAJIbHBIX 4YacTHull B K-Jase, m, — Macca AJIEKTPOHA, /# — MOCTOSIHHAs
Ilnanka, A, — paboTa BBIXOJa AJIEKTPOHA C YaCTHUIIbI K-(pa3bl. 3aBUCUMOCTh KOHIICH-

Tpaluu JIEKTPOHOB B K-(pa3e OT TeMIeparypbl
172

2
nez—f(T)+ f (T)+f(T)nkf . (16)
2 4
3nech
£(T)=2(2nmkT | )" exp(~4, / kT). (17)
VYpaBHeHUE 1151 KOHLIEHTPALIMK 3JIEKTPOHOB € yueToM (16) mpumer Buj
D) 1/2
nez—f(sz)+ / gTz)+f(T2)n,g, : (18)

PacuetHast 3aBUCMMOCTH TNpHBEAEHA HAa pHUC. 6. YpaBHEHHE, ONPEACIAIONIEE
KOHIIEHTPAIUIO 3JIEKTPOHOB Y TOBEPXHOCTH YaCTULbI IPUMET BU/T
T ) f2 (T ) 1/2
ne:—f( Lt 1 +f(T1)nkf : (19)
2 4
Ha puc. 3 npencraBieHbl pacyeTHbIE (CIUIONIHAS JIMHUS) 3aBUCUMOCTb PaBHO-
BECHOTI'0 3apsijia Ha c(hepruyecKo YacTulle pacijiaBa TUTaHA paguycoM 125 MKM, Ok-
pyxeHHol k-azoi cocrosmeit uz TiO, r= 212107 M or ee Temreparypsl 717.
A1=3.953B, 4,=6.21 3B.
Pemenue cucremsl ypasaenutii (1), (20), (13), (14), (18) u (19) onpenenser pac-
YETHYIO 3aBUCHUMOCTh BEJTMYMHBI OTPULIATETLHOTO 3apsija YacTUIIBI OT BPEMEHU TPU
MTOCTOSIHHOM TEMIIEPATYPE YACTHULIBI.

BoiBoabl. TeopeTnueckoe UCCAEIOBAHNE KUHETUKA TEPMOIMUCCUOHHOM 3apsii-
KM YaCTHUIl TUTaHa MOKA3aJi0, 4TO BpeMs T HAKOIUICHUS 95% paBHOBECHOTO 3apsna
yactuusl npu temrneparypax 77 3000 K, 2500 K, 2200 K cooTBETCTBEHHO COCTaBUIIO
1.410% ¢, 42107 ¢, 3.3'107 c. TIpu Temmepatype 2000 K Bpemst Hakomienus 85 %
paBHOBECHOTO 3apsiza coctaBmio 2,410 c. Ipu temmeparype T1=1400 K Bpems 1
HaKoIUIeHNs 91% PaBHOBECHOTO 3apsi/ia TOM Xe YacTHII cocTasiseT 6107 c.

[ToHnkeHne TemIiepaTypbl YacTUIIBI 3a BPEMsS pEJaKcaluy 3apsia T MOXKHO
HaWTH UCXOJIS U3 TeMIla oxJaxaeHus yactuisl AT =|(d7y/d¢)|t. JAns yacTuisl THTaHa
npu 77 3000 K, 2500 K, 2200 K, 2000 K — AT}, COOTBETCTBEHHO, COCTABJISIET 1.810™
K, 1.210° K, 0.26 K, 1.8 K.

[IpoBe€HHBIE OLICHKM MOKA3bIBAIOT, YTO 33 BPEMs PEJNAKCALMM 3apsiaa 7 s
yactuubl TuTana npu 77> 1400 K u tanrana npu 77> 2000 K ux temnepartypa npax-
TUYECKH HE MEHSIETCS. DTO MO3BOJISIET CUUTATh MPOIIECC TEPMOIMUCCUOHHOMN 3apsiji-
KM YaCTHI] B JIaHHBIX YCIIOBUSIX KBa3UCTallMOHAPHBIM. [loyueHHbIe pe3ynbTaThl MO-
IyT OBITh UCIIOJB30BaHbl B MCCJIEAOBAHUSAX IPOIIECCOB AIEKTPOOOMEHA B a’pOJIvC-
MEPCHBIX CUCTEMAX MPHU BBICOKUX TEMIIEpaTypax.
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PaszBuras MOACIIb TGpMOBHGKTpOHHOfI 3apPAAKU 9aCTHUI IIO3BOJIICT B IIEU'IBHGﬁ-

IIIEM HCIIOJIb30BaTh €€ MJIsi MOJEIMPOBAaHUS TOBEACHUS K-(Da3bl BOJM3U HArpeThIX
YacTHULl, a Takxke s apyrux ueneut. [loryyeHHble pe3ysibTaThl OKa3bIBAKOT yIOBIIE-
TBOPUTEILHOE COOTBETCTBHE MEXKIY SKCIICPUMEHTAIBHBIMUA W PACUETHBIMU 3HAYeE-
HUSIMH 3apsa.

N —

8.

9.
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Konum M.X.., Cemenoe K.I., Konum M.M.
EnexkTpoo0MiH B cucTeMi KOHAEHCOBaHa AucHepcHa (a3a i Harpira
YaCTKA TUTAHY

AHOTAILIA

Ilpeocmasneni pezyromamu 00caiodcenv yacmunox mumary 3 posmipom 10 - 100 mxm,
Hazpimux suwe memnepamypu niasients, y nogimpi. Haseoeno cxemy i oomoepaqhii excne-
PUMEHMANLHOI YCMAHOBKU, KA CKIAOAEMbCA 3 2eHepamopa Hazpimux 4acmuHoK Mumary,
OJIOKYy memMnepamypHux UMIpO8anb, W0 BKIIOUAE 68 cebe pomoereKmpudHuLl 0amyux mem-
nepamypu pyxomux 4acmuHok, 010Ky GUMIPIOBAHHS eJIleKMPUYHO20 3apsaody, WO CKIA0AEMbCS
3 8ePMUKATLHUX NAOCKUX NAPATIETbHUX 3aAPAOHCEHUX MEeMANesux NAACmuH, OJIO0KY 8UMIDIOBAH-
HS WBUOKOCMI pyXy YacmuHok. ExcnepumenmansHo nokasano, wo HA8KOLO MAKUX YACTMUHOK
VMBOPIOEMbCSI KOHOCHCO8AHA OUucnepcHa ¢hasza - Kk-gpasa - aka npu pyci YacmuHoK 6 nogimpsi-
HOMY cepedosuui CKadaemuvcs 3 HAHOYACMUHOK OKcudie mumany. Pe3ynomamu oocnioicen-
HSl KOHOEHCOBAHOI OUCNepCHOT (hasu MemoooM eleKmpPOHHOT MIKPOCKONIL NOKA3AU, WO PO3-
MIp 4acmok KOHOEHCO8aHOoI OucnepcHoi ¢hazu 3naxooumucs 6 mexcax 5 - 100 wm i 3anesxncums
8i0 nouamkosux ymos. Hasedeno meopemuyni pospaxyHku, wo U3HaAUaAome e1eKmpoooMin 8
cucmemi Hacpima cghepuuna yacmka i omouyroua ii KOHOeHCcO8ana oucnepcHa ¢gasa, AKi no-
Kasanu 30ie 3 eKCnepuUMenmanbHUMu OAHUMU 8 MeXNCax NOXUOKU UMIPIOBAHD, A 3P0 4acmu-
HOK B8USABUBCS NOPAOKY COMEHb MUCAY - MIIbLUOHY 3apsoie elekmpoHa. Teopemuune 0ocChi-
00fCeHHs KIHeMUKU MepMOeMICItiHOI 3apa0Ku YaCMUHOK MUmaHny nokasaio, wo 4ac HaKkonu-
uenns 95% pienosadicHo2o 3apsady yacmunku npu memnepamypax 3000 - 2200 K eionogiono
cknaoae 14 nc - 33 mxc. Ilpu memnepamypi 2000 K yac naxonuyenns 85% pienogasicrnozo
3apaoy cxknaoas 240 mxc. Ilpu memnepamypi 1400 K uac naxonuuenns 91% pisnosasicrnozo
3apa0y micei oc wacmunku cmanosus 610 mxc. Ilposedeni oyinku noxkazanu, wjo 3a 4ac peiax-
cayii 3apaody 01a yacmku mumauy npu memnepamypi oinvwitl, Hige 1400 K, uac 3apsaoku
NPAKmMuyHo He 3Minloemvcs. Lle 0036075€ 66adxcamu npoyec mepmoemicitiHoi 3apsaoKu yac-
MUHOK Y OaHUX ymosax Keasicmayionapuum. Ompumani pesyismamu Moxcyms 0ymu 6UKo-
PUCMAHI 8 OOCTIONCEHHAX NPOYECI8 eNeKMPOOOMIHY 6 AepOOUCNEePCHUX CUCMEMAX NPU GUCO-
Kux memnepamypax. Pozeunena mooenv mepmoenekmpoHHoi 3apsaoKu 4acmuHoK 00360JI5€ 8
nOOAIbUWOMY BUKOPUCMOBYBAMU i1 051 MOOENIOBAHHS NOBEOIHKU K-(hasu nooau3y Hazpimux

135



dizuka aepoaucnepcHux cucrem. — 2020. — Ne 58. — C.127-136

4ACMUHOK, a maxkodxc 0JA inwux yineu. Ompumani pe3yromamu noKazyoms 3a008i1bHY 6i0-
NOBIOHICIMb MIJIC eKCNePUMEHMATTbHUMU | PO3PAX0BAHUMU SHAYEHHAMU 3aPS0Y.
Knwuoei cnoea: muman, okcuo mumany, 20pinHs, 0OMiH 3aps0i6, HAHOYACMUHKU.

Kopyt N.Kh., Semenov K.I., Kopyt N. N.

Electro-exchange in the system of the condensed dispersed phase and a heated

136

titanium particle

SUMMARY

The results of studies of titanium particles with diameters from 10 to 100 microns heated
above the melting point in air are presented. A diagram and photographs of an experimental
facility are shown. It consists of a generator of heated titanium particles, a temperature
measurement unit, which includes a photoelectric temperature sensor for moving particles, an
electric charge measurement unit, consisting of vertical flat parallel charged metal plates,
and a unit for measuring particle velocity. It has been experimentally established that around
such particles when they move in air a condensed dispersed phase — c-phase — consisting of
titanium oxides nanoparticles is formed. The results of electron microscopy studies of the
condensed dispersed phase has shown that the particle size of the condensed dispersed phase
lies in the range of 5 - 100 nm and depends on the initial conditions. Theoretical calculations
that determine the electro-exchange in the system of a heated spherical particle and the con-
densed dispersed phase surrounding it has shown the agreement with the experimental data
within the measurement error, and the particle charge was on the order of hundreds of thou-
sands — a million of electron charges. A theoretical study of the kinetics of thermionic charg-
ing of titanium particles has shown that the accumulation time of 95% of the equilibrium par-
ticle charge at temperatures of 3000-2200 K was 14 ns — 33 us, respectively. At the tempera-
ture of 2000 K, the accumulation time of 85% of the equilibrium charge was 240 us. At the
temperature of 1400 K, the accumulation time of 91% of the equilibrium charge of the same
particle was 610 us. Estimates have shown that during a charge relaxation time for a titanium
particle at temperatures greater than 1400 K the time of charging practically does not
change. This allows us to consider the process of thermionic charging of particles under these
conditions as quasistationary. The results can be used in studies of the processes of electro-
exchange in aerodispersive systems at high temperatures. The developed model of thermionic
charging of particles allows its further use to simulate the behavior of the c-phase around
heated particles, as well as for other purposes. The obtained results show a satisfactory
agreement between the experimental and calculated values of the charge.

Key words: titanium, titanium oxide, combustion, charge exchange, nanoparticles.
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YIK: 621.791; 533.9

Buwnsaxoe B.U., Kupo C.A., Onpa M.B., Iunan A.A.-A.

DuU3UKO-XUMUYECKUT UHCMUMYM 3auumsl OKpysicaloueli cpeosl u yenoseka,e. Odecca

YabTpaduosieToBoe U3jiydeHune Mpu 3J1eKTPOAYroBoOi CBapKe MeTAJLJIOB B
3aIIIUTHOM ra3e M crnocood ero ocjaadJeHus.

Ilpeocmasnenvl pe3yromamol usmepeHull UHMEHCUBHOCMU VIbMPAapuoIemoso2o usiyie-
nus (YOH) oyau npu nannaske xpomonuxenegolx cmanetl 8 sauumuom 2ase. Iloxazanwvl 3a6u-
cumocmu uumencusnocmu Y@-C (ouanazon 200-280 Hm) om cocmasa 3auwummnoco 2asd,
MACcoB8020 pacxoda u cnocoba 88edeHust NPUcaoku Kaaus 6 301y oyeu. Ilpednoscena gusuxo-
Mamemamuyeckas mooenv ociabnenus YO-C uznyyeHus amomamu Kauus 6He 30Hbl cmonba
oyeu. Pacuemuvie 3asucumocmu unmencusnocmu Y@-C om maccoozo pacxooa npucaoku
Kausl XOpouio Koppeaupyem ¢ NOJIyYeHHbIMU IKCHEPUMEHMATIbHbIMU OAHHBIMU.

Knwueswie cnosa: dyza, ynompaghuonemogoe usiyyenue, c6apoyHvlil aspo30.ib, NPUCAOKA
Kanusl.

BBenenne. CapouHas Ayra SBJISICTCS UCTOYHUKOM MHTEHCUBHOTO YJIbTpaduo-
netoBoro uznyudenus (YD), BpenHoe Bo31eCTBHE KOTOPOTO Ha OPTaHU3M CBapIu-
KOB M pa0OuYMX CMEKHBIX Ipodeccuil MPUBOAUT K 3a00€BaHUSAM KOKHOTO MTOKPOBA,
a Takke opranoB 3penus [1, 2]. [TocnenctBus Y@ 00ydeHHs CBapIIMKOB U pabOUMX
CMEKHBIX TTPOQecCuid 3aBUCST OT JIJIMHBI BOJHBI U3Iy4eHUs [2], U JOMYCTUMBIC UH-
teHcuBHOCTU Y DU Ha MOCTOSIHHBIX U HETIOCTOSTHHBIX PA0OYMX MECTaX yCTAHOBJICHBI
JUISL TpEX CIEKTPaJbHBIX JAMana3oHOB (BO3ayX Hempo3padeH st YOU c¢ nmuHoiM
BOoJTHBI MeHbIIe 200 HM): YD-A (315-400 um), YO-B (280-315 am) u YO-C (200-
280 um).

YOU mia3mbl CBapOYHOU AYTH — CIIEJCTBUE PEKOMOMHAIIMOHHBIX CTOJKHOBE-
HUW CBOOOJHBIX JIEKTPOHOB C MOHAMH, MPUBOSAIIUX K 00pa30BaHUIO0 HEUTPAbHBIX
aTOMOB B OCHOBHOM WJIU BO30YXAEHHOM cocTosiHusiX [3, 4]. IIpu sToM m3iayyaercs
SHEPIruUs, paBHAsl PA3HOCTH PHEPTUN CBOOOJAHOIO M CBA3AHHOTO A1eKTpoHa. ITockob-
Ky CBOOOJHBIEC JIEKTPOHBI 00JaJJal0T HEMPEPHIBHBIM CIIEKTPOM SHEPTU, TO U3ITyUe-
HUE B MPOLIECCE PEKOMOMHAIIMM UMEET CIUIOIIHOM CHEKTP, Ha KOTOPBIM HaKJIabIBa-
€TCsl TMHEHYaThlid CIIEKTP BO30YKIEHHBIX aTOMOB 3alIUTHOIO T'a3a U METAJIOB [5,6].
Cnektp Y®OU B OCHOBHOM 3aBUCHUT OT XMMHYECKOTO COCTaBa CBAPOUYHBIX MaTepHa-
JI0B, @ UHTEHCUBHOCTH Y @YU 0T crocoba U ycaoBUid CBapKH, B YACTHOCTH, CUJIBI TOKA
U HaIpsDKEHUs! AYTH, TMaMeTpa MPOBOJIOKU/IIEKTPO/Ia, KOMIIOHEHTHOTO COCTaBa 3a-
IIUTHOTO Ta3a; MaKCUMajbHble MHTEHCUBHOCTH YODU ukcupyroTcs mpu cBapke
IJIABSIIUMCS Y HEIUIaBAIIMMCS 3JIEKTPOJIaMH B MHEPTHOM ra3e, a MUHHUMAaJbHbIE —
IIPU CBAapKE IITYYHBIMH 3JIEKTPOJAMH U MOPOLIKOBOU MpoBoiokoil [4-13]. OnHako B
OOJIBIIMHCTBE MCCIIEIOBAHUN OarHble 06 MHTEHCUBHOCTH Y DU B pa3HBIX JHamnazo-
Hax JJIMH BOJIH, HEOOXOAUMBIX JUISl OYeHKU e20 OTMACHOCTU Ha CBApOYHBIX pabouyux
MecTax, He mpuBoAuTCS. CBENEHUA IO 3TOMY IOBOAY HPEIACTABIECHBI TOJBKO IS
CJIy4aeB CBApKHU/HAIIABKU YTJIEPOJUCTHIX U HU3KOJIETUPOBAHHBIX CTaJel IITYYHBIMU
anekTponamu [12, 13].
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Puc. 1. [IpunnunuanpHas cxeMa SKCIEPUMEHTAIBHON YCTAHOBKHU: 1 — cBapo4YHas KaMe-

pa, 2 — cBapo4YHas Topeka, 3 — Bpallalomuiics UCK, 4 — BO3AyX03a00pHHUK, 5 — OaJITOH

C 3aIllUTHBIM T'a30M, 6 — BaJIMK HAIUIABIEHHOTO MeTaslia, 7 — EMKOCTb JUIsl CMaUMBaHUs,
8 — COIJIO CBapOYHOM Topetiku, 9 — YO nerekrop.

HNuTencuBHOCTh Y ®-1yrH 3aBUCUT OT CIIocoOa CBApKHU U IMapaMEeTPOB Ipolecca
CBapKu (CWja TOKa, HAMNpPsDKEHHE M JUIMHA CBAPOYHOM JyTH, TUAMETp IMPOBOJIO-
KH/3JIEKTPOa, COCTaB 3alllUTHOrO rasa). Mi3mMeHeHue ar000ro U3 3TUX NapaMeTpoB B
IIpolecce CBapKu MpUBOAUT K U3MeHeHno Y DU. Tem He MeHee, TEXHOJIOTHYECKHE
BO3MOXKHOCTH JJis CHIKeHus: Y ®U orpaHnueHbl HEOOXOAMMO YUHUTHIBATh BO3MOXK-
HbIE U3MEHEHMS CBAPMBAEMOCTH M KadecTBa cBapHoro msa. [Io manHevm [14] gaxe
CBapIIMKHU, UCIOJB3YIOIINE CIEHOIEKIY U CPEJICTBA 3AIUTHI JULA U PYK MOJBEpra-
1o1cst YD-B+YO-C 00nydeHno, THTEHCUBHOCTh KOTOPOIO MHOTOKPATHO NPEBBIIIA-
et momycrumoe 3Hadenue (1 Bt/m® [15]). [Io3ToMy, BO3BMOKHOCTD CHIDKCHHUS HHTCH-
cuBHOCTH Y®U mnpu BBEACHUM CIIEIOBBIX KOJUYECTB BELIECTB C HU3KUM MOTEHIIHA-
JIOM HMOHU3ALMM B IUIa3My JIyTU MPEACTaBIIAET, KaK HAYYHBIA, TAK M TEXHOJOTHUYE-
CKHI HHTEpEC B IJIaHE CHUKEHHS BPEITHOTO BO3JIEUCTBUS MPOLECCA CBAPKH.

Metoauka mnpoBeneHusi uccjenoBanmii. [IpyHuunuanbHas cxema SKCIEpU-
MEHTAJIbHOM YCTaHOBKM IIpUBeJcHA Ha puc.l. MccmenoBanus NpoBOINUIN B CBapOy-
HOM Kamepe C BBITSKHOW BEHTWISAIMEN HajJl MECTOM HAaIlJIaBKH (pacxoj ynajsieMoro
Bo3ayxa 1,7 M’/mun). Hamnasky Bblmonmmsuid Ha Bpamarommecs: (106/MuH) muckn
(muametp 220 mm, TonmmHa 15 MM) U3 xpomonukeneBoit ctaimu 08X18H9 mpu mo-
MOIIM CBAPOYHOU TOPEJIKH, YCTAHOBJIEHHON BEPTUKAIBHO TaK, YTO €€ COILIO HAaXOu-
JIOCh Ha paccTosiHUU 13 MM OT Jucka. B kadyecTBe MCTOYHMKA MUTAHUSI CBAPOUHOMN
IYTY TPUMEHSIN UHBEPTOPHBIN LIuPpoBoi Beinpsimutensb [laton [TICHU-250P.

N3mepennss mMpoBOAWIM B JUANa3OHE PEKOMEHJIOBAHHBIX PEXKUMOB HAIUIABKU
xpomonukeneBor cramu 08X18H9 mpososokorr CB04X19H9 nmamerpom 0,8 mwm:
HanpspkeHue ayru 23 B, cBapouHbI TOK (MOCTOSIHHBIM MpU 0OpaTHOM MOJIIPHOCTH)
90 £ 5 A, ckopocTh nojauu npoBojioku 10 cM/c U ckopocTh cBapku 6.5 MM/c; 3a-
uuTHBIN a3 (Ar, CO, u cmech 92%Ar+8%CO,;) co ckopocThio 12 j1/MuUH noaaBancs
u3 OamioHoB. [[nsa usmepenus YOU wucnonszoBanu YD-paguomerp TEH3OP-71,
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Puc.2. [Tpumepsl H3MEpEHHBIX 3HAYEHNUI NHTECHCUBHOCTH Y P-U311ydeHUS IPU HAIUIaBKE
B aproHe

YKOMIIJIEKTOBaHHBIN KanuOpoBaHHBIMU JieTekTopamu YD-A, YO-B u YO-C, ycra-
HOBJICHHBIMH TIOJ] YTJIOM 5° K TOBEPXHOCTH AWCKa Ha pacctostHuu 0,55 M OT cBapou-
HOI 1yru (paccTosiHUE BBITSIHYTOM PYKHU cBapliuvka). Mi3MepeHnus npoBOIUINCH B Te-
yeHre 30 CeKyHI NpPOJOJIKUTENBHOCTH CBAPOYHOIO IPOIECCA C IIArOM B OJHY Ce-
KYHIY.

BBenenne mpucaaku Kaiaus B 30HY JOyTH OCYIIECTBISIM TPEMS PA3IUYHBIMHU
CIIOCOOaMH:

1) BonHelil pacTBOp moTaly paBHOMEPHO HAHOCWIJIM Ha IPOBOJIOKY METOJIOM €€
CMa4yuBaHUsA. MaccoBbIi pacxoj Kajlis ONPEEISUIA IIyTEM U3MEPEHUS U3MEHE-
HUS Macchbl EMKOCTH JUISl CMAauyMBaHMs 32 BPEMsl HAIUIABKU U CKOPOCTH I0JIa4
IIPOBOJIOKH.

2) BoaHblil pacTBOp MOTAallld PaBHOMEPHO HAHOCWIM Ha MPOTHO3UPYEMYIO IIO-
BEPXHOCTbh CBAPHOIO IIBAa M JUCK OBLI BBICYLIEH IEpe]] HaYyaJIoM H3MEPEHUU.
Pacuer mMaccoBOro pacxoja Kajius B IIPOLIECCE HAIUJIABKU IIPOBOAWIIM IO JaH-
HBIM O CKOPOCTHM HAIUIaBKH, IUIOIIAAM MOBEPXHOCTH CBAPHOIO IIBA U KOHIICH-
TpalnH pacTBoOpa.

3) BBenenue kaivsg B 3alUTHBIN ra3 (Ar) oCyHIeCTBISUIOCh MYTEM IHEBMaTH4E-
CKOT'0 pacHbUICHHs] BOAHOTO pacTBOpa MOTAIIX O MeToauKe [16].

Pe3syabrarhl M3Mepennid. B kauecTBe npuMepa Ha puc.2 NPUBEAEHBI PE3YIIbTa-
ThI U3MEPEHUN UHTEHCUBHOCTEN AuarazoHoB Y OU.

Ha puc.3 npencraBieHbl 3aBUCUMOCTH UHTEHCUBHOCTH Y D-H3I1y4eHHUSI OT CO-
CTaBa 3allIUTHOTO ra3a. Y BEJIMYEHHUE COAEPKaHUs YIIEKUCIIOro ra3a B 3alllUTHOM ra-
3€ MPUBOJUT K YMEHBIICHUIO UHTEHCUBHOCTH Y D-n3nydeHus. Takue 3aBUCUMOCTHU
Ha0II0aIMCh paHee JIPYTMMU UCCIeIoBaTeNs MU, Hapumep, B pabotax [4-7] u cBs-
3aHbl, B MIEPBYIO OYEPEb C TEMIIEPATYPOMl TYTH, KOTOpasi YMEHBIIAETCS MPU yBEIU-
YEHHUM COJICpKaHMs yriaekucioro raza B cMmecsax Ar+CO,; [17]. IlosToMy cpeansist Ku-
HETUYECKas YHEPTUsi CBOOOHBIX JIEKTPOHOB B aprOHOBOM Ayre OOJblie, COOTBETCT-
BEHHO YBEJIIMYMBAETCA JOJIS SHEPTUU, U3TydaeMasi B BUJI€ CIUIOIIHOTO CIIEKTpa, U UH-
TEHCUBHOCTH Y OU.
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A ’ Pacxogn kanwus, mr/c

Puc. 5. 3aBucuMocTh HMHTEHCHUBHOCTH Pmuc.6. 3aBucumocTs MHTEHCHBHOCTH Y D-C
Y®-C or pacxojga Kaaus IOPU CMaduMBa- OT pacxoAa Kalaus IPU BBEICHHUH IPUCAIKHU
HUM  TPOTHO3MPYEMOM  TOBEPXHOCTH KaJlus B 3alIUTHBIN Ta3 (aprox

CBapHOTO ITBa

Ha puc.4-6 npencraBieHbl 3aBUCUMOCTH UHTEHCUBHOCTH Y O-C 1711 pa3nuyuHbIX
CIIocO0OB BBEJICHUS MPUCATKU KU B 30HY AYTH (3alIUTHBIN ra3 Ar).

Cyns no npuBEAEHHBIM JTaHHBIM BBEJICHHE MPUCAIKHU KAl B 30HY JIyTH IPH-
BOJUT K YMEHbIIIEHUIO UHTeHCUBHOCTH Y D-C, 3PHeKTUBHOCTH KOTOPOTO JTUHEHHO
3aBHCHT OT MAacCOBOI'O pacxojia Kanus. BBeneHue kanus MyTeM CMauddBaHUS AJEK-
TPOAHOM MPOBOJIOKHU WM MIPOTHO3UPYEMOU MOBEPXHOCTH CBAPHOIO IIBA MPUBOISAT K
Oonu3kuM pesyibTaTaM. OHAKO BBEICHHUE KalMs B 3alllUTHBIN Ta3 OKa3bIBaeT Oosee
cnaboe BIUSHUE.

Teopernueckasi mojaeJib. M3mMepeHHOE 3HaUCHME UHTEHCUBHOCTY W3JIy4YCHUS B
Y®-C nuarna3oHe Ha PacCTOSHHUM 55 ¢M OT AyrH coctapisier ~20 B1/M° mpu ucmois-
30BaHMM aproHA B KAYECTBE 3aIIUTHOTO ra3a. M3mMepeHus Takxe MoKaszajid, YTO WH-
TeHCUBHOCTh Y ®-C 00paTHO MPONOPIIMOHANIbHA KBAAPATY PACCTOSHUS OT CBAPOUHOMN
Oyru (IpH MpsSMOM BUTMMOCTH MECTa CBApPKHU), TO €CTh yTra MOXKET pacCMaTPUBATHCS
KAaK TOYEYHBI HCTOYHMK, JUII ONUCAHUSA KOTOPOTrO MOXKHO MCIIOJIB30BaTh 3aKOH
[lnanka:
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on(kT, ) % ¥
L SO )

5, expx—1
rae k — nocrosnnas boneumana, Terr — dhpexTUBHAS TeMIepaTtypa UCTOYHUKA W3-
ay4yeHus, h — noctosnnas [lnanka, ¢ — ckopocTs cBeta. [Ipeaens HHTErpUpOBaHHUS
Xi2 = hvy,/kT.pf ONpenensioTcs AMANa30HOM HM3MEPSIEMOTO H3IydeHus: hvy =
4,4 3B u hv, = 6,2 3B.

VYpasaenne (1) maeT uaMepeHHOE 3HAYCHNE MHTCHCUBHOCTH M3ITyUEHHUs HA pac-
cTostHUM 55 cM oT ayru 20 Br/m® npn spdextuBHoi Temmeparypa T, 7 = 8000 K.
CoOTBETCTBEHHO, IUIOTHOCTh MOTOKa (ortoHoB Y®-C nauama3oHa coOCTaBiseT
Jpn = 2,5 % 10%* cM™2c™! Ha rpanuue cronba ayru u j,, =7 X 10*° cM~?c™! Ha
pPacCTOSHUM 55 CM OT AYTH.

[IpucyTcTBHE aTOMOB C HU3KMM MOTECHIIMAIOM HOHU3ALNU (HAIIPUMEp, Kajus) B
CJI0€ BOKPYT CTO0JIOA AYyTrd MOXET NMOTJIoTUTh 4acth Y ®-C msnyuenus. Kanuii, ucna-
pPSEMBI C TIOBEPXHOCTHU AJIEKTPOJHON MPOBOJIOKH WA C HAIUIABISIEMOW MOBEPXHO-
CTH, CMEIITUBAETCS C TapaMy METAJUIOB M 3allIUTHBIM T'a30M U B COCTAaBE CMECH BBIXO-
IUT 3a Mpeaensl cTonda ayru. McmapeHue Kauus ¢ MOBEPXHOCTH AJIEKTPOJIHON MPo-
BOJIOKH MOKET OBITb PACCMOTPEHO KaK IMOTOK OT TOYEYHOTO MCTOYHHKA B JIAMUHAP-
HOM ITOTOKE 3alMTHOrO ra3a [18]:

2
ng% =D, li(r Oy ) + 0 n2K , (2)
0z ror\ or 0z

— CKOPOCTb MOTOKA 3AIIMTHOTO rasa, J, =121/MuH — pacxon

2
torch

rae v, =4J, /nd

3alUTHOTO Ta3a, d,, , =15MM — AuMaMeTp ropenku, Ny — KOHLEHTPAIus aTOMOB Ka-

torch

must, Dy — xoadpunment nuddy3un kamus, Z — KOOpAUHATA, HAlIpaBJICHHAs OT HJIEK-
TPOJHOW MPOBOJIOKHU K CBAPOYHOIN BaHHE, ' — PaJlnyC-BEKTOP MOIEPEK CTOI0a AyrH
r? = x2 + y2. Pemenuem (2) spasgercss QyHKIHUS

Ve (\/r2+22 —Z) , (3)

J
ne(z,r)= b exp| —
K >
4mm DN +2° 2Dy
rae m, —Maccaaroma kamms, J, , —MaccoBblil pacxoq kamus (0.1; 0.2 u 0.3 mr/c).

Kosdduruent nuddysuu
2
D =1a, [Bux _joO
3 TN C

rae A, ~1MKM — uinHa cBOGOAHOrO Mpodera aToMoB kanusd B ayre, 7, ~15000K —

TemIepaTypa Iy IpH miotHoctd Toka 107 A/m? [19].

Croii, o0oraiieHHbI KaJlueM, pacloiokKeH BOKPYT CTOJ0a AYrH, AUaMeTp KO-
TOpPOro coctaBisieT ~3 MM. ['paHuna croyiba AYrd pacrlojioKeHa Ha PaCCTOSHUU
r, =1.5MM ot ero ocu. Pacnipenenenuns KOHIIEHTPALUU aTOMOB KaJlus BAOJIb AyTH (3)
B TOHKOM CJIO€ Ha pacCTOSIHUU OT OcH 1.5 MM U 4 MM nIpeIcTaBiIeHbl Ha pUC.7 IS
pa3IMYHBIX 3HAYECHUI pacxoaa Kajusl.
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PaccTosiHue oT anektpoaa (z), MM
Puc.7. PacnipeniesieHne KOHIIEHTPALMK aTOMOB Kajus BAOJIb TYyTH.

Crnenyetr oTMETUTh, yTO KO3(puiuent nuddy3unu BHE AYTU OTIMYAECTCS OT €T
3HAQYEHUsI BHYTPU AYTH, TaK KaK TeMmIrepaTypa 3allUTHOIO rada MEHSIETCS B 3aBUCH-
MOCTH OT yJIaJICHUsI OT JTyTH:

T(r)=T,+(T, -1, Jexp™—, 4)

mix

rae T, = 300 K — HavanpHas Temreparypa sammuTHoro rasa, 7, = 3000 K — remme-

paTypa 3alUTHOTO ra3a Ha TpaHulle ¢ ayroi, / ~10 MM — anvMHa CMelIeHusl, KOTO-

mix
pas ornpeaenseTcs SKkcnepuMeHTanbHo [20].
Cpennee 3HaueHUE KOHILIEHTPAIIUU KaJlis BIOJb AYTH, KaK PYHKITUS PACCTOSHHUS

OT HCC, MOXKCT OBITH OIIPpCACIICHA B BUAC

arc

navK(r):lLJ.nK(z,r)dz, (5)

arc 0
rae [, ~6 MM — JUIUHA AyTH.
MHTeHcuBHOCTh (OTOMOHM3ALMM aTOMOB Kaimusg B Y®-C auamna3oHe MOXKET

OBITH ompenesieHa B npubnamxenun Kpamepca-I'eiizendepra [21] crnenyrommm ypas-
HEHHUEM

dng | nl6l )j dc  n, ®)
d | W3nicem? | x(expx-1) 1,

rac ng, n;, Nz — KOHOCHTPpAIIHUHU 3JICKTPOHOB, HOHOB U aTOMOB, COOTBECTCTBCHHO, IIpU-

ueM n, =N, =N, € — 3apsl JNEKTPOHA, M, — Macca dyekrpona, X, =1, / kT,

T,y ~10 MKC — mOoCTOsIHHAst BpeMeHH (POTOMOHU3ALUY.

Takum 00pa3oM, MHTEHCHUBHOCTb (DOTOMOHM3ALMU, ONPEAENSIOMENd MOorioLe-
HUE (POTOHOB, MPSIMO 3aBUCUT OT KOHLEHTPALMA MOHU3UPYEMBIX aTOMOB N,. Ilpu
3TOM CJIEAYEeT YYMTBIBaTh, YTO KpoMe (POTOMOHM3ALMU CYLIECTBYET IPYrod Mmexa-
HU3M — yZapHas HOHU3ALUS.

HMHTEHCUBHOCTD yIapHOW NOHU3ALUU
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dne(i) =nnk (7)
df e i ion >
col
2
roe k,, =mr,v, — KOHCTaHTa HoHu3auuu [15], 7, — pagmyc aToma Kamwd,

vy, =+/8kT / mm, — TENI0Bast CKOPOCTB HJIEKTPOHOB.

ITocTostHHAst BpeMeHH yaapHO# noHn3amu cocrasisieT 1/nk, ~0.02Mkc, 9To
3HAUYUTEIPHO MEHbIIE MOCTOSHHOMW BPEMEHU (POTOMOHU3ALMHU. JTO O3HAYAET, UTO
IIpU pacyeTe HMOHU3ALMOHHOTO pAaBHOBECUS (POTOMOHM3ALMENH MOYKHO MpPEHEOpEeUb.
[ToaTOMy HOHM3ALMOHHOE paBHOBECHE ompenesieTcs ypaBHenueM Caxa [22]:

3/2
UELRG £ (—2nm§ij expi =K, )
n, g, h kT
rze g; U g, — CTaTUCTUYECKHE BECa HOHOB U aTOMOB, K¢ — koHcTaHTa Caxa.

YcnoBre HEUTPAIBHOCTH

n,=n,=n,, 9
IJe Ny — HEBO3MYILCHHAs KOHLEHTpALUs HOCUTeNell 3apsja, KOTopas 3aBHCUT OT
PACCTOSIHUS IO OCH CTOJI0a AYTH, TaK KaK TeMIeparypa U HadajabHAas KOHLEHTPAIHS
aTOMOB KaJIMs 3aBHUCST OT T,

(10)

MHTEeHCUBHOCTH (IJOTOI/IOHI/I?»EII_[HH (6) OIIMCBIBACT ITOABJICHHC JJICKTPOHOB U HO-
HOB B PC3YyJIbTATC IIOIIOIIICHUA (bOTOHOB

dne(i)‘ _ Mg (r)—no(l”) :_dnph :_djph
dt ‘ Tuy dt dr

ph
CrnenoBaTenbHO, MTOTOK ()OTOHOB, MOTJIONICHHBIA aTOMAMH Kallusl B pe3yJbTaTe
(OTOMOHU3AIMY pPaBEH

(11)

()=, (12)

H, COOTBCTCTBCHHO, MHTCHCUBHOCTDb HU3JIYYCHHA C YUYCTOM CI0 IOIJIONICHUA B CJIOC
TOJIHIPIHOﬁ r—r, O60F3HI€HHOM aTOMaMHU KaJlud paBHA:

R, (r)=R, o= Tulr), (13)
J ph

OCHa6HeHI/Ie HHTCHCUBHOCTH HU3JIY4YCHHUSA B JHUAIIA30HC YO-CB PE3YIBbTATC I10-
IIOIICHUS aTOMaMU KaJIus IIPCACTABJIICHO Ha pHC.8a. OcHOBHOE IIOTJIOIICHUC ITPOUC-
XO0OUuT B CJII0€C TOHHIHHOﬁ 4 MM, I'IC JIOKAJIbHAAd KOHIOCHTPAIUA aTOMOB KaJInsd MaKCH-
MaJIbHA.

OCHa6HeHI/Ie H3JIYYCHHA IIPH HAHCCCHH:A IIOTAIllla HAa HAIIABIIACMYIO ITOBCPX-
HOCTb IIPOUCXOOUT TAKIKC, KdK OIIMCAHO BBIIIIC. OI[HaKO BBCJACHHC I1OTAllla B 3alIUT-
HBIA ras3 HpI/IBOI[I/IT K I/IHOMy paCHpe):[eHeHI/IIO KOHI_[eHTpaI_[I/II/I ATOMOB KaJIud.
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Puc.8. 3aBucumocts ocnadienus HHTEHCUBHOCTH Y ®-C n3iydeHHsl OT TOJIIIMHBI CIIOS
HOIJIOIIEHUS aTOMaMH KaJlusi: a- IPU CMAauMBaHUM JIEKTPOJHON IPOBOJIOKH, b- MpH
BBEJICHUU MIPUCAJIKH KaJIHsl B 3aIIUTHBIM Ta3.

iy S P y
() T, KT(r)’ (9

rae J, — Maccosbiit pacxox kams (0,8 u 1,2 mr/c),J,, . = 350 Mr/c — MaccoBbIi

pacxoj 3alMTHOTO Tra3a, P — atmocdepHoe nasnenue, T(r) — Temmeparypa B Clioe
(4). OcnabneHue U3ITy4YeHUs B 3TOM CJIy4ae OMUCHIBACTCS CIECAYIOMNM 00pa3om

* r
R”h(r) =1- ! I[nff(r)—no(r)]dr. (15)
R, TonTur s,
Pesynbratel pacuera mo ypaBHeHuto (15) mpeacraBinenbl Ha puc.8b. B stom
Cllydae aTOMbI Kalldsl paclpeiielieHbl B clioe 0ojiee paBHOMEPHO C MEHBIIUM 3Haye-
HUEM KOHIICHTPAILMH, YTO IPUBOAUT K MEHbIIIEMY OCJIa0IeHHIO Y D U3 IydeHHUS.

3akuovenune. V3MepeHus nokasaiy, YTO BBEACHUE MPUCAAKU Kadus C Macco-
BBIM pacxoaoM ~0,3 Mr/c B 30HY AYTH MMyT€M CMayuBaHUS SJIEKTPOHOMN MPOBOJIOKH
WJIU TIPOTHO3UPYEMOM MOBEPXHOCTU CBApPHOTO IIBA BOJHBIM PAaCTBOPOM MOTAIIM SIB-
nsietcst 3G (HEKTUBHBIM CITIOCOOOM yMeHbIeHus (~2 pa3a) unreHcuBHocTu Y O-C us3-
Jy4EHHUs NIPU CBapKe/HaIlIaBKe XpOMOHUKENEBbIX cTaneil B Ar. Kak cnenyer u3 pac-
YETOB TaKU€ CIOCOOBI BBEACHUS MPUCATIKU KK B 30HY AYyTrd 00€CIIEYMBAIOT BBHICO-
KYIO JIOKaJIbHYIO KOHIIEHTPALIMIO aTOMOB Kajiusl BOJIM3U TPaHULbI CTON0A AYyTrH U OC-
HOBHOE moryomeHue Y@®-C npoucxoaut B cioe TonmmHou 4 mm. [lpu BBeneHun
MPUCAJKU KaJIUg B 3alUTHBIN T'a3 KOHILEHTpAIMs aTOMOB Kajius BOJIM3M TPaHUIIBI
CTOJI0A IyTW CYIIECTBEHHO MEHbIIIE U, COOTBETCTBEHHO, ociabnenue Y D-C uznyue-
HUSI HE3HAYUTEIIBHO.

[Tomy4yeHHbIE pe3yNbTaThl MOTYT OBITH MCHOJB30BaHbI C IEIbI0 MUHUMHU3AIUH
HeraTuBHOTO BozaencTBus Y O Ha cBapuIuKoB U pabOYuX CMEXKHBIX MPOGECCUH.
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YabrpagioneroBe BUIPOMIHIOBAHHS NPU 3BAPIOBAHHI METAIB Y
3aXMCHOMY rasi i cnocio ioro oc1adeHHsI.

AHOTALIA

Ilpeocmasneni pezynomamu 8UMIPIO8AHb 3AEHCHOCMI IHMEHCUBHOCI YIbMPAdionemoso-
20 sunpominiosantus oyeu (Y®B) 6i0 KOMHOHEHMHO20 CKIAdY 3AXUCHO20 2d3Y, MACOBOI 6U-
mpamu i cnocody 86e0eHHs. NPUCAOKU KAlilo 8 30Hy OyeUu Npu 36apro8aHHI/HANnIAa6IenHi Xpo-
monireneeoi cmani 08X18HY6 3axucnomy easzi. [na eumiprosanns YOB y mpbox cnekmpano-
Hux oianazonax Y®-A (315-400 um), YD-B (280-315 um) i YO-C (200-280 um) euxopucmo-
gyeanu Y@-padiomemp TEH3OP-71, ykomniexkmosanuii kanioposanumu demexmopamu Y @-
A, YO-B i YO-C, scmanosnenumu nio kymom 5° 00 no8epxHi HaniaeiseMo20 OUCKa Ha 8i0c-
mani 0,55 m 6i0 38aproganvHoi oyeu. Bcmanosneno, wo inmencugnicmo Y®B 3smenuyemocs
npu 30invuenni konyeumpayii CO; 6 saxucuomy easi (Ar+CQO,). /[na écix cnocobie 68edenHs
npucaoku Kauiro y 30Hy 0yeu 30i1buleHHs MAco8oi eumpamu npucaoku Kauilo 8 npoyeci 36a-
PIOBAHHA/HANIABNICHHS XPOMOHIKeNesoi cmani y Ar npuzeo0ums 00 NiHIUHO20 3MEeHUIeHHS [H-
mencusnocmi Y@-C. Beeoenns kaniro 3 gumpamoiro >0,3 me/c wiisxom 3Mouy8aHHs eieKmpo-
OHOI NPoBONIOKU AOO NPOSHO308AHOI NOGEPXHI 36APHO20 UIBA 80OHUM POIYUHOM NOMAUL) €
epexmuenum cnocooom 3menuienusa (>1,5-2 pas) inmencusnocmi Y@O-C 6 npoyeci apeou-
0Y208020 36apIOBAHHS, A WLIAXOM NHEBMAMUYHO20 PO3NOPOULeHHs po3uuny 6 Ar cnpaense
Cymmeao MeHwull eghekm. 3anponoHo8aro Qizuxo-mamemamuina mooens ociaonenns YO-C
BUNPOMIHIOBAHHS AMOMAMU KANil0 No3a 30H0I0 cmosena oyzu. Po3paxynkoei 3anexcrnocmi in-
mencusnocmi YD-C 6i0 macoeoi sumpamu npucaoku Kauiro 0obpe KOpenowms 3 eKcnepu-
meHmanvHumu oanumu. Ompumani pe3yiomamu MoXcyms Oymu UKOPUCMAHI 3 Memoro Mi-
HimMizayii necamusno2o eniugy Y DB Ha 36apHUKi6 | pobOUUX CYMINCHUX npogecill.

Knwuosi cnosa: oyea, ynompaghionemose unpomiHIO8aHHs, 38aAPIOSANbHUL AepO30.lb,
npucaoxa Kauiiro.
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Vishnyakov V.1., Kiro S.A., Oprya M.V., Ennan A.A.
Ultraviolet radiation during gas metal arc welding and method of its
attenuation.

SUMMARY

The dependencies of measured ultraviolet radiation intensity on the shielding gas composi-
tion, mass rate of potassium additional agent and its injecting method during the gas metal
arc weldingare presented. The UV radiometer-dosimeter Tenzor-71 was used for radiation in-
tensity determination. The UV radiation intensity was measured in three spectrum diapasons:
UV-A with wavelengths 315-400 nm, UV-B with wavelengths 280-315 nm, and UV-C with
wavelengths 200-280 nm. Potassium injection into the arc zone was carried out in three dif-
ferent ways: via wetting the electrode wire or welding disk by aqueous solution of potassium
carbonate, or by premix of the droplets of such a solution with shielding gas. The
increaseofCO; content in shielding gas leads to decrease of UV radiation. The increase of po-
tassium additional agent injecting mass rate also leads to decrease of UV radiation for any
method of potassium injection. Theoretical model for UV radiation attenuation under potassi-
um presence in shielding gas demonstrates well coincidence with experimental data: using
the wetting of electrode wire provides the high local potassium concentration in the welding
fume near arc column boundary and basic absorption of radiation occurs in the layer with
thickness of 4 mm. The premix of potassium with shielding gas leads to its more uniform dis-
tribution in the gas layer around arc column with smaller concentration and provides weaker
radiation absorption. These results can be used for minimization of UV radiation hazard dur-
ing the gas metal arc welding.

Keywords: arc, ultraviolet radiation, welding fumes, potassium additional agent.
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TITPABWUJIA JUIS1 ABTOPIB CTATEN

1. V naykoBomy 30ipHUKY TyOIIKYIOTbCSA CTATTl 3 OPUTIHAIIBHUMH Pe3yJbTaTaMU HAayKO-
BUX JIOCII/IPKEHb 3 TEMAaTUKH:

— BUIAPOBYBAHHSI, KOHJEHCAI[Is, KOATYJIALIs 1 €JeKTpUYHA 3apsKa aepo30IiB, Mexa-
HI3MH iX yTBOpPEHHS 1 IEPEHOCY;

— TOPIHHS aePOJUCTIEPCHUX CUCTEM;

— TEMJIOMAacOOOMIH 1 Tra30/lMHAaMIYHI SBHUIIA B JUCHEPCHUX CUCTEMax Mpu (pa3oBuX i
XIMIYHMX NIE€PETBOPEHHSX;

— HU3BKOTEMIIepaTypHa I1a3Ma 3 KOHJEHCOBAHOO IUCIIEPCHOIO (Pa3olo.

2. CrarTi 3 pe3ynbTaTamMH JOCIiI)KeHb, BAKOHAHUMHU B OpraHi3allisix, MOJalThCs 3 J0-
3BOJIOM II€] oprasizauii Ha mMyOiKaIio 1 CynpoBIIHUM JIUCTOM. Pykonuc mianucyerbes aB-
topamu (aBTOpoMm). Ha okpemMoMy nucCTi HEOOXITHO BKa3aTd MPi3BHIIE, 1M's, IO OATHKOBI,
Miciie poOooTH, Imocaay, KOHTaKTHI TelleoHH 1 ajipecH (€IeKTPOHHUH 1 TTOIITOBHA).

3. TekcT cTaTelt MPeACTAaBISETHCA B IBOX €K3EMILUIApax Ha yKpaiHCHKid, pOCIMChKii abo
aHTIICHKIM MOBI 3 JBOMa aHOTAIIIMH Ha JIBOX (3 TPhOX BKa3aHMX) MOBAaX, BIIMIHHHUX BiJ
MOBH OpHUTIHAIYy CTaTTi 1 €JIEKTpPOHHUM (aiijoM Ha eICKTPOHHY aapecy penakiii. Daiin
cTBOproeThess B Word 1 MOBHHEH MICTUTH TEKCT CTATTi, aHOTaIlito 1 pucyHku. HasBa daiiny
YTBOPIOETHCA BiJI MPI3BUILA MEPILIOTO aBTOPA.

4. CraTTi NIpOXOASTh HAYKOBE PEIIEH3YBaHHA. Y pa3l HEraTUBHOI pPeleH31i CTaTTs NpUCH-
JIAETHCSI HA TOOTIPAIIOBAHHS a00 BIAXUIISETHCS.

Od¢opmuenns crarri
Marepiaa cTaTTi TOBUHEH OyTH BUKIJIaJICHUHA B TaKii IMOCIIJOBHOCTI:

1) nomep V/IK;

2) iHIL1ay 1 Ipi3BUILIA aBTOPIB;

3) Ha3Ba opranizaiii (i), mo npeacTasise (FOTh) CTATTIO (SKIIO OpraHi3aiiil OuIbIIe,
HDK OJTHA, IMICJIS TPi3BHINA KOKHOTO aBTOpa CTaBUThCS 3HAK BUHOCKH (1, 2 1 T. 1.), a HUXKYE
YKa3yIOThCsI BC1 OpraHi3allii, Ha3BU MICT, €JIEKTPOHHA IOIITa OJJHOTO 3 aBTOPIB;

4) Ha3Ba CTaTTI;

5) aHoTaris;

6) TeKCT CTaTTi;

7) mitepatypa;

8) aHorarii Ha 2-X 3raJlaHUX BHUIIE MOBAaX, BIAMIHHUX BIJ] MOBU OpHUTIHAJy CTaTTi, 3
MIPI3BHUINIAMH 1 1HIIIaJIAMH aBTOPIB 1 HA3BOIO CTATTI.

O06'eM cTatTTi, BKIIOYAIOYH PUCYHKH, JITEPATYPY, aHOTAllli, HE TOBUHEH MEPEBUIIYBATH
10 cTopiHOK TEKCTY, HAPYKOBAHOTO HAa KOMII t0Tepi uepe3 | iHTepBan (3 po3mipoM OykB 14
pt). ITomst: miBe — 20 mm, mipaBe 20 MM, BBepxy 20 MM, BHU3Y 20 MMm. Ha3Ba ctaTTi, mpi3Bu-
I1a aBTOPIB 1 Ha3Ba opraHizalliii IpyKyrThcs OyKkBamMu, po3MipoM 14 pt 3 MIKPSJIKOBOIO Bi-
ncranHio Mk YK, Ha3Boro cTaTTi 1 mpi3BUIIaMuU aBTOPIB 1.5 iHTepBaiy.

AHoTauii: KoXHa MyOJIiKaIlisd He AaHTJIIHCHKOK MOBOIO CYITPOBO/IKYETHCS AHOTALI€I0
AHIJIHCBKOI0 MOBOIO 00caroMm He MeHII K 1800 3HaKiB, BKIIOYAIOYH KIOYO0BI ciaoBa. Ko-
KHa IyOJTIKaIlisl He YKPaiHChbKOI0 MOBOIO CYIIPOBOIKYETHCS TaKOX AHOTALIEI YKpaiH-
CbKOI0 MOBOIO 00csroM He MeHII K 1800 3HaKIB, BKIIFOYAIOYX KIOYOBI CJIOBA.

Dopmyau: Habuparorecs mipudrom posmipy 14 mynkriB. Posmipu Gpopmyn ogHakoBi
1o BChOMY TekcTy. CIiJi yHUKaTH 1HIEKCIB Y 1HJIEKCIB 1 CTYIEHIB y CTYIEHIB. 3aCTOCOBY-
€ThCS CKpi3HA HyMmeparlis Gpopmyi: (1), (2) 1 Tak mami. I'perpki OyKBH Ta MO3HAYEHHS XIM14-
HUX (opMyIl 3aBkAU OpsaAMi. Bekropu 1 MaTpulll HAOUpPATU HAMIBXUPHUM MPSMUM LIpUP-
TOM (CTpiJIKa HaJ BEKTOPOM HE BHKOPHCTOBYETHCS). [HIEKCH (JTaTUHCHKI OYKBH) y opMy-

150



JaX HaOWpPaIThCS KYpPCHBOM, 3a BHHSTKOM CKOPOYEHB CIIB THUIy min, max, eff, a Takox
HYJIsI, SIKi HabupaeTbes nMpssMuM mpudToM. [Ipsmum mpudTom HaOUparoThCsS TaKOX (PyHK-
11ii, HaMpUKJIAI Sin 2x, COs ®f 1 TaK JaIi.

Ta6auui. Tabauii HyMepyIOTh TUIBKH B TOMY BHIIAJIKY, SIKILO iX OuIblIe onHI€el. Biac-
Ty 10 Tabnuii 1 micis Hei — 2 inTepBayn. [Ipu HEoOXi1qHOCTI TabIUII MOXKYTh MAaTH 3aro-
JIOBOK 1 IPUMITKY.

LimrocTpauii. [mrocTpaiiii BAKOHYIOTBCS 110 XOAY BUKJIAJCHHS TEKCTY CTATTI MO Mipil iX
3raJIki B TEKCTI B pcX (opmaTti abo iHmoMy nomuperomy gopmari. I1ig pucyakoM npyky-
€ThbCSI BIAMOBIHUHN mianuc. Hamucu, mo ycKIaIHIOTh CIPUNHATTS pUCYHKY, 3aMIHIOBATH
uuppoBUMH 200 OYKBEHUMH MMO3HAYEHHSIMU 1 IEPEHOCUTH B TEKCT CTATTI ab0 B MIANHUC Mij
pucyHkoM. Bci mo3HaueHHs Ha pUCYHKY NMOBUHHI BIAMOBIIaTH NMO3HAYEHHSIM B TekcTi. Hy-
Mepallilo KpUBHX Ha PUCYHKY BECTH 3BEpXY BHH3, 3J1iBa HarpaBo. Po3Mip pucyHKa MOBUHEH
oytu He MeHIre 50x50 MM 1 He Oibine 100x100 mwm.

JlirepaTypa. Ilicig TekcTy cTaTTi yepe3 2 IHTEepBaJIU JAPYKYEThCS CIHMCOK JITEpATyp-
HUX JDKEpel, BAKOPUCTOBYBAHUX B CTATTi, HA MOBI OPUTIHAIY 3 3pa3KOM:

Kuurm:

1. babuii B.U., Kysaes FO.®. I'opeHre yroiabHON MBUIM U pacyeT MbUICYTOJBHOTO (a-
kena. — M.: Dueproaromusaar, 1986. — 206c¢.

2. OCHOBBI MTPAKTUYECKON TeOpUU TopeHus: yueObHoe nmocobue ains By30B // B.B, Ilome-
panyes, K.M. Apeghves, /.b. Axmemos u op. // nox pen. Ilomepanyesa. — J1.: Suep-
roaromusaar, 1986. — 312c.

Crarri:

a. Acaanos C.K., Koneuka I1.M. O6 0cOOEHHOCTIX MOJEIEH IETOHAIMOHHOTO CIIMHA B
pa3IUYHBIX roprounx cpenax. / dusuka aspoaucnepcHsix cucrem. — 1971. — Beim. 5.
—C.92-100.

b. @uopro A.B., 3onomxo A.H., Kamuncrxas H.B., [llesuyx B.I. CiekTpajabHbIE HCCIIC-
JOBaHMs TOpeHusl yacTulpl Maruus // dusuka ropenus u B3pbiBa. — 1982, — T.18,
Nel. - C.17-22.

c. Kanunuax B.B. TennomaccooOMeH W KMHETHKAa XUMHUYECKHX PEAKIUN YTriIepoIHOMN
yactullbl ¢ razamu // Bicauk Ogecwk. nepxk. yH-Ty. Cep.: ¢i3.-Mar. 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.

Te3u:

1. Cmpyuaes A.U., Cmpyuaee H.M. OueHka cpegHero pa3Mepa >KMPOBBIX IIAPUKOB roO-
MOTEHU3UPOBAHHOTO MoOJjoKa // JlucnepcHble cuctembl. XX Hay4yHasi KOH(epeHIus
ctpan CHI', 23-27 cent. 2002 r., Onecca, Ykpauna / Te3. qokn. — Omecca: AcTpo-
mpuHT, 2002. — C.252-253.

2. Suslov A.V., Semenov K.I. Interaction of high-temperature monodispersed metal parti-
cles with gases / Abstr. Of 14™ Annual meeting of the American Association for
aerosol research. — Pittsburgh, USA. — 1995. — P.37.

AHoOTaIlis, TIepeIyroda TeKCTy CTaTTi, MUIIEThCS Ha MOBI CTATTI OJHUM ab3aIioMm, po-
3mipoM OykB 12 pt, 06’emom 6—10 psiakiB. AHOTAIT HA 1HITUX MOBAaX JI0 TEKCTY CTaTTi Ha-
JAI0ThCA MICS CHUCKY JiTepaTypu. AHOTalisIM MepeayloTh Mpi3BUIIA 1 1HIIIAIH aBTOPIB 1
Ha3Ba crarTi. [licns cnosa “AHOTALIA” a6o “SUMMARY™ 3 aG3ana IpyKyeTbCs TEKCT
a”oTarii.
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RULES FOR AUTHORS
Focus and scope:

— evaporation, condensation, coagulation and electric charge of aerosols, mecha-
nisms 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
numbering 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
formulas, 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.

Ilustrations. 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

152



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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