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TEIVIO®I3UKA JUCIIEPCHUX CUCTEM

YK 536.6:537.9:579.69

binuu C.A. 1’2, Jlucenkos E.A.I, Hecin C.ﬂ.z, Knenko B.B.?

1 . . .. o .
YHoprnomopcokuil hayionanvruil yHieepcumem imeni [lempa Mozunu, Muxonais,
E-mail: ealysenkov@ukr.net
Inemumym ximii ucoxomonexynapuux cnoayk HAH Ykpainu, Kuis

BB yacy 3MillyBaHHSI HA CTPYKTYPY Ta TemI0o(i3uuHi XapaKTepUuCTUKH
CHCTEM Ha OCHOBI MOJIIETHJICHIJIIKOII Ta OPraHoMoanpikoBaHOTO
MOHTMOPWIOHITY

Bukxopucmosyrouu memoou peHmeeHocmypKmypHo20 aHauizy ma ougepeHyiaibHoi cKamy-
8ANbHOI Kanopumempii Oyi10 00CIIONCEHO CIMPYKMYpYy ma meniogizudti 61acmugocmi noJi-
MEPHUX HAHOKOMNO3UMHUX CUCTEM HA OCHOBI NONieMUNIeH2IIKONI0 Ma 0OP2aHOMOOUDIKOBAHO-
20 MOHMMOPUNOHIMY. 3 OAHUX PEHMSEeHOCMPYKMYPHO20 AHANI3Y OVI0 8UABNIEHO, WO ONMUMA-
JIbHULL CIMYNIHb PO3UAPYBAHHS MOHMMOPUTIOHIMY, WO 8i0N08i0aE MAKCUMALbHIL MINCHIO-
WuHHIU 6i0ocmani Hacmae 3a yacy 3-5 xe. Ilooanvuie 30invbuienHs uacy 3mMiuly8anHs He MA€
CYMmMEBO20 6NIUSY HA CMPYKMYPHI Xapakmepucmuku Hanokomnozumy. Ha ocnosi kanropu-
MempUYHUX 00CTIONCEHb NOKA3AHO, WO memMnepamypu nideleHHs ma CKIAVEAHHS, d MAaKO#C
CMyniHb KpucmanivHocmi Habyearoms KpUMU4YHUX 3HaA4eHb npu 3 X8 00poOKuU, nicisa Yoo 3a-
JUWAIOMbCsl He3MIHHUMU. Bemanoeneno, wo yac smiuty8anus 3a 00NOMo2010 excmpyoepa €
onmumanvuum. Ilpu ybomy mae micye MaKkcumMaibHa iIHMeEPKAIAYis, Wo NPU3B00UMb 00 GNlU-
8y HA KIHYe8l (YYHKYIOHAIbHI XapaKmepucmuKu CUCmemu nojaimep-opeanociund.

Knrouosi cnoea: monmmopunionim, noaimepti HAaHOKOMNO3UMU, MIJCHIOWUHHA 8IOCMAHD,
meniogizuuni 61acmueocmi, CMyniHb KpUCMAIIYHOCI.

[TonmimMepHi HAHOKOMIIO3UTU € OJTHMMH 13 HAUNEPCHEKTUBHIIIMX MaTepiajiB Ha
Cy4yaCHOMY €TaIlll pO3BUTKY HayKH Ta TEXHIKU. 3PpOCTaHHS c(ep 3aCTOCYBaHHS IOJi-
MEpPHUX HAHOKOMIIO3UTIB 3yMOBIIIOETHCS IXHIMU YHIKAIBHUMH (H13UKO-XIMIYHUMHU
BrnactuBocTsiMu [1]. 11 maTepianu 3aBAsiku MOE€HAHHIO OPTaHIYHOI Ta HEOPTraHIYHOI
CKJIQJIOBUX XapaKTEePU3YIOTh IiJIBUIIIEHOIO0 MIIHICTIO, 3HOCOCTINKICTIO, €JIaCTUYHICTIO
tomio. [loeqHaHHa pPI3HOMaHITHUX HAMOBHIOBAUIB 13 MIMPOKUM CIIEKTPOM MOJIIMEp-
HUX MaTpUIlb HAJIa€ 3MOTY OTPUMYBATH Marepiaiu 3 HEOOXITHUMHU BIIACTUBOCTIMHU
JUTSI BUCOKOTEXHOJIOTTYHUX 00JIacTel, TaKUX sIK €HepreTuka, HaHOEJIEKTPOHIKa, Me-
muiuHa Tomo [1-3]. Cepen BETUKOro pi3HOMAHITTSA HANOBHIOBAYIB, SIKI BUKOPHCTO-
BYIOTBCSI JIJI1 CTBOPEHHS MOJIMEPHUX HAaHOKOMIIO3UTIB, HAHOIJIMHU (MOHTMOPHIIO-
HIT, JIAlOHIT, OCHTOHIT) 3aCIyTOBYIOThH OCOOJIMBOI yBaru uyepe3 iXHI0O HU3bKY Bap-
TICThb, BUCOKY MILIHICTh Ta CTIAKICTh, €PEKTUBHICTh MPHU BBEACHHI HaBITh HE3HAYHOI
KUTbKOCTI [4] YV cydacHIi HayKOBIiH JiTepaTypi BEJIUKY yBary MpUIUISIOTh CKIagy Ta
KOHLIEHTpalli KOMIIOHEHTIB MOJIMEPHUX HAHOKOMIIO3MTIB, SIKI MICTATh HaHOTIJIMHY.
Takox, BCTAHOBJIEHO, 1[0 YMOBHU MPUTOTYBAaHHS 3HAYHO BIUIMBAIOTh HA KIHIEB1 Biac-
THUBOCTI CUCTEM MOJIIMEp-OpraHoTiiuHa [5, 6].

DOI: 10.18524/0367-1631.2023.61.290833
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IHocTanoBka 3aaa4i. KiHiesi BIacTUBOCTI MOJIMEPHUX HAHOKOMIIO3UTIB 3HAY-
HO 3aJie)aTh BIJI CTYINEHs pO3MIAPOBAHOCTI IIapyBaToro HamoBHIoBaua. OJHAK,
OTpPUMaHHS MaTtepiajgy 3 BUCOKHM CTyIEHEM IHTepKassii abo excdomarii € qyxe
CKJIQJTHOIO 3aJ1auelo, aJ’Ke €HEepris, sika YTPUMAE MJIACTUHKA OPTaHOTJIMHY Y TaKTOI/i
(maumi) gy>e Benuka. J{s po3mapyBaHHsI TaKTOIAIB MOHTMOPWJIOHITY 3a3BUYail BU-
KOPHCTOBYIOTh METOJ YJIbTPa3BYKOBOI qucHepraiii abo 3MillyBaHHS 3a JOIMOMOIOO
eKcTpynepa (EKCTpY/IiOBaHHs). 3MINIYBAaHHS CHUCTEM THUITY IMOJIMEP-OpPTraHOIIMHA 3
BUKOPHUCTAHHAM IIMX METOJIB MPUBOAMUTH JOYACTKOBOTO PO3IIApyBaHHS IMJIACTHHOK
MOHTMOPUJIOHITY [7].JJ7s1 1HTepKaysLii MakpOMOJIEKYJIM MOJiMepa y MDKIIAPOBHMA
MIPOCTIp IIAPYBATOI OPTaHOMNIMHKA MOTPIOHO MPUKIACTH MEBHY €HEPriio, TOOTO Mpo-
BOJUTH 3MILIYBaHHS MPOTArOM MEBHOTO Yacy. L eHepris 3anexuTth Bijg TUITY MOJIi-
Mepy, Horo (hi3UKO-XIMIYHUX BJIACTUBOCTEH, a TaKOX THUITYy Ta BJIACTUBOCTEH caMoi
HaHorIMHU. Tak, y poOoTi [S] aBTOpM AOCTIKYBaIU BIUIMB 4Yacy YyJbTPa3BYKOBOTO
JTUCIIEPTYBAaHHS HA CTPYKTYpPY Ta BIACTUBOCTI MOJIMEPHUX HAHOKOMIIO3UTIB, SIK1 Mi-
CTHJIM MOHTMOPWJIOHIT. Byno BcTanoBneHo, 1mo npu 10 XB ynpTpa3BykoBoi 00poOKu
CIIOCTEpIrakcs HaWBHINI MOKA3HUKUA CTPYKTYPHHUX Ta TEIUIO(PIZUYHUX XapaKTEpHC-
TUK. ABTOpY poOOTH [§8] BUBYAIM BIUIMB €HEPrii 3MINTYBaHHS Ha BJIACTHUBOCTI MOJIi-
MEpPHUX HAHOKOMIIO3UTIB Ha OCHOBI MOJIMPOMNIICHY Ta MOHTMOPUJIOHITY HUISIXOM Oa-
raTopa3oBoro ekcTpyairoBaHHs. [lokazaHo, 1110 HailOLIbIIE 3HAUEHHS MIKILIOIUHHOT
B1JICTaHI OPTraHOTJIMHU CIOCTEpIraiu npu 12 1muKiax eKCTPYIiOBaHHs, TOJ SK Mak-
CUMYM MOJYJISI IPY>KHOCTI OyJIO BUSIBJIICHO NIPH 7 LUKJIAX.

[IpoTe, Taki IOCHIIKEHHS HOCATH MOOJUWHOKHI XapakTep, a JlaHa mpoodiema
BCTAHOBJICHHS ONTHUMAJIBHUX YMOB MPHUTOTYBAHHS MOJIMEPHUX HAHOKOMIIO3UTIB TH-
Iy MOJIMEP-OPTaHOIIIMHA € AKTYaJIbHOIO Ta MOTpedye OUTbII IITMOOKOTO JOCIIIKEH-
Hi. ToMy mMeTOI0 JaHOI po0oTH OyJl0 BUBYEHHS BIUIMBY 4Yacy €KCTPYIIIOBaHHS Ha
CTPYKTYpPHI Ta TEIIO(P131UUHI XapaKTEPUCTUKH MOJIMEPHUX HAHOKOMIIO3UTIB Ha MpH-
KJIaJ{l CUCTEMU TIOJTIE€TUIICHTJTIKOJIb-MOHTMOPUJIIOHIT.

Excnepumentanbna 4vactuHa. [lomietunenrnikons (IIEIT 1000), HO[-CH,-
CH,-O-],H (n = 22) monekynsipHoi macu M,,= 1000, BupoOHuITBa kommanii Aldrich,
O0yB oOpanuii nmoiimepHoro matpuneto. [lpu 7' = 298 K TIEI'-1000 € TBepaot0 peyo-
BHHOIO 3 rycTHHOIO p = 1070 kr/™m’. Temmeparypa miaBinenss Ty, ~ 34-35 °C.

JUis mpuroTyBaHHs HallOBHIOBAYa, MOHTMOPHWJIOHIT 3 MM>KEBCHKOTO POJOBHILA
MONEPEIHBO MEPEBOUIN B HATPIEBY (HOPMY HUIAXOM IT’AITUKPATHOI OOPOOKH BOJHOI
nucnepcii migepany (0.1 Moab/i) po3unHoM xjopuny Hatpito. [loTiM MiHepan Bii-
JSIM B1J 00pOOJIIOBANIBHOTO PO3YMHY LEHTPU(PYTyBaHHAM 3 MOAAIBIIMM B1JIMHBAH-
HSIM B1Jl XJIOPHUJIy HATPIIO JO HEFaTUBHOI PEaKIlii Ha XJIOP-10H 3 a30THOKUCIUM Cpi0-
oM. [{ns orpumanHs opraHomoiudikoBanoro MonTMopuionity (OMMT), oxepxka-
HUW MOHTMOPWIOHIT y Na (popMi, 00poOIIsiiii CTEXIOMETPUUHOIO KIJIBKICTIO TeKcaIe-
MUITPUMETHIIAMOHINOpOMITy BHpoOHHMIITBA KommaHii Aldrich, mpu Ttemmeparypi
75°C mpotsirom 24 roauH. Puximii ocaj rekcaJenuiITpUMETHIAMOHIEBOTO MOHTMO-
PUJIOHITY KOHIICHTPYBalKM Ha LEHTpUdYy31 1 migmaBaiu cyONiMamiiHii cymimi s
30epeKeHHsT MOro BHCOKOI JAUCIEPCHOCTI 1 3IaTHOCTI AMCIEPTyBaTH B OpraHIYHUX
CepeIOBUILAX.
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[lepen Bukopuctanusm [1EI" 3HeBOAHIOBAIM HArpiBaHHSAM y BaKyyMl IPOTATOM
4 romun mipu 80-100 °C npu 3amumikoBomy THcKy 300 IMa. Bmict HamoBHIOBaua y 1mo-
JIMEPHOMY HAaHOKOMITO3UTI CcKJasiaB S mac. %. (mami %).

[TomimMepHi HAHOKOMMO3UTHI Matepiaau OyJu BUTOTOBJICHI METOJOM E€KCTPY/Ii-
IOBAHHS 3a JIOIIOMOT'OI0 MOPLIHEBOTO €KCTpyJiepa 3 MOJANbIIUM OXOJOKEHHS 3a H.
y. TexHOJIoTisl BUTOTOBJICHHS JTOCHIKYBAaHUX MartepiajiiB npuBeaeHa y poooTti [9].
Yac 3mimryBaHHsl BapitoBayid B Mexax Bia 2 1o 10 xB. 3pa3ku 3 HYJIBOBUM 4YacoM
3MIIIYBaHHS TOTYBAJM METOJIOM MEXAHIYHOTO 3MIIIYBaHHS KOMIIOHEHTIB 0€3 eKCT-
PYIIFOBaHHS.

Jl7i BCTAaHOBIICHHS BITUBY Yacy MPHUTOTYBAaHHS HAa CTPYKTYpY MOJIMEPHOI Mat-
pHIIl Ta HaMOBHIOBaYa B 00JiacTi MaiuX (70 4 HM) MPOCTOPOBUX BHOPSIKOBAHOCTEN
3aCTOCOBYBAJIM METOJI HIMPOKOKYTOBOI'O PO3CIIOBaHHS PEHTTE€HIBCHKUX ITPOMEHIB
(IIKP). BukopucroByBasin Cu Ko BUIpOMIHIOBaHHS 3 JOBXHHOIO XBuial A = 0,154
oM. Temnmodi3udni JOCTIKEHHSI MPOBOAWIA B CyXid atMocdepi a30Ty B iHTEpBai
temmeparyp Big —110 °C mo 100 °C npu mBuakocti Harpianus 5 °C/XB  MeTOIOM
mudepeHIianbHoi ckanyBaibHOI KajgopumeTpii (ICK) 3 BukopuctaHHsM KajaopuMeT-
pa DSC-60 Plus (Shimadzu).

Pe3yabTaTu Ta 00roBopeHHs./[Jis1 BUBYEHHS BIUTMBY 4acy €KCTPY/IIOBaHHS Ha
dhopMyBaHHS Ta KIHIIEBI BJIACTUBOCTI MOJIMEPHUX HAHOKOMIIO3UTIB HA OCHOBI ITOJTie-
TusieHraikoiao Ta OMMT npoBoaWiv TOCTIKEHHS CTPYKTYPHUX OCOOJMBOCTEN Ta
TEMI0(PI3UUHUX XAPAKTEPUCTHUK.

CrpykrypHi ocob0smmBocti cucrtemu IHETI-OMMT.BuiiB HanoBHIOBaya Ha
CTPYKTYpPY MOJIMEPHOI MaTpHIll y Alana3oHl po3MipiB 10 4 HM BUBYAIMU 3a JOMOMO-
roto IIIKP. Ha puc. 1 npuBeneni nanni IIKP nns nanoxkommosutis [TEI-OMMT
(BMICT HalOBHIOBaYa CTAHOBUB 5% )BUTOTOBJICHUX 3 PI3HUM YaCOM €KCTpPY3ii. 3puc. 2
BUJIHO, 1110 YaC €KCTPY/IIFOBaHHS 3HAYHO BIUIMBA€ HA CTPYKTYPHI BIACTHBOCTI HAHO-
kommo3uty. Ha rpadikax (puc. 1) cnocrepiratotbest cepist MakcumyMiB. [liku B o0na-
cri 5° BiAMOBINalOTh HASBHOCTI BHOPSAKOBaHOI cTpykrypd OMMT. MikmuionmuyHHa
B1JICTAHb MOHTMOPHJIOHITY 3aJI€KHUTh BiJl CIOCOOY 3MIIIyBaHHS HaHOKOMIIO3UTY Ta
HasBHOCTI opraHiyHUX Moaudikaropis[10]. MiKIIOMKUHAY BiJICTAHh MOHTMOPHJIO-
HITY (d) BU3HAUaJH 3a JOMOMOTOI0 piBHsHHS bperra [11]:

A =2dsin0, (1)
1€ A — JOBXHHA XBUJIl XapaKTEPUCTUYHOTO PEHTIE€HIBCHKOTO BUIIPOMIHIOBAHHS(A =
1.54 A), ke BUKOPHUCTOBYBAIOCH y JOCIIKEHH]; O — MonoBMHA JU(PAKIIHHOTO Ky-
Ta.

3anexxHicTh MUKIUIOIMHHOI BigcTaHi OMMT Bix yacy ekctpys3ii puBeaeHa Ha
puc. 2. BugHo, 1110 3Ha4€HHS] MDKIIIOIIMHHOI B1ICTAHI MOHTMOPHUJIOHITY 3MIHIOETHCS
Bix 1.74 no 1.82. 3HayeHHST MDKIUIOMIMHHOI BIJICTaH1 OJIM3BKE 10 HEBBEAEHOI'O MOH-
T™opmiIoHITY 1.6-1.7 [10].1leit dhakT Bkazye Ha HEJOCTATHICTh HAJAHOI CUCTEMI EHe-
prii mo6 posmapysatu Taktoinn OMMT, Tomy nomimMepHi JJaHKH HE MOXYTh YIIOB-
HIA Mipi 1HTEPKAIIOBATH Y MDKIUIOIIMHHUNA NPOCTIp HaHOrauHU. [lpu 3011bIIeHH]
yacy 3MIIIyBaHHA BiJl 3 10 5 XBCIOCTEPIraeThbes pi3Kuil CTpUOOK mapamerpa d, KUt
3poctae 1o 3HaueHHs 1.82. Ilpu Takiil TpuBangocTi 0OpoOKH cUCTeMa OTPUMYE J0CTa-

10
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Puc. 1. ludppakrorpamu mupokokyToBo-  Pue. 2. 3aexHICTh CTPYKTYpHHUX XapakTe-
IO PpO3CISIHHS PEHTTE€HIBCHKUX IPOMEHI  PUCTUK MOJIIMEPHOI MaTpull (CTYyMiHb KpH-
JUIS  TOJIMEPHMX HAHOKOMIIO3UTIB Ha  CTaJi4HOCTI) Ta HAaNoOBHIOBaya (MDKILIO-
ocuoBl IIEI" ta OMMT, BHUroTOBJICHHX IIMHHA BiJCTaHb) B Yacy EKCTPYyAilOBaH-
EKCTPYI10BaHHAM mOpoTsroM: 1 — 2 xB; 2 HS JJ1 JOCIPKYBAHUX CUCTEM.
—3xB;3-5xB;2-10 xB.

THBO €HEprii Il pyiHYBaHHS TaKTOil1B MOHTMOPHJIOHITY, 1110 MPUBOJUTH JI0 IHTEP-
KaJIALIl MOJIMEPY B MDKIUIOIIMHHUKA NpoCTip HaHornuHu. [lopanbiie 3011bIIEHHS
4yacy €KCTPY[IIOBaHHS HE NPHUBOJIUTH A0 3POCTAHHS MIKIUIOIIMHHOI BijacTaHl. lle
CBITUUTH MPO TMIEBHE €HEPTETHYHE HACUYCHHS CUCTEMH, TP [IOMY 301JIbIICHHS €He-
prii, Ky MOTJMHAE MOJIMEPHUN HAHOKOMIIO3UT HE MPUBOAUTH 0 PYyWHYBaHHS Tak-
TOI/1B, 8, UMOBIPHO, IPUBOJUTH 0 NECTPYKIi MOJTIMEPHOI MAaTPHIII.

Ha#i0inp11 1HTEHCUBHI MakKCHMYyMH, IO CIIOCTEPIraroThCs Ha puc. 1B oOmacTi
20-30 rpaayciB BKa3yrTh Ha KPUCTAIIUHY CTPYKTYpPY MOJIIMEPHOI CKJIAJ0OBOI AOCHTI-
JHDKYBAaHUX CHCTEM. Y BUMAJKY HABHOCTI KPUCTAIIYHOT (Da3u y MOJIMEPBMICHIH cuc-
TEMI1 MOYKHA OI[IHUTH 1i BIIHOCHUHN CTYMiHb KPUCTATIYHOCTI. BU3HAUEHHS BiIHOCHOTO
CTYIIEHSI KPUCTAIIYHOCTI (%, ) 3AlACHIOBaNM 3a MeTonoM Metbto3a [11], B ocHOBI

AKOTO JIEKUTh 31CTABJICHHS IUIONI JU(PAKLIMHIUX MaKCUMYMIiB, 110 XapaKTepU3YIOTh
KPUCTAIIUYHY CTPYKTYpY amopdHO-KpucTaaiyHoro mnomaimepy, (Q.), 13 3arajibHOI0
iomer AudpakuiifHoi KpuBOi B 00OpaHOMy 1H(GOpPMALIITHOMY KyTOBOMY 1HTEpBai
(20, 26,):

L G @
cr am

Ha puc. 2 npuBenena 3anexHICTh BIIHOCHOTO CTYIIEHS KPUCTATIYHOCTI MOJIIMe-
pHOT MaTpulll Bij yacy ekcrpyaitoBanusa st cuctem [IEI-OMMT. 3 puc. 3 BuuHO,
IO CTYIIHb KPUCTAJIYHOCTI P13KO 3HMKYETHCS B IHTEpBaJIl yaciB 0OpoOku BiJ 3 10 5
XB, MICIS YOTO Mailke HE 3MIHIOEThCS. Taka MOBEIIHKA KOPENIOE€ 3 IMOBENIHKOIO
CTpyKTypHUX XxapakTepucTuKk OMMT Ta mosicHI0€TbCs MpoliecaMyl 1HTePKAISIIT Ma-
kpomouiekyn [TEI" y MDKIUTOIIMHAY BiJICTAHh MOHTMOPHIIOHITY. [Ipu 3pocTanHi yacy
JUCHEPryBaHHA 10 5 XB MpOLECH IHTepKalisuii 30uibmytoTe miomy OMMT, ska
3natHa kKoHTakTyBaTu 3 [1EI'. 3aBasiku MM CTEpUYHUM MEPEIIKOJaM, MOJTIMEPHI Ma-

11
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Puc. 3. Kpusi nudepeHiiaibHO cKaHy-
BaJIbHOI KaJIOPUMETPIi JUIsl MOJTIMEPHUX
HaHOKOMITO3UTIB Ha ocHoBl [IEI' Ta
OMMT, BHUTOTOBIEHUX EKCTPYIiIOBaH-
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Puc. 4. 3anexHicTh TeMmmeparypu
CKIIyBaHHS Ta CTPUOKAa TEIJIOEMHOCTI
IpU CKJIyBaHHI BiJ Yacy 3MiIIyBaHHA
JUISL TIOIMEPHUX HAHOKOMIIO3HMTIB Ha

HaM npotsarom: 1 — 0 xB; 2 —2 xB; 3 — 3 ocHosi I[IEI' Ta OMMT
xB; 4 —5xB; 5— 10 xB.
Taobnuuys 1.
TennodiznyHi1 XapakTepruCTUKH HAHOKOMIO3UTIB Ha ocHOBI1 [IET" Ta OMMT.
{, XB T, °C I[)ﬁ/((:ﬁ-’K) T °C AH.,,, JIx/T Ae» Yo
0 -73.3 0.10 35.8 126.8 0.76
2 -82.7 0.10 22.5 86.0 0.52
3 -84.4 0.14 23.1 74.7 0.45
5 -83.9 0.14 24.1 72.5 0.43
10 -83.0 0.13 24.2 68.6 0.41

KPOMOJIEKYJIM HE MOXKYTb IIPU OXOJIOJIKEHHI 3 pO3IIaBy npu (HopMyBaHHI KOMIIO3H-
Ty YTBOPUTH KPHUCTAIIIYHI CTPYKTYPHU. 3aBIISKU I[bOMY IPOIIECY, CTYIIHb KPUCTAIIIY-
HOCTI CUCTEMH 3HUKYETHCS.

Tennogiznuni xapakrepucrukn cucremu INEI'-OMMT.IIpouecu iHTEepKa-
nsuii makpomonekyn [IED y mikmaposuii mpocti OMMT 3HauHO BIUTMBAIOTH Ha (y-
HKI[IOHAJIbHI XapaKTEPUCTUKH MOJIMEPHUX HAaHOKOMIIO3MTIB, 30KpeMa il Ha Teriodi-
3u4H1 BiactTuBocTi. Ha puc. 3npeacrasieni nani qudepeHiiiaibHol CKaHyBalbHOI Ka-
JOpPUMETPIi JUIsl MOJIMEPHUX HAHOKOMIO3MUTIB Ha ocHOBI IIEI" y TemmeparypHOoMy
imrepsani Bix -100 mo 100 °C.

Jia Bcix HaHokomno3uTiB Ha kpuBux JCK cnocrepiraerbcs nBa Temmneparyp-
HUX TEpEeXOoJu: CKIyBaHHs Ta IJIaBieHHA. [Ipolec po3ckiryBaHHs BiJI0OYBAa€ThCS B Te-
mieparypaomy inTepsaii -81 +-76 °C. IuTeHcHBHI MakKCMMyMH B 00JIACTI TeMIIEpa-
Typ Big 15 10 50 °C BKa3yroTh Ha IuiaBjieHHs KprcTamiunoi ¢aszu I[TEI. 3naueHHs oc-
HOBHMX TEIJIO(PI3UYHUX XapAKTEPUCTHUK, 110 OyJIM BU3HAYEHI 3a JOMOMOIOI0 METOLY
JCK, naBezneni y Tabmn. 1. BapTo Takox 3a3Ha4uTH, 1110 HA PUC. 3 Y TEMIIEpATypHOMY
inrepBaii -25 — -10 °C Ha kpuBHX JUdEpEHIiaTbHOI CKaHyBaIbHOI KATOPUMETPIT It

12
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TOCIIKYBaHUX CHCTEM CIIOCTEPIraeThCA LIE OJUH CIAa0KO BHPAXEHUM TEIIOBHMA
eeKT, SKui, TMOBIPHO, TTOB'A3aHUH 13 «X0101HOIO» KpucTam3aiieto [TEI.

Pi3H1 yMOBU NPUTOTYBaHHS CHCTEM THUITYy MOJIMEP-OPraHOINIMHA 3HAYHO BIUIM-
BalOTh Ta XapaKTEPUCTUKH TEMIEPATYPHUX IEPEXOAIB HAHOKOMIIO3UTHUX CUCTEM
[10]. Ha puc. 4 npuBeneHo 3aJ1eXHICTh TEMIIEPATypU CKIIyBaHHS BiJl 4acy €KCTPY/i-
FOBAHHSIJUJIS IOCITIJIKYBAaHUX CHCTEM.

3 puc. 4 BUIHO, 110 TeMIIepaTypa CKIyBaHHS 3HUKY€ETHCS 31 30UIbIICHHAM Yacy
00poOKH 3a TOMOMOIOI0 eKCTpyAepa. BoHa nocsrae MiHIMyMy HpH JOCSITHEHHI Yacy
3 XB, MICJIS YOTO Maike He 3MIHIOEThCs. HenmHiiHOI TaKoXK € MOBEIHKa CTpuOKa
TEIJIOEMHOCTI MIPU CKIIyBaHHI. L{e mapameTp pi3Kko 3pocTae mpH 4aci eKCTPYAIOBaHHS
3 XB, a MOTIM MaiKe He 3MIHIOEThCA. OTxe, MPOIEeCH THTEPKAISIT Ta 3pOCTaHHS 3a-
raJIbHOI IUIOLII MOBEpPXHI HANOBHIOBAYa Yy TMOJIMEPHOMY HAHOKOMIIO3UTI 3HAYHO
BIUTMBAIOTh HAa KoonepatuBHUM pyx makpomodiekyn [IEI'. Lel pyx yTpyaHioeTbes 31
30UTBIIEHHSIM Yacy 0OpOoOKHM depe3 CTepUUHi MEPENIKOIH, sIKI CTBOPIOIOTh YACTUHKH
HaAIlOBHIOBaYa i1 MaKpoOMOJIEKYJ osiMepHoi MaTpulil. Came yepes 11l eheKTH Tem-
neparypa CKIyBaHHS 3HH)KYETHCS, & CTPUOOK TETJIOEMHOCTI IPU CKIIyBaHHI 3pOCTaE.

OKpiM CKIIyBaHHS, YMOBH IPUTOTYBaHHS MOJTIMEPHUX HAHOKOMITO3UTIB, HAIIOB-
HEHUX OPTraHOTJIMHOIO 3HaYHO BIUIMBAIOTH 1 HA MPOIECH IUIaBJIeHHS. 3 puC. 4 BUJIHO,
o (opmMa MaKCUMyMIB, SIK1 BIAMOBIAAIOThH TUIABJICHHIO MOJIMEPHOI MATPHUIIl 3HAYHO
3MIHIOETBCS 31 30UIBIICHHSM Yacy OOpPOOKH CHCTEMH 3a JOTIOMOTOI0 EKCTpyJepa.
Voxe micins 2 XB 3MILTYBaHHS Ha rpadikax Micisi OCHOBHOTO MAKCUMYMY 3 SIBJISIETHCS
JOIATKOBUM, 1HTEHCUBHICTh SKOTO 30UIBIIYETHCA 31 30UIBIICHHSM Yacy OOpOOKH.
[Ipupoga 10AaTKOBOrO0 MakCMMyMa, WMOBIPHO, IOB’s3aHa 3 BUOKPEMIICHHSIM OKpe-
Moi KpuctaniyHoi ¢azu. Ha Hamy nymky, g ¢asza yrBopeHa 3 TpaHUYHOro 1mapy Io-
JiMep-HaOBHIOBAY, Yepe3 MO (POPMYIOThCA KPUCTAIIUHI YTBOPEHHS Ha IUJIaBICHHS
AKUX Tpeda 3aTpaTUTH OLIbIIE €Heprii.

Ha puc. 5 npuBeneHa 3a1exHICTh TEMIIEpATYpH IUIABICHHS KPUCTANIIUHOI (a3u
[1EI" Big yacy eKCTpy/1IFOBaHHS.

3 puc. 5 BUAHO, 110 MpU MEXaHi- T °C
YHOMY 3MIITyBaHHI 0€3 eKCTpyiro- ” —
BaHHSl TeMIlepaTypa IUIaBJIECHHS CHC-

TemMu Maibxke piBHa 7, uucroro IIET. 36 - \
Taka nmoBeniaka 7, CBIIYUTH PO Bij- 1y
CYTHICTb BIUIMBY HEIHTEPKaIbOBAHOTO P}

OMMT Ha npouecu IUIaBJICHHS MOJIi- 35 L =
MEepHOi MaTpuil. 3 MABUIICHHSIM Ya- - Ly

%> Y0
0,8

0,7

0,6

Cy 3MIIIyBaHHA TeMIeparypa IUlaB- & :
JIEHHS PI3KO CHajae, M0 KOPEIIoE 31
3HIDKCHHSIM TEMIIEPAaTypH CKIyBaHHS.
IIpu 00poOIIl MPOTATOM 2 XB TEMIIe-
paTypa IUTaBJICHHS 3HU3WIaca Ha 13
°C.

3 Ttemnodi3UYHUX JaHUX OYIo
PO3paxoBaHO CTYIMIHb KPUCTATIUHOCTI
HaHokoMmmo3uTiB Ha ocHoBi IIEI Ta

24

21 T T T T T

0,5

0.4

0 2 4

Puc. 5. 3anexHicTh TeMIiepaTypH IUJIaBICHHS
Ta CTYNEHS KPHUCTAJIIYHOCTI BIJl Yacy 3MIiMIy-
BaHHS JUIS TOJIMEPHUX HAHOKOMIIO3MTIB Ha

ocHoBi I[IEI" Ta OMMT.
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OMMT, BukopuctoByroun Gopmyiy (3) [12]:
= —m 5 3
N, )

m,c

ne AH,— BUMIpAHA €HTaNbIA MuaBienHs, AH, — enranbmia miasiends 100%
kpucraigignoro nonimepa (s IEL, AH,, =165,5 Jx/r [12]).

3aNIe)KHICTh CTYIEHS KPUCTAIIYHOCTI BiJ 4acy €KCTPY/ilOBaHHS MpHUBEJICHA HA
puc 5. 3 puc. 5 BUJIHO, 10 CTYIiHb KPUCTATIYHOCTI 3aJICKUTh BiJ Yacy 3MIITyBaHHS
MOJIIMEPHUX HAHOKOMIIO3UTIB. BapTo BiAMITUTH, 110 MOBEAIHKA CTYNEHIO KpUCTaIi-
YHOCT1, BU3HaueHoro 3 aanux JICK, aHamoriyHa 10 MOBEMIHKUA CTYNEHS KpHUCTaliy-
HOCTI OTPUMAHOTO 13 PE3yJIbTAaTIB PEHTTEHOCTYPKTYPHOTO aHamizy. Takoxk Taka mo-
BEJIIHKA MOBHICTIO KOPEJIOI0 13 TOBEAIHKOIO TeMIIEpaTyp IUIABJICHHS Ta CKIYBaHHS 1
MOSICHIOETBCSI TPOLIECAMH THTEPKAJISALIT MOJIMEPHUX MAKpPOMOJIEKY y MIKIIAPOBHMA
npoctip OMMT.

BucHoBku. Y po0oTi MpoBEIEHO MOCTIIKEHHS BIUIMBY 4Yacy 3MIIIyBaHHS 3a
JIOTIOMOTOI0 €KCTpyJiepa HaHOKoMMo3uTy Ha ocHOBI ITET-1000 ta opranomoaudiko-
BAHOIO MOHTMOPWJIOHITY Ha HOro CTPYKTYpHI Ta TEIJIO(PI3UYHI XapaKTEPUCTHUKHU.
Busisneno, 1110 yac 3MilryBaHHs 3HAYHO BIUIMBAE SIK HA CTPYKTYPHI TaK 1 Ha Teriodi-
3UYHI XapaKTEPUCTUKHU JOCIII)KYBAaHUX CHUCTEM. 3a pPe3yJbTaTaMH PEHTI€HOCTPYKTY-
pHOTO aHaii3y OyJ0 BCTaHOBJIEHO, IO MiXIulonmHHa BiacTaHb OMMT 3pocTtae 3i
30UTBIIEHHSIM Yacy OOpOOKH Ta JIOCSATaE MaKCUMAaJIbHOTO 3HAYEHHS Mpu 3-5 XB 3Mi-
myBaHHs. [Ipu 1ipomMy mMae Miciie MakcuMaibHa 1HTepKaisiis Makpomosekyn [MEI y
MikmapoBuit mpoctip OMMT. Came TOMy Tpu TakoMy 3HA4Y€HHI 4Yacy €KCTPY.iro-
BaHHSI CIIOCTEPITalOThCS E€KCTPEMallbHI 3HAUCHHS SIK CTPYKTYpHUX (CTYIIHb KpUCTa-
JIYHOCTI) TaK 1 TEIIO(PI3UYHUX (TEMIEpaTypH IJIaBICHHS Ta CKIIyBaHHs) XapaKTepH-
CTUK JOCII)KYBAaHUX HAaHOKOMMO3UTIB. [Ipu iHTEepKayIsIIii Ta 4aCTKOBOMY pO3IIapy-
BaHHI OMMT 301u1bLIy€eThCS] HOTO IUIOIIA TTOBEPXHI, SIKA 3/1aTHA B3AEMOJISATH 13 MaK-
pomosiekynamu [IEI". Po3BuHEeHa MOBEpXHS HAaHOHAINOBHIOBada OJIOKY€E MPOIIECH Bi-
JBHOTO PyXy MakpOMOJIEKYJ Ta CTBOPIOE MEPEIIKOAM ISl iX YKIIaJaHHS y KpUcTai-
YHI CTPYKTYpHU. 3aBJSIKA LIbOMY MIPOLECY CTYIMiHb KPUCTATIYHOCTI JOCIHIKYBAHUX
HAHOKOMITIO3UTIB 3HAYHO 3HIKYEThCA MIPHU 3pOCTaHH1 yacy 0OpOOKH.

OTxe, yac 3MIIIyBaHHS KOMIIOHEHTIB MOJIMEPHOIO HAHOKOMITO3UTY 3a JI0IIOMO-
rol0 eKCTpyJiepa piBHUM 3 XB € onTUMainbHUM. [Ipu 11bOMy MeXaHIYHOI €Heprii, sIKy
MOTJIMHAE CHUCTEMa BHUCTAaya€ Ha MaKCUMallbHE po3inapyBaHHs TakToigiB OMMT.
[Tonanpuie 301IbIIeHHS Yacy 0oOpOOKH HE MPUBOAMTH O MOKPAILEHHS CTPYKTYpPHUX
Ta (QYHKIIIOHATILHUX XapAaKTEPUCTUK JTOCITIIKYBAaHUX CUCTEM.
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S.A. Bilyi, E.A. Lysenkov, S.D. Nesin, V.V. Klepko

The influence of mixing time on the structure and thermophysical
characteristics of systems based on polyethylene glycol and
organomodified montmorillonite

SUMMARY

The structure and thermophysical properties of polymer nanocomposite systems based on
polyethylene glycol and organomodified montmorillonite were studied using the methods of
X-ray structural analysis and differential scanning calorimetry. From the data of X-ray struc-
tural analysis, it was found that the optimal degree of delamination of montmorillonite, which
corresponds to the maximum interlayer distance, occurs in 3-5 minutes. A further increase in
the mixing time has no significant effect on the structural characteristics of the nanocompo-
site. On the basis of calorimetric studies, it is shown that the melting and glass transition
temperatures, as well as the degree of crystallinity, reach critical values at 3 min of treat-
ment, after which they remain unchanged. It was established that the time of extruder mixing
is optimal. At the same time, the maximum intercalation takes place, which leads to an impact
on the final functional characteristics of the polymer-organoclay system. It was established
that extruder mixing during 3 min is optimal.

Keywords: montmorillonite, polymer nanocomposites, interlayer distance, thermophysical
properties, crystallinity.
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diznuHe MOAEJIIOBAHHS B TEXHOJIOTIAIX BOJOOYHIIIEHHSA

B pobomi eusuaemuvca eéniue memnepamypHux 3min (Ce30HHO20 abO KIiMAMU4HO20 NO-
XOOJCEHH) HA KIHEMUKy 2pasimayiiHo20 0CAO0NCYBAHHS 6 MEXHON02IAX OYUCHKU CMIYHUX
800.

Poszensanymi mooeni ¢hizuunux npoyecis, wo cynposooxicyroms cpasimayitine 0CaodceHHs
OUCNEPCHUX YACMUHOK YV  2I0pOMEXaHiuHux 8i0CMIUHUKAX, 8 AKUX B8DPAXO8YIOMbCS
OPOYHIBCLKULL PYX YUX YACMUHOK, 30aMHUL, 5K GUABIAECMbCA, SUKIUKAMIX koazyaayiro. A
Koa2ynayis 00360JI€ nepegecmu 3a0pYOHIOIOUI peuosuHu y CmaH OucnepcHoi ¢asu i3
OINLUUM POZMIPOM YACMUHOK.

B pamkax pozensanymoi modeni 6cmanogneno, wo 4ac ma weuoKicms 0Ca0NCeHHs Yacmu-
HOK ) 2pasimayitiHux 0CaodiCy8aibHUX CUCMEMAX NPU 3068HIUHUX TMEeMNepamypHux 3miHax
MOJACYMb  NOMIMHO 3MiHIO8amucs. Bionogiono mooice cymmeeo 30inbuiysamucsa (npu
HA2PIBAHHI  3306HI), YU 3MEHbULYBAMUCS (NPU  OXONOONCEHHI) AKICMb OYUCKU 8
0Cao0dCcy8aNbHill YCMAHOBYI, KA NPAYIOE HA 2PpAGIMAYIUHOMY RPUHYUNI.

Takum  yunOM,He0OOXIOHICMb  8pAXYEAHHA  MEeMNepamypHux 3MIH  Ha  npoyecu
2pasimayitiHo20 0Ca0HCeHHs YACMUHOK 8 OYUULYBATIbHUX CNOPYOAX € AKMYAIbHOI 3A0ayer.

B pobomi 3pobreno 6ucnogok, wo 3 memor yOOCKOHANEeHHs ICHYIOUUX MeXHON02it OYu-
WeHHsl 800U 8 YMOBAX Nepenady 308HIUHIX YMO8 (memnepamypu) 0 Oinbul AKICHO2O0 ii ouu-
WeHHsI OOYIIbHUMU € KOMOIHayii memoodié ouuweHHs. 30Kpema, mMemoody 2pasimayiinoco
0CcaodiceHHss ma Mmemoody eleKmMpOoXiMiuH020 abo eleKmpoopemuyHo20  O4YUUeHHS,
nocmaoditino2co abo CyMIiCHO20 NPoYecie 2i0POMEXAHIUHO20 0CAONCEHHS 3a0PYOHIOIUUX DedO-
8UH, QinempysanHs abo gromayitiHux npoyecis.

Knrwowuosi cnoea: «kinemuxa 2pasimayiinoco  80000YUWEHHs, OUCnepcHi  ¢asu,
Qinempyeanus, ¢romayitini npoyecu

Beryn. OuunieHHst BOAM — 1€ TEXHOJIOT1T MIABUIIEHHS OE3MEKH CIOKUBAHHS
BOJIM Ta TOJIMIICHHS MOKAa3HUKIB ii SKOCTI B MpOIIECax OCBITJICHHS, MOM SKIICHHS,
3HECOJICHHS, 3HE3aPaKEHHS TOIIO. 3MICT TEXHOJOT1A OYUILEHHS - MATOTOBKA BOIU
70 CIIOKUBAaHHS 3 BUKOPUCTAHHSAM (Pi3WYHUX, (PI3UKO-XIMIYHUX Ta IHIIUX METOJIIB
ounuieHHs [1-2].

AKTyalbHICTh 111€1 TeMU Oe3lepeyHa. 3 poCcTOM MPOMHUCIOBOCTI 3pOCTae 3a0py/-
HEHHS HaBKOJIUIIIHBOTO CEPEJIOBUINA 1 SIK HACIHIJIOK BiAOYBa€ThCs 3a0pyAHEHHS BO-
U SIKICTh MUTHOT BOJM Ma€ BIATOBIJATA BUMOTAM JICP>KaBHUX CTaHIApTIB AKOCTI Ta
0e3IeyHoCTI 1 caHITapHOro 3akoHoAaBcTBa. B Ykpaini y 2017p. 3rigHo 3akoHiB "IIpo
3abe3IeYeH s CAHITAPHOrO Ta emigeMiunoro Gmaromomydus Hacenenns'" [3] ta "TIpo
MUTHY BOJly Ta NMUTHE BojomnoctadyanHs [4]" BBeaeHi Jlep:kaBHI caHITapHI HOPMU Ta
npaBwia "['irieHiYH1 BUMOTH 10 BOAW MUTHOI, MPU3HAYEHOI JJIS CIIOKUBAHHS JIIOIU-
Howo"[5].

MeTorw pod0OTH € BUKOPUCTAHHS METOJIB (PI3UYHOrO MOJEIIOBAHHS JUCIIEpC-
HUX CHCTEM B TEXHOJIOTISIX OYMIIEHHS CTIYHOI BOAM Ta MPOTHO3YBaHHS HAa OCHOBI
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PO3TJISTHYTUX MOJIENIEH KPUTUYHUX PEKUMIB (3MEHBIICHHS SIKOCTI OYUCTKU) BUKIIH-
KaHUX MO>KJIMBUMHU 3MIHAMH 30BHIIIHUX YMOB (30Kpema, Temmeparypu). Ha npomy
[UISIXY B pOOOTI pO3MIISIIAIOTHCS HACTYIHI TUTAHHS:
— BUKOPHUCTaHHA METOMIB (DI3UKH aepOAMCIEPCHUX CHUCTEM B TEXHOJIOTISIX OYH-
IIEHHS BOJIU;
— BIUTUB TEMIEPATYPHUX 3MiH (CKaXIMO, CE30HHOTO 200 KIIMAaTUYHOTO MOXOKEH-
HsI) Ha KIHETUYHI MPOIECH Y IPaBITAIMHUX OCa/HKYBAIbHUX CHCTEMaX, 30Kpema,
Ha PO3paxyHKHU MMapaMeTpiB T'APOMEXaHIUHHUX BiJICTINHUKIB CTIYHUX BOJI;
— BH3HAYEHHS MapaMeTpiB MPOIECIB BOAOOUYHILICHHS.
BucHOBKH poOOTH Ta MpPaKTUYHE 3HAYEHHSI pOOOTH CTOCYIOTHCS PEKOMEHAAIIN
10JI0 BAOCKOHAJIEHHSI TEXHOJIOTTYHUX MPOLECIB KOHTPOJIIO AKOCTI Ta OYUILEHHS BO-
.

1. Knacudikauis Boau ta 3a0pyaHIoO04YuUX ii Jomimok. Boay kinacudikyorsb
AK TUTHY 1 AK TpoMHCIOBY [1-2,6].3a0pynHeHHS BOAM Yy OLIBIIOCTI BHUMAJKIB
MOB’s13aHE 3 HASBHICTIO B HiMl AucniepcHOl (ha3u pi3HOMaHITHUX peuyoBUH. B 3anexHo-
CcTi Bl P13U4HOTO cTaHy (a3 y BOJll YTBOPIOIOTHCS TaKi JUCIIEPCHI CUCTEMU: CyCIEeH-
311, emynbcii 1 miHM. JlucriepcHa (asza CKIagaeTbesl 3 YACTHHOK PI3HOTO PO3MIpY.
CTiuHi BOJM € MONIAUCTIEPCHUMHU T€TEPOTCeHHUMH arpeaTuBHO-HECTIMKUMU CHCTEMa-
mu[1,2,6].

Krnacudikauist goMimok 3a ix (a3zoBo-AUCIIEPCHUM CTAHOM: a) FETEPOreHH1 CUC-
teMu: | - po3mip yacTuHOK 0.1MKM - IMKM (CycrieH3ii, eMyJbCli, MIKpOOpraHi3MH Ta
1aHKTOH); I - KonoinHi po3unHu, po3mip yacTuHOK 0.1mxkM — 0.0 1MKM (30111 Ta po3-
YUHU BUCOKOMOJIEKYJISIPHUX CIOJYK). 0) romorenHi cucremu: III - MonexkynsipHi po3-
yuHH, po3mip yacTUHOK (.01 — 0,001 MxM (ra3u, po3yuHHI Y BOJIl, OPraHiuHI peYOBU-
HU); [V - 10HH1 po3unnH, po3mip yacTUHOK 0.00 1 MKM (coui, KUCIOTH, OCHOBH).

Tpaauiiifini TEXHOJIOT1I OYMILEHHS BOAW Ha MEPIIMX CBOIX CTaAisAX IMOB’sA3aH1 3
riApOMEXaHIYHUMHU METOJIaMU, sIK1 I1Ie He 3a0e3MmeuyloTh NoTpiOHy AKicTh. BoHU Bce
1€ 3aJIMIIAI0Th 32 COOO0 IIKIIJTUBI PEUYOBHMHU. Y HACTYITHUX CTAJISX YACTIIIE CTaIH
BUKOPUCTOBYBATH OUIBII Cy4acHI METOJU, TaKl sIK (GUILTPU 3BOPOTHOTO OCMOCY, Me-
TOAM Ta TEXHOJIOT1i, SIK1 JJO3BOJISIIOTH 3HENIKOAUTH CydacHi BUIU 3a0pyaHeHsb. L1 Bu-
U 3a0pyAHEHb XapaKTepHl YIbTpaMiKpocKomiyHUM po3mipoM 0,01MKM YacTHHOK
aucnepcHoi ($as3u, SKUMU MOKYTh OyTH OpraHidHi BUCOKOMOJIEKYJISIPHI PEYOBUHH, Y
TOMY YHUCJI1 BIpyCH Ta OaKTepii.

[IpakTuHO yci BUIM 3a0pyAHEHOI BOAM IJIs iX OYMIIEHHS MOTPEOYIOTh BUKO-
PUCTaHHS THUX YM IHIIUX METOJIB (PI3UKH JUCIIEPCHUX CHUCTEM, 30KpeMa eleKTpodo-
PETUYHUX METOIB, JOIIBHICTD SIKUX 3QJICKUTH BIJl XapakTepy 3a0pyaHEHHS.

[ToTpiOHO BUSIBUTHU 3aJI€KHOCTI SKOCTI BOJM Bijl 0ararboX yMOB 3a0pyTHEHHS Ta
OUMIIEHHS, 30KpeMa Bij KiiMathdHuX 3MiH. Came I1i 3aJIeKHOCTI 1 BH3HAYaIOTh
CydacHI TEXHOJIOT1i OYHWIIEHHS BOAM Ta € TMPEIMETOM CIHEIIaIbHOIO HAyKOBO-
MIPAKTUYHOTO PO3TIISIY.

2. AHaJIi3 BILIMBY TeMIEPATYPHHUX 3MiH Ce30HHOI0 a00 KJIIMAaTH4YHOIO IO-

XOJ’KeHHSl HA KIHeTHYHY CTIMKICTHh IpaBiTalliHHUX OCAMKYBaJbHHUX cucTeM. Ha
MIOYATKOBUX CTAAIsIX OYMILEHHS BOJM BlJ 3a0pyJAHEHb 3a3BHYail BUKOPHUCTOBYIOThH
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riipoMexaHiydi Metoau ((puIbTpyBaHHS, OCAIKEHHS M1 €0 TpaBiTalliHUX a0o0
BUILICHTPOBUX CHJI), SIK1 JO3BOJISIOTh BUJAJIWTH 3 BOJAM YACTHHKHU PI3HOMAHITHHX
BKJIFOUEHB[ 6, 7].

3aBucIi B piAMHI YaCTUHKHM, MAalO4M TIEBHY Macy, y TpaBiTalliiHoMy 1o 3emui
MOCTYIIOBO OCIJIal0Th (SIKIIO IXHSI TYCTUHA OUIbINA 32 TYCTUHY PIIWHU ) a00 CIUIMBAa-
I0Th, SIKIIIO TXHA TYCTHHA MEHIIA 3a TyCTUHY piauHu. [IIBUAKICTh pyXy YaCTHHOK 3a-
JISKUTH Bl IXHBOT MacH, a TaKOXk BiJ B'SI3KOCTI PIAMHM, KA 3MIHIOETbCS 3 TEMIIepa-
TypOIO.

OciganHio (a00 CIUIMBaHHIO) MEPENIKOKAa€ OPOYHIBCBKUW pyX, AKUW IparHe
MOPYLIUTH MEXaHI3M CTOKCIBCHKOTO OCa’KEHHSI, PO3MOIIIUTH YACTUHKU PIBHOMIPHO
1o Bchomy 00'emy. TernnoBuii pyx MOJEKYJ BOJIU BIJIUBAE HA MIBUAKICTh OCAIKEHHS
Iy’K€ MaJICHbKUX YaCTHHOK, TOOTO Mae OyTH MIHIMAJIbHHUI PO3MIp d YACTHHOK, SIKHIA
OJIN3BKUI 0 CepeaHbO1 JOBXKHUHI BUIBHOIO MpOOIry MoJieKyd Boau. Hiukue mporo
po3Mipy Mae BiiOyBaTHCS XaOTUYHUN OPOYHIBCHKUU PyX YACTMHOK 3 BIIXWJICHHSIM
B1J1 3aKoHy CTOKCa.

Sxuo aucnepcHa ¢asa 3a MOpiBHIHO KOPOTKUI Yac 0cCijiae Ha THO a00 CIUIMBAE
Ha MIOBEPXHIO, CUCTEMA € KIHETUYHO HECTINKOIO.

SIKI0 YaCTUHKU AUCIEPCHOI (ha3u JOCUTH Majll il OpOYHIBCHKUN PyX MOBHICTIO
MEPENIKO/KAE IXHROMY OCAJKEHHIO, CHUCTeMa MpeldyBae y KIHETUYHO CTIHKOMY
cTaHi.3a TaKMX YMOBOYHIIICHHS CHCTEMH Ma€ BiJIOyBaTHUCS JyXe MOBUIbHO, a0 He
B110yBaTHUCS B3araii.

VYHacniiok OpOyHIBCHKOTO PyXy B MOJIJUCIEPCHIN CUCTEMI Ma€ BCTaHOBJIIOBA-
TUCS TIEBHUI PO3MO/ILT YACTUHOK 32 BUCOTOIO B3/I0BXK JIi1 CHIIH TSIKIHHSL.

JUist aHami3y BIUIMBY TEMIIEPATypHHMX 3MIH CE30HHOTO a00 KJIIMAaTHYHOIO IO-
XOJIKEHHSI Ha KIHETHYHY CTIMKICTh rpaBITallliHUX OYMIILYBaJbHUX CUCTEM PO3IJIsHE-
MO OCaQ/KEHHSI TBEpAUX C(HepuIHMX YacTUHOK y Boji. [Ipukmamom Takoi cuctemu
MOe OyTH CyCIEH3is ICKY y BO/JIl, 00 eMyJIbCisl OJIIMHUX YaCTHHOK Y BOJII.

Buznauumo 3aiexHOCTI B’S3KOCTI BoaM 1 KoedimieHTy audy3ii OpoyHIBCHKUX
YaCTUHOK y BOJI1 BiJl Temrneparypu. B’s3kicTe Bojiu OyaeMO BH3HA4YaTH 3a JaHUMH,
MIPUBEJICHUMUY JIOBITHUKY [8].

Po3paxyHku cepelHbOro OpOyHIBCHKOTO 3MIIIIEHHS YaCTUHOK Ax 1 KOE€(IIli€HTIB
auQy3ii MpoBerIeMo 3a KIaCHYHOI0 Teopieto CMOIIyXOBCHKOIO, IO OMHUCY€E TETIOBUMA
Xa0TUYHUHN PYX NUCTIEPCHUX YACTUHOK Y P1/IMHI YM B Tasi [6, 9]:

Ay? = 2RTt , (1)
6TNN , -7
1e Ax — cepe/iHe 3MIIICHHS YaCTUHKH 32 Yac f; 1| — KOe(DIIIeHT B'SI3KOCTI CEPEIOBUIIIA;
r — pamiyc dactunakn; I — Temmeparypa B K; Ny — uncio Asoragpo (N, = 6.02:10%
moib '); R - yHiBepcanbHa razoBa crana.
3a gopmyioro EffHITElHA 1)1 TETJIOBOTO PyXy OPOYHIBCHKMX YACTHHOK

Ax = /2Dt ’ (2)

ne D — koediuieHT qudy3ii 4aCTUHOK, SIK1 nepeOyBatoTh y OPOYHIBCBKOMY pycCl, ¢ —
yac, 3a SIKHi BIAPaxOBY€EThCS 3MILIEHHS Ax.
3 nopiBHsAHHSA dopmyi (1) Ta (2) Mmoxke OyTu 3HANIEHO KoedilieHT qudy3ii
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RT

D=——, (3)
3N d
ne d = 2r — niameTp 4YaCTUHOK.
Po3rnsHeMO CTOKCIBCHKMM TpaBITAI[IMHUNA MEXaHI3M OCaKCHHs (CIUIMBAHHS)
TUCHIEPCHUX YACTHUHOK.
Ha 3aBuciy y BoAl YaCTHHKY JAiamMeTpa d, A1I0Th CUJjla TSOKIHHSA, SKa CIpsIMOBaHa

BCPTHUKAJIbHO JOHU3Y:
3

d
G=mg= nz“pqg 4)

Ta BUIITOBXYBaJbHA (apXiMeJIOBa) CUJIa, 110 JIOPIBHIOE Ba3l PIAUHU B 00’ €M1 YaCTHH-

KM 1 CIpsIMOBaHa, BIATIOBITHO, BEPTUKAIHHO BroOpY,
3

d
A=ﬂ6"p0g, (5)

1€ po — TYCTHHA BOJIH.

PiBHOAItOUA IMX JIBOX CHUJI IOPIBHIOE
3

d
G-A=n"—g(p,~p,). (6)

1€ Py — TYCTHUHA PEUYOBUHH YaCTHHKH.
HIBUAKICTh OCaPKEHHS Vs BU3HAYAETHCSA 13 YMOBU PIBHOCTI ITi€i PIBHOJIIFOYOT
CHJIM Ta CUJIM OTIOPY BOJAHOTO CEpPEeAOBHINA:
B sixocTi cuiu onopy Bubepemo Biiomy cuity Ctokca F.:
F.=6mnrv. (7)
BianoBigHy MIBUIKICTh CTOKCIBCHKOI CEAMMEHTAIlll Vs 3HaXOJAUMO 3a (hopMy-
JIOIO:

gd’ (P, —Po)
v, = . (8)
18n

3 (8) BUIHO, SIK MIBUIKICTh OCAJ)KEHHSI YACTUHKHU 3POCTA€ 13 301IBIICHHSM 1l
JlaMeTpa Ta 3MEHIIECHHSIM B’ S3KOCT1 BOJIU.

Slkmo B paMKax pO3IJISIHYTOI MOJIeNIl BBaXKAaTH, 110 YAaCTUHKA PYXA€ThCS
PIBHOMIPHO, TO 3MIIIEHHS X 3a OJHY CEKYHJYy NpsIMO NPOMOPIIAHO KBaapary
JiaMeTpa YaCTUHKH 1 00€pHEHO MPONOpLiHE B A3KOCTI BOAM.

SIKII10 MOKJIACTH, 110 MIBUKICTh OCAIKEHHS Vg (8) moCTIiHA

X = VS ot H (9)
TO TpaBiTallliiHE OCAPKEHHSI YACTUHKU MOXKe OYTH MapaMeTpu30BaHo 3a (hOPMYJIO0
2
w=8 oy, (10)
18n
e p*=py—po. (11)

B Tabn. 1 npuBeneHi AaHl po3paxyHKIB IIBHUJKOCTEHW OCIITAaHHA YAaCTHHOK
MPUTPABITALIIITHOMY OCaJI?)KE€HHI 1 OpOYHIBCHKIN nu]y3ii B TEpMiHAX 3MIIIEHb YaCTH-
HOK X 1 Ax 3a 1 c. B 1abn. 1: X- rpaBiTauiifHe ocajkeHHs, a Ax— OpOYHIBCbKE
3MileHHs 3a 1¢ cpepuuHUX YacTUHOK cycreHsii. 3 TaOauIl BUIAHO, IO MIBUIKICTh
CTOKCIBCHKOTO OCiIaHHs Y TeMiiepaTypHomy iHTepBai 7 Bix 273 K no 323 K 3pocrae
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Tabaunusa 1.I'pasiramiiine ocamkenHs x(B MKM) Ta OpOoyHiBChKe 3MimieHHsT Ax (B MKM) 32 1¢ chepuvHUX YaCTHHOK CYCIeH3il JiaMeTpoM
d i ryctunoro p= 2000 kr/m’ y Boai (B’s3kicts N B 10~ [1a) npu pisaux temnepatypax 7T (B K)

T d=60 MKM d=20 MKM d=5 MKM d=2 MKM d=1 Mmxm d=0.5 Mxkm d=0.1 Mxkm
7 X Ax X Ax X Ax X Ax X Ax X Ax X Ax

273 1.7865 | 1100 | 0.22 120 0.39 8.0 0.78 1.3 1.2 0.31 1.7 0.08 2.5 0.002 5.5
278 1.5138 | 1300 | 0.23 150 0.40 9.0 0.81 1.5 1.3 0.37 1.8 0.09 2.6 0.003 5.7
283 1.3037 | 1500 | 0.25 170 0.44 11 0.88 1.7 1.4 0.43 2.0 0.11 2.8 0.004 6.2
288 1.1369 | 1800 | 0.27 190 0.47 12 0.94 2.0 1.5 0.49 2.1 0.12 3.0 0.005 6.7
293 1.0019 | 2000 | 0.29 220 0.51 14 1.02 2.2 1.6 0.56 2.3 0.14 32 0.006 7.2
298 0.8909 | 2200 | 0.31 250 0.54 16 1.09 2.5 1.7 0.62 2.4 0.16 34 0.007 7.7
303 0.7982 | 2500 | 0.33 280 0.58 17 1.16 2.8 1.8 0.69 2.6 0.17 3.7 0.008 8.2
313 0.6540 | 3100 | 0.38 340 0.65 21 1.30 34 2.1 0.86 2.9 0.21 4.1 0.009 9.3
323 0.5477 | 3600 | 0.40 390 0.71 25 1.41 4.0 2.2 1.01 32 0.25 4.5 0.01 10

2

Taoauus 2. Po3paxyHku nmapameTpa OCayKeHHs b = 2vD TBEPAMX ChepruUHUXYACTHHOKaiaMeTpoM d i ryctuHoo p= 2000 kr/m’

y BoAi(B si3kicth 1 B 10~ Ila) npu pisaux temneparypax 7 (B K)

T d=60 MxMm d=20 MKM d=5 MKM d=2 MKM d=1 MKkm d=0.5 Mxm d=0.1 MKkM
b,10* b,10* b b b b,10 ¢ b,10°°
273 1.7865 2480 9.0 100.0 1.20 0.032 9.0 0.31
278 1.5138 3238 14.4 123.2 1.32 0.040 12.2 0.42
283 1.3037 3540 15.2 156.2 1.53 0.048 15.2 0.48
288 1.1369 4096 16.0 163.8 1.72 0.053 16.0 0.53
293 1.0019 4624 19.4 187.7 1.88 0.058 19.4 0.61
298 0.8909 5127 21.2 213.2 2.10 0.068 21.2 0.64
303 0.7982 5595 25.0 216.1 2.31 0.073 22.1 0.79
313 0.6540 6708 28.1 272.2 2.76 0.084 27.0 0.85
323 0.5477 8172 30.2 324.0 3.28 0.102 314 1.00
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Ounbl, HDK B 3 pa3u. Takok MOMITHO 3pOCTa€ IMIBUAKICTh TU(]Y31i{HOTO OCiIaHHS,
ajyie y MEHIIIH CTYIIEHI.

[TopiBHsiHHA nanux (Tadu. 1) cepeaHbOro 3MilleHHS Ax YaCTUHKHU Y MPOIIeC] Te-
IJIOBOTO PYXY 13 3HAYEHHSIMH HUIAXY X B MPOLIECCI CTOKCIBCHKOTO OCIJaHHS 3a TaKUi
xe 4Jac (dhakTudHO 3a f =1 Cc) TmOKa3ye, IO IS YACTUHOK, J1aMETp SKUX OlIbIie
JEKIJIbKOX MIKPOH, TEIIOBUI PYX HE € CyTT€BUM 1 YaCTUHKH OCIIal0Th Tak, IO pe-
UM OCaJDKEHHsSI MOYKHA BBA)KATH KIHETUYHO HeCTIMKUM. [Ipu 1ipoMy HIBHAKICTH iX
OCIIaHHS y JIOCHIKYBaHOMY IHTEpBaJll TEMIIEPATyp 13 3pOCTAHHIM TEMIEPATYpPH
30UTbLIY€EThCS Y 3 pa3u MMpHU 1HIIUX HE3MIHHUX NapaMeTpax.

TpeOa 3ayBakuTH, 1110 YACTUHKU PO3MIPOM MEHIIIE 1MKM pyXaroTbCs, FOJIOBHUM
YHHOM, XaOTHYHO. Y 1bOMY BHIMAJKy OUHWIICHHS BIAOYBAa€EThCS 3a PaXyHOK
OpOyHIBCHKOI 1u(y3ii.

Mogemiio mporeca OYUCTKA Y PEXKUMI KIHETUYHO HECTIHKOrO CTOKCIBCKOTO
OCAJPKEHHSI MOX€ OYTH PIBHOMIPHUN PyX 13 IMIBHJAKICTIO v, TPaHUIl PO3IAUTY MIX
OYUIIICHOIO BOJIOIO 3BEPXY (Y BUMAJKY CYCIEH31H BaXXKKUX YACTHHOK), a00 OUHUIIICHOIO
BOJIOI0 3HU3Y (Y BUMNAAKY €MYJIbCIH JErKUX pEYOBUH) Ta 3a0pyIHEHOIO BOJIOIO.

VY BUNaAKy BaXXKHX CYCII€H31H BOJa OUMILYETHCS, TOYMHAKOYHM 3 BEPXHIB LIAPIB,
1 TpaHMIIS PO3AULY PYXAEThCSA OHU3Y, @ Y BUIMAJKY JIETKUX €MYJIbCIH OUMILYIOTHCA
CIIOYaTKY HUYKHI IIapH BOJU 1 TPaHUISA PO3/LITY PYXa€EThCS Bropy.

SK1o rpaHuLs po3aUTy 3HAXOJUTHCS Ha MOJOBUHI BUCOTH KOJIOHH OYMIIIEHOI Ta
HEOUYMILIEHO1 BOAM, MPUHMEMO, 1110 €()EKTUBHICTh OUMILEHHS BOau ckiagae 50%.

) h
[Ipu 11bOMy Yac OUMINEHHS JOPIBHIOE I = oo Jie & — TOBIIMHA APy OYHUIIEHOT
S

BOJIH.

[Ipu namiHapHOMY PYCI CTIYHOI BOAM y KaHall OYMUIYBAJIbHOI CIIOPYIU 3a BU-
HIeHaBEJEHUN 4Yac, 3a sSKkuid ouninyerbess 50% BOIM, MOTIK MAa€ MPONTH MOJOBUHY
JOBXHHM KaHaly. 3ayBa)KMMO, IO YITKICTh T'PaHMI PO3AULY 3aJIEKUTh BiJ TOTO,
HACKUIbKM CUCTEMA HEMOHOJIUCIIEPCHA.

ITepexin cucTeMu BiJ OJHOTO PEKUMY JIO JIPYroro (Bif CTOKCIBCHKOTO OCajl-
KEHHSI 10 XAOTUYHOrO OpPOYHIBCBKOTO PYXY), XapaKTE€pPU3Yy€eThCS IEBHUM KpUTHY-
HUM PO3MIpPOM (KpUTHYHHUM JiaMeTpoMm). lle niamerp 4YacTUHOK, KU pO3LIsIE
IpaHuIll J1i MEXaHi3My IpaBiTaIlliHOTO OCAJKEHHS BiJ JIi MeXaHI3My OpOYHIBCHKO1
mudys3ii.

MopentoBaHHS MPOIIECIB MEPEeHOCY APIOHOIUCTIEPCHOI CyMilll B MOTOIIl € J10C-
TaTHbO BUBYEHOIO 3ajayero. Hampukinam B [1], po3BUHYTa cTaTUCTUYHA TEOpid,
KIHIIEBUM PE3YJIbTATOM SIKOI € TayCOBUM 3aKOH pO3IMOJAULY CyMiml B moToui. B
poGoti [10] po3BuHYTI, Tak 3BaHi, KaMepHl AUQY31iHI MOJENI, SKI MOB’s3aHl 3
pO3B’sA3aHHAM JIHU(EpEeHLIATIBHUX PIBHSIHB NepeHocy Tumy (12), siki B 3araJbHOMY
BUIIA]IKY.BPaXOBYIOTh TaKO HASIBHICTH Ta BIUIUB JUKEPEN 3a0pyIHEHD (CKH/IIB)

0C/ot+0(u,C)/ ox, =8/6xi(Dl.8C/5xi)+Z R, (12)
j

ne C — KOHLIEHTpAIlisl YaCTUHOK, X; — KOOpJIUHATA, U; — MIBUAKICTh KOHBEKTHBHOI
CKJIaZI0BOi y3/10BK Xj, D; — KoeimieHT n1udysii, Rj — MOTYKHICTb JKEPEI CKUILY.
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PiBHsiHHA KOHBeKTHBHOI AMQy3ii B dopmi (12) Mae muly HU3KY YaCTKOBUX
PO3B’SI3KIB, SIK1 BIJIOBIJIAIOTh BJIACHUM IOYaTKOBUM yMoBaM [11]. ®yHaaMeHTaNIb-

HUM po3B 430K PiBHIHHSA (12) 32 YMOB BiACyTHOCTI [ii 30BHImHIX mkepen ) R, =0
p p y y p j 5

Ma€ BUTJIS 1 ety
C(x,t) =mcxp( e ) . (13)

Kopuctyrouncs oTpuMaHuM po3B’S3KOM, MOKHA BBECTH PO3MIPHUN MapaMeTp
u?/4D, axuii y aCUMITOTUYHIM rpanuii (XxapakTepHuil yac qudysii HabaraTo GinbIe
XapaKTEPHOTO Yacy KOHBEKIIIi ) PO3/UIL€ KOHBEKTUBHUM 1 TudY31MHUI pexUMHU Tie-

penocy(ocamxkenns). [loznaunmo iioro b/2, ne

2
v

b=as o (14)
i mokasyey CKibKH pa3iB 3a yac ¢ = lc KBaJpaT 3MilEHHS X° JUCIEPCHUX YACTHHOK
IIPU CTOKCIBCHKOMY OCAaJ[P)K€HH1 OUIbIIIE 3a KBAAPaT CEPEIHHOIO 3MIIIECHHS YaCTUHOK
Ax* tipu ix 6poyHiBcbkoMy pyci. JlaHi #0ro pospaxyHKiB mpuBeaeHi B Tabmumi 2,
3BIJIKMA BUIHO, IO 13 301UIBIICHHSIM TEMIIEpaTypu mapaMerp b 30UIbIIyeThesa Y 3 pasu
B TEMIIEpATypPHOMY 1HTEPBaI, 110 JOCTIPKYEThCS, a 1€ 3HAUUTh, [0 YaC OCA/KCHHS
CKOpPOUYYEThCS Y 3 pa3u.

[TincraBnstoun y piBHicTh (14) dopmynu (3) 1 (8), oTpumMyeMo BHUpa3, KU
3B’s13y€e  JiaMeTp chepuyHUX YaCTHHOK d 1 TeMIlepaTypy IpH 3aBJAaHUX 3HAYCHHSX
napamertpa b.

4o _1812.RTn

Kp

(15)

BBaxaroun mapametrp b piBHMM 1 ¢, OTPUMAEMO BHpPa3 Ui KPHTHYHOIO
aiaMeTpy d,, CPEepUUHNX YaCTUHOK

18-12-RT .

ettt Y

Kp

ng’N p*

(16)

3a ponomororo (15) nmpoBeneH1 YncenbHl pO3paxyHKU JiaMeTpy d YacTHHOK B
madysiiiHoMy pesxumi GpoyHiBebkoro ix pyxy (b = 107, ¢ ').3a gonomoromo (16)
IPOBEJCH] PO3PaXyHKH KPUTUYHOIO IaMeTpy d,, YaCTHMHOK. TOOTO pO3paxyHKH
MIPOBEJICHI JUIsl TBOX 3HAYEHb MapameTpa b . BianoBigH1 pe3ynabTaTH MpeicTaBieH] B
Tabnui 3 1 Ha puc. 1.

Po3paxyHKku Moka3yroTh, IO JiaMeTp YAaCTUHOK d Ta KPUTUYHHUM JiaMeTp dac-
THUHOK d,, CyTT€BO 3ajJeXkaTb Bl I'yCTUHM PEYOBHHU YACTUHOK 1 TEMIIEPaTypH, 1y
PO3IJITHYTOMY TEMIIEpaTypHOMY 1HTEpBajl 3MEHIIYIOTbCA 3 TeMIepaTyporo Ha 20 —
30%. ToOTo KpUTUYHMNA JAlaMEeTp YaCTMHOK 3 MIJBUIICHHSAM TEMIEpaTypu
3MINLY€EThCSl y O1K MEHIIUX 3Ha4YeHb (puc.la), a yactuHku 3 po3mipom 0.1 MM (ma-
pametp b= 10" ¢ ') pyxaioThes 3a 3aKk0HOM GpOYHIBCHKOI AMDY3ii, 1110 MOXKHA 6YI0
OUIKYBaTH.

OOroBoproOYM AOUUIBHICTh TPUIHATTS NapaMeTpa OCaJKEHHS b y SKOCTI Kpu-
TEpII0 KIHETUYHOI CTIMKOCTI CUCTEMH, BIAMITHUMO, IO TaKUM MiAXI1J JO3BOJSIE, TO-
nepiie, BUSIBUTH 3aJICKHICTh MPOIeca OCAIKEHHS BlJ TEMIIEpaTypH, a MO-Ipyre —
OTPUMATH y PO3paxyHKax IIJIKOM peajibHl 3HaueHHs (PI3UYHUX BEIUYMH, 30Kpema,

TtgzNAp *
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d, 10°m

A 10— — |
1,5 s \-_____v] S
1
1,0 P~ 0,10 s
\ f \ e
— -
|
0, | ‘
20 40 tC 20 40 ©C
a) b=1Ic" hb=10"c™'

Puc.1. 3anexHOCTI Bl TeMIIepaTypy KPUTUYHOTO JllaMeTpa YaCTUHOK (a)
1 JlaMeTpa 4aCTUHOK y nudy3iiHOMY pexkumMi ocakeHHs (0) y BO1 npu
ryctuai p*: 1 — 500 kr/m*; 2 — 1000 kr/m* ; 3 — 2000 kr/m’ ; 4 — 3000 kr/m° .

KPUTHUYHUHN JllaMeTp 3aBUCIUX Y BOJI YACTUHOK, HH)KYE SKOT'O 3MIHIOETHCS €(DEKTHUB-
HICTbMEXaHI13MiB (PI3UYHUX MPOIIECIB OUUILICHHS.

Tax sk MBUAKICTH OCAHKEHHS MPSMO MPOIOpILIiHA KBapaTy AlaMeTpa 4acTu-
HOK, TO 4ac iX OCa/K€HHs IPH MIABUIIEHH] TeMIiepaTypu Ha 50° cKkopouyeTbcs Mai-
xe 'y 3 pasu.

HIBuAKICTh OCaIKEHHSI YACTUHOK Ma€ 3aJIKUTH BiJl (popMu yacTUHOK. BoHa 3a-
3BMYail MEHILE MIBUAKOCTI OCA/KEHHs c(pepryHuX 4acTUHOK. Toxdl s Hecepuy-
HUX YAaCTHUHOK Y PO3PAaXyHKOBUX (HOpMyiax BHUKOPHCTOBYIOTh €KBIBAJICHTHHM
niaMmeTp d,, SKUH BU3HAYAIOTh 32 00’ eMoM V,; a00 TI011Ie10 TIepepi3y YaCTUHKH S.

3.Po3paxynku BiactiiinukiB. BijcToroBaHHS CTIYHMX BOJ MPOBOJSATH B BIJIC-
TIMHUKAX, SIK1 ABJISIIOTH COOOI0 MPSAMOKYTHI pe3epByapH, 1110 HarajayoTh 3BUYaiiH1 Oa-
ceiinn. Boga pyxaerbcst 3 OJIHOrO KiHIISM BiACTIHHMKA 10 iHIIOro. [ mmbuHa BiACTIH-
HUKa 3a3BUYail JOpiBHIOE Bia 1.5 10 4 M, noBxkuHa 12 - 48 M, mmpuHa kaHaiay 3 - 6
M [7,9].

ITpoBenemMo po3paxyHKH MmapamMeTpiB BIACTIHHUKA I OYMIIEHHS CTIYHOI BOIU
BiJI TUCTIEPCHUX YAaCTHHOK, MTOKA3HUKN OCADKCHHS SKUX HafaHi y Tabmmisx 1-2 [
OUMIIICHHSI CTIYHOI BOJIM yac mnepeOyBaHHs ii B anapatri Mae OyTu OuIblle yacy oca-
JDKEHHS YaCTUHOK KPUTHYHOTO JlaMeTpa d,,abo B MEXI1 4acy, HEOOXiqHOMY JUIs Oca-

JDKEHHS iX Ha JHO amapary i3 3aJaHoi BUCOTH. ToOTO, JUisl pO3paxyHKIB OCaKEHHS
YACTUHOK 3 J1aMEeTpOM OuIbllle KPUTUYHOTO KOPUCTYEMOCS MOJEIUIIO CTOKCIBCHKOTO
oca/keHHA.BBaxkarouu, 110 BUCOTa mapy OCBITJIEHOI BoaW H = 2w, 3HaiineMo 4ac
OCiJIaHHS YAaCTHHOK JiaMEeTPOM 5 MKM 3 rycTuHOIo p* = 1000 Kr/M’> TIpH TemIepary-
h-lc
o

Ipu temmeparypi T = 273 K uac ociganus To73 = 250-10° ¢ = 69 roaus, a mpu T

= 323 K yac ocimaHHA 13,3 = 40- 10°c=22 TOJAMHU, TOOTO y 3 pa3u MEHIIIE.

pax 273 K ta 323 K.Yac ocijiaHHs YaCTHHOK JIOPIBHIOE T =
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3HaiiieMo MBUAKICTh MOTOKY CTIYHOI BOJM Y3/IOBXK amnapary, SKIIO BiJOMO, IO
nopxkuHa kaHainy L= 48 M. IlIBuAKICT MOTOKY CTIYHOI BOAM Y3JOBX amnapary
: L 48
JOPIBHIOBATUME V,,, =—— =—=0.7 M/rof, a v;,;, =— =2.2 m/ro.
T,,; 09 22

Po3paxyHku moka3yroTh, 1[0 CE30HHI a00 KJIIMaTHU4HI TEMIIEpaTypHi 3MIHU IO-
MITHO BIUIMBAIOTh Ha PEXUM pOOOTH BIACTIMHUKIB, IIBUIKICTh SIKOI Ma€ 3MIHIOBATH-
cay 3 pasu.

[IpoiyKTUBHICTh BIACTIMHUKA MO OUMUILEHIA BOAI Qoc; BUPA3UMO PIBHAHHIM

QOCG‘:V}’I.B.H; (17)

1€ vV, — IMIBUJKICTh OTOKY CTIYHOI BOAM Y3/I0BX amapary; B— IIMpUHA BIACTIMHMKA,
M; H — BucoOTa 1mapy OCBITIEHOI BOJIU; A— rMUOWHA BIACTIMHUKA, M.
KinbkicTh CTIYHOI BOJIM, SIKa MOTpAIuisie y BIACTIHHUK: O =V, BH
[TpoayKTUBHICTB BIICTIHHUKA IO OCBITICHIN BOJI (o, 32 1 € JOPIBHIOE
15000

ro(;: = 0.17 MS/C.
3600-24

EdextuBHicTh ouniieHHs Boau nopiBHIOE O, /Q = H / h.

Axmo rimbuHa BiACTIHHUKA JOPIBHIOE 4 M, a BUCOTA IIapy OCBITICHOI Boau H
JOPIBHIOE 2 M, TO €(heKTHUBHICTb BiJICTOrOBaHHS Oyne mocsratu 50%.

Ce3onHi abo KIIMAaTU4YHI 3MIHEHHsS TEMIIepaTypy BIUIMBAIOTh Ha MPOIIEC
IPaBITAlIiHOTO OCAIKYBaHHA 1 3MYIIYIOTh YTPUMYBAaTH ONTUMAJbHI PEKUMH OCa/I-
KEHHS OYUCHUX chcTeM. J[JI1 mboro MOXKYyTh OYyTH BUKOPUCTAHI aBTOMATHYHI CUCTE-
MU yOpaBIiHHSA, SIKI MalOTh OyTH HAaCTPO€HI Ha MEBHUW CHUTHAN BlJ JATYHUKIB a00
CEHCOPIB, CIIIKYIOUHX 3a CTETICHEM OYHIIEHHs, HAIIPUKJIa/, MPO30PICTIO CTIYHOI BO-
.

SIk1io cuctemMa YacTUHOK MOJIIIUCIIEPCHA, TO OCA/IKYBATUCS OyAYyTh TUIHKU Yac-
TUHKH, y AKUX JlaMeTp Ouiblie KpuThyHOro. OuunieHHs Boau OyJe HE NOBHUM.
[Ipote BHacHioOK arjgomepaiiii JpiOHUX YaCTUHOK, Jl1aMeTp SKUX MEHIIE KPUTHYHO-
ro, OYMILIEHHS MOXE MPOJOBXKYBATHUCS, ajie 3 IHIIOK IIBUIKICTIO, SIKA MOXE
3MIHIOBaTHUCS B JeKiIbKa pasis [1-2,9].

Metona po3paxyHKiB TpaBiTAI[IfHOTO BiJICTOIOBaHHS Ta OYUIIIEHHS MOYKHA BUKO-
PUCTOBYBATH TaKOX JJIsi IPOMHUCIOBUX BOJ 13 JIOMIIIKaMu HadTH, CMOJI Ta KHUPIB,
TOOTO eMYJIbCiH, Y SIKMX JUCHIepCcHa (paza Ma€ HUKYY T'YCTUHY Y MOPIBHAHHI 3 BOJIOIO.

B pesynbTaTi nmpoBeneHOro aHalizy BCTAHOBJICHO, IO BIUIMB TEMIIEPATYPHUX
CE30HHMX a00 KIIMATHYHUX 3MIH Ha KIHETUYHY CTIHKICTb BOJHUX CHUCTEM —
cycreH31i abo emMyJibCill iICHY€E 1 BiH JIOCTaTHhO CyTTeBMil.Yac OCITaHHS YaCTUHOK Y
rpaBITallifHUX CcHUCTeMax Mpu MifBuIleHHI TemnepaTtypu Ha S50 K ckopouyerbcs
Maibke y 3 pasu. BiagnosinHo y 3 pa3u Moxke 3011bIryBaTucs (200 TIpU 0XOJIOMKEHHI
3MEHIIIYBAaTUCS ) €PEKTUBHICTh POOOTH T'PaBITALIITHOI 0CAKYBaIbHOI YCTAHOBKH, 1110
CBIIYUTH TMpO TOTpedy BpaxyBaHHS TEeMIEpPaTypHUX 3MIH Ha  MPOIECH
IPaBITAIlIfHOTO OCA/KEHHS YACTUHOK Y OUMIIYBaJIbHUX CIIOPY/Iax.

4. Koaryasimis, ¢Jiokyasinia i ¢uioranisty B 3myJaeniii Boai. Lli nporecu ma-
I0Th OyTH 3aCTOCYBaHI JUIS OYMILCHHS BOJW BiJ JIPIOHWX YACTUHOK 3 J1aMETpOM,
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Tabauus 3. Po3paxyHKu KpUTHYHOTO J1aMeTpa dy, (B MKM) ChepUIHMX
JaCTHUHOK y BoAl nipu b =1 1 ryctuHi p*

Teme- p*, B KI/M°
parypa 7, K | 200 500 1000 | +/2-1000 | 2000 3000
273 2.60 1.8 1.36 1.18 1.03 0.89
278 2.55 1.75 1.32 1.15 1.00 0.85
283 2.45 1.70 1.28 1.12 0.97 0.83
288 2.39 1.65 1.23 1.09 0.94 0.81
293 2.34 1.62 1.22 1.07 0.93 0.80
298 2.30 1.61 1.20 1.04 0.91 0.77
303 2.25 1.56 1.18 1.03 0.89 0.75
313 2.18 1.51 1.14 1.02 0.86 0.73
323 2.11 1.47 1.11 1.00 0.85 0.71

MEHIIUM 3a KPUTHYHUNA. Y 3a0pynHEHY BOJYy MOTPIOHO J0AaBaTH KoaryiasHTU. [Ipu
KoaryJsiiii Mae BiAOyBaTHCs 3JIMIIaHHA APIOHUX YACTUHOK Yy BEIHMKI KOHIJIOMEpaTH
(rnacTiBi, GIOKYJIH), K1 IIBUJIKO OCIIAOTh M1 €0 CHIIH TSKIHHSL.

30JIMKEHHS KOJIOITHUX YaCTUHOK, sIKE MOTP1OHO JJIA KOaryJislilii, BiA0yBaeTbCs B
pe3yabTari OPOYHIBCHKOTO pyXy. Tak sIK KOJIOiIHI YaCTUHKU MAarOTh CJIaOKWW Hera-
TUBHUU 3aps/l, a TJIACTIBII KOATYJISHTIB - CIIAOKWUN MO3UTUBHUN 3apsJl, TO MDK HUMHU
BUHUKA€E B3a€EMHE NPOTIATYBaHHA [2, 9].

B Tteopii koarymsiii CMOITYyXOBCHKOTO KIHETHKA MPOIIECY BU3HAYAETHCS MapHU-
MU 3ITKHEHHSIMU KOJOIMHUX 4YacTUHOK. [IIBHIKICTH KOAryssIii 3ajJeXuTh Bij
KOHIICHTpAITlli eNEeKTPOIIITY Ta JOPiBHIOE k(1n,— n,)”. KidbKiCTh YaCTMHOK B OJIMHMIII
00'eMy BO/IM 3a Yac T/JIs MIBUKOI KOATYJIAILi 7T BUBHAYAETHCA 32 PopMyiamMu

ny _ ny
n, = ny/(1+ 1v/T,), abo 5 - m, (18)
)5
a I MOBUIBHOT KOAryJIsli
ne = no/[1+y(v/Ty)], (19)
ne k — KOHCTaHTa KOaryJilii, 7, — MOYaTKOBa KOHIIEHTpAIlisl 4acTHUHOK; 73, — Yac
Koarymsiii, 3a SIKMM KUIBKICTh YaCTHHOK B OJIMHMII 00’€MYy BOJM 3MEHIIYETHCS
yIBidi; Y — Koe(ilieHT e(eKTUBHOCTI 31TKHEHb YAaCTUHOK, IO SBJISE COOOIO JIESKY
¢dbyHK1i0 B Teopii koaryismnii CMomyxoBebkoro. [Ipu v = 1 HacTae mBuaKa Koarys-
11151, TP K1 BC1 3ITKHEHHS YaCTUHOK 3aKIHYYIOTHCSl YTBOPEHHSM arperaris, Ipu | =
0 3ITKHEHHSI HE BEIyTh J0 YTBOpPEHHS arperaTiB. EnexTpuyHa 3apsKeHICTh 4acTH-
HOK CYTT€BO BIUIMBA€E Ha iX arperauito. OCKUIbKHA BEIUKI YACTUHKY MPU OCIJaHHI 3a-
XOILTIOIOTH 32 cO00K0 OUIBII ApiOHI, B MOJIIUCIIEPCHUX KOJIOITHUX CUCTEMAX Koary-
TSI BIIOYBA€ETHCS MIBU/IIIE, HIK B MOHOUCIIEPCHHUX.

JUiss OuuIIeHHS BOAM TAKOX ILIMPOKO BUKOPUCTOBYIOTHCS (IOKYJIALIS 1
dbnoTaris.

OoKyIsIisg — OpolLec arperaii 3BaXKE€HUX YaCTUHOK IMPHU JI0JaBaHHI B CTIYHY
BOJy BHCOKOMOJIEKYJSIPHHX CHOJIYK - (uokynsHTIB. [lpm ¢uokynsuii arperaris
BIIOYBA€ThCS HE TUIBKKM MpU Oe3MocepeIHbOMY KOHTAKTI YacTHHOK, aje 1 B
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pe3yabTaTi B3a€MO/IIi MOJIEKYJ aacopOOBaHOr0 Ha YacTUHKaxX (uokynsHty [1, 2, 6].
Mexani3m aii (GIOKYJISIHTIB 3aCHOBaHUI Ha SBUIIL aJCOPOIIil MOJIEKYJl peareHTy Ha
MOBEPXHI KOJIOITHMX YACTHHOK, YTBOPEHHS TPUBUMIPHOI CTPYKTYpHU MOJIEKYJ pea-
TeHTY, Ha 3JTUIaHHI KOJIOITHUX YaCTUHOK 3a PaxyHOK Aii cui BaH-nep-Baanbca.

drnoTarllio, sK MPoIec MOJICKYJSIPHOTO MPWIMIMAHHS JUCIEPCHUX YACTUHOK JI0
MOBEPXHI PO3JILTY Ta30BUX Oyb0AIIOK 1 piIUHU, 3aCTOCOBYIOTH JIJIsi BUIAJICHHS 3 BO-
M HEPO3UMHHHUX JUCIEPCIHHUX JOMIIIOK, MOBEPXHEBO-aKTUBHUX PEUOBUH, IS
OUMILIEHHS CTIYHUX BOJ LIETOJIO3HO-NANEPOBOro, MKIPIHOro, HaPpTONnepepoOHUX BU-
poonunts [1, 2, 6].

5. 3BopoTHuii ocmoc i yabTpadguibTpanisa B po34uHax cTiyHux Boa. Cucre-
MU 3BOPOTHOI'O OCMOCY CTBOPEHI JJII OYMIICHHS BOJAU METOJOM MPOMYCKAaHHS Il
Kpi3b CHEliajdbHy 3BOPOTHOOCMOTHYHY MeMOpaHy Iii BHCOKHUM THCKOM.
HamniBnponnkHi MemMOpaHu BUOIPKOBO MPOMYCKAIOTh PO3YMHHUK 1 MOBHICTIO a00 Ya-
CTKOBO 3aTPUMYIOTh MOJIEKYJIM PO3YMHEHMX B HHMX PEYOBUH, MiJ THCKOM, IO
NEPEBUILYE OCMOTHUYHUI THCK. Y OCHOBI I[LOTO METOAY JIEKHUTH SBHILE OCMOCY -
JOBUTHHOTO MEPEX0/ly PO3UMHHUKA (BOJIU) B PO3UYMH KPi3b HAMIBOPOHUKHY MeMOpa-
Hy. OCMOTUYHUI THCK T B PO34YMHI 3MYIIY€ PO3UYMHHUK NEPEXOIUTH Kpi3b MeMOpa-
Hy. CTBOpUBIIM HaJ PO3UYMHOM THUCK p;, SKHI JOPIBHIOEOCMOTHYHOMY, OCMOC
3YNUHSETHCS 1 HACTAa€ CTaH PIBHOBAru. SIKIio Haj po3YMHOM CTBOPUTHU JOJATKOBHIM
TUCK Py, 1110 TEPEBUILYE OCMOTHUYHUN TUCK T HA BEIUYMHY Ap, TO mepexiy po34uH-
HUKa Oyne BiIOyBaTHCS Y 3BOPOTHOMY HAINpPSMKY 1 TOJl MPOLEC MaTUME XapakTep
3BOPOTHOr0 ocMoca [1]. BennurnHa 0oCMOTHUYHOTO TUCKY T AJI PO3YMHIB MOXKE OyTH
BH3HAuUCHA 3a JOMOMOroro piBHsSHHSA Bant-I'odda:

C
n=B-R-Tﬁ, (20)
ne B = (1+a) — koepimient Bant-I'opda; o — cTyniHp gucowialii po34nHEHOI pedo-
BUHU; R — ra3zoBa ctana; 7' — aOCoi0THA TemnepaTypa po3uuHy; C — KOHIIEHTpallis
PO3YMHEHOT peYOBUHU; M — MOJIEKYJIsIpHA Maca pO3YMHEHO1 pEYOBUHU.

MexaHi3M 11i TOpUCTOI MEMOpPAaHM MOJISITa€ B TOMY, IO il MOPU JOCTAaTHBO
BEJIMKI, 00 MPOMYyCKaTH MOJIEKYJIM PO3YMHHUKA, aJle 3aHaJITO Majl, 100 MpomyckKa-
TH MOJIEKYJIH PO3YMHEHUX peyoBUH. IIpu 3BOpOTHOMY OcMOCI MEMOpaHOIO 3aTpu-
MYIOTBCSl IK BUCOKOMOJIEKYJISIPHI PEYOBHHM, TaK 1 OlIbllIa YaCTMHA HU3bKOMOJIEKY-
JSIPHUX PEYOBHH, a MPOXOIUThH KpPi3b MOPHU MEMOpPAaHU TUIBKM MaiKe YMCTHI po3-
YyuHHUK [1, 2,9].

Sk moxHa nmobauntu 3 popmynu (20), BeTUIMHA OCMOTUYHOTO TUCKY 3pPOCTAE 3
TEMIIEPATYPOIO, & 3HAYUTh MA€ 3pOCTATH 1 BEIMUHUHA JJOJJATKOBOTO TUCKY P, Haja po3-
YUHOM, SIKMM SIBJIsIE 00010 3a0py/AHEHA BoJa. A BpaxyBaHHs L[bOTO TEMIIEPATYPHOTO
BIUIMBY — LI€ TaKOX CHOCIO ONTHMMI3alli 1 MIJBULIEHHSI €EKTUBHOCTI MPOECIB OYU-
LIEHHS BOAM.

6.EjiekTprYHi MeTOAM OYMINEHHS 3a0pyAHeHOI BOAM — 1€ METOIH

€JIEKTPOII3Y, EIEKTPOKOATYAlii, IEKTPOPIOKYISIii, enekTpodoTallii, eIeKTpo-
dopesy 1 enekTpoaiaizy, METOJIM aHOJHOTO OKHCJIEHHS 1 KaTOJHOI'O BiJHOBJICHHSI.

27



dizuka aepoaucrepcHux cucrem. —2023. — Ne 61. — C.17-31

{1 meTonu maroTh OyTH 3aCTOCOBaHI y KOMOIHALIl 3 PO3MISTHYTUMH METOJAMH JUIs
MMOBHOTO OYMILIEHHS BOJIM BiJl CYOMIKpOHHUX YacTUHOK. D13U4HI MEXaHI13MU METO/IIB,
110 MPOTIOHYIOTHCSI, T03BOJISAIOTH e 3pooutu. [Ipolecu B IMX METOAAX MPOTIKAOTh,
3a3BUYail ogHO4YacHO. BoHM B10yBalOThCA Ha €IEKTpOoAax MpH MPOXOIKEHHI depes
CTIYHY BOJy MOCTIHHOTO €IEKTPUUHOTO cTpymy [1, 2 ,9].

B npornecax enekTpouni3y mij Ai€l0 CTPyMy Y BOJY NMEPEXO0IATh KaTIOHU METAIB,
K1, 3yCTPIYAIOUUCh 3 T1IPOKCUILHUMU TPyNaMu, YTBOPIOIOTh T1APOKCUIA METANTIB Y
BUTJISAJII IJIACTIBIIB, 1 HACTa€ 1HTEHCHBHA Koarysiis. [Ipu emekTposizi BOAU Ha
aHOZl YTBOPIOIOTbCA OyNbOAalIKM KHCHIO, a Ha KaToll 30UpaEeThCsi BOJEHb.
BinOyBaeThcs nporec enekTpodroTartii.

BmiuB temnepaTypHuUx (aKTOpiB y LUX TEXHOJIOTITYHHUX MPOLECax TOBOMASTH
JOBIJTHUKOBI J1aHi [12] nmpo eneKTponpoBIIHICTh JUCTUILOBAHOI Y BaKyyMi BOJIH, KA
3MIHIOETBCS OiNIBII, HiX Ha mopsiaok Big 1.47-10° Om “em ™' 10 18.9-10° Om oM™
npu 3pocTtanHi temriepatypu Big 271 K no 323 K, To6to y AochiKyBaHOMY HaMH
iHTepBaii. 3a naHumMu [§], HaMpUKIIaA MOCTIMHA 10HI3aIlli BOJIM Y TAKOMY K TeMIiepa-
TypHOMY iHTepBai 3pocTae Maibke Ha 2 mopsakd (Big 0.114-107'* Mons? kr > npu T =
273 K no 9.61-10°" moub > kr “npu T = 333 K). IIpu 1ipoMy BiIOMHUMH € JIaHi, Ha-
npukian [15] mpo BIUIMB i10OHIZAIl Ta IHIIMX eNeKTpodi3uyHuX (akTopiB Ha
e(eKTUBHICTh OaKTepUIIUIHOT OOPOOKH BOJAM, i 3HE3apa)KEHHS Ta MIKPOO10JIOTI4HI
MOKA3HUKH.

E(eKkTuBHICTD €NeKTPUYHUX METO/IB OUMILEHHS 3a0py/IHEHOI BOJM Ta il 3HE3a-
paxeHHs [12] 3ayexaTh B CTPYMOBHUX IapaMeTpIB 1 BTpAT €JIEKTPOEHEPrii Ha OJu-
HUILIO 00’eMy 3HE3apaxeHoi BoAW. YBeaeHui [13] koMmieke, Bl SIKOTO 3aJ€KUTh
OakTepUIMAHUI eeKT 3He3apaKeHHs BOAM, TOPIBHIOE q/P, e ¢ — BUTpaTu Boau, P —
€JIEKTPUYHA NOTYXHICTh, sIKa IPSIMO MPOIOPIiiiHa eneKTponpoBiaHOCTI. [Ipu 1pomy
OakTepUIMAHUI epeKT 3a X eKCIEepUMEHTAIbHUMU AaHUMU 3MiHIOeThCA Big 0 10
90% wmaike JIIHIHHO TIPH 3MiHI OaKTepUIHIHOTO KoMIutekea ¢/P Bix 0 mo 50 m* /J]x.
Kopucrytouncs mumMu JaHUMH, MOKHA CTBEPKYBATH, 110 TEMIIEPATYPHI KOJIMBAHHS
B OUMIIYBaJbHIA BOAI CYTTEBO 3MIHATh €(EKT 3HE3apa’kK€HHA BOAU B
JOCIIKYBAaHOMY 1HTEpBaJl TEMIIEpaTyp 3aBASKM ICHYBaHHIO TeMIEpaTypHOi
3aJIEKHOCTI €JIEKTPOIPOBIAHOCTI BOJH.

Pyx 3apsaxeHuX MIKDOHHUX Ta YJIbTPAMIKPOHHHMX YAaCTUHOK MiJ JIEI0 CHJ
HEOTHOP1THOTO 30BHINIHBOTO €ICKTPUYHOTO MOJIs, eekTpodopes [14] cTBoproe mep-
CHEKTUBHY TE€XHOJIOT1H0 OYUTCKH. J[OCHIKEHb B I[bOMY HaIIpsIMY IlI€ HE 30BCIM JI0C-
TaTHBO ISl BAKOPUCTAHHS Y SIKOCT1 HaJIIMHOT TEXHOJIOT1H OYMIIIEHHS BOM.

[IpakTH4HO yCi BUAM OYMILEHHS MOTPEOYIOTh BUKOPUCTAHHS THUX YU I1HIIHMX
MeToaiB (Gi3uku gucnepcHux cucteM. CydacHUMHU 1 €(DEKTUBHUMU MOXKYTb OyTH
CUCTEMH, SIKI BUKOPUCTOBYIOTH SIBUILA 3BOPOTHOIO OCMOCY, METOJIU Ta TEXHOJIOT],
4Kl JO3BOJISIIOTH 3HEIIKOJUTH 3a0pyAHEHHS 3 YJIBTPaMIKPOCKOIYHUM PpPO3MIPOM
0,0lMKkM d4YacTHHOK JAucHepcHOi (a3u, S[KUMH MOXYTh OyTH OpraHivHi
BHCOKOMOJIEKYJISIPHI PEYOBUHH, Y TOMY YHCIII BIpyCH Ta OaKTepii.

BucHoBku. TakuM YMHOM MOKHA 3pOOMTH HACTYITHI BUCHOBKHU:
1. BcTanoBieHO, M0 BIUIMB TEMIIEPATYPHUX 3MiH BOJHUX CUCTEM — CyCIEH31M abo

eMyJibCiii € moMiTHUM.IIpu 3€30HHUX a00 KIIMaTUYHUX KOJMBAHHSAX TEMIIepa-

28



dizuka aepoaucrepcHux cucrem. —2023. — Ne 61. — C.17-31

TypH MBUAKICTh OCIIaHHS JUCHEPCHUX YAaCTUHOK Yy TpaBITALlIIHUX OCa/KyBa-
JBHUX CUCTEMax MOXE 3MIHIOBaTHCS y 2-3 pa3u. BianoBigHo Moxke 3011blIyBa-
THCA (00 MPU 0XOJIOKEHH] 3MEHITYBATHUCS ) €hEeKTUBHICTh pOOOTH TpaBiTaIlIN-
HOT OCa/KyBaJIbHOi ycTaHOBKH. lle cBiMUUTH TPO HEOOXITHICTH BpaxyBaHHS
TEMIIEpaTypHUX 3MIH y KOHCTPYKTHUBHHUX TapamMeTpax OYHUIIYBaJIbHUX CIIOpPY-
nax, i SKuX 0a3yeThcs Ha MEeXaHi3Max I'paBITallItHOTO OCaKCHHS.

2. 3anporoHOBaHU IS OLIHKA KIHETHMYHOI CTIKOCTI JHCIIEPCIMHOI CHCTEeMH
mapameTp OCa/DKCHHS b, KWW BXOIUTH Y PO3B’SA30K 3a/1adl PO KOHBEKTHUBHY
nu(y3i0, 103BOJIMB BUSBUTH HOTO (P13MUHI OCOOJIUBOCTI 1 3HANTH TEMIIEPATYPHI1
3JIEKHOCTI JESKUX MapaMeTpiB PO3IISHYTHX (PI3MUHUX MPOLECIB, IO CBITYUTH
PO JTOLUIBHICTh BUKOPUCTAHHSA MO0 y PO3PAaXyHKaxX CUCTEM TIpaBiTalliiHOrO
OYHIIEHHS BOJIH.

3. IlpoanainizoBaHa MOXJIMBICTh YJOCKOHAJICHHS ICHYIOUMX METOJIB 1 TEXHOJIOT1H
OUMIIEHHSI BOJYU IUIIXOM BpaxyBaHHS TEMIEPATypPHHUX BIUIMBIB 1 JOCSITHEHHS
ONTHUMAJIbHUX PEXKUMIB POOOTH OCAIKYyBaJbHUX CHCTEM, MOTPiOHICTH
KOMOIHaIIIi ITMX METO/IIB, HAPUKIIAJI, B TIpollecax KoaryJssiii, guoTarii Ta iH., a
TaKOX MOCTaIIMHOTO a00 CYMICHOTO MPOIIECIB OUUIIEHHSI.

4. Ha pi3HUX CTamisAX TEXHOJIOTIH OYMIINCHHS,3 METOI0 IJABUIICHHS SKOCTI,Ta
3MEHIIICHHS] HETaTHBHOIO BIUIMBY 3 OOKy MIABUIIEHHS TeMIEpaTypH,
MOKYTHOYTH 3aCTOCOBAHMMHU 1HII METOJW OYMINEHHS, HANpPUKIAA Taki, IO
BUKOPUCTOBYIOTh KOAryJsSHTH, SIKI JIO3BOJIAIOTH TIEPEBECTH 3a0pyIHIOIOYi
PEYOBHHM y CTaH JUCIEPCHOI CUCTEMH, ab0 eneKTpodopeTHuyH1 MeTo . Brius
TeMrepaTypHuX (pakTopiB B TEXHOJIOTISIX OUUILICHHS, J€ BUKOPUCTOBYIOTHCS IIi
METO/IY, TEX MOTPIOHO BPaXOBYBATH.
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O.1. Gerasymov, V.V. Kuriatnykov
Physical modeling in water treatment technologies

Summary

In most cases, water pollution is associated with the presence in it of a dispersed phase of
various substances, which, depending on its physical state, forms various polydisperse hete-
rogeneous aggregate-unstable systems: suspensions, emulsions, and foams.

The paper analyzes the application of physical models for the description of complex dis-
persed systems, analyzes the possibilities of classic modeling methods and the limits of the
application of the considered models.

The paper studies the influence of temperature changes (of seasonal or climatic origin) on
the kinetics of gravitational sedimentation in wastewater treatment technologies.

Considered models of physical processes accompanying the gravitational deposition of
dispersed particles in hydromechanical sedimentation tanks, which take into account the
Brownian motion of these particles, capable, as it turns out, of causing coagulation. And coa-
gulation makes it possible to transfer pollutants into a state of dispersed phase with a larger
particle size.

Within the framework of the considered model, it was established that the time and speed
of particle sedimentation in gravity sedimentation systems may change significantly with ex-
ternal temperature changes. Accordingly, the quality of cleaning in a sedimentation plant,
which works on the principle of gravity, can significantly increase (when heated from the out-
side) or decrease (when cooled).

Thus, the need to take into account temperature changes in the processes of gravitational
sedimentation of particles in treatment facilities is an urgent task.

The paper concluded that in order to improve the existing technologies of water purifica-
tion in the conditions of a change in external conditions (temperature), combinations of puri-
fication methods are appropriate for better water purification. In particular, the method of
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gravity sedimentation and the method of electrochemical or electrophoretic purification, gra-
dual or simultaneous processes of hydromechanical sedimentation of pollutants, filtering or
flotation processes.
The practical significance of the work lies in the fact that it concerns the search for ways
to improve the existing technological processes of water purification and increase its quality.
Key words: kinetics of gravity water purification, dispersed phases, filtration, flotation
processes
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Mikpo- Ta HAHOPO3MIpPHI KPUCTAJIH CYJIb(ily HUHKY OTPUMAaHI
METOI0M BHCOKOTEMIIEPATYPHOI'0 CHHTE3Y, L0 CAMOIOIIHUPIOETHCH

B pobomi nasedeni pezynomamu, sKi 0eMOHCMPYIOMb, SIK MEMOOOM CUHMES) BUCOKOMEM-
nepamyproeo, wo camonouwuproemocsa (CBC, amuen. self-propagating high-temperature syn-
thesis) moocna ompumysamu kpucmanru ZnS pisnux posmipis. Ilpoyec CBC moorciusuii 3a
PAXYHOK eK30MepMIuH020 peaz2y8aHHi y cucmemax 3 cymiuii nopowkie Zm ma S, OCKinbKu
BUOLIAEMbCS BeIUKA KIbKicmb menia (enmanvnisi ymeopenns, 202 xk/[oic/mons).

Ilpecosani nopowxu Zn ma Sy cmexiomempuuHomy CniG8IOHOWIEHHI NOMIWANU 8 peax-
mop, 3anognenuii Ar abo N 0o mucky P>0.5 MIla. Ilicia iniyirosanns peaxyii 3ananto8auHam
XIMIYHA peaxyis NOWUPIOEMbC NO CYMilUl KOMNOHEHMIG | MU OMPUMYEMO 3PA30K ) 8U2NA0L
saueka. Kpucmanu ZnS 3 xapaxmepuum posmipom ~ 30 mxm ompumani 8 mpaouyiuniil
meepoogasniil peaxyii CBC.

Licns npoxoOoicenns Xeuni 20pinH NPOO0BHCYEMBCA peay8aHts KOMNOHEHMI8 napaneib-
HO 3 mpoyecamu Kpucmanizayii, wo GUKIUKAE YMBOPEHHS AKMUBHO20 cepedosuiyd, oe
8i00y8arOmMucs npoyecu camoopeawnizayii. Y psaoi cunme308aHux 3pasKi@ CnOCMepieanucs
AHOMANBHO GENUKI KPUCANU - «2ieaHMCbKIy 008dcunor ~ 1 mm i moswunoro 0,1-0,2 mm i
CMpPYKmypu npocmopogo NnpasunvbHoi gopmu. Modxcna 3miHumu po3mip CUHME308aHUX
Kpucmanie cyioioy yunky 3a donomoeor oucnepeamopa NH,CI. Ilpu eeedenni 5 mac.%
oucnepeamopa MOHONIMHUL 3PA30K ABNAE C00010 NoAiKpucmaniynuti ZnS 3 XxapakmepHum
posmipom 3epra ~ 40 mrm, a npu eeedenni 7 mac.% posmip 3epHa 3menuiugcs 00 20 mxm.
Ilpu nooanvwomy 36inbuienni KoHyenmpayii oucnepeamopa 0o 10 mac. % cunmesosanuil
mamepian cmasag NyxXKum, a XapaxkmepHuil po3mip 3eper 3menuilysascs 0o 5-10 mxm. Ilpu
KoHyenmpayii nonao 10 mac. % ymeopuscs nopowkonodionuii ZnsS.

Memoo CBC 0ozeonsic ompumysamu OpibHO3epHUcmull ZnS 3 po3mipom Kpucmanimis
50+100 um (mesopozmipuuit) ma 250 um (Hanoposmipuuii) oeoma cnocooamu. Ilepwuii -
noJsieae 8 KOHOeHCayii napu pe4osuru 8 po3piodcenii inepmuitl ammocepi. Ilpu 3mini eenu-
YUHU MUCKY [HepmHo20 2a3y 6 inmepaan 6i0 40 oo 400 Ila y npoyeci CBC 6id0bysacmbcs
8UXIO YacmuHu peazenmis y 8ueis0i napu 3 amnyiu 6 00’em peakmopa. Yacmunxu napa npu
3IMKHEHHI 3 amomamu IHepmHO20 2d3y WEUOKO 6mpadaroms KiHemudHy eHepeito i ymeopro-
tomov yacmuuku pozmipamu 6i0 2 0o 100 um. l]ob6 cihopmysanuca wacmunku nompioHo2o
PO3MIpY, HeOOXIOHO NiOOUpamu MUCK THEPMHO20 2A3) 8 PeaKmopi.

Jpyeuii cnoci6 ompumanna nanouacmurnok memooom CBC eumacae 6UKOPUCMAHHSA
iHepmHO20 po3pioacysaua, ujo 3anodieae pocmy UHUKArOYUX yacmurok. OCHO8HA 8UMO02a 00
mamepiany pospiodrcysaua ye to2o iHepmHuicmy K 00 peazeHmis y Wuxmi, max i 00 CUHme30-
8ano20 mamepiany. Bniue 3minu mucky inepmnozo 2azy Ha po3mip OMpPUMAHUX HAHOYACTMU-
HOK NpOAGIAECMbCA AK  0e3n0cepeonbo, mMak i 0nocepeoKo8amo - yepe3 pO3MIp 30HU
KOHOeHcayii. 3 nioguujenHsamM Mmucky 2asy to2o 2yCmuHa 30L1buyemucs i NPUCKOPIOEMbCS
menyogiosio, Npu YboMy 3ZHUNCYEMbCA WBUOKICb VIMBOPEHHS YeHmpIe Kpucmanizayii
2a306iil ¢haszi, ane 30ibULYEMbCI UWBUOKICb POCMY KPUCMATLG, A Omdice, I pO3MIp YACMUHOK,
WO OMPUMYIOMbCAL.

Dopma ompumManHux yum mMemoooM HAHOYACMUHOK 3anedcums Gi0 iX po3mipy: HAHOYa-
cmunku posmipom <20 Hm maroms opmy, 0au3bKy 00 chepudHoi, wo 3yMOBIEHO 3MIHOW
BIOHOCHO20 6HECKY NOBEPXHeBOi eHeplii 6 NOBHY eHep2il0 HAHOYACMUHKU NPpU 3MeHUleHH] ii
po3mipy. binbwi wacmunku ocpaneni.

Knrouoei cnoea: sucoxomemnepamypHutl CuHme3, KpUcmaii, HaHo- i MIKpO4acmuHKuU.
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Bemyn. Cynbdin HMHKY B ONTOETIEKTPOHIL BIAIrPa€e TaKy BAKIUBY POJib, SIK Si
ta GaAs y HamiBINPOBITHUKOBIN eJIeKTpoHili. BiH € momMiHyr0O4MM MartepiajaoMm MpH
BUT'OTOBJICHHI JIIOMIHO(OPIB 3aBASKA WOTO BUCOKIM BUIPOMIHIOBAJIbHIN 34aTHOCTI y
BCbOMY BUJMMOMY Jl1alma30H1 3aBJSKU BEJIUKIM mUpuHI 3a00poHeHO0i 30HU 3.7 eV.
JleroBanuii pi3HUMH JOMIIIKaMH ZnS, € BAKJIMBUM MaTepiajaoM JUIsl ONTOEIEKTPOH-
HUX TPUIaiB, IO BUIPOMIHIOIOTH y HIMPOKIM 00siacTi crekrpa. Meroau BUPOIILY-
BaHHS KPUCTAIIYHOTO ZnS CKIAJHI, OCKUIbKK Temmeparypa miasieHHs 2093K, a

THUCK TIpH TJIaBJIEHHI cKiaaae 3.7 10°T1a.

Ha ocHoBI nomupeHHs: XBUJIl 0€3KUCHEBOTO TOPiHHS OyB PO3pOOJICHHUI HOBUI
METOJI OTPUMAaHHS TYrOIUIABKUX, TEPMOCTIMKMX Ta HAATBEpAUX MaTepialiB 3
MOPOIIKIB iX KOMIOHEHT [1], AKui NicTaB METOJ CHHTE3Y BHUCOKOTEMIIEPATYpHOTO,
mo camonomuproeTsesi (CBC, anri. self-propagating high-temperature synthesis —
SHS). Astopu [2] 3actocyBanu metos CBC st orpuManns ZnS.

Ilocmanoeka 3a0aui. OCTaHHIM 4acoM 1HTEepeC (PI3UKIB CIPSIMOBAHUI HA OTPH-
MaHHS Ta JOCTIJKEHHS HAaHOPO3MIPHUX KpHUCTadiB. OcoOJiMBl BIACTUBOCTI HaHOYA-
CTUHOK 3yMOBJICHI BEJIUKOIO JI0JICI0 MOBEPXHEBUX aTOMIB Ta KBAHTOBOMEXAHIYHOIO
noBe/iHKOI [3] 1 mposiBamu camoopraizaiii [4], sKi BHU3HAYaIOTh iX YHIKaJIbHI
BJIACTUBOCTI Ta HAJAIOTh 3pOOJICHUM 3 HUX MaTepiasaMm a0COIIOTHO HOB1 BIaCTHBOCTI
[5], AIK1 HE MPOSBIIAIOTH TPAIULIIHI MaTeplajy.

B poGoTti HaBeneH1 pe3yiabTaTH, Kl JEMOHCTPYIOTh, SIK HUISIXOM BIUIMBY Ha
MexaHI3M cuHTe3y 3pa3kiB MerogoM CBC MoXHa OTpUMYBAaTH KPUCTAIH
(xpucTamiT) ZnS pi3HOTO PO3MIpPY, Y TOMY YUCI1 3pa3Ku HAHOPO3MIpPHI.

1. Cunme3 ZnS memooom CBC. CBC BigHOCHUTBCS 10 KJIacy Te€TE€pOreHHUX
mporeciB 3 gucnepcHuMmu  peareHtamu. Ilpomec CBC  moximBUN — TIpU
€K30TEPMIYHOMY pearyBaHHl y CHUCTEMax PI3HOTO0 arperaTHOro CTaHy (K IpaBUIIO
CyMillll TOPOUIKIB). XapaKTepHa 03HAKa LIbOIO MPOLECY — YTBOPEHHS TBEPJOrO Mpo-
IOYKTY Yy BUTJIS/I1 CITIKAHHSA 200 3JIMTKA.

Jlns 3aificHeHHs cuHTe3y cyiabdiay 1uHky merogom CBC [2] roTyroTh cymiin
nopouikiB Zn ta S. ['eTeporeHHiCTh MIMXTU BIUIMBAE Ha KiHETHKY npoueciB CBC, to-
MY 3aCTOCOBYIOTh METOJIM TOMOT€HI3allli TaKoi reTeporeHHoi cuctemu. [lepm 3a Bce,
1€ BUMara€ BUKOPUCTAHHS KOMIIOHEHT CUHTE3Y y BUIJISI/Il MOPOIIKIB 3 0a)KaHO MEH-
100 JIUCTICPCHICTIO, SIKI PETEIBHO 3MIIIYIOTHCSA IS MaKCUMaJbHOI TOMOTEHi3arlil
cyminni mepen cuHTe3oM [6]. s mokpaiieHHsT KOHTAaKTy MK YaCTHHKaMM CYMIII,
aKTUBaIlll MmporeciB AUQy3ii Ta TEIJIOMPOBITHOCTI MOPOIIKK Zn Ta S MpecyBaH.
CrpecoBaHy MIMXTY y KBaplOBUX HWJIIHIPUYHUX aMITyJaX pO3TallOBYBAJIHM y peak-
TOp, SIKUM 3amoBHIOBaIM Ar ab6o Nao tucky P > 0,5MIla, ockiabkH TutaBiaeHHS ZnS
npu 2103 K tuck Hacuuenoi napu ckianae senuuuny 0.37 MIla. Ha puc.1 300paxe-
Ha cXxeMa ycTaHOBKHU it oTpuManHsa ZnSmetonom CBC [6]: 1- peakrop, 2 - ammyia,
3 — cuHTe30BaHMi ZnS, 4 — 30Ha pearyBaHHA, 5 — Tepmonapa, 6 — muxTa (CyMiul
Znta S), 7 - BiKkHa s (pikcauii mapameTpiB CHUHTE3Y, 8 - JKEPEJO 1HILIIOBAHHA
peakiiii, 9 - kpaH AJi1 3MIHU TUCKY Y PEaKTOPi.
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. S . . IHlulaulg peakuii 3AIACHIOCTbCS  LULIXOM

2 = MiZNaTy CYMIlii Bil po3medeHoi cmipaii. [Ipu

7 nocsirHeHHl temnepatypu T = 800 K mnaButbes

— cipka 1 peakiiis npoTikae iHTeHCUBHO [7]. [lpm

1 1 [IbOMY BUJIUISIETHCA BEJIMKA KUIBKICTh TeIia (€H-

JJJ 2 Tanbmis yrBopeHHs, 202 kJ[x/Moin), mo nae BU-

11 coky Temneparypy npoaykry (2100 K). Peakis

I /,f/i MOIIMPIOETHCS Bl HarpiTUX B PE3YJIbTATI peary-

ZnS 7 4 BaHHS MIAPIB IO XOJIOAHUX, TOOTO BIJl MPOTYKTIB
caamiit—7 ||_—Z- 10 cuHTe30BaHoi peyoBuHy (puc. 1).

,/,,_5 Intencusnicts mponecy CBC cyrreBo 3a-

7 / I 7 JEKUTh 1530 €HEePreTUYHOTro OanaHcy,

1 6 MOB'SI3aHOTO 3 BUAUICHHSIM TEIJla B 30HI aKTHUB-

/51+S o HOTO CHHTE3y Ta BiJJIayeio Teria B OTOYYIOYe

9 cepenosuiie. Jlocmiy MPOBOIMIKA ISl 3pas3KiB,

qu_( 3MIHIOIOYH JIIaMETp aMITyJl B Mexax 2 - 6 cM Ta

S — BucOTy B Mexax 10 - 30 cMm, pu 3MiHI TUCKY Y

Puc.1.Cxema ycTaHOBKH JIA peakropi B inTepsaini 0.5 — 7.0 MIla. IIpu Bkasa-

orpumanHs ZnS meronom CBC HUX MEXax 3MiHU pO3MIpy aMITyJl Ta BEJIUYWHU

THUCKY B PEAKTOPI CIOCTEPIra€ThCsl CTAaIllOHApHE
MOIIMPEHHS XBUJII CUHTE3Y 31 IBUJKICTH 1 - 3 cM/c.

Biamitumo nepesaru metony CBC otpumanss cynbdiny HUHKY [6].

[To-mepire, 11e HU3bKE €HEPrOCMOKMBAHHS, OCKIIBKH MaJlO €HEprii CHO>KHWBa€e
cripanb JJIs miAgnaxy cymimn. A Jaii mpolec CUHTe3y Hie 3a paxyHOK BIIACHOTO
BHYTpIIIHBOTO TEIUIOBUAUICHHS TMpU peakuii cuHte3dy. ToOTo eHeprisi He
CIIO’KMBAETHCS 330BHI, & HABMAKH - BUAUISETHCA YCEPEIUHI.

[lo-npyre, wmeronq CBC 103BoJjsie JOCSATTH BHCOKHUX TEMIlEparyp B
KOHJICHCOBaH1M (a3i, sIKi TPYAHO OTPUMATH 1HITUMU criocobamu. Maiti 4acu CUHTE3y
10 — 100 ¢ i Bucoxi Temmu 10°~10° K/c 3pocTaHHs TeMIepaTypy PeHOBHHH Y XBHII
XIMIYHOTO pearyBaHHs (TOPIHHS) Ta 3HAYHI TEMIIM OXOJIOXKEHHS MICIs IPOXOJKEH-
HS XBWJII 3yMOBIIIOIOTH CYTTEBY HEPIBHOBAXKHICTH mporeciB [4, 5] Ta ocobiuBi
BJIACTUBOCTI 1 CTPYKTYPY OTPUMAaHUX IIUM METOJIOM MaTepiainy [6].

[To-tpete, meron CBC Biapi3HSE€TbCA BHUCOKOI YHCTOTOIO MPOAYKTIB Ta
exosoriyHoro Oesnekoro. [Ipu nyke BHCOKMX TeMIlepaTrypax CHHTE3Yy, LIKIJJIWBI
JOMIIIKA PO3KIAAAIOTHCS Ta BUMAPOBYIOTHCS 3 MPOAYKTY, 3abe3meuyrodd Ioro
MIJBUILEHY YACTOTY [7] Ta €KOJOT1uHy O€3MeKy.

[To-yeTBepte, s Mmerony CBC xapakrtepHe mpocTe Ta MajorabaputHe oOJiaj-
HaHHS.

2. Ocoonueocmi Kpucmanizauii cucmemu ZnS y memooi CBC. Y crori,
OTPUMAHOTO MICIsl MPOXO/KEHHS XBUJII TOPIHHSA, MapayielIbHO 3 MPoIlecaMu KpUCTa-
Ji3ailii MpoJOBKYETHCS XIMIYHE pearyBaHHs [8], 1m0 3yMOBIO€ (POpMYyBaHHS aKTHB-
HOT'O CEpeIOBUIIA, J€ ICHY€E 3BOPOTHIN 3B'SI30K MIXK MPOLIeCaMU BUIICHHS Ta TOTJIU-
HaHHS TeIIa, 0 00YMOBIIIOE TTPOIIECH CaMOOpTaHi3allii Ipu KpucTasi3allli.
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Puc.2. 30Ha cTOBIUACTHUX KPUCTATIIB Puc. 3. 30Ha piBHOOIYHMX KPUCTAIIB

OckUIbKM 4Yac KpucTajizalil 3HayHO OUIBIIMKI, HIK Yac MOUIMPEHHS XBHJIL IO
IIMXTI1, TO IpoLec KpucTam3anli [8] mpoTikae B OCHOBHOMY BiJ O14HOI OBEPXHI U~
JUHAPY A0 WOT0 HEHTPAIbHOI BiCl.

[Ipouiec TOMOreHHOI KpHUCTali3alii MPOXOAUTh 3a PAXyHOK YTBOPEHHS LIEHTPIB
HOBO1 (pa3u Ta iX pocTy y nepeoxonoxeHux o0'eMax piakoi dasu. Kpucran, skuii
BUpPOCTAaE 3 OJHOIO 3apoAKy B IIpoleci KpHCTajli3alii Ha3MBA€ThCA 3EPHOM. IX
KUTBKICTB 7 3QJICKUTH BIJl BEIMUMHHA KPUCTAJI3AIlIMHUX TTapaMeTPiB 1 JJIsI TOMOT'E€HHO1
KpHUcTami3ailii Bu3HauaeTses popmyoro [6]:

i~ /v,
IpH 301IbIIEHH] TIEPEOXOJIOIKEHHS 3pOCTa0Th O0MABA KPUCTATI3aLIMHUX MapaMeT-
pa, aje TeMI 3pOCTaHHS KUIBKOCTI 3apoAKiB [ TMepeBakae IIBUJIKICTb POCTY
KPUCTAIIB Vv, TOMY z 3POCTa€, a po3Mip 3epHa 3MEHIITY€ETHCS.

SIKIIO JOCATTH Takoro MEepeoXOJIOMKEHHS, KOJIM MIBUIKICTb POCTY KPHUCTAJIB
MMOYMHAE 3MEHIIYBATUCh, aJie KUIbKICTh 3aPOJIKIB MPOJOBKYE 3pOCTATH, TO KIJIBKICTh
3epeH Oye CYTTEBO 3pOCTaTH, a iX poO3Mip 3HAUHO3MEHUIYBAaTHUCh. Taka cUTyalis
peanizyeTbcsi B 30BHINIHIM 30H1I 3pa3ka [9]. JlificHo, oTpuMaHi 3pa3Ku Malu
30BHIIIHIO 30HY, ToBuMHOI0O 0.5 — 1.0 MM, fKa CKJIaJaeTbCsi 3 XaOTHUYHO
OpIEHTOBAaHUX KpHUCTAIIB 3 cepedaHiM po3Mipom ~1 Mkm. Jlam y paaiaabHOMY
HaIpsiMi YTBOPIOBAJIACh 30HA CTOBMMYACTUX KPUCTAJIB 3 XapaKTEPHUM PO3MIPOM JI0
100 mxm ta giamerpom ~10+20 Mkm (puc.2.)

[TocTynoBo (ppoHT CTOBMYACTUX KPUCTAJIIB JOCITAE 00JIACTI, /Ie IBUIKICTH pOC-
Ty KpHUCTJIIB Ta MIBUAKICTb YTBOPEHHS HOBUX KPHUCTAIIB CTAlOTh OJU3BKUMHU 1
MOYMHAE YTBOPIOBATUCH TPETS 30HA PIBHOOIUHMX KpucTamiiB. L{s neHntpanbHa 30Ha
CKJIQJIAETHCS 3 PIBHOOIYHMX XAOTUYHO OPIEHTOBAHUX KpHUCTATIB [9] 3 XapaKTepHUM
po3MipomM~30 MkM (puc. 3).

[IpoBeneHi AOCTIIHKEHHS BILTMBY YMOB TEIUIOOOMIHY MPU CHUHTE31 HA CTPYKTYPY
Ta pO3MIp KPUCTANIB y PI3HUX 30HaX 3paska. [Ipu 301IbIIEHHI MIBUAKOCTI OXOJOI-
’KEHHs1 O1YHOI MOBEPXHI CIOCTEPIraliy 3pOCTAHHS TOBUIMHHU 30BHIIIHBOI 30HU, aJi€ HE
Ounpie HiK y 2 pasu. Kpim Toro, unm Oiiblia MBUAKICTH OXOJIOMHKEHHS, TUM
OUTBIIMKA TPaJIEHT TEMIEPATypHu MO PaAlyCy 3JIUTKY 1 OUIbIIUNA pPO3MIp 30HU CTO-
BIMUACTUX KpucTaiiB [6, 9]. [Ipy BeAMKUX MIBUIKOCTAX OXOJOMKEHHS 3pa3KiB, OTPH-
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AT S 2RI
Puc .4.ZnS, orpumanwuii 3 nonatkom NH ,CI
5mac.% (31iBa) Ta 10 mac. % (crpaBa)

MaHUX B aMmIlyjax J1aMeTpoM 25 MM MOKHa CHHTE3YBAaTH 3JMTOK IPAaKTUYHO O€3
LEHTPAIbHOI 30HU PIBHOOTYHUX KPUCTAJIIB.

HaBnaku, npu oJIHaKOBHUX yMOBaX CHHTE3Y Ta JOJATKOBOI TEIIO0130JIAIII] aMITy-
JM, CIOCTEPIra€TbCcsd 3MEHILEHHS pPO3MIPY 30HM CTOBINYACTUX KpPHUCTAIIB Ta
30UTBIIEHHSI PO3MIPY IIEHTPAJIbHOI 30HU PIBHOOIYHUX KpucTamiB. [Ipu momaTkoBiit
TEIUIO130JIA11T aMITyJId KBapILIOBUM MICKOM [9], 110 3MEHIIIy€e MIBUAKICTh 0XOJIOIKEH-
Hs1, OTPUMAJIH 3pa3okK JaiaMeTpoM 70 MM, y SKOTO 30HA CTOBIMYACTUX KPUCTAIIB Oyia
MPAKTUYHO BIJICYTHS 1 MPAKTUYHO BECh 3pa30K OYB YTBOPEHUH IIEHTPAIbHOIO 30HOIO
PIBHOOTYHMX KPUCTAJIIB 3 XapaKTEPHUM PO3MIPOM ~ 30 MKM.

BBeaeHHs JOMIMIOK KIHIIEBOTO MPOAYKTY AUCIEPCHICTIO ~ 1 MKM 3yMOBIIIO€ Te-
TEpOT€HHE YTBOPEHHS 3apOJKIB B MEPEOXOJOKEHUX 00'eMax piakoi a3y HuisixoMm
30UTbIIEHHSI KUIBKICTh LEHTPIB KpucTaiizamii. BruimHyTH Ha po3Mip YTBOPEHHUX
KpucTamiB Baanocs, koiu Beoauian 10-20 mac.% kiHIIeBOro nmpoaykrty [9]: 3ByxyBa-
J1aCh 30HA CTOBMYACTUX KPUCTATIB @)k JI0 MPAKTUYHOTO 3HUKHEHHSI, Ta PO3IIMPIOBA-
Jach 30HA PIBHOOIYHUX KPUCTAJB, B SKIH XapaKTepHUN PO3MIp 3epHA 3MEHIIIYBaBCs
110 BeJIMIuHU 20 MKM.

Orxe, npu cuHTe3l ZnS tpanumiitauMm metogoM CBC cyTTeBO1 3MIHH pO3MIpy
CUHTE30BAHUX KPHUCTAJIB IUIIXOM MOXIJIUBOI 3MIHH YMOB TEIUIOOOMIHY Ta BKJIFOYEH-
HS KIHIIEBOTO IPOAYKTY Y IIMXTY JOCSTTH HE BIAETHCS.

3. Mexanizmu enaugy Ha po3mip cunme3zosanux kpucmanis. 11100 BrmHyTH
Ha PO3MIp CMHTE30BaHUX KPHUCTAIIB MOTPIOHO BBOJUTH TaKi HAIMOBHIOBaYl y moyar-
KOBY IIUXTY, sIKi 0 3a0e3rnedyBaiy NPUIIBUIIICHHS MOIIUPEHHS XBUJI1 KpUCTali3aiii
B1JI Kparo 3pa3ka JI0 HOro HEHTpPY, ado siki 6 yTBOpIOBAIU 3 CyJIb(PIAOM IIUHKY Taki
KOMIUJIEKCHI CIIOJYKH, 110 MaJld OM OUTbIIY MPYKHICTh Mapy, HK yucTuil ZnS. Bin-
HOCHO BHMCOKa JIETKICTh KOMIUIEKCY cripusija 0,3 OJHOro OOKy, OUIBII HIBUIKOMY
OXOJIO/KCHHIO BHYTPIIIHBOI YACTUHU OTPUMAHOTO 3pa3Ka, a 3 JPYroro — 301IbIICH-
HIO LIEHTPIB KpUCTaJI3a1lii BHACIIJOK MEPEOXO0IOKEHHS Mapy 3a 11 Mexamu.
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5 oy T G i ; BTN
Puc.5. ®oto kpucTais - “BeNETHIB®, yTBOPEHUX aBTOKOJIHUBAIBHOIO XBUJICIO

KpHUCTai3allii Ta yTBOPEHUX CTAIllOHAPHOIO XBUJICIO KpHCTai3alii [6]

EdextuBnum BusBuBcs aucnepratop NH4Cl, sikuii po3namaerbes B 30H1 TO-
PIHHSI, 3yMOBJIIOE€ IHTEHCUBHY Tra3uQiKallilo B MPOIECl CHUHTE3Yy Ta YTBOPIOE JIyXKe
aktuBH1 1oHu xjopy [10, 11]. IIpu BBenenni Smac.% NH,CIMOHOJITHUHN 3pa3oK
ABJISIE COOOI0 TOMIKPUCTATIYHUNA ZnS 3 XapakTEpHUM po3MipoMm 3epHa ~ 40 MKM
(puc. 4, nmpaBa CBITJIMHAa), B OCHOBHOMY rekcaroHaiabHoi momudikarii [11]. Tlpu
BBeieHHI 7 Mac. % NHyClMarepian cTaBaB puXJIUM, CTYIiHb MEPETBOPEHHS MpPaK-
TUYHO HE 3MIHIOBAJIACh, a PO3MIp 3€pHa 3MeHuIyBaBcs 10 20mkM. [Ipu nmoganbmio-
My 301mbieHH] KoHIeHTpamii NH,Clno 10 mac. % cuHTe30BaHUiT MaTepiall cCTaBaB
KPUXKHUM Ta PUXJIUM, CTYIIHb MEPETBOPEHHS MPAKTUYHO HE 3MIHIOBAJIaCh, aje Xa-
paKkTepHUil po3Mip 3epHa 3MeHIyBaBcs 110 5-10 MM (puc. 4, npasa cBiTiauHa) [11].
[Ipu xoHuenTparii 6ibwmii Hix 10 Mac. % ¢dopmyBaBcs nopoumkonoaiOHu ZnS.

3ayBaXMMO, 110 YUM O1blIa HEPIBHOBAXKHICTh MPOIECY KpUCTai3allii, o 10-
CATAETHCS MPU BUKOPHUCTAHHI AUCIEPraTopa, TUM OUIBII YITKO HPOSBISIOTHCS IMPO-
LECH caMoopraHizamii MK MIKpOKpUCTaJIaMH. B psAlll CHHTE30BaHUX 3pa3KiB
crioctepiraeThes [ 12] aHoOMalIbHO BEJIMKI KpUCTaIu —'"'BesieTHI" (puc. 5).

[ToBepxHs 1UX KpUCTaTIiB MOXke OyTH [6, 12]: rmagko y BUNAAKy BUHUKHEHHS
CTaIllOHAPHOI MPOCTOPOBOI CTPYKTYpH MPU KpHcTamizallii (puc. 5, jiBa CBITIWHA); 3
O3HAaKaMH aBTOKOJHUBAJILHOTO PEXUMY KpUcTamizailii (puc. 5, mpaBa CBITJIMHA), KOJIU
y XBUJIl KpUCTaNi3allli CyTTEBY pOJib BIATPAIOTh 3BOPOTHI MPOLIeCH. XapakTepHi po3-
Mipu "BeneTHiB": noBxkuHa ~ 1 MM Ta ToBmMHA 0,1-0.2 MM. XapakTepHi po3mipu
KpUCTaJiB, IO iX OTOYYIOTh MawTh po3Mmip ~ 30 MkMm. OTKe Npu YTBOPEHHI
"BeNeTHIB" BUHUKAE JIOKAJbHE YMOPSAKYBAHHS JEKUIBKOX THCSY KPHUCTAIIB, M0 iX
OTOYYIOTb.

[Ipu cuHTE31 Cynp(diny UMHKY Yy BUIJISAl MOPOIIKONOMIOHUX CUCTEM Y MICLSX,
JIe¢ YTBOPIOIOTHCA TOPU 1 BUHHMKAE HAWOUIbIIa HEPIBHOBAXHICTh CUCTEMU IMpHU
KpHUCTaji3alii, CIOoCTepIraloThCsl MPOCTOPOBO MpaBUibHI GopMmMu (AUBUCH puc. 6)
[12]. TIpocTopoBo npaBuiibHa ¢irypa mae po3mip 50-60 MKM, yTBOpEHA KpucTajgaMu
PO3MIPOM ~ 5 MKM .
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TakuMm 4yuHOM, MPU BBEJICHHI B MOYaT-
KOBY IIUXTY Xjopuctoro amoHioo [10-13],
MetrogoM CBC moxxHa oTpuMyBatu, Ik MO-
HOJIITHUM, TaK 1 MOPOIIKONOMIOHUN CYIb(iT
IIMHKY, XapaKTepHUU pPO3MIp 3€pHa SKOTO
3MIHIOETBCS B 3QJICKHOCTI BiJ] KOHIIEHTpaIlii
aucnepraropa y mexax 5 — 40 mxm. Jlromi-
HECIICHTH1 BJIACTUBOCTI CUHTE30BaHUX KpPH-
CTaJIB MAalOTh Kpally BHUIPOMIHIOBAJIbHY
3aTHICTb, HIXK OTpPUMAaHl TPaAUILIHHUMU
Mmeroaamu [6,13].

4. Cunmes HAHOPO3MIDHUX 3DA3KIE. Puc.6. ®oro camoopranizarii apio-HuX
HaHokpucraniuni marepiajid 3a BJIAC-  KPUCTaliB y MiCUAX €(EKTHB-HOTO JIHUC-
TUBOCTSIMH 1CTOTHO BIJIPI3HSIOTHCS Bij 3BU-  TEPryBaHHs npu OTpHUMaHH1

YaliHUX TOMiKpECcTaniB [3,5]: moemHampps ~TOPOIIKOTIOMOHUX 3paskiB

BHCOKOI TBEPJIOCTI 3 IUIACTUYHICTIO, CYyTTEBA

JI0JIs1 IOBEPXHEBUX aTOMIB, BUHSITKOBO BUCOKOIO JTIU(PY31i1HOIO PYXJIUBICTIO aTOMIB 10
MeXKax 3€peH,ToIo. 3 Ii€l MPUYMHU B JIAHWM Yac 3MEHIIEHHS PO3MIPY KpHUCTaIy
(KpUCTaNITY) pO3TISAAEThCS SIK €(EKTUBHUN METOJl 3MIHM BJIACTUBOCTEH TBEPAOIO
TiJA.

[Ticns 3akiHUeHHs pearyBaHHS KOMIOHEHT y Mmetoai CBC po3Mmip yacTHHOK
ZnS 3pocTae BHACIIAOK MPOLIECIB pekpucTaiizailii Ta arinomepaiiii. Texnomoriss CBC
Ma€e MOXJIMBOCTI JJI MPUIYIICHHS MPOLECIB PeKpUCTaMi3alli Ta araoMepanii 1 Juis
PETYIIOBaHHS PO3MIPY CHHTE30BAaHUX YAaCTUHOK. JlaHWIA METOJ CHHTE3y I03BOJISE
OTPUMYBAaTH HaHOPO3MIpHUN ZnS 3 po3mipoMm kpuctaiy (kpuctamiry) 2+100 HM
aBoma crioco0amu. Ilepmmii - mossirae B KOHACHCALIT AU PEUOBUHU B PO3PIIKEHIM
1HepTHIN aTMocdepl B 001acTi MK aMITyJIOO 1 cTiHKamu peaktopa [14]. dpyruii - 3
BUKOPUCTAHHAM IHEPTHOTO pO3piAKyBaya, 10 3anolirae 30UIbLIEHHIO pO3MIPY BH-
HUKaIO4MX 4acTUHOK[15].

[Tepunii ciocid OTpUMaHHSI HAHOYACTHHOK aHAJIOTTYHUN Ta30()a3HOMY CUHTE3Y

sxuit mpu CBC cuHTe3i BHHHMKAe, KONTH THCK Y peakTopi MeHumil Hix 3,7-10°ITa.
Tomi y mpomeci CBC, BHaciiioK BHCOKHX TEMIeEpaTyp 1 MiJBUIIEHHS THCKY
BCEpEUHI aMITyJIM Mijl 4ac MOUUPEHHS (POHTY TOPIHHS MO IIUXTi, BIAOYBA€THCS
BUXI1Jl YACTUHU PEAreHTIB y BUIJIA/I [TapHU 3 aMIyJu B 00°eM peakTopa. YacTUHKM na-
pa IpH 31ITKHEHHI 3 aTOMAMH 1HEPTHOTO T'a3y MIBUJIKO BTPAYalOTh KIHETUYHY €HEPIIIO
1 YTBOPIOIOTH 3apOJKHA 3a MeXaMu o01acTl peakiii (aMIryiu), BCl 3apOJKH 3
PO3MIPOM ¥ >7y,, (7, — PO3MIP KPUTHYHOTO 3apOJKy) OynyTh Hajami 3poctatu [3], 13
TaKMX  3apOJIKIB  yTBOPIOIOTHCA  KpucTainu  (Kpucrtaiita). Bmims  3miHu
THCKYIHEPTHOTO ra3y Ha pO3Mip OTPUMaHMX KPHUCTAJIB (KPUCTAIITIB) MPOSBISIETHCS
K Oe3MocepeIHbo, TaK 1 OMOCEPEIKOBAHO — Yepe3 po3Mip 30HU KoHJeHcarii. Oxo-
JIOJIPKEHHS YaCTHHOK B10YBa€ThbCS B 30HI KOHJEHCAIlli, po3Mip SKOi B JaHOMY BH-
MaJIKy MOKHA PEryJIIOBAaTH, 3MIHIOIOYHM TUCK 1HEPTHOTO ra3y: 31 3MEHIICHHIM THCKY
30Ha KOHJIEHCAllll 301IbIIYETHCSA, @ 3 POCTOM TUCKY — 3MEHIIYETHCS Ta 3HUKYETHCA
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Puc.7.CEM-300pakeHHs1, HU3bKO AucriepcHoi Pppakiii ZnS:Mn (1iBa CBITINHA) Ta
HU3bKO nucnepcHoi ¢pakuii ZnS: Cu, orpumannx metonom CBC

IIBUJKICTh YTBOPEHHS IIEHTPIB KpHUCTami3alii B ra3oBii (aszi, ajne 30UIbIIYeThCS
MIBUJKICTh POCTY KpHUCTamiB. Tpeba 3a3HAuMTH, IO 3aJEKHICTh IIBUAKOCTI POCTY
KPHUCTAJIB Ta PO3MIPY OJEpKYBaHMX YAaCTOK BIJ TUCKY 1HEPTHOIO Ta3y € HE MOHO-
ToHHa [6]. Lle 0OyMOBIJIEHO 3MiHOIO YMOB TEIUJIOBIIBOJY Ta BEJIMYMH MapIliaJbHOIO
TUCKY Zn Ta S, BHACIIIJIOK 3MIHU TEMIIEpaTypHu B 00J1acTi pearyBaHHs.

[Ilo6 chopmyBanucss YaCTUHKU MOTPIOHOTO PO3MIPY, HEOOXITHO MiIOUpaTH
TUCK Ta3y B peakTopi. [Ipu 3MiHI BeJIMUMHU TUCKY 1HEPTHOTO ra3zy B iHTepBan Bix 40
10 400 ITa mo>kHa OTpUMyBaTH YacTKu po3Mipamu Big 2 g0 100 um [15, 6].

Hpyruii cnoci®0 otpumanHs HaHodacTUHOK Metogom CBC Bumarae BUKOpH-
CTaHHS 1THEPTHOTO po3pimkyBaya [15], mo 3amnobirae pocty BUHUKAIOUMX YAaCTHUHOK.
OcHoBHa BUMOra JI0 MaTepiaiy po3piKyBaua 1€ HOro IHepTHICTh K IO PEareHTIB y
IIUXTI, TaK 1 10 CHHT€30BAHOT'O MaTepiay.

VY upomy Bunaaky npu CBC-cuHTe31 HAaHOYACTUHKH YTBOPIOIOTHCS B PE3YJIbTATI
OXOJIO/KEHHS Mapora3oBoi CyMIIlll, 1110 MICTUTh MOPS 3 IHEPTHUM Ta30M OJIUH, JIBa
(abo OupIIe) XIMIYHUX €JIEMEHTIB B 3aJIeKHOCTI BIJ CKJIaay pospimkyBada. Oxo-
JIOKEHHS B1iIOYBA€ETHCS B 30H1 KOHJIeH a1 (1103a 30HOI0 peakilii), po3Mip sIKOi B Ja-
HOMY pEakIiiHOMYy 00’€MI MOKHa 3MIHIOBATH, PETYJIIOIOUM THCK IHEPTHOTO rasy.
MexaHi3M BIUIMBY Ha pPO3MIp CUHTE30BaHUX HAHOYACTHMHOK TaKUW cCaMuM, sIK y Iep-
IIIOMY METO/Ii, ajie 3 PI3HUIICIO Y CKJIAJl CEPE/IOBHUIIA, Y SIKOMY BiIOYBA€ThCS JTaHUM
mporiec.

30ip HAHOYACTUHOK, OTPMMAHMUX MNpU KOHAEHCalli, - CKJIaJHE 3aBIaHHS,
OCKUIbKH YTBOPEHI YACTUHKU HE OCIJIa0Th MiJ] JII€I0 CHJIM TSOKIHHS, a 3HAXOJSATHCS B
ra3i y MiJIBillICHOMY CTaHi 1 B IOCTIHHOMY OpOyHiBCbKOMY pyci. HaHo4acTku 3a3Bu-
yail oc1JaloTh Ha OyIb-AKii XOJOJHINA MOBEPXHI (HAMPHUKIIAJ, CTIHKaX peakTopa) ado
Ha nacTkax ((puIbTpax) po3TalIOBaHUX 1032 30HOK0 PEAKIIIi.

®dopma HaHOYACTUHOK, oTpuMaHux CBC-Meronom razo¢a3Horo cuHTe3y, 3alie-
’KUTh BiJI IX pO3MIpy: HAaHOYACTUHKU ZnS po3mipoM d<20 HM MaroTh (HopMy OJTU3BKY
70 cpepuyHoi, 0 00YMOBJIEHO 3MIHOIO BITHOCHOTO BHECKY IOBEPXHEBOI €HEprii B
3arajbHy €HEPril0 HAaHOYACTHMHKU IPU 3MEHUIEHH] ii po3Mipy. Buiblil 4YacTUHKH
(puc.7) MaroTh OTpaHKy [6].
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[Ile onuH mikaBui Gakt, 00yMOBIEHU BIUIMBOM aKTUBATOPa JIFOMIHECIICHIIIT Ha
dbopMy CHHTE30BaHUX HAHOKPUCTATIB. s MOCHiKEHb JIOMIHECIICHTHUX BJIACTH-
BOCTEH CHHTE30BaHUX HAHOKPHUCAIB CyIb(dily IUHKY, BBOJIWIN akTUBaTOpu Mn Ta
Cu. Skmo kpucrajmiTH HHU3bKO aucriepcHoi ¢pakiii  ZnS:Mn MaroTh O03HAKH
reKcaroHajibHOI Moau(ikallii, TO KPpUCTAIITH HU3bKO auctiepcHoi ¢pakiii ZnS:Cu
MaroTh O3HakW KyOiuHOi Mojudikarii [15]. CBITIMHM CHHTE30BaHUX MaTepiaiiB
HAaHOPO3MIPHOI (PpaKIlii IJIs1 aKTUBOBAHUX MapraHIleM Ta MiJJII0 KPUCTAJIB CylIb(iTy
IIUHKY HaBeJIeH1 Ha puc.’.

3ayBakKMMO, LI0 CHEKTPU (POTOJIOMIHECIEHIIT HU3bKO AUCHEPCHUX (PpaKiiiii
ZnS:Mn Ta ZnS:Cu BIIPI3HAIOTHCA BIJ AHAJIOTIYHHUX, OTPHUMAaHUX Ha KpHCTaJax
MIKpPOHHUX po3MmipiB [15,16] 3a paxyHOK MOJIETHIEHOTO BHXOAY (POTO30YIKEHUX
HOCIIB Ha MOBEPXHIO B HAHOPO3MIPHUX YACTKax, 110 MOB'S3aHO 3 BIACYTHICTh B HUX
JMCIIOKALIlH, sIKI eHEPreTUYHO MEHIII BUT1/IH1, HIXK JUCKJIIHALII.

BucnoBku. Tpamumiitnum merogom CBC npu 3miHi THCKy y peakTopi B
intepBasi 0,5 - 7,0 MIla oTpUMYIOTbCSI KpUCTaId ZnS 3 XapakTepHUM po3MipoM 30
mkM. [llnsxom BBegenns aumcepraropa NHsCl moxkna 3MmiHIOBaTH XapakTepHHA
PO3MIp KpUCTaTIB BiJ S MKM 10 40 MKM.

[Ins1xoM nepeBeeHHs peXXUMY CUHTE3Y 3 TBEPAOTUIBHOIO y razodasHe peary-
BaHHsI, IUISIXOM 3HIDKEHHS TUCKY y peaktopi P< 0,37 MIla oTpumyroThcsi KpucTaiu
(kpuctamiTt) ZnS po3Mip SKHUX MOXKHA 3MiHIOBaTH B Mexax 2 — 100 HM, nuisxom
M1100py BEJIMYMHU TUCKY Ta3y Y PEaKTOpi Ta BUKOPUCTOBYIOUH PO3PIIKYBaYi.

Meton CBC no3Bosisie BUpillyBaTH HpoOJieMy OTpUMaHHS HaHOPO3MIPHUX
KpUCTaliB (KpUCTANITIB) ZnS, K 3BUYAaWHUX, TAK 1 aKTUBOBAHUX JOMIIIKAMHU.
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S. V. Kozytskyi
Synthesis of micro- and nano-sized zinc sulfide crystallites
by the method of self-propagating high-temperature synthesis

SUMMARY

The paper presents the results that demonstrate how ZnS crystallites of different sizes can
be obtained by the method of self-propagating high-temperature synthesis (SHS). The SHS is
possible due to an exothermic reactions occurring in mixtures of Zn and S powders, due to a
large amount of heat released (enthalpy of formation being 202 kJ/mol).

Pressed powders of Zn and S are placed in a stoichiometric ratio into a reactor filled with
Ar or N under a pressure of P>0.5 MPa. After initiated by ignition, the chemical reaction
propagates through the mixture to produce a sample in the form of an ingot. ZnS crystallites
with a characteristic size of ~ 30 um are obtained in the traditional solid-state reaction of the
SHS.

After the passage of the combustion wave, the reaction of the components continues in pa-
rallel with crystallization processes, which causes the formation of an active medium where
self-organization processes occur. Sometimes, abnormally large ("giant") crystallites with
length ~ I mm, thickness 0.1-0.2 mm, and regularly-shaped spatial structures are observed.

The size of synthesized zinc sulfide crystallites can be changed with a dispersant, NH,CI.
When 5 wt.% of the dispersant is introduced, the monolithic sample is polycrystalline ZnS
with a characteristic grain size of ~ 40 um, and when 7 wt.% is introduced, the grain size de-
creases to 20 um. As the concentration of the dispersant is increased to 10 wt. %, the synthe-
sized material becomes loose, the characteristic grain size decreasing to 5-10 um. At concen-
trations greater than 10 wt. %, powder-like ZnS is formed.

The SHS method makes it possible to obtain meso- and nano-sized ZnS, with grain sizes of
order 50 — 100 nm and 2 — 50 nm, respectively, in two ways. The first one consists in the con-
densation of the substance’s vapor in a rarefied inert atmosphere. When, during the SPS, the
pressure of the inert gas changes in the interval from 40 to 400 Pa, a part of the reactants in
the form of steam escapes from the ampoule into the reactor bulk. When the steam particles
collide with the inert gas atoms, they quickly lose their kinetic energy to form particles with
sizes of 2 to 100 nm. To form particles of the required size, it is necessary to adjust the pres-
sure of the inert gas in the reactor.

The second method for obtaining nanoparticles by the SBC is based on the use of an inert
diluent, which prevents the growth of the forming particles. The main requirement for the di-
luent material is its inertness to both the reagents in the charge and the synthesized material.
The effect of changing the pressure of the inert gas on the size of the obtained nanoparticles
manifests itself both directly and indirectly—through the size of the condensation zone. As
the gas pressure increases, its density increases, heat removal increases, the rate of crystalli-
zation center formation in the gas phase decreases, but the rate of crystal growth increases.
As a result, so does the size of the resulting particles.

The shape of nanoparticles obtained by this method depends on their size. Nanoparticles of
size <20 nm have a shape close to spherical, which is a result changing the relative fraction
of the surface energy in the total energy of a nanoparticle as its size decreases. Larger-size
particles are faceted.

Key words: high-temperature synthesis, crystallites, nanoparticles, microparticles
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ExcnepuMeHTa/IbHE TOCTI)KEHHA BIVIMBY TEXHOJIOTTYHHUX ACIEKTIB ABOCTYyIIe-
HEBOI TEXHOJIOTil IPUTOTYBAHHA HAHO(IIOIAIB Ha IX CTAOLIBHICTD

Hanognwiou (H®) mooxcua posensoamu sax nepcnekmueti poboyi miia ma menioHocii 0Jis
eHepeemuyHux cucmem. /Jomiwku Hanovacmunox (HY) y piounax cymmeso eniusaiomos Ha ix men-
noghizuuni enacmusocmi. /s HY, aKki maniu KOoHmaxm i3 HABKOIUWHIM cepedosuem, XapaKmepHa
HasA8HICMb COPOOBAHO20 NOBEPXHEB020 WAPY 3 PI3HUX KOMNOHeHmis nogimps. Ha cvocoouiwmiil
O0eHb enaue copbosanozo Ha nogepxui HY wapy na xonoiony cmabinbnicme ompumanoco H® ne
docnidoceno. Y cmammi nokasamo, wjo nonepeone suoanenHs copboseanux na HY xomnounenmie
nogimps cnpuse ompumantio H® 3 niosuwenor xonoionorw cmabinvuicmio. Excnepumenmanvhi
Oocnidocenns npoyecy oecopoyii H4 a-Al,Os, wo 30epicanuca 8 ymoeax HABKOIUUHLO20 Cepedo-
sUWA, NOKA3AIU, WO COPOYIUHUL WAp CKIA0AEMbCS 8 OCHOBHOMY 3 800U. Po3pobieno memoouky
npucomyeanus H®D. [{a memoouka exniouae nonepeduto oopodoxy HY eaxyymysaunsam 3 Hazpiean-
Hsam 0o 200 °C ma nodanvue bazamopazose nogmopents npoyecie opoonenns HY 6 bicepromy
MAUHI 3 PIOUHOIO | 3 OONOMO20I0 YIbMPA38YK0B020 Oucnepeamopa. Bumipsnutl ciopoounamivnul
posmip (DLS) acpecamie H4 y H®, ompumanomy 3a 3a3Ha4eHOI0 8ulje Memooukor, 6y8 MeHuum,
Hidic 0na ananoziunoco H®, npucomosnenozo 6e3 nonepeouvoi oopooku HY. Ompumani pesyno-
mamuy CRPUAMUMYMs YOOCKOHATIEHHIO MEXHON02I] 8UCOMOBIeHHs KON0IOHO-CMAOINbHUX POOOYUX
Mil ma MmenjioHOCiig OJisl eHepeeMUUHUX CUCTEM 3 BUCOKOIO eHep2emUYHOI0 epheKmusHicmio.

Kntouosi cnosa: nanognioio; nanouacmunku (HY) o-AlL,Os; acpecamusna cmabinvhicms,
abcopbosanutl wap

1. Beryn.Opniero 3 mpo0ieM y po3poOlli CydaCHUX CHUCTEM OXOJIOJKEHHS MIK-
POCIICKTPOHIKYM Ta CHEPTETUIHOTO 00JIATHAHHS € CTBOPCHHS HOBOTO TTOKOJIIHHS TETI-
JIOHOCIiB, SIK1 MalOTh IIE€BHI TEXHOJIOT14HI Ta TeIUI0(M13UyHI BIacTUBOCTI. Tpanuiiitai
METOAM MIJABUIICHHS THTEHCHUBHOCTI TEIJI000MiHYy [1] 3HaYHOIO MIpOI0 BHUEpHAIH
CBIli €EKOHOMIYHHMI Ta €KOJIOTO-€HEPreTUYHUI MmoTeHIiain. ToMy iHHOBaIlHY Tiepc-
MEKTUBY JJIs BUPIMICHHS ITUX MpoOJieM Mae KOHIEMIlIS 3aCTOCYBaHHS HaHOQJIIOIIIB
SIK TETUJIOHOCIIB [2-4].

Hanodmoinu (H®) BigHOCATH 10 KJIacy CTIMKUX TE€TEPOreHHUX TePMOIUHAMIY-
HUX CHUCTEM, KUK YaCTO OTPUMYIOTh LIUISIXOM AUcCHepryBaHHs HaHoyacTuHOK (HY) 3
pI3HUX MaTtepiaiiB B 0a30BUX piAuHAax [5, 6]. Sk Moka3yloTh YUCICHHI AOCIIIKECHHSI,
HasBHICTh HaBITh HE3HAUHOI KiIbKOCTI HY y piniuHi cnpusie HeaAUTUBHIN 3MiHI 11 Te-
mwiodgi3uyHuX BiactuBocter [5-9]. Lleit edekt 3ymoBienuid gk B3aemoaiero HU mix
co0010, Tak 1 MDKMOJIEKYJIsipHOIO B3aemojiero HY 13 6a3zoBoro piaunoro [5]. Jdonart-
KOBHI BIUIMB Ha HAJUIMIIKOBI TepMoauHaMmiuHi QyHkuii HO mae 3miHa cTpyKTypH
piakoi ¢dasu B npucytHocti HU [10, 11], a Takox HasBHICTh MOBEPXHEBOIO IIapy
MOJIEKYJ1 6a30BOi piAMHKU a00 MOBEPXHEBO aKTUBHUX peuoBuH Ha HY [7].
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Sk MOKa3yrOTh YHCIEHHI €KCIIEPUMEHTAIbHI AOCIIHKEHHS, HAsIBHICTD JOMIIIOK
HY crnpusie 30UTbIIEHHIO TETUIONPOBIAHOCTI, TEMIIEPATYPOIIPOBIAHOCTI, B'SI3KOCTI Oa-
30BUX piauH[3, 5-9], 3MiHI IX TEIIOEMHOCTI Ta PI3HUII €HTaIbIIT pHU (Ha30BUX Mepe-
xonax [7-9], a Tak camo iHTeHCH(IKAIi TEIUIOBIA/Iayl K MPU KOHBEKIi, TaK U MpH
¢dazoBux nepexonax y HO [2-4, 9]. Tomy H® maroTh BeMKU iHHOBAIITHUIN MTOTEH-
111aJ1 3aCTOCYBaHHs y 0araThOX rajly3sX MPOMHCIOBOCTI.

[Ipote peanizaiis nmoteHIiHux nepeBar H® mnpu ii BOpoBaKeHHI Y MPOMUC-
JIOBICTH JIOCI CTPUMYETHCS HU3KOIO TEXHOJOTTYHUX mpobsiem [5, 8, 9, 12]. OnHiero 3
HaWBAXJIMBIIIMX HEBHUPIIIEHUX MPOOJIEM 3aJIMINAETHCSA BIACYTHICTh PErjaMeHTOBa-
HUX TEXHOJIOT1M OTpuMaHHA cTabpbHuX y yaci H® pi3Horo cknany.

He3Baxaroun Ha BeNMKY KUIBKICTh NYOJIKalii, MPUCBIYEHHX TEXHOJIOTISIM
orpumanua H® [5, 6, 8, 9, 12], npobiema ix cTabIILHOCTI B Yaci J1ajieka BiJl CBOTO
BupimeHHs. Kpim Toro, came 1i€0 00CTaBHHOIO MOSICHIOIOTHCS BEJIHMKI BIIXHJICHHS
EKCIIEpUMEHTAIILHUX JaHUX 010 Teriodiznynux BaactuBocteil HOHaBITh o1HAKO-
BOT0 XiMiyHOTrO ckiany ta po3mipy HU. ¥V mporeci ekcrutyararnii oonaananas 3 HO
arnmomepariiss HY npu3BoauTh 10 3aCMIYEHHS TEIIOOOMIHHUX IMOBEPXOHb Ta MIKPO-
KaHamiB. TakuM 4uHOM, BUBUYEHHS CTaOUIbHOCTI H® € KIIIOUOBUM MHUTAHHSM, SIKE
BIUTMBAE HA PO3POOKY PEKOMEHJIAIlIN MI0JI0 MPAKTUYHOTO 3aCTOCYBAaHHS HAHOTEXHO-
JIOTi! Y IPOMUCIIOBOCTI.

Hakomuuenuii nocsin npuroryBanas H® npu peanizaiiii JBOCTYIIEHEBOI TEXHO-
norii [8, 9, 12] noka3ye, mo GopmyBanHs minen B HO 3nHauHOI0 MIpOIO 3aJI€KUTH BiJT
MIArOTOBKM 0a30Boi piauHu ta HY mepen ix 3mimyBaHHsAM. Ciijg OIAKPECIUTH, LIO
HY maroTh BenUKy MOPUCTICTh, € XOPOLIUMHU cOpOeHTamMu. ToMy MpH KOHTaKTi 3 BO-
JIOTUM MOBITPAM Y npoueci 30epiranus Ha nosepxHi HYU moxyThs copOyBatucs moJie-
Kyau noBiTps 1 Bogu. CopOoBaHui 1m1ap, 10 YTBOpIOeTbea Ha moBepxHi HY, Gepe
y4acTh Y MDKMOJICKYJIApHIM B3aeMoii 3 0a30B00 piinHOK. OYeBUIHO, IO HasB-
HICTh I[LOTO IIApYy BIUIMBAE Ha Tpoiiec popmyBaHHs Milen y 6a30Bii piauni. Edexr
HasIBHOCTI copOIiiiHOro mapy Ha nmoBepxHi HY Ta ioro BIuIMB Ha arperaTuBHY CTiH-
kicTh H® 3anuiaerbcs HEOCTATHRO BUBYCHUM.

VY nonaniii cTaTTi aBTOPHU JAOCTIIXKYBAJIU BILTUB JESKUX (PAKTOPIB, IO CIIPUSIOThH
OTPUMAHHIO CTIMKUX y Yaci HaHO(DIIOIMIB MPHU peatizallii ABOCTYIEHEBOI TEXHOJOTIi
iX TPUTrOTYBaHHS.

2. Marepianu Ta Meroau. /[ns nocnigkeHHs nmpolecy aacopOiii KOMIOHEHTIB
noBITps Ha oBepxHI HY BukopucToByBanucs HaHoMarepiainu BupooHnka WenZhou
JingCheng Chemicals Co.,Itd. Texniuni xapakrepuctuk HaHo4acTUHOK o-Al,Os5 (3a
JAHUMH BUPOOHUKA) HACTYIIHI:

- gucToTa 99.99%:

- po3mip HY 1045 HMm;

- muToMa noBepxHs (Bu3sHaueHa BET meTogom HU3bKOTEMIIEpaTypHOI afcopo-
mii) 8.7 M/T.

Sx 0GazoBa piauHa BUKOpUCTOBYBaBcsi 13ompomanon (CAS: 67-63-0,
SigmaAldrich, uucrora 99.7%).

Maca Bu3Hauanacs 3 BUKOPUCTAHHSIM €JIeKTpOHHUX aHamiTuuHuX Bar AND GR-
300 3 neBusnauenictio +£0.0005 p. Mexaniune apo6iends HY B piguHi npoBoauiIv B
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Puc. 1. Texnonoriuna cxema JOCTIKEHHS KUIBKOCTI aJICOPOOBAHUX KOMITOHEHTIB
BOJIOTOTO TIOBITPs Ha moBepxHI HY

OicepHOMY MJIMHI, 3alIOBHEHOMY KysibkamMu ZrO, niameTpoMm 2 MM. YIJIBTPa3BYKOBY
00poOKy MPOBOJIMIIH 3a J0MOMOroro yinbrpa3BykoBoi BaHHM Codison CD 4800 (uac-
tota 42 x['1, motyxHicts 0.07 kBT).

3. PesyabTaTi AociaigkeHHs Ta auckycis.HasBHicTe copOoBaHuX y mporeci
BUPOOHHMIITBA Ta 30€piraHHs KOMIIOHEHTIB NOBITps Ha noBepxHi HY mMoxe BriMBaTH
Ha arperaTuBHy Ta C€UMEHTallliHy cTaOuibHicTh H®D, 1110 MpUroTOBIIEHI 3 iX BUKO-
puctanHsaM. L{g npoOiema HUHI HEJOCTATHHO BUBYEHA.

Metoauka npoBeACHHS JOCHIIKEHHS BIUTUBY COPOOBaHUX KOMIIOHEHTIB MOBIT-
ps Ha noBepxHi HY Ha cTtabuibHicTs H® cknaganacs 3 ABOX €TamiB: AOCIIKEHHS Ki-
JBKOCTI COpOOBAaHMX KOMIIOHEHTIB MoBiTps Ha HY Ta nocniikeHHs BILUTMBY Molepe-
JTHBOTO BUJANCHHS copOiiitHoro mapy Ha HY nHa criiikicts oaepkyBanux HD.

Ha nepmomy ertami BU3Hayajacs MUTOMa Maca copboBaHux Ha moepxHi HY
KOMITOHEHTIB BOJIOTOr0 MOBITpsA. TE€XHOJOrYHA cXeMa IPOBEJCHHS JOCIIIKEHHS Ha-
BeJicHa Ha puc. 1.

VY mporeci gocnipkerHst Bci Tunu HY miggaBanucs BILUTUBY BOJIOTOro MOBITPS
HABKOJIMITHBOTO cepefoBuiia (Ttemmneparypa 15..16 °C, BiHOCHa BOJIOTICTh
55...77 %) npu ix 30epiraHHi y BIIKPUTUX €MHOCTsX. [licist 3aBepIeHHs MpoIecy
copOl11ii KOMIOHEHTIB Bojiororo noBiTps 3pazku HY mignaBanucs npoueaypi gecopo-
uii. HY narpiBamu 1o 200 °C y cymunbHii madi npu 6e3nepepBHOMY BaKyyMyBaHHI
1o 2 Ila npotsirom 120 xB. 3 METO BUKIIOUEHHS OBTOPHOI COpPOIli KOMIIOHEHTIB
noBiTpss Ha HY oxonomkeHHs 3pa3KiB 3A1MCHIOBAJIOCS y BaKyyM-€KCHUKATOp MpH
2 ITa.Ilicnst oxonomkeHHs OyJio AOCTIIKEHO AMHAMIKY 3MiHM MacH 3pa3kiB HY npu
KOHTAKTI1 3 BOJIOTUM MOBITpsIM (Temriepatypa 15...16 °C, BinHOCHa BosoricTs S55...77
%) — puc. 2.

OTpuMaHi pe3yiabTaTl NOKa3ylTh, 0 Ha noBepxHi HY copOyeTbes noBou Be-
JUKAa KUIbKICTh KOMIIOHEHTIB BoJiororo moBiTps. Ockinbku moBepxHs HY oxcu-
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Puc. 2. 3anexHicTh MaCOBOI YaCTKU KOMIIO-
HEHTIB BOJIOTOTO TIOBITPS, COpOOBaHMX Ha
noepxHi HY, Big yacy B ymMmoBax HaBKOJH-
IIHBOTO CEPEIOBHUIIA

JIBMETAJIB  E€JICKTPUYHO 3apsKeHa,
COpOIIAHUIN TIap CKIAJAAEThCSI B OCHOB-
HOMY 3 BOJIM, III0 Ma€ HAWMOUIBIIUKA K-
MOJIBHUM MOMEHT 13 yCiX KOMITOHEHTIB
BOJIOrOro moBiTps. ['a3u, mo Bigkauy-
BaJuCs y Tpoleci jecopOrii, oxoo-
JUKYBQJIUCST B KPIOTCHHINM BakyyMHIN
nactul. [IpoBeneHi BUMiproBaHHS MOKa-
3HUKA 3aJIOMJICHHSI 310paHOr0 KOHJICH-
caTy JAO03BOJIJIM BU3HAYWTH, IO COpOO-
BaHM Ha moBepxHi HY map cknana-
€ThCA 3 4KMCTOi BoAu. Maca 310paHoro
KOHJIeHCcaTy Oylia MopiBHIOBaHa (B Me-
’KaxX HEBU3HAYEHOCTi) 3 MACOK KOMIIO-
HEHTIB BOJIOTOT'O TOBITPSI, 1[0 MOTJIMHA-
Bca 3paskamu HY mpoTsirom TpuBanoro

KOHTaKTy 3 BOJIOTUM IOBITPSIM B YMO-
Bax HaBKOJUIITHHOTO CEPEOBUIIIA.

AHamnizyround OTpHUMaHIi JlaHi, CJIiJ BpaxoByBaTH, 1o po3mipu HY y mopomiky
CYTT€BO BIJIPI3HSIOTHCA BiJl PO3MIPY, IO BKa3yeThCsl BUPOOHUKOM. Tak, HaIpUKIa,
st ToBapHOTO 3paszka HO 13onponanon/Al,O; (CAS Ne 1344-28-1, SigmaAldrich),
ekBiBaJIeHTHUH po3mip HY B 130mpomnanosii, BU3BHAYEHUI METOJIOM JTUHAMIYHOTO PO3-
CIIOBaHHS CBITJIa 3a JJaHUMHU BUPOOHMKA CTaHOBUTH 50 HM. Y TOH Xe yac po3mipu
cyxux HY Al,O; (mpocBiuyrounii eI1eKTpOHHUN MIKPOCKOIT), 1[0 OyJIM OTpUMaHI Mic-
JIsl BUIIAPIOBaHHS 130MPOIAHONY, ICTOTHO BiApi3HSBCSA [7].

Posnonin 3apanie y HY BuszHavaeThcs (YyHKIIIOHATBHUM 3B'SI3KOM IIUIBHOCTI
HEraTUBHUX Ta MO3WTUBHUX 3apsjiB ycepeauHi HY Ta enekTpoHiB Ha iX MOBEpXHI
[13]. Ha BigMiHy BiJf MACUBHUX MaTepialiiB, MOsSBAa HAJIMIPHOT KUTBKOCTI €JIEKTPOHIB
Ha noBepxHi HY mnpus3BoauTh 10 HaKOMUWYEHHS J0JATKOBOI KYJOHIBCHKOI €HEprii,
MOPIBHSHHOT 3 €Hepriero Koresii kinactepa. OCKUIbKU €NEKTPUYHUHN 3apsij] Ha MOBEp-
xH1 HY o6epHeHo nponopuiifHuii i po3Mipy, MacoBa 4acTKa 1 TOBIIMHA aJCOPOITiii-
HUX IIapiB 3aJIeKUTh, HE TIJILKU BiJl TapaMeTPiB BOJIOTOrO MOBITPS, a i BiJ po3Mipy
HY, matepiany Ta iX mUTOMOI MOBEpXHI. Y paMKax pO3TJsSTHYTOI MOJIE MOXHA MPH-
nyctuty, mo HY 13 copboBaHUM IIapoM MparHyTUMYTh HaOyTu chepudHoi hopMu.
TakuM 4MHOM, MarO4d 3HAYCHHS cepeaHboro po3mipy HY, MoxxHa po3paxyBatu Xxa-
pakTepHi mapaMmeTpu copOiiiiHoro mapy. /s po3paxyHkiB OyB NPUUHITUN MOJIEKY-
nsipHuid giametp Bogau 0.264 Hm. OTpuMaHi mapameTpu COpOIIMHOrO IIapy Ha MOBe-
pxui HY a-Al,O5 ycepenHeHoro po3mipy HacTyIHi:

- MacoBa yacTtka copboBanoi Bojau — 0,66 mac. %;
- Maca copboBatoro mapy Ha mosepxui H4 — 6,85-10"°r;
- miametp HY ¢ copboBanum mapom — 13.32 Hm;
- TOBIIIMHA copOoBaHOTO 1apy Ha nmoepxHi HY - 1,66 uM;
- KUIBKICTh MOJIEKYJISIPHUX COPOIIAHUX IIapIB - 6.
3 HaBeneHoi iH(MOpMaIlli BUILIUBAE, 10 XapaKTepHI MapameTpu COpOIIHHOTO
mapy 3ajekaTh BiJ] TPUBAJIOCTI Tpoliecy copOirii, po3mipy HY, a Takox iX muromoi
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Basoga pinana

Puc. 3. TexHonoriyHa cxema CTBOPEHHS 3pa3KiB HaHO(IIOiIiB

noBepxHi. Kpim Toro, Ha nporec cop6uii razi Ha HU BrmBaroTh napamMeTpu HaBKO-
JUIIHBOTO CepeoBUIIa (TEMIEPaTypa, TUCK, BOJIOTICTh MOBITPS).

Ha HacTymHOMy eTami eKCepuMEHTAIbHUX JOCHTIIKEHb BUBUABCS BIUIMB TEX-
HOJIOTTYHMX acrekTiB orpuManHs H® Ha cepenniii po3mip HY y 6a3oBiii piguHi Ta Ha
arperaTuBHY CTaOUIbHICTH oJiep:kyBaHnux HO.

3pa3zkun H® oTpumyBanu 3 BUKOPUCTAHHIM JBOCTYIIEHEBOI TEXHOJIOTI HIISIXOM
sminryBanHs HY 3 i3ompomnanonom. Mixk komnonentamu H® BigOyBaroThcsi Ban-
nep-Baanbcosi B3aemosii. Criiikicte H® n0 arperaiiii BUBHa4a€eThCs K €HEPreTHY-
HOIO B3a€EMOJIEI0 MIX 3aps/keHoro noepxHero HY ta copboBaHMMM Ha iX TOBEpPXHI
MOJIEKYJIaMH BOJIU, TaK 1 COPOLIHHOTO MIapy 3 MOJIIPHUMH MOJIEKYJIaMU 130IIPOIIaHo-
7y, a TAaKOXX OPOYHIBCHKHUM PYXOM Ta KYJOHIBChKUMH cuiaMu. Ha criBBigHOIIIECHHS
MDK MHepeiyeHUMH (paKTOpaMu €HEPreTUYHOI B3a€MOJIi BIUIMBAIOTH SIK MapaMeTpH
CTaHy, B sKoMy 3HaxoauTbcsi HD, Tak 1 pi3H1 TEXHOJIOTI4HI (haKTOpHU peanizauii ABO-
CTYIIEHEBOI TexHouor1i onepxanHs HD. Texnonoriyna cxema ctBopeHHs 3pa3kiB HO
HaBEJICHA Ha puc. 3.

B pamkax peanizaiii ABOCTYIIEHEBOI TeXHOJIOTIT npuroryBanusa H® Bukopucro-
BYBAJIUCS KIJIbKA €TaliB: MEpeMillyBaHHs 13omnponanony ta HYU mar"iTHoro Mimas-
KO0, mopioHenHs arperatoB HY y cepenoBuiiil i3omponanoiy y 0icepHOMY MIIHMHI
Ta yJIbTPa3BYKOBE aucHepryBaHHs. Yac TEXHOJIOTI4HOI 0OpoOKM cymili 130mporia-
Housty 3 HY Ha ko’kHOMY eTarni BapitoBaBCsl 3 METOK BUBUEHHS BILIMBY PI3HUX TE€XHO-
JIOT1YHUX YMHHUKIB Ha CTAOUIBHICTE ojiepkyBaHux HD.

VY npoBeaeHUX AOCIIKEHHSAX NpHu npurotyBanHi H® BukopucroByBanucs 1Ba
Bunu HY: 6e3 nmonepeanroi aecopoOirii kommnoneHTiB nositps Ta HY, mignani necop6-
1ii (BIAMOBIIHO 0 TEXHOJOTIYHOI CXeMHU Ha puc. 1).

Jlo ocHOBHMX (DaKTOpiB, 110 MEPEIIKOIKAIOTh CTBOPEHHIO arperaTMBHO CTa0i-
npHUX y yaci HO, Mmo)kHa BIIHECTH:

- arperanito HY y nporeci ix 30epirants (4omy cripusie HasiBHICTb COPOOBaHUX
Ha iX MOBEPXH1 KOMIIOHEHTIB BOJIOTOTO MOBITPS);
- IIMPOKUH 1HTEpBaI PO3MOALTLY 3a po3Mipamu ToBapHux HY;
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Ta6auus 3. TexHOJOr14HI aCMEKTH 3aCTOCOBAHKX ITPOLIECIB
IPUTOTYBaHHsI HAHO(IIOITIB *

TexnoJoris 1
V3105 xB. => BbM 570 xB. => MM 600 xB. => Y3 330 xB.
TexHoJorist 2
MM 420 xB. => BM 510 xB. => V3 320 xB.
TexHoJiorist 3
Y3105 xB. => BM 570 xB. => MM 600 xB. => VY3 330 xB. =>30epiranss 7 ai0
=>PBbM 510 xB. => Y3 320 xB.
* MM - mepeminryBaHHs MarHiTHOIO MIITAJIKOIO; Y3 — yIBTPa3BYKOBE JUCIICPTYBaHHS;
BM - 06po6ka B OicepHOMY MIIMHI

- cxunbHIcTh HY 10 arperaiii yepes cuibH1 Ban-nep-BaanbciBebki cuim B Oa-
30Bii pIJIMHI;

- HasIBHICTh y 0a30Bii PiJIMHI PO3UMHEHHUX Tra3iB Ta JOMIIIOK, K MOXYTb COp-
OyBarucs Ha nmoBepxHi HY.

TexHOOoT1YH1 acleKTH 3aCTOCYBaHHS IMPOIIECIB MPUTOTYyBaHHs 3pa3kiB HO Ha-
BEJICHO B Ta0II. 3.

VY KOHIH 13 3aCTOCOBaHUX TeXHOJOT1H cTBOopeHHss HD BUKopuCTOBYBaBCs eTam
00poOKHM KOMITOHEHTIB cycIieH3ii 13onponanony 3 HY y Gicepaomy miuHi. B pesynb-
TaTl nepeMentoBanHa arperaTiB HY y MiauH1 B HUX yTBOPIOIOTHCS TPIILIMHHU, 1 BIIOY-
BA€ThCA YAaCTKOBE pyiiHyBaHHs. Ha eTtami ynbTpa3ByKOBOi aucriepraiii B pe3ysbTari
KaBITAllIMHUX SIBUL] y PIAUHI BIJOYBAa€ThCsS JOAATKOBE pyiiHyBaHHs arperariB HY 3a
My TpimmHaMu. CITi 3a3HAYATH, 0 TOE€THAHHS yIBTPa3BYKOBOI 0OpOOKHU Ta IIOo-
npiOHEHHs B O01CEpHOMY MIIMHI JA0CI HE HA0YJIO0 IIHUPOKOTO MOUIUPEHHS, X04a pPO3TJls-
naeTbes y psaal poOit [14, 15]. OueBuaHo, mo 00poOka cycnensiii 6azoBa piquna/HY
y OicepHOMY MJIMHI CHPUSTHUME 3MEHIICHHIO cepeiHboro po3mipy HY, pyliHyBaHHIO
arperariB 1, THM CaMUM, TiJBUIIEHHIO cTa0lIbHOCTI oTpuMmyBaHux HD [14, 15].

Sk mokazuuku criiikocti H® mocmimkyBanacs 3aiekHOCTI CIEKTPAIbHUX KOE-
¢bilieHTIB IPOITYCKAaHHS CBITJIa BiJl Yacy 30epiranHs 3pa3kiB. BumiproBaHHs criekTpa-
JBHUX KOE(QIIIEHTIB MPOMYCKaHHs CBITIa mpoBoamincs crnektpodoromerpom Ulab
102 mipu gorxkuHax xBuib Bijg 400 1o 1000 M.

Cnijg 3a3HayuTH, 0 ONTHYHA HEOMHOPIAHICTE HD 3anekuTh HE TUIBKH Bij
npucyTHOCTI y HboMy aucneproBanux HY. HaBite y cepenoBuinax, siki 3 MakpoCKO-
MYHOI TOYKH 30py MOKHA BBaKaTU OJHOPITHUMHU, IPUCYTHI JIOKAJIbHI HEOHOPITHO-
CTl 4epe3 XaOTUYHUU TEIUIOBUM pyX MOJEKyJd. ToMy B pIBHUX JOKaJbHUX 00’ €Max
MICTUTBCS pi3HA KITBKICTh YACTUHOK, 1110 MPHU3BOAUTH 0 YTBOPEHHS (PIyKTyallii ry-
CTUHH. SIK MOKa3ylTh MPOBEACHI HEIIOAABHO JOCHIKEHHS, mpucyTHicTh HY y Oa-
30BiM piaMHI cipusie 3MiHi ii Quykryauiid ryctuau [10]. Y HO, kpim GaykTyaniii ry-
CTUHU 0a30BUX DPIJAMH, MOXKYTh BUHUKATH (uykryarii koHuentpamii HY. Yepes 1e
H® € onTuyHO HEOTHOPITHUMU CUCTEMAMH.

[HTEHCUBHICTD 1 MPOCTOPOBUI PO3MOILT PO3CITHOTO BUIIPOMIHIOBAHHS 3aJI€XKAaTh
B1J1 CITIBBIJTHOIIIEHHS MK JOBKHMHOIO TMaJar0u0i XBHIII 1 po3MipoM 4acTUHOK d. Tomy
PO3CIIOBaHHS CBITJIA 3aJI€KaTUMYTh Bi po3noainy HY y 6a3oBiit piauHi 32 po3Mipom
Ta JOBXHUHM XBUJi cBiTia. [IpyxHe po3citoBanHs cBitia Ha HY po3mipoM 3HAYHO
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MEHILE JOBXUHU XBUI (d<A/15), hopmye poscitoBanHs Penes. Takum unHOM, 3ame-
KHOCT1 CHEKTPaIbHUX KOEQIIIEHTIB MPOIYCKAHHS BiJl Yacy, BUMIPSHI JJIsl OJeprKa-
HUX 32 PI3HUMH TEXHOJOTisIMH 3pa3kiB H®, 103BONSAIOTH JOCTIHKYBATH JUHAMIKY
3MIHH iX CTa0lJILHOCTI.

OTpumaHni 3a71€XXHOCTI CHEKTPaIbHUX KOe(]IIIEHTIB MPOIyCKaHHA BiJl 4acy 30e-
piranHs 3pa3kiB HO B onTUYHUX KIOBETaX 3 JIOBKUHOIO ONTUYHOTO Huisixy 3,087 mm
JEMOHCTPYIOTh puc. 4-7.

[IpuroroBneni 3a TexHosyoriero 1 H® He criiiki (KoedilieHTH MPOITyCKaHHS
3MIHIOIOThCS 3 4acoM) — puc. 4. llIBuakicte ocamxkenns HY pizHuUX po3MipiB BiIpi3-
HsaeTbed. Benukuit poskua po3mipiB HH y HO 0yB 3adikcoBanuii 1151 000X 3pa3KiB y
pe3ynbTari BuMipy paaiycy Merogom JIPC (nuHamiuHOro poscitoBanHs cBitia). Ce-
pEeAHIN T1APOAMHAMIYHMMA pajilyc Ajii 000X 3pa3KiB BIAPI3HABCS HE3HAYHO, B CEpel-
HbOMY CTaHOBHB 0Jin3bK0 200 HM.
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[TpuroTorneHi 3a TexHosorier 2 3pazku HD 36epiranu ctabiapHICTh 70 500 XB.
— puc. 5. Ilpuyomy pi3kuil CTPUOOK CHEKTPaTbHUX KOE(IIIEHTIB MPOIMYCKAHHS, OT-
e, 3HIKCHHS arperatuBoi Ta CeAMMEHTAIlIITHOT CTa01JIbHOCTI, CIIOCTEPIraaocs Tib-
KU JIJIA 3pa3Ka, MPUroTOBJIEHOTO ix HeneaepoBanux HY. Crnin 3a3HauuTu, 10 1S Je-
aepupoBanHbix HY crioctepiranacst Ouibina crabinpHicTs HO. Bumip rigpoauHamiy-
Horo paniycy HY meromom JIPC 3adikcyBaB Benukuii po3kua posmipis HU B HO
11t 000X 3paskiB. CepenHiil riipoIMHaMIYHUN pajlyc cTaHOBUB 239 HM /i 3pa3ka 3
HeneaepoBanux HY ta 200 uMm 11 3paska 3 neaepoBanux HY. Otpumani pes3ynbratu
MIITBEPIKYIOTh AOIUIBHICT ToniepeaHboi 00pooku HY a-Al,O;ai1a BuganeHHs cop-
0oBaHOi BoJIOTY niepea npuroryBanusm HO.

[ToBTOpHO MPUTOTOBJIEH] 32 TEXHOJOTI€0 2 3pa3ku HO npotarom nepmux n'stu
IOHIB OyJId BIAHOCHO CTaOUIbHI (CIEKTpabHI KOE(ILIEHTH MPOITYCKAHHS HE3HAYHO
30UTbLIYBaIMCS 3 YacoM) — puc. 6. Ha mocTuil 1eHb BUMIPIOBaHHS CTaBCA CTPUOOK 13
30UTBIIEHHSIM 3HAY€Hb CHEKTPaIbHUX KOe(]II[IEHTIB MPOIMYyCKaHHS, MOKIJIMBO TOB'SI-
3aHUM 13 3MiHOIO TeMriepaTypu. Hanani Benuki HY novanu Bunagatu B ocan i ctadi-
JBHICTD MOTIPITYBANIACH.

Tak sik mpurotomieHi 3a TexHousoriero 2 H® Biapi3HsIMCS 32 CTaOLIBHICTIO
(puc. 5 1 6), OyB 3po0iCHU BUCHOBOK, I1I0 BEJIIMKUW BIUTMB Ha CTAOUIBHICTH OKa3y-
I0Th SIK HE3HAYHI BIAXWJICHHS Y MPOBEJEHH1 TEXHOJIOTTYHHUX MPOIIECIB (Pi3HA CTYIIHb
Harpisy H® nipu yneTpasBykoBiit 00po0Oiti, pizHuii 060’em H® 1 T.11.), Tak i nmapamer-
PH HaBKOJIMIITHHOTO CEPEIOBUIIIA.

[IpurorosneHi 3a TexHosoriero 3 3pa3kn HO Biapi3HAIMCS MiABUILIEHO CTa01-
apHICTIO — puc./. [Ipuuomy st HO, npurorosieHoro 3 neaepoBanux HY, cnocrepi-
raBcsl HEBEJIMKUM CTPUOOK KOe(ILIEHTIB IPOIYCKAHHS, MIOB'I3aHUI, OYEBUHO, 3 OCI-
nanHsaM Benukux HY. OnHak y nojgansmiomMy cTadiibHICTh 30epiranacsa. CrnekTpalibHi
koedimienT nponyckanns aia HO, npuroroBanux 3 HepeaepoBanux HY Bigpa3y mic-
7Sl MpUroTyBaHHs Oynu BuluMu, HiK 1iia HO 3 neaepoBanux HY. TlosicHioeThes 11e
TUM, 1110 B IPOLECI IPUTOTYBAaHHS HE BAAJIOCS JOCSAITH BUCOKOI aucnepcHocti HO,
3HauHa yacTuHa arjomepariB HY ocina mie B mporieci miroToBKU 0 BUMIPIOBaHb,
[0 ¥ CIPUSIIO KpAIIoOMy MPOMYCKAaHHIO CBITJIA IIMM 3pa3koM. Bumip rigpoauHamiy-
Horo paaiycy s HO 3 neneaepoanux HY mokasaio, mo cepeaniii po3mip HY cra-
HOBUTH 240 HM (Tmicisg MexaHigHOTro nepeminryBaHHs). OqHaK micis 30epiranHs 3pa-
3ka npoTtsroM 10 116 HY noBHicTio Bunmanu B ocaa. BuMip riapoauHamMiyHOTO pajiy-
cy s HO 3 neaepoannx HY nano cepeaniit po3mip 167+7 um. Ilicas 36epiranss
3pa3ka npoTsaroM 10 gHIB cnoctepiranacs Bi3yajbHa PI3HUIS ONTUYHOI T'YCTUHU 3a
BHUCOTOIO KoMipku 3 H®, 6e3 miisibHOro ocany (Ha Biaminy Big H® 3 HeneaepoBaHux
HY). Onnak micis nmepeMillyBaHHS 3pa3ka MOBTOPHE BUMIPIOBAHHS T1IPOJWHAMIY-
HOTO pajiycy nano cepeaniil posmip HU 167+7 um. OTpumanuii pe3ynbTaT miaTBep-
JDKY€ BiICYTHICTB Koaryianii HY ta Moxke OyTH NOSICHEHUI YTBOPEHHSIM IIapy 3 MO-
nekyn 6a3oBoi piauHu Ha noBepxHi HY. OueBuaHo, el map Beae cebe K moBepx-
HEBO-aKTHBHA peYOBUHA B aHai30BaHOMY HD.

3aNekKHICTh CHEKTPATbHUX KOE(DIIIEHTIB MPOIYCKAaHHS MPH JIOBKWHA XBUII
700HMBiT yacy (cTabuIbHICTH 3pa3kiB) aist HO, mo Oynu nmpuroToBiieHl 3a pi3HUMHU
TEXHOJIOT1SIMH, JICMOHCTPYE pHUC. 8.
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Ha puc. 8 3Beprae Ha cebe yBary Toil ¢akr, mo H®D, ski Oynu npuroroBaHi 3a
TEXHOJIOTi€0 2 (IpyTuii 3pa3okK) Ta 3 3 MOYaTKy BUMIPIOBaHb MPU PIBHIN KOHIIEHTpa-
mii HY Bigpi3Hsauce 3HaUeHHAM KoedilieHTa mpomnyckands. OTpuMaHuil pe3yibTaT
MOSICHIOEThCS pi3HOI0 nucnepcHicTio HY y HO, mo Oynu oTpumani 3a 0JIHAKOBOIO
TEXHOJIOTI€10, aJie 3 BUKOPUCTAHHSAM MOINEPEAHBO JI€aepOBAHUX Ta HeJAeaepOBaHUX
HY.

AHani3 oliepKaHUX Pe3yJbTaTiB J03BOJISE CPOPMYIIOBATH KiJTbKa BHUCHOBKIB.
[To-niepie, 3a1eKHOCTI CHEKTpAIbHUX KOE(IIIEHTIB MPOMYCKAHHS CBITJIA BijJ yacy
30epiraHHs 3pa3KiB BKa3ylOTh, IO TIEPINA Ta Apyra TeXHOJIOTil mpurotyBanus HD e
3a0e31euyoTh OTPUMaHHS CTaO1IbHUX 3pa3kiB. CiiJ 3a3HAYUTH, IO ITBUAKICTD 3Mi-
HU CHEKTPaAbHUX KOE(IIIEHTIB MPOIMYCKaHHS, OTXKE, 1 IMBUIKICTh OCAJKEHHS P13HUX
3a po3mipom HY, Biipi3HAETHCS AJIs pI3HUX TEXHOJIOT1H — puc. 4-7.

[To-npyre, ciijx 3BepHYTH yBary Ha BIUIUB Ha cTiiikicth H® yacy ynbTpa3ByKo-
BOT'0 Ta MEXaHIYHOTO aucnepryBanHs. Ha puc. 51 6 € 4iTko BUpa)keHa ropu30HTaIb-
Ha JUISTHKA Ha 3aJIEKHOCTSAX CHEKTPATbHUX KOE(IIIEHTIB MPOMYCKHA CBITJIA, sIKa BKa-
3y€ Ha (paKkT MeTacTabUIbHOI CTIMKOCTI MPUTOTOBICHUX 3pa3kiB HD Ha 3HauHOMY 1H-
TepBaii yacy. MakT crioHTaHHOTO MOpYyIIeHHs cTiiikocTi H®, Ha 1ymMKy aBTOpPiB, MO-
e OyTH MOB'SI3aHUM 13 3MIHOIO TeMIEepaTypu HaBKOJUIITHHOTO CEPEIOBHUINA, K Ha-
CIOOK, B's13k0cTi HOD.

[To-Tpete, y npoBeAeHUX TOCHIKEHHAX OYyJI0 OJep>KaHO MiATBEPIKEHHS TiIo-
TE€3U MPO CYTTEBUU BIUIMB COPOIIAHOrO IIapy KOMIIOHEHTIB BOJIOTOrO MOBITPS Ha
noBepxHi HY Ha crilikicte H®. [1IBUAKICTh 3MiHU CIIEKTPAIBHUX KOE(ILIEHTIB MPO-
MyCKaHHS B MpoIlecl 30epiraHHsi MPUTrOTOBICHUX 3a PI3HUMU TEXHOJIOTISIMU 3pa3KiB
icrotHo HIk4e 111 H®, B skux HY mignani monepeaHpoi aeaepariii.

[To-geTBepTe, MPOBEACHI TOCIHIKEHHS MOKA3yIOTh, M0 YEepryBaHHS TPHUBAIIOI
00poOku HY y GicepHOoMy MIIMHI Ta YJIbTPa3ByKOBOMY AMCIEPraTopi CHpPHUSE OTPU-
MaHHIO cTiiikux H® (texnoinoris 3). [Ipuuomy HaBiTh mpolieaypa 30epiraHHsi OTpu-
MaHOTO 3a TEXHOJIOTI€0 1 3pa3ka mpoTsAroM 7 JTHIB, HE MEPEHIKOUIA MICHs 10JaTKO-
BOT'O JIUCTIEPTYBAHHS OTpUMaHHIO cTiiikoro H® (Tabmuiis 3, mOpiBHSIHHS TEXHOJIOT1iH
1 1 3). OueBuaHoO, B nporieci 30epiranHs HO y cpopMoBaHOMY B HUXKHIN YaCTHHI OTI-
TUYHUX KIOBETaX Iapi BIIOYBAIOTHCA MPOIECH MOCTYIIOBOTO PYHHYBaHHS arperarisB
HY 3a paxyHOK pO3KIIHIOIOUOTO TUCKY Y TOHKOMY IIapi 130MpOMNaHoiy, 10 3HaXO-
muthest Mk HY. Kpim Toro, HaneBHO, TpUBarOTh Iipoliecu (popMyBaHHS MILe]I.

BucnoBku. [IpoBeneHo exkcrepuMeHTaIbHE TOCHTIKEHHS BIUIMBY COpOOBAaHUX
Ha noBepxH1 HY KOMITOHEHTIB BOJIOrOro MoBITPs Ha arperaTuBHY Ta CeIMMEHTAIlli-
Hy cTtabuibHicTh H®. 3 oTpuMaHUX pe3yibTaTiB MOXHa C(HOPMYJIOBATH HACTYIIHI
BHCHOBKH.

1. HY a-AlLO3, mo 30epiraivcs B yMOBax HAaBKOJHUIIHBOTO CEPEAOBUIIA, MiC-
TATb COPOLIMHMI 1Iap, 10 CKIAAAETHCS MEPEBAKHO 3 BOJIU.

2. Ilonepenns oopodbka HY 3 MeToro BuaanieHHs: cOpOOBAaHUX KOMITOHEHTIB BO-
JIOTOTO TOBITPs (HarpiBaHHS Ta BaKyyMyBaHHs) nepen npurotryBanHsM H® crpusie
orpuManHi0 H® 3 miBUIIIEHOIO KOIOiTHOIO CTAOIBHICTIO.

3. 3amponoHoBaHo MeToauKy npurotyBanHs H®D, mo Bkitouae B cebe monepe/-
HI0 00poOky HY a-Al,O3;BakyymyBanHsM 3 HarpiBanHsaM 110 200 °C, 3MinryBaHHA 3
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PIAMHOIO, 3 MOAAJIBIIMM MEPEMIITYBAHHSAM B MAar”iTHINA Mimanmi 1 gam Oaratopaso-
BUM 4YEpryBaHHSM JIUCIIEPTYBaHHS B OICEpHOMY MJIMHI Ta YJIbTPa3BYKOBiil 00poOii
HO®.
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B. Kvasnytskyi, V. Borysov, N. Khliiev, V. Zhelezny,
V. Gotsulski, N. Muratov

Experimental study of the effect of technological aspects of the two-stage
method of nanofluids preparation on their stability

SUMMARY

Nanofluids (NFs) can be considered promising working fluids and coolants for power sys-
tems. Nanoparticles (NPs) admixtures in liquids significantly affect their thermophysical
properties. The NP samples that have been contacted with the ambient air are inhered in the
presence of the sorbed surface layer from various air components. For today, the effect of the
sorbed layer on the NPs' surface on the colloidal stability of NFs has not been examined. In
paper was shown that preliminary removal of the sorbed air components from NPs contrib-
utes to obtaining the NFs with enhanced colloidal stability. Experimental studies of the de-
sorption process of the sorbed air components regarding a-Al;O3; NPs that were stored under
ambient conditions resulted that the adsorption layer consists mainly of water. A technique
for the NFs preparation has been developed. This technique involved preliminary NPs treat-
ment by vacuuming together with heating up to 200 °C, following multiple repeats of the
processes of NPs milling in a bead mill with liquid and ultrasonication. The measured hydro-
dynamic size (DLS) of the NPs' aggregates in the NF obtained by the mentioned technique
was smaller than for similar NF prepared without NPs pre-treatment. The obtained results
will contribute to improving the technique of preparation of the colloidal stable working flu-
ids and coolants for power systems with high energy efficiency.

Keywords: nanofluid (NF); o-Al;O3 nanoparticle (NP); aggregative stability; adsorbed
layer
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Oc00,1MBOCTI CTATHYHOTO PO3CIAHHSA CBITJIAa BOAHUMH PO3YUHAMM
CHPOBATKOBOI0 AJILOYMiHY JIOAMHHA

Y pobomi nasedeno pezynomamu 00CHiOHCEHHA MONEKVAAPHOLO PO3ZCIAHHA 80OHUMU PO3-
YUHAMU CUPOBAMKOBO20 ANLOYMIHY MH0OUHU. Memoodamu cmamuuno2o po3CisHHA Cc8imia
OMPUMAHO, WO KOHYEHMPAYIUHA 3A1eHCHICMb IHMEeHCUBHOCII MONEKYIAPHO20 PO3CIAHHS 6i-
Opi3HAEMbCA 8I0 NOOJIOHUX 3aNedcHOCmel OJis PO3YUHIE NONIMEPI6 MUNY NONieMUIeH2IUKOI0
abo nonigininosoco cnupmy. Ha 8iOMiHY 610 HUX KOHYEHMPAYIUHI 3ANeHCHOCTI [HMEHCUBHO-
cmi MPC maiombo nik poscianns 3a konyenmpayiu 6%, aKutl Modice po3ensoamucs 3K aHoma-
JIbHe PO3CIAHHA NOOIOHEe 00 PO3CIAHHA C8IMIA Y BOOHUX PO3UUHAX OEAKUX PEYOBUH, Yacmiule —
cnupmie. Ompumane y poOOmi NOJOHCEHHS NIKY PO3CIAHHA CBIMAA CNIBNAOAE 3 XAPAKMEPHOIO
MOYKOI B0OHUX PO3YUHIE ANbOYMIHIE PIZHO20 NOXOOINCEHHS, KA BUSHAYAEMbC KOHYEHMPA-
yicro OINKOBO2O KOMNOHEHmMA Y NAA3MI Kpo8i ccasyis. /lemanvHuti ananiz ompumaHux pe-
3yn1bmamie nompedye HOBUX OOCIIONCEHb NO MEeMNEePaAmypPHUM 3ANeHCHOCMell NiKi6 THMeHCU-
sénocmi MPC ma pe3ynvmamie nazepHoi Kopensayiunoi cnekmpocKonii iHmeHCUBHOCMI po3ci-
AHO20 C8IMIIA.

Knrouoei cnosa: monexynapre po3cisnus ceimia, Koe@iyicHm po3CisiHHs, 00HI PO3YUHU,
anbOYMIiH, ACMPOHOMIYUHI Kamepu.

Beryn. Monekynspae poscisiHas cBitia (MPC) € onHuM 13 HaANOTY>KHUX OII-
TUYHUX METOJIB JOCIIKEHHS KOHJEHCOBAHOTO CTaHy peuoBuHHU [1-5]. ¥V onHiil 3
nepimx MoHorpadiit mpucssuenux MPC [5] ckazano — «koxHe (i3udHE SBHIIE, 1110
BeJIe J0 PO3CISHHS CBITJIA, 3aJHMINAE Ha HHOMY ‘“‘BIAOMTOK”, 3MIHIOIOYHM IHTCHCHUB-
HICTb, MOJIAPU3AIIiI0, CIEKTPAIbHUN CKIaa». Hanpukian, BChOro 3a TOMOMOIOI0 BU-
3HAUEHHS 3aJIeKHOCTEN KOe(DIIIEHTY PO3CISTHHS CBITJIa MOKHA BU3HAYUTH TEPMOIH-
HaMI4YHI BJIACTUBOCTI Ta CTPYKTYPY PO3UMHIB Ta JUCIEPCHUX CUCTEM.

KoedinieHT po3cisinns cBitia (koediiieHT Penes) BU3HAYAEThCA K BIAHOIICHHS
IHTEHCUBHOCTI BUIPOMIHIOBAHHS, 10 MPOXOJUTh Y€pe3 JOCHIKyBaHy PEUYOBUHY I

710 THTEHCUBHOCTI PO3CISTHOTO BUIPOMIHIOBaHH:/, a 3 BpaXyBaHHAM I'€OMETpIi A0CIi-
2

Iy Oro mpencTaBisiOTh AK: R = ]L Tyt ¥V — 00’eM pO3CIsiHHSA, @ »— BIICTaHb MIX
0
00’€MOM pO3CISIHHS Ta I€TEKTOPOM BUIIPOMIHIOBAHHS.

[Ipu nocnimxeHHi KoediieHTa po3CIIHHS pO30aBICHUX BOJHO-CIIMPTOBUX PO3-
yyHIB [2] OyJ0 nmoka3aHe 1CHYBaHHS OCOOJIMBUX TOYOK, B OKOJII SIKMX CHOCTEPIrajioch
30uTbIIEeHHs 1HTeHCUBHOCTI MPC, sike 3a CBOIMH XapaKTEpUCTHUKAMU € aHOMaJIbHUM.
[Toxi6na noseninka MPC € xapakrepnoto 1 115 Boaaux po3unHiB KCl [3], xoua #ioro
BEJIMYMHA 3HAYHO MEHIIA. Take pO3CisHHS CTald BBa)KaTH aHOMAJIbHUM, TOMY LIO
3udaitne MPC y po3unHax BiIOyBaeThCs Jidile Ha (UIYKTyallisiX KOHILEHTpaIli Ta
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ryctunu [1, 5], ioMy He BJIaCTHBO MOJIOXKEHHSI B BY3bKHI 00J1aCTI MaJIMX KOHIIEHT-
pamii Ta 3pOCTaHHS 3 3MEHIICHHSIM Temreparypu. Y poOOTaXx OCTaHHBOTO JECSTH-
piuust OyJI0 MOKa3aHo, IO TaKe PO3CISTHHS MOB’sI3aHE 3 YTBOPEHHSAM MIKPOHEOHOPI-
JTHOT CTPYKTYPH Y PO3YMHAX 1 MOXKE PO3MIISIATUCS SIK CTPYKTYpHUM (Pa30oBUl repe-
X1J1.

Oxpema mpobiiemMa OCTAaHHBOTO Yacy — JIOCHIKEHHS PO3YHMHIB O010J0TIYHOTO
MMOXOKCHHS. 3aBISKH JIOCTYITHOCTI BUXIJHOTO MaTepiaay HaHO1IbIIOr0 BHUKOPHC-
TaHHA JJI1 TOTped MEIUUMHU, (apMaKoJIorii, MOJEKYJIApHOi 01070rii Ta 610XiMii Ha-
OyJu MPOTETHOBI MAKPOMOJIEKYJIM aJbOyMiHIB — CHPOBAaTKOBOI'O allbOyMIHY JIFOJIMHH,
OMYayoro CHPOBATKOBOIO alibOyMiHy, OBaJIbOyMiHy Tomo [6, 7]. [IpocTopoBa cTpyK-
Typa 1 KoHpopMalis 010MaKpOMOJIEKYT Yy (Pi310JOTIYHUX PIAMHAX 3HAYHHM YHUHOM
BHU3HAYa€ iX (yHKIIOHATIBHI BJIACTUBOCTI Y )KUBOMY OpTraHi3Mi.

CupoBaTKoB1 aJIbOYMIHM CTaHOBJSATH ONMU3bKO 2/3 3arajdbHUX OUIKIB TUIa3MU
KpOBI, IXHSI KOHILIEHTpaIlis y cupoBariii kpoBi — 35-50 r/n [7, 8]. CupoBaTKOBHil ajib-
OyMiH Ma€e HaliMEHIIy MOJEKYJSIpHY Macy cepel OUIKIB IIa3MU KpOBI — OJIM3BKO
67 x/la, npoTe BHOCUTH HaWOLIBIIHK BKIaa y 75-80% B OCMOTHYHHI TUCK KpOBI [9,
10]. AnbOyMiH € TOJIOBHUM MPOTETHOM, SIKUI BIJMOBIJAE 32 TPAHCIIOPTHY, PErYJIsATO-
pHY Ta HakKONMW4YyBaJbHY (yHKIT KpoBi. CHpOBaTKOBI albOyMiHU 3a0€3MEUyIOTh
TPAHCIIOPT TOPMOHIB, KUPHUX KUCJIOT, METa0OJITIB, TOKCHUHIB, JTIKAPCHKUX PEYOBUH,
karionis MeraniB (Na', K', Ca") tomo [6, 7].

CupoBatkoBuil anbOymin moguau (CAJI) — ne rinoOynsipHUN TPOTEiH, SIKU
CKJIQJAEThCS 3 585 aMIHOKMCIOTHUX 3aJIMILIKIB, 00’€THAHUX Y OAUH MAaKpPOMOJIEKY-
JIAPHUN JTAHIOr TOBXUHOK 350 A 3 I0CTaTHBRO CKIaJHOIO IIPOCTOPOBOK CTPYKTY-
poto [7]. BTopuHHa CTpyKTypa MakKpOMOJEKYJ albOyMiHy CKJIaJgaeTbesl 3 aibda-
criipasnei 1 6eTa-CKIIag0K, CTa01I130BaHUX BOJAHEBUMHM 3B’ S3KaMU, a TaKOX HEBIIOPS-
JIKOBAaHOT YaCTUHM MAaKpPOMOJICKYJISIPHOTO JaHuora. 3aBiasku 17 nucyabdigHum
3B’sI3KaM MK IIMCTETHOBUMH 3aJIMIIKaMU ajb(da-cripaneil yTBOPIOEThCS JOMEHHA
Oy10Ba MakpoMOJIEKYJ alibOyMiHY, sIka BU3HAYa€ TPETUHHY CTPYKTYPY MaKpoMoJe-
KyJ, a riipodoOH1 B3aEMO/IIT MiXK JOMEHAMH BU3HAYAIOTh TJIOOYISIPHY CTPYKTYpY O1-
nka [6, 7].

VY KpuCTaTiyHOMY CTaHI MaKpOMOJIEKYJia CUPOBATKOBOTO aJbOYMIHY JIIOAUHU
3rOpHYTa Y KOMIAKTHY KOH(pOpPMaIIil0 MPaBUIBLHOT TPUKYTHOI MPU3MH CEPIIETO 10~
Hoi opmu 3i croponamu 80 A i Bucororo 30 A [11]. CuposaTkoBuii ans6ymin 1o6pe
PO3UYMHSIETBCS Y BOJHUX PO3YMHAX 1 MAa€ BU3HAYHI BJIACTUBOCTI CTOCOBHO BOJIU:
1 r ansOyminy 31aTHui 3B’s3aTu 18 mut Boau [10]. CtpykTypa MakpOMOJEKYIU ajlb-
OyMIHY y BOJHOMY PO3YMHI 3a3HA€ 3HAYHUX 3MIH BHACIIJOK TEIUIOBOIO PYXy MOJe-
KyJ BOJIM Ta KOH(pOpMaALIHUAX 3MIH YACTHH JIAHIIOTa MAaKPOMOJIEKYJIH.

Binomo, o cTpykTypa 1 [MHaMiKa MaKpOMOJIEKYJIH CUPOBATKOBOTO aJIbOyMIiHY
JIIOJIMHU 3JIEKUTh BiJl KOHIIEHTpallli, Temneparypu, pH Horo BOJHUX po34uHIB, MPU-
CYTHOCTI coJjiell 1 neHarypantiB. [Iporte, equHa kapTHHA 3B’SI3KY CTPYKTYpH MakKpo-
MOJIEKYJIM aJIbOyMiHYy 3 ()I3UYHUMU BIIACTUBOCTSAMHM PIAMHHOTO CEPEIOBHUINA Hapasi
BIJICYTHS. 3a3HadyeHa MpolOsieMaThKa MoTpedye MOJaNbIINX CUCTEMHUX JOCIIIHKECHb,
YaCTUHOIO SIKHX € J1aHa poOoTa.

Mertoro m1aHoi poOOTH € OTPUMAaHHS 3aJIeKHOCTI IHTCHCUBHOCTI CTaTHYHOTO 1H-
TETrpajbHOTO PO3CISIHHSA CBITJa BiJi KOHIIEHTpaIlli po3unHiB. O0’€KTOM TOCITIHKCHHS
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€ CUPOBATKOBUH ajgbOyMiH JIFOAMHH. B110MO, 1110 PO3CISiHHS OLTKOBUMH PO3UYMHAMH €
OUTBIII THTEHCUBHUM, HIK JUISI YUCTUX PIJIMH 1 OUIBIIOCTI MOJIEKYJISIPHUX PO3YMHIB.
JIJist TOpiBHSIHHSA, BeIMYMHA Koe(dillieHTa PO3CISSHHA BOAM CKIIagae 2-10°cu™', BOJ-
Hux po3uuHiB KCl mopsaky 107cen'[2], a nmns OUIKYy B BOJHOMY pPO34YHHI
R=2-10"*cu" (3a KOHIEHTpAINT ¢ =107 2/mz Ta M =5-10° [a) [S].

1. Marepiaan Ta MeToa gociaizkeHHsl. [lJi IPUroTyBaHHs pO3YMHIB BUKOPHC-
TOBYBAJIUCS: (DAPMAKOJIOTIYHUNA PO3UYMH CUPOBATKOBOTO anbOyminy jtoauau 20% ta
BOJA Uil 1H ekU1id. BuxinHi manHi ayig 0a30BOro po3uMHy aibOyMIHY: PO3YMH JIBO-
KOMIIOHEHTHUW Ta PO3YMHHUK — BOJA, KOHIIEHTPAILls A10YOr0o KOMIIOHEHTY 3ajaBa-

Cxanuposanve

3arpysute
497
128
| 28
Ouucrue

| Bemucaute

Puc. 1. 3araneuuii Buris nporpamuoi obononku Light ns BU3HaueHHsS 1HTEHCH-
BHOCTI1 PO3CISIHHS CBITJA. JIIBOpYY — PO3CISIHHS J1a3€pHOr0 BUIIPOMIHIOBaHHS 532HM y Oe-
H30J11, MPAaBOPYy4 — PO3CIAHHSA Yy BoJi. Haropi — 300pa’keHHsI OMOPHOTO BUIPOMIHIOBAHHS,
sSIKe MOJAEThCS Y TIOJIE 30pY KaMepH.

Puc.2. 3anexHicTh IHTEHCUBHOCTI PO3CISTHOTO CBITJa BOJAHUMH PO3YMHAMHU CHPO-
BAaTKOBOTO aJIbOYMIHY JIFOJMHH BiJ KOHIIEHTpAIlii O17TKOBOTO KOMIIOHEHTY Y PO34H-
Hi. [IpencraBneHa KoMOIHOBaHA «IEPETSIKKAa IMPOMEHs» MoOyAOBaHA BiApi3KaMu
300paxkeHb oTpuManux kameporo ZWOASI 120MM (Puc.1) npu npoxopkeHHi Jia-
3epHOT0 BUMPOMiHIOBaHHS 532HM dYepe3 pO3UMHM PI3HUX KOHIIEHTpAIliH, 31iBa —
HanpaBo 20%, 15%, nani - Bix 10% 1o 1% 3 KpoKOM B O/IMH Bi/ICOTOK.
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nack 3 BigHOCHOIO TouHIcTIO 0.01. KoHnleHTpallisi po34nHiB BU3Hauyagach 3a 00’ €eMOM
KOMITIOHEHT. [Ipy mpuroryBaHHi eKCIEpUMEHTAIBHUX 3pPa3KiB BHUKOPHUCTOBYBAIACH
aBTOMAaTUYHA MINeTKa-103aTop 3MIHHOTO 00°eMy 1+500 M. TouHicTh poOOTH H03a-
TOpa KOHTPOJIIOBAJIACh AHAIITUYHUMHU TEPE3aMu 3 a0COJIIOTHOIO MoXuoOkoro 0.2 mr i
pu MakcuMaltbHi# 1031 500 Mk ctanoBuia 0,2% BITHOCHOT TOXHOKHU.

Jnst nocnimxkennss MPC BUKOpPUCTOBYBaJIM: HaIiBIPOBIIHUKOBUH J1a3ep 3 JOB-
KUHOIO XBUI1 532HM, cUCcTeMy KOJIMaTopiB Ta GoTonpuiiMad, aCTpPOHOMIUHY KaMepy
ZWOASI120MM cnpsikeny USB-kabenem 3 poOOYMM KOMII FOTEPOM JTOCIIITHUKA.
MeToauKy 3acTOCYyBaHHSI aCTPOHOMIYHUX KaMep Y €KCIEPUMEHTaX 3 MOJICKYJISIPHOI
ONTHKMU onucaHo y [12]. JIazepHuil npoMiHb IPOXOJAYU YEPE3 CUCTEMY KOJIIMATOPIB,
MOTPAILISAB HAa KIOBETY 3 JOCIIKYBAaHUM PO3YMHOM, HaJaji, MPOXOII9u depe3 3pa-
30K BIH (pikcyBaBcs (oTonpuiiMmaueM. ActpoHoMiuHa kamepa ZWOASI 120MM 3na-
THa (PIKCYBAaTH Ay>K€ CJIa0Ki CBITJIOBI MOTOKH, 110 BUKOPHCTOBYETHCS MpHU (iKcarlii
METEOpiB, TOMY EKCIEpUMEHTAJIbHI 3aJlayl MOJEKYJSIPHOIO PO3CISSHHS CBITJIa
PO3B’S3YIOThCSl AHAJOTIYHO Ta 3 JerkicTio. OTpumani 300pa’keHHsST O0OpOoOIsIUCS
crieniaibHO po3pobiieHoro mporpamoro Light [12], pesynbraramu oOpoOKu sKOi €
YMOBH1 3HAY€HHSI IHTEHCUBHOCTI JOCIIHPKYBAaHHUX 3pa3KiB sIK BJIACTHBICTh 3a(diKcoBa-
Horo ¢oro (puc.l).

2. PesyabTraTn exkcnepuMeHTiB. [li1 yac mMpoXomKeHHs Ja3epHOTO MPOMEHS
yepe3 BOAHUN PO3UYMH CUPOBATKOBOTO albOyMiHY JIOJUHM (pHUC.2), Oyn0 100pe BUI-
HO, HaBITb HEO30POEHUM OKOM, IO IHTEHCHUBHICTh PO3CISHOTO CBITJA JJIA PI3HUX
KOHLIEHTpAL1i BIJIPI3HIETHCS.

Hanani orpumani 300pa)eHHs1 pO34KHIB 00pOOIIOBAIUCS 32 JOIMOMOTOI0 MPO-
rpamu Light. Pe3ynbrati po3paxoBaHOi 1HTEHCUBHOCTI B 3aJI€KHOCTI B1J] KOHIICHT-
pauli po34MHiB IPEICTaBIICHI Ha pUC.3.

3pa3ku OTPUMYBAIUCh PO3BENCHHIM 0a30Bor0 po3unHy 20%. 3 rpadiky modpe
BHJIHO, IO MPH KOHIIeHTpallii po3unHy Big 0.2 10 0.15 r/Mi1 IHTEHCUBHICTH PO3CISTHHS
CBITJIa 301MIblIIyBajgachk, W HaiOIbIIe 11 3HaUYCHHS (TUIATO MAaKCUMYMIB) criocTepira-
noch nipu koHueHntpariii 0.05 - 0.1 r/mJi1, mOTIM IHTEHCUBHICTh IPOMEHS 3MEHIIYETh-
Csi TMPU MEHIIUX KOHICHTPAIIAX BIJ
0.05 10 0.01 r/ma. 180 I

mu
160 | |

3. OOrosopenHs pesyabrartiB. Ba- , / -\

. 140 4
pTO 3aYBa)KI/ITI/I, 10 Taka IIOBCA1HKa pO- | /

120 - /

34MHy (30UIbILIEHHS 1HTEHCHUBHOCTI) _ ,

MpU JACSKUX KOHIICHTpAIllfX, CXOXa 31 100
3pOCTaHHSIM  KOe(IIieHTa PO3CISTHHS 5] ‘,
BojHUX po3unHiB KCl 3a koHIIeHTpaliif 1 J

60 4 C (g/ml)

T T

T T T
0,00 0,05 0,10 0,15 0,20

nopsinky 10°+10"* MonbHOI gacTku co-
i [3]. Ans po3uuHIB cOji KOe(IieEHT

. Puc.2. 3aye)xHICTh IHTEHCUBHOCTI PO3CIsSHO-
MPC 3poctaB B MaKCUMyMI PHU MOJIb-

o i ) o . ro CBITJa BiJl KOHIIEHTpAIlil BOJHOTO PO3YH-
Hi yactii x = 0.0024. IloxibHU# picT .
HY CHPOBAaTKOBOTO albOyMiHy JroAuHU. [H-

Koe(pluleHTa HE € XapakTCPHUM JUI  reycyphicTh HABEIEHO B YMOBHHX OIMHHIIIX
pO3CisiHHA Ha (IIyKTyallsx KOHIIEHTpa- Npu 06PO6II IHPPOBOTO 306PAKEHHS.
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1li Ta rycTUHHU. SIK pe3ynbTar, aBTopamMu Oys0 3a3Ha4eHo, 10 MOAIOHNN aHOMaJIbHHUIA
MK PO3CISTHHS MIT OyTH 00YMOBJICHUMN: HASIBHICTIO T1JIpaTHUX 00OJIOHOK 10HIB, BUHU-
KHEHHSIM HECTaOUIbHOCTI CHCTeMH (3a MEBHUX TEMIIepaTyp Ta KOHILEHTpaIlii) Ta
YTBOPEHHSIM MaKpPOCKOMIYHUX CTPYKTYP (KJIacTepiB).

BinkoB1 MOJIEKyNM CKJIaIalOThCs 3 T1IPOPOOHUX (3HAXOMATHCS B CEpEIUHI MO-
JeKyNH) Ta TiApodiabHUX (Ha MOBEPXHI) 3B’ s3KiB. Biomo, 1m0 ans0yMinu 100pe po-
3UMHSAIOTHCS B BOJIl, iX HETATUBHO 3apsi/I>KEHI MOJISIPHI TPYIIU 3HAXOIATHCS Ha MOBEP-
XH1 OLJIKOBOi MOJIEKYJIM, BOHU MHPUTATYIOTH A0 ce€0€ MO3UTHUBHO 3apsKEHI TUIOINI
MOJIEKYJI BOJH, BHACIIIOK YOTO HABKOJIO MPOTEIHY YTBOPIOETHCS T'1IpaTHA OOOJIOHKA.

Bceboro icHye 3 BUAM MOJIEKYN BOJIU B O1JIKOBOMY PO3YUHI:

1. CunbHO 1oB’s13aHa BOJIa, MOJIEKYJIM € YaCTUHOIO OLIIKOBO1 CTPYKTYPH;
2. Tlow’si3aHa BOJa, CKJIAJIa€ TIAPATHY 00O0JIOHKY;
3. O6’emMHa (BLIBbHA) BOJA.

B cknani moB’s13aHOi BOAM, OKPEMO BHAUISIOTH MEPIIMKM TiApaTHUM I1ap, Biac-
THUBOCTI SIKOTO BHU3HAYAIOThCS BJIACTUBOCTSMU MOBEPXHI OLIKY, TUIMOJIBHUM MOMEH-
TOM Ta MOJISIPU3ALIEI0; THIII Iapu 0OO0JIOHKH, € OUIBII PYXOMHUMHU.

B excniepuMeHTax 1Mo BUMIPIOBAHHIO KPalOBOTO KyTa 3 PSAOM PiIMH, Ha IIapax
rigparoBanoro CAJI [13], Oyno BUSIBIEHO, 11O MpH TiAparalii CHPOBaTKOBOTO ajlb-
OyMiHY, MOJIEKYJI BOJM KOPCTKO OPIEHTYIOTHCS, TAKUM YUHOM, 1[0 YTBOPIOIOTH IIe-
PIINI MOJIEKYJIAPHUU 1Iap, 3 opieHTalieo 98%, a npyruit — 30%. [Ipu npomy more-
KyJM BOJIM B TiApaTHIA 00OJIOHIII MarOTh OJIM)KU€ HANpaBjeHl aTOMH H 10 OUIKy, U
Jaii BiJ Moro moBepxHi aromMu O. Taka 000JI0HKA MEPEIIKOIKAE YTBOPEHHIO OCaly
Ta arperariii OuIKy.

3HAOUM MOJIEKYJIIPHY Macy MOJIEKYJIH CHUPOBATKOBOTO aJIbOYMIHY JIIOJIUHU
66.5 x/la [7], Ta Te, mo 1 r 611Ky moxe noB’si3atu 0.3 T Boau [14] Moxemo po3pa-
XyBaTU KUTBKICTh MOJIEKYJ BOJH, MOB’SA3aHUX B PO3YMHI 3 OJIHIEI0 MOJIEKYJIOIO allb-

NMo.z(HzO): %2 Orpumaemo, mo Ha 1 MoNeKymy
N MOl (alb) nalb

CUPOBATKOBOTO ajdbOyMIHY JIIOJMHU mnpunagae 6iu3bko 1108 mosekyn moB’si3aHOi
BOZM (11t opiBHsIHHS Ha ojuH 10H com KClupunanae 250-300 monexkyn Boan) [3].
Take 3Ha4eHHS € TOBOJII BEJIMKUM, aJie IIIJIKOM MOKJIMBUM, 3Ba)KalOUM Ha Te, 110 Ma-
KpOMOJIEKYJIa IbOT0 OUIKY Ma€ BEJTUKY aKTUBHY IMOBEPXHIO i MOKE TPAHCIIOPTYBATH
PI13H1 pEYOBUHU B OpraHi3Mi (aMiHOKHCIIOTH, TOPMOHHU, 10HU BaKKHUX METaTIB 1 T.J.).

3rigHo 3 nanumu [15], mpu AOCHIKEHH] 3aJIe)KHOCTI TYCTUHHU T1ApaTHUX 000-
JIOHOK BIJ] BIZICTaH1 JI0 MOBEPXHI O1IKa, JIJIsl TJI00YSIpHUX OLIKIB OyJI0 BUSBJIEHO, IO
iX CTpYKTypHE BIOPAIKYBAHHS 3HAXOJUTHCS Ha BifcTaHi 10 7A Ta Moxe BKIIOYaTH 4
riipaTHUX 000JOHKH. TakoXX BapTO 3ayBaKWUTH, IO T'YCTHHA MEPIIOTO MOJEKYISp-
HOTO 1Iapy Mae rycTuHy Maiike Ha 10% Outblie HiXk BiIbHA BoJa po3uuHy [16].

Hactynnuii akTop, o Moke BIUIMBAaTH Ha IHTEHCHUBHICTh PO3CISIHHS — YTBO-
PEHHSI MAKPOCKOIIIYHUX CTPYKTYp a00 K KJIacTepiB.

B psiai po0ir [17, 18] nocaimkyBanuck pozunau CAJl 3 mominikamu colien pi3-
HUX METaliB (MiJb, KaJIMiii, CBUHEIIb, Kaiil Ta eBporiii). [Ipyn HassBHOCTI B OLIKOBUX
pPO3YMHAX TAKUX MOJIEKYJ, BIIOYBAETHCS 1X MOB’SI3yBaHHS 3 MAaKpOMOJIEKYJIaMH Mpo-
Teiny. B pe3ynbrari, moBepxHeBUil 3apsij OLIKIB 3MEHIIYETHCS, 10 MPU3BOIUTH 10

OyMiHy, 3a JOIOMOIOI0 BHpa3y
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JTUTIOb-AUIOJIBHOT MIKMOJIEKYJISIpHOT B3aemonii [17]. [lns Hei xapakTepHa opieHTa-

HiﬁHa BHOpH,Z[KOBaHiCTB MAaKpPOMOJICKYVYII, eHepriﬂ BHU3HAYA€THCA HACTYIIHUM BHUPA30M:
4

E= pT’ 1€ p — AMMNOJbHUNA MOMEHT. 3 (hOpPMYJIM BUIHO, IO MPHU MiABUIICHHI Te-
6’ kT

MIIepaTypy TEIUIOBHMA PyX MOJIEKYJ Oyje 301JIbIIyBaTUCh, THM CAMHUM JI€30PIEHTYIO-
YM iX Ta NOHMXKYIOUM €HEPTii0 B3aEMO/IIT, ane MpH 30UIbLIEH] IUMOJILHOTO MOMEHTY,
EHeprisi opieHTaIliiHOI B3aeMOli Oyne 3pocTtatd. BenuumHa AUMONBHOTO MOMEHTY
Ul anbOYMIHY CHPOBATKH JIIOAMHM ckiagae p = 500 JI mpu 130€IeKTpUYHIN TOYII
pH = 4.8 [18]. Take 3Ha4eHHS MOMEHTY € BEIMKHM, TOMY BBaXa€ThCS, 10 JAJISI KOM-
IJIEKCY adbOyMIHY Ta HOHIB METAIIB Oy/i€ JOMIHYIOUOIO JUIIOJb-AUINOJIbHA B3a€EMO-
nis. BiamoBigHO, IpW 3HAXOJ/KEHHI HAa HEBEJIHMKHUX BIJACTaHSAX IMOI0OHI KOMIUICKCH
OyAyTh YyTBOPIOBATHU JAMIIOIbHI KIACTEPH.

Omnucanuii BUILlE BUJ B3a€MOJIi, HA »aJlb, HE BIAMNOBIJA€ HAIIUM PO3YMHAM
(CAJI ta Boma), ToMy Juisi HUX OyJnie MisITH KYJOHIBChKE BIAIITOBXYBaHHsS. EHepris

2.2
) . o1
3apsKEHOT0 10Ha Ta JUIIOJIBHOI MOJICKYJIM BOAM CKJIajae: E ~ 4 Pv

, 1€ g — 3a-
" 12z, kT !

psia 10HA, p,— NUTOJIBHUN MOMEHT MOJIEKYJIH BOJIH.

[Toni6He 301IblIeHHS 3HAYEHb THTEHCUBHOCTI MOXKEe OyTH 3yMOBJIEHE HasIBHIC-
TIO CTPYKTYPHHUX 3MIH B MaKpOMOJIEKyJIax aap0yMmiHy. B poOoTax mpucBsUeHUX a0cC-
JpKeHHIO 1i€] pedoBuHi [19-20] 3ayBakyeThCs, 110 HA CTPYKTYPHI 3MIHU MaKpOMO-
JIEKyJ1 BIUIMBAIOTh: TEMIIEpaTypa, KOHLeHTpalia Ta pH peuoBuHu.

JlocniKeHHST 3aJIeKHOCTI €(PEKTUBHUX PailyCiB MaKpOMOJIEKYJ Bij TeMIepa-
TypH, KOHILIEHTpAIlli Ta BOJHEBOrO MokazHWka pH Mae BuU3HauambHE 3HAYEHHS JUIS
BCTAHOBJICHHSI XapakTepy NepeOyJ0BH BHYTPIIIHBOI CTPYKTYPH MaKpPOMOJEKYJ Ta
BIITBOPEHHSI MTPOILIECIB OJIIrOMEpHU3aIlii B CUCTEMI.

[3 excriepuMeHTaIbHUX JAaHUX 3CYBHOI B’SI3KOCTI BOJIHUX PO3YMHIB albOyMIHY
32 JIOMOMOTrOI0 KOMIPKOBOTO MIAXOAYy MOOY/IOBaHI MOBEPXHI €()EKTUBHUX PajalycCiB
MaKpOMOJIEKYJI CUPOBaTKOBOTO adhOyMiHy JtoauHu [19] y Aiama3oHi KOHIIEHTpaIin
(0.82+23.8) mac.% npu pH 7.0 Ta Ouuavoro cupoBaTKoBOro anbOyMiHy [21] B KoH-
HeHTpaniinomy iHtepBam (2.0-27.2) mac.% npu pH 5.0 B iHTepBani Temmeparyp
(278-318) K. ¥V po6ori [19] nokazaHo, 1110 Y BCLOMY TEMIIEPATYPHOMY 1HTEpBaIi IPU
pH 7.0 edpextuBHI pajiycu CHUPOBATKOBOI'O albOyMIHY JIOJUHHU 0 KOHIEHTpaIlii
~5 mMac.% 3aJMIIalOThCsl HE3MIHHUMU, a TIPU KOHIEHTpalisax >5 mac.% edeKkTuBHi
pazaiycu aibOyMiHY y BOJHOMY PO3YHMHI HENMIHINHO 3MEHINYIOThCA. Y poboTi [21] mo-
Ka3aHo, 110 y BChOMY TemiiepaTypHoMy iHTepBail npu pH 5.0 1o xoHueHTpariit
~5Mac.% BinOyBaeThCs CTPIMKE HENIHIAHE 3pOCTaHHA, a IS KOHIICHTparlii
>5 mac.% — HelniHiiHe 3MEeHIIeHHsS] e(DEeKTUBHUX PalyCiB MaKpOMOJEKYJ OHMYayoro
CHUpPOBaTKOBOro anbOyMiHy. IIpu koHueHrtparii ~5 mac.% crnocTepiraroTbCsi MakcH-
MyMHU €(EKTUBHHMX pajJlyCiB MakKpOMOJIEKYJ OMYauoro CHpPOBAaTKOBOIO albOyMIHY,
MTOJIOKEHHS SIKMX BUSBIIETHCS HE3AJEKHUM BiJl TEMIlEpaTypH, a €PEeKTUBHI pajlycH
3 pOCTOM TEMITEpaTypH 3MEHIIYIOTbCA HECYTTEBO. 3p00JIEHO BUCHOBOK, IO 3 OTJISATY
Ha CXO0XY IPOCTOPOBY CTPYKTYPY MAaKpPOMOJIEKYJI JOCIHIJKEHUX ajJbOyMiHIB MOJ10-
HUMHU PUCAMHU BKa3aHUX 3aJI€KHOCTEN € HE3AJIEKHICTD Bl TeMIeparypu e(heKTUBHUX
paziyciB MaKpOMOJIEKYJI TIpU KOHIeHTpalisix >10 mac.% Ta nmpakTUYHO PiBHICTH Ma-
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KCUMAalbHUX e(eKTHBHUX PajliyciB CHPOBATKOBOTrO albOyMiHy mopunu (44 A) i 6u-
4ayoro CUPOBATKOBOIo ankOyMiny (43.5 A) y mexax noxubox mojemopanss[21].

BucnoBkmu.

1.OTpuManuii MiK IHTEHCUBHOCTI MOJIEKYJISIPHOTO PO3CISHHS CBITJIA MPHU JOCHTI-
JaxX M0 CTAaTUYHOMY 1HTETpaIbHOMY PO3CISIHHIO CBITJIa BOJHUMHU PO3YMHAMHU CHPOBA-
TKOBOT'O aJIbOYMIHY JIFOJJMHU € aHAJIOTIYHUM JI0 MiKIB aHOMAJIBHOTO PO3CISIHHS CBITJIA
y IeAKUX BOJHHUX PO3YMHAX THUITYy BOAA-CITUPTH.

2.ITik MOJIEKYISIPHOTO PO3CISIHHA CBITJIa OTPUMAaHUM y L1 poOOTI 30IraeThes 3a
KOHLIEHTPALIMHUM IOJIOKEHHSIM 3 KOHILIEHTPALI€0 OIJIKOBOIO KOMIIOHEHTY y HATHB-
HIi MJ1a3M1 KpPOB1 CCaBIIIB Ta OBOAJILOYMIHY.

3. OTpumaHi pe3yJbTaTH HEOOX1AHO JOMOBHIOBATH JAaHUMH JUHAMIYHOIO PO3Ci-
SHHS CBITJIA Ta KOHUEHTPAI[IMHUMU 3aJI€KHOCTSIMH TaKUX 0a30BHX TEPMOJIUHAMIY-
HUX BEJIMYUH K TYCTHHA, B’SI3KICTh Ta TOBEPXHEBUM HATSIT.
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N.O. Fuduley, O.V. Khorolskyi.
Peculiarities of static light scattering by aqueous solutions
of human serum albumin

SUMMARY

The paper presents the results of the study of molecular light scattering (MLS) by aqueous
solutions of human serum albumin.Using static light scattering methods, it was found that the
concentration dependence of molecular scattering intensity differs from similar dependences
for solutions of polymers such as polyethylene glycol or polyvinyl alcohol.In contrast, the
concentration dependences of MLS intensity have a scattering peak at concentrations of 6%,
which can be considered as anomalous scattering similar to the scattering of light in aqueous
solutions of some substances, more often - alcohols.The position of the light scattering peak
obtained in the work coincides with the characteristic point of aqueous solutions of albumins
of various origins, which is determined by the concentration of the protein component in the
blood plasma of mammals.A detailed analysis of the obtained results requires new studies on
the temperature dependence of the MLS intensity peaks and the results of laser correlation
spectroscopy of the intensity of scattered light.

Key words: molecular light scattering, scattering coefficient, aqueous solutions, albumin,
astronomical cameras.
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The structure of overlapped epitropic LC

The proposed model of the structure of the wall-adjacent epitropic liquid crystalline layer
considers it as an oligomeric system of thread-like associates in a non-associated liquid. The
results of ELC studies of layers of aliphatic hydrocarbon - n-hexadecane are analyzed. The
study of the ELC phase in n-alkanes is important both for the modification of the quantitative
physical theory of this phenomenon, and in a practical sense, as it allows to solve practical
problems related to the control of boundary friction in mechanisms and parts of machines.
Previously, the results of rheological and structural-optical studies of the properties of these
systems were considered separately, and the results obtained in the molecular-statistical
model were not correlated in detail with the results of rheological measurements for the case
of overlapped near-surface layers. To interpret the results of studies (by rheological and opti-
cal methods) of such a layer in interlayers of n-hexadecane, symmetrically limited by conduc-
tive substrates, it is proposed to take into account the increase in the concentration of the or-
dered component ("pile") under the condition that the wall layers of epitropic liquid crystals
in the interlayer overlap. It will also allow to take into account the results obtained in the mo-
lecular statistical model in the processing of rheological data.

Key words: epitropic liquid crystalline layer, associate, alkane, viscosity.

Introduction. The effect of a solid substrate action on near-surface non-
mesogenic liquid layers, which induces there an orientationally ordered
supramolecular structure such as the epitropic LC phase [1], has been known for
quite a long period of time [1, 2], but its study still allows us to obtain a new infor-
mation about the nature of interaction of liquids and solid bodies in the region of their
interphase boundary. The studying of ELC properties is continued to this day both by
experimental [5 - 10] and theoretical [3, 4, 11, 12] methods. The investigation of ELC
phase in n-alkanes is important both for modifying the quantitative physical theory of
this phenomenon [11 - 14] and in a practical sense [15], since it allows us to solve
practical problems related to the control of boundary friction in mechanisms and ma-
chine parts.

Characteristics of ELC layer structural component. In a series of works [19-
20] modification of the classical methods for studying the structure of bulk liquids
[21], makes it possible to establish that for large thicknesses (larger than twice the
equilibrium thickness of the ELC layer D >2d ) the liquid layers are heterophase -
between the structured ELC layers adjacent to the substrate, there is exists a “bulk”
isotropic liquid. Thinner (D <2d ,) interlayers are homophase and contain only an
orientationally ordered ELC layer. Concepts developed for analyzing the results of
the rheological investigations of interlayers [24 - 27] allow one to interpret the main
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flow characteristics using a structural-rheological model, which operates [26, 27]
with the values of the viscosity p, and thickness of ELC layers d,. In the absence of
a shear flow of liquid, the ELC layers near each of the substrates have an equilibrium
thickness d,,, and the thickness isotropic “bulk” liquid of the interlayer (viscosity
Nyol) 18 equal to D—2d,,. .

On the other side, in accordance with the statistical model [11, 14], the ELC lay-
er is treated as a homogeneous mixture of “pile” (with a fraction g) of “thread-like”
molecular associates of medium length d, (consisting mainly of liquid dimers) be-
tween which there is an unassociated “isotropic” liquid (with a fraction 1 — g). Ad-
joined to the adsorption centers of the substrate surface, such a quasi-polymer “pile”
exists above the melting point 7, in the overheated temperature range
AT:(T—Tm)~30—40K.

The characteristics of the “pile” (configuration and concentration of associates)
depend on the properties of liquid molecules, the degree of overheating AT, the in-
tensity of shear flow and the ratio between the average size of associates d,, and the
thickness of the interlayer D (under the condition D <d, ). With increasing overheat-

ing AT, the peripheral molecules break away from associates and move into the
“bulk” liquid, and the associates themselves desorb and change their conformational
flexibility. In the process of such “orientational” melting [28] of the ELC layer, both
its thickness and the proportion of “pile” ¢ in it decrease, and the latent heat of this
melting corresponds in order of magnitude to the phase transition of the ELC - iso-
tropic liquid [17, 19]. From the idea that on each of the substrates bounding the sym-
metrical heterogeneous interlayer there is a “pile” of an ELC layer of finite thickness
dy, , it follows the possible type of structure of such an interlayer at different ratios D

and d,

An increase in the intensity of the shear flow leads to a change in the configura-
tion of associates and to a decrease in their concentration (they are partially “cut off”)

with a corresponding decrease both in the viscosity (p(y)<p,) and in the thickness

of the ELC layer (the layer is “cut off” [24]), so it is obvious that the function
d, (y,AT ) 1s monotonically decreasing in both parameters. This effect is also reflect-
ed in the value of the interlayer effective viscosity n.s. When the thickness of the
heterophase symmetrical interlayer decreases to a value D=2d_, the value n in-
creases, because of the decreasing of the less viscous central interlayer (“bulk™ iso-
tropic liquid) relative proportion. With a further decrease in the interlayer thickness,
the viscosity also increases due to the appearance of an “overlapped” region between
two ELC layers, since with the interpenetration of a “pile”, the viscosity of the central
part of the interlayer increases to a value u* > pu. The value of the isothermal effec-
tive viscosity of such interlayers, as well as the marginal (in the absence of flow, at
v — 0) effective viscosity may be calculated by solving of the Navier-Stokes equa-

tion for the selected rheomodel [30]. The value of inverse effective viscosity in di-
mensionless form depends linearly on the inverse thickness of the interlayer [26]:
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Fig. 1. Dependences of the “marginal” rel-
ative viscosity of n-hexadecane on the re-
verse interlayer thickness 1/ D [25] for
different overheating temperatures A7, K:
A—-150-6.5,<—12,0— 18 [26]. The
numbers 1 — 4 indicate the kinking points
of the dependence at D=2d,,, and the

Fig. 2. Dependences of the “marginal” vis-
cosity coefficients of n-hexadecane on steel
on the overheating temperature above the
melting point AT,K: o — for an “not over-
lapped” ELC layer, @ — for a completely
“overlapped” ELC layer. x — for isotropic
“bulk” liquid [26].

numbers 1* - 2* indicate the kinking points

at D= dOS .
1— Ll _ M] ) 2d,, ’ D>2d,,
1’lvol “0 D
~0 ) , (1)
neff T]Vol Li - 1 *] - T]Vol [i - 1 ] ) %’ dOs < D < 2d05
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here the parameters indexed by zero correspond to equilibrium values.

It gives a possibility to simplify the analysis of the results of viscosity interlay-
ers measurement in order to establish the changes in their structure in accordance
with the proposed model.

Fig. 1 shows graphs of four experimental dependencies for different tempera-
tures of n-hexadecane interlayers [25]. The abscissas of the first break points corre-
spond to the inverse double equilibrium thicknesses of the layers 1/(2d,, ), and of the

seconds - to their inverse values 1/d, , while their ordinates determine the values of

the coefficients of the “marginal” viscosities of a homogenious ELC layer — in “not
overlapped” and “overlapped” cases. Hence it is possible to establish the temperature
dependences of these “marginal” coefficients (Fig. 2). As it can be seen from Fig. 3,
the viscosity of the ELC layer is higher than the proper bulk value, and the viscosity
of the overlapped ELC layer is even higher, but with increasing temperature both the-
se values and their difference decrease, and at AT = 30 K all three viscosity coeffi-
cients become almost the same.
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Fig.3. Temperature dependence of the  Fig. 4. Temperature dependence of the
equilibrium value of the orientational order  equilibrium thickness of the ELC layer of
parameter § for an ELC layer of n- n-hexadecane on a metal according to
hexadecane on a metallized quartz sub-  measurement data: X — impurity dichroism,
strate, found by the admixtured absorption = O — anisotropy of the induced birefrin-
dichroism method [29]. gence, A— viscosimetry [24, 27, 29]. The
dotted line is the approximating trend.

Properties of the ELC layer structural component. The dependencies pre-
sented in Fig. 1, make it possible to get an additional information about the structural
properties of an ensemble of oligomeric associates adsorbed on the active centers of
the substrate, which can be considered as a quasi-polymer solution.

We will assume that the viscosity of the structural component of such a solution
is equal to ny, and its relative concentration in the layer is ¢. Similar values for the

isotropic component of such a solution are equal to — 1, and (1—-g¢). For a com-
pletely overlapped layer, these values are respectively equal - n, * and ¢g* for a
structured component (“pile”), and for an isotropic liquid — n,,, and (1 -q *) , respec-

tively. It is obvious that the degree of orientational ordering is connected with the
concentration of pile “threads” oriented normal to the substrate and with their flexi-
bility (directly proportional to a first approximation).

Therefore, it is necessary to determine the parameters of orientational ordering
in a homogeneous ELC layer for the cases of a completely non overlapped ELC layer

(D=2d,,)— S and of a completely overlapped ELC layer (D=d_,) — S . Previously,

in optical experiments of determination of ELC order parameter S by admixtured
dichroism measurements, the slope of the graph of optical density thickness depend-
ence D, = f(D) (under the first assumption of ELC structure homogeneity) was

opt
averaged, i.e. this dependence for small interlayer thicknesses was assumed to be lin-
ear [29]. Relevant temperature dependencies for the equilibrium thickness of the
wall-adjacent ELC layer and its order parameter were obtained (fig.3 and fig.4).
In order to take into account possible changes of S in the overlapped part of the
interlayer, an expression for the thickness dependence of the optical density should be
written in the form:
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D, (D.k)= T[l—s(z,k)] u,, -dt, )

where p — is the linear absorption coefficient of an isotropic bulk liquid (of

admixtured molecules), and k£ — is a set of varied parameters within the framework of
the selected model dependence.

Minimization of the objective function F (k)= Z[Dﬂ (D k)=D,,. " ]2 gives

the possibility to establish the type of dependencies S(AT) and S™(AT).

In order to calculate the viscosity and concentration of a structurally ordered
oligomeric component of a mixture from known viscosity values of the isotropic
component and the total viscosity of the entire mixture, various model relationships
may be used, which, generally speaking, lead to similar results. So, using e.g. the
Kendall-Monroe cube roots relation [30], we can write the system of equations:

o =g - = (1-9) - Yna = 0 G
P *—g* 3 *=(1-¢*)-Yng =0
which, allow us to get a numerical solution with considering additional restrictions on
the concentration and viscosity of the “pile” components:
S<qg<q* S*<q*<]; p,F<n, <n,* 4)
for each value of the overheating temperature AT .

Conclusion. There was developed a concept of ELC layer as a two-component
mixture, which similar to a concentrated quasi-polymer solution. This concept has
been proposed for the ana lysis and processing of experimental results of optical and
rheological measurements, which makes it possible to find the quantitative character-
istics of the system oligomeric component and to compare it with the results obtained
within the framework of a statistical model.
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Ilonoecovkuit O.10., Anmoiz b.A., Bymenxo O.®.
Crpykrypa nepekpurtux enirponaux PK

AHOTAIA

3anpononosarno modenb 6y006u NPUCMIHHO2O eNnimMpPONHO20 PIOKOKPUCMANIYHO20 wapy K
Oli2OMepHOI cucmemu HUMKONOOIOHUX acoyiamie )y Heacoyilogawiu piouHi. AHanizyromecs
pe3yromamu docniodxcenv EPK wapis anigpamuunozo 8yenesooms — n-eexcaoexawy. /locni-
Oocennsi EPK-ghasu 6 n-ankauax € eaxcausum sx 0isi Mooughikayii KinbkicHoi ¢izuunoi meopii
Yb020 ABUWA, MAK | 8 NPAKMUYHOM) CEHCl, OCKLIbKU 00380JIA€ GUPIULY8AMU NPAKMUYHI 3A0a-
Yi, 08 S3aHi 3 KOHMPOJeM SPAHUYHO20 MEPMsL 8 MeXanizmax i demansax mawun. Pauniwe pe-
3YIbMamu peonoiuHuUxX ma CmpyKmypHo-onmu4HUX 00CII0HCeHb 61ACMUBOCMEL YUX CUCTNEM
PO32180ANUCA OKPEMO [ pe3yIbmamu OMpUMAaHi 8 MONEKYAAPHO-CIMAMUCIMUYHIT MOOei HISK
He KOpento8anucs i3 pe3yibmamamu 8iCKO3IMempuyHux eumipis. [[nsa inmepnpemayii pe3yno-
mamie 00CNi0NCEHb (PeONOTYHUMU MA ONMUYHUMU MEeMOOAMU) MAKO20 Wapy 8 Npoulapkax
N-2eKCA0eKaHy, CUMEMPUIHO 0OMeNHCEHUX NPOGIOHUMU NIOKIAOKAMY, 3aNPONOHOBAHO 8PAXO-
gyeamu 30i1bUieHHS KOHYeHmpayii 6nopsaokosanoi komnonenmu (‘éopcy”) 3a ymoeu nepex-
pumms NPUCMIHHUX WAPI6 enimponHux piokux Kpucmanie y npowapky. Lle oozeéonums ma-
KoJIC 8paxysamu 6 00pobyi peoso2iyHUX OAHUX pe3yIbmamu OMpUMAHi 68 MOJEK)IAPHO-
CMamucmuyHiu Mooeii.

Knrouoei cnosa: enimponnuil pioKoKpucmaniynuil wap, acoyiam, aikamu, 8 s3Kicmo.
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TeopernuHe Ta eKciepUMEHTAJIbHE TOCTIIKEHHA TEMJIOMACO00MIiHY I
AU(PY3iMHOT0 BUNIAPYBAHHA i 3aiMaHHs Kpamne/b OIHAPDHUX PO34YHHIB
OJHOATOMHMX CIIMPTIiB B X0JI0AHOMY NOBITPI

Ilpeocmasneni pezyromamu 00CAIONCEHHS 83AEMO38 A3AHUX NPOYECI8 MENIOMACOOOMIHY |
KIHeMUKU UNApo8y8anHs 0OUHOUHUX KPANElb HUNCUUX CRUPMIE - emaHony, OVmaHony ma ix
OIHapHux cymiwell 3 NO4amKo8um posmipom kpanenv 1.5-2.5 mm 6 nosimpi KimHamuoi mem-
nepamypu npu ammocgepromy mucky. [{ns onucy npoyecie meniomaconepeHocy pisHux 3a
NOYamKOBUM CKIAOOM Kpaneiv NAIUSHOI CyMiuti 3anponoHo8aHi NPOSHOCMUYHI OYIHKU OUHA-
MIKU 3MIHU PO3MIPY, CKAAOY | meMnepamypu Kpaneib 00CAI0HCY8AHUX NAIUE 8 X001 iX 6una-
POBYBAHHA. 3 8PAXYBAHHAM MEMNepamypHoi 3a1eHCHOCMI Meniomu napoymeopeHts 3anpo-
NOHOBAHA AHANIMUYHA 3ATIeHCHICMb OJISl OYIHKU MeMnepamypu no8epxti Kpanii 00HOKOMNO-
HEeHMHUX naiue, wo eunapogyemucsi. llopienanonuil ananiz ompumMaHux 8 pamkax po32isamHy-
moi Mooeni po3paxyHKo8Ux OaHux 003601U8 3aNPONOHYEAMU MONCIUBULE MEXAHIZM UNAPO8Y-
BaHHA Kpaneib OIHAPHUX NATUGHUX CyMiutell | NOSACHUMU 0esiKi 0coOIUBOCMI 8 N0BediHYi OC-
HOBHUX Xapaxkmepucmuk ybo2o npoyecy. llokasano, wo niogic y eu2niaoi mepmonapu sKicHO
BNIUBAE HA NOBEOIHKY 3 YACOM meMnepamypu i po3mipy Kpanii.

Knrouogi cnosa: meniomacooomin, sunapoeysamms, cnupmu, po3duH, Kpanis, mepmond-

pa.

Beryn. IIpu BunapoByBaHH1 Kparneliib O1HAPHOTO PO3YMHY B1IOME MOHATTS «BH-
O1pKOBOr0 BUIIAPOBYBAaHH:» [ 1], mpu sIkoMy OUIBII JIETIOUU KOMIIOHEHT BHUIIAPOBY-
€THCS LIBUIIE, OCKUIBKM HOTO TUCK HACHYEHOI Mapu OISl MOBEPXH1 KparuliBuIIui. B
AKOCT1 OIHAPHUX PO3UYMHIB, IK 00 €KTIB TAKUX JOCIIKEHb, YACTO BUKOPUCTOBYIOTh-
Csl pO3UYMHHU BOJM Ta CIUPTIB (€TaHOy, METaHOIy, OyTaHOoIy) [2-5], pI3HUX CHIHUPTIB
(13ompormanony Ta Oyranoiy) [6]. JocnipkeHHsT BUTAPOBYBAHHS Kparesb Pi3HUX pi-
JIUH Ta iX CyMillIeH mpu KIMHATHIA TeMIepaTypi J03BOJIAE TyKE PETEIbHO HOCTIAUTH
BHECOK PI3HUX YMHHHKIB (KOHBEKIIii, CKJIaAy CyMIllll, TOMIIIOK, MiKJIaJKH Y1 MBI~
Cy, JIa3epHOT0 BUMPOMiHIOBaHHS, Toulo0)[7-10]. [lIBuakocTi BUnapoByBaHHS B TaKUX
yMOBaX HEBHUCOKI 1 HEMa€e HEOOX1THOCTI B YCKIJIAIHEHHI JabOpaTOPHOTO O0JIaIHAHHS
JUIS TEPMOCTATYBaHHS.

B po6orti [11] mpoBoauThCS OriIsiA MOJENEN HarpiBaHHS Ta BUIIAPOBYBAHHS MO-
HO- Ta 0araTOKOMIIOHEHTHHX Kparesib. BoHn 0a3yloThCsl Ha aHATITUYHOMY PO3B’SI3KY
piBHSIHHS AMQYy31i 330BHI Ta BCepeauHl Kparui piauHu. [lpu yucenbHOMY po3B’s3Ky
3a/1ayl BUIMIAPOBYBAHHI Kparull MPHUIYCKAEThCS, 0 HAa KOKHOMY KpOIll paalyc Kpa-
MeJb CTAIMMI, ajle 3MIHIOEThCS HAaKOKHOMY YaCOBOMY KpOLIl B PE3yJIbTAaTI BUMAPOBY-
BaHHs. Mozenb Oyina y3arajlbHeHa Ha BUIAJOK, KOJH PajalyC KpareabKH € JIHIIHHOO
¢dyHKLI€0 Yacy. Y HaHOUIbII 3aralbHOMY BUIAAKY IPOLIEC BUIIAPOBYBAHHS Kparelb

DOI: 10.18524/0367-1631.2023.61.291121
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BKJIIOYA€ JBI OCHOBHI (ha3u: 1) BIAPUB MOJICKYJ BiJ MOBEPXHI Kparuii B ra3 y 0e3mo-
cepenHiil OJIM3bKOCTI Bij Kpamelb (BJIacHe BUIAPOBYBaHH:) Ta 2) nudysis mapu 3
MOBEPXHI Kparuli B HAaBKOJUIIHIN ra3. B OLIbIIOCTI BUNAAKIB yBara MPUALISETbCS
JUIIE IPYyroMy MpoIlecy, ITHOPYIOYHN AeTali nepiioro. KpiM Toro npumyiieHHs, 1o
rnapa B OKOJIMIISIX TIOBEPXHI Kparelb 3aBXK/JI1 HACMYEHA, A€ MOXKIIMBICTh MPUMUMAaTH
PIBHICTh IIBUJKOCTI BUITAPOBYBAHHS Ta IMIBUAKOCTI AU(y3ii mapu BiJl MOBEPXHI Kpa-
eJIb 10 HAaBKOJHUIITHBOTO Ta3y. BIIbIIICTh PO3paxyHKIB Ta €KCIIEPUMEHTIB ITPOBEICHI
Ha Kpamwiix giamerpoM A0 150 MM, ki BUIBHO magand. JlochiaKyBaaucs Cymil
alETOHY Ta €TaHOJIy B MOBITP1 KIMHATHOI TeMiiepaTypu.llpeacraBiena Takox 1 KBa-
3HIUCKPETHA MOJIEhb, IO MpHUATHA TSI MOJCTIOBAaHHS HarpiBaHHS Ta BUIIAPOBY-
BaHHSI Kparnelb, IKi CKJIAJal0ThCs 3 BEIUKOI KUIBKOCTI KOMIOHEHTIB. BoHa onmcana
Ta 3aCTOCOBaHAa JI0 aHaJli3y Kpamesib JU3eIbHOr0 Ta OCH3MHOBOTO MAJIMBA.

TpanuuiiiHO B SIKOCTI 100aBOK 10 MiHEpAJIbHUX PIAKUXNAINB BUKOPUCTOBYETh-
csi etanon (C,HsOH) [12]. Inun romoinioru psixy HU3BKMX CHOUPTIB, Hampukiam, 1-
oyranon (C4HyOH), Tex 3HaXOIATh Bce OLIBIN MmMpOKe 3acTtocyBaHHs [13]. 1-
OyTaHOJI Mae OUTBII BHCOKY TEIUIOTa 3ropaHHs 1 Kpallly CTaOUIbHICThH 3MillyBayda 3
MOTOPHHUMHU TAJIMBaMHU, ajie OLIbII BUCOKY COOIBAPTICTH B MOPIBHSHHI 3 €TAHOJIOM.
Curyariig 3MiHUJIacs 3 MOSIBOI0O €KOHOMIYHUX Ta €KOJIOTTYHO €(EeKTHUBHUX METOIIB
MIKpOO10JIOTTYHOTO CUHTE3Yy OyTaHOIYy Ta HOTO 130MepiB 3MOHOBIIOBAHUX BUIIBPOC-
JUHHOI CHUPOBUHHU 3a Jomomororo Oaktepiii Ralstonia eutropha Tta Clostridium
acetobutylicum [14].

B po6orti [15] npencraBneHi pe3ysbTaTd BUNAPOBYBAaHHS B MOBITPSIHOMY CTpY-
MeH1 B niana3oHi temmepatyp 20 — 100°C kpanenb BOZHUX CyMillIed €TaHOJy, MeTa-
HOJY 1 alleTOHY B YChbOMY Jiana3oHi 3MiHM KOHIeHTpalii. [lokazano miHiiiHE 3HU-
KEHHS iX po3MIpy B 4acl 1 HEpIBHOMIPHICTh TEMIIEpATypHU IO MOBEPXHI (3 JOMOMO-
ror0 TEIUIOBI30pa) JUIsl PI3HUX YMOB AOcCHiKeHHs. [loyaTkoBHil po3Mip Kparesb, 110
MJBINIYBAJIUCS HA TEPMOIIapi, CKIaaaB 2-3 MMm.

3a gomomMorow Mmeroay iH@padepBoHOi Tepmorpadii [16] excriepuMeHTanbHO
MIITBEPPKEHO HASIBHICTH TPbOX CTaAill 3MIHU TeMIIEpaTypy MOBEPXHI MPU BUIAPO-
BYBaHHI Kparieib BOJHO-CIUPTOBUX PO3YMHIB Pi3HOI KOHILIEHTpAIlli, MABIIICHUX Ha
HUTII: TOYAaTKOBE PI3Ke MAaJlIHHS TEeMIepaTypu, CTajis MOCTIHHOI TeMmmeparypH i
MJIaBHE 11 MIJBUINEHHS 10 TeMIIepaTypy HaBKOJIMUIIIHBOTO MOBITps. B pe3ynbTaTi ekc-
MIEPUMEHTIB BCTAHOBJICHO, 10 KOHI[EHTpAIlisl pO3YMHY BIUIMBAJIa Ha MPOIIEC BUMApPO-
BYBaHHsI Kparenb. YuM Buire OyJia KOHIIEHTpAIlis €TaHOJy, THM XapaKTep 3MiHH Te-
MIIepaTypy MOBEPXHI 1 TEOMETPUYHUX MapaMeTpiB Kpami OyB Oinblie MoAIOHUIA 10
3MIHU aHAJIOTTYHHUX MapaMeTpiB Kparuil CIUpTY.

B po0orti [17] 3anponionoBana ¢hopmyiia ajis po3paxyHKy TeMIIEpaTypH MOBEpX-
HI BUIIApOBYBaHHs B moBiTpl Temneparypu 20-100 °C OGiHapHMX cyMIlIed pIOUH SK
JIOCKOHAJIOTO PO3UMHY (€TaHOJI/METaHOJI) TaK 1 a3€0TPOMHUX PO3UYMHIB (BOJA/all€TOH,
OEeH30J1/a1IeTOH, €TaHOJI/alleTOH) 3 BUKOPUCTaHHSIM MOAIOHOCTI MPOIIECIB TEILIO- 1 Ma-
coobOminy.llikaBl ekcrnepuMeHTaJIbHI JOCiKeHHs [18] MBHAKOCTI 130TE€PMIYHOTO
BUITAPOBYBAHHSA MIABIIIEHUX Kparielb MPEJCTAaBHUKIB TOMOJIOTIYHOTO DSy CIHUPTIB
(mpomaHos + OKTaHOMI) B iHTepBaii TUCKIB 750 — 30 MM. pT. cT. B aTMocdepi a30Ty
MIpU 3HA4YE€HHI TeMiiepaTypu razoBoro cepegouina 20°C. [lokazaHo, 110 npu THUCKax
Outbmux 3a 100 MM.pT.CT. BUITAPOBYBAHHS BCIX JOCIIKEHUX PEYOBUH Bi0yBa€ThCA
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B nudysiiiHomMy pexxuMmi. Ha modaTkoBoMy erarii BUIIApOBYBaHHS OlHApHUN PO3UYHMH
MIPOITAHOJI-OKTAHOJ PI3HUX MOYATKOBUX KOHIIEHTpAIi MOKHA BBAXKATH 171€AJIbHUM.

Pesynbratu [19] uncenbHOro MOAENIOBaHHS MPOLIECY BUIIAPOBYBAHHS OJMHOY-
HUX Kparelb HWKYUX CIUPTIB — €TaHoy,l-OyTaHomyTa iX O1HApHUX CyMIllIeH 3 Io-
YaTKOBUM pO3MIPOM Kpameiab 2 MM B HarpiToMy IOBITPSHOMY CEpelOBUILI
(440+675K) npu atMochepHOMY THUCKY SKICHO BIJPI3HSIOTHCS BIJ pe3yJbTaTiB 1H-
mux aBTopis, Hanpukian [11]. Tak,B [19] nmpu BumapoByBaHH1 Kparuii OTPUMAaHO, 1110
OlHapHA CyMIII BUIIAPOBYETHCS MOETAMTHO: CIIOYATKY €TaHOJI, & HOTIM OyTaHOJL.

Memotro 0anozo 0ocnidxycenHnsa € TOCIIKEHHS MPOLECY BUIAPOBYBAaHHS OJHM-
HOYHMX Kpariejb OlHApHHUX CyMIIIedl HM)KYKMX OJJHOATOMHHMX CIHUPTIB — €TaHOdy 1 1-
OyTaHOJIy B MOBITPl KIMHATHOI TEeMIEPATypH MpU aTMOC(HEPHOMY THUCKY 3 BUKOPHC-
TaHHSM JUCKPETHO-KOMIIOHEHTHOTO MiIXO0.Y.

[Tpu mocmikeHHI BUNIApOBYBaHHS Kparmelnb, 3a3BUYail, HE BPaxOBYIOTh TEMIIe-
paTypHi 3aJeXHOCTI (DI3UYHUX BIACTUBOCTEH piAMH (HacamIriepesa, TEIUIOTH Mapo-
yTBOpPEHHS). MOXIUBUN BIUTMB MIJBICY, B TOMY YHCJi 1 T€pMOINApH, HaMararThCs
3MEHIIIUTH 32 PAaXyHOK 3MEHIIEHHA iX JaiameTpy. B nmaHiil po6oTi yBara mpuiiasiTu-
METbCS 1 Ha BpaxyBaHHI ITUX 0COOJIMBOCTEH.

MogpemoBanns. PosrisinemMo cheprudHy Kparuio O1HApHOTO PO3UYHMHY PajilycoM
7y, SIKUM 3HAYHO OUIbIIE JOBXKUHHU BUIBHOTO MPOOITY MOJIEKYJ B Ta3oBid ¢asi, 1o
oTouye Kparutto,inpu atMmochepuux tuckax [20]. Ile HaGmmKkeHHs J03BOJIsIE BBaXKaTH
ras, IKMii 0TOYy€e Kparuio, CyIUIbHIM cepenoBuineM. [Ipoiiec BumapoByBaHHS Kpar-
J CIIOYATKy WJie 4epe3 YTBOPEHHS B ra3oBiid (pa3l HACHUYEHOTro Iapy, SIKUil 3Haxo-
IUTHCS B TEPMOJAMHAMIYHIN piBHOBA31 3 TOBEPXHEIO Kparull (KIHETUYHA CTalis), a Mo-
TIM MacooOMIHOM (AH]y31€10) 3a paxyHOK I'paJl€HTIB KOHIEHTpallid. 3MEHIIEHHS 3
yacoM Macu (pajiyca Kparuil 7) JIMITYyeTbcsl AU(PY31€:0 KOMIIOHEHTIB Kparuii 3 ii mpu
noBepxHeBoro mapy. [IoBHUI THUCK, SIKUH CKIIAA€ThCs 3 MapliajIbHOTO TUCKY MOBIT-
psp,;, s T4 KOMIOHEHTIB KpaIli p, ; + p, ¢ (B HACHUEHOMy ILIapi) Jy:Ke MIBUIAKO (3i

IIBUJIKICTIO 3BYKOBOI XBUJI1) BCTAHOBJIIOETHCS PIBHUM aTMOCpEepHOMY THUCKY. B Ha-
CHYCHOMY HIapi OiHapHOTO PO3YMHY MapLialbHUil THCK MapiB KOMIIOHEHT p) 3alie-

KaTh BIJ TemIiepatypu nosepxHi kpami 7, (3axkoH Kiaysiyca-Kianeiipona) ta mo-

JBHOT J10J1I KOMITIOHEHTa B kparuti X;. KpiM koMmoHeHTiB GiHapHOi cyMmillll B Hacuye-
HOMY MIapi MoOJIU3y MOBEPXHI Kparuii MPUCYTHE MOBITPs (KUCEHBb Ta a30T), SIKE IS
3pYYHOCTI IPUIUMAETHCS, SIK 3aTaJIbHAN TPET1 KOMIIOHEHT.
[To6nu3y moBepxHi Kparuii 1 B MOBITPI BUKOHYEThCS 3akoHHM JlambToHa. Tomy
IPaHUYHI YMOBH JUJIS NApIiaIbHUX TUCKIB 3a/I0BOJIBHSIIOTh YMOBAM:
!
Caplap =B ph=peph, p =B
Pist Post Purs =5ys Puy =Pyt Pos P = RT
! 4 ! ! !
py/ p,=0.79/021, p;, =0, p,,=0, p,,..=F,

air ,o

Jnst Mossipuux Y, = p// P, a TakoxX Uil MacOBHX 4YaCTOK KOMIIOHEHTIB B Ta3oBiii

¢asi Y, = Pi =— , HiPi ———, CIIPABEJINBO
PP, TPy WP TH P, T U, (Po - P~ pz)
Y, +Y,+Y =11 Y+Y,+Y =1.

vair air
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1 - Etanol 2 - Butanol

HIII = Z]ﬂll TUOO

— Q Yoo

: 1., 0
YO: : 0-0_
Y, Y2o= 0
Is m, = Z,m
X+ =1 h+h+¥Yo+ ¥v=l

Puc.1 Cxema Temino MacooOMIHY CUCTEMH «KpaIllsl pO3YUHY — MOBITps». X — MacoBa yac-
TKa B Kparuii, ¥ — MacoBa 4yacTKa B MOBITpPi, Z — YacTKa B 3araJJbHOMY MacOBOMY ITOTOL1
BUIIAPOBYBaHHS

Tyt 1maexcui: 1 — eranon, 2 — Oyra”on, a — nositps (air), p, =0.79u, +0.21p,,

— MOJIIpHA Maca ra3oBoOi CyMimi, |, — MOJSpHA Maca 1-r0 KOMIIOHEHTy, K, = 28

air

5 . - .
KI/MOJIb, L, = 32 Kkr/mMoinb, Py = 10° Tla — arMocdepHUil THCK, P, — NapliaibHUi
TUCK 1-TO KOMIIOHEHTY.

MacoBa X1 MondpHa X ,4acTka KOMIIOHEHTA B Kparuil O1HApHOTO PO3UUHY

m, X/l
X ="l X+X,=1, X = T
’ X W+ X,/
m, +m, 1/ My 2/ Ha
3riiHo 3akoHy Payns y HacnueHoMy Iapi OIHAPHOTO PO3YMHY TNapliadbHUN
THCK TapiB KOMIIOHEHT P, 301IbLIYETHCS MPOMOPLIHHOMOJBHOI YacTIli B Kparuii:

ro_ X — Xi/“i

Pis = APy = X X
X/,
MacoBa yacTka HACHUEHHUX TapiB 1-Til CKJIaI0BOI PO3YMHY OLJIsl MOBEPXHI Kparl-
mi Y mporopiliHa MONBHIN 9acTmi X, KOMIIOHEHTa B po3uuHi (3akoH Payrs), mapri-

pis'

JIbBHOMY THCKY HACMUEHHX IapiB UUCTOrO KOMIIOHEHTA p, 1 BIIHOIEHHIO MOJISIPHUX
Mac KOMITOHEHTA (1 Ta30BOi CYMIIlli IIPH MOBEPXHI Kparum [, :

Y =X, 1
is wH P ()

gs™ 0
MousipHa Maca KOMITOHEHTa Ia30BO1 CyMillli IPH IIOBEPXHI Kparuli i, BU3HAYa-

€TbCA 4CPC3 KOH]_IGHTpa]_Ii.l. HaCHU4YCHUX HapiB KOMIIOHCHT:
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] P P

T p N p M p S N
“gs :[MIXV1_1+“2XV2 : +Mair(l_le 1 _Xv2 p2 Jj (2’)
})0 K 0 0
Jlig BUnasKy BUIApOBYBaHHS IPU HU3BKUX TEMIIEpPATypax MOBITPS, MEHILIUX
3a Temneparypy Kuminns X, <<1, Tomy [t ~p,, i
Hip is
L=X—F. 3)

airt 0
TemneparypHa 3a/eXHICTb TUCKY HAaCHYEHOI MapHU p, BHU3HAYAETHCA3aKOHOM
Kiaysiyca-Knaneiipona B nudepeHiianbHii ¢popmi:
dinp,s pL(T)
dT  RT*
3aexHiCTh TEIJIOTH NapoyTBOpeHHs Bix Temnepatypu L (7)) MokHa 3 1mMoxuo-

KO0 710 2% BuU3HA4YUTH 3rigHO Qopmynu Bartcona [21, 22], sky B TeMIiepaTypHOMY
1HTepBaJIl TOAATKOBO 3 TOUYHICTIO 0 4% Bix 0 °C o TemmepaTypy KUIIIHHS PIAMHA
MO>KHa JIIHIMHO anpokcuMyBaTu [23]:

0.38 0.38
L-L (uj _ (H T j L -AT-T), 4-23 G
’ Tcr — T 0
ne 1., — kpuTU4Ha Temreparypa piaunu, K, 7p — neska xapakrepHa temneparypa. B
JaHii poOOTI B34ATO TemmepaTypy cepenoBuia. Hanpuknan, mis eranony npu 1, =
298 Ki T = 351 Keenuuuna (7-1,)/(T,.,—Ty) < 0.25.

s eranony Ly73 = 951 xJlx/kr, T, = 514 K. Jlns 6yranon-1 Ly;; = 736k JIx/Kr,
T..=563K. Ilpu T, = 293 K maemo nns eranony A = 1600 Ix/(kr-K), qis Oyranonry
A =1010 JIx/(xr-K).

3asie’HICTh TUCKY HACHYEHOTO TMapy Bijl TEMIEPATypH MOXKHA BU3HAYMUTH 3 3a-
kony Kiaysiyca-Knaneiipona B nudepeniiansiii ¢opmi, BUKOPUCTOBYIOUH (4), 5K
e O0yno 3po6ieHo B [23]. OgHak npu BUMApOBYBaHHI KpaIlii B XOJOJIHOMY MOBITPi
Jlana3oH TeMIepaTyp HEBEJIMKUN 1 3 BUCOKOIO TOYHICTIO MOKHA BBaXKaTH MUTOMY
TEIJIOTY MAapOYTBOPEHHS CTAJIO0, HAMPUKIIAT PO3pax0oBaHy MpH TeMIepaTypl razoBoi
cymitri 1o (4). Toxai 3aneXHICTh TUCKY HACUYEHOTO Tapy BiJ TEeMIIEpaTypu IpHUiiMae

KJIaCHUYHOI'O BUTTIAY:
Ly (1 1
=Pexp| T — || 5
pzs 0 p|: R (7—,@ T J:| ( )

ne Tp;— TemnepaTypa KUIHHS i-T0 KOMIIOHEHTA, 13— TeMneparypa NoBepXH1 Kparuil.
B Outbm 3aranbHOMY BHUIIQJIKy TUCK HACHYEHOI MapH 3aJIEKUTh BiJ J1IaMETPy

cr 0

il"li
dp,RT
Boro Hatsry. Lle HeoOXiTHO BpaxoByBaTH, 00 MPHU 3MEHIIECHHI PO3MIpy YACTUHOK Bi-

NOyBa€eThCsl 1 3MEHILIEHHS MOBEpXHEBOI eHeprii. OJHaK, NMpu CTaHJAPTHUX YMOBaX
e edexT cyTTeBUM JuIIe I Kpamnenb 3 glamerpamu d< 10 M. Tak, ang xparui

kpami (popmyna Tomcona): p, ;= P exp[ ], 7€ 6 — KoedIli€HT MOBEpXHE-
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€TaHOJIy JiaMeTpoM | MM BIJNOBIJHUNA MHOXHUK MaJIO BIIPI3HAETHCS B1J OJIMHHIIL:

4o, 4-22.8-107-56-107 6 3
exp| —— [-1 = exp = —1~0.5-10"", mst Imxm ~ 107,

dp,RT 107 -790-8.31-298

[Tepenoc Temna(ao MOBEpXHI Kparii) 1 Mac KOMIIOHEHTIB Kparuti (BiJ MOBEPXHI
Kparuii) B ra3oBiid (a3l BiOyBa€eThCs 32 paXyHOK 30BHIIIHBOI KOHBEKLII Ta IMEPETBO-
pPEHHsI KOHJIEHCOBaHO1 ()a3u B ra30BUU MOTIK BIJTHOCHO MOBEpPXHI Kpari (credaHiB-
cpka Teuid). LIBuakicTe credaHiBCKOi Tedli B MPUIYIIEHHI PIBHOCTI KOE(IIEHTIB
nudy3ii KOMIIOHEHTIB B Ta30Bii CyMmilll MOXe OyTH BUpaKeHa 4epe3 MIBUJIKICTh BU-
NapoOBYBaHHS Kparuii:

Ao =i 4 s, i d(npd" /6)
g =TI =, dt dt '

MacoBi u TernjaoBl NOTOKU B ra3oBiii ¢asi uepes3 0yab-saKy chepruuHy MOBEPXHIO
pazaiyca r>r; 3 BpaxXyBaHHSAM CcTe(aHIBCKOI Te€Uli IPEICTaBUMO Y BUIJISI/IL:

dY

. 2 i 2

m;, ==4mr°D_p, rn +4nrup, Y, (6)
S 2, dT 2 _ . 2

Q =4\, — —4mr upgcpgT—ZmiLi —4mnriup,c, T, . (7)

dr p
TyT 1 mani 1HAEKC | BKa3ye Ha BEJIUYUHU, 1110 BIHOCSATHCS J0 i-TOT KOMIIOHEHTH
. C. dm. . ) :
NaJUBHOI CyMmilll; i, :—7’ — MAcCOBHUH IIOTIK KOMIIOHEHTH, TOOTO IIBUIKICTDH Ii

t

BUIAPOBYBaHHs, D, — KoedimieHT nudysil mapiB y HaBKOJIMIIHBOMY CEPEeIOBHIL,
p, — FYCTHHA ra30BOI CyMilll.
[lepenbauaeTnes, 10 MACOBUH MOTIK i-0i KOMIIOHEHTH BiJ] MOBEPXHI Kparuii mo-
B'sI3aHUM 3 3aTaJIbHOIO IIBUJIKICTIO BUTIAPOBYBAHHS Kparuii:
m,=Zm.
1€ Z, —4acTKa MacOBOTI'0 IOTOKY I-r0 KOMIIOHEHTa B 3araJILHOMY MacOBOMY IIOTOIII.
Toni piBHsIHHS (6) MEpENUILIETHCA B BUTIISIL
: dy, .
mZ, =-4mr’D_p —L+mY, (8)
g g dr !

3 HACTYIIHUMH TPaHMYHUMH yMOBaMu: r =r,, Y=Y, r—>o, Y, =0.

i is ?
[Ticns iHTerpyBaHHs (8) OTpUMaeMO, IO MacoBa MIBUIKICTh BUIIAPOBYBAHHS
Kparuii aiaMmeTpoM d = 2r; TOPIBHIOE:

: Sh Y,
m=2nd7Dgipg In(1+B,) B, = 9)
ITpn HeBucoknx Temmnepartypax NoBITPA (14..<T};), 3a3BH4aii, BenuunHa B,<< 1,
ToMy In(1+ B;)~ B,. B pe3ynprari MacoBa MIBUKICTb i~TOi KOMIOHEHTH CyMillli €:
Sh X.
i 2 glpg Zi _ YI-S is ( )

ne B,— uncno Cnonainra 1y MacooOMIHY.
Po3mip Kkparuii 3MEHIIYETHCS 3T1JHO PIBHSIHHS:
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D.
_0d _45hDapy Y, d(t=0)=d,. (I1)
o0 d2 p, Z-Y,

i is

3rinHo (9) 3HauYeHHs MacoBOi IIBUAKOCTI BHUIIAPOBYBAHHS KpaIljl HE MOBHUHHA
3aJIeXaTu BlJ BUOOPY BU3HAYAIBHOIO ii 1-T1i KOMIIOHEHTHU. Y MPUITYIIEHHI PIBHOCTI
KoedimieHTiB qu(y31i KOMIIOHEHTIB y Ta30Bii (pa3i e o3Havae cranicTh yrcia Crod-
niara B; = B,. lle piBHICTh 103BOJIsIE OTPUMATH, 1110 MACOBI TOTOKHM KOMIIOHEHT BiJl
KpaIrjii  CHIBBIAHOCATBCS SIK  iX MacoBl KOHLEHTpalli HAaCHYEHUX IapIB:
Z,/Z,=Y, /Y, .3 ypaxysauuam Z, + Z, = 1 Maemo
Y
Z =—"—. (12)
Y. +Y,
1s 2s
b f—
[Tpuyomy BapTo nam’sitatu, wo Y +Y, +Y =1.
3MiHa TeMIiepaTypu cepryuHOi Kparii 01HapHOTO PO3YHMHY B IPOLIEC] i1 BUIIAPO-
BYBaHHsI B Ta30BOMY CEPEIOBHILI B11I0YBAETHCS BIAMOBIIHO 0 PIBHSHHSA:
3

chLn%‘ZS =nd*a(T,, ~T)~ > L, ,T,(t=0)=T,. (13)

KoedimienTn temmomaconepeHocyB yMOBax NPUPOIHOI KOHBEKIIT IpUIMaIHCs

y npunymendi Re =+/0.5Gr :

_ANu D, D, ,Sh (T-T,)gd’

o B = ’gSh,B2: 26°% G = . ’
d d d T, - v,
Sh=2+0.6Re"?Sc'*, Nu=2+0.6Re"*Pr'",

e Ay — KOE(]ILIEHT TEMIONPOBIAHOCTI HABKOIUIIHBOTO rasy; D 4, D, , — Koe(ilieHTH
nudys3ii Iepioro i Ipyroro KOMnoHeHTiB; Nu — uucio Hyccenbta, Sh — uncino Llep-
Byna, Re — uncno Peiinonsaca, Gr — unucno I'pacroda, v, — KoeiieHT KiIHEMaTHYHOI
B’s13K0CT1 MOBITPs; Sc, Pr — uncna [Iminra 1 [pans.

Bcepenuni npuBeaeHol TUTIBKH TSl KOePIIieHTIB audy31i KOMIIOHEHTIB, TyCTH-
HU 1 Koe(dilieHTa TEIUIOMPOBIAHOCTI Ta30BO1 CYyMIIIIl 3aCTOCOBYBAJIMCS TaKl TeMIiepa-
TypHI 3aJIeKHOCTI (7, — TeMmeparypa HaBKOJIMIIHBOTO CEPEOBUIIA):

n,-P

s+g o

D =D, =
gi gi0 27—(,) P s Vg g0 2]-(7) s

FYCTI/IHa Ta MUTOMAa TEIIOEMHICTD Kpanni BU3HA4YAIOTLCS K

o
L +1, 2L, P
pg pg()]-;_i_]-:g[)o'

-1
[ :(£+£j , ¢, =X +X0c,.
P P2

Cucrema piBHsiHb (11) , (13) po3B’si3yBasiacs YMCEIbHO 3 BUKOPUCTAHHSIM METO-
Iy KIHLIEBHMX PI3HMLb. [HIIN mapaMmeTpu it po3paxyHKy [24]: Do = 10-10°° M*/c,
Dgo = 7.1-10°° MP/c, pgy = 1.29xr/M’, Ay = 0.0224 Br/(M-K), T = 351 K, Tj, =
391 K, p; = 804 xr/m’, py = 825 kr/m’, ¢ = 2270 Jx/(xrK), ¢, = 2200 Tx/(xr-K),
=n,=1.75,ny=0.75, P= Py = 1.013:10° [Ta.

B acumnToTi, KOJIM KOHIIEHTpAIlisl OJHIET 3 KOMIIOHEHT CyMil Opanacs piBHOIO
HYJII0, MOJICTh J03BOJISIE OTPUMATH KapTHHY BUIAPOBYBAHHS OJHOKOMITOHEHTHOTO
najanBa.
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AHaJ3 YnceJbLHUX pe3yJbTaTtiB. Pesynbratu po3s’sizky cuctemu (11)-(13) ans
MO/JICTIOBaHHS KIHETUKU BUIIAPOBYBAHHS Kparmelb JiaMeTpoM 1.5 MM GiHapHOI cymiti
eranony 1 1-OyraHomynpezcraBieHi Ha puc.2.XiJl BUMAPOBYBaHHS Kparieib OlHApHOI
CYMIIII CITUPTIB SIKICHO BIJIPI3HSETHCS Bl Kparesib MOHOMAINBA, 1 MICTUTh PSJl 10/aT-
KOBUX OCOOJIMBOCTEM HEMOHOTOHHOTO Xapaktepy. Tak Temreparypa Kparuii MOHO Ia-
nvBa (puc.4a,c) IpOTSIroM BChOT'O Yacy BUIIAPOBYBAHHS 3AJIUIIIAETHCS CTAJIO0, T BCE K

a B )
295, 3 d°, MM* b
25
290}
285
280
L 1
t, C
“To 200 400 600 800 1000 0 200 400 600 800 1000
—dd/dt, mmi/e
0.0 0.006]
0.02] 0.004]
2z
0.0H 0.002}
3
A t, ¢
800 1000 0 200 400 600 800 1000
b e 0.05 Y1s. Y25 ¢
0.8t 0.04
0.03
0.02
0.0
) Ic :
600 800 1000 0 200 400 600 800 1000

Puc. 2. Kinetuka BUNapoByBaHHS Kpareiab OIHAPHOTO PO3UMHY €TaHOJY Ta OyTaHOIY
(xpuBa 1 — 100/0%, 2 — 50/50%,3 — 25/75%, 4 — 0/100%) B moBiTpi Temneparypu 295 K
a) TeMmreparypa Kparii, b) KBaapar AiameTrpa Kparuli, ¢) 4acoBa MOXiJHa TeMIlepaTypu
Kparuti, d) 4acoBa MoxijHa KBaJpaTy JaiaMeTpa Kparuli, €) MacoBa 4acTKa €TaHOJIy B PO3-
yuH1 X; 1 9aCTKa MacoBOI0 MOTOKY €TaHOJIY B 3araJibLHOMY MacOBOMY IOTOI[l TP BHUIIA-
poByBaHHi Z;; f) moBepxHEBI KOHIIEHTPAIlli HACUYEHOTO MMapy €TaHOIy Ta OyTaHOIY.
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MEHILIOKO 332 TEMIIEPATYPY HABKOJIUIIHBOrO MOBITPs. [Ipy bOMY IIBUAKICTH 3MIHH KBa-
JpaTy JAiaMeTpy KparuIi BiIMOBIIa€ KIACUYHOMY 3aKOHY Cpe3HEBCHKOTO.

B neBHuit MomeHT micins nmovatky BunapoByBaHHs (30-40 c) Temmeparypa Kparuii
O1HapHOTO PO3UMHY (pHUC.2a) TOCITaE MIHIMAJILHOTO 3HAUEHHS, SIKE 3aJISKUTh BiJl CKJIa-
ny kparuil. [IpoTsirom HacTynmHUX 6 XBWJIMH TeMIepaTypa Kparli MOHOTOHHO 3pPOCTa€e
JIOKK HE JIOCSATHE TeMIepaTyp BUIIApOBYBaHHs OyraHoiy. Ha 3anmexxHocTti aiamerpy
Kparuil Bijl 4acy 3 SIBJISIETHCS TOUKA MEPETHHY, 1[0 XapaKTepU3ye 3MiHY IIBUIKOCTI BHU-
MapOBYBaHHL.

[TagiHHs TeMriepaTypu Kparuii 0 MiHIMAJILHOTO 3HAYEHHS MOB’sI3aHe 3 BUIIAPOBY-
BaHHSM €TaHOIY: YUM OUIbIIA YaCcTKa €TaHOJy B CyMillll, TUM OUIbILIA PI3HUL MK Mi-
HIMaJIbHOIO TEMIIEPATYPOIO BUIIAPOBYBAHHSI Ta TEMIIEPATYPOIO MOBITPS (puUC.2a).

Touka neperuHy Ha 3anexkHOCTI 7(f) (MaKCUMyM Ha pHC. 2¢) XapaKTepu3ye 3MIHY
IIBUJIKOCTI BUIApoBYBaHHs (puc. 2b). Ilicng Touku neperuHy MIBHIKICTH BUIAPOBY-
BaHHS MIPAKTUYHO HE 3MIHIOEThCS (pric.2d) 1 BIAMOBIIA€ MIBUAKOCTI BUTTAPOBYBAHHS OY-
TaHoJy. /{0 TOukU neperuHy MBUAKICTh BUMTAPOBYBAHHS HE 3AJTUIIIAETHCS CTAJIONO.

[ikaBo, 1110 TIpY MACOBIM KOHIIEHTpaIlll eTaHoIy B po3unHi X; = 25 — 50 % Ha 1o-
YaTKOBOMY €Talll NepeBaKHO BUMApoByeThesicame BiH (Z;> 80 %). Tomy moBOII MIBU/I-
KO YacTKa €TaHOJIy B Kparuli 3MEHIIYEThCA J0 HyJ. B Toulll mepernHy Ha 3aJieyKHOCTI
T(¢)xOHIIEHTpALllsl HACHYEHOTO TMapy OyTaHOyY,; Ha MOBEPXHI KpaIlll MOYMHAE Tepe-
Ba)KaTUBIATOBIIHY KOHIICHTpPAITIO 1)1 eTaHoIy Yo (puc. 2f).

ExcnepumeHnTaibHe A0CTiIKeHHs] BUIIAPOBYBAHHS Kpane/b HA TepMonapi.
Kparms mijBinryBanacs Ha XpoMeNb-aJlOMeJIeB1il TeEpMOoIIapi 3 TOBIIMHOIO TEpMOETe-
kTpojiB B 200 MxM. [ToTiM 3a 1OMOMOTOIO0 CHEIIAIbHOTO MEXaH13My BBOJUJIACA Ye-
pe3 OTBIp B BEPXHIM YaCTUHI BCEPEAUHY TOPU3OHTAIBHO PO3TAIIOBAHOI FEPMETHUHY
14, B SIKIA MIATpUMYBaJIacs cTaja temneparypa. Yepes npo3opy OOKOBY CTIHKY M
OCBITJIIOBAJIacsl OUIMM CBITJIOM 3 METOIO YTBOPEHHSI KOHTPACTHOTO 300pa)KeHHs Kpa-
U1l BeO-KaMeporo uepe3 1HITy OOKOBY CTOpPOHY medl. TakuM YMHOM, Kparuis BUIJIS-
Jana TeMHOI Ha cBiTiaoMy (oHi (puc 3). [lnomuna TepMonapu JIeKUTh B IUIOIIMHI
pucyHka. Po3mip kparuii B MepHneHANKYJISIPHOMY HAmpsiMi IO PUCYHKY MPAKTHYHO
CIIBIIAJIa€ 3 BEPTUKAIBHUM PO3MIpOM Kparuii.

[Mugpposa 00pobka 300pakeHb A03BOJIMIA OTPUMATH 3aJI€KHICTh JIIaMeTpy Kpa-
i B yaci. [lokasu TepMonapu 3anucyBajucs 3a JOIOMOIOI0 MyJIbTHBOJbTMETpaA Pi-
cotest300.

Hali01np1m1 TOYHI BUMIPIOBAHHS IIBUKOCTI BUIIAPOBYBAHHS Kpameib MPOBEACH1
Ha TOPIBHSHO BeMUKUX (0JM3bko 1 MM) Kpamisix, MiABIIICHUX Ha TOHKUX HUTKAaX.
HexTtyBaTu BiBeCHHAM TEIUIa Yepe3 HUTKY MPU BUMIAPOBYBAHHI Kparmelb JIETIOUUX

Puc. 3. Kinorpama kpamii aiametpom 1.65 MM po3unny 50% eranony i
50% 1-6yranony. Kagpu uepes 4 xs.

78



®diznka aepoaucnepcHux cucreM. — 2023, — Ne 61. — C.70-88

p1auH, 0COOJIMBO MPH MIABIIIYBaHHI X Ha TepMONapi, y >KOJHOMY BUIAJKy HE MOYKHA
[23].

KinpkicTsb Temma, o HaAXoIuTh A0 KpaIull uepe3 HUTKY 3a OJIMHUIIIO Yacy, 3Ha-
XOIUThCA sK [23, 25]:

0, =i, % e

A

m

=nr A,
x=0

(7..-T).

ne 7, — paAlyC HUTKH, A, — TEIUIONPOBIAHICTh MaTepialy HUTKH. [ amoMento 1
xpomento npu 20°C koedirieHTH TermonpoBiaHocTi piBHi A, = 17.6 B1/(M-K).

Takum 4MHOM, BpaxoOBYIOUH, 110 TepMoOMapa Mmae jaBa eiekrpoau (N = 2), pis-
HSIHHSI 3M1HU T€MITepaTypHy MOBEPXHI Kparuli pUiMe BUTIISI:

3

P Tt—

6

S

dT :
t :ndza(Tg _E)_Zlel +NQm9

T(t=0)=T,. (14)

Ha puc. 4 npezncrasieHi pe3ynbTaTi po3paxyHKy cuctemu piBHsSHb (11) Ta (14). B
KOKHOMY 3 BUTAJIKIB CIIOCTEPITA€ThCS IOCTATHRO IIBUAKE JOCATHEHHS MiHIMAJILHOT Te-

2501, K s o 2 @, a2 b
3

285 Etanol + Butanol

50% - 50%
:SD_I- l Etanol + Butanol

50% - 50%
t.c
175 | | | | ‘I 1 1 1 1 ttlc
“P0 200 400 600 800 1000 % 200 200 600 800 1000
295 T:f K o0 « Butanol €
&8

:3 __________________________
2001 o

i o

o

;_mﬁ'ﬁz
2851 Etanol
280f

A ? . C

175 [ [ | | ~ 0 ! — ! } |
0 200 400 600 800 1000 0 200 400 600 800 1000

Puc. 4. Kinetuka BumapoByBaHHs Kpareiab OIHApHOrO PO3UMHY eTaHoi/1-OyraHoiTa
YUCTHX PIIUH B MOBITPi TemrepaTypu 295 K. @, 0, O — ekcriepuMeHTalIbHI JJaH1 Ha Tep-
Momnapi. CylijibHa Ta IyHKTUPHA JIIHII — PO3PaxXyHOK 3 BpaXyBaHHAM Ta 0€3 BpaxXyBaHHs
TEIUIOBTPAT Yepe3 TepMoIapy, BiAMOBITHO.
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MIIepaTypy BHUIIAPOBYBAHHS 1 MO/AJbIIe MOHOTOHHE 3POCTaHHA JI0 TEMIIEpaTyp On3b-
KHX JIO TEMIIepaTypy HaBKOJIUIITHHOTO MOBITPSL.

[ligBuiieHHsT TeMmepaTypu Kparull HOSCHIOEThCS TUM, IO JIOJIATKOBE TiIBEJCHHS
Teruia (TEIUIONPOBIIHICT €JIEKTPO/IIB Ha 3 TOPSAKH BHILE TEIUIONPOBIIHOCTI TMOBIT-
PS)IIPU3BOIUTS JI0 MiJIBUIIEHHS CTAllIOHAPHOI TemrepaTypu Kparuti. ToOTo pi3HUILT MiXK
TeMIepaTypaMu CEpeJIOBUIIA 1 Kparuli 31 3MEHIIEHHSIM po3Mipy mnaaae. Kpim 1porosi
3MEHIICHHSAM PO3MIpy Kparulli HEOoOXiTHO BPaxXOBYBaTH 3MEHIICHHS BUIBHOI MOBEPXHI
Kparuil Ha BEJIMYUHY MOBEPXHI TEIIONEpeayl eIEKTPOIIB.

OTxe, BUKOPUCTAHHS KJIACUYHOT KOHCTAHTH BUIIAPOBYBAHHSA 3a TEIUIOBOIO MOJIEII-
0 0e3 BHECEHHSI MONPAaBOK HEMOXKJIMBE. 3T1AHO AU(y31iHOI MOJIENI MIBUJIKICTh BHUIA-
poByBaHHs (10) MpakTUYHO HE 3MIHIOETHCS, TOMY KOHCTaHTY BUIIAPOBYBAaHHS 3a IIEIO
MO/IEILTIO MOYKHA BUKOPHCTOBYBATH.

Jlna xparuti etaHony (puc.4cd) crioctepiraeTbesi YNOBUIbHEHHSI BUMAPOBYBAHHS B
JpyTii osioBuHI. BidyanbHO Kparuis eTaHo Ty (Ha BIAMIHY BiJ] 1HIIUX) MMiTHIMAETHCS T10
€JIEKTPOIaxX 1 BUMIPSTH PO3MIP KpParuli Jy»kKe BaXKKO.

AHAJITHYHA OWIHKA TEMIIEPATYPM TA KOHCTAHTH BHUIIAPOBYBAaHHSI KPAaILIi.
Bukopucrasim (9), (11) ta (12), kBaapaT aiaMeTpy Kparuii 61HApHOTO pO34YHUHY 3MIHIO-
€THCS 3T1HO PIBHSIHHS:

_a;dz:gS_hDgipg Y;s+YvZ

o 2 p 1-%, -1, H=0)=d
1 micns niacTaHoBky (3) 1 npurymenHs, mo Y, , Y, <<I, maemo:
_%2:8S_hDgipg le“1p1s+(1_Xv1)M2pzs (15)
ot 2 p, Hair Bl
abo0 4epe3 MacoBl KOHIIEHTpaLlii
_a;‘ﬂ _ 8S_h Dgipg Xp,+(0=-X)p,, -
ot 2 pibg By Xy + (1= X))/,
OTKe, 3HAYEHHS KOHCTAHTH BUNApoByBaHHA K =-0d’ /0t nns xpari GiHa-

evap
PHOTO PO3YMHY B XOJIOJHOMY TMOBITP1 MPOIOPIIiiiHE CyMi MacOBUX KOHIIEHTpaIlii
KOMITOHEHTIB KpaIljli B HACHYEHOMY Irapi. AJe 1 cyma, sik BUJTHO 3 puc. 2f, 3MiHIO-
eTbecsi. OHAK, Ha TMEpUIOMY eTarll, J€ MEePEBAKHO BUIIAPOBYETHCS OLIBIN JICTKHMA
KOMIIOHEHT, cyMa Y +Y, 3MIHIO€TBCS HOBOJI CIIA0o0.

Ha apyromy eramni koHCTaHTa BUIIApOBYBAaHHs OyJ€ BU3HAYATUCS TIIbKA MEHII
JeTydruM KoMrnoHeHToM (1-Oyranonom). TemnepaTypa kparuii Opu oMy OJIn3bKa 10
BUITAPOBYBAHHS YUCTOTO 1-OyTaHoIy.

Jlist mpukiiany BisbMeMo JaHi 3 puc.4. Ha apyromy erari BUapoByBaHHS Kpari-
11 po3uuny 50%/50% eranon/1-6yranon npu temrepatypi kparmii B 292 + 1 K maemo
po3paxyHKoBe 3Ha4eHHA K, ,n = (1.36 £0.12)- 10”° MZ/C, a eKCIIEPUMEHTAIBHE K\
=1.40-10" m’/c.

Jns mepioro eTamy Ui OUIHKA K., MOXKHA B3ATH II0YaTKOBUI CKJIaJ KpaILIi.
OnHak 3HaYEHHS TEeMIEPaTypy Ha IbOMY €Talli 3MiHIOEThCS. SIKIIO B3STH MiHIMaJlb-
Hy TeMmImepaTrypy BuUnapoByBaHHS Ui 288 + 1 K mMaeMo po3paxyHKOBE 3HA4YEHHS
Kovap = (5.57 £ 0.38)- 10 m’/c, a excriepumenTanbhe Ko, = 4.38-107 m*/c.
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,,
294 leﬂp, K d 7 - Kmﬂpl, MM-/C b
292 . .
in} i L ]
7290 -
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L ]
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Puc. 5. Po3paxyHKOBI 3HaUeHHS MIHIMAJIBHOI TEMIIEpaTypH MTOBEPXHI Ta BiJIMTOBITHOTO 3Ha-
YEeHHsI KOHCTAHTH BUIIAPOBYBAHHS Kparuii O1HApHOTO PO3UMHY €TaHoJ/1-0yTaHo B 3aJ1€KHO-
CTI B1J] MAaCOBOI YaCTKHU €TaHOJIy. © — 0e3 TepMonapu, ® — 3 XA TepMOIaporo 3 JiaMeTpaMu
crnaiB 200 MKM.

Sk BUIHO 3 puC. 4, BIUIUB TEPMOIIApY BIUIMBAE€ HA KIHETHKY BHUIIAPOBYBAHHS
kparuti. [Ipu 1ipomy 11 BIUTMB MOKHA BpaxyBaTH a00 BU3HAUYMBIIK TEMIIEpATypy Kpa-
111, 200 MBUAKICTH BUITAPOBYBAHHS.

J17ist OLIHKK MIHIMaJIbHOI TeMIlepaTypy BUIApOBYBaHHs (puc. 2a) Kparui OiHap-
HOTO PO3YHMHY BUKOPHUCTAEMO YMOBY MIHIMYMY TeMIEpPaTypH, 0 (PaKTUYHO € YMO-
BOIO CTalioHapHOCTI 3 (14):

Sh
¢, (T, —T)=(LX Le + L, X,Le, )M(Yls +Y,,)-NQ,c, / (nd\,Nu)
abo T, =T, + LXLe+LX,Le, Sh 1 Xp,+(1-X)p,, _N 0, .(16)
Cg Nu !”lairl)() Xl/!"l1+(1_X1)/!"l2 TCd?\;gNU

Otpumane piBHsAHHA (16) € TpaHCLIEHAEHTHUM BIJHOCHO TEMIIEpATypH MOBEPXHI
kpari. OpHak, oro MoXHa po3B’si3aTd TpadiuHo (puc. 5) y BUTIISAL 3aJI€KHOCTI
TEeMIIepaTypy Ta30BOT0 CEPEJIOBHINA BiJ] TEMIIEpATypy MOBEPXHI Kparui MpH 3a/1aHo-
My mapaMmeTpi (4acTka eTaHojy B po3uuHi). OTpuMaHi 3HaYEHHS JJI PI3HUX YaCTOK
€TaHOJIy B PO3UMHI MpejcTaBieHi Ha puc.S. [lpu naHiit Temmneparypi po3paxoBaHi i
KOHCTaHTH BUIIApOBYBaHHs 32 popMynami (15), 3HaUEHHS SKUX Y3TOJKYIOThCS 3 Ce-
pEeAHIMU 3HAYEHHSIMU Ha TIEPIIOMY eTari BUmapoByBaHHs (puc. 2b, 4b). Ilpu yactmi

: 172 1/2 . . .
eranony X, > 30% B posumnni 7, ~ X, 1a K, , ~X,". lI4 3aKOHOMIPHICTb 30€pi-

evap evapl
raeThCs 1 B YMOBAX 3HAXOJ/KEHHI Kparuii Ha TepMoTIapi.

Jyist BU3HAYEHHST piIBHOBaXXHOI TeMriepaTypu T Kparuii piliHA OJTHOKOMITOHEH-
THOTO MaJiuBa, 1[0 BUIIAPOBYETHCSA, MOXKHA MPUPIBHATA KOHCTAHTH BUIIAPOBYBaHHS,
SK1 OTPMMaHI B TEIUIOBIN 1 Audy31iHIN MOJesIX BUNapoByBaHHs [23]:

P Mule(r, —1)=8p2Ley . (17)
p, 2 L 2p,

B noBiTp1 KIMHATHOI TeMIlepaTypy NpU BUIIAPOBYBAHHI KpaIUIl PiIMHUII TEMIIE-

paTypa HeHabarato MeHIIa 3a TeMIepaTypy ra3zy. ToMy B TeMrepaTypHii 3a1eKHOCTI

8a

g
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THUCKY HACHYCHOTO0 Tapy (5) BUALTMMO OKPEMO THCK IPHU TeMIeparypi rasy p, i pos-

KJIaJIEMO B PSJl YTBOPEHUI MHOKHUK, IO MOKHA poOUTH MOOJIU3Y TeMIEpaTypH ra-
3y:

. L..u.
Py = D, €Xp RT;ZLI (7.-7,.) |~ p,| 1+ RT;ZLI (7.-7,.)
g»© &

Takum 4YMHOM, KOHIIEHTPALllsl HACHYEHOI NTapy Ha IMOBEPXHI KparJll BUBHAYAETh-
Cs1 Yepe3 KOHLCHTPAIIII0 HACHYCHUX MapiB Mpy Temieparypi rasy Y, [22]:

Ly,

YoaY, 1+ 7.-1,)|. (18)
g

[TincraBmsroun (18) B (17), oTpuMyemMo HAOMMKEHW BUpPA3 AJisi PIBHOBAXHOI

TEMIIEpaTypy BUIIAPOBYBAHHS KpPAILIL:

L. .Y Le™
7.; :Tgoo _ ng ig i _ 1 (19)
¢ LM,
s 1+g72Y; Leil_s
¢, RT,, *

OTxe craiioHapHa TeMmIeparypa BUIApyBaHHs HE 3aJIEKUTh BiJl AlaMEeTpy Kpa-
IU1i,8 BU3HAYAETHCS JOOYTKOM TEIIOTH ITAPOYTBOPEHHS Ha JIETIOYICTh mapis L, ¥, .
g

[Tpu otpumanni popmynu (18), Ha BigMminy Bia [23], OyJio BpaxoBaHO BILJIUB Bi-
JTHOIIIEHHS KoedimieHTy nudy3ii mapiB 70 KoedilieHTa TeMIepaTyponpoBIIHOCTI ra-
3y (uucno Le# 1) ta 3anexxnocti uncen Hyccenbra ta lllepByna (mms kym s = 0.33):

Nu=A(Gr-Pr)’, Sh=A(Gr-Sc), Pr/Sc=Le.

B Tabn. 1 mpexacraBieHi 3Ha4€HHs TEMIIEpaTyp Kpaneib JEeIKUX OJHOKOMIIOHE-
HTHUX NAJIUB, po3paxoBaHux No ¢opmyii (17). Buano, mo BpaxyBaHHs yucia JIpoi-
ca 3HI)KYE pO3paxyHKOBE 3HAUECHHS, Ta BCE JK 3aJIMIIAETHCSA 3HAYHA TOXHUOKA.

JUJIst OLIIHKY BIUIMBY TEPMOEJIEKTPOAIB PO3IVIIHEMO TEIUIOBY 3aAady. Tersio, mo
MOoTpiOHE HAa BUIIAPOBYBAHHS, 3 BPaXyBaHHIM TEIJIOOOMIHY Yepe3 TepMoIiapy BU3Ha-
YaeThCS 3T1AHO

S 2ndh Ly ; Nu

In{ 1+

Cg T,i

JlaHe piBHSIHHS MO>KHA MPUBECTH JI0 HACTYITHOT'O BUIJISIAY

2
—%:m(uﬁ}, a=N-Lu _nTn Py,
ot d npLk, Nu\| L

g
ne k,— KOHCTaHTa BHIApOBYBaHHA. BennunHa a Mae pO3MIPHICTh MdlaMETpYy.

P03B’s130k LbOTO PIBHAHHS JIJIs1 Yacy BUIIAPOBYBAHHS JI0 11AMETPY dj Ma€ BUTJISA!
d,+a

kt=d?—d? —2a(d,—d,)+2d’In e

BBonsun mompaBKy Ha MiIBEJACHHS TEIUla 4yepe3 MIABIC, OTPUMAEMO OCTATOYHUUI
BHpAa3 JIJIs 4acy BUITAPOBYBAHHS:
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Tadnuns 1. 3HaueHHs pi3HULI TeMIIEPAaTyp MIXK MOBITPAM 1., 1 Kpanerol
npH ii BunapoByBaHHi (dy = 2 MM)

Excriepument Po3paxyHOK T, —Tmipu T, = 295 K
Ha XA Tep- | mo (19), | mo (19), | mo (20), o (20),
[TamuBo Le | Momapi Le=1, | Lex1, Le# 1, Le# 1,
Oesmia- | Ge3 | ogMHApHMIL | TepMOIapa,
BiCY miaBicy | miaBicN=1 N=2
Etanon | 0.578 12 14.3 13.4 11.8 10.1
byranon | 0.418 2.2 5.5 3.7 24 1.8
2
it pof1o 20y 20 [ dtd
Ja (d0+dk) (do_dk) dk+a

Takum 4MHOM, 32 PaxXyHOK TEIIOBIIBOJY Yepe3 €IEKTPON TEpMONapy KOHCTaHTA
BUNApOBYBaHHs 30LtbLIyeThest B f, ' pa3 (f, < 0). [IoBTOPIOIOUHIIOPIBHSHHS KOHC-

TaHT BUIIAPOBYBAHHS, SIKI OTPUMaH1 B TEIUIOBIM 1 Ou(y31iHIA MOJENSX BUIAPOBY-
BaHHS, MOHA OTpUMAaTH KoperoBany dopmyiy (18):

L. Y Le™*
Ts :Tgoo I L2 fd (20)
C .
g 1+ Tgiulzyiglleil_sfd
cpgRTgoo

IIpu po3paxyHky f, npuiimanocs, mo BenuuuHa d; = 0.9 dj (moyaTtkoBuii etan

BUMAPOBYBaHHS). SIK BUAHO 3 TaOJUII pO3paxoBaHi 3HAUYCHHS TeMIIepaTyp 100pe y3-
TOJIKYIOTHCSI C EKCIIEPUMEHTATbHUMU.

Ouinka TemMneparypu 3aiiMaHHsl OiHApHUX PO34MHIB. /11 OTHOATOMHUX CIIMp-
TIB XapaKTEpPHO HEBHCOKI 3HAYEHHS TEMIepaTyp crnajaxy i 3aiiManHsa. B poborti [26] 3a-
MIPOIMOHOBAHO CIIOCIO OLIHKKM TeMIepaTypu 3aiiMaHHs piuHU. Temiieparypa 3amaito-
BaHHs MPU BUKOHAHHI YMOBHU CaMO IPUCKOPEHHS (BEJIMKE 3HAUEHHS TOOYTKY TemIo-
TU TOPIHHS Ha EHEprilo aKTHUBallli) B HEepUly 4Yepry BU3HAYAE€TbCS BCTAHOBJICHHSM
CTEX1OMETPUYHUMU KOHIIEHTpPAI[ISIMUA KUCHIO 1 TOPIOYMX ra3iB B ra3oBid (asi

Y/ Yo, =1y VHo,

mo0JIM3y TMOBEPXHI Kparuii, sIKi 3HAXOASATHCS 3 XIMIYHHMX PIBHSIHb TOpiHHA. BpyTTO-
piBHsHHS XiMiyHOI peakuii ogHoatoMHux crupTiBC, H O 3 KHCHE-a30THOK CyMilll-

cmex

1110, SIKIIO MPHUHHSTH, 110 MPOIYKTaMH PEaKIlli € JUOKCUTY BYTJIEII0, BOJCHB 1 a30T,
MIPEJICTAaBUMO Y BUTJISAII

1-X, 1-X, m 1
CHO+v|O,+———=N, |>nCO,+mH,0+v——"=N,,V=n+———.
X X 4

0, 0, 2
Tak mst eranony v =3, a st 1-6ytanony v = 6.
Temneparypy 3aiiMaHHs 1HAMBIIyalbHOI PIIMHU MOXKHA OLIHUTHU 32 POPMYIIOO:
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RT, .
Ty =Tyl 14 —tIn| 14— || . 1)
. Lml,l S sz
[IpeacraBumo(21)y 6€3po3MipHOMY BHUIIISAL
Tﬁre — TL/Tboil , TL — Lm“f .
Tvboil R

(T,/T, )+In| 1+

X 0,

Tyt x, =0.21 — MosIbHA YaCTKa KUCHIO B CEPEIOBHMIII (IIOBITPS).

JIJist OLIIHKY TeMIepaTypH 3aiiMaHHs O1HApHUX PO3YMHIB CHUPTIB B HYJIbOBOMY
BapPiaHTi MOXKHA MPUITYCTUTH, 110 Ba)KKOJETIOUMH KOMIIOHEHT (B HAILIOMY BHITAJIKY
1-OyTaHOJ) MPaKTUYHO HE BUITAPOBYETHCS MPHU HASBHOCTI OLIBII JIETIOUOTO KOMIIO-
HeHTy (eTaHoxi). | Tomy Horo Mo)kHa BBa)KaTH 1HEPTHUM KOMIIOHEHTOM. BBakaemo,
0 BUKOHYETbCS 3aKoH Payns Juisi mapiB JIerKo JIETIOYOi TOpOYOoi PpIIUHU
P =X, - p,, A¢ X— MOJApHA YacTKa Li€l PIIMHU B CyMilli, p, — THCK HACHYCHOI

Mapy HaJl YUCTOIO JIETKO JETIY00 piauHow. Toxai B popmyni (21) mix norapudmom
Tpeba 3aMiHUTH (1 +V/x,, ) Ha X, (1 +V/x,, ) :

is 2

Opnak, pu 301IbIIEHH] BMICTY OUIBII BaXKKO JIETIOUOTO KOMIIOHEHTY, MOT0 BKe
HE MO>KHA BBaYKaTH 1HEPTHUM KOMIIOHEHTOM. BiH Takok npuiiMae y4acTh B 3aliMaHH1
kparuti. Tomy ns BpaxyBaHHS HasiBHOCTI 000X KOMIIOHEHT MPUIIMEMO, 110 /IBa KOM-
MOHEHTHU PEAryroTh 3T1JIHO OPYTTO-pPIBHSAHB

Af1 +v1A02 — ... ,Af2 + VZAO2 —> ...

[IpunycTumo Takox, AK 1 Jjs IHAUBIAYaJbHUX PIIUH, IO MPU TEMIEPATYpl 3a-
MaHHs OIS MOBEPXH1 Kparjii MOBUHHO BUKOHYBATHUCS CTEXIOMETPUYHE BITHOIICHHS
MIDX MapoI0 Ta KUCHEM JUIsl KOKHOTO KOMIIOHEHTY

Yo /Yo, =1/ Vi, CmexTast [ Yo,, =Hy Vil e
Hpu nsomy cyma Y, +Y,, =Y, € MacOBOIO YaCTKOK KHCHIO OiIsi MOBEPXHI

Kparuii. B pe3ynbrari Mmaemo:

Y ViHo,

VZMO2
s 2s

Ky H,
BuzHaunMo mMacoBy4YacTKy KHCHIO B cyMilll. BukopuctoByemo piBHsSHHS Men-
neneepa-Kianeipona ta J{anbTonHy:

+7, =Y, (21)

P,

1:&RT,P _P2 pr ’POV:pO2
g f2 g h
My K, Ho,

P=P,+P,+P, +P,, P /P, =x, /(1-x,).
T nosinps By, / By =, /(1-x,,)=021/0.79.

B pe3ynbTaTi 1511 MacoBOi YaCTKM KMCHIO B CyMIiIlll MA€MO:

vy = Po, _ By o, _ X, Mo, Ly _YoMo, 1— Py +P,

“ p, PH, BB M, P,

RT,,
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Ta6auus 2. 3anexxHICTh TEMIIEpATypU 3aiiMaHHsl O1HAPHOTO POZYUHY
€TaHOJIy Ta OyTaHOJY BiJ MOJISIPHOI YACTKH €TaHOJY

X1, %o 100 90 80 70 60 50 25 0
T4ye, °Crio (21) 183 | 202 | 224 | 249 | 279 | 315 | 460 | -
Ty, °Crio (22) 183 | 19.6 | 209 | 224 | 24.1 | 25.8 | 31.1 | 38.1

Toni, Bukopucrapmiu (1), piBHsAHHA (21) nepeTBOPIOETHCS B

le ttlpls Vluoz +Xv2 g2p2s VZMOZ — X0_2]J,02 [1_ le .pls +Xv2 'pzsj
MgsPO Ml MgsPO “2 Mgs R)

Po6usiun HeBaXKK1 IEPETBOPEHHS, MAEMO

A% A%
Dy, B Dy |(1-x, ) Bt
Xo, 0 Xo, 0
JlaHe piBHSHHS € TPAHCIICHICHTHUM BiTHOCHO TEMIIEpaTypH MOBEPXHI Kparuti

L+1 X exp LW _Lm1H1 n vV, n (I—le)exp L,,u, _Lmzlvlz ~1. (22)
X, RT, RT Xo, RT, RT

, boill boil2
[IpencraBumo (22) y BUTIISIAL 3a7I€KHOCTI MOJIBHOT YACTKH MEPIIOT0 KOMIIOHEH-
Ty B O1HApHOMY PO3UKHI B1JI TEMIIEPATypH 3aNaICHHS

1— ﬁ_ﬂ eXp(L’”zuz _LmZHZ]

_ Xo, RT,1» RT
vl
SIS exp Ly L || Vs +1 |exp LMy Lok,
Xo, RT,,,, RT Xo, RT,,., RT

Js uncTux 1HaMBIyanbHuX piguH X =1 ta X ,=0 Maemo piBHAHHS,

L‘Fl 2,40) Lmll"ll _Lmll"ll :1, L_*_l exp LmZHZ _Lm2u2 :1,
X, RT, . RT %o, RT, . RT

5 boil2
3 AKUX MOKHa OTpuMatu popmyiy (21).

B Tabn. 2 mpencrasieHi po3paxyHKM TeMIIEpaTypu 3aliMaHHA 1., OIHapHOTO
PO3YMHY €TaHOIy 1 H-OyTanouny 1o gopmyii (21). Bigmivaerscs 301npmenns 15, npu
3MEHIIEHHI MOJIBHOT YaCTKU €TaHoy. B Tol ke yac nmpu nepeBaxHOMY BMICTI OyTa-
HOJy B Kpalui po3paxoBaHe 3Ha4eHHsA I, CyTTEBO 3pOCTA€ 1 HE HAOIMKAETHCS JI0
BIJINOBIJIHOTO HOMY 3HAUEHHIO TEMIIEpaTypH 3aliMaHHS.

Po3paxyHok 1o (22), K po3B’sI30K TPaHCLIEHIEHTHOTO PIBHSIHHS, 103BOJISIE OLli-
HUTU [}, B yCbOMY IHTEpBall CKJIaay OIHApHOrO po34uHy. BHIHO, mI0 IpU BMICTI
etanoiy 110 30 % nmoxubka cknamae 1o 2.5 K abo g0 10%.

BucHoBok. UncenbHe MOJICTIOBAHHS Ta €KCIEPUMEHTAIbHI JOCIIIKXEHHS MpO-
1[eCy BUIIAPOBYBAHHS Kparuli O1HaApHOTo najauBa(eTaHoJ, H-OyTaHOoJI) JO3BOJIMIO BU-
SBUTH JCSIKI 3aKOHOMIPHOCTI B TTOBEIHIII OCHOBHUX XapaKTEPUCTHUK IILOTO MPOIECY:
3MiHa IIBUJKOCTI BUIIAPOBYBAaHHS, IOTOYHOI TeMIlepaTypH 1 ckiany kpamii. [lo Tou-
11 IEPETUHY Ha YacOBIM 3aJI€KHOCTI TEMIEPATypH KpaIruil BECh €Tall BUIAapOBYBaHHS
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Kparuii O1HapHOTO MajavuBa MOXKHA PO3IUIMTH HA JBI CTajli (HECTAal[lOHApHY 1 KBas3ic-
TalioHapHy): 1) Ha HecTalioOHapHIN cTafll iiie CyMiCHE BUIIapOBYBaHHs 000X PIAUH 3
MEePEeBaXHUM BHECKOM OUIBII JIETKOI PEUOBHMHHU (€TaHOJ); 2) Ha KBa3iCTalllOHApHIM
cTaii Bi1I0yBa€ThCs BUIIAPOBYBAaHHS HaMEHIII JIETKOI pEYOBHHHU.

3anponoHoBaHa GopMmysa A aHATITUYHOTO BU3HAUYEHHS TEMIIEpaTypH Kparuii
OJIHOKOMIIOHEHTHOI'O TajiiBa 3 BPAaXyBaHHSIM TEMIIEPaTypHOI 3aJI€KHOCTI TEIJIOTH
napoyTBOPEHHs Ta yucia JIpoica, sKkuil 1s1 6aratboX JIETKUX PEYOBUH CYTTEBO BiJ-
PI3HSETHCS Bl OJIMHHILII.

[Ipu BUMapoByBaHHI B MOBITP1 KIMHATHOI TEMIIEpATypy Kparuli, U0 MiABIIIEHA
Ha TepMonapi, MOKa3aHo SKICHUI BIUIMB TEIUJIOBTPAT yepe3 MiABIC HA 3MiHY B 4aci
TeMIiepaTtypu kparui. Pazom 3 MM BIanocs MOSICHUTH MOBEAIHKY B 4acl JllameTpa
Kparuii O1HapHOIO MajJuBa.

3anporoHOBAaHO METOAUKY PO3PaxXyHKY TEMIIEpaTypH 3ailMaHHs OlHApHUX PO3-
yuHiB. BoHa 0OCHOBaHa Ha MPUITYIIEHH], IO MPU TeMIepaTypi 3aiiMaHHs 0115 MoBep-
XH1 KparuJii MTOBUHHO BUKOHYBATHUCS CTEXIOMETPUYHE BIIHOIIECHHS MK MTApOIO Ta KU-
CHEM JIJIs1 KO’KHOTO KOMIIOHEHTY.
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Kopiyka O.K., Kalinchak V.V., Chernenko A.S., Ivanov M.O.
Theoretical and experimental study of heat and mass transfer,diffusion
evaporation drops of monoatomic alcohols binary mixture in cold air

SUMMARY

The study evaporation process results of lower alcohols' single drops (ethanol, butanol
and their binary mixtures) with an initial droplet size of 1.5-2.5 mm in air at room tempera-
ture and atmospheric pressure are presented. To describe the heat and mass transfer of the
fuel mixture's drops with different initial composition, prognostic evaluation of dynamics'
changes fuels drops size, composition and temperature during their evaporation are pro-
posed. Taking into account the temperature dependence of the heat of vaporization, an ana-
Iytical dependence for evaluating the drop surface temperature of one-component evaporat-
ing fuels is proposed. Comparative analysis of the calculated model's data allowed to sug-
gest a possible evaporation mechanism of multi-component fuel mixtures droplets and to
explain some peculiarities in the behavior of the main characteristics this process. It is
shown that the thermocouple wires qualitatively affects the behavior with time of tempera-
ture and droplet size. Formula for the drop's temperature during evaporation into account
the influence of thermocouple are presented.

Key words: heat and mass transfer, evaporation, alcohols, solution, drop, thermocouple.
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HusbkoTeMneparypHe XJOpyBaHHsS 00py

B pobomi npugoosamuvcs pe3ynibmamu eKCnepUMeHmaibH020 O0CHI0NCEHHS XI0PY8aHHs 60-
py npu Husekux (00 500°C) memnepamypax i Gesnocepednvoi gikcayii aminu macu 83ipyie
KpUCmaniuno2o 60py 3a 00NOM02010 CneyianbHux eae. AHaniz pe3yiomamis 00CiiodcenHs ni-
O0meepoHcye me3y npo IOCYMHICMb (He3HAYHUL 6NIUB) 3AXUCHO20 Oap '€py HaA WBUOKICMb Nne-
pemeopeHHsa. 3a ompumMaHumu OaHUMU, Ol YMOB MONCIUBO20 CHALAXYBAHHS, PO3PAXOBAHI
Habaudiceni Kinemamuuui cmani peakyii 60py 3 X10pom y nepioo nepeonoiym iHHO20 po3icpi-

8.
Knrouoegi cnoea:uacmunxu, 6op, Xx10pyeanis, eHepais akmueayii.

Beryn. I[lounnaroun 3 60-x poKiB MUHYJIOTO cTOpiuus (axiBUSIMHAKTUBHO J10C-
JpKyBallach Ta aHai3yBajdach MOKJIMBICTb BUKOPUCTAHHS MOPOIIKOIMOMAIOHUX Me-
TaJeBUX T'OPIOYMX, MEPII 32 BCE, AIOMIHIIO Ta O0pPY, Y SIKOCTI BUCOKOECHEPTETUUHUX
JIOJaHKIB IO TBEPAMX PAKETHUXTOPIOUMX PI3HOTO Mpu3HadeHHs. Lle He mpocTa mpo-
0JieMa, OCKIIbKH OOMEXEH1 radapuTH pakeTHUX JABUTYHIB, 3/1€01JIbIIOT0 HE J03BO-
JSF0Th TOBHOKO MIPOIO peaizyBaTy €HEPreTUYHUI MOTEHIlIal METAIEBOTO TOPIOYOro
BHACJIIIOK 3HAYHOTO Yacy MepeTBOPEHHs NaibHOro. OCTaHHE OB’ A3aHO 13 BUCOKHUMHU
3HAYEHHAMH TEMIEpAaTypH ClajaxyBaHHsS YaCTUHOK AJIFOMIHIIO Ta OOpy 1 Xapakrep-
HOI'0 4acy 3aTPUMKH iX CiajiaXyBaHHsS Ta TOpiHHS. B cBOIO uepry, 11e 3yMOBJICHO 3a-
XUCHUMHU BJIACTUBOCTSAMM OKCHUJHOTO IOKPHUTTS, SIKE 3aXUIAa€ METal Bl aKTUBHOTO
nepeTBOpeHHs. ToMy MOIIYK HIISAXIB YCYHEHHs a00 MOC/Ia0JIeHHs 3aXMCHUX BJIACTH-
BOCTEHM OKCUAHOI IUIIBKH € MPUHIUIIOBO BaXXJIMBUM 3aBJaHHAM JUIs peais3allii eHep-
reTUYHUX MOXKJIMBOCTEH METajIeBOro roprOYOro.

HInsxy BUpIIIEHHS O3HAU€HOI BMILE MPOOJIEMH MOXKHO po3auutu [1] Ha aBa
tunu. [lepmmii — e BAKOPUCTaHHS aIOMIHIIO Ta O0PY y BUIJISII XIMIYHHUX CIIOJIYK, 3
JIETK03aMUCTUM TOPIOYUM (HAMPHUKIIAJ, TOI100pUIM MarHito, OOpUIU ATIOMIHIIO PO-
3KUCJIEHHSI OKCHUIY a00 MOKPUTTS MOBEPXHI METANTy 3aXWCHHUM IIApOM MOJIMEpPY YH
OKCHJy THIIOTO METaly, IO JIErKO BIIIUISETHCS Bl MOBEPXHI, pyHHY€EThCS, CTA€E MO-
pUCTUM a00 MEPETBOPIOETHCS HA 1HIII PEYOBHHHU, SIK1 3aBa)KAIOTh B3aEMOIIPOHUKHEH-
HIO TOPIOYOI0 Ta OKUCIIIOBAYA).

Hpyruil — 1e € 3MiHa XIMIYHOTO CKJIQ[y CEpeOBHIIA 32 PaXyHOK JOJAHKIB JI0
OCHOBHOT'O OKHCIIIOBaua (KMCHIO MOBITPSI), SIK1 TAKOK MOXYTh CyTTE€BO BIUIMBATH Ha
BJIACTMBOCTI 3aXUCHUX 0ap’€piB, HAIPUKIIAL, HE CIIPUSIIOTh YTBOPEHHIO KOHJIEHCOBA-
HUX MpoaykTiB. Cepen OCTaHHIX BEIUKHM IHTEPEC BUKIUKAE XJIOP, OCKIIBKH BiH
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BXOJIMTH JI0 BMICTY MEPXJIOPATIiB - CKJIAIOBUX MaJTUBHUX KOMIIO3MIIIH, SIK OKHCITIOBA-
giB [2].

B po60Ti puBOASATECS PE3yNbTATH €KCIEPUMEHTATBHUX JTOCIIKEHb MPOIIECIB
OKHUCJICHHS (XJIOpYBaHHS) KPUCTAIIYHOTO 00PY y XJIOPI.

HusbkotemneparypHe xjopyBanHsa Oopy.llponiec HuzbkoTeMnepaTypHOro
XJIOpYBaHHSI 00pY JOCHIIKYBaBCs 32 JOIMOMOIOI0 IPaBIMETPUYHOIO NpUJIaay, BUKO-
PHUCTAHHS SIKOTO J03BOJISUIO Oe3MmocepeIHhO BU3HAYATH 3MIHY MacH pearyrdvoro B3i-
plUs B YMOBaX KOHTPOJIbOBAHUX MMAapaMeTpiB razoBoro cepenoBunial2]. CxematnyHe
300pakeHHsI puiaay npuBeaeHo Ha puc.l. [{uninapuyHi B3ipli KpuctamiyHoro 0o-

py (d =3'10"m, h = 3'10” M) BpiBHOBa-
y KYBaJIUCh B OJHAKOBHX yMOBAax Ha eJe-
KTpoHHUX Barax EM-5-3M (3asBiena
TOuHicTh peecTpauii Macu 10°r) mumiH-
JPUYHUM B3IpLEM 1HEpTHOro KBapiy. |
pearyrounii 1 1HepTHUN B3PIl MIABIIIY-
3 BaJIMCh 3a JOIIOMOTOK OJJHAKOBUX KBap-
; 6 noBux crepxuis (d = 3'10 M) mwis Bu-
A KJIIOYEHHsI BIUIMBY IMIJBICY Ha MPOLEC
g}l ’_ 3' pearyBaHHs. B3ipii cuMeTpuuHO po3Ta-
R} o1y
ras a3
! ra3y 1 MiHIMI3all[isl IHEPTHOTO BILIMBY C€-
penosumia. Temneparypa razy y Toukax
8 po3TalnryBaHHsl B3IpLIB BUMIPIOBAJIACh

2
moByBaJiuch 'y KaHanax (d = 2'10° m
IUIATUHO -IJIATUHOPOAIEBUMM TEpMOIia-

/2 /

e [

- 09M3 |

=

Iy

TpyOUaCTUX UWIIHAPUYHUX EJIEKTPOHA-
rpiBaJibHUX Neyeil. Takum YuHOM 3a0€3-
nevyyBaJlach 1IGHTUYHICTh YMOB B IOTOII1

Puc.1. CxeMa eKCIEpUMEHTAJIBHOIO CTEHY:

1 — enekTpoHHI Baru, 2 -peecTpyrOdmil npu-
nan, 3 — eleKTpoHarpiBauu, 4 — KBapIoBUil

MiJBIC, 5 — B3Ipellb, AKUN JOCITIKYETHCA, 6
— KBapIOBHi B3ipels (IpoTuBara), 7 — Tep-
Morapa i TepMOperyisaTop, 8§ — mpucTpin

pamu i3 miamerpoM crmaio ~d = 5107 m,
Kl HE B3aEMOJISUIA 13 CEPEAOBUIIEM.
TemnepaTtypa poOouoi 30HM 3aj7aBajach
Ta MATPUMYBaJIAch 3a JIOIIOMOTOKO BiJI-
MOBIJTHOT €JIEKTPOHHOI CXEMHU 3 TOYHIC-
Ti0 10 2K. Po3irpiB B3ipiiB 10 3a7aHO1

AL HIAHOMY. TEMIIEPATYpH MPOTIKaB iHEPTHO y aTMO-

chepi azoty. [lomaua xiopy 31iicHIOBA-

Jack 3 OajoHy 4epe3 AeMIlPepHy MOCYAUHY 13 OCYIIyBadeM (XJIOPUCTUH KaJbliiil).

MacoBa BuTpara ra3y (IOTIK) TIATPUMYBAJIACh ISl BCIX JOCII/IIB OJJTHAKOBOIO Ha PiB-

Hi2'10™ kr/c 3 TounicTIO 10 5%. PO36GiXHOCTEl B yMOBAaX HPH 3MiHi CKIaZy aTMOC-

depu He crioctepiraioch. [louatkoBa mMaca B3ipIls, KWW JOCHTIKYBaBCs, BU3HAYA-

Jach 13 BiAHOCHOIO ToXuOKor0 10 1%. He3nauna 3MiHa TemmepaTypu B3ipIld i yac

JOCIIJIKEHHS MPAKTUYHO HE BIUTMBAJIA HA 3MIHY KOHBEKTUBHHUX MOTOKIB 1 HE CIIOTBO-
pIOBaJia 3HAUYEHHS MIOKa31B Bar.

Ha puc.2 HaBeneHi ekcriepruMeHTalIbHI 3aJIe’KHOCTI Macu B3IpIig O0py y XJIOpi.

SIx BUITHO, 3MEHIIICHHSI MacH 3 YaCOM HOCHUTbH JIIHIMHUN XapakTep, 10 CBIIYUTH MPO
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Am,lon % (H'IO')
11t ~

WA L TR
VoS s

4 6 7,/0°¢c
1 1,2 14 16 10’
=
Puc. 2. Kpusi HenepepBHOTO 3a1TUCy Puc. 3. 3anexHicts orapudmy MBUAKOCTI
3MIHHM MacH B3ipIls O0py B XJIOpi: peaxIiii BiJl 3BOPOTHOI TEMITEpaTypH.

1-T=870K;2-T=820K;3-T=
770K;4-T=710K; 5—-T=570K

BIJICYTHICTb Oy/Ib-KO1 3aXUCHOT TUTIBKH (0ap’epy) Ha MOBEPXH1 O0pY, TOOTO MPOAYKT
peakiiii 6opa 3 XJ0poM razonoaioHui. Po3paxyHoOK TepMOJUHAMIYHUX KOHCTAHT PiB-
HOBAar" yciXx MOKJIMBUX peakiliii 6opa 3 XJIOpOM MOKa3as, 110 B MIUPOKOMY THTEpBaIi
temrepatyp (1o 2000K) HaitO11bII BIpOTITHUM MPOTYKTOM € Ta30MOIOHUN TPUXJIO-
pua 6opy — BCl;, o BIANOBIAAE TaHUM, sIK1 HaBeaeH1 y [3,4].

TakuMm 4WHOM, y AOCIIPKEHOMY IHTEpBaJll TEMIIEPATypH MPOLEC pearyBaHHs
0Opy BIANOBIa€ HACTYITHOMY PiBHSIHHIO:

2B + 3Cl, = 2BCl; + 817,2 kllxc

[Tpu Temniepatypi cepenopuina Hrxue 770K mBUAKICTE peakuii BIIHOCHO Malla,
a BHIIE — TIOMITHO 3pOcTa€. PBydke 3pOCTaHHSA PEaKIlii 3 TeMIIepaTyporo CBITYUTH
PO KIHETUYHUN PEXKUM HU3BKOTEMIEPATYypPHOTO XJIOpyBaHHsS Oopy. OTxe, IIBUI-
KICTh peakilii (y MpUIyIeHH] MepuIoro mopsaKy):

w,=kC, (1)

ne Wp,— KUIBKICTB XJIOpY, IO MPOpearyBaB Ha OJMHMIL MOBEPXHI B OJUHULIO Yacy, C
— koHnentpaiis Cl, B 06’ emi. Tosi 115 ychoro 3pasKy:
dam =—LSW (2)
dt g
ne L — MacoBUi CTeX10METPUYHUN KOSPIIIEHT.

) dm) 1
OOpoOka pe3ynbTaTiB €KCIIEPUMEHTY B KOOpJIUHATaxX lg 7 i ? , IKa TpUBE-
{

JIeHa Ha puc.3, 103BOJISIE, B MPUITYIIIEHHI PIBHOCTI TEMIEpaTyp Ha MOBEPXHI Ta Yy ce-
PEIOBHUII, BUBHAUUTH JIeAKl ePEKTUBHI 3HAaUEHHS JIJIT YMOBHOT peakxiiii mepIioro mo-
psnky - eHeprito aktuaiii £ = (60 + 4) xJ[>x/Monb 1 nepeeKCIOHESHIIIMHII MHOX-
HUK k = 35 m/cek.
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BucnoBku. OTpuMaHl TakMM YHMHOM DPE3yJIbTaTHU MOXHA, Y NEpHIOMY HaOJIu-

KCHH1, BUKOPUCTOBYBATH JIJIS ITOJAJBIIHX JOCIIHKCHD TPOIIECy CliajaxyBaHHS Oopy
y XJIOpI.
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Gorlichenko M.G., Shevchuk V.G., Nimych A.V., Polishchuk D.D.
Low-temperature chlorination of boron

The paper presents the results of an experimental study of boron chlorination at low (up to
500°C) temperatures and direct recording of changes in the mass of crystalline boron
samples using special weights. The analysis of the research results confirms the thesis about
the absence (insignificant effect) of a protective barrier on the conversion rate. According to
the obtained data, for conditions of possible ignition, approximate kinematic constants of the
reaction of boron with chlorine during the period of pre-flame heating were calculated.

Key words: particles, boron, chlorination, activation energy.
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Kpuruyni ymoBH 3aiMaHHA YaCTHHOK 0Opa B XJIOpi

B oaniti pobomi npusooumvcsi aHaniz KpUMUYHUX YMO8 3AUMAHHI | NO2ACAHHS YACMUHOK
bopy diamempom 00 200 MKM 8 a30MHO-XN0PHIl 2a308iu cymiwi. AHanimuunuii onuc nposo-
oumwcs 6 be3po3mipHill popmi 6e3 suxopucmanus posxiady Ppank-Kameneyrkoeo. Lle 00360-
JIAE OiNbW NPABUILHO ONUCYBAMU KPUMUYHI YMOBU NO2ACAHHA YACMUHOK. [na ananizy Kpu-
MUYHUX YMO8 BUKOPUCIMOBYEMbCS AHANTMUYHUL NIOXIO, WO NOISA2AE 8 NPEOCMABICHHT ULYKA-
HUX 3a1excHocmell y uenadi napamempuunux @yukyiu. Ilokaszano, wo 6 3anrexcHocmi 6io na-
pamempie 2az08020 cepedosuwa (memnepamypa ma YacmKa Xa0py) HaseHi cicmepe3ucti 0o-
nacmi, 0oaacmi 3aUMaHHA Ma NO2ACAHHA Ma ooacmi 6e3KpPU308020 PeHCUMY XA0PYEAHHS Ya-
CMUHOK 60pY.

IIposooumuvcs NOPIGHAHHA OMPUMAHUX 3ANEHCHOCHEl 3 eKCNEePUMEHMANbHUMU pe3Yilb-
mamamu. Ix 3a006inbHe y32002icenns 0036019€ NiOMeepOUM Kinemuyni napamempu peaxyii
XZI0pYBAHHA YacCMUHOK 60py, a came enepeis akmusayii E = 60 k/]oc/mons i nepedekcnonen-
YivHul MHOXNCHUK kg = 4 m/c.

Knwuoei cnoea: uacmunxu 60py, X10py6anHs, 3aUMAHH, NO2ACAHHA, BUPOONCEHHS.

Beryn. MeraneBe naimBo € mpuBaOIMBUM JIsl TBEPOMATMBHUX/TIOPUIHUX pa-
KETHUX JIBUTYHIB 1 3aCTOCYBaHb JJI1 IEPETBOPEHHS €HEPrii yepe3 iXHI0 BUCOKY I'yc-
TuHy eHeprii. [lopomok Gopy 3aBnsku oro Bucokiit nmutomiit (58.30 MJIx/kr) Ta
06'emHiii Tertoti sropsuus (136.44 kJK/cM’) € OHEM i3 HAHMEPCIEKTHBHININX TIa-
JUBHUX KaHIUAATIB JJisi 6araTtoro majivBa TBepaoro nanuBa. OmHaK, 3 TOYKU 30PY
3aCTOCYBaHHA, aMOp(pHUI O0p Mae HEAOIIKH, OB’ A3aH1 3 BUCOKUMHU TEMIIEpaTypaMu
3aliMaHHs Ta HEMOBHUM 3TOPSHHAM, 110 MPU3BOJIUTH JO HU3bKOI MIBHIKOCTI BUBLIb-
HEHHA eHeprii Ta e(peKTUBHOCTI. TakuM YMHOM, 3pOCTa€ IHTEPEC 10 BUKOPUCTAHHA
KOMITO3HIIITHUX €HepreTUYHUX MaTepianiB Ha OcHOB1 Oopy [1-3].

bop € Hemoporum, HasBHUI y BEJIUKIN KUIBKOCTI Ta cTabliibHui. bop nyxe 0e3-
MEYHUM, TOMY 110 HOTO BakKO 3anmaiuTu. O HaK OKCHUJIHA OOOJIOHKA Ta ii JOMIIIKU
pOOJISITHE OOp HEHAIIMHUM TIPU 3aliMaHHI.

OpHuM 13 croco0iB MOKpAILIEHHs TOPIHHS 00pY € BUKOPUCTAHHS CyMilll amop-
¢dHoOTO 1 KpUcTanigyHoro 6opy [4]. ABToOpamMu BUSIBJICHO, 1110 Yac 3aTPUMKHU 3aiMaHHS
3HAYHO 3MEHIIYETHCSA 31 301JIBIIEHHSAM YaCTKH aMOpPGhHOT0o 00pYy.

ABTOpH [5]10Ka3yt0Th, 10 YACTUHKHU OOpY HE MOXHA JIETKO 3allajIUTH, OCKLIb-
KU TBEpAE SApo 3 00Opy Mae OKCUIHY OOOJOHKY, SIKa JIl€ SIK 3aXMCHE MOKPUTTS, 3a-
TpUMyI04HM ab0 3armobiraroyu 3aiiMaHHIO Ta TOpiHHIO. BOHM ToKa3aniu, M0 Pi3Hi MOo-
POIIKK OOpy MalOTh PI3HUN CKJIAJ Yepe3 Pi3Hi JOMIIIKH, TaKl sIK Mardiil 1 aJoMiHIi
Ta iX OKCHUJIU, Kl MOXYTh a00 MEpPEeNIKoKaTh, ad0 MiABUITYBaTH €()DEKTUBHICTh T'O-
piHHA. Tak JOMIIIKK OKCH/IIB aJIOMIHIIO Ta MarHito 3MEHIIYIOTh BUIAPOBYBAHHS OK-
cuay Oopy 1, TAKUM YMHOM, 3HMKYIOTh aKTUBHICTh 3aiiMaHHsa Oopy. HaBmaku, ¢ro-
pUJ MarHilo MaB NPOTHJIEKHUN ePeKT. BiH cripusie yTBOpeHHIO ra3onogioHoro ¢gro-
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puay 6opy npu 1000 °C. lle cnpuse BUIMAapoBYBaHHIO Ta akTHUBAIlli OOpPHOro sjapa
npu6sm3Ho mpu 1300 °C, 1o qomomMarae 3MEHITUTH Yac 3aTPUMKHU 3aiiMaHHS.

dTOp MOXKE aTaKyBaTH Ta BUIAJSATU OKCUAHE MOKpUTTA. Lle 103BOMMIIO CKOPO-
TUTH Yac 3aiMaHHS 1 30UIBIIUTH MBUAKICTh TOPIHHS [6-8].

ExcnepuMeHTalibH1 TOCIIKEHHS 3aiMaHHs JUCIIEpCHOTO 00py B (Topi 1 aro-
MIHIIO B XJIOp1 CBIAYaTh PO CYTTEBE 3HIKCHHS TEMIIEpaTypy 3aliMaHHS WX eJeMe-
HTIB B TIOPIBHSHHI 3 BIAMOBIIHUMH TeMIIEpaTypaMu B KUCHEBMICHUX CEPEJIOBHIIAX.
Takuil pe3ynbTaT MOXHA MOSCHUTH BHCOKOIO XIMIYHOIO aKTHUBHICTIO TaJIOTE€HIB SK
OKHCIIIOBAY1B, @ TAKOK THM, 110 B MPOLIEC] pearyBaHHs Oopa 1 aJlloMiHIIO ¢ TajloreHa-
MU yTBOPIOIOThCA razononiOHi mpoayktu peakuii BF, BF,, BF; 1 AlICl;, ana axux
nu(y31MHUA OMIp 3HAYHO MEHIIWW, HIX JJI1 KOHJIEHCOBAHUX NPOAYKTIB pEaKIii
OKHCJICHHS.

Peaxuist 6opy Ta XxJopy n1ae razonoaiOHUN mpoaykT — Tpuxiyopua o6opy[9]. Lle
HE TMEepenIKopkae HAaKOMUYCHHS! KOHJICHCOBAHUX IMPOJYKTIB HA MOBEPXHI YACTUHOK.
BpaxoByroun 1ei (akT i MOpIBHSHO HHU3bKE 3HAYEHHSI €HEPrii akTuBallii peakiii
XJIOpY 1 60py, CiJl OYIKyBaTH 3HAYHOTO 3HIKEHHSI BMICTY KHUCHEBMICHHX CEpeio-
Buill. Temneparypu 3aiiMaHHs OJMHUYHUX YaCTUHOK OOpYy 3aJ€XHO BiJl iX MOYATKO-
BOro po3mipy 3HaxoasTecs B Mexax 700-1300 K. IIpore, npu BunpoOyBaHH1 3ama-
JIOBaHHS 0OpY B XJIOPHO-a30THUX CYMIIIaX CIIOCTEPIraBcsi O€3KPU30BUN PEXKUM pea-
KIIi1, TpU KOMY TeMIepaTrypa 4acTHHOK MpH razudikamnii aumre Ha 200-300 K Buire,
HIXK y CepeOBUIIIL.

Tpuxnopug 60py — 1ie yHIBEpcajlbHa XIMIYHA PEYOBHHA, SIKY MOXXHA BUKOpHC-
TOBYBAaTH B 0aratbox raiyssx npomuciioBocti [10-11]. Bin mae pi3Hi 3acTOCyBaHHS,
HaAIMPUKJIA, K BUXITHUN MaTepial Il BAPOOHUIITBA CIIEMEHTApHOTO OOpY Ta BiJIir-
pae BaXJIHWBY pOJib Yy Tporiecax padiHyBaHHsS aTIOMIHIEBHX, ITWHKOBHX 1 MiJTHHX
CIUTaBiB JUTsl BUAAIICHHS OKCHIIB 1 HITPHIIB 13 PO3IUIABICHOTO METaYy.

Buxopucranss xjopy B SKOCTI MOXJIMBOTO IHTeHcH]ikaTopa 3aiiMaHHs Oopa
noTpedye AETAIBHOIO aHali3y MPOIIECiB pearyBaHHs 0opa 3 XJIOpOM. 3HAHHS KPUTH-
YHUX YMOB 3aiiMaHHS TOOJMHOKHX YaCTHUHOK OOpY 1 XJIOPi, CHUIBHO 3 €KCIEPUMEH-
TaJbHO BU3HAYEHWMHU KIHETHUHUMH KOHCTAHTAMH peakilii 6opa 3 XJOpoM, J103BOJISIE
OIL[IHUTH PIBEHb TEMIIEpaTyp 3aiiMaHHs OUIbII PEaTbHOTO B MPAKTUYHOMY 3aCTOCY-
BaHHI MOPOIIIKY — 3aBUCY YaCTUHOK 00pY.

MeTtoto 1aHOi poOOTH € BCTAHOBJICHHS KPUTUYHUX YMOB 3aiiMaHHs 1 TOTaCaHHS
YaCTUHOK OOpY B XJIOP-a30THUX ra30BUX CyMIIIaX.

ExcniepuMeHTaIbHA YCTAHOBKA. 3aJICKHOCTI TEMITEpaTypy 3aliMaHHS OO -
HOKHX YaCTHMHOK OOpY BiJ iX MOYaTKOBOTO JiaMEeTpy 1 00’€MHOI YacTKH XJIOpPY BH-
3HA4Yay 3a JOMOMOI'OI0 €KCIEPUMEHTANIbHOI YCTaHOBKH (puc.la). Bona npencramus-
7a co00I0 TOHKY KBaploBy TpyOKy 1 3 BHYTpIIIHIM AiaMeTpoM 3 MM, AOBKUHOIO 10
CM 1 TOBIIMHOIO CTiHOK 0.3 MM, sika HarpiBajiacs HiIXpoMoBoIo cripamio. Chepuuna
YacTUHKa Oopa, po3Mip sIKO1 monepeHbo (iKCyBaBCs i MIKPOCKOIIOM, ITOMIIIyBa-
Jacst BCepearHi MiKporedl 0e3Mmocepe/IHbO MiJ] CIaEM TUIATUHO-POIEBOT TEPMOIIApU
2 3 giamerpom cnato 100 Mxm. Bigctanb MK ciaemM TepMOIIapy 1 YaCTUHKOIO 3a3BU-
yai CKJIajaiao JAeKiIbKa JaiaMeTpiB yacTUHKU. [Ipoliec 3aiiMaHHsI criocTepiraBcs Bi3y-
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Puc 1. Cxema ekcriepuMeHTAJIbHOI YCTAHOBKH:

a) JUIsl BUBHAYEHHS TeMIeparypu 3aitmanus: | — mikpomiy, 2 — TepMonapa, 3 — MaHOMET-
pH, 4— roavacTi KJamnaHu, 5 — 3MilIyBad.

0) iHTerpaabHuil Ta qudepeHiaTIbHIN po3MoAlT YaCTUHOK 00py Ta MikpodoTorpadis
poOH MOPOIIKY 60pYy.

aJIbHO Yepe3 ONTHUHY cucTeMy (30u1bleHHs 60X). Y cTaHOBKaA J103BOJIsIa TPOBOAUTH
nociiay B aianazoni temrepatyp 10 1400 K 3 wactunkamu 6opa He Menie 10 Mkm.

Butparu rasis, 110 nocTynaroTh B peakiliiiHuii 00’eM Mikporedi 3 0aoHIB yepe3
3MINIyBay S5, PETyJIOBAaBCS TOJYaTUMU KpaHaMH 4 1 BUMIPIOBAJIUCA TI0 KaJIiOpyBajb-
HUM niagparmaM U-mogiOHMMU MaHOMETpaMu 3 BITHOCHOIO NMOXHUOKO0 B 5%. Maco-
Ba BUTpaTa CyMilll rasiB MiATpUMYyBaiacs y BCiX AOCHigax cTanor i piBHOWO 10 mr/c
(WBHUAKICTH MOTOKY B Neyl He nepesuiryBana 15 cm/c). Koediuient Hyccensta Nu B
JAHUX YMOBAax MaJo BIJIpI3HABCA BiJ 2.

Skio npu 3a1aHiid TeMIEpaTypl CepeloBUILA 3aiiMaHHs YACTUHKH HE CIIOCTEPI-
rajiocs, nojaya xJjopy B peakuiiHuii o0’em 3ynuHsaBcd. Temneparypa BcepeauHl Mi-
Kponeui mijgBuiyBanacs Ha 5-10 °C 1 gocnin moBroproBaBcs. Ilpu HasBHOCTI 3a-
WMaHHS 4acTUHKH (PikcyBaiacs TeMiepaTtypa cepeoBuia. [lpu Hiil moBTOproBaIMCs
nocaiau s 15-20 4acTHHOK OAHOTO 1 TOTO K PO3MIPY AJII BU3HAUEHHS CEPETHBOTO
3HAUEHHS TeMIlepaTypu 3aiiMaHHs 3 HaiiHICTIO 0.95.

JlociiHa yCTaHOBKA 1 3aCTOCOBaHI METOJUKH MPOBEACHHS €KCIEPUMEHTIB J10-
3BOJISITM TIPOBOJIUTH BUMiproBaHHs Temmneparyp a0 1400K 3 gactunkamu Oopy He
MeHie HiK 10 MxM. B jocnijlax BUKOPUCTOBYBAJIUCS YaCTUHKHU C(Heporno1ioHOro
KPUCTAIIYHOTO O0PY 3 ONEPEIHBOIO M1a3MOBOIO 0OPOOKOIO.

Ha puc. 1b npexacraBneHo nudepeHiiaibHui Ta iIHTErpaIbHUN PO3IOIIIN HasIB-
HUX YaCTUHOK OOpa Mo po3Mmipam, a TaKoXK XapakTtepHa MikpodoTorpadist mpoou.

KpuTtnuni ymoBM 3aliMaHHS | HOracaHHs MOOAMHOKHUX YACTHHOK. B mporeci
pearyBaHHs OOpy 3 XJIOpOM Ha MOBEPXHI YACTUHKH IpHu Temmneparypax no 2000 K
YTBOPIOEThCS razonoaioHuit Tpu xaopuna 6opa BCl;. Tomy ans reopetuyHoro onucy
IpoLecy 3ailMaHHs OJUHOKOI YAaCTMHKU OOpYy B XJIOpI MOXHa 3acTOCyBaTH MiAXiA
KBa31CTaIllOHAPHOT TeOpii reTeporeHHoro 3aimanus [12].

B 3aranpbHomy Bumajaky B HAOMMKEHH1 KBa31CTAI[lOHAPHOI KOHIIEHTpAIIil Ta piB-
HOJIOCTYITHOI IOBEPXHI YMOBAa CTAI[IOHAPHOCTI TEMIEpaTypyu MpU T'€TEpOreHHIl pea-
KI[i1 Ma€ BUTJIST:

95



dizuka aepoaucrnepcHux cucrem. —2023. — Ne 61. — C. 93-101

KB _ _ _E
QC,meC,k+B—oc(T T,), k—koexp( RT}. (1)

Tyt Q¢ — TennoBuit edeKT peakilii XJOpyBaHHS HA OJUHUIIO MacH , P, — I'yc-
THHA ra30BO1 cyMilri, Y — MacoBa 4acTKa XJIOpY B ra30Bid cyMilni, kK — KOHCTaHTa
HIBUJIKOCTI reTeporeHHol peakiiii, = D-Sh/d — xoedilieHT MaconepeHocy XJIopy B
cymimi, oo =A, - Nu/d — KOe(DIIEHT TEIUIONPOBIHOCTI Ta30BOi Cymiml, £ — eHep-
rist akTUBaIlii peakiiii, 7., — Temneparypa ra3opoi cymiiii B K.

Takox HE0oOX1JTHO 3HATH 3aJIEKHOCTI KOE(DIIIEHTIB MEPEHOCY, TYCTUHHU CYMIIIl
B1Jl TEMIIEpaTypH T'a30BOi CyMillll 1 KOHIEHTpallii xjopy. Tak rycTuHa Ta TEIIonpo-
BIJIHICTh T'a30BOi CyMIIIll MpUUMAaIUCS, K

Pw=PaXa+ P, (1 - Xcz) = pcz‘ip )
VN, =1/ ke X +1/ 0, (1-Xg) =€,/ hep

g, :1_(1_91\12 /Pcz)(l_Xa)» S :1_(1_}\'01 /}‘Nz)(l_Xay
Tyt X¢; — 00’emna konnenTpanis xaopy B cymimi. Ilppdomy X .p., =Y.p,, -
AHami3 KpUTUYHUX YMOB 3py4YHO MPOBECTU B Oe3po3mipHii dopwmi []. BBenemo

: o T 1 .
HacTynHI Oe3po3MipHI BeMMYMHU:O=—,0_ =—= — 0e3po3MipHI TeMIeparypH,
E E
: : k :
0 = QPR _ QC’L8§ £, — TEIUIOTBOPHICTh peakuii, & =——>-—d — 6e3po3MipHuii
! A E S
Degpg

niametp, Tp = E/R— axTuBaiiiiHa Temmneparypa, Le = — gncno JIeroica s
Cl
XJIOPY, SIKE€ MPAKTHUYHO HE 3aJIKUTh Bl TEMIIEPATYPH.
Toni piBHicTh (1) npuiiMe BUI:

1 _ 0-6_
1exp[1j +1 O, Y
) 0
Ha puc. 2 mpencrasiieHi 3anexHOCTI 0€3pO3MIPHOTO iaMeTPy BiJl CTalliOHAPHOI
TeMIiepaTypu. BuaHo, 1110 Ha [UX 3aJIEKHOCTSX CIOCTEPITraloThesa eKCTpeMyMu. Mak-
CUMYM BIJIIIOBIJIa€ KPUTUYHIA YMOBI 3aiiMaHHS (TOYKH i), MIHIMyMH — TOTAaCaHHS
(touku e) [12]. [Ipu 3amaniii TemnepaTypi ra3oBOI CyMillli UM KOHIIEHTpAIIIl XJIOPY
JiaMeTp MoracaHHs MEHIITUHN 32 KpUTUYHUHN JlaMeTp 3aiiMaHHS.
Kputnuni ymoBu 3aitmanHs (iHJeKc [) 1 moracaHHs (1HIEKC e) 7Sl TeTePOreHHO1
€K30TepMIYHOT peakilii [-ro mopsiaKy BU3HAYAIOTHCS SIK YMOBU BTpaTH CTIMKOCTI CTa-
I[IOHAPHUX PO3B’SI3KIB CUCTEMH 1 BiAMOBIAAIOTH YMOBI 00 / 86‘[76 =0:

2 —_ —
1- 0 :9 O, Ta Sie:exp(l)-(e 29%—1]. 3)
6-6, 0J), ’ 0 0

Cuctema (2) — (3) BianoBia€ yMOBI JOTUKY KPUBUX TEIIOBUIIJICHHS 1 TETJIOBI-
nBoay Ha niarpami CemeHoBa. Po3B’s130k piBHSHHS (3) MOKHA MPEICTABUTH Y BUTJIS-
Il

a0o o= exp(lj . 0— eoo .
0) 0, -(6-9,)

(2)

96



dizuka aepoaucrnepcHux cucrem. —2023. — Ne 61. — C.93-101

1570 : .. b

107

. . . 0 . RSN
0 02 04 06 038 0 02 04 0.6 08
Puc. 2. 3anexHicts 6€3p03MIpPHOTO JiaMeTpy YaCTUHKHU OOpY BiJl CTAI[lOHAPHOI TeMIiepaTy-
pu:

a) mpu pizHUX Temmneparypax xjaopy (Yo =1): 0, =0.14, 6., =0.16, 0,3 =0.18.

0) mpu pi3HUX KOHIEHTpamisax 6opy B cyminri (0, = 0.14): Y, =1, Y,=0.75, Y 3=0.5.
KpuBi 4 — KpuTH4Hi 3a1€KHOCTI.

1 1 B 0>
0, =——6,+=0Y,|1F [1-460, —4—=— ||. 4)
0,7, +1 2 Yo

3HaK «—» BIANOBIJA€ YMOBI 3aiiMaHHS, «+» — ITOTacaHHSI.
Ha puc. 3a npencrasneHa 3anexHicTs 0, , = f(0_,0) 11 TpbOX pI3HUX 3HAYCHD

napamerpa 0_, mo nodynosana o ¢gopmymi (4). Bunno, mo temneparypa noracaH-

HS PI3KO 3pOCTA€ MPH 3MEHILIEHHI mapaMeTrpa O (MpOnOpUIHHUN 1IaMEeTPy YaCTHHKH).
Ile o3Hauae, 110 3pUB MPOLIECY TOPIHHS OUIbII APIOHUX YACTUHOK BIJOYBAETHCS MPHU
O1IBII BUCOKUX TEMIIEpaTypax.

JIilicHO, TEIJIOBUM PEKUM T€TEPOreHHOI €K30TEPMIYHOI peakili BU3HAYAETHCS
BIIHOIIICHHSIM M1 KOHCTaHTOIO MIBHUAKOCTI XIMIYHOI peakilii kK 1 KoedilieHTOM Ma-
conepenayi f. SAKuio MBUAKICT TU(]Y3il pearyrodoro ray CyTTeBO MEHIIA MOXKJIUBOI
IIBUJKOCTI XIMIYHOI peakiii 3a JaHux yMoB (B <<k), TO Takui peKUM HA3UBAETHCS
mudysiiiauM. [IpoTunexxuuii pexxum ( >>k) Ha3UBA€THCS KIHETUYHHM.

Ockinbki B ~ d ', TO 3i 3MEHIIEHHAM PO3Mipy YAaCTHHOK, 3pOCTAa€ MIBHIKICTH
nudy3ii OKUCHUKA JI0 TOBEPXHI YaCTUHKHU, CYMapHHI MPOIIEC 3MIIIYEThCS 1 KIHETUY-
Hy 00JIacTh 1 OOMEXEHHS IMBHUIKOCTI XIMIYHOI peakiiii Oye BigOyBaTucs MpH OLIbII
BHUCOKUX TEMIIepaTypax 4acTUHOK. BiAmoBigHO, TemriepaTypu mHoracaHHs JpiOHUX
YaCTUHOK OyAyTh OB, HDK y KpynHIIINX. D13UYHO MPoIleC MOTaCaHHs 3B’ I3aHUM
3 TUM, 110 13-3a2 3MEHILIECHHS IIBUJIKOCTI MIJBOY OKUCHUKA MO MOBEPXHI YACTUHKH,
IIpY 3MEHILIEHHI PO3MIPY OCTaHHBOI, YACTUHA OKHCHHMKA HE NPHUIIMAaE y4yacTl B peak-
11i, a TIIbKA OXOJIO/DKYE pearyrouy MOBEPXHIO 1 B pe3yibTaTi BiIOYBA€THCS 3pUB IO-
PIHHS.

Hagnaku, 301/1bIIEHHS pO3MIPY YAaCTUHOK (3pOCTaHHSA NapameTpy O) BUKIUKAE
HaOJIMKEHHSI IPOLIECY TOPIHHA A0 IU(]y3iitHOT 00JacTl, 1 B BUMIAJKy HU3bKOTEMIIEpa-
TYpHHX TIPOIIECIB JI0 X 3aiMaHH4.
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Puc. 3. 3anexHocri:

a) 6e3p03MIpPHOr0 KPUTUUHOTO PO3MIPY YaCTUHKU O0pYy O . BiA O€3p03MIpHOI TeMIIEpaTypH
XJIOp-a30THOI cymiti 0, Mpu pi3HUX KOHIEHTpallisx xiopy Yqi: 1) 1; 2) 0.75, 3) 0.5.

0) KpUTUYHOI KOHLIEHTpawii XJ10py Y. B O€3p0O3MIPHOI TeMIIepaTypH cymitl 0, 11 pi-
3HUX YaCTHUHOK 3 Aiametpom d: 1) 20, 2) 10, 3) 5.

KpuBi 4 — kpuBi BUPOJIKEHHS KPUTUYHUX YMOB.

B3aeM03B’ 430K KPUTUYHUX 3HAYEHb JIO3BOJISIE BU3HAUYUTH MEXKI TEIJIOBUX pe-
KUMIB pearyBaHHs Oopy 3 xyopom. Taka iHdopmarlliss Ma€ BEUKE MpaKTUYHE 3HA-
YEHHSI, OCKUIbKU €(EeKTUBHICTh 3aCTOCYBaHHS JIOMIIIOK METANIB JI0 PAKETHUX TaJIUB
CYTTEBO 3QJICKUTh BiJ] HE TUIbKU BiJ] MOTEHIIAIbHUX CHEPreTUUHUX MOKIMBOCTEH,
ase 1 Bl yMOB, SIK1 peaii3yloTbCsd B KaMepax 3ropaHHsl.

Ha puc. 3b npexcrasieni 3anexHocti 6,, = f(0,,,Y;), mo nodynosaui no mna-

paMeTpu4YHUM 3aekHOCTAM (3) Ta (4). Sk BUIHO, BeIUUUHM O, , JOBOJI PI3KO IaNae
31 30UIBIIEHHAM SK TEMIIEpAaTypu 0, Tak 1 KOHIEHTpauii xyopyY,,. Todro 3011b-
IIEHHs 3Ha4eHb O 1 Y., IPUBOJUTH 10 3aliMaHHA, a 3HUKECHHS 10 IIOTaCaHHS.

Ockibku e()eKTHBHA €HEPrisd aKTUBAlli YTBOPEHHS KIHIEBOIO MPOIYKTY peak-
uii BCl; nopiBHSIHO HU3bKA, a, SIK HACJHIJIOK, clladKa TeMIlepaTypHa 3aJI€KHICTh IIBU-
JIKOCTI TETJIOBUAICHHS TO MPU MEBHUX 30BHIIIHIX YMOBax (MOYaTKOBA TeMIEpaTypa
CEpelloBHUIlA, PO3MIP YACTHHOK 1 KOHIIGHTpALlisl XJIOPY) MOXeE peajizyBarucs 1 0e3-
KPU3UCHUM PEKUM pearyBaHHs O0py 3 XJIOpOM.

JIist 3HaXO/KEHHsT 00J1acTi OE3KPU3UCHOTO MPOLIECY pearyBaHHS BU3HAYUMO
YMOBY CIIIB MaJIIHHA KPUTUYHUX YMOB 3aliMaHHsI 1 TTOTaCaHHsI, 1[0 BiJINOBIJIa€ YMOBI
JOTUKY KPWBOI TEIUIOBIIBOJY 1 TEIUIOBUJIJICHHS B TOYIll MEPErMHy OCTaHHBOi. L{ro
YMOBY MO’KHa OTpUMaTH ab0 3 yMOBHU TOYKH meperuny 06, , /00 =0 [12], abo 3 pis-
HOCTI ITIJIKOPEHEBOTO BUpa3y HYJIIO B (4):

2
0, L P (5)
v 1-40 1-20,

[TincranoBka (5) B piBHICTB (3) J03BOJII€E BUBHAYUTH KPUTHUYHE 3HAYCHHS Jlia-
METpY IPH BUPOKEHHI YMOB 3aliMaHHsI Ta ITOTaCaHHS:
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1 1 11 1-26
o0. =—exp| — |- (1-46 abo O, =exp| — |- ——~.
(= [ (1740) 1P, 120,

o Y

(6)

Ak BuaHO 3 puc. 3b npu (pikcoBaHOMY 3HAUEHH1 KOHLEHTpaIli XJIOpY 3011b-
LIEHHs 0€3pO3MIpHOI TeMIeparypu 6, 1 3MEHUIEHHs IapaMerpy O (IiaMeTp) NpUBo-

JUTH 70 3MIIIEHHS MPOIIeCY pearyBaHHs 3 00J1acTi, /e KPUTUYHI SBUIA MOKJIUBI B
oOnacTi 6€e3 KpU30BOr0 MPOTIKAHHS MPOIECY TOPIHHS. 3MEHIIEHHS KOHIIEHTpaIlii
XJIOPY CYTTE€BO OOMEKYy€e 00JIaCTh 1ICHYBaHHS TICTEPE3UCHOTO MpoIiecy (00JacTh MiX
KPUBHUMH 3aiiMaHHS 1 MOTracaHHs) 1 30UIbIITye WMOBIPHICTh peajizallii 0e3Kpu30BOro
pEeXKUMY pearyBaHHs, SIKHU JIIMITY€EThCS IIBUJIKICTIO XiMI4HOT peakilii. To0To 6e3kpu-

30BMI PEKMM pearyBaHHsA HAMOUIBII MOKIMBUM IPU MaNuX Y, , BEIMKUX 0 1 Manux

3HAYEHHSX O.

VY Bunaaky ricTepe3rcHOro mpolecy Mmpu 301UIbIIEHHI TOYaTKOBOI TEMIEpaTypu
1 KOHIICHTpAIlii XJIOPY B CEPEIOBHII BiIOYBAETHCS CTPUOKOMOMIOHUI TIepexia 3 Hu-
KHBOTO CTAIllOHAPHOTO PEXHUMY pearyBaHHs (KIHETUYHUN PEXKUM) JO BEPXHBOTO
(mudy3iiHUN pexxuM), TO NIt 0€3KPU30BOTO PEKUMY XapaKTepHa HelepepBHA 3MiHA
TeMIIepaTypy YaCTUHKHU 31 3MIHOIO 30BHIIIHIX YMOB.

Pe3ysbTaT po3paxyHKiB i cmiBCcTaBJIeHHS 3 eKcniepuMeHToM. [ criBcTa-
BJICHHSI €KCIIEPUMEHTAJIbHUX JaHUX MO0 3aliMaHHIO YaCTHHOK Oopa B XJIOpi 3 po3pa-
XYHKOBUMHU 3aJIEKHOCTSIMU HEOOX1THO MEPEUTH O PO3MIPHHUX BEJIMYMH: JIIAMETP Ya-
CTUHKH d, BITHOCHA 00’€MHa KOHLIEHTpAIlis XJIOPY Xy, TEMIEpaTypara3oBoi CyMiril
T,. Ilpu po3paxyHKax BUKOPHCTOBYBAJIMCS HACTYyIHI KIHETHYHI mapaMmeTrpu: E =
60000 [Ix/Moub, ko = 4 M/c, D =10-10"° M*/c, pei = 3.24 kr/M’, pro = 1.29 kr/M°, Ay =
7.44-10° Br/(M-K), Ao = 24.4:107° Br/(m'K), ¢ = 451 Jix/(xr-K), Q¢ = 3.72-10°
Jx/xrCl.

Po3paxyHkoBa 1 eKCIepUMEHTalbHA 3aJICKHICTh TEMIIEpaTypH 3aliMaHHS I0O-
JTUHOKUX YACTUHOK OOpY B XJIOP1 BiJ MOYATKOBOTO PO3MIPY YaCTUHOK IMPEACTABIICHI
Ha puc.4. BuaHo, 1o gk 1o xapaxkrtepy, Tak 1 aDCONIOTHIM BETUYHMHI TEOPETHYHA 3a-
JEXKHICTh A00pE Y3rOMKYETbC 3 €KCIIEPUMEHTAIbHUMU JaHUMU. Temneparypa 3a-
MaHHsI Oopa 3pocTae 31 30UIBIICHHSIM PO3MIPY YaCTHHOK, IO TMOB’S3aHO 31 301J1b-
HIEHHSM TEIUIOBTPAT 3 MOBEPXHI YACTUHKH 1 301raeThcs 3 BACHOBKAMH TEIUIOBOI TEO-
pii TETEpPOreHHOr0 3aliMaHH4.

BizyanpHi criocTepeKeHHs 3a 3aiiMaHHSIM YaCTMHOK OOpY BKa3ylOTh Ha reTepo-
reHHUI xapakrtep rnpouecy. i yactTuHok cepruuHoi GopMH IpH 3aiiMaHH1 CIIOCTe-
pirajiocst pi3ke 30UIbLIEHHS CKPABOCTI MOBEPXHI BCiel yacTUHKU. [IpoBeneH1 pocii-
11 3 YaCTUHKaMH HEMpaBUJIbHOI (POPMH MOKa3alu, IO iX 3aiiMaHHs MOYMHAETHCS Te-
pEBaXXHO Ha AUISHKAaX MMOBEPXHI, 10 MalOTh rocTpl BUCTynU. B nmoganemomy crocre-
pirajiocst HIBUAKUANM PO3BUTOK PEAKIIii MO BCii MOBEPXHI YaCTUHKH 1 11 TJIaBJICHHS.

B n06pomy y3romkeHH1 3 €eKCIEPUMEHTOM 3HAXOJATHCS 1 PO3PAaXyHKOBI 3aJI€XK-
HOCTI TeMIIepaTypH 3aliMaHHsl YaCTUHOK OOpy BiJ MOYAaTKOBOI KOHIIEHTpALli XJIOpY B
cyminn xjop-a3oT (puc.3b). Pizke 30iniblIeHHS TeMrnepaTtypu 3aiitMaHHs 0opy 31 30i-
JBIICHHAM KOHIIEHTpAIlll XJIOPY B CEpEOBHILI OOYMOBJIEHO MOPIBHSIHO HEBHUCOKUM
3HAYEHHSIM €Heprii aKTUBALll IPOIECy pearyBaHHs 00py 3 XJIOPOM.
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Puc. 4. 3anexHoCTI KpUTUYHOI TeMIepaTypu 3aliMaHHs 1., B1J @) AlaMeTpy YaCTUHOK 00-

py (xoHIIEHTpAaIis XJI0pYy Xy = 1) Ta 6) 00’ €eMHOT KOHIIEHTpAIIli XJIOPY (7151 YaCTUHOK O0py
1) 100 mxM 1 2) 200 MKM).

600 GO0
0

Baprto 3a3naunty, 1110 3 Oy Ha c1a0Ky TeMIEepaTypHY 3a1€KHICTh HIBUAKOC-
T1 XIMIYHOI peakuii, po3paxyHKOBI KPUTUYHI PO3IrPiBU HA MEX1 3aiMaHHS YAaCTUHOK
0Opy MOXYTh JIOCATaTHU ACKUIBKOX COTEHb rpaaycis. Lle B 2-3 pa3u HUxYe BiAMIOBII-
HOTO PIBHSI B KMCHEBMICHMX cepenoBumax. KpiMm toro, 1e i maTBepaxye HeoOXi -
HICTh BUKOPHCTAHHS TOYHOI TEMIIEPATYPHOI 3aJI€XKHICTI IIBUAKOCTI XIMIYHOI peakKlii,
a He poskiaaoM Opank-Kamenenskoro [12].

ExcniepuMeHTalIbHO BUSIBJICHO, 110 JJII YACTUHOK JiaMeTpoM 20 MKM HE CIIO-
CTEpiraeTbcsa 3aliMaHHs MPHU 00’ €MHUX KOHIEHTpaIsx xyopy Hikue 0.55, a qi1s ya-
ctuHOK aiametpoM 100 1 200 MKM TpaHUYHUMU )i 3aiiMaHHs € KoHIeHTparii 0.3 1
0.2, BIAIIOBITHO.

BucnoBku. [IpoBeaeHuit aHani3 KpUTUYHUX YMOB 3aiiMaHHs 1 MMOracaHHs MOO0-
JTUHOKUX YaCTUHOK 0Opy B XJIOP1 MOKa3aB, 10 B 3aJICKHOCTI BiJl 30BHIMIHIX YMOB IIPH
TEIJIOBOMY PEXHUMI pearyBaHHs Oopa 3 XJIOPOM MOKJIMBE MPOTIKAHHS JBOX THIIIB
MIPOILIECIB: TICTEPE3UCHOTO, KOJHU ICHYIOTh KPUTHYHI SIBUIIA, 1 0€3KPU30BOT0 — KPUTH-
yHi sBuma BiacyTHI. [lokazaHo, M0 BapTO HE BHKOpPUCTYBaThU po3kinan DpaHk-
KameHnenpkoro st TeMnepaTypHoi 3aJI€KHICTI IIBUKOCTI XIMIYHOI peaKIii.
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V.V. Kalinchak, A.S. Chernenko, O.K. Kopiyka
Critical conditions for ignition of boron particles in chlorine

SUMMARY

This paper provides an analysis of ignition and extinction conditions of boron particles
(with a diameter of up to 200 um) in a nitrogen-chlorine gas mixture. The analytical
description is carried out in a dimensionless form without using the Frank-Kamenetsky
distribution. This makes it possible to more correctly describe extinction conditions of
particle. An analytical approach is used to analyze critical conditions, which consists in
founding dependencies in the form of parametric functions. It is shown that, depending on the
parameters of the gas environment (temperature and proportion of chlorine), there are
hysteresis areas, areas of ignition and extinction, and areas of the crisis-free chlorination
mode of boron particles.

The obtained dependencies are compared with experimental results. Their satisfactory
agreement allows us to confirm the kinetic parameters of the chlorination reaction of boron
particles, namely the activation energy E = 60 kJ/mol and the pre-exponential factor kO = 4
m/s.

Key words: boron particles, chlorination, ignition, extinction, degeneration.
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Cuoopoe A.E.l, Il eeuyk B.F.Z, Himuuy A.B.Z, Onapin A. C.l,

'00ecoruii nayionansnuii ynisepcumem im. 11 Meunuxosa, eyn. Jeopancvka 2,. Odeca, Yipaina,
65026.E-mail: makload@gmail.com
’Biticokosa axademis, gyr. Donmancwoka dopoza 10, Odeca, Yipaina, 65026,

Di3uYHI ACNMEKTH MOKeKOBUOYXOHEOe3MeKH rOPY0ro muiy.
YacruHa 2. ABTOXBHJILOBI PeKMMU I'OPiHHSA.

B yvomy 021401, euxoosuu 3 6acamonimuix 00CHiONCeHb ABMOPIB8, HABCOEHI V3A2albHeHI
VABNEHHS NPO 3AKOHOMIPHOCMI CRANAXYBAHHS | XBUILOBO2O 20PIHHS Memaneeo2o nuny. B ne-
puiti yacmuni 062080peHi 3aKOHOMIPHOCMI CNANAXY8AHHSA, K pe3yivmam Oii HeliHIUHUX ¢a-
Kmopie mepmoxinemuyno2co muny (Apemniyciécoka 3anexcHicms). B opyeiii wacmuni ananizy-
10MbCsl 3aKOHOMIPHOCMI NOWUPEHHS NOAYM ' 8 NULY, 3YMOGNEHI HASABHICMIO 8 AKMUBHIU CUC-
memi HellHIHoCmel 2I0POOUHAMIYHO20 MUNY, SKI NPUBOOAMb 00 ICHYBAHHS NAMIHAPHOZO, Gi-
opayitinozo i mypoyrenmnoz2o nonym’sa. 0b6coeopeno 6nau8 QisuxKo-XiMivHux napamempis
(copm, oucnepcHicmb, KOHYeHMpPAyYis NAILHO20) i i 2I0POOUHAMIUHUX YMOB PO3NOBCIOONHCEHHS
noaym’s (peaxyitini mpyou pizno2o oiamempy i 00824cuHU, NUL08i XMapu 06 'emom 10 + 40 )
Ha peanizayiro 8KA3AHUX PEHCUMIB T IX XAPAKMEePUCMUKU.

na naminapnozco noiym’s OCHOBHA Y8a2a 30CepeddCyEMbCs HA Npobiemi HOPMAanbHOL
WBUOKOCMI NOYM s | KOHYSHMPAYIUHUX MeHCAX NOUUPEHHS NOJAYM . 05l 8IOpayiliHo20 No-
aYyM s (peakyitni mpyou 3ananiosanu y GiOKpumo2o Kinys Haniezaxpumoi mpyou) ananizy-
OMbCSL 3AKOHOMIPHOCIIE KACKAOHUX Nepexo0ie — IAMIHapHe NOaym s <> giopayitine I muny <>
giopayitine Il muny <> mypoynenmme noiym ’s.

Typoynenmne nonym’s (peakyiini mpyou, 3anar08ants y 3aKpumo2o Kinys) xapaxkmepusy-
EMbCA AK KACKAO nepexoois — 1amiHapHe noiym’s — mypoyieHmue — HeliHiline sibpayitine
—uBUOKe A3UKO8e NOJYM 5.

V ginbHux xmapax 0ocniodcyemocs 6nau8 QizuKo-XiMivHUX napamempis i LouamKo802o pi-
815 MypOYIeHMHOCMI HA 3aKOHOMIPHOCII nepexooy NaMIHaApHe NOJYM s —mypOyieHmue no-
JIYM s, W8UOKOCMI MYpOYIeHMHO20 NOYM 5, XapakmepHi 3HawenHs yucia Petinonvsoca maxo-
20 nepexooy.

Knwuoesi cnosa: copinus, nuin, memanu, xmapu, nojaym s.

Beryn. Sk 3a3naueno B [1], roprounii mua BITHOCUTHCS O KJIacy TaK 3BaHUX
AKTUBHUX CEPEIOBHUIL, TOOTO CUCTEM 3 MOTOKOBUM 3B’SI3KOM MIXK €JIEMEHTAMH Cepe-
JOBHUIIA 1 PO3MOAUICHUMH (B MAaKpOCKONIYHOMY CEHCl) HENIHIMHUMH JIKEpeIaMH
eHeprii. B 3a5eKHOCTI Bijl CIIBBIAHOIICHHS M) BH3HAYaJIbHUMU BEIMUUHAMU — Xa-
PAKTEPHUM YacOM PEaKliiiz, 1 TeIIonepe1ayiz,— B TaKli CHCTEMI MOXKYThb OyTH peati-
30BaHI TPU FPAHUYHI PEKUMHU — PEKUM 00’ €MHOTO pearyBaHHs (BiH e 1HAYKIIHHUH,
T, >> 1;), AMQy31iHUN pexxnM (7, << 7;) 1 XBUIBOBHI PEXUM (7, ~ 7,). Ilepmmii OyB
JIETaNbHO MpOaHaI30BaHUM B MOIEpEeAHIN YacThHI AaHoi pobotu [1], a aHami3 Tpe-
THOT'O HAIAETHCS HUKYE.

[To cBOil CyTiXBUJII TOPIHHS SIBISIIOTH COOOIO SICKpAaBU MPUKIIAJT aBTOXBUJIb B
aKTUBHOMY CEpelloBHUIIll. B HamoMy BUNAAKYy — 1€ JEAKHUI TeMIepaTypHuid mpodiib
(Bi7 mo4yaTKOBOI TemriepaTypu Ty 40 TeMIepaTypu ropints 7;), SKUil po3MOBCIOIKY-
€THCA MO CHUCTEMI 31 MIBHUAKICTIO, II0 HE 3aJICKUTh BiJI MOYATKOBUX Ta TPAHUYHUX
yMOB (Ha BIJJaJIMHI B1JI JKEpeEsa 3aMailoBaHHs ) 1 BU3HAYAETHCS TUIBKU BHYTPIIIHIMU
BJIACTUBOCTSIMU camoi cucteMu. MaOyTh, HallBIAIIIMM MEXaHIYHUM aHAJIOIOM aB-
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TOXBUJIb € XBHWJISI AJIHHSI BEPTUKAIBHO CTOSTYMX KICTOK JOMIHO, KOJU IIBUJIKICTh Ta-
KOi XBWJII BU3HAYAETHCS TIJIbKA BUCOTOIO 1 BIJICTAHHIO MIXK HUMU 1 «HE TaM’Ta€» K
came Tajae nepiia i3 HuXx.

B Toit wac, sik myig mporiecy crajgaxyBaHHsS BU3HAYAJIBHOIO € HEIIHIWHICThTEp-
MOKIHETHYHOTO (apeHiyciBebkoro, w,~e ~E/RT) tuny, 1u1st XBHIBOBOrO TOPIHHS TyKe
CYTTEBOIO MOXeE OYyTH pOJib HETMIHIMHOCTI TifpoanHaMiuHoro tumy. JlificHo, ¢hpoHT
MTOJIYM ’sl, III0 PO3TOBCIO/KYETHCS 110 BUX1JIHIN TOPIOYiil CyMIII, 3aBXKIU MiABIaHUN
PI3HOMAaHITHUM 30Y/DKEHHSIM, KOTP1 3aJIeKaTh SK Bl (DI3UKO-XIMIYHUX TMapamMeTpiB
CEpEelIOBHUIIA, TAK 1 BiJl KOHKPETHHUX T1POJUHAMIYHUX YMOB IIPOTIKaHHS MPOIIECY ro-
PIHHS.

Tomy B muity, Ik 1 B razax, MOXJIHMBa peaiizallis JaMiHapHOro, BiOpaliiiHoro,
TypOyJIEHTHOI0, IETOHALIMHOTO 1 MEPEXITHUX MIXK HUMH PEKUMIB PO3MOBCIOKEHHS
MoJIyM’si. 3BUYaHO B MWLy BCl XapaKTEPUCTUKHU XBUJIl TOPIHHS 3ajieXkaTh HE TIIBKH
B1JI XIMIYHOTO CKJIaay (SIK 11e Ma€ MICIIE€ B ra3ax, Ji¢ MaJibHEe 1 OKUCHIOBAY MepeMilaHi
Ha MOJICKYJISIPHOMY DiBH1), @ i B/l JUCIIEPCHUX XapaKTEPUCTUK MaJbHOTrO (TIapaMer-
piB PYHKIIT pO3NOILTY YACTUHOK IUITY 32 PO3MIPOM).

Jlaminapue moaxym’s. JlaminapHe MojgyMm’s acOIIOEThCA 3 JIAMIHAPHOIO TEUIEIO
BUXIJTHOT CyMIIIIl BITHOCHO ()POHTY MOJIyM’s. 3a3HAYUMO, IO B ra3aX OCHOBHOKO Xa-
PAKTEPUCTUKOIO SIBIISIETHCS HOPMaJbHA IBUJIKICTh MOTYM s, IKa XapaKTepU3ye IIBU-
JIKICTh TEepeMIllleHH (PPOHTY MOJIyM s B3JOBX HOpPMaJi 10 HOro MoBepxHi 1 € (yH-
JTAMEHTAJIbHOIO BIACTUBICTIO TOPIOYOi CUCTEMH, IO 3aJICKUTh TIIBKH Bl (H13UKO-
XIMIYHUX MTapaMeTPiB CUCTEMHU.

Bigpasy x BIAMITUMO, 1[0 HOpMaJIbHAa MIBUAKICTb MOJyM sl JUIsl Ay HE BXO-
IUTh B MEpPEeNiKk HOPMAaTUBHUX MOKAa3HUKIB MOXeK0BUOyxoHeOe3neku [2]. Lle mpus-
BOJUTH JI0 TOTO, LIO CIIBCTABJISTH J1aHl, OTPUMaHI PI3HUMH aBTOpPaMHU 3a PI3HUMH
METOJIMKaMH, MPAKTUYHO HEMOMKJIMBO, OCKIJIBKM BOHH 3/71€01IBIIOTO BIAHOCATHCS /10
BUJIMMO] IIBUIKOCTI MOJIYyM’sl (V) B TIUTTY.

[IuTaHHS PO MOXIJIMBICTH BUKOPUCTAHHS MOHSATTS HOPMAJIbHOT MIBUAKOCTI IO-
IyM’s Uy 7S ATy HalpsSMy OB’ s3aHE 3 MEXaHI3MOM TeIUIoNepeaayl y XBUJjl TopiH-
Hs1. HopManbHy MIBUAKICTE TTOJIyM St MOJKHA BBOJIUTH B TOMY BHIAJKY, KOJH PajiycC
KpUBH3HU (POHTY MOJyM’sl Ha0araTo OUIBIIMA TOBUIMHU MEPEAIOIYM STHOT 30HU 1
30HU TOPIHHA. Y BHUIAJKY KOHAYKTUBHOIO MEXaHI3My Teruionepenadi (MoJeKyJsp-
HOIO TEIUIOMPOBIAHICTIO) TOBIIMHA MEPEANOIYM SHOI 30HH, SIK 1 B ra3ax, Maja (1ol
MUJIIMETpa), TOBIIIMHA 30HU TOPIHHS — MUTIMETPU W CAaHTUMETPH (B 3aJI€KHOCTI BiJ
JTUCIIEPCHOCTI THJTY). B OLIBIIOCTI BUMA/KIB 1€ 3HAYHO MEHIIIE, HK XapaKTepHI Ma-
CIITAOUIAILHOTO MPUCTPOIO (pajiyca TpyOu abo manbHUKA, pajlyca MUJIOBOI XMapH)
1 BUKOPHUCTAHHS MOHATTS HOPMAaJIbHOI IIBUIKOCTI (V) € BUMIPABAAHUM. Y BHUMAAKY
pajialiitHOro MexaHi3My TeIUlonepeiadl TOBIIUHA MEPEANoayM THOI 30HH BU3HAYa-
€THCS JOBXHHOIO MPOOITy BUIIPOMIHIOBAaHHS Y BUXITHOMY IMUJTY 1 MOKE CKJIaJaTH Je-
CATKH CAHTUMETPIB 1 HaBITh METPU, TOMY MOXIJIUBICTh BUKOPUCTAHHS VU, OLIBII HIX
CyMHIBHa.

HaiiGinp11 moBHE eKCepUMEHTANIbHE JOCIIKEHHS 1€l POOJIeMH BUKOHAHO B
[3]. IIpoBogmnuch TepMomapHi BUMIPIOBAaHHS TEeMIEpaTypu MOJyM’st B TpyOKax,
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Puc. 1. ®opma namiHapHOro (PpOHTY MOJTYM sl B TTHITY.
a) nmapabosoin; 6) nBoda3HuUl MaNbHUK; B) chepuyHe MoayM s

BUMIDIOBAHHS paialifiHnx moTokiB B Mamux (V=~4-10° ) [4] i Benmkux
(V=10 <40 »’) mutoBux xmapax. Lli eKCIIepUMEHTH,IOPSI 3 AOCIIIHKCHHSIMHI TEM-
nepaTypHUX TMOJIB B MEPEANOIYM SHIM 30H1 3a3/1aJIeTiIb MepeMilIaHuX MUIoOBUX ¢a-
KeJIIB METOJaMU JIa3epHoi 1HTepdepomeTpii [4] 1 AOCHIPKEHHSAMU (YHKLIOHATBHOI
3JIEKHOCTI IIBUAKOCTI MOJYM s BiJl pO3MIpy YaCTUHOK 1 MacoOBOi KOHLEHTpalli na-
JIbHOTO [5] (2 BOHU CYTTEBO Pi3HI JUIsi KOHAYKTUBHOTO Ta PajliallifiHOTO MEXaH13MiB),
J03BOJISIIOTH 3pOOUTH BUCHOBOK, I1I0 OCHOBHUIM BHECOK B MEXaHI3M TEIUIONepeadl B
XBUJIl TOPIHHS MHITY HAJIEXKUTh MOJIEKYJISIpHIN TertonpoBiaHocTi. Lle mo3Bose, sk 1
JUIA Ta31B, BUKOPUCTOBYBATH MOHATTS HOPMAJIBHOI MIBUAKOCTI TAMiHAPHOTO MOIYM s
K 00’ €KTUBHOI (PI3UKO-XIMIYHOT XapaKTEPUCTUKU TOPIOYOTO MUITY.

JlamiHapHe MoayM’s JOCHIKY€EThCS Y BEPTUKAIBHUX TpyOaxX pi3HO1 JTOBKUHU 1
JiaMeTpa 13 3alalifoBaHHAM y BEPXHBOTO 200 HUKHBOTO BIAKPUTOTO KiHI. B 1ibomy
BUMANIKY Vy = V,S;/Sy,, 1€ Uy — BUAMMA HIBUIKICTb,Sp — IUIOIIA OCHOBH TOJIYM s,
S, — momia “oro noBepxHi. Came noaym’st Mae ¢hopmy napabosioiza ooepTaHHs, 3Be-
PHEHOTO BEPIIMHOIO Y BUXIAHY CyMill — puc. la.

B nunoBux, 3a3ganerip nepeMimanux ¢gakenax [4],moxym’ss mae popMy KOHY-
ca. (puc. 10), v, 3HaXOAUTHCS aHANOTIYHO. B Manoo0’eMHUX MUIOBUX XMapax B TOH-
KOCTIHHUX 30HJax (pOHT moJiyM’ss Mae Ou3bKy 10 chepuunoi hopmy (puc. 1 B), a
HOpMaJIbHA MIBUJKICTh BU3HAYAETHCS SIK U, = V,/€, ne € = T, /T, — cTymniHb TeIwio-
BOTO PO3LIUPEHHS MPOIYKTIB 3rOpaHHs.

[TpuBeaeHHSAM BUAUMOI IIBUJIKOCTI 10 il HOPMaJIbHOT'O 3HAYEHHSI BJAETHCS Y3-
rOJINTU €KCIIEPUMEHTAJIbHI JJaH1, OTPMMaHI B p13HUX ymoBax. [Ipu upomy s v, Tu-
MOBOIO € 11 BIIMIHHICTD Bl BUMMOI IIBUJKOCTI MOIyM sl (V) npubiuzno Ha30%,
110 CIIBCTaBHE 3 TAKUM JIJI Fa30BOTO MOJIYM 51.

B pobotax [6,7] 3amponoHOBaHa Tak 3BaHa IIMPOKO30HHA MOJIENb JIAMIHAPHOTO
MOJIyM’sl B TWJTY, YACTUHKHU SKOT'O TOPSITh B AUPY31HHOMY pEXUMI 1 U1 U, OTPUMAHO
HACTyIHUM BUpa3:
3gp,Dam, kBB

(1

N

(Cgpg +Csps) 1+ gsB 0 (T;* _To)ezmech

g g
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Puc. 2. HopmanbHa mBUAKICTE po3moBcio-  Pue. 3. 3alieHICTh HOPMAaIbHOI MIBUIKOCTI
JOKCHHSI TIOJIyM’sl B a€pO3aBHCI alIOMIHIEBO-  TMOJYM s BiJ KOHIIEHTpAIil HaJbHOTO AJIS Pi3-
My MWIY B 3aJI©KHOCTI BiJl PO3MIpY YacTHU-  HHUX METaJIECBHUX MajibHUX [12].

HOK. B =200 1/’

1 —Ttpyba, d =0.056 Mm;

2 — BUIBHI XMapH (a - 6 — XMap# 00’ eMOM

Vo=4m, 2 - Vo= 150);

3 — OyH3eHIBCbKUIl ManbHUK [8];

4 — TIOCKOMOMyMsI’ HUM MaJIbHUK [9];

5 — nnacke nonym’s y Hesaromocrti [10];

CYLUTbHA JIIHS — KOHTYKTUBHA MoJienb [11].

Tyt g —nutomuii edekT 3ropaHHs, B —MacoBa KOHIIEHTpalis NajabHOro, D —
koedimieHT nudy3ii KUCHIO, a — KOE(ILUIEHT TEMIEPATYPOINPOBIIHOCTI, k= r./r)—
BIIHOIIEHHS pajilyca 30HU TOPIHHSY, 10 MOYAaTKOBOIO PajlyCy YaCTUHKH 7o, Per —
CTEXIOMETPUYHUA KOEDIIIEHT, My, — MOJbHA JIOJIs KUCHIO, (g, €y — TEMI0EMHOCTI
TBEP/IOi 1 ra3oBoi (asu, Pg, Py — BIANOBIAHI TyCTUHU,T, " — TeMIleparypa CIagaxy-
BaHHS YAaCTUHOK, 0 — AMcCHepcis (yHKUII po3MOAlLy, M — MeAiaHHUN po3mip (i
MOHOZIHCIIEPCHOTO  TopomKye e’ =r,’). Jlas  amomidito  p,=2.7-10° kr/v’,
q = 310" iw/kr, B = 1.125, T, =300 K, 7, = 2300K, m,, = 0.23, k=3.5

CriBBIAHOIIEHHS €KCIEPUMEHTAIBHUX 1 PO3PaXyHKOBUX JIaHUX IO 3aJI€KHOCTI
HOPMAJIbHOI IIIBUJKOCTI BiJl PO3MIPYy YaCTHHOK JJIS allFOMiHIIO HaBeJleHo Ha puc.2. Ha
puC.3. HaBEJIEHO aHAJIOTIYHE CMIBBIAHOLICHHS JUIsl IHIIMX METaJeBUX MajJbHUX Yy BU-
TJIS]I1 3QJIEKHOCTI Uy B1JI KOHIIEHTpAIlIi MabHOTO.

Sk npamye 13 HaBeAeHO1 1H(GOpPMAaIlil 3aPONOHOBAHA MOJENb 3aJOBIJILHO OIH-
Cy€ eKCIEepUMEHTAJIbHI JaHl B IIMPOKOMY J1ala30Hi MapaMeTpiB Nuily. 3a3HaulMMO
TaKOX LIO0 11 MOJEJIb BUSBUJIACh KOPUCHOIO 1 JIJIsl ONUCY 3aJIeKHOCTI MaKCUMAaJIbHOT
IIBUIKOCTI 3pOCTaHHS TUCKY B 3aMKHYTIH nocyauHi (dP/dt) Big KoHIIEHTpalii 1 po-
3Mipy YaCTHHOK B aJlfOMiHI€EBOMY muuty [12].

[H11a BigMiHHA O0COOIMBICTh MUJIOBOTO MOJIYM S MOJSTAE B TOMY, IO JJI KIHE-
TUYHOTO MOJIyM’sl (YACTHUHKHU MUYy TOPSATh B KIHETUYHOMY PEXUMI1), K 1 JJId rasis,
MaKCUMaJbHE 3HAYEHHSI HOPMAJIBHOI IIBUAKOCTI MOJIYM sl peaji3y€eThCs 111 KOHIEH-
Tpauii TBepoi Ga3u nodau3y CTeXiOMETpUYHOTo 3HaueHHs. [Ipukiagom uboMy Mo-
e CIIYryBaTH JIKono i [13], skuil € eTasloHHUM 1S Tty (TIepIl 3a BCE Y 3B SI3KY 3
HOro MOHOAMCIEPCHICTIO). {7151 MUy, YaCTUHKH SIKOTO TOpATh B AuUy3iiHOMY pe-
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MAx pinmosizae KOHIICHTPAIlISAM, IO B JICKIJIbKA Pa3iB MEPEBUIIYIOTh CTEXi-

Bpmax — CoPyg

Cs
(a1 uporo HeobOxinaHo moknactu dv,?/dB = 0). Hanpukian, s aepo3aBHCy dac-
tuHOK amominiro AC/I-1 [14], nociimkeHoOMy B IIMPOKOMY JIiana3oHi KOHIICHTpaIii
60 + 1500 r/m’ (Bemex =210 F/M3, MaKCUMaJlbHE OTPHUMAaHE 3HAYCHHS CTaHOBUTH
Bi&¥ = 1300 r/m?, a Teopernune Blogy = 1200 r/m>.

Lle nae me oHy MOXKJIMBICTB3POOUTH BUCHOBOK PO MEXaHI3M TOpPIHHS YacCTH-
HOK y XBWJI1 TOPIHHS, BUXOJIYH 13 €KCIIEPUMEHTAIBHUX JIAaHUX 10 3aJI€XKHOCTI Uy (B).
3BepHEMO yBary Iii¢ Ha OJHy O0OCTaBUHY.3/1€OUIbIIOTO MPU JOCHIIKEHHI TOPIHHS 3a
3aMOBYYBaHHSIM PUIUMAETHCS, IO MU MOHOJIUCIIEPCHUH, ajie y OLIbIIOCTI BUNIAKIB
MW ToiAuCIepcHU. MOXIMBOTIILKH B po0OTI [1] nuiecnpsMOBaHO JOCIIIKEHO
BIUTMB Jucnepcii PyHKUIi po3noainy (o) Ha HOpMalbHY MIBUAKICTH MOJIYM sl B aepo-
3aBUCaX YaCTUHOK AITIOMIHIIO (PO3MOILT BBaXKaBCs JIorapumMivHO HOpMaibHUM). Ek-
CHEPUMEHTAIBHO 1 TEOPETUYHO (3a popMyioro (1)) mokazaHo, 10 vV, 3MEHIITY€EThCS 13
3pOCTaHHSM GSIK PE3yJIbTaT 3MEHILIEHHS TUTOMOT peaKIiifHOT TOBEPXHI.

[{ikaBuii TaKOX BILTMB (OPMHU YACTHMHOK Ha IIBUAKICTH MOIyM’s. I3 3arambHux
MIPKYBaHb CJIiJI OUYIKYBaTH, 110 PO3BHMHEHA MOBEPXHS YACTHHKHU CIIPUSAE 3POCTAHHIO
MIBUAKOCTI, X04a 0 BHACHIJOK 3MEHIICHHS TEMIIEPATypH CHATaxXyBaHHS YACTHHKHU Y
XBWJI1 TOPIHHA. 3HOBY Taku B €AMHIN poOoTI [15], mprcBsYeH1N IbOMY TUTaHHIO, J10-
CITIDKEHI 3alIe)KHOCTIV, (B) mis chepryanoro i ¢ppe3epoBaHOTO MarHiro B OJTHAKOBOMY
Jliana3oHl po3MIpiB YaCTUHOK (MICHsI pO3CIIOBAaHHS Ha OJHAKOBUX CHUTaX), MOKa3aHo,
10 HIBUJKICTH MOJXYM’sl 3pOCTa€ Y BUNIAAKY HEMPaBUIbHOT (POPMU YaCTUHOK.

[lle onHe 1ikaBe SBUILE IOB’sI3aHE 3 JIAMIHAPHUM IOJIYM’sIM, IO PO3MOBCIO-
JUKY€ETbCA B TpyOl B3JOBX BEKTOPY CWJIM TKIHHS. [Ipy BENMKUX KOHUEHTpAIisx
TBEPOi Pa3u MOKEe MaTH MiClle KOHIIEHTpallliiHa HECTIUKICTD [16] BOHA MPOSBIISETH-
cs B TOMY, III0 TOYATKOBO JIaMiHapHa JBo(a3Ha Teuis MOKe NpUIMaTH BUXOPOIOIi-
onuil xapaktep. [Ipu npoMy nosiym’stHa0yBa€ THHOBY ISl TypOYJIEHTHOIO MOJIYM s
PO3BUHYTY CTPYKTYpPY, a BHUIAMMA MIBUAKICTH MOJXYM’sl CYTT€BO 3pocrae. DizuyHa
MIPUYHMHA OTO SIBULIA MOJSATaEe B Nepe0y10Bl CTPYKTYpH Teuli (camooprasizauii mij
TI€10 IMITYJIbCY TBEPAOI (pa3u, 110 BHOCUTHCS B CUCTEMY B MOJII TSXKIHHA). OCKUIBKH
MOMEHT IMIIYJIbCY CUCTEMHU Ma€ 3aJMIIATHCS HE3MIHHUM, TO CTBOPIOIOTHCSI BUXOPH 3
XapaKTepHUM PO3MIPOM, MOPIBHIHUM 3 PajlycoM TpyOH, NMPHU IIbOMY BEKTOp LIBUJI-
KOCTI B3/IOBK OC1 TpyOu CIpsIMOBaHUH Bropy, a Ha nepudepii BHU3.

I3 naminapHuM mosiyM’siM TIOB’si3aHa II€ OJHA Ba)KJIMBAa XapaKTEPUCTUKA — HU-
’KHs KOHIICHTpAIIi{Ha MEKa PO3HNOBCIOIKEHHS MOIYM’ s (By v p. ), 1€ HAMIMEHIIA KOH-
LEHTpalis NalbHOIO, MpPU SKIM MOJyM’s 3/1aTHE PO3IMOBCIOKYBAaTUCh MO Hill Ha
OyIb-SIKy BIJICTaHb BiJ JpKepesa 3anantoBaHHsA. B poOoTi [17] mist By . 3alpOINOHO-
BAaHO BUPA3, KU B110Opakae TMHAMIYHUN XapakTep Mepeaadl Teria y XBHIIl TOpiH-
HA

KUMI, Uy

max

omeTpuuHi. Tak 13 Bupasy (1) BUXOAUTH, IO vy JOCSITAETBCSA TPU

B — Cg p g (T;’ B TE)) ve
H.K.M.
q_CS(]; _];)) ve +vcm
B (2) T;— Temneparypa cnajiaxyBaHHs (sIka BBaXKA€ThCS OJTHAKOBOIO JJIS a3y i
YaCTUHOK ), V., — MBUJKICTh CTOKCIBCHKOTO OCIJJaHHS THITY.

)
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I3 (2) cnipye, o A MOJIyM s, SIKE€ PO3MOBCIOJKYETHCS MPOTH BEKTOPY CHUIU
soxiaas (T v, 4 v.,) TpeOa BuOpat 3HaK "+" 1 BiANOBITHO, By . HIKYE TAKOTO IS
"3aMOpOoKeHOro" MUty (TaKuil MU MOKHA OTPUMATH TUIBKA B YMOBAaX HEBaroMocTi).
Ile nmoB’s13aHO 3 THUM, IO B TaKOMY JIBO(a3HOMY CEPEIOBHILI IMIBUAKICTb OCIIAHHS
TBEPJIOT0 KOMIIOHEHTY O1JIbIIIe MIBUAKOCTI TA30BOTr0, IO MPU3BOAUTH /10 30araueHHs
30HU TOpiHHA NajdbHUM. IIBUIKICTH OClHaHHS MUITy SIK LIJIOTO MOXE 3HAYHO Iepe-
BUIIYBaTH IIBHJKICTh OCiJJaHHS MOOJAMHOKHX YacTHMHOK. HeBpaxyBaHHS 11i€i oOcTa-
BUHU 1HO1 IPU3BOJUTH JI0 TOTO, IO B, , \, MPUNKUCYIOTh HACTUILKA HU3bK1 3HAUCHHS,
o ajiabaTuyHa TeMIreparypa 3ropaHHs MOXKE BUSABUTUCH HIXKYOIO, HIXK TeMIIepaTy-
pa cniaJlaxyBaHHSI Iy TPH i KOHIIEHTpallli. 3a3HauynuMo, 110, K BHUTIKae 13 (2),
IIBUJIKICTh OCIJJaHHS MUY MOXKE CTaTHU HACTIIBKU 3HAYHOIO (V. — Vg, & 3HAK «-»),
0 PO3MOBCIOPKEHHS MOJIYM’Sl BHU3 CTa€ HEMOXXJIMBUM HAaBITh I JYKE€ BHUCOKHX
KOHIIEHTpalii. Takox BIAMITUMO, IO JI MHJIOBUX XMap, B SKUX BUJIMMA IIBUIKICTh
MaiKe Ha MOPSI0K MEPEBHIye HOPMaIbHY, BIUTUB CTOKCIBCHKOTO OCIJaHHS MEHII
3Haunmuid. [lle oHa BaxxuBa 0OCTaBWHA OB’ sI3aHA 3 TUM, 1O By ., CYTTEBO 3ae-
KUTh BiJ] pO3MIPY YAaCTHUHOK, a caMe 3aJIeXKHICTh By \.(7) Ma€e MiHIMYM (1 y BUIAAKY
peakiiifHuX TpyO, 1 y BUMAAKY MUJIOBUX XMap). HasiBHICTh 1IOTO MIHIMYMY, JUISI JIi-
HIHHOTO 3aKOHY OKHMCHEHHS 3yMOBJICHA, 3 OJHOTO OOKY, 3MEHIICHHIM TeMIIepaTypH
crajgaxyBaHHs 13 30UIBIIEHHAMY, 3 1HIIOTO — 3pOCTaHHSAM 3alli3HIOBAHHS TEMIIepaTy-
PH YACTHHOK IO Bi/JHOIICHHIO JI0 TeMIIEpaTypH Ta3y, Ipornopiiitanum . Bee ckasaHe
UTIOCTPYIOTh €KCIIEPUMEHTAJIbHI 1aH1 10 3aJI€XKHOCTL By . (7), oTpuMaHi B [17] aepo-
3aBUCY YACTUHOK MAarHIIO.

BiOpaniiinuii pe:kuM po3noBCIOKeHHs1 MOJayM’si. BiGpartiiiinuii pexum po3s-
MOBCIOJIPKEHHS TOJyM sl B IUJTY, SIK 1 B ra3ax, € pe3yJbTaTOM aMILTITyIHOI MOTYJIALI1
MOJIyM’sl aKyCTUYHUMH KOJIMBAHHSIMU B CTOSAYINA aKyCTHYHIN XBUJIL, 1110 TE€HEPYETHCS
caMHM I0JIyMsIM, KOTpPE PO3MOBCIO/IKYEThCSA B YMOBax peakuiinux tpyo. Excrepu-
MEHTAJILHO BiOpaIlliHUIA PEXUM LLIECIPIMOBAHO JTOCIIKYBaBCS TIJILKHU B JBOX PO-
6otax — B [18] B yMoBax HamiB3akpuUTHX TpyO AlaMeTpoM 5.6 cM 1 JOBKHUHOIO 3.5 M 1
3aMajifOBaHHSAM Y HUXKHBOTO BIIKPUTOTO KiHIIS TpyOu B aepo3aBucaxMg i1 Al; 1 B [19]
B TpyOax giameTpom 3.6 cM 1 IOBKUHOIO 1 M 1 3amajifoBaHH1 Y BEPXHBOT'O BIAKPUTOrO
KiHI TpyOu B aeposaBucax Mg, Al, Zr, Fe 1 ix cymimei. PeynpTaTn nux mocii-
JDKEHb MOKHA T1JICYMyBaTH HACTYITHUM YHHOM:

1. Ak 1 B razax, B MWy MOXYTb ICHYBaTH JIBa TUIH BIOpaliifHOro ropiHHs — BiOpa-
LIAHE TOJyM SIIEPIIOrO TUMY 3 IJIaJKOK MOBEPXHEI 1 MOB3JOBXHIMU KOJIMBaH-
HAMH (QPOHTY MOJYM’s SIK LIJIOrO Ta BiOpaliiiHe MOoJyM’ss OPYroro THUIY 3
NONEpPEYHNMH XBWJIAMHU Ha MOBepxHI (puc. 4.). Ipyruil pexxum € pe3yabTaToM
Peneii-TeitnopiBcbkoi HECTIMKOCTI MEX1 PO3AUTY BHXIJIHOT CyMilll W MpPOIYKTIB
3rOpaHHs I JI€I0 TEePIOJUYHUX TOB3JOBXKHIX KOJIMBaHb. [lepexim Mik IUMH

peKUMaMU peali3yeTbcsl MU OE3pO3MIPHIN aMIUTITY/II MOB3J0BXKHIX KOJHBAaHb

2TVX .
t = 2~ 11+ 13, xe v -uacToTa KOIMBaHb, X, - aMILTITy1a KOJMBaHb. Lle

Uy

3HAYCHHS MEPEBUIIYE TAKy I Ta3oda3Horo monym’s x* = 6 + 8 [23].
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2. Yacrora KOJMBaHb  BIJIOBIJIAE
nepurii JHIMHIA MOJI, KOJIM Ha
JOBXHHI  HAMIBBIIKPUTOI  TPyOHU
MOMIIIAETHCS YBEPTh aKyCTUYHOI
XBUII.

3. KonuBanus tHcky mo ¢asi Bure-
pPEIKAIOTh KOJMBAHHS CBITUMOCTI
bpoHTy MOJTyM 51. da3oBe
CITIBBIJIHOIIICHHS 3pocTae 31
30UTBLIEHHSIM PO3MIPY YaCTHUHOK,
HalpuKJag, s Mar”ioo Mpu . !
d="T7wmxM, A@=15°+20°, mnpu Puc.4. ®opma moaym’s npu BiOpawiiiHOMy ropiHHi:
d =30 MxM, A@ =45°. Heobxinna a) TepuuHii TuIL; 6) Apyrui THIT.
yMOBa ICHYBaHHs BiOpaiiiHOTO
ropinHa A@ <90°, oTKe ciiJ OYiKyBaTH ICHYBaHHsS TPaHUYHHUX PO3MIPIB YacTH-
HOK, BUIIE SIKUX BiOpalliiiHe TOpiHHS HE Ma€ iICHyBaTH.

4. Haiibiipi1 MIMOBIPHUM MEXaHI3MOM OOEPHEHOTO 3B’ 43Ky MK KOJIMBAaHHSIMU THCKY
1 MacoBOIO MIBUJKICTIO TOPIHHA € MEPIOJUYHI KOJIMBAHHS MOBEpPXHI (POHTY IO-
JIyMm’s o0JIM3Y CTIHOK TpyOu. JIJist iiboro HeoOXiIHO, 00 TOBIIMHA aKyCTUYHOTO
MOTPAHUYHOTO MIapy Oyjia MEHIIIOI TOBIIMHU TEMHOI 30HU (30HU, B SIKiii TOPIHHA
BIJICYTHE).

5. I'pannyH1 KOHIEHTpAIlil MaJbHOTO HEOOXiAHI 1Jsi icHyBaHHS [ Tumy BuIl Bj iy
JAMIHApHOTO TOJIyM sl 1 HUK4Yl KOHIIEHTpaLiiiHoi Mexi nepexony no Il tumy. Ha-
npukian, 1 MarHilo (d =7 MKM) By n =55 r/MS,, [ tuny — By >75 <85 r/M3, II
iny — Bp>150 r/M3; mit d=30MkM B, =50 r/M3, B;>120+140 r/MS,
By > 400 r/av’; s d = 50 MxM BibpariiiHe FOPiHHS He CIIOCTEPIracThCsL.

6. B 3zaranpHOMY BHMaAKy, B HaIIBBIAKPUTHX TpyOax WpH 3alajtoBaHHI OIS
BIJIKDUTOTO KIHIIS MPU BUKOHAHHI HEOOXITHUX YMOB PO3MOBCIOJI)KEHHS IMOIYM’ s
HOCUThH HECTaIllOHAPHUM XapaKTep 1 MOXKE pO3IISIIATUCS SK HACTYIHUM KacKajl
MepeXO/IiB: JIaMiHapHE TOJyM’st — BiOparlliiine noiaym’st | Tumy— BiOpaiiiiiHe mo-
aym’s Il Tuny — TypOyJieHTHE MOoJyM’sl. 3arajbHa KapTHHA IMPOIIECY aHaJoTi4Ha
TaKiil B ra30BUX roprouux cymimax. OJIHaK B MUY, SKUWA XapaKTepU3yeTbCs JOC-
TaTHbO HU3BKOIO BUJIMMOIO MIBUAKICTIO MOJIYM sl HA OCTaHHI# cramuii (v, < 3 .m/c),
MOKe MaTH Miciie oOepHEeHHM nepexi: BiOpaiiiine moaym’s Il Tunmy — BiOpartiiine
nosyM’s [ Tumy — naMiHapHe oJIiyM s, a MOTIM 3HOBY NpSAMUN niepexin (puc. 5.).

B [19] HaBenena teopeTuyHa 1HTEpIpPETAIlis BUIE3a3HAYEHUX OCOOJIMBOCTEH B
paMKax 1HTerpajbHOi Teopii BIOpaIliiHOTO TOJYyM’sl, KA TOSICHIOE HEOJIHOKpATHE
30y/PKEHHSI KOJIMBAJIbHUX PEKUMIB PO3MOBCIOJKEHHS XBWII MOIyM’s B TpyOax, siK
pe3ynbTaT 3MEHUIEHHs (Ha BIAMIHY BIJ Ta31B) CEPEAHBOI IIBUIKOCTI MOJIYM S MPHU
30y/1>KEHI MOIMEPEYHOI XBUJIl HA OBEPXHI MOJIYM s1.

IcHyBaHHS pi13HUX HECTALlIOHAPHUX CTPYKTYp LIIOCTPYE pHC. 6. HA AKOMY IOKa-
3aH1 (POTOpEricTorpamMu MoJyM’sl, U0 MOLIUPIOETHCA B MUY AIIOMIHIIO TIPH PI3HUX
3HAYEHHSX KOHIICHTpAIlll MajJbHOro (KOHIIEHTpAIlisl 3pOCTAaE 3/1iBa Ha MPaBo)
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Puc. 5. Tunosa ¢oroperictorpama moiaym’s, o MOMIUPIOETHCA 3 TBOMa Kackaaamu (Al,
B=150r/’, L =1 M)

Puc. 6. XapaxkTepHi TUIIU 3aJ€KHOCTI MOB30BKHBOT KOOPAUHATUA (PPOHTY MOITYM s BIJ
gyacy: a) JamMiHapHe MOJyMm’s 13 3aracaHHsM y (a3i 3BOPOTHOI aKyCTHYHOI Tedii;
0) M KU TepexiJ BiJ JaMiHApHOTO JI0 TypOYJICHTHOTO IMOJIyM s 3 MOB3OBXHIMH KO-
JTUBaHHAMU (PPOHTY; B) pi3HI OJHO KacKaJHI MEPEXOAH; T) IBOKACKATHUU TMEpexii;
1) TaMiHapHE MOJyM’ sl OUTBIIIOI CTIHKOCTI.

TypOyientne nojym’st B Tpydax. [luiose TypOyneHTHE MOIyM 4, SIK 1 B ra3ax
3YMOBJICHE T1POJUHAMIYHOIO HECTIMKICTIO JaMIHAPHOIO MOJIyM s, MEPI 3a BCe, 3a
pPaxyHOK Teuli po3IrpiTUX MPOJYKTIB 3rOPSHHSA B HANPAMKY PO3MOBCIOKEHHS I10-
aym’qa. ToMy BOHO HalyacTillleé BUHUKA€ B PEaKUIMHUX HAIMIB3aKpUTHX TPyOax Mpu
3aMaJifoBaHl y 3aKpUTOr0 KIHII 1 B MMJIOBUX XMapax MpHU UEHTPAIbHOMY 3aIajlfOBaH-
Hi. HaifOinip11 cuctemMaTuyH1 JOCHIIIM PO3BUTKY 1 0COOIUBOCTEN TypOyIE€HTHOIO IO-
aym’st mpoBeeHl B [20-21].EkcnepuMenT NMpOBOAWINCH B TpyOax aiameTpom 5.6,
8.2 ta 10.7 cM Ta noBxkuHOIO 3 M 1 1.75 M, a TakoX, y BUIbHUX MUJIOBUX XMapax
06’emom  10-40  »’misacposaBucis
Mg, Al (ACHO-1, ACHO-4, AMJ), o
amominieBoi myapu ITAII-1, ITATII-2,
aioMo-MarHieBoro criapy [IIAM-4.

BuBuaBcs BIUIMB KOHIIEHTpAIIii 200 |
MaJbHOr0, PO3MIPY YaCTHUHOK, JOBKHU-
HU 1 aiameTrpa TpyO, TypOymi3yroumux
€JIEMEHTIB (CITKM, KOMIPKH, CIIpai). 100 L
TUnoB1 3aJIeXKHOCTI OCEPEHEHUX BHU-
IUMHUX IIBUIKOCTEH BIJ KOOpAUHATHU S0

250

150

(bpoHTy moJiyM’st HaBeeH1 Ha puc.7. LS
BcranoBneHo, 1m0 3aKOHOMipHO- 05 10 15 20 25 30
CTl1 IIBHUIKOTO TOpPIHHS HWIYy B PEak- Puc.7. Po3nOBCIOJDKCHHS TIOJIyM ST B aepo-

MIHHUX pr6ax 3yMOBH€Hi PO3BUTKOM  3aBHCaxX YacTUHOK HAM-4(d= 14.5 mm)B
Tpy6HOI TypOylaeHTHOCTI (Mexamism TPyOax. L = 30M, d= 3,6 0m; B: 1 - 140 /M’
1L{0JIKiHa), AMIUTITYAHOIO MOJYJIALI€I0 2-160 13“/M ; 3—150r/m7; 4-3001/™M7; 5—
bpOHTY MONYM’st HemiHiiHMMH akyc- 090 /M.
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TUYHUMHU KOJMBAaHHSAMHM, Kl TE€HEPYIOTbCS HECTALIIOHAPHUM MOJIyM sIM 1 edeKTamu
TpaHchopmarlii MOBEPXHI MOJIYM s MiJ TI€I0 TIAPABIIYHOTO CIIPOTHBY CTIHOK TPyOH
(MexaHni3M 3eNbI0BHUYA).

B uinomy kapTrHa BUIIISIIa€ SIK Kackaj nepexoiB. JlamiHapHe Ha MOYaTKy Io-
JyM’s 3 TUIIOBOIO TJIAJIKOIO TOBEpXHEIO (1Mapadosioin o0epTaHHs) 1 BUAUMUMU [IBU/I-
KOCTSIMHM, SIKI BIJIOBIAAIOTh 3HAYEHHSIM MPU BUILHOMY BIATIKAHHI MPOAYKTIB 3ropaH-
Hsl, TOMHOXXEHUM Ha CTYMIHb TEIIOBOTO po3mupeHHs razy (¢ = T,/T,), IepexoauTh
B TypOYyJICHTHHI peKuM, MPUOJIM3HO Ha BiCTaHl 15 niameTpiB TpyOH, 110 BIANOBIAAE
3MHUKaHHIO TypOYyJEHTHUX MPUCTIHHUX TpaHUYHUX mapiB. [Ipu 11boMy, MOBEPXHS IO~
IyM’s TIpUMae XapakTepHy ISl TYpOYJIEHTHOTO MOJIyM’si PO3BUHEHY CTPYKTYpY, a
IIBUJKICTh MPUOJIM3HO HA MOPSAOK MEPEBUILYE TaKy B JaMiHapHOMY pexumi. [loto-
My, B CTOBIII Ta303aBUCY 30YKYIOThCSI HEIHIMHI aKyCTHUYHI TTOB3/JOBXHI1 KOJMBaHHS
(4rciio TOBHMX IMKIIB KOJHBaHb CKIagae 2 ~ 5 1 3MEHIIYEThCSA 31 301IBIISHHIM
KoHueHTparii). [Ipu npoMy yacToTa KOJUBaHb B JBIYUl MEHIIIA HIXK Y BUIMAJKY JiHIHN-
HUX KOJIUBaHb, a aMIUIITy/la KOJUBaHb TUCKY gocsarae ~ 0.03 aTt™, 1mo Ha MOpsaoK
nepebduIbllye Taky y JiHIHHOMY BUNaAKy. Lle m03Bossie iHTEepnpeTyBaTu iX sIK mep-
UK HENHIMHUN pe30HaHC CTOoBMa manaroyoro nuiay. Ha puc. 7. 11 KOJIuBaHHS HE
MOKa3aHi, a HaBEJICH1 JIMIIE OCEePEAHEHI 3HAYEHHS MIBUIKOCTI. 3a3HAYMMO, 110 aHa-
JIOT1YHE SIBUILIE MA€ CIIOCTEPIraTucs 1 B TOMOT€HHUX Ta30BUX CyMIIIaX MpH iX 3ama-
JIIOBaHH1 y 3aKpUTOTO KiHUA TpyOu. Tak, 3riIHO JaHUX, IPUBEACHHX B [23], mpu po3-
NMoBCIOIKeHHI nosyM’st y cymimaxCgHg 1 moBiTpst B TpyO1 AOBXHHOIO 1 M crioctepi-
raloTbCA KOJIMBaHHS 3 4acToTor ~ 50 'l (mepiiomy JIiHITHOMY pe30HAHCY BIINOBI-
nae yactota~ 85 ') xoua mosicHeHHs 1IbOMY e(DEeKTy HE HaJIa€ThC.

Ha Biacrani npubnuzno 23 + 28 niametpiB TpyOu (1MovaToK ITi€l cTadii Ha puc.’.
Mo3HaueHo 1HAeKCOM «C») MOYMHAETHCS CTaIisl NPUCKOpPEHHA nmoiayM’s. [louarky i€l
cTajail BIAMOBIJAE pi3Ka 3MiHA XapaKTepy PO3MOBCIO/DKEHHS IMOJIYM s: PO3BUHYTA,
XapakTepHa JJIsi TYpOYJIECHTHOTO TOJyM’si, CTPYKTypa npuiiMae ¢GopMy BUTSATHYTOTO
B CTOPOHY BUXIJTHOI CyMIIIIl «SI3UKaY.

«SI3uK» 3a3BUUall pyXxaeThbCsl B3JOBXKOCI TPyOH 1 HE 3allOBHIOE BCHOTO Iepepi-
3y(CTIHKM TpyOH 3aIMIIAIOTHCA YUCTUMU O€3 CIIAIB OCaJIKEHHS MPOAYKTIB 3rOpaHHs,
SK IIe BinOyBaeThcs Ha momepenHii craxii). Moro moBepxHs Maiike Ha IOPSIOK IIe-
PEBHUIIYE TUIOLLY MEepPepi3y, BIAMOBIIHO BUAMMA IIBUJIKICTh 3pOCTAE, TOCATAIOYH MPHU
bOMY JUIsl HalOIbI akTUBHUX roprounx Mg, AC/1-4, AM/I, IIAM-4 3nauenp Onu-
3bKUX /10 HIBUAKOCTI 3BYKY. g TpyO noBxkuHOIO 1.75 M 11 eexkTu He crocTepira-
IOThCSI, OCKIJIBKH 1X JOBXKMHA MEHIIA XapaKTEPHOI BIACTaH1 rmepexony 10 craaii «C».
3 HaIoi TOYKM 30py (i3udYHA TPUYKUHA TAaHOTO €PEKTy MOJIATrae B TOMY, 110 TePTS HA
CTiHKax TpyOu B cTanii «C» HEe MOKHA KOMIIEHCYBATH Tepenaja TUCKY Yy (PPOHTI To-
JyM s, 1O 1 MPUBOJUTH 10 IPUCKOPEHHS TOITYyM 1.

Hapemiri, 3ayBaskuMo, 110 3MEHIICHHS PO3Mipy YaCTHHOK 1 30UIBIIIEHHST KOHIIE-
HTpaIlii (3arajoMm 30UIBIICHHSI MMUTOMOI PEaKIiitHOI MOBEPXHI TBEPAOi (a3u), 3MEH-
HICHHS JAlaMeTpy TpyOH, a TaKoXK, HasBHICTh €JIEMEHTIB sIKI CIIPUSIOTH IMOsB1 TYpOY-
JICHTHOCT1 (COTOBHUX KOMIPOK - «XOHEKOMO», CIipayiei, siki pO3MIIIeH] Ha BHYTPIIII-
HIM MOBEPXHI TpyOH, Ta 1H.) 3aBXKJIU MPUBOJATH 10 IHTEHCU(IKALIl POIIECY PO3IO-
BCro/KeHHS nosiyM’si. Lle 1 3po3yminio, ockinbku 11 (pakTopu abo 301IbIIYIOTh HOP-
MaJIbHY IIBUJIKICTh, 800 BUHHKAIOTh JJOJIATKOBI 30ypEHHS TOBEPXHI MOJIyM 5.
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Honym’ss y BiIbHHUX NWIOBMX XMapax.EkcnepumeHTanbHO AOCTIAXKYBaBCS
MIPOIIEC PO3MOBCIOKEHHS MOJIYyM’ sl B MIJIOBHX XMapax 06’emom 10 + 50 M3[21]. Bu-
KOPHCTOBYBABCSl THEBMOIMITYJIbCHUN CIIOCIO CTBOPEHHS XMapH 1 LIEHTpaJIbHE 3ama-
JIOBaHHS €JEKTPUYHOIO icKkporo. [IpoBomuiace mBUAKICHA KiHO- 1 (oTodikcaris
IIPOLIECY TOPIHHS 1 ONTUKO-CIEKTPAIbHUX XapaKTEPUCTHUK MOTYM s1.

YMOBHO Bech MPOILIEC 3TOPTAHHS XMap MOXHA PO3AUIMTH Ha TPH CTali: popmy-
BaHHS XMapH, PO3MOBCIOHKEHHS MOIYM sl IO XMapi, (OpMyBaHHS 1 pyX 1HTEHCHUBHO-
ro Tepmika (puc. 8)

Yac popmyBanns xmapu (0.01 +0.15 ¢) 3anexuth BiJi MOYATKOBOT MAacH Mallb-
HOTO 1 poOOYOT0 THUCKY B IMITyJbci. B moYaTKOBHII MOMEHT XMapa CHIBHO TypOyIIi-
30BaHa, II0 3yMOBJIEHO IMIYJbCHUM CHOCOOOM HOIrO CTBOPEHHS, OJHAK 4Yepes
0,2 +0,3 ¢ mopomoK B XMapl 3aBUCA€E 1 TOYMHAETHCA TpoLec AUPY31HHOTO PO3MHU-
BaHHS 1 OCIJJaHHs XMapH, sikuit TpuBae 0.6 + 1.2 ¢, B 3aJ€KHOCTI B1J] BUXIJHUX IMapa-
MeTpiB. MOMEHT 3aBHCAHHS XMapu € HAWOUIbI MPUUHATHUM JJIS 3allalifoBaHHS.
CremiayibHi TOCTIAN TTOKA3aJId, [0 HEPIBHOMIPHICTh PO3IOIITY KOHIICHTpaIlii B XMa-
p1 He Ounbine Hik 30% Bix cepeHHOTO 3HAYEHHSI, SKE B MOJAIBIIOMY 1 BUKOPUCTO-
BYBaJIOCh. THIIOBa JMHAMIKA TOPIHHS MUJIOBOI XMapy y BUTJISAL 3aJIEKHOCTI pajiyca
30HU FOPIHHS BiJ] 4acy HaBeJleHl Ha puc. 9. Tak 7 - yac 3aTpUMKHU 3allaTlOBaHHS MICIIs
3aBUCAHHS XMapH.

Puc. 8. XapakrepHi crajiii ropiHHSI TUJIOBOI XMapH (3HOMKa
48 kanp/c): a) bopmyBaHHS XMapH; 6) PO3MOBCIOKEHHS
MOJIYM sl TI0 XMapi; B) YTBOPEHHS TEPMiKa.
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Sk BuaHO 13 puc.9, mpu pocrart-
HbO BEJIMKHX MepiojiaXx 3aTPUMKH 3a-
MAJIOBAHHS 7, KOJM 3aTyXaloTh MoYat-
KOB1 TypOyJICHTHI ITyJibcallii, 3yMOB-
JIEHI THEBMOIMITYJIbCHUM CIIOCOOOM
CTBOPEHHS MHJIOBOT XMapH, BIAETHCS £
CIIOCTepIraTu nepexia Bij JamMiHaApHO- ”f
ro 70 TypOYJCHTHOTO PEKUMY PO3IIO-
BCcro/KeHHsT monym’si. Lleit mepexin
OTOTOXXHIOETHCS 3 PI3KUM 301IbILIEH-
HAM IIBUAKOCTI TOJyM’sl (TIOXIJIHOT P EoFIN o AN T I I
dR/dt). Tlpu 3MeHIIeHHI T crocTepi- 000 002 004 006 008 010 012 0,14
TraeThCsl CKOPOUYCHHS IepexinHoi gims-  Pue.9./luHamika TopitHs aepo3aBucy 4acTi-
HKM, a TpU 3afajifoBaHHI Xmapu Ha HOK aﬂfﬁ’MlHleBgi HB_’HPH H;AHZ B 5
cragii ii crBopenHst (r— 0) Bigpasy |~ B=740M,7=2:10"¢ g —B=62r,
peecTpyeThcs PO3BUHEHHH TypOyIeH- r=0,lc3 -B=33 /M ,c = 0,4c.

THUW pexuM. [Ipuuomy, mo oco6MBo

BAXKJIMBO, CEPE/IHE 3HAUYCHHS BUAMMOI TypOYJEHTHOI MIBUAKOCTI HE 3aJIEKUTH BiJ T
(mpu 1HIIKUX HE3MIHHUX MapaMmeTpax). To0To, moyaTtkoBa TYpOYJEHTHICTh MUY
BIUIMBA€ B OCHOBHOMY Ha BEJIMUMHY MEPEXI1THOI JUISTHKU, ajie HE MO3HAYA€ThCS Ha
3HAUYEHHSX WIBUIKOCTI B PEXHUMI PO3BUHYTOI TypOyJeHTHOCTi. OTke, OTpHUMaHi
IIBUKOCTI € IMIBUAKOCTSIMU aBTOTYpOyIeHTHOro ropiHs mwry. OOpa3HO roBopsyH,
MOYaTKOBa TYPOYJIEHTHICTh — “CIyCKOBUN TadyoK’ JUIsl HACTYITHOTO aBTOMO/IEIBLHOTO
npoiiecy TypOyJIEHTHOTO TOPIHHS.

BiamiTimMo Takoxk, 110 TpH AOCTIHKEHHSIX BUOYXOBUX XapaKTEPUCTHK MY B
YMOBaxX MaJIoO00’€MHUXEMHOCTEN CTaAOro 00’emy sk B Hamux podorax [12] Tak 1 B
poOoTax 0ararboX IHIIUMX ABTOPIB MOKAa3aHO, 0 MAKCUMAJIbHUU TUCK BUOYXY P,y
npuiiMae OJM3bK1 3HAYEHHS B PI3HUX €KCTpEeMaJIbHUX yMoBax. Le 1 3po3ymisio, ocki-
JIbKUA P, TO CYTI € TePMOJUHAMIYHOIO XapaKTEPUCTHUKOIO MUY, a MaKCHUMalbHa
MIBUAKICT 3pocTaHHs TUCKY (AP /dt)max, KA Oydydu TUHAMIYHOIO XapaKTepUCTH-
KO0, TIOB’SI3aHa CaM€ 3 PEKHUMOM PO3MOBCIOKEHHS TOJIYM s, JUISl PI3HUX METOJIUK
MO3K€E BIJIPI3HATHCS ObIlIe, HK Ha opsaoK. Lle moB’ga3aHo came 3 MOYaTKOBUM PiB-
HeM TypOyneHTHOCTI B xMapi. Otxke, mig 00’ ektuBizaiii (AP /dt),q, 9K MOKa3HUKA
MOXKEKOBUOYXOHEOE3MEKH TOPIOYOro My, HEOOXiHA CTaHAApTHU3Allls eKCIIepUMe-
HTaJIbHOI MPOIEAYPH OTPUMAHHS LI1€] BEIMYUHHU.

[ToBepTarouuck 10 rOpiHHSA BUIBHUX MHJIOBUX XMap, KOHCTATyeEMO, 1[0 BUJIUMI
IIBUJKOCT] TOMIUPEHHS MOMYM sl (IIBUAKOCTI HA MPAKTUYHO JIHIWHIM 3aJIeKHOCTI
R(?))), a oTKe 1 THTEHCUBHICTh TYpPOYJIEHTHOCTI, IIOTEHEPYETHCS TOIYyM’sIM, B 3HAU-
HIA Mipl BU3HAYAETHCS (PI3UKO-XIMIYHUMU TIapaMeTpaMu MUy (COpT, TUCHIEPCHICTD,
KOHIICHTpaIlis NajibHOr0). BOHU 3MIHIOIOTBCA B IIMPOKOMY JiamnasoHi, Big ~ 10 m/c

(mms ACH-1) mo ~450 m/c (ITAII-2). Ouinku uncna PeliHonbiaca Re = R*% , Ie
R - paniyc GpoHTY B TouIi siKa BiAMOBifa€e 3m0My 3amexKHOCTI R(?), U - HIBHAKICTD B
1Ie MOMEHT, V - KIHEMaTHU4Ha B’A3KICTh XOJIOJIHOTO Ta3y, IO BIAMOBIAAE MEPEX0ay
BiJl JJaMIHApHOTO 710 TypOYyJIEHTHOTO PEKUMY JAI0Th BEIMYMHY, 1110 3HAXOJUTHCS B

2,5
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miamaszoni 10° <+ 10°, Ile gemnro Oible, HIK B TA30BUX CyMilax 1 OJM3bKO 10 KPUTH-
yHuX 3HaueHbRe, oTpuManux K.I. [llonkiaum[22] mas ra3oBoro cepudHOro Imo-
JTym’sl.

[Iporiec 3ropaHHsl TWJIOBUX XMap 3 BUCOKUMU IMIBUAKOCTSIMU pearyBaHHs (ITA-
2, TITIAII-1, ITAM) 3akiHuyeTbcsi (POPMyBaHHSAM THTEHCHUBHOI'O TEPMiKa 3 MPOJYKTIB
3ropaHHs, 00’€M SKHUX TMepeBUIlye B 5+ 6 pasiB MOYaTKOBUH 00’€M XMa-
PHU,TOPOITAIBHUN BUXOP, SIKUM MPHU 1IIbOMY YTBOPIOETHCS, TUIIOBUH JIJIsi IHTEHCUBHUX
BHOYXiB B aTMOC(epi.

Ha 3akiHueHHs 3a3HaYMMO, 110 OMKCaH1 BUILE MIAXOAM Mi3HIIE OyJin BUKOPHUC-
TaH1 aBTOpaMHM JIJIsl TOCIIJPKEHHSI TOPIHHS OUIBII CKJIAJHUX T1OpUIHUX CUCTEM — Me-
xaHlyHuXx cymimeit (Mg — Al, Mg — Zr, Al — Fe, ta 11.), 00puiB 1 rIpUaiB METANTIB.

BucnoBku. IIpoBeneHi JOCIKEHHS T03BOJIMIN POBECTU TOPIBHIHHS MpOIe-

CIB PO3MOBCIOJIKEHHS TOJAYM sl y ra3o3aBucax (MHIy) YaCTUHOK TBEPAMX MaJbHUX 1

TOMOTE€HHUX Fa30BUX CyMillIaX 1 BUSIBUTH iX CIIUJIbHI Ta BIIMIHHI PUCH.
CriuibHUMH J17151 Ta30(ha3HUX 1 TETEPOreHHUX CyMIIIEH €:

O BH3HAYaJIbHA POJIb TAPOJUHAMIYHUX (DAKTOPIB B peaizailii JaMmiHapHOro, BiOpa-
IIHHOTO 1 TypOYJIEGHTHOTO PEKUMIB TOPIHHS,

O JOMIHYIOUMI MEXaHI3M TeIUIonepeadl y XBHIIl TOPIHHA 32 PaXyHOK MOJICKYJISIp-
HOT TETUIONPOBIIHOCTI;

O TOAIOHICTh MEXaHI3MIB OOEPHEHOT0 3B’SI3KY SIKI BIJIMOBIJAIOTH 33 ICHYBaHHS BIO-
palliHUX PEKUMIB TOPIHHS;

O sKICHA KapTHHA Ta OCHOBHI (PI3MYHI NPUYUHH, 110 3yMOBIIOIOTh MEepexia A0 Typ-
OysneHTHOro ropinHs. Ll cniibHICTE 3yMOBJIEHA OJU3bKICTIO OCHOBHUX TEIIO)i-
3UYHUX MapaMeTpiB MUy (TEIJIONPOBIIHICTh, B’ SI3KICTh, CTUCHEHHS, IIBUIKICTb
3BYKY 1 TII.) IO TAKUX B ra3ax, OCKUJIbKH B pe€aJbHOMY J1alla30H1 MapaMeTpiB MUY
00’emHa gonst aucnepcHoi $azu mana (f < 0.01).

BiaminHOCTI, XapakTepHi JJis 3a3HaYEHUX CUCTEM, OB’ s13aHi 3:

O 1ICHYBAaHHSAM JOJATKOBHUX, MOPIBHSAHO 3 Ta3aMH, IPOCTOPOBHUX 1 YACOBHX MACILTa-
01B, 110 BU3HAYAIOTHCS JUCIEPCHOIO (a30i0 Ta 3yMOBIIOIOTH (MPU 3aIaHOMY Xi-
MIYHOMY CKJIaJl CyMIillll Ta TiPOJIMHAMIYHUX yMOBaX) MOXJIMBICTh 1CHYBaHHS
IIMPOKOTO J1ana30Hy IIBHJIKOCTEH MOIyM’sl 1 PI3HUX PEXHUMIB XBUJIBOBOIO TI'O-
PIHHS;

O 1CHYBaHHA aJ11a0aTUYHOI HM>KHBOI, KOHLIEHTPALIMHOI MEXKI1 MOMIMPEHHS MOTYyM s
Ta MIMPOKOTO J1ana3oHy ii 3HaYEHb B 3aJI€KHOCTI BIJ JUCHEPCHUX XapaKTepuc-
TUK MaJbHOTO;

O OUIBIILY CTIHKICTh 30HU FOPIHHS 10 PI3HOMAHITHUX 30ypEHb;

O OUIBILY pOJb paalaliiHUX e(EKTIB.
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V.G. Shevchuk, A.V.Nimych, A.S. Oparin, A.E. Sidorov

Physical aspects of the fire and explosion hazard of combustible dust.
Part 2. Self-wave modes of combustion.

Summary

In present review, based on the authors' long-term research, generalized ideas about the
ignition patterns andmetal dust wave burning are given. The first part discusses patterns of
ignition as a result of the action of non-linearthermokinetic type factors (Arrhenius depend-
ence). The second part analyzes the flame propagation patterns in dust caused by the pres-
ence of hydrodynamic nonlinearities in the active system, which lead to the existence of lami-
nar, vibrational, and turbulent flames. The influence of physico-chemical parameters (type,
dispersion, concentration of fuel) andflame propagation hydrodynamic conditions (reaction
pipes of different diameters and lengths, dust clouds with a volume of 10+40m’) on
theindicated modes implementation and their characteristics are discussed.

For laminar flames, the main focus is on the problem of normal flame speed and flame
propagation concentration limits. For a vibrating flame (reaction tubes were ignited at the
open end of a semi-closed tube), the regularities of cascade transitions are analyzed — lami-
nar flame < vibrational type I <> vibrational type Il < turbulent flame.

Turbulent flame (reaction pipes, sealing at the closed end) is characterized as a cascade of
transitions - laminar flame — turbulent — nonlinear vibration — fast tongue flame.

In free clouds, thephysico-chemical parameters influence and the initialturbulence level on
the regularities of the laminar flame — turbulent flame transition, the turbulent flame veloci-
ty, and the characteristic values of the Reynolds number for which such a transition occurs is
investigated.

Key words: burning, dust, metals, clouds, flames.
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IIpo MOXIMBY NPUYNHY MyJbCallid THCKY B KaMepi 3roOpsHHS TBepaoma-
JINBHOTO npuckoproBada P230 pakerun «Apian-5»

3pobneno npunyweHus npuduH NyabCayitl MUCKy 8 Kamepi 320psSHHA MEepOONnalusHO20
npuckoprosaua pakemu «Apian-5». [lpunywenns 3axkaouacmscs 8 momy, wo naiaroyi Kpanii
PO3NEUEHO20 ANOMIHIIO € 0JCePeloM MENI08020 BUNPOMIHIOBAHHS, PAdiayilina memnepamy-
pa K020 nponopyilina enepeii axmueayii UNapo8ysanHs OKUCII08a4a- NepXIopamy amoHis i
ye, CNpUYUHAE 30LIbUEHY WBUOKICIb 20PIHHA MEEPO020 PAKEMHO20 NAIUBA | NOABY NYIbCA-
Yill mucky 6 kamepi 32o0paHua. Pezynomamu po3paxyHnkie ¢hopanyys3vkux i nakicmaucbKux 0oc-
JIOHUKIB NPOAHANI308aHI [ NOPIGHAHI 3 PO3PAXYHKAMU asmopa. B pezyiomami asmopcbkux
PO3PAXYHKIE OYI0 NOKA3AHO, WO PO3MIPU KpAneib AltOMIHII0 MOXCYMb OYmMu posmipamu Ha-
nigxeunesux 8ibpamopie — anmen iH@pauepeoHo2o sunpominiosants. B npoyeci copinns 6io-
bysacmuvcs wsuoKe i Oe3nepepsHe 3MIHEHHs O0BICUHU IX X8UT I eHepaii akmugayii sunaposy-
BAHHA NEepXAopamy.

Knrouoei cnosa: npoMeHUCTHI TEIIOOOMIH, MyJNbcallii TUCKY, HECTAOLIBHICTh BUIKOCTI
TOPiHHSA, CHEPTisl aKTHBAIlil BUTTAPOBYBAHHSI.

BBenennsi. Ha npots3i 30 pokiB icHye mpoOsema HecTajaoi poOoTUu TBepomna-
JUBHUX CTapTOBUX MPHUCKOPIOBAUIB KOCMIYHOI pakeTH «ApiaH-5». [IpubmusHo 3 60-
0i CeKyH/IM NOJIbOTY B KamMepi 3ropsiHHS BUHUKAIOTh HU3bKOYACTOTHI IyJIbcallii THUC-
Ky 3 nepior Moo yactotu Bix 20.0 mo 22.0 I'u, a 611 75¢ MOABOTY — 3 APYTOIO
Mo1010 yactotH Big 40.0 mo 42.0 I'tx [1]. YncnenHl HamaraHas JaTH MOSCHEHHS IbO-
My SIBUILY HE Maiu ycrixy [1,2,8]. Merta 11i€l cTaTTi - BUABJICHHS 1 YCYHEHHS MYJIb-
cauii tucky B K3 PIITII mpuckoproBaua P230 «Apian 5». Ilynbcanii THCKY y ABOX
TaKMX MPHUCKOPIOBaYax, IO JIETATh y 3B A3L1 3 NEPIIOI0 CTYNEHHIO «ApiaH 5»,
OCHAILIEHOI0 PIIMHHUM PEAKTUBHUM JIBUTYHOM, BUKIIMKAIOTh TOB3JOBXKHIO HECTIH-
KICTh MOJBOTY BCl€l pakeTH. [Ipu oMy, MPOCTO Kaxy4l, piJIKi KOMIIOHEHTH MaJluBa
BHACIIIJIOK KOJIMBaHb MOXXYTh BHU3BaTU HECTIMKY pOOOTY ABUIYHA IMEPIIOi CTYMEHI,
JIBUTYH 3yNUHUTHCS 1 «ApiaH 5» Brnaje. [IpuHaiiMi 0uH aBapiiHU IMyCK «ApiaH 5»
3 L1€l NPUYUHU OYB.

Oo6roBopennst nmpodaemu. B sraganux [1,2,8] pobotax MiCTUTBCS 1HGOPMAITIS
PO BIUIMB YACTUHOK AJIOMIHIIO Ha MOSABY HECTAOIIBHOCTI 1 3MIHY CepeHhOKBAIpa-
TAUYHOTO THCKY BiJl 0 10 mikoBoro 3HadeHHs. [Ipu oMy, MexaHI3M BIUIMBY 4YacCTH-
HOK pI3HOTO po3Mmipy Ha ctalunpHIcTh ropiHHs TPII ne posrmsgascsa. B [2] Oyno
3p00JICHO BUCHOBOK, III0 PO3MIP YaCTOUOK aJFOMIHIIO caM 110 c001 HE TaKWW BaXKJIH-
BUIi, @ 3HAYUTh iX KOHIIEHTpALllsl pOJl HE BIAIrpae, a BU3HAYHUM (DAKTOPOM € TOBLIU-
Ha 30HU TOpiHHA. MOXKJIMBO, aBTOpH [2] BBa)aau, 10 BHACIIAOK MaJlol MacH 4acTo-
YOK aJIOMIHIIO EHTpOIs Oyae ayke Mana. Ajie He MpUuiMaiu A0 yBard €HTPOIIIIO Te-
IIJIOBOTO BUIPOMIHIOBAHHS ITUX YACTUHOK 1 TMOB’S3aHI 3 HEHO 3MIHM IIBUAKOCTI TO-
pinns. [le nmutanHsa oOroBoproBasioch B [3]. MeToro 11i€i poOOTH € OIliHKa JOCTaTHOC-
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T1 BIUIMBY TEIUIOBOTO BUIPOMIHIOBAHHS MMaJAI0YMX YaCTOK AIFOMIHIIO Ha 301JIbIICHHS
€Heprii BUMapoByBaHHSA OKUCIIOBaya 1, BIAMOBIAHO — HA 30UIBIICHHS MIBUAKOCTI TO-
pinHs TBepaoro pakerHoro nanuBa (TPII) 1 mosBu mynbcaiiiii THCKY B Kamepi 3ro-
psuns (K3).
Po3citoBaHHs 1 MOTIMHAHHS TEIUIOBOTO BUIPOMIHIOBAHHS BU3HAYAIOTh YACTHH-
KU aJIIOMIH1I0 JllaMeTpoM d Bia 2 MkM 110 10 MKkM, TOOTO B Jiana3oHi iHPpauepBOHOTO
BUNPOMIHIOBaHHS [4]. 3HAHHS TOBXKUHU XBUJI1 JO3BOJISIE PO3PaXyBaTU CHEKTPAIbHUMA
TEIJIOBUHM MOTIK BUIIPOMIHIOBAHHS BiJl MIKPOHHOI'O aJIOMIHIIO 10 MOBEPXHI MajauBa
3a opmyiioro Bina
I, = 2—(glexp _L
A AT,

ne I, — criekTpasibHa MTBHICT MOTOKY MOTYKHOCTI BUNIPOMiHIOBaHHs; 1, — paia-

: (1

1iHa TeMIlepaTypa YaCTUHOK aJIFOMIHIIO; A — TOBKUHA XBHJII BUMIPOMiHIOBaHHs; C| —
nepia noctiiina [lnanka; C, — npyra nocrtiiHa [Tnanka.

3B'S130K MK peasibHOIO TemrepaTyporo T i pagianiitnoro 7, BU3HAYa€ThCs Ha-
CTYIHUM CIIBBIAHOIICHHSM [ 5 |

L1 ), @),
T T, 14380

ne a(k,T ) — BUIIPOMIHIOBaJIbHA 3JJaTHICTh poOOYOro TUIa pu Temueparypi 7' Ha J1o-

BJKMHI XBWJII A BUIIPOMIHIOBAHHS, 11O 3aJIEKUTh BIJ PO3MIPIB YACTHHOK AJIOMIHIIO.
BBaxatouu B popmyii (2), 1110 YACTHHKA ATIOMIHIFO MIKPOHHOT'O PO3MIpY 3HAXOIUTh-
Csl B CTaHl TEPMOJIMHAMIYHOI PIBHOBAru, NpUMMaeMoO BUIPOMIHIOIOUY 34aTHICTh PiB-

HOIO KOe(IIIEHTY YOPHOTHU: a(k,T ) = 0.19. byneMo BBaxatu, 1110 EHEPreTUYHA CBIT-

HICTh YaCTMHOK METAJIEBOTO MAJILHOTO OyJi€ JOPIBHIOBATH €HEPreTUYHIN OCBITIIEHO-
CT1 MaJiuBa, O1J1s1 IKOTO TOPUTH amoMiHiH. 1{e o3Havae, mo Mae OyTH MPOMOPIIHHICTS
MDK BEJIMYMHOIO 3BOPOTHBOI CIEKTPAJIBbHOI HIIJILHOCTI MOTYXHOCTI TEIJIOBOIO BH-
MIPOMIHIOBAHHS YaCTUHOK AJIOMIHIIO 1 MIBUKICTIO TOPIHHS PEIITH TMajuBa, B MEPITy
4yepry — nepxJjiopary aMoHilo.

TepMiH «IIpONOPIIAHICTEY) BU3HAYAETHCS TAKUM YHHOM: IIIJIBHICTD MEPXJIOPATY
AMOHIIO Py, = 1.95r/cM’; Monexyisipaa Maca ITA p = 117 r/Mo1b, TOGTO — B Ta30BOMY
cTaHOBHUIII 1 MOJIb IIEPXJIOpaTy aMOHIIO 3aiiMae 06 eM 60 cM’ Y HOPMATBHHUX YMOBAX.

bepyun uncnoBuil KoeQili€HT B 3HAMEHHUKY ITpaBoi yacTuHu popmyinu (1) pis-
HUM nocTiitHii C,, oTpuMaemMo 3anuc hopmynu Bina

I, :Z—C;Iexp —&+1.66 : 3)
A AT,

s dbopmyna BigpizuseTbes Bia (1) momaTtkoBumM gonankoM 1.66, Tak sk Bpaxo-
BY€E CTYIIHb YOPHOTH aTIOMIHIIO, 1110 A0piBHIOE 0.19.

[ToTik MOTY>KHOCTI BUIPOMIHIOBaHHS, 110 MPUMNAJa€ HA OAUHUIIO IO MPHU
(dikcoBaHOMY 00CsI31 KaMepH 3rOpsiHHS, 30UTBITYEThCS 31 30UTBIIEHHAM 3arajibHoi Ki-
JBKOCTI BUIMIPOMIHIOIOUYHMX YACTUHOK QJIFOMIHIIO.

B [2] Ha ocHOBI ABOo¢)a3HUX PO3paxXyHKIB MOTOKY OyJI0 MOKa3aHo, L0 Kparuii
PO3MEYEHOr0 AMIOMIHIO 1aMeTpoM 30 MKM 3ropsifoTh 10 OCTaTKy pO3MipoM 3 MKM, a
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Kparii 4aCTOYOK AlaMeTpoM 125 MKM 3ropsifoTh 10 OCTaTtKy po3Mipom 60 mxm. B
000X BHUMaAKaxX WIETHCS MPO BIICYTHICTH arjioMeparlii 4acTO4OK B MPOIIECi TOPIHHS.
Bigomo, [6], 110 B aepOKOCMIUHI

ramy3i Iramii g1 BHTOTOBIICHHS I, Briew®

TPII BHKOPHCTOBYIOTh HYaCTOUKH  *°*%% |

ATIOMIHIIO 3 AUCTepCHICTIO 30  soasss /

—
MKM, TOMY MpuCKoproBau P230
OyB CIPOCKTOBaHWHN Jy>KE peTe- /
TILHO 504828.5 /
. /
/
3a yMOBHM MNpPaBWIBHOCTI Ha-  sos4 /
BE/ICHUX B [2] PO3paxyHKiB, Hac- ., /
TOYKHU ATIOMIHIIO 3 JUCHEPCHICTIO
3 MKM MOXHA PO3INISAAATd K Ha- /
MBXBUJIEBI BIOpPATOPH €JIEKTPOMA- S0z L°C
. . 0 500 1000 1500 2000 2500 3000 3500 4000
THITHOTO TEIJIOBOTO BHUIIPOMIHIO-
BaHHA iH(PPAUEPBOHOIO Iiara3oHy. Puc. 1 3anexuicts I, amoMiniio Bij pagianiiHol
Tomi nmoBXkWHA XBWJII B PIBHSHHI TemriepaTypu mo ¢opmyni Bina
(3) A=06 MKM.

PesynbraTu pospaxynky mo ¢gopmymi (3) npuseneno Ha puc.l. Onepxana B pe-
3yJbTaTl PO3paxyHKY XapaKTepUCTUKA I[IOKa3ye, 10 MOTY>KHICTh BUIIPOMIHIOBAHHS
1H()payepBOHOI0 Jiana3zoHy HE TIIbKH JAOPIBHIOE €HEpPrii akTHUBAIlll BUIApOBYBaHHSA
U1l TBEpAOi (pa3u OKUCIIIOBAaUa — MEPXJIOpaTy aMOHII0, alie 1 3HaYHO MEPEBUIIYE IHO
BennuuHy 307.546 x/[x/MoIb.

Binomo, 110 eHepris akTUBallli BUIIApOBYBAHHS MEPXJIOpaTa aMOHIIO B IHTEpPBaJIl
temmeparyp Big 400 mo 440 °C nopisuroe 307.546 x/Ix / moas [7]. Ilpu 1isomy, TEM-
nepaTypa 4acTOUYOK ajlloMiHi0 Oyze nponopiuiiiHa Temneparypi ropiaus B K3 PATIL
B [3] 6yno BcTaHOBIIEHO, 110 BUIPOMIHIOBaHHS 1H(PAYEPBOHOTO /iaMa30Hy 4acTOK
€ JokepesoM 30ubieHHs mBuakicti ropinas TPII no dopmyni Appeniyca

U:Uo-exp(— £, j, (4)
R-T
ne U, — nesikuii koedilieHT 3 pO3MIPHICTIO MIBUAKOCTI FOPIHHS, € YACTOTHUM (hak-

TOPOM, 110 XapaKTEPU3YeE 3ITKHEHHS Pearyrounx MoJeKyll, Mm/c; E,— eHepris akTu-
Ballii 1J1s TBepAoi (pa3u;R— yHiBepcallbHa ra3oBa MnocTiiiHa; 7 — Temneparypa noBepx-
H1 TOPIHHSL.

B cBoto uepry, 301IbIIEHHS IIBUAKOCTI TOPIHHS IPU3BOIUTH A0 30UTIIEHHS
tucky B K3 3a ¢hopmyioro

up)=Up", (5)
ne v < 1.0; P — THCK B KaMep1 3ropsiHHS; U, — KOHCTaHTa, 3aJIe€KHa Bl IPUPOIH I1a-
JMBA 1 MOYaTKOBOI TEMIEPATYPH.

30UTbIIIEHHS TBUKOCTI TOPIHHS MIPU3BOUTH 10 301JIbIIEHHS BXOy MacH Ipo-
nykTiB 3ropsiHHs B K3. Ha 1yMKy MakucTaHChKUX JOCIIIHUKIB LIEH TpoLec Mae me-
ploauyYHuNA XapakTep 1no popmydi [8]
=663 + 22.1-sin(2n- f -t), Kr/M” C (6),
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1€ f—JacToTa, a t — 4yac, 1 -MacoBa IBUJIKICTb NPUXOAY IPOIYKTIB 3ropsiHHs B K3.

B pesynbrari po3paxyHKiBBHYTPIIIHBO OaJICTUYHUX XapPAKTEPUCTUK OIHOTO 3
TBEPAONAIMBHUX JBUTYHIB Oylo OTpuUMaHO dYacTtoTy 66.37 I'lm mosBM YacTok
ATIOMIHIIO Ha TMOBepXHI mnanuBa. [lpm 1bOMY TOCHIJIOBHO PO3pPaXxOBYBAJIMCH
aKyCTHUYHI XapaKTePUCTUKHU TBEPAOTO paKeT-HOro najuBa. Piu y Tomy, 1110 y TBepIuX
TiJIaX TOMIMPIOIOTHCS 1 MO3/I0BXKHI Ta MOME-PEYHi XBWII, 1110 aKTUBYIOTh BUIIApOBY-
BaHHs nepxjopaty amoHito (ITA) 3 moBepxni TPII 1 Takok 30UTBIITYIOTH IIBUIKICTD
TOpiHHA. 3 MOTJIALY BUKIAIEHOTO B [3], Al NMONEPEYHUX XBWJIb IPEACTABIIAETHCS
O11bII epexTUBHOO. J{J1s1 1IOTO HEOOX1THO 3a0€3MEUNTH, aMIUTITYy KOJUBaHb, 10C-
TaTHIO JUIsl €(EKTUBHOrO MEepediry Mporecy TOPIHHA,IIO0 HE3HAYHO 3MIHIOETHCS B
npoueci poOotu.llonepeyni Ha3MBarOThCA II€ 3CYBHUMH, OCKUIBKH 110 (OpMYJH
MIBUAKOCTI 3BYKY TaKUX XBUJIb BXOJAUTH MOAYJb 3CYBY.

c, = o (7)

Pn
e C; —IIBUAKICTb 3BYKY JJI IIONIEPEYHHX XBUIIb, M/C, G — Monyis 3cyBy, I1a [9], p,
— B JJaHHOMYBUIAAKY —1iabHICTh TPII, Bigoma 3 [7] nis manuBa 13 BMICTOM altOMi-
Hito 19 Baroux %. p, = 1,74 /cM3.

Y dbopmyny s MOAyJst 3CYBY BXOJSATh AO0TWYHI Hanpyru G ~ F | ne F' — cuna
MOBEPXHEBOI Hanpyru. Y3108k noBepxHi nainuBa B K3 PIITII pyxaeTscst moTik rasis
IIPOJYKTIB 3TOPSIHHS MYJIbCYIOUMN 3 BHUCOKOIO 4acToToro. Ilpoiiec pyXy mpoaykTiB
3TOPSIHHSI B3JIOBXK IOBEPXHI, II0 TopuTh, nmasmBa B kamepi PATT e HecrabinpbHUM,
TOOTO, TAKUM, IIPH IKOMY BCl ITapaMeTpH ra30BOTO IMOTOKY B JAEAKINA JTOBUIBHIN TOYII
MOTOKY 3MiHIOIOThCS 3 yacoMm [10]. Ilyapcyrounii MOTIK MPOYKTIB 3rOPSIHHS B3OBXK
MMOBEPXHI NaJKMBa — LI€ HACJIIJIOK KOBOJIOMY Ta31B 1 BJIACTUBIN HOMY 3MIHHM HIBUIKOC-
Tel 3ByKy. KoBONIOM ras3iB — 3MIHHUM CKJIaJ MPOAYKTIB 3rOPSHHS NalKBa, IO 1 €
MPUYMHOIO 3MIH IIBUJKOCTI 3BYKY 1 MOB3JIOBXKHIX KOJIMBaHb THUCKY 3 YacTOTOIO Oi-
npire 1,6-10° T,

Jlns nmanuBa moaynb npyxHocTi (FOnra) Bimomuid 3 [11] 1 3BiaTH Bigomwuit
koedimienT [lyaccona. Cnig MOXHaA po3paxyBaTu MOAYJb 3CYBY MajlMBa Ha OCHOBI
OyTajiieHa Ta aKpLIOBOi KUCIOTHU 0 popmyIi

G=_ % ®).
2(1 + y)
ne E — monyns FOHra, y — koedimient Ilyaccona.
.10°
Toni G,, = 810 83110, Jlnst opranomnactuka G, =2.0 TTla,
2. (1 + 0.47)

p,, = 1380 kr/nr’.

Jlsist po3paxyHKy KoedilieHTa BiOOpaXXe€HHs yJIbTPa3ByKy BU3HAYMMO XBHUJIECBI
OTOPHU THX CEPEJIOBHIL, SKUMH BIH IMPOXOJIUTH.3a BIJICYTHOCTI JUCHEPCIT MIBUAKOCTI
3BYKY XBHWJICBHM OITIp HE 3aJICKUTh Bl (POPMHU XBUJIl Ta BUSHAYAETHCS (DOPMYIIOIO:

Z=p-c,, )
o . 2 . . 3 .
Jie Z — XBUIICBHHA Omip, KI/(M” C), p — IIUIBHICTB, KI/M’, C,,,— MIBHAKICTH 3ByKY B Ce-

penosuii, M/c, [9].
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28.31-10°
JUis TBepAoro mnammMBa C, = W=40.76 M/c, a JJis OpraHoIIacTUKa
9
.. :1/&= 1203.85 m/c.
1380

Kpim Toro, icuye mie oaHa ¢opmyia, 1m0 3B'SI3y€ KOJWMBAJIbHY MIBUJIKICThH 31
3BYKOBUM THUCKOM

¢ =AP/Z; (10),

e Zs— MUTOMHUI aKyCTHUHMH OMip (AKyCTHYHA KOPCTKICTh); E— KOIMBAIBHA IIBHI-
KIiCTh 4yacTok cepeau; AP — 30unbmennns tucky B K3.

3a mi€r0 GopMysIO0 OTPUMYEMO TaKUi caMUil pe3yabTaT, o ¥ 3a (OopMyJIor0

(9). Takum uYMHOM, aKyCTMYHA KOPCTKICTb — T€ W came, 10 XBUJICBUI
omip.BiANOBIAHO, XBWJIEBI OMNOpPHM TBEPAOr0 MalWBa 1 OpraHoIUIaCTUKA OyAyThb
JIOP1BHIOBATU

Z., =1740- 40,76 = 70926,8;Z,, = 1380 - 1203,85 = 1661313.
KoedimienTn BijyazepkaaeHHs Ta IPOXOKEHHS Oy IyTh BU3HAYATUCS TaKUM YHU-
HOM
s=ta=% (11),
Z,+7Z,
ne S — koedilieHT BiIA3epKaJICHHS 3BYKOBOT'O TUCKY; Z; — XBUJIEBUM OIIp MEpIIOi
PEUOBHHH, y SIKii TIOIMPIOETHCS 3BYKOBA XBHIIS, KI/(MC); Z, — XBUJICBHI OIIip ApY-
TOr0 Cepe/IOBHIIA, B SIKE POXOIMUTH 3BYKOBA XBHIIS, KI/(MC).

Toni, Ha kopaoH1 nanuBa 1 cTinku kokoHa PJITTI
S 1661313 -70926.8

= =0.918.
1661313+ 70926.8
p=2% (12),
Z,+7,

ne D — xoedimieHT TPOXOMHKEHHS 3ByKOBOT'O THCKY.

3a popmynoro (12) orpumyemo D = 1.91. ToOTO MOKIIUBE MOCUIIEHHS 3BYKOBO-
ro TUCKY IPU NPOXOKEHH] uepe3 KokoH PJI.BoueBunb 11e cTocyeTbesi HEBlAA3EpKa-
JICHOT YaCTHUHU 3BYKOBOTO THUCKY.CIIiJT 3a3HAYATH TaKOXK, SIKIIO U IPYTe CEpeIOBHUIIC
AKyCTUYHO «M'SIKILIE», TOOTO Z1>Z,, TO NPHU BIIA3EPKaJICHH] (pa3a XBUI1 3MIHIOEThCS
Ha 180° [9].

KoedimieHT nporyckanHs €HEeprii 3 OJHOTO CEpeIOBUINA B 1HIIE BU3HAYAETHCS
BIIHOIICHHSIM 1HTEHCHUBHOCTI XBWJI, IIO MPOXOJIUTh B JPYry cepeny, IO I1HTEH-
CHUBHOCTI MaJar0u0i XBUJI1

NEDAY 03)
(Z,+2)

3a miero popmymoro T =0.157.

3 METOI0 TOJIIMIICHHS aepOJAMHAMIYHHX XapaKTEPUCTHK OPTaHOTUIACTUKOBHUI
kokoH PJITII 30BHI MOKPUBAETHCA TOHKUM IIAPOM QJIIOMIHIIO, 110 € KOPITYCOM paKe-
Td. [IBUAKICTD TTONIEpEeYHOIXBUII IS aTFOMiHIIO Bigoma 3 [12]

€, = 3130 m/c
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XBuiteBHii omip Zy, = 2700 kr/m’ - 3130m/c = 8451+ 103 xr/m> c. Toxi, Ha Kop-
7oH1 amoMmiHito 1 cTiHku KokoHa PIITII 3a dopmyroro (11) otpumyemo S = 0.671 —
koedimienT Bimm3epkaneHnHsa. Koedimient Bimmzepkanends manuii.Koedimient mpo-
XOJIKEHHS 3ByKOBOTO THCKY BU3HauaeMo 1o popmyni (12) D =1.67.

To6T0 MOXIIMBE MOCUIIEHHS 3BYKOBOI'O TUCKY IPU NMPOXOKEHH1 Yepe3 000I0H-
Ky PJI. BoueBuap 11e cTOCY€eThCS HEBIIA3EPKAJIEHOI YaCTUHU 3BYKOBOT'O THCKY.

KoedimienT nponyckanHs eHeprii po3paxoByemo no ¢popmyii (13) T = 0.549.

Hesinnzepkanena yacTuHa 3BYKOBOI'O TUCKY YMHOXKYEThCSI HA KOE(ILIEHT Mpo-
XOJIKEHHS 3ByKOBOT'O THCKY 1 OJIEP)KYEMO KOE(IIEHT MPOMYCKAHHS €HEPrii.

BinoOpakeHi Ha Kop/1oH1 naynuBa 1 cTiHku KokoHa PJITII 3BykoB1 XBuii nosep-
TaroThes 10 noepxHi TPII. KonuBanbHa MIBUIKICT YaCTOK MajIMBa BUBHAYAETHCS HA
ocHOBI1 Gpopmynu (10)

E=ap/1,, (14)
ne Zg = Z., =70926.8 kr/m™ c.

Sx Oyno mokazaHo B [13] rpaHuYH1 BIAXUJIEHHS TUCKY, po3xoay 1 Tsaru PIATIL
MOXYTb CTaHOBUTH 5-8%. Bukopucraemo nponopuii mynascaniii TucKy B K3, sik B ek-
cnepumMeHnTax I'. ['ne6osa [14]. I xoua 11 eKCIEepUMEHTH MPOBOIAMINCH B KaJIOPUMET-
puuHiil 60MO1, Oy1eMO BBa)KaTH, 10 aHAJIOT1YHA AMILTITYAa KOJIMBaHb TUCKY Ma€ Mi-
cue 1 B K3 PATIIL To6to AP = 13.0 atm. Ilo dhopmyni (14) €= 18.32 m/c

AMIUTITYAy KOJMBaHb YAaCTOK TBEPAOIO MajJuBa BU3HAYAEMO 3a (POPMYIIOIO

_ < 15
g A (15),

1€ f— 4acToTa KOJIMBaHb.

Binomo, [15], mo akyctuuni konuBanHs Tucky B K3 PITII xapakrepusyrorbes
gactororo 1.6-10° T’y mpu mBmaKocTi 3ByKy 1000M/c. Tozi aMIuIiTy1a KOIMBaHb dac-
TOK TBepjoro naympa & = 114 MkMm.

B TeopetuyHOMY pO3IJIA/ll BBa)KAEThCSA, IO HE NAJIMBO BUIOpSE€ 1 Ha HOro
MOBEPXHI 3 ABJISIOTHCS YaCTKU aJFOMIHIIO, @ HABMAKKU- YACTKHU alFOMIHIIO PyXalOThCs
B Macl IajuBa J0 HOro MOBEpXHI B CUCTEMI KOOPJMHAT, MOB sA3aHINA 3 MOBEPXHEIO
najguBa. TBepie MNaauMBO — comojiMep OyTaji€eHa Ta akpuLIOBOi KHUCIOTH Mae
BUJKICTh TOpiHHS 7.6 MM/c [7]. Toal dyacToTra MOSIBIICHHS 4acTOK aJIOMIHIIO Ha
MOBEpXHI manmBa 3a popmynoro (15) ckinane f=66.37 ['m.

Tomy y dopmyni (6) ckiagoBi B MpaBiil 4aCTUHI MArOTh pi3Hy npupoy. [lymnb-
calii TUCKY B KI/M~ 13 4acToToro 66.3 I'l1 — BoueBUIb 00YMOBIIEHI CYTO aKyCTHUHUMHU
npoiiecamu B kKamepi 3ropstHHs 1 B TPII, a apyruil uneH piBHSHHS — JOJAaTKOBUM
BXOJIOM MacH MpOAYKTiB 3ropsiHHs B K3, 3yMOBIIEHUM MPOMEHUCTUM TETIOOOMIHOM.
MHuoxHuk sin2zn-f't MeHIIe 3a OAMHUI0. 3MIHA [ILOTO MHOXKHHUKA MIPU3BOAUTH JI0 KO-
JMBaHb aMIUIITYIM MyJbcaliid TUCKY. [lakucTaHChKl JOCHITHUKH Yy [8] Takox mepen-
0avyayii MOXJIMBICTH IMOSBHU JIPYTrOro 4ieHa B PIBHSHHI (6) BHACIIIOK TOPIHHS Kpa-
eJb aJIOMIHIIO, ajleé MEXaHI3M LbOI0 BIUIMBY HE OyB PO3KpUTUN. 30UIBIICHHS MAacH
MPUXOJY razy MpOAYKTiB 3rOpstHHS B popMyiii (6) MOKIIMBE HE 32 PaXyHOK 3MIHEHHS
YacCTOTHU aKyCTHYHUX KOJMBaHb, a 32 PaXyHOK MPOrpiBy O1IbIIOI YACTUHU IMaJUBA 1
30UTBLIEHHSI MACOBOI IBUJIKOCTI BUMapoByBaHHs 1A B mporeci npOMEHHCTOrO Tel-
J000MiHY 1, BIAMOBIAHO, 301abIIeHHS yacToTh 22.1 't BABIYi. Ille ogHOMO IpUYHHOIO
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LbOT0O SIBUILA MOXE€ OyTH MPUCKOpPEHA TEIUIoNepeiaya 1Mo Mipl BUTOPSIHHS BEJIMKOI
Macu TBEPJIOTO MaJlMBa, TETUIONPOBLAHICTH sikoro y 80-100 pa3iB HUXKYE HIXK Y CTall,
1, BIJIMOBIJIHO — BUHUKA€E OUIbIIA IMIBUJIKICTh BUITAPOBYBAHHSA MEPXJIOpaTy aMOHIIO 1
30UTBIITY€ETHCS YACTOTa BXOLy MacH MPOAYKTIB 3ropsiHHs B K3.

BucnoBku. TakuM YMHOM, IPUUMHOIO KOJIMBaHb TUCKY B Kamepi P230 3 yacTo-
toto 22.1 I'l Moxke OyTH BUIIPOMIHIOBAHHSI AJIAI0OUMX YAaCTOK aJTFOMIHII0 BU3ZHAYEHO-
ro Jiana3oHy po3MmipiB. Y CYHEHHS HU3bKOYACTOTHUX KOJIMBaHb TUCKY B kamepi P230
MOKJIMBE HE 3MIHAMHM aKyCTUYHUX XapaKTEPUCTHUK, a 3MIHEHHSAM Jlana3oHy Mpome-
Hucroro termnoooMiny B K3 PJITII. Po3mipu yacTOK aidrOMiHIO B IPALIOIOYOMY JBU-
I'YHI TIOBUHHI OyTH TaKMMH, 100 aHl B MpPOLECI BUTOPSIHHS, aHl B MPOLECI ariioMe-
pauli He NpuiiMalid PO3MipiB HaNiBXBUJIEBUX BIOPATOPIB €JIEKTPOMATHITHOIO TEIIO-
BOI'0 BUIPOMIHIOBaHHS 1H(PPayepBOHOTO J[1al1a30HY.
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Kozin V.S.
About the possible cause of pressure pulsations in the combustion
chamber of the P230 solid-fuel accelerator of the Ariane-5 rocket

SUMMARY

The causes of pressure pulsations in the combustion chamber of the solid-fuel booster of
the "Arian-5" rocket have been hypothesized. The assumption is that the burning drops of red-
hot aluminum are a source of thermal radiation, the radiation temperature of which is pro-
portional to the activation energy of the evaporation of the oxidizer - ammonium perchlorate,
and this causes an increased burning rate of solid rocket fuel and the appearance of pressure
pulsations in the combustion chamber. The results of calculations by French and Pakistani
researchers are analyzed and compared with the author's calculations. As a result of the au-
thor's calculations, it was shown that the dimensions of aluminum drops can be the dimen-
sions of half-wave vibrators - antennas of infrared radiation. In the process of burning, there
is a rapid and continuous change in their wavelength and activation energy of perchlorate
evaporation.

Key words: radiant heat exchange, pressure pulsations, combustion rate instability, evapo-
ration activation energy.
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YK 536.46
Opnosceka C.I.

Ooecvkuti HayionanvHull yHigepcumem imeni 1.1. Meunukosa, Ooeca, Yxpaina,
eyn. [leopsincoka,2, 65082, e-mail: svetor25@gmail.com

JocuizkeHHsI BIVIMBY 30BHIIIHBOI0 TEII0- | MACOOOMIHY HA 0CO0JIMBOCTI
rOPiHHA i 3racaHHs ra3o3aBHUCIB ByIilelleBUX YaCTUHOK

B pobomi sueueno zaxonomipnocmi 6niugy menio- ma mMacoooOMiHy 2a303asucie gyaieye-
BUX YACMUHOK 13 308HIUHIM 2A308UM CcepedosuulemM HA NPoyecu 3aUMAHHS, 20PIHHA 1 3am)y-
XAHHS NPU PIZHUX MACOBUX KOHYEHMPAYiax eyeneyesoeo naausa. Posenadaemvcs monooucne-
PCHULL 2A303A8UC 8Y2lleyesux YACMUHOK, W0 3HAXOOUMbC 8 HAZPIMOMY 00 8UCOKOI memne-
pamypu 2asi, aKuil mMicmums oKucuosay. Buacniook npoeedenoco ¢hizuxo-mamemamuyHozo
MOO€N0BAHHS BUSHAYEHO HACMYNHI XAPAKMEPUCMUKU 8UCOKOMEeMNepamypHux npoyecia: ne-
Pio0 iHOYKYii, yac 20piHHA Ma Yac NOGHO20 NEPEMBOPEHHS YaACMUHOK, KPUMUYHI napamempu
3QUMAanHA ma 32acants yacmunok. [lpoananizoeano énaue na yi Xapaxmepucmuku noyamko-
8020 Odiamempa YACMUHOK, MACOB0I KOHYEHmMpayii ma memnepamypu Omouylouo2o 2a3y.
Bcmanosneno, wo 306HiwHill meniomacoooOMin He3HAYHO BNAUBAE HA Nepiod IHOVKYIl ma
KpUmu4ni napamempu 3atManHs 2a303a6UCis, are 00CMAmHb0 CUIbHO NOZHAYAEMbC HA Xa-
PAKmMepucmuKax npoyecie 20pinHa i 3eacauts. Jo6edeno iCHy8aHHs 8epXHbOI MediCi 3a KOHYe-
HmMpayisamu namuea ma oiamempamu YaCMmuHoOK, 3a AKUX He CNOCMEPI2acmbvcs NOGHO20 320-
PAHHA 2A303A6UCIE 8 YMOBAX BIOCYMHOCHI 308HIUHLO20 MACOOOMIHY. 3HAliOeHO THmepeanu
MAcosux KoHyeHmpayin OJisl AKUX 30IUCHIOEMbCS. NOGHE NepemeOpeHts 8y2lleyeso20 naiued,
WO BUKOPUCMOBYEMbCA Y 8UIA0T 2azo3asucie. Ilokazano, wo 0 GiOKpUmux 2a303aeucis 0o-
JIACMb Maco8ux KOHYeHmpayitl, 0e Cnocmepicacmucsi NO8He NepemeopenHs YaCmMUHOK, po3-
wWuUproemuvcs YOiK eUKUX 3Ha4ensb. /liamempu YacmuHoK, Wo Xapakmepuszyoms 32acants 2a-
303a8UCi8, 3 YPaAXy8AHHAM 308HIUHBO20 MACONEPEHOCY MeHule, 8 pe3yibmami Oibuio2o Hao-
X002ICeH s KUCHIO 00 00 €M) 2A303A8UCY.

Knrouogi cnosa: mennomacoobmin, 3aumanis, 20pPiHHA, 32ACAHMA, Gy2leyesi 4acmuHKu,
2a303a6UCH.

OpnHuM 13 BU/IIB BUKOITHOTO NAJIMBA, SIKE IMPOKO BUKOPUCTOBYETHCS B MAJMBHIM
€HEepreTulll, € ByrUUIs. 3a paxyHOK MOro moApiOHEHHs, BOHO JIErHie 3aiiMaeTbes 1
Kpalle TOpUTh, KPIM TOTO MAa€ BEJIUKY TEIUIOTY BUAUICHHS. [{0CIiIKEHHsI BUCOKOTE-
MIIEpaTypHOTO TEIJIOMAacOOOMIHY Ta XIMIYHOTO MEPETBOPEHHS JAMCIEProBaHOrO Ia-
JUBA y BUIJIAI Ta303aBHUCIB € AKTYAJIbHUMH JIJIsl PO3POOOK E€KOJIOTIYHO YHCTHX Ta
0€3B1IX0THUX TEXHOJIOT1H iX CHAaJIIOBaHHS B €HEPreTUYHUX ycTposix. Po3poOka pairi-
OHAJIbHUX METOIB BUKOPUCTAHHs BYTUJIbHOTO NAJIKMBa, BUPIIIECHHS 3a/1a4 MOKexo0e-
3MEKM B IIaXTaX Ta BUPOOHHUIITBI 0a3ye€Thcsi HA BUBUEHHI 3aKOHOMIPHOCTEH iX 3a-
WMaHHsI, TOPIHHS Ta 3racaHHs 3a PI3HUX PEXHUMIB TersioMacooOminy. Ha choromni
aKTUBHO PO3POOIOIOTHCS  (h13MKO-MaTEMATUYHI MOJIE1 TOPIHHS CyMilIel YaCTUHOK
BYT'UIBHOTO TMUJTy 3 MOBITPSAM Ta MPOIMAHO-TIOBITPSIHUMHU CYMIIlIaMH B PI3HHX pPEak-
HIHHUX 00’€Max MpU Pi3HUX MACOBUX KOHILIEHTPALISAX MHIIy T4 KOHIIEHTPALISX OKHUC-
moBaya [1-6]. Ane nuTaHHS OO0 POJIi 30BHILIHBOTO TEIJIOMAacOOOMIHY B ITpOLIECcax
TOPIHHS Ta 3racaHHs ra303aBHUCIB I€TAJIHHO HE PO3TIIAAETHCS.

Meta naHoi po6OTH — Ha OCHOBI MPOBEIEHHA (DI3UKO-MATEMAaTUYHOTO MO/Ie-
JIIOBAHHSI BUBYMTH BIUIMB 30BHINIHBOTO TEIJIO- TA MACOOOMIHY T'a303aBUCIB 3 HABKO-
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Puc. 1. 3anexHOCTI TeMIiepaTypu Ta JlaMeTpa YaCTUHKH BiJ Yacy JJisl OYaTKO-
BOro miamerpy d,=90 MKM, MacoBoi KoHueHTpauii mammsa C,=0,014 kr/M’, Temmepary-
pu orouyrodoro rasy 7., =1250 K.

JUIIHIM CEPEeIOBUILEM Ha XapaKTEPUCTHKU 3ailMaHHS 1 TOpPIHHS (MEploj 1HAYKIIII,
Jac, TeMIepaTypy TOpiHHs) Ta TOBHOTY 3TOPSIHHS JAUCIIEPTOBAHOTO BYTJIEIIEBOTO Ta-
JIMBa B 3aJICKHOCTI BiJlI HOrO MAacOBOI KOHIIEHTpallli, 3MiHa K01 BIIOYBA€THCS 3a pa-
XYHOK TIOYaTKOBOTO J[laMETPy YaCTHHOK.

Bucokoremneparypauii TeroMacooOMiH 1 KIHETMKAa OKHCIICGHHS Ta303aBHUCIB
BYTJICLIEBUX YaCTUHOK OMUCYIOThCS AUGEPEHIIHHUMU PIBHSIHHSAMU, K1 33/1aI0Th 3Mi-
HY 1X TeMIlepaTypH, Macu, TEMIIEpaTypu rasy, 0 MICTUTh OKUCHUK Ta KOHIICHTpaIlii
OKHCHHUKaA B rasi [7, 8]. 3 ypaxyBaHHSIM TEIJIOMAacOOOMIHY MOBEPXHI Ta303aBHUCY 3
HABKOJIUIITHIM Ta30BUM CEPEJOBUIIEM BHU3HAUMMO Ta303aBHC TaKUM, IO € BIJIKPH-
TUM, 0€3 ypaxyBaHHS - 3aKpUTUM. BIAKpHUTI ra3o3aBUCH CIOCTEpITralOThCs, HAINPH-
KJIaJ[, TpY BUOyXax BYTUIBHOTO MUY B IIaXTax, KOJM B Ta30BOMY CEPEIOBHII BUHU-
Ka€e XxMapa TOpIoYrX YaCTUHOK. TakoX MOKHA BIPOBA/KYBATH BITKPUTI Ta303aBUCH
B KaMepax 3ropsHHS €HEPTeTHYHUX YCTPOiB, 3a0€3MeUyr0un BUTBHUHA JOCTYI KUCHIO
JI0 pearyoouoro o0'eMy.

[To pe3ynpTaTaM (hi3UKO-MaTeMaTUYHOTO MOJETIOBaHHS 3ajadi [7, 8] mpoBene-
MO aHaJjll3 BIUIMBY 30BHIIIHBOTO MACO-1 TEIJIOOOMIHY Ha XapaKTEPUCTUKH 3aiiMaHHS,
TOPIHHS Ta 3racaHHs MOHOJUCIIEPCHOTO Ta303aBUCY BYTJCIEBUX YACTHHOK IMPHU Pi3-
HUX MacCOBHUX KOHIICHTpAIIsIX.

PeaxmiitHa 371aTHICTh Ta303aBUCY 3aJICKUTh B KoedillieHTa HAJIUIIKY OKHC-
moBaua [9, 10] B ra30BoMy cepeIoBHIII, SIKAH, B CBOIO YEPTy, 3aJICKUTH B1J] MacOBO1
KOHIICHTpAIlli BYTJIEIIEBOTO MajuBa. MacoBa KOHIIEHTpAIlisi BA3HAYAETHCS J[1aMETPOM
JacTUHOK d Ta iX 4YHCenbHOIW KoHIeHTpamiero Cy B 00’eMi Ta303aBHUCY:

C, = %nd *pC, , (p — I'yCTHHA BYTJIELEBOT YACTHHKH).

Ha puc.1 npezacrasneni yacosi 3anexxnocti temrepatypu (7) 1 miamerpa (d)
YaCTUHOK ra303aBHCY B MPOLIEC] 3aliMaHHs, TOPIHHS Ta 3racaHHs JUIsl MacoOBOi KOHIIE-
nTparii mamusa C,,=0.014 kr/M’ Ta koedillieHTa HAUMMIIKY KHCHIO B TIOBITpi 1 = 3.7.
Touka [ Ha puc.] — MOMEHT 3aiiMaHHsl YaCTUHKH 3a 4ac, 110 JOPIBHIOE MEpIoay 1HIY-
KIii (#,4) [11]. Ha ctaaii ropiuus (,,,) Bi10OYBa€ThCS OCHOBHE 3MEHIIIEHHS JT1aMETpy
yacTUHKUA. OCTaHHS HU3bKOTEMIIEpATypHA CTaJisl — JOOKUCICHHS YaCTUHKU TPUBaJIi-
CTIO f,, TPOTIKAE Yy KIHETUYHOMY PEKHMI Ta XapaKTEPU3Y€ETbCA MOBUILHUM 3MEH-
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Puc.2. Yacosi zanexnocti T',d,n, W M MUTBHOTO Ta303aBUCY YaCTUHOK 3 ypa-

XyBaHHSAM 30BHIINIHROTO MacOOOMIHY 3 HaBKOJMIIHIM cepenoBuilieM. d, = 160 MkwM,
C,=0.06 kr/m’, T, = 1500 K.

mieHHAM 11 Temmeparypu 1 miamerpa. Yac IOBHOTO NIEPETBOPEHHS YaCTUHKH Ly
BKJIFOYA€E YaC TOPIHHS 1 Yac JTOOKUCIEHHS YaCTUHKH J0 HYJIS, IO BIAPAXOBY€EThCA IIi-

CIsi MOMEHTY 1T 3racauust: f,, =1,, +1,., (puc.l). 31 30LIbIICHHAM MacoBOI KOH-

ox?
LEHTpallil TaJrBa B ra303aBUCI TPUBAIICTh CTaAll JOOKHUCIEHHS 3pOCTA€, 10 BU3HA-
YaeThCS 3MEHIICHHSAM TEMIIEPAaTypH YaCTMHOK Ta KOHILIEHTpaLli KUCHIO OIS iX MoBe-
PXHI MICJIsI MOMEHTY 3racaHHs.

Ha puc.2 mpencraBieHi 4acoBi 3aj1€KHOCTI TEMIIEpaTypH, JlaMeTpa YaCTUHKH,
KOHIIEHTpAIlli KHCHIO o, T IIBUJIKOCTI XIMIYHOTO pearyBaHHsi /W Ha MOBEPXHI Yac-

TUHKH IS IUJIBHOTO Ta303aBUCY 3 YpaxyBaHHSIM 30BHIITHEOTO MAcO-1 TEIJIO0OMIHY.
Ha cranii 3aliMaHHsI KOHIIEHTpAIlisi KUCHIO P13KO 3MeHInyeThes (puc.2,B). [loTtim cro-
CTEpIraeThbcs MBOCTAAINHUN pekuM ropinHs. Ha mepuriii ctaaii miameTp 4aCTHHKU
3MIHIOETBCS 3 BEJIMKOIO MIBUJIKICTIO, a MOTIM BiIOYBA€ThCS TalbMyBaHHS IIBUIAKOCTI
XIMIYHOT peaxiili BHACIIOK 3MEHIIICHHsI KOHIEHTpaIlli okucitoBada. Bucokoremme-
paTypHa cTajiid NPOTIKA€E Y MEPEXIAHOMY PEXUMI TOCUTh TpuBaiuil yac. [lpu npomy,
BHACJIIJIOK 3MEHUIEHHS JllaMeTpa Ta 301IbIIEHHS KOHLEHTpAlli KUCHIO Ha MOBEPXHI
YaCTUHKH, IIBHJIKICTh XIMIYHUX MEPETBOPEHb 3HOBY 3pocTae (puc.2 r). Jlo KiHUs BU-
COKOTEMIIEPATYPHOI CTajli 30UIBIIYEThCS TAKOX 1 KOEPIIEHT HAMJIUIIKY KHUCHIO.
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TemmepaTypa ropiHHS 3pOcTa€ i JocsArae BAPyre MakKCUMaIbHOTO 3HaUeHHs. Bucoko-
TEMIIEpATypPHUI PEKUM 3aBEPIIYETHCS BUPOIKEHUM PEKUMOM 3TAaCaHHS, B SKOMY
YaCTUHKHU, 110 BXKE JIOCSATIIA JOCUTh MAJoOro JllaMeTpa, JOOKUCTIOIThCS. Takum 4u-
HOM, 3 YpaxyBaHHSIM 30BHIIIHHOTO MACOOOMIHY CIIOCTEPIral0ThCs, X0U 1 IOCUTh TPH-
BaJl, ajie (PikCOBaHI YaCH MOBHOTO MEPETBOPEHHS YACTUHOK.

VY pasi 3aKkpuTOro razo3aBucy KHUCEHb B 00’ €M1 He3abapoM BUTOps€E. XiMiIUHA pe-
aKilisl Ha MOBEPXHI YACTUHOK MPOTIKAE B KIHETUYHOMY PEKHUMI, Ta 3r0JIOM 3racae.
YacTUHKM HIIJIBHUX Ta303aBHUCIB 32 TAKUX PEXKUMIB MAaCOOOMIHY 3racaroTh IMpH Jlia-
MeTpi, OJIM3bKOMY 10 IOYATKOBOTO.

[lepioan 1HAYKIIT BIAKPUTHX 1 3aKPUTHX Ta303aBHUCIB BIJIPI3HIIOTHCA HE3HAYHO.
Kputnuni giameTpu Ta MacoBl KOHILIEHTpalli YaCTMHOK, IO XapaKTepU3YIOTh 3a-
MMaHHS Ta303aBUCIB 3 ypaxyBaHHSAM 1 0€3 ypaxyBaHHs 30BHIIIHBOIO MacoOOMIHY
npu Tg,,=1250 K MaroTh HacTynHi O/M3bKi 3HAYECHHS: BIIKPUTI raso3aBucu: d ;=82

3
d ;=78 mxm, C,,;=0.007 xr/m".
3HayHO OUIBIIMI BIUIMB 30BHIIIHBOTO Maco-1 TEIJIOOOMIHY Ha Yacu IMOBHOTO

MKM, C,,;=0.008 Kr/M’; 3aKpHTi ra303aBHCH:
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Puc.3. 3anexHicTh 4acy TOpiHHA #4,,9aCy IIOBHOTO IIEPETBOPEHHS f;,; 1 KPUTUYHO-
ro jaiamerpa dg, 10 XapaKTepU3ye 3racaHHs YaCTUHOK, B iX MOYATKOBOIO JlaMeTpa.

T,, = 1250 K. a, B) — 3 ypaxyBaHHS;M 30BHILIHBOTO TEIIIOMAcOOOMIHY; 0, T) — 6e3 Bpa-

XYBaHHA.
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MePETBOPCHHS YaCTUHOK 1 KpUTUYHUH JlaMeTp, 10 BU3HAYAE 1X 3TaCaHHS.

Ha puc.3 nopiBHIOIOTBHCSI 4ac TOPIHHS 1 Yac MOBHOTO MEPETBOPEHHS (3rOPSHHS)
YaCTUHOK [JIsl BUIMAJKIB BIIKPUTUX 1 3aKPUTUX Ta303aBHUCIB, a TaKOX 3aJIEKHOCTI
KPUTHUYHOTO JliaMeTpa YaCTUHOK MPU 3TacaHHi Bij iX MOYATKOBOTO JI1aMeTpa.

Buano, 110 icHye Taka 001acTh MOYATKOBUX JllaMETPiB YACTHHOK 1, BIJIIOBIIHO,
MacCOBUX KOHIIEHTpAIlilf, 3a SKUX Tra303aBUCU 3TOPAIOTh MPAKTUYHO MOBHICTIO. Y
[[bOMY 1HTEpBaJl J1aMETPiB YacH TOPIHHS Ta MOBHOTO NMEPETBOPEHHS YACTHHOK ITPaK-
TUYHO 301raroThcs. Js 3a3Ha4eHUX IHTEPBAJIB MMOYATKOBUX J1aMETPIB MOMEHT 3ra-
CaHHS YaCTHHOK € BUpo keHuM. Ha 3anexnoctsax d77/d#(¢) miHiMyM, 00 XapakTepH-
3ye 3racaHHs [7], cinabko BupaxkeHuid. BiamoBigHO Ha 3aleXHOCTSIX d(f) BIACYTHIN
XapaKTEpHUM 3J1aM, M0 BHU3HA4Ya€ CTPUOKOMOAIOHMI mepexiy XIMIYHUX peakiiil 10
HU3BKOTEMIIEPATYPHOTO PEKUMY TpOTiKaHHSA. [Ipn BUpOIKEHNX peXKMMaXxX 3TacaHHS
CIIOCTEPITal0ThCs MaJjll YaCH JOOKUCIEHHS YaCTUHOK (TIPaKTUYHO J0 HYJIs).

TpuBamicTh 4acy MOBHOTO MEPETBOPEHHS YACTMHOK 32 TAKUX PEKUMIB € MiHIMa-
apHUM. [lopanpiiie 301IbIIEHHS MOYATKOBOTO JllaMe€Tpa MPU3BOJIUTH 10 3POCTAHHS
KPUTHUYHOTO JllaMeTpa, IKUi XapakTepusye 3racanns (puc.3, T), 3SMEHIICHHS 4acy ro-
PIHHA 1 ICTOTHOTO 3pOCTaHHS 4acy MOBHOTrO neperBopeHHs. Lli sBuiia mos's3ani 31
3MEHIIEHHSIM KOHIICHTpAIlli KUCHIO B 00’€Mi ra303aBUCY, 1, OT)KE, Ha TTOBEPXHI Yac-
THUHKH, 31 3pOCTaHHSIM MacOBO1 KOHIIEHTpaIlli najvBa. B ymMoBax HecTayi KMCHIO yac-
TUHKHU TOPSITH HEJOBIO 1 3racaroTh MPHU BENUKHUX JlaMmerpax. Hamami moyumHaeThes
TpHUBaja CTadis JOOKHCICHHS Y KIHETHIHOMY PEXHUMI, 0 MPU3BOIUATH JI0 3pOCTaHHS
Jacy MOBHOTO TTEPETBOPCHHSI.

Ha 3anexHoCTsX yacy MOBHOIO NEPETBOPEHHS YACTUHOK BiJl MOYATKOBOTO Jia-
MeTpa (BIAMOBIIHO MAacoBOI KOHUEHTpalli (puc.4)) COCTEPIraeThCs MIHIMYM, SIKHM
MOSICHIOETBCSI  3POCTAaHHSM TEIJIOBTPAT MOJICKYJISIPHO-KOHBEKTUBHUM IIISTXOM 3i
3MCHILICHHSIM JliaMeTpa (JIiBa Y4acTUHA 3aNEKHOCTI ¢ g4 (dp)). CTamis JTOOKHUCICHHS

YaCTUHOK, PO3MIPH SIKUX JIE€XKaTh NOOJIM3Yy KPUTUYHOTO JlaMeTpa 3aiiMaHHA (I04aTOK
iHTEepBany dy [7]), mpoTiKae y rmuOOKO KIHETUYHOMY pexuMi. OTxe, HU3bKOTEeMIIe-
paTypHU TEIJIOBHM PEXUM YACTHMHOK Ta MOTO TPUBAIICTb f,, BH3HAYAIOTHCS Iepe-

BAYKHO TEIUIOOOMIHOM 3 Ta30M. 31 3MEHIICHHSIM JlaMeTpa POCTYTh TEIJIOBTPATH BiA
YACTUHOK, 10 TPU3BOJIUTEH M0 301IBIIEHHS Yacy MOBHOTO MEPETBOPEHHS B 00JacTi
MaJjuX po3MipiB (MaCOBUX KOHIIEHTpAIIil) YACTHHOK.

JIst 3aKpUTHX Ta303aBUCIB CIOCTEPITAETHCS Pi3Ke 30UIBIIEHHS 4Yacy MOBHOTO
MEPETBOPEHHS 31 3pOCTaHHSIM MacoBOi KOHIIEHTpallli naiusa (puc.4 a, kpusa 1). Bu-
JTHO, 1110 ICHY€ Taka rpaHMYHa MacoBa KOHIIEHTpAIlis 1, BIAMNOBIAHO, TPAHUYHUM Be-
JUKUHA J1aMEeTp YaCTUHKH, BUIIE SKUX MOBHOTO 3TOPSHHS 3aKPUTHX Ta303aBUCIB HE
Bi10yBaeThCs. [ BinkpuTHX ra3o3aBuciB (puc.4a, kpuBa 2) iICHYIOTh, X04a 1 TpUBa-
JIi, aJie KIHIEBl YacH IMOBHOIO MEPETBOPEHHS YACTUHOK IS BCi€l 00IacTi PO3IIIAHY-
THX MAcOBHX KOHIEHTpaLii. Pi3ke 30UIBIICHHS { 4, Y BIACYTHOCTI 30BHIIIHBOTO Ma-

COOOMIHY TOB'sI3aHE 3 BUTOPSIHHSAM KHCHIO B 00’ €MI ra303aBUCY Ha CTaJli 3aiiMaHHA 1
3racaHHsIM, B pe3yJIbTaTl I[bOTO, XIMIYHUX PEaKiliid Ha MOBEPXHI YACTUHKH.

I3 puc.4 6 BumIMBaE, MO AJIS BIAKPUTUX Ta303aBUCIB 00JIACTh MACOBUX KOHIICH-
Tpauii, € CIOCTEPIra€ThCs MOBHE NMEPETBOPEHHS YaCTUHOK, PO3IIMPIOETHCA YOIK Be-
JUKWX 3Ha4eHb. JiaMeTpHu Y4acTHHOK, II0 XapaKTepU3YIOTh 3racaHHs ra303aBHUCIB, 3
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Puc.4. 3anexHicTb yacy MOBHOTO MEPETBOPEHHS 1 KPUTUYHOTO JllaMeTpa dg BiJ Ma-
COBOI KOHIICHTpaLii manusa B razosasuci npu 7, =1250 K. 1 — 6e3 ypaxyBaHHs 30BHiLI-

0,06 0,08 0,10 0,12

HBOTO TEIIOMAcOOOMIHY; 2 — 3 ypaxXyBaHHSIM.

ypaxyBaHHSAM 30BHIIIHBOIO MACOIEPEHOCY MEHILIE B pe3yJibTari OUTbLIOr0 HaJaXo-
JDKEHHS KHCHIO.

V pasi niABHIIEHHS TEMIIEPATYPH HABKOJIMIIHBOTO Ta3zy 10 1, = 1500K iaTEp-
BaJl MAaCOBUX KOHIIEHTpAIlil, y SIKOMY CHOCTEPIraeThCsl IOBHE MEPETBOPEHHS YaCTH-
HOK I1aJIMBa, PO3IIUPIOETHCS Malbke 2 pasu. Y IIbOMY IHTEPBANL YacH fp,, 1 ¢ IpaK-
TUYHO 301ratoThesl. 3HaUEHHS] TPAHUYHUX KOHIIEHTpALlid, BUILE SKUX 3aliMaHHs 3a-
KPUTUX Ta303aBUCIB HE BIIOYBA€ThCS, A BUNAAKIB T, =1250 1 1500 K BinpisHs-
I0ThCSl HE3HAYHO.

BucHoBku. TakuM 4WHOM, BHACIHIJIOK [TPOBEJICHUX JOCHIKEHb JOBEIEHO 3HAU-
HUM BIUTMB 30BHIIIHBOTO TEIJIOMACOOOMIHY HAa XapaKTEPUCTUKU TOPIHHA 1 3TracaHHs
ra30o3aBHCIB. BCTaHOBIIEHO ICHYBaHHSI BEPXHbOI MEXKI1 3a KOHLIEHTPALISIMU 1aJluBa Ta
JlaMeTpaMu YaCTUHOK, 32 SKUX HE CIOCTEpITa€ThCS MOBHOIO 3rOPSIHHS Ta303aBUCIB
B YMOBaXx BIJICYTHOCTI 30BHIIIHBOIO MAacOOOMiHY. 3HAWUAEHO, IO ISl BIAKPUTUX ra-
303aBUCIB 1HTEPBAJ MAaCOBUX KOHIIEHTPALIlH, 32 SKHX CHOCTEPIraeThCsl HAUOLIBII TO-
BHE 3TOPSIHHS YaCTHHOK, PO3LIMPIOETHCS Maike B 2 pa3u B OIK OUTbIIMX 3HAYCHb
KOHIICHTpAITIH.
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Orlovska S.G.
Study of the influence of external heat and mass exchange on the features of
combustion and extinction of gas suspensions of carbon particles

SUMMARY

In the work, the regularities of the influence of heat and mass exchange of gas suspensions
of carbon particles with the external gas environment on the processes of ignition, burning
and quenching at different mass concentrations of carbon fuel are studied. A monodisperse
gas suspension of carbon particles located in a gas heated to a high temperature, which
contains an oxidant, is considered. As a result of the conducted physical and mathematical
modeling, the following characteristics of high-temperature processes were determined:
induction period, burning time and time of complete transformation of particles, critical
parameters of ignition and extinction of particles. The influence on these characteristics of
the initial particle diameter, mass concentration and temperature of the surrounding gas was
analyzed. It was found that the external heat and mass exchange has a slight effect on the
induction period and critical parameters of the ignition of gas suspensions, but it has a
sufficiently strong effect on the characteristics of the combustion and extinguishing processes.
The existence of an upper limit for fuel concentrations and particle diameters at which
complete combustion of gas suspensions is not observed in the absence of external mass
transfer is proved. Ranges of mass concentrations were found for which complete conversion
of carbon fuel burning in the form of gas suspensions is carried out. It is shown that for open
gas suspensions, the range of mass concentrations, where complete transformation of
particles is observed, expands to the side of large values. The diameters of the particles
characterizing the quenching of gas suspensions, taking into account the external mass
transfer, are smaller, as a result of a greater supply of oxygen to the volume of the gas
suspension.

Key words: heat and mass transfer, ignition, combustion, extinction, carbon particles, gas
Suspensions.
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Positron spectroscopy of y-flashes in the earth atmoshear

The registration of the fast thermonuclear transformation in Earth’s atmosphere is consid-
ered. One of them is y-flashes from thunder lightning. The atmospheric chemical composition
and bound conditions in the thunder lightning plasma tubes were associated with thermonu-
clear transformation. Nuclear reaction channel cross-sections were selected for the calcula-
tion of the y-ray spectra. It was found that under existing conditions the y-spectrum is formed
due to the formation of unstable proton-excess nuclei with their further decay. It has been
shown that electron-atom collisions are important and only initiate the formation of proton
and fully ionized He (after sufficient acceleration, we call them a-particles) current flows. In
this case, protons and a-particles initiate nuclear transformation after collisions with atmos-
pheric He, C, N, O, and Ne atoms. The time scale of y-fluorescence is estimated and related to
observation with traditional y-ray detectors. Separately calculated contribution of pollution
admixturefrom dust into y-spectra.

Keywords: ionosphere plasma, plasma with CDP inlighting current tubes, local electrical
field Earth atmospheres, y-flash.

1. Introduction. Five years ago, in 2017 near Japan’s atomic station accidental-
ly has been registries shot y- flash by lightning. In previous periods these devices de-
tected only integral flows of the y-rays. The installation of high-resolution spectro-
graphs made it possible to closely monitor the technology of nuclear energy produc-
tion. In this case, the main range of their energies belongs to the interval 0.1 - 150
MeV. In modern nuclear physics, his name is “soft” y-rays. However, y-flash mainly
were in the left wing of the marked range, where the accuracy of recording the y-
spectrum is low. The time resolution of the detectors did not allow us to trace the dy-
namics of the process. It became clear that lightning had to be investigated with
high-speed soft y-range detectors. In this paper, we will present the parameters of the
detectors we are developing and the physical phenomena that lead to the formation of
nuclear transformation processes in the lightning current column. In [1,2] has been
proposed positron spectroscopy of the fast processes in the astrophysical systems
which contain cool, low-temperature plasma in an expanded blast wave envelope af-
ter a supernovae explosion in 1987 (SN 1987A). Unstable isotope decays inject posi-
trons into cool gas and initiate annihilation with the formation of the y-quants with
energy E, (E, = 0,511MeV)

The registration of this and accompanying quants allows you to accurately iden-
tify the channel of nuclear transformations, to estimate the time frame of fast pro-
cesses. Detectors from Japan’s atomic station registered annihilation quants. The ab-
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sence of such measurements in the past can only mean the low sensitivity of the de-
tectors. The study of lightning is of interdisciplinary importance and combines the
possibility of studying the unique conditions of atmospheric plasma. The three-
hundred-year history of his study made it possible to create a general physical picture
of the process of formation of a strong lightning electric discharge [3]. The region of
a strong field exists only at the channel head, and in the length of created plasma be-
hind the head, it is incomparably weaker. The local strength electrical field in upper
point is E = (1 — 3) - 10V /m. The free path length in the channel head is [ =~ 2,9
107°m. In these condition electrons accelerate to relativistic energies and initiate full
ionization of the atmospheric gas. In this case, electrons cannot directly create -
quants. To start nuclear transformations, high-energy protons, and helium nuclei are
needed only after impact electron ionization. The very fact of the formation of y-
quanta confirms the formation of high-energy protons and helium nuclei. In section 2
we consider possible canals of the nuclear transformation in the frame of the existing
chemical composition and energies of the electrical field. Section 3 are presented -
spectra from lightning electric discharge formed by the cumulative result of all chan-
nels of nuclear transformations. The main results of these sections are the final struc-
ture of y-spectra, and time intervals for his formation. After nuclear collisions, the
possible interval of the y-ray energies is (0,1 — 10) MeV. At present time has been
registered annihilation line

2. The possible nuclear processes in the lightning channel head.

2.1 Proton projectivity. The mean time (t) between projective protons and at-
mospheric molecules collisions is (t), ~ 0,14-107'% and a- particles is (t), =
0,56 - 10~ '%. Partial velocities are is in power(v), = 2 (v), = 10*m/s. The nec-
essary velocities for nuclear transportations are in power (v), ~ 3,46 107m/s,
(V)q = 1,73 -107m/s Then in the lightning channel head full distances of proton
and a-particle consists 100-200 m. Mean lightning channel length is L ~1000 m
from observation. This is y-ray formation point in the lightnings current tube. The
variety of forms of lightning suggests that there is a similar variety of boundary con-
ditions for their formation. For this, it is necessary to carry out a separate analysis,
which is beyond the scope of this article. After collision ionization between electrons,
atoms and molecules begins movement of protons and helium nuclear. Proton and a-
particle collisions with He, C, N, O, Na, Ar, Ne atoms how source of the observed y-
ray 1n lightnings will consider in this chapter. The cross section of collisions of the
energetic proton and a-particles with atoms of Earth atmosphere present possibility of
y-ray spectra. detailed data on the structure of possible y-radiation make it possible to
quantify the spectroscopic features of the considered physical system. The choice of
channels for nuclear transformations will be divided into channels with the participa-
tion of protons and a-particles presented in formula (1). The cross sections are in mbn
(107%7cm?) and selected from [8].
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Presented in Fig.1 — Fig.3 allow us to conclude the total cross sections for vy-
radiation of proton — atoms collisions. The main contribution from targets nucleus in

Earth atmosphere produce from 3C, 1IN and }He. The chemical composition of

elements in Table 1 shows that these elements are importance for y-spectroscopy of
the lightnings.

N

(1
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Table 1. Gas composition in Earth’s atmosphere.

The volume Molar mass
Gas concertation % .
Ina.m.u
N, 78.084 28.0134
0, 20.9476 31.9988
Ar 0.934 39.948
co, 0.0314 44.00995
Ne 0.001818 20.179
He 0.000524 4.0026
H,0 0.1(clouds) 18.01528

2.2 Alfa-particle projectivity. Table 1 shows the volume concertation of He.
Despite the low concentration, the formation and acceleration of its ions play an im-
portant role in the formation of impact-induced y-radiation [8]. Average acceleration
distances are much higher. They have large ionization losses and lower accelerations.
Therefore, the localization of the formation zone of the induced y-quanta is lower
along the lightning trunk. As will be seen from the graphs below, y-radiation induced
by a-particles has characteristic spectra and allows for quantitative analysis of the
lightning current shaft. We will present spectroscopy properties in the next nuclear
transformation reaction. As in the previous section, decay products that are not im-
portant for the topic of this article are shown as ellipsis. In presented in the series of
nuclear canals (2) The collisions energies of the a-particles are well for projectivity.
The geographical localization of thunderclouds imposes changes in the physical con-
ditions for the formation of lightning. This circumstance determines our interest in
the collision of protons and a-particles by Na and Cl atoms. The zone of the first reg-
istration of y-bursts from lightning lay near the coastal zone. The detectors them-
selves were intended for y-monitoring of nuclear power plants.

(a+12C > >y +EC+ -

a+BC->BC >y +BC+ -

a+ BN >N 5>y + 1IN+

{ a+180 - ECr >y + 1+ - (2)
a + 3He > He* >y + 3He + -+

a+3iNa - $INa* >y + 33Na + -

\a+ 384r - 384r* >y + 384r + -

The presented total cross-section in Fig.1-Fig.9 shows the full picture of the in-
duced y-ray spectra selected from [8]. In the next section, we will present the cross
sections for neutron spalling (or evaporation) reactions as a result of the noted colli-
sions of protons and a-particles. The total effect of all the presented channels leads to
the formation of the background y-spectrum necessary for quantitative analysis.
Against this background, in 2017, the detectors registered the positron emission line
of positron-electron annihilation. In this case, we have the necessary testing of the
proton-excess nuclear formation.
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2.3 Positron Formation in Lighting. One of the protons and a-particle impact
channels of nuclear transformations is the formation of proton excess atoms. Mainly
these nuclei decay with positron emission.

The reaction link o+3N-->0+n +13N..,23N — 13C + e* shows only the trace
nature of the production of positrons. The half-life of 3N is 10 minutes. The thresh-
old energies of other nuclear reactions of similar isotopes lie far from the energies of
the electric field of lightning, located in the range of 0.1-10.0 MeV in Fig.1-Fig.9.
The very fact of the establishment of electron and positron annihilation lines already
allows us to establish that protons and a-particles should have a lower energy thresh-
old of 7-10 MeV. The evolutionary structure of the y spectrum is as follows. The
time-life of the y-flayer is 200 ps. At this time luminosity of the annihilation
0.511MeV line increased during the half-lifetime (10 min). After this time observe
his degradation. To ensure the completeness of information, the time intervals for re-
trieval of information should be 10° records in 1 sec. from each layer of the detector.

3. Detection of the lighting flash. Physical aspects.For calibration of the fast y-
ray spectrograph, it is necessary to carry out its preliminary calibration in various op-
erating modes. The previous sections present the emission characteristics of various
elements from Table 1. The main glow of lightning is occurring in the short-
wavelength part of the spectrum. In its upper part, we expect an intense spectrum
from ultraviolet to X-ray spectrum. In this case, the choice of the perovskite CsPbBr3
crystal design in the spectrograph detector is important [4,5]. At the initial time of in-
teraction, all radiation from lighting spectra interacts with near surface layers. High
energy quanta reach the deeper layers. In the end, y-quanta of the highest energies
reach the last layers. The physical aspects of quantum detection in many-layer crystal
structures are important for the identification and selection of impulses accompany-
ing the noise and the useful signal. The mean lighting spectral structure consists of all
kinds of quanta. From radio waves to y-rays. Let having an n-layer detector with an
n-semiconductor layer and n+1 isolator surfaces. As can be seen from Fig. 9, it can be
assumed that quanta of ever higher energies are absorbed in each subsequent layer.
Accordingly, the lowest layer absorbs the last quanta that have reached it.

The hard radiation intensity I;( x ) on the deep x with wavelength A under sur-
face are considered from formula.

L(x) =I,e™™ 3)
where k£ = on, n 1s the concertation of the atoms in the detector, ¢ is the cross-section
of three kinds of interaction atomic photo-, Compton- effect, and creation near heavy
atom of the electron-positron pairs. In presented spectral intervals the creation of the
electron-positron pairs is unlikely[6,7]. But Compton scattering g.and photo effect
cross sections oy, dominated in y-ray interaction with heavy element semiconductor
CsPbBr3 and well-studied. To calculate the necessary technological parameters and
the geometric structure of this semiconductor, it is necessary to calculate the path
lengths of quanta until they are completely absorbed due to the action of the scatter-
ing and absorption processes noted above.

136



dizuka aepoaucrepcHux cucrem. —2023. — Ne 61. — C.131-141

7

_5, L 10-1675 (1361 \2 o By
Oph = 3 1,09-107°Z (Ey(ev)) cm® when —= < 1 (4a)
_ 3. .10-3375 2 Ey
Oph =, 1,34-107°°Z (Ey(MeV)) cm* when —5» 1 (4b)
2(1+
o, =2mr’ 1+28 ( 8) —lln(1+28) +Lln(1+28)—1+—382 (4¢c)
e | 1+2¢ ¢ 2¢ (1+2¢)

Where r.= e*/(m,c”) = 28107 cm, & = EY/(mecz). In [4,5] presented
semiempirical testing of absorption capabilities k = (aph + o, + Gpair)n in CsPbBr;
crystal. If absorption length is x = 1/k then I;(x)/I, = e®. In energy interval
0.001MeV < E, < 10 MeV the 103cm < x < 103cm.

Thus, for y-quants formed the annihilation line with E,, = 0.511MeV the detec-
tor thickness x is 0.3-2 cm.

Fluorescence in detectors. The K-L-M-N-O energetic structures of the Br, Cs,
and Pb atoms a presented in textbooks about atomic spectroscopy. The soft y-ray
mainly interacts with the K-shell and forms a bulge. After that atom is in a highly ex-
cited state. To remove the excitation, cascades of electronic transitions of the form
are most probable. Mainly this is 3d-->2p-->1s transition. The 5f — level of Cs and Pb
atoms is not occupied. Along with this, the selection rules allow a less probable di-
rect electronic transition 3d-->1s. The selection rules for the atoms of interest to us do
not forbid vertical transitions either. Despite their low probability, we present them in
Table 2. The selection rules for the atoms of interest to us do not forbid horizontal
transitions either 2p-2s, 3d-3p-3s, or 4d-4p-4s Despite their low probability, we pre-
sent them in Table 2. The semiconductor will spend the remaining energy on inject-
ing electrons from the band gap into the conduction band.

In recent works and reviews on CsPbBr3 perovskite [4,5], it was reported that
the accuracy of determining the energies in the contours of the spectral lines is al-
ready several percent or 7-10 keV. In this case, it is possible to average the results of
detailed calculations of the energy structure of atoms for the corresponding shells
homogeneous in quantum numbers. In Br, Cs, and Pb atoms, only the L. and M sub-
shells participate in cascade transitions to K or another vacancy. Averaging the ener-
gy within each subshell makes it possible to obtain the weighted average energy of
the quantum transition belonging to the vertical cascade. When calculating less prob-
able horizontal transitions, we will adhere to the results of calculations by the Hartry-
Fock-Dirac methods. The radiative response in the CsPbBr3 semiconductor can lead
to an outflow of part of the energy from its surface in the form of X-ray, less often
hard ultraviolet radiation. The considered fluorescence is an important possibility for
recording and subsequent diagnostics of emitters of y-spectra. Table 2 presents the
results of calculations of the average energy structure of electronic levels for Br, Cs,
and Br.

The cascades of L-K, M-L, and M-K transitions induced by a single y-quantum
lead to the emission of secondary quanta, which have much shorter path lengths. On
the radiation absorption spectrograms presented in [4, Fig.2, C] one can see the peaks
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Table 2. The mean energetic structure of the internal electron’s subshells
K, L, in Br, Cs, and Pb. E in eV

Element\Subshell | K(ineV) L M L-K M-L M-K
Br (a. n. 35) 13481 1646 160 11835 1486 13321
Cs (a. n. 55) 35987 5364 954 30623 4410 35033
Pb(a. n. 82) 86011 14705 3054 71306 11651 82957

preceding the corresponding formation of K-vacancies and further, close in energy L-
K transitions. An increase in the accuracy of recording y-spectra will make it possible
to judge the formation of primary vacancies at higher levels as well. Technologies for
growing perovskite, including CsPbBr3, are noticeably improved. Recently, their
thickness is approaching 1-2 cm. According to [4, Fig2. C] for energies of the order
of 0.511 MeV, this perovskite layer absorbs the flux of y-quanta by a factor of e. On
these scales, a y-quantum once creates a vacancy on Pb, Cs, and Br atoms with prob-
abilities of 80%, 35%, and 10%. The rest of the energy is transferred to two or one K-
electrons and is effectively transferred to the crystal structure of the semiconductor at
lengths of 1-2 mm. X-ray L-K and M-L quanta are partially absorbed by the crystal
body depending on its size but mostly leave the detector.

Current pulse formation. Having considered the elementary processes of ab-
sorption of y-quanta and induction of X-ray fluorescence, it is possible to estimate the
number of electrons passing from the valence band to the conduction band. The ener-
gy of the creation of electron-hole pairs in a semiconductor is 5,3 eV. Then the pulse
from unit y-quants with energy 0,511 MeV. The non-amplified current pulse cascades
presented in formulae (4a) - (4c) isl, = Aq/At, where Ag =~ 1.54-107'*C and

At = 107%s. Then I, = 15.4 - 107'?A or 15.4 pA . At the same time, the dark cur-

rent is near 5 pA. The main technological experiments were taken atmeasurements
with an external potential difference of Ap = 500V. Taking into account dissipative
losses in this semiconductor, it seems possible to amplify a unit current amplitude up
to 50-60 pA. At the same time, the noise amplification factor is smaller and can reach
up to 10-15 pA under normal conditions. At present, the main noise suppression ef-
forts are primarily aimed at optimizing their manufacture. The absence of the need to
lower the detector temperature leads to a significant reduction in the cost of the final
product - the y-spectrometer.

The y-radiation from lighting. The probability of illumination of hard radiation
during the discharge in the thunder lightning may be defined bythe interaction be-
tween one proton or o-particle with atmospheric gas. In internal upper parts of the
currents tube one the characteristic length L., of the formation of one nucleus in
channel o+'2N-->a+n +13N.... 13N - 13C + e*... and its subsequent decay with the
emission of a positron e*is L., = 1/no ~ 103cm.The mean free path of positrons
has a close value. For the upper limit of the number of a-particles in the current, one
can set the concentration of helium atoms. The statistics of the location of the positive
charge in the cloud, and the minus charge on the Earth's surface shows that the flow
of protons and a-particles i1s immediately formed in the lightning head and this area is
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the main source of y-radiation. The temperature surge inside the lightning, the maxi-
mum value of which is 10° K, cannot cause the complete full ionization of He. Impact
electron ionization can be the main ionization mechanism. Protons and a-particles
experience large ionization losses at the beginning of their movement. However, after
a few tens of meters, with increasing speed, their specific value decreases. Taking in-
to account the relative concentrations of chemical elements in the Earth's atmosphere,
we can estimate the concentrations of atoms participating in the considered channels
of nuclear transformations from the next estimation:
ny, ~ 3.27 -10%2cm™=3; ny, ~ 5.59-10%cm™3 (5)
Taking into account L., and threshold values of the cross sections shown in
Fig.10 the proportion of protons and a-particles reaching the threshold values of reac-
tions (Fig. 10) is small. We estimate 0.01% of the numerical number ny, achieve fa-
vorable conditions for the formation of a radioactive isotope '3N. In this case, we get
10-50 y-quanta per cm? of the detector surface.

Discussion. The accidental discovery of y-flash during strong lightning dis-
charges allows us to assert that nuclear transformations occur in such physical sys-
tems. The interaction of relativistic electrons with atoms and ions also generates
bremsstrahlung, but it belongs to the UV range of the spectrum. Against the back-
ground of increasing the accuracy of y-radiation detectors (1%-2%), the resolution of
spectral line profiles approaches 1 KeV. This means that the channels of nuclear
transformations can be identified. During the course of nuclear transformations
caused by lightning, the isotope '3C is formed from reaction a+'iN —a+n
+13N.., 13N > 13C + e™.... In the present work, it is shown that its formation com-
petes with the mechanism of action of cosmic rays to the upper layers of the Earth's
atmosphere. In this case, positron annihilation is an additional diagnostic tool for
studying the regimes of energy transfer in the plasma of a current discharge. The
planned placement of the detectors in the mountainous area adjacent to the city of
Smolyan, Bulgaria by one of the co-authors of this article (MD) will make it possible
to bring the detector closer to the source of the y-burst formation. The binary detec-
tors described in the article [7] can be especially informative. In this case, we obtain
simultaneously y- and optical spectra within the same instrumental function. We
would like to draw attention to the fact that the proposed method is highly effective in
monitoring other fast-moving phenomena.

Conclusion. In the present work, a new method for detecting high-resolution
spectra both in time and in the amplitude of the processes under study was presented.
In this sense, the choice of objects of the study was that the time frames of the pro-
cesses fit into the intervals from 107s - 1 s, and the energy intervals of the spectrum
reached 10 MeV. To date, the method of positron y-spectroscopy developed by us has
been applied to astrophysical objects that will have thermonuclear explosions on the
surface of compact relativistic objects called White Dwarfs (WD), which are mem-
bers of close binary systems. Irregular outbursts at such polar objects occur several
times a year. Firstly, this method tested for supernovae blast envelopes [1, 2, 9].
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Since 2017, thanks to more sensitive y-sensors, y-radiation flash from lightning
have been registered near Japanese atomic stations. Thunderclouds are aerosols,
which, in addition to various phases of water, include impurity dust particles, smoke,
and, in some cases, sea and ocean salt. Taking into account the risks in the study of
lightning, we believe that the remote combined y- and optic spectrographs allow us to
preserve the completeness and unambiguity of the physical parameters of the object
of study. For the two types of objects indicated, the characteristic times of the pro-
cesses of production of y-quanta are usually much shorter than those of relaxation
processes in optics.

We identified of themain physical processes that describe the upper part of the
lightning, where current discharge can form streams of ionized hydrogen and helium
due to the impact of electron 1onization. Really only nuclear transportation
o+14N sa+n +3N..,13N > 13C + e*.... and him cross section is main affective
source of positron and annihilation quanta (Ey =511 MeV). We have found that
with a potential difference of 10° V, protons and a-particles reach an energy of 8-10
MeV in the lightning head, their energy is sufficient to initiate nuclear transformation
or create induce y-ray quanta. In details in Fig.1-Fig. 4 for proton impact, and in Fig.
5 —Fig.9 for a-particle impact.
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Ilo3uTpoHHA CHIEKTPOCKOIis Y-craJjaxiB B atMocdepi 3emMuii.

AHOTALIA

Bioxpumms noeoi eenepayii nanienposionuxie Ha 6asi neposckimis, moomo CsPbBrs;,
BIOKPUNIO HOBI MONCIUBOCMI OJISl IX 8NPOBAONCEHHS 8 MEXHIKY BUMIDIO8AHb y-cnekmpis. ¥
cmammi npoeeodeHo MOOeN08AHHS NOZUMPOHHUX MA IHOYKOBAHUX 3IMKHEHHAMU NPOMOHIE ma
0-YACMUHOK 3 amoMmamu ammocgepi 3emui y-cnekmpie npomszom 0ii bauckagok. Bpaxogyio-
yy iHmepeanu yacy i enepeii 8 AKUX O0ilomb GUBUEHHI AGUWA 8 AepO30JIAX 3eMi pO32iaHYMOo
CMPYKMYpPY MaKux y-cnekmpis. 3anponoHo8ano eusuamu OJUCKABUYHY NIA3MY Y IHMEPBanax
yacy 6i0 10°¢ do 1 c. Inmepsanu enepeii 6io (0.01 — 10)MeB. V 20106i 6uckasku pishicmo
nomenyianie docsieac 10°B, a pospidoicenicmy 36inbuiye 008ICUHY 8iIbHO20 NPOGI2Y ¥ mpu
pasi y nopisHauHi ¢ pienem mops. Tomy enepeemuuno2o pecypcy eneKmpuyHo20 nois O1ucKa-
8KU 0OCMAMHBO OJI51 NPUCKOPEHHSL eleKMPOHI8, NPOMOHIE U -4acmuHok 00 6-8 MeB. loniza-
YiliHi empamu i empamu 8i0 NPYIHCHUX 3IMKHEHb COPMY YACMUHOK 3AedHCamb 8i0 KOHCHO20
Kanany ix 63aemooiu 3 amomamu ammocgepi 3emni. Tobmo enepeii 4acmuHoOK NiMIMOBAHI 3
00Ky 6epxnvoi epanuyi. Ilicia eubopy kananie 6yno npogedeHo 8i00ip ma po3paxyHoK 3djle-
JACHOCMI NOBHO20 nepepi3y 3iMKHeHb 011 8I0IOPAH020 KAHALY peaKyill 3iIMKHeHb | Nomim sde-
pHux nepemsopens. Puc.l — Puc.4 3 yuacmio npomounis, Puc.5—Puc.9 3 yuacmio o-uacmuHox.
Posenanymo ¢opmyseanus padioakmugnux i3omonie 3 eKcyecom NpomoHie, po3nao aKux 00-
800UumMb 00 (POpMYBAHHA NOZUMPOHIE | MEHUI020 3a HOMEPOM cmabiibHo20 i3omony. byno
OMPUMAHO, WO HAUDIILUL MONCIUBUM JAHYIOSOM SOEPHUX NEPEmBOPEHb € PeaKyis «8Uunapio-
ganuay neiimpony: a+3N — a+n +13N.. 13N - 13C + e*. 3pobreno ma noxazano nepepiz
peaxyii Puc.10. Huoxcua enepeemuyna epanuys peakyii aimimoeana 3uavenusamu y 6 MeB.
3pobreno 8UCHOBOK Npo KiHEeMuuHy eHepeilo O-YaACMUHOK ) YbOMY KAHANL S0epHUX Nepemeo-
peHv. Pospaxynok npodykmusenocmi kanany oae 20-40 y-xeanmis 3 auieinayii nosumponis 3
enekmponamu (E,=0.511 MeB). Ilomik indykosanux y-keanmis ckaadae (100-200) na cm-2
demeKxmopy y MOMeHm moKo8o2o 8ubyxy onuckasxku. I1IpogedeHo po3paxyHoK cmpymoeux im-
NYAbCIB 8i0 KOMCHO20 3 KBAHMI8 Kpucmanom oemekmopa. Minimanvuii imnynsc cknaoae 15
nA. Temnasuii cmpym (5-10) nA. Tomy nomik y-xeanmie 6uo O1UCKA8OK Modice dasamu 00 50
HA. J{na onmumizayii pobomu demekmopa i ni08UWEHHs YYMAUBOCMI BUKOPUCMOBYEMBC Pi-
sHuys nomenyianie 500 B. Tpeba 3a3navumu, wo 015 3MEHUWEHHSI MEMHO8020 CIPYM) Nepos-
CKIMi8 O0XON00JHCEHHT O0emeKmopy NpaKmuyHo He NOMPIOHO [ 0a€ 3HAYHUU eKOHOMIYHUL
epexkm. QOHOYACHO 3 YUM KOPUCHULL IMIYIbC 3POCMAE 00 MIKpOamnep i 1eeko 00pooasiemovcs
docmynuum 0Jist NPUOOAHHA 0ONAOHAHHAM.

Knrouoei cnosa: ionocghepua naasma, niasma 3 K/[[® 6 cmpymosux mpyoxax, 10KkanivHe
efleKmpuune noie ammocghepu, y-cnanaxi.
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BnuiuB 3acTiiiHOT0 HIAPY HA JOBKHUHY BUIBHOTO MPOOIry (pOTOHIB y
KOHLEHTPOBAHMX CYCHEH3iAX HAHOYACTUHOK

Y pobomi ananizyemvcs mooxciugicme 6usHauenHs MOBWUHU | NOKASHUKA 3AN0MIEHHS
3aCcmiuH020 Wapy HAHOYACMUHOK Y KOHYEHMPOBAHUX CYCNEH3IAX 34 MPAHCNOPMHUMU Xa-
pakmepucmuxkamu Gomouie po3cisino2o ceimna Ananiz 6azyemvcs Ha Qi3uYHO NPO30pOMY
V3a2anbHeHHT NOHAMMS 0OHOKPAMHO20 PO3CIAHHS HA CUCMEMAX, Y AKUX KITbKICMb YACMUHOK
8 00 °’emax 3 NHIUHUMU POIMIPAMU NOPAOKY O0BAUCUHU CEIMI0BOI X8UI 8 cepedouIi 3HAUHO
nepesuwyye oounuyio. Lle yzazcanvnenns 30iUCHIOEMbC 8 PAMKAX VAGNEHHS NPO KOMNAKMHI
2PYnu YACMUHOK, 00380JI8€ GUUMU 3a Medici mpaouyilinoeo Habaudicenus bopna ma epaxysa-
mu 6a2amo4acmunKkosi egexmu, sKUM ION0Gi0aioms mi 001ACmi [HMe2PYBaHHs 6 UJIeHaX
imepayiiino2o psady 0/ pO3CiAHO20 NOJA, 0e GHYMPIWHI Nponazamopu mMaioms no8eOiHKY
muny Oerbma-@yukyii. Ax  pezyiemam, 064UCIeHHA MPAHCNOPMHUX XAPAKIMEPUCMUK
GomoHnis 8UABNAEMBCA MONCTUBUM O€3 0emAlbHO20 MOOENI08AHHS NPoyecie bazamouacmuH-
KOBUX PO3CIAHb [ KOpeaayit y cucmemi.

Hocniosiceno meopemuyHy 3anexicHicms 008HCUHU BLIbHO20 NPobiey pomoHie 6i0 nokas-
HUKA 3QI0MIIEHHs Ma MOSWUHU 3ACMIUHO20 Wapy, NOKA3AHO iX NOMIMHUL 6NIu6 Ha Hei.
30invuents NoKa3HUKa 3a10MIeHHs Npu QIKCo8aHili MOBWUHI WAPY 3MEHUYE OO0BHCUHY
npobicy 6HACNIOOK 30iNIbWEHH ONMUYHOL 2YCmuHU cycnensii. Xapakmep 3aneicHocmi 006-
JHCUHU Npobi2y hOMOHIE 810 MOBWUHU WADY BUSHAYAEMbCA CNIBGIOHOWEHHAM MIdNC 3HAYEH-
HAMU 11020 NOKA3HUKA 3ANOMJIIEHHs | NOKA3HUKA 3a10MIeHHs 06a3060i piounu. Bona € 3po-
CMaioyoio, KOIU Nepuiull € MeHWUM 3a Opyeutl, aie cnaoae 8 npomueHomy eunaoxy. Excne-
PUMEHMATILHO CROCMEPEdHCY8aHe 30INbULEHHS O08IHCUHU NPODICY 3 KOHYEHMPAYIEIO YACMUHOK
MPAaoUYitiHo NOACHIOEMbC NPOSLBOM BUWUX Koperayiunux epexmis. Hawa meopia nokazye
WO HAABHICMb 3ACMINIHO20 WAPY 3aNIYMYE CUMYayiio, OCKiIbKU 00Ud8a ¢paxmopu mMoxicyms
AK niocunrogamu, maxk i nocuabaroeamu 00uH 00H020. [N po38’a3aHHA Yb020 NUMAHHSA
nOMPIOHA NOCMAHOBKA HOBUX CNEYIaNbHO CHIAHOBAHUX eKCNEPUMEHMIS.

Knrouoei cnosa: cycnensii HaHOUacmMuHoOK, 3aCMIUHULL WAp, PO3CIAHHA C8IMA, POMOHHULL
mpancnopm, 2i0poOUHAMIYHUL padiyc

Beryn. V Hamomy HellaBHbOMY JOCTiDKeHHI [ 1] po3risiaerses mpodiema Bu-
MiproBanHs C-moreHmiany HaHO(QIIIOINIB HA 0a3i pO3YMHIB ENEKTPOIITIB 3a AOIOMO-
rol0 OJTHOYACHMX BHMIPIOBAHb METOJAMH EJEKTPUYHOI CIEKTPOCKOIIi Ta Ja3epHOi
KOpEJALINHOT crieKTpockomii. Y paMmkax Teopii [1] TOUHICTh BUMIpIOBAHHS TTOTEHITIA-
Jy CYTTEBUM YMHOM 3aJICKUTh BiJl 3HAYEHHS TOBIIUHU U obmacTi Mix ITIOBEPXHEIO
YaCTUHKU Ta TUIOUIMHOIO T1IPOJIMHAMIYHOTO 3CYBY, TOOTO TOBIIMHHU 3aCTIMHOTO IIIa-
py. Teopis [1] rpyHTy€eThCS Ha METOA1 KOMIAKTHUX TPyl HEOAHOPIIHOCTEH [2], 3a-
CTOCOBAHOMY JIO0 CUCTEM YaCTHHOK 3 MOP(QOJIOTI€I0 TBEP/IE SAPO-MPOHUKHA 000JIOH-
ka [3]. 3HalieHo aHaTiTUYHY 3aJIeXKHICTh IPOBIAHOCTI cycnensii Bix {-morenuiany i

* . . . ‘o
u ajis p13HI/IX I‘paHI/I‘-IHI/IX 3HAYCHb HpOBlI[HOCTl 3aCTIMHOI'O Hlapy HOKa3aHO, 1o B
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X BWITAJIKaX 3HAHHA TAaHTeHCA KyTa HAXWIy KOHIEHTPAIIHHOI 3aJIe’KHOCTI
IPOBiIHOCTI HAHOPIIOIAIB OG / Oc , BITHECEHOTO JI0 IIPOBITHOCTI 0a30BOi PIUHU G,
J03BOJIsIC BCTAHOBMTU OJHO3HAYHY 3aleXHicTh C-moreHmiany Bim u*. TuMm camum
3a/71aya BH3HAueHHs C-moreHiiany (pakTHYHO 3BOAUTHECSA 1O BU3HAUEHHS BEIUYUHH

,' 06, /OcTa TiIpoJAMHAMIYHOTrO pajiyc YaCTMHKH, HANpUKIaj, yepe3 KoedillieHT
mudy3ii CmoyxoBchkoro-EnHImTeiHA.

Crnin 3ayBaKWUTH, 10 TOHSATTS (DI3UYHOTO PO3MIPY YACTUHKU B EJIEKTPOJITI
BIJIPI3HAETHCS BiJ] 3BUMAMHOTO T€OMETPUYHOTO PO3MIPY YaCTUHKU, OCKIIIBKH HABKO-
710 yacTUHKHU popmyeTbest nmoaBiHui enekrpuynuil map (I1EIL). [Tpobrema gonart-
KOBO YCKJIQJHIOE€TbCS TUM (hakToMm, 1m0 caMm [TEII mae ckiagny MiKpOCTpYKTYpY, 110
Bkimtovae map HIrepna, 3actiiiny yactuny audysHoro IIEII ta MoOuIbHY YacTUHY
mu¢y3noro ITEII. B 3a1eXHOCTI BiJl pO3UMHY Ta XapaKTEPUCTUK CUCTEMH MOOLIbHA
nu¢y3Ha yactuna [1EII Moxke OyTr CHIIBHO BUpa)K€HOO (CycrneH3ii Ha 0a3i MOMIpHO
KOHLICHTPOBAaHUX BOJHHUX PO3YMHIB €JIEKTPOJITIB) a00 HaBHAKH, IMOAABICHOIO
(cycrniensii Ha 0a31 KOHIIEHTPOBAHUX BOJHHMX PO3YMHIB €JIEKTPOIITIB a00 Ha 0a3l He-
BOJIHUX PO34MHIB). BpaxoByrouu, 1o xapaktepHa ToBimuHa mapy llltepna mae
pO3Mip 10HA, MPUPOJHO NPUITYCTUTH, MO0 GI3UYHUA PO3MIp HAHOYACTUHOK Y
CYCIIEH31X Jpyroro Tumy (akTH4HO (HOPMYEThCA 3aBISKH ICHYBAHHIO 3aCTIMHOTO
niapy.

Meronnka BUMIpIOBaHHS (DI3UYHOTO pajiiyca YaCTUHOK METOJ0M KOPEJSIIHHOT
CHEKTpOCKOMii OyJ0 MpoAeMOHCTpoBaHA B poOoTi [4] nans  HaHOQIIOIIIB
13onponanoi/Al,Os. 3rigHO 3 UMMH AaHUMH (I3UYHUN PpajlyC JOCUTH IIBHJIKO
3poctae (0 60%) HaBITH MPU MOMIPHUX Bapiallisx KOHIIEHTpallli HAHOYACTHHOK.
@akTUYHO 1€ O3Haydae, WO KoedimieHT Audy3li YaCTHUHKHU, 4Yepe3 SIKUi (PI3UYHHIA
paalycadyacTMHKM  BU3HadaBcs 3a  jgonomMororo  gopmymn  CMOIYXOCBKOTO-
EliHmTeitHa, TOMITHO 3MEHIIY€EThCA MPU TAKUX Baplalisix KoHUeHTpauii. Ha Ham mo-
I, el (GakT He 30BCIM 3pO3yMUIMH, OCKUIBKM MOKHa OyJ0 O O4iKyBaTH, IIO
BJIACTHBOCTI 3aCTIHHOTO IIapy, 30KpemMa, HOTO TOBIIMHA, Y TEpIly 4Yepry BHU3Haya-
IOThCSI XapaKTepOM MIXKMOJIEKYJSIPHUX B3a€EMOAIN Ha MOBEPXHI PO3ALLY YaCTHHKA-
piJnHa, a BIUIMB 1HIIMX HAHOYACTUHOK Ha (PI3UYHUN PO3MIP BUILJICHOT YACTUHKH I10-
BUHEH OyB OM TIPOSBIIATHUCS JIMIIE MPU JOCTATHHO HIUTBHOMY iX yrakyBaHHI. SIK ajib-
TEpPHATUBHE MOSICHEHHS, y L1 poOOTI MU MPHUIYCKAEMO, 110 CIIOCTEPEKYBAHE 3MEH-
meHHs1 koedimienta nudy3ii Moxe OyTH MOB’s3aHE 3 THM, IO MPUITYHICHHS TMPO
HE3aJIeKHICTh OPOYHIBCHKOTO PYXYy OKPEMHUX YaCTMHOK MOYMHAE MOPYIIYBATUCS TIPU
3pOCTaHH1 KOHIIEHTpaIllli HAHOYACTHUHOK (PYX YACTHHOK MEPEIIKOKAETHCS 1HIIUMHU
YaCTUHKAMH ), TIOYMHAE TPOSBIATUCA TIAPOAMHAMIYHA B3a€MOJISl YaCTUHOK TOIIO. Y
3B’SI3KYy 3 IIMM BHHHUKAa€ MpoOjeMa MOIIYKY I1HIIUX HE3aJIeKHUX METOAIB OLIHKHU
TIAPOAMHAMIYHOTO pajilyca YaCTUHKU. Y J1aHiid poOOTI aHAII3y€e€ThCsSl MOKIIMBICTh BU-
3HaYeHHS TOBIIMHM 3aCTIHHOTO IIapy 3a TPAHCIIOPTHUMHU XapaKTEPUCTUKAMHU TOIIH-
peHHs POTOHIB [5] y KOHLIEHTPOBAaHUX CYCHEH31SIX HAHOYACTUHOK. AHAJI3 0a3yeThCs
Ha pobotax [6, 7], me B paMKax 1Jiei Mpo pO3CISIHHS Ha KOMIIAKTHHX TIpyInax
PO3CIIOBAJIbHUX LIEHTPIB BBOJAMUTHCS MOHSTTS MPO OJHOKPATHE PO3CISSHHA B y3arajb-
HEHOMY PO3YMIHHI Ha KOHIIGHTPOBAHHMX CHUCTEMaXx, Ji¢ KiJIbKICTh YACTHUHOK B 00’eMi
A’ (A — DOBXKHMHA CBITIOBOi XBWII B CEpEIOBHUII) 3HAYHO MEPEBHUILYE OJUHHLIO.
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BianoBinHui aHami3 TPaHCHOPTHUX XapaKTEPUCTUK BUSABISIETbCS MOXIMBUM [7] 0€3
BUKOPHCTAaHHS HAJIMIPHOI JeTani3allii mpoIeciB po3CisiHHs B cucTeMi. Jleski TexHiuHi
JieTal 1 MonepeHi pe3yIbTaTH HAIIOro aHali3y OyJiu IMpecTaBlieHl paHime [8].

1. Mogeab cucremMm i 3HAXOMKEHHSI iHTEHCHBHOCTI PO3CisiHHS cBiTJIa./[14
MPOCTOTU PO3TIISATAEMO CYCIEH31i 13 CHJIBHO IOJABICHO MOOUIHBHOIO YaCTHHOIO
[1EII. KoxxHa yacTuHKa CyCIeH31i 1 MPUIETIui A0 Hel 3aCTIMHUN 1ap MOJEII0EMO
K TBEpJIE AIPO 3 paAlycoM R, OTOUEHE TBEPAUM KOHIICHTPUYHUM C(HEpUUYHUM Ila-
pPOM 13 30BHIIIHIM pajaiycoM R, (puc. 1). Hac-

THHKM pa3oM 13 3acTIMHUMHU  IIapaMu

JUCIIEPrOBaHI B OJHOPIAHE CEPEIOBUIIE 3 TO- R,
Ka3HUKOM 3QJIOMJIEHHA ny. [lOoKa3HUK 3a1moM-
JIEHHS A1pa — 7, 000JOHKHU — 7, . [lokazHuKu
3JIOMJICHHSI BKa3aHUX CTPYKTYPHUX OJUHUIIb
MOB’s3aHi 3 JIEJIEKTPUYHUMH MPOHUKHOCTIMU
[UX OJWHUIIL CHIBBIIHOIIEHHSMU BUIY

n=ve. N2

BBaxkaemo, 1mo 00’eMHa KOHIIEHTpaIlis

YaCTUHOK C Yy CYCIEH31SIX JOCTaTHhO BHUCOKA. No
EneMeHTapHi  OLIHKM  IIOKa3ylThb, 10 )
KiIBKiCTB HAHOPO3MIPHUX yactuaox ~ YHe-1. N?Hem’ TBEPIOL  HaCTHHKH
- - amiycoM R;, OTOYEHOI 3aCTiHUM Iiia-
pamiycom R B omuHHII 00’eMy cycrensii cra- ~ PAAYCOM K, .
3 . . . poM paaiycoM R,, IUCIEProBaHoi B
HOBUTH n=3c/(4nR’), 1  BIANOBIIHO

; OJIHOpi/IHE CePe/IOBHUIIE 3 MOKA3HUKOM
o .

KUIbKICTh HAHOYACTHHOK B 00 €M1.7\, (Tpymu  sanommenns n,. [lokasHEK 3aTOMICH-
YJAaCTMHOK YCEPEAMHI TAKMX 00’€MiB Ha3WBa-
TUMEMO KOMITAKTHHMH ) CTaHOBHUTb

3
3c( A : :
N=n\’ :—(Ej . 30kpema, it 4acTUHOK 3 R = 50 HM 1 BUJIUMOTO CBITJIA 3 A =

47
500 aMm N = 240 c, To0T10 Bxe 1pu ¢ > 0.04 KITBKICTh TAKUX HAHOYACTUHOK B 00’ €Mi
A’ Ha mopsgok mepesuinye oxmHmIo. Lleit dakT 103BoIse HaM I OOYHCICHHS
TPAHCIIOPTHUX XApaKTEPHUCTHUK (DOTOHIB B TAKUX CYCIEH3IAX O€3MOCEepPEeIHbO CKOpU-
craTucs maxoaom [7].

3 (G13UYHOI TOYKH 30pYy, PO3CISHHS Ha BKa3aHUX KOMIIAKTHHMX Tpylax HaHOYa-
CTUHOK YaCTHMHOK € OJHOKPAaTHUM. 3TiAHO 3 Teopi€lo [6] JOKanbHUI pPO3MOIiT
JEJIEKTPUYHOT TPOHUKHOCTI B HAIIM MOJIEIBHIN CUCTEM1 3aMUCYETHCS Y BUTIISAII

e(r)=¢,+de(r) (1)

ne Ss(r) — BHECOK KOMIIAKTHOI IPyNu. Y HAIIOMY BUIIAJIKY

Se(r) = i{ASIG(RI —|r—r|)+ A, [E)(R2 —|r—x[)-6(R —|r- rl‘)]} (2)

i=1

HS A1ipa — 1y, OO0JIOHKU — 7.

1 0
ne e, (r)=¢(r)—¢,, 8¢,(r)=¢,(r)—g, i 6(x)= (; XZO — crymningyaTta QyHKIis
, X

XeBicana.
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Knacuynuii migxig 10 BUBUYEHHS PO3CISTHHS CBITJIa pIIMHAMHU JAJIEKO BiJ
KPUTUYHOI TOYKH OOMEXYEThCS BUKOPUCTAHHSM Iepuioro HaOmmwkeHHs bopHa B
Teopii OararokpaTHoro po3scisiHHa [5]. lle o3Hayae, 1m0 BpaxoBYIOThCS €(EKTH
PO3CISIHHSI, TOB'A3aH1 JIMIIE 3 TapamMu 4acTUHOK. Lle, oueBuIHO, HE 30BCIM MPaBUIIb-
HO: HaIpUKJIaJ, CIi/1 OYIKyBaTH, 10 B PIAMHAX B3a€MOJIIi MK CYCITHIMU YaCTUHKAMHU
MOJISIPU3YIOTh OJIHA OJHY OUIbII 1HTEHCHBHO, HDXK y Ta3axX, ajie OMUC PO3CISHHA B
000X BHUIAJIKaX 3JIMCHIOETHCS aHAJOTIYHO. METo/l KOMIAKTHUX TPYIl YCyBae Iiei
HEJIOJIIK Teopli. A came, BBOJUTHCS MOHATTS OJHOKPATHOTO PO3CISIHHA B y3arajbHe-
HOMY PO3YMiHHI, IiJl IKUM PO3YMIETHCS PO3CISIHHS HA Mapax KOMIIAKTHUX TpyH yac-
THUHOK 1 sIK€ 3 (DI3UYHOr0 MOMJISIAY € OAHOKpAaTHUM. KpiM TpaauLiiftHOro po3CisiHHS Ha
napax OKpEMHX YacTHHOK, TaKe pO3CISIHHS BKJIIOYAa€e 0araTOYaCTUHKOBI €(eKTH
PO3CISIHHS 1 MOJspU3alli BCEpeIUHI KOMIIAKTHUX Ipym. Sk Oyno paHilie MmokasaHo,
JUISl HAHOYACTUHOK 1 BUJIMMOTO CBITJA 11 €()eKTH MOBHUHHI CTaBaTH MOMITHUMH BXKE
U1 06’€MHHX KOHIIGHTPAIiil ¢ >0.04, KON KiIbKiCTh HAHOYACTHHOK B 006’eMi A’
MOY€ 3HAYHO MEPEBUILYBaTH OJUHUIIIO.

BuokpemiieHHs eexTiB 0araTokpaTHOTO PO3CISTHHS Ta KOpEJsIid BcepeauHi
KOMITAKTHUX Tpyn Oa3yeTbcsi [6] HA ToMy (hakTi, [0 KOMIAKTHUM TpyIam
BUIMOBIAIOTh T1 00JacTi 3MIHHUX IHTETPYBaHHS B ITepalliiHOMY pSAl s
PO3CISHOrO MO0JIAA, Jie BHYTPILIHI IPONAraTopy €JIeKTPOMAarHiTHOTO Mot 1,p BUSBIIA-
I0Th CUHTYJISIDHY TOBEAIHKY THUITy JenbTa (yHKIli. BukopucroByrouu creriaibHe
npeacraBieHHs  ans8  1,p, BKaszaHl €(QEKTH MOKHA BHUIUIMTH 3 YCIX YICHIB
1TepalifHOrO PsiAy Il PO3CISTHOTO MOJS Ta MiJICYMYBaTH JiS JOBUIBHUX PI3HUIIb
MDK J1€JIEKTPUYHUMU MPOHUKHOCTSIMHU JUCIIEPCHUX YaCTHUHOK 1 AUCHEPCIMHOTrO ce-
penoBuIla Ta 0e3 3HaHHS IeTajIe OJMMXKHIX 0araTo4acTUHKOBHUX KOPEJIAILIiil.

VY pesynbTaTi 3aragbHUI BUpa3 JJIsl IHTEHCUBHOCTI OJTHOKPATHOTO PO3CISHHS (B
y3arajlbHEeHOMY PO3MiHH1) CBITJIa B KOHIIEHTPOBAaHIH CycrieH31i Mae BUTIIAL [ 7]

(@)=Y 1,(q) 3)

r,s=1

Jc

r+s—2

I (q)o —% | dr<(68(r))’ (88(1’))S>e_"q'r 3)

0
€ BHECKOM BI1JI 7 1 § aKTIB PO3CISIHHS BCEPEIMHI Mapyu KOMIIAKTHUX TPYI, ¢ — 3MiHA
XBUJIbOBOTO BEKTOpA CBITJIa BHACIIJOK PO3CISHHS.
JIJ1si MaKpOCKOMIYHO OJHOPIAHOI 1 130TPOMHOI CUCTEMH TBEPIUX KYJIb 3 KYyCKO-
BO-HENEPEPBHUM  paJialbHUM  PO3MOAUIOM JIENEKTPUYHOI MPOHUKHOCTI  JUIS
iHTeHCHBHOCTI poscisHus (Ha HeHymboBHil Kyt &) micraemo [7]:

4 .
k sin?

L@ =1y = " teifo(a)f nS(a), ©

0
ne /, — IHTeHCUBHICTh ITaJal0v0i XBHIII, V- po3cCifoBaIbHUI 00°eM, k, — BeIMYHMHA
XBUJILOBOT'O BEKTOPA CBITJA Y BaAKYYMI, Y — KyT MK BEKTOPOM MOJISIpU3aLli agardoi
XBUJIl Ta HAIIPSIMKOM Ha TOYKY CIIOCTEPEKEHHsI Ha BIJCTaHl R, n — KUJIbKICTh 4yac-
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TUHOK B OJIMHUIIl 00’€MY, S(q) — CTaTUYHUU CTPYKTYPHHUH (PAKTOp CHUCTEMHU KYIIb,

o(q) — epexTUBHA MOJISIPU3OBHICTH YACTUHKU PA30M 13 3aCTIHHUM IIIAPOM Y CUCTEMI,
AKa B HAIIIOMY BI/IHa,Z[Ky Ma€ BUTJISI:

€,—¢€
a - d —iqr _“1  ©0 d —iqr 0 _
(@) 0<J<R 81 + 280 4TE R <-LR g, +2¢,
g —g 3}51 singR, _cosqR, |+ 5)
g +2¢, q qR,
_ & —& 3152[sian cosqR, J 31;’ (squ1 —coqul} .
g, +2¢,| q qR, q qR,

2. JloB:kuHAa BiJIbHOTO0 Mpooiry ¢portoHiB.OHI€I0 3 HAWBAKIIUBIIIUX XapaKTe-
PUCTUK (POTOHHOTO TPAHCIIOPTY B CEPEIOBUIIII € IOBXKHMHA BUIBHOTO MPOOIry hOTOHIB
/. BoHa BHM3HAYa€ CTYIIHb MOCJIA0JICHHS 1HTEHCHUBHOCTI CBITJIA MPU MOIIUPEHHI B
CepefoBUIII 1 BXOAUTh Y 3aK0H byrepa / =/, exp(—ocx), ne [ — IHTEHCUBHICTb CBITJIA

B CEPEJOBHILI IMICs MPOXOJKEHHI B HbOMY BIJICTaH1 X, /) — IHTEHCUBHICTh CBITJIa

IIpU BXOJDKEHHI B CEpEOBUIIE, 0. — KOE(]IIIEHT MOIVIMHAHHS. 32 YMOBHU, KOJH IO-

cabJIeHHsI IHTEHCUBHOCTI CBITJIA B1IOYBAETHCS JIMIIE BHACIIOK MPOLIECIB PO3CISIHHA

Ha ONTUYHUX HEOJHOPITHOCTAX (HAMPHUKIIA, YACTUHKAX cycneHsii), a = 1/ [5].
JloB>KHHA BUIBHOTO MTPOOIry (hOTOHIB OOUMCITIOETHCS 3a (POPMYIIOTO:

| 2

;:%J‘dﬂ(l+cos29)‘a(q)‘ nS(q). (6)
Q

JIJist OIIHOK 111€1 BEJIMYUH CKOPUCTAEMOCS CTPOTUMHU pesynbTaTaMu JUisl CTPyK-

TypHOTO (paKkTOpa CUCTEMHU TBEPAUX Kyib y HaOmmkeHHi [lepkyca-Mesika [9]:
1
S(qg)=——, 7
() T (7)
ne d = 2R, — 30BHIIIHIA AiamMeTp Kyji 3 000J0HKOMW, c(g) — Dyp'e-o0pa3 mpsmoi
KOPEJSIINHOT QyHKITIT:

c(q)= 471:2d (o+B+ 8)(cosqd —~
q

sinqu_B singd N 2cosqd —1

qd qd (qd)2
s 3squ +1200sqczl B sch}l > cosqd4—1 ®)
9 (qd)  (qd) (4d)
2 3
o= (2n+1) 6n(n/2+1) 5= n:m_ (9)

' )

3. TeopernuHa OWIHKA 3aJIEKHOCTI /Bill mapaMeTpiB 3acTIi{HOrO wIApY.
Cxopucrtaemocst ¢hopmysioro (6) aJisi aHai3y 3aJIeKHOCTI JOBKUHU BUILHOTO MPOOITy
(OTOHIB BiJ TOBIIMHM 3aCTIHOTO MIapy A JaTEKCHUX YACTUHOK pajiycoMm R = 50
HM y Boji.Iloka3HUKY 3aJIOMJICHHS JIATEKCHUX YaCTUHOK 7 = 1.59 1 Bonu ny = 1.33.
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Hexaif noBxkuHa XBWJI MAJal0uoro CBITIIA y BakyyMmMli Ay = 665 HM, M0
BiAMOBiae 1oBxuHI A = 500 HM y Boai. Po3rissHeEMO 4OTHUpH MOXKJIMBI CUTYaIlii, KO-
JIU TIOKAa3HUK 3aJIOMJICHHS 3aCTIHHOTO IIapy 7, 3a/I0BOJIBHSE CITIBBIHOIICHHS 1 < 11
X My, ng < nyp < ny, ng <ny <mnin <ny<ny;. Ha puc.2. npexncrarieHo rpadiku
3aJIEKHOCT1 BIJIHOCHOI JOBXXMHHM BUIBHOTO MpoOiry (oToHIB 3 ypaxXyBaHHAM
sactiiinoro mapy //l, (l,— nmoBxuHa BinbHOro mpoGiry (oToHIB 6e3 ypaxXyBaHHS

co . . P cw * (XY
3aCTIMHOTO I1apy) BiJ BIJHOCHOI TOBIIMHU 3aCTIHHOTO IIapy U JJisl LUX CUTYaIliil.
PucyHOK 3 1IeMOHCTpY€ 3aeKHicTh //], Bia MoKa3HMKA 3aJIOMJIEHHS 3aCTiHHOIO IIa-

py 7, ipu (PIKCOBaH1{ TOBIIMHI u .

Pe3ynbTaTi 004YMCIIEHB MOKA3YIOTh, 10 / BUSIBISETHCS YYTIHUBOIO SIK J10 3HAUECH-
HSI TIOKA3HUKA 3aI0MJICHHS LAY 1, TAK i JO HOro TOBIMHK U . OIHAK XapaKrep
[IUX 3aJIEKHOCTEHN JIeNI0 PI3HUTHCS. 31 30UIBIICHHSM 71, TIPU (DIKCOBAHUX 7 1 711 JIOB-
’KUHA BUIBHOTO MpoOIry (hOTOHIB 3MEHIYEThCs. DI3UYHO 11€ 3p03YyMIN0, OCKUIBKH
IpyU TakoMy 30UIbIICHHI #; CEPEAOBHILE CTA€ ONTUYHO TCYCTIIIUM, a TOMY
HMOBIPHICTh pO3CISIHHS (DOTOHIB 3pocTae. SIKICHA K 3aJeXHICTh / BlJ TOBIIMHH
3aCTIHHOTO Mmapy npu (HiKCOBAaHOMY 3HAUYECHHI MOKA3HUKA 3aJIOMJICHHS YaCTUHKH MO-

. . . * .
XKE 6YTI/I JABOX CYTTE€BO PI13HUX THIIB: COAJHOK IIPH 3PpOCTAaHH1 U , AKIIO 1, >H,, 1

sof 1.6}

14} ]

]
i

—
[ S
T

Vi e o 1.0} ]

15¢

06} 1

04}

L L 1 L

0.00 005 010 015 020 1.2 1.4 1.6 18 20

i)

Puc.2. Teopernuna 3anexuicts [/, Bin

U s CYCIICH31i JIaTeKCHUX YaCTUHOK (
n, =1.59) pagiycom R=50 um y Boxi (
n, =1.33). CyuineHa KpuBa — IOKa3HHUK
3aJIOMJICHHS 3aCTifHOTO Iapy IOpIBHIOE
1.6, mrpuxoBana — 2.09, wTpUX-
nyHktupHa — 1.45, nynktumpra — 1.2
O0’emHa KOHIIGHTpAIlli YaCTUHOK C =
0.068.

Puc.3. Teopernuna 3anexuicts [//, Bin
MMOKa3HHWKA 3aJOMJICHHS 3aCTIMHOTO IIapy
n, Ui CYCHEH31M JaTEeKCHHX YaCTHHOK (
n, =1.59) pagiycom R=50
3aCTIMHUM IIAPOM 3 BIJIHOCHOIO TOBIIMHOIO
u =01y Bomi (n,=1.33).
KOHIIEHTpaIlis 9acTHHOK ¢ = 0.068.

HM 1

0O0’emHa
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. * . o .
3pOCTaIOUOI0 MPHU 3pOCTaHHI U , IKIIO 1, < n,. LI Tunm 3anexHocTell BioOpaxxaroTh
TOH (Qakt, mo ¢(OpMyBaHHS 3acCTIMHOTO IMIapy BeI€ B NEPIIOMY BHUIAAKY [0

3GLIBIICHHS ONTHYHOI I'YCTHHH CEPEIOBHIIA, KA MOCHIIOETHCS 31 3pOCTAHHIM U
TOI1 SIK y IPyrOMY BUMAAKY ONTUYHA TYCTHHA CEPEIOBUIIA 3MEHIIIYEThCS.

Tenpenuis 10 36inbmeHHs ! 1MOpiBHAHO 31 3HAYEHHAMH, HepeaOavyBaHUMU
teopiero Mi, cmoctepiramacs B po6oti [10], Ae BoHA mOsICHIOBajacs BHECKaMU
KOpEJSIINHUX e()EeKTIB BUIIMX MOPSIKIB MK PO3CIFOBAIbBHUMHU IIEHTPAMH B KOHIICH-
TPOBAHUX CYCIEH31X. 3apOIIOHOBAaHA HAMM TEOpisd HE JIMIIE BPAXOBYE Il €PEeKTH,
aje # J0JaTKOBO BKa3ye Ha e OJMH MOXJIMBHUI MexaHi3Mm popMmyBaHHd !, a came, -
(dhopMyBaHHS 3acTiiiHOTO mIapy. 3TiIHO 3 BUKOHAHUMHU aHaJII30M, BHECKHU BiJl 000X
MEXaHi3MIB MOXKYTh SIK MiJICHJIFOBATH OJUH OJHOTO, TaK 1 KOHKYpPYBaTH MK COO0OIO.
JUIsl KUTBKICHOTO BUOKPEMIIEHHS IIUX BHECKIB 3@ JIONIOMOTOI0 3aIIPOIIOHOBAHOT TE€OPii
MOTPIOHO MaTU JOCTAaTHHO EKCTCHCHUBHHUI HaOIp €KCIEPUMEHTAIbHUX JaHUX JJIs
CyCNeH31d 3 pI3HUMHU ONTUYHUMHU 1 TEOMETPUYHUMHU XapakrepucTtukamu. Ha
ChOroAH1 MoaAiOH1 aaHi BiACYTHI. CnojaiBaeMocs, 10 MpeacTaBieHa poOoTa CTUMY-
JIOBaTHME MOCTAHOBKY BIJIMOBIIHUX €KCIIEPUMEHTIB.
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S.D. Balika

The effect of the stagnant layer on the photon mean-free-path length
in concentrated suspensions of nanoparticles

SUMMARY

We analyze the possibility of evaluation of the thickness and refractive index of the stag-
nant layer in concentrated suspensions of nanoparticles through the transport characteristics
of scattered light photons. The analysis is based on a physically-transparent generalization of
the concept of the single scattering intensity off systems in which the number of particles with-
in regions with linear sizes of order of the wavelength in the medium greatly exceeds unity.
This generalization is carried out within the notion of compact groups of particles, makes it
possible to go beyond the traditional Born approximation, and take into account many-
particle effects contributed from those ranges of integration variables in the terms of the iter-
ation series for the scattered field where the internal propagators have delta-function-type
behavior. As a result, the evaluation of the photon transport characteristics becomes possible
without a detailed modeling of many-particle scattering and correlation processes in the sys-
tem.

The photon mean-free-path length is investigated theoretically as a function of the stagnant
refractive index and that of the layer thickness to show a noticeable effect of both parameters
on it. As the layer refractive index is increased at a fixed layer thickness, the mean-free-path
length decreases because the suspension optical density increases. As a function of the layer
thickness, the photon mean-free-path length reveals different types of behavior, depending on
the relation between the refractive indices of the stagnant layer and base liquid. If the former
is smaller than the latter, this behavior is increasing; in the opposite case, it is decreasing. An
experimentally observed increase of the photon mean-free-path length with the particle con-
centration is usually explained as a manifestation of higher correlation effects. Our theory re-
veals that the presence of the stagnant layer make the situation more complicated, for both
factors may either enhance or diminish each other. To resolve the issue, new specially-
designed experiments are required to be set up.

Keywords: nanofluids, stagnant layer, light scattering, photon transport, hydrodynamic
radius
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Study of characteristics elementary atomic processes in the neon-like
multicharged ions plasma within an energy approach

We present the theoretical foundations of an advanced relativistic approach to computing
the main energy, spectral characteristics of radiative-collisional processes in the plasma (in
particular, the Debye plasma) of atomic as the example, neon-like) ions with simultaneous,
quantitatively consistent consideration of the complex relativistic, interelectron exchange-
correlation and plasma environment effects. The approach is based on the combination of a
relativistic energy approach (S-matrix Gell-Mann and Low formalism), the relativistic gauge-
invariant many-body perturbation theory with optimized Dirac-Fock-Sturm and Debye-
Hiickel approximations with accounting for the plasma environment effects with possible gen-
eralization on the presence of an additional external electromagnetic field. The fundamental
point of our approach is the selection of the optimized Dirac-Fock-Sturm zeroth approxima-
tion and application of the consistent procedure for constructing a one-quasiparticle
representation (basis’s of relativistic wave functions) in compliance with the principle of
gauge invariance, in particular, by minimizing a gauge-noninvariant contributions to the
radiative widths of the atomic (ionic) levels due to the complex exchange-correlation effects.
The electron-ion collision strength and the dioelect5ron capture rate etc are determined with-
in the presented theory.

Keywords: Radiative-collisional processes in plasma, Relativistic energy approach,
Relativistic many-body perturbation theory, collison strength, dielectron capture rate

Introduction. The theory of radiation processes (transitions, ionization, decay,
etc.) is traditionally in the center of attention of theoretical quantum, atomic and mo-
lecular physics, laser physics, physics of aerodispersed systems and plasma etc (e.g.
[1-7]). In the last decades, the interest has grown even more, when fundamentally
important role of elementary radiation and collisional atomic processes involving
multi-charged ions, photons in a wide class of physical systems (plasma etc.). We are
talking, first of all, about the problems of astrospectroscopy, astrophysics, physics of
the Sun and auroras, diagnostics of astrophysical, thermonuclear plasma, topical
problems of laser physics, including creation of short-wavelength lasers (e.g. [8-20]).
Although a fairly large group of methods for calculating characteristics of radiation
and collisional processes has been developed in modern theoretical spectroscopy,
including methods of pseudo- and model potential, density functional, various
versions of relativistic and QED perturbation theory (PT), standard Hartree-Fock,
Dirac-Fock (DF) and even mega-DF methods etc, hitherto the application of most of
them faces serious both fundamental and technical problems (e.g. [1-4,13-20]). One
should focus on such fundamental shortcomings of most of the mentioned methods as
slow convergence of PT series, non-fulfillment of the principle of gauge invariance
(appearance of gauge-noninvariant contributions (GNIC) into atomic radiation
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widths), the use of non-optimized bases of wave functions, an insufficiently complete
and correct accounting of exchange-correlation effects (e.g. [1-4]).

The aim of the work is the development of the theoretical foundations of an
advanced relativistic approach in radiative-collisional spectroscopy of the electron-
ion systems to computing the main energy, spectral characteristics of radiative-
collisional processes in plasma with simultaneous, consistent consideration of the
complex relativistic, interelectron exchange-correlation and plasma effects.

Relativistic energy approach in radiative-collisional spectroscopy of atomic
ions in plasma. In order to formulate an advanced approach, we start from the known
consistent theortetical approach to studying relativistic decaying system, namely, rel-
ativistic energy formalism in a gauge invariant formulation [21-24] (e.g. [25,26] t00).
In fact, the known Gell-Mann and Low adiabatic formula with the QED scattering
matrix for the energy shifts AE of decaying states is used. The whole quantum field
procedure is reduced to construction of the secular matrix M and its further
diaghonalization [21-24]. The M secular matrix elements are already complex in the
PT second order. Their imaginary parts are connected with the radiative-collisional
decay probability or cross-section. The total energy shift of the state is usually pre-
sented in the form: AE = ReAE + i ImAE, Im AE =-17/2, where I 1s interpreted as the
level width. The whole calculation of the energies and decay probabilities of a non-
degenerate excited state is reduced to calculation and diagonalization of the complex
matrix M .and definition of matrix of the coefficients with eigen state vectors B

[21-23]. To compute all necessary matrix elements, one should apply the basis’s of
the relativistic wave functions (look below). The energy approach has been general-
1zed to cover the problems of scattering theory (e.g. [21-26]). Here we briefly outline
the main idea considering the collisional de-excitation of the Ne-like 1on:

((2 Jiu) 3j[IM ,.],sm) —(®,,&_). Here @, is the state of the ion with closed shells

(ground state of the Ne-like ion); J; is the total angular moment of the initial target
state; indices iv, ie are related to the initial states of vacancy and electron; indices &,
and &, are the incident and scattered energies, respectively to the incident and scat-
tered electrons. The initial state of the system is as follows ( e.g. [25]):

J; M,
|I>=a Z a,a,D,C," (1)
m. m:

Here C*" is the Clebsh-Gordan coefficient. Final state is as follows: | F >=a’ @,

where @, is the state of an ion with closed electron shells (ground state of Ne-like

ion), |I> represents three-quasiparticle (3QP) state, and |F> represents the one-
quasiparticle (1QP) state. The justification of the energy approach in the scattering
problem is described in Refs. [22-27]. The scattered part of /m AE appears first in the
atomic PT second order as the integral on energy of the scattered electron & :

deSCG(s. €0rEmrEy )/ (€, — €, —€, —€,, —i0) 2)

ie?

€.

[2%24 in’

ImAE =G (¢, ,€,,¢,,.€,, ) (3)
where G is the combination of the known two-partcile matrix elements (e.g. [3, 21]).
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Relativistic many-body perturbation theory with the Dirac-Fock-Sturm and
Debye-Hiickel approximation. The most fundamental topic is connected with
choice of the corresponding approach to description of relativistic atomic system and
further the basis of relativistic wave functions. Namely this point determines a whole
approach. In our work we will construct the formalism of relativistic many-body PT
with optimized Dirac-Fock-Sturm-Debye-Hiickel approximation with accounting for
the influence of the plasma environment in the Debye plasma. The technique of con-
structing the formalism of many-particle PT and the corresponding
diagrammatization (Feynman diagram technique) of the PT series is well known. We
use the ideology presented in details in Refs. [3, 21]. The electronic Hamiltonian for a
N-electron ion in a plasma is given in atomic units as follows [25]:

l-o,a,
H =Y [acp —Pmc® — Zexp(—pr;) / r;]+ Z(—”)eXp(—wy-), (4)
i i>) T
where o nad B (¢; ) — Dirac matrices, Z is the charge of the atomic nucleus. The pa-
rameter W in (4) is connected with the plasma parameters: temperature 7" and charge

density n as: w~+je’n/k,T (as usually, e is the electron charge, 5 is the Boltzman
constant). The density z is given as a sum of the electron density N, and the ion den-
sity Ny of the k-th 1on species having the nuclear charge g;: n=N, + Zq,fN p -

k

The fundamental point of our approach is the selection of the optimized Dirac-
Fock-Sturm (ODFS) potential as the zero approximation, and application of the
procedure for constructing a one-quasiparticle representation in compliance with the
principle of gauge invariance, in particular, by minimizing GNIC to the radiative
widths of the atomic (ionic)levels. In order to reach that adequate description off
characteristics of the atomic elementary processes one requires using the optimized
basis’s of wave functions. We have applied an effective version [28] (e.g. [29, 30]) of
“ab 1niti0” optimization principle for construction of cited basis’s, based on relativis-
tic energy approach [22,25]. In the fourth order of QED PT or the second order of
the relativistic PT with the DFS approximation there appear diagrams, whose contri-
bution into the ImOE accounts for the polarization effects. This contribution describes
collective effects and it is dependent upon the electromagnetic potentials gauge (the
GNICn 4E,,,,). The leading term is as follows [22]:

e i
ImdE,, (a—s|4,)= —Crnjjjjdﬁdrzdzgdr42[m +
1 S
+m]-‘l’a (7)Y ()Y ()Y () (- a,a,)/5, - “

{ [(O%O% s CRON (N ))/’”34 ' Sin|:0)a" (rp +13) + @y,

COS|:(Dan (’”12 Ty ):|(1 + (a3n34 )(a4n34 )):|} ¥, (’3 )\Poc (r4 )\Pn (rz )\Ps (’”1 )
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The minimization of the functional /m AE,;,, leads to the integral differential
equation of the DF type, that is numerically solved. In result one can get the optimal
one-electron basis of the PT. In our approach it is supposed that the basis is the ex-
tended and in the case of the neon-like ions it additionally includes f-orbitals as well
as the Sturm complement in order to take into consideration a continuum states. The
effective Sturm algorithm is presented in Ref. [25,26] and it is used in our method. In
addition to continuum states, there is a need to account for Rydberg states as well.
Moreover, in the processes of electron-ion collisions with the participation of multi-
charged ions in the plasma, the corresponding states converge to the thermalized
energy zone of Rydberg and autoionization Rydberg states. Really these states
converge to the ionization threshold of each ion in plasma.

Characteristics of electron-ion collision and dielectron capture in plasma.
Let us recall that in the relativistic theory, when constructing the secular matrix M
and further transformations, a standard transition is implemented from the representa-
tion of a pure j-j scheme of the connection of moments to the presentation of an in-
termediate scheme of the connection, where quantum numbers 7, I’ respectively num-
ber the states (e.g. [3]). Diagonal elements of the transformed matrix </K| M | I'K™>
are then determined in the standard way:

<IK|M|IK'>= ) By <iv\ie'J,|M|iv,ie,J,> By, , (6)
In fact, these matrix elements actually determine the corresponding cross sec-
tions of collisions of an electron with an ion, in particular, the cross sections of colli-
sions that are accompanied by the transition of an ion (as an example, we consider a
neon-like ion) from a disturbed two-quasiparticle state to the ground state (the so-
called collision process where de-excitation): |IK, &,j.,,>—>|Do, &
By definition, the electron-ion collision strength X/ —F) is related to the cor-

responding collision cross section ¢ as follows (e.g.[22,25]):

oI > F)=QU —> F)-n/{2J, + e, [(aZ)e, +2]} (7)
G(]K - 0) = 2TC z (2’jsc + 1){2 < 0 | jin ’jsc | jie’jiv"]i > Bi[eli'v}z (8)
JinsJse Jie Jiv

<O Jis i | s Jinsdy >= (2, + D2, + D=1 5 D (=1 x
A

x{8,.,, / (2J; + DO, (sc,ie;iv,in) + {J’" jsc i}QX (ie;iniv,sc)}, 9)

where Q;=Q2"'+Q; is the sum of the Coulomb and Breit part matrix elements,

which are corresponding to the known Coulomb ~ exp(i|w|r;,) /r;> and the Breit ~
exp(i|®|r;,) o;00/r;; parts of the relativistic interelectron interaction potential. The de-
tails of their computing can be found in Refs. [3, 21-27].

Very important question is connected with the correct determination of normal-
ized cross section. Here it is necessary to perform all calculation with fairly normal-
ized functions f;,, g;, of an incident electron and f,., g, of a scattered electron (e g.
[3]). The corresponding normalizing factors N;,” , Ny~ are defined as:
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N2 = Zam(2j, +1)lim 1 , (10)
o VXIXZY(f;n’gin)
JX X
N2 =Zo / nlim———22 (11)
o Y(f:vc’gsc)

where Y(f,g)=r""(X,f? + X,g°);/, g are the large and small components of the
DF wave function.

Characteristics of a dielectron capture. Dielectron capture as well as an
autoionization decays of the Rydberg states are among the most important elementary
processes that contribute to the dynamics and kinetics of the population of various
states in a plasma. Dielectron traps, in fact, can lower the energy threshold of
excitation of the corresponding ion, and thus lead to an increase in the rate of
excitation collisions for a given energy distribution of electrons in the plasma. The
contribution of this effect will depend on the ratio between different ionization
channels of the ion in the plasma, which includes, on the one hand, ionization due to
collisions, and photoionization, and on the other hand, Auger decay into the ground
state of the ion (e.g.,[21-27]). The cross-section of dielectron capture can be
determined by the analytical extension of the electron-ion collision to the region of
energyé¢,, lower than the collision threshold, where the energy of the scattered

(captured) electron becomes negative: ¢, =g, —¢,. The rate of dielectron capture
can be determined by the formula:
na;

Cli—j)=—=2—
( J) (2']1 + 1) €4mtEj; in

F(e,T) =22/ (mnT*)exp(~e/ T), (13)

where a, is the Bohr radius, Ry is the Rydberg energy (in Coulomb units, Ry = 0.52%).
The function F simulates the energy distribution of plasma electrons. Together with
the speed multiplier, it is one of the model elements of the theory. In principle, the
theory also allows the use of a non-Maxwellian energy distribution. The fact is that in
a real plasma the distribution of time-particles by velocities may differ to one degree
or another from the purely Maxwellian one ( e.g. [23-25]). In particular, the presence
of an external electromagnetic field can cause a distortion of the electron distribution
function in the region of high energies (the effect of the flow of so-called fugitive
non-thermal electrons), which leads to an increase in the number of particles in the
tail of the Maxwellian distribution. In the absence of significant external influence,
another situation is possible, when due to collisions accompanied by disruption or
1onization, the number of fast electrons turns out to be less than the Maxwellian
number. Although differences from the pure Maxwellian distribution are quite
common, the case of a purely Maxwellian function is of primary interest in a large
number of do-data. In relativistic theory, it is natural to describe the distribution of
continuum electrons by the relativistic Maxwell-Boltzmann distribution function

(e.g., [3D).

0

[ de, Bai- jie, F(s,:T) (12)

in?
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To conlude, we presented a new version of energy approach in radiative-
collisional spectroscopy of ions in plasma, based on the relativistic gauge-invariant
many-body PT with the optimized Dirac-Fock-Sturm-Debye-Hiickel approximation.
The approach can be generalized for the case of pr4esense electrpmagnetic field, cor-
respondingly, the models [31-33] can be used. This topic as well as the application
results can be considered in the next work.
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A.A. Ceunapenko, M.B. Cmingenko
BuB4YeHHSI XapAKTEPUCTHK €JIEMEHTAPHUX ATOMHMX MPOLECIB Yy MIa3Mi
HEOHOMOAIOHMX 0AraTo3apsiIHUX I0HIB B pAMKAX €HEePreTHYHOI0 MiIX0Xy

AHOTALIISA

Buknadeno meopemuuni 0CHOBU YOOCKOHANEHO20 PeNAMUBICINCHKO20 NIOX00Y 00 BU3HA-
YeHHs1 OCHOGHUX EHEep2emuUYHUX, CNeKMPAIbHUX XApaKmMepucmux paoiayiunux npoyecie ma
npoyecie 3imKkHeHb y naazmi 6a2amo3apsaonHux (HeoH-nodiOHUX ) i0OHi8) 3 OOHOUACHUM, KilbKi-
CHO NOCNIO08HUM YPAXYBAHHAM CKIAOHUX PeNAMUBICICOKUX, MIdHCEIeKMPOHHUX OOMIHHO-
KopenayituHux egexmie ma eghekmis niasmogozo cepedosguuja. 11ioxio 6azyemvcs Ha noe€o-
HAHHI  PeIMUBICICOKO20 eHeP2eMUYH020 NiOX00y, pPersimusicmcbKoi  KaniopysanbHo-
iHeapianmHoi bazamo4acmunKogoi meopii 30ypeHb 3 ONMUMI308aHUM HAOIUNCeHHAMU [lipa-
ka-@oka-LlImypma ma [lebas-Xiokkens 3 ypaxy8anusam 6naugy Nid3MOB020 cepeoosulyd, i
Modice Oymu y3a2aibHeHull Ha 8UNA0OK HASBHOCMI 000AMKOB8020 3068HIUHLO2O eleKmpoMae-
HIMHO20 nons. DYHOaAMeHMANTbHUM MOMEHMOM Ni0Xo0y € 6udip ONMUMI308aHO20 HYIbOBO2O
Habnuxcenns Jipaka-@oka-LlImypma ma 3acmocyanus y32002ceHoi npoyedypu nodvyoosu
00HOKBA3TYACMUHKOB020 BIONOGIOHO 00 NPUHYUNY KATIOPYBANbHOI IH8APIAHMHOCMI, 30KpeMda
, WLIAXOM MIHIMI3ayii KaniopyeanbHO-HEIH8APIAHMHUX 6HECKI8 Y padiayitiHi WUPUHU AMOMHUX
(i0HHUX) PiBHI6 BHACTIOOK BNAUBY CKIAOHUX OOMIHHO-KOpenayitunux ehekmis. Y pamxax npeo-
CcmaeseHol meopii 6U3HAYAIOMbCSL CUla (neeppis) eneKmpoH-iOHHO20 3IMKHEHHS, WEUOKICIb
OieleKmpPOHHO20 3aXONNEHHs MOWo.

KuouoBi ciioBa: paoiayiiini npoyecu ma npoyecu 3imKHeHb Y NAA3MI, PelamuU8iCmcbKull
eHepeemuyHUull NioxXio, penstmusiCmcbka KaniopysanbHO-IHEaApIaHmHa 6a2amo4acmunKosa
meopis 30ypens, nepepiz 3iMmKHeHHs, WBUOKICMb 01eIeKMPOHHO20 3AXONJIeHHSL .
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Chaotic dynamics of diatomic systems in an electromagnetic field:
Dynamical and topological invariants

An advanced combined quantum-dynamic and chaos-geometric method for analysis, model-
ling, and forecasting of the chaotic dynamics of diatomic molecules in an intense electromag-
netic field is presented. The method is based on the use of the non-stationary theory of the
Schrddinger equation in the approximation of the density functional and the methods of the
theory of chaos and dynamic systems for the analysis of time series of polarization and other
characteristics of diatomic molecules in an intense electromagnetic field. In particular, the
latter includes the Gottwald-Melbourne test, the correlation integral method , fractal and
multifractal formalism, average mutual information, false nearest neighbours, surrogate data
algorithms, analysis on the basis of the Lyapunov's exponents, Kolmogorov entropy, nonline-
ar forecast models based on algorithms of optimized predicted trajectories, B-spline approx-
imations. As an illustration, the advanced data for the dynamical and topological invariants
(correlation dimension, embedding dimension, Kaplan-York dimension, Lyapunov's expo-
nents, Kolmogorov entropy, etc.) for the diatomic ZrO molecule in a linearly polarized elec-
tromagnetic field are listed.

Key words: diatomic systems in an electromagnetic field, chaotic dynamics, chaos-
geometric approach, dynamical and topological invariants

Introduction. Currently, the theoretical and experimental study of regular and
chaotic dynamics of nonlinear processes in various classes of quantum systems (in
particular, atomic and molecular systems in an external electromagnetic field) is of
great interest, which is of great importance to many scientific and technical applica-
tions, etc. [1-10]. Chaos theory establishes that apparently complex irregular behav-
iour can be the result of a simple deterministic system with several dominant nonline-
ar interdependent variables. A large number of studies using ideas derived from chaos
science to characterize, model, and predict the dynamics of various system phenome-
na have been witnessed over the last decade (see, for example, [11-23]). The results
of such studies are very encouraging, as they not only showed that the dynamics of
clearly irregular phenomena can be understood from a chaotic deterministic point of
view, but also reported very good predictions using this approach for various sys-
tems, including those that from a classical point of view were considered non-
prognostic. This is a well-known problem of modern chaos theory and dynamical sys-
tems. We should mention the interpretation of chaotic phenomena in quantum sys-
tems through the mechanism of strong nonlinear interaction and overlap of resonanc-
es (overlapping and merging resonances, '"snapshots" of gas resonances,
stochastization of oscillatory motion in molecules, etc). A well-known example of
complex nonlinear chaotic dynamics of finite quantum systems is the chaotic dynam-
ics of a hydrogen atom or Rydberg atoms or more complex molecular systems in an
external electromagnetic field (see [1-4, 23-26]).
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In this article, we present the results of applying the combined quantum-
dynamic and chaos-geometric method [27-30] for analysis, modelling, and forecast-
ing of the chaotic dynamics of diatomic molecules in an intense electromagnetic field
and list the advanced data for dynamical and topological invariants, characterizing
the polarization time series for the diatomic ZrO molecule in a linearly polarized
electromagnetic field of high intensity.

Theoretical method. Our approach to modeling the chaotic dynamics of dia-
tomic molecules in an intense electromagnetic field is based on two blocks, namely,
the universal nonlinear analysis block (e.g.[18-23]), which in our problem actually
includes the computation of time series of level populations, polarization, power
spectrum, and quantum-dynamic block ( e.g. [27-30]). The latter includes solutions of
the time-dependent Schrodinger equation for the diatomic molecule in an electro-
magnetic field, computing the molecule polarization and other parameters. The chaot-
ic behavior could be identified using the Lyapunov's exponent, the separation of two
adjacent trajectories, and the Fourier transform of the temporal evolution of the sys-
tem.

As the applied method has been earlier in details presented in refs. [18-23, 27-
30], including the quantum-dynamic method of description of the diatomic molecule
in an electromagnetic field, below we will restrict yourself only by some fundamental
definitions and key ideas. The quantum-dynamic approach to a diatomic molecule in
an electromagnetic field is based on the solution of the time-dependent Schrodinger
equation, optimized operator perturbation theory and realistic interatomic potential.
For the studied molecule we have used the results of computing in the density func-
tional approximation (e.g. [29,30]). A molecule in the field gets the induced polari-
zation and its high-frequency component can be determined and listed as the corre-
sponding time series [28,30]. It is well known that a spectrum in the regular case of
molecular dynamics consists of a little quantity of the well resolved lines. Principally
another physical and mathematical situation occurs in the case of chaotic dynamics of
molecule in a field. It is easily to understand [30] that the corresponding energy of
interaction with an electromagnetic field can be much higher than the known

anharmonicity constant, 1.€., W > xhQ, and, as result, the corresponding spectrum in
this case becomes significantly more complicated [27, 30].

The main output data of the quantum-dynamical modelling are the correspond-
ing time series for the polarization of a molecule in a resonant electromagnetic field
in a chaotic regime (e.g., [30]). In order to perform the detailed analysis of the chaot-
ic dynamics of the molecule in an electromagnetic field through mathematical analy-
sis of the corresponding polarization time series, and to compute the well-known fun-
damental topological and dynamical invariants of the system in a chaotic regime the
universal chaos-geometric approach (e.g.[18-23,27-30]) has been used, in particular,
the version [28,30].

In general, the chaos-geometric approach includes using a combined set of such
non-linear analysis, dynamical systems and a chaos theory methods as the Gottwald-
Melbourne test, the correlation integral method, algorithms of average mutual infor-
mation, false nearest neighbors, surrogate data, methods of analysis based on the
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Lyapunov’s exponents, Kolmogorov entropy, power spectrum, nonlinear prediction
models, based on algorithms of optimized predicted trajectories, B-spline approxima-
tions, neural network simulation algorithms etc (e.g.[11-18,27-30]).

It is worth to remind that the master task of mathematical modeling molecular
parameter time series for analysis of dynamics of diatomic molecule in a field here is
to determine the corresponding embedding dimension and to reconstruct a Euclidean
space R’ large enough so that the set of points d, can be unfolded without ambiguity
[12,14,18,29]. In accordance with the embedding theorem, the embedding dimension,
dg, must be greater, or at least equal, than a dimension of attractor, d4, 1.e. dg > d.

In order to reconstruct the corresponding attractor dimension (e.g., [12-15,18])
one could use two main standard approaches. The first approach is the well-known
correlation integral analysis (e.g. [15]), which is one of the widely used techniques to
investigate the signatures of chaos in a time series. The method introduces the corre-
lation integral, C(r), to distinguish between chaotic and stochastic systems. To com-
pute the correlation integral, the standard algorithm by Grassberger-Procaccia [15] is
usually used. The problem is reduced to computing the next quantity:

: 2
C(r)=]1vlggomi > H(r=ly= ). (1)

(I<i<j<N)

where H is the Heaviside step function with H(u) =1 for u > 0 and H(u) = 0 for u <0,
r 1s the radius of sphere centered on y; or y;, and N is the number of data measure-
ments. In order to provide the strict verification of the correlation integral algorithm
analysis results, it is additionally useful to apply another method, which is called as
the surrogate data method [14, 18]. This approach makes use of the surrogate data,
generated in accordance to the probabilistic structure underlying the original data.
Here we have used the version [18, 28].

One the most important dynamical invariants of a chaotic system are the well-
known Lyapunov’s exponents (e.g., [14-17]). Usually these invariants are determined
as asymptotic average rates. The Lyapunov’s exponents are independent of the initial
conditions, and do comprise an invariant measure of attractor. Usually, the computing
of the Lyapunov’s exponents allows quickly determine whether the system is chaotic
or not. Another master invariant is the Kolmogorov entropy K,,; , which, according
to definition, measures the average rate at which information about the state is lost
with time. Numerically, the Kolmogorov entropy can be determined as the sum of the
positive Lyapunov’s exponents. The estimate of the dimension of the attractor is

provided by the Kaplan and York conjecture:
j

2
dL =j+ .~ s (2)

Jj+l

j Jj+1
where j is such that Zka >0 and Zka <0, and the Lyapunov’s exponents A, are

a=1 a=1

taken in descending order. The detailed information about the cited characteristics as
well as the details of the main computational algorithms to determine the topological
and dynamical invariants can be found in Refs. [11-18, 27-30]).
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Some results and conclusion. Below there are listed the results of computational
analysis of the time dynamics for diatomic molecule ZrO in the electromagnetic field.
According to [25], the parameter W of interaction of an electromagnetic radiation
with a molecule is as follows:

wlem™ |=1203(d,/1,)(S/ Mw,)"” 3)

where, as usually, an electromagnetic field is standardly characterized by the follow-
ing parameter: S = cE /8 (c 1s the velocity of light and F is a field strength), an inter-
atomic distance 7, in A, dipole moment d, in D, o, in cm’', M in a.u.m., and the field
parameter S in GW/cm®. The set of the ZrO molecular constants and electromagnetic
field parameters is listed in Table 1 [28,31,32].

It 1s easily to find that the known Chirikov chaotic parameter in our case is

as follows:
1/2

dn=2(Ed/B) " >1. (4)

The typical theoretical time dependence of polarization for ZrO molecule in the

field in a chaotic regime is presented in Ref. [28]. The number of the points and the

concrete time step in analyzing the corresponding time series of polarization are as

follows: n = 7.6-10° and Az = 5-10"*s. In Table 2 there are listed the computational

data for the correlation dimension d,, the Kaplan-York attractor dimension (d;), the

Lyapunov’s exponents (4,), Kolmogorov entropy (K.,,), the Gottwald-Melbourne pa-
rameter Kgw.

From table one could see that the first two Lyapunov’s exponents are positive.

In whole, the data on dynamical and topological parameters demonstrate the availa-

Table 1. Set of the ZrO molecular constants and electromagnetic field parameters

Parameters PbO
o= hQ (cm’) 969.7
wxe= xhQ (cm™) 6.90
B. (cm™) 0.423

D, (cm™) 3.19x10”
dy (D) 2.55
ro (R) 1.72
M (a.u.m) 13.58

W (cm™) 15.5-49.1

Table 2. Correlation dimension d,, the Lyapunov’s exponents (A, i=1,2),
the Kaplan-York attractor dimension (d;), the Kolmogorov entropy (Keuy),
the Gottwald-Melbourne parameter Kgw

Molecule | d, A Ao dy | K | Kow
ZrO 276 | 0.147 | 0.018 | 2.53 | 0.165 | 0.73
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bility of the dynamical chaos elements (indeed the low-dimensional attractor) in be-
havior of diatomic molecule ZrO, interacting with electromagnetic field.

To conclude, an advanced version of the quantum-dynamic and chaos-
geometric method is adapted for modelling the chaotic dynamics of diatomic mole-
cules in an intense electromagnetic field, which is based on the theory of the time-
dependent Schrodinger equation and the apparatus for modelling, analysis, forecast-
ing time series of polarization and other characteristics of molecules using such chaos
theory methods as the Gottwald-Melbourne test, the correlation integral method, the
algorithms of average mutual information, false nearest neighbors, surrogate data,
methods of analysis based on the Lyapunov’s exponents, Kolmogorov entropy, etc.
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I'.B. Icnamenko, T.b. Tkau, 1.B. Iéanoea
XaoTu4HA JTUHAMIKA IBOATOMHHMX CHCTEM B €JIEKTPOMATHITHOMY MOJIi:
JAuHaMivHI Ta TOMOJIOTIYHI iIHBapiaHTH

AHOTALIISA

Ilpeocmasneno  yoockonaneHuul  KOMOIHOBAHUL — KAHMOBO-OUHAMIYHULL mMA  XAOC-
2eoMempudHUlL Memoo 00 aHAli3y, MOOEeN08AHHS, NPOSHO3YEAHHA XAOMUYHOI OUHAMIKU
080AMOMHUX MONEKY]L 8 [HMEHCUBHOMY eleKmpomazHim-womy nolii. Memoo 6asyemvcsi Ha
BUKOpUCMAaHHI HecmayionapHnoi meopii pisuanns Llpedintepy 6 naOnudCenHHi QyHKYioHANy
2yCmuHu i Memodie meopii Xxaocy ma OUHAMIYHUX cucmeMm OJisl AHANI3Y 4aco8ux psoie NoJis-
PU3AYITIHUX MA THUWUX XAPAKMEPUCMUK 080AMOMHUX MOIEKY 8 IHMEHCUBHOMY eleKmpomae-
Him-Homy noni. Memoou meopii xaocy ma cucmem @xmouams, 30kpema, mecm Gottwald-
Melbourne, memoo Kopenayiinozo inmezpany, Mya1bmippakmaivHull Gopmanizm, areopummu
cepeonboi 83aemMHOI iHghopmayii, XUOHUX HAUOIUNCUUX CYCIOI8, CYPOAMHUX OAHUX, MEeMOOU
amanizy Ha ocHosi nokasnukis Jlanynosa, eumponii Koimozoposa, mooeni neninitinoco npo-
2HO3Y HA OCHOBI ANCOPUMMIE ONMUMIZ308AHUX NepeddaueHux mpaekmopiil, B-cnnatinosux an-
poKcumayii ma Hetpomepexcesux arcopummie mowo. B axkocmi intocmpayii HagedeHi 0aHi
00UUCTIeHb OUHAMIYHUX | MONONOSIYHUX THEAPIAHMIE (KOpelAyiliHa pPO3MIPHICMb, DPO3MID-
nicmo exnadenns, posmipricmo Kannana-Hopka, noxasnuxu Jlanynoea, enmponis Konmozo-
poea i m.i.) onsa 0soxamomuoi monexyau ZrO 8 AiHIUHO NONAPUZ0BAHOMY eLeKMPOMACHIMHO-
MY NOJIi 8UCOKOI IHMEHCUBHOCM.

Knrouoei cnosa: 0e6oamomui cucmemu 8 eleKmpoMAsHIMHOMY NOJi, XAOMU4HA OUHAMIKA,
Xaoc-eeomempuyHuil nioxXio, OUHAMIYHI Ma MONONO2IUHI IHBapiaHmu
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New theoretical approach to dynamics of heat-mass-transfer, thermal
turbulence and air ventilation in atmosphere of an industrial city
I1. Spectrum of thermal turbulence

In this paper we go on a development of consistent theoretical approach to modelling the
turbulent regime in the atmosphere of the industrial cities and present the analytical founda-
tions of a new model of thermal turbulence spectrum for atmosphere of an industrial city.
Special attention is paid to general analytical aspects for accounting of the phenomenon of
wave or vortex diffusion, which is usually ignored in most works on atmospheric ventilation
modelling. Redistribution of energy over the spectrum of eddy sizes is usually called a spec-
tral transformation, the study of which is possible only under the condition of real introduc-
tion of nonlinearity into the equation of turbulent motion. The approach presented is imple-
mented into the general theory of heat-mass-transfer, thermal turbulence and air ventilation
in atmosphere of an industrial city, including an improved theory of atmospheric circulation
in combination with the hydrodynamic modelling, method of a complex geophysical plane
field and the Arakawa-Schubert approach to a quantitative description of convective instabil-
ity in the city’s atmosphere.

Key words: physics of industrial city’s atmosphere, heat-mass-transfer, thermal turbu-
lence, air ventilation in atmosphere, vortex diffusion.

Introduction. One of the most important problems of the modern physics of
aerodispersed systems, atmospheric and climate systems, physics of atmosphere of
the urban systems and industrial cities is study of an energy-, heat-, mass-transfer in
atural continuous environments (e.g.[1-8]). Practically all known modern, as a rule,
simplified, approaches allow to estimate the temporal and spatial structure of air ven-
tilation in an atmosphere, a transfer of harmful substances in an atmosphere of the in-
dustrial cities significantly and use as the simple molecular diffusion models as sys-
tem of regression equations (e.g. [7-20]). Disadvantages of these approaches are well
known and became very critical if, for example, the atmosphere contains elements of
convective instability.

In our previous papers [21-26] we develop the theoretical foundations of a new
energy, angle momentum and entropy balance approach to modelling climate and
macroturbulent atmospheric dynamics, heat and mass transfer at macroscale as well
as its partial theoretical approach to dynamics of heat-mass-transfer, thermal turbu-
lence and air ventilation in atmosphere of an industrial city. The latter includes an ad-
vanced theory of atmospheric circulation in combination with the hydrodynamic pre-
diction model (with quantitatively correct account of turbulence in the atmosphere at
local scales) and the Arakawa-Schubert model of cloud convection as well as new
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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 in-
dustrial city.

In this paper we go on a development of consistent adequate approach to mod-
elling the turbulent regime in the atmosphere of the industrial cities and present the
key elements of a new model of thermal turbulence spectrum of an industrial city.
Special attention is paid to general analytical aspects for accounting of the phenome-
non of wave or vortex diffusion, which is usually ignored in most works on atmos-
pheric ventilation modelling. Redistribution of energy over the spectrum of eddy
sizes is usually called a spectral transformation, the study of which is possible only
under the condition of real introduction of nonlinearity into the equation of turbulent
motion. All above said determines the construction of a macro- and meso-
meteorological theoretical foundations of a fundamentally new "Green City" technol-
ogy, which is associated with the development of a complex of new nonlinear-
stochastic hydrodynamic models for the quantitative description of the dynamics of
atmospheric ventilation of large industrial cities, taking into account meteorological,
anthropogenic, orographic and other factors, a new generalized approach to the anal-
ysis and modeling of anthropogenic pollution of the atmosphere of industrial cities
(which is based on the optimized theory of atmospheric ventilation in an industrial
city in combination with a hydrodynamic forecast model with quantitative considera-
tion of turbulence in the atmosphere of the urban area, methods of the complex geo-
physical field theory and the Arakawa-Schubert approach to the quantitative descrip-
tion of convective instability applied to the modeling of heat-mass transfer and air
ventilation in the atmosphere of an industrial city (e.g. [5, 7, 8, 18-25]).

A new approach to modelling the turbulent regime in the atmosphere of in-
dustrial places. In order to make modelling a turbulent regime in atmosphere of a in-
dustrial city (e.g. [7, 8, 21, 22]), an adequate model should be presented to predict
coupling moments, which is described by the Reynolds system of variables, which
introduces the concept of the average and fluctuation flow, and itself:

u=u+u,v=v+v,0=0+0,d=0+d",0=0+0, (1)
where m as usually, @ is a pressure, 0 is a potential temperature; u, v, ware the veloc-
ity components. Then the Reynolds equations are written in the standard form:

ou, 0 — ap 20
L — (@, +ulu ) == o 2
ot a@( i+ 42 ox, 6, )
{0 i# j
U =u,u,=v,u;=m,0, = npu .,
1 i=j

And if the index in the monomial expression is repeated twice, it means subsumma-
tion from 1 to 3. Further it is natual to add the the standard thermodynamics equation:

0 0 (_= —\
E;+5£(%e+uﬁ)_o. 3)

Usually, the Reynolds stresses in turbulent motion are parameterized as follows:
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o — 0
(k ) kAT x(ke) kA (4)

ox, ox,

where £ i1s a turbulence coefficient, which differs significantly in size for turbulent
horizontal vortices, horizontally vertical and purely vertical vortices. The usual at-
mospheric parameterization with the turbulence coefficient with a very large degree
of approximation is used in models of the surface layer, where the concept of isotropy
of the vortex motion in all three directions of space is accepted. But in our case of a
turbulent atmosphere of an industrial city where turbulent eddies in the horizontal
direction differ little in scale from vertical ones, such an approximation is absolutely
unacceptable. Therefore, it is necessary to apply equations for predicting the Rey-
nolds stresses, which will become the basis of the closure model for nonlinear proc-
esses [7, 8]. The derivation of these equations is carried out on the basis of equations
(2) according to the following rule:

ou', —\ op' gt
o o, (u Uy +wuy +uu, —u uk) o, -0, 0,
00" 0z, — . o
- +a_xk(9”" +i,0 +u0'~u0) = 0. (5)

The system of closing equations can be written in the following form:

ou'u' 8 u'
"+ O (gaw + )= op'u; , Op'u; _
ot Ox, ! 7 ox 8xl.
ou’. i ou'
_L_‘;L_‘Zi—ﬁ;ﬁ,ﬁ - —9—(5 u 9'+6 u’9)+®’{2u ;’J;
X, X, o X X,
au,’e’ 0 n' ' ap!e! 766, 1! ae r—r ou, g o
g U ) TS = O B =8 0
k i i k 0
12 -
oo +i(ﬁk .9 +u,’(9’2)——2 0 — L (6)
ot 0Ox, ox,

As a result, we have 16 equations regarding the Reynolds stress and moments
of connection of velocity pulsations with entropy pulsations, since
dS=c,-d-In0, (7)
where S is entropy, c, 1s the specific heat capacity of the isobaric process.
Then b?=uj,uj, is the kinetic energy of fluctuation; 6 is a measure of process

activity, which is directly related to the entropy dispersion S; ©/0’ is a measure of the

relationship between dynamic deformations and the activity of the process.
The unknown quantities in the system of equations (6) can be combined into the
so-called 4-tensor [7, 8]:
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12 ] o 'n'
u”  uu, uu, u0o

[ 12 [ oy
Ui, Uy Uglly  U,0
o T T 7)
wa,  uuy,  uy w0

w  Ou, 0u, 0

To solve the equations of system (7), it is necessary to know the method of cal-
culating the following values:

ou ou' 00’
P : 9! i + J , ! i ) 8
uu U ; u {ax. 6xl} P 8xl. ( )

J
To do this, let's represent quantities (8) in the form of certain linear combina-

tions of the tensor component (8) and the parameter b2=u,u,, which corresponds to
the kinetic energy of fluctuations, can be found from the equation (with physical ex-
planations of any term):

ob ou, b’ 0 — Ou. —
=+ S S (wu up) = 2w -22000 (9)
ot Oox, ox, ox, 0
Advection Turbulent Effect of forces of  Interaction of Generation for ac-
diffusion tension Reynolds tension count of swimming

& averaged motion  forces

Here g is the magnitude of the acceleration vector due to the planet’s gravity, 0,
is the equilibrium potential temperature; 0', p’ are departures from equilibrium val-
ues. The equations for the velocity’s correlates are in details listed in [7, 8] and
Components of tensor of the turbulent tensions are (spectral modes of velocity field):

ok o g o ko -
PSS 3 |- S S x Setiett ., <t 00
k=1 s=k g=1 j=—q k=l s=—k q=1 j=—q vek—q]

Then, according to the well-known closing hypotheses, it is possible to write a

system of relevant equations that are usually used for models of the surface layer of
the atmosphere:

S Ouu, duu, Ouu, | —— u o  oue
uu'u, =—b\ [ i +8uluk + u]uk} u;iu;e':—b?uz[auke + }

ox, Ox ox, Ox, 0,
a2\ T A —
ul0” = b, o ;p,ae[:_i 9’——5,3 0
Ox, Oox, 3/ 376,
o — a
oo, o __3( p .—15,-.1)2)+cb2 g, %, (an
ox, ox, 3] 37 ax; O,

Here ¢, /;, A; are constants that specify the scale of turbulent eddies and the de-
gree of their influence on the average motion, as well as the anisotropy of atmos-
pheric turbulence. The theories of closure of systems (6) by relations (11) are univer-
sal for all turbulent flows. Specifically for the atmosphere, they are used for the
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boundary layer, but in a one-dimensional version, namely along the vertical coordi-
nate: x;=z.

For a specific task (determination of turbulence in the thermal "cap" of a con-
crete industrial city, for example, Odessa or Aleppo or Hamburg or New York etc), it
would be correct to abandon the universal closing theories of the components of the
tensor (7) and apply the estimation of the energy spectra of its components in the
weight fraction of the component 47, that is, the kinetic energy of turbulent eddies .
For example, if O, (xl,xz,x3,t) are the elements of tensor (7), then its reciprocal in-

verse transformation into an energy structure is [7, 8]:

O, (%%, x5,6) = [ [ [ E, (ke k) exp[ i (o, + ko, + ey, ) [y,

E, (k. ky ko) = j j j O, (xxy,xp, 0 )exp| —i(kyx, +kyx, + kyxy ) |dvdx,dy,. (12)

Next, we apply a comparative energy assessment E;; for all components Q. It 1s
natural that £, ,)=F,,, whileEj; ; significantly differs. With isotropic turbulence in all
three directions, the energy estimation process is simplified. Since we are interested
in the ventilation of the city in the horizontal direction, we will limit ourselves to a
comparative assessment b=FE/ ;.

Further, while developing the theory of turbulent regime in atmosphere of an in-
dustrial city, operators of approximation of the energy spectrum are applied with the
help of a linear operator of the type (11) and a coupling coefficient (the turbulence
coefficient). The components of tensors of the second and third rank describe the
processes of nonlinear diffusion and interaction with the mean motion. During diffu-
sion, the process of crushing large vortices into smaller ones is carried out, and when
interacting with the average movement, in addition to crushing, there is also a reverse
process in nature, during which the size of turbulent vortices stabilizes.

The linear operator is capable of approximating only the linear step part of this
process, and equally at all intervals of the spectrum. This is the main drawback of lin-
ear closing theories, i.e., in linear closing, only the process of fragmentation (dissipa-
tion) takes place over the entire spectrum interval and there is no process of thicken-
ing of turbulent vortices due to the merging of energies of small vortices. This clearly
contradicts real natural processes, because the laminar flow, passing into the turbulent
flow regime, breaks down on the inhomogeneities of the friction layer, which are not
directly related to the nature of the turbulence itself. The vortices, entering the free
flow mode, should stabilize in size depending on the molecular viscosity of the car-
rier or on the turbulent viscosity of previously existing turbulent molecules in the
medium. It is obvious that the flow, passing through urban buildings, for example,
due to collision with it, breaks into a series of vortices that are not balanced with the
physical properties of its carrier, and then in free flow it stabilizes in both directions
of the spectral interval. Such an effect can be convincingly described within the
framework of fractal approaches. The same effect occurs in oncoming traffic streams
that merge. This is where the term "turbulent viscosity" becomes clear, which is a
pure form of molecular friction.
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It 1s important to note that, since the meaning of the researched process lies in
the correct description of the process of stabilization of turbulent vortexes, which are
directed differently on separate intervals of the spectrum, then the linear theory natu-
rally only distorts the solution, without introducing useful information into it. Ac-
cording to the linear theory, diffusion from the source is uniformly spread by a spot
in isotropic space, while in real diffusion, impurities are captured by large vortices
and carried by the flow to much greater distances. This process was called wave or
vortex diffusion. It should be noted that this completely clear aspect is still ignored in
most works on atmospheric ventilation modelling. Redistribution of energy over the
spectrum of eddy sizes is usually called a spectral transformation, the study of which
is possible only under the condition of real introduction of nonlinearity into the equa-
tion of turbulent motion. In principle, the phenomenon of vortex diffusion must first
be described within the framework of an adequate nonlinear theory. This, however,
provokes a significant complication of the mathematical apparatus, as in all non-
linear problems.

In the event of a collision of streams with real urban buildings, this transforma-
tion process is the main one (and there is no the dissipation of energy into the spec-
trum of micro-pulsations). Such dissipation was justified in the case of long-term
movement of the flow over a substrate surface with uniform roughness (for example,
over a forest, sea or field). In the conditions of the city, impurities from the source of
pollution can be transferred to much greater distances than during normal diffusion,
which introduces ambiguities and creates known problems during the development of
recreational activities. As a rule, the application of linear theories of turbulence for
the territory of the city is unpromising. This explains why there is still no scientifi-
cally based program for the theoretical study of the processes of the spread of harm-
ful impurities in the atmosphere of industrial cities. Moreover, at present, in the con-
ditions of the growth and emergence of new modern megacities, as a rule, the analy-
sis of possible atmospheric ventilation is not carried out, taking into account physical,
geographical, climatic, chemical and other factors.

A new model of thermal turbulence spectrum of an industrial city. Let us
consider further the effect of thermal turbulence in an industrial city. It is interesting
to note that the processes in the thermal "cap" of the city can be determined by anal-
ogy with the known soliton of fog formation of the "local" type (e g. [21-23]), which
has its own wave and turbulent structure. These structures are tightly connected to
each other. Namely, the energy spectra of harmonics of Fourier or Fourier-Bessel
transformations can be considered as a spectrum of waves and as a spectrum of turbu-
lent eddies. This is clear from the theories of energy estimates of the spectrum of tur-
bulent pulsations for the urban system. Spectral transformation formulas (12) use the
spectral basis of Fourier series, or the Fourier integral. At the same time, the spectral
basis of the Fourier-Bessel series for the Fourier-Bessel integral corresponds more
closely to the equations of atmospheric dynamics (see, for example, [7,8]).

Given the fact that the spectral-energy function of turbulence is developed only
for the Fourier integral, it is more convenient to express it for the Fourier-Bessel basis
using, for example, the theory developed in [7,8] in spherical functions, and then use
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in specific algorithms of the formula of connection of spherical functions with Bessel
functions. The searched formula has the following standard form:

lim{ ! P;"( —iH—Jm(z). (13)
ool g 2n,

In Eq. (13) P" is the adjoined Legendre polynomial, J, 1s the Bessel function
of the first kind. The most notable property of the tensor vector of spherical functions

T ,f,n is that they satisfy the multiplication formula:
k+l

Tl Tk — Z Clkv Clkv v (14)

m,n" p,s m,p,m+p " n,s,n+s m+p n+s 2
v:‘k l‘

Here C*" C** are the Clebsch-Jordan coefficients, which can be calculated by

m,p,m+p n,s,n+s

the standard formula:

i 2L+ 1) (L + =G = kNI =L+ I+ L =14+ +1+1)! §
otk (L= ML+ RN =N+ j+ k) (I +1 =1)!

! (—i)l]+k_s (I+s)L, +s— )
sematrrn-n) (=)= j =k N(s =1 +1+ L)} + 1, + s +1)!
where the lower left index vector-tensor of spherical functions determines the tensor-
component number of the set (basis) of these functions for each of the components of
the tensor (in our case, the tensor of turbulent stresses). These quantities are well
known in quantum mechanics (the useful review is in Refs.[26-28]). By the way, the
quantum algorithms (see detailed description in e.g. [26-30]) are useful in solving
problems studied here. Let us further introduce the expansion (see, for example, [7,

8]):

(15)

X

I/}:_Vﬂo_iVeziiVLnTl{n; ﬁ:_Uﬂo_iUe iiV Tl]”’
I=

1 n=-1

WA (160

where

Vi,=v, +iv,: U, =u, +iu, W, =w, +iw, ;T =e"P (cosb);
=¢"P! (cosB); T, =€ P, (cosH). (16b)
The components of turbulent stress tensor are the result of multiplication of series:

sziim,s];ﬁ{iil/qj :| ZZZZ k,s QJ ZCIquZVCSquSV+jT2vs+J,
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i w k o q k+q
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VU = V, ,Tk U .T:] . _ZZZZV ZCI IOCSJS+17-(')S+1
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V=2 2 T X W T | = 2 X X 2 Ve, 2 Cli Cli T, (1)
k=1 s=—k q=1 j=—q k=1 s==kj=-qq=1 v=lk—q|
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At the same time onse should write:
UV =vU;vV=vv,v.U=0V (18a)
on the basis of the symmetry of the tensor component. In spectral form, this follows
from the fact that:

~ A~ o k w o © q9 0 k
Uy =2 2V, {Z > Uq,,n?,} =2 XU T Y VT,
k=1 s=— g=1 j=—q S g=1 j=—gq k=1 s=—k
o~ ok © o o k o g k+q
Vz = Z I/k,ST—kl,S |:Z Z I/q,qul,j:| :ZZZ ZVI{S q.J chlq‘l} 2ijqs:-j]1—v2 S+ o
k=l s=—k =l j=—q k=1 s=kq=1 j=—q v=lk—q]
0 o k o ¢ k+q
ﬁV ZZVksTle|:ZZW Tq }:ZZZZ ks q.J chlq()vlcf/qstrJKVISﬂ:
k=ls g=1 k=l s==kq=1 j=—q v=lk—q|
Vrz iZWYkST(')ks |:Z W Tq } ZZZZWIM 4. ZC(J){,gJCqus+j ostj. (18b)
k=1 s=—k q=1 j=—q k=l s=kq=l j=—q velk—]

It is obvious from formulas (18) that the tensor of turbulent stresses decom-
poses the corresponding components into series by vector-tensor-spherical functions
of a certain set indicated by the left subscript:

—~

V2 f}ﬁ I/}I/r |:I/lfs) :| ]-'21,11 |:VUl,n ] T(')l,n |:V rin ] Tifn

01/} l/]\z Z}I/r = i Z[: |:VUI n]Y—;)[,n |:U(2) ]71[2,n |:U rl n]T—ll,n : (19)
A~ ~ I=1 n=-1

I/”V I/”U I/”z |:V rlni| lfn |:U rlni|]1]1,n |:I/r(2)l,ni|TE)l,n

Here, the coefficients of the expansion into the corresponding series of the ten-
sor component are indicated in square brackets. Thus, the components of the turbu-
lent stress tensor are represented linearly, but without the application of "K-theory"
(e.g.[7, 8]). The meaning of nonlinearity is reduced to the operation of spectral trans-
formation of energy by wave vector.

Conclusions. Above, we outlined the fundamental, analytical aspects of a new
approach to interpreting the process and modelling thermal turbulence in the atmos-
phere of a standard industrial city. It should be noted that this block of general theory
should then naturally be coupled with the theory of turbulence in the atmosphere near
urban areas. The principal new moment here is in the further possibility of applica-
tion the theory of a plane complex field for calculating air circulation in an industrial
city’s periphery. Within this approach an air flux velocity over a city’s periphery in a
case of convective instability (the standard situation for the sea industrial city of the
Odessa type) can be found by method of plane complex field theory (in analogy with
the Karman vortices chain model) [7,24]:

d T'| 1 < 1 d
v, —iv, —_f:_{ +> [)} ' Ing—b,); (20)
de 27 (6—¢ T §—% i c—6 tk dgkl
Here I',— circulation on the vortex elements, created by clouds, b,— co-ordinates of

these elements, I' — circulation on the standard Karman cham Vortlces of, / — dis-
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tance between standard vortices of the Karman chain, ¢ — co-ordinate of the convec-
tive perturbations line (or front divider) centre, ¢, —kl — co-ordinate of beginning of
the convective perturbation line, ¢,+ki— co-ordinate of end of this line. The indicated

parameters are the input model ones and explained in details in Ref. [7, §].

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 rig-
idly 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 (e.g. [7,21]). Specific model applications of the pre-
sented approach will be considered in the subsequent works.
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Xeuyeniyc O.10., I'nyukoe O.B., Cmenanenko C.M., Ceunapenxo A.A.

HoBuii TeopeTnaHM MiAXiJ 10 JUHAMIKH TEIJIO-MACO-TIEPEHOCY, TeNJI0BOI
TYpOYJICHTHOCTI i BeHTWISALII MOBITPSA B aTMOC(epi NPOMHUCIOBOro MicTa
II. CnexTp Temi0Boi TypOyJIeHTHOCTI

AHOTAIIA

YV oaniti pobomi pospobnsiomvca ¢hynoamenmanvHi aHanimuiHi 0OCHO8U HO8020 NOCNI006-
HO20 MeopemuiHo20 Nioxo0y 00 MOOEN08AHHSA MYPOYIEHMHO20 MACO-Menjio-nepeHocy 6
ammocgepi NpoMUCIO8uUx Micm i NpedCMasieHi KIto408i eieMeHmu Ho80i MOOei BUSHAYEeHHS
cnekmpy mennogoi mypoyieHmuocmi npomuciogoeo micma. Ocobaugy ysazy npudiieHo 3aea-
JIbHUM AHATLIMUYHUM ACNEeKMAM 8U3HAYEHHs Ma KINbKICHO20 Ypaxy8anHs OOCMAMHbO CKAAO-
HO20 (henomeny Xeunbosoi abo euxpoeoi ougysii, sike 3a38udail iPHOPYEMbCA 8 OLIbULOCMI
CYHACHUX NI0X00i8 00 MOOeN08aHHA ammocheproi eenmunsayii npomucioeux micm. Ilepe-
PO3NO00IN enepeii no chekmpy UXpo8ux posmipie 3a36uyaii HA3UBAIMb CNEKMPATbHUM nepe-
MBOPEHHAM, BUBYEHHSL IKO20 MOMCIUBE NULULe 3 YMOBU PEAIbHO20 6HECEHHs HEeNiHIUHOCMI 8
piensinHa mypoynenmuozo pyxy. Ilpeocmaenenuii nioxio imniemeHmyemscsi 00 3A2albHOL
meopii menyio-maco-ooMminy, mypoyienmHocmi ma 8eHmMuIAYii nogimps 8 ammocgepi npomu-
C1068020 Micma y KOMOIHAYIT 3 MEmMoOOM KOMNIEKCHO20 2e0i3UuUH020 NI0CKO20 NOs ma y3a-
eanvHeHum nioxooom Apaxasu-Lllybepma 0o KilbKiCHO20 ONUCY KOHBEKMUBHOI HeCMIUKOCMI
8 ammocgepi npomuciooeo micma.

Knrouoei cnosa: gisuxa ammocghepu npomucioso2o micma, meniomaconepexic, meniosd
mypOyieHmHiCmb, eHMUNAYIsL NOSIMPsL 8 ammocghepi, 6uxposa oughy3isi.

175



dizuka aepoaucrnepcHux cucrem. — 2023. — Ne 61. — C.176-182

VJIK 539.184
Khetselius O.Y., Antoshkina O.A.

Odessa State Environmental University, Odessa
E-mail:antoshkinaoa23@gmail.com

Collisional broadening and shift of the hyperfine lines for complex
atomic systems in atmosphere of the buffer inert gases

An effective approach to determination of the collisional hyperfine lines shift and broaden-
ing in a buffer gas medium is presented and based on the generalized kinetic theory of spec-
tral lines, the exchange perturbation theory and relativistic gauge-invariant perturbation the-
ory with the optimized model potential approximation for computing the optimized basises of
the relativistic wave functions.The results of calculating the shift and broadening of the hy-
perfine structure spectral lines due to collisions for complex atoms (here thallium is consid-
ered) in an atmosphere of inert gases (Kr, Xe) are presented and compared with other availa-
ble alternative theoretical and experimental data. It is shown that the ratio of an
adiabaticbroadening to a collisional shift for the pair of TI-Kr (I'/p)/ f, is ~1/75 and for the
pair of TI- Xe(I's/p)/f, ~1/60.These estimates testify to a violation of well-known Foley rela-
tionship, which is, as a rule, inviolable in the standard atomic spectroscopy.

Keywords: heavy atomic system in a buffer gas, kinetic theory of spectral lines, relativistic
multi-particle perturbation theory, broadening and shift of ultrafine lines due to collisions.

Introduction. Physics of interatomic collisions in gases and their
manisfestations of collision effects in the energy, spectral and radiation parameters of
atomic systems is quicly developing field of modern physics [1-5]. Data on the shifts
and broadening of spectral lines due to the collision of active atoms with buffer ones
can serve as a good additional way to better understanding the laws of interparticle
interactions. Multiple application in physics of aerodispersed systems, atomic and
molecular physics, astro- and plasmas physics, metrology etc require the highly pre-
cise information about the collisional broadening and collisional shift of the spectral
lines for different elements (alkali, alkali-earth, lanthanides, actinides and others) in
an atmosphere of the buffer (for example, inert) gases [1,2,6-16]. One of the most
consistent and popular is a generalized kinetic theory of spectral lines in a buffer gas
medium [1,5-7,16]. Its successful application to problem of studying the hyperfine
structure (HFS) lines shift and broadening in an atmosphere of the buffer gas requires
the knowledge of the corresponding matrix elements of the hyperfine interation op-
erator. Naturally, the collisional spectral lines broadening and shift parameters due to
a collision of the emitting atoms with the buffer atoms are very sensitive to a kind of
the corresponding interatomic interaction. Different theoretical methods have been
developed in order to describe the collisional shift and broadening of spectral lines in
the buffer gas, including the solving the corresponding atomic task. The detailed non-
relativistic theory of the HFS lines collisional shift and broadening for a number of
simple elements (such as different light elements etc.) has been presented in many
papers (see, for example, Refs. [6,13-25]).

However, until now an accuracy of the corresponding information for heavy sys-
tems is not quite adequate to meet the requirements of different important physical
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and chemical applications. Moreover, in a case of middle and heavy elements a pre-
cise treatment of collisional spectral lines dynamics in a buffer gas medium requires
the correct accounting for the relativistic and correlation effects.

In this paper, we present an effective approach to determination of the HFS
spectral lines shift and broadening in a buffer gas medium, which is based on the
generalized kinetic theory of spectral lines, the exchange perturbation theory (PT)
and relativistic gauge-invariant PT with the optimized Dirac-Coulomb-Sturm plus the
model potential (MP) approximation for computing the optimized basises of the
atomic wave functions. The implementation of the latter within the kinetic theory of
shift and broadening of spectral lines constitutes an element of novelty.

Optimized atomic perturbation theory and advanced Kkinetic theory of spec-
tral lines. As the detailed description of the kinetic theory of spectral lines as
well as the exchange PT formalism have been earlier presented in Refs. [6,7,17-
19], here we will focus only on the key elements. In order to compute a colli-
sional shift of the HFS spectral lines one can use the following expression known in
the kinetic theory of spectral lines shape [6,7]):

Ly,
f,=2- ﬂ;fOIHg(R)dw R)exp(-U(R)/KT)R*dR (1)
> [ UR)Y?
g(R)= ﬁ[‘?] » U<0, (2)
0, U>0,

Here T is a temperature, wy is a frequency of the hyperfine structure transition in
an isolated active atom; U(R) is an effective interatomic potential, which has the
central symmetry in a case of the diatomic system A-B (e.g., A=TI;B=Xe);
da(R)=Dw(R)/wy is a relative local shift of the HFS spectral line; 1+ g(R)) is a

temperature form-factor. In order to calculate an effective interatomic potential and
the local collisional shift, the modified version of the exchange PT [6, 7] has been
used. The interaction between an active atom and the buffer gas atom is considered
in the adiabatic approximation.

The standard hyperfine interaction Hamiltonian includes two main terms, which
describe a magnetic dipole interaction of moments of an electron and a nucleus of an
active atom as well as an electric quadrupole interaction. The hyperfine interaction
operator Hyghas the following standard form (e.g., [21, 22]):

YNooxr
HHF :aZ[ [r3 : , (33)
i=1 i
2
a=-2pt (3b)
2mpc

where a; — Dirac matrices, m,— proton mass, L — moment of the nucleus of the active
atom, expressed in the nuclear Bohr magnetons; 7 — the operator of a nuclear spin of
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the active atom. The relative local shift of the HFS line is determined with up to the
second order in the potential V of the Coulomb interaction of the valence elec-
trons and the cores of atoms as follows:

S, C
80)(R)=1 OS +Ql+Qz—bR—6. 4)

0 6
Here Sy is the overlapping integral; Cjs is the van der Waals coefficient; b is the
energy multiplier, determined by the potential of ionization and excitation energy of the
corresponding atom; the quantities (2, €), in Eq. (4) are the first order non-exchange
and exchange non-perturbation sums correspondingly. The detailed formulas for
determinetaion of these quantities are presented in Refs. [6,7]. In particular, the
value Q, 1s defined as follows:

o2 s (I 0
LON(1-8,)p, 5 E,~E,

where H;, = [axrl]z /%’ is the transformed operator of the hyperfine interaction;

)

[a X ’”1]2 1s Z component of the vector product; Z — quantization axis directed along

the axis of the quasi-molecule; N is the total number of electrons, which are taken
into account in the calculation; Ej, and @} (1)=F; (1)@, (2..N) are an energy and

a non-symmetrized wave function of state k ={k,,,k,} for the isolated atoms A4 and
B, correspondingly. The detailed information about the corresponding matrix ele-
ments of the Coulomb interatomic interaction is presented in refs. [5-7, 17, 20, 25-
28].

The master aspect of the whole theory is connected with method of computing
the atomic wave functions. The non-relativistic Hartree-Fock method has been mostly
used. More theoretically consistent approach is based on using the relativistic Dirac-
Fock (DF) or Dirac-Kohn-Sham (DKS) methods (e.g. [15-20]). The key criterion of
the choice of the method is determined by a necessity of the correct accouting for the
relativistic, interelectron exchange-correlationand even nuclear effects in heavy
atomic systems [1-5,21-25]. In our calculation we have used the relativistic functions,
which are generated within the Dirac-Coulomb-Sturm approximation with the
Ivanov-Ivanova and Miller-Green MP [24,25,29]. The MP parameter has been deter-
mined within the known ab initio optimization procedure [26] for construction of the
optimized basis of the relativistic orbitals. It is reduced to minimization of the gauge
dependent multielectron contribution into an imaginary part of an electron energy
ImdE,;,, of the lowest PT orders (see the detailes in Refs. [26-28, 30, 31]). The mini-
mization of the ImdE,,;,, leads to the Dirac-like equations for the electron density that
are numerically solved. The gauge-dependent multielectron contribution into imagi-
nary part of an electron energy can be presented as the functional, which contains the
multi-electron exchange-correlation ones (including polarization interquasiparticle
interaction, effects of its shielding, effects of rapid "smearing" of the initial state by a
non-zero set of configurations, essentially non-Coulomb grouping of levels in
Rydberg spectra, pressure and accounting for continuum states) [3-8]. Using this
functional within a relativistic many-body PT allows effectively to take into account
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the second-and higher orders atomic PT (fourth-order QED PT) corrections. The
whole procedure remains quite complicated. So, in concrete calculations it is suffi-
cient to use more simplified approach, which is reduced to the functional minimiza-

tion using the variation of the MP parameter b. The detailed description of the whole
procedure can be found in Ref. [5-7,26-28,30,31].

Some results and conclusions. Below we present the results of calculating the
shift and broadening of the HFS spectral lines due to collisions for complex atomic
systems (thallium is considered) in an atmosphere of inert gases (Kr, Xe) and com-
pare the obtained data with other available alternative theoretical and experimental
ones. In Table 1 there are listed our theoretical values (Th.C) for the thallium atom
HFS line collisional shift f,(in Hz/Torr) at the temperature 7= 700°K for the diatomic
systems: TI - Kr, Tl-Xe. For comparison, there are also listed the results of calcula-
tion: Th.A- single-configuration DF method; Th. B — the optimized DF/DKS method,
as well as experimental data Choron-Scheps-Galagher [2,13,14]. The qualitative es-
timate from Ref. [13] has been listed as well.

In Table 2 there are listed our theoretical data on the T1 HFS line collisional shift
f,(in Hz/Torr) in dependence upon a temperatures (T°K) for the systems TI — Kr and
T1-Xe. Analyzing thelisted data, it is of a considerable interest to estimate the ratio of
the adiabatic broadening to a collisional shift (I',/p)/f;.

In the standard theory of atomic spectral lines (e.g.,[5-9]) it is well-known so-
called Foley relationship for lines of the visible optical part of spectrum, when the
value of a collisional broadening is practically of the same order as the magnitude of

Table 1. The collisional shift fp (in Hz/Torr) of the thallium hyperfine line for pairs TI -
He, TI - Kr, T1-Xe at 7= 700°K; Experiment and Theory: Th.A- single-config. DF
method; Th. B — the optimized DF/DKS method; Th.C- our scheme (see text).

System Exp. Th.A (DF) Th.B (DKS) Th.C (MP)

T1-Kr —490+20 ~850.0 ~504 —512.4
488

T1-Xe ~1000+80 ~1420.0 ~1052 ~1036.2
~1024

Note. Qulaitative estimate: -5500 Hz/Torr

Table 2. The temperature dependence of the HFS collisional shift f,(in Hz/Torr) and
adiabatic broadening /',/p (inHz/Torr) due to collsison for diatomic pairs T1-Kr,
T1-Xe in the temperature interval 700-1000°K (our data);

Diatomic TI-Kr TI-Xe TI-Kr TI-Xe
Pair fo fs I'/p I'/p
700 -512.4 -1036.2 6.84 17.32
800 -431.8 -896 5.93 14.62
850 -402.5 -843 5.61 13.76
900 -375.3 -798 5.30 12.92
1000 -323.1 -720 5.27 11.53
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a collisional shift. It is easily to to estimate the ratio of the broadening to a collisional
shift for the pair T1 — Kr(I'y,/p)/f, ~1/75and for the pair Tl- Xe- (I's/p)/f, ~1/60. These
estimates testify to the violation of well-known Foley relationship , which is , as a
rule, inviolable in the usual atomic spectroscopy (for ordinary spectral lines in the
visible spectrum part). In the sense of what has been said, it is very interesting to pro-
vide data on the Foley ratio (I'y/p)/f, in the case of a shift and broadening of the 535
nm TI line (72S,,, -62P3), transition) in the atmosphere of the inert buffer gases Kr,
Xe, respectively: —0.35 +-0.39 [14].

Conclusions. It should be concluded that dynamics of the HFS spectral lines
collisional shift and broadening of the Tl (possibly, as well as other heavy atoms) in a
buffer inert gas medium demonstrate very unusual fetures.
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Xeuyeniyc O.10. , Aumowkina 0.O.

YuiMpeHHs Ta 3CyB 32 pAaXYHOK 3iTKHEHb JIiHii HAATOHKOI CTPYKTYPH CKJIAJHUX
aTOMHMX cHCTeM B aTMOc(epi OydepHux iHepTHUX ra3is

AHOTAILA

Ilpeocmasneno eghexkmugnuil nioxio 00 U3HAYUEHHsL 3CY8Y MA YUUPEHHS HAOMOHKUX CHeK-
MpanvHux NiHit y 0yghepHomy 2azo8omy cepedosuwyi, AKUll 6a3yeMbCs HA Y3a2albHeHil KiHe-
MUYHIL Meopii CneKMpatbHux JHiHitl, 0OMIHHIL meopii 30ypernb ma peismusicmcobKill Kaiiopy-
8AIbHO-IHEAPIAHMHI Meopii 30YpeHb 3 ONMUMI308AHUM MOOENbHUM NOMEHYIANOM HY1b0B02O
HabaudxicenHs: 0Nl 0OYUCTIeHHS 8IONOGIOHUX AMOMHUX PENAMUBICMCOKUX X8UTbOBUX DYHKYI.
Haseoeni pesynomamu po3paxynky 3cy8y ma YWUPEHHS CHeKMPANbHUX JIHIll HAOMOHKOL
CMPYKMYypu 8HACAIOOK 3IMKHEeHb 05l CKIAOHOI AmMOMHOI cucmemu (po32isaHymo amom maiiro)
6 ammocepi inepmuux 2azis (3oxpema, Kr, Xe) siki nopieuwowomuvcs 3 albmepHamueHUMU
meopemuyHuMy ma ekcnepumernmanoHumu oanumu. Ilokasano, wo 013 cnekmpanbHux aiHii
HAOMOHKOI CIMpYKmMypu mainito i0HOUIeHHs 8eIUYUHU a0iaOamuiyHO20 YUUperHs 00 8iONoei-
OHO20 3CY8Y 3a paxyHok 3imkuensb ons napu TI-Kr(I /p)/f, cmanoeums ~1/75, a ona napu Tl-
Xe — (I'w/p)/ 1, ~1/60. i oyinku ceiouams npo nopyuieHHs 8i00M020 Y CIAHOAPMHIL AMOMHIl
cnekmpockonii cniggionowents Poni y 6uUnaoky 3Cy8y ma YUUPEeHHs 3ad PAXyHOK 3iMKHeHb
CHeKMPANbHUX JIHIti HAOMOHKOI CMPYKMYpPU AmoMHUX CUCTEM.

Knwuoei cnosa: sasickuii amom y OygheprHomy eazi, KiHemuyHa meopis cneKmpaibHux Ji-
Hill, peramugicmcoka 0a2amoyacmuHKo8a meopis 30ypeHb, YUIUPEeHHs Ma 3CY8 HAOMOHKUX
JUHIU 34 PAXyHOK 3IMKHEHb.
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Optimized laser photoionization scheme of separation of complex isotopes
in the separator devices

An effective approach to determining parameters of optimal schemes of the method of laser
selective photoionization of heavy isotopes, in particular, lanthanides (Gd atoms as the exam-
ple) with ionization at the final stage by a pulsed electric field, autoionization through the
narrow autoionization resonances and due to collisions is developed for separation of heavy
isotopes in the separator devices. On the basis of the theory of optimal control and previously
developed theoretical quantum approaches (the energy formalism and the relativistic many-
body perturbation theory with the Dirac-Kohn-Sham-Sturm zeroth approximation for compu-
ting the parameters of elementary atomic processes such as excitation, ionization amplitudes,
cross-sections, energies, widths of autoionization resonances etc.) an optimized scheme for
the separation of Gd isotopes by the method of 3-stage laser photoionization with ionization
at the final stage by a pulsed electric field, ionization through narrow autoionization reso-
nances is presented. For the first time, there are theoretically calculated parameters of the
narrow autoionization resonances for Gd in a sufficiently weak electric field, which are in
physically reasonable agreement with data of the known experiment by Letokhov et al. Nar-
row-width autoionization resonances in Gd (in general in spectra of any lanthanide & acti-
nide atom) have a relatively long lifetime, correspondingly, their excitation, ionization cross
sections have the same order as the excitation one at the initial stage of separation scheme.
Therefore, the use of these long-lived states can ensure the optimal implementation of a laser
scheme for the separation of heavy isotopes. The obtained results for Gd with using models of
optimal governing confirm the perspective of construction of the optimized schemes of the la-
ser photoionization method with ionization at the final stage by a pulsed electric field,
autoionization and allow determining the optimal parameters of the separation scheme, in-
cluding diagram of atomic transitions, shape of laser pulses, etc. It is hoped that this work
will also provide new opportunities for further development of laser chemistry of lanthanides,
as well as actinides, taking into account new physics of autoionization resonances in their
spectra.

Keywords: separation of heavy isotopes, method of selective laser photoionization of at-
oms, theoretical quantum models of elementary atomic processes of excitation and ionization,
narrow autoionization resonances, models of optimal governing, gadolinium isotopes

Introduction. Studying of physical and chemical processes with participamce of
atomic systems (gases) in the istopes and gases separator devices is of a great interest
for many applied topics, relating to physics of atoms (molecules), laser physics and
quantum electronics, plasma and gases physics. The intensive theoretical and experi-
mental investigations are carried out in a field of studying and constructiong the op-
timal laser photoionization schemes of separation of different atomic elements (iso-
topes) in the vapour state in the gas separator devices (e.g. [1-19]). The problem of
developing, improving, and finding new optimal implementations of methods of non-
linear selective photoionization of atoms and molecules by laser radiation is one of
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the most urgent, complex, and far from definitive solutions. Their great importance is
due to the unique and high efficiency of their potential application in solving many
problems of quantum electronics, laser, nuclear physics, chemistry, and related tech-
nologies.

Laser methods are characterized by much lower energy consumption than tradi-
tional methods, in addition, they have exceptional selectivity and provide the possi-
bility of non-contact control and manipulation atoms using electromagnetic fields
(e.g. [1-5]). This is what determines their extremely promising use in solving the
problems of distribution of isotopes, isomers, processing of radioactive waste of nu-
clear energy and nuclear technologies. Although the first successful experiments on
the laboratory implementation of the laser method (classical two-stage schemes of se-
lective photoionization of atoms, photodissociation of molecules) of isotope separa-
tion (V. Letokhov et al., B. Moore et al) were carried out relatively long ago (e.g. [1-
4, 10]), and, moreover, their basic feasibility and prospects for further industrial im-
plementation were successfully demonstrated on a laboratory scale, but the sought
selective photoionization schemes do not have sufficient efficiency and optimality. In
this light, schemes of selective photoionization of atoms by a laser field with ioniza-
tion by a pulsed electric field (including through Rydberg states), autoionization
(through narrow autoionization resonances), ionization due to collisions (associative
ionization, etc.) can be considered more promising (e.g. [20-26]). Until now, their
consideration has been carried out mostly only at the qualitative level. There is prac-
tically no information about main characteristics of the mentioned schemes, the pos-
sibilities of their optimal implementation. There is also no adequate understanding of
the role of collisional 1onization processes. Though a great progress has been reached
in the last two decads, however the principal problems remain, and it has a critical
character for heavy isotopes such as the lanthhaniodes and actinides elements etc.

In this work we go on our search and study of the effective schemes of the laser-
photoionzation separation of the complex isotopes, based on selective resonant
excitation of complex isotopes (neutral atoms) by laser radiation into quantum states
near the ionization limit and subsequent autoionization decay under the action of an
external electric field, autoionization or collision, The methods of an optimal control
theory (e.g.[5-10]) and previously developed theoretical quantum approaches (the en-
ergy formalism and the relativistic many-body perturbation theory with the Dirac-
Kohn-Sham-Sturm zeroth approximation) [26-33] are used. The element of novelty is
connected with discovery of the optimized laser photoionization of atoms due to the
autioionization, or ionization by pulsed electric field. Besides, the optimal control
models could provide an effective way to determine the optimal shape of the laser
pulse to get the maximum of ionized particles in the scheme of selective atomic
photoionization and whoke laser separation device. Gadolinium has seven naturally
occurring isotopes °Gd (0.20%), *'Gd (2.18%), °Gd (14.80%), °°Gd (20.47%),
P7Gd (15.65%), '*Gd (24.84%) and '°Gd (21.86%). Among these isotopic compo-
nents °'Gd has the highest thermal neutron cross-section (254x10° b). An atomic va-
pour laser photoionization allows to have the process to get the highly enriched prod-
uct with a content greater than 90% in ~"’Gd from natural gadolinium, and many
improvements will be achieved (e.g. [14,15]). The possible optimal laser separation
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scheme for the Gd isotopes is experimentally earlier studied (e.g., [1, 14. 15]), how-
ever, the principal problems remain, and have a critical character.

Theoretical model of optimal control of the atomic laser photoionization. As
the description of the models has been presented earlier, here we will focus only on
the key points. The optimal control problem is formulated as [16] (e.g. [5, 6]):

Tr
J=-[R()xdt—min; dx/dt=x,-(x-x,), x0)=1 (1)

0
dx, / dt=—{R(t)+1]x, +u(x, —x,), x,(0)=0,
dx,/dt=u, x(0)=0, x(t,)=E,, 0<t<1,, u(1)20;

where x; is the normalized population of the ground state of an atom; & = u/y is a
dimensionless rate of induced emission and absorption processes of the resonant ra-
diation; y is the probability of spontaneous decay per unit time; 7 = ¢-y is a dimen-
sionless time; R = R'/y is a dimensionless ionization rate from the excited state;
u(ty=01,1, (t) /hw,, is the rate of induced transitions (1—2 transition); @,; 1s the ra-
diation frequency corresponding to the 1—2 transition; gy, is the absorption cross
section for the 12 transition; R'(t) = o,,l,(t)/hw,, is the photoionization rate;
wpy, 1s the radiation frequency for photoionization; o, is the photoionization cross
section; I, I, are the intensities of the laser pulses for the excitation from the ground
state and for the ionization from the excited level respectively; E¢ and t¢are the en-
ergy and the duration of the pulse of resonant radiation, respectively. The transition to
the derivative problem 1is carried out using the formulas: s, = x; +x,
s, =(x, —x,)exp(2x;) (new control governing function w(t)=exp(—2x;). Hamiltonian
and equations for conjugate variables A;, A:

H=(s;,—s,W)[-R(t)/2-L, +{R(t)/ 2+ 1}A, / W], (2)

dh, /dt=R(OM —(R(1)/2+ DA, /w, ri(z,)=-1
dh, /dt==wR(DA —(R(1)/2+ DA, /w], A,(t,)=0
The condition for existence of optimal laser single pulse has the form [9, 24]:
p = exp(— 2Ep){1 + 2/Ro + exp[ — (Ro + D171}/

(1+2/Ro){1 —exp[— (Ro + Drflhp 21 3)
where the parameter p has an expression similar to the analogous parameter in the
Krasnov-Shaparev-Shkedov scheme [5]. The optimal resonant laser pulse is given by:

Ed(t)+u'(1), te[0,7, ]| p<1
ii(t)=| 0, telT,.1, |l p<l|. (4)
E/»S(r), re[O,rf]|p21
where §(7) is the Dirac delta-function, £; (E,< E)) is the amplitude of the §-pulse; 7,

1s the time parameter, which is matched numerically (7,< 7); R 1s the 1onization rate
from the ground state of atom. More details of the model can be found in [16-19].
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From theoretical viewpoint, computing spectra, radiative transition and
autoionization parameters of the rare-earth elements is very complicated task because
of the necessity of the correct accounting for the exchange-correlation (including po-
larization and screening effects, a continuum pressure etc) and relativistic corrections
(and also radiative and nuclear effects in a case of the super heavy atomic systems).
The necessary data about of the characteristics of the elementary atomic processes
(excitation, ionization amplitudes and cross-sections, autoionization states energies,
widths, constants etc) as well as the corresponding atomic spectra have been obtained
on the basis of computing within the combined approach of the relativistic energy ap-
proach and gauge-invariant relativistic many-body perturbation theory (RMBPT)
formalism with the optimized ab initio density-functional zeroth approximation with
correct gauge-invariance principle fulfilling and precise accounting for the complex
multibody exchange-correlation effects (both for energy spectra, as well as ampli-
tudes, excitation and ionization probabilities and cross sectopns), as the RMBPT se-
cond and higher orders ones, including exchange-polarization and shielding inter-
quasiparticle interaction, effects of rapid “smearing” of the initial state over a non-
sharp set of configurations and significantly non-Coulomb grouping of levels in Ry-
dberg spectra, “pressure” of the Rydberg and continuum states within the effective
relativistic Dirac-Sturm expansion method {e.g. [26-33]). The optimal RMBPT
zeroth approximation is based on an accurate treating the lowest order multielectron
effects, in particular, the gauge dependent contribution into the atomic levels radia-
tion widths for the certain class of the photon propagator (i.e., the Coulomb, Feyn-
man, Babushkin) gauge [26,29]. The dynamics of the autoionization resonance in DC
& AC electric field is studied within the operator perturbation theory (e.g. [25,29]).

As the detailed description of the method is listed earlier, here we only give the
key definitions. A width G=I" of an autoioinizating resonance is determined by a link
with continuum states and is given as follows [29, 32]:

2me

l_‘(nl .]1 ’ 2.]2 ’J) _?ZZCJ(B BZ)CJ(B BZ)Z ﬁle BBK BKB Ble (5)
0 BB BB,
c’ (B1B2) =C’ (”1]1”1 ]1 a”z]z”z]z )A(]1m19]2m29JM) (6)
o J
A(LnaLAneJWf)=(—1yfh”4[’1’2 jJ2J>+1, (7
m,m,—

CJ(”1J1”10].10;712]2712]2) N(n, jlo,ngjg)[fi(nloj]o 1j1)6(n§j§”2j2) +
+H(=D) Sy i nzjz)S(nzjz mj)] (8a)
1
— nPjP = nyj;
N(nijPin3j3) = {‘/E g :
1 niji #nyjp
The matrix elements of the relativistic interelectron interaction potential
V(i;rj) = exp(ioal.jrlj) (I-o,0) / 1, are determined as follows (e.g. [27, 29]):

’Mmm:J@L+D@L+D@L+DQA+DGDMMMmm%x

Jy oa\Jj, J. a ; ' / '
xz /3 2 4 xQ, (I/l111]1nzlz]z sl jumsls g ) ©)
—m; U

3 m, —ny U

(8b)
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where O, =02 +0™ . 0%, O™ are corresponding to the Coulomb and Breit parts

of the potential V. In Refs. [20, 24, 25] it has been discovered a principally new spec-
troscopic effect of a giant broadening autoionization resonances of the complex
heavy atoms (Gd, Tm, Yb etc) in sufficiently weak electric (laser) field. This new ef-
fect is of a great importance for problem of laser separation of heavy isotopes and nu-
clear isomers, spectroscopy and photochemistry, green chemistry [1, 6, 16-18, 29].

Modelling results and conclusions. Here we consider a laser photoionization
scheme of the Gd usotopes. Some useful results on laser separation of the Gd isotopes
are listed in Ref. [1, 14, 15] with using the magnetic field effect. The rich physics of
the autoionization resonances in spectra of the lanthanides atoms opens new perspec-
tives in different applications [20, 23-25, 32]. These perspectives seem undoubtedly
promising from the point of view of considering new possibilities for optimizing the
laser ionization scheme. We mean the lanthanides isotope separation schemes with
excitation by a laser radiation in the first stage, the further transition to a narrow
autoionization states near the ionization threshold and final autoionization or
ionization by an electric (laser) pulse field. The cited effect was firstly discovered for
Gd in experiment [20]. In the known experiment by Letokhov et al it had been real-
ized the three-stage scheme of the Gd excitation and was firstly observed very inter-
esting autoionization state. In Fig. 1 the diagram of the Gd energy levels involved in
the 3-step excitation and ionization is shown, as well as the quantum transitions used
in the experiment [20]. The dye laser at 1* excitation stage (5618A) transferred the

Gd atoms from the ground state 4/7546s*°D) to the state 4/7546s6p°Dy. At the ond

stage laser pulse (6351.7A) transferred the atoms to the state 4/75d6s7s°Dj . To ensure

excitation of Rydberg states lying above the ionization limit by 300 cm™, the wave-
length of the 3™ laser was tuned in the range 6300-6100A. In Fig.2 there is listed the
dependence of ion current for Gd upon laser wavelength at the 3™ stage in the region
of 6110-6240A and the same dependence in the vicinity of autoionization resonance
at Ay = 6133,5 cm™ (laser spectrum width Av;=0.03 cm™): G; is the resonance width
(without field; Letokhov experiment); Gs-resonance width in the field 100V/cm from
the Letokhov et al experiment; G, is our RMBPT calculation result for the width. De-
tailed study of this dependence in the wavelength range 6220-6225A made it possible
to find the ionization potential E=(49588+5) cm™', which is in good agreement with
the NBS experimental data (e.g., [1]). According to the data [20], the autoionization
resonance width (without a field) G; =0.07 cm™. Our theoretical value (scheme of
computing is above) for this width in a field 100V/cm: G,=0.31 cm™ is in the physi-
cally reasonable agreement with the experimental value [20]: G=0.34 cm™. The nar-
row autoionization resonances have a relatively long lifetime, and their excitation
cross-sections are comparable to the excitation ones of low-lying states. So, long-
lived autoionization states can be effectively used in the method of laser photoioniza-
tion of atoms due to the radical increase in the photoionization cross-section at the
final step. The aim of optimization of the laser photoionization separation model is to
find the optimal shape of the laser pulse of resonant radiation, which provides max of
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Fig.1. The diagram of the Gd energy levels involved in the 3-step excitation and ioniza-
tion is shown, as well as the quantum transitions used in the experiment [20].

Fig.2. Dependence of ion current for Gd upon laser wavelength at 3" excitation stage in
the region of 6110-6240 A; The block in a circle presents the same dependence in the vi-
cinity of resonance at A; = 6133.5 cm™ (laser spectrum width Avs=0.03 cm™): G, is the
resonance width (without field; Letokhov et al experiment [20]); G; is the resonance
width in the field from experiment [20]; G, is our RMBPT calculation result of the
autoinization resonance width; (as the resonances with widths G, and G; merge in the
figure, so they are depicted with a slight spacing)

ionized atoms in the isotope separation device. Above presented optimal control
model has been applied to the Gd isotopes separation. Fig. 3 shows the results of
simulation of the optimal shape of the laser pulse for the Gd isotopes separation.

The physical analysis shows that the initially 6-pulse could provide the
maximum possible level of excitation of the upper state, and the elementary parasitic
processes (first of all, spontaneous relaxation, resonant excitation transmission and
resonant recharging in a short time) can not significantly change the degree of
excitation. As a result, the efficiency and optimality of the entire scheme increases.
The optimal mode of laser exposure will include at the end the so-called passive
control section, first predicted for the classical photoionization scheme in the models
[5,16]. Its appearance is connected with the final rate of ionization and the
consequent efficient input of energy into the resonant channel at the end of the
process. The redistribution of the energy makes it possible to eliminate the harmful
role of parasitic processes.

Conclusions. The main result of the work is that the presented approach with el-
ements of the optimal governing and control allows to choose the optimized
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Fig. 3. The results of modeling of the optimal laser photoionization separation scheme for

the Gd: 6+ dotted line—optimal shape of the laser pulse, curves 1 and 2 — the corresponding
behavior of population of the ground and excited states (see text)

parameters of the laser separation scheme with ionization by a pulsed electric field,
autoionization etc and ensure the efficiency of the isotopes separation process and
technology. It should be noted that the presented approach can be also effectively
used in searching for optimal schemes of a gamma-laser on rapidly decaying nuclear
isomers and other similar problems [34-37].
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O.B. I'nywkoe, O.H. Cogpponkos, 10.B. /lyopoecvka, T.0. Daopxo

OnrumaJbHa Ja3epHo-(OTOiOHI3alIiiHA cXeMa PO3ALICHHS CKIATHNX
i30TOmIB B cenmapaTopHUX NMPUJIAAax

AHOTAIA

3anpononosano eghpekmusHull niOXio 00 BUHAYUEHHS NAPAMEMPIE ONMUMAILHUX CXeM 1a-
3epHoi homoionizayii eaxckux izomonis (K npuxiao posenaHymo amomu Gd) 3 ionizayiero
HA OCMAHHIU cmaoii IMAYIbCHUM eNeKMPUUHUM NOJleM, A8MOIOHI3AYIcI0 yepe3 8Y3bKi agmo-
IOHI3aYIlIHI pe30HaHcu, abo 3a PaXyHOK 3iMKHEeHb 051 NOOLIEHHS [30MONi6 8 CenapamopHux
npucmposx. Ha ocnosi meopii onmumanvno2o ynpasiinHs i po3pooaeHux paniuie meopemuy-
HUX KBAHMOBUX NIOX00i8 (eHepeemuuHull popmanizm, persmuicmcbka 6a2amo4acmuHKo8d
meopis 30ypensv 3 0-6um Habauxcenuam /lipaxka-Kona-Lllema-Il1Imypmy) ons obuucienns xa-
PAKMEPUCUK e/leMEHMAPHUX AMOMHUX Npoyecié (amniimyo, nepepizieé 30y0xuceHHs, [0HI3aA-
yii, emepeuil, WUPUH ABMOIOHIZAYIUHUX DE3OHAHCI8, MOWO0) NPONOHYEMbCI ONMUMI308AHA
cxema nodinenns izomonie Gd memooom 3-cmynenuamoi nazeproi ghomoionizayii' 3 ionizayi-
€10 Ha QiHanbHit cmadii IMNYIbCHUM eleKmPUYHUM NOJleM, I0HI3ayiclo yepe3 8Y3bKi aemoio-
HI3ayitiHi pe3onancu. Bnepuie meopemuuno obuucieni napamempu 8y3oKux aemoioHizayii-
Hux pesonancie ona Gd 6 docmamnbo ci1adOKOMY enleKmpuyHoOMy nOJi Y 8iOMIHHIN 32001 3 0a-
HUMU 8i00M020 ekcnepumenmy Jlemoxosa ma inw. Bysvki asmopesonancu ¢ Gd (ouesuoHno,
83aeaini 05l 0YOb-AK020 AMOMY NAHMAHIOI8 aO0 aKMuUHiOi8) MArOMb NOPIGHHO GEIUKULL YAC
Jrcummsi, 8ION0GIOHO iX nepepizu 30y0JiceHHs, OHI3AYIl YUCEIbHO MAOMb MAKUL JHC CAMULL
NOpA0OK 5K Ui nepepizu 30y0JiceHHs Ha noyamxosil cmadii cxemu. Tomy eukopucmanHs yux
cmawuie modxce 3abesneuumu ONMUMANbHY peanizayilo 1a3epHoi cxemu NOOILNeHHs BANCKUX
i3omonis. Ompumani pezyromamu ona Gd niomeepoicyroms nepcnekmuericms nobyoosu 3
BUKOPUCTNAHHAM MoOeell ONMUMAIbHO20 KePYBAHHA eheKMUBHUX cXeM Memoody Na3epHoi
gomoionizayii 3 ionizayieto Ha inanvuit cmaodii IMRYILCHUM eeKMPUYHUM NOJeM, d8MOoio-
HI3aYi€l0 ma 00360JAI0Mb GUSHAYUMU ONMUMATbLHI napamempu cxemu, y m.4., oiazpamu
AmMoMHUX nepexoois, opmy nazepuux imnyrvcie mowjo. € cnodieanus, wo oana poboma 3a-
be3neyums makoMdC HOBI MONCIUBOCHI NOOANLULO20 PO3GUMKY JIA3EPHOI XIMii 1aHmaniois, a
MaKod*c akMuHiois 3 ypaxy8anHam HO8O0I Qi3uKu aemoiHi3ayiliHuUX pe30HAaHCI8 8 iX cneKmpax.

Knrouosi cnosa: noodinenus 6axckux i3omonie, Memoo celeKmueHoi 1a3epHoi pomoioHiza-
yii. amomie, K6AHMOBI MOOeli eleMeHMAPHUX AMOMHUX NPoYecié 30V0diuceHHss ma ioHi3ayil,
8Y3bKi A8MOIOHI3AYIUHI PE3OHAHCU, MOOEl ONMUMATILHO20 KEePYBAHHS, I30MONU 2A00NIHII0
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Enemenmmuuil cknao uacmunok, w0 ymeoproiomusca npu 36apo6anHi WmyyHuMu
e1eKmpooamu

Memoodom peHmeeHOCNeKmMpaibHO20 eNeKMPOHHO-30H008020 MIKPOAHANIZY OOCIIONCEHO
e/leMeHMHULL CKIa0 pecnipabeibHux YacmuHOK 36apiosaibHo20 aepo3onio (34), wo ymeopio-
EMbCS 36aPIOBAHHI 8y2lleyeBUX | HU3bKONE208AHUX CIAlell WMYYHUMU eNeKmpooamu 3 pymu-
nosum (AHO-4) i ochosnum (YOHHU 13/45) munom noxpumms. Y dianazoni aepoounamiuHo-
20 oiamempa 6i0 0,25 0o 16 mxm yci uacmunku 34 Oynu po30ineHi Ha Mmpu epynu: 3 HUZLKUM
(Fe<20%), cepeonim (20%<Fe<40%) ma eucoxum (Fe>40%) emicmom 3aniza. Kosicna epyna
Micmumbo pi3Hy KiIbKIiCmMb eleMeHmis, Wo noxoosamo 3i 36aprealbHUX mamepianie, ma 6i0o-
bpadicae mexanizm ii ymeopenns. Ix eionocnuii emicm y 3A 3anedxicumo 6i0 aepoouHamiuHo20
diamempa 4acmuHoK, muny HOKpumms eiekmpoois i nomysxcHocmi oyeu. Yacmunku iz cepe-
OHIM émicmom 3aniza (a2nomepamu HaHOPO3IMIPHUX NEPBUHHUX YACTUHOK) CMAHO8IAMb HAll-
yucnenHiuly epyny (nonao 70%) pecnipabenvrux yacmunox 3A. /[ns KodxcHo2o muny enekm-
PO0i8 iX cepedHill eneMeHmHUll CKAA0 He 3aledcCums 6i0 po3mipy aznomepamis. Yacmunku 3
HU3bKUM 8MICIMOM 3a1i3a MICMAMb Pi3Hi KOMOIHAYii elemMeHmis 3 noKpumms eiekmpoois, i
PIZHOMAaHIMHICMb KOMOIHAYIU 30I16UYEMbCSA 31 3DOCMAHHAM IX AepOOUHAMIYHO20 JiamMemp) .
Li wacmunku 34 moocua ioenmupixysamu ax azpecamu a2nomepamis nepeUHHUX YACMUHOK
ma MIiKpoOpu3oK, wo ymeopioomucs npu oesinmezpayii nokpumms enekmpooa. Yacmunxu
34 3 ucoxkum emicmom 3aniza ymeopromscs HACIIO0K azpezayii MIKpoKpaneis posniasie-
HO20 eNeKMpPOOHO20 Memany ma a2iomMepamie nepeuHHUX HAHOPO3MIPHUX YACMUHOK. Bonu
30ebinbuiozo micmame 3anizo (60-70%) ma xucens (15-35%). Ix cepeomiii enemenmmui
CKIa0 He 3a1excums 8i0 posMipy azpe2amis, muny eieKmpooH020 HOKPUMMSL | NOMYHCHOCMI
oyeu. Ompumani pe3yromamu MOXCyms Oymu KOPpUCHUMU OJisl AHANIZY MA OYIHKU PUSUKIG ONs
300p08's 36aPHUKIG.

Knrouoei cnoea: 3saprosanvuuil aepo3onsb, WmyuyHi eieKmpoou,peHmaeHoCneKmpaibHull
eIeKMPOHHO-30HO008ULL MIKPOAHAI3, eleMeHMHUL CKIA0 4aCMUHOK, aepoouHamivHuu oia-
memp.

Beryn. OcHOBHUM HIKIIIUBUM (DaKTOPOM 3BapIOBAIBHOIO BUPOOHMIITBA € 3Ba-
proBajbHUM aepo30Jib (3A) — TOKCUYHI aepOUCIIEPCHI YACTUHKU KOHJACHCAIIMHOTO 1
ne3inTerpariinoro noxomxenus giamerpom 0,003-20 mMxm. 3a manumu [1] moHan
80% BUABICHUX BUIAJKIB MPOPECIHHUX 3aXBOPIOBAHb 3BAPHUKIB (XPOHIYHHUI OpOH-
X1T, THEBMOKOH103, THTOKCHKAIIIsl MeTalaMHu TOLIO) BUKIMKaHI aiero 3A. Tomy mpo-
0JieMa CTBOPEHHS O€3MEUYHUX YMOB Mpalll 3BapHUKIB 1 pOOITHUKIB CYMIXHUX Mpode-
Clii pUBEpTae yBary HayKoBLIB Bxke NoHaJ 50 pokiB. PO3BUHYTO Te€OpeTHYHI ysB-
JICHHS PO MEXaHI3M yTBOPEHHS 3A, BUIIAPOBYBAHHS 1 A€31HTETPALIIIO 3BapIOBAILHUX
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MarepiaiaiB MpHU €IEKTPOAYrOBOMY MPOLEC], BU3HAYEHO 3aJIEKHOCTI BaJOBUX IMOKAa3-
HUKIB 3A (IUBUIKICTh YTBOPEHHSI, XIMIYHHI 1 TUCTIEPCHUIN CKJIaa) Bij CIIOCOOIB 1 pe-
KUMIB 3BapIOBaHHS, CKJIaJy 3BapIOBAJIbHUX MAaTepiajiB Ta 3axUCHOTo razy [2-9].
Bcranosneno, mo yacTuHku 3A y MOBITpl poO0OYOi 30HM MalOTh TPHOXMOJIOBE PO3-
MOJIUJICHHS 32 pO3MipaMu, Jie MepIi JIBl MOJU — arjioMepaTd HaHOPO3MIPHUX Iep-
BUHHHMX YaCTUHOK KJIACTEPHOI 1 JIAHIIFOKKOBO-KJIacTepHOI MOp(OJIOrii, a TpeTs: Moja
— MIKpOYACTHHKH Jie31HTerpailii 3BaproBasibhux matepiams [10, 11]. CtBopeHo 6a3u
JAHUX, 10 3B’SI3YIOTh BAJIOBUHM XIMIYHUH ckiiaa 3A 31 CKJIaJIoM 3BaprOBAJIbHUX MaTe-
pianiB, Hanpukian, [12]. Oxepskani JaHi Ta 3aKOHOMIPHOCTI BUKOPUCTAHO JJIsI CTBO-
PEHHS MAJOTOKCHYHUX IITYYHHX EJICKTPOJIIB MUIIXOM ONTHMI3alii CKIamy iX IOK-
PUTTS 1 peKUMIB 3BaproBaHHs. OJHAK TEXHOJIOTIYHI MOMXJIMBOCTI 3MEHILIEHHS TOKCHU-
gHOCTI 3A 0OMEKeH1 BUMOraMu 3a0e3MeUYeHHs SIKOCTI 3BApPHOIO 3’ €IHAHHS 1 IIBU/I-
KICTh YTBOpPEHHS 3A Mpuy 3BaproBaHHI IITYYHUMH €JIEKTPOJAMM SIK 1 paHIIIe JOCUThH
Benuka (3-25 mr/c).

Ha crorogHi nmpiopuTeTHUM HANpPsIMKOM JOCHIKeHh 3A € BMICT 1 XIMIYHHI
CKJIaJ] HAHOPO3MIPHUX YAaCTUHOK Ta iX arjioMeparTiB y 30H1 AUXaHHA 3BapHUKa. Taki
YaCTUHKUA MAalOTh 3HAYHO OUIbIITY O10JIOTIYHY aKTHUBHICThH y MOPIBHSIHHI 3 MiIKpoyac-
TUHKaMU JIe31HTerpailii uepe3 iX BUCOKY MTUTOMY MOBEPXHIO 1 COpOIIIHY 3JaTHICTh Ta
MOKJIUBICTh MPOHUKATU KPi3b Oap’epHUil 1MIap emiTeniaJbHUX KIITHH 1 MonajaTH y
KpoBoTOK [13, 14]. Tomy oIliHKa MOTEHIIITHOTO PU3UKY JJIS 30POB’Sl 3BApPHUKIB
TUIbKK 32 MOKa3HUKaMU MacoBO1 KOHIIEHTpallli 1 BaJOBOTO XIMIYHOTO CKianxy 3A €
HenocTatHbOMO [ 13]. HasiBHOT Ha TenepimHiid yac iHpopManli o0 TOKCHYHOCTI 3A
PI3HOrO XIMIYHOIO CKJIaly 1 JUCHEPCHOCTI HEJOCTATHBO JJII BU3HAUYECHHS SIKI came
MOKa3HUKU (PI3MKO-XIMIYHUX BJIACTUBOCTEW YACTHUHOK (HAMPHKIAJ: YACTKa, €JIEMEH-
THHUM CKJIaJ 1/a00 mUTOMAa IUIOIa MOBEPXHI YACTUHOK MEBHOIO Jl1ala3oHy pO3MIpIB)
Ta, BIJIMOBIAHO, SIKI METOJIUKHU 1X BU3HAYEHHSI CJI1J] BUKOPHUCTOBYBATH MPU MTPOTHO3Y-
BaHHI J1i 3A Ha 3710poB’s 3BapHUKIB. OTXKe, ICHY€e HEOOXIAHICTh MPOBEJACHHS JA0CITi-
JKEHb, CTIPSIMOBAHMX HA BCTAHOBJICHHS B3a€MO3B’SI3KYy MK PO3MIPOM YaCTHHOK 3A
Ta 1X XIMIYHUM CKJIQJOM.

MeTtoro poOOTH € JOCHIIKEHHS B3a€MO3B’SI3KY €JIEMEHTHOIO 1 JUCIEPCHOTO
CKJIJly YaCTUHOK 3A, 1110 YTBOPIOIOTHCS MIPHU 3BapIOBaHHI BYTJIEIEBUX 1 HU3BKOJIETO-
BAaHMX CTajel HAMOUIBII MOIMPEHUMHU TUIIAMU IITYYHUX €JIEKTPO/IIB.

Metoauka excnepumeHTy. s qOCTiIKEHHS €JIEMEHTHOTO CKJIaJy YaCTUHOK
3A Oyno BUOpaHO €JIEKTPOU AiaMeTpoM 4 MM 3 OJHAKOBUM CKJIaJ0M €JIEKTPOIHOTO
Metany (apit C08) 1 pi3HUMH THUIIAMHU TOKPUTTS: pyTUiIoBUM - AHO-4 Ta 0OCHOBHUM
(xapbonatHO-QrooputoBuM) - YOHU 13/45. Hannasnenns miactud crtam Cr.3
MIPOBOJIMJIM Yy 3BaproBasibHIN Kamepi [10, 11] mocTiiHUM CTpyMOM 3BOPOTHOI MOJISAP-
HOCTI MPU JBOX 3HAYEHHAX MOTYykHOCTI nyru P=5,0 kBt (/=180 A, U=28 B) 1 P=6.7
kBt (/=210 A, U=32 B), mBuUIKICTb 3BaplOBaHHs CcKkianaia 4 mm/c. 3A Ha BifcTaH1
40 cM BiA AYTH YJIOBIIOBAIM HIIJIMHHUM MOBITPA3a0IpHUKOM MIPU 00’ €MHIM IIBUIKO-
CT1 BUJAQJICHOTO MOBITPs 75 JI/C 1 HAMPABIISIM Y BEPTUKAIBHO PO3TAIIOBAHY KaMepy
(Bucora 1,9 M, miametp 0,19 m) 11 130KIHETHYHOTO BibOpy mpod. BockmucTynene-
Buii imnaktop bepuepa LPI 0,06/30 11/xB BUKOpHUCTaHO JJisi PO3MOAUICHHS TpoO 3A
Ha ¢pakiii o aepoguHaMiuHOMY giaMeTpy yacTuHOK: Nel — 0.0625-0.125 mxm; No2
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Puc.1 3anexHicTh MPOLIEHTHOT YaCTKU rpym YacTUHOK 3A 3 Hu3bkuM (I'p.1) — 1, cepeanim
(I'p.2) — 2 1 Bucokum (I'p.3) — 3 BmicToMm Fe Bij aepoauHamMIqHOIO JiaMeTpa YaCTUHOK MpU
3BaproBaHHi enektpogamu AHO-4: A - P=5,0 kBT, B - P=6,7 kBT.

nymn, %o nyn, %
100 100

80— 80—

40— 40—

0 T T | |
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d g, ME2M Ay ep, MEM
Puc.2 3anexHicTh MPOLIEHTHOT YaCTKU rpym YacTUHOK 3A 3 Hu3bkuM (I'p.1) — 1, cepeanim
(I'p.2) — 2 1 BucokumMm (I'p.3) — 3 BmicToM Fe Bij aepoauHaMidHOTO JiaMeTpa YaCTHHOK MPH
3BaproBaHHi enexktpoaamu YOHU 13/45: A - P=5,0 kBT, B - P=6,7 kBr.

—0.125-0.25 mxMm; N3 — 0.25-0.5 Mxm; Ned — 0.5-1.0 mxm; Ne5 — 1.0-2.0mkm; Neb —
2.0-4.0 mxm; Ne7 — 4.0-8.0 mxm; Ne® — 8.0-16.0 mxm. /111 peHTreHOCTIEKTPAIBLHOTO

€JIEKTPOHHO-30HI0BOI0 MIKPOAHAJI3y €JIEMEHTHOTO CKJIaJy YacCTHHOK 3 daep>0.25

MKM (¢pakuii Ne3-Ne§ Oyno BigiOpaHo Ha CpiOHI MIAKIAAKU 3TITHO PEKOMEHalli
[15]. Anst onepxaHHS 3pa3KiB 3 OJHOIIAPOBUM PO3MIILIEHHSIM BIIOKPEMIIEHUX YaCTH-
HOK 4ac B1100py npo0 ckiaaas 3-5 ¢ ais gpaxuiit Ne3 1 Ne4 ta 30-70 ¢ aist dpakiii
No5-No§. JIns Bu3HaueHHs1 MacoBoi yacTku gpakuiid Nel-Ne® y 3A mpoOu BigOupanu
npotsroM 70 ¢ Ha 1eNI0NI03H1 QUIBTPH, a 3BaKyBaHHS (iIBTPIB MPOBOIUIHN 3 TOUHIC-
110 10 T (MikpoBarn MX5)mpu nocrtiiiniii Temneparypi 21+0.5°C i Bonorocti 50+£5%
HOBITPSL.
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Puc.3 MikpodoTorpadii vactuHok 3A npu 3BaproBaHHI IITYYHUMH ejiekTpoaamu [ 10].
ArnomepaTy HAHOPO3MIPHUX NEPBUHHUX YaCTUHOK: A - Ki1acTepHoi Mopdosorii, b - nan-
II0KKOBO-KJIacTepHOi Mopoiiorii; B — arperatn 4acTUHOK Jie31HTErpalii HOKPUTTS eJeK-
TPOIIB 1 arJIOMEpaTiB HAHOPO3MIPHUX MEPBUHHUX YACTUHOK; I - arperatu 4acTUHOK Jie3-

1HTerpaii Kpanesb eJIeKTPOIHOTO MeTalla 1 JIAHII0KKOBO-KJIACTEPHUX arjJoMeparis.

BusnaueHHst BMICTY €JIeMEHTIB (ITOYMHAIOUM 3 BYTJICLIO) Y YaCTUHKAX (pakiiit
npoBoawin Ha creHai JEOL 733 EPMA(Ilentp MikpoaHaiizy AHTBEPIEHCHKOTO
YHIBEPCUTETY), OCHAILIEHOMY €HEProJAHUCIEPCIMHUM PEHTICHIBCHKUM JIETEKTOPOM
(OxfordEDXL1) 3 cyneproHkuM atMocpepHumM BikHOM [16, 17]. s paxmiin Ne3-
Ne8 nocmimxysanu mo 200 BUOpaHUX BUMAJIKOBUM YMHOM YacTUHOK. OTpuUMaHi xa-
PaKTEPUCTUYHI PEHTTEHIBChKI CIIEKTPU YaCTUHOK OOPOOJISIIM METOIOM HaWMEHIITUMU
KBaJpaTiB, a CJIEMEHTHUIN CKJiaJl 0OYUCITIOBaacs 3a JOMOMOTOI0 alpOKCUMAIlIiHO-
romerony Monte-Kapio [16, 17].

Pe3yabTaTn Ta iX 00roBopeHHs. /{71 BU3HAUYCHHS TEHCHIIIN 3MIHH €JIEMEHT-
HOTO CKJIaAy YacTUHOK 3A 31 30LIbIIEHHSAM iX aepOAMHAMIYHOIO JlIaMeTpa Ta MOTY-
YKHOCTI AYTH BC1 JOCIIJI)KEHI YaCTUHKHU IO BMICTY 3aii3a 0yJIo pO3NOAULICHO Ha TpU
rpymu (Mac.%): rpyna 1 (mami I'p.1) - Fe<20%, rpyna 2 (I'p.2) — 20%<Fe<40% 1
rpyna 3 (I'p.3) - Fe>40% (I'p.3) [10]. IIpouieHTHI YacTKH UX TPyN YACTUHOK y (pa-
kiisx 3A enexkrponiB AHO-4 1 YOHU 13/45 npeacrasneno Ha puc.l 1 puc.2 Biano-
BIJTHO.

Sk BUAHO, CHIBBIAHOLIEHHSI MK I'pylaMy y KOXHIN ¢pakuii 3A 3a1exXuTh BiJl
JiaMeTpa YaCTUHOK, a TaKOXK CKJIaTy MOKPUTTS €JIEKTPOIIB 1 MOTYKHOCTI yru. Yac-
TKa yacTUHOK I'p.2 31 cepennim BmictoM Fe cknanae monan 70-80% Bij 3aranpHOT Ki-
JBKOCTI 4acTUHOK 3A y Jniama3oHi aepoauHamiynux aiamerpiB 0,25-16 mxm. Bonu
SBJISIIOTH COOOI0 arjioMepaTd HAaHOPO3MIPHUX MEPBUHHUX YAaCTHHOK KJIACTEPHOI 1 Jia-
HIIFOKKOBO-KJIacTepHOi Mopdororii (puc.3).

MakcumanbHi JiHIHHI po3Mipu YacTUHOK ['p.2 pocsaraiots 20-25 MKM, mpoTe ix
aepoauHaMIvyHUi niaMeTp He nepeBuinye 10 mxm. CepenHiil e1eMeHTHUI CKJIaj] yac-
TuHOK ['p.2 dpakuiit 3A enektpoais AHO-4 ta YOHI 13/45 nagano y tabnuisax 1 ta
2 BianoBigHO. OTpUMaHI pe3yJbTaTy MOKa3yloTh, 110 CepeaHIN (M0 KOXHIN (ppakiiii)
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Ta6auus 1. Cepenniii enementHu# ckiaj (Mac.%) yactunok I'p.2 dpakimiit 3A
enextpoaiB AHO-4 (momimkosi enementu F, P, S, Cl, Ca, Cr).

Ne dppaxmii P=5.0xBt

(d . mxm) C O [Na|Mg|Al| Si | K| Ti|Mn| Fe

aep

Ne3(0.375) 73 1294125122 |12]79 [38|0.7|6.6 |34.5
Ne4 (0.75) 103 (269 (2726 (21| 80 |33|15]| 73|38

Ne5 (1.5) 81 2832723 |1.7| 73 |37|15|74]|334

No6 (3) 76 27921119 13| 72 [3.7]1.6] 7.8 |34.8

Ne7 (6) 69 285221809 | 7.6 [39]1.6]8.1]35.0

No8 (12) 11.1 {294 (22 (1.7 12| 7.1 [29]21]65|320
P=6.7xBT

Ne3(0.375) 42 1275125127112 98 |35]2.0]9.2|34.1
Ned (0.75) 3.6 {283 122]25]2.0]109(3.8]2.1|93]|33.7

Ne5 (1.5) 35 129212227 124]109(2.7]2.0| 88329
Ne6 (3.0) 35 12662123 |1.8] 93 [3.0]23)|94]359
Ne7 (6.0) 20 284 |19 1.7|1.7] 90 |39|25]99 |35.2

Ne8 (12.0) 51 12652019 |1.5] 95 |35|25|93 344

Ta6auus 2. Cepenniii enemeHTHUM ckaaj (Mac.%) yactuHok I'p.2 ppakuiit 3A
enextpoaiB YOHU 13/45 (nomimkosi enementuP, S, Cl, Ti,Cr).

No ppakiii P=5.0xBt
(d,, M) | C @) F |Na|Mg| Al | Si| K |Ca|Mn| Fe

No3(0.375) 85 (272 86 |[51]109|14[45]06|57]|6.0]305
Ne4 (0.75) 100 | 21.1 | 83 | 551927501248 6.9 |299
No5 (1.5) 89 273 78 |36 |14 1756|107 |52|62|304
No6 (3.0) 80 |254 ] 87 |45]12|16|52]09(49 6.6 |31.2
Ne7 (6.0) 7.1 24 | 75 |38 |13 |14[59|08]6.1|75]328
No8 (12.0) 52 (251 76 341212651448 8.9 |333
P=6.7xBT
No3(0.375) | 17.2 1204 |(16.1 |44|109 (294204 |3.2|49 |24.1
No4 (0.75) 13.1 | 214|178 144|107 (1942|0344 |3.8]258
No5 (1.5) 140 | 243 | 15528 | 1.1 |14 |52]0.1 (3252|257
Ne6 (3.0) 96 |246|175(40]0.71.0|51/0.1(49]5.0]26.1
No7 (6.0) 1031243159 |28 | 1.1 |1.1]|55]07]26|4.9 |28.1
No8 (12.0) 98 [271 (1662510 |08|56[05]3.6|4.2]26.8

€JIEMEHTHHUI CKJIaJ YaCTUHOK ['p.2 MpakTHUYHO HE 3aJE€XKHUTh BIJl iX a€pOAMHAMIYHOIO
JiaMeTpa.

VY Toii xe vac g yactuHok I'p.2 3A enektponis AHO-4 ta YOHI 13/45 cho-
CTEPIralOThCsl MPOTUJICHKH] TEHJICHIT 3MIHM BMICTY OCHOBHHUX €JIEMEHTIB 31 301J1b-
IIEHHSIM MOTY>KHOCTI IyTu. Tak, y 3A eleKTpoiiB 3 pyTusioBUM MOKpUTTsIM (AHO-4)
BMmicT Al, Si, Ti Ta Mn y vactunkax ['p.2 36ubmryerbest Ha ~30-50%, ByrIemto 3me-
HIITyeTbesa y ~2,3 pasu, a O, Na, Mg, K 1 Fe npakTi4HO He 3MIHIOETHCS 31 301IbIIICH-

197



dizuka aepoaucrepcHux cucrem. —2023. — Ne 61. — C.193-201

Ta6auus 3. Tunosi enemeHTH1 ckiaau (Mac. %) yactuHok ['p.1 gpaxiii
Ne3-No8 3A enextponiB AHO-4 ta YOHI 13/45.

3A | C O F Na |Mg |Al |Si K Ca |Ti Mn | Fe

2591373 | - 1971 23 | 25 | 24 - - 1.1 | 1.2 | 47
69 (3500207 | 10|23 (42712009 05 ] 14|73
AHO 19 1262 | 04 | 08 | 1.4 [ 64.8 ] 0.6 - - 02 ] 08 | 2.0
16.9 | 23.1 - 34 | 5.7 | 103 [17.6 | - 09 |34 |35 |114

44 1311103 | 15 36|44 |59 |14 | 1.1 [260] 53 |13.6
1.6 {286 0.7 | 28 | 24 | 28 | 9.0 |132] 02 | 114 ] 81 |16.9
1891237155 142 | 19 |40 | 70 | 06 | 126 | 14 | 43 | 142
7.0 | 18.1 | 146 | 13.2 | 123|235 | - 1.0 | 8.1 - - -
YOHM | 135191 | 11.1 ] 78 | 1.1 | 13 | 58 | 84 | 81 | 0.8 | 45 | 155
27412591 77 126 | 21 | 47 | 85 |04 |46 | 1.7 | 30 | 9.1

2171304 23 37120 76 [163] 07|64 - | 04| 68
96 [ 268151199 | 12251057598 - | 41 [118
Ne3* 1371298152139 141652191309 - |23 ]127

* - TiapkH 1u1a Gpaxiiii Ne3

HSIM MOTY>KHOCTI TyTH.Y 3A enekTpoaiB 3 ocHOBHUM TuroM nmokputts (YOHI 13/45)
BmicT Na, Mg, Ca, Al, Mn i1 Fe B yactunkax ['p.2 3menmyerscs Ha ~20-40%, C 1 F
3poctae B 1.5-2 pasu, a O, Al 1 Si npaktuaHo He 3MiHIOETHCS. 1[0 cTOCY€ETRCS BMICTY
TokcuuyHOTO Mn - BimHomeHHs: Mn/Fe y yactunkax I'p.2 3A enextponis AHO-4 36i-
aeinyetbes Bif 0.22 no 0.27, a enexktponiBs YOHI 13/45 3menmyetsest Big 0.22 1o
0.18 mpu 3pocTaHH] HOTYKHOCTI JIyTH.

Bycix ¢pakuigx yactuaku I'p.1 (3 HU3BKMM BMICTOM 3ajli3a) MICTATH MEPEBAXK-
HO pi3H1 KOMO1HaIli eleMeHTiB MOKpUTTA enekTpoiB (Na, Mg, Al, Si, K, Ti nns ene-
kTpoiiB AHO-4 ta nonatkoBo Ca ta F qyiss YOHI 13/45), a Takox Byrielpb 1 KUCEHb,
MIPUYOMY PI3HOMAHITHICTh KOMOIHAII/ €IEMEHTIB y YaCTUHKAX 301IbIIYETHCS 31 3pO-
CTaHHAMd,.,. TUIIOB1 €JIEMEHTHI CKJIaH 9acTHHOK I'p.1 mokaszano y Tabnumi 3.

3a mopdororiero yactunku ['p.1 MoxkHa 11€HTU(IKYBATH SIK arperati 4aCTUHOK
Je31HTerpallii MaTepiaiaiB MOKPUTTS €JIEKTPOJIIB 1 arioMepariB HaHOPO3MIPHHX Iep-
BUHHMX 4acTUHOK (puc.3). [Ipuunnamu fe3iHTerparlii mOKpUTTS €JIEKTPOIB € 1HTEH-
CUBHE Ta30yTBOPEHHS IMPHU HOT0 TUIABJICHHI BHACHIIOK TEPMOJIi3y KapOOHATIB, Mipo-
T3y 1emoa03u, niporiapodizy CaF, Toio, a Takox po30pu3KyBaHHS PO3ILIABICHOTO
[IUTaKy TIpY HOTO CTiKaHHI 0e3mocepeIHk0 B 3BaproBaibHy BaHHY[19]. Crnin 3a3Hauu-
T, 10 ~25% uvactunok ['p.1 MaroTh Bucokuii BmMicT(Bia 16 10 35%) Byrieio. YTBo-
pEHHsSIKapOOHAaTIB BUKJIMKAaHO B3aemojiero CO, atMocdepu qyru 3 OKCUJIAMHU IIIaKO-
Boro posmiary CaO, K,0, Na,O, MgO, Al,O5 1 Si10,.

Yactunku ['p.3 3 BUCOKMM BMICTOM 3ali3a YTBOPIOIOTHCS B PE3YJIbTATI AE3IHTE-
rpaiii Kpameib eJeKTPOIHOTO MeTaldy 1 3a MOP(OJIOTIEI0 SBISIOTH COOOI0ArperaTH
MIKpOKpamneib eJIeKTPOAHOTO MeTaja 1 JIaHII0KKOBO-KIACTEPHUX arjioMepariB
(puc.3). [lpuunHamu ne3iHTerpallii Kpameib pO3IIIaBICHOTO eIEKTPOTHOTO METANy €:
BUOYXOBE pyHHYBaHHS NEPEMHUYKU MK Kparuielo, 10 BiIPUBAETHCS, 1 €JIEKTPOJIOM B
pe3yNbTaTi Pi3KOTO 301IBIICHHS MIUIBHOCTI CTPYMY; JIOKaJbHE BUOYXOMO110HE BU/II-
JIEHHS Ta31B B 00'eMi MeTally, 110 BUKIMKAHO METaTyprifiHUMHU PEaKIlisiMH, Ta TIPU3-
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Tadoauusa 4. Tunosi enemeHTHi ckiaau (mac. %) yactuHok ['p.3
dpakiriit Ne5-Ne§ 3A enexrpoais AHO-4 ta YOHI 13/45.

3A Fe | Mn |[Ca | K | Si |O C

59.8 | 2.8 | - - | 1.8 31222
Opakmii | 634 | 42 |28 | 3 2221326
Ne5-Ne§ 1693 39 | 1.1 [25] 3 | 16828
62.1 | 3.1 - - 1 31914

BOJIUTH JI0O BUKUAY MIKPOOPHU30K €JIEKTPOJHOTO METaly 3 Kpameib a0o, 1mo OyBae pi-
Jiiie, 13 3BaproBalibHO1 BaHHM [19]. A mo3a 30H010 atMocdepu nyru BiiOyBaeThCs BU-
COKOTEMIIEpaTypHE OKUCIIEHHS a00 FOPIHHS MIKPOKpAIIEb.

OCKIJIbKM OCHOBHY YaCTKy MacH 4acTUHKU ['p.3 ckianaeMiKpoKparis eaeKTpo-
JHOTO METaly, TO BOHA 1 BU3HAYA€E 3arajlbHUN €JIEMEHTHUHN CKJIaJ YaCTHUHOK. [y Hux
XapaKTEPHO HECYTTEBI BIIMIHHOCTI Y €IEMEHTHOMY CKJIaJ1 - MICTSATb, IepEeBakHO60—
70% Fe1 15-35%kucHto (Tabnuis 4), a TaKoXX HE3AJIEKHICTh Bl CKIALy HOKPHUTTS
IITYYHUX €JIEKTPO/IIB.

Sk BuaHO 3 puc.l Ta puc.2, OCHOBHUMHU NapamMeTpaMH, 10 BU3HAYAIOTh 1HTEH-
CUBHICTh JI€3IHTErpallii Kpamneiab €JIEKTPOJIB METaly, € MOTY>KHICTh 3BAPIOBAIbHOI
OYTU Ta CKJaJ MOKPUTTS €NeKTpoaiB. 30UTbIUEHHA P i elNeKTPOIB 3 PyTHUIOBHM
nokpuTTsM (AHO-4) npu3BoAUTH 1O MOMITHOTO 3POCTaHHA YacTKM YacTUHOK ['p.3
y3A Ta 30UIbIICHHS Jlana3oHy iX po3MipiB. Y TOHW e Yac 4acTka 4acTHHOK ['p.l 3
HU3BKUM BMICTOM 3aJli3a HE3HAYHO 3MEHILIYEThCS. AepOJIMHAMIYHUM JlaMeTp YacTH-
Hok ['p.3 nepesumye d,,,>0.7 MKM 1 y Mipy HOro 3pocTaHHs, iX 4acTka y 3A croyar-
Ky 30utbiIyeThest 10 18-47% (dpaxuis Ne7), a motiM 3MeHmyerbes A0 3-16% (ppax-
i Ne8). IcHyBaHHSI MaKCHMyMy MOXHA MOSICHUTU THUM, L0 MIKPOOPHU3KHU €IEKTPOI-
HOT0 MeTally AlamMeTpoM noHaj 20 MKM He BCTUTalOTh 3HAYHO BUIIAPOBYBATHUCSA B aT-
Mocdepi 3BaproBaNIbHOT YTH, 1 HE TOTPAIUISIOTH Y Jl1ala30H aepoJuHAMIYHUX Jlame-
TpiB pecnipabenbHuX YacTUHOK 3A. [l eNeKTpOIB 3 OCHOBHUM THUIIOM HMOKPHUTTIM
YOHMU 13/45 cnoctepiratoTbcsi POTUIIEKH] TEHAEHUII - 31 301IbILIEHHSIM MOTYKHOC-
TI yTU 4YacTKa 4acTUHOK ['p.l 3 HU3BKHM BMICTOM 3aii3a y 3A 30UIbIIy€ETHCS B ~2
pasu, a yacTka 4acTUHOK ['p.3 MpakTUYHO HE 3MIHIOEThCA. MakcumaibHe 3HAYCHHS
yacTku (60-80%) wactuHok I'p.1 y 3A cnocrepiraetscst y dpakiii Ne§, a cepenHiii
BMicT Fe ctanoBuTh ~9%.

BucnoBku. BcTaHoBIIeHI BIIMIHHOCTI y €JIEMEHTHOMY CKJIAJl pecripabenbHux
4acTUHOK 3A B110OpakaroTh Pi3HI YMOBH iX YTBOPEHHsI B MpOIleCi 3BapioBaHHs. Ma-
coBa yacTka 4yacTUHOK (pakiiii No5-Ne§ (1-16 Mkm) ckiagae y 3A MITYy4YHUX E€JIEKT-
pouniB ~40%. Tomy, sik BajoBuil enemeHTHUM ckian 3A enexktpoais AHO-4 1 YOHU
13/45 [20], Tak 1 cknag yactuHoK ¢pakuii PM2,5 (d,,, <2.5 mxm)[10], mo ocamxy-
IOThCSI TIEPEBAXKHO B TPaxeo-OpOHXIaIbHIN Ta adbBEOJISIPHIN 007aCTIX AUXATbHOI CHU-
CTEMMU,HE B1JOOPaKAIOTHEJIEMEHTHUHN CKJIaJlT YACTUHOK KOHACHCAIIMHOTO MOXO KEH-
Hs (I'p.2) - armoMepaTiB HAHOPO3MIPHUX MEPBUHHUX YACTUHOK, SIK1 3aBJSKH BUCOKIM
MTUTOMift TTOBEPXHi (Sym~50-70 M*/T) CTAHOBIIATH HAMOLIBITY HEGE3MEKy TIPH iHras-
1ii.BpaxoByroun BUIIEBUKIIAJEHE, BUBHAYEHHS XIMIYHOTO CKJIaAy 1HTAJSIIIAHOI eKc-
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NO3MIIT 9aCTHHOK 3A cyix npoBOAMTH Jue 1 pakmii dg., <0.5 mxm. Enement-
HUW CKJIaJ Ta MUTOMA MOBEPXHS Ii€l (pakiii XapakTepU3yrOTh CEpeIHIA XIMIYHHIMA
CKJIaJ] Ta TUCIIEPCHICTh MEPBUHHUX HAHOPO3MIPHUX YACTHMHOK, BUSHAUYCHHS SIKMX He-
OOXI17THO JIJIsl aHaITi3y 1 OI[IHKM PU3UKIB JIJIsl 3I0POB’ sl 3BAPHUKIB.
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S.A. Kiro, N.N. Abramova, V.V. Gridyaev, N.O. Huselnykova

Elemental composition of particles formed during welding with stick electrodes

SUMMARY

The elemental composition of welding fume (WF) respirable particles formed in carbon
and low-alloy steels welding with stick electrodes with rutile (ANO-4) and the basic (UONI
13/45) type of coating was studied by X-ray-spectral electron-probe microanalysis. In the
range from 0.25 to 16 um aerodynamic diameter, all WF particles were divided into three
groups according to their iron content: low (Fe<20%), medium (20%<Fe<40%) and high
(Fe>40%). Each group contains various amounts of elements originating from the welding
materials, which reflects their formation mechanism. Their relative abundance in WF de-
pends on the particles aerodynamic diameter, type of electrode coating and the arc power.
Particles with the medium iron content (agglomerates of nanosized primary particles) formed
the largest group (over 70%) of respirable WF particles. For each electrode type, their aver-
age elemental composition does not depend on the size of the agglomerates. The low iron par-
ticles contain various combinations of electrode coating elements, and the variety of combi-
nations increases with their aerodynamic diameter grows.These WF particles can be identi-
fied as aggregates of primary particles agglomerates and microspatters formed by disintegra-
tion of the electrode coating. WF particles with a high iron content are formed by aggrega-
tion of molten electrode metal microdroplets and nanosized primary particles agglomerates.
They mainly contain iron (60-70%)and oxygen (15-35%). Their average elemental composi-
tion does not depend on the size of the aggregates, type of electrode coating and the arc pow-
er. The obtained results can be useful for the analysis and assessment of health risks for
welders.

Key words: welding aerosol, stick electrodes, X-ray spectral electron-probe microanalysis,
particles elemental composition, aerodynamic diameter.
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Imnpeznosanuii 6010KHUCMUTL XeMOCOPOEHM AMIAKY HA OCHOGL TUMOHHOT
kucaomu. Ilpozno3ysannsa 3axucnux xapakmepucmuk

Hocnioxceno ennué eionocroi eonozocmi ( RH) zazonosimpsnozo cepedosuwa na xemoco-
pouyio amiaky imnpecno8aHum 60J10KHUcmum xemocopoenmom (IBXC), saxuti odeporcysanu
NPOCOYEHHSM HEMKAHO20 20JKONPOOUBHO20 MAMEPIANY 3 NONiehipHUX BOJIOKOH BOOHUM PO3-
YUHOM TUMOHHOT Kuciomu (40 mac %) 3 Moougikamopamu (2riyepun, X10puod Hampio ma

emanon) OJisi PIBHOMIPHO2O PO3NOOITY XeMOCOPOEHM) HA NOBEPXHI BONOKOH I NIOBUWEHHS A0-
2e3ii 00 ck1ady npocoyysanvro2o po3uuny. llokazano, wo 6uxioHi Kpuei NPOCKOKY amiaky ue-

pe3 nepyxomuui wiap IBXC cnp(l‘np) 6 koopounamax 1In(c / Cp -1, lyp Npu 6CIX 3HAYEHHSAX
8IOHOCHOI 6oN1020cmi 3 docmogipHicmio R° > 0.95 anpoxcumyromovca npamumu niniamu i 01
KinbKicHo2o onucy cucmemu amiak-IBXC moorcna 3acmocysamu meopemuuny mooenv Yinepa-
IDiconaca. 3icmaenenuam excnepumMeHmanbHux i meopemuyHux Kpueux cnp(tnp) 8 Koopou-

namax In(c, / Cop -1, lpp BUSHAUEHO HEGIOOMI MOOCNbHI NAPAMEMPU: KOHCIMAHMY WEUOKO-
cmi xemocopbyii i copoyitiny emuicms oounuyi macu IBXC ma ix 3anesicHocmi 6i0 8i0HOCHOT
gon0eocmi eazonosimpsanozo cepeoosuwa (I'TIC). Becmanosneno, wo copoyitina emuicmo
IBXC ninitino spocmac iz 36invwennim RH, a koncmanma weudxocmi xemocopbuyii cucme-

muamiak-IBXC ne sanesxcums 6id gionocroi sonozcocmi I'TIC i cknadae 3600 xe . Excnepu-
MEHMANIbHO 00CHIONHCEHO 8NaU8 8i0HOCHOI 6onoeocmi I'TIC i moswunu wapy Ha 4ac 3axucHoi
0ii’ IBXC wooo amiaky ma oOIpYHMOBAHO A0eK8AMHICMb 3ACMOCY8anHs Moleni Yinepa-
Liconaca ona npocnosyeanns pecypcy IBXC 011 ymoe peanvno2o 8UKOpUCMAHHS.

Knrouosi cnoesa: imnpecnosanutl 80J0KHUCMUL XeMOCOpOeHm, Npomueazosi @gitempu,
amiak, OUHAMIYHA COpOYIs, MAMeMamuyHa Mooeib adcopoyii, 6UXIOHI KPUBL NPOCKOKY, KOH-
Cmanma weuoKocmi xemocopoyii, copoyiina eMHicmy, 4ac 3axucHoi Oii.

Beryn. ¥V xiMiyHINA TPOMHCIIOBOCTI aMiak MIMPOKO BUKOPUCTOBYETHCS TIPHU BU-
POOHHUIITBI MiHEPAIBHUX JOOPUB, a30THOI KUCJIOTHU, BUOYXOBUX PEUOBUH, SIK OCHOB-
HUHN Ta3-0X0JIOPKYBau y XOJOJAWIBHUX YCTAaHOBKaX 1 BITHOCUTHCS 10 OJIHOTO 3 Hall-
MOIIMPEHIUX 3a0pyaHioBayiB NoBITPs [1]. Y 3B'\I3Ky 3 1IuM mpoOiiemMa OYHIIECHHS
MOBITPSI Ta MPOMUCIIOBUX BUKHUJIIB B aTMOC(hEpy, a TAaKOXK 3aXUCT OpraHiB JUXaHHS
POOITHHKIB BiJI aMiaKy € Jy>K€ aKTyaJbHOIO.

[Ipy oummieHHI TEXHOJOTIYHUX Ta3iB Ta B 3ac00ax 1HJAWBIAYaJbHOTO 3aXUCTY
opraniB auxanss (3130/]) BUKOPUCTOBYIOTh XeMOCOPOEHTH aMlaKy Ha OCHOBI aKTH-
BoBaHOTO BYrunis (AB), imopernoBanoro consimu 3d-metaniB (CuSO,4, CuCl,, NiCl,,
ZnCl, Tomio), 3MaTHUX YTBOPIOBATH KOMILJIEKCHI CIIOJIYKH 3 aMiakoM [2, 3], a Takox
IMIIperHoBaHi BOJOKHUCTI xeMocopOeHTu (IBXC), dki mornuHaroTh amiak 3a paxy-
HOK peaxiliii cone- abo komIiekcoyTBopeHHs [4, 5]. Ha BigMiHy BijJ rpaHyJIbOBaHUX
xemocopOeHTiB Ha ocHOBI AB, IBXC maroth HU3Ky nepesar[4]. BonokHa aiamMerpom
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10-30 MM 320€31€4yI0Th PIBHOJOCTYIHICTh BC1X (PYHKIIOHAIBHUX T'PYIl HA iX MOBE-
pxHi (copOliifHa piBHOBAara BCTaHOBIIOETHCS Jy>Ke IIBUIKO) Ta HE3HAYHUM omip ¢i-
apTpytouoro mapy. Lle no3Bomnsie BukopuctoByBatu IBXC npu BUTOTOBIEHI MPOTH-
ra3oBUX €JIEMEHTIB JJIs CIOPSKEHHS ra3004HINYyBaJIbHOTO 00JIaIHAHHS, B TOMY YH-
cm 3130/1. [y1s1 OLiHKYM BILTUBY Pi3HUX KOHCTPYKIIiH Ta/abo MarepiaiiB, paHKyBaHHS
AKTUBHOCTI XeMOCOPOEHTIB HEOOX1THO pO3POOUTH IPOLIEAYPY MPOTHO3YBAaHHS pecy-
pcy IBXC B yMOBax peajabHOrO BUKOPUCTAHHS.

Jlist AB nponeaypa mporHo3yBaHHs MOJSTa€e y BABHAUEHHI KOPETSLINA MiX cop-
OLIHUMU XapaKTepucTUKaMu (uIbTpa (COpOLIMHOI EMHOCTI Ta MIBUAKOCTI COPOLIiT)
Ta MBUJKICTIO (QUIBTpaIlil, KOHIEHTPALIEI0 aIcCOPOTHUBA, TEMIIEPATYPOIO Ta BiAHOC-
HOIO BoJIOTICTIO TazonoBiTpsiHoro cepenoBuia(l'TIC) 3 BUkopucTaHHsIM eKcriepuMe-
HTaJbHUX BUXIJTHUX KPHUBUX MPOCKOKY, OTPUMAaHUX y JabopaTopHUX yMoBax. OCHO-
BOIO JIJI1 MIPOTHO3YBAaHHS € aHAJIITHYHA MOJIEb, IO ONMKCY€E KOHIIEHTPALIHI KpUBI
MIPOCKOKY aJicopOTUBa uepe3 Hepyxomuil map AB, sika BUKOPUCTOBYETHCS JIJIsi €KCT-
panoJisiii 1abopaTOpHUX pe3ysbTaTiB Ha peanbHi curtyarli [6]. HaitOunbm mupoke
3aCTOCYBaHHA JUIsl pI3HUX aJcopOuiiHux cucteM 3 AB orpumana monens Yinepa-
Jlxonaca [7, 8] 3aBasKu i1 MPOCTOTI Ta JIETKOJIOCTYITHUM MaKPOCKOIIIYHUM TapaMeT-
pam. Xoua piBHSIHHS Yinepa-/[oHaca Oyn0 OTpUMaHO JJIs pO3paxyHKY 4acy 3axuc-
HOT i mpu ajcopOuii opra”iuHoi nmapu [7, 8], Horo 3acTocyBaHHsI JOBEACHO 1 MPH
xemocopoO1ii AB HeopraHiyHMX rasiB KHCIJIOi Ta OCHOBHOI NPHUPOJIH: I[1aHOBOJHIO,
XJIOpIiaHy, XJIopy Ta amiaky [9, 10].

Meta poOOTH — Ha MpUKIaAl JOCTIIKEHHS BIUTUBY BigHOCHOI BosiorocTi I'TIC
Ha Yac 3aXHMCHOI 11i Ta copOuiiini xapaktepuctTuku IBXC Ha OCHOBI TUMOHHOI KHUC-
JIOTH IIOAO0 aMiaKy, OOTPYHTYBAaTH MOXJIMBICTh Ta MNPOLEYPY 3aCTOCYBAHHS PIBHSH-
Hs Yinepa-Jxonaca qyist mporao3yBanHsa pecypcy IBXC nist ymoB peanbHOr0 BUKO-
pUCTaHHS.

PiBusnnsa Yinepa-/:konaca. Jlna Hepyxomoro mapy AB piBasHHS VYinepa-
JI>xoHaca [UIs 4acy MPOCKOKY 7, (IPOMIXKOK 4acy IMPOTATOM SKOI'O KOHLUEHTpaLls aj-
copOTHBa B IIOTOKY Ha BUXOJ1 3 IIapy CTaHE PIBHOIO C,, IPH KOHLEHTpauli agcopo-
THBA MEpe]] IapOM ¢y ) 3a3BUYal 3anucyrorth [7-11]:

Mg P4y | S

Y Q¢ k,rc, |c

ie t,, — 4ac MPOCKOKY (xB); M =p-S-H — maca wmapy (1), 0=U-S — ob'emna
mBuKicTs Ginprpauii ITIC (MY/XB); ¢y — KOHIEHTpawis agcopoTusa y ITIC (Mr/m’);

, (1

np

qo — copO11iiiHa EMHICTh OJIMHHULII MACH LIAPY, PIBHOBAa)KHA KOHLEHTpAaLii afcopOTHBa
¢o (Mr/r); p — 06'eMHa wiinbHicTs mapy AB (r/M’); k, — KOHCTaHTA IIBHAKOCTI a1c0-
powii (xB'); ¢,p — KOHILEHTpaLis ancopdTnBa y I'TIC Ha BUXO/i 3 mapy mpu MPOCKo-

Ky (Mr/M’); H — ToBmuHa mapy AB (M); S — IIolIa IONepeyHoro mepepisy mapy
(M%); U — mBuakicts ¢insrpanii ITIC (M/XB).
OcobmmBicTio piBHsHHS (1) € JiHIHA 3aJ€KHICT 4Yacy MPOCKOKY f,, BIA

In(c /Cnp —1) 1 cHMETPUYHICTE KPHBOI NMPOCKOKY ¢, (H, ,,), IO HESIBHO BH3HaYa-
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eTbest piBHAHHAM (1), mono Touku ¢, =0.5-¢,. OTKe, MOXKIIMBICTS 3aCTOCYBAHHS

Mozenm Yinepa-J[>xoHaca [uisi onmMcy MOBEIIHKM cUCTeMHU ancopOTuB - map IBXC
MOKHa OLIHUTH 33 CKCIEPUMCHTAIBHON0 3AIKHICTIO 7,, BIA In(c /Cnp —1). Sxmo

MOJIeJIb TOYHO XapaKTepH3ye €KCIEPUMEHTANIbHI J1aHl, TO el rpadik Oyae NpsMoro
niniero 3 HaxwiaoMm pq,/k,c, i nepetuHom M -qy/Q-cq, i MeTOIOM ampokcUMariii

MO’KHa BU3HAUYUTH HEBIJOMI XapaKTEPUCTUKHU cUCTeMU ancopOTus- map IBXC g, 1
k,

"
Mopens Vinepa-/>xonaca omucye GbpoHT aacopOuii Bcepeauni mapy [11], 1

KpHBa IPOCKOKY ¢, (H, t,,) € Ml OKPeMUM BHTaaKoM (poHTY ajcopouii ¢(z, f)Ha
BUXOJ1 3 mapy z=H, n1ez — ocboBa KoopaAuHATa y 1mapi (M). @poHT ancopOuii mpu
z < H BU3HAuYa€THCS PIBHAHHSIM:
. z 1 C
=P % ———1n(—°—1) : )
¢, |U Kk, c
Jie c— JIOKaJIbHA KOHIICHTpAIlisl aIcOpOTHBA B MOMEHT Yacy! B TOYIIiz.
[To3HaunMMO MPOMIKOK YacCy MPOTITOM SIKOrO KOHIIEHTpaIlis aicopOTHBa HA BU-
X0Al1 3 mapy crane piBHOW 0.5-¢, mpu KOHLEHTpauii agcopOTUBa mepen MapoM ¢,
yepes f,s, TOOl gy =1y5-0-cy/ M. 3a eKCIEpUMEHTAILHUM 3HAYEHHSAM f,s MOXKHA

OLIIHUTH MaKCUMaJlbHy €eMHICTh (W, Mr) mapy agcopoenty macu M moa0 aacopoTu-
Ba,

W=q,-M=t,,-0-c,. €)

JUi pexuMy mapaneabHOro MepeHeCeHHsI CHMETPUYHOTO (PPOHTY aAcopOuii, o

MEPEMILIYETHCSL 3 MOCTIHHOI WIBUIKICTIOU , MO KPUBIA MPOCKOKY MOJKHA TaKOXK

OL[IHUTH IIMPUHY 30HU Macolepesayl - AUISHKU apy ajacopOeHTy IHUpUHO L, B
AKOMY BiZIOYBa€TbCs MaJiHHS KOHLEHTpAIlli aficOpOTHUBY B MOTOIll BiJ MOYATKOBOI (
~0.95-¢,,z,,5) B0 O1M3BKOI 10 HYIbOBOI KOHLEHTpauii (~ 0.05- ¢,z s):

L=|zp95 —Zo,os‘ = ud)(t0,95 —fo,os)-
BpaxoByroun, mwoH =u,, -1ys 1495 +1y s =21y 5, A1 OLIHIOBAHHS IINPUHY
30HU Maconepenayl L oTpuMaeMo piBHSHHS:
1,951 U (095
L=0.4.2995 005 5 Y 4 _
t0’95 + t0,0S kv 0,05

4

Sk BUIHO, IIMPHUHA 30HU Macolepeaayl JIHIHHO 30UTbIIY€eThCs 31 3pOCTaHHAM
mBuakocTi QinsTpanii U (Butpartoro I'TIC ) Ta 3MeHNIyeThCA 31 30iIbIICHHAM 3HA-
YeHHsI KOHCTAHTH IIBUKOCTI aicopOIiik, .

Takum yuHOM, y Mozem Yinepa-/[)kKoHaca Juisi MPOTHO3YBaHHS €(EKTHBHOCTI
CUCTEMH aJICOPOTHB-aICOPOEHT, MOPSIA 3 ¢, 1k, BUKOPUCTOBYIOTHCS JIMIIE MaKpOC-
KOITIYHI TapaMeTpU: Maca 1 TeOMETPUYHI PO3MIpH Iapy aJcopOEHTY, MIBHIKICTh (i-
apTpalii Ta KoHueHTpamis agcopotusa y I'TIC. lng po3paxyHKy 4acy 3aXMCHOI Aii
(pecypcy mpoturazoBoro ¢GiuibTpa) B yMOBaxX peaJlbHOIO BUKOPUCTAHHS JaH1 11070
XapaKTePUCTHUK aIcOpOTHBA, TUITY aJCOPOEHTY Ta (PI3MYHMX BIACTUBOCTEH 1Iapy HE
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f|.|a.

MNH3

10 /]

29

11,
Puc. 1. [IppHnunoBa cxemMa eKCIEPUMEHTAIBHOI YCTAaHOBKU: | — TepmocTar; 2 — 3BO-
J0KyBay MoBITps; 3, 6, 8, 21 — perymnrotoui BeHTH1; 4 — acmiparop; 5 — poramerp; 7 —
OCYIIIyBau TMOBITPs 13 cUiIiKareneM; 9 — 3MilryBad cyxoro ta BoJororo mositps; 10 —
JATYMKHU BOJIOrOCTI Ta Temmepatypu; 11 — tepmomerp-rirpometp TA218C; 12 — Bu-
npoOyBasibHa Kamepa; 13, 15 — npo6oBinOipHi TpyOku; 14 — apantep mapy IBXC; 16
— TpyOKka nomaui NHj y 3mimyBay; 17 — kpan 3-xonoBuit; 18 — peomerp; 19 — mporua-
eposonibHui GiasTp; 20 — razoanamizatop Komion-1B/NH;; 22 — 6anon NHs.

noTpiOHi. [Tapamerpamu, 110 BKJIIOYAIOTh OCOOIMBOCTI €KCIUTyaTallii CUCTEMH aJico-
poTHB-ancopOeHT, Hanpukiad, BiuuBy Bojorocti I'TIC, € ¢ ik;,.

Metoauka ekcnepuMeHTy. [[pUHIIMIIOBY cXeMy €KCIIEpUMEHTAJIbHOI YCTaHOB-
KU HaBEJCHO Ha pucC.1.

IBXC BUrOTOBIISIIM HUISIXOM ITPOCOYEHHSI HETKAHOTO T'OJIKOIPOOMBHOTO Matepi-
aly 3 JTaBCAHOBUX BOJIOKOH 3 MOBEPXHEBOIO MILIbHICTIO 400 2/1° BOXHHM PO3UMHOM
JTUMOHHOI KUCIIOTH (40 mac .% ) kBamidikamii “x4”. AacopOuiiiHa 34aTHICTh MaTepi-
ay-HOCISl IIOAO aMiaKy Ta Moro rigpoduibHICTh MPAKTHUYHO OPIBHIOE HYIHO. Jlis
piBHOMIpHOTO po3mnoairy xemocopoeHty (C;HsO(COOH);) Ha nmoBepxHi TaBCAaHOBUX
BOJIOKOH 1 MIIBUILEHHS aAre3ii 10 CKiIaay NpOCOYYBAIBHOTO PO3YMHY BBOIWIN MO-
nudikaTopu: TIIIEPUH, XJIOPUI HATPIIO Ta €TaHoJ, SIK pekoMeHaoBaHo y [5]. Ilicius
BipkuMy 3 IBXC BUTOTOBJISUIM AMCKH 1 BUCYIIYBAIIH X 10 TOCTiiHOT Macu mipu 80°C.
BinHomieHHs: Mac xeMOCOpOEHTY Ta BOJIOKHUCTOTO Hocls y ckinai IBXC cranoBuio
1.1+0.1.

B anmantep BumnpoOyBajabHOI KaMe€pu I'€pMETUYHO BCTAHOBIIIOBAJIM JIBa JIHCKH,
TIpH 1IbOMY TOBIIMHA (binbTpyrodoro mapy IBXC cranouna H = 6-10° M, mioma
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nonepeunoro mepepizy — S = 41.3-10"* M*, 06'emua minbHicTs mapy IBXC — p =
0.257-10° r/Ar’. Y mpoueci Bumpo6yBaus mBHaKicTh dinsrparii [TIC cranoBmia U =
3.63 M/xB (O = 1510 M’/xB), i € THIIOBOIO IS IPOTHTA30BUX (BiNBTPIB.

Temneparypy Ta BimHocHy Bojoricte ['TIC (RH) perymntoBanu CriBBiIHOIIEH-
HSIM CyXOT'O Ta BOJIOTOTO MOBITPS, 110 HAIXOAATh y 3MIilIyBad 9, 1 KOHTPOJIIOBAIH 3a
nornoMororw TepmomMerpa-rirpomerpa TA218C 3 BUHOCHUMHU JaTdyukamMu. AOCOIIOT-
Ha noxuOKa BUMiproBaHb RAHe nepeBuiyBasia+5%. Jlyis 3a0e3nedeHHs BiAMOBIIHO-
cTi BojoroHacuueHocti mapy IBXC ymoBaMm ekcriepuMeHTy (3a TeMIlepaTyporo Ta
BiiHOCHOIO BoJjoricTio ['TIC) mepen KoKHUM BUMIPIOBAHHSIM MTPOBOAMIIM KOHUIIIO-
HYBaHHs (iIbTpylodoro mapy npotsroM 1 roauan npu Butpari I'TIC 15-107° m/xs
(remmeparypa 18 +1°C i RHy niama3zoni20 — 70% ).

Bu3zHaueHHs1 KpUBUX MPOCKOKY amiaky depe3 Hepyxomuid map IBX mpoBoaunu
npu koHrentpanii NH; B TTIC ¢y = 700 mr/™’ i 1i cTalicTh KOHTPOIIOBATH PeOMeT-
pom 18. Jlyst BUMIPIOBaHHS ¢y 1 ¢, BAKOPUCTOBYBaIM KaniOposanuii mo NH; rasoa-

Hamizarop OesnepepBHoi aii "Komion-1B/NH;" 3 doroioHizaniiiHuM 1eTeKTopoM
[12]. BigHocHa moxuOka BUMIPIOBaHHS Yy Jiana3oHi KoHIeHTpamii amiaky 0 — 2000
MI/M° He mepeBHinyBana+15%. s Bigbopy mpo6 I'TIC 3 06'€eMHOI0 IIBHAKICTIO
0.36-10° M’/XB. BUKOPUCTOBYBAIH CKIISHHi IPOGOBIAGIPHUK 3 Te(hIOHOBUMHU CIIO-
nyuynumu TpyOkamu (PTFE 4/2). Yac BcTaHOBIIEHHS MOKa3aHb ra3oaHaii3aTopa Ha
piBH1 90% B1J 3HAYEHHS BHUMIPIOBAHOI KOHIIEHTpAllli HE MepeBUllyBaB | XB, TOMY
BUMIPIOBAaHHs 3aJIEKHOCTI KOHIEHTPALli IPOCKOKY Cy, B1X 9acy t,, IPOBOIUIN 3 Yac-
ToTO10 | XB .

Pe3yabTaT excnepuMeHTy Ta iX 00ropopeHHsi. THUIIOBI KpUB1 IPOCKOKY aMi-
aky yepe3 map IBXC npu pizHux 3HaueHHax BiaHocHOI BojorocTi ['TIC npencrasme-
H1 Ha puc. 2a. 1 K ekcrepuMeHTalbHI 1aHl B KoopAuHATax In(c, /Cnp -1), ¢,, noxa-

3aHi Ha puc. 20. Sk BUAHO, EKCHEpPUMEHTAJIbHI JlaHI B KOOpJWHATaX
In(c / Cpp —1), 1, TIPU BCIX 3HAYCHHAX BIIHOCHOI BOJIOTOCTI 3 JAOCTOBIPHICTIO R™ =
0.95 anpokCHMYIOTBCS NPSMUMH JIHISIME — ¢, = A — B - In(c,/c—1) i, oTxe, piBHSH-

HA (1) Moxe OyTH BUKOPUCTAHO JUIsl OMUCY KPUBHUX MPOCKOKY MPU XEMOCOPOLli ami-
aky IBXC. [Ins1 yMOB eKCIIEpUMEHTY pe3yIbTaTH pOo3paxyHKy nmapamerpiB A taB i-
HIMHHUX apOKCUMAIllil KpUBUX MPOCKOKY METOJO0OM HallMEHIIMX KBaJpaTiB HABEJIEHO
y Tabun. 1. Takox Oy pospaxoBaHi 3HaUEHHS ¢, k,, W, uy 1 L (HaBeneni B Tabu. 1)

B 3QJIe:KHOCTI BiJ BigHOCHOT BojiorocTi ['TIC.

OpneprkaHi pe3ysbTaTh MOKa3yIOTh, 1110 COPOIIiiiHA EMHICTh OJIMHUII MACH IIapy
IBX ¢y cyTTeBO 3poctae 13 30uIbIIeHHSIM BiHOCHOI Bojiorocti ['TIC RH.

VY TO# ke 4ac KOHCTaHTH IIBHIKOCTI XxemocopOrii &, mpu pisHux RH MaioTh

. . . -1 . C o
OJIM3BKI 3HAYEHHS, 1110 3HaXosAThesa y iHTepBam 3500 — 3700 xB 1 cepenHe JiHiiHE
BIIXWJICHHS BeJIMYUH He nepeBuinye 3%. Tomy cepeHe 3HaU€HHsS] KOHCTAHTH IIBU/I-

. e T -1
KocTl XxeMocopouii £, = 3600 xB Moxke OyTH BUKOPUCTAHE Il IPOTHO3YBAHHS Yacy
3axucHoi Ail IBXC moao aMiaky B yMOBax peajlbHOIO BUKOPUCTaHHS
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Puc. 2. Kpusi npockoky amiaky uepes map IBXC st pisHUX 3Ha4€Hb BITHOCHOI BO-
snorocti I'TIC: A — 3anexHICTbC,, (1) , b — 3aN€KHICTB ), [In( ¢ / Cpp — D]

l1- RH=20%;2- RH =30%;3- RH=47%;4- RH=62%.

Ta6auus 1. Bennunnu napameTpiB Ta alpOKCUMYIOUUX TPSIMUX Ta PO3paxoBaHi
3HAYCHHS IapaMeTpiB g, k,, W ,ug4 1L agcopOuiiiHoro npouecy.

RH.,% A, xB B, xB qo, MI/T k,, XB | W, mr Ug MM/XB | L, MM
20 7.80 1.34 13 3500 80 0.77 6.1
30 16.70 2.90 28 3500 180 0.36 6.1
40 30.26 5.21 50 3500 320 0.20 6.1
47 40.26 6.64 66 3700 420 0.15 5.8
49 37.62 6.40 62 3600 400 0.16 6.0
57 45.51 7.42 75 3700 480 0.13 5.8
57 46.98 7.65 77 3700 490 0.13 5.7
62 52.78 8.68 87 3700 550 0.11 5.8
70 57.88 9.60 95 3600 610 0.10 5.9

3aJIekKHICTD ¢ (RH ) 3 0CTOBipHiCTIO R > 0.98 anmpoKCHMYeThes PAMOIO JTiHi-
eto (puc.3):
qo(RH)=1,7-RH-20,1 mz/2,(RH Bupaxkero y %). (5)
OTtpumani pe3ynbTaTH MOKa3yl0Th, 110 HEOOXITHOIO YMOBOIO XeMOcopOIIii amia-
Ky € HasBHICTb MONEPEIHbO acCOpPOOBAHOT BOJIOTH (JIMMOHHA KHCJIOTA TIFPOCKOIIY-
Ha) y mapi IBXC. B pesynbrari xemocopOuii NH; yTBOpIOIOTBCS TiApaT IUTIAPO-
UTpaTy aMoHiI0 [5]:

HOC;H,(COOH);-H,O-+NH;+7H,0 — HOC;H,(COOH),COONH,-(n+1)H,0

Sk 1 cig owikyBaTH (IUB. piBHSHHSA (4)), mMpUHA 30HU Maconepeaadi (mpaio-
toua ausHka mapy IBXC) ne 3anexuts Bij BiHocHOI BosiorocTi I'TIC Ta no nmops-
Ky BenuuuHu ckianae L= H . [lpu npomMy MIBUIKICTh HiepeMillieHHs] GPOHTY aacopo-
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Puc. 3. 3anexHicte copOmiiinoi emHocTi Puc. 4. 3alexHICTh yacy 3axXMCHOI il
IBXC (qp) Bix BinHocHoi Bojorocti ['TIC IBXC (%,) Bin BimHocHOi Bosorocti I'TIC

(RH): Touku — o0poOka pe3ynbrariB ekc- RH. EkcnepumeHt: © — H = 6 Mmvm;
MEepUMEHTY 3a piBHAHHM (1); cynisibHa Ji- © — H =12 MMm.
HiA - TiHiMHA anpokcumMartis (piBHsHHSA (5)).  PospaxyHok: 1 - H=6 Mm; 2 - H=12 mm.

Yac zaxucHoli mii 7,, xp
fad
(=]
AN
o
\0

CopimiliHa EMHICTE g9 , M2/Z

[
=
T

Uil ugy PeXUMI [apajenbHOro nepeHeceHHs 3meHmyersest Bix 0.77 mm/xe 1o 0.1
MM/XB 31 30inbIueHHAM RH y nianasoni 20—70%. Ciix 3a3Ha4UTH, MO OLHKH iy 1

L mae Ounbll SIKICHUM XapakTep, HK KUIbKICHUN, OCKIJIBKH PEXHUM IapajieibHOTO
nepeHeceHHs1 PpoHTy aacopOIrii 3 MOCTIMHOI MBHAKICTIO € ACHMIITOTUYHHUM, SKIIIO
H>>L.

Pecypc npoturazoBux ¢uibTpiB 1 kiacy 3axucty no amiaky (K1) Bu3Hauyarots 3a
MIHIMaJIbHUM 4aCOM 3aXUCHOI J1i7, (IPOMIXKOK 4acy, IPOTATOM SIKOIO KOHIIEHTpAaLlis

amiaky y notoky I'TIC na Buxoai 3 GuIbTpa cTaHe PIBHOIO Cyp = 17.5 MI/M’ TIPH KOH-
nenrpanii NH; nepes dinsrpom ¢o = 700 mr/m’) [13]. JUis IporHo3yBaHHS pecypey
IBXC ckopuctaeMoch piBHSHHAM (1), EMIIPUYHOIO 3aJIEXKHICTIO ¢ (RH ) (5) Ta cepe-

. . T —1 .
JHIM eMIIIpUYHUM 3HadeHHsAM k, = 3600 xB . Ockinbku posriagaerscs IBXC onHo-
ro THITY, BCi TapaMeTpH, OKPIM ¢, 1 k,,, 3aJIUIIAFOTHCS TOCTIMHUMHU, 1 TUTHKH TOBIITH-
Ha 1mapy /[ BapioeTrbes. Po3paxyHkoBa Ta eKCliepuMEHTal bHa 3al€KHOCTI 1, (RH )

JUISL ABOX 3Ha4YeHb / 1moka3aHi Ha puc.4.
PesynbraTn BUMIpIOBaHb (puc. 4) mokasanu, IO f, JIHIHHO 30UIBIIYyETHCS 31

3poctanHsM BimHOcHOT Bosiorocti ['TIC. [loaibHoro pomy 3anekHICThI, (RH ) Oyna

Takok orpumana s IBXC, BUTOTOBIEHOrO HUISAXOM IPOCOYEHHSI HETKAHOTO IOJI-
KOMPOOUBHOTO copOIiiHO-PuIbTpytouoro mnojotHa CDOM-OI] BogHUM pPO3YMHOM
JMMOHHOI KUCJIOTH 3 aHajJoriuHuMu Moaudikaropamu [S]. JloOpe y3romkeHHs po3-
paxoBaHMUX Ta BUMIPSHUX 3HaYeHb 4yacy 3axucHoi nii IBXC nns pizaux RH 1 HBka-
3y€ Ha aJIeKBATHICTh 3alIPOIIOHOBAHOTO MIAXOAY LI0J0 MAaTEMaTUYHOI OOpPOOKH eKcC-
MEPUMEHTAIbHO OTPUMAHUX BUXIJIHUX KPUBUX MPOCKOKY. CiiJ 3a3HAYUTH, IO Yac
3axucHoi nii IBXC, po3paxoBanuii 3a piBHsHHsAM (1) npu RH > 30 % Tpoxu meHIe
EKCIIEPUMEHTAJIbHUX 3HAU€Hb. AJI€ OCKUIBKH I POTUTA30BUX (PLIBTPIB HOPMYETh-

208



dizuka aepoaucrepcHux cucrem. —2023. — Ne 61. — C.202-211

Csl uuIe MIHIMQJIBHUNA 4Yac 3axucHOi All (A1 GuibTpiB 1 Kilacy 3aXUCTy MO aMiaky
BiH ckiagae 50 xB), To nporHo3yBaHHs pecypcy IBXC moxe OyTu 3aCHOBaHO Ha piB-
HsHHI Yinepa-J[>koHaca 1 He MOTpeOye MPOBENEHHS EKCIEPUMEHTAIBHUX BUMIpIO-
BaHb 4acy 3axucHoi aii. Orxe, po3podseHa nias1 AB npoueaypa nporHo3yBaHHs pe-
CypCy MpOTUTa30BUX (DUIBTPIB AJISI YMOB PEaIbHOTO BUKOPUCTAHHS, MOXKE OyTH BH-
kopucrtana i g IBXC Ha 0CHOBI JJaBCAaHOBUX BOJIOKOH.

1o crocyeThcst mpakTUUHOTO 3acTocyBaHHs gaHoro tuiy IBXC, To BiH 3a710B0-
JIbHSIE HOPMOBAHUM BHMOTaM JI0 MTPOTUTa30BUX (PuIbTPIB 1 KIacy 3aXUCTy MO amiaky
BXKe npu RH >45% 1 ToBmuHI mapy H >12 wum .

BucnoBku. Ha npuknani IBXC, onepxaHoro nuisixoMm MpOCOYEHHS HETKAHOTO
rOJIKOMIPOOMBHOIO MaTtepiaidy 3 JIABCAHOBUX BOJOKOH BOAHUM PO3YMHOM JIMMOHHOI
KuCIoTH (40 mac .% ) 3 Moaudikaropamu (TJIILEPUH, XJIOPUA HATPIKO Ta €TaHON), 3a-
IPOMOHOBAHO MIAXIJ OO aHalI3y EKCHEPUMEHTAJIbHMX KpPHUBHUX IPOCKOKY aMiaKy

Kpi3b Hepyxomuii map IBXC nuisgxom moOy0BH 3aJIeKHOCTEH typ(Cyp) Y KOOpIIHHA-

Tax In(c, /c,, —1), t,, Ta ix nopanbmwoi MaTemaTnaHOi 00poOKH. [Tokaszano, mo exc-
NEPUMEHTAIIBHI J1aHl B KoopAuHaTax In(c, / Cyp —1), 1, TIPH BCIX 3HAYCHHSIX BIHOC-

noi Bomorocti I'TIC 3 focToBipHicTIO R > 0.95 anpoKCHMYIOTHCS PIMAMH JTiHISIMH -
t,=A-B-In(c,/c—1), i Teopernuna mozens Yinepa-Ixonaca [7-11] amexBaTHo

onucye po3nsiHYTy cuctemy ajncopotus-IBXC. 3actocyBaHHs 3alporoHOBAaHOTO ITi-
X0y IO aHai3y €KCIMEePUMEHTAIbHUX KPUBUX MPOCKOKY Yy MOEAHAHHI 3 TEOPETUY-
HOIO Mojie/uTio Yinepa-J[>koHaca 103BOJIMIIO BUSHAUMTH MOJIETBHI TapaMeTpu: KOHC-
TaHTY MIBUAKOCTI XeMocopOIlii k&, i copOriiiny emHicTs onuauIli Mmacu IBXC ¢, Ta ix
3aJIe’KHOCTI B1J] BixHOCHOI BojiorocTi ['TIC.

ExcnepuMeHTalIbHO JOCIIIKEHO BIUIUB BiHOCHOT BosiorocTi I'TIC 1 ToBmmHM
mapy Ha yac 3axucHoi 11i IBXC moao amiaky Ta 0OOIpyHTOBaHO MOKJIMBICTH 3aCTO-
cyBaHHs Mozem Yinepa-J[>xoHaca i nporao3yBanHs pecypcy IBXC nns ymos pea-
JHHOTO BUKOPUCTAHHS.
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Impregnated fibrous ammonia chemisorbent based on citric acid.
Prediction of protective characteristics

SUMMARY
The influence of relative humidity (RH) of the gas-air environment on the ammonia chem-
isorption by impregnated fibrous chemisorbent (IFCS) is studied. IFCS was obtained by im-
pregnating nonwoven needle-punched material from polyester fibers with an aqueous solution
of citric acid (40 w%) with modifiers (glycerin, sodium chloride and ethanol) to uniformly
distribute the chemisorbent on the surface of the fibers and increase adhesion to the composi-
tion of the impregnating solution. It is shown that for all values of relative humidity the curves

of ammonia breakthrough through a fixed layer of IFCS cnp(l‘np) in the coordinates
In(c, / Cop -1), lyp are reliably R*>095 approximated by straight lines and the Wheeler-

Jonas theoretical model can be used for the quantitative description of the ammonia-IFCS
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system. By comparing the experimental and theoretical curves Cnp(tnp) in the coordinates,

In(c, / Cop -1, lyp the unknown model parameters were determined: the chemisorption rate

constant and the sorption capacity of the IFCS unit mass and their dependence on the relative
humidity of the gas-air environment (GAE). It has been established that the IFCS sorption
capacity increases linearly with increasing RH, and the chemisorption rate constant of the
ammonia-IFCS system does not depend on the GAE relative humidity and is equal to
3600 xs~'. The influence of the GAE relative humidity and the thickness of the IFCS layer on
the ammonia breakthrough time is experimentally investigated and the adequacy of using the
Wheeler-Jonas model for predicting the service life of IFCS for real use conditions is substan-
tiated.

Key words: impregnated fibrous chemisorbent, gas filters, ammonia, dynamic sorption,
mathematical model of adsorption, breakthrough curves, chemisorption rate constant, sorp-
tion capacity, breakthrough time.
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BunapoByBaHHs KpaneJb roplO4YuXx PiIiH B eJIEKTPUIHOMY PO3PsiAi

Posensgoaemvca sunaposysanns kpanii pioun npu Oii 8UCOKOUACOMHO20 eleKMPULUHO20
po3psdy. Kpanni niosiwysanucs na mepmonapy i 3Haxo0unacs 8 NOGIMpi KIMHAmMHOI memne-
pamypu. Ananiz nposoouscs 8 npunyujenti, wjo 0ia pospaody € meniogow. Iloxazano, kpanis
YUCMOo20 PiOK020 NAnuea (emanoi i OusenbHe NANueo) BUNAPO8YEMbCs 32i0H0 3akony d°. Tlpu
YbOMY WBUOKICIb BUNAPOBYBAHHSL 8 3ANEeHCHOCMI 8i0 8I0CMAHI 00 eNeKmpOoOy NPUUMAE MAK-
cumanvhe sHayenHs. Ananiz weuoKocmi 3MeHUeHH s Macy Kpanii 003601UL0 OYIHUMU MenJio-
8y NOMYACHICIb pO3PA0Y, AKA MAKONAC NPU 8I00ANeH] eleKmpoody 8i0 Kpanii npoxooums ue-
Dpe3 MaKCUMYM.

Ilpu eunaposysanni kpaneisb emynvcii (3 emicmom oou 0o 50%) nicia cmadii npoepisanms
cnocmepieaiomsCs nyabcayii ceomempudno2o posmipy. Posmip kpanni 3 neenoro uacmomoro
nepiooudHo 3MIHIOEMbCA NOOIU3ZY 0€K020 CepeOHbO20 3HAUEHHS, SKe 3 4ACOM «8UNAPOBYBAH-
HA» 3MEHULYEMBCAL.

Ilobyoosana ¢hizuxo-mamemamuyna mooenv po3iepiey Kpanii npu meniogii 0ii po3psoy.
Ilynvcayii nosicHiolomsbcsi BUNAPOBYBAHHAM 27100Y1 800U 8CepeOuHi Kpanii emyabcii, nooab-
wumM 30IIbUEeHHAM pO3MIPI6 naposux Oy1b0AUIOK 00 BUHUKHEHHS «MIKpOSUOYXY» Kpanii.
Bmpama mamepiany emynocii npu 0ii’ enexmpuuno2o po3psady 6i00y8acmvcs 8 0CHOBHOMY 3d
PAXYHOK 8UKUOI8 ni0 yac mikposubyxis. Toomo erekmpuunuii po3psao npusooums 00 oucnep-
2YBAHHS Kpaneib eMyIbCill 3 6eIUKUM 6MICIOM 800U HA BIOMIHY 6i0 Kpaneib iHOUGIOYalIbHUX
20PIOYUX PIOUH.

3menuienns emicmy 600U ma NOMYHCHOCHMI eleKMPUUHO2O PO3PA0Y NPU3600unsv 00 30i-
JIbUEHHS nepiody nynbCayii.

Knrwouosi cnosa: enexmpuunuil po3pso, Kpanis, 6UNapo8y8ants, Mikpoguoyx, 6000Naiuea-
Ha eMynbCisl.

OcTaHHIM 4YacoM BEIEThCA MOUIYK albTEPHATUBHUX MAJIUB ISl €KOHOMII abo
3aMIHU TPaguUIAHUX roproynX. OCHOBHUMHU BUMOTaMH JI0 aJIbTEPHATUBHUX IAJIUB €
HAsBHICTh JIOCTATHIX PECYPCIB Ta HEBUCOKA BaPTICTh; EKOHOMISI TPAAMILIIHUX TOpIO-
yux (Ma3yTiB, BYT1JUIs, ra3y), TEXHOJIOTIYHA Ta €HEPTeTUYHA CYMICHICTh 3 TPAHCIIOP-
THAMH Ta CHUJIOBUMHU YCTAHOBKaMH, a TAKOX MPHUUHATHI €KOHOMIYHI Ta €KOJOTIYH1
MOKa3HUKHU MIPOLIECIB BUPOOHUIITBA Ta 3aCTOCYBaHHS MAJIUB.

OpHMM 13 TakMX aJbTEPHATUBHUX NAJIMUB € €MYJbCii Ta CyCHeH3li Ha OCHOBI
BOJAM 3 KOHTPOJIbOBAHUM BMICTOM HAa(TONPOIYKTIB, TOPIOYMUX 1 JETKO3aWMHUCTUX
pIJIMH, B TOMY YHCII 1 BiANpanboBaHux naimus[1, 2].

[lepeBaramMu BUKOpPHCTaHHS BOJAONAIMBHUX €MYJIbCIH €:

1) 3HM)KEHHSI BUKUIIB OKHCIIB a30Ty Ta CO 3a paxyHOK 3HMKEHHSI TEMIEpATypu
TOpIHHS;

2) 30UIbIIIEHHS TEIJIOBIAAa4l B KOTUI (TEIJIONPOBIAHICTh BOJSIHOTO Napy OubIiia
3a MOBITPSA);

3) MOXJIMBICTh BUKOPHUCTaHHS “OpyAaHOi” BoAM (Boxa + opraHika, 3ajIUIIKU
najuvBa);

DOI: 10.18524/0367-1631.2023.61.292235
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4) npu 30UIBLIEHHI BMICTY BOJM €MYJIbCISI CTAa€ MOXKEKHOOE3NMEUHOW IS
30epiraHHs Ta TPAHCIIOPTYBAHHS.

TakuMm 4yMHOM, CllagIOBaHHS BOJAONAIMBHHUX €MYJIbCIH BUPIIIYE OJHOYACHO TPU
poOJIeMu — yTUIIi3allisl BiIXO/11B, OTPUMAHHS JIEIIEBOTO Ta MOBHOILIIHHOTO MaJIbHOTO
Ta 3a0e3le4YeHHs]  EKOJOTIYHMX  HOopMartuBiB. CKJIaIHICTIO  BUKOPUCTAHHS
BOJIONAIMBHUX €MYJIbCIH € TOW (haKT, 110 BOJa Ta JIErKi nanuBa (IU3ejIbHE MauBO,
rac, OCH3MH) HE 3MIIIYIOTbCS MK COOOI0 1 MPHU 3MINIYBaHHI BiJOYBA€ThCS IXHE
MIBUJIKE PO3IIapyBaHHS.

OcTaHHIM YacoM aKTHMBHA yBara MNPUAUIIETbCS EKCIEPUMEHTAIbHUM JOCHI-
JOKEHHSIM 3aliMaHHsI 1 TOPIHHA OlHApHUX Ta 0araTOKOMIIOHEHTHHM CyMILIaM, eMYyJib-
CISIM Ta CyCIIeH31IM. B SIKOCTI KOMIIOHEHTIB TaKUM CHCTEM OyJiM AU3EJIbHE MaJuBO,
pi3HI1 011, BYIJIEBOJIHI, CIUPTU Ta Boja [3-12]. ABTOopu 1ux poOIT 3BEPTAOTh yBary
Ha MOSIBY MIKPOBHOYXY, 110 BUHUKA€E NIPHU HArpiBaHHI Kparwil Takoi cymimi. CHIbHHMA
MIKpOBHOYX 1 (DITyKTyarlisi AiaMmeTpa Kparwii CIOCTePIranucs, KOJU TepPMiuHI BJIACTH-
BOCTI 0araTOKOMIIOHEHTHOT'O JOCUTh BiJpi3HAIOThCA [5]. [IpuunHa nossirae B TOMYy,
o OyiapOalKkyu Ge3nepepBHO 3apOKYIOThCS, POCTYTh 1 PO3PUBAIOTHCS 3aBASKU Ha-
I'PIBAaHHIO KOMITIOHEHTIB 3 HMKYOIO TEMIIEPATYPOIO KUITIHHSA Ta BUCOKOIO JIETIOUICTIO
B 0araTOKOMIIOHEHTHUX KparuIMHaXx.

B po6ori [11] HaBeneHO eKcrniepuMEHTaNIbHE JTOCIHIKEHHSI YMOB Ta OCHOBHUX
XapaKTepUCTUK BUcOKoTemrnepaTypHoro (moHaa 700 K) BumapoByBaHHS Kparmeib
oJisi-Bojia. HarpiBaHHs Kparelb 3/1HCHIOETHCS 3a IBOMA TUIIOBUMH CXEMaMU: Ha Ma-
CUBHIN MIAKIaA1 (YMOBHU HarpiBy aHajoriyHl THM, IO JOCATAIOTHCS B HArplBaJIbHIN
Kamepi) 1 B OTOLI HarpiToro noBiTps. [IpoiirocTpoBaHo yac 1 MIBUAKICTH BUIIAPOBY-
BaHHS K (PYHKIIi TeMIIepaTypy HarpiBaHHs Ta YMOB JUIsl HiABEACHHS TEIJIOBOI €HEp-
rii 10 Kparui eMyJIbCii.

ABTOpHM BKa3ylOThb YMOBHM IHT€HCHBHOI'O OJIMCKaBUYHOTO KHITIHHS Kparuil eMmy-
nbcli Ta 1i BUOyXxoBoro posnaay (pparMenraiiii) 3 yTBOpeHHsIM XMapu JpiOHUX Kpa-
nesb. Bucoki pasiariiiiHi TEIIOB1 MOTOKK HEOOX1IHI B IPUKOPIOHHOMY IIIapl Kparu
JUI IHTEHCUBHOT'O KHUIIHHS 1 BUOYXOBOrO po3Maay Kparmelb 3 MOJajJbIIUM yTBOPEH-
HSAM JIpiOHOIUCTIEPCHOTO aepo30sit0. OnucaHo MPUHIMIIOBI BIJIMIHHOCTI MK MUTTE-
BUM KHUIIIHHAM 1 BUOYXOBHUM PO3IaJIOM Kparuli eMyJbCli Py HarpiBaHH1 Ha MKl
1 B IOTOLII HArpiTOro MoBiTps. [leTanizoBaHO OCHOBHI MEPCHEKTUBHU PO3BUTKY TEXHO-
JI0Ti1 BUCOKOTEMIIEPATYpPHOTO OYMILEHHS BOJAU 3 YpaxXyBaHHSAM JOCIIIKEHOTO B po-
00TI WIBUJKOIO PO3May Kparil eMyJIbCii.

B [9] B emynbcito qonaBaiu HeBenuKy KUIbKicTh [TAP (10 10%). IToka3ano, 1o
y BUIMAJAKY eMyJibcii 3 BMicToM [TAP 2.5% nucnepcHa criofyka MmiiIaeTbCsi MPOLECy
KoajecueHuli. Takum 4MHOM, KUIBKICTh Kparesib BOJH 3MEHIIY€EThCS, MOCTYIOBO 301-
JBIIYIOYN Macy. Yepes pi3HUII0 B T'YCTUHI JUCIEPTrOBaH1 Kparii BOAU 30UParOThCS B
HIDKHIM YacTHHI 3pa3ka. B 1ux ymoBax B1A0yBaeTbcs MIKpOBUOYX 13 OypXJIMBUM BU-
MapOBYBaHHSM BOJIY, SIKE€ TOUMHAETHCS HA MIBJICHHOMY IOJIIOCI 3pa3Ka.

[{ikaBy MOBEIIHKY Ma€ €MYyJbCis 3 MOBEPXHEBO-aKTUBHOIO PEYOBUHOIO 5%. VY
[[bOMY BHIAJIKy, (QUIyKTYyallii, CHpUYUHEHI BUOYXaHHSM, BUIEPEIKAIOTh a00 HaBITh
racsiTb MiKpoBUOYX, pparMeHTYIOUH SIBUIIIE PO3MHUIICHHS.

Takum umHOM, BOJa B BOJO-Ma3yTHIM eMylbCli — 1€ BXXe He OanacT, a
CBOEPIAHMM KaTani3zaTop, 10 MOKpPAIly€e Ta MPUCKOPIOE MPOLEC CHATIOBAaHHS MaINBA.

213



®diznka aepoaucnepcHux cucreM. — 2023, — Ne 61. — C.212-226

10 MM

Nel No2
Puc. 1 a) 3oBHIIIHIN BUTIISAL IPUTOTOBIECHUX eMyIbCiil: Nol — mu3enpHe naiugo,
Ne 2 — emynnwcis [II1/Boga 50/50 06.% vepe3 10 xB B Y3 nucnepraropi: A (A1), B
(emynbcis), C (Boaa)
b) CtpykTypa eMynbcii il MIKPOCKOTIOM, CTBOPEHOTO Y3 AUCIEPTaToOpOM;
¢) minHi reHepatop Tecna.

AJlKe TpU TMOCTYNMOBOMY IMiJBHUILEHHI TemmepaTrypu (Bxke npu 170°C) moxiuse
JIpOOJICHHSI Kparelb eMYJbCii 3 MOJAJBIIUM TEPEeXoJ0M Y MapomnoaiOHUil cTaH
(MikpoBuOyx Kkpanenb Boau) [1, 2]. Kpim Toro napoOieHHs Kpameib piIKoro
MaJJbHOTO MOXJIMBE BHACHIMOK Jii Ha (Qakeax eMylbCcii BHCOKOYACTOTHOTO
eleKTpuuHoro po3psay [13]. 3MeHmIeHHS po3MipiB  Kpameinb IPU3BOAUTH 0
I1IBUIIICHHS IBUIKOCTI iX BUTOPAaHHS, a, IK HACIAO0K, 1 TOBHOTH 3rOpaHHs IajiviBa.

MeTo10 po00TH € BUBUCHHS OCOOJIMBOCTEH BUIIAPOBYBAHHS Ta TOPIHHA Kpameib
BOJIONIAJIUBHUX €MYJIbCIM BaKKUX BYTJICBOJHIB 3 BEJIMKHUM BMICTOM BOJH TiJ JI€IO
BHCOKOYACTOTHOTO €JIEKTPUYHOTO PO3PSIY.

CTBOpeHHS Ta BJIACTUBOCTI eMYyJIbCill. B SIKOCTI eMysbCli MM BUKOPUCTOBYBa-
JIM CyMIII TM3€JIbHOTO MaiuBa 1 BOAM. JJI1 CTBOPEHHS €MYJIbCiii Oy BUKOPHCTOBY-
BaBcs yibTpa3BykoBuil nucneprarop Y3JIH-1. YacToTa 1 HOTYXHICTh KOJMBAaHb BHU-
npomiHioBaua 3agaBanacs 22 kl'n. IIpu Bukopucransi Y3 nucnepraropa B €eMyJbCIIO
HE MEePEeXOAUTH JesiKa KUIbKICTh AU3eJIbHOr0 nayinsa (puc. la). Yum Oiblna KiIbKICTh
JIM3EJIbHOTO MaJIMBa B MOYATKOBINA CyMilll, TUM OUIbIIAa KUIbKICTh HE MEPEepOoOICHOTO
nanuBa. Ha nanomy renepartopi npotsirom 3 + 5 xB. oTpuMyBaTH 01511 50 MJI BUCOKO-
nucnepcHoi BogonanuBHoi emydbcii (BIIE) (0.1 + 5 Mkm).

[Ticns iporo OpaBcs 3pa30K OTPUMAHOI €MYJIbCli, 1 MOMIMIABCS i ONTUYHUN
Mikpockorn. Ha 300paxkenHi (puc. 1b) Mu oTpumaiu KpamneiabKyd BOJU, PO3YMHEH] B
JTM3EIFHOMY CEPEJIOBHIIII.

BunaposyBanus roprouux pigud. lis po3psaay. Ha nepmomy erami goci-
JKYBABCSl BIUIUB PO3psAly Ha BUIIAPOBYBAaHHS 1HAMBINyanbHUX piavH. Ha ToHky XA
TepMorniapy 31 cmaem 0.5 MKM Bimianacs Kparisi €TaHoldy a00 JAU3eNbHOro Maju-
Ba(/lIT). 3mMouyBaHHs BiAOYyBaJIOCS TaKUM YMHOM, IO CHail 3HAXOIUBCS BCEpEAUHI
Kkparmm. bins kpari Ha aeskiid BiJCTaH1 BiJl HE1 MICTUBCS MIJHUN €IEKTPOJ AlaMeT-
pom 150 Mxm Big MiHI renepatopa Tecna (puc. 1¢). B neBHUII MOMEHT Yacy BKJIIOYa-
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Ta6a. 1. Kagpu 3 BunapoByBaHHs Kparuli €TaHoIy TIpH i po3psany. Biactans Big
EJIEKTPOAY A0 CIHalo TepMOoIapH (J10 moyaTkoBoi moBepxHi kparuii) 1.0 mm (0.65 mm)
0 ¢ 10 po3psmy 0 ¢ micst po3psiny 4 ¢ mmicns po3psaay 8 ¢ micis po3psasy

1200 - S, mm? ,
: g00 1S, mm?
W2 mm #0.5mm
1000 - +1mm 7,00 & .\ B 2mm
* & a 0.5 mm 6,00 * 1mm  —

RN o,
R 5
e -

2.00 . e ! 100

n f.c L
0.00 T T T T T 1 0,00 T T T T 1

a 2 4 & g 10 12 0.00 1,00 2,00 3.00 4,00 5.00
Puc. 2. 3miHa mionii moBepxHi Kparuii a) etanoiy 1 6) JAI1 mpu pi3HUX BiJICTaHIX 10

EJIEKTPOAY

Ta6a. 2. Bugumi KOHCTAaHTH BUNIAPOBYBAHHS 1 TEIUIOBOI OTYXHOCTI PO3PSIY.
Biacrans Binx enekrpomy 10
CHaro TepMonapu

0.5 Mmm 1.0 mm 2.1 Mmm

)
Eranon (Keop =0.8 MM /c B TIOBITpI)

2
Kemp, MM /c (8uouma) 0.21 0.36 0.34

O1iHOYHE 3HAYEHHS TTOTYKHOC-

1i pospsy P, Br 0.12 0.25 0.28
)
JAn3esbHe majibHe (KZOD = 1.1 MM /c B mOBITpi)
2
Kevap, MM /c (8uouma) 0.70 1.05 0.81
OriHoyHE 3HAYCHHS MTOTYXHOC- 0.13 0.4 0.15

T1 po3psany P, Br

JIOCSI JKUBJICHHS KOTYIIIKH 1 KParuIlo MouynHaB OuTH po3psia. B Tabn. 1 mokasani BuO-
paHi KaJpu 3 BiICO3MOMKHU BeOKaMepH 4epe3 OKYJISIp MIKpOCKoMa JUisl AESKOro mova-
TKOBOT'O MOJIO’KEHHS €JIEKTPO/Ia 1 Kparuii.

[TouarkoBa dopma kpari 6;1u3bka 10 chepudnoi. [1o Mipi BUmapoByBaHHS npu
T pO3psly 3MEHIIIEHHS TOPU30HTAILHOTO pO3Mipy OUIbII CyTTEBE. TOMY BUMIpIOBa-
JIMCS 1B PO3MIPH NPOEKIIII: TOPU3OHTAIBHUN dy = d, 1 BEpTUKaNbHUN dy. SK1mo
MPUIHSATH, 110 KPaIUIs € eTICOII0M, TO IIONTY O1YHOI MOBEPXHI MOKHA BU3HAYUTH

K S, = g(dy + dx)dx. O06’eM kpami (enincoina) V = %dydf .
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Ha puc. 2 npencraiieHi 3aJI€3KHOCTI TUIOLI TOBEPXHI Kparuii B yaci. L1 3anex-
TV . )
HOCTI JIIHIMHI, 110 MiATBEPAXKYE 3aKOHd :
2 2
d°=d; - K

evapt .
Bunnma koHCTaHTa «BUMMAPOBYBAHHS» PO3paxOBYyBaIacs HA JIHIAHIN JTIISHII
3T1HO (POPMYIIH:
— l dSnog
P dt

B Tabi. 2. npeacraBieHl po3paxyHKU OTPUMAHUX KOHCTaHT «BUIAPOBYBAHHS.
I{ikaBo, 0 3HAYCHHS KOHCTAHT TOPIHHS Kpameib B MOBIiTPi: Ky, = 0.8 Mm*/c [14]
st etanony i Ky, = 1.1 mm>/c st JII1. To6TO eNEKTPUIHHIT PO3PSIT MOXKE 3aMiHUTH
HarpiB BiJ] 00JaCTi TOPiHHS.

SIKIIO TPUITYCTUTH, IO 3a LeW MOPIBHSIHO HEBEJIMKUI 4ac BUIIAPOBYBAHHS BCE
TEIJIO B pO3pAy NEepenaeTbcs Kparun (OLIHKM TMOKa3zaiu, M0 TEIUIOBIAada Jae
MeH1e 10% BIAHOCHO MOTYXHOCTI P), MaEMO HACTYIIHE PIBHSHHS

JUH

Buxoasuu 3 HbOro oOCAr Kpamuli MOBMHEH 3MEHUIYBATHCS JIIHIMHO 3 4YacoM.
OTpumaH1 TaKMM YMHOM 3HAYEHHS MOTY>KHOCTI po3psay P mpeacTasieHi B TaOu. 2.
JlaH1 1ig po3paxyHKy HacTynHi. Emanon: ternota napoytBopeHHs L = 836 kJIx/kr,
rycrua p = 789 xr/m’. JIT: L = 240 xJx/xr, p = 830 kr/m’.

Yum OnmKue Kparis 10 po3psay, TO HOro noTyXHicTh najae. Lle MoxHa nosc-
HUTH HACTYITHUM 4YMHOM. Po3psan mpesactarisie coOO0 IMIIHAP JESKOi JOBXKUHU (B
CIOKIHHOMY cTaHi 01m3bko 1.5-2 mm). [Ipu BigmaneHH1 Kparuti Bif po3psiay CHocTe-
piraeTbCs MOTIPIICHHS TeIUIONEpeiayl BiJl PO3ps Ly 10 Kparuii.

[Tpu HaOnMKEeHH1 Kparuii A0 Po3psiay Ha BIACTaHI MEHI, HIXK JIOBXKHUHA €JIeKT-
PUYHOTO PO3PSAAY B CIOKIMHHOMY CTaHi, peajlibHa JOBXXHUHA PO3PALY 3MEHIIYETHCS.
OTxe mpH MPOTIKAHHA CTPyMy B TaKOMY IUIa3MOBOMY KaHalll BUIUISETHCS MEHIIE
TeIlIa 1, BIAMOBITHO, MEHIIIE TIEPEAETHCA TEIIa Ha KPaIuTio.

AHaJOT14HI 3aJIKHOCTI OyJIM OTpUMaHI 1 AJI Kpaneyib eMyJbCli pu Jii eIeKTpu-
yHOTO po3psiay. Bimeo 3itomka kparmti emyinbcii (50%/111/50% Boau) npoBoaunacs 3
yactoToto 400 kanpis/cek 3a momnomoror ¢oroanapaty Nikon 1 (puc.3). Ha puc. 4
MPEACTAaBICHO pe3yJbTaTH OOpOOKHM OJIHOTO 3 TaKuX BiIeO ISl  €MYJbCii
50%/11/50%Boaa 1 oTpUuMaHHS 3aJIEKHOCTI JIlaMeTpy Kparuil Bij yacy. B nanomy Bu-
nazKy O0yno o6pobisieno onpasy 1500 kaapis.

Maitxe BCIo nepiry CeKyHAy po3MiIpH Kpallll He 3MiHIO0ThCs. Lle o3Hauae, mo
Kparuisi 3HaXOJIUThCS B CTaHl 1HEPTHOrO HarpiBaHHs. [10TiM MOYMHAIOTHCA MyJbCAIlii
(puc. 3, 4). 3 puc.4b MoxHa MOOAYUTH, IO CEPEIHIN nepiof mymbcalii ckiaaaae 0,05
CEK.

3 oIy Ha OTpUMaHi JIaHi YiITKO BUAHO HAsBHICTh JBOX CTajii: 1) cranaisa iHe-
PTHOIO NPOrpiBy Ta 2) MyJbCcaliifHUI Pe:KUM: a) YTBOPEHHS 1 3pOCTaHHS MAPOBUX
000JIOHOK HaBKOJIO I100yi1; 0) JloCsSrHEHHS] CTaHy MaKCUMaJIbHOTO HAITOBHEHHS IS
apoBUX OOOJOHOK;B) CKHUJ MapOBUX OOOJOHOK 1 TJIOOYJ, L0 HE BUIIAPYBAJIMCS, B
HaBKOJUIIHIN MPOCTIp (pUc. 3, 4EpPBOHE KOJIO).
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Puc. 3 Kazapu 3 Bijieo BUnapoByBaHHs Kparuii eMyJbcii IpH 1ii po3psy, 1o MoKasy-
I0Th ITYJIbCAIIIIO0 1 BUKU]T MaTepially Kparuli Ipy pyHHYBaHHI TapOBOTO IMyXHPSI.
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Puc. 4. 3anexHicTs 30BHIMHBOTO Hiametpy kparmt emysabcii (50%/111/50% Boan)
TIpH [Tii €JEeKTPUYHOTO PO3PSTY B MOBITPI KIMHATHOT TEMIIEPATYPH.

Mogaenab nepeaBu0yxoBoi 1uHaMiku posirpiBy kpamiai BIIE.Y 3Buuaiinomy
ctani BIIE € nBoda3Hor0 AUCIEepCcHOI0 CUCTEMOIO: Boja-nanuBo. OQHaK, Npu JOCUTh
IHTEHCUBHOMY PO3IrpiBaHHi, KOJIM TEIIA, [0 HAJAXOAUTh 3 HABKOJUIIHBOTO CEpPeJIo-
BHUILIA, IOCTATHHO JUIsl 3aKUIIAHHS BOIH, 3'SIBJSETHCSA TPETIM KOMIIOHEHT - TIapa BOJU.
[Ipu 1bOMyY BHACTIZOK JIAIJIACIBCHKOTO THCKY OLIbII BKIIOYEHHS BOAU MAaOTh MEH-
Iy TeMIIepaTypy KHUIIIHHS, HDK ApiOHI roOynu. ToMy crnodaTKy 3aKuIalOTh Came
BOHU (puc. 5). 3pocTaHHs 3 YacOM OOOJIOHKHM Napu 3011bLIy0Th 00csr kpari BTE.
JlucniepciiiHe cepeoBUILE, B JAHOMY BUIAJKY - TAJIUBO, YEPE3 BUCOKY TEMIIEPATYPy
KUITIHHS [IPAaKTUYHO HE 3MIHIOE CBOro 00’eMy. ToMy 3pOCTaHHS MapOBUX OOOJIOHOK
INPU3BOJUTH 0 CTPYKTYpPHOI po30yaoBU Kparuli. B pe3ynbpraTi 00'eMHa yacTka napu
0e3nepepBHO 30UIBLIYETHCS, @ YacTKa MajluBa Majae. 3po3yMijio, 10 TaKUil Mpolec
MO>K€ TPUBATH JIMLIE 10 eBHOI Mexxi. HeMuHyde HacTaHe Takuii MOMEHT, KOJIH Oyjie
JOCATHYTO CTaH MAaKCHUMAaJIbHOTO HAaIlOBHEHHS MapOBUMH O0OJIOHKaMHU 00'eMy Kpai-
ni. [loganbiie 301IbIIeHHS 00CATY Kparull 0€3 HMOpYyIIEeHHS ii CYLJIBHOCTI CTa€ He-
MOKJIMBUM 1 Kparid pyiiHyeTbes. CaM MOMEHT pyHHYBaHHS CYIIPOBOJIKYETHCS IIIBU-
IKAM BUKHJIOM Y JIOBKULISA MapiB BOAM, YACTHUHH MaIMBa Ta JESIKOI YACTKU T00Yy
BOJIM, III0 HE BCTUIJIM BUMapyBaTucs. [Ipu He y>ke BUCOKHMX TEMITaX HAarpiBaHHA Ma-
Tepiall, 110 3aJMIIMUBCS, Kparull mija J1€10 CUJI TOBEPXHEBOI'O HATATY BiJHOBIIOE ce-
puuHy (opMmy 1 mpouec NoBTOproeThes. [Ipoliec Takoro mysbcamiifHOro BUIapoOBY-
BaHHs kpari BIIE iine abo 10 moBHOTO pyiiHYBaHHS Kparuii, a00 0 TOTO MOMEHTY,
MOKY MAaJMBO HE PO3IrPIETHCA 10 TEMIEPATypH 3aiiMaHHs, 1110 IPU3BOAUTH 10 TOPiH-
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Puc. 5. Bogo-nanuBHa emyibCis Ha APyroMy eTarii

Hs. TakuM 4MHOM, CHOCTEPITalOThCs KOJMBAHHS MOBEPXHI KpaIlii, [0 MalOTh SIBHO
BUPAXEHUHN pellakcalliiHui XapakTep.

Kaptuna BunapoByBaHHS 1 TOPIHHS BOJIO-TIAJIMBHOI €MYJIbCIi BUAETHCS CKIIaI-
HOIO Ta 3aruIyTaHoro. lle 00yMOBIEHO BIUIMBOM PI3HUX YMHHHUKIB: BMICTOM BOJHU Y
CKJIaJIl eMYJIbCii, TUCIIEPCHICTIO TI00YII, PO3MIPOM camMuX kparmeinb. st 3'scyBaHHS
poiii X (haKTOPiB MPOIMOHYETHCSI HAUIPOCTIIIA MOJIENb PO3IrpiBY Kparuil BOJAOIMA-
muBHO1 emyiibeii (BIIE).

B pobortax KonaparweBa 1 OmsTioka [15, 16] kpamist BoJo-MaciasiHOI eMyJbCil
nominryBayiacs B Harpity nid. Jlunamiky posirpiBy kpamii BIIE po3ouBanacs Ha Tpu
etanyd. Henomkamu 1iei 3agadi €:

1) He onmHCyeTHCS SIKUM YHHOM BPAaxXOBYIOThCA MYJIbCallli 30BHIMIHBOIO PO3MIPY
KparuIi eMyJIbCii IPOTATOM JAPYTroro eTaiy; aBTOPH BHU3HAYAIHM Yac HACTAHHS
MEPIIOro MIKPOBHOYXY.

2) He BKa3yEThCS HACKUIBKU 3MEHIIYEThCS] PO3MIP IJIO0YIU BOJIM 32 OJUH Iepi-
o]l TyJibcarlii. SIKIo aBTopu BBaXKalOTh, IO Pi3HI MyJbcallii B 4acl BiJIIOBI-
Jal0Th YTBOPEHHIO MapoBOi 000JOHKM OIS Kparellb pi3HOTO po3Mipy (CIo-
YaTKy Ha BEJIUKUX TI00yiax), TO Mipi 3MEHIIIEHHS PO3MIPY BEIUKUX TI00YII
30UTBIITY€EThCS KUIBKICTh CepeHiX 3a po3mipoM riaoOyn. Tomai mepiof myiib-
caiiif mOBUHEH 30UIbIITYyBaTHCS.

B ocHOBI HUX4Ye MPUBEICHOT MOJIEI JIeXKATh TeIUIO-IU(y31iiH1 YSIBICHHS TIPO

MPOIIECH BUMIAPOBYBAHHS Ta KUIIHHSI KOMIIOHEHTIB €MYJIhCI.

JIJ1st CIpOTIIeHHST MO/IENi BBAKATUMEMO:

- Kpamna npencrapisie o000 TPbOXKOMIIOHEHTHY CUCTEMY (MAJIUBO — Iapa - BO-
11a), siKa CKJIaJIa€ThCsl 3 PIJIKOTO MajiMBa (IU3EIbHOI0 NaJIMBa) K JUCIIEPCIMHOTO
cepeZoBUIIA 1 YaCTUHOK BOJIU, K1 OTOUEHI MapOBOIO 000JIOHKOIO.

- YacTUHKHM BOJIM B KpaIlli €eMYJIbCii MiIKOPSIETHCS MOHOIUCIIEPCHOMY 3aKOHY PO-
3MOJILITY;

- BunapoByBaHHS IH3€IBHOIO TMajMBa HE BiAOYBAETHCA 3 OTJISAY Ha TE, IO TEM-
neparypa «kKumiHHs au3enasHoro naiusa (170-380 °C) cyrreBo Ouible 3a TEM-
nepaTypy KUIiHHS 100y BOJIY;

- PiBHAHHS cTaHy Mapu BOJU MIAKOPAETHCS 3aKOHAM 1/1€aJbHOTO rasy, Tak K BO-
Ha 3HAXOJMUTHCS TAJIEKO BiJl KPUTUYHUX YMOB.
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- UYwucna nonidnocti Hyccensra Nu ta UlepByna Sh npuilMaroThCs pIBHUMHU JIBOM
13-3a chepruvHOCTI POPMHU Kparuil 1 HEBEIMKUX MIBUAKOCTEH pyXy o0yl Bce-
peauni kparut BIIE.

B nani moneni Oyzae npuiiMat HACTYIHI 1HJEKCH: [ (fuel) — nu3enbHE TAIUBO, W
(water) — Boaa, v(vapor) — napa, d(drop) — xpamuis, g(gas) — ra3 (noBitps), ¢ (thermo-
couple) — Tepmornapa.

Ha nepmomy eramni Bii0yBa€eThCsl pO3IrpiB Kparuii Bij] TOYaTKOBOI TeMIEpary-
pu 10 Temmeparypu KumiHHA BoAu. [lapm Ha moBepxH1 po3alIy NajauBO-BOJA HE

. V) HAC
YTBOPIOETBCS, AK€ TUCK HACMYEHOI Mapu MeHIe 3a atmMochepuuii Tuck p, <kh).

Tomy HEMae HEOOX1THOCTI pO3paxOBYBATH TEMIIEpaTypy MapHu.

Kpamnst eMyinbeii BUCHTh Ha TepMoIiapl 3 aiaMeTpom cnaro d,. Hexait 00’emHa
yacTka Bojau B emylibcii € C,,. Iliciis CTBOpEeHHsI eMyJibCli TOYaTKOBHUI PO3MIp Kpa-
neJib MO3HAYUMO 3a d,,. JiameTp kparmii emyinbCii dyy. Tol KITbKICTh TJI00YJ BOIU B
Kparuii eMyJibCii €

v C,(rn/6-dj,—m/6-d;) o du-d; 1
v 7l6-do, T ()
Ha upoMy etani Termio Bi €JIEKTPUYHOTO PO3psAy M€ Ha HarpiBaHHS Kparuil.
[Ipuitmaemo, 110 Bij] pO3psy HArpiBaeThCs MajJUBO, a Jajl MAJMBO HArpiBa€e Kparui
BoaH (puc. 6). ToMy nporiec ONUCY€ETHCS HACTYITHUMH PI1BHSIHHSIMM:
1) pienannsa po3sizpiey nanuea:

dT, A Y i
cfmfd_;:P+d_gNug(Tg _Tf)Sd _Nwd_wNu(Tf _Tw)Sw _Qt° (2)

d w

Q, =2mr, %Nug (Td —Tg).
t
TyT nepuwuii noaHoK MPaBOi YACTUHU € TEIIOBA MOTY>KHICTh PO3PSY, Opy2ull
— TEIJIOBA MOTY>KHICTh BTpPaT B HABKOJIMIIHE Ta30BE€ CEPEIOBUIIE MPHU TEeMIIepaTypl
T,, mpemiii — TEIIOBA IOTYXKHICTB, 110 Il HA HArPIBaHHs Kpallelb BOIH, Yemeep-
muiil — TEIUIOBTPATH Yepe3 crnai TEpMOonapH.
2) pisHAHHA 3MEHUIEHHA 308HIUWIHb020 po3mipy Kpani [17]:

d(d,) D Shp, (. Y,

dt d, 2 p,; 1-Y,
TyT npuiiMaeTbCsi, 0 30BHILIHS MOBEPXHS Kparuil MOKPUTa MaIuBOM, SKE 1 BU-
MAapOBYETHCA 3 MOBEPXHI B HABKOJIUIITHE CEPEIOBULIE.
3aJIe’)KHICTh MAaCOBOI YaCTKM HACMUYEHUX MapiB PIAMHU B MOBITP1 Bl TEMIEpATy-

pu noBepxH1 kpart Y, (7)) OTpUMYIOTh, BUKOPHCTABIIH 3aJICKHICTh THCKY Hach4e-

3)

HUX MapiB BiJ Temneparypu (3akoH Knaysiyca-Knaneiipona), 3akon [lansToHa Ta pi-
BHSIHHSA CTaHy (3akoH MeHneneeBa-KnamneiipoHna):

L L
Py =Pexp| ZEL-ZEL B o hp, Y = = b
| RT,,  RT e w Doy (12 Pe |

S g
5 5
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Puc. 6. Bogo-nanuBHa emynbcis Ha IEPIIOMY Puc. 7. 'moOyna Boau 3 mapoBUM
eTari IIPOIIAPKOM

ne U, W, —MosipHa Maca mapis Ta IMOBITpPs, KI/MOJIb, Ly, — CEPEIHsA NUTOMA Tell-

J0Ta NapoyTBOPEHHs nanusa B JLx/Kr, Tp,; — TeMneparypa KumiHHs nanusa B K, Py —
MOBHUN TUCK CYMIIIII.
3) pienanns po3icpiey Kpaneivb 600u:
T ,dl, A 5
cp,—d —~=—2Nu-(T,-T,) -nd_, 4
wpw 6 w dt d ( f w) w ( )

w
4) pisHAHHA 3MIHU MACU RATUEA NPU 11020 6UNAPOEYBAHHI HA emani Hazpi-
6AHHA:
mfz—%=2ddepgSThgln L2 | (5)
f

Jlane piBHSIHHA cx03ke Ha (3), aje noTpiOHe JJi1 BU3HAYEHHS KOHILIEHTpPAIlli BOJIU
B €EMYJIbCIi IEpPEN IPYTUM €TaIlOM.

Ha apyromy erami no06;m3y K0>KHOI BOJSHOI IVIO0YJM 3’ SBJISIETHCS MTPOILLIAPOK
napy. [{ns Toro, mo6 BiH OyB CTaOUIBHUM 1 MaB 3MOTY PO3IIMPIOBATUCS TOBUHHO BU-
KOHaHHSI YMOBH: TUCK HACUYEHOI Mapy MOBUHEH OyTH OLIbIIMM, a00 PIBHUM aTMOC-
(depHomy TuCKy. Takox TpeOa BpaxoByBaTH BIUIMB KPUBH3HU MOBEpPXHI. ToMy yMOBa
CTab1JILHOCTI MTAPOBOTO IIAPY €

20
Pz By 2on 2L (6)

Tyt napyruii 70/1aHOK TIPaBOi YACTHUHU € JIAIUIACOBUM THUCKOM HaJl TTIOBEPXHEIO
PO3/UTy ap-BoJIa, a TPETIi — JIAIJIACOBUM TUCKOM HaJl TOBEPXHEIO MaTMBO-TIap.

Came 3a paxyHOK JIalJJaCOBOTO TUCKY PIBHICTh Oyjie BUKOHYBATHCSI HE MpPHU Te-
MIIepaTypl KUMIHHSA BOJU Tp,; (11€ BETMYMHA HAJT TFIOCKOIO MTOBEPXHEI0), a MPH JICIIIO
OLTBIIIA.

Tomy B naHiif MoJiesIl Ha APYroMy e€Tari MICis JOCSITHEHHS Kparuli TeMIepaTypu
KUMIHHSA 7,50, 1O MOMEHTY BUKOHAHHS YMOBH (6) MOJieIb Ma€ BUTIISA cucteMu (2) —
(5).

[Ipu nocsarueHHi HEOOX1AHOI TeMIepaTypH Uit yMOBH (6) Ha MOBEPXHI TII00YIN
BOJIM 3’ ABIIAETHCS IIAp TApH.

JliaMeTp mapoBOTro 1apy BU3HAYAEMO 3 3aKOHY 30epeKeHHs MacH (puc.7):
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d = i/p—w(dio ~d?)+d.
P,
JliameTp Kparuti emMyJibCii Ipu IbOMY TOBUHEH 301bITyBaTUCsA. Buanmuii 00’ em

Kparmi BKJIFOYa€e 00’eM I[maJinBa, 11apy, BOAH Ta CIIar0 TCpMOIIapHu:

V,=V,+V,+V,+Va6o V, =L+ N,-Za>+V,.
6

Pr
HiameTp xparun eMyiscii d, = 3 EVd .

CucreMa piBHSHb HACTYITHA:
1) pienannsa po3sizpiey nanuea:

dT, A Y i
cfmfd—tf =P +d—gNug(Tg -T,)S, - Nwd—vNu(Tf ~-T)S, -0,. (7)

d v

. B
0, =mh, |- N, (7,-1,).

Ilepenaua Terura KparisM BOJIU BIIOYBA€ThCS Yepe3 MPOIIAPOK IMapy, TEIUIOIN-
POBIJIHICTh SIKOT'O 3HAYHO MEHIIIA 32 TEIJIONMPOBIIHICTh BOJU Ta PiAKOIO IMaJIUBA.
2) pigHaHHA po3izpiey Kpaneb 600U:

cwpwﬁdiﬂ =

0, 8
6 " dt ®)

Bce temno, 1m0 HaaiiwIio e Ha BUMapoByBaHHA BOJAU. TOMY BUKOPUCTOBYIOUHN
aHayor gpopmynu Juis BunapoByBanus () =mL, orpuMaeMo

3) pienanusa 3minu po3mipy Kpanii 600u:

A A
nd. = Nu(T, T, — Nu(T, T,
d(d,) " d (7,-7.) d (7,-1.)
=-2 - > =2 : 9)
4) pienanna 3minu macu naauea PU MOro BUIIAPOBYBAHHI HA €Talll HarpiBaH-
HA:
0 = g pp el Yo (10)
m, =——-=-—= —=In : .
S dt d fpg 2 1— st

PiBHSIHHSA 111 HarpiBaHHsS Napyd MU HE BUKOPUCTOBYEMO. 3akoH HbroToHa-
PixmaHna, 1110 3aCTOCOBY€EThCS B PiBHSIHHSAX (7) Ta (9) onuCyrOTh Terjonepeaady Bce-
pEeIMHI MapoBOro IIapy, KU 3HaXOIUTHCS BCEPEAMHI MK JIBOM PIIKUMHU MOBEPX-
HsAMU 3 Temneparypamu Tyta T,,.

JlaHa cucteMa JJOTIOBHIOETHCS TEMIIEPATYPHUMH 3aJI€KHOCTIAMHU TEIIO(PI3UUHUX
XapaKTePUCTUK KOMIIOHEHTIB CHUCTEMH, Kl allpOKCUMYBAJIHUCS B TEMIIEPATYPHOMY
inTepBaii 20-130 °C.

[TpuitHATI NaHi A po3paxyHKy. [Jusenvne nanugo (yCEpeIHEHO): TyCTHHA P/~
830 kr/M’, MoJIsIpHA Maca w= 160 r/mons, Temneparypa KUmHHA: Tp,; = 553 K, nu-
TOMa TEIUIOTa NapoyTBOpeHHs Ly, = 240 xJ/Kr, muTomMa TemnoeMHICTh ¢ = 2300
Jlx/(xr-K), koedinient qudysii napis Dy = 10-10°° (7/273)"” m*/c. Booa: p,, = 1004—
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0.207-(T-273)-0.002-(T-273)* xr/™’,p, = 18 t/Momb, Typoy = 373 K, Lj, = 226
kJx/kr, A, = 0.6 Br/(Mm-K), 6, = 76.8 — 0.181-(T — 273) mH/™m, ¢,, = 4200 Tx/(xr-K).
Boosana napa: p, = 0.59-(7/373)"* xr/»’, n, = 18 r/moms, D, = 20-10°° (7/273)"”
m/c, b, = 39.1-7/373 — 15.2 MBt/(M'K), ¢, = 1495-T/373 + 638 JIx/(xrK). Iosimps:
pe = 1.29-273/T,, kr/m’, A, = 0.024+(T,/273)" 7, Br/(MK).

JI7ist po3paxyHKy XapaKTepUCTUK MyJbcaliil He0OX1JHO BBECTH XapaKTEPUCTH-
Ky TYCTUHY yIaKyBaHHS IJI00YJ BOJM B Kparui eMyJIbCii:

o
VY, v, -V
Ile € BigHOILIEHHS CyMapHOro o0’eMy Kpameib 3 MapOBUMHU IpoLIapKaMHu A0
00’emy eMyinbcii. Ha mouaTkoBoMy erari BeTMYMHA YIAKOBKU JOPIBHIOE 00’ €MHIM
KOHIIEHTpaIlli BOAW B emyJibcii. Bosa 1 qu3enbHe MaivMBO HE PO3YMHAIOTHCS OJIHA B
OJIHIi, TOMY MHpH MOSBI MApOBUX NPOLIAPKIB PO3MIMPEHHS Kparull BiAOYBaeTbCsA 10
TOCSITHEHHSI IESIKOTO KPUTUYHOTO 3HAY€HHs ynakoBKku (puc. 5). IIpu upomy naposi
KYJbKH 3 KpPaIUIsIMU BOJIM BCEPE/IMHI HE MOYHYTh TOPKATHUCS OJHA OJIHY, & TAKOX 30-
BHIIIHBOI MOBEPXHI Kparut eMyiibeii (5¢). [loBuHHO BiOyTHCS pO3pUB 30BHIIIHBOI
«IUTIBKW» PIAMHM 1 BUX1J napy. [lpu mboMy MOXIHMBE BHKHJ AESKOi YaCTUHU MAcH
Kparuii eMyJIbCii.
[le xputnuHe 3HayeHHs1 Oyno B3siTe 32 Cy = 0.70, 110 BiANOBIIa€ MIUIbHIN yra-
KOBLII TBEPAUX KyJIbOK B 3-X BUMIPHOMY IpOCTOpi. TOMy B MpU YUCENBHUX pO3paxy-
HKax IpH gocsarHeHHi 3HaueHHd C. — C, (oaHa mymbcanis) npuiiManocs, o Bigoy-

BAa€ThCS BHUKUJ JESIKOI YaCTWHU Marepialy emyibcli (Hampukiana, 2%), MUTTEBE
3’€IHAHHA 1HILIOI YaCTUHU €MYJbCil B HOBY KpaILIIO 1 HOBTOPEHHS MPOLIECY PO3LIU-
PEHHSL.

Ha puc. 8 npencrapieHi pe3yabTaTd po3paxyHKy cucTeMu piBHSHB (2)- (5) Ta
(7) - (10). Yac po3irpiBy Kparui eMyJbCli 10 TeMIepaTypy KUIIIHHS BOJIU MPUOJIU3HO
CTAHOBUTH | c, 110 BIAMOBIAA€ Yacy A0 MOYATKY IyJibcalliid. 3a el yac iameTp Kpa-
U1l 1 Maca NajuBa MPAaKTHYHO HE 3MIHIOEThCA. Temneparypa naauBa i BOAU IPAKTHU-
YHO OJTHAKOBI.

[lynbcarii NOYMHAIOTHCS MPU TEMIEPATYpl BOASHUX TJI0OYJ (HampuKiaj, Jia-
metp B 10 mxm) ipu 106 °C. Ilepioa oaniei mynbcanii BuidmoB npudau3zHo 10 mc, mo
BijnoBijiae yactoti mynbcarii B 100 ', Xoua po3paxyHOK SIKICHO OIMHUCYE MPOIIEC,
MOHa OOAYUTH, IO CePeAHIN po3Mip TI00yIH BOAM 3MEHIIYETHCS J0BOJI ci1abo.
ToMy Mo’kHa TOBOPUTH IIPO Te, 110 BTpaTa MaTepialy eMyJibCii BiIOyBa€eThCs B OCHO-
BHOMY 32 PaXyHOK BUKHUJIB 1] 4aC MiKpPOBHOYXIB.

To6T0 enexTpuuHuUi poO3psa IPUBOAUTH 10 AUCIIEPTYBAaHHS Kpamesb eMyJbCii 3
BEJIMKUM BMICTOM BOJM Ha BIAMIHY BiJ] Kpaneib IHAUBIAYaTbHUX TOpIOYMX piauH. Ha
BIIMIHY BiJl TBepKeHb OnsaTioka [15, 16] (mpu moTparisiHHI Kpari eMyJbcli B Ha-
IpITY Mi4 BiAOYBA€ThCA NOCTYIIOBE MOBHE BUIIAPOBYBAHHS HAUOLIBIINX TI100YJI BOAM
1 BCE MEHILIUX, Y 3B’SI3Ky 3 UMM MOMIYEH] IMOJOYKH Ha YaCOBIA 3aJIeKHOCTI TeMIIepa-
TypH Kparuil) B poOOTI JIMIIIM BUCHOBKY, IO TJ00YJIH BOAM MOXYTh HE BCTUTaTH
MOBHICTIO BUITAPOBYBATHUCS 10 MOMEHTY JOCATHEHHSI KDUTHYHOTO 3HAYCHHSI TYCTHHH
nakyBaHHs. B Ta0i. 3 Ta 4. mokasaHi JiedaKl mapameTpH, 0 OTPUMAaHI1 MPU YHUCEIIbHO-
My BapilOBaHHI BMICTY BOJIH B €MYJIbCli Ta HOTYHOCTI €JIEKTPUYHOTO PO3PALY.
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Ta, Tw, K | g dd, MM
L T4 '

I.c [,C
280 - : . ]
0.4 Cy dw, dv, MM
I}.}/ e
104
0.6t
j..
0.5
t, ¢ f,c
43 125 13 0 1 2

Puc. 8. YacoBi 3a1€:kHOCTI ) T TEMIIepaTypH AU3EIHLHOTO NajdnBa 1 BoJu; 0) AiameTrpa
Kparuli, B) T'yCTHHA yIIaKyBaHHS MapOBUX KYJIbOK B €MYJbCIi; T) JlaMeTpy Kparuii BOJIH 1
napoBoi OynsOamku. [ToTyxHicts po3psny P = 0.4 Bt, remneparypa nositps 20°C. Ilo-
JaTKOBA yacTKa BOJH B eMyIbCii 50%.

Taba. 3. BmuB 06’emnoro BMmicty Boau C,, emynbcii JI[1/Boia Ha yac MOBHOTO BUIAPO-
BYBAHHS foyap, EPIOJ Ty 1 HACTOTY Vs MyJIBCALII Ta KPAILI II00YIIN BOIH d, B KIHIII
BunapoByBaHHsl. [loTyxHicTh po3psany 0.4 Bt

C,, % fevaps © Tyt MC | Vs, ITT1 | dyp,MKM
0.5 2.2 19 52 9.04
0.4 2.9 31 32 7.5
0.3 3.9 48 21 54
0.2 5.5 71 14 1.2
0.1 7 113 9 0

Ta6.. 4. BB TemIoBO1 MOTYKHOCTI €IEKTPUYHOTO PO3PsIAYy Ha Yac TOBHOTO BUITAPO-
BYBaHHS yapeMyNbCii 50%/111/50%Bona, mepiof 7, 1 9aCTOTY Vpys TyJIbCALIA Ta KparuIi
17100y BOJU d,,; B KIHLII BUTIAPOBYBAHHS.

P.Bt fevaps © Tyuts; MC | Vpuis, [T | di,MKM
04 2.2 19 52 9.04
0.35 2.7 30 33 9.2
0.3 3.7 44 14 9.16
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3MEHILICHHS] BMICTY BOAM MPU3BOAUTE 10 30UIbIICHHS Nepioay myibcaiiil. Te-
nep KUIbKICTh II00YJT MEHIIA 1 BOHM MOKYTh PO3IIMPIOBATUCS A0 OUIBIIOrO 00’ €My
70 MOMEHTY JAOCATHEHHsS] KpUTUYHOI I'YCTUHHU yHakyBaHHS. ToMy 1 TOBHOTa BUIapo-
BYBaHHsI TJI00YJI BOJM MiABUINYEThCs. Bike npu 06’emHoMy BMicTi Boju B 10% BoaM
IPAKTUYHO MOBHICTIO BUMAPOBYIOThCA. | MOXKHA po3rUIsaTi TpETid eTan — BUIapo-
BYBaHHsI KaIrull MaJivBa.

[Ipu 3MEHILIEHHI TEIUIOBOI MOTY>KHOCTI €JIEKTPUYHOTO PO3psiAy NEpiof MMyibca-
111 30LIbIIYETHCA, IO MOSICHIOETHCSI TUM, 11O JJII BUMIAPOBYBAHHA JESKOI KUIBKOCTI
BOJM 3 r1100ys HEoOX1HA EBHA KIJIBKICTh TeIUIa. MEHIla MOTY>KHICTh PO3psiy Mpu-
3BOJIUTH J10 30UIbILIEHHS Yacy HarpiBaHHsA. KiHueBuii giameTp Kpamnesib BOAH IMPAKTHU-
YHO HE 3MIHIOETHCS.

BucnoBku. TakuM 4MHOM B pe3yibTaTi poO0oTH OyJ0 MOKa3aHO HACTYITHE.

IBuaKICTh BUITAPOBYBAHHS 1HAWBIAYATbHUX PIIWH 3QJICKHUTH BiJ BIICTaHI MIX
EJIEKTPOJIOM 1 TEPMOMApOI0 Ta J0cArae Makcumymy mpuOau3Ho mnpu 1 mm. [lpu mii
PO3pSITY CIOCTEPiraeThCs TiHiHE 3MEHIICHHS KBAAPATy PO3Mipy Kparti (3aKoH d-).

[Ipu nii e1eKTPUYIHOTO PO3PALY Ha KPAIUIIO eMYJIbCli YITKO MPOCTEXKYETHCS J1Ba
yacoBi eranu. [lepmmit — iHepTHUN po3irpiB. dpyruit — mynbcaiiiiHuil pexuM, B
SAKOMY PO3MIpP Kparlji 3 MEBHOK YaCTOTOIO MEPIOAUYHO 3MIHIOETHCS MOOJINU3Y ACSIKO-
r0 CepeHBOTO 3HAYCHHSI, SIKE 3 UaCOM «BUIIAPOBYBAHHS 3MEHIIYEThCS.

Brpara matepianty eMynbCii IpH il €IEKTPUYHOTO pO3psAAy BiIOYBA€ETHCS B OC-
HOBHOMY 33 PaxyHOK BUKHUIIB MiJ 4ac MiIKpoBHOYxiB. TOOTO eleKTpU4HHI po3psia
MIPUBOANTH JI0 AWCIICPTYBaHHS Kpareib eMYJIbCiii 3 BEIMKMM BMICTOM BOAM Ha Bif-
MIHY BIJl Kpamneib 1HAUBIIYyaJIbHUX TOPIOYUX PIIUH.

3MeHIIeHHSI BMICTY BOAHM Ta MOTYKHOCTI €IEKTPUYHOTO PO3PSAYy MPU3BOIUTH
710 301JIBILIEHHS NTEP10AY MYJIbCALII.
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A.S. Chernenko, K.V. Timofienko, M.O. Ivanov

Evaporation of flammable liquids droplets in an electric discharge

SUMMARY

Evaporation of a liquid drop under the action of a high-frequency electric discharge is con-
sidered. The drops were suspended on a thermocouple and were in air at room temperature.
The analysis was carried out under the assumption that the action of the discharge is thermal.
It is shown that pure liquid fuel drop (ethanol and diesel fuel) evaporates according to the d2-
law. At the same time, the rate of evaporation takes a maximum value depending on the dis-
tance to the electrode. Analysis of the rate of drop mass reduction made it possible to estimate
the thermal power of the discharge, which also passes through a maximum when the electrode
is moved away from the drop.

When evaporating emulsion droplets (50%/50% fuel/water) after the heating stage, pulsa-
tions of geometric size are observed. The drop size periodically changes near some average
value with a certain frequency, which decreases with the time of "evaporation".

A physico-mathematical model of droplet heating under the thermal action of a discharge
was constructed. The pulsations are explained by the evaporation of water globules inside the
emulsion drop, the subsequent increase in the size of the vapor bubbles before the "micro-
explosion" of the drop. The loss of emulsion material under the action of an electric discharge
occurs mainly due to emissions during microexplosions. That is, the electric discharge leads
to the dispersion of emulsions droplets with a high water content, in contrast to individual
flammable liquids droplets.

A decrease in the water content and the power of the electric discharge leads to an increase
in the period of pulsations.

Key words: electric discharge, drop, evaporation, microexplosion, fuel/water emulsion.
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Some problems of modeling the liquid cavitation degassing.
I. Acoustic cavitation

In recent decades, cavitation methods of liquid degassing have become widely used, which
today have practically replaced the traditional time-consuming mechanical and chemical
methods of degassing in industry. The application of cavitation methods is based on the fact
that a part of the neutral gases present in the liquid is not in a dissolved state, but in a so-
called "free" state in the composition of a large number of vapor-gas bubbles, the size of
which is measured on the scale of micro- and nanometers. The nature of the stable, long-term
existence of such micro-bubbles has not yet found a reasonable explanation and is the subject
of debate among researchers. Cavitation methods of degassing, both hydrodynamic and
acoustic, are aimed precisely at the rapid removal of these bubbles from the liquid together
with the free gas present in them. The advantage of using acoustic cavitation methods is the
ability to precisely control the frequency and intensity of ultrasound, as well as the duration
of sounding. Acoustic degassing methods are based on two mechanisms: the passage of dis-
solved gas inside pulsating bubbles due to the effect of "directed diffusion" and the conver-
gence and subsequent coalescence of neighboring bubbles under the influence of force
Bjerknes As a result, the growing bubbles quickly float up and leave the liquid together with
the free gas. In recent years, a large number of articles on the comprehensive study of acous-
tic degassing processes have been published. According to the authors of these publications,
the mechanism of degassing at the microscopic level and all the diversity of bubble dynamics,
depending on the frequency and intensity of the sound, remain unclear.

This article examines the main problems of modeling acoustic degassing processes, which
confirm the absence of generally accepted clear ideas about the physical nature and mecha-
nisms of cavitation phenomena and a general approach to the analysis of the obtained results.
In order to develop research in this direction, the article also presents the results of a compu-
tational experiment on the coalescence of pulsating bubbles, conducted by the authors on the
basis of a model of the dynamics of a single bubble previously created by them. As a result of
the theoretical study, new, previously unknown information about the force interaction of pul-
sating bubbles of different sizes was obtained, which can be considered as a certain contribu-
tion to the understanding of the mechanisms of acoustic degassing.

Key words: acoustic degassing, gas micro-bubbles, modeling, coalescence.

Introduction. Technological processes of liquid degassing are used in various
branches of industry - in chemical, food, oil processing, in energy, in water treatment
processes and others. Traditional methods of extracting aggressive gases from the
liquid, such as oxygen, carbon dioxide, hydrogen sulfide, etc., which are based on
heating the liquid or vacuuming it, are too energy-consuming and inefficient due to
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the small surface area of contact of the liquid with the surrounding gas environment.
In recent decades, cavitation methods of degassing have become widely used, which
today have practically replaced traditional methods in industry.

The use of cavitation methods to remove gas from a liquid is based on the fact
that the neutral gas contained in the liquid is not only in a dissolved state, but also in
the form of free gas inside micro-bubbles that are stably present in any liquid. Free

gases contained in the liquid, such as Oz, CO2, SH2 are chemically more aggressive
than the same gases in a dissolved state [1,2]. Present in ordinary water, they act as
catalysts for corrosion processes

Cavitation degassing methods are aimed specifically at removing bubbles con-
taining free gas from a liquid. The effectiveness of the method increases when degas-
sing supersaturated liquids in which the content of gas exceeds the threshold of its
solubility at a given pressure and ambient temperature in accordance with Henry's
law [3-5]. If for some reason the equilibrium is disturbed and the liquid becomes su-
persaturated, excess gas from the solution quickly moves into the bubbles due to the
developed phase contact surface.

Comprehensive studies of acoustic degassing of liquids have been intensively
conducted since the second half of the last century. The experimental results con-
firmed the possibility of removing neutral gases from a liquid under ultrasound irra-
diation, but the mechanism of this phenomenon could not be properly explained.

Some researchers believed that degassing of a liquid is possible only after the
formation of cavitation cavities under the influence of powerful ultrasonic (US) ac-
tion, which then become degassing centers. According to others, degassing has noth-
ing to do with cavitation, but is determined only by the diffusion of dissolved gas into
pulsating bubbles already present in the liquid. An unambiguous answer to these
questions was given in the fundamental works of Rosenberg [1] and O. Kapustina [6].
Based on a theoretical analysis of experiments known at that time, the authors of
these works proved that acoustic degassing of liquids is an independent physical phe-
nomenon not associated with cavitation, and that the centers of degassing are stable
gas bubbles initially present in the liquid. In a certain range of intensities and fre-
quencies, cavitation promotes the accelerated release of gas from a liquid, both by in-
creasing the number of nuclei from which the process then develops, and as a result
of intensifying mass transfer at the bubble-liquid interface.

Kapustina [6] conducted a thorough analysis of the experiments results on
acoustic degassing (both her own and other authors) and came to the conclusion that
there are two main mechanisms for removing gas from a liquid during its US treat-
ment, namely: (1) - rectified diffusion of dissolved gas from a liquid into pulsating
bubbles; (2) — convergence and merging of pulsating bubbles under the influence of
the Bjerknes force and the subsequent ascent of the resulting large bubbles to the lig-
uid surface. It was found that in the process of acoustic degassing, a maximum equi-
librium level of dissolved gas is reached with c*~ 70-50% of the saturated one
(“pseudo-equilibrium™), the value of which, according to [6] does not depend either
on the frequency or on the intensity of the acoustic fields. The presence of a limiting
equilibrium concentration ¢ * 1s confirmed by the results of acoustic degassing exper-
iments performed over the past decades. According to some researchers, this can be
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explained by the existence of competing re-gassing processes that counteract the re-
moval of gases, mainly due to the diffusion of gas from the atmosphere through the
free liquid surface [7, 8].

To date, the results of studies of acoustic degassing are interpreted from the
point of view of elucidating the role of each of these two factors. Most works on US
degassing are devoted to a detailed study of the features of the processes of rectified
diffusion both in an individual bubble and in a bubble cluster, and/or the coalescence
of a set of bubbles. Over the past half century, following the publication of funda-
mental works [1,6], as part of numerous subsequent studies, a large amount of new
useful information has been accumulated in the field of the physics of liquids, in par-
ticular water. Certain successes have been achieved in the field of studying the state
and behavior of nano-sized gas dispersions in water, the nature of their unusual sta-
bility and longevity. At the same time, in the course of the research, a number of un-
expected aspects were discovered that significantly complicate the understanding of
the nature and mechanisms of acoustic degassing.

By definition, cavitation occurs when the pressure in a liquid decreases rapidly
below the saturated vapor pressure ( p; < pg(T7)), resulting in the formation and

growth of bubbles, and then rapidly increases to a value p; > pg,s (Tl), leading to

their compression and subsequent collapse. This definition applies equally to hydro-
dynamic cavitation, where the change in the liquid pressure is associated with the
stretching and subsequent compression of the high-speed flow when passing through
a narrow section of the channel, and to acoustic cavitation, where the drop and in-
crease in pressure is due to periodic high-frequency stretching and compression of the
liquid volume. From this point of view, acoustic cavitation methods using US soni-
cation of liquids seem very promising. The possibility of controlled changes in the
frequency and intensity of the US field over a wide range ensures the fulfillment of
the conditions of cavitation - a rapid periodic change in pressure in the liquid within
the specified limits. In relation to degassing problems, this makes it possible to justify
optimal process modes based on productivity and energy efficiency criteria.

An experimental study of the gas bubbles dynamics in an US field is associated
with obvious difficulties, given that the sizes of the objects under study lie in the

rangelO_2 ~10? um, and the variation in the size, shape, and location of these disper-

sions during the oscillation period is estimated on a nanosecond scale. Despite ad-
vances in the creation of precision measurement methods (infrared spectroscopy, nu-
clear magnetic resonance, etc.), the experimental data known today are often very
contradictory, which makes it difficult to create unified mathematical models that can
adequately predict the behavior of bubbles in relation to acoustic degassing problems.

According to the authors of recent publications, we still do not have enough
knowledge to understand the full diversity of bubble dynamics, depending on the fre-
quency and intensity of sound [9]. US degassing still poses some mysteries. Both the
microscopic processes and the macroscopic description of the removal of gas from a
liquid using ultrasound remain almost unexplored. In the same system, various bub-
ble dynamics occur simultaneously and high sensitivity to external parameters is
found. [8]. The mechanism of the influence of degassing bubbles on the US field is
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not fully understood, since bubbles strongly attenuate ultrasound, and the size distri-
bution density of bubbles constantly changes over time due to fragmentation, fusion
and dissolution. [10]. First of all, this is the problem of poor reproducibility of some
experimental results, which is usually associated with uncontrolled changes in the
structure of water [11].

There is another problem associated with understanding the physical nature of
US degassing. In any liquid there are a huge number of stable vapor-gas micro-
bubbles, the distribution density of which in size n;(R) is estimated from the ratio

n;(R)oc A/ R’ [1,2,8]. To activate bubbles - their unlimited and irreversible growth -
the pressure in the liquid must be reduced to values p; < pg,s (Tl)» as a rule, moving
into the region of negative pressure ( p; <0) due to stretching of the liquid. When the
pressure decreases to a critical value p,,(R)< pgg (), which corresponds to the
lower limit value of the radius of activated bubbles R, = f(P..), all bubbles with
R >R, are activated, and bubbles with R < R.,. continue to be in a stable state.

To determine the boundary between two bubble behaviors in the parameter
space < Ders Rcr>, a quasi-static argument is used, the so-called Blake threshold

[1,2,12], which determines the boundary of the transition from pre-cavitation to cavi-
tation mode, that is, it separates stable pulsating bubbles (R <R, ) from cavitation

(inertial) bubbles (R > R..,.), which irreversibly expand with subsequent collapse. At

a low intensity of the acoustic field 7, = pgc / 2p;c,e » Small bubbles can exist for as
long as desired, performing weak pulsations at the field frequency f,,.. If the level of
acoustic pressure p,. > p.,, these bubbles expand and collapse sharply within sever-

al periods of field oscillation, initiating characteristic dynamic effects - erosion of sol-
1d surfaces [4,5,13]., sonoluminescence, etc. [9,10,13, 15,16].

The purpose of this work is to conduct a brief analysis of the current state of
the problems of liquid acoustic degassing, based on available sources of information
and on the own results of the authors of this article. The rest of the article discusses
the main mechanisms of acoustic degassing of liquids.

Rectified mass diffusion. During sonication in an US field, the bubble under-
goes expansion and contraction. The pressure inside the bubble decreases as it ex-
pands and increases as it contracts. When the acoustic pressure exceeds a certain
threshold, the bubble begins to grow, due to the effect of rectified diffusion - the une-
ven rate of mass transfer across the air-liquid interface. This uneven growth is ex-
plained by two effects: the “area” effect and the “shell” effect [15-18].

As the bubble expands, the surface area becomes larger and more gas enters the
bubble than when the bubble contracts (the "area" effect). When the bubble is com-
pressed, the thickness of the diffusion boundary layer increases, which reduces the
gas concentration gradient in the layer, and when it expands, the opposite is true (the
“shell” effect). According to Henry's law, more gas enters the bubble during expan-
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sion than comes out during compression. In simple air-water systems, these two ef-
fects make the main contribution to the increase in rectified diffusion.

Krum [18] was the first to perform a detailed study of bubble growth in an
acoustic field due to rectified diffusion under various US conditions. The experiment
used the method of levitating a single bubble in a standing wave field to record
changes in bubble size as a function of time. Using this method, Crum measured the
growth rate of air bubbles in pure water and in water with small additions of surfac-

tants (2.5'10'5+3'10'3 %) and refined the existing theory of rectified diffusion. When
analyzing the experiment, Crum used Eller's equation [17] for the rate of bubble
growth by rectified diffusion

dR_D.crel 025(38p0)2 (pac}'f‘ 20
dv R |35.(35-p,~po’R) \ 20 ) R-py

(1

where D — the gas diffusion coefficient in water; pg — atmosphere pressure; 6 — sur-
face tension of the liquid; c¢,,; — the ratio of the mass concentration of dissolved gas

to the equilibrium concentration; ® — angular frequency; 6 =1 for isothermal pulsa-
tions and 6 =1.4 for the adiabatic case.

Crum's experimental results are in good agreement with theory [17] for simple
air-water systems. However, this theory is unable to adequately predict the rate of
bubble growth in water in the presence of colloidal ionic surfactants. In this case, the
measured growth rates significantly exceed the predicted values. The reason for the
strong influence of small surfactant additives on the bubble growth rate in the process
of rectified diffusion, which is confirmed by other researchers [9, 14-16, 19, 20], re-
mains unclear to this day, although there are certain prerequisites.

It is generally accepted that the increase in the growth rate of bubbles in the
presence of a surfactant is explained by the slowdown in the diffusion of gas outward
through the surface of the bubble. An important role is played by the packing density
of surfactant molecules on the surface of the bubble. During expansion, the packing
density decreases, which reduces the resistance to mass transfer across the interface.
During compression, the packing density increases, increasing the resistance to mass
transfer across the interface. As a result, a difference in mass flow is created, which
leads to a net accumulation of gas in the bubble [15, 16].

The authors of [19] believe that an interfacial resistance is created on the surface
of a pulsating bubble, depending on the surface concentration of surfactant mole-
cules. The driving force is the non-equilibrium separation of gas into free and dis-
solved states at the interface, as a result of which the boundary conditions of Henry's
law are not applicable.

In contrast to the large number of publications devoted to the theoretical study
of rectified diffusion processes in relation to problems of acoustic degassing, the
number of experimental studies on the growth of single bubbles by rectified diffusion
is very limited. In addition to the fundamental work of Krum [18], two works [15,16]
should be noted in which the stroboscopic method was used to record the growth of a
single bubble in the field of a standing wave.
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As a result of complex studies, it has been established that the rate of growth of
bubbles due to the entry of gas from the liquid depends significantly on various fac-
tors, such as the size of the bubble, gas concentration in the liquid, acoustic pressure
and frequency of the US field, and the presence of soluble inorganic and/or organic
components in the liquid.

The effect of acoustic pressure has been well studied, and there is complete
agreement between experiment for pure water and theory. With increasing p,. am-

plitude of the bubble pulsation increases, which ensures greater mass transfer per cy-
cle and, accordingly, faster growth of the bubble (Fig. 1). When reduced p,. to a cer-

tain threshold, which correlates with the Blake threshold, small-sized air bubbles ir-
reversibly dissolve even in saturated water. This rectified diffusion threshold divides
the parameter space into two parts: dissolving and growing bubbles [2, 9, 14, 15].

Research by [9, 14-16] has shown that the growth rate of rectified diffusion is
inversely proportional to the US frequency. This is due to the decrease in the degree
of bubble expansion with increasing frequency. Figure 2 shows that the gas mass ac-
quired by the bubble during rectified diffusion decreases fivefold with increasing fre-
quency from 20 to 35 kHz.

According to the experimental results of Krum and other authors, the rate of
bubble radius change in the process of rectified diffusion is estimated on a scale of

10 m/s (0.01 um/s). The growth of bubbles in the process of rectified diffusion is
extremely slow compared to the growth of bubbles due to their coalescence. Howev-
er, it provides a mechanism by which stable micro-bubbles can grow sufficiently to
become cavitation nuclei. In this case, with an increase in the mass of gas in the bub-
ble, the Blake threshold pressure increases and, therefore, a smaller decrease in pres-
sure 1s required to create an unstable cavitation bubble. [2]
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Imaging techniques used to study rectified single bubble diffusion are difficult
to apply to multi-bubble systems due to competing processes such as bubble coales-
cence, which also influence the rate of bubble growth [9,13-16,20].

Growth of bubbles under the influence of the Bjerknes forces. In a multi-
bubble US field, there are two acoustic forces responsible for the movement of bub-
bles or their approach. These are the primary and secondary Bjerknes forces.

The primary Bjerknes force, which is determined by the interaction of bubbles
with the acoustic field, depends on the pressure gradient and the average vibration of
the bubble per cycle. The Bjerknes force, averaged over time over the oscillation pe-
riod T =1/ f,. , which acts on a pulsating bubble under the influence of acoustic pres-

sure p, (x,7) is determined by the expression FBI:<V(1:)-VpaC(x,1:)>T, where

V =4/3-nR’*; p(x,t) and x is position of the bubble center [9, 13, 16].

In the field of a standing wave, bubbles are sorted by size. Bubbles with
Ry > R, are pressed against pressure nodes, and bubbles with R, < R, are pressed

against pressure antinodes. At nodes or antinodes 7y, = f(p,.) and therefore also

the primary Bjerknes forces disappear.

If two bubbles are close to each other, then the pulsation of one bubble creates
pressure waves around the neighboring one. Essentially, a bubble responds to the
gradient of the sound wave emitted by another bubble in the same way it behaves in
relation to the primary sound field.

The force acting on the bubbles is called the secondary Bjerknes force. In a mul-
ti-bubble acoustic field, the secondary Bjerknes force is long-range [8,9,16,]. Under
the influence of the secondary Bjerknes force, the bubbles come closer and merge,
forming large bubbles, which then float up and leave the liquid. Thus, in acoustic de-
gassing processes, the growth of bubbles due to their fusion is an important factor
that is controlled by the secondary Bjerknes force.

For two pulsating bubbles, the Bjerknes force is described by the formula
4nR’R; -(dR /d7)-(dR,/dt)-cos ¢

2
r

)

Where r, (1) is the distance between the centers of the bubbles. If the pulsations oc-

Fy=p,

cur in one phase (¢ =0), the bubbles must approach each other with increasing speed
until their surfaces touch, otherwise they will diverge. The following assumptions are
used.

1). During the pulsation process, the bubbles retain their spherical shape.

2) At a given frequency of US oscillations, the wavelength is much greater than
the distance between the centers of the bubbles A =c, /f,. >>r..

Recently, a large number of experimental studies of the interaction of a pair of
bubbles in an US field under the influence of the Bjerknes force have appeared in a
wide range of bubble sizes, frequencies and acoustic pressures. A detailed review of
these works is contained in publications [15, 21, 22]. The main results of these stud-
ies should be noted as follows.
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Two bubbles with R~22 pm, located at a distance of r,p=1.3 mm in an UW
field with f,.= 24.6 kHz and p,.= 40 kPa, approach each other with an initial speed

of 0.02 m/s and by the time of merger their speed reaches 0.12 m/s . [23].
A pair of bubbles with R~=30 pm, located at a distance of r,y= 180 um in an

US field with f,,.= 87 kHz and a power of 5 W, approach and coagulate after 70 ps

with an average speed of 2.6 m/s. As they approach, the radii of the pulsating bubbles
are ranging from R, ,x =50 pm to R, ®9 pm, and the approach speed at the final

stage are varying from —5 m/s to 20 m/s. [9]
In [22], the interaction of two bubbles with different radii (R;y > Ry() pulsating

in an US field with f,.=20 kHz and p,.=10 kPa was numerically studied. For bub-
bles with Ry 5+25 pm, the frequency of natural oscillations in water is f,,; oc 200
kHz. Because f,. << f,., the bubbles pulsate in the same phase and approach each

other according to Bjerknes' law. However, near the contact, viscous forces can com-
pensate for the attractive force, which prevents coalescence. It has been shown that
bubbles merge under the condition Rjy/R,o <3, otherwise periodic pulsations stabi-

lize and fusion does not occur. These theoretical results are consistent with existing
experiments [B6].

In [21], the influence of pulsations of a small bubble on the bubbles interaction
in an US field is considered for large ( Rjp =20 um) and small (Rjy >3 pum) sizes of a

pair of bubbles. As the radius of the larger bubble increases, the value of the Bjerknes
force changes from negative to positive. There is a critical distance 7., = f(p,.)

that can lead to a transition between mutual attraction and repulsion of bubbles.

The effects of surfactants on bubble dynamics in acoustic degassing processes
manifest themselves in several ways. As shown above, the presence of small surfac-
tant additives increases the rate of bubble growth during rectified diffusion by creat-
ing interfacial resistance at the interface. For the same reason, the presence of surfac-
tant additives in water prevents the coalescence of bubbles under the influence of the
Bjerknes force due to the electrostatic effect caused by the adsorption of charged sur-
factant molecules on the surface of the bubble. This leads to a decrease in the total
volume of bubbles in a multi-bubble field [9,15].

With regard to problems of acoustic degassing, the main results of these studies
are that the rate of bubble growth and gas accumulation as a result of the approach
and merging of bubbles under the influence of Bjerknes forces occurs much faster
than in the processes of rectified diffusion.

Interaction of bubbles of different sizes under the influence of the Bjerknes
force. The work [24] describes a previously unknown effect of the interaction of pul-
sating bubbles under the influence of the Bjerknes force, discovered during a theoret-
ical analysis based on the model of the dynamics of a single bubble [25]. It has been
established that two pulsating bubbles of the same radius approach each other in strict
accordance with Bjerknes’ law only if their radius R is above a certain boundary

value R*= f(f,c, Puc ). If Ry < R*, the bubbles diverge (Fig. 3).
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The analysis showed that the parameter R * lies in the subcritical region of bub-
ble sizes (R*<R_.,.) and is inversely proportional to frequency f,. and acoustic

pressure p,.. In this regard, the question arises about the interaction in an US field of
two bubbles of different sizes (R1y > R2), if for given values of f,. and p,. radius
Rl > R*, whereasR2( < R *. To analyze this situation, we carried out a computa-

tional experiment on the interaction of such bubbles in an US field with fixed values
of f,. and p,.. It is obvious that for given values of f,. and p ,. equilibrium radii

of the bubbles R/, and R2; should not exceed their critical values R, otherwise

one of the bubbles or both will disappear already in the first periods of field oscilla-
tion.

As in [24], the computational experiment was carried out on the basis of the
mathematical model described in [25]. Within this model, the pressure in the liquid in
the vicinity of each bubble, taking into account the influence of the neighboring pul-
sating bubble, is determined by the relation

1 R} 206 4uw, | R
pl(rxﬂt)_p0+|:pb_p0+m(l_r_x3}___#i|'_' (3)
Here, p,, 1,, ¢ are the density, viscosity and surface tension of the liquid, respec-
tively; wp 1s rate of change of the radius of the pulsating bubble; pj, is pressure of

the gas medium inside the bubble; p,(t)= p, + p,. -cos ot is the liquid pressure far

from the bubbles.

Some results of this computational experiment are presented in Figures 4 and .5.
Generalization of these results allows us to draw the following conclusion. It turned
out that for all the studied modes the parameter R*= f(f,.,p4c ), still remains the

criterion that determines the direction of the relative movement of the bubbles. In the
case of interaction between bubbles of different sizes, the averaged equilibrium radi-

us Rgp =(RIy +R2, )/ 2 should be used as the equilibrium radius R(. Any two pul-
sating bubbles (the same or different in size) will approach each other until they

merge completely if Rgp > R * . Otherwise, bubbles should be observed to diverge.

As shown in Figs. 3 and 4, with field parameters f,.=10 kHz and p,.=100 kPa,

the boundary radius R *=3.98 um. The curves shown in Fig. 4 describe the nature of
the interaction of five pairs of bubbles with different values of equilibrium radii R/

and R2(. Curves 1 and 2 correspond to two pairs of bubbles with an average radius
of Rgp =3 um. Since the meaning of Rgp < R*, the bubbles in both pairs diverges.
Curves 3, 4, and 5 in this figure correspond to the interaction of three pairs of bubbles

with an average radius R(c):p = 4.5 um. Since the value of Rgp > R *, the bubbles in all

three pairs should approach each other, which is confirmed by the curves presented in
the figures.
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US field the radius R*=3.98 um

At the same value R’ the speed of the relative movement of the bubbles de-

pends on the value of the ratio Rl /R2( . The lower this value, the faster the bubbles

come together, as can be seen from a comparison of curves 3, 4 and 5. For diverging
bubbles, on the contrary, the lower the value Rly/R2,, the slower the bubbles di-

verge, as evidenced by a comparison of curves 1 and 2.

The movement of bubbles relative to the liquid in each of these pairs is shown in
Fig. 5. The numbering of the bubbles is the same as in the previous figure. When
bubbles approach each other, small and large bubbles move towards each other, but
the speed of the small bubble in each pair is significantly higher than that of the large
one. In diverging bubbles, small bubbles quickly move away from large ones during
pulsations, and large bubbles, on the contrary, move relative to the liquid in the direc-
tion of small bubbles. The result of this movement is the mutual divergence of the
bubbles.

An analysis of the results of a computational experiment on the interaction of

bubbles showed that the boundary radius R* changes in inverse proportion to the field
frequency. If in an US field with a frequency f,.=10 kHz and acoustic pressure p,.

=100 kPa R"=3.98 um, then when the field frequency is reduced to f,.=4 kHz the

value increases to R =5.3 um. A change in acoustic pressure has a stronger effect on
the value R . In an US field with a frequency field f,.=10 kHz, a decrease p,,

from 100 kPa to 50 kPa leads to an increase R~ from 3.98 pum to 24 pm.
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Fig. 5. Movement of the centers of two bubbles, pulsating in an acoustic field, with
different values of their radii R/, and R2,. The calculation was carried out under

the same conditions and for the same five pairs of bubbles, which are shown in
Fig.4. Pairs of bubbles with values Rj"=4.5 um>R* (a) and R =3 pm <R* (b) are
shown.

The speed of convergence of micron-sized bubbles in an US field under the in-
fluence of the Bjerknes force is quite high and is measured on a m/s scale.

The existence of the effects described above forces us to take a fresh look at the
mechanism for establishing the developed cavitation regime and to look for new ap-
proaches to substantiate the optimal conditions for the acoustic degassing of liquids

Analysis of research results. The analysis of the current state of modeling the
study of acoustic degassing processes leads to the conclusion that despite the increase
in publications on this topic every year, many aspects of ultrasonic degassing are still
far from being studied. The problem is that the physical nature and mechanism of de-
gassing at the micro level remain unclear. There are contradictions regarding these
basic mechanisms of ultrasonic degassing. According to most researchers, it is neces-
sary, first of all, to find out the reasons for the stable state of already existing nano-
sized bubbles. The concentrations of dissolved and free oxygen in water were deter-
mined by NMR. Measurements have shown that 1 m3 of water at 20°C contains
about 2-10"° bubbles with an average radius of ~20 nm [25]. After 30 min of ultra-
sonic irradiation, the total volume of air in the bubbles decreased by almost half. At
the same time, the amount of dissolved oxygen decreases by only 12%, which corre-
sponds to a decrease in air solubility when water is heated by 4.5°C. The mechanism
of this phenomenon has not been discussed, but it is obvious that irradiation leads to
the release of bubbles from water without a noticeable change in air solubility.

There are contradictions regarding these basic mechanisms of ultrasonic degas-
sing. Even if there are stable nano-bubbles in the liquid volume, in accordance with
the results of [25, 26], they cannot act as rectified diffusion sinks, except for values of
2 MPa. Therefore, degassing observed at lower values cannot be explained only by
rectified diffusion [13, 14, 26].
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At the same time, the mutual attraction of small bubbles below the Blake thresh-
old turns out to be very weak and therefore the fusion of such micro-bubbles under
the influence of the Bjerknes force is extremely slow. According to the authors of [8],
the merging time of two single bubbles with radii, located at a close distance from
each other, at =0.1 MPa is about 7.5 minutes, and at = 0.5 MPa — more than 4 hours.
In this regard, the question is being discussed whether the gas dissolves completely to
the molecular level or whether very small “pockets” or nano-bubbles may exist in the
liquid, which can act as cavitation nuclei [8,26].

Another important problem is the fact that a structured bubble cluster is formed
at the surface of the ultrasonic transducer, which poorly transmits sound waves,
which worsens the acoustic behavior of the liquid and leads to the formation of chaot-
ically changing bubble structures in it [5,9,12-16].

These are just a few of many reasons that complicate the problem of adequate
modeling of acoustic degassing processes

Conclusion. Acoustic cavitation is a complex and dynamic process where its
spatial distribution and magnitude are very sensitive to the type of transducer used,
the ultrasonic treatment mode, the geometry of the reactor, the volume of liquid, and
the type and amount of dissolved gases. as well as the concentration and surface ac-
tivity of the solutes in the solution.

Although the dynamics of individual bubbles and the basis of their interactions
are largely well understood, understanding, modeling and predicting the behavior of
systems containing multiple acavitation bubbles remains a major challenge. Real-life
ultrasonication applications involve multi-bubble fields where bubble interactions be-
come important. In particular, elucidation of the dynamics of bubble clusters, which
plays a decisive role in the processes of acoustic degassing, requires further research,
including theoretical and experimental work.

References:

1. Rozenberg L.D. Liberation of Free Gas from a Liquid. In: Rozenberg, L.D. (eds) Physi-
cal Principles of Ultrasonic Technology., Vol 1. — Springer, Boston, MA, 422—443.

2. Brennen Ch. E. Cavitation and Bubble Dynamics. — N.-Y., Oxford University

3. Yue Hao, Yuhang Zhang, Prosperetti A Mechanics of gas-vapor bubbles // Physical re-
view fluids. —2017. — Ne 2. — P. 034303.

4. Rognerud M.R., Bjorn W. How to Avoid Total Dissolved Gas Supersaturation in Water
from Hydropower Plants by Employing Ultrasound. //J. Phys.: Conf., 2020, Ser. 1608
012004

5. Stryczek J., Antoniak P., Banas M., Stryczek P., Jakhno O., Luhovskyi O., Gryshko 1.
Physical fundamentals of ultrasonic degassing. // Bulletin of the Nat. Techn. University
"KhPI". Series: Hydraulic machines and hydraulic units, 2021. — Ne 1. — P. 17-22.

6. Kapustina O.A. Degassing of liquids. In L.D. Rozenberg (ed.): Physical Principles of
Ultrasonic Technology, Vol.1 — Plenum Press, New York, 1973. 377-509.

7. Asakura Yo, Yasuda K. Frequency and power dependence of ultrasonic degassing. //
Ultrasonics Sonochemistry.—2022 — Vol.82, January. — 105890.

8. Mettin R., Stephens D., Holly D., Thiele M. Some Remarks on Ultrasonic Degassing //
DAGA 2022 Stuttgart, 1390-1393.

238



dizuka aepoaucrepcHux cucreM. — 2023. — Ne 61. — C.227-240

9. Choi P.- K. Acoustic Bubbles and Sonoluminescence. //Handbook of Ultrasonics and
Sonochemistry, M. Ashokkumar, (ed.), Springer Science ,Singapore, 2015. 29 p

10. Yasui K. Unsolved problems in acoustic cavitation. // Handbook of Ultrasonics and
Sonochemistry, M. Ashokkumar, (ed.), Springer Science, Singapore 2015, 34 p.

11. Shatalov V.M., Filippov A.E., Noga I. V. Bubbles Induced Fluctuations of Some Proper-
ties of Aqueous Solutions //Biophysics. —2012. — Vol. 57, Ne.4. — P. 421.-27.

12. Ivanitsky G., Tselen B., Nedbaylo A.E, Konyk A. Modeling the kinetics of cavitation
boiling up of liquid. //Physics of aerodisperse systems. — 2019. — Vol. 57. — P. 136-146.

13. Mettin R., Cairos C. Bubble Dynamics and Observations // Handbook of Ultrasonics
and Sonochemistry, M. Ashokkumar, (ed.), Springer Science, Singapore 2015, 29 p.

14. Louisnard O., Gomez F. Growth by rectified diffusion of strongly acoustically-forced
gas bubbles in nearly saturated liquids // Physical Review E. —2003. — Vol.67. No.3. — P.
036610. ISSN 1539-3755

15. Leong, T., Ashokkumar, M., Kentish, S. The Growth of Bubbles in an Acoustic Field by
Rectified Diffusion // Ultrason. Sonochemistry. — 2016. — Vol. 10. — P. 978-981.

16.Judy Lee Importance of Sonochemistry and Solution Conditions on the Acoustic Cavita-
tion Activity //Handbook of Ultrasonics and Sonochemistry, M. Ashokkumar, (ed.),
Springer Science,Singapore 2015. — 39 p.

17.Eller A, Flynn H.G. Rectified diffusion during nonlinear pulsations of cavitation bub-
bles // Jour. Acoust. Soc. Am. — 1965. — Vol. 37. — P. 493-503.

18. Crum L.A. Measurements of the growth of air bubbles by rectified diffusion. // Jour.
Acoust. Soc. Am. — 1980. — 8 (1). — P. 203-211.

19. Fyrillas M.M., Szeri A.J. Dissolution or growth of soluble spherical oscilalting bubbles
//'J Fluid Mech. — 1994. — Vol. 277. — P. 381-407.

20.Soto A.M., Peiias P, Lajoinie G., Lohse D., van der Meer D. Ultrasound-enhanced mass
transfer during single-bubble diffusive growth // Phys. Rev. Fluids. — 2020. — Vol.5,
Ne.6. — P.063605.

21.Zhang X, Li F, Wang C, Mo R, Hu J, Guo J, Lin S. Effects of translational motion on the
Bjerknes forces of bubbles activated by strong acoustic waves. // Ultrasonics. — 2022. —
Vol.126, Dec. — 106809.

22.8anduleanu S.V., Petrov A.G. Interaction of Two Nearly Contacting Gas Bubbles Pul-
sating in a Liquid in an Alternating Pressure Field // JETP Lett. — 2020. — Vol.112. — P.
150-156

23.Jiao J, He Y, Leong T, Kentish SE, Ashokkumar M, Manasseh R, Lee J. Experimental
and Theoretical Studies on the Movements of Two Bubbles in an Acoustic Standing
Wave Field // J Phys Chem B. —2013.— Vol.117. — P. 12549-12555

24. Heanuykuu . K YucneHHoe ucclenoBaHUE JUHAMHUKYU My3bIPHKOB B SIBJICHHUSIX aKyCTH-
yeckoi kaButanuu // Ilpom. Termmorexuuka. — 2003. — T.25, Ne6. — P. 22-28.

25. Jlonunckuni A.A., Heanuyxuii I'. K. Teopetnueckoe 000CHOBaHHME MPUHIIMIIA TUCKPETHO-
HUMITYJIbCHOTO BBOJIa 3HEepruu. [. Moiens AMHAMHUKU OJTMHOYHOTO MApOBOTO My3bIpbKa //
[Ipom. Temnorexnuka. —1995. — T.17, Ne5. —3-28.

26. Emetc B.G. (1997) NMR evaluation of average size and concentration of air bubbles in
water // Letter to JTF. —1997. — 23(13). — P. 42-45.

27.Jadhav A.J., Bulk M.B. Nanobubbles or Not Nanobubbles: That is the Question. //
Langmuir. —2020. -36 (7). — P. 1699-1708.

239



dizuka aepoaucrepcHux cucreM. — 2023. — Ne 61. — C.227-240

240

Isanuuvkuit I'.K., I]enens b.A.,Heooaiino A.€.
Paouenxo H.JL., I osicenxo JIII.

Jesiki npo0GeMu MoieIIOBaHHS KaBiTaniiiHOI Jera3auii piiuHu.
I. AkycTnuHa kaBiTaumis.

AHOTAIIA

B ocmanui oecamunimms wuporxo2o 3acmocysants HaOysaioms Kagimayiuni memoou Oe-
eazayii piouru, Ki Cb020OHI NPAKMUYHO 3AMIHULU 8 NPOMUCIOBOCTIE MPAOUYILIHI MPYOOMiC-
MKI Mexauiuni ma XimiyHi memoou Oezazayii. 3acmocy8ants KagimayiiHux memooie 6azy-
EMbCA HA MOMY, WO YACTNUHA NPUCYMHIX 8 PIOUHI HeUMPATbHUX 2A31i8 3HAXOOUMbCSL He 8 PO3-
YUHEHOMY CMAHI, a Y MAK 36AHOMY «BIIbHOMY» CMAHI Y CKIAOI 8eUKOI KiIbKOCMI napo2a3o-
BUX OVILOAUIOK, PO3MID SKUX SUMIDIOEMbCA 8 Macuumadi Mikpo- ma Hanomempis. Ilpupooa
CcmMabinbHO20 00820MPUBANIO20 ICHYBAHHI MAKUX MIKPO-OY1b0AUOK, 00 Yb020 YACY He 3HAUU-
J1a 0OIPYHMOBAHO20 NOSICHEHHSL T € npedmemom Ouckycii docnionuxis. Kasimayiiini memoou
Odeeazayii, AK 2i0OPOOUHAMIYHI MAK | AKYCMUYHI, CNPAMOBAHI CaMe HA WBUOKE BUOANEHHS YUX
0y1b6auoK 3 piIOUHU PA30M 3 NPUCYMHIM 6 HUX 8inbHUM 2azom. llepesazoro 3acmocysanHs
Memooi8 aKyCmuyHoi Kagimayii € MONCIUBICIb MOYHO20 KOHMPOIO YaCmomu ma iHMeHCUs-
HOCMI YIbmpaseyKy, a makoic mpugaiocmi o38yyyeanus Memoou axycmuunoi oecazayii 6a-
3YI0MbCsl HA 080X MEXAHIZMAX: NEPexio PO3ZUUHEHO20 2A3) CEPeOUH) NYIbCYIOUUX OYIb0aUIOK
3a605KU eghekmy «CnpamMosanoi ougy3iiy ma 301UNCeHHs | HACMYNHA KOANeCyeHyisi CyCiOHIX
oyrvbawox nio diero cunu b’epxneca. HAx nacniook, spocmaroui 0y1b6auKy wWeUoKo CHIUSA-
FOMb [ 8UX00AMb 3 PIOUHU PA3OM BLIbHUM 2a30M. B ocmanni poxu onyonikoeano 8enuxy Kiiv-
Kicmb cmameti N0 KOMRNJIEKCHOM) O00CIIONCeHHs npoyecie akycmuyHoi oecazayii. Ha oymky
asmopie yux nyonikayiu mexamizm oe2azayii Ha MIKPOCKONIUHOMY i 6Ce PI3HOMAHIMMA OUHA-
MIKU OVIbOAUIOK, 8 3ANIeHCHOCE 810 YACTOMU MA [HMEHCUBHOCTI 38VKY, 3ATUUAEMbCSA NOKU
Wo He 3pO3YMITUMU.

B oaniu cmammi po3zenanymo ocHo8HI npobiemu MoOent08an s Npoyecié aKyCmuiHoi oe-
eazayii, AKI NiOMeepoAHCYIOMsb 8I0CYMHICMb 3A2AlbHONPUUHAMUX YIMKUX YAGLEeHb NPO (izut-
HY NpUpoOy i MeXanizmu KasimayitiHux A6Uuny ma 3a2aibHo20 nioxo0y 00 aHanizy OmpuUMAaHux
pe3ynomamis. B naani po3sumky 00cniodiceHb 8 YyboMy HANPAMKY 6 CIammi makodxic Haeo-
0ambcs pe3yibmamu 00YUCTIOBAIbHO20 eKCNEPUMEHMY N0 KoalecyeHyii nyavCcylouux 0yio-
Oawox, npoeedeHo2o a8mMopamu Ha OCHOBI CMBOPEHOI HUMU paHiule MOOeli OUHAMIKU OOUHU-
unoi Oynvbawku. B pezynomami meopemuyno2o 00CNi0HCEHHS 00EPHCAHO HOBY, HEBIOOMY pa-
Hiwe iHghopmayito npo cunosy 83aEmMooito NYyIbCyUUx 0y1b0AUOK PI3HO20 PO3MIPY, WO MO-
JHCHA PO3271A0amMU K NeGHULL BHECOK 8 PO3VMIHHS MEXAHI3Mi8 aKyCmuuHoi de2asayii.

Knrwuosi cnosa: axycmuuna oecazayis, 2azo8i Mikpo-0y1boOauKu, MoOent08anHs, Koaiec-
yenyis
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TITPABWUJIA JUIS1 ABTOPIB CTATEN

1. V naykoBomy 30ipHHUKY TyOIIKYIOTbCSA CTATTl 3 OPUTIHAIIBHUMHU Pe3yJibTaTaMU HAYyKO-
BUX JIOCII/IPKEHb 3 TEMAaTUKH:

— BUIAPOBYBAHHSI, KOHJIEHCAITS, KOATYIIALIS 1 €JIeKTpUYHA 3apsijiKa aepo30JiiB, MeXa-
HI3MH iX yTBOpPEHHS 1 IEPEHOCY;

— TOPiHHS aePOJUCTICPCHUX CUCTEM;

— TEIUIOMAacOOOMIH 1 Ta30AMHAMIYHI SIBUIA B AUCIEPCHUX CHUCTEMax MpU (Pa3oBHX i
XIMIYHUX TIEPETBOPCHHSX;

— HU3BKOTEMIIEpaTypHA IIa3Ma 3 KOHJICHCOBAHOO TUCIIEPCHOIO (a301o.

2. CtatTi 3 pe3yiabTatamMu JOCITIIKEHb, BAKOHAHUMH B OpTraHi3allisiX, MOJalThCA 3 J0-
3BOJIOM IIi€1 opraHizallii Ha myOJiKaIlito 1 CYIpOBITHUM JUCTOM. PyKOmHC MiAMUCYETHCS aB-
Topamu (aBTOpoM). Ha okpeMoMy JuCTI HEOOXiqHO BKa3aTH Mpi3BHINE, iM's, TTO0 OATHKOBI,
MicLe poOOTH, TOCATy, KOHTAKTHI Tese(oHU 1 aapecu (eIeKTPOHHUM 1 MOIITOBUM).

3. TekcT cTaTelt MPeACTaBISETLCA B IBOX €K3EMIUIApax Ha yKpaiHCHKiH, pOCIMChKii abo
AHTIICHKIM MOBI 3 JJBOMa aHOTAIlIIMH Ha JIBOX (3 TPhOX BKa3aHWX) MOBAaX, BIIMIHHHUX BiJ
MOBH OpHUTIHAIYy CTaTTi 1 €JICKTpPOHHUM (aiijioM Ha eICKTPOHHY aapecy penakmii. daiin
cTBOproeThes B Word 1 MOBHHEH MICTUTH TEKCT CTATTi, aHOTaIlito 1 pucyHku. Ha3zBa daitny
YTBOPIOETHCA BiJI MPI3BUILA MEPILIOTO aBTOPA.

4. CraTTi NIpOXOASITh HAYKOBE PEIICH3YBaHHA. Y pa3i HEraTUBHOI peleH3ii CTaTTsS MPUCH-
JIAETHCSI HA TOOTPAIIOBAHHS a00 BIAXUIISETHCS.

Od¢opmuenns crarri
Marepiaa cTaTTi TOBUHEH OyTH BUKIJIAJICHUH B TaKii IMOCIIJOBHOCTI:

1) nomep V/IK;

2) 1HIL1ay 1 Ipi3BUILIA aBTOPIB;

3) Ha3Ba opranizaiii (i), mo npeacTasise (FOTh) CTATTIO (SKIIO OpraHi3aiiil OuIbIIe,
HDK OJTHA, TTICIIS MPi3BHINA KOKHOTO aBTOpa CTaBUThCS 3HAK BUHOCKH (1, 2 1 T. 1.), a HIOKYE
YKa3yIOThCS BC1 opraHizallii, Ha3BU MICT, €JIEKTPOHHA ITOIITa OJJHOTO 3 aBTOPIB;

4) Ha3Ba CTATTI;

5) aHOTAaIS;

6) TEKCT CTaTTI;

7) nmitepatypa;

8) aHoTarii Ha 2-X 3TraJIaHUX BHIIE MOBAaX, BIAMIHHHUX BiJl MOBH OpHUTIHAJy CTaTTi, 3
MpI3BUILAMH 1 1HIIIaJJaMH1 aBTOPIB 1 HA3BOIO CTATTI.

O06'eM cTatTTi, BKIIOYAIOYH PUCYHKH, JITEPATYPY, aHOTAllli, HE TOBUHEH MEPEBUIIYBATH
10 cTopiHOK TEKCTY, HAIPYKOBAHOT'O Ha KOMIT IOTepi uepe3 1 iHTepBa (3 po3mipom OykB 14
pt). ITomst: miBe — 20 mm, mipaBe 20 MM, BBepxy 20 MM, BHU3Y 20 MM. Ha3Ba ctaTTi, mpi3Bu-
Ila aBTOPIB 1 Ha3Ba OpraHizauliil APYKyHOTbCS OyKBaMu, po3MipoM 14 pt 3 MIKPSIKOBOIO
BizcranHio Mk Y /JIK, Ha3Boro cTaTTi 1 mpi3BuUIamMu aBTopiB 1.5 iHTepBaiy.

AHoTaii: KoXHa MyOJTiKaIlis He aHTJIiHCHKOK MOBOIO CYITPOBO/KYETHCS AHOTAIIEI0
aHIJIiliCbK0I0 MOBOIO 00csiroM He MeHII K 1800 3HaKiB, BKIIFOYAIOYN KIIIOY0BI1 ciioBa. Ko-
KHa TyOJTiKaIlisl He YKPaiHChbKOI MOBOIO CYIIPOBOIKYETHCS TaKOX AHOTALIEI YKpaiH-
CbKOI0 MOBOIO 00csarom He MeHI siKk 1800 3HaKiB, BKIIOYAIOUYH KIIIOYOBI1 CJIOBA.

Dopmyau: Habuparorbcs mipudTom po3mipy 14 mynkrie. Posmipu Gpopmyn ogHakoBi
1o BCcboMy TeKcTy. CIiJi yHUKATH 1HAEKCIB Y 1HJIEKCIB 1 CTYINEHIB y CTYIEHIB. 3aCTOCOBY-
€ThCS CKpi3Ha HyMmeparis Gopmyi: (1), (2) 1 Tak mami. I'pernpki OykBH Ta MO3HAYCHHS XiMiY-
HUX GOpPMYJ 3aBXAM MpsMmi. BekTopu 1 Marpuili HAOMpaTH HAMIBXUPHUM IPSMUM IIPH-
¢dbToMm (cTpiiKa HaJ BEKTOPOM HE BUKOPUCTOBYETHCS). IHIEKcH (IaTUHCBKI OykBH) y Gdop-



MyJiax HaOMParThCSI KYPCUBOM, 32 BUHATKOM CKOPOYEHbB CIIiB THUIY min, max, eff, a Takox
HYJIsI, SIKi HabupaeTbes MpssMuM mpudToM. [Ipsmum mpudTom HaOUparoThCsS TaKOX (PYyHK-
11i{, HaMpPUKIIAI Sin 2x, COS ®f 1 TaK JaTi.

Ta6auui. Tabauii HymMepyIOTh TUIBKH B TOMY BHIIAJIKY, SIKILO iX OuIblIe onHI€l. Biac-
Tyn 10 Tabnauui 1 micis Hei — 2 iHTepBanu. [Ipu HeoOXiAHOCTI TaOIMIl MOXKYTh MaTH 3aro-
JIOBOK 1 IPUMITKY.

LnrocTpanii. [mrocTpaliii BUKOHYIOTBCS 1O X0y BUKJIAIEHHS TEKCTY CTaTTI MO Mipi ix
3rajiku B TEKCTI B pcx (opmati abo iHIomy nomuperomy ¢popmari. [1i1 pucyHkom apyky-
€TbCSl BIANOBIAHUY mianuc. Hamucu, mo ycKiIaHIOTh CIPUNUHATTS PUCYHKY, 3aMIHIOBATH
rdpoBuMH a00 OYKBEHUMH MO3HAYCHHSMH 1 TIEPEHOCUTH B TEKCT CTaTTI a00 B MIAMUC i
pucyHkoM. Bci mo3HaueHHs Ha pUCYHKY IMOBHHHI BIJIIOBIJATH MO3HAYCHHIM B TekcTi. Hy-
Mepallilo KpUBHX Ha PUCYHKY BECTH 3BEpXY BHU3, 3J1iBa HampaBo. Po3Mip prcyHKa NOBUHEH
Oytu He meHie 50x50 MM 1 He Ounpie 100x100 mMm.

JlirepaTtypa. Ilicna TekcTy cTaTTi uepe3 2 iHTEpBaIU JAPYKYEThCS CIHCOK JITEPaTyp-
HUX JDKEpel, BAKOPUCTOBYBAHUX B CTATTi, HA MOBI OPUTIHAITY 32 3Pa3KOM:

Knurmn:

1. babui B.U., Kysaes FO.®. I'opeHue yroiabHON MBUIA U PaCUYET MBUICYTOJBHOTO (a-
kena. — M.: Dueproaromusar, 1986. — 206c¢.

2. OCcHOBBI IPAKTUYECKON Teopuu TopeHus: yueOHoe nocodue ans By30B // B.B, Ilome-
panyes, K.M. Apegpves, /|.b. Axmemos u op. // noxn pen. I[lomepanyesa. — J1.: Duep-
roaromusnat, 1986. — 312c.

Crartri:

a. Acnanos C.K., Koneiika I1./11. O0 0cOOEHHOCTSX MOJI€NIEl JETOHALIMOHHOTO CIIMHA B
pa3IUYHBIX roprounx cpenax. / dusuka aspoaucnepcHsix cucrem. — 1971. — Beim. 5.
—C.92-100.

b. @uopro A.B., 3onomxo A.H., Kamuncrkas H.B., [llesuyx B.I. CiekTpajabHbIe UCCIIC-
JOBaHMs TOpeHUsl yacTulpl Maruus // dusuka ropenus u B3pbiBa. — 1982, — T.18,
Nel. - C.17-22.

c. Kanunuax B.B. TennomaccooOMeH W KMHETHMKAa XUMHUYECKHX PEaKIUN YTriIepoIHOMN
yacTuIlel ¢ razamu // Bicauk Onecbk. nepx. yH-Ty. Cep.: ¢i3.-mart. Hayku. — 1999. —
T.4, pun..4. — C.12-16.

d. Zatovsky A.V., Zvelindovsky A.V. Hydrodynamic fluctuations of a liquid with aniso-
tropic molecules // Physica A. —2001. — V.298. — P. 237-254.

Te3m:

1. Cmpyuaes A.U., Cmpyuaee H.HM. OueHka cpeHero pa3mepa >KUpPOBbIX IIAPUKOB TO-
MOTEHU3HPOBAHHOTO MoOsoKa // JlucniepcHble cuctembl. XX Hay4yHasi KOH(epeHIus
ctpan CHI', 23-27 cent. 2002 r., Onecca, Ykpauna / Te3. goxn. — Onecca: AcTtpo-
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, IepeIyroda TeKCTy CTaTTi, MUIIEThCS Ha MOBI CTATTI OJHUM a03aIioMm, po-
3mipom OykB 12 pt, 060’emom 6—10 psiakiB. AHOTAIIIT HA THITUX MOBAaX /10 TEKCTY CTATTI Ha-
JAIOTHCS MICHS CHUCKY JiTepaTypu. AHOTaLiSIM MEepeayloTh Mpi3BUIIA 1 1HIIIAIH aBTOPIB 1
Ha3Ba crarti. [licns cinoa “AHOTALIA” a6o “SUMMARY™ 3 aG3ana IpyKyeTbCsi TEKCT
a”oTarii.
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RULES FOR AUTHORS
Focus and scope:

— evaporation, condensation, coagulation and electric charge of aerosols, mech-
anisms 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;
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4) the title of the article;

5) abstract;
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7) references;
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of the authors of the 1.5 interval.

Formulas: 14-point font size. The size of the formulas is the same throughout the
text. Indices in indices and power in power should be avoided. The sequential num-
bering of the formulas must be (1), (2), and so on. Greek letters and chemical formula
are always straightforward. Vectors and matrices are typed in half-bold (the arrow
above the vector is not used). Indices (Latin letters) are arranged in italics in formu-
las, with the exception of the words min, max, eff, as well as zero, which are typed in
plain text. Also, functions such as sin 2x, cos ot and so on are also typed in direct
font.

Tables. Tables are numbered only if thereis more than one. Indent to the table
and after it - 2 intervals. If necessary, the table may have a title and a note.

lllustrations. Illustrations must be presented in the text of the paper as they are
mentioned, in .pcx format or any common format. A corresponding signature must be
printedunder the drawing. Inscriptions that impede the perception of anillustration,
should be replaced by digital or letter symbols and transferred to the text of the article
or the signature under the figure. All designations in the drawing must correspond to
the designations in the text. The numbering of the curves in the figure is from the top
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