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HaHonmokpuTTs 1J1sl 3a1100iraHHsl YTBOPEHHS KpareJib,
KOPO3ii, 3MO4YyBaHHS TA 00/1eIcHIHHS MOBEPXHI

Ymeopeuns kpanenv H>O y piokomy ma meepoomy cmanax Ha NOBEpXHi pYUHYE NOBEPXHIO
ma UKIUKAE KOPO3TI0 HA NOBEPXHI MeMAy, a BUKOPUCAHHA NOKPpUmMMmIE 3anobi2ac yum npo-
yecam.

Edexmusnicmo noxpumms 3HauHO NiOBUWYEMbC NPU BUKOPUCMAHHI HAHOMAMEPIAis.

Hanouwacmunxu SiO: (posmipom ~20 um), TiO: (pozmipom 5—10 um) ma eyeneyesi nHanrompyo-
KU, 68e0eHi 8 noKpumms 8 Kilvkocmi 3—5%, 30invuiyroms MiyHicmb HOKpUMMs 8 KilbKd
pasis, uac NPOHUKHEHHsL 80J102U HA NOPAOOK, A MEPMIH CILYHCOU NOKPUMMS 00CA2AE 5 POKIE.

binvw epexmuenum 3axucmom 8io ymeopenus Kpaneib HA NOBEPXHI € CMEOPEHHS HA Hill
cynep 2iopogodnozo cmany. Benukuu kym 3mouyeanus 0 > 150° npugooumsv 00 8i0uimosxy-
8aHMA 800U IO NOBEPXHI MA 3HAYHO20 ZHUNCEHHSA a0ze3ii. Ananiz hopmynu smouye8anHs noka-
3Y€, W0 OJ1s1 00CACHEHHs cynep 2iopoghobHo20 cmany HeoOXIOHO MIHIMIZyeamu eheKmusHy 83a-
EMOOII0 MidHC MOJIEKYIAMU MEepO020 Mia ma NOBEPXHi, MOOMO CMEOPUMU HUZLKO eHepeemu-
YH) NOBEPXHIO.

Obeosoproromecs 6azo06i modeni, a came mooeni Benyens ma Kacci-Bakcmepa, wo épaxo-
8y10Mb KYM 3MOUYBAHHS 600U HA MEEPOUX NOBEPXHSX, NO8'A3AHUL 3 GNIUBOM UWOPCMKOCI NO-
8epxHi Ha 2iopogobHicmb. CmabinbHull HU3LKO eHepeemudHull cman 8ionogioac mooeni Kacci-
baxcmepa.

Takuii cman 3 8eUKUMU KYMAMU 3MOYYBAHHI MA HU3LKUM 2iCmepe3ucom modxce 6ymu pea-
J308aHULL 3a OONOMO20I0 HAHOMAMEPIAI8, 30AMHUX hOPMYBAMU UWOPCMKT MIKPO/HAHOPO3MI-
PHI nogepxui 3 kymamu 3mouyeanus 160°—170° ma xkymamu xowenns 2°-5°. Mixpo/nanoposmi-
PHI No8epxHi Malomv nepcneKmueHe 3acmocy8ants, OCKLIbKU GOHU 30AMHI 00 CaMOOYUU|eH-
HS, 3aXUCmy 8i0 KOpo3ii ma maoms aumuOiomudti 61ACMU80CHII.

Mikpo/nanoposzmipni cynep 2iopophobHi nosepxui maxKoic GUAIAIOMbCS eheKMUSHUMU 015
3axucmy 8i0 061e0eHinHA, a MAKOoXHC OJiA BUOANEHHSA 1b00Y 3 NOBEPXOHb Ni0 GNIUBOM COHAYHOL
paodiayii.

Knrouoei cnosa: kpanni 600u, cynep 2iopogobHuii cmaw, HAHOMeEXHON0211, 3MOYYBAHHS, 00-
Mep3aHHsl, BUOAIEHHS T1b0OY.

[Ipu B3aeMo/11i HACUYEHOI MapH 3 TOBEPXHEIO 32 PAXyHOK CHJI MIKMOJIEKYIISIPHOT
B32€MO/II1 BOJIOTa MOKE KOHJICHCYBATHUCS Ha MTOBEPXHI, 110 TPUBOJAUTH 10 YTBOPECHHS
PIIMHU Ha HiM. SIKII0 CUTK B3a€MO/IiT MiXK MOJIEKYJIaMU P1IMHU O1IbIII, HIXK 3 ii TOBe-
PXHEI0, TO IUIONLY MOBEPXHI PIIUHU 3MEHIIIYETHCS 1 yTBOPIOEThCS Kparuid. B mpoTus-
HOMY BUIIQJIKy YTBOpEHA PiAMHA PO3TIKAETHCA MO MoBepxHi. [lis BoU MPUBOIUTH 110
pYWHYBaHHS MOBEPXHI 1 0COOJIMBO IIKIIJIMBA, KOJM MOBEPXHS YTBOPEHA METajaMH,
TOJ1 B3a€MOJIIsl METaIB 3 KHCHEM 1 BOJOIO 3yMOBIIIOE KOPO3iO.

Jl1s1 3anmo0iraHHst MIKIJIMBOI 11 Kpanesib BOJU Ta ii pO3TIKaHHS MO MOBEPXHI He-
00X1JTHO CTBOPUTH YMOBHU, KOJIM KpAIlli TPaAaKTUYHO HE B3a€EMO/IIIOTH 3 IOBEPXHEI0, 00
MOKHUIAI0Th OBEPXHIO NMPU HAWMEHIIN 30BHIIHIN ii. [[bOoro MoxxHa AOCITTH, SKIIO

DOI: 10.18524/0367-1631.2025.63.346833
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BOJIOTA HE IPOHUKAE J0 MOBEPXHI1, 200 KOJIU YTBOPIOETHCS HAMMEHIIINI MOKIJIMBHI KO-
HTaKT Kparuii 3 MOBEPXHEIO.

Ilocmanoeka 3aodaui. [1potiecu 3BONOKEHHS Ta 00JIE/ICHIHHS MMOBEPXHI1 MPUBO-
JUTH J10 3HAYHUX €KOHOMIYHUX 30UTKIB. Harnpukiiaz, 3MeHIIIeHHS! TepMiHY TIPUIaTHO-
CT1 MMOBEPXHI, BTPATH MOTYKHOCT1 y BUCOKOBOJIETHUX MEpEkKaxX Ta BITPOBUX TypOiHaX,
JI0JIaTKOBOI BUTpATH MaJKMBa Ha pyX JITakKiB Ta CyJeH Mpu OOJICEHIHHS MOBEPXHI
To1I0. TOMY MPOTATOM OCTaHHIX AECSITHIITH TOCTIAHUKNA HaMarajaucs BIOCKOHAIUTH
TpaauliiHI — MexaH14yH1, (I3UYHI Ta XIMIYHI METOJIU 3ano0iraHHs BUHUKHEHHS Ha
MOBEPXHIO T1J BOAM Y PIIKOMY Ta TBEpJAOMY CTaHAX Ta YCYHEHHS HACIIJKIB, 10 SKUX
111 SIBUIIA TPUBOIATS [ 1, 2].

3ano0iranHs YTBOPEHHIO BOJIU Ta JIbOTY Ha MIOBEPXHSIX JOCATAIOTH IIITXOM CTBO-
PEHHS TOKPUBHUX MaTepialliB, SKi TAIbMYIOTh TPOHUKHEHHS BOJIOTH Yepe3 MOKPUTTS,
a00 sk1 MaroTh TiApodoOHy pupoay. Tomy HOCHIIKEHHS IO CTBOPEHHIO OUIbII ede-
KTUBHUX MOKPUTTIB Ta MOIIYK HOBUX METOJIIB 3aXUCTY MOBEPXHI BiJl 3BOJIOKCHHS €
BAKJIMBOIO TTPOOIIEMO}IO.

Ocoobnueocmi 63aemoodii 600u 3 nogepxnero. MillHa aares3is BoJy 10 MaTepiajiB
3YMOBJIEHA BJIACTUBICTIO MEXI, JIe¢ TMOJSPHI MOJIEKYJIM BOJU B3a€EMOAIIOTH 3 TBEPAUM
timoM. CUiIM B3a€MOJIiT 3yMOBJIEH1 J1€10 BOAHEBUX 3B sA3KiB, cHIIol0 Ban-nep-Baansca
Ta MPSIMOIO EIEKTPOCTATUYHOIO B3a€EMO/I€I0. Y BUIIAJAKY METAJIYHOI IOBEPXHI €HEPT1s]
€JIEKTPOCTATUYHOI B3a€MOJI1 3 MOJIEKYJIJaMU BOAM 3HAYHO BHILA, HIXK €HEpris Ximid-
HOTO 3B's13Ky Ta cuiin Ban-gep-Baanbca [3].

3apsiiy Ha Kparisix Boau (JIbOy) IHIYKYIOTh Ha IMTOBEPXHI 3apsijl MPOTHIIEKHOTO
3HAKY, BEJINYMHA SIKOTO MOB’s3aHa 3 J1EJIEKTPUYHOI IPOHUKHICTIO TIOBEPXH1 HACTYII-
HUM PIBHSHHSM [3]:

¢ =q—Di(e+1), (1)
e ¢" — 1e 3aps 300paXkKeHH s, iHIyKOBaHMI 3apAI0M ¢ Ha IIOBEPXHI, @ & — JieJIeKTpH-
YHA POHUKHICTh OBEPXHI.

V BumaaKy MeTanigHoi nosepxHi 3rigno (1) ingykoBanuii 3apsn ¢ piBHMI 3a Be-
JTUYUHOIO 3apsiLy ¢, 0 3yMOBIIIO€ aAre3ie Boau (JIbOy) 0 METaJiqHOl MOBEPXHI, aI-
re3is 10 MaTepiaiiB 3 HU3bKOIO JA1€JIEKTPUYHOIO TPOHUKHICTIO & 3HAYHO MEHIIIA.

Konu Monekyna Bojiu momnajae Ha MOBEPXHIO, TO CUIIA B3aEMO/I1 3 CYyCIAHIMU MO-
JeKyJIaMU CIIPUSIOTH X CKYMYEHHIO, 1110 MPUBOJIUTH /10 YTBOPEHHS 3apoiky. IIpose-
JI€MO OLIIHKY PO3Mipy KPUTHYHOT'O 3apOJIKY BOJU KOJM BOJIa Y PIAKOMY Ta TBEPAOMY
craHax. Kputuunuit po3mip 3apojka BU3HAYAEThCs 32 (HOpMyIioro [4]

20Tk
Tap = par 2)
Jie 0 — MUTOMAa ITOBEPXHEBA EHEPTis, 1) — TemIoTa pazoBOro MNepexory OJAUHHUII 00’ eMy
(dx/m*), T), — Temmeparypa yrBopeHHs ¢azu, AT — BeIMYUHA IEPEOXOIIOIKEHHS.

[TuToMa TemnoTa napoyrsopenns r = 2,3 10° Jx/kr, y dopmy (2) BXOIUTH IH-
TOMa y PO3paxyHKy Ha OJMHHUINO 00’ €My, TOMy 1| = 7+ p , e p =10° kr/M>- rycTuna
BOAU, TOAI M, = 2,3 +10° [Ix/m>. [IuToMa TemioTa miaBiaeHss aboay A = 332 kJK/Kr,
rycTuHa npoxy p = 917xr/m>, Tomi M,=A-p =3,0 108 Ix/ M>.

JUisi IpOBEJIEHHS OLIHKKM KPUTUYHOTO 3apOAKYy OepeMO HACTylHI 3HA4YeHHS:
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0=0,073 H/™m, T}, =273 K, AT = 1 K, Toa1 U1t XapaKT€pHOr0 KPUTUYHOTO PO3MIPY

Kpanesib BOAW Ha NOBEpxHI oTpuMyeMo BenuunHy 0,03 MKM, a 1711 yTBOPEHHS KpUTH-
YHOI'0 3apOJIKY JbOy — XapakTepHe 3HaueHHs 0,15 MxM. Yci 3apoaxu 3 po3mipoM 17 <
Typ HECTIWKI 1 3HUKAIOTh, & BCI 3aPOJIKH 3 7" > Ty, Oy/lyTh Ha/laji 3pOCTaTH JI0 PO3MIpY
MOKH B3a€MO/I1s1 3 OTOUCHHSIM HE MPUBEJE 10 TEPMOJANMHAMIYHOI PIBHOBArH.

Kopo3zia memanie ma cnaaesie. XimiuHa KOpo3is 3a113a MPOXOUTH 32 PEAKIIIMHU

[5]
2Fe+ H,O +0=2 FC(OH)Q,
4Fe(OH),+ 2H,0 + O,= 4Fe(OH)s .

Kpim ximMigHOT KOpO3ii BiI0YBa€ThCA €IEKTPOXiMiuHA KOpo3is. J1ITHKa TOBEpXH1
MeTajy Il KpaIuIMHOK BOJIU, Ky JOCTYIT KUCHIO JTy>Ke OOMEKEHUH, € aHOJIOM 1 TaM
MIPOXOUTH OKHCHEHHS

Fe —2e — Fe,"

EnexTpoHu npsaAMyroTh 10 JUISTHOK, $IKI 3HaXOASThCS Ha mepudepii KpariuHu,
KyJIU KUCEHb MOocTynae 0e3 Mepeko] — 11e KaToIH1 JIJITHKHA, TaM MIPOXOJAUTh BITHOB-
JICHHS

O, + 2H,0 + 4e— 40H".

Tynu x Bix anoma nudyHay0Th 1 Kationu Fe,", siki 6epyTh ydacTh B yTBOPECHHI

1poKi
4Fe," + 30,+ nH,0O + 8¢ — 2Fe,O5-nH,0.

Oco00JMBO CHIIBHO MMIIJIAI0THCS XIMIYHIN KOPO3il METATOKOHCTPYKIIii, 110 3HaX0-

JSITHCA TTOCTIHHO Y BOJI.

3acmocyeanna nanomamepianie ona 3anodicanna kopo3ii. HalinommpeHimmm
METOJ/IOM 3aXHCTYy METaJiB Bl KOpo3ii € ¢papOyBanHs. Hu3bka BapTiCTh, IpOCTOTA 3a-
CTOCYBAHHSI, MOKJIMBOCTI CITOIYYEHHS 3 IHIIMMU METOJaMU 3aXUCTy POOUTH Liei Me-
TOJI IEPCTIEKTHBHUM.

3aBASKH HAHOTEXHOJIOTISIM [6] MOKHA OTPUMATH MOKPHUTTS, SIKI 3aXUIIAKOTH I10-
BEpPXHIO METaJIiB HAbaraTo Kpaiie, Hi>K T1 METOJIA 3aXUCTY BiJ KOpPO3ii, 10 3aCTOCOBY-
Banucs panimie. Taki nakodapOHi MaTepiaid niependadaroTh HEBEIUKUNA BMICT 100a-
BOK B PELICTITYPHOMY CKJIaJi, 110 MICTSATh HaHO(a3y.

3aBanTtaxkeHHs: HaHo4acTUHOK (HY) S10, (~20 um) y dapOy [7] 30uibiIye ii mill-
HICTb, OCKUIbKY NoBepxHeBl aTomu HY 3011b111yI0Th 3UeTieHHs M1k MoJekyinamu. HY
S10, (3-6% mno maci Big ¢apOu) 301IBIIYIOTH Ha MOPSAOK Yac MPOHUKHEHHS BOJU 1
KHCHIO Yepe3 MOKPUTTA 10 noBepxHi metany. [Ipucytnicte HY miaBuiiye CTiiKiCTb
110 MIOAPSIIHH 1 CTUPAHHS MOKPUTTS Ta 301IbIIY€E Y IBIYl YAC MPUIATHOCTI IOKPHUTTSL.

Honasanns 3% (o maci) HY TiO; (po3mipom 5-10 HM) 10 TOJTIaKpUIIOBOTO IPY-
HTY MOKpally€e 10ro aHTUKOPO31iHI BIACTUBOCTI [8] Ta 30UTbLIY€E TEPMIH MPUIATHOCTI
MTOKPUTTS 10 5 POKIB.

BHT maroTh BUCOKY MILIHICTh HA pO3pUB 1 Moaysb FOHra Ha mopsa10Kk OUTbLINH,
HiK y crani. [llnsxom 3aBantaxkenns 0,7% (no maci) BHT y ¢papOy orpumane anTu-
KOPO31MHHUX HOKPUTTSA [9], siIKke AEMOHCTpPY€E 3HAUHE MOKpPAILEHHS yJapOCTIHKOCTI Ta
301JIBIIIMIIO MILTHICTb TTOKPUTTSI HA PO3PHB.

10
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Oco0smBa e(heKTUBHICTH MOKPUTTS 3 BKIIIOUeHHSIM HY 3ymoBiieHa TuM 1o ix ¢i-
3WYHI Ta XIMIYH1 BJACTUBOCTI CYTTEBO BIAPI3HAIOTHCS BiJ BIAMOBIIHUX JIJIS TPaTHUITI-
Hux matepiainis [10]. Hanomarepianu (HM) xapakTepu3yroThCs MiIBUILIEHOIO TBEP/Ii-
CTIO B 2—7 pa3iB, MeXero MIIHOCTI B 1,5—8 pasiB, MeXero IIIMHHOCTI B 2—3 pa3u y 110-
PiBHSIHHI 3 Tpaguiiinumu Matepianamiu [11]. HapmumkoBa noBepxueBa enepriss HU
30UTBIIYE iX XIMIYHY aKTUBHICTh Ta KoedirieHT audysii [12]. Taka BiAMIHHICTH Y MO-
Beini HY 3ymoBiieHi po3aMipHuMu epextaMu Ta 0COOIMBOCTIMH iX KBAHTOBO-MEXa-
HIYHOI TOBEIIHKH [4].

AHTHKOpO31iHI NOKpUTTA 3 BUKopucTaHHs HY 3a paxyHOK iX HEpPIBHOBa)KHOTO
ctany [13] nposBAsIOTh camoopzanizayiro — CaMOCTIHHO 3aT1KOBYIOTh (DEMOHTYIOTH)
MIKPOCKOITIYHI TPIIIMHU Ha MOBEPXHI IUTIBKK, HAHECEHOI HAa METAJIIYHY MMOBEpXHIO. Lle
3HAYHO MOJIIIIYE e(EeKTUBHICT 3aXUCHOTO mapy [14].

Ilogepxnesi aeuwia. Po3rissHeMo sSBUINA, SIKI BAHUKAIOTh HA MEX1 PIAUHU 3 Ta30M
Ipy TEPMOJWHAMIYHIA piBHOBa3l. SIKIIO HABKOJO
MOJIEKYJIM y BHYTPIIIHIN IIapax mpoBecTd cdepy -
paalycoM MOJEKYJISIPHOI B3a€EMOJIIi TO PiBHOIIOYA — — = =
cun F =0 (puc. 1). [nma cutyarist Ay MOJEKYJIH,
10 3HAXOJIUTHCA Ha MOBEPXH1, BOHA OyJ1e B3a€MOIi-
ATH 3 MOJICKYJIAaMH BCEPEIIMHI PIAVMHHU Ta 3 MOJEKY-
namu ra3y. llpu tremmepartypax ganekux BiJ KPUTH-
YHO1 PIBHOJIIOYA CUJI JIJI1 TOBEPXHEBUX MOJEKYH £ Puc.1. MiskMoneKymspHi cumm
# 0 (puc.l) 1 HanIpsIMITEHA 6 cepeOuHy piOuHuU. Oi1s1 IoBEpXHi Ta B ii 00’ emi

k1o Mosexkyna piAMHA B Pe3yJIbTaTi XaoTHY-
HOTO PyXy NEPEXOAUTH 3 IITMOMHU B MOBEPXHEBUH 1Iap, TO LS pIBHOINHA cuiia Oyje
3IMCHIOBATA POOOTY B MPOILIEC] MEPEMILLIEHHS MOJIEKYJIM Yepe3 MOBEPXHEBUH 1Iap 110

Mex1 noBepxHi. L{g pobota A e Ha 30UIbIIEHHS BUIBHOI MOBepXHEBOi eHeprii [i-
06ca AG [15]

__ F=0—

A=G = (Es-Ey)-N 3)
ne Es — BUIbHA €Heprisi MOJIEKYJIH PIIMHU Ha MOBEPXHI, £}, — BlIbHA €Hepris MoJe-
KyJU PiIUHU B 00'eMi, N — KUIBKICTb MOJIEKYJI, IKI YTBOPIOIOTh NOBEPXHEBU IIAp.
OTxe, MOJIEKYJTH MTOBEPXHEBOTO MIAPY MAIOTh HAJIJIUIIIOK €HEPTii y MOPIBHSIHHI 3 MO-
JIEKyJIaMH, SIKI MICTSITBCSL Y BHYTPIIIHIX Iapax piauHu. Lleit Haamumiok eneprii Ha3u-
BAETHCS HOBEPXHEBOI) EeHEPZIEN).

Po6ota 130TepMiYHOTO YTBOPEHHS OJIMHMII TOBEPXHI BU3HAYAE MUTOMY ITOBEPX-
HEBY CHEPTIIO 1 HA3UBAETHCS KOCPIUicHMOM NOBEPXHEE020 HAMA2Y OOCC JAHOI Pi-
JIMHU Ha MEXI 3 Ipyroro pazoro

AG
o= —=

2 = (Bs-Ey) - N/AS (4)
ne AS — mioma yTBOpEeHOro NOBEPXHEBOIO APy PiAHHH.

KoedirieHT moBepXHEBOTO HATATY 3aJI€XKHUTh K BlJ] BJIACTUBOCTEN CaMO1 PIJIUHH,
TaK 1 B/l BJACTUBOCTEH TijIa, sIKE MEXKYE 3 PIIMHOIO MO JIaHii MOBEepxH1. K10 3meH-
uiyeamu CUITy B3a€MOJIi1 MOJIEKYJI PIIMHU 3 OTOYEHHSIM, HAPUKIIA]l, 3SMEHIIICHHSIM Te-
MmriepaTtypu (puc.1), To 3pocTtae piBHOAIMHA cuiia F, 110 Ji€ Ha TOBEPXHEBY MOJIEKYITY,

TOOTO 3pocmae KOe(ILIEHT TOBEPXHEBOrO HATATY O.

11
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Puc. 2 . [loBepxHeBi ABUIIA HA MEXI pi- Puc.3. [loBepxHeBi SBUIIIA HA MEXI1 PIIUHA
JMHY Ta TBEPAOTO Tijla, BUMAJ0K 3MOUy-  Ta TBEPOTO TiJIa, BUMIAJOK HE3MOYYBAHHS
BaHHS PIAMHOIO PIIUHOIO

[ToBepxHEBUI HATAT ICHYE HA MEXI1 BCIX arperaTHUX CTaHIB OCKIJIbKH MOJIEKYJIN
pinunu L (Liquid), TBepaoro tina S (Solid), razy G (Gas) (a0 moBiTpsi) B3a€EMOJIIIOTh
MK cO0010 BceperHi 00'eMy Ta Ha MEXI1 JIOTHUKY.

Benuuuna cuim moBepXHEBOro HATATY £, 10 JIi€ 1O JIiHIT KOHTaKTy Ha MOBEPXHI
PIIMHU BU3HAYAETHCA 32 (OPMYIIOI0

Fi=c-1, (5)
ne [ — noB)XuHa JIiHIT KOHTAKTY.

PosrisineMo Kparuito piJiuHy, siKa 3HaXOUTHCS Ha TTOBEPXH1 TBEPIOTO Tijia, a HaJl
HUMH 3HaXOAUThCS Ta3 (puc. 2). Cuiid MOBEpXHEBOTO HATATY, 110 J1I0Th HA 0OUHUUIO
006CUHU KpanJii TI0 TIEPUMETPY Y KOXKHIU 11 TOYIIl, 3T1THO PiBHSIHHIO (5), JOPIBHIO-
I0Th BEJIMYMHAM BIJIITOBITHUX MOBEPXHEBUX HATSTIB. Y KOXKHIN TOYIll IEpUMETpa Kpa-
Tl 3yCTPIYaloThCs TPU CHIIM TTOBEPXHEBOT'O HATATY (PHUC.2): 05— Ha TPAHUII TBEPAC
TUIO — P1IMHA, Jg; — Ha TPAHMII TBEPJE TIJIO — ra3 Ta d;; — Ha TPaHUIll PiUHA — Tas3.
[ToBepxHst piiuHU OIS TOBEPXHI TBEPAOTO TiJIa BUKPUBIIEHA Ta YTBOPIOE KYT 6, KU
MIPOBEICHUM 3 TOUKM MEPUMETPY Kparuii o JOTHYHIN 10 ii MOBEPXHI, HA3UBAIOTh Kpa-
1106UM KYmOM 3MOYYBAHHSL.

Cuiv IOBEpXHEBOTO HATATY Jg;, Ta 0p; HaMaraloThCs CTATHYTH KparuIio, a CHja
Ogc — 11 po3TArHyTH (pHUC. 2). YMOBa pIBHOBAru Karjil onucyeTbes piBHAHHAM IOHra

[16]

Ogl, + O, COS 0= OsG- (6)
3BiZKM Mipa 3MOUYYBaHHS BU3HAYAETHCSA KPalOBUM KyTOM 0
cos O = (6sg — Os1) /016 > (7)

AKUN XapaKTepU3ye CTYIIHb B3AEMO/I1i PIAMHY 3 TBEPAOIO MOBEPXHEIO Ta ra3oM. B 3a-
JISKHOCTI BiJ] 3HAYeHb KyTa 3MOYYBAaHHS MOBEPXOHBb BOJOI0 MOXKJIMBI J1BA BUIAJKU.
[Ipu og; > 05, kyT 6 < /2, y 1bOMY BUIIQJKY MTOBEPXHS TBEPJAOIO TiNa S € 2idpo-
ginvnoro 1 pinuHa L 3mouye TBepje To S (puc. 2).

Komu og;, >0s; xyr 6 > m/2 (puc.3), y IbOMy BHUMAJIKY MOBEPXHS TBEPAOTO
Ti7a S € 2idpoghobuoro 1 pinuHa L He 3Mouye TBepAe TUIO S 1 TOJII Kparuis BiAMITOBXY-
€THCS B1Jl TOBEPXHI.

I'iapodoOHI moBepxHI, 1S IKUX 3HaYEHHA KyTa 3MouyBaHHs 8 ~ 150°—-170° Ha-
3UBAIOTHCS cynep ciopogpoonumu (CI).

12
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dopMyBaHHS Kpane/p € TIPSIMAM HACTIIKOM TTOBEPXHEBOTO HATATY. PinmnHa Ha-
Mara€eThCsi MiHIMI3yBaTH CBOIO MOBEPXHIO, TOMY JpiOHI Kparuti pinuau Ha CI moBep-
xH1 HaO0yBarOTh GopMH OJIU3BKOI 10 CHEPUUHOI 3 BpaxyBaTH JIi1 CHIIA IpaBiTaIlii.

Amnani3 hopmynu (7) CBIIUUTS, 110 JJ1s focsirHeHHs Ha moBepxHi CI' crany HeoO-
X17JTHO MaKCUMAaJIbHO 30UTBIIUTA KOE(MIIIEHT MOBEPXHEBOTO HATATY MIXK TBEPIAUM Ti-
JIOM Ta PIAMHOIO T, TOOTO MAKCUMAJILHO 3MEHIIIUTH B3a€MO/III0 MIXK TBEPAUM TLIOM
Ta PiTHOIO — CHEOPpUMU HA MIIi HU3bKO eHepPZeMmUYHY NOBEPXHIO.

[TokpuTTS MOBEPXHI TPATAULIMHUM MATEPIAJIOM 3 HU3BKOIO JIEIEKTPUYHOIO MPO-
HUKHICTIO 3HaYHO 3MEHIIYE €JICKTPOCTATUYHY B3aEMOJIII0, & TOMY aJre31F0 MOJIEKYI
BOJIM, OJHAK, TakuM criocobom nocsirtu CI' ctany He BaaeThesi. HeoOXiaHM monryk
CYTT€BOT'O 3MEHIIICHHS B3a€EMO/I1I0 KParlii 3 MOBEPXHEIO.

Ymoeu icnysannsa cynep 2iopogpoonozo cmany. CTBOpeHi NIpupo0I0 MEXaHI3MHU
JOCATHEHHS] BUCOKUX MOKA3HUKIB BIAIITOBXYBAaHHS BOAM BKa3aJy Ha IUIAXHU MOLIYKY
METO/I1B OTPUMAaHHsI IOBEPXOHb, 51Kl BUsABIAIOTH CI' BinactuBocTi. Tak moBepxHs JUCTS
aoroca (puc. 4) Bonogie CI' Ta caMOOUMCHUMU BIACTUBOCTAM. Tak 3BaHUI «e(eKT
JI0TOCa» 3yMOBJIEHUI HASBHICTIO IIOPCTKOI MIKPO/HAHOCTPYKTYPH OBEPXHI Y BUIJIS1
«IIHUMIBY» 3 XapakTepHUM po3MipoM ~1 MM (puc. 4). “IlIunu’” moKpuTI BOCKOBUM Ma-
TepiajaoM, IKUI Ma€ HU3bKY IMOBEPXHEBY €HEPrito, 110 3yMoBitoe CI' cTaH MOBEpXHi 3
KpaiioBUM KyToM 3MouyBaHHs Ounbiie 150° [17]. CI' moBepxH1 y mpupoal HE 0OMexy-
€THCS JIMIIIE JIUCTSIM JIOTOCA, KUJIbKA IHIIUX POCIUH, TBApUH 1 komax matoTh CI Biac-
TUBOCTI.

Hocnimxennsmu [18] 6ymno 3’sicoBano, mo npuurna CI' crany moBepxHi BU3Ha-
YaeTbCs JBOMA BXKJIMBUMU (PaKTOpaMHU: ONTUMI30BAHOIO LIOPCTKICTh MOBEPXHI, L0
JI03BOJISIE BEJIMKIN KUTBKOCTI MOBITPS 3aTPUMYBATUCS MK 3a30paMHu MiKpO/HAHOCTPY-
KTYpHU Ta HU3bKOIO TIOBEPXHEBOIO €HEPTi€I0 MOBEPXHI.

CI' HaHOCTPYKTYpOBaH1 MOBEPXHI MOXKYTh BIJIIIPaBaTU BaXKJIHMBY POJIb y 3MEH-
IIeHH1 aare3ii Boau (puc.5), CHITY Ta JIbOY 0 IIOBEPXOHb, III0 PA30M 3 aHTUKOPO3iii-
HUMU e(eKTaMU MO>KE MPUBECTH J0 BAKIMBUX 3aCTOCYBaHb, TAKUX K MOKPUTTS JUIs
Kka0eJiB, 130JISTOP1B, KPUJI JIITAKIB Ta BITPOBUX F€HEPATOPIB, KOPITYCIB KOPaOJIIB, CKJIIS-
HUX KOHCTPYKIIii, T000BOTO CKJIa TOILIO.

Puc.4. 300paxkenns noBepxHi juctka go- Puc. 5. CynepriapodobHa moBepxHs
TOCA Y paCTPOBOMY €JIEKTPOHHOMY MiKpO-
ckori, x1500

13
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Puc. 6. Moneni 3Mo4yBaHMs TEKCTYPUPOBAHUX MTOBEP- Puc. 7. KpaiioBi Kyt Ha-
XOHb: a) Mojienb Kacci-bakctepa; 6) moaens Bennens TikaHHs 0O,,, Ta BIJTI-
KaHHS 0

Bif,

Hosacnennsa mexanizmy cynep2iopoghoonocmi. J{ns nosiCHEHHsI 3MOYyBaHHS 1110-
PCTKOI MOBEPXH1 BUKOPUCTOBYIOTH IIPOCTY MOJIEIIb YEPTYBAHHS PETYIISIPHUX BUCTYIIIB.
[Tpu bomy Mo>kJKBI [ 19] ABa MPUHIIMITOBO Pi3HUX MEXaHI3MHU 3MOYYBaHHS: KOJIH I10-
BITpS 3aIIOBHIOE MIKPO HEPIBHOCTI, a P1IMHA MOKPUBAE JIUIIE YACTUHY TEKCTYPOBAHO1
nmoBepxHi (puc. 6, a) — 1ie mozens Kaci-bakcrepa, Ta Konu piuHa 3aMOBHIOE YCIO Te-
KCTYpOBaHy OBEPXHIO, BKJIFOYAIOYH HEPIBHOCTI (puc. 6, 0) — 11e Mozenb Beniens. Pe-
ayrizarlisi TOro 4 1HIIOTO MEXaHI3My 3MOUYYBaHHS 3aJIe)KUTh Bif psiny (DaKTOpPiB: CTPY-
KTYpH TTOBEPXHI; TOBEPXHEBOTO HATATY PiAMHH, IO ii 3MOYY€; MTOBEPXHEBOTO HATATY
MaTepialty, 10 YTBOPIOE IMiAKJIAIKY; TOIIO.

VY Mogem 3mMouyBanHs Kaci-bakcrepa kparist piiuHi KOHTaKTYe€ JIUIIE 3 YaCTH-
HOIO MOBEPXHI TBEPJOIO TiJa 1 HE MPOHUKAE Y HEPIBHOCTI, SIK1 3aIIOBHEHI MOBITPSIM
(puc. 6, a). 3a paxyHOK 3MEHIIIEHHS B3a€MO/I11 3 TOBEPXHEIO 3MEHIIIYETHCS IIIONTLY KO-
HTaKTy MOBEPXHSA MaTeplaly—piiMHA Ta 30LIbIIYETHCS IJIOMIA KOHTAKTY HOBITPS—pi-
JIMHA, 10 IPU3BOAMTE 10 301IbIIEHHS KyTa 3MouyBaHHs 0" (puc. 6, a). PiBHAHHS 115
KpalioBOTO KyTa 3MOYYBaHHS, IKE OMHUCYE 1€l BUIAJIOK, Ma€ HACTYIMHUM BU [19]

cos0" = f; - cos0, + f, - cos 0, (8)
ne 0° — KyT 3MOYyBaHHS PiAMHOK CTPYKTYPOBAHOI MOBEPXHI, 0; — KyT 3MOUYBaHHs
PIIMHOIO aHAJIOT1YHOT IIJIOCKOT MOBEPXHI, 0, — KyT 3MOYYBaHHS P1MHOIO ra30mo110HO01
dasm, f; i f, — gacTku IOl B3a€MOIT TBEPAE TiJO — piliHA Ta Ta3 — PiAMHA BIIIO-
BIJIHO, CyMa IIUX YaCTOK JIOPIBHIOE OJMHMUIII.

BpaxoByroun, o f, = 1 — f; , a KyT 3MouyBaHHA ra30no/1i0H01 a3u piaAUHOIO 0,
= 180°, Toxi 3 (8) onepkyeMo piBHsIHHA 115 Mozeni Kaci-bakcrepa:

cos0" = f;(1 + cos0,) — 1. 9)

Mopnens Bennens € okpemum Bunaakom mojeni Kaci-bakcrepa, ko kparis pi-
JIUHU KOHTAKTY€E 3 YCIEI0 MMOBEPXHEIO CTPYKTYPH Ta BUPAKAETHCS HACTYITHUM PIBHSH-
HAM

cos0” =k -cos0, , (10)
e k — daxrop mopcTkocTi mogepxui: k =S5 /S, 1€ S — COpaBKHA MII0LIa OBEPXHI
CTPYKTYpH; S, — TJIOLIA NPOEKILT CTPYKTYpPH.

PiBusinnus (9) — (10) mobpe miaXoauTh ISl OMUCY B3a€EMOJIIT piJIiHA — TBEPE TLIO

s mpupoaaux CIU moBepxons [20]. Ognak y qocmipkerHi [21] 3a3naueHo, 1o 11i pi-
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BHSIHHS OIUCYIOTh OOUJIB1 MOJIEJI1 3MOYYBaHHS MMOBEPXHI JIUIIE Y BUMAJKY, SIKIIO PO3-
MIp Kparuii CyTTE€BO MEPEBUIILYE PO3MIPH IMIOPCTKOCTI MOBEPXHi (puc. 5).

SIx mokaszaHo B nociikeHHi [ 18], Bucoke 3HaueHHs KyTa 3MOYYBaHHS caMe I10
co01 HE € rapaHTIEI XOPOILIUX BOJOBIAIITOBXYBaIbHUX BiIacTUBocTel. IcHye psia CI'
MIOBEPXOHb, 3 AKUX, IPU BUCOKUX 3HAUEHHSIX KyTa 3MOUYBaHHs BOJIOIO, P1IMHA HE CKO-
Yy€eThCS IPU HAXWII1 TOBEpXHI. /115t onucy BOJOBIAILITOBXYBaIbHUX BIACTUBOCTEH Ya-
CTO BUKOPHUCTOBYIOTh 3HAYEHHsI TICTEPE3UCY KyTa 3MOUyBaHHS [, KUl € pi3HULEIO
3HA4YEHb KyTa HaTiKaHHSA 6,,, Ta KyTa BIATIKaHHSA O, pIAMHU HA MOXWJIIA MOBEPXHI
(puc. 7)

H= euam_egz'z) . (11)

[Ipu BenrKoMy 3HaUE€HHI ricTepe3ncy KyTa 3MOUyBaHHs HH Kparuisi He MOXe Bi1-
pBaTHUCS, HaBITh SKILO KyT 3MOYyBaHHS MMOKa3ye 3Ha4eHHs, sike Bianosigae CI' crany
MTOBEPXHI.

Benuuuna H 3a5exuTh Bii mOPCTKOCTI moBepxHi [22]. [Ipu BUHUKHEHHI IIOpC-
TKOCTI IMOBEPXHI MiJ II€10 CHII TSHKIHHA Ta KanUIsIpHOTo TUCKY Jlammaca kpamis Moxe
MIPOHHUKATU B VMO TEKCTYpPH, 3MOUYIOUH BCIO MOBEPXHIO, TOOTO peai3yeThCs CTaH
3mouyBaHHs1 Bennens. [lomanbiie 3011bIIeHHST IIOPCTKOCTI MPUBOAUTE CIIOYATKY J10
3pOCTaHHS BEIUYUHU H, 00 301IbIIYETHCS MIIONIA TOBEPXHI, [0 3MOYYE BOJA, a OTIM
TO pi3Koro 3MeHiieHHs sennunnau H y 10-20 pazis. Ctpubok H 3yMOBII€HHI ITepeXo-
noM 31 crany Benuens no crany Kaci-bakcrepa [23].

Otxe, s ctBopenHst CI' moBepxHi 3 HU3bKUM KyTOM CKOYYBaHHS BOJIU HEOOXI-
TTHO JOCATTH CTIMKOTO eHepreTuuHoro ctany Kaci-bakcrepa Ha Hiil. JlocsrHeHHs Ta-
KOO CTaHy 3aJICKUTh BiJ ((OPMHU MOKPUTTS MOBEPXHI; TOBEPXHEBOIO HATATY PIAUHM,
10 3MOYYE€; MOBEPXHEBOI EHEPrii MaTepially, IO YTBOPIOE MIAKIAAKY; TEMIEPATYpH
3MOYYBaHHs, 4acy 3MOYyBaHHs TOILO.

Hanomamepianu — ecpekmuenuii memoo ompumannsn CI' nosepxons. 5k 3’s1co-
BaHo, CI" moBepxHs MOBUHHA MaTH MIKPO/HAHOPO3MIPHY MIOPCTKICTh Ta HU3bKY MTOBE-
pxHeBy eHepris. Crocoou miaroroBku CI' moBepXoHb MOKHA 3arajoM pPO3JAUIMTH Ha
MIIXO0U «3BEPXY BHU3» Ta «3HU3Y Bropy». [liaxoam «3Bepxy BHHU3» OXOILTIOIOTH JIi-
torpadiyHi Ta madJoHHI MeToau [24], a TaKOXK IJIa3MOBY 00poOKy MaTepiaiy, 100
CTBOPHUTH HAa HbOMY MIKPO/HaHOCTPYKTYpOBaHy MoBepxHio. [linxonn «3Hu3y Bropy»
[25] BKJIIOYAIOTH MIEPEBAKHO CaMO CKJIQJIaHHSI Ta CaMO OPTaHi3allilo aTOMIB Yd MOJie-
KyJ, IO CTBOPIOE HA MOBEPXHI HAHOCTPYKTYPOBaHY MOBEPXHIO, 1Ie¢ — XIMIYHE Oca-
JOKEHHS 3 BAHHU, (P13MYHE OCa/HPKEHHS 3 TapoBO1 a3y Ta €IEKTPOXIMIUHE OCAIKEHHS.
Hagenemo nmpuknaau orpumanHs CI' moBepXxoHb 000Ma M1IX0JaMU.

[IpokaTHi tMcTH antoMiHieBoro criaBy (AA6061) tpasuiu 14,8 mac.% constHOrO
KHCJIOTOIO TIPOTATOM pi3HOTO Yacy BiJ 1 10 5 xBunuH. [IpoTpaBieHi YUCTI 3pa3ku BU-
CYIIIyBaJM Ta JIOAATKOBO MOKPUBAJIM HAJITOHKUMH TE(HIOHOBUMH IIJIIBKAMU METOIOM
PaJlouacTOTHOrO HAMUJICHHS. Y TBOPEHI HAHOPO3MIPHI SIMKH TPaBJICHHS €()EKTUBHO
3MIHIOIOTh MOP(OJIOTII0 TOBEPXHI HA SIKI KYyT 3MOYYBaHHS csraB 3HauUeHHs 6 =164°
+ 3°, a kyT ricrepesucy a = 2.5°+ 1.5° [19].

VY BUMaaKy oJHOPIAHOTO po3noauly arperoBanux y gapoy HY SiO, 3 giamer-
poM 20 HM Ha MOKpUTIH (hapOoI0 MOBEPXHI YTBOPIOBAIACA IIIIBKA 3 XapaKTEPHUMHU
Macmtabamu mopcetrkocti 40—-80 um [20]. s rigpodobizaltii oTpuMaHoi TEKCTYpH

15



di3nKa aepogmcnepcHux cmctem. — 2025. — Ne 63. — C.8-22

Puc. 8. Cyneprigpodobna nosepxus yrBo- Puc. 9. CamoouuiieHHs iJIl0OMiHaTOpPiB HaBira-
pena HaHOCTpKHAME ZnO 3 TIONEPEYHUM  I[IHHOTO MiCTKa Cy/aHa
po3mipom ~20 HM

Ha MOBEPXHIO HAHOCWJIM MOJIIMEPHY IUTIBKY (Top-ankin-edipiB. Tak BraBanocs jo-
cartu CI' crany n1iBKY 3 KpailoBUM KyToM 3MouyBaHHs 6 = 170° Ta KyToM CKOYy-
BaHHA a < 5°.

Ha ounnienux ynapTpa3ByKOM KpPEMHIEBUX MIAKIAIKAX IIJITXOM OCAJKEHHS B Xi-
MIYHI/ BaHHI BUPOIyBajau HaHOIUIIBKY ZnO [27], a NOTIM CYIIHJIX OIPOTATOM KIJIBKOX
TOJIMH Ta NAaCUBYBAIM LLIAXOM 30-XBUJIMHHOTO 3aHYPEHHS B PO3UHUH CTEaPUHOBOI KH-
cinotu B auetoHi. Ha puc. 8 BimoOpaxena CI' moBepxHs y eMICIHHOMY CKaHYIOUOMY
€JIEKTPOHHOMY MIKPOCKOII1, sIKa YTBOpEeHa CTpMKHAMHU ZnO 3 XapaKTEpHUM MOIepey-
HUM po3mipom ~20 uM. KpaiioBuii kyT 3mouyBanns CI' moBepxHi 8 ~173° Ta ricrepe-
3uc kyTiB H ~ 1,5°.

[InsxoM po3nuieHHs a00 3aHypeHHs noBepxHi y Boauui po3urH HY TiO:z pos-
MipoM 18 - 21 HM npu HOpMaJIbHIN Temnepartypi 1 micist BUCUXaHHs npotsrom 10-20
XBUJIMH Ha CKJISIHINA Ta METaJlYH1i NOBEPXHI YTBOPIOETHCS [27] HAHOPO3MIpHA IIJTIBKa
Ha ocHOBI1 T10,. [loBepXHs cTae BOAOHENPOHUKHOIO Ta TiApo(OOHOI0 3 KpalOBUM KY-
ToMm 6 >150°

Ha noBepxHI0 MeTally 4M CKJIa METOJIOM OCA/IKEHHS HAHOCWJIM TOHKHI [Iap TOB-
mHoro MeHire 100 am HY Al O3 3 xapaktepaum po3mipom 16 um [26]. Hanecenui
map, poouts noepxHio CI' 3 kpaitoBuM KyToM 3MouyBaHHs 8 = 169° £ 2° Ta kyTOoM
ckouyBaHHs @<5°. [lokputa moBepxHs, Ha0yBa€ BIACTUBOCTI CAMOOYHUIIICHHS, MA€ BU-
COKY CTIMKICTB 10 TE€PTS 1 mpHaaTHa OpoTsAroMm 5 pokiB [26]. Kpim Toro, Takuii map
BOJOHEIPOHUKHHUI Ta CTIMKUK 10 KOpPO3li 1 OPraHIYHOIO Ta HEOPTaHIYHOro 0Opoc-
TaHHS.

3acmocyeanns cynep 2iopogooHux mamepianie. 3MaTHICTD 10 CAMOOYHMIIICHHS €
OJIHIE€I0 3 HaWOLIBIN OYiKyBaHUX BiactuBoctei CI' moBepxoHb Ta HaWNPHUBAOIUBI-
1010 JIJIsl MPAKTUYHOTO 3aCTOCYBaHHS.

3a3Buuail Ha CKJI1 200 IHIIUX HEOPraHIYHMX Mareplajax BoJa Ma€ KOHTAKTHHIA
KyT, 110 kosmBaeThes Big 30-40 rpanyciB. Ha Takux moBepXHsX JieTKO (DOPMYIOThCS
Kparuii, 110 TOTaHO KOB3al0Th, 1 B IPOIIECl BUCUXAHHSI BOJIY Ha ITOBEPXH1 a0COPOYy€EThCS
1 popmyeThcs map nwity. Hanpuknaza, 11roMiHATOpU HaBiramiitHoro mictka (puc.9)
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CTalOTh KaJIAMYTHUMH 1 MOTIpIIyIOTh o, 3natHicth CI' marepianiB 10 caMmoO4H-
HIEHHS BUpiMIye 110 mpodnemy ontuMmanbHo. [lokputi HY Al,O3 noBepxHi L1toMiHa-
TopiB ctatoTh CI' 1 3ano0iratoTh npuirnanHio Kparii Boau [28]. [Ipu HaiimeHomy
HaXWJIl MMOBEPXHI O TOPU30HTY (a@<5° ) BoJa CKOUYYETHCS 3 HEl, 3aXOIUIIOI0YU MPU
[IbOMY YaCTUHKH MITY 1 Opyay, HE 3aJIUIIat0YH CJIiJIB Bij] 3a0pyaHEHb (puc.9).

Minimizytoun HakonudeHHs Opyny CI' moBepxH1 CHOpHSIOTH JOBrOBIYHOCTI Ta
e(eKTUBHOCTI MaTepialiiB 1 KOHCTPYKIIH, TOMY 3HaXOJATh 3aCTOCYBaHHA JUIsI OYH-
IIEHHS MOBEPXHI Ta JUIsS 3aXUCTY BiJ KOpO3ii 1 3a0pyAHEHHS, HAPHUKIad, JUIsl OYH-
[ICHHS IOBEPXHI MOKPUTTS XMapOUIOCiB, TOIIO.

30amuicmu 00 camosiOHOBIEHHA, 3aXUCHLY 810 KOPO3ii ma anmudiomuyHi é1a-
cmueocmi. HaHOTEXHOJIOT1 CTBOPIOE HAHOMOKPUTTSI, K1 MOKYTh CaMOCTIHHO 3ai-
KOBYBAaTH (PEMOHTYBAaTH) MIKpO TpimuHU [21, 29], mo 3HauHO mominurye e(heKTUB-
HICTb 3aXHMCHOTO IIapy BiJ BIUTMBY HABKOJMIIHBOTO cepenoBuina. CI' moBepxHi, npo-
COUYCHI MACTWJIBHUMHU MaTepiasiamu [29], MpUBEPTAIOTh BETUKUM 1HTEPEC 3aBISKU
CBOIM YHIKQJIbHUM BJIACTHUBOCTSIM CaMOBIJTHOBJICHHS, HU3bKUM KyTaM KOB3aHHSI, MIOK-
pAallEHOIO TEIJIONEPEIAY0I0, AHTUKOPO31IMHUMU Ta KIITUHO BIJIITOBXYBaJbHUMHU Bila-
CTUBOCTSIMHU.

3axucm 6i0 061e0eninna. IIpy HAIBHOCTI Y MOBITP1 IEPEOXOJIOIKEHUX Kparelib
BOJIM BUHMKAE CyOJiMallisi BOASHOI Tapy Ha MOBEPXHI — O0JIEICHIHHS, IHTEHCHUBHICTD
aKoro Haiouibma B iHTepBaii Temiepatyp 0°C —10°C. Oxeneap MOXKe MOIIKOIKY-
BaTH JIiHII €JeKTponepeaadi, OCTIMHICT BITPOBUX T€HEPATOPIB TOWIO 1 IPUBOAUTH JI0
3HAYHUX €KOHOMIYHMX BTpart. J[Jig BUpIIIEHHS i€l MpoOJeMu B OCTaHHI POKHU OyiH
3anpononoBadi CI' mokputts [30], siki MalOTh BUCOKY €(DEKTUBHICTh y MOPIBHSAHHI 3
TpaaUIIMHUMU CIIOCOOaMU 3aXUCTY BiJ OOJIEACHIHHS.

PosrisineMo 3amep3aHHs Kpareib BOAW Ha TBEP/IIA MOBEPXHI 1 MOSCHUMO Tepe-
Bary 3actocyBaHHs CI" matepiani. B po0oTi [31] HaBe1eHO piBHSHHS J1s BUILHOI €He-
prii ['i06ca AG yTBOpeHHS 3apoJ/IKiB HOBOI (Da3u Kparuii BOJAU pajiycoM 7, sika YTBO-
PIOE 3 IOBEPXHEIO KYT 3MOYYBaHHS O

2
AG=%(2—3COSQ+COS39). (12)

Takum yuHOM, YUM OUIbIIE 3HAUYCHHS KyTa 6 (komu 6 > 90° ), TuM Olbllle 3HAUECHHS
AG 1, oTKe, TUM OUTBIIMKM eHepreTUUHul O6ap’ep 1 Kpamia eeKTUBHICTh 3aXUCTY Bij
00JIeICHIHHS.
3aKkoH 30epeKeHHsI €Heprii IPU YTBOPEHH1 3apOJIKY J1a€
WH+mL+mA=(q,+q,+Q)-t (13)
ne W — kiHeTH4Ha eHeprist Kparuii, 10 BAapse€Tbcst 00 MOBEPXHIO, M — Maca Kparuii, L
— IUTOMA TETJIOTa MapOyTBOPEHHS, A — MUTOMA TEIJI0Ta TUIABIICHHS JIbOAY, () — KOH-
BEKTUBHUN TETUIOOOMIH M1’ KOHTAKTHOIO TTOBEPXHEIO KpaIrull Ta HaBKOJIMIITHIM cepe-
JOBUIIEM, (¢, — paJlalliiHUN TEIJI000OMIH MK IMOBEPXHEIO Kparuil Ta HABKOJIMIIHIM
cepenoBUIlIeM, (Q — TeII000OMIH MK Kparuielo Ta MOBEpXHEI, ¢ — Yac 3aMep3aHHsA
Kparuii.
Temuto, 110 BUAIISETHCS KpaIjIelo BOAM B MPOIEC] 3aMep3aHHs
Q= Tw —Ta)/R, (14)
ne Ty, — BHYTpIllIHS TeMIeparypa Kparuil i yac 3aMmep3anHs, T,, — Temneparypa Ha-
BKOJIMIIHBOTO CEPEIOBUILA, R — TEMIOBUI OMIp MK Kparuielo Ta MOBEPXHEIO, KU
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po3paxoByemo 3a hopmyioro [32]
R = aX n oc(l—Xi)’ (15)
2SA; 2Ss
ne A~ TerIoNpOBITHICTh JbOMY, Ag — TEIJIOMPOBIIHICTh MOBEPXHi, X; — ¢akTop
BIUTMBY TEIUIONPOBIIHOCTI JIbOAY, 00 — KOE(DILIEHT TEIJIOB1A/1aul MK KpaIjIeto BOIU Ta
MOBEPXHEI0, S — IJIOIIA KOHTAKTY KpaIll BOJH 3 OBEPXHEIO.
Yac t Big nmoyaTKy (a3zoBoro mnepexoay Kparuli BOJU J0 HOBHOIO (popMyBaHHs

Kparuii TBEPAOTO JIbOJy OMMUCYEThCs (hopMyIioro [32]
pLV

B SK(Tm=Ts)’ (16)
1€ p — I'ycTuHa Boau, V' — o0’em Kkparuil BoaH, K — KoepiuieHT TeruoBiagayl, Tp, —
pIBHOBa)XHA TEMIIEpaTypa 3aMep3aHHs, Tg — TemrnepaTypa MOBEpPXHI.

Amnaniz ¢popmyin (15) ta (16) BkazyroTh Ha JBa (akTOpH, 5IK1 MOSICHIOIOTH Tepe-
Bary CI' MarepiainiB y HOpIBHSIHHI 3 TPaAULIITHUMU:

— YUM MEHIIIA TEeTJIONPOBIHICTD Ag MOBEPXHI, TUM OUIBIININ TETJIIOBUM OMip R Mix

KpaIUICIO Ta IOBEPXHEIO;

— Y1M MEHIIIA IJI011a S 31TKHEHHS Kparli 3 TOBEPXHEI0, TUM OLIbIINi yac t 3ame-

P3aHHS Kparuii.

Kpamni Bogu Ha CI' moBepxHi MarOTh TEHAECHIII0 NepexoanuTu 31 crany Kaci-ba-
KcTepa 70 cTany BeHuens, ToMy icHyBaHHs ctaOuibHOrO ctany Kaci-bakcrepa Ha no-
BEPXHI € BAXKIUBUM (PaKTOPOM JjIsi €EeKTUBHOTO 3aXUCTY Bij obneneHinug [33 |.
Orxe, CI' nokputts y crani Kaci-bakcrepa € nepcriektuBHUMH 111 €PEKTUBHOTO 3a-
XUCTY B1J] 00JI€/IEHIHHS, OCKIJIbKA MOKYTh €()EKTUBHO 3aTPUMYBATH YTBOPEHHS JIbOTY
Ta 3MEHIIYBaTH MILHICTh aJre3ii Jb0/ly 3aBISIKH BUCOKOMY KyTy 3MOYYBAaHHsI Ta HU-
3bKOMY KYTY KOB3aHHSI 1, IK HACJI1JIOK, 3MEHIIIEHIN TUTOII KOHTAKTy MixK TBEPOIO IO~
BEPXHEIO Ta PIAMHOIO.

VY nosigomiieHHi1 [34] gocaimpkeHo BILTUB MiKpocTpykTypu CI” moBepXoHb Ha Mi-
LHICTb 34YEIICHHS JIbOy 3a poboyoi Temneparypu — 6°C. CI” moBepxHi Oyu OTpUMaHi
[UISIXOM CTBOPEHHSI CTPYKTYPH MIKPO/HaHOPO3MIPHUX OTBOPIB Ha MOBEPXHI aJIFOMI-
HIIO TicIs 00poOKH HTOP-AJIKII-CUIIAHOM 3 HU3BKOIO MTOBEPXHEBOIO eHeprieto. [Topis-
HSTHO 3 OTOJICHOIO aJTFOMIHI€BOIO MTOBEPXHEIO, MIKpOCTpyKTypa oTpuMmanux CI' mosep-
XOHb 3MEHILINJIA MILHICTh 3UEIJIEHHS 3 J1b0/10M B 163,8 pa3iB. Orpumana CI" moBepxHs
Maja KyT 3MouyBaHHs Outbmie 150° 1 KyTu KOB3aHHS BOJM MEHIIE §,2° HaBiTh IpPH
poOouiit Temneparypi — 6°C.

Husbka mexaniyna minHicTh CI' HOKPUTTIB CEpHO3HO MEPEIIKOJKAE IX 3aCTOCY-
BaHHIO Yy 3ac00aX 3aXHCTY Bij 00JICICHIHHS Ta BUJAJICHHS 1hoay. Y poooTi [35] po3-
pobunu CI' miiBky nepdropoaenmiboBatoi rpadenoBoi HanocTpiuku (FDO-GNR),
sKa Ma€ BUCOKY MIIHICTh Ta 3a1o0irae 3aMep3aHHIO BOJH, 110 HaaxoauTh 10 CI' mo-
BepxHi npu —14°C.

Hpyroro mpobiiemMoro € 60poThda 3 HacHiAKaMK 001eeHIHHS € nomyk Takux CI'
MarepiaiiB, Ikl MOXKYTb HE JIMILIE 3aTPUMYBAaTH YTBOPEHHS JbO1Y, aJle MOKYTh IIOBHI-
CTIO 3am00IrTH HOro ICHyBaHHIO Ha noBepxHi. BnpoBamkenns BHT y HaHO moKpUTTS
npuBeso A0 cTBopeHHs poro repmiynux HM. Temnonposinnicts BHT nosxunoro 2,6
MKM i siaMeTpoM 1,7 HM npy KiMHaTHIiN TeMrepaTypi Maiike - 3500 Br/MK™! [36], mio
3HAYHO OuIbIIE HIXK y anmMasy. LInsaxom nepeTBopeHHs! COHSYHOI €Heprii B TEIUIO, SIKe
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nommprorounck no BHT, 30utemyerbest TemmnepaTtypa CI” moBepXHi HOKPUTTIB 1 TAKUM
YUHOM IIe OUIbIIEe BIJCTPOUYETHCA a00 HaBITh 3aM00Ira€Thcsi OOMEP3aHHIO Ta MPHUC-
KOPIOETHCSI PO3MOPOKYBaHHS.

Astopu [31] pozpobumnu dhoto TepmiuHi CI” TOKPUTTS 3 MACUBHUM 3aXHUCTOM BiJ]
oOJnefieHIHHS Ta 3 (YHKIISIMU aKTUBHOTO PO3MOPOKYBAaHHS. Y TO€EIHAHHI 3 HU3BKOIO
TETJIONPOBIIHICTIO, PO3POOJICHE MOKPUTTS BUSBIISIE YYJIOBI XapaKTEPUCTUKU MPOTHU
oOJieZICHIHHS — BIJCYTHICTh 3aMEP3aHHsI MPOTATOM NMpuHaiMHiI 150 XBUIIUH TIPU TEM-
nepatypl —5°C 1 BUAKE PO3MOPOKYBaHHS 32 12,7 XBUIIUH 32 paxXyHOK €()EKTHBHOI'O
BUKOPHUCTAHHS MIPUPOJTHOTO COHSYHOTO CBITIIA.

CT' nokputTs, sike BUroToBieHe [37] Ha OCHOBI mojiMepy 3 nojaBanHsM HY
S10,, TiC ta BHT nemonctpye uynoBy CI i3 kpaitoBUM KyTOoM 10 162° , KyTOM CKO-
yyBaHHs juiie 4,2° , a 3HaUYEHHsI CUJIM aJire31i MIKpO Kpariesib CTaHOBUTH ~16,8 + 0,6
MKH . Kpim Toro, 3aBsku 4y/10BUM BOAOBIAIITOBXYBAJIBHUM BJIACTUBOCTSAM 1 QOTO-
TepMIYHOMY €(EKTy MOKPUTTS JEMOHCTPYBaIO J00p1 BIACTUBOCTI MAaCUBHOTO 3aXU-
CTY Bij 00JieIeHIHHS Ta €(PEKTUBHOTO 3aXUCTY BijJ oOMep3aHHs. [IoKpUTTS Takox je-
MOHCTpPY€ 4yJIOBI BJIACTMBOCTI CAMOOYHIIICHHS Ha TMOBITP1, 3 YyJ0BOI0 MEXaHIYHOIO
MIITHICTIO, CAMOBIJTHOBJICHHSIM 1 JJOBTOCTPOKOBUM 3aXHCTOM BiJ] KOPO3ii.

®oto Tepmiunumii map HY CuO Oy Burorosnenuit [38] 3a J0MOMOT00 METO/IIB
XIMIYHOTO OCaJIPK€HHS Ta TpaBiieHHA. [IoTiM map mpocodyBajii CTe€apuHOBOIO KHCIIO-
TOIO 1 TBepUM MapadiHOoBUM BOCKOM it cTBopeHHs CI' ctany 3 KpalloBUM KyTOM
154,1° 1 kytom koB3anH 6,8°. Otpumani CI”' noBepxH1 NOKa3yOTh XOPOIL BIACTUBO-
CTI IPOTH OOJIEAEHIHHS Ta PO3MOPOKYBAaHHS: MiJl BIUIMBOM IMITOBAaHOTO CBITJIOBOIO
ONPOMIHEHHS TeMIIEpaTypa MOBEpXHI MOKPUTTS migBuiyetbes 10 80°C mpoTtsrom 12
XBWJIMH, ipu TemriepaTtypi —15°C i Ha MOBEpXHI HE YTBOPIOETHCSI.

BucnoBku. PosristayTa mpobiema 3B0JI0KEHHS IMTOBEPXHI Ta MOITYK MOMJIHBOTO
pIIIICHHS! HETAaTUBHUX HACH1IKIB. BupileHHs 3a3HaueHUX MpoOIIeM BUPIIIYETHCS CTBO-
peHHsIM cynep TiapoGoOHOro cTaHy Ha MOBEPXHI, SKUM BHHUKAE TP JOCATHEHHI
ctany 3mouyBaHHs Kacci-bakctepa. HaliOunbi edekTuBHUN CrOCiO TOCATHEHHS He-
00X17THOT MIOPCTKICTh MOBEPXH1 i1 OTPUMAHHS TaKOTO CTaHy MOBEPXHI € BUKOPHUC-
TaHHA HaHoMmaTepianiB. Po3po6iseni CI” moKpUTTs MatoTh KyTH 3MouyBanHs 160°7170°
Ta ricTepe3uc KyTiB 3MOUYyBaHHs 1°-5° , 110 3a0e3medye caMOOUYHIIICHHS TOBEPXHI Ta
3ano0iranHs kopo3ii Ha Hill. Kpim Toro, po3pobiaeni CI' MOKpUTTS, aKTUBHO 3aXHUIIa-
I0Th IMOBEPXHI1 B1Jl 00JIEAECHIHHS Ta PO3MOPOKYBAHHS 32 PaXyHOK MPHUPOJHOIO COHSY-
HOTO BUIIPOMIHIOBAHHS.
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Kozytskyi S. V.
Nanocoatings to prevent droplet formation, corrosion, wetting and icing
of surface

Summary

The formation of H:O droplets in the liquid and solid states on the surface destroys the
surface and causes corrosion of the metal surface, and the use of coatings prevents these pro-
cesses.

The effectiveness of the coating is significantly increased when using nanomaterials.

Nano-particles of SiO: (~20 nm in size), TiO: (5—10 nm in size), and carbon nanotubes
introduced into the coating in an amount of 3-5% increase the strength of the coating
several times, the moisture penetration time by an order of magnitude, and the service life of
the coating reaches 5 years.

A more effective protection against droplet formation on a surface is to create a superhy-
drophobic state on it. A large contact angle 0 > 150° leads to water repulsion from the surface
and a significant decrease in adhesion. Analysis of the wetting formula indicates that to achieve
a superhydrophobic state, it is necessary to minimize the effective interaction between the mol-
ecules of the solid and the surface, that is, to create a low-energy surface.

Basic models, namely the Wenzel and Cassie—Baxter models, accounting for the contact an-
gle of water on solid surfaces relating to the influence of surface roughness on hydrophobicity
are discussed. The stable low-energy state corresponds to the Cassie-Baxter model on it.

The state with large wetting angles and low hysteresis can be realized using nanomaterials
that are capable of forming rough micro-nano-sized surfaces with wetting angles of 160°—
170° and rolling angles of 2°-5°. Micro-nano-sized surfaces have promise for application
because they are capable of self-cleaning, corrosion protection, and exhibit antibiotic
properties.

Micro-nano-sized superhydrophobic surfaces also prove effective for protection against ic-
ing, as well as for de-icing from surfaces under the influence of solar radiation.

Keywords: water drops, superhydrophobic state, nanotechnology, wetting, icing, de-icing
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1o npo0.ieMy BUKOPUCTAHHS MOJIeJIi i1eajIbHOT0 PO3YUHY
B MOJICKYJISIPHOI (iznui

Konyenyirw ideanvnoco posuuny cghopmynvosaro we y 80-x pokax XIX cmonimms. OoHo-
3HAUHICMb POPMYTIOBAHL MA BUHAYEHHS HA i1 OCHOBI 61acCmMu8ocmell i0edaibHUux cymiuietl 6u-
Katouae 6y0b-saKi HeOOHO3HaAUHOCMI 8 ix maymauenni. [lpome, yac 6i0 uacy 6 nimepamypi mo-
JHCHA 3yCMPIMU POPMYIOBAHHSA 2YCIMUHU i0eaTIbHO20 POZUUHY, WO CYynepeyams 3a2albHONPUul-
HAMOMY 8u3HayeHHro. Lleti HegenuKull 0271510 NPUCBAYEHO NPOOTIeMi BUKOPUCTNAHHS KOHYeNnyii
i0eanvbHo20 po3uUHy y O0CHIONCEHHAX 3 Qi3uKu KOHOeHcosaHo2o cman)y. Hasedeno oexinvka
NpUKIadie npooieMHUX GopmyII08aHb Mma NPOEeOeHo iX KPUMUYHUL AHANI3.

Knrouoegi cnoea: ioeanvuuii pozuun, 2ycmuna, aOumueHicme.

Beryn. OgHuM 13 OCHOBHUX METOMAIB IOCHIKEHHS BOJIIOMETPUYHUX, TEIJIOBUX,
PEOJIOTIYHHX Ta 1HIIMX BJIACTHBOCTEW PO3UMHIB € MOPIBHAHHS €KCIEPUMEHTAIBHUX
JAHUX 3 BIJIMOBITHUMH BJIACTUBOCTAMM 1I€AJIbHUX PO3YMHIB 32 THX K€ TEMIEpaTypH,
TUCKY Ta cocTaBy. Y miteparypi [1, 2, 3, 4, 5] M1 3HaX0AMMO JIEKIJIbKA 1IEHTUYHUX 32
CBOIM 3MICTOM BU3HAY€Hb 1I€AJIbHOTO pO3YMHY (HEOOXI1HICTh PETEIbHOTO LIUTYBAHHS
OyJie IOSICHEHO HUXKYE).

Hamnpuknan, y [1] 3a3Havyaerbes, MO i/1eaIbHUNA PO3UYHMH - 1€ PO3YMH, XIMIUHI
MOTEHI[IaI KOMIIOHEHTIB SIKOT0 y BCIX Jllarma3oHax Temmeparyp 7', THCKIB P Ta KOH-
LEHTpaLil BU3HAYAIOTHCS SIK:

w, =’ (T,P)+RTInx,
ne pfo) (T ,P ) — XIMIYHUH TOTEHII1aJI KOMIIOHEHTY I 33 TUX )K€ TEMIEPaTypH Ta TUCKY,
10 ¥ y PO34MHI, X, — MOJIbHA YaCTKA KOMIIOHEHTY i. 3 1i€i ()OpMyJIU BHUILIHBAIOTH,
cepeq 1HIINX, IBa BAXKIUBUX JIJIS1 TIOJAIBIIOTO OOTOBOPEHHS BUCHOBKH. /|11 rycTUHU
p Ta 06’emy V" ineamsHoro posunny mu maemo ([6], popmymn 1 Ta 2 y Tekcti my6-
JiKarii):

pid _ Z":p£0)¢l_ - Zn“ug(’)xi
i=1 i=1

0
(0) (0) — inE' ) ~ 6' 6'
ae p;,, L, 0= i X, — I'yCTUHA, MOJSIpHUI 00'eM, 00'€eMHa Ta MOJIbHA 4aCTKa
KOMIIOHEHTY /. SIK HacI1A0K 3 pIBHSAHHS AJisl 00'€eMY 1/1€aJIbHOTO PO3YMHY OTPUMYEMO
BUPA3 171 HAJTUIIKOBOTO 00'eMy V) IIbOTO PO3UHHY:

Vi =0. (1)
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Lle piBHAHHS € qIACHUM ISl BCIX KOHIEHTPALIlM, TEMIIEpaTyp Ta TUCKIB.
ABtopu [7] HaroJoWyoOTh, MO IJS 1/1€aTbHOIO PO3YMHY Ma€ MICLE aJuTHB-
HICTB!
® MOJISIPHOTO 00'eMy IO MOJIbHIN YacTLl (YaCTO BU3HAYAETHCA SIK MOJISIPHO-a/IU-
THBHA BJIACTUBICTH);
® TYCTHUHH 10 00'€MHIN YaCTI pO3UNHEHOI PEUOBUHHU (BU3HAYAETHCA K 00'€MHO-
aIUTHUBHA BIACTUBICTD).
3BepTaeThes yBara [8], mo npyu BU3HAYEHHI HAJIMIIIKOBUX BJIACTUBOCTEN HE BCI
TEPMOJIMHAMIYHI XapaKTEPUCTUKH 17I€aTbHUX PO3YMHIB M1ANOPAIKOBYIOTHCS aUTUB-
HOMY NPaBUITY 3aJI€KHO BiJl MOJIBHOI YaCTKU KOMIIOHEHTIB. ABTOPH HaBOJSTH IPUK-
Jaj KpUTUKU TAKOTO MiIXOy Y UHCICHHUX €KCIIEPUMEHTAIbHUX POOOTaxX 3 aKyCTUKH
[6, 9, 10].
V [4] HaBeneHO €10 1HIIE BU3HAYEHHS 1/1€aIbHOIO PO3UMHY, @ TaKOX Ki1acudi-
KaIlito 1icalbHUX PO3YHHIB.
3a3HaueHe BUILE BU3HAYEHHS 11€aIbHOTO PO3YMHY Ta HACIHIJIKU 3 HBOTO MEpe.-
0a4aroTh BIACYTHICTb OyIb-SIKUX HEOJJHO3HAYHOCTEW, PI3HOUUTAHb UM IHTEPIPETALIIi.
HesBaxkarouu Ha 11e, yac Bij] 4acy 3'SBJISIIOTHCS Ta MPOJAOBXKYIOTh 3'sIBIATUCS MyOJIiKa-
11i, 1€ TYCTUHA 1/I€aJIbHOTO PO3YUHY p' BU3HAYAETHCS K aJUTUBHA MO BlJHOIIECHHIO
710 TYCTUH KOMIIOHEHTIB po3uMHy. [Ipn nboMy cKiiag po34HHY 33Ja€ThCS MOJIBHUMHU
a00 MacOBMMHM YacTKaMH, a00 MOJISUIBHICTIO PO3UMHY.

1. InTepnperanii rycTunm izeanbHoro po3uuny. HaBenemo aexisibka mpukia-
JIIB 3 O3HAUYCHMX IyOITiKamii. Jleski mosoxkeHHs 3 UX myOJikaIii Oy 1yTh HaBEJICH] K
[IMUTATH HA MOBI OpUTIHATY 200 y MepeKIaii.

Tax y [11] xoHLIEeHTpalliiiHa TOBEAIHKA T'YCTUHH BOJHOTO PO3YMHY Caxapo3H IMo-
PIBHIOETHCS 3 aJUTUBHOIO MO BIJHOIICHHIO JI0 T'YCTHH KOMIIOHEHTIB po3uuHy. [Ipu
[[bOMY aBTOPH HE BUKOPHUCTOBYIOTh MOHATTS «i/IeanbHUI po3unH». Haxains, popmymna,
10 BHU3HAYAa€ KOHIICHTPAIIHY 3aJIeKHICTh TYCTHHHU I[HOTO «MOJEIBHOT0» PO3UYUHY
TaK0XX HE HABOJIUTHCS, aJ1€ HABOJUTHCS BUCHIB: «...OTKJIOHEHUS IUIOTHOCTH PACTBOPOB
caxapo3sbl OT aJANTUBHOCTH. ..». Y CTAaTTi BKa3aHO, IO CKJIAJ PO3YHHIB BU3HAYAETHCS
Yy MOJIBHHX YacTKax caxapo3u. HailOuie1 iMOBIpHO, TyCTHHA SIK (DYHKI[is KOHLIEHTpa-
mii y [11] mae Burisia:

p(id) :pl(l_x)+p2x’ (2)

Ie p,, P, — BLANOBIIHO, T'YyCTUHH PO3YMHHMKA (BOJA) Ta PO3YMHEHOI pEYOBUHH (Ccaxa-
po3a). AHasioriuHa (opmyiia HaBOJUThHCA y poboTi [12].

[Ipu nocnimxeHH1 PI3UYHUX BIACTUBOCTEN BOJHUX PO3UMHIB 1-mponanoiy [13]
OIl[IHKa OTPUMAHUX PE3yJbTaTIB BUKOHYETHCS 3a JOTIOMOIOI0 (POPMYIIH JUIsl TYCTUHU
pO34MHY, 110 aHanoriuHa (2). L{g dopmyna Bu3HadaeThes K «HaOMKeHa». SAkiy [11]
MOHSITTS «1/I€aJIbHUNA PO3UHHY HE BUKOPUCTOBYETHCS.

Taky x JHIAHY KOHIEHTpAIIIHY 3aJ€XKHICTh, ajie Y 3aJIeKHOCT1 BiJl MacoOBO1

YacTKH C,

pi=p (1-c)+p,c 3)
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MaroTh Ha yBa3i aBTopu [14] (3a7€XHICTh y SBHOMY BUTJISI/II HE HABOJIUTHCS). Takuit
XapakTep 3aJEKHOCTI TYCTUHU OOTPYHTOBAHO BIJICYTHICTIO MIKMOJIEKYJISIPHOI B3ae€-
MO/I1i, 1110 TpUTaMaHHa i7ieaIbHUM po3urHaM. L{g Te3a Hisik He 0OTrpyHTOBYEThCS, a00
JTEpaTypH1 JKeperna He HaBOASATHCS (Ha BIIMIHY BiJ 1aHOi pOOOTH, € PETEIHHOMY
[MTYBaHHIO MIPUILIEHO 0cO0JIMBY yBary). B sikocti imtoctpartii y [ 14] HaBoasThCA Tpa-
(GIKM 3aJIeKHOCTEN TYCTHUH pealbHOr0 (OTPUMAHO €KCIIEPUMEHTAIBLHOTO) Ta 17ealb-
HOT'O PO3YMHIB BOJIa-€TaHOJ (UB. puc. 1).

XapaxTep 3aJexKHOCTI JJIsl 1I€JIbHOTO PO3UUHY (AUB. puC. 1) MATBEPIKYE Hallle
MIPUITYIIEHHS, 1110 /IO BUTJISAY KOHIICHTPAIIMHOT 3aJIe)KHOCTI TYCTHHU, SIKUH CITiIBIIAIa€e
3(2).

AHaJIOT1YHUN BUTJIAI Ma€ T'yCTUHA 171eabHOr0 po3unny y [15] (popmyna 9 y Te-
KCTi myOuikanii). KoHeHTpailii BA3Ha4arThCsl y MOJBHUX YaCTKaX PO3YMHEHOI pedo-
BHHH.

Came Take x TBepKeHHS sIK y [ 14] HaBoauThes y [16] Ha cropinmi 150: «B une-
TBHOM CJIy4ae, Korja MEXJy KOMIIOHEHTaMU CMECH OTCYTCTBYET KaKoe-TMOo B3au-
MOJICHCTBUE, 3aBUCUMOCTD TUIOTHOCTH OT COCTaBa 00/1cHa Obimb auHetinouy. Lg Te3a
TaKOX HISK HE MOSICHIOETHCS Ta HE 0OTOBOPIOETHCS. Takuil camMe BUTJIS Ma€ KOHIICH-
TpaliiiHa 3aJ1eKHICTh TYCTUHH 1IeaJIbHOTO pO3uuHy y podoTax [17, 18] ane npu ubomy
CKJIaJ] BU3HAYAETHCA 32 IOMIOMOTOI0 MOJISLIBHOCTI PO3UHHY.

VY [19] npu 0O6roBOpeHHI BUTJISY KOHIIEHTPALIMHUX 3aJI€KHOCTEH I'yCTUHH BO/I-
HUX PO3YMHIB TEKCIJICHTIUKOIIO CTBEPDKYETHCS, 0 BIAXUICHHS IUX 3aJICKHOCTEH
B1J1 JIIHITHUX CBITYUTH MPO iX HE 17€aTbHICTh.

[IpupoaHo, 3a3HaYeHUI O] Ha KOHIIEHTPALIMHY 3aJIEXKHICTh TYCTUHH 1]1€a-
JBHUX PO3YMHIB TAKOXK B1I0OPaKEHO B yUOOBIH JiTeparypi Hanpuknan, [20, 21, 22]
Ta JUcepTaliitHux pobdoTax, Hanpukiaz [23]. OkpeMo ¢l HABECTH MPUKJIIA]] Pi3HO-
MaHITHHUX He ()axOBHUX IHTEPHET-PECYPCIB y POpMaTI «3aMUTAHHS-BIANOBIA1», HAITPH-
kiaj [24]. B Ham yac, Haxkanp, e/1ajli 4acTille BUKIIOYHO BOHU BUCTYNAIOTh JIKEpe-
JoM iHpopMmariii.

3p0o3yMiJI0, III0 HAaBEICHI MPUKIIAIU HE BUYEPITYIOTh BChOT'O CIIUCKY HAsABHUX ITy-
OJTIKAaIIH.

HasBHicTh momiOHUX MpoOieMaTUYHUX IMyOTiKallii BUMarae po3iopaTuce y mo-
IIUPEHUX MTOMUJIKAX 1 BITHOBUTH MPaBUJIbHE TIIyMAayeHHs KOHIICTIIIIT 171eaJIbHOTO PO3-
YUHY, 1110 1 Oy1e 3p00JICHO B HACTYITHUX PO3iiax.

2. I'yctuHa ineajbHOro po3umHy. [lo-mepme 3BepHEMOCH 10 TaKOI NOIIMPEHO1
T€3U: 11€AJIbHUM PO3YMHAM MPUTAMaHHA BIJICYTHICTh MIKMOJIEKYJIIPHOI B3a€MOJII.
Crnil miaKpecauTu, MO BiICYTHICTh MIXKMOJICKYJISIPHOT B3a€MOJIii HE € HEOOX1THOIO
YMOBOIO 1JI€aJIbHOCTI PO3UHHY. Y JITEpATypl MOKHA 3yCTPITH YMOBH, SIKI XapakTepH1
IUTSL 11€aIbHUX 3 TOYKH 30py TEPMOJMHAMIKM PO3YUHIB (TOOTO Ti, IO MIIKOPSIOTHCS
3akoHy Payns). ¥V [2] Ha cTtopinIil 12 «cTporo roBops, JKUJIKOCTH, 00pa3yromue uie-
aJIbHBII pacTBOP, JOJKHBI OBITh OJIMHAKOBHI 10 MOJIEKYJISIPHBIM CBOMCTBaM, XapakTe-
PUCTUKAM MEXMOJIEKYJISIPHBIX B3aumonencTsui». 1. Ilpuroxun [3] HaBOAUTH L0
YMOBY y GopMi: «Y TBOPEHHS 171€aIbHOTO PO3UYHUHY IMOBIPHO JIUIIE, SIKILO Macu, po3-
MIpH MOJIEKYJI 1 MapuiajbHl CUJIM B3a€MO/Ili KOMIIOHEHTIB MaJIO BIJIPI3HSIOTHCA MIX
co0010».

25



di3nKa aepoaucnepcHmux cuctem. — 2025. — Ne 63. — C.23-32

[lo-npyre BU3HAYMMO, 110 OyAb-sIKa BIACTUBICTh OJTHOIO MOJII PEYOBUHH X, €

aJIMTHBHOIO, KOJIM BOHA CKJIAJA€THCS 3 MOJISPHHUX BIACTHBOCTEH X, M X, KOMIIOHEH-
TiB MPOMOPIIAHO X MOJBHUM YacTKaM y po3uuHi [25] cropinka 184:

X, =X/ (1-x)+X;x,
7Ie X — MOJISIpHA YacTKa PO3YMHEHOT PEYOBHHHM. AJie HE YaCTO 3BEPTAETHCS yBara, 1o
11€ BU3HAUYCHHS CTOCY€EThCS TIJIbKM €KCTEHCUBHUX BJIACTUBOCTEN PO3UYUHIB [26].

JIo aquTUBHUX MOXYTh OyTH BIAHECEHI, HaNpHKIad, Taku (Pi3UYH1 BETUUYUHHU
[27]: MonsipHUil 00’ €M, KOE(DILIEHT MOJIIPHOTO 1300apUYHOTO PO3LUIUPEHHS, MOJIIPHA
1300apyyHa TEIIOEMHICTh, KOE(DIIEHT MOJISIPHOTO 130TEPMIYHOTO CTUCHEHHSI Ta KOe-
(bILiEHT MOJISIPHOTO 130€HTPOMINHOTO CTUCHEHHS. Tak, HanpuKIIa, 3a IPaBUIOM aJIu-
TUBHOCTI [28, 29] Moxke OyTH BU3HAYCHO HAJIMIIKOBUN 00’ €M PO3UHHY:

Ve =y -[(1-x)v +xv,],
e V — eKCIIEpUMEHTAJIbHE 3HAaYE€HHs MOJISIPHOTO 00’ €My PO3YMHY, U, , L, — 3HAUEHHS

MOJIIpHUX 00’ €MIB PO3UYMHHHUKA Ta PO3YMHEHOI PEYOBUHHU.

Ha mijcraBi BU3HaA4€HHS TYCTUHM Ta MEPBICHUX BJIIACTUBOCTEHN 171€aIbHOTO PO3-
yuHy (1) HE BaXXKO OTpUMATH 3aJIEKHOCTI JIJIsl TYCTUHU 11€aJIbHOTO pO3UMHY. Y piB-
HsIHHI (4) 1151 3aJIeKHICTh NOJIaHA K (DYHKIIISl MACOBOI YaCTKU PO3YMHEHOI PEUOBHHU
¢, 'y piBHSAHHI (5) — IK (PYHKI[IS MOJIBHOI YaCTKHU x :

(id) _ 1
S (4)
Py P,
(id) _ MI(I—X)+M2X
p _M 1 s (5)
1( —X)+M2x
P, P

ne M, 1 M, — MoneKkyJsipHi (MOJIIPHI) MacH PO3YMHHMKA 1 PO3YMHEHOI PEUYOBHHU. 3

(4) 1 (5) BuIIMBaE, IO HI MPO SAKY JIHIAHY 3aJIeKHICTh TYCTUHH BiJl MacOBOi ab0 Mo-
JHLHOT YaCTKU KOMIIOHEHTIB PO3YMHY HE HAEeThCS.

Ha puc. 1 (3anexHictb 3) HaBelleHa 3aJEXKHICTh T'YCTHHH 1€aIbHOTO PO3YMHI
BO/JIa-€TaHOJ, 1110 PO3paxoBaHa 3a JI0MOMOroo (4) Ta BIAMOBIAAE A1MCHOCTI.

3 JaHuX, 10 HaBeAEHO Ha puc. 1, 6aunmo, 10 3aJeKHICTh ISl 171ealIbHOTO PO3-
YuHY (3aJIEKHICTh 3) JOCTaTHLO HAOJIMKEHA JI0 JIHIMHOI (3aJIeXKHICTh 2), alle Ma€ BiJl
Hel BIAXWICHHs (HE MmepeBillye 2.5% ). 3BEpHEMO yBary, 110 NpH AOCIIKEHHSIX, Ha-
MPUKIIAJI, KJIacTepu3allii y po3urHax Iisl BEIMYMHA Ma€ CyTTeBE 3HaUeHHs. Tak, BiIHO-
CHE BIIXWJICHHS 00’€My PO3UYMHY BiJ] 1JI€aJIbHOrO (KOHTpPAaKIIisl) JUIsl PO3YMHIB BOJA-
€TaHOJI 32 TEMIIEpaTypu 20°C €O NEPEBUILYE 3.5% .

4. AnaJiz HaBeJeHUX NMPUKJIaaiB. Po3risHeMo OUIbII peTeabHo (HaKTH, 10 Ha-
BeieH1 y [14, 15]. 3acTocyemMo BU3HAYEHHS T'YCTUHH 1]1€aJIbHOTO PO3UUHY Y BUTJIISIIL

id)y,id

m= p( )Vu , (6)

7€ m — Maca po34uHy. 3 ypaxyBaHHSIM 3aJIEKHOCTEH MOJIIPHOI Macu Ta MOJISIPHOTO
00’eMy po3uuHy, piBHsIHHS (6) HaOyBa€ BUTTISTY:
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(1= )M, + xM,) = p"“) (1= x)v, + xv,).
bauumo, 1110 ¢ 000X 6OKIB 3HAKY PIBHOCTI B AY>KKaX 3HaXOASThCS aIUTUBHI BEIMYUHHU.
Lle#i daxT, 3 TOUKH 30py MaTEMaTHUKH, BUKIIOUAE aTUTUBHICTh TYCTHHH 17€aTHHOTO
po3unHy o' 10 BiAHOMIEHHIO 10 MOJIBHOI YaCTKM HOro KOMIIOHEHTIB. Takuii ke ca-
MU BUCHOBOK MOYXHA OTPUMATH y pasi 3aBJaHHs CKJIATy PO3YMHY MAacCOBUMH YacCT-
KamH.
[{ixaBo, 110 OJHOYACHO 3 BUPA- 140 o plc)

30M JIJISl TYCTHHH 17I€aTbHOTO PO3UHHY
y [15] nHaBoguThCS popmyna aJjisi MO-
JSIPHOTO 00’€MY 171€aJIbHOTO PO3YUHY

0.95 A

7 =(1-x)v, +xv, (bopmyna 15y .,

n
TekcTl myoOumikauii). [lpuponno, mo 3
BUpa3 AJIsl MOJSIPHOT MacH PO3YMHY 38 oss |
JOTOMOT 010 (6) Y TAKOMY BHITAJIKy HE
cniBnajgae 3 (1-x)M, +xM,. Ha no- 5, .

JATOK 3a3HAYMMO, 1110 aJIUTUBHA POp-
MyJla TYCTHHU 1JI€aJIbHOTO PO3YUHY 5 , , , , ,
MPU3BOAUTH JI0 BIIMIHHOCTI BiJ HYJIS o 0.2 0.4 0.6 08 ¢ 1

HAIJIUIIKOBOTO 06’€My BOTO p03_ Puc. 1. Baﬂe)KHOCTi I'YCTUHH BOOIHHX pO3LII/IHiB
€TaHOIIY SK Q)YHKHII MacoOBOI YaCTKH CIIMPTY 3a

temrnepatypu 20°C. 1 — excrepuMeHTalbHI
3HAUEHHIO II1€i BJIACTUBOCTI 1J€alib- naHi BimoOpaxeni Toukamu [ 14, 30]; 2 — npsima
HOTro po34uHy (1). JiHIS 5IKa, SIK CTBEPKYIOTH aBTOpH [14], Bin-

Jlerko oTpyMaTy BUpa3 TyCTHHHM [OBIJ@€ TYCTHHI i€aJbHOTO pPO3YMHY; TyC-
i/leaTbHOrO PO3UMHY B 3aJIEKHOCT] Bify ~ THHA 1ICIBHOrO, 110 PO3Pax0BaHa 1o (4).
MoJsbHOCTI C,, [MONB/KT], IO BH-

yuHy. dakT V(Z) #(0 cynepeyuTh BH-

TJIMBAE 13 BU3HAYEHHS T'YCTHHU:
@) _ 1000+ M,C,, .
1000 M ,C ()
+
P P,
baunmo, 110 111 3aJI€KHICTh HE € JIHIMHOI BIJIHOCHO MOJISJIBHOCTI PO3YMHY. 3
MIOTJISITY Ha 3B'SI30K, HAIPUKIIaA, MOJIHOI YaCTKH Ta MOJISUTBHOCTI po34uHy [1]:
C’M

— 1
CM+£

X =

1
Jerko otpumatu popmyiy (5).
AJle, MOKHA 3alKCcaTH aJUTUBHE CIIBBIIHOUICHHS T'YCTHH 1/1€aJbHOTO PO3YHHY
0 BIJIHOIIEHHIO A0 00’ €MHOT YaCTKH PO3UYMHEHOI pEUYOBUHHU (w ):
(@) _m _m+m, PV + PV,
Voon+rn, i+l

:p1(1_(’))+p2(’)a (8)
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ne V =V, +V, —00’eM 11eanbHOro po3unHy. JIuie B IbOMy BHUIIAAKY TOPIBHSAHHS 3a-
JISKHOCTI TYCTUHU PEajJbHOTO PO3YMHY 3 JIIHIMHOIO, 1110 BIAMOBIAAE 17I€AIbHOMY PO3-
YUHY, € KOPEKTHUM [31].

Taxox MO’KHa OTpUMATH BUPA3 ISl TYCTUHU PO3YUHY Y BHTJIISIII

() M _ MM, 00 1Z )+ oMy
Vo vy, Py ( ) Py X,
Ww__ M : :
e p’ = T napiiajgbHa MOJISpHA T'YCTHHA i-ro KommoHeHTty. s dhopmyia
1 + 2

(w)

cX0%a 3 (2), ane, cIi 3a3HAYUTH, IO P; ' HE € XapaKTePUCTUKOI YUCTOrO KOMIIOHE-

HTY i.

Haranmaemo, 1mo ¢i3udHi BeTMUUHH TTOAUISIOTHCS Ha JBa TUIIH — €KCTCHCUBHI Ta
iHTeHcHBHI [32].

[Tepri 3amexaTh BiJl KITBKOCTI pEYOBHHH Ta BIAMOBIJAI0TH 3aKOHAM a{UTHBHOCTI
(maca, 00'em, BHYTpIIIIHSI €HEPTis TOIIO). BracTUBICT aAMTUBHOCTI LIUX MMapaMeTpiB
oueBHIHA. Tak, HapUKJIaa, Maca CyMilli JOPIBHIOE CyM1 Mac KOMITIOHEHTIB. EkcTen-
CUBHI BJIACTUBOCTI KOMIIOHEHTIB PO3YMHY MO’KHA XapaKTEpHU3yBaTH MNapliaIbHUMH
MOJISIPHUMH BEJTMYNHAMH.

Jpyri - IHTEHCUBHI1, HE 3aJieXkaTh BiJ KUIBKOCTI PEYOBUHHM Ta MPHU B3a€EMOJII pe-
4OBMH HaOYBaIOTh PIBHOBAKHOTO 3HAUYEHHS (TEMIIEpPATypa, THUCK, T'yCTHHA TOIO). IXHs
BJIACTUBICTh HEAJIUTUBHOCTI TAKOXK 3a3BUYall OueBHJHA. Tak, pOo3AUIMBIINA Oyab-IKY
130TepMIYHY CUCTEMY Ha OKpEMI YaCTHHHU, OTPUMAEMO OJIHAKOBI TEMIIEpaTypH 1 ryc-
THUHU Y KOXKHIH 3 1i YaCTHH.

3 moTJIsAy Ha HasiBHI TUIHU (PI3UYHUX BEIMYUHU MPUPOJIHO 3BEPHYTUCH JIO BU3HA-
YyeHHs (PI3UYHOrO 3MICTY XapakTepHux Bupasis. [Ipuitmemo, mo M, v, x, - MoJe-
KyJIsipHa Maca, MOJISIpHUN 00'eM, MOJIbHA Ta 00’€MHAa YaCTKW PEYOBUHU Yy PO3UHUHI.
Toml BeaIUUMHU Mx Ta vx - €, BIIIOBIJIHO, Maca Ta 00'eéM JIEAKOI YaCTUHHM MOJIA II€l
peuoBrHHU (Maca Ta 00’ €M - € eKCTEHCHUBHI BEJIMYMHU). AJie HIY0r0 HEe MOXKJIMBO CKa-
3aTH BIIHOCHO BEIMYUHU px. AJKE TYCTHHA BITHOCHTHCS JI0 BEJIIMYHWH, IO HE 3ajie-
’KaTh B1J] KIJIbKOCTI p€YOBMHU (TYCTHHA MOJIsi @00 HOro Oyab-sIKOT YaCTUHU 3aJIMIIa-
€ThCS1 HE3MIHHOIO). [IpoTe (hi3nyHmMil 3MICT MaKOTh BEJIMYUHU ¢/p Ta p@ - 1€ YACTUHA

IMUTOMOI0 00’€My PEYOBMHM Ta MapliiajibHa I'yCTUHA KOMIIOHEHTH 17€aJIbHOTO PO3-
YUHY.

[lincTaBoro sl «HEMOPO3YMIHb» Y BH3HAYEHHI T'YCTHHHU 17€AJIbHOTO PO3UYHHY
MO>KHa TaKO>X BBa)KaTH HE 30BCIM UITKE aBTOPChbKE (POPMYITIOBAHHS JCSIKUX TE3.

Tak y [22] migKpecioeThes, 1o 0arato BIACTUBOCTEN 1ealbHUX PO3UYUHIB (Ha-
MPUKJIaJ, TYCTUHA) aAUTHBHI: «/neanbHble pacTBOPBI UMEIOT XapaKTEP NPOCTHIX MO-
JEeKyJSIpHbIX cMmecell. K HUM BMNOJHE MOIXOIUT «(pU3HYECcKas» TEOPHUs paCTBOPOB.
MHorue cBOMCTBa 3TUX CHCTEM (HANpUMeEp, MJIOTHOCTh) aAAUTUBHBL. KOMIOHEHTHI,
oOpa3yrolue uaeaabHbli pacTBOP, HEOTPAHUYEHHO CMEIIUBAIOTCSA MEXKIY CO00i». Y
pasl BU3HAYEHHS CKJIAJy PO3UYMHY B 00’€MHHMX 4YacTKax (8) 1e CTBepIKEHHs JIMCHO
Mae micue. Alle i IHIIMX CIoco01B 3aBJJaHHA CKJIaay PO3YHMHY (MacoBa Ta MOJIbHA
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YacTKH (MPOLIEHTH ), MOJIsIIbHA KOHIIEHTpAllis) aANTUBHICTh BicyTHs. OHAK 10CTaT-
HbO BKa3aTH, 10 aBTOP [22] € XIMIKOM 1 BU3HAUCHHS KOHIICHTpAIlli po34ynuHy 00’ €M-
HUMH YaCTKaMHM JIJII HOTO € OIBII MPUPOTHUM.

JIns BU3HAYEHHS CKJIaay po3uuHy Y [33] BUKOPUCTOBYETHCS JOBOJI PiAKICHA Be-

JIMYHWHA — MOJIsIpHA I'YCTHHA p(“) . H}I BEJIMYHMHA BU3HAYAETHCS K KIJTBKICTh PCYOBHUHH,

10 BUpPa)X€HA y MOJISIX, B OJIMHULI 00’eMy L€l pedyoBuHU. [IpuponHo molsipHa ryc-
(1)

TUHA P, ' T4 «MacoBa» I'yCTUHA P, KOMIIOHEHTY i IIOB’sI3aH1 MK COOOIO:

P, = pEH)Mi . ©)

Astopu [33] HaBoAsaTh popMyity (popmyina 5-11 y TekcTi myOuikarii) OLiHKHY Ty-
CTUHU PO3UYMHY:

X, X, X, 1
+ + +..= , (10)
i) pd pl py’

ne pg“) — MoJIsipHa TycThHa koMnioHeHTy i. @opmyina (10) ciBnanae 3 popmymnoro st

T'YCTHUHH 1J1€aJIbHOTO PO34MHY, ajleé aBTOPU Ha Iie He BKa3yroTh. Takox (10) mae cxo-
KICTh 3 popmyIioro (3), e CKIIaa pO3UMHY BU3HAUYAETHCS MACOBOIO YaCTKOIO PO3UMHE-
HOi pe4oBHMHHU. baunmo, 1110 Npu BU3HAYEHHI CKJIay PO3YUHY MOJSIPHOIO T'YCTHHOIO
3aBAsKU (9) MM TaKOXK HE Ma€EMO aIUTUBHOCTI TYCTUHU 17€JIbBHOTO PO3YMHY IO BiJI-
HOIIIEHHIO JI0 MOJIbHOT YaCTKHU HOTO KOMITOHEHTIB.

VY [23] npencraBiieHa 3anexHICTh TYCTUHU 11€JIbHOTO PO3UMHY Y BUIJIAJII aHAa-
JOoT1YHOMY (2). 3HaYeHHSI 3MIHHOI, 1110 BU3HAYA€E CKJIAJl PO3UMHY BU3HAUYEHO SK: «X 1S
the percentage of solute concentration». Y TeKkcTi ckiaa po34yuHy BU3HAYAETHCS JIEKI-
JbKOMa crioco0aMu: 3a JOTMOMOTOI0 PO3MIPHUX KOHIIEHTPAILIiH I/J1 1 MOJIB/JI, @ TAKOXK
ppt (4acTku Ha TPUIBHOH (ppt) - 1€ BUBHAYEHHS, SIK€ HaYacCTIIE BUKOPUCTOBYETHCS
JUTSI OTITUCY JTy’KE€ MaJIUX KIJTbKOCTEH ab0 3aUMIIKOBUX 3a0pyAHEHD Y TUTHIN BoAl). Ta-
KO BUKOPHUCTOBYEThCS «concentration %, ane (i3M4HUNA 3MICT TAKOI'O BU3HAYCHHSI
KOHIEHTpaLli He TIOSCHIOETHCA.

BucnoBku. Ha Haiy 1ymMKy, OCHOBHOIO IPUUKMHOK BUHUKHEHHS IPO0OJIEM y BU-
3HaY€HH1 KOHILIEHTPALIHOI 3aJI€)KHOCTI T'YCTUHH 1€aJIbHOTO PO3UYHUHY € IOBHE OTOTO-
’KHEHHS PI3HUX CTOCO01B 3aB/IaHHsI KOHIIEHTpallii po34ynHiB. lle BinOyBaeTbcs y Buma-
JKY KOJIM CHPaBEJIMBICTh a[IMTUBHOTO CITIBBIJHOIIECHHS TYCTHHH PO3YHUHY 3aJI€KHO
B1J1 00'€MHHMX 4aCTOK KOMIIOHEHTIB BBAXKAETHCS MPHUIATHUM 1 JJIA IHIIUX CIIOCO0IB BU-
3HAYEHHS CKJIaAy PO3YMHY (Yepe3 MOJISIPHI YaCTKH, MacOBI YAaCTKH Ta 1H.) ab0 OTOTO-
KHEHHS aJJUTUBHOCTI 00’ €My 171€albHOTO PO3YUHY 3 aIUTUBHICTIO KOHUEHTpPAIIHO1
3aNIeKHICTIO HOTo rycTuHU. Ha Ham moruisa, oCHOBHA MpUYMHA TaKUX HEMTPaBOMIPHUX
OTOTO>XKHEHb - 1I€ CIIpo0a IHTEpIPETAIll 3aJIEKHOCTI TYCTUHU PO3UYHMHY IIPH HETOCTaT-
Hii yBa3i 10 6a30BOro BU3HAYECHHs II€] BEIMYMHU. BaXkiIMBO 3a3Ha4yuTH, 110 HaBe-
AeHHs Oynb SKMX HAOMM)KEHMX BUPA31B AJIs TYCTHHH 1/1€abHOIO PO3UMHY HE Ma€
CEHCY 3 MOTJIALy HasiBHOCTI CTPOTOT0 aHAIITUYHOTO BUpa3y I 1i€l BeIuyuHu (4) 1
(5).

CrnoniBaeMoch, 110 KOPOTKUM aHall3, MPOBEECHUN y AaHI poOOTi, CIpUITUME
BUIIPABJICHHIO BKa3aHUX OMUJIOK 1 YTBEPXKEHHIO NMPaBUIIbHOI (P13MYHO OOIpyHTOBA-
HOT 1HTEpIpeTallii MO 1/1€alIbHOTO PO3YUHY 1 TTOB’SI3aHUX 3 HEIO KOHIICMITIH.
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Hoasiku. ABTOp BUCIOBIIOIOTH IUPY NOAIKY npodecopy Mukomnaro [letpoBuuy
Manomyxy 3a HE3MIHHY TIATPUMKY poOOT aBTOpa. BUCIIOBIIOI0 TaKOXK MOJSAKY Jiay-
peaty Jlep>kaBHOi ipemii YkpaiHu B ramy3i Hayku 1 TexHikd 2020 poky qokTopy Pi-
3UKO-MaTeMaTHYHuX Hayk Onekcanapy bekiiaeBy, 3a miATPUMKY y TIATOTOBII TaKO1
JIOCUTh HE3BUYAWHOI ITyOTiKaIlii.
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Chechko V. E.
To the problem of using the ideal solution model in molecular physics

SUMMARY

The concept of an ideal solution was formulated back in the 80s of the 19th century. The
unambiguity of its formulations and the determination on their basis of the properties of ideal
mixtures eliminates any ambiguity in their interpretation. But sometimes in the literature you
can find a formulation of the density of an ideal solution that contradicts the generally accepted
definition. This short review is devoted to the problem of using the concept of an ideal solution
in research in condensed matter physics. Several examples of problematic formulations are
given and their critical analysis is carried out.

Keywords: ideal solution, density, additivity.
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Mechanism for the chemical oxygen-induced sensitization of AgBrl
microcrystals spectrally sensitized with anionic dye

In this work, the specific disperse systems are considered, which are formed in composite
condense materials containing light-sensitive silver-halide microcrystals (MCs). Based on the
low-temperature (T = 77 K) luminescent and spectrosensitometric properties of AgBrl MCs, a
mechanism is discussed for the influence of the oxygen treatment on the MCs’ spectral sensiti-
zation by an anionic dye. It is shown that, in contrast to the general view prevailing in the
current literature, the effect of oxygen cannot be reduced only to decreasing the sensitivity of
AgBrl MCs, and its role in the spectral sensitization of AgBrl MCs is not so unambiguous.
Within the framework of the proposed mechanism, such ambiguity appears due to the fact that

silver centers Ag® and Ag:*, different in their structure, participate in the generation-
recombination processes of nonequilibrium charge carriers, which interact with various

aggregate forms of the dye adsorbed on the MC surface and are affected by oxygen in
different ways. The results will be useful for numerous applications involving such MCs, in
particular, for optimisation of holographic and spectrozonal photo-materials, gas-phase
sensors and in solar energy systems.

Keywords: silver-halide microcrystals, anionic-dye sensitization, low-temperature lumines-
cence, oxygen treatment, nonequilibrium charge carriers, generation-recombination pro-
cesses.

Introduction. When registering optical information, the spectral range of intrinsic
sensitivity of silver-halide (AgHal) microcrystals (MCs) extends up to the wavelength
A =500 nm [1]. Sensitization of AgHal MCs with organic dyes can change the region
and value of spectral sensitivity. Remarkably, a number of dyes applied for sensitiza-
tion expand the intrinsic spectral sensitivity of AgHal MCs to the long-wave region (A
> 500 nm) up to the near-infrared range, while some of them only lead to a decrease in
the intrinsic sensitivity of AgHal MC. Such dyes are called sensitizer-dyes (S-dyes)
and desensitizer-dyes (D-dyes), respectively.

In works [2,3], it was noted that the desensitizing effect of dyes is only manifested
if the MC-carrying medium is exposed to gaseous (O,). Considerable attention to the
role of O, and H,O in desensitization processes is given in works [4,5,6]. In addition,
in [6] it was established that oxygen affects the intrinsic sensitivity of AgHal MC even
in the absence of dye. Removal of oxygen by vacuuming leads to an increase in the
intrinsic sensitivity (A < 500 nm) of AgHal MCs, and some D-dyes, in high vacuum,
become effective sensitizers [4,6].

DOI: 10.18524/0367-1631.2025.63.346966
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The mechanism of the oxygen-stimulated influence on the desensitization process
has not been fully elucidated, and various assumptions have been made regarding it. In
interpreting our experimental data, we will adhere to the assumption made by Hamilton
in [7], who explains the influence of O, by the fact that oxygen affects the population
and release of the surface levels of AgHal MCs.

For S-dyes, the process of desensitization (decrease in sensitivity) of AgHal MCs
is also poorly understood both in the spectral region of its own sensitivity and in the IR
region of spectral sensitization [8,4,9]. In Refs. [10,11,12], this process of desensitiza-
tion by S-dyes was defined as self-desensitization by dyes. In these works, it was also
noted that oxygen and moisture actively participate in the self-desensitization process.
In [12], a self-desensitization mechanism was proposed in which an oxygen anion rad-
ical should be formed as a result of the transfer of a nonequilibrium electron from the
dye to oxygen; however, in our opinion, the formation of an oxygen anion radical has
not received sufficient experimental confirmation.

Therefore, oxygen plays a significant role in the processes responsible for spectral
sensitization, desensitization and self-desensitization of AgHal MCs by dyes, but its
participation remains poorly studied and unclear to date. Accordingly, the goal of our
work is to clarify the sensitization / desensitization mechanisms in dye-doped AgHal
MCs in presence of oxygen, which would consistently describe both the low-tempera-
ture luminescent and spectrosensitometric properties of AgHal MCs.

Samples and research methods. The emulsion samples for the studies were syn-
thesized using the two-stream ammonia method with the supply of one-normal (IN)
solutions of AgNO; and KBr (3 mol % KI) at a rate of 6.0 ml/min at a temperature of
60 °C and at pAg of 8.6. The AgHal content in the finished emulsion was 0.28 gmol/l,
and gelatin content was 7%. As a result, cubic AgBrl MCs of 0.2 um in size were
formed in the emulsion. After that, the Ag content in the emulsion was brought to pAg
= 4.0 by introducing a solution of AgNO:s.

For spectral sensitization of AgBrl MCs, we used an anionic J-aggregating pan-
chromatic dye — pyridine salt of 3,3'-di-y-sulfopropyl-9-ethyl-4,5,4',5'-dibenzothia-car-
bocyanine-betaine, alcohol solutions of which were introduced into the finished emul-
sion; from now on, the term “dye” refers to this organic substance. Finally, the dye
molecules (dye-M) and J-aggregates (dye-J) appear adsorbed at the surfaces of AgHal
MCs thus forming the system of “AgBrl MCs with anionic dye adsorbed on their sur-
face” (AMADAS). The dye molecules not adsorbed on the MCs surfaces were sepa-
rated by centrifugation.

In our conditions, dye-induced spectral sensitization of AgBrI MCs was carried out
at a concentration of 10 mol dye / mol AgBr. This concentration of dye was chosen
so that in addition to the interaction of dye-Ms with the surface of MCs, the formation
of aggregated forms of dye was ensured, which depends primarily on the interaction of
the dye-Ms with each other [13, 14].

The finished emulsion samples were cast onto glass plates 9 cm wide and 12 cm
long. The dried plates were exposed to light decomposed into a spectrum along the
plate length in the range from 400 nm to 1100 nm in an ISP-73 high-aperture spectro-
graph. As a result of such exposure, latent image centers appeared in AgBrl MCs —
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reduced neutral Ag centers of atomic-molecular degree of dispersion [10]. To visualize
the latent image centers, a depth developer was used [15]. The depth developer reduces
Ag not only in those microcrystals in which the latent image was created by illumina-
tion from the region of their intrinsic absorption (A < 500 nm), but also from the region
of absorption of the S-dye (500 — 1100 nm). Measurements of the spectral distribution
of the optical density along the length of the exposed plate, which is proportional to
the concentration of developed latent-image centers, was performed with an MF-4 mi-
crophotometer using the standard procedure [9].

Thus, the proposed ways of exposure and development allow us to trace the distri-
bution of the reduced Ag centers of the atomic-molecular dispersion in AgBrl MCs
depending on the illuminating light wavelength.

Measurements of the luminescence of dye-sensitized AgBrl MCs at a temperature
T =77 K were performed on an experimental setup that allows recording luminescence
spectra in the following sequence: excitation lasts for ~ 10 s, is followed by a "dark"
interval of T ~ 107 s, and only after that does luminescence recording begin for ~ 10*
s. Then the cycle is repeated at a frequency of 800 Hz. This approach enables recording
phosphorescence and anomalously delayed fluorescence (t > 107 s) caused by the re-
distribution of nonequilibrium charge carriers in the system, which is of our primary
interest in this work.

Experimental results. The study of low-temperature luminescence of the dye-sen-
sitized emulsion, not subjected to treatment in an oxygen atmosphere, showed that dye
in the AMADAS structures is present both in the molecular and J-aggregated forms. In
this case, the luminescence and excitation spectra are characterized by the following
luminescence bands presented in Fig. 1. When AgBrl MCs are excited by light from
the region of intrinsic AgHal absorption with A = 450 nm, we observe luminescence
maxima at Amax = 565 nm and at Anax = 750 nm (Fig. la, curve 1). When excited by
light from the region of absorption of the dye-J (A = 690 nm), the glow spectrum is
characterized by an anti-Stokes luminescence band with Ay = 565 nm, and by a long-
wave luminescence with Ay.x = 790 nm (Fig. 1a, curve 2).

In full agreement to these data is the luminescence excitation spectrum with Ay, =
565 nm, which is characterized by two maxima at A = 450 nm (corresponding to the
absorption edge of an AgBrl MC) and at A = 690 nm (corresponding to the absorption
region of dye-J) illustrated by Fig. 1b, curve 1. The luminescence excitation spectrum
at Amax =~ 790 nm 1s characterized by the presence of three maxima Ama.x = 450 nm, 600
nm and 690 nm, which are related to the absorption of AgBrl MC, dye-M and dye-J,
respectively (Fig. 1b, curve 2).

Maintaining the emulsion in an oxygen atmosphere for 1 to 2 minutes results in an
approximately twofold increase in the luminescence intensity In,s 0f all luminescence
bands for different excitation wavelengths, while the positions of maxima for the lu-
minescence and luminescence excitation spectra do not change (Fig. Ic, d, e, ).

Further keeping the emulsion in an oxygen atmosphere for more than 2 minutes
leads to the following changes in the luminescence intensity. The luminescence inten-
sities Ipnos Of the bands at Amax = 565 nm and Amax = 790 nm upon excitation by light
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Fig. 1. Spectra of (a, c, e, g) luminescence and (b, d, f) luminescence excitation for the dye-
sensitized AgBrl MCs (AMADAS) after the emulsion is maintained in oxygen atmosphere
during (a, b) t =0 min; (c, d) t = 1 min; (e, f) t =2 min, and (g) =4 min.

(a) luminescence spectra upon excitation by light with A, nm: (1) 450; (2) 690;

(b) excitation spectra of the luminescence bands with Ay, nm: (1) 570; (2) 790;

(c) luminescence spectra upon excitation by light with A, nm: (1) 450; (2) 690;

(d) excitation spectra of the luminescence bands with Ay, nm: (1) 570; (2) 750; (3) 800;

(e) luminescence spectra upon excitation by light with A, nm: (1) 450; (2) 690;

(f) excitation spectra of the luminescence bands with Ama, nm: (1) 570; (2) 800;

(g) luminescence spectra upon excitation by light with A, nm: (1) 450; (2) 690.

with A =450 nm decrease. Moreover, upon keeping the emulsion in an oxygen atmos-
phere for 4 minutes, the intensities of these bands reach the level that was observed
before the sample was treated in an oxygen atmosphere (Fig. 1g, curve 1). Upon exci-
tation by light with A = 690 nm, the anti-Stokes luminescence intensity at Amax =~ 565
nm drops below the level that was observed before the sample was treated in an oxygen
atmosphere, and the luminescence maximum in the long-wavelength region of the
spectrum shifts from Am.x = 790 nm to Amax = 810 nm (Fig. 1g, curve 2).

The sensitometric properties of the experimental samples are characterized by the
dependence of the optical density D — Dy of the developed emulsion on the illuminating
light wavelength and on the time t (measured in minutes) of keeping the sample in the
oxygen atmosphere, illustrated by Fig. 2. For the emulsion with t = 0 (no oxygen treat-
ment), the maxima of the optical density are observed at A =450 nm, 600 nm and 690
nm (Fig. 2a), which correspond to the absorption region of AgBrl MC, dye-M and dye-
J, respectively. The value of the optical density in the absorption region of the dye-M
1s maximum and 7 — 8 times exceeds that for the dye-J. Keeping the emulsion in an
oxygen atmosphere for t = 10 min does not change the optical density in the absorption
region of AgBrl MCs, which was to be expected. In the absorption region of the dye-
M, the optical density decreases, and in the absorption region of the dye-J, it increases
(Fig. 2b). At t=20 min, the optical density in the absorption region of the dye-J reaches
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Fig. 2. Dependences of the optical density D — Do of emulsion darkening on the wavelength
of the illuminating light and on the time of exposure in an atmosphere of gaseous oxygen
during (a) t = 0 min; (b) t = 10 min; (c) t =20 min.

the maximum for an emulsion not treated with oxygen in the absorption region of the
dye-M (Fig. 2¢).

Note that in sensitometric studies, the time of emulsion exposure to oxygen sig-
nificantly exceeds the exposure time applied in luminescent studies. This is due to the
fact that for luminescent studies it is sufficient for oxygen to affect the electronic sub-
system, which responds to the effect fairly quickly. In sensitometric studies, exposure
to oxygen is associated with the occurrence of topochemical reactions with the for-
mation of Ag clusters, i.e. with changes in the ionic subsystem, which determine the
process duration.

Discussion of the experimental results. The first conclusion derived from the
above-presented results is that the effect of oxygen on the spectral sensitization of
AgBrl MCs with anionic dye cannot be reduced, as was claimed in literature, exclu-
sively to decrease of the MC sensitivity; in fact, the role of the oxygen treatment is
more complex. When AMADAS systems are kept in a gaseous-oxygen atmosphere for
up to 2 minutes, the luminescence intensity in all glow bands, really, increases; how-
ever, a decrease in the luminescence intensity in all glow bands occurs when the oxy-
gen-exposure time exceeds 2 minutes. Differences in the effect of oxygen on the AM-
ADAS structures are also observed in sensitometric studies. Before keeping AgBrl
MCs in an atmosphere of gaseous oxygen, the highest concentration of developed Ag
is observed when illuminated with light from the dye-M absorption region. The oxygen
treatment of AgBrI MCs is accompanied by a decrease in the developed Ag concentra-
tion when illuminated with light from the absorption region of the dye-M, and an in-
crease when illuminated with light from the absorption region of the dye-Js. The de-
pendencies of the luminescent and sensitometric data on the duration of the oxygen
treatment of the emulsion are shown in Fig. 3.
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Fig. 3. Dependences of the optical density D — Do of emulsion darkening (curves 1, 2, 3)
and the intensity of the glow with Anax = 565 nm (curves 4, 5) on the time of keeping the
emulsion in an atmosphere of gaseous oxygen. Wavelengths of the illuminating and exciting
light are: (curves 1, 4) 450 nm, (curve 2) 590 nm, (curves 3, 5) 690 nm.

To clarify the mechanism of the influence of oxygen on the spectral sensitiza-
tion of AgBrI MCs by an anionic dye (accompanied by the AMADAS formation),
which enables to explain the dependences presented in Fig. 3, we employ our pre-
viously expressed assumption that the transfer of photoexcitation from AgBrl MC
to the dye and from the dye to AgBrI MC occurs with the participation of Ag cen-
ters [16].

The AgBrl MCs synthesized in this work contain an excess concentration of silver
ions Ag" compared to stoichiometry. Some of these ions Ag" are located in the inter-
stitial space of the AgBrI MC crystal lattice in a mobile state. Simultaneously, a certain
quantity of the ions Ag" are coupled with regular silver ions of the MC lattice and form
thus centers of the atomic-molecular degree of dispersion Ag,".

The transfer of photoexcitation, i.e. nonequilibrium charges generated by light from
the region of intrinsic absorption of AgBrI MCs to the dye-Ms and dye-Js adsorbed on
their surface, as well as those generated by light from the region of absorption of the
dye-J to the AgBrI MCs and dye-Ms, occurs with the participation of interstitial silver
ions Ag" and silver centers Ag,". The process is organized as follows.

Upon excitation by light from the region of intrinsic absorption of AgBrl MC with
A = 450 nm, the centers Ag" and Ag," are active traps for nonequilibrium electrons,
while the dye-M and paired iodine centers (I'T"), located in neighboring anion sites of
the crystal lattice [16], are active traps for nonequilibrium holes. The energies of elec-
tron states of these centers, together with the conduction (CB) and valence (VB) energy
bands of an AgBrl MC, as well as the scheme of radiative and thermal transitions be-
tween the energy levels of our interest, are schematically shown in Fig. 4.

According to this scheme, upon excitation by light with A = 450 nm (Fig. 4a, tran-
sition 1), the following transitions are responsible for the luminescence we observe.

38



di3nKa aepoaucnepcHux cuctem. — 2025. — Ne 63. — C.33-42

Fig. 4. Energy states of electrons and transitions between them in AMADAS systems
upon excitation by light (a) with A = 450 nm and (b) A = 690 nm. Further explanations
see in text.

Luminescence with An,x = 565 nm is caused by the recombination of a free electron
from the CB with a hole localized at the paired iodine center (Fig. 4a, transition 2).
Luminescence with Amax = 750 nm is caused by the recombination of an electron local-
ized at the Ag," center with a hole localized at the paired iodine center (Fig. 4a, transi-
tion 4) [17].

When excited by light with A = 690 nm (Fig. 4b, transition 1'), the relaxation of
nonequilibrium electrons and holes occurs according to the scheme of Fig. 4b.
Nonequilibrium holes are redistributed between the ground level Sy’ of the dye-J and
the VB of the AgBrI MC, whence they are partially captured by paired iodine centers.
Electrons, excited from Sy' to the S;' level of the dye-J, partially recombine with holes
at the dye-J ground level Sy' (Fig. 4b, transition 6') and partially transfer to the Ag,"
centers of the MC. Electrons localized at the Ag," centers, partially recombine radia-
tively with holes localized at the paired iodine center, causing luminescence with Amax
~ 750 nm (Fig. 4b, transition 4'), and are partially excited by light with A = 690 nm to
the CB of AgBrI MC (Fig. 4b, transition 2'). Nonequilibrium electrons that arise in the
CB as a result of two-photon excitation by light with A = 690 nm from the Sy' level of
the dye-J, partially recombine radiatively with holes localized at the paired iodine cen-
ter, which causes anti-Stokes glow with Ay = 565 nm (Fig. 4b, transition 3'), and par-
tially fall on the triplet level T of the dye-M, from which recombination with a hole
captured by the ground level Sy of the dye-M takes place, causing phosphorescence
with Amax = 810 nm [18] (Fig. 4b, transition 5'). It should be noted that the phosphores-
cence of the dye-M (Amax = 810 nm), caused by the recombination of an electron at the
triplet level T with a hole captured by the ground level Sy of the dye-M, is quite clearly
manifested as a maximum upon its excitation by light with A = 690 nm after prolonged
exposure of the emulsion to an atmosphere of gaseous oxygen (Fig. 1g, curve 2). When
excited by light with A = 450 nm (Fig. 4a, transition 1) and upon a short exposure of
the emulsion to the gaseous oxygen atmosphere, the phosphorescence of the dye-M is
not clearly visible (Figs. 1¢ and 1e) because it is overlapped by intense glow with Amax
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~ 750 nm, caused by the recombination of an electron localized at the Ag,” center with
a hole localized at the paired iodine center (Fig. 4a, transition 4).

Glow with Amax = 710 nm, caused by recombination of the electron localized at the
first excited level of the dye-J S;' with the hole localized at the ground level Sy' (Fig.
4a, transition 5, and Fig. 4b, transition 6'), is not observed under conditions of our ex-
periment, when phosphorescence and anomalously slow fluorescence (t> 107 s) are
recorded. Fluorescence of the dye-M with Amax = 610 nm, caused by the transition of
the electron from the first excited singlet level S, of the dye-M to its ground level Sy
(Fig. 4a, transition 6, and Fig. 4b, transition 7'), is also not observed under the condi-
tions of our experiment. These glows were registered in [18], when the luminescence
recording time at a temperature of T = 77 K was less than 107 s.

Within the framework of the proposed model, the influence of oxygen on the lumi-
nescent and sensitometric properties of the AMADAS structures can be described as
follows. The dye-M adsorbed on the AgBrl MC surfaces predominantly interacts with
interstitial silver ions Ag", as indicated by the highest concentration of developed Ag
observed when illuminated with light from the absorption region of the dye-M. This
interaction does not change the role of Ag" in generation-recombination processes, and
they remain active traps for nonequilibrium electrons. When adsorbed on the surface
of AgBrl MCs, dye-Js interact predominantly with the centers Ag,", forming com-
plexes (Ag,"J) on the surface of AgBrl MC, which also actively participate in genera-
tion-recombination processes upon excitation by light from both the absorption region
of AgBrl MC and the dye-J.

During short-term (up to 2 minutes) oxygen exposure of AMADAS, oxygen pri-
marily affects Ag" ions located near the dye-M. The presence of oxygen modifies the
role of Ag" in generation-recombination processes, and these centers are no longer
traps for nonequilibrium electrons. Accordingly, the concentration of Ag" traps for
nonequilibrium electrons during excitation by light from both the absorption region of
AgBrl MCs and the dye-Js decreases. As a consequence, this leads to an increase in
the luminescence intensity of paired iodine centers in both Stokes (excitation of AgHal)
and anti-Stokes (excitation of the dye-J) luminescence.

Oppositely, long-term exposure to gaseous oxygen results in oxygen interacting
with Ag," to form Ag,O molecules. This, in turn, results in the exclusion of Ag," cen-
ters from generation-recombination processes and, ultimately, leads to the observed
decrease in anti-Stokes luminescence with Amax = 565 nm and luminescence with Amax
~ 750 nm (Fig. 4b, transitions 3' and 4', respectively). This assumption is consistent
with the fact that, in this case, the developed Ag concentration is maximum upon exci-
tation by light from the absorption region of the dye-J. Indeed, the electron, that has
arrived from Sy' to the first excited level S;', now no longer moves to Ag," with subse-
quent excitation into the CB of the AgBrI MC (Fig. 4b transition 2'), but is fixed on the
Ag,0O molecule located next to the dye-J, ensuring the growth of the developed Ag
content during the depth development.

Conclusions. The first conclusion of this work is that oxygen introduced into AM-
ADAS systems, may differently affect their luminescent and spectro-sensitometric
properties depending on the oxygen concentration. At low concentrations, the lumines-
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cence intensity in all emission bands of the AMADAS structures increases. With grow-
ing concentrations of introduced oxygen, the luminescence intensity significantly de-
creases, and the anti-Stokes emission band with Ay, = 565 nm practically disappears.
The highest concentration of developed Ag in the emulsion containing the AMADAS
is observed upon illumination with light from the absorption region of the dye-J. If the
emulsion does not undergo the oxygen treatment, the highest concentration of devel-
oped Ag is observed upon illumination with light from the absorption region of the
dye-M.

The obtained results can be consistently explained on the base of assumption that
the generation-recombination processes of nonequilibrium charge carriers in AMA-
DAS systems involve two sorts of silver centers, Ag™ and Ag,", which differ in their
structure. On the surface of AgBrl MCs, Ag" predominantly interacts with the dye-M,
and Ag," interacts with the dye-Js. The introduction of oxygen performs specific effects
on each of these centers. Due to the oxygen action, the Ag" centers, being active traps
for nonequilibrium electrons, are excluded from the generation-recombination pro-
cesses excited by light from absorption region of both the AgBrl MCs and the dye-Js.
Instead, the Ag" centers cooperate with the adjacent Ag," centers and form the Ag,O
molecules, thereby Ag," centers are also excluded from the generation-recombination
processes. This explains the observed dependences of the luminescent and spectrosen-
sitometric properties of AMADAS systems (Fig. 3) on the concentration of introduced
oxygen.
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Twpun O. B., /Kykoe C. O., bexuace O. 4.

MexaHi3M XiMi4HOI ceHcuOiTizanil npu o0podui KucHeM MikpokpucTaaiB AgBrl,

CIIEKTPAJbHO CEHCUOLTiI30BAHUX AHIOHHMM 0APBHUKOM

AHoOTaNIA

Y pobomi poszensoaromuca cneyughiuni oucnepcHi cucmemu, wo Gopmyromsbca 8 KOMno3u-
MHUX KOHOEHCOBAHUX Cepedo8Uax, SIKI MICMAMb C8IMNOYYMIUBL 2AN02eHICPIOHT MIKPOKDUC-
manu (MK). Ha 6a3i nusexomemnepamyprux (T = 77 K) nominecyenmnux ma cnekmpocencu-
momempuynux xapaxmepucmux MK AgBrl, pozensdaemvcsa mexanizm 6naugy KUCHe8oi oopo-
OKxu Ha cnekmpanvHy cencubinizayiro MK anionnum 6apsnuxom. Iloxazano, wo 6niug KucHo
He Modice 3600UMUCS, K CMBEPON’CYEMBCS 8 TIMEePAmypHUX 0icepenax, auuie 00 3HUNCEHHS
yymauseocmi MK AgBrl, i tioco ponv y cnekmpanwhiu cencubinizayii MK AgBrl ne € makoro
00HO3HAYHOI0. ¥V pamMKax 3anponoHo8aH020 Mexanizmy, ne6Ha 6apiamueHicmsb BUHUKAE Yepe3
me, wo cpioni yenmpu Agt ma Ag:*, pisui 3a ceo€to cmpykmypoio, bepyms yuacmeo y npoyecax
2eHepayii-pekoMOTHAYIT HEPIBHOBAICHUX HOCII8 3aps0y, K 83AEMOOIIOMb 3 PIHUMU Acpe2am-
HUMu ¢popmamu bapenuxa, aocopbosanozo Ha nogepxti MK, i no-piznomy 3asnarome eniugy
KucHio. Pezynemamu pobomu 6y0yms KOpucHuMuY OJisl YUCTEHHUX 3ACTMOCY8AHb, U0 BUKOPUC-
mosyromv maxi MK, 30kpema ons onmumizayii 2onoepagivnux ma cneKmpo30HanibHux homo-
mamepianie, 2a30haznux ceHcopie ma 6 Cucmemax nepemeopeHHsi COHAUHOI enepeli.

Knwuosi cnosa: mixpoxpucmanu zanozeniois cpibna, cencudinizayis aHioHHUMU OaApeHU-
Kamu, HU3bKOMeMnepamypHa JoMIiHeCyeHyis, 00pooKa KUCHeM, HEPIBHOBANCHI HOCII 3aps0y,
npoyecu cenepayii-pekomoiHayii.
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3cyBHa NPYKHICTH reJiiB Ta MeTOJ KPYTHUJIBHUX KOJIUBAHb

3anpononosano eapianm memooy KpYMUIbHUX KOAUBAHb O/l BUSHAYEHHS MOOYIIA 3CY8Y 2e-
ni8. Busnauenns mooyna 3cygy 2enig Axk napamempa, wjo xapaxkmepusye oegopmayitini enac-
MUBOCMIi, € AKMYANIbHUM 3A80AHHAM Y PO3POOYI

HOBUX Memooie ma npenapamie 01 NiKy8aHHs 0eCmpyKYil CNOIYYHOI MKAHUHU, A MAKO’C
V MKAHUHHIL iHJCeHepii. 3adaueio 0cmaHuboi, K 8i00M0, € CMBOPEHHSA 28, AKi 6 MO2IU ClLy-
AHCUMU 3AMIHHUKAMU NOWKOOIICeHOT bionociunoi mxanunu. Ilpu supiwenni yiei 3adaui eaxciu-
8010 XAPAKMEPUCMUKOIO € PEOJIO2IUHI Napamempu 2eie, o CIMeopIoIomsbCs O Yiei memu.

Y cmammi nagedeno 3aeanvHy xapakmepucmuxky memooy KpymuibHUx KOIUeaHs ma uo2o
peanizayiro 3 GUKOPUCMAHHAM DISHUX eKChepuMeHmanvHux memooux. lloxkazano, wo icuye
Kaac eenis, 0eqhopmMayitini 61acmu8oCmi AKUX HAOIUNCAIOMBCS 00 81ACMUBOCEN MBEPO02O
mina. YM06HO yi 2eni HA38aHI 8UCOKOMOOYIbHUMU. Busnaueno ocobiugocmi 3acmocy8anis
MemooOy KPYMUIbHUX KOJUBAHb NPU OOCTIONCEHH] BUCOKOMOOYIbHUX 2eli8, KT N08'A3aHi 3i 3Mi-
HOIO HANPYHCEHO20 CMAHY 6 CUCTEMI.

Ocobnusicmio 3anponoHO8aHO20 y CMAMmi 6apiaHmy GU3HAYEHHS MOOYJIs 3CY8Y 2€li € KOH-
KpemHi 3pazxu. L{i 3pazku sensiroms codow nonimepni mpyoxu, 3anosHeni cenem. Kinyi mpyoox
3aKpusaromev memanesi npooxu. Taxuii mun 3paska MiHIMI3ye NOXUOKU, XapaKmepHi 0 00C-
JHOIHCEHb 3CYBHOI NPYAHCHOCMI 2elig. Y 00Ci0HCYy8AHOMY 3PA3KY NAOWA, 3AUHAMA 2eieM MidiC
OeHYAMU Memanesux npobok, mMae Gopmy yuiinopa ma GilbHA 8i0 CMUCKAIOYUX HANPYIHICEHD.
Kpim moeo, ockinbku cucmema nonimep-po3yunHuK po3mauosana 6 mpyoyi, 6unapoeysants
PpOo3uuHHUKA He 8i00ysacmubcs. Konyenmpayis nonimepy 6 eeni 00pigHIOE KOHYeHmpayii noui-
Mepy Y GUXIOHOMY PO3UUHI.

3anpononosanuii eapianm peanizo8aHo 3a 00NOMO2010 KPYMUIbHO20 MasmHukd. Po3poo-
JIEHO MemoO PO3PAXYHKY MOOY/A 3CY8Y HA OCHO8I OMPUMAHUX eKCNEPUMEHMANbHUX OAHUX Yd-
CMOm BIILHUX 3AMYXAIOUUX KOIUBAHL NOPOIHCHbOI mMpYyOKU ma mpyoOKu, KA 3an06HEeHAd 8UCOKO-
MOOYTIbHUM 2€leM.

3anpononosanuii 8apianm npomecmosano Ha NPUKIAOL HCeramuHo8020 2iopozento. 3Ha-
UeHHs1 MOOYIA 3CY8Y OIS HCeNAMUHOB020 2iopozento 3 KoHyenmpayiero 20% 6yno ompumano
ak G'= (1,7 + 0,2) - 107 Ila, wo y32002cyempcs 3 MOOyIem 3CY8Y XPAU080i MKAHUHU.

Knrouoei cnoea: 2env, mooyno 3¢y8y, KpymuibHU MASAMHUK

Beryn. 3a BuzHaueHHsM [1] renb — 11e cucteMa «moiaiMep-po3uYuHHUKY, B KT
MOJTIMEPHI1 JIAHIIOTH YTBOPIOIOTH CITKY (KapKac).

AKTYyaJbHICTb IOCII)KEHHS TeJliB MOB's13aHa, B IIEPIILY Yepry, 3 iX 3aCTOCYBAHHIM
B MEJUIIMHI [2], 30KpeMa, B TKAHUHHIN 1HXeHepii. 3a/1auer0 0CTaHHbO1, K BIIOMO, €
CTBOPEHHSI TeJIB, sIKI O MOTJIM CITY>KUTH 3aMIHHUKAaMH TTOIIKOKEHO1 610J10T19HOT TKa-
HuHU. [Ipu BupimenHi 1i€i 3a1a4i Ha MEPIINIA MJIaH BUCTYNAIOTh Ae(opmalliiiHi Biac-
TUBOCTI CTBOPIOBAHUX JIJIsI 111€1 METH TeJIiB.

DOI: 10.18524/0367-1631.2025.63.347011
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Sk BimoMo, mpu BUBYEHH1 JeOpMallliHUX BIACTUBOCTEHN (13MUHUX CHCTEM BH-
KOPHUCTOBYIOTh MOJIEJb, B AKiH (hi3MUHA CHCTEMA PO3TIIAIAETHCS K CYIIBHE Cepeio-
BUIIEC (KOHTHHYYM).

Bi3uTHOO KapTKOIO TAKOTO CEPEIOBUIIA € OTO PEOJIOTIuHE PIBHAHHA CTaHy [3].

o = Ag, (1)
Jie 0 —TeH30p HAaNpYyXKeHb, & — TeH30p Aedopmarii, A — onepatop.

Ko iiieThesl Ipo MpYsKHi Ta B'S3KONpYKHi aedopMarii, onepatop A € niHiiHAM.
B nibomy BUMaiKy, SKIIO CEPEAOBUIIIE € 130TPOIHUM 1 peali3y€eThCs HAIPYKEHHUM CTaH
3CyBY, piBHsHHSA (1) HaOyBae BUTIISITY

T = Gy, (2)
7ie T — IOTHYHE HAMPYXKEHHS, Y — KYT 3CyBY, G — OIIepaTop 3CyBHOTO MOJYJIA.

[Ipu nepioAMYHOMY HaBaHTAKEHHI 3 YaCTOTOIO W PIBHAHHSA (2) BUpaxaeThes (o-
PMYJIOIO

T=G", 3)
ne G* = G' + iG'" — xoMIuIeKCHUI 3CyBHHI MOAYNb, G' — TUHAMIYHHEA 3CYBHHUN MO-
ayinb, G''— 3cyBHUI MOIyJb BTpAT.

OOunBi ckmanosi G’ Ta G'' 3anmexath BiJ 4aCTOTH

¢' =G (w), 4
G" =G"(w). (5)
Jlai HazuBaTuMeMO G' 3CYBHUM MOJTYJICM.
[Tpu w — 0 dhopmymna (3) HaOyBae BUTIIALY
T=G'(0)y. (6)

[To3Haummo Yepe3 T, TpaHUICI0 MPYKHOCTI MPH 3CYBi. 3riJIHO 3 PiBHICTIO (6)

aedopmartis ¥, 0 BIAMOBIIa€ TPAHHUIIL IPY>KHOCTI BU3HAYAETHCS (POPMYIIOI0

Yo = TO/GI(O)- (7
OTtxe, niHIMHA 3aJIeKHICTH (3) Mae Miclie Jimie B iHTepBam Y < Y. [Ipuy > v,
3aj1ekHICTh T = T(Y) CTa€ HEMHINHOI0, 1 BIAMOBIAHO MOHATTS «3CYBHHM MOIYJIb»
BTpayvae CeHC.
JUis CyHiTbHUX CEPEIOBUILL, 1110 CIYXaTh MOJENISIMU TeJIiB, Ma€ MICIe HEPIBHICTh
[1].
G’ K Gg, (8)
ne Gg — 3CyBHUIN MOJYJIb TBEPOTO Tija.
3riIHO 3 HEePIBHICTIO (&) resi 3aiMarOTh MPOMIDKHE MICIIE MK TBEPAUMU TLJIAMH
Ta pIAMHAMH — JJI1 OCTAaHHIX 3CYBHUH MOJAYJh NPHIHATO BBa)XKaTH PIBHUM HYJICBI.
Tomy B ¢i3ulll reiB 3CyBHUNU MOJYJb BIJIITPa€ 0COOIUBY POJIb: BIH PO3IIISAAETHCS SIK
XapaKTepHa O3HaKa PEUOBHH, sIKI HaJeXaTh J0 Kiacy reiiB. BiamoBimHo mpuHIHMIIO-
BOTO 3Ha4YCHHS HaOyBae mpobiieMa eKCIePUMEHTAILHOTO BH3HAYEHHS 3CYBHOTO MO-
TyJIsl TelliB.
[Ipo excnepuMeHTaNbHI METOIUKH, MPU3HAYCHI JJI1 BU3HAYCHHS 3CYBHOTO MO-
TyJisl TeJiB, 11€ThCs B TaHii cTaTTi. BOHA € MpOJOBKEHHSIM IHUKITY, TPUCBSYCHUX Te-
J5IM poOiT, OMmyOIIIKOBaHUX B YKpaiHChbKOMY (pi3nuHOMY >KypHaii B 2022-23pp.[4-6].
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Puc.1.3araneHa cxema pgedopmyBanHs Puc.2.Cxema nedopmyBaHHS 3pa3ka B
3pa3ka B METOJi KPYTHWJIBHUX KOJUBAHb peomeTpi: 1- 3pasok, 2,3-HIWKHS Ta Bep-
XHSI TUTACTHHU

3arajbHa XapaKTePUCTHKA MeTOAy KPYTHIbHUX KOJIUBaHb. OIHUM i3 METO-
1B, 10 BUKOPUCTOBYIOTHCS IS EKCIIEPUMEHTAILHOTO BU3HAUEHHS 3CYBHOTO MOYJIS,
€ METOJl KPYTHJIbHHUX KoJuBaHb [7]. Cxemy nedopmMyBaHHS AOCITIIKYBaHOTO 3pa3Ka,
XapaKTepHy AJIs [OTO METOAY, 300pakeHo Ha puc. 1.

Hexaii 3pa3ok mae ¢popMy HHIIHAPA 3 pajlycoM a Ta HOBXKUHOWO L. HrokHil me-
pepi3 muiIiHapa 3aKkpimieHo. Jlo BepXHbOTo nepepizy MPUKIaIeHO 00epTalounii Mo-
MeHT M , kUil oBepTae BEpXHill mepepi3 BIMHOCHO HUKHBOTO HA KYT . [Ipu nbomy
B KOKHIW TOYIIl 3pa3Kka BUHUKAE HANPY>KEHUH CTaH 3CYBY, IO XapaKTePU3YEThCS Ky-
TOM Y. SIk BUAHO 3 puc.l, Mi>k KyTaMH (p Ta Y iICHY€ CIiBBIJHOIIICHHS

y=70. )

Hanpsimok o0epTaHHsI BEpXHBOTO Tepepi3y NEPioAUUYHO 3MIHIOETHCS, BHACTIIOK
YOro MWIIHAP 3a3Ha€ KPYTUIHHUX KOJMBAaHb BITHOCHO OCi. AMILTITY/]a IINX KOJHBAaHb
3MEHIITYETHCS TI0 MIp1 HAOIMKEHHS 10 HUKHBOTO repepidy. [TapameTpom, sikuii BUMI-
PIOETHCS B TAHOMY METO/Ii € KYT (.

MeToa KpyTUIBHUX KOJMBAaHb IIUPOKO BUKOPUCTOBYETHCS B JOCIIIKEHHSX 3CY-
BHOT IIPYKHOCTI TBepAOro Tina. [lommpennm npuiaaom, 3a 10IOMOT0I0 SKOTO IIei Me-
TOJI Peai3yeThcs € KPyTHIIBHHUI MasSTHUK. loro KOHCTpyKIist oricana B po6ori [7].

BinbHi KOMMBaHHS KPYTHJIGHOTO MasiTHUKA OMUCYIOTH [ 7] piBHAHHSAM

d2
1= =—C,, (10)
ne C* = C' +iC" - koMIUIeKCHA KPYTHIIbHA )KOPCTKICTD 3pa3ka, [-MOMEHT iHepIlii Ma-
atHUKa. Po3B's130k piBHsAHHS (10) Mae BUTIISA
@ = @oexp(in’t), (11)
e w' = o' + iw' - koMIIekcHa yacrora.
[MincTaBnsroun popmyny (11) B piBusHHS (10), oTpumyemo
C'=Il(w?*—w"?), (12)
C"=2Iw'w'". (13)
3a3Buuaii Mae miciie HepiBHICTh ' K ', T0 % popmyny (12), sk mpaBuIio, 3a-
NUCYIOTh Y BUTJISII
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C' =lw". (14)
Jlani HasuBatuMemo C' mpocTto sxopetkicTio. Teopist mpy»xHOCTI [8] mae ams sxo-
pcrkocti C' popmyiy:

JG'
C' = T (15)
1e | — HoJIIpHUI MOMEHT 1HepIIii, IKUH BU3HAYAETHCS PIBHICTIO
4
mwa
J=— (16)
2

MeTor0 eKCIIepUMEHTY € BU3HAUCHHS YaCTOTH ' KOJHMBaHb MasiTHUKA. Bu3Ha4u-
BIIIX 1[I0 YaCTOTY, 3a JonomMororo ¢popmyiu (14) pospaxoByemo xopctkicts C'. ITigc-
tapuBim C' B popmyny (15), orpumyeMo 3HauSHHS 3CyBHOTO MOAyJisi G,

IlocTanoBka MUTaHHA. MeTO/l KPYTUIBHUX KOJUBAaHb TaK0X 3aCTOCOBYETHCS
TUTSI BU3HAYCHHS 3CYBHOTO MOAyJs remiB [9-17]. [Tomupernm npuiiagom, 3a JOTOMO-
IOl SIKOTO peasizyerbes el meton € peomerp tumy Physica MCR ¢ipmu “Anton
Paar”.

Po6oua koMmipka 11poro npuiiany (puc.2) CKIagaeTbes 3 ABOX NapasieTbHUX IJ1ac-
THUH Y BUTJISI/I1 TUCKIB 3 IlaMeTpoM 25MM.

JlocnipKyBaHUMHU 3pa3KaMu € refieBl MUIBKH Y GOpMI JUCKIB TOTO XK JiamMeTpa,
IO M «IJIACTUHKAY; TOBIMHA TUTIBOK 2-+2.5MM.

3pa30oK pO3MIILY€EThCS] HA HUKHIN TMIACTHHI 1 MPUTUCKAETHCS 0 HET BEPXHBOIO
IUTACTHUHOIO 13 cuJjIo0 (. B mpolieci BUMIpIOBaHHS HWKHS TUIACTHHA 3aJIMIIAETHCS He-
PYXOMOI0, a BEpXHS IJIACTUHA 3a3HAE€ KPYTUIBHUX KOJMBaHb, CTBOPIOBAHUX 00epTaro-
YUM MOMEHTOM M.

YMOBHO pO3AUIMMO el Ha JBa KJIACH: HU3bKO- Ta BUCOKOMOJIEKYJISIPHI, JJISI SIKUX
BUKOHYIOThCS yMOBH G’ < 10kPa ta G' > 10kPa.

Bapiant MeToy KpyTUIIBHUX KOJMBAHb, SKUH IPYHTYETHCS HA 3aCTOCYBaHHI pe-
OMEeTpa MpU3HAUEHUHN JJI JOCHIIKEHHS HU3bKOMOJEKYISIPHUX TeliB, MPO IO CBif-
YaTh pe3yJbTaTH 3rajaHuX Buiie pooit [9-17], me HaWOiIbIT OTpUMaHi 3HaYeHHST G’
MatoTh nopsnok 10kPa.

Merta naHoi poOOTH-pO3pOOUTH BapiaHT METOLY KPYTHUIILHUX KOJMBAHb JIJIS 10C-
JHKEHHST BUCOKOMOJIEKYJISIPHUX TeJIiB.

Oco0MBOCTI 3aCTOCYBAHHSI METOAY KPYTWJIBHHUX KOJHUBAHb MNPH HAO0CJi-
JMkeHHi reqiB. [Ipu 3ramanoMy 3acToCyBaHHI BUHUKAIOTh, IPUHAWMHI TpU TIPOOIJIEMH,
no3HaueHi aaii jgirepamu A, B, C.

A. 3uerieHHs 3pa3ka 3 MOBEPXHIAMU IUTACTUHU 31IHCHIOETHCS CUIaMU TepTs. Bin-
MOBIAHO BUMIPsIHE 3HAUEHHS 3CYBHOTO MOYJIS 3a1€KuTh Bl cuiu Q . [1pu mamiii Be-
TU4rHI ( cTae MOXIJIMBUM MPOCKOB3yBaHHS 3pa3Ka BiTHOCHO MOBEPXOHB IJIACTHH, 110
IpU3BEE 0 3rajlaHuX 3MiH 3CyBHOT0O MoayJis. [Ipu 3011bIeHH1 K cuiid @ 3CyB 3aMmi-
HIOETHCSI CKJIATHUM HATPYKEHUM CTAHOM, IS SIKOTO (hOPMYIH METOMY KPYTHIHHUX
KOJIUBaHb, 1110 3B'I3YI0Th @ Ta G', CTalOTh HEMPUIATHUMHU. 3aCTOCYBAHHS XK IHX Qop-
MYJI 3HOBY TIPU3BE/IE 10 3raJlaHuX 3MiH 3CYBHOTO MOJIYJIS.
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B. Jlns quckiB, siKi CITy’KaTh 3pa3kaMy, BUKOHYETHCSI HAOJIMKeHa PIBHICTh a/L~
5. Lle#i daxr, sk e BuruBae 3 popmymu (9), cBig4aTh MPO MOKIMBICTH MOSIBU 3HAY-
HUX Aedopmarliif Y mpu nopiBHIHO HEBEIMKUX KyTax . [Ipu nbomy BUHHKae HeOe3-
[I€Ka MEPEBUIICHHS TPAHUYHOTO 3HAUEHHS Y.. B1ANOBIIHO 3HAYEHHS 3CYBHOTO MO-
IyJsl, pO3paxyHOK SKOTO HE Iepeadadae Takoi CUTYyallii, BUSBISAETHCS CIOTBOPEHUM.

C. Sk yxe 3ragyBanoch cepel mapameTpiB, SIKI BU3HAYAIOTh TOBEAIHKY TEINiB,
3CYBHUH MOJyJIb MOCI/Ia€ YiJIbHE MICIE, CIIPABISIOYHM 3HAUYHUH, SIKIIO HE BUPIIIAJIb-
HUM, BIUTUB Ha MPOTIKaHHS 0aratboXx mporecis y reii. [Ipu npbomy, IpUHIKUIIOBO, BaX-
JIMBOIO BUSIBIISIETHCS 3AJIEKHICTh 3CYBHOT'O MOYJIS B1I KOHIIEHTpALlli C B redi.

[Toznaunmo uepe3 T Temrepatypy, uepe3 Ag Ta Az — TeMIepaTypHi IHTEpBaJIU, B
AKHX CUCTEMa «IOJIIMEP-PO3UMHHUKY» MA€ BIAMOBITHO 30J1b- TA Te€Jb CTPYKTYPY.

Sk BiIOMO, /111 BUTOTOBJICHHS T€JTF0 HEOOX1THO BUKOHATH JIB1 OTIepaItii:

1) mpu Temnieparypi T; € Ag BBECTH MONIMEP B PO3YMHHUK (ITOYATKOBY KOHLIEHTpPA-

L[1}0 YTBOPEHOI'O PO3UMHY [TO3HAYUMO Yepe3 Co);

2) BUTPUBATH MIEBHUI Yac YTBOPEHY CUCTEMY «IIOJTIMEP-PO3ZUYUHHHUK MIPH TeMIIepa-

Typl T2 € Ag.

[Ipu yTBOpEHHI reieBUX IJIIBOK CUCTEMA «IIOJIMEP-PO3YMHHHUK») MA€ 3HAUHY Bi-
JbHY HOBEPXHIO, 10 CIpUs€ BUMAPOBYBAaHHIO PO3YMHHUKA. B mpuHIumi, 3acTocoBy-
I0YM MEBHI 3aco0M, MOYKHA 3arajibMyBaTH IPOLIEC BUIIAPOBYBAaHHA. AJie 3amo0irTu
IPOIIECYy B MOBHIN Mipi HE BJAETHCS.

Bapiant MeToay KPpyTHJIBHUX KOJUBAHb JJIs1 TOCiIKEHHA BUCOKOMOIY Ib-
HHUX reJiiB. BiIMiHHOIO pHCOIO IIHOTO BapiaHTy € Te, M0 JOCHTIKYBaHHNA 3pa30K — I1e
noJiiMepHa TpyOKka, 3alloBHEHa refieM. 3rajjaHuii BapiaHT nepeadayae BUKOHAHHS Ha-
CTYITHUX ONEpPALIii:

1. TpyOKa, HHXKHIH KiHEIb SIKOi 3aKpUTO METAIEBOIO MPOOKOI0, 3aMTOBHIOETHCS MOJTI-
MEpPHUM PO3UYMHOM — 30JIeM Tipu Temneparypi Ty € Ag (puc.3a);

2. TpyOKa, sika 3alI0BHEHA MOJIIMEPHUM PO3YMHOM 1 00M/1BA KIHIII SIKOi 3aKPUTO Me-
TaJeBUMH IPOOKaMH, BUTPUMYETHCSI Ha MPOTS3i yacy t, mpu temnepatypi T, €
A (puc.3b);

3. micys 3aKiHYEHHS 30J1b-Tellb IEPEX0ay A0 TPYOKH 3 YTBOPEHUM TelieM PHETHY-
I0ThCS 3aTHCKaul (puc.4a; 4b);

4. TpyOKa 13 MpUETHAHUMU 10 HEl 3aTUCKaYaMH PO3TAIIOBYETHCS B KPYTHILHOMY
MasiITHUKY; HUKHIN 3aTHCKAad MPUETHYETHCS IO HEPYXOMOTO JHA POOOU0i KOMi-
PKH, a BEpXHiil — JI0 MiJBICY KPYTUILHOTO MasiTHUKA (pHC.4¢).

5. Bu3HayaeMo 4acTOTy w; KOJIMBaHb MAsTHUKA, B IKOMY PO3TAIIOBAHO 3aMIOBHEHY
TpyOKy;

6. Bu3HauaeMo 4acToTy Wj KOJMBaHb MAasTHHUKA, B SKOMY PO3TAIlIOBAHO TIOPOIKHIO
TPyOKYy.

Po3paxyHok 3HaueHHs G’ 3CYBHOT'O MOJIYJIS TEJIO [0 BUMIPSHUM 3HAYEHHSIM Ya-
CTOT W] Ta W75 MPOBOAMMO HACTYITHUM YMHOM.
[Mozuaunmo uepe3 C', C; Ta C, KOPCTKOCTI T'€JIEBOT0 LUIIHAPA, 3aIIOBHEHOT Ta
MOPOXKHBOT TPyOOK. OUEBUIHOIO € PIBHICTH
C; =C"+Cs. (17)
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a b
Puc.3.locmimxyBanuii 3pa3ok: a-3alloBHEHHSI TPYOKH 30J1eM, b — yTBOPEHHS TEIII0
(1-tpyOxa, 2- mpobOka, 3 — 3011, 4- reib)

a b C
Puc.4. [Ipuennanns 10 3pa3ka 3aTHcKadiB (a, b) Ta po3ranryBaHHs 3pa3ka B KPYTHIIb-
HOMY MasiTHUKY (c): 1-3pa30k, 2,3-BepxHii Ta HIDKHIM 3axBaTu, 4 —poboya KoMipka,
5 — miaBiC KPYTHJIBHOTO MasgTHUKA

3ragyroun Gpopmyny (14), 3anucyemMo piBHICTb

C; = lw?, (18)
L= lwf. (19)

[TincraBnstoun piHOCTI (18) Ta (19) y piBHicTb (17), oTpumyemo dhopmyiy

w/?
C'= C, (w_}_ ) (20)
3riHO 3 TEOpi€ro MPYKHOCTI [4] MaemMo
Gl

=22 @1

ne G, - 3CyBHUN MOYJb TPYOKH, J, — MOJSIPHUI MOMEHT iHEPIIil MOMIEPEYHOTO mepe-

pi3y TpyOKH.
Benuuuna J, BuzHauaeTscs Gopmysoro
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Jo =7 (b* —a"). (22)
ne b —30BHIIIHIN pajlyCc TPYOKH.

I3 mopiBHsanHA popmyin (20),(21),(22) ta (16) oTpumyemo dhopmyiry

b* wi?
G'= G, (;—1) (E_ ) (23)
3a nonomororo (23) po3paxoBY€eThCSA 3CYBHUI MOJYJIb I'ENIO.

[Tokaxemo, 110 B 1aHOMY BapiaHTy npobnemu A, B, C mpo siki Wiuiocs Bulle,
MOJI0JIAJIHCh.

A. SIk BUAHO 3 pHC.3, y JOCHIIKyBaHOMY 3pa3KOB1 00JIacTh, 3aiHATA TE€JIEM Ma€e
dbopmy mutiHapa. Pamiyc a Takoro reieBoro MWIHAPA — 1€ BHYTPINIHIA paaiyc Tpy-
OKu, a ToBxkUHA L — 11€ BIJICTaHh MK JICHIISIMU MPOOOK, 1110 3aKPUBAIOTh KIHII TPYOOK.
I{st o6acTh BUJIbHA BiJ] CTUCKAIOUWX HAIPYKEeHb. B 1IbOMY IPUHIIUIIOBY POJIb BiAIrpa-
IOTh METaJIeBl MPOOKK — caMe BOHHU CIPHUIMaroTh Ha cebe cumu ctucky Q' (puc.4a),
CTBOPEHI 3aTUCKAYAMHU.

OTxe, 3rafanuii TeaeBUil HWIIHAP BiANoBinae mozeni (puc.l), Ha sKiil TpyHTY-
€THCSI METOJ KPYTUILHUX KOJMBAHb, 1 OTXKE, TOBEAIHKY I[LOTO MUJIIHPA MOYKHA OIH-
CYBaTH, BUKOPUCTOBYIOUH TEOPII0 BKA3aHOTO METOTY.

B. 3acTtocoByroun naHuii BapiaHT, MU OTPUMY€EMO MO>KJIMBICTh CYTTEBO IT1JIBU-
IIUTH TOYHICTh €KCIIEpUMEHTa, BUOpABILIN TPYOKY, AJIs SIKOT BUKOHYETHCSI HEPIBHICTD
a/L<KL 1.

C. 3aBasiku TOMy, IIO CHCTEMA «IIOJIMEP-PO3YMHHHK» PO3TallIOBaHa B TPYOI,
BUTIAPOBYBaHHS PO3YMHHMKA HE BiOyBaeThes. Ternep Mu 3HaEMO: KOHIIEHTPALIIS C 0-
JiMepa B refii JOpIBHIOE KOHIIGHTpAILlli Co MoJIIMEPa Y BUX1THOMY PO3UHHI.

Excnepument. JlochimxyBaBcsi >KEIaTUHOBUHM TiApOTeiab 3 KOHICHTPAIIEO
20%.XKenatun Bloom 200 Bupobuunrea @panuis. Matepian TpyOKH — HOJIETHIICH.

Posmipu 3pazka: a=2,3mMm, b=2,5 mm, L= 35mMm. TemneparypHuii pe:xum BUTOTO-
BieHHs rigporemo T, = 40°C, T, = 20°C, t, = 24 roa. BumiptoBaHHs MPpOBOIUIOCS
npu 28°C. Pe3ynbrati BUMIpIOBaHb MIPUBEICHI B Ta0. 1, e yepe3 O mo3HayeHo yac
10 xonuBaHb MasATHUKA, Yepe3 6 — CepeIHE KBApaTUIHE BIIXUICHHS BETUYUHU 0.

[TpogiBmm po3paxyHok 3a popmynamu (19, 21-23) no gaHum TabIuUIIl, AJIs HKea-
TUHOBOTO Trigporens 3 KoHleHTpaiieo 20%, OTpUMyeEMO 3HAYEHHS 3CYBHOTO MOIYJIS
G'=(1,7%0,2)-107Pa.

OTpumaHe 3HaYEHHS 32 CBOIM MOPSIIKOM HE € BUHATKOBUM JJIA TelliB. K B11OMO
[18], B 3araibHUX pUcax CTPYKTYpPY XPSAIIOBOI TKAHMHU MOKHA IIPEACTABUTH SIK TOJII-
MEpHMIA KapKac, OToueHul piauHoro. Ha miif mijcTaBi XpAMoOBy TKAHUHY TNPUHHATO
BITHOCHUTH JI0 TEJIIB.

Taboauusa 1. PesynpraTtu BUMipIOBaHb

TpyOka, 3a110BHEHA TeJIeM IToposxHs TpyOKa
0, c 30.29 31.44
0, ¢ 0.13 0.12
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J5i1 MOy iB MPY>KHOCTI OCTaHHBOI B oIl [ 18] mpuBOAATH 3HAUEHHS MOPSIKA
10° Pa. 3nauenns 3cyBHOro Moayins 2 - 107Pa s XpamoBoi TKAHWHU OTPUMAHO 32
JOTIOMOI'0K0 METOY KPYTUJIbHUX KOJIMBaHb B [19].

[IpuBeneHi maHi i OTpUMaHe B EKCIEPUMEHTI 3HaUeHHS G’ MiATBEPIKYIOTH TE3Y
PO ICHYBaHHSI BUCOKOMOJIYJIbHUX TEiB.

BucnoBok. B po6oTi BBeIeHO MOHSTTS «BUCOKOMOAYJIbHUI T€Ib)» SIK T'ellb, JIe-
dbopmartiitHi BIaCTUBOCTI SKOTO HAOJIMKAIOTHCS 10 BIACTUBOCTEH TBEPIOTO Tima. AK-
TYaJIBHICTh JOCIIDKEHHS TaKUX TeJIiB TIOB'SI3aHA 13 BU3HAYCHHSIM MEXaHI3MIB JECTpPY-
KIii CHOJYyYHUX TKaHUH B JIFOJICBKOMY OpraHi3Mi, B TOMY YHCII1 1 XPsIIOBOI TKaHUHH,
Ta METO/IIB 1 MaTepiajiB mJis iX BiqHOBICHH. [loka3aHo, 110 BU3HAaYeHHS nedopmartiii-
HUX XapaKTePUCTUK BUCOKOMOAYJIBHUX TeNiB MOTpeOye 3aCTOCYBaHHS ceUpIYHUX
METO/I1B, sIKl BpaxOBYBaJii O 3MiHM HAMPYKEHOTO CTaHy 1]l 4ac CTPYKTYpPHHUX Tepe-
TBOPEHb B CUCTEMI B 3aJICKHOCTI B1JI TEMIIEpaTypH, KOHIICHTpaIlii mojiMepy Ta iH. s
peanizauii 1i€i 3a1a4l, BAKOPUCTOBYIOYM METO]| KPYTHJIbHUX KOJHMBaHb, 3alPOIIOHO-
BaHO BapiaHT BU3HAuYEHHA JedopMalliiHuX XapaKTepUCTUK BUCOKOMOJIYJIbHUX TEIiB
Ta HaBEJICHO MOT0 OCHOBHI BIAMIHHOCTI B1J] 1HIIMX €KCIIEPUMEHTAIbHUX METOIUK.
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M. M. Lazarenko, Yu. F. Zabashta, L. Yu. Vergun, O. S. Svechnikova
Shear elasticity of gels and the method of torsional vibrations

SUMMARY

A variant of the torsional oscillation method for determining the shear modulus of gels is
proposed. Determining the shear modulus of gels as a parameter characterizing the
deformation properties is an urgent task in the development of new methods and preparations
for the treatment of connective tissue destruction, as well as in tissue engineering. The task
of the latter, as is known, is to create gels that could serve as substitutes for damaged
biological tissue. In solving this problem, an important characteristic is the rheological
parameters of gels created for this purpose.

The article provides a general characteristic of the torsional oscillation method and its im-
plementation using various experimental techniques. It is shown that there is a class of gels
whose deformation properties approach the properties of a solid. Conventionally, these gels are
called high-modulus. The features of the application of the torsional oscillation method in the
study of high-modulus gels, which are associated with a change in the stress state in the system,
are determined.

A feature of the proposed variant of determining the shear modulus of gels in the article is
specific samples. These samples are polymer tubes filled with gel. The ends of the tubes are
closed by metal plugs. This type of sample minimizes the errors characteristic of studies of the
shear elasticity of gels. In the studied sample, the area occupied by the gel between the bottoms
of the metal plugs has the shape of a cylinder and is free from compressive stresses. In addition,
since the polymer-solvent system is located in the tube, evaporation of the solvent does not
occur. The concentration of the polymer in the gel is equal to the concentration of the polymer
in the original solution.

The proposed variant was implemented using a torsional pendulum. A method for calculat-
ing the shear modulus was developed based on the experimental data obtained on the frequen-
cies of free damped oscillations of an empty tube and a tube filled with a high-modulus gel.

The proposed variant was tested on the example of a gelatin hydrogel. The shear modulus
value for the gelatin hydrogel with a concentration of 20% was obtained as G' = (1,7 + 0,2) -
107 Pa, which is consistent with the shear modulus of cartilage tissue.

Keywords: gel, shear modulus, torsional pendulum
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ExcnepuMeHTaNIbHE JOCTIIKEHHS PO3UYHMHHOCTI (yJiepeny Ceo y X0JI0AHIbHUX
MAaCTHJIAX TA PO3YHHAX BYIJIEBOJHEBUX X0JI0I0ATEHTIB 3 MACTHJIOM

Bukxopucmannua nano0o6agox 00 KOMHPeCcopHO20 MACMUlad € NepcnekKmueHUM cnocobom
nioBUWeH s eqheKMUHoCmi napoKomnpeciunux xonoounvhux cucmem. @ynepen Cs € nepcne-
KMUBHOW 000a8Ka 00 MACMULA Ol 3MEHUEHHS 3HOWY8AHHA ma mepms 8 Komnpecopi. /[ns
3acmocysants yiei 000a6KuU 8ANCIUBUM € eKChepuMeHmanbhe 0ocniodxcenns pozuunnocmi Ceo
y mMacmuii ma xonoooazenmi. s MiHepanibHux macmuil 0yio 3ag)ikco8ano 8i0HOCHO BUCOKUL
«euouma maxkcumanvra posuurnnicmoy Ceo, axuti ckraoas 0,13 mac. % ona XD16-12 ma 0,164
mac. % ona Suniso 3 GS. [na ankinbenzonvro2o macmuna Reniso SP 46 po3uunnicms 6us6u-
nacs oyace nuzvkoro — 0,00229 mac. %. [{na nonioneipnux macmun pe3yibmam 3a1exicas 8io
mapku: 0,0684 mac. % ons ProEco RF 22 S ma menwe nioe 0,03 mac. % ons Planetelf ACD
100 FY. Yaempa3zeykosa 0oopooxa macmuna 3 Csp Cnpusiia ymeopenHio nepecutenux KoJ10iOHUux
PO3YUHIB, AKI, 3A/IEHCHO 80 MAPKU MACMUIA, AO0 XapaKkmepusysaiucs 00820mMpusaion cma-
OinbHicmIo, a0 WeUOKO nepexoounu 8 iCMmuHHUl po3yun i3 eunadinuim ocady Cso. Excnepu-
MeHmu noxazanu, wjo macosa wacmka Ceo, KA 8i0N08I0AE «BUOUMOT MAKCUMATILHOI POZUUHHO-
CMi» 3 YMO8 HABKOIUUHBO20 CEPe008UId, 3ANeHCUMb He MITbKU 810 MUNy Macmuid, a i 6i0
npucadox. Pozuunenua macmuna Suniso 3GS i3 emicmom 0,164 mac. % Cso y nenmani 6 00 ’em-
HoMY cniggionouwenHi 1:9 He npu3seno 00 weuokozo ymeopenus acpecamis Ceo. [Ipome uepes
000y 8 po3uuHi 3’s8uscs ocad Cgo, AKUL NOGHICMIO POZUUHUBCA 8 MACIMUILI NICJISI BUNAPOBYBAHHS
nenmany. Ananociuno, poszuunenus macmuia ProEco RF 22 S i3 emicmom 0,0684 mac. % Cégo
y nponati ne cnpunuruio ocaoxcents Ceo npomsazom 3 2o00un. llicns eunapogyeanus nponamy
macmuno 3anuwanocs 6esz ocady. Ilposedenuti ekcnepumenm Mooenoe npoyec «Po3UuHeHHs
Coo & knacmepuzayisn Cep» y peanbHill Xon00unvtit cucmemi, ujo 003soase posensoamu Ceo AK
nepcnekmueHy 000agKy 00 KOMNPecopHo20 MACmMuid.

Knrouoei cnosa: gynepen Ceoo; 8yeneso0nesull Xon000az2ennt, Xoai00uibHie KOMIpecopHe ma-
CMUIO,; POZYUHHICMb, BUOUMA MAKCUMATIbHA POZYUHHICIb, KOIOIOHA cucmema

Beryn. KomnpecopHi MacTuiia rpatoTh J1y>Ke BayKJIMBY POJIb B HAJIHHOCTI poOOTH
Ta €()EeKTUBHOCTI MAPOKOMITPECOPHUX XOJIOAWIbHUX MalInH. [ paHUYHE TEPTS B XOJIO-
JUIBHUX KOMIIPECOPAX MOXKE BUHUKATHU 1] Yac 3amycKy a00 3yIMUHKH B KOHTaKTax
nap NopUIeHb-IMIIHJP, KJIanaH-ClaJI0 ad0 IHIIUX napax KOMIIpecopa, 0COOIMBO B 30-
Hax BUCOKOI TEMIEPATypH, KOJIM MacisiHa IUIIBKa 3aHAATO TOHKA. Lle ocHOBHe ike-
peso 3HOCY JeTaliei kommpecopa. st 3MEeHIIeHHS 3HOCY I1]1 4ac TPaHUYHOTO TEePTS
BUKOPUCTOBYIOThCA J00aBKU (MpUcaaku). [TpoTarom ocTaHHBOrO AECATUIITTS HAHO-
MacTHJIa — MacTUJIa 3 JOMIIIKAaMM HaHOYAaCTUHOK — aKTUBHO BMBYAIOTHCS K IMOTEH-
L1MHI KaHIWJATH 17151 3MEHILIEHHS BTpaT Ha TEPTS Ta 3HOIIYBAaHHS y PI3HOMAHITHOMY
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obnanHanHi. ONHAK, CKJIAJHICTh 3aCTOCOBYBAHHS HAHOYACTHUHOK JJI XOJIOAWUIBHUX
KOMITPECOPHUX MACTHJI MOB’3aHa 3 BUMOTaMU JI0 1X YUCTOTH, CTAOLIBHOCTI MPU HU-
3bKUX TEMIIEPATYpPAX Ta CyMICHOCTI/PO3UMHHOCTI 3 X0JIO0ar€HTaMHU.

3acrocyBaHHs Ceo K JOOABKH 10 KOMIIPECOPHUX XOJOIMIBHUX MAaCTUII € Tepc-
MEKTUBHUM Ta 00yMOBJICHE HACTYITHUMHU NpuurnHamMu. [lo-niepiiie, psji J0CIiKEHb Mo~
Ka3aJIM MOKpaIIEHHS TPUOOJIOTTYHUX XapaKTEPUCTUK MACTUI 3 foMikamu Cegp B yMO-
Bax rpanuyHoro tepts [1, 2, 3, 4, 5]. Ilo-npyre, no6aBku Cey HE3HAYHO 3MIHIOIOTH
B’A3KIiCTh MacTuid [1, 6] Ha BiAMIHY BiJ 100aBOK 1HIIKX BYIJICIIEBUX HAHOYACTHUHOK
a00 HAHOYACTUHOK OKCH/IIB METaJIB, IPUCYTHICTh SKUX IPU3BOAUTH J10 3HAYHOTO 301-
JBIIEHHS B S3KOCTI. Y -TPETIX, 31aTHICTh YTBOPIOBATH ICTUHHI PO3YMHU a00 KOJIOiTHO
cTaOUIbHI CUCTEMH B OPraHIYHUX PO3UYMHHHUKAX [7] Ta, IK OKpEMUI BUIIAJ0K, Y MaCTH-
nax 0e3 MOBEepXHEBO-aKTUBHUX peuoBHH [ 1, 6]. Lle Burigno BiapizHse ¢pynepeH Ceo BiT
«KJIACUYHHUX» HAHOYACTUHOK. B-ueTBepTHX, ICHY€ AEKUIbKa poOIT, K1 OKa3ylOTh MO-
KpaIlleHHs 3araJIbHOT €)EKTUBHOCTI XOJIOUIBHOTO 001 HaHHs pu foaaBaHH1 Ceo 10
KOMIIPECOPHOro MacTtuia [5, 8, 9].

Ha crorosi € nporajivHu y po3yMiHHI IIPOIIECIB, 110 BiIOYBAIOTHCS Y MACTUJIL Ta
X0JIOI0AreHTl pH po3urnHeHH1 Y HUX Cg, SIKI CTPUMYIOTh IPAKTUYHE BIIPOBAIKCHHS
Ceo six mpucagiku. Cep 4aCTKOBO PO3YMHHUHN y MIHEpATbHUX, AJIKIIIOCH30JBHUX Ta TO-
monedipaux mactunax [1-6, 10] Ta mae gyxe nmoraHy po34yuHHICTb Y T1APOGTOPBYT-
JeeBUX Ta TApOBYTrieneBux xoynoaoarenrax [11]. ¥V xononuibHiil cuctemi Kommpe-
COpHE MacTWJIO 3aBXKJM 3MIIIYETHCS 3 XOJIOJ0AreHToM y Komipecopi. Ilpu npomy,
AKIIO B MAacCTUJIl NpUCYTHINA po3unHeHH Cgo, TO y 3B’SI3KYy 3 MOTaHOK PO3UYMHHICTIO
Ceo y xomogoarentax ouikyeThes arinomeparlisi Ceo. Llelt edext € nebaxxanum. Ilicns
BUKUIIAHHS XOJIOJOAr€HTY y BUIIAPHUKY MACTHIIO TOBEPTAETHCS A0 Kommpecopa. Ile-
perBopeHHst «MoJiekyln Ceo 2 knactepu Ceo 2 arperatu Ceo» Mmif] 4ac 3MilllyBaHHS
po3unHy MacTuino/Ceo 3 XOJI0J0ar€HTOM, i/l 4aC KUIIHHS X0JIOJA0AreHTy 3 MacTUIIa Ta
MPOTIATOM IUPKYJIALii po3unHy MacTuiio/Cep/X0JI0/I0aT€HT B XOJOAWIbHIN CUCTEMI 3
ypaxyBaHHSAM 3MIH TUCKY Ta TEMIIEpPaTypH 3aJUIIAI0THCS HEBUBUCHUMHU.

Hana poOoTa 30cepeP)keHa Ha eKCIIEPUMEHTAIIbHOMY JIOCIIIIKEHH] PO3YMHHOCTI
Ces0 y TPHOX THIIAX XOJOJUIBHUX KOMIIPECOPHUX MACTHUII, TPU3HAYEHUX JIJIS1 BUKOPHC-
TaHHS 3 T1IPOBYTIEHIEBUMU X0OJ010ar€HTaMM, Ta TOCI1KEeHHI TOBeIIHKU Cgo TP 3Mi-
IIyBaHHI IIUX MACTHJI 3 BYTJIEBOJJHEBUMH XOJIOJ0Ar€HTAMHU.

1. Po3uunHocTi Cg y 3MalyBAJIbHUX MACTHIIAX TA X0JI00areHTaX. ApOMaTH-
YHi CHOJYKH, SIK HENOJISIPHI, TaK 1 CIIA0KOMOJIAPHI, € «XOPOIIUMU» PO3ZYMHHUKAMU IS
Ce0, @ HACHUEHI BYTJIEBOJIHI Ta PEUOBUHHU, SIK1 € JIOHOPAMU BOJHEBUX 3aB’SI3KiB, IIPOSIB-
JSI0TH cebe sk «moraHi» po3uynHHUKU Cep [7]. OqHak, yum OUTbIa MOJIEKYJISIpHA Maca
HACHYCHMX BYTJICBOJHIB Ta iX po3ranyxeHHs, TUM Kparie Cq pO3uuHSIETHCS B HUX [7].
Ha croroiHi icHy€ AeKiJIbKa ySIBICHD PO IPUPOY POZUUHIB PYJIEPEHIB Y «XOPOIIHX)
po3unHHMKaX [7]. [lepie ysBieHHs moJysirae y Tomy, o QyJepeHu B po3uynuHax mnepe-
OyBarOTh y CTaHI TEpPMOJUHAMIYHOI piBHOBaru y ¢opmi kiacrepis. [pyra rpymna gocmi-
JTHUKIB JIIAIIUTa BUCHOBKY, 10 ()yJIEpEHU B pO3UMHAX MepeOyBatOTh Y BUTJISII HEBEIH-
KHX acolllaTiB KUIbKOX MOJIEKYJ, SIKI MalOTh «OE€3CYMHIBHO PIBHOBaXHY» HPHUPOIY.
Tpete ysSBICHHS MOJATAE Y TOMY, IO Y «XOPOIINX)» POZYNHHUKAX TIPH PIBHOBAKHOMY
po3unHEHHI (QyIEPEeHIB YTBOPIOIOTHCS JUIIIE MOJEKYJISIPHI PO3UMHH, a PICT KJIACTEPiB
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Yy HU3BKOMOJSIPHUX PO3YMHHHUKAX, IMOBIPHO, BIAMOBIAA€ MEPEXOLY A0 cl1ad0 nepeHa-
CHUYEHOI'O CTaHy.

[TepeBaxHa OUIBINIICTh HASIBHUX HA CHOTOJIHI JIOCIIIKEHb MTOKa3y€e J00pYy pO3YHH-
HiCTb Cgp y PI3HOMAHITHUX 3MallyBaJIbHUX MacTuiax [1-6], xo4ya 3ycTpiyaroThCs po-
00TH 3 MPOTUJICKHUM pe3yabTaTroM [12]. 3po3ymisio, 1m0 KOMEPIiitHI MacTHIa MalOTh
PI3HOMaHITHUN CKJIaJ, TOMY Yy3arajlbHIOBaTH IIi pe3yJjbTaTH HEMOXHa. XOJOIUIbHI
KOMITIPECOPHI MacTuia (MiHEpalibHI, allKUTOEH30IbHI ab0 nomanbdaosedinu) 3a3Bu-
yail HenoJisApH1 a0o ciaadbkonossipHi. OCKUTbKH MOseKyu Cego HETIOSPHI, OYIKYEThCH,
10 BOHUM MaTUMYTh BIIHOCHO BHCOKY KOHIEHTpPALIIF0 HACUYEHHA 0€3 KilacTepu3alli Ta
arperaiiii y Takux Mactuiax. Jleski cyyacHl CHHTETUYHI MacTHIIa, TaKl K moJionedi-
PHI1, MaOTh IOMIPHY MOJISIPHICTb 1JIs1 B3AEMOPO3UHMHEHHS 3 T1APO(TOPBYIIICLIEBUMH XO-
nonoarentamu (Hanpukiaz, R134a), tomy, odikyetbes, mo Cep Oyne y HUX po3unHa-
THCSA MTOTAHO.

oo cucreMu X0J00areHT/KOMIIPECOPHE MACTUIIO, MOYKHA OYIKYBaTH BIIHO-
CHO XOpoIry po3urHHICTh Cgp B MAaCTHIII (3aJI€KHO BiJI XIMIYHOTO CKJIQJy MacTuja) Ta
MOTaHO1 PO3UYMHHOCTI y BYTJIEBOJIHEBUX Ta TiAPOPTOPBYTIIICHIEBUX XOJ010areHTax. Pi-
3Ha po34uHHICTh Cgp B XOJOJ0AreHTI Ta KOMIIPECOPHOMY MACTUJI1 € KPUTUYHOIO TPO-
0J1eMO0 IIpY po3poOI1Il Ta NOAATBIIOMY BUKOPUCTAHHI TAKOTO MAacCTHUJIA Yy XOJIOAMIBHUX
cuctemax. Bijomo, 110 3minryBanHs po3unHiB Cep B «XOPOIINX» POZYUHHUKAX 3 BEJIH-
KOO KUTBKICTIO «TIOTAHUX» PO3YUHHUKIB MOKE MMPU3BOJUTH JI0 TIOSIBU KOJIOTTHUX CHUC-
teMm [7]. Lle moxxe He OyTH mpobiemMoro, 3a yMOBH, 110 Cgp TOBTOPHO POZUMHUTHLCS B
MACTHJII MICTISl BUKUIIAHHS XOJIOJI0AreHTy y BUMApHUKY. OHAK JeTalbHE 1€ TUTAHHS
IMOKHU HE JOCIIHKEHO.

2. Marepianu Ta MeTOAMKA TOCTIIKEeHHs. Y JTOCIIJKEHHI Oy BUKOPHCTAHI
HACTYyMH1 MaTepialiu:
- II’ATb KOMEPIINHUX XOJOJUIBHUX KOMIIPECOPHUX MacTuil (iHGOpMaIlito Bij MO-
CTa4yaJIbHUKIB HaBeJIEHO B TaoOI. 1);

Ta6auus 1. OcHOBHI XapaKTepUCTHUHI MapaMeTPH I’ ITH KOMEPLIHHIX
KOMITPECOPHUX XOJOJUITBHUX MACTHUI

Mapxka mactuia (ko- XD16-12 : Reniso SP | ProEco RF Planetelt
MepuiiiHa Ha3Ba) BUpoOHUII- | Suniso 3 GS 46 2 S ACD 100
TBa Agrinol FY
o — Misepansiie Misepabie Ankinben- |[lomon-edi-| [Tomionedi-
30JIbHE pHE pHE
46 npu 22.3 npu
. . 40°C 40°C 101 mpu
) 2/l o ’ ’
B’s3kicTh, MM7/C 16 mpu 50°C |30 pu 40°C 5.1 4.1 mipu 40°C
100°C 100°C
Pyermmanpu 20°C, | ¢99 900 | 910 872 949 957
KI/M
TeMnfipaTypa cra- 174 178 175 204 >260
naxy, °C
TeMnepﬁTzlpa KpHC- 47 48 42 —57 -36
tani3aii, °C
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- Qynepen Coo (npuadanuii y xomnanii Sigma-Aldrich, CIIA), yucrora 0.999

KI'KIr '

- n-neHTaH, xoaojoareHt R601, uncrora 0.998 kr-xr;
- n-mpomnat, xosuojgoareHT R290, uncrora 0.998 kr-xr'.

[Tin yac npurotyBaHHs po34rHIB Cep/MACTUIIO Macy KOMIIOHEHTIB 3BaKyBaJM 3a
JOMIOMOTI'OI0 €JIEKTPOHHUX Bar 3 TouHicTio npuiany 0,5 mr. [Ing pozunnenns Ceo npu
IPUrOTYBaHHI IEBHUX 3pa3KiB BUKOPUCTOBYBasacs yiabTpa3BykoBa BaHHa Codison CD
4800 (uactota 42 xI'1, motyxHicTh 0.07 kBT). Yac 06poOku ckinanas Big 3 10 9 rouH.
JUid 1HIIKX 3pa3KiB BUKOPHUCTOBYBAIACS MarHiTHA Mimanka. /[jisi BUMIpIOBaHHS OITH-
YHOI I'YCTHHH 3pa3KiB 3 METOK KOHTPOJIO 3MiHU BMICTY Cgp 3 4aCOM BUKOPHCTOBYBA-
mucs cnekrpodoromerpu Shimadzu UV-120-02 ta Ulab102UV. VYci gocaigxeHss po-
34nHHOCTI Cgp y MAaCTHII1 IPOBOAMIIMCS NIPH KIMHATHIN Temneparypi 19+4 °C.

3. OTpuMaHni pe3yabTaT Ta iX 00roBopeHHsi. J{ani okpeMo po3IIIIHYTI pe3yJib-
TaTu AOCHIHKEHHS po3uMHHOCTI Cep 3 I’ ATbMa PI3HUMHU MacCTHIIAMH, & TAKOX PO3YUH-
HOCTI IBOX MacTuiI 3 BMIiCTOM Cgp 3 X0JI0/I0aTr€HTaMH.

XD16-12 (minepanvrue macmuno). Jnga mactuna XD16-12 O6yno cTBopeHO cepiro
3paskiB 3 pi3HUM BMICTOM Cgo. st po3unHeHHs1 Cgp BUKOPUCTOBYBAJACS YIbTPa3BY-
KoBa 00po0Oka. Yci 3pa3ku 3 MmacoBoro yacTtkoro Cey monana 0,50 mac. % xapakrepusy-
BaJucs NosiBoto ocany Cep uepes AesIKUid 4ac micis yiabTpa3ByKoBoi 00poOku. Bimomo,
110 yJIBTPa3ByKOBa 00pOOKa MOKE CITPUATH YTBOPSHHIO TIepeHacHueHUX po3duHiB Cey
3 OAJILIIOK0 KJIACTEPU3ALIIEIO I arperaii€ro Ta BUNaAIHHAM LIUX arperariB 'y ocan [7].
3pazok 3 BMicToM Cep 0,50 mac.% xapakTtepusyBaBcsl BiICYTHICTIO OCaay MPOTATOM
JOBrOro yacy 30epiraHss, ajie He MaB MPO30POCTI, 110 MOSICHIOETHCS HASBHICTIO KJlac-
TepiB Cgp Ta HAHOPO3MIPHUX arperaTiB (KoJIOiMHUM po3unH) — puc. 1. HaliBuina koH-
uenrpaitisi Cgo B MACTHIIL, PU SIKIH HE CIIOCTEPITanocs 0cay Ta pO3UrH OYB Bi3yaJbHO
npo3opuM, ckianania 0,13 mac.%. BuMmiproBaHHs ONITUYHO1 TYCTUHU 3pa3KiB MPU JTOB-
KUH1 XBUI 397 HM npoTAaroM 6 MiCSIIIB TMIATBEPANUIN BIAMIHHY CTaOUIBHICTD 3pa3KiB
3 0,5 mac.% 1a 0,13 mac.% Cego (3HAUCHHS ONTUYHOT TYCTUHU HE 3MIHIOBAJIOCS ).

Suniso 3 GS (minepanvrne macmuno). byio ctBopeHo cepito 3pa3kiB 3 BMicToM Cey
B111 0,10 1o 1,0 mac.% 3 BUKOpUCTAHHAM NEPIOIMYHOTO MEXAHIYHOTO TIEPEMIIITyBaHHSI.
3a BIZICYTHOCTI yJIbTPa3ByKOBOi 00poOKHU po3urHeHHS Cgp B MACTHII1 OYJI0 TOBUIHBHUM.
Pozunnenns Cep 10 cTaHy HACHUCHHS B1J10YBaj0Cs OLIbIIE THXKHS, 110 OYJI0 MIATBEp-
JPKEHO BUMIPIOBAHHSIM BEJIMYMHM ONTUYHOI TYCTUHU 3pa3KiB Npu T0BxkUH1 XBUil 400
HM — puc. 2. [lepen K0>KHUM BUMIPIOBaHHSM PO3UYMHUA BUTPUMYBAIHCS Ou3bKo 12-14
roJIuH 0e3 MepeMilllyBaHHsl, 3pa3Ky BIIIOpaJIUCs 3 BEpXHbOI YaCTUHU MPOOIPKH, H1 JIHI
akoi 3anumancs ocag Ceo. [loBHE po3unHenHs Cq) criocTepiranocs JIMIIE A1 PO3UUHY
30,10 mac. % Ceo.

3 puc. 2 BUJIHO, III0 KOHIIEHTPAIisl HACUUEHHS 3aJIeKUTh BiJl HaAIuIKy Ceo y po-
3umHi. [Ipu mouatkoBomy BMicTi Cgo B MacTwil 1,0 Mac.% (3pa3ok 2) onTuyHa ryCTHHA
3paska OyJia BUIIOI0, HIX Mpu noyaTkoBomy BMicTi Ce 0,5 mac.% (3pasok 1). Lle cyne-
PEUHTDH YSIBJICHHIO MPO TE, IO KOHIICHTpAIlll HACMYEHHS BU3HAYAETHCS PIBHOBATOIO
MIDXK PO3YMHEHOIO0 PEYOBHHOIO Ta ii TBEP1010 (Da3010 1 HE 3aJICKUTH BiJl KUIBKOCTI Ha/l-
JUIIKY TBEPJOi PEYOBUHU. Y JOCIHIDKEHHI [7] MAKPECTIOEThCS, 0 Yepe3 MOBUIbHY
KIHETUKY PO3YMHEHHS Ta MOTEHIlIITHE YTBOPEHHS KJIACTEPIB Ta arperariB (y BHUIJISAL
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° 4 ® ¢
3.2+ o 1
° > 3pa3ok 2
3 3.0r . noyarkosui Bmict C | 1
g 28L 1,0 Mac. % 4
g »
S 2.6} -
=z 3pa3zok 1
§ 2.4+ mnouatkosuii BmicT C " T
é 20l 0,5 mac. % \ i
o © o o o o
20k © ¢ 1
1.8 o 1 1 1 1 ya 1 1 1 1 =
o 1 2 3 4 10 15 20 25

Yac, noba
Puc. 1. Mactuno X®16-12 3 Bmictom  Puc. 2. 3anexHicTh ONTUYHOI TYCTHHH 3pa3KiB
0.5 mac. % Ceo (mmiBe) Ta 0.13 mac. % mactuna Suniso 3 GS/Ceo Big "acy (HOBXKHHA
Ceo (mpaBe) micnsi 30epiraHHs npotsa-  xBuil 400 HM, JOBKHMHA ONTUYHOIO LUISIXY KO-
TOM 2 MICSLIB Mmipku 3.087 cm), mouatkoBuid BMicT Ceo 0.5%
nst 3paska 1 ta 1.0% s 3paszka 2

KOJIOIIHUX YACTUHOK) MOKE 1CHYBaTH 3aJIe’KHICTh KOHIICHTpAllli HACUYCHHS BiJ HaJI-
Ky Ceo. OHAK 111 SIBUTIA MTOSICHIOIOTHCS KIHETUYHUMH Ta KOJIOTTHAMHE e(heKTamHu, a
HE 3MiHAMHU TePMOIMHAMIYHOT KOHIIEHTpAIlil HACHYCHHS. Y I[bOMY BUTIAJKy MOKHA BH-
KOPHUCTOBYBATH TEPMiH «BHIMMA MaKCHMaJIbHa PO3YHHHICTHY.

300pakeHHs TPhOX 3pa3KiB MacTHIIA, 0 MICTUTBH Cep, MICIIA iX TPUBAIOTO 30€pi-
ra”Hs (0J1M3bKO POKY) Moka3aHo Ha puc. 3. [ 3pas3ka 3 BMictom 0.1 mac. % Cgo yTBO-
puiacs MoMiTHa Bi3yajbHa CTpaTh(ikallis Mpo30pOCTi 3a BUCOTOIO MPOOIPKHU, OCaj
BiicyTHIH. Take posmiapyBaHHS MOXKHA MOSICHUTH 3MIHOIO KOHIIEHTpAIlll HACHYEHHS
Ceo IPOTATOM Hacy uepe3 3MiHy 30BHIINIHBOT TeMiiepaTypu (yTBopeHHs arperaTiB Ceo
iX ocaJi Ta MOBTOPHE PO3YMHEHHS) Ta JOCTATHHO BEJIMKOIO B’ SI3KICTIO MacTHUJIA.

Jlst macTtiuia Suniso 3 GS 3 mouatkoBuM BMicTOM Cgp 1,0 Mac.% Oys10 BU3HAYEHO
«BUIMMY MAaKCUMaJIbHY PO3YMHHICTHY». MacTuio OyJio BITOKPEMIIEHE BiJ 0cay, 0caj
0araTopa3oBO NPOMUTUHN NEHTAHOM (pO3YMHHICTh Cgo y IEHTAH1 HAJI3BUYAIHO HU3bKA,
0,004 r/n [11]), BindinbTpoBanmii Ta 3BaskeHu. «BuruMa MakcuMalibHa pO3UMHHICTHY
s Mmactuna Suniso 3 GS cranoBuina 0.164 mac. %.

a ] B
Puc. 3. 300paxkenns 3pa3kiB MacTiiia Suniso 3 GS uepe3 npubauzHo 1 pik 30epiraHus: a)
0.1 mac.% Ceo (0cam BiACYTHIHN, CIIOCTEPIra€ThCs pPO3NIAPYBAHHS HACUYEHHS PO3YMHY MO
BucoTi); 0) 0.5 mac.% Ceo (mpuCyTHIii 0cas ); B) ocaj Ha JHI mpoOipku 31 3pazkom 0.5 mac.%
Ceo; T) 1.0 mac.% Ceo (mpuCyTHIii 0ca)

56



di3nKa aepoaucnepcHmux cuctem. — 2025. — Ne 63. — C.52-62

a 0 B r
Puc. 4. 300paxxenns 3pa3kiB Mmactuia Suniso 3 GS 3 BmictoM 0.164 mac. % Ceo y po3uunHi
3 IEHTAHOM: a) MAaCTHJIO JI0 3MIIIIYBaHHS 3 TIEHTAHOM; 0) PO3YMH MAaCTUJIO/TIEHTaH Biapa3y
MICJIsl MPUTOTYBAHHS; B) PO3YMH MACTHIIO/TIEHTaH 4Yepe3 00y IMiciisg MpUroTyBaHHs (HasB-
HUW 0caf); T) MACTUJIO MICJIS BUMTAPYBaHHS MIEHTAHY

Hactynnwuii erarom Oyio AOCHIIKEHHS PO3UYMHHICTh MacTuia Suniso 3 GS, mio
Mmictuth 0,164 mac.% Cep, y IEHTaHI («IIOTaHOMY» PO3YMHHUKY Ta MOJIEIBHOMY XOJIO-
JI0areHTl 3 Tpynu ByriaeBoHIB). [Ipubau3no 1 My MacTuia MocTymnoBO 3MIITyBaIH 3
IIEHTAHOM JI0 JOCSTHEHHS KIHIIEBOTO O00'€éMHOIO CITIBBIIHOIIECHHS MK MAacTHJIOM Ta
neHtanoM 1:9 - puc. 4. [IpoTsiroM nepiioi roAMHY MICJsI OTPUMAHHSI PO3UYUHY OCaly
Ceo HE criocTepiranocs. OgHaK HACTYITHOTO JTHS 0CaJl Y PO3YHHI YTBOPHBCS OCal — PHC.
4.8. HarpiBanHs po3uuHy B OBITpsiHOMY TepMocTaTi rpu 60 °C (HopManbHa Temiepa-
Typa KuIiHHA neHTany 36,1°C) npu3Beno 10 KUAIMIHHS NeHTaHy. byip0anikoBe KUIHHS
MIEHTaHy CYMPOBO/DKYBAJIOCS aKTUBHHUM IIEPEMIINTyBaHHIM po34uHy. [licis moBHOTO
BUITAPOBYBaHHs NeHTaHy ocany Cep B MACTHIII HE CITOCTEPIranocs - puc. 4.T.

BincytHicTh kitactepuzartii ta arperartii Ceo Bipa3y micis 3MIITyBaHHS MacTujIa
3 IEHTAaHOM MOXHA MOSICHUTH TUM, 1110 MOJIEKYJIM MacTHUJIa MOXYTb aJicopOyBaTucs Ha
noBepxHi MoJiekys Cep, yTBOPIOIOUHU CTAOUTI3YIOUNH 1IAp, SIKUI 3a11o0irae ix KiacTepu-
3aiii. [le «oKpUTTS» CTBOPIOE KIHETUUHUN Oap'ep sl KilacTepu3allii HaBITh Y mepe-
cU4YeHHUX po3unHax. OJHaK, 3 4acoM JIOKaJIbH1 KOJIMBaHHs KoHLeHTpatlii Cey pU3BO-
JSITh IO YTBOPEHHSI THMYACOBHUX KjacTepiB. BoHM MOXXyTh BUCTyNaTH B pOJIi IIEHTPIB
st mofaubinoi arperaitii Ceo. [To3uTuBHUM e(heKTOM JIsl MPAaKTHYHOTO 3aCTOCYBAHHS
Ceo K 100ABKH 70 XOJOAUIIBHUX MAcTHUJI € T€, 1110 BUJAJIICHHS "TIOraHoro" pO3uYMHHUKA,
MepEeMIITYBaHHS 1]l Yac KUITIHHS Ta N1JBULIEHHS TEMIEPAaTypy COPHUSIIA PO3UNHEHHIO
Cs0 B MACTHIIL.

RENISO SP46 (anxinbenzonvre). byno mMiATOTOBICHO I1'SITh 3pa3KiB 3 BMICTOM
Ceo B17 0,0012 1o 0,0092 mac. %. s npumiBUAIIEHHS] PO3UUMHEHHS] BUKOPUCTOBYBA-
jacst yabTpa3BykoBa 00poOka. Metoro Oyno BuzHaueHHs1 KoHIeHTpatlii Ceo, sIKa BiJI-
MOBIJIa€ CTaHy HACUYCHHS.

PozuunnicTs Cep B MacTuiii RENISO SP46 BusiBunacs ay»e HU3bKOIO - OJIM3BKO
0,00229 mac. %. OuikyBanocs, 1m0 po34uHHICTh Cgy Oye BUCOKOI, OCKUIBKH aJIK1JI-
OCH30JIM € PAKTUYHO HETIOJISIPHUMHU, 1 OEH30JIbHE KUIbIIE iX MOJIEKYJI MaJio O CIpUATH
posunHeHHto Cgo [11, 13]. Ognak B pobotax [11, 13] posrasganucs aakiIOSH30IU 3
KOPOTKHUM JIKUIbHUMH paaukanamu (1o C5).

OTpumanmii pe3yabTaT MOYKHA MTOSICHUTH THM, 1110 y aJIKLIOEH30IbHIX MaCTHJIaX
MOJIEKYJIM 3a3BUYail MatoTh JTOBI1 ankuibHI paaukaiu (C8—C16). Tomy 11 MoJiekyu €
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a o a 0

Puc. 5. 3o0Opaxenns wMactuna 3pa3kiB Pue. 6. 300pakeHHs 3pa3KiB MacTuiia
RENISO SP46: a) mactuno 3 BMmictoM Ceo  ProEco RF 22 S: a) uncre mactuio; 0) ma-
0.00229 mac.%; 6) mactuio 3 BMicToM Ceo  cTruto 3 BMicToM 00,0684 mac. % Ceo micms
01729 mac. % (masBHUI ocan) micas 30epi- 30epiraHHs OUTBLI HIK 2 pOKU

raHHS OLIBII HIXK 2 POKH

O1IBIIT «00’EMHUMMY, 110 MOKE MPU3BECTHU O CTEPUUYHOI MEPEIIKOIU Ta 3pOOUTH apo-
MAaTHUYHE KIJIbIIE MEHII JOCTYIIHUM ISl T-TT B3a€MOJI1i 3 MoJiekyior Cg, TOOTO, HETa-
THUBHO BIUIMHYTHU Ha po34uHHICTB Cgo. Kpim Tor0, Mactuna RENISO SP46 mictuts no-
0aBku, Taki ik CAS #68937-41-7 (Tris(4-1sopropylphenyl) phosphate) y konmenTpariii
B171 0,5% 10 1,5%. L1 peyoBrHA € IOJISIPHOIO 1 MOYKE 3HAYHO 3HU3UTU PO3UMHHICTH Cg.

ProEco RF 22 S (nonionegipue). Byno mpurotoBato 1’ sith 3pa3kiB 3 BMicToM Ceo
Bi11 0,0108 10 0,1071 Mac. % 3 BUKOpUCTaHHSIM YJIbTPa3ByKoBOi 00poOku. Konienrpa-
11151, TIpU SIKiK OyB oTprUMaHuil po3ynH Mactuia 0e3 ocaay ckiana 0,0684 mac. % - puc.
6. Ha Bimqminy Bijg Mactuna XP16-12, yneTpazBykoBa 00poOKa He Cripusijia OTPUMAHHIO
KOJIOiTHUX PO3UYMHIB 3 IOBFOTPUBAIOI0 CTAOUTBHICTIO. Yl po3unHu Cep 3 KOHIICHTpA-
uiero Ounbiie 0,0684 mac. % y mactum ProEco RF 22 S micng 30epiraHHs neBHUN yac
OyJIM MPO30pHUMH 3 0CaZOM HEPO3ZUHMHEHOTO Cep.

Hactynnuii etan OyB NpUCBIYEHUI AOCTIIKEHHIO pO34YMHHICTh MacTuia ProEco
RF 22 S, mo mictuts 0,0684 mac.% Cep, y iponani («IIOraHOMY» PO3UMHHUKY Ta XO-
JI0I0areHT1 3 rpynu ByrieBoHIB). [Ipuban3no 20 Myl MacTHIIa MOCTYOBO 3MIIITYBaJIN
3 IPOIAHOM Y TOBCTOCTIHHIM KOMIpIIl, 3aHYPEHO1 Y KpHKaHy CyCIIEH31I0 (TeMIieparypa
0 °C) 10 mocsarHeHHs KIHIIEBOTO 00'€MHOTO CITIBBIIHOIICHHS MK MacTHJIOM Ta IIeHTa-
HOM 1:9 - puc. 7. IIpoTsirom Tpbrox roaun ocaay Ceo HE criocTepiraiocsi — puc. 7.1.

Jlani niist BumaneHHs MPOMany BEHTHIb KOMIPKH BIJIKPUJIH, 1110 MPU3BEIIO J0 BU-
KUITAHHS IEHTaHy MpU aTMOCHEPHOMY THCKY — pUc. 7.1 (HOpMaJIbHA TeMIlepaTypa Ku-
niHHA npornany — 42 °C). Take KuniHHS IMITY€ IPOLIEC BUKUITAHHS XOJIOJ0AreHTY 3 PO-
34MHY XOJIOJAOAreHT/MAcCTHIIO Y BUITAPHUKAX XOJOJUIBHUX MAIIUH, /I TUCK KUITIHHS
3a3BUYail He3HayHO mepeBuiye atMochepuuit. [licas MOBHOrO BUKHUIAHHS TPOIMAHy
ocany Ceo y MaCTWJI1, IO 3JIMIIIMIIOCS Y KOMIPIIi, HE criocTepiranocs — puc. 7.e. [Toka-
3HHMK ONTHYHOI TYCTHHHU Macjia, BAMIPSHAN JI0 Ta TICIsl HOTO 3MIIITYBaHHS 3 TTPOITAHOM,
BHUSIBUBCSI OJTHAKOBHIM.

Planetelf ACD 100 FY (nonionegipne). byino cTBOpEHO OJHH 3pa30K 3 HAJIHIII-
KoM Cgp y pO3UHMHI METOI0M MEXaHIYHOTO MEPEeMIIyBaHHs 0€3 YIbTPa3ByKOBOi 00pO-
Oku — puc. 8. Ilicnsg HOBroTpuBagoi BUTPUMKH PO3YMH XapaKTEPHU3yBaBCS MMM
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Puc. 7. 306paxenns 3paskiB mactuia ProEco RF 22 S 3 Bmictom 0,0684 mac. % Ceo y
PO34MHI 3 IPOMIAHOM: a) MACTHJIO JI0 3MILTYBAaHHS 3 MPOMAHOM; 0) CyMilll MaCTHIIO/TIPO-
MaH y Tpolieci JoAaBaHHS MPOMaHy; B) pO3UMH MAaCTUJIO/TIPOTIaH MiCJIs TPUTOTYBaHHS
Ta MEepPEeMILyBaHHS; T) PO3UMH MAaCTHIIO/IPONaH 4epe3 TpU TOAUHHU CIIOCTEPEKEHH (Te-
maeparypa 0 °C); 1) KUIIHHS PO3UYMHY MacTHJIO/TIPOIIaH MPH aTMOC(EPHOMY TUCKY; €)

MAacCTHJIO ITICJIS BUKHITAHHS Mpomnany

BMicToM Ceo, MeHre 0,03 mac.% (KoHIIEHTpalis
BU3HAYCHA fAK OIKCAHO BUIIE JUIsI MacTUia
Suniso 3 GS). V 3B’a3ky 3 manaum BMicToM Ceo,
MOAAJIbIIE JTOCIHIJIKEHHS JIJIS IbOTO MacTUjIa Ha
JTAHOMY €Tarll He TTPOBOIUIIOCH.

OTtpumasi pe3ysibTaTy CBIYATH PO TE, 10
Ce0 CKJIQITHO PO3TIIAIATH SIK TOOABKY 10 KOMEP-
IMHOI XOJI0IUIBLHOT KOMIIPECOPHOT MacTuiia 6e3
pPO3yMiHHA 1i cKiIaqy (XIMIYHOIO CKJagy 0Oa3zo-
BOTO MAacTHJIA Ta 3aCTOCOBAaHUX Mpucanok). Ha-
BITh JIJI1 MAacTWJ OJHOTO THUITY MO XIMIYHOMY
CKJIaAy B poOOTI OyJM OTpUMaHI CYTTEBO Pi3HI
pe3yabTatu po3diHHOCTI Coo. HeouikyBanuM Ta-
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Puc. 8. 300paxxeHHs 3pa3ky MacTuia
Planetelf ACD 100 FY 3 Bmictom 0,5
mac. % Ceo uepe3 1 pik 30epiraHHs
(0inprra yactuHa Ceo B OCaIy)
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KOX OyB TOH (DaKT, 0 a anKiI0EH30JbHOMY MacTHIII pO3unMHHICTE Ceo Oyiia ripiie, Hix
y nosjiosieipHOMY.

Taxum 4uHOM, MOKHA 3pOOUTH BUCHOBOK, 1110 HA MEPIINX €Tanax NepCIeKTUBHUM
€ BUBYEHHS po3unHHOCTI Cgo y 0230BUX MACTUIIAX, a IOTIM aHaJI13 IEPCHEKTUBHUX MTPH-
caJioK A0 MacTHJI.

BucnoBku. byIo npoBeieHO ekcriepuMeHTaIbHe T0CTKeHHS po3UMHHOCTI Cep Y
I’ SITI KOMEPIIHHUX XOJIOIUIBHUX KOMIIPECOPHUX MACTHIIAX, MPU3HAYCHUX TSI BUKO-
pUCTaHHS 3 BYTJIEBOJHEBUMH XOJIOJOAr€HTAaMH, a TaKOXK CTIMKOCTI Cep K KIIacTEpU3a-
11i Ta arperaiii y po3uyMHax MIHEPaJbHOTO MAacTHJIa 3 IEHTAHOM Ta MOJI10Je(PIPHOrO
MacTHIa 3 MPONaHOM (BYTJIEBOJIHEBI X0JjoA0areHT). Ha OCHOBI OTpUMaHUX pe3ysib-
TaTIB MOKHa C(hOPMYJIIOBATH HACTYITHI BUCHOBKHU.

1. MacoBa 4dactka Cep, SIKa BIANOBIAAE «BUAUMIA MaKCUMAJIbHINA PO3YMHHOCTI»
nipu 19+4 °C, € BiTHOCHO BUCOKOIO JjIst MiHepasibhux MacTud: 0,13 mac.% mis XD16-
12) 1 0.164 mac. % nnsa Suniso 3 GS. s ankiiO€H30JIbHOTO MacTUIa Ha MPUKIAIL
Reniso SP 46 «Buamma MakcuMasbHa po34HMHHICTEY Ay»ke Hu3bka 0,00229 mac.%. s
nosoaedipHUX MacTUIl OTPUMAHUMN PI3HUHN pe3ysIbTaT B 3aJIEKHOCTI BiJ MapKu Mac-
tina: 0,0684 mac. % mirsg ProEco RF 22 S ta menm Hixk 0,03 mac. % mis Planetelf ACD
100 FY. Ilpucagku 10 KOMEpIIHHUX MACTHJI OKa3ylOTh CYTTEBUI BIUIMB Ha PO3YUH-
HICTb Ceo.

2. YabTpa3BykoBa 00poOKa Jij1sl NpUCcKOpeHHs po3uruHEHHS Cgp B MACTHIIL CIIPHSLIIA
OTPUMAHHIO MEPECUYECHHUX KOJIOIAHUX PO3YMHIB, SIKI BIAPIZHSIMCS JOBrOTPHBAJIOIO
CTaOUIBHICTIO B 3aJIEKHOCTI Bi Mapku mactuia. Konoigauit po3unn mactiia XD16-
12 3 BmicTom 0,50 mac.% Cgp IposIBUB ceOe sIk cTaOUIbHA CUCTEMaM MPU JJOBFOTPUBA-
oMy 30epiranHi (6 MiICSI[iB), B TOM 4Yac K JUIsl IEPECHUYECHUX KOJOIAHUX po3uuHi Ceo
y mactuiiax ProEco RF 22 ta RENISO SP46 Oyno xapakTepHo BUNIaAaHHs Ocaay Mpo-
TATOM TEPIIOrO TUXKHS 30epiraHHs.

3. Po3unnenns minepanbpHoro mactmia Suniso 3GS 3 Bmictom 0,164 mac.% Ceo
MIEHTaHOM Yy 00’€MHOMY CHiBBIIHOIIEHH] 1:9 HE MPU3BENO /10 MBUIKOTO OCAIKEHHS
arperatiB Cep. OniHaK, uepe3 100y B po3unHi 3'aBUBCs ocaj Ceo, IKHI MOBHICTIO PO3-
YUHUBCS B MAaCTUJI1 MICJIsI BUKUIIAHHS MTEHTaHy. AHAJIOTTYHO PO3YHMHEHHS Mostioiedip-
Horo mactuiia ProEco RF 22 S 3 Bmictom 0,0684 mac. % Cgp TporiaHOM HE TPHU3BEIIO
no ocamkeHHs Cg ipoTsarom 3 rojauH. [licis BUKUaHHs NponaHy MacTHIIO OCaly He
Maiio. [IpoBenenuii ekcnepuMeHT Moaentoe nepeTBOpeHHs «Cgo po3urHEHHS < Cgo
KJIacTepu3allish» B peasibHINA XOJOAUIBHIN CUCTEMI, 10 A03BOJIsiE po3risaaatu Cep K
MEePCHEKTUBHY J0OABKY /10 XOJOIUILHOTO KOMIIPECOPHOTO MACTHUIIA.

4. TlpoBeaeH1 MOCHIKEHHSI BUSABWIN MPOOLTH, SIKI TOTPEOYIOTh MOJAIBIIOTO BU-
BUEHHSI 3 METOIO MOXKIIMBOCTI MPAKTUYHOTO 3acTOCyBaHHS Ceo SIK JOMIIIKH JIO XOJI0 U~
JBHUX KOMIPECOPHUX MACTHII: MOTPIOHO BUBUMUTH PO3UUHHICTD Cgp y 0230BUX MaCTH-
nax (MiHEpaJIbHHX, AJKUIOCH30JbHUX Ta ToiionedipHux) 0e3 MpucajoK; BUBUYUTH
BILUTUB MIPHUCAJIOK JJO MACTUJI Ha pO3YMHHICTD Cgp y 0230BUX MACTHIIAX.
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Khliyeva O., Shestopalov K., Khliiev N., Korniievych §.

Experimental study of the solubility of Cso fullerene in refrigeration
lubricants and in solutions of hydrocarbon refrigerants with lubricants

SUMMARY

Utilizing nano-additives in the compressor oil is a promising way to improve the efficiency
of the vapour compression refrigeration systems. Fullerene Cgo is a promising additive to oil for
reducing wear and friction in the compressor. To apply this additive, the experimental investi-
gation of the Cso solubility in oil and refrigerant is important. The relatively high "apparent
solubility limit" for Ceo of 0.13 wt% for KhF'16-12 and 0.164 wt% for Suniso 3 GS was recorded
for mineral oils. A very low one of 0.00229 wt% was for alkylbenzene Reniso SP 46 oil. For
polyol ester oils, the result depended on the oil type: 0.0684 wt% for ProEco RF 22 S and less
than 0.03 wt% for Planetelf ACD 100 FY. Ultrasonic treatment of the oil containing Ceo facil-
itated the formation of supersaturated colloidal solutions, which, depending on the oil type,
either exhibited long-term stability or rapidly transformed into a true solution with Cep precip-
itation. The experiments indicated that the Cso mass fraction, which corresponds to the "appar-
ent solubility limit" at ambient conditions, depends not only on oil type but on the commercial
additives. Dissolution of Suniso 3GS oil containing 0.164 wt% Cs in pentane at a volume ratio
of 1:9 did not result in rapid precipitation of Csp aggregates. However, Csg precipitate appeared
in the solution, completely dissolved into the oil after pentane evaporation. Similarly, dissolu-
tion of ProEco RF 22 S oil containing 0.0684 wt% Cso in propane did not lead to Cso precipi-
tation within 3 hours. After propane evaporation, the oil did not contain the precipitate. The
experiment simulated “Ceo dissolution & Cso clustering” transformation in a real refrigeration
system, thereby indicating the potential of Cso as an additive to compressor oil.

Keywords: fullerene Cso, hydrocarbon refrigerant;, compressor refrigeration oil; solubility;
apparent solubility limit, colloidal system
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JocaigkeHHs TEMI0aKyMYJJII0BAJIbHUX BJACTHUBOCTEN EOJIITIB MicJIst
MiIKPOXBHJIbOBOI pereHepaiii

B pobomi nposedero docniodcenns kinemuku deciopamayii winbHozo wapy yeonimie 13X i
44, aKi 3acmoco8yromvcsa 015l cucmem HAKONUYEeHHs Menad Ha OCHO8I MEPMOXIMIYHUX NPOYeci8
aocopdyii ma decopoyii. Hasedeno pezyromamu ananimuuno2o 02110y aimepamypHux OaHux,
Ha niocmasi siko20 OMpPUMAHO 8I0OMOCMI NPO epheKxmusHicmb MePMOXIMIYHO20 HAKONUYEHHS
meniomu Yeoaimamu 3a805KU GUCOKI WITbHOCII AKYMYIO8AHHS eHepeli, & MAKONC MOICTU-
gocmi mpusanozo s3depicants 6e3 empam enepeii. Buznaueno, wo npu peeenepayii yeonimie
PAYIOHANILHO 3ACMOCY8AHHA Memoody MIKpOX8unvogoi oeciopamayii. I[Ipedcmaeneno cxemy
eKCnepUMeHmanbHoi yCMaHo6Ku 0Jisl NPO8eOeHHs 00CIIOHNCEeHb MIKPOXEUNIbOBO2O CYULIHHIA Md
MemoOouKy npoeedenns excnepumenmis. Haseoeno pesynomamu excnepumenmis 3 oe2iopama-
yii winbHoeo wapy yeonimie 13X ma 44 6 ymoeax Mikpoxeuib08020 HaA2pigy Npu GUXIOHIN NO-
myorcnocmi maenempony 800 Bm, nouamkosa maca 3asanmasicennsi — 0,1 ke. [lokazani kpuei
SMIHU 80]10206MICY MA MeMNePamypu yeoaimie npu MiKpoxeuiboeomy cyuwiinui. Hasedeno
aManiz xapakxmepy 3miHu 6Micmy 80102u i memnepamypu 0 00CaioNcyeanux yeoanimis. Ilpo-
8€0€HO OYIHKY 81acmMu8ocmel MiyHOCMI Yeonimie 3a pe3y1bmamamu 8U3HA4eHHsl AKOCMI 3epeH
nicin cemu yuxuie copoyii-oecopoyii. Haseoeno pezyrvmamu oyinku menioaxymyno8aibHoi
30amHocmi yeonimie nicis Oeziopamayii 8 MIKpoXeuib08omy noii. Bpaxoeysanocs, wo me-
nioma aocopoyii, wo sUOLIAEMbCA NiCAL 000ABAHHS 800U 00 WLAPY YeoNimis, Uld Ha Hacpi-
8aHMA 800U, eKCNEPUMEHMANbHOI KOMIPKU, Wapy yeonimy i eunaposysanus onocu. Illumoma
menjioma aocopoyii 00Cai0NCYBAHUX Yeoimis sMiHIoEMbCsL 6 medicax 155,5 kl{oc/ke — 216,4
Korc/ke, npu yvomy noxudxa He nepesuwysana 15,7%. Ompumano, wo 3a xapakmepucmu-
Kamu MIiyHOCMi [ N0 MenI0aKyMyat08aibHOI 30amMHOCII NEPeBaNCHUM OJisL CUCEM MepMOXi-
MIYH020 HaKonuuenHs menia € yeonim 13X, oOnax ocmamounuii 6ubip 8UHAYAEMbCS KOHKPe-
MHUMU YMOBAMU 3ACMOCY BAHHSL.

Knrouogi cnosa: mennoaxymynsamopu, mepmoximiuHe HAKONUYEHHs. Menad, MIiKpOXeUuib0o6e
HA2PiBAaHHS, eKCnepuMenm, NOXUOKa, KiHemuKa CyWinHs, MiYHICMb, menioma aocopouyii.

Beryn. OnHuM 13 3aX0/1B 11010 CKOPOYEHHSI BUKH/IIB TAPHUKOBUX Ta3iB Ta 3HU-
’KEHHsI BUKOPUCTAHHS BUKOMHOIO MaJMBa € ONTUMIi3allisl BUKOPUCTAHHS €HEPropecy-
pciB. KittouoBy posib JOCSATHEHHI L1€1 METH MOXKYTh 31TpaTH CUCTEMH TETI0OaKyMYITIO-
BaHHs [ 1, 2]. CucTeMun HAKOMMYEHHS TEIlIa 3/1aTHI 3a0€3MeUYnTH CTINKIIIe eHePreTH-
yHEe Mail0yTHE, MABUILYIOYH €Heproe(eKTUBHICTh MPOIIECIB Ta CIIPUSIIOYH 1HTETpaLlii
BIJTHOBJIIOBAaHUX JKepelt eHeprii. B ocTtaHHi poku BiA3HAYA€THCS 3pOCTAIOUHM IHTEpEC
70 LIEOTITOBUX TEIUIOAKYMYJISTOPiB, BIAMOBIAHO A0 MOUIYKY ONTHMAaJILHOTO BUY Iie-
OJIITIB Ta IOCHIIKEHHs iX BiacTuBocTed [3]. Ilpu mopiBHAHHI PI3HUX THUIMIB CHUCTEM
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HAKOMMYEHHS TEIUIOBOI €HEeprii OTPUMAaHO, 10 TEPMOXIMIYHE HAKOMUYECHHS TEIOTH
IIEOJTIiTaMH 3/IaTHE 3a0€3MeYUTH O1IIBIIT BUCOKY €HEPTrOePEKTUBHICTH MIOJI0 CUCTEM EM-
HicHOTO TUTY [4], IpH IbOMY BTpaTH TeIlIa MiHIMaJIbHI 1 aKyMyJIbOBaHY TETUIOTY MO-
KHa 30epiraTté MpaKkTUIHO «BIYHOY, SKIIO IEOJIT 3aIMIIAeThes cyxum. OaHak yepes
CKJIaJIHy poOOTY CUCTEMH aKyMYJTIOBaHHSA 3 (pazamMu TEIIOBO1 3apsIIKU Ta PO3PSIAKH, a
TaKOX CKJIAJHUX EKCIUTyaTalliiHUX MapaMeTpiB Ta MOPIBHSIHO BHCOKOI BapTOCTI, KO-
MEPIIIITHOTO TIPOPUBY MOKH IIIO HE BIAJIOCS JOCATTH.

ETan perenepariii mapy 11€0iTiB, CyTh SIKOTO MOJISITAa€ y AeTiaparalli, moTpedye
OKpeMoro nociikeHHs. CydacHUM 1 IEPCIEKTUBHUM METO/OM € JIeTiApaTallis 1eoii-
TiB Y MIKPOXBHJILOBOMY TIOJI1, II€H METOJ Ma€ PsJl BAXKJIMBHUX MEpeBar y NOPiBHAHHI 3
TpaaAULIHHUMU CIIOCOOAaMHU: BUMArae MEHILIUX BUTPAT €HEPrii, OCKUIbKH €HEPris mepe-
JaeTbes 0e3MnocepeIHbO MaTepiaily, MEHIIE BTPAT TeIla B HABKOJIUIITHE CEPEIOBHUIIIE,
MEHIINNA PU3UK TEPMIYHOTO MOIIKOHKEHHS IIEOJITY, MOSBU IPIOHUX TPIIIKH 1 TOSBH
IpiOHUX TpimKH. /{151 po3yMiHHS Mpoliecy pereHepartii eosiTiB Ta BU3HAYSHHS palli-
OHAJILHUX PEXXHUMIB MIKPOXBUJILOBOT'O HArpiBy HEOOXI1IHE TOCIIHKEHHS KIHETUKH JIe-
ripaTalii 1eoiTiB, M0 BAXKIUBO JJIs IXHbOT'O MOJAJIBIIOT0 €(eKTUBHOTO BUKOPHC-
TaHHS B PI3HUX MMPOMHUCIIOBHX IMporiecax. MeTor poOoTH € BUBYEHHS KIHETHKHU MiK-
POXBUIILOBOI Aeriaparaiiii reomitiB 13X 14A Ta mojaanbliia oIfiHKa X TeIJI0aKyMYJIto-
BaJIbHOI 3/1aTHOCTI.

Orasin aocaigkeHb 0COOJMBOCTEH HEOJITOBUX TelI0aKymyJasaTopiB. Cuc-
TEMHU HAaKOMUYEHHS TeIJia MpU3HAYeHI NIl aKyMYJIOBaHHS Ta 30epiraHHs TEIIOBOI
EHEeprii JJIA MOJAIbIIOr0 BUKOPUCTAHHS, JOTIOMAraluu 30aJIaHCYyBaTH €HEPTOCHC-
TEeMy, ONITUMI3yBaT €HEPrOCIOKUBAHHS Ta 3HU3UTHU 3aJICKHICTh Bl BUKOITHOTO Ta-
nuBa. Bee OUIBII aKTyaIbHAM CTa€ 3aCTOCYBaHHS IIEOJIITOBUX TEINIOAKYMYJISITOPIB 3a-
BJISIKM YHIKQJIbHUM BJIACTUBOCTSIM II€OJIITIB Ta OCOOIMBOCTSIM TEPMOXIMIYHOTO HAKO-
MUYEHHS TeII0BO1 eHeprii. [{eomiToB1 TermmoakyMyasSTOPH - 11€ XIMI4YHI HAKOTTUYyBayl,
SIK1 JJO3BOJISIFOTH 30€piraTi €HEPTriro MPaKTUYHO 06€3 BTpaT NpoTArom ce3ony [5]. CtBe-
PIUKY€EThCS [6], 110 3 €KOHOMIYHOI TOYKH 30py TakKi MaTepiaiu 3 yHIKaIbHUMH COPO-
[ITHUMU BJIACTUBOCTSIMH, SK IICOTITH, MOXKYTh YCITIIITHO 3aCTOCOBYBATHUCS SIK TEIIIOBI
aKyMYJISITOPU B IIPOMHCIIOBOCTI, IO MPEACTABIIsE BEIUKUI MTPaKTUIHUN iHTEepec. Pe-
3yJNBTATH JOCIHIHKCHHS TETUIOAKyMYJTIOBAIBHHUX IIEOJITIB Ta OIIHKA KIFOYOBHX Iapa-
METPIB, OTPUMAHKUX Ha OCHOBI EKCTIEPUMEHTAIILHUX pe3yibTariB 3 NaY 0e3 cromy4yHoi
pEUOBUHH, IIpecTaBieHi y po0OoTi [7]. ExcnepuMeHTH mokasainy, 110 1eoJiTHa aico-
pO1Iis (TEpMiuHE PO3BAHTAXKEHHS ) BOJIU 3 BOJIOTOTO TIOBITPSI, IO MOJAETHCS B TIIap I1e-
OJIITY, MIPU3BENa 10 MiABUILECHHS TEMIEPATypu B €eMHOCTI pubnu3Ho Ha 46 °C. biib-
ITICTh TOCIKEHb a1copoiii OyIio mpoBenaeHo Ha meomitax 3A, 4A 1 5A, nopsan 3 13X,
OCKUIbKY BOHM HA4aCTIIIE BUKOPUCTOBYIOTHCS Y TPOMUCIIOBHX MPOIIEcax, HMOBIPHO,
yepes3 iIXHI0 KOMEPLIHHY TOCTYIHICTh 1 BIJHOCHO HU3bKY BapTICTh BUPOOHHITBA [8].

ABtopu [7] BU3HAUYWIIM, 10, HA BIAMIHY BiJ] ICHYIOUMX CHCTEM aKyMYJIOBaHHS
TeIJIa Ha OCHOB1 BOJM, IICOJIITOBI CUCTEMHM JOCATaIOTh HIIbHOCTI eHeprii 150-200
KBT'TO1 M 1 103BOJISIOTH 3/1iICHIOBATH CE30HHE 30epiranHs MPakTHYHO Oe3 BTPaT Te-
mia. Y ToM 4ac K CUCTeMU 30epiraHHs SIBHOTO TEIljia, TaKl sSIK HAKOIMU4YyBayl Ha OCHOBI

64



di3nKa aepoaucnepcHmnx cuctem. — 2025. — Ne 63. — C.63-71

BOJIM, € TIEPEJOBUMH y MOOYTI Ta Ha €JIEKTPOCTAHIIISIX, CUCTEMHU 30epiraHHs MpUXoBa-
HOTO Ta, 0COOJIMBO, TEPMOXIMIYHOTO TeIia Bce Ie nmepedyBaroTh y CTafdll po3poOKu
[9, 10].

Tpaauiiiiai cuctemu 30epiraHHs SBHOTO Ta MPUXOBAHOTO TEILIa IIMPOKO BUBUECHI
Ta HUHI JOCTynHI HA puHKY [11, 12]. V 1ol e yac maTepianu A TEPMOXIMIYHOTO
30epiranHs eHeprii MaroTh Npubau3Ho B 3 — 30 pa3iB OUIBINY HIIIBHICTh 30€piraHHs
eHeprii B MOPIBHSAHHI 3 CUCTEMaMHM SIBHOTO 30epiranHs teruia (abo eMmHicHi) 1 B 2 — 20
pa3iB OUIbII BUCOKY, HI)K CUCTEMH IIPUXOBAHOTO 30epiraHHs (BUKOPUCTOBYIOTHCS Ma-
Tepianu 3 (ha30BUM MEPEXOI0M), 3aJIeKHO BiJl BIAaCTUBOCTEH Marepiany [13, 14].

Hocnimkenns [15] mokazanu, o neomt 13X € GiIbll NPUAATHUAM IS YIOBIIO-
BaHHs Ta 30epiraHHs TEIUIOBOI €Heprii, HiX NpupoAHi neomitu. ABTopu [16] npencra-
BIJIM BEJIMKE €KCIIEPUMEHTAIbHE JOCIIKEHHS MIKPOXBHIILOBOT JECOpOIIii 3 BUKOPH-
CTaHHSIM JEKIJIbKOX THIMIB aJICOPOCHTIB (KpEMHE3EeMY, aKTHBOBAHOTO OKCUIY aJIIOMi-
Hito, 11eoniTiB NaX 1 NaY) Ta pi3Hux ajgcop6ariB (BOJIU, TOIYOITY, METHILIMKIOTEKCaHY
Ta H-rentany) npu 50 BT MikpoXBHIIbOBOI MOTYXHOCTI. OTpUMaHO, 1110 MOTJIMHEHA Mi-
KPOXBUJIbOBA MOTYKHICTh MBUJKO 301IBIITYETHCS JJIs1 000X LIEOJIITIB Ha MOYATKY MPO-
necy. IlotiM, B mporieci aeriaparaiiii, BOHa pi3KO 3MEHIIY€EThbCs s 1eoity NaY i
30UIBIIY€EThCS TPOXH 118 1ieotiTy NaX.

B [17] naBeneHi eKcrepuMEHTaIbHI pe3yibTaTh neriapatanii meomity NaX.
OTpuMaHoO, 110 B ONTUMI30BaHIM J1a0OpPaTOPHIM CUCTEMI MOKJIMBE MOTJWHAHHS HE
menie 90% magaroyoi MIKpOXBHIIBOBO1 IOTYKHOCTI, JIET1ApaTaIlis B MPOIeci MiKPOX-
BUJILOBOTO HArpiBy B MOPIBHSHHI 3 KJIACUMYHUM MpPOIECOM ajcopOuii 3abe3mneuye Oi-
JBIIY €KOHOMIIO €Heprii mpH 3017bIIeHH] HIIBHOCTI MIKPOXBHUJIBOBOI MOTY>KHOCTI
(exonowmis ereprii 39.9% npu 2.26 kB1/kr). B ekcnepuMenTax 3 MiKpOXBUILOBUM Ha-
IpIBaHHAM  BHUKOpPUCTOBYBajmucsi  MojekymsipHi cura 13X (1.0:1.0:2.5:x
Na,0/Al,05/S10,/H,0) chepuunoi popmu 3 giamerpom 3 — 6 mm. [Ipote aBTOpu 3a-
3HA4aloTh, 110 METOJ MIKPOXBHJILOBOI JAETiipaTallii moTpedye HaJle)KHOT 1HXKEHEPIi Ta
peTenbHOro npoekTyBaHHsa. KitouoBuMu (paktopamu € AieNeKTpUUHI BIACTUBOCTI CHU-
cteMHu (afcopOeHT Ta ajcopOar), MpaBUIbHA KOHCTPYKIlIS 00JIaIHAHHS 3 TOUKH 30pYy
e()EeKTUBHOTO MPOHUKHEHHS MIKPOXBHWJIb Yy TBEPJE TIJI0 aacOpOCHTY Ta MiHIMi3allis
BIJIOUTTS MIKPOXBUJIb Y CUCTEMI.

PesynbraTu [18] miaTBepamu, o 1ecopOIlis Mpu MIKpOXBUIBOBOMY HarpiBaHHI
— 1€ MBUAKUN Ta eheKTUBHHH crociO pereHepartii acopOIiiHUX MIapiB, MO Y ASAKUX
BUIIAJIKaX MPU3BOIUTH A0 €KOHOMII €Heprii MOPIBHIHO 3 KIACHYHUMU MeTosaMu. Pe-
3ynbpTaTH [ 19] mokazanm, mo mpaBwiIbHA OMTHMI3aIis KOH]ITyparlii peakropa 103B0-
JIsi€ IPOBECTH IMIBUAKY pereHepaiiro meomiTiB 13X 3a 70moMoror MiKpOXBUILOBOTO
BUIIPOMIHIOBaHHS 3 €HEProeeKTUBHICTIO (PO3PaXOBY€EThCA SK BITHOILIECHHS €HEprii,
110 TIOTJIMHAETHCS EICKTPUIHOI0 MEPEXKEIO JIJIs TeHepallii MiKpOXBUJIb, 10 €HEPrii, 110
MIEPETBOPIOETHCS MIEOTITAMU B TEIUIO) 110 75 %, perenepaiiii. [loBToproBaHiCTh pe3yib-
TatiB azcopOuii Ta aecop6iii CO, CBITYUTH PO BIACYTHICTH 3MiH Yy LI€O0JIITAX MICIs
MIKPOXBHJIBOBOTO ompomiHeHHs. CTBep/KyeThCs [19], 110 MeTo MIKpOXBHIBOBOTO
HarpiBy € NPUIUHSATHOIO ATbTEPHATHBOIO TPATUIIIMHOT TEPMIYHOT pereHepariii, 30KpemMa
3 MOTJISY eKoJIoriyHo1 Oe3neku. [Ipu nboMy enekTpoeHepris, HeoOXiaHa AJ1sl TeHepa-
1111 MIKpOXBHJIb, MOKE OYTH OTpUMaHa 3 BIIHOBJIFOBAHUX JiXKepen (BITep, COHIIE), a HE
[UIIXOM CHAIIOBAHHA KOTAJIMH, SIK Y BUMIAJKY TPAJULIMHOI TEPMIYHOI pereHeparii.
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J111 mepeBipKy BIUIMBY MiKpOoXBHIIbOBOro HarpiBy (MH) Ha agcopOuiiini BiacTu-
BOCTI 11eostiTy [20] OyJi0 mpoBeaeHO KiJIbKa MOCIIIIOBHUX IIUKIIIB a1COPOIii-necopOrii.
Pesynbratu cBimuath, mo MH He momKkoKye CTpYyKTypy LEOJITY, TOIl K MPUCYT-
Hictb H>O, N,O ta O, y nmoTorii rasy, 1o pereHepye, 3HIKY€e aacopOIiiiHy €MHICTb,
SIKY MOYKHA BIJTHOBUTH 3a JIOTIOMOT'0I0 MIKpOXBHJILOBOT0 Harpiy mpu 350 °C —400 °C.
binbu roro, MH 3abe3neuye ekonomiro eHeprii 63 % Tta npoayBHoro raszy 1o 82,5 %
MOPIBHSHO 3 TPAAMIIIHHUM MPOLIECOM pereHepariii.

[TopiBHsiHHS pe3ynbTatiB [21] 3 pe3ynbraTamu, NpeACTaBICHUMHU B JITEpaTypi,
MPOAEMOHCTPYBAJIO, 1110 MIKPOXBUJILOBE HATPIBaHHS IIAPY LIEOMITIB MOKE OyTH OUTBII
eHeproeekTUBHUM, Hi>k KoHBekTHUBHE HarpiBanHs (KH). binbiie Toro, 3 mpoBeaeHoro
MOJIETIIOBaHHS BUIUIMBAE, 110 MIATPUMAHHS OJHAKOBOI TEMIIEpaTypH Liapy aacopoe-
uty npu MH 1 KH 31 36inbmeHHsIM BUTpaTH ra3y 301IblIye €HEProCIIOKUBAHHS TTPH
KH 1 3amxye kputnyHi KoepiieHTH €PeKTUBHOCTI, TUM CAMHM I1IBUIYIOYH €KOHO-
MiuHy edekTuBHICT MH. MeTo BUKOpHUCTaHHS MIKPOXBUJILOBOTO BUIIPOMIHIOBAHHS
AK JDKEpelia Teruia AJi perenepariii aacopOiiitHoro Marepiainy COpUMaEThCs SIK CTpa-
TET1s MiABUIIEHHS eHEeProe(PeKTUBHOCTI pereHepariii 1eomiTis [22].

3HaHHS KIHETUKHW CYIIIHHS JOMOMarae nependayuTH, K MBUAKO CUCTEMa MOXKe
MiArOTYBaTUCS 0 HOBOTO IIMKITY HAaKOMUWYeHHs Teruia. [{e 0co6irMBo BaXKIMBO 7151 CH-
CTEM 13 CE30HHHUM 30epiraHHsM, J¢ TPUBAIICTh IIUKJIIB Ta iX IIBUJKICTH Oe3rocepe/-
HbO BIUIMBAIOTh HAa €(PEKTUBHICTh. BUBUEHHS KIHETHKU CYIIIHHS IEOJITIB J03BOJISE
BHU3HAUWTH ONTUMAaJbHI MMapaMeTpu MPOIECCY pereHepallii, a TakoX BUOpaTu Haul-
OUIBII BIMOBIAHY KOHCTPYKIIIO MPUCTPOr0. Y [23] mpoBeneHo AOCTIIKEHHS KiHe-
TUKH TUKITYHOTO Ta 0€3MepepBHOT0 MIKPOXBUILOBOTO CYIIIHHS 1EOiTy 4A 3 HacuIl-
HOO HIUIbHICTIO p=780 Kr/M°> Ta piBHOBa)KHUM BoJoromicToM 13,4 %. Ipoanainizo-
BaHO MO>JIMB1 IPUYMHU TIEPEPO3TOLTY TEIIOBUX MOTOKIB HA BUTIAPOBYBAHHS Ta Ha-
rpiBanHg B mpouect cyminag. Xia kpuBux KKJI Bka3zye Ha 3MiHy Ji€IeKTPUYHHUX Xa-
PAKTEPUCTHK LIEOJIITY B IIPOIIECT CYIIIHHS.

AHaTITUYHUHN OTJIS TITEPATYPHUX JIXKEPEIT I03BOJIMB 3pOOUTH BUCHOBOK, IO JIJIS
TEIJIOAKYMYJTIOBAIbBHUX CHUCTEM, II0 BUKOPUCTOBYIOThH LEOJITH, PAIlllOHAIBHO 3aCTO-
coByBatu 13X 1 4A, npu 1IbOMY CIIiJ] OIIHUTH X BJIACTUBOCTI 3aJI€KHO BIJl KpaiHU-
BUPOOHUKA 3a TEIJIOTOIO aJcopOIlii Ta XapaKTEPUCTUKAMHU MIITHOCTI B 3aJIEKHOCTI BiJT
[UKJIIB 3aPSIAKU-PO3PSIKH.

Marepiajan Ta MeTOAU NPOBEAEHHS AOCTiIXKeHb. J[OCTIIKEHHS] TPOBOIUIUCH
Ha 1eouiTi 4A (BUpoOHMITBO YKpaiHa) 3 HACUITHOK MILIbHICTIO p=780 Kr/M>, LeomiTi
13X BupoOuunTa Kuraii (nami - neomit 13Xk) 3 HacMIHOO miinbHicTIO p=680 Kr/M>
Ta Ha 1eomiTi 13X BupoOHuinTBa YKpaina (nani - meoit 13Xy), 3 HACUITHOK HIIJIbHI-
¢TI0 p=726 kr/M>. DOTO TOCIHIIKYBaHUX LEOIIITIB IIpeCTaBIeH] Ha puc. 1.

ExcniepumenTanbHi AOCTIIKEHHS MPOLECY JeriapaTallii eoiTiB MPOBOAMIN Ha
1abopaToOpHIi YCTaHOBIIl, CXeMa SKO1 MpeICTaBlIeHa Ha pUC. 2. YCTaHOBKA MICTHUTh
TaKi OCHOBHI €JleMeHTH: | — IBepIsiTa; 2 — MarHeTpoH; 3 — BEHTUJISITOP CUCTEMH OXO-
JIOJIKEHHSI MarHeTpoHy; 4 — eKCIepUMEeHTalbHa KOMIpKa 3 MarepianioMm sl JOCIi-
JDKEeHB; 5 — poboua kamepa; 6 — eneKTpoHarpiBay; 7 — BEHTUIISATOP.

VY kamepy NpsMOKYTHOTO Tepepi3y MoAaBaiach MiKpOXBHIIbOBA €HEPTisl B1J Mar-
HETpOHa 3 yacTtoToro reneparii 2,45 I'T'1y 1 perynboBaHoOO MOTYXHICTIO. JlocimKyBa-
HUN Marepian 3aCUIaBCsl B €KCIEPUMEHTAIbHY KOMIPKY, BUTOTOBJIEHY 3 CITYaCTOIO
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(@) (6)

Pamionpo30poro Marepiaay i po3TalloByBaBCs B
MIKpOXBHJILOBY KaMepy, Micisl YOro BKIFOUABCS
MarfHeTpoH. Yepes 3a7aHi MPOMIKKH yacy Mare-
plaj BUTATYBAJIM 1 3Ba)KyBaJId HA €JIEKTPOHHUX
Barax TBE-0,5-0,01 mist BU3HaYeHHS KIJIBbKOCTI
BOJIOTH, III0 BHIIapyBajiacs. BuMmiproBaHHS TeM-
nepaTypu MPOBOIUIIUCS 32 JOMTOMOTOI0 MYJIbTH-
Metpa ACCTA AT-280, 1y sikoro momimaBcst
B IIIap IIEOJIITY BiJpa3y IiCJIsi BAMKHEHHS MarHe-
TpoHa. Y cTaHOBKA 3a0e3meuye MpoBeCHHS JJ0C-
THKeHBb y peKUMax MIKPOXBUIBOBOTO Ta MiK-
POXBUJILOBO-KOHBEKTUBHOTO CYLIIHHS.
OTpuMaHi MepBUHHI JaHl OyJIM OCHOBOIO
i moOyA0BU KPUBUX KiHETHKH cyuriHHs. [o-
YaTKOBHM BOJIOTOBMICT IICOJITIB PO3PaxoBY-
BaJI SIK PIBHOBOKHHU NIJISXOM BimOopy mpoOu
MacoI0 My, 3 MAPTIi HEOITY 3 MOJANBIIUM BUCY-
ITyBaHHSM ii 0 HYJbOBOT'O BMICTY BOJIOTH 1 BU-
3HAYEHHSIM Macu Mcyx. PIBHOBa)KHY BOJIOTICTB U,

PO3paxoBYBAJIH 32 TAKOIO (hOPMYIIOFO:
Mgy — Meyx
U, = e x (1)

Meyx

(8)
Puc. 1. ®otorpadii 1meomiTiB, M0 AOCTIHKYBAIUCH Y pOOOTI
a—4A,06- 13Xy, B— 13Xk

Puc. 2. Cxema ycTaHOBKM JJ1s1 1OC-
JPKEHHS. KIHETUKU CYIIiHHS JHC-
MIePCHUX MaTepiaigiB MpU MIKPOX-
BUJILOBOMY Ta KOHBEKTHBHOMY Ha-
rpiBaHH1

[Tix vac 0OpoOKM JaHUX BU3HAYAIOTHCS TaKl 3HAUCHUS:

- Maca BOJIOTH, 1[0 BUITApyBajacs:
Am=m —m
- MOTOYHHI BMICT BOJIOTH:

61.1

4

m

cyx

i+12

KT, (2)

u =" , KT/KT, 3)

Jie m,,, —Maca BOJIOTU B MaTepiali B i-My BUMIpI, m,, —Maca CyXxoro mMarepiay.
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Puc. 3. 3mina BojoroBmicty (a) i Temnepatypu (0) IEOoiTiB PHU MiKPOXBUIHOBOMY
cymnsHi: 1 — neomit 13Xy, 2 — neonit 4A, 3 — neomt 13Xk

ExcriepuMeHTH NpOBOAMIIN HA LIEOMITaX 3 PIBHOBAKHUM BOJIOTOBMICTOM 1 3 BO-
JIOTOBMICTOM, 1110 BU3HAYABCS CTAIEI0 PO3PSAIKU IPU KOHTAKTI 3 BOJAOIO.

BuxigHa noTyXHiCTh MarHeTpoHa y Bcix gociigax cranoBuia 800 Bt, mouatkoBa
Maca 3aBaHTakeHHs 1eoity — 0.1 kr.

Pe3yabTaTtu Ta 00roBopenHs. ExcriepruMeHTaNbH1 3aJ€KHOCTI 3MIHH BOJIOTOB-
MICTY 1 TeMIIEpaTypHu B 4aci IpU MIKPOXBHJILOBOMY HarpiBaHHI NMPEICTABJICH] HA PUC.
3. 3aKoH 3MiHU BOJIOTOBMICTY 11€oJiiTy 13 X, sk BUAHO 3 puC. 3a, HE 3aJEKUTh BiJ
KpaiHU-BUpOOHMKA Ta PopMu yacTUHOK. CyliHHS 11€0ITy 4A B1I0YBA€THCS MEHIII 1H-
TEHCUBHO, 1110, HAIMOBIpHIIIe, MOSICHIOETHCA BEIMKUM PO3MIPOM YAaCTUHOK. Xapak-
Tep 3MIHU TeMIIEpaTyp MOKa3ye, 110 3a MPAKTUIHO OJTHAKOBOI BUX1IHOI BOJIOTOCTI Iie-
omTiB 13Xy 1 4A xpusi 1 i 2 noni6ni. Lle cBimunTh npo te, 1o iX AieTeKTPUYHI Biac-
TUBOCTI OJIM3BKI 3@ 3HAUECHHSAM. MEHII IHTEHCUBHE 3pOCTaHHS TeMIIEpaTypH LEOITy
13 Xk MOXHa MOSCHATH BUIITUM TTOYATKOBHM BOJIOTOBMICTOM, BHACITIIOK YOTO BEJIMKA
(TTOP1BHSHO 3 LIEOTITAMH 3 MEHIITUM BOJIOTOBMICTOM) YaCTUHA MIKPOXBHJIBOBOT €HEPTii
WIUTa Ha BUMTAPOBYBAHHS BOJIOTH, & HE HA HATPIBaHHS MaTepiany.

ExcniepumenTu nokaszanu, 1mo neomt 13Xk XxapakTepu3yeTbes KpaliuMHy BIacTH-
BOCTSIMH MIITHOCTI 1 BUTpUMY€E 0€3 MEXaHIYHHMX MOIIKOKEHb OlIbITY KUIBKICTh ITUK-
JiB copOuii-gecopOirii B mopiBHsAHHI 3 1eoiiToM 13Xy 1 4A. JIis OWiHKHA 3aTHOCTI
BUTPUMYBATH LIUKJIU COPOIii-aecopOiiii 6e3 pyiHyBaHHS 3epeH OyJI0 BU3HAUCHO BiI-
HOCHE 3MCHIIICHHS MAacu HE3pYWHOBAHUX IICOJIITIB, AKE Y Iill poOOTI BU3HAYAJIOCS SIK
BIJTHOIIICHHS] MACH 3€pEH, 10 3aJHIIUIUCA HEMOLIKOKEHUMHU MICHsl MPOXOIKEHHS
IIUKJIIB copOIIii — aecopOirii, 10 moyaTkoBoi iXxHboi Macu. ITicis crasii necopOiii 1eo-
JITH MPOCIBATIN YePe3 CUTO, SAKE MPOITyCKaIO MOIIKOKEHI 3epHa 1 BU3HavYanocs ii 3Ha-
gyeHHs. [licas cemu mukmiB crman macu 1eonmity 13Xk ckinaB 0%, 13Xy - 4,3%, 4A -
14%. Takum 4UHOM, KpAIIUM 3a BJIACTUBOCTSAMH MIIHOCTI € 13X, mpoTte #oro Bap-
TICTh 1ICTOTHO BHIILIE, BHACTIJOK YOrO BUOIp LIEONITY 3aJI€KHUTh BiJ KOHKPETHUX 3a-
BJIaHb.

JIJ1st OTIIHKH KITBKOCTI TETIOTH, 10 BUIISETHCS MPU COPOITii BOJIOTH II€0TITAMH,
BUKOPHUCTAJIM HACTYITHUN MeTo. [{o 1eomiTy micis Horo perenepartii B MikpOXBUJIbO-
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BOMY TIOJII Ta HOTO OXOJIO/DKEHHI JI0 TEMITEpaTypy HaBKOJHUITHHOTO CEPEIOBHINA J10-
JaBajiacsl TUCTHIIbOBaHA Bojia. [Ipu KOHTaKTI 1EOMITy 3 BOAOK 3a(piKCOBAHO BHUJII-
JIEHHSI 3HAYHOI TEIJIOTH aJIcOPOIIii, s OLIIHKHM ii 3HaUYCHHS OyJIM MPOBEICHI TEIJIOBI
po3paxyHkH. BpaxoByBayocs, 1o TerioTa aacopOrii inuta Ha HarpiBaHHS Bogu Q,
eKCIIEPUMEHTANIbHOT KOMIPKH Qy, Iapy 1eomiTy Qy 1 BUnapoByBaHHS BOJIOTH Q. [1i-
CJISL ToZaBaHHS BOM JI0 IIapy IEOJiTiB eKCIIepUMEHTAIbHA EMHICTh 3aKpUBaIacs KpH-
KO0, Ha SIKOT, IK OYyJI0 MOMIY€HO, KOHJCHCYBaIKCs mapu Boau. Lle Bu3Haumio Heoo-
X1IHICTh ypaxyBaHHS TEIUIOTH BUMAPOBYBaHHS, P [IbOMY KiJIbKICTh BOJIOTH, 1110 BU-
napyBayiacsi, BA3HAYAIOCS 3BAKYBAaHHSIM KPHUIITKHU TTICIISL 3aBEPIICHHS MPOIIECY.

VY KIHIIEBOMY BUTJISAL 3aJI€KHICTD JJIsl pO3pPaxXyHKy TEIUIOTH afcopOiii HabyBae
HACTYITHOTO BUTJISAY:

0=0,+0,+0.+0,,. (4)

Pe3ynbraTtu ekciepuMeHTy MmoKa3aJu, o MpH JoaBaHHi Boau Macoro 0,1 kr mrap
neonity 13X macoro 0,07 xr mpu modarkoBiii Temmepatypi 25 °C, cepenns (3a pe-
3yJbTaTaM¥ TPHOX MOBTOPIB) MTUTOMA TEIJI0Ta aacopoiii cranoBuTh Q=216,4 xJIX/KT.
[Toxubka mpoBeaeHHs eKcnepuMeHTy ctaHoBuiIa 137 %. AHaIOrIYHUM YUHOM OYJIH
npoBe/eH] ekcriepuMenTu 3 neomitoM 13Xy ta 4A. [lng ueonity 13Xy Ternora azaco-
pOii cranoBmina Q=167,4 kJ[x/kr, nis neomity 4A — Q=155,5 kJ»x/kr. [loxubka mpo-
BEJICHHSA eKCcTiepuMeHTiB ctanoBuia 13,7 %, 14,2 % ta 15,7 % BinmoBinHo. Takum 4u-
HOM, 3aCTOCYBaHHS 1eoniTy 13Xk y cuctemax TepMOXIMIYHOTO HAKOTIMUEHHS TeIlia €
KpaIyM.

BucnoBku. Ileomit 13Xy XapakTepu3yeTbes KpaluMu XapaKTEPUCTUKAMH Mill-
HOCTI 1 BUTPUMY€E OUIBITY KUIBKICTh IIUKJIIB COPOIIi-1ecopOIii B MOPIBHIHHI 3 11€0JIi-
toM 13Xy 1 4A. Brparta neonity 13Xk micis TppoX IUKIIB cOpOIlii-aecopOiii ckiaia
0%, 13Xy —4,3 %, 4A — 14 %.

ITuroma temnora aacopOuii neodnity 13Xy cranoButh Q=216,4 xJ[>x/KT, 1715 11€0-
mity 13Xy Temiora agcop6itii cranoBmia Q=167,4 xJx/xr, ais neomnity 4A — Q=155,5
kJx/kr. [loxubka nmpoBeneHHs excriepuMeHTiB ctaHoBuna 13,7 %, 14,2 % ta 15,7 %
BIJIMOBITHO. 3acTOCyBaHHSA 1eoNiTy 13Xk y cucTeMax TepMOXIMIYHOTO HAKOTTMYCHHS
TEIJIa € KPAIIUM.
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Boshkova 1. L., Volgusheva N. V., Hrechanovskyi A. P.,
Kriatov A. H., Kravchenko Ye. O.

Research on the heat storage properties of zeolites after microwave
regeneration

Summary

The paper studies the kinetics of dehydration of a dense layer of zeolites 13X and 44, which
are used for heat storage systems based on thermochemical adsorption and desorption pro-
cesses. The results of an analytical review of the literature data are presented, on the basis of
which information was obtained about the efficiency of thermochemical heat storage by zeolites
due to the high density of energy storage, as well as the possibility of long-term storage without
energy loss. It was determined that the microwave dehydration method is rational for the re-
generation of zeolites. A diagram of an experimental setup for conducting microwave drying
studies and a methodology for conducting experiments are presented. The results of experi-
ments on the dehydration of a dense layer of zeolites 13X and 4A under microwave heating
conditions at a magnetron output power of 800 W, the initial loading mass is 0.1 kg. The curves
of changes in moisture content and temperature of zeolites during microwave drying are shown.
An analysis of the nature of changes in moisture content and temperature for the studied zeolites
is presented. The strength properties of zeolites are assessed based on the results of determining
the quality of grains after seven sorption-desorption cycles. The results of the assessment of the
heat storage capacity of zeolites after dehydration in a microwave field are presented. It was
taken into account that the heat of adsorption released after adding water to the zeolite layer
was used to heat the water, the experimental cell, the zeolite layer, and the evaporation of
moisture. The specific heat of adsorption of the studied zeolites varies within 155.5 kJ/kg —
216.4 kJ/kg, while the error did not exceed 15.7%. It was found that zeolite 13X is preferable
for thermochemical heat storage systems in terms of strength characteristics and heat storage
capacity, but the final choice is determined by the specific conditions of use.

Keywords: heat accumulators, thermochemical heat storage, microwave heating, experi-
ment, error, drying kinetics, strength, heat of adsorption.
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CTpyKTypa Ta eJIeKTPUYHI BJIACTUBOCTI AaHTUMIKPOOHMX MOJIMEPHUX HAHOKOM-
MO3UTIB, HATIOBHEHNX BYIJIeeBUMHU HAHOTPYOKAMM Ta HAHOYACTHHKAMM cpilJia

Y pobomi oocniosceno cmpykmypy, erekmponpogioHicms ma anmuMiKpoOHi én1acmugocmi
HAHOKOMNO3UMI8 HA OCHOBI NOJieMUIeHOKCUOY, MOOUPDIKOBAHUX bazamowaposumu gyaieye-
sumu nHanompyoxamu (BHT), nanouacmunxamu cpiona (H4C). Memooamu penmeenocmpyx-
MYPHO20 AHANI3Y BCIMAHOBIEHO, WO 86€0EHHs HANOBHIOB8AYI8 PIZHUX MUNIE NPUBOOUNMb 00 3HU-
JHCEHHsI CMYNeHsl KpUcmaniyHocmi nonimepHoi mampuyi. Hatibinoue npueHivenHs Kpucmaniy-
HOCMI cucmemu CnOCMepieanocb npu HANOBHeHHI 2iopudHUM HanosHisawem. Memooom imne-
OAHCHOI CNeKMPOCKONii BUABIEHO NEPKOJAYIUHY NOBEOIHKY eleKMPONPOGIOHOCMI 3i 3HAYEH-
HAMU neproaayiinux nepexodie: 0,5% ons BHT, 1% ons H4C ma nuwe 0,3% 03 2iopuonozo
HanosH6a4a. AHMuMIiKpoOHi 00CTIONCEHH NOKA3ANU, WO 2IOPUOHI KOMNO3UMU € Hallegek-
musHiwumu npomu S. aureus, E. coli ma C. albicans, demoncmpyrouu 30nu in2ioiyii 0o 16 mm.
Ompumani pe3yniomamu niomeepoH#Cyioms NepCneKmuHicms KOMOIHOBAHUX HAHOHANOBHIOBA-
4ig OJis1 CMBOPEHHsl (PYHKYIOHATbHUX MAmepianié 3 NOKPauweHUMU eleKmponposioHumu ma oi-
OYUOHUMU BTIACMUBOCMAMU.

Knrouoei cnoea: eyeneyesi nanompyoxku, HaHOYACMUHKU cpibna, nonimepHi HAHOKOMNO-
3umu, eneKmpudHa NepKoIAYisa, CMyniHb KPUCMALIYHOCMI, AHMUMIKPOOHA AKMUBHICb.

HaHoTexHOom0r1i BIZKPUBAIOTh HOBI TOPU30HTH Yy CTBOPEHHI MaTepialliB 3 YHIKa-
JHPHUMH BIACTHBOCTSAMHU, HEJOCSHIKHUMHU ISl MAKPOCKOIMIYHUX CHCTEM. YTIPOJIOBXK
OCTAaHHBOTO JECATHIITTS CIOCTEPITA€EThCS 3HAYHE 3POCTAHHS KUIBKOCTI IMyOJIiKaliii,
MPUCBAYEHUX TMOJIMEPHUM HAaHOKOMIIO3UTaM 13 aHTUMIKpOOHO Aieto [1]. Y Takux
CUCTEMax KJIOYOBY pOJb BIJIITPAIOTh HEOPraHIuYHI HAHOYACTHHKHU (30Kpema, cpidina,
Mi/Jll, IUHKY, TIOKCUTy TUTaHy), K1 3a0€3Me4yI0Th TPOJOHTOBaHY aHTHOAKTEpiaIbHy
aKTUBHICTH 0€3 MoTpedu 10AaTKOBOI 00pOoOKH. 30KpeMa, BUKOPUCTAHHS HaHOYACTH-
HOK cpibna (HYC) y ckiaji nmoxiMepHUX MaTpullb A03BOJISIE €EKTUBHO pealli3yBaTH
AHTUMIKpOOHUI MOTeHMial cpibiia 6e3 MEPEeBUIICHHS TOKCHKOJIOTTYHO Oe3MeyHuX
koHuentpaiii [2]. HUC 3gaTHi iHri0yBaTH pICT MIHUPOKOTO CHEKTPa IPaM-IMO3UTUBHUX
Ta rpaM-HETaTUBHUX OaKTEpiid, a TAKOK MIKOTHYHOI MIKPO(IIOpH, IJITXOM B3a€EMOJIT
3 KJIITUHHOIO MeMOpaHoro, TeHepallii akTuBHUX (opm KucHio, pyiinyBanusa JJHK Ta
MOpyLIEHHS METa00MIYHMX NpoueciB y KiiTuHI [3]. Kpim Toro, Byrienesl HaHOTpYOKH
(BHT), u10 Boi0A1t0Th BUCOKMMHU MEXaHIYHUMHU, €ICKTPUUYHUMHU, TETUIONPOBITHUMHU
Ta MOBEPXHEBUMH XapaKTEPUCTUKAMH, IIUPOKO AOCIIIKYIOThCS SIK apMyBaJIbHI Ta (Y-
HKITIOHAIbHI HaHO()A30Bi KOMIOHEHTH A7 ToniMepis [4]. IxHa 3maTHicTH 10 cTBO-
PEHHS NEePKOJILIMHUX CITOK y MaTpulll, y4acTb y (hopMyBaHHI MiXK(a3HOi B3aeMOAIT
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Ta CIPUSHHA TpaHcnopTy 3apsaaiB poossate BHT ocobnmBo npuBabauBrMHU MpU CTBO-
PEHH1 eJIeKTPONPOBITHUX a00 CEHCOPHUX MaTepialiB [S5].

[Ile OubIIMIT HAYKOBUN Ta MPAKTUYHUM THTEPEC BUKIIMKAE OJTHOYACHE BUKOPHUC-
tanas HUC Ta BHT y ckmaai moixiMepHoro koMmosuty [6]. Takuit riOpuaHuii miaxis
J03BOJIsI€ HE JuIle 00’ €IHATU MEpeBaru OKPEMUX KOMIIOHEHTIB, a M TOCATTH iXHBOI
CUHEPTIi — AKICHOTO MOCHUJICHHS BJIACTUBOCTEH MaTepiaiy 3aB/siKd B3aEMO/I1i HaHO(a3
Mk coboro. Hanpukinan, BHT moxyTts Buctynaru sk Hocii aiis HUC, cipusitoun pis-
HOMIPHOMY iX PO3MOJLTY Yy MOJIMEPHIN MaTPHUIIl Ta 3MEHILYIOYU TEHAESHIIIO JI0 arpe-
raiii [7]. HatomicTe npucyTHICTh cpi0na Ha noBepxHi BHT mMoxe nocuiitoBaTu enex-
TPOMPOBITHICTh KOMIIO3UTY a00 HaJaBaTH MOMY HOBUX (DOTOKATaTITUYHUX BJIACTUBO-
cTei. 3aBAsSKH IbOMY KOMOIHOBaH1 HAHOKOMITO3UTH Ha ocHOBI noJiiMepis, BHT 1 HUC
MOXYTbh JIEMOHCTPYBATH HE JIMIIIE BUCOKY MILHICTb, IPOBIIHICTh 1 CTAOUIBHICTD, a U
BUpPAXXEHY aHTHUMIKPOOHY aKTHBHICTb, II0 POOUTH iX 171€aTbHUMU KaHIUJATaMU IS
3aCTOCYBaHHS y MEJUIMHI, (papMaIleBTHUIIll, XapUOBii MPOMHCIIOBOCTI, a TAKOX y CTBO-
PEHH1 MOKPHUTTIB JIJI IOBEPXOHBD, 110 MiJIJISITAI0Th YaCTOMY MIKpOOHOMY 3a0pyTHEHHIO
(XipypriuHi IHCTPYMEHTH, NaKyBaHHS, (GiIBTPU TOIIIO).

IMocTanoBka 3aaa4i. OgHUM 13 MEPCIIEKTUBHUX METOAIB Mo M dikarii moaimMep-
HUX MaTepiajiB € BBEJCHHS B MaTPUII0 KOMOIHOBAHOTO HAIMOBHIOBAYa, SIKUH 371aTeH
MOKPAIIUTH XapaKTePUCTUKH 1 BOJHOYAC HAJATH KOMIIO3UTaM TeBHI (YyHKIIIi, Hallpu-
KJIaJl, aHTUMIKpOOH1. Y poOoTi [8] maBHO BiIOMUI aHTUMIKPOOHMU areHT (Ag), OyB
MoAM(DIKOBaHUI NUIAXOM T10Opuan3aliii HAHOMAaTepialliB pI3HUX PO3MIpIB, a Ha ByTJe-
LIEBUX HAHOTPyOKax OyJiM CUHTE30BaHI HAHOYACTUHKHU CpPi0jia KOHTPOJIHOBAHUX PO3-
MipiB (95-200 um) Ta pizHuX hopm (Ky0, cHIKMHKA Ta cdepa). OTpruMaHi HAHOT1OpUAH
HUC-BHT nponeMoHCTpyBaiu  3HAYHO  BUIY  €(PEKTHBHICTH  3HUIICHHS
Staphylococcus aureus nopiBagao 3 HUC npu Tiii camiii MOJIApHIA KOHUEHTpalli Ta
MOKa3aJil CUHEPTri3M y 3HuleHH1 S. aureus nipu 0,2 ta 0,4 MM.

Y po6oTi [9] aBTOpH YCHIIIHO CHHTE3YBaIM IOPUIHI HAHOKOMITO3UTH 31 HAaHOYa-
CTUHOK cpi0iia Ta 6araTomapoBux ByrielneBux HaHOTpyOok (HUC-BHT) exonoriuaum
OJIHOCTaJAITHUM METOJ0M 0€3 BUKOPUCTAHHS Oy/b-IKOTO OPraHIYHOTO PO3YMHHHUKA.
Cunre3 Ta npukpimienas HYC no nosepxui BHT npoBoamiucs oqHOYaCHO NUISXOM
XiMiuHOTO BiHOBJIEHHA. Ha mogaTok j0 ix cuHTe3y, Oyno nposenene crikanas HUC-
BHT 3a xiMHaTHOI Temniepatypu. Pe3ynbraTl mokasaiiu, 1o IuliBKa 3 riOpuJIHUM Ha-
MOBHIOBAYEM Ma€ rapHi BJIACTUBOCTI, TaKl SIK BUCOKA MIIHICTh HA 3rMHAHHS, BUCOKY
MIPO30PICTh TA BUCOKY €JIEKTPOIPOBIAHICTh, 1 TOMY MOX€E OyTH €()eKTUBHOIO 3aMiHOIO
3BUYANHUX IJIIBOK OKCHJY 1H/A1I0-0JIOBA 3 HU3bKOIO THYUKICTIO.

JUist oTpuMaHHsl (PYHKIIOHAJIbHUX HAaHOKOMIO3UTHUX MaTepianiB Krainoi et al.
3MilIyBaJv TOpUIHUI HAIOBHIOBAY 3 BYTJIELEBHX HAHOTPYOOK Ta HAHOYACTUHOK Cpi-
os1a 3 HatypasibHUM KayuykoMm (HK) y cnieignomenni BHT:HYC = 100:1 [10]. Bu-
SBJICHO, 1110 T10puaHuil HanmoBHioBaY BHT-HYC nokpaius pi3Hi BIaCTUBOCTI KOMIIO-
sutiB HK, BKiTIOUatoun MexaHi4Hi XapaKTepUCTUKH, TOPIBHAHO 31 3BUYAHHUM KOMIIO-
sutoM HK-BHT. Kpim Toro, Oyna BusiBlieHa BUIIA €IEKTPONPOBIIHICTD 3 TOPIBHSIHO
HU3BKUM ITOPOTOM MEPKOJIALIT TIOPUAHUX KOMITIO3UTIB MOPIBHSAHO 3 Kommo3uTom HK-
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BHT. Lle moxe Oytu noB's3aHo 3 nekopyBaHHAM yacTHHOK HUC Ha moBepXHsX Byr-
JeneBux HaHOTPYOok abo Mixk myukamu BHT, o nepemkoxae arnomeparii BHT Ta
CIPHSIE TYHEIIOBAHHIO €JIEKTPOHIB.

I"6puani Hanokommno3uTu Ha ocHoBl BHT 1 HUC Bke akTUBHO JTOCTIIKYIOTHCS
y TakuX pi3HUX chepax 010MEeTUYHOTO CEKTOPY: BiJl aHTUMIKPOOHMX TITIBKOK Ta TOK-
PUTTIB JIJIsl IMILIAHTATIB 1 IHCTPYMEHTIB JI0 CEHCOPIB Ta €JIEKTPO/IIB 3 CAMOCTEpHIIi3a-
miero. Hoang et al. BurotoBunu Tonki kommno3utHi miiBku BHT-HYC 3a nornomororo
nporiecy TpadapeTHoro IpyKy Ha ocHOBI po3unHy [11]. Bonu ctBOpuin m'e3opesuc-
THUBHI1 CEHCOPHU 3 BUCOKUM KoeditienToM aedopmaitii g0 221,2. Takox OyIio nmokaszaHo,
1o BkJItoueHHd BHT 3MilHIOE KOMITO3UTHY IUTIBKY, IO MPU3BOJUTH JO CTBOPEHHS
MILIHUX CEHCOPIB, SAKI MOXYTh BUTpUMYyBaTu 500 LMKIIB pO3TIATyBaHHS-CTUCHEHHS
(makcumanbHa nedopmariiist 0,5 %) 6e3 moripiIeHHs Yy TIUBOCTI.

Otxe, noeqnanaga BHT ta HUC y nostiMepHiii MaTpHlll € JOCUTh NEPCIIEKTUBHUM
[IUISIXOM JIJIs1 TIOKPAIIEHHSI BIACTUBOCTEN KOHCTPYKIIMHUX MartepiaiiB. ToMy MeTor0
naHoi poOoTu OyJI0 BUBUEHHS BILUIMBY BYTJIEIEBUX HAHOTPYOOK Ta HAHOYACTUHOK CPi-
0Jia Ha CTPYKTYPHI, €JICKTPUYHI XapaKTEePUCTUKU T4 aHTUMIKPOOHY aKTUBHICTh IMOJi-
MEpPHUX HAHOKOMITO3UTIB Ha OCHOBI MOJTIETHJIEHOKCHTY, Ta BCTAHOBJICHHS iX CUHEpre-
TUYHOTO €(eKTY.

Excnepumentanbna yactuHa. [loniemunenoxcuo (ITEO-10000), H-[O-CH>-
CH»-1,0H (n = 220) monexynapuoi macu M,,= 10000, BupooHunTBa komnanii Fluka,
O0yB oOpanuii nonimepHoro matpureto. [Ipu 7= 298 K ITEO-10000 € TBepaoro peyo-
BMHOIO 3 I'ycTuHOIO p = 1070 kr/m°. Temneparypa mnasnenns Ty, = 64-65 °C. Ilepen
Bukopuctanusim [IEO-10000 3HeBOHIOBAIN HATPIBAHHAM Y BaKyyMi MPOTATOM YOTH-
ppox roguH mmpu 100-120 °C npu 3ammmkoBomy tucky 300 IIa.

bararomaposi BHT Bupoonuntsa BAT «Crneumamn» (YkpaiHa) BUTOTOBJIEHI 3
€TWICHY METOJIOM XIMIYHOTO OCaJKEHHs MapiB. BMicT MiHEpaIbHUX JTOMIIIOK CKJia-
nas He 6inbie 0,1%. 3a TaHnMK BUpOOHMKA, TUTOMA ITOBEPXHA — 190 M?/r, 30BHIIIHIH
miametp — 15 aM, goBxkuHa (5+10) MxM, acnektHe BimHomeHHs L/d = 250 £ 170, a
ryctuna BHT cranosuts p = 2045 kr/m>.

Jist orpumanHst HaHouacTUHOK cpibsa (HUYC) BukoprcToByBaiu IUTPATHUN Me-
TOJ BIJTHOBJICHHS, 3alIPONIOHOBAaHUN TypKkeBUYEM JUIsl KOJIOITHUX YaCTMHOK METAJIIB
[12]. HUYC oTtpumyBanu BigHOBICHHSIM cpibia B ckianl AgNO; TpuHATpIHIIUTPATOM
[13] y mpUCYTHOCTI 10HBMICHOT'O OJIirOMEpY Tinepposranyxkenoi 0ynosu I'P-([SOs]
[HMim'])s, six crabimizaTopa ix moBepxHi. binasm geransHo cuate3 HUC npuseneHo
y [14]. Po3mipu HaHOYaCTHHOK cpi0iia CTaHOBWIH 7-19 HM.

Hanoxomnosutu Ha ocHOBI [TEO Oynu nmpurotoBaHi METOIOM YIBTPa3BYKOBOTO
3MINIyBaHHS HAaHOYACTHMHOK Y PO3ILIaBi 3a JOIMOMOTOI0 YIbTPa3BYKOBOTO TUCIIEpra-
topa Y3JI-A650. Yac nucnepryBaHHsl CTAaHOBUB 5 XB, MOTYXHICTh — 150 Bt. Bmict
HaroBHIOBava BapitoBanu Bix 0,5 1o 2 mac. %.

Otpumani 3pa3kud JOCTIKYBaJd METOJAOM IIHPOKOKYTOBOi peHTreHorpadii
(IIKP) na nudpaxromerpi XRD-7000 (Shimadzu, SAnonis), 3 Bukopucranuim CuK,-
BunpowmintoBanss (4 = 1,54 A) i rpagditosoro MmoHoxpomaropa. JIociKeHHs BUKOHY-
BaJIi METOJIOM aBTOMAaTHYHOTO IMTOKPOKOBOTO CKaHyBaHHA B pexkumi U = 30 kB, /=30
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MA y iHTepBaji KyTiB po3citoBanHA Bif 3,0 10 80 rpaaycis, yac €KCHO3UIli CTAHOBUB
Sc.

EnexTpuuHi BIaCTUBOCTI JAOCTIHKYBaJId METOJOM IMIEJAHCHOI CIEKTPOCKOTMII,
peanizoBaHoi Ha 6a31 BuMiproBaya immitancy E7-20. I[Ipu iboMy BUMIpIOBau JIIHCHY
(Z') Ta ysBHy (Z") yacTunu iMnegaHcy y yactornomy intepBaii Big 10 I'n qo 1 MI'm.
TogmuHa 3pa3kiB cranopmia 100 MkMm.

AHTHUMIKPOOHY aKTUBHICTh HAHOYACTHHOK BUBYAJIM METOJOM AUQy3ii B arap Ha
TBEPJIOMY MOKUBHOMY cepeioBullll Mrosuiepa-XiHToHa 15 0akTepii, Ta cepeoBHUIIII
Cabypo — nnsa kauaua. Yamku [letpi 3 moxuBHUM cepenoBuiieM 3aciBaiu 10uL iHo-
KYJIATY TeCT-MiKpooprauismis S. aureus, E. coli ta C. albicans 3 po3paxynky 2°10°
KYO/mn. Orpumani matepianu Macoro 0,1 r mominjanu Ha MOBEPXHIO MOKUBHOTO Ce-
PEI0BUINA, 3aCITHOTO TECT-MiKpoopraHizMaMu. Yaiku 1HKyOyBayiu 24 roj] 3a TeMIIe-
patypu 37 °C. [loka3HUKOM aHTUMIKpOOHOT aKTUBHOCTI OyJ1a HAsIBHICTh YITKO1 BUIBHOI
B1JI MIKPOOPTaHi3MiB 30HM HaBKOJIO JUCKA 3pa3ka 3 HaHOYACTUHKaMU cpibia. Yum Oi-
JbIIa 30Ha HABKOJIO JAMCKA, TUM BUIa 1HTIOyoua eeKTUBHICTh 3pa3ka. KonTposiaem
ciyryBasia o6sacTe Ha vamili [letpi, sxa He MiCTHIIa aHTUMIKpOOHUX Tpenaparis. [o-
CJIII TIOBTOPIOBaIM Tpu4i. J[OCTOBIpHICTh PE3yNbTATIB OILIHIOBAIU 3a [-KPUTEPIEM
CrbrozieHTa.

Pe3yibTaTu Ta 00roBOpeHHs . /(715 BUBUEHHS BIUIMBY BYIJICLIEBUX HAHOTPYOOK
Ta HAHOYACTUHOK cpi10yia Ha (hopMyBaHHS Ta KIHLEB1 BIACTUBOCTI MOJTIMEPHUX HAHO-
KOMITO3HMTIB Ha OCHOBI MOJIETHJICHOKCHIY MPOBOAMIIN JOCIIIKEHHSI CTPYKTYPHUX
0COOJMBOCTEM, ENEKTPUYHUX XaPAKTEPUCTUK Ta AaHTUMIKPOOHOI aKTUBHOCTI.

CTpyKTypa HAHOKOMIIO3UTIB HA OCHOBI MOJIieTUJIEHOKCHIY TA Pi3HUX THIIIB
HANOBHIOBAa4iB. BUBUEHHS CTpYyKTYypHOI oprasizaiiii Ta Mop(]oJorii moaiMepHUX Ha-
HOKOMITO3UTIB Ma€ KIIFOUOBE 3HAYEHHS JJI1 PO3YMIHHS MEXaH13MIB (POPMYBaHHS iXHIX
(YHKILIOHATBHUX BIACTUBOCTEH, 30KpeMa eJIEKTPOIIPOBIAHOCTI, MEXaHIYHOI MII[HOCTI
Ta O10aKTUBHOCTI.

Ha puc. 1 npuseneni kpusi LLIKP qyist Hanokommno3utiB Ha ocHoB1 ITIEO. Ha nud-
pakrorpami i1t HeHannoBHeHOTo [IEO cnioctepiraroTbest IHTEHCUBHI ITIKH, XapaKTepH1
JUTSL KpUCTaMYHUX (ha3, 13 TOJIOBHUMH MakCUMyMaMH y IuasiHl 26 ~ 19,2° ta 23,3°,
110 BIJMOBI/Ia€ MIXKIUIOUMHHUM BiJIcTaHsIM y Mexax 0,46—0,37 um.

[Ticast BBeIeHHS HAHOHAINIOBHIOBAYIB CIOCTEPIra€ThCS MOCIHIIOBHE 3MEHILIECHHS
IHTEHCUBHOCTI KPUCTAIIYHUX MIKiB, 1110 CBIAYUTH PO YaCTKOBY amop(dizallio moiime-
pHoi maTpuii [15].

VY Bunazaky HaroBHeHHsI BHT 1HTEHCHBHICTh KpUCTAIYHUX TIKIB 3MEHIITY€EThCS
Ha 10-12 % Bxxe ipu 0,3 % nanosHioBaua. [Ipu 1,5 % BMicTy criocTepiraeThes maiiHHs
cTyneHs: kpuctaiaiaHocTi 10 40 %, 1110 00yMOBIIEHO €()EeKTOM MEPEIIKOKAHHS PETy-
JSpHOMY YKJIaJaHHiO Makpomosekysn IIEO B mpucyTHOCTI KOPCTKHX TpyO4acTHUX
CTPYKTYD.

HanowacTtunku cpibia MaroTh MEHII BUPAKEHUI BIUIMB Ha KPUCTAIIYHICTh. 3Me-
HIIEHHSI CTAaHOBUTH On3bk0 5-8 % npu 0,3-0,6 % 1 nocsirae 45-47 % npu 1,5 %. Lle
OB’ S13aHO 3 MEHILIOI0 TEOMETPUYHOIO aHI30TPOIMIEI0 YACTUHOK Ta JIOKAJIBHICTIO iX B3a-
emoii 3 Janmroramu ITEO.
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Puc 1. Judpakrorpamu nns cucrem Ha  Puc. 2. I'padiku 3anexxHocTi norapudmy
ocHoBl [IEO Ta HaHOHANOBHIOBauiB pi3-  €JIEKTPONPOBITHOCTI BiJ KOHILIEHTpAIll Ha-
HUX THUIIB. HOBHIOBaya JJis cucteM Ha ocHoBi [TEO.

HaiiO1nbp1m BupaxkeHuii e(peKT 3HUKEHHSI KPUCTAIIYHOCTI CIOCTEPIraeThes y rid-
puanux cucremax BHT-HUYC. Bxe npu 0,45 % 3aranbHOro BMICTYy HalOBHIOBaYiB
CTYIIHb KPUCTAIIYHOCTI 3HUXKY€EThCS 110 48 %, a ipu 1,5 % — no menie Hixk 35 %. Le
MOYe OyTH HACIiJKOM KOMOIHOBAaHOT'O MEXaHIYHOTO Ta XiMiuHOro BBy [16]: BHT
MOPYIIYIOTh BIOPSJIKYBAHHS MaKpOMOJIEKYJ 32 PaxXyHOK MPOCTOPOBUX OOMEXKEHbB, a
HYC — yepe3 MOKIIUBY KOOpJIMHAIIWHY B3a€MO/1IO0 3 GYHKIIOHATBHUMU TPYTIaMH T10-
JTiMepy.

EjekTpuyHi BJIaCTUBOCTI CHCTEM IOJIETHJICHOKCH] — HAHOHANOBHIOBAY.
EnexTpuyHi BIaCTUBOCTI NOJIMEPHUX HAHOKOMIIO3UTIB MAalOTh BUPIIIAIbHE 3HAUECHHS
IUTSL X 3aCTOCYBaHHS y 010MEUYHHUX CEHCOPAX, EIEKTPONPOBIIHUX OKPUTTSIX, AHTH-
CTaTUYHMX MaTepialiax, a TAKOXK y CUCTEMAX 13 CAMOCTEPHIIIZAIIIEO 32 IOOMOT OO JIO-
KaJIbHOTO HarpiBy. [loieTUICHOKCH]T € 32 CBOEIO MMPUPOAOIO JIICICKTPUKOM, IPOTE JA0-
JABaHHA /10 HbOTO EJIEKTPOIPOBIAHUX HAHOHAIOBHIOBAYIB 3JJaTHE CYTTEBO 3MIHUTH
CJICKTPUYHY MOBEAIHKY MaTepiany 3aBIsaku edexram nepkossii [17].

Ha puc. 2 npuBenena 3anexHiCTh €JIEKTPONPOBIAHOCTI BiJ] BMICTY HAlTOBHIOBaYiB
st cucteM Ha ocHoBi [1IEO. Ha rpadiky tuny log(o) = f(C) nns koxHOi cepii criocTe-
pIraeThCsi XapakTepHUU S-MOJIOHUI NEPKOIALINHUN mepexi.

3 puc. 2 BunHO, mo s 3paskiB [IEO-BHT xapakrepHe pi3ke 3pOCTaHHS €J1eKT-
POTPOBITHOCTI TIPU JOCITHEHHI KpuTW4YHOI KoHueHTpalii BHT, ToO0To mepkosiiii-
Horo nopory. [{ns cucremu [IEO-BHT nopir nepkossinii ctaHOBUTH 01u3bko 0,5 %.
Le y3romxyerbes 3 JiTepaTypHUMU JAHUMHU 1 3yMOBJIEHO (POPMYBaHHSAM HETIEPEPBHOI
€JIEKTPOIPOBIAHOI CITKM 3 HAHOTPYOOK Yy JleeKTpUuHii MaTpui [ 18].

o mnepkomsuiitHoro mnopory (mo 0,45 %), eneKTponpoBIHICTH CTAaHOBUTH
~107° Cwm/cMm, 1110 € TUIOBUM 14 i30Ms1ikaKX nonimepis. Ipu 0,6 % smicty BHT ene-
KTPOIPOBiAHICTE 3pocTae 10 ~107° Cm/cm, a mpu 1,5 % — nepeBuiye ~107* Cwm/cm.
Ie cBiquuTh nipo g006pe chopmorany citky 13 BHT, skxa nponusye Bech 00emM Matepi-
any.
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3 puc. 2 TakOXK BUJHO, IO CUCTEMH 3 HAHOYACTUHKAMM cpi0ia TEMOHCTPYIOTh
BUILUN MOPIT MEPKOJISAIT — O7u3bK0 1 %, 1110 1MOB’s13aHO 3 4yacTKOBUM MOKpUTTIM HUC
crabimizatopom — ['P-OIP. TlpucyTHicTh Ha MOBEPXHI YACTUHOK Cpi0Jia MOJIEKYI CTa-
O1113aTOpa YHEMOXKIIMBIIIOE TPSIMUN KOHTAKT MIJK YaCTUHKaMU. Y TaKOMY BUIIAJKY OC-
HOBHUM MEXaH13MOM IEPEHOCY 3apsiIiB € TyHearoBaHH [19].

Ho 0,9% Bmicty HUC enekTponpoBiAHICT 3aJMIIAETHCS HHU3BKOIO —
~1078 Cm/cm. TIpu 1,05 % crocrepiracrbes MoYaToOK MEPKOIALINHOIO MigioMy, a Ha
piBHi 1,5 % mocsaraeTbes enekTponpoBiaHicTs ~107° Cm/cm.

HaiiGinp1m Bpaxkatoui pe3yinbTaTi OyJu OTpUMaHi /i1 KoOMOIHOBAaHOT'O HAHOHAIIO-
BHIOBaya. ['10puH1 KoMIIo3uTH 3 piBHOIO MacoBoto yactkoro BHT 1 HUC (o 0,075 %
— 0,75 % KoXHOTO B Mapi) JEMOHCTPYBAIU 3HMKCHUI MOPIT MEPKOJIAIIT — OIM3bKO
0,3 % 3arajabHOr0 HAIIOBHEHHS.

Ile cBiAUNTH MPO BUPAKEHUN CHUHEPreTUYHUI €(EeKT, MOB’A3aHUN 3 THUM, IIO
BHT, sk miHiiiHI CTPYKTYpH, YTBOPIOIOTH KapKac JJi1 (pOpMyBaHHS €J1EKTPOIPOBIIHOL
Mmepexi, a HYC BuctynaroTh K MICTKH, 110 3’ €JHYIOTh po3ipBaHi knacrepu BHT, 3a-
MTOBHIOKOYM MIKpOITPOMIXKKH [20]. TakM YMHOM H1ABULTY€THCA KUTBKICTh KOHTAKTHUX
TOYOK MK MPOBIIHUMU (hparMeHTamHu.

EsexTponpoBignicTs 3poctae Bixe Ha piui 0,3 % 10 ~1077 Cm/cm, a ipu 0,6 % —
nepepuirye ~107° Cm/cm, 1m0 Maiixke BABiYi eeKTUBHILIE 3a iHAMBIAyalbHI HAIIOB-
HIOBayi npu TomMy x BMICTL. [Tpu 1,5 % HanoBHEHHs r1OpUAHI 3pa3Ku JOCATAIOTH eJie-
KTPOIIPOBIAHOCTI MOpsaKy ~10~* Cm/cM, 1110 BiANOBiIa€ aHTHCTATHYHKMM IIOJiMEPHUM
Marepiaiam.

AHTHMIKpPOOHA AKTHBHICTH JOCJTII)KyBaHUX MaTepiajiB. AHTUMIKpOOHI Bia-
CTUBOCTI MOJIMEPHUX HAHOKOMIIO3UTIB € KIIOUYOBUM MapaMeTpoM IPHU iX BUKOPHUC-
TaHHI Yy 0O10MEJMYHHUX 3aCTOCYBAHHSIX, OCOOJIMBO y BUPOOHMUIITBI MEPEB’I3yBATBHUX
MarepiaiiB, MaKyBAIbHUX CHCTEM I (papMalleBTUYHOI MPOAYKIIi, aHTUMIKPOOHUX
IJTIBOK Ta MOKPUTTIB. Y IbOMY JOCIIKEHH1 OYJI0 MpOoaHai30BaHO AaHTUMIKPOOHY aK-
THUBHICTh HAHOKOMITIO3UTHHX MaTepialliB HA OCHOBI MOJIIETUJIEHOKCUY 3 MOJIEKYJISP-
Hoto Macoro 10000, monudikoBaHUX OararomapoBUMH BYTJIELEBUMH HAHOTPYyOKamu,
HaHOYACTUHKaMHU Cpi0Jia, a TAKOXK iX TOpUIHOI0 KOMOIHAIIIETO.

Pe3ynbTaTi H0CHIKEHb CB114aTh, 1110 TUIl HAHOHAMOBHIOBaYa MAa€ BUPIIIAIbHUI
BIUTMB HAa aHTUMIKpPOOHY aKTHUBHICTh OTPUMaHUX MaTepiaiiB. KiibKicHI 3HaUeHHS JTia-
MeTpa 30H 1HT10111i1 HaBeJIeHO Ha puc. 3.
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3 puc. 3 BUAHO, 0 HAHOKOMIIO-
3UTH, MOAN(IKOBaHI JIUIIE BYTJICIIEBUMHU
HAaHOTPYOKaMH, BUSBUIIU CJIa0Ky 1HT10Y-
04y aKTUBHICTb BITHOCHO TECT-KYJIBTYP.

Ile nmosicaroetsest tum, mo BHT, xoua i

MOYTh MEXaHIYHO MOIIKO/KYBaTH KITi-

THHHY MeMOpaHy MIKpPOOpPraHi3MiB Ta

BUKJIMKATH JIOKAJbHUN OKCUIAATUBHUL

CTpec, HE € KJIAaCHYHUMHU aHTHUCENTH-

Kamu. Ix 71is1, iIMOBipHO, pealtisyeThes ue-

pe3 Gi3uyHy B3a€EMOJIIO 13 30BHIIIHBOIO

MEMOpaHOI0 OaKTepiii Ta IpUOKIB, 30K-  Pyc, 3. 3HaueHHs MiaMeTPiB 30H {HriGiuii
pema depe3 ancopOUil0 ¥ IepemKo- PI3HOTO THUITY MIKpOOPTaHi3MIB JUIsl HAHO-
JDKaHHA Ol0IUIIBKOYTBOpeHHI0. Hailibi-  xommosutHux cuctem Ha ocHoBi ITEO.
JBITY, X04 1 MOMIPHY, 1HT10yI0Uy aKTHB-

HICTb crocTepiraid monao Staphylo-

coccus aureus, UIMOBIPHO, 4epe3 UYTIMBINTY KIITUHHY OOOJIOHKY O MEXaHIYHOIO
YIIIKOJI>)KEHHS.

Marepianu 3 HAaHOYACTMHKAaMH Cpibiia OYIKyBaHO MOKa3ajdud BUCOKY aHTHUMIKPO-
OHY aKTHBHICTh MPOTHU BCIX MPOTECTOBAHMX MIKpOOpraHizmiB. HalOinbmmii edexr
crioctepirascs mojo S. aureus (30Ha 1HTIO1IT 10 12 MM), 1110 Y3rOIKY€ThCS 3 JiTEepa-
TYPHUMH JAaHUMH PO BUCOKY UYTIMBICTh FPAMIIO3UTUBHUX OaKkTepiil 10 cpidina [21].
E. coli BusiBuna nenio MeHIy 4yTJIMBICTh, IMOBIPHO Y€pe3 HAsBHICTh JOJAATKOBOTO 30-
BHIIIHBOIO JIIONOJICAXapUIHOTO IIapy, SKUWA YacCTKOBO IEPELIKOIKAE MPOHHK-
HeHHIO 10HIB Ag*. Candida albicans niposiBUIa CTIMKICTh Y MEXKax, OJIM3bKHUX 0 OaK-
TEp1adbHOrO PIBHS, 110 CBIIYUTH MPO 34ATHICTH CpidJia MPUTHIYYBATH 1 TPUOKOBY Mi-
Kkpoduiopy.

Marepianu, mo mictunu ogaodacio BHT ta HUC y piBHOMY CHiBBiIHOIIEHH],
MIPOJIEMOHCTPYBAJIM HAWBHUIIY 1HT10YI0UY aKTUBHICTh Cepejl YCiX 3pa3KiB. Yci npoTec-
TOBaHI MiKpOOPTraHi3MH MMOKa3aJIi CyTTEBE MPUTHIYECHHS POCTY, 3 MAKCUMAJIbHUMU 30-
HaMH 1HT1011T — 7o 16 MM 1i1g S. aureus, 14 mm g E. coli Ta 12 mm ga C. albicans.
Takuii pe3ynbTaT € SICKpaBUM CBIIYEHHSIM CHHEPreTW4yHoi Aii HamoBHIoOBauiB: BHT
CHpUsIOTh piBHOMIpHOMY po3noauty HUC y momiMepHiit MaTpuili, MiaBUITYIOTh JOC-
TYHHICTb CpibJia A0 MOBEPXHI, 3a11001rat0Th arperaiii 4aCTUHOK, a TAKOX MOXKYTh J10-
JaTKOBO MEXaHIYHO MOIIKOKYBAaTH KIITHHHU. BogHOYaC BMICT KOKHOTO KOMITOHEHTA
OyB nunie 1 %, 110 BaXJIMBO 3 TOYKU 30py O10CYMICHOCTI Ta 3HM)KEHHSI TOKCUYHOCTI.

OT1xe, OTpUMaHi pe3yJibTaTH JEMOHCTPYIOTh, 1110 TOpUAHA CHCTEMa Ha OCHOBI
[IEO, BHT 1 HUC mae noTeHmian jisi CTBOPEHHSI HOBUX MaTepiaiiB 13 MOTYKHUMH
AHTUMIKPOOHUMU BIACTUBOCTAMU. OCOOIMBO Ba)KJIMBO, 1[0 CUHEPTreTUYHUI €PeKT
JI03BOJISI€ 3HU3UTH KOHIIEHTpALil0 cpi0iia, 1110 NO3UTUBHO BIUIMBAE€ HA TOKCUKOJIOTIY-
HUM TpodiIb Ta 3MEHIITye COOIBapTICTh MaTepiany.

BucHoBkH. Y pe3ynbTaTi BAKOHAHOT pOOOTH OYJI0 JTOCHIIKEHO BILIUB BYTJEIe-
BHUX HAaHOTPYOOK, HAHOUACTUHOK cpi0iia Ta iX KoMOIHaIllil SIK HAIIOBHIOBAY1B HA CTPY-

KTYypy Ta €JIEKTPUYHI BIACTUBOCTI aHTUMIKPOOHMX MOJIMEPHUX HAHOKOMITIO3UTIB, Ha
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OCHOBI TOJTIETUICHOKCHUTY. PO3p00JIEeHO HOBI HAHOKOMITO3UTHI MaTepiajau Ha OCHOBI
[TEO, siki MICTATH BYTJEIEBl HAHOTPYOKH, HAHOYACTUHKH cpibia abo ix KoMOiHaIIifo.
Bcranosineno, mo riopunnuii HanoBHioBad (BHT-HYC y cniBBinHomenHi 1:1) nemMon-
CTpy€ TOKpaIleHl XapaKTePUCTUKH B TOPIBHSIHHI 3 CHUCTEMaMH, IO MICTSATH JIUIIIE
OJIUH THUII HaHO(a3H.

JlociKeHHs! CTPYKTYpH MTOKA3aJI0 3HUKEHHS CTYTIEHI KPUCTAIIYHOCTI OJIIMep-
HOT MaTpHIll MPU BBEJICHHI HAHOHATIOBHIOBAUIB Pi3HOTO TUIly. HalG1abI1 BUpakeHUi
e(eKT 3HIKEHHS KPUCTAIIYHOCTI criocTepiraerbed y riopuanux cucremax BHT-HYC.

IMnegancHa cnekTpocKomis Mmokas3aia pi3Kui picT €1eKTPONPOBIIHOCTI NOOIU3Y
noporiB nepkoiatii: 0,5 % nns BHT, 1 % qns HUC ta nume 0,3 % a1t KoMO1HOBaHUX
cucteM y [TEO. Lle miarBepaxye HassBHICTb CHHEPTE€TUYHOTO €(DEKTY, IPH IKOMY KOM-
OlHOBaHE BUKOPUCTAHHS JBOX MPOBIIHUX HaHO(a3 3a0e3neuye (OpMyBaHHS MPOBIA-
HOI CITKU IIPU HUKYUX KOHIICHTPAIIIsIX.

AHTUMIKPOOH1 JOCIIKEHHS, TPOBEICH1 JUCKO-AU(Y31HHUM METOA0M, T1ITBEP-
i epextuBHicTh HYC Ta, 0ocobnmBo, riOpuaHOT0 HaMlOBHIOBaYa potu Escherichia
coli, Staphylococcus aureus Ta Candida albicans. Haitbinb1111 30HU 1HTI01111T 1OCATaTN
15 MM juist, o nepeBuiitye 3Ha4eHHs i1 cucteM 13 HUC okpemo. Takum urHOM, T10-
ennands BHT 3 HUC cnpusie 61yb1i1 aKTHBHOMY BUBUIBHEHHIO 10HIB cpi0ia 3aBAsSKU
301IBIIICHHIO MMUTOMOI TUIOITI PO3MOALTY.

OT1xe, y poOOTiI BCTAHOBJICHO CHHEPTETUYHY JI1F0 HAHOYACTUHOK Cpibiia Ta ByT-
JIEEBUX HAHOTPYOOK, sIKa MPOSIBIISIETHCS Y 3HUKEHHI IOPOTY MEPKOJIALIT, MOKpAIEHH]
EJIEKTPUYHUX XapaKTEPUCTUK, a TAKOXK M1JBUIICHHI aHTHOAKTEPiaIbHOT aKTUBHOCTI.
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E. A. Lysenkov, O. V. Striutskyi

Structure and electrical properties of antimicrobial polymer nanocomposites
filled with carbon nanotubes and silver nanoparticles

SUMMARY

The work investigated the structure, electrical conductivity and antimicrobial properties of
polyethylene oxide-based nanocomposites modified with multi-walled carbon nanotubes
(CNTs) and silver nanoparticles (AgNPs). X-ray diffraction analysis showed that the introduc-
tion of different types of fillers leads to a decrease in the degree of crystallinity of the polymer
matrix. The greatest suppression of the crystallinity of the system was observed when filled with
a hybrid filler. Impedance spectroscopy revealed a percolation behavior of electrical conduc-
tivity with the values of percolation transitions: 0.5% for CNTs, 1% for AgNPs and only 0.3%
for the hybrid filler. Antimicrobial studies showed that hybrid composites are the most effective
against S. aureus, E. coli and C. albicans, demonstrating inhibition zones up to 16 mm. The
results obtained confirm the promising potential of combined nanofillers for creating functional
materials with improved conductive and biocidal properties.

Keywords: carbon nanotubes, silver nanoparticles, polymer nanocomposites, electrical per-
colation, degree of crystallinity, antimicrobial activity.
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JocitkeHHs] KIHETUKH NMPOLECY OTBEPAKEHHA eMOKCHAHOT0 MOJIiMepy
MeXaHIYHUMHU Ta TeIVI0(Qi3HIHUMHU MeTOAaMu

Locnioorcenns npucesuene 6USUEHHIO KIHEMUKU OMBEPONCEHHs eNOKCUOHUX NONIMEDIB Yilb-
Mpazeykosum ma menioQisuuHum memooamu. Bukopucmano enoxcuony cmony EJ]-20, omee-
poaxceny IIEIIA, a makooc mooughikosani komnosuyii. Bumiproeanus weuoxocmi ma samy-
XAHH5 YIbMpaA38yKy 00360UNU GUHAYUMU CAOIi 2eleymBOpeHH s, 3POCMANHS 3UUBAHHS MA
nepexio y cknonodionui cman. Ompumani pe3yiemamu Y32004CYIOMbCsl 3 MenioQizuuHumu
Oanumu memnepamypu ma menionposioHOCmi, wo 8i000padcaroms eK30MepMIYHUL Xapax-
mep peakyii. /[ociodcents 0eMOHCMPYE epeKmusHicms 000X Memoadis 01 aHANi3y CMPYKmYy-
POYMBOPEHHs ma MA€ NPAKMUYHe 3HAYeHHS OJisL ONMUMI3AYIT MEeXHON0IUHUX PedcUMi8 00po-
OKU enoKCUOHUX KOMNOZUYIIL.

Knrouoei cnosa: enoxcuonuii nonimep, CKIy8auHsl, 0meepOiNCeHHs, UUOKICIb NOUUDEHHS]
VAbMPA38YKY, KoepiyieHm menionposioHoCnii.

Beryn. [Ipu KiHEeTUYHUX JAOCTIIKEHHSIX MPOIECIB CTPYKTYPOYTBOPEHHSI B MOJIi-
Mepax (KpucTali3allisi, TBepIHEHHS, CKITyBaHHSI, PO3UYMHEHHS Ta 1H.), BAKOPUCTOBYIOTh
PI3HOMAaHITHI METOJU: KAJIOPUMETPUYHI, MEXaHIUHI peJaKcaliifHi, yIbTpa3ByKOBI Ta
iH. [Ipy nboMy HalOLIBII NOMIMPEHUMH € KaJOPUMETPUYHI Ta yJIbTpa3BykoBl. Hemo-
JIKOM KaJJOPUMETPUYHOTO METOAY, X04a MU IOT0 aKTHBHO BUKOPUCTOBYEMO [ 1], € 00-
MEXKEHICTh MOXKJIMBOCTEN BUKOPUCTAHHS 3pa3KiB pi3HOI (opmH, KOH(DIryparii, Mmacu
Ta 1H. ToMy HalOUIbII €PEKTUBHUMH Ta JOCTYIHUMH 3aJIUIIAIOTHCS YJIbTPa3BYKOBI
JOCIJKEHHS.

BiactuBOCTI €MOKCHIHUX TMOJIIMEPIB 1 KOMIIO3HUIIIM Ha iX OCHOBI BU3HAYAIOTHCS
CTPYKTYPOIO Ha PI3HMX PiBHSX ii opranizaiii. CTpykTypa B CBOIO 4epry opMyeThCs B
IPOLECI CUHTE3y 1 4YaCcTO BU3HAYAETHCS YMOBAMM MPOTIKAHHS OCTaHHBOTO. Pazom 3
THUM B JIITepaTypl MPaKTUYHO BIJACYTHS 1H(OpMaIlis Ipo 3MiHy (Pi3UYHUX BIACTUBOC-
Tel B IpOLECl TBEPIHEHHS ENOKCUIHUX NOJIiMepiB. B TOH ke yac 11e NUTaHHA Mae He
TUTBKH YUCTO TEOPETHYHE, aJie i BEJIMKE MPAKTUYHE 3HAUYCHHS — JIJISl BU3HAUYCHHS TEX-
HOJIOTIYHHUX 1 €KCIUTyaTalllMHUX MOXJIMBOCTEH E€MOKCUAHUX KOMIIO3UIIiH, 1 TOTpedye
CHUCTEeMAaTUYHOTO BHBUCHHSI.

DOI: 10.18524/0367-1631.2025.63.347251
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B mporieci yTBopeHHS €HOKCUIHOTO MOTIMEPY, SK MPABUIIO, PEaTi3ye€ThCs CUTYya-
11is1, TIPH SIKIM BUX1THI KOMIIOHEHTH (€MOKCHIHA CMOJIa, TBEPIHUK, KaTajai3aTop 1 MO-
nuGikaTop) SBISIOTH COOOI0 CYMINI PIIMH PI3HOT B’S3KOCTI IIPU TEMIIEpaTypl peakilii,
B TOM Yac K KIHIEBUIM BUCOKOMOJICKYJISIPHUN MPOAYKT BUSBISETHCS CKIOMOAIOHUM.
Takum ynHOM, cHCTEMa B TIPOLIEC] TBEPHEHHS TPOXOJAUTH YEPE3 Pl BAXKIMBUX MPO-
11eciB 1 (PI3UYHUX CTaHIB TaKUX SIK: T€JICYTBOPEHHS, CKIyBaHHA Ta iHIIe. [Ipu npomy
CIIOCTEPITAEThCS, SIK TPABUIIO0, 3HaYHE 301IbIIICHHS TEMIIEPAaTypHU KOMITO3HIIIT 3a paxy-
HOK €K30TEpMIYHUX €(EKTIB, 1110 CYIPOBOKYIOTh PEAKIIII0 OTBEPIKEHHS.

006’exTH Ta MeToaM HociaKeHHs. /{1 nocaimpkeHHs Oy oOpaHi KOMITO3HIIIT
Ha OCHOBI eNMoKCcUAHOI AlaHoBOi cMoiin EJI-20, siky oTBepIXKyBaau MOJiE€TUIICHITON1a-
Mmi"oM [IEITA B nponopiisix 100:10. B sikocTi MoaudikaTopiB BUKOPUCTOBYBAIM Tpa-
muuiiaui mactudikarop auoytundranar Ib® ta enokcuerep EET [2] B kiJIbKOCTI
10 macoBux yactuH Ha 100 MacoBHX YaCTHUH €MOKCUIHOT CMOJIH.

C|:H3 (|3H3
CQZ;CH'CHZ—O@?@—[—O'CHZ—%H 'CHZ—O@?@

Puc.1. Ximiuna ¢popmyna enokcuiHoi aianoBoi cmonu EJI-20.

—O0-CHy-CH-CH,
\/
n 0

KoHTpob CTpYKTYypOYyTBOpPEHHS 31MCHIOETHCS Ha OCHOBI BUMIPIOBAHHS IIBU/I-
KOCTI Ta 3aTyXaHHA yJIbTPa3BYyKy. B Halux M0CiKEHHSIX MU BUKOPUCTOBYBAJIU €XO-
iMITysibcHUIM MeTo/ [3]. BuMiproBaHHS MIBUAKOCTI YJIBTPA3BYKY (B M/C) B JOCIIIKYyBa-
HOMY 3pa3Ky BiJIOyBaeTbcs 3a paxyHOK (PIKCyBaHHs IMITYJIbCIB 3 MEPETBOPIOBayYa 3a
MeBHUM 1HTEepBal yacy. Ll BenuurHa npomnopiiiifHa 10 TOBIIMHM 3pa3Ka 1 € IIyKaHOIO
MIBUJKICTIO. Pe3ynbTaT BUMIPIOBAHHS OTPUMYBAIH 3 IIU(GPOBOTO 1HAUKATOPA.

BuwmiproBanns koedillieHTa 3aTyXaHHs YJIbTPa3BYKY 3I1HCHIOETHCS 32 PaxXyHOK
BIJIJTIKY YMCTIa IMITYJIbCIB 3 IEPETBOPIOBAYa 3a MEBHUM 1HTepBal yacy. OTpuMaHa Be-
JUYMHA MPONOPLiHHA 10 Jorapu(dMy BIAHOIIEHHS aMIUIITY]l IMITYJIbCIB YIbTPAa3BYKY
€ IIyKaHUM Koe(DiI[ieHTOM 3aTyxaHHs. Pe3ynbTar Tak camo (ikcyeThes Ha IU(pPOBOMY
MOKAXYMKY. 3a JOMOMOTOI0 WX MapaMeTpiB MOXKHA BU3HAYUTHU JOCUTH TOYHO JUHA-
MIYHUI MOJYJb PY>KHOCTI 1 TAHT'€HC KyTa MEXaHIYHHUX BTpaT tgd [3], siKi, CBO€ETO Uep-
T'OI0, CTOCYIOThCSI HE JIMIIIE MEXaHIYHUX MOKAa3HHUKIB IOCIIKYBAaHOTO 3pa3Ka, aje 3a iX
JOTIOMOTM MO’KHA IpOaHali3yBaTH BHYTPIIIHIO CTPYKTYpy MaTpulli. BusHaueHHA
IIBUIKOCTI TIOIMIUPEHHS Ta KOoe(illieHTa MOTJIMHAHHS YIbTPa3BYKY 3 BIJIHOCHO HHU3b-
KUM KO€(II1EHTOM MOTJIMHAHHS TPOBOISATH 32 HACTYITHOIO CXEMOI0 (puc.2).

3 reHeparopa A MoAarThCA €JIEKTPOMArHiTHI IMITYJIbCH Ha BUIIPOMIHIOBAY YJIbT-
Pa3BYKOBHUX KoJMBaHb b (IpUHIMN Ail SKOTO IPYHTYETHCS Ha SIBUIII IT"€30€(EKTY).
YTBOpEeHUI yIbTPa3BYKOBUN IMITYJIbC, MOMIUPIOETHCSA Y NOCTIAHOMY 3pa3ky B, 1 Bij-
OMBaOUYKCh BiJ] 33/IHHOT I'paHi 3pa3ka 3HOBY NOTparuisie y BUnpomiHioBad b (3BopoTHiii
11’ €30€()EKT), IO MEPETBOPIOE AKYCTUUHUI IMITYJIbC B €JIEKTpUYHUH. Jlail yTBOpEeHHI
CHMI'HAJI OTpAILIsge Ha migcumosay I, motiM Ha ingukaropuuii I Ta 06unciroBaIbHHN
ook JI. Ha expani ingukaTopHoro 610Ky I criocrepiraeTbest cepist BiiOMTHX 3aTyXa-
IOUMX €XO0-1MIYJIbCIB. JloCaiKyBaHHil 3pa30K BMIIIEHO B CIIELIAJIBHY KIOBETY, IO A€
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Puc.2. CTpykTypHa cxema eKCIEpUMEHTAIBLHOTO JIOCITY 3 BU3HAUYCHHS IBUIIKO-
CTi IOIIMPEHHSI Ta Koe(iIieHTa MOTJIMHAHHS YIbTPa3BYKYy.

MO>KJIUBICTh IOYMHATH BUMIPIOBAHHA B PIIKOMY CTaH1 CyMillll CMOJIM Ta TBEPJIHUKA, 1
3aKIHYYBaTH B CKJIOMOI0HOMY MOJIIMEDI.

Jlauuii MEeTOJ] BUKOPUCTOBYBABCS MJISl JOCTIIKEHHSI KIHETUKU CTPYKTYPOYTBO-
pPEHHs PU OTBEPKEHHI enokcuaHoro nommepy E/[-20 nonieTuiieHnoaiaMiHoM Mpu
temrepatypi 300 K. OrpuMaHo KiHETHYHI KpUB1, TOOTO 3aJI€KHICTh MOJTYJIS MIPY>KHO-
CTl1 €MOKCUTHOTO TOJIIMEPY BiJ] 4acy oTBeppkeHHs. OTpuMaHi KpUBI MalOTh XapaKTe-
pHI TOYKH TIEPETHHY, SIKMM BIJIOBIAAIOTh MAaKCUMyMH MeXaHIYHHX BTpar. OTBep-
JDKEHHSI €MOKCHIHOT KOMITO3UIIIT € CKJIaJHUI Mpoliec NpU SKOMY CHOCTEPIraroThCs
TaKi KJIIOYOBI €Talu, K: FeJIeyTBOPEHHS, 3pOCTaHHS CTYINEHs 3MIMBaHHSI KOMIIO3UIIII,
a TIOTIM MOCTYTOBHH MEpPeXif] 10 CKIOMOIIOHOTO CTaHy.

Panimie Mu 10CaiAKyBalii KIHETUKY OTBEP/IKEHHS JTAHUX KOMIIO3ULIN Teraodi-
3MYHUMHU METOJIaMH Ha OCHOBI TeMIIEpaTypHUX 3aJI€KHOCTEH MUTOMOI TETNIOEMHOCTI
[1] Ta 3anmexkHOCTI KOoedilieHTa TEIIONPOBIAHOCTI [4]. B 1UX JOCHIIKEHHSIX BUKOPHU-
CTOBYBABCS 30H]I, IKUI MICTHB HarpiBay Ta Tepmornapy. KopoTkouacHui e1eKTpUUHHIMA
CUTHaJ B HarpiBady CTBOPIOBAB TEIJIOBHH IMIYJIbC. A 3a JOTMOMOTOI0 TepMonapu Pi-
KCYBaJIaCh LIBHJIKICTh 3MiHU TeMiiepaTypu. KamiOpoBka 30H1y 311HCHIOBAIACh 3a J10-
MIOMOT'010 €TaJIOHHUX pifuH [4]. Takum YMHOM MU OIIHIOBAJIM TEMIIEPATYPY 3pa3Ky Ta
Koe(IIIEHTH TEIUIO- 1 TEMIIEPaTyPOIPOBIAHOCTI B JAHUW MOMEHT €KCIIEPUMEHTY.

VY apTpa3ByKoBi Ta TEII0(13UYHI JOCTIIKEHHS MPOBOIUIIUCH HE3AJIEKHO MPU OJ1-
HAaKOBHUX YMOBaX.

Pe3yabTaTn Ta ix o0roBopenns. Ha puc.3 npeacTaBieHo 3a1€KHOCTI TBUIKO-
CTl TMOUIMPEHHS YJIBTPA3BYKY €MOKCHUIHOTO MOJIMEPY BiJl Yacy MPOTIKaHHSA peaxilii
OTBEPKEHHS.

KoMIoHeHTH 3MilTyBaiiCh 1 HIBUIKO MOMIIIAIKNCH B KIOBETY, 1 3pa3y NOYMHAIUCH
BUMIproBaHHA. OTprMaH1 KpUBI MalOTh XapaKTEPHI1 TOUKU NEPETHUHY, SKUM BIJIIIOBI 1A~
I0Th MAaKCUMYMHU MEXaHIYHUX BTpaT. OTBEPHKEHHS €MOKCHIHOI KOMIIO3HITIT € CKIIaI-
HUU MPOLIEC MPHU SIKOMY CIIOCTEPIratoThCs TaKl KJIIOUOBI €Talld, SK: TeJICYTBOPEHHS Ta
MOCTYIOBHI mepexia 10 ckionoAionoro crany (~300 xB.).

OTtpumaHni pe3ysbratu 100pe CHiBBIAHOCITHCS 3 PE3yJIbTaTaMH HAIIIUX TOTepe/I-
HIX JOCIIPKCHb KIHETUKHU OTBEPKEHHS, IMMPOBEICHUMH TEIUIO(I3MIHIMH METOAaMHU
[1,5] Puc.4. BumiproBaHHsI TPOBOIMIIOCH 32 JOTIOMOTOIO JIIHIMHOTO 30HAY MOCTIHHOT
noTy>kHocTi. CaMm 30H] sBJIsIE COOOI0 MAaHTAaHIHOBHUM Kapkac, Ha sSikuil O1iaspHO, B

84



di3nKa aepoaucnepcHmux cuctem. — 2025. — Ne 63

.—C.82-87

OJIMH IIap, HAMOTAHO MIJHUMN JpiT,
AKUW BUKOHYBaB (DyHKIIII0 HarpiBaya i,
OJIHOYACHO, JIaT4YUKa TeMIepaTypu
(tepmometpa omopy). Ilo cyTi ekcrie-
PUMEHT 3BOJIMBCS 10 OTPUMAHHS TEp-
MOTpaMHU HarpiBy 30H]1y B IOCIIIKyBa-
HOMY 3pa3Ky. [logaBaBcst KOpoTKoUdac-
HUM eJeKTpUYHUM curHai (~5 c.) 1 Pi-
KCyBaBCsl BIABIJ Teruia Bij 30HAY. Of-
HOYACHO BHMIpIOBaJIaCh TEMIIepaTypa.
['panyroBanHs B110yBaIOCh MO €TaJIOH-
HUM pIMHaM 3 BIIOMUMHU Koepilli€eH-
TaMH TETJIONPOBITHOCTI.

[Ipoiiec oTBepKEHHS MOYKHA TI0-
JTIJIUTA HA TPU JOCUTH YITKI CTajli: —
B1Jl MOMEHTY 3MIIIyBaHHS KOMITOHEHT
1o renxeytBopeHHs (~ 0 + 50 xB.). Cuc-
TeMa sIBJIsie COOOI0 CYMIIIl CMOJIH, OTBE

Puc.3. 3anexHOoCTi MBHUIKOCTI MOIIMPEHHS
yIBTPa3BYKOBUX XBWJIb Ta TAHT'€HCA KyTa Me-
XaHIYHUX BTPAT BiJl 4aCy €KCIIEPUMEHTY KOM-
ro3utii EJ[-20+T1EITA.

pakyBaua 1 Mmoaudikaropa. [lounHaeThcs B3a-

€MO/IisI €TOKCUTHUX TPYIT CMOJIM 3 aMIHHUMHM IPyTIaMU TBEPAHUKA. PO3KPUTTS KOKHOT

GHOKCI/IIIHOI I'pyiin CYIIpOBOIXKYETLCA

BUJIJICHHSIM TEIUIOBOI €HEeprii (Temmeparypa

3pocTae), Mpo 0 MOKHA MEPECBIAUUTUCH 3 TETUIOPI3UUHUX AochiaxeHb [4] Puc.4.
Peaxiiis yxe nodanach, ajie CTeiHb KOHBEPCIi 1€ HEOCTATHS JIJIsl IEPEXO0IY CUCTEMU
B TeJIeno1IOHUI cTaH. 3MEHIIEHHS TEIJIONPOBIAHOCTI B ek MoMeHT (Puc.4.6) nosic-
HIOETHCSI PI3KUM 3MEHILIEHHSM B’SI3KOCT1 1 MIKMOJIEKYJIIPHO1 B3a€EMO/IIT, a TAaKOX 30i-
JBUIEHHSIM TEIUJIOBOI1 PYXJIMBOCTI, BUKJIIMKAHUX MIJIBUIICHHSIM TEMIIEPATYPH 32 paxy-
HOK €K30TepMIYHOI peakuii oTBeppkeHHs. [Ipu boMy Ha caMUX MOYAaTKOBHUX CTaIIsX
KOoe(iIieHT TEIIOMPOBITHOCTI € AJUTUBHOIO CYMOIO TETUIOMPOBIAHOCTI CMOJIU, OTBE-

pKyBaua 1 Moaudikaropa.

Puc.4. 3anescnocmi memnepamyp cymiweti (a) ma xoeghiyienmy mennonposionocmi A (6)

8i0 uacy omeepoxceHus Komnozuyii. 1
EJI-20+IIEIIA+EET.

— E/]-20+1IEIIA, 2 — EJ-20+1IEIIA+/[bD, 3 —
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Hacrtynna craais (~ 50 + 110 XB.) XapakTepu3yeThCsl JOCATHEHHSIM KOHBEPCIi J10-
CTaTHbBOI JUI MIEPEXOAY CUCTEMU B resienoNi0HuM cTaH. Burnsag KiHEeTHYHMX 3alex-
HOCTEH MBUJIKOCTI MOMIUPEHHS YIBTPa3BYKY Ta KOE(IIIEHTY TEIJIOMPOBITHOCTI P13KO
3MIHIOIOThCS. [IIBUAKICTS MOMIMPEHHS YIBTPA3BYKY 1 KOC(IIIEHT TEIJIOMPOBITHOCTI
CYTTEBO 3pOCTat0Th. OUYEBUAHO 11€ TIOB’A3aHO 3 HAPOCTAHHAM 3LIUTOI YACTUHU MOJi-
Mepy B cucTeMmi, o TBepaHe. (CaMe 1HTepBaly rejieyTBOPEHHS BiIMOBIIa€ MaKCUMa-
JbHE MIJBUIIECHHS TeMIEepaTypu eK30TepMiuHOi peakuii Puc.4.a). Ilpu nomanpumiomy
30UTBLIEHH] CTENEeH1 KOHBEPCIT 301IBIIYETHCS 1 TEMIIEpATypa CKIyBaHHS CUCTEMH 1 Ha-
CTYIIa€ MOMEHT, KOJIM CUCTEMA MEPEXOUTh B cKiIonoaiOHui crad (~ 250 + 300 xB.).
Cremninb 3aBepHIEHOCTI peakiii cTaHoBUTH ~ 50 + 60%. IIpu 1boMy MOBHICTIO 3arajib-
MOBYETBHCSI CETMEHTapHa PyXJHUBICTh. Peakiiisi mpaktuuno mpunuHseTbes. [Ipomos-
KEHHS peaKlli MOKIIMBE JIMIIIE 32 PaXyHOK JIOKAJIbHUX BUIIB TEIUIOBOI PYXJIUBOCTI,
AK1 1€ 3aJIMIIAI0THCS "pO3MOpOXKEHUMU" MpU TeMIiepaTypl peakuii. [Ipu npomy nos-
HOT'O JIOOTBEPKEHHSI B KOMITO3UIIAX MOKHA JIOCSTTH MPH 301IbIIEHHI TEMIIEPaTypH
oTBepikeHH: [1].

Bucnosxku

Pesynbratu gociiakeHHs noka3anu e(eKTUBHICTb K aKyCTUYHOIO, TaK 1 TEIJIo-
(13UYHOr0 METO/IIB MPH OIIHII KIHETUKU OTBEPIKEHHS €MOKCUIHUX TOJIIMEPIB Ta BU-
BUCHHS iX (i3WyHMX BiacTUBOCTEM. OTpuMaHI pe3yibTaTU MOXKYTb MaTH Barome
MpaKkTUYHEe 3HAaYeHHS. Tak, BU3HAYECH] €Taly peakilii MOXYyTh BU3HAYATH TPAHUYHUIMA
yac nepeOyBaHHsI KOMIIO3HIII B PO3JIMBHUX NPUCTPOSAX (HANPUKIIAL EKCTPYIepi), Mo
JOCATHEHHIO SIKOTO KOMIIO3HIIisI MOBMHHA OYTH BHJIaJ€Ha 3 HHOTO, OCKIJIBKU MepPexo-
T Y CKJIOMOAIOHUMN CTaH.

3anpornoHOBaHUN TPUCTPIN M03BOJSE 3AIMCHIOBATH JOCHIIPKCHHSI KIHETUKH
CTPYKTYPOYTBOPEHHS B €MIOKCUHUX MOJIIMEPAX 13 MOXKIIUBICTIO 30€PEKEHHSI SIK BUMI-
PIOBAJILHOIO 30H/TY, TaK 1 OTPUMAHOTO 3pa3Ka JJIsl peaizallii MoJadblInuX TOCT1KEHb.
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Sichkar T. G., Rokytskyi M. O., Blahodarenko L. Yu., Vasylenko S. L., Shut A. M.

Investigation of the Kinetics of epoxy polymer curing using mechanical
and thermophysical methods

The article investigates the kinetics of curing in epoxy polymers using a combination of ul-
trasonic acoustic methods and thermophysical measurements. Epoxy materials are widely used
in engineering, construction, and composite technologies, and their final properties depend
strongly on the structural transformations occurring during curing. Despite the broad applica-
tion of epoxy systems, detailed information regarding the evolution of their physical properties
during the curing process remains limited, which highlights the relevance of the study.

The compositions based on the epoxy resin ED-20 cured with polyethylene polyamine
(PEPA), including systems modified with dibutyl phthalate (DBF) and epoxy ether (EET) are
examined. Structural changes during curing are monitored by measuring the ultrasonic wave
velocity and attenuation using an echo-pulse method. This approach enables real-time obser-
vation of transitions from the initial liquid mixture to the gel state and finally to the glassy
polymer. Because ultrasonic parameters are highly sensitive to changes in molecular mobility,
crosslinking density, and internal structural rearrangements, they serve as effective indicators
of the curing stages.

The study identifies three main stages of epoxy polymer curing. The first stage, up to ap-
proximately 50 minutes, corresponds to the onset of chemical interaction between the resin and
hardener. During this period, heat release from exothermic reactions results in increasing tem-
perature and decreasing thermal conductivity, reflecting lowered viscosity and enhanced mo-
lecular mobility. The second stage (= 50—110 minutes) marks the formation of a gel network.
Both ultrasonic velocity and thermal conductivity increase significantly, indicating rapid
growth of crosslink density. This interval also corresponds to the maximum exothermic effect.
The final stage (= 250-300 minutes) represents the transition to the glassy state, where seg-
mental mobility becomes greatly restricted and the curing process effectively stops, reaching
about 50-60% conversion. Completion of curing is possible only at higher temperatures.

In parallel, thermophysical measurements based on temperature evolution and thermal con-
ductivity provide independent confirmation of the observed stages. A special linear probe con-
taining a heater and thermocouple is used to measure heat propagation dynamics, enabling
correlation with ultrasonic results. These data reinforce the understanding of structural trans-
formations occurring throughout curing.

The authors emphasize the practical significance of the findings. Determining the charac-
teristic points of gelation and vitrification allows optimization of industrial processes involving
epoxy polymers, such as extrusion, casting, and forming. Knowledge of the cure kinetics helps
define the allowable residence time of the polymer in technological equipment before it be-
comes immobile due to vitrification. Furthermore, the experimental setup developed in the
study enables repeated use of the measurement probe and retention of the cured sample for
additional analysis.

Overall, the research demonstrates that combined acoustic and thermophysical methods are
highly effective for characterizing the kinetics and structural evolution of epoxy polymers, con-
tributing both to fundamental understanding and applied material engineering.

Keywords: epoxy polymer, glass transition, curing, ultrasound propagation velocity, heat con-
ductivity coefficient.
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AHaJIITHYHE JOCJTI’KeHHSI KOHIEHTPaliil KHCHIO 3aiiMaHHA Ta MOTraCAHHA
CYXHX 3AJIMIIKIB (KOKCiB) YACTHHOK BYTJLIA Pi3HOTO i30Mopdizmy

3menwenns 3anacie anmpayumy ma po3uupeHHs GUKOPUCMAHHA HU3bKOPEAKYIUHUX 82l
i biomacu 6 mennogiil eHepeemuyi 3yMOBII0I0Mb HEOOXIOHICMb 0emMaIbHO20 AHANI3Y YMO8 3d-
UMAHHS, NOPY8aAmMuUX 8yelleyedux YacCmuHoK, AKi 00YMOGNeHi 6 neputy 4epzy KOHYeHmpayicio
KUCHIO 8 3ANIedCHOCII 610 memnepamypu i diamempa YaCmMUHOK ;8 Opyzy uepey — memnepa-
Mypor i MUCKY OKUCHUKA. Y pobomi docnioxceno niug poody 8yeinis, diamempa, memnepa-
Mypu OKUCHUKA HA KOHYEHMpayii KUCHIO 3AUMAHHA Ma NO2ACAHHA NOPY8AMUX YACMUHOK G)-
2 I 6iomacu pisHO20 130MOpEhIZMY 6 2A308UX CYMIWLAX, WO MICMAMb KUCEHb, 34 KIMHAMHOL
memnepamypu. OcHo6Hy yeaz2y npudileHo YaCMUHKAM, AKI CKI1A0aomuCs 3 8y2leyesoco 3aiu-
WIKY NiC/Isl 6UOLNIeHHS TeMKUX PEYOBUH.

Po3spobneno gizuxo-mamemamuuny mooenb menyiogoi no8eOiHKU NOPY8amoi yaneyesoi ua-
CMUHKU 3 YPAXYBAHHAM MENIO0BUOLNIEHHS BHACTIOOK 2emepOo2eHHUX PeaKyill OKUCIeHHs, MenJio-
0OMIHY 3 HABKOJIUWHIM 2A308UM CepedosueM i CMIHKAMU PeaKmopd, d MaKo#c GHYMpPIiuHbol
oughy3ii’ Kuchio ma XimMiuHo20 peazy8anHs 6 nopax. Y mooeni 8paxosano enius izomop@imy
8Y2INIAL uepe3 3MIHY eHepeii akmugayii, nopyeamocmi, NUMOMOIL NOGEPXHI NOP 1 2YCMUHU YacC-
munox. Ompumano ananrimuyui 3a1eiCHOCmi O CIMAYIOHAPHUX MeMNnepamyp 4acmuHoK ma
KPUMUYHUX YMOB 3AUMAHHS [ NO2ACAHHS.

Ilokazano ichysanus cicmepe3ucHoi oonacmi napamempia, y mMexncax sKoi 3auManus nopy-
8aMUX YACMUHOK MONCIUBE ULIAXOM KOPOMKOYACHO20 NIOBUWEHHS IX NoYamKogoi memnepa-
mypu suwje KpumuuHnozo 3nadenus. Ilepexio 6i0 anmpayumy 00 Oinbul NOPYEAMo20 0epesHO20
8Y2lLIsl NPUBOOUMb 00 3HUNCEHHS MEeMNepamyp 3atuManHs, MIHIMAIbHOI KOHYeHMpayii KUCHIO
ma po3wupents OlanazoHy po3mipie YacCmMuHoOK, 30amMHUX 00 3AUMAHHA 8 XOJOOHUX 2a308UX
cymiwax. JJogedeHo, ujo 8paxysants pea2y8anHs 6cepeouti nop € HeoOXioHUM 0Jisl KOPEKMHO20
ONUCY NPOYECiB8 3AUMAHHSL | 2OPIHHSA NOPYBAMUX 8Y2lleyesUx Mamepiais.

Kniowuosi cnoea: 8y2inns, xucemwvb, 4acmuHKa, 3aUMAaHHs, NO2ACAHHA, 2icmepesuc, peazy-
BAHHs 6 NOPAX.

AKTyaJIbHiCTh. 3MEHIIICHHS 3aaciB aHTPALUTY [ 3a/1a4 TEIUIOBOT €HEPTreTUKU
3MYCHJIO IIYKaTH MOXKJIUBOCT1 €(pEKTUBHOTO BUKOPUCTAHHS 1HIIMX MEHII €HepreTuy-
HUX THUIIl BYTULIs. B Toi ke yac caMe B KOTJax Jyuisi OTPUMAaHHSA TeIlia 3apa3 akTUBHO
BEIyThCA pOOOTH IO 3aMiH1 YaCTUHH BYT1JUISI Ha 6ioMacy, sika MepeBa)XHO CKIIaJaEThCs
3 CyXHUX TBEpJUX OPraHIYHUX PEUOBHUH, 3a3BUYAN Y BUIJISAL JEPEBHUX MEJIET UM Bif-
XO/IIB CUTBCHKOTO TocnoaapcTna [1, 2].
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Byrinis mae 6arato akTUBHUX TPYII, K1 MOXKYTh B3a€MOJIISITH 3 KUCHEM 3a KiM-
HATHOI TeMIIepaTypH, 110 CYIIPOBOHKYETHCS 3HAUHUM BUJIUICHHSIM Tera [3, 4].

Temnepatypa Byrijuisi 3pocTaTUME, KOJIM TEIIO HE PO3CIIOETHCS JOCTATHDHO, 1110
HA3MBAETHCS caMmo3aiiMaHHAM. SIKIo camo3aiiMaHHs He OyJie BUSBIECHO Ta HE BKUTO
3aX0/IiB BYACHO, BOHO MO3K€ JIETKO MEePEePOCTH B TIit0ue a00 MOIyM'stHE TOPIHHS 3ajie-
JKHO BIJl TaKMX (haKTOPIB, SIK KOHIICHTpAIlis KUCHIO [5].

Byriusa nepen cniagtoBaHHSIM NEpeTBOPIOIOTH B il 3 90% uvactuHok meHie 80
MKM, a 1Hoa1 1 50 MkM [6]. YacTuHKHM cyxoro OlonmainBa 3a3BHUYail CKJIaIal0Th MEHIIIE
1 mM. SIK 1 YaCTHHKY BYTULIS, TaK 1 O10MaKBa, MICTSITh 3HAUHY YaCTUHY JIETKUX PEUO-
BUH, SIKI IPU MOPIBHSIHO HEBEJIMKOMY HarpiBaHHI TOBOJII JIETKO BiATUISIIOTHCS B Yac-
TUHOK 1 MOYMHAIOTH TOPITH HATPiBAlOYU OTOUYIOUE YACTHHKH ra30BE CEPEIOBHILIE.

B Takiil 3a7a4i BaXXJIMBUM € KPUTHYHI YMOBH, Kl IOTPIOHO OpraHizyBaTH IJis
camo3aiiMaHHs 1 TOJAIbIIOTO TOPIHHS TAKUX YaCTUHOK, SIK1 CKJIAJAl0ThCS 3 ByT1JIbHOTO
3aJIMIIKY 0€3 JeTKUX PEYOBHUH y CKJal. BaxiMBuM mapaMeTpoM € BUCOKa TeMIlepa-
Typa ra3oBoi CyMillli, 110 MICTUTh OKMCHHUK. Peamizallis B IbOMY BUITQJIKy 3aiiMaHHs
Wy, 3a3BU4ai, moTpedye Ha MOYATKOBOMY €Talll CYTTEBOTO PO3ITPIBY M€l CyMiIl.
KokcoBi yacTUHKY aHTpalUTy MalOTh BUCOKI TeMIiepaTypu 3aiManHs (0m3bko 1200-
1400 K) [7]. Bmict netkux pedoBuH 3MeHmye ii 10 800 K[8]. Ha peanizariito BUCOKo-
TEMIIEPATyPHOTO PEXKUMY (TOPIHHS ) TAKUX YACTUHOK IPH 1€ MEHIINX TEMIIepaTypax
razoBoi cyminri (1 mpu KIMHATHIN TeMIiepatypi), MpaKTUYHO HE 3BepTasacs yBara.

Binomo, 1o Byruuist pisHOTO 130MOp(i3My, MOXKHA BIAPI3HUTU B MEPILY YEPry
€Hepri€ro akTUBALlll I OCHOBHOI peakiii ropiHHs Byriaewto [7]. Tak ans aHTpauuTiB
E, =130 — 146 x]JIx/monb, s nepeBHoro Byriuist E; = 75-84 xJlx/monb. Taka Bin-
MIHHICTb TOSICHIOETBCS HE TUIBKH P13HOI MOP(OIOTi€ro By, ajie 1 BIULTMBOM IMOPY-
BaTocTi. Tak BIJIMB BHYTPIIIHHOTO pearyBaHHs MpU 3HAYHIN MOBEPXHI MOP MPHU3BO-
JUTH 10 3MEHIIICHHS €(PEeKTUBHOI €HEePril akTHUBAIIil peaKilii B 1Ba pas3u.

3 1HII0r0 OOKY MEHIII €HEPreTUYHE BYT1/UIs 3MEHIIY€E MaKCUMaJlbH1 TeMIIepaTypu
ropinas nmwioBoro ¢akeiny. I Toal BIUIMB MOCTIOBHOT peakilii BYIJICIIO 3 JIOKCHUIOM
Byriento C+ CO, =2CO (III) crae HecyTTe€BUM, a OCHOBHUMH € TapaJiebHl XIMIYHI
peakuii Byriemto 3 kucieMm C + O, =CO, (1), 2C + 0, =2C0O (1).

MeTto10 n1aHOi po0OTH € BU3HAUYCHHS KPUTHUYHHUX YMOB 3aiiMaHHS 1 MOTracaHHs
MOPYBAaTUX YACTUHOK BYT1JUIS P13HOTO 130MOp(}i3My B Ta30BUX CyMilllaX KIMHATHOI Te-
MIepaTypH.

006’exTn: enexrpoaune Byruuis (E), antpanut(A), kokc razosoro Byrius (I), ae-
peBHe Byriis (1), siki BIAPI3HAIOTHCS TYCTUHOO, EHEPri€l0 aKTHBAaIllil, TUTOMOIO T0-
BEPXHEIO MOp Ta 3MICTOM 30JIH.

IMocTanoBKka 3aauyi. 3MiHa cepeHBOTO 3HAUEHHS TEMIIEpaTypu OPYBATOi BYT-
Je1eBOi YaCTUHKYM BU3HAYAETHCS BUAUICHHSM TEIJIa B Pe3yJIbTaTl MPOTIKAHHA XIMiU-
HUX peaKkUiil ¢c, TEMI00OMIHOM YaCTUHKH 3 Fa30M ¢, 1 30BHIIIHIMU CTIHKAMH ¢

cepcd OT

6 at_qeﬁ" qeff:qch_qg_qw’T(t:O):T;ﬂ (1)
g, =(Ok + Ok, 1y K
‘ k, +k,

1

(1 - Xa )pngOzs s
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Ie cc ,p.— MATOMA TEIUIOEMHICTh 1 T'yCTHHA YaCTHHKHU; T}, — IOYATKOBA TEMIEpaTypa

yacTuHkH, Q;, O TermnoBi epektu ximiunux peakiii (I) — (I1), po3paxoBani Ha o11-
Huio macu O,. B pesynbrati peakmiit (I) - (II) BimOyBaeThcs B 4aci 3MEHIIICHHS
aiameTpa d B pe3ysbTaTi peakiiiii Ha MOBEpXHI TaryCTMHHUP MOPYBATOi YACTHUHKHU 3a
paxyHOK pearyBaHHsI BCEPEIHHI MOP:

od  2M p
1-X C(k +2k)2Y, , dit=0)=d,, (2
(=X)5 =g, 2= s dC=0=d,. @)
op 6 k,
1-X,)=—=—— ke, + 2k, Y,,, t=0)=p,, (3
( )at d 02( )kl +k2 pgv O,s p( ) pb ( )

V_

D, Fd*(k +k,) T, P E
(Se,cthSe, —1), Se, = D P =P P k= kOleXp(_R_lTj’

v

E : E T
k, =k, exp(—R—;), ky, =k exp{—ﬁ( T H, E,=1.1E,

ne ki, kx— konctantu ximiyaux peaxiiit (I) — (II), m/c; k, — KOHCTaHTa BHYTPIIIHHOTO
pearyBaHHs, M/C; Y, ~— BIJHOCHA MacoBa KOHIICHTpALllsl KMCHIO Ha IOBEPXHI YacTu-
2

Hku; D, — koediuieHT BHYTpinHbOi ndy3ii KUCHIO BeepeauHi op, M*/c; F, — nutoMa
HOBEPXHA 1Op, M '; Se, — BHyTpilHe yrcio CeMeHoBa, 110 BU3HAYAE BiHOCHY POJIb
XIMIYHOTO pearyBaHHs Ha MOBEPXHI MOP 0 MAaCONEPEHOCY KUCHIO B MOpax; dp, Py —
MOYaTKOBI AlameTp 1 ryctuna yactunky; 7* = 2600 K, £* = 100 m/c.

Po3paxyHku npoBoaunnch npu HacTynHUX napametpax: Q; = 12.343 M/x/krO,,
0> = 6.844 MJ1x/xrO; [7].

Koeoiuient BHyTpinHb0i Au(y3ii KUCHIO B MOpax, MMTOMAa MOBEPXHS MOP BUPA-
KAETHCS Yepe3 MOPYBATICTh YACTUHKH 1 KoediieHT Audy3ii roprovoi peuoBUHH B ra-
30BiH a3zl [7, 9]:

Dv:XZ.Dg ’Fv:X(l X) v0 2 X: _L’

real

i€ 7, — IOPYBATICTh YACTHHKHU (BIJHOIIEHHA 00'eMy 1Op 10 00'eMy II1JIO] YaCTHHKN);
P,.; — AlMiCHA T'yCTHHA MaTepiady YaCTUHKH.

[Tpu mpupoaHiii kouBekuii kputepiit Hycenpra Bu3HauaeTbes kputepiem ['pac-

¢droda [10]:
3 (T-T
Nu=2+042(Gr-Pr)’> | Gr=52 { g).
Vg TO

[Ipu BU3HAUYECHHSA KPUTHUYHOI 3aJI€KHOCTI JUIsl YaCTHHOK JiameTpom1-15 mm Oyno
BUOpPaHO XapaKkTepHe «cepeaHe» 3HaueHHs yucia Hycenbta Nu = 4.5.

3anajoBaHHS B XOJOAHHUX cyMimax. /s aHaII THIHOTO TOCIIIKSHHS Xapak-
TEPUCTHUK 3aIaIOBAHHS YaCTUHOK KOKCY B @30THO-KMCHEBUX CyMiIlIax po3TJsHyTa 3a-
JIEKHICTh KOHLIEHTpALlll KUCHIO B/l CTAalllOHAPHOI TEMIEPATYPHU (3 YMOBH ¢ = 0 piB-
HstHHA (1)):
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Puc. 1. BrumB poay Byriuis Ha 3aJieXKHICTh KOHIIEHTpAI1 KUCHIO BiJ CTaIliOHAPHOT
TemmepaTypH 4acTuHKH. J{iameTpom 13 MM B razoBiit cymimi KiMmHaTHOI Temmeparypu (7
=293 K).m — exciepumenT [11]. a) 1 — ]I, 3 — A. CyminpHa — BpaxyBaHHs pearyBaHHs B
nopax, myHKTUp — 0e3 pearyBanns B mopax. 0) 1 —,2-1,3-A,4-E.

D,Sh
cp,—5—(T-T )+es(T*-T

¥y, =t (7T veet ) 1+"11)+S’;lngs 1+kkvk d |.(4)
(O 0k 1+ 5 Jamx g, L PSP e

1 2

B monepennix mocmimkennsax [11, 12] nmpoBogmmmcs eKxcriepuMeHTaIbHI JOCTi-
JDKSHHS 3allaliOBaHHS 1 TOPIHHS BEJIMKUX YACTUHOK BYTULIS B XOJIOJHUX a30THO-KHUC-
HeBUX cymimax. O0'ekTaMu TOCHIKEHHs OyJu B3AT1 YaCTKHU JI€PEBHOTO BYT1UIS 1 aH-
TpauuTy 3 AlameTpoM BiJ 7 10 15 MMm. B Takux cymiliax crocTepiraerbcsi KpUTUYHE
3HAYEHHS M0YaTKOBO1 TEMIEPATYPH, IIPU NIEPEBUIICHH] SIKOT CIOCTEPITAETHCS CAMOBI-
JIbHE 3pOCTaHHS TEeMIIEpaTypH 1 IOCATHEHHs KBa3ICTIMKOro pexxuMy ropinHs. B mosi-
Tp1 111 YACTUHOK JIEPEBHOTO BYTUI KPUTUYHE 3HAYEHHS MOYATKOBOI TEMIEPATypH
nexuTh B Mexax 600-650 K, B kucHi — 525-555 K, nns aHTpanuTy TUIBKH B KUCHI —
895-925 K. 3 yacTUHKaMU €JIeKTPOIHOTO BYT1UISI 3alajtOBaHHs B KMCHI HE BAAIOCS
peanizyBaTu.

307bHUI Iap HA AEPEBHOMY BYT1LII CIaOKUil, HEMIIHUIM: pyHHY€ETHCS MPHU Clla-
OxoMy 00yBaHHI , TOMY i1 BIUTHB JJII PyXOMOi YaCTUHKN HE3HAYHUH.

Ha puc. 1 npencraBneni craiioHapHi 3ajeXHOCTI (4) B Ta30BUX CyMilIax KiMHa-
THO1 TeMrepaTtypu. J[is 9acTHHKH 1epeBHOTO BYT1/UIS 1 B TIOBITPI, 1 B KUCHI (puc. 1a,
KpuBa 1, ’KUpHA JIiHIA) € TEMIIepaTypa 3amajTloBaHHA-KPUTHIHE 3HAYEHHS TOYaTKOBO1
TeMIeparypu, OublIe AKoi BiIOyBa€ThCs MEPEXi] Ha CTIMKY T'UIKY TeMIEpaTypu ro-
pinHs. Tak, 1Js psiy KOHIEHTpAIi KUCHIO ICHY€E TPH CTalllOHAPHI TeMIEpaTypH, sIKi
BIJIMOBIJIAI0Th HU3bKOTEMIIEPATYPHOMY OKUCIIEHHIO, TEMIIEpaTypi 3aMajtoBaHHs 1 ro-
piHHIO. J{J15 YaCTUHKU aHTPALUTY TOPIHHS MOYKJIUBE JIMIIIE 1J11 BACOKUX KOHIIEHTpPAILI1i
KHCHIO.

Ha puc. la npeacTaBieHo NOpIBHSIHHS 3a]eXHOCTEN (4) 3 BpaXyBaHHSAM J0/1aT-
KOBOI'O pearyBaHHs B mopax 1 0e3 Hboro. ICHye mymka, 110 BeIMKa MOPYBAaTICTh
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Tabauus 1. [TpuitHATI BIACTUBOCTI A1 KOKCIB BYTUIJIS

Buja xokcy By- | ['yctuna, | Enepris aktuBamii | [lutoma moBepxHsi | 30IbHICTB
rijs Kr/m? E1, xJI5x/MO7b nop Fy, M2/m> Xu
Enexrponne (E) 1600 155 2.5-10° 0
Amntpanur (A) 1550 140 5.0-10° 0.01
TI"azose (I) 800 100 2.5-10° 0.08
Jlepenne (1) 450 70 5.5-10* 0.05

MIPU3BOJUTH IO 3MEHIIICHHS BUIAMMOI €HEpTii aKTHBaIlil B Ba pa3u B MOPIBHSIHHS 3
eNeKTpoaHuUM ByriyuisiM. Hampukitan enepris aktuBaiii aepeBHoro Byriuist: 70 1 155
kJ[>x/Momnb. Tomy, HaueOTO, B3SABIIIM MEHIITY €HEPTil0 aKTHUBAIlil, BpaXOBYBAaTH J0]aT-
KOBO pearyBaHHS B MOpax HE MOTPiOHO.

OpHak, sIK BUJIHO 3 TIOPIBHSIHHS JOCITHUX JJAHUX I10 3aI1aFOBaHHI BEIMKHUX Yac-
TUHOK JIEPEBHOTO BYTL/UIS 1 aHTpanuTy (puc. 1a), BpaxoByBaTH pearyBaHHS B TTOpax
HeoOxiHO. BoHO (HampuKIiam st AEpEeBHOTO BYTULIS) CYTTEBO 3MEHIITYE TEMITepa-
TYpH 3alaJIFOBaHHS 1 JorloMarae e 3poOUTH B TOBITP1 KIMHATHOI TeMIIEpaTypH.

JI71s1 KOKCiB BYTJUIsA, BKa3aHUX B TaOJ. 1, BIAMIHHICTh IPOSIBISETHCS MO €HEprii
aktuBarii peakiii (I) 1 ryctuHi kokcy. ['ycTHHA BIJIMBa€E Ha pearyBaHHs BCEPEAHI ITOP
yepe3 MUTOMY MOBEPXHIO TOp 1 mopyBaticTh. Tak (puc. 1b), mpu 3MiH1 130MopdizMy
BYT'ULIA (B1J MaJIONIOPYBATOTO aHTPALIUTY 3 BUCOKOKO €HEPri€r0 aKTUBAIlIl 10 BUCOKO-
MOPYBATOr0 JICPEBHOTO BYTULIS 3 HU3BKOIO €HEPril0 aKTHBallli) BiOYBA€ThCSA 3HU-
KEHHsI TeMIIepaTyp 3arajiOBaHHA 1 MIHIMAIBbHOI KOHLIEHTpAllli KUCHIO B CyMIIIIi, IPU
K1 MOKIJIMBE 3aNATFOBAHHS BEJIMKUX YACTHHOK KOKCY.

Ha Bigminy Big TemriepaTyp 3amajdrOBaHHS YaCTHMHKH Y3TOJKEHHS TEMIIEPaTyp
TOPIHHSA CTIOCTEPITAETHCS JIMIIE B Pa3i TOPIHHS YACTUHKU JIEPEBHOTO BYT1/UISI B XOJIO-
nHOMY TOBITpI. 1le MOSCHIOETHCS BIICYTHICTIO MPU HU3BKUX TeMIepaTrypax (HUXKYE
1000 K) roMoreHHOTO TOPIHHS YaJHOTO Ta3y MOOIHM3y MOBEPXHI YACTUHKH, IO CIO-
CTEpIraeThCsl BI3yallbHO y BUTJISAL SICKpaBoi XxMapu Oiist moBepxH1 yacTuHku. g pea-
KIIisl moripurye qudy3ito KUCHIO 1, OT)KE, 3MEHIITY€E HOTO MOBEPXHEBY KOHIIEHTPAIIIFO.
Tomy peasibHi TeMIlepaTypu TOPIHHS YaCTUHOK OyAyTh MEHIIE, HIK pO3paxoBaHi 3a
dhopmyoro (4).

Ha puc. 2 npencrasieHi cramioHapHi 3aJIEKHOCTI (4) 715 p13HUX JiaMETpiB Yac-
TUHOK KOKCY JIEPEBHOTO BYT'UJLIA 1 TEMIIEpaTypU OTOYYHOYOI ra30BO1 CyMIIIl.

Tak 31 3MEHIIIEHHSM J1aMeTPy YaCTHHKH i1 TeMIlepaTypa 3arajatoBaHHs 301IbITY-
etbes. Lle 00ymoBIiieHO B mepiny yepry 301IbIISHHSIM TEIJIOB1 a4l 3 OJUHHIII TOBEP-
XHI YaCTHHKH. HIOKHS Mexa 3al1allfoBaHHs [0 KOHUCHTPALIT KUCHIO Y, . B MEXax BiJ

1 1o 15 MM mpakTUYHO HE 3aJEKUTH BiA JiaMeTpy YaCTUHKH.

3i 3pOCTaHHSAM TeMIepaTypH Ta30BOr0 Cepe0BHUINA MOXKIMBOCTI Ul peanizamii
TOPIHHSA SIKICHO 3MIHIOIOThCS. Tak npu Temnepatypax 7,> 520 K mosxnuBa peanizanis
camosaiimanns: ¥, <1 [13].

Ha cramionapHiii 3anexHocTi Y, (T) MakcuMyM (puc.2b) BU3HAYAE KPUTHYHY

yMOBa caMo3aiiMaHHs (TOYKa i), a MIHIMYM — KPUTHYHY YMOBa IOTacaHHs (TOYKa e)
YACTUHKH KOKCY. B pexXuMi HU3BKOTEMIIEpaTypPHOT'O OKHCIICHHSI TEMIIepaTypa 4acTH
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Puc. 2. 3anexHicTh KOHIEHTpAIil KHCHIO BiJ CTallilOHApHOI TEMIEPaTypu YaCTUHKH.
Kokc nepeBHOro Byriijis B ra3oBiit cymini kimHaTHOT Temnepatypu (T =293 K).

a) BIUTMB AiaMeTpy yacTUHKU d: 1 — 15mMm, 2 — 10 MM, 3 -5 mm, 4 — 1 mm. (T =293 K, T},
=293 K). 6) BrumB temmneparypu ra3oBoi cymimii Ty (T =293 K, d = 10 mm):1 — 293 K,
2-500K, 3 -600K, 4-700 K. diametp gactuaku 10 mm. Hacudyena toBcra miHis —
3aJIeKHICTh KPUTUYHOT'O 3HAYCHHS KOHIICHTPAIlil KHCHIO BiJI TOYAaTKOBOI TEMIIEPATypH.

HKH TIOBUIBHO 3pOCTA€ 3 POCTOM KOHIIEHTpaLli KUCHIO B rasl. Ilpu nocsaruenni 7 Big-

OyBaeThCsl CTPUOKOMOIOHUH TIepexi] Ha CTIMKUN peXUM TOPIHHS YaCTUHKU. Temre-
paTypa rOpiHHsS TakOX 3pocTae Hpu 30uIblieHH Y, . HaBnaku, mpu 3MeHIICHH] Y,

TeMIIepaTypa rOpiHHs 3MEHIUYEThCS 1 IPH JOCSATHEHHI KPUTHYHUX 3HaYeHb Y, , 1 T,

B1/10YBa€ThCs MOTacaHHs MOBEPXHEBUX XIMIYHUX peakiiii. Kpusa, 1110 JeXUTh MiXK TO-
YyKaMH i Ta e, BU3HAYA€ TeMIepaTypy 3analtoBaHHs YacTUHOK. Lle — ricrepesucHa 00-
JIaCTh 3alIMaHHS.

Kputuuni ymoBu noracannsi. Kputuuni ymMoBH 3aiiMaHHs (TOYKH i) Ta rora-
caHHS (TOYKHM €) MOKHA aHAJITUYHO BU3HAUUTH[ 7, 15], 3aCTOCOBYIOUM YMOBY €KCTpe-
mymy 0Y, / 0T =0 no cramionapHoi 3anexxHOCTi (4). OHaK BpaXyBaHHS pearyBaHHS

BCEPENIMHI MOp YCKIAIHIOE aHATITUYHI PO3paxyHKH. ToMy 3aCTOCYEMO JEsKi CIpO-
IIEHHS OKPEMO /I YMOB 3aliMaHHsS Ta OKPEMO JJII YMOB IOTAacaHHs, OKpPIM TPHUITY-
IICHHS HE3MIHHOCTI TeTUI0(13MYHUX BJIACTUBOCTEN MPHU AUDEPEHITIFOBaHHI.

B Toukax moracanHs (TOYKU €) TemIepaTypu OUIbI 3a TeMmIepaTypy Harpitoi
ra3oBoi CyMilll BiIOYBa€THCS 3MIIIEHHS KIHETUKU XIMIYHOI peaKilli y BHyTPIIIHIO TU-
(y3iiiHy 00J1acTh, B sKiil BUKOHYIOTbCS YMOBU Se, >>1. KoHcTaHTa BHYTpILIIHBOIO
pearyBaHHS B [IbOMY BHUIAQAKy HE 3QJI€KUTh Bl JlaMeTpy YaCTUHKH:

k, ~ \/(kl + k,)D,F, ,a TiTbKH Bill TEMIIEpaTypH.

v

TeMnepaTypHOIO 3aI€KHICTIO MHOKHUKA A =1+—"—73HexTyeMO: pu Xapak-
1 T4,
TEPHHUX TeMIIepaTypax MOTracaHHs BOHA € CIa0KOI0 TEMIIEPATYPHOIO 3aJI€KHICTIO.
Criepiry BU3HAYMMO TeMIEpaTypHI MOX1IHI:
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Puc 3. 3anexxHicTh KpUTHYHOI KOHIEHTPAIli KUCHIO Ta TEMIIEPaTypH MMOTacaHHs Bif Jia-
METPY YaCTUHKHU JIEPEBHOTO BYT1LLIS B MOBITPi KiMHATHOI TemmneparypH (T = T, = 293K):
1-1,2-T. ¢, 0—3HaueHHs 31 CTallioHaApPHOI 3aJeXKHOCTI (5).

C E,
(k +k,), :W(klEl +k,E,)= R;’l (k,+k,),

Eeff2
(0 +0aks ), == (OB + 0y ) =230,k + O,k
_KE+kE, . 0,kE+0,kE,
eff'1 k] + k2 > Teff2 Qf1 k1 + sz k2 > Heff2

[Ticig 3acTOCYBaHHS YMOBU €KCTPEMYMY 6Y02 / oT L =0 meToa0M ONMCaHuM B [7,

< F

ef1’

14, 15] oTpuMyeMoO po3B 30K y BUTIISIL:

; :B+\/32+(Ag—1)(A:V—(1—E)Aw)/A . L s m E)Aj
e 4, -1 4,
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poB g ol o (T°T) g By
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B mapamerpuunoMy BHII BUpa3 I JiaMETPiB YACTHHKY 1 KOHIIEHTpAIIil KUCHIO,
AK1 BIAMOBIJAIOTH MOTACAHHIO, PEICTABUMO y BUTJIAJI CUCTEMH (TapaMeTp— TeMIie-
paTtypa yacTuHku 7):

y | o GRT Lo l(aB +4
e eﬁzQeﬂLel’"A Bl +1)(AB] +4,),

0,

()
_ DSh 4,1 1

9= k+k, A '(B+\/BZ+(Ag —1)(A;—(1—E)Aw)/AV)’
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Ha puc. 3a npezacrapneHa 3aJIeKHICTh KPUTUIHOTO 3HAYSHHSI KOHIEHTpallii Ku-
CHIO IOracaHHs BiJl pO3MIpYy YaCTUHKH KOKcy. [Ipu mapamerpax cuctemu, 1o JexXarThb
BUIIE KPUBOI CIIOCTEPITA€THCS ICTEPE3UCHUM PEKUM: YACTUHKA MOKE TIEPEUTH Ha BU-
COKOTEMITEPATYPHUN PEKUM OKUCIEHHS MUISIXOM 30UIBIIEHHS 1 MTOYaTKOBO1 TeMIIepa-
TypH BHUILE 32 TEMIEpaTypy 3ananoBanHs. [Ipu napameTpax cuctemu, 11O JIeKaTh HU-
KY€ BKa3aHOi KpUTUYHO1 KPUBOI BUCOKOTEMIIEPATYPHUIN PEXKUM HE TOCSATAETHCS.

Ha naniii 3anexHOCTI criocTepiraeTbes MiHiMyM. BiH 00yMOBJI€HUH 3MEHIIIEHHSIM
MacoTNePEHOCY KUCHIO /IO OJMHHMII MTOBEPXHI YaCTUHKH (1, OTKE, XIMIYHOTO TETIOBH-
TJICHHS) 3 OJTHOYACHUM 301IbIICHHSIM TEIUIOB1/I/1a4ul BUTIPOMIHIOBAaHHSIM 3 POCTOM ii
aiameTpa. AJKe peakilii Ha MOBEPXHI YaCTUHKU MpU TeMIlepaTypax MOracaHHs JiMi-
TYIOTBCSI HE TUIBKM KIHETHUKOIO, a I1le MaconepeHocoM. [Ipu Benukux aiamerpam yac-
TUHKU Pa3oM 31 30UIbIIEHHSM B1IHOCHOI pOJIi TEMJIO0OMIHY BUIIPOMIHIOBAaHHSIM B 3a-
TATBHUX TEIUIOBTPAaTaX TaKOXK 3MEHITYETHCS 1 MIBUIKICTH MAaCOMEPEHOCY KHCHIO [0
OJIMHUIIl TMOBEPXHI YaCTHUHKHU 1, OT)KE, XIMIYHE TEIJIOBULICHHs. TakuMm 4uHOM, IS
BUMYIIEHOTO TIEPEXOAY Ha BUCOKOTEMIIEPATYPHUI PEXXUM OKUCIEHHSI HEOOX1HO OK-
PIM TIJIBUIIIEHHS TIOYATKOBO1 TeMIIEpaTypH MOTPIOHO MiABUIIUTH KOHIICHTPAIIIIO KH-
CHIO.

[TokparnieHHs SKOCTi BYyTiyuIsl IPU3BOJUTH O MIABUIICHHS KPUTUYHUX KOHIEHT-
palii moracaHHsl JiJis1 BChOTO JIialla30Hy PO3MIpy YaCTHHOK BYTiLIsl. SIK BUIHO, B TTOBI-
Tp1 3aliMaHHs MOXJIMBE ISl YaCTHHOK JiepeBHOro Byriuuig aiamerpom Bif 0.2 mo 30
MM, a JJIsl KOKCy ra3oBoro Byruwist 0.3 — 9 mwm.

BucHoBku. Y poOOTI JOCTIAKEHO YMOBHU 3aiiMaHHsI Ta TOTacaHHs MOPYBAaTHX BY-
IJICHEBUX YACTHHOK PI3HOTO 130MOP(13My B ra30BUX CyMiIlIax, [0 MICTSATh KUCEHb, 3a
TeMIeparyp, Oau3bkux a0 KiMHaTHHUX. [loka3aHo, 110 31 3MIHOI0 130MOp(}i3My BYT LIS
— BIJ] MJIOTIOPYBAaTOTO AHTPAIUTY J0 BUCOKOIOPYBATOrO JI€PEBHOTO BYTULIS — CYT-
TEBO 3MIHIOETHCS XapaKTep TEIUIOBOTO OaaHCy Ta KIHETUKU OKHUCIICHHS YaCTUHOK.

BcTranoBneHo iCHyBaHHsI TCTEPE3UCHOT 00J1aCTi MapaMeTpiB CUCTEMHU, B SAKIH MO-
KIIMBUH MepexiJ YaCTUHOK y PEKUM BUCOKOTEMIIEPATypHOTO TOPiHHS 32 paXyHOK KO-
POTKOYACHOTO ITiIBUIICHHS 1X MOYAaTKOBOI TEMIIEPATyPH BUIIIE KPUTUIHOTO 3HAYCHHSI.
[Tpu 1ipoMy 31 3pOCTaHHSM MOPYBATOCTI TA 3MEHIIEHHSIM €(EeKTUBHOT eHeprii akTuBa-
1111 PO3IIUPIOETHCS K 00JACTh KOHIICHTPAIli! KUCHIO, TaK 1 JI1alma30H J11aMeTPiB 4acTH-
HOK, JJISl IKUX TaKUH Mepexif € MOXKIJIUBUM.

OTpuMaHO CTaliOHAPHI aHAJITUYHI 3aJI€KHOCTI, IO MOB’A3YIOTh KOHLIEHTPALIIIO
KHCHIO, pO3MIp YAaCTHHKH Ta 11 TEMIEpaTypy, 1 AKi J03BOJIAIOTh BU3HAUATH KPUTHUYHI
YMOBH 3aiiMaHHs Ta noracanHs. [loka3aHo, 1110 MPUHIIMIIOBO BAKIUBUM € BPaXyBaHHS
BHYTPILIHBOTO pearyBaHHs B MOPaX, SKE BiAOYBAETHCS B BHYTPIIIHBO-TU(Y31iHIN 00-
JacTi Ta ICTOTHO 3HWXKY€E TEMIIEPATYPU 3aiiMaHHsI MOPIBHSHO 3 MOJEISIMHU, 110 BPaxo-
BYIOTb JIUIIIE TIOBEPXHEB1 peaKiii.

[TpogemMoHCTpOBaHO, 10 BPaxXyBaHHS JIMIIE 3MEHIIEHHS €HEeprii aKTHBALii MpH
nepexo/i 10 OLIbII MOPYBATUX CTPYKTYP € HEAOCTATHIM. J{J1s aIeKBaTHOTO OIUCY IIPO-
1eciB 3aiiMaHHs HEOOXiAHO OJHOYACHO BPAaXOBYBATH 3MiHY I'YCTHHHU, TUTOMOI IOBEP-
XH1 TIOp 1 MacoNepeHOCY KUCHIO BeepeInHI YacTUHKU. CaMe CYKYITHICTh X (DaKTOPiB
BU3HAYA€ 3CYB KPUTHYHUX TEMIIEPaTyp 1 KOHLEHTpAIiil KUCHIO.
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[Tokazano, 1110 B MOBITP1 KIMHATHOT TEMIIEPATypH 3aliMaHHs MOXJIMBE AJIs IIIUPO-
KOTO KJIacy TIOPYBAaTHX BYTJICHEBUX YaCTUHOK, 30KpeMa JEPEBHOTO BYTIIS Ta KOKCY
ra3oBOr0 BYT'JIIsI, y IEBHOMY Jliaria30H1 pO3MIpiB, TOJII SIK IJI aHTPAITUTY TaKl PeKUMU
pealti3yloThCs JUIIE 32 3HAYHO JKOPCTKIMUX yMOB. OTpuMaHi pe3yibTaTu y3roJDKy-
IOTHCSl 3 HAIBHUMHU E€KCIIEPUMEHTAILHUMHU JAaHUMU Ta TOSICHIOIOTH CITOCTEPEKYBaHi
BIJIMIHHOCTI B MOBEIHIII YaCTHHOK PI13HOTO MOXO>KEHHSI.

OTpuMaHi 3aJIe)KHOCTI MOXKYTh OyTH BHKOPHCTaHI JiJis OIIHIOBAaHHS YMOB 3a-
MaHHS 1 CTaOUIFHOCTI TOPIHHSA TBEPAOMAJMBHUX YAaCTHMHOK Y MPOIEcax CIUILHOTO
CHIATFOBAHHSI BYT1JUIA Ta O10MacH, a TAKOX JIJIsl aHATI3Y IMOXKEXKO- Ta BUOYyXOoHeOe3ned-
HOCTI CHCTEM 3 IOPYBATUMH BYTJICTICBUMHU MaTepiaTamu.
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Kalinchak V. V., Chernenko A. S., Dunayevska N. 1., Bondzyk D. L.

Analytical study of the oxygen concentrations for ignition and extinction of
dry residues (cokes) of coal particles with different isomorphism

SUMMARY

The depletion of anthracite reserves and the increasing use of low-reactivity coals and bio-
mass in thermal power generation necessitate a detailed analysis of the ignition conditions of
porous carbon particles. These conditions are determined primarily by the oxygen concentra-
tion as a function of temperature and particle diameter, and secondarily by the temperature
and pressure of the oxidizing medium. This work investigates the influence of coal type, particle
diameter, and oxidizer temperature on the oxygen concentrations required for ignition and ex-
tinction of porous coal and biomass particles of different isomorphism in oxygen-containing
gas mixtures at room temperature. The main attention is focused on particles consisting of a
carbon residue remaining after the release of volatile substances.

A physico-mathematical model of the thermal behavior of a porous carbon particle is devel-
oped, taking into account heat release due to heterogeneous oxidation reactions, heat exchange
with the surrounding gas and reactor walls, as well as internal diffusion of oxygen and chemical
reaction within the pores. The model incorporates the effect of coal isomorphism through var-
iation of activation energy, porosity, specific pore surface area, and particle density. Analytical
expressions are obtained for the steady-state particle temperatures and for the critical ignition
and extinction conditions.

1t is shown that a hysteresis region of parameters exists, within which the ignition of porous
particles becomes possible by briefly increasing their initial temperature above a critical value.
The transition from anthracite to more porous charcoal leads to a decrease in ignition temper-
ature, a reduction in the minimum oxygen concentration required, and an expansion of the
range of particle sizes capable of igniting in cold gas mixtures. It is demonstrated that consid-
ering reactions within the pores is essential for an accurate description of ignition and com-
bustion processes in porous carbon materials.

Keywords: coal, oxygen, particle, ignition, extinction, hysteresis, pore-scale reaction.
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BuB4YeHHsI KiHETHKY BUNIAPOBYBAHHSA TA TOPiHHA KpamneJb napaginoBoro
najimBa

B pobomi 0ocnioacyromscs npoyecu 8unaposysanHs i 20piHHA Kpaneib SUWUX AIKAHI8 OK-
maoeKkana i 00K03aHa 6 nogimpi. AKmyanbHicms Yux 00Ci0NHCeHb 00YMOBIeHA HeOOXIOHICIO
nowLyKy epexmuenux nanus ois 2iopudHux ogueyuis. Ilapagin € neckoniaskum mamepiaiom,
SAKULL MOJHCE BUKOPUCTNOBYBAMUCH 8 AKOCMI eKOJI02IYHO YUCMO20 | BUCOKOEHEP2eMUUHO20 Na-
ausa. Memoro danoi pobomu € 00cnioxcenHs KiHemUuKU GUNAPOBYBAHHS MA 20PIHHA Kpaneib
OKmaoekamny i 00K03aHy, 6CIAHOGNIEHHs MEXAHIZMIE YUX NPoYecis, BUSHAYUEHHS CMAIUX UNd-
POBYBAHHS MaA 20PIHHA, A MAKOJIC Koeghiyicnma oughy3ii napu éxazanux aikawnie 6 nosimpi. Jlo-
CIOMHCEHHS NPOBOOUNUCS 3 OONOMO20I0 PO3POOIEHO20 paHiule Memoody GUZHAUEHHS UBUOKOC-
meti 8UNAPOBYBAHHs MA 2OPIHHA Kpaneib 3 pPeccmpayicio npoyecié 6 pedaibHOMY Yaci i
KOMI T0omepHo10 00pooKoio yudposux 306padicens. Jis 00CIiOHCeHb GUKOPUCTOBYBANUCH KDA-
nui diamempom 6i0 1,3 mm 0o 2,05 mm. Bunaposysanns uucmux aikamie usyanocs 6 memne-
pamypuomy inmepeaani 360-510 K. I'opinus kpanenwv iHiyito8anocs 8i0 NOMYH#CHO20 iCKPOBO2O
PO3psdy, 3aUMAHHA 8100Y8AI0CL MUMMEBO.

Ompumano nacmynui pezyromamu. s 6Cix 00CAI0HCYBAHUX KpANENb AIKAHIE niOmMEepou-
8cs Ouy3itiHuLl MeXanizm 20pIiHHA, OVIU 8USHAYEHI CMali WEUOKOCMI 20piHHA | 8UCOMA No-
aym’s1 8 npoyeci 2opinua. Ompumano, wo, 8 3aiedCHOCmI 8i0 NOYamK08020 diamempy Kpanii,
cmana 2opinua 0oxkozany Ha 15—40% menwa, Hise okmaoexany. Ilpoananizosano eéniug npu-
POOHBOI KOHBEKYII HA XAPAKMePUCMUKU 2OPIHHSL.

Hocniooicennsn npoyecy 8unapogysanHs Kpaneib OKmMaoeKawy i O0KO3aHy 8 NOGIimpsaHoMy
cepeoosuyi npu pisHUX MeMnepamypax maxkoxic niomeepounu JIHIUHUL XapaKmep 3MIiHU K8a-
opama Oiamempy Kpaneib 3 yacom (d’-zaxon). Ompumano, wo 6 memnepamypHomy inmep-
eani T = 470 = 510 K wesuokicme 6unaposysamHs okmaoekawa 6 5 pazié Oinbuua, Hidic
ookozany. Ilo excnepumenmanvHo 3HAUOEHUM CMATUM WBUOKOCMEU 8UNAPOB8)8AHHS
nposedena oyinka Koe@iyicnmy oughysii napu oocniodcysanux napaghinie 6 nosimpi. Ompu-
MAaHo, wo npu 0OHAKOGIU memMnepamypi 3HaueHHs Koegiyienmy ougysii napu okmaoexauy Ha
NOPAOOK BUYUI, HINHC OOKO3AHY.

Knrouoei cnosa: napaginu, arkanu, okmaoekaH, 00Ko3aH, Kpanii, 6UNaposy8ants, cmania
8UNAPOBYBANHS, KoehiyicHm oughy3ii, 20piHHs, CMana 20piHHsL.

Beryn. AKTyanbHICTH BUBUEHHS IMPOLIECIB BUMAPOBYBAHHS 1 TOPIHHS OKPEMHX
Kpanesb piAKOro MajuBa, OB ’sA3aHa 3 MOUIYKOM €()eKTUBHUX METO/IB BUKOPUCTAHHSI
MaJMB B EHEPTOyCTAHOBKAX Ta IBUTYHAX PI3HUX TUMIB. PI3HOMaHITHICTb PiJIKUX MaJIUB
Ta YMOB iX BUKOpPUCTaHHS 3a0€3Me4yIOTh NOCTIMHUN MOMUT Ha €KCHEPUMEHTaNbHI
JaHi, 10 XapaKTepHU3YyIOTh MpoLeC 3aiiMaHHs Ta TOPIHHS MajJKiB, a caMe TEMIIEpPaTyp
3aiiMaHHs 1 TOPIHHS, IEP10AY IHAYKIIIT (3aTpUMKa 3aliMaHHs ), IBUAKOCTEN BUIIAPOBY-
BaHHS 1 TOPIHHS Ta 1HIIMX XapaKTEPUCTUK. AHAI3 TITEPATYPHUX JIKEpPEIT MOKa3aB, 1110
caMe BUBUYEHHIO [INX XapaKTEPUCTHK NIPHU FOPIHHI Kparelb PIAKOro NajirBa HAAA€ThCs
nepesara [1-6]. KonctanTa mBHAKOCTI TOPIHHS (BUMIAPOBYBAHHA) € OCHOBHOIO XapaK-
TEPUCTHUKOIO, SIKA BU3HAYAE€ €(PEKTUBHICTh NIEPETBOPEHHSI NAIKMBA 1 CYTTEBO 3aJIEXKHUTh
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B1JI TUITY NIAJIMBA, IHTEHCUBHOCTI YTBOPEHHSI CaXi, YMOB 3rOpaHHs (TeMIiepaTypH, TU-
cky) [1,4,5]. 3aTpumka 3aiiMaHHs 1 TPUBATICTh TOPIHHS € PYHKIIEIO PO3MIPY Kparelb
1 TAKOK 3aJIeKaTh BiJl TEMIIEpaTyYpHUX Ta KOHIIEHTpamiiHuX yMoB [3]. B poboTax [2,6]
BCTAHOBJIEHO, L0 MPOLIEC TOPIHHS Kpareib YUCTOTO MajJuBa XapaKTEepU3yeThCs MEB-
HOIO CTaJIMHICTIO MPOLIECIB TEIIIOMACOOOMIHY, 1110 JO3BOJIAE KPallle MOJAEIIOBATH Ta
ONTHMI3YBaTU TOPIHHS, BpaXOBYBAaTH YacOB1 aCIIEKTH MPOIieCy. 3apoBaPKEHHS HOBI-
THIX [UGPOBUX TEXHOJOTIH 300py Ta OOPOOKH JaHUX B PEKUMI PEATBHOTO Yacy J0-
3BOJIIE OTPUMATH 3HAYHO OljIbIle iH(pOpMallii Ta 3a0e31euye AKICHO HOBUUM PIBEHb -
arHOCTHKH MPOLECIB FOpiHHS nanusa [4,7].

3 po3p0oOKOI0 HOBUX BUIIB MOPHUIHUX NAJIHUB JJI1 PAKETHUX JBUTYHIB 3pOCIa 3a-
L[IKaBJIEHICTh B JOCHIJKEHHSAX MPOLECIB TOPIHHA Kpamnens napaginiB [5,7-11]. Bi-
JIOMO, 1110 napadiH SABISETHCS BUCOKOKATIOPIMHUM €KOJIOTTYHO YUCTUM MAJIUBOM (TIpO-
IOYKTH 3rOpaHHs - BYTJIEKUCIUHI Ta3 Ta Mapy BoAM). Ak nokazanu gociimpkenss [9,10],
riOpuIH1 IBUTYHU HA OCHOBI MapadiHiB 3a0€3MeUyI0Th 10CTaTHRO BUCOKHI TUTOMMIA
IMITYJIbC, III0 OOYMOBJIEHO BHCOKOIO JIIHIMHOIO IIBUAKICTIO TOPIHHS MAJIMBHOTO 3a-
psny. [IpoBeneHi ekcriepuMeHTH JOBEJH, 1110 MajibHEe Ha OCHOBI Mapadiny Moxe 3a6e3-
NIEYNUTH BHUCOKI IOBEPXHEBI BUTPATH NaiuBa (HOro BUIAPOBYBAHHS Ta BUHECEHHS B
30HY TOpPIHHS) B MOPIBHSHHI 3 1HIIMMH T1OpUIHUMU TajguBaMu [8]. ABTOpU poOOTH
[11] BKa3yI0Th Ha CyTTEBHI BILTUB MOYATKOBOIO AlaMETPy Kpareib ajJKkaHiB Ha MeXa-
HI3M 1 CTaOUIbHICTh TOPIHHS MAJIUBA.

Takum yuHOM, I PO3POOKH €PEKTUBHHUX MAJTUBHUX KOMITO3HULI HA OCHOBI Ta-
padiHiB 151 TIOpUIHUX JBUTYHIB HEOOX1H1 HAA1MH1 JaH1 10 XapaKTepUCTUKaM BUIIa-
POBYBaHHS, CllaJlaXyBaHHs 1 TOPIHHS OKPEMUX aJKaHIB, iX CyMIlIEH Ta yMOB BUKOPH-
CTaHHS B eHEPTETUYHHUX yCTPOSX.

1. IlocTaHoBKa 3a7a4i Ta MEeTOANKA eKCIIePUMEHTY. MeTor 1aHoi poOoTH €
JOCJIIJIPKEHHSI KIHETUKU BUMAPOBYBaHHS Ta TOPIHHS Kparelib YACTUX aJIKaHiB, BU3HA-
YEHHS! KOHCTAHT IIBUIKOCTEN BUTIAPOBYBAHHS Ta TOPIHHSA, a TAKOXK Koedirienta nudy-
311 mapu JOCHIKYBaHOTO MaJIkBa B MOBITPI.

[opinnsa kpanens napadiHiB (aJIKaHiB) B HArpiTOMY J10 BUCOKOI TEMIIEpaTypH ra-
30BOMY CEpeIOBHIII MPOTIKa€e cTaaiiHo [6]. Ha modarkoBiit cTazii 111 majuBa 3Haxo-
JSITHCSA B TBEPJIOMY CTaHi, a 3alMarOThCs 1 TOpATH piikoMy cTai. [IpomixkHa cTafis —
1€ TUIaBJICHHS YaCTUHKU napadiny, koiu icHye aBodaszHa cucremMa. [1o mipi 3poctranHs
TEMIIEpaTypH pO3ILIABIEHOI Kparii 30UTbIIY€ThCA IBUIKICTh BUIIAPOBYBAHHSA PIAUHU
1 HarpiBaHHs napu. Lleil nponec 3akiHuyeThCs 3aliMaHHIM Kparuii. [HTeHCuBHE BUNa-
POBYBaHHsI P1JIMHU CIIOCTEPITAETHCS B MPOILECI TOPIHHA Kparull, [0 BU3HAYAE CTAILY
IIBUJIKOCT1 TOPIHHS.

B naniii po6oTi POBOAATHCA AOCIIIKEHHS! KIHETUKU BUIIAPOBYBAHHS Ta TOPIHHS
Kparejib BUIUX aJIKaHIB: OKTajJeKaHa 1 JIoko3aHa. XiMiuHa (opmysia OKTaJeKaHa
C3Hss, Monexynspra maca M=254.5 r/moins, ryctina TBepaoi dasu p=776 Kr/m>, Te-
mriepatypa 1iaBieHHs Tme =301,3K, temneparypa kumiHHS Tpoii=590,5K. Ximiuna
dbopmyna nokozaHa CrHae, Monekynsippa maca M=310,6 r/mMoib, TyCTHHA TBEpAOi
daszu p=790 xr/m>, Temneparypa muasieHHS Ty =317,4K, Temneparypa KumiHHs
Tboi1:64 1 ,6K.
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J1y1st BUBYCHHS KIHETUKH TOPIHHS Ta BUITAPOBYBAHHS Kpariejlh HACHUCHUX BYTJIe-
BOJIIB B TIOBITP1 OyB CTBOPEHUI E€KCIIEPUMEHTAJIbHUN CTEHJI, CXeMa SIKOTO IMpeICcTaB-
neHa Ha puc.l. JlocmipkeHHs Oynu Ha-
MpaBJieHl Ha BU3HAUYEHHSI IBUJIKOCTI BU-
MapoOBYBaHHA 1 TOPIHHS MO pe3yJbTaram
peecTpallii B peKrUMi peaJbHOTO Yacy 3a A
JI0TIOMOTO10 1TU(PpOBOT KaMepu JiameTrpa
kparuii. OKpiM TOTO B peKHMI PEaIbHOTO
4acy 3a JOMOMOIOI0 1HIIOI HU(POBOT Ka-

Mepu (DIKCYBaJIOCh TAKOXK MOJIYyM s L€l >3@
Kparuil 3 MOMEHTY 3aliMaHHs 1 O MOMe-
HTY Horo 3HuKHEeHHs. OO0poOKa pe3yabTa-
TIB EKCIIEPUMEHTY BKJIOYala 3Haxo-
JOUKEHHSI 4acoBO1 3aJIe)KHOCTI KBajpary
naiaMeTpy Kparut (mepeBipka BUKOHAHHS
TOPiHHS. Puc. 1. Biiok - cxema eKCIIepUMEHTATBHOTO
creHay: | — mratus; 2 — miaBicu; 3 — Kpa-

Jlocnin BUKOHYBaBCS HAcTymHuM U1 mapadiny; 4, 7 — uu¢posi kamepn;
ynuom. Kpamis mapadiny (3) posmimy- 5, 6 - mepcoHallbHI KOMIT IOTEpU; 8 — MIK-
Bajiach Ha miaBici (2). IligmamroBaHHS pocxor; 9- xorymka Pymxopga.

Kparuii 3A1iCHIOBAJIOCS 3a JOIIOMOT OO iC-

KpPOBOT'O pO3psy, 1110 T€HEPYEThCA 1HAYKIIIHOI KOTyIKo0 Pymkopda (9). Ilonym’s
najar4oi Kparii ¢gikcyBanocs 3a gonomororo Web — kamepu (4). 3MiHa giaMeTpy Kpa-
i gikcyBanocs 3a gonomororo Web - kamepu (7), sika Oyjia BCTaHOBJIEHA Ha MIKPO-
ckon (8) mis 30uIpIIeHHS 300paykeHHs. 300pakeHHs Bia 1Box Web — kamep Hajaxo-
JIWJIU Ha TIepCOHabHI KoMl 1oTepH (5, 6). Otpumani Bijeo (aitim nmanardoi Kparii Ta
il MoayM’s, pO3KOJOBYBAJIUCH Ta 0OPOOIISIIMCA Ha KOMIT FOTEP1, 110 J1aJo 3MOTY OTpH-
MaTH JIsl Kparelb PI3HUX OYaTKOBUX J1aMEeTPiB 4acOBI1 3aJIEKHICTh KBaJpaTy Jiame-
TPY KpaIuii Ta BUCOTU MOJIyM sl B peXUMI peasibHOro yacy. OOpoOKy MOCIiOBHUX IU-
(dhpoBUX 300paxkeHb Kpareib 31HCHIOBAJIN 13 BUKOPUCTAaHHAM nakety MatLab [6].

o0
*E;n

2. T'opinHs KpaneJb OKTaJeKaHa i 1oko3aHa. Ha puc. 2 npencraBieHo pe3yib-
TaTU Bi3yali3allli mporecy TOpiHHs OJIHI€T 3 Kparelb JI0KO3aHy B MOBITP1 IIPHU TeMIIe-
parypi T, = 293 K: nociioBH1 300pakeHHsI Nay1atodoi Kparuii (puc. 2a) Ta i momyMm's
(puc. 206) B 011HI 1 T1 %K MOMEHTH Yacy.

Kparms 3Haxonunacek Ha neTjieBoMy mijABIcl (puc.2a). 3aiimMaHHs Kparui BigOyBa-
JIOCSI MUTT€BO. 3HU3Y IiJI KPAIUICI0 BUJAHO OJJAKUTHY IMOBEPXHIO, 10 € HUKHBOIO Me-
KEI0 TOJIyM sl Kparuli 3 0TouyrouuM noBiTpsM. [loaym’s Mae KoHycoinaneHy (popmy
(puc.20), 1m0 XapakTepHO JUIsl TOPIHHS B yMOBaX NPHUPOAHOI KOHBEKIIi. Bi3yansHo BU-
JTHO 301JIBILIEHHS BUCOTHU MOJIYM sl B IPOLIEC] 3TOpaHHs Kparuii.

Ha puc.3.Hagatotbcs pesyabratd 00poOKu MU(GPOBUX 300pakeHb y BUIVISIAL Ya-
COBHX 3aJIE)KHOCTEN KBaJIpaTy JlaMeTpa Kpalljll Ta BUCOTH IOJIYM's B IPOLEC] TOPIHHS
Kpanesb JOKO3aHy 1 OKTa/IeKaHy.
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a) t=0,24c t=0,72c¢ t=1,2¢ t=1,6¢

0) t=0,24c t=0,72¢ t=1,2¢ t=1,6¢
Puc. 2. 3006pakeHHs Maxar4voi B MOBITP1 Kparuti 10K03aHy (@) 3 MOYaTKOBUM J1aMEeTpOM
05 MM Ta i moaym's (0).

Puc. 3. Yacosi 3a1eXHOCTI KBaApaTy JlaMeTpa Kparelb 1 BACOTH TOJIyM’ s IS J10-
Ko3aHy (a,0) 1 okTazekany (B, I ) 3 MOYaTKOBUM AiameTpoM dp = 2,05 Mm.
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Ha nouyaTkoBoMy eTarni ropiHHs sl JOKO3aHy 3a(1KCOBAHO 30UIbIICHHS Alame-
TPy Kparuii BHACHIAOK i1 po3mmpenHs (puc. 3a). Lle BinOyBaeThcs 3a HACTYIHUX MPH-
yyH. [licns 3aliMaHHs Kparuii BHACHIIOK 1CKPOBOT'O PO3psAY TeMIlepaTypa MOBEpPXHI
KpaIuli MBUJIKO MIABUILYETHCS, a TEMIIEPATypa BCEPEAMHI 11I€ 3aTUILIAETHCS HIKUOIO.
BinOyBaeThcs HEpIBHOMIPHE TEPMIYHE POIMIUPEHHS PIIMHU, 1110 MPU3BOJUTH A0 30i-
JpIIeHHS 00’ eMy Kparuti. OKpiM TOTO BiJJOYBa€ThCS HAKOMMYEHHS MapH 1]l TOBEPX-
HEIO (JIIF0Th CUJTU TOBEPXHEBOTO HATATY PIJIUHU ), IO MPU3BOAUTH 10 301IbIIICHHS BHY-
TPIIHBOTO TUCKY, 1 SIK HACIIJOK, 30UIBIIEHHIO AlaMeTpa Kparui. TakuM 4yuHOM, Ha
MTOBEPXHI KaIljli CIIOCTEPIraeThCs HACTYMHUM OanaHc cuil. J[iI0Th CHUIIM TOBEPXHEBOIO
HATATY, SIKI HAMAraroThCsl SMEHIIUTH IMOBEPXHIO Kparuii. Ajie Ipu HarpiBaHHi B110yBa-
€THCSI TEPMIYHE PO3LIUPEHHS PIAMHHY Ta MiABUILEHHS TUCKY APy B TIPU TOBEPXHEBOMY
MPOLIAPKY Kparuii, mio 30uIbIIye ii giameTp. Llei etan po3mMpeHHs Kparuii Ha MoYaTKy
TOpPIHHA KOPOTKOYACHMI 1 HaJlajl TOPIHHS KpaIull NepeXOJuTh B KBa3iCTalllOHAPHUIMA
pexum, 1€ Ti JiaMeTp 3MEHIIyeThes 3a 3aKoHoM: d” =d; — K, t (d* — 3aKoH), TOOTO
KBaJpat JiaMeTpa Kparuii JiHIHHO 3MEHIIIYEThCS 3 YACOM.

JIiist Kpanenb OKTaJeKaHy NMepexXiIHUM Mepio] pO3IMIUPEHHS Kparuli nepes cTaoi-
JHHUM TOPIHHSM MPOTIKAB, 3a3BUYAM, 32 KOPOTIIMI MPOMIKOK 4acy B MOPIBHAHHI 3
JI0OKO3aHOM 1 CIIOCTEPIraBcsi HE B KOKHOMY J0CHi1 (prc.3B) BHACHIIOK MUTTEBOTO ITi/I-
naxy kparii. [le 3akoHOMIpHO, Tak SIK MOJIEKYJISipHA Maca piJIMHU BILUTMBAE Ha 1i (i3u-
YH1 BJIACTUBOCTI. 31 3pOCTaHHAM MOJIEKYJISIPHOI MAaCH PIIMHU 30UIBIIYIOTHCS TEMITEpa-
Typa KUIIHHS, B A3KICTh P1JIMHU Ta 3MEHIYIOTHCS TEIUIONPOBIAHICTD 1 TACK HACHYEHO1
napu. 3pOCTaHHs IMHAMIYHOI B SI3KOCTI CHIOBUIBHIOE PYX PIJMHU 1 TAPH, 3MEHILICHHS
Koe(ilieHTa TEIUTONPOBIIHOCTI MOJIOBXKY€E €Tall BUPIBHIOBAHHS TEMIIEPATypH, a IpH
3MEHIIEHH]I TUCKY HACUYEHOI apH NOTPIOHO OUIbIIE Yacy JJisi HAKOMYEHHS 10CTaT-
HBOT'O TUCKY JIJIs 301IbIIEHHS 00’ eMy Kparuti. Tomy, 3Bakarouu Ha OUIbIILY MOJIEKYJIs-
pHY Macy I0KO3aHa B IOPIBHSHHI 3 OKTaJEKaHOM, JJI1 HbOTO MEepEeXiIHUM eTam J10 pe-
KUMY CTaOUTLHOTO TOPIHHS JOBIIHMA.

[Iporiec kBazicTallioOHAPHOTO TOPIHHS Kpareib OKTa/leKaHa 1 IOK03aHa MPOTIKa€e B
nudysiiHoMy pesxumi, 3rinHo  d? — 3akoHy (puc.3a,B). 3a TAHIE€HCOM KyTa HAXHJIy
sanexsocTi d° = f(t) Oya0 BU3HAYEHO CTAly MBHUAKOCTI ropiHHA Ky, MU BKa3aHUX

BUJIIB naynuBa (Tadn.1). OTpumano, 10 cTaja TOpiHHS Kpareib OKTaJeKaHy, OlibIna
HDK JIOKO3aHYy. [3 TaGnHIl TaKOXK BUILIMBAE, IO 31 301IBIIICHHSM ITOYaTKOBOTO J1aMETpPy
crTaja TOpiHHA 3pocTae. BigxuieHHs Bij imeanbHOi 3anexHocti d? = dtz) —
Kpurt TpH OLIBIIKMX KpamuiAxX MOSCHIOETHCS HE 3MIHOIO KIHETUKU BUIIAPOBYBAHHS, a
MIJCUJICHHSAM pouti npupoAaHoi koHBekii. [Ipu Ounpmux aiamerpax yucio ['pacroda,
sike nponopuiiine d°, icrotHo 3pocrae. IligcUIeHHs TPUPOIHOI KOHBEKIIT i ABUILYE
IIBUJIKICTH BIJIBEJICHHS TapiB NajauBa i 3a0e3neuye Oulblill 3HaYeHHs CTaja0i TOPIHHS.
J1J1st BAKYUX BYIJIEBOJIHIB (JIOKO3aH) BIUIUB MPUPOIHOT KOHBEKIIIT TPOSIBIISETHCS CUITh-
HIIIE, HIXK JUIS KOPOTIIUX MOJIEKYN (OKTaJeKaH), yepe3 OUIbIy B’S3KICTh piaKoi dha3u
Ta BUIILY TEMIIEpaTypy KUIIIHHS, 110 3a0e3Meuye TPUBAIIIIY 110 TEPMOKOHBEKIIHHUX
MMOTOKIB Y HABKOJIUIITHHOMY CEPETOBHIITI.

AHaJi3 4acoBUX 3aJI€KHOCTEH BUCOTH MOIYyM sl TOCIIPKYBAHUX aJIKaHIB BKa3ye
Ha Te, 110 MOJIyM sl OKTaJIeKaHy B MPOILeCl TOpiHHS OUIbIN cTadiibHE (puc.3T) 1 HOro
BHCOTA 3MIHIOETHCS IJIABHO IO Mipi BUTOpaHHA Kparum. J[Ji1 J0Ko3aHy MakcuMaibHa
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Tabauus 1. XapakrepucTHKU TOpiHHA Kparenb oktaaekana (CisHssg) 1
noxo3ana (C2Has) B moBiTpi

BHCOTA MOJTYM sl 1I0CIATA€THCS HAIIPUKIHII TpoIecy ropiHHsa. Bucora momym’st B poOoTi
BH3HaJas1acs BIAHOCHO MEXI ,, TOJyM sl — Ta3 ” mij Kpariero. MakcuMasbH1 3HAYeHHSI
BHUCOTH TOJIyM sl HaJIal0ThCs B Ta0I. 1, 3 SIKO1 BUIUIMBAE, 110 301IbIIEHHS I0YaTKOBOTO
AlaMeTpy MPU3BOAUTH J0 3pOCTaHHS BUCOTH IOJIyM s, 10 OXOIUIIOE KPAIUTIO.

B Ta6x.1. mpoananizoBaHO BIJHOLIECHHS MaKCUMaJIbHOI BUCOTH MOJIYM sl 10 MOYa-
TKOBOTO JlaMeTpy Kparuii. [[ns noko3aHy oTpHMaHO, IO MakCMMajbHa BUCOTA IO-
ayMm’st mpubnus3Ho B 11,5 pa3iB Ouibllia Biji MOYATKOBOTO JiaMETPy Kparuii JTOKO3aHY.
Jlns okTazekany 1ei mapaMeTp JEI0 BUIIHI 1 TOKa3y€e 3HAUHY 3aJI€KHICTh BiJ| ITOYa-
TKOBOTO Aiametpa. [lapametp h/d, nae 3Mory oniHOBaTH €PEKTUBHICTH 3rOPSIHHS, aHA-
J13yBaTH B3a€MO/III0 TTOJIYM sl 3 HABKOJIMIIIHIM cepeoBuiiieM [11] 1 3anexuTs Big mo-
YaTKOBOTO JlaMETPy Kparuli, BIACTUBOCTEN NaIKMBa, YMOB TEINIOMAacOOOMIHY IIPH 3T0-
pSHHI. Y HalIOMY BUNAJKY 3rOPsIHHS B110yBanocs B MOBITP1 32 YMOB NPUPOJIHBOI KOH-
BEKIII1 Ta HOPMAJIbHOTO TUCKY. 3aBISKU MPUPOIHIA KOHBEKIIT OJIyM s HaJl KpaIUIeto
BUTSATHYTE, TOMY L€l IApaMETp CAra€ BEINKUX 3HAUCHb.

3. BunapoByBaHHs Kpanejib napadginoBoro najausa. [Iporiec ropinss kpamnesib
napadiHiB BiJI3HAYAETHCS TIEBHOKO CTAIIMHICTIO [6], KO Ha MOYATKy IPOIECY Pedo-
BUHU NIepeOyBaloTh B TBEPAOMY CTaHi, a 3aiiMaloThCs 1 TOPATH B piaKomy. [IpoMizkHUM
€TaroM € CTaJlis IJIaBJICHHS, JIe peYOBHHA NepeOyBae B ABo(a3zHOMY cTaHi. Ko ya-
CTUHKA mapadiny nepeOyBae il JI1€10 MOTYKHOTO TEIJIOBOTO JKepesa, SIK Y BHUIIE
ONMKMCAaHOMY BHIAJIKy, CTa/li HArpIBaHH 1 IUIABJIEHHS MNPOTIKAIOTh MUTTEBO 1 MU CIIO-
CTEpIraeEMo TUIbKM CTalt0 3aiiMaHHs 1 ropiHHs. Ha miif ctali KIIFoHOBHM MPOLECOM €
BUITIAPOBYBAHHS Kparuli, 0COOJIMBO HA €Tari KBa3iCTallOHApHOro TopiHHA. B poboTi
MPOBOAMIIMCEH JOCHIKEHHSI BUIMAPOBYBAHHS Kpaleib JT0OKa3aHy MpHU TeMmIepaTypax
BHUILIE TEMIIEpaTypH IuiaBieHHs napadiny. i uporo yactuHka napadiny Ha miaBic
BHOCHJIACh B HArpiTy JI0 33/1aHOi TeMIepaTypH Mid 1 Hajiall BigOyBayiacs 1udpona pe-
ecTpallis ii mOBEIIHKM 3a nomomMoror Web—kamepu. Bcei naHi mepenaBaiach Ha
KoM 'otep. B monaneuiomy BUKOHYBajiachk 00poOka mudpoBux 300paxeHsb, Kl Jaau
3MOTY OTPUMATHU 3aJICKHICTh 3MIHU KBaJIpary JiaMeTpa Kparuil 3 4aCOM.

Ha puc. 4 nokazani 300paxxeHHsI Kparuli OKTajekany gaiamerpom dp, =1,39Mm B
MIPOIIECl BUITAPOBYBAHHS B PI3HI MOMEHTH 4acy, a Ha pUC.S 4acoBl 3aJIEKHOCTI BiJIHO-
IIEHHS KBaJIpaTy IUTMHHOTO J{laMeTpy J0 MOYaTKOBOTO JIJIsl Kparli OKTOJEKaHy 1 JJOKO-
3aHy mpu Temneparypi nositps 7=508K.

I3 puc. 5 BuHO, 1110 3MiHA KBapaTy JlaMeTpa Kpareib BKa3aHUX aJIKaH1B 3 YaCOM
B IIPOIIEC] BUIIAPOBYBAHHS HOCHTH JIHIMHUN XapakTep, TOOTO MiAIOPSAKOBYEThCS d”
— 3akoHy. CTasa MIBUAKOCTI BHIIAPOBYBAHHS BHU3HAYAJACH SIK TAHTCHC KyTa HAXWITy

sanexHocTi d” = f(¢). Jlna moxasaHy TeMIepaTypHHUI iHTepBal, B SKOMY BUBYABCS
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Puc. 4. 300pakeHHs Kparuil okTajgekany dp= 1.39 MM B mporieci BUnapoByBaHHS B pi-
3HI MOMEHTH Yacy npu Temriepatypi nositps 7 = 508K.

Puc. 5. 3anexuicts Bennannu (d/dy)? nns  Puc.6. TIOpIiBHSHHS CTaanxX BHIAPOBY-
noko3any (1) 1 okragekany (2) Big 4acy BaHHsS okTajekana (1) Ta gokosana (2) B
1/(dp)* npu Temneparypi nositps T=508 K 3ame:HOCTI BiJg TeMIEepaTrypy HarpiToro
IIPU BUITAPOBYBaHHI MOBITPS

MIPOIIEC BUIIAPOBYBAHHS 3MIIIYBaBCA B CTOPOHY OUIBIIUX TEMIEPATYpP, OCKUIBKH MIPH
HIKYMX 3HAUYCHHSAX TEeMIEpaTypH IIBUAKICTH BUIIAPOBYBaHHS Oysia 3aHAJTO MaJolo.
I3 mopiBHSAHHSA 3aJIEKHOCTEN KOHCTAaHTH IIBUIKOCTI BUTIAPOBYBAHHSI OKTaJIeKaHa 1 J10-
Ka3aHa (puc.6) BUILIMBAE, 1110 B iHTepBaii temneparyp T=470 + 510 K crana mBuKo-
CT1 BUIIApOBYBaHHS OKTaJeKaHy MPUOIU3HO B 5 pa3iB OuIbIIA, HIXK JOKO3aHY.

3Har04M cTaly BUMApOBYBAaHHS, MOKHA BU3HAYUTH KoedilieHT nudy3ii napu (D)
BYTJICBOJIHIO B MOBITPI MPH 3aJjaH1ii TeMIiepaTypi :

K :QCVS - Nu, (1)

ev pl
1€ p| — TYCTHUHA PiAVHY, kr/m>, Cys — KOHIICHTpAIlisl HACUYEHO1 Mapu piAUHU OIS TO-
BEpXHI Kparuli, BA3BHAYAETHCA TUCKOM HACHYEHOI MapH 1 3aJIeKUTh BIJl TEMIIEPATYPH;
Nu — audysiitne uncno Hyccenbra. 3 ypaxyBaHHAM HNPUPOJHOI KOHBEKIIII MOXKHA 3a-
MUCATH:

gd*(T-T,)
273-v?,

ne Re, Gr —uucna Peitnonsaca ta ['pacrodda, vo— koedilieHT KIHEMaTUYHOI B A3KOCTI
MOBITPSL.

Nu=2+0.54Re"”>, Re=./0.5-Gr, Gr= , (2)
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BukopucroByrouu (1) 1 (2), MokHa o1IHUTH KOoe(ilieHT audy3ii mapu BYTiIeBOI-
HEBHX NaJIMB, BpPAXOBYIOYH T€, 1110 CTaJIa IIBUKOCTI BUIIAPOBYBaHHS BUMIPIOBAJIACH B
yMOBaxX MPUPOJIHbOI KOHBEKIli. BHACIi 10K MpoBeAeHNX pO3paxyHKiB OTPUMAHO Ha-
CTYIHI 3Ha4YeHHs KoeDiieHTiB nudy3ii mapu AOCTIIKYBaHUX aJIKaHIB MPU TeMIIepa-
Typax Giusbkux 10 500 K: ms oxragexana D = 2.2 10 m?/c, nna nokozana D = 1.6
107 m?/c.

BucnoBku. BHaci10k MpoBeIeHUX €KCIEPUMEHTIB MIATBEPKEHO, 110 KIHETUKA
BUITAPOBYBAHHS Kparelib BUIHUX aJIKaHIB OKTaJIeKaHy 1 IOKO3aHy B IHTEpBaJll TeMIle-
patyp 360-520 K omucyerscs d” — 3aK0HOM, TOOTO JiHIMHOIO 3aIEKHICTIO KBaJpary
aiameTrpa Kpari Bl yacy. OTprmaHi cTajll BUIIApOBYBAaHHS Uil OKTaJeKaHa 1 JOKO-
3aHa BKa3ylOTh Ha Te, 110 B iHTepBai temneparyp 7' =470 + 510 K mBuakicts Buna-
POBYBaHHsI OKTa/ieKaHa NpHUOIM3HO B 5 pa3iB OlyIblIa, HIX A0Ko3aHy. [Ipy HUK4KX Te-
MIIepaTypax BUIIAPOBYBAaHHS JOKa3aHy MPOTIKAae Ayke MOBLIbHO. [IpoBeneHo OiHKH
KoedimieHTiB AUQYy3ii mapy oKTaJeKaHa i JoKo3aHa B MOBITPI MPHU PI3HUX TeMIIEpaTy-
pax. Otpumano, 1o 3a Temneparypu S00K, koediuieHT audysii okraaekana (D = 2.2

M%/C) NpaKTHYHO HA MOPAMOK OLIBIIMI HiX JOKO3aHa.

[TpoBeneHo nocipKeHHs] KIHETUKHU TOPIHHA Kparieib OKTa/leKaHa 1 JOKO3aHa, 3a-
WMaHHS AKuX B110yBaIoCs Bl ICKPOBOTO po3psy. JloBeneHo, 1o micis cradiizaliii-
HOTO €TaIly, MPOoIeC TOPIHHS MPOTIKaB B KBa3iCTAI[lOHAPHOMY PEXUMI 3T1AHO JTiHIHN-
HOTO 3aKOHY 3MIHH KBaJ[pary JlaMeTpa Kparuii 3 yacoM. Bu3HaueHi cTasi ropiHHs BKa-
3aHMX alikaHiB. OTpUMaHO, 1110, B 3aJICKHOCTI BiJl IOYaTKOBOTO JI1aMeTpy Kparuii, cTaia
IIBUJIKOCTI TOPiHHS J0K0o3aHy Ha 15-40 % MeHiia, HiX okTajaekaHy. OOrpyHTOBaHO
BIUTMB PUPOAHBOI KOHBEKIIIT HA XapaKTEPUCTUKU TOPIHHS Kparelb Pi3HOTO AlaMeTpy.
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Orlovska S. G.

Study of the kinetics of evaporation and combustion of paraffin fuel droplets

SUMMARY

The work investigates the processes of evaporation and combustion of droplets of higher
alkanes octadecane and docosane in air. The relevance of these studies is due to the need to
find effective fuels for hybrid engines. Paraffin is a low-melting material that can be used as an
environmentally friendly and high-energy fuel. The purpose of this work is to study the kinetics
of evaporation and combustion of droplets of octadecane and docosane, establish the mecha-
nisms of these processes, determine the evaporation and combustion constants, as well as the
vapor diffusion coefficient of the specified alkanes in air. The studies were carried out using a
previously developed method for determining the rates of evaporation and combustion of drop-
lets with real-time registration of processes and computer processing of digital images. Drop-
lets with a diameter of 1.3 mm to 2.05 mm were used for the studies. The evaporation of pure
alkanes was studied in the temperature range of 360-520 K. The combustion of droplets was
initiated by a powerful spark discharge, and ignition occurred instantly.

The following results were obtained. For all the studied alkane droplets, the diffusion mech-
anism of combustion was confirmed, the burning rate constants and the flame height during the
combustion process were determined. It was found that, depending on the initial diameter of
the drop, the burning rate of docosane was 15—40% lower than that of octadecane. The
influence of natural convection on the combustion characteristics was analyzed.

Studies of the evaporation process of octadecane and docosane droplets in the air at different
temperatures also confirmed the linear nature of the change in the square of the drop diameter
with time (d’-law). It was found that in the temperature range T = 470 ~ 510 K, the
evaporation rate of octadecane is 5 times higher than that of docosane. The experimentally
found evapora-tion rate constants were used to estimate the vapor diffusion coefficient of the
studied paraffins in air. It was found that at the same temperature the vapor diffusion
coefficient of octadecane is an order of magnitude higher than that of docosane.

Keywords: paraffins, alkanes, octadecane, docosane, drops, evaporation, evaporation con-
stant, diffusion coefficient, combustion, combustion constant.
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CHHTE3 HAHOMOPOUIKIB OKCH/Y AJIOMIiHII0 B JJTAMIHAPHOMY AUCIEPCHOMY
augysiitHomy paxeJti

B pobomi excnepumenmanvrno 00cioxncyiomscs OUCNepCHi Xapakmepucmuku nopouwKy oxK-
CUOY ANOMIHII, OMPUMAHO20 8 YMOBAX CIMAYIOHAPHO20 AAMIHAPHO20, OUQY3iliH020, Oucnepc-
HO20 pakeny antoMinio, cqhopmoearHo2o & ymoeax Nulo8020 naibHuka. Buxopucmosysascs
npomucnoguti nopouiox antominito AC/-4 (d1o = 5,7 MKM). Bcmanogneno 06omo0osuti xapa-
Kkmep po3nodiny yacmunok Al, O3 3a pozmipom. [lepua mooa, sika cknaoae npubausto 3% 6io
3a2aNbHOT MACU — YACMUHKU OKCUOY MA HE320PI8UI020 ANOMIHIIO 3 PO3MIpaAMU, CNIBNA0AYUMU
3 BUXIOHUM antoMiHieM. [Ipyea mooa aensie cooorw cybOUcnepcHull OKCUO amtoMiHito (Y-moou-
gixayieio) 3 natbinow eipocionum posmipom 0,04 MM, cradae 97 % 3azanvroi macu. /ucne-
PCHI Xapakxmepucmuku npakmudto He 3a1excams 6i0 XapaKmepucmux suXionux nomoxkie 2a-
303a6UCy ANOMIHIIO 6 A30Mi I 306HIUIHBOCO NOMOKY OKUCHIO8aYd.

Knwuoei cnoea: nopowok, iaminapuuii gpaxein, OKCUo anoMiHito, cCunmes, mMood.

HanoTexHosorii — HayKOEMHI1 TEXHOJIOTIi, 110 J03BOJISIOTH ILJIECIPSIMOBAHO
CTBOPIOBATH Ta BUKOPUCTOBYBAaTHM MaTeplajJd Ha HAHOPO3MIPHOMY piBHI (1 <
100 HM). MeToau oTpUMaHHS HaHOMATEpPiallB YMOBHO JUIATHCS Ha ABI OCHOBHI ITiJI-
xonu [1, 2]: 3Bepxy-BHu3 ("top-down"), 3acHOoBaHU# Ha PO3OUTTI MaKpoMaTepialiB
(HampukIiIaa, MEXaHiuHe MOJAPIOHEHHS, JETOHAIlliHEe PYWHYBaHHS TOIIO), 1 3HHU3Y-
BBepX ("bottom-up", HanpukIaa, KOHACHCAIlIS, XIMIYHE OCAJIP)KEHHS, XIMIUHI PeakKIii,
MJIa3MOXIMIYHUN CUHTE3, MIPOJIi3 TOIIO0), 3aCHOBAaHUM Ha 3’€IHAHHI aTOMIB 1 MOJICKYJI
B HAHOYACTHHKH.

MaOyTh BaXKO Ha3BaTu cdepy JIOACHKOI IISUIBHOCTI, A€ O HE BUKOPUCTOBYBa-
JIMCh HAHOTEXHOJIOT1i: €eHEPreTUKa, €KOJIOT1s, eIEKTPOHIKA, MEIUIIMHA, XIMIYHI i O10-
JIOT14H1 TE€XHOJIOT1i, CIJIbChKE rOCHOAAaPCTBO TOIIO. KUIBKICTh poOIT Yy IbOMY HaIpsi-
MKY IIPOTPECUBHO 3POCTAE, K 1 KITbKICTh METO/1B, 3aCHOBAHUX HA PI3HOMaHITHUX (i-
3UKO-XIMIYHUX Miaxoaax. [Ipu oMy BaKJIMBY poJib BIIITPalOTh €KOJIOTIYHI Ta €KO-
HOMIYH1 aCTIIEKTH BUKOPUCTAHHS METO/I1B OTPUMaHHS HaHOMaTepiamiB. 3 HAIIOi TOUKH
30py Zy’Ke€ MEPCHEKTUBHUMH B IIbOMY IIJIaHI € METOJH, 3aCHOBaHI Ha MpoIecax ro-
PIHHS, TIEpIIIe 3a BCE, CAMOPOCIIOBCIOIKYIOUHI BUcOKoTeMIiepaTypHuii cuntes ( CBC-
CHUHTE3) 1 CHHTE3 B JUCIIEpCHOMY JBOGa3HOMY roprouomy (pakeni. Tomy MeToro po-
00TH € JTOCITIPKEHHS] BUCOKOTEMIIEPATYPHOTO CUHTE3y HAHOMOPOIIKIB.

IlocTanoBka 3agaui i ekcnepuMenT. MeTasieBi MOPOIIKH 1 iX OKCUJIU — OAUH 13

OCHOBHHX MPOAYKTIB CY4aCHUX HAHOTEXHOJOT1H [2]. CTymiHb X BUKOPUCTAHHS IPU-
OJM3HO Taka: Hikelb - 16.5 %, minb - 16.5 %, 3amizo - 14 %, amominiii - 13 %, Turan
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a) 6)
Puc. 1. Jlaminapuuii, audy3iiHui, Puc. 2. ®oro npoxaykris ropinss JIJD
JTUCTIEPCHUN (DaKes alroMiHITO. amtoMiHito. 36ubmenHs 3270X

a) m,, > 0.5;6) m,, <0.5.

- 13 %, muak - 10 %, momibaen - 5 %. B rpyni okcuniB meraniB: Si0, — 50%,
Al, 053 — 18%, TiO, — 10%. B maniit pobOTI €KCIIEpUMEHTAIBFHO BUBYAIOTHCS 0CO0-
JMBOCTI OpraHi3auii TOpiHHS aJTIOMIHIIO 3 METOIO OTPUMAaHHS HAHOMOPOUIKIB OKCH]LY
AIFOMIHIIO Ta BIIACTUBOCTI LILOT'O MPOAYKTY.

B 3anexHocTi Bl cnocoOy MiABEACHHS pEareHTIB B 30HY TOPIHHSA PO3PI3HAIOThH
7Ba MPUHIMIIOBO BIAMIHHUX IO CBOil MpUpoAi THOU mnojym’s. Ilomym’s mepioro
THUILy, 110 CTBOPIOETHCA MPU MOAAYl B 30HY T'OPIHHS 3aBYACHO MEPEMIIIaHOl CyMilIl
peareHTiB, NPUMHATO Ha3WMBAaTH 3aBYACHO mepemimanHuM. [lomym’s apyroro tuiy
CTBOPIOETHCS MPU PO3JIUTLHOMY TiJIBOI MabHOTO 1 OKHCHIOBava. [Iporiec ropinHs B
IIbOMY BHIIQJIKy IIPOTIKA€ OHOYACHO 3 MPOIIECAMU MEepeMillyBaHHs peareHTiB. Ocki-
JBKM 3a3BUYal MIBUAKICTh XIMIYHOT peakilii HabaraTo OuIbIIe MBUAKOCTI AUQY3ii, TO
JIMITYIOYUM € came MPOIeC CTBOPEHHS CyMIIIl 1 TaKUM THUI MOJIyM sl HA3UBAIOTh JTU-
¢ys3iiinuM. KosxeH 3 Iux MeTo/11B Mae CBOi IepeBaru Ta HeJ10JIiKK. MeTo]1 3aB4aCHOTO
MepeMIITyBaHHS J103BOJISI€ OTPUMATH BUCOKI MacOB1 IIBUKOCTI TOPIHHS 1 MOXKJIUBICTb
PETYIIOBaHHS CaMoi MBHUIKOCTI, ajie, 3BaKYIOUH Ha MOXKITUBICTh IPOCKOKY MOJIYM sl B
CUCTEMY TIIJIBOJIy TOPIOYOI CYMIllll, € OLIbII MOXKEKOBUOYXOoHeOe3neuHuM. Jpyruit
METOJ] XapaKTEePU3y€EThCS HAUOUIBII MTPOCTUM 1 O€3MEYHUM PO3IIILHUM CIIOCOOOM TIi-
IBOAY KOMIOHEHTIB. [10 TakoMy MPUHIUITY TPALIOIOTh OLIBIIICTh TEXHIYHUX MaJbHU-
KiB, Ta30TypOIHHUX JBUTYHIB, EHEPrOCUIOBUX YCTAHOBOK.

Brnepiue BukopucTaHHs AUQPY31HHOTO MOJYM s JJI1 OTPUMAHHS HAHOIMOPOILIKIB
OKCHJIIB METaJIiB, 30KpeMa OKCUJTy aJlFOMiH110, OyJI0 3alIPONOHOBAHO B poboTax [3,4]

B it poGoTti naminapauit ABodazuuii aucnepcuuii gaken (JIJJAD) anrominiro
cTabUII3y€eThCs Ha 3pi31 BHYTPINIHBOT TPYyOH, MO SIKiM M0/aBaBCs ra303aBUC MOPOIIKY
AIIOMIHIIO Ta a30Ty. [1o 30BHiMIHINi TpyOi MOIa€THCA CyMilll KUCHIO Ta a30Ty. KoHire-
HTpaIlisl KUCHIO Ta alFOMIHII0 MOTJIa 3MiHIOBaTUCh. Daken Mae GopMy MPaBUIBLHOTO
KOHYcCa 3 3JIeTKa 3IJ1aJKEHOI0 BEPIINHOIO — pHC. 1.
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[lo ananorii 3 razopumu ¢akenamu y JIJJID antoMiHir0O MOXKHA BUIUTUTU TPU
B32€EMOIIOB A3aHUX CTPYKTYpHU: 30HY CHAJaxXyBaHHS (BHYTPIIIHIO), 30HY TOPIHHS 1
MpUTPaHUYHUY map. 30Ha crajlaxyBaHHs pO3TalllOBaHA HA JCSKIM BIJICTaHI BiJ] 3pi3y
MaJlbHUKA 1 3aJIeKUTh BIJl 3HAY€Hb 00’ €MHOI IIBHUIKOCTI 1 KOHIIEHTpAIlll pearcHTiB.
30Ha TOpiHHS SIBJsIE COO0I0 CYIUIbHY SICKPABY 3aMKHYTY 30HY CKIHYEHHOI TOBIIMHH,
IpaHMUIIl SKOi JOCTATHBO YITKO OKpeciieHl. BumipsHi o ¢otorpadism TOBIIMHUA 30HU
TOPIHHS HE 3aJIe’KaTh B1JI MACOBOI KOHIICHTpAIIll aJlFOMiHIIO 1 CKIIagalTh 1.5 + 2 MM.
Ile 3HaYCHHS MEPEBUIIyE aHATIOTIYHY BEIMYHUHY B Ta3ax, ajieé 3HAYHO MCHIIIE XapaKTe-
PHOTO PO3MIpy cUCTeMU (pajiyc najibHuKa - 2.8 cM, nosxwuHa - 0.7 Mm). OCHOBHUM
BIUIMB HAa TOBIIHWHY 30HU TOPIHHS BHUSBJISIE PO3MIp YaCTUHOK ajlfOMiHit0. B ekcriepu-
MEHTax BUKOPHUCTOBYBAaBCA MPOMUCIOBHM mopomok amomidito ACH-4 (dy =
3.9 MKkM, d;y = 5.7 MKM, d¢ = 6.1 MKM, d35 = 6.5 MKM).

[Torpannynuii map B JIIAD hopmyeTbes 13 TPOyKTIB 3ropaHHs 1 PO3MIIIY€EThCS
B3/IOBXK 30BHIIIHBOT IPAHMIII KOHYCa 30HU TOpiHHSA. BpaxoByroun mMany pyXJUBICTb
YaCTUHOK OKCHJy aJlFOMIHIIO, BIH MIPAKTUYHO HE PO3LIUPIOETHCS B MOTIK OKUCHIOKO-
4Ooro razy, Xxo4a Moro TOBIIMHA JIEHIO 3POCTA€ 3 BUCOTOIO (hakena, OCKUIbKU (PPOHT
MOJIyM’ sl TIEPEMIIIIYETHCS 10 OC1 MOTOKY. XapakTepHoto ocobnusicTio popmu JIID
AIIOMIHIIO € Te€, 110 AlaMeTp JIF0OOro MOro momnepeyHoro nepepizy 3aBkKAU MEHIIHMA
JlaMeTpa BHYTPIIIHbOI TPYOU MaJIbHUKA, 1O SIK1H MOAA€ThCs razo3aBuc. OTke, Ha BiJl-
MIHY B1Jl Ta30BHX CyMIIlI€il, HE MOKJIMBE ICHYBaHHs ABO(a3zHOro (pakeny, no po3u-
PIOETHCA B 01K 30BHIIIHBOT OKHCHIOIOUYOT CyMIIIl, OCKUIBKU KOePilieHT nudy3ii yacTu-
HOK TTaJIbHOTO TPAKTUYHO JOPIBHIOE HYIJTIO.

ExcrniepyuMeHTH MPOBOJMIIUCH 32 CIIAYIOUOI0 METOAUKOK. BecTaHOBUBIIM HEOO-
X1IH1 BUTpATH ra3y 4epe3 CUCTEMY M0J1aul aJtoMiHio (00’€MHa BUTpaTa CTAHOBUIIA B
ycix pocmigax 4 - 1073 M3 /c), musxom migGopy IBUAKOCTI pyXy i HACUITHOI TYCTHHH
MOPOIIKY B CHCTEMI 1OJIavl 3a]]aBajli MAacOBY BUTpATy MeTally. 3anaatoBaHHs ra303a-
BUCY 3/1HCHIOBAIOCS MPOMAH-KUCHEBUM MAJIbHUKOM, SIKUW BIJIKIIIOYAIU MicCisl cTali-
mizamii axerny. MacoBy KOHIIEHTpAIII0 BU3HAYAIM MUISIXOM 3Ba)KyBaHHS (IIbTPIB,
yepes skl MOTIK Ta303aBUCY MpomnycKaBcs 3aaanuii yac (5 c.). CepenqHbOKBapaTUUHA
moxuoOKa BUMIpIOBaHHS KOHIeHTpalii (3a 10 npobamu) He nepeBuiyBaia 7 %.

Bia0ip konaeHcoBaHux npoAyKTiB 3ropanHs (Al,03) 31iiiCHIOBABCS HA CKISIHY
IJIACTUHKY, 1110 BBOJMJIACH B IMOTIK Tapsdoro okcuay Ha Biactani 10 — 15 cM Bix Bep-
muHU Qakeny. B pesynbraTi TepModope3y NpoxXoAnIo iHTEHCUBHE OCITAHHS YacCTH-
HOK OKCHJY Ha MOBEpXHIO miacTtuHu (puc. 2). [loTiM okcuj 3uuiaim B repMETUUHO
3aKpUTI OOKCH Il HACTYNMHOIrO aHamizy. JlucnepcHuil aHaii3 MPOAYKTIB 3rOpaHHS
JIIJA®D dakeny anomiHII0 BAKOHYBaBCSA 3 BUKOPUCTAHHSIM ONTUYHOTO Ta €JIEKTPOH-
HOT'O MIKPOCKOIIIB.

Pe3yabTaTu nociaimkennb. Jlucnepcuuii aHam3 npoaykris 3ropanns JIJI D anro-
MIHIIO [TOKa3aB, 0 MPU TOPiHHI CTBOPIOIOTHCS CHEPUUHI YACTUHKHU OKCUJTY AJTFOMIHIIO,
pO3/iIeHi 3a po3mipoM Ha JBi Mojau. [lepiry Mopy, sika ckiagae nmpubauszHo 3 % Bij
3arajbHOI Macu MpoOH, MO>KHA YMOBHO PO3IUIMTH HA TpU Ppakiii: mepiia (pakiis,
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Puc. 3. [aTerpanpHuii po3noiil 4aCTUHOK Puc. 4. BMiCT BIJIbHOTO aJIOMIHIIO B KOHCH
Al, 05 3a po3mipom aiist Apyroi Moau. Haii-  HMX IpOJyKTax 3rOpaHHs
Oimpmn Biporigauid po3mip dy = 0.04 MkM

1o ckiagae 88 % Bij 3arajibHOI KIJIBKOCTI SBJISIE COOO0I0 “KOPKUKH 3 HAHO1JIBII BipO-
rigauM po3mipom dy = 12.7 MxMm; npyra 10 % — nopoxxkuaucti chepu 3 dy, = 6.2 MKM,
110 € OJM3bKUM JI0 OYAaTKOBOT'O PO3MIPY YaCTUHOK allIOMIHI10; TpeTs (2 %) — yacTtu-
HKH HE 3TOPIBIIOT0 alIOMiHII0 3 dy = 8.7 MKM.

Jpyra Mojia siBjsie Co0010 CyOUCIIEpCHUM OKCHUJI atoMiHio 1 cknaaae 97 % 3a-
raJIbHOi MacH npoOu. [HTerpanbHuil po3NoOaLT A APYroi MOJIW HABEEHUI Ha pUC. 3,
HalOIbII BiporigHuil po3mip — dy = 0.04 MKM

OTtpumManuii 61MOIaTIBLHUI PO3MOALT KOHIEHCOBAHUX MPOYKTIB 3rOPaHHS 4aCTHU-
HOK QJIIOMIHIIO 0OpE y3TOKY€EThCS 3 TEOPETUUHUMU PO3paxyHKaMU, IPOBEICHUMU B
po0OoTi [5]. IlosiBa mepiroi MoiM, 3 BIIHOCHO BEIMKUMHU MTOPOKHUHHUMU chepaMu 3y-
MOBJICHO HAKOIIMYEHHIM OKCHy Ha MIOBEPXHI YACTMHKH METaIy B MPOIIeci ii TOpiHHS,
a “KOp>KHMKHM~ — MPHU KOATYJIALIl MaJINX YaCTUHOK OKcUy. [Ipyra Mmozaa € pe3ynbTaTom
XIMIYHOI KOHJEHCalli y ra3oBiil (a3, sika 1 BU3HAYa€ KUIbKICTh Ta pO3MIpHU HaHOYaC-
TUHOK OKCH]LY.

BiniOpaHi npoAyKTH 3ropaHHs aHaI13yBaJIUCh HA HITPH]I AJIFOMIHIIO 1 BUIbHUI He-
OKMCHEHUU alfoMiHINA. AHali3 npo0 BiIIOpaHKUX B Jl1alla30H1 HAJUIMIIKY OKHCHIOBaYa
a = 1 + 0.5 noka3as, 1110 BMICT B po01 HITPUAY ATIOMIHIIO CTa00 KOPEIIOE 3 BETUYH-
HOIO MacOBOI KOHIICHTpallii 3aBucCy 1 He nepesuinye 1.5 %. B Toii ke yac icHye sikicHe
Y3rOJIKEHHS MIXK 3aJIEKHICTIO KOe(DIli€HTa HAUIUILIKY 1 BMICTOM METAIIYHOTO aJIFOMi-
Hi10 — puc. 4. OHAK, K BUJIHO 13 PUCYHKA, 3aMIPSIHUN BMICT HEOKHUCHEHOTO IFOMIHIIO

Tabauus 1. Po3noi yaCTUHOK aTIFOMIHIIO 32 PO3MIPOM ISl APYTOi MOJIN

Cepennbo-apudmernynuii giamerp, dio ,MKM 0.09
JliameTp cepenHboi noBepxHi, dag 0.1

JliameTp cepennboro 00’emy, dso 0.11
HaliO1np1 Biporigauil miametp, dy 0.04
Meniannuii giametp, dm 0.06
[Tapamerp Gpopmu, G, MKM 0.583
KoedirieHnT kopessiii, MKM 0.991
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CUCTEMaTUYHO, Mail’ke B JIBa pa3d HUXKYE TEPMOAMHAMIYHO piBHOBa)kHOro. L{g Bia-
MIHHICTh MO>K€ OyTH MOB’s3aHa 3 HEJIOCTATHHO IIBUIKUM 3arapTyBaHHSIM BiniOpaHuX
MPOAYKTIB, 11O TIPU3BOJUTH J0 J0JaTKOBOTO CTBOpeHHS Al, O3 13 HETOOKCHU/IIB, TaK 1
MOKJIMBUM 1ICHYBaHHSIM HETOOKCHIIB amoMiHiio (Al,0, AlO) B k-da3i.

Pentrenogasumii anamiz nponykti 3ropanHs JIJI/I® amromiHiio mMokazas, IO
CTPYKTypa KpHUCTajJiB okcuay Biamosijnae dazi y — Al,0;. BigMiTUMO TakoX, 110
3MiHa MacOBOI KOHLIEHTpaLlli METaly Ta OKUCHIOBaya Ipu Mg, > 0.5 npakTH4HO HE
BIUTMBAE HA PE3YJITATH SIK JUCIIEPCHOTO TaK 1 peHTreHoda3Horo anamizy. Lle cBiquuTh
mpo crikicth Metona JIJIJI®, mo peami3yeTbes B MUIOBOMY MAJIBHUKY, IO BiJIHO-
HIEHHIO JI0 IKOCT1 OTPUMAHOTO HAHOJIUCTIEPCHOTO OKCHUTY aJIOMIHIIO.

Ock1IbKM Maif>ke BCS Maca OKCHIy aJIOMIHIIO 30cepe/keHa B IPYyTrik (HaHOMC-
nepcHii) ¢asi npoBeaeMo AJid Hel OLIHKY OTPUMAHOI MUTOMOI IMOBEPXHI MPOIYKTIB
sropanHsa. OO0poOKka pe3yabTaTiB JUCIEPCHOTO aHA3y YACTUHOK JIPYroi MOJIU MOKa-
3ana (Tab. 1), Mo po3noAia YaCTUHOK 33 PO3MIpaMu CIiIye Jorapu(MigyHO HOpMaib-

HOMY 3aKOHY:
1 (In d—In dp,)?

f(d) = od exp{ = 1, (1)
ne o — napametp dhopmu QyHKIIT po3noainy; d,, —MeaiaHHU# aiameTp, MKM; d — fi-

aMCTp YaCTHUHKHU, MKM.
HCFKO IIOKa3aTH, 1O IIPHU OIbOMY IITMTOMA ITIOBCPXHA Sr[IdT BH3HAYA€THCA BUPA30M
3 5 5
SHHT - 0 exp (_ EO- ), (2)

d

OK “m

JIE Pox — FYCTHHA OKCHIY aTIOMiHiI0, KI'/M3, a po3MipHICTh MeIiaHHOTO IiaMeTpy —
MeTp.

2
. . M
ITiZCTaBIAIOUN YHCENbHI 3HaUeHHA B (2) oTpuMaeMo Sy, = 8- 103 —. Lle 3Ha-

KI
YEHHSI Maii’ke B 5 pa3iB MEPEBUIILY€E MUTOMY OBEPXHIO OKCUAY, OTPUMAaHy TPaIuIliii-

HUMU CIIOCOOaMMU.

BucHoBoOK. 3 aHani3y HaBEJICHUX PE3YyJIbTaTiB MOKHA 3pOOUTH BUCHOBOK, 1110 B
ymoBax JIJIJI® antoMiHi0 KUIBKICTh HE3TOPIBIIOTO aTIOMIHIIO B MPOAYKTAX 3TOPAHHS
ckaaznae He 6inbiue 6 - 1072 % 3aranpHoi MacH (IIOBHOTA 3ropaHHA-99,94%), a ocHO-
BHa yacTuHa (MpuOIu3HO 97%) NpOIyKTIB 3ropaHHs SBIIsE€ COOOK0 HAHOAUCTIEPCHUMN
OKCHJ] aJIFOMiHII0. MeToJ1 TaMiHApHOTO AUCHEPCHOrO ABO(GA3HOro (hakedy METaliB €
Ty’Ke TIEPCTICKTUBHUM JJIsI OTPUMaHHS HAaHOJMCIIEPCHUX MOPOIIKIB OKCH/IIB METAIIIB
SIK 3 TEXHOJIOT14HO1, TaK 1 EHEPTE€TUYHOI TOUKH 30DY.
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Ageev M. D., Nimych A. V., Shevchuk V. G., Kopiyka B. O.

Synthesis of aluminum oxide nanopowders in a laminar dispersed
diffusion flame

This work presents an experimental investigation of the dispersed characteristics of alumi-
num oxide powder produced under conditions of a steady laminar diffusion dispersed alumi-
num flame formed using a powder burner. Industrial aluminum powder ASD-4 (dio = 5.7 um)
was used as the feedstock. A bimodal particle size distribution of Al-Os was established.

The first mode, accounting for approximately 3% of the total mass, consists of oxide parti-
cles and unburned aluminum with sizes comparable to those of the initial aluminum powder.
The second mode represents subdispersed aluminum oxide in the y-modification, with a most
probable particle size of 0.04 um, and accounts for 97% of the total mass. The dispersed
characteristics are found to be practically independent of the parameters of the initial alumi-
num-—nitrogen aerosol flow and the external oxidizer flow.

Keywords: powder, laminar flame, aluminum oxide, synthesis, mode.
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BB napamMerpiB BAYBaHHS HA XapaKTePUCTHKH (aKeJbHOI0 rOpiHHA
BYTiJ/LJIAA 3 BUCOKHM BMICTOM JIETKUX

3 epaxysaunam emicmy 301U, KiHEMUKY 8UX00Y NeMKUX Mda 2OMOLEHHUX XIMIYHUX pearkyiil
no6y008ana izuKo-mamemamuiHa MoOoeib 20PIHHA 8Y2LIbHO20 NUTLY 2A308020 8Y2iLls 6cepe-
OUHI 20PUBOHMATILHO2O peaKkmopy NocmitiHo2o diamempy. Bpaxosano smina po3mipy, macu i
2YCMUHU YACMUHKU NPU BUOLIEHHS JemKUX 2as3ié i 60102u, KiHemuka ma meniosuoiieHHs 6
2emepoceHHUX peaKyill OKUCIEHH s 8V2leyto Ma 2OMOLeHHUX PEeaKyisax OKUCIEeHHS YAOHO20 2d3),
Mmemany ma 600H10. Modenv 00360/15€ npoananizyeamu KoOpOUHAmMHi i 4acoei xapakmepuc-
MUKW 2OPIHHA | CAMO3AUMAHHA (Memnepamypy 4acmutoK i 2asy, oiamempy, Macu i 2yCmuHu,;
KOHYEeHmpayiti KUCHIO, a30my i OKCUOi8 gyeneyro, KOHYenmpayii 2oproyux 1emkux peiosuH 6
2azosiil ¢asi paxeny (meman, 4aouuil 2as, 600ens) 8i0 eracmusocmeti uUKOnHo2o gyeinis. llo-
KA3aHO, W0 8ecb Npoyec 20PIHHA 8Y2iIbHO20 NUTY MONCHA YMOBGHO PO3OIIUMU HA 08d emani.:
1) 6udinenns remxux i 80;102u NPuU po3iepisi YaCMUHOK, 2) 2OPIHHI IeMKUX, 3AUMAHHSL | 2OPIHHS
8y2ibHUX Yacmunok. Ilpoananizoeano éniue 4acmru KUCHIO I MACO80I eumpamu nogimps Ha
NOBHOMY 320PAHHSA 8Y2LIbHO20 NUTLY | 2a308Ull CKIA0 NpodyKkmie 32eopanus. Hasedeno pe3yno-
Mamu YUcenbHUX po3paxyHKie NOGHOMU 320PAHHA NUTLY 3a PIZHUX KOHYEHMPAaYill KUCHIO, MACO-
8UX BUMPAMAX 8Y2IIbHO20 NULY ma 30azavenoco Kucuem (35%) nosimps, nouamrkoeoi memne-
pamypu 2a3080i cymiwi i pi3HUX 8UMPAmax KUCHe80-30a2a4eHo20 NoGimps, 3a YMO8U CManoi
Macoeoi gumpamu 8y2iibHo2o nuny. /[oeedeHo, wjo 3i 30i1bUleHHAM KOHYEHMpPAayii KUCHIO Y
oymmi i gumpamu nogimps ,30a2a4eH020 KUCHeM, NOBHOMA 320PAHHS 3pOCMAE: NpU 3011bUeH]
KucHio 8i0 23% 0o 35% noenoma 32opanns 3pocmac 3 86 0o 99 mac. %.

Knrouogi cnoea: nunogyzinenuti gpaken, yacmuHKuU, 1emKi pe4o8uHuU, 801024.

B MeTanyprii Ta TeIsIoeHepreTUIN 3aTUIITAETHCS aKTYaIbHOIO 3a7a4eio B Hal0Iu-
KUl JECATUIITTA pO3po0Ka TEIUIOEHEPTETUIHUX TEXHOJOTIH e()EKTHUBHOTO CIaI0-
BaHHS IUCTICPTOBAHOTO BUKOITHOI'O TTAJIMBA 1 3SMEHIIIEHHSI IITK1IJIMBUX BUKHU1B (OKCHIN
a30Ty, CIpKH, YaJHOTO Ta3y) XIMIYHOTO Ta MeXaHIYHOro Henonany[1-3], He 3Bakarouun
Ha BUMOTH CKOPOYCHHS BUKOPHCTAHHS BUKOITHOTO TTaJIMBa 3151 3SMEHILICHHS BUKHTIB
MapHUKOBUX Ta3iB. B TemepilHixX peanisx, 3 SKUMH 31IITOBXHYJIACS B MEPILY YEpry
MIPOMHUCIIOBICTh YKpaiH!, TOBOJUTHCS TEPENIAlITOBYBATUCS BiJ TBEPAMX MAJIUB, SKi
BUKOPHCTOBYBAJIMCS B TEXHOJIOITYHOMY IPOLECI TPUBAJIMI Yac, HA 1HIII, SIK HE MpU/a-
THI JO BUTOTOBJICHHS KOKCY. Ha OUIbIIOCTI BITYM3HAHUX EHEPTETUYHUX Ta IPOMUCIIO-
BHUX KOTJIax, IO MPallol0Th Ha BYTULIl, OCHOBHUM IMAJIUBOM 3aJUIIAETHCS BYTULIS
Mapku [ (subbituminous coal) [4-5].
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Tak 3amMiHa BUCOKOSIKICHOTO KOKCY UM aHTPALIUTY Ha ra3oBe 4yu Oype BYTiuid Mo-
TpeOye 3MiIHM MapaMeTpiB BAYBAHHS MIITY 1 MOBITPS: JUCIEPCHOCTI MUY, TEMIIepa-
TypH, TUCKY Ta CKJIaJy KUCHE-TAJIUBHOTO CepelloBHUIla, Tolo. OJHUM 13 HAIPSIMKIB
3aMIHU TAJMBa € BUKOPUCTAHHS JOMIIIOK: JIETKO3aMMHUCTUX BUJIB MaJIMBa, a TAaKOXK
Olomanus [6-8].

ExcniepumMenTanbHi poOOTH 3 JOCIIKEHHS TOPIHHA OKPEMHX YACTUHOK BYT1JUIS
po3Mipom 50-200 MKM MOKa3aiu, 10 KIOYOBUMHU MapamMeTpaMu, SKi BU3HAYAIOTh
IIIBUIKICTh TOPIHHS JISTKMX PEYOBHH Ta KOKCOBOTO 3AJIHINKY, € KOHIIEHTpPAIIisl KHCHIO,
TeMIlepaTypa rasy ta po3mip yacTuHok [9]. Iloai0H1 1oCiiIKEHH IPOBEIEHO TaKOXK
JUTSl YACTMHOK IIKapajlylly BOJOCBHKOro ropixa B cepegosuinax O,/N, ta O,/CO; [10].
I3 ux poOIT BUIIIMBAE, 1110 Yac 3aTPUMKH 3aiiMaHHs JJI1 YaCTHHOK 010Macu il BYTriuisd
BUSIBJISIETBCS TyKe OJIM3bKUM, a 301IbIICHHS YaCTKU KUCHIO moHaja 30 00.% He npuil-
BU/IIIIYE 3aiiMaHHS yepe3 OOMEKEHHS, OB’ s13aH1 31 MBUIAKICTIO BUXOY JIETKUX.

PamionansHe Ta KOHTPOJIHOBAHE CIATIOBAHHS BUKOIMTHOTO BYT'ULISL Ta BITHOBIIIO-
BaJIbHOTO TBEPJOTO NaiuBa (6iomMacH) 3 BETUKUM BMICTOM JIETKUX MOYKJIUBE JIUIIIC 32
YMOBH JETAIBHOTO BpaxXyBaHHS MEXaHI3MIB TEIUIOBUIIICHHS Ta KIHETMKHA TOMOTEH-
HUX 1 TETEPOreHHUX PEaKIliil y MoeJHAHH1 3 TPOLIECaMH TEIJI0- Ta MACOOOMIHY YacTH-
HOK 13 KUICHEBMICHUM CepeoBUIIEeM. BaxIIMBY poJib BIAITPalOTh HIBUIKICTH MIPOII3Y,
KUIBKICTb JIETKUX PEUYOBUH Ta IHTEHCHUBHICTh CAMOIIPUCKOPEHHS TEIJIOBUAICHHS, 1110
0e3rmocepeIHbO 3aCKHUTh BiJl KOHIeHTpallii KucHio [11]. lomarkoBumu akTopamu €
BUIPOMIHIOBAIbHUI TEIJIOOOMIH 1 JU(y31iHO-KIHETUYHE CITIBBIHOILICHHS, 3HAYECHHS
SAKUX 3pOCTAIOTh 3 POCTOM JliaMeTpa YaCTHHOK.

MopentoBaHHs TOPIHHS BYT'UIBHOTO MUJTY € JJOBOJI1 MOIIMPEHOO HAYKOBOIO 3aa-
yero. Bigomi Bxke kiacuyHi miaxoau X3maisHa, [lomepaniieBa. ManoBigomuM B YK-
paiHl € Orjs] TOpiHHSA BYTUIBHOrO MUIy[12], B IKOMy TakoXX IETaJbHO PO3pOOJIECHO
MaTeMaTU4YHy MOJIENb MOIIMPEHHS MOJYyM'sl 4epe3 CyMmilll BYT1IJIbHOTO MUY 3 MOBIT-
PSM.

3araiapHO B1JIOMO, 1110 YACTUHKH BYT1JUISI OKUCITIOIOTHCS 1 TOPSITH IyKE CKIaJHUM
YUHOM 4epe3 psJl NOCTHiOBHUX cTafil . [Ipoliec ropiHHs BKIIIOUa€ TeTeporeHHi (mone-
PXHEB1 )peakilii, BUJAJICHHS BOJOTH 1 JIETKUX PEYOBUH Ta MOAAJBIIY PEaKilii JETKUX
KOMITOHEHTIB(TOMOTEHHI peaKIlii), Ha0yXaHHs, pO3TPICKYBaHHS Ta 1HII (Pi3UKO-XiMi-
YH1 3MiHM YaCTUHOK. CKJ1a]] IETKUX PEYOBHH, IO BUAUISIOTHCS, Ta MBUAKICTH TOPIHHS
3aJIe’aTh BiJ] IBUJIKOCTI HArpIBaHHS YaCTUHOK B HArPITOMY Ta3i, 110 pOOUTH aHATITH-
YHUU ONKC NPOLECY HA/I3BUYAITHO CKJIaAHUM. B pe3ynbpTaTi miposi3y 1 XIMIYHUX [epe-
TBOPEHb HA MOBEPXHI TBEPJUX YACTUHOK MaJiBa BUHHMKAE CcTe(aHIBChbKA TEUisl YTBO-
PIOIOTHCS IOAATKOBI Ta30B1 MacH, K1 MalOTh HAIIPSIM BiJl YACTUHOK — IMOCUJTIOIOTh Te-
IJIOB1A/1avy ,3MEHIIYIOTh MOTIK KHCHIO 1 CIPUYUHSAIOTH PO3IIMPEHHIO (haKeily, M0 He
BPaxOBYETHCA MPU MOJIETIOBaHHI MipOdi3y 1 TOPiHHI AUCIIEProBaHOIO TBEPAOIO Ia-

muBa[13-16]. 3Miny mwiomi nepepizy cTpyMens (S =nr. ) 3HAXOJMMO 3 3aKOHY Helle-
pPEPBHOCTI (30€pEeKEHHIO MacH) KU BpPaxOBYE IMOSBY JOJATKOBUX T'a30BUX Mac:
op, , 08

Ox ¢ ox

€ WCTCd N mV . mW — BIAIIOB1HO, MAaCOBA MBUJKICTb I'OPIHHA BYTJICIIO. HMIBUAKICTH BH-

u>S

g

= (Wend® + i, +1ity, )N —p

xony neTkux(volatile),mBUAKICT, BUXOHY TapiB BoAM(Wwater)
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Meta 1aHoi po00TH € CTBOPEHHS (P13MKO-MaTEMATUYHOI MOJEII 3 YpaxXyBaHHIM
PO3IIUPEHHS Ta30JUCIEPCHOTO CTPYMEHIO BYT'UIBHOTO MUJTY 1 BCTAHOBJIEHHS 3aKOHO-
MIPHOCTEH MipoJIi3y, 3aiiMaHHs 1 TOPIHHS BYT1ILHOTO MUY 3 BACOKUM BMICTOM JIETKUX
PEYOBHH 1 BOJIOTH (Ha MPUKIIAJI Ta30BOTO BYTULISA) B HATPITOMY OKHCHUKY, 30arave-
HOMY KHCHEM. 3aBJIaHHSIMU pOOOTH CTaJIu:

1) npoBeneHHs aHai3y KOOPJAMHATHUX 3aJICKHOCTEH: TeMIepaTyp 1 HOX1AHHUX Te-
MIIepaTyp YaCTHUHOK 1 rasy, 3HaXOJDKEHHS KOOPJMHAT CTaJlii HarpiBy, Mipoiisy, 3a-
MMaHHs 1 KBa3iCTal[lOHAPHOTO F'OPIHHS; JlaMeTpa, T'YCTUHU 1 MaCH YaCTUHOK, 3HaXO-
JDKEHHS MEXaHIYHOTO HeJIOTNally; KOHIICHTPAIlil KUCHIO, a30TY, OKCHU/IIB BYTJIEITIO, BO-
JSTHOT TTapH, BOJHIO 1 METaHy; KOOPAMHATHUX 3aJIEKHOCTEH MacH JIETKUX 1 pajilyca ra-
30U CIIEPCHOTO CTPYMEHIO BYTUIHHOTO MHITY;

2) mpOBEICHHS aHaJl13y BIUIMBY MOYAaTKOBOI KOHLEHTpPALi KUCHIO HAa XapaKTepu-
CTUKU (haKeJIbHOTO TOPIHHA BYTULIS 3 BUCOKHM BMICTOM JIETKHMX 1 TOBHOTY 3TrOPSIHHS
BYTUJIBHOT'O NMUJTy, BU3HAYEHHS ONTUMAJIbHUX YMOB ByBaHHS

Kineruka mipoJiizy , BUX01y JIETKHMX I BOJIOTH 3 BYTIiJIbHUX YaCTHHOK. B
Tabn. 1 BkazaHO OpIEHTOBHUM CKJIaJ] BUOpaHMX MaiauB B cyXxiil (iHaekc d) abo cyxii
6e330upHIN Maci (1H1aekc daf). [aaekc r Bkazye Ha 4acTKy B pobouiii Maci manuBa [12].
Takum unHOM MaeMo, 110 HAa KOKCOBUH 3amumiok (C'=1—- W, — A" — §— V") ansa
Byrunis C¢= 48.0 mac.%. 3riJHO KJIaCUYHUM YSBJIICHHSIM B MPOIIECI HATPIBaHHS 1 ro-
PIHHS YACTMHKY BYT1JUIA 1 IEPEBUHH 11 TYCTHHA 3MEHIIYETHCS: CIIOYATKY BUXOIUTH (i-
3u4Ha BoJjora(repiia cTajis), MoTiM(Ha APyrid cTajii) B pe3yabTaTi Mipoii3y BUXO-
ISTh JIETKI TOPIOYl PEYOBUHM, SIKI OKHUCIIOIOTHCS 1 3rOPSAIOTH B Ta30Bii (a3l 3a 3aKo-
HaMU TOMOT€HHMX peakuiid. Ha TpeTiil ctali 3aaumaeTbesi KOKCO-30JbHUN 3aJIUIIOK
(KK3)[14]. ITix yac HarpiBaHHS BYTUIbHUX YAaCTUHOK MOYMHAIOTH BUIUISATHUCS JIETKI
PEYOBHHM 1 Bojora. 3a3BU4Yail HaroJIOUIYEThCS, U0 CKJIaJ] LUX PEYOBUH PI3HUN IS
BYTULJISL PI3HOTO paHry, mpupoau 1 i3omopdizmy. BoHM mepeBaxxHO CKIIaaloThCs 3
CH,4, H,, CO, CO; ta cmon (6m3bko 5 Mac.%). Buxin rasiB HemepepBHO 3pOCTae 3i
30UTBIIEHHSIM TEMIEPATypH YaCTHMHOK, & CMOJI 3MEHINY€eTbCsl. OCHOBHUMHU JIETKUMHU
ra3zaMu € BojieHb (26-60 00.%) Ta MeTaH (24-54 006.%). Jlesiky yacTUHY 3aiiMarOTh ra3u
COra CO, (6-7 1 2-3 06. %). B mac.% BiiHOCHa yacTKka METaHy B JIETKUX PEUOBHHAX
3HAYHO O1JIbIIIA 32 YACTKU 1HIIUX JIETKUX Ta3iB.

['ycTrHa yaCTUHKHM MajuBa BU3HAYAETHCS 11 CKIIAJ0M, a CaMe BMICTOM BYIJICIIIO,
30J14, BOJIOTY Ta JIETKKX Ta3iB B mpoiieci HarpiBy 1 miposii3y pynHYIOTbCS €eHEPreTHYHI
3B’SI3KM MK BYTJIELIEBUM KAapKacoM 1 JISTKUMHU PEYOBHUHAMU 1 HAHOUIbII aKTHUBHI I0-
KHJIal0Th YaCTUHKY IMajuBa. B pe3ynbTaTi 3 4acOM 3MEHIIYETHCS TYCTHHA YACTUHKH
p,(T) manamBa 3a 3aKOHOM:

Taba. 1. Texuiunuii Ta enementHui cknag Byruuisa I (B mac. %) Ta neTkux

\A[r Ad/Ar Sd/sr vadaf/VVgr (PCOZ (PCO (PHZ (PCH4
BOJIOTa 3071a cipka TETK1 ckian jgetkux (00./ mac.%)

11.6 4.9/ 3.5/ 39.3/ 2.2/ | 6.8/ | 55.0/| 35.0/

' 4.3 3.1 33.0 10.0 | 20.0 | 11.5 | 58.5
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nd’
—pp(r) =my, , —mW(r)+mV,0 —mV(1:)+mC,0 —mq(t)+m,,

6
ne m,, (t), m,(t) — Maca BOJIOTH Ta JIETKUX, SIKl BXK€ BUHUILIM 3 YACTUHKH, M (T) —

Maca BYIVIELIO, IKa BUTOpLIA; My, o, My o, M ,M,, — MAKCUMaJIbHa (II0YaTKOBAa) Maca

BOJIOT'H Ta JICTKUX, MaCa BYIJICIIO 1 Maca 30;1M. MakcuMaibHa Maca JISTKUX roprouux 1
BOJIOT'H, BYTJICIIIO 130JI4 B LIElCTI/IHI_[i I1aJiInBa BU3HAYA€THCA

nd03pp0 W nd03pp0 nd03pp0

0o ""o > C0 T M0
" 6 6
Voo +Wy+Cy+A=1,
ne V,,, W, — BIIHOCHa IO04YaTKOBa Maca JIETKUX 1 Boaory; C,,, A — BIAHOCHI IOYaTKOBI

nd03pp0
6

my, = VVO m, = A >

Maca BYTJICIIO 1 3071, 10 BHU3HAYAIOTHCS 33 JAHUMU TEXHIYHOTO 1 €JIeMEHTapHOTO
CKJIaJly YaCTHHKH najnusa (1abi.l); d,p ,, - HOYATKOBUM AlaMETp i TYCTUHA YACTHHKH

nanusa. [logaTkoBy Macy BOJIOTM BU3HA4YA€EMO 4epe3 Macy JIEeTKux m, , =m, W, / V.
[TouarkoBuit cknaz netkux (CHa, H>, CO, CO, )3agaemMo y BUTIIAII
Gco, T+ Pco + Pey, T Oy, = 1.
Toni makcumanbHa(IIOYaTKOBA) Maca OKPEMO] 1-TOM JIETKOI KOMIIOHEHTH ,sIKa Mi-
CTUTBCS B OKPEMOT YaCTHHIII MTAJTUBA
Myo.co, = Pco,Myo> Myo.co = Pco™yos Myocr, = Peu,Myo> Myo, = Pu,Myq-
[IBUAKICTH BUAUICHHS JETKHUX 1 BOJIOTH BiIOYBAEThCS 3a aKTUBAILIITHUM MEXaHi-

3MOM, TOMY BOHA 3aJICKUTh BiJl TEMIIEPATypH 3a 3aKOHOM ApeHiyca Ta BIIHOCHOI Ya-
CTKH BX€ BUJIICHUX PEYOBUH

dm, E,
ug#:(ml,ho—ml,i)kvoexp _R_;“ , my (x=0)=0,
dm E
U, de :(mWO—mW)kWOexp(—R—?j, mVi(x:O):O,
nd,’p nd,’p
m, = ®,my, :(PiVoOTpO= My o :VVOOTPO=

ne x,W, — koopaunara(m); u, — WIBHAKICTH Ta30B01 CyMitui(m/c); k,, , ky,, - ipenekc-
IOHEHTa JeTKux 1 Bonoru (1/¢); E, , E,, eHepris akTUBallii BIIMOBIIHO JETKHUX 1 BO-

noru(/>x/monb); T — temneparypa uvactunku nanmmBa (K); R = 8.314(/x/moinb
K)yniBepcanbHa ra3osa crana.

3HavYeHHS KIHETUYHNX KOHCTAHT YTBOPEHHS BOJIOTH 1 JIOKCHUIY BYTJICIIO MPHUHA-
MaroThCs, K E,, = 21.6 kJK/Motb, kwo= 0.1 ¢'. KoHCTaHTH TIpOIIecy yTBOPEHHS iH-
UX JIETKUX XapaKTEePHU3yIOThCS 3HAYHO OLIBIIOK €Heprielo axkTuBaiii £ =
101.7 xJTx/monb, ko = 10° ¢ 1[15, C. 221].

B imxeHepHHX po3paxyHKax 1HOJI JOCTaTHbO BUKOPUCTOBYBATU MPOCTHI OJIHO-
KOMITOHEHTHUW MiJIX1J, 3TAHO SIKOMY KIHETUYHI MapaMeTpH JJis JIETKUX 1 BOJIOTH
MPUHAMAIOTHCS OJTHAKOBHMH:
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dm E : dm
U, — :(m,,’o —mV)kV,O exp(—R—;j, m, =u, de, m,(x=0)=0. (1a)

dx

Tonal mBHUAKICTS BUAUIEHHS BOJIOTH 3 BYTUIBHUX YAaCTMHOK BHU3HAYAETHCS YEPE3
MIBUIKICTH BUIJIEHHS JIETKUX

my, =m,W,/V,. m,(x=0)=0. (1b)

KineTnuHi mapameTpu 1bOr0 MPOLIECY B yMOBAaX TOPIHHS MHJIOBYTUIBHOIO (ha-

keny [14]: E, =29.3 kJlx/mons, k,, = 14.2-10? ¢’'. [IuToMa TEIIOEMHICTD HATypa-

JILHOTO TANIKMBAa TAKOK 3aJeXKUTh Bijl CKIaLy i TeMIepaTypH. 1i 3HaX0AMMO 110 eMITipH-
YHII 3aICKHOCTI: JUS KaM’THOTO Byriuust ¢, =960 +1.46(T —273)[15].

XiMivyHa KIHeTHKA reTepOreHHuX peakuid i MacoOMiH. OCHOBHUMU reTepo-
TeHHUMU PEaKI[iSIMUA Ha MOBEPXH1 BYTUIbHUX YaCTUHOK € MapajesibHl €K30TEPMIUHI Xi-
MIYHI peakxiii BYIJIeIo 3 KHCHEM

C+0,=Co0, (), 2C+0,=2co1I)
Ta MOCI1IOBHA €HI0TEPMIUHA PEaKIlis BYTJICIIO 3 JIOKCUIOM BYTJIEIIO
C+CO,=2C0 (III) [13, 14].
B ra3oiii ¢a3i € roMOreHH1 peakiiii OKMCICHHS YaJHOTO ra3y, BOJHIO Ta METaHY:
2CO+ 0,=2C0Ox(1V), 2H, + O, =2H,0 (V), CH4 + 20, = CO, + 2H,0 (VI).

[IBHAKOCTI TETEPOTEHHUX XIMIYHUX PEAKII BUBHAYAIOTHCS YEPEe3 KOHIEHTPALIl1

KHCHIO Ta JIIOKCUY BYTJIEIIO HA TOBEPXHI YACTUHKHU:

E E
VVLS = 01ng02,s eXp(—R—}), Wys= kongyozs eXp(_R_;"j )

MC

E M
Wi =koPYeos eXp(—R—;),WC = IY;

(Wis +2Ws )+ == Wi

o, co,

ne W, s, W, g,- mBuakocri exzorepmiunmx peakuiit ()i (Ino kucwio, xr O, / M c; W
— mBuakicTs peakuii(Ill) no giokcuay Byrmemo kr CO, /M’ ¢; W, — WBUAKICTH BH-
tparu Byruemio kr C / m° ¢;k,,, ky,, ky,-Bimnosinso npenexcnonenra M/ ¢; E,, E,, E, -
BiAmoBiaHO eHepris aktuBamii peakiii (1), (IT), (IIT) Jx/ Momns; Yy, s+ Yoo, 5, BIATIO-

BIJIHO BIJJHOCHI1 MacoB1 KOHIIEHTPAILlll KUCHIO 1 JIOKCUY BYTJICLIO HAa TIOBEPXHI YaCTH-
HKH; p, — FYCTHHa rasy, kr/m*; M. M 0, Mco, - BIJIITOBITHO, MOJISIPHA Maca BYTJIEITIO,

KHUCHIO 1 IIOKCUJTY BYTJICLIIO.
JIisi BU3BHAUYEHHSI KIHETUYHUX KOHCTAHT F€TEPOr€HHUX PEAKUINd BUKOPHUCTAHO 3
MPUIYIIEHHS PO 3B’ 30K €HEPriii akTUBAL1M 1 IepPeIeKCIOHEHIIaTbHIX MHOKHUKIB!

. E
kOi:k eXp|:R]:*i|’ E,= 1.1E1, E3:2.2E1,

e k* =100 m/c, T* = 2500 K.
KoHuenTpariii (MacoBi 4aCTKH) KUCHIO, BYTJIEKUCIIOTO a3y 1 OKCUAY BYIJICIIIO MO~
0JIM3y MOBEPXHI YACTUHOK BHU3HAYAIOTHCS IHTEHCUBHICTIO MaCONIEPEHOCY:
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B
Yy =Y,
2SS By (k +ky)

' -y, MCOZk Y, —kpY
Jco, s Bpg( Co, .8 coz) Y, 1PeLo, s = K3Pglco, 55+

0,

joz,s :_Bpg(YOZ,S - ) (k +k )

— MCOz kl B Y

Y. o= Y
co,.S M02 (B+k3) 0,.,8 + (B—l-k ) CO,>°

, 2M 2M ., k,
Jeos =BpP, ( cos Yco): MOCzOkng 0,5 Ycos = M2 B

D N T 1.75 p T 0.75 T P
u _ 0 . _
B: gd ,Dg—DgO(?ij F, }Mg—kgo(ij ) p p‘goT P

[IBuakocTi romorenHoi peakilii (IV) okucieHHs: 4aaHoTro ra3y, BUTPATH KUCHIO 1
BHUXOJY BYTJIEKHCIIOTO a3y BUZHAYAIOTHCS Yepe3 KOHIIEHTPALII0 YaIHOTO ra3y:

Y +Y.,

M
co, My,
Wcoz— M kpg co> WOZ_ZM
co co
[IBuaKicTh peakiii(V) OKUCIEHHS BOAHIO BU3HAYAETLCS IEPLIMM MOPSIKOM 10
BOJHIO

4ngCO'

VVH2 = sngH2 .

Butpatu xucHio 1 Buxoy Boau peaxii(V)

W, =Ly oy, =Mooy,
10 = 7 sPely,» % =5 sPely, -
H2 HZ
[Buakocti peakiii(VI) okucieHHs MeTaHy, BATPATH KUCHIO 1 BUXO/y BOJHU Ta
BYTJIEKUCIIOTO Ta3y

M M
_ "o, — _ 0,
I/Vco2 Y kﬁngCH4 > VVCH4 = 6ngCH4 Wo2 oM k6ngCH4‘
CH, co
3anekHoCTi KOHCTaHTH romoreHHux peakiin(IV) - (VI) Bix remnepartypu razy
BHU3HAYAIOTHCA 3aKOHOM ApeHiyca

E, E E
k, =k, ex ks = kysex >k =k, exp| —=2
04 p[ RTg] 05 p[ RTg] 6 — Kos p[ RTg]

KineTnuni napameTpu 1IuX peaxiiiii MaroTh pi3Hi 3HAYEHHS Y P13HUX aBTOPIB [16].
B naniii poOOTI BUKOpUCTaH1 HACTYIIHI KIHETUYHI TapameTp (Tabi. 2).

Ta6x.2 Kinetuuni 1 TepMOXiMiYHI TapaMeTpy BUOpAaHUX pEaKIliil mMpu rOpiHHA BYTi-
JIHOTO NIy Mapku [’

Peakuis I 11 111 1Y \Y VI
E;, kJ[>)x/Mo11b 100 110 220 96.3 105 35
koi, M/c (* B 1/¢) | 1.0-10* | 1.6-10* | 2.6-10° | 7.05-10°" | 1.13-10%" | 5.1-10"
Qi, MIx/xrO, 12.34 6.84 4.0 10.3 120.5 50.2
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Tensomacoo0min cucremu. /{111 onrcy TermiooOMiHy HEOOXI1THO BpaxyBaTu Te-
TJIOBU/IUICHHS] B KOKHIM 3 TOMOTE€HHUX 1 T€TEPOTreHHUX PEAKIlisAX, TEIIOBUTPATH Ha
BUITAPOBYBAHHS BOJIOTH, TETNIOMACOOOMIH MK YACTHHKAMU 1 Ta30BUM CEPEOBUIIIEM
Ta npomMeHeBuit TeruiooomiH [13]. KoopannatHa 3anexHICTh TeMIIepaTypyu YaCTUHKU
MajuBa OMUCY€EThCA TU(EepEeHIIIMHUM PIBHSIHHSIM TEPMOJIUHAMIKY :

c,p,d L 9T
6 £ dx

:(I_A)qch,S_Qg,S_qvap_QW’ T(x:O):T’ (2)

2\
Qos = a,g(T_]jg)’ QWZSG(T4—T4W)’ Qs =OWs +O W, s —O W, s,

E

Goip =L -1y, M1y, = (mW,O — My )kWO exp(——W).
RT
JliaMeTp 4aCTMHKHU 3MEHIIYETHCS 32 PaXyHOK FeTEPOreHHUX peakiliii Ha ii moBe-
pxHi(l)- (IIT). PearyBanHs B mopax i 3MEHIICHHS TYCTUHH B IIMX MPOIIECAX 3HEXTYEMO.
BpaxoByroun HasBHICTh 30J4, OudepeHIiiiHe pPIBHSHHA i JlaMeTpy YaCTUHKH
MIPEACTABUMO Y BUTIISIII:

u,(1-A4)p, d(d) _

5 . —Wes,  dx=0)=d,, 3)
M M
Wes :—C(Wl,s +2W2,S)+ € W,
A/[o2 co,

W= kmngoz,s eXp(—R—%), W, s =kpp Yo, eXp(_R_sz s W5 = kP Yeos exp(_R_;,)-

KoHuenTtpanii (MacoBl 4aCTKM) KUCHIO 1 BYTJIEKUCIOTO Ta3y MOOIHU3Yy MOBEPXHI
YAaCTMHOK BU3HAYAIOTHCS SIK:

Yo S:LYb) Yco S:MC02 kl Yo s+—Yc0:
Bk +ky) M, (B+k) ™ (B+ky)

2D T 1.75 P T 0.75
123002 ] B 2] omnad
0 0 g 10
3MiHa cepeHbOI TeMITepaTypH ra3y BiA0YBa€eTbCA 3a paxXyHOK TEILIOOOMIHY 3
pearyroyuMH YaCTUHKAaMHU, TETUIOBUAICHHSIM MPU MPOTIKAHHI TOMOT€HHUX XIMIYHUX
peakiiii Ta Ter1oo0Miny 3 HaBKOIUIIHIM cepenoBuilieM (i =4 —CO, i =5 —CH4, i = 6
—Hz)I

B

dT, q,md> N
cpgpgug d)cg = gS Z—}_ZQiVVi_qg,w’ ];(XZO):];OS (4)

2 0
q, :a(aw(Tg ~T, )+eo(T,° —TW“)), =T ~T,)= dg (T-T),

E
ZQ,W: = QCO(IV)WCO + QHZ(V)WHZ + QCH4(VI)WCH4 W= ko,ingoz CXp| — R]lj

g
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[Ipu 3anuci gudepeHIINHNX PIBHIHD MAaCOOOMIHY JJIs1 KOHUEHTPAL1H KUCHIO ,/T1-
OKCHUJTy BYTJICIIO, OKCUJTy BYTJICIIO, BOJHIO ,BOJIOTH 1 METaHy BPaxyeMo, 1[0 MacoBa
YacTKa B ra30Bii CyMillll METaHy, BOJIHIO, BOASHOTO Tapy, BYTJIEKUCIOTO Ta YaHOTO
ra3y JI0JJaTKOBO 30LIBIIYETHCS 32 PAXYHOK BUIJICHHS JIETKUX PEYOBUH Ta BOJIOTH i
qyac HarpiBaHHs.

Cepennsi KOHIIEHTPALlis KHCHI0O B OCHOBHOMY BU3HAYa€ThCS MacOIEPEHOCOM
KHCHIO JIO TIOBEPXHI YaCTUHOK Ta 3HUKHEHHSM B ToMoreHHuX peakiiax(IV) - (VI) :

dy, J STCdz N
_pg“g'd;)z :WOZ(IV)+W02(V)+W02(V1)+—02S u_ 5 YOZ(XZO):Yoz,O' (6)
4
0,5 =BP (Yo, ~ Yo,5)- Y. S
Jo,s =PPg\ Lo, “Lo,5)> Oz’s_(B+k +k) 0,
1Ty

Hudepeniiiine piBHIHHSA AJI 3MIHU CEPEIHBOI KOHIIEHTPALlli BYTJIEKUCIIOrO ra3y
BpPaxOBY€ Oro MosBY B roMoreHHid peakiii (IV),nosBy 1 3HUKHEHHSI B T€TEPOT€HHUX
peakuisx(I)- (II1) Ta mosBy B pe3yibTaTi Niposi3y YaCTHHOK MalliBa

deCO CO. jCO U 2N (PCOm N
U b 2 ko Y. + 25 -t 2 V_’,Y (XZO)ZO. 7
pg g Z MCO 4pg (6] S ug S ug CO, ( )
ldCO k B
J 2$=Bp Y .. -Y ! Y . = : ! st+ Y y
co g( CcOo,,.S CO) co ]\402 (B+k3) [0) ( +k3) CO.

. E
m, = (mV,O —my )kV,O exp(_R_;,)a

Yaanuit ra3 BUTpavaeThcsi B roMoreHHii peakiii (IV) ,3’sIBhsi€Tbes y reTeporeH-
H1i peakuii (2) Ta npu nipoisi. Tomy nudepenuiitne piBHIHHS AJi 3MIHU CEPEIHbOI
KOHIIEHTpaIlli 4aJHOTO ra3y

dYeo _ ndz_N+ Doty E

jCOs
pu __k4p YCO + ) YCO(XZO)ZO, (8)
8 dx g S u, S u,
: 2M ., k
Jco,s :Bpg (Yco,s _YCO)9YC0,S = MCO —= o,s T Yoo,
o, B

Bognenb BUuTpayaeThesi B roMOTeHHi# peakilii (V) Ta 3’ SBIS€TbCs MPHU MIPOIIIZY

(szmVEaYHZ(XZO):O' 9)

g

Bonsiauii map 3’sBisieTbesi B ra3oBiil ¢asi sk npoaykt peakiii (V) 1 (VI) ta B

npoiieci miposni3zy. Tomy BpaxoBytouu (106),maemo

dYyo 2M,, My i, W, N

P U, M ksngH2 + M k6ngCH4 + VS u_

H, CH, 0

Mertan BuTpavaeThes B peakiii( VI)ra 3’ BiseTbcst IpH MipoJiizy YaCTUHOK Ta-

JBa

P, d:clz :—ksngH2 +

» Yy o(x=0)=0,(10)

g

dY, CH, 2M 0, Pcn, m, N
pgug dx = MCH4 k6pg)]CH4 + S Z) )%H4(x:O):O (11)
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[Ipu BUAIEHH] JIETKMX PEYOBHH B MPOLEC] MIPOJII3Y, a TAKOXK 3rOpaHH1 Byriene-
BOT'0 3QJIMIIKY B Ta30BOMY MPOCTOP1 MK YaCTUHKAMHU 3’ SBIIIETHCS JI0JIaTKOBA Maca
rasiB, 110 MTOBUHHA 200 IPU3BOJIUTH J0 301IBIIICHHS TUCKY, a00 PO3IIMPEHHS ra30BOTO
ctpymeHs. [lpunmyckarodu, M0 TUCK 3aIUINAETHCA CTaJIUM, 3MIHY IUIOIII HEpepi3y

crpymerst (S =nr’ ) 3HAXOAUMO 3 3aKOHY 30epeKEHHS MAcH M0 Mipi PO3IMOBCIO-
flow

JOKEHHS (paKeiy:

, OS

N dp
P, gaz(WCnd2+mV+mW)N—u§S

—g% S(x=0)=8 (12)
oT. ox’ e

4
We= %(Wm +2W, 5 ) + A]/\[/[—CWss ) Ty, = (mV,O —my )kV,O exp(—%) .
0, co,
[lepmmii 1ogaHOK BU3HAYAE MIBUAKICTD FA30BU/IIJIEHHS 3 YACTUHOK IO MIp1 PyXy
¢dakena, Ipyruil — po3UIMPEHHS CTPYMEHIO IIPY HArp1BaHHI.

Pe3yabTatu i ix anami3. Po3paxynku piBasHB(1)-(12) npoBoAMINCEH ISl TOPU-
30HTaJILHOTO peaKkTopa MOCTIMHOro AiaMerpy. ByrinpHuit i 3 po3mipamu 60 MKM,
MacoBoro BuTparor G.= 0.1 kr/c 1 mBUAKICTIO Moja4i 20M/c BAYBAETHCSA pa3oM 3 MO-
BITpsIM, 30araueHuM KucHeM (35 006. %). KimbKiCTh BYTJIbHUX YACTHHOK, 5IK1 BIIITAIOTh
B OJIMHUIIIO YaCy, BU3HAYAIOTHCS Yepe3 MOYATKOBY TYCTUHY BYT1JUIA (3 IETKUMHU PEUO-
BUHAMHU 1 BOJIOTOI0) 3T1HO (GOPMYJIIU:

. 6G,
N ppndg :

Jlns yacTMHOK giamMeTpoM 60MKM 11e 61m3bko 6.8+10° 1/c. Temneparypa cucteMu
(30BHILIHI CTIHKHM peakTopa Ta razosa cymim) nosa ¢gakeaom 7, = 1800 K.

JI1st OIIHKK HEOOX1THO1 KIJTBKOCTI MOBITPS JJISI TTIOBHOT'O 3rOpPaHHS BYTUJIBHOTO
MUJTy 3BEPHEMO yBary Ha gaHi Tabi. 1. Maemo macoBy yactky Byrimig 48 %, yagHoro
ra3zy 20%:33% = 6.6%, metany 58.5%-33% = 19.3%, Boanto 11.5%-33% = 3.8%. dns
iX TOBHOTO 3ropaHHs HEOOXi/IHA HACTYITHA Maca KUCHIO:

M, M, 2M M,
G,, =G| 0.48—=+0.066—=—+0.193—=+0.038 —= | =0.24 xr/c.
M. 2M ¢ M CH, H,
J171s1 OBITPst IpU MacoBiid yacTiii KucHIO 35% maemo G, = 0.68 kr/c. [Tpu 923 K
i aTMOc(epHOMY THCKOBI I'yCTHUHA HOBITPS Pair = 0.304 kr/M1, BiAnoBiaHo, 06’ eMHa

= Gair /p

2 . . . . .
3Haxoxumo 3V, =u, mr,, ir,= 0.14 M. Taki 3HaueHHS MacoBOi BUTPATH i po3MipH

air

BUTpaTa MoBitpst V .= 1.31 M*/c. TloyaTkoBwmii pagiyc ctpymeHto(stream)
TpyOH BIJNOBIAAI0 XapakTepHUM po3MipaM ojHi€el pypmu. KinbKicTh ByriUIbHUX Yac-
THUHOK, SIK1 BJIITAIOTh B OJMHUIIIO Yacy, BU3HAYAIOTHCS Yepe3 MOYATKOBY T'YCTUHY BY-
riuis (3 JETKUMHA PEYOBUHAMHU 1 BOJIOTOIO) 3T1JIHO (GOPMYIIH:
- 6G
— C
N = —
pp}}-E 0

Jliist yacTuHOK miaMeTpoM 60MKM 1e 6am3bko 6.8-10° 1/c.
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Puc. 1. Imoctparis 3aiiMmaHHs 1 TOPIHHA MOHOAMCIEPCHOTO ByruibHOro nuiy To= 623 K B
oro . o B . ..
30arauenomy kucheM (¥, ;=35% Jnarpitomy nosirpi(7,, = 923K'). Xapakrephi npodirni a)
TEMIEPATypPH YACTUHOK 1 ra3y; 0) BIJHOCHOTO JiaMeTpy, T'YCTUHU 1 Macu YaCTHUHOK; C, d)
KOHIEHTpalllii KOMIIOHEHT B ra3oBiil (a3l (akeny, €) NOXIAHUX TEMIEpaTypu MO KOOPIH-

HaTi, f) pagiycy ¢akeny Ta yacTku BUXOAY JIeTKUX peyoBUH. d=60 Mkm, Guir = 0.68 kr/c,
G~ 0.1 kr/c.
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Ha puc. 1 nmogaHo pe3ysibTaTd MOJAEIIOBAaHHS NPOLIECY TOPIHHS MUY BYT1IUIS
Mapku ['. YacTUHKY HaIXO0IUIu B KaMepy HarpitTuMu fo temrepatypu Tr= 623 K.

Ha mouatkoBiil crajii yacTUHKU(TEMIIEpaTypa YaCTUHKU MEHILEe TeMIepaTypu
rasy) IH-TEHCMBHO IIPOTPIBAIOTHCS B OTOLI1 FapsSYOro MOBITPs MOYMHAIOTH AKTUBHO BU-
JUJISTA BOJIOTY 1 JIeTK1 ra3u ( pucla). Y mporieci nipodiizy, BUAIJICHHS JIETKUX KOMITO-
HEHTIB Ta BOJM Maca Ta I'yCTHHA YaCTUHOK IOCTYMOBO 3MEHIIYIOTHCS, TOML K iXHIH
IilaMeTp 3ajauiiaeTbest Maike HeaMiHHUM(pucl0).Ilpu npoMy KOHIEHTpalisl KUCHIO,
CO, CO: mailke HE MIABUILYETHCS, 110 CBIIUUTDH IO XIMIUHI pEaKIlii OKUCHEHHS IIIe
He miaktounnucsa(puclc, pucld).

Ha pucld npencraBneni npodusii KOHIIEHTpAIii METaHy, BOJHIO, BOJISHOL MapH 1
4aIHOTO Ta3y. MeTaH 1 BOJIEHb, III0 BUXO/IATh 13 YACTUHOK, PEaryloTh IPaKTUIHO O/I-
pa3y Ha iXHii MOBEpPXHi, [0 € TUITIOBUM JJI1 YACTUHOK TaKOTo po3Mmipy. Tomy KoHIe-
HTpaIlisl [IMX ra3iB y cyMmimni HeBenuka, Toji sk BMicT CO, CO2 Ta BOASHOT napu Mij-
BUIIYETHCS, 1110 CIPUYMHSE MOBUIBHIIIUN PO3IrpiB ra3oBoi (asu.

[Ticast Toro sik TemmnepaTypa YaCTHHOK 3PIBHIOETHCS 3 TEMIIEpPATypolo rasy, Biji-
OyBaeTbCsl 3aiiMaHHs Ta MOJajbIlIe TOPIHHA KOKCOBOIO 3aJIUIKY. Buropanus yactu-
HOK CYITPOBOJIKY€ETHCSI TTAIHHAM IXHBOI TYCTHHU Ta ITiIBUIIICHHSIM 3arajbHOI TOBHOTH
3rOpaHHs BYriUid. [HTEeHCUBHICTh BUIIJIEHHS Ta3iB 3pOCTa€, 110 NPU3BOAUTH O PO3-
HIMPEHHS 1aMeTpy nepepisy (dakery maiixe Basivl(puclf)..

Puc. 1e HeoOX11HUI 1151 cUTHAMI3allli XapaKTepHUX €TaliB MOBEIIHKU TeMIIepa-
TypH YaCTUHOK 1 ra3y Ta BHJUICHHS CTaJlli 1HEPTHOrO HarpiBy, CTajli CaMOIPUCKO-
pPEHHsI XIMIYHMX peakuii 1 cTajli KBa3iCTalllOHAPHOrO TOPIHHA 1 MOBLIBHOTO MOTa-
caHHg. MiHIMyM Ha 4acoBiil 3aJIe’)KHOCTI IMOX1JHOT TeMIIepaTypu BKa3zye Ha 3aBep-
IIEHHS Yacy MpOTpiBy, MAKCUMYM — 3aBEpIUICHHS 3aTPUMKH 3aliMaHHs, IPYTrui MiHi-
MyM — [TOYATOK MOoracaHHs 4acTUHOK. [IIBUAKICTh 3MEHIIIEHHS pO3Mipy BYT1IbHUX Ya-
CTUHOK TIICJISl TOYATKY MOracaHHs MOYMHAE MOCTYIOBO ClafaTu. ['yCTHHA TPAKTUYIHO
HE 3MIHIOETHCS, a/Ke Taka Majia YaCTHMHKA MPAKTUYHO MOBHICTIO BTpAyae JETKI 1 BO-
nory(pucl6). [ToBHOTa 3ropaHHs 13-3a KyOI4HOT 3aJI€KHOCTI BiJl AlaMeTpy HabOJMKa-
€THCS JI0 HYJISA 3HAYHO IIBUIIIIE, HIXK BIJIHOCHUH J1aMeTp.

B naniif Mogeni miciisg 3ropaHHsl IWIy Ta30Ba CyMill NMEPEBAKHO MICTUTH a30T,
BYTJIEKUCIIMI Ta3, BOASHY MMapy Ta 3AIUILKH KUCHIO.

VY Tabn. 3 HaBeAEHO pe3yibTaTH YHCEIbHUX PO3PaXyHKIB IMOBHOTH 3TOpaHHS
MUY 32 PI3HUX KOHUEHTpaliil KUCHIO, MACOBUX BUTpaTax BYriJIbHOIO MUIy Ta 30ara-
YEHOr0 KMCHEM MOBITPS, TEMIEPATYPH ra30BOi CyMilll. Ta PI3HUX 00’€MHHUX BUTpAT
KHCHEBO-30aray€Horo moBiTps, 332 YMOBH CTaJIOl MAaCOBOi BUTPATH BYT1JIBHOTO MUILY.
B tabnumi BuaineH! 3HAYEHHS MapaMeTpiB AYTTS, K1 3aJUIIAIOTHCA CTAIUMU TPU
3MiHi Jesikoro BuOpaHoro napamerpa. Jloxxkuna akena Opanacs piBHOwO 1 M.

31 301IbIIIEHHSM KOHIICHTpAIlli KUCHIO Y nyTTi BiJ 23 % (moBiTpsi) 1o 35 % moB-
HOTa 3ropanHs 3pocTae 3 86 10 99 mac. %. 3o1a 3a3BHUalid, sika He 3ropae, JOBOJI1 JIETKO
BiJl'€IHYETHCS BiJl YACTUHOK. 32 BUOPAHUX YMOB KHCEHb MPAKTUYHO MOBHICTIO BUTpa-
YAaEThCS y TETEPOreHHUX Ta TOMOT€HHUX peakiisix. [1i1BuileHHs Horo 4acTKu MpUBO-
JUTH 10 OLIBIIOT KUTbKOCTI yTBOpeHOro CO2 y mpoayKTax ropiHHs. AHali3 MOKa3ye,
10 koHueHTpatis CO 3anumaeTbcs HU3bKOI0, OCKUIBKHY BiH Joropae B peakiii (IV).
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Tadamus 3. BB no4aTkoBHX MmapaMeTpiB AyTTS Ha MOBHOTY 3rOPaHHs BYTUIBHOTO THITY i
ra30BUH CKJIAJ] MPOIYKTIB 3TOpaHHS B (hakeii JOBKUHOI0 | M.

Bnaue nouamrosoi konyenmpayii KucHio
Y, ., % Te, K | dido, % | mgmo, % | Yoz, % | Ycoz, % | Ymop, %

0,b

35 1894 22.0 0.6 6.0 36.3 0.22
29 1928 47.4 5.6 3.2 32.6 0.20
23 1943 65.3 13.9 1.9 27.1 0.18

Bnaus macosoi sumpamu nosimpsi 30a2a4eno20 KucHem
Gair, KU/C | ug, m/c | dido, % | mimo, % | Yoz, % | Ycoz, Yo | Yoy, %

0.3 12 51.2 7.00 0 63.9 0.47
0.4 16 54.5 7.00 0 44.9 0.36
0.5 20 22.0 0.60 6.0 36.3 0.22
0.7 28 8.1 0.03 18.8 20.2 0.12

Bnaue macosoi eumpamu 8y2inbHo2o nuty
Gc, kr/c Tet K | diddp, % | mgmo % | Yoz, %o | Ycoz, % | Ymor, %

0.09 1880 10.3 0.06 8.4 333 0.20
0.10 1894 22.0 0.6 6.0 36.3 0.22
0.11 1904 31.3 1.6 4.3 38.4 0.24
0.12 1909 38.9 3.1 2.8 40.3 0.27

Bnnue memnepamypu 0ymms 36a2a4eHo20 KUCHEM NOGImps.
Too, K | ug, m/c | dido,% | mimo % | Yoo, % | Ycoz, % | Yuror, %

623 14 6.04 0.01 6.6 35.6 0.08
723 16 12.5 0.10 6.5 35.7 0.12
823 18 17.7 0.29 6.3 35.9 0.17
923 20 22.0 0.60 6.0 36.3 0.22

1 — 0
[loyaTkoBa Temmeparypa MOBIiTps (MacoBa yacTka KucHio ¥,, = 35%) cyrTeBo

BILTMBAE HA NIOYATOK CTa/ii 3aiiMaHHs i TOPIHHSA BYTiILHOTO MUY. li 3HMKEHHS 10 HU-
3bKUX TeMIepaTryp € HebaxkaHuM. OJHaK pe3yIbTaTH MOKa3ajHu, 110 3HUKEHHS TEMIIe-
paTypH B LIJIOMY MOKpaIye 3ropanHs nuity. Lleit AuBHUI pe3yapTaT MOKHA MOSCHUTH
nesikumu npuunHamu. [1o nepiie, mpu cTaniit MacoBiit BUTpaTI OBITPS 1 pajilycl BUXI-
THOI TpyOU 3HIKEHHS TeMIIepaTypH MOBITPS MPU3BOAUTH 10 3MEHILIEHHS IBUAKOCTI
Moro nogaui. I Tomy yac HarpiBaHHs 1 TOpIHHS 30LIBIIYETHCA, @ OTKE 1 MIOBHOTA 3r0-
paHHs B MeXax BUOpaHOI JOBXKHUHH (pakeny Takox 30UiblnyeThes. [1o apyre, Temnnoo-
OMIH 3 TUIaMH 103a (paKeyoM, sIKl MalOTh BUCOKY TEMIIEPATYpPy, 10IIOMAra€e po3irpiTu
XOJIO/IHE TOBITPS 1 ByTUIbHI YACTUHKHU 10 TEMIIEPATYPH, KOJIU TOPIHHSA JIETKUX Peydo-
BHUH CTa€ CyTTEBUM JJIsl CAMOCTIMHOTO PO3IrpiBy YaCTHHOK.

Pe3ynbpTaT BILTMBY MacoBOi BUTPATH BYT'UIBHOTO MHITy OYIKyBaHUH. YuM Olbliie
BYTUJILHOT'O MUJTY IIPU IHIIUX HE3MIHHUX MapaMeTpax, THM MEHIIIa IOBHOTA 3rOpaHHs,
MEHIIIa YaCTKa KUCHIO. | HaBMmaKkH.

Bruiue MacoBoi BUTpaTu MOBITPs ORI CKiIaHIIIKN. [Ipy 1HIIMX HE3MIHHUX T1a-
pamMeTpax CUCTEMHU 11 301IbIIEHHS] PU3BOIUTD J0 M1BUIIEHHS IIBUAKOCTI IMOa4i 1Mo-
BITps. A TaKOX 30UIbIITY€ThCS 3arajibHa KUIbKICTh KUCHIO B cucTeMi. OcTaHHii ¢hakTop
€ TepeBakarouuM 1 TOMY IIOBHOTA 3rOpPaHHsI MiJIBULIY€ThCSI.
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BucnoBku. IloOynosana ¢i3uko-maTeMaTU4Ha MOJIEIIb, SIKA JI03BOJISIE PO3paxy-
BaTH ONTUMAJIbHI YMOBH 1 XapaKTEPUCTUKHU CTIMKOTO TOPIHHS MIJIOBYTUILHOTO (hakery
3 YaCTMHKAMH 31 3HAYHOIO YaCTKOIO JIETKUX PEYOBUH 1 BOJIOTH. Mo1eJb 103BOJISIE MPO-
aHaII3yBaTH KOOPJMHATHI 1 4aCOBI XapaKTEPUCTUKHU TOPIHHS 1 camo3aiiMaHHA (TeM-
nepaTypy 4acTHHOK 1 ra3y; JlaMeTpy, MacH 1 TYCTUHU; KOHIIEHTPAIliil KUCHIO, a30TYy 1
OKCHUJIIB BYTJICI[IO; KOHIIEHTpAIlll TOpIOYMX JIETKUX PEYOBHH B raszoBiil (dasi da-
Kelry(MeTaH, YaJHUui ra3, BOJEHB)BIJl BIACTUBOCTEH BUKOITHOTO BYT1JUIS 3 TUCIIEPCHI-
CTIO, XapaKTEPHOIO U1 MUJIOBYT1JILHOTO (pakeny.
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Kalinchak V. V., Chernenko A. S., Dunayevska N. 1., Bondzyk D. L.
Influence of blowing parameters on the characteristics of coal flame
combustion with high volatile matter content

SUMMARY

A physical and mathematical model of pulverized coal combustion of gas coal in a horizontal
constant-diameter reactor has been developed, taking into account ash content, volatile release
kinetics, and homogeneous chemical reactions. The model considers changes in particle size,
mass, and density during the release of volatiles and moisture, as well as the kinetics and heat
release of heterogeneous carbon oxidation reactions and homogeneous oxidation reactions of
carbon monoxide, methane, and hydrogen.

The model makes it possible to analyze spatial and temporal characteristics of combustion
and self-ignition, including particle and gas temperatures, particle diameter, mass, and den-
sity; concentrations of oxygen, nitrogen, and carbon oxides, and concentrations of combustible
volatile species in the gas phase of the flame (methane, carbon monoxide, and hydrogen), de-
pending on the properties of fossil coal.

It is shown that the entire process of pulverized coal combustion can be conditionally divided
into two stages: (1) release of volatiles and moisture during particle heating, and (2) combus-
tion of volatiles, ignition, and combustion of coal particles. The influence of oxygen fraction
and air mass flow rate on the completeness of coal dust combustion and the gas composition of
combustion products is analyzed.

The results of numerical simulations of combustion completeness are presented for various
oxygen concentrations, mass flow rates of coal dust and oxygen-enriched air (35%), initial gas
mixture temperatures, and different flow rates of oxygen-enriched air under conditions of a
constant coal dust mass flow rate. It is demonstrated that an increase in oxygen concentration
in the blast and in the flow rate of oxygen-enriched air leads to higher combustion complete-
ness: when the oxygen concentration increases from 23% to 35%, the combustion completeness
rises from 86 to 99 wt.%.

Keywords: pulverized coal flame, particles, volatile matter, moisture.
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Analysis of atmospheric aerosol contamination under thunderstorm
conditions

This work investigates the feasibility of using lightning discharges as a natural high-energy
radiation source for atmospheric sounding. Based on the typical energy distribution of light-
ning self-radiation, radiative transfer through cloud aerosols composed of water vapor and
pollutant particles — such as quartz, sodium chloride, and soil-derived organic matter — was
modeled. Scattering indicatrices x(0) for X-ray and gamma radiation were calculated. Solu-
tions to the radiative transfer equation were compared under both single and multiple scatter-
ing approximations. For the first time, a spectroscopic method is proposed for identifying aer-
osol properties based on singly scattered radiation spectra.

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

Introduction. Lightning discharges occurring during both meteorological thun-
derstorms and volcanic eruptions generate broadband electromagnetic radiation, rang-
ing from radio frequencies to gamma rays. A significant portion of the high-energy
photon emission arises from bremsstrahlung and characteristic radiation produced in
the intense electric fields near the discharge channel, where atmospheric gas ions are
highly energized.

The characteristic X-ray lines predominantly lie in the soft X-ray region and are
subject to strong photoabsorption in the dense plasma surrounding the discharge chan-
nel. This plasma region primarily contains ions of nitrogen, oxygen, and carbon, along
with other trace elements. In the case of volcanic plumes, additional emission lines
emerge, corresponding to species such as silicon (Si), sulfur (S), and phosphorus (P),
which are commonly present in volcanic ejecta.

Detection of higher-energy photons provides enhanced capability for probing the
near-discharge region, owing to their lower attenuation coefficients in aerosol-laden
media. As these photons propagate outward, they undergo energy loss via photoab-
sorption, inelastic Compton scattering, and elastic Rayleigh scattering. For pure water
aerosols, cross-sectional ratios for these processes were previously derived and pre-
sented in [5, Fig. 2]. However, in realistic scenarios involving mixed or polluted aero-
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sols, the spectral and angular characteristics of scattered radiation can differ signifi-
cantly.

The present study investigates X-ray and gamma-ray scattering in both pure and
contaminated aerosol media, including constituents such as quartz, salt, and soil-de-
rived organics. Scattering indicatrices and spectral transformations were modeled and
analyzed under various conditions relevant to atmospheric and volcanic discharges.

This paper is organized as follows: Section 2 examines the formation and charac-
teristics of high-energy radiation in atmospheric lightning events. Section 3 addresses
discharge dynamics and radiative emissions in volcanic cloud plumes. Section 4 pre-
sents a spectroscopic analysis of scattered X-ray radiation in liquid and aerosol envi-
ronments. The Discussion outlines implications for remote sensing and introduces a
novel diagnostic approach based on single-scattering spectra. The Conclusion summa-
rizes the key findings and highlights potential applications in aerosol composition anal-
ysis.

1. Polluted Aerosols in Thunderstorm Clouds. Lightning activity in
thunderstorm clouds has been the subject of scientific inquiry for over three centuries
and remains a central topic in atmospheric research. The aerosol phase of
thunderclouds comprises both a dispersed component (liquid droplets and ice particles)
and a gaseous phase consisting of water vapor mixed with air. The fundamental
physical characteristics and dynamics of lightning development are addressed in detail
in studies such as [1, 2, 6, 10].

In this study, we define "polluted" or "dirty" aerosols as droplets containing
micron-scale inclusions of solid particles. The optical properties of such aerosols have
been extensively investigated within meteorology and plasma electrodynamics over
the past several decades. Radiative transfer modeling through cloud structures of this
type requires prior knowledge of the scattering indicatrix X(6), which governs the
angular distribution of scattered photons. The choice of radiative transfer
approximation - whether single or multiple scattering - depends on the physical
assumptions and specific configuration of the aerosol components. Here, we consider
various pollutant compositions: solid particles embedded in droplets, dissolved
contaminants, or combinations thereof. Traditional diagnostic approaches in the optical
spectral range rely on macroscopic aerosol parameters and often require accounting for
multiple scattering events. These methods have led to significant theoretical and
practical advancements in the field over the past 60 years [5].

In clean cloud systems, Rayleigh scattering by water molecules typically
dominates the visible and near-infrared spectral domains. However, the introduction of
impurities substantially alters both are provocated by the scattering and absorption
characteristics of solar radiation [10, 11]. X-ray and gamma-ray spectroscopy of
thunderstorm clouds offers complementary diagnostic capabilities [3, 4]. Advances in
spectroscopic instrumentation now enable the detection of high-energy photon
interactions with individual atoms in polluted aerosols, with lightning discharges
themselves serving as transient radiation sources. Previously, we analyzed the detector
configuration and simulated its response in photon-counting mode.

In this work, millisecond- and microsecond-scale bursts of X-ray and gamma
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radiation emitted during lightning events are utilized to probe aerosol composition. As
shown in [7, 8], certain energy intervals exist where photoabsorption is significantly
weaker than inelastic Compton scattering. Accurate spectral diagnostics are achievable
under conditions dominated by single-scattering events.

The Compton scattering process is governed by the photon—electron interaction
cross section [8, Fig. 7, 8] and the scattering indicatrix X(0), which is described by the

Klein—Nishina formula for angular distribution of scattered photons.
I\ 2 ’

2
2= 3 (z) (F+g—smo) )

Here, 0 denotes the scattering angle with respect to the incident photon direction;
E and E’ represent the energies of the incident and scattered photons, respectively; 1,
is the classical electron radius; € is the solid angle subtended at the point of interaction,
corresponding to the conical volume encompassing the detector's active area.

By combining the Compton equation with the Klein—Nishina formula into a uni-
fied system, one can describe both the energy and angular characteristics of inelastic

photon scattering on free electrons.
A=A =243-10"(1-cos0)
. E, (2)
" 1+ (E, /511)(1~cos6)
We derive the scattering indicatrix x(8);which characterizes the angular distribu-
tion of the scattered radiation intensity

_Ey _ ! |
x(8) = Ey  1+(E,/511)(1-cos )’ (4)

The probability of photon emission at an angle 0 relative to the incident direction,
for a known angular distribution function x(6), is given by the following equation:

dw 1 do 1 sin6do
dPg, ©) = X(O)E = 1+(E,/511)(1-cos@) 4m 1+(E,/511)(1-cos0) 2 . (5)

After integration over d0, the final expression for the total probability P, (0) is

obtained:
511

Pg, (6) =E—yln|1+(2Ey/511)| ©)
The scattering indicatrix x(6) can conveniently be represented in a Cartesian co-
ordinate system along the X and Y axes, with components defined by the directional
intensities of scattered radiation I(0) as a function of angle 6. This representation is
particularly suitable for use in equation (1).
X =1(0)cos; Y = 1(0)sinb (7)
The radiation intensity /(0) is governed by the scattering indicatrix x(8) and the
cross sections of elementary absorption and scattering processes. All major cross sec-
tions relevant to these interactions are presented in [Fig. 1]. Analysis of this figure
indicates that the "transparency window" approximation for X-ray emissions generated

by lightning becomes valid for photon energies of E,, = 40 keV'.
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Fig. 1. Angular distribution diagrams of the scattered radiation intensity I1(6) in a
"pure water" medium. The X and Y axes are defined according to equation (7).
Results are shown for incident photon energies). £,=40, 50 u 100 keV.

Accordingly, we present computed angular intensity distributions I(8) incorpo-
rating the scattering behavior described by x(0), for incident photon energies of 40,
50, and 100 keV. As shown in [8], Compton scattering dominates in this energy range.

As shown in Fig.1, in a "pure water" medium, the spatial distribution of scattered
photons becomes increasingly isotropic as the energy of the incident X-ray beam
increases to E, = 40 keV. To evaluate the effects of contamination, we consider the
presence of both solid inclusions and dissolved pollutants. The hypothetical
contaminant is assumed to consist of two components: an insoluble (solid) fraction and
a soluble fraction. The primary scattering agents are represented as fractions composed
of various particle types, as detailed in Table 1.

The solid fraction of atmospheric dust is modeled as a mixture of multiple
subfractions, each following a log-normal particle size distribution.

AN N [_ (tgd-lgdy)® ,
digd  V2mlgay z(lggg)z : (&)

AN : s o :
Here, algd denotes the number of particles within a logarithmic diameter interval;

N, is the normalization factor representing the total number of particles per unit
volume; d is the geometric mean particle size. The planned experimental sites include
the region of Smolyan (Bulgaria), characterized by significant concentrations of Na*
and Cl°, and the Catania region near Mount Etna (Sicily, Italy), where aerosols
commonly contain Mg?*, K*, SO+>", Na*, and CI". According to Table 1, the typical
mass fractions for these aerosol impurities are 5-20% and 2-5% for the respective
regions. The scattering properties of aerosols enriched with these components depend
on both their mass fraction and the atomic number Z of the constituent elements. Higher
average atomic numbers and greater mass fractions result in more pronounced energy
differences in the scattered spectrum, within the X-ray "transparency windows"
utilized in this study. The contribution of X-ray diffraction by nanoparticles was
previously discussed in [3, 4]. However, under realistic atmospheric conditions,
diffraction-based scattering halos are expected to occur only in the immediate vicinity
of cloud structures. The relative contribution of Compton scattering on atoms versus
diffraction on nanoscale particles is governed by the number of scatterers, their atomic
number Z, and the number density of nanoparticles within the irradiated volume. As
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shown in [3], the contribution of diffraction to the overall X-ray scattering is

Table 1. Impurity components and localization of atmospheric aerosols

n/n Component Mass fraction Primary source(s)
1 S10: 15-25% Saharan dust (mineral origin)
2 AlO:s 3-7% Mineral dust
3 CaCOs / Caz* 5-15% Soil dust, limestone,
construction materials
4 Fe.Os / Fe** 2—6% Desert dust
_20% (hi
5 Na*, CI” 5-20% (higher Marine aerosols
near coast)
6 Mg, K*, SO~ Na*, CI- 59 Marine aerqso!s + volcanic
emissions
7 NOs~, NH+* 3-10% Traffic emissions, fertilizers
3 Black carbon (soot) 8% Diesel velnf:lfes, biomass
burning
9 Organic compounds 5-15% Biomass, urban smog
10 Pb. Zn. Cu. Cr. Ni “1% Traffic, me@allurgy, brake and
tire wear

significantly lower than that of atomic interactions, particularly in the hard X-ray
regime.

2. Volcanic Environments. During eruptions of most volcanoes, eruptive
emissions consist of approximately 95% water vapor, along with volcanic ash
containing various solid mineral particles. Calculations for quartz particles with mean
sizes ranging from 1 pum to 0.1 mm, as presented in Fig. 3, indicate that at photon
energies E, = 40 keV, the probability of photoabsorption becomes comparable to or
lower than that of Compton and Rayleigh scattering. Fig. 3 shows the probabilities of
all major photon interaction processes in water at an equivalent thickness of 200 mm.
During an eruption, water on the surface of solid particles evaporates almost instantly,
forming a cloud composed of superheated vapor and suspended solid matter.

For nanoscale quartz particles, additional simulations were carried out (see Fig.
4), evaluating interaction probabilities and highlighting the role of scattering
mechanisms at small particle sizes. In addition for sensitive detectors we have possi-
bility to observe soft X- and hard UV-rays diffraction. The macroscopic electrody-
namic parameters are considered in [3, 4]. From diffraction in 2D-imagion has been
observed X-ray Galo around point X-ray sources in space. The hard X-ray emission
produced by lightning discharges near volcanic plumes is inherently pulsed, with pulse
durations on the order of milliseconds. Consequently, detection of such emissions
requires spectrometers operating in microsecond resolution mode [8,9]. As the
effective number of scattering particles between the lightning source and observer
increases, the role of multiple scattering becomes more pronounced. Modeling this
regime involves tracking the full photon trajectory geometry through a medium
composed of randomly distributed solid particles.

Fig. 3 presents the simulation results for distilled water, while Fig. 4 corresponds
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to quartz (S102). The modeling is based on the Monte Carlo method, which accounts
for the stochastic nature of elementary photon interactions with atoms and their elec-
trons. In the first approximation, the radiation transport is considered primarily as a
function of the effective atomic number. This approach is justified by the fact that, at
photon energies E, = 40 keV the surrounding atmosphere becomes a transparency
window, exerting minimal distortion on the signal originating from the volcanic cloud.
X-ray spectroscopy of polluted dispersed aerosols triggered by lightning flashes
offers new opportunities for identifying the chemical composition of contaminants
based on the ratio of absorbed to scattered radiation. The probability of detecting
characteristic radiation is negligible in the energy range 0.1 keV < E,, < 40 keV due
to strong photoabsorption. Compton scattering is the dominant mechanism for both
single and multiple scattering events in polluted aerosols, with Rayleigh scattering
contributing to a lesser extent across all typical impurity elements. Defining
transparency windows in the medium enables the identification of conditions under
which single Compton scattering dominates. This criterion is crucial for analyzing any
aerosol system - regardless of its contamination level - when it lies along the
propagation path of hard X-ray photons emitted by lightning toward the detector.

3. Laboratory Simulation. For the laboratory investigation of hard X-ray
scattering by polluted aerosols, we propose using a standard X-ray tube in combination
with open-source simulation tools based on the Geant4-DNA framework [7,9]. This
approach offers simplicity, reproducibility, and accessibility. As model scatterers
representing aerosol contaminants, we consider quartz particles and barium sulfate
(BaSOa4), the latter being widely used in medical imaging and exhibiting well-
characterized log-normal size distributions.

To conduct both numerical and subsequent physical experiments, it is necessary
to define the energy range and particle size regime where single scattering events are
most probable.The experimental geometry consists of a "transparent" aerosol-
containing cylinder aligned along the Y-axis. In the X-Y plane, at a distance of 0.5 m
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Fig. 5. Corresponding distribution for silicon dioxide (Si0O:) particles with a thickness
of 1 mm

from the cylinder center, a circular array of CsPbBrs detectors is positioned. Each
detector has a volume of 1 cm?, sufficient to fully absorb incident X-rays within a 1—
2 mm active layer, enabling high-efficiency spectral detection and angular resolution.
This configuration yields the angular distribution of scattered radiation intensity as a
function of detector position. After normalization, the numerical scattering indicatrix
x(0) is obtained. The measured data are compared with results from numerical
simulations performed using Geant4-DNA. The modeling setup and results of the
computational experiment are presented in Fig. 5.

4. Discussion. The growing demand for cost-effective third-generation hard radi-
ation spectrographic detectors is driven by their significant advantages, primarily due
to the use of new-generation semiconductors incorporating elements with high average
atomic numbers Z. The cross sections and probabilities of the fundamental processes
of photon absorption and scattering strongly depend on various powers of Z, thereby
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enabling new capabilities for hard radiation spectral detection with microsecond time
resolution. At photon energies E, = 40 keV, the detected spectra can be unambigu-
ously correlated with the presence of specific contaminant aerosol atoms. However,
solving such problems requires dedicated electronic interfaces capable of operating in
standby mode and performing active rejection of irrelevant data [9].

Conclusion. This study investigates the X-ray and gamma-ray spectra produced
by lightning activity in thunderstorm clouds and volcanic plumes. Energy intervals and
particle concentrations were identified under which single and multiple scattering
approximations for X-ray photons are valid. In the case of single scattering, the
scattering indicatrix x(0) was derived, and the radiative transfer equation was solved
for various media to determine the angular intensity distribution I(0) of the scattered
radiation. For multiple scattering regimes, statistical modeling approaches were
applied using Monte Carlo methods implemented in the Geant4-DNA framework
(version 11.3.2) [10]. Both methods demonstrated sensitivity to the atomic and
chemical composition of the medium and were employed to derive quantitative
characteristics of pollutant components in dispersed aerosols within thunderstorm
clouds and volcanic emissions, including assessments of their spatial stratification.
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Hoiixkos 1. H., doiiko M. /1.
AHaJIi3 3a0pyaIHeHHs aTMOC(epH aepo30JaIMHU B YMOBAaX OJIHCKABOK

AHOTALIA

Y pobomi 30iticneno cnpoby 3o0mdyeanns ammocgepu 3emni wnsixom peecmpayii
PEHMEEeHIBCbKUX Ma 2AMMA-CReKmpPi8, WO SUNPOMIHIOIOMbCA 2PO308UMU PO3PAOAMU DIZHUX
munie. Ha ocHogl cmanoapmnozo eHepeemuyHo20 pO3n00iNy 61ACHO20 BUNPOMIHIOBAHHS
OUCKABOK PO32TIAHYMO NePeHeCeHHs BUNPOMIHIOBAHHA Kpi3b XMAPHUUL Aepo30/ib, KUl
CKAA0AEMbCS 3 B0OAHUX MIKPOKpAneib ma OOMIUKOBUX YACMUHOK K8ApYy, coel I IPYHmMOogoi
Op2aHIKU.

Ompumano inoukampucu po3scitosanns X(0) penmeeniecoxoco ma eamma-unpoOMiHIO8aAHH S
Ha aepo30NbHUX YACMUHKAX. Bukonano nopiensanvHull ananiz pe3yibmamis po3e s3aHHs
DIBHANHS NepeHeCcenHs BUNPOMIHIOBAHHS 8 HADIUICEHHAX 0OHOPA308020 Ma 6a2amopazoeo2o
po3citogants y 3abpyOHeHux aepos3onsax. Bnepwe 3anpononoeano memoo odiacnocmuxu
00CNiOIAHCYBAHUX 00 €EKMIB 3a CNEKMPAMU 0OHOPA308020 PO3CII08AHHS A2eHMAMU 3A0PYOHEHHSL.

Ilokazano, wo HABKONO CMPYMOB020 YUNIHOPA ICHYE pPO3WUPEHA 30HA [OHI308AHO20
aepo3o7iio, 8 AKill PopmMyEMbCsE OnmudHe GUNPOMIHIO8AHHS. 3POOIEHO BUCHOBOK, WO 0dcepena
PEHMEeHIBCbK020 Ma 2AMMA-6UNPOMIHIOBAHHA 8 YCIX Munax OJUCKABOK JIOKANI308aHI
BUKTIOYHO 8CEPEOUH CIPYMOBUX WAPI8 YUTTHOPUYHOT popmu. 3anpononosano, wo sumipsne
CRiBBIOHOULEHHSL MIJIC 2ATIbMIBHUM MA IHOYKOBAHUM GUNPOMIHIOBAHHAM YCePeOUHi CmMpyMo8020
wapy ma nosa Uo20 MedCaMu MOXce CNy2y8amu KpUmepiem 2eoMempudnoi noxanizayii
ooicepena BUNPOMIHIO8anHs. Bionosiono 0o cnocmepedicelvb OIUCKABOK Y BYIKAHIYHUX XMAPAX,
CHEKMPU JHCOPCMKO20 BUNPOMIHIOBAHHS PEECMPYIOMbCA Tuule Ha ixHil nosepxui. Hamomicmo
HASABHICMb CNEKMPA HCOPCMKO20 BUNPOMIHIOBAHHS Y ONUCKABKAX GVIKAHIYHUX XMAP CEIOUUMb
Npo iXHI0 NOBEPXHER) JIOKANIZAYTIO.

Knrwouosi cnosea: Ooemexmopu Hcopcmrko20 SUNPOMIHIOBAHHA, OAUCKABKA, padiayitiHe

0CAO0JICEeHHs,  pDeHmeeHi8CbKa  OIAcHOCMUKA — MIYHUX  NpO30pux  6IKOH,  OughysitiHe
BUNPOMIHIOBAHHS, 2PO308ULL AePO30lb.
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Effect of ionization in an aluminum particle dust flame on the size
distribution of Al.Os nanoparticles

In this review, we present the theoretical investigation results of the coagulation behavior
of both neutral and thermally ionized aerosols formed by micro-dispersed aluminum combus-
tion particles in a dust flame. A mathematical model is proposed to describe particle coagula-
tion in both thermo-emissive and complex dusty plasma, comprising charged Al-Os particles,
electrons, and gas-phase ions. Particle charges were calculated using the orbital-motion-lim-
ited (OML) approximation. lonization equilibrium in the plasma was determined by jointly
solving the Saha equations for the gas phase and the charging equation for the particles. The
model enabled the study of coagulation dynamics of Al:Os nanoparticles. It was shown that
particle charge significantly affects both the characteristic particle size and the width of the
size-distribution function. In thermo-emission plasma, a strong dependence of particle size and
distribution width on temperature was observed. The addition of potassium carbonate to the
flame reduced the average Al:Os particle size. Furthermore, increasing the concentration of
the ionizing additive resulted in a narrower particle size distribution, approaching monodis-
persity. The results underscore the importance of accounting for Coulomb interactions in ion-
ized systems for accurate description of the formation of condensed-phase aluminum combus-
tion products in dust flames.

Keywords: dust flame, micro-flame, Al:Os nanoparticles, coagulation, particle size distribu-
tion, thermo-emission plasma, complex plasma, nanoparticle charge, flame ionization

Introduction. Over the past 50 years, an extensive number of studies have been
conducted worldwide on the combustion regimes and mechanisms of individual alu-
minum particles and their gas suspensions in various oxidizing environments. This in-
terest is primarily driven by the potential applications of aluminum as a high-energy
additive to rocket propellants, as well as by fire and explosion safety issues in industrial
settings. The formation of a condensed phase during the combustion of aluminum par-
ticles has also been actively investigated to enhance the efficiency of aluminum-based
fuels by reducing two-phase momentum losses in engines [1-6].

In the 1980s, at Odesa State University, method for synthesizing metal oxide na-
noparticles via gas-dispersed synthesis was actively developed. This method is based
on burning metal particles in laminar dust flames. The generation of such flames, their
thermal and spatial structure, physical models of metal particle combustion, and the
mechanisms of condensed phase formation in laminar dust flames are thoroughly dis-
cussed in [7-11].

These studies have shown that thermal ionization of both the gas and condensed
components of the flame has a strong influence on the condensation of metal vapor-
phase combustion products. The mechanism of this influence is associated with elec-
trostatic interactions between charged particles, which lead to new effects not typical

DOI: 10.18524/0367-1631.2025.63.347248
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of coagulation in electrically neutral aerosols [9—11]. Another, less-studied mechanism
of ionization influence involves complex plasma with a high concentration of ions in
the gas phase, where aerosol particles are entrained by an ion wind generated in the
self-consistent electric field around charged condensed-phase particles [11-12].

The experimental and theoretical results obtained indicate the possibility of effec-
tively controlling the characteristic size of synthesized particles through regulated ion-
ization of the two-phase medium. At the same time, the influence of aerosol ionization
on the particle size distribution in high-temperature metal flames remains virtually un-
explored.

The objective of this study is to analyze the effect of thermal ionization of alumi-
num combustion products in a dust flame on the particle size distribution function and
to determine the conditions under which narrow fractions of aluminum oxide nanopow-
ders are formed.

1. Calculation of particle charges in the complex dusty plasma of aluminum
combustion products. For the quantitative description of the charging of dust parti-
cles, two main approaches are typically used. The first is the orbital motion limited
(OML) theory, and the second is the diffusion approximation.

For spherical particles with radius r,, the condition for the applicability of the
OML approach is given by the inequality:

ry << Moy <<1, (1)

where A, p, =k, T / 4mn, € is the Debye screening radius, and, /,, = k,T / 2 c, P is

the mean free path of electrons (7, is the concentration of electrons or ions in the gas);
o.: 1S the collision cross-section of electrons or ions with neutral molecules; &z is the
Boltzmann constant; and P is the pressure.
When the condition
le,i << kDe,De’ Vn (2)

is met, the diffusion charging regime approximation is used.

Since aluminum combustion in oxygen-containing environments predominantly
produces aluminum oxide nanoparticles (with diameters less than 100 nm), estimates
[7] show that the charging of such particles can be described using the OML approxi-
mation.

In this work, we restrict ourselves to the consideration of an equilibrium classical
plasma. It is assumed that the temperatures of all plasma components and the neutral
gas are equal to the combustion temperature in the microflame of an aluminum particle

(D).

In the OML approximation, the flux of electrons and ions onto the surface of a
particle is defined by an integral j,, = J' vo,, f,,(v)d*vin which: £, (v) is the Max-

wellian velocity distribution function of charged particles, G, ; is the absorption cross-

2€

4ne,r,

section of electrons or ions by the dust particle, ¢, = is the surface potential of
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the particle, Z, is the particle charge in units of the elementary charge (i.e., the charge
number). For example, for thermionic emission, the integration yields:

exp(—%j, ¢, <0

je:_n‘rpz'e.neO'UTe. ’ (3)
‘e
1+ L , ¢, >0
k,T ‘
where 7. 1s the electron concentration at a large distance from the particle ( >> Ape,

8k,T

m,

172
plasma potential @o = 0), and v,, :( ] is the electron thermal velocity. For an

equilibrium plasma characterized by temperature 7, the flux of thermoelectrons from
the surface of a particle with radius 7, can be written as [4]:

1, ¢, <0

o+ 2 W

=7re-Vv, U, exp| ——— . : 4
.]T n e T p[ kBT 1+M 'GXp _M : (1)S>0 ( )

k,T k,T
m k T 3/2
where v, = 2(—26 ;2 j is the effective density of electron states, e is the elementary
e

charge, and W is the work function of the metal.
For a thermionic plasma in equilibrium, ¢, >0, and combining (3) and (4) gives:

de+W
n,=v,expl ———— 5
e0 e p( kBT ( )

For small particles (r, < 10 nm), the size dependence of the electron work function
must be taken into account [13]:

Wiy = + 540

[eV]

In this equation, 7, (A) is the particle radius in angstroms. For particles with a
radius larger than 100 A, the correction to the work function W is less than 0.05 eV.

For a thermionic dusty plasma (TP) with a number concentration of particles ng,
the charge number Z, in the OML approximation can be determined from (5), taking
into account the quasi-neutrality condition n.g = Z, ng:

4 T
Zn — 7-[:8021]{1}? 11’1 nes (6)
e Z n,

where n, =V, eXp(—W/ k,T ) is the electron concentration near the surface of the par-

ticle.

In the general case, at high flame temperatures, not only the condensed phase but
also the gas phase becomes ionized. The ionization of atoms and molecules with low
ionization potential results in the formation of positively charged ions and free elec-
trons (a classical example is alkali metal atoms). Atoms and molecules with high elec-
tron affinity capture free electrons and acquire a negative charge (e.g., Cl, I, AlO, AlO,
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O., etc.). As a result, a complex plasma is formed, consisting of charged particles of
the condensed phase, electrons, and both positive and negative gas-phase ions.

In complex plasma, the charges on the particles can be either positive (¢, > 0) or
negative (¢, < 0). Negative charges are transferred to the particle surface by electron
fluxes as described in (3), and by the total flux of all negative ions in the system:

b, -e
exp| —=— |, ¢.<0
p( KT b,

o, -e
[HkT) ¢, >0

The positive charge of the particle is maintained by thermionic emission (4) and
the total flux of positive gas-phase ions onto the particle surface:

( d) .e
exp| ——= , <0
p( KT b,

(1+ KT j ¢, >0

In equations (7) and (8), the subscript p refers to positive ions and / to negative
ions. Z;, Zy— the charge numbers of positive (Z;,>0) and negative ions (Z;<0), it was
assumed that the ions of the gas phase were singly ionized (Z;,=1 and Z; = -1)

In the steady state, the sum of all fluxes is zero, i.e., the net flux vanishes. Sum-
ming the contributions of fluxes (3), (4), (7), and (8), we obtain the expression for
determining the charge of aluminum oxide particles used in this study:

— 2 _
]i - —TU"n e Ve ) ezZiln,-, UTl ) (7)
/

o+ 2
]i - TU"n e Ve ) ezZipnipUTp (8)
p

n, +—ZZ n Ly, 1 AZn)
In Pre p o, <0
n, +—ZZ,ln L,
1 L UTe |
zZ :z-< - | . - Zw(ne,n;,n; Z.,r)9)
oty A 1z
v +
h‘l UTe p n , (I)S > O
n, +—ZZ n v,
L _ ez
For convenience, a simplified notation 4 =——————1s introduced in equation
dme kT,

(9). Equation (9) was used to calculate the ionization equilibrium in the microflame of
an aluminum particle. For a thermionic plasma, where the ion concentrations are zero,
equation (9) reduces to equation (6) under the quasi-neutrality condition n, =Z n, To
determine particle charges in the presence of ions in the flame, equation (9) must be
solved simultaneously with the Saha equations for the gas.
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Fig. 1. Structure of the combustion zone of the flame and microflame of a metal particle:
(1) laminar dust flame; (2) combustion zone; (3) microflame structure [12].

2. Model of Al:Os nanoparticle coagulation in the microflame of an alumi-
num particle. It is known that combustion of microdispersed aluminum particles in a
laminar premixed or diffusion dust flame occurs within a thin reaction zone of approx-
imately AL = 1-2 mm (Fig. 1) [12]. The number concentration of monodisperse spher-
ical fuel particles in the combustion zone is determined by the mass concentration of
the metal Crand the particle radius 7,. For a mass concentration of aluminum Cr= 0.4
kg/m?, particle radius 7, = 2.4 um, and temperature 7= 3200 K, accounting for thermal
expansion, the number concentration of particles is approximately n; = 2 x 10" m™.
Under these conditions, the distance between particles /; = (n;)"'/* = 170 pm is much
greater than the particle size. Hence, aluminum particles burn individually. This allows
the combustion zone of the dust flame to be treated as a collection of independent mi-
croflames [6,12]. The microflames are under nearly identical conditions, so the de-
scription of combustion in a particle-laden gas can be reduced to the simpler model of
single-particle combustion. It is convenient to assume that the volume of each micro-
flame corresponds to the volume per metal particle, V; = 1/n,.

The microflame of a burning aluminum particle has a zonal structure, consisting
of the vapor-phase combustion zone, the condensation zone, and the accumulation zone
for condensed metal combustion products (Fig. 1) [12].

Reliable data on the influence of electrophysical processes on the mechanism and
regime of aluminum particle combustion, as well as on their burning rate, are largely
lacking. At the same time, a number of studies report results indicating a noticeable
effect of flame ionization on the condensation of vapor-phase or gas-phase combustion
products of microdispersed aluminum particles [1, 12, 14—16]. Models of thermionic
and thermal complex plasmas in the combustion zone of dust flames for such particles
are discussed in detail in [12].
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The model used in the present work is based on the main assumptions of the model
in [12] but differs in that it accounts for the polydispersity of aluminum oxide nano-
particles.

The size distribution of aluminum oxide nanoparticles was obtained by solving a
system of kinetic equations:
oN, 1

o 2
where N, is the concentration of aluminum oxide particles in the condensation zone of
the microflame, consisting of # monomer units. The first sum on the right-hand side of
equation (10) represents the rate of formation of particles consisting of » monomers
due to the binary coagulation process Anm + Am — An. The second term accounts for
the loss of particles consisting of 7 monomers as a result of their interaction with par-
ticles of all possible sizes.

The form of the coagulation rate constant in (10) depends on the nature of the
interactions between coagulating particles. Two types of interactions are considered:

1. Electrically neutral aerosol. For the free-molecular coagulation regime, the co-
agulation rate constant &, for neutral particles consisting of n and m monomers is given

by:
o = (1) [ (an
n-m
, |8k, T . 3 . )
where k= .72 5 mygis the mass of a monomer, ;. = (3mg / 4np) is the Wig-
‘\/ T-m
g

ner—Seitz cell radius p is the particle density.
2. Electrically charged particles. For charged particles, the coagulation rate con-
stant knm has the form [10]:

ikn_m’mNn_mNm -N, ikmmNm s (10)

m=1 m=1

k, [1 —Lj, sign(Z,) # sign(Z,)

k,T
ki, = o (12)
ko oXP| ~—— |, sign(Z,) = sign(Z,)
kT,
1 Z,Ze . . : :
where U(R_. )= 2 m—n__ is the electrostatic interaction energy between particles
TESO min

with charge numbers Z, and Z,, Ryin = r» + 7 1s the minimum separation distance be-
tween particle centers.

We assume that the charges of the condensed-phase particles are of the same sign
(either all positive or all negative), and that the charge can be treated as an average
quantity. The applicability of these assumptions is discussed in [12].

Under these assumptions, the average particle charge is determined from equation
9):

Z,=vy(n,n n ,Z,.r,) (13)
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Under the assumption of the existence of a local thermodynamic equilibrium in
the microflame, the concentration of charged components (#., »;, and », ) in the plasma

can be estimated from the solution of p+/+1 equations of the ionization equilibrium:

nn 20 1
— - glp Veexp(_ p J

(nap - nl; gap kBTg
ne(nal B n’;) — 2g.al v eXp _ 81 (14)
ny, g kT,

n,=>Zn, +> Zmn, +\|/(ne,n;,n;,Zn,rn)erNj
p ! J

where n,,— the concentration of atoms of electropositive gases (p = K, Cs, L1, Al, Na,
etc.), ny— the concentration of atoms of electronegative gases (I = Cl, I, AlO, AlO,,
etc.), n; and »,— the concentrations of positive and negative ions, /, and & — the ioni-

zation potentials of p-atoms and the electron affinity of /-atoms, g;, and g;; — the degrees
of degeneracy for ions, g, and g.; — the degrees of degeneracy for atoms of the ionizing
additive, Z;, Z;— the charge numbers of positive (Z;,>0) and negative ions (Z;<0), N;
— the concentration of Al,Os particles. The first p equations and the subsequent / equa-
tions of the system (5) are Saha equations for ionization of atoms of electropositive and
electronegative gases, respectively. The equation of the system for the charge numbers
of particles (Z,) and the quasi-neutrality equation complete the system of equations
(14). In the calculations, it was assumed that the ions of the gas phase were singly
ionized (Z;,=1 and Z; = -1). The ratios of the degrees of degeneracy were taken to be
unity.

3. Solving the system of coagulation and ionization equilibrium equations. To
solve the system of kinetic equations (10), the particle size domain was divided into
sections, each represented by a characteristic volume v,. The volumes were chosen to

satisfy the condition v,=2 v, ,, which allows equation (10) to be transformed into the
form [17]:

n—2
% = ]vifl sz"”l knfl,mNm +
m=1

nmax

1 n—1
5t Eknl,mlel - Nn 22’”’” kn,mNm - Nn kn,mNm (1 5)
m=l1 m=1

It was assumed that nuclei of the same size n. are formed in the condensation
zone of the microflame, and the initial condition for equation (15) was set as: N: =
No/ne, Ny = 0 fori = 2, 3, ..., ng, where No 1s the concentration of monomers and #;is
the number of sections in the particle size space. Based on test calculations, it can be
stated that the initial size of the nuclei n., and the form of their size distribution do not
affect the outcome of coagulation over time ¢, >1,.

coag

The number of sections was set to n;, = 30. The initial monomer concentration
No=Ny(T, Cop;) was determined in the approximation of an infinitely thin combustion
front of aluminum vapor in oxygen [9,12].
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Fig 2. Size distribution function of Al.Os particles (a) and dependence of the
coagulation rate constant on the size of the coagulating particles (b).

Debugging and testing of the algorithm for solving (15) was performed for the
coagulation of an electrically neutral aerosol in the free-molecular regime. After solv-
ing equation (15), statistical analysis was carried out to determine the main moments
of the size distribution: the number average diameter (di0), surface average diameter
(d20), volume average diameter (d0), the mode (d.), and the standard deviation s. To

compare the widths of the size distributions, the coefficient of variation Cv = = .100%
10

was calculated. Assuming a lognormal distribution of particle sizes

2
d(d)= ! exp —w , the parameters of the probability density function
2ndo 20

= ln(a’fo/\/s2 +d, ) and 6= \/ln(sz/dlzo + 1) were estimated.

Figure 2a presents the solution of equation (15) with the coagulation constants
from equation (11) for the combustion products of an aluminum particle (d, =4 um, #,
=2 ms) in air (Cp,= 0.23, 7= 3100 K) and its approximation by a lognormal distribu-
tion (solid line). In all calculations, nearly all aluminum oxide particles were distrib-
uted over 810 sections on the size scale.

Figure 2b shows that the coagulation rate constants (k,, , = k) increase sharply
when particles of large and small sizes collide. This leads to rapid absorption of small
particles and causes asymmetry in the size distribution function. The minimum value
of the coagulation rate constant occurs at n = m, and the value of k, , increases mono-
tonically with n.

4. Coagulation of aluminum oxide particles in an electron—dust plasma. The
Einstein—Smoluchowski coagulation equation with rate constants of the form (11) has
an analytical solution:

2/
ds :3VW(k0N0tc) 5 (16)
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a) b)
Fig 3. Time evolution of the size distribution function of Al>Os particles for No = 2.6 x
10 m=3and T = 3000 K: (a) uncharged aerosol; (b) thermionic plasma.

which describes the dependence of the average cluster size on the coagulation time #,,
initial monomer concentration No, and the coagulation rate constant k. As seen from
equation (16), these power-law dependencies are rather weak. Solving the system of
equations (15) shows that in a neutral aerosol, an increase in coagulation time ¢. leads
to a broader size distribution function (Fig. 3a), but the coefficient of variation, which
serves as a measure of aerosol polydispersity, remains unchanged (Cv = 39%).

In the combustion zone of aluminum dust flames, temperatures reach 2800—-3300
K. At such temperatures, nitrogen and oxygen molecules are weakly ionized. There-
fore, with a low 1onization potential of the metal and its oxide, a thermionic plasma
(TE) 1s formed in the microflame, for which the quasi-neutrality condition n. = Z,N,
holds. The coagulation rate constants for such an aerosol are given by equation (12).
The calculated size distribution functions of Al>Os particles in such a plasma, depend-
ing on the coagulation time, are shown in Fig. 3b.

In the ionized aerosol, the coefficient of variation becomes significantly lower
(26% compared to 39% for ¢, = 2 ms, Fig. 3b) and decreases as coagulation time in-
creases. The particle size distribution, as in the inert aerosol case, follows a lognormal
law. The particle size depends much more weakly on the coagulation time than in the
neutral aerosol. This is explained by the electrostatic repulsion between particles,
which slows down the coagulation rate, especially in the region of larger aerosol parti-
cle sizes.

The calculated dependence of the average size of aluminum oxide particles (d:o)
for ionized (TE plasma) and non-ionized (no plasma) aerosols shows a significant
weakening of the dependence of the characteristic size dio on coagulation time (Fig. 4).
As noted earlier, for ionized aerosols, the coefficient of variation is noticeably lower
than for inert aerosols and decreases with increasing coagulation time. There is also a
rather strong dependence of the Al2Os particle size and the coefficient of variation on
the microflame temperature.
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Fig 4. Calculated dependencies of the aver- Fig 5. Change in the Al.Os particle size dis-
age size dio of aluminum oxide particles and tribution function with potassium atom con-
the coefficient of variation Cv for neutral centration.

(no plasma) and charged (TE-plasma) aero-

sols. Dashed line — T, = 2800 K; dotted line

— Ty = 3000 K; solid line — Tz = 3200 K.

In the temperature range 7 = 2800—-3200 K, flame ionization leads to a noticeable
"splitting" in the dependencies of the average particle size and the width of their size
distribution function versus temperature (Fig. 4). These differences are explained by
the strong temperature dependence of the coagulation rate constant (12) for a charged
aerosol.

As shown in [12], for aluminum particle flames, the existence of a pure thermionic
plasma is likely an idealization. This is because, at high temperatures, the microflame
contains gaseous products of condensed phase evaporation—such as atomic aluminum
or various gaseous suboxides—which can acquire either a positive or negative charge.

5. Coagulation of aluminum oxide particles in electron—dust plasma with ion-
izing additive. The above analysis shows that in thermionic plasma, the medium tem-
perature has a strong effect (compared to uncharged particles) on the size distribution
of aluminum oxide. As the temperature increases, a more monodisperse aerosol forms
(see Fig. 3b), and the average particle size decreases. However, the ability to vary the
combustion temperature of aluminum is quite limited and 1s determined by the physi-
cochemical properties of aluminum and its oxides.

The conditions of ionization equilibrium in the microflame can be significantly
altered by introducing atoms with low ionization potential or high electron affinity into
the combustion zone [7, 11, 12]. Calculations show high effectiveness of this approach
for synthesizing nearly monodisperse aluminum oxide particles with diameters down
to 5-10 nanometers (Fig. 5). Calculations were performed for Al particles dio = 5 um,
T=3200K, Cp,=0.23. As the potassium atom concentration varied from 5 x 10" m™
(below which the distribution function ceased to change) to 5 x 10> m3, the average
particle size decreased from 72 nm to 9.3 nm. At the same time, the particles became
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more monodisperse, as evidenced by a decrease in the coefficient of variation from
31% to 18%.

This method of increasing the dispersion of aluminum oxide nanoparticles was
experimentally studied in [7, 11]. It was found that when potassium carbonate was used
as the ionizing additive, the dependence of the characteristic particle size on potassium
concentration exhibited a minimum. In a later work [12], this extremal behavior was
confirmed for cesium and iodine atoms. For monodisperse aerosol, this effect was an-
alyzed in detail in [7, 12]. However, a complete understanding of the extremal depend-
ence of Al.Os particle size on the concentration of ionizing impurities is still lacking.

Conclusions. The studies conducted show that thermal ionization in the combus-
tion zone of aluminum dust flames plays an important role in the formation of con-
densed aluminum combustion products. For unipolarly charged particles, electrostatic
repulsion significantly slows down the coagulation rate, leading to smaller character-
istic particle sizes and narrower size distribution functions compared to classical coag-
ulation. Moreover, longer coagulation times correspond to narrower distribution func-
tions. The spread of distribution modes for different coagulation times is also signifi-
cantly smaller for charged aerosols than for uncharged ones.

Temperature in the condensation zone of the microflame becomes a significant
parameter influencing the dispersion of combustion products. This feature strongly dis-
tinguishes plasma coagulation from that in uncharged aerosols and may be useful for
smoke plasma diagnostics or controlling the dispersion of aluminum combustion prod-
ucts.

The most pronounced effect on aluminum oxide nanoparticle dispersion is
achieved through flame ionization with alkali metal atoms. As the concentration of the
ionizing additive increases, the particle size distribution becomes increasingly narrow,
approaching a monodisperse form. The results obtained lead to the conclusion that to
adequately describe the formation processes of the condensed phase of aluminum com-
bustion products, it is necessary to account for flame thermal ionization.
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M. I. Ilonemacs
BruiuB ioHi3anii B MJ10BOMY MOJYM’T YACTHHOK AJIOMIHII0 HA PO3MOALT
HaHoO4YacTHHOK Al:Os 3a po3mipamu

AmHoTaris

Y yiti po6omi npeocmasneno pesyniomamu meopemuyHux 00CIOHCeHb Koazyayii aK Hetim-
PANbHO20, MAK | MePMIYHO IOHI308AHO20 AEPO30I0, WO YMBOPIOEMbCA 8 PE3YIbMami 320PAHHS
MIKDOOUCNEPCHUX YACMUHOK ANIOMIHII0 8 NUN08OMY HOAYM i. 3anponoHo8ano MamemamuyHy
MOOeNb Koazynayii YaCmuHoK y mepmMoemiCitinilil ma KOMIJIEKCHIU NUN0BIL NAA3MI, WO BKII0UAE
3apsoxceni uacmunxku Al:Os, enexkmponu ma ionu 2a3060i gazu. 3apsao Hanouacmurok 06y8 po-
3paxosanuil 6 HabaudxdcenHi obepmanvHo-oomexcenoz2o pyxy (OML). lonizayiiina pisnosaca 6
NAA3Mi 8UBHAYANACS CRITbHUM SUpiWEeHHAM pieHAHb Caxa 0ns 2a3080i (hazu ma pieHAHHA 3a-
paodcannss yacmunox. Mooenv 0ossonuna euguumu OUHAMIKY KOA2YIAYIl HAHOYACMUHOK
Al:0s. Tlokasano, wjo 3apa0 YacmuHOK Cymmeso 6NAUBAE HA XAPAKMEPHULL POIMID YACMUHOK
ma wupury QYHKYIi po3noodiny 3a posmipamu. Y mepmoemicitiHil nia3mi 6Us1eHO 3HAYHY 3d-
JIeIHCHICIb PO3MIPI6 HaACMUHOK [ WUpUHU pO3nodiny 8i0 memnepamypu. /lodasanus kapooHamy
Kaito 8 NOAYM sl SMeHUUNL0 cepeonitl posmip ywacmunok Al2Os. 36invuennsa Kkonyenmpayii io-
HI3YI0401 000a8KU NPU3BOOUMb 00 38VHCEHHSL POZNOOLLY YACMUHOK 3d PO3MIpAMU, HAOIUNCA-
104U 11020 00 MOHOOUCHEPcHO20. Ompumani pe3yibmamu RIOKpecaoomy 8aXCIUBICINb 8PAXY-
8aHHSL KYJIOHIBCHOKUX 83AE€MOOTN 8 IOHI308AHIN cucmeMi 0Ji A0eK8AMHO20 ONUCY npoyecia hop-
MYBAHH5 KOHOEHCOBAHOT (ha3u npoO0yKmie 2OPiHHA AIOMIHIIO 8 NUIOBUX NOTYM SIX.

Knrouoei cnoea: nunoge nonym’s, mikpononym s, Hanouacmunku Al:Os, koazynsayis, po3no-

Oill YACMUHOK 3d POIMIPAMU, MEPMOEMICINIHA NAA3MA, KOMNIEKCHA NAA3MA, 3apsa0 HAHOYACTU-
HOK.
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BunapoByBaHHSI NOOAUHOKHMX KPANJIMH i30MPONAHOJY 3 JOMIllIKAMH
HaHoYacTHHOK Al,O3

Y pobomi excnepumenmanvro 0ocniodxceno npoyec unaposgy8ants NOOOUHOKUX Kpaneib
i30nponanony, MooupiKosano2o OOMIUKAMU HAHOYACIMUHOK OKCUOy antominito Al20s, 3a pi3-
HUX NOYAMKOBUX KOHYEHMPAyiti HAHOYACMUHOK [ MeMnepamyp HaA8KOIUUWHBO20 CEPe0sULYd.
Poszenanymo nanoghnroiou 3 macosoro xonyenmpayicto Hanowacmunox 03,06 %, ompumani 3a
00NnoMo02010 YIbmpa3gyKoeoi oucnep2ayii ma cmadiibHi nNpoma2oM mpueano2o yacy. Bunapo-
8Y8aHHs Kpaneib 0lamempom Oau3bKo 2 MM O0CTIOHCYBANOCA 8 YMOBAX CMAYIOHAPHO20 C1A0-
K020 NOMOKY NOGIMPS 8 2OPU3OHMANIbHIU eIleKMPUYHIL neui 8 memnepamypHomy 0ianazoui
370-505 K. Ilomounuti po3mip Kpaneiv U3HAYABCI MEMOOOM 8i0eopeecmpayii 3 noOaIbULON0
00pobOKOI0 300padiceHd.

Ilokazano, wo sunapogysants 8i00ysaemuvca y Oudy3itiHomy pexcumi ma 3a00801bHAE 3a-
KOHY d?. Bcmanoeneno, wo 3i 3pOCmManHiIM memnepamypu KOHCmanma weuoKocmi eunapos)y-
BaHHA 30LILULYEMBCS, MOOI K 31 30LIbUIEHHAM NOYAMKOB0I KOHYeHmMpayii HAHOUYACMUHOK
Al:Os eona smenuiyemocs na 15-50% nopiensano 3 uucmum izonponanonom. Buseneno, wo npu
KOHYEeHmMpayisax HaHo4acmuHox noHao 1% xoncmanma weuoKocmi UNApo8y8anHs npsamye 00
ACUMNMOMUYHO20 3HAUEHHS, SKe 3p0CMAcE 3 NIOBUWEHHAM memnepamypu. 3a 8i0HOCHO HU3b-
KUX memnepamyp i MAuux KOHYeHmpayiti OOMIiUOK CROCMepieaemvcs HeiHIUHUL Xapakmep
memnepamypHoi 3a1exi#cHoCmi wWeuoKocmi sunaposysanus. Ompumani pe3yibmamu c8io4amey,
Wo 6MiCm HAHOYACMUHOK € 000AMKOBUM KEPYIOUUM NApamMempoM, AKUtl 0038015€ 8NIUBANU
Ha XapakxmepHi 4acu UNapo8y8anus ma hopmy8aHus napoeazoeux cymiwiel y OUCNEPCHUX CU-
cmemax.

Knrouoei cnoea: sunaposysanus, kpaniis, i3onponaH, HAHOYACMUHKU, KOHCMAHMA 8UNAPO-
8Y8AHHS.

Hanogmroinu - cTabuipHI KOJIOiHI CyCII€H311 HAHOYACTUHOK B OCHOBHIN PIJIMHI,
1I€ BIJIHOCHO HOBI CHCTEMH, IO MAlOTh BEJIMKY NMPUBAOIUBICTH JJIs1 3aCTOCYBAaHHS B
MpoIecax B KUX BXKIIUBY POJIb BIIITPAIOTh SIBUIIA TEIIO 1 MACOOOMIHY, PEOJIOTIYHI
BJIACTUBOCTI cucteM [1-2]. HaHOYaCTMHKM MarOTh 3HaYHO MiJABUIIECHY TEIJIOMPOBII-
HICTb 1 MAaIOTh NOTEHIIIITHE 3aCTOCYBaHHS B 00JIaCTI TEIJIOOOMIHY, TOPIHHS, BAPOOHU-
LTBA Ta MEAUIMHU. AKTyaJJbHUM € BUKOPUCTAHHSI HAHOYACTUHOK B SKOCTI JOMIIIOK
710 BYIJIEBOJAHEBUX MaJbHUX, 1110 OB’ A3aHO 13 MOKJIMBICTIO BIUIMBATH Y€pe3 3MIHY X
KOHIEHTpaLlli Ha MPOLIECH BUIIAPOBYBAaHHS 1 TOPIHHS Kparnesb [UX HaJlbHUX [2-3].

Hanodutoiny nmoBuHH1 OyTH CTIMKMMU 10 BUIQAAHHS B OCaJ HPOTITOM TpUBa-
JIOTO Yacy, CTINKUMH JI0 arjioMepailii Ta XiMiuHO iHepTHUMHU [4]. IcHyr0ul MEeTOAM BU-
TOTOBJICHHSI HAHOQIIOI/IB MOAUISIOTH HA OJTHOCTYIIHYACTI 1 JBOCTYMiHYACTI. [1pu of-
HOCTYIIHYAaTHUX METO/1aX HAHO(IIIOIAU OTPUMYIOTh IPOTATOM OJJHOTO TEXHOJIOTTUHOTO

DOI: 10.18524/0367-1631.2025.63.347193



di3nKa aepoaucnepcHmx cuctem. — 2025. — Ne 63. — C.149-155

LUKy [4]: BUIAPOBYETHCS E€JIEKTPOHHUM IIYYKOM Y BaKyyMHIM KaMepi, XIMI4YH1 peak-
11ii Bi(HOBJIEHHS MiJl BILTMBOM MiKpOXBHJILOBOTO BHIPOMiHIOBAaHHS. IX Iepesaroio €
T€, [0 HAHOYACTUHKU BUXOMSTH, SIK MPABUIIO, ayxe ApiOH1 (2-20 Hm). OnepxyBaHi
HaHO(JIIOIIN XapaKTEPU3YIOThCA SIK CTaOlIbHI, a arjoMepallis HaHOYaCTUHOK MiHIMi-
3yeThes. ['0510BHOTIO Tpo61eMOI0 HAaHO(ITIOT/IIB € arioMepartis, 1o NOSICHIOETHCA 1X BU-
COKOIO MIOBEPXHEBOIO aKTUBHICTIO. CaMe arsiomeparlisi Ipu3BOJIUTH JI0 TOTO, 10 APiOHI
YaCTUHKHU 3 4aCOM BCE-TaKH BUMAJAI0Th B OCAJI M1l BILIMBOM Pi3HMII TYCTUHU 3 6a30-
BOIO PIUHOIO.

[Ipu ABOCTYIIEHEBUX METO/IaX HAHOYACTHHKH CIIOYATKY BUPOOJISIOTHCS, a TIOTIM
BHOCSITHCA B piAuHy. BoHM 100pe mpaItoroTh sl YaCTUHOK 3 METaJiB Ta X OKCHUJIB
gepe3 1X MEHIIY CXHIIBHICTB JI0 arjoMepartii.

Ha 3akirouHoMy etarii IpUroTyBaHHs HAHOPIIUH ISl MOJINIIEHHS 11 piIBHOMIp-
HOCTI MOXYTb JojaBatucs ximiuni gucnepcanTt (ITAP), abo 3actocoByBaTucs yiabT-
pa3ByKoOBa 1 MIKpOXBHJIbOBa 00poOKa [4]. 3a3HaueH1 00pOOKH 3MIHIOIOTh ITOBEPXHEBY
AKTUBHICTh 3BAKEHUX YAaCTOK 1 TAKMM YMHOM BIUIMBAIOTh Ha YTBOPEHHS KJIACTEPIB.
O4eBuHO, 1O MPH I[LOMY 3MIHIOIOTHCS 1 0230B1 BIIACTUBOCTI HAHOP1AMH.

VY po6oTi [5] BUBUMIIM BIUIMB JIOJAHUX HAHOYACTOK AJIIOMIHIIO Ha XapaKTepHuc-
THUKH BUMIAPOBYBAHHS Kpariejb H-IEKaHy 1 €TaHOJTy MPU IPUPOJIHIH 1 IPUMYCOBIM KOH-
BekIii. JIJist HAaHOPIAMH HAa OCHOB1 €TAHOJY MPH CIA0KIA KOHBEKIIIT Ta MPU TPHOX TEM-
neparypax notoky (300 K, 330 K Tta 380 K) BunapoByBaHHs IiAIOPSAKOBYCTHCS d°-
3aKOHY. BIIXUJIEHHS BiJ LBOTO 3aKOHY CHOCTEPITa€ThCS MPHU MPUPOIHINA KOHBEKIIIT 1
temrepatypi 300 K. 3HmxkeHHs BUAKOCTI BUNapoByBaHHA ckiangae 30% npu agoaa-
BaHH1 0.5 Mac. % uactuHok 1 50% mnpu 2.5 mac. %. TakuM YUHOM BIJIXUJICHHS BIJ
3aKOHY d” OiNIbIIE TOIMMPEHO MPH GBI BACOKMX KOHLIEHTPALIAX HAHOYACTHHOK 1 JIs
0a30BUX PiAUH 3 OUIBII BUCOKOIO TEMIIEPATYPOIO KUIMIHHS. 3arajJbHOI0 PUCOIO Cepe]l
YMOB, JIJISl IKMX CIIOCTEPIrajiocs BiIXHMIICHHS, € TOBTHUI 9ac KUTTS KParelb.

binbi neranbHe OMUCyBaHHS METOUMKHA BUTIAPOBYBAHHS Kparielib H-JIeKaHa 1 eTa-
HOJIY 3 JI0JJaBaHHSI HAHOYACTHHOK aJIFOMIHIO JiiaMmeTpoM 80 HM MICTUTBCS y po0OOTI [6].
J1J1st oTpMaHHS TOMOT€HHOI CYMIlIlll 3 MiHIMaJIbHUM CTYIICHEM arjioMepartii, YaCTUHKH
3MINTYBaJIM 3 PIJIKUM MaJIMBOM 1 €HEPTiiHO nepemilryBaiu BpydHy. [ToTim cymim 06-
pOOJISLIIN YIBTPA3BYKOM 32 JIOIOMOTOI0 YJIBTPAa3BYKOBOT'O MPUCTPOIO MPOTATOM 5 XB.
[Ticnst 06poOKHM yIBTPa3BYKOM, CYCIICH31sl €TaHoTy 3 ToOaBkamMu HaHOYacTUHOK Al (1
Mac.%) mpoTarom 24 roj He CriocTepiraiocs SBHOTo ocaykeHHs. [Ipu 3amiHi eTaHOITY
Ha H-JIEKaH CyCIeH3is Oyna cTabUIbHOO TUIBKU NPOTAroM 20 XB, MICIS YOTO CIOCTe-
pirajocs ceaumenTailis. JlogaBanHsi copOiTaH-ojieaTa MiJBUIyBaia CTaOUIBHICTD J0
0m3bk0 5 roa. CycreH3sii Ha OCHOBI €TaHOJIy HabaraTo cTallabHilIe Yepe3 OiIbI BU-
COKY B'SI3KICTh €TaHOJTy, & TAKOX Y€pe3 31aTHICTh €TaHOJY YTBOPIOBATH IeJIeBl CTPYK-
TypH HaBKOJIO YAaCTUHOK [6, 7].

B po6ori [8] nocnimpkyBanu BUapOBYBaHHS CyMillIed METHIIOBOTO €CTEPY 3 JU-
3€JIbHUM MaJIUBOM, JI0 SIKUX J0J]aBaJIi HAHOYACTUHKH JIIOKCU]TY IIEpPit0 (KOHIICHTPAIis
10 2%) npu 873 K ta 973 K. Pe3synbTat nmokazasnu, 11o: Npyu BUCOKIM Temreparypi
HU3bKa KOHIICHTpAalllsi HAHOYACTUHOK CIIPHsJIa MOTJIMHAHHIO TEIUIa Kparviero, TUM ca-
MHUM 3MEHIIIYIOUU Yac BUTIAPOBYBAHHS Kparuli, TO1 SIK BUCOKa KOHIIEHTpAIlisl HaHOYa-
CTUHOK CTpUMYyBaja BUIIAPOBYBAHHS Kparmeib, TAM CaMUM 30UTBITYIOUYH Yac BUIIAPO-
BYBaHHsI Kparuii.
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Puc. 1. ®oto i cxema ycTaHOBKH: | - MiJBIC; 2 - THEBMAaTHYHUN TTOTAF0UNH MPUCTPIN
3 MIKpOTBHHTaMHU; 3 - TOPU3OHTAJIbHA IMiY 3 €EKTPUYHUM HarpiBaIbHUM €IEMEHTOM; 4 -
Bimeokamepa Hardity IC - 490; 5 - mikpockomn; 6 - nmonsipusaiiiitnuit GiabTp; 7 - OCBITIIIO-
Bay; 8 - MaTYMK BUMIPY TeMIepaTypu (XpoMeib-altoMelieBa TepMorapa); 9 - BakyyMHU
Hacoc; 10 - ormsgosi BikHa; 11 - BakyymHa nocyausa; 12 - nemndepHa nocynusa; 13 -
MaHoMeTp; 14 - pene THCKy; 15 - kommpecop; 16 - komn'torep; 17 - norenuiomerp; 18-23
- 3aMOYHI KpaHH, 24 - BUTpATOMIp

MeTtoro po00oTH € BUSBICHHS 0COOIUBOCTEH, SIKI BUHUKAIOTh IPY BUIIAPOBYBAHHI
MOOJIMHOKHUX KpaIUIMH 130IPOIaHOIy, MOJAU(PIKOBAHOIO JOMIMIKAMUA HAaHOYACTHHOK
ALOs npu pi3HUX iX NOYATKOBUX KOHUEHTPALISX Ta TEMIEpaTypax HaBKOJUIIHBOTO
CEpEIOBHILA.

ExcnepuMeHTaIbHA yCTAHOBKA | METOUKA NIPOBe/IeHHS eKcnepuMeHTy. Oc-
HOBHUW KOHCTPYKTUBHHM €JIeMEHT (puc. 1) — TOpU30HTAIBHO MWIIHAPUYHA €IECKTPH-
yHa iy (aiameTp 5 cM, ToBxkuHA 24 CM), Y BEpXHIH YaCTHHI KO pO3TaIlIOBYBaBCS
OTBIp JIJIsl BBEJICHHS MM1JIBICY 3 KPAIUICIO TOCTII)KYBaHOT PEUOBUHHU.

VY po60Ti BUIIapoBYBaJK Kparuii 130MPOIUIOBOTO CIIUPTY 3 10JaBaHHSIM YaCTHHOK
Al, 05 niamerpoM 50 HM, SIKI CTBOPIOBAJIUCS 3a JJOTIOMOT'OIO YJIBTPa3ByKOBOTO JIHCIIE-
praropa ¥Y3-nucnepraropa. Konuenrpanii Hanouactunok 0, 0.1, 0.27, 1 ta 3.06 mac.
% (puc.2). Hanoduroinu 0ynu ctabiapHUMU 0€3 Bi3yaJIbHOTO OCAJKEHHS MPOTATOM SIK
MIHIMYM 3 TOJIMH IPU HaWBUIIMX KOHUEHTpalisix 4/,0; (3.06%) Ta BIpoaoBK AEK1Ib-
KOX JIHIB IpH HalHK4YuX KoHreHTpaisx (0.1%) [24].

ExcniepuMenT mpoBOAMIIMCS B YMOBax ClIabKOTO CTPyMY IMOBITPS, IIBHUJIKICTh
AKOTO J0piBHIOE U = 6.6 - 1073 M/c. Kparus giameTpoM npu6amu3Ho 2MM 3a J0IOMO-
rol0 CKJISIHOTO MijBicy momimanacsi Ha [1-oOpasuuii mijagic 3 giamerpom crnaio 250
MKM. [HTepBas yacy Jyis BBeICHHs Kparuii B 00'eM medi He niepeBulysaB 0,5 c. Tem-
neparypa cepeioBuIIa B Iedi BU3HaYanacs 3a JOMOMOTOI0 CTaHIaPTHOT XpOMEITb-aJTio-
MEJIEBOM TepMOIIapu, PO3MIIIEHOI MOOIU3Y Kparii.

B xoni ekcnepuMeHTy, 3a JOMOMOTOI0 BiIc03MOMKH (PiKCyBaBCS MMOTOUYHHI PO3-
MIp Kparuii JOCTIAKYBaHOI CyMilli. 3iOMKa 1 MiICBIYyBaHHs 00'€KTy IPOBOIMIIACS Ye-
pe3 OIJIAI0BI BIKHA 3 KBAPLIEBOIO CKJIa Y CBITJI, IO MPOXOAUTH, 13 IIBHUJIKICTIO 5 Ka-
piB/c 3 no3Bosiom 640x480 mikceniB. Ha puc. 3 mpeacTaBiieHa TUIIOBa KIHOTpama Ipo-
1IeCy BUIIapy KpaIuli 130IpOIIJIOBOr0 CHUPTY MU TemrepaTypi cepeaosuia T, =370
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Puc. 2. ®oto cymimei 130ImpoIniioBOro Puc. 3. Kinorpama nporiecy Bumapo-
cupty B kKoHueHtpamisx 0.1, 0.27, 1 ta BYBaHHS  Kpamii  130IpOIMiJIOBOrO
3.06 mac. % Al,04 COUPTY TMpHU TEeMIlepaTypi cepemo-

Buma T., =370K

Puc. 4. /Ilunamika 3MiHH po3Mipy Kpa- Puc. 5. Jlunamika BUrapoByBaHHs
TeJb {30MpPOIIJIOBOTO CIUPTY 3 JIOMill-  KParesib i30MPOIiIOBOro CIHUPTY 3 JI0Mi-
kamu 1% Al, 05 1o Maci npu pisuux Tem-  Kamu Al, O3 mpu temneparypi cepeno-
reparypax cepeoBHUILa Buia To, = 445K

K. Anroput™m 00poOKH 300pa)keHb JOIMyCKaB MOKAJIPOBUI MIAPaXyHOK CyMapHOi Ki-
JBKOCTI MIKCEJB U1 BEPTUKAIBHOTO MEPepi3y Kparuil, 0 JaBaJI0 MOXKIUBICTh, BUKO-
PUCTOBYIOYM YMOBY HOPMYBaHHS JJIsl MIKCEJsl, BUBHAYaTH NOTOYHE 3HAYECHHS IUIOIII
nepepizy kpamii 1 ii epextuBHui miametp. [Ipu npoMy nependavanocs, 1m0 Kparuis
Mae cepuuny Gopmy ( puc. 3).

AHani3 pe3yabrTaTiB. Pe3ynpTaTu eKCepUMEHTANbHUX AOCTIIHKEHb IMPOLECY
BUIAPOBYBAaHHSA MOOJUWHOKMX Kpareib CyMIIl i30nponuioBui cnupt/nAl 3pyyHo
MPEJCTAaBUTH Y BUTJISIII 3aJIEXKHOCTI KBajpaTa JiaMeTpy Kparuii Bij vacy (puc. 4-5),
HOPMOBAHHX Ha KBAJpaT Mo4aTkoBoro miamerpy kpamni (d/d,)’ = f(¢/d}). Ha puc
4 Ta 5 MOKa3aHO XapaKkTepHi 3aJIEKHOCTI IIPH 3M1HI TEMIIepaTypy HaBKOJIUIITHBOTO T10-
BITpS 1 MOYATKOBOI KOHIICHTPAIlli HAHOYACTUHOK B 130MPOMIJIOBOMY CITUPTI.

AHami3 mpeacTaBieHUX JaHUX IOKa3a, 10 MPOILIEC BUIAPOBYBAHHS Kparieib
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Tabauus 1. KoHcranTa BUunnapoByBaHHs
kpanens (B 1072 Mm?/c)
3 HaHoaoMimkamMu Al O;3

BwMict T, K
AlOs3, % | 330K | 370K | 445K | 505K
0 2.03 5.22 9.87 | 13.82
0.1 1.96 | 4.74 9.23 | 13.32
0.27 1.93 4.56 8.75 | 12.90
1.0 1.82 4.26 8.02 | 11.08
Puc. 6. 3aneXHICTh KOHCTAHTH BHIIA- 3.06 1.69 3.96 7.14 8.26

POBYBaHHS HaHO(UIIOTAA BiJl TOYATKO-
BOi  KOHIIEHTpaIlli HaHOYAaCTUHOK
AlLO; npu pi3HHX TeMmmeparypax ce-
penosuma: 1) 330 K; 2) 370 K;
3)445K;4) 505 K

Mo 1 (ikoBaHOTO AOMIIIKaMH HaHOYacTHHOK AlLO; BimOyBaeThes B 1udy3itHOMY pe-
KUMI1, 2 KOHCTaHTa IIBUJIKOCTI BUMIAPOBYBAHHS OUIKYBaHO 30UIBIIYETHCS MPHU 3pOC-
TaHHI TeMIepaTypu. BiAmoBiiHO 10 MOCTaBIEHOT 3a/1a4ul BU3HAYAIaCh CTYIIHb BIUTUBY
MOYAaTKOBOI KOHIICHTpAIlli HAHOYACTUHOK HA BEIUYMHY KOHCTAHTH BHUIAPOBYBaHHS
Kparieib MOJAU(PIKOBAHOTO MALHOTO.

J1J1st 6131b111 3pYYHOTO aHaJi3y, OTpUMaHa IMUIIXOM 00pOOKH MPEACTaBICHUX BUIIE
EKCIIEpUMEHTAILHUX JTaHWX, 3JICKHICTh KOHCTAHT BUTIAPOBYBAHHS BiJl KOHIICHTpAITii
Al, 05, nas nocniKyBaHUX HAHOPIAMH MIpe/IcTaBlIeHa Ha puc. 6 Ta Tabm.1

Ak BUAHO 3 aHaNI3y LUX JaHUX, 13 3POCTAHHSIM IOYATKOBOI KOHIIEHTpAIlil
n/Al, 05 KOHCTaHTa BUTIAPOBYBAHHS ACUMIITOTHYHO 3MEHIIYEThCs Bl 25% 10 50% , 1
Taka TEHJICHIIISI 30UTBIIYETHCS 13 3pOCTaHHAM Temreparypu. [Ipudomy Bech edexT
CIIOCTEPITAETHCA TIPU TyKe HeBeaukii (10 3%) macoBiif KOHIIEHTpaIlii ocTaHHIX. Ta-
KHM YMHOM, MOKHA CTBEP/KYBATH, 1[0 BMICT HAHOYACTHHOK € ITI€ OJTHAM J[0JTATKOBUM
KEePYIOUHUM MapaMeTpoM, 3a JOTIOMOTOIO SIKOTO MOKHA BIUIMBATH HA XapaKTEPHUN dac
YTBOPEHHSI IapOra3oBOi CyMillll B pi3HOMaHITHUX JAUCIIEPCHUX cUcTeMaX. MOXIUBUI
MEXaH13M BIUTMBY ITOYaTKOBOT KOHIICHTPAITlIi HEJICTIOYMX HAHOYACTUHOK Ha MIBUIKICTh
BHUITAPOBYBAHHS HAaHO(IIIOIy 0a3yeThCs HA MPHUIMYIIECHHI MO0 3MEHIICHHS TUTOMO1
TLJIOIII MOBEPXHI Kparui 3 sIKOi BiI0YBAa€ThCSI BUIAPOBYBAHHS 130ITPOTIAHOITY.

[IpoanainizyBaBIy JaHHI MpeCTaBIeH] Ha Tpadikax 10 UTIOCTPYIOTh TUHAMIKY
3MIHU PO3MIPY Kparieb 130MPOoMiJIOBOro CupTy 3 AoMimkamu Al,O0; npu pi3HHX Te-
MIIEpaTypax CEpe/IOBUINA 1 TOYATKOBUX KOHILICHTPAIISX JIOMIIIOK, MOYXXHa KOHCTATYy-
BaTH OUTbII HETIHIMHUI XapakTep TEMIEPATYPHOI 3aJI€KHOCTI KOHCTAHTH IIBUAKOCTI
BUITAPOBYBAHHS Kparuil Ha JUISHII BIJHOCHO HU3bKUX TEMIIEPATyp 1 HOYAaTKOBUX KOH-
LIEHTpalliil HAHOYACTUHOK. [CHYBaHHSI BUSIBJIEHUX B €KCIIEPUMEHTI OCOOJIUBOCTEH BU-
MapOBYBaHHS 1HAUBIYaTbHUX Karejlb HAHO(IIIOI1B, B IEBHINA MIp1, MOK€e OyTH MOsiC-
HEHA PI3HOI0 CTYIEHIO TEeMIEPaTypHOI 3aJIeKHOCTI CIIBBIJHOIIECHHS IIBUAKOCTEH
BHYTPIIIHBO KpaIeJIbHUX MPOLECIB 1 BUIAPOBYBAaHHSI P1IUHHU.
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BucHoBku. TakuM 4MHOM MOKa3aHO, 1110 IIBUJIKICTh BUTIAPOBYBAHHS 1HAUBITya-
JBHUX Kparelb 130IPOIUIOBOTO CIIUPTY BUSIBUIIACS JIEUIO OUTBIIO HIXK JJI PO3UMHIB
HaHOYAaCTHUHOK Al, 05 3 po3mipom 50uM. [Ipu 3011bIIeHH] TOYATKOBOI KOHIIEHTpAIIi1
HAaHOYACTHHOK, IIBHJIKICTh BUIIAPOBYBAHHS 3HMKYEThCA B 15 1o 50 % mnpu 3011b-
IIIEHHI MacoBO1 KOHIeHTparlii HaHo9acTUHOK Al,0; 10 3% B MOPIBHSAHHI 3 YHCTUM
130ITPOITAHOJIOM B JIiala30Hi AOCIKyBaHUX Temmepatyp cepenonuia (370K-505K).

BusznaueHo, 1o npu moyaTKoBiil KOHIIEHTpAIlli HAHOYACTHHOK MPHUOJIK3HO Oi-
nbiie 3a 1%, KOHCTaHTa MIBUAKOCTI BUIIAPOBYBaHHS Kparii MOAU(IKOBAHOTO Majlb-
HOTO IparHe A0 JAEIKOTr0 aCUMITOTUYHOIO 3HAYEHHS, K€ 301IBLIYETHCS 13 3pOCTaH-
HaM Temneparypu. [Ipu BiqHOCHO HU3BKUX Temmeparypax cepenosuia (330 K) 1 mo-
YaTKOBUX KOHIIEHTPAIIISIX HAHOYACTUHOK CIIOCTEPITAETHCS HEMHINHUN XapaKTep TeM-
nepaTypHOI 3aJI€KHOCTI KOHCTAHTH IIBUJIKOCTI BUMAPOBYBaHHA Kparuii. OHOO0 3 MO-
KJTMBUX TIPUYHH MTOSBUA 0COOIMBOCTEH BUTTAPOBYBAHHS 1HAMBIyaTbHUX KaIlejIh HAHO-
(10iIiB MOPIBHAHO 13 0a30BOI0 PEUOBUHOIO, € PI3HUILA 3a CTYIIEHIO TEMIEPATYpPHOI
3aJIEKHOCTI CITIBBITHOIIEHHS IIBHIKOCTEW BHYTPIIIHBO KpaIreIbHUX MPOIIECIB 1 BUTIA-
POBYBaHHS PiAMHH.
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Kopiyka O. K., Ivanov M. O.
Evaporation of individual isopropanol droplets containing Al,O3
nanoparticle additives

SUMMARY

This work presents an experimental study of the evaporation of individual isopropanol drop-
lets modified with aluminum oxide (Al:Os) nanoparticles at various initial nanoparticle con-
centrations and ambient temperatures. Nanofluids with a nanoparticle mass fraction of 0—
3.06% were prepared using ultrasonic dispersion and exhibited long-term stability. Evapora-
tion of droplets with an initial diameter of approximately 2 mm was investigated under condi-
tions of a steady weak air flow in a horizontal electric furnace over a temperature range of
370-505 K. The instantaneous droplet size was determined using video recording followed by
digital image processing.

It is shown that droplet evaporation occurs in the diffusion-controlled regime and follows
the classical d*-law. An increase in ambient temperature leads to an increase in the evaporation
rate constant, whereas an increase in the initial concentration of Al:Os nanoparticles results in
a reduction of the evaporation rate by 15-50% compared to pure isopropanol. It is found that
at nanoparticle concentrations above approximately 1%, the evaporation rate constant ap-
proaches an asymptotic value that increases with temperature. At relatively low ambient tem-
peratures and low nanoparticle concentrations, a nonlinear temperature dependence of the
evaporation rate constant is observed. The obtained results indicate that the presence of nano-
particles acts as an additional control parameter, allowing regulation of characteristic evapo-
ration times and vapor—gas mixture formation in dispersed systems.

Keywords: evaporation, droplet, isopropanol, nanoparticles, evaporation rate constant.
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BruiuB po3unHeHUX ra3iB MOBITPS HA MeXaHI3M NepeanepexiHOro nmpouecy
B BOJHHUX PO3YHUHAX TAPOKCHIIPONIMETHILETI0I03U

Hocnioacyemucsi nepeonepexionuii npoyec 8 B00HOMY pO34UHI 2IOPOKCUNRPONLIMEMUIYENIO-
703U 3 KOHYeumpayiero 1,5 ep/n i3 emicmom posuunenux easie nosimps. Lleii npoyec nepeoye
gazoeomy nepexody «30i1b-2eiby. AKMYanbHiCMb 0AHO20 OOCAIONHCEHHA NOB8'A3aHA 13 GUKOPUC-
MAHHAM 2I0po2enié Ha OCHOBI NOXIOHUX YeNt0N03U Y MKAHUHHIL IHOCEHepI, CYUACHUX MemOoOax
JUKYBAHHS NOUKOONCEHb CRONYYHOI MKAHUHU ma iH. Bucynymo zinome3sy, wjo po3uuneni 2asu
nosimpsi Ha cmaoii nepeonepexioHo2o npoyecy NPUMarme yY4acms npu po3nopsoKy8aHHi
NPUMENCOBUX BOOHUX ULAPIB, WO 6X005IMb 00 CKIAOY 2IOPAMHUX 0D0IOHOK HABKOJ0 2100y. /s
niomeepodceHHs Yyiei einomesu npoeedeHO eKCnepUMeHMAlbHi 00CIIOHNCEHHS, 8UKOPUCTOB)-
104U HACYNHI MEMOOUKU, a came, Memoo 8UNApo8y8aHHs KpanIuHu, 6U3HAYeHHs Koeqiyicumy
CBIMIONPONYCKAHHA A BUHAYEHHS 2YCMUHU 800HO20 PO3UUHY 2IOPOKCUNPONLIMEMUIYento-
JI03U i3 BMICIOM PO3YUHEHUX 2A31i8 NOGIMPSA ma 0e2a3068ano20 po3uuny. Ha ocnoei ompumanux
eKCNepUMEHMATIbHUX pe3ylbmamis 0)10 6CMAHO81eHO, WO NPU HASIBHOCMI PO3YUHEHUX 2a316
nOBIMpPsi y O0CHIONHCEHUX POZUUHAX, WBUOKICMb 8UNAPOBYBAHHS HA NOYAMKOBOMY emani 3mi-
HIOEMbCSL CMPUOKONOOIOHO | N08's13aH0 13 30inbUeHHAM MixcgasHoi degpopmayii 6oou. [lpu
ananizi koepiyienmis c8iMIONPONYCKAHHI 2A308AH020 MA 0e2A308AHO20 PO3YUHIE OVI0 6Cma-
HOBIEHO, WO GIOMIHHOCMI MIXC YUMU POZYUHAMU NOB'A3AHI I3 3MIHAMU KOH@Iypayiil 1anyt02ie
Ma KOPOMKOUACHUMU 83AEMOOIAMU Midc HUMU. Ha ocnosi ompumanux memnepamypnux 3ae-
HCHOCMeEU 2YCIMUHU 00CTIONCYBAHUX PO3IUUHIE 3POONIEHO BUCHOBOK, U0 HAABHICIb PO3UUHEHUX
2as3i6 nogimps 6NIUBAE HA 3MIHY CHYNEHS WIIbHOCMI NPU YMEOPEHHI CIm4acmoi cmpyKmypu
2enio. 3anponoHoearo mMooeni CmpyKmypu 2a308aHux ma 0e2a308aHux po3yunie npu npeone-
pexioHomy npoyeci. Busnaueno monekynapHuil Mexanizm nepeonepexionoco npoyecy 8 60OHUX
PO3UUHAX 2IOPOOKCMUNPONLIMEMUIYENION03U I3 BMICIOM POZYUHEHUX 2A3i8 NOGIMPSL, AKUU NO-
8'a3anutl i3 3MiHOI0 NemienodioHUx KOHGicypayitl 6GionoriMepHux 1aHYl02i8 3 PaxyHOK nepe-
PO3n00iNy 800HeBUX 36'13Ki8 8 2IOpAMHIli 000IOHYI MOJIEKYT MA BUHUKHEHHAM 34 PAXYHOK YUX
38'43Ki8 KOPOMKOUACHUX 3IPKONOOIOHUX KOHQI2ypayiti Midic OKpemMum ROTIMepHUMU JIAHYIO-
2amu.

Knwuoei cnosa: 2iopokcunponiimemunyentonosd, 6UNApo8YEants, 2yCmuna, Koepiyicnm
C8IMIONPONY CKAHHA

Betyn. Sk BigoMo, TiIpOKCHITPOMIIMETHIIIETION03a — [1€ BOAOPO3UMHHA MTOXiTHA
IEJTIOJIO3H, 110 3aCTOCOBYETHCS B (hapMarleBTHUHIN Ta XapuoBiii mpoOMHUCIOBOCTAX [1].
OcTaHHIM YacoM TiJIporesi Ha OCHOBI MOXIJHUX IIEJIOJI0O3U OTPUMYIOTh IIUPOKE 3a-
CTOCYBaHHS B TKaHUWHHIN 1HxeHepii [2]. [lix yac po3poOKM TakuX rejiB BaXKIUBUM €
NUTAHHS [[0JI0 BU3HAYCHHSI MOJICKYJSIPHUX MEXaHi3MiB B MPOIIECi MIEPEXOTY «3071b-
renby. [lepexin «301b-reby Y BOAHUX PO3YMHAX T1IPOKCUIIPOTIIMETHIIIIEIIONO03H Bi-
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n0yBa€eThCS 3a HATPIBaHHS PO3UMHY J0 TeMIiepaTypu, 1o nepesurnrye 60°C [3]. B po-
00T1 OyJIO BCTAHOBJICHO JIJI BUITAJIKy BOJHUX PO3UYMHIB T'1IPOKCUIPOILIMETHIILICITIO-
71034, IO TMPOIECY MEPEXONy «30Jb-Telb» IMepeaye mepennepexiaamii mpomuec. [lei
MIPOIIEC XapPAKTEPUIYETHCSI BUHUKHEHHSIM MTYCTOT B IPUMEKOBOMY BOJTHOMY IIapi, 1o
OTOYYE MOJIMEpPHY IN100yny. BUHUKHEHHS TaHUX MyCTOT MPH MiJABHUILEHHI TeMIiepa-
TypH, ounHatouu 3 23°C 3yMoBiItoe (opMyBaHHSI HABKOJIO II100YJIH, posnopsiikosa-
HOT BOJIHOT CTPYKTYPH, SKa B TOJAIBIIOMY CNIPUAC POTOPTAHHIO ro0ynu 1 yTBO-
PEHHIO TIOJIMEPHOT CITKH.

Sk B110MO, MOJIEKYJIA T1IPOKCUIIPOIIIMETHIIIICTIOI03U MICTUTD T1apodoOHI Me-
TWJIbHI TPYIU Ta T1APODUIBHI TaApOKCUTIPONiIoBl rpynu [4]. [l MakpoMoeKyl, 110
MICTSTB T'iApoQOoOHI rpynH B po6oTi [5] Oyli0 BCTAHOBIIECHO, 1110 HASIBHICTH PO3UMHEHUX
ra3iB MOBITPS Y BOJIl BIUIUBA€E HA CTPYKTYpPY MDiXK(]a3HOT BOJH, KA OTOUYE MAKPOMO-
nekyny. Lle, B cBOIO uepry, Moxe BIUIMBATH 1 HA CTPYKTYpPY O10TOJIMEPHOT CUCTEMH,
10 YTBOPIOETHCS Mij Yac (a30BOro Mepexoy «30Jb-Tellby.

TakuM YMHOM METOIO JaHOT CTATTI 0YyJI0 BUBHAUECHHS MOJIEKYJIIPHUX MEXaH13MIB
BIUIMBY PO3YMHEHHMX Y BOJI Tra3iB MOBITPS Ha MEpeAnepexigHUil mpolec Yy BOJHOMY
PO3YHHI T'1JIPOKCUTTPOIIIMETHIIIICITIOIO3H .

Marepiajin, MeToau Ta pe3yJbTaTH eKCIePUMeEHTIB. JlJi1 mMpoBeACHHS 10CTI-
JPKeHb BUKOPUCTOBYBABCS BOJHUN PO3YMH TiAPOOKCUIPONUIMETHILEN0I031 (MeTo-
no3a 65SH-50, Bupo6iena komnanieto Shin-Etsu Chemical) konuentpauii 1.5 rp/a. B
eKCIIEPUMEHTaX BUKOPUCTOBYBAJIKCH JABAa TUIIM MOMEPEAHBO MiATOTOBICHUX PO3UHHIB.

[Tepmmii Tun po3uuny (I Tvm) roTyBaBCs HACTyNMHUM YMHOM. BogHuil po3uuH
MeTtomno03u 3 KoHIIeHTpaui€o 1,5 Tp/n BUTpUMyBaBCS y 3aKpHUTINA CKISHIA MOCYAMHI,
sIKa MICTHJIa TIOBITPSHUN MPOIIAPOK, HA IPOTsI31 72 ToauH npu Temnepatypi 16-18°C.
Hpyruii tun po3uuny (Il Tun nerazoBanuii) — 1€ BOJHUM PO3YKH NEPIIOTO TUIY, SKUN
00po6ssiBest ynbTpa3BykoM [6] Ha mipuinagi CODYSON CD-4820 3 yactororo SOkI1y
Ha TpoT:3i 15 xBuiuH. B poOoTi Oynu BUKOpUCTaH1 HACTYIHI €KCIIEPUMEHTAIbHI Me-
TOJIUKH.

Metoa BunapoByBaHHsi KpamjuHu. OIHUM 13 METOIIB IO JO3BOJIAIOTH BU-
SIBUTH BIUIMB MApAMETPIB Ta XapaKTEPUCTUK AUCTIEPCHUX YACTHHOK HA MAKPOCKOII4HI
napaMeTp PiIMHHUX CUCTEM, 1€ BOHU MICTATHCS, € TOCHIIKEHHS KIHETUKU BUIIAPO-
BYBaHHS KparuiuH JaHux cucteM [7]. B maniit poOoTi Ha OCHOBI OTpUMaHHUX €KCIEepH-
MEHTAJIBHUX JIaHUX 13 3aJIEKHOCTI IJIOUII MOBEPXHI KPAIUIMHU BiJl 4acy B MpoIeci ii
BUIIAPOBYBaHHS BU3HAYAIACh MIBUAKICTh BUIAPOBYBAHHS KPATUTMHU JOCIIIKYyBaHOTO
PO3YMHY 3TIAHO 3 METOAMKOIO, onrcaHoio B po0oTi [8]. Ha puc.1 HaBeneHo po3paxo-
BaHy 3aJICKHICTh IIBUJIKOCTI BUTIapoByBaHHs dS/ds (S-mutoma moBepxHi Kparuii, t-4ac)
Kparesb JOCIIIKYBaHUX PIIUHHUX CHCTEM BiJ yacy. Temmeparypa B eKClIepHMEHTa-
JBHIN KaMepi opiBHIOBana 22-23°C.

BusnayenHsi koe(illieHTY ponycKaHHA cBiTaa. J[7151 10CTIKEHHS 3MiH MOX-
JUBUX MOJEKYIAPHUX KOHPIrypariii [9] Oyn0 ekcrepuMeHTalbHO BU3HAUYEHO Koedi-
IIIEHT MIPOMYCKaHHS CBITJA (T) B pO3UMHAX T1APOOKCUIIPOMIIMETHIIETI0N03U | Ty
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ta [l Tumy (merazoBaHoro) B Aiana3oHi HOBXKWH XBWIb 315 + 980uM. TemmepaTypa B
pobouiif komipiil gopiBHIoBana 22-23°C.

Ha puc.2 HaBeneHo ekcriepuMeHTalbHI 3HAYeHHS KOe(illieHTy MPONyCKaHHS B
pO34YMHAX T1APOOKCUTIponiIMeTHIet0103u | Tuny Ta Il Tuny (nerazoBaHoro) B mo-
4aTKOBUI MOMEHT (a), uepe3 360 cexkyH micis moyaTky BumiproBaHHs (b) yepe3 600
CEKYH/I IiCJISl TOYaTKy BUMIPIOBaHHS (C).

Bu3zHauyeHHsI ryCTMHH. 3a BUKOPUCTAHHIM YCTAaHOBKH JUIsl BA3HAYEHHS I'YCTUHU
Density meter: Anton Paar DMA 4500 M excriepuMeHTalbHO BU3HAYAIACs TYCTHHA P
JOCIIKYBaHUX BOJHHMX PO3YMHIB TpOKCUIIponiaMeTuanentono3u. Ha puc.3 Hase-
J€HO TEMIIEpaTypHI 3aJIEKHOCTI TYCTUHHU P JUJIsl PO3YHMHY TAPOKCUIIPONIIMETHIILENIO-
no3u tuny I Ta nus posunny tuny Il (nerazosanoro).

OOroBopeHHsi pe3yJabTaTiB ekcnepuMeHTiB. Sk BumHO 3 puc.l BiAMIHHOCTI
MK 3asexxHOCTAMU dS/dt s pO3YMHIB TIPOOKCUIIPONIIMETUIIEN0N03U | Ty Ta
II Tumy (merazoBanoro) cnocrepiratorbes B inTepBaii 0-600 cekynn (10 xBumuH), 1m0
BIJIMOBIAA€ yacy GopMyBaHHS Ha MOBEPXHI KPAIIMHU MIAPY 3 NMEPEBAKHUM BMICTOM
MOJIEKYJ T1APOKCUTIPOTIMETHIIETI0NI03U. BinmosigHo g0 pobotu [10] e mos'sa3aHo
13 301IBbIIIEHHAM MDK(a3Hoi Aedopmairii BOIH.

VY BcTymi BKazyBajioch, 1o 3a TemmepaTtypu 23°C y BOAHOMY pO34YHHI T1pPOKCH-
IPOMIIMETUIIIENIONO3M Ma€e MICLE MepeArnepexiIHui mporec, Skl nepeaye ¢aszo-
BOMY MEPEXOy «30Jb-Tesib». BrpoaoBx camoro (a3zoBoro nepexoay BiAOyBa€eThCs
PO3MOPSAKYBaHHS BOJU Y MPUMEXOBHX BOJIHUX IIapax, 10 ABISIOTH COOOIO T1ApAaTHY
000JIOHKY HAaBKOJIO MOJIEKYJ JIOCIHI)KYBaHOTO Olomonimepy. BHacnigok mporo mpo-
1ecy BiI0YBa€ThCsl pO3TOPTaHHSA TJI00YJIM B JIUCT 1 oaasibiie OpMyBaHHsI arperarinB
[11]. TakuM YMHOM, MOKHA MPUITYCTUTH, 1110 XapakTep 3anexxkHocti dS/dt Ha puc.1
BIIpo1oBk 600 CeKyH] aHAJOTIUHUN XapaKTepy YTBOPEHHS MOPOXKHUH B TiAPaTHUX
000JIOHKaX MOJIEKYH T1APOKCHITPOTIIMETHIIIEITIONO03H, M0 OYIU 3alIOBHEH1 PO3YMHE-
HUMH Ta3aMU MOBITPS MPH OXOJIOHKEHHI pO34HHY Bij Temiiepatypu 70° (Temmneparypa
MPUTOTYBaHHS PO34MHY) A0 TemrepaTypu 18°C (TemmepaTypa BUTPUMKH PO3YUHY
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Puc.1. llIBunkicts BunapopyBanHus dS/ds: a) BogHUI po34UH T1IpPO-OKCHIIPOIIIMETHII-
nemosnos3u | tuny — e, b) po3uuH rigpookcurpomniamerui-uentonosu Il tumy (zerazosa-
HUM) — O.
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Puc.2. 3anexuicte KoedimieHTy mpomyc-
KaHHS T BiJl JIOBXKUHU XBWI A IS PO3YUHY
tumy I - e Ta 1yt pozunny tuny Il (nerasosa-
HOTO)- O : a) B MOYaTKOBUII MOMEHT BUMIipIO-
BaHHS, b) yepe3 360 cekyH[ Mmicis MOYaTKy
BUMIpIOBaHHA C) uyepe3 600 cekyH1 micis mo-
YaTKy BUMIpIOBaHHS.

Puc. 3. TemneparypHi 3aJI€:KHOCTI TYCTHHH
P PO3YMHY T'APOKCUMIPO-MIIMETHUIILIEIIO-
7034 tuny I - e nis po3unny tuny Il (nera-
30BaHOT0)- O
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npotsirom 72 roxuH). [lpm merasamii
po3unHy BigOyBaeThcs (puclO) po3pus
BOJHEBUX 3B'I3KIB [12] 1 KiHeTHKa
YTBOPEHHSI TIOPOKHUH MA€ THIIMA Xa-
pakrep. OTxe, BIAMIHHOCTI  MIXK
puc.la Ta puc.16 , Ha AyMKy aBTOpIB,
MOB's3aH] 3 PO3TAITYBaHHSIM MOJIEKYI
BOJIY B IPUMEKOBOMY J0 MOJICKYJIH T'i-
JPOKCHUTIPOTIIMETHIIIEITIONIO3N  Iapi
rigpaTHoi o0ooHKU. Ak Bimomo [13],
MOJIEKyJa  T1IPOKCHIPOMIIMETHUIILIE-
JIFOJI03M MOX€E YTBOPIOBATH SIK BHYTpI-
IITHLOMOJIEKYJISIPHI  BOJHEBI  3B'S3KH
(BogHEBI1 3B'I3KM MK YacTHHAMH OJI-
HOTO 1 TOTO K JIAHITIOTa) TaK 1 30BHIIII-
HBOMOJIEKYJIIPHI BOJHEBI 3B'SI3KU (BO-
JTHEB1 3B'SI3KM MK PI3HUMH JIAHIIIO-
ramu). BHyTpiltHbOMOIEKYISpHI 3B's-
3KH 3 MOJIMEPHUM JIAHI[FOTOM YTBOPIO-
I0Th TIeTenoai0H1 KoHpiryparii [14],
a 30BHIIIHbOMOJIEKYJISIPHI — 31pPKOIIO-
ni6H1 koHpiryparii [15].

J1J1st BU3BHAYEHHSI MOKIIUBUX KOH-
¢irypamiinux 3miH [9] OyB BuU3Haue-
HUN KOeQILIEHT CBITJIOMPOITYCKAaHHS
po3uuHy (puc. 2). Sk BuaHO 3 puc.2(a-
C) 3aNeXHICTh T(A) PO3UUHY, KU HE
OyB TorepeHb0 00poOICHUI yIbTpa-
3ByKOM (po3uuH Tumy 1) Mae ocoGu-
BOCTI, a caMme, HasBHICTb MIHIMyMIB
npu 440-490 um Ta 750 HM, a TakOX
30UTBIIIEHHSI TJIUOWMHN MIHIMyMY, IO
BimmosinaB 440-490HM mipu BUTPUMII
po3unHy Ha TpoTszi 600 cexyHn mpu
TEMIIEpaTypl MOYATKy Mepearnepexii-
Horo mnpouecy. st po3unny tumy Il
(merazoBaHoro) He3HayHl MIHIMyMU
crioctepriarotbest gumie npu 330HM
(puc.2a-c) ta npu 670 HmM (puc.2a-b),
npudoMy ocTaHHiM micis 600 cexkyHn
BIJICYTHIM. XapakTep 3aJie’KHOCTI s
po3uuny Tuiy I Ta po3unny tuny I mo-
’KHA TIOSICHUTH HACTYITHUM YHHOM.
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a b
Puc.4. Mopeni ctpykryp po3uuny | tumy (a) Tu po3unny Il Tumy (merasosa-
Horo) (b), moJIMEpHI JAHIIOTU SKUX YTBOPIOIOTH METNIENoAi0IHI Ta 31pKOMOII0H]
KOH(IrypaIlii 3 BOIHEBUMH 3B'sI3KaMH

Sk 3a3Ha4eHo B po6oTi [16] npu 440 HM NPOSABIAIOTHCS 3MiHU KOH(pOpMaIiii jia-
HI[IOTa, @ CaMe, 3rOpTaHHs abo po3ropTaHHs. B cBOIo uepry ocoOIMBOCTI P TOBKHHI
xBuiIi 750 HM MOB's13aHi1 13 MIXKJIAHITIOTOBUMH B3a€MOISIMH MiX JIaHIIoram# [17].

[TopiBHIOIOUM puc.la Ta puc. 2 (a-¢) MOXKHA TIOMITUTH, 110 OCOOJUBOCTI, SIK1 OyJIH
CIIOCTEPEkKEHI B JJAHUX E€KCIIEpUMEHTaX Uil po3uuHy Tuiy I, a came, HemHIMHUT Xa-
pakTep 3anexxHocTi dS/df Ta HasBHICTh MiHIMYMIB Ha 3ajie)kHOCTI T(A) TOB's13aHi i3 T1e-
PEPO3IOALTIOM BOJHEBHUX 3B'SI3KIB SIK B TPATHUX 000JIOHKAX MOJIEKYJ MPU YyTBOPEHHI
MyCTOT, 3MIHIOIOUM NETNIENnoAiOH1 KOH(Irypallil JaHiiora, s H0JalblIoro po3rop-
TaHHA TJI00yNU [3] Tak 1 MpU KOPOTKOUYACHUX B3a€EMO/IISX, 3 BUHUKHEHHSIM 31pKOTO 11~
OHMX KOH(pITYpaIliii MiXK MoTiMEepHUMH JIaHioramu [1]. B nerazoBanomy po3uuHi, siK
BHUJTHO 3 puc.16 Ta 2 (a-c) B OCHOBHOMY, MPEANIEPEX1THAM MTPOIIEC TTOB'A3aHUH 3 HE3HA-
YHUMU 3MIHAMH HABKOJIO T1APATHUX 000JIOHOK MOJIEKYJ I1IPOKCUITPONLIMETUIIIENIO-
JIO3U Y 3B'3KY 13 3MEHIIEHHSIM KUJIBKOCTI BOJIHEBUX 3B'SI3KIB Ta, sIK HACI0K, MOYKJIH-
BOCTI JIJIS JIAHIIFOT1B 3MIHIOBATH MeTyieno1i0H1 KoHpirypartiii. Mojeni cTpyKTypH po3-
yuny | Tumy 1 po3uuny Il Tumy, moaiMepH1 JIAHIIOTH SIKUX YTBOPIOKOTH NETICNOA101H1
Ta 31pKonoAiOHI KoH(iryparmii 3 BOAHEBHMMH 3B'I3KaMH CXEMaTHYHO IMOKa3aHO Ha
puc.4, ne 1 — nosiMepHU JaHIOT, 2 —BOJIHEBUH 3B'SA30K

HaBeneni Ha puc.4 MOJeNbHI CTPYKTYpHU B pO3UuHi OyAyTh BIUIMBAIOTh TAKOXK Ha
CTPYKTYPY CHCTEMH, IO YTBOPIOETHCS TIiJ] 9aC MEPEXOTy «30JIb-Telby. TeMIepaTrypHi
3aJIe)KHOCTI TYCTHHH P HaBEJCHI Ha PUC.3 BKA3yIOTh Ha Te€, IO T'yCTHHA TeJ0, STKUMA
YTBOPHUBCS 13 BOJHOTO PO3UYUHY T1IPOKCUNIPONUIMETHIILETION03U 3 BMICTOM PO3YHHE-
HUX ra3iB MOBITPs OiIbIlA 32 TYCTHHA I'eji0, 110 YTBOPUBCS 3 IETA30BAHOIO PO3YUHY.
OTpumaHuil eKCrepuMEHTANbHUI pe3yibTaT MOB'S3aHUN 13 YTBOPEHHSM CITYACTOI
CTPYKTYPH Pi3HOI HIIJILHOCTI.

BucnoBku. MonexynsapHUil MexaHi3M MepeAnepexiIHOTO MPoLecy B BOAHUX PO-

3YMHAX TAPOOKCTUIIPONLIMETHIILETIONO03U 13 BMICTOM PO3UYMHEHHX Ta3iB MOBITPS MO-
B'SI3aHUM 13 3MIHOIO METIENOAIOHUX KOHPIrypaliil 610MMoIIMEepHHUX JAHIIIOTIB 32 paxy-
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HOK MEepepo3MOoALUTy BOJHEBUX 3B'SI3KiB B TAPaTHIN 00OJOHIII MOJIEKYJ Ta BUHUKHEH-
HSIM 32 PaxXyHOK ITUX 3B'A3KIB KOPOTKOYACHUX 31PKOIMOAIOHUX KOH(pIrypaii Mix OK-
PEMUM TOJTIMEPHUMU JIAHIIOTAMH.

[Tpu hazoBOMY mepexo/ii «30JIb-Tellb)» 3a3HaUCHa PIIMHHA CUCTEMAa XapaKTepH3y-
€THCSI OUIBILIOI0 T'YCTUHOIO MOPIBHSHO 13 JIETA30BaHUM PO3YMHOM, III0 CBIIYUTH PO
30UIBIICHHS CTYIEHS PO3Taay>KEHOCTI JIAHITIOT1B MK By3JIaMH CITKH.
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L. Yu. Vergun, A. V. Brytan
Influence of dissolved air gases on the mechanism of the pre-transition process
in aqueous solutions of hydroxypropyl methyl cellulose

The pre-transition process in an aqueous solution of hydroxypropylmethylcellulose
with a concentration of 1.5 g/l containing dissolved air gases is studied. This process
precedes the "sol-gel" phase transition. The relevance of this study is associated with
the use of hydrogels based on cellulose derivatives in tissue engineering, modern meth-
ods of treating connective tissue injuries, etc. It is hypothesized that dissolved air gases
at the stage of the pre-transition process participate in the arrangement of boundary
water layers that are part of the hydrated shells around the globules. To confirm this
hypothesis, experimental studies were conducted using the following methods, namely,
the droplet evaporation method, determination of the light transmission coefficient, and
determination of the density of an aqueous solution of hydroxypropylmethylcellulose
containing dissolved air gases and a degassed solution. Based on the experimental re-
sults obtained, it was established that in the presence of dissolved air gases in the stud-
ied solutions, the evaporation rate at the initial stage changes abruptly and is associated
with an increase in the interfacial deformation of water. When analyzing the light trans-
mission coefficients of gassed and degassed solutions, it was established that the differ-
ences between these solutions are associated with changes in chain configurations and
short-term interactions between them. Based on the obtained temperature dependences
of the density of the studied solutions, it was concluded that the presence of dissolved
air gases affects the change in the degree of density during the formation of the gel
structure. Models of the structure of gassed and degassed solutions during the pre-tran-
sition process are proposed. The molecular mechanism of the pre-transition process in
aqueous solutions of hydroxypropylmethylcellulose containing dissolved air gases has
been determined, which is associated with a change in the loop-like configurations of
biopolymer chains due to the redistribution of hydrogen bonds in the hydrated shell of
molecules and the emergence of short-term star-like configurations between individual
polymer chains due to these bonds.

Keywords: hydroxypropylmethylcellulose, evaporation, density, light transmission
coefficient
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I'a3oBi Ta JIIOMiHECHIEHTHI CEHCOPHU HA OCHOBi HAHOKPHMCTAJIIB IIUPOKO30HHUX
HANiBIIPOBIAHUKIB

Pospobnenuii 2azosutl cencop nHa 0CcHO8I HAHOKpUCMALIE CYIbEIOY YUHKY, WO MAE BUCOKY
YYmMausicmes 00 napie amiaxy, emaHoxy ma i30nponarony npu Kimuamuiu memnepamypi. llo-
KA3aHo, Wo KOHYeHmpayis 2a3y Hatlbiivuie 8NIUBAE HA MEeMNEPAmMypPy CEHCOPY.

Jlocniosceno mexanizm yymaugocmi IIOMIHECYEeHMHUX CEeHCOPI8 HA OCHOBI HAHOKPUCMATIE
OKCUOY YUHKY Ma CYTbidy Kaomito 00 i0Hi8 8adcKux memainis y 600i. [Iposedeno 0ocniodcens
BNIUBY IOHIB BANCKUX MEMAI8 HA 00820XBUNbOBY IIOMIHECYEHYIIO KOJIOIOHUX HAHOKPUCMAILIB
oxcudy yunky. Ilokasano, wo 000asants ioHie KaOMito ma ioHi8 nepexioHux Memanieé npu3eo-
oums 00 3POCMAHHA IHMEHCUBHOCTI YePBOHO-IHCOBMOI IIOMIHECYEHYIl, a YUHKY, ANIOMIHIIO i
CBUHYIO — OaKUMHOI. 3anponoHosanull Mexamizm pooomu ceHcopa, AKUN No8 sA3aHull 3
nepepo3nooiiom KoHyeHmpayii 61acHux oOeghekmis, wjo GU3HAUAIOMb O00820XEUNLOBY JIO-
MIHeCYeHYito 00CIOHNCYBAHUX HAHOKPUCMATIG.

Knrwowuosi cnoea: nanoxpucmanu ZnQO, CdS, konoionuu cunmes, 2a308uil CeHCop,ilOMIiHecye-
HMHUL CEHCOP

Beryn. HanokpucTany MIMPOKO30HHUX HAIIBIPOBIIHUKIB MIMPOKO 3aCTOCOBY-
IOThCSI B ONTOEJIEKTPOHIIIl, CUCTEMax Ol0MeAUYHOI Bi3yasi3allii Ta ceHcopax [1-4].

Bnacnigok OoioBHUX Miil MoAHS BIAOYBAa€ThCA 3a0pyAHEHHS Ta3aMH Ta CHOJIY-
KaMU BOXKKHX METaJIIB, 10 € MIKIJJIUBUM JJISI OPraHi3My JIIOJAUHU 1 HABKOJUIITHBOTO
cepenoBuie. Ock YoMy 3apa3 NoTpiOHA po3poOKa JIEMEBUX Ta MIBUAKOAIIOYUX CEHCO-
piB. TakuMu ceHCOpaMu MOXYTh OyTH HAHOKPHUCTAIU Cyib(iay Kaamito. B maniit po-
00Ti mpejcTaBiIeHl AOCTIHKEHHS YYTIMBOCTI HAHOKPHUCTAMIB Cylb(]igy Kaamito 10
IIKIJIJTMBUX Ta31B, TAKUX SIK aMiak, apiB €TUJIOBOrO Ta 130MPOIJIOBOTO CIUPTY Ta 10-
HIB BQXXKUX METaJIIB, PO3YUHEHUX Y BOJI.

Mertoto n1aHoi poOOTH € BU3HAYEHHS YyTAUBOCTI HaHOKpucTaiiB CdS ta ZnO 1o
napiB aMiaKy, €TaHOJIy, 130MPONMUIICHY Ta BOJIHUX PO3UMHIB CIIOJYK BaXKKHX METaJIIB.

Metoauka exkcnepuMeHnTy. JlociiKyBaHi B poOOTI Ta30Bi1 Ta JOMIHECLICHTHI
CEHCOpH po3po0IieHi Ha 0CHOBI HaHOYACTHHOK ZnO Ta CdS cuHTE30BaHUX KOJIOiTHUM
MeToa0M. JlochipkeHo (POTOMIOMIHECHEHTHY Yy TJIMBICTh HAHOKPUCTANIB, OTPUMAHUX
METO/I0M KOJIOITHOTO cuHTE3y. Jl>kepenom 10H1B UMHKY BUcTynaB 10% BogHUN pO3UHH
cylbdaTry HUHKY, a JKEPEIOM 10HIB KUCHIO — 10% BOJIHUI PO3YUH T1APOKCUAY KaJIIo.
JI>xepenom 10HIB Kaamito BUCTymaB 10% BOAHUI pO3YMH XJIOpUY KaaMIikO, a 10HIB Ci-
KU pOo34uH cynb(iay HaTpito. BoaHi po3unHM KONOITHMX YaCTUHOK HAHOCHIIM Ha ¢i-
JIBTPOBabHY Oymary i BucymyBaiu. I1icist H1bOro HAHOCHIIM PO3YMHU 10HIB BaXKKUX

DOI: 10.18524/0367-1631.2025.63.347258
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100nm JEOL

— 100nm CNBM
15.0kV SEI SEM WD 9.5mm

8/7/2019 .
X 100,000 Vacc=15.0kV Signal=SEI Mode=SEM WD=8.9mm 10:54:58 X 50,000

Puc. 1. CEM-300paxenns HaHokpucta-  Puc. 2. CEM-300pa>keHHs HAaHOKpHUCTa-
niB ZnO 6e3 crabinizaTopa niB CdS B crabinizaTopi.

metaniB (CdCl,, PbCl,, Fe,Cl;, CoCl,, NiCl,, MnCl,, ZnCl,, Al,Cls 1 npoBoauiu gocii-
mkeHHs: GotomoMinectieHiii. CEM-300paxenHss HaHOKpuCcTalliB ZnO MoKa3aHO Ha
puc.l.

30yKeHHS JTIOMIHECIHICHITlT 3pa3KiB-JIFOMIHECIICHTHUX CEHCOpIB B oOmacTi 1.6-
3.0 eB 3giticHtoBanocs mpomuciaoBuMu cBitiomiogamu ¢ipm Edisson Ta Cree 3 eHep-
rissMu kKBaHTIB TopsiaKy 3.1 eB. JlochimkeHHs GoTOTIOMIHECIICHITIT IPOBOIIIIH 32 JI0-
noMoror MoHoxpoMatopa MJIP-6 3 nBoma audpakmiitaumu rpatkamu 1200 mrp/mm.
B sikocTi mpuiiMaya CBITIOBOTO MOTOKY BUKOPUCTOBYBaBCs (hoTonmoMHOkyBauy OEVY-
100.

3 MEeTOI0 MPOBEACHHS EICKTPUYHUX BUMIPIOBAHb MPH JOCIIIKEHHI TyTJIUBOCTI
ra3oBUX CEHCOPIB I cTalbuII3allii pOCTy HAHOYACTMHOK BUKOPUCTOBYBAIU MPOBI/I-
HUU MOJIMED, SIKUU PO3YUHSIIN B 646 po3UMHHUKY. B 1IbOMY % PO3UMHHUKY OTPUMY-
Banu 10% po3unHU XJIOPUAY KaJIMIiIO Ta CyJIb(iTy HATPIIO A0 SIKUX J10JAaBaJIM MPOBII-
HUU MOJIiMep, IHTEHCUBHO MEPEMIIyBajIl Ta MPOBOAINA peakilito cuHTe3y. OTpuma-
HUN po3urH HaHOYacTUHOK CdS HaHOCUIM Ha MIAKIAJIKY 3 HAMJICHUMHU M1JTHUMU KO-
HTakTamu 1 BucyuryBaiun. CEM-300paxkenns HaHokpucTaniB CdS 3 moximMepHuM cTa-
01113aTOPOM TIPENCTABICHO Ha pucC. 2. Sk BuaHO 13 ipeactaBiennx CEM-300paxkeHs,
pPO3Mip HAHOYACTUHOK B JIOCHIKYBAaHHX 3pa3kax He mepeBuiyBaB 10 uMm. Otpumani
B Takuii croci0 3pa3ku CdS 3 KOHTaKTaMu PO3TAIIOBYBAIM B KaMepi Ui eleKTpodi-
3MYHUX BUMIPIOBaHb 3 BAKYYMHUM HACOCOM, SIKMM BiJKadyBaJIH MOBITPS 3 KamepH. 3a
JI0TIOMOTOI0 KpaHy B KaMepy HallyCKaJli MOBITPs 3 MapaMu aMiaky abo CIIUPTY 3a7aHoi
KOHIIGHTpaIlii Ta 3a momomoroto enekrpoMerpy 300 mpoBoauam BUMIpIOBaHHS OC-
HOBHUX XapaKTEPHUCTHK — YYTIUBOCTI, IO SBJISE BIAHOMIECHHS OMOPY CEHCOPY Ha IIO0-
BITP1 (Rymy) 10 OMOpY B aTMocdepi JOCTHIKYBaHOTO Ta3y (Rgmy), 9acy BIATYKY, 4acy
BIJIHOBJICHHSI, MEX1 BU3HaYeHHs. by10Ba kamepu 103B0oJIs1JIa KOHTPOJIIOBATH TEMITepa-
Typy 3pa3kiB BiJl kiMHaTHOT 70 450 K. BumiproBanHs Temmeparypu BiOyBayiocs 3a
JIOTIOMOTO0 TU(PEepeHIIIHOT MiJIb-KOHCTAaHTaHOBO1 TEPMOIIApU 3 BUBOJAMH, Mif’ €1~
HaHUMH JI0 MUTIBOJIETMETpA.
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Ta6auus 1. XapakTeprucTUKH ra30BOro ceHcopa Ha OCHOBI HaHOKpucTaniB CdS

AmnanizoBanuit | Yytnusicte S | PoOoua Temneparypa, | Yac BiAryky, cex
ras, ppm K
Amiax100, 3 300-400 20
500 20
1000 30
ETanon 200, 1.5 300-400 40
500, 3
1000 5
[3omponanon 2 300-400 30
200, 5
500, 10
1000

XapakTepuCTHKH ra30BOro CeHCOpy Ha ocHOBi HaHokpucTagiB CdS. loci-
JDKEHHS XapaKTepUCTHK ra30BOr0 CEHCOpa Ha OCHOBI HaHOkpucraniB CdS mpoBoau-
nocs B nianazoni temneparyp 300 — 400 K. BcranosieHo, 110 Ha BiMiHY Bij 00’ €M-
HUX KPUCTAJIB Ta MOJIKPUCTATIYHUX IUTIBOK [3] poOoyda Temmeparypa B JOCHIKyBa-
HOMY IHTE€pBaJli ICTOTHO HE BIUIMBAE HA YYTIUBICTh CEHCOPA.

BcranosiieHo, 1110 OCHOBHUM (DaKTOpOM, SIKW BILTMBAE HA UYTJIMBICTh CEHCOPA €
KOHIIeHTpalisa ra3y (tabmuus 1). Haltnmwxkuuit nopir gytiauBocti (100 ppm) MaroTh
napu amiaxy.

MexaHi3M 4yTIUBOCTI CEHCOPY J0 T'a3iB MOJSATA€ B TOMY, IO JTOCHIII)KYBaHI B po-
00TI ra3u € JOHOPHUMH 1 IIpH aJicopOLli ra3iB Ha NoBepxH1 HaHOKpucTamB CdS yTBo-
PIOIOTHCS BUIBHI €JIEKTPOHM, 1110 BHOCSTH JI0JIATKOBUI BHECOK B MpoBiAHICTH CdS [4].

3rinHo [5], 301IbIIEHHS] YYTIMBOCTI Ta 4acy BIATYKY ra30BHX CEHCOPIB MOXHa
TOCATTH JIETYBaHHSM HAaHOKPUCTAIB Ta YTBOPEHHSIM T€TEPOCTPYKTYP.

JlrominecueHTHi ceHcopu Ha ocHOBI HaHOKpucTadiB ZnO Ta CdS. Bubip Ha-
HokpuctaniB ZnO ta CdS B sKOCTI MaTepialiiB JyIsl TIOMIHECIIEHTHUX CEHCOPIB 00yMO-
BJICHUH TUM, 1110 BOHU BOJIOJ1IOTh €(PEKTUBHOIO (DOTOIIOMIHECIICHIIIEIO0 Y BUANMIHN 00-
JIACT1 CHEKTPY, Ha CIEKTPaJIbHI XapaKTEPUCTUKH SKOi HE BIUTMBAE PO3MIp YACTUHOK Ta
TeMIiepaTypa 3paska. TemrepaTypHe racints (POTOJIOMIHECHEHIIT BIIOYBAETHCS MPU
TeMriepatypax, ounpimx Hix 350 K, a ehexruBHe 30y1KeHHS (OTOTIOMIHECIICHITIT Bi-
NOYBa€ETHCA MTPOMUCIOBUMHU CBITJIOI0AaMU 3 AoBxUHOIO XBuial 400 uMm (3.1 eB), mo
MacOBO BUIYCKaIOThCA BUPOOHHUKAMU ONTOENEKTpoHikH. [lonepenni qociimkeHHs [6]
MoKa3ajiu, 0 eJIEeMEHTapHI JIiH1T BUIPOMIHIOBAHHS BUAUMOI (DOTOTIOMIHECIICHIIIT BU-
3HAYAIOTHCS JOHOPHO-AKIIEITOPHUMH TTapaMH, YTBOPCHUMH BIACHUMU JTe(PEKTaMH.

JlocniKeHHs, MPOBEACHI HaMU 3 JTIOMIHECIIECHTHUMU CEHCOpaMy Ha OCHOBI Ha-
HOYACTUHOK SIK OKCUY LIMHKY, TaK 1 Cylb(p11y KaaMi0 MOKa3all OJJHAKOBI 3aKOHOMI-
PHOCTI MPHU B3a€MO/IIT 3 pO3UMHAMH KaJMito (IIMHKY), aJIFOMIH1I0, CBUHIIIO, 10HIB Iepe-
XiJTHUX METaNiB 3 KOHIEHTpaLisMH 10HiB 10 107 r/mi.
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Puc. 3. Crektpu dotomominecteHii Ha-  Puc. 4. Cnextpu GoToaroMiHeCIIeHITIT Ha-
HokpuctaniB CdS(/) Ta HaHOKpUCTAIIB HokpuctaiiB ZnO (1) Ta HaHOKpHUCTAIIB
CdS 3 nogaBannsm po3unHiB CuClx(2) Ta  ZnO 3 nogaBanusm pozuuniB PbCl (2) Ta
CoClLx(3). Teun=300 K ALCI3 (3). Teun=300 K.

JocnipkeHHst POTOMOMIHECHICHIT MOKa3aliy, 1110 MPU HAHECEHH1 Ha CEHCOop po-
344 HiB 10HIB KaJIMiI0 Ta MEPEX1THUX €JIEMEHTIB B CEKTpax (POTOITFOMIHECIEHIIIT CTIO-
CTEPIraeThCs «4€pBOHUIN» 3CYB (pHUC. 3), a IPU HAHECEHHI PO3YMHIB 10HIB IUHKY, AJTO-
MIHIIO Ta CBUHIIIO — «OJaKUTHHIY (puc.4).

[Ipu perenbHOMY aHami3l CHEKTPIB BCTAHOBJIEHO, LI0 «YEPBOHMI» 3CYB
OB’ 13aHUM 13 301IBIIICHHSAM IHTEHCUBHOCTI J1iH1i Ha 2.06 €B B Hanokpucrtanax ZnO Ta
2.02 eB B nanokpuctanax CdS. 3rigHo 3 [7] ninii BunipomintoBanHs Ha 2.06 eB B ZnO
00yMOBJIEH1 EpeX0IaMy B MeXaX HEUTPATbHUX ACOLIATUBHUX LEHTPIB (Z ni?,0; 2)*
3 PI3HUMH BIACTaHSAMHU MIX JTOHOPAMH Ta aKLENTOpPamMu. 301IbIIEHHS 1IHTEHCUBHOCTI
11€1 JIIHIT IPY 10AaBaHHI PO3YMHIB 10HIB KaJIMit0 a00 10HIB EPEXITHUX €IEMEHTIB MO-
’KHA TIOSICHUTHU THM, IO iX 10 HU BUTICHSIOTH aTOMH IIMHKY B MIKBY3JIOBUHU. AHAJIO-
riYHa KapTHHA CIIOCTEPIraeThes 13 3pOCTAHHIM IHTEHCUBHOCTI JIIHIT BUTPOMIHIOBAHHS
Ha 2.02 eB B cynb(diai KaaMiro, sika KOHTPOJIOETbCS NEPEXOAaMH B MeXaxX LIEHTPY
(C d;“ , chd_ )". BiamnoBigHO, i0HH KaJMi0 BUTICHSIOTHCSA B MIXKBY3JIOBUHHU.

«CuHi1ii» 3CyB MPU HAHECEHHI PO3YHMHIB 10HIB [IUHKY, aJTIOMIHIIO Ta CBUHIIIO B CY-
aedial KaaMio MoKe OyTH MOB'SI3aHUM 3 BUCOKOCHEPTETUYHUM 3CYBOM €KCHUTOHHOI
JHIT BUIPOMIHIOBaHHS, sIKa TIPU KIMHATHINA TeMIEpaTypl NePEeKPUBAETHCS 3 THIIUMHU
eJIEeMEHTapHUMH JITHISIMU BUIIPOMIHIOBAHHSI. 3CYB €KCUTOHHOT JIIHIT BUTTPOMIHIOBAHHS
[8] 13 301IbIIIEHHSM IUPUHU 3a00pOHEHO01 30HM B HaHOKpucTanax CdS. B3aemosis 3
BOJIHUM PO3YMHOM 10HIB 3a BIICYTHOCTI CTa0uI13aTOpa BHOCUTH JOJAATKOBY €HEPTIIO,
HEOOXIHY JIJIsl 301IbIIEHHS] PO3MIPY HAHOYACTHHOK.

B HaHOKpucTanax okCcuAy UMHKY IPH JOJIaBaHHI XJIOpUAY CBUHLIO (puc.4) 301-
JBIITYETHCS MUTOMA Bara JiHik 0nakutHoro 2.82 €B, 2.72 eB 1a 2.62 eB. 3rigHo nomne-
peaHIX qociiKeHb [4,5], BKa3zaHi JiHii MOKYTh OyTH 0OOyMOBIIEH]1 MI>KBY3JIOBUHHUMU
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* . . . . s
aTOMaMHU IIUHKY Ta KUCHIO (Z n?, Oio ) . 30UIBIIIEHHS IHTEHCUBHOCTI [IMX JIIHIA MOKHA
MOSICHUTH BUTICHEHHSIM aTOMIB IIMHKY aTOMaMU CBUHI[IO Ta aJIFOMIHIIO.

BucHoBkHu. Pe3ynbratéi mpoBENCHUX TOCHTIHKEHD JTO3BOJUIN CHOPMYITIOBATH
HACTYIH1 BUCHOBKH:

Po3pobiieno razoBuii ceHCOp Ha OCHOBI HAHOKPUCTAIIB CYJb(]iay KaaMito 4y TiIu-
BUI JI0 MapiB amiaky, 130IPOIAHOY Ta €TaHOIy.

Po3po6iieHo JroMiHECIICHTHHI CEHCOp Ha OCHOBI KOJIOTAHUX HAaHOKpHCTaIiB ZnO

ta CdS uyTnmMBuU 10 KOHIICHTPAIIX CIIOJYK 10HIB BAXKKHUX METaJIiB B Boai 0 10"
4 /M.

3anporoHOBaH1 MEXaH13MHU POOOTH ra30BUX Ta JIIOMIHECIIEHTHUX CEHCOPIB Ha OC-
HOBI KOJIOITHUX HAHOKPHUCTAIIB OKCUAY HMHKY Ta CyJIb(]iay KaJaMmiro.

[Tonanpie 30UIbIIEHHS YYTJIMBOCTI CEHCOPIB MOKJIMBE 3a JOJAaBaHHSIM JOMi-
IIOK-COAKTUBATOpiB B HaHOKpHUcTaiu ZnO ta CdS.
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S. F. Huseynova, O. 1. Volkov
Gas and luminescent sensors based on wide-bandgap semiconductors
nanocrystals

SUMMARY

A gas sensor based on zinc sulfide nanocrystals has been developed, which has
high sensitivity to ammonia, ethanol and isopropanol vapors at room tempera-
ture. It has been shown that the gas concentration has the greatest effect on the
sensor temperature.

The mechanism of sensitivity of luminescent sensors based on zinc oxide and
cadmium sulfide nanocrystals to heavy metal ions in water has been studied. The
effect of heavy metal ions on the long-wave luminescence of colloidal zinc oxide
nanocrystals has been studied. It has been shown that the addition of cadmium
ions and transition metal ions leads to an increase in the intensity of red-yellow
luminescence, and zinc, aluminum and lead — to blue. The mechanism of
operation of the sensor is proposed, which is associated with the redistribution
of the concentration of intrinsic defects that determine the long-wave
luminescence of the studied nanocrystals.

Keywords: 7ZnO nanocrystals, CdS, colloidal synthesis, gas sensor,
luminescent sensor
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Bepudikauist MogeJsieit fTMHAMiKM MacOOOMIHHUX NPOLECIB B anaparax 3
BUIBHOIO Mik(a3HOI0 TPAHMIIEI0 CYYACHUX TEXHOJIOTi OYHUIEHHS MOBITPS

3acmocysanus memooie izuuHo20 i MaMeMamuyHo20 MOOEI0BAHHs 00360A0Mb eaubuLe
3pO3yMIMuU MacooOMiHI npoyecu ma ONMUMI3y8amu pooomy MexHOL0SIYHO20 00IAOHAHHSL
oyuwenuss nogimps. OOHUM i3 NepCNeKMUBHUX HANPAMIE OUULeHH AMMOCPHepHo20 Nosimps
8I0 WIKIOAUBUX 2A30N00IOHUX [ OUCNEPCHUX OOMIULOK € BUKOPUCMAHHA Anapamis 3 8ilbHOI
MidcghasHoro epanuyero, AKi 00360J510Mb 3a0e3neyumu MaKkCUMAanbHy niowy Kowmaxkmy ¢as
ma 3abe3neyyoms iHMeHCUSHUL MACOOOMIH MIdHC 2a308010 Ma PIOUHHOI paszamu.

B 3aneoxcnocmi 6i0 6udy 3a6pyonenHs MacoooOMin modce 8i00y8amucs y OUCNEPCHUX i Cy-
YITbHUX hazax, AKi 3a cOIM Xapaxmepom MONCYyms Oymu 00HOPIOHUMU AOO HEOOHOPIOHUMU 13
pucamu hpaxmanvHux 06 ’ekmis.

Mema docnidocenns: eepugpikayis Qizuunux mooenel Mexanizmie MacooOMIHHUX NPOYecia
8 MEXHONIO2IUHUX anapamax 3 GiIbHOI MINCA3HOI0 2panuyero, NPUHAYeHUx 01 OYUUEHHS
3a6pyOHeH020 NOGIMps 810 WKIOAUBUX 2A30N00IOHUX | OUCNEPCHUX KOMIOHEHMIB, 3 YPaXy8aH-
HAM HEOOHOPIOHOCMI, (hPAKMALHUX 0COOAUBOCIEU MONCIUBUX 00 €Kkmis docnioxcenus. [Ipu-
K1A0 mMaxkux 00 ’€kmie — XMaponooione nosimps y 6ueisidi mymany 3 OpiOHOOUCNEPCHUX
Kpaneib KOHOEHCO8AHO20 aMiakKy abo cCipuaHoi 4u a3omuoi KUCIomu, npu OYUWEHHI K020
8100Y6arOMbCsL MENI00OMIHHI Ma 2I0POOUHAMIYUHI NPOYeCU.

CohopmynvosaHni i npedcmasieni Qizuuni mooeni npoyecy abcopoyitiHo2o OUUWeHHsL 24318 3
VPaxyB8arHAM 3MiH KOHYeHmpayii 2azy no sucomi abcopoyitinoco anapamy. Bionosiono zanpo-
NOHOBAHUM (DIZUYHUM MOOEIAM PO3POOIEH] MAmMeMamuyni Mooeii OupepeHyianbHuUxX pieHsIHb
MAcoobMiny, AKi nompebdyroms GUKOPUCHAHHI CUCIEMU NPAMOKYMHUX Koopounam /lekapma,
abo yuninopuunoi cucmemu koopournam. OCHO8Y YucenbHoi MoOeli CKIA0ae PiGHAHHS KOHBEK-
MmusHoi ougysii.

TemnepamypHi 3MiHU MOXHCYMb CYMMEBO NAUBAMU (HACPIBAHHS NPU PO3YUHEHHI 2d3i8) HA
saxicme ouucmru 2azig. OOHUM i3 3ac00i8 nNPOMuUOIi Yum ABUWAM MOdiCe OVIMU OXONOONCEHHS
abcopbyilino2o anapama 3a paxyHoK NPpUpPoOHOi KOHEEKYIl WAAXOM 3011bUeHHs 1020 308HILU-
HbOI NOBEPXHI, MOINCIUBO ULIAXOM 3MeHUleHHs tio2o diamempy. Tpu miti camiti sumpami nogi-
mpsi i W8UOKOCMI HOMOKI8 3MeHIeH sl dlamempy anapama mae 8ionogioamu 30i1buenHIO Ki-
JILKOCMI NApanenbHo 3 €OHAHUX AHAN02IYHUX ceKyill («mapinoky). Cxema po3mauly8anHs yux
CeKyiti nepemeoprEMbCsl Y KOMOIHAYi0 NOCTI008HUX MA NAPANENbHUX 3 EOHAHb OOUHUYHUX
eflemenmis abcopoyii.

Posenanyma ¢hpaxmanvna mooens ougysii 6 oucnepcHiti cucmemi 4acmuHox abo Kpanenv y
3a0pyOHeHOMY NOBIMPI 00360JI51€ ONUCAMU PI3HI PENCUMU NPOYECY NePEHOCY IO HOPMALbHOL
oughysii 00 cynepoughysii (matidice KaHaNO8anHs) 3a OONOMO2010 0OOHO20 EOUHO20 CIPYKMYD-
HO20 napamempa.

Ilokaszano, wo éepugbikayis npocmux QizuyHux mooeneu 0038019€ nepeddaiamu WisAxXom
NOPIBHAHHS WBUOKOCIEU MACOOOMIHY 3 WBUOKICINIO NOMOKI8 NOGIimpsi ma abcopoenmy, AKutl
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pedcum MacoooMiny ModcHa ouikysamu. IIlpocmi cnig8iOHOUIeHHS MA 3A1eHCHOCMI, K Ompu-
MAHI MAKuUM MemoooM YLIKOM AHATTIMUYHO, HAOAIU MONCIUBICIb WUBUOKO NPOBOOUMU OYIHKU
pe2youux QizuuHUX hakxmopis, percumis npoxooHceHHs PI3UUHUX NPOYeCi8 ma po3paxos)y-
eamu napamempie KOHCMPYIO8AHHA ANapamie OYUWeHHs NoGImpsl.

Knrouoei cnosa: abcopoyis, anapamu 3 8i1bHOI0 MINCHAZHOW SpaHUYero, MACOOOMIH, MO-
0eNr0BANHS, MEXHON02IT OUUUeHHS NOBIMPSl, PPAKMATbHA OUDY3is.

Beryn. Anapaty i cuCTeMH OYMILICHHS TOBITPSI MarOTh BIATMOBIIATH CYy4aCHUM
BUMOTaM TEXHOJIOTiH 3aXMCTy HABKOJIMITHHOTO CEPEOBHINA Ta €HEPro30epeKeHHS.
OnHuM 13 NUISXIB MIABUIICHHS IXHBbOI €()EKTUBHOCTI € Y0CKOHAJICHHS METOIIB (i3u-
YHOTO 1 MAaTEMAaTHYHOTO MOJICITIOBaHHS, IO JO3BOJISIE ONTHUMI3yBaTH KOHCTPYKINIO i
POOOTY TEXHOJIOTTIYHOTO 00JIaIHAHHS 11Ie Ha eTalll MPOSKTyBaHHS.

OuuieHHS MOBITPS Bl a€PO30JIbHUX YACTUHOK 1 Ta30BHX JOMIIIIOK € HATaJIbHOIO
npo6sieMoI0 y 6aratbox MPOMHUCIIOBUX Tally3sX, TAKUX SK XiMiuHa Ta OyjaiBeNbHa 1H-
nycTpii, HaTOra30Ba MPOMUCIOBICTH, TeIIoeHepreTuka. OMHUM 13 MEPCIIEKTHBHUX
HaAMpsIMiB PO3POOKH Ta BNPOBAIKEHHS €()EKTHMBHUX METOJIB OUYMIICHHS aTMocdep-
HOTO TOBITPS BiJ IIKIJJIMBUX ra30MOI0HUX 1 AUCTIEPCHUX JOMIIIOK € BUKOPUCTAHHS
amapariB 3 BUIBHOIO MIXK()a3HOIO TPAHUIICIO, K1 T03BOJISIIOTH 3a0€3MeUNTH MaKCHMa-
JBHY IUIOILY KOHTAKTy (pa3 Ta 3a06e3meuyroTh IHTEHCUBHUN MacOOOMIH M1k Ta30BOIO
Ta PIIMHHOIO (pa3zamu.

B 3anexxHocT! Bij BULY 3a0pyAHEHHS MacOOOMiH MOXe B1IOYBaTHCS y AUCIIEPC-
HUX 1 CYUUIbHUX (pa3ax, sKi 3a CBOIM XapaKTepoM MOXKYTh OyTH OJHOPITHUMH 200 He-
OJIHOPIJTHUMH 13 pucaMu (ppakTaabHUX 00’ €KTIB. 3a3HAYUMO, 10 BiAOMI Mojies abco-
pOIIHHKMX MPOIIECiB 1 a0COPOIIHHUX anapaTiB MOKHa BUKOPHUCTOBYBATH JIJISI PO3paxy-
HKIB TUIBKU B OKpEMHUX BUIMAJKaX, TaK K BHACIIAOK 0aratbox (hakTopis, 30KpemMa ¢pa-
KTaJIbHOCTI TypOyJE€HTHUX IBO(MA3HUX MOTOKIB MPAKTUYHO HEMOKIIMBO BU3HAYUTH B
HUX MOBEPXHIO KOHTAKTY (a3, a 3HAUUTh 1 PO3MOILT KOHIEHTpalil y ¢azax Ta iHmi
napaMmeTpH, HeOOX1H1 JIJIsl pO3paxyHKiB anaparis.

[linBumienHss eeKTUBHOCTI amapaTiB OYMIICHHS MOBITPs, @ 3HAYUTH 1 MOKpa-
IICHHS €KOJIOTTYHO1 O€3MeKH MPOMUCIOBUX MIAMPUEMCTB, MOXKE B110yBaTUCS 3aBJISKH
CTBOPEHHIO HAYKOBO OOTPYHTOBAaHUX METO/1B MOJICIIOBaHHS Ta PO3PAXYHKY TEXHOJIO-
ri4HOTO 00MasHaHHS. PexxuM mpoliiecy OUHUIIEHHS MOTpedye OnepaTUBHOTO HAJAIITY-
BaHHS B 3aJIKHOCTI B/l BUAY 1 KUIBKOCTI 3a0pyIHIOIOUOI TOMIIIKH, 3aTHOCTI ii pO3-
YUHSTUCS, BUJIJISTH TEIJIOTY IPU CBOEMY PO3YMHEHHI 1 3MIHIOBAaTH IIBUAKICTh CBOTO
PO3YMHEHHS IIPU HArpiBaHHI.

MeTa oCHiKeHHS: ONTUMI3allis CXeMH OYHIIEHHS TOBITPS IIISTXOM CTBOPEHHS
1 Bepudikaiii Gpi3MIHNX MOJIeeH anapaTiB 3 BUIbHOIO Mik(}a3HOI T'PaHUIIEIO 3 ypa-
XYBaHHSM (paKkTaJIbHUX OCOOJMBOCTEH MOXKIIMBUX 00’ €KTIB OUHUIIICHHS (XMapOIIO/Ii-
OHe MOBITPS y BUTJISI TyMaHy 3 Ip10HOUCIIEPCHUX Kpareb KOHAEHCOBAHOTO aMiaKy
abo cipyaHOi 4K a30THOI KUCJIOTH), TEIJIOOOMIHY (BUAUIEHHS TEIJIOTH MPU PO3YH-
HEHHI 1 BIUITMB TEMIIEPATyPHUX 3MiH, BKIIIOYAIOYH 3MIHH KIIIMAaTUYHOTO 200 CE30HHOTO
MOXOJ/KEHHS ), 3 YpaxyBaHHIM T1IPOAHMHAMIKY B Takux cucremax. lle 3pemroro mae
3a0e3MeYnTH MIABUIICHHS €(DEKTUBHOCTI TEXHOJIOT1H OUMIIICHHS MTOBITPSI LUIIXOM OIl-
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- IPOBECTU (P13UYHE MOCIIOBAHHS 3 ypaxXyBaHHSAM I'PaHUYHHUX YMOB, (hpaKTajb-
HUX OCOOJIMBOCTEH MOXKJIMBUX 00’ €KTIB JOCIIKEHHS, XapaKTEPUCTUK 3a0py/-
HIOIOYHX PEUOBHH 1 ME€XaH13M1B MaCOOOMIHY B amapaTax abcopOiii;

- BUKOHATHU 1HXXEHEPH1 pO3paxyHKH MapaMeTpiB arapara Ha OCHOB1 BUOpPaHOi MoO-
Jeni;

- TIpoBeCTH BepHudiKaIlilo MOJAETCH NMUITXOM MOPIBHSHHS PO3PaXyHKOBHX JaHUX
TUMOBUX MOJIeJIeH MK COO0I0 1 3 JaHUMHU €KCIIEPUMEHTY.

[IpakTrune 3HaueHHA: Pi3UUHE MOIEITIOBAaHHS MacOOOMIHY Ha MeXI1 oty (a3,
JI03BOJISIE ONTUMI3YBAaTH TIapaMeTpHu POOOTH arapaTiB I1I€ Ha €Tari MPOSKTyBaHHS. Y
IIbOMY KOHTEKCTI BOXKJIMBO BPaXOBYBATH clielM(ivH1 yMOBU KOHTAKTY (a3 B anmaparax,
7ie iICHYy€ BiJIbHA MDXK(a3Ha OBEPXHsI, T1APOIMHAMIYHI XapaKTEPUCTHKH 1IUX araparis,
MOB’SI3aHUX 3 1X TEOMETPI€I0, BILTUB TypOYJIEHTHOCTI Ta XapaKTepy 0OTIKaHHS Kpareb
Ta TUTIBKYU P1IMHU, T1APaBIIYHOTO OTIOPY TOIIIO.

[le mo3BoIsIE YIOCKOHATUTH KOHCTPYKIIIi anapariB OYMINEHHS MOBITPS 1, 3pell-
TOI, MIABUIIUTU €(DEKTUBHICTH MPOIIECIB OUMIIICHHS TOBITPS Ta 3MEHIIUTH €HEePro-
BUTPATH.

1. Macoo6MiH y cucTeMax i3 BijibHOI0 rpaHuliero po3aiay ¢as3. [{o nporecis i3
BUIBHOIO MEXEI0 PO3JILTY BITHOCATHCS: aOcopOI1ist, aacopOitis, aecopOiris, meperoHka,
pekTudikalis, piIMHHA €KCTPAKILis TOIIO.

AGcop011iro, IK HAMMOMMUPEHIIINN MPOLIEC OYHILEHHS ra30BUX CyMilIel y Oara-
THOX TATy3IX TPOMHCIOBOCTI ITUPOKO 3aCTOCOBYIOTH JIJIsl OUMITICHHS! BUKH/IIB B1JT aMi-
aKy, mapiB COJISIHOT, CIpYaHOi KUCJIOT, CIPKOBOJHIO Ta 1HIINUX CIPUYUCTUX CHOIYK, Iia-
HICTUX CHOJYK, OpPraHiuHUX pedoBUH ((eHomy,

dbopmanbaeriay Ta iami) [1-3]. M //i
Cxema amapara 3 BUIBHOIO MDK(]a3HOO Tpa- g |FriFve

HUILICIO BIJIIrpae KIOYOBY pOJIb y 3a0e3redeHH1 —]

e(eKTUBHOTrO MaCOOOMIHY MIK Fa30BOIO Ta PiJIUH-

HOtO (pazamu [4-7]. 2

Ha puc. 1 npuBenena ¢yHkIioHaTbHA cXemMa
abcopOepa. KoHCTpykTUBHO OOpaHuUl amapar siB-
7€ c000r0 MacOOOMIHHUM TIPUCTPIA BEPTHUKAIb-
HOTO THUIy, B SIKOMY 3a0pyqHEHE MOBITps Moja-
€TbCSI 3HU3Y amapara 4epe3 BXIIHHM maTpyOoK.
3BepXxy HaJIXOIUTh PiANHA-a0COPOEHT, 1110 PO3MO-
JUISETHCS 10 3pOIIyBayax (Hep(boquayi pr61<'1/1 IPAHHIEIO Y BHIAIKY TPOTHTE]
abo (I)OpCYHKI/I).. [lormuuau y BUMISLAL PIAMHU CTi- baz: | - maTpyGOK BXOY 3a6PyII-
Ka€ TOHKOIO TLTIBKOIO MO BEPTHKATBHHX MOBEPX-  yeqoro rasy , 2, 3 - MUT{BKOYTBO-
HAX IUIIBKOYTBOPIOBAJILHUX IUIACTUH, HOPMYIOUH  propanbHi miacTuuu, 4 - 3poury-
CTaOUIbHY TOHKY IUTIBKY. 3a0pyJAHEHE MOBITPS Py-  BambHAa cHUCTeMa, S5 - IUTiBKa pi-
Xa€ThCS HA3yCTpiu 3HU3Y noBepxy. lle Tak 3BaHa  aunu (abcopbeHry) , 6 - 30ipHHK
cxema abcopOIii npu MPOTUTEYii MOTOKIB. pimunu (IpeHax), 7 — narpybok

3a0py/HEHe MOBITPS MOJAEThCA 3HM3Y ama-  BUXOIY PIAMHA.
para depe3 BX1AHUI narpyOok. 3BepXy HaAXOIUTh

v

Y

Puc.1. ®yHKIIOHAIBHA CXeMa
armapara 3 BUIBHOIO MiXK(}a3HOIO
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pianHa-abCOpOECHT, 10 PO3MOAIAETHCS MO 3polTyBavax (mepdopoBani Tpyoku ado dho-
pcyHkn). ['a3 omuBae 1iBKy 3HU3Y BBEPX, 1 3a0pYAHIOIOU1 PEYOBUHU MOTJIMHAIOTHCS B
plauHY.

OumuiieHe NOBITPSI BUXOJUTH 3 BEPXHbOI YACTUHU arapara yepe3 BUXIJHUH mart-
pyOoK. AGCOpOEHT 30MpaeThCs BHU3Y anapara y npuiiMaabHOMY pe3epByapi — Jaji BiH
MO>Ke OyTH YTHII130BaHU a00 MOAaHUI MTOBTOPHO HACOCOM.

Koneexmuena oughyzia. MaremaTiude MOJIETIOBAHHS IMPOIECY MAaCOOOMIHY Y
amapatax 3 BUIbHOIO MDXK()A3HOIO TPAHUIICIO € KPUTHUHO BAKIMBUM €TarloM, IO JI0-
3BOJISIE 31MCHIOBATH ONTHMI3aIlii0 0€3 MPOBEICHHS BEIMKOI KITBKOCTI HATYPHHUX €KC-
NEPUMEHTIB. 3aJaya MOJEIIIOBAHHS MOJSTae B OMUCI MOBEIIHKM MacOOOMIHHOI CHC-
TEMU 3 ypaxyBaHHAM (Pi13UKO-XIMIUHUX IMapaMeTpiB, TEOMETPII amapara Ta riJpoanHa-
Miku ¢as3 [8].

J5ig onucy TUHAMIKM MAacOOOMIHY y CHUCTEMI «ra3-piuHa» 3 BUIBHOIO MiX(a3-
HOIO TPaHMIICIO He0OX11HO C(hOpMyBaTU MaTeMaTUYHE PIBHSHHSA, SIKE BKIIIOUA€ OanaHC
MacH, PIBHAHHS MEPEHOCY PEUOBUHH, & TAKOK I'PAaHUYHI YMOBH, 110 OMHUCYIOTH (Pi3H-
YyHY CyTb mporiecy [9, 10].

®Di3uYHUN 3aKOH JTUHAMIKHM MacOOOMIHY OMUCYEThCS PIBHSIHHSAM OajaHCy peyo-
BunHM [10]. J{mst ra3oBoi pa3u BOHO Ma€ BUTIISIAL

(1)
. C N - :
ne Dg — xoedimient audysii y rasi (M*/c), i, — BEKTOP IBUIKOCTI Ta30BOTO MOTOKY
(M/c), ¢, — KOHLIEHTpallisl pEYOBHUHU B Ta30Biil a3l (kr/m?), I — pyHKLIsA JpKepena.
HaiinpocTimmii BUtiaiok OTHOBUMIPHOTO PEKUMY ONMHUCYETHCS KOHBEKTUBHO- M-
Gby31iHUM PIBHSIHHSIM:

2)

EdexTuBHICT MacOOOMiIHY MK Ta30BOI0 Ta PiIMHHOIO (ha3aMu y CHUCTEMax 3
BUIRHOIO MIK(Pa3HOIO TPAHUIICIO 3aJI€KUTh BiJ] IIMPOKOTO CIIEKTpa rapOAMHAMIYHUX,
(i3MKO-XiMIUHHUX I KOHCTPYKTHBHHUX MapaMeTpiB. IXHEe KOpEKTHe ypaxyBaHHs € KpH-
TUYHHM TIiJ1 4ac MOJICTIFOBAHHS MPOIIeCy, BUOOPY TUITy armapara Ta iHKEHEepHOTro po3-
paxyHKYy.

I'panuuni ymoeu ma npunywienna. 'paniaHi yMOBH JJis Ta30B01 (ha3u: BXigHA
mexa ([x = 0) - Ha Bxo/1 B anapaTt ra3ona (pa3za Mae BiJiIoMy KOHIICHTpAIli 10 3a0py/IHIO-
Baua Y. Buxigna mexa (x = /1) — Ha BUXO/I1 BBAXKA€MO, 1110 HEMa€ J10JJaTKOBOTO Maco-
oOminy abo jKepen, To0To:

PiBHOBakHa yMOBa (11€abHa a0COPOLIs): Cguos = M Cluos
ne m — koedirieHT po3noainy (KOHCTaHTa piBHOBAru 3a 3aK0OHOM [ eHpi).
MacoBwii OTIK peUOBUHH, IO IEPEXOIUTH 3 Ta3y B PiANHY, BA3HAYAETHCS SIK:
j=B-A-(C—C)).
ne  — xoediuieHT MacoBiagayi (M/c), A — akTHBHA IUIOIIA NOBEpXHI 00MiHY (M?); Cog,
C,* — KOHIIEHTpallli Ta30BOi JOMILIKHU Yy ra3i 1 (*) — Ha HOBEpXHI PIAMHU.
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VY MopnentoBaHH1 (13MUHUX MPOLECIB HEMOXKIIMBO BpaxyBaTH abCOMOTHO BCl (a-
KTOpU, TOMY MPUUMAIOTHCSI CIIPOLIEHHS, SIKI al0Th 3MOTY CQOPMYIIIOBATH PO3B’A3Y-
BaHy 3ajia4y. [IpuiiHATI NpUIyIIIEHHS PO HE3AJIEKHICTh B1Jl KOOPAUHAT BIACTUBOCTEH
cepeqoBuIa - koeiieHTiB qudy3ii, TyCTUHU, B’3KOCTi. BiCyTHI BHYTpIlIHI JXKe-
pena abo CTOKM PEYOBHHU B rasi. ¥ ra3oBii (a3i He BiAOYBAEThCA XIMIYHUX peaKIin
abo yTBOpeHHs pedoBuHU. Tomy /= 0.

Po3B’s130K piBHSIHHS KOHBEKTHBHOI Au(y3ii. PIBHSIHHS KOHBEKTHUBHOI nudy3ii B
dopwmi (1) mae 1Ty HU3KY YaCTKOBHX PO3B’S3KiB, K1 BIIMOBIIaI0Th BIACHUM TOYaT-
KoBUM ymoBaM [8-10]. dyHnaMeHTanbHUM PO3B’ 130K piBHAHHS (2) Mae Burisf [9]

3)

Bukopucraemo rpaHnyH1 YMOBH, KOJIM Ha BXO/Il B aOCOpOLIIMHUI armapat KOHIIe-

HTpalig 3a0pyaHIOI0UOro ra3y aopiBHioe MakcuMaibHiil C(x=0) = Cp . Toni MoxHa
3anucaTu

3 mpuBOAY TOTO, IO 3a0pYJHEHHM ra3 piBHOMIPHO 13 MIBUAKICTIO U PyXa€ThCs
Y3I0BXK KaHaJTy, OB’ SHKEMO KOOPIMHATY X 3 4acOM t, IPUB A3YI0UH HOTO 10 MOYATKY
KoopauHaT. BpaxoByeMo, 1110 MOTiK, MPOTUIIEKHUIM 32 3HAKOM Oci X. ToOTO, BBaXKaeMo,
mo x=-u't. Toai ocTanHii BUpa3 MOKHA 3aUCATH

e 4)

[Ipoananizyemo BBeaeHu Hamu mapametp b. ko xoedimieHT nudysii ra3is
oparu piBauM 10 M2/c, To mpr mBHAKocTi u = 0.1 M/c KOHIIEHTpaIis 3a0pYAHIOIOYOTO
razy 3MEHIIUTHCS Y € = 2.7 pa3u Ha BIACTaHI X , SIKY 3HaMAEMO 13 CITIBBIIHOIIICHHS

3Biacu

MO>KHA 3HAUTH 1 OLIIHUTH XapaKTEepH1 PO3MiIpH €JIEMEHTIB MaCOOOMIHHOTO anapary X
IPH 3aJIaHNX 3HAYCHHIX KoedimieHTy qudy3ii D 1 BUAKOCTI ra30BOTO MOTOKY.

®di3u4HOI0 CyTTIO abCOpOIlli € pO3UMHEHHS ra3y B PiAuHI, K€ BiOYBa€ThCS 3
BUJIVICHHSM TeIljia Ta 31 3MEHIIICHHSIM 00’ eMYy.

Bignosigno no npuniumny Jle Ilarenbe npu migBUILEHH] TEMIIEpATypH iX po3-
YUHHICTh 3HUKYETHCS.

[Tpu 36inbmenns Temnepatypu Big 0 °C go 20 °C pozuunnicts CO, Ta NH3 3me-
HIIy€eThCs puOan3Ho y 2 pasu. Tak, 3a gosinkoBumu nanumu [11,12], amiak mpu
temrepatypi 0 °C mae po3unsHicTh 1176 1y 1 1 Bogu 3a 760 MM pT.CT., @ TIPH TEM-
nepatypi 20 °C iioro po3unHHICTh CKiagae Bxe 702 HOpManabHUX JITPIB HA 1 JiTp
BO/M, a po3unHHICTh CO, 3MeHITyeThest BiAnoBiaHO Big 1.71 mo 0.88 HOpManpHUX Ti-
TpiB Ha 1 miTp BoIM.
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Pignanna pienoeazu ¢ kinemuyi adcopouii. Y aOcopOIIHHUX Tporiecax KiHe-
THUKa PO3YMHEHHS ra3iB B PiIMHI KepyeThcs 3akoHamu [enpi 1 Payns, a nunamika pyxy
(a3 — piBHAHHSIM KOHBEKTHUBHOI qu(y3ii. Y cTaHi piBHOBaru A80(}a3Hoi TPUKOMITOHE-
HTHOI CHCTEMH 32 YMOBH CTaJIOCTI TEMIIEPATYPH 1 3araJbHOTO TUCKY 3aJISKHICTh MIXK
KOHIIEHTPAIIsIMU PO3MOIJICHOTO B Ta30Bi 1 piAKiN (hazax KOMIIOHEHTA OMUCYEThCS 3a-
KOHOM ['€Hpi, 3riHO 3 SKUM MHapIliiaJbHUM TUCK KOMIIOHEHTa A ra30BOi CyMillll HaJ
PIIMHOIO MPOTOPIIIAHUM MOT0 MOJIbHIN KOHIIEHTpaIlli B piguHi [1- 7]:

Pa=Es x4
ab0 pO34YMHHICTD T'a3y B PiAMHI 3a JaHOI TeMIepaTypH MpOIopLiiHa Horo mapiiaib-

HOMY THCKY HaJl p1IUHOIO:
« _ Pa
Xy =—
Xa
ne E, — xoediuient I'enpi; p," — mapuianasHuil THCK MONIMHEHOTO Ta3y, M0 nepebysae
B piBHOBA3i 3 PiIMHOIO KOHIIEHTPALi X4; X4 — KOHLEHTpALlig ra3y B pifuHi, piBHOBA-
’KHa 3 Ta30BOIO0 (a3010, B SKiK MapIiaIbHUN TUCK MOTJIMHEHOTO KOMITOHEHTA JIOP1BHIOE
Pa.
3aeXHICTh MK PIBHOBOKHUMHU CKJIaJIlaMU Ta30BOi Ta piakoi (a3 MOXKHA onep-
’KaTyl Ha OCHOBI CYMICHOTO BUKOPHCTaHHA 3aKkoHIB ['enpi i1 Jlansrona:
PA=P-yA.
VY BIZHOCHUX KOHIIEHTpalisx X 1 Y Bupa3 piBHOBAXKHOI 3aJIe)KHOCTI HAOUpae BH-
sy

7€ M4 — KOHCTaHTa PIBHOBArW ISl MOIIMHEHO! PEYOBUHU A y rasi Ta piiuHl my =
E4/P.
3B’s130K MK BIIHOCHUMHU X,Y KOHIEHTpALISIMU T4 MAaCOBUMH a00 MOJIIPHUMU

PiBusnHHS (5) onmuCyrOTH JIiHIIO piBHOBard. BoHW mMoka3yroTh, 110 3a MOCTIMHUX
TeMIepaTypy i THCKY piBHOBa)KHA 3aJISKHICTh JIJIs1 CHCTEMH «T'a3 — P1AWHAY BUpaXKa-
€THCS MPSIMOIO JIIHIEIO, 10 MPOXOAUTH Yepe3 MOYaTOK KOOPJMHAT 1 Ma€e KyT HaXWUIY,
TAHTE€HC SIKOTO JIOPIBHIOE KOHCTAHTI PIBHOBATH 11.

3a3Bryail npoiecu po3uMHEHHS T'a3iB y PIAMHAX CYIPOBOIKYIOTHCS BUALICHHIM
TEIUIOTH po3drHeHHA. Lle mpu3BoanTh 0 MiIBUILIEHHS TemrepaTypu abcopOeHTY, Bl
AKOT 3a1exaTh 1 koedinientu ['enpi. B pe3ynbrari diHis piIBHOBarn MOKe TPOXH BIAXU-
JSITUCS B MPSMOJIHIHHOCTI.

Pignanna pooouux ninii. Poboul NiHIT KOHIIEHTpAII XapaKTEPU3YIOTh CKIa
¢da3 y macooOMiHHOMY miporieci. BoHu OyayroThCs 3a MPUHITMIIOM MaTepialbHOTO Oa-
JaHCYy.

PiBHsSHHS MaTepiaIbHOTO OalaHCy

G-y—L-x=const, (6)
ne G, L — Btpartu (a3 (ra3oBoi Ta piquHHOI); X, ) — KOHLIEHTPAIlii KOMIIOHEHTIB.

[Tpu maniii 3miHi BennunH G 1 L 32 BUCOTOIO anapaTy KOHIIEHTPALi X 1) OB’ A3aH1
M1 COOOIO PIBHSHHSAM

y=y+ L/G)x—x) =y, + (L/GC)(x — xq) . (7)
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CmiBsinHomieHHs (7) € piBHIHHSAM po00Y0i JIiHIT 6€3nepepBHOT0 MacOOOMIHHOTO
npoiiecy. BoHO Bupakae 3B'130K CKJIajiB B3aeMoAiouux ¢a3 y JIOBUIBHOMY Tepepisi
anaparty. Skmo L/G y mpoiieci He 3MIHIOETbCSI, TO poOoya diHig npsma. Axmo L/G
3MIHIOETHCS, TO PoOOYa JIHIS BIAXUISAETHCS BiJ npsaMoi. PiBHsHHS (7) — 1€ pIBHSIHHS
po6ouoi JTiHIT 6€31epepBHOr0 MPOTUTOYHOTO MPOIIECY, PIBHIHHS ISl MPSIMOTOYHOTO
MacOOOMIHHOTO TIPOIIECY aHAJIOTTYHE MO (opMi 1 BIAPI3HAETHCS 3HAKOM Iepe]l BEIu-
yuHoto (L/G).

Pywiiina cuna abcopoyiitnux npoyecie 3aj1e)XuTh B CIIIBBIAHOIIEHHS MIX Xi-
MIYHUMH TIOTEHITIaIamMu (a3, 1Mo Ha IPAKTHUII 3317151 CIIPOIEHHS 3aMIHIOEThCS Pi3HU-
1110 poO0YNX 1 PIBHOBAKHUX KOHIIEHTparlii [1-7].

Po6oui 1 piBHOBa)XHI KOHIIEHTpAIIii (32 JaHUX YMOB TeMIIEpaTypH 1 TUCKY) MOKHA
BUPA3UTH Yepe3 KOHLEHTpauii y 1y * ¢asu @,, a Takox X 1 X * 115 pazu D,.

PymiiiHy cuiy MO)KHa TOJ1 BUPA3UTH Tak: B KOHUEHTpauisax ¢a3zu @y pizHUL
KOHIIEHTpaIii

Ay=y—y* (mpuy>y*)abo Ay =y* -y (upuy <y*),
a B KOHIeHTpaIliax (a3zu Ox pi3HUIT KOHLICHTpAIii
Ax =x—x*abo Ax =x * —x.

Tak sk p13HULIS KOHIICHTpAIlId MOKE BIAPI3HATHUCS Ha MOYATKY 1 B KIHIII POIIECY,
TO KOPUCTYIOTBCSI CEPEIHIM apu(PMETHUYHUM MPU MAIUX BIAXUIIEHHSIX a00 cepeaHiM
JoTapu(PpMIYHUM 3HAYECHHSIMHU PYIIIHHOT CHITH.

Po3paxyHku mipoliecy OYHuIIeHHs TOBITPSI MOKHA MTPOBOJIUTH JBOMA CTIOCOOaMHU.

[lepuunii criocib —po3paxyHKu MacooOMiHy Mpu Oe3nepepBHOMY KOHTAKTI (a3.

Hpyruii croci0 — 11e BUKOPUCTAHHSA JIsl pO3PaxXyHKiB MacCOOOMIHY OKPEMHX eJie-
MeHTIB [4-7] (CeKIiii, cerMeHTIB a00 TaK 3BaHUX «Tapijok»). BiaMiHHOIO 0COOIMBICTIO
«TaplIyacTHX» amapariB y MOPIBHSAHHI 3 anapaTtaMu 3 Oe3nepepBHUM KOHTaKkToOM (a3
€ JIUCKPETHICTh KOHTAaKTy (a3 MK OKpEMUMH eleMeHTaMH («Tapiikamm»). [ Tyt
PO3B’S30K 3a/1aul nepectae OyTH HEMEPEPBHUM, a € TEOMETPUYHUM MICIIEM JTUCKPET-
HUX TOYOK, Y KOKHOMY 3 SIKMX KOHIIGHTpaIlii y ¢azax B3sT1 JJIsI OKPEMUX Mepepi3iB
amapara.

CyuacHi METOIM pO3paxyHKIB MaCOOOMIHHMX arapariB MOB’s3aH1 3 IPYTUM CIIO-
cobom [4-7], npu SIKOMY BeCh J1arma3oH 3MIHEHHSI KOHIIEHTpallii Y>— Y1 po30uBarOTh
Ha OKpeMi JUISTHKH PiBHI 32 BEJIMUMHOIO CEpeaHIN pymiiHii cuii. Toxl 3axada ctae B
HAXOJ/PKEHH1 KUIBKOCTI TaKMX AUISHOK, a00 Tak 3BaHOTO YHMCJIA OJIMHUIIL MEPEHOCY.
OpmHa oguHUILT MIEPEHOCY BIJMOBIA€ TAaKid MUISHII, HAa SKiHA 3MIHEHHS POO0YO0i KOH-
uentpauii (¥, — Y,) nopiBHIoe cepenniii pymikinii cumi (Y — Y )eep-

SIKIII0 TOMHOYKUTH YHCIIO OJWHHUIIL TIEPEHOCY 7o Ha 11 JOBXUHY /1, MOXKHA OTPH-
MaTH MOTPiOHY BUCOTY MacOOOMIHHOTO amapaty H, To0To

H=noyy—h. (8)

Jl7is KOHKPETHOCT! PO3IVITHEMO OYHILEHHS TOBITPS BiJ amiaky, MOYaTKOBUM
BMICT KOT0 OysieMo BBaxkatu piBHUM 0,03 kMosIb/KMOJIb TIOBITPs. Boja, sika nornuHae
aMiaK BUXOAUTh 3 abcopOepy 3 BMicToM amiaky 0,02 kmosib/ kMoJib Boju. CTyIiHb
BUJIyYEHHS aMiaKky 3 MOBITPs BBaKaTuMeMoO piBHUM 90%.

JlaHi Mpo piBHOBa)KHI KOHIICHTpAIIll aMiaKy y piJIMHI 1 B ra3i Opu TeMmIeparypi
Horo nmorymMHaHHs npeacrtaBumo y tabmn.1 [11, 12].

175



di3nKa aepoaucnepcHmnx cnctem. — 2025. — Ne 63. — C.169-188

Tabauus 1. PIBHOBaXH1 KOHIIEHTpAIIll aMiaKy Y BOJII 1 B TIOBITP1

X, kmonb NHs/ |y xmons NHs/ | x, kmons NH3/ | y*, kmons NH3/
KMOJIb BOJIH KMOJIb TIOBITps KMOJTb BOJIH KMOJIb TIOBITps
0 0 0.015 0.0183
0.005 0.0045 0.020 0.0273
0.10 0.0102 0.023 0.0327
0.0125 0.0138

[To M marrM MO>KHA TTOOYIyBaTH Tpa-
¢ik (puc.2), Ha sIKOMY 300pa3UMO JIHIIO PiB-
HoBaru AB 1 po6ouy ninito CD. Po6oua minist
MpoxXoauTh uepe3 Touky C 3 KoopAauHaTaMu
X5=0, Y5=0.03-(1 — 0.9) = 0.003 (Bepx abco-
poepa) 1 Touky D 3 koopauaaramu X5=0.02,
Y= 0.03 (Hu3 abcopbepa).
BusHaueHHs 4ynclia OUHUIE TIEPEHOCY
HECKJIQJIHO 3JIIMCHUTH TpadiyHO, SKIIO BiJI-
MITUTH BIJPI3KK OPAMHAT MK poO0OUOIO 1 pi-
BHOB@)XHOIO JITHISIMU, TIOYMHAIOYH 3 BIAPI3KY
O,C i no6y11yBaTH.ma6ﬂi, AOMATIEOBYIOTH BIl-  pye. 2 JI0 BU3HAYEHHS YHCIIA OJUHHUIIb
pi3ku abcrmcu MiXK poOOU0TO 1 PIBHOBAKHOIO HepeHocy y Tpomeci abcopliri amiaky

JI1H1AMHM, TaK K IS 3pO6JIeHO Ha puc. 2. Fpa(l)quI/IM METOZOM 3a JIOTIOMOTOIO TIO-
Yucno OIWHUIb IICPCHOCY a0o0 cermeH- 6y,Z[OBI/I KiHETUYHO1 KpI/IBO'l.

TiB Noy Ha TaHOMY Tpadiky JOPiBHIOE

Y,;=0,03
dy
n()y == —Y — Y* = 6
Yg=0,003

Tenep 3anaua 3anuimumaacs y BU3HauY€H1 BUCOTU OJIHIET OTMHULI TIepeHeCceHHs /1.

Mooentweanna maconepenocy. Binomi [1-3, 8-10] aBa mexaHi3Mu Macomepe-
HOCY - MOJIEKYJISIpHIM Ta KoHBeKTUBHUU. KoedimienTt nudysii, o xapakrepusye Mo-
JeKyJsApHY Iu]y3ito, 3aJIe)KUTh Bl TeMIlepaTypH (30UIbIIYETHCS 3 MiBUILICHHSIM Te-
MITepaTypH) 1 JJIs rasiB BijJi TUCKY (31 301IbIIIEHHSAM TUCKY D 3HM)XY€ETHCS).

3naueHHs D 3HaAXOASTH 3a TOBITHUKAMU YU PO3PaxoBYIOTh. Hampukiam, mist ami-
aky NH; koediniear mudysii mpu 0°C y mositpi npu 0°C D =19.8-10°, m%*/c, a
xoedimient qudysii NHz y Boxi mpu 20°C Do = 1.76:10°m%/c [4, 11, 12].

IIpu po3poOIi Moaei OAHIET OJUHHULII MACONIEPEHOCY MPUHMEMO MPUIYIIICHHS
npo Te, 1m0 ¢$a3u Ha MOBEPXHI PO3LITY 3HAXOATHCS B CTaHI PIBHOBAru, a 3arajibHUi
OTIip MPOIIECY NEPEHOCY CKIAAAETHCS 3 CyMH OMOpiB 000X (ha3.

[Tpu nbOMy HIBUAKICTH MAacOBiJaul, IKa BUSHAUAETHCS KOEPILIEHTOM Maco00-
MiHY, JIIHIMHO 3aJIeXKHUTh BiJ KoedilienTa qudys3ii, 110 4acTo He MiATBEPIKY€ETHCS EKC-
NEPUMEHTAJIBHO.

CrpaBa y ToMy, IO 10 IOTO Yacy He BpaxoByBajacs (ppakTaibHICTh MOBEPXHI
KOHTakKTy (a3, nedopmariii moBepxHi 1, IK CI1J, MyIbCALIHHUIN XapaKTep MePEHECCHHS
PEYOBHH.
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3a mniBkoBoro Mozaemwto JIproica Ta BitMeHa 3 060X OOKIB MOBEpXHI KOHTAKTY
(a3 yTBOPIOIOTHCSI HEPYyXOMi ab0 JJaMIHAPHO PYyXOMi IUTIBKH, B SIKMX TTEPEHECEHHS pe-
YOBUHU 31MCHIOETHCS TUTBKU MOJICKYJISIpHOIO audy3ieto. i mriBKu BiIOKPEMITIOIOTh
MOBEPXHIO KOHTAKTy (a3 BiJ spa MOTOKY, B IKOMY KOHIICHTpAIlisl MPaKTUYHO CTaja,
a BC1 3MIHM KOHIIEHTpallii peYOBUHH BII0OYBAIOThCS Y TUTIBIIL.

Benuunna xoedirienTy Macooominy B o6epHEHO MpOoIopIliifHa TOBIIMHI TIJTIBKH,
sIKa BU3HAYAETHCS T1IPOAMHAMIYHUMH YMOBAMH: YUM OUIbIIE TypOYJIEHTHICTh, TUM
MEHIIIE TOBIIMHA IUTIBKU 1 TUM BHUIIE 3.

VY Mozeni npuKOpAOHHOTO AU(Y31HHOTO MIapy, IKY MOXHA BBXXaTH MOJAIbIIUM
PO3BUTKOM IUTIBKOBOI MOJI€JI1, BiTOOPa)KEHO BIUIHB TiAPOJMHAMIYHUX YMOB Ha MPOIEC
MacomnepeHocy. 3a M€K MOACIUTIO KOHIICHTPAIlis pEYOBUHH, TIOCTIMHA B SApP1 MOTOKY.
B OydepHomMy miiapi BOHA MOCTYIOBO 3HUKYETHCS MIPU HAOIMKEHH1 IO TPUKOPIOH-
HOTO IIapy.

Y NpUKOPIOHHOMY Iapi 3aBTOBIIKU O, /1€ IMIBUIKICTH MPOIECY BU3HAYAETHCS
MOJIEKYJISIpHOIO AUdY3i€r0, BITOYBAETHCS pi3Ke, OJIM3bKE /10 JIHIHHOTO TMaJlIHHSI KOH-
IEHTpallii.

VY spi MOTOKY MacomepeHoc 3iHCHIOETHCS. B OCHOBHOMY TYpOYJICHTHUMH ITyJTb-
calfisiMi, TOMy KOHIICHTpAIlisl pEYOBUHH, 1[0 PO3MOMIIAETHCS, B SAPI MOTOKY MPAKTH-
YHO MOCTINHA.

[Tpu HabGMMKEHHI 10 JaMIHAPHOTO PEXXUMY TOBIIMHA IPUKOPIOHHOTO I1apy 30i-
JBITYETHCA. Y HhOMY TIEPEHECEHHS MACH JI0 MEX1 PO3JUTY BU3HAYAETHCS MTEPEBAKHO
MOJIEKYJIIpHOT mudy3iero. Tak sk MBUAKICT, KOHBEKIIIT ICTOTHO BHIIA 32 MIBUIKICTH
MOJIEKYJISIpHOT 1 (y3ii, TO pO3BUTOK TypOYyJIEHTHOCTI CIIPHSIE 3pOCTAHHIO i1 POJIL.

[Ipu KOHBEKTUBHOMY IpOLIECI PIBHSIHHS MacoBianayl st ha3u @y Ha TOBEPXHI S
HaOyBa€ BUTIIALY

Mzﬁx-S-(pr—x). 9)

His da3u @, piBHSAHHS MacoBingadi Oyne aHajgoriuie 1o piBHsHHSA (1), ane 3 Bi-
JITOBIJTHOIO 3aMIHOIO KOHIIEHTpallli B piAMHHIN (a3l X KOHIICHTPAIIO JOMIIIKA Y
rasoBiit ¢asi y:

M =ﬂy'S'(y_pr)' (10)

VY 6ydepHomy mimapi MOJIEKYJSIPHI 1 MOJIIPHI MEXaH13MU BBAXKaIOThCS OJTHAKO-
BUMU.

Butpaty peuoBuHH, siKa IEPEHOCUTHCS 3 OJIHIET (ha3u B 1HIITY, BUZHAYAE OCHO-
BHE PIBHSHHS Macornepeaayi

AM =K, -(Y—Y")-S, abo AM =Ky-(X—X")-S, (11)
ne (Y- Y") i (X —X)— pywiiini cum nponecy Maconepenadi; K, i K, — koedimientn
Macoriepeayi, K1 BUpa)KeHl yepe3 KOHIIEHTpaIlli ra3oBoi Ta piakoi ¢as, S — miormia
MOBEPXHI KOHTAKTY (a3.

Koedimient maconepenaui K,y mokasye, CKiJIbKM PEYOBUHU MEPEXOAUTH 3 OJTHIET
(a3 B iHIIY 32 OJMHUITIO Yacy Yepe3 OJMHUYHY TIOBEPXHIO KOHTAKTYy (a3 3a OJIUHU-
YHO1 PYIIINHOI CHUIM Macoriepenadl. Ko BBaxkaTH, 110 OIS TOBEPXHI 31TKHEHHS
(a3 nocaraeTbcs piBHOBara, MOXKHa 3HaMTH 3aJIEKHICTh MK KoedillieHTaMU Macorie-
penaui Ky 1 K Ta koedinienramu macosignauu Py 1 Bx [4,8-10], mo BummBae 3 aau-
TUBHOCTI ()a30BHX OMOPIB, IKUMHU € BEJTMUUHHU, 3BOPOTHI Koe(illieHTaM MacoBiaaul.
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1 1
A L S W
By B mpBy, P
Sxmo ocHoBHUI omip razosoi Gasu 1/, >> m/By, To Ky = By. JloOpe pozunHHrMU
razamu € NH3 1 HCI, 3HaunTh 1151 HUX K=y, a K110 OCHOBHUH OIIip 30CEPEIKEHO B
piakii ¢asi (A7 NoraHo po3uMHHUX rasiB), TOOTO mpu 1/Bx >> 1/(m-fy), To K, =fx.
[Tpuknagamu noope pozunnaux rasziB € NH; 1 HCI, morano po3unaanx — CO; 1
H,S, nomipuo pozuunaux — SO».
Hacpieanna npu aécopouii. KinbKicTh TeIUIa, M0 BUAUISETHCS TpU adCOpOIIii,
CTaHOBUTH
Q=MO=0L (X;-Xy), (12)
e M — KIIBKICTh OTJIMHEHOT0 KOMIIOHEHTA, Kr/c; @ — Teriora po3uruHeHHs, JIk/Kr
(116 KUIBKICTh TerlIa, M0 BUIALISETHCS MPHU MOTJIMHAHHI 1 KT KOMIIOHEHTa B PO3YMHI
JaHO1 KOHIIeHTpallii). BBaxkaemMo, 110 TEI10, 0 BUALIAETHCS, W€ Ha HarpiBaHHS pi-
TIVHH
Q:L'C(tl —tz), (13)
ne C — nmuToMa TeroeMHiCcTh piguau, JIx/(kr.K);
[TpupiBHsiemo npaBi yactunu piBHIHB (12) Ta (13), oTpumaemo:
O(X; — X5) = C:(ti — to). (14)
s yactuau abcopOepa, po3TalioBaHOI BUIIE TIEpePi3y, B AKOMY CKJIaJ PiIUHU
nopiBHIOE X, a Temneparypa t, piBasaHs (14) HaOyne BUTIISTY:
O(X-Xy)=C:(t—1t).
3 OCTaHHBOTO PIBHSHHS BUPA3UMO t:
t=1t +O (X - X). (15)
e t — TemmepaTrypa piaiuHU y Oyab-skomy mepepisi abcopOepa, °C, nmpu ckiaai pi-
JVHH, 110 JOPiBHIOE X.
PiBusnaHs (15) MOXkHA BUKOPUCTATH JUIs TOOY10BHU JiiHII piBHOBaru. I'padiunoi
noOy/10Ba pIBHOBAXKHO1 JIiHIT TO/1 Oy/1e BKIIOUATH HACTYITHI OMeparii:
- 33/Ial0ThCSI IHTEPBAJIOM 3HAYCHD X, BUXOSTYH 3 BUXITHUX JAHUX MPOIIECY;
- I KO’KHOTO 3HaueHHs X BU3HAYAIOTh TEMIIEPATypy PLAUHH 1O piBHSAHHIO (15);
- ISl OOYHCIICHUX 3HAYEHBb TEMIIEPATYPH PIIUHU t BU3HAYAIOTH BiJIITOBITHI BEJH-
YHHU MTOMPABOYHOTO KOE(DILIEHTY \;
- BU3Ha4aoTh Y * I KOXKHOI £ 1, BIAMOBIAHO, 1T KOHKPETHOTO X.
Jnig amiaky Temiota po3unHeHHs g nopiBHioe 2070 kx/kr.
SIkmo B3t AY =Y — 0= 0,02, TO 3HaiAEMO KUIBKICTh TEIIOTH Q, III0 BHILISE
0,5 > Boau mpu abcopOuii. Bona cranosuts Q=q Y L=2070:0,9:0,02:500=18,7x Ik
TemnoTa, siky oTJIMHAE BoJia MpU HArpiBi Q HOPIBHIOE
Q=c'm-At,
3BIJICH PI3HUIII TEMIIEpaTypH, Ha Ky Harpijacs Boja, TOPIBHIOE
At=18,7/4,2-:500=10°C.
S0 pi3HMIS KOHIIEHTpAIii amiaky OyJe y ABa pa3u OUIBIIOI0, TO BIATOBITHO
y Z1Ba pa3u 30UIBIIUTHCSA PI3HUI TEMIEpaTyp, Ha sKy Oyne HarpiBatucs Boja. Aje
py I[bOMY Maiike y JBa pa3u OyJ/ie 3MEHIIIYBaTUCS PO3YMHHICTh aMiaKy 1 3MIHUTHCS
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Puc.3 Cxema po3ranryBaHHS ITOCIIIOBHUX 1 IMapaielbHUX 3’ €IHAaHb
OJIMHUYHUX CErMEHTIB abcopOIii

piBHOBara. /1o Toro x nmoTpioGHO BpaxoByBaTH TEMIIEPATYPHI 3MIHU CE30HHOTO a00 KJTi-
MaTUYHOTO MOXOpKkeHHS. [1oTpiOHO a00 0X0JI0KYyBaTH MOTJIMHAY, OXO0JIOKYBATH a0-
copOep, a00 BHOCUTH 3MiHU Y (DYHKIIIOHAJILHY Ta KOHCTPYKTHUBHY CXeMy amapara ao-
copOrii.

3a3Buyail TapiryacTuii abcopoep sABIsIE COO0I0 MUTIHAPUIHUIN anapar, o BUCOTI
SIKOT'O Ha TMEBHIN BiJICTaH1 yCTaHOBJIEHI MaCOOOMIH1 KOHTAKTHI Tapuiku. [1oTik 3a0py-
JTHEHOT0 ra3y HaIXOJIUTh B ariapat 3HU3Y 1 pO3NOIAUISETHCS 110 KOHTAKTHUX €JIEMEHTaX
Tapuiku. Ha tapinikax Bi10yBa€eTbcsi 0araTocTyIeHEBUM KOHTAKT ra30BOi Ta piakoi ¢as,
y pe3yJIbTaTi SIKOT0 ra30Ba (pa3za po3unMHIOETHCA B pijikii da3i. OgHovyacHo pijaka daza
HACHYYETHCS LIKIIJIMBOIO TOMIIIKOIO 1 MEPETIKAE HA HUKYEPO3MIIICHI TaplIKH.

OpHiero 3 IPOIO3HUIII MOKe OyTH OXOJIOKEHHS aOCOPOIIiitHOTO anmapara 3a pa-
XYHOK MPUPOAHOT KOHBEKIT HUISIXOM 30UTbIICHHS OT0 30BHIIIHBOI TOBEPXHI, HANIPH-
KJIaJ1, 3MEHIIEHHs oro aiamerpy. [lpu Toit camiii BUTpaTi MOBITPSA 1 MIBUAKOCTI IOTO-
KiB 3MEHILIEHHS JllaMeTpy arapara y iBa pa3u Ma€ BiAMOBIAATH 3011bIIEHHIO KIJTbKOCTI
napayesbHO 3 €JHAaHUX CETMEHTIB a0COpOIIii («Tapijaok») y 4oTupu pasu. Cxema pos-
TalllyBaHHS 1IUX CETMEHTIB MEPETBOPIOETHCS Y KOMOIHAIIIIO MOCIIIOBHUX 1 TTapasieib-
HUX iX 3’€JHaHb, sIKa MPEACTABJICHA HA pUC. 3.

Bu3nauennsa eucomu 00unuunoz2o cezmenmy aocopouii amiaxky h. 3 piBHIHHS

11 BU3HAYEHHS Koe(illeHTy Macornepeaayl ra3oBoi (a3u K, MOXHa OTpUMaTH
G G méG | L

maG
Ky Sa = BySo + T 5360 hOy_hy+ T hx- (16)
Tyt G, L - MmonbH1 BUTpatu ra3y i piiiH1, KMOJIB/C; S - monepeyHuil nepepis abcop-
Gepa; © — muToMa moBepxHs, M*/M*; hy, hy — BUcOTa cerMeHTy (OMMHMII TIEPEHECEHHS
0 ra3y 1 piAuHi) BIIMOBIAHO;
G G L
hoy

K, So Y BySo X B,So
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s amiaky 1/, >> m/P,, ToMy BBaxkaemo, mo K, = B, 1 hoy~=hy. TobT0 po3pa-
XYHKH BUCOTH €JIEeMEHTY abcopOi11ii moTpiOHO MPOBOJAMUTH MO raszy (aMmiaky).
BusnauenHs Bucotu hy 3A411CHUMO 3a JONOMOrOK KPUTEPIaJIbHOTO PIBHSHHS
i ra3y. Jns aucen Re Big 10 1o 10000 pekomenayr0Th [4-7] HacTymiHE piBHSHHS
Nu, = 0,407-Re®55-pr. 033 (17)
ne Re=pvl/p; Pr=1./p:D;, a nudy3iitauii kputepiit Hyccenbra

Ny, = Erde. (18)

DF
CriBBIAHOIIEHHS MIXK Py 1 Br MOXKHA 3HAWTHU 3 PIBHSAHHSA
By Ay = B.-AC. (19)
[TincTaBnstoun 3HaiaeHe 3 piBHSHHS (19) B y piBHsAHHA (18), oTpuMaemo
N Re. Pr.’d
U = ———
r 4 h,
3BijicH 3HalIEMO BUCOTY hy
- Re.'Pr.'d,
Y 0,407'4Re%655 Py, 033
XapakTepucTHKU Hacaaku abcopoepy Ve, =0,785m> /M i muToMa moBepxHs 6=
87,5 M?*/m> BU3HauarOTh [4] BenmMuMHy XapakTepHoro (e)eKTUBHOrO) po3mipy de -
BKOYTBOPIOBaJIbHUX TUIACTHH:
4V.g 4'0,785
° o 875
[TizmcTaBnsroun yncenbHI AaHi, BBAXKAIOUH, 1110 TaK 3BaHa (DIKTUBHA IIBUIKICTH

ra3y B abcopoepi v=0.4 m/c, otpumaemo Re, Pr, Nu i Bucory enemenTa abcopbepa
hy:

= 0,615°d,"Re%3*5-Pr0s7

= 0,0359Mm.

vd 1,29'0,4'0,0359
Re=2"% = =27 = 1037,
Ur 18'10°
18'10~°
Pr=—t = 0,70

pr Dy - 1,3'19,8'107°
Nur=0,407:10379655-0,704933 = 34,2

. . . -6 M
B. = NuDr _ 3421198107 _ 18,8103 ™
de 0,036 c

h, = 0,615'd,"1037%345-0,7%.67 (20)

h, = 0,615°0,0359:10379345:0,70%¢7 = 0,192 m
Otpumane 3HaueHHA 0,2 M € peaJIbHOI BEIMYHUHO, TOMY MOKHA BBa)KaTU PO3-
paxyHKH 3a JaHOIO MOJAEJUIIO LIJIKOM aJIeKBaTHUMM.

2. KBasi-¢ppaxranbHa mogenab qudysii. 3a0pyaHeHHs MOBITPS 32 CBOIM (pazo-
BUM CKJIaJIOM MOXE MPEACTABISATH AUCIIEPCHI CUCTEMH PI3HOMAHITHUX TBEPIUX abo
PLAKUX TOMIIIOK, 200 ra30Bi CyMillll, SIKi 32 CBOIM XapaKTepOM MOXKYTh OyTH OJHOpI-
THUMH a00 HEOJHOPIIHUMU 13 prucamMu (ppakTaabHUX 00’ €KTIB.

OunnieHHs 3a0pyTHEHOTO TIOBITPSI BiJ MIKIUTMBUX KOMIIOHEHTIB TIOTpedye ypa-
XyBaHHS HEOJTHOPIAHOCTI, (hpaKTaIbHUX OCOOJMBOCTEN AUCTIEPCHOI cucTeMu abo ra-
30BOi CyMIIIl, HAIPUKJIAJ, XMapONoAi0HOTO MOBITPS y BUTJISI TYMaHy 3 ApiOHOMC-
MEePCHUX Kpariesib KOHJACHCOBAaHUX a00 ra3ornoi0HUX aMiaKy, CipuyaHoi Ta a30THOI KH-
CIIOTH.
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BoueBuap, 1110 KOHBEKTUBHI MEXaH13MH IIPU OYHUIIICHH] TOBITPS. B MACOOOMIHHHUX
amaparax TPEBaJIOIOTh HAJl MOJICKYISIPHUMH MEXaHi3MaMH, a 1€ CBIIYUTh, IO TYp-
OYJIGHTHOCT1 y B3a€MOJIIIOUYMX MOTOKAX BEIYTh JI0 OpraHizailii neBHUX (pakiiiiHux
MacITalliB y aepOUCIIEPCHUX YW Ta30-MOBITPSIHUX cucTeMax. KpiMm Toro, 110 111 cuc-
TeMH HEOJHOPIAHI 1 (hpakTanbHi cami mo coOi, iX (pakTaabHUNA MacTad Moxe OyTH
3a/laHUM B MACOOOMIHHUX araparax HUITXOM BUKOPUCTaHHS Pi3HUX 3a (POPMOIO 1 pO-
3MipaMu IpaHyJl KepaMIYHUX HAIIOBHIOBAYIB.

Mooens keasi-ghpakmanvnoi oughysii. B nesxux BUNagkax npouecH NepeHocy
JOMIIIIOK PI3HOT MPUPOIN y CKIIATHUX HEOTHOPITHUX CEPEIOBHINAX BAAETHCS e(PEKTH-
BHO OIMHMCATH 32 IONIOMOTOI0 1X PO3IJIALY Y IPOCTOPI 13 1poOOBOIO po3MipHIicTIO ((pa-
KuiiftHoOMy mipoctopi). [Ipu oMy BpaxyBaHHS All CKJIaJHUX MEXaHI3MiB, SIKI OMHUCY-
I0Th BIUIMB P13HUX (paKTOPIB HA KIHETUKY CUCTEMH MpHUitMae Ha cebe po3MipHICTh (ppa-
KLiiHOTO mpocropy. g Toro, mo0 mpoJeMOHCTPYBATH BUIIECKa3aHE PO3TIISTHEMO
IPOCTY MOJIEIb, sKa € 130MophHOI0 Mojiel ¢pakiiiiHoil audys3ii. {1 1poro crioyaTky
3aMUIIEMO TUIOBE PIBHSHHS IU]y3ii B d-BUMIPHOMY IIPOCTOP1 3 TOYATKOBUMH YMO-
Bamu n(1,0)=Nd(r), 1e N — KUIbKICTh YaCTHUHOK Yy CUCTEMI, Ta IPOCTOPOBO-3AJICIKHUM

koedirienToM audys3ii:

LD = YD (r)Vn(r, t) . Q1)

[Tpunyckatouu, 1mo KoediieHT nudy3ii He 3aNeKUTh Bl OpieHTalli paaiyc-Be-
KTOpa, 3anuiiemMo piBHsAHHSA (21) y chepuuHiii cuctemMi KOOPAUHAT y HACTYITHOMY BH-

Il

on(rt) 1 i d—1 on(rt)
ot  rd-19r (D(I‘)T or ) (22)

B pamkax nmoctaBneHoi 3aga4i B (22) MU MOKJIaIeMO, 110 CEPEIOBHIIIE B IKOMY B1/10Y-
Ba€eThCs qU(y31HHUHN MPOIIEC € TAKUM, 1110 HEBIIOPSIIKOBAHE 1 MPU IbOMY Mae GpaKTa-
JapHY cuMmeTpito. Ha oMy nuisixy nokmajaemo, mo koedimieHT audy3ii 3a1eKuTh Bijl
KOOPAMHAT 3T1JTHO 13 3aKOHOM

D:D()I”'H,
ne 0 — CTPYKTypHHH MapameTp, IKUi MpuiiMae BiMOBITAIBHICTD 32 HEEBKIIIIIBCh-
KU XapakTep Mpouecy.
3acrocoByroun Jlamiac-nepeTBOpeHHS 10 PIBHAHHSA (22), mepenuuiemMo Horo y
Takii popmi:

Bukonytoui B (23) 3aMiHy 3MiHHUX

6

S d

I R o L A — v —1—
z=Ar"z, X—A—2+9 D, a(r,s) =z"f(z), v=1 5 (24)
MPUBOIUMO Horo 710 hopmu MoanGIKOBAHOTO piBHSHHS beccens
(25)
Po3B’s130K piBHsSIHHSA (25) Ma€e BUTIISIA
(26)
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Koedoimient A(s) 3HaxoAMMO 3a TOMOMOT'OI0 YMOBH HOPMYBaHHSI:

a came,

5005) (25)” () 109k, (5 Er)ar=2 o

ne K,(z) — monudikoBana dyHkiiis beccens, S; — moia moBepxHi d-BuUMipHOi chepu
OJIMHUYHOTO PAJIyCy.

Po3paxoByroun iHTerpai B (27) Ta MiACTaBISIOUN pe3yabTar y (26) oTpuMy€eMo

(28)

3acTocoByrouu 3BOpOTHE Jlamnac-nepeTBopeHHs A0 (28) oTpuMyeMo:

(29)

Po3paxynok cepeonbozo Keaopamuunozo éioxuienna < r?>, 3a3puyai 1 xa-
PaKTEPUCTUKH AU(PY31HHOTO PyXy BUKOPUCTOBYETHCS BEIMUNHA CEPEIHBO KBAApaTH-
YHOTO BiaxuieHHs. 3Haiaemo Jlammac-o6pa3 < r2 > 3a hopmysor

(30)
Bukopucrosytoun (29),(30) 3Haxoanumo

(1)
3BopotHe Jlamnac-neperBopenns (31) nae

(32)

OTpuMaHne CHiBBITHOLIEHHS AJISl CEPETHHOTO KBAAPATUIHOTO BIAXUICHHS MO-
KHa MepenucaT B HaCTyMHik popmi

(33)

A€ BBCACHO IIO3HAYCHHA
2

=2 (34)

246’
3 OTpUMaHOTO pe3yJIbTaTy MOKHA TOOAYUTH, 1110 B MEKaxX 3alIPOTIOHOBAHOT KBa3i-

bpaxTanbHOT Moaem audy31HHUN TpoIleC MOXKe MPOTIKATH B CIIEHU(IYHUX PEKUMAX.
VY Bunazky, xomu =1 ( abo 6 =0) mae miciie Tak 3BaHa HOpMajibHa auQy3isi. Ko
B<1 ( 6>0), To moBa Hiae npo Tak 3BaHy cyoaudysito. Komu f>1 ( <0) peanizyeTbcs
pexuM cynepaudysii .

Takum yMHOM PO3IIISIHYTa KBasi-Gpakifiiina Mojaesb qudy3ii 103BOISE ONMUCATH
PI3HI peXUMH MPOLIECY MEePEeHOCY Bia HOpMaibHOT qudys3ii Ta cynepaudysii (TooTo -
MaiiKe KaHaJIFOBaHHS) 3a JJOTIOMOTOI0 OJTHOTO €MHOT0 mapamerpa 8.
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[TincraBnsroun piBHsHHAS (33) B (29), oTpuMy€eMO

_(<r?>+6) B2
(4D0t)ﬁ _B
n(r,t)~e B? =e tF | (35)

[Topisatoroun (35) Bupazom (3), AKuil i3 PO3B’A3KOM PIBHSIHHS KOHBEKTHBHOT
mudys3ii (2), 6aunmo, 1Mo MpHu BiICYTHOCTI KOHBEKIIHHOTO MOTOKY (u=0, b=0) moka3s-
HUKU €KCTIOHEHT y po3B 53Ky (3) Ta y Bupasi (35) cniBnagaots npu f=1.

Hwxue npuBeneni ymMoBH peaizaliii crieHapiiB HopMalibHO1 Audy3ii, cyoandysii
Ta cynepaudysii (aHani3 NpoBeACHUN 13 BAKOPUCTAHHM (4)).

1.KonuenTpatis 3a0pyIHIOI0UO0T TOMIIIKH 3MEHIIUTHCA y €=2,7 pa3iB y BUMAJKY
HOpMaIbHOT JU(y3ii MIJIKOM OJHOPIAHOT CyMilIi 3a yac t, SKui 3Hai1eMOo 13 CIiBBII-
HOIIICHHS

B/it=1, abo t=B.

2. 3naiizemo yac t y Bunajaky cynepaudysii HeogHOpiAHO1 cymimi npu 6= -1,
B=2/(2-1)=2, 3a sKuii KOHUEHTpALisd 3a0pyIHIOIYOi JOMIIIKA 3MEHIIUTHCA Y €=2,7
pasiB.

B/i=1, =B

3. Y Bunaaky cyoaudysii HeogHopiHOI cymimi npu 0=2, P=1/2 yac, 3a sKkuii

KOHIICHTpAIlisl 3a0pyAHIOI0YOT JOMIIIKKA 3MEHITUTHCS Y €=2,7 pa3iB.
BNt=1, =B

Ak MoxHa TOOAYMTH 3 MPOAHAI30BaHUX BUMAAKIB AU(Dy31i, HANMEHIINN XapakK-
TepHuii uac qudysii =VB croctepiraeThes y BUNAAKy cynepaudysii (y peskumi KaHa-
JIFOBAHHS ).

3. Bepudikanist moxeneii. /[ MoaemoBaHHS MacoOOMIHY Ha BUIBHIN TpaHUII
BOX (pa3 B TEXHOJIOTISIX OUHMIIEHHS TOBITPS MpoBeeHa Bepudikallisi OCHOBHUX (i3u-
YHUX MPUHIUIIB B PI3HOMAHITHUX KOHBEKTHUBHO-AU(Y31MHUX 3a7adax 13 HAWOLIbII
MPOCTOI0 TEOMETPiI0 KOHCTPYKTUBHUX (HOPM.

Y mepiioMy BHITAJIKY - 1€ T€OMETPisi TOPU30HTAIBHO PO3TAIIIOBAHOTO MPSIMOKYT-
HOTO KaHally, IO SIKOMY Ha3yCTpid OJIUH OJJHOMY PyXa€ThCsI MOTIK 3a0pyJHEHOTO TOBI-
Tps, a 3 IHIIOro 00Ky Teue abcopOyroda piauHa.

Jpyruii BUNajoK BIAHOCUTHCA O BEPTUKAIBHOTO IIHIIIHPY, 10 BHYTPILIHIX CTi-
HKax sIKOT0 y IpOoTUTedii ABOX (pa3 Ha Mix(a3Hiil rpaHulll BiIOyBaETbCS MaCOOOMIH.

BinnosigHo, po3B’s3aHHs AudepeHIialbHUX PIBHIH MaCOOOMIHY OTpeOye BU-
KOPUCTaHHS CUCTEMH MPSIMOKYTHUX KoopauHaT JlekapTa, abo HMIIHAPUIHOT CUCTEMU
koopauHar. Bepudikaiis QpiznyHux Mojenei mpocTux KOHCTPYKTUBHUX (popm Jomyc-
Ka€ CIPOIIECHHS MaCOOOMIHHUX MPOIIECIB 10 OJHOMIPHUX, K TO MOXE OyTH y BUIIAJKY
NPSIMOKYTHOTO KaHally, IO SIKOMY Y3JIOBXK OJHIET OCl pyXalThCsl Y MPOTUTEU1i OOUIBI
(hazu.

VY 1ab. 2 4acTKOBO HaBeICH1 OCHOBHI JaH1, B35Ti JI1 pO3PaxyHKIB 32 YMOBH 3a-
nadi (3HaueHHs koedirieHTiB 1udy3ii Ta iH.).

Pe3ynbratu mpoBeneHUX pO3paxyHKiB CTOCYIOTHCS BUSHAUEHHS BHCOTH amapara
abcopO11ii a00 BUCOTH OJHIET OKPEMOI OJIMHUIII TIEPEHECEHHSI, sIKa M0 HAITNX OIlIHKaX
cknanae 0,2 m. Ile BinmoBiiae peailbHUM TAaHUM MTPOMUCIIOBHX aOCOpOEpiB.
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Ta6auug 2. [Tapamerpu anapara, B3sTI 32 YMOBH 33]1a4i.

[TapameTp 3HaYCHHS
Toumaa noBiTpsiHoro kanany (L), m 0.036
ToBmHa BOASHOT TUTIBKH (0), MM 1.7
ITnoma KoHTakTy (A), M° 0.6
IIBHIKICTH Ta30BOTO MOTOKY, M/C 0.4
HIBUAKICTH PIIUHA, M/C 0.5
Burpara pigunu, m*/ron 0.5
Koediuient mudysii NH; y nositpi (D),m?/c ipu 0°C 19.8:10°
Koedinient qudysii NHsy Boxi (D),m%/c npu 20°¢ 1.76°107
Uucno PeitHonbaca uist razy 1037
Uucno Hyccenbra miis razy 34.2
Koedimient macoobminy (Br), m/c 0.02

J171s1 HOpIBHSIILHOT OIIHKY Pe3yJIbTAaTiB PO3B’A3aHHS OCHOBHHMX PIBHSIHb, SIK1 MOK-
JaIeHO B OCHOBY PO3TJISTHYTUX BHUIIE MOJENEN B3a€MO/I1i ra30MOAI0HOT JTOMIIIKH 3a-
OpyZIHEHHS Ta JUCHEPCHUX YACTUHOK 3 ra30BUM MOTOKOM B ILTIBKOYTBOPIOBAJIBLHUX
KaHajlaxX MacOOOMIHHOTO amapara, 3aCTOCOBAaHO KOMIUIEKCHHUM MiX1/, SIKUM MOJIsrae
Yy BUKOPHUCTaHHI BIAMOBIIHIX METO/IB TOCTIIKEHb Ta aHaI3y: (h13WIHOT0, MATEMAaTH-
YHOT'O0 MOJIETIIOBAaHHS 1 BepHu]iKkallli pe3yabTaTiB MOJIETIOBaHb.

3a pe3ysnbTaTamMu TPOBEACHNUX (PI3UYHUX Ta 00UMCITIOBAIBHUX (IMITAIIITHIX ) €KC-
MEPUMEHTIB 3JIIMICHEHO ONTHMI3aIliiHe MPOdUIFOBaHHS T€OMETPUYHOI KOHQIryparrii
ITIBKOYTBOPIOBAJILHUX TJIACTHH, (POPMYIOUHX CTa01IbHY TOHKY TUTIBKY, Ta BU3HAYEHO
00J1acTi IOIIJILHOTO PO3TaIllyBaHHs a0COpPOYIOUHNX €JIEMEHTIB.

Bepudikaritis npoctux Gpi3MIHUX MOJIEIEH T03BOJISE MepeadadaTy MUISIXOM Mopi-
BHSIHHSI IIIBUJKOCTEH MacOOOMIHY 3 IBUKICTIO MOTOKIB MOBITPS Ta a0COPOCHTY, SIKUI
peXUM MacooOMiHy MOKHA O4iKyBaTH. OCHOBY UHCEJIbHOI MOJIEIII CKJIaJa€e PiBHIHHS
KOHBEKTUBHOI AUPy3ii (1).

Monens mporuecy — y310BXK BEpTUKAIBbHOTO IIIIIHAPY PaAlyCoOM I IO BHYTPILIHIH
HOro moBepxHi Ha3ycTpid 3a0pyAHEHOMY HEOE3MEeUHNMH ra3aMu MOBITPIO Te4e BOJA,
ska abcopOye HeOe3nmeyH1 ra30Bi JOMIIIKU. Y CTalllOHApHOMY BHUMAJKY MOXIiTHA Yy pi-
BHstHHI (1) dC/ dt=0.

3 NPUITYIIEHHSM IPO CTAIIIOHAPHICTH MPOLIECY 1 BIACYTHICTh BHYTPIIIHIX JKEPE
Ta CTOKIB PEYOBUHU B ra3i piBHsHHS (1) HaOyBae BUTIISIAY

v gradC = - divj". (36)

Hanpasumo Bics OX B310Bxk Teuii. Toal B HUIIHAPUIHUX KOOPIUHATAX 3 BICCIO
OX 3 ypaxyBaHHSIM pajliaJbHOI CUMETPIi OTPUMAEMO:

d]
ax

. i - .. €
Jlist MomsipHOTO MeXaHi3My nuy3ii j=pC i div] :B?—. .

i =i
YI=rar

3 ypaxyBaHHSIM HaBeIEHUX BHPa3iB pIBHAHHA (36) npuitMae BUTIISA:

Joc _ B¢
5= (37)
260 == —aC (38)
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ae
B
r b P
T vif viB v’ (39)
npu KL v.
Po3B’s130k piBHSHHS (37) Ma€ BU
C = Coe ¢, (40)

OT1xe, 3Mi1Ha KOHIIEHTpAIlil BiI0YBAa€ThCS 3a EKCIIOHEHIIAJIbHUM 3aKOHOM, ITOKa-
3HHUK CTETIEH1 IKOTO BU3HAYAETHCS MIBUIKICTIO MaCOOOMIHY .

Jnsa nuniaapy aiamerpom 0.1 M 3HaUeHHS mapaMeTpa o OB’ A3aHO 13 KoedilieH-
TOM MacooOMiHy B Ta mBuaKicTIO razy v. Ilpu mBuakocti razy v=0,1m/c 1 B3sITOMY
HaMU 3Ha4eHHI KoedirieHTy macooominy =0,02 m/c mapameTp o JOpiBHIOE

0,02
W+ 0,05(0,1+0,02)
3aJIe)KHOCT1 BITHOCHUX KOHIICHTpAIiN BiJl
BiJicTaHl X MpeACTaBUMO Ha puc. 4 y rpadigyHOMY
BUTJISII, Jie KoHIeHTpatis C = Cyexp(—bx/v).
3HaiiIeH1 3aJIeKHOCTI CB1IYaTh PO LIJIKOM
peanbHi po3mipu X MacOOOMIHHHX arapariB, sSKi
BUKOPUCTOBYIOTBCA y CYYaCHHX TEXHOJIOTISX
OYUIIICHHS MOBITPSL.

OTxe KOHBEKTHBHO-H(Dy31itHA MOIETTH 1T~
JIHAPUYIHOTO abcopOepy 3 MPHUITYIIIEHHSIM PO Ji-
MITYIOUY pOJIb Koe(dilieHTy MacooOMiHy [3 Ta BU-
3HaYaJbHE 3HAUCHHS IH]EI/I,.Z[KOCTi KOHBEKTHBHOTO o0 4 3 oo i0eTi BIHOCHOT KOH-
ra3oBOro MOTOKY V HaI/I61JI.BHI OJM3BKO OMACYE  \eprnanii amiaky y HOBITpi BiX BH-
peasibHuil npouec abcopOuii B anaparax i3 BUlb-  oory abcopbepy X: 1 — mapamerp
HOI0 MIX(}a3HOIO rpaHHIeto. Ha Uuiﬁ MACTaBl  g=4; 2 — mapamerp a = 2; 3 — mapa-
CTac MOXKJIMBUM TeIep 1HKEHEPHUM PO3PAaXyHOK  wmerp a = 1.
amapara Ta HOro TEXHOJOTIYHUX IMapaMeTpiB.

[TpocTi criBBiIHOIIEHHS Ta 3aJ€XKHOCTI, K1 MOYKHA OTPUMATH TAaKHUM METOJIOM
IIIJTKOM aHAJITUYHO, HATAI0Th MOXKJIMBICTh IIBUIKO MTPOBOIUTH OIIHKH PETYIIOI0YUX
¢b13uuHuX QaKTOpiB, PEKUMIB MPOXOMKEHHS (I3UUHUX MPOIIECIB Ta PO3PAXOBYBATH
napamMeTpiB KOHCTPYIOBAHHS arapaTiB OUMINECHHS MTOBITPSI.

AJIeKBaTHICTh PO3POOJIEHUX MOJIETICH BU3HAYAETHCS TTOETHAHHIM 3aKJIaICHIX B
HUX TEOPETUYHUX OCHOB a0COPOLINHUX MpoleciB 3 pyHAaMEHTAJIbHUMU TOJIOKEH-
HSIMH MEXaHIKM PIJIUHHU 1 razy, (Gi3UKu aepoIUCTIEPCHUX CUCTEM, TEOPIi MPOIECIB Typ-
OyJIEHTHOTO MEePEHECEHHsI Ta OCA/PKEHHS JUCTIEPCHUX YaCTUHOK 3 TYpOyJIEHTHOTO T0-
TOKY.

~ 4m~1

BucnoBkmu.

1. CdopmynroBaHi 1 mpeacTaBieHi PpizuyHi MOAEII MPOIeCy adCOPOIIHHOTO 0Yn-
IICHHS Ta31B 3 ypaxyBaHHSIM 3MiH KOHIIEHTpAIii ra3y Mo BUCOTI abCOpOLiiftHOTO
anapaty. BiinoBiiHO HUM IIPEICTaBICHI YHCEIbHI MOJIEN1, OCHOBY SIKMX CKJIaJIa€
PIBHSIHHSI KOHBEKTUBHOT AU (]y3ii.
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2.

Jis nocniKeHHs] OCHOBHUX (DI3MUHUX MPUHIMIIB Y MPOIECi MaCOOOMIHY IMpO-
BeJieHa Bepudikallis nmpocTux (i3UYHUX MOjieNied B PI3HOMAHITHUX KOHBEKTH-
BHO-IU(Y31MHUX 3a7a4ax 13 HAUOUIBII MPOCTOI0 T€OMETPIH0 KOHCTPYKTHBHHUX
dhopM, Mo AKUX y NpoTUTedii 1Box ¢a3 Ha MixkdaszHii TpaHUIll BITOYBAETHCS OUH-
IIICHHS MTOBITPSI.

PosrnsHyTo HarpiBaHHs aOCOpOEHTY MPpH PO3UYMHEHHI B HOMY Tra3iB 1 3p00JIeHI
OIIHKH T1JIBUIIICHHS HOT0 TEMIIEpaTypH, SIKE pa30oM 3 CE30HHUMHU a00 KiIiMaTHY-
HUMH TEMIIEPATYPHUMU KOJMBAHHSIMHU MOKE CYTTEBO BIUTMBATH HA €(PEKTUBHICTh
MpOLECy OYHILEHHS. 3aMpoNOHOBAaHO OXOJIO0HKEHHS a0copOIiitHOrO amapaTta 3a
PaxyHOK MPUPOTHOT KOHBEKITIT MIISIXOM 301JIBIIIEHHST HOTO 30BHINIHBOI MOBEPXHI
npu KOMO1HaIii MOCTII0BHUX 1 MapaliedbHUX 3’ €JHAHb OUHUYHUX €JIEMEHTIB a0-
copOuii (cerMeHTiB) B cXeMi iX pO3TallyBaHHA y MacOOOMIHHOMY amapaTi npu
OJIHAKOBUX BUTpATaxX MOBITPA 1 MOTOKIB a0COPOEHTY.

AHai3 Mojieni kBasippaktaibHOI Audy3ii B HEOJHOPIAHUX Ta30IUCTIEPCHUX CH-
CcTeMax TOKa3aB BIUIMB HEOJHOPITHOCTI aepo- Ta Ta30JUCIEPCHUX CHCTEM Ha
MIBUJIKICTh MAacCOOOMIHHMX TMpolieciB. THaliMmenmmii yac naudysii (Haibiibima
IIBUJIKICTh MAaCOOOMIHY) CITIOCTEPITaeThCA y BUMAAKY cyrnepandysii (edekT kaHa-
mroBaHHs ). [Ipy 1HIIMX BUMaAKax MIBUIKICTh TU(Y31HHUX MIPOIECIB € MEHIIIOO.
ITokazano, 110 Bepudikalis mpocTux (PizMUHUX MOJIeeH 103BOJIs€ TIepeadadaT
IUISIXOM TTOPIBHSIHHS IIIBUKOCTEH MacOOOMIHY 3 IIBUJIKICTIO TTOTOKIB MOBITPS Ta
abcopOeHTy, KU peXUM MacoOOMIHY MOXHa Od4iKyBaTH. [IpocTi cmiBBiAHO-
IIIEHHS Ta 3aJIKHOCTI, SIK1 OTPUMAaH1 TAKUM METOJIOM I[IJTKOM aHATII THIHO, Ha 1Al
MO>KJIUBICTh IIBUJKO IMPOBOJUTH OLIHKHU PETYIIOI0YNX (i3MYHUX (AaKTOPIB, pe-
KUMIB MPOXOKEHHS (PI3UYHMX MPOILIECIB Ta PO3PAXOBYBATH MapaMETPU KOHCT-
PYIOBaHHS anapaTiB OYUIICHHS MOBITPSL.

Po3paxoBani reomeTpuyHi mapaMeTpu anapata (BUCOTa, IIMPUHA, TOBITAHA TLTi-
BKH, IUIONA KOHTaKTy). OIiHEeH] TiIpoJAMHAMIYHI YMOBU POOOTH (IIBUAKICTH
rasy, IUTIBKH, OMip, CTAOUIBHICTD IIJTIBKH).
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Gerasymov O. L., Kuriatnykov V. V.
Verification of models of dynamics of mass transfer processes in devices
with a free interfacial boundary of modern air purification technologies

The application of physical and mathematical modeling methods allows for a deeper under-
standing of mass transfer processes and optimize the operation of air purification technological
equipment. One of the promising directions for purifying atmospheric air from harmful gaseous
and dispersed impurities is the use of devices with a free interphase boundary, which allow for
the maximum area of phase contact and ensure intensive mass exchange between the gas and
liquid phases.

Depending on the type of contamination, mass transfer can occur in dispersed and continu-
ous phases, which by their nature can be homogeneous or heterogeneous with features of frac-
tal objects.

Research objective: verification of physical models of mass transfer process mechanisms in
technological devices with a free interfacial boundary, designed to purify polluted air from
harmful gaseous and dispersed components, taking into account the heterogeneity and fractal

features of possible research objects. An example of such objects is cloudy air in the form of
fog from finely dispersed droplets of condensed ammonia or sulfuric or nitric acid, during the
purification of which heat exchange and hydrodynamic processes occur.

187



di3nKa aepoaucnepcHmnx cnctem. — 2025. — Ne 63. — C.169-188

Physical models of the absorption gas purification process are formulated and presented,
taking into account changes in gas concentration along the height of the absorption apparatus.
In accordance with the proposed physical models, mathematical models of differential equa-
tions of mass transfer have been developed, which require the use of a rectangular Cartesian
coordinate system or a cylindrical coordinate system. The basis of the numerical model is the
equation of convective diffusion.

Temperature changes can significantly affect (heating during gas dissolution) the quality of
gas purification. One way to counteract these phenomena is to cool the absorption apparatus
by natural convection by increasing its external surface, possibly by reducing its diameter. At
the same air flow rate and flow velocity, the reduction in the diameter of the device should
correspond to an increase in the number of parallel-connected similar sections ("plates"). The
layout of these sections becomes a combination of series and parallel connections of single
absorption elements.

The considered fractal model of diffusion in a dispersed system of particles or droplets in
polluted air allows us to describe different modes of the transport process from normal diffusion
to superdiffusion (almost channeling) using a single structural parameter.

1t is shown that verification of simple physical models allows one to predict, by comparing
mass transfer rates with the velocities of air and absorbent flows, what mass transfer regime
can be expected. Simple relationships and dependencies, obtained by this method entirely ana-
Wytically, made it possible to quickly assess regulating physical factors, modes of physical pro-
cesses, and calculate the design parameters of air purification devices.

Keywords: absorption, free-interface devices, mass transfer, modeling, air purification tech-
nologies, fractal diffusion.
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Study of the patterns of growth of oxide structures on the surface of tungsten
upon heating

The paper presents the results of studies of the features of the formation of oxide structures
on the surface of tungsten wires heated by electric current in air. Stationary high-temperature
oxidation modes of tungsten wires with diameters of 210 and 300 um were studied by the elec-
trothermographic method. It was established that at an average temperature of a tungsten wire
of about 900 K, filamentous crystals appear on its surface, which grow rapidly and subse-
quently acquire a plate and branched shape. The dispersed composition, shape and surface
density of the obtained tungsten trioxide microcrystals depend on the temperature and oxida-
tion time. The growth rates of individual crystals in the longitudinal and transverse directions
were determined. It was established that the crystals initially grow more actively in the longi-
tudinal direction (in height), and then grow faster in width. Usually, the final size of the crystal
in the transverse direction is larger than in the longitudinal direction. A linear law of growth
of the maximum size of dendrites with time has been proved. Calculations of the fractal dimen-
sion of dendritic structures of tungsten oxide have been carried out. The obtained values of
fractal dimension indicate that the growth mechanism is diffusion-limited aggregation (DLA)
with the participation of the vapor phase WOs. When tungsten is heated to high temperatures,
the oxide partially turns into vapor and condenses on the surface in the form of dendrites.

Keywords: tungsten, tungsten oxide, filamentous crystals, dendritic structures, high-tem-
perature oxidation, fractal dimension.

Introduction. tungsten is widely used in high-temperature conditions, namely:
nuclear power, electrovacuum systems, electric heaters, microelectronics and sensor
systems. In an active gas environment, tungsten is oxidized. The presence of an oxide
layer can significantly change the electrical conductivity, thermal conductivity, me-
chanical strength of the metal and other technical characteristics and, thus, worsen the
quality of its use. On the other hand, tungsten oxides WOs and WO: are widely used in
gas sensors, electrochromic devices, photocatalysts, plasma and optical elements. Un-
derstanding the physics of crystal growth directly on tungsten makes it possible to con-
trol the morphology (length, diameter, orientation of oxide structures) and create new
high-quality functional materials.

Oxidation of tungsten is a complex process that includes successive stages of nu-
cleation, the formation of primary oxide islands, their growth and the development of
complex morphological structures - from compact films to needle-like, dendritic and
filamentous WOy crystals [1,2]. The conditions that affect the kinetics of this process
are especially important: temperature, partial pressure of oxygen, tungsten surface
structure, local temperature gradients and the presence of non-stationary factors, such

DOI: 10.18524/0367-1631.2025.63.347257
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as current or plasma activation [3-7]. It has been shown in [4] that the growth rate of
the oxide and the shape of the crystals significantly depend on the grain orientation.
On polycrystalline tungsten, oxide crystals often grow unevenly: each grain has its own
oxidation rate and its own crystallization direction. Dendritic structures arise under
conditions of strong concentration and temperature gradients, which is characteristic
of high-temperature oxidation and heating by current [1, 3, 5, 6]. Sublimation of WO:
and WOs oxides 1s a key mechanism for the formation of long crystals and nanostruc-
tures. In contrast, reactive oxygen plasma allows the initiation of oxide growth at tem-
peratures significantly lower than those required for thermal oxidation. Growth occurs
uniformly over the surface, without sublimation processes. The oxide structure is finely
crystalline, without needles and dendrites [7].

This work is devoted to the study of high-temperature oxidation of tungsten in air,
elucidating the temperature regimes of oxide structure formation on the tungsten sur-
face, and determining the geometric dimensions and growth rates of individual oxide
crystals.

Results and discussion. To study the kinetics of tungsten oxidation, an elec-
trothermographic method was used, consisting of programmed heating of tungsten con-
ductors with an electric current [5, 8]. The temperature of the tungsten conductor
heated by the electric current was determined from the dependence of its resistivity on
temperature. Considering that during the oxidation process, the conductor diameter de-
creases due to oxide formation, the following formula can be derived for determining
the average conductor temperature:

2 2
ro () R (A R
d, )] L R, Y d, ] L R,

where dp, Ly, d, L — the initial (with index b) and current (during the oxidation process)
diameter and length of the conductor, respectively, m; R, R — the resistance of the
conductor at room temperature (before the start of the experiment) and during the oxi-
dation process, Ohm; 7 is the room temperature, K; Tp=273K; y — the temperature
coefficient of resistance, K.

Let's analyze the research results. Crystal growth on the surface of tungsten con-
ductors was studied under steady-state thermal conditions. These conditions are char-
acterized by equal heat flows heating the conductor and dissipating heat to the sur-
rounding space. As a result, steady-state temperatures are established on the conduc-
tor's surface, remaining unchanged for a relatively long period of time.

When an electric current flows through a conductor, heat is generated according
to the Joule-Lenz law. Tungsten oxidizes readily in air, forming an oxide layer on the
surface. At high temperatures, dendritic oxide structures develop on this layer. The
oxidation reaction proceeds parabolically, releasing heat. Thus, Joule and chemical
heat generation heat the conductor.

The mechanisms that remove heat from a conductor are convective-molecular
heat exchange between the conductor's surface and air, radiative heat exchange accord-
ing to the Stefan-Boltzmann law, and heat flow by conduction to the current-carrying
contacts [5]. Equal heat input and heat removal are ensured by steady-state temperature
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Fig. 1. Dependence T(I) for tungsten conductors of length L = 0.1 m at air temperature
T.=293 K. a) d =210 pm, b) d =300 um. Lines — calculation, circles — experiment.

regimes. However, at high temperatures, the rate of chemical reaction increases, lead-
ing to an increase in the conductor's temperature, and the process becomes non-station-
ary. At high temperatures, the conductor burns out. Figure 1 presents the results of
experimental studies of the thermal oxidation regimes of tungsten conductors of dif-
ferent diameters in air as a function of the conductor surface temperature 7" versus the
heating current /. The results of calculations using a physical and mathematical model
are also presented [5].

A good coincidence of calculated and experimental results is observed. The anal-
ysis of experimental data and calculated dependences showed that the stationary re-
gimes T(I) in the temperature range 300K-800K are determined by the equality of Joule
heating and heat losses by convection and heat conduction through the ends of the
conductor. Radiation heat loss occurs above 800K. The chemical reaction on the sur-
face of tungsten up to a temperature of 800 K is weakly expressed. In steady states in
the temperature range of 760K - 800K, thin oxide films are formed: 5-10 microns [9].
However, at temperatures above 850K-900K, the chemical reaction of oxidation must
be taken into account, since rather thick oxide coatings are formed on the conductor.

Simultaneously with the temperature measurement in the experiments, the surface
of the sample was observed using an optical microscope and a digital camera. As soon
as oxide crystals began to form on the surface of the conductor in the form of threads

a) Bl e e S
Fig. 2. Modes of oxidation of a tungsten conductor with a diameter of d = 300 pm and a
length of L = 0.1 m (a); image of an oxidized conductor at the stage of crystal growth (b).
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a) b)
Fig. 3. Dependence of the height (#) and width (L) of the tungsten oxide crystal on the
oxidation time. 1 - L, 2 — &; a) crystal 1, b) crystal 2.

and branches (Fig. 2 b), the electric current stopped increasing. At the same time, the
temperature of the conductor continued to rise due to heat release from the chemical
oxidation reaction (Fig. 2a, vertical section of the T(I) dependence).

Investigation of the surface of tungsten conductors in stationary states made it
possible to discover the following picture of the formation of an oxide layer. At
temperatures T<900K, an oxide layer without features appears on tungsten, individual
furrows and irregularities appear. At the same time, the primary oxide film is formed
as follows: the initial stage of the reaction between metal and oxygen is gas adsorption
on the metal surface. Adsorbed oxygen atoms are further arranged in the form of
ordered structures. An important feature of the initial stage of oxide formation is that
the metal surface is never clean. It already contains individual nuclei of the oxide,
which are randomly distributed over the surface, possibly in those places where there
are surface imperfections, impurity atoms, and mechanical deformations.

As aresult, approximately at the temperature T = 900K averaged along the length
of the conductor, individual oxide crystals begin to appear on the surface in the form
of threads and bushes. It was established by the optical-digital method [5] that the
temperature of the surface of the conductor in the place where the crystals are actively
growing exceeds 1100K. As the temperature and oxidation time increase, the crystal
sizes and their density on the tungsten surface increase.

To study the kinetics of the growth of oxides formed on the surface of the
conductor, individual crystals were selected and observed during their oxidation using
optical digital imaging. The processing of digital images made it possible to determine
the change in the geometrical dimensions of the crystals in the longitudinal and
transverse directions, as well as to calculate the rate of their growth. In fig. 2 presents
the growth dynamics of the geometric dimensions of two tungsten oxide crystals in the
longitudinal (h) and transverse (L) directions.

An analysis of the time dependences of the longitudinal and transverse dimensions
of the crystals indicates a linear growth law. It is also evident that, at the initial stage
of growth, the longitudinal size of the crystals is larger than the transverse size. Subse-
quently, due to the predominant growth rate in the transverse direction, the width of
the crystals exceeds their height. The crystals branch and merge with neighboring crys-
tals. The observation time of the crystals was limited to the moment of their overlap
due to the increase in their geometric dimensions in the transverse direction. The height
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\\“\w\ 3 Fig. 4. Typical dendritic
v 4 >~ structures formed on the
surface of tungsten wires

heated to temperatures of
1750-1950 K.

of the branched structures ranges from 100 to 150 um. The second crystal was quite
large when it was observed on the surface of the tungsten conductor (Fig. 2b). By the
end of its "lifetime," its height had increased by 1.5 times, and its width by 6 times.
The obtained dependences made it possible to determine the growth rates of tungsten
oxide crystals in the longitudinal and transverse directions. In the longitudinal direc-
tion, the crystal grew at a rate of 0.11-0.14 pm/s (maximum 0.2 pm/s), in the transverse
direction - 0.35-0.45 um/s. It was also noted that some crystals, having reached a cer-
tain size, began to evaporate intensively and disappeared from the surface of the main
oxide.

Crystals formed on the surface of the conductor were studied individually to de-
termine their fractal dimension. The value of fractal dimension is often directly related
to the process that created the structure.

The calculations showed that for the high-temperature region, the values of the
fractal dimension of dendritic crystals lie within the range D = 1.65-1.8 (in 2D
projection). The fractal dimension of simpler crystals (thickened filaments, plates) lies
within the range D=1.1-1.2.

For high temperatures, the general morphology of the dendritic structure is ob-
served: a thick stem or branches in several directions, to which thin branched branches
are attached. The resulting fractal dimension may indicate that the WOs dendritic struc-
tures were formed in a diffusion-limited regime — i.e., the rate of delivery of reagents
(O2 molecules or oxide vapor) to the growth front was lower than the instantaneous
rate of attachment. The growth of the crystals occurred through vapor-condensation
processes, i.¢., the formation of gaseous WOs and its condensation on the crystal sur-
face. The low mobility of adsorbed atoms and molecules on the surface (low surface
displacement) also contributes to the uneven thin branches.

Conclusions. Thus, the temperature regimes at which dendritic oxide structures
formed and grew on the surface of tungsten conductors heated by electric current were
studied. It was proved that the activation of oxidation processes occurs at temperatures
above 900K, which subsequently leads to a transition to a non-stationary oxidation
regime. It was established that in the presence of chemical (oxidation) and phase (sub-
limation and evaporation of oxide) transformations, branched crystal structures of WOs
are formed on the surface of an oxidized tungsten conductor. The average temperatures
of the conductor and local surface temperatures at which crystals form and grow have
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been determined. The growth rates of the geometric dimensions of crystals in the lon-
gitudinal and transverse directions have been found. The linear dependence of the sizes
of growing crystals on time has been proven. Calculations of the fractal dimension of
crystals have been performed. The obtained values indicate that dendritic structures of
tungsten oxide were formed under conditions of limited diffusion of reagents with the
participation of the vapor phase WOs. When tungsten is heated to high temperatures,
WO: oxide partially vaporizes and condenses on the surface in the form of dendrites.
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Opnoscvka C. I.
BuB4eHHSsI 3aKOHOMIPHOCTEH POCTY OKCHIHHUX CTPYKTYP HA NMOBEPXHI
BOJIb()pamMy NpPHU HATPiBaHHI

AHOTANIA

B pobomi npedcmasneno pezyromamu 00cnioxcenb ocodbiusocmetl YmeopeHHs OKCUOHUX
CMPYKmMyp HA NOBEPXHI 80IbPPAMOBUX OPOMUKIB, WO HACPIBAIOMbCS eNeKMPUYHUM CIPYMOM
6 nosimpi. Busueno cmayionapmi sucokomemnepamypHi pexcumu OKUCIeHHs 801bDHPAMOBUX
opomuxie oiamempamu 210 i 300 mxm erekmpomepmozpaghivnum memooom. Bemanoesneno,
wo npu cepedHill memnepamypi 80ab@pamosozo opomuxa onuzvko 900 K na tioco nosepxmi
3'6AI0MbCA. HUMKONOOIOHT KpUCManu, sKi WeUoKo 3pocmaioms, i Haoaui Habysaoms niac-
munyamoi i einnacmoi popmu. JJucnepcHuii cknao, popma i nogepxuesa 2ycmuHa Ompumy8aH-
HUX MIKPOKPUCMANI8 MPUOKCUOY 80NbDpamy 3anexncams 8i0 memMnepamypu i 4acy OKUCTIeHHSL.
Busnaueno weuoxocmi pocmy po3mipie okpemux Kpucmanié 8 nog30084#CHbOMY mMda nonepey-
HOMY Hanpsamkax. Bcmanoeaneno, wo kpucmanu cnoyamky akmuegHiuie 3pocmaroms 8 N0830086-
HCHLOMY HANPAMKY (8 8UCOMY), a NOMIM wieuouie pocmymo 6 wupuHy. 3a3eudail KiHyesuul
PO3MIp KpUCmaia 8 nonepedHomy Hanpsami Oinbuull Hide 8 n0830082cHboMY. [losedeno niHiti-
HUL 3aKOH 3POCMAHHA MAKCUMATILHUX PO3MIPIE OeHOpumis 6i0 uacy. IIposedeno pos3paxynku
@paxkmanvHoi po3MIpHOCMI 0eHOPUMHUX CIMPYKMYP OKCUOY 801bpamy. OmpumaHi 3Ha4eHHs
GpakmanvbHoi po3mMIpHOCMI 8KA3VIOMb HA Me, W0 MEXAHIZMOM POCHY € OUQY3itiHo 0OMediceHa
aepezayisn (DLA) npu yuacmi naposoi ¢pazu WOs. Ilpu nazpisanni 6onvpamy 00 8ucokux me-
MRepamyp oKCuo 4acmrko80 nepexooums 6 napy i KOHOEHCYEMbCsl Ha NO8EPXHI Y hopmi OeHO-
pumis.

Kniouosi cnosa: sonvghpam, oxcuo 6onvppamy, HUMKONOOIOHI Kpucmanu, OeHOPUmHi
CMpYKmypu, 8UCOKOmMeMnepamypHe OKUCIeHHs, (DpaKmaibHa poO3MipHICb.

195



Arees M. JI.

bekmaes O. 4.
bnaromapenko JI. 1O.
bonzuk /1. JI.
bomikoga I. JI.
bpuran A. B.

Bacunenko C. JI.
Bepryn JI. 1O.
Bonrymesa H. B.
Bouskos O. 1.

I'epacumos O. L.

I'peuanoBcrkmii A. 11

I'yceitnoBa C. ®.

Jorikos /1. H.
Joriko M. /I.
HynaeBcbka H. L.

Kyxkos C.
3abamirra [O. O.
IBanoB M. O.

Kaningax B. B.
Kosunpknii C. B.
Komiiika b. O.
Komiika O. K.
KopnieBuu C. T'.
Kpasuenko €. O.
KpstoB A. T
Kypsaraukos B. B.

IMEHHUH NOKAXKYUK

107

33

82
88,113
63

156

82

43, 156
63

163

169
63
163

127
127
88,113

33

43

149
88,113
107
149

52

63

63
169

Jlazapenko M. M.
JIucenkoB E. A.

Himuy A. B.
Opnoserka C. T'.
IToneraeB M. 1.
Poxunpexkuit M. O.
Cseunikosa O. C.
Ciukap T. T
Crproupkuii O. B.

Tropun O.

Xumies H. O.
XmeBa O. 4.

Yepuenko O. C.
Yeuxo B. €.

[leBuyk B. I

HlIectomnanos K. O.

Iyt A. M.

196

43
72

107

98, 189
136

82

43

82

72

33

52
52

88,113
23

107
52
82



Ageev M. D.

Bekshaev A. Y.

Blahodarenko L. Yu.

Bondzyk D. L.
Boshkova I. L
Brytan A. V.

Chechko V. E.
Chernenko A. S.

Doikov D. N.
Doikov M. D.
Dunayevska N. 1.

Gerasymov O. 1.

Hrechanovskyi A. P.

Huseynova S. F.
Ivanov M. O.

Kalinchak V. V.
Khliiev N.
Khliyeva O.
Kopiyka O. K.
Kopiyka B. O.
Korniievych S.
Kozytskyi S. V.
Kravchenko Ye. O.
Kriatov A. H.
Kuriatnykov V. V.

107

33

82
88,113
63

156

23
88,113

127
127
88,113

169

63
163

149

88,113
52

52

149
107

52

63
63
169

NAME INDEX

Lazarenko M. M.
Lysenkov E. A.

Nimych A. V.
Orlovska S. G.
Poletaev N. 1.
Rokytskyi M. O.
Shestopalov K.
Shevchuk V. G.
Shut A. M.

Sichkar T. G.
Striutskyi O. V.

Svechnikova O. S.

Tyurin A. V.

Vasylenko S. L.
Vergun L. Yu.
Volgusheva N. V.
Volkov O. L.

Zabashta Yu. F.
Zhukov S. A.

43
72

107
98, 189
136

82

52
107
82
82
72
43

33

82
156,43
63

163

43
33



ITPABUJIA JUIS1 ABTOPIB CTATEN

1. V naykoBoMy 30ipHHUKY TyOIIKYIOTbCSA CTATTi 3 OPUTIHAIIBHUMH Pe3yJbTaTaMU HAayKO-
BUX JIOCHI/IPKEHb 3 TEMAaTUKHU:

— BUIIAPOBYBAHHSI, KOHJEHCAIIs, KOATYJIALIs 1 €JEeKTpUYHA 3apsKa aepo30IiB, Mexa-
HI3MH iX yTBOpPEHHS 1 IEPEHOCY;

—TOpIHHA aePOUCTIEPCHUX CUCTEM;

— TEMJIOMAcOOOMIH 1 Tra30/IMHAaMIYHI SBHUIIA B JUCHEPCHUX CUCTEMax Mpu (pa3oBuX i
XIMIYHUX I€PETBOPEHHSX;

— HU3BKOTEMIIepaTypHa I1a3Ma 3 KOHJEHCOBAHOO IUCIIEPCHOIO (a3olo.

2. CrarTi 3 pe3ynbTaTamMH JOCIiI)KeHb, BAKOHAHUMHU B OpraHi3allisix, MOJalThCs 3 J0-
3BOJIOM IIi€i Oprasizamii Ha MyOJKalilo 1 CYIpOBIIHUM JUCTOM. Pykomuc migmucyerbes
aBTopamu (aBTOpoM). Ha okpeMoMy IMCTI HEOOX1AHO BKa3aTH MpI3BHUILE, IM'sI, IO OATHKOBI,
Miciie poOooTH, Imocaay, KOHTaKTHI TeleoHH 1 ajipecH (€IeKTPOHHUH 1 TTOIITOBHA).

3. TekcT cTaTeit MPeACTaBISETLCA B IBOX €K3EMIUIApax Ha yKpaiHCHKiH, pOCIMChKii abo
aHTJIMCHKIN MOBI 3 JBOMa aHOTAI[IIMHU Ha JIBOX (3 TPhOX BKa3aHMX) MOBAaX, BIIMIHHHUX BiJ
MOBH OpHUTIHAIYy CTaTTi 1 €JIEKTpOHHUM (aiijioM Ha eICKTPOHHY aapecy penakiii. Daiin
cTBOproeThess B Word 1 MOBHHEH MICTUTH TEKCT CTATTi, aHOTaIlifo 1 pucyHku. HasBa daiiny
YTBOPIOETHCA BiJI MPI3BUILA MEPILIOTO aBTOPA.

4. CraTTi NIpoXOAsITh HAYKOBE PELIEH3YBaHHA. Y pa3l HEraTUBHOI peleH31i CTaTTsS MPHUCH-
JIAETHCSI HA TOOTPAIIOBAHHS a00 BIAXUIISETHCS.

Od¢opmuenns crarri
Marepiaa cTaTTi TOBUHEH OyTH BUKJIAJICHUHA 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 TOIITa OJJHOTO 3 aBTOPIB;

4) Ha3Ba CTaTTI;

5) aHoTaris;

6) TeKCT CTaTTi;

7) mitepatypa;

8) aHotarii Ha 2-X 3raJlaHUX BHUILE MOBAaX, BIAMIHHUX BIJ] MOBU OpHUTIHAJy CTaTTi, 3
MPI3BHUIIIAMH 1 1HIIIaJIAMH aBTOPIB 1 HA3BOIO CTATTI.

O06'eM cTatTTi, BKIIOYAIOYH PUCYHKH, JITEPATYPY, aHOTAllli, HE TOBUHEH MEPEBUIIYBATH
10 cTOpiHOK TEKCTYy, Ha[PyKOBAaHOTO Ha KOMIT toTepi yepe3 | iHTepBan (3 po3mipoM OyKB
14 pt). Ions: niBe — 20 mMm, mpaBe 20 MM, BBepxy 20 mMm, BHU3Y 20 mm. HasBa crarti, mpi-
3BHIIA aBTOPIB 1 Ha3Ba opraHizariil IpyKyrTbCs OyKBaMH, po3MipoM 14 pt 3 MIKPSAIKOBOIO
BipctanHio 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 IyOJTiKaIlisl He YKPaiHChbKOI0 MOBOIO CYIIPOBOIKYETHCS TaKOX AHOTALIEI 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-
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MyJax HaOMpParThCSI KYPCUBOM, 32 BUHATKOM CKOPOYEHbB CIIIB THUIY min, max, eff, a Takox
HYJIsI, SIKi HabupaeTbes npssMuM mpudToM. [Ipssmum mprudTom HaOUparoThCsS TaKOX (PyHK-
1li, HAaIpUKIAJ Sin2x, cos ®f 1 TaK Jai.

Ta6auui. Tabauii HyMepyIOTh TUIBKH B TOMY BHIIAJIKY, SIKILO iX OuIblIe onHI€l. Biac-
Tyn 10 Tabnuii 1 micis Hei — 2 iHTepBayn. [Ipy HEoOXi1qHOCTI TabIUIlI MOXKYTh MAaTH 3aro-
JIOBOK 1 IPUMITKY.

LmrocTpauii. [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 ycKIaaHIOTh CIPUNHATTS 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 3BEpXY BHH3, 3J1iBa HarpaBo. Po3Mmip pucyHKa MOBUHEH
oytu He MeHIre 50x50 mM 1 He Oibie 100x100 mwm.

JlirepaTypa. Ilicig TekcTy cTaTTi yepe3 2 IHTEepBaJIU 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 yacTulsl 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.H. OueHka cpegHero pazMepa >KMPOBBIX IIAPUKOB IO-
MOTEHU3UPOBAHHOTO MoOsoKa // JlucniepcHble 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.

AHOTaIlisI, IepeIyroda TeKCTy CTaTTi, MUIIEThCS Ha MOBI CTATTI 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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RULES FOR AUTHORS
Focus and scope:

— evaporation, condensation, coagulation and electric charge of aerosols, mech-
anisms of their formation and transfer;

— combustion of aerodisperse systems;

— heat and mass transfer and gas-dynamic phenomena in dispersed systems with
phase and chemical transformations;

— low-temperature plasma with condensed disperse phase

Material of the article should be presented in the following sequence:

1) UDC number;

2) the initials and surnames of the authors;

3) the name of the organization (s) presenting the article (if there are more than

one organizations, each author's name is followed by a footnote (1, 2, etc.), and

below all organizations, cities names, electronic mail from one of the authors;

4) the title of the article;

5) abstract;

6) text of the article;

7) references;

8) annotations in the two above-mentioned languages, other than the original

language of the article, with the surnames and initials of the authors and the title

of the article.

The size of the article, including drawings, literature, annotations, should not
exceed 10 pages of text printed on the computer in 1 interval (with the size of let-
ters14 pt). Fields: left -20 mm, right20 mm, top20 mm, below 20 mm. The title of the
article, authors' surnames and the name of the organization are printed in letters of
size 14 pts on the line spacing between the UDC, the title of the article and the names
of the authors of the 1.5 interval.

Formulas: 14-point font size. The size of the formulas is the same throughout
the text. Indices in indices and power in power should be avoided. The sequential
numbering of the formulas must be (1), (2), and so on. Greek letters and chemical
formula are always straightforward. Vectors and matrices are typed in half-bold (the
arrow above the vector is not used). Indices (Latin letters) are arranged in italics in
formulas, with the exception of the words min, max, eff, as well as zero, which are
typed in plain text. Also, functions such as sin 2x, cos ot and so on are also typed in
direct font.

Tables. Tables are numbered only if there is more than one. Indent to the table
and after it - 2 intervals. If necessary, the table may have a title and a note.

lllustrations. Illustrations must be presented in the text of the paper as they are
mentioned, in .pcx format or any common format. A corresponding signature must be
printed under the drawing. Inscriptions that impede the perception of an illustration,
should be replaced by digital or letter symbols and transferred to the text of the article
or the signature under the figure. All designations in the drawing must correspond to
the designations in the text. The numbering of the curves in the figure is from the top
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down, from left to right. The size of the drawing should be not less than 50x50 mm
and not more than 100x100 mm.
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