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TEIVIO®I3UKA JUCIIEPCHUX CUCTEM
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Ciuxap T.I'.!, Poxuyvkuii M.0.!, Bnazooapenko JI.IO.., Illym A.M.?

LYV imeni Muxaiina Jpacomanosea, m. Kuis, Ypaina, 01601, éyn. ITupozoea, 9, Kuis, Yxpaina
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®@i3u4Hi BJACTHBOCTI EMOKCUIHUX MOJiMepPiB B MPOLECi 0TBEPIKEHHSA

Ha ocnosi docnioscenns memnepamypuux sanexcHocmei numomoi menioemuocmi Cp 6i0i-
bpanux npo6 enoxcuonux nonimepie YII-643 ma E/]-20 na pisnux emanax npoyecy omeep-
0JICEeHHsl B8UBUEHO 3MIHY mennioQisuyHux xapakmepucmuk. Po3paxyHok memnepamyp CK1y-
sanns Ty, 6enuuun menioguoilenHs npu 0oomeepoxcenni AH ma cmynens koneepcii a; enok-
CUOHUX 2pyn 00360JIUNU NOKA3AMU GNAUE AKMUBHUX Moougdikamopie enokcuemepy (ET) ma
ouoymungpmanamy (b5D) na weuoxicmo npomikanus peaxyii omeepo’ceHHs.

Ilokazano, wo memnepamypa ckiysanualy ma @enuuuHa menio8UOLIEHHs Npu 00Omeep-
Oocenni AH i cmyninb 3a6epuienocmi peakyii 00cs2ar0me Pi6HOBANCHUX 3HAYEHL WBUOWE Y
8UNAOKY He MoOougikosanoi cmonu ma cmoau moougikosarnoi ET, nioc y eunaoxy cmonu mo-
ougpixosanoi /[bD.

Knrouoei cnosa: nonimep, CKkny8aHus, OmMEEPONCEHHS, NUMOMA MENIOEMHICMb, eNoK-
cuemep, oubymungpmanam.

Beryn. [Ipu po3risai OyAoBH NOJIIMEPIB PO3PI3HAIOTH, SIK PABUIIO MOJIEKYJISP-
HUM (B1H € — XIMIYHUI) Ta HAAMOJEKYJSIpHUM ((p13MUHUIA) pIBHI OpraHi3alli CTpyK-
Typu. MoJieKyIsipHUIl pIBEHb ONMKCYE WOTr0 XIMIYHY OyA0BY, TOOTO CKJIaJ U MOPSAOK
3B’A3Ky OKpEMHUX aTOMIB Ta TpyIl aTOMIB B MoJiMepHOMY JaHlory. Haamonexysip-
HUW PIBEHb OpraHizalii CTPyKTypH XapaKTepu3ye CTPYKTYpPHI YTBOPEHHS B IOJiMe-
pax, po3MipHu SIKMX 3HAUHO IMEpPEBaKaroThb PO3MIpH MOJIEKYJ. TepMiH “HaaMoJIeKy-
JSIpHA CTPYKTypa” € JOCUThH PO3IUIMBYATUM, OCOOIMBO JJIsi TPUBUMIPHUX aMOp(HUX
MOJIIMEPIB, B IKMX HEMOXKJIMBO BUIUIUTH OKPEMI MOJIEKYJIH, 1 MOKE CTOCYBATHCH JI0
PI3HHX IO CBOIW MPUPOJII YTBOPEHb. /{7151 OIBIIOCTI MOMIMEPIB 3 JTTHIHHOIO MaKpOMO-
JIEKYJIOK0 Ta HU3bKOMOJIEKYJIIPHUX PEYOBHH IIMX JIBOX PIBHIB OpraHizallii CTpyKTypH
JOCTATHBO ISl ONUCAHHS iX Oy/0BH. B peanbHOCTI MaKpOMOJIEKYIU OYBAaOTh JOCHUTh
PI3HOMAHITHUMM 1 JIJIsl OTIMCAHHS iX OyJI0BU BUKOPUCTOBYIOTH TOMOJIOTIUHI KpUTEPIi
— TOIOJIOTIYHUI pIBEHb CTPYKTYpHOI opraxizaumii. Lleli piBeHb BU3Haudae crocid
3’€JHAHHS €JIEMEHTApHUX JIAHLIOTIB MOJIMEPHOI MakpoMoJjeKyau. Enokcuani nosi-
MEpH € TUIOBUMHU MPEACTABHUKAMH CITUACTUX IMOJIMEPIB, B IKMX MOJIEKYJISIPHI JIaH-
IIOTH 3’€IHAHI XIMIYHUMH 3B SI3KaMK B TPHOX HANPAMKAX. IX 3a3BUuail MOXHA BHKO-
PUCTOBYBATH B SKOCTI MOJICIbBHUX MaTepialliB MPHU JOCTIIKEHHI CTPYKTYpPH Ta Bilac-
TUBOCTEH TPUBUMIPHHUX MOJIMEPIB. BIacTUBOCTI CITYACTHX €MOKCHUIHUX IMOTIMEPIB
BU3HAYAIOTHCA B 3HAYHIN MIp1 caMe mapaMeTpaMu TOIOJIOTIYHOI CTPYKTYpPH: KUIbKiC-
TIO BY3JIiB, IPOCTOPOBUM PO3TAIIyBAaHHS MIKBY3JIOBUX JUISHOK, iX pO3MipaMu 1 Ma-
COI0.

DOI: 10.18524/0367-1631.2024.62.318399
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Enoxcuani nommMepu (popMyrOThCS B MPOLIEC] peaki(ii TBEPAHEHHS — B3a€MOII1
€MOKCUTHOTO OJIIroMepy (€MOKCUIHOI CMOJIN) 3 PEYOBHUHOIO OTBEPIKyBaueM. [HOI1 B
MPUCYTHOCTI MpHUCKOproBaua (Kartaiizaropa), iHoai 6e3. CaM mpoliec OTBEPIKECHHS
ABJIIE COOOI0 MPOCTOPOBY 3IIKMBKY MOJIEKYJ E€TOKCHIHOTO OJIITOMEPY MOJIEKYJaMH
OTBEP/IKyBaya, TOOTO NMEPETBOPEHHS JIHIKHOTO ToJIiMepy B ciTuactuid. Llel mpoiec
CYNPOBOIKYETHCS PAJIOM BAKIUBUX CTPYKTYPHHUX SIBHII, TAKUX SIK T€JICYyTBOPEHHS,
CKJIIyBaHHA Tomlo. IIpu 1bOMy pO3KpUTTS €MOKCUIHUX TPYI CYHPOBOIKYETHCSA CYT-
TE€BUM BUIUICHHSM TETLIA.

[Hpopmaris npo 3miHy (I3MYHUX BIACTHMBOCTEH KOMIIO3MIIIM B MPOIECT OTBEP-
JDKEHHS BaXKJIMBA HE TUJIbKM B YUCTO HAYKOBOMY IUIAHI, ajie 1 3 IPAKTUYHOI TOYKH 30-
py. Tak, micinst reJeyTBOPEHHS CTa€ HEMOXKJIMBUM PO3JIMBATH KOMIO3UIIT IO (hopMam.
[1ix yac reneyTBOpeHHs BiIOyBa€eThCA HAMOLIBII IHTEHCUBHI YCaJKa 3pa3KiB Ta TEIUIO-
BunuieHHd. [licnsa nmepexony B CKJIOMOAIOHMI CTaH MOJIEKYJISIpHA PYXJIUBICTH 3HAYHO
YIOBUTBHIOETRCS, 1 PEaKIlisi OTBEP/KEHHS MPAKTUYHO MPUIHUHSAETHCSI. KOHTpomo4u
3MiHY TOTO Y{ 1HIIOTO MapaMeTpy B MPOIECT OTBEPKEHHS MOXKHA POOUTH BUCHOBKH
PO TEBHI €Tanu OTBEP/PKEHHS 1 CTYIMIHb 3aBEPIICHOCTI PeakKilii, 0 BKpail BaXKIIUBO
JUTSI BUPIIIICHHS IUJIOTO PSAAY TEXHIYHUX 3aBIaHb.

Ha namry gymky, 1ikaBuM € Teruio13M4HUNA KOHTPOJIb 3a MPOIIECOM YTBOPEHHS
TPUBUMIPHOTO MOJIMEPY MO 3MiH1 TETUIOhI3UYHUX KOSPIIIIEHTIB, TAKMX SIK TUTOMA Te-
IUIOEMHICTh, KOE(ILIEHTH TEIUIO- Ta TEMIEpaTypornpoBiiHOCTi [4]. BTiM Taki jnaHi B
Cy4acHii JiTepatypi BKpail piaKi, a JAJis eMOKCUTHUX CMOJI ITPOCTO BIJCYTHI.

Brenennst Moaudikyounx 100aBOK Ha CTajli XIMIYHOTO (POpMyBaHHS MOJIMEPY
YUHUTH PI3HUN BIUIMB HA IIBHUJIKICTh MPOTIKAHHS PEAKIIi Ta BJACTUBOCTI KIHIIEBOI'O
TPUBHUMIPHOTO TPOJIYKTY.

006’exTH Ta MeTOoAM AOcCHaiIKeHHs. /s mocmikeHHs Oynu oOpaHi KOMIO3MIIi
Ha OCHOBI €MMOKCUHOBOJIA4YHOI cMou YII-643, ssky oTBEpaKyBaiu 130METUITETPAT1 -
podtaneBum anrigpuaoM (IMTI'®A) B mpucytHOCTI mpuckoproBaua peaxiiii YII-
606/2. Bucoka B’s3kicTh cMmoiu YII-643 He mae MOXIMBOCTI MPOBOJIUTHU PEAKIIIIO
OTBEPJIKEHHS MPU KIMHATHUX TEMIIEpaTypax OCKIJIbKA BOHA € KOMIIAYHJIOM rapsiioro
OTBEPJIKEHHSI.
[TpomucnoBy nianoBy cmony EJI-20 momudikyBamu enokcuerepom (ET) Ta
muoytundranatom (IbD). ET mictus 3,4 % enokcunnux rpym ta 4,2 % riIpoKcu-

H,C—HC—H,C-0 H,C —ﬁC—HgC -0 O—CH,—CH—CH,
s \ /
No o )\ "
= | CH, # | CH, | S

CH; _
chcr0l & Nl ocHrcncmod & )| —ocH,ch-
Cl-{z /CH CH,-O N/ EH\\—H O CH, CH-CH,-0 \\_//? \\I O-CH,-CH-CH;,

o 5 OH CH3

Puc. 1. Ximiuni popmynu enokcuHoBodauHoi cmonu YI1-643 ta gianosoi cmomu EJI-20.
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NBHUX Tpym. Moro oTpumyBamy muisxoM erepudikaiii enmoxcHmHoi 1iaHOBOT CMOJH
E-40 xupHoto kuciororo TaneBoro Macia. CriBsigHomeHHs: E-40 Ta xupHoi Kucio-
TH O0MpaJId TAKUM YHMHOM, 100 KOXKHA MOJIEKYJia eOKCHeTepa Malia OJHYy (YHKIIO-
HaJbHY €MOKCUIHY Ipyny. Moaudikatopu BBOJUIUCH B KUTbKOCTSIX 10 MacoBux 4a-
ctuH Ha 100 macoBux yacTuH cMoiu. KoMIo3uIlito oTBepIKyBaiu MOJTIETHIICHITOMNI-
aminoM (I1EITA) npu temnepatypi Ty, = 25°C TOOTO OTpUMYBaJId KOMIAYH]T XOJIO-
HOT'O OTBEPIKECHHS.

Jl7iss BUBYEHHSI TIPOLIECY OTBEPHKCHHS Ha PI3HUX CTaAisIX HAMH 3aCTOCOBYBAIACh
HaCTyIHa METOJMKA: MICIs 3MIIIyBaHHS €MOKCHUIHOI CMOJIU (OJIroMepy) 3 OTBEp-
JDKyBaueM, MPUCKOPIOBAYEM Ta MOAU(pIKATOpaMHU, CyMIll pO3JIMBAJIA B pa3oBl (opMH
1 BMIIIYBaJIM B TEPMOCTAT MPU 33JaHiil TeMIiepaTypl OTBepKeHHs. B nependauenmii
EKCIIEPIMEHTOM MOMEHT 4acy MOTpPiOHWI 3pa30K BHMMAIU 3 TEPMOCTATy 1 3aMOpO-
KyBasd Tipu Temmneparypi —196° C B piakomy a3oTi i NPUNUHEHHs peakuli. Biro-
MO, 1110 pPeaxiiii OTBEPHPKEHHS Ta JOOTBEPI>KEHHS MOKJIMBI JIUIIIE MPU TEMIIepaTypax,
OUIBPLIMX 3a TeMIleparypy ckiyBaHHs 1, komno3uuii [1, 2]. IIpu oTBepaKeHH1 TakuX
3aMOPOKEHHUX BiAIOpaHUX MpoO, B SAKUX PEaKilis OTBEp/KEHHS Oyia MpU3ynuHEHa,
CIIOCTEpIrajiy €HJI0- Ta €K30TepMIUHI eEeKTH, OB’ s3aH1 13 CKIIyBaHHSAM Ta JOOTBEp-
JLDKEHHSIM BiAMOBIAHKUX 1po6. Temnosi epextu ¢ikcyBanu TepmodaTapesmu 13 60 mo-
CJIIJIOBHO 3’€IHAHUX TEPMOIAp 3a 3MIHOK MUTOMOI TeI0eMHOCTI C, 3a T0IIOMOT0I0
JUHAMIYHOTO KaJIOPUMETPA, OMHMCAHOMY paHiiie B [3] mpu NiHIMHOMY HarpiBaHHi
(Puc. 2).

Pe3yabTaTu Ta ixX o0rosopennsi. Ha puc. 2 npencrasieHi TemMnepaTypHi 3a1ex-
HOCTI ITUTOMOI TeII0eMHOCTI C, KOMIO3ULIl Ha OCHOBI cMoiu YII-643 Ha pi3HuX
eTanax OTBEpIKeHHA. Ha TemmnepaTypHUX 3aJIEKHOCTSIX CIIOCTEPIraeThes “cTpuOOK”
TEIJIOEMHOCTI, SIKAM BIANOBIJA€ MPOIECY MEPEX0Ay KOMIAYHIY 3 CKJIOMOAIOHOTO B
BHUCOKOEJIACTUYHUN CTaH, Ta IHTEHCUBHMN €K30TEPMIYHMI Ipollec, IO BiANOBIIAE
00TBEpKEHHI0. Moro MakcumyM mpumagae Ha 120°C. 3a IUIomero boro MaKcH-
MyMY BU3HAUYaJIM KUIbKICTh TEIJIOTH, 1110 BUALISETHCS B pEaKiii JOOTBEPIKEHHS:

CtyniHb KOHBEpPCIT ENOKCUIHUX TPYI ¢, 1110 XapaKTEPU3y€e 3aBEPIICHICTh peaKiii
Ha Oyab-sIKiM cTajlii OTBEP/XKCHHSI BU3HAYAIIM 1O TETUIOBUAUICHHIO MPU PEAKIIi J0-

OTBCPIPKCHHA:
_ AHy—AH;

@ === (D)
ne AHy — KUTbKICTh TEIUIOTH, 1110 BUJILISETHCS MPU MOBHOMY OTBEPJIXKEHH1 3pa3Ka Bij
MOMEHTY 3aMilllyBaHHsI peareHTiB; AH; — KUIbKICTh TEIUIOTH, 110 BUIAUISETHCA TPU
JIOOTBEP/PKEHHI1 3pa3Ka B i —id MOMEHT 4acy.

KpiM €K30TepMIYHOIO MaKCUMYMY Ha BCIX TEMIIEPATyPHUX 3aJEKHOCTAX TEIIO-
€MHOCTI YITKO PEECTPYETHCS MPOLIECCKITYBAHHS KOMIIO3HIIi1, B IHTEpBAJIl TEMIIEPATYP
T <T,m, sIKa Tiepenye €K30TEPMIUYHOMY MaKCUMyMY (IIpOLIEC TOOTBEPAKEHHS B KaJo-
puMeTpi). [3 3anexHOCTI BUIHO, 110 13 301TIBIICHHSIM Yacy OTBEP/IKEHHS 3MEHIITY€Th-

Csl €K30TEPMIYHUN MaKCUMYM JOOTBEP/KCHHS, 1110 BIAMOBIA€ 3pOCTAaHHIO KOHBEPCIT
(4H = AHmax — 0=0; AH =0 — o = Omax).

10
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Puc. 2 TemneparypHi 3a71eKHOCTI TEIIO-
€MHOCTI €NmOKCHHOBOJIayHOT cmonu YII-
643 otBepmxkenoi npu §0°C BoponoBxk: 1
— 3pazy miclsg 3MinryBaHHs, 2 — gepe3 0.5
roauH, 3 — 1.5 rogunm, 4 — 3.25 roaux, 5
— 10 rogun, 6 — 80°C 3 rogunau + 120°C-6
roguH + 175°C-6 rogu.
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Puc.3.3anexHICTh TEMIIEPATypu CKIIyBaH-
Hi Tg: 1 — 80°C, 2 — 100°C, 3 — 120°C Ta
Beanunuu TermtosuauieHast AH: 4 — 80°C,
5 — 100°C, 6 — 120°C Bim yacy oOTBep-
mokeHHsT cMonu YI1-643 i3ometunrerpari-
Ipo(TIAEBUM aHTIAPUIOM IPU PI3HUX TEM-
neparypax.

Temneparypa CKIIyBaHHSI 3pOCTA€E 1 IOCATAE PIBHOBAXKHOTO 3HAUEHHS. 3POCTaHHS
AH xoMmno3uiii B Mpoleci peakiii MpOoNnopLiiiHE CTYNEHIO PO3KPUTTS €HOKCUIHUX
rpyn [1], abo koHUeHTpauii XIMIYHUX 3MKBOK. OfAHAK TemrepaTypa CKIyBaHHS IO-
JIMEPY BU3HAYAETHCS MEPEBAXKHO HAJJUIIKOBUM BUIBHUM 00’€MOM, ‘“3aMOpPOXKEHO-
MY’’y OJTIMEPHOMY CKJI1 (X04a ¥ HEe TUTBKH HHUM).

Sk BUZIHO 3 puC. 3B IEBHUIM MOMEHTYAcyHacTa€ ynoBUIbHEHH peakuli (1, nepe-
CTa€ CTPIMKO 3pOCTATH, a BEJIMUYMHA TEIUTOBUAUICHHS AH, a OTXKe 1 CTyliHb KOHBEpCIi
a cradbumsyoTtbes). [Ipu npomy Benmuunnan Ty Ta AH 3anexars Bl TEMIEpATypu pe-
akIii. YIOBUJIbHEHHS peakilli He MOB’SA3aHO 13 3MEHIIEHHSIM KIJIBKOCTI €IMOKCHUIHUX
rpym.

Skmno 3pazok, mo orBepakyBaBcs npu 100°C nomictutu B Tepmoctat nipu 120°C,
TO TEIUIOBUAUICHHS Oyjie MpUOIM3HO BIAMOBIIATH PI3HUIN KUTBKOCTI TEIJIOTH OTBEp-
mokeHHs 1poro 3paska npu 120°C ta 100°C. IIpu upoMy, sIK MOKa3aB €KCIIEPUMEHT,
TEMIIEpATypH CKIyBaHHs CUCTeM, IO oTBepe:KyBamch npu 120°C ta 100°C+120°C
3piBHAIOTHCS. TOOTO, TEeMIlepaTypa CKIyBaHHS CUCTEMH BU3HAYAETHCS KIHIIEBOIO TEM-
IepaTyporo JOOTBepAKeHHs. YnMm Buna temneparypa peakuii (7,) tum Buma 7, Ta
CTYIIHb KOHBepCii o (a00 MeHIlIa KUTbKICTh TEIUIOTH T00TBEpAKEeHHA AH).

VYTIOBIIBHEHHS peakKii, Mpo sKe 3raayBajioch BULIE, [TOB’S3aHO HE 3 TUM, IO CH-
CTeMa J0cAria TaKuX CTYNEHIB KOHBEPCIi, PU SKUX MOBHICTIO 3aMOPOXKYETHCS CEr-
MEHTQJILHUN PyX JIAHIIOTIB CITKH. B CKJI0MOAIOHOMY €MOKCHIHOMY TOJIIMEpl MpHU
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naHiii temrneparypi 7, 30epiraeTbcsi IeBHA MOJEKYJsipHa pyXiuBICTh [4, 5].Take
“BUMOPOKYBAaHHS™ TOB’SI3YETHCA 13 3MEHILICHHAM BUILHOTO 00’€MY B CHCTEMI MpU
30UTBIIEHH] CTYNEHI0 KOHBEPCii, OCKIIBKH MIKPOCITYACTHM (TYCTO3IIMTHI) MOJIIMEp
yIaKOBaHUM 3aBXIM Kpallle 3a JIHiiHI aMmop(dHi MOJTIMEPH.

KoxHiit remnepatypi peakuii 7, BIAIOB1Ia€ CBIM CTYIIHb KOHBEPCIi o, IPU IKOMY
MOJTIMEP JIOCSTAE CKIIOMOII0HOTO CTaHy.

3 puc. 2 BUJIHO, 1110 TEMIIEpATypH CKIyBaHHS KOMITO3UIIIN B AIMCHOCTI OJU3bKI JI0
Temneparypu peakuii. Tak Oyze npoAoBKyBaTHCh JOTH, IOKU 1), HE CTaHE PIBHOIO
IpPaHUYHIM TeMmIeparypl CKIyBaHHSA NOJIMeEpy, Hicis 4doro Ig= const# f(1,). Ilpu
bOMY Ha 3a1eKHOCT1 C,=f(T) MOBHICTIO 3HUKAE €K30TEPMIYHUM MaKCUMyM (KpHBI 3
1HaekcoM 6). Iloganbmi 3miHu 7, MOXYTh OyTH BUKJIMKAHI JIMIIE YMOBAMH OXOJIO-
JOKEHHS 3pa3Ky (BlAMaTIOBaHHS, 3arapTyBaHH).

Sx BuaHO 3 puc. 4, BBEJCHHS €IOK- 40
cuerepa (ET), mo mae B cBoili Mose-
KyJl OJHYy €MOKCHIHY TPyly HE 3Mi-
HIOE MIBUAKOCTI peakirii (mpo 1o cBij-
YUTh HAKJIQJaHHS KPUBUX KIHETUKH
TEIUIOBUIICHHS MOJM(]iKoBaHOI 1 He
MoudikoBaHoi kommosuilii). [lopsn 3
MM TPUCYTHICTh AUOyTUI(TATIATY
(JIb®) mnpuzBOAUTH N0 MOMITHOTO
yHOOBUIbHEHHs1 peakiii. Kommo3uiis,
MoaudikoBana JIb® nocsrae piBHOI
koHBepcii o (a0 AH) Ha = 8+9 ronuH
MI3HIIIE KOMIO3UIli MOAM(DIKOBAHOI
ET Ta BuxigHOi.

3MEHIIIeHHsS] IIBUIKOCTI  peakiii
MoaudikoBanoi JIb®  enmokcuaHOi
CMOJII MOXke OyTH MOSCHEHOI MEH- 20
mUMH  3HaYeHHSIMH T,. OpHak mpu
IIbOMY CJIijJi OyJlo OYiKyBaTH OuIbIIi
3Ha4YeHHA CTYyINEHI0 KoHBepcii o (abo  Puc. 4. 3anexHicTs TemepaTypu CKIyBaH-
menmti AH poorsepmkenns), mo we  HA Tg 1 —EJ-20, 2 — EJI-20 + ET, 3 - EJI-
criocrepiraetbest. TakKuM YUHOM, YIIO- 20 + JIb® Ta BenUMYMHU TEIUIOBUALICHHS
BUIBHEHHS PEaKIii CiijJ MOsSICHIOBATH AH: 4 — EI[—20, 5 - EN-20 + ET, 6 N EJ-20
eKkpaHyBaHHAM mosiekyinamu J[b®d pea- i I[.BCD. BUL HaCy OTBCP/DRCHIA TTOMETHICH

oo N nosiiaMmiHoM MoaudikoBanoi cmonu EJI-20.
KIIIHHO3AATHUX TPYIT €MOKCHIHOI CMO-

JIK Ta OTBCPAKyBayda.

20

BucHoBku. BukopucTaHHsS IUHAMIYHOTO KaJIOPUMETPY Ta METOIMKA JOCIHi-
JDKEHHS B111OpaHuX Mpo0 eMOKCUAHOTO MOJIIMEPY Ha Pi3HUX eTanax IMpoliecy OTBep-
JLKEHHS J03BOJISIIOTH PO3paxyBaTy 3MIHY TEIIO(I3UYHUX XapaKTEPUCTUK Ta OLIIHUTH
KJIFOUOBI €TaIly [bOTO MPOIIECY, TaKl K T'eJICyTBOPEHHS Ta CKIIyBaHHS.

JlocnikeHHs TIpo1iecy AOOTBEPHKEHHS €MOKCUIHOTO MOJIMEpPY Ha OCHOBI CMO-
mu YII-643 B auHamMiyHOMY KaJOpUMETpPl J03BOJISIE TOKA3aTH, IO TeMIlepaTypa
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CKiIyBaHHS T, Ta BeIMYMHA TEIUIOBUALJICHHS NP JOOTBEpAKeHHI AH mBuaLe a0cs-
raloTh PIBHOBAXHUX 3HAYEHb MpU OUIBLIMX TEMIEpaTypax MONEpEeIHbOTO OTBEp-
JKEHHS.

TemmnepaTypHi 3aJIeKHOCTI TEIUIOEMHOCTI E€MOKCHUIHOTO TOJIIMEpPY Ha OCHOBI
cmonu EJI-20 MoaugikoBaHOI €MOKCHETEPOM Ta TUOYTHI(PTATIATOM AAI0Th MOKIH-
BICTh 3pOOMTH BUCHOBOK, 110 TeMIlepaTypa CUIyBaHHSA T, Ta BEJIMYMHA TEIUIOBUII-
JIEHHSI TIPU JOOTBEP/DKEHH1 AH, a OTKe 1 CTYIiHb 3aBEPIICHOCTI peakKiiii, JOCITraloTh
PIBHOBA)KHUX 3HAYEHb IIBHUJIIE y BUMAAKYy HE MOAU(PIKOBAHOI CMOJM Ta CMOJIM MO-
mugikoBanoi ET, Hixk y BUnaaky cMmonu Mmoaudikoanoi Ib®. Monekynu qudyTu-
¢dTanaty O4eBHIHO €KPaHYIOTh €MOKCUIHI TPYIH 1, TAKUM YHHOM, TAIBMYIOTh peak-
I 1O.
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T.G. Sichkar, M.O. Rokytskyi, L.Yu. Blagodarenko, A.M. Shut
Physical properties of epoxy polymers during curing process

SUMMARY

Based on a study of the temperature dependences of the specific heat capacity Cp of select-
ed samples of epoxy polymers UP-643 and ED-20 at different stages of the curing process,
the change in thermophysical characteristics has been studied. Calculation of the glass tran-
sition temperature Ty, the heat release during post-curing AH and the degree of conversion a;
of epoxy groups made it possible to show the influence of the active modifiers epoxyether (ET)
and dibutyl phthalate (DBP) on the rate of the curing reaction.

The use of a dynamic calorimeter and a technique for studying selected samples of epoxy
polymer at different stages of the curing process made it possible to calculate the change in
thermophysical characteristics and evaluate the key stages of this process, such as gelation
and glass transition.

A study of the post-curing process of an epoxy polymer based on UP-643 resin in a dynam-
ic calorimeter made it possible to show that the glass transition temperature T, and the

13
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amount of heat released during post-curing AH more quickly reach equilibrium values at high
pre-curing temperatures.

The temperature dependences of the heat capacity of an epoxy polymer based on ED-20
resin modified with epoxyether and dibutyl phthalate made it possible to conclude that the
glass transition temperature Ty and the amount of heat released during post-curing AH and
the rate of completion of the reaction reach equilibrium values more likely in the case of un-
modified and modified by ET resin than in the case resin modified by DBP. This fact can be
explained by the fact that dibutyl phthalate molecules apparently shield the epoxy groups and,
thus, inhibit the reaction.

Key words: polymer, glass transition, curing, specific heat, epoxyether, dibutyl phthalate.
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BapianTu KOHCTPYKTUBHHUX pilleHb nNepBUHHOTO KOHTYPY TH «moBiTpsi-Boxa»
JJISl CXeM TeIIONOCTAYAHHS NPUBATHUX KUTJIOBUX OyIMHKIB

B cmammi posensanymo eapianmu 001auimysanHs NepeuHHO20 KOHMYpY Menioeux HaAcocie
«nogimps — 600a». 3 MouKU 30py KANiMAibHUX 3ampam i mepminy 6y0ieHUYmMea nogimpsanul
TH € nausucionivum. Ane uomy npumamarHuti Cymmesuil HeooliK: NAOIHHSA MenjionpooyK-
MUBHOCMI NPU 3MEHULEHHT MeMNepamypu 308HIUHbO20 NOBIMPS, — came modi, Koau nompeoa
6 meni 3pocmac. /{1 NROKpUmMmsL NIKOBUX MeENIOHABAHMANCEHb CUCTEMA ONATIeHHSL OOYKOMN-
JIeKMo8yemub s 0yOI0I0UUM 0dHCepesloM menia — 5K, NPasuio, ye eleKmpoHazpiealbHa 6cma-
6Ka.

Howyxku wnsxie ycyHeHHs abo CYymmeso20 3MEeHULeHHsl 3aeHCHOCMI MenIonpoOYKMUEHO-
cmi nogimpanux TH 6i0 memnepamypu 306HiuHb020 NOBIMPS NPeOCMAasieHi mpboma eapia-
HMAamuy KOHCMPYKYIl 6UNAPHUKA MENN108020 HACOCY(NOBIMPS — 800a». i3 «KIACUYHUMY» MeN-
JIOOOMIHHUKOM V' 8U2IAI0T MIOHUX MPYOOK 3 ATIOMIHIEGUM NAACMUHYAMUM OPEOPEHHAM | U-
MYUWEHUM pYXOM NO8IMps 3a 00ONOMO20K0 GeHMUNAMOPY; I3 8ePMUKATILHUMMIOHOMPYOHUM-
menji00OMIHHUKOM 3 QNIOMIHIEBUMU NAABHUKOBUMU pedpamui 8iibHUM pyxom nogimps — Oc-
topusma menio0OMIHHUKOM Y (popmi cadubHo20 napKamy — 00HOPAOH020 MpPYOHO20 pe2icmpy
i3 noniemunenosux mpyo (nimeyvka mexnonoceis Energiezaun).

Ilpeocmasneni po3paxynku noGepxti eHepeemuyHo20 NApKaHy O HCUMi08020 0YOUHKY 8
m. Ooeci.

Knrouoei cnosa: eunapuux meniogo2o HAcocy «nNogimps — 600a», NePEUHHUL KOHMYp me-
NJI08020 HACOCY, NEPEUHHULL KOHMYD MENI08020 HACOCY, MIOHI mMpYyou 3 anOMIHIEBUMU NAAG-
HUKOBUMU pebpamu, eHepeemudHull NapKaH.

Beryn. TennoBuil Hacoc «IOBITPS — BOJia» 3a JCIIEBU3HOIO, BApTICTIO Ta TPHUBa-
JICTI0O MOHTKHUX 1 MyCKO-HAIAroXKyBaJIbHUX POOIT € 1032 KOHKYPEHIIIEI0 Ha PUH-
Ky TEIUIOBUX HacociB. KapTuHy mcye mpsma 3ajeHICTh TEIUIONPOIYKTUBHOCTI Bij
TeMIiepaTypu moBiTpsa. Bimomo, mo npoayktuBHicTs TH, sKi BUKOPUCTOBYIOTH LIS
ONaJICHHS MPUMILIEHb HU3bKOMOTEHIIIMHE TEIJIO0 30BHIMIHBOTO MOBITPS, 3MEHILYETh-
Csl BCHIJ 3a MOTO TEMIIEpaTyporo 1 TOCUTh CYTTEBO: 3a Temneparypu —20 °C Terion-
ponykTuBHICTH Ha 40 % MeHIIe HOMIHAIBHOI, BKa3aHOI B ACHOPTI JJIsl TEMIIEpaTypu
+7 °C (po3paxyHKOBa TeMIepaTypa XoJOAHOTO nepioay B M. Tokio).

o6 yHUKHYTH IILOTO BIUIMBY a00 3MEHIIUTH HOTO, 3aCTOCOBYIOTHCS PIi3HI MijI-
Xxo1u. J{ns 301IbIIEHHS TEI103’ EMYBUKOPHCTOBYETHCS «II€pepa3MepEHHbI (TEpMiH
1HCTaJISATOPIB) anapar.

Age, nmo-niepiie, B TabapuTH BUITAPHUKA HEMOKIIMBO «BITMCATH» amapat 3 MoBep-
XHEl0, sika 0 3a0e3neuyBana TEMJIOM NEPBUHHUNA KOHTYpP y BCbOMY Jlala3oHi TeMIle-
paTyp 30BHIIIHBOTO MOBITPSI BIPOAOBK ONaltoBalIbHOTO niepioay. Ilo-apyre, Moxiu-
BOCTI 1HTEHCU(IKYBATH IMPOIIEC TEIIonepeaadl y BUMAPHUKY BUuepnani. BcyyacHux
Mojenel KomnakTHicTbesraenonan 100 m*/m?. Tlo-Tpere, HapOILyBaHHAIIBUIKOCTI-
MOBITPSI Y BUIIAPHUKY OOMEXEHE 3pOCTaHHSIM OINOpy amapary. ToMmy B cxemy ora-
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neHHs Ha ocHOBI TH «moBiTps — Boga» BBOAMTHCS MOAATKOBE JKEPENIO TEILIa IS
MOKPUTTS MKOBUX HAaBaHTaKEHb.lle cripuunHsie 3MEHIIIEHHS] CE30HHOTO KOE(IIIEHTY
nepetBopenHs temia (SPF), a, orxke, 30171bII€HHS] TEPMiHY OKYITHOCTI.

ITpopuB y niboMy nutanH1 3aificauna ¢gipma MitsubishiElectric. 3anpornonoBana
y 2005 p TeXHOJOTrisl MPOMIKHOTO BIIOPCKYBaHHS Mapy B IWIIHAP KOMIIpecopa J10-
3BoJIsi€ TIOBITpsiHOMY TH mpartoBaTé 3 HOMIHAJIBHOIO TEIUIOMPOIYKTUBHICTIO 70 —
15 °C, a mo —25 °C 31 Brpatoto juiie 15 % (puc.l). Ane ninaToro 3a 1€ € 3MEHIIICHHS
COP. Axmo npu -15°C COP = 3.2, To mpu -25 °C COP =2.2.

[Tonrykn HOBHUX pilI€Hb, SIKI O PO3MIKPUIN MOXKIMBOCTI NoBiTpstHMX TH, TpuBa-
I0Th. OCTaHHIM YacoOM Ha PWHKY 3’SBHJIOCS HOBE OOJaJHAHHS — II€ TEIIOBUH HACOC
Octopus [2] Ta HiMenbKa TexHoJOr1A Energiezaun — enepretuunnii napkas [3]. B TH
Octopus 3acTOCOBaHO BUMAPHUK 0€3 BEHTUJISITOPA — 3 BIJIbHOIO KOHBEKIIIEIO 30BHIIII-
HBOT'O MOBITPSL.

AJie 3MEHIIEHHS CIIOKMBAHHS €Heprii (BCTaHOBJIEHA TMOTYKHICTh BEHTUJISTOPA
BUnapHuka y mojeni MitsubishiElectric Takoi » XonomonpoaykTuBHOCTI, sk B TH
Octopus, Bcboro N=144 BT) HigK HE BUIpaBAaHe, TUM OUIbIIE, 110 OOMEpP3aHHS BU-
MapHUKa, 3a JaHUMH 1HCTAJISATOPIB,IOYMHAETHCS BXKE Bl TEMIEPAaTypH MOBITPA
+10°C[4].

Ha mpomy Tl BUTIZTHO BiApI3HSETHCSA HIMEIlbKa TexHosoris Energiezaun— enep-
reTuaHnii apkad [3]. TpyOu Horo nepBUHHOTO KOHTYPY 3allOBHEHI TEIJIOHOCIEM 1
MOTJIMHAIOTH HABKOJIUIITHE TETIJIO BiJl COHIIS, TIOBITPS Ta BOJH, MEPEIA0UN HOTO Tell-
JoBoMy Hacocy. Ilig3eMHa gacTrHA MapkaHy CIyTye TEIUI0aKyMYJIsITOPOM, KUl 30e-
pirae Terio MpPOoTIroM HOYl Ta XOJIOIHUX JIHIB 1 JO3BOJISIE BAKOPUCTOBYBATH CUCTEMY
BIIPOJIOBK ONAJIIOBAJIBHOIO CE30HY 3 HAWBUIIUM piBHEM €(EKTHUBHOCTI 0€3 HEOOXII-
HOCTI BMHUKATH JOAATKOBEIKEPENIO ONaJiCHHs — BUPOOHUK 3asiBise, mo TH 3 mep-
BUHHHM KOHTYPOM Y BUTJISII €HEPTETUIHOTO TTapKaHy € MOHOBAJECHTHOIO CHCTEMOIO
OTIQJICHHS.

1. Orasa ocTaHHiX JKepes H0CHilKeHb i myOuaikauniii. Sk nexnapye ¢dipma
MitsubishiElectric[1], reruioBi Hacocu ZUBADAN INVERTER 3a6e3neuyroTs 95 %
noTpeOu B TEIJIOBIN €Heprii, aje iXHii cepeaHii KoedilieHT mepeTBOpeHHs 3a omna-

TexHonorus B m A3 N

20 T T T I 5 os
{ Temnepatypa 8o3ayxa B nomeweHnm 20°C }‘

18 P T
§ 16 \\ T
g N
S 14 N\
£ .
512 :
s \ : //
Y T D U -

0'8 = — TennonpoM3BOAUTENbHOCTD

06 —— —noTp 6. 1

| I I H ;
-30 =25 -20 -15 -10 -5 0 5 10 15 i K]
Temneparypa HapyxHoro Bo3ayxa, °C 3 oo & s
Puc. 1. 3anexHiCTh TEIJIONMPOAYKTUBHOCTI 1 CIO- Puc. 2 Bunmapauk TH Octopus

KUBAHOT  TOTY)XHOCTI  TEIJIOBUX  HACOCIB
ZUBADAN INVERTER Big Temneparypu 30BHi-
IIHBOT'O MOBITPS
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JOBAJIBHUI MEep10/ MOPIBHAHO HEBEIUKHM 1 CTAHOBUTH 01M3bKO 2.1 (puc. 1).

Teruoi Hacocu 1€l xx ¢ipmu Ha 6a3i cuctem POWER INVERTER Ta CITY
MULTI xapakTepu3yloTbCsi BUCOKHM CepeHIM KoedilliEHTOM MepeTBOpeHHs (OJu-
3bKO 3.5), mpoTe BOHM 3a0€3MEUyI0Th MEHIINI pPIBEHb MOKPUTTS MOTPEOH B TEIUI
(6mu3bK0 80%).

THOctopus [2], 3riIHO TEXMAaCMIOPTY, BIAPI3HAETHCS BUIIAPHUKOM OPHUTIHAIBHOI
KOHCTPYKIIii, BI/ICYTHICTIO BEHTUJISITOpA Ta HE MOTpeOye BiATaBaHHS. 3asBJICHO, IO
BUIIAPHUK CKJIAA€THCS 3 MyYKa BEPTHUKAIBHUX MITHUX TPYO 3 IJIABHUKOBUMH aTIO-
MIHIEBUMU peOpamu (puc.2).

[1naBHUKOBE peOpPO CKIAAAETHCS 13 2-X METPIB MIHUX TPYO AiameTpoM 22 MM B
AIIOMIHIEBOMY Mo, IO B LUJIOMY Ja€ IJIOILY, €KBIBAJIEHTHY 64 MeTpaMIIaIKuX
MigHuX TpyO.Hanpuknaza, Bunapuuk S48 ckimagaerscs 3 12 ninaBHUKOBUX pedep 13
3arajpHOIO IUIOLIEH0, €KBIBaJIEHTHOIO 770 meTpam migHux TpyO. IIpoman ycepenuni
MIJHUX TPYO OA€pAKY€e EHEPrito 3 MOBITPSI HABKOJIMIIHBOTO CEpeoBHILA. SIK BKa3aHO
B OJIHOMY 13 PO3JILIIB TEXMACIOPTY,BUIAPHUK HE MA€ YACTHH, 10 PYXatoThcs (TOOTO
BEHTWIATOPA), 1 HE BUMarae BiJTaBaHHsA[2].

Indopmariis Big ekcrutyatamiiHukiBipo podoty TH Octopus Bkpail HeratupHa.
OpuH 13 IHCTANATOPIB BKa3ye, 10 3HAYHUM HelosnikoM Octopus € HaMep3aHHs JIbOy
1 MepeKpUBaHHS JOCTYITy TOBITPS 10 TOBEPXHI BUNapHUKa Bij TemmepaTypu +10°C 1
Huwx4de [4]. IlpuBoautbest Takoxk 3anexHicte COP Bin TemmepaTypu 30BHIITHBOTO
noBiTps s JlaTsii (puc.3).

Eneprernunuii napkas [3] npeacrasisie co0oro nepBuHHUN KOHTYp TH y Burmsiai
pericTpy 13 MONIETHIEHOBUX TPyO, 2/3 BUCOTH SKOTO 3HAaXOIATHCA HA BIIKPUTOMY
noBiTpi, a 1/3 3arnubnena B 3emutto. J[oBKKMHA pPEricTpy 3ajJeXKUTh BlJl TEIJIOBOTO Ha-
BaHTA)KCHHS IIEPBUHHOTO KOHTYDY.

11006 yHHMKHYTH HEOOX1JHOCTI BMUKATH JOJATKOBE OMAJIECHHS B OCOOJIMBO XOJIOA-
H1 JHI, 10 TMapKaHYMiAKITI0Ya€ThbCAMIA3eMHUN TPYOHUN KOJEKTOp, YKIaJACHUN B Tpa-
Hiero (puc.4).HanoBHeHnamickoMabo 06a3zalbToM,sITpaHIIess30epirae Temio Jis Hovl
Ta XOJIOJTHUXTHIB.

Icnye BapiaHT 3amoBHEHHs TpaHiei Bojoro. [Ipu 3amep3anHi BOAU BUAUISETHCS
KpHUCTali3alliitHe TeIIo, sIKke TAaKOX MOJIA€ThCS B KOHTYP omnajeHH:i[S].

3. BuaiieHHs1 He PO3B’AI3aHUX PaHillle YaCTHH 3arajbHoi mpoodsemu. OTxe,
TOJIOBHUIM HANpPsIMOK BCIX MOLIYKIB — 30epexkeHHs HoMiHansHOT COP TH npu 3men-

Umweltwarme

P (kBT) t(°C), COP _\CI)/_ o) (3)
= il ’ (S (lll’l
3oBHIWHA TeMnepaTypa 1
_y paryp ¥ f {f
36 \ coP 18 FuBbodenheizung Energiezaun mit Wasser-Sole-Flissigheit
33+ — —
= L N
7 il 2 T ,
21 \
18] ~ L i
13_ . A /.-- N B Erdkollektor
g N/ - —
. -—O—J ° = > { o N
S —— - 3 Warmepumpe
34 )
0 ! 0

Puc. 3 3anexuicte COP TH OctopusBig Puc. 4 [IpununoBa cxeMa CUCTEMU OIla-
TEeMIIepaTypH 30BHIIMIHHOTO MOBITPS [4] JICHHS Ha OCHOBI T€XHOJIOT11
Energiezaun[7]

17



dizuka aepoaucrepcHux cucreM. — 2024. — Ne 62. — C.15-22

Taoauusa 1. Cepennroa000B1 mapameTpu noBiTps B Ojnieci BIpo-
JIOBX OMaJTIOBAILHOTO MEPIOAY

Micsup 10 | 11 12 1 2 3 4

Temmneparypa, °C 11.3158] 1.1 | -1.3 |-0.6 29 19.2

Bingnocna Bonoricts, % 76 | 82 | 83 82 81 79 |75

Touka pocu ,°C 7.1 125] 03 | 32| 21| 05 |52

Tewmep poscony(tpyon) | ¢ 3 | oo | 39| 63| 56 |-2.1 |42
npu At = 5K

meHH1 TemmnepaTtypu noBiTps. MitsubishiElectric imtoctpye (puc. 1), gk 3a Temrepa-
Typ < + 5°C misa36epekeHHs TEIUIONPOAYKTHBHOCTI HEOOXiMHO 301IBIITYBaTH BH-
TpaTH eHeprii,kKepTByroun BeanunHowo COP.

Amnami3 po6otu nosiTpstHux TH mokasye, mo B ymoBax M. Onecu oOMep3aHHs
BUIIAPHUKA MAaTUMEMICLIE BOPOJOBXK OUIBIIOT YaCTUHU ONATIOBAIBHOIO MEPIOTY
(Tabm. 1).

Sk BUIHO 13 TabnuIll, oOMep3aHHS TPyO €HEePreTUUHOro MapKaHy CIOCTepiraTu-
METbhCS BIIPOJOBK YOTUPHOX MICSIIIB — 3 TPYIHS 110 Oepe3eHb BKIIOYHO, KOJIU TEMIIe-
patypa Tpyou Oyne BiJ’€MHOIO 1 HUXYOK, HIK TeMIlepaTypa TOYKH POCH TOBIT-
ps.O4eBUIHO, IO PEKUM  BiJITABAHHATAKOK MPU3BOJIUTH JO 3MEHIICHHS TEILIONpPO-
JYKTUBHOCTI.

Cynepeunusi nani Mictuth TexHiyHuM nacnopt TH Octopus[2]. 3 oxHOro 60Ky,
BKazaHo, 1o TH He notpeOye BiiTaBaHHs, a 3 1HIIOTO — poOOTa TUILKHU MIPU TEMIIEpa-
Typax 30BHIIIHBOTO MoBITps Buile + 10 °C.

B pesynbrari 3a ganumu iHcTansaTopiB B3UMKY TH Octopus mpaiitoe six eneKkTpo-
koren (B koMiuiekT TH BXOOWTh eneKkTpoHarpiBajibHa BCTaBKa MOTYKHICTIO O-
12 xBT).

TakyuM YMHOM KOHCTPYKIIS BUIIAPHUKA 3 IJIABHUKOBUMHU peOpamMH 1 BUIBHOIO
KOHBEKIII€I0 MOBITPS HIYMM He BUrpaBaaHa. OOMep3aHHs BUIIApHUKA, HU3bKE 3Ha-
ueHHs ¥oro muromoi nosepxHi (29,7 m*/m® y TH Octopus nporu 124,3 m?/m° y
ZUBADAN INVERTER piBHOI TeIIONpoyKTUBHOCTI) Ta BapTICTh MOHTaxXy ((hyH-
JAMEHT TI1J] BUMAPHUK (PHUC.2), TpaHIIEs 10 HbOTO, MIJHI TPYOHU JUIsl XOJOIUIBLHOTO
are’Ty) poOUTh HEAOUUTLHUMBUKOPUCTAHHS II1€] KOHCTPYKIIII.

Ha npoMy 111 BUTiIHO BHAUIIEThCSA TexHoJoriss Energiezaun [3,4]. Eneprernu-
HUW mMapkaH TIOTJIMHAE€ HABKOJIMIHE TEIJIO BIiJl COHI, TMOBITpA Ta BO-
nu.Hakonuuyroun eHeprito, BIH BAKOPUCTOBYE ii JJid HarpiBaHHs TeIJIoHOCIA. Termno
BiJIBOAUTHCA B MiA3EMHY YaCTUHY TMapKaHy, IO T03BOJSIE E€KCITyaTyBaTH CHUCTEMY
BHOUYI 1 0COOJIMBO B XOJIOAHI Ta MOXMYpI JIHI (TeMIeparypa 3eMili BUIIA, HI)K y 30B-
HIIIHBOTO TOBITPA[S]). K TUIbKU TemmepaTypa 30BHIIIHBOTO MOBITPSI I1BUIIYETh-
Cs, HA3eMHUH MapKaH OTPUMYE €HEPTiI0 3 HABKOJUIITHHOTO CEPEIOBHUIIA 1, TAKUM UH-
HOM, BIJTHOBJIIO€ MOTEHINAJ MiJ3€MHOI YaCTHHH. [i rTuOuHa 3a1€KUTh Bif BHCOTH
E€HEPreTUYHOro TMapkKaHy 1 MOBUHHA OyTH He MeHme 1/3 #oro BHCOTH (MaKCUMyM
1 m) [6]). Ha BinMiHY BiJ] TPYHTOBUX KOJEKTOPIB, AKi 32 CE30H OXOJIOMKYIOTh TPYHT,
TEIJI0OAKyMYJTIOI04a 37aTHICTh MIJ36MHOI YaCTUHU MApKaHy MOCTIMHO OHOBIIIOETHCS.
Tomy Ha ycTaHOBKY MmapkaHy He MOTPiOEH J03BUIT IPUPOAOOXOPOHHOI IHCTICKITI].
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Yepe3 acMMUTALIIO COHSYHOI €HEprii Ta TEIUIOTM KOHJEHCALll BOASHOI Napu
(YTBOpEHHS 1HIIO) CHCTeMa MOXKe OyTH 3HAYHO €KOHOMIYHIIIO, HIK TEIJIOBUM Ha-
COC TIOBITPSI-BOJIa, OCKUJIBKM OCTaHHIN BUKOPHUCTOBYE TIJIBKH TeMIEpaTypy MHOBITPS,
SKE € 3HAYHO XOJIOJHIIINM JIKEPEIIOM.

OnuH 13 BUpoOHHMKIB [3] 3asBIIsi€, 110 TexXHOIOTiI Energiezaun 103B0JIsIE BUKOPH-
CTOBYBAaTH CHCTEMY OMAJICHHS 3 HAMBUIIMM pIBHEM €(PEKTUBHOCTI O€3 HEOOX1THOCTI
BMHUKATH JI0JaTKOBE, BUTPATHE JPKEPENIO TeIlia B 0coOIMBO XomoxHi aHi. Fomy cy-
nepeunTsh [7], AKUM 3acBIOUy€, IO B3UMKY, KOJM 30BHIIIHI TeMIlepaTypu HH3bKI,
o0 He BCTAaHOBIIOBATH JOJATKOBE JKEPENO TeIia,eHePreTUYHUN MapKaHI00CHa-
HyeThecsTpaHeinuM TeroooMiHHukoM (TT) (puc. 4).

[ToTpeOye pocnipkeHHs mar TpyO B TPaHLIEHHOMY KOJIEKTOPI €HEPreTUYHOIrO
napkany. O4eBUIHO, 110 TEIJIOOOMIH TPYHT — TpyOa B TpaHILIEWHOMY TEIIOOOMIiH-
HUKy (TT) enepromapkaHy BiJ pi3HSETHCSA BIJl TEIUIOOOMIHY B TOPHU30HTAIBHOMY
rpynToBomy koJiektopi (I'K) reorepmansroro TH.

Sxmo B TT perenepaitisi TpyHTY, SKHUOpUIATae A0 TPyOU (aKTUBHOIO IIapy),
B1IOYBA€ThCS 000U (BIE€Hb, KOJM B TPYHT HAAXOIUTH TEIUIO 1HCOJISIIT Bij
HAJ[36MHOI YaCTUHU €HEpromapkaHy), To B reorepmaibHux TH 3 ropuzoHTalbHUM
KOJUIEKTOPOM pereHepariisi mpoxoIuTh
MICIsl 3aKIHYEHHS OIaJIOBAIILHOTO Ce-
30HY 1 moTpebye miBpoky. Tomy miar

Tadauusa 2. TeroBignava rpyHTy IS
TOPU30HTAIBHHUX KOJIEKTOPIB [9]

MDK TpyOaMu B TpaHIIEHHOMY TEIJIO- Tun rpynry | Terosignaga, Br/m?
OOMIHHUKY MO€E OyTH MEHIIINM, HIXK B 1800 rox | 2400 rox
I'K. Cyxuii 10 8

B oaHOoMy i3eKCIIEpUMEHTIB ISt Bosoruii 20 —30 16 —24
MIOOJIMHOKOI TPyOH 3a KOPOTKOYaCHHUX
pPEKUMIB  €KCIUTyaTalll BCTaHOBIEHO, 4oBT/M?
110 Yac I[OBEPHEHHSACHCTEMHU B IOYaT- y .

KOBHUH CTaH y pPa3iKUIbKaroJIMHHOTO Ta
1000BOTO PEXHUMIB €KCIUTyaTalll CKia-
nae 1..2 rogunul8]. BigMiuaerbcst Ta-
KOX, 110 YMOBHUN KOEQIILIEHT TEII00-
OMIHYy MDXK TPYHTOM 1 TOOJUHOKOIO
TpyOOIO JIeKUTh B Mexax 17.6 — 31.9
B1/(M? -K), a po3Mipy aKTUBHOIO HIApy
rpyHTy KosmBaroThed Big 0.015 mo 0.15
M.

'
'
!
'
'
!
'
]
'
'
'
'

@dipma Viessmanny BKa3iBKax [0 M
MIPOCKTYBaHHSI TOPU30HTAIIBHUX KOJICK- 0102 03 0.4 05 0.6 0.7 0.8 09 1
Topis [9] pexomenmyemar Tpy6 0.3 M. pye, 5, 3anexnicTs MakCHMANBHOT TETLIOBIA-
AJle TOYHO Taka TEIUIOBila4a Ma€ MIC-  paui, Br/m2, Bin THIY TPYHTY i ATy MiX
e i npu mary 0.1 m (puc.5). Tpy6amu: 1 — micok; 2 — rimHa; 3 — im; 4 —

PekoMenpauiinpuBeneHi A eKkc- mimanuk. CynineHa ninig — D 20, myHKTUpHA
mayartaiii BopogoBxk 1800 — 2400 ro- —D25
TUH 3a ce30H (Tabia. 2).0OdeBumaHO, IO

th
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pu 1000BOMYyaOOHaIiBJOOOBOMYPEKUMY €KCILTyaTallli mar Moxe OyTH 3MEeHIIICHU!
10 0.1 m.

Pexomennaiii ¢ipM-BUpOOHUKIB €HEPreTUUHUX MapKaHIiB HE MAalOTh KOHKPETHOI
MIPUB’S3KU JI0 YMOB, 3a AKUX BOHM OTPHUMAaHI, 1 TOMY BUKOPHUCTOBYBATH iX MOKJIMBO
JIUIIIE OPIEHTOBHO (HAINpuUKIaz, [3]: mia3eMHa YacTHHA €HEPreTUYHOTO MapKaHy Iiu-
ounoro 0,5 M Ta mwiomero 7,5 M*3a0e31euyeTeIIoByNOTYXHicTh 1 KBT).

OueBugHO, MO MpobieMa moTpedye OGararoPakTOPHOTO EKCHEPUMEHTAIBHOTO
JOCIIKEHHS.

4. IlocranoBka 3aBaanHs. [locraBneHo 3agady st ymoB M. Oniecu po3paxysa-
TU MEPBUHHUIA KOHTYp noBiTpsiHOro TH 3 BukopucTanHsM TexHoJsorii Energiezaun.
Heo0x11HO BU3HAUYUTH MOBEPXHIO TPYOHOTO PETICTPY 1BCTAHOBUTH, UM JIOCTATHBOIO €
TEIJIOAKYMYJIIOI04a 3/IaTHICTh TPYHTOBOI TpaHIIei, TOOTO 4u € moTpeda B JOJAaTKO-
BOMY JDKepenl Teria.

5. OcHoBHuUIiI MaTepiaa i pe3yjabTaTu. Po3paxyHOK MpoBeaeMO AJi TEIIOBOTO
HaBantaxeHHs 1 kBr. [liamerp TpyOu napkany d., =20X2 MM, noBxuHa Tpyou [ =
14 M (cexuis napkanys[3]). [LIBuakicTh TerioHOCIs (BOJHUN PO3YUH MPOIMIICHTIIIKO-
JII03 TEMIIEPATYPOIO 3aMep3aHHs t,,,, = —10°C) mpuitmaemo:

vTH'dTp

Pexxum Teuii (v, = 0.5 m/c) € naminapuum: Re,, = = 1333. [ns namina-

TH

PHOTO PEKHUMY 1HTEHCUBHICTH TEIUIONIEpEIayul BU3HAYAETHCS 3a1ekHICTIO [10]:
1 2

3 3
Reyy Pl Rey,,

Nu,,, = 1,55 | ~2wTme ) 1 40,01 <2 | |=6.64,

dmp Amp

| RY

ne Pr,, =% = 57
Amn

Nupy Ay

3BigcH KOedIII€HT TEIJIOB11/1a4ul JOPIBHIOBATUME Uy = =195 Br/m’K.

P
TennoBiggaya 30BHI BIANOBIJAE€ KpamneabHIM KOHJIEHCAIllT Ha TOPU3OHTAIBHIN

TpyO1 [11]:

423-r-q(p'—p"")
303_0728W A= —

[IpuiiMeMO TeMIlepaTypy HOBEPXHi TPyOH, Ha SKill BigOyBa€ThCS KpalelbHa KOH-
nencanis, 0°C. Tyr A’ = 0.56 Br/m- K; p’ = 999.9 %; v =1.789-10"%m?/c; p"' =
0.00485 kr/m3; r = 2501 k/Ix/kr. Toni A = 12461 a,,; = 1613 Br/m?K.

KoedimienT remmonepenayi:

1
k = = 87.5 Br/mM? - K
1 Smp 1
+ +
a308 }‘mp amH

[ToBepxHs TEMI000MIHY CTaHOBUTHME F =

k- A
tuBHOCTI , = 1 kBT 1 TemneparypHoro Hanopy At= 5 K wmaemo nosepxHrio: F,. =

2.29 m2. Tt Binnosigae nosxuna TpyoH I, = I;f‘” = 36.3 M/kBT.

oM
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Jlns TeroBoro HaBaHTaxeHHs Q=11.5 kBTi
X0JIOTONPOAYKTUBHOCTI Q, = 9.0 KBT noBxu-
Ha TpyO nmapkany Oyje:

L=Q, l, =3267M

ko cekuis napkaHy Mae JOBXKUHY 14 M,
TO KUIBKICTh TPYO B CEKIlli CTAHOBUTH n = 23
TpyOu. Ilpu Bucori mapkany H = 1.5 M kpok
MDK TpyOamu JopiBHIOBaTUME s = H/n = 65 mm.

[Iap iHit0, IO YTBOPHUBCS, 30UIIBIIYE MOBE-
PXHIO TeIUIoNepeaayl, CTBOPIOE JOIATKOBY III0O-
PCTKICTh MOBEPXHIi, 1 KOeDIIiEHT Terionepena-
Yi3pOCTae.

[Ipu momanpIoMy 3pOCTaHHI 1HIIO 301IbIITY-
€THCSA CTBOPIOBAaHUM HUM JIOJATKOBHUH OMIp T€-  Puc. 6 Hamsemua yacTuna eepre-
monepeaadi, 1 Koe(dIieHT Terionepeaayl THYHOIO TapKaHy
3HUKYETHCS. 3alIeKHICTh KOE(ILIEHTY TEIIo-
nepeaayl BiJi TOBIIMHM MIAPY 1HIIO 1IOpa3y Tpebda BCTAHOBIIOBATU €KCIIEPUMEHTAIIb-
HO [12].

BucnoBku. Sk BugHO, Q1 > @,. OTXe, cucTeMa ONaJeHHs 3 KpUKaHUM aKyMy-
JSATOPOM TeIlIa 3/1aTHA MpalloBaTH B MOHOBaJIEHTHOMY pekuMi. Ha Bumamox miko-
BUX TEIJIOHABAHTAXXEHb, KOJIM TEMIIEpaTypa 30BHIIIHBOIO MOBITPsI OyBa€ HIKYOIO 3a
CEPEIHbOMICSUHY (TaKe TpAIIA€TbCcad KOXKHI 12 pokiB), OypepHa €MHICTb CHUCTEMH
KOMILIEKTYEThCS €J1€KTPOHArP1BaJIbHOIO BCTABKOIO
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Demyanenko Y.1., Glauberman M. A.

Variants of design solutions for the primary circuit of air-to-water heat
pumps for heat supply schemes of private residential buildings

SUMMARY

The article discusses options for arranging the primary circuit of air-to-water heat pumps.
From the point of view of capital costs and construction time, the air-to-water heat pump is
the most profitable. However, it has a significant drawback: a drop in heat output when the
outside air temperature decreases, precisely when the need for heat increases. To cover peak
heat loads, the heating system is equipped with a redundant heat source - usually an electric
heating unit.

The search for ways to eliminate or significantly reduce the dependence of the heat output of
air heaters on the outside air temperature is represented by three variants of the evaporator
design of an air-to-water heat pump: with a ‘classical’ heat exchanger in the form of copper
tubes with aluminium fins and forced air movement by means of a fan; with a vertical copper-
tube heat exchanger with aluminium fins and free air movement - Octopus, and with a heat
exchanger in the form of a manor fence - a single-row pipe regime made of polyethylene pipes
(German technology Energiezaun).

Calculations of the surface of the energy fence for a residential building in Odesa are
presented.

Key words: evaporator of the air-to-water heat pump, primary circuit of the heat pump,
copper pipes with aluminium plate fins, copper pipes with aluminium fin fins, energy fence.
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MikpocTpykTypa Ta Temio(pi3u4Hi BJaCTUBOCTI NOJIMEPHUX HAHOKOMIIO3UTIB
HAa OCHOBI MOJIIMOJIOYHOI KHCJIOTH TA BYIJIeHleBUX HAHOTPYOOK

Bukopucmosyrouu memoou onmuunoi mMikpockonii ma oughepenyianbHoi CKany8aibHoi Ka-
JIOPUMEMPIiOYNI0 OO0CTIOHCEHO MIKPOCMPYKMYPY ma menioQizudti 61acmueocmi noiiMepHux
HAHOKOMNO3UMHUX CUCMEM HA OCHOBI NONIMOJIOYHOI KUCIOMU ma yelieyesux HaHompyobok. 3
Oanux onmuyHoi Mikpockonii 6yno suseneno, wo npu eémicmi 0,5 % nanompyook y cucmemi
cnocmepieacmvcs NePKOJIAYIUHULL nepexio, npu AKOMY Kiacmepu 3 HaHOMpPYOOK NPOHU3VIOMb
gecv 00 ’em mamepiany. Ha ocnogi kanopumempuyHux 00CniodxceHb NOKA3aHo, wo memnepa-
Mypu niaeieHus, X0J100HOI KpUCmanizayii ma CKIAY8AHHs, A MAKOHCCMYNIHb KPUCATIYHOC-
mima cmpubox menyioEMHOCMI NPU CKIAY8AHHI HADY8AOMb MIHIMAILHUX 3HAYEHb NPU 6MicMi
nanosHnioeaya pisnomy 0,5 %. Came nogepxni HaHompy6oK Mae SUPiuULANbHUL 6NIUE HA MEN-
noghizuuni xapaxkmepucmurku O0O0CRIONCYBAHUX HAHOKOMRO3umis. MakcumanibHo po3suHeHa
no8epxHs HANOBHIV8AYA, AKA MAE Micye npu hoOpMy8aHHi NepKOIAYIUHO20 Klacmepd, Ympyo-
HIOE npoyecu pyxy MAaKpOMONeKyl ma NepeuKootcac (OpMySaHHIO HUMU KPUCIATIYHUX

CMpPYKmyp.
Knrouoei cnosa: gyeneyesi Hanompyoku, noiimepui HAaHOKOMRO3UMuU, PPaKmanvHi cmpy-
Kmypu, meniogQizuyni 61acmueocmi, Cmyninb KpUcmaiiyHocmi.

[TomimMepHi HAHOKOMIO3UTH, AKI MICTSIThH ByriieneBl HaHOTpyOku (BHT), marothb
IIMPOKI MEPCIEKTUBU 3aCTOCYBaHHA B 0araThOX ray3siX HayKHd Ta TEXHIKH 3aBISKH
CBOIM BUHSITKOBUM BJIACTUBOCTSIM, TAKUM SIK JIETKICTh, BUCOKA MMUTOMA MIIHICTh, BU-
COKE CITIBBIJHOIIICHHSI CTOPIH 1 BUCOKa muToMa kopcTkicTh [1]. Bemenns BHT no
CKJIaJy TIOJIIMEPHUX CHUCTEM JI03BOJISIE CTBOPIOBATH MaTepiaiM 13 yHIKaJIbHUMHU (13U-
KO-ME€XaHIYHUMU BJIACTUBOCTSAMH. [loniniieHHs: BIacTUBOCTEN BiAOYBAETHCS 3aBISAKU
(OopMyBaHHIO BCEpEAMHI MaTepialy CTPYKTYPHOI CITKM 3 HAaHOHAIOBHIOBAYa, sKa
IIPOHU3YE BECh MOT0 00’ €M.

HayxkoBli, siKi mpamioTh B 00JacTi CTBOPEHHS MOJIIMEPHUX KOMIIO3MTIB Ipa-
LIOIOTh 3 PI3HUMH MOJIMEPHUMHU MaTepiajlaMi, MOYMHAIOYM BlJI TEPMOILIACTIB 1 3a-
KIHUYIOUHM €JIACTOMEPAMH, BUKOPUCTOBYIOUM SIK IPUPOHI, TaK 1 CHHTETUYHI MOIiMe-
pH1 Matpuil [2, 3]. [IpoTsarom ocTaHHIX JECATUIITH MIABUIIEHHS €KOJOT14HO1 0013-
HAHOCTI Ta MOCUJICHHSI PECYPCHOI KPU3H CIOHYKAJIA JAOCTIAHUKIB IO PO3POOKHU MOJIi-
MepiB, SKi 010JIOTIYHO PO3KIIAAI0ThCS, OTPUMAHUX 13 BITHOBJIIOBAHUX PECYpCIB, HA
BIIMIHY BiJl TojiiMepiB Ha ocHOBI HadTu [4]. Cepen nux moyiMepiB HA O10JIOTTUHIMN
OCHOBI TosimMoJiouna kuciota (noninaktun) ([IMK) BBakaeTbest oHUM 13 HAHO1IBII
MePCIIEKTUBHUX KaHIWIATIB Uyepe3 3aJI0BUIbHY MEXaHIuYHY MIIHICTb, 3AaTHICTh 10 Oi-
OJIOTIYHOTO PO3KJIaJIaHHs Ta JIeTKy 00poOKy. B ocHOBHOMY 00JiacTi 3acTOCYBaHHS
IIMK oOmexyroThesl ynakoBkamu, iiamentamu a1t 3D npyky tomro [5]. o6 po3-
muputh cepy 3actocyBanns [IMK, xapakrepuctuku (HanpukIiaa, MILHICTb, TEPMO-
CTIWKICTh) HEOOX1THO MOKPAIIUTHU. 3 IHILIOT0 OOKY, po3poOKa (hyHKI[IOHATEHUX KOM-

DOI: 10.18524/0367-1631.2024.62.318410



dizuka aepoaucrepcHux cucteMm. — 2024. — Ne 62. — C.23-31

no3utTiB Ha ocHOBI [IMK Takoxx Hajgae Oulbllieé MOIJIMBOCTEH MJIA 3aCTOCYBaHHS
IIMK.

IocTranoBka 3axayi. OnHUM 13 HaitnommpeHimux MetoaiB Moaudikamii [IMK e
BBEJICHHS B MaTPUIIIO BYTJICLIEBUX HAHOTPYOOK, sIKI MOKYTh peaii3yBaTH MOKpaIleH-
HSl XapaKTepUCTUK 1 BOJHOYAC HAJATH KOMIO3UTaM MeBH1 PyHKIi. Tak, aBTopamu
mpaii [6] Oyno oxapakTepu30BaHO MeEXaHIYHI BJIACTMBOCTI MarepiajiB Ha OCHOBI
I[IMK Tta BHT nuisixom ix pocnijxenHs Ha po3Tsar. Beenennss BHT no ckiany mosti-
MEpHOI MaTpHIll Y KUIBKOCTI 5 % mpuBeno 10 3poctanHs Mmoayisa FOura va 30%. Ox-
Hak, aBTOpHU BiaMIiTIIH, 0 BBeaeHHS BHT nmpuBoauTh Takox 10 3HMKEHHS MIITHOC-
T1 Ha PO3PUB 1 3arajbHOi B’SI3KOCTI OTpUMaHUX MaTepiamiB. OKpIM MEXaHIYHUX BIlac-
TUBOCTEN OyJM MPOBEACHI JoCHiKEHHs MIKpocTpykTypu cucteM [IMK-BHT. V pe-
3yJbTaTi JOCIIIKEHb MPOIIECIB KpUCTali3alii BcTaHOBIIEeHO, 1m0 BHT Buctynatots B
POJIl 3apOJKOYTBOPIOIOYMX areéHTIB 1 MPUCKOPIOIOTh HYKJIEAIliI0 MPU HEBEIUKOMY iX
HAIOBHEHHI. Y TOM K€ 4Yac CIOCTEPITraeThCsl MPUTHIYCHHS POCTY chEepoIiTiB dyepe3
PIBHOMIPHHUHM PO3MOJLT YACTUHOK HAIOBHIOBAYa Ta iX TapHY CYMICHICTh 3 MaTPUIICIO
[7]. Hocmimxkenns cuctem [IMK-BHT maroth npaktuune 3actocyBanns. Tak, bopTo-
7l Ta 1H. BUTOTOBIsUIM (iameHTd Ha ocHoBl [IMK-BHT Tta BcranoBwiu, mo mnpu
BBeaeHl 1 % BHT, sax TepMmiuHi, Tak 1 MeXaHI4HI BJACTHBOCTI HAHOKOMIIO3HUTIB, Ha-
npykoBaHux Ha 3D-mpunTepi, 3HaUHO mokpamuincs [8]. Takox Oyino Bia3HAYEHO,
110 BUKOPUCTAHHS ITUX HAHOKOMITIO3UTIB MOKE OyTH TIEPCTICKTUBHHAM JIJII BUPOOHUII-
TBa JETaJIel 3a 1onoMororo 3D apyky.

3aranom riOpuH1 Marepiail Ha OCHOBI BYTJIEHEBUX HAHOTPYOOK 1 MOJIIMOJIOYHOI
KHCJIOTH ITPOJIEMOHCTPYBAJIM MOKPAIIEH]1 BIACTUBOCTI Ta MOTEHIIIHI MOXIJIMBOCTI 3a-
cTOCyBaHHsI B Oaratbox ramy3sx. Oanak BHT 3a3Buuail armomepyroTh yepes CHIly
Ban-nep-Baansca [9]; ix Haa3BUUYallHO BaXXKO AMCIEPryBaTH Ta BUPIBHIOBATH B IO-
JIMEpHIN MaTpHIli, 10 MPU3BOAUTH J0 0aratbox Je(PEeKTHUX AUISTHOK Y KOMIO3UTaX 1
obmexye edextuHicTh BHT. He3Baxkaroum Ha Te, mo Oyino AOCIiKeHO 6arato me-
TOMIB JiJIs TIOKPAIIEHHS MPOJYKTUBHOCTI HAHOTPYOOK y TMOJIMEPHUX MATPUIILX, HE
ICHY€ YHIBEPCAJILHOTO METOAY. TaKiuM YMHOM, OJHIEIO 3 BAXJIMBUX MPOOJIEM MpU Po-
3po0I11l BUCOKOepeKTHBHUX HaHOKOMITO3UTIB Ha ocHOBI IIMK Tta BHT € migBumienus
P1BHSI pO3IIOALTY HAITOBHIOBAYA Y MaTPHUIIl Ta BUBYCHHS 1X BIIACTUBOCTEH.

Tomy meToro 1aHoi poOOTH OyJIO BUBUEHHS BIUIMBY BYTJICIEBUX HAHOTPYOOK Ha
MIKPOCTPYKTYPHI Ta TEIIO(pI3UYHI XapaKTEPUCTUKU MOJIMEPHUX HAHOKOMIIO3HTIB
Ha OCHOBINOJIIMOJIOYHOI KUCJIOTH, IPUTOTOBAHUX MOEAHAHHSAM METOAIB PO3UUHEHHS
Ta yJIBTPa3ByKOBOTO JMCIICPTyBaHHS.

Excnepumenrtanbia yactuHa. [lomimonouna kucnorta (IIMK), BupoOHuiirsa
kommnanii DevilDesign (Ilonbia), 6yna obpana nonimepHoro Marpuiieto. [lpu 7' =
20 °CIIMK € TBepoI0 PE4OBHHOKO 3 I'yCTHHOIO p = 1250kr/M>. [lepen BUKOpUCTaH-
HSIM TOJIIMEP 3HEBOAHIOBAIIM HArPIBaHHSIM MPOTATOM 4OTUPHOX ToauH npu 80 C.

bararomaposi BHT BupoOnuntsa BAT «Cnenmarmn» (Ykpaina) BUTOTOBJIEHI 3
€TWJICHY METOJIOM XIMIYHOTO OCaJKEHHs MapiB. BMicT MiHEpaIbHUX JTOMIIIOK CKJia-
naB He Outbiie 0.1%. Ha puc. 1 npuBeneni mikpodortorpadii ByriaeneBux HaHOTPY-
00K, siKi OyJId BUKOPHUCTaH1 y poOOTi, OTpMMaHi 3a JOIOMOTOIO MPOCBIYYIOYOTO €JIeK-
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100 KV sample: B-615 it.. TEM 100 kV
w 2 TEM Spot size: 0.5 ym 50 nm w =, Spot size: 0.5 ym

date: 11.04.2024

date: 11.04.2024

Puc. 1. ®otorpadii ByrieneBux HaHOTPYOOK.

TPOHHOI'O MIKPOCKOIIA. 3a JaHUMHU BHPOOHHMKA, NMTOMA HOBEpXHS — 190 M?/r, 30BHi-
mHiA giametrp — 15 uM, noBxuHa (5+10) MkM, acriekTHe BinHomeHHs L/d = 250 +
170, a rycruna BHT cranoButs p = 2045 kr/m>.

JIJist mpUroTyBaHHS MaTepiaiiB JJI JTOCTIKEHHS TOJIMEp PO3UUHSIIA Yy CyMilln
PO3YMHHUKIB AUMETWICYIbPoKcUay Ta nuMetuianeraminy (1:1). Ilpu nupomy otpu-
myBasi 10 % momiMmepHuii po3unH. HaHOKOMITO3UTH TOTYBaIM METOJIOM YIIbTPa3BY-
KOBOTO 3MIIITYBaHHS Y PO3UMHI MOJIMEPY 3a JOMOMOTOI0 YIBTPa3BYKOBOTO JHCIIEP-
raropa Y3/ A-650 (Ykpaina). [lucnepraiiisi TpuBajia HEIIEPEPBHO MPOTATOM 5 XB Ha
gacToTi 22 k[ 11, moTyXHicTh ynbTpa3ByKy cranoBuia 300 Br. Bmict BHT BapiroBanu
y mexkax (0.1 + 1.5) mac. %. (mami %). Ilicas ynpTpa3ByKoBOi OOPOOKH OTpUMaHY
CYMIIll BUWIMBAJIA HAa CKJISIHY IMOBEPXHIO Ta CYIIWJIM JI0 TTOBHOTO BHUIAJICHHS PO3YHH-
HUKIB ripu Temneparypi 80-100 °C.

Mikposnimku cuctem nodimep-BHT ,,Ha mpocBit” Oynu oTpumaHi 3 BUKOPHC-
TaHHAM ONTHUYHOIO MIKpockoma Sigeta, oOmagHaHOTO UMPOBUM BIJEO OKYIIPOM
DMC-800 1 cucremoro oOpoOku 300paskeHHs. JlochipKyBaHi 3pa3Ku MOMIIIATIN Y
CKJISIHY KOMIPKY, TOBIIMHOIO 80 MKM. DpaKkTaibHICTh KOMIO3UTIB XapaKTEPU3yBaIH
[UISIXOM aHalli3y OiHapHUX (YOPHO-O17IMX) BOBUMIPHHX 300pa)KeHb 3a JOMOMOTOIO
nporpamu ImageJ v1.41.

TemmodiznyHi HOCHITKEHHS MPOBOIWIA B CyXiii aTMocdepi a30Ty B IHTEpBai
temriepatyp Bix 30°C mo 180 °C mpu mBuakocTi HarpiBadas S °C/XB METOAOM -
depenmianpHoi ckanyBanbHO1 KajmopumeTpii (JICK) 3 BukopuctanHsM kamopumeTrpa
DSC-60 Plus (Shimadzu).

Pe3yabTaTtu Ta 00roBopeHHs. J1Jis BUBUCHHS BIUIMBY BYIJICIIEBUX HAHOTPYOOK
Ha OopMyBaHHSA Ta KIHIIEB1 BIACTUBOCTI MOJIMEPHUX HAHOKOMIIO3UTIB HAa OCHOBI IO~
JIMOJIOYHOT KMCIIOTH MTPOBOJIAIU JTOCHIKEHHS MIKPOCTPYKTYPHUX OCOOJIMBOCTEH Ta
TEII0(I3UYHUX XaPAKTEPUCTHUK.

OcobimBocti mikpocTpyktypu cucrem [IMK-BHT. V nonxiMepHux HaHOKOM-
nmo3uTax, ki mictate BHT, 31 30iibIIeHHAM BMICTY HAIlOBHIOBaua, B3aEMOJIS MIXK
1HANBIAyaTbHIMH HAaHOTPYOKaMHU CTa€ CHIBHINIOIO 3a B3aemonito nomimep-BHT. ¥V
pe3ynbTaTi bOTO, y TaKWX CHUCTeMax, MpH JAesKid moporosii koHmeHtparii BHT
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Puc. 2. Mikpodororpadii cuctemu Ha ocHoBi [IMK Ta BHT nipu 36inbmienni % 100.
Bwmict HarOTpYyOOK: @) 0.1 %; 6) 0.25 %; B) 0.5 %; 1) 0.75 %; 1) 1.0 %; 1) 1.5 %.

CIIOCTEPITAEThCS CTPYKTYpHUH nepkossiiiuuii nepexia. [lpu nubomy BHT, abo ix ar-
peratu, yTBOPIOIOTh CITKY, siKa MPOHU3YE BeCh 00’ €M JTOCIIIKyBaHOTO MaTepiany. Ha
puc. 2. mpuBeeHI MIKPOCKOMIYHI 300pakeHHs] HAHOKOMITO3UTIB Ha ocHOBl [IMK 3
pizaumu koHueHtpaisiMu BHT y gianasoni Big 0.1 % g0 1.5 %. 3 puc. 2 BugHO, 1110
mpu BMicTi BHT mo mopory nepxomsii (Cgur = 0.1-0.25 %), HAaHOTpYOKH yTBOPIO-
I0Th MIOOIMHOKI KJIacTepH, K1 HE 3 €AHYIOThCA Mik co0010. [Ipn KOHIEHTpalligx 1mo-
o3y nopory nepkoistii (Cy,, = 0.5 %), BHT nounHarots GopMyBaTH BEJIUKI ar-
nomepatu. [lpu mocarHeHH! NepKOJIALINHOI KOHIEHTpAIlll, YTBOPIOETHCS HETEPEPB-
HUM nepKoJsLiiHui Kiactep. [Ipu KoHuentpanisx 6inpmmx 3a Cyyr (Cpur = 0.75—
1.5 %), xnactepu BHT mounHaroTh poCTH, YTBOPIOIOYHM BCE OUIbIIIE HEMEPEPBHUX
MPOBIAHUX KaHaIB (MEPKOJSAIINAHY CITKY). Take HU3bKE 3HAUYEHHS MOPOTY MEPKOJIs-
i € TunoBuM it cucteM noiiMep-BHT Ta mosicHIoeThCsl eKCTpeManbHO BUCOKUM
acmeKTHUM BigHomenHsM, r =//d (r=100-1000) [10].

OpHi€0 13 KIACTUYHUX XapaKTEPUCTHK CTPYKTYpYBaHHS HAaHOYACTHHOK Y TOJi-
MEpHI MaTpull € ¢ppakTalbHa PO3MIPHICTH, SIKa OMHUCYE (pakTalbHI CTPYKTYPH Ha
OCHOBI KIJTbKICHOT OITIHKH 1X CKJIQJIHOCTI. I3 MIKpOCKOIIIYHUX 3HIMKIB MOHA OIIIHUTH
(bpakTagbHy pO3MIpPHICTH dj, fKa, MO CYTI, BigoOpaxkae MOPQOIOrito KiacTepiB 13
BHT y nBoBumipHiii npoekuii. @pakTaibHa po3MIpHICTh dy Oyia po3paxoBaHa ILIs-
XOM IMiJIpaXyHKY YHUCJIa KOMIPOK, HEOOXITHUX /i1 TOKPUTTS TEPUMETPY arperarib
N Biz po3mipy komipku L [11]:

Noc L. (1)

Jlnia ominku (ppakTagbHOI pO3MIPHOCTI BCl 300pakeHHsST IEpEeBOAMIN Yy OiHAp-

HUM (YopHO-011mif) hopmart. 3anexHicTh GpakTanbHOI po3MipHOCTi Bix BMicTyBHT y
cucTeMi puBeAeHo Ha puc. 3. 3 puc. 3 BuaHO, mo 31 30iapmerHsM BHT y cucremi
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Puc. 3. 3anexHicts ¢ppakTaabHOI Puc. 4. Kpusi nudepeniiaabHo CKaHy-
po3MmipHocTi Big BMicty BHT mis BAJIbHO1 KaJIOPUMETPIi IS TOJIMEPHUX
cucteM Ha ocHoBl [IMK . HaHOKOMNIO3UTiB Ha ocHoBl [IMK Ta

BHT. BmicT HanoBHioBaua: 1 — 0%;
2 —0.1%; 3 — 0.25%; 4 — 0.5%; 5 —
0.75%; 6 —1%; 7 — 1.5%.

BIIOYBAa€TbCS HEMOHOTOHHE 3pocTaHHs dy. Taka cXxoka TMOBEAIHKAa TaKOX
crioctepiraiacs Jijisi pi3HOTO THUITy CUCTEM, HAaTIOBHEHUX HAHOTPYOKaMH, HAIPUKIIA],
[TIET-1000-BHT [12] Ta rmiuepun-BHT [13]. 3nauenns dy nexurb y Mexax Bing 1
(BUMAIOK JMHIMHUX arperariB) Ta 2 (BUIAIOK IIILHUX arperatiB). [[is nmepexomy 10
(dpakTanbHO1 PO3MIPHOCTI TPUBUMIPHUX arperaTiB MOKHA CKOPUCTATUCS HACTYITHOIO
dbopmynoro [11]:

d,=d; +1, (2)

3 . . . . 2 .
e d r Q)paKTaHBHa PO3MIPHICTh TPUBUMIPHHUX arperartiB, d F (I)paKTaJIBHa pPO3M1-

PHICTh JBOBUMIPHUX arperaris.

3 puc. 3, BUAHO 110 HAWOLIBII IHTEHCUBHE 3POCTaHHS (PpaKTabHOI PO3MIPHOCTI
crioctepiraethesi B ob6yacti nmopory mnepkossmii anst cuctemu [IMK-BHT. Tlpu i
KOHIICHTpAIlli YTBOPIOETHCS MEPKOJIALINHUN KIIacTep, KU, Tpu 30UTbIIEHH] KIJTbKO-
cti BHT y cucremi, yiiabHIOETCS, IPU LIbOMY 3HaueHHA dr 3poctae a0 1,88. Ilpu
1boMy ToBepxHs arperariB i3 BHT 3miHIOETBCS 13 Tiagkoi g0 3BHBUCTOI Ta
IIOPCTKOI, 1110 100p€e KOPEIOE 13 pe3ybTaTaMu ONTUYHOT MIKPOCKOITi1, IPUBEICHUX
Ha puc. 2.

Tennogiznuni xapakrepuctuxku cucremu IIMK-BHT. Beenenns HaHOpO3Mi-
PHOTO HANMOBHIOBa4ay MOJIMEPHY MATPHUII0 3HAYHO BIUIMBAE HA ii (PYyHKIIOHAIbHI
XapaKTEpPUCTHKH, 30KpeMa Ha TeroQi3uuHi BiaactuBocTi. Ha puc. 4 mpexacrasieHi
naHl AuQepeHIianbHOl CKaHyBaJIbHOI KAJTOPUMETPIl I MOJIIMEPHUX HAHOKOMIIO3U-
TiB Ha ocHOBI [IMKy Temnepatypuomy intepBaii Big 30 1o 180°C.

Jlnis Bcix HaHOKoMno3uTiB Ha kpuBKX JICK croctepiraerbest Tpu TeMnepaTypHux
NEePEeXO0/In: CKIyBaHHs, X0JIO/IHA KpUcTani3allis Ta miasieHHs. [Ipolec po3ckiyBaHHs
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Taobnuus 1.
Tennoghizuuni xapakmepucmuxu Hanoxomnozumis Ha octosi [IMK ma BHT.
Bwmict o AGy, AHsg, o AHc, o AHn, o
BHT | '® C Jox/r-°C | JIx/T Tee, °C JIox/T T, °C Toxr | % %

0 57.58 0.50 0.49 110.9 23.9 149.6 22.3 25.6

0.1 56.5 0.48 0.39 109.7 20.6 148.7 21.4 24.0

0.25 56.1 0.46 0.54 108.2 24.1 148.7 22.0 23.6

0.5 57.4 0.45 0.43 108.1 22.6 148.1 22.6 23.2
0.75 57.3 0.48 0.60 107.2 22.3 148.4 214 23.0
1.0 57.0 0.51 0.41 108.3 23.5 148.7 20.7 24.4

1.5 56.5 0.54 0.66 110.6 24.1 148.9 22.5 24.1

B1I0YBA€ETHCS B TeMmeparypHoMy iHTepBaiii 55 — 60°C. [HTeHCUBHI €K30TEpMIYHI Ma-
KcumMyMmH B obisacti Temneparyp Big 100 mo 125°C Bka3zyroTh Ha YTBOPEHHS KPUCTa-
niyHoi ¢aszu [IMK micns po3ckityBaHHS (X0JI0AHA KpucTami3aiis). Takox Ha puc. 4 B
iHTepBaii temrepatyp Big 140 mo 160 °C nposiBISIOTHCS €HIOTEPMIYHI MAKCUMYMH,
AK1 BKa3yloTh Ha muiaBiieHHs kpuctainiB [IMK.3HaueHHS OCHOBHUX TeII0(h13UUYHUX
XapaKTEepUCTHK, 1110 OyJu BU3HayeHi 3a gonomororo Merony JICK, naseneni y tadu. 1.

Pi3Huii BMICT HalOBHIOBa4Ya 3HAYHO BIUIMBAE HAa XapaKTEPHUCTHKU TeMIEpaTyp-
HUX TIEPEX0/[iB HAHOKOMITIO3UTHUX cucTeM. Ha puc. 5 mpuBeneHo 3a1eKHICTh TeMIIe-
patypu ckiryBanHs BiJl BMicty BHT y cuctemi na ocnosi [IMK.

3 puc. 5 BUIHO, IO TeMIepaTypa CKIyBaHHS 3MIHIOETHCS 31 301LIBIIEHHSIM BMICTY
HAaHOTPYOOK Yy CHCTEMI Ta MPOSIBISE EKCTpEMalbHy MOBEAIHKY. BoHa mocTymoBo
3HIXKYEThCS, nocsaratoun MiHiMymy mipu Bmicti 0.5 % BHT y cucrtemi, micist 4oro
MIOCTYNOBO 3pocTae. HeniHIHOIO TakoXX € MOBEAIHKAa CTPUOKa TEIUIOEMHOCTI IpPH
ckiyBaHHI. Lle mapametp pizko cnagaeno HaroBHeHHS 0.5 %, a moTiM 3pocTae. OTxe,

' ' ’ ! ! ’ ! ’ 1 I 148
LI L '! L o2e 11.04
57.4 - \ #.‘J | 105 1494
|| o o L oSz
75 |I i L =4 110,04 1491
- |I ’ e = = '-\-"' _-1']
¢ : : Fose ., 9 ]
:\.-"j 57.0 | il = h-‘:":'“‘ ues o
B Y o [ = . :
a1 = l,‘ ,'l s o ToRe .
1 % " 3 o :M 5
.0+ /s d L o6 L 1482
56.4 : n 3 108,04
0.ad T T T T r T T T - 1479
02 00 02 04 OB 08 10 12 14 18 42 00 02 04 06 08 10 12 14 18
Buicr BHT. % Bsict BHT, %o
Puc. 5. 3anexHoCTi TeMIiepaTypH CKIy- Puc. 6. 3anexHoCTi TeMIiepaTyp XOJIOIHOT
BaHHS Ta CTPUOKA TEIJIOEMHOCTI NP CKIIy- KpUCTami3alli Ta IUIaBI€HHS B BMICTY
BaHHi Big BMicTy BHT mns Hanokomno3u-  BHT nns HaHOKOMIO3WTIB Ha OCHOBI
TiB Ha ocHOBI [IMK [IMK.
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31 30uTbIeHHsAIM BMicTy BHT 3pocTae 3aranpHa miomanoBepxHi HallOBHIOBaYya y IO-
JIMEPHOMY HAHOKOMITIO3UTI, 1[0 3HAYHO BIUIMBAE HA KOOMEPATUBHUM PyX MAKPOMO-
nexyn [IMK. IIpu nocsirHeHH1 mopory nepKoJsiii (3a JaHUMU MIKPOCKOITIi TOpIT Tie-
pkosii craHoBuTh 0,5 %) 4acTMHKM HAMOBHIOBaYa YTBOPIOIOTH KJIACTEPHU 3 HaOI-
JbIIOK0 NOoBepxHeto. [licig 3pocTaHHsa BMICTY HAHOTPYOOK Y CHUCTEMI YTBOPIOIOTHCS
arperaTy, 110 IPUBOJUTH JO 3MEHIIICHHS TUIOII MOBEpXHI HamoBHIOBaua. Lle mpuso-
JUTH 10 3MIHU TEMIIEPATyPH CKIYBaHHS Ta CTPUOKA TEIJIOEMHOCTI MTPHU CKIIyBaHHI.

Ha puc. 6 HaBeeHO TakoX 3aJIeKHICTh TEMIIEpATyp XOJIOAHOI KpUCTami3alli Ta
maBiieHHs i HaHokommo3uTiB [IMK-BHT Bin BMicTy HamoBHIOBauya. 3MiHa TEM-
nepatyp (pazoBHUX Mepexo/iB aHAJOTIYHA O 3MIHM XapaKTEPUCTUK CKIyBaHHsS. TeM-
nepaTypy IUIABJIEHHS Ta XOJOJHOI KpHCTali3allli MposBIsAIOTh €KCTPEMaJIbHy MOBE-
JIHKY 3aiexHo Bij Bmicty BHT. [X MiHiMaIbHE 3HAYCHHS CIIOCTEPITAETHCS B IHTEP-
BaJll KOHIIEHTpaIliii HanoBHIOBava Bif 0,25 no 0,75 %. Came y 1iit 061aCTi KOHIIEHT-
paIiii HallOBHIOBaYa 3a JJAHUMU MIKPOCKOMIT YTBOPIOETHCS MEPKOSIIINHUN KilacTep
Ta Ma€ Miclie CTpyKTypHuit niepexia. [Ipu HeBenrkomMy BMICTY HallOBHIOBa4a, PO3BU-
HeHa mnoBepxHss BHT yrpyantoe npouecu (opmyBanHs kpucrtanitiB. [Ipu npomy
KPUCTAJITH YTBOPIOIOTHCS OUIBIN JIe(PEKTHUMHU Ta MEHIIOr0 pO3MIpY Ha TUIaBJICHHS
AKUX 3aTpadaeTbcs MeHie eHeprii. Came ToMy TeMIieparypa IJIaBJICHHS 3HIKYETh-
csi. [Ipu dhopmysanni arperatiB 3 BHT (Bucokuii BMiCT HalmoBHIOBaYa) miolia KOHTa-
KTy MaTpUIS-HAIIOBHIOBAY 3MEHIIIYETHCS, 1[0 MPUBOJUTH 10 (POpMyBaHHS OUTBIINX
KpUCTaJITIB. AHaJOriyHU eekT crnocrepiranu aBTopu pobdotu [14] nns cucremu
OJIITOETHJICHTJTIKOJIb-BYTJIEIIEBl HAHOTPYOKHU.

3MiHa XapakTepy (ppakTanbHOI arperanli HAaHOTPYOOK MpHU 3MiH1 iX BMICTY Yy TO-
JIMEpHIN MaTpulll 3HAYHO B1IOOpakaeTbes Ha 11 CTPYKTYpl. Taki 3MiHM MOKHA CIIOC-
TepiraTv 3a 3MiHaMU IUION] MAKCUMYMIB TUIABJICHHS Ta XOJOJHOI KpHCTaIi3alli 10c-
TiKyBaHUX HaHOkoMIO3UTIB. I3 manux JICK 3a miomamMu MakCUMyMIB MOKHA BH-
3HAYUTH CTYHIHb KPUCTAJIIYHOCTI CUCTEMH 33 HACTYITHOIO (hOPMYJIOIO:

X = (AHm / AHpnc)*100 % , (3)
ne AHy, — eKClIepUMEHTANIbHO OTpUMaHa €HTaJbIIis TIaBiaeHHs, a AHy . — CHTabIIis
raBiaeHHs 100% kpucraniudoro noximepy (mis [IMK AH,, . = 93 1x/r [15]).

VY T1abn. 1 mpuBeneH1 3HAYEHHS CTYINEHS KPUCTATIYHOCTI MPU PI3HOMY BMICTI
BHT y cucremi. 3 tabnauiii BUAHO, I10,aHAJIOTIYHO JI0 1HIIMX TEII0(MI3UIHUX Xapak-
TEPUCTHUK, 31 301JIBIICHHSIM BMICTY HAllOBHIOBAaYa CTYMiHb KPUCTATIYHOCTI MOYHMHAE
3MEHIITYBATUCH 1 locarae MiHIMyMy mipu BMICTI 0,5-0,75 %. 1le noSACHIOETbCS MaKCH-
MaJIbHUM PO3IOA1IIOM HAHOTPYOOK y MOJIIMEPHIM MaTpHIli, 110 TPUBOAMUTH J0 MOJAB-
nenHs kpuctamzanii marpuul [IMK. Ilpu nopanbmomy 301nbmenHi Bmicty BHT,
CTYIIHb KPUCTAIIIYHOCTI MOYMHAE 3POCTATH, IO KOPENIIOE 3 MOBEAIHKOK 1HIIUX JI0C-
JHKYBaHUX MapaMeTpiB.

BucnoBku. Y po60Ti mpoBeeHO JAOCTIHKEHHS MIKPOCTPYKTYPHUX Ta Teriodi-
3UYHUX XapaKTEPUCTHUK HAHOKOMITO3UTIB Ha ocHOBI [IMK Ta ByrierneBux HaHOTpY-
00K, MPUTOTOBAHUX MOETHAHHSAM METO/IB PO3YMHEHHS Ta YIbTPa3BYKOBOI JUCIIEpra-
1ii. BusiBneno, 1o BMICT HalOBHIOBaYa BIUIMBAE K HA CTPYKTYPHI Tak 1 Ha Teriodi-
3WYHI XapaKTEePUCTUKHU JIOCITIIPKYBAHUX CUCTEM. 3a pe3ysibTaTaMu ONTHYHOI MIKpOC-
Korii OyJI0O BCTaHOBJIEHO, 110 HAHOTPYOKUIHTEHCUBHOATPETYIOTh y MOJIMEpHiN MaT-
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puul. [Ipu npoMy y AOCHIAKYBAaHUX CHCTEMAax CIOCTEPITA€EThCS MEPKOJSILINHUN Tie-
pexin npu BBeneHHi 0,5 % nHamoBHioBaya. CaMe TOMY MPU TaKOMY 3HAYEHH1 BMICTY
BHT crnioctepiratroTbcsi €KCTpeMasibHl 3HAUCHHS SIK CTPYKTYPHHX (CTYIIHb KpUCTaIIi-
YHOCTI1) TaK 1 TeII0(hi3UYHUX (TeMIEpaTypu XOJIOJHOI KpUCTali3allii, IUIaBiIeHHS Ta
CKJTyBaHHSI) XapaKTEPUCTUK JIOCTIKYBaHMX HAHOKOMMO3UTIB. [Ipu HeBuUCOKOMY
BMICTY HalOBHIOBaya (/10 MOPOTy MEPKOJsAIi) IMJIolia MOoro MoBEepXHi, sSKa 37aTHA
B3aemoisITH 13 Makpomodiekyinamu [IMK e Benukoro. Po3BuHeHa moBepXHsS HaHOHA-
MOBHIOBaYa OJIOKY€E MPOIECH BUIBHOTO PYXy MaKpOMOJIEKYJ Ta CTBOPIOE MEPEIIKOIH
TUTSE X YKIJIaJIaHHS Y KPUCTAIIYHI CTPYKTYpHU. 3aBISKH ITbOMY MPOIIECY CTYITIHb KPHUC-
TaJIIYHOCTI JOCHIKYBaHUX HAHOKOMITO3UTIB 3HAYHO 3HUKYETHCS.

O1xe, y poOOTi IOKAa3aHO KOPEJIAIII0 MIXK MEPKOJISIIIIMHUME MPOIeCaMHu, K1 Bij-
OyBaroThcsi nipu opmyBaHH1 arperaTiB i3 BHT ta TennodiznyHumMu xapakTepucTu-
kamu nojiMepHoi matpuui [IMK.
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E.A. Lysenkov

Microstructure and thermophysical properties of polymer nanocomposites
based on polylactic acid and carbon nanotubes

SUMMARY

Using the methods of optical microscopy and differential scanning calorimetry, the micro-
structure and thermophysical properties of polymer nanocomposite systems based on polylac-
tic acid and carbon nanotubes were investigated. From the data of optical microscopy, it was
found that at a content of 0.5% of nanotubes in the system, a percolation transition is ob-
served, in which clusters of nanotubes permeate the entire volume of the material. On the ba-
sis of calorimetric studies, it is shown that the temperatures of melting, cold crystallization
and glass transition, as well as the degree of crystallinity and heat capacity jump during glass
transition acquire minimum values with a filler content equal to 0.5%. It is the surface of the
nanotubes that has a decisive influence on the thermophysical characteristics of the studied
nanocomposites. The maximally developed surface of the filler, which occurs during the for-
mation of a percolation cluster, complicates the processes of movement of macromolecules
and prevents their formation of crystal structures.

Keywords: carbon nanotubes, polymer nanocomposites, fractal structures, thermophysical
properties, crystallinity.
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KonTpakuisi BOTHMX Ta B3a€EMHHUX PO3UMHIB alleTOHY TA i30MpONaHoJLy

Y yvomy docnioowcenni ananizyemoscsa KOHmpaxyis ma KOHYeHmMpayitine noa0AHCeHHA 0CO0-
JIUBOT MOYUKU BOOHUX MA 83AEMHUX POZUUHIE AYEeMOHY ma i30NPONAHOILY NPU memMnepamypi
25 °C.

Tloxazano, wo maxcumanvHe 3Ha4eHHA KOHMPAKYii poO34UHie ayemon)y i iI30nponaHoy no-
sumusHe i He nepesuwyye 0.004. Lle ceiouums npo 6i0cymHicms y po3uuHax Kiacmepis ma mi-
KPOHEOOHOPIOHUX CIMPYKMYP, WO 00380JIAE PO32AA0AMU Yi POZYUHU K HAOAUNCEH 00 i0ealb-
Hux. Ocobnusi mouxku 600HUX PO3YUHIE AYemOH) Ma I30NPONAHONY OIU3LKI 00HA 00 0OHOI,
8ionosiono 0.064 ma 0.05. Ilpu ybomy maxcumanbre 3HAUEHHS KOHMPAKYII BOOHUX POZUUHIB
ayemoHy nepesunye aHalo2iune 3HayeHHs 600HUX PO3UUHIE I30NPONAHOLY He Oinbule HidIC HA
25%. Konyenmpayitini nonosxcenus makcumymie konmpaxyii pozmawosani npu 0.25 ons po3-
uunie ayemony ma (.17 015 po34uHia i3onponaHoy.

Knrouoei cnoea: konmpaxyis, ocobauea mouka, po3duHu, 600HI po3UUHU, AYEMOH, I30NPO-
Nauol.

Beryn. Binomo, 1110 BOTIOMETPUYHI BIACTUBOCTI PO3YMHIB BU3HAYAIOTHCS PO3Mi-
paMu MOJIEKYJI Ta €HEeprisiMU MIKMOJIEKYIIsIpHOI B3aeMoii. [Ipote Ha choromHi He ic-
Hy€ Teopii PO3YHHIB, SKa, BUXOASYHU 3 1HIWBIAYaJbHUX BIACTHBOCTEH KOMITOHCHTIB
PO34YMHY, MOKE HE TUIbKHU Nepe10auynuTH 3HaYeHHsI KOHTPAaKIIii, aje i HaBITh ii 3HAK. 3
11€1 TOYKU 30pY BEIIMKUHN 1HTEPEC MPEJCTABISAIOTh PO3UUHU, MOJIEKYJI KOMIIOHEHTIB
AKUX MAIOTh CXO01 MOJIEKYJISIpHI CTPYKTYpH. Jl0 TakuX peyOBHH HaJeXaTh alleTOH 1
130ITPOITAHO.

AIIETOH, TaKOX BIJOMHUH SIK MPOMAHOH a00 MTUMETHIKETOH, HAJICKUTh 10 KJacy
HacMYeHUX KeToHIB 1 Mae xiMiuHy popmyry CsHsO abo (CH3),CO. I3omponanod,
AKUU TaKOX BIJOMHH $IK 2-mpomnaHoi ado 130MPONUIOBHA CHOUPT, BIAHOCUTBHCS [0
KJIACy BTOPUHHUX OJIHOATOMHUX HACMYEHUX CHUPTIB alli(paTUUHOTO pALYy 1 Ma€ Ximi-
yHy popmyiny C3;HgO a6o CH3CH(OH)CHj3. Ha puc. 1 nmokasani cTpyKTypH1 (op-
MYJId aleTony (a) 1 13omponanoiy (0). OBanu mo3HayaroTh CTPYKTYPHI BIAMIHHOCTI
MDK MOJIEKYJIaMH ITUX pedoBUH. bauumo (nuB. puc. 1 (a)), 110 aleToH MICTUTD Y CBO-
il cTpykTypi KapooHueHy rpyny (=C=0), gxa He J03BOJSE YTBOPIOBATH BOJHEBI
3B'SI3KM MIXK MOJICKYJIaMU alleToHy. EHepris MibKMOJEKYISIPHUX CHII, Y SIKHX aIleTOH
Oepe ydacTb, € C1abI1I0I0 MOPIBHAHO 3 BOJHEBUMHU 3B'si3kaMu. HaBmaku, 1300poranosn
(muB. puc. 1 (b)) mae rinpokcunbHy rpyny (-OH), sika 103Bossie HoMy yTBOPIOBaTH
BOJHEBI 3B'I3KU 3 CYCIIHIMH MOJIEKYJIaMH i3omponanoi. [lo pedi, HasiBHICTb BOJHE-
BHX 3B'AI3KIB Yy 130MPOIAHOJI1 3yMOBIIIOE€ BUIILY TeMIieparypy kKuminas 82,6 °C nopis-
HSHO 3 alleTOHOM, KU Mae Temneparypy kumninas 56,05 °C.

AIIETOH Ta 130MPOIAHOJ 3alliIkaBUJIM HAc 3 BOX mpuuuH. [lo-nepiie, e 6113b-
KICTh MOJICKYJIIPHUX CTPYKTYp alleToHy 1 13omponanoiy. Llei akTt mociayxuB ocHo-
BOIO JJISl TOCHIDKEHHSI JIEAKUX 1X BIACTUBOCTEH [1, 2], a TakoK PeoJIoTiuHl BIACTH-
BOCTI ix BogHUX po3uuHiB [3]. [lo-apyre, y BOJHUX PO3UYMHAX allETOHY 1 130MPOIAaHO-
Jy CIIOCTEepiraeTbes anoMajabHe (1ogaTkoBe) poscisHHs cBitia (APC) [4] (nuB. Tab-
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(a) (b)

o
E-O-E
E—O-E

Puc. 1. CtpykrypHi hopmyiu aneTony (a) i i3onponanony (6). BiaminHocTi ¥y
CTPYKTYpax MOJICKYJ BUAIICHO OBAJIaMHU.

Taboauus. Konnentpariiine nonoxxenus makcumymiB APC y BomH#X
pO3YMHaX alleTOHY Ta 130MPOMAHOITY.
Bopauuit po3unn ITonoxennst makcumymy APC
x=0.055[9] T=25 °C
x=0.05[10] 7=20 °C
x=0.05[11], 7=22 °C
[3onpomnanoiny x=0.06 [12], 7=20 °C
x=0.05[13], 7=20 °C

AneTony

muirio). [Ipupoma 11p0r0 sIBUIIA OB’ s3aHa 3 YTBOPCHHSIM Yy PO3YMHAX KJIACTEPHUX Ta
MIKPOHEOAHOPIAHUX CTPYKTYpP B OKOJII OCOOJIMBHX TOYOK PO34YMHIB [5-8]. 3 HaBene-
HUX y TaOJUIl JaHUX BHUJIHO, 110 KOHIEHTpaLiiH1 mojoxeHHs: MmakcumymiB APC y
BOJIHUX PO3YMHAX AlIETOHY Ta 130MPONAHOIIy MalOTh OJIM3bK1 3HAYCHHS.

3 ypaxyBaHHSM LMX NPUYMH Ta I MOAAJIBIIUX JTOCHIKEHb BOJTIOMETPUYHHUX
BJIACTUBOCTEN PO3UYMHIB, HAC OYIyTh LIKABUTHU KOHIIEHTPAIIMHI 3aJIEKHOCTI KOHTpa-
KIIi1 Ta MOJIOKEHHSI 0COOJIMBUX TOYOK Y B3aEMHHUX Ta BOJHUX PO3YMHAX allETOHY Ta
130IPOIIAHOTY.

1. I'yCcTMHY YMCTHX PeYOBHMH Ta iX B3a€MHUX PO3YHHIB. 3BEpHEMO yBary Ha
TEMIIEpaTypPHI 3aJI€KHOCTI TYCTUHU YHUCTOTO alleTOHY Ta 130IpOIaHoIy (IUB. puc 2).
baunmo, 1o 31 3pOCTaHHIM TeMIIepaTypy 3HAUEHHS TYCTUHH PEUYOBUH HAOIMKYIOTh-
Cs OfHE A0 OJHOTrO. 3a TeMieparypH, 06au3pkoi 10 38.5 °C, ryctuHu 000X PEYOBUH
CTalOTh OJITHAKOBUMU. BHACIIOK IILOTO 32 I[1€1 TeMIepaTypy I'yCTHHA 1/1ea]IbHOTO Po-
3UMHY HE 3aJIEKUTh B1Jl KOHIIEHTpallli KOMIOHEHTIB. L{e BUMIMBa€e 3 BUSHAUYECHHS T'yC-
TUHH 11€aIbHOTO PO3UYUHY:

() _ M, (1-x)+M,x
b
M, (1 - x) N M ,x

Py P,
ne p, 1 p, — TYCTHUHU PO3YMHHHUKA 1 pO3YMHEHOI PEUOBHHHU BIANOBIAHO, M| 1 M,

p (D

MOJIEKYJIApHI (MOJISIPHI) MAacH PO3YMHHMKA 1 PO3UMHEHOI PEYOBHHHU BIAMOBIAHO.
KoHueHTpaniiina 3aJIe’KHICTh KOHTPAKIIli pO3YMHY (SKY 1€ MOKHA Ha3BATH BiJI-
HOCHUM HA/JIUIIKOBUM 00’ €MOM pO34MHY) [5-8] BU3HAUAETHCS SIK

(id)
p=—i =P )

Vl(zid) P12
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Puc. 2. I'yctunu peuoBun: 1 - anieton [14], Puc. 3. KoHuenTpariiiiHa 3ai1exxHicTb T'yc-
2 - i3omponano:n [15] 3a pi3HHX TeMIiepa- TUHH PO3YHHIB alleTOH—130IPOITaHo [22]
TYp. 3a remnepatypu 25 °C. 3anexHicts 1 — pe-
QIbHUI PO3YMH, 2 — 1i€aJIbHUN PO3UUH

(id)

ne V,,, V) — 06’eMu peaTbHOTO Ta iealbHOTO PO3UMHIB, 4 P,,, P~ — I'yCTHHA pea-
JBHOTO Ta 11€aJIbHOTO PO3YMHIB. Y BUNAAKY, KOJIM T'YCTUHHU alleTOHY Ta 130MpPONaHo-
7y TOPIBHIOIOTH OJIHA OJTHIM, KOHTPAKIIiS 1X pO3UHUHY MPOTOpIIiitHa p;zl . Haxxans, Mu
HE MAaeMO JAHUX I110/10 TYCTHHH PO3YHHIB 3a L1€10 TEMIIEPATYPOIO.

Ha puc. 3 nokazaHo KOHIIEHTpaIliifHi 3aJIeKHOCTI TYCTUHU PEaJbHOTO Ta 171eajb-
HOTO PO3YHMHIB alleTOHy—130mponaHoiy. OcobuBy yBary npuBepTae 3ajekKHICTh T'y-
CTUHHU 17IealbHOTO po3unHy. BoHa Moxe OyTH po3paxoBaHa 3a jornomororo (1) Ta an-
pokcuMoBana Bupazom: 0.0002x* + 0.0038x + 0.7804 mpu JOCTOBIPHOCTI arpOKCH-
matii 1.0000. SIk 6aunmo, LS 3aJIEKHICTD JUIIE HaOIKkeHa 1o JiHiiiHoI. HaOmmxe-
HICTh allPpOKCUMAIIii JI0 JIIHIMHOI € HACIIIJIKOM OJIM3bKOCTI 3HAaY€Hb MOJIEKYJISIPHOT Ma-
CH Ta TYCTHHHU alleTOHY 1 130MPONaHOMTYy.

3 oriAly Ha HasgBHICTh aHAIITHYHOTO BUpa3y KOHIEHTPALIMHOI 3aJIEXKHOCTI ryc-
THUHU 1JI€aIbHOr0 po3uuny (1), oTpumaHHs OyJp-SKOi ii anpoKcUMallli HEMa€e CEHCY.
OpHak MM HaBOAMMO alpOKCHMAIIli y 3B’SI3Ky 3 THUM, L0 Yac BiJ Yacy y MyOiiKamisax
3’ABII€TbCSI XMOHE BU3HAYEHHS T'YCTHHHM 17€albHOro po3uuny [16-21]. 3ayBaxumo,
[0 aBTOPH HE BCIX IMyOJIiKaIliii BUKOPUCTOBYIOTh MOHSTTS «iJ€aIbHUI po3uuH» [16,
17]. Sk npaBuiio aBTopamu [16-21] HaBOAsATE XHOHY HOPMYITY YV BUTIISII:

p(ld) :pl<1_§) +p,5, (3)
ne & — 3MiHHA, [0 BU3HAYae CcKiaa po3unHy. Y [16, 17, 19] 11e — MoJibHa 9acTKa po-
3UMHEHOI PEYOBHHHU X, Yy [18] — MacoBa yacTka po34MHEHOI PEUOBHHHU ¢, ¥y [20, 21] —
MOJISUTBHICTh PO3YMHY. BaXKIIMBO 3a3HAYUTH, 10 Y BUIMAAKY BU3HAUYCHHS CKJIAly PO3-
YUHY 32 JIOMIOMOI'0I0 MOJIBHO1 1 MACOBOT YaCTOK PO3YMHEHOI PEUOBUHM Ta MOJISUTBHIC-
Ti1 po3unHy (Qopmyna (3) He Moke OyTH OTpUMAaHA 13 3arajlbHONPHUIHATOrO BU3HA-
YEHHS TYCTUHM Oy/b-sKOi peduoBUHHU. OJHAK, 3aJIEXKHICTh cXxoxa Ha dhopmyny (3) €
CIPaBEJIUBOIO JIUIIE SIK 3aJIEKHICTh T'YCTUHU PO3YMHY B1Jl 00’ €MHOI 4acTKu (@) po-
34MHEHOI peuoBMHU. HaocTtaHok 3BepHEMO yBary, IO BUpa3W px 1 pc B3arajii HE
MaroTh (P 13UMYHOTO 3MICTY, OCKUIBKY I'YCTUHA P HAJIECKUTD JI0 IHTEHCUBHUX (PI3UUHUX
BeJlUuuH. [[1 BeIMUMHM HE 3aeKaTh BiJl KUTBKOCTI PEYOBUHU Ta MPU B3aEMOJIIT Pedo-
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Puc. 4. Konuenrpariiitna koutpakuisa po3- Pue. 5. KoHuenrpauiiiai 3ai1e:xHOCTI Tyc-

YUHIB alleTOH—130IPOIIaHOJ 3a TeMIlepaTy- THHHM po3uuHiB: 1 - Boga-aueroH [27], 2 -

pu 25°C (maHi TycTUHU OTpuMaHi 3 [22]) BoJa—izomnponanon [28] 3a Temmeparypu
25 °C.

BUH HaOyBalOTh PIBHOBAKHOTO 3HAUCHHs (HAMPHUKIIAJ, TeMIlepaTypa, TUCK, I'yCTHHA
tomio). OgHak, BeIUYMHA p® Ma€ Pi3UYHUN 3MICT — IIe TapiliajibHa I'yCTHHA KOMIIO-
HEHTH 1/1€aJIbHOTO PO3UYUHY.

Ha puc. 4 noka3ana KOHUEHTpaIlliiHa 3aJ€KHICTh KOHTPaKLIi PO3YMHIB alleTOH—
130MPOMNAaHOJ, 10 pO3paxoOBaHa 3a JAOMOMOrolo (2) 3a TaHUMU T'YCTUH PO3YHHIB alle-
TOH - 13ompornanod 3 [22] (temnepatypa 25 °C). Bigomo, 110 KOHTPaKIil0 pO34YHHIB
MO’KHa TIIYMAUMTH K BIAHOCHE BIIXUJICHHS 00'€My pealbHOTO pO34YHMHY BiJ 00'eMy
ineanpHOro po3unny. AGcomoTHe BiaxuieHHs V,, Bix V% Moxua Bu3sHaunTH y dop-
Mi HQ/JIUIIIKOBOTO 00'eMy:

vE=v, -V
VY 611b110CTI pOOIT BUKOPUCTOBYETHCS CaMe 1IeH mapaMeTp, Hanpukian [23, 24, 25].

3 puc. 4 BUAHO, IO KOHTPAKIISl PO3YMHY alleTOH—130MPONaHOJ € OUIBLION 32
HyJIb. MakcuMainibHe 3HaueHHs! KoHTpakiii He nepesuinye 0.004. Take 3HaueHHS MO-
’KHA TIIyMAUUTH SIK BIAXWUIJIEHHS 00’€My pealbHOrO PO3YHMHY BijJ 00’€My 17€albHOro
po3unHy MeHie HiK Ha 0.4%. 3a TakuxX yMOB pO34YMH all€TOH—130IPOIAaHOJ MOYKHA
PO3TISIATH SIK PO3UYMH, 110 HAOIMKEHUM N0 1eaibHOTO. AHAJIOTIYHA CUTYAllisl CIO-
CTEpPIraeThCs, HAPUKIAM, Il PO3UMHIB €TAHOJ - METaHOJ. Po3paxyHOK KOHTpakiii
[MX PO3YMHIB 3a JaHUMH [26] moka3zye, 10 KOHTPAKIliS TaKoX OUIbIIa 3a HYJb Ta
Mae MakcuMmaibHe 3HadeHHs 0.0001. Jlomamo, 110 MaKCUMyM 3aJIeKHOCTI KOHTPaKIIii
PO3YMHIB alleTOH—130MPOIIAHOJI PO3TAIIIOBAHO MTPU MOJIbHIN JI0JI1 CIIUPTY, 10 OJU3bKa
10 0.5.

2. 'yctuHA i KOHTpPaKIis BOAHMX PO34YMHIB alleTOHY Ta i3ompomano.y. Ha
puc. 5 BioOpaxeH1 KOHIIEHTpaIliHI 3aJI€KHOCTI TYCTUHU BOJHUX PO3YHHIB alleTOHY
[27] Ta 130omponanoity [28] 3a Temniepatypu 25 °C. BigHOCHE BiIXWUJIEHHS IT'YCTUH IIUX
pPO34MHIB HE niepeBuLLye 2%.

JI71s1 po3paxyHKy KOHIIEHTPAIIMHOTO MOJ0KEHHSI 0COOJMBOI TOYKH PO3UYHHIB BO-
Jla-alleTOH BUKOPHUCTAH1 €KCIIEpUMEHTaIbHI JaHi TycTuHHU 3 [29-31]. OcobnrBa Touka
PO34YMHIB CTaHOBUTH, BinoBiAHO, 0.064, 0.059, 0.062 MOIBHUX YacTOK aneToHy. Lls
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KOHLIGHTpalisl BIANOBIJIA€ KIIACTEPY 0
31 CIIIBBIJHOIIEHHSIM KUJIBKOCTI MOJIE-
KyJ BOJM JIO OJHIET MOJICKYJIHM ale- oot
TOHY B po3uuHi ~1:15.

3a JaHUMH TYCTUHHM BOJTHHUX PO3- 002 -

YUHIB 130mporianon [28] ocobiuBa
TOYKAa IHUX PO3YMHIB poO3TalloBaHa 003
mpu 0.051 MOJNIBHMX YacTOK CHUPTY
[32]. Lls xoHIEHTpalis BIAMNOBIAAE 004 -
KJIACTEpy 31 CHIBBIJHOIICHHSAM KiJib-
KOCT1 MOJICKYJI BOJU 0 OAHIET MOJIe-  oos
KyJI1 aneToHy B po3uuHi ~1:19. Ilpn  Puec. 6. Konnenrpanilini 3anekH0CTi KOHTpa-
IIbOMY 3aJIS)KHOCTI KOHTPAKIIi 3a Te-  KIil BOJHUX PO3UMHIB: | - i30mponanomy (maHi
maeparypu 60 °C e nepeTHHarTh TYCTUHH oTpuMani 3 [28]); 2 - auerony (maHi
ocoOmuBy Touky. lle cBimumTh mpo TYCTHHH oTpuMaHi 3 [27]) 3a TemmepaTypu
BHCOKY CHEpPril0 B3aeEMOJil Boja- 25°C
alleTOH y TOPIBHSHHI 3 MOJIEKYJISIp-
HUM TEIUIOBUM PYXOM 3a Temnepatypu 25 °C.

bauumo, 1110 1 0COOMMBI TOYKH IIUX PO3YMHIB PO3TAIIOBaHI OJM3bKO OJHA BiJl O-
HO1. OHaK eHeprii MI>XKMOJIEKYJISIPHOI B3a€MOJIii BOJIa-alleTOH JIEKIJIbKa MEPEBUIILY-
I0Th AQHAJIOTI4HI €Heprii Bojga—izonponanoi. [Ipo ue cBiguuth (auB. puc. 6) Ounbiia
BEJIMYMHA KOHTPAKI(li pO3UMHIB BOJAA-aIIETOH (3aJIE’KHICTh 2) B MOPIBHSAHHI 3 KOHTpa-
KI[I€EI0 PO3YMHIB BOJIa—130MpOoNnano (3anexHIcTh 1). Bnagae B oul, o npy KOHUEHT-
panisix MeHimx 3a 0.05 KoHIEHTpaIliiiHI 3aJIeKHOCTI KOHTPaKIlii 000X PO3YMHIB Ma-
I0Th OJIN3bK1 3HAUCHHS.

MakcumanbHa KOHTPAKIIIS pO3UMHIB BOJIa-all€TOH CIIOCTEPIraeTbes MpU KOHIEH-
Tpaiii 0.25 MOJIbHUX YacTOK aneToHy Ta mae 3HaueHHs -0.041. BianosinHo 1j1s pos-
4uHiB Boja—i3onpomnanon — 0.17 ta -0.03.

BucHoBKkH. BiIMiHHOCT1 y MOJIEKYJISIPHUX CTPYKTYpax aleTOHY Ta 130MPOMAHOIY
B1JIOOPa)KAIOTHCS Y BIJXHIIEHHI TYCTHUH 1X BOJHHUX PO3YMHIB HE OUIbIl HIK Ha 2%.
[Ipu nboMy MakcUMalbHE 3HAUYE€HHSI KOHTPAKIlii pO3UMHIB BOJA-alleTOH HE MEpEeBU-
Iy€ aHAJIOTIYHEe 3HAYCHHS JIJIs1 PO3YMHIB BOa—130Iponanos1 01bin HiXK Ha 25%. Le €
HACJIIJIKOM TIEPEBUIICHHSI €HEpPrii MDKMOJIEKYJSIPHOI B3a€EMOJII MOJEKYJI BoOJa-
alleTOHY TMOPIBHSIHO 3 MOJIEKyJIaMu Boga—i3onponaHoiry. OcoOMuBl TOYKU IIUX PO3-
YUHIB HaOMMXeH1 oAaHa 70 oaHoi ~0.06 (s po3urHiB Boja—aneroH) ta ~0.05 (mms
pPO34YMHIB BOAa—i3omponanony). [Ins Oulbll MOBHOro Omnucy (QI3UMYHUX IPOLECIB
YTBOPEHHSI PO3YMHIB all€TOH-130IIPONAHO HEOOX1AHO OTPUMATH EHTaJbIIi iX YTBO-
PEHHs 3a PI3HUX KOHIEHTPALIN Ta TeMIepaTyp Ta 3MiHY XapaKTEPUCTHK PO3YMHIB
MICIsl YTBOPEHHS. XapaKTepHI Yacu 3MIHM BJIACTUBOCTEH JUIsl JESKUX PO3YUHIB Csi-
rarloTh JIEKUIBKOX J110, 1[0 MOKE€ MPU3BOJUTU JI0 PO3OIKHOCTI OTPUMAHUX EKCIIEPH-
MEHTaJIbHUX JTaHUX.
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V.E. Chechko
The contraction phenomenon in aqueous and mixed solutions
of acetone and isopropanol

SUMMARY

This study analyzes the contraction and concentration positions of the peculiar points in
aqueous and mutual solutions of acetone and isopropanol at a temperature of 25 °C.

The concentration positions of contraction maxima are located at (.25 for acetone solu-
tions and 0.17 for isopropanol solutions.

It has been shown that the maximum contraction value of acetone-2-propanol solutions is
positive and does not exceed 0.004. This indicates the absence of clusters and microinhomo-
geneous structures in these solutions, allowing us to consider them as close to ideal. The spe-
cial points of aqueous solutions of acetone and isopropanol are close to each other, at 0.064
and 0.05, respectively. In this case, the maximum contraction value of aqueous solutions of
acetone exceeds that of aqueous solutions of 2-propanol by no more than 25%. The concen-
tration positions of the contraction maxima are located at 0.25 for acetone solutions and 0.17
for isopropanol solutions.

Keywords: contraction, singular point, solutions, aqueous solutions, acetone, isopropanol.
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PilnenHs 3aga4i Ten1onpoBiIHOCTI AJIA BY3J1y BICKO3HUMETPY 3 ABOMA
JAKepeJaMu Telia

B excnepumenmax 3 enimponnoi piokokpucmaniunoi ¢azor npu UMIPIOBAHHI pOMAYIHUM
BICKO3UMEMPOM HAOMOHKUX (3 Yi€to ¢azor0) wapie piouHu 8UHUKAIOMb OesaKi MpPYyOHOWi npu 6u-
3HauenHi memnepamypu 0e3nocepeonvo 6 nux. Ilpoepamnuii Komniexkc 01 poO3PaxyHKy po3nooiny
memMnepamypHo20 Nois 8 eleMeHmi GICKO3UMempa MemooOM CKIHYUEHHUX elleMeHmis 3abe3neuye
KOpeKyilo nokazanv oamuuxa memnepamypu. Ilakem € HeoOXiOHUM 000AMKOBUM MEMOOUYHUM 3d-
be3neuenHsAM Npu UKOPUCMAHHI YCIMAHOBKU 8iCKO3UMempa.

Kntouosi cnosa: 6’szxicme piounu, enimponna Kpucmaniuua ¢hasa, pomayiinuil 8iCKo3u-
Memp, memnepamypa.

Beryn. ¥V nucniepcHux cucteMax 1 B TEXHilll, 30KpeMa, MPU BUKOPUCTAHHI Cy-
yacHUX Ol0MaJMB Ta MOTOPHUX OJIIHA, BaXJIMBY POJIb I'PA€ HASBHICTh Y HAJTOHKHUX
MpOIIApKax IUX PIIUH OPIEHTALIMHO BIOPSAKOBAHUX €IITPOIHO-PIIKOKPUCTATIYHUX
(EPK) mapis [1,2]. Tomy nocmimxenns EPK da3u (kanopumerpudyHUMU, ONTUYHUMHU
Ta PEOJIOTIYHUMHU METOJAaMH) aKTyallbHEe HE TUIbKU 3 TEOPETHYHOI TOYKH 30pY, a 1 3
npakTuyHOi. [IpUHIIUIIOBO BaxIMBI pe3yiabTaTu [3] AOCTIIHKEHb PEOJIOTIYHUM, TOMY
1o HasBHICT, EPK y ToHKOMY miapi Tpiaau TepTs 3Ma3Ku BU3HAYa€ aHTU(PUKIIIHI
BJIACTUBOCTI OCTaHHBOI [4].

B ubomy metoni mapamerpu EPK (a3u Bu3Hauar0ThCsl MOPIBHSAHHAM OACPKAHUX
y crneniansHoMy! Bicko3umeTpy [5]) i30TepMiuHMX PEOIOTiYHMX KPMBUX TeUii PI3HUX
32 TOBUIMHOIO HAJATOHKHMX MPOILIAPKIB — 3aJIEKHOCTI 1X B’SI3KOCTI 1 B IIBHAKOCTI
nedopmaiiii 3cyBy y. 3a BunoM 3anexxknocteit n(7, d, y) Takux rerepo (GpazHUX Ipoliia-
pkax (3 nonero EPK mapiB, Tum Ounbioro, ynm MeHIe ) 1 BcTaHOBJIeHa [6,7] HU3Ka
peosioriunux ocobsuBocteit EPK ¢a3u, mo cyTTeBO BIUNIMBAIOTh HA BAXKIIUBI TEXHIYHI
XapaKTEPUCTHUKU MOTOPHUX 0l 1 6lonanus. [IpobieMoro, OB’ s3aHOI0 3 KOHCTPYK-
TUBHOIO OCOOJIMBICTIO OCHOBHOTO BY3J1a BICKO3MMETPY Ipu Bumipax n(7, d, y) € He-
OOX1JTHICTh 3HAHHS 1 KOHTPOJIIO TEMIIEPATYpH OE€3MOCEPEIHBO Y MPOIIAPKY, 1110 BUMi-
pIO€EThCS. AJjie, B KOHCTPYKIIii BICKOSUMETPY, SIK BUAHO 3 NMOKa3aHOi Ha puc. 1 cxemu
OCHOBHOTO (3 POTAI[IMHOIO Mapol0 Ta MPOIIAPKOM PIAMHU) BY3Jja, AaTYUK TeMIlepa-
TYpH 1 1€l TPOIIAPOK PO3IUIAIOTH Pi3HI 10 TOBIIHMHI Ta TEIUIOBUM BIACTHBOCTSIM Ma-
Tepiaiu,

Mexi BUMIpIOBaHHS B’SI3KOCTI BICKO3UMETPOM, MPU3HAYECHUM JJIsI JOCIIIIKEHHS
Ky€TOBCBHKOI Teuli y TOHKUX (d = 1.5 + 50 MKM) npomapkax piaiuH, IpH IIBUAKOCTI
nedopmarii y Hux y= 50 + 5-10° (¢!) ckmaparors = 0.001-+1 (Tla-c). 3i cxemu Buz-
HO, L0 JaTYUK TEMIEPATYpU - KOAKCIaIbHUNA TEPMOPEZUCTOP PO3MILIEHO HE B MPO-
IapKy poTaliiiHoi mapu, a B 000MM1 «30BHIIIHBOTO» LIIIHIPY.

! CranmapTHi BiCKO3MMETpH NPUIATHI JIMIIE IS BUMipPIOBAHHS MOPIBHAHO «TOBCTHX» IIPOINAPKIB, B APKUX IO
EPK He Benuka.

DOI: 10.18524/0367-1631.2024.62.318547
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Puc.1. Cxema OCHOBHOTOBY3JIa POTAIIfHOTO BiCKO3UMETpa 1 HOTO KiHIIEBOEIEMEHTHA
po3paxyHKoBa Mojenb. Jletani By3na: 1 — «BHYTPIlIHIMY HUIIHAP POTALIHOI TapH, TOJI-
KOMOMIOHUN CTPHKEHb (CTanb), 2 — PYXOMHH <«3OBHIIIHIIN»Y muwiiHAp (cTane), 3 —
MPUBIIHUHN MIKIB (aFOMiHIN), 4 — 130JALIMHUI TETUIONPOBIIHUN HAMIOBHIOBAY, 5 — 000Ii-
Ma IUJIiHIpa (CTallb), 6 — TeII0130A1iiHa OCHOBA (ITIHOILIACT).

Tomy nilicHe 3HadeHHs I NMPOMIAPKY BiPi3HACTHCA Bij MOKa3y JAaTYMKA HA Je-
AKy HeBiIoMY BeanuuHy A7T. BuzHaueHHs ii yCKIaJHIOE 1 T€, 0 Y MPOLECI BUMIPIO-
BaHHS 3aBASKU BHYTPIIIHBOMY TEPTIO y NPOIIAPKY BUIUISETHCA TEIJIOTA, MOTYX-
HICTh ( $IKOi MPONOpLIOHAJbHA B’SI3KOCTI 1 1 KBajpaTy MMIBHAKOCTI Aedopmarlii
g=ny*> (Br/™m%)..

Jitoun B mpoUIapKy, 1€ JKEPesio TeIyla BUKIMKAEe WOT0 HarpiBaHHs 1 BILIMBAE
Ha 3HaueHHs AT. YcKaaHIO€ 1i BU3BHAUCHHS 1 JOAATKOBE JIPKEPEJIO TeIuia - MPOIIapoK
MacTuja y 1HIIUN mapy TepTs: IWIHAP - 06oiMa. Take cucteMaTuyHe 1 3aJIeKHE Bij
d, m i y 3Ha4ueHns Temmeparypu I  CyTTE€BO MOJINIIye HAMIMHICTH i30T€PMiYHOCTI
OJIepKaHUX PEOJIOTIYHUX KPUBHUX 1, SK HACHIOK, HANIMHICTh PE3yJbTaTIB JIOCIHI-
TKEHb.

KinbkicHO BcTaHOBUTU AT MOXJIMBO PO3B'SI3yBaHHSAM KpaioBO1 3ajayl TEIION-
POBIIHOCTI 110 BU3HAYEHHIO PO3MOJLITY TEMIIEPATYpHOTO I0JII B HEOJHOPIAHOMY Ce-
PEIOBHUIILY: MPOIIAPKU PITUHU (B AKUX BUAUISIETHCS TEIUIO) 1 A€Talll KOHCTPYKIIIi BY3-
JIa, 10 1X OTOYYIOTh.

[Ipu po3B’si3yBaHHI 1HXEHEPHUX 3aJad MaTEeMaTUUYHUMHU METOJAMH pEajbHI
00’€KTH JOCHIIKEHb 3aMIHIOIOTh PO3PAaXyHKOBUMH MOZENAMHU [8], Kl 3 NMEBHUMHU
MPUIYIIEHHAMH B1JI0OPa)KyOTh BIACTHBOCTI 00 €KTIB. Y SAKOCTI OCHOBHUX BUKOPHC-
TOBYIOTh: HaIliBOOMEKEHE T1J10, HEOOMEXKEHY IJIACTUHY, CYIIIbHUN HUIIHIP, KYIIIO,
MOPOXKHIN MUITIHAP Ta 1HIII.

Agne, 111 MOZIEJl HE OMUCYIOTh 00 €KTH 3 OUIbII CKJIQIHOIO T€OMETPIEID Yy BUMI-
PIOBATbHUX BY3JIaX MPHUCTPOIB, 3 HEOJHOPITHUM MTPOCTOPOBUM PO3MOILIOM TEILIO(i-
3UYHUX XapaKTePUCTHK. BpaxyBaHHS IUX OCOOIMBOCTEH MPOBOAUTHCS YHCIOBHUMHU
METOJaMH: «CITOK», «KIHIIEBUX PI3HHIIB» a00 «KIHIIEBUX eiaeMeHTIB» [9]. [Ipukia-
JIOM HEOOXITHOCTI 1X BUKOPUCTAHHS € 1 PEOJIOTIYHI BUMIPU HAATOHKHUX MPOIIAPKIB
PILAMHHU y pOTaLiiHIi apy By3Jia BICKO3UMETPY, KU MOJEIIOE pealibHy Mapy TepTsi:
BaJl — IPOIIAPOK 3Ma3KH - 000itMa
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B po6oTi [10] my1s1 BCTAaHOBJIEHHST PO3MOJLTY TEMIIEPATYPHOTO TOJIS B BY311y pPO-
TalllifHOI Mapu BICKO3UMETpa OyB 3aCTOCOBaHMN METOJ KIHIICBUX PHU3HHUIIb, alie¢ B
3B’SI3KY 31 CKJIAJIHOIO T€OMETPI€I0, PO3B’SI3yBaHHS 3a/1adl 3 3a/I0BUTLHOI0 TOYHICTIO
orpumaTu He Branocs. B [11] po3rnsnyTo y3araneHenHs 3aaadi npod. H. I1. Iletpo-
Ba PO PyX 3Ma3KH B CUMETPUYHOMY IIapy JOBUIBHOI TOBIIMHU MK OOEPTOBUMHU
HWTIHAPAMH, Ul BUMAAKY BpaxXyBaHHS TEIUIOOOMIHY 1 TEMIIEPAaTypHOI 3aJIeKHOCTI
B’s13KOCTI. YacTKkoBe po3B’si3yBaHHs i 3ajadl MPU MAJIOMY 3a30py MOMIXK IHIIIH/I-
pamM# JI03BOJIMJIO BCTAaHOBHUTH, IO CEPEIHE BIIXHWIEHHS PO3PAaXyHKOBHUX 3HA4YCHb
B’SI3KOCT1 BIJI €KCIEPUMEHTAIIbHUX B IHTEepBally Temmeparyp 15 + 65 °C ckiagae
3+4 %. TakuM 4uHOM, € PI3HI METOJAaMH, ajie¢ BCl BOHM HE MPHUAATHI OTpUMATH Pi-
IIEHHS 3 HEOOXI1THOIO TOYHICTIO JJIA TaKoi CKJIaJIHOT T€OMETpii CUCTEMH, B SIKIH € 1
e 2 jpKepena Tema.

JJ1st po3paxyHKy TeMIIEpaTypHOIO MOJIsl B OMUCAHOMY BY3JI1 IMIIHAPUIHOTO PO-
TalIfHOTO BICKO3UMETPA 1 KOPEKTHOTO BpPaxXyBaHHS IMPOIECY PO3ITPiBY IMPOIIAPKY
BHACIIIJIOK BUJIUICHHS TEIJIa B HbOMY, OyB 3aCTOCOBAHMM MPOrPaMHUM KOMILIEKC, PO-
3po0seHuit Ha 0a3l po3B’sI3yBaHHS KPaloBOi 3a/1aul TEIIONPOBIIHOCTI METOJOM KiH-
LIEBHUX eJleMeHTIB [9]. MaTeMaTnyHa MO/IeNIb KOMIUIEKCY BUKOPUCTOBY€E YOTUPHUKYTHI
KIHIIEBI €JIEMEHTH 3 KBaJPAaTHYHOIO allpOKCUMalll€r0 HeBinoMoil QpyHkuii 7(r,z) B Me-
’Kax KIHIIEBOro eneMeHTa. HasBHICTh TOHKOTO MPOIIAPKY BUIICHHS TeIla BPaXOBY-
BaJIach NMPSIMUM IHTErpYBaHHAM [8] po3moiny JiHINHINA MUIBHOCTI TEIIOBUAIICHHS
B3/I0B)K BEPTUKAJIBHOI IPAHMUIII IOTUKY JBOX CYCIIHIX KIHIEBUX €JIEMEHTIB.

Ha puc.2 nopsn 3 300pakeHHSM BEPTUKAIBHOTO PO3TUHY By3Jla BICKO3UMETpa
13 BpaxyBaHHSIM OCEBOi CHMETpii 300pakeHa CiTKa, 1110 HAaKpUBAE PO3PAXYHKOBY 00-
JACTh NPSIMOKYTHUMU KIHIICBUMU €JI€MEHTaMHU.

KBagpatuuna anpokcumairist nmonrykoBoi ¢yHkiii 7(7,z) B Mexkax KOXKHOTO Tpsi-
MOKYTHUKA BUKOHYETHCSI TaK 3BAHUMHU KOOPAUHATHUMH GyHKIIIME (yHKIISIME (HO-
pMHK) Ha BOCbMH By31ax (puc.2). B jgokanpHux KoopauHatax (&,7) i GyHKINT MaroTh
BUTJISI
- ISl BY3J11B, PO3MILIEHUX B KyTaX MPSIMOKYTHHUKIB (TOYKHU 3 HOMepamu i = 1,3,5,7)

N@EM=025-(1+&;-&)-(1+m,-n)-(§;-E+m,-n+1D);
- ISl By3J11B, PO3MILIEHUX Ha CepeArHaX FOPU30HTAIBHUX CTOPIH (1 = 2,6)
N,EW=05-(1-8)-(1+7, )
- ISl BY3J11B, pO3MILIEHUX Ha cepeHaxX BEPTUKAIBHUX CTOPIH ([ = 4,8)
NG =05-(1-17):(1+5,-8).

Ha puc.2 nokasani rpadiku posnomimy koopauHaTHUX GyHKUIH N, (&,n) i
N,(&,m) B Mexax YOTUPUKYTHOIO KiHIEBOro enemenTa. ['padiku posmomizy Koop-
OUHATHUX (QYHKUIA JUIs THIOMX HEMApHUX BY3J1B aHAJOTIYHI PO3MoAUTy (YHKIIII
N, (&,m), a ans napHUX By31iB — QynKUii N, (§,m).

KoopaunatHipyHKIIiBiTOOpakatOTh  KBajgpaT B JIOKAJIbHUX KOOPJIHUHATAX
(puc.2) Ha KpHUBOJIIHIMHUM YOTUPUKYTHUK B aOCOIIOTHUX KoopauHarax. BimoOpa-

8 8
KEHHSI BUKOHYETHCS 3a (hopmynamMu: =ZNi(&,n) 1 z= ZN (&) z,,

i=l i=1
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Puc.2. KoopauHaTHipyHKIIIT YHOTUPUKYTHOTO €J1€MEHTA

1€ 7i,Zi — KOOPAUHATHU BY3JIiB KIHIIEBUX €JIEMEHTIB.
3a TOOMOror0 KOOPJAMHATHUX (PYHKIIINA PIBHAHHS TETUIONPOBIIHOCTI B IIUJIIH/-
puYHUX KoopauHarax Buay (1) BigHocHo dbyHkuii 7(7, z):

1 d ar\ d(. dT dT
—— A, +—| A — |= —q@rz)+ p-c-— 1
, dr( o drj dz( : dz) g2 T pey M

MEPETBOPIOETHCS B CUCTEMY JIIHIMHUX anreOpaiyHUX PiBHSIHb BIJHOCHO 3HAYEHD LII€]
(GyHKLIT B By3/1aX alpoOKCUMAIlIi:

dT
(K] - [F] [0 4 @
KoMIoHeHTH MaTpullb B CUCTEMI PIBHSHB (2) OOUHUCIIOIOTHCA Yepe3 KOOPAHHATHI
(dyHKIIII:
- IIsSMaTpHIl Koe(piuieHTiB

ki =\, ” N, redredz ”

dZ

hij = jN,.-Nj-(az-r)-r-dr + jN,,-Nj-(a,-z).r-dz;

- ISl MATPHUIl BaJbHUX YCHIB (TIpaBl YaCTUHH) f; = - J. I N,-N,-q,(r,z)-r-drdz ;

zr

- JUI MaTpUL] TEINIOEMHOCTEH Cjj= p - ¢ - _[ _[ N;N,-r-drdz.

zr

. . N . . dT T, —T
IIpu po3B’s13yBaHHI HECTALIOHAPHOI 3a7a4l NUISIXOM 3aMIHH—- = %
t !
]-;4_] + T . . cu .
T= T peam3oBaHa itepaniiina cxema Kpanka-Hikoncona:
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Puc. 3. 3anexxHoCT1 pi3HULI MK CEPETHBOIO
TEMIIEPAaTypOI0 By3Jia BICKO3UMETpa 1 TeM-
MepaTypor0 M HaBKOJIHMIIHBOTO CEPEIOBUIIA
Bil vacy. CymlibHI JiHIT - PO3paxyHKOBI
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Puc. 4. 3anexnicts nepepuieHas AT cepe-
ITHBOI TeMIIEpaTypH B 30HI BIAIJICHHS Teria
HaJ[ CEPEIHBOI0 TEMITEPATypPOIO B 30H1 BUMi-
PIOBaHHS BiJ OTYXKHOCTI TEIJIOBUIIJICHHS ¢

kpusi 1- v =0 m/c, 1 =1600 c, 2 — v = 0,01
m/c, T=1400 ¢

1 — 6e3 BpaxyBaHHs BUAUICHHS TeIUla B Ii-
JIIATTHUKY, 2 — 13 BpaxyBaHHSIM BHJIUICHHS
I[BOTO TeTlIa

K[ VTR | 5 (K- [ 1] G

B pesynbraTy po3B'si3yBaHHS CUCTEMH JIIHIMHUX anreOpaiyHuX piBHSHB (2) 1 BU-
3HAUEHHS TEMIIEpaTypu B By3JlaX CITKM KIHIIEBUX €JIEMEHTIB, 3a JIOMOMOTOI KOOp-
TUHATHUX (DYHKI(H OOUYHCIIIOIOTHCA 3HAUYEHHS TEMIIEpaTypH B 3aJaHUX TOUYKaXMO/e-

8
ai: 1(r, z)=ZN {(&,n)-T . B sKOCTI BXiTHUX JAaHHUX JJIST PO3PAXYHKOBHX JOCIIIKEHD
i=1
3aJlaBaJId TEOMETPUYHI PO3MIPH €JIIEMEHTIB MPSIMOKYTHOI CITKHU (puc.l); MIUIBHICTD 1
TEIJIONPOBITHICTEMATEPIAJIIB B MEkKaX KOXKHOTO MPSIMOKYTHOTO €JeMeHTa; Koedirri-
€HT KOHBEKIIIl 0. Ha TTOBEPXHI BY3Jia POTAIIITHOTO BICKO3UMETpA; JIiHIIHA IIUIbHICTD
TETJIOBUAUICHHS B IPOIIAPKY JOCHIKYBAHOT PIIUHU =27 - 1) .

OcproBa cuMeTpisi KOHCTPYKIIii BPaXOBYETHCS HYJIbOBUMH KPAHOBUMH YMOBaMH
Helimana B310Bx oci z. Taki >k caMi KpalilOBI YMOBH 331al0ThCS 1 HA HUXKHINA TOpLe-
BOI TOBEPXHI TEILIO 130JIF0K0YOI MIAKIAIKHI 3 THOIUIACTY.

KoedirieHT KOHBEKIIIT 00 BU3HAYATIN €KCIIEPUMEHTAIBHO MIISIXOM CITIBCTaBICHHS
EKCTIEPUMEHTAJILHUX 1 PO3PAXYHKOBUX KPUBUX BUCTUTAaHHA BYy3Jia BICKO3UMETpA IS
JIBOX PEXKHUMIB POOOTH: KOJIM 30BHIIIHUM HUIIHIAP HE 00epTa€ThCA, 1 IPU 0OEpTaHHI
(3 miuiitHOIO mBHAKICTIO V = 0.01 M/c). Taki 3anexxHocTti onucyroThes [10] dyHKITIEO
()exp(/)TtTt=-—1w™m, ne TM — 3HaUCHHS TeMIIEepaTypH, 3 IKOTO MMOYNHAETHCS
OXOJIOJIPKEHHS By3J1a Bicko3umeTpa.Ha puc.3 nokaszani KpuBl 0XO0JIOKEHHS By3Jia Bi-
CKO3MMETpA SIK1 3HSTI EKCIEPUMEHTAIBHO MPYU HEPYXOMOMY 30BHIIIHBOMY LIMIIIHIPY
(kpuBa 1) 1 mpu Horo oOepranHi (KpuBa 2). Po3paxyHKOBI 3a1€XHOCTI,BIIMOBIAHI
MM KPUBHUM, OTPUMaHI pu oL = 8.52 Br/M’K (xpuBa 1) i o = 9.74 Br/M*K (xpusa 2).
[TopiBHSHHS PO3pPaXyHKOBHX 1 EKCHEPUMEHTAIbHHUX 3aJIeKHOCTEM IOKa3aHO Ha
puc.3.
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Puc. 5. Po3noain Temnepatypu 1mo BUCOTI Mpomapky piauau (miHis 1) 1 Mo BUCOTI
TepMomMeTpa (JTiHis 2)

OCHOBHOIO BEJIMYMHOIO, BiJ] SIKO1 3aJI€KUTh PI3HUII TEMIEpaTypu MIXK 30HOIO
BUMIPIOBAHHS 1 30HOIO BUIJIEHHS TEILIA, € MOTYKHICTh TEIUIOBUIJIEHHS ¢; B IPOILa-
PKY pILOMHHU, IO AOCHIUKY€eThCA. Jliama3oH 3HAYEHHSA ¢; TOCTATHBO BEIUKHM (BLI
0.015 mo 2:107 Br/M? ). Be3yMOBHO, L0 IIPU MallOMy ¢; HOrO BIUIMB HE3HAYHMH i
B3arajii MOXe He BpaxoByBaTHCs. ToOMy po3paxyHKH BUKOHYBAJIU B 00JIACTI CEPETHIX
3HAY€Hb ¢;. SIK MPUKIAJ, HABEJICHI PE3yJIbTaTH PO3PAXYHKOBUX JOCTIIHKEHb KOJH
30BHILIHIM HuTiHAp obepracThes, mpu o= 9.74 Br/m*K i g; = 300 B1/m>.

Ha puc.4 nokazaHo 3aJie’KHICTh TIEPEBUIICHHS CEPEIHBOI TeMIIEpaTypu B 30H1
TETJIOBUIAUICHHS HaJl CEPEHBOI0 TEMIIEPATYPOIO B 30HI BUMIPIOBAHHS BiJ] MOTY>KHO-
cti TeroBuaUIeHHs (miHig 1). [ToxuOka BumiproBanns He nepesuinye A7=+0,03 °K,
ToMy 1ipu ¢; < 300 B1/M? BIUIMB TEIUIOBUIIIEHHS B IPOIIAPKY JOCIIIKYyBaHOI piu-
HU HE BUXOJIUTh 32 MEKY TOUHOCT1 BUMIPIOBAHHSI.

[Iloxo BIIMBY APYroro TEIUIOBUAUICHHS ¢, - Y MPOIIAPKY 3MA3KH IMiAIIUITHAKA
(30BHIIIHIA ITUIIHAP B 000#MI, puc.l), ToBmuHa sikoro D=100 MKM, Ha BiIMIHY BiJ
HAJITOHKOTO MPOIIAPKY PIAMHM, KA TOCHIKY€EThCs, nmocTidHa. [Ipu n = 0.15 [la-c 1
v=300 ¢!, g,=1.5-10* Br/M?, (10670 Ha 3! mopsaxy MeHuie g;). Lla TOTyXHICTb B
PO3paxXyHKOBHI KIHIIEBO-CJIEMEHTHIM MOJIENl BPaXxOBY€ETbCS y BUTJISI TETUIOBU/II-
JICHHS UMIIHAPUYHOTO TMOBEPXHEBOTO 1Iapy, PO3MIIIEHOTO 110 TPAHMULII, 1110 PO3JALISLE
MIITUITHUK 1 30BHINIHIO TMOBEPXHIO CTAJIEBOr0 MUWIIHAPY. Tak sk 30BHIIIHS MOBEPX-
HS [IWIIHpa Habarato OUTBII 3a BHYTPIIIHIO, HA K1 3HAXOAUTHCS MPOILIAPOK JOCHTI-
JKYBAHOI PIIMHU, TO 3arajibHe TEIUIO, 10 BUIAUISETHCS B MIAIIUIHUKY, M1IBUIILYE
TeMIiepatypy aociaipkyBanoi piquau Ha AT = 0,02 K. Ha puc.4 noka3ano 3milieHHs
3aJIEKHOCTI nepeBUIIEeHHSI AT cepelHbOI TEMIEPATYPH B 30HI1 TEIJIOBUAUICHHS HaJ
CEpEeIHBOI0 TEMIIEPATYPOIO B 30HI BUMIPIOBAHHA: 0€3 BpaxXyBaHHS J10IaTKOBOT'O BH-
JUJIEHHS TEIJia B MAMMUIHUKY (JiHISA 1) 1 13 BpaXyBaHHSAM TEIUIOBUJIUICHHS B 1IN~
nuuky (miHig 2). BunHo, mo miHis 1 1eaBe TOPKAaeThCs 30HU, B AKIA BPaXOBYEThCS
BIUIMB TEIUIOBUJIEHHS JOCIHIKYBAaHOI PIAMHM HA ii (Pi3UyH1 mapaMeTpu. 3 OJHOTO
OOKy 1iel BIUTMB 00MexXyeThcsl moxuOkor BuMiproBaHHs AT = 0,03 °K, a 3 gpyroro
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OOKy — MAKCHMAJIbHO MOKJIMBOIO IIOTYKHICTIO TemIoBKaLIeH s ¢ < 300 Br/m2. Tomy
MIJMWAITHEK Je1o moininye curyaito. JliHis 2 1o6pe BXOAUTh B 30HY MOKJIMBOTO
BpaxyBaHHS BUJJICHHS TEIUIa Ha B’ S3KICTh JIOCIIKYBAHOI P1UHU.

Takum 4MHOM, TIpU 3HAYHUX d Ta Y po3paxoBaHa pi3HUIL AT MiX Temmepary-
pPOIO B TPOIIAPKY, KUK BUMIPIOETHCS, Ta MOKA30M JaTdydKa MOJKE IMEPEBUIIYBATH
0.5 K. 3 mornsany HaAMIpHO YyTJIMBOCTI 3aJIEKHOCTI B’SI3KOCTI MAacTHJI 10 TEMIIEpa-
Typu (Hanpukian, aas SAE 15W40 npu ii migeumenHi Ha 100 K ioro B’sI3KiCTh
3MmeHInyeTbest y 1000 pas3iB) He BpaxyBaHHsSI HE MOIMPABKU MOYKE CYTTEBO BIUIMHYTH
Ha pe3yibTaTax BU3HAaueHHA Bicko3umeTpoM BiactuBocted EPK mapy. Bianosiane
BpaxyBaHHs AT T03BOJIMIIO OJIep>KaTH 100pY 3rofy 3 pesyibTatamu [2, 4, 6] BcTaHO-
BJICHHSI TEMIIEPATYPHOI 3aJIE)KHOCTI MOT0 piBHOBAXKHOI TOBIIMHU ds ONTUYHUMU MeE-
toaamu. Lle ekcnepuMeHTaNbHO MIATBEPAKYE HEOOXIAHICTh BUKOpUCTaHHSA AT 1 KO-
PEKTHICTD i1 pO3paxyHKY.

Jliist inrocTpallii KapTUHU PO3MOALTY TEMIIEPATYPHOTO OIS B BY3JI BICKO3UMET-
pa BUKOHYBAJIM PO3paxyHKH TEMIEpaTypH B BY3JIOBUX TOYKAaX CITKU KIHIIEBHX elie-
MEHTIB JIJIs CTalllOHAPHOTO peKUMY HarpiBaHHs. Ha puc. 5 juist mopiBHSIHHS TOKa3aHi
rpadikd po3MoLTy TeMIIepaTypy MO BUCOTI MPOIIAPKY JOCHIKYBAHOT PIAMHU 1 IO
BHCOTI JJaTYMKa TEMIIEPATypH.

BucHoBku. 3 BUKOPUCTAHHSIM METOJY KIHIICBUX €JIEMEHTIB PO3pOOJICHO MpO-
IPAaMHHI KOMILIEKC, IKUH J03BOJIAE€ BUPIIIUTH KPailoBy 3a/1ayy TEIJIONPOBITHOCTI B
CKJIQJHOMY BY3JIl POTAL[IHHOTO BICKO3UMETPY IpPU BHUMIPIOBAHHI HUM HAATOHKHX
MPOILIAPKIB PIAUHU MPHU CTALIOHAPHOMY pexuMi podoTu. OTprMaHe pilIeHHs 3aadi
BpaxOBYy€ T€OMETPUUYHY KOH(Iirypaiiro Ta Temio(i3uuHi BJIACTHUBOCTI CKJIQJOBUX
I[bOTO BY3JIa 1 T€, 1110 B HHOMY JIIIOTH JBa JUKEpelia TeIIOBUALICHHS. Take 10/1aTKoBe
METOJNYHE 3a0€3MeUeHHs] BUMIPIOBaHb CIEIIaJbHUM BICKO3MMETPOM IIiJIBUIIYE Ha-
JTIHHICTD PE3yNbTATIB AOCTIKeHb CTpYKTypHUX BiactuBoctedt EPK miapis, siki rpa-
I0Th 3HAYHY POJIb y Tpiajiax TepTH.
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Savin N.V., Altoiz B.A.
Solution of the thermal conductivity problem for a viscometer element with
heat sources

SUMMARY

In experiments with an epitropic liquid-crystalline phase, when measuring ultra-thin (with
this phase) liquid layers using a rotational viscometer, some difficulties arise in determining
the temperature directly in them. The software package for calculating the temperature field
distribution in a viscometer element using the finite element method ensures correction of the
temperature sensor indication. The package is a necessary additional methodological support
when using the viscosimeter set up.

Keywords: liquid viscosity, epitropic crystal phase, rotational viscometer, temperature.
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Bruius nomimok gyJsiepena Ce Ha ClIEKTPAJIbHI KOe(ii€eHTH MOTJTMHAHHS
CBITJIA B TEXHIYHUX piguHAX

Homiwxu gynepenie y piounax icmomHo eniusaoms Ha ixui meniogizudni 1acmueocmi.
Tomy 3acmocy8anHs pisHUX pedosuH i mamepianié 3 OOMiKamu QyiepeHy 8i0Kpusae wupoxi
MONCIUBOCTNE 0151 NIOBUUCHHS eHepeemUYHOI egheKmUBHOCMI 0ONAOHAHHS, 8 IKOMY BUKOPUC-
MOBYIOMbC HAHODAI0IOU: MEPMOAKYMYNIOIOUL Mamepiaiu 3 pazoeum nepexooom, poboui mi-
na i mennonocii. OOHaK MexHoN02IYHUL npocpec, N08'a3aHUll i3 6NPOBAOINCEHHAM HAHOMEXHO-
JI02I Y PI3HOMAHIMHOMY O00JAOHAHHI, 3HAYHOW MIPOI0 CMPUMYEMbCA 00CI HEeGUPIULEHOO
npoobemoro ceOuMiHmayitunoi ma azpecamusHoi cmiukocmi Hanooioie. Ilpuuomy ne mino-
KU Ha cmaodii ompumManHs HaHomamepiany, a i 3a 008620MpuUBAIol eKcniyamayii 6 001a0HaH-
Hi. Haiibinbw 0ocmogipHy iHghopmayiro npo 3smiHu y ckaadi ma cmpykmypi HaHoghaoioy mo-
JHCHA OMPUMAMU MEMOOOM CNEKMPALbHOL cnekmpogomomepii. Y npononosaniit cmammi Ha-
8e0eHi pe3ynbmamu 00CHI0NCEHHs CNeKMPAIbHUX KOe@iyienmie nociuHanHs 0l OeKiIbKoX
Hanoguoioig: mempanin/ynepen Ceo, H-etikozan/pynepen Ceo i KomMnpecopne macio Suniso
3GS Ceo. ¥V pamxax 3anpononosanoi mexnonozii cmeopenus HaHO@n10i0ie OMpUMaHo 3pa3Ku
Ppi3Ho20 cKAaody. [l 00Cai0HCYBaAHUX 3PA3KI6 OMPUMAHO CREKMPOSPAMU, 3 AKUX BUNTUBAE, WO
30 30invuennsam Konyenmpayii gynepeny Ceo cnekmpanvhi Koegiyienmu no2iuHanHs 30i1b-
wyromscs 8 iHmepsai 008xcun xeunv ceimaa 6i0 400 0o 700 nm. Hassnicme mouok excmpe-
MYMY HA 3ANeHCHOCMAX CHeKMPATbHUX KOoe@iyienmie nociuHanHs Hanogoioie mempanin/
Cso ma komnpecopna mactuno Suniso 3GS/ Ceo 6 inmepsani 0osxicun xeunw 6i0 450 0o 650 um
eKazye Ha me, wo 8 HaHo@uoioax npucymmi He auwe monekyau gynepeny Ceo, a ti acpecamu
(HaHOYaCMuUHKU) PI3HUX PO3MIDIE.

Knrouoei cnosa: nanognioio; gynepen Cso; ceoumenmayiina ma azpe2amuena Cmiti-
Kicmb, cnekmpozpama, azpe2amu

Beryn. OcranHiMH poKaMH HAaHOTEXHOJIOTII CTajld OJHUM 13 HANpPsMIB ITi/IBU-
IICHHSI €HEePreTUYHO1 e(DEKTUBHOCTI 00JIaHAHHS B PI3HUX Tay3siX MPOMHCIOBOCTI,
10 HAWIIBUIIIIE PO3BUBAIOTHCS.

Hanodmnroinu, 10 ckiany sSskux BXOASTh QyJIepeHH, OTPUMYIOTh IIUIIXOM iXHBOTO
PO3UYMHEHHS B PI3HUX PIAMHAX, TAKUX K TEXHIYHI MacTHIIA, mapadiHu Ta TEIIOHOCIT
[1-6]. Ik MOKa3yIOTh YUCIEHHI TOCTIAKEHHS, IPUCYTHICTh HaBITh HE3HAYHOI KIJIBKO-
cTl QylepeHIiB y TEXHIYHUX PIIUHAX COpPUS€ HEQAUTUBHIN 3MiHI IXHIX Teriopi3ny-
HUX BractuBoctel [1-4, 6,7]. Lleit epext 3yMOBIEHHI SIK B3aEMOJIIEI0 MOJIEKY (yie-
peHy MiX c00010, Tak 1 MIDKMOJEKYJISIPHOIO B3a€MOJIE€I0 3 0a30BOIO PIAUHOKO [2],
BHACIIIJIOK SIKOI MOXKYTh YTBOPIOBAaTHCSl arperatu pizHux po3mipiB [8]. domaTkoBuii
BIUIMB Ha HAJUIUIIKOBI TEPMOAMHAMIYHI QYyHKIIT HAHO(IIIOINIB YUHUTH 3MiHA CTPYK-
TypH piakoi ¢a3u 6a30BUX PIIUH Y MPUCYTHOCTI dyaepena [9,10], a Takok HasBHICTb
MMOBEPXHEBOTO MIapy MOJIEKYJ 6a30BO1 piIMHUA 200 MOBEPXHEBO AKTUBHUX PEYOBUH Ha
HY [8,11].
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[IpucyTHicTh ¢ysiepeHa B TEIJIOHOCIAX 1 poOOYMX TUIAX CHOpUSE 301UIBILIEHHIO
IHTEHCHBHOCTI TEIJI00OMIiHY 11T 4ac (a3oBUX IepexoaiB 1 koHBekii [1, 6]. Jdomir-
KM HaHOMAaTepialiB y TEPMOAKyMYJIOIUYHX MaTepianax 3 (pa3zoBUM mepexoaoM 30i-
JBIIYIOTh TEMIIEPATYypPONPOBIIHICTh 1 TEIJIOTY (Pa3oBUX mepexofiB [6]. DynepeHu
M1JBUIIYIOTh IHTEHCUBHICTb MOTJIMHAHHS €HEPTii B KOPOTKOXBUJILOBIM YaCTHHI CIICK-
Tpa CBITJIOBOI'O BUIIPOMIHIOBaHHSI B TEIUIOHOCISIX COHSYHUX KojektopiB [1, 4]. 3a-
CTOCYBAaHHSI HAHOMACTHUJI 3 JOMIIIKaMU (pyJiepeHa MiJIBUIIY€E MOKa3HUKHU €(hEeKTUBHO-
CT1 TAPOKOMITPECIMHUX XOJOIUIBHUX YCTAaHOBOK [5].

OpHak, HE3BaXKarOUM HAa TEXHOJIOTIYHI Ta TEMI0(I13UYHI epeBaru 3aCTOCYBaHHS
HaHOQJIIOIIIB 13 JOMIMIKaMU (PYJIEPEHIB B €HEPreTHYHOMY O0JIaJHAHHI, IIMPOKE 3a-
CTOCYBAHHSI HAHOTEXHOJIOT1M CTPUMYETHCS MPOOIEMOIO CTIMKOCTI HaHOMAaTepialliB
1] Yac eKcIulyaTalli oOJiaqHaHHsA. Y JTepaTypl MPOMOHYIOThCS Pi3HI TEXHOJIOTI
OTpUMaHHSA HaHOMATEpialiB Jid 3a0€3MEUCHHS CHACMEHTAlIMHOI Ta arperaTuBHOI
cTifikocti [2, 12-15]. IIpu oMy NpakTUYHO BIACYTHI MyOiKallii, MpUCBSIYECHI 3Mi-
HaM CKJIaJly HaHO(IIIOIAIB YHACIIIOK TPUBAJIOi eKCIuTyaTallii B 00JaHaHH1, MiJl 4ac
B32€MO/IIi TETUIOHOCIIB 1 pOOOYUX T 13 BHYTPIIIHBOIO MOBEPXHEIO TPYOOIPOBOIIB,
TEIUIOOOMIHHMX arapatiB, HACOCIB 1 KOMITPECOPIB.

Sk 00'eKTH MOCIIIKEHHS] BUKOPUCTOBYBAJIM TaKi 3pa3ku: KOMIIPECOPHHE XOJIO-
muinbHe Mactuiio Suniso 3GS/ Ceo, H-eHiKko3aH, 1 TeTpaiain. Mactuno Suniso 3GS/ Ce
PEKOMEHIYEThCSI JIJISi 3aCTOCYBAHHSI 3 HOBHM IIOKOJIHHSIM €KOJOTIYHO Oe3MeUHUx
XoJio0areHTiB. H-eliko3aH € 0JHUM 3 OCHOBHMX KOMIIOHEHTIB TEXHIYHHX MapadiHiB,
AK1 IIAPOKO BUKOPUCTOBYIOTHCA SIK TEPMOAKYMYJIIOIOY1 MaTeplajan B COHSYHIN eHep-
retutll [6]. Terpalin € BeIbMU MNEPCHEKTUBHUM TEIIOHOCIEM Y HU3BKO 1 CEPEIHBO
TEMITEpaTypPHUX COHSYHUX YCTAaHOBKAX. Y PO3TJISHYTHX 0a30BHX PEUOBHHAX (yJie-
peH Cgp MOKE PO3UMHSTHCS B MEBHUX IHTEpBajax KOHLEHTpauiid. PO3UMHHICT, K
MPaBUIIO, 3pOCTa€ 31 30UIbIICHHSAM TemrepaTypu [16], 1m0 € 6€3CyMHIBHOIO TMEepeBa-
rO0 MOPIBHAHO 3 THIIMMU HAaHOYACTUHKAMHU. SIK 3a3Ha4aroTh JIesKl aBTOpH, dyrepe-
HU Cgp Y HEHACUUEHHUX PO3UUHAX MOXKYTh MepeOyBaTh sIK y (OpMi BEJIMKUX MOJIEKYI,
TaK 1 arperatiB pi3HOro po3mipy [8]. O1xke, HeHacudeHi po3unHH ¢ynepeny Ceo MO-
KYTb BUSBJISITH BIIACTUBOCTI SIK MOJICKYJIIPHUX PO3YHMHIB, TaK 1 KOJOIMHUX PO3YMHIB
3aJIeXKHO BiJ] TApaMeTpPiB CTaHy.

Sk moka3yroTh paHilie MpOBEACHI AOCHipKeHHs, Aomimku ¢ynepeHa Ceo y
KOMITPECOPHUX XOJOJUIBHUX MAcTUJIaX CHPUSIOTH IMIJIBUILIEHHIO EHEPTeTUYHOI ede-
KTHBHOCTI TAPOKOMIPECIMHUX XOJOJUIBHUX YCTAHOBOK [5], 30UTLIYIOTH TEILIONPO-
BIJIHICTb 1 TEIJIOTY (ha30BOro nepexony B napadinax [6] Ta koedilieHT TeIOBI 1Ayl
3a TypOyJIEHTHOIO peXXUMY Teuli TeTpaniHy B TpyOi [1]. OnHak nuTaHHs, NOB'A3aH1 3
CEeAMMEHTALIMHOIO Ta arperaTUBHOIO CTIMKICTIO PO3YMHIB 3a3HAYEHUX TEXHIYHUX Pi-
IVH B YMOBaX JIOBIOCTPOKOBOTO 3aCTOCYBAaHHs B OOJIaJHAHHI, 3aJIHMIIAIOTHCS HENO-
CTaTHbO BUBYEHUMHU. TOMY METOIO 11i€1 pOOOTH € BUBUCHHS BILUIUBY (PpynepeHiB Coo Ha
CrieKTpasibH1 KoedirieHT moriauHadHs po3urHiB Suniso 3GS/ Cgo , TeTpanin/ Ce Ta
H-eko3aH/ Cgp. OTprMaHi B TIPOIIEC] JOCIIHKEHHS 3aJIEKHOCT1 CIIEKTPAILHUX Koedi-
I[I€EHTIB TOTJIMHAHHSA 32 PI3HUX KOHIIEHTpalliil (ynepeHy 1aayTh 3MOTY BiJICIiKOBY-
BaTH JUHAMIKY 3MIHHM CKJaay 00'€KTiB JOCIHIKCHHS 3aJ€KHO B1JI 4acy eKCIUTyaTtarlii
B EHEPreTUYHOMY O0JIa/IHAHHI.
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1. MaTepiajiu Ta MeTOAMKA CTBOPEHHs 3pa3KiB. J[1s HOCTiIKEHHS TIPOIECy
BIUTUBY JoMilIok ¢ynepeHa Cep Ha CrEKTpaabHi KOe(IIIEHTH NMOTJIMHAHHS CBITJIA B
TEXHIYHUX PIUHAX BUKOPUCTOBYBAJIUCS TaKi MaTepialiu:

o pymiepen Cq, BUpoOHUK Suzhou Dade Carbon Nanotechnology Co., Ltd.,

Kurait, CAS 99685-96-8, 3micT 0ocCHOBHOTO KOMITIOHEHTY 99.5 macc. %.

e terpamin  (1,2,3,4- Tterparigponadramu, CI10HI12), nocravanpHuk Sigma

Aldrich, CAS 119-64-2, unctota 0,99 kr/kr';

e H-citko3aH, nmoctadaabHUK Aldrich Chemical Co., CIIIA ¢ gyucroToio Outbine 99

Moi1. %; CAS 99685-96-8.

e KoMIipecopHa MacTuiIo Suniso 3GS/Ce, BUpoOHUK Petro-Canada Lubricants Inc,

B'sa3kicTh npu 40°C — 30 cSt

[Ipn migroroBmi 3pa3kiB po3uuHIiB ynepeHa Cg y 3a3HAYEHUX POZUYMHHHUKAX
(0a30BHX pedyOBHHAX) MPOLEAYPY YJIbTPa3BYKOBOIO JUCIEPTyBaHHA OyJO BUKIIOYE-
HO, OCKUIBKM B HEIIOJABHO OIyOsikoBaHUX poOoTax [17-20] Oyno moka3aHo, 110
Mporeaypa yabTPa3ByKOBOTO JUCIIEPTYBAHHS HAaHO(IIOIIIB MOYKE CIPUATH YTBOPEH-
HIO KJIaCTEPIB.

TexHoorisl MiArOTOBKU 3pa3kiB HAaHOQUIIOIMIB CKiaaaiacs 3 JCKUIbKOX €TalliB.
Busnaueny macy kpuctaniB dynepena Cep pO3UMHSUIM Y BIJJOMIM KUTBKOCTI 0a30BUX
piauH 0e3 IHTEHCUBHOTO MEXAHIYHOTO BIUIMBY Ta BUTPUMYBAJIU B TEPMETUYHIN TIPO-
Oipui (0e3 KOHTaKTy 3 MOBITpsIM) MpoTsroMm 15 116 3a temneparypu 6musbko 60 °C.
[Ticnst mepioMYHOr0 HEIHTEHCHUBHOTO MEPEMIIIyBaHHS KOMIIOHEHTIB PO3YMHIB CIIOC-
Tepiragocst 0CayKeHHs Hepo3unHeHuX kpuctaiiB Ceq Ha THO MPOOIPKH

Otpumani HacuueHi po3unHu QynepeHa Cqp y 0a30BUX PEUOBMHAX aKypaTHO Bi-
JOKPEMITIOBANIM Bl OCaay 3 Hepo3unHEeHUMH KpucTtanamu ¢ynepera Ceo HA IHI TIPO-
OlpKu. 3alUIIKK PO3UYMHIB (IIBTPYBaJIM Ta 3BAXKYBaJU 3 METOIO KOPEKTHOTO BHU3HA-
YeHHS KOHLIEHTpalii OTPMMAaHUX HACHUYEHUX pO34YMHIB. Jlpyruii eram TEeXHOJIOTii
OTPUMAaHHS 3pa3KiB MOJSATAB y PO3BEICHHI HACHUYEHUX PO3YMHIB 0a30BUMH PEYOBHHA-
MU. Maca KOMITOHEHTIB PO3YMHIB BU3HAYANIACS 3 BUKOPHUCTAHHSIM CJICKTPOHHUX aHa-
mituuaux Bar AND GR-300 3 neBusnauenictio +0.0003r. MacoBa KoHUEHTparis
OTPUMAaHMX 3pa3KiB HaBeJeHa B TaOmuii 1

dotorpadii orpuMaHux 3pa3kiB HaCHYEHUX po3unHiB ¢ynepeHa Cep y 0a30BUX
pEYOBHHAX HABEJICH1 HA PUCYHKY 1.

Tabauus. KoneHnrpaiii 3pas3kiB po34rHiB 0a30BUX pedoBHH 13 hynepeHoM Cgo

Ne 3pa3ok Konmnentparris, | Ne 3pa3ok Konmenrpartis,
Macc % macc %

1 | Terpanin/Ce 0.0595 7 Terpanin/Ce 0.9597

2 | Terpanin/Ceo 0.1763 8 H-31K03aH /Cg 0.01

3 | Terpanin/Ce 0.5573 9 H-31K03aH /Cg 0.02

4 | Terpanin/Ce 0.6882 10 | u-siiko3an/Ce 0.04

5 | Terpanin/Ce 0.7992 11 Suniso 3GS/Ce 0.5

6 | Terpanin/Ceo 0.8328 12 | Suniso 3GS/Cq 1
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Puc. 1. ®ortorpadii 3pa3kiB 10CHIHKYBAaHUX PO3UHHIB: a - H-eiiko3aH/ Ceo;
b - Terpamnin/ Ceo; ¢ -kommpecopHe Maciao Suniso 3GS/ Ceo.

2. Pe3yJabTaTH A0CTiKEHHS TA TUCKYCisl. 3 METOI0 KOHTPOJIIO MOKIJIUBOT 3Mi-
HU CKJIQJy TEXHIYHUX HaHODIIO1/IIB MiJ] Yac TPUBAJIOTO BUKOPUCTAHHS B €HEPreTHY-
HOMY YCTaTKyBaHHI MOK€ BUKOPHCTOBYBATHUCSI METO/1 CIIEKTPAJIbHOI CIEKTPO(OTO-
Mmepii. Jyig po3B'sa3anHs 111€1 3a/1a4l Mae OyTH OTpUMaHa 1HPOpMaILlisl PO 3aJIEKHOCTI
CIIEKTPAIHbHUX KOCS(DIIIEHTIB IMOTJIMHAHHS BiJ] JOBKHHHU XBUJI1 CBITJIA 1 KOHIIEHTpaIlii
nomimok gynepena Cep B OTpUMaHUX 3pa3Kax TEXHIYHUX HaHO(0iA1B. KpiM Toro,
CHEKTPOTrpaMu HECYTh LIIHHY 1HPOpMaLIiIO Ipo 3MiHU KOHIeHTpalii pynepeHa Cep y
0a30BUX piIMHAX 1 TpaHc(opMalli po3MipiB arperatiB pysiaepena B 0a30BUX piAMHAX
I1]] 4ac X BUKOPUCTAHHS B EHEPreTUUHOMY OOJIaJHAHHI.

JlocmipKeHHsl CIeKTpaIbHUX KOE(ILIEHTIB MOTVIMHAHHS MPOBEIECHO HA CIIEKT-
podorometpi Ulabl02UV. Sk piivHu MOpiBHSHHS B MPOBEICHUX JOCIIIKEHHSIX BH-
KOPUCTOBYBaJIM 4uCTI 3pa3ku macTuwia Suniso 3GS/ Cep, H-€HiKO3aHy 1 TETpalliHYy.
TepMocTaryBaHHS 3pa3KiB 3a0€3MeUyBajioCs] 32 PaXyHOK YCTAaHOBKU B KIOBETHOMY
BIJIJIIJIEHH] CIIEKTPO(OTOMETpa KOHTEHHEPA 3 TEPMOAKYMYIIIOIOUMM MaTepiajiom (Tia-
padin/ Ceo [6]). 3amporioHOBaHA CXeMa PETYJIIOBAHHS TEMIEPATYPH ONTUYHUX KIOBET
Jana 3MOTy TIPOBOJIUTH TEPMOCTATYBaHHS B 1HTEpBaii Temmneparyp Big 25 qo 50 °C
npotsroMm 6 ronuH. Temneparypy 3pa3kiB BUMIPIOBAJIN MiJIHO-KOHCTAaHTAHOBOIO Tep-
MOTIapolo, sika OyJia BCTAHOBJIEHA B KIOBETI (JIOBKMHA ONTUYHOTO HUIAXY 3.087 MMm).
BumiproBaHHs TepMoeC TEpMOIapu NpoBoAMIIOCs MyiabTuMeTpoM Rigol DM3064.
HeBusHaueHicTh BUMIpIOBAHHS TEMIIEpaTypH 3pa3kiB He nepesunryBaia 0.35 °C.

[IpoBeneHi ONTUYHI JOCHIJKEHHS MMOKA3yI0Th, IO CTPYKTYPHI MEPETBOPEHHS B
HaHO(IIOIaX Micis 3aBEPIICHHS MIATOTOBKHM 3pa3KiB TPUBAKOTh JOCUTH TPHUBAIHMA
yac (auB. puc. 2).

3 HaBeneHOi Ha puc. 2 1H(opMallii BUIIMBAE, 0 AJisI HAHODIIOIAIB TeTpatiH/
Ceo 3 Benukoro koHieHrpatiero dynepenis (0.9597%) nponecu dhopMyBaHHS arpera-
TiB TPUBAIOTh JIOCUTH JOBro. HaBmaku, 4yuM MeHIIa KOHLIEHTpallisd (QyaepeHiB y TeT-
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Puc. 2. BumBu yacy 30epiranas 3pa3- — Puc. 3. 3anexHOCTI cneKTpanbHuX Koedi-
KiB Ha CIEKTpanbHi KOe(ilicHTH mor-  UIEHTIB MOIIMHAHHS BIX JOBXHHM XBHJIL
nmuHaHHA HaHodmoinmy TeTpamin/ Ceo cBiTaa JUIs 3pas3kiB terpamin/ Ceo pi3HOTO
npu Temmeparypi 25 °C cknany 3a remneparypu 27 °C.

paiiHi, TUM MBHUAIIE GOpMy€eThCs Horo cTpykTypa. KpiMm Toro, ciia 3a3Ha4uTH, 110
MPUTOTOBaHI HaHO(DIIOIMM ciif 30epiraTd B HEMPO30pUX TNocyauHax (6e3 AocTymy
CBITIIA).

Otpumana iHbopMalii PO 3aJIeKHOCTI CHEKTPaIbHUX KOE(DIIIEHTIB MOTTTHHAH-
HS BIJI JIOBXXWHU XBHJI1 CBITJIAa 171 3pa3kiB TeTpaiin/ Ce PI3HOTO CKJIaay HaBEJICHI Ha
puc. 3.

3 HaBeJICHUX Ha PUCYHKY 3 CIEKTpOTpaM BHUILIUBAE, IO 31 301IBIIICHHSIM KOHIIE-
Hrpauii ¢ynepeHa Ce 3HaUCHHS CHEKTPaIbHUX KOE(ILIEHTIB MOTJIMHAHHS ISl PO3-
yuHiB TeTpaiil/ Cg 301IbIIYI0TECS. CHIEKTpOorpaMu MaloTh MOHOTOHHUN XapakTep,
110 CBIYUTH MPO MPUCYTHICTh Y TETPaIiHI HE TUILKU MOJICKYN (yJsiepeHa, a i arpe-
raTiB gynepeHiB Cgo. HasiBHICTh TOUOK €KCTPEMYMY Ha 3aJICKHOCTSIX CIEKTPaIbHUX
KO€(III€HTIB MOTJIMHAHHS B 1HTEPBaJi TOBXKUH XBUIb Big 450 10 650 HM BKazye, 1110
B HaHO(JII0i1axX MPUCYTHI arperatu (HAHOYACTUHKHU) PI3HUX PO3MIPIB.

Crilikuii y meBHOMY 1HTEpBa JOBXKUH XBWIb (Bi 450 1o 650 HM) ekcTpeMyMm
Ha CIEKTpoTrpaMax BKa3ye Ha 30UIbIIEHHS KUIBKOCTI KJIACTEPIB I[IJIKOM MEBHOTO Ha-
HOPO3MIpY 31 3pocTaHHsIM KoHIeHTpatlil ¢ynepeHa Ceq. B iHTEpBasi TOBKUH XBUIb
ceitia Big 700 mo 1000 HM criekTpalibHI KOe(IIEHTH MOTJIUHAHHS MalOTh JTyXKe He-
BEJIMKE 3HAuY€HHA. TOMy MOKHa CTBEP/KYBaTH, IO BEJIMKI arperatd B OTPUMaHUX
3pa3kax terpaiin/ Cep BIACYTHI.

AHanoriyHi BUCHOBKH MO>XHa C(OPMYJIIOBATH, aHAJI3YIOUU CIIEKTPOTpaMHU JIJIs
HaHo(uro0i1B KoMIipecopHe MacTwiio Suniso 3GS/ Ceo (muB. puc. 4). BapTo 3BepHyTH
yBary, 1o OTpuMaH1 CIEKTPOrpaMu, TaKoX SK 1 711 HaHO(to11iB TeTpaiin/Ceo, mia-
TBEPKYIOTh BUCHOBOK TIPO T€, 1110 (ha30B1 TpaHchopmMallli B OTpUMaHKUX 3pa3Kax Ha-
HO(ITIOIMIB TPOTOBKYIOTHCSA JOCUTh TpuBajo. IIpomec hopMyBaHHS IMEBHOTO PO3IIO-
Ny arperaTiB yJiepeHy pi3HOro po3Mipy TPUBAE MPOTATOM KUIbKOX JHIB. YuM O1-
JbplIa KOHLeHTpauid ¢ynepeHiB B MacTuial Suniso 3GS/C60 Tum 1oBLIE TPUBAE MPO-
1ec (GopmMyBaHHS CTIMKOTO PO3MOJILITY arperaTiB MEeBHUX pO3MipiB. [3 3icTaBlieHHS
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Puc. 4 - 3anexHocTi ciekTpanbHux koedi-  Pue. 5. 3anexxHocTi ciekTpaibHUX Koedi-

II€HTIB NOTJIMHAHHS BiJ JOBXUHU XBUII1 II€HTIB NOTJIMHAHHS BiJ JOBXUHU XBUII1
s 3paskiB Suniso 3GS/ Ceo pizHOTO U1 3pa3KiB H-eiiko3an/ Ceo PI3HOTO CKJIa-
ckiany 3a temneparypu 30 °C ny 3a remneparypu 23 —47 °C

OTpPUMaHUX crekTporpam s n1Box HaHodmoiniB (Suniso 3GS/ Ce 1 TeTpamnin/ Cep)
MOKHA JIWTH TaKOTO BUCHOBKY: T[] JII€I0 MIKMOJICKYJIIPHOT B3a€MOIii MI>K MOJIEKY-
namu (pyrepeHy Ta MoJeKyJiIaMu 0a30BUX PiJIMH, a TAKOXK B3a€MOJIIi KJIACTEPIB Pi3HO-
ro po3Mipy, IO YTBOPUIIUCS, MI3K COOOI0 TCTOTPaMU PO3MOLITY KIacTepiB 3a PO3Mi-
pamMu IpuOIM3HO 30€pIratoThCs.

Jlist kopekTHO1 iHTeprpeTarii iHpopMallii MO0 KaJOpPUYHUX BIACTUBOCTEH
KOMIO3UIIIMHUX TEPMOAKYMYJIIOIOUUX HaHOMAaTepialiB 3 (Pa30BUMH MEpexXogaMu He-
o0xiHa 1H(}OpMallis PO CTPYKTYPHI MEPETBOPEHHS IiJl Yac TUIABJICHHS (KpUCTaIi-
3a1ii). 3 i€ METOK OyJI0 MPOBEACHO JOCIIKEHHS KOS(III€HTIB MOTJIUHAHHS JIJIS
MOJIEJTLHOTO HaHOMaTtepialy H-eiiko3aH/ Ce. 3 HaBeAEHOT Ha PUCYHKY 5 1H(opmarii
BUILIMBAE, 110 MOOIM3Yy TemIiieparypu ($a3oBOro Iepexoay 3paskiB H-ehiko3an/ Ce
CHEKTpajbHl KOE(ILUIEHTH MOTJIMHAHHA CBITJA PI3KO 30UIBUIYIOTH CBOE 3HAYEHHS.
Le#t edext € HacHiAKOM 0araTO4YaCTUHKOBOTO PO3CIIOBAHHS CBITJIa HA YHCIECHHUX
(bayKTyaiisx TyCTUHU TBEepAOi (a3u, 10 3apoHKYEThCS, Y po3unHi H-eiiko3an/ Ceo 3a
YMOBH 30€peXEeHHS MEPEOX0JI0IKEHOT piIKoi a3y H-eHKO3aHy.

H-eliko3aH 3a Temmneparyp, HIDKYMX 32 TEMIIepaTypy IUIABJICHHS, 3aIUIIAETHCS B
MIePEOXO0JIOKEHIN pijKik (a3i, a 3a MOJAJIBIIOTO 3HIKCHHS TEMIIEpaTypu peaizy-
eThcsi (a30BHM Mepexia piauHa - poraiiiiHa (asza - kpuctamiuHa (asza (TpUKIIHHA
cunroHis). Jomimku dynepena Cq COpUSIIOTh MIABUIICHHIO CIIEKTPAIbHUX Koediri-
€HTIB MOIVIMHAHHA B PIAKIA (a3l 3a BCIX JAOBXKMH XBHJIb. 31 3MEHIICHHAM JTOBXHHU
XBUJI1 eekT BIUMBY (ynepeHa Cep Ha 3HAUECHHSI CIIEKTPATbHUX KOE(DILIEHTIB MO~
HaHHS CTa€ OUTBII 3HAYHUM.

BucHoBku:

1. IlpoBeneHo ekcrnepuMeHTadbHE JOCHKeHHs BIUMBY ¢ynepeHa Cgq Ha
3HAUYEHHS CIEKTPAIbHUX KOE(DIIIEHTIB MOTIMHAHHS B 1HTEPBal JIOBKUH XBUJIb
citia Big 400 go 1000 HM a1 pi3HHX CKiIaaiB HaHO(OIIB: H-eiiko3aH / Ceo;
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terpamna/Cep; Kommpecopre wmactuiao Suniso 3GS/ Ce. 3 oTrpuMaHmx
pe3yNnbTaTiB MOKHA CPOPMYITIOBATH TaKi BUCHOBKHU.

. 3 OpoBeNeHUX NOCTIIHKeHb BUIUIMBAE, IO MPOIEC PO3UUHEHHS (YIEpPEHIB 1

(dhopMyBaHHS arperariB Mae TPUBAIUI XapakTep.

. HagBHICTH TOUOK EKCTpeMyMy Ha 3aJIeKHOCTSX CHEKTPaJIbHUX KOEQIII€HTIB

nonMHaHHS 111 HaHoumoiaiB TeTpanin/ Cep 1 KOMIOPECOPHE MACTUIO Suniso
3GS/ Ceo B 1HTEpBaNi JOBKHUH XBWiIb Big 450 mo 650 HM BKkazye Ha Te, 1O B
HaHO(IIOIJaX MPUCYTHI He juiue Mosiekynu ¢ynepen Cg, a W arperatu
(HAaHOYACTUHKH ) PI3HUX PO3MIPIB.

. 30UIbIIEHHA KOHUEHTpauii Jomimok @yinepeHa Cg y TEXHIYHUX pIIUHAX

terpanin/ Ceo 1 komnpecopHa mMactuio Suniso 3GS/ Cgy cripusie 301IbILIEHHIO
3HauYeHb KOE(IIIEHTIB MOMIMHAHHS B 1HTEpBaJl JOBXKUH XBWIb Big 400 no 700
HM, 10 BKa3y€e Ha BIICYTHICTh BeauKux arperariB Ceo y piakii ¢asi.

. Homimku ¢ynepena Cep MPU OXOJIOMKEHHI H-EHKO3aHY CIPUSIOTh PYHHYBAaHHIO

MeTacTaOUTbHUX CTPYKTYp 1 peaizalii poTaiiiiHoi ¢asu.
TakuM 4yuHOM, BCTAHOBJICHI B PE3yNbTaTi MPOBEACHOIO JOCHIKEHHS KOHIICHT-

paIiiiHi 3aJIeKHOCTI CEJIEKTUBHUX KOE(DIIIEHTIB MOTIMHAHHS CBITJIA JUIsl PI3HUX 3a
CKJIaJIOM HaHO(IIIOI/IB BIIKPUBAIOTH MOXKIJIMBOCTI BUBUECHHS CTIMKOCTI PI3HUX 3pa3KiB
TEXHIYHUX PIAUH MiJ Yac iX 3aCTOCYBaHHS B EHEPreTUYHOMY O0JIaIHaHHI.
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Influence of fullerene Cgo impurities on spectral light absorption coefficients
in technical fluids

SUMMARY

Fullerene impurities in fluids have a significant influence on their thermophysical proper-
ties. Therefore, the use of various substances and materials with fullerene impurities opens up
wide opportunities for improving the energy efficiency of equipment in which nanofluids are
used: phase transition thermoaccumulative materials, working bodies and heat carriers.
However, technological progress associated with the introduction of nanotechnologies in var-
ious equipment is largely hindered by the still unsolved problem of sedimentation and aggre-
gation stability of nanofluids. And not only at the stage of nanomaterial production, but also
during long-term operation in the equipment. The most reliable information about changes in
the composition and structure of nanofluid can be obtained by spectral spectrophotometry.
The proposed paper presents the results of the study of spectral absorption coefficients for
several nanofluids: tetralin/fullereneCgo, n-eicosane/fullerene Cs9 and Suniso 3GS/Cso com-
pressor oil. Samples of different compositions were obtained within the framework of the pro-
posed nanofluid creation technology. Spectrograms were obtained for the studied samples,
from which it follows that with increasing concentration of fullerene Cso the spectral absorp-
tion coefficients increase in the interval of light wavelengths from 400 to 700nm. The pres-
ence of extremum points on the dependences of spectral absorption coefficients of nanofluids
tetralin/Csg and Suniso 3GS/Cso compressor oil in the wavelength range from 450 to 650nm
indicates that not only fullerene Cso molecules but also aggregates (nanoparticles) of different
sizes are present in nanofluids.

Keywords: nanofluid; fullerene Cesy, sedimentation and aggregation stability;
spectrogram, aggregates
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Bouaromerpust BOZHNX PO3YHHIB aJIbOYMIHIB B 0KO0JIi 0COOJIMBOI TOYKH

Y pobomi nasedeno pesynomamu 0ocriodcents 2ycmuHu ma KOHmMpaKyii 60OHUX PO3YUHIE
CUPOBAMKOBO20 ANILOYMIHY NHOOUHU 8 3aNledHCHOCII 810 KoHyenmpayii pozuuny. Ilokazano, wo pos-
8e0eHHs apmaxono2iunux gopm makcumanvuux xkonyenmpayiu 20% 0o036o01s110ms 8i00Kpemumu
OKLl 0COOIUBOI MOUKU, KOHYEHMPAYIs SKOI CNignaoae 3 HAMUBHUMU 3HAYEHHAMU NPOMEIHI8 Y nia-
3mi kposi. Ocobausocmi no8eOiHKU 2YCMUHU PO3YUHIE 000pe 13200H4CYIOMbCsL 3 OAHUMU NO NOKA3-
Hukam pH ma 3anomnenns ceimia.

Knwwuosi cnosa: sooa, npomeinu, anbOymin, po3uuru, eyCcmund, KOHMpPaKyisi.

Beryn. CtpykTypa 1 BIacTHMBOCTI OUIKIB MPOJIOBXKYIOTh 3JIMIIATUCSA B LIEHTPI
yBaru MEJIUKIB, XIMiKiB, (PI3UKIB Ta 1HIIUX JOCHITHUKIB. OCOOIUBOCTI 3MIHH CTPYK-
Typu OUIKIB MPU PO3YMHEHH] Yy BOJ1 Ta BOJHUX PO3UMHAX € OJHUMHU 3 MPOBITHUX TTHU-
TaHb 010(p13UKM Ta PI3UKU PIAUH 1 PIAMHHKUX cucTeM [1]. Y 1miii crarTi Mu 30cepenu-
MOCSl Ha TEPETBOPEHHSX, SIKI B1IOYBAIOTHCS 3 MaKpPOMOJIEKYJaMU CHUPOBATKOBOTO
anbOyMIHY JIFOAVMHHU Y BOJHUX PO3YMHAX.

CupoBatkoBuii anpoyMmin moaunu (JICA, mami — anpOyMiH) cKiIagaeTbes 3 585
aMIHOKHUCIIOTHHX 3QJIMIIKIB, 00’€THAaHUX B €IWHUN MaKpOMOJIEKYJISAPHUHN JAHIIOT 3
MOJIEKYJISIpHOIO Macoro 66.5 k/la [2]. ¥V kpucrtaniyHOMYy CTaHI MakpoOMOJEKysa ajb-
OyMIHY 3ropHyTa B KOMIAKTHY KOH(OpMaIiIO MPaBUIbHOI TPUKYTHOI NpU3MHU Y (o-
pwMi cepud 3 posmipamu ~80 A ta ~30 A [3]. JlomeHHa cTpykTypa ans0yMiHy 3araib-
HonpuitHsaTOo0. [lpn (izionoriunnx 3HaueHHsx pH BropunHa crpykrypa JICA ckia-
naetbes 3 anbda-cripanei (50-68%) 1 6era-ckianok (16-18%), ctabinizoBaHUX BOJI-
HEBUMHU 3B'SI3KaMH, a TaKOX HEBIOPSAIKOBAHOI YaCTUHU MAKPOMOJEKYJSPHOTO JIaH-
mora [2, 3, 4]. 3a paxyHok 17 qucynbdigHuX 3B'A3KIB MDK 3aJIUIIKAMHU ITUCTEIHY
anbda-cripasied GOpMyeThCS TPETHHHA CTPYKTypa albOyMiHY: YTBOPIOIOTHCS TpPH
JIOMEHH, KOKEH 3 AKX YTBOPEHHI CyOJ0MEeHaMH 3 TpboX alib(a-crmipaneit, a riapo-
($hoOH1 B3aeMO/IiT MIXkK JOMEHAMH BU3HAYAIOTh INIOOYISIPHY CTPYKTYpy OUIKY [2, 3].

[Ipu po3urHEHH1 y BOJI1, BOJHUX 1 010JIOTTYHUX PO3YMHAX TTOBUHHA MOPYIITYBaTH-
Csl )KOpPCTKa KoH(popMaIlisi MaKpoOMOJIEKYJI allbOyMiHY BHACIIIOK B3a€MO/IIi 3 BOJOIO.
Haii6151p111010 MIpOIO II€ CTOCYETHCS TUX OCOOJMBOCTEH OyJ0BU allbOyMIHY, SIKI 3Yy-
MOBJIEHI KYJIOHIBCBKUMHU criiamu. [Ipu po3urHEeHH] BiOyBa€ThCs HE3HAYHUU Iepe-
PO3MO/LI JIOKAJIBHO 3apsIIPKEHUX TIISTHOK MaKpOMOJIEKYJIH ajJbOyMiHY, IO 3MIHIOE 1i
riapo¢ubHI Ta r1i1po@oOHI BiracTUBOCTI. Lle Moke OyTH MPUUYMHOIO KOMITAKTU3ALII1
MaKpOMOJIEKYJI albOyMiHy, TOOTO 3MEHIIEHHS PO3Mipy MakKpOMOJEKYJIH, a TepeBa-
KaHHS T1APOQIILHUX B3a€EMOAIN MOXE CIPHUSITH NEPETBOPEHHIO KOMITAKTHOI JIOMEH-
HOT CTPYKTYpHU Ha KBa3umiHiiHY [2, 5]. Tomy sik rigpodoOHi, Tak 1 TiapodiabHi B3ae-
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MOJI11 MOKYTh COPHUSTH PyHHYBaHHIO TOMEHHOI CTPYKTYpH allbOyMIHY B pO3UHHI, KA
MpUTaMaHHa KPUCTATIYHOMY CTaHy O1jIKa.

Po3unHeHHs MakpomoJieKyl albOyMiHY y BOJA1 MOXKHA PO3TJISAATH SIK BHYTPIII-
HIA CTpyKTypHHIl (a3oBuit nepexia. CTpyKTypHI NEPETBOPEHHS MaKpPOMOJIEKYIH
anbOyMIHY TaKOX 3MIHIOBATUMYTh CTPYKTYpPY BOJHOro cepefoBuina. OcoOnauBoOCTi
Takoro (ha3o0BOro Mepexoay Moke OyTH JOCIiKeHa PI3HUMH (HI3UKO-XIMIYHUMH Me-
TOJAAMH: MAJIOKYTOBUM PO3CIFOBAaHHSM HEUTPOHIB [6, 7], MaJTOKYTOBUM PEHTTEHIBCh-
KUM po3citoBaHHsM [8], AMP cnekTpockomi€ro 3 IMITyIbCHUM T'paiieHTOM MarHiTHO-
ro noss [9, 10], aToMHO-CHIIOBOIO MiKpocKorieto [11], reIbIPOHMKHOIO XpOMaTor-
padiero [12], auHaMiuyHUM pO3CitOBaHHSIM cBiTia [13, 14], KanugpHOIO BICKO3UMET-
pieto [15, 16], neHcumerpiero (BomroMometpiero) [17,18].

JlencumeTpisi (BOJFOMOMETPIsl) AO3BOJISIE TOCTIKYBATH 00’ €MHI BJIACTUBOCTI Oi-
JIKIB Ta 1X HU3bKOMOJICKYJISIPHUX aHAJIOTIB JIJI1 BUBYEHHSI KOHPOPMAIIHHUX TEePEXo-
JiB O1JIKIB, a TAaKOK B3a€MOJIIN THUITY O17OK-PO3YMHHUK, OLTOK-JIIraHy 1 O1I0K-O1I0K.
VY po6oti [19] BUAUISAIOTE JIBI OCHOBHI NMPUYUHH JUIsI aHOMAJIBHO IIBUAKOTO 3pOCTaH-
HS TYCTUHH IJIa3MU KPOBi, p030aBIICHOI 130TOHIYHUM PO3UMHOM: TO-TIEpIIIE, e 3MiHa
XapakTepy MPOCTOPOBOIO  BIOPSAKY-
BaHHsS NPOTEiHIB (OJIroMepu3aIlis ajlb-  ph
OyMiHY), a O-JpyTe, 1€ 3MiHa BHYTPIIII-

HbO1 CTPYKTYpU NPOTEiHIB BHACIIIOK X e \-\
B3a€MOJIi Mi’K COOOIO 33 MOCEPEIHHIT- " ) W S
BOM BOJITHOTO OTOUYEHHSI. 7351

Brus 3nauenns pH 1 conelt Ha nap- 7.30-
IaJIbHUA MOJISIpHUM 00'eM anpOyMiHY
IpU HHU3BKUX KOHUEHTpalisfx Olnka y
BOJHMX postmHax npy 298,15 K nocai- i1 6 by o b o T o T O
JDKYBaIM E€KCIEPUMEHTAIIbHO 3a JI0IO- C, gml
MOT'OI0 BHMIPIOBaHb T'YCTHHH y poOoTi  Puec.l. 3anexwnicts pH Bin KoHUeHTpauii ms
[Jirasek2018]. V nmianasoni 3Hayenp pH  PO3YMHY CHPOBATKOBOIO aIbOYMiHY JIOIUHU
Biz 3,0 10 9,0 BIUTHB pH Ha HapuiaanHﬁ npu posbasiieHi Bojoro (1) Ta ¢izionoriyHIM
MOJISIpHUM 00’€M anbOyMiHY BHUSBHUBCS poSHHHOM (2)

HE3HAUYHUM, HE3BAKAIOUM HAa CTPYKTYPHUH Mepexil, sSKUi 3a3Ha€ OLIOK B 130€JEeKT-
PUYHIHN TOYII.

Takum ynHOM, y NaHiil poOOTI MU 30CEPEIUIUCA HA BUKOPUCTAHHI BOJIOMOMET-
pii JUIsl BOIHUX PO3YMHIB albOYMIHY JJI1 KOHLIEHTpaLIi Bi (papMaKoIoriyHoi popmu
20% 10 OKOJIy 0OCOOIMBOI TOUKH, SIKOKO € KOHLEHTpaLisl MPOTeiHy HAOJIMKEHa 10 Ha-
THBHHX 3HAYCHb Y TUTa3Mi KpPOBI.

7,50 2

® e 0 o 00 0 o”

7,25+

7,20 4

1. OcobsmBa Touka BoaHux po34yuHiB CAJI. Hamu Bu3HauaBcs nokasHuk pH
it po3unHiB CAJI orpumanux posBeneHHIM (apmakonoriunoi dopmu 20%
(20 r/mi). Bin BumiptoBaBcst ioHomepoMm M-160M 3 KOMOIHOBaHUM €JIEKTPOJIOM TIO-
PIBHSIHHS, TOXUOKA SIKOTO CTaHOBUTH *0,020auuuil pH, TeMocTaTyBaHHAM 3 TOYHIC-
Ti0 0,2K mpu temnepatypi 300K. Po3Benenns mpoBoamiiock (i3i0J0TIYHUM PO3YH-
HoM 0,09% NaCl abo Bomoro ais iH’exuid. OcTaHHIM BUJ PO3YUHIB (BojAA - albOy-
MIH) BUKOPUCTOBYBABCS IPU MIPOBE/ICHHI BCIX 1HIINUX BUIB €KCIIEPUMEHTIB.
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Puc. 2. KoHTpaxiiist ¢ Ta MOKa3HUK 3QJIOMJICHHS 7 BOJHOT'O PO3YHHY CUPOBATKOBOTO aIb0Yy-
MiHY JIFOJIMHU B 3aJI€KHOCTI Bl MacOBOI J10JI1 aIbOYMIHY

3 3a1eKHOCTEN 0YEBUIHO, 11O SIK 1 IPU PO3BEJICHHI HATUBHOI IJIa3MU KPOBI, TaK 1
JUTSL PO3YMHIB aIbOYMIHY € 0CO0JIMBa TOUKA y PO3UMHI, SIKa BIAMOBIAA€ KOHIIEHTPALII1
OLIKOBOr0 KOMIIOHEHTY Y IjIa3Mi HOpMasibHOI KpoBi — 0.06 r/mu. ¥V nonepenHix po-
0otax [18] Oyso mokas3aHo, 1110 3MEHIIEHHsS] KOHIIEHTpallli IpoTeiHiB y mia3Mmi a0 0.9
BiJl HOPMaJIHHOTO 3HAYEHHS MIPU3BOJAATH JI0 3MiH, 110 MOXYTh PO3TISIATHCS SIK CTPY-
KTypHI niepexoau. Otpumani Hamu 3anexHocTi (Puc.1) mokasyroTs, 1m0 1 1 Hai-
MPOCTIIIOT MiJICUCTEMH KpOBI1 (PO3UMH BOJa albOyMiH) MOKHA TBEPAMTH, IO BOHA
MOK€ OyTH YUMHHUKOM TOMEOCTa3y, aje 3a KOHUEeHTpaliid He MeHmmx 3a 0.9 Bin Ha-
TUBHOI.

2. 'ycTHHA Ta KOHTPaKUisi BOJHUX PO3YNHIB anb0yMiny. Y poboTax mo oco6-
JUBUM TOYKaM BOJHHUX PO34MHIB crupTiB [20] Oyio moka3aHo IO TaKUil mapamerp,
K KOHTPAKIIis, fIKa € BIIHOCHUM HaJIMIPHUM 00’€MOM NIpHU YTBOPEHHI PO3YUHY 3 BU-
X1JTHUX KOMIIOHEHTIB, Hece 1HGopMallli Ipo acolfialio MOJIEKYJ 3HAYHO OUIbIIIe, HIXK
ryctuHa, abo nutomMuit 00’eM Ha MoJiekyly. KoHTpakiiiero Ha3uBarOTh 3MiHY 00’ €My
CyMillll KOMIIOHEHT, BIJIHOCHO CYMHU BUXIJHUX 00’€MIB KOMIIOHEHT, i BH3HAa4YalOTh
CI1BBIJHOIIICHHSM: ¢=%—1, ne V,— o6’em cymiui, V, V, — 06’emu xomImo-
HeHT. EkcrnepuMeHTH MmO AOCHIIKEHHIO KOHTPAKIIl AJii PO3UYHMHY CHPOBATKOBOTO
anbOyMiHy MaiiKe BIJICYTHI.

['onoBHa mpobiieMa mpu TakOMy JOCHIHKEHHI - 1€ TYCTHHA albOyMiHy, KU
CKJIaIHO B34TH 33 BUXIJHHUI IMapaMeTp, OCKUIBKM MOJIEKYJIM 3HaYHO 3MIHIOIOTHCS 32
PI3HUX YMHHHKIB. AJle MM MOKEMO PO3paxyBaTh 00’€M IPOTEiHIB, BBaXKAIOUH, IO
MIPU HAIIUX eKcriepuMeHTax ¢opma i 06’eM MoJekyn anbOyMiHa cTalia, a Horo mMoJe-
KyJsipHa Maca Bijoma. Tox, SKIIO MU pO3BOAMMO BUXIJHUI po3unH 20 r/mi, TO BU-
X1AHUI 00’eM O1IKYy y BCIX pO3YMHAX MPH PO3BEJIECHHI OyJ€MO BBa)KaTH CTAIUM —
CyMOI0 00’€MiB BCIX MOJIEKYJI, po3Mipu sikux BijoMi: 80x40x30 aHrcTpem.

Pe3ynpTaTi €KCHEpUMEHTIB M0 BU3HAYEHHIO KOHTpakuii BOAHUX po3urHiB CAJl
npu T=6°C Ta NoKa3HHUKY 3aJIOMJIEHHS TUX CAMUX PO3YMHIB MPEICTABICHI HA pHC.2.
OuyeBHIHO, 1110, B OKOJII OCOOJIMBOI TOYKH PO3UYHMHIB, 1110 301ra€ThCsl 3 HATUBHOIO KOH-
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LEHTpAII€I0 TPOTETHIB Yy KPOBI, CIIOCTEPITA€ThCA EKCTpeMYM KoHTpakiii. [Ipu upomy,
3aJIEKHICTh TTOKa3HHUKA 3aJIOMJICHHS CTa€ CKIAJHOI0 CaM€ y OKOJII I[i€l TOUKU Ha BiJI-
MIHY BiJl MOHOTOHHOT 3aJIE)KHOCTI Ha BChOMY 1HIIIOMY KOHIIEHTpAIlIHHOMY 1HTEpBaJi.
Taxki mporiecu XxapakTepHi 1 JIJIsl TAKUX MPOCTUX CUCTEM SIK BOJIHI PO3YMHH CIUPTIB,
7€ B OKOJII 0COOJIMBOI TOUKHU CIIOCTEPITA€ThCS HE TUIBKU HAsIBHICTH BIJIXWUJICHHS BiJl
MOHOTOHHHUX 3QJIEKHOCTEH PI3HUX MapaMeTpiB, a 1 IOBFOTPUBAJIE BCTAHOBIICHHS PiB-
HOBAXHOTO CTaHy MICJS YTBOPEHHS po3unHy. J{ocimiPKeHHs BCTAHOBJIEHHSI PIBHOBA-
TU 711 O10JIOTIYHUX PO3UYMHIB MalKe HEMOXKJIMBE BHACIIJIOK arpeCUBHOCTI O HUX
OTOUYIOUOT'O CEpPEJIOBUIIA, OCOOIMBO MIKpOO10JIOTIYHA aKTUBHICTh. [IpoBeieHi HaMu
JOCJIIIN 3 OBOQILOYMIHOM IOKa3ajiy, 10 adb0yMiHU aOCOJIFOTHO PI3HOTO MOXOIMKEH-
HSl MalOTh CHIJIbHI XapaKTEPUCTUKH, a iX Jisl, IK OAHOTO 3 YMHHHUKIB MPOLIECIB MOJIe-
KYJISIPHOTO TPAHCIIOPTY Y KPOBi, YHIBEpCaIbHa.

BucHoBku

1.3anexHicTh MOKa3HUKa pH BiJ KOHIIEHTpallli Ipu po30aBieHH] (papMaKoIoriy-
HUX (OpM ambOyMiHYy MaKCUMaJIbHUX KOHIICHTPAIIM MO3BOJISIOTH IMiITBEPIUTH Has-
BHICTh OCOOJIMBOT TOYKH MPOCTOI MIJCUCTEMHU KPOB1 BOAa-aIbOYMIH 3 KOHIIGHTpAIIi-
eto 0.06 r/mu1, BuIIE SIKOi MOYKHA TOBOPUTH MPO HET SIK OJJHOTO 3 YNHHHUKIB TOMEOCTa-
3y KpOBI.

2. Ocob6IMBOCTI KOHTPAKIIi Ta MOKa3HUKA 3aJIOMJICHHSI BOJHUX PO3YMHIB ajb0y-
MIHY B OKOJ1 KOHIeHTpamii 0.06 /M1 miATBEpAXKYIOTh, IO TaM MPOXOASATh CTPYKTY-
PHI TIEPETBOPEHHS, a CIUJIbHI XapaKTEPUCTUKU aIbOyMiHa JIFOAWMHU Ta OBOAJILOYyMIHA
TOBOPSITH MPO YHIBEPCAJIBHICTh HOTO SIK OJHOTO 3 YMHHUKIB OOMIHHHMX MPOIECIB Y
Oaratbox OlocucTeMax.
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N.O. Fuduley, O.V. Khorolskyi
Volumetry of aqueous albumin solutions in the vicinity of a specific point

SUMMARY

The paper presents the results of a study on the density and contraction of aqueous solu-
tions of human serum albumin as a function of solution concentration. The obtained depend-
ence of the pH of the solutions on concentration, when diluting pharmacological forms of al-
bumin at maximum concentrations, confirms the presence of a specific point in the simple
subsystem of blood — the water-albumin solutions with a concentration of 0.06 g/ml, above
which it can be considered as one of the factors of blood homeostasis. It is shown that dilution
of pharmacological forms at maximum concentrations of 20% allows isolating the region
around the specific point, whose concentration coincides with native protein values in blood
plasma. The behavior of solution density aligns well with data on pH and refractive index.
The characteristics of contraction and refractive index of aqueous albumin solutions near the
specific point confirm that structural transformations occur there, and the common features
of human albumin and ovalbumin indicate its universality as one of the factors in metabolic
processes across many biosystems.

Keywords: water, proteins, albumin, solutions, density, contraction.
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Bruius po3noainy reMnepaTrypu 1o ByrieneBi 4acTHHII
HA XapaKTEePUCTUKU 1i CrIaJIaXyBaHHS i FTOPiHHA

B pobomi nposedeno oocnioxcenns wooo enaugy menio8o2o NOMoKy menionposioHicmo
8 2nUbUHY 8yereyesoi YacmuHKU HA Xapakmepucmukuy ii 3auMaHHs, 2OpPIHHA [ 32ACAHHA 8
Hazpimomy 00 8UCOKOI meMnepamypu nogimpi.

Ilpogedeno ¢hizuxo - mamemamuune MOOeNOBAHHA NPOUECI8 GUCOKOMEMNEPAMYPHO2O
MenjiomMacooOMiHy ma KiHemuKy napaieibHux XiMIYHUX peakyiti Ha NOBEpXHi 8yelieyesux ua-
CIMUHOK, W0 0allo 3M02Y GU3HAYUMU Nepiod THOYKYil, yac ma memnepamypy 20piHHs 4acmu-
HOK, KpumuuHi oiamempu, npu sKkux 6i0byeacmucs ix 32acanus. Ilposedeno ananiz eniugy
memMnepamypHo20 2padicHmy 83008 paoiyca YaCMUHKU, BU38AHO20 HEOOHOUACHUM NpO-
2pIBAHHAM WAPI8 8y2Neye6o20 Macusy, Ha Yi xapakmepucmuxu. /Jociiodcents 6UKOHY8AIUCH
07151 y2ieyesux YacmuHoK 3 novamkosumu oiamempamu 0,2 +~ Imm 0na inmepsany memnepa-
myp 2a3y 1200+1400K, ski 3a36uuaii peanizyromscs 6 mOonKoGUX YCMPOSIX.

B pesynomami 6uguenHss OuHamiku Npocpi6aHHsA UYACMUHOK BCMAHOBIEHO, W0 CHO-
cmepiealomvCs 3HAYHI 2padicHmu memnepamypu no paoiycy 4acmunKu, sIK 6 MOMeHm 3daii-
MauHs, maxk i 8 momenm ii 3eacanus. Ilpu 3eacanni memnepamypHui epadienmu Habazamo
suwi. /[ 00cnioxncyeanux inmepeanie memnepamyp 2asy ma 0iamempis YyacmuHoK npu 32a-
CAHHI pI3HUYS memnepamyp uyewmpy ma NO8epXHi UYACMUHOK CMAHOBUMb 8 CepeOHbOMY
400~-500K. B momenm 3aiimanHs YacmMuHOK memMnepamypa ix yeHmpy Huxicua 3a memnepa-
mypy nogepxui na 100 +~ 400K, i ya pisnuys mum 6irvwia, yum Oinbuuti nouamkosuil dia-
Memp yacmunKu i euwa memnepamypa 2a3sy. /[osedeno, wjo HespaxyeanHs HEPi6HOMIPHOCMI
NpPO2PIBAHHS YACMUHOK 8 2NUOUHY 8Y2llele8020 MACU8y Npu3so0ums 00 Hemo4HOCMI GU3HA-
YeHHsl OCHOBHUX XAPAKMEPUCMUK 3AUMAHHA [ 20PIHHA 08 O0O0CHIONCYBAHO20 ITHMEPEALy
diamempie uacmunok: 0ns nepiody inoykyii - na 50%, ona uacy copinus 6i0 7% 0o 17%,
memnepamypu 2opinus - Ha 100K, onsa diamempy, wo xapaxmepusye 32acanHs, NpUOIU3HO HA
Smrm. Jlosedeno na neobXionicmv 8paxysamnHs memnepamypHo2o 2padieHma 0cooau8o Ha
cmaoii 3atManHs YACMUHOK.

Knrouoei cnosa: mennomacooomiun, 3aUMaHHs, 20piHHA, 32ACAHHA, 8y2lleyesi 4acmUHKU,
2padienm memnepamypu, nepioo iHOYKYii, 4ac 2opiHHsL.

Beryn. IleperBopeHHsT BYTJIEIEBOTO MalWBa MPU BHUCOKUX TeMIlepaTypax BHUB-
YaEThCS MPOTIATOM 0araTb0X POKiB, 110 MA€ BAXKIMBE 3HAYEHHS SIK JJII TECOPETUYHUX
JOCIIKEHb, TaK 1 JJI1 MPAKTUKU HOro crayitoBaHHs Ta razudikaiii. Byruuis € Hait-
CTapIlIUM MIHEPAJIBHUM PECYpCOM, II0 BHUKOPUCTOBYETHCS SK E€HEPrONOCTAYaHHS.
Tum He MeHII, HOTO CHalOBaHHS Ma€ CEpHO3HI €KOJOTIYHI HACIHiJIKH, MOB'S3aHI 3
BUKHUJAMU Ta3iB Ta Nuiy B arMmochepy [1,2]. Byruuis MiCTUTh 3HaUHY KUIBKICTD €Jie-
MEHTIB, TaKUX SIK CIpKa, a30T Ta iHMI (XJI0p, Baxkki Metanu). CrantoBaHHS BYT1UIS
CYNPOBOXKYETHCS IIKIJJIMBUMHA BUKUWJAMU B JOBKULIS OKCHUIIB CIPKH Ta a3oTy. Y
3B'SI3KYy 31 3pDOCTAHHSIM BUKOPUCTAaHHS BYTLUIS L1 €KOJIOT14HI MPOOJIEMH CTAarOTh Jie-
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Jani aKkTyaJbHIIIUMH. BUpIlIEHHS [IbOTrO 3aBIaHHS MOKJIMBE JIMIIE 3 yJIOCKOHAJIEH-
HSIM ICHYIOUMX TEXHOJIOT1M IUIIXOM ONTHMI3AIlli MpOIECiB CITAIFOBaHHS Ta Ta-
sudikaiii mammaa [3].

['opiHHS BYTUIBHOTO MaJIUBa € CKJIAJHUM IPOIECOM, SKUH BKIIIOYAE MOCIIAOBHI,
YacTille MOCIIIOBHO-TIapaeibHl CTajii: BUX1J JETKUX PEYOBHH, CIalaXyBaHHS Ta
TOpIHHA JIETKUX PEYOBHH [4-6], 3amantoBaHHS 1 TOPIHHS KOKCOBOTO 3JIUIIKY (BY-
TJICII0), BUHUKHEHHS TPOJYKTIB 3rOpaHHs (Tra30mo/II0HUX 1 TBEPAUX), SIKI € IIKIIJTU-
BUMH TSI HABKOJIUIITHBOTO cepepoBuia. CTaaisi TeTepOreHHOTO OKHCIICHHS BYTJICIIIO
€ OCHOBHUM IIPOLIECOM, IO B1AOYBA€THCA MPU BUCOKOTEMIIEPATYPHIil mepepoOLl By-
TS, 1 TPOTIKAE OAHOYACHO a00 MIC/Sl BUXOY JIETKUX PEUOBHH, 3QJICKHO BiJl YMOB
peakuii [13]. Yac, HeOOX1THUI IJIs1 3TOPSHHS YaCTUHKHU KOKCY, MOX€ OyTH Ha KiIbKa
MOPSIIKIB OUIbIIE, HIK YaC BUXOJY JIETKUX PEYOBHH, 1 YACTO € €TAlOM, 1110 BU3HAYAE
IIBUJIKICTH 3araJIbHOTO 3TOPSIHHSA MUJIOMOAIOHOTO MauBa.

Po3pobka epexkTHBHMX pEeKUMIB BUKOPUCTAHHS JAUCIIEPrOBAaHUX HATypajJbHUX
MajJuB B €HEPreTUYHUX YCTPOSX MOTpeOye 3HAHB MI0JI0 XAPAKTEPUCTUK BUCOKOTEM-
MepaTypHOTO TEIIOMacOOOMIHY MajJUBHO-Ta30BUX CHCTEM B 3aJI€KHOCTI BiJ Mapa-
MeTpiB mporecy. OJHUM 13 TaKUX HAWBaXKJIMBIIIUX MapaMeTpiB € TeMIlepaTypa, ska
BIUTMBAE, SIK Ha IHTEHCHUBHICTh TEIJIOMAacCOOOMIHY, TaK 1 Ha KIHETHKY pearyBaHHS
TBepJ0oi (Pa3u 3 aKTUBHUM Ta3oM. TemriiepaTypa € KIIOYOBUM IapaMeTpoM ISt
BU3HAYECHHS [7]: MIBUJAKOCTI PeakKilli TOPIHHS; PO3PaXyHKY TEIUIOBOIO MOTOKY MiXk
YaCTUHKAMU Ta HABKOJIMIIHIM CEPEOBUILEM, KOHIEHTpAlii ra30noaiOHuX KOMIIO-
HEHT - IPOAYKTIB peakiii. TemmnepaTrypa 4aCTUHKHA KOPENO€ 3 TAKUMHU JOCIIIKyBa-
HAMH TIapaMeTpamH, sIK 3MiHa JiaMeTpy YaCTHHOK, BTpaTa iX MacH, 4ac 3TOPSHHS
TOMIO.

OxpiM TOTO, THIIMMU JAOCTII)KYBAaHUMH MapaMeTpaMu MOXYTb OyTH [7]:

Yyac FOpIHHS YaCTUHOK SIK (PYHKIIS PO3MIPY YACTHHOK 3a PI3HHX TeMIEpaTypHUX
YMOB TIpOLIeCy; Mepiol IHAYKIIIT - 4ac MPOTpiBY YACTHHOK IO MOMEHTY 3aiimMaHHs [8];
B €KCIIEPUMEHTAX I1ef MOMEHT MO3HAYAETHCS MOSBOIO TIOJIyM sl HA TIOBEPXH1 YaCTHH-
KH a00 TIEPEeBUIIICHHSM 1i TeMIIepaTypy HaJl TEMIIEpaTyporo ra3y [7]; 3MiHa liamMeTpy
Ta BTpaTa Macu YaCTMHOK ITiJ1 Yac 3rOPaHHS.

[Ipotiecu TemioMacooOMiHy, 3amajieHHs 1 TOPIHHS YaCTMHOK MO>KHA BHUBYATH 32
JIOTIOMOT'OI0 TPOTPAMHOTO MOJIENIIOBaHHS (h13MKO-XIMIYHHMX 1 Ta30JIMHAMIYHUX TIPO-
1IeCiB, 110 BIIOYBAIOTHCS MPU PI3HUX CHOCO0AX BUKOPHUCTAHHS MHJIOBYTUIBHHX CH-
cteM [9]. Po3pobka (i3uko-MaTeMaTUYHUX MOJENEH, MPOBEAEHHS pPO3pPaXyHKOBHUX
JOCIIKEHb € ONTUMAJIBHUM METOOM JJI1 pO3YMIHHS MPOLECIB, SIK1 BIJOYBAaIOTHCS B
peasibHUX yMmoBax. Lle mae MOXJIHMBICTh TaKOXX MPOTHO3YBATH MOBEAIHKY MAMBHUX
CHCTEM 3a YMOB, KOJH MPOBEICHHS €KCIIEPUMEHTY HEMOXJIMBE. AHAII3 JiTepaTyp-
HUX JKEpeN IOKa3aB, M0 B MEPEBAXKHIA KUIBKOCTI pOOIT, MPUCBSIYEHHUX (HI3UKO-
MaTeMaTUYHOMY MOJICITIOBAHHIO BHCOKOTEMIIEPATYPHUX IIPOIIECIB, BUBUYEHHS IH-
HaMIKU TIOBEAIHKU TBEPJ0i a3y B ra3onoAiOHOMYy CEpelOBHUII POOUIOCS B MPUITY-
IICHHI, 110 YaCTUHKHU BYTULIA, MOTPAIUIAIOYM B Kamepy 3TOPSHHS, MUTTEBO MPO-
IpiBalOTHCS Ha BCIO MIMOMHY JI0 Temreparypu il moBepxHi. B neskux poborax Bpa-
XOBY€ThCA (PAaKTOP MOCTYMOBOTO TporpiBaHHsa TBepaoi daszu [10, 11]. Ane BiacyTHi
poOOTH MO0 BUBYEHHS BIUIMBY TEMIIEPATYpHOTO I'PAJIIEHTA IO BYTJCIEBOMY Ma-
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CUBY Ha XapaKTEPUCTUKH TOPIHHSA JJIsl LIMPOKOTO 1HTEPBAIy TEMIEPATYP 1 I1aMETPIB
YaCTUHOK.

ToMy MeTor0 1aHOi pOOOTH € BUBYEHHS BIUIMBY MOLIMPEHHS TEIlla BIJIMO ByTJe-
1IEBOi YACTUHKU (TEMIIEPATypHOTO TPATIEHTY MO YACTHHIN), MOMIIIEHOT B HArpiTHi
ra3, Ha XapakTEePHUCTHKH ii 3aiiMaHHs, TOPIHHS Ta 3TacaHHs, a caMe MepioJl 1HAYKIIII,
4ac Ta TeMIIepaTypy TOPIHHS, KpUTUYHH JlIaMeTp 3racaHHs.

[TpoBoauiocs (pi3uko-MaTreMaTuyHe MOJETIOBAHHS BUCOKOTEMIIEPATYpPHOTO TEIl-
JIOMacoOOMIHY YaCTHMHOK 3 YpaxyBaHHSM Ta 0€3 ypaxyBaHHsI TEIIOBOTO IMOTOKY Tel-
JIOMIPOBIJHICTIO B TIIMOMHY BYIJICIIEBOIO MAacuBY. Tako)X BHMBYaJlaCh KIHETHKA BUTO-
paHHSI YaCTUHOK Ha OCHOBI JTOCHIPKEHHS 3MIHHM 1i JllameTpa 3 yacoM. JlocaimkeHHs
BUKOHYBAJIUCH NIl JPIOHHMX BYIJICLIEBUX YACTHHOK (KOKCY) 3 NMOYATKOBUMH J1aMeT-
pamu dp<lMM.

. ®izuKko-MaTeMaTHYHE MOJETIOBAHHSA BUCOKOTEMIIEPATYPHOI0 TEIJIOMACO-
00MiHYy ByrJieleBHX YaCTHHOK 3 ra3oM. Po3risiHemMo 3ajauy HecTallOHapHOI Tel-
JIOTIPOBITHOCTI c(PepruyHOT BYTJICIIEBOI YACTMHKU, BMIIIEHIA B ra30Be OKHUCHE cepe-
JOBHUILE, TeMIIepaTypa SIKOro 7, 3Ha4YHO BUIIA MOYATKOBOI TEMIEPATypU HYACTUHKU
T). Temneparypa ra30BOro CepefoBUIIA B MPOLEC] HArpIBAHHA YaCTUHKU mependa-
YaeThCs MOCTIHHOI0. Bpaxyemo XiMi4HI epeTBOPEHHS B KOHJEHCOBaHIN (a3i. 3mMiHa
TEMIIEpaTypu TOBEPXHI YaCTUHKU BiAOYBAa€ThCA 3a pPaxyHOK KOHBEKTHBHOTO 1
paalaiiHOrO TEMIOOOMIHY 3 OKMCIIOBAJIbHUM CEPENOBHILEM 1 CTIHKAMU KaMepH, 3a
paxyHOK TeIula €K30TePMIYHUX PEakilii OKHCIEHHS, a TaKOX 3a PaxyHOK TeIuIo-
MPOBITHOCTI B0 yacTUHKU. HeoOXiAHO BU3HAUUTH PO3MOILT TeMIepaTypu Bcepe-
IUHI YaCTUHKHU B JOBUIBHUM MOMEHT 4acy, a TaKOX BU3HAUWUTU MapaMmeTpu ii 3ail-
MaHH$, TOPIHHS 1 3TaCaHHS.

HudepeHnniiine piBHSAHHSA TEIUIONPOBIAHOCTI IA CHEpPUYHOI YACTHHKU 0e€3
BHYTPIIIHIX JHKEPEI TETUIOTH 3alUCYEThCS Y BUTIISIL
or :%g Krza—T , (1)
ot r°or or
ne A, p 1 C — TemIONpOBIIHICTh, TYCTUHA 1 MUTOMA TEIVIOEMHICTh YACTUHKH MaJIBa
BIJINOBIJIHO (B pe3yJbTaTl BUKOHAHHSA 33J]]a4l IPUHMAIOTHCS CTAJIMMU), a 7' 3MIHIOETh-
ciBMexax 0<r<d/2d/2=r) r,d -paniyc i aiamMeTp YaCTUHKH.

pC

3anuiiemMo KpaioBl yMOBH JIJIsL BUPIIIEHHS IT1€1 3a/1a4l.
[ouatkoBi ymoBu: t=0i0<r<r, T =T, ; (2)
['panuyH1 ymMOBH:

: oT
a) y LIEHTP1 YaCTUHKHU B JIIOOMH MOMEHT 4acy: | 8_ =0=0, 3)
¥
: oT
0) Ha MOBEPXHI YACTUHKH: 7»5 =4ch —4h, 4)
r=rg

rae ¢, — IyCTUHA TEIUIOBUAUICHHS 3a PAXyHOK XIMIYHUX Peakui; q, =q, +¢q,., —
3arajibHa TEIUIOB1Jada BlJl YACTUHKHU; ¢, — I'YCTHHA TEIUIOBOTO IOTOKY MOJIEKYJIP-
HO-KOHBEKTHBHMM ILIUIAXOM 1 ¢, , — I'YCTHHA TEIJIOBOI'O IIOTOKY BUIIPOMIHIOBAaHHM,
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110 BU3HAYAIOTHCS 3riHO 3akoHIB HeroToHa - Pixmana 1 Credana-bonbiimana, Biji-
IMOB1JIHO :
A Nu

C]OLZO(.(T—Tg), o= gd ) (5)

Qg =€0(T* =T7). (6)

B pisasunsx (5) i (6): A ¢ — KOe(ILieHT TEIUIONPOBIAHOCTI Ta3y; o — KOCIL[ieHT
teriooOMiny; Nu — kputepuit Hycenbta; 7, — TeMneparypa cTiHOK kamepu; 1, — Te-
MIleparypa rasy;, € — IOIIMHAIbHA 3JaTHICTh YaCTUHOK MammBa;, ©=5.67-107%
Br/(M?K?).

TernodiznyHi XapakTepUCTUKH MMATMBA BIJIOMI 1 € CTaJMMHU B MPOLEC] HArpiBaH-
Hs. TenaonpoBiAHICTS 1 T'YCTHHA Ta30BOT0 CEPEAOBUIIA PO3PAXOBYBAIUCH MPU Ce-
peaHbOAPU(PMETHYUHIN TEMIIEpaTypi:

Ay =k (TIT) " p, =p(T,/T.). T.=(T+T,)/2.

g

7€ Ago 1 Pgo — KOCDILIIEHT TEIUIONMPOBIAHOCTI i rycTuHa ra3y npu 1, =273K.
OCHOBHMMH XIMIYHHMH PEAKUIIMHU, IO MPOTIKAIOTh HA MMOBEPXHI BYIJIELIEBOI Ya-
CTUHKH B CyXOMY IOBITPI1 € peakilii 3 yTBOPEHHSAM JIBOOKUCY 1 OKCUAY ByrJewo [12]:
C+0,=CO,+0, (), 2C+0,=2C0+0Q, 1D,
ne Q,, O, — temnosl edexktn peakuid. g TEIIOBUAUIEHHSA IpPH IMPOTIKAHHI
XIMIYHUX pEeaKIliil Ha MOBEPXHI YACTUHKU MAEMO:

2
d. = ZQZVVW ) (7)
i=1

ne W, — IBUAKICTH i-01 XIMIYHOI peaKIii:
W =Pglo,, - ki, K =k, exp(_Ei /RT)- (8)

Tyt p, — rycTuHa rasy; 7, . — BIIHOCHa MacOBa KOHICHTPALIisl KHCHIO Ha TOBEP-

XHi YacTUHKH, k; — KOHCTaHTa IBHAKOCTI XiMiuHOi peakuii; &, , F, — nepemexcro-
HEHIIMHUI MHOXXHUK Ta EHEPTis aKTUBAIIIT i-0i XIMIYHOI peakIlii.

[lepebir XiMIYHMX peakIlii Ha MOBEPXHI CYIIJIBHOI BYIJICIIEBOI YACTUHKU MPHU3-
BOJIUTH IO 3MIiHH ii JlaMeTpa:

_1jod _ M
Por M

(kl + 2k2)C02.\. ’ d(t - 0) - db’ (9)
0,
ne M., MO2 — MOJISIPHI MacH BYTJICIIIO 1 KUCHIO.

PiBHSIHHSA 30€pekeHHs €Heprii BYrJeUeBOi YAaCTUHKH Yy MPUIYUIEHHI O-
HOP1THOCTI TEMIIepaTypH 3a il pajilycoM MOKHA 3allMCaTH y BUTJIAL PIBHSHHS Tell-
JIOBOTO OajaHcy:
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Puc. 1. YacoBi 3anexHocTi: a) TemrepaTypu moBepxHi (1) Ta neHTpa (2) yacTHHKH; 0)
niametpa yactuHkY; B) noxigHoi dT/dt na moBepxni (1) 1 B ueHTpi (2) 4aCTUHKH; T) IU-
HaMiKM 3MIHM TeMIIepaTypud YacTHHKH B310BXK ii pazgiyca. dp=200 mxMm, 7g=1300 K,
To=Tw.

1 oT
—cpd—=q,—-q —q.,, Tt=0)=T, 10
69&%,%%%1(),, (10)
Ile mpunymieHHs Moke OyTH CHpaBEJIMBUM 3 MEBHOIO TOYHICTIO JJIS Kg <A,
omxke Bi <1.

VY xoJi KoMI'tfOTepHOr0 MojiemtoBanHs 3a1a4i (1) — (9) nmpoBeieHo aHaji3 BIUIMBY
rpajieHTa TeMIIEpaTypHu MO YAaCTUHIl HA XapaKTEPUCTUKHU 1i 3aiiMaHHS, TOPIHHS Ta
3racaHHs B MOBITPI.

2. Pe3yabTaTn po3paxyHkiB. B pesynbrari Bupimenss 3aznadi (1) - (9) orpuma-

HO: a) 4acoBI 3aJIC)KHOCTI TEMIIEpAaTypH MOBEPXHI 1 IEHTPY YaCTUHKH; 0) 4acoBi 3a-
JIeKHOCTI JllaMeTpa YaCTUHKH; B) YacOBI MOXIJHI TEMIIEpaTypu MOBEPXHI 1 LEHTPY
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YaCTHUHKU; T) AUHAMIKA 3MIHU TeMIepaTypyu YaCTUHKHU B3JIOBXK ii pajaiyca Jjsi Qpikco-
BaHMX MOMEHTIB yacy. BkazaHi 3aJle’>KHOCT1 MPEACTABICHO Ha pHUC.l M CyUUIbHOT
BYTJICLIEBOI YACTUHKH JlIaMeTpoM 200 MKM.

YacTuHKa ManuBa, MOTPAILIAIOYH B Ta30M01I0HUNA OKHCIIIOBAY, TEMIIEpaTypa KO-

ro T, >>T, cnioyaTKy HarpiBacThCs K iHEPTHA, B PE3YJILTATI TEMIOOOMIHY 3 Ta3oM,
a micns aktuBaiii ximiyaux peakiii (1) - (II) — 3a paxyHok ix ek3oTepmiunocTi. Mo-

Taoauus 1.
Piznuns remmnepatyp nmoBepxHi i rieHTpa npu 3aiiManHi (1.1) 1 3racanHi (T.E) yacTuHOK By-
rieto (ans 3aimanus AT=Ts —Tc, nns 3racanas AT=T.— T, C-IIEHTp, S- IOBEPXH:)

) AT, K
g T=1200K T~1300K T,=1400K
3aMMaHHA | 3raCaHHA 3aMAaHHA 3raCaHHA 3aMaHHA 3raCaHHiA
200 94 382.3 145.1 426.7 206.4 4252
500 93.6 388.4 174.8 413.3 2729 363.8
800 100.2 431.5 2134 415.5 350.2 455.4
1000 112 469.1 245.7 502.2 408.2 498.3

MEHT 3aKIHYEHHSI 1HEPTHOTO MPOTPIBY 1 MOYATOK €Tary XIMi4HOTrO po3irpiBy (T.I'),
MOMEHT 3aliMaHHsI MOBEpXH1 yacTUHKU (T.1), a Takox MoMeHT ii 3racaHHs (T.E)
BH3HAUYAIKMCS TOYKAMU €KCTPEMYMY Ha YaCOBUX 3aJI€KHOCTSIX IIBUIKOCTI 3MIHU TEM-
nepatypu d1/dt [8].

TpuBanicts mpolecy BiJl MOYATKy MPOTrPIBY YACTUHKHU JO MOMEHTY ii 3aiiMaHHs
CKJIaJIa€ 4ac BUXOJY Ha BUCOKOTEMIIEPATypHHUM pexuM - nepio iHaykuii (t, ,). [Ipu
TOCSITHEHHI A1aMeTPOM 1 TEMIIepaTypOl0 YaCTUHKU KPUTUYHUX 3Hau4eHb (T. E) B1iaOy-
BA€THCA CHOHTAHHMM TEpeXiJl 3 BUCOKOTEMIIEPATYPHOTO PEXUMY TEIUIOOOMIHY Ha
Hu3bKkoTemnepatypuuii. Ha kpusiit d(¢) B Touni E 3'sBnsieTbes 371aM, 110 XapakTepu-
3y€ MepexiJi Ha PeXUM IMOBUILHOTO MPOTIKaHHS XiMIYHUX peakiii (puc. 1,0). Yac
TOPIHHS YaCTKU (¢5,,) BU3HAYAETHCS SIK 4YaC BUCOKOTEMIIEPATYpHOI CTajiii, oOMexke-
HOIO MOMEHTaMU 3alMaHHS 1 3racaHHs YaCTUHKU, lpy = Ig - ting.

Amnani3z 3anexHoctei 7(f) AJig MOBEpXHI 1 LIEHTPY BYIJIELIEBUX YaCTUHOK (puc. 1)
MOKa3zye, M0 Ha CTaAisX 1HEPTHOrO 1 XIMIYHOTO HArpiBaHHS TeMmIlepaTypa LEHTPY
BIJICTa€ BiJ TeMIIepaTypH MOBEPXHi, a He3a0apoM, MICisl BUXOAY Ha BUCOKOTEMIIEpa-
TYpPHHM PEXUM, 3a3HAUCHI TeMIeparypu 30JMmKyroThes. [Ipu 3aTyxaHH1, HaBMaKw,
TeMIlepaTypa MoBepXHi HabaraTo HIKYa, HIK B [IEHTP1 YACTUHKH.

Ha puc.1,r npeacrasneni npodiuial TemMneparyp Mo pajalycy 4aCTHHKU Ha CTajli
3aiiMaHHs B (PIKCOBaHI MOMEHTH 4Yacy. BHHO, 10 pi3HMI TeMnepaTyp MOBEpXHI i
[EHTPY Ha MOYAaTKy MPOTPIBaHHA € MAaKCHUMAaJIbHOIO, TIOTIM, B MOMEHT 3aBEpIICHHS
cTazil iHepTHOro po3irpiBy (T. I'), BoHa nocsirae MiHiManbHOro 3HaueHHs. [licia ak-
THBAIlll XIMIYHUAX PEaKI[lil Ha MOBEPXHI YACTUHKU PI3HULA TEMIIEpaTyp B pe3yibTaTl
XIMIYHOT'O TETUIOBUIICHHS 3HOBY 3POCTAE.

I3 puc. 1,a BunmBae, 110 Ha JOCUTh MPOTSKHINA TUISHII CTA/lli TOPIHHS TEMIIEepa-
Typa IEHTPY YACTUHKH OJIM3bKa J0 TEMIEpAaTypH MOBEPXHI, ajie¢ B Mipy HAOJIMKCHHS
70 TOYKM MAaKCUMyMy ILIBHUJKICTb 3POCTaHHS TEMIIEPATypHU IOBEPXHI NEPEBUIILYE
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IIBUJKICTh 3pOCTaHHS TeMIeparypH ii neHtpy. lle mos's3aHo 31 3MEHIIEHHSM Ten-
JIOBTPAT BUMPOMIHIOBAHHSIM 3 MOBEPXHI YACTUHKHU.

OTpumaHO I1IKaBUW pe3yJbTaT BIJHOCHO TEMIIEpaTyp MOBEPXHI 1 HEHTPY MpHU
3aiiMaHHi 1 3racaHHl YaCTUHOK PI3HOTO JlaMeTpy IMpHU Pi3HUX TeMmIeparypax rasy. B
Tabnui 1 HagaeThCsl PI3HUI TEMIIEpATyp MOBEPXHI 1 LIEHTPY YACTUHOK Pi3HOTO IO-
YaTKOBOTO JlaMeTpy MpHU 3aliMaHHI 1 3racaHH1 JyuIsl pi3HUX TEMIEpaTyp HarpiToro ra-
3y T,. Y MOMEHT 3ailMaHHs pi3HUL TEMIEpaTyp MOBEPXHI 1 HEHTPY YyacTUHKU (AT)
TUM BHIIA, YUM OLIbIIE MOYATKOBUU JlaMETp YACTUHKHU 1 BUIIA TEMIIEpaTypa rasy.
SIKIo It YaCTUHKHU d = 1MM pi3HUIS TeMIIepaTyp MOBEPXHi i IeHTpy B TouMi / 1ist
T, = 1200K cranosuna 112K, Tto npu 7, = 1400K BoHa 36u1b1IMIIaCS Maiike B 4 pazu
(AT = 408,2K). IIpuuomy, 301IbIIEHHS PI3HULI TEMIIEPATyp MOBEPXHI 1 IIEHTPY 3 PO-
CTOM JliIaMeTpa P BUCOKUX TEMIIEpaTypax Mae OUIbII BUPAKEHUHN XapaKTep.

Hanpuxknaza, npu 301IbIIEHH] TOYATKOBOTO JiaMeTpa B 5 pasiB (Big 200 MKM A0
1000 mxm) mst 7, = 1200 K, AT 3minmnacs B 1,2 pasu. i aHaJIOTIYHUX JlaMETPIB
npu 1, = 1400K, AT 3611b1mmacs Maiike B 2 pasu.

B MOMeHT 3aTyXaHHs TEIUIOBTPATH BiJ] YACTHHKH MaKCUMAaJIbHO MEPEBEPIIYIOThH
TETUIOBUIICHHST XIMIYHUX peakilii, 1 1l Temreparypa pi3KO 3HIKYEThCS SK Ha TO-
BEpXHi, TakK 1 B EHTp1 (puc. 1a), aje TeMriepaTypa MeHTPY MEPEBUIIYE TEMIIEPATypy
noBepxHi (Tabmn. 1). Pi3Huus temmnepaTyp LEHTPY 1 MOBEPXHI MPHU 3aTyXaHHI 3HAYHO
BHUII[a, HIX Npu 3aitmanHi: pu Ty = 1200K - B 4 pazu, npu 7, = 1300K npubnuzHo B
2 + 3 pasu, npu T, = 1400K npubnuzno B 1.9 pazis. Cnig 3a3HauuTH, 10 IPH 3aTy-
XaHH1 HEMA€ MEBHOI 3aJIEKHOCTI PI3HUII TEeMIEpaTyp LEHTPY 1 MOBEPXHI BiJl TEMIIe-
paTypu rasy 1 mo4aTtkoBOro jaiameTpa yacTuHOK (Tabu. 1). IIpu nbomy OuIbIl BHUCO-
KM TeMIlepaTypaM rasy BIJNOBIIalOTh OLIbII BUCOKI 3HAYEHHS TEMIIepaTyp IO-
BEpXHI 1 LIEHTPY MPHU 3aTyXaHHI 1 BOHHU K 3HWKYIOTHCA 3 POCTOM IMOYATKOBOTO Jia-
MeTpa 4acTHHOK. B o0nacti mamux miamerpiB (dp <200 MKM) CIIOCTEpPIra€ThCs 3HU-
KEHHSI KPUTUYHUX TEMIIEpaTyp MOBEPXHI 1 IIEHTPY MpHU 3racaHHi, TOMY IO I 00-
JaCTh MapaMmeTpiB OJU3bKa JO KPUTUYHUX YMOB 3aiiMaHHS.

[TopiBHSIEMO pe3yJbTaTH PO3PAXYHKY XapaKTEPUCTHK 3aliMaHHSI, TOPIHHA 1 3ra-
caHHs MO (PI3UKO-MATEMATUYHUM MOJIEISIM 3 ypaxyBaHHSM PO3MOJALLY TEeMIEpaTypH
10 JllaMeTpy YaCTUHKU 1 0€3 BpaxyBaHHsI, B IPUITYIIIEHHI, III0 BCS YaCTUHKA MUTTEBO
MIPOTPIBAETHCA O TEMIIEpATypH MOBEpXHI 7.

B Tabnuii 2 mpeacTaBieHi pe3ysbTaTH PO3pPaXxyHKY 3a JIBOMA 3raJJlaHUMU MOJIe-
JISIMM 17151 9aclB 1HAYKI(IT 1 TOPIHHS Ta KPUTUYHOTO JiaMeTpa, 0 XapaKTepu3ye 3ra-
CaHHS YaCTWHKW. BUIHO, 1IT0 HE BpaxyBaHHS MOIIMPEHHS TEIUIA BIIIMO BYTJICIIEBOTO
MAacCHBY TMPHU3BOJUTH /IO 3aBUINCHUX 3HAYEHBb JJIS XapaKTEPUCTHK BHCOKOTEMITEpa-
TYpHOTO TeruioMacooOMiHy. OcoOJIMBO 1€ CTOCYeThCsl mepiony iHaykiii. s ox-
HOPIJIHOT 32 TEeMIIepaTypor0 YaCTHHKHU JJI BCHOTO JIOCHIIKYBAHOTO Jlana3oHy IO-
YaTKOBHUX JlaMeTpiB mepio iHayKiii Ha 50% Oinblie, HIXK JJIS BUNAAKY BpaxyBaHHS
PO3MOLTY TeMIEpaTypHu MO pajilyCy YacTUHKH. {71 yacy ropiHss 1 moxuOka cTa-
HOBUTH Bi1l 7% (miis dp = 200 Mxm) 110 17% (anisa dp = 1Mm).

30UTbIIIEHHS Yacy 1HAYKIIT OJTHOPITHUX 32 TEMIIEPATYPOI0 YACTUHOK MOSCHIOETh-
Cs TUM, IO JIO MEBHOI TeMImeparypu, Hampukian a0 Ti', mpu sKif aKTUBI3YIOTHCS
XIMIYH1 peakKiiii, IpOrpiBaEThCSl BECh MACUB BYTJIEIEBUI YaCTUHKH, @ HE MPHUJIETIIl 10
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il OBEPXHI 1IapH, AK L€ BIJOYBAETHCS y pa3l MOCTYOBOrO MOIIMPEHHS TEIUIa BIIIUO

JacTUHKU. JIJI1 OCTaHHBOTO BUIAJAKY CIajaxye MOBEPXHEBUH IlIap YaCTUHKU; IIapH,

110 3HaXOAThCS OJIMKUe A0 1i HEHTPY Ha MOMEHT 3aiiMaHHs, MEHIII PO3ITpiTi.
Hecramionapni 3anexxHocti d(t) 1 dT/dt(t) (puc.1,0,B) D03BOJISIIOTH BU3HAYUTH

Tadaunsa 2
[TopiBHSIHHS XapaKTepUCTHK 3aliMaHHsI, TOPIHHS Ta 3racaHHs BYTJelneBoi YacTUHKU 3 (1)
Ta 6e3 (2) BpaxyBaHHS pO3NOALTY TeMeparypH no ii paaiycy (7g = 1300 K).

dp, tind, C thur, C dg, MKM
MKM 1 2 1 2 1 2
200 0.21 0.34 0.69 0.74 18 22.8
500 0.68 1.05 4.58 5.12 18 22.8
800 1.17 1.73 12.23 14.18 18 22.8
1000 1.47 2.13 19.43 22.8 18 22.8

KPUTUYHUHN AlaMeTp dg, 110 XapaKTepu3ye 3racaHHs YaCTUHKH, MPU 3aJaHiil Temie-
patypi raszy. [Ipu npoMmy TemmepaTypa rasy i CTIHOK YCTAaHOBKH 1 TeMIlepaTypa ya-
CTUHKM B MOMEHT 3aTyXaHHS TaKOX SBIIAIOTbCS KPUTHUHUMU. KpuTHUHUN T1ameTp
3aTyXaHHS € BaXXJIMBOIO XapaKTEPUCTUKOIO MPOLIECY TOPIHHS, TOMY 1110 BiH BU3HAYA€E
¢b131MuHUHN Heorap ByIJIELIEBOIO MaIKBa.

3 Ta0:1.2 BUILIMBAE, 110 3 YPaxyBaHHIM PO3NOALTY TeIia BIIIMO BYIJIEEBOTO Ma-
CUBY CIIOCTEPIraeThCsl 3HMKEHHSI KPUTUYHOTO J1aMEeTpa, 10 XapaKTepU3y€e 3racaHHsI
qacTUHKU (dE), IpU AaH1i Temneparypi razy NpuoIM3HO HA 5 MKM.

Ha puc. 2 nHaparothca 3anex-
HOCTI MaKCHUMAaJIbHOI TeMIlepaTypHu

MOBEPXHI ~ YaCTUHKH  Thax T2
BIJINOBIJIHO1 1/ TeMIIepaTypH LIEHTpa
T. BiJg TIOYATKOBOTO JlaMeTpa dYa-

2500 -
2400
2300

2200 A

I ,7T XK

4 maxs 3

1

CTUHKH. BuIHO, 110 MakcuMalibHa
TeMmreparypa, 10 SKOi HarpiBae€TbCs

2100 4 e T

. . e ‘--'-,'...‘.. ---'--,.‘ 2
TOBEPXHs MPH TOPiHHI, TPAKTHYHO 5500
HE 3aJICKUTh Bl MOYATKOBOIrO Jia- g
d.
MeTpa YacTHUHKH, a BHU3HAYAETHCS 1900 e M
0 200 400 600 800 1000 1200

TUIBKM TeMmmepaTyporo razy. llpu
BHCOKHX TeMIIEpaTypax ra3y Ta Be-
JUKUX JllaMeTpax 4YaCTUHOK BiJCTa-
BaHHS TEMIEPATypud B LEHTPl BIiJ
TeMrepaTypu il TOBEpXHI CTAHOBUTh
ommspko 300 K.

Temneparypa TOpiHHS 4YacCTHHKH, pO3paxoBaHa 3a TOYHOI MOJACIUIO (3
ypaxyBaHHSAM TEMIIEpATypHOTO TPaJieHTy), B cepeauboMy Ha 100 rpagyciB Hibkya
JUTSL BCHOTO Jllalma30Hy MOYaTKOBUX J1aMeTpiB dp. BpaxyBaHHS po3mojainy Temiiepa-
TypU MO YaCTUHIII MPU3BOJUTH 0 3HIKCHHS MAaKCHUMAaJIbHOI TEMIEpaTypHu TOPIHHS,

Puc. 2. 3anexHiCTh MaKCUMalIbHOI TeMIIe-
paTypu MOBEpPXHI YaCTUHKHU (CYyIUIbHA JIiHIA) 1,
BIIMMOBIHIN i, TemIepaTypu B IIEHTpi Ya-
CTUHKH (ITyHKTHP) BiJl TTOYATKOBOTO JiaMeTpa.
1 — T, =1400K, 2 — T, =1300K, 3 — T,
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0 € MUIKOM 3pO3yMUIMM, OCKUIBKM TEIUIOBUM TOTIK, 3YMOBJIEHUN TEIUIO-
MPOBIAHICTIO YACTUHKH, BIJIBOJUTH €HEPTIIO 3 1i TOBEPXHI.

BucnoBku. BuBYeHO BIUIMB HEOJHOPIHOCTI TOJIS TEMIIEpATyp IO BYTJIEIEBIi
YaCTUHII Ha XapaKTEPUCTHUKUA BHUCOKOTEMIIEPATYpPHOTO TEIIOMAaCOOOMIHY MPU TEM-

neparypax razy I, =1200+-1400K i mowaTkoBuMX JiameTpax 4acTUHOK dp = 0,2 +

Imm.

[TokazaHo, 110 B MOMEHT 3aliMaHHs TeMIleparypa IIEHTPY YaCTUHKHU HMIKYa 32
temriepatypy ii nmoBepxHi (Bix 100 go 400 rpamyciB), i 1 pi3HUL TUM OLIbIIA, YUM
OUTBIIMK TTOYATKOBHM JllaMeTp YAaCTUHKH 1 BUINA Temmeparypa rasy. Ilpu 3racanHi
PI3HMIIS TeMIepaTyp LEHTPY Ta MOBEpXHI OUIbIA, HK MPHU 3aliMaHHI 1 CTAHOBUTH
JUTSL AOCIIJPKEHUX TeMIiepatyp ra3y Ta aiamerpi yactuHok 400- 500 rpanycis.

BcranoBneno, 1o HeBpaxyBaHHS MOIIMPEHHS TEIJia BrIUO BYTJIEIIEBOTO MAaCHUBY
MPU3BOJIUTE 10 TIABUINCHUX 3HAYCHBb I XapaKTEPUCTUK BUCOKOTEMIIEPATYPHOTO
TEIIOMacoO0OMIHy B iHTepBail Temneparyp rasy 1,=1200 +1400K: misa nepiony iH-
nykuii - Ha 50%, g gacy ropinus - 7% <+ 17%, temmepaTtypu ropinss - Ha 100K,
JUISL IlaMeTpy, 110 XapaKTEepU3ye 3racaHHs, MPUOIU3HO Ha SMKM. TakuM 4YMHOM, HEB-
paxyBaHHS TPAJIEHTY TeMIEpaTyp B3MIOBXK pajiiyca YaCTUHKH MPU3BOJHUTH JIO CIIO-
TBOPEHHS PE3yJIbTaTiB MAaTEeMaTUYHOT'O MOJICIIOBAHHS 3a/1adl BUCOKOTEMIIEPATypPHO-
ro TEIJI0MacooOMiHy, 0COOIMBO Ha CTa/iil 3aiMaHHs.

JloBesieHO, 110 MPU BU3HAYEHHI XapaKTEPUCTUK BUCOKOTEMIIEPATYPHOIO TEIIO-
MacoOOMiHY BYTJICIIEBUX YACTUHOK 3 MOYATKOBUMU JAiameTpamu dp > 200 MKM HEOO-
X1JJHO BpaxOBYBaTH PO3MOLIT TEMIIEPATYPH IO PaJIlyCy YACTUHKH.
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Orlovska S.G.
The influence of temperature distribution over a carbon particle on
its ignition and combustion characteristics

SUMMARY

The work conducted a study on the influence of heat flow by thermal conductivity into the
depth of a carbon particle on the characteristics of its ignition, combustion, and extinction in
air heated to a high temperature.

Physical and mathematical modeling of the processes of high-temperature heat and mass
transfer and the kinetics of parallel chemical reactions on the surface of carbon particles was
carried out, which made it possible to determine the induction period, time and temperature
of particle combustion, critical diameters at which their extinction occurs. An analysis of the
influence of the temperature gradient along the particle radius, caused by non-simultaneous
heating of the layers of the carbon mass, on these characteristics was carried out. The studies
were carried out for carbon particles with initial diameters of 0.2 ~ 1 mm for the gas temper-
ature range of 1200+1400K, which are usually implemented in combustion devices.

As a result of studying the dynamics of particle heating, it was found that significant tem-
perature gradients are observed along the particle radius, both at the moment of ignition and
at the moment of its extinction. During extinction, the temperature gradients are much higher.
For the studied intervals of gas temperatures and particle diameters during extinction, the
difference in temperatures of the center and surface of the particles is on average 400+500K.
At the moment of ignition of particles, the temperature of their center is lower than the sur-
face temperature by 100-400K, and this difference is greater, the larger the initial diameter
of the particle and the higher the gas temperature. It is proved that failure to take into ac-
count the uneven heating of particles into the depth of the carbon mass leads to inaccuracy in
determining the main characteristics of ignition and combustion for the studied interval of
particle diameters: for the induction period - by 50%, for the burning time from 7% to 17%,
the burning temperature - by 100K, for the diameter characterizing extinction, by approxi-
mately 5 microns. It is proven that it is necessary to take into account the temperature gradi-
ent, especially at the stage of particle ignition.

Keywords: heat and mass transfer, ignition, combustion, extinction, carbon particles, tem-
perature gradient, induction period, burning time.
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Correlation method for measuring the combustion time of micro-sized
metal particles in a dust flame

The paper considers the possibilities of experimental determination of the combustion time
of metal particles using the correlation analysis of flame luminosity. Experiments were car-
ried out for dust flames of micro-sized spherical particles (d190< 5 um) of Fe, Zr and Al in an
axisymmetric laminar diffusion dust flame. The number density of particles in the gas suspen-
sion (in nitrogen) was about 10" m>. The width of the combustion zone at temperature T =
(2000+3000) K in the flame was 1+2 mm. Under these conditions, the combustion zone is op-
tically thin. This ensures the additive contribution of each particle to the combustion zone ra-
diation. It was shown experimentally, as well as by simulation modelling methods, that the
accuracy of combustion time measurements is affected by the stationarity of the object of
study, the shape of the radiation trace from the burning particles, and the polydispersity of
the initial fuel particles.It was found that the main cause of flame nonstationarity is low-
frequency oscillations of different nature, which arise in the reacting two-phase flow at the
moment of radiation registration.Studies have shown that processing of flame intensity time
series by a high-pass filter (HPF) with a cut-off frequency of about 20 Hz significantly im-
proves the appearance of the autocorrelation function (AF) and allows a more accurate de-
termination of the effective correlation time (particle burning time). Limitations of the appli-
cation of the HPF, which may lead to distortion of the AF and correlation time, are dis-
cussed.The interpretation of AF and correlation times is significantly complicated for poly-
disperse particle gas suspensions due to the dependence of the particle burning time and their
radiative characteristics on the particle size. Simulation modelling methods show that in
practice the range of monodispersity of fuel particles can be extended to values of the coeffi-
cient of variation of 20-25 %.

Keywords: correlation analysis, autocorrelation function, particle burning times, metal
dust flames, polydispersity.

Introduction. The combustion time of dispersed propellant particles is an im-
portant characteristic that determines the possibility of using a particular propellant
for energy or technological applications. This time can be most reliably determined
experimentally by direct measurements (usually single fuel particles with a diameter
greater than 50 um) [1-3] and indirect measurements, in which information on com-
bustion times is obtained by studying the combustion of gas suspensions of fuel parti-
cles under well-controlled conditions (flame interferometry, methods of photometry
of the combustion zone of a dust flame, experiments to determine the normal flame
velocity to determine the law of combustion of particles in a gas suspension #, ~ d" )
[4-5].

Small (diameters less than 20 um) combustible particles are best suited for practi-
cal application. In this case, the combustion time of particles is significantly reduced,
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the flame propagation speed through their gas suspensions increases, there is no sed-
imentation and lagging of particles from the carrier gas, radiation heat losses are re-
duced, etc. At the same time, micro-sized fuel powders are usually rarely monodis-
persed. For polydisperse powders the problem of interpretation of combustion times
measured by non-direct methods arises.

The classical measurement methods developed for single particles and large-
particle gas suspensions, based on registration and processing of burning particle
tracks, are practically inapplicable for them. The situation is complicated by the fact
that particles in gas suspensions can burn in heterogeneous or gas-phase modes. In
the first case, the combustion zone of a dust flame is discrete, while in the second
case it looks homogeneous, since light fluxes are emitted mainly not by burning par-
ticles, but by submicron combustion products formed in the process of condensation.
As a result, methods suitable for measuring the combustion times of heterogeneously
reacting particles may not be applicable to vapour-phase (or gas-phase) burning com-
bustible particles. Therefore, the development of methods for measuring the combus-
tion times of dispersed fuel particles in two-phase flames remains relevant.

In [6], the autocorrelation function method was proposed for measuring the burn-
ing times of metal particles and determining the law of their combustion. The neces-
sary condition for the application of the method is the optical transparency of the
flame and stationarity of the radiation source (during the time of radiation registra-
tion). The essence of the method is that the integral intensity of radiation emitted by
the flame is the sum of intensities from each burning particle and is therefore propor-
tional to their number: that is /() ~ n(¢). The statistical independence of the ignition
time of a particle and the optical transparency of the flame, allows us to construct the
autocorrelation function for the flame intensity as the sum of AF for all burning parti-
cles.

This method was first applied to measure the combustion times of micro-sized Al,
Zr and Fe particles in a dust flame in [7, 8]. The obtained values of the combustion
times of Zr and Fe particles agreed well with the results of photometric processing of
radial cross sections of the flame front luminosity [8]. For aluminums particles, it was
not possible to explain the behavior of the obtained AF. The questions about the in-
fluence of the polydispersity of the fuel particles on the type of AF and the interpreta-
tion of the obtained effective correlation times remained unclear. Therefore, the aim
of the present work is to develop methodological aspects of the application of the AF
method for determining the combustion time of dispersed fuel particles.

1. Application of autocorrelation functions to determine the law and time of
particle combustion. Let us briefly summarize the main ideas that were put in the
basis of the correlation technique for measuring the combustion time of particles in
gas suspensions. In [6], a method for determining the law of combustion of a com-
bustible particle in a dust flamet, ~ d" was proposed. The method is based on the reg-
istration of the intensity of radiation emitted by an optically thin layer (for which the
absorption of radiation can be neglected) of burning particles of dispersed fuel and
consists in the construction of a function of radiation intensity for a set of particles on
the basis of some modelling ideas about the combustion patterns of individual fuel
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particles. For example, the combustion time of a particle with initial diameterd,,, is

given by the law 3, =kd; . The index v shows the moment of ignition #, of the parti-

cle, k is the rate constant of combustion,y is the index of degree in the law of combus-
tion of the particle (y = 1 — kinetic mode, y =2 — diffusion mode and others). The ex-
tinguishing of the particle occurs at time 7 =7 + 93, .

The radiation intensity of a burning particle taking into account its dependence on
the particle size can be written in the form: 7 () = Ocdng ((t—t)/9,) [6], wherea is a

constant in the law of radiation of a burning particle,d is an exponent of degree in the
dependence of the intensity of radiation of a particle on its size. The function F de-
scribes the shape of the radiation trace of the burning particle and is different from
zero only during combustion. The values of 3, and /,(r) depend ond,,. Therefore, a

direct relationship between these values can be established. Substituting

l l
d,, = SVA / kﬁ into the expression for / (¢) gives the radiative trace written in terms

of burning time. The summation of all ignition times provides the radiation intensity
of a dust flame as a function of time [6], 1.e.

1(t)=,%28v’"F(t;V], (1)

v

where m=93/7y.

In the general case, the AF(y(t) =1(¢)I(¢+ 1), wherer is the delay time) of the

random process (1) has a complex form (see formula 3 in [6]). However, if we as-
sume that the radiation trace of the burning particle is rectangular-shaped signal

F [ d \; & j =lat0< (f ‘; & j <1, it can be shown that for small values of delayst , the

v v

AF decreases linearly with time, and this initial decline describes the effective corre-
lation time t,, defined as [6]:
90O
P TTE
dt |,
where (1) = (1) /1(0) is the normalized AF.
Thus, if the radiation trace of a burning particle is step-shaped signal, then from

the experimentally recorded flame radiation intensity we can use correlation analysis
to calculate the normalizedautocorrelation function y(r) and determine the effective

)

particle burning time by the relation (2) #,= z. In doing so, we do not explicitly use
any additional information about the flame under study. All system parameters - par-
ticle and oxygen concentrations, particle size, combustion and radiation laws are im-
plicitly included in the signal /(¢). The researcher only needs to interpret the obtained
values.

If the parameters k,6 andy in (1) are known, the effective correlation time (burn-
ing time) can be calculated from the relation [6]:
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t.=k <d§8+y> (3)

s

Where<d5’> = _[ d,p(d,)d(d,), n 1s the moment of the particle size distribution func-
0

tion, p(d,) is the density of the particle size distribution function. If some parameter

in (1) is unknown, then having determined experimentally the effective correlation
time (1) it is possible to estimate the corresponding parameter using (2). Finally, if

t—t,

v

the condition F ( j = 1 1s not fulfilled [8], then there are no simple analytical re-

lations for the AF and correlation time, and a numerical solution of the problem will
be required.

2. Methodology of experimental research. The correlation analysis of flame
luminosity was applied by us to determine the combustion time of gas suspensions of
spherical particles of Zr, Fe, Al with number particlesdensity about 10'> m™ in a lam-
inar diffusion dust flame (LDDF) [7, 8]. The table summarizes some of the distribu-
tion characteristics of the metal powders. The particle size distributions obey the log-
arithmic-normal law.

In the table: d;y - average metal particle size,s = \/d;, —d;, - standard deviation,o
andu - parameters of lognormal size distribution of initial metal particles

1 (Ind — u)’
d) = -
p(d) Tindo eXp[ Py j

acterizes the dispersibility of powders. It is assumed that the powder is monodisperse
when CV < 10 %. The scheme of the experimental setup is shown in Fig. 1.

The dust flame was stabilized at the burner slice and at the volume flow rate of
carrier nitrogen W=70-100 sm>?/s had the shape of a cone with a height of about 10
cm. Combustion of metal particles occurs in a narrow (/r = 1+ 2 mm) combustion
zone at temperature 7= (2000+ 3000) K. Radiation of the flame surface with the help
of a collecting lens was focused to the input of a photomultiplier (PMT). The depth of
field in the probed volume was about 0.5 cm and was controlled by aperturing the
light flux. The signal of the photomultiplier (Fig. 2a) was recorded by an analogue-to-
digital converter (ADC) with a sampling frequency of 200 kHz. Registration of the
combustion zone radiation was carried out for 3 or more seconds. Simultaneously
with the digitization of flame intensity, the dust flame was recorded in cine-photo to
determine the burning time of particles by photometry of radial light fluxes [8]. These

, CV =——.100%is coefficient of variation, which char-
10

Table. Dispersion characteristics of metal powders

Metal dio, \m | s, um p)) v CV, %
Al 4.8 2.8 0.54 1.42 58
Fe 4.7 1.7 0.35 1.49 36
Zr 4.8 2.3 0.45 1.47 48
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Fig. 1. Schematic diagram of the experimental setup for studying dust flames
1 —dust flame; 2 - blowing tube; 3 - inner tube of the coaxial burner; 4 - powder feeding

unit; 5 - flow meter.
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Fig 2. Determination of burning time by AF method [7, 8]:
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(a) radiation intensity of the burning zone of the dust flame Fe, Al, Zr particles;
b) autocorrelation function and correlation times of investigated metals

data were compared with the particle combustion time obtained by the correlation

technique.

After separating the constant component from the digitized signal, the normal-
1izedAF () was calculated (Fig.2b):

76




dizuka aepoaucrepcHux cucreM. — 2024. — Ne 62. — C.72-85

Using formula (2), the effective correlation time 7. was calculated, which was
taken as the burning time of metal particles #,. The obtained burning times of Fe (¢~
3 ms), Zr (t,= 4.5 ms) particles are in good agreement with the times calculated from
photographs of the dust flames by the method of photometry of the combustion zone
[8].

For Al (Fig. 2b, curve 3), it was not possible to interpret the AF and obtain parti-
cle burning times that at least in order of magnitude coincided with the burning times
of Al particles (according to the results of photometry of the LDDF burning zone [§]
1= 4 ms). The authors [7,8] concluded that the autocorrelation function method is not
applicable for metals whose particles burn in the vapour-phase or gas-phase regime.
For aluminum, the main contribution to the emission is made by submicron particles
Al Os, which do not carry explicit information about the burning time of the alumi-
num droplet. As will be shown below this hypothesis is most likely erroneous.

It is known that the AF tends to zero if the immersion depthz is much greater than
the correlation timez.. The burning times of the studied metal particles are #,~ 4 ms,
so it 1s sufficient to record the signal for a few tens or hundreds of milliseconds to de-
termine the burning time. If the random signal is stationary, the combustion time de-
termined over the whole sample should be close to the times obtained from shorter
time series. This assumption was tested for the zirconia particles (see Fig. 2a). The
time series was divided into 9 parts and the burning time was determined for each
sample. After averaging, #, =3.9+ 0.8 ms or an error of 21% was obtained. This is a
very large scatter of times, which, in our opinion, is a consequence of nonstationarity
of the general time series.

The curves shown in Fig. 2b are characterized by a weak dependence of the AF in
the region of large values of the delay timer. Moreover, the location of curves 1-3 in
Fig. 2b is higher for powders with a large CV (i.e., more polydisperse). In addition,
the AF appearance can be influenced by the difference in the shape of the light trace
from the burning particle from the rectangular-shaped signal, gas dynamic and/or
thermal instability of the dust flame. Below, by simulation modelling methods, we
will try to identify the influence of some factors on the shape of the AF and on the
results of determining the combustion times.

3. Simulation modelling of dust combustion. For simulation of gas-suspension
combustion a sample of n» =1000+10000 particles distributed according to the
lognormal law was generated (in this range of n the number of particles in the sample
practically does not affect the simulation results). The mean particle size did not vary
in all calculations (d;o = const). The CV varied in the range 5+60 %. The distribution
parameters for different AFwere calculated from the known d)¢ and standard devia-

d . CV
tions = —2 as ando = /In(s* d2 +1 . Statistical independ-
00% [ Js7+ dfo} i/ b

ence of the ignition time of each particle was ensured using a random number genera-
tor. The duration of each pulse was determined by the particle combustion law

9, =kd;,, and the amplitude 7 (¢) =Otdng ((t—1,)/98,) (see Section 1). The function
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F(¢r) was modelled by rectangular-shaped signal, the parameterywas chosen equal to 2
(diffusion mode of particle combustion) andé=1. Calculations were carried out with
the reaction rate constant £ = 0.05.

The integral flame emission intensity was calculated as the sum of the emission
intensities of all particles. The average value of the signal intensity was used to ex-
clude the constant component from the model signal. The timez. was determined us-
ing relation (2).

The simulation results of the behavior of the AF are shown in Fig.3 for three val-
ues of the coefficient of variation CV =5% (curve 1), CV =25% (curve 2) and CV
=50% (curve 3). The effect of CV on the parameters of the particle size distribution
function is shown in Fig.3a. The AF corresponding to these distributions and the ef-
fective correlation times 7. are shown in Fig. 3b. For monodisperse particles (CV =

L= dy(t _ :
5%) the AF is linear and coincides with the straight line y(t) = % -7+ y(0). With
T
increasing variation coefficient, the deviation of the AF from the tangent to it at the
pointz = 0 noticeably increases. Thus, for the same average fuel particle size, the ef-
fective correlation time increases with increasing CV. This corresponds to the behav-
ior of the experimental AF for the studied metals (see Fig. 2b).

The modelling carried out showed that the effective correlation timesz, practical-
ly coincide with the times (z,) obtained using expression (3). For example, for the

conditions considered above:z, = (1.1, 1.5, 3.5) ms (see Fig. 3b) and ’E:=(1.1, 1.5,

3.4) ms. Therefore, there are reasons to believe that the correlation technique deter-
mines some effective combustion time of metal particles in the gas suspension (,
=1.), which can be expressed through the ratio of the moments of distribution of
combustible particles by combustion time [6] or by size (3). The order of the particle
size distribution moments is determined by the parameters of the combustion and ra-
diation processes o andy.

For correct interpretation of the results of measurements of the burning time of
dispersed fuel particles using the flame luminosity AF, it is important to know about
the influence of the shape of the signal of a given duration on the type of the autocor-
relation function and on the value of the correlation time (particle burning time).

In practice, the light pulse from a burning particle may differ from the rectan-
gular one. This may be due to finite rates of rising (particle ignition) or falling (parti-
cle extinguishing) signals. Therefore, the pulse may have a trapezoidal, triangular or
other shape. To find out the influence of the pulse shape on its durationz, obtained
from correlation measurements, a series of calculations were performed, the results of
which are shown in Fig. 4.

The main result of these calculations is the conclusion that the correlation time of
pulses of different shapes but the same duration is a constant value and is determined
by the point of intersection of the AF with the time axis. At the same time, the shape
of the AF for different pulse shapes is different and relation (2) may become inappli-
cable for determining the effective correlation time.
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Fig. 3. Effect of propellant dispersity on effective correlation times:

a) the size distribution density of particles of different dispersity;

b) AF and effective correlation times (=) for numerical experimental conditions;
solid line - autocorrelation function;dotted line is the tangent line to the AF atz= 0.
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Fig 4. Dependence of the autocorrelation function of a single pulse on its shape
a) pulse shape. b) autocorrelation function of a single pulse.
1,2 - sawtooth pulse; 3- triangular; 4 - trapezoidal; 5 - rectangular.

To determine the combustion time of the particle gas suspension in this case, a
numerical analysis of the flame luminosity (1), in which the function F(?) has a com-
plex form, will be required. The AF of such a process does not have a simple analyti-
cal solution and will require numerical analysis.

4. Results and discussion. Analysis of the results of experimental measurements
of effective correlation times in dust flames of micro-sized Fe, Zr and Al particles
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Fig. 5 Radiation intensity of the combustion zone of the Zr particle plume (a) and its AF
(b). 1. Radiation intensity of the combustion zone of Zr particle flame. 2. HPF filtered (f.r=
20 Hz) radiation intensity of the combustion zone of Zr particles plume
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Fig. 6 Radiation intensity of the combustion zone of the plume of iron particles (a) and its
AF (b). 1. Radiation intensity of the combustion zone of the particle plume. 2. HPF filtered
(for= 20 Hz) radiation intensity of the combustion zone of the particle plume

revealed several features of the AFbehavior, which were not paid attention to in [7,8].
Fig. 2b shows that at large delay times 7 the CF remains almost constant. According
to the properties of autocorrelation functions, it contains a constant component when
the analyzed function /(#) also has a constant component. However, when processing
the initial intensity dataset, we excluded the mean value I(t) from the signal and built
the covariance function W(t) for the time series I(t) — I(t) so the target function
(1) should not contain a constant component. The correlation function of polydis-
perse powders is monotonically decreasing (Fig. 3b).
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Another feature of the obtained experimental results is a significant scatter of cor-
relation times obtained for different parts of the time series of radiation intensities (5
=3.9+0.8 ms, see Fig. 7). The significant scatter of correlation times can be explained
by the fact that the mathematical expectation of the random process differs for a se-
quence of shorter time series of different samples. This is possible when the random
process is not quite stationary. As is known, the statistical characteristics of a station-
ary random process do not depend on time. For a quasi-stationary process, the covari-
ance function and, respectively, the correlation times can differ markedly for different
moments of time.

There may be many reasons for violation of the stationarity of the process. For
example, these are pulsations of concentrations of dispersed fuel and oxygen in a dust
flame during signal digitization, convective instability of a free flame (heat-diffusion,
aerodynamic, etc.), flame oscillations as a result of external influences (e.g.
draughts), leading to defocusing of the optical scheme. Most often these disturbances
are low-frequency (10-20 Hz).

To test the hypothesis about the influence of low-frequency perturbations on the
fluctuations of the combustion zone radiation intensity, the method of constructing
the covariance function was changed. The initial intensity function /(#) was processed
by a high-pass filter (HPF) with a cutoff frequency of 20 Hz. To take into account the
peculiarities of the system under study, it is desirable to carry out test calculations to
determine the cutoff frequency of the HPF. Obviously, the zero cutoff frequency of
the HPF will allow filtering the constant component of the signal without changing
the useful signal. Higher cutoff frequencies may distort the useful signal, thus affect-
ing the type of the AF and the effective correlation times.

The results of the improved technique for measuring the combustion times of Zr
and Fe particles are shown in Fig. 5. and 6.In Fig. 5a (curve 1) shows the digitized
signal of the emission intensity of the flame front of zirconium particles (it is the
same in Fig. 2a). The correlation function

of such a signal is shown in Fig. 5b and, 6

as discussed above, has an almost hori- © . ® - with HPF
zontal section in the region of largez. The Sheeeeeeeeeeeeencfe. 2 WIDGUEERE, )
effective correlation time in this case is ©
T~ 4.3 ms. Curve 2 in Fig. 5b is ob- 4'000 """""

tained from curve 1 using a HPF with
cutoff frequency f.r = 20 Hz, and its cor-

t,, ms
(OS]
e
e
o
o
o

responding AF is shown in Fig. 5b (curve o) TSSO SO ST
2). As a result of the filter cutting off : :
signal components not related to the OO OSSP

combustion time of the combustible par-
ticles, a different correlation time (com-
bustion time) 1.~ 2.9 ms was obtained.

Similar results were obtained for iron
(Fig. 6). Fig. 7. Dependence of burning time of zirco-

For zirconium particles, the scatter of nium particles for different fragments of the
effective correlation times at individual time series
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Fig. 8. Radiation intensity of the combustion zone of the plume of iron particles (a) and its
AF (b). 1. Radiation intensity of the combustion zone of the particle plume; 2. HPF filtered
(fer= 20 Hz) radiation intensity of the combustion zone of the particle plume

time intervals was calculated for the filtered signal. As for the original time series
(see Section 2), the 3 second filtered signal was divided into 9 parts and the burning
time was determined for each sample (Fig. 6, black circles). After averaging ¢, =3.1+
0.3 ms was obtained, while without HPF above, #, =3.9+ 0.8 ms was obtained (white
circles in Fig.6). That is, the scatter of the data was significantly reduced.

The application of the HPF allowed us to interpret the correlation function of the
emission intensity for LDDP Al (curve 3 in Fig. 2). In [7], the authors concluded that
the AF method is not applicable for metals burning in the vapour-phase or gas-phase
regime. This was explained by the fact that the main source of radiation is aluminum
oxide nanoparticles, which do not carry information about the burning time of metal
particles. However, micro-sized Al particles burn in microflames, forming a high-
temperature brightly luminous zone. The time of existence of this zone can be inter-
preted as the burning time of the Al particle.

Fig. 8a shows the original (curve 1) and HPF filtered (f., = 20 Hz) signal (curve2)
of the radiation intensity of the combustion zone of the Al particle plume. The corre-
sponding AF in Fig. 2b (curve 3) and Fig. 8b are very different. The AF of the fil-
tered signal clearly contains a periodic component with frequency /=100 Hz. This
means that the same frequency is present in the original signal. It is most likely that
during the measurements in the measuring circuit there appeared parasitic inductions
with the frequency of the 2nd harmonic of the network voltage, which were not no-
ticed by the experimenters. As shown in the inset in Fig. 8b, the CF crosses the time
axis at the pointz, =3.3 ms. Considering the complexity of the object of study, it can
be considered that this time agrees quite satisfactorily with the time 7, =4.0 ms ob-
tained by photometry of the radial profile of the aluminum LDPF in [8].
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When applying filters for signal
processing it is necessary to make sure
that the condition f;<<Il/t, , where t;, is
the burning time of large particles in the
"tail" of the distribution, is fulfilled. For
large particles the ratio//#, increases and
can become comparable to the cut-off
frequency of the HPF. This will not only
remove parasitic low frequencies from
the signal, but also distort or remove in-
formation about large combustor parti-
cles. As a result, the measured effective
correlation times will correspond to
some fictitious particle size distribu-
tions. In such cases, it may be a better 7, ms
solution not to use a HPF. Fig. 9. Effect of HPF on AF and effective

The above is illustrated by model- correlation time for powders of different dis-
ling calculations of the effect of HPF on  persity. Curves 1 and 2 are obtained without
the AF and effective correlation timez, HPF, curves 1”7 and 2’ with application of
(Fig. 9) for the conditions given in Sec- HPF with cut-off frequency fer =20 Hz.
tion 3 and Fig. 3. For a monodisperse
gas suspension (CV=5%), no differences in AF andz. were found. For CV'=25%, the
AF of the original (curve 1) and filtered (curve 1') signal begin to differ slightly in the
region of large delaysz, and the effective correlation times (z.; andz.;> are almost
equal. For CV=50 % (curves 2 and 2') the influence of the HPF becomes significant.
The filter leads to a noticeable decrease of the effective correlation time 7., compared
toz... In relative units the difference is about 14%.

P(1)

Conclusion. The considered correlation method of determining the combustion
time of dispersed fuel particles has a number of advantages over other methods (track
methods, photometry of radiating objects, etc.). The advantage of the method is the
possibility to measure the combustion time of dispersed fuel particles practically in
real time. In this case, little information is required about the parameters of the carrier
particle of the medium, the mechanism of combustion of particles in gas suspensions,
and temperature. The conditions of applicability of the method are optical transparen-
cy of the flame, stationarity of the object of research, absence of strong external per-
turbations of the reacting two-phase flow. For the interpretation of the obtained re-
sults, the knowledge of the size distribution function of the initial fuel particles and
the shape of the radiation trace from the burning particles is important.

The AF method is the most reliable for measuring the combustion times of mon-
odisperse particles, since in this case the interpretation of the AF is the simplest.
There are also analytical approximations that relate the correlation time to the param-
eters of combustion and light emission of particles in a two-phase flame. This allows
one to determine the law of particle combustion on the basis of experimentally meas-
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ured effective correlation times. In practice, the monodispersity range of gas suspen-
sions can be extended to values of the coefficient of variation of 20-25 %.

To exclude the influence of low-frequency flame perturbations, as well as aerody-

namic or heat-diffusion instability of the flame on the results of particle combustion
time measurement, it may help to apply the HPF. In this case, it is necessary to evalu-
ate the possibility of distortion of the useful signal if its frequencies are close to the
cut-off frequency of the filter.
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Ilonemaes M. 1.
Kopeasiuiiauii MeToa /151 BUMIPIOBAHHSA 4acCy 3rOPsIHHSA
MIiKPOPO3MIPHHX YaCTHHOK METAJY B OJYM'I IJLY

AHOTAIIS

Y emammi pozensnymo mooicaugocmi excnepumeHmanbHo20 U3HAYEHHS 4acy 20PiHHA Ya-
CMUHOK Memany 3a 00NOMO20I0 KOpenayiunoeo ananizy ceimnocmi noaym's. Excnepumenmu
NPOBOOUNUCS Ol NOJIYM 5L NUTLY MIKPOPO3IMIPHUX chepuunux wacmunox (djo< 5 mxm) Fe, Zr
ma Al 6 ocecumempuunomy aaminapHomy ougyszivunomy noaym’i nuny. Lllinenicms yacmunok
y 2a306iii cycnensii (6 azomi) cmanosuna 6ausvko 102 w3, Ilupuna 30nu 2opinna npu mem-
nepamypi T = (2000+-3000) K y noaym'i cmanosuna 1+2 mm. 3a yux ymos 30Ha 20piHHs On-
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muyno mouka. Lle 3abe3neuye 000amKo8uil 6HeCOK KONMCHOI YACMUHKU Y GUNDOMIHIOBAHHS
30HU 20piHHA. EKCnepumMenmanvHo, a makoic Memooamu iMimayitiHo2o MOOent08anHs NoKa-
3aHO, WO HA MOYHICMb GUMIDIOBAHHS YACY 2OPIHHA 8NIUBAE CIMAYIOHAPHICMb 00 €Kma 0ocCii-
0oiceHHs, ¢hopma padiayiinoco cnioy 6i0 20prYUX YACMUHOK I NONIOUCNEPCHICMb BUXIOHUX
YACMUHOK nanusa. . Bcmanosneno, wjo ocHOBHOW NPUYUHOIO HECMAYIOHAPHOCMI NOAYM'S €
HU3bKOYACMOMHI KONUBAHHA PIZHOI Npupoou, AKi GUHUKAIOMb Y pea2ylouomy 080¢ha3sHoMY
nomouyi 6 MOMeHm peccmpayii 6UnpomiHioeanns. /locriodcenns noxazanu, ujo oopobka yaco-
8Ux padie inmencugHocmi noaym’s ginempom eucoxux yacmom (HPF) i3 wacmomoio 3pisy
ouzvxo 20 'y 3nauno nokpawye suenso asmoxopensayiiunoi ¢pyukyii (AF) i 0036013 mouni-
ute uUsHavamu eghekmueHy Kopenayir. yac (4ac 2opinusa wacmurox). Q62oeoperno obmedicen-
Ha 3acmocysanna ©PBY, saxi moocyms npuseecmu 0o cnomeopennsi AD ma uacy xKopensayii.
Iumepnpemayis AF i uacieé xopenayii 3HAUHO VYCKIAOHIOEMbCS 011 NOAIOUCNEPCHUX 2A308UX
CYCNeH3ill YACMUHOK Yepe3 3ANeHCHICMb 4acy 20pIiHHA YacCmMUHOK 1 iX padiayitiHux xapakme-
pucmux 8i0 po3mipy uacmunox. Memoou imimayiiino2o MOOeno8aHHs NOKA3Ymb, o Hd
npakmuyi 0ianason MOHOOUCHEPCHOCMI NATUSHUX YACMUHOK MONCHA POSUWUPUMU 00 3HAYEHb
koegiyienma sapiayii 20-25 %.

Knrouosi cnosa: kopenayiunuii ananiz, asmoxoperayitina yHKyis, yac 2OpiHHA YaCMUHOK,
NOJYM 51 Memaneso20 NUy, NONIOUCHEPCHICb.
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Stoichiometric model of forced ignition of flammable liquids
and their binary mixtures

Controlling the characteristics of stable combustion and emissions during the combustion
of alternative liquid fuels, reducing the carbon index is achieved through the use of oxygen-
containing alcohols and hydrogen-containing substances (hydrogen, ammonia, water) as ad-
mixtures. The critical temperatures of forced ignition and spontaneous ignition of liquid fuels
are important characteristics of stable flame combustion, which depend on the composition of
the liquid and the oxygen-nitrogen gas mixture. This paper addresses the urgent issues of
finding the temperature of spontaneous ignition of combustible liquids and their mixtures in
an oxygen-nitrogen gas environment with a temperature lower than the temperature boiling
of liquids as a result of short-term exposure of the liquid surface to a pilot flame (thermal ig-
nition source). After the ignition source is removed from the droplet surface, the droplet con-
tinues to burn steadily. The model is based on the assumption that at liquid temperatures low-
er than the ignition temperature, the oxygen content in the saturated layer is much higher and
the combustible vapours are less than the stoichiometric composition according to the chemi-
cal reaction equation. At the same time, the necessary condition for ignition is fulfilled — the
self-acceleration of the exothermic reaction rate. As a result of heating and evaporation in a
saturated gas layer at the ignition temperature, the concentrations of the components reach
equivalent values, and the initial increase in the temperature of the gas layer leads to a stable
burning of the droplet with its own diffusion flame Little attention is paid to the ignition tem-
perature of liquids. There are very few experimental values. However, there is a Jones model,
which is the basis for most of the works. We developed a stoichiometric model for forced igni-
tion and spontaneous combustion have obtained analytical dependences of the ignition tem-
perature for individual liquids, their aqueous solutions, and binary solutions of two flamma-
ble substances. These dependences are in satisfactory agreement with the available experi-
mental data.

Keywords: ignition temperature, combustible liquid vapour, droplet, stoichiometry, binary
solutions.

Introduction. Recently, the development of heat and power and environmental
technologies has led to the creation of alternative liquid and solid fuels, mixtures with
oxygen-containing biofuels (alcohols) to save or replace traditional combustible
fuels. In this direction, as well as for the development of fire and explosion safety
measures, studies of stable ignition and combustion of combustible biofuel mixtures,
including those with the addition of water, for example, in the form of emulsions or
foams, are relevant. Important indicators of the physicochemical properties of
combustible liquid substances are flash point, ignition, and spontaneous combustion
temperatures [1, 2]. Flash and ignition occur when the liquid is heated to
temperatures significantly below the boiling point and at low air (oxygen-nitrogen
mixture) temperatures that are lower than the boiling point of the combustible liquid,
only under the short-term action of the ignition source on the surface of the

DOI: 10.18524/0367-1631.2024.62.318557
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combustible liquid. After the ignition source is removed from the surface of the
liquid, the flame itself disappears during the flash, and a steady flame burning occurs
during the ignition. The determination of the ignition temperature in scientific
research is much less common [3, 4]. In Western countries, the ignition temperature
is called the "fire point" - the critical temperature of a combustible liquid at which a
steady flame occurs when a thermal ignition source, the next flame, is briefly raised
[1, 2]. NFPA 3022 defines the flash point as: "The lowest temperature at which a
liquid ignites and achieves sustained combustion when exposed to a test flame. A
better definition is given by BSI23: "The lowest temperature at which a liquid emits
sufficient flammable vapours into the air to ensure sustained combustion after the
ignition source has been removed." The auto-ignition temperature (spontaneous
ignition) according to ISOI1 is defined as the lowest temperature at which ignition and
sustained flame combustion of a liquid is achieved without an ignition source The fire
point is slightly higher than the flash point: 1-5°C for flammable liquids (FL), 30-
35°C for combustibles. Typically, empirical formulas are used to analytically
estimate the flash point T fire, which relate the flash point to the boiling point of the
liquid and the stoichiometric coefficient vo, , structural energy bond coefficients,
saturated vapour pressure and concentration diffusion coefficient. Based on the Jones
model [5], the ignition temperature corresponds to the ratio of vapour pressure to the
stoichiometric value p¢/ps from 0.78 to 1.92. This difference can be explained by
different methods of experimental determination of the ignition temperature of
individual liquids, as well as by not taking into account the relative mass composition
in the saturated near-surface layer. In [6], a formula for the ignition temperature of an
individual flammable liquid was derived taking into account the composition of the
liquid and gas phases and the stoichiometric ratio between vapours and oxygen in the
near-surface layer.

The aim of this work is to make analytical estimates of the flash point of
individual flammable liquids, binary solutions of flammable liquids and flammable
liquids with water.

Ignition model. Ignition is initiated by a heat source (a regular flame) and
occurs in the cold gas phase near the surface of the combustible liquid. As the liquid
is heated and vaporised, the oxygen concentration in the near-surface layer decreases
and the concentration of combustible vapour increases, reaching its stoichiometric

value at the ignition temperature. Evaporation equation 4, (lig) — A,(g)—L,. The

heating of the droplet to the ignition temperature is carried out with virtually no heat
loss due to evaporation, because the mass fraction of saturated vapours near the
surface is less than 0.1, and the rest (0.9) 1s nitrogen and oxygen. A further increase
in the temperature of the liquid due to heated air leads to spontaneous combustion - a
displacement of the surface of the stoichiometric chemical reaction from the surface
of the droplet and an increase in the and rate of chemical heat release and self-
acceleration, which ends in a transition to stable flame combustion. The equation of
the exothermic chemical reaction between combustible vapours and nitrogen-oxygen
mixture and can be represented as follows:
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l—xo2 l—xo2

NZJ—>\/COZC02+\/H20H20+VO2 N,+0Q,-

4, (g)+v02 0, +
x02 0,

The thermal effects of the reaction in terms of oxygen QO2 (J/kgO.) and fuel Qr are

related Q, :%. Ignition and spontaneous combustion can only occur if the
i VO2 l"l/OZ
condition of self-acceleration is fulfilled
00, Y, . E/c, RT, >4,
where E 1s the activation energy of the reaction, J/mol, ¢, 1s the specific isobaric
heat capacity of the reaction gas mixture, J/kg'K, T, , is the air temperature at infini-

ty, and in the case of convection, at the boundary of the reduced film. In the case of

ignition, the air temperature, 7, , is less than the boiling point, and in the case of

spontaneous combustion, it is greater.
The first step is to calculate the molar and mass composition of all components

of the gas phase. The sum of the mole fractions of oxygen x, and nitrogen x, , the

partial pressures for a dry mixture of nitrogen and oxygen satisfies the condition:
Xo, T Xy, =1, Dy =Po, + Py, Pr, =(1=X0)Pyir» Po, =Xo, P~ For air x, =0.21,
xy, =0.79.

In a saturated gas layer, at a combustible liquid temperature below the ignition
temperature, the proportion of oxygen is much greater than the proportion of combus-
tible vapours and is greater than the stoichiometric value. As the temperature of the
liquid increases as a result of heating and evaporation of in the saturated gas layer ,
the proportion of combustible vapour increases and the proportions of oxygen and ni-
trogen decrease. The total pressure in the saturated gas phase layer, according Dal-
ton's law, is equal to the atmospheric pressure

pO :pf,s + pOz,s + pNz,s = pf,s + pair,s .
The sum of the mole fractions
ﬁf,s + pOZ,s + ]_7N2,s =1 > ]_702,5 = x02]_7air,s > ]_7N2,s = (1 o sz )pair,s :
Sum of mass fractions ¥,  +7Y, . +VY, =1
2> 2" ke

At the ignition temperature near the surface of the liquid, the mass fraction of
saturated vapours of the fuel Yfls‘s reaches a value corresponding to the

stoichiometric (equivalent) mass fraction Y, e That is
te
Yf sien Ssls (1)
Naturally, at the same time
Y02 Sich YON s’ YN2 Steh YNN s’ Y /YOZ steh Y, /YON s (2)

According to the Clausius-Clapeyron law, the saturated vapour pressure of a
combustible liquid increases with increasing temperature. At the same time, the heat
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of vapour decreases slightly between the normal and boiling points. At the critical
temperature, the heat of vapour is zero. According to Watson's formula [7]:

T T 0.38 O 38
Ly=L,,,|=—| =L,,.(1-8,(T-1,,)), B =mr——
! e l[Tcr,/ TboﬂJ " l( ! " ) T, p =T
This allows us to represent the Clausius-Clapeyron law as
=BrLy poitk s
T R L, \1+B/T,, T ..
B, = exp| —L* l( I l)“f 1 Jboits |
Y;miz, f RTboz‘l S r
Assuming that L f is independent temperature:
L.u, T .
B, = Pro — exp Ky | = Zpoits || 3)
5 Ry r

Finding the concentrations of vapours, oxygen and nitrogen in a saturated layer
near the surface of a combustible liquid

HyPrs __ YoM, (1-7,.)
u‘fﬁf,s + Hair (1 - ﬁf,s) “’fpf,ﬁ + ,"l'air (1 - pf,s)
where is the molar mass of the oxygen-nitrogen mixture [, =X, [, + (=X, )1y, .

Y, =

, Y

0,,s

. (4

For convenience, the chemical reaction equation for the interaction of a
combustible gas with a dry nitrogen-oxygen mixture is presented as follows

_ 1—)(02 _ l—xo2
Drs Af. + Vo, (O, +x—N2) =D/, VCOZCO2 + VHZOHZO + Vo, . N, |.
0. o)

2 2

Then the stoichiometric mass fractions of the components in the gas phase
HyDys HDys

Y sien = = = e
f,Steh B B 1 _ xoz _ + pf,SV02
HiPrs* PrsVo,| Ho, THy, HrPrs ™ War

Xo, 0,
_ 1- Xo,
— pf>SV02 MNz
% _ PyrsVo,Ho, _ Yo,
0,,Steh — _ pf,svoz > N, ,Steh . }_9_/‘55\/02 )
,"l‘fpf,s + ,"l‘air - prf,s + l"lair -
0, sz
Using the condition for and equations (1), (4) and (5), we have
WPy, _ HePy, ‘ ()
— 1_9 ',SV o -_ -+ ir 1 -D )
prf,s + i s ”’f pf,S Hai ( pf" )
0,
From (6) we find the saturated vapour pressure at the ignition temperature
_ Xo, 1
Prs = (7)

TV (4%, Ive) Vo g 1

From (7), taking into account (3), we have the ignition temperature:
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Table 1. Flash points of pure flammable liquids

. Tboil,, L, at Thoil, o Tﬁrea °C T, °C
Pimma oc | Vo Wie | 77" [for 8) | exp[10] | exp [9, 10]

acetaldehyde CoH40 20.8 2.5 585 188.0 | -35.1 -35 156, 172
ethyl acetate CoHgO» 77.1 5 363 2504 | —-14 6 400, 446
ethanol CH3(CH2)OH 78.4 3 838 2430 | 19.5 18 404, 400
isopropanol (CH3)CHOH 82.4 | 45 664 2356 | 16.6 21 400, 430
I-propanol CH3(CHa),0H 972 | 4.5 691 263.7 | 28.6 30 370, 371

heptane CH3(CH2)sCHj3 98.4 11 318 267.0 | 4.7 —4 —, 223
1-butanol CH3(CH»);OH 117.0 6 585 288.6 | 38.7 43 410, 340

propylene glycol C3Hg(OH)> 188 4 645 351.0 | 101.7 110 -, 371
glycerol C3HgO3 290 3.5 663 577.0 190 187 393, 400
Tﬁrg — ]-;Joil. f ) (8)

1+ Ry ln{l + VOZJ
Lo, Yo,

Formula (8) coincides with the expression in our work [6], which used the
condition Y, /Y, | =Y, /Y, | ,and allows us to analyse the dependence of the

Steh
ignition temperature on the physicochemical characteristics and composition of the
nitrogen-oxygen mixture. The calculation results are presented in Table 1.

Let us assume the implementation of the empirical rule of Truton [8], according
to which the ratio of the molar heat of vaporisation taken at the normal boiling point
to the boiling point has the same value for non-polar liquids:

— Lf(noil,f)uf ASvap — Lf(T;mil,f)Mf _

AS,,, =88, 4, = 10.5,
Ty, s ' R Tyir, /R
and for polar liquids
Lf(Tboi/,f)Mf ~110 Af:Lf(Tboil,f)Mf ~13.
T}Joil,f ‘ EoiLfR
The ignition temperature can then be quickly estimated using a simplified formula
T ];Oil.f

fire = 1 N :
l+—In| 1+—%
A.f ' sz

The concentration of combustible vapour (mass fraction) decreases with increas-
ing distance from the droplet surface, and the oxygen concentration increases. From
formulas (3) and (4) we have:

WD, r Xo,Ho, (1 - 17/',‘:) 7,
Y, = S =\, Y =Y,  -\Y, - = .9
! prf,s + U, (1 - ﬁf,s )( r j o o o (290 2 = (1 - ]_?f,s) r ©)

The distance from the surface of the droplet where the stoichiometry is set is
found from equation
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Fig. 1. Profiles near the droplet of ethanol
vapour concentration (1- 291 K; 2- 350 K
(Troir)) according to (9). The solid horizontal

Fig. 2. Temperature dependences of heat output
(droplet surface temperature 1 — 7s = Ttire = 291K,
2 —Ts= Tvoit = 350K and heat loss (3 — 7=291K,

line characterises the stoichiometric value of
the combustible vapour in the air. Calculation
according to (5).

4 — T =665 K) for an ethanol droplet with a
diameter of 1 mm

HPrs I

pfssv 02 7 rS[

HePry+ My,
02

In Fig. 1 shows the dependence of the concentration of combustible vapour on the
distance from the surface of an ethanol droplet at the ignition temperature and the
temperature close to the boiling point reached in heated air in the case of spontaneous
combustion. From Fig. 1 shows that the stoichiometry is reached near the droplet surface
and must be heated by an ignition source (pilot flame, for example) to ignite. When the
temperature of the combustible liquid approaches the boiling point , the distance from

the droplet rs/rs tends to

_ pf,sVO
“fpf,s + “’alr X : “ vV
. T ) '
[T ooy tate,
Prs2ly. Prsoly Prs T (1 “Prs ) Hs%o,

That 1s, the point where the stoichiometry between fuel vapours and air oxygen
occurs, with increasing droplet temperature, moves away from the droplet surface (at
the ignition temperature), but at a maximum distance of about 10 droplet radii. Fig. 2
shows the dependence of the ethanol vapour concentration on the distance from the
droplet surface at the ignition temperature and the ethanol boiling point. Let's
estimate the body temperature for the ignition of a liquid at the fire point. Assume
that the reaction starts near the surface of the droplet, where the stoichiometry is
observed. That is, the reaction is quasi-heterogeneous. The rate of chemical heat
release of such a reaction should depend on the concentrations of fuel vapours and
oxygen. But at low temperatures (fire point), there is more oxygen than vapour.
Therefore, it 1s natural that we have a first-order reaction in fuel. The heat output per
unit surface area of the droplet, taking into account the evaporation losses, 1s defined
as:

91



dizuka aepoaucrepcHux cucreM. — 2024. — Ne 62. — C.86-96

, E
q.h :(Qf _Lf)Wf’ W =kszf,SY02,s zkpngf,sYOpoo’ k, :kl,O eXp[_R]l J (10)

g

Herek, =p, .2<Lﬁ>-k(§ — 1is the pre-exponential factor of the quasi-heterogeneous

reaction, which depends on the free path length of the vapour molecules. 7, is the
temperature of the gas cell near the droplet, where combustion develops. It is the
initial value of this temperature that defines a hot body. The surface vapour
concentration is determined by the Clausius-Clapeyron equation and is determined by
the droplet surface temperature 7.

The rate of heat removal from the stoichiometric reaction zone is determined by
the Newton-Richman law:

D02Sh Tg 1.8
q}lza(Y?g_Y;)’a:BCp,gpg’ B: d ’DOZZDOZ,O F ° (11)

0

Fig. 2 shows dependences (10) and (11). It can be seen that near 600 K there is a
certain temperature above which chemical heat generation exceeds heat removal. This
temperature corresponds to the minimum temperature of a raised heated body for the
realisation of liquid ignition. This temperature is the critical temperature of forced
ignition in a cold environment [11] - at higher initial temperatures, the chemical reaction
accelerates, and at lower temperatures, the system cools down. Similar processes are
possible in the so-called hysteresis region of heat and mass transfer.

Data from [12] were used for the calculation. This work considered the catalytic
oxidation of ethanol over a platinum catalyst. It obtained a pre-exponential factor ko= 4-
107 m/s and an activation energy E = 94 kJ/mol. In this case, the activation energy was
chosen to be 50% higher than £ = 141 kJ/mol at the same value of k.

Table 1 shows that the auto-ignition temperatures of most of the selected
flammable liquids are in the order of 400 °C. It is near this temperature that the
temperature of the pilot flame (heated body) is also found. Fig. 2 shows that the auto-
ignition temperature corresponds to the point of contact of the heat release and heat loss
curves. Moreover, the temperature of the gas medium (air) for the selected kinetic
parameters of the ethanol oxidation reaction is 390 °C. The identified agreement will
allow us to further use the thermal explosion theory to estimate the ignition and
spontaneous combustion temperatures of other flammable liquids.

Ignition of solutions of flammable liquids with water. For aqueous solutions of
combustible substances, the molar composition of the liquid phase is first set

Z,+Zy,=1

The partial pressure of saturated vapours of the combustible component and
water in the saturated layer in the gas phase according to Raoul's law is directly
proportional to the mole fraction of the component in the liquid phase, i.e.

Ps=Z;Pgo>Puos~(1=Z,)p,,.,- According to Dalton's law, the total pressure in

the saturated layer consists of the partial pressures of fuel vapour, water, oxygen and
nitrogen:
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Fig. 3. Dependence of the mass fraction of a Fig. 4. Dependence of the mass fraction of the

flammable liquid on the ignition temperature of more volatile (first) component on the ignition

its aqueous solution. Solid curves - calculation  temperature of a binary solution. Solid curves -

according to (14), dashed curves - calculation calculation according to (15), dashed curves -

by Sabri [13], dots - experiment: 1 - ethanol, calculation according to (14) (one of the

4.0; 5 - isopropanol, A. components is inert), dots - experiment: 1 - n-
octane/n-decane, o, O; 2 - ethanol/butanol, ¢, @

PO = pf,s + szO,s + pOz,s + pNz,s = fpst + (1 B Zf)szO,so + szpair,s + (1 _x02 )pair,s
Then the molar fractions of the gaseous components
pf,s + ]_7H20,s + pOz,s + ]_7N2,s = 1 ’ ]_7N2,s = (1 o sz )pair,s ’ ]_702,5 = x02]_7air,s ’
Zf]_?st + (1 - Zf )]_?HZO,SO + 'x02 ]_?air,s + (1 - 'x02 )]_?air,s - 1
We find the mass fractions of saturated vapours and oxygen in the gas phase

near the surface of a combustible liquid, taking into account the presence of water
and nitrogen vapours:

Z.D.
Y, = — _ Ky fpf,sO_ _ (12)
R ZrPrso T Bai (1 ~Z; Dy~ (-2, )pHZO,so) + W0 (0=Z)Pyos0
x02 MOZ (1 - Zfﬁfsso - (1 - Zf)ﬁHZO,SO)
YOZ,S =

WeZ,Droot R (1 —Z, Do~ (1- Zf)szO,so ) T U0 (1- Zf)ﬁHZO,so
The stoichiometric (equivalent) concentrations are calculated assuming that
water vapour and nitrogen are not involved in the chemical transformation.

Z.D,
Yf,st = B2 Py (13)

_ _ — Vo,
“fopf,so T M0 (I- Zf)pHZO,so + prf,sO"’lair T

0,

sz MOZ (1 o Z.fpfaso o (1 - Zf)ﬁHZO,so)

_ _ _ v ,
H;‘prf,so T Hiy0, (I- Zf )pHZO,so + prf,sol'lair xO

0,

93



dizuka aepoaucrepcHux cucreM. — 2024. — Ne 62. — C.86-96

Using the ignition condition Y f‘sm« =Y,

o (11) and (12, we obtain the

dependence of the mole fraction of the combustible liquid on the ignition

temperature:
Xo, 1—exp LHQOHHQO - Eml,HQo
V02 boil ,H, 0 ]}ire
Z, = . (14)
1 Xo, L Ky Toi, r Xo, LHZO,J’HZO T;)oil,HZO
+ exp 1- — exp 1-
VOZ R%oil,f Tﬁre VOZ R];oil,HZO T'ﬁre

The data of Sabri [13] on the fire point of aqueous solutions of acetone,
methanol, ethanol, 1-propanol and 2-propanol were taken as objects for comparison.

Fig. 3 shows the calculated dependences of the ignition temperature for these
aqueous solutions. In general, the dynamics of the increase in the ignition
temperature with an increase in the proportion of water 1s in good agreement with the
available experimental data and . It can be noted that the presence of 50% water in
the solution increases its ignition temperature by 10 °C.

Ignition of binary solutions of combustible liquids. Initially, the molar
composition of a binary mixture of combustible liquids is set Z,, +Z,, =1. In the gas
phase according to Raoul's law l_7f1,s =/ ﬂ]_o flsos P s = 1-Z 1l )p 250

The saturated vapour pressures of combustible components are determined by
the Clausius-Clapeyron law , if L f is taken constant, then

D Pris L H Toi 2.5 L To[ )
Prns = ;’0 = exp )] {1— i l’ﬂ} DPras = Pyaso = exp 2k l:l_ b 1,f2:|.

0 RT;)oil,fl Tﬁl‘@ ])0 R];Joil,fz Tﬁre
We find the mass fraction of saturated vapours[6]
M_leprfl,so
Yfl,s = )

“lef,lpfl,SO + (1 - Zf,lﬁfl,so - (1 - Zf,l )pfz,so ) U, (1 - Zf,l )pr,SO
Ho, Xo, (1 - Zf,lﬁfl,so - (1 - Zf,l )ﬁfz,so )
Mlef,lﬁfl,so + W, (1 - Zf,ll_7f1,so - (1 - Zf,l )P]’Z,SO) + U (1 - Zf,l )l_?f'Z,SO .

The stoichiometric concentrations are found from chemical equations, taking
into account the mole fractions of combustible vapours

pf,s = Zf',lﬁf',sO + (1 - Zf,l )ﬁfz,so >

Y. =

0,,s

1—x -
0. 0.
Af,l + v02,1(02 + : 2) - VC02,1C02 + VHzO,lHZO + Vo,. : Nz
Xo, Xo,
1-x, 1-x,
Af,2 +v02,2(02 + N2)—>\/C02,2C02 +\/H20’2H20+\/02,2 N,.

0, 0,
The stoichiometric concentration of fuel vapours is found from the chemical
equations
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7 5
v HelsiPrso

fl,steh =

Mlef,lﬁfl,so + };W(Vlzf,lpfl,so +V, (1 - Zf,l )ﬁfZ,sO) + Flfz (1 - Zf,l )pfz,so

0,

We use the ignition condition (Y, =Y}, , )and the formulas for Y, andY,,,,

1,s
. As a result, the dependence of the mole fraction of the first component in a binary
solution on the ignition temperature will be
X % L, T, .
0, _|Yo2 4 exp ol 2 | Leoit2
V0 1 V02,1 R];Joil,Z ]}ire

Z, = > .(15)

1.l
Yo, +1 |exp Lflufl 1— Tb"”’l _ Vo, 2 +1 |exp Lf2“f2 1— T;Joil,2
Voo Ry, T Vo, RT, 5 Ty,

For comparison, a solution of octane and decane, ethanol and 1-butanol were
selected. The ignition temperatures of the components in these two pairs of coolants
differ significantly, which will allow us to trace the dynamics of the influence of the
solution composition. Fig. 4 shows the results of the calculation using formulas (14)
and (15). A monotonic change in the ignition temperature value is observed when the
composition of the binary solution changes. P r a significant difference in the ignition
temperatures of the two components (more than 20 °C), the volatile component can
be considered inert when its content in the solution is less than 50 %. The smaller the
difference, the greater the error..

Conclusions. In this paper, a methodology for calculating the ignition
temperature of individual liquids of flammable substances, their aqueous solutions
and binary solutions is proposed. It is based on the assumption that at the ignition
temperature near the droplet surface, the stoichiometric ratio between vapour and
oxygen for each component must be fulfilled. This approach makes it possible to
obtain an analytical dependence of the component fraction in a binary solution on the
ignition temperature and thus take into account not only the temperature dependence
of saturated vapour of a liquid, but also the temperature dependence of the specific
heat of vapour formation. Comparisons with the experimental results give satisfactory
results.
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Kaninuak B.B., Yepnenxo 0O.C., Koniiika O.K., Ieanoeé M.O.
CrexiomeTpruHa MOJeJIb 3aNIAJTIOBAHHA FOPHYMX PiUH Ta
IX OiHapHUX cymilnei

Ynpaeninnusa xapakmepucmuxamu cmitikoco 20piHHe mMa SUKUOI8 NPU 320PAHHI AllbMEPHA-
MUBHUX PIOKUX NAIUB, 3MEHUIEHHS 8YelleyeB020 THOeKCy lide uepe3 BUKOPUCMAHHS 6 SKOCMI
OOMIUWOK KUCHEBMICHUX CNUPMIB Ma 800HEBMICHUX Pe108UH (800eHb, amiak, 600a). Kpumuuni
memnepamypu BUMYUEHO20 3aNaeHHs | CHOHMAHHO20 3aNdleHHS PIOKUX NAAUB € BANCTUBU-
MU XApAKMepucmuKamy Cmitiko2co Noaym siHo20 20pPiHHA, SKI 3alexcams 8i0 CKIAdy piOuHu
ma KucHe-azomtoi 2azoeoi cymiwii. B pobomi eupiuytomocs axkmyaibHi NUMAHHA 3HAXO-
O0JICeHHsT meMnepamypu SUMYUEHO020 3AUMAHHA 20pOYUX pIOuH 1 iX cymiuiell 8 KUCHe-
A30MHOMY 2A3080M) CepedosUle 3 MEMNEPAMYpol0 MEHWOW 34 MeMNepamypy KuniHHs pi-
OuH 6 pe3yrbmami KOpomKOUACHO20 BNIUBY HA NOBEPXHIO PIOUHU NITOMHO20 NOJIYM s (men-
J06e ddicepenio 3anantosants). Ilicis eiooanenns 8i0 nosepxmi Kpanii odxicepena 3anant08anHs;
Kpanjist npo00sAuCcYe CMmilke NOAyM siHe 20piHHA. B ocHO8I mooeni nexcums npunyujenHs, uo
npu memnepamypax piOuHu, MeHUUx 3a memnepamypy 3auUManHs, 8 HACU4eHoM)y wapi 3mMicm
KUCHIO Habazamo Oinbuie, a 20pOYUX NApie MeHule CMexiomMempuyHo2o cKiady 32i0H0 pis-
HAHHIO XiMiuHOl peaxyii. B moii dice uac ukonyemvcs HeoOXiOHa YMOBA 3AUMAHHA — CAMO-
NPUCKOPEHHS WBUOKOCMI eK30mepMiuHoi peakyii. Y pezynromami npoepisanis i eunaposy-
BAHHS 8 HACUYECHOMY 2A3080MY WApi npu memnepamypi 3auUManHs KOHYeHmMpayii KOMNOHeHm
00csA2a0Mb eKBI8AICHMHUX 3HAUEHb, d NOYaAmKo8e NiOBUWEHHsT MeMNepamypu 2a308020 uld-
PV Bpusooums 00 CMIUK020 20PIHHA KPANJi 3 61ACHUM OUDYZILIHUM NOTYM SM.

Ha memnepamypy 3atimanus pioun 0ociioHuku mano 3éepmaroms yeazu. Excnepumenma-
JIbHUX 3Ha4eHb ekpatl mano.Ha memnepamypy 3aumants pioun 00CIIOHUKU MALO 36ePMAionb
yeazu. Excnepumenmanbrux snaueHv 6Kpai mano. Ane icnye cmexiomempuuna mooens Jico-
HCa, Ha AKIU 0CHOBaHI Oinbuiicms pobim. Hamu po3sunyma cmexiomempuuna mooenb 0is GU-
MYUWEHO020 3AUMAHHS | CAMO3AUMAHHSA MAOMPUMAHT AHAIMUYHI 3ANeHCHOCMI meMnepamypu
3QUMAHHS 0151 THOUBIOYANLHUX PIOUH, IX B0OHUX PO3UUHIE MA OIHAPHUX PO3UUHIE 0BOX J1e2KO-
saumucmux peuosun. Lli 3anexicnocmi 3a008i1bHO Y3200HCYIOMbCA 3 HAABHUMU €KCHEPUMEH-
ManbHUMU OAHUMU.

Knrouosi cnoea: memnepamypa 3aiimants, napu 20proyoi piouHu, Kpanis, cmexiomempis,
OIHapHI pO34UHUL.
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3aiimaHHs ra3o03aBUCY YaACTHHOK OOPY 3 BUIBHOIO Bil OKCHIY NIOBEPXHEID

B pobomi npedcmasnenuii ananiz cyuacnHo2o cmany RUManHs wooo 3aUMaHHA OUCNEPCHUX
cucmem 0Oopy, 5K O0OHO20 3 NEPCNEeKMUGHUX KOMNOHEHMI8 MEepoux paKemuux naius.
3’acosano, wo OCHOBHY, NIMIMYIOYY DOIb 8 YNOBLIbHEHHI 3AUMAHHA 2A303A68UCY YACTNUHOK
bopy sidiepac cmadis ou@y3ii KucHio uepes niieky mpuoxcudy 6opy B203 na nosepxmi uac-
MuHoK bopy. lemanvho posensnymi pizHi 6i0omi cnocoou (mennoei, XiMiuni) inmencugikayii
npoyecy 3alMaHHsa ma 3anponoHO8aHUll HOBULL CNOCiO, AKUU nepedbavae op2anizayiio npoye-
cy 8idpasy Ha einvhill 6i0 B203 nogepxui yacmunok. [Ipedcmasneni pe3yismamu po3paxyHKie
KpUMU4Hoi memnepamypu 3aUMaHHs MOHOOUCNEPCHO20 2A303A8UCY YACMUHOK O60py 3 dg =
0,2 MKM 6e3 nouamrko8020 OKUCHO20 NOKpUmMMS )y HA2Pimomy Nnogimpi npu HOPMATbHOMY
ammocghepromy mucky. 3anponoHogana cxema peanizayii eKcnepumMenmaibHo20 Memooy 6U-
3HAYeHHs 8eNUYUHU MeMNePamypu 3atUMAanHs 2a303A6UCY YACMUHOK MEepo020 NAIusd 3 Mo-
JHcnusicmio eapiroeamu 00’ eMHY KOHYeHmpayio ocmanuix. Ompumani ekcnepumeHmanvhi OaHi
niomeepodcyoms ehekm Cymmeso20 3HUINCEHHS KPUMUYHOT meMnepamypu 3auMants 2a303a6u-
Cy YacmuHoK 6opy, y 6UnaoKy, AKUI0 0peaHizyeamu npoyec max, wob nio 4ac peazy8amHs Ha no-
BEPXHI UACMUHOK YMBOPIOBABCS 3aMICIb PIOK020 mpuokcudy oopy B20s, eazogpasnuil ouokcuo
B20:, ma 3a008in16H0 y32000icyromsbcs 3 pe3yibmamamiu po3paxyHKie no Mooeii 3auMaHHs 4a-
CMUHOK 60py 6e3 nouamko80i OKCUOHOI NIIBKU.

Knrouosi cnosa: oop, saiivanis, KpumuyHa memMnepanmypa 3auManHs, 2a303asUc 4YacmuHox oopy,
OKCUOHA NTIIBKA, OKCUO OOPY, KOMIOHEHMU MEEPOUX PAKENHUX NAIUG.

Beryn. 3agadamu Teopii ropiHHS OO ONTHUMI3allli YMOB CIaOBaHHS Pi3HO-
MaHITHHUX TAJIMB €, TIEPE]l YCIM, BUSBICHHS OCHOBHHMX (Di13MUHUX Ta XIMIYHHUX (PaKTo-
piB, SIKI BIUIMBAIOTh Ha IIE¥ MpoIllec, 3 MOAAIBIIMM BU3HAYCHHSIM 3aJICKHOCTI HaMl-
OUIBII BaXJIUBUX JUISIIIPAKTUYHOTO BUKOPUCTAHHS BETWYHMH BiJl TapaMeTpiB Ta Biac-
TUBOCTEU CUCTEMMU.

Po3B’si3aHHI0 MOMIOHKUX 3a/1a4 nepeaye Kiaacudikailis MaJuBHUX CUCTEM 3a (a-
30BUM CKJIQJJOM MajKBa 1 OKUCHIOBaya. Tak, HAOULIbIN MOUIMPEHUMH B CydacHIN
MPAKTHIll TOPIHHSA € TETEPOTreHHI CUCTEMH, B SIKMX BUJILJICHHSI TEIJIa BiOYBa€eThCS Ha
MmoBepxHI oAty (a3, a oTxe (a3oBl NEPEXo M MOBUHHI CYTTEBO BIUIMBATH Ha MPO-
1iec ropiaHa. OcobauBeMICIE cepel MPEACTaBHUKIB KJIaCy TE€TEPOrCHHUX IMATMBHHUX
CHUCTEM 3alMarOTh METaJIH, IJIS SKUX HASIBHICTh OKCHUJIHOT TUTIBKH 1CTOTHO YCKJIaTHIOE
TEOPETUYHI MOJIEJI JIJIsi OTIMCYBAaHHS MPOIIECIB iX 3aliMaHHs Ta ropiHHsA. B nmauiit po-
00TI MpeacTaBieHl pe3yabTaTH JOCIHIKEHb BIUIMBY OKCHIHOI TUTIBKM HAa BEIUYUHY
KPUTHUYHOI TeMIepaTypu 3aiiMaHHs ra303aBUCY YaCTHHOK OOpY, MEPCHEKTUBU BUKO-
PUCTaHHS SAKOTO TIOB’sI3aHHI, MEPEAYCiM, SIK OJHOTO 3 KOMIIOHEHTIB TBEPJIUX PaKeT-
HUX TaJIUB.

bop, Ha BiAMIHY Bij JITKOKUIUISIYUX METAJIB, y SKUX TeMIeparypa KUITIHHS
okucy 7T OUIbIIIe TeMITepaTypy KUIIIHHS METaTy, HAJICKUTh JI0 TYTOIUIABKUX €IEMCH-
TIB 3 TEMIIEpAaTypaMu IUIaBICHHS Ta KUMIHHS Tme=2500 K, 7, = 3880 K, mo yTtBO-
PIOIOTH BITHOCHO JieTioul OKCUIIH - Tme=720 K, 7;,=2380 K (pu p= latm). V 3B's3Ky
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3 1M, B TIPOIIECi 3aiiMaHHS B CYXMX KHCHEBMICHHUX CEPEIOBHUINAX OOp 3aIHIIAETHCS
TBEpPJUM, a MPOIECH, 1110 OOMEKYIOTh IMIBUIKICTh PEAKIIii, MOB'sI3aHI B OCHOBHOMY 3
MEePEX0I0M OKCHIY TIOCIIIIOBHO Yepe3 TBEPY, PIAKY Ta ra3onoaiony dasmu.

3 aHamizy pociuiaHux gaHux [1,2] nis iHAUBIAYalbHUX YaCTUHOK OOpy 3'sicoBa-
HO MEXaHi3M 3aliMaHHsI, KM 1ICTOTHO BIAPI3HAETHCA Bl MEXaH13MY 3aiMaHHs 1HIIMX
METaJiB HAABHICTIO KOHKYPYIOUMX TPOIIECIB YTBOPEHHS Ta BUIIAPOBYBAHHS OKCHILY.
Came BUIIapOBYBAaHHS OKCHAY, TOOTO. 3MEHIIIEHHS TOBUIMHU HOTO 3aXMCHOTO IIapy,
00yMOBITIO€E 3aliMaHHS YaCTHUHOK, & TAKOX MaJie X BUTOPSHHS 3a TIEPi0/1 3aiiMaHHS.

Bbynu inenTudikoBaHi HACTYIHI CTajli mpoiecy 3aiiMaHHs: | — IHEPTHUHN Mpo-
IpiB; 2 — MPOTrpiB Bij peakilli, 0 CYMPOBOIKYETHCS 3POCTAHHSAM TOBIIIMHU OKHUCHOT
IUTIBKY; TIPW KOHKYPYIOYOMY BHECKY BUIIAPOBYBAHHS IUTIBKA MPOXOAUTH YEpe3 MaK-
CUMYM 1 TTIOYMHAE 3MEHIITYBAaTH TOBIIHMHY; 3 — CTais CaMOMPUCKOPIOIOYOTOCSIBUTOH-
YEHHS! OKHCHOI IUIIBKU 1 3pOCTaHHs TEMIIEpaTypy YAaCTUHKH, siIKe (P1HAII3Y€EThCS 3a-
riMaaHsM. CIBCTaBJICHHS TeMmIlepaTyp 3aiiMaHHS 4acTHHOK 00py (7in~1950 K) 3
aHAJIOTIYHUMU BEJIMYMHAMU JIJIS 1HIIIMX METaJiB MOKa3ye, 10 B 00JIacTi pO3MipiB Ya-
CTUHOK, II0 CTAHOBJIATH MpakTuuHuil iHTepec (20-30 Mkm), 00p MOKHA Kiacudiky-
BaTHU SIK «CKJIQJHO3aNMUCTUI» €JIeMEeHT. BiTHOCHO BUCOK1 3HAUYEHHS TEMIIEPATypH Ta
yacy 3aTpUMKH 3aiiMaHHs 00py BU3HAYAIOTh HEOOXIAHICTh MOIIYKY IIISAX1B 1HTEHCH-
¢ikarii mpoliecy oro 3aiiMaHHs.

Intencudikanisa 3aiiMaHHsI ra303aBUCY YaCTHHOK O0py. Mertonau, K1 Hapa-
31ITHPOKO 3aCTOCOBYIOTHCS IS IHTEHCH(IKAII 3aiiMaHHs CKJIaIHO3aHMHCTUX MeETa-
JIIB TaKMX, HAMPHUKIIAJ, K O0p, adtoMiHii, OepuiIiii, MOJSTal0Th Y BUKOPUCTaHHI Pi3-
HOMaHITHUX MOKPUTTIB, aMaJiblaMyBaHHs, JIETYBaHHs 3 METOI0 3a0e3rneueHHs (Hi3u-
KO- XIMIYHOTO BIUIMBY Ha MeTall a00 OKUCHY IUTIBKY, IO YTPYAHIOE IU(]y3it0 OKuC-
Jr0Baya J0 MOoBEpXHi MeTaly [3].

OnuH 3 TakuX METOJIB TOJISITa€ Y BUKOPUCTAHHI O00PY y 3’€HAHHI 3 MarHiem,
HaIPUKJIA]] 0JII00pUTy MarHito, pe3yibTaTH JOCIIKEHb 3aliMaHHATa303aBUCYIKOTO
npejcTaBiieHl y [4].

[aTeHcudikyBaT 3aiiMaHHsI YaCTUHOK OOPY MO’KHA TaKOX IUIAXOM 3MIHHU XiMi-
YHOT'O CKJIAJy CEpeIOBUIIS HABKOJIO HUX, TOOTO 32 paXyHOK BBEJICHHS /10 OCHOBHOTO
OKHUCJIIOBaua (KUCHIO 3 TMOBITPS) TAKMX aKTUBHUX PEAreHTIB, 110 HE JAIOTh KOHJIEHCO-
BaHMX MPOAYKTIB peakiii 3 6opom. Cepen AKUX HAWOUIBIIMKA 1HTEPEC MPEACTABIISE
XJIOP, IO BXOJUTH JI0 CKJIAJly IIMPOKO BUKOPUCTOBYBAHUX B PAKETHIN TEXHILI NEpX-
nopartiB [5].

[Ile omHUM cOCOOOM 3MIHMTH XIMIYHHMM CKJIaJl CEPEAOBUIIA 3 METOK) BILUIMBY
Ha OKHCHY IUIBKY B>O3 € BBeJIeHHS 10 CKJIaly OKMCIIIOBaya MEeperpiToi BOJASHOI Mapu
[4,6,7]. ¥ npoMy BUNAJKy pOJb IMapiB BOJM 3BOJMTHCS 10 rasudikarili pijkoi OKHC-
HOT TIJTIBKH, 110 MIOKPHBAE TIOBEPXHIO Pearyr0YMX YaCTHHOK 1 TAIbMY€E TPAHCIIOPT KH-
CHIO.

[nTencudikais 3aliMaHHs CKIIAHO3aWMUCTUX METAJIIB YEpe30JJaTKOBUM Tel-
JIOBUH BIUIMB Ha ra30B€ CEPEOBUIIE, B AIKOMY 3HAXOJIUTHCS T'a303aBUC YaCTUHOK PO-
3risanack B podorax [4,8], 1e Ha mpuKIIaal MarHiro 1 6opy OyJio MokaszaHo, 110 1bO-
ro MOXHa JOCSTTH HUISIXOM BUKOPUCTAHHS MEXaHIYHOI CyMIIlll TOPOIIKIB CKJIaIHO-
3aMHUCTOTO 1 JIETKO3aMMHUCTOrO0 METaliB. Y IIbOMY BHUMAIKy METal, 10 Ma€ OLIbII
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HU3bKY TEMIEpaTypy 3aliMaHHs 1 MEHIIMI Yac 3aTPUMKH 3aiiMaHHs (MarHiii), € goaa-
TKOBUM TEIJIOBUM JDKEPEJIOM a, OTXKE, MPUUYMHOIO 1HTeHCU(IKaIi 3aiMaHHs MEHIII
aKTUBHOT'O KOMITIOHEHTa cyMiIi (6opy).

PosrasnyTi MeTonu iHTeHCHdIKAIll Mpolecy 3aiiMaHHs Ta303aBUCY YACTHHOK
0opy CcBiIYaTh MPO TE, IO BIUIMBATH HA IIEH MPOIEC MOKHA, TPUUOMY JOCUTH e(eK-
THUBHO, - y BCIX BHUIIAJKAaX CIOCTEPITaJocs MOMITHE 3HW)KCHHS PIBHS TeMIiepatyp 1
qacy 3aTpUMKHU 3aiiMaHHs. Y TOW camMuil 4ac, )KOJIEH 13 TIepesIiueHUX Croco01B 1HTEH-
cuikairii 3aiimaHHs OOpYy HE MOKHA Ha3BaTH YHIBEPCATIbHUM.

Kpim Toro, 3rajani TyT METOAM MaloTh U 1HIII HEAOMiKU. Tak, mooiyHUM edek-
TOM METOJIB, 3aCHOBAaHUX Ha TEIUIOBIM Ali Ha cepenoBHINE (BUKOPHUCTAHHSI O0Opy Yy
BUIIISIA1I MEXaHIYHMX CyMimIeil abo XiMIYHHMX 3'€IHaHb 3 JIETKO3aHMHCTUMH MeTaja-
MH), € 3HUKEHHS CyMapHOi KajopiitHOCTI manuBa. [Ipu XiMiyHOMY X BILJIMBI Ha ce-
PEAOBHILE CTYIIHb 1HTEHCU(IKALIi 3aliMaHHA YaCTUHOK OOpy 3pocTae 13 30UIbLIEH-
HSM BEJIMYMHU JO0ABKM aKTMBHOTO Tra3omnojii0HOro kommnoHeHnta. OnHaK, HAJATO Be-
JIMKA YacTka J00aBKM MOXKe MPU3BECTU JI0 TOTO, 110 OCHOBHOTO OKHCHIOBada (KHUC-
HIO), 1110 3QJIMIIUBCS, BUSBUTHCS HEJOCTATHHO JJIs 3aBEPIICHHS IMPOIleCy 3aiMaHHS
Ooopy. 3 ormsamy Ha Bce IIe, IIIJIKOM IEePEeKOHIMBUM BHIJISIA€EHEOOXITHICTD TOab-
IIUX MOIIYKIB NUISIX1B iIHTEHCU(IKAIT TTpoliecy 3aiiMaHHs O0py.

3aiiMaHHA ra303aBUCY YaCTHHOK 00pY 0e3 Mo4YaTKOBOr0 OKMCHOI0 MOKPHUTTSI.
AHaJi3yloud MeXaHi3M 3aiiMaHHs O00py MO’KHa MOOAYUTH, 110 OCHOBHY JIMITYIOUY
pOJib B MOTO YMOBUIBHEHHI Bijirpae ctafis qudy3ii KUCHIO Yepe3 IUIIBKY TPUOKCUAY
6opy B,0;, sika 3 camMoro moyatky MpUCYTHS Ha MOBEPXHI YaCTHUHOK, 1 Haaaul, i
4yac peakxilii OKUCIEHHS, 301IbIIIy€e CBOIO TOBIIMHY. CHIJILHOIO PHUCOIO BCIX BUIIE3Ta-
JAHUX METOJIB 1HTEeHCHU(IKAIlli TPollecy 3aiiMaHHs YaCTUHOK 0Opy OyJIO MPUITYIIEH-
HS II0JI0 HEOOXITHOCTI BIUIMBYHA PIAKY IUIIBKY OOpPHOrO aHTIAPUILY B XOJ1 peary-
BaHHs. 3a3Ha4Y€HA CIUIBHICTH MIXO/IIB A0 BUPIIICHHS MUTaHHS 040 1HTeHCH]IiKamii
3aiiMaHHs Ta303aBUCY YAaCTHMHOK OOpy OOYMOBIIOE€ BHCYBAHHS MPUHIIUMIIOBO 1HIIOL
rinoTesu, - OpraHizyBaTH MPOIeC Bipa3y Ha BUIbHIHN BiJ B>O; moBepxHi YaCTUHOK.

Ha xopucth Takoro cnoco0y iHTeHcudikaiiii BKa3yloTh AaHl OTpUMaHi B poOOTI
[9], ne Oyno mokaszaHo, 110 Ha BIIBHIN BiJl OKCHIY MTOBEPXHI YACTUHOK OOPY B KHUCHE-
BMICHHUX CEpEJIOBUIIAX MPOTIKAIOTh MapajeibHl eK30TEepMIUHI Peakilli yTBOpEHHS ra-
3onoAioHuX HenookcuaiB BO 1 B,O,, mpudyoMy 10oCUTh HU3bKA BEJIMUMHA €HEPrii aK-
THBaIIii npoBigHOoi peakmii (2B + 0, — B,0,, £ = 26700 xan/mMob) 103BOISE CIOTI-
BaTHCS, 10 1 HaJaJll POLIEC PO3BUBATUMEThCSI 0€3 yTBOpPEHHs Tpuokcuay. Jlocrar-
HbO BHCOKAa €HEPIeTUYHICTD I[1€1 peaKIlii 1a€ MmiJCTaBu OYiKyBaTH, 110 3aiiMaHHsIYaC-
TUHOK O0pY BiIOYBaTUMETHCS Y BIAMOBIAHOCTIIO MEXaHI3MY TEIUIOBOIO BUOYXY MPHU
OLIBIII HU3BKOMY PIBHI TEMIIEPATYPH CEPEIOBUIIIA.

Po3paxyHOK KPUTHYHOI TeMIepaTypH 3aiiMaHHs ra303aBHCY YaCTHHOK 00-
PY NPOBOJIMBCS3a MPUITYIIICHHS, 1110 Ha TMTOBEPXHI YTBOPIOETHCS HE PiaKa IIIBKA TPH-
okcunyB,0s, Sk B 3arajJbHONPUUHATHX MOJIEIAX 3aliMaHHS, a Ta30MOMIOHUN OKCH]T
B,0,, T06TO mpoiiec Bi1OYBAETHCS 32 CXEMOIOMOAIOHOIO 10 3aiMaHHS BYTJICITIO.

[IuTaHHs M0/10 BU3HAYEHHS KPUTUYHMX YMOB 3aiiMaHHS MOHOIMCIIEPCHOIO Ta-
303aBUCY TE€TEPOTCHO PEAryr0uuX YaCTUHOK TBEPJOrO MaJbHOTO PO3IIISAAIOCS B PO-

99



dizuka aepoaucrepcHux cucreM. — 2024. — Ne 62. — C.97-103

6oti [10]. 3a TOOMOTOI0 OTPUMAHOTO aBTOPAMH BHUpPa3y O = MOXHa y BH-

e(1+4)’
MaJKy ra303aBUCY YaCTUHOK OOpy, MOB’I3aTUKPUTHUYHY TEMIIEPATYpPY CHalaxXyBaHHS
00py Tign.cr 3 IHIIUMHU IAPAMETPAMHU CHCTEMH:

qELzeCmqozk e_RLTbb _1
A, RT,.p,Nu,d,
Tyt k, E i ¢ KOHCTAHTH IIBUIKOCTI 1 TETUTOBUH epeKT XimMiuHOi peaktii, C,,, Py, — KOHIICHT-
palrtis i TycTiHa MeTany; d, — MOYaTKOBU JiaMeTp YaCTUHOK 3 SKMX CKIIAIA€ThCS Ta303aBHC;
A 1 ¢p, — TEIUIONPOBIIHICTBrA3Y 1 MAcOBa YacTKa KHCHIO B cepenoBHILl; N, — KpUTepii
Hycenbra U151 TeMmnooOMiHy «ra3-CTiHKay», L — xapakTepHuii po3mip cuctemu. 1 Ipu po3paxys-

00’emHoO1 KoHIeHTpanii C,, = C}, 3HAYCHHS X KOHCTAHT NPUNAMAKCS PiBHUMHU:
k = 10%cMm/c; E = 26700kan/moab; q = 3960 kan/rams (2B + 0, — B,0,);
Pm = Pp = 2,341/cM?; qp, = 0,23; Ay, =2,3-10"*kan/cm - c-K; Nu, = 5,6;
L =25cMm. Pesynpraté po3paxyHKiB

LITES

KPUTHYHOI TeMIepaTypy 3aiiMaHHs ra- N\
303aBHCY YaCTHHOK amopdHOro 0opy 3 . R \\
IMOYaTKOBUM JTiaMeTpoM dy = 1400 \‘\‘_
0,2 MM nipencraBieHi Ha puc.]l (kpuBa - - . | ¥ 4
3). . e

JI1s1 IOpiBHSIHHS, HA IBOMY XK PH- 1000 I
CYHKY, HaBeg[eHi"pesynLTaTH.pospaxy- -
HKIB aHAJIOT1YHOI 3aJICKHOCT1 ISl BH- — s
MajiIKy, KOJM Ha TMOBEPXHI pearyrouux 500 00 300 300 400 Cyrsn

HaCTHHOK Oopy YTBOPIOETHCS 3aXMCHHH Puc.1 3anexHicT KpUTHUHOI TEMITEPATYPH 3a-
map pigkoro Tpuokcuny B,Os(kpuBa iy ung ra303aBUCY YaCTHHOK 00Dy Tigner (do =
2). Ilpn 1poMy HPHUIyCKAIOCH, MO 33~ (2 mkw, p=1arM) Bif iX MacoBOi KOHIIEHTpAa-
AMaHHs YaCTHHOK OOpY 3MIHCHIOETBCA  yiji: | — po3paxyHOK Tigner s (hy # 0) 3aKoH
3a MEXaHI3MOM TEIJIOKIHETHYHOTO BH-  OKUCJIEHHS [11]; 2 - po3paxyHOK Tign.cr JJIA

Oyxy (LIBHIKICTh BUMAPOBYBaHHA pil- (h, # 0)3akoH okucineHHs [12]; 3- po3paxyHOK
koi mmBku B,0s; nmopiBHOE HYM0O), @  Tigner(hg = 0); « » - pe3yabTaTi eKCIIepUMEH-
YTBOPEHHS TPUOKCUAY BigOyBaeThcst Ha Ty (hg # 0); « » - pe3ybTaTi eKCIIEPUMEHTY
HOBEPXHI YaCTUHKU Gopy sk pesynsrar  (ho = 0).
Horo peakiii 3 KUCHeM, 10 AUGYHIYE
gyepe3 IUNBKY, MBHAKICTh 3pOCTAHHS TOBIIMHU SKOi ONMKMCYETHCS EMIIIPUIHUM 3aKO-
HOoM [12]:

dh 1,45- 10°6-T- Do, _*2320

— = e RrRT =1,

dt h

ChiBcTaBieHHS HaBEJICHMX Ha puc.l pe3ylbTaTiB PO3paxyHKIB 3aJICKHOCTI

Tion.(Cp) ATBEPKYE CIPABEIMBICTD 3aIIPOIIOHOBAHOT T1IOTE3H MO0 MOXKIIUBOCTI
1HTeHCcudiKaIlli Mpoliecy 3aiiMaHHs OOpy 3a BIJICYTHOCTI Yy TOYAaTKOBUM MOMEHT OKH-
CHOI IUTIBKM Ha MOBepXHI YacTUHOK. [[ilicHO, B mboMy Bunaaky (h, = 0, kpusa 3) B
Jiara3oHi MacoBoi KOHIEHTpallii yacTuHOK 60py C»=200-500 mr/n piBeHb HEOOXII-
HUX JUISl 3aiiMaHHsl TEMIIEpaTyp ra303aBUCy TeMmIiiepaTyp 3HUXKyeTbes Ha 1000-770 K
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(3aKOH OKHCIIEHHS JUIsl «TOBCTUX) IUTIBOK OKCUAY, KpuBa - 1) Ta Ha 940-670 K (3akoH
OKHCJIEHHS JJI1 «TOHKUX) IUIIBOK OKCHUY, KpUBa - 2).

TakuM 4MHOM, PE3yNIbTaTH TEOPETUUHUX PO3PAXYHKIB JAO3BOJISIOTH MEPEIOAYUTH
e(eKT CyTTEBOrO 3HWKEHHS TeMIIEpaTypu 3aliMaHHs ra303aBUCY YaCTHHOK OOpy, y BU-
NaJiKy, SKII0 OpraHi3yBaTH MpOLEC Tak, HI00 M Yyac pearyBaHHs Ha MOBEPXHI YacTHU-
HOK YTBOPIOBABCS HE piikuii Tpuokcua 6opy B,Os, a razodazuuit nenookcua B,0s.

ExcnepuMeHnTajibHe BU3HAYEHHS TeMIIEPATyPHU 3aiiMaHHS ra303aBuUCY 4ac-
TUHOK O0pYi3 BiJIbHOIO BiJl OKCHY MOBEPXHEI0 3/11CHIOBANIOCS 32 JIONIOMOI0I0 YC-
TaHOBKH, CXe€Ma SKOi npuBejeHa Ha puc.2. OCHOBHUMH €JIEMEHTAMUYCTAaHOBKH OYJn
TOPU30HTAIBHO po3TalloBaHa mid (1), 3 MOXKIUBICTIO OTPUMaHHSI MAaKCUMAaJIbHUX Te-
MIiepaTyp HaBKOJMIMHLOTO cepemoBuina o 1300K, Ta repMeTHYHO 130JbOBaHUM
O0Kc (2), 110 monepeAHbO 3aIOBHIOBABCS IHEPTHUM I'a30M Pa3oM 3 CUCTEMOIO MPUTO-
TyBaHHS MOPOIIKY JJIsl YTBOPEHHAAepO3aBUCY YacTUHOK Oopy. [lonepenus o6podka
MopoIIKy 0opy nependayvana BUAAICHHS OKUCHOI IiBKK B,03; 3 mOBEpXHI YaCTHHOK
[UISIXOM X TPUBAJIOTO KHUIT ATIHHS y BOJI 3 MOJANBIIOK CYIIKOIO Ta JIearperaiieo B
cucteMmi (6). IligroroBneHudt y Takui
crocid mopouniok 0opy MOMIIIaBCs B J1a- .
Tyuk (3). IMmysnbcHA Mojada 4YaCTUHOK
70 PIBHOMIPHO MPOTPITOI 30HHU 3JIIHC- 777
HIOBaJlacs MOTOKOM CTHUCHYTOTO TOBIT- e 70
pAM BiI KomImpecopa (5) uepe3 €neKT- L€,
poMarHiTHUM kjamnaH (4) Ta PO3PUBHY D
MemOpany (7). MacoBa KOHIIEHTpaIlis <°
YaCTUHOK OOpy B peakiiiHOMy 00’emi .,
BHU3HAuaJacs BaroBUM METO- ] 2
nom.3aiiMaHHs (PiKCyBaiocs Bi3yallbHO rd .
3a JOMOMOTOI0 J3€pKajia pO3TallOBAHO- m |
ro 3 TOPIA MIYKH 5K Clajiax 3 SCKPaBo-

3CJIICHUM 336apBJ'I€HH}IM, IO € XapaKTcC- i . .
14 3 eNEeKTPUYHUM HArpiBaJIbHUM €JIEMEHTOM;
PHHM JUls aKTHBHOTO PEaryBaHHs 00pY 3 5_ goxc 3 cicremoro PUTOTYBAHHS TTOPOIIKY
KHCHEM Ta YTBOPEHHAM razo(asHuX OK- s YTBOPEHHSI ra303aBUCY YaCTHHOK Oopy; 3-
cuniB. Kputuuna temmepaTypa cliajla-  AaT4HK [T BIOPCKYBAaHHS YaCTHHOK Gopy; 4-

XyBaHHsA BHU3HAuYanacsd sSK HaliMeHIa €JIEKTPOMArHiTHUHN KJIamaH; 5- KoMIpecop; 6-
TeMmIeparypa CepeioBHINa 3a SKOi me —CHCTeMa And norepeIHb0i 00POOKH MOPOIIKY
CriocTepirajgocs crajaxyBaHHs Tra3o3a- 0opy; 7- membpana.

BHCY YaCTUHOK OOpYy.

Pe3ynpTaT eKCeprMEHTAIPHOTO BU3HAYEHHS KPUTHUYHOI TEMIIEpaTypH 3a-
MMaHHS Ta303aBUCY YaCTHUHOK O0PY Tignor K QYHKUIT BiJ IX MAacoBOi KOHIIEHTpaLii
Cp ipeJicTaBlieHl Ha puc. 1 1 Jis mopoiky 60py 3 monepenHbporo o0poodkoro (naxi 1) ta
Oopy, 110 HE TMPOMUIIOB eTan BHUJAJEHHS IUTIBKU okcuay B,O; 3 moBepxHiI 4aCTUHOK
(mani 2). [lopiBHSIBHUM aHATI3 JAHUX IIUX EKCIIEPUMEHTIB MiATBEP/KY€E (PakT 3HU-
KEHHSI KpUTUYHOT TEMIIepaTypH 3aiiMaHHS ra303aBUCY YACTUHOK OOpY y BHUIIAJIKY 3
MOTIEPEIHBO 0OPOOJICHOI0 MOBEPXHEI0 YACTUHOK, B IIoMy Ipubim3Ho Ha 200 rpa-
JyCiB, BIJIHOCHO TaKOi JJisi Ta303aBUCY YaCTUHOK BKPUTHUXIIOYATKOBOIO OKCHIHOIO

1

Puc.2 Cxema ekciepuMeHTaIbHOI YCTAaHOBKH: 1-
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IUTIBKOIO,Y BChOMY JOCIIPKEHOMY J11alla30H1 MaCOBUX KOHIIEHTpALIl ra303aBUCY Ya-
CTUHOK OOpY. 3MEHIIEHHS BETUYUHU gy ¢, IO CIIOCTEPITATIOCS B €KCIIEPUMEHTI TIPU
3poctanHi Cj BIANOBIIA€ 3araibHUM YSIBJICHHSIM I10JI0 MEXaHi3My 3aiiMaHHs Tra303a-
BHCY YacTHHOK O0py. B Tol ke 4ac Mae miclie CyTTeBa KilbKiCHA BIAMIHHICTh JAHUX
EKCIIEpUMEHTY 1 pO3paxyHKiB JjIsi 000X BUMAAKiB (4, =014, #0).

BiaxunenHs pe3ynbTaTiB po3paxyHKy 3alIeKHOCTI Tig o (Cp) BlA €KCIIEpUMEHTA-
JBHUX JIAaHUX UMOBIPHO Ma€ METOJMYHUMN XapaKTep 1 MOB’A3aHO 3 HEMOMJIMBICTIO TO-
YHO BU3HAUYUTU CYMapHy MacoBY KOHLEHTPALII0 YACTUHOK OOpY Ta HAasABHICTb il HEOI-
HOPIJTHOCTI B 00’€Mi razo3aBucy. OCHOBHA MPUYMHA PO301’KHOCTI IAHUX TOJIATAE, MO~
nepie, y HEMOXJIUBOCTI MTPOKOHTPOJIIOBATH 1 TOUHO BU3HAYUTH CTYIIHb 3BUIBHEHHS
MOBEPXH1 YACTUHOK BiJ] TUTIBKU OKCHU]Y, TOO TO i TOBIIUHY /4, , TO-JIPYTE, Y CKIATHOCTI

3a0€3MeYnTy a0COJIIOTHY Je3arperaiiio MOPOIIKY YacTUHOK OOpy B peakliiHOMY
00’eMi1, a came, HEKOHTPOJLOBAHE YTBOPEHHS 3HAYHOI KIJIbKOCTI KOHIJIOMEpATIB yac-
TUHOK, 0€3yMOBHO 3MIHIO€ KapTUHY 3aiiMaHHs ra303aBHCY YaCTUHOK OOpY.

BucnoBku. OTprMaHi B J1aHid poOOTI pe3yJbTaTU JOBOASITH NEPCHEKTUBHICTb
3aMpONOHOBAHOTO METOAY 1HTeHCHdIKaIlil mpoliecy 3aimManHs 6opy. g foro Buoc-
KOHAJICHHS 1 pO3pO0KH y MOAANBIIOMY MPAKTUYHUX PEKOMEHAAIIIH 11010 ONTUMAIh-
HUX YMOB OpTraHi3alii mporecy mnornepeaHboi oOpoOKH MOBEpXHI YaCTUHOK OOpy 1
MIPOBE/ICHHS €KCIIEPUMEHTY CIIiJI, HAIPUKJIIA, 3aCTOCYBaTH IJIa3MEHUH Ccrocid OTpu-
MaHHS YaCTHHOK OOpy 1 3a0€3MeUnTH NOBroTpuBaiie Ta Oe3rnedne 30epekKeHHs aKTHU-
BHOTO (MOJIMBO MipO(OPHOT0) MOPOILIKY IIISIXOM KaIcCyJIIOBaHHSA YaCTUHOK Ha IO-
YaTKOBIH CTajli HOro OTpUMaHHS.
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Kopiyka O.K., Gorlichenko A.N.
The ignition of the boron particles gas suspension with an oxide-free surface

Summary

The paper presents an analysis of the current state of the issue of ignition of dispersed bo-
ron systems, as one of the promising components of solid rocket fuels. It was found that the
main, limiting role in slowing down the ignition of a gas suspension of boron particles is
played by the stage of oxygen diffusion through the film of boron trioxide B>O3 on the surface
of boron particles. Various known methods (thermal, chemical) of intensification of the igni-
tion process are considered in detail and a new method is proposed, which involves organiz-
ing the process directly on the surface of the particles free from B203. The results of calcula-
tions of the critical ignition temperature of a monodisperse gas suspension of boron particles
with do=0.2 um without an initial oxide coating in heated air at normal atmospheric pressure
are presented. A scheme for implementing an experimental method for determining the igni-
tion temperature of a gas suspension of solid fuel particles with the possibility of varying the
volumetric concentration of the latter is proposed. The obtained experimental data confirm
the effect of a significant decrease in the critical ignition temperature of a gas suspension of
boron particles, if the process is organized so that during the reaction on the surface of the
particles, instead of liquid boron trioxide B203, gas-phase dioxide B>O: is formed, and are
satisfactorily consistent with the results of calculations based on the ignition model of boron
particles without an initial oxide film.

Key words: boron, ignition, critical ignition temperature, gas suspension of boron parti-
cles, oxide film, boron oxide, solid rocket propellants components
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Inverse Faraday effect and Stokes drift in plasma

Recent theory of the light-induced medium magnetization (inverse Faraday effect, IFE) per-
formed by a transversely-limited circularly-polarized light beam [Phys. Rev. B 91, 020411
(2015)] predicts the existence of a “demagnetization current” (DC) at the beam periphery
which, apparently, acts oppositely to the light-induced rotational motion of the charge carri-
ers inside the beam and thus reduces the IFE by the factor of 2. In this note, taking the longi-
tudinal component of the beam into account, we show that the peripheral DC is two times
higher than was calculated before. Nevertheless, this circumstance does not cancel the IFE
because the DC, as a sort of Stokes-drift current in plasma [Phys. Rev. E 105, 065208
(2022)], is accompanied by the additional "magnetization current” of the opposite direction.
1t is this current that is responsible for the medium magnetization, despite that, being a sort of
the “bound” current, it performs no real charge transport and cannot be observed directly
(akin to the Ampere currents in permanent magnets).

Keywords: light-induced magnetization, inhomogeneous beam, longitudinal component, mo-
tion of charges in plasma, Stokes drift, bound current

Introduction and problem formulation. When a circularly polarized (CP) light
beam propagates through a medium with free char ges (electrons), these are set in a
rotational motion which induces the medium magnetization;this is the essence of “in-
verse Faraday effect” (IFE) [1-5]. Authors of the paper [3] have shown that in the
usual case of spatially limited illuminating beam, the IFE is accompanied by the mac-
roscopic drift of electrons circulating around the beam center, which produces a cir-
cular “demagnetization current” essentially decreasing the IFE-generated magnetic
momentum induced in the medium. Now we readdress this problem based on the re-
cently developed general approach to electromagnetic momentum and wave-induced
drift phenomena in plasma [6,7].

Following to [3], we consider a monochromatic CP beam with frequency and
wavenumber k£ =w/ c (c is the light velocity) propagating in a homogeneous medium
along axis z; the medium is conductive and contains free electrons of the charge e <0
and mass m with the volume density 7. (in the equilibrium conditions, the charge of
electrons is balanced by the “background” positive charge of unmovable ions). Let
the electric vector transverse components of the beam field be

E.=E,, E =icE, (1)

where o ==1 is the CP handedness, and £, =F L(x, y) is the Gaussian function of
transverse coordinates,
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E, (ny):EJ_O exp(—%) (2)

where r=./x>+)" is the polar radius within the beam cross section.As usual, we
employ the complex representation of harmonic functions in which their real instan-
taneous values, e.g., £, (t) , are determined as £ (t) = Re[Ex exp(—iat)], etc. In this

representation, the electron velocities are related with the local values of the electric-
field components according to equations [6]

ie
v=—-1~ ; (3)
ma
in particular,
ie ie ie e
v=—FE=—F, vy:—Ey:—cs—EL, 4)
mo mo mo mo

. . . . . e
and the electrons perform a circular motion with the orbit radius a=——F . In [3],
mo

the consideration is restricted to the transverse components but, in fact, any trans-
versely limited beam contains also the longitudinal electric-field component [8—12]:

E=eFE +e E +e L, (5)
where e,, e,, e are the unit vectors of the coordinate axes, and
] OF
oA L N (6)
k\ ox Oy

E1 = (kw)™! is the small parameter of the paraxial approximation [8—10]. Note that in
paraxial fields all the field components show an oscillatory behavior along the longi-
tudinal direction which is expressed by the factor exp(ikz) implicitly entering each
term of equations (2) — (6).

Magnetization analysis. For determinacy, our further analysis is localized to the
initial cross section z =0 (and, maybe, its nearest vicinity, see below), which is sup-
posed to coincide with beam waist. The rotational motion of electrons, described by

(4), is the source of the material electromagnetic spin s and magnetization M of the
medium whose densities are determined by equations (43) and (44) of Ref. [6]:

sM:%Im(V*xv), M=—Ss", (7
20 2mc
With account for (2), (3) and (4), this results in
2 2
e O . , 4me’n
M=———LIm(E xE), o = € 8
16nmeon o ( ) P m ®)

(w, 1s the plasma frequency), which exactly coincides with the magnetization calcu-
lated in (11) of [3] — the only precaution is to convert the expression from Gaussian
to SI units, which can be made via replacements [13]

MM, B o E —E.[4ns

e 1
o Jane, RN
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Taking only the transverse electric field components E,, E,, expression (8) reduces to
the form

ce’n 2r°
M= €. 21’)’1205)3 Eio CXp _7 (9)
which describes the magnetization density in the plasma illuminated by the Gaussian
CP beam (1), (2). The allowance for longitudinal velocity components following

from (3) and (5) give small corrections of (9) which are neglected in further reason-
ings.

Stokes-drift contribution. The paper [3] indicates that the microscopic circula-
tion of electrons described by equations (4) is not the only source of the medium
magnetization. The results (8), (9) are obtained upon assumption that the electric field
amplitude is the same on the whole electron’s trajectory, which is only correct if the
electron’s orbit radius is infinitely small or the optical field is spatially homogeneous.
In real situations, different parts of the electron’s orbit “feel” different electric field
strengths, according to (2), and this invokes a macroscopic regular drift of electrons.
The drift velocity is calculated in [3] by expanding the instantaneous electron veloci-
ty in a perturbation series, where the high oscillatory velocity is supplemented by
small “slow” drift components, and the time-averaging over the optical oscillation pe-
riod is performed. Here, we consider the drift behavior of the oscillating electrons by
means of the recently proposed regular way based on the Stokes drift concept [6,7].
According to this concept, in a wave field, the charge carriers (electrons) experience a
regular “slow” drift whose velocity can be determined as

vdzihn[(v*-v)v]. (10)

20

’ 0
For a paraxial field, since (5/ 82)[] =1k[...] and, according to (6),v. = é[% + %)
X v

equation (10) leads to expressions

v, =$Ivai% + V:%Jr v, .ik](exvx tev, ey, )} =Var Vs (11)

*

* * 3 av
le :LIII] VXE'FV g (exvx +e v ) , lel = 1 Im an + 4 (exvx +e v ) (12)
20 ox oy n 20 ox Oy n

(only terms of the first order in (6) are kept).
These results show that the drift velocity consists of two summands. The first
summand v,, follows from the transverse field components only, the second one

vV, appears due to the longitudinal field (6). Under conditions (4), the expression
(12) for v,, can be represented as

2 2
\7h LEL[e i—exijE o ElaEl, (13)

= =¢
2m’w’ Y Ox o)t loamie’ Tt or
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where e, is the unit vector of the polar azimuth ¢=arctan( v/ x). With this drift

component, the electric current is associated:

jo =enyv, , (14)
which exactly coincides with the drift current calculated earlier (see equation (24) in
[3]). Therefore, the Stokes drift in plasma explains the drift current phenomenon de-
scribed in [3] and confirms its numerical value. However, our analysis also reveals
that the result of [3], based on the transverse optical-field components, is incomplete;
there exists an additional drift-current part emerging due to the longitudinal field

component and associated with the term V,, of equations (11), (12). Based on (4)
and (12), one can easily find that
2
oe OE

€ Wi’ E, a; =V (15)
and, therefore, that the total “macroscopic drift current” accompanying the IFE is two
times higher than the value obtained in [3]:

. . . . oe’n OF 20e’n r 2r°

Jo=la iy =2l =¢y—E ——=—¢ eEio_zeXp -— |- (16)

m @ or m w w

Va =

[Note that the longitudinal-field contribution jd” can be, of course, calculated by the
perturbation method accepted in [3]. To this end, equations (15) of [3] should be sup-
plemented by the term accounting for the field variation along axis z:
OE E, OE E,.
E »Z :E.+ - ,—li‘l' Z—Z,—J'i
(1,2)=E, +(y-».) 5 E (7=2) = z
where the subscript “gc” denotes the quantities related to the “gyration center”, and

1 eﬁ&.&@}aaﬁw
’ - 1

zZ—z, =—V =— +io
0] mok \ Ox oy

After these transformations, repeating the procedure of equations (16) — (24) of [3]
and properly time-averaging directly leads to our results (15) and (16)].

oz

IFE magnetization paradox and its resolution. The correction (16) of the pre-
vious finding of [3] looks just quantitative but actually itimposes rather dramatic con-
clusions. Really, the drift current (14) was interpreted [3] as an additional source of
magnetization which acts oppositely to the microscopic orbiting of individual elec-
trons, and its contribution decreased the total magnetic moment of the medium by a
factor of two (see equations (13) and (28) of [3]). Consequently, the presence of yet
another summand j,, of the same value would completely eliminate the IFE magneti-

zation! This conclusion looks quite paradoxical, especially in view of the well known
experimental confirmations of the IFE (see, e.g., [5]) and its phenomenological ex-
planations [1,4].

To resolve this paradox, one may notice that the drift current, introduced in [3]
and analyzed in the above paragraphs of the present note, is not the only macroscopic
current induced by the electromagnetic field in plasma. Really, the material spin (7) is
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1
accompanied by the spin momentum [6,9,10,14—16] with the density p]g ZEVX s
which implies the corresponding electric current
i¥ =<py =cVxM, (17)
m

Remarkably, this is just the “magnetization current” associated with the magnetic
moment density M [1, 17, 18] (in this context, the drift current (16) can be called
“demagnetization current”). Using expression (9), one can easily find its explicit form
for the field configuration analyzed in this note:

Y 20'e3n€ , F 2r?
JS :e¢ m2a)3 Elovexp —7 ) (18)

which is exactly the opposite of the drift current (16). This rather interesting result is,
in fact, quite expectable because it demonstrates a special case of the mutual compen-

sation of the Stokes-drift and spin-momentum contributions substantiated in the gen-
eral form by equations (41), (42) and (44), (47) of Ref. [6].

Discussion and conclusion. To sum up, we emphasize that, contrary to the con-
clusion of Ref. [3], the “demagnetization current” (16) does not generate the medium
magnetization opposite to the IFE magnetization (9) (and accordingly, does not di-
minish or nullify the IFE itself). Actually, the current (16) is compensated by the
“magnetization current” (18) and is thus not able to affect the magnetization induced
by the microscopic orbital motion of electrons. Moreover, the IFE with spatially lim-
ited magnetizing beams is not coupled with any “visible” macroscopic current circu-
lating around the perimeter of the laser beam (at least, in the simple medium and
beam configurations considered here and in [3]). At the same time, there are im-
portant differences in physical nature of the mutually compensating currents (16) and
(17), (18). The drift current (16) is coupled with the real azimuthal flux of charges
while the current (17), (18) is “bound” [17,18]: it performs no real charge transport
and cannot be measured by an ammeter. It expresses the combined action of the mi-
croscopic orbital motions of all electrons and can be interpreted as a result of incom-
plete compensation of the linear velocity components of the adjacent microscopic
electron orbits [9, 15, 19].

Undoubtedly, the same mechanism of the macroscopic current formation is quali-
tatively applicable to the IFE generated by any spatially-limited light beam. For ex-
ample, consider a flat-top beam with an arbitrary asymmetric intensity profile (Fig.
1). Inside the central part of the beam cross section (enclosed by the contour A), the
intensity is assumed homogeneous, so that the electrons describe absolutely identical
and perfectly circular orbits thus producing a homogeneous magnetization. Simulta-
neously, the microscopic motions of adjacent electrons completely cancel each other,
which leaves no room for macroscopic currents. However, at the cross-section pe-
riphery (between the contours A and B), the beam intensity falls down; the electric-
field 1s distributed inhomogeneously, which is the source of the drift current

i, =en,v, (10) — (12) and of the magnetization current ]24 (17). However, the result-
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ing macroscopic current is not observable because, generally, j, =—js [6], and, any-

way, it does not affect the IFE-induced magnetization of the illuminated medium

region (interior of the contour B).
In can be noted, however, that the full
compensation of the drift current j, and the

. . M
magnetization current J¢ does not mean

the full compensation of other, non-
electromagnetic aspects of the Stokes drift

(10) and the material spin momentum pgl

(see (17)). This follows from the difference
in their physical nature [6,14,15]. In partic-
ular, the real transfer of mass and charge
associated with the Stokes-drift momentum

Py =(m/ e) J, can produce a specific me-

chanical action that presumably can be de-
tected if the plasma medium contains sus-
pended (embedded) particles, impurity at-
oms, etc. On the contrary, the spin momen-
tum performs no mass transfer (for which
reason it is called sometimes ‘“virtual”

A

Fig. 1. Cross section of a flat-top beam. The
light intensity is constant within the central
area enclosed by the dashed contour A and
decreases to zero in the space between the
contour A and the solid contour B (the beam
“boundary”). Blue and red contours with ar-
rows schematically indicate the drift current
(16) and the magnetization current (17).

[20]), and its mechanical manifestation, if it exists, will look quite differently. Such
expectations are supported by the fact that the drift momentum p, is a part of the

“orbital” (canonical) momentum while the material spin momentum pf belongs to

the spin part of the spin-orbital (canonical) electromagnetic-momentum decomposi-
tion [9,10,16,20,21], and the difference in mechanical actions of the spin and orbital
momenta in vacuum are well established [20, 22].
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bexwace O. A.
Oo6epuennii egpext Papanes i gpeiid Crokca y miazmi

AHoTars

Heoasno onybnikosana meopisi c8imioiHOYKOBAHO20 HAMACHIYYBAHHS cepedosuya (0OepHeHull
epexm DPapaodes, OED), wo 6i06ysacmvcs nio 0i€r0 nonepeuHo-00MeHCceH020 YUPKYIAPHO NOApU-
308an020 c8imnogoeo nyuka [Phys. Rev. B 91, 020411 (2015)] po3xkpusae icHy8anus «Cmpymy po3-
Ma2HIYY8aHHAY Ha nepughepii nyuka, AKutl HIOUMo i€ NPOMUNENCHO THOYKOBAHOMY C8IMIOM 0bep-
ManibHOMY PYXy HOCII8 3apsdy 8cepeOuni NyuKa i maKum YUHOM 3MEHULYE HAMACHIYY8aHHA YO8iul. ¥V
Oauitl pobomi, 8paxo8yroyLU NO300BAUCHIO CKIAO08Y eLeKMPUUHO20 NOJIA NYYKA, MU NOKA3VEMO, WO
Hacnpagdi nepugepiinuii «Cmpym po3mMAacHIiuy8anusay y 08a pazu OLIbUi, HidHe OYI0 pO3PAX0EAHO
paniwe. Ilpome ya obcmasuna ne ckacosye OE®D, ockinbku «cmpym po3macHiuy8anHay, 0yOyuu
piznosudom opetiposoco cmpymy Cmoxca 6 naasmi [Phys. Rev. E 105, 065208 (2022)], cynpogo-
02CYEMBCA O00AMKOBUM «CIMPYMOM HAMASHIYYB8AHHA» npomuiexcHozo nanpamy.Came yei cmpym
BION0BI0AE 3a HAMACHIYYBAHHA cepedosuwya, nonpu me, wjo 6yoyuu «36 a3anumy, 6iH He NPU3eo-
Oumsv 00 peanbHO20 nepeHeceHHs 3apaoia i He Modce Oymu BUMIDAHUL amMnepmempom (nodibHO 00
cmpymie Amnepa y nOCmiluHux MazHimax).

Knrouoei cnosa: ceimno inoykosane HamazsHiyyeanHs, HeOOHOPIOHUL NYYOK, NO300BICHI KOMNO-
HeHma, pyx 3apa0is y naazmi, opetigh Cmokca, 36 ’s13aHuUti Cmpym.
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Spectra of lighting in some windows of transparency of x-ray
and y-radiation

The processes associated with the formation of lightning and their spectra during atmos-
pheric and volcanic phenomena were considered as a means of studying the atmospheric
plasma in the X-ray and soft y-ray bands. It was found that the time intervals, power of the
processes, and their energy make it possible to develop new generation equipment. The light-
ning spectra cover the X-ray and gamma-ray bands. Hard radiation detectors have been de-
veloped and proposed for their registration. It is shown that in a physical system of emitter
(lightning), absorber (medium between lightning and detector), and the detector itself, the
spectral structure on the detector depends on the distance to the source and the chemical
composition of the environment around thunderstorms and volcanoes. Therefore, we have
calculated and found the intervals of quanta energies in which the absorber response is small.
Such spectral regions are called transparency windows and are necessary for the design of
appropriate detectors. In the transparency windows, the original spectra of lightning dis-
charges are observed. To conduct field work and reduce the influence of the atmosphere dur-
ing a thunderstorm, the percentage contribution of air and water extrusion in atmospheric
thunderstorms was found. For volcanic discharges, silicates and Al;O3 particles were taken.
The parameters of the previously designed high-speed electrical interface suitable for opera-
tion under high voltage conditions, which is supplied to the CsPbBrs; or Lu(SiO)s detector-
crystal, were obtained and described. The main economic and operational advantages of the
proposed spectroscopic equipment in the field are emphasized. The operation of the high-
speed spectrograph in outer space was modeled in the absence of the need for its operation
without deep cooling. The transparency windows and the structure of the radiation field in the
X-ray and y-ray bands were calculated and systematized.

Keywords: hard radiation detectors, lightning, radiation deposition, X-ray transparent
windows, diffusion emission, thunderstorm aerosol.

1. Introduction. During the motion of quanta from the Emitter towards the De-
tector the processes of photoabsorption, incoherent Compton and coherent Rayleigh
scattering are noticeable. As a result of photo absorption, there is also induced (char-
acteristic) radiation. To register the latter, it is necessary to take into account that ac-
cording to the presented graphs in the long-wave wing of the X-ray spectrum photo
absorption prevails. Photo absorption and corresponding resonance radiation are di-
rectly proportional. A part of quanta with energies not falling on the resonant K-lines
of carbon, nitrogen and oxygen can go beyond the Absorber. The exception is the
transparency window in the energy range of 280 eV (atomic oxygen), 380 eV (atomic
nitrogen) and 440 eV (atomic carbon). Strong resonant scattering is observed near the
marked characteristic lines. Therefore, the soft X-ray field at wavelengths of 2 - 4 nm
is used to study microscopic particles and biological structures. To accomplish such a
task, the incoming or diffuse radiation field must be sufficiently powerful. In X-ray
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microscopy, the role of the Emitter is played by a source of powerful cyclotron radia-
tion. The absence of such sources can be compensated by the registration of reso-
nance scattering near the indicated lines.Let us also note that even primitive photo-
graphic and visual observations of lightning show the stepwise character of the cur-
rent motion. Such curvilinear motion of relativistic electrons leads to flashes of syn-
chrotron radiation in the specified wavelength interval in microsecond time intervals.
In other words, our designed detector should have high sensitivity in the indicated in-
tervals of the X-ray and gamma spectrum.

2. The energy resource of lightning. Lightning discharges of thunderstorm and
volcanic origin are formed in the zone of high potential difference Ap=100 MV, elec-
tric field strength E=1000 V/m. In thunderstorm clouds, the cloud potential is formed
by friction and collision of microscopic aerosols, mainly consisting of water. Initial
inoculum charges can form showers and individual cosmic rays. In volcanic light-
ning, the main potential and inoculum charges are formed by solid particles.

The Earth's atmosphere during storms and volcanic phenomena a possible to
study the state of atmospheric plasma, including various aerosols. For elements with
small atomic numbers the characteristic lines are in soft X-ray.The present work takes
water vapor as the main aerosol component.Between the clouds pure water together
with atmospheric gas are in a strong electric field with potential difference Ap~(10°-
10%)V.It has been shown that the hard radiation flux generated by lightning is the re-
sult of transforming the initial braking spectrum of relativistic electrons and collisions
of protons, ions of C, N, and O elements with resting atoms of the medium. Both cur-
rents consisting of ions and electrons are directed in opposite directions.

The gamma and X-ray radiation of lightning reaches the detectors with strongly
attenuated long-wave part. At energies less than 1 KeV, practically all energy of
long-wavelength X-ray quanta is spent in photo-ionization of surrounding water va-
por. However, in the wavelength range (2.34 — 4.4) nm we have bound energies 530
— 280 eV. There is a transparency window with characteristic K-lines of C, N, O at-
oms.We propose a method and compose a model for registration of radiation fluxes
in the window of water transparency.This allows us to study the plasma in which in-
tensive ionization processes occur by the joint action of photons and impact ioniza-
tion of atoms by electrons and protons.The protons and electrons experience colli-
sions with target atoms - C, N, O - of elements. It was obtained that at sufficiently
high saturation with water vapor around the lightning. Its long-wave part is cut off in
the X-ray spectrum.The relationship between water vapor content and radiation inten-
sity at the receiver is described.The concurrence of the processes of scattering, ab-
sorption of X-ray quanta and formation of induced secondary quanta (characteristic
emission of C, N, O elements) is responsible for the formation of the observed diffuse
(bulk) X-ray fluorescence [1,3].

For simulation of the process of nucleation of electron and hadronic (p, a-
particles + C, N, O - ions) currents was carried out in the framework of the Geant4 -
DNA code [2].Concurrently, the formation of X-ray and UV fluorescence was moni-
tored. All necessary spectroscopic constants for the media in which the processes un-
der consideration took place above described processes took place in a strong electric
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field with a potential difference of Ap=(10°- 10%)V, which leads to the intensity
E=(10°-10° )V/m. A comparison with the laboratory experiments in [1] has been
made. On the basis of modeling of various types of lightning using spectra of light-
ning in the X-ray range are constructed and conclusions are drawn concerning the ap-
plication of this method in the study of explosive processes on the surface of White
Dwarfs (WD).

3. X-ray transport in thunderstorm clouds. Lightning generates X-ray and
gamma radiation in a wide range of the spectrum. It is caused by braking of fast (in
some cases relativistic) electrons. Appearing inside the current cylinder, the quanta
cross its surface and are directed to the detector. Further quanta experience random
multiple acts of Compton and Rayleigh scattering, or experience photo absorption. In
this case, the radiation field is determined by the elemental composition of air (in the
used codes it is macro command G4 Air) and the fraction of water vapor
(G4 Water). If lightning is formed in volcanic clouds, it is necessary to specify the
distribution of silicon and phosphorus along the propagation of quanta. In rain clouds,
the inoculum of free ions is formed as a result of CR ionization losses. In volcanic
ones as a result of mutual friction of the solid fraction.

Formation of radiation in lightning. The current discharge in lightning has a
powerful transient, mile-microsecond pulse character. The electronic component of
the current current at the specified values of Ag has velocities sufficient for the for-
mation of braking radiation. This leads to the formation of a continuous spectrum of
hard radiation. This spectrum is limited on the short wavelength side by soft y -
radiation. The target atoms for fast electrons are C-N-O elements, the maximum of
the spectral distribution of the braking radiation of which is more likely to fall in the
entire X-ray range.

The electron kinetic energy spectrum W(A) is essentially relativistic. The external
electric field has a strength E = 102 — 103V /m The maximum current amplitude at
the peak of discharge reaches 3 - 10*A. During discharge, A¢ drops to zero. Accord-
ing to [5,6] the formation of the current pulse is determined by “fleeing” electrons. A
d-shaped peak appears in the spectrum W(L) at this moment.To determine the time
evolution of W(L), it is necessary to take into account all channels of energy acquisi-
tion and loss by fast electrons. As an initial approximation, we choose the Maxwell
velocity distribution. Then let us apply the corresponding potential difference A to
the cylinder in which the lightning nucleates. Among the main channels of energy
losses, we note the losses on Bremsstrahlungradiation with cross section o, and the
cross section of ionization of K-level C-N-O atoms - g;.

_16me? (ze?\% , [ 2mV@
90 = Spe (m_VO) In (yZeZwmn) (1)
o 107 em? 21y [EEHD Iz 2 E_
07 = s {2 +(E + 1)%n / 2 [(E +2)?+2(2F + Ding 2]} )
E 143
Here [, = mfz, = zr:n—coero = 537 eV, Ey = 405 eV. At a quantum energy of

10 keV, the characteristic cross section value is g; = 5-1072°Bm? , ¢, /0, = 1073
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Fig.1. Impact ionization cross section g, Fig.2. Bremsstrahlung cross section o,

Fig.1 and Fig.2 show the cross sections a,,, 0, in logarithmic scale normalized to the
electron scattering cross section ar.

Diffuse X-ray emission. The initial spectrum of hard radiation undergoes further
evolution during the discharge process. For this purpose, the macro commands of
Weber codes [2] are addressed to cross sections of characteristic processes of interac-
tion of quanta with matter. The structure of the nonlinear behavior of cross sections
of all energy loss channels leads to a shift of the maximum of the spectral distribution
of their energy towards longer wavelengths.

Modeling of X-ray quantum beams shows that their spectrum is gradually filled
with a diffuse X-ray component. A similar effect occurs in observations of the intrin-
sic diffuse radiation of planets caused by the Sun's radiation. The calculations of the
spectrum of hard radiation coming from lightning suggest that its quanta at the initial
moment of time cross the walls of the current cylinder. At this moment the mecha-
nisms of coherent and incoherent scattering of hard radiation are switched on. Ray-
leigh scattering of sunlight on molecules is replaced by the scattering of hard radia-
tion on atomic structures.

In this case the extinction cross section k 1s defined through the cross sections of

Compton scattering ¢ (¢) and atomic photo effect agf (¢). Similarly to formulas (1)

and (2) for the energy of quanta we substitute € = E,, /m,c?. E,is the energy of a

hard radiation photon. m,c? is the rest energy of the electron. Let us denote by o7 =

6.65 - 10™25cu?the cross section of elastic, Thomson scattering of photons on elec-
trons. Then we have

k= 0l,(2) + 0! (&), 3)
In the framework of the adopted notations, we will write down:
321 3/2
ol (&) =(Z) " a*z%r, (4)
14 _ 1+e (2(1+e) 1 1 _(1+39)
07 (e) = 207 | (B2 —2In(1 + 26) ) — = In(1 + 2¢) (HW] (5)
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For each individual quantum within the free path length all its characteristics and
trajectory are tracked by the Monte Carlo method. Such quanta form secondary elec-
trons, which in turn ionize the medium along their trajectory. The flux of quanta and
particles formed in this way arrives at the detector crystal. The calculation results are
presented in Fig. 3. and Fig. 4.

It follows from the results shown in Fig. 6 that in the conditions of thunderstorm
clouds Compton scattering takes the highest values in the long-wave part of the spec-
trum. The short-wave part of the X-ray spectrum of lightning is practically undistort-
ed up to energies of 50 KeV. If we consider the cloud as a fog with relative humidity,
the free path length of X-ray quanta - fpass between two acts of Coulomb scattering
takes the values shown in Fig.5. During rain, it is necessary to take into account the
percentage of drops in the thunderstorm cloud.

Let us take into account that the average concentration of water in raindrops is
three orders of magnitude higher, then the obtained values of fpass should be on av-
erage 10° times higher and, accordingly, fpass is the same number of times smaller. It
follows from Fig.3- Fig.5 that the main type of X-ray scattering is the incoherent
Compton scattering given by the formula. Moreover, at each act of scattering it is
necessary to recalculate the wavelength of the quantum after scattering - A'. If before
scattering we have a wavelength A and a scattering angle 0, then the relation is satis-
fied:

A =21+ # (1—cos@) = A+ 2,4-103um- (1 — cosO). (6)

At the wavelength interval from 0.12 to 0.06 nm, the peak of Compton scattering
in water is noticeable and a rapid decrease in photo absorption begins. In this interval,
the appearance of X-rays scattered mostly by oxygen and nitrogen is expected. The
quantum beam attenuation coefficients due to photo absorption, Compton and Ray-
leigh scattering are presented in Fig. 6. In the resources we used [2,4], the scattering
angles 0 were set by the Monte Carlo method in the range from 0 to « radians.The re-
sults of averaging cross sections of beams containing 100 X-ray quanta each are pre-
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sented in Fig. 7. The calculations were performed for the thickness of the equivalent
water layer of 1 cm. The presented results show general trends in the dependence of
attenuation coefficients on the energy of quanta predicted by the formulas. However,
for spectral analysis of the investigated objects the results of accurate “ab initio” The
calculations in Fig. 6 are applicable. In the future, we will use them for quantitative
analysis of X-ray spectra of lightning to determine the content of elements in light-
ning during lightning discharge [1].

4. Characteristic radiation. Quanta of soft X-ray radiation occupy wavelengths
of (0.01 - 10) nm . In this interval all quanta from electron transitions to the free K-
level of atoms, which are part of air and water droplets, occur. If the energies of the
quanta are adjacent to the edge of the lines arising in the photo effect, strong reso-
nance scattering is observed, and inside the absorption lines. Along with elastic scat-
tering, X-ray quanta also experience incoherent scattering in the form of Compton
scattering. The process of photo ionization of aerosol represented by water droplets
of carbon, nitrogen and oxygen, which are part of air. scattered quanta is mainly de-
termined by photo ionization of K-shells of atoms. Near these lines we have resonant
scattering of diffuse radiation.

Next, for air under normal conditions and for a given concentration of raindrops,
we estimate the number of such collision acts on the path of the X-ray quantum to the
detector. We need to trace the shift of the X-ray spectrum in the region of the “trans-
parency window” of water.

5. Detector construction. The design of detectors-spectrographs of hard radia-
tions requires fulfillment of a number of requirements to their operation. In particular,
for diagnostics of the described processes in thunderstorm and volcanic lightning re-
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quires the closest possible placement of equipment to the object of study. In high
mountain conditions at altitudes higher than 1 km the distance from the Detector to
the Emitter can reach 1 km on average. The thunderstorm cloud aerosol at such scales
completely absorbs the long-wave part of X-ray radiation. Quanta with energies up to
100 KeV experience complete Compton scattering. l.e. in this range we have diffuse
X-ray luminescence. The directional flux of gamma ray quanta is expectedly regis-
tered by the detector. The calculated shape of the lightning detector includes a thin
quartz plate and a cube with an edge of 0.5 - 1 cm. This geometry allows for guaran-
teed registration of lightning radiation in the range of 0.01-1 MeV. Semiconductor
crystals have been widely studied for this purpose CsPbBr;u Lu(Si0)s. The obtained
results on design and modeling of detectors are presented in Fig.9 and Fig.10. The
number of quanta in the flux is assumed to be 50. The flux defocusing is carried out
by incoherent Compton scattering. A part of quanta is reflected back (by 1800). Vis-
ualization of particle trajectories is described in [5]. To determine the efficiency of
the crystal, the fraction of the flux energy spent on the actual ionization of the crystal
substance was determined. A detailed study of these issues in [Doikov 2022] allows
us to obtain the values of the current pulse amplitude (1-10 nA) and the time scale of
its formation (1-100 ps)

6. Discussion. The transfer of hard radiation formed by lightning is accompanied
by a noticeable change in its shape. The most informative results are obtained with
high-speed X-ray and gamma-ray spectrographs at the flash peak. This means that the
equipment we are developing should operate in the monitoring mode.This means that
the electronic interface should only be triggered when a sufficiently powerful pulse is
received that the signal-to-noise ratio is maximized.The convenience in carrying out
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Fig 9. SiO2 0.1 mm and CsPbBr; 10 mm  Fig 10. SiO2 0.1 mm and Lu(SiO)s 10 mm
target length. Ey =511 KeV target length. Ey =100KeV

mass in-situ measurements of lightning spectra and images from stationary high-
altitude observatories significantly increases the chances of obtaining high-quality re-
sults.

Conclusion. In the present work we obtained original results necessary for diag-
nostics of hard radiations formed at fast thermonuclear processes.The energy resource
of lightning in sounder stomps and volcano causes a whole chain of thermonuclear
processes and their accompanying bursts of hard radiation.Presented in Figure 5. -
Fig.8. predicted the presence of an intense component in the spectrum of scattered X-
rays and the presence of strong self-absorption near the spectral windows of transpar-
ency.Multiple scattering of hard radiation quanta creates specific images of lightning
and requires a separate approach to their visualization.
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J.H. /lotuikos, M./I. /]oiikos
CnexkTpu 0IMCKABOK B JIeSIKMX BiKHAX IIPO30POCTI PEHTIeHIBCHKOI0
Ta Y-BUNIPOMiHIOBAaHHA

AHOTAIA

Ilpoyecu, nos'azani 3 ymeopenHam OIUCKABOK ma iX cnekmpig nio yac ammocgepuux ma
BYIKAHIUHUX AU OVIU PO32NAHYMU K 3ACI0 8UBUEHH amMOCHEPHOI NIa3MU Y peHmeeHig-
cbKOMY ma m’saKomy y-oianasonax. Ompumano, wjo iHmepeanu 4acy, NOMmyH#CHiCmos npoyecis
ma ix eHepeemuxa 0a€ MONCIUBICINb PO3POONAMU 00NAOHAHHS HOB020 NOKONIHHA. Cnekxmpu
OUCKABOK OXONIIOIOMb PEHM2eHIBCLKULL ma camma-oianaszon. /s ix peecmpayii’ po3pobieno
ma 3anponoHO8aAHO OeMeKmMOpPU HCOPCMKO20 BUNPOMIHIO8aHHA. Ompumaro, wo y QizuyHoi
cucmemi Bunpominrwsau (bauckaexa), [loenunau (cepedosuwge mixc OIUCKABKOIO ma Oemex-
mopom) ma cam [lemekmop cmpykmypa cnekmpy Ha /{emekmopi 3anexcums 8i0 8i0cmati 00
Ooicepena i XiMiuHO20 CKIAdy cepedosuya HasKolo 2po3 i gyakanie. Tomy y pobomi nposede-
HO pO3PaxyHKu ma 3HAUOeHO IHmepaanu enepeill Keanmies, y axux ioeyk lloenunaua manuil.
Taxi OinsiHku cnekmpig € GiKHAMU NPO30POCHI [ HEeOOXIOHI 01 NPOEKMYBAHHS 8I0NOBIOHUX
OdemeKkmopis. YV iKHAX Npo30pocmi CnocmepieaomvpCcsi 8UXIOHI CNeKmpu 2po3068Ux po3psois.
s nposedents noavosux pobim ma 3MeHuleHHs nauey ammocgepu 6 npoyeci 2po3u 6yno
3HALIOEHO GIOCOMKOBULL BHECOK eKCMUHKYIL nogimps ma 600u 6 ammocgepHux 2posax. /s
8YIKAHIYHUX po3padie opanucs curikamu ma yacmku Al>O3. Ompumani ma onucaui napame-
Mpu paiuie cnpoeKmoB8aHo20 8UCOKOUBUOKICHO20 eJleKmpUuiHo20 iHmepgeticy, npuoamHo2o
07151 pobomu yM08ax 8UCOKOL Hanpyau, wo nodacmvcs Ha Kpucman-oemexkmop CsPbBrs abo
Lu(SiO)s .Iliokpecneno ocHOBHI eKOHOMIUHI Ma eKCniyamayiini nepesazu 3anponoHO8aAH020
CNEeKMpPOCKONIUHO20 00IAOHAHHA V NOIb08UX ymosax.lIpoeedeno moodentoganus pobomu 6u-
COKOWBUOKICHO20 cnekmpozpagha 6 yMo8ax 8i0KpUmMo20 KOCMOCy 3d 8i0CYMHOCMI He0OXIOHO-
cmi 11020 excniyamayii 6e3 enubokoeo 0xon00dicents. Pospaxosani ma cucmemamuzosani 6i-
KHA NpOo30pocmi ma cmpykmypa paoiayitino2o nojis 8 peHmeeni ma y-0iana3oHi.

Knrouogi cnosea: Oemexmopu HcoOpcmKo20 BUNPOMIHIOBAHHA, ONUCKABKA, paldiayiini
8MpPamu, peHmeeHi8CobKi BIKHA NPO30POCMI, OUpY3itiHe BUNPOMIHIOBAHHSL.
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PI3UKA AEPO30JIIB

VJIK 628.16.081.3
Kipo C. A}, Epimenko O.11.°, Xoma P.E.!

L Disuxo-ximiunuii incmumym s3axucmy 300poé s n0ounu i dosxinns O0ecbko2o HAYIOHANLHO20 YHi-
eéepcumemy imeni I.1. Meunuxosa. E-mail: eksvar@ukr.net
’Hayionanvnuii mexuiunuii ynisepcumem «JHinpoecoka noimexikay

Aocopouiiini xapakmepucmuku aKmMu8OGAHUX Y2/1€UEBUX 60I0KHUCHUX
Mmamepianie w000 yukiozekcawny. Bnaue éionocnoi 6onozocmi
2a30n06iMPAHO20 cepedosuuia.

Y ounamiunux ymoeax odocniosceno enaug 8ionocHoi éonococmi (RH) eazonosimpsanozo
cepedosuwa (I'TIC) na aocopbyito yukiozekcany Komepyiuno 0oCmynHum 6 Ykpaiui Hemxa-
HUM AKMUBOBAHUM 8y2lleyesum 60a0KHucmum mamepianom (ABBM) «Kapbanon Bb-Axmuéy.
Ilokazano, wo 013 KOIHCHO20 3HAUEHHs 8IOHOCHOI 6oNloeocmi 8 dianaszoni 16-84% kpuei npo-
CKOKY Yukio2ekcany yepes nepyxomutl wap ABBM 6 koopounamax (t.p, In(co/cnp—1)) anpok-
CUMYIOMbCSL NPAMUMU JIHIAMU - tp = A — B In(co/cnp—1), i pisuannsa Yinepa-/[iconaca mosicna
BUKOPUCMOBYS8AMU OJis AHANI3Y KPUBUX NPOCKOKY MA GUSHAYEHHS U020 3ANeHCHUX 3MIHHUX:
aocopoyitinoi emnocmi ABBM - qo(RH) ma koncmanmu wieuoxkocmi aocopoyii napu CsH> -
kv(RH). Ilokazano, wo npucymuicms 600anoi napu y I'TIC ne eniusae na adcopoyivny em-
Hicmb ABBM npubnuzno 0o RH =35%, i mineku nomim, qo nocmynogo 3smeHutyemocs i3 30i-
JIbULEHHAM 8I0HOCHOI 8011020CMI; KOHCMAHMA WeUOKOcmi aocopoyii k, cymmeso 3menutyemo-
ca i3 30inbwennam RH. 'V oianazoni RH 30-85% o0epowcarni 0onomidicHi emnipudti pigHsaHHs
0151 3anexcHux 3minHux piensanns Yinepa-/[oconaca qo(RH) i ky(RH). IIpooemoncmposano
aoanmayiio pieuanusa Yinepa-/{oiconaca 015 npocHO3y8aHHs Yacy 3axucHoi 0ii 8 ymoeax pea-
JIbHO20 UKOPUCMAHHS, BAPIIOIOYU 1020 HE3ANEHCHI 3MIHHI: MACy | 2eOMempUyHi po3mipu wa-
py aocopbernma, konyenmpayiio napu CsHi2 ma sionocny eonocicmo I'TIC. Ob2o6opero nep-
CHeKMUBHICMb BUKOpUCMAaHHA HemKano2o «Kapbanonu B-Axmue» Ons 3axucmy opeawnié ou-
XawuH3l, 30Kpema, OJis CHOPAOIHCEHHS PeCnipamopis 3 Qiibmpyodor TUYeor YaCmuHoIw.

Knrowuosi cnoea: akmusosani gyeneyesi 80JOKHUCMI Mamepiaiu, YUKi02eKCan, OUHAMIYHA
copbyisn, modenv adcopoyii Vinepa-/iconaca, kpusi npockoxy, KOHCMAaHMa WeUOKOCMI a0-
copbyii, copbyitina emHicmy, yac 3axucHoi oii.

Beryn. 3a0pynHeHHs HaBKOJUIIHBOTO CEPEOBHUINA aHTPONOTEHHUMH JIETKUMHU
opraniyaumu cronykamu (JIOC) HaOyno BeIMKHMX MaclTabiB MPOTITOM OCTaHHIX
necsatuiiTh [1]. [IpucyTHI B Ta30BUX BUKUIAX MIPOMMCIIOBUX IMIANPUEMCTB Ta TPAHC-
MOPTY, y OYIBHUIITBI 1 MOOYTi, BOHM TOKCUYHI Ta IIKIJIJIMB1 HAaBITh 32 HU3BKUX KOH-
LIEHTpalliii, 0COOJIUBO y BHYTPIIIHbOMY CEpPEIOBUILI NpuUMilieHs [2, 3]. ¥ 3B"3Kky 3
UM aKTyaJbHOIO TOCTae mpobiemMa 3amodiranHs mkigauBoi Aii JIOC Ha 310poB’s
moaunu [1-3].

I'panynboBane akTuBOBaHe BYruwisi (AB) € HalmomupeHimuM aacopOeHTOM,
KU BHKOPHUCTOBYETHCS JUIsl 3aXHCTy OpraHiB IWXaHHS BiJ 3a0pyJHEHb Ta30BO1
¢dasu, Takux sk JIOC, yepes ioro eeKTUBHICTh Ta HU3bKY BapTicTh. OIHAK HEIOMI-
koM AB uepe3 fioro rpanyiaroBany ¢hopMy € HeOOX1IHICTh yTpuMaHHa AB y kopmyci
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MPOTUTA30BOr0 200 CKOMOIHOBAHOTO (DUIBTPA, 10 YCKIIAJHIOE KOHCTPYKIIIO, 301J1b-
IIy€e Bary Ta 00’€MHICTh €aCTOMIPHOIO pecriparopa 3 MOBITPOHEIPOHUKHOIO JIUIE-
BOIO YaCTUHOIO Ta CTBOPIOE NTUCKOMGOPT KopucTyBayam [4]. AbTepHATUBHUM aJICO-
poerTom JIOC 11t criopsiIPKEHHS pecipaTopiB 3 (GUIBTPYIOUOIO JIMIIEBOIO YaCTHHOIO
Ta HE3HAYHUM OIOPOM JIMXAHHIO € aKTUBOBAHHM BYTJICIIEBUN BOJOKHUCTUNA MaTepial
(ABBM). Otpumytots ABBM 1nuisixom BHCOKOTEMIIEpaTypHOI KapOoHi3alli Ta ak-
TUBAIII1 MOJIMEPHUX BOJIOKHUCTUX MAaTeplajiB, sIKi BUTOTOBJIEHI 3 BOJOKOH MOJIIaK-
PUJIOHITPHUITY, MEKY 4M Bicko3u aiametpoM Bix 10 mo 20 mxm [5]. Hetkani ABBM
MalOTh HU3KY I€peBar y MopiBHAHHI 31 rpaHyiboBaHuM AB [5-10]: piBHOgOCTYIIHY
JUIsL aIcCOpPOTUBA BOJIOKHUCTY CTPYKTYPY BHCOKOI TOPUCTOCTI; OUIBIIY MUTOMY MTOBE-
PXHIO; OUIBIIY YaCTKy BHYTPIIIHBOI MOBEPXHI, Ky 3aiMalOTh MIKPOIIOPH (MIKPOIIO-
PHUCTICTh 30CEpeKEHa Ha MOBEPXHI BOJOKOH, MOPH KOPOTKI Ta MpsiMi); 3MaTHICTh
30epiratu gpi3uuHy HopMy BOJOKHHCTOrO MaTepiana-nonepeanuka. L1 mopdonoriuni
xapaktepuctuku ABBM cripusitorh mBHIKIN aacopOIi y QUIBTPYIOYUX CUCTEMaX
JIOC, ne yac nepebyBaHHs aacopOTHUBA B aICOPOCHTI HE3HAYHUH, SIK 1I€ B1IOYBAETh-
Csl TIPU TIPOXOJIKEHH1 3a0pyAHEHOTO TOBITPsI uepe3 GiIbTpyouy JIMIEBY YaCTUHY pe-
criparopa. Jlo Hegomikie ABBM ciig BiTHECTH TOCUTH CKIAAHUN Ta €HEPrOEMHUI
TEXHOJIOTTYHU MPOIIEC 1X OTPUMAHHS Ta, SIK HACIIJIOK, BUCOKY BapTICTh IMOPIBHSHO 3
AB.

binpmricts pocnimkens agcopOmiitnoi 3qatHocti ABBM mono JIOC crocyroThes
PIBHOB2KHUX YMOB. ['OJJOBHOIO METOIO IIMX JOCHIIKEHb OYyJI0 BU3HAYEHHS 130TE€PM
ancopOuii JIOC ta BBy (izuko-ximiyHux BiractuBoctelt ABBM Ha ix agcopOiriii-
HI XapakTepucTuku [6-9]. 3a pesynbraTamu aociimxenb aacop6iii JIOC (Genzou,
OyTaHOH, TOJIYOJI 1 KCHJIEH) KOMEpLIHHO TocTynmHUMU ABBM B nuHaMiuyHUX ymMOBax
[10-14]: orpumano kpuBi npockoky JIOC 3a pi3HuUX poOOUMX YMOB, TAKUX K KOHILIE-
HTpallisl, TeMIIepaTypa 1 MBHUAKICTh MOTOKY ra3zy, Maca (TOBIIMHA 1Iapy) 1 HIUIbHICT
a7IcOpOCHTY; BCTAHOBJICHO 3aJICKHICTh Yacy 3axucHoi aii Big macu ABBM Ta 3xiiic-
HEHO X paH)KyBaHHs 3a JUHAMIYHOIO aJicOpOLiiHO0 3aaTHICTIO. OIHAK TIEBHI YMO-
BHUITUX JIOCTIPKEHB, 30KpeMa MIBUAKICTh (PLIbTpallii Ta BOJOTICTh T'a30MOBITPSIHOTO
cepenoBuia (I'TIC), He BimoOpaxaroTh YMOBH peajbHOTO BUKOPUCTAHHS PECIipaTo-
piB 3 (GUIBTPYIOYOIO JIUIHOBOIO YacTUHOM. [IpucyTHicTh BoasHoil napu y I'TIC - me
e oauH (akTop, AKUH HEOOX1IHO BpaxOBYBaTH MPH BU3HAYEHHI pecypcy Ta Mpu/ia-
tHOCTI ABBM mi1s 3aXucTy opraHiB JMXaHHS.

Hamisemnipuuna moaens Yinepa-/[xonaca [15, 16] mimpoko BUKOPUCTOBYETHCA
JUISl OL[IHIOBAHHS PEeCypCy MPOTUTa30BOro abo CKOMOIHOBAHOTO (PibTpa, CHOPSIKE-
HororpanyyiboBaHuM AB a6o ABBM, onHak /ae TOYHI MPOTHO3M Yacy MPOCKOKY
JIOC 3 remneparypamu kurinHs Ounbiie 65°C tuibku B cyxux I'TIC [17, 18].

Mema pooomu — Bu3HaueHHs BBy BosiorocTi ['TIC Ha amcopOiiiiini xapakrte-
PUCTUKH KOMEpLIHHO JocTynmHOro B Ykpaini ABBM miono nuknorekcany (penpese-
HTatuBHOTO TpeactaBHuka JIOC 3 temneparyporo kuninHag Ouibine 65°C [19]), Ta
aganTarlis piBHsHHA Yinepa-J/>xoHaca nis ypaxyBanHs BiuiuBy Bosorocti ['TIC.

MeToauka eKCIepUMMEHTY Ta ONPALIOBAHHA EKCIHEPUMEHTAJbHUX JAAHMX.
[IpuHIIUTIOBY cXeMy €KCIIEpUMEHTaIbHOI YCTAaHOBKHM HaBeleHO Ha puc.l. B saxocti
ABBM namu Oynio 00paHO HETKaHUM aKTUBOBAHUW BYTJICIIEBUN BOJIOKHUCTHI MaTe-
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pian «Kap6anon B-Axrus» (TY BY 400031289.104-2013) ToBmusoo 2-10°M Ta
TIOBEPXHEBOKO IMUIBHICTIO 170 T/M?, BATOTOBJICHUH HA OCHOBI aKTHBOBAHOTO BiCKO-

3HOro BOJIOKHA. 3 ABBM BUTOTOBJISIM TUCKH 1 BUCYILIYBaJM iX 10 MOCTIMHOI MacH
npu 110 °C. B agantep BUNpoOyBajibHOI KaMEpU F€PMETHYHO BCTAHOBIIIOBAIM TPH
JIMCKH, TIPU I[bOMY TOBIIMHA (ineTpytodoro mapy ABBM cranosuna H =6-10"M |
mwioma ¢ineTpytodoi mosepxHi - S=41.3-10"M", 06'emHa minerHictTs ABBM -
p=8.4-10"r/m’. V mpoueci Bunpobysans mBuakicts ¢insrpanii ['TIC cranosuna U
= 2.4 m/xB (Butpata ['TIC 0 =10-10"m"/xB) i € THIIOBOIO JJIs pECIiPaTOpPiB 3 (iIbT-
PYIOUOIO JIULIEBOIO YACTUHOIO MPU MOMIPHUX (PI3UYHUX HABAaHTAKEHHSAX KOpPHUCTyBaya
(cepenns mroma (ineTpyrodoi TOBepxHi Takux pecmiparopis — 0.028 M, 06'emHa
BUTpATa JUXaHHA — 67 -107° m°/xB).

Temnepartypy Ta BimHocHy Bosioricts ['TIC ( RH) perymtoBalid CIiBBIIHOIICHHSM
CYXOT0 Ta BOJIOTOr0 MOBITPS, 110 HAJXOAWIN Y 3MilIyBay 9, 1 KOHTPOJIIOBAJIU 32 J10-
nomMororo tepmomerpa-rirpomerpa TA218C 3 BUHOCHMMM JaT4yMKaMH. AOCOJIIOTHA
noxuoka BUMIprOBaHb RH He nepeBulyBainat5%. [[ns 3abe3nedyeHHs: BIAMOBIIHOCTI
BoJIoroHacu4eHocTi mapy ABBM yMoBaM excriepuMeHTy (3a TeMIepaTyporo Ta Bij-
HocHoto BoJoricTio I'TIC) mepea KOXHUM BUMIPIOBAHHSIM MPOBOJMIN KOHJIUIIOHY-
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Puc. 1. IIpunnunoBa cxeMa eKcliepuMeHTaNIbHOT yCTaHOBKU: 1, 17 — BoisgHI TepMocTa-
TH; 2 — 3BOJIOXKYBay MOBITPs; 3, 6, 8, 21, 24 - perynoroui BeHTU1; 4 — acmiparop; 5 — poTa-
MeTp; 7 - OCyIIyBau MOBITPs 13 cUITiKareneM; 9 — 3MilryBad Cyxoro Ta BoJororo mositpsi; 10
- IaTYUKU BOJIOTOCTI Ta Temmnepatypu; 11 - repmomerp-rirpomerp TA218C; 12 — BunpoOy-
BaJbHA Kamepa; 13, 15 - mpoOoBiadipHi TpyOku; 14 - amantep mapy ABBM; 16 - tpyOka
nonaui CsHi2 y 3mimyBau; 18 - kpan 3-xonoBuii; 19 — nepemukanbui kpanu; 20 - BUTApHUK
(rycbok) CeHiz; 21 - mpoTtraepo3onbamii GunbTp; 22 - razoanainizarop Komion-1B/CeHiz; 23
-MiHI-KOMIIpecop; 25 — peoMeTp.
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BaHHS (BinbTpyrouoro mapynpotsarom | roaunu npu Butpari ITIC 10-107° M /xB (Te-
Mmreparypa23+1°C 1 RH y niama3oH1 16 —84 % ).

BusHnaueHHsT KpUBHX MPOCKOKY TapH IMKIOTEKCaHy Yepe3 HEepPyXOMHUM Iiap
ABBM npoBoaunu npu BxigHid koHmeHTparii mapu CeHp, y I'TIC ¢ = 2250 +
200 mr/m® (mpubamsno 28 T'JIK y mositpi po6ouoi 3oum i 1610 TIK y armMocdepuo-
My MOBITpPl HAcEJEHHX MiClb). BXiIHy KOHIIEHTpALIO ¢ BU3HAYaJIMd T'PaBIMETpUY-
HAM METOJOM, a 1ii CTaJiCTh KOHTPOJIIOBAJM BHUTPATOI  MOBITPS-HOCIS
0.12-10°m*/xB (peometp 25) i Temmeparyporo (23°C) Bunapuuka 20. /s Bumipro-
BaHHs BUXiqHOI KoHueHTpauii napu C¢Hix y I'TIC ¢, BUKOpPUCTOBYBaH Kanidposa-
HUM 1O LUKJIOTeKCaHy razoananizarop 6esnepepsHoi aii "Komion-1B/C¢Hix" 3 poto-
1oH13aIiHuM AetektopoM [20]. BigHocHa moxuOKka BUMIPIOBAHHS y Jliala30Hi KOH-
nentpamiii 0—2000Mr/M° He nepesumtyBana+15%. Jlns nomadi CsHj Ta BinGopy
po6 I'TIC 3 06'emHoO0 WBUAKICTIO 0.36-107M°/XxB BHKOPHCTOBYBaIM Te(IOHOBI
crionyuHi TpyOku (PTFE 4/2) Ta cknsini mpoOoBinOipHuky. Yac BCTAaHOBJICHHS MOKa-
3aHb Ta3oaHam3aTopa Ha piBHI 90% BiJ 3HaAUEHHA BUMIPIOBAHOI KOHIIEHTPALIll HE Te-
peBuIyBaB | XB, TOMy BUMIPIOBAHHS 3aJICKHOCTI KOHIEHTPAIIli TPOCKOKY Cy;, BijL

yacy f,, (OPOMIKOK 4Yacy TMPOTATOM sIKOrO KOHIEHTpallis rukiorekcanyy I'TIC Ha
BHXOJIl 3 1Py CTaHE PIBHOKO Cyy, TIPH ii KOHIEHTPALIIi TIEPET apoM () MPOBOIMIH

3 4acToToI0 1XB ™.

Tumosi KpuB1 MPOCKOKY Mapu MUKIOTeKcaHy uyepe3 map ABBM npu pi3HuX 3Ha-
yeHHsX BigHOCHOI BosiorocTi I'TIC npeacraBieni Ha puc. 2A.

Jlns ompartftoBaHHs €KCIIEPUMEHTAIBHUX JaHUX OyJI0 3aCTOCOBAHO PiBHSHHA Yi-

nepa-JIxoHaca 1yist 4acy npockoky f,, [16, 21, 22]:
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Puc. 2. Kpusi npockoxy C¢H12 uepes map ABBM s pizHUX 3HaYeHb BITHOCHOI BOJIO-
rocti ['TIC B koopauHaTax: A- (Cnp/Co s bnp); B -(Inp s 1Il(Co/Cnp—1)) .1- RH=84%;2 -
RH=41%;3- RH=16%.
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/ :M'qO_p'qOh,l 0] —1
n
v Q'CO kv'CO Cnp

ne f,, — 4ac npockoky (xB); M =p-S-H —wmaca mapy ABBM (2), 0 = U-S — 00'e-

) (1)

MHa MmBHAKICTh (inpTparii I'TIC (M3 /xB); ¢y — BXimHa koHmeHtpamis Ce¢Hix y
[TTIC(me/m?); gy — copOuiiiHa eMHICTh OJMHHMIII MAacy IIapy, PIBHOBAaYKHA KOHIEHTpA-
i ¢y(me/e2); p — ob'eMHa uibHICTH mapy ABBM (T/M); k, — KOHCTaHTa MIBUIKOC-
Ti agcopbuii (xB™); Cpp — KonuenTpauis CeHip y I'TIC Ha BUXOZi 3 mapy 1pu mpo-

ckoky (Mr/M’); H — toBumna mapy ABBM (M); S — mioma ¢GiasTpyiouoi moBepxHi
(M?); U — mBugxicts ¢insrpanii [TIC (M/xB).

BignosigHno no piBHsHHSA (1), 3ajIe)KHUMH 3MIHHUMH, Ha SIKI MOXE BILTMBATH BO-
noricth I'TIC, € ancopOiiiiHa €MHICTh - ¢ Ta KOHCTaHTa MIBUAKOCTI aacopOiii - &, .

He3asiexxHi 3MiHHI PIBHAHHS: Maca 1 reoMeTpuyHi po3Mipu mapy ABBM, mBuakicTs
¢unpTpanii, konuentpauia napu CsHiota BimHocHa Bosoricte I'TIC € BXinHumu na-
HUMH, 110 XapaKTEPU3YIOTh YMOBH €KCIIEPUMEHTY.

[IpaBoMipHICTB 3aCTOCYBaHHS Mojieli Yinepa-J>koHaca JJ1sl OI[iHIOBaHHS BIUIUBY
BOJIOTOCTI Ha ajcopOuiitHi xapakrepuctuku ABBM mono JIOC 3 temmneparypamu
KUMiHHA Olnbiie 65°C BUIUIMBAE 13 JaHUX, MpeacTaBieHUX Ha puc. 2b. Sk BumHO,
kpuBi mnpockoky Ce¢Hj» uepes Hepyxomuit map ABBM B koopaunaTax

(t,p» In(cg / Cyp—D)) mpu BCiX 3HAYEHHSX BiTHOCHOI BOJOTOCTi ANPOKCHMYIOThCH
MPSIMUMU JITHISIMU - tnp:A—B 'ln(Co/ Cnp—l) 1, oTxe, piBHsHHS (1) MOXke OyTH BUKO-
pHCTaHO IS BU3HAUCHHSA ¢ 1 k,, Ta Tx 3anexxHocTi Bix BimHOCHOI BonorocTi ['TIC:

qO:A.COOQ, kvzép_Q (2)

M B M~
3a3HaYMMO TaKOX, 110 IOCTOBIPHICTh JIHIHHUX allpOKCUMAIld KPUBUX IPOCKOKY
MIOCTYIIOBO 3MEHIIYEThCA ((popMa KpUBUX NPOPUBY ACUMETPUYHO CIIOTBOPIOETHCS) 31

30utbmeHHsM RH (puc. 2B).

Pe3yabTaT eKClepMMEHTY Ta IX 00roBopeHHsi. /[Ji1 yMOB €KCIIEPUMEHTY pe-
3yJBTaTH PO3PAXYHKY mapameTpiB 4 ta B niHIHHUX anpoKCUMAIlii KPUBUX MPOCKO-
Ky B KoopmuHarax (1,,, In(c, /cnp—l) ) METOAOM HalMEHUIMX KBaJpaTiB, a TaKOXK

po3paxoBaHi 3a piBHAHHAMU (2) 3HAYCHHA ¢ 1 k,, HaBemeHo y TaOu. 1. SIk BUAHO,

npucyTHicTh BoasiHOi mapu y ['TIC He BrumBae Ha ancopOuiiiHy emHicTh ABBM
puOJIM3HO 10 RH~35%, 1 TUIBKU TOTIM, ¢y MOCTYIOBO 3MEHIIYETHCS 13 30UIbIIEH-
HSIM BIJIHOCHOI BOJIOTOCTI (afcopOoBaHa BOJsiHA mapa 3MeHInye noctynHui ais JIOC
aacopOiitHui 00’em). Ciig TakoXX BpaxOBYBaTH KOHKYPEHIIIO MK OPIaHIYHOIO Ta
BOJSTHOIO NIApOI0, TOOTO 3/1aTHICTh OPraHIvyHOI Mapy BiIHOBIIOBATH CBIM afcopOIiii-
Hui npocrip [7, 17, 23].
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Tabmuug 1. Bennunau napaMeTpiB apOKCUMYIOUHX MPSIMUX Ta pO3paxoBaHi 3Ha-
YeHHs apaMeTpiB ¢ ik, aacopOuiiiHOro mporecy.

RH, % A, XB. R? B, xB qo, MI/T ky, xB7!
16 20.72 0.98 1.52 225 5500
30 20.81 0.96 1.59 225 5300
35 20.42 0.96 1.83 220 4500
41 18.57 0.95 2.04 200 3700
55 15.41 0.94 2.51 170 2500
64 14.73 0.93 2.73 160 2200
84 11.64 0.91 2.84 125 1600
250 7000

| e I
I - e
o 200 \\ _ 5000 1
N \\ "
S pso | 3000 |
R \’ - \o\

m ———— 1000 L

0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9
RH/100% RH/100%

Puc. 3. 3anexnicte ancopbuiiHux xapakrepuctuk ABBM ¢ 1 k,, BiJl BIJTHOCHOI

Xe

Bosiorocti ['TIC: Touku - 00poOka pe3ynbTaTiB €KCIEPUMEHTY 3a PIBHSHHSAMU (2); Cy-
niIbHa JiHiA (A)- miHidHA anpokcumaris y gianazoni RH 30 — 84% (piBusuus (3));
kpuBa JiHis (b) - anpokcumariis cteneHeBo QPYyHKITIE (pIBHIHHA (4)).

[Ilo crocyerbcs kKoHCTaHTH MBUAKOCTI ancopOuii mapu Ce¢Hia, To k, cyTTeBO
3MEHIIYEThCS 13 301IbIIeHHSIM BiAHOCHOI BoJiorocti I'TIC - amcopOoBaHa y Mikpo-i
Mezonopax ABBM BoasiHa mapa nepemnikokae aacopOilii Ta COBIIbHSE IBUIKICT
MacorepeHocy. Y miana3oHi BigHocHOi Bojiorocti I'TIC 30-85% 3anexHicts go(RH)
3 xoedirientom nerepminanii R* >0.98 anpokcuMyeThes IPSAMOIO JiHiero (puc.3A),

2 . .
a k,(RH) 3 R" 20.99 anmpoxcumyeThbcs creneneBoro ¢yHkuieto (puc.3b):

q,(RH )=280—190-( RH/100%) ,Mr/r, (RH BHpa)eHO y %). (3)

k,(RH)=1290-(RH/100 %) ,x8", (RH Bupaxeno y %). (4)
[IpuBuszHauenni pecypcy ta mnpugatHocti ABBM «Kap6anon B-AxtuB» s
CHOPSIKEHHS MMPOTUTa30BUX (PUIBTPIB pecIipaTopiB 3 (PUIBTPYIOYOIO JIMIIEBOIO Yac-
THHOIO CKOPUCTAEMOCH PIBHSHHSAM Yinepa-J[>konaca (1) Ta eMIipuyHUMU 3aJI€KHOC-
TAMH qO(RH) (3) i k,(RH) (4). Pecypc mpoturazoBux abo ckoMOIiHOBaHUX (DiIbTPIB
€JIACTOMIPHUX PECHIpaTOpiB 3 MOBITPOHEHNPOHUKHOIO JHMIIEBOIO YaCTUHOK a00 Mmpo-
TurasiB | kjacy 3axucTy Bij HUKJIorekcany (Al) 3a3Buyail BU3HA4YaOTh 32 MiHIMaJIb-
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Puc. 4. 3anexHicts yacy 3axucHoi aii BiJ BigHocHO1 BostorocTi ['TIC 7, (RH )

Excrepument: H =6 MM, ¢, =2250Mr/M . Pospaxymok(A) ¢, =2250Mr /M':
1-H =6 mm, 2-H =10mm, 3- H =14 mMm. Pospaxysok (B) H =6 MM :
1-¢,=3500Mr /M, 2-¢, =250Mr /M, 3- ¢, =800Mr /v,

HUM 4YacoOM 3aXMCHOI i #, (MpOMIXKOK Yacy, MPOTSATOM SIKOTO KOHIIEHTpallls Mapu
CsHipy TTIC na Buxozi 3 GinbTpa cTane piBHOIO C,, =35 Mr/M3). 3rigHo [16], £, HO-
PMy€eTbCsS NPY BXIiJHIM KOHLEHTpaLii LUKIOreKcaHy c,=3500wmr /M’ 1 CKIagae
t,=70 x. P0o3paxyHKOBI Ta €KCIIEPUMEHTAJIbHI 3aJI€KHOCTI ts,(RH) Ipu Pi3HUX
3HaueHHsX /1 ¢, moka3aHi Ha puc.4.

PesynbraTi BUMIpIOBaHb ITOKa3yIOTh, IO ¢, CYTTEBO 3MEHILIYETHCS 31 3DOCTAHHAM

BiHOCHOT BoJiorocti I'TIC. JIoOpe y3romkeHHs, po3paxoOBaHUX Ta BUMIPSHUX 3Ha-
4yeHb vacy 3axucHoi aii ABBM «Kapb6anon B-Axtu» qns RH y nianasoni 30—85%,
BKa3ye Ha aJICKBAaTHICTh 3aCTOCYBaHHs piBHAHHS Yinepa-/[xonaca (1) Ta emmipuy-
HUX 3aJI€KHOCTEN qO(RH) (3) i k,(RH) (4) myis nporHo3yBaHHs pecypcy Ta IpuaaT-
Hocti ABBM mi1st 3axucty opraHiB AUXaHHS.

[I{o cTrocyeThCs MPAKTUYHOTO 3acTOCYBaHHA JaHoro tuny ABBM, To manoiimo-
BIPHO, 110 BUKOpPUCTaHHS HeTkaHoro ABBM 3 00'eMHOIO IIUIBHICTIO p =8.4-10°r/m’
y pecmipatopi 3 (GUIBTPYIOUOIO JUIIEBOK YaCTUHOK MOXKE 3a0€3MEUUTH Macy ajcop-
OCHTY, TOCTaTHIO JIs 3axucTy opraHiB nuxanHs Big JIOC Ha HopmoBanomy y JICTY
EN 14387 piBHi [16]. CrpaBai, s cepeHboi Mol GuIbTPyroYoi MOBEPXHI TaKUX
pecmiparopis - 0.028 M” i ToBumHi mapy ABBM - H =0.01 M BoHa cKJIajae IpH6-
mu3Ho 23 r. Jlns nopiBHsSHHS, Maca AB y npoTtura3zoBux a0o ckoMOiHOBaHHUX (IBT-
pIB €JIaCTOMIPHUX PECHIPATOPIB 3 MOBITPOHENPOHUKHOK JIMIIEBOK YAaCTUHOIO a0o0
npoturasziB nepesuinye 100 r. Tum He MeHI (IUB. puc. 4), BAKOPUCTAHHS JIETKOTO
ancopOenra «Kapbanon B-AKTuBy, K 10JaTKOBOTO MOTIMHAIBHOTO IIApyy MPOTHA-
€pO30JIbHUX pecmipaTopax, 3a0e3neunTh 3axucT Bija BIHBY JIOC 3 HU3BKOIO KOHIIE-
HTpali€ («HEMPUEMHOTO 3amaxy») y TPOMaJChKUX MICISIX, TPAHCIOPTi, poOOYOMY
MICII1 YM BJIOMA, a TAKOK KOPOTKOYACHUN 3aXUCT MPHU OUTbII BUCOKUX KOHLEHTpPAIISAX
y HaI3BUYAHHUX CUTYAIlisIX.
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BucHoBKH. AHaii3 KpUBHX MPOCKOKY BIAMNOBIAHO A0 Moxem Yinepa-/[xonaca
MoKa3aB, 110 ajcopoOIiina emHicTh ABBM 1 KoHCTaHTa MIBUJIKOCTI aacopOrii mapu
CesHi2 3MenmyroThes uepe3 mpucytHicTh BojsHoi mapu y ['TIC. V pianazoni RH
30-85% opmepxkaHi JOMOMIKHI €MITIpUYHI PIBHSHHS IS 3aJI€KHUX 3MIHHUX PiB-
HsHHS Yinepa-/[xoHaca qO(RH) i k,(RH). [TpogeMOHCTPOBAHO aIaNTAIlIF0 PIBHSIHHS
VYinepa-/[>xonaca 1j1si MPOTHO3YBAaHHS Yacy 3aXHCHOI Jii B yMOBaX peajibHOTO BUKO-
pUCTaHHS, 3MIHIOIOYM MOT0 HE3alie’KHI 3MIHHI: Macy 1 T€OMETPUYHI PO3MIpU IIapy
afcopOenTa, koHnenTpaiito napu CsH,, Ta Bimnocny Bosoricts I'TIC.
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Kiro S.A., Yefimenko O.P., Khoma R.E.

Adsorption characteristics of cyclohexaneon activated carbon fiber material.
Influence of the gas-air environment relative humidity

SUMMARY

The influence of the gas-air environment (GAE) relative humidity (RH) on adsorption of
cyclohexane by commercially available in Ukraine non-woven activated carbon fiber material
(ACFM) “Carbapon B-Active” was investigated under dynamic conditions. It is shown that
for each relative humidity value in the range of 16-84% the curves of cyclohexane break
throught hrougha fixed layer of ACFMin the coordinates ( typ, In(co/cnp—1)) are approximated
by straight lines - typ = A — B-In(co/cnp—1), and the Wheeler-Jonas equation can be used to an-
alyze the breakthroughcurves and determine its dependent variables: ACFM adsorption ca-
pacity — qo(RH) and the CsH > vapor adsorption rate constant — k,(RH). It is shown that the
presence of water vapor in the GAE does not affect ACFM adsorption capacity up to approx-

imately RH = 35%, and only then qogradually decreases with increasing relative humidity;

adsorption rate constant k, significantly decreases with increasing RH. In the range of RH 30
— 85% auxiliary empirical equations for the dependent variables of the Wheeler-Jonas equa-
tion qo(RH) and ky(RH) are obtained. The adaptation of the Wheeler-Jonas equation for pre-
dicting the breakthrough times under real-life conditions is demonstrated by varying its inde-
pendent variables: mass and adsorbent layer geometric dimensions, CsH |2 vapor concentra-
tion and GAE relative humidity. The prospects of using a layer of non-woven "Carbapon B-
Active" for respiratory protection, in particular, for filtering facepiece respirators, are dis-
cussed.

Key words: activated carbon fiber materials, volatile organic compounds, cyclohexane,
gas filters and combined filters, dynamic sorption, Wheeler-Jonas adsorption model, break-
through curves, adsorption rate constant, sorption capacity, breakthrough time.
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MoaenroBaHHS TNHAMIKH PAli0AKTUBHHUX JOMIIIOK B YMOBaX PiYKOBHUX CTOKIB
B PAHOHH MOPCHKOI0 y30epexksi

B pesynomami 36invuenns cghepu suxopucmanus paodioakmusHux peyoguH y aHmpono2eH-
Hill OIAIbHOCMI — AMOMHOI eHepeemUYHOI NPOMUCIO80CII MA iH. 3pOCMAE 3a0PYOHEHHS HUMU
HABKONUWHBO20 cepedosuya i sIK HACAi00K, 8i00ysacmbcs 3a0pyouents 6oou. Ilepenoc pa-
OIOHYKIOI8 OOHUMU NOMOKAMU € OOHUM 3 OCHOBHUX (hAKMOPI8 NOuUperHs padioaKkmueHo20
3a0pYOHEeHHS Y HABKOTUUWHbOMY cepedosuuii. Busuenns miepayii padionykiionux 3a0pyoHeHs
8 MOPCOLKUX PAUOHAX YCKAAOHIOIOMb MOPCHKI medii, o Marome 2pasimayiiie noxXo00NCeHHs |
no8 A3aHi I3 KIIMAMUYHUMU MA Ce30HHUMU 3Minamu Tomy numaHus, wo po3ensaoaromscs y
cmammi, € aKmyanibHUMU.

Mema pobomu eudinumu mexaunizmu QizutHuUx npoyecis, wo 0OyMo8I0Ims miepayilo pa-
OIOHYKNIOHUX 3a0pYOHEeHb 6HACIIOOK PIUKOBUX CMOKI8 8 PAUOHU MOPCLKO20 V30epedicics nig-
HIYHO-3axIOHO0I yacmunu YopHo2o mops.

Paoiayiiini 3a6pyonenns moscyms 6ymu po3uuHeHUMU y 8001, a MONCYMb OYmMu nos sa3ami
3 HAsAGHICMIO 6 Hill OUCnepcHOl hazu peuosun, y momy uucii i padioakmusHux.Mexarnizmu
PO3N0BCIO0NCEHHSL PAdIAYIUHUX 3AOPYOHEHb MOICYMb BIOPIHAMUC 8 3ANeHCHOCMI 810 azpe-
2amno2o cmauy 3aopyonenns. Pozenanymi mexanizmu ¢hizuunux npoyecis, wo cynpogooicy-
oMb Mmiepayiio padioHykniois y 800HoMYy cepedosuwii. Lle npoyecu epasimayitino2o oca-
00ICeHH sl OUCNEPCHUX YACMUHOK aO0 ChAU8anHs ix 6 pe3yrbmami 0ii cunu Apximeoa, énius Oii
cunu Kopionica, a makooc npoyecu 6poyHigcvkoi ougysii oucnepcHux YyacmuHox, aKi 30ammi
BUKIUKAMU X Koazynayito. 3anponoHosana ad8eKmusHa Mooelb NepeHeceH s padioHyK1ioie
V 800HOMY cepedosui. Anpodayis mooeni npu 06podbyi OaHux SUMIpié padioaKmueHOCMmI
800U OHINPOBCbKO20 bacetina i Yoprnoeo mops nokasye, wo ys Mooeib 000pe ONUCye 3MeH-
UleHHsl KOHYeHmMpayil  padioHyKiois, wo HAOX00SAMb i3 3A0pyOHeHUx mepumopiil i, nouiu-
protouucs y [ninposcokomy dacetini pitok ma 6000CxX08uly, NOMPANIAIOMs y RIBHIYHO 3aXi0-
Hy yacmuny Yoproeo mops. llpu yvomy 3nauenns xoeghiyicnma oughy3sii 011 600HUX PO3UUHIE
y 600i cmanoename 10° m’/c, a ons bpoyHiecbkoi oughysii - 1 010" 2/c i menwe. Le cei-
0uums npo Cymmesy poiv Ou@y3itiHo2o po3dasieHHs 6 npoyeci 600HOI miepayii i nompeodye
8PAX)BAHHS 11020 NPU MOOEN8AHHI 800HOI Miepayii padioHyK1idie, a Maxkoxic nNiOmeepoA’Cye,
Wo WeUOKicmyb Ou@y3ii OUCNepCHUX YacmMuHoK y 800i Ha 1-2 nopsaoKu meHwe, HixC y po3uu-
Hig.

Poszenanyma xkonsexmugno-oughyzivna modenv micpayii padionykniois y 600i. Yci ompu-
MaHi pe3y1bmamu po3paxyHKie 3a yicro MoOeLlo 8KA3yioms Ha me, Wo HAABHICIb KOHBEKYIT
cnpusie 30LbUeHHI0 MACmanie po3nooiny OOMIOK (IHWMUMU CLOBAMU, CNPUSE DIbUL WUUPO-
KOMACWMAaOHOMY NOWUPEHHIO OOMIUOK). 3a 00NOMO2010 OMPUMAHUX MOYHUX PO38 A3Ki6 NO-
Kazama egontoyis po3nooily KoHyeHmpayii padioHyKioie 3a HAA6HOCMI KOHEEKMUBHO20 NO-
moky. Buono, wo na 8iominy 6i0 unaoky oughysii maxcumym po3nooiny 3miujyemuscsa y Ha-
NPAMK)Y KOH8EKMUBHO20 NOMOKY. Dakxmop asmomooenbHoCmi 6KA3YE HA 3ANeHCHICMb KOHYe-
Hmpayii (abo inwoi eeauuurL) 8i0 NPOCMOPOBO2O MA YACOBO20 PO3NOOLNLY WUBUOKOCTI KOHBEe-
Kyii, npocmoposoi koopournamu i uacy. Pozensnymuti nioxio moosice 6ymu uKOpucmanuii 0
aHanizy i Mooeno8aHus npoyecie nepenocy ma ougys3ii' y izuunux cucmemax 3 pyxomum ce-
pedosuwem. 3acmocosyouu akmop agmomooesibHOCmi 00 IONOBIOHO20 DIGHAHHSI, MOICHA
ompumamu aHalimuyHi po3e'sa3Ku, sKi 6i000pajicamumyms nepeHoc i po3nooil OOMiulox abo
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[HWUX (I3UYHUX GeIUYUH 8 CUCMEMI 3d YMOBU BEIUKUX KOHBEKYIUHUX PYXi8 I OU@Y3itiHUX npo-
yecis.

Bucnoexu pobomu ma npakmuune 3Hauenns pobomu nousgeaoms 6 pospooyi aneopummie
Mmooeni 600HOI miepayii padioHyKioie, npudamHoi OJisi NPOSHO3YBAHHA KPUMUUHUX DEeNCUMIB
Gizuunux npoyecis, AKa Moduce CAYACUMU IHCMPYMEHMOM OJisl NIO20MOBKU 8ION0BIOI HA eKO-
JI02IYHI asapii, nog'a3ami 3 padioakmusHuUMU 3a0pYOHEeHHAMU.

Knrouoei cnosa: micpayis padionyxniois, oucnepcha ¢aza, KongekmusHa oughy3is.

Beryn. MojnentoBaHHsl TMHAMIKK palOaKTUBHUX JOMIIIOK B YMOBaX PIYKOBHUX
CTOKIB Y MOPCBHKIil akBaTOpii € HaJ3BUYANHO aKTYaJIbHOIO Ta BAKIMBOIO 3a/1a4€H0.

AKTyanpHICTh MPOOJEMHU NOJIATAE B 11 rI00aJbHUX HACIHIIKAaX BILUIMBY Ha €KOJIO-
riu"y Oe3neky. PajmioakTuBH1 3a0pyJHEHHS NEPEHOCATHCA HA BEJIMKI BIJCTaH1 3aBJs-
KM BOJHHUM TEUISIM Ta aTMOC(EPHHUM MpolecaM, U0 CTBOPIOE 3arpo3y AJid BCI€l Ha-
1101 KpaiHu 1 CYCIJIHIX KpaiH. Pagianis 34aTHa IpU3BECTH JI0 3pYLIEHb y 010J0TTYHUX
JIAHIIOTaX, BIUIMHYTH Ha €KOJIOT1YHY piBHOBary. PajioakTuBHI 3a0py/IHEHHS BILIU-
BalOTh Ha 3/10pPOB'Sl JIOAMHHU Yepe3 KOHTAKT 3 PaJlOaKTUBHUMH BOJAMH Ta CIIOXKH-
BaHHs 3a0pyAHEHUX MOPCBHKUX MPOAYKTIB. Llel BIIMB Ma€e JOBrOCTPOKOBI HACIIIKU
Ta MOKE€ CIPUYUHSITH €KOJIOTTYHY IIKOJY.

BpaxoByroun 11 00CTaBUHHU, CTa€ 3pO3yMUIMM, LIO0 MOJEIIOBAHHS MOILIMPEHHS
panioaKTUBHUX 3a0pyJHEHb Y MOPCHKHUX BOJAX, PO3PaxXyHKH 1 MPOTHO3YBaHHS PU3U-
KIB Ha OCHOBI MOJICJIIOBaHHS € HEOOX1IHUM 3aBJaHHSIM HayKOBOI CHIJIBHOTH Ta Opra-
HI3allli, K1 3aliMarOThCS pajialiitHOI0 OE3MEKOI0 Ta €KOJIOTIEL0.

Merta poOOTH noJIArae y BOPOBA/KEHHI B TPAKTUKY OLIHKHM pallalliiHUX PU3HKIB
MUTaHb MOJEJIOBAHHS MOLIMPEHHS PaJlOHYKIIJHUX 3a0pyJHEHb Yy MPUOEPEKHUX
MOPCBHKHX BOJAaX, pO3paxyHKIB Mirpauli paaloHyKIi1iB BOJHUMHU MOTOKaMHU, 30KpemMa
y piuKax, MOPCBKHX TE€YiSiX 3 BpaxyBaHHSIM IPOLIECIiB KOHBEKTUBHOI AUQYy3li, rpasi-
TaIIfHOTO OCAJPKEHHSI PaJl0aKTUBHUX JUCIIEPCHUX YACTHMHOK Ta MPOLECIB pajloak-
TUBHOTO po3nanay. Lle Mae nmokpamury Haile po3yMiHHS MEXaHi13MiB MOLIMPEHHS pa-
JT10aKTUBHUX PEUOBUH Y MOPCHKHX BOJAAX Ta HAJIATH IHCTPYMEHT JUIsl YIPABIIIHHS PH-
3UKaMH, MOB'I3aHUMH 3 Pa/ll0aKTUBHUM 3a0pYIHEHHSIM.

Pe3ynbratu qOCHAKEHHST MalOTh TEOPETHUUHE 3HAYEHHsI, OCKIJIbKUA pO3poOKa aj-
TOPUTMY AJI1 MOJIETIIOBAHHS MOIIMPEHHS PaAlOHYKIIIHUX 3a0py/AHEHb y MpUOepex-
HUX MOPCBHKHX BOJIaX JIONIOMAara€e po3LUIMPUTH 3HAHHS PO MEXaHI3MH Mirparii paiio-
aKTUBHUX PEYOBHUH Yy MOPCBKHMX BOJaxX, PO3IIUPUTH c(hepy BUKOPHCTAHHS METOJIIB
(13UYHOrO0 MOJIENIOBAHHS JIUCIIEPCHUX CHUCTEM, CIIPUSE MOKPALIEHHIO HAYKOBOTO PO-
3yMIHHS BIUIMBY paJlOaKTUBHUX 3a0pyJIHEHb HAa MOPCHKI €KOCHUCTEMHU Ta 3JI0POB'S
JIIOJICH.

[IpakTyHEe 3HAYEHHS MOCIIIKEHb IMOJSTaE B pO3pOOIl MOJEIEH KOHBEKTHBHOI
nugy3ii Ta B IPOTHO3yBaHHI HA OCHOBI iX KPUTUYHUX PEXHUMIB (PI3UYHUX MPOLIECIB,
10 MOKE€ OyTH 1HCTPYMEHTOM JIJisl MiATOTOBKHU BIAMOBIJI HAa €KOJOTIYHI aBapii, Mo-
B'sI3aH1 3 PaJ10aKTUBHUMHU 3a0pyTHECHHSIMHU.

1. Orasa peajJbHHMX CHOCTEpPe:KeHb KOHBEKTHBHO-TU(Y3iHHMX mHpoueciB 3a
TEMOI A0CHiIKeHb. Panianiiine 3a0pyaHeHHs1 Boau. 3a0pyAHIOOYi JTOMIIIKH.
ITepeHoc pamioHYKIIIIIB BOJHUMH MOTOKAMH € OJIHMM 3 OCHOBHHUX (DAKTOPIB ITOIIH-
PEHHS Pa/llOaKTUBHOTO 3a0pYy/IHEHHS Y HaBKOJUIIHHOMY cepenoBuilll. PanioakTuBHI
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PEYOBHHU, OCIJal0YM 3 aTMOC(Eepr Ha MOBEPXHIO 3€MIli, MOIIMPIOIOTHCS BOIHUMH
MOTOKaMU Ta 3a0pyIHIOIOTH MICIEBICTh 1 BCE, IO 3HAXOASThCs Ha Hil. [lo aTMocde-
pU Ha TepUTOpPii YKpaiHu TEXHOTECHHI PaJl0aKTUBHI €JIEMEHTH (HacamImepen, 1ie pea-
KTOpHI Ta BUOYXOBI 11e31ii-137 1 cTpoHIii-90) HaAXOAATh 3aBISKH BTOPUHHOMY BIT-
POBOMY TIIHOMY PaJi0OaKTUBHUX 130TOIIIB 3 MOBEPXHI IPYHTY (JTICHI MOXKEX1 Ta 1H.),
3a0pyIHEHOTO TepI 3a Bce BHACA0K aBapii Ha YopHoOwmibebkiih AEC y 1986 p..

@di3uyHI MPOIIECH MONIUPEHHS pajiallii y BOJHOMY CEPEIOBHUII BiJIPI3HIIOTHCS
BEJIMKOIO PI3HOMAHITHICTIO MITPYIOUUX PaAlOaKTUBHUX eneMeHTiB [1,2,3]. KoxeH 3
[UX €JIEMEHTIB XapaKTEPU3YEThCS €HEPTIE€I0 10HI3YI0OUOTr0 BUIPOMIHIOBAHHS 1 MMHUTO-
MOIO PaJIIOaKTUBHICTIO AV, BiJl SIKUX 3QJICKUTh BIUIUB Ha NOBKULIA. LI1 XiMiuHi erne-
MEHTH MOXYThb OyTH PO3UMHEHHMH y BOJI, K Hampukiaz, nesiit (°'Cs), aGo yTBo-
PIOBATH reTeporeHHi qBodasHi CHCTEMH, SIK HAMpUKIan, crpomii (' Sr). Bracminok
PI3HOMAaHITHOCTI MITPYIOYUX PAJIOAKTUBHUX E€JIEMEHTIB MEXaHI3MH iX MEPEHOCY MO-
KYTb BIIPI3HATUCA MK COOOIO0 Ta MaT OCOOJIMBI BIIACTUBOCTI.

B VkpaiHi gxicTh BOJU Ma€ BiJIMOBIJIATH BUMOTaM JIep>KaBHUX CTaHAApTIB sIKOC-
Ti Ta 0€3MEYHOCTI, a TAKOK BUMOTaM CaHITAPHOTO 3aKOHOJaBCTBa. Tak, 30Kkpema, y
2017p. 3rigHo 3akoHiB "[Ipo 3abe3neyueHHs] CaHITAPHOTO Ta €MiJeMIYHOTO OJarormno-
ayqust HaceneHHs"[4] Ta "TIpo nuTHY BOXy Ta MUTHE BojomocTadaHHs" [5] BBemeHi
Jlep>xaBHi caHiTapHi HOpMU Ta mpaBuia "['irieHiYHI BUMOTH 0 BOJU MUTHOI, IPU3-
HA4Y€HOI JIUIS CITOKMBaHHS JTIOAUHOK0''[6].

Panianiiine 3a0pyTHeHHST BOAU MOXKE 3IIMCHIOBATUCS PO3YMHEHUMH B HiMl JOMi-
IIKaMH paJlOHYKIi/1iB, a00 HEPO3UMHEHOKO Y BOJII JUCIEPCHOIO (ha3010 PI3HOMAHIT-
HUX PaJI0aKTUBHUX PEYOBHH.

VY Bojl B 3anekHOCTI BiJ (DI3UYHOTO CTaHy MPUCYTHHOI B HiM qucrepcHoi dasu
YTBOPIOIOTHCS Pi3HI JUCIIEPCHI CHUCTEMH. 3T1HO 1CHYI0YOi Kiacu@ikallli JTOMIIIOK
[3,7] 3aix (a3zoBo-aUCIIEPCHUM CTAHOM T'€TEPOTEHHI CUCTEMH BKJIIOUAIOTh YACTUHKHU
po3mipom 0,IMkM - 1MKM (cycrneH3ii, eMylbcii, MIKpOOpraHi3MH, TJIAaHKTOH) Ta Oi-
apiie. JIjisi 9acTUHOK OUIBIIMX PO3MIPIB MPEBAIIOIOTh MEXAaHI3MU TPaBITAIIITHOTO
OCAJPKEHHS, a JJI JAPIOHUX YACTUHOK OLIBIN CYTTEBHM MeXaHi3M OpOYHIBCHKOi JH-
dysii [7,8].

[ToBepxHeB1 Boau B cuctemi pidok JlyHato ta /[Hinpa pa3zom 3 Bomamu JlHimpo-
By3pKkoro mmMMaHy MOTPAIUIAIOTH B MIBHIYHO-3aXiIHY YacTHHY YOpPHOTO MOPS, YUM
00yMOBIIIOIOTh MO0 PaJll0aKTUBHE 3a0pyTHEHHS.

BuBueHHs P13MYHUX MEXaHI3MIB IEPEHOCY PA/II0aKTUBHOTO 3a0pyAHEHHS Yy BOJ-
HI cucteMi p. JlHIIpa 1 MOACIIOBaHHSI MEXaHI3MIB IIUX MPOILIECIB JO3BOJUTH 3I1HC-
HIOBATH OLIIHKY 1 IPOTHO3YBaHHS pajaiallifHOro cTaHy Ii€i yacTuHU YopHOTO MOpSL.

3 pIYKOBUMH BOJIaMH 13 3a0pyIHEHHUX TEPUTOPIN PAMIOHYKIIIN HAAXOAAThH Y
JIHIp Ta AHITPOBCHKI BOJAOCXOBUIIA, M1/ BIUTMBOM PI3HUX MPUPOIHUX (PaKTOpiB Bi-
N0YBa€ThCs TOCTYNOBE 3MEHIIICHHS 1X KOHIIEHTpAllld BHACIIIOK MPUPOJHUX MPOIie-
CiB CaMOOYMIIIEHHS BOJIHUX Mac, IIPOLIECIB CeANUMEHTAIlil, po30aBlIeHHS, aKyMYJIsIii
y JOHHUX BIJIKJIaJIax BOJOCXOBHI. BupimaibHy poiib y 1IbOMY BIIITPaOTh PO30aB-
JICHHS B PE3YJIbTATI MPOIECiB TUY3ii.

JlxepenaMu 3a6pyIHEHHS BOJM HAHOLIBII 4acTo € MPOAYKTH Moty ypany U™,
0 CKJIAJIaI0ThCS 3 KOPOTKOKMBYUHX 1 IOBrO ICHYIOUMX PaJi0aKTUBHUX 130TomiB. lle
anepHe nanuBo Ha AEC, paaioakTUBHI NPOAYKTH SEPHOTO 3apsiiy, K1 yTBOPUIIUCS
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Taoauus 1 [Toka3HUKY TUTOMOI CyMapHO1
anb(da- 1 0eTa-aKTUBHOCTI IUTHOT BOIU

No HalimeHnyBaHHS TOKa3HUKIB OnuHuIl Hopma- MeTtonuku

3/m BUMIpY TUBH BH3HAYCHHS

1 CymapHna anb(a- akTUBHICTb bx/ky0.1m <=0.1 9,10
CymapHa 0eTa-aKTHBHICTb bx/xy0.1m <=1.0 10

Tao6auusa 2 Pagianiiidi MoKa3HUKU 0€3MEYHOCT] TUTHOT BOAU

Ne HalimeHyBaHHS MOKa3HUKIB Opunui Bu- | Hopmatusu | Metonuku
3/1 Mipy BH3HAYCHHS
1 CymapHa aKTUBHICTb bx/ky6.1m <=1 10
IPUPOJIHOI CYyMillll 130TONIB
2 [uroMa akTHBHICTH ~-°Ra bk/ky0.1m <=1,0 10
3 [IuTOMa aKTHBHICTH ~--Rn bk/ky0.mMm <=100 10
4 IInToMa aKTHBHICTB -~ Cs bx/ky6.1m <=2 10
5 [IuTOMa aKTHBHICTB °Sr bk/ky0.1Mm <=2 10

M1 Yac SAESPHUX BUIPOOYBaHb 1 IITY4YHI paloakTUBHI 130TonH [1-3]. BucokoakTtus-
HI CTIYHI BOJIY 13 BMICTOM pPaJioakTUBHUX 130ToMIB Oubine 1 MKi/m yTBOprotoThes B
nepuIii crajaii mporecy nepepoOKH BUKOPUCTAHOTO SICPHOTO MaluBa, MPU SIKOMY
CTaBUTHCS METa BHJIYYUTH TAJIMBHI 1 PO3IICIUTIOBAIbHI MaTepianu. KuUTbKiCTh Takoi
BozH — 2-20 11 Ha 1 M omepskyBanoro ypary U [1-3].

ITix yac omiHKK 0€3MEeYHOCTI BOJM 3T1IHO 3 MeToaukamu [9,10] Ta mpuiHITUMU B
VYkpaini 3akonamu [4,5] y MiCIIsIX BO/103a00PiB MOBEPXHEBUX Ta MII3EMHHUX JIKEpE
BOJIOTIOCTAYaHHSI TIOMEPEHRO BU3HAYAIOTHCS TMHUTOMI CcyMapHi anb(da- 1 OGera-
AKTUBHOCTI 3a MOKa3HUKAMU MUTOMOiI aKTUBHOCTI.

3rigHo 3akoHiB [4,5] Ta HOpM paniaiiiiHoi 6e3neku [11] y pa3i mepeBUIEHHS
MUTOMOI CyMapHOi allb()a-aKTUBHOCTI y BO/II 3 MIJA3EMHUX JXKEPEN BOJIONOCTAYaHHS
HEOOXITHO BM3HAYATU NMUTOMY CYMApHY AaKTHUBHICTh HPUPOAHOI CyMIII 130TOIIB
ypany (U*”), mutomi axtuBHOCTI pazito (“°Ra) ta pagony ( *** Rn), a y pasi mepe-
BUILIEHHA TUTOMOI CyMapHOi 0€Ta-akKTUBHOCTI y BOJ1 3 MOBEPXHEBUX Ta MiA3EMHUX
JUKEpelT BOIOMOCTAYAHHS - MATOMi akTHBHOCTI wesito (°/CS) Ta cTpoHLiio (* Sr).

PaniamiiiHi TOKa3HUKU SKOCTI MUTHOI BOJU Ta HOPMHU, SIKI CTOCYIOTbCS MUTOMOI
pajianiitHol aKTUBHOCTI BOJY HaBeAeH1 y Tabmuisax 11 2.

Bnacninok YopHOOMIBCHKOT KaTacTpodu pagioHyKIIAaMH, TIEPEBAKHO 11€31€M-
137, cTtponuieM-90 Ta rurytoHieM-239, Oyna 3a0py/iHeHa 3HaYHa TEPUTOPIs YKpaiHu,
B TOMY YHCJII — YyacTuHa Oaceliny JlHimpa Ta Bci BOJOCXOBHINA Kackany. OCHOBHA Ki-
JBKICTh PaJIOHYKJIIIIIB oTpanuia g0 JHinpa Bigpa3y micias asapii, 1 cymapHa Oera-
aKTHBHICTh BOAM mo6im3y Kuesa B TpaBri 1986 poky cranosmma 5x10°° Ki/m [12]
10 B 100—1000 pa3iB TO1 NEepeBUILYBAJIO TPUPOAHUI POH.

BonocxoBuia JHIMPOBCHKOIO KacKaay € CBOEPITHUMU HAKONUYYBadyaMHU paJiio-
aKTUBHOTO 3a0pyaHeHHsA. OCHOBHA YacTWMHA PAJIOHYKIIIIB 30CEpeKEHa B My,
TKaHWHAX POCJIMH 1 BOJHUX TBApHH, SKi € KOHIICHTPATOPAaMH II€3110 Ta CTPOHIIIIO.

3a gjaHUMHU pajialiifHOTO BOJHOTO MOHITOPUHTY 3 MOMeHTYy aBapii Ha HAEC no
rpyaus 1995 poky y Oaceiin JlHinmpa Ta BCi BOJOCXOBHIIA KacKaay 3 acpo30JIbHUM
BUIMQIIHHSAM 1 PIYKOBUM IPHUIUIMBOM Haiknuio He MeHi sk 6 000 Ki mesiro-137 1 5
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000 Ki crponuito-90. 3a Bkazanuii yac y Yopue mope JIHinpoM Oyino BUHECEHO OH-
3pK0 40 Ki mesiro 1 6mm3eko 1400 Ki crponitiro. Takum 4MHOM, €KOCHCTEMH BOJIOC-
XOBHIIT 3aTpuMalid He MeHII K 99 % ne3iro-137 1 70 % cTpoHiito-90 Bija yciel Kijib-
KOCTI paJIlOHYKJIIJIIB, I110 HATIUIILIN Y BOJOUMH.

3 orysay Ha Te, O Hapa3l FOJIOBHUM JIPKEPEIOM HAJIXOKEHHS PallOHYKIIIIB J10
JIHIMpa 3 MOMAJNBIIOI MITpaIi€eo 10 MIBHIYHO-3aX1AHOT YacTHHH YOopHOTO MOps €
00py 1 paaiOaKTUBHICTh BOJAM Y I[IM Piylll MAIOTh BUPIIAIbHUI BIUIMB Ha pajiaiii-
HUM CTaH BChOTO Kackaay BojocxoBull JlHimpa Tta npudOepexHux paioHiB YopHOTO
MOpH.

3a 3BiToM LlenTpanbHoi reodiznynoi oOcepBaropii iM. bopuca Cpe3HeBCbKOro
[12] MOXHa TPOCIIAUTH 3MIHEHHSI KOHIIEHTpAIlii, a BIAMNOBIIHO 1 paJllOaKTUBHOCTI,
HeOe3MeYHnX paJloHYKIIII1B B310BXK Teuii BiJ p. [Ipun’sate 1o YopHoro mMops.

3a excriepuMmeHTanbHuMu 1anuMu JICIT “Exouentp” [JIA3B Ykpainu [12], BUHOC
ctpoHniio-90 Bomamu p. [lpun’ste y ctBopi M. YopHoOuis y 2020 p. cTaHOBUB
0,25x1012 bk (6,6 Ki), Piunuit Bunoc ne3ito-137 nopisutoBas 0,13x1012 bk (3,6 Ki).

3aranpHuii BHecOK Bepxuworo Jluinpa i1 JlecHu y 3a0pyJHEHHS JTHIMPOBCHKHUX
BOJI0CXOBUII cTpoHIIEM-90 Ta 11e3ieM-137 nabaraTto MeHIe Bia BHECKY p. [Ipum’sth
pa3oM 3 piukamu Yx Ta bparinka [12] .

[To manum [12] y 2020 porri pu MPOXOIKEHHI 3a0pyAHEHUX MPHUIT ITCHKUX BOJ
Bil M. YopHoOwsb yepe3 KuiBcbke BOJOCXOBHILE CEPENHBOPIYHA KOHILIEHTpALIIs
cTpoHi0-90 3HM3MIack y 1,6 pasu 1 B ctBopl BepxHboro 0’edy KuiBcbkoi 'EC (M.
BuIropos) ckiajana B cepeapoMy 26,7 Br/M® 3a pik. TTo THM e JaHUM 3HIKCHHS
KOHIIeHTpalii 1ue3ito-137 B3gomxk JlHimpa BigOyBaeTbcsi OUIBII 1HTEHCHUBHO, HIXK
ctpoHiit-90. [ y 2020 p. cepeanst koHueHTpaiis 1e3ito-137 y KuiBcbkomy Bogocxo-
BUII cTaHOBMIA 7,8 BK/M’, 1110 ¥ 2,6 pa3iB MeHIe, HiX y HPHIT ATChKil BOI

Buus no J[Hinpy BHacHi0K po30aBieHHs OUIbII YUCTUMHU BOJAaMH OOKOBHX IO-
TOKIB BMICT CTpOHIIi10-90 y BoAl i gami 3MeHInyBaBcs 1 y KaxoBcbkomMy BOJAOCXOBH-
mi B paifoni M. Hoa Kaxoska y 2020 p. CTaHOBHB y cepeqHbOMY 3a pik 15,6 Br/m’ |
mo y 2,8 pasu menme Hix y Boai [Ipun’sti. [lpu npomy y KaxoBcbkoMy BOJ0CXO-
BHIII CepeHs KOHIEHTpaLis nesito-137 cknanana 0,68 Bx/M’, To6To 6y1a y 29 pasis
MEHIIIA 32 BMICT IIbOTO PAIIOHYKIIITY Y BOAl p. [Ipumn’siTh.

Y YopHoMy MOpi paiiOH crocTepekeHb [12] oXoIIoBaB rupia OCHOBHUX pyKa-
BIB JenbTH JlyHaro, akBaTopito nopty Oneca, rupna piuok uinpo i [liBnennwuii byr,
Huinpo-by3bkuii Ta Cyxuil IUMaHH.

2. Pi3YHI MeXaHi3MH POLECiB, AKi BU3SHAYAKOTH NOBEAiHKY Pali0aKTHBHUX
AOMIIIOK Yy BOAHOMY cepeaoBuIli. BBaxaTumo, 1110 paloakKTUBHA PEYOBUHA SIBIISIE
co0010 CyMilll cycreH3li abo emMyJbCli AUCIEPCHUX PaiOaKTUBHUX YaCTUHOK (Kpa-
1eJib) Ta PO3YMHY Y BOJII Pajioi30TOIIB y MEBHIHM iX koHmeHTparli. Lle, Hampukiam,
BUITA/[0K HEPO3UMHEHHX y BOMI XiMiYHHX CIIONYdeHb ST’ Ta PO3YHHEHUX Y BOII i30-
TomiB uesito Cs'".

VY 3aranbHOMY BUNIAAKY CYMapHY aKTUBHICTh PaJl0aKTUBHOT BOAM € CYMOIO aKTH-
BHOCTI PO3YMHEHUX Y BOJIl PAJAIOHYKIIIIIB Ta aKTUBHOCTI HEPO3YMHEHUX JUCIIEpC-

. .. . . . 137
HHUX PaalOHYKII1 1B, HaHpI/IKJIaI[, Y BHUIIAJKY 130TOIIIB L3110 Cs Ta HCPO3UYHMHCHHUX Y
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BOJZI XiMiUHKX crionyk Sr° cyMapHa aKTUBHICTb JJOPiBHIOE
A :ACS +ASr . (1)
AxrtuBHOCTI nesiro Cs™’ Ta CTPOHIIIIO Sr”° BM3HAYAIOTHCS 3aKOHOM pajioaKkTH-
BHOT'O pO3Majy
A=Ay -exp(-\1) ,
1€ A — cTajia po3najuy,
A=[n2/T 1/25
a Ty, — nepioq HamiBpo3Maay, Ta 3aKOHOM OCA/I)KEHHS YACTUHOK KUJIBKICTIO N
N = N(x,t),
AKUN € pO3B’SI3KOM KOHBEKTUBHO-AU(Y31MHOI 3a/1a4l 3 KOHKPETHUMU KPalOBUMHU Ta
MOYaTKOBUMH YMOBaMHU.

[Ipy MozentoBaHHI JUHAMIKM T€TEPOT€HHOI, arperaTUBHO HECTIMKOI, paaloaKTH-
BHOI JIUCIIEPCHOI CUCTEMU MOTPIOHO BPaxOBYBAaTH OCHOBHI (PI3UYHI MEXaHI3MU SIBUILL
MEPEHOCY MacH: a/IBeKTMBHI, KOHBEKTUBHI, AUQYy3iiHI Ta TepMo-audysiodpopes. Ll
MEXaHI3MH MOXXYTh OyTH TMOTEHI[IHHUMHU aJrOpUTMaMu JIJIsi MOJCIIIOBAHHS PO3IO-
BCIOJIKCHHSI paJIlOHYKII1TiB.

Hunamiky npudepexxuux Boja YopHoro mopsi GopMyroTh CHIIM Tpasitaiii 3emi
Ta 1HepIiajJbH1 CUJIM, IO MOB’A3aH1 3 00epTaHHAM 3eMJIi HAaBKOJIO CBOET OCI.

3aBucii B piAMHI TUCIIEPCHI YaCTUHKHU, MAaIOYM TEBHY Macy, y TpaBiTalliiiHOMY
nmoyi 3emMiTl MOCTYNOBO OCIJIal0Th (SIKIIO 1XHSI TYCTHHA OUIbIlIAa 32 TYCTUHY PIJIUHU)
a00 CIUIMBAIOTh, SKIIO TXHS TYCTHHA MEHIIA 34 TYCTHHY PiIUHU.

Ha 3aBuciy y BogHOMY MOTOIll YaCTHHKY AIIOTh YOTHPU BEPTUKAIHHO CIIPSMOBa-

HI cuid; cuia TsoK1HEI G
3

G=m, -g=n-d—6"-pq-g;
BIJILITOBXYBaJIbHA (apXIMEI0Ba) CUJIa, IO JOPIBHIOE Ba3l piIMHU B 00’ €M1 YaCTUHKH 1
CIpsIMOBaHa, BINOBIHO, BEPTUKAIBHO BrOpY;
FA = ﬂpogdq3/6,
1€ py — TYyCTHUHA PEYOBUHU YaCTUHKH, Py — TYCTUHA BOJH, d, — IlaMETP YaCTUHKH.
Cuna B’SI3KOTO TEPTS, AKE Y T. 3. CTOKCIBCHKOMY HAaOJIMKEHH1 J0piBHIOE FC
F.=6mmrv,
7ie 1| — B’SI3KICTh, V — IIBUJIKICTh OOTIKAHHS;
cuia Kopiomica, sika JOpiBHIOE
ﬁKOp =m[V'w],

7€ v' — MIBUJKICTD, 3 SIKOIO YACTUHKA PYXA€ThCS BIIHOCHO 3eMJi, ® =1/2m — KyToBa
IIBUJIKICTh 00epTaHHs 3emil, 7 — 1o0oBuil nepioa ooepTaHHs 3eMIl.

Cuna Kopiomica nepresayKyispHa 10 IUIOMIKMHM, B SAKil JIeKaTh BEKTOPU U’ 1 @.

Kyt npomik BekTopamu U’ i @ mpuiiMeMO piBHMM & =~ 45°10 ropusonty. [1o
pedi, 1e BianoBigae 45-1i napaieni, sKa NepeTrHae NiBHIYHO-3aX1IHy YyacTuny Yop-
HOTO MODS.

BekTopHa cyma nepenidyeHuX CHJI BU3HAYA€ PYyX MO BepTUKAJL. SKIo piBHO1MHA
MEePENIUYCHUX CUIT IOPIBHIOE HYIIIO, PyX YACTUHKHU 110 BEPTUKAJI € PIBHOMIPHUM.

[IBUAKICTH OCAIKEHHSI Vg Y TaKOMY CTaIllOHAPHOMY PEXUMI BHU3HAYAETHCA 13
YMOBH PIBHOCTI PIBHOJIIFOUOT ITUX CUJT HYJt0. BoHa mopiBHIOBaTHME
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_ dilg(pu=po)+2p.v'o] 2)
S 187

Sxo po3mip d, 4YaCTUHOK OJIM3BKUMA JO CEpellHbOI JIOBXKMHI BIJILHOTO MPOOIry
MOJIEKYJI BOJIA, TO CTBOPIOIOTHCS YMOBH JUIsl XaOTUYHOTO OPOYHIBCHKOTO pyXy Yac-
TUHOK, SIKMI MparHe MopymuTd MEXaHI3M I'PaBITAIlIiHOTO OCAJKEHHS, PO3IOIIUTH
YaCTUHKU PIBHOMIPHO IO BChOMY 00'€éMy, 1, TAKUM YHMHOM, MEPEIIKOJXKAE OCIITaHHIO
(ab0 crIMBaHHIO) YACTHHOK.

VYHacnaigok cyMiCHOI Al MEXaH13MIB rpaBITalIfHOrO OCaKEHHS Ta OPOYHIBCHKO-
ro pyXy B MOJIIUCTIEPCHIN CUCTEM] Ma€ BCTAHOBJIIOBATHUCS ACSKUN PO3MOALT YaCTH-
HOK 3a BHCOTOIO B3J0BXK J1i CHJIN TSDKIHHSL.

3riiHO KJIacu4Hoi Teopli CMOJyXOBCBHKOrO, IO OMUCYE TEIJIOBUH XaOTHUYHHIMA
PyX YaCTHMHOK Y piJiuHi M B rasi [3, 8, 13, 14], cepenne OpoyHIBCbKE 3MIIICHHS JTUC-
IIEPCHUX YaCTUHOK Ax 3a 4yac t CKiaJac:

Ax? = _2RTE ’ (3)
3Ny d,
1e M — KoedilieHT B'I3K0CTI cepenoBuina; I’ — remneparypa B K; Ny — uucino Apora-
npo (N, = 6.02-10”momb ' ); R — yHiBepcaabHa ra3oBa cTana.
3a gopmyioro ElfHInTeliHA 1)1 TEMJIOBOTO PyXy OpOYHIBCHKMX YACTUHOK

Ax = 2Dt » 4)

ne D — xoeditieHT nudy3ii YaCTUHOK , sIK1 IepeOyBaloTh y OPOYHIBCBKOMY PYCi, ¢ —
4ac, 3a SIKUM BIIPaxOBY€EThCS 3MIIIEHHS Ax.

3 nopiBHsaHHS Gopmy (3) Ta (4) MoxkHA 3HANUTH KoediieHT Tudy3ii
RT

- 3nnN Ad,,' (5)

JaH1 po3paxyHkiB KoedirieHTa OpoyHiBCbKOi AuQy31i D nmomictuMo A0 Tadiu. 3y
BUIJISIZ] 3aJIEKHOCTEN Bl TeMIiepaTypu (B’SI3KOCT1) BOAM Ta po3Mipy (I1aMerpa) Iu-
CIIEPCHUX YACTUHOK. B’A3KICTh BOJW BI3bMEMO 3a JaHUMU [15], 3a skUMU BOHA 3Mi-
HIoeThCs Bix 1.7865°107 mpu temmeparypi 0 °C 1o 0.5477 npu temmepatypi 50 °C.

3 Tabin.3 BUAHO, IO JUIsl IpIOHUX OPOYHIBCHKHUX YaCTHHOK po3MipoM mopsiaky 0.1
MKM 3HaueHHs Koedilienta GpoyHiBcbkoi audysii ckaanae nopsaky 107°+10"" m%/c,
o Ha 1 - 2 mops/IKu MeHIle, HiXK 3HaueHHs KoedimieHnTa qudy3ii BOJHUX PO3UMHIB.
A NI 9aCTUHOK OUIBIIOTO po3Mipy KoedilieHT audys3ii 1me MEHIIHH, 0 Beae 10
3MEHILIEHHS BUIKOCTI MaCOOOMIHY B IMCIIEPCHUX CUCTEMAX.

Ha mijgcraBi qanux HaBeaeHHUX y Tabj. 3, MOKHA 3pOOWTH BHCHOBOK, IO 13 3Me-
HIIIEHHSM PO3MIPIB YACTUHOK THIOBHX JOMIIIOK, SIKI MOXKYTh HECTH Ha co01 ajcop-
OoBaH1 PaflOHYKIIAU, 30LIbIIYEThCA AX, 3aBIASKHM YOMY CTBOPIOIOTHCS YMOBH IS
OpOYHIBCHKOTO CLIEHAPII0 KIHETUKU HECYUYUX PATIOHYKIIIN JTOMIIIKOBUX YaCTHHOK.

AHaJi3 MOBEAIHKH NPUOEPEKHUX BOAHUX NOTOKIB y YopHOMOpChbKOMY y30e-
PEeAOKI MOKa3ye, M0 CTOCOBHO OCOOJIMBOCTEN MOPCHKHX, 30KpeMa YOpPHOMOPCHKHX
TEU1i, CJIJ] MepIll 32 BCE BIAMITUTHU, III0 BOHU 3/IaTHI MEPEHOCUTH pajialliiiHe 3a0py-
JHEHHS Ha BEJIUKI BIICTaH1 Yy HAIPSIMKY A1F0OYUX CHIL

Mopchbki Teuii — MacmTabHl OTOKH, sIKI MAalOTh MIEBHY CIPSIMOBaHICTh, PopMy-
IOThCSL T/ JTIEI0 CHJI TpaBiTarlii 3eMiil Ta 1HepIliaJbHUX CHJI, IO TOB’sA3aH1 3 00ep-
TaHHAM 3eMJI1 HaBKOJIO CBOET OCI.

OCHOBOIO CIIPSIMOBAHOCTI pyXy YOPHOMOPCBHKOI Teuli € MPUCKOPEHHS, SIKE OTPH-

.
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Tabaunsa 3 3nauenHs koedinieHTy OpoyHIBCHKOT 1M]y3ii y BOAl

3a 1aHuMH [15] Koedimient audysii chepuuHnx 4acTUHOK JgiameTpoM d B
B’S3KICTh BOJIH OpoyHiBcekoMy pyci y Bomi D, 10 Mm? /¢
n,10Ta.c d=20 MmxMm | d=2 MM | d=1 mxm | d=0,5 Mxm | d=0,1MKM

1.7865 7.67 76.7 153.4 306.7 1533.7
1.5138 8.12 81.2 162.4 324.8 1623.8
1.3037 9.60 96.0 192.0 384.0 1920.0
1.1369 11.1 111.4 222.8 445.6 2228.2
1.0019 12.9 129.2 258.4 516.8 2584.3
0.8909 14.8 147.7 295.4 590.8 2954.0
0.7982 16.7 167.0 334.0 668.1 3340.0
0.6540 21.2 212.4 4247 849 .4 4247.8
0.5477 24.9 249.2 498. 996.9 4984.4

My€ MOpPChbKa BoJia BHAcHiok obepranHsa ruianetu. lle edexr cunmu Kopiodmica, ska
Jli€ Ha TIOTIK HArpiTOi MPUOEpPEKHOT BOIH, 10 pyxaeTbes Bl 6epery. Cuina Kopiosmica
3MYIIy€ TOPU3OHTAIBHI TeUii B MOP1 BIAXUJISITUCS BiJl CBOTO HAMPSAMKY PYXY 1 pyxa-
tucs Ha 3axia[17,18].

[ToTiK OCHOBHOI YOPHOMOPCBHKOI T€Yll IPOXOJIUTh Ha BiAcTaHi 15-25 kM BiJ Cy-
m1i. Moro mmpuHa B OKpeMHX MiCIIIX jgocsirae 40 MIIIb, a MIBHAKICTh PYXY BOIU — JIO
5 kM/To.

OcHOBHA YOPHOMOPCHKA TEUisl MOIUPIOETHCS B3JOBXK YCIX OEpeTiB MO MepPUMET-
py YopHoro Mopsi, cipsMoBaHa MPOTH TOJAWHHUKOBOI CTPIJIKK 1 3TOPTAETHCS B JBa
BHUXPOBI TIOTOKH, 1[0 HaraJyrOTh JIBa KIJbIl, TaK 3BaHI1 «OKyIsipu KHUMIOBHYaY.

IBuaKiCTh TeUil B IUX KUIBIX 30UIbIIYEThCS Big 10 cM/c y 1ieHTpl 10 25 cMm/c
Ha ix nepudepii. 3 TTMOMHOIO MBUAKOCTI T€U1i MIBUIKO 3aracaroTh.

VY ocraHHI poKM y MiBHIYHO-3ax1AHIN yacTuHi YOpHOTO MOpsS CYTTEBO IMOYACTI-
[IaJI0 SIBUINE MiTAOMY TTMOMHHUX MOPCHKHMX BOJ Ha MOBEPXHIO «IIPUOEPEKHUHN arl-
BEJIIHIY, SIKE MOB’A3aHE 3 PyXOM BijJ Oepery B Mope IMporpiToi BIITKY TEIUIOi BOIH 1
Takox niero cuian Kopiomica. Y mpoMy palioHi 3HUKEHHS TeMIIEpAaTypu BOAH TMPH
aTBEJIHTY csATa€ BiJa KiIbKoX rpaaycis go 10-15°[17, 18].

@1314YHI MEXaHI3MH Ta MPUPOJA IHOTO SBUILIA MOKHU II€ BUBYEHI HE 30BCIM JOC-
TaTHBO, aJie YCl MOSICHEHHS! CIIMPAIOTHCS HA TE, IO MPUOEPEKHUIN alBEIIHI BUHUKAE
BHACIIIJIOK pyXy BiJ Oepera Terjaux MOBEPXHEBUX BOJ 1 MIAHOMY Ha iXHE MICLE TJH-
OMHHUX BOJ. XapakTep amBeIIHTYy Oe3MepedHO MOB'A3aHUM 3 JUHAMIKOIO CTPYMEHS
OcHoBHO1 YopHOMOpchKoi Teuli. Teuid y3q0Bx Oepery Mops Ha 3axij] € IPUYUHOIO
BUHUKHEHHS BEPTHUKATLHUX KOHBEKTHBHHX PYXiB BOJIH, 110 MOXYTh IITHATH XOJIO/I-
Hi, TJTMOMHHI BOJM HAa TMOBEPXHIO, YTBOPIOIOYM allBENIIHT. A 30UIBIICHHS YaCTOTH
MPOSIBY 1HOTO SIBUIIA Y MIBHIYHO-3aX1HIA YacTUHI YOpHOTO MOps, Ha HAIll MOTJIS/I,
00yMOBJIEHO II00ATBHUM MOTEIUTIHHAM Ta 3MIHEHHSM KJIIMaTy.

Cuna Kopiosica y KOHTEKCTI anBeJIHTY I'pa€ BAXKIUBY pOJb, TOMY IO BOHA €
MPUYMHOI0 YopHOMOpchkux Teuil. Cuna Kopionica 3mylye ropu3oHTalnbHI Tedii B
MOPI1 BIAXUJISITUCS BIJ] CBOTO HANPSMKY PYXy 1 pyxaTucs Ha 3axin. Jliero cui iHepiii
00yMOBJIEHI Teuli, KapTUHY SIKHX MTOKa3ye puc. 1.

BHacniiok CyTTeBHX 3MiH KIIIMATY, SK1 BIAOYJIUCA B OCTaHHI POKU B panoHI MiB-
HIYHO-3aX1JIHOI YaCTUHU YOpHOro MOps, OUIBII IHTEHCUBHO 1 10 OUIBIIMX TEMIIepa-
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Puc.1. OcnHogHi Teuii YopHoro mops[17].

Typ CTajJi MporpiBaTHCs NpuOepekHI MOBEPXHEBI Iapu MOpcbkoi Boau. [loToku Te-
7101 BOAM MPUCKOPHIIN CBIM pyX BiJl Oepery i THM caMuM BIUIMHYJIM Ha pyX YOPHO-
MOPCBKOi Teuli. BiAmoBIHO 301IbIIKMINCSA TOTOKM TEIJIO1 BOAM Bij Oepery, 1o 00y-
MOBUJIO 30UJIBIIEHHS IHTEHCHUBHOCTI Ta HIBUIKOCTI MPHUOEPEHKHUX CIPSIMOBAHUX Ha
3axia Teuidt. B cBoro depry 1 Teuii BHACH1IOK A1l KopioicoBoi cuiu 301IbIIMIN Be-
PTUKaJIbHI KOHBEKTUBHI PyXH BOJIU, SIK1 3MYCHJIA XOJIOAH] BOJM YACTIIIE MiAiiMaTHCs
3 JTHA MODSL.

Bci nepeniueni (pakTopu cBiiYaTh MPO Xoua i MOTEHUIHHY, alle IJIKOM WMOBIPHY
MOJIUBICTh MACIITAOHOTO TEPEHOCY 1 PO3MOBCIOKEHHS IOMIIIOK, SIKi, Y TOMY YHUC-
71, MOXYTh MICTUTHU a/ICOPOOBaHI PaJlOHYKJIIIIU, HA MacIITaOu, 110 MOXYTb TIEPEBU-
IIyBaTH Ti, IO BU3HAYAIOThCA AUQY31MHUM MexaH13MOM. BiamoBimHoO moke 30151b-
nryBaTHcs 1 MacTad Jii XxapakTepy IpruOepe KHUX BO/I.

[Tpuiimaroun 10 yBaru HaBEACHUH y MONEPEIHBOMY PO3IUTI aHai3, PO3TISTHEMO
KOHBEKTUBHO - AU(Y31HHUNA MEXaHI3M MOIIUPEHHS PaIIOHYKIIAIB, SIKHA Mae€ Mosic-
HUTH TEPEMILLEHHS TOMIIIKOBOI paJi0aKTUBHOI PEYOBUHU 3a CYMICHOIO JI€I0 KOHBE-
KIii Ta 1uy3ii y BOIL.

[ToTik Macu BOJH 3aBAAETHCS BEKTOPOM

72 =3-C

[lepenic Moxe 3/IHCHIOBATUCS TEYIEIO PIYKH a00 MOPCHKUMHM TedisiMU. B 1ipomy
BUITAJIKY BiH HOCUTbH Ha3BY aJIBEKTUBHOTO.

MoJieKy/IApHEM MEPEHOCOM MAaCH ] Ha3UBAEThCA MEPEHOC ML JI€I0 TpajieHTa
KOHLIeHTpauli (3akoH Pika), rpagaieHTa TeMiepaTypu (3akoH Cope ) Ta rpajieHTa T-
cky P:

7 = —DgradC — KrgradT — KpgradP ,
ne Kr — repmonudysiiinuit koeditieHt, 6apoaudy3iiHuil koedillieHT, MoB’ s3aHui 13
3MIHEHHSM XIMIYHOT'O MOTEHIIATy B 130TEPMIYHOMY IPOLIEC.

OcHOBHE pIBHSIHHA B KOHBEKTUBHO-IU(Y31iHIN MOJEN], 110 OXBauy€e NEPENIYeH1

BUIIIC MexaHi3MI/I, Ma€ BUTIIAA.
2= —V(v0) + D(VC +-TV2T +EV2P) +1, (6)
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ne: C — KOHILIeHTpaIlisl paaiOHyKJII/IB, { — Yac, V — BUAKICTh KOHBEKIII (TIepeMileH-
HS cepefoBuIna), / — jpkepena ado CTOKU paaioOHYKIIIIIB (HApUKIaa, BUKUIU 3 JIKE-
pena), D — xoeditieHT nudysii.

3. OuiHku napaMeTpiB, sIKi BU3BHAYAIOTh KAPTHHY PO3MOBCIOIKEHHA Paaio-
HYKJIi/IiB HA MiICTaBi 3aCTOCOBAHUX MO/ eJIel

Konsexmuerno-ougysitina mooenv macooominy. BUsHauMMoO po3MOMALT KOHIIEHT-
pauli B3JOBX JE€TEPMIHOBAHOTO HAIpPsMY, SIKAW 3aBAAETHCS BOJAHUM MOTOKOM (MOp-
ChbKOI Teuli abo piukH), M0 BiIOYBAEThCS MPU 3aJlaHUX KpalloBUX yMoBax. byaemo
BBaXKaTH, 1110 BUKUJI PEUOBUHM B1IOYBAETHCS 3 LMUJIIHIPUYHOT TPYOKU CTPyMy, PO3-
TaIllOBAHOI B3/IOBXK Teuli. BBaxkaeMo, 1110 aIBEKTUBHUHN (MOJISIPHHIT) MEXaHI3M mepe-
HOCY MaCH MPEBAIOE HAJl MOJIEKYIsipHUM. ToOTO

Jo 7 -

[TizcTaBoro [j1s IBOTO € MaNICTh 3Ha4YeHb KoedilieHTiB qudy3ii. 3HaueHHs Koe-
GbimienTiB qudy3ii a8 BOJHUX po3uuHIB (1e3i0-137) 3a manumu [19] cTaHOBIATH
nopsnky 10° mM*/c, a st 1piGHEX GPOYHIBCHKHX YACTHHOK (CTPOHLi0-90) po3MipoM
nopsinky 0,1 MkM 3HadeHHS KoedilieHTa Audy3ii Bi3bMEMO 3 TaOIuIl 3, sIKI MalOTh
nopszok 107'°+10™"" m*/c. TIpu upoMy mBHaKicTh AMQY3ii IUCTIEPCHUX YACTHHOK Y
BOJIl HA 1 - 2 MOPSAIKK MEHIIE HIXK JUIS PO3YMHIB.

[Ipunyctumo, 1o mpu BUTIKAHHI PEYOBUHM 3 MIBUAKICTIO U 3 TpyOu pazaiycy R, B
HI{ MICJIA BUPIBHIOBAHHS MIBUAKOCTEN NOTOKIB (V) 1 (U) YTBOPIOETHCSA TpyOKa CTpyMy
paxiycoM 1, yepe3 OOKOBY MOBEPXHIO SIKOI Mae Miciie MoJispHa nudysiga. Pamiyc
TpYOKH I MOKHA 3HANTH, KOPUCTYIOUUCh BUPA30M JIJIsl BUTpAT Q, 1110 BUTIKAIOTh Y Pi-
9Ky.

Q=nR2u.

3 piBHSIHHS HEPO3PUBHOCTI TPYOKH CTPYMY BHUTIKA€E PIBHICTD

nR2u = TEI'ZV,
3 K0T MOKHA 3HAUTH pajilyc TpyOKHU CTpyMy:

r= |—.
v
JlJist cripoliieHHs 3HeXTyeMo TepMoaudy3iero Ta 6apoaudysiero 1 3anuiieMo pis-

HSIHHSI IEPEHOCY MAaCH Y HACTYITHOMY BUTJISIII

acC
== V(O + I (7)

VY 4Ko0CT1 KpallOBUX YMOB MOKJIAJAEMO, 110 HA MOBEPXHI TPYOKH CTPyMy MEXaHI13M
MacoOOMIHY € BUKIIFOUHO MOJIIPHUM 1 TYCTUHA MMOTOKY PaIiOHYKIII1y MA€ BUTIIA
J=P(C- Cy) Ttampu Cy=0: j|~PC,
ne B - koediieHT MacooOMiHy.

. . . ocC
BHacniok cTamioHapHOCTI YCTaJI€HOIO MPOLECy 5

OyHKIIA CTOKY (JpKepesa) 3HAXOIUTHCA 13 3aKOHY PaJiOaKTUBHOIO po3Maiy, 1
BU3HAYA€ KUIBKICTh PAJIIOHYKIIIA, KA PO3MATAETHCS 32 OJUHUII0 Yacy B OJIMHMIIL
00’eMy pPEYOBUHU:
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- 1 dN _dC _ A
- S Vdt dt 7
e X—Tn — KOHCTaHTa po3nany (71 /Y Mepioj] HaIIBPO3Naay pPallOHYKIIIIA).

Y/
2

Hanpasumo Bick OX 1eKapTOBOi CUCTEMHU KOOPJAMHAT B30BK IMOTOKY BOAH. Toi
B HWIHAPUYHUX KoopauHaTax 3 Biccio OX y SKOCTI HUITHAPUYHOI OC1 3 ypaxyBaH-
HSM paJilaJIbHOI CUMETPIi:

s %,
gradC = g e, + L
1 a
divj = ——(rj) += /
P Bc a_c
s j=pC : divj= P

3 ypaxyBaHHSIM HaBEJCHUX BHUPA3iB HpH mo B < v piBHsHHA (7) OTpUMae BH-
LIS

- _KE_jc, (8)

0x T
KoedimienT macooOMiny B Moxke OyTH BU3HAYEHO 3 KPUTEPIAIbHOTO CIIIBBIJIHO-

[IEHHSA
Nup=
D™
Toxi HA BENMKHUX BIJICTaHSIX BiJl MICIS BUKHIY PO3B’SI30K PiBHSHHS (8) MOXKHA
MIPCICTaBUTH

X(ba)
c=Co€ "’ (9)
ne b — ¢aktop po30aBiIeHHS,
b =B/r =Nup'D/".

OT1xe, 3MiHA KOHIEHTpaLlli PagiOHyKJIiJa Y OTOI BiIOYBAETHCA 3a €KCIIOHEHIII-
QTbHUM 3aKOHOM, IMTOKAa3HUK CTEIEHI SKOTO BHU3HAYAETHCA MapaMeTpoM, SIKUU € Cy-
MO0 KOHCTAHTHU PO3naAy A 1 IIBUJIKOCTI MacOOOMIHY [3.

Panianiiina akTuBHICTH BOAM A mpomnopiliiiHa koHueHTpalii C paaioHyKiIiaa y
BO/I1, TOMY 3 BIJICTAaHHIO BiJ MICIIsl BUKHY BOHA €KCIIOHEHI[INHO CIaJIaE.

Kopuctyrounces BUIIIEONMMCAHOK MOJEIUII0 3HAlWeMO 00'€MHY aKTHBHICTh BOJH
y370BXK Teuli Ha BiAcTaHl X,(KM) BiJ JKeperna HeMepepBHOIO paaialliiHoro 3adpy/i-
HCHHS.

[To3zHaunMo Mo4YaTKOBY OO'€MHY aKTHBHICTh BOJHM, K Ay Ilokmagemo mnis Bu-
sHageHocTi Ayp= 5-10° Bx/M’. LIBHAKicTH MTOTOKY BOJIM V, KOHCTAHTY OCQ/KCHHS HY-
KB b Ta KOHCTaHTa PoO3Maay A BBaKaTuMme 3aBAaHUMH, a came: v=0.5 M/c; A =
2:10°c¢™"; b = 0.5:107c”". PospaxoByeTbcsi 06’€MHA aKTHBHICTh BOJM B IOTOLI A B
3aJIE)KHOCTI B1J BizacTadl X 10 MicId CKI/II[y

Toni, Mt x=10 kM: A = Ayy * e v 7O+ = 3,0-10° Bx/™’.

PesynbTaTi po3paxyHKiB IJisl pI3HUX 3Ha4€Hb BIJICTaH1 BiJ JpKepesa CKHUy HaBe-
neHi B Ta0u. 4. OTpuMani pe3ynbTati rpadiyHo 300paxkeHi Ha puc. 2.

[IpeacTaBieHi Ha PUCYHKY 2 PO3PAXyHKOBI 3aJIEKHOCTI CBIYaTh MPO BIUIMB Ha
BENIMYMHY 00’€MHOT aKTUBHOCTI Bojiu Ay (akrtopa po30aBieHHS b, KU y CBOIO
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Tabauusa 4. O6’eMHa aKTUBHICTD PAJIOHYKIIIIB Y BOA1 Ay, Br/M

_ X, 10° km
v, m/c A, 107°1/c b, 107°1/c 1 5 5 T
0.5 475.6 452.6 | 389.7 303.7
1.5 466.2 4347 | 352.3 248.3
0.5 2 3 452.6 409.6 | 303.7 184.5
5 433.4 378.5 | 248.3 123.3
10 393.9 308.9 | 150.6 45.35

Puc.2 3anexxnocti 00'eMHOT aKTHBHOCT1 A BOAY B1JT BIJICTaH1 X, KM.
Kpusi amst b (B 107 1/c): 1) 10; 2) 5; 3) 3.0; 4) 1.5; 5) 0.5.

yepry npsiMo nponopuiiHuii koediuienty audysii D, Huwkus kpusa (1) Bignosigae
MaKCHMalbHOMY 3HaueHHIo (akTopa ocamkenns b =10-107°1/c. Bepxus kpusa (5) -
miHiMansHOMy b=0.5-10"° 1/c. IlpencTaBieHi pe3yabTaTH CBimUaTh MPO CYTTEBY
pOJib, SIKYy BiATpae MexaHi3M JIu(]y3iiiHOro po30aBiIeHHS Yy MPOIEC] KOHBEKTUBHOTO
HEPEHOCY.

OtpumaHa 3aJeXKHICTh Ma€ €KCIIOHEHIIaJbHUN XapaKTep 3MEHIIECHHS 00’ €MHOi
AKTUBHOCTI 13 BIJICTAHHIO Ta JIa€ MOXJIMBICTb, 110 Y BUMAAKY, HAIIPUKJIIAJ, pajialiii-
HOT'O 3a0pyJHEHHS BOJHOTO CEPEJIOBHINA, OLIIHUTH CTaH padialliiHOi 0e3MeKH BUKO-
PUCTAaHOI BOJIH.

3acmocysanus mooeni KOHBeKMUGHOI OUQy3ii 3a MOAEKVIAPHUM CYEHAPIEM 00
OYIHKU padioaKkmueHo2o 3apadicents Yoprnoz2o mops. 3anporoHOBaHy MOJENb Oyze-
MO 3aCTOCOBYBATH JUJIsl OLIHKHM PaJl0aKTUBHOTO 3a0pyaHeHHs YopHOro Mops, sIKE Bi-
N0YyBa€ThCS NUISIXOM MacIITaOHOTO MPOLECY epeHocy (Mirpaiii) pagioHykiaiais Yo-
PHOOMIIBCHKOTO MOXOJIPKEHHS CTpoHIi0-90 1 ne3iro-137 y3aosx teuii uinpa i kac-
KaJy JTHIMPOBCHKUX BOJOCXOBUII. [{uMM pamioHyKIIiIaMu TIEpeBaXHO OyJn 3a0py-
HEHI JTHIMTPOBCHKI BOJIOCXOBHIIIA, III0 BHACIIIIOK CTOKIB OOYMOBHIIO pajlialliiHUI cTaH
MIBHIYHO-3aX1]{HOT YacTUHU YOpHOTO MOpA.

B3goBx kackaay AHIIPOBCHKUX BOJOCXOBHII IMiJi BIUIMBOM PI3HHX MPUPOIHUX
¢dakTopiB BiAOyBaeThcsa TpaHcopMallis CTOKY PaalOHYKIIIB, 0 HAAXOASTH 3 pid-
KOBHMH BOJIaMHU 13 3a0pyJHEHUX TepuTopiid. CroCTepiracThCsi MOCTYNOBE 3MEHIIICH-
HS X KOHIIEHTpaIlli BHACIIOK MPUPOIHUX MPOIECIB PO30aBICHHS, CEIUMEHTAIlIT Ta
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aKyMyJIsiLil y JOHHHMX BIAKJIaJaxX BOJOCXOBHII (3HAYHA YacTHHA 1e31t0-137 akymy-
JOETHCA Y IOHHUX BIJIKJIaJaX BOJIOCXOBHIIL).

3a 1OMOMOT0I0 MOJIENi KOHBEKTUBHO-TU(DY31MHOTO MEePEHECEHHs PaJiOHYKIIi/IiB
MOe OyTH BU3Hau€HA, HAMIPUKJIIA, pOJjb, IKY BIAITPalOTh Mporecu qudy3iiHoro po-
30aBJICHHS PAIIOHYKJIIIB B IIPOIIEC] iX Mirpariii.

3HaueHHs koedimieHnTa audys3ii s BOJHUX PO34uHIB (11e3110-137) BizbMEMO 3a
nauumu [19], mo cranoButs mopsiaky 10° m%/c, a amst apiGHEX GPOYHIBCHKHX 4acTH-
HOK (cTpoHLI10-90) po3mMipom nopsaaky 0,1 mMxm 3HaueHHs KoediuieHTa qudys3ii Bi-
3bMEMO 3 TaOJHIIl 3, SIK1 TTOPSIAKY 10010 MZ/C, TaK K MBHUJKICTb AUQYy3ii qucIe-
PCHUX YAaCTUHOK y BOJI1 Ha | - 2 OPSAIKH MEHILIE HIXK JJI PO3YUHIB.

. . . . NuDD . . . .
JIJist po3paxyHKiB KoeillieHTy MacooOMiny 3 = CHIBBiHOIICHH MiXk Nup 1

Re Bi3bMeMo 1151 m1apyBaToi Teuii 3a ganumu [20]:
Nup= (0,08 = 0,1)Re, (10)

vl
Re =2
n
ne Re — xputepiit PeitHonbca, | — xapakrepuuit po3mip (raubuna). B’s3kicTe Boau

3a manuMu Tabmumi 3 BissMemo 107 ITa'c. Cepenni xapakTepucTuky Tedii 1 i v Bi3b-
MeMo 3a gaHumu [ 21-25], BpaxoByrouw, 110 BiAcTtanb Bijl KueBa no rupna [duimpa
B3/I0BK OCHOBHOTO pycina piuku 950 kM. i tedii Boau y J{Hinpi npu cepeiHix 3Ha-
yeHHsax mBuakocti v=0,4 Mm/c 1 raubuHi I=5 M Bi3bMeMo umciio PeitHobaca TakuM,
101(0)

b

pvl 103045 .
Re = = z— =210
n 10~

BBaxkxatumeMo, 110 yucio Re cyTTeBo He 3MIHIOETHCS 1 30€epira€ CBO€ 3HAYCHHS
IIPU MEPEXO0/1 B Teuli B piylll 10 MOPCHKOI Teulii.

Ao noknacty koedirieHT 6poyHisebkoi mudysii Dg=10"" M*/c (11 yacTHHOK
pamionykmigis Sr’°) 3Hadenns xoedirieHTa po36aBiIeHHS b BH3HAYAEThCS (HOPMyIIa-
Mmu (9) ta (10) 1 cknagae
Dy Nu, 1071°-0,082:10°
b = = =0,6410"¢c1

. . TZ 25 . . . . .

KoedimienT pozbaBieHHs b po3paxyeMo Ajid PO3UYMHIB Paaioi30TOIIB IE3110

Cs", y3sBum 11st Hux kKoedirienT audysii De=0,5107 M*/c.

. 9. 6
b =25 = 0,510 22— =32:107¢ ¢!

Pe3ynbpTaTti po3paxyHKiB 3aJIeKHOCTEH 00 €MHOT aKTMBHOCTI BOAM Ay Bij BIJIC-
TaHl X HaBEJICH1 Ha puc. 3.

JlaH1 BUMIpIOBaHb PAJAI0AKTUBHOCTI Y OKpeMHX (PIKCOBAaHMX KOOPJIMHATOIO X Mi-
cigix Jninpa 1 Yopuoro Mopst 3a ornisigom [12] npeacraBuMo Ha TOMY K puc. 3 y BH-
I eKCIIEPUMEHTAIIBHUX TOYOK Pa3oM 13 MPOBEACHUMH 3a JI0IIOMOTOI0 3alpOIOHO-
BaHOI MOJIEJIl PO3PaXyHKAMH.

3anponoHoBaHa KOHBEKTHUBHO-IHU(]y3iiiHa MOJeNb MacIITaOHOrO NEPEHECEHHS
PAIIOHYKIIIJIIB Y BOJHOMY CEPEJOBHIII CIYIIHO OMUCYE TpaHchopMmallio Ta 3MeH-
IIEHHS! KOHIEHTpAIliil padioOHyKIIIB, IO HAIXOIATh 13 3a0pyIHEHUX TEPUTOPIH 1
MOIIUPIOIOTECA Y JHIMpOBChKOMY OaceliHi piuoK Ta BOJAOCXOBHIIL, MOIMAIal0u1 Y ITiB-
HIYHO 3axigHy yactuHy YopHoro mops. [Ipu nboMy 3HaueHHs koedinieHTa qudysii €
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Puc. 3. 3anexH0oCTI 00'€MHOT aKTUBHOCTI Ay BOJM BiJ BiJICTaHI X, KM.

1. 06’emua akTUBHICTH 11e3110-137 (2020 p.); 2. 06’eMHa akTUBHICTH 11e31t0-137 (2019p.);
3. o0’emHa akTUBHICTh CTpoHII0-90 (2020 p.); 4.00’eMHa aKTUBHICTH CTPOHIIiF0-90
(2019 p.). [Maui BumiproBauus i3oromis: A — Sr'° (2019 p.), A —Sr”° (2020 p.), o — Cs"’
(2019 p.), ®—Cs"7(2020 p.)

Puc. 4. EBomromis po3monily KOHIEHTpaIlli p pamioHYKIiAIB IS KOHBEKTHBHO-
mudysiinoi moneni (D=0.05 m*/c, v =1wm/c).

1iTKOM peanpHuMu: Ut audy3ii BOAHUX PO3YHHIB Y BoIi BOHH cTaHOBATh 107 MY/c
[19], a anst 6GpoyHiBebkoi audysii - 107°+10™"" m*/c i menmre.

[le cBiIYUTH TIPO CYTTEBY POJIb TUPY31HHOTO PO30ABICHHS B IPOLIEC BOJIHOT Mi-
rpaiii i BU3Ha4ae notpedy BpaxyBaHHS MOTO IPU MOJEIIOBAHHI BOAHOI Mirparii pa-
TIOHYKIIIIIB, @ TAKOXK MIITBEP/UKYE, IO MBUAKICTh TUPY31i TUCIIEPCHUX YACTHHOK Y
BOJI Ha 1-2 mopsAaKyU MEHIIE, HIXK B PO3YHUHI.

Kpaiiosi 3a0aui npo konsexmusny oughyziro. Jludepeniiiiine piBHsaHHS (6) € Oc-
HOBHUM PIBHSIHHAM B KOHBEKTHUBHO-IU(]Y31iHINA MOJEM1, U0 ONKUCYE MOLIIUPEHHS pa-
JTIOHYKJI1/IIB.

MopeintoBaHHs MPOLIECIB EPEHOCY CYMII B MOTOLl € JOCTATHHO BUBYEHOIO 3a-
navero. Hampuknag B [3] po3BUHYTa CTaTHCTHYHA TEOPis, KIHIIEBUM pPE3yIbTaTOM
AKOI € TayCOBUHM 3aKOH PO3MOJUTY cyMilnl B motoii. B po6oti [26] po3BuHyTI, TaK
3BaH1, KaMepH1 qudy3iiHI MOJIeN, SKi MMOB’sA3aH1 3 PO3B’sA3aHHAM AU epeHIlaTbHUX
PIBHSIHB MepeHoCcy Tumy (6), siki B 3arajJbHOMY BHUIIQJKy BPaXOBYIOTb TaKOX HasB-
HICTb Ta BIUIMB JKepen 3a0pyaHeHb (CKuaiB). PIBHSHHS KOHBEKTUBHOI n1udy3ii B (o-
pMi (6) Mae 1Ty HU3KY YaCTKOBUX PO3B’SI3KIB, SIKI BIJMOBIJAIOTh BIACHUM MOYATKO-
BUM yMOBaM, a TaKoX (pyHIaMeHTaIbHUN po3B’A30K [27] (3a yMOB BiJICYTHOCTI Aii
30BHIIIHIX JHKEpen),

OOMexXMMO Ham po3MVIA] MPUIYHIEHHSAM, IO sBUIIAa TepMoaudysii Ta
O6apoaudy3ii, B3aEMOIisl TOMIIIOK, SIK MK COO010, TaK 1 3 OTOUYIOUUM CEPEIOBUIIIEM
BIICYTHI. B KOHTEKCTI HalllUX 3aBAaHb - MEPEMIIIEHHS MaKCUMalbHOI KOHIICHTpAIIil
p(x,f) JOMIIIOK, WIO AacCOI[IOEThCA 3 HAABHICTIO TMOMITHOTO pajialliiHOro
3a0pynHeHHs. OTe, $SK OCHOBHE pIBHSHHSA, MU OOHMpPAaEMO CTaHJApPTHE
(omHOBUMIpHE) pIBHSHHS KOHBEKTHBHOI nudy3ii. [Ipum mBuakocti v = const Ta
koedimienty audysii D = const crpoineHoro Gpopmoro piBHSHHS (6) € pIBHIHHS
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>
E=—vT 4D, (11)
ne C —KOHIEHTpAllis, ¢ — 9ac, X — KOOpJUHATA, V — MBUAKICTb KOHBEKIIIi.

SIxio mepeTi 40 HOBOI 3MIHHOI BUAY & = X - vt, MOXHAa MEPEKOHATHUCH, 10 PIB-
HsHHS (11) Mae aBTroMoIeTbHUN (OKpeMUl) PO3B’SI30K, TOOTO TaKUK PO3B’SA30K, KU
HE 3MIHIOIOTHCS 32 MAacCIITAOHUX MEPETBOPEHb Ta IMOBOPOTIB BIAHOCHO KOOPJMHAT-
HUX OCEH Ha JOBLIbHI KyTH.

ABTOMOJENBHUH po3B'sa30k Mae Burisia: C(E, 1) = f(§ + vt), ne f— Oynp-sika QyH-
KIis Big aprymeHnty & + vr. Llel po3B'si30k cBiguMTh, 1m0 KoHUeHTpauis C (3a0pya-
HIOIOUO1 JOMINTKK) Oy/ie HE3MIHHOIO B3JIOBXK JIiH1N 3MiHU & + VI

[Ipote piBHsHHSA (11) 3a70BONBHAETBHCS 1 OUIBII HIMPOKHMM KJIACOM BJIACHUX
(GyHKLIM, 00 BIANOBIJAIOTH PI3HOMAHITHOMY CHEKTPY ITOYATKOBUX YMOB (L€
BOXKIMBO JJIA JOCHIIDKEHHS JHUHAMIKM PI3HUX KOH(irypamiii BuUKUIIB). [las
pPO3B’s13aHHS 1IOTO PIBHSIHHS 3a3BHYail 3aCTOCOBYIOTh METOJ PO3JUICHHS 3MIHHUX
dyp'e. TooTo, C(x,t) = @(x)Y(t), mo npu miacraHosmi B (11) gae

Lo _ _vide 10 _ . (12)

YD at __EZax @ 0x2
3actocyBaHHs MeTtony Dyp’e MPU3BOAUTH 1O BIAMOBIIHUX XapaKTEPUCTHUHUX
PIBHSIHB, PO3B’SI3aHHS SIKMX HE SIBJISI€ CKJIATHOIIIIB:

2 2
k-2k+2=0; k=% (=) —/12=1J_ri//12—(i) ;
D 2D 2D 2D 2D
, 2
[To3Haunmo _|A% — (%) = A'. Toni pynkuis Y(t) mopisHoBatuMe Y(t) =

Be *Pt | a dynkuis Bin koopauHAaTH @ (X) OY/IE TOPiBHIOBATH
v
@(x) = ezd” (Clsin Ax + C?cosAtx).
VY SKOCTI TpaHMYHUX YMOB 3aCTOCYEMO TpaHW4YHI yMOBH l-ro pomy (Tak 3BaHi
MOTJIMHAIOY1 KOPJIOHHU):
©(0) =0- C1sin 0+ Czco0s0 =0 - C, = 0;
km

gD(l) =0- 3%1 Clsin }\1l =0- Alkl =k - }\1k — T;

VY pe3ynbrari, OTpUMYEMO:

o0
v 2 .
C(x,t) = Z C, e2d” e MLt sin A, x,
k=1

e b= () + (5 13)

3HaﬁI[€MO p03B,H3KI/I JJIL ABOX BI/II[iB IIOYaTKOBHUX YMOB, a CaMC:

1. Co(x) = 6(x — x0) - TOUKOBE JKEpesIo BKUAaHHS (1€ 0(X — Xo) — JAeNbTa QyHKIIis
Hipaka:
v(x—x0)

2 o 2 )2 : .
C, = Te 2D sinA; X0, C(x,t) = I—Z}?zle 20 e MPtsind, xo sinAg, x; (14)

2. PiBHOMIpHO po3Mo/iijieHe BBEJEHHS Ha BIJIPI3KY [X, X, ]| BKUIaHHS:

144



dizuka aepoaucrnepcHux cucrem. — 2024. — Ne 62. — C.130-149

2 1 [ km _V 2 km 5
o= T T G le 7 cos e st +
1+ 225
(T
2D [e_ﬁx1 sinanxl—e_ﬁmsinanxz] (15)

3ayBa)XMMO, [0 HE3&JIEKHO BiA BHUOOPY YMOB BKHUJAHHA PO3MOILI
KOHIIEHTpAIlli JOMIIIOK MOXe OyTH 3HaUICHUI aHATITUYHO 1 Ma€ BUTJIS;
C(x, t) = Yg=1Cx e7b e‘AiDtsinanx (16)

Bci orpumani po3B’si3ku 30epiratoTh aBTOMOJCIBHUN XapakTep (Xo4d 1 MICTSATh
JIEKOpYIoUl (PparMeHTn).

3a OMOMOror0 OTPUMAHUX PO3B’SI3KIB MOKHA OLIIHUTH BaXKJIMBI MapaMeTpH, sKi
BCTAHOBIIIOE MIPUIHATA MO/IeNb. Tak, HAIPUKIIAa, Macy, MOTIK MacH Ta iH..

JUiss MozenmtoBaHHS TMOUIMPEHHS PaJlOHYKIIJHUX PEYOBMH Yy MOPCBHKIM BOjI
3IMCHIOBAJIOCS KalllOpyBaHHI_MOJIEN] M0 peaJibHUM JaHuM y ctarti Jlro JI, Xockin
M. [28].

VYci oTpumMani pe3yabTaTi po3paxyHKIB BKa3ylOTh Ha T€, 1[0 HAABHICTh KOHBEKIII1
cupusie 30UIBIICHHIO MAacTadiB PO3MOALUTY JOMIMIOK (IHIIMMHU CJIOBamH, CIpPHUSIE
OUTBII IIUPOKOMACIITAOHOMY MOIIMPEHHIO NOMIIIOK). Puc. 4 mokasye eBOJIOIIIO
pPO3MOJAUTY KOHIEHTpAIii 3 YacoM 3a HasIBHOCTI KOHBEKTHUBHOTO TIOTOKY,
CIPSIMOBAHOTO TMPaBOPYY, pPO3paxOBaHy 3a JOMOMOIOK OTPUMAHUX TOYHUX
po3B’s3KiB. BuaHo, 110 Ha BiAMIHY BiJI BUNAAKY YHUCTOI AUPyY3li MaKCUMyM
PO3MOLTY 3MILIY€ETHCS Yy HAIIPSIMKY KOHBEKTUBHOT'O MOTOKY y30BXK oci X.

[Ipu po3B’s3aHHI 3a7a4i 3pYYHO MaTH JIESIKUN TOKa3HUK, KU 37aTHUN OyB
BKa3zyBaTh OO0JIACTh 3aCTOCYBaHHS MOJEII, POJb TUX YW 1HIIMX MPOLECIB. 3 LIE0
METOI0 BBEIEMO JIJIsi po3MJIsiAy (pakTop, sikuil Ha3BeMO (haKTOPOM aBTOMO/IEIIBHOCTI.

PozrasineMo takuii (pakTOp aBTOMOJIETBHOCT] Y BUIIISIAL (PYyHKIIIT
_2U(x-UY)
~e D . (17)
Lleii gakrop siBasie cOO0K0 MaTEMAaTUYHUI BUpa3, AKUH MOXKE OyTH 3aCTOCOBAHMIMA
JUIs OTPUMAaHHsI PO3B'SI3KY JEAKOro pIBHAHHA B YAacCTKOBUX MOXIIHUX B o0’aacTi
BEJIMKUX KOHBEKIIHHUX PYXiB 3 NU(]PY31THUMU TPOLIECAMH.

VY Bupasi (17) U — BuzHayae hopmy QyHKINT 1 MOXKE 3ajieKaTH BiJl KOHKPETHOI
_2Ux-UY) .
¢13uuHOi cucreMu. DakTOp aBTOMOJEIBHOCTI ~€ D BKa3ye Ha 3aJIEKHICTb

KOHIIEHTpali (a0o 1HIIOI BETWYMHH) BIJ MPOCTOPOBOTO Ta YACOBOTO PO3MOJALTY
mBUAKOCTI KoHBeKIIT (U), mpocTopoBoi koopauHatu (x) 1 yacy (7). Lleit Bupa3z moxe
OyTH BUKOPHUCTaHHWI AJid aHami3y 1 MOJAEIIOBAaHHA MPOLECIB MepeHocy Ta Audysii y
(I3UYHKUX CUCTEMAX 3 PYXOMHUM CEPEIOBULIEM.

Tak, CTOCOBHO TpaBITAllIMHOTO OCA/KEHHS NMCIEPCHUX JOMIIMIOK B CTIYHHMX
BoJiax [8] dakTop aBTOMOAEIBHOCTI b MOKa3ye MPEBAIIOIOYY POJIb OJHOTO 3 JIBOX
(13MYHKX MEXaHI3MIB OCa/KEHHS — CTOKCIBCHKUM Mij AI€I0 rpaBITAlIMHUX CUJT a0
OpOYHIBCHKHI pyX 3aBUCIUX YACTUHOK.
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Bupa3s (17) mae npoctuii piznunuii 3micT. BiH noka3ye y CKUIbKU pa3iB B3IOBXK
HampsiIMKy oci X BiI0yBaeTbCcs 3MEHIICHHS KOHIIEHTpalli, a0o aKTHUBHOCTI
PaIl0aKTUBHOIO 130TOMY.

[Ipu mepexoji BiJi OJHOBUMIPHOTO BHUIIQJKY /10 JBOBUMIPHOi Ta TPUBHMIPHOI
mudy3ii pakTop aBTOMOAEIBHOCTI BPaXOBY€E MPOCTOPOBY 3aJIEKHICTh aJBEKTHBHUX
CKIIQZIOBUX: X =V, Y = V', Z=V,'L.

CenuMeHTallisi JUCIIEPCHUX YaCTUHOK, TETUIOBI KOHBEKTHBHI PyXU BiJIOYBAIOThHCS
y BEPTUKAJIbHOMY HAIPSAMKY 3 MIBUAKICTIO V,= V,. Lo IBHIKICTE BU3HaYa€e GopMya
(2), y skiit Ha BiaMiHY BiJ (popmyinu Ilya3eitns BpaxoByeThCs MOMpaBKa Ha 110 CUIIH
Kopiomica y Burasai goOyTKy TYCTHHH YaCTUHKH HA TOPH3OHTAIBHY IIBHIKICTH
YaCTUHKHA 1 KYTOBY IIBHAKICTH OOepTaHHS 3eMJIi, IO CTOITh Yy YHCEIBHHKY i€l
dhopmyiu.

Po3paxyHku 3a (2) Moka3yroTh, 0 BEPTUKAJIbHA IIBUAKICTD V, 3AJICKATH NEPII 3a
BCE€ BIJl pO3MIpY JUCHEPCHUX YACTUHOK 1 1Jis1 4acTUHOK 0.1 MKM — 60 MKM JIeKUTH B
mexax 107°- 107m/c.

[Ipu o6paHMX HaMM 3Ha4YeHHIX Koedimienty audysii (10° - 10" M*/c ominku
(dakTOpy aBTOMOJIEIBLHOCTI Y3J0BXK BEPTUKAIBHOI OC1 Y € IIJIKOM CIYUTHUMHU, BOHU
JIOCTaTHBO JOOPE MOKYTh MOSICHUTU 3MEHIIICHHS KOHIICHTpAIlii paJloHyKIiIiB Ta 1X
PaIlOaKTUBHOCTI IO JIaHMX BHUMIpIB y BoAl JIHiNIpa 1 MiBHIYHO-3aXiJHINA YacTHHI
YopHoro mops. 3p0o3yMiJIo, IO TMOPIBHSIHHS MIBHUAKOCTI €BOJIOIIMHUX TPOIECIB Y
TPHOX pI3HUX HANpsIMKaxX Mae€ BIAOYBaTHCS IpPU OJHAKOBUX yMOBax Ta IMpHU
MOPIBHSAHUX MapaMeTpax, XapaKTepHUX JJIsl HUX MPOLECIB.

Takum dYnHOM, 3acTOCOBYIOUM (DAKTOp aBTOMOJEIBHOCTI 10 BIATOBITHOTO
PIBHSHHS, MOXHA OTpPUMAaTH aHANITHYHI a00 dYHCIOBI  pO3B'SI3KH,  fKi
B1IOOpaKaTUMYTh NEPEHOC 1 PO3MOALT JOMIIIOK a00 1HIIMX (DI3UYHUX BEJIUYMH B
CUCTEMI 32 YMOBH BEJIMKHUX KOHBEKIIMHUX PYXiB 1 AU(PY31HHUX TPOLECIB.

Bucnosknu:

1. KonBektuBHO-mu(y3iiiHa (aJBEKTUBHA) MOJENb MACIITA0HOTO TEPEHECEHHS
PAJIOHYKIIIIIB Y BOJHOMY CEPEIOBHUIII TIPU IIJIKOM pEalbHUX 3HAYCHHSIX KOe-
dirienra audysii (s qudysii Boguux posunHis - 107 M*/c, a 1151 GpOyHiBChH-
koi mudys3ii - 10'°+10"" M*/c) cnymHo omucye nuHAMIKY paiOaKTHBHHX J0-
MILIOK, IO HAAXOAATh 13 3a0pyIHEHHX TEPUTOPIN 1 MOWMPIOOThHCS y JHIn-
POBCBKOMY OacelHi piuOK Ta BOJOCXOBHIII, MOMAJal0YM y MIBHIYHO 3aXiHY
yacTuHy YopHoro Mops. Pe3ynbrath po3paxyHKiB 3a I1€:0 MOJEIIIO J00pe
CHIBMAJIAl0OTh 13 3HAYEHHAMM AKTUBHOCTI PaTIOHYKIIAIB YOPHOOMIBCHKOIO
MOXO/DKEHHS, Mpe/ICTaBIeHnMHU Y 3BiTI LleHTpanbHOoi reodiznunoi odcepBaro-
pii iM. bopuca Cpe3HEeBCHKOr0 y BUIJISAI TaHUX BUMIPIOBaHb, OTPUMAHUX B
2019-2020 pp y pi3Hux Micigx JIHITpoBChKOro O6aceiiHy 1 MiBHIYHO-3aX1AHOI
yactuHu YopHoro mMops. Lle cBimuuTh npo CyTTEBY poiib 1udy31iHHOTO po30aB-
JICHHSI B MPOIECl BOJHOI Mirpalii paJioHyKIiAiB 1 MOTpeOy BpaxyBaHHS HOTro
IIPU MOJICJIIOBAHHI JUHAMIKU IPOLECY.

2. Pe3ynbraTti po3paxyHKiB 32 KOHBEKTUBHO-IU(]Y31iHOI0 MOJIEIUIIO BKA3YIOTh Ha
Te, II0 HASBHICTh KOHBEKIIl crpuse 301IbIICHHIO MacIITadiB PO3MOJALTY
JOMIMIOK  (IHIIUMH  CJIOBaMH, CIpHUS€ OUIBII  MIUPOKOMACIITAOHOMY
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MOIIMPEHHIO TOMIIIOK), 1 HA BIAMIHY B1J BUIAJKY YUCTOI AUPY31l MAKCUMYM
PO3MOUTY 3MILIY€ETHCS Y HAIIPSIMKY KOHBEKTUBHOTO IMOTOKY.

3. 3anponoHoBaHuil (HakTOp ABTOMOJEIBHOCTI MOXeE OyTH 3aCTOCOBAaHUM Jis
OTpUMaHHS PO3B'SI3KY JEAKHUX PIBHAHb B YacTKOBUX IMOXIJHUX B 00JacTi
BEJIMKUX KOHBEKUIMHUX PYXiB 3 Au(y31iHUMHU MpoLecaMu Ta MOXe OyTu
BUKOPUCTAHUN JUIS aHAJI3y 1 MOJEIIOBaHHS MPOIECIB IepeHocy Ta Audysii y
($13MYHUX CHCTEMAX 3 PyXOMHUM CEPEIOBULIEM.

4. Jlns nBOBUMIpPHOI Ta TpPHUBUMIPHOI JU(Dy3ii (PaKTOp aBTOMOAEIBHOCTI
BU3HAYaTUME  MPOCTOPOBY  3QJIEKHICTh  AJBEKTHBHUX  CKJIAJIOBUX:
TOPU3OHTAJIBHUN PyX Yy HaNpsSIMKy aJBEKTHUBHUX IOTOKIB, Teyli pIyku ado
MOPCBHKOI Teuli, CEIUMEHTAIII0 JUCIEPCHUX YACTUHOK, TEIIOBI KOHBEKTHUBHI
pyXd, $SIKlI BiJOYBAaIOTBCA Yy BEPTUKAJIbHOMY HAIpPSMKY, 3 BpaxyBaHHSIM
nonpaBok Ha nito cuui Kopiomica ta iH..
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Gerasymov O.1., Kuriatnykov V.V.

Modeling of the dynamics of radioactive impurities in the conditions
of annual runoff in coastal areas

As a result of the increase in the scope of use of radioactive substances in anthropogenic
activities - nuclear power industry, etc. their pollution of the environment increases and, as a
result, water pollution occurs. The transfer of radionuclides by water currents is one of the
main factors in the spread of radioactive contamination in the environment.

The study of the migration of radionuclide pollution in marine areas is complicated by sea
currents of gravitational origin and associated with climatic and seasonal changes. There-
fore, the issues discussed in the article are relevant.

The purpose of the work is to identify the mechanisms of physical processes that determine
the migration of radionuclide pollution as a result of annual runoff to the coastal areas of the
northwestern part of the Black Sea.
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Radiation pollution can be dissolved in water, or it can be associated with the presence of
dispersed phase substances in it, including radioactive ones.

The mechanisms of the spread of radiation pollution may differ depending on the aggre-
gate state of the pollution.

The mechanisms of physical processes accompanying the migration of radionuclides in the
aquatic environment are considered. These are the processes of gravitational sedimentation
of dispersed particles or their floating as a result of the Archimedean force, the influence of
the Coriolis force, as well as the processes of Brownian diffusion of dispersed particles that
can cause their coagulation.

An advective model of the transfer of radionuclides in the aquatic environment is pro-
posed. Approbation of the model when processing the radioactivity measurements of the wa-
ter of the Dnieper basin and the Black Sea shows that this model well describes the decrease
in concentrations of radionuclides coming from polluted areas and, spreading in the Dnieper
basin of rivers and reservoirs, falling into the northwestern part of the Black Sea. At the same
time, the value of the diffusion coefficient for aqueous solutions in water is 107 m’/s, and for
Brownian diffusion - 10°"+10"" m’/s and less.

This testifies to the essential role of diffusional dilution in the process of water migration
and needs to be taken into account when modeling the water migration of radionuclides, and
also confirms that the rate of diffusion of dispersed particles in water is 1-2 orders of magni-
tude lower than in solutions.

The convective-diffusion model of the migration of radionuclides in water is considered.
All obtained results of calculations based on this model indicate that the presence of convec-
tion contributes to an increase in the scale of the distribution of impurities (in other words, it
contributes to a wider distribution of impurities).

Using the obtained exact solutions, the evolution of the radionuclide concentration distri-
bution in the presence of a convective flow is shown. It can be seen that, in contrast to the
case of diffusion, the maximum of the distribution shifts in the direction of the convective flow.

The self-similarity factor indicates the dependence of the concentration (or other value) on
the spatial and temporal distribution of the convection speed, spatial coordinate, and time.
The considered approach can be used for the analysis and modeling of transport and diffu-
sion processes in physical systems with a moving medium. By applying the self-similarity fac-
tor to the corresponding equation, it is possible to obtain analytical solutions that will reflect
the transfer and distribution of impurities or other physical quantities in the system under
conditions of large convection movements and diffusion processes.

The conclusions of the work and the practical significance of the work consist in the devel-
opment of algorithms for the water migration model of radionuclides, suitable for predicting
critical regimes of physical processes, which can serve as a tool for preparing a response to
environmental accidents associated with radioactive contamination.

Key words: migration of radionuclides, dispersed phase, convective diffusion.
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BunapoByBaHHs KpamneJb eMyJbCiil B YJbCALITHOMY pesKUMi

Booo-nanusni emynvcii 3 emicmom 600u 0o 70% € 2oprouumu. B 3anexcnocmi 6io memnepa-
mypu cepedosuwia y Kpanii emMyasbCii Modice cnocmepieamucs 0eKilbKad Peicumis sunaposy-
eanns. Mixc 36unaiinum eunaposysannam 32i0no sakony d° i Mikposubyxom Mmodciuse nyio-
cayii He 8uUNaposysamus. B nvomy mna noeepxmi xpanii eunHuxkaiomv Hapocmu, SKi pYUHyo-
YUCh, BUKUOYIOMb Mamepian eMyasbCii 8 2a3o6e cepedosuuye.

Iicna cmeopenns emynvcii npu 0ii y1bmpaseyKo8uM OUCHEP2amopoM NOYUHAEMbC YKPYN-
Henns 2n0oyn. Came napoymeopents Ha maxkux 2100ynax i NOYUHAEMbCS 3pOCMAHNS NAPO8oi
oynvbawku. B neputy uepzy 6onu 3pocmarome nooausy cnawo mepmonapu, a no mipi 3poc-
mauns memnepamypu emynvcii i 8 ii cepeouni. 3i 30inbueHHAM memnepamypu weuoKicmo
3pOCManHs po3Mipy napoeoi 6ynbbawKuy 30i1bULYEMbCA, A MAKCUMALHULL PO3MID — 3MeHULy-
emocsi. Ilepioo nynvcayii pozmipy 3i 30i1bWeHHAM MeMNepPamypu 3MeHULYEMbCSL.

Knrouoei cnosa: emynvcii, 600a-ouseivbHe naiuéo, nyivcayiiime SUNAPOBYSAHHS, Nepioo
nyavcayii.

Beryn. BaxiMBuM NMUTaHHSIM Cy4acHOI TETUIOGHEPTETUKU € 3HUKEHHS BUKU/IIB
IIKIJIJIMBUX PEYOBUH IPH CIATIOBaHHI BYTJ€BOAHEBOTO nanuBa. OIHUM 13 HEPCIEK-
TUBHMX IUIAXIB BUPIIIEHHS L€l MPoOJEeMU € BUKOPUCTAHHS BOAM y CKJIaJll BYTJ€BO-
JTHEBOTO ManuBa. Boja cnpuse 3HIWKEHHIO TeMIepaTypu MOIyM s, 1 3aBISKH LIbOMY
BUKUAN NOy MOXyTh OyTH 3Ha4HO 3MeHIeH1 [1-3]. KpiM TOro, BUKOpUCTaHHS BOAU
MO’K€ MPHU3BOANUTH J0 3MIHH PEOJIOTIYHMX BIACTHBOCTEH MaMBa, IO B CBOIO YEPry
CHpUSE SKOCTI HOTO POMUTICHHS.

B 6ib110CTI JBUTYHIB BHYTPIIIIHBOTO 3TOPAaHHS Ha PIAKOMY MaJIUBi, TAJIHUBO BBO-
JIUTHCSI B BUTJIAJ1 a€pO30JII0 BBOAUTHCA OE3MOCEPENHbO Y BIICIK KaMepu 3rOpaHHs
npotu Tedii moToky. [IBuakocTi razudikariii 1 3MinryBaHHs OyayTh CUJIHHO BILUIUBATH
Ha MBHUAKICTh TEIIOBUIJICHHS 1 €peKTHBHICTh TOpiHHA. KilacMuHHMI 3aKOH 3MEH-
IIEHHs KBaApaTy JiaMeTpy HpH ropiHHi (3ak0oH d?) — OCHOBa IIBMAKOI rasugikarii
Macu J1anoi piquau. OJHaK, ICHy€ J1Ba aCleKTH, 10 BIUIMBAIOTh HA HUKHINA MOYaTKO-
BUi po3Mmip kparuii. [lepmmii — Ppi3nyHO HEMOMKIIMBO OTPUMATH KPAIlji HECKIHUEHHO
MaJiuX po3MipiB HUIAXOM PO3NMIIOBaHHA. [[pyruii — qyske Maii Kpamii He MaloTh J10-
CTaTHBOI 1HEpUIi JUIsl MPOHUKAHHS BrauO Kamepu 3ropaHHs. ToMy ogHE po3muIIO-
BaHHS HE MOXXE 3a0€3MEeYUTH ONTHUMalbHY IIBHUJKICTH razu@ikauii i OJHOPIAHICTb
CyMiIlIi.

OcTaHHIM YacoM, aKTMBHO BHBYAIOTh JIOJIATKOBE 3MEHIIEHHS PO3MIPIB Kparuii B
pe3ynbTati MikpoBHOYXY [4-7]. I[Ipu ropinHi kpaneiab 6araTOKOMIIOHEHTHOT eMYJIbCli
3 BEJTUKOI0 AU(EpeHITIaTbHOI JETKICTIO YU PI3HUMH TEMIIepaTypaMu KUIIHHS MOXKe
B11I0yBaTUCS CUJIBHUM BUOYX MiJ Yac >KUTTS Kparmii. B pe3ynbrari po3nuieHHs Kpa-
neJb € JBOCTaAiiiHuM. Bricoka mBuAKICTh ra3udikaliii He € KPUTUYHOIO JIJIsl BEJINYH-
HU (hakery, OCKIIBKA MIKPOBHOYX TaK YM 1HAKIIIE MIOBHICTIO PO3MIIUTD KPAILIIO.

DOI: 10.18524/0367-1631.2024.62.320216
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Puc. 1. Cxemarnyna giarpama roprodocTi nmapisB Bumux ByrieBoaHiB (CaHont2 3 n <5), 3mima-
HUX 3 TOBITPSM 1 BOJSIHOO MTAPOIO MPU aTMoc(hepHOMY THCKY [ 1], a TaKOK CTEXiOMETPUYHUX
cymimeir OWE-noBiTps 3 BMicToM Bogu 25, 50 1 75% wmac.

[lepeBakHO MIKPOBHOYXHM BUKJIMKAIOTHCS BHYTPILIHIM NeperpiBoM. s kparu
0araTOKOMIIOHEHTHOIO MaJliBa HA MOYATKy il TOPIHHS BUHUKAE MOOJIM3Y MOBEPXHI
BHUCOKHI TpaJleHT KOHLEHTpauii. buibll JIeTI0Ul pe4yOBUHU MOKHUIAIOTh BHYTPIIIHIM
MOBEPXHEBUH IIap, SIKUM CTAa€ HACHYCHUM BaXKKO JICTIOUMMH KOMIIOHEHTAMH 1 TOMY
MOKE€ PO3IrPITHCS BUIIE TEMIEPATypU KHUIIIHHS JIETKO JIETIOUOTO KOMIIOHEHTY. Y
BHYTPIIIHIX IIapax Kparull CKJIaJl 3MIHIOEThCS MOBIJILHO, TOMY CaMe€ TYyT BUHHKAIOTh
[EHTPHU MMapOYTBOPEHHS Yepe3 BUCOKUM BHYTpilIHIM TUCK mapu. Came BiH 1 Ji€ Ha
MOYATKOBY KPAILIIO 1 pO3PUBAE Ti.

Bigomi nBa ocHOBHI edekTu npuaylieHHs (TOTIPIICHHS) TOPIHHS B aJlbTepHATH-
BHUX BHJIaX NajMBa 3 MiJBUIIEHUM BMicTOM Boau [1]. Tlo-nmepiiie, BUHKMKA€e CUIBHUN
edeKT 0XOJIO0KCHHS Yepe3 BUIMAPOBYBAHHS Ta HArpiBaHHS BOJAM, a MO-ApPYyTre, KOHIE-
HTpallisl KUCHIO B peareHTax JIeI0 3MEHIIY€EThCS 31 30UIbIIEHHSIM BMICTY BOAH, SIKILO
MIATPUMYETbCA CTEXIOMEeTpu4uHe TopiHHsA. Ha puc. mokazana cxemaTuyHa Jiarpama
TOPIOYOCTI MapiB BUIIUX BYIJIEBOJIHIB, 3MIIIAHUX 3 MOBITPSIM 1 BOASHOIO MAapOI0 IpH
aTMOC(epHOMY THCKY. 31 301IbIIEHHS BMICTY BOJSHOI Mapyu B MOBITPl 3MEHIIY€ETHCS
Jlana3oH KOHIIEHTpallli mapiB BYIJIEBOJIHIB Ui iX 3aiiMaHHs. [Ipu cramoBaHH1 eMy-
JbCli B YUCTOMY MOBITP1 KUIBKICTh BOJISIHOI Mapu 30UIBIIYETHCS MICHs ii BUAPOBY-
BaHHs. 3 11i€i aiarpamu (puc. 1) BUJIHO, IO TEOPETUYHO BHUIIl BYTJIEBOAHI 3 BMICTOM
BOAM 110 75 Mac.% Jerko3aiiMHCTI B CTEXIOMETPUYHUX MOBITPSHUX atMocdepax. He-
BEJIMKI KOJIMBAHHS CKJIaJy Ta30BOi CyMIlll € KpUTUYHUMHU. SIKII0 BMICT BOAM B ra3o-
Bilf CyMmiIIl HE MOKHA 3MEHIITUTH, TO BMICT a30Ty B OKHCIIIOBaul MOKHA JIETKO 3MEH-
IIMTH 32 JOMIOMOTOI0 30aradyeHuX KHMCHEM PO3IMUIIIOBaYiB a00 NpHU BUKOPUCTAHHI Yu-
CTOr0 KHCHIO 3aMICTh MOBITPS.

MexaHi3M TOpIHHA Kpaleib eMYJbCli CyTTEBO 3aJ€XHUTh BiJl iX CTPYKTYpH (BiA
KUIBKOCTI Ta JiaMeTpa Kpamneiab IUCIepcHOl (pa3u Ta JiaMeTpa Kparil eMyJbelii B I1i-
J0My). 3MIHIOIOUM CTPYKTYPHI MapamMeTpu eMyJbCIMHOTO MajiiBa, MOXKHA CYTTEBO
3MIHUTH MOTO BJIACTUBOCTI.

JI71st cTBOpEHHS! eMyJIbCli TOTPIOHO MIHIMYM JIBl HE3MILITYBaH1 pEYOBUHH, HAIIPU-
KJ1aJ (BoJia 1 piJike MajauBo). B 3aimeKHOCTI Bij X CIIBBIIHOIICHHS ITICHIS AUCIIeprari
(mepemiinryBaHHs) MOXKYTb OyTH JIBa THUIIA €MYJIbCIHTHOTO MajivBa: «HadTa y BOAI»
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(O/W), y sikoMy naauBO JUCIEPTYETHCS Y BOJL, 1 TUI «Boja B HadTi» (W/O), y gxo-
My BOJIa TUCHIEPTYETHCS B Maci [8].

B po6oTi [2] npountocTpoBaHi TpU PEKUMHU HArpiBaHHS Kparull NaJIUBHOI eMYJlb-
cii: BumapoByBaHHs (evaporation), nuxTiHHg (puffing) Ta MikpoBHOYXy (micro-
explosion). B nepiiomy pexxuMi OBEpXHS Kparuli 3aJIMIIAETHCS IO 1 3 4acOM po-
3MIp Kparuli MOHOTOHHO 3MEHIIYEThCS. B pexumi MUXTIHHA B IEIKOMY MICII TTOBEp-
XHI 3’SIBJISIETbCSA HAPOCT (BUKPUBJICHHS ), IKUM uepe3 KOPOTKUN MPOMIXKOK Yacy Jiomna-
€THCS 1 OIS Kparun 3’sIBJISIOTHCS 3HAYHO MEHINI Kpamii Macia. Lle noB’s3aHo 3 Ku-
MIHHAM Kparejib BOJU BCEPEANHI Kparull emyibcli. [Ipu O11bIn 1HTEHCHBHOMY Harpi-
BaHHI, KOJIM BCEPEIMHI KpaIljl 3apOJKYIOThCS 0araro napoBux OysbOaIlloK, MOKIIHU-
BE€ pI3Ke 30UIBIICHHS pO3MIpY Kparuii 1 ii pyiHyBaHHS, [0 HA3UBAETHCI MIKPOBHOY-
xoM. IIpOTiKaHHS TOro YW IHILIOTO PEXKUMY 3aJE€KHTh BlJ 3HAUCHHS TEMIEPaTypH
Kparuii: Py MEHIIUX CIIOCTEPIrae€ThCsl BUMIAPOBYBAHHS, IPU OLTBIINX — MIKPOBUOYX.

J1Jist OIIHKM YMOB BUHMKHEHHS MIKPOBHOYXY € JEKIJIbKA IT1IXO0/I1B:

1) o1iHKa TOCSTHEHHS KPUTUYHOI TEMIEPATypH 3apoKeHHsI (OJIM3bKOI A0 TemIie-
paTypy KHUITIHHS OJTHOTO 3 KOMIIOHEHTIB eMYyJIbCiii) Ha Mexi W/O.

2) TicK B mapoBiil OyipOamin Ha Mexi W/O mepeBulllye MOBEPXHEBUH HATAT 1
TUCK HAaBKOJIMIIIHBOTO CEPEOBUILIA.

3) nocATHEHHS NMapoBOi OyIbOAIIKY KPUTHUYHOTO PajilyCy, 10 3HaXOJUThCS €KCIle-
PUMEHTAJIIBHO.

Merow podOTH € BUABICHHS OCOOJMBOCTEH MMyJbCAI[IHHOTO BHUIApPOBYBAaHHS
Kpariejab BOJAO-NaJIMBHUX €MYJIbCIA B HArPITOMY MOBITPI.

ExcnepuMeHTaNbHI J0CHIIKeHHsl. YJIbTPa3BYKOBI amapaTd 30HIOBOTO THILY
BUKOPHUCTOBYIOTBCS JIJIsl CTBOPEHHS €MYJIbCIH Ta 3MINTyBaHHS PiAUH. YJIbTPa3BYKOBa
€HEepris BUKIMKA€E KaBITallll0, YTBOPEHHS Ta CXJIOMYBaHHS MIKPOCKOIIYHUX OyiIbOa-
mok. Llel mpouec gornomarae eMyabryBaTH PiIMHY, 1110 HE 3MILIYIOTHCS, OTPUMYIOUH
cTabuIbHI 1 IpiOHOIMCTIEpCH] eMyJbCeli. J[BodasHa eMybCist siBisie COO00 CyMilll BO-
11 B TU3EJIbHOMY NajluBl 0€3 BUKOPHUCTAHHS OYb-sIKOI MOBEPXHEBO-AKTUBHOI pedo-
BUHU. B sIKOCTI 00’ €KTIB TOCHII>KEHHS Oyiu BUOpaHi eMyJbCli «IU3elIb-BOa» 3 BMi-
ctoM 50%/50%.

Jlis 3MILIyBaHHS 1 €MyJIbI'yBaHHSI BUKOPUCTOBYBABCS YJIbTPa3BYKOBHM AucIep-

Puc. 2. Bun emynbcii B Mikpockortt micis 61au3bko 30 ceKyHT micis MPUroTyBaHHS.
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ratop Y3/IH-1 na wacroti 22 kI'n TpuBamictio 1 xB. B pe3ynbTaTi cymim ABOX He-
PO3YMHHUX pIIWH (0JIHA B OJIHINA) MEpEeTBOPIOBajacs B OLTy CyOCTaHIIIO 110 BCbOMY
00’eMy, SKy B MOJAJIBIIOMY Ha3BaHa «eMyJjbCi€to». CTaH yTBOPEHOI «EMYJbCIi»
TMICIIsl IPUTOTYBaHHS Yepe3 5 XBUIIMH 300pakeHui Ha puc.2b.

Bigomo, 1110 eMybCisa — 1€ cucTtema 3 piakor Oe3nepepBHOIO (a3oro Ta AucHep-
cHOIO (a3or0, M0 CKIAAEThCA 3 Kpamenb piauHu. HaiOuteln mommpeHi aBa THIH
eMYJIbCii: eMyIibcis "Macio y Boai" Ta emynbcig "Boja B omi". B eMynbcii "Macio y
BOJ1" UCNIEPCIMHUM CEPEJOBUIIEM € BOJIA, a JUCIEPCHOI (Pa3oro - oJiisl, TOAl SIK B
eMyJibcii "BoJia B 0JIii" HaBIaKH.

B nHamoMy BUMajaKy BUAHO, IIO 3@ 4Yac B1IOOpPY 1 PO3MIILIEHHI Ha MPEIMETHOMY
CKJI1 3pa3Ky eMyJibCii (puc. 2¢, AlaMeTp roJIKU 7.5 MKM) YTBOPIOBAJIUCS BUIUMI BEJIU-
Ki Kparuti. B Toil ke yac Oynu NpHUCyTHS 1 BEJIMKA KUIbKICTh MIKPOHHHX Kpareib. Po-
3MIapyBaHHs €EMYJIbCil B EMHOCTI YITKO MPOCIIIIKOBYETHCS BiKE Yepe3 100Yy.

B namowmy Bunaaky IIAP B cymim He nonmaBanucs. [loscHeHHs mosiBu Oyin0Oa-
IIOK 3B’SI3aHO 3 YJIBTPA3BYKOBOIO KaBITAIl€l0 — YTBOPEHHAM 1 aKTHUBHICTIO Ta30BUX
ab0 mapoBux OyipOAIIOK (MIOPOKHUH) B CEPEIOBUIII, III0 OMPOMIHIOETHCS YIIBTPa3-
ByKOM. IcHye 1Ba BUJIM YJIBTPa3BYKOBOI KaBitaii. [lepmumii — iHepiiiiHa KaBiTarlis,
MpUpPOJIa SIKOI MOB'A3aH1 3 YTBOPEHHSIM B PIAMHI Mapora3oBUX MOPOKHUH BHACIIIOK
PO3TATYBaHHS PIAMHU 1]l YaC HETATUBHOI'O HAITIBIEPIOJy KOJWBAHb B aKyCTHYHOI
XBUJII 1 PI3KOTO X CTUCHEHHS B HAIIBIIEPIOJlI CTUCHEHHs. [[pyruii Buj - 11e HEeiHep-
miHa («cTablabHa») KaBiTallis, 0 XapaKTEPU3Y€EThCS KOJMBAHHSIMU JIOBTO 1CHYIO-
yux, cTaOLIbHUX Ta30BUX OynbOamiok. I{i Oynbbamiku MOXyTh 00'enHyBaTHCA 200
3pOCTaTH 10 BUJIMMHX PO3MIPIB 3a paxyHOK Tak 3BaHOi HampasiieHOi qudy3ii. CyTb
[[FOTO SIBUIIA TIOJISITA€ B TOMY, IO 32 MEepioj] aKyCTHYHOTO KOJIMBAaHb Mapa JudyHIye
B OynbOaiky mijx yac (a3u po3piIKEeHHs, a MOTIM BUXOJUTH 3 HbOTO MiJ Yac ¢as3u
ctucHeHHs. Po3mip OynbOamiku B a3l po3piakeHHs 3Ha4yHO Oisiblie, HIX y a3l CTU-
CHEHHSI, TO PEe3yJIbTYIOUN MOTIK Ta3y (mapu) CrpsIMOBaHUN ycepenuHy OyibOaIlki,
yepe3 110 OynbOaiika pocte. CtalinpHI Oyib0allKi ICHYIOTh IPOTITOM 0araTbox TH-
csi4 200 MUIBMOHIB ITUKJIIB YJIbTPa3BYKOBUX KOJMBaHb, TOJI SIK YacC >KUTTS 1HEPIIiM-
HUX KaBITalIMHUX OyJIp0aIIoK 3a3BUYail MOXKHA MOPIBHATH 3 TPUBATICTIO JIEKIIBKOX
KB,

Bynb6aiiku moBUMHHI CIUTMBATH B CyMilln 3a 3akoHOM CTOKca (HanpuKIiaj, IIBU-
JIKICTh CIUTMBaHHA OynpOamku pagaiycom 10 mkm cranoBuTh 0,2 MM/C), a Malli Oyib-
OalllKy MOBUHHI PO3YMHUTHCS MiJ AIEI0 THCKY, OOYMOBJIEHOTO MOBEPXHEBUM HaTs-
roMm 26/R, e 6 — KOe(ILI€HT MOBEPXHEBOT0 HATATY HA MEXI1 rasy 1 piiuHu, a R — pa-
niyc OynpOamku. [{nst npukmany nis OyiasOamku pajaiycy 1 MKM B BOJI Led A0JaT-
KOBUM TUCK CTAHOBUTH 1.5 aTM.

JI71s1 MOsICHEHHS BUHUKHEHHS Ta CTaOUIBHOTO 1ICHYBaHHSI B PiMHAax ra3oBux Oy-
JTH0AIIOK B €MYJIbCISIX OYyJM 3a1ydyeHl pi3HI MEXaHI3MU, TOKJIAAHO PO3TISHYTI B PAAL
orasiAiB [9, 10]. OauH 3 HUX MPUITYCKAE, [0 OPraHIYHI MOJIEKYJIM MOXKYTh (hOpMyBa-
TH 000JIOHKY Ha MOBEPXHI OyIb0OaIIKy, sIKa epemKopKae Audy3ii razy 3 HbOTO.

B poGoti [11] Ha npuxnani emynbeii DISWS micnst ynabTpa3BykoBoi 00poOKu
MoKa3aHo, 110 npoTsroM 10 ¢ eMyinbeis nmoynHae AectabdinizyBaTuchk. Tak 3a 10 ¢ ce-
penHiit po3mip kparuii Boau 3 0.409 MM mBuAKO 3011bIIyeTHCS 10 15.38 MkM. Ocki-
JBKH B IIOWHO BUTOTOBJICHIM €MYJIbCii, Kparll BOJU MAalOTh Mi3€pHUI pO3Mip 1 BOHU
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Puc. 3. 3anexHicts a) TemrnepaTtypu 1 0) aiameTpy kpamii eMmynbeii DSOWS0 Bix yacy B
HarpiTiit nedi 3 remrneparypro 204 °C.

BUIBHO PYXalOThCs B eMyJibCli. OCKUIbKM MOBEPXHEBO-aKTHBHA PEYOBHHA HE A0]a-
€ThCS, CUJIA BIJIIITOBXYBAHHS, SIKA YTPUMY€E JMCIEProBaHl Kparil BOJAH, CTA€ Cliad-
KO0, 10 MPU3BOAUTH 0 30MpaHHs Kpanenb. Kpami crnodatky po3fiiieHi TOHKORO
TUTIBKOIO, TOBIIMHA SIKOT OyZ€ IMIBUAKO 3MEHIITYBATUCS MPOTATOM KOPOTKOTO MEPioTy
yacy yepes nito cusl Ban-nep-Baanbca. Konu miiBka kpamneiab JOCATHE KPUTHYHOTO
3HAa4YE€HHs, BOHA PO3IpBETHCS, 1110 MPU3BEIE 10 TOTO, 1[0 HOBOYTBOPEHI KpaIlil pyxa-
TUMYTbCS OJJHA 10 OJJHOI, YTBOPIOIOUM Oulblly Kpamito. Yepes 25 ¢ Kpaluii CTaioTh
OUIPLIMMH Ta BaXXUYKMMH, 1 B PE3yJIbTaTI BOHU OIYCKaIOThCSI HA JIHO KOHTEWHepa: Io-
4yaToK mpoliecy ocajpkenns. Yepes 132 ¢ B mpoiieci aecradiiizallii yTBOPIOETHCS BCE
OunbIa 1 OUIbIIA KUTBKICTh BEJIMKUX Kparelb, sIKi OMYCKAlOThCS Ha JHO CKIISIHOI €M-
HOCTI.

3a3Buyall y cucTeMi Mojadl majvBa OAHOLMIIHAPOBOTO AU3EIBHOrO JBUTYHA
TPUBANICTh PyXy MaJIMBa BiJL MOMEHTY CTBOPEHHS /10 MOTO MOBHOTO BIIOPCKYBaHHS B
KaMmepy 3ropsiHHS 3aiimae 0nu3bko 2—5 ¢. ToMy B Takux ABUTYHaX MpU CHATIOBAaHHI
eMyJIbCli mpouec AecTaduti3alii He BpaXxOBYIOTb.

BunapoByBaHHs eMyJbCiii B HArpitiii mewi. Ha nanHomy eramni mpoBOIuiIocCs
JOCIIKEHHSI BUMIAPOBYBAaHHS Kpaneib eMyJibClid B HarpiTiil neui. Kpamist emynbcii
D50WS50 po3mintyBanacs Ha XpOMEb-aJIIOMENIEBY TepMonapy (JlaMeTp eJIEKTPOJIIB
0.2 mm 1 criaro B 0.55 MM) 1 32 JJOTIOMOTOIO CIELIATILHOTO MEXaHI3My BBOJAMIIACS Ye-
pe3 BepxHIi OTBIp BcepeAuHy TpyOuaToi medi. 3 0JHOro Kparo TpyOdaToi medi po3-
TaIIOBYBAJOCS JIKEPEJIO CBITIA, 3 IHIIOrO — BeO-kaMmepa. 3lioMKa Beslacs 3 4aCTOTOIO
30 kanp/c. Temneparypa mneui BcTaHoBIoBasacs Ha 4-X piBHax (157, 204, 248 Tta
291 °C), ki nmepeBUIllyBaIl TEMIEPATYPY KUIIHHS BOAU (TeMIepaTrypa KUIIHHS -
3eJIbHOTO MajiuBa BapitoeThesl B Mexa 180-360 °C). ToMy B KO)KHOMY 3 IIUX BUIIAAKIB
TeMmrepaTypa eMyibcii Oyina Oau3bKka 10 TeMIepaTypu KUMiHHS Boau. Yac mMix mpu-
TOTYBaHHSIM 1 BHECEHHSIM B M4 CKJIaJaB Ouiblle 1 XBUIHHH.

O6po0Oka Bigeo npopoauiacs B maketi Matlab 2015 (puc. 3). CnporieHo mpotie-
nypa Oyia HacTyIHa.
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Ta6a. 1. CepenHi 3Hau€HHA NEPioy MyJbCallii 1 4acy «BUIIAPOBYBAHHS» Kparlil eMyJbCli 3
MIOYaTKOBUM po3MipoM 1.4 MM Mpu pi3HUX TeMIIepaTypax meui.

t, °C 157 204 291
Tsunap,C 42 34 32
Thysnec, MC ~600 ~300 ~50
Oc 18.0c 192 ¢ 20.0c
20.1c 21.0c 28.5¢ 36 ¢
Homep nynbcarii 1 2 3 4 5 6 7 8
Yac po3mmpeHHs, Mc 1787 | 307 | 568 | 674 | 635 | 700 | 700 | 600

Puc.4. [Toseninka kparti emynbscii DSOWS50 3 do = 1.4 MM B moBiTpi 3 fo = 157 °C.

! : ' ( , ﬁ , B
A\
\
0c 7.5¢ 8.3¢c 17.2¢
Homep nynbcarii 1 2 3 4 5 6 7 8
Yac po3mmpeHHs, MC 734 | 496 | 669 | 464 | 344 | 298 | 262 | 367

Puc.5. [ToBeninka kparti emynbscii DSOWS50 3 do = 1.4 MM B mioBiTpi 3 #o = 204 °C.

Oc

2.0c

2.2¢

7/0 ¢

Puc.6. [ToBeninka kparti emynbscii DSOWS50 3 do = 1.4 MM B moBiTpi 3 fo = 248 °C.
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1. 3aBaHTa)keHHA Biieo. BU3HaueHHS KUIBKOCTI KaJIpiB, pO3MIPY KaJpy B MIKCEAX.
2. TlocnimoBHa oOpoOka 300paxkeHHsI Ha KOXHOMY Kajpi. [lepeBeseHHst 300paskeH-

HsS B MOHOXpPOHHE (4OpHO-01sie), a mOTiM B OiHapHe (4opHe-0isie) 1Mo 3aJaHoMy

PIBHIO KOHTPACTHOCTI.

3. 3Haxo/KEHHS KOHTYPY 300pa’keHb — BU3HAUEHHS TpaHUlll Kparuli. BusHaueHHs
€KBIBaJICHTHOTO PO3MIpY Kparuii.
4. PesynbTatyi 0OpOOKHM 3aHOCHIIMCS B MacuB 1 OyayBaBcsi Tpadik 3aJ1eKHOCTI Jia-

METpY BiJ 4acy.

Ha puc. 3 nokaszaHo xapakTepHi 4acOBI 3aJIEKHOCTI TEMIIEpATypH 1 pO3MIpy Kpa-
1l emysbceli. YITKo BUIHO, IO MICs KOPOTKOTO MEPioy MPOrpiBaHHs Kparuil 1 Mo-
HOTOHHOTI'O 3MIHHU ii pO3MIpy MPOLEC NEPEXOAUTH B EPIOINYHI 30UTBLIEHHS 1 PI3KOrO
3MEHIIEHHS po3MIpy Kparuii. Takl 3MiHU B MOJANbIIOMY Oy/1eMO Ha3WBAaTH «I1yJIbCa-
LIEI0M.

SIkicHO moBeiHKa Kparii Oyja pi3HO0 MPH PI3HUX TeMIepaTrypax MOBITps B Iie-
yi. Ha puc. 4 nokazana kiHorpama oJiHi€i 3 kpamneinb emysbcie DSOWS0 npu Temme-
patypi moBiTpsa B fp = 157 °C. TyT 4ITKO CHOCTEpITaBCS PEKUM «IUXTIHHS»
(«puffingy). [licns nepiogy nporpiBaHHS Ha TOBEPXHI Kparuli 3’ ABJIS€TbCs Oyap0ar-
Ka, SKa MOBUILHO PO3LIUPSIETHCS 1 Uepe3 Aesikuil yac yonaerses. O6’eM OynbOaiku
OyB ONM3BKUM /10 00’€My caMoOi Kparut. SIKio mepima myibcallis TpUBajia TPOXH
MeHIne 2 ¢ (Kparuisi HeJJOCTaTHbO MPOTpijacs), TO HACTYIIHI IMyJIbcallli Big0yBaiucs B
CEepeIHbOMY YEpEe3 OJHAKOBI IPOMIKKH 4acy. [IpoTarom yacy KiapKicTh OyJbOaIIoK,
SIK1 OJTHOYACHO MOTJIU 3’SIBJIAITUCS HA TTOBEPXHI MEPBUHHOI Kparuii 3pocTana A0 ABOX,
TpHOX 1 OLbIIE. AJle cyMapHuUi iX 00’eM OyB MOPIBHSHUM 3 00’eMoM Kparut. OaHak
MIPHY NOJAJIBIIOMY I1JBUILIEHHI TEMIIEPATYPH f) KIIBKICTh OyIbOAIIOK 3pOCTaE, ale ix
po3Mip cTae MeHIIUM (puc.4-6)

31 30UTbLIEHHSIM TEMIEPATypH B M€yl Mepioj MyJbcaliil Kparil eMyJbCii 3MeH-
IIY€ETHCA, 5K 1 3aTaJIbHUM Yac BUMMAPOBYBAHHSA (BKJIFOYAIOYH Yac MPOTPIBaHHA).

SIkicHe TOsICHEHHSI OYEBUIHE: OUIbIIA TeMIlepaTypa B Medi COpUYHUHSIE OUIBII 1H-
TEHCUBHY TeIUIONepeaady Ha Kparuilo 1 akTUBHE 3pOCTaHHS po3Mipy OynpOaliok 3a
paxyHOK BUIIApPOBYBaHHS B rioOynax Boju. [Ipu mdycHeHHi OynbOaiiku crocTepira-
JIUCSl HEBENMYKI (JIe/Ib MOMITHI) BUKUIM MaTepialy Kparuii.

Cmaii TepMoriapu HarpiBa€ThCsl CHIBHIIIE 32 KPAIUIi0 1 TOMY caMe Ha TOBEPXHI
CIal0 BUHHUKAIOTH MapoBi OynbOamiku yepe3 OUIbIl IHTEHCHUBHIIIE BUIIAPOBYBAaHHS.
Ile TakoXx MOsSICHIOE BUHUKHEHHSI Ha TTIOYaTKOBOMY €Talll OJIHI€T YK ABOX MapoBUX OYy-
JIH0aIIOK Ha BIAMIHY Bl BAHUKHEHHSIM BEJIMKO1 KUTBKOCTI MOOJIN3Y MOBEPXH1 Kparuii.

[Tpu Temneparypi 290 °C npu ofH1i 3 NepIIMX MyJIbcallii Kpamis pi3Ko 3/iTae 3
nizBicy. Lle moscHIOETbCS MEpPexo0M Kparii B PeXUM MIKPOBHOYXY, KOJIU MPHU Pi3-
KOMY HarpiBaHHI PO3IMIMPEHHs OyJIb0alloK BCEpeIrHI Kparull MpU3BOAUTH A0 ii pyH-
HyBaHHA. B naHomy Bumajaky OUTbII IHTEHCHUBHUM TEIJIOOOMIH B1AOYBa€ThCs Yepes
TEPMOEJIEKTPOAN 1 caMe MapOyTBOPEHHS BIAOYBAa€ThCS MOOJIM3Y CIa0 TEPMOIMApH.
Came ToMy Kparuisi MOXKe He BTpPUMATHUCS Ha MIBICI.

BucnoBku. [Ipu TemnepaTypax HarpitToro cepeaoBHUIla HUKYE 3a JACSKY TEM-
nepaTypy Kparuli eMyJibCii BUIapOBYIOTHCSI B PEKUMI MUXTIHHS, KOJM Ha MOBEPXHI
Kparui 3’SBJISE€TbCS HAPOCT y BUIJSAA OynnOamku. BeepeanHi Hel HAKOMUYY€EThCS
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napa. 31 30UIbIIEHHSIM TEMIIEPATYPH MBUAKICTb 3pOCTaHHA 11 pO3MIpy 30UIbIIY€ETHCS,
a MaKCUMaJbHUM po3Mip — 3MeHInyeThes. [Ipu pyitHyBaHH1 OyibOaliku Bi0OyBa€eTh-
Csl BUKHJI MaJIOi KITBKOCTI eMyibeii. Ilepion mymbcariit po3Mipy 31 301IbIIEHHAM
TEMIIEPATYPU 3MEHILY€EThHCS.

HasBHicTb TCpMOIIapu IMPUBOAUTE TO TOI'O, 10 6y.]'Ib6aIHKI/I IMIOYHMHAIOTBh 3pOCTATH

He B 00’€M1 eMyJIbCli, a MoOIM3y craro TepMonapH, siKk Harapsyimoi oonacrti. Ha mi-
3HIX eTamnax MyJbCallifHOrO BUITAPOBYBaHHS (KOJM MPOTPIB KAl BIOYBAETHCS IO
BCbOMY 00’€MY) MapoBi OyIbOAIKK YTBOPIOIOTHCS 1 BCEPEANHI Kparui.

11.
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Chernenko 0.S., Ivanov M.O., Timofienko K.V., Gorlichenko A.N.

Evaporation of emulsion droplets in pulsation mode

SUMMARY

Water-fuel emulsions with a water content of up to 70% are flammable. Depending on the
ambient temperature, several evaporation modes can occur in an emulsion droplet. Between
conventional evaporation according to the d2 law and a micro-explosion, a non-evaporation
pulsation is possible. In this case, growths appear on the surface of the droplet, which, when
destroyed, eject the emulsion material into the gas medium.

After the emulsion is created, the globules begin to enlarge under the action of the
ultrasonic disperser. It is the vapour formation on such globules that starts the growth of the
vapour bubble. First of all, they grow near the junction of the thermocouple, and as the
temperature of the emulsion increases, they grow in its middle. With increasing temperature,
the rate of growth of the vapour bubble size increases, and the maximum size decreases. The
size pulsation period decreases with increasing temperature.

Key words: emulsions, water-diesel fuel, pulsation evaporation, pulsation period
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Relativistic gauge-invariant theory of determination of autoionization
resonances parameters for atomicsystems with accouting
for the plasma environment effects

We present the theoretical foundations of an advanced relativistic gauge-invariant theory
for computing main energy, spectral characteristics of complex auto ionization resonances
for atomic systems with simultaneous, quantitatively consistent consideration of the complex
relativistic, interelectron exchange-correlation and plasma environment effects (in particular,
the Debye plasma). The approach is based on the combination of a relativistic energy ap-
proach (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 generalization on the pres-
ence of an additionalexternal electromagnetic field. The fundamental advantage of pt pre-
sented theory is the selection of the optimized Dirac-Fock-Sturm zeroth approximation and
application of the consistent procedure for constructing a one-quasi particle representation
(basis’s of relativistic wave functions) incompliance with the principle of gauge invariance, in
particular, by minimizing a gauge-noninvariant contributions to the radioactive widths of the
atomic (ionic) levels due to the complex exchange-correlation effects.

Keywords: complex autoionization resonances, relativistic energy approach, relativistic
many-body perturbation theory, interelectron exchange-correlation and plasma environment

effects.

Introduction. It is known that autoionization states (AS) play a fundamental
role in various elementary atomic processes such as autoionization, selective pho-
toionization, electron scattering on atoms, atom- and ion-atom collisions, etc. The
presence of AS in ions significantly affects the nature of the radiation spectrum of
high-temperature astrophysical and laboratory plasma. Their radiative decay is ac-
companied by the formation of complex spectra of dielectronic satellites to the reso-
nance lines of ions of the next ionization multiplicity, which contain information on
the state of the plasma used for its diagnostics, as well as in studying the physical
conditions in the solar corona and other astrophysical objects [1-16]. Knowledge of
the properties of AS is also very important for understanding the processes occurring,
for example, in laser plasma. Their decay can greatly affect the kinetics of population
of excited levels and the intensity of radiation of spectral lines. (e.g. [1-5]).

Although a fairly large group of methods for calculating characteristics of radia-
tion and collisional processes has been developed in modern theoretical spectroscopy,
including methods of pseudo- and model potential, density functional, various ver-
sions of relativistic and QED perturbation theory (PT), standard Hartree-Fock, Dirac-

DOI: 10.18524/0367-1631.2024.62.321232
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Fock (DF) and even mega-DF methods etc, hither to the application of most of them
faces serious both fundamental and technical problems (e.g. [1-4, 17-29]). The most
known short comings of most of the mentioned method sare a slow convergence of
PT series, violation of the principle of gauge invariance (appearance of gauge-
noninvariant contributions (GNIC) into atomic radiation widths), the use of non-
optimized bases of wave functions, an insufficiently complete and correct accounting
of exchange correlation effects, nonaccurate account of the plasma effects (e.g. [1-
4]).

Theaimoftheworkisthedevelopmentofthetheoreticalfoundationsofofan advanced
relativistic gauge-invariant theory for computing main energy, spectral characteristics
of complex autoionization resonances for atomic systems with simultaneous, quanti-
tatively consistent consideration of the complex relativistic, interelectron exchange-
correlation and plasma environment effects (in particular, the Debye plasma).

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. In our work we will develop the for-
malism 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 constructing the formalism of many-particle
PT and the corresponding diagram matization (Feynman diagram technique) of the
PT series 1s 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-a,0,
H =Y [acp —pmc’ —ZeXp(—wi)/ri]+ZMeXp(—%), (1)
i >] Ty
where a and 3 (o;) - 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~+/e’n/k,T (as usually, € is the electron charge and x5 is the Boltz-

man constant). The density # is given as a sum of the electron density N, and the ion
density Ny of the k-th ion species having the nuclear charge gi: n=N, + Zq,fN L -
k

The fundamental point of our approach is the selection of the optimized Dirac-
Fock-Sturm (ODFS) potential as the PT zeroth approximation, and application of the
procedure for constructing a one-quasi particle representation in compliance with the
principle of gauge invariance, inparticular, by minimizing GNIC to the radioactive
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. An effective version [28] (e.g. [29, 30]) of “ab initio” op-
timization principle for construction of cited basis’s, based on relativistic energy ap-
proach [22, 25] has been used.

In the fourth order of QED PT or the second order of the relativistic PT with the
DFS approximations there appear diagrams, whose contribution into the Im 6E ac-
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counts for the polarization effects. This contribution describes collective effects and it
is dependent upon the electromagnetic potentials gauge (the GNICn AE,;,,). The lead-
ing term is as follows [22]:

ima, a1 4 =-C_[[[fandnanan T

1 + + + +
ﬁ)‘{’a (WY, ()Y ()Y, ()1 —aa,)/ 1y -

mn

)

{[(a, — (s, )(aynsy))/ 1y -sinfo, (7, +13) + @, -

cosla, (1, +r)]A+(zny ) an )Y, ()Y, (7)Y, ()Y ()

The minimization of the functional ImAE,;,, 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. The effective Sturm algorithm is presented in Ref. [25,
26] and it i1s implemented into our theorrtical approach.

Relativistic energy approach to complex autoionization resonances. In order
to formulate an advanced approach, we start from the known consistent theoretical
approach to studying relativistic decaying system, namely, relativistic energy formal-
ism in a gauge invariant formulation [21-24] (e.g. [25 ,26] too). In relativistic case the
Gell-Mann and Low formula expressed an energy shift AE through the QED scatter-
ing matrix including the interaction with as the photon vacuum field as the laser field.
The first case is corresponding to definition of the traditional radiative and autoioni-
zation characteristics of multielectron atom.

Generally speaking, the majority of complex atomic systems possess a dense en-
ergy spectrum of interacting states with essentially relativistic properties. Further one
should realize a field procedure for calculating the energy shifts AE of degenerate
states, which is connected with the secular matrix M diagonalization [8-12]. The sec-
ular matrix elements are already complex in the second order of the PT. Their imagi-
nary parts are connected with a decay possibility.A total energy shift of the state is
presented in the standard form [12]

AE = ReAE +ilmAE ImAE =-1"/2 (3a)
where [ is interpreted as the level width, and the decay possibility P=17". The
whole calculation of the energies and decay probabilities of a non-degenerate excited
state 1s reduced to the calculation and diagonalization of the M. The jj-coupling
scheme is usually used. The complex secular matrix M is represented in the form [9,
10

] M=MP+MP+MP + M (3b)
where M is the contribution of the vacuum diagrams of all order of PT, and M N
M MY those of the one-, two- and three-QP diagrams respectively. M is a real
matrix, proportional to the unit matrix. It determines only the general level shift. We
have assumed #® =0. The diagonal matrix M" can be presented as a sum of the in-

(o
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dependent 1QP contributions.

The optimized 1-QP representation is the best one to determine the zeroth ap-
proximation. In the second order, there is important kind of diagrams: the ladder
ones. These contributions have been summarized by a modification of the central po-
tential, which must now include the screening (anti-screening) effect of each particle
by two others.

Let us remind that in the QED theory, the photon propagator D(12) plays the
role of this interaction. Naturally, an analytical form of D depends on the gauge, in
which the electrodynamic potentials are written. In general, the results of all approx-
imate calculations depended on the gauge. Naturally the correct result must be gauge
invariant. The gauge dependence of the amplitudes of the photoprocesses in the ap-
proximate calculations is a well known fact and is in details investigated by Grant,
Armstrong, Aymar-Luc-Koenig, Glushkov-Ivanov [1, 2, 5, 9]. Grant has investigated
the gauge connection with the limiting non-relativistic form of the transition operator
and has formulated the conditions for approximate functions of the states, in which
the amplitudes are gauge invariant (so called Grant’s theorem). In ref. [16] it has been
developed a new version of the approach to conserve gauge invariance. Here we ap-
plied it to get the gauge-invariant procedure for generating the relativistic DKS or-
bital bases (abbreviator of our method: GIRPT).

The most important characteristic of the AS (resonances) is, in addition to the
AS energy, also the AS width. It should be especially emphasized that in almost all
works on the AS theory, the standard Fermi rule is used to calculate the autoioniza-
tion widths, written in a form slightly different from similar expressions for determin-
ing the radiative width. Indeed, remembering the rarely used, but extremely accurate
definition of "autoionization resonance" as a "state in the continuum", it is easy to see
the way to modify Fermi's golden rule. Indeed, if the autoionization decay in the sin-
gle-particle approximation can be represented as follows: (B B.—Bs k), where Bi (i=
1, 2, 3) describes the set of quantum numbers of bound states, k is the state of a free
electron. In this case, the decay is possible only into a state of a continuous spectrum,
coinciding in parity and in the value of the total moment J with the original AS. Then,
obviously, the width of the level I', associated with autoionization decay, is deter-
mined by its connection with the states of the continuous spectrum:

F=2ﬂ|<i|V|f>|200|V((11(12,(X3k)|2, (4)
where (i| is the initial, |f) is the final state of the system,} is the operator of inte-
relectron interaction.This approach is standardly used in almost all modern theories
of the relativistic multielectron atom, based on methods such as HF, DF, multiconfig-
uration approximations of these methods, etc. Naturally, the basis for these methods
are the well-known, remarkable works of Fano.The shortcomings of the method of
calculating the widths of the AS using directly (2) and the corresponding bases of
wave functions are also obvious. In our opinion, a more adequate and fundamental
approach to calculating the characteristics of the AS should be an approach based on
the QED PT. It should be recalled that, of course, in QED PT the autoionization
width first manifests itself in the fourth order (the second order of atomic TB). It was
emphasized above that in the QED PT series there are known divergent terms,
caused, in our case, first of all, by two types of divergences. The first type is the

162



dizuka aepoaucrepcHux cucreM. — 2024. — Ne 62. — C.159-167

standard QED ultraviolet divergence associated with integration over the frequencies
of virtual photons. For the autoionization width, the ultraviolet divergence first mani-
fests itself in terms of the sixth order of TB; however, in modern atomic spectroscopy
there are convenient procedures for eliminating such a divergence (see, for example,
[1]). The second type of divergence is associated with the vanishing of the energy de-
nominator upon integration over virtual stationary electron states. This type of diver-
gence is also known in the nonrelativistic theory. This divergence also manifests it-
self for the first time in the sixth order of TB. As in the previous case, theoretical
atomic physics has well-developed procedures for eliminating this type of diver-
gence, in particular, by summing the divergent terms in all orders of the PT. It is very
important to emphasize that the contribution of this sum decreases rapidly with in-
creasing nuclear charge.

The fourth-order correction of the PT to the energy of a state, a certain state, say,

nj'nj; [J ] , can be represented as follows:

V V.o
AE(4) S CJ BB kK, koky BB CJ PN . 5
kz% (BF.) E(njin}jy) - E(kk,)+i0 (BP.) )

Here, as usual, V is the matrix element of the interelectron interaction. The coeffi-

cients C’(8.4.) provide the correct angular symmetry, for certainty, say, of a two-
electron system. The sum S denotes the double sum and integral over the entire

Kk,
spectrum of one-electron Dirac functions. Naturally, here we mean both the spectrum
of bound states and the continuous spectrum, including the "negative" continuum.
The total width is given the expression:

2me
F(nl ]1 anzfz ,J) = % ZZCJ(B Bz)CJ(B B2)Z BB B BKB BB, (6)
0 51[3‘2 B]Bz
where the coefficients C can be determined as follows:
c’ (B.B,) = c’ (”1]1”1 Jl anzfznzfz )A(]1m1>J2m2>JM) (7)
G, joma M) = (=)t 2 T s o7 (8)

CJ(nlflnl Ji anz]z”z]z) N(n1 J1 9”2]2 )[8(’71 Ji nl]l)S(rlz]z”z]z) +
1+ Jj,+J+1 . . . .
+(_1)j ' 8(”1 ) nz]z)s(nzfznlfl)

—nij? = n3jy

N(niji;n3j;) = { 5 1 2 2 (10)
1197 # n3j;

The matrix element of the relativistic inter-particle interaction

V(rl.rj):exp(imgigj)-(l—(xioc)/lgj. (11)
(here a; —the Dirac matrices) in (3) is determined as follows:
VB.ByiBuBs = \/(2j1+1)(2j2+1)(2j3+1)(2j4+1)(_1)j1+j2+j3+j4+m1+m2 X

X Yap(— 1)M(m Jr::l ‘u)(élz ];1 ‘u)Qa(n111l1n21212:n4]4l4n3]3) (12)

€
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Q,=0"+0 (13)
Here 02" and Q" is corresponding to the Coulomb and Breit parts of the interpar-

ticle interaction (5). It is worth to remind that the real part of the interaction matrix
element can be expanded in terms of Bessel functions and the Coulomb part 02" can

be expressed in the radial integrals R), angular coefficients Sj The detailed description
of these quantities as well as the detailed algorithms of their computing are presented,
e.g. in ref. [21-25].

To conclude, we presented a new advanced relativistic gauge-invariant theory
for computing main energy, spectral characteristics of complex autoionization reso-
nances for atomic systems with simultaneous, quantitatively consistent consideration
of the complex relativistic, interelectron exchange-correlation and plasma environ-
ment effects (in particular, the Debye plasma). The approach is based on the combi-
nation 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 envi-
ronment effects with possible generalization on the presence of an additional external
electromagnetic field (e.g. [31-33]). This topic as well as the application results can
be considered in the next work.
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I'nywkoe O.B., Ceunapenko A.A.

PeasTuBicTchbKa KaaiOpyBaIbHO-IHBAPIAHTHA TEOPid 004YHCICHHS
XapPaKTEePUCTUK ABTOIOHI3alliHHUX PE30HAHCIB VISl ATOMHUX CHCTEM
3 YpaxyBaHHSIM BILTHBY IJIA3MOBOI'0 CepeI0BHUIIA

Buknaodeni meopemuuni 0CHO8U YOOCKOHANEHOI penimugicmcvkoi  KaniopysanvbHo-
ineapianmnoi meopii 0 0OUUCTIEHHs eHep2eMUYHUX MA CHeKMPATbHUX XAPAKMePUCmuK
CKAAOHUX ABMOIOHI3AYIIHUX PE30OHAHCIE 01l AMOMHUX CUCMEM 3 OOHOYACHUM, KLIbKICHO 3-
200JMCEHUM — PO32NIAOOM — CKIAOHUX — PENAMUBICMCOKUX, — MIHCELeKMPOHHO-0OMIHHO-
KOpenayiuHux egpekmie ma eghekmis niazmoe020 cepedosuuyda (30Kkpemda, 0ebae6cLKox niasz-
mu). 11ioxio 6azyemuvcs Ha NOEOHAHHI PENAMUBICINCLKO20 eHepPeemUYH020 nioxody (ghopma-
aism S-mampuyi I'enn-Manna ma Jloy), penamugicmcokoi kaniopysanvro-ineapianmuoi oa-
2amo4acmuHcKo8oi meopii 30ypeHb 3 onmumizo8anumu Haoauxcenuamu /lipaxa-Doka-
UImypma ma [lebas-Xiokkens 3 ypaxy8aHHam 6NaU8 NIAZMOB020 Cepeo08UIa i 3 MONCTUBUM
V3A2aNbHEeHHAM HA HAABHICMb 000AMKOB020 308HIUHBO20 eNeKMPOMALHIMHO20 nous. Dyu-
0aMeHmanibHo nepesazor npedcmasieHol meopii € 6udIp onmMuUMIi308aH020 HYIbOBO2O HA-
onuncenns Jipaxa-@oxa-ILlImypma ma 3acmocysanus y32000ceHoi npoyedypu nobdyoosu
00HOKBA3IUACMUHKO8020 NpeOdCmasienHs (0a3ucy pensmusicmcbKux X6Unbosux (OYHKYiil)
8I0N0BIOHO 00 NPUHYUNY KANIOPYBAIbHOI IHBAPIAHMHOCMI, 30KpeMA , WIAXOM MIHIMI3ayii
KaniopyseanbHO-HeiHBapPIaHMHUX 6HECKI8 Y padiayitiHi WUpuHu amomMuux (iOHHUX) pieHis 3a
PAXYHOK CKIAOHUX OOMIHHO-KOPeAYitiHUX eghekmis.

KurouoBi ciioBa: kxomniexcHi agsmoioHizayiiii pe3oHancu, peisimusiCmcbKull eHepeemu-
HULl NiOXi0, persamugicmcovKa KaniopyeaibHo-IH8ApIanmua 6a2amodacmunKko8a meopis 30y-
PeHb, MIdICeIeKMPOHHI 0OMIHHO-KOpeAYIUHI ehekmu ma eexmu niasmoso2o cepedosuya
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Chaos-geometric, neural networks and system analysis and modelling
of chaotic pollution dynamics of the complex hydroecological systems

An advanced combined neural networks and chaos-geometric method for analysis, model-
ling, and forecasting of the chaotic pollution dynamics of complex hydroecological systems is
presented. The method is based on the use of advanced methods of the theory of chaos and
dynamic systems for the analysis of time series of pollutants concentrations. The general ap-
proach 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, neural networks
modelling. As an illustrative example, a chaotic dynamics of the nitrates concentrations in
the Small Carpathians river’s watersheds in the Earthen Slovakia during 1969-1996 years is
considered. The data of calculations of the dynamical and topological invariants are present-
ed.

Key words: complex hydroecological systems, chaotic pollution dynamics, chaos-geometric
approach, dynamical and topological invariants

Introduction. In the modern theory of geo-environmental systems [1-5], the
problem of studying a quantitative pollution dynamics is one of the most important
and fundamental problems. The most models are currently used to assess the state
(and forecast) of environmental pollution at the present time using deterministic
models or by simplifying them based on simple statistical regressions. The success of
these models, however, is limited by their inability to describe the nonlinear charac-
teristics of the behavior of pollutant concentrations, as well as the lack of understand-
ing of the physical and chemical processes involved [1-5].

Although the use of chaos theory methods imposes certain fundamental limita-
tions on long-term forecasts, however, as has been shown in a number of the works
(e.g., [3-11] and Refs. therein), these methods can be successfully applied for short-
term or medium-term forecasts. These works proved that nonlinear methods of chaos
theory and dynamic systems can be applied with satisfactory accuracy for analysis,
modelling and forecasting of the temporal dynamics of atmospheric pollutant concen-
trations [3-5]). This opens up very attractive prospects for using the same methods in
studying the dynamics of pollution of other ecological and hydrological systems.

In this work we present some advanced data of study of the temporal dynamics
of changes in the nitratesconcentrations in the watersheds of the Little Carpathians
using a generalized chaos-geometric and neural networks approach. A chaotic behav-
1or in the time series of the nitrate concentrations is investigated.

Theoretical method. Our approach to modeling the chaotic dynamics of com-
plex environmental systems is based on the chaos -geometric and neural networks

DOI: 10.18524/0367-1631.2024.62.321234
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methods. As the methods have been in details considered in the previous papers (e.g.

[3-20]), here we are limited only by the key points.

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
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.[3-12]).

The main stages of a chaos-geometric (combined with neural networks technol-
ogy) to analysis, processing and forecasting data of the hydroecological system pollu-
tants dynamics are follows:

1. General qualitative analysis (in terms of ordinary differential equations or the
Arnold analysis) of the hydroecological system pollutants dynamics; modeling
the spatial and temporal structure of the fields of concentrations of impurities in
the hydroecological system,;

il.  Application of different chaos-geometric tests on the presence of chaotic ele-
ments, functions and modes in a system; the Gottwald-Melbourne test etc;

1. Fractal and quantum geometry of a phase space (choice of time delay, determi-
nation of embedding dimension by methods of correlation dimension algorithm
and false nearest neighbors algorithm);

iv.  Analysis and computing the dynamic and topological invariants of a chaotic sys-
tem and nonlinear forecasting of a temporal (spatial) evolution of system dy-
namics.

The key points of the whole approach are reflected in the flowchart in Table 1.

The fundamental ideas of the combined chaos-geometric (plus differential equa-
tions one and the Armold analysis) approach to modelling, processing and prediction
of chaotic dynamics are ideologically reduced to reproduction (and reconstruction) of
a phase space of the geosystems, prediction of the temporal evolution of the main pa-
rameters of a system. From the viewpoint of mathematical modelling it is a question
of consideration of unambiguous representations of a kind:

Fi= G(F), (1)

where F e RP — is the state vector, Dis the dimension, i — discrete time, G is the D-

dimensional mapping. To implement the ideology of simulation of a compact geo-

metric attractor and the use of chaos-cybernetic algorithm of predicted phase trajecto-
ries of the system to restore the phase space of the system, it is possible to use several
concepts, first, the concept of average mutual information, and secondly, the concept
of using the properties of the corresponding linear autocorrelation function (see Table

1).

The master task of mathematical modeling 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, dy, 1.e.dg > d4.
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Table 1. Flowchart of the combined chaos-geometric and neural networks (plus differential
equations one and the Armold analysis) approach to modelling, processing and prediction of
chaotic dynamics of the hydroecological systems

I. General qualitative analysis (in terms of ordinary differential equations
or the Arnold analysis) of the hydroecological system pollutants dynamics
;general dynamics differential equations analysis)

y

II. Application of the different chaos-geometric and neural networks
tests on a presence of chaotic (stochastic) elements, functions and
modes in the geosystem;

1. Gotwald-Melbournetest; Chirikov test; Naive model
tests;

U

2. Energy and spectral methods and algorithms: energy and
power spectra, energy level statistics, random matrix analy-
sis; characteristic distributions of the Wigner-Dyson type

U

III. Multifractal and quantum geometry of a phase space and
dynamics of resonances
3. Computing the fractal parameters, multifractal
spectra; wavelet analysis; cepstrum analysis

U

4. The Packard-Takens algorithm; the advanced au-
tocorrelation function or average initial information
algorithms; The Green’s function method

U

5. Reconstruction of a phase space; Computing
embedding dimension, correlation dimensions; us-
ing the methods of the correlation integral by
Grassberger-Procaccia OR the false nearest neigh-
bor points formalism

U

IV. Forecasting chaotic dynamics of the complex geosystems

6. Computing the invariants; The global Lyapun-
ov’s dimension analysis;Kolmogorov entropy anal-
ysis; The Kaplan-York dimension analysis;
Method of nearestneighboring points

7. New methods and algorithms of nonlinear
forecasting chaotic dynamics of the geosystems
and ecosystems (“minmax” algorithms, meth-
odsofthe stochastic propagators;

Neural networks modelling algorithms with
application of the polynomial or B-spline mod-
els, wavelets etc ...
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In order to reconstruct the corresponding attractor dimension (e.g., [3,5-8]) one
could use two main standard approaches. The first approach is the well-known corre-
lation integral analysis (e.g. [9]), which is one of the widely used techniques to inves-
tigate the signatures of chaos in a time series. The method introduces the correlation
integral, C(r), to distinguish between chaotic and stochastic systems. To compute the
correlation integral, the standard algorithm by Grassberger-Procaccia [9] is usually
used. The problem is reduced to computing the next quantity:

. 2
C(r) _Jl‘fl—IEO—N(n—l) ; H(’”_H)’; -y
1<i<j<N
where H is the Heaviside step function with H(u) =1 for u > 0 and H(u) = 0 for u 6 0,
r 1s the radius of sphere centered on y; or y;, and N is the number of data measure-
ments.

One of the principally important points of the whole approach to modeling and
forecasting chaotic dynamics of the geosystems is computing the topological and dy-
namical invariants [3-12]. The latter include, in particular, local and global Lyapun-
ov’s dimensions or Lyapunov’s exponents. It is worth to remind the classical defini-
tion of the Lyapunov’s exponents through e logarithms of absolute values of eigen-
values of linearized dynamics focused on the attractor, more precisely:

e 1 @ _ p , 1/2
L= lim (Jlog{d(o)} d(?) {;613} (t)} (3)

). 2)

t—0
d(0)=0

Here, the norm determines the degree of divergence of two adjacent trajectories,
that is, the master trajectory and the adjacent trajectory with initial conditions
S(0)+3S5(0) (S = F). It 1s important to note that the negative dimensions indicate the
local average compression rate and the positive ones indicate the expansion one. 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.

In fact, if one manages to derive the whole spectrum of the Lyapunov’s expo-
nents, other invariants and parameters of the system (i.e. Kolmogorov entropy (K./)
as well as an average predictability) can be calculated. The Kolmogorov entropy K,
which, according to definition, measures the average rate at which information about
the state 1s 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
pS
dL = ] + = > (4)

j+l

J j
where j is such that ZKQ >0 and Zka <0, and the Lyapunov’s exponents A, are

o=l a=l1
taken in descending order.It should be noted that there are several algorithms for
computing a spectrum of the Lyapunov’s exponents, among which the most common
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Fig. 1. Monthly average nitrate concentrations (mg 1-1) in the Ondava River
basin at Stropkov for the hydrological years 1968/69 - 1995/96

is the method based on the Jacobian mapping. The detailed information about the cit-
ed characteristics as well as the details of the main computational algorithms to de-
termine the topological and dynamical invariants can be found in Refs. [3-20]). All
calculations are performed with using “Geomath”, “ScanPoints” PC computational
codes [3,5,12].

Some results and conclusion. .The advanced chaos-geometric approach gas
been applied to modelling and forecasting of the temporal dynamics of fluctuations of
the nitrates concentrations in the Small Carpathians river’s watersheds in the Earthen
Slovakia during 1969-1996 years. As starting data, the detailed data s of empirical
observations have been used for several watersheds in the Small Carpathians region,
which were carried out by employees of the Institute of Hydrology of the Slovak
Academy of Sciences [1]. Sampling for nitrates at these stations was carried out twice
a month during 1991-95. Chemical nitrogen compounds mainly arise from industrial
and natural fertilizers, industrial and wastewater and NOx emissions from internal
combustion engines and transport. Nitrates are characterized by significant seasonal
variability, with their highest values occurring during snowmelt in spring.

As a typical example, Fig. 1 shows the average monthly nitrate concentrations at
the Ondava: Stropkov point. According to data [1], until approximately 1988-89 ni-
trate concentrations increased, reaching a maximum of ~ 25 mg I-1 in the spring of
1989, which was associated with the increasing use of nitrogen fertilizers from year
to year, after which agriculture became less intensive, causing a decrease in nitrate
concentrations.

Below we shortly present the data of numerical experiments on the restoration of
the embedding dimension (dg), using the method of correlation integral and the algo-
rithm of false nearest neighboring points. In order to calculate the correlation dimen-
sion d; it one should calculate the correlation integrals C(r) for different embedding
dimensions. The correlation dimension of the attractor (d,) is defined as the value of
the correlation dimension, in which it does not change as the embedding dimension
increases.Table 1 summarizes all the results for the recovery of attractors, as well as
the calculational data for the K chaotic index (K.;) and different dynamical and topo-
logical invariants (time delay t,correlation dimension (d>), embedding space dimen-
sion (dg), Lyapunov’s exponent (A;), Kolmogorov entropy (K..;), Kaplan-York di-
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Table 1. Calculational data for the chaotic index (K.») and different dynamical and topo-
logical invariants: time delay t,correlation dimension (d2), embedding space dimension
(dg), Lyapunov exponent (i), Kolmogorov entropy (Ken:), Kaplan-York dimension (dy),

predictability limit (Prmax) for the for nitrate concentrations in the catchments of the Little

Carpathians

Watershed (Point) T d> de dr Prmax K

Ondava (Stropkov) 9 5.31 6 4.11 8 0.68
Vydrica (C.Most) 19 5.21 6 5.01 12 0.71
Gidra (Main) 16 5.13 6 5.87 14 0.82
Gidra (Pila) 20 5.82 6 5.17 12 0.75
Ladomirka (Svidnik) 10 3.88 4 3.12 7 0.71
Ondava (Svidnik) 10 3.65 4 3.27 7 0.80
Babie (Olsavka) 8 4.89 5 4.46 8 0.69

mension (d;), etc for the for nitrate concentrations in the catchments of the Little
Carpathians.

In the case considered, the values of the chaos parameter K in all cases exceed
0.68, that is, the considered time series are subject to the influence of chaotic dynam-
ics. The analysis of the dynamical and topological invariants shows that, for example,
the resulting Kaplan- York dimension is very close to the correlation dimension. The
analysis on the basis of the Lyapunov exponents as well as the other dynamical and
topological invariants indicates on a pronouncedchaotic dynamics of the correspond-
Ing time series.

To conclude, an advanced version of the chaos-geometric method is adapted for
modelling the chaotic dynamics of the nitrates concentrations in the Small Carpathi-
ans river’s watersheds in the Earthen Slovakia during 1969-1996 years using such
chaos theory methods as the Gottwald-Melbourne test, the correlation integral meth-
od, 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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Xeuyeniyc O.10., Iecnamenko I'.B.

Xaoc-reoMeTpUYHNH, HCHPOHHO-MePesKeBUil Ta CUCTEeMHHUI aHAJII3
i MO/1eJIIOBAHHSI XAa0TUYHOI TUHAMIKH 320pyAHEHHSA CKJIAJTHUX
TiZIPOeKOJIOTiYHUX CUCTEM

AHOTAILILA

Ilpeocmasneno 600cKOHaNeHUll KOMOIHOBAHUU XAOC-2eOMemMpPUYHULlL  Ma  HEeUPOHHO-
Mepedicesull nioxio 00 aHaunizy, MOOENOBAHHL MA NPOSHO3V8AHHA OUHAMIKU XAOMUYHO20 3a-
OPYOHEHHS CKAAOHUX 2IOPOeKONocIUHUX cucmem. Memoo 3acHosaHull Ha BUKOPUCMAHHI ON-
MUMI308aHUX Memo0ie meopii Xaocy ma OUHAMIYHUX cucmeM OJisl AHANi3) Y4acoux psodis
KOHYeHmpayiti 3a0pyOHIOI0YUX ped08UuH. 30Kpema, nioxio KOMOIHO8AHO BUKOPUCMYE Kpume-
piti ['omseanvoa-Menvoypra, memood Kopenayiino2o iHmezpany, MyivmigpakmaivHuu gop-
MAnizm, aneopummu cepeonboi 3aEMHOI iHGopMayii, NOMUIKOBUX HAUOIUNCUUX CYCidi8, CY-
PO2amuux OaHux, anaiiz Ha ocHoel nokasnuxie Jlanynoea, enmponii Konmozoposa, a makoowc
HeNiHitiHI MoOdeni npo2Ho3y. AK HAOYUHUL NPUKIAO, PO32TIAAHYMO XAOMUYHY OUHAMIKY KOHYEH-
mpayiu Himpamie y 60000inax pivoxk Manux Kapnam (Crosauuuna) npomsecom 1969-1996
POKi6 ma HasedeHi OaHi 0OYUCTIeHb OUHAMIYHUX MA MONOJIO2IYHUX THBAPIAHMIE.

KurouoBi ciioBa: cxiaoni 2iopoekonociyuni cucmemu, Xaomuuha OUHamika npoyecy 3aopy-
OHEHHSl, XA0C-2eOMeMmPUYHUL NIOXI0, OUHAMIYHI Ma MONOJO2IYHI iHEaApiaHmMU.
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Jo crarTi « Kitacrepusanisi BOAHUX PO3YHUHIB eTaHOJ Y. SAKicHUI migxig»
[@i3uka aepoaucnepcHux cucrem. 2022 p., T. 60, c. 71-78]

Kopexyia danux wooo eycmunu uucmux KoMnoHeHmia (600u ma emaHony) npu memnepa-
mypax 45 °C i 50 °C, saxi 6yau suxopucmani ¢ cmammi "Kinacmepusayis 600HUX po3uunie
emanony. Axicuuil nioxio" (Disuxa aepooucnepcrux cucmem, 2022, T. 60, C. 71-78), 0o360-
JIUAA OMPUMAMU MOYHIULY KOHYEHMPAYItiHY ma memMnepamypHy noeoiHky KOHmpaxyii 600-
HUX PO34UHI8 emanoy npu yux memnepamypax. Lle niomeepouno 3menuients 6niugy 600He-
8UX 38'A3Ki6 HA BOIIOMEMPUYHT 1ACMUBOCIIT POZYUHIB 31 3POCMAHHAM MeMNepamypu.

Knrouoei cnoea: poszuunu, 600a, emarnon, Kiacmepu, 0cooau8a mouxa.

Crarta [1] npucBsiueHa SIKICHOMY aHai3y MPOLECIB KiacTepu3alli y BOJHUX
po3unHax ertaHoiy. Kiactepusaliisi po3uuMHIB 3yMOBJICHA BUHUKHEHHSIM BOJHEBUX
3B’SI3KIB MDDK MOJIEKYJIaMH BOJIM Ta CIUPTY (Boma-cnupt). EHepris nux 3B’43KiB Ie-
PEBUIIY€E EHEPTii0 3B A3KIB MK MOJIEKYJIaMH YUCTHUX KOMIIOHEHTIB PO34YMHY (BOJa-
BOJIa 1 COUPT-COUPT). 3T1AHO 3 poOOTOIO [2], IpU NOCATHEHHI TeMIlepaTypu OJU3bKO
42 °C 1 noganbpIIoMy ii MiABUIIEHHI BIUIMB BOJHEBUX 3B’SI3KIB HAa BJIACTHUBOCTI BOJHU
3MEHIIYEThCS. Y BUIMAJIKYy PO3UYMHIB 1€ MPOSBISIETHCS B TEHJCHIII 0 3pOCTaHHS
HAJIUIIIKOBOTO 00’ €MY Ta KOHTPAKIIIi PO3YHHIB J0 HYJIS.

VY [1] HaBeaeH1 pe3yNbTaTH PO3PAXyHKIB KOHTPAKI(T BOJHUX PO3UYMHIB €TAHOIY.
Hani moao xoutpakiii 3a Temmnepatyp 0 °C 1 40 °C orpumani y [3] (auB. puc. 1, 3a-
nexHocti 11 2). s po3paxyHKiB KOHTPaKIlli po3unHiB 3a Temneparyp 45 ta 50 °C
Oynu BUKOpHUCTaHi J1aHi 3 [4]. Pe3ynbratu po3paxyHKy KOHTPAKIIil MOKa3aiu, 10 JJIs
KOHIIEHTPAIIHHO1 3aJIe’KHOCTI XapaKTEePHO:

o Ipu KoHUEeHTpauli x,=0.074 (ocobnmBa TOYKa pO3YHHY BOJA-ETAHOJ) BEIUUU-
HU KOHTpPAakKLii po3TanioBaHi HUK4YE 3a 0COOJIMBY TOUKY [3];

¢ 31 3pOCTaHHSM TeMIIepaTypH aOCOJIIOTHA BETUYMHA KOHTPAKIIIT 301IbITY€ThCS.

[{s noBeniHKa KOHTPAKIIii 31 3pOCTAHHIM TEMIIEPATypPH CBIIYUTH MPO MOAATBIIE
CTUCHEHHSI PO3YMHY MOPIBHSHO 3 ificalbHUM po3unHOM. OJIHAK 31 3pOCTaHHSAM TEM-
nepaTypy BIUIMB BOJAHEBUX 3B’SI3KIB 3MEHIIYETHCS YEPE3 CKOPOUEHHSI YaCTKU MOJIe-
KyJ, KIHETUYHA €HEPrisl SIKUX € HIKUOIO 3a €HEPril0 MDKMOJEKYISPHOI B3aeMOAIT
BOJIa-€TaHOJ. Y pe3yibTaTi KOHTPAKI[IA PO3UUHY IIparHe 10 HyJs.

Kopexkuist manux ryctuHu Boau Ta eranony juist temneparyp 45 °C 1 50 °C nHa
OCHOBI JIJaHUX 3 [4], HOTIOBHEHA JaHUMM 3 [5], mMpu3Bea 10 3MEHIIICHHS 3HaueHb KOH-
tpakuii. [lpu xoHnenrpamii x,=0.074 3amex’HOCTI PO3TALIOBAaHI BUILIE 332 OCOOJIUBY
TouKy. [IpoTe crocTepiraeTbes NepeTuH MUX 3aJIEKHOCTEN Ha rpadikax, U0 BiJIMOBI-
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Puc. 1. KonnenTpalriiiii 3ajIe’)KHOCTI KOHTPAKI(i BOJHUX PO3YHMHIB €TAHONY ISl PI3HHUX
TeMIiepatyp y iHTepBaii KoHeHTpaiii 0+0.15 MoIpbHUX YacTOK eTaHOoTy. 3aJIe)KHOCTI 1 —
0°C, 2 - 40 °C — orpumano 3 [3]. Jani 11 po3paxyHKy 3 BiIIIOBITHOK KOPEKIIIEIO I'yCTH-
HU YHUCTUX KOMIOHEHTIB po3unHy: 3 —45°C 14 —50°C [4],5-45°C 16 — 50 °C [6].
BeprukanpHa mTpruxoBa JiHisA BIANOBIAa€ 0coOauBINA ToUIl po3unHy - 0.074 MonbHOT Ya-
CTKHU €TaHOITY.

JAI0Th HIDKYMUM TeMIlepaTypam (JIUB. 3a1eXHOCTI 3 1 4 Ha puc. 1). MoxnuBo, npuyu-
HOIO IIbOTO € TOXUOKHU B EKCIIEPUMEHTAIBHUX JIAHUX [4].

J1Jist HOpIBHSIHHS 3 IUMU JaHUMU OYJIM BUKOPUCTAH1 3HAYEHHS TYCTUHU 32 TUMHU
caMUMH TeMIlepaTypaMu, OTpuMaHi 3 poOoTu [6] (muB. 3anexHoCTi 5 1 6 Ha puc. 1).
Ha xanb, npu koHnenTpaniax MeHmmx 3a 0.095 po3paxyHku He BUKOHYBAJIKCS Yepe3
BIJICYTHICTbh JAaHHUX Y I[bOMY 1HTepBaiil. OJHAK HaBITh y LILOMY BHUMAJKy MOXHAa 3pO-
OUTH HACTYITHI BUCHOBKHU:

o IIpY KOHLEHTpALIi X, KOHLIEHTPALiHI 3aJIEKHOCTI KOHTPAKIIi pO3TalllOBaH1
BHUIIIE 32 OCOOJIMBY TOUKY;

e 31 3pOCTaHHIM TEMIIEpPaTypH a0COIIOTHA BEIMUYMHA KOHTPAKIII 3MEHIITY€ThCS;

e JUIS KOHLEHTpaLild OUIbIIMX 32 X, (IpaBOpyY BiA OCOOIMBOI TOYKH) BIACYTHI
MIEPETUHU 3aJIKHOCTEeN KOHTPAKIIii, 1110 BIAMOBIAAIOTh PI3HUM TEMIIEpaTypaM.

I{s koHIEHTpaIliiHa Ta TeMIlepaTypHa IMOBEIIHKA KOHTPAKIli BIJMOBIIA€ TPH-
pOJii SIBUINIA, 110 PO3MIIAIAa€Thes. TemneparypHy NOBEAIHKY KOHTPAKIIT MpU KOHIEH-
TpalisiX MEHILIUX 32 X, (JIIBOPYY BiJl OCOOIUBOI TOUKH) MOKHA TOSCHUTHU TakK: 31 3pO-
CTaHHSIM TeMIIEpAaTypH YacTKa MOHOMEPIB YUUCTUX KOMIIOHEHTIB (BOJa-BOJIa 1 CIIUPT-
CHUPT) 3MEHILYETHCS, 110 MPU3BOAUTH JO 3POCTAaHHS YacCTKU KJIACTEPU30BAHOTO
KOMITOHEHTY PO34YMHY, CIPUYMHSIOYN CTUCHEHHS PO3YMHY TMOPIBHSHO 3 1J€aIbHUM
po3unHoM. Lleit mporec croctepiraeTbesi 10 MEBHOI TeMIepaTypH, PO3TAIIOBAHOI B
inTepBaii Bia 40 °C no 45 °C. [loganpline migABUIIEHHS TEMIEPATypy MPU3BOIUTH J0
pYWHYBaHHS KJIACTEPIB, U0 CIPUYMHSE 3MEHIIIEHHS! KOHTPAKLIi 1 IEPETHH 3aJI€KHOC-
TEeW KOHTPAKIIII AJi PI3HUX TEMIIEpaTyp.

BucnoBku. [Ipu temneparypax Bunie 40 °C cTymiHb KiacTepu3alli po3yuHY
3MEHIIY€EThCS Yepe3 3HUKCHHSI BIUIMBY BOJHEBMX 3B’SI3KIB Ha 00'€éMHI BJIaCTUBOCTI
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po3unHiB. Lle MPOABIAETLCA B TOMY, 10 KOHLEHTPALIiHA 3aI€KHICTh KOHTPAKLIi 32
LUX TEMIIEPATyp HE NEPETUHAE OCOOIMBY TOUKY, a pO3TAIlIOBaHa BUIIIE 3a HEI.
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To the article "Clustering of aqueous solutions of ethanol. Qualitative
approach” [Physics of aerosol systems. 2022, Vol. 60, p. 71-78]

SUMMARY

Correction of the density data of pure components (water and ethanol) at temperatures of
45 °C and 50 °C, as utilized in the study titled "Clustering of Aqueous Solutions of Ethanol: A
Qualitative Approach” [Physics of Aerosol Systems. 2022, Vol. 60, P. 71-78], facilitated ob-
taining accurate concentric and temperature-dependent behaviors of contraction in aqueous
ethanol solutions at these temperatures. This validation confirmed the diminishing influence
of hydrogen bonds on the volumetric properties of solutions as temperature increases.

Keywords: solutions, water, ethanol, clusters, singular point.
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TITPABWUJIA JUIS1 ABTOPIB CTATEN

1. V naykoBomy 30ipHUKY TyOIIKYIOTbCSA CTATTl 3 OPUTIHAIIBHUMH Pe3yJbTaTaMU HAayKO-
BUX JIOCII/IPKEHb 3 TEMAaTUKH:

— BUIAPOBYBAHHSI, KOHJEHCAIlIs, KOATYJIALIs 1 €JeKTpUYHA 3apsKa aepo30JiB, Mexa-
HI3MH iX yTBOpPEHHS 1 IEPEHOCY;

—TOpIHHA a€POUCTIEPCHUX CUCTEM;

— TEMJIOMAacOOOMIH 1 Tra30/lMHAaMIYHI SBHUIIA B JUCHEPCHUX CUCTEMax Mpu (pa3oBuX i
XIMIYHMX NIE€PETBOPEHHSX;

— HU3BKOTEMIIepaTypHa I1a3Ma 3 KOHJEHCOBAHOO IUCIIEPCHOIO (Pa3olo.

2. CrarTi 3 pe3ynbTaTamMH JOCIiI)KeHb, BUKOHAHUMHU B OpraHi3allisix, MOJalThCs 3 J0-
3BOJIOM IIi€] oprasizauii Ha myOiKalio 1 CynpoBIIHUM JIUCTOM. Pykonuc mianucyerbes aB-
topamu (aBTOpoMm). Ha okpemMoMy nucCTi HEOOXITHO BKa3aTd MPi3BHIIE, 1M's, IO OATHKOBI,
Miciie poOooTH, Imocaay, KOHTaKTHI TeJleoHH 1 aipecH (€IeKTPOHHUH 1 TTOIITOBHA).

3. TekcT cTaTeit MPeACTaBISETHCA B IBOX €K3EMIUIApax Ha yKpaiHCHKid, pOCiMCchKii abo
aHTIICHKIM MOBI 3 JBOMa aHOTAIIIMH Ha JIBOX (3 TPhOX BKa3aHMX) MOBAaX, BIIMIHHHUX BiJ
MOBH OpHUTIHAIYy CTaTTi 1 €JICKTpPOHHUM (aiijoM Ha eICKTPOHHY aapecy penakiii. Daiin
cTBOproeThess B Word 1 MOBHHEH MICTUTH TEKCT CTATTi, aHOTaIlito 1 pucyHku. HasBa daiiny
YTBOPIOETHCA BiJI MPI3BUILA MEPILIOTO aBTOPA.

4. CraTTi NIpoXOAsTh HAYKOBE PELEH3YBaHHA. Y pa3l HEraTUBHOI PeleH31i CTaTTsS MPUCH-
JIAETHCSI HA TOOTIPAIIOBAHHS a00 BIAXUIISETHCS.

Od¢opmuenns crarri
Marepiaa cTaTTi TOBUHEH OyTH BUKIJIaJICHUHA B TaKii IMOCIIJOBHOCTI:

1) nomep V/IK;

2) iHIL1ay 1 Ipi3BUILIA aBTOPIB;

3) Ha3Ba opranizaiii (i), mo npeacTasise (FOTh) CTATTIO (SKIIO OpraHi3aiiil OuIbIIe,
HIX OJIHA, MICTIS MPI3BUINA KOKHOTO aBTOPA CTaBUTHCS 3HAK BUHOCKHU (1, 2 1 T. 11.), @ HUXKYE
YKa3yIOThCsI BC1 OpraHi3allii, Ha3BU MICT, €JIEKTPOHHA IOIITa OJJHOTO 3 aBTOPIB;

4) Ha3Ba CTaTTI;

5) aHoTaris;

6) TeKCT CTaTTi;

7) mitepatypa;

8) aHorarlii Ha 2-X 3raJlaHUX BHUIIE MOBAaX, BIAMIHHUX BIJ] MOBU OpHUTIHAJy CTaTTi, 3
MIPI3BHUIIIAMH 1 1HIIIaJIAMH aBTOPIB 1 HA3BOIO CTATTI.

O06'eM cTatTTi, BKIIOYAIOYH PUCYHKH, JITEPATYPY, aHOTAllli, HE TOBUHEH MEPEBUIIYBATH
10 cTOopiHOK TEKCTY, HAAPYKOBAHOTO HAa KOMII t0Tepi uepe3 1 inTepBan (3 po3mipoM OykB 14
pt). ITomst: miBe — 20 mm, mipaBe 20 MM, BBepxy 20 MM, BHU3Y 20 MM. Ha3Ba ctaTTi, mpi3Bu-
IIa aBTOPIB 1 Ha3Ba OpraHi3amiil IPyKyIOThCS OyKBaMH, po3MipoM 14 pt 3 MiIKPSIIKOBOIO
BizctanHio MK Y /IK, Ha3BoI0 cTaTTi 1 mpi3BUIIaMu aBTOpiB 1.5 iHTEepBany.

AHoTauii: KoXHa MyOJIiKaIlisd He AaHTJIiIHCHKO MOBOIO CYITPOBO/IKYETHCS AHOTALIE€I0
AHIJIHCHKOI0 MOBOIO 00csaroM He MeHII K 1800 3HaKiB, BKIIOYAIOYH KIOYO0BI ciaoBa. Ko-
KHa MyOJiKallis He YKPaiHCbKOI0 MOBOK CYIIPOBO/IKYETHCS TAaKOK AHOTALIEID yKpaiH-
CbKOI0 MOBOIO 00csiroM He MeHII K 1800 3HaKiB, BKIIFOYAIOYX KIOYOBI CJIOBA.

Dopmyau: Habuparorecs mipudrom posmipy 14 mynkriB. Posmipu Gpopmyn ogHakoBi
1o BChoMY TekcTy. CIiJi yHUKaTH 1HIEKCIB Y 1HJIEKCIB 1 CTYIEHIB y CTYIEHIB. 3aCTOCOBY-
€ThCS CKpi3Ha HyMmeparlis popmyi: (1), (2) 1 Tak mami. I'perpki OyKBH Ta MO3HAYEHHS XIM1Y-
HUX (Qopmyn 3aBxkau npsmi. Bexkropu 1 mMaTpuii HaOupaTH HaIiBKUPHUM HPSIMHUM LIPH-
¢dbToMm (cTpiika HaJ BEKTOPOM HE BUKOPHUCTOBYETHCS). IHIEKCH (IaTHHCHKI OyKkBH) y dop-



MyJax HaOMpParThCSI KYPCUBOM, 32 BUHATKOM CKOPOYEHbB CIIiB TUITY min, max, eff, a Takox
HYJISI, SIKi HabupaeTbes nMpssMuM mpudToM. [Ipsmum mpudTom HaOHUparoThCsS TaKOX (PyHK-
1li, HAaIpUKIAJ Sin2x, cos ®f 1 TaK Jai.

Ta6auui. Tabauii HyMepyIOTh TUIBKH B TOMY BHIIAJIKY, SIKILO iX OuIbLIe onHI€T. Biac-
Tyn 10 Tabnuii 1 micis Hei — 2 iHTepBayn. [Ipy HEoOXiqHOCTI TabIUIlI MOXKYTh MAaTH 3aro-
JIOBOK 1 IPUMITKY.

Limroctpauii. [mrocTpaiiii BUKOHYIOTBCS 110 XOAY BUKJIAJCHHS TEKCTY CTATTI MO Mipil iX
3raJIki B TEKCTi B pcX (opmaTti abo iHmoMy nomuperomy gopmari. Iig pucynkoM npyky-
€ThbCSI BIAMOBIHUHN mianuc. Hamucu, mo ycKIaIHIOTh CIPUHHATTS pUCYHKY, 3aMIHIOBATH
uuppoBUMH 200 OYKBEHUMU MMO3HAYEHHSIMU 1 IEPEHOCUTH B TEKCT CTATTI ab0 B MIANHUC Mij
pucyHkoM. Bci mo3HaueHHs Ha pUCYHKY NMOBUHHI BIAMOBIIaTH MO3HAYEHHSM B TekcTi. Hy-
Mepallilo KpUBHX Ha PUCYHKY BECTH 3BEpPXY BHH3, 3J1iBa HarpaBo. Po3Mmip pucyHKa MOBUHEH
oytu He MeHIre 50x50 MM 1 He Oibie 100x100 M.

JlirepaTypa. Ilicig TekcTy cTaTTi uyepe3 2 IHTEpBaJIU JAPYKYEThCS CIHMCOK JITEPATyp-
HUX JDKEpel, BAKOPUCTOBYBAHUX B CTATTi, HA MOBI OPUTIHAITY 32 3pa3KOM:

Kuurm:

1. babui B.U., Kysaes FO.®. I'opeHue yroiabHON MBUIA U PACUYET MBUICYTOJBHOTO (a-
kena. — M.: Dueproaromusaar, 1986. — 206c¢.

2. OCHOBBI TIPAKTUYECKON TEOpUHU TOpeHus: yueObHoe nmocobue ains By30B // B.B, Ilome-
panyes, K.M. Apegpves, /|.b. Axmemos u op. // noxn pen. [lomepanyesa. — J1.: DHep-
roaromusaar, 1986. — 312c.

Crartri:

a. Acaanos C.K., Koneuka I1.M. O6 0coOOEHHOCTIX MOJENIEH IETOHAIMOHHOTO CIIMHA B
pa3IUYHBIX rOprounx cpenax. / dusuka aspoaucnepcHsix cucrem. — 1971. — Beim. 5.
—C.92-100.

b. @aopro A.B., 3onomxo A.H., Kamuncrxas H.B., [llesuyx B.I. CieKTpajabHbIE HCCIIC-
JIOBaHMs TOPEHUs yacTullsl Maruus // ®dusuka ropenus u B3pbiBa. — 1982, — T.18,
Nel. - C.17-22.

c. Kanunuax B.B. TennomaccooOMeH W KMHETHMKAa XUMHUYECKHX PEaKIUN YTriIepoIHON
yactullbl ¢ razamu // Bicauk Opecwk. nepxk. yH-Ty. Cep.: ¢i3.-Mar. Hayku. — 1999. —
T.4, pun..4. — C.12-16.

d. Zatovsky A.V., Zvelindovsky A.V. Hydrodynamic fluctuations of a liquid with aniso-
tropic molecules // Physica A. —2001. — V.298. — P. 237-254.

Te3u:

1. Cmpyuaes A.U., Cmpyuaes H.M. OueHka cpegHero pa3Mepa >KMPOBBIX IMIAPUKOB IO-
MOTEHU3HPOBAHHOTO MoOjoKa // JlucnepcHble cuctembl. XX Hay4yHasi KOH(epeHIus
ctpan CHI', 23-27 cent. 2002 r., Onecca, Ykpauna / Te3. gokn. — Omecca: AcTpo-
mpuHT, 2002. — C.252-253.

2. Suslov A.V., Semenov K.I. Interaction of high-temperature monodispersed metal parti-
cles with gases / Abstr. Of 14" Annual meeting of the American Association for
aerosol research. — Pittsburgh, USA. — 1995. — P.37.

AHoOTaIIis, IepeIyroda TeKCTy CTaTTi, MUIIEThCS Ha MOBI CTAaTTI OJHUM ab3aIioMm, po-
3mipoM OykB 12 pt, 06’emom 6—10 psiakiB. AHOTAIIT HA 1HITUX MOBAaX JI0 TEKCTY CTATTi Ha-
JAIOThCS MICS CHUCKY JiTepaTypu. AHOTaLISIM MEepeayloTh Mpi3BUIIA 1 1HIIIAIH aBTOPIB 1
Ha3Ba crarti. [licns cnosa “AHOTALIA” a6o “SUMMARY™ 3 aG3ana IpyKyeTbCsi TEKCT
a”oTarii.
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