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MexaHi3M aHTHCTOKCOBOI JIIOMiHecHeHIIil MikpokpucTaiaiB AgHal,
CeHCHOiIi30BaHUX 0APBHUKOM

Excnepumenmanbro ob6IpyHmo8ano ma ymouHeHo 080K8AHMOB0-CMYNIHUACMULL MEXAHI3M
Huzvxomemnepamypuoi (T = 77 K) anmucmokcogoi ntominecyeryii (Amax <~ 560 um) emynvcii-
Hux mikpoxpucmanie AgBrl (EMK), cencubinizoeanux 6apsnuxom (EMK-bp), suxiuxarnoi ¢o-
mo30y0xcennam J-acpecamy 6apsnura (bp) (A = 670—700 um). 32i0H0 3 Yyum MexaHizmom, eHe-
peis pomozbyodcenns 6i0 bp nepedacmuvcsa 0o AgBrl uepes cpibni yenmpu amomHo-monexy-
nApHo2o cmynens oucnepchocmi (AMC/]). Bcmanogéneno, wo 3a anmucmokcogy aoMiHecyeH-
yiro EMK-Bp 6ionogioanvna pekomOiHayisi 8ilbHUX HEPIBHOBANCHUX eNeKMPOHI8, 0030)ddice-
Hux y 30Hy npogionocmi (311) AgBrl i3 cpionux yenmpie AMC/], 3 dipkamu, 10Kani308aHUMU
na naprux tioonux yeumpax (ITHUL]) y 3ab6oponeniii 3omi (33) AgBrl. B moii ace uac, pexombi-
Hayis elekmpoHnis, 1okanizoeanux na cpionux yeumpax AMC/], 3 dipkamu, wo 3Haxo00amscs
na ITHI], sionosioac 3a cmokcogy nominecyenyiio 6 cmysi 3 A= 720-800 um. Pexombinayis
MAaKux dice eleKmporis 3 giivHumu dipkamu y B3 AgBrl 8iobysacmubcs 6e36unpominiosaibHo,
WO 3YMOBIIOE BUHUKHEHHS eheKm)y «8MOoMU IIOMIHeCYEeHYii» aHMUCMOKCOB0I CMY2U.

Knrouoei cnosa: mikpoxkpucmanu 2anozetioie cpiona, ceHcubinizayis 06apeHUKamu, HU3bKO-
memnepamypHa AOMIHECYEeHYId, AHMUCMOKCO8A TIOMIHECYEHYIA, JOKANbHI YeHmpu 3aX0on-
JIeHHs1 HOCIi8, npoyecu ceHepayii-peKxomoiHayii.

Beryn. Mexanism niepenaui eneprii ¢oTo30ymkeHHs Bl bp-cencubunizaTopa ra-
noreHiny cpidna (AgHal) moci 3anuimaeTbcs 0CTaTOYHO HE 3'SICOBAHUM, a 3aMPOIIOHO-
BaHI MOJIeJIi HE MOXYTb MPETEHyBaTH HAa BUYEPIIHE OSICHEHHS BCi€l CYKYMHOCTI Ha-
SBHHUX €KCIIEPUMEHTaJIbHUX (DAKTIB.

OmHuM 13 eKCrepuMEHTATFHUX METO/IB, IO JO3BOJISIIOTH JOCTIKYBATH €ICKT-
POHHO-IPKOBI TIPOIIECH, 3yMOBJICHI CIIEKTPATILHOIO CEHCUO1TI3aIli€l0, € BUHUKHCHHS
B EMK AgHal nusbkoremneparypuoi (7'=4.2 — 77 K) aHTHCTOKCOBOT JTFOMIHECIIEHITI].
Brnepie antuctokcona mominecteriis AgHal, o6ymosnena bp, Oyna 3apeectpoBana
B poboTtax [ 1-3]. IIporonoBani MexaHi3mu [4,5] BAHUKHEHHS aHTUCTOKCOBOI JTFOMiHE-
CIIeHIIi1, [0 criocTepiranack B [1-3], HEOAHO3HAUHI 1 HOCSATH BEJIbMU 3araJIbHAN Xapa-
ktep. Tak, y [4] po3riasgaeTbes BU KOOMIEPATUBHOI JTFOMIHECIICHITIT, TPU IKOMY OJHH
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KBaHT aHTUCTOKCOBOI JIFOMIHECIIEHI[Ii BUHUKAE TIPH TIOTJIMHAHHI TBOX KBAHTIB CBITJIa
Mosiekyinamu bp, ancopOoBanumu Ha pizHux nedekrax nosepxHi EMK AgHal. Pis-
HICTh YMOB a/icOopOI11ii 00YMOBIIIO€ BIIMIHHICTh HAOOPY €HEPreTUYHUX PIBHIB Y PI3HUX
mouiekyJ. [lornvHanHs CBITJIa OMHUMHU MOJIEKyJaMu bp mpu3BOIUTH 10 YTBOPEHHS
enextpoHiB y 3I1 i katioH-paaukany bp', a Ipu MOTIMHAHHI CBIT/IA IHIIMMH MOJIEKY-
JaMU BUHUKalOTh Aipku y B3 Ta anion-paaukanu bp~. [lonaneina nons 3apsiasKeHUx
panukaiiB bp" ta Bp~ y po6oTi He 0OroBOPIOETHCS.

ABTOpH po6OTH [5] pO3BUBAIOTH YSABIEHHS MPO ABO(POTOHHO-CTYMIHYACTUN Me-
XaH13M aHTHCTOKCOBOI1 JIFOMIHECIICHIIIT, TP SKOMY 01Ha (PoT030ymKeHa MoJieKkya bp
BIJIHOBJIIOE 10H cpi0ia 10 aTroMa. YTBOPEHHIA ITPH 1IbOMY 10H-paauKai 0apBHuka bp*
Bijgae nipky y B3, a inma monekyna bp nepenae cBoto eHeprito 30y1KeHHS 3HOB YTBO-
peHomy aromy cpibia, 3 nmepexoaom enektpona B 311 AgHal. [Ipote, six came enepris
30ymkeHHs bp nepenaerscs atomy cpibia, y podoTax He YTOUHIOETHCS, 1 11€ TUTAHHS
3AJIMIIAETHCS BITKPUTHUM.

BiacyTHicTh HalIHUX 3HaHb MIOJI0 MEXAHI3MY BUHUKHEHHSI aHTUCTOKCOBOI JItO-
MIHECIIEHIIII YCKJIaJIHIOE THTEpIpeTallil0 eKCIIEPUMEHTAILHUX PE3yJIbTaTIB 1 HE Jla€
MOKJIMBOCTI OIIIHUTH POJIb Ta €(EeKTUBHICTh bp nMpu BUKOPUCTaHHI HOTO IS PI3HUX
MPaKTUYHUX 3aCTOCYBaHb [6—12].

Bce BumeckaszaHne 1 crajio mijcTaBolo 1Jisi MPOBEAEHHS 1IbOTO AOCIIIHKEHHS, Me-
TOIO SIKOTO € ToOyZ0Ba MOJIEN €NEeKTPOHHO-IIPKOBUX MEPEXOAIB, iKa CTAHOBUTHUME
HaJ1IiHY OCHOBY IIpH 1HTEPIIPETAallli €eKCIEPUMEHTAIBHUX CIIOCTEPEKEHb aHTHCTOKCO-
Boi moMinecteriii EMK-bp.

IIpuroryBanHsi 3pa3kiB Ta eKcriepuMeHTAIbHI pe3yabTaTh. Onucadi B poooTi
HusbkoteMneparypui (77 = 77 K) moMiHecUeHTHI AOCHIIKEHHS OyiM BUKOHAHI 3a
OJHAKOBI 1 cTaHoBIATE 107 ¢, MPOMIkKOK Yacy Mix 3aKiHYEHHSAM ONPOMIHEHHS Ta pe-
€CTpALi€IO CBITIHHA (TeMHOBHI iHTepBan) cranoBuB 1.1x1073 ¢ Ha wacToTi MOLyIIALii
400 I'u.

O0'ekTOM JTIOMIHECHIEHTHUX JOCIIKeHb O0yi0 00paHo oaHopiaHi kKyoiuni EMK
AgBrl (3 monb% Agl), orpumani B cepenosuiii noniBiHuoBoro cnupty (IIBC) abo
KEJTATUHU METOJIOM KOHTPOJIBOBAHOI IBOCTPY-

MeHeBO1 emyibcudikariii. KoHTposb orpanku B % Y

Ta po3mipis cuHTe3oBannx EMK 3xiiicHioBaBcs O — 0

3a JIOTIOMOTOI0 €JEKTPOHHOTO MIKPOCKOIa

tunty YMB-100K npu crioctepesxeHHi ix ByTi- @) O

JHHUX PEIUIK, BIATIHEHUX IUIaTHHOIO. Tumosa _
€JIEKTPOHHO-MiKpockomiuHa (oTtorpadis EMK % % O E?
AgBrl xy0iyHOi orpaHku mokasaHa Ha puc. 1. 0

3a HammMu aaHuMU, cepeaHii po3mip EMK B N
eMYJIbCISIX CTAHOBHUB d = 0.25 MKM. una doTorpadis BYTiMbHO-IIATH-

ITicnst cuHTE3y BMICT 10HIB CpIOa B €My-  ,onn perutix Kky6iunux (d = 0.25
nbCii joBoauBCs 10 pBr =3 Ta pBr=7. CiekT-  yxm) EMK AgBrl na senarusi
pansHa ceHcuOTizais EMK AgBrl 3aiiicHto-

BaJach:

Puc. 1. EnekTpoHHO-MIKpOCKOITi-
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Puc. 2. Cnextpu HU3BbKOTEMIEpaTypHOi jromiHecuenii (1, 2) ta chnektpu 30y-
mxenHs mominecteHii (1', 2') EMK-bp npu pBr = 3. Cnektpu JroMiHECHSHITiT 3a-
nucani npu 30ymkeHHi cBitiaoM 3 A = 470 um (kpuBa 1) i A = 690 HM (kpuBa 2).
CrexTpu 30y/KEHHS 3amucani Juis JroMineceH i 3 A = 560 am (kpuBa 1') Ta A =
800 M (kpuBa 2'").

1) anioHHUM J-arperyounM NaHXpOMaTUYHUM OapBHUKOM — MIPUIUHOBOIO CLIITIO
3,3'"-mu-y-cynbdonponin-9-etmi-4,5,4',5'-muben3zokapoomianindberaina 3 KOHIEHTpa-
iero Cgp= 10 mous Bp / Mo AgBr;

2) katioHHUM J-arperyrounM G6apBHuKOM — 3,3'.9-TpieTun-5,5'-nudeninokcakap-
GorianinniTpaTom 3 KoHuenrpauicr Cr,= 10 Monb Bp / Mons AgBr.

CrangapTHU# NUISIX 30y KeHH HU3bKoTemnepatypHoi (7= 77 K) nmomiHecieH-
1ii EMK AgBrl nonsirae B onmpoMiHeHHI CBITJIIOM 3 Kpat0 CMYTH BJIACHOTO MOTJIMHAHHS
(CBII) EMK 3 poBxunoro xBuiii A = 450—470 um. Ane Bigomo [13—15], o B EMK,
CIIeKTpaIbHO-CeHCUO1TI30BaHuX a00 aHioHHUM bp, a6o kationnum bp (EMK-bp) sk y
xenatuHi, Tak 1 B [IBC, 3’ ABJSIIOTHCS J0AaTKOBI KaHAIW 30y IXKEHHSI 1 KEpyBaHHS JItO-
MiHectieHTHIMHE Tiponiecamu. Tak, 3a kouuentpaii Cp, > 10~ BUHHKAIOTH OJIIMOJTE-
KymsapHi ¢popmu bp (Tak 3Bani J-arperatu), mo aacopOoyrorbesa Ha nmoBepxHix EMK 1
(GbopMyIOTh AOJATKOBI HEHTPH JIOKAII3aIli]l €JIEKTPOHIB UM JIIPOK; 30KpeMa, BOHU MPH-
3BOJISTH /0 BUHUKHEHHS] CMYTH TIOTJIMHAHHS B iHTEepBaii A = 670—700 HM.

[Tpu 30y mxenni Takux EMK cBitiom 3 CBII, BuHMKae xapakTepHa «3eJIeHay Jo-
MIHECIICHITIS 3 Amax = 550-570 HM Ta cmabko BupaxkeHa cmyra cBiTiHHS 3 A = 750-800
HM, 00YMOBJICH] HasIBHICTIO IOMIIIKOBUX HOJHUX LIEHTPIB y CYCIAHIX By3JaX KpUCTa-
J14HO1 rpatku (puc. 2, kpuBa 1). B nogansiomy BUKIa1 el Mpoliec BUKOPUCTOBY-
€TBCS K «0a30BUIl», 1O CIYKUTh OCHOBOIO JJIs MOPIBHSUIBHOTO aHAJI3Y JIFOMIHECIe-
HII11, BUKJIMKAHOI 1HIIIMMU BapiaHTaMH 30Y/PKEHHsI, HAITPUKJIaJl, CBITJIIOM 31 CMYTH I10-
riuHanHa J-arperatiB bp (ITABp), 1 Ha pucyHKax HOro XapakTEPUCTUKH MPEACTABIIS-
I0ThCSI KPUBUMU 3 3QJIUBKOIO.

OOuBa KaHaJu MalOTh CTOKCIB XapaKTep; BAHUKHEHHsI KBAHTA 3€JICHOI JIIOMIHEC-

IIEHIIIT MPU I[bOMY MOXe OyTH OTICaHO cxeMoIo [16]
AgBrl + hv,g(A = 450 — 470 HM) — e + p;

I-I-4+e+p - 71+ e > 171~ + hv,, (A = 540 — 570 um),

10
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Puc. 3. Cnextpu HU3bKOTEMIIEpATYpHOI JtoMiHecHeHMii (1, 2) Ta cnekTpu 30ymKeHHS
mominecuenuii (1', 2") EMK-bp npu pBr = 7. Cnektpu mromiHecueHIii 3anicani npu
30ymkeHH1 cBiTiIoM 3 A =470 am (kpuBa 1) 1 A =690 am (kpuBa 2). CriekTpu 30yHKEHHS
3ammcai Juist ioMiHecteHIlii 3 A = 560 um (kpuBa 1') Ta A = 750 am (kpuBa 2').

ne 171~ nosuauae ITNL, B sikoMy ioHM HOy pO3TAILOBaHI B CYCiAHIX By3/Iax KPUCTa-
JIYHOI IPaTKH, e — €JNEeKTPOH, p — NipKa. 3a cBiTiHHA 3 A = 750—800 HM BiamoBigae
TyHEJIbHA PEKOMOIHAIlISl eJIEKTPOHIB, JIOKaIi30BaHUX Ha cpiOHuX neHtpax AMC/, 3
TIpKaMH, 110 3HAXOATHCS HA HfILI, a TAaKOXX pEeKOMOIHAIIisI JTOKAT30BaHUX €JIEKTPO-
HIB 3 BUTBbHUMU JipKaMu, 110 3HaxoasaThcs y B3 EMK AgBrl.

[Tpu 30ymxenHi cBiTioM 3 A = 670-700 um, mo Bignosinae cmysi [TIAbp, y cnek-
Tp1 mominecteHiii EMK-bp 3HOBy criocTepiraeTbcs cMyra 3eJeHOi JIIOMIHECIIEHITIT 3
Amax = 550-570 uM. Temnep BoHA € aHTUCTOKCOBOIO 1 Ma€ MOMITHO MEHIITY 1HTEHCUB-
HICTh, HIK mpu 30ymkeHH1 cBiTiioM CBII, 3ate cTokcoBa MrOMIHECHICHITIS BUpaKeHa
O17IBIII SICKPABO, a 11 CIIEKTP MOUIUPIOETHCS Y IOBrOXBUILOBHM 01K 10 A = 750—-850 HM
(0OuIIB1 CMyTH OMIUCYIOTHCSI KPUBOIO 2, puc. 2). Citiji 3BepHYTH yBary Ha Te, 1110 B CIIie-
KTpi 30ymkeHHs cBiTiHHA 3 A = 800 HM, KpiM cmyT B obaacti CBIT EMK AgBrl (A =
450-470 am) ta ITABp (A= 670-700 um) (puc. 2, kpura 1'), HasiBHa cCMyTa, XapakTepHa
11 IOTJIMHAHHS MOJIeKyJsipHoro bp A = 630 um (puc. 2, kpusa 2').

[Tpu miaBuienH1 BmicTy 10HIB cpidna B EMK AgBrl no pBr = 7 moxHa Big3Ha-
YHUTH, IO B I[IJIOMY CIIEKTPaIbHE MOJIOKEHHS CMYT MICISICBITIHHS Ta HOTO 30yIKEHHS
3aIMIIAIOTHCS 6€3 3MiH, aje CYTTEBO 3MIHIOETHCS BITHOCHA 1HTEHCHUBHICTh aHTUCTOK-
COBOI Ta CTOKCOBO1 KOMIIOHEHT IpH 30y KeHH] TicisacBiTiHHS B obnacti [IABp: nepia
3pOCTa€, TOAl SIK Apyra iICTOTHO 3MEHIy€eThes (puc. 3, kpusi 2, 1').

PesynbTaTi nociigkeHb CEeKTPiB 30yKEHHS CBITIHHS 3 Amax = 540570 HM sK
npu crokcoBomy (A = 450470 HM), Tak 1 npu aHTUCTOKCOBOMY (A = 670-700 HM)
30y/KEHHI MPU PI3HUX TEMIIepaTypax MpeacTaBieHl Ha puc. 4. SIKk BUJIHO, X1 TEMIIE-
paTypHOi 3aJIe’)KHOCTI IHTEHCUBHOCTI CBITIHHS («TEMIIEpaTypHOTO TaciHHS»), B 000X
BUIAJIKaX B IIJIOMY OJIHaKOBUM (puc. 4A, kpuBi 1' — 4') 1 xapakTepHu3yeThCs JTBOMA
ninsakamu (puc. 4B, kpusi 1, 2). B obnacti remniepatyp 77 < T <90 K eneprisa akTu-
Ballli «TeMIepaTypHOro racinish craHoBUTH 0.15 —0.16 eB, 110 30iraeTbest 3 eHEprieto
nepeMilleHHs] MDKBY3JI0BHX 10HIB cpibia, a mpu temmnepatypax 7 > 90 K enepris ak-
tuBarii craHoBuTh 0.24 eB.
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Puc. 4. (A) 3ayexxHICTh IHTEHCUBHOCTI 30Yy/PKEHHS JTIOMiHECIEHIlli cMyTu A = 560 HM
EMK-bp npu pBr = 7 Bixg Temneparypu 7T, K: 1' — 82; 2' — 84; 3' — 85; 4' — 87). (B)
3anexHoCTi JorapupmMa IHTEHCUBHOCTI MICISACBITIHHSA CMYTH 3 Amax = 570 HM Bix 00ep-
HEHOI TeMIlepaTypu mpu 30y/KeHHI cBITIOM 3 A = 450 HM (kpuBa 1 — CTOKCOBE CBI-
TiHH:) Ta 670 HM (KpuBa 2 — AaHTUCTOKCOBE CBITIHHS).

[Ticnst mpoBeAeHHS LUKITY TEMIIEPATYpPHOTO TaciHHS Ta MPU MOBTOPHOMY OXOJIO-
JokeHH1 3paska 10 7= 77 K (3a He3MIHHOCTI BCIiX 1HIIUX YMOB €KCIIEPUMEHTY) Y JIIO-
MIHECIIEHIIIi CIOCTEpIraloThCs HACTYIHI 3MIHU: Npu 30ypkeHHI cBiTiioM sk CBII
EMK-bp (A =450-470 um), Tak 1 [TABp (Amax = 670—700 HM) IHTEHCHUBHICTb 3€JI€HOT
JFOMIHECHEHINT 3 Amax = 550—570 HM 3HIKYETHCSI, a CBITIHHS B JIOBTOXBUJIbOBIM T1JIsI-
HII 3 Amax =~ 750 HM, sIK€ y TTOYaTKOBOMY 3pa3Ky OyJiO CJIabKo BHpaKeHE, 30LIbIIY-
€ThCSI.

JIJisi 1eTabHOTO BUBYEHHS €JIEKTPOHHO-IIPKOBUX PEKOMOIHAIIMHUX TPOIIECIB,
BimoBinansHUX 3a mominectienniro EMK-bp, kpim criektpiB nromMinecteHiii ta 30y-
JKEHHS JTIOMIHECIEHIII1, TPOBOMIIACS PEECTpPALlisi KIHETUKU HAPOCTAHHS JIIOMIHECIIE-
HIT U1 pI3HUX TOBKHUH XBUJIb CBITIHHS, 30yIKeHHs, pBr Ta mpu 101aTKOBOMY TiJC-
BiuyBaHHI 1H(QpayepBoHUM (IY) BUIPOMIHIOBAHHAM PI3HUX TOBXHH XBWJIb, OTPUMa-
HUM BiJ] CBITJIa KCEHOHOBOI JIaMITH, 110 MPOMIILIO Yepe3 MOABIMHUI MOHOXPOMATOP
JAIMP-4 (puc. 5).

['os10oBHI 0COOIMBOCTI KIHETHMKU HAPOCTAHHS JTFOMIHECHEHINT 3 Amax = 550 —
570 HM BUIIIAIAIOTH TAKUM YUHOM:

- micas YBIMKHEHHS 30YJ/KYIOUOIo CBITJIA JiIsi KpuBUX (a), (c) — (€) 3pocTaHHs
IHTEHCUBHOCTI JIFOMIHECIIEHII1i BiI0OYBAa€ThCS MOHOTOHHO BiJ HYJISl 10 TIEBHOTO
CTaI[lOHAPHOTO PiBHS, IKUI O3HAYEHO Ha KPUBHX SIK [;

- s kpuBoi (b) micns yBIMKHEHHS 30y/)KYHOUOTO CBITJIA MOSIBA aHTUCTOKCOBOT
JTIOMIHECIICHITIT XapaKTepU3y€eThCS TOCATHEHHSIM MaKCUMAIbHOTO 3HAYEHHS 1H-
TEHCUBHOCTI, 5IKa 3aTUM CIa/1a€, BUXOSYM Ha CTAIllOHAPHUH piBeHb. Takuil TUIl
KIHETUKH € IOCUTHh TUIIOBHUM 1 B JITEpaTypl 3BUYAITHO HA3UBAETHCS «CIATAXO-
BHUM PO3TOpPaHHSAMY, 00 K «BTOMOIO JroMiHecteH i [17,18];

12
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Puc. 5. Cnextpu 30y/KkeHHS 1 ButipomiHtoBaHHA (A) Ta kiHeTuku HapoctanHns (B, C)
inTeHcuBHOCTI JtomiHectieHii EMK-bp. MoMeHnTn yBIMKHEHHSI 1 BUMKHEHHS J10/1aT-
koBoro [Y BUIIpOMiHIOBaHHS O3HAYEH] CTPLIKAMH.

(A) CnexkTpu 1HTEHCHUBHOCTI JIFOMIHECIIEHIII TIpH 30y/KEHHI CBITIOM 3 A = 450 HM
(xpuBa 1) u A =690 HM (KpHBa 2); ciekTp 30y KeHHS 3alMcaHo A1 CBITIHHA 3 A = 570
HM (kpuBa 1');

(B) Kinetuku HapocTaHHS IHTEHCUBHOCTI JTFOMiHECIeHIIlT 3 A = 570 HM npu 30yHKeHH1
CBITIIOM (a, ¢) A = 470 HM, cTOKCOBa JroMiHecleHiis, 1 (b, d, €) 3 A = 690 uM, aHTHCTO-
KcoBa JroMinectieHIis. Kinetuku (a, b) 3anucani npu pBr = 3, (c, d, €) — mpu pBr = 7.

(C) KineTrku HapoCTaHHS IHTEHCUBHOCTI JIFOMIHECTIEHITi1 3 A = 750 HM nipu 30y I>KeHH1
citioM (f) 3 A =450 um 1 (g) p A = 690 HM; KiHETUKH 3anucaHi npu pBr = 3.

- B MOMEHT YBIMKHEHHS J0J1aTkoBoT0 Y BUNpOMiHIOBaHHS, /ISl BCIX THIIIB KiHE-
TUKH (@) — (&) AuHaAMIKa JOMIHECIICHIIT XapaKTepU3yeThC MOHOTOHHUM 3HU-
YKEHHSIM («TaciHHSAM») IHTEHCUBHOCTI BiJ1 | 10 1HIIIOTO CTaIllOHAPHOTO 3HAYEHHSI,
MO3HAYE€HOT0 Ha KpuBHX (a) — (€) sk [;. 3ayIe)KHICTh BETMYMHHU BITHOCHOTO Ta-
cians [1/1 Bix noBxkunu xBwti [Y-mifcBiuyBaHHS MOKa3aHa Ha puc. 6A, kpuBi 1,

13
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Puc. 6. (A) 3anexnocti i/, Io/I nna mominecuennii EMK-Bp 3 Amax = 570 aHM 1ipu
30ymKkeHHi cBiTiioM 3 A = 450 M (kpuBa 1) i A = 670 HM (kpuBa 2); 1jig KpuBOi 3
MOSICHEHHSI B TEKCTI.

(B) Enepretnuyna cxema eJIeKTPOHHO-AIPKOBUX MEPEXOAIB MpH 30YyKEHHI JTOMIHEC-
nennii EMK-bp: VB i CB — BanenTtHa 30Ha i1 30Ha npoBigHocti EMK-bp; nosxunu
XBHJIb (POTOHIB, TTOB’13aH1 3 IEPEX0OJaMH MIX PIBHAMH, BKa3aHi B HAHOMETPAX.

2. 3BiJCH BUILIUBAE, 110 X1 BITHOCHOTO «TaciHHsy JroMiHecteHIT (11/]) 3 Amax
= 550-570 HM, He3aJIeKHO B1J JOBKUHU XBHJI1 30y KEHHS, OJTHAKOBUM IS BC1X
JTOBXHH XBUJIb [Y-1TiIcBiUyBaHHS 1 XapaKTePU3YETHCS MOHOTOHHUM CITaIaHHSIM
pu Ay > 1000 HM;

BUMKHEHHs [Y BUTIpOMIHIOBAHHS JIJIs BC1X BUJIIB KIHETHKH (a) — (d) mpu3BOIUTH
710 MOHOTOHHOTO MOBEPHEHHS 1HTEHCUBHOCTI JIFOMIHECIIeHIIIT Bia I} 10 cTarrio-
HapHOTO piBHA I;

Uit KiHeTUKH (€) BUMKHEHHs [Y-miacBidyBaHHS B CIIEKTPAILHOMY Jliara3oHi
1050 — 1350 1M (0.92 — 1.18 eB) Bexe 10 «cnanaxoBOro po3ropaHHs» aHTUCTO-
KCOBOT 3€JIEHOT TIOMIHECIEHIII1, B pe3yJbTaTl 4yoro ii IHTEeHCUBHICTH |, micast Bu-
MkHeHHs [Y nepeBuitye cramioHapHuid piBeHs I, 110 crocTepiraBcs 10 MO4aTKy
IY4 BnmuBy. 3anexHicTh BIAHOCHOI BeauuuHU o/l aHTHCTOKCOBOT JIFOMIHECIICH-
1ii Bix moBxkuHU XBwIi [Y-1miicBidyBaHHS MMOKa3aHa Ha puc.6A, kpusa 3.

VY nopiBHSHHI 31 CTOKCOBUM BapiaHTOM 30YI)KEHHS CBITIHHS, MOXHA BIJ3HAYUTH
TaKl PUCH aHTUCTOKCOBOT JIFOMIHECIEHIIIT 3 C Amax = 540-570 HM;

«BTOMaA JIFOMIHECIIEHII11», criocTepekyBaHa y EMK-bp 3 pBr = 3 (puc. 5B, b), 31
301IBIIIEHHSIM BMICTY 10H1B cpibiia 10 pBr = 7 3HuUKae;

st EMK-bp 3 pBr = 7, y 1ocuTh By3bKOMY CHEKTpallbHOMY Jiama3oHi [Y-mij-
ceiuyBa"Hs 1050 — 1350 um (0,92 — 1,18 eB), micna Bumukanus [Y-migcBivy-
BaHHS CIIOCTEPITAE€THCA «CHATaxoBe PO3TOPaHHs» aHTUCTOKCOBOI 3€JIEHOT JI0-
MiHecteHiii (puc. 5B, e).

VY cBOIO Yepry, KIHeTUKH HAPOCTAHHS CTOKCOBOI JIFOMIHECIICHIIIT 3 Amax = 750 HM,
npeactasieni Ha puc. SC kpuBumiu (f), (g), XapaKTepu3yIOThCsI TAKUMH OCOOJIUBOC-

TAMU:
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- TICTs BKIIOYEHHS 30Y/DKYIOUOTO CBITJIa 3pOCTaHHS IHTEHCUBHOCTI JIFOMIHECIIe-
HIT #1/iIe MOHOTOHHO BiJl HYJI J0 MEBHOTO CTAI[IOHAPHOTO 3HAaYeHHs | He3ane-
YKHO BIJI TOBKHWHU XBUJI1 30yJIPKYIOUOT'O CBITJIA;

- 14 BUMAJKY 30ymkeHHs MoHoXpoMaTuuHuM cBiTiioM CBIT AgBrl 3 A =450 um,
y MOMEHT BKJIrOYeHHs [Y-micBidyBaHHSI CIIOCTEPITAETHCS MiABUIIEHHS PIBHS
IHTEHCUBHOCTI JIFOMIHECIICHIIT 10 cTarfioHapHOro 3HaYeHHs [' > | 3 He3HauHUM
cnajnaxom. [Ipu Bumwukanhi [Y cBiT/Ia 1HTEHCHBHICTH JIIOMIHECIICHIII MOHO-
TOHHO MTOBEPTAETHLCS A0 MoYaTKkoBoro piBH:A I (puc. 5C, f);

- Tpu 30y KEHHI MOHOXpOMAaTUYHUM CBITIOM 31 cmyru [IABp 1 mix aieto [Y Bu-
MIPOMIHIOBAHHSI JTFOMIHECIICHITIS 3 Amax = 750 HM MOKa3ye JHIIIE MOHOTOHHE 3HU-
’KEHHS IHTeHCUBHOCTI — «racinus» (Puc. 5C, g).

OOroBopenHsi pe3yJbTariB. [IOpIBHSIHHS TBOX OCHOBHUX MEXaHI3MIB BUHUK-
HEHHsI aHTHCTOKCOBOI JIFOMIHECIIEHII1i, 00yMOBJIeHOT 30y >KeHHsM J-arperaty bp, 3
ypaxyBaHHSIM OTPUMaHUX €KCIEPUMEHTAIbHUX JAHUX MPUBOJIUTH A0 BHUCHOBKY, IO
NEePEBAKHUM € JIBOKBAHTOBO-CTYIIHYACTUH MEXaHi3M Iepenadl poTo30yKeHHs Bl
bp no EMK. Ileit BUCHOBOK MIATPUMYETHCS TAKUMH MIPKYBaHHSIMU:

1. InTeHcuBHICTh aHTUCTOKCOBOT JItoMiHecHeHITlT EMK-bp 3 Apax = 540-570 M (ipu
30ymxeHH1 cBiTIoM 3 [TABp) 3pocTae 31 301IbIIIEHHAM BMICTY 10HIB CpibJia B eMy-
nbcii. BogHouac iIHTEHCHBHICTh CTOKCOBOT JIFOMIHECIIEHIIIT Ti€T 5k cMyTH (Tipu 30y-
mxenHi 3 CBII) 3a Tux camMux yMOB 3MEHIIYEThCS. SIKIO BUXOAUTH 3 MEXaHI3MY,
3a IKUM €JIeKTPOHH Ta AipkH, 30ykeH1 B bp, 0e3nocepenupo nepenatorbes 10 311
1 B3 AgHal, To B uboMy Bunaaxky HaBpsi Ud CIiJ OUIKYBaTH PI3HUIIIO MK CTOK-
COBOIO Ta aHTU-CTOKCOBOIO JIFOMIHECIICHIIIE€I0 B CMY31 3 Amax = 540-570 HM npu
3MiHI BMICTY 10HIB cpibna B emyinbcii. Ha Hamry nymky, iCHyro4a pi3HHIIS Y MTOBe-
JIHIIl CTOKCOBOI Ta aHTHCTOKCOBOI JIFOMIHECIICHIIII CBITYUTh HA KOPUCTH JIBOCTY-
MHYaCTOr0 MEXaHi13My aHTUCTOKCOBOI JTFOMIHECIIEHIII1, TPU SIKOMY 30y I>KEHHS BiJl
Bbp cnovatky nepenaeTbcsi 10 MPOMIXKHOTO JIOHOPHOTO LIEHTPY, HalliMOBIpHIIlIe,
yTBOPEHOTO aTOMaMH a00 10HaMu Ag, 1 JIUIIIE TICIs [IOTO €JIEKTPOH ado MoTpar-
nsie B 311 AgHal, abo TyHenpHO peKOoMOIHY€E 3 IIEHTpaMu CBITIHHS.

2. TemneparypHe «raciHHsI» CTOKCOBOI Ta aHTUCTOKCOBOI 3€JIEHO1 JIIOMIHECIIEHIIIT Bi-
N0yBa€eTbCsl MPAKTUYHO OAHAKOBO (puc. 4B). Jlis nepiioi HU3bKoTeMnepaTypHoi
JUJISTHKY TEMITEPATYPHOTO «TaCiHHS JIFOMIHECIICHIIT eHepris aKkTUBaIlli MpoIecy
30ira€Thecsi 3 eHEpriero, HeoOXiTHOI JUTS PyXy MIKBY3EJIbHUX 10HIB cpibna Ag;',
AK1 1 3a0e3ne4yIoTh «raciHHs». Lleit MexaHi3M € TOCUTh OUEBUIHUM JIsl TEMIIepa-
TYpHOTO «TaCiHHS» CTOKCOBOI Ta aHTHUCTOKCOBOI JIFOMIHECHEHIII, 32 YMOBH, IO
aHTHCTOKCOBA JIIOMIHECHEHIIS 3/1HCHIOETHCS 32 ABOCTYMIHYACTUM MEXaHI3MOM.
Criouatky eNneKTPOH JIOKaI3y€eThCsl Ha MpOMIXKHOMY cpibHomy nieHTpi AMC/I, po-
sramoBanoMy B 33 EMK AgHal, a notim Bin «1030ymkyetbes» y 3I1. [ipku x Big
bp 6e3nocepeanbo norparisitors 10 B3. SKio asis nosicHeHHs aHTUCTOKCOBOT JT0-
MIHECIIEHIIIT BUXOJIUTH 3 TOTO (haKTy, IO €JICKTPOHHU Ta JIPKHU 3 PI3HUX MOJICKYII
bp norpamnstots, BignosigHo, B 311 Ta B3 EMK 3 yTBOpeHHsIM Ha iX MOBEpXHI
IIPOCTOPOBO po3AiIeHNX paaukaiiB bp i Bp', To mis ix Helitpamizanii bp + bp*
— 2Bp°, npuponHo, MOoTpiOHa eHepris aKTUBALil, BiMIHHA BiJ eHeprii akTuparii
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pyXy 10HiIB cpibna. Y 11bOMY BUNAJIKy TEMIIEpaTypHE «TaCIHHS» CTOKCOBOTO Ta aH-

TUCTOKCOBOT'O CBITIHHS Ma€ XapaKTEPU3yBaTUCS PI3HUMHU €HEPIisIMHU aKTUBAIIIi.

3. TlosiBa MHOMIHECIIEHTHOT CMYTH 3 Amax = 750 HM TaK0X CBITYUTH HA KOPUCThH JIBOC-
TYIIHYACTOrO0 MEXaHI3My aHTHUCTOKCOBOI JIFOMIHECIEHIIIi, 3TiHO 3 SIKUM 30Y-
moxenHs Big bp nmepenaerbcs Ha EMK yepes npoMidkHI JOHOPHI LEHTPHU CPiOHOT
npupou, 3 eHeprisimu B 33 EMK AgHal, ski, 10 TOro , 37aTH1 €BOJIIOI[IOHYBaTH
1] BIUIMBOM TeMIIEpaTypH, YTBOPIOIOUU CTAO1IbHI BHUIIPOMIHIOBaJIbHI (0OYMOB-
JIFOIOTH CBITIHHA 3 A = 750 HM) LIEHTpH PEKOMOUHAII].

OTxe, SIK BUILTUBAE 3 BUIIE3a3HAUYCHOTO, aHTUCTOKCOBA JIFOMIHECIICHITIS Peati3y-
€TbCSI TBOCTYIIHYACTUM MEXaHi3MOM, 3a KM 30ymkeHHs Bif bp mepemaetbcst mo
EMK AgHal uepes npomixkH1 JOHOPHI LIEHTPH, eHepreTuyHO po3ramoBani B 33 EMK.
[TpupoHO IPUITYCTUTH, IO I1i IECHTPH € Kiactepamu Ag,  (n > 2), siKi yTBOPIOIOTHCS
17 BIUTMBOM 30YI>KyBaJbHOTO CBITJIa BHACTIIOK YTPUMAHHS €MYJIbCIi IPU MiIBULIE-
HHX TeMIIEpaTypax, KOJH MDKBY3JI0BI 10HH Ag;” 1ocTaTHBO pyxuBi [19]. Buxomsun 3
[ILOT'0 MPUMYIICHHS, €JIEKTPOHHO-IIPKOBI MPOIIECH, BIJMOBIIAIbHI 32 aHTUCTOKCOBE
3€JICHE CBITIHHS Ta CTOKCOBE CBITIHHS 3 Amax = 750 HM, MOKHA MPEJICTABUTH CHEPTE-
TUYHOIO CXEMOI0, 300pa)KeHOI0 Ha pHC. 6B, 1110 BKIIOYAE HU3KY €IEKTPOHHO-IPKOBUX
MepPEeX0/IiB IS IBOX JOBXKHUH XBUJIb (POTO30YTKEHHSI.

- IIpu 30ymxenni citiaom CBII AgBrl 3 A =450-470 um (nepexin 1), B AgHal 3's-
BJISIFOTHCA BUTbHUM e1ekTpoH 1 aipka B 311 1 B3 BignosinHo. B nmogansiomy, aipka
nokanisyersces Ha ITAL] i pekoMGinye 3 BibHIM eekTporoM i3 311, 1m0 BianoBinae
nepexoy 3 Ha cxemi. TaKiM YMHOM, CTOKCOBE CBITIHHS 3 Amax = 540—570 HM omu-
cyetbes MexaHi3MoM sroMinectieHii [llena—Kna3enca. Y Bumanky, xonmu ¢otoe-
JIEKTPOH JIOKAJI3YyeThCs HAa CPIOHOMY KJIacTepi, OIS SIKOTO, SIK BBaXKanocs y po0o-
tax [20,21], € ITHI], To TyHeIbHA PeKOMOGIHALLS LIHOTO EIEKTPOHA 3 AIPKOIO, JIOKa-
nizoBanoro Ha ITNL], pU3BOAUTH A0 JFOMIHECIEHIIT B 061aCTi Amax = 750 HM (Ire-
pexia 5 Ha cxemi, MexaHi3M JroMiHecteHiii Binmeamca—IIpennepa). OnHak peari-
3aIlisl IEPEX0ly 5 He BUKJIIOUAE MOXKIMBOCTI peKoMOiHallli eJIeKTpOoHa, JIOKai30-
BAHOT'O Ha CpIOHOMY KJjacTepi, 3 BUIbHOK aipkoto i3 B3 (mepexin 4 Ha puc. 6B).
binbin Toro, nieit nepexia 4 € €1MHO MOXJIMBUM JJI €IEKTPOHA, JIOKaJ130BaHOTO
Ha cpibHOMY KI1acTepi, mopyd i3 sikuM Hemae ITUL] (mexanizm Jlam6e—Koika).

- IIpwu 30ymxenni cBitioMm 31 cmyru [IABp (A = 670-700 um, nepexina 2), 3riJIHO 3
JBOKBAHTOBO-CTYMIHYACTHUM MEXaHI3MOM aHTUCTOKCOBOI JIIOMiHECIIEHIIi, Ha mep-
[IOMY eTari BiI0yBa€eThCs NEpelaBaHHs €IEKTPOHA 3 IEPLIOT0 CUHTIIETHOTO Pi1BHS
(S1') 30ymkenoro J-arperary bp 10 cycigaboro cpibHoro kiaacrepa Agy" (mepexin
8, puc. 6B) Ta #ioro BigHosneHHs 10 Ag,’. IToTiM, KOIU CBITIIO MOTJIMHAETLCS Ca-
MuM cpibHuM Kinactepom Agy” [21,22], enextpon 30ymkxyerhes B 311 (puc. 6B, ne-
pexin 6). J-arperat bp BIJHOBIIOETHCS, MEpeAaroun AIPKY 3 OCHOBHOTO PIBHS S
1o B3 AgHal. Jlokanizauis aipku 3 B3 Ha mapHoMy flogHOMY LIEHTpI Ta ii pekoM-
OiHaris 3 esiekTpoHoM 13 311 cipuurHsI€ aHTUCTOKCOBE CBITIHHS 3 Amax = 540-570
HM (mepexia 3 Ha cxeMi). PekoMmOiHaIlisa eJIeKTpoHa, JIOKaIi30BaHOTO CPIOHUM KJla-
ctepoMm Ag,’, Ta nipku 3 B3 abo mipku, nokanizosauoi na ITHII, 3a6e3nedye kaHamu
pekomOiHarllli, mo3HaueHi Ha cxemi nepexojnamu 4 1 5 BianoBigHo. OAMH 13 1UX
nepexoiiB (1o Oy/e 3p03yMiIo 3 MOAAIBIIOT0 PO3IJIAAY) € paaialliiHuM 1 BiATIO-
BiJIa€ 3a JIIOMIHECIEHIIIIO TIPH Amax = 750 HM.
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Tenep po3rasiHeMo IHTEPIIPETAaLiI0 EKCIIEPUMEHTATIFHUX PE3yIbTaTiB IOA0 KiHe-
TUKH Ta BIUIMBY A0J1aTKOBOro [Y-cBiTiia Ha JIFOMIHECUEHIIII0 BUIIE3raaHuX CMYT MPU
30ymxenHi cBiTiaoM sik 3 CBII EMK AgHal, Tak i1 3 [IAbp. Toii ¢akr, o npu 30y-
mxeHHl cBitiioM 3 CBII BB [Y-cBiTia mpu3BOAUTE 0 «TAaCiHHS» CMYTH 3€JEHO1
JIOMIHECIICHITT Ta 3pOoCTaHHs JroMiHecleHii 3 A = 750 uM, cBiuuTh, 10 [Y-cBiTiI0
He 3a0e3medye 30yKeHHs cpiOHMX HeHTpiB Ag,’ 3 mepexonom enexTpoHis 3 Ag,’-
nentpiB A0 3I1. (B takomy Bumajaky ciig 0yso 6 o4ikyBaTH MPOTHIICKHOTO ePEeKTy —
JICUJICHHS 3€JI€HOI CMYTH JIIOMIHECTICHITIT Ta «TaciHHs JFOMiHeceHInii Ha A = 750
HM). ToMy IPUPOIHO NPUITYCTUTH, 110 [Y-BunpomintoBanus BiuuBae Ha ['1°-nienrpu,
3BUIBHAIOYHU 3 HUX JIpKH 3 mepexoaoM y B3 (puc. 6B, nepexizn 7). Takuit nporiec npu-
3BOJUTH J0 3MEHIICHHS IHTEHCUBHOCTI Mepexo/iiB 3 1 5 Ta A0 30UIbIICHHS 1HTEHCHB-
HocTi epexony 4. Lle nae mifcTaBy BBaXaTH, 1110 BiATNOBIJAIBHUAM 32 JIFOMIHECLIEHII1O
3 A =750 HM € nepexif 4. 3B1/ICH BUIUIMBAE TAKOXK, 10 IEPEXia 5 € 6€3BUIIPOMIHIOBA-
JLHUM.

Ha xopucTh BUIlIECKa3aHOTO CB1I4aTh Moaasblii aprymeHnTu. [Ipu 30yKeHHi CBi-
oM [TABp B eMyinbcii 3 Mmanum BMicToM cpibia (pBr = 3) KiHeTHMKa HApOCTaHHS aH-
TUCTOKCOBOI1 3€JI€HOT CMYTH JIEMOHCTPY€E «BTOMY JItOMiHEecHeHIli» (puc. 5, b). Lle ro-
BOPUTH PO ICHYBAHHS «IOBUILHUX LIEHTPIBY, SIK1 31HCHIOIOTH MIPOIIEC PEKOMOIHAIII],
BIJIMOBIIATILHUH 32 «BTOMY» aHTUCTOKCOBOI JitoMiHecleHli. [IpupogHo npumycTuTy,
110 TAKUM IPOIIECOM IpH 30y keHH1 J-arperatiB bp € nepexin 5, yac penakcariii SKoro
JUTSI BCTAHOBJICHHS CTAI[lOHAPHOTO 3HAYCHHSI JOBIIWN, HIX /1t mepexomiB 3 1 4. Yacu
penakcarii nporeciB 3 1 4 MaloTh OyTH MOPIBHIHHUMH, OCKUIbKH OOMBA BHU3HAua-
IOTHCSI 3arajibHUM Mepexo10M (OTO30YyIKEHOTO eleKTpoHa B bp Bij mepiroro 30ymxe-
HOT'O CHHIJIETHOTO piBHS S|' J-arperaTy /0 HeHTpY Ag,', SIKHii PO3TAIllOBaHUIT HA TO-
BepxHi EMK AgHal (nepexin 8). Ilepexin poTo30ymxeHoro enxekrpona 3 piBus S;' J-
arperary Bp mo uenrpy Ag,", nopyd i3 skum posramosanuii nenrtp I'1°, maitimosip-
Hile, moTpedye Outbil TpuBanoro 4acy. Crpapii, sSIK MOKa3aJd HaIll JOCIIKCHHS,
TEMITH 3POCTAHHS aHTUCTOKCOBOT 3€JICHOI JIIOMIHECHEHIIIT 10 KBa3iCTalllOHAPHOTO 3Ha-
yeHHs (nepexia 3), 1 mominecteHIlii Ha A = 750 uM (nepexin 4) IpakKTUYHO 301Tal0ThCSI.

Sk yxe 3rajmyBanocs, SIKIIO JroMiHecHeHIis 30ymkyerbest ciTiiom 3 CBIT EMK
AgHal, nis [Y-BunpomMiHIOBaHHS MPU3BOIUTH JI0 «TACIHHS aHTUCTOKCOBOI JIFOMiHEC-
IeHII11 Ta 30UIBIICHHS] CTOKCOBOI JItoMiHeCHeHIT Ha A = 750 HM. kim0 30y1KeHHs
3nicHoeThes 31 cmyru [TABp, To [Y-niacBidyBaHHS TPU3BOJIUTH A0 «TAaCiHHS» 000X
3a3HadeHux cMyT (puc. 5, kinetuku (b, d, e, g)). MoXIMBOIO MPUYMHOIO TaKO1 TTOBE]Ti-
HKU MOXKe OyTH OJIaTKOBUI KaHaJ HepafialiiiHoi pekoMOiHallii, 1[0 BUHUKA€E Oe3Mo-
cepenubo B bp mia BrnuBom [U-cBitna, HanpuKiaa, BHACTIIOK B3a€EMO/AIT MOJIEKYISIp-
HUX 1 noaimonekynsapHux ¢opm bp [23]. [IpoTe BiANOBias HA 1€ TUTAHHS HE € MPeE-
METOM JaHOTO JTOCHIKEHHS 1 MOTpeOye OKPEeMOTo aHai3y.

BucHoBKH. ['0JI0BHI BUCHOBKM pOOOTH MOJISITAIOTh Y BCTAHOBJIEHHI Ta SKICHOMY
OoOTpYHTYBaHHI €JIEKTPOHHO-IIPKOBUX IPOIIECIB, 1110 00YMOBIIIOIOTH OCOOJUBOCTI HU-
3pKoTeMnepatrypHoi mominecueHIii EMK-bp. Tak, 3 Hamumx crioctepexeHb BUTLIHBAE,
0 aHTUCTOKcoBa JomiHecueHIis (A = 540-570 am) EMK-bp npu 30ymxenHi J-
arperatiB bp (A = 670—700 HM) peamnizyeThCs 3a JBOKBAHTOBO-CTYIMHYACTUM MEXaHi-
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3MOM, 3TiJHO 3 SIKHM, KOJIU CBITJIO MOTJIMHA€EThHCS J-arperatoM bp, enexkTpon yokasi-
3y€Thes Ha cpibHoMy Kiactepi AgBrl, a 6apBuuK Bp' BiZHOBIIOETHCS MPH PEIOKATII-
3anil mipxu y ITHILL uepes B3 AgBrl aGo TyHenbHO. Y MOAANBIIOMY, €IEKTPOH a60
notparuisie B 311 mpu nmornuHaHHI CBIT/Ia CPiIOHUM KJIACTEPOM, MICHS YOTO PEKOMOIHY€E
3 1ipKolo, JokanizoBaHowo Ha ITHI[, a6o pekoMGiHye 3 TAKOIO AIPKOIO TyHENIbHO. B
pe3yNbTaTi KOXKHOTO 3 IUX MPOIIECiB TeHEPYETHCSI KBAHT AaHTUCTOKCOBOI 3€JICHO1 JTI0-
MIHECLICHIII].

Kpim TOT0, BCTAaHOBJICHO, IO PEKOMOIHAIIIS €JIEKTPOHA, JIOKAJII30BaHOTO Ha Cpio-
HOMY KJacTtepi, 3 BUtbHOIO Aipkoo y B3 EMK AgBrl BianoBinae 3a T0OMiHECHIEHITIIO 3
A =750 am (mepexin 4 Ha puc. 6B). [lepexin 5 Ha puc. 6B 3ailicHIOE KaHaT Hepasia-
1iHOT pekoMOiHallli, AKHI BUKIIMKA€E «CMATaxOBEe PO3TOpaHHM» ab0 «BTOMY» aHTHC-
TOKCOBOI 3€JIeHOT JIFOMiHecIIeHIIi mpu 30ymkeHHi J-arperatiB bp.

ABTOpU BHUCIOBIIOIOTH NOAAKY HarionansHOMY (OHIY HOCHIKEHb YKpaiHH 3a
HiATPUMKY B paMkax rnpoekty Ne 2025.07/0069 “HoBiTHi 3aCTOCYBaHHS CTPYKTYpOBa-
HUX ONTUYHUX IOJIIB y OJISIPU3ALHO-1HTEphEPEHIIIMHUX METOIaX BUPIIICHHS 3a1a4
TEJIEKOMYHIKaIlii Ta G10MeIUIIUHNA .
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O. V. Tyurin, S. O. Zhukov, A. Y. Bekshaev

Mechanism of the anti-Stokes luminescence of dye-sensitized AgHal
microcrystals

Summary

Spectral and kinetic characteristics of the light-induced luminescence offer efficient tools
for investigation of the atomic-molecular structure, energy levels, and the generation-recombi-
nation processes involving free and captured charge-carriers. In particular, especial interest
is attracted to luminescence properties of the silver-halide emulsion microcrystals (EMC)
which find a lot of existent and potential applications for the optical methods of data registra-
tion and processing. In this work, the low-temperature (T = 77 K) luminescence properties of
dye-sensitized AgBrl EMC (EMC-Dye) are studied experimentally. When such EMC-Dyes are
excited by light from the absorption band of the dye J-aggregate (A = 670—-700 nm), the two
luminescence bands appear in the after-glow spectrum: the Stokes band with A = 720-800 nm
and the anti-Stokes “green’ luminescence with Amax = 560 nm. Based on the experimental re-
sults, the two-quantum step-wise mechanism of this anti-Stokes luminescence has been substan-
tiated and clarified. According to this mechanism, the photoexcitation energy, absorbed by the
dye, is transferred to AgBrl through the silver centers of the atomic-molecular degree of dis-
persion (AMDD): at the first step, an electron is localized at the intermediate silver center, at
the second step it is re-excited into the conduction band. It has been established that the anti-
Stokes luminescence of EMC-Dye is caused by the recombination of free non-equilibrium elec-
trons, excited into the AgBrl conduction band from the AMDD silver centers, with holes local-
ized on paired iodine centers in the AgBrl band gap. At the same time, the recombination of
electrons, localized at the AMDD silver centers, with holes, located on the paired iodine cen-
ters, is responsible for the Stokes luminescence in the band with A = 720-800 nm. Recombina-
tion of the same electrons with free holes in the AgBrl valence band occurs without radiation,
which causes the effect of “luminescence fatigue” for the anti-Stokes luminescence.

Keywords: silver-halide microcrystals, dye-sensitization, low-temperature luminescence,
anti-Stokes luminescence, local charge-carrier capture centers, electron-hole generation-re-
combination.
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Unsteady heat transfer in an aerodisperse system with a dense gravel bed
in a soil regenerator channel

The paper investigates the space-time evolution of the temperature field in the aerodisperse
system “‘air—dense gravel bed” realized in the channel of a soil regenerator for greenhouses.
Aerodisperse systems with dense granular layers are widely used in heat power units, regener-
ative heat exchangers, and seasonal thermal energy storage devices, but the physics of unsteady
heat transfer between the gas flow and a fixed bed of particles has not been fully clarified.
Special attention is paid to the sequential heating of the bed along the channel and to the inter-
action between the thermal front in the solid phase and the temperature field of the gas phase,
which are characteristic features of aerodisperse systems under charging conditions of heat
storage units.

The aim of this study is to analyze the temperature field in the channel of a soil regenerator
with a dense gravel bed considered as an aerodisperse system and to quantify coupled heat
transfer between the gas and solid phases under transient conditions. The physical model is
formulated as a two-component quasi-homogeneous medium, where the gas flow and the dense
granular layer are treated as interacting components of the aerodisperse system. The governing
equations include the heat transfer equation for the solid phase with effective thermal conduc-
tivity and a convective energy equation for the gas flow with an intercomponent heat transfer
term describing the energy exchange between the gas and dispersed subsystems. The numerical
implementation is performed in Matlab using finite-difference schemes: gas temperature along
the channel is calculated sequentially in space, while the temperature of the granular bed is
obtained by an implicit time-stepping scheme.

The calculations employ thermophysical properties of a gravel bed typical for regenerators
with dense granular packing, including porosity, density, specific heat, effective thermal con-
ductivity, and specific particle surface area. The results are presented as two-dimensional tem-
perature fields T(x,t) and Tg(x,t), temperature profiles of the bed and gas along the channel at
characteristic times, and time dependences at selected cross-sections. It is shown that a pro-
nounced heating front is formed in the “air—dense gravel bed” aerodisperse system, which
gradually propagates from the inlet region of the channel towards the outlet due to gas cooling
and heat accumulation in the granular layer. The obtained regularities provide deeper physical
insight into heat transfer in aerodisperse systems with dense packing and can be used to opti-
mize geometric and operating parameters of soil regenerators and other regenerative heat ex-
changers with granular beds.

Keywords: gas flow, dense granular bed, gravel, soil regenerator, temperature field, heat
transfer, two-component model, Matlab.

Introduction. Problem statement. Energy-efficient heating systems for agricul-
tural greenhouses remain a pressing engineering challenge, particularly in regions with

© I. I. Mukminov, 2026
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significant diurnal temperature fluctuations. One promising solution is the soil
(ground) regenerator — a channel filled with a dense granular bed that accumulates
thermal energy during daylight hours by blowing warm greenhouse air through the
packed layer and releases this heat to the incoming cold air at night. The working me-
dium of such a device is an aerodisperse system formed by a through airflow and a
stationary dense layer of granular particles, in which coupled heat transfer between the
gas and solid phases determines the charging and discharging performance of the entire
unit. Despite the apparent simplicity of this physical picture, the spatiotemporal evolu-
tion of the temperature field in the channel — particularly the propagation of the thermal
front along the granular bed — requires rigorous modelling that accounts for the separate
energy equations of both phases.

Formulation of the article's aim. Despite the progress described above, the pub-
lished results for soil regenerators are largely based on either simplified single-phase
approaches or analytical solutions that treat the gas temperature as uniform along the
channel — an assumption that conceals the physically important phenomenon of gas
cooling in the flow direction and the resulting delayed heating of downstream bed sec-
tions. The aim of this article is to investigate the spatiotemporal temperature field in
the aerodisperse system "air — dense gravel bed" of a soil regenerator channel by means
of a two-component numerical model that solves coupled energy equations for both
phases, and to demonstrate the formation and propagation of the thermal heating front
along the packed-bed channel.

Analysis of recent studies and publications. The heat transfer in dense packed
beds with a gas flow has been studied extensively since the classical work of Schu-
mann, who proposed a one-dimensional two-phase (gas—solid) model that forms the
theoretical basis for most contemporary approaches [1]. Subsequent analytical and nu-
merical developments confirmed that the Schumann-type model adequately captures
the thermocline behaviour in packed-bed thermal energy storage systems when inter-
component heat transfer is correctly parameterised. Reviews of packed-bed sensible
heat storage systems highlight that the single most important parameter governing the
shape of the thermal front is the intercomponent heat transfer coefficient between the
flowing fluid and the granular packing [1, 2]. Practical experiments on soil regenerators
with crushed stone and gravel packing showed that this coefficient lies in the range of
4-9 W/(m?-K) under typical greenhouse operating conditions, and the Biot number
remains sufficiently small to justify the lumped-solid assumption for individual parti-
cles. Mathematical modelling of the heat transfer process in a dense blown gravel layer
demonstrated that the analytical temperature distribution along the channel correlates
satisfactorily with experimental data when porosity, density, specific heat, effective
thermal conductivity, and specific particle surface area are taken as input parameters
[3 — 5]. Development of the soil regenerator design for a greenhouse with an 18 m?
floor area showed that five 5.75 m channels filled with crushed stone can accumulate
enough heat during a six-hour charging period to maintain the temperature for approx-
imately 2.6 hours after sunset under a mean ambient temperature of 7 °C [3, 6]. Effec-
tive thermal conductivity of granular beds has been shown to depend strongly on par-
ticle shape, packing fraction, and the contact network between particles, and must be
treated as an independent model parameter rather than a simple mixture average. The
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author's earlier dissertation work systematically investigated the intensification of heat
and mass transfer in dense granular layers and developed a procedure for thermal de-
sign calculations of soil regenerators with granular packing for greenhouses, establish-
ing the empirical dependences for the intercomponent heat exchange factor and veri-
fying the model against pilot-plant measurements| 4 — 7].

In addition to classical one-dimensional models, recent research has focused on
refining the description of local thermal non-equilibrium effects and on validating more
detailed numerical approaches such as CFD-DEM and pore-scale simulations, which
resolve the gas flow and temperature fields around individual particles in the packed
bed. These studies confirm that, for engineering-scale soil regenerators operating at
moderate Reynolds numbers and with relatively large gravel particles, the Schumann-
type two-equation macroscopic model remains sufficient for predicting the overall
thermal response, provided that the effective transport properties and interphase heat
transfer coefficient are carefully calibrated against experimental data [1, 7]. At the
same time, the advanced numerical results help to interpret the influence of bed struc-
ture, particle shape and size distribution on the effective thermal conductivity and on
the spatial heterogeneity of the temperature field, which is particularly important when
designing compact regenerators with limited bed length and when assessing the sensi-
tivity of the thermal front propagation to packing irregularities and local channelling
of the airflow.

Experimental setup and pilot regenerator. The experimental investigation was
carried out using a pilot soil regenerator installed inside an operating greenhouse and
a dedicated laboratory channel designed for studying heat transfer in dense granular
beds under controlled conditions. The pilot regenerator channel had an inner diameter
of 100 mm and a working length of 1 m; the channel was filled with granite gravel with
a particle size fraction of 40—60 mm and was buried under the greenhouse floor to
ensure thermal contact with the surrounding soil. The channel was thermally insulated
with 12 mm milled rubber, which corresponded to an overall heat transfer coefficient
of £=2.34 W/(m?-K) during the pause period.

Air flow through the channel was provided by a fan with a rated volume flow of
105 m?/h, yielding a filtration velocity in the range 0.3—0.5 m/s in the granular bed.
During the daytime charging phase, warm air was taken from the upper (hottest) zone
of the greenhouse and blown through the gravel bed; at night, the air circulation direc-
tion was reversed and the accumulated heat was released to the cold incoming air. Au-
tomatic insulated shutters were installed at both ends of the channel to prevent convec-
tive heat loss during the pause period between charging and discharging.

Temperature measurements were performed using five TemPer 2.0 thermocou-
ples positioned along the channel axis at distances of 0.1, 0.3, 0.5, 0.7, and 0.9 m from
the inlet, plus additional sensors at the air inlet and outlet and in the ambient environ-
ment; data were logged at 3-second intervals via TemPer V27 software. The thermo-
couple arrangement allowed the full axial temperature distribution in the granular bed
to be monitored continuously throughout the charging and discharging cycles.
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F‘—Gg
i

Fig 1. Layout diagram of the ground regenerator in the greenhouse
1 — granulated material, 2 — heat-exchange channel, 3 — air duct, 4 — exhaust fan, 5 — in-
sulation, 6 — soil in the greenhouse.

Table. Thermophysical properties of the gravel bed

Parameter Value Unit
Solid density, Py 1500 kg/m?
Specific heat, ¢, 860 J/(kg-K)
Effective thermal conductivity, A . 0.25 W/(m-K)
Porosity, & 0.40 —
Specific particle surface, 4, 800 m*/m?
Intercomponent heat transfer coeff, & 3.8-15.7 W/(m?-K)

The thermophysical properties of the gravel bed used as input data in all calcu-
lations are listed in Table 1, and are consistent with values reported in the authors'
earlier study.

Physical and mathematical model. The aerodisperse system "air — dense gravel
bed" is modelled as a two-component quasi-homogeneous medium consisting of a gas
component (air) and a solid component (gravel particles). The dense bed is assumed
stationary and the flow is one-dimensional along the channel axis x. Thermal equilib-
rium between the two components is not assumed; instead, the temperature fields of
the gas T,(x,f) and the solid phase 7(x,f) are determined independently and coupled
through the intercomponent heat transfer term.

The energy equation for the solid (granular) phase is:

oT o'T

qucsazkeﬁ{§+ocapﬂ(Tg—T), 0<x<L,t>0 (1)

Where pes=(1—¢€)p;s 1s the effective density of the solid phase in the bed.
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The energy equation for the gas phase is written in the convective quasi-steady
form, accounting for the heat exchange with the solid layer:

(T,-T), 0<x<L )

pgcgoaa—; =-0a,,
Where w is the filtration velocity of air, and p,=1.2 kg/m?, c,~1000 J/(kg-K) are
the density and specific heat of air.
Initial and boundary conditions are:
oT

T
T(x,0)=T,; T,0,0)=T,,; or ==
x=0

" ox
The initial layer temperature was 7,=20 C and the inlet air temperature was
T,in=360C, in accordance with the experimental conditions recorded in the pilot tests.

=0. (3)

x=L

Numerical implementation in Matlab. The mathematical model (1)—(3) was im-
plemented numerically in the Matlab environment using finite-difference schemes. The
channel of length L=1 m was discretised into Nx=121 equal spatial intervals
(Ax=L/(Nx—1)), and the time domain [0,3600s] was divided into Nt=721 steps (At=5s).

At each time step the computation proceeds in two sub-steps. First, the gas tem-
perature distribution 7g(x) is calculated by integrating equation (2) explicitly along the
spatial coordinate from the inlet boundary condition:

. . oa,, ‘ ‘
Tgf’) :7;(”1) —Ax-—p”(Tg(”” T, i=2,..,N, 4)
pgcg(l)

Second, using the gas temperature field 7g(x) computed in the first sub-step, equa-
tion (1) is solved for the solid-phase temperature at the new time level using an implicit
(backward-Euler) finite-difference scheme, which yields an unconditionally stable
tridiagonal system of linear equations at each time step:

1 T"
A e | e =t ©)
where 7 = Aett/(peticsAx?) and s=aapi/(pesics). The adiabatic wall boundary conditions are
enforced using one-sided differences at i =1 and i=N.

Results and discussion. The computed two-dimensional temperature field 7(x,¢)
of the gravel bed is shown in Fig. 2, and the gas-phase field 7g(x,7)in Fig. 3. Both fields
exhibit a pronounced diagonal thermal front propagating from the channel inlet (x=0)
toward the outlet (x=L) as time increases.

The physical mechanism is as follows: at the beginning of the heating period the
incoming air at 36 °C gives up heat primarily to the inlet section of the gravel bed,
where the bed—gas temperature difference is maximal. As the inlet section heats up, the
gas arrives at deeper cross-sections with progressively less residual thermal driving
force, so these sections begin to heat with a time delay visible as the propagating front
in Fig. 1. This sequential layer-by-layer heat absorption is fully consistent with the
experimental observations reported in the pilot-regenerator tests, where no abrupt tem-
perature discontinuities were detected along the channel axis.
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Fig. 2. Temperature field T(x,t) of the
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The axial temperature profiles of the gravel bed at characteristic instants are pre-
sented in Fig. 4. After 60 s of heating the temperature elevation is almost entirely con-
fined to the first 0.2 m of the channel; by 900 s the front has advanced to approximately
0.5 m; and at 3600 s a nearly uniform temperature close to the equilibrium value is
established along the full channel length.

The time evolution of the bed temperature at five axial positions is shown in Fig.
5. The inlet section (x=0.1 m) reaches near-equilibrium within approximately 600 s,
whereas the outlet section (x=0.9 m) does not attain the same temperature even after
3600 s, reflecting the limited heat carried by the cooled air in the downstream region.

The mean cross-sectional bed temperature at /=3600s obtained from the two-com-
ponent model equals approximately 31-32 °C, which agrees with the experimental
value of 32 °C measured in the pilot tests to within the experimental uncertainty. This
agreement validates the physical adequacy of the two-component model and the cor-
rectness of the adopted thermophysical parameters. The intercomponent heat transfer
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coefficient o=7 W/(m?-K), used in the present calculation, falls within the experimen-
tally determined range of 3.8—15.7 W/(m?-K) for the gravel bed at a filtration velocity
of 0.12 m/s and an inlet air temperature of 36 °C.

The computed gas-phase profiles (Fig. 3) show that at early times the air cools
noticeably along the channel — from 36 °C at the inlet to near the initial bed temperature
at the outlet — confirming that the assumption of a spatially uniform gas temperature
would be physically incorrect for this configuration. As the bed heats up, the driving
temperature difference between gas and solid diminishes uniformly, and the axial gra-
dient of Tg flattens progressively, as observed in the experimental temperature records.

Conclusions

1. Based on the analysis of literature and experimental data, a two-component
mathematical model of the aerodisperse system “air—dense gravel bed” in a soil regen-
erator channel has been developed, which accounts for separate energy equations for
the gas and solid phases and their intercomponent heat exchange.

2. The numerical implementation of the model in Matlab, using an implicit finite-
difference scheme for the solid phase and sequential computation of the gas tempera-
ture along the channel, made it possible to obtain spatio-temporal temperature fields
T(x,t) and Tg(x,t) with a clearly pronounced heating front propagating from the inlet
towards the outlet.

3. It has been shown that, for parameters typical of a gravel bed in a greenhouse
soil regenerator (porosity, effective thermal conductivity, specific particle surface area,
intercomponent heat transfer coefficient), the most intensive heating occurs in the ini-
tial section of the channel, while downstream cross-sections of the bed are heated with
a significant time delay, forming a non-stationary thermal front.

4. Comparison of the cross-section-averaged gravel bed temperature predicted by
the two-component model with experimental data from the pilot soil regenerator shows
satisfactory agreement, with an error of only a few percent, which confirms the ade-
quacy of the adopted thermophysical parameters and the experimentally determined
range of the intercomponent heat transfer coefficient.

5. The obtained results can be used for engineering design and optimisation of
soil regenerators with dense granular packing, in particular for selecting channel
length, particle size and type, airflow filtration velocity, and charging duration, as well
as for further development of heat transfer models in aerodisperse systems with dense
particle layers.
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L 1. Myxkminoes

HecranmionapHe TemionepeHeceHHsl B aepOAUCIEPCHiN cucTeMi 3
IMIJIbHUM IAPOM I'PaBil0 B KaHAJIi IPYHTOBOI'0 pereHeparopa

AHoTanis

Y emammi docnioaceno npocmoposo-uacoei ocooaueocmi hopmysanHs memnepamypHo20
noJis 8 AepOOUCHEPCHIIL cUucmeMmi «N0GIMps — WIIbHULL Wap 2pasitoy, wo peanizyemucs 8 Ka-
Hai IPYHMOB020 pecenepamopa 0 menauysb. Aepooucnepchi cucmemu 3 WilbHUMU WApamMu
2PAHYl WUPOKO 3ACMOCOEYIOMbCA 8 MEeNI0CHePeeMUYHUX YCIMAHOBKAX, PeceHepamueHux me-
NJI0OOMIHHUKAX MA CE30HHUX AKYMYIAmopax meniomu, npome Qizuxa HecCmayioHapHo2o me-
NJIONepeHecer s Midc 2a308UM NOMOKOM I HEPYXOMUM WLAPOM YACTUHOK 3ANUUAEMbCS HEOO-
cmamubo susuernor. Ocobnusy yeazcy npuoileHo noCii008HOMY NPOSPIBAHHIO ULAPY 63008HC
KaHany ma 63aemoolii (ppoHmy HacpieanHs 3 Nojiem memnepamyp 2a3oeoi ¢haszu, wo € xa-
PAKMEPHUMU PUCAMU NOBEOTHKU AEPOOUCNEPCHUX CUCTEM ) DEHCUMAX 3APAONCAHHA MeNnno-
AKYMYII08AIbHUX NPUCMPOIB.
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Memoro pobomu € ananiz memnepamypHo20 NOJIsL @ KAHAL IPYHMOBO20 pe2eHepamopa 3
WITbHUM WAPOM 2pasito sIK aepoOuUCnepcHoi cucmemu ma KilbKiCHA OYIHKA 83AEMONO08 S3a-
HO20 menjonepeHecenHs Midxc 2a306010 i meepoolo gazamu 6 HecmayionapHux ymoeax. Dizu-
UKy MOOeb NOOYO0BAHO V 8U2TA0I 0BOKOMNOHEHMHO20 KBA3I20MO2EHHO20 cepedosuiyd, oe 2a-
306Ul ROMIK [ WITbHUL 2PAHYTb0BAHUL WLAD PO32TA0AOMbCS K 83AEMOOTIOU] KOMNOHEHMU de-
pooucnepchoi cucmemu. Cucmema pigHsHb BKIIOUAE PIGHAHHS MENIONEPeHoc)y 8 meepoiil ¢aszi
3 YPaxy8auHAM epekmuHoi menionpogioHoCmi ma KOHBEKMUBHe PIGHAHHSA OJis 243068020 NO-
MOKY 3 YIeHOM MIHCKOMNOHEHMHO20 MeNn1000MIHY, AKULL ONUCYE eHepeemUUHY 83AEMO0II0 Ou-
cnepcHoi ma 2azo80i niocucmem. HYucenvHy peanizayiio uKoHaro 8 cepedosuuyi Matlab 3a 0o-
NOMO2010 PISHUYEBUX CXeM: MeMnepamypy a3y 630084 KAHALY 00UUCTI08ANU NOCTIO0BHO 3a
KOOpOUHAmMoro, a memnepamypy wilbHo20 wapy — 3a Hes8HOK CXeMOI0 ) Yacl.

Y pospaxynkax epaxosano mennogizuuni xapakmepucmukuy wapy 2pasito, munogi 0s pe-
2eHepamopis 3 WiNbHOI0 2paAHyIb08AHOI0 HACAOKOI. NOPO3HICMb, 2YCMUHA, NUMOMA MENI0¢E-
MHicmb, egheKmueHa menionpogioHicms ma NUMoma nosepxusa yacmurox. Ompumani pe3yib-
mamu Hageoeno y 8u2isdi 0808uMipHux memnepamypHux nonie T(x,t) i Tg(x,t), npoginie mem-
nepamypu wiapy i 2a3y 6300894 KAHANY O XAPAKMEPHUX MOMEHMI8 4acy, a maKo#c KPUBUX
3MIHU memnepamypu 8 okpemux nepepisax. Ilokazano, wo 8 aepooucnepcHitl cucmemi «nogi-
Mpsi — WITbHULL Wap 2pasiioy opmyemovcs supasdceHutl (ppoHm HazpieaHus, AKULU NOCMYNo8o
nepemiugyemucs 8i0 6XiOHOI OLIAHKU KAHATY 00 8UX0OY 8 MIDY 0XOJI00NHCEHHS 2A308020 NOMOKY
ma HAKONUYeHHs: MenIomu 2paHyib08aHum wapom. Ompumani 3aKOHOMIPHOCII 00380110Mb
enubule inmepnpemyeamu Qizuxy menionepeHecents 6 aepooUcnepCHUX CUCMeMax 3 WilbHo
HACAOKOI0 Ma MOXCYMb OYMuU 8UKOPUCAHT Ol ONMUMI3AYL] 2e0MeMPUYHUX [ PEHCUMHUX Na-
pamempie IPYHMOBUX Pe2eHepamopia i IHUUX pe2eHepamueHUxX meni00OMIHHUKIS 13 2PAHYIbO-
BAHUMU WADAMU.

Knrwouosi crosa: 2azosuii nomik, wilbHUll 2paHyIb08aAHULL WAp, 2pasiil, IPYHMOBUL peceHe-
pamop, memnepamypme noje, menjionepeHecents, 060KOMNoHeHmHua mooens, Matlab.
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HacankoBi K0JIOHM B TeXHOJIOTii OTPUMAHHS HATYPAJIbHOI0
xos0aarenty — nponany (R290)

Cmamms npuceésuena akmyaubHill HAYKOBO-MEXHIUHIL NpoOieMi — NOWYKYy ma 6npoea-
0JICEHHI0 eHep2oepheKMUSHUX Ma eKOI02IUHO Oe3neyHux pooouux min 01s XON0OUTbHUX CUC-
mem. Pozenamymo namypanvruii xonoooacenm — nponatn (R290), axuii xapaxmepu3zyemvcs
HYIbOBUM NOMEHYIAIOM PYUHYBAHHS 030H06020 wiapy (ODP = () i ékpau HU3bKumM nomenyi-
anom enooanvroeo nomeniinusi (GWP < 3). BuxopucmarHs 8yeie800HI8 € CMpameiyHo0
anomepuamugoro cunmemuunum gpeonam (HFC), axi nompanunu nio d#copcmi 06MedHceHHs.
Midchapoonux npomoxonie i F-Gas pezyntosanns. Y pobomi 3anponono6ano mextonoziro eu-
JIYUeHHs. NPonany ma iHuwux eyeneeoouie (emany (R170), izobymany (R600a) 3 wupokoi
@paxyii neekux gyeneeoonis (Cr+), wo ymeoproemocsa npu nio2omosyi NPUpooOHo20 2azy 00
mpancnopmysanua ma eupoonuymea 3I1I. Ananiz ¢azosux pisnosae OinapHux cymiuier
KOMNOHEHMi8 NpupooHo20 2a3y niomeepous ixHill Hea3eomponHuill xapakmep, ujo 0038015€
BUKOPUCMOBYBAMU Memoou bazamocmynenegoi pekmughikayii 0ns enuboko2o ovuwenHs. /s
VMO8 MANOMOHHANCHO20 SUPOOHUYMEA OOTPYHMOBAHO 3ACMOCYBAHHA HACAOKOBUX KONOH i3
Hepe2ynapHumu eremenmamu. IlpogedeHo nopieHAnbHUL aHAN3 MPLOX MUNi8 HACAOOK: Ci-
muacmoi ciononodionoi, cnipanvHoi ma cniparvHo-npusmamuynoi. YV cepedosuwi Mathcad
peanizoeano  ancopumm  KOHCMPYKMUBHO20 — PO3PAXVHKY, WO  00360]UE  SUSHAYUMU
ONMUMANbHI  napamempu noOiLy cymiweu nponam-i3o0yman ma  NPONAH-NPONITEH.
Bcmanosneno, wo ona oocaenennsa yucmomu 99,9% npu nooini cymiwi 3 nponiieHom nompi-
OoHO 3HauHO Oinbuie 00unuys nepenocy (nowad 200 BETT), uisc O cymiwi 3 i300ymanom
(~40 BETT). ocniodcenHs nokazano, wjo OYuUuieHHs 8i0 GUCOKOKUNIAYUX | HUSbKOKUNISAUUX
OOMIULOK MEXHIUHO HEMOJNCIUBE 8 OOHOMY anapami yepe3 GIOMIHHOCMI 8 CIOPABIIUHUX PediCU-
Max ma memnepamyprux ymoeax. Pezynomamu pobomu moocyms 6ymu euxopucmati npu
NPOEKMyBanHi KOMIAKMHUX YCMAHOBOK OISl OMPUMAHHS HAOYUCMUX X0I000A2eHMIE ULTIAXOM
NOMPIHOI Nepe2oHKU.

Knrouoegi cnosa: namypanvni xonoooazenmu, nponam, pekmugikayiina Koioua, nepezyus-
PHa Hacaoka, npupooHull 2a3, eKoJ02iuHa be3neKka, 8y2ne800Hi.

BBeaenns. Ilomyk HOBUX eHeproeeKTUBHUX POOOUYUX TUT AJS XOJOIUIBHHUX
TEXHOJIOT1H € aKTyaJlbHUM HayKOBO-T€XHIUHMM 3aBJIaHHsAM. HaTypanbHi xomomoare-
HTH, 30KpeMa, BYTJIeBOJIHI — 1I€ €KOJIOTTYHO Oe3MeuHi poOoui Tija 3 HyJIbOBUM IOTEH-
1iajgoM pyiHyBaHHs 030HOBOrO 1mapy (ODP = 0) Ta Bkpail HU3bKUM MOTEHII1AJIOM TJI0-
6anproro oterutinasg (GWP) [1, 2].

Ha BigMiHy BiJ] A€SIKUX CHHTETUYHHUX (DPEOHIB, SIKI IPU BUTOKAX YTBOPIOIOTH IIKi-
JUIMB1 pEYOBUHM, HATYPAJIbHI XOJIOI0AT€HTH € NPUPOAHUMHU KomnoHeHTamMu. GWP cu-
HretnuHux ¢gpeoniB rpynu HFC nocsrae 3000-14000 oqunauiis. Y mpupogHUX X0JIO-
JI0AreHTIB 1IeW MOKa3HUK JOPIBHIOE HYJIIO YU OJIMHHUIII.
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Taboauusa 1. 3paskosi ckinaau npupoaHoro razy ta 3111 [3]

Komnonent [Tpupoauuii raz, % o0. 31T, % 06.
[emiii 10 0.58 -
A3sor 0.43 ...28.0 no 1.5
Byrnekucnuii ra3 0.03 ...2.25 -
Meran 62.6 ... 98.8 86.98 ... 99.72
ETan 2.89 ... 7.06 0.06 ... 9.35
[Iponan 0.05...2.10 0.0005 ... 2.33
byranu 0.03 ... 1.04 0.0005 ... 2.33

[TepeBarn mpUPOAHUX XOJIOJAOATSHTIB HE OOMEXKYIOTHCS paMKaMH €KOJIOTIYHUX
npoOseM. [IpupoaHi xonogoareHTH He miaAnaaarTh mig oomexenHs F-Gas perymro-
BaHHS Ta HE BKJIIOUYEHI JI0 CITMCKIB 3a00pPOHEHUX PEYOBHH.

st poGoTa mpucBsiueHa po3poOlil TEXHOJIOT1T OTPUMaHHS BYTJIEBOJIHIB 3 (pakiiii
C,+ IpUPOAHOTO Ta3y 3 BUKOPUCTAHHSIM HACAJKOBUX PEKTU(DIKALIMHUX KOJIOH.

CupoBuHa Ta TexHoJOrif. ByrieBogHeBi HaTypajbHI XOJOAOAreHTH — €TaH
(R170), etrnien (R1150), mpomnan (R290), mpominen (R1270), 6ytan (R600) Ta i300y-
taH (R600a) € xommonenTamu npupoanoro rasy (I1I). 3a3HaueHi KOMIOHEHTH BXO-
ISTh 10 CKIAAy piakoi ¢ppakiiii, 110 yTBOPIOIOTHCA mij yac miarotosku I1I7 mo Tpanc-
noptyBaHHs. [Ipu 11bOMYy TPOBOIUTHCS OYUIIICHHS BUXITHOTO Ta3y, 10 HAAXOIUTH 13
CBEP/IJIOBUHH, B1JI ABOOKUCY BYTJICI[IO Ta CIpYUCTUX cIONyK. [IpucyTHicTh eTany, mpo-
naHy, OyTaHy 1 IEHTaHy B Ta30BOMY MaJIMBi, 1[0 HAAXOAUTH JO CIOKHMBAUiB, TAKOXK
HeOaxaHa. ToMy mepe; mogaBaHHSIM MTPUPOTHOTO ra3y 10 TPAHCIIOPTHUX MaricTpasib-
HUX MEPEX 3 HbOT'0 MOBUHH1 OyTH BUJIaJIeH1 O1III BaXKK1 BYTJIEBOAHI. SIK MpaBuiio, 11e
POBOAUTHCS METOOM (ha30Bo1 cenaparlii [3] MIIIXoM MmonepeIHbOTO 0X0I0HKSHHS
rasy (tabs.1) Ta BigauIeHHs piakoi da3u.

IIpu BupoOGHUIITBI 3pimkeHoro ra3y (3I1I7) Ttakox nepenbdayaeTbcs BUAAICHHS
eTaHy, IpornaHy, OyTaHiB 1 O1TbIII BAXKKHX BYTJIEBOAHIB. BMICT TOMIIIOK Y 3p1IKEHOMY
MeTaHi JIOIycTUMO Ha piBHI 3-4 % etany, 2-3 % npomnany, 10 2 % Oyrasi i 10 1,5 %
a30Ty [4-6]. BunydeHHs] BUCOKOKUILIAYOI (hpakiiii HeoOXiaHe 1Jis:

— BUJAJICHHA 3 TEXHOJIOTTYHOTO MPOLECY PEYOBHH, SIKI MOXKYTh 3aMEP3HYTH Ta BU-
MacTy y TBepay a3y y KpioreHHUX TeII000MIHHUKAX;

— BunuieHHs koMitoHeHTiB C, Ta C; i1t KoMITeHcaril BUTOKIB 3MIIAHOTO X0JI010a-
TeHTY;

— kopuryBaHHs sikocTi 311" — floro HaliBUIIOT TETUIOTBOPHOI 31aTHOCTI [6];

— KOMEPLIHHOTO BUPOOHMIITBA BAXKYMX II0JI0 METaHY KOMITOHEHTIB (eTaHy, Ipora-
HY, POTaH-0yTaHOBOI (PpaKIii TO11O).

TexHigyHO BrITydeHHS piaKoi Pppakiiii mpOBOIUTHCS MUIIXOM MOMEPEIHHOTO 0XO-
noxeHHst Ta3y. KoHeHcaT moaeThCsl B YCTAHOBKY cemapailii, 1e OCiIOBHO TO/Ti-
JIIE€THCS B peKTUPIKAIIHHUX KOJOHAX: IEMETaH13aTop, J€ETaH13aTop, SMPOINaHi3aTop
1 neGytanizatop (puc. la). [Ipu HeoOXiAHOCTI BUALIAIOTH 1 Ba>K4l KOMIIOHEHTH.
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MeTaH ETaH MponaH  byTaH
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—— —| — —|
1 2 3 4

Ky6oBuit
3anuMLoK
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Metan  6yTaH
Yy A TO &
KonpgeHcat nicns 1 i
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OXONOAKEHHS
— —
1 2
Ky6oeun
3anuLokK

Puc.1. Crnpomiena cxema nepepoOKu KOHJIEHCATY, IO BUMAB y MPOIECI MOMEPEITHBOTO
oxonomxkenns Il [6]: a) — cenaparris koHaeHcaTy Ha 4 dpakiiii; 6) — BAPOOHUIITBO TIPO-
naH-0yraHoBoi ¢pakiii; TO — TemTo00MIHHUK-pEeKyepaTop

Cywmiw npornany Ta 6yTany cama 1o co0i € 3a-
TpeOyBaHUM MPOAYKTOM [7] — 11 3akadyroTh y Oa-
JIOHU 1 BUKOPHUCTOBYIOTh Y SIKOCTI IMOOYTOBOTO Ta
ra3oMOTOpHOTO TanuBa. [y BUpOOHHIITBA TIPO-
naH-0yTaHOBO1 CyMIIlll BUKOPUCTOBYETHCS 1HIIIA
NOCIAOBHICTh TiepepoOku (puc. 10). Kybosuii 3a-
JUIIOK KOJIOHW JIeMEeTaHi3aTopa TMOJAEThCSI B OK-
peMy KOJIOHY, 1€ SIK TUCTHIIAT OTPUMYIOTh ITPOTIaH-
OyTtaHOBY (ppakiiiro 1 KyOOBHIA 3aJIMIIOK, 1110 CKJIa-
TAETHCS 3 O1IBIIT BAXKKUX KOMIIOHEHTIB.

AHani3 BIacTHBOCTEH OiHApHUX CyMILIEH,
yTBOpeHnx 3 kommoHeHTiB [1I', mokazas, mo CO,,
N, 1 He, ankanu Ta ajakiHM, IO BXOAATH JO MOTO
ckiany (tabmn.l), yTBOpIOIOTh Mik COO0I0 HEa3eoT-
pomHi cymimii [8], moair asKux mMetogamu ($ha3oBoi
cernapartlii He CTaHOBUTh TPYAHOIIIIB.

TeopeTuuH1 JOCTIKEHHS TIPOIIECY cemnaparii
0araTOKOMIIOHEHTHUX CyMIllIell TOKa3yTh, IO
JUISl TIOBHOTO MOJIUTY CYMIIlli HA KOMIIOHEHTH TOT-
piOHO mioHaimenIe (n-1) xonona [9-11]. Onnak
JUIS BUIYYEHHS OJTHOTO (IIJTbOBOI'0) KOMIIOHEHTA
(puc. 2) nocTaTHRO OAHOTO a00 JBOX arnaparis, sKi,

Huzpro-

EFITLIAT

Hitsoemii
KOMIOHEHT

Bucoro-
ETITIIIAY

¥

LK

Puc.2. IlpyHuun Buay4eHHS
UILOBOI0 KOMIIOHEHTA 3 Oara-
TOKOMIOHEHTHO1 cymirti [ 10]

AKILO 1€ POOUTH MOKPOKOBO, B PE3YJIbTATI JO3BOJIATH PO3AUIUTH OYyb-SKY KUIBKICTb
KOMIOHEHTIB. T0o0TO, 13 cyMiIli Oy1b-IKOT0 CKIaay (HAMpUKIIaa, HU3bKOKUIUISYO1 a00
BHUCOKOKHUIUISYOT (hpakiiii monepeaHboro eTamy cemnapaiii) MoKHa 1O uyep3l BUIy4yaTH
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Puc.3. Tunu HEperyIsipHUX MacOOOMIHHUX €JIEMEHTIB PeKTU(DIKAIIMHUX KOJOH
[12]: a) — cimyonoai6Hi ciTyacTi; 0); B) — cHipaibHl HWIHIPUYHI; T') — CHIPaJIIbHO-

npU3MaTHYHI

KOXKE€H OKPEMUIN KOMITOHEHT, 3MIHIOIOUH MPOTYKTUBHICTH KOJIOHH Ta TEMIIEPATyPHHMA
piBeHb HarpiBaHHA-OXOJIOKEHHS. JIJIst 3aJaHX YMOB TOCTIDKEHHS (HEBUCOKA BUTpaTa
CYMIIII1, III0 PO3AIAETHCSA, [IUTbOBUH KOMIIOHEHT — MPOIaH) 0yyi0 00paHo HaCa KOBUI
TUT peKTU(IKAIHHUX KOJIoH [12-14].

Hu3bKoOKMNAAYMIA
KOMMOHEHT
Ds yD
XonopgoareHT ][ \ Qx
BuxigHa cymiw
(mixture)
M, Xm
TennoHoci
—>
Qr
R, XR
Bucokokunasuuni

KOMMNOHEHT

Puc.4. [lo3HaueHHs, MPUIHATI Y

pO3paxyHKax

Bubip Tuny nacaaku. Ha puc.3 noka3zani oc-
HOBHI THUIM HACAJKOBUX EJIEMEHTIB, MPHUIATHUX
JUIS. MaJIOBUTPATHUX PEKTU(IKALIMHUX KOJIOH [12,
13]. Po3mip 0iuHOYHOTO MaCOOOMIHHOTO €JIEMEHTa
HEPETYJSIPHOI HACAAKHU 3a3BHYAM NPUMMAETHCS B
mexkax 0,03...0,05 Big giamMeTpa KOJOHHU.

VY AKOCTI HACaJKOBUX €JIEMEHTIB OyJIO J0CTi-
JDKEHO TPH THMH HEPeryJISPHUX HACAAOK: CiT4acTa
ciajonoiOHa, CHipaJIbHO-IIWIIHAPUYHA 1 CITipa-
JBHO-TIpU3MaTH4HA. Y Tabj. 2 Mmokas3aHl OCHOBHI
T€OMETPUYHI XapaKTEPUCTHKU BHINE3TaIaHUX TH-
1B HACAJIOK, III0 BUKOPUCTOBYIOTHCS B TIOTAITBIITUX
pO3paxyHKax.

Po3paxyHok koJioH. Y Tabin. 3 1 4 BUKJIaAEHO
TIOCITIJIOBHICTh KOHCTPYKTUBHOTO PO3PaXyHKY HAca/l-
KOBOI KOJIOHH [14], cnpoliieHa cxema sIKOi Moka3aHa
Ha puc.4, Ta pe3ybTaTH PO3PaXyHKIB FEOMETPUUHUX
PO3MIpIB KOJIOH, MPU3HAYEHUX JJISl TIOJIUTY CyMIileit
NPOTIaHy 3 HAMOMMHKYMMU 32 TEMITEPATYpPOIO KUTIHHS
KOMIIOHEHTaMHU — 1300yTaHOM Ta IporiieHoM. Po3pa-
XYHOK MPOBOAUTHCS Ha 0asi x,y-aiarpamu, mporpama
PO3paxyHKy, 110 peaji3ye 3a3Ha4eHy MOCHIIOBHICTb,
BUKOHaHa B pefakTopi Mathcad.

Po3paxyHnku nokasainu, 1o s CyMmilii NpomnaH-i30-
OyTaH mpu poOOYOMY THUCKY 2 aTi B KOJIOHI Koedi-
miedT noxaury nopisHioe 3,009, a ayia cymimi mpo-

nmaH-mporiieH 1 Tucky 1 ati — 1,259, To6T0 3HauHO, HIX yABIYl MeHIIe. BinmosigHo,
JUTSL BIIOKPEMJICHHS BiJ] MPOTIAaHY BaXXKHUX JIOMIMIOK HEOOX1THO 61m3bK0 40 0MHHIIS
nepeHeceHHs (BUCOTa, €KBIBAJICHTHA O/THIN TeopeTtnuHii Tapinii — BETT [13]), a oun-
nieHHs BiJ nponuieny 10 99,9% — nonag 200 BETT (y 5 pa3iB Ounblie).
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Tab6anus 2. TexHiuH1 XapaKTePUCTUKH HEPETYISIPHUX Hacajok [12-14]

Twum sHacagku

N CituacTa ci- . CripasibHO-
apaMeTp dopmyna ToToiGHa CripasnbHa, -
’ uc. 36 P
puc.3a p Ha, puc.3r
. Hepxagiroua | Hepikagiro-
Marepian - JlatyHb pCTaHL qg J—
AapaKTeptil pos- axbxdmp | 10x10x0.18 | 3.45x3.45%0.75 | 2.2x2.4x0.2
MIpU. MM
Binbamii 06'em (1mo- _ Vs
E=—
pHCTICTD). ML v, (1) 0.935 0.673 0.907
ITnToma Maco00- F
MiHHA TTOBEPXHS. o=—"(2) 1446 1764 1859
Mm2/m? Vs
ExBiBanenTHuii aia- . E
MeTp. MM d, = - (3) 2.59 1.53 1.95
Hacumnna maca. _m
KT/ Pu v, 4) 556 2576 732

Tadoauusa 3. Pe3ynbTaTu po3paxyHKy XapaKTEPUCTUK IBOX HACAIKOBUX
peKTU(IKAIMHUX KOJIOH. IO MPALIOIOTh MOCTIA0BHO. JJIsl OTPUMAaHHS MPOIaHy 3
nponaH-O0yTanoBoi cymimii [13-15]

CyMi1il. 110 po3aiis-
[Tapametp On. BuMm. dopmyna Hponaﬂe-TBCHHponaH-
1300yTaH | pomijeH
Buximai qani
Butpata ma mxomi 10| s M 30 2243
KOJIOHU
PoGouwmii TricK y KOJTOHI | ati (aT™) P 2(2.936) | 1(1.968)
KonnenTparmis  mpo-
naHy:
BUX1JTHOT CyMIIIT % 00. Xm 75 98
BIJUTyBKa VD 99.99 20
KyOoBoi (hpakiii XR 1 99.9
CryniHb HEpIBHOBAYKHOC-
T1 y Miclii BBEIEHHS T10- A 0.9 0.7
TOKY
Pe3ynbraTty po3paxyHKy
Tewmeparypa y nedae- |y oy o 258 (-15) | 242 (-:31)
rMaTopi
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Tewmeparypa y kyO1 KO- |y oy Tk 292 (+19) | 248 (:25)
JIOHH
. . P,
BigHocHa neTKicTh a= ‘/%'FS S) 3.009 1.259
Burpara rasooi (pa- HM>/ron D=M ==k (6) 2243 2.142
111 (BIJUTyBKa) Yp — X
E;”pm KYOOBOT PUB- | 3o R=M- ; 2=k (7) 7.57 20.288
PIB}.IOBEDKHa KOHIEHT™ | /Mo Yz =—a ;XM (8) 0.9 0.025
pailist mapu 1+(a=1)-x,
MinimanbHa (iermosa o=V (9)
CTEKICTE Viny = ), —x, 0.663 34.59
PobGoue ¢nermose unc- e (10) 0.763 34.89
JI0 (v, A) - ) '
JInst  KOHIlEHTpariiHOi L_ v
e G vl (11) 0.433 0.972
e . L_vtu M
Jl1s1 cexli BIATOHKH G vl (12) Ileu =5 1.192 1.264
PiBHsIHHS p00OOYO1 JTiHIT B KOHIIEHTpA- v, .(13) 0433 -x+ | 0972 -x
LMHIN CeKIii S +1 +0.567 | ++0.569
PiBHsiHHS po0OOYOT JTiHIT Y CEKIIii BiJ- _vtu o u-l o (14) 1.192 - x+ | 1.264x+
TOHKH Sy v +0.0019 | +0.0055
Yucno TeopeTnyHuX Ta-
pinok BETT i N 38 205
Cucrema TerIoXoJI0J0OCTauYaHHs
Tewmeparypa  0X0M0%- | g o T 254(-19) | 237(-36)
KESHHSI
TIPOITLJICH cra
XoJo10areHT ) (ipo-Tii-
(amiak) nex)
: 7.95
Tuck xoJo010areHTy aTi (aT™) P, 2.066 (3) (8.69)
XOnoauibHE HAaBaHTa- <Br 0. 395 15.7
KCHHSI
Tewmeparypa  Harpl- | g o) T, 208 (25) | 243 (-20)
BaHHS
TenoHoC1 BOJIa IIPOTaH
Tuck TermoHocis aTi (aT™) P, 3.1(4) ((1)'2;)
TernnoBe HaBaHTaKEHHS kBT O, 11.5 2041

ToO6T0 ouMIIIEeHHS TTPOTIAaHYy BiJl BUCOKOKUIUITYUX 1 HI3bKOKHUILISTIMX TOMIIIIOK He-
MO>KJIMBE B OJIHIA KOJIOHI Yepe3 BEJIMKY BIIMIHHICTh TEOMETPUYHUX TTapaMeTpiB pooo-
40i YaCTUHU Ta TEMIIEPATYPH OXOJIOKEHHS KOHJICHCATOPA.
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dr, mm mdl, HK,l.?Z [wHL ™ »
270 '.\ B d2, MM EH2, m d
\
250 ‘r\\ 12
230 —~
10 -
210 //
190 8 v
170 6 -/
150 =
110 2
1,5 1,7 1,9 2,1 2.3 2,5 dpmm 1,5 1,7 1,9 2,1 2.3 2,5 dy, mm
a) 0)

Puc. 5. Po3zpaxynkosi niametp (a) Ta Bucora (6) po6040i yaCTHHU HACAAKOBOI KOJIOHH
B 3aJIC)KHOCTI BiJl TUITY CYMIIII, IIIO PO3AUISIETHCS, 1 €KBIBAJICHTHOTO JlilaMeTpa HeperyJis-
PHOI Hacaaku

BruuB THy Hacaiku Ha mpoliec cenapaiiii OyJio BUBYEHO MIJISIXOM BHECEHHS J10
PO3paxyHKy BIANOBIIHUX XapaKTEPUCTUK HACAIKOBUX €JIeMEHTIB. B pe3ynbTaTi oTpu-
MaHi Tpadiku 3aJIe)KHOCTI JilaMeTpa dx Ta BUCOTH POOOYOi YaCTHHU KOJIOHU Hy BiJl
€KBIBJICHTHOTO JllaMeTpa di HeperyisipHoi Hacaaku. O6poOka pe3ysibTaTiB MoKa3aa,
110 TEOMETPUYHI IMapaMeTPH KOJIOHHM 3aJIeXkKaTh JIHIMHO BiJ] €KBIBAJICHTHOTO JAlaMeTpa
Hacanku (puc.5).

3HUKEHHSI €KBIBAJIGHTHOTO JiameTpa HuxK4e 1,5 MM npu3BOIUTh 10 301JIbIIICHHS
oropy cyxoi Hacaaku (tabm. 4, 5) [16], a HasBHICTH TUTIBKM KOHJICHCATY 1 KaMUISIpHI
edeKTH — 10 3HAYHOTO 301IBIIEHHS OMOPY 3pOIIyBaHOi Hacaaku. Bu3HaueHHs MiHIMa-
JBHOTO €KBIBAJIEHTHOTO JllaMeTpa, MpH SIKOMY PEKUM pOOOTH HAacaaKu B KOJIOHI Iie-
peljie B peKnMi 3aXJIMHYBaHHS, BUMArae J0JaTKOBUX JOCIIKCHb.

Sk mokazanu po3paxyHKOBI AOCIIHKEHHS, 00'€éM HACaIKOBOI KOJIOHHM TaKOX JIi-
HIWHO 3QJIGKUTH BiJ] €KBIBAJICHTHOTO JlaMeTpa HACAKH, 110 BUKOPUCTOBYETHCS. J1ist
cernapariii CymiIi nmpomnaH-i300yTaH

Vg1 = 19,853 - d + 3,4982, (23)
ne Vi —06'em Hacanku y po6odiii 4aCTHHI KOJIOHHM, IM°; dE — €KBIBAJICHTHUI JTiaMeTp
HAcaaKu, MM. JIJis cyMmilii ponaH-IponiieH

Vo = 206,45 - di + 42,624. (24)

JIo/1aTKOB1 JTOCHII)KEHHS OYMILIEHHS MPOMAaHy BiJl MPOIUIEHY /10 YACTOTH BHUIIIE
99.9% mnoxkazanu, 110 301IbIICHHS YUCTOTH MPONaHy Ha MOPSIIOK MOKHA MPOBOJAUTH B
Tii ke KoJoHi. [Ipu uboMy BTpaTH NpOAYKTY Ha KOKHOMY HAaCTYIMHOMY CTYIIE€HI OYH-
IIEHHS! CTAaHOBUTUMYTH 3% HOpManbHOTO 00'€eMy MpPOIaHy, 10 HAIXOAUTh B KOJIOHY.
Takum 4yrMHOM, OJIep>KaHHs MponaHy YUCTOTOI0 99.999% mosxHa 3po0OUTH IIIIXOM I10-
TPIAHOT MEPEroHKU MPOIaHy 3 AOMIIIKOW 2% 00. mpomnuieny. O0'eM oepKyBaHOTO
C,Hs ckmane 85% Big 00'emy mponany, 110 HaJIXOAUTh HA OUUILICHHS.
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Tabéauus 4. Pe3ynbraTi po3paxyHKy JiaMeTpa Ta BUCOTH HACAIKOBOI KOJIOHH TSI TTOILTY
CyMIIII TIPOTaH-1300yTaH B 3aJI€KHOCTI BiJ] THITY BUKOPHUCTOBYBAHOI HACAJIKU

On.

Tun Ta po3mip HacaaKH. pO3MIpH. MM

CituacTa cia-

CripanbHa

CripanbHo-

Hapaverp BUM. Popmysia nonoioHa 3.45%3.45x | mpusmaTH4yHa
10x10%0.2 x0.75 2.2x2.4x0.2
d..o (o -p )
Uciio Apxivena Ar=2EP (p; P)8 s, 17.1710° | 3.539x10° | 7.327x106
y
OnumainsHe G\**
SHAMEHHA KpHTE- Re=0,045-4r"7 (fj (16) 858 349 528
pito PeitHonbzca
Re:
Orminvaeia w/c Wopr == (17) 0.225 0.155 0.184
HIBHJIKICT TIAPU 5P,
Bucora exsiBae- s 0o ( G\ P
urHOi Teoperna- |y | M= 1277d (£, Worr) (f) (18) 145 62 92
HOI TapiJIKu
JliameTp BepXHBOL d. = D-v-pn 19
YACTHHM KONOHH | © 1/3600-0,785- Py Wopr () o7 1 7
Yucno Apximena (15) 9.344x106 1.926x106 | 3.988x106
OnTumarnbsHe
3HAYCHHS KPUTE- (16) 392 160 241
pito PeitHonbzca
OmruvanbHa w/c (17) 0.229 0.158 0.187
INBUJKICTH ITapyr
Bucora exsiBaie-
HTHOI TEOPETHY- MM (18) 73 62 46
HOI TApUIKU
JliaveTp BepXHEOT | (19) 120 144 133
YaCTHUHU KOJIOHN
Bucora Hacagko-
BOI YaCTHHU KO- M H=N"-h (20) 4.83 2.06 3.05
JIOHH
OG'eM HacaKu e Vg = % -dZ-H (21) 55 34 4
Wopt Py H 147.4
Ap = § 2= 22 e = 1oy
?Tﬂ;TﬁaTCP;CK{ | Ma ° ‘93R <1000 Rey 11380 25900 14080
yx A (ari) i ra (0.113) (0.26) (0.141)

[15]

f = WH})I/IRGZ 1000
Yy

Ilosnauenns y mabauysax: de — exsiganienmuuu diamemp HACAOKU, M, Px, Py — SYCIMUHA napu ma pi-
Ounu, k2/m°; pn — 2ycmuna 2azy npu 20 °C ma 0,1 MI1a, ko/M>; 1y, y— Ounamiuna é'asxicme piokoi ma
2azonodionoi gazu, Ila-c. Ockintvku KoHyewmpayii nNOmMokie HagedeHi 8 00'€MHUX O0OUHUYSX
(Monb/MONb), 06'emui umpamu (v’/200) naéedeno 0o ymos T = 20°C i P=1 amm.
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Tabauus 5. Pesynbratu po3paxyHKy AlaMeTpa Ta BUCOTH KOJOHH JIJIsl OUUIIICHHS
IpOIaHy BiJ NPOMJIEHY B 3aJI€KHOCTI B1JI TUITY BUKOPUCTOBYBAHO1 HACAIKU

Tun Hacaaku, po3mMipu, MM

Mapaverp On. dopmyna Cituacra cia- | CnipanbHa | ChipaibHO-
BHM. gonoaibHa | 3,45%3,45% | mpu3zmMaTuyHa
10x10x0,2 x0,75 2,2x2.4x0,2

Yucno Apximena (15) 8.472x10° 1.746x10° 3.616x10°
OnTtumasnbsHe 3Ha-
YeHHs KpuTepito Peii- (16) 405 164 249
HOJIBJICA
OnTamansHa WeuL- |-\ gy 0.255 0.176 0.209
KICTh TTApH
Bucora exBiBajIeHT-
HOI TEOPETHYHOI Tapi- | MM (18) 77 33 48
JIKA
ﬁiﬁfﬁoﬁi’;}“’m oM | (19) 216 261 239
Yucmo Apximena (15) 8.791x10° 1.812x10° 3.752x10°
OnTumannHe 3Ha-
YeHHs KpuTepito Peii- (16) 369 150 227
HOJIBJICA
OnTaMansHa WBHA- | o | gy 0233 0.16 0.19
KICTP Mapu
Bucora exkBiBajieHT-
HOI TEOPETHYHOI Tapi- | MM (18) 69 29 43
JIKA
JliaMeTp HIDKEBOT fa- | - | (g 226 273 250
CTUHM KOJIOHH
E;i‘;fﬂ“;giﬁﬁfm M (20) 14.34 6.11 9.05
O06'eM HacaIKu ™M (21) 577 358 446
Brpatu tucky B cyxiii | Ila 22) 31970 55130 32640
HacajIl (ari) (0.32) (0.551) (0.326)

BucHoBku. B pe3ynbraTi npoBeeHUX AOCTIKEHBb OYIJI0 TTOKa3aHo, MIO:
— CHUPOBUHOIO JJII BUPOOHHUIITBA HATYPAIBHOTO XOJIOJ0AreHTY MPOIMaHy MOXe OyTH
¢dpaxuis Cyy, II0 YTBOPIOETHCS B Mpoliecax MIATOTOBKUA MPUPOJHOTO rasy 10 TPAHCIIO-
pTyBanHs abo BupoOHuITBa 311I". B nanumii vac BOoHa BUKOPHUCTOBYETHCS SIK MOOYTOBE
Ta Ta30MOTOPHE IMaJINBO;
— aHami3 Terao¢I3UYHUX BJIACTUBOCTEN TOKa3ye, 10 O1HAPHI CYMIIlli, 110 YTBOPIO-
I0THCS KOMIIOHEHTAaMH JOCIIKyBaHUX 0araTOKOMIIOHEHTHHUX CyMIIIeH, € Hea3eoTpo-
nHUMHU. OTXKe, MO CyMilIl Ha OKpeMi KOMIOHEHTH MOXJIMBHIA MeTogaMu (a3oBoi

cemapartii;
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— U1 3alaHuX YMOB (HEBHCOKA BUTpATa CyMIIIi, 10 PO3IIISETHCS, LITHOBUI KOMIIO-
HEHT — IPOIaH) 3alPONOHOBAHO BUKOPHCTOBYBATH peKTU(IKALIHY KOJIOHY, 3aIl0B-
HEHY HEPEeTryJIIpHOIO HACaIKOIO;

— TE€OMETPUYHI apaMeTpH KOJIOHHU 3aJieXkKaTh B TUITy O1HAPHOI CyMmilll, 10 PO3ALIIS-
€THCSI, 1 €KBIBAJICHTHOTO JIlaMeTpa HacaJKu. 3HIKEHHS €KBIBAJICHTHOTO JiaMeTpa Ha-
caJku HIKYe 1,5 MM IpU3BOAUTH A0 30UIBIIEHHS OMOPY CYyXOi HacaaKd 1 3HAYHOTO
301IBIICHHS OTIOPY 3POIIYBAaHOI HACAIKY;

— OUHUILEHHS IPOMNAaHy Bl BUCOKOKUIUIAYUX Ta HU3bKOKUTUISTYUX JOMIIIOK HEMOXKITUBE
B OJ[HI{ KOJIOHI Yepe3 BEJIUKY BIIMIHHICTh T€OMETPUYHUX MapaMeTpiB poOoUoi Jac-
TUHH Ta TEMIIEPATYPH OXOJIOIKEHHs KOHACHCATOPa KOJIOHH.
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Iu. M. Symonenko, B. H. Hrudka

Packed columns in the technology of obtaining
natural refrigerant — propane (R290)

Summary

The article is devoted to the current scientific and technical problem — the search and im-
plementation of energy-efficient and environmentally safe working fluids for refrigeration sys-
tems. The natural refrigerant — propane (R290), which is characterized by zero ozone
depletion potential (ODP = () and extremely low global warming potential (GWP < 3), is
considered. The use of hydrocarbons is a strategic alternative to synthetic freons (HFC),
which have fallen under the strict restrictions of international protocols and F-Gas
regulation. The paper proposes a technology for extracting propane and other hydrocarbons
(ethane (R170), isobutane (R600a) from a wide fraction of light hydrocarbons (C>+) formed
during the preparation of natural gas for transportation and LNG production. Analysis of
phase equilibria of binary mixtures of natural gas components confirmed their non-azeotropic
nature, which allows the use of multi-stage rectification methods for deep purification. For
low-tonnage production conditions, the use of packed columns with irregular elements is
Justified. A comparative analysis of three types of packings is carried out: mesh saddle-
shaped, spiral and spiral-prismatic. A constructive calculation algorithm is implemented in
the Mathcad environment, which made it possible to determine the optimal parameters for
the separation of propane-isobutane and propane-propylene mixtures. It was established that
to achieve a purity of 99.9% when separating a mixture with propylene, significantly more
transfer units are required (more than 200 HETP) than for a mixture with isobutane (~40
HETP). The study showed that purification from high-boiling and low-boiling impurities is
technically impossible in one apparatus due to differences in hydraulic modes and
temperature conditions. The results of the work can be used in the design of compact
installations for obtaining ultrapure refrigerants by triple distillation.

Keywords: natural refrigerants, propane, distillation column, irregular nozzle, natural gas,
environmental safety, hydrocarbons.
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MoaenoBaHHS TOPUAHOI CHCTEMHU TEIVIONOCTAYAHHS 3 Bi/ITHOBJIHOBAJIbHUMH
JKepeamMM eHeprii

Posenanymo npobaemy niosuwenns enepeoeghekmusrnocmi npoyecy nicisazoupanbHo2o cy-
WIHHA 3epHA WLIAXOM 3ACMOCY8AHHS 2IOPUOHOI cucmemu menionocmavauus. Busnaueno 3a
pe3yIbmamamil AHanizy Cy4acHux HAyKoBUX Npayb, Wo GUKOPUCANHS 2IOPUOHOL cucmemu me-
NJIONOCMAYAHHS 00380JIAE 3MEHULUMU CROHCUBAHHSA MPAOUYTIIHUX eHepeopecypcCis, Ni0suumu
eexmusHicms GUKOPUCMAHHS MENIOmu 8i0Npaybo8aH020 NOGIMps, cmMaobinizysamu memne-
pamypy CyuuibHo20 azeHma ma 3abesneyumu OLbul pieHOMIpHUL nepebie npoyecy CYUIHHAL.
3anpononoeano KOHCMPYKMUBHO-MEXHOLO2IYHY CXeMY WAXMHOI 3ePHOCYUAPKU 3 2IOPUOHOI0
cucmemor0 menionoCmMadants, y AKil ceidxce ammocgepue nogimps 3MIUYEMbCA 3 YACMUHOIO
PEYUPKYIAYIUHO20 NOGIMPS, NIC/ISL 4020 NPOXOOUMb Yepe3 COHAYHUU NOGIMpaHUll nidiepieay i
KOHOeHCcamop meniogo2o Hacocd. 3anponoHo8aHo SUKOPUCMOBY8AMU COHAYHUU nidiepieay
0J151 LONEePeOHb020 HACPIBAHHS NOBIMPSL, A MENI0BULL HACOC — O] 000AMKOB8020 002PI6AHHS MA
ymunizayii meniomu 8ionpaybosano2o nosimps. /lnsa 3abesneyents piGBHOMIPHO20 CYULIHHS 3e-
PHOB020 wapy nepedbaieno nooauy CyuuibHo20 azeHma yepe3 Cucmemy po3snooiibHUx Kopo-
018, pozmawiosanux no eucomi waxmu. Buznaueno ocnosni enepeemuuni napamempu 2iopuo-
HOI' cucmemu Mmen10NOCMAYAHHS 3ePHOCYIULAPKU OJisL CYUWIHHA nueHuyi 3 gumpamoro 1,7 m/200
3 noyamxosoio eonozicmio 20% 0o kinyegoi onococmi 14%. 3a pezyremamamu po3spaxyHky
6CMAHOBAEHO, WO MENN08A NOMYICHICMb COHAYHO20 NOGIMPSAHO20 hidiepieaua CMAano8UmMb
61,6 kBm, nomyacHicmo mennogoco nacoca — 92 kBm, 3aeanvna mennosa nomyxcHicms cuc-
memu — 154 kBm, uacmka consiuno2o sunpomintosantns — 40%, a koeghiyienm nepemeopenns
mensioeo2o Hacoca 00opigHIoe 3,5. Posenanymo ocobausocmi popmyeanus memnepamypHo20
NOoJisl Ma NoJis 80J1020CHI 3ePHA 8 WAXMHIL CYuapyi npu 6a2amopieHe8oMmy ni08e0eHHI CYUUTb-
HO20 azenma uepes KOpoou. 3anponoHO8aHaA cxema ModHce OYmu GUKOPUCINAHA OJisL CMBOPEHHS
eHepeoedeKMUuBHUX 3ePHOCYULAPOK OIS NPOOOBONLYO020 MA HACIHHEBO2O 3€PHA.

Knrouoei cnosa: cywinns, 3epHo, peyupkyiayis nogimpsl, enep2oepexmusnicms, memnepa-
mypHe noJe, nojie 60J1020CHi.

Beryn. OnHiero 3 HalO1IbIIT €HEPTOEMHUX OTIEpalliid y arponpoOMHUCIOBOMY BH-
POOHMIITBI € CYIIIHHSA 3€pHA, OCKUIBKU JIJIs1 BUIaJIEHHS BOJIOT'M HEOOX1THE 3HAYHE ITiJI-
BEJICHHS TEIJIOTH Ta 3a0€3MeUeHHs] IHTEHCUBHOTO IMOBITPOOOMIHY B 3¢pHOBOMY IIIapi.
TpanuiiitHi 3epHOCYIIIAPKH MTEPEBAKHO MPAIIOIOTh HA MPUPOJHOMY Ta3i, AU3EIBHOMY
nanauBi abo eNeKTpOeHeprii, Mo MPU3BOIUThH A0 BHCOKUX €KCIUTyaTal[iiHUX BHUTpAT,
3aJIC)KHOCTI BIJ I[IH HA €HEPTOHOCIT Ta 301/IbIIIEHHST BUKU/IIB TApHUKOBUX Ta3iB. [lepc-
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NEKTUBHUM HAmNpsSMOM IiBULICHHS €HEeProepeKTUBHOCTI 3€pPHOCYILIHHS € BUKOPHUC-
TaHHA TIOPUIHUX CUCTEM TEIUIONOCTauYaHHsl, y SIKMX TPAAULIIIHI Kepesia TeIIOTH Ya-
CTKOBO a00 MOBHICTIO 3aMiHIOIOTHCS BITHOBIIOBAHUMH Ta HU3bKOMOTEHIIMHUMH €He-
PreTUYHUMHU pecypcamMu. 30KpeMa, COHSYHUN MOBITPSHUM MIAIrpiBad MoKe 3a0e3re-
YyBaTH IMOMNEPEJHE HArpiBaHHS CYLIMJIBHOTO areHTa 0e3 BUTpAT MajuBa, a TEIJIOBHMA
HACcOC — CTa01II3yBaTH TEMIIEPATYpPy MOBITPsI Ta BAKOPUCTOBYBATH HU3bKOTIOTEHITIMHE
TEIJI0O HABKOJIUIIHBOTO cepenoBuia. [loeaHaHHs 1MX €JIEMEHTIB CTBOPIOE MEpeny-
MOBH JJISI 3HIDKCHHS €HEPTOCTIOKUBAHHS, TI1JIBUIIIEHHS €KOHOMIYHOT €(DEKTHBHOCTI Ta
3MEHILIEHHS €KOJIOTIYHOTO HABAHTAXEHHSI MPOLIECY CYIIIHHS.

IMocTanoBka npobuemu. [IpakTuuna peanizailis 3epHOCYIIAPKU 3 T1IOPHIHOIO
CHUCTEMOIO TEIUIONOCTa4aHHA MOTpPeOye PO3B’sI3aHHS HU3KM HAYKOBO-TEXHIYHMX 3a-
Jad, 10 SIKUX HAJIEKUTh BUO1p pallloHAIbHOT CXEMH IMiIBEICHHS Ta PO3MOILTY CYIIUIb-
HOTO areHTa, 3a0e3MeueHHs] pIBHOMIPHOTO TTPOXOKEHHS TIOBITPS Kpi3b IIap 3epHa 3
ypaxyBaHHSIM MOTO TiPaBIIYHOIO ONOPY, Y3TOHKEHHS POOOTH COHAYHOTO MOBITPS-
HOTO MijirpiBaya, TEIIOBOI0 HACOCA, BEHTWIISITOPA Ta CYIIWIBHOI IIAXTH, 10 MA€ J0-
3BOJIMTH 3a0€3MeUUTh €HeproePEeKTUBHE BUAAIICHHS BOJIOTH.

AHaJi3 OCTaHHIX A0C/TiIKeHb Ta myOJaikanii. 3acTocyBaHHS T1OPUIHUX CHUC-
TE€M TEIJIONOCTaYaHHS JO03BOJISIE CYTTEBO MIJABUIIMTH €HEPreTHUUHY Ta €KOHOMIUHY
e(eKTUBHICTh mpoliecy cyuriHHs 3epHa [1]. OaHi€0 3 KIOYOBUX MEpeBar € 3Ha4He
3HI)KEHHSI €HEPrOCIOKUBAHHS 32 PaXyHOK BHKOPHUCTAHHS TOHOBIIIOBAHUX JKEpe
e”eprii. COHsIUHI KOJIEKTOPH 3a0e3MeuyoTh MONEepeaHe HarpiBaHHS MOBITPs O€3 BU-
TpaT MajuBa, a TEIIOBUIl HACOC BUKOPUCTOBYE HU3bKOMOTEHIIIMHE TEII0 HAaBKOJIHILI-
HBOTO CEpPEOBHUIIA. 3aBASKU LIbOMY JOCATAETHCS] BUCOKHM KOE(DILIEHT NEPETBOPEHHS
eneprii. [Ipu 3Hauennsx COP Bix 3 Ha 1 kBT cnoxuBaHoi enekTpoeHeprii BUpoOs-
eTbest 3 — 4 kBT TemoBoi edeprii [2]. KomOiHyBaHHSI COHSIYHOT €HEPrii Ta TEIIOBOTO
HAcoca JI03BOJISIE CYTTEBO 3HU3UTHU BUTpaTH Ha eHepropecypceH [3]. [I0puana cymapka
XapaKTepU3y€eThCsl HU3bKUM PIBHEM BIUIMBY Ha JOBKULIS, OCKUIBKY BIJICYTHI BUKHUIU
NPOAYKTIiB 3ropsiHHs. Lle 0co0IMBO akTyaIbHO B yMOBAaX MOCHUIIEHHS €KOJIOTIYHUX BU-
MOT Ta MEPEeXojly A0 CTaJoro PO3BUTKY. B pobori [4] BUKOHAHA po3poOKa riOpUAHOI
CYILLIAPKHU 3 TEIJIOBUM HACOCOM Ha COHSYHIN €HEepTii 715l CYILIIHHS PUCY.

CyuriHHs TpaIuiiifHO BUKOPUCTOBYETHCS JIJIsl 30€PEKEHHSI CLITbCHKOTOCIO1apCh-
KO1 IPOJYKIi Ta, TOJJOBHUM YMHOM, JJIs1 3HUKEHHS BMICTY BOJIOTH JIO MIEBHOTO CTY-
neHs, 100 MPOJOBKUTH TEPMiH ii 30epiranns [4, 5]. CylIiHHS € eHeproEMHUM IIPOIIe-
COM, SIKM1 BUMAarae BEJIMKUX BUTPAT €HEPTii uepe3 BUCOKY NMPUXOBaHy TEIJIOTY BUIMA-
pPOBYBaHHA BOAM; MpHOIN3HO 12% Bij 3arajibHOT KUTBKOCTI €HEPrii, 110 BAKOPUCTOBY-
€THCSI y BCIX Tally3sX MPOMHUCIOBOCTI PO3BUHEHUX KpaiH, CIIOKUBAETHCS HA MPOLIECH
cymriHas [6, 7).

106 nogonaT 0OMEKEHHS METO/IB COHAYHOTO CYIIIHHS 400 Cy4acHUX METO/1B
CYLIIHHS, a TaKOX 3MEHILINTH CIIOKMBAHHS €Heprii, He0OX1THO BUOpaTH e(PEeKTUBHY
cucteMy temonocradyannd. [loegHaHHS CUCTEMU TEIMJIIOBOrO HACOCA 13 COHSAYHOIO CY-
IIapKOI0 3a0e3Ieuye pilleHHs NI CydacHUX METOJIB cyuIiHHs [4]. CucteMu Terio-
BUX HACOCIB € €eHEproe(eKTUBHUMU MPUCTPOSMHU, & TAKOXK € €KOJIOTTYHO YUCTUMHU Te-
xHoJorisimu [8]. [loeagHaHHS cMCTEMHU TEIIOBOTO HAcOCa 13 COHSYHOIO CYIIAPKOIO Bi-
noMme sk coHsyHa TerioBa HacocHa cymapka (CTHC). Ha nponykruBnicte CTHC
BILJIMBA€E MPOAYKTUBHICTh TEIJIOBOIO HACOCA, TOJ1 K Ha MPOJYKTUBHICTH TEMJIOBOTO
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Hacoca BIUTMBAE 3/IaTHICTh BUMTAPHUKA BUAAISITH BOJIOTY 3 TIOBITPS Ta 3/aTHICTh KOH-
neHcaropa HarpiBaTu ocyuryBane noitps [9]. CTHC npormnonye nesiki nepeBaru: npo-
11eC CYIIIHHS MOX€E TPOXO0IUTH Oe3MepepBHO, MOTPeOy€e MEHIIIE Yacy, CTIO’KUBAE MAJIO
eHeprii Ta 3a0e3nevye XOpouly SKiCTh MpoayKuii [8]. ¥V KiTbKOX AOCTIIKEHHAX 3a3Ha-
yaetbes, o CTHC BukopucToBYBanucs Ajsl CYLIIHHS CLIBCHKOTOCHIOJAPCHKUX a00
010JI0T1YHO aKTUBHUX MPOJIYKTIB, BKIIOYAIOYH MPOIOBOJIBbY1 3¢pHOBI [2, 10].

ABtopu [11] BusBIIH, 1110 KOE(IIIEHT NEPETBOPEHHS TEIUIOTH B TEIUIOBOMY Ha-
coci (COP) cuctemu ta koediriert Bojorocti (SMER) cranoBunu 2,1-3,1 ta 0,26—
0,92 xr/xkBt-rox BianoBinHo. ABTOp [12] MOBiIOMUB, 1110 KOE(IIIEHT MEPETBOPEHHS
(COP) cymapku cranoBuB 2,31-2,77 13 cepeaHiM 3HaUYeHHSIM 2,54, TOA1 SIK cepenHiit
koedimieHT Bojorocti craHoBuB 70 0,79 kr/kBT-roa. Cymapka 3HM3MI1a BMICT BOJIOTH
(MC) xonpu 3 52% 110 9,2% npotsarom 40 roguH npu cepeaniil remneparypi 43,2°C.

B [13] uncenbHO OLIHWIM MPOAYKTUBHICTH TEPMOJUHAMIYHOTO Hacoca 3 BUKO-
PUCTAHHAM 1ICHTUYHOI CYIIMJILHOT KaMepH /Il OaHaHIB 1 BUSIBUJIH, 110 CEPEIHI 3HA-
yenuss COP ta SMER temnoBux HacociB cranoBmwm 2,72 ta 0,6 kr/kBt rox Biarmo-
BiiHO. Bonorosmict 6anana 3uu3uBcs 3 74% 10 19% npotsarom 21 roaunu npu 54,8
°C. ABtopu [5] excriepumentanbHo gochiamwm CTHC Ta Bu3Hauwim, mo KoedimieHT
neperBopenns eneprii (COP), koedimient cnoxxkuBanus eneprii (SMER) ta excepre-
TUYHA €(heKTUBHICTH TEIJIOBOTO Hacoca cranoBwiun 2,04, 1,45 kr/ kBt ron ta 45,08%
BianoBiAHO. TepMin okymHOCTI cuctemu ckiaB 46 micauiB. Ognak, CTHC mae nHeno-
JIK: HU3bKa TEMIEepaTypa MOBITPS IS CYIIIHHA B XMapHHUM Ta OIIOBUI JIEHb MOXE
3pOOUTH OTEpAIlio CYIIIHHS HEMOBHOK Yepe3 0OMEkKEeHY MOTYKHICTh KOHJIEHCaTopa
TEIJIOBOT0 Hacoca JJisi BUPOOJICHHSI TETUIOBOI €Heprii Ta 0OMEeKeHY 3/1aTHICTb COHSAY-
HOTO KoJiIeKTopa 30upatu coHsiuny eneprito. [1lo6 mogonatu i npodiemu, CTHC mo-
’KHA THTErpyBaTH 3 010MaCOBOIO MYYI0, IKa BUKOPUCTOBYE O10Macy sIK JKEPEIIo Tell-
n0Boi eHeprii. B po6oTi [14] nocipkyBanachk IpoayKTHBHICTh HACOCa, IHTETPOBAHOTO
3 MIY4I0 Ha 610Maci, 3 BUKOPUCTAHHSAM CYUIWJIBHOI KaMepH JIOTKOBOTO TUITY JJIA Yep-
BOHOTO TIEPITIO YMJIi. ABTOP MOB1JIOMHUB, 110 cepeHii nmokazHuk SMER cranosus 0,14
kr/kBt'ron, a teroBuit KKJI cymapku — 9,03%. Kpim Toro, xoediieHT neperBo-
penns temwia (COP), KK/ consianoro xonektopa ta KKJI medi ma 6iomaci 3pociu 110
3,84%, 35,1% Tta 30,7% BigmoBigHO. THM YacoM MY Ta COHSYHUN KOJEKTOpP BUTpa-
yanu npubnuzHo 37,8% ta 14,7% eHeprii BIAMOBITHO HA CYLIapKYy.

ABtopu [16] BusiBUIM, 110 KOe(ilieHT MEpeTBOpPEeHHs TerioBoro Hacoca, KKJ|
constaHOTO Kostekropa Ta KK/[ medi Ha 6iomaci ctanoswm 3.7%, 50.5% ta 77.5% Bin-
IIOBIIHO.

MeTto10 po60oTH € PO3p0oOKa KOHCTPYKTUBHO-TEXHOJIOTTUHOI CXEMH 3€pHOCYIIIA-
PKHU 3 T1OpUIHOIO CHUCTEMOIO TEIJIONOCTaYaHHs Ha OCHOBI COHSTYHOTO MOBITPSHOTO TIi-
JirpiBaya Ta TEIJIOBOrO HACOCA, siKa 3a0e3euye 3HIKEHHS] BUTPAT TPAIUIIHHUX eHe-
propecypcis, piBHOMIpHE CYIIiHHS 3¢pHOBOIO IIapy Ta IMiABUIICHHS 3arajibHOi €Hep-
roe(eKTUBHOCTI MPOIIECY CYIIIHHS.

Pe3yabTaTi gocaimkenns. Po0oTa 3anponoHoBaHoi aBTopaMu TiOpUAHOIL CHC-
TEMU TEIUIONOCTaYaHHsI 3epPHOCYIIApKU 0a3yeThCs HAa OE€JHAHHI TPhOX OCHOBHUX €Jie-
MEHTIB: COHSIYHOTO MOBITPOHATpiBaya, TEIUIOBOTO HACOCA Ta CUCTEMHU PEIUPKYJISAIIT
noBiTpsa. Taka cxema 3abe3neuye epekTUBHE BUKOPHUCTAHHS €HEPrii Ta MIHIMI3allio
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Puc. 1. Cxema 3epHOCYIIapKH 3 TIOPUIHOIO CHUCTEMOIO TEIUIOMOCTAYAHHS C PEIUPKYIIs-
II€10 TOBITPS

Butpat. Ha puc. 1 HaBegeHa cxema 3epHOCYIIApKH 3 T1OPUIHOIO CUCTEMOIO TEILIONO-
CTa4aHHs 3 PEIUPKYISIIEI0 TIOBITPS. 3EpHOCYIIAPKA 3 PEIUPKYIISIIIEIO TIOBITPSI € €He-
pPreTuyHo €(PEeKTUBHIIION, OCKUIBKM YaCTHHA TETUIOTH BiANPalbOBAHOIO MOBITPS IMO-
BTOPHO BUKOPUCTOBYETHCS B Ipolieci cymrinHs. Lle 703Bomse 3HU3UTH TEIJIOB1 BTpaTh
Ta 3MEHIINTH HABaHTAXCHHsI Ha TETUIOBUI HACOC.

VY cucteMy HaAXOIUTh CBiKe aTMOC(HEPHE TOBITPS, SKE 3MIIIYETHCS 3 YACTHHOIO
PELUPKYJIALIIAHOTO MOBITPS, 10 TOBEPTAEThC Micis cymniHHs. Lleit mporec BigdyBa-
€ThCA B 3MIITyBayl MOBITPS, A€ GOPMYETHCS MOTIK 13 3aJJaHUMHU MapamMeTpaMu TeMIIe-
paTypu Ta Bojorocti. [licns 3MinryBaHHs MOBITPS HAAXOAUTh y COHSYHUN KOJIEKTOP
(CK), ne HarpiBa€eThCs 3a paXyHOK COHSYHOI eHeprii. Temneparypa moBiTps MiABHIILY-
erbest 10 T1=30—45 °C. Ha upomy etamni 3a0e3nevyeThCsl YaCTKOBE MOKPUTTS TETLIO-
BOTO HaBAaHTAKEHHS 3a paXyHOK BIJHOBIIOBAHOTO JKepena ereprii. [licns conssaHoro
KOJICKTOpA TOBITPSI MPOXOUTH Yepe3 KOHIASHCATOP TEIJIOBOIO HAacoca, /e JOJaTKOBO
HarpiBaeTbCs 10 HEOOX1AHOT TemmepaTypu cymiHHs: T,~45-52 °C. TemnoBuil Hacoc
BUKOPHCTOBY€E HU3bKOMOTEHIIIMHY TEIJIOTY BIAMPaIlbOBAHOIO MOBITPS, Ky BiAOUpae
y BUIAPHUKY, IO JO3BOJIAE€ 3HAYHO MiJBUIIUTH e€Heproe(ekTuBHICTh cuctemu. Ha-
rpiTe MOBITPS MOJAETHCS B CYIIAPKY 3a JOMOMOIOI0 BEHTUJISITOPA, KU 3a0e3meuye
HEOOX1THUN BUTPATHUNA PEXUM 1 PIBHOMIPHUHN PO3MOALT MOBITPA Yepe3 map 3epHa. Y
CymiapIii BifOyBa€eThCsI MPOIIEC CYIIIHHS: MOBITPS MIEpeIae TEIUIO 3€PHY, BOJIOTA BHUIIA-
POBYETHCS, TIOBITPSI HACHUYETHCS BOJISHOIO maporo. [Ticist cymapku moBiTpsi Mae HU-
xuy temnepatypy T3~25-30°C i miaBuIieHy BoJoricTh. Llel moTik HanpaBaseThCs 10
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Puc. 2. Cxema maxTHO{ 3epHOCYIIAPKH 3 TIOPUTHOIO CUCTEMOIO TETUIOMOCTAYaHHS

PO3MOAUIBHOIO BY3J1a, /i€ BIH pO3JUIA€ThCA Ha Bl yacTUHU: yacTuHa (20-30%) BUKu-
JaeThbes B aTMocepy; 1HIIa YaCTHHA MMOBEPTAETHCS B CUCTEMY. PelupKymsiiiHe mo-
BITpSI IPOXOANTH Yepe3 BUIMMAPHUK TEIJIOBOTO HACOCA, JIE BiJAA€ TEIJIOTY XOJ00are-
HTY; OXOJIOJPKYETHCS Ta YaCTKOBO OCYITY€EThCS. TaKuM YHHOM, TEIUIOTA BiIIIpaIihoBa-
HOTO TOBITPSI HE BTPAYAEThCS, & BUKOPUCTOBYETHCS MOBTOPHO. [licims BunapHuKa mo-
BITPSl IOBEPTAETHCS Y 3MIIIyBay, /1€ 3HOBY 3MIIIYETHCS 31 CBLKUM IMOBITPSIM 1 LUK
MOBTOPIOETHCS. CHcTeMa MPaIlioe B PI3HUX PEKUMaX: JCHHUN PEKUM - COHIYHUHN KO-
JeKTOp (PYHKITIOHYE, 1110 3MEHIITYE€ HABAHTAXKCHHSI Ha TEIJIOBUIN HACOC, HIYHUHN PEXUM
- IPALIIO€ TUTBKH TEIUIOBUN HACOC, 32 PAXyHOK YOT0 MiATPUMYETHCS HEOOX1HA TeMIIe-
paTypa CyIIiHHS.

3arajpHE TEIJIOBE HABAaHTAXXCHHS (DOPMYETHCS 3a paXyHOK TETUIOTH BHITAPOBY-
BaHHS BOJIOTH, HATPiBY MaTepiaiy Ta TeIJIOBHX BTpaT. s moOymaoBu MaTreMaTuIHOl
MOJIe1 T1IOpUAHOT 3€PHOCYIIIAPKH OIIIEHO BUKOPHUCTOBYBATH IMiJIX1/I, 1110 MOETHYE Pi-
BHSIHHSI TETUIOBOTO OallaHCy CYIIMIBHOI KaMepH, MacolepeHoCy B 3€pHi, CHepreTnd-
HOT0 OQJIAaHCY COHSIYHOTO MOBITpOHArpiBaya Ta piBHIHHS €()eKTUBHOCTI TEIJIOBOTO Ha-
coca. Takuii miaxia BIAMOBIAAE CYYACHUM JOCHTIIKEHHSM COHSYHO-TEIIJIOHACOCHUX
CYymIMIBHUX cUcTeM, Yy skux omiHiThest COP (Coefficient of Performance, koedirri-
€HT TmepeTBOpeHHs TerioBoro Hacoca), MER (Moisture Extraction Rate, mBuakicTs
BunaneHHs Bojorn) i SMER (Specific Moisture Extraction Rate, muromuii mokazHUK
€(EeKTUBHOCTI CYIIHHA), €PEKTUBHICTh COHSYHOIO KOJIGKTOpAa Ta KIHETHKAa 3MEH-
IIIEHHST BOJIOTOCTI 3epHA. AJTOPUTM PO3PaXyHKY CKIAAAETHCS 3 KOMIUIEKCY MOJIETICH:
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Tabaunus. TexHiuH1 XapaKTEPUCTUKU TOPUIHOI CUCTEMH
TEIUIONOCTaYaHHs 3epPHOCYIIapKU

Jlxepeno eneprii [ToTyXHICTB
CoHsSYHMI TOBITpsSIHArpiBay 61.6 kBT
Hagskonumne cepenosute (uepe3 TH) 66 kBT
EnekrpoButpartu B komnpecopi TH 26.4 kBt
IToTyxHICTh TETTIOBOTO HAcCOCa 92 kBt
3arajibHa MOTY)KHICTh 154 kBt
JloJ1 COHSTYHOTO BUITPOMIHIOBAHHSI 40 %
KoedirieHT nepeTBopeHHs 3.5

(4

0.9

M

Temnepartypa,

0.6

45.00

41.14

37.29

33.43,

29.57

25.71

0% 21.86
18.00

Puc. 3. 3mina TemnepaTypHOTo MoJisi B HIaXTHIM 3epHOCYIIAPII B MEPi0] BUXOAY
Ha PEXKUM.

nn

CYILIHHS, COHAYHOTO KOJIEKTOpa Ta TEIJIOBOTO HACOCA 3 MOKa3HUKAMH €()EeKTUBHOCTI.
Bukonanuit po3paxyHoK TOpUAHOT 3epHOCYIIIAPKH, BUX1AHI AaH1 ISl pO3paxyHKY Ha-
cTynHi. Marepian — 3epHO TIIeHuIll, BuTpaTa 3epHa: G = 1,7 1/rox , moyaTkoBa BOJIO-
ricte: Wi = 20%, kinuesa Bojoricte: W, = 14%, Temneparypa HaBKOJIMIIIHbOTO Cepe-
nosuia: ty = 15°C, temneparypa cymuiabHoro areuty: t; = 60 °C, nutoma TemioeM-
HicTb NOBITPs: Cp = 1.005 k/[x/(kr-°C).

3a pe3ynabTaTaMH PO3paxyHKy BCTAHOBJICHO, 1[I0 TETUIOBA MOTY>KHICTh COHSIYHOTO
MOBITPSHOTO MiJIrpiBadya CTAaHOBUTH 62 KBT, MOTYXHICTh TEII0BOro Hacoca — 92 kBT,
3arajbHa TEIUIOBA MOTYXKHICTh cCUCTeMU — 154 kBT, yacTka COHSIYHOTO BHUIIPOMIHIO-
BaHHsA — 40%, a Koe(ilLieHT NepeTBOPEHHS TEIIOBOTO Hacoca TOPIBHIOE 3,5.

[Ipu MonentoBaHH1 MPOLECY PO3MOBCIOIXKEHHS TEIJIOTH B IIIJILHOMY LIapi 3€pHa
B 3€pHOCYIIApIIi, 10 MPOJAYBAETHCA HATPITUM MOBITPSM, 3 BAKOPUCTAHHIM MPOTpaM-
HoTO cepenoBuiia Python orpumani 300pakeHHs] TEMIIEPAaTypHOIO MOJIs Ta MOJIsl BO-
JIOTOCTI. 3MiHA TeMIIEPaTypHOIO TOJIS B IIAXTHIN 3€pHOCYIIAPII B MEPI0J] BUXOY Ha
PEeXUM TToKa3aHa Ha puc. 3. Y Moje NPUUHSITO MaHUN PEXKUM 71 HACIHHEBOT ITIIIe-
HUII1: TeMIIepaTypa MoBITPsI O1J1s MiABIAHOTO Kopoba 61u3bko 45 °C, MBUIKICT MOBI-
Tps B mapi 61u3bko 0,25 M/c, Temneparypa 3epHa oomexkena o 45 °C.

Ha mouatky cyIiHHS IpOrpiBaeThCs JUIIE BX1/IHA 30HA CYIIMIbHOI Kamepu. Jlami
TEIUIOBUN (PPOHT MOCTYMOBO MOIIMPIOETHCS M0 HIapy 3epHa. MakcumanbHi Temrepa-
Typu popMyr0oThCs TOOIN3Y PO3NOALTFHIX KOPOOIB y CYIIMIBHIN 30H1, TOAIL SIK Y Ha-
MPSMKY IO BUTSDKHUX KaHAJIB 1 B 30HI OXOJIO/PKCHHS TeMIIepaTypa 3MeHIyeThes. Ha
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Puc. 4. [Tone Temmnieparyp (a) Ta BomorocTi (0) 3epHA B 3epHOCYMIAPII Y
KBa31CTAI[lIOHAPHOMY PEXKHUMI.

puc. 4 HaBeeHI rpadiky 3MIHU TEMIIEPATYPU Ta BOJIOTOCTI 3€pHA 110 BUCOTI 3€pHOCY-
[IApKH B KBa3ICTAI[IOHAPHOMY PEXHUMI. 3€pHOBA Maca pO3IIIAJAEThCS HE K CYIIbHE
T1JI0, @ SIK JAUCIIEPCHUM LIap OKPEMHUX 3€PHIBOK, MIXK SIKUMHU 1CHY€ TIOPOBHUM MPOCTIP
U1 IPOXOPKEHHS CYIIHJIBHOTO areHTa — MOTOKY MOBITPsI, HATPITOTO B CUCTEMI T10pH-
JHOTO Teronoctadant. [lepeaayua TemioTu 10 3epHa BiIOYBa€THCS MEPEBAKHO LIS~
XOM KOHBEKTHBHOTO TETJIOOOMIHY MK HarpiTUM MOBITPSIM 1 TOBEPXHEIO 3€PHIBOK, a
TaKO0>X MOAAIBIIIO0 TEIJIOMPOBIAHICTIO BCEPEIUHI 3€pHA, 1110 3a0e3euye MPorpiB HOTro
BHYTPIIIHIX IIAPiB 1 CTBOPIOE YMOBH JJIsl BUTIAPOBYBAHHS BOJIOTH.

OtpumMmani rpadiky BiAMOBIAAIOTH (Pi3uIll Tporecy cymriHHg. HasBHI JoKaibHI
XBUJICTIONIOH1 BIIXUJICHHS TEMITEpaTypH (puc. 4a) 1o BUCOTI OB’ 13aH1 3 pO3TallyBaH-
HSM KOpOOiB. Y MicCIAX MiBEeACHHS HOBITPS (OPMYIOTHCS JTOKaIbH1 30HH ITiABUIIIEHOT
IHTEHCUBHOCTI Ter1000MiHy. OHaK Il 30HM HE CTBOPIOIOTH PI3KMX MEPETPIBIB, 110
BKa3ye€ Ha JIOLUIbHICTh OaraToOpiBHEBOTO PO3TallyBaHHS KOPOOIB MO BUCOTI CYIIApKHU.
3aBasKH Takid CXeMi MoJIadl TEIUIOHOCIS 3a0e3MeuyeThCsl O1IBIT PIBHOMIPHE HAIXO-
JDKEHHS TETUIOTH 110 3epHOBoOro mmapy. HeBenuke 301nbmeHHs Bojorocti (puc. 40) B
HAMPSIMKY /10 BIABIAHOTO KopoOa € (pi3uuHO 0OIpYHTOBAHUM, OCKUIBKH MOBITPSI B IPO-
1eCl pyXy yepe3 3epHOBHUH IIap MOCTYMOBO HACHUYETHCS BOJSHOIO Maporo, HOro cy-
[IMJIbHA 37JaTHICTh 3MEHIIY€EThCA, 1 TOMY IHTEHCUBHICTh BUJAJIICHHS BOJIOTY HA BUXO/I
JI0 HIKYA.
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[Ipencrarnena cxema riOpuaHOT CHCTEMH TETIIIOIOCTAYaHHSI MOYKE OYTH BUKOPH-
CTaHa JiJIsi TePMOOOPOOKH Ta CYIIIHHA IIUIBHUX IIApIB AUCIEPCHUX MaTepialliB MpHU
MOMIPHUX TeMIIEpaTypHHUX PIBHIX, MPOTE CJIIJI BPaXOBYBaTH ae€pOJUHAMIYHUN OMIp
mapy no ioro ToBiMHI. TOBIIMHY IIapy ciif oOMpaTH 3 ypaxXyBaHHSIM BTpaT €Heprii
noToky. Tak, /1 3epHIBKY MILIEHHUIII 3 AOBKHUHOIO 4 — 11 MM TOBLIMHY 1Iapy IOLIIBHO
npuiiMatu Ha piBHi 0,2 M [16]. Haiikpaiity BiiIOBIIHICTh €KCTIEPUMEHTATILHUM JIAHUM
3a BTpaTaMH THUCKY IMPHU MPOIYBaHHI MOTOKY a3y Kpi3b IIUIBHUN 1IAp TUCIEPCHOTO
MmaTepiany 3abe3neuye piBHssHHS Epryna. ®opmyny Epryna (Eprana) [17, 18] na mpak-
THII JUTSI IIJTBHOTO MIapy, TPAAUIIIITHO BUKOPUCTOBYIOTH TY, SIKa BUMAarae BpaxyBaHHS
IHEpUIMHUX CUJI B TOTOIl, IO PYXaeTbes (APYruil TOJAaHOK Y MpaBiii YacTHUHI PiB-
HSHHS).

AP 150w (1-&) N L75pw 1—¢

H d’ &’ d &’
JIe € — MOPI3HICTh MIAPY, W - KOeDIMIEHT AMHAMIYHOI B'I3KOCTI, p — I'yCTHHA PIIUHU
(razy), w - HIIBUJKICTh MOTOKY, H — TOBIIIMHA 11apy MO X0y MOBITPS.

[Tpu ToBmuui mapy H=0,2 Brpatu tucky ckinagaiots AP=78,4 Ila. Po3paxynku
aepOJMHAMIYHOTO OIMOPY LIAPY A03BOJISIIOTH BUBHAUUTH MO0 ONTUMAIBHUI PO3MIp Ta
oOpaTu TexHI4YHE 00JIaJHAHHS, a TAKOX JO3BOJISIIOTh 3pOOUTH BUCHOBKH I10JI0 PIBHO-
MIPHOCTI MPOIIECY PO3MOBCIOJIKEHHS TEIJIOTU

=392

BucHoBKH. 3anpornoHoBaHa KOHCTPYKTUBHO-TEXHOJIOTIYHA CXeMa T10pUIHO1 CH-
CTEMH TEIUIONOCTaYaHHs IS IIAXTHOT 36pHOCYIIAPKH, KA MMOETHYE COHIIHUN TTOBIT-
PSHUM MiAIrpiBay, TEMJIOBUA HACOC 1 YaCTKOBY PELMPKYJISIIIIO BIAIPAI[bOBAHOTO MOBI-
Tpsi, 3a0e3Meuye MonepeHe HarpiBaHHs MOBITPSI 32 PAXyHOK COHSYHOI €Heprii, 7o/1a-
TKOBE JIOTPiBaHHs B KOHAEHCATOP1 TEIUIOBOTO HACOCA Ta MOBTOPHE BUKOPUCTAHHS Te-
IUIOTH BIATPALOBAHOTO MOBITPSL.

BusHaueHo OCHOBHI €HEpreTHUHI MapamMeTpu TiOpUAHOT CUCTEMH ISl CYLIIHHS
NIISHUII] POTYKTUBHICTIO 1,7 T/Troj 13 mo4aTkoBoro BojoricTio 20% 10 KiHIIEBO1 BO-
aorocti 14%. TemoBa MOTYXHICTh COHAYHOTO TOBITpOHArpiBaua CTaHOBUTH 61,6
KBT, moTyXHicTh TeruioBoro Hacoca — 92 kBrt, 3aranpHa TeruioBa MOTY>KHICTh CHUC-
Temu — 154 kBT, KoedilieHT MepeTBOPEHHS TEIJIOBOTO Hacoca — 3,5.

MoieroBaHHS TEMIIEPATYPHOTO TOJIS Ta IOJISI BOJIOTOCTI MiATBEPIIO HAsBHICTh
JIOKAJIbHUX BIAXWJICHBb OOJNU3Y KOPOOIB, OJIHAK 111 BIAXHUIICHHS HE CTBOPIOIOTH PI3KUX
30H IeperpiBy abo HEAOCYITyBaHHS.

[IpencraBneHa cxema riOpuaHOT CUCTEMH TEIUIONOCTAYaHH MOKe OyTH BUKOPH-
CTaHa JUIsl TEPMOOOPOOKHU Ta CYHIIHHS IIUIbHUX LIApiB TUCIEPCHUX MaTepiaiiB Ipu
MOMIPHUX TEMIEPATypHUX PIBHAX, IPOTE CJIIJ BPaxOBYBATH acpOAMHAMIYHUUN OMIp
mapy npy BU3HAYEHHI MOTO TOBIIMHM, IO JO3BOJIATH MiAIOpaTH ONTUMAIbHE TEXHi-
yHe OOJamHaHHS Ta 3a0€3MeYUTH 3aJ0BUIBHY PIBHOMIPHICTH TMPOIECY PO3MOBCIO-
JDKEHHS TEIUIOTH.
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Modeling of a hybrid heat supply system with renewable energy sources

Summary

The paper considers the problem of improving the energy efficiency of post-harvest grain
drying through the application of a hybrid heat supply system. Based on the analysis of modern
scientific studies, it has been determined that the use of a hybrid heat supply system makes it
possible to reduce the consumption of conventional energy resources, increase the efficiency of
waste-air heat recovery, stabilize the temperature of the drying agent, and ensure a more uni-
form drying process. A structural and technological scheme of a shaft grain dryer with a hybrid
heat supply system is proposed. In this system, fresh atmospheric air is mixed with a portion of
recirculated air and then passes through a solar air heater and the condenser of a heat pump.
1t is proposed to use the solar heater for preliminary air heating, while the heat pump is used
for additional heating and recovery of heat from the exhaust air. To ensure uniform drying of
the grain layer, the drying agent is supplied through a system of distribution ducts arranged
along the height of the dryer shaft. The main energy parameters of the hybrid heat supply system
for drying wheat at a mass flow rate of 1.7 t/h from an initial moisture content of 20% to a final
moisture content of 14% have been determined. According to the calculation results, the ther-
mal capacity of the solar air heater is 61.6 kW, the heat pump capacity is 92 kW, the total
thermal capacity of the system is 154 kW, the share of solar radiation is 40%, and the coefficient
of performance of the heat pump is 3.5. The features of the formation of the grain temperature
field and moisture field in the shaft dryer under multi-level supply of the drying agent through
the distribution ducts are considered. The proposed scheme can be used for the development of
energy-efficient grain dryers for both food and seed grain.

Keywords: drying, grain, air recirculation, energy efficiency, temperature field, moisture
field.
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JiejieKTpM4YHA NPOHUKHICTH BOJHUX PO3YHMHIB METAHOJIY B OKO0JIi 0CO0JIMBOI
KOHIEHTPAUINHOI TOYKH

Y pobomi excnepumenmanvrho 00CniodHCeHO OieleKMPUUHi 81ACMUBOCTT BOOHUX PO3UUHIB
Memanony 8 okoui 0cooiugoi konyenmpayitinoi mouxu (6auzvko 0,05—0,1 monapnoi uacmxu
cnupmy). Bumiproeanus akmusnoi ma peaxmuenoi ckiaoo8ux imneoancy npogoouny Mocmo-
guM Memooom Ha yacmomi 1 kl'y y niockomy KOHOeHCamopi 3 e1eKmpooamu, GKpUmumu ¢mo-
PONIACMOB010 NIBKOIO.

Buseneno, wo uac ecmanosnenns cmayioHapHux 3Ha4eHb EMHOCMI ma NpoGiOHOCMI 3HAYHO
nepesuwye XapakmepHi 4acu e1exmpooHoi noasapu3ayii i 00csaeae 0ecamkie X8UnuH — KilbKoX
2ooun. Konyenmpayivna 3anedxcnuicms yb020 4acy 4imko KOpemoe 3 NOJONCEHHAM aAHOMANIU
IHWUX IBUKO-XIMIUHUX B1ACTMUBOCMEL PO3YUHIE (NOKAZHUK 3AIOMAEHHSL, 8 SI3KICIb, PO3CISHHSL
ceimaa). Ompumani pe3yrbmamu 6Ka3yioms Ha me, Wo AHOMAIbHO NOBLIbHA OUHAMIKA eleKm-
poQizuuHux napamempis 3yMo8leHa npoyecamu 6CMAHOBIeHH MIKPOHEOOHOPIOHOI CMmpYK-
Mypu po3uuny ma nepedy0o80io cucmemu 600He8UX 38 A3KI8 Y OKOJi 0COOIUBOI TOUKH.

Knrouoegi cnosa: posuunu, 6oda, cnupmu, pienosaza, OieieKmpuiuHa NPOHUKHICMb, 800HESI
38 "A3KU, 0COOIUBI MOYKUL.

Beryn. V monexysipHii (i3uiil piiMH 3HaYHY yBary NpuaUBIIOTh BUBUCHHIO O1-
HapHUX PO3YHMHIB BOJA—CIUPTH, SKi € KITACHYHUMH MOJICTSIMHU CUCTEM 3 3HAUHUM BHE-
CKOM BOJHEBUX 3B’SI3KIB Y MIKMOJEKYJIApHY B3aemozito [1, 2]. OcobnuBuii iHTEpEC
BUKJIMKAIOTh 0c00JMBI (peculiar) TOUKM Ha KOHIIEHTPAIIHHUX 3aJIeKHOCTIX (Hi3UKO-
XIMIYHHUX BJIACTHBOCTEH IIUX PO3YMHIB, BUSBJICHI Ta JAE€TAIbHO JOCIIIKEHI B poOOTaxX
[3-5]. Lli TOuKM BiAMOBIAAIOTH IEBHUM MOJIIPHUM 200 00’ €MHUM KOHLEHTPALIAM, 017151
AKHX CIIOCTEPIraroThCsl 0COOIMBA MOBEAIHKA B’ SI3KOCTI, TETNIOEMHOCTI, MOKAa3HHUKA 3a-
JIOMJICHHS Ta THIIMX MaKPOCKOMIYHUX XapaKTEPUCTHUK. AJle TOJIOBHOIO OCOOIHMBICTIO €
MOBE/IIHKA TYCTUHU BOJHUX PO3UMHIB CIIMPTIB MPH 3MiH1 KOHILIEHTpaIlii cupty. L1 po-
00TH 3amo4yaTKOBaHi 1€ y nepimmx podborax MenneneeBa y Ogjeci, ane came 3apas 3
BCHOTO Psy BBEICHUX HUM OCOOJIMBHX TOYOK JIJISl TAKMX PO3UYMHIB MU MOKEMO BIICB-
HEHO BIJJOKPEMHTH OJIHY — Y P030aBlIeHHX po3uuHax (KoHIeHTpalis 61u3bko 0.05-0.1
MOJIbHOT YaCTKH CIIUPTY). B OKOJIi TaKO1 TOUKH CIIOCTEPIracThCsi aHOMaIbHA TIOBEIIHKA
OlbIIe JecsaTKa (PI3MUHKMX MapaMeTpiB, HANPUKIIAJ, aHOMAJIbHUMN TIK PO3CISTHHS CBI-
TJa, 3a SIKOTO 1HTEHCHUBHICTb PO3CISTHHS CBITJIA MOXKEe OyTH Ha MOPAIKH OlIbIA HIK
NP KOHIEHTPALIHHOMY PO3CISTHHI.

VY poborax [3,4] Taki 3MiHU y TIOBEIHII BIACTUBOCTEH PO3YUHIB 3B’ A3YIOThCS 31
3MIHAMHM BIIOPSIIKYBAHHS, YTBOPEHHsI, IepeOyA0BOI0 BOAHEBUX 3B SA3KIB 1]l BILTUBOM
MOJIEKYJ CIIUPTY, BCTAHOBJICHHS! MIKPOHEOAHOPIIHOT CTPYKTYPH.

© A. A. Crpayrman, C. B. XKutntok 2026
Ile craTTs BigkpuToro goctymy 3a jginensiero CC-BY 4.0 =

51


https:///orcid.org/0009-0002-5348-9041
https://creativecommons.org/licenses/by/4.0/deed
https://creativecommons.org/licenses/by/4.0/deed

di3uka aepoaucnepcHux cuctem. 2026. Bum. 64. C. 51-55. ISSN 0367-1631 (Print)

OmHuM 3 KIIFOYOBHX TTApPaMETPIB, UyTIUBHUX JI0 CTPYKTYPHUX OCOOMBOCTEH PO3-
YUHIB, € JIICJICKTPUYHA TPOHUKHICTH (), siKa Bi1oOpakae KOJECKTUBHUN MOJIIpU3AIlii-
HUN BIAKJIUK MOJICKYJI Ta MOJIEKYJIIPHUX acOIllaTiB.

MeTta po6oTu. Y 1aHiil poOOTI MPEICTaBICHO Pe3yJbTaTH BUMIPIOBAHHSI JI1€JICK-
TPUYHOI MPOHUKHOCTI PO34YHHIB BOJA—CITUPTHU B OKOJI1 OCOOJIMBUX TOYOK METOJIOM MO-
CTOBOI CX€MH y IUIOCKOMY KOHAeHcaTopi Ha yactoTi 1 kI'. Metoauka 6a3yerbes Ha
BCTAHOBJICHHI MIOCTIMHMX (CTAIlIOHAPHUX ) 3HaY€Hb aKTUBHOI (MIPOBIHICTH) Ta PEAKTH-
BHOT (EMHICTB) CKJIAJJOBHX IMIEAAHCY IJIOCKOTO KOHIEHCATOPa, 3all0BHEHOTO JOCi-
JDKYBAaHUM PO3YHHOM, MICTIS MO1a41 BUMIPIOBAIbHOT HANIpyTH. Takuil miaxia 103BOJIsIE
MiHIMI3YBaTH BIUIMB MOJIAPU3ALIHHUX €(EeKTIB Ha eNEKTPOAaX Ta 3a0€3MEUUTH BUCOKY
TOYHICTh BU3HAUEHHS CTATUYHOI JIIeJICKTPUYHOI MPOHUKHOCTI B YMOBAaX CJIa0KOi po-
BITHOCTI po34yuHIB. OTprUMaHi J1aHl JalOTh 3MOTY YTOYHUTH XapakKTep CTPYKTYpPHUX
HePETBOPEHb Y BOAHO-CIIUPTOBUX CUCTEMAX.

MeToauka eKCiepuMeHTy Ta OTPUMAHI pe3yJbTaTH. 3a 00 €KT JOCIIKCHHS
OyJ10 B3SITO BOJIHI PO3UMHU METAHOJTY SIK IEPIIOTr0 MPECTABHUKA TOMOJIOTIYHOTO Py
OJIHOATOMHMX CIUPTIB. i iX mpUroTyBaHHs OyJIM BUKOpPUCTaH1 cnupTh Mapku YJ[A
Ta O61AMCTUILOBaHA Boja. [1icisi MeXaHIYHOTO 3MIITYBAHHS CIIUPTY 3 O1TUCTHIISITOM 1
nepe;] MpoBEJAeHHSIM BUMIPiB, po3unHu Oyiu BuTpumMadi. Lle moB'sa3aHo 3 TuM, 110 pi-
BHOBQ)KHUU CTaH y BOJHUX PO3YMHAX CIUPTIB MOXKE OyTH y’Ke TPUBAIUM (B1 TOIHH
710 THIKHIB B 3aJI€)KHOCTI B1Jl YMOB Ta KOHIICHTPAIIIH).

Bynu mpoBeneHi BUMipH €JIEKTPOMPOBITHOCTI Ta €NIEKTPUYHOT EMHOCTI Mapase-
JHLHOTO €MHICHO-PE3UCTUBHOTO €KBIBAJIEHTA KOHTAKTHOI KOMIpku. Y pobortax [6,7]
JUTSI ITHOTO TATOTOBJICHI BOAHI PO3YMHM CIIMPTIB Ta YHCTI PEUOBUHU MICTHIIUCS B KO-
MIpPKY 3 TUIATUHOBUMH IUIACKUMU eJeKTpoAamu (TUIoIa IIACTHHH enekTpoaa 3-10°
4 M?, MiXKeJIeKTpOIHA BifcTanb 5 MM). ENEeKTponpoBiTHicTs i eleKTpuYHa €MHICTE 3pa-
3kiB BuMipsutacs npu 20 °C aBroMatuuHuM udpoBuM BuMiptoBaueM E7-8 3 po6oto
gacToToro npuiiaxy craHoBuTh: (1000+10) ['11., Mexa OCHOBHOT MOXUOKH, IO JOITYC-
kaetbes, 0,1 %. B ocHOBI BUMIpIOBaHb MPUIIAJIOM JIEKUTh MOCTOBHUI MeTO1 3 (ha3ouy-
TJAMBUMHU JIETEKTOpPaMH BpiBHOBaXkeHHS [8]. OHUM 3 rOJIOBHUX PE3yJIbTaTIB Y pOOOTI
[7] 6ysio noBrotpuBaie (BiJl AECATKIB XBUJIMH JI0 IEKUIBKOX T'OJIMH ) BCTAHOBJICHHS T10-
CTIMHUX 3HAYEHb MICJIs BKIIOYEHHS €JIEKTPUYHOTO BUMIPIOBAIILHOIO TOJIS Y KIOBETI.
[e mo>xHa OyJ10 6 MOACHUTH MOJIIPU3ALIEIO €CKTPOIIB Ta IHITUMH IPUETCKTPOTHUMHU
SIBUTIIAMH.

Jis BUKITIOUEHHS 6€3MocepeIHbOT B3aeMO/Iii PO3UHHIB 3 IIOBEPXHEIO €IEKTPOIIB
MU 3aMIHWIH TUIATHHOBI €JIEKTPOIH, 0 BBAKAIOTHCS KIIACHYHUMHU JIJISI BUMIPIOBAHHS
eJIEKTPO(I3UYHUX BEJIMYHH y PO3UMHAX €JIEKTPOJaMHU, 1110 BKPUTI TOHKOIO (hTOpOILIa-
CTOBOIO ILTIBKOIO (50 MKM), sIKa € HEMPOBITHOIO M XIMIYHO HEHTPAIBHOIO, 1[0 BUKIIIO-
yae 0e3nocepe/iHii BIUIMB €JIEKTPO/IIB HA YTBOPEHHsI 10HIB. AJie 1€ HE MPHUBENO JI0
3HAYHUX 3MIH Y YaCOBO1 MOBE/IIHII TPOBIAHOCTI Ta €JIEKTPUYHOT EMHOCTI 3pa3KiB.

AHai3 po0iIT, B SIKUX PO3TJISIaBCs BIUIUB €JIEKTPOIB HA BJIACTUBOCTI PO3YHHIB
MOoKa3as, 110 Yac BCTAHOBJICHHs (perakcallii) Mmojspu3aliii eJeKTPOaiB Y TaKUX BUMi-
PIOBAHHSIX 3a3BUYail CTAHOBUTH B1J] YACTOK CEKYHJIM JI0 KUIBKOX CeKYH/I (1HO1 /10 XBH-
JIMH), 3a1eXHO Bi yMoB [8-11]. Lle sBuIe enekTpoaHOiI Mmojspu3alili BUHUKAE MPU
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KOHTAKTI1 €JIEKTPO/IIB 3 €JIEKTPOTi- s L, x6

TOM (PO3YMHOM) Y BUMIPIOBAJIb- ?0

HUX KOHJIeHcaTopax abo KoMip-

Kax JJig BUSHAYEHHS JT1eJIeKTPUY- 2 \

HOI IPOHMKHOCTI, IIPOBIAHOCTI 41 50 \

THIKX eeKTPOo(PI3UIHUX Mapame- 40

TpiB. [oHM HakOMUYYIOThCS O171s 30 A

MOBEPXHI €JIEKTPOIiB (yTBOPIO- 2 \ f\/ \

€THCSl TIOABIMHUN EIICKTPUUHUN 10 \U/ \.ﬁ_‘__ :
map), 10 CTBOPIOE JOJIATKOBY . | | . . =
EMHICTB 1 CIIOTBOPIOE PE3yJILTATH, 0 0.2 0.4 06 08 (m 1

0COOJIMBO Ha HHU3BKHUX YacTOTaXx Puc.l. 3ajexuHicTs yacy BCTAHOBJICHHSI HE3MIHHUX
(3a3Buuaii Hmwxue 10—-100 kI'1). JaHUX TPU BHUMIPIOBAHHI MapaMeTpiB IUIOCKOI KOH-
Tunosi 4acoBi Macimrabu JACHCATOPHOI KOMIPKHU 3alIOBHEHOI BOAHUM PO3UYHHOM
HacTynHi. Jjig ioHHOI/penakca- METaHOIY B 3aJI©KHOCTI BiJl KOHLEHTPALIl PO3YUHY.
niifHoi monApu3anii B MaTepianax  1emneparypa 15 °C.
—~107° 1o 1078 ¢ (y»e MBUIKO).
JI1st eneKTpoIHO1 Mospu3allii B po3druHax — Bl MUTICEKYHI A0 CEeKyH/ (OymiBs 1MO-
nBitHOTO mapy. Tounuii yac apeidy 3aneXuTh BiJi KOHKPETHOT YCTAaHOBKH, PO3YHHY
Ta 4YaCTOTH, TOMY B JIAOOpATOPHiHM MPaKTHULl OO0 4acTO BU3HAYAIOTh €KCIIEPUMEHTA-
JpHO (cTabimi3allis curuany). Aje oTpuMaHi HaMH 4acu ctaluiizanii Oyiu He CEeKYHH,
a IECATKY XBUJIMH, [0 HE MOKE TTOSICHIOBATHCH BIUTMBOM €JICKTPOJIIB, TUM O1JIBIIIE, 110
MPUHIIUIIOBA 3MiHA TUIY €JIEKTPOY HE BIUIMHYJIA HA TOJIOBHI 3aKOHOMIPHOCTI OTPH-
MaHUX PE3yJIbTaTIB.
Ha puc.1 HaBeneHo 3aneXHICTh Yacy BCTAHOBJICHHSI HE3MIHHUX 3HA4Y€Hb IIPU BU-
MIpIOBaHHI TapaMeTPiB KOHAEHCATOPHO-PE3UCTUBHOTO €KBIBAJICHTY B 3aJICXKHOCTI Bij
KOHIIEHTpAIlli METaHOIy Yy HOoro BogHOMY po34uuHi. KoHIIeHTpallito HaBeIeHO Y Maco-

co . m . . .
B1i1 yacTui metanony C,, = # (1mexcu mpu Macax BiJIOBIIalOTh MacaM MeTa-
w met

HOJTy Ta BOJM y PO3UHHI).

3 HaBeZeHO1 Ha puc. ] 3aIeXHOCTI OUEBHUIHO, IO 3MIHH Yacy Ipeildy excreprume-
HTAJIbHUX JAHUX — BCTAHOBJICHHS HE3MIHHMX JaHUX MPU BUMIPIOBaHHI eNeKTpodi3u-
YHUX BEJIMYUH PO3YUHY MIPAKTHYHO TOYHO CIiBIIAAaI0Th ITOJI0KEHHSIMU BiIXUJICHD BiJ
MOHOTOHHOT'O XOJTy KPUBO{ 3 KOHLIEHTPAIliHHUMH 3aJ1€KHOCTAMH IHIINUX (Pi3UUHUX Be-
JMYUH AJIS TaKUX 00’ €KTiB. BEMMKUM MUTAHHAM 3aJUIIAETHCA SIK MOXKE BIUIMBATH HA
Il pe3yibTaTH 4ac, U0 MPOUIIOB Micis IPUTOTYBaHHS PO3uuHY. BeTaHOBNIEHHS aHO-
MaJILHOTO MMIKY PO3CISTHHS CBITJIA, TOKa3HUKA 3aJIOMJICHHS MOKE TPUBATH Y OCOOIUBIM
TOYIl 10 THYKHA.

MikpoHEeOoJHOpiIHA CTPYKTYpa PO3UMHIB, 110 BUHUKAE B TAKUX PO3UMHAX MOXKE
NPU3BOJUTHU 10 BUHUKHEHHS JOJATKOBUX MOJBIHHUX €IEKTPUYHHX IIApiB HA TpaHU-
X TUHAMIYHUX YTBOPEHb.

Maxkcumym, 1110 CTIOCTepIraeThes Ha pHc. 1, CKOPIll 3a Bce, MOXKE BIIMOBIAATH A1-
¢ysiitHoMy MexaHI3My JApeidy AyXke HEBENMKOi KITBKOCTI JOMIIIOK y pO3YMHAX 3
YTBOPEHHSIM «IIPOBIIHOT CITKU», III0 BUHUKA€E BHACIIOK @) MIKPOHEOTHOPITHOT CTPY-
KTypUd PO34YuHYy; 0) HAKJIaJE€HOTO 30BHILIIHBOMY IOJS, 110 MOKE BUKIUKATU SIBUIIE
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Tuny enexkrpodopesy. OTpuMaHi HAMH PE3yJIbTaTH MO MPOBIAHOCTI MU HE HABOJAUMO,
OCKUJIbKH BOHU MalOTh JIy>K€ CKJIaJHUN XapaKTep, X04a 0COOJUBICTD 1X MOBEIIHKH TEK
pUIaJa€ Ha OKUJI 0COOJMBOI TOUKH BOJHO-METAaHOJIOBOTO po3unHy. HeoOxinHa 1ina
nporpama JIOCIiDKeHb 3 BpaxXyBaHHSM 4acy IIC/Isl IPUTOTYBAHHS PO3YHHIB, BIUIUBY
HAKJIQJICHOTO ITOJIsl HA BCTAHOBJICHHS PIBHOBArW y PO3YHMHAX, FICTEPE3UCHUX €(PEKTIB
IpU BUMIpax iX eneKTpodi3uYHUX MapaMeTpiB.

BucnoBku. Yac npeiidy (BCTaHOBIEHHS HE3MIHHUX BEJIWYUH MPU BUMIPIOBAH-
HAX) €JIeKTPO(I3UUHUX MapaMeTPIB BOAHUX PO3UYMHIB METAHOTIY 3HAYHO MEPEBUIILYE
JaHHI, K1 MOSCHIOIOTHCS IPUEIIEKTPOIHUMU €eKTaMu.

KonnenTtpartiiina 3anexHicTh yacy apeiidy criBmagae 3 0COOIMBOCTIMH MOKa3-
HUKAa 3aJIOMJICHHS, B SI3KOCTI, IHTCHCUBHOCTI PO3CISIHHS CBITJIa, TOMY MO OyTH TO0-
SCHEHA BCTAHOBJICHHAM MIKPOHEOIHOPITHOI CTPYKTYPH y BOJIHO-CIIUPTOBHUX PO3UH-
HaX B OKOJI iX 0COOJIMBUX TOYOK.

Heo0xigH0 MpOBOAUTH €KCIIEPUMEHTH IO 3aJIKHOCTI €NeKTPOdI3UYHUX Tapa-
METpIB BiJl KOHIIEHTpAIlli B OKOJII OCOOJMBOT TOYKU 3 BpaXyBaHHSIM JIOBTOTPUBAIIUX
MPOIIECiB BCTAHOBIICHHS! PIBHOBKHOTO CTaHy PO3YHHIB IICIIS iX MPUTOTYBAHHS.
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A. A. Strautman, S. V. Zhytniuk

Dielectric permittivity of aqueous methanol solutions in the vicinity of the
peculiar concentration point

Summary

The dielectric properties of aqueous methanol solutions in the vicinity of the peculiar con-
centration point (approximately 0.05—0.1 mole fraction of alcohol) were experimentally inves-
tigated. Measurements of the active and reactive components of impedance were carried out
using the bridge method at a frequency of 1 kHz in a parallel-plate capacitor with electrodes
coated by a fluoroplastic film.

It was found that the time required to establish stationary values of capacitance and con-
ductivity significantly exceeds the characteristic times of electrode polarization and reaches
from tens of minutes to several hours. The concentration dependence of this relaxation time
clearly correlates with the positions of anomalies in other physicochemical properties of the
solutions (refractive index, viscosity, and light scattering). The obtained results indicate that
the anomalously slow dynamics of the electrophysical parameters are caused by the processes
of formation of a microinhomogeneous solution structure and restructuring of the hydrogen-
bond network in the vicinity of the peculiar point.

Keywords: aqueous alcohol solutions, methanol, dielectric permittivity, peculiar concentra-
tion points, microheterogeneity, hydrogen bonds.
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BruiuB MiKpOXBWIBOBOI Jeriaparaiii Ha TEeNJI0Ty COpOUii HeoJiTiB TUITY A

Ilpeocmasneni HOGI excnepuMeHmManibHi OaHi Wo00 KIHeMUKU CYUIHHS MA eHepeemuiHux
xapaxmepucmux yeonimie muny A (34, 44, 5A) y npoyeci Mikpoxeuiboeoi pecenepayii, wo €
KAI0Y08UM eMAanom (QYHKYIOHYBAHHA MEPMOXIMIUHUX akymyasamopie meniomu. Ompumaro,
wo yeonim 5A xapakmepuzyemvcs HAUSUUIOIO WBUOKICMIO cyuwinna (6,55-107* 1/c), memnom
Haepisanns (1,98 K/c) ma epexmusnicmio suxopucmants Mikpoxeunvogoi enepeii (0,56), wo
00YMO8IeHO OLILUWUM POZMIPOM NOP MA NOKPAUeHUMU YMosamu ougysii 600saHoi napu. Boo-
HOYAc NOKA3aHO, Wo IHmMeHcUughikayis npoyecy CyuwinHs Cynpo8oON#CYEMbCA 3HUNCEHHAM NUMO-
moi mennomu copoyii (00 87 klic/ke) ma mexaniunorw oe2padayiero eparyi nicis nepuioco
YUKy 0ecopoyii—copoyii, wo 0OMmedNcye npaKkmuire 3acmoCcy8anHs Yb020 Mamepiany 8 ymosax
yukniunoi excniyamayii. Ompumano, wo yeonim 34 0eMOHCMPYE HAUBUULY NUMOMY MENnI0Nny
copoyii (165 xl]c/ke) ceped docniodceHux 3pasKis, wo NOACHIOEMbC eQeKmom npocmopo-
8020 0OMedHCeH A Mma OLbUL IHMEHCUBHOIO 83AEMOOIEI0 MOIEKYl 800U 3 NOPOBOIO CIMPYKMYPOIO.
Toka3zano, wo 30invuenHs mpusaiocmi Mikpoxeuiboeoi oopodoxu 0o 360 c i docsenenHs mem-
nepamypu 6ausvko 400 °C npusooums 0o 3pocmantus meniomu copoyii 0o 204,4 xkllc/ke, o
c8iouums npo no2nub.eHy akmueayito aocopoenmy. Ilpoananizoeano 6naue cmpyKmypHux xa-
pakmepucmuk yeonimie Ha egheKmueHicms nepemseoperts MiKpoXeuib08oi enepeii 6 meniogy
ma Ha Kinemuxy decopoyii. /[osedeno, wo 0115 3acmocy8ants y mepmMoXiMidHux CUCIemMax axy-
MYII08AHHA MENnI0OMU Hatloinbu nepcnekmueHum € yeonim 3A, axuil 3a6e3neyye MaKkCumMaibHy
eHepaoemMHicmb, modi K yeonim 5A 0oyinbHiule BUKOPUCMOBY8AMU 8 Npoyecax, 0e npiopume-
mHuo0 € weuokicmo cywints. QOIPYHMOBAHO OOYLILHICIb ONMUMI3AYIT PeAHCUMIE MIKDOXBU-
JIb0B0I pecenepayii ma KOHCMPYKMUBHO20 800CKOHALEHHS YCMAHOB0K (30Kpemd, WIAXOM Op-
2auizayii npooyexu wapy 2azom) 0 niosuwerHs eghekmusrnocmi deciopamayii ma cmaoino-
Hocmi adcopbenmis.

Knrwouosi cnosa: yeonimu, Mikpoxeunibose CyUiHHs, MEPMOXIMIYHA AKYMYAAYis Meniomu,
eHepzoepexmusHicms, eKcnepumenm, 8010208MIiCH, memMnepamypa.

Beryn. Criiikuii po3BUTOK Cy4yacHOI €HEpPreTUKU nependadae akTUBHE BIIPOBa-
JHDKEHHS TEXHOJIOT1H aKyMyJIFOBaHHS TEIIOBOI €HEpPTii, 31aTHUX KOMIIEHCYBAaTH HEPiB-
HOMIPHICTh HQJIXOJKEHHS €HEPrii 3 BIIHOBIIOBaHUX JKepesa. Cepen pi3HOMaHITHUX
CUCTEM HAKOIWYEHHS TeIjia OCOOJIMBY yBary MpUBEPTAIOTh TEPMOXIMIYHI aKyMYyJisi-
TOPHU Ha OCHOBI IIEOJIITIB, SIK1 BUPI3HIIOTHCS BUCOKOIO IIUIBHICTIO €HEPTi Ta MPUHIIN-
MOBOIO MOXJIMBICTIO TPUBAJIOTO, 30KpEMa CE30HHOI0, 30epiraHHs TeIIoTu 0e3 caMo-
BUIbHUX BTpaT [1, 2]. B 0CHOBI poOOTH TakuX aKyMyJISITOPIB JIeXkKaTh MPOLIECH a/ICOP-
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O1ii Ta gecopOiIrii BOJOTH, TIPH IIbOMY HANBAXIJIMBIIIIO CTAAI€0, IO BU3HAYAE eeK-
TUBHICTh YCHOTO IIUKITY, € pereHeparis agcopoeHty. TpaauliiitHi KOHBEKTUBHI Ta KOH-
OYKTHBHI METOAH CYIIiHHS XapaKTePU3YIOThCSI HU3bKOI €HEepProeeKTUBHICTIO, 3HAY-
HOIO TPUBAJIICTIO T PU3UKOM TEPMIUYHOTO MOMIKOKEHHS CTPYKTYPH IEOTITY, IO MPH-
3BOJIUTH JIO TIOCTYTIOBOTO 3HIKEHHS HOT0 COpOIiiHOT EMHOCTI. Y 3B'SI3KY 3 1M, 3Ha-
YHHU HAYKOBHH 1 MPaKTUYHUH 1HTEpEC BUKIIMKAE 3aCTOCYBAHHS MIKPOXBUIHOBOTO BH-
IIPOMIHIOBaHHSI JUIsl JeTiApaTaliii 1eoJIiTiB, ke 3a0e3neuye 00'eMHe, CEIEKTUBHE Ta
IIBUJIKE HarpiBaHHsS MaTepialy 0e3 HarpiBaHHs HAaBKOJHUIIHBOTO CEpEelIOBHUIIA Ta 00-
TaHaHHS.

IMocTanoBka nmpodJjemu. He3Baxaroun Ha BHU3HAHI MepeBaru MiKPOXBUIbOBOT
perenepaiiii, icHye mpo0semMa HeJOCTaTHbO1T BUBUCHOCT! KIHETHUKHM CYIIIHHS Ta TETUIO-
BUX €(EeKTIB /Ui MHUPOKOTO KJIacy MPOMHCIOBO BaXIMBUX LEONITIB THILy A. B miTe-
paTypl IpeacTaBiIeHl 0OMEXEHI eKCIepUMEHTANIbHI JJaHl I0J0 MOPIBHSIBHOTO aHa-
713y mpotueciB AecopOiii B MIKPOXBUILOBOMY IMOJI IS LIEOJITIB, 10 BiIPI3HAIOTHCS
po3mipoM mop, Takux sk 3A, 4A ta SA. bpakye iHpopmarlii Ipo BIUIUB CTPYKTYPHUX
0COOJIMBOCTEH X MOJIEKYJIIPHUX CUT HA TUHAMIKY 3MiHH BOJIOTOBMICTY Ta TeMIIepa-
TYpH, a TAaKOXK Ha €(EKTHBHICTh NEPETBOPEHHS MIKPOXBUIHOBOI €HEPrii B TEIJIOBY.
BusHaueHHs IUX 3aKOHOMIPHOCTEH € KJIIFOYOBUM JIJIsi BUOOPY HAMOLIBII pallioHalb-
HOTO THUITY aJICOPOCHTY Ta ONTUMI3AIlil TapaMeTpiB MPOLIECY pereHepalii B TEraoaKy-
MYJTIOBIBHUX CUCTEMAX.

AHaJi3 0CTaHHIX J0CTiIKeHb Ta myOJaikanii. [{eoniTu 3aBIsIKM YHIKaIBHIN 110-
PUCTIH CTPYKTYpi, HASIBHOCTI PETYJISIPHOTO MYCTOTHOTO MPOCTOPY, PO3BUHEHIH MOpH-
CTiHl CTPYKTYpi, 3HaYHIil UTOMII MOBepxHi [3, 4] Ta BUCOKIH CEIEKTUBHOCTI 10 MOJIe-
KyJ BOAM 3HAXOMSTh IIMPOKE 3aCTOCYBAHHS B Cy9acHUX TexHouorisx [5]. JlocuTs 3a-
TpeOyBaHUMHU € 11eOJITH TUIIIB 3A, 4A Ta SA, Ki BUKOPUCTOBYIOTHCS SIK €(EKTHUBHI
azcopOeHTH, MOJIEKYJISIPHI CUTa, IOHOOOMIHHHUKY Ta KaTaji3aTopu B HAPTOXiMii, razo-
Bilf MPOMUCIIOBOCTI Ta cUCTeMax BojoouutieHHs [3, 6]. OcoOnuBuii iHTEpeC mpecTa-
BJISIE BAKOPUCTAHHS IIUX IIEOJTITIB Y TEPMOXIMIYHIN aKyMYJISIIT TEIIOTH, IO J03BOJISIE
3a0e3MeuyBaTi BUCOKY IIUIBHICTh 30€piraHHs €Heprii Ta TPUBAJIMK Yac ii yTpuMaHHs
6e3 BTpar. Y poOoTi [1] po3risaaroThCss TEPMOXIMIYHI MaTepiaiy JUisl HAKOTTUYCHHS
€Heprii Ha OCHOBI COPOIIii, 30CePeIKYIOUNCh Ha MaTepiajiax y /iama30Hi HU3bKUX Ta
cepenHix Temmneparyp. B ormsiai [2] HaBeIeHO KITHOYOB1 BIACTHBOCTI MaTepiajiB JJis
30epiranHs TerJia, BKIYardu 11eoiti. OCHOBHHMM aKIEHT 3p0o0JieHO Ha ajcopOlii B
MOPUCTHX HOCIAX, MEXaHi3Max Ta Marepianax JUisi HU3bKOTEMIIepaTypPHHUX 3acCTOCY-
BaHb. ABTOpH [7] aHai3yI0Th OOMEXEHHS (BKJIFOYaI0Un €(DEKTUBHICTh Ta KOHCTPYK-
1[110) BUKOpUCTaHHS 11eodiTy 13X y )KUTIOBOMY CEKTOpi, B poOOTI 3p06JIEHO BUCHO-
BOK, 1110 JIJIsl BUNIPABJIAHHS CIIOKUBAHHS €HEPTii CUCTEMOIO CJIiJi BU3HAYUTH Ta BIPO-
BaJIUTU OUIBII JOCTYITHI €HEPreTUYHI PECypcH. 3arajioM, BUKOPUCTAHHSI I[€0ITOBOT
CUCTEMH TEPMOXIMIYHOTO aKyMYJIFOBaHHSI €HEPTii IK CUCTEMH OTaJICHHSI 3IA€THCS MO-
KIJIMBUM, TIPHUOMY 1151 CHCTEMa TOTOBA CTATH CEPHO3HUM KOHKYPEHTOM JUISI Cy4aCHUX
OTATIOBAILHUX MPHWIAAIB HA PHHKY KHUTIOBOTO OyIiBHUIITBA. BioMO, 10 KIFOYOBY
POJIb Y TAKMX CUCTEMax BiIrpa€e TEIIOTa COpOIlii, SKa BUAUISIETHCS IPU B3AEMO/IIT 11e-
OJIITY 3 BOJIOI0, OJTHAK i1 UMCeNbHI 3HAUYEHHS CyTTEBO 3aJIeXKATh BiJ TUITY IIEOIITY, yMOB
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aKTHUBAIIll Ta METOAMKY eKcriepuMeHTy [8-10]. KimtouoBuMm eTanom 3abe3nedeHHs ede-
KTUBHOTO (DYHKIIIOHYBaHHS TAKUX CUCTEM € TPOIIEC pereHepartii 1eoJiTiB, 110 Mepe/-
0auae BUAaJIeHHs acCOPOOBAHOI BOJIOTH HUIIXOM cylIiHHSA. Cepes cy4acHUX METO/IB
Aerigpararii 0ocoOJIMBY yBary IpHBEpTa€e MIKPOXBHJIbOBE HarpiBaHH, sike 3a0e3mneuye
00’eMHMI1 XapaKTep MiIBEICHHS eHeprii, IHTeHCU(IKaIliI0 Maco- Ta TEIIONEPEHOCY, a
TaKO CKOPOUYEHHS TPUBAJIOCTI MPOLIECY B MOPIBHSAHHI 3 TPATUIIHHUMI KOHBEKTHUB-
HAMH MeToAamMu. Pa3om 3 TuM, MUTaHHS €HEPTETUYHOI €(HEKTUBHOCTI MIKPOXBHIIBO-
BOTO CYIIIHHS LIEOJIITIB Ta BIULIMBY YMOB 0OpOOKH Ha iX MoAasbIil copOLiiiHi BIaCTH-
BOCTI 3aJIUIIAIOTHCS HEJJOCTATHRO JOCTimkeHnMU. OcoOIMBUl iHTEpeC CTAHOBUTH BH-
3HAQYEHHS MTUTOMOT TeTUIOTH COPOIIii TPH B3a€MO/IIT AET1ApaTOBaHUX LIEOJIITIB 3 BOJIOIO,
OCKUJIBKH €W MapaMeTp € BU3HAYAJIBHUM TSI OI[IHKH iX TEIJI0aKyMYJIFOBAIbHOT 37aT-
HocTi. [Ipu 1boMy TerioBHil eekT aacopOIii 3aIeKUTh K BIJ TUITY IIEOJITY, TaK 1 Bif
YMOB MOT0 MOMEPeIHBOT MiATOTOBKH, 30KpeMa PEeKUMIB CYIIiHHSI, 1110 BIUTUBAIOTH HA
CTPYKTYpY MOPOBOTO MPOCTOPY Ta HOCTYITHICTh aKTUBHUX IIEHTPIB.

B po6ori [8] miaKkpecoeThes, 0 3aCTOCYBaHHS MIKPOXBUJILOBOTO HarpiBaHHS
AKICHO 3MIHIOE TIPOIIEC ecopOIIii. 3a3HaYaeThCs, 1110 3aCTOCYBaHHS MIKPOXBHIIBOBOTO
HarpiBYy J03BOJISIE BECTH IPoILieC HabaraTo MBUIIIE, YUCTIIIE Ta 3 HIKYOK EHEPTrOEM-
HICTIO TIOPIBHSIHO 3 TpaauliHUMU MeToaamMu. KpiM TOro, MiKpoOXBHUJILOBE CYIITIHHS
MOKe CIIPUATH 3MEHIIIEHHIO BTpaTH 11eoiTy. B [9] miaTBepmkeHo, M0 YUCTI 1EOTITH
JE€MOHCTPYIOTh BUCOKY 3/aTHICTh 70 30€piranHs Teria Ta BOJIHU, a TAKOXK BHUCOKY CTa-
OUIBbHICTh XapaKkTepUCTHK 30epiranHs. Apropami [10] 3arnpornoHoBaHO CTpaTerito me-
pe3apspKaHHs PiIKOI BOJIOO TSI KOMITO3UTHHUX TEIUI0AKyMYJTIOBAILHUX MaTepiatiB
Ha ocHOBI 1eoiity SAPO-34. JlocsrHyTO peKopaHy HIUIbHICTh eHeprii >1.6 k/[x/r Ta
cTabiapHICTh poTaroM >100 rukiniB. CUCTEMHE TOCTIIKEHHS 1I€O0JIITIB, IMITPErHOBA-
Hux MgSOa, MgClz, LaCls ta CaClz nokasano, 1o MakcuMallbHa IIUIbHICTD 30epi-
ranHs Temia gocsirae 638.9 Ix/r 3 30% MgClz [11]. Komno3uT Ha ocHOBI 1ieostity 13X
nmokasaB copOuiiHy 3aatHIicTh 0.21 /T (Ha 24% BuIIE 32 YUCTUHN LIEOTIT) 1 NIUTBHICTH
30epiranns Tera 438.4 xJDk/kr. JlogaTKOBlI €KCIEPUMEHTH MIiATBEPIUIN IOKpa-
IIEHHS XapaKTepucTuK npu noaaBanHi MgSOa4 [12]. ABtopu [13] excriepuMeHTaIbHO
JOCTIIKYBaJIX BIUIMB BOJIOTOCTI Ta BUTPATH MOBITPS HA TEIJIOBY MOTYKHICTb Ta KiHe-
TUKy aacopOuii neonity 13X y cuctemax TepMoximMidHOro 30epiranus temiotd. byna
po3pobIieHa YUCIOBa MOEIb AJsl JOCIIPKEHH KIHeTUKU aacopOuii uneomry 13X ta
BOJIH, SIKA MIATBEPKEHA EKCIIEPUMEHTAMU 3 TIEpeTaay TUCKY Ta TAMYACOBHX 3MiH Te-
Mreparypu. 301blIeHHsT a0COMIOTHOT BOJIOTOCTI Ta IMIBUAKOCTI MOTOKY MPUCKOPIOE
aaCcopOIIil IIEOTITY, 10 MPU3BOAUTH 10 CKOPOUYEHHS Yacy PO3PSIAKH.

MeTo10 po00TH € eKCIIepUMEHTaIbHE TOCTIIKEHHS KIHETUKHU CYIITTHHS B TIPOILIECi
MIKPOXBHJILOBOTO HarpiBaHHs IIUILHOTO MIapy chepruuHUX IpaHyJI 11eoiTiB 3A, 4A Ta
5A Ta omiHKa X COpOLiHO-eHePTeTUYHNX XapPAKTEPUCTHUK, 30KpEeMa IMUTOMOI TeTUIOTH
copOii micis aeriaparari

Buknaa ocHoBHOTo mMartepiajdy. Meroauka eKCIEepHUMEHTAIBHHUX JOCIIHKCHD
IIPOIIECY CYIIIHHS LIEOITIB B MIKPOXBUILOBOMY I0JI1 Ta cXeMa J1abopaTopHIi yCTaHO-
BKU TIpejicTaBJieHi B po0oTi [8]. JlocmikeHHs: TPOBOAMIIMCH Ha IE0TiTax TUY A, BU-
poOHUK 11e0miTiB — KuTall, 3araapHuil BUTIIS SIKUX HAaBeeHO Ha puc. 1. Buximna mo-
TYKHICTh MarHeTpoHy B ekcrnepuMeHTi ckiagana 800 BT, maca Bojororo marepiairy
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Puc.1. ®oto 11€0iTIB, 110 JOCTIKYBAINUCH B pOOOTI
a)—3A;0)—4A;B) —5A.

Ta6auus. [TopiBHUTbHI XapaKTEPUCTHKHU PI3HUX THITIB LEOJITY

Tun ne- | Hiamerp | Hacumua | IBuakicte | Temn Harpi- | Edpek- | Temmora
OJIITY rpaHyf, | IMUIbHICTh, | CYIIIHHS, BaHHs1, K/c THB- copOrii,
MM Kkr/m? /¢ HIiCTB K JIK/KT
3A 3.71 758 3.46:10* 1.86 0.37 165
4A 4.58 826 3.59-10* 1.43 0.41 100.7
S5A 4.85 865 6.55-10* 1.98 0.56 87

70 r. docaimKyBaHuii MaTepiai y KepaMidvHOMY TUTel PO3MIILYBaBCs B MIKPOXBHIIBO-
BOi Kamepi. B mporieci cymrinas 3 iHTepBanioM 15 ¢ 3pa3ok aicTaBaiu 3 KaMepH Ta BU-
3Ha4aJIM Macy BTPAy€HOI BOJIOTH LUISIXOM 3BaKyBaHHs HAa €JIEKTPOHHMX Barax TBE-
0.5-0. 01. Temneparypy BumiptoBaiu MynptuMeTpoM ACCTA AT-280, Tepmonrym
SKOTO OJIp a3y MicCJii BUMKHEHHSI MarHeTpOHAa 3aHyPIOBAJIM B IIAp LIEOJITY.
EdexTrBHICTh BUKOPUCTAHHS MIKPOXBUIILOBOI €HEPTIi P CYILIHHI LIEOMITIB OLIHIO-
BaJIach 3a (HOPMYJIOHO:

i QKOP
=" (1)

1€ Oxop — KUTBKICTh MIKPOXBHJIBOBOI €HEPI1i, 1110 MilllJIa HA HArpiBaHHS BOJIOI'OTO 11€0-
JITYy, €KCIIEPUMEHTAJILHOI KOMIPKU Ta BUNIAPOBYBAHHS BOJIOTH; P — BUX1JTHA MOTYX-
HICTh MarHeTPOHY

HIBUAKICTh CYIIIHHS IIUTBHOTO MIAPY IEOJITY B MEPIOJl MOCTIMHOT MIBUIKOCTI

(npyruit epioa) po3paxoByBajach 3a GoOpMyJIor0:
N )
dt At
7€ U;, Uz — BOJIOTOBMICT LI€OJIITY Ha MOYATKy Ta HAIPUKIHII Mepioay MOCTIHHOI IBU/-
KOCTI CYIIHHS, KI/KT; AT — TPUBAIICTh IPYTOTO NEPIOY, C.

KinbKicTh TEIOTH, 10 BUALISAETHCS MPHU aAcOPOIIii BOJU IIE0TITAMHU, PO3PaXOBY-
BaJach K CyMa TeIJIOTH, 10 HIIJIa Ha HarpiBaHHS BOJIH, IIEOJIITY, EKCIIEPHUMEHTAIbHOT
KOMIPKHU Ta HE3HAYHE BUITAPOBYBAHHS BOJM, 1[0 CIIOCTEPIraioch opa3y Micis A0/1a-
BaHHS BOJH JI0 LICOJIITY.

XapakTEepUCTUKHU JOCIIKYBAHUX II€OJITIB Ta OCHOBHI Pe3yJbTaTH MIKPOXBH-
JHLOBOTO CYIIIIHHS HaBEJACHO B TAOJIHIII.
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Puc. 2. 3mina BosoroBMicty (a) Ta Temmnepatypu (0) TOCTKYBaHUX IIEOJIITIB B TIPOIIECi
MIKPOXBHJILOBOT'O CYIITIHHS.
A —1comit 3A; ¢ - neonit 4A; m — 1eonit SA
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z - °e200 |
0,10 | ey
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0’00 1 1 1 1 0 L 1 1 1 J
0 100 200 300 400 0 100 200 300 400
T, C T,C

Puc. 3. 3mina BosioroBMicty (a) i remmnepatypu (0) neomity 3A npu MiKpOXBHIbOBOMY
CYLIIHHI

AHani3youn TabauIo, MU 6a4uMo, 10 IEOJIIT TUITY SA Mae HalKpall MmokKas-
HUKH IIBUAKOCTI CYIIIHHS, TEMITy HarpiBaHHS Ta 3arajbHOi €()eKTUBHOCTI, OJHAK Xa
pakTepHu3y€eThCsl HAWHIDKUYOIO TETUTOTO0 copOirii. Lle Moxke OyTu mepeBaroro B mpolie-
cax, Jie BaXXJIMBA IMIBUAKICTh, @ HE TEIUIOBUUIeHHI. HaTomicTh mieomit 3A BUpi3HS-
€THCSI BUCOKOIO TETUIOTOIO COPOIIii, ajie HIKY0K0 e()EeKTUBHICTIO Ta MBUAKICTIO. JIJis
TEPMOXIMIYHOTO aKyMyJISITOpa TEIUIOTH HAaWKpaIIUM € HEOoJIT 3A, OCKIJIbKU rOJIOBHA
MeTa — 3aracaTé sSKoMora OiNblle TEIIOTH Ha KiJorpaMm marepiany. Moro BimHOCHO
Hu3bka eektuBHICTH (1] = 0.37) Moke OyTH KOMIIEHCOBaHA BIANOBIAHUM KOHCTPYK-
TUBHHM PIIIEHHSM, HAITPUKJIIA]], PEKYIIEPaIli €0 TEIJIOTH.

Kinetuka cyminns neomniti 3A, 4A ta SA HaBeneHa Ha puc.2.

s neonitiB 3A Ta 4A 3MiHA BOJIOTOBMICTY 32 4aCOM BiI0YBAa€ThCS MPAKTUYHO
OJIHAKOBO, IIBUJKICTh CYIIIHHS BIIPI3HAETHCA He3HauHO. HaitbinbIina mBUAKICTh CY-
IIIHHS Ta TEMII HarpiBaHHs XapaKTEepHI1 JJIs 1EOoJITy SA, 1€ MOXe MOosICHIOBaTHCS Oi-
JBIIIAM PO3MIPOM TIOP, IO MOJICTIIYE BUIAJICHHS BOJIOTH 3 MaTepiay.
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JlocmipkeHHsT KIHETUKHM CYIIIHHSA 1EeomiTy 3A B OUTbII HIMPOKOMY Jiana3oHi
3MIHHU MMapaMeTpiB CYIIIHHS HaBEJCHO Ha puc3.

Ha puc 3a BugHO, 1110 B IpO1ECi MIKPOXBUIIBO-
BOT'O CYIIIHHS MOXHa BUIUIUTH IUISHKY, Ha SIKIM
BOJIOTOBMICT 3MIHIOETHCS JIHIHHO (TIEpioJi MOCTIH-
HOT IIBUIKOCTI CYIIIHHS a00 JIpyruii mepion cy-
II1HHA), 10 XapaKTEPHO MPU CYIIIHHI KamiJspHO-
MOPUCTUX MaTepiaiiB, MPU OMY MaTepiall JOCUTh
IHTEHCUBHO HarpiBa€eThCsi, TOOTO Ha rpadiky 3MiHU
TEeMIepaTypu ApPYyruil mepion BiACYTHiN (puc. 30),
0 TIOSICHIOETHCS TICIEKTPUYHUMHU BIACTHBOCTSIMU
Ta 10HHUM PO3IrPIBOM MaTepialy BIPOIOBXK BChOTO
npouecy. s neonity 3A mMakcuMaiabHa TeMIiepa-
typa nocsrana 410 °C mpu TpuBanocti cymrinasg 360
C, IO CYMPOBOJXKYBAJIOCS 3HUKEHHSM BOJIOTOBMi-
CTY J0 IPaKTUYHO HYJIbOBHX 3HauYeHb. [loxubka Bu-
3HAYEHHS CepeHhOr0 BOJIOTOBMICTY ckiana 5,4%, temmnepaTtypu — 6,8%.

ExcnepuMeHnTH mokasaiu, 10 Micis MEepIIoro MUKy JecopOIii-copOIii meomiT
5A 3a3HaB 3HAQYHMX MOIUIKOJKEHb, 10 MOXE OYyTH BUKJIMKAHO HAJMIPHO BHUCOKOIO
IIBUJIKICTIO CYIIIHHS (puc. 4).

Takum yuHOM, JIJIS ITHOTO TICOJTITY HEOOX1THO 3MEHIITYBATH TTOTYXHICTb, IO TIi/I-
BOJUTKCS, U 3HIDKCHHS IIBUAKOCTI CYIITIHHS, ajie 1€ HeJOIIIBLHO 3 TOUKH 30py ede-
KTUBHOCTI Ta TPUBAJIOCTI MPOILIECY, 10 pOOUTH MOr0 MEHII NMPUBAOIMBUM MPU BHUKO-
PUCTaHHI K TEIUIOAKyMYJIOBAJbHUN MaTtepian AJii CUCTEM TEPMOXIMIYHOTO 30epi-
TaHHS TETUIOTH.

Pospaxynku Teminotu agcopOiii BiIMOBITHO METOIMKH, HaBeneHOl B [14], moka-
3aJIu, 1110 MPY OJTHAKOBUX YMOBaX aKTUBAIIil LIEOJIT 3A 1€MOHCTPY€E HAUBUIILY TUTOMY
TerioTy copOuii 165 kJx/kr, Toai sk aisg 4A ta SA 11ei Moka3HUK CTAaHOBUTH BIJIMO-
BimHO 100.7 Ta 87 kJ[/kr. Taka 3akOHOMIPHICTH 00YMOBJIEHA KOMIUIEKCHUM BIUTHBOM
CTPYKTYPHHUX, EHEPTETUYHUX Ta EIEKTPO(DI3UIHNX BIACTUBOCTEH TOCIPKYBAHUX Ma-
tepianiB. He3Baxkaroun Ha OAHAKOBHM TUIT KPUCTATIYHOT PELIITKH, 11 LEOJITH BiIPi3-
HAIOTHCA e()eKTUBHUM PO3MIpOM 110D, KUl cTaHOBUTH mpuou3Ho 3A nns 3A, 4A nna
4A ta 5A nna SA. Bka3aHa BiIMiHHICTh BU3HAYAE XAPAKTEP B3AEMOI1 MOJIEKY BOIH
3 MOPOBUM MPOCTOPOM. Y 11eodiTi 3A po3Mip MOp € CHIBPO3MIPHUM 13 KIHETUYHHUM
NiaMeTpoM MoJIeKyIH BoaH (~2,65 A), 1o nmpu3BoauTh 10 BUPaKeHOro e(eKTy Mmpoc-
TOPOBOI'0 OOMEKEHHS. Y TaKWX YMOBax MOJIEKYJIH BOJY OJTHOYACHO B3a€EMOIIOTH 13
KUIbKOMa CTIHKaMH MOPY Ta OOMIHHMMH KaTiOHaMmu, 110 (opMye OUIbIIT IHTEHCUBHE
MOTEHIIIAJIbHE T0JIE 1, BIAMOBIAHO, MiABUIIYE €HEPrito 3B’ s13yBaHHs. [[71s1 1eonitiB 4A
Ta 5A 31 30UIBIIEHHSIM PO3MIPY MOP 3MEHIIYETHCS MEPEKPUTTS MOTEHIIIAIIB CTIHOK,
3HMKYETHCS IUIBHICTH aJCOPOIIIHOTO MOJIsi Ta 3pOCTA€ YACTKA MEHII €HEePreTUYHO
BUT1JTHOT 00’ €MHOT a7copOllii, 1110 B KIHIIEBOMY MIACYMKY MPU3BOAUTH 10 3MEHIIICHHS
MUATOMO] TeTIoTH copOiii. Takoxk cimia BiA3HAYUTH, 10 301UIBIICHHS TPUBAIOCTI MiK-
POXBHIIBOBOI 0OpOOKM MPU3BOJAUTH IO 3POCTAHHS TEIUIOTH COPOITii: TaK, JUIsl IIEOIITY
3A Bona 3poctae 3 165 no 204,4 xJ{»/kr npu 3011bIIeHH] Yacy cymrinHs 3 120 go 360

Puc. 4. [TomkoKeHHI TpaHyIH
eomiTy SA
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¢ Ta 30utbmenHs Temmepatypu o 400 °C. Takum urHOM, IEOTIT 3A MOXKHA PO3IIIs-
JaTH K TIEPCIIEKTUBHAN MaTepiaj i 3aCTOCYBAHHS B TEPMOXIMIYHHUX CHUCTEMaX aKy-
MYJTIOBaHHS TEIUIOTH.

Criji TakOK B1I3HAYUTH, 110 OTPUMaHI 3HAaYEHHS MTUTOMOI TEIJIOTH COPOIIii € HU-
YKYUMU 32 TUTIOBI JTITEPATYpHI JaH1, 110 HOSICHIOETHCS OCOOTMBOCTSIMM EKCIIEPUMEHTY.
Cy1iiHHS IPOBOAWIIOCH y TUTJI O€3 opraHizallii IpuMyCcOBO1 KOHBEKIIIi, 1110 0OMEXY-
BaJIO BiJIBEJICHHSI BOJSTHOI IMApH 13 30HU 00pOOKHU. Y TaKMX YMOBax y IOPOBOMY IPOC-
TOp1 30epiraeTbcs MiABUILIEHUH NapiiabHUN TUCK BOJH, 110 MOXKE CIIPUSATH YACTKOBIH
peaacopOIIii Ta mepenkopKaTH MOBHIN feriaparaiii meomiTy. [{e mpu3BoauTs 1o 30e-
pPEKEHHST YaCTHHH 3B’S13aHOT BOJIOTH Ta, BIAMOBITHO, 10 3aHIKCHHS €KCIIEPUMEHTA-
JbHO BU3HAYEHOI TETIOTH copOii. TakuM YuHOM, AJIs MiABUILIEHHS €(PEeKTUBHOCTI aK-
THBAIIi] TOIIJIFHO 3aCTOCOBYBATH KOHCTPYKIIIT 3 MPOAYBKOIO IIapy ra3oM, Mo 3a0e3-
NevyloTh Oe3nepepBHE BUAJICHHS BOJSHOI Mapy Ta 3MEHIIeHHs nudy3iiHux oOMme-
*eHb. [IpoTe oTpumaHi JaHi J03BOJISIOTH 31CTABUTH Pi3HI BUAM IEOMITY THIY A 3a
MOKa3HUKaMH €HEProePeKTUBHOCTI Ta XapaKTePUCTUKAM KIHETHKHU CYIITiHHS.

BucHoBKkH. Y pe3ynpTari eKCIIEPUMEHTATbHUX JOCIIHKEHbh MIKPOXBUIHOBOTO
CYyIIHHS 11eoJiTiB TUMiB 3A, 4A Ta 5A oTpuMaHoO, 1110 HAWBUINA MBUIKICTH CYITIHHS
(N=6.55-10"* 1/c), temn narpiBanns (1.98 K/c) Ta 3aranpHa eeKTHBHICTH BUKOPHC-
TaHHS MIKpOXBWIBbOBOI eHeprii (1 = 0.56) xapakTepHi s 1oty SA, 10 MOSCHIO-
€THCSI HAUOUTBIIIUM PO3MIPOM TIOP, SIKAW MOJIETITY€E UG Y310 BOASHOL MapHu.

J1711 3aCTOCYBaHHS B TEPMOXIMIYHUX aKyMYJIATOpax TETUIOTH HalO1IbIII Mepcrie-
KTHBHUM € 11eomiT 3A, OCKUIbKH BiH 3a0e3leuye HAWBHIIY MUTOMY €HEPTOEMHICTH
(165 x/Ix/kr), a 1oro BITHOCHO HIXKYa €(PEeKTUBHICTh MIKPOXBHIIbOBOT pereHepartii (1
= 0.37) Mmoxe OyTH KOMIIEHCOBaHA ONTUMI3all€I0 KOHCTPYKIIT aKyMysiTopa (Harnpu-
KJIaJl, 3aCTOCYBaHHSIM PEKyMepaIlii TEeTIOTH).

301IbIIIEHHST TPUBAJIOCTI MIKPOXBHIIBOBO1 00poOku (Bix 120 1o 360 c) Ta mocsr-
HeHHs TemnepaTtypu 400 °C nigBuiye Temioty copOuii neosity 3A no 204,4 xJIx/kr.
Ile cBITUUTH MPO MOKJIUBICTH MOAATKOBOI aKTUBAIlll MaTepialy IUIIXOM TJIHUOIIOTO
BUJQJICHHSI BOJIOTH, OJIHAaK MOTpPeOye BpaxyBaHHS €HEPreTUYHHX BUTPAT Ta TEPMOC-
TIMKOCTI a7cOpOCHTY.

BusiBiieHo, 110 11eomiT SA miciis nepuioro UKy aecopOiiii-copoirii 3a3Hae mexa-
HIYHUX TOIIKO/KEHb (PO3TPICKYBAaHHS I'paHyJ) MPH MOTYKHOCTI MIKPOXBHUJIBOBOTO
noJist 800 BT. 3HMKEHHS NOTYKHOCTI JUIsl 3a1100IraHHsl pyHHYBaHHIO IPU3BOJIUTH 10
301BIICHHS] TPUBAJIOCTI MPOLECY, 10 POOUTH LEONIT SA MEHII MPUBAOIUBUM IS
TPUBAJIOTO TEPMOXIMIYHOTO TETJIOAKYMYIIIOBAaHHSI.
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A. P. Hrechanovskyi
Effect of microwave dehydration on the heat of sorption of type A zeolites

Summary

The study presents new experimental data on the drying kinetics and energy characteristics
of A-type zeolites (34, 44, 5A) during microwave regeneration, which is a key stage in the
operation of thermochemical heat storage systems. It was found that zeolite 5A exhibits the
highest drying rate (6.55*x107 s™), heating rate (1.98 K/s), and microwave energy efficiency
(0.56), which is attributed to its larger pore size and improved conditions for water vapor dif-
fusion. At the same time, it is shown that intensification of the drying process is accompanied
by a decrease in the specific heat of sorption (down to 87 kJ/kg) and mechanical degradation
of the granules after the first desorption—sorption cycle, which limits the practical application
of this material under cyclic operation conditions. It was determined that zeolite 34 demon-
strates the highest specific heat of sorption (165 kJ/kg) among the studied samples, which is
explained by the spatial confinement effect and stronger interaction of water molecules with
the pore structure. It is shown that increasing the microwave treatment time to 360 s and reach-
ing a temperature of about 400 °C leads to an increase in the heat of sorption up to 204.4 kJ/kg,
indicating deeper activation of the adsorbent. The influence of the structural characteristics of
zeolites on the efficiency of microwave energy conversion into thermal energy and on desorp-
tion kinetics has been analyzed. It is proven that zeolite 34 is the most promising for application
in thermochemical heat storage systems due to its maximum energy capacity, whereas zeolite
54 is more suitable for processes where drying rate is the priority. The feasibility of optimizing
microwave regeneration modes and improving the design of installations (in particular, by in-
troducing gas flow through the layer) to enhance dehydration efficiency and adsorbent stability
is substantiated.

Keywords: zeolites 34, 44, 54; microwave drying; thermochemical heat storage; energy
efficiency; experiment; moisture content; temperature.
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Bu3zHavyeHHsI ONTHMAJIBHUX NapaMeTPiB MiKPOXBHJIbOBOI0 HATPIBY A5l
cTajil CyIIiHHS MOPOILIKIB OKCHAY ATIOMIHIIO

Poszensanymi numanns niosuwenns enepeoegheKmusHoCmi ma piBHOMIPHOCMI HA2Pisy Ha No-
YAMKOBUX CMAJIAX CNIKAHHS KePAMIKU, OCKIIbKU MPAOUYILIHI KOHBEKYIUHI Memoou Xxapakme-
PU3YVIOMbCA MPUBANICIIO, 6UCOKUM €HEP2OCHONCUBAHHAM | HEePIBHOMIPHICMIO meMnepamyp-
H020 noas. J{ocniodceHo ocooausocmi MiKpOXsuib08020 HA2PI8Y NOPOWKIE OKCUOY ANIOMIHIIO
Ha cmaoii cyuinHa AK KpUMUYH020 emany nepeo 8UCOKOMeMnepamypHuM CRIKAHHAM MexHiy-
Hoi kepamiku. [Iposedeno excnepumenmanvHuii anHaniz 6NAUEY NOMYIHCHOCMI MACHEMpPOHA
(240—-1000 Bm), macu 3aeanmascenns (50-300 2) ma moswunu wapy (3—10 mm) na enepee-
MUYHy egheKmusHicmob npoyecy, WeUOKICMb HACPIBAHHS MA PIBHOMIPHICIb MEMNEPAMYPHO20
po3nodiny. Bcmanogneno, wo Ha nouamkogux cmaoisix Hacpi6anHs BUSHAYALHY POTb 8idicpa-
10mb OleleKmpuyHi 6mpamu 600U ma NoaiBiHiI08020 cnupmy, mooi sax cam Al:Os xapaxmepu-
3YEMbCS HU3LKOW 30AMHICII0 00 NO2IUHAHHS MIKPOX8Uib080i enepeii. Ilokazano, wo Hedo-
cmamusi nomyxcnicms (240 Bm) ne 3abe3neuye eghpeKmueHo2o NpOoXo0NHCeHHsT eHepPeOEMHUX
cmaoiu 8UNApo8y8aHHs MAa BUSOPAHHA 38 A3VI04020. 30INbUEHH MACU 3A8AHMANCEHHS OO
200-300 & cnpusie noKpawjerHo enekmpoOUHAMIUHO20 Y3200HCEHHS 8 Kamepi ma ni0BUWEeHHIO
Koe@iyienma xopuchoi 0ii 0o 81%, 3abe3neyyroyu Oinbw cmMabilbHUNL MA KOHMPOIbOBAHULL
Haepis. Buseneno, wo 30inbuienns mosuuny wapy 00 8§ MM € ONMUMALbHUM KOMAPOMICOM
MidiC eHepeoegexmusnicmio ma pieHoMipHicmio memnepamypuozo noias. Ilpoananizoeano
8NIUE MENNOPIZUUHUX [ OleleKMPUUHUX 8]IACMUBOCMeEN Mamepiany Ha (popmyeaHusa memnepa-
MYPHUX 2PAOIEHMIB, KL MOAICYMb NPU3BOOUMU 00 BUHUKHEHHS MEePMIYHUX HANPYAHCEHb | Oede-
kmig. OOIPYHMOBAHO HeOOXIOHICMb 3aCMOCY8AHHA 2IOPUOHO20 HAZPIBY MA BUKOPUCMAHHS
SiC-cycyenmopie 014 niosuwjents epekmusHoCmi npoyecy Ha HU3bLKOMEMNEPAmypHux cma-
Oisix. Ompumani pe3yrbmamu MOXICYmMsb OYMuU BUKOPUCMAHI OIS ONMUMI3AYIT MeXHOI02TYHUX
PeACUMIB MIKPOXBUTLOBO2O CYULIHHI NOPOUIKY OKCUOY ATIOMIHIIO.

Knwuosi cnosa: mikpoxsunvosa euepeis, eKcnepumenm, CYWiHHA, NOAIGIHLIOBUL CRUPM,
eHepeemuyHa eqheKmueHicmy, 2padicHm memnepamypu, Cycyenmop

1. lMocTtanoBka mpoOJjemu. BrucokoTeMiiepaTypHe CIIKaHHS TEXHIYHOI Kepa-
MIKH, 30KpeMa Ha OCHOBI okcuay amoMiHiio (Al20s), € K1ro4oBUM eTarnom (HopMmy-
BaHHs 11 eKCIUTyaTalliiHUX BJIACTUBOCTEW — MIITHOCTI, IIIJIBHOCTI Ta TEPMOCTIHKOCTI.
Tpanuiiitai MeToau TepMidHOT 0OPOOKH, 3aCHOBaHI1 HA KOHBEKIIIITHOMY ab0 pamiamiii-

© 1. JI. bomikoBa, H. B. Boarymesa, €. O. KpaBuenko, A. I'. KpsTos, K. O. ®areesa, 2026
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HOMY HarpiBaHH1, XapaKT€PU3yIOThCS 3HAYHOIO TPUBAIICTIO MPOLIECY, BUCOKUM E€HEp-
TOCTIO’KMBAHHSM 1 HEPIBHOMIPHICTIO TEMIIEPATYPHOTO MMOJIs. Y 3B’SI3KYy 3 IIUM Bce Oi-
JBIIOT YBaru HaOyBarOTh MIKPOXBHJILOBI TEXHOJIOTII, sIK1 3a0e3Me4y0Th 00’ €MHE Ha-
IpiBaHHS MaTepially, CYTTEBE CKOPOUCHHS 4Yacy CIIKaHHS Ta IiABUIIIEHHS eHeproede-
KTHUBHOCTI Tiporiecy [1, 2].

VY 3BUYaiHOMY CITIKaHH1 TETUIOBHM IMOTIK CHPSIMOBAHUM BiJ rapsdoro cepeso-
BHUIIIA TI€Yl JI0 TIOBEPXHI 3pa3Kka, a Jajli — Briub maTepiaiay 3a paxyHOK TEIUIONPOBII-
HocTi. [{e o3Hauae, M0 MBHUIKICTH HArPiBaHHSA IIEHTPY Ta MMOBEPXHI HE € OJTHAKOBOIO,
0COOJIMBO 7S IOTAHO TEIIONPOBIAHUX a00 BEIMKUX 3arOTOBOK. Y pe3ynbTaTi (op-
MYIOTBCSI TEMIIEPATypHI FPATIEHTH, SIKI MOKYTh YIOBIILHIOBATH JEHCU(IKALIIO B OK-
pEMHX 30HAX, COPUATH HEOAHOYACHOMY POCTY 3€PEH 1 CTBOPIOBATH MEPEIYMOBH IS
HEOJHOPITHOI MOPUCTOCTI. Y OTJSAOBIN CTATTI [2] 1€ MPOTUCTABISIETHCS MIKPOXBU-
JHOBOMY CIIKaHHIO, /1€ HarpiB BiIOYyBA€THCS MO BCbOMY 00’ €My, a OTXKE MIKPOCTPYK-
TypHa €BOJIIOLIS € OUIbII OAHOPIIHOKW. Y pobOoTi [3] e TBEpHKEHHS MMiITBEPIKEHO
€KCIIEpUMEHTAJIbHO. ABTOPH 3a3HAYAIOTh, 1110 B 3BUMAHOMY CIIIKaHH1 JJ11 OTPUMAHHS
MOBHOI IIUIBHOCTI 3a3BUYaii MOTPIOHI BUCOKA TeMIIepaTypa, IOBIIIa BUTPUMKA 1 BUIIA
€HEProEMHICTb, TOJIl SIK MIKPOXBHWJIBOBE CITIKAHHS JIO3BOJISIE OTPUMATH BUIILY IIiJIh-
HICTb 1 Kpallll MEXaH14H1 BJIACTUBOCTI MPYU MEHIIIOMY 4Yacl po1iecy. 3HKEHE CIIOKH-
BaHHS €HEPrii IpU MIKPOXBHJILOBOMY CITIKAHHI MOEIHYETHCS 3 TOHIIOK MIKPOCTPYK-
Typoro. Pa3zom 13 TUM €(heKTUBHICTh MIKPOXBUILOBOTO CITIKAHHS 3HAYHOIO MIPOIO BH-
3HAYA€ThCA HE JUIIe (Ppi3MUHUMH BJIACTUBOCTAMH MaTepiaiy, a i KOHCTPYKTUBHUMH
0COOJIMBOCTSIMU MIKPOXBHJIOBOI yCTaHOBKH. O/IHI€I0 3 OCHOBHUX MPOOJIEM € HEPIB-
HOMIPHUHN PO3MOLT €IEKTPOMArHITHOTO MOl B poOouoMy 00’ €Mi KaMepH, 1110 TpH3-
BOJUTDH JI0 YTBOPEHHS CTOSYMX XBUJIb, JIOKATBHHUX MEPErpiBiB (“Tapsauux TOUOK) Ta
TEMIIEPATYPHUX TPAAi€HTIB y 3pa3ky. OcoONMBO aKTyalbHOIO L Mpoliema € Jis
Al2Os, siKMif HA TOYATKOBUX CTAISX HATPIBaHHS CJ1a00 MOTIIMHAE MIKPOXBUJIILOBY €HE-
prito.

AHaJi3 OCTaHHIX J0CTiIKeHb Ta nyOJikauiii. O1uH 13 TOJIOBHUX KPUTEPIiB OI1i-
HKHU OyJb-SIKOTO METOJY CIIKaHHS — JOCSATHYTa BiJHOCHA IIUIbHICTE. Came BOHA BU-
3HAYa€ 3aJUIIKOBY IMMOPUCTICTh, a Yepe3 Hel — TBEPICTh, MIIIHICTh, TPIIIMHOCTINKICTh
1 1OBroBiuHICTh. Y po6oTi [3] mnsa cuctemu AloOs—SiC BCTaHOBIIEHO, IO MIKPOXBH-
JILOBE CITIKaHHS 3a0€e3Ieuye BUINY MIBHICTh TOPIBHIHO 31 3BUYAHHUM IIPU OJTHAKOBIN
temmepatypi 1500 °C. ¥V crarrax [4, 5] TakoX MIAKPECICHO, 10 TPU MIKPOXBHIbO-
BOMY CITIKaHHI Ke€paMmika MOK€ YIIIJIbHIOBATUCS IMIBUIIE 1 32 HUKUUX TEMIIEpaTyp,
HIXK y 3BUYAMHUX MiYaX, a 3arajJbHUI 4ac HarpiBaHHS AJIsl PEMICHUYHOI KEpaMiKH 3Me-
HIITyBaBcs MpuoOM3HO 10 1 roz 3amicts 8—10 roa y 3Bu4aiiHiil meui.

Jliis TeXHIYHOI KepaMiky BUCOKa IIUIBHICTH cama Mo co0i 1e He € JOCTaTHhOIO
YMOBOIO BHCOKHX BiacTUBOCTEH. KputnyHe 3HaUe€HHS Mae 1 po3Mip 3€peH, iX 0JHOpi-
THICTh, HAIBHICTH 3QJIMIITKOBUX MOP Ta Mixk3epeHHOi (a3u. Bctanosneno [3], o mpu
MiKpoxBuIboBoMY criikaHH1 Al2Os—SiC ¢opMyeThcs piBHOMIpHA arjoMepartist Ta api-
OHi 3epHa B jaiana3zoHi 2—3,6 MKM,

VY pob6orti [6] nns ATZ-KOMIO3UTIB aBTOPU TEX MIJTKPECIIOIOTh, 1110 BBEJICHHS
manux kiibkocteit CuO, MnO: Ta 706aBKH 3 HEPXKABIIOUOT CTaJll MOKpaIye qeHcudi-
Kallito 0€3 CIPUINHEHHS YKPYITHEHHS 3epHa. OCOOIMBO 1€ BaXKIIMBO AJIs ITUPKOHIE€BO-
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MIOMIHATHUX KOMIIO3UTIB, J€ HaJAMIpHE YKPYIMHEHHS 3€peH O0e3rnocepeaHbo
[I0B’sA3aHE 31 3HIKEHHAM MEXaHIYHOT HAJIHHOCTI.

[TopiBHSIHHS METOIB CITIKaHHS BAXKJIMBE TaKOX 3 TOYKHU 30pY (ha30BOTO CKIIATYy.
s Al2Os aBTopu [7] mokasaniu, 110 Py TOCSITHEHH1 BIIHOCHOI I'yCTHHU O07113bK0 0,8
TeMmreparypa, noTpioHa i MIKPOXBHJIBOBOTO CITIKAHHS, € HIDKUYOK MPHUOJIM3HO Ha
250 °C. IlopiBHSAHHS MIKpOXBHUIBOBOTO 1 3BUMAHOTO CITIKAHHS JIEMOHCTPYE 1€ OJTHY
nepeBary MiKpOXBHJIBOBOTO HArpiBy: KOPOTIIHMHA ITMKJI Ta 00’€MHE TEIUIOBUIICHHS
3MEHIIYIOTh IMOBIPHICTh HEOQ)KaHUX BUCOKOTEMIIEPATYpHUX (pa30BUX peakiriit [8].

OpHuM 13 HAMYYTIUBIIIKX MOKAa3HHUKIB SAKOCTI CIIEYEHOI KepaMiKu € TBEPIICTb,
OCKIJTbKHM BOHA 0€3MocepeIHhO MOB’sA3aHa 3 MUTBHICTIO, PO3MIPOM 3€PEH 1 3aJIUIIIKO-
BOIO TIOpHUCTICTIO. ABTOpH [9, 10] OB’ s13y10TH 1€ caMe 3 Kpariorw JeHCU(DIKAIIE Ta
APIOHIIIOI MIKPOCTPYKTYPOIO MPH MIKPOXBHJILOBOMY HarpiBauHi. [IopiBHSHHS MiK-
POXBHJIBOBOTO Ta 3BUYAWHOTO CITIKAHHS 3a MOKa3HUKAMU TYCTUHHU, MIKPOCTPYKTYpPHU
Ta MEXaHIYHUX BJIACTHBOCTEH Ha IIiJICTaBl JaHuX [3, 6] HaBeaeHi B TaOJIHIII.

Tab6anus. [TopiBHIHHS MIKPOXBHJIBOBOTO Ta 3BHUAHHOTO CIIKaHHS 32 MOKa3HUKAMU
T'YCTHHH, MIKPOCTPYKTYpPH Ta MEXaHIYHUX BIACTHUBOCTEH

Mare- | Metog cmi- | Binnocna ryc- | Po3mip 3epen / Teepaicts TpimaO-
piai KaHHs THUHA MIKPOCTPYKTYpa P CTIMKICTb
3epHa KpyIHiLIi; . .
. ) P pyn > | HWK4Ya, HDK | HUDK4YA, HIK
AlOs— | 3BuuaiiHe | HWKYA, HOK Ipy | OLIbIIA YacTKa
) . . . A mpu MX- pu MX-
SiC CIIIKaHHS MX-cnikaHH1 BTOpPUHHOI S102- . ) . i
CIIKaHHI CHIKaHHI
(10 ¢azu
wt.% ) 2-3.6 MKM, 1pi0-
: Mikpo- . M
SiC) BUINA, HDK IPH | HO3EPHUCTA # pi- 5.7
XBUJIbOBE . . 24.6 I'ma
. 3BUYAaUHOMY BHOMIpHA CTPYK- MIla-m'/2
CIIKaHHS
Typa
TUTS TOCSITHEHHS
- HWKYa [IPU | HWXKYaA NIPU
. BHCOKOT T'yC- : . Sy e
3Buyaiine . OUTBIINI PUBHK OJIHAKOBI | OJIHAKOBIM
ATZ . TUHH MTOTPiOHA
CIiKaHHS poCTy 3epeH Temmepary- | Temmnepa-
0e3 10- BHUIIIA TEMIIEpa- ; vbi
0aBOK Typa p yp
Mikpo- BUCOKA, aJjie Ti- . M1IBUIIY- T IBUIIY-
P ] 6e3 pi3KOoro yKpy- Y Y
XBWJIBOBE | pIIIa, HIXK Y Je- €THCSI 3 TEM- | €THCS 3 TEM-
: . | THEeHHS 3epeH
CHIKaHHSA | TOBAaHHUX 3pa3KiB nepary-poro | nepaTyporo
U OJTU3BKUX ) .
. N OUTBII TpUBAIIUI
ATZ + | 3BuuaiiHe | BIACTHUBOCTEU . HIDKYa IIPY | HWKYA [IPU
: . IIUKJI, BUIIAA PU- o o
0.2 CITIKaHHS noTpiOHa BUIIA 1250 °C 1250 °C
o 3UK KOApCHUHTY
wt.% TeMneparypa
CuO MikpoxBu- 1ThHA CTPYK-
JIBO]_FC cri 97% npu 1250 iu a 6e3 E)(y 13.2 I'ma 6.5
OC yp y pyH * MHa'M1/2
KaHHS HEHHS 3epeH
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HaBeneni naHi cBi4aTh, M0 MIKPOXBUIHOBE CITIKAHHS B OUIBIIOCTI BUMAAKIB 3a0€3-
Nevyye BUIY BIIHOCHY T'YCTHHY, APIOHIIIMK po3Mip 3€peH 1 Kpalllli MeXaHI4HI BIacTH-
BOCTI TOPIBHSHO 31 3BUYAHHUM CIiKaHHAM. HalO1ab111 BUpakeHui MO3UTUBHUN €(DEeKT
crioctepiraetbes s AloOs—SiC kommo3uTiB 1 ATZ-kepamiku 3 HEBEIIUKUMHU JT00aB-
kamu CuO, ne MX criikaHHs 03BOJISIE€ TOCSITTH BUCOKOT IIITBHOCTI ¥ TPIIIMHOCTIMKO-
CT1 BXKE 32 HUKYHUX TEMIIEPATyp 1 KOPOTLINX BUTPUMOK.

[Tonpu HaBeneH1 nepeBarv, He MOKHa CTBEP/KYBAaTH, 1110 MIKPOXBUJIBOBE CIIi-
KaHHS aBTOMATHYHO 3aBXKIH Kpallle 32 KOHBEKTUBHE. Y HU3ILI CUCTEM pe3yJIbTaTH 3a-
JIeXKaTh B TEOMETpIi 3pa3ka, N1eJeKTPUYHUX BIACTUBOCTEH MaTepially, HasIBHOCTI Cy-
CIIENTOpa, pO3Mipy YaCTUHOK, BMICTY JIpyroi ¢a3u abo 100aBKH AJsl CIIKaHHS, OJTHO-
PIIHOCTI OIS B KaMmepi.

VY po0ori [4], mpuCBsUEHIN MIKPOXBHJIBOBOMY BHUIAITy KEpaMiKu, OKpEMO MiAKpe-
CJICHO, IO JJII BUCOKOTEMIIEPATYPHOTO HArpiBaHHS KEPaMiKi KPUTUIHE 3HAUYCHHS Ma-
I0Th CYCLIENITOPU, OCKUIBKU y 6aratboX Kepamik Mpy KIMHATHIN TeMIlepaTypi J1eIeKT-
pUYHI BTpaTH y>K€ HU3bKH, 1 JIUIIE MICIs JOCATHEHHS KPUTUYHOI TEMIIEpaTypy BOHU
MOYMHAIOTh €()EKTUBHO TOTJMHATH MIKPOXBHWIIBOBY €Hepriro. ToOTo miis 6ararbox
MPaKTUYHUX CUCTEM MIKPOXBHWJIBOBE CITIKAHHS € TIOPUAHUM, a HE MOBHICTIO “IPSMHUM”
IPOLIECOM.

Otxe, mepeBaru MIKPOXBHJIBOBOTO CITIKAHHS PEali3yIOThCS MOBHOIO MIpPOIO
JUIIE 32 YMOB ONTHUMAJIBHOTO MIA00PY KaMepH, CyCIENTOPIB, TEMIIEPATYPHOTO MPO-
¢utr0 Ta cknany kepamiuHoi cuctemu. CycrenTop — e MaTepiai, SKuil 100pe moriu-
Ha€ MIKpOXBHJILOBY €HEPIio 1 epeTBoproe i1 Ha Terio. Bukopucranus SiC-cycuen-
TOPIB MOJIATAE y BBEIEHHI B poO0UHii 00’ €M MIKpOXBHIIBOBOI KAMEpH €JIEMEHTIB 13 Ka-
pOily KpeMHilo, sIKi IHTEHCUBHO MOTJIMHAIOTH MIKPOXBHIJIBOBY €HEPTiIO Ta MEePEAaroTh
TEIJI0 KepaMiyHOMY 3pa3Ky. Takuil miaxin 3abe3mnedye TiOpUIHUNA MEXaHi3M Harpi-
BaHHs, MiJIBUIIY€E PIBHOMIPHICTh TEMIEPATYpHOTO MOJIS, MOJIETIIYE HArpIBaHHS OK-
CUY aJIOMIHIIO HA MOYATKOBUX CTAJIIAX MPOLIECY Ta 3MEHIIYE 3arajibHy TPUBAIICTb
criikanHs. Pa3om 13 Tum koHirypaitist SiC-cycuenTopiB MOBUHHA OyTH ONTUMI30BaHa,
OCKIJIbKM HEMPaBUJIbHE PO3TAllyBaHHS MOXE BUKIMKATH JIOKAJIbHI IEPETPIBU Ta YTBO-
peHHs “rapsuux Touok”. s Al.Os 11e BaxJIMBO, TOMY IIIO CaM OKCHJI aTFOMIHIIO Ha
HU3BKHX 1 CEpeHIX TeMIepaTypax rpleThCs MIKpOXBUIAMH He TyXke e(peKTUBHO, a SiC
HarpiBaeTbcs 3HAYHO Kpaie. Y poooTi [11] mpsiMo BkazaHo, mo SiC-cycuentopu 3a-
0e3meuyroTh MBH/IIIE Ta OUIbII piBHOMIpHE HarpiBaHHs Al:Os 3aBAsSKM BUILITUM JieTie-
KTPUYHUM 1 oMiuHUM BTpatam. [1ig maiero MikpoxBuiib SiC aKTUBHO MOTJIMHAE €JIEKT-
POMAarHiTHY €HEprilo, HarpiBa€ThCs Ta nepeaae Temio Ao 3pa3ka Al.Os - BUTPOMiHIO-
BaHHSIM, KOHBEKIIIEIO Ta TEIUIOMPOBIIHICTIO Yepe3 miacTaBKy. SiC-cycienTopu 3acTo-
COBYIOTb, 1100 3amycTuT HarpiBaHHs Al:Os Ha MOYaTKOBIN CTajii, KOJU CaM OKCH]L
AITIOMIHIIO 11e CJIA0KO TMOTVIMHAE MIKPOXBHUII, 3MEHILIUTA TEMIIEPATYPHY HEPIBHOMIP-
HICTb y 3pa3Ky, JOMOMOI'TH MPONUTH HU3bKOTEMIIEPATYpHY 001acThb, 1e Al-Os e Hee-
(EeKTUBHO HArpIBA€THCS Ta CKOPOTUTH 3arajibHUN Yac MPOILECY 1 eHEProCOKUBAHHS.
Kap06in kpemMHi10 BUKOPUCTOBYETHCS CaM€ TOMY, IO BiH J00Ope Mpalltoe€ B MIKPOXBH-
JHOBOMY IOJI1 Ta € TEPMOCTIHKUM, BiH BUTPUMY€E BHUCOKI TEMIEpPATypH CIIKaHHS 1
MO’K€ BUKOHYBATH POJIb aKTUBHOTO HArPiBATHHOTO €KpaHa HABKOJIO KEPAMIYHOTO 3pa-
3ka. SiC po3TamoByOTh HABKOJIO 3pa3Ka, o NepuMeTpy poOouoi 30HH, Y BUTIISII Ki-
JIBIIS, PAMKHU, KBaApaTHOT 200 mecTuKyTHOI KoHpirypartii. [Ipodaemoro € To, o SiC-
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CYCLICTITOpH HE JIUIIIE JOTIOMararoTh, a i MOXKYTh CTBOPIOBATH JIOKAJIbHI MEperpiBu. Y
po6oTi [11] 3a3HaueHo, 110 BUCOKA €IEKTPONPOBIAHICTh S1C MPU3BOAUTH O KOHIICH-
Tparii 3apsy Ha TOBEPXHI, MOCWICHHS JIOKAJIbHOTO €JICKTPUIHOTO TOJIS 1 TTOSIBH “‘Ta-
psunx To4ok”. Tomy BaxnBa He TIIBKM HasgBHICTH CyCILIETITOpA, a il Horo ¢opma Ta
pO3TalyBaHHS.

MeTo10 po60TH € eKCTIEpUMEHTaIbHE BUBHAYEHHS ONTUMAIbHUX MapaMeTpiB Mi-
KPOXBHJILOBOTO HArpiBY (IOTYKHOCTI MarHeTpOHa, MAaCH Ta TOBIIUHU IIapy 3aBaHTa-
KEHHsI) IS CTali CyIIIHHA MOPOIIKiB OKcuAy anmoMiHio (Al:Os) 31 3B's13yrounm (1o-
JBIHIJIOBUM CIIUPTOM), IO 3a0€3MeUyr0Th MAaKCUMAJIbHY €HEepProeeKTUBHICTh IPO-
11eCy, PIBHOMIPHICTh TEMIIEPATYPHOTO TOJISI Ta MIHIMI3AI[1}0 pU3UKY BUHUKHECHHS TEM-
nepaTypHHUX IPaJi€HTIB 1 TEPMIYHUX HANIPY>KEHb Y 3pa3Kax.

Marepiajau Ta MeTOAU NPOBEAEHHS 0CHiIKeHb. J[J11 BU3BHaUEHHS ONTUMAaJTb-
HUX MMapaMeTpiB MIKPOXBUILOBOTO HArpiBYy, a caMe MOTY>KHOCTI MarHeTpoHa, MacH Ta
TOBIIMHM IIapy 3aBaHTAXXEHHS U CTaJlli CYIIIHHS MOPOIIKIB OKCHUIY JIFOMIHIIO
(Al203) 31 3B'A3yr0UHMM TMOJTIBIHUTIOBUM CIIUPTOM OyJia MPOBEJEHA Cepisi eKCIIEPUMEH-
TiB. CXeMa eKCIeprUMEHTaIbHOI YCTAHOBKH Ta METOJMKA JTOCIIP)KEHb HaBEeIECHI B PO-
60Ti [12]. BuxigHa noTy’HICTh MarHeTpoHy 3miHioBanachk Bia 240 Bt no 1000 Bt npu
Mmaci 3aBaHTaxeHHs 170 r, maca 3pa3ka — Bij 50 r 10 300 T mpu BUX1HOT TOTY>KHOCTI
mar"eTpony 400 BT; romuna mapy npu maci 100 r - Big 3 mm g0 10 mm.

AHaJli3 OTpUMaHUX JIaHUX JOBOAMUTH, 110 TIpU NoTykHOCTI 240 BT cuctema ne-
MOHCTPYE O1IbIII HU3bKY €HEepreTUYHY e(PEeKTUBHICTh. 3pOCTaHHS TeMIIepaTypH Bi10Y-
BaeThbCs MOBLILHO. Ha etamni BunapoByBaHHs Boau (mournHarodu 31 100 °C) Ta nepBuH-
Hoi TepmiuHoi Aerpanauii [IBC narpiB 3a0e3neuyeTbcs BUKIIOYHO 3aBASKA BUCOKHM
JIEJEeKTPUYHUM BTpaTaM X JOMOMDKHUX KOMITOHEHTIB. [loTyxuicts 240 Bt € xpu-
TUYHO HEJOCTATHHOIO JJIS 1HIMiaMii MpoIlecy MIKPOXBHIILOBOTO CIikaHHs Macu 'y 170
r 0€3 3aCTOCYBaHHS JJOJIATKOBUX 30BHIIIHIX TETUIO130JSIIMHAX MaTepialiiB abo cycIe-
nTopiB. I3 mocTynoBuM 30UTBIIEHHSM MOTYXHOCTI Yac, HEOOXIAHHUM sl TTOAOIaHHS
€HeproeMHUX Oap'epiB BUIAPOBYBAHHS BOAM Ta €HIOTEPMIYHOIO BUTOPSIHHSA MOJIMe-
PHOTO 3B'SI3yI0YOT0, CKOPOUYETHCS.

[Tpu 3aBanTaxxkeHH1 Manux Mmac 3araibHuil KK MiKpOoXBHIIBOBOI KamMepu 3ajIu-
IIAETHCA HU3BKKUM, O1JIbIIIa YaCTUHA €HEPrii pO3CIIOEThCS Y BUTIISIII OMIYHUX BTpAT y
CaMUX CTIHKax KaMepH Ta YaCTKOBO MOBEPTAETHCA JO MAarHETPOHA, 3HUXKYIOUYHU HOTro
pecypc. 30UIbIIEHHS] MacH 3aBaHTAXKEHHSI ONTUMI3Y€E €IEKTPOAMHAMIYHE Y3TOJIKEHHS,
3pa30K MOYMHAE BCE OUIBII BIAIrPaBaTU POJIb €PEKTUBHOIO MOTJIMHAYA, MiHIMI3YIOUH
BIIOUTTS €JIEKTPOMArHiTHUX XBWJIb Ha3aj 10 redHeparopa. s macu 300 r cnoctepi-
raeThca HaliBuImil nokazHuk KKJI kamepu, sixuii ctaptye 3 21 % Ha mouaTKy npouecy
Ta 3poctae 10 81% Ha piHanpHUX cTadisxX. 301IbIIEHHS MAaCH MPOMOPIIIIHO 301IbIIIYE
o0'eM maTtepiany, KU 34aTHUN TOTJIMHATH MIKPOXBUJIBOBY €HEPTil0 Ta 3MEHIIYE
TEMIT HarpiBaHHs 3pa3Ka.

301IbIIeHHS TOBIIMHU Iapy Bif 3 A0 10 MM 3aranom migBuilye eQeKTUBHICTh
MIKpOXBHJILOBOTO HarpiBaHHs. Lle MOsICHIOETHCS TUM, 1110 TOBCTILIWH IIap MA€ MEHIITY
MIUTOMY TTOBEPXHIO TEIUIOBIAaY1, Kpallle yTPUMYE TEIJI0 Ta 3abe3neuye OiIbIINN aK-
TUBHUN 00°€M, Y IKOMY MOTJIMHAETHCS MIKPOXBUJILOBA €HEPris. 31 301IbIIIEHHSIM TOB-
muHu mwapy Big 3 g0 10 MM edexTuBHICTh 3poctae npudauszHo Big 0.29 mo 0.34

69



di3uka aepoaucnepcHux cuctem. 2026. Bum. 64. C. 65-73. ISSN 0367-1631 (Print)

III.34—- =
0,33
III.32—-
I.'.I.31—-

D.BD— /

0,29 4 ]

1
2 3 4 5 & 7 8 9 10 11
&, MM
Puc. 1. 3anexxHicTb MaKCUMaIbHOT €(DEKTUBHOCTI OTJIMHAHHS €HEPTii MiK-
POXBUJIBLOBOTO TOJISl BiJl TOBLIMHH IIAPY

(puc.1), To6T0 Ha 16% BigHOCHO HaiTOHIIOTO mIapy. PasoMm 3 TuM HaaMmipHE 3011b-
[ICHHS TOBIIMHU CTBOPIOE 1HIIY MPOOJIeMy — 3pOCTaHHSI TEMIEPAaTypHOTO IpajieHTa
no ToBuuHi. lle o3Haudae, 1m0, X0ua eHeproePeKTUBHICTh BHUINA, PU3HK HEPIBHOMIP-
HOTO HarpiBy, JJOKAJIbHOTO MEPErpiBy BHYTPIIIHIX 30H 1 TEPMIYHUX HANPY>KEHb TaKOX
301JIBIITYETHCS.

3 TOYKH 30py MaKCHUMaIbHOI €(DEeKTUBHOCTI IOTJIMHAHHS €HEprii HalKpaImMm ce-
pen po3rasHyTUX BapiaHTiB € map 10 MM, OHAK 3 TOYKK 30py KOMIIPOMICY MiXK e€He-
proeeKTUBHICTIO Ta PIBHOMIPHICTIO HAarpiBy OUIbII JOIIILHUM BUTJISIAE AP 8 MM,
OCKUJIbKH BIH JIJa€ Mai)ke Taky K BUCOKY €(PEKTHBHICTb, IK 10 MM, ajie Ipu MEHILIOMY
PU3UKY HaJMIPHUX BHYTPIIIHIX TEMIEPATypPHUX I'PaJIIEHTIB.

Pe3yabTaTi Ta 06roBopeHHs. [IpoBeeHe ekcriepuMeHTaIbHE OCTIIKEHHS BU-
ABJISI€E HU3KY KPUTUYHUX BPA3IMBOCTEN TEXHOJIOT1I MIKPOXBHIIBOBOTO CITIKAHHS Kepa-
MIKH B HEONTHMI30BaHUX YMOBax. JleTanbHO aHai3yr04uM MOBEIIHKY J1€IeKTPUIHUX
napaMeTpiB, OTPUMAHUX 3 BUXIJHUX €MITIPUYHUX JAHUX, MOKHA CTBEPKYBATH, IO
cTaOlIbHE 3POCTAHHS AIMCHOI YaCTUHU JIENEKTPUYHOI MPOHUKHOCTI €' Bix 9.8 mpu
25°C no 12.2 mpu 1360 °C [13] HE € TUM YUHHUKOM, 110 BU3HA4a€ (i3UKy MPOIIECY.
KitouoBy ponb Binirpae ¢paktop AieNeKTPUYHUX BTPAT €', KU € MpSIMUM MIpHIOM
KOHBEPCii eHeprii MIKpOXBHJILOBOTO TOJIS B TEIJIOBY €HEPT1H0 KPUCTATIYHOT PEIIITKH.
301IbIIIEHHS IbOTO TTOKa3HUKa Ha ABa nopsaaku (Bix 0,026 mo 0,632) miaTBepKye Mpu-
POAY OKCHY aJIFOMIHIIO: MPU KIMHATHIN TeMmmepaTypi MaTepian 31aTHUN NMOTJIMHYTH
auie 61u3bko 4% Tiel MUTOMOT eHeprii, Ky BiH MOIJIMHAE MPU TeMIIepaTypl MOHA
1300 °C.

CaMe TOMy KiHETHKA ITOYAaTKOBOTO HArpiBY IIJIKOM 1 MOBHICTIO 3aJI€KHUTh BiJl JA0-
MOMDKHHUX TMOJIIPHUX KOMIIOHEHTIB — BOJAM Ta MOJIBIHIJIOBOTO ciupTy. BinbHa 1 3B's-
3aHa Boja BumnapoByeTbes B aianazoni 100—180 °C, a crpykrypa I1BC 3a3Hae noBHOT
TepMiuHOi AecTpykiii 10 Temneparypu 450 °C, 0 He COCTepIrajioch B €KCIepruMe-
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HTax. Termnodi3nyHi XapaKTePUCTUKH IIIe OLTBINE YCKIIATHIOIOTh 3aBJaHHs TEXHOJIOT-
YHOT'O KOHTPOJH0. OCKITbKY MATOMA TETUIOEMHICTh HEBIMUHHO 3pocTae 3 775 no 1165
JIx/(xr-K) ni1s TemmniepaTypHOro iHTEpBaiy, B SKOMY 3I1HCHIOETHCS CYIITHHS, JJTs TiJ1-
TPUMKH TEMITy HarpiBaHHs HEOOX1AHO KOHTPOJIIOBATH MOTJIMHYTY MOTYKHICTb. [IpoTe
OJTHOYACHE, pi3Ke maiiHHs KoedirienTa TermtonposinHocTi 3 33 no 11,4 B1/(M-K) mpu-
3BOJIUTH JI0 TOTO, IO TEIUIO, 3TeHEPOBaHe B TIMOOKMX IIapax Marepiary (0coOIMBO HA
JTHI Ta B TEOMETPUUHOMY LIEHTP1 3pa3ka), Gi3udHO HE MOKe e(DEKTUBHO TPAHCIIOPTY-
BaTUCS 0 ToBepxHi. [loBepXHS MPOJOBXKYE IHTEHCUBHO OXOJIOKYBATHCS ILITXOM
KOHBEKIII1 Ta BUIIPOMIHIOBaHHS. SIK pe3ynbTaT, PI3HMIIS TeMIEPaTyp MK 30BHIIIHOIO
MOBEPXHEIO Ta JHOM 3pa3ka Ha (piHAJBLHUX €Tarax Mpolecy 3aBxau 301IbInyeTbes. Pi-
3HULA € TOJIOBHUM (DaKTOPOM PHU3UKY 1HILIALIli MIKPOTPIIIMH Ta pyWHYBaHHsS Kepa-
MIKH.

KoedimienTt xopucHoi 1ii MIKpOXBHIIBOBOT KaMepH, KU mpu maci 50 T He nepe-
BulryBaB 28 %, nns macu 300 r nocsiras 81 %. Lle minTBepaxye Te, M0 CHCTEMA MiK-
POXBUJILOBOTO CIIKAHHS CTA€ €KOHOMIYHO Ta €HEPreTUYHO BUIPABIAHOIO BUKIIIOUHO
3a YMOBHU ONTHMAJILHOTO 3aBaHTaX€HHS 00'eMy pe3oHaropa. Mane 3aBaHTaKEHHS
(50-100 r) He nuIIe NPU3BOIUTH 10 MAPHOTPATHOTO PO3CIFOBAHHS €HEPTIi, ajie i CTBO-
pIO€ pU3HKHU MPoOOI0 TOBITPSHOTO cepefoBHUIla a00 MOMIKOKEHHSI CaMOTO MarHeT-
pOHa B1IOUTOIO €JICKTPOMArHITHOIO XBHJICK) BUCOKOT IHTEHCUBHOCTI.

3 orjsiy Ha BCl BUILEBUKIIAICHI TEIUIO(I3UYHI Ta €IEeKTPOJMHAMIUHI aCIeKTH,
yCHIIITHE TPAKTUYHE 3aCTOCYBAHHS MIKpPOXBUIILOBOIO CITIKAHHS OKCHTY aJIFOMIHIIO BU-
Marae mepexoy J0 CUCTEM riOpHUIHOTO HArpiBaHHA. B Takux crucTeMax MiKpOXBHIIBO-
BUM 00'€éMHUI HArpiB JOMOBHIOETHCS TPAAMIIIMHUM KOHBEKIIMHUM ab0 paaialiiiiHuM
HiIrpiBOM MOBEPXHI 32 JOMOMOIOI0 30BHIIIHIX PE3UCTUBHUX HATpiBajJbHUX €IEMEH-
TiB. ['1OpuaHMiA MiAXiA M03BOJSE MTYYHO MIATPUMYBATH TEMIIEpATypy MOBEPXHI Ha
piBHI TemrmepaTypH [Ha, JIKBIAYIOUM 3BOPOTHHUM TeMIEpaTypHUi rpaaieHT. [Hmmm
e(eKTUBHUM METOJIOM IOI0JIaHHS BUSBJICHUX MTPOOJIEM € 3aCTOCYBAHHS TOTTOMIKHUX
paaioNoOrIMHAIOYMX MaTepianiB (CyclenTopiB), Takux Ak kapOig kpemHiro (SiC), ski
PO3TAIIOBYIOTHCSI HABKOJIO KepamMidHOTO 3paska. CyclenTopyu akTHBHO MOTJIMHAIOThH
MIKPOXBHJII 32 HU3bKUX TemmepaTyp (110 800 °C), BUIPOMIHIOIOUH TEIJIO Ha TOBEPXHIO
OKCHJIy aJIOMIiHIIO 1 IONOMAararo4yu HoMy MOJ0JIaTH «MEPTBY 30HY» JiEICKTPUIHUX
BTpAT, MICJIA YOTO TIOYMHAE HATPIBATUCA CAMOCTIMHO 3aBISIKM MEXaHI3My TEILIOBOTO
PO3TOHEHHSI.

BucnoBkmu. 3aBantaxxenss Bij 200 10 300 r 1eMOHCTPYIOTh HAWBUIIY €HEPIeTH-
yHy €(eKTUBHICTh 1 HAHO1IbII CTa01IbHUMN, 30aJaHCOBAaHUN TEMIT 3POCTAHHS TEMIIe-
paTypH, 110 pOOUTH iX MPIOPUTETHUMH IS MAacIITaOyBaHHS MPOLIECY MIKPOXBUIbO-
BOT'O CMIKaHHS B IPOMHUCIOBUX YMOBaX.

31 30UTBIIIEHHSM MOTY>KHOCTI MarHETPOHA 3POCTA€ MIBUIAKICTH MIABUIIICHHS TEM-
nepaTypu 3pa3ka Ta CKOPOUYETbCS TPUBAIICTh TEXHOJIOTIYHOTO LUKITY. PasoMm 3 Thm
eHeproe(peKTUBHICTh MIKPOXBUIILOBOTO HArpiBaHHS BU3HAYAETHCS HE CTIJILKM HOMIHA-
JBHOIO MOTYXHICTIO JXKEpesia, CKUIBKH Ti€I0 YaCTUHOIO €Heprii, Aka (aKTUIHO MOTJIU-
HA€THCSI HABAHTAXKEHHSM.

Ha BennuuHy MOriMHYTOI MOTYKHOCTI BIUIMBAIOTH JIIEJIEKTPUYHI BIACTHUBOCTI
Marepiaiy, Horo 06’eM, (popma Ta MoOJOKEHHS B KaMepi.
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[TinBUIIEHHS TOTYXXHOCTI MIKPOXBHJIBOBOTO TOJS € €(PEeKTUBHUM JHIIE 3a
YMOBH, II0 CUCTEMa Ma€ JOCTATHE €JIEKTPOJUHAMIYHE Y3TOKEHHS 1 MaTepiai 3/1aT-
HUM IHTEHCUBHO NOoryIMHaTH MX eHeprito.

[Tpu mpoekTyBaHHI MIKPOXBHJIBOBHX YCTaHOBOK HOTY>KHICTh MarHeTpoOHa CIif
PO3IIISIIATH Pa30oM 13 TEOMETPIEI0 KaMepH, PO3MipaMy HaBaHTAKEHHSI Ta J{ieIeKTPHY-
HUMH XapaKTepUCTHUKaAMH MaTepiaiy.
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I. L.Boshkova, N. V. Volgusheva,
Ye. O. Kravchenko, A. H. Kriatov, K. O. Fatieieva

Determination of optimal microwave heating parameters for the drying
stage of alumina powder summary

Summary

The issues of improving energy efficiency and heating uniformity at the initial stages of
ceramic sintering are considered, as conventional convective methods are characterized by
long processing times, high energy consumption, and non-uniform temperature fields. The fea-
tures of microwave heating of aluminum oxide (41:03) powders at the drying stage, as a critical
Step prior to high-temperature sintering of technical ceramics, are investigated. An experi-
mental analysis of the influence of magnetron power (240—1000 W), load mass (50-300 g), and
layer thickness (3—10 mm) on the energy efficiency of the process, heating rate, and tempera-
ture distribution uniformity has been carried out. It is established that at the initial stages of
heating, dielectric losses of water and polyvinyl alcohol play a decisive role, whereas Al:O;s
itself is characterized by a low ability to absorb microwave energy. It is shown that insufficient
power (240 W) does not ensure effective progression through the energy-intensive stages of
evaporation and binder burnout. Increasing the load mass to 200-300 g improves electromag-
netic matching in the cavity and raises the efficiency up to 81%, providing more stable and
controlled heating. It is found that increasing the layer thickness to 8 mm represents an optimal
compromise between energy efficiency and temperature uniformity. The influence of thermo-
physical and dielectric properties of the material on the formation of temperature gradients,
which may lead to thermal stresses and defects, is analyzed. The necessity of applying hybrid
heating and the use of SiC susceptors to enhance process efficiency at low-temperature stages
is substantiated. The obtained results can be used to optimize technological regimes of micro-
wave drying of alumina powder.

Keywords: microwave energy, experiment, drying, polyvinyl alcohol, energy efficiency,
temperature gradient, susceptor.
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MonexkyasipHauii MexaHi3M BUIIAPOBYBAHHSI BOJHOT0 PO3UMHY IJIIOKO3M,
0 migxaBaBcH Qil MATHITHOTO IOJIS

Locniooscyemucsi MoneKyIapHuLl Mexamizm 6Unapo8y8aHts KOHYEHMPOBAHO20 POIYUHY 2TI0-
KO3U, Wo nid0asascs 0ii MazHimHo20 noJia. 3anponoHOBAHO PO32NA0AMU KOHYEHMPOBAHUL 80~
OHULL pO3UUH 2NIOKO3U AK nopucmy cucmemy. Taxka cucmema micmums nopu, wjo 3ano6HeHi
MONeKyIamMu pO3YUHHUKA, MA KAPKAC, YMEOPEeHUl KIacmepamu MoKy SOKO3U 36 SA3aHU-
MU Midic cob0r0 800He8UMU 38 S3KAMU. J[OCTIONHCYBANUCH BOOHI PO3UUHU 2THOKO3U BUPOOHU-
ymea 3 KoHyenmpayieto 40%. ExcnepumenmanvHo U3HAUANUCL YACOBI  3ANEIHCHOCMI
BIOHOCHOI 3MiHU PO3MIDY HaMazHiueHOT Ay, (t), HeMazHiueHOT KpaniuHu po3uuny 2moKo3u A,
(t) ma xpanaunu oucmunsmy A, (t) npu memnepamypi T = 20 °C. Iokazano, wo 6 nopi-
BHAHHAM 13 3anedcHicmio Ay, (t), AKa xapakmepusye sunapos8y8anHs OUCMuibO8AHOL 600U, 05
SAKOI 3MIHA pO3MIPY Kpanaunu 8i00ye8acmvpcs NiHIUHO, 015 PIOUHHUX CUCmeM, WO MICmAmb
monexyau emokosu, sanedxcuicmo Ap(t) ma Ay, (t) mac Oinamxu 3 eiocymmuicmio 6u-
naposysanmns Ap(t) = const i A,,(t) = const. Ha yux Oinanukax 6 cucmemax «800a-2Jio-
K03a» 8i00Y8a0OMbCs MOAEKYIAPHI Nepedy008U BRPOOOBIHC AKUX 3MIHIOEMbCSA CMPYKMypa
pO34uUHy (YmeopeHHs ma 3MiHa (opm acpezamis 3a PAXyHOK nepepo3snoodiny 600HEBUX
38 ’A3Ki6 Midc Humu. 3a donomoeow sumiprogaua 2ycmunu ma 6 ’sizkocmi DMA 4500 M (Anton
Paar) eusnauanace cycmuna ma 6 ’s3kicmo neHamazHiyeno2o 600H020 40% po3uuny enokosu,
HamazHiueno2o 800no20 40% posuuny 2noKo3u ma OUCmuiIbo8anoi 600u npu memnepamypi T
= 20 °C. Bukopucmosyiouu pesylomamu eKCnepumenmie usnaieno eiibhuti 06 'em Vs, wo
gionosioac 00’emy nop 6 cucmemi, 01 HEHAMACHIYEHO20 PO3YUHY 2NIIOKO3U MA PO3UUHY, WO
niooasascs Oii MacHimHo20 nous. [t KOHYeHMpOBaAHOI PIOUHHOI CUCTEMU «B0OA-2NIIOKO3AY,
aKka niodasanacv Oii MACHIMHO20 NOAA 3ANPONOHOGAHUU MONEKVIAPHUL MeXaHizm 6u-
napogysaunns. Lleii mexanizm nog’sazanuti 3 mum, Wo nicis 00pPOOKU NOCMIUHUM MASHIMHUM
nonem 6 pIiOuUHHIt cucmemi, WO OOCHIONCYEMBCSA, BUHUKAOMb CMAOLIbHI KOMNIEKCU,
VMBOpeHi 3G PAXyHOK pPO32allydHCEeHHAMU BOOHe8UX 38 s3Ki6 HABKOJO [-anomepis. Icnysanns
MAKUX KOMNIEKCI8 NpuU3800Uums 00 3MIHU WEUOKOCMI nepexody Midxc . ma f§ KoHgopmayiamu
MONEKYNl 2MI0KO3U, WO NPU8oOUmMs 00 NepioOuUyHOi 3MIHU CMAHIE 3 HAABHICMIO Ma GiOCym-
HiCMI0 UNAPOBYBAHHS 8 HAMACHIYEHUU PIOUHHIL CUCMeMi, KA O0CAI0NCYEMBCSL.

Knrouoei cnosa: sunapogysanns, 600HUL pO34UH 2NI0KO3U, MA2HIMHe Noje, NopuUcmicms,
2ycmuma.

Beryn. [Iutanns mono ¢i3uyHUX BIACTUBOCTEH PO3UYMHIB TIIIOKO3HM Ta MEXaHI3-
MIB TIPOIIECIB, MOXKJIMBHX T €0 30BHINIHIX YAHHUKIB € aKTyaJbHUMH JJIT M-
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nmuHUA. Tak, HaOpUKIaa, PO3YUHU 12
[JIFOKO3W 3aCTOCOBYIOTHCSI B OHKOJIO-
rii sl TpaHCHOPTYBaHHS JKiB [1],
BBEJICHHS IIMX PO3YMHIB € OJHUM 13
METOMIB JIIKYBaHHS TIOIIKOKCHb
XpSIIIOBOI TKAHWHU [2], Ba)KJIMBUM
TaKoXX € MHUTaHHS MI0J0 CTBOPEHHS
CEHCOPIB ISl BU3HAYCHHS PIBHA
[JIFOKO3W B KPOB1 IIPU 3aXBOPIOBaHHI

Ha IykpoBwuit giadet [3] ta iH. Ha na- 0 5 10 Is 2 % 30
HUW Yac B JTEpaTypi 3a3HAYAETHCA, t,min

. : L0y
1o At Ha GionorivHi 06'exTH CHOCTC- Puc.1.YacoBi 3a1eXKHOCTI BIAHOCHOI 3MIHHU
pira€Tbes MpPU CIAOKMX MArHITHUX  [osviny pamarmienoi A, (t) (), HeHaMarHi-
nonsax 3 BenmunHow 1-10MT [3, 4] yepoi kpammmuu A,(t)(e) Ta aucTHIBOBaHOT

oJi1 CKCIICPUMCHTAJIbHO BHU3HAYCHO

MOJIEKYJISIPHUN MEXaH13M, SIKMIA TPH-

3BOJUTH JIO 3MIHU CTPYKTYpPHU PIAMHHOI CUCTEMH «BOJA-TI0K03a» [5]. OaHak, sK Bi-
JIOMO aBTOPaM, MOJIEKYJIIPHUIM MEXaHI3M, 1110 CYIPOBO/IKY€E BUIAPOBYBAaHHS HAMarHi-
YEeHMX PO3UYMHIB IJIFOKO3M Ha JJaHUH Yac HE BU3HAUEHUN. TakKUM YMHOM METOIO JaHO1
poOOTH € BCTAaHOBJIEHHS MOJIEKYJISIPHOTO MEXaHI3My BUIIAPOBYBAHHSI PO3YMHY IJIHO-
KO3H, 00pOOJICHOTO0 MarHiTHUM TTOJIEM.

A, rel.units
vo
[«

R g

s
=N

e
(3]

(=]

Marepiajin, MeToan Ta pe3yJibTaTH eKcnepuMeHTy. /[ocmiKyBanuch BOIHI
po3unHu raoko3u BupooHunTsa [IPAT dapm. pipma «lapHuis» 3 KOHILEHTpALi€O
40% (1 mu1 po3urHy MICTHTH ITI0K03U MOHOTiApaTy 400 mr). EkciepumeHTansHo Bu-
3HAYaJIMCh 3MIHU PO3MIpPIB HAMATHIYEHOT KPAIUIMHA PO3YHHY Ta KPAIUIMHUA PO3YMHY,
sIKa HE IiJi/IaBanack Jii MarHiTHOTO MOJIs 32 METOJAUKOI0, OMKCaHOoI0 B poooTi [6]. Yac
BUTPUMKA B MarHitHoMy 1oJi ckiaaaB 30 xpunuH nipu iHaykiii 1MT. Ha puc.1 Hage-
JICHI YacOBI 3aJIC)KHOCTI BIIIHOCHOT 3MiHH PO3Mipy HaMarHiueHoi A, (t) Ta HemarHiue-
HOI KpaIUTMHU PO3YMHY TIIIOKO3U A, (t), sika po3paxoByBaiach K BiTHOIICHHS JiaMe-
TPY KpaIUIMHU y BU3HAYCHUU Yac d; 70 AlaMeTpy KpaIuTMHU B TIOYATKOBHH MOMEHT
qacy d. [y MOpiBHIHHS Ha LIbOMY PUCYHKY 300pa’KE€HO 3aJIeKHICTh 4aCOBOI 3aJIeXkK-
HOCTI 3MIiHH PO3MIPH KpAIUIMHU AUCTHIATY A, (t). BumapoByBaHHs BinOyBaaoch mpu
temneparypi 7=20°C.

3a 1omoMororw BUMIiprOBadya ryCTHHH Ta B'SI3KOCTI DMA 4500 M (Anton Paar)
BH3HAYAJIACh TYCTHHA Ta B'sI3KICTh HEHAMarHiueHoro BOAHOTo 40% po34mHY IITI0KO3H,
HaMarHigyeHoro BogHoro 40% po3unHy TIIOKO3U Ta TUCTUIILOBAHOT BOJU MIPH TEMIIE-
patypi 7=20°C. Ha puc.2a HaBezieHO TiCTOTpaMy pPO3MOJAUTY TYCTHH TPHU CTAJIOMY
BIJITHOCHOMY 00'eéMy v = const JOCIIDKYBaHHX CUCTEMH, IO JOPIBHIOE PO3MIPY KOMi-
pku BuMmiproBaya ryctuan DMA 4500 M (Anton Paar) nipu temmniepatypi T=20°C. Ha
puc.2.0 HaBeJeHO ricTorpaMmy ryCTHH JijIsi HaHamardiueHoro 40% po3uuHy TIIOKO3H
Ta HAMArHi4YeHOTO PO34YMHY IJIFOKO3H Y 30UJIBIIIEHOMY MacIITaoi.
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16 1,145 -
1.421 T 1,1449 -
1, o
‘g 1 g 1,1448 +
208 - 31,1447 1
00,6 - o 1,1446 -
Q0'4 1,1445 -
0,2 - ;
0 L 1,1444 -
1 1
v, rel.units v, rel.units

Puc. 2. I'icrorpaMa po3moijy TYCTHH TPU CTAJIOMy BiTHOCHOMY 00'eMy v = const st
HeHeMarHiueHoro 40% po3urHy IJII0KO3U (®), HEHAMarHi4eHOTro po3unHy (®) Ta JUCTH-
apoBaHOi Boaw (©) mpu temnepatypi T=20°C (a) y 306inbpeHOMy MacITadi 1yt pO3UHHY

(#) Ta posuuny (©) (6)

3,697 -+
3.5
3 » 3,687
2 23 :
g - % 3,677
=5 1,5 * 3,667 1
= = 3,657 -
0 L 3,647
1 1
v, rel.units v, rel.units

Puc. 3. 'icrorpama po3noiily IMHAMIYHUX B'SI3KOCTEH TIPH CTAJIOMY BiTHOCHOMY 00'eMy
v = const /uig HeHeMarHiueHoro 40% po3uuHy TIIOKO3U (@), HEHAMarHi4YeHOro PO3YUHY
(*) Ta mucTIIbOBaHO1 BoM (©) mpu Temmeparypi T=20°C- (a); y 30inbiieHomMy Macmradi
JUTsl pO34uHYy (®) Ta po3uuny (0) - (0)

Ha pwuc.3 HaBeneHo ricTorpaMy po3moaily HMHAMIYHOI B'I3KOCTI MPH CTAIOMY
BIJIHOCHOMY 00'éeMy JOCHIII)KYBaHUX CUCTEMH V = const, 1110 JOPIBHIOE PO3MIPY Karli-
Jspa  KanuspHoro Bicko3umeTpa DMA 4500 M (Anton Paar) tipu Temmepatypi
7=20°C. Ha pwuc.3.0 HaBeneHO TiCTOrpaMy PO3MOJAUTY JTWHAMIYHHUX B'S3KOCTEH IS
HaHamarHideHoro 40% pO34YMHY TJIIOKO3U Ta HAMArHi9eHOTO PO3YMHY TIIFOKO3H Yy
301IbIIIEHOMY MacHITa0l.

OOroBopeHHs pe3yabTaTiB. Sk BuaHO 3 puc.l nms nocnimkenoro 40% po3unny
[IFOKO3H, IMiIIAHOTr0 Iii MArHIiTHOTO MOJIS 3aJIEXKHICTh A, (t) Mae BigMIHHOCTI Bix 3a-
aexxHOoCTI A, (t), 0 omKcye MOBEMIHKY HEHaMarHideHoro po3uwHy. L{i BigMiHHOCTI
MOYMHAIOTh CIIOCTEPIraTucs 3 MOMEHTY 4acy t = 15 XBHWJIMH BiJ OYaTKy BUMIpIO-
BaHb. B MOPIBHSHHAM i3 3aIeXHICTIO A,, (t), 110 XapaKTepu3ye BUMIAPOBYBAHHS JIHC-
TUJIBOBAHOT BOJH, JJIs AKO1 3MiHA PO3MIPY KpAIIMHH B1IOYBa€ThCA JIHINHO, IS pi-
JMHHUX CHCTEM, 110 MICTSTh MOJICKYJIH TJTFOKO3H, 3aJeKHICTh A, (t) Ta A, (t) mae mi-
JISTHKH 3 BIZICYTHICTIO BUITapoByBaHHs A, (t) = const i A,,(t) = const. Ha mux mins-
HKax B CHCTEMax «BOJA-TJIFOK03a» BiJOYBalOTHCS MOJEKYISpHI mepeOymaoBU BIpO-
JIOBX SIKUX 3MIHIOETBCS CTPYKTypa po34uuHy (YyTBOpEHHs Ta 3MiHa ()OpM arperaris 3a
paxyHOK Mepepo3noAlTy BOJHEBUX 3B’ SI3KIB MK HUMH [8].
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[Tpu xoHnenrpauisx B okomi 40% po3unHM MOHOCAaxapuiB HAOyBaIOTh MOIIMEp-
HUX BJIACTUBOCTEH. Taki pO3YMHU MOXYTh PO3IJIAIATUCH SIK TOPUCTI CTPYKTYPH, IO
MICTSITh ITOPH, SIK1 3aIIOBHEH1 BOJIOIO Ta 3B's13aH1 MK COOOX0 BOJTHEBUMHU 3B'sI3KaMU KJla-
CTEpHU MOJIEKYJI pO3YHMHEHOI pedoBuHU [8-9]. {151 mopucTux cuctem B poboTi [9] Oyio
BBEJICHO MOHATTS OPUCTOCTI. L{e moHATTS moB's13aHe 13 3M1HOIO pO3Mipy, GOpM Ta B3a-
€MHOTO pO3TaITyBaHHS 00JaCTEH PIIMHHOT CUCTEMHU, 1110 3aII0BHEHA BUKIFOYHO MOJIE-
KyJlaMH po3YyMHHHUKA. B Mozeni piquHHOT MOPUCTOI cucTeMu ii 00'eM BU3HAYaBCs 3a
bopmymoro

V=Vy+V, )
ne Vi, — ob'em, 3aiHsaThii yacTHKaMu, Vy- 00'eM, 1€ 9aCTMHKH BiACYTHI ( BUIbHMH
00'em).

[TopucTicTh 3ralaHoOTo CepeOBHINA BU3HAYAIACH (DOPMYIIOIO
V-1,

f=—. )

Takox B po6oTi [9] Oyina 3anponoHoBaHa Gpopmysia sl pO3paxyHKy MOPUCTOCTI

110 3HAYCHHAM I'YCTHHHU, SIK1 BU3HAYAJINCh 3 CKCIICPUMCHTY
Pm—P

g = (3)
Pm
1€ Py, — TYCTUHA MATpPHIIl, a p — TYCTUHA MATPUIl pa3oM 3 IOPaAMHU.
ITopisutoroun Bupasu (1-3) nis BibHOro 00'eMy V' oTpuMyemo opmyiry
V —
Vf = M (4)
Pm

3ano3uyuBLIN 13 €JIEKTPOHHOTO pecypcy [10] 3HaueHHS TYCTHHHM KPHUCTaII4HOT
IJII0KO3H, piBHE 1.54 r/cM® Ta mpuiiMarouu, po3Mip KOMIpKH Jjis BUMIPIOBaHHS I'yc-
tiH 1.5 M (1.5 em®) BusHaummo 3a hopmyioro (4) 06'em, 3aitHaTuii mopamu Vp s
HEHAMarHi4eroro BOJHOTO PO3YHMHY TIIFOKO3M 3 KoHIeHTparieto 40% Ta HamarHide-
HOTO BOJHOI'O PO3YMHY TIIFOKO3M 3 KoHUeHTpauieo 40%. B tabnumi 1 HaBeneHo pe-
3yJNbTAaTU PO3PAXYHKY

SAx BugHO 3 Tabn. 1 mpu 7= 20°C B piAUHHIN cUCTEMI «BOJIa-TIIOK03a» 3 KOHIIE-
HTpauiero 40% micias BATPUMKH B TIOCTIHHOMY MarHiTHOMY MOJIi 301IbIIYETbCS 00-
JacTh, 3alHATA PIAMHHOIO KOMIIOHEHTOIO. PO3riissHEMO MOXIMBUN MEXaH13M I[bOTO
poLECYy.

Binomo, 1110 po3urHax Iit0KO3M MOJIEKYJIa PO3YHMHEHOI PEUOBUHU NMEPEXOAUTH 13
o- koHopmMmarlii B B-koH(bOpMaIIiio 3a paXyHOK PO3KPUTTS MIPaHO3HOTO KUIBII 3 Tie-
PEX0JIOM B JIHIMHY (hOPMY Ta MOJATBIIIOMY 3aKPUTTIO 3 YTBOPEHHSIM 1HIIIOT ITUKJITYHOT

Taomung 1
Tun po3unny Heunamaruiueunii Boj- Hamarniuenuii Boqaui
HUW PO3YMH IJIIOKO3U 3 | PO3YMH IJIFOKO3H 3 KOH-
KoHieHTpartier 40% nenrpariero 40%
O0'eM, 3aliHATHI 0.3848 0.3851
nopamu, cm’
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dopmu [11]. Otpumani pe3yabTaTH B il poOOTH BKa3ailu Ha T€, IO il 9aC MOJIEKY-
JIIPHOT arperariii KOMIUIEKCH, 110 MaloTh [-kKoHdopmarliio (B-anoMepu) € O1IbII CTa-
OLIBHIIII 32 0-aHOMEPH 32 PaXyHOK YTBOPEHHS pO3raly’KeHb BOJHEBUX 3B'sI3KiB. B po-
00Ti [5] Oys0 BCTAaHOBJIEHO, 11O ITiJT II€0 MArHITHOTO TIOJISI B PO3YMHAX TIIFOKO3U BU-
HUKA€ TypOYJICHTHUX PYX, SIKUU TEHEPYETHCSA PYXOM PI3HUX KJIACTEPIB 3a PaXyHOK Ti-
IpoauHaMiuHOI B3aeMoii [5]. 3 Touku 30py ysaBieHHs po 40% BOIHUNA PO3UYMH IITHO-
KO3HU SIK TIOPUCTY CTPYKTYPY, 110 MICTUTh Kapkac Ta nopoxHuHu [8-9], Oynemo BBa-
’KaTH, 110 T1J] JIIEF0 MarHiTHOTO TOJIsI 00JIaCTh TOPH 30LIIBIITYETHCS 33 PAXyHOK YTBO-
PEHb PO3TATyKEHb BOJHEBUX 3B'S3KIB HABKOJIO J-aHOMEPIB, 1110 BIATOBIIAE TiCTOrpa-
MaM, HaBeJIeHUM Ha puc.2 Ta puc.3. [12] B noxanpimioMy 1ie Ipu3BOJUTH A0 3MiHU
dbopmu kapkacy. Hamami crabinbHICTh B-aHOMEPIB 3MEHIITY€E€THCA 1 BiIOYBA€ETHCS Mepe-
X1 IHUX aHoMepiB B o-popMmy. Taka meploJuYHICTh 3MiHM CTaOLIBHOCTI aHOMEPIB
MOX€ MPU3BOJAUTH 10 aBTOKOJIMBAJILHOIO pyXy Kapkacy [13].

3anponoHoBaHa rinore3a 100pe y3ropKy€eThCs 13 eKCIEPUMEHTAIbHUMU TaHUMU,
npecTaBlieHuMHU Ha puc. 1. Ik BUAHO 3 IbOTO pUCYHKA PO3MIp KPArUIMHU, TOMIEPEAHBO
00p006JICHOTO MOCTIMHUM MarHiTHUM TOJIEM, I1iJl Yac BUMApOBYBaHHS 3MEHIIYEThCS
nepioguuHo. [TinTBepKeHHIM 3a3HaueHOro (HaKTy € AUITHKH A, (t) = const B ua-
coBuXx iHTepBasax 16-20 xBunmH, 21-25 xBunuH, 26-30 XBUIUH.

BucHoBku. B po6o0Ti 3anpornoHoBaHO po3MisigaTH KOHIIEHTPOBAaHUN BOJHUM PO-
34YMH TJIIOKO3U SIK TOPUCTY CUCTeMy. Taka cuctemMa MiCTUTh MTOPH, 110 3aIlI0BHEHI MO-
JIEKyJIaMH PO3UYMHHHUKA, Ta KapKac, yTBOPEHUHN KiIacTepaMy MOJIEKYJI TJIFOKO3H 3B'A3a-
HUMU MDK COOOI0 BOJHEBUMH 3B'si3kaMu. JJis KOHIIEHTPOBAHOI PIAMHHOI CHCTEMH
«BOJIa-TIJIIOKO3a», SIKa MiJaBanach Jii MarHiTHOTO MOJIs 3alIPOINIOHOBAHUN MOJIEKYJIs-
pHUN MeXaHi3M BuUnapoByBaHHsl. Lleit MexaH13M MOB'sA3aHUM 3 TUM, IO MICJs 0OpOOKHU
MOCTIMHUM MATHITHHM IIOJIEM B PIIMHHIA CUCTEMI, IO JOCIIIKY€EThCS, BAHUKAIOTh
cTaOlIIbHI KOMIUIEKCH, YTBOPEHI 3a PaXyHOK pO3rayly>KeHHAMH BOJHEBHUX 3B'sI3KiB Ha-
BKOJIO [3-aHOMepiB. ICHyBaHHS TakWX KOMIUJIEKCIB MPU3BOAUTH O 3MIHH IIIBHIKOCTI
nepexony Mix o Ta J KoHQOpMaLIIMH MOJIEKYJ TIIOKO3H, 1110 TPUBOIUTH 10 Mepio-
JAMYHOT 3MIHU CTaHIB 3 HAsBHICTIO Ta BIJICYTHICTIO BUMAPOBYBaHHS B HaMarH14eHH
PIAVMHHIN CHUCTEMI, KA TOCITIIKYETHCS.
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Molecular mechanism of evaporation of aqueous glucose solution
treated in a magnetic field

Summary
The molecular mechanism of evaporation of a concentrated glucose solution exposed to a
magnetic field is studied. It is proposed to consider a concentrated aqueous glucose solution as
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a porous system. Such a system contains pores filled with solvent molecules and a framework
formed by clusters of glucose molecules bound together by hydrogen bonds. Aqueous glucose
solutions of production with a concentration of 40% were studied. The time dependences of the
relative change in the size of the magnetized A,,(t), non-magnetized drop of glucose solution
Ao (t) and the distillate drop A,,(t) at a temperature T = 20°C were experimentally determined.
It is shown that in comparison with the dependence A, (t), which characterizes the evaporation
of distilled water, for which the change in droplet size occurs linearly, for liquid systems con-
taining glucose molecules, the dependence A,,(t) and A,,(t) has areas with no evaporation
An(t) = const and A,,(t) = const. In these areas in the “water-glucose” systems, molecular
rearrangements occur, during which the solution structure changes (formation and change
in the shapes of aggregates due to the redistribution of hydrogen bonds between them,).
Using the DMA 4500 M density and viscosity meter (Anton Paar), the density and
viscosity of a non-magnetized aqueous 40% glucose solution, a magnetized aqueous 40%
glucose solution, and distilled water were determined at a temperature of T = 20 °C. Using
the results of the experiments, the free volume V; was determined, which corresponds to
the volume of pores in the system, for a non-magnetized glucose solution and a solution
exposed to a magnetic field. A molecular mechanism of evaporation was proposed for a
concentrated liquid “water-glucose” system exposed to a magnetic field. This mechanism is
due to the fact that after treatment with a constant magnetic field in the liquid system under
study, stable complexes arise, formed by branching hydrogen bonds around [-anomers.
The existence of such complexes leads to a change in the rate of transition between o. and
S conformations of glucose molecules, which leads to a periodic change of states with the
presence and absence of evaporation in the mag-netized liquid system under study.
Keywords: evaporation, aqueous glucose solution, magnetic field, porosity, density.
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ExcnepumeHnTaibHe TOCTIIKEHHS TEPMOEJEKTPUYHUX CHCTEM OTPMMAaHHS
BOJHU 3 ATMOC(epHOro NnoBiTpA

Haiibnusicuoro 200unor HatuyinHiwum pecypcom Ha niaHemi cmaue 800d i ys meHOeHyis
0y0e minvKku 3pocmamu 8 maudbymuvomy. L{a cumyayis npuzeooums 00 Kamacmpo@piuHux Ha-
CIOKIB 1 8 HAUOIUNCHY 200UHY MOdCe Mamu Micye i 8 YKpaini. Ammocgpepre nosimps nocmae
SK nepcnekmueHUti, 8iIOHOBII08AHULI MA NOWUPeHULL Oxcepeio 801102u. Beasicacmobcs, wo y 3e-
MHiTI ammocghepi 0oHouacno micmumucsa 6nuzoko 12,9-10° km? 600u. Cucmemu ompumanus
800U 3 amMOCghepHOo20 NOGIMpsl, AKI 3a6e3neuyioms memMnepamypy Huxcue 3a mouxy pocu Mo-
HCYMb 4ACMKOB0 8Upiuumu npoodiemu 600o3abesneyenns. IlesHi nepcnekmusu y maxKux cuc-
memax Maroms mepmoereKmpuyHi Mooy, sIKi He nompeobyoMb X0N00UTbHUX A2eHMI8 Ma eKO-
n02iuHo Oesneuni. Mema pobomu — 6ueuenHs Nepcnekmus BUKOPUCMAHHA MepMoereKmpu-
YHUX MOOYTIG Y CUCTNEMAX 00ePAHCAHHS 800U 3 amMocheproco nosimps. Memoouxka usuenHs
— eKcnepumeHmanvhi oocnioxcenns. Hagedeno pesynbmamu excnepumenmanbHo20 O0CTi-
0diceHHs npoyecié KOHOeHCcayii 80102u 3 ammoc@epHo2o nosimps 3a 00NOMO20I0 MepMOo-
eeKMPUYHUX MoOYi6 (enemenmis [lenomove). B x00i excnepumenmie na 6azi mooynie TECI-
12706 npoananizo8ano 6nau8 HANPyeUu HCUBNEHHs, WEUOKOCHMI NOGIMPAHO20 NOMOKY i 6i0-
HOCHOI 8011020cmi  cepedosuwya Ha 6uxio Kowoewcamy. Bcmamnoeneno, wo Haubinbu
eHepeoehexmusHum € pedcum pobomu npu nanpysi 9-10 B ma cuni cmpymy 3,8-4,2 A, wo
003601€  YHUKAmMu nepezpigy Mooyis. Busnaueno onmumanvHy weUOKicmb 000Y8aHHSA
paodiamopis (2,5-3,0 m/c), wo 3abe3neuye Haukpawull menaoooMmin. Pezynomamu 0ocuiodxcen-
HSl NOKA3aU, WO NUMOMI eHep2osumpamu 8 ONMumMizosanomy pescumi cmanognamo 0,9—1,1
KBm-200/1. Busieneno «kpumuuny moukyy» eonococmi nosimps (40%), nudcue 3a Ky npoyec
KOHOeHcayii cmae enepeemudno HedoyinbHumM. Ompumani 0aHi niomeepoxicyioms eghexmu-
BHICMb IHMe2payii mepmoeneKmpuyHUx 2eHepamopie 600U 3 homoereKmpudHUMU NaHeIaImMu
OJisl CMBOPEHHSI NOGHICMIO ABMOHOMHUX CUCMEM 8000NOCMAYAHHS 8 NOCYULIUBUX DEeLIOHAX.
Hayxosa nosusna nposedeHux eKcnepumMeHmanbHux O00CHONCeHb N08 A3aHA 3 BU3HAYEHHAM
obnacmi OnMUMAILHUX NAPAMEMPIE eKCHIyamayii mepmoeieKmpuyHux Mmooyaie, y sKil
3a0e3neuyromscs MIHIMANbHI eHepeemuyHi GUMPAmu npu OMPUMAHHI 600U 3 NOGIMPAL.
IIpakmuyuna yinnicms noaaeac y MOXCIU80CmMi CMEOPEHHA KOMNAKMHUX NPUIAOi8 01si pobo-
Mmu K 3a YMO8 CmadilbHO20 eNeKmMponoCmadanHts, max i 8i0 COHAYHUX bamapell.

Knwuoei cnosa: mepmoenekmpuuni Mooyii, ammocghepua eenepayis 600U, enepeoedhexmu-
BHICMb, eKCNEPUMEHMANIbHI O0CTIONCEHHs, MOYKA POCU, CUCTNEMU OMPUMAHHSL 600U 3 AMMOC-
gheprozo nosimps

IMocTranoBka npodsjemu. CroromHi rio0anbHUN AePIIUT MPICHOT BOIU € OJHUM
13 HaWO1JIBIII KPUTUYHUX BUKIIMKIB JUIS JIFOJCTBA. 3T1HO 3 JAHUMH MIXKHAPOJIHUX Op-
rafizauiid, IoHaJ TPETUHA HACEJCHHS IUIAaHETH MPOXKHBAE B PETIOHAX 3 OOMEKEHUM
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JOCTYIIOM JI0 Oe3meyHux JpKepen Bogonoctadanus [1-3]. Tpanumiitai metoan (BUKO-
PUCTaHHS MiJ3eMHUX BOJ], ONMPICHEHHS MOPCHKOI BOJM) YacTO MOTPEOYIOTh 3HAUHUX
KamiTaJOBKJIAJICHb Ta CKIaAHOI 1HQPACTPYKTYPH.

VY 11bOMY KOHTEKCTI aTMOoc(epHe MOBITPS MOCTAE K MEPCIEKTUBHE, BIIHOBIIIO-
BaHE Ta MOBCIOJIHE JHKEPETIO BOJIOTU. BBaXkaeThes, 110 B 3eMHil aTMOC(Epi 0JHOUACHO
MicTHTBCs Onu3bko 12.9 - 103 kv Boau [4].

Texnomnorii orpumannsa Boau 3 noBiTpsa (Atmospheric Water Generation — AWG
[5]) m103BOJIAIOTH 3a0€3MEYNTH MUTHY BOAY HaBIiTh y MOCYIIIMBUX Ta BIAANECHUX pe-
rioHax, Jie BIICYTHI Ha3eMHi Tiapopecypcu [6-7].

[lepeBakHa K1JIBKICTh TEXHOJIOT1H OTPUMAaHHS BOJIU 3 aTMOC(EPHOTO MOBITPS TIO-
B's3aHE 3 OXOJIOJKEHHSIM MOBITPSAHOTO MOTOKY HMYKYE TOYKU POCH 3 HACTYMHHUM BiJ-
BEJICHHSM Ta 30MpaHHs KOHJICHCATY .

AHaJi3 ocTaHHiX aocaixxenp i myoaikanii. CydacHi cucteMu AWG B OCHOB-
HOMY 0a3ylOThCSl HA TAPOKOMIPECIMHOMY LUK 0XOJO0KeHHS [8]. BoHn MaroTh BU-
COKY MPOJYKTHUBHICTh, HO TaKOX MAarOTh 1 3HAYH1 HEJIOJIKU: BUCOKHM PIBEHb IIyMY,
3HA4YHI rabapuTH, HAABHICTh PYXOMHX MEXaHIYHUX YACTUH Ta BUKOPUCTAHHS X0JIO10-
areHTiB, 1110 MOXKYTh IIKOAUTH JIOBKULIIO.

B ocTanHi poku B ymMOBax mepexoy Ha eKOJIOTIYHO 0e3medHi po0odi Tiia movaiu
IIMPOKO MOIIMPIOBATUCS TEIUVIOBUKOPUCTOBYIOU1 XOJIOAUIBHI CUCTEMU HA TIPUPOTHUX
pobouux tinax. Lle 1 abcopOuiiini, 1 aAcOpOLiHI, 1 TAPOEKEKTOPHI XOJIOAUIBHI arpe-
raTu, 1o BXOJAThH O CKJIaay CUCTEM OJEpKaHHS BOAM 13 aTMOC(HEPHOro moBiTps [2;
3; 9-11].

Kpim ekosoriunoi 6e3mnexku podo4oro Tijia, TeMIOBUKOPUCTOBYIOUY1 CUCTEMH MO-
’KYTh TIPALIOBATH 1 Ha HEENEKTPUIHHX JKepeliax TerIoBoi eneprii [12].

Lleli acrekT € BaXJIMBUM JJIs1 KpaiH €KBATOPI1aIbHOTO MOACY, € BUCOKA COHSYHA
THCOJIAIIA 1, SIK TIPABWIIO, € AedIIUT BOAHUX pecypcis [13].

Boanouac yci TUIY TEMJI0OBUKOPUCTOBYBAJIBHUX MAILUH JOCUTh TPOMI3JIKI, MPHU-
B'sI3aH1 JI0 JKEPEJ TeIIOBO1 €Heprii Ta MaloTh 3HAYHO HUXKYY, MOPIBHIHO 3 KOMIIpe-
CIHHMMU aHaJoraMu, eHepreTuyHy eextuBHIcTh [14]. V pa3i pobOTH 13 COHAUHUMHU
KOJIEKTOpAaMH BOHU BUMAraroTh JOJIAaTKOBUX aKyMYJISITOPIB TeIla Ta XOJIOMY JUIsS Iii-
n01060Boi podoTu [15].

31 BCIX THUIIIB MPWJIAJIB IITYYHOT'O OXOJOIKEHHS OKPEMO CTOSITh TEPMOECTIEKTPH-
yH1 MoayJi. Bukopucranusa tepmoenektpuunux monyiiB (TEM), mo npaiioroTs Ha
ocHOBI edekTy [lenbThe, BIAKpUBAE HOBI MOXKJIMBOCTI JUIsl CTBOPEHHSI KOMIAKTHHX
IIPUCTPOIB OTpUMaHHs Boau [16].

I'omoBanmu nepesaramu TEM e:

a) HaJIIMHICTh: TOBHA BIJICYTHICTh PYXOMHUX JIeTaJIeH (OKPIM CUCTEMU OO TyBaHHS)
Ta B1Oparliii;

0) MacmTaboBaHICTh — MOXKJIUBICTh CTBOPEHHS SIK MIKPOYCTAaHOBOK, TaK 1 MOTY-
AKHUX MOJYJIbHUX CUCTEM;

B) THYUYKICTh KEpYBaHHS — TOYHE PETYJIIOBAHHS TEMIIEPATYPH OXOJIOKEHHS IS
XOM 3MIHU CUJIM CTPYMY;
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') €KOJIOTIYHICTh — BIICYTHICTh XIMIYHMX XOJIOJIOATCHTIB Ta JIErKa 1HTErparis 3
CUCTEMaMHU MOCTIMHOIO CTPYMY, 30KpeMa 3 (POTOENIEKTPUUHUMHU MAHEISIMU Ta BITPO-
reHepaTopamu.

TEM MOXyTbh 3HaMTH MIMPOKE 3aCTOCYBAHHS SIK B YMOBaX CTaO11130BaHUX JKe-
pen eIeKTPUYHOI eHeprii, Tak 1 Ipu poOOTI 3 COHIYHUMU OaTapesiMH, HAPUKIIAM, Y
MOJIbOBUX YMOBAaX Ta BIJJAJICHUX MICIIEBOCTSX.

Ha puHKYy KIIMaTU4yHOI TE€XHIKM CUCTEMH OJEPKaHHS BOAM 3 aTMOC(HEpPHOro
noBiTps Ha 6a31 TEM BiacyTHI 1 y 3B'I3Ky 3 IIUM aKTyaJbHUMU CTAIOTh JAOCIIKEHHS,
CHOpsSMOBaHI Ha BHMBYEHHS MEPCIEKTHB IX BUKOPUCTAHHS, HAcaMmIlepel y YacTHHI
eHeproe(eKTUBHOCTIB.

O4eBHUIHO, IO 3 ypaxyBaHHSIM CKJIaJHOCTI MPOIIECIB TEIIOMACOOOMIHY MPHU KOH-
AeHcalli mapu BoAu 3 aTMOC(HEPHOTO MOBITPS HA MEPLIOMY €Tami po3po0OK CHUCTEM
OTPUMaHHS BOAM 3 aTMOC(EPHOro MOBITPS CI1 MPOBECTU EKCIEPUMEHTAIbHI JOCHTI-
JOKEHHS.

MeTo10 po00TH € TPOBECHHS €KCIIEPUMEHTAIILHOTO JIOCII)KEHHSI eHeproedex-
TUBHOCTI TEPMOECJICKTPUYHOTO MOJIYJISI JiJIsl KOHJEHC Al BOJII 13 aTMOC(EepHOro mosi-
Tpsl.

00'exkTOM 10CTITKEHHSI € TEPMOCTIEKTPUYHUN MOAYJIb Y CKJIaJll CUCTEMHU OTPH-
MaHHsI BOJM 3 aTMOC(EPHOTO MOBITPS.

IIpeamerom nociiaeHHsl € eHEPreTUYHI XapakTepucTuku O4eBUIHO, 1110 3 ypa-
XYBaHHSM CKJIATHOCTI TIPOIIECIB TEIUIOMAcOOOMIHY MPY KOHJICHCAIlli Tapyu BOJIU 3 aT-
MOC(EPHOTO MOBITPS Ha MEPIIOMY €Tarll PO3pOOO0K CUCTEM OTPUMAHHS BOAM 3 aTMOC-
(dbepHOTO MOBITPSI CIII IPOBECTH EKCIIEPUMEHTANIBHI TOCIIIPKCHHS.

Pe3yabTaTu gociaigxenns. /[ npoBeneHHsT eKCIIEPUMEHTATBHUX JOCIIKEHb
OyJI0 CIIPOEKTOBAaHO Ta 310paHO YCTaHOBKA, IO IMITye POOOTY CUCTEMH OTPUMAHHS
BOJIU 3 aTMOc(epHOTo MoBiTPs (puc.1). OCHOBHUMHU KOMIIOHEHTaAMH YCTaHOBKH €:

a) TepMOEJIEKTPUYHI TIepeTBOpIoBadi: Bukopructano moayii [lenbthe Tumy TECI -
12706 [17], sixi 3a6e3meuyoTh HEOOX1IHY PIZHUIIO TEMIIEPATYP MK «rapsdoro» Ta
«XOJIO/THOIO» CTOPOHAMHU TPH MPOXOKEHHI MOCTIHHOTO EJIEKTPUIHOTO CTPYMY;

0) cucTeMa OXOJIOMKEHHS Ta KOHJCHCAIlIi: Ha «XOJIO/IHIi» CTOPOHI BCTAHOBJIEHO
AJIFOMIHIEBUM pajilaTop 13 pO3BUHEHOIO TUIOIISIO MOBEPXHI, Ha SIKiH BiIOYBAa€THCS MPO-
1ec aecyosnmMartii Ta KoHaeHcalli BOJIOTH;

B) IS BIJIBEICHHS HAUIMIITKOBOTO TEIIA 3 «rapsdoi» CTOPOHU BUKOPHUCTAHO
KOMOIHOBaHY CHCTEMY, IO CKJIAJIA€ThCS 3 alFOMIHIEBOTO pajiaTopa Ta BEHTHISATOPA
npumycoBoro o0ayBy Delta PFC1212DE (12V, 4.8 A 12cm) 4 pin (axTUBHE MOBITpsIHE
OXOJIOJIKEHHS );

') CUCTEMA XKHUBJICHHS.

OCKITbKH TOCTIKEHHS (POKYCYEThCS HAa POOOTI BiJl BIHOBIIOBAHUX JDKEPET
eHeprii, peaJibHy COHSUHY MaHeIb OYyJI0 3MO/IeTThOBAHE 3a IOTIOMOT 00 JJA0OPATOPHOTO
OJIOKY >KMBJICHHS 3 MOXJIMBICTIO TOYHOTO peryiroBaHHs BuxigaHoi Hampyru (U) Ta
ctpymy (/). Lle 1o3BONMMIIO IMITYBaTU 3MiHY 1HTEHCUBHOCTI COHSYHOT'O BUITPOMIHIO-
BaHHS TPOTATOM CBITJIOBOTO JIHS.

J1Jiss MOHITOPUHTY TIapaMeTPiB HAaBKOJIMIITHEOTO CEPEIOBHIA Ta pOOOUHX XapaK-
TEPUCTUK CHCTEMHU BUKOPHCTAHO TAKUI KOMILIEKC TPHUIIAIiB:
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Puc. 1. CxeMa ekcriepuMeHTaIbHOI YCTAaHOBKHU:
1 — «xomomHa» CTOPOHA; 2 — «rapsA4yay CTOPoHa; 3 — opedpeHa NoBepXHs; 4 — MipHa €M-
HICTb; 5 — Baru; 6 — BaTMeTp; 7 — CUCTEMA MIJBEACHHS €JIEKTPUUYHOTO HABAHTAXKECHHS; 8
— HarHITaJIbHUI BEHTUIIATOD; 9 — apeomeTp; 10 — cucrema BiABEeIEHHS Telia

a) naruuku Temreparypu (1) Ta BiiHOCHOI Bojorocti (RH) — uudgpoBi ceHcopu
Brucokoi Tounocti HTU21 ans ¢ikcanii napaMeTpiB MOBITPS Ha BXOJ1 10 YCTAHOBKH
Ta 6e3mocepeIHbO Ha MOBEPXH1 KOHACHCAIIIT;

0) nudposuii anemometp Benetech 0,1-30 M/c 115t BUMIpIOBaHHSI MIBUIKOCTI IO~
BITPSIHOTO MOTOKY, 1[0 CTBOPIOETHCS BEHTHIIATOPaAMHU 00/ TyBY;

B) udpoBuit Batmetp Walcom PMBO0S5 a1t KOHTpOIIIO CIIOKUBAHOT OTY>KHOCTI
(P) Ta anamnizy eHeproeeKTUBHOCTI B peaTbHOMY 4aci;

r) enekTponHi Baru Dneproves BT/I-T3E ta mipauii nocys 1uist TOUHOTO BU3HA-
YEeHHSI Macu Ta 00’ €My OTPUMaHOTO KOHJIEHCATY.

ExcniepuMeHTanbH1 TOCTIIP)KEHHS MPOBOAMINCS IUIIXOM BapilOBaHHS KJIHOYO-
BUX (DAKTOPIB BIUIMBY JJIS MOILIYKY TOYKHA MaKCUMAaJIbHOT €()eKTUBHOCTI.

Meroauka nependayana HaCTYITHI KPOKHU:

a) BapilOBaHHs HANpPyI'W: HA TEPMOEIEKTPUUYHI MOAYNI MOJaBajlacsd HAmNpyra B
niara3oHi Bijg 6B 10 12B 3 kpokoMm 2B, 1110 103BOJIMI0O BCTAHOBUTH 3aJI€KHICTh MIXK
CIIO’KMBAHOIO TIOTYKHICTIO Ta MIBUAKICTIO TOCATHEHHS TOUKH POCH;

0) perymoBaHHs 00TyBY: MIBUJIKICTh MOBITPSHOTO MOTOKY 3MIHIOBAJIACsS B Me-
xax Big 1 10 5 M/c, o HEOOX1AHO /71l BU3HAYCHHS OalaHCy MIXK IIBHJIKICTIO MOaqi
BOJIOTOTO MOBITPS Ta 4YaCOM MO0 KOHTAKTY 3 0XOJIOHKEHOIO TOBEPXHEIO;
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B) (ikcallis pe3ynbTatiB: KoxkH1 30 XBUJIMH MTPOBOJIUBCS 3aMip 00’ €My HaKOTIH-
YEeHOI BOM Ta MapajielbHO PeECTPYBATHUCS MTOKA3HUKU TEMIIEPATypH paaiaTopa Ta CIio-
YKUBAHOI €HEPrii;

r) po3paxyHok KK/I: Ha OCHOBiI OTpMMaHUX JaHUX PO3PaXOBYBABCS MOKa3HUK
MUTOMUX eHeproBuTpaT (KBT- ro/m) 1 KOKHOTo peXuMy poOOTH.

J1is e(eKTUBHOTO OTPUMAHHSI BOJM TeMIIepaTypa MOBEPXHI «XOJIOIHOTO» pajia-
topa (Ts) moBUHHA OyTH HIDKUYOIO 32 TOUKYy pocH (T,;) HAaBKOJUIIIHKOTO MOBITps. Po3-
paxyHOK TOYKH POCH JUIsl PI3HUX 3HAYEHb B1IHOCHOI BosIOoTOCTI RH Ta Temnepatypu T'
POBOAMBCS 3a Jonomororo Gopmynu Marnyca-TereHca, sika 3abe3nedye BUCOKY TO-
YHICTh Y poOouux aianazonax temmneparyp (Bix 0 mo 50 °C) [18]:

__ cy(T,RH)
d ™ p—y(T,RH) (1)
ne xoedimient y (T, RH) BU3HAYA€THCSA SIK:
RH b-T
y(T,RH) = In (m) +2 )

[TpwuitnsTi cTani 3Ha4eHHs )1 po3paxyHkiB: b = 17.27; ¢ =237.7 °C.

Bukopucranace HacTynmHa METOAMKA MOHITOPUHTY KOHEHCAIIIT:

a) mepes MOYaTKOM KOKHOTO IUKITy eKCIIEPHUMEHTY 3a MOKa3HHUKaMHU JaTYHKiB
dikcyBanucs notouni T ta RH, micis yoro mporpaMHo po3paxoByBanacs 1ib0Ba Ty;

0) Hanpyra Ha MoAyJsix [lenbThe perymnoBanacs TakuM YUHOM, 1100 3a0e3neunT
ctabiunpHe migTpuManHus Ty < T; 3 ypaXyBaHHSIM TEIJIOBOIO HaBaHTAXKEHHsI B1J] MOBI-
TPSIHOTO MOTOKY;

B) OKpeMO (p1KCYBaBCsI «4ac BUXOIY Ha PEKUM» — IHTEPBaJ BiJl MOMEHTY BBIM-
kHeHHs1 TEM 110 mosiBu mepIinx Kpanesb KOHACHCAaTy Ha pedpax pamiaTopa.

VY X0Jli eKCIEPUMEHTY OYJI0 BCTAHOBIICHO, 110 3HIKEHHS TEMIIEpaTypu Ha «XO-
noaHii» croponi TEM mae HemnmiHIMHY 3alie)KHICTh BiJI MOJAHOI HANPyTH Ta CHUJIU
CTpyMy.

[Ipu manmux 3HaueHHsIX Hanpyru (6—8 B) pisHui temnepatyp Oyina HeaocTaT-
HBOIO JIsl CTaOUTRHOT KOHEHCAITlT Tpy BoJiorocTi HUxK4e 60 %.

[Tpu migBumenHi Hanpyru 10 12 B crmocTepiranocss iHTEHCUBHE OXOJIOKEHHS,
IpOTe Yepe3 NMEeBHUHM yac BUHUKAB e(PeKT «caMopo3irpiBy». Lle sBuiue 3ymoBieHe Haj-
MIpHUM BHIICHHSIM DKOYJIEBOTO TEILJIa Ha rapsiviil CTOPOHI MO s, sIKE uepe3 oome-
’KEeHY MPOMYCKHY 3AaTHICTh pajiaTopa NOYNHAIO TU(GYHIYBATH HAa XOJIOAHY CTOPOHY.

Ontumanbuuit ctpym i moayist TEC1-12706 y naniii koHpirypaiii cTaHOBHB
3,84,2 A. [6] Y upbomy niama3oHi 3a0e3nevdyBaBcs CTaOUTbHUI TeMIEpaTypHUi rpa-
JIEHT 0€3 PU3UKY TEIJIOBOT'O MPOOOI0.

IBuaKicTh OOYBY palaTOPiB BUSBUIIACS KPUTHUHUM MapamMeTpoM sl eheKTH-
BHOCTI T€INIOOOMIHY.

Hwusbka mBuakicTsh (MeHIe 2 M/C) MpU3BOIUIIA 10 IIBUJIKOTO OOMEp3aHHS pedep
paniatopa abo YTBOPEHHS «IIyOM», IO MOTIPIIYBaJIO KOHTAKT BOJIOTOTO MOBITPS 3
OXOJIO/IPKEHOIO TIOBEPXHEIO.

Bucoka mBuakicts (moHam 4 mM/c): IOBITPSIHUH MOTIK IPOXOJIUB Y€pe3 paaiaTop
3aHAJTO IIBUJKO, HE BCTUTAIOUN OXOJIOAUTUCA 10 TOYKU POCH, IO 3HIKYBAJIO edek-
THUBHICTh KOHACHCAITI.
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Puc. 2. 3anexHiCTh MPOTYKTHUBHOCTI Ta eHeproedexktuBHocTi TEM Bif Hanmpyru >kKuB-
JCHHS

Takum 9MHOM eKCTIEpUMEHTAIIBHO OYJIO MiATBEPIKEHO, 110 MIBUIKICTh IOTOKY B
Mexax 2.5-3.0 m/c 3abe3reuye onTUManbHUN OanaHC MK IHTEHCUBHICTIO B1JIBEICHHS
TEIUIa Bijl rapsid0i CTOPOHU Ta MIBUIAKICTIO TOCSTHEHHS TOYKH POCH Ha XOJIOIHIHN CTO-
POHI.

3a pesynbTaTamM BUMIPIOBaHb Oyii0 MOOYIOBAaHO 3aJIEKHOCTI 00’ €My OTpUMa-
HOTO KOHJIEHCATY BiJ BIIHOCHOI BOJIOroCTi OBiTps (RH).

Bbyno BusiBneno «mopir edpextuBHOCT»: ipu RH < 40% Buxia BOAU CTa€ MiHIMA-
JBHUM, 110 pobuth Bukopuctanus TEM y myke cyxux yMOBax €HEpreTHUHO HeIOIli-
JTHHUM.

[Tpu migBumenHi Bosorocti Big 60 % m0 85 % cnoctepiranocs 3pocTanas 00’ eMy
KOHJ/ICHCATy 3a €KCIIOHEHIIIHO0 3alIeKHICTI0. MakcuMaibHa MPOyKTHUBHICTh yCTa-
HOBKHM OyJa 3apikcoBaHa IIpU BUCOKIM BOJIOIOCTI Ta TeMIepaTypl HABKOJIUIITHLOTO Ce-
penoBuia 6;1m3bpko 25-28 °C.

J171s1 OLIIHKM €KOHOMIYHOT IOILJIBHOCTI OYJIO pOo3paxoBaHO MUTOMI BUTPATH €HEP-
rii (Wsp) 3a popmyioro:

Pt

Wep = Vv 3)
ne P — cnoxxuBana moTyxHIcTh (KBT),  — yac po6oTu (rox), V' —06’eM oTpuMaHoi BoJIU
().

OTpuMaHi HACTYIIHI pe3yabTaTh (puc.2):

a) B peXXUMI MakCUMaJibHOI MoTyxHOCTI (12 B) Butpatn cknanu 6iauspko 1.5-1.8
kBT rona/n;

0) B ONTUMaJIbHOMY PEXUMI (IIPU 3HAMIEHOMY OaslaHCl CTPyMy Ta 00yBY) MUTOMI
BUTpaTH Branocs 3uu3utu 10 0.9-1.1 kBt-roxa/mn.

i mOKa3HUKH NEMOHCTPYIOTh, 110 MPHU KUBJICHHI BiJ BIAHOBIIOBAHUX JIKEPEI
eHeprii (HanpukiIaa, COHSUHUX maHesel noTyxHicTio 250-300 BTt) cuctema 31aTHa
reHepyBaTH JOCTATHIO KUIBKICTh TEXHIYHOI 200 MUTHOI BOJIM JIJIsl aBTOHOMHHUX MOTPeO
IPOTATOM CBITJIOBOTO JTHS.
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Amnani3 rpadi4yHUX 3aJ€KHOCTEH MOKa3ye:

a) KUJTbKICTb BOJIM 3pOCTAE PA30M 13 HAMPYTOK (CUHS JIiHIs);

0) eHEepProBUTPATH CIIOYATKY MaAaroTh (00 cucTeMa BUXOAUTh Ha pOOOUUIA TEM-
nepaTypHuil pexxum), ane mcist 9—10 B 3HOBY pi3ko WayTh Bropy (4epBOHa JIiHIA);

B) ONTHUMAJILHUN PEKUM — TYT MH OTPUMYEMO JOCTAaTHHO BOJH, HE TIEperia-
YyHOYH 3a 3alBY €JIEKTPOCHEPIiI0 (3eJeHa 30Ha).

OOroBopeHHsI OTPUMAHUX Pe3yJbTaTiB. X04a XOJIOIUIBHI KOMIIPECOPHI ITH-
KJIM MarOTh OLTBIINN KOe(iLi€HT KOPUCHOT IiT Ta HUXKY1 MUTOMI eHeproButpartu (0au-
3pK0 0,3-0,5 kBT:'roa/i), TepMOENeKTpUIHUN METO BUSBISETHCS KOHKYPEHTOCIIPO-
MOKHUM Y CIielu(pIYHUX YMOBAX.

["on0BHUM (haKTOPOM € BUKOPUCTAHHS BIAHOBIIOBaHUX Jukepen eneprii (BIE). ¥V
CUCTEMAX, 1110 KUBJSATHCA BlJ] COHIYHUX MMaHENIeH, Ha MepIIni MJ1aH BUXOJUTh He a0-
COJIFOTHA €HEeproe()eKTUBHICTB, a:

a) Bapticth BooJiHHSA (CAPEX/OPEX) — TEM He moTpeOyroTh 10pPOroro oo-
CJIIyTOBYBAaHHSI KOMIIPECOPIB, 3alpPaBKH XOJIOJOATEHTOM Ta MalOTh 3HAYHO JOBIIMMA
TEPMIH CITYXKOH;

0) mpsiMe KUBJIGHHS — BIJCYTHICTb MOTpeOM B 1HBEpTOpax (MEepeTBOPEHHS
DC/AC) 3amxKye BTpaTH €HEprii Ta CIpoITye KOHCTPYKITITO.

3a yMOBH «O€3KOIITOBHOD» COHSIYHOT €Heprii, TepMOETIEKTPUUHI CUCTEMH € 1ea-
JHLHUM PIIICHHSIM JJI1 aBTOHOMHUX TOYOK BOJOCIIOKHUBAHHSI.

Ha ocHOBI excriepuMeHTiB Oyi10 BU3HAYEHO MEK1, 38 SIKUX €KCIUTyaTallisi CHCTEMHU
€ OIIbHOI0. KpUTHYHOIO TOUKOIO JIJIsl JAHOT YCTAHOBKHU € MO€IHAHHS BITHOCHOT BO-
norocTi 40 % Tta Temnepatypu noBiTpst 20 °C.

BaxxnuBo, sikiio BosoricTs nagae Hux4de 40 %, eHeproBUTpaTu Ha OTPUMAHHS
OJIHOTO JIITPA BOJIU 3pOCTaIOTh EKCIIOHEHITIaNIbHE (1ToHa 2,5 KBT ro/a/11), OCKUIBKY Pi-
3HMIISI MIDK TEMIIEPATYPOIO CEPEAOBHINA Ta TOUKOK POCH CTA€ 3aHAJITO BEJIMKOIO IS
edexTuBHOI poOoTH enemenTa [lenbThe.

HaiiBuiy eeKTUBHICTH CHUCTEMA MPOJAEMOHCTPYBaJIa B YMOBAX «HIYHOIO Ta pa-
HKOBOT'O 300py», KOJIM BOJOTICTh MOBITPS MPUPOIHUM YHHOM 3POCTAE, IO JO3BOJISIE
OTPUMYBATH BOJY 3 MiHIMAJIbHUM TEMIIEPATYPHUM TI'PAJIIEHTOM.

s mepexony Bif JaOOPaTOPHOTO MPOTOTUILY 0 MOOYTOBOTO BUKOPHUCTAHHS
MPOTMOHYETHCS] HACTYTIHE.

1. MoaynpHMil TiAX1 — 3aMICTh BHKOPHUCTAHHS OJHOTO TOTY>KHOTO €JEMEHTa
Kpallle 3aCTOCOBYBaTH Kackaj abo Macus 3 iekinbkox TEM (rmanpukian, 4-8 oqu-
HUIIB), 3 €HAHUX MMapajIeIbHO-TIOCTIIOBHO. e 103BOIIsIE PIBHOMIPHO PO3MO/Ii-
JIUTH TEIUIOBE HAaBaHTAXXEHHSI Ha paiiaTop.

2. IuTenexkTyanbHe KEpyBaHHS — BIPOBAKEHHA KOHTpOJEpa 3 JATYMKOM TOUYKH
pocu. CrucreMa Ma€e aBTOMaTHYHO 3HM)KYBATH MOTYKHICTh 00 BUMUKATHUCS, KOJIU
YMOBH HaBKOJIMIIHBOTO CEPEOBUIIA CTAIOTh EHEPTE€TUYHO HEBUT1IHUMH.

3. I'iOpuHe 0XOJNOHKEHHS — Il MAacIITa0OBaHUX CUCTEM JIOLIBHO PO3TISHYTH
BOJISTHE OXOJIOJKEHHsI rapsiuoi ctopoHu TEM, 1110 703BOIUTS 111€ O171bIIIE 3HU3UTH
TeMrepaTypy Ha XOJIOAHIA CTOPOHI Ta MIABMINUTH BUX1J KOHJAEHcaTy Ha 15-20
%.
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4. BukopuctanHsi Hakonu4uyBadiB: [HTerpaiist OypepHOro akymymiasitopa JA03BOJISIE
CHUCTEMI MPOJIOBKYBATH POOOTY y BEUIpHI F'OJAWHH, KOJIU BOJOTICTh MOBITPS MaK-
CUMaJIbHa, BUKOPHCTOBYIOUHM C€HEPrif0, HAKOMHYEHY COHSYHUMH ITaHEISIMHU
BICHb.

BucnoBku. Ha 0CHOBI TpOBEIEHOr0 €KCIEPUMEHTAILHOTO JOCTIKEHHS TEPMO-
€JIEKTPUYHOI CUCTEMHU OTPUMAHHS BOAM 3 aTMOC(EPHOTO MOBITPSI MOXKHA 3pPOOUTH Ha-
CTYITHI BUCHOBKH:

a) BU3HAYEHO ONTUMAaJIbHI poOoUi mapameTpu: ExcriepuMeHTansHO BCTAHOBIICHO,
mo i Mmoayns turty TEC1-12706 Haii0i1b11 eHeproeeKTUBHUM € PEXUM pOOOTH
npu Harnpy3si 9-10 B Ta cuni ctpymy 3.8—4.2 A. 3a Takux yMOB BJIA€ThCSI YHUKHYTH
e(eKTy «caMOpO3irpiBy» MOAYJIs, 3a0e3neuyoun cTadibpHy poooTy cuctemu. OnTH-
MaJbHa MIBUIKICTH 00TyBY pamiaTopiB ctaHoBUTH 2.5-3.0 m/c, mo rapantye edexTu-
BHE BiJIBEJICHHS Teria 6€3 HaIMIpPHOTO 00 IyBaHHSI «XOJIOJTHOD» 30HHU.

0) eHepreTU4Ha JOIUIBHICTh: [IUTOMI eHeproBUTpPaTH B ONTUMI30BAHOMY PEKUMI
CTaHOBJIATH 0713bK0 0.9—1.1 kBt roa/n. lle marBepakye rinoTe3y mpo BUCOKY edek-
TUBHICTh BUKOPHUCTAHHS BIJIHOBJIFOBAHMX JIKEPEII €HEPTii (30kpeMa (PoToeneKTpUIHUX
naHesen) IS )KUBJICHHS MOIOHUX yCTaHOBOK [7]. IIpsiMe sKUBJEHHS BiJ] MOCTIMHOTO
ctpymy (DC) no3BoJisie YHUKHYTH BTpaT Ha 1IHBEPTAIlll0, III0 POOUTH CUCTEMY 17ealb-
HUM PIIISHHSIM JJIsl aBTOHOMHOTO BOJ103a0€3IMeUeHHS Y BIIIAJICHUX perioHax;

B) BIUTMB cepeoBuIa: BeTaHOBIEHO, 110 poOOTa CHCTEMH CTa€ EKOHOMIYHO BU-
MPaBAaHOIO MPH BITHOCHIN BoJiorocTi nmoBiTps 61k 40 %. Ilpu BUIIUX MOKa3HUKAX
BOJIOTOCTI TIPOJAYKTHUBHICTh 3POCTa€ €KCIOHEHIIAIbHE, M0 BKa3y€ Ha IMEPCIEKTHB-
HICTh BUKOPUCTAHHS IPUCTPOIB Y MPUOEPEKHUX Ta TPOMIUHUX 30HAX.
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K. Hodyk
Experimental study of thermoelectric systems for obtaining water from
atmospheric air

Summary

In the near future, water will become the most valuable resource on the planet, and this
trend will only increase in the future. This situation leads to catastrophic consequences and
may also occur in Ukraine in the near future. Atmospheric air appears as a promising, renew-
able and widespread source of moisture. It is believed that the Earth's atmosphere simultane-
ously contains about 12.9-10° km? of water. Systems for obtaining water from atmospheric air
that provide a temperature below the dew point can partially solve the problems of water sup-
ply. Thermoelectric modules that do not require refrigerants and are environmentally friendly
have certain prospects in such systems. The purpose of the work is to study the prospects for
using thermoelectric modules in systems for obtaining water from atmospheric air. The study
methodology is experimental research. The results of an experimental study of the processes of
condensation of moisture from atmospheric air using thermoelectric modules (Peltier elements)
are presented. During experiments based on TEC1-12706 modules, the influence of supply volt-
age, air flow velocity and relative humidity of the environment on the condensate output was
analyzed. It was established that the most energy-efficient mode is the operation mode at a
voltage of 9-10 V and a current of 3.8—4.2 A, which allows avoiding module overheating. The
optimal speed of radiators blowing (2.5-3.0 m/s) was determined, which ensures the best heat
transfer. The results of the study showed that the specific energy consumption in the optimized
mode is 0.9-1.1 kWh/l. A “critical point” of air humidity (40%) was identified, below which
the condensation process becomes energetically inexpedient. The obtained data confirm the
effectiveness of integrating thermoelectric water generators with photovoltaic panels to
create fully autonomous water supply systems in arid regions. The scientific novelty of the
conducted experimental studies is associated with the determination of the area of optimal
parameters of operation of thermoelectric modules, in which minimal energy costs are
ensured when obtaining water from the air. The practical value lies in the possibility of
creating compact devices for operation both under conditions of stable power supply and
from solar panels.

Keywords: thermoelectric modules, atmospheric water generation, energy efficiency, exper-
imental studies, dew point, systems for obtaining water from atmospheric air
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Thermal regimes of high-temperature oxidation of tungsten wires

Research on tungsten oxidation is essential for creating functional oxide materials, devel-
oping next-generation photocatalysts, and constructing modern models of high-temperature
heat and mass transfer and phase formation. Heat and mass transfer processes during tungsten
oxidation significantly influence the properties of tungsten oxides at virtually all levels — from
phase composition to electrophysical characteristics. It is heat and mass transfer that deter-
mines the morphology of oxides and surface self-organization.

This work is dedicated to a detailed analysis of the influence of various heat and mass trans-
fer mechanisms and phase transitions on the low- and high-temperature steady-state and criti-
cal regimes of tungsten oxidation. Physical and mathematical modeling was carried out to study
the heat and mass transfer processes and the oxidation kinetics of tungsten wires heated by an
electric current in air.

The conducted studies showed that in steady-state low-temperature oxidation regimes, as
well as near the critical current value corresponding to the ignition of the tungsten wire, heat
losses due to the evaporation of the oxide layer are negligible and can be omitted. However, at
wire temperatures exceeding 1500 K, oxide evaporation processes become crucial and signifi-
cantly affect the formation of dendritic branched structures of tungsten trioxide on the conduc-
tor surface.

The role of radiative heat loss from the surface of the heated wire to the walls of the reaction
chamber was investigated in steady-state and critical regimes corresponding to wire ignition
and extinction. It was established that for wires with a diameter of less than 100 um, thermal
radiation to the apparatus walls can be neglected. For wires with a diameter exceeding 100
um, accounting for radiative heat losses in the physical and mathematical model leads to an
increase in the critical current value at which high-temperature oxidation regimes occur.

1t is demonstrated that natural convection substantially influences the stable and critical
oxidation regimes of tungsten wires. It was found that the intensification of heat transfer due to
natural convection causes an increase in the critical current value by approximately 20%.

Keywords: heat and mass transfer, oxidation, tungsten, tungsten oxides, evaporation, radi-
ation, convection.

Introduction. The relevance of researching tungsten oxidation processes has sig-
nificantly grown in recent years due to the development of thermonuclear energy, nan-
otechnology, photocatalytic systems, and functional oxide materials [1-3]. Tungsten
is characterized by an extremely high melting point, high thermal conductivity, and
excellent erosion resistance, which leads to its widespread use in high-temperature
technologies, particularly as a material for plasma-facing components in thermonuclear
reactors [4]. Tungsten trioxide (WOs3), with its sensitivity to visible light, reliable sta-
bility, adaptive morphology, and tunable electronic structure, has become a primary

© S. G. Orlovska, 2026
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material for the photocatalytic production of hydrogen and hydrogen peroxide [5]. At
the same time, when interacting with oxygen-containing environments, tungsten oxi-
dizes intensively, forming multiphase oxide layers and volatile WO; oxides, which can
lead to surface degradation, loss of material mass, and the formation of oxide dust.

Significant attention is also paid to the photoelectrochemical properties of tung-
sten oxides. Due to its relatively narrow bandgap and high chemical stability, WO; is
considered one of the promising materials for photocatalytic water splitting processes
[6], hydrogen generation, and environmental remediation. Current research is aimed at
modifying the oxide structure through doping, creating heterostructures, and managing
oxygen vacancies to increase charge transfer efficiency and photocatalytic activity [7].

A distinct modern direction is the study of the morphology of tungsten oxide
structures. The formation of dendritic, porous, needle-like, and nanocrystalline struc-
tures during thermal oxidation is of considerable interest for surface physics and the
theory of self-organization [8—10]. Analyzing such structures using fractal geometry
methods and electron microscopy allows for establishing the relationship between ox-
idation conditions, oxide growth mechanisms, and surface evolution.

One of the methods for obtaining tungsten oxides is the controlled high-tempera-
ture oxidation of a metallic conductor heated by an electric current in a regulated gas-
eous medium (electrothermal heating) [8—12]. The advantages of this method lie in its
cost-effectiveness, simplicity of implementation, and the possibility of simultaneous
measurement of electrical and temperature parameters, as well as the study of oxide
structures on the metal surface.

High-temperature tungsten oxidation is accompanied by phase transformations on
the metal surface: melting and evaporation of the oxide film. These processes occur
with the absorption of heat. Therefore, phase transitions can affect the quantitative
characteristics of high-temperature oxidation.

The aim of this work is to investigate, through physical and mathematical model-
ing, the influence of various heat and mass transfer mechanisms and phase transitions
on the steady-state and critical regimes of heat and mass transfer and oxidation of a
tungsten wire.

Physical and Mathematical Modeling. Let us consider the heat and mass trans-
fer and the oxidation kinetics of a tungsten wire heated by an electric current in air. An
increase in the wire temperature leads to the activation of the chemical oxidation reac-
tion on its surface. Let us assume that an oxide film consisting predominantly of tung-
sten trioxide WO;s is formed on the wire surface according to the equation
W+03;—>WOs;. Utilizing the physical and mathematical model [10], we determine the
heat fluxes that describe the thermal balance of the wire.

Since the oxidation reaction proceeds according to a parabolic law, its rate is lim-
ited by the thickness of the oxide film [11], and the chemical heat release density on

the conductor surface qch is defined by the expression:

9o =9 Coss> (1)
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where Q is the thermal effect of the reaction, J/kgO,; h is the oxide film thickness, m;
Coas — is the oxygen concentration at the metal surface, kg/m?®; D is the diffusion coef-
ficient of oxygen through the oxide layer to the metal surface, m?/s.

The diffusion coefficient depends on temperature according to the Arrhenius law:

D=D, exp(—%), where E is the activation energy, J/mol; and T is the wire temper-

ature, K.

The oxygen concentration at the wire surface is determined from the condition
that the oxygen mass flux to the surface equals the rate of its consumption during oxi-
dation:

g
H

DY Sh-D
’ d
where C,, is the mass concentration of oxygen in the air, kg/m®; d is the conductor

diameter, m; 3 is the mass transfer coefficient, m/s; Sh is the Sherwood number; and
D, is the diffusion coefficient of oxygen in the air, m%/s.

For the molecular-convective heat transfer of the heated conductor with air, we
write the expression:

Nu - A
9, =a(T-T,), a= s )

where T, is the gas temperature, K; o is the heat transfer coefficient, W/(m?K); A, is
the thermal conductivity coefficient of the gas (air), W/(m-K) and Nu is the Nusselt
number.

It 1s well known that for thin wires, the condition Nu = Sh=0.5. However, to cal-
culate the heat transfer coefficients under natural convection for wires of small diame-
ter (d=0.2+1mm), the following empirical formula [12] can be used:

Nu=1.18(GrPr)"”* (3)
3
Gr 8T T)dp, WG
2 9 b
273p, A,

where Gr and Pr are the Grashof and Prandtl numbers, respectively; and g, cg p, are
the dynamic viscosity, specific heat capacity, and density of air, respectively (Pa-s,
J/(kg'K), kg/m?).

The radiative heat flux between the conductor and the walls of the reaction appa-
ratus is accounted for by the Stefan-Boltzmann law:

q, =&o(T* - T¢), (4)

Where € is the emissivity of the oxide film; and Ty is the temperature of the reaction

apparatus walls, K. In our case, Ty = Ty = T, , where T, is the room temperature of the
air, K.

Tungsten oxide is volatile, and upon reaching high temperatures, its sublimation

and evaporation occur. Intensive evaporation of the WO; oxide begins after its melting.

Tungsten trioxide melts at a temperature of 1470°C, but it sublimates relatively quickly
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even at lower temperatures [13]. In the thermal balance of the conductor, we account
for the heat losses due to oxide evaporation:
ShD WO, M W03})S

qev = Lev d RT ? (5)

where Dwos is the diffusion coefficient of WO; vapor in the air, m?/s; Py is the saturated
vapor pressure of tungsten trioxide near the wire surface, Pa; and Mywos 1s the molar
mass of WOs.

At the connection points where the tungsten wire attaches to the terminals, a con-
ductive heat flux arises:

_ani(T—g)

— , 6
9, Sd-e (6)

where S, S are the cross-sectional area and the lateral surface area of the wire, respec-
tively, m?; and 0 is a dimensionless parameter that depends on the thermal conductivity
coefficient of the metal, the conditions of heat transfer with the environment, and the
geometric dimensions of the conductor. In this case, we assume that the temperature of
the current-carrying contacts equals the ambient temperature T,.

The heat flux density that heats the conductor due to the flow of an electric cur-
rent (according to the Joule—Lenz law), taking into account its dependence on the geo-
metric dimensions of the wire and temperature, can be expressed as:

2
QDL:%pmﬂ Pm = po(l""Y(T_To))a (7)
where / is the electric current, A; pm and py are the electrical resistivity of tungsten at
temperatures T and T, respectively (T¢=273 K), Om-m; and y is the temperature co-
efficient of resistance, K.

Steady-state regimes of high-temperature heat and mass transfer and tungsten
wire oxidation are realized under the condition:

Aen Yo =40t 40+ G+ Qo (8)
Equation (8), along with expressions (1)—(7), determines the stable high- and low-tem-
perature regimes of heat and mass transfer and wire oxidation, as well as the critical
conditions for transitioning between these regimes (ignition and extinction) under var-
ious heat and mass transfer mechanisms and heating currents.

From the steady-state condition (8), we obtain the dependence 1% (T):
2d3
4p
which allows for the determination of the steady-state temperature regimes of the wire
at various heating currents.

Let us analyze the influence of oxide film evaporation and radiative heat transfer
on the stable and critical oxidation regimes of a tungsten wire by examining the calcu-
lated dependences of the steady-state temperature on the current intensity (Fig. 1).

The extrema on the T(I) curves characterize the critical regimes of wire ignition
(point I - maximum) and extinction (point E - minimum) at the corresponding critical
current intensities I; and Ig. The curve up to point I defines the stable low-temperature
oxidation regimes, while the curve after point E defines the stable high-temperature

I* =

(9, + 4, + 9, + 4., —44] 9)
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Fig. 1. Dependences T(I) for a tungsten wire with a diameter of d = 70 pm and a length of
L =0.1 m: a) | - excluding oxide evaporation, 2 - taking into account; b) 1 - excluding
radiative heat transfer; 2 - including radiative heat transfer; circles and asterisks indicate
experimental data. 7,=7,,=288 K.

oxidation regimes. As the current intensity in the low-temperature regime increases to
the critical value I; (point I), a jump-like transition to the high-temperature state occurs.
Conversely, a transition from the high-temperature state back to low-temperature oxi-
dation can be achieved by decreasing the current intensity to the value Ig. Thus, within
the range I, > 1> 1, hysteretic regimes of heat and mass transfer and wire oxidation

ar e observed. Within the hysteresis region, a transition to the high-temperature state
can be induced by increasing the initial wire temperature within the interval Tg > T >
Ti. For currents I < Ip , wire ignition is impossible regardless of its initial temperature.

It follows from Figure 1a that the heat losses due to the evaporation of the oxide
film do not affect the low-temperature oxidation regimes or the critical current intensity
Iy at which the wire ignition occurs. A significant effect of evaporation occurs at high
temperatures, when the wire temperature reaches the melting point of tungsten trioxide
and exceeds it. This is evident from a comparison of the high-temperature oxidation
regimes with (curve 2) and without (curve 1) accounting for evaporation. It is the evap-
oration of the WOs3 oxide that constitutes one of the key links in the mechanism of oxide
crystal growth on the surface of the primary oxide layer [9-10].

Let us consider the influence of radiative heat losses on the steady-state and crit-
ical oxidation regimes of a thin tungsten wire (Fig. 1b). It is apparent that for low-
temperature regimes, this influence is insignificant. For high-temperature oxidation,
lower temperatures and a lower critical current intensity at which the oxidation reaction
extinction occurs are observed. Thus, for small wire diameters, radiative heat transfer
can be neglected when modeling low-temperature oxidation regimes.

Let us analyze the influence of radiation, natural convection, and the chemical
oxidation reaction on the steady-state heat and mass transfer regimes of a tungsten wire
with a diameter of 200 um. This is practically three times larger than the diameter of
the previous conductor (70 um).
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Fig. 2. Influence of radiative heat transfer (a) and natural convection (b) on the steady-
state regimes of a tungsten wire heated by an electric current in air. d=200 um, L=0.115
m, Tg = Tw =293K. a) 1 — accounting for radiative heat losses; 2 — without accounting
for radiative heat losses; b) (in the presence of radiative heat transfer): 1 — accounting for
natural convection; 2 — without accounting for natural convection; * — experimental data.

It can be seen from Figure 2a that without accounting for radiative heat losses, the
critical current intensity I; decreases by approximately 7%, and the critical extinction
regime is not observed at all. For such diameters, incorporating radiation into the cal-
culations is essential.

The calculations presented in Figure 2b illustrate the significant influence of nat-
ural convection on the steady-state and critical regimes of heat and mass transfer and
tungsten wire oxidation. Natural convection was accounted for by introducing the
semi-empirical Nusselt correlations (3) into the Newton—Richman law (2). Conse-
quently, the molecular-convective component of the wire's thermal balance increased
due to the convective heat and mass fluxes from the electrically heated conductor. This
led to a decrease in the wire temperature and a significant increase in the critical current
intensity at which the conductor ignites and transitions to high-temperature oxidation.

It should be noted that the steady-state high-temperature regimes (the upper
branches of the T(I) dependences) obtained by calculations are not realized in experi-
mental studies. In the experiment, the following pattern of ignition and transition to
high-temperature wire oxidation is observed. Upon reaching the critical current inten-
sity, the chemical oxidation reaction on the wire surface becomes rapid according to
the Arrhenius law. This releases a large amount of heat (described by formula (1)),
which, together with Joule heating, heats the conductor to high temperatures. Melting
and evaporation of the oxide layer occur. At this stage, oxide crystals (branched den-
dritic structures) actively grow on the surface of the primary oxide layer [10], and new
condensation centers arise at the sites of local oxide melting, impurities, and mechani-
cal stresses within the oxide film. Due to the condensation of trioxide molecules onto
these condensation centers, the oxide crystals grow in both longitudinal and transverse
directions, frequently coalescing with each other. A further increase in the wire tem-
perature due to chemical heat release leads to the onset of a transient (non-steady-state)
oxidation regime. The molten oxide film evaporates rapidly, facilitating oxygen access
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Fig. 3. Dependence T(I) for d=200um, Fig. 4. Dependences of the critical current
L=0.115m. 1 - qen#0; 2 - qen=0; * — experi- intensities at which the wire ignition oc-
ment. curs on its diameter. L =0.115 m, Ty = Ty
=293K. 1 —accounting for all heat transfer
mechanisms; 2 — without accounting for
radiative heat losses; 3 — without account-
ing for natural convection; * — experiment.

to the conductor surface. This, in turn, accelerates the oxidation rate and increases the
amount of heat released. Due to these chemical and phase processes, the conductor
rapidly thins at its center. The ends of the conductor heat up insignificantly due to
thermal conduction to the cold current-carrying contacts. The transient high-tempera-
ture heat and mass transfer terminates with the melting of the metal itself and the de-
struction of the wire at its center [14]. Thus, near the critical current intensity Iy , one
can speak of quasi-steady-state conductor oxidation, which over time transforms into
a transient process.

Fig. 3 illustrates the fact that it is precisely the presence of the chemical oxidation
reaction that causes the hysteresis of heat and mass transfer processes. For an inert wire
(9cv=0) monotonic heating (curve 2) is observed due to the electric current power.

Fig. 4 presents the critical conditions for tungsten conductor ignition in the form
of the dependence of the critical ignition current intensity on the conductor diameter.

The calculations were performed for cases accounting for all types of heat losses
from the conductor: convection, radiation, and thermal conduction to the cold contacts,
as well as in the absence of radiative heat transfer and natural convection. It is apparent
that the experimental data fit well with the curve that accounts for all heat transfer
mechanisms. The analysis shows that for thin conductors d<100 um the influences of
natural convection and radiation can be neglected. For diameters exceeding this value,
incorporating natural convection is necessary. For conductor diameters greater than
100 um it is also essential to account for radiative heat losses in the physical and math-
ematical model.
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Conclusions. Detailed physical and mathematical modeling of heat and mass
transfer processes and oxidation kinetics of tungsten wires heated by an electric current
in air has been performed. It is shown that heat losses due to the evaporation of the
oxide layer can be neglected in steady-state low-temperature states and within the range
of the critical current intensity that determines the wire ignition. However, at wire tem-
peratures above 1500K oxide evaporation plays a key role in the formation of branched
dendritic tungsten trioxide structures on the wire surface.

The influence of radiative heat losses from the heated wire surface to the reaction
vessel walls on the steady-state and critical states determining the wire ignition and
extinction has been analyzed. It is proven that for wires with diameters d < 100 pm
radiative heat losses to the walls of the experimental setup can be neglected. For d >
100 pm incorporating radiative heat losses into the physical and mathematical model
leads to an increase in the critical current intensity I; at which high-temperature oxida-
tion processes occur.

The significant influence of natural convection on the stable and critical oxidation
regimes of a tungsten wire has been demonstrated for d > 100 um. It has been estab-
lished that the enhancement of heat transfer from the wire due to natural convection
results in a 20% increase in the critical current intensity I;.

It is shown that the calculations based on the physical and mathematical model
accounting for heat losses via convection, radiation, and thermal conduction to the con-
tacts agree well with the experimental data regarding the critical current intensities at
which the tungsten wire ignites and transitions to transient high-temperature oxidation.
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C. I'. Opnoecvka
TenioBi pe:kMMH BHCOKOTEMIIEPATYPHOI0 OKHCJIEHHA BOJIbQPaMOBHX JPOTHKIB

AHoTanis

Jlocniooicents oxucieHts 801bhpamy Maroms 8ax3ciIUee 3HAUEHHS 01 CMBOPEeHHs (YHKYIO-
HAIbHUX OKCUOHUX Mamepianis, po3pooKu homokamanizamopie Ho8020 NOKONIHHA ma noody-
008U CYYACHUX MOoOelleli BUCOKOMEeMNepamypHo20 MeniomMaconepeHocy U hazoymeopenHs.
IIpoyecu meniomacoobMiny npu OKUCIEHHI BONbHPAMY OydHce CYMMEBO BNAUBAIOMYb HA 81AC-
MusoCcmi oKcuoie 8oNbPpamy, NPUYOMy GAKmuyHo HA 8CIX PIBHAX — 8I0 Pa306020 cK1ady 00
enekmpoghizuunux xapaxmepucmux. Came meniomacoooMin 8UHaAYAe MOpPono2ito oKcuodie
ma camoop2anizayiro N0GEpPXHi NPU HACPIGAHHI.

Hana poboma npuceauena 0emanbHOMY AHANI3Y 6NIUBY PIZHUX MEXAHI3MIE nepeHocy menna
i macu, ¢azosux nepexodié HaA HU3LKO- MA BUCOKOMEMNePaAmypHi CMAayioOHaApHI | KpUMu4Hi
pedrcumu okucients eonvgpamy. Ilpoeoounocs Qisuxko-wamemamuune MoOea08AHHS NPOYeECi6
MeniomMacooOMiHy ma KiHemuKu OKUCIeHHs 80JIb@PPAMOBUX OPOMUKIG, SIKI HACPIBANUCH eleK-
MPUYHUM CMPYMOM 8 NOBIMPI.
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IIposedeni OocniodncenHs NOKA3anu, wo 6 CmayioHapHUX HU3bKOMeMNepamypHuxX percumax
OKUCNIeHHS,  MAKON*C NOOIUZY KPUMUYHO20 3HAYEHHS CUU CIPYMY, 5IKe 8i10N08I0a€ 3ananeHHIo
8016hpPaAM0OB020 OpOMUKA, 8MPAMU MENIOMU HA BUNAPOBYBAHHS OKCUOHO20 WAPY € He3HAY-
HUMU © MOJICYMb He 8paxosysamucsy. Pazom 3 mum npu memnepamypax opomuka nonao 1500
K npoyecu eunapogysanms okcuoy nabyearoms GU3HAUANILHO20 3HAYEHHS Md CYMMEBO NIUBA-
10Mb HA POPMYBAHHS OEHOPUMHUX PO32ATYHCEHUX CIMPYKIYD MPUOKCUOY 80NbDPAMY HA NOGe-
PXHI npOGIOHUKA.

Jlocnioaiceno ponv padiayitinux menioempam 6i0 NO8ePXHI HA2Pimo20 OPOMuKa 00 CMIHOK
PeaxyitiHoi kamepu 8 CMAayiOHAPHUX i KPUMUYHUX PENCUMAX, WO 8ION0BI0AI0Mb 3aNaleHHI0 Ma
32eacanHio Opomuka. Becmanosneno, wo ona opomuxkie diamempom menute 100 mkm mennosum
BUNPOMIHIOBAHHAM OO0 CMIHOK YCMAHOBKU MOJNCHA 3Hexmysamu. /[ OpomuKie 6inbuioeo oia-
Mempy 8paxysamnHs padiayiiHux meniosmpam y Qizuko-mamemamuyHiu Mooei npusooums
00 3POCMAHHA KPUMUYHO2O 3HAYEHHS CUU CIPYMY, 3d AKO20 Peai3ylomuscs 8UCOKOmemMnepa-
MYPHI PeHCUMU OKUCTIeHHS.

Tloxaszano, wo npupoona KOHEeKYisl iCMOMHO GNAUBAE HA CMIUKI MA KPUMUYHI PeHCUMU
OKUCIEHHSL 80IbPpamosux Opomukie. Bcmanosneno, wjo inmencughixayis meniogiooadi 6Ha-
CLIOOK NPUPOOHOT KOHBEKYIT CNPUYUHAE 30INIbUEHHS KDUMUYHO20 3HAYUEHHS CULU CIMPYMY NpU-
onusno na 20%.

Knwouoei cnosa: meniomacoobmin, OKUCIeHHs, 801bhpam, OKCUOU 8ONbPPAMY, BUNAPOB)-
8AHHA, GUNPOMIHIOBAHHS, KOHBEKYISL.
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Visualization of lightning in dusty atmospheric plasma

The visualization of processes in a dust-laden atmospheric plasma during the initiation of
lightning discharges is considered. An analysis of the relaxation times of characteristic kinetic
processes required for the formation of the radiative visual pattern of a lightning discharge is
carried out. An algorithm is developed for the reconstruction of rapidly forming spectral im-
ages of lightning discharges. An attempt is made to develop new instrumental methods for anal-
ysis and control in solving inverse problems of reconstructing geometric images of the physical
objects under study.

Keywords: lightning spectroscopy, reconstruction and visualization of plasma configura-
tions, binary detector;, CsPbBrs semiconductors; non-equilibrium thermodynamic plasma with

a condensed dispersed phase.

Introduction. High-speed relaxation processes accompany lightning discharges
in atmospheric plasma. Initially, an undisturbed atmosphere is subjected to a strong
current discharge. In [1-3], it was theoretically demonstrated that in a strong electric
field, electron velocities become relativistic and are limited only by the efficiency of
energy losses in thunderclouds. Let the maximum time for the sequential transfer of a
current impulse from an accelerated electron to atmospheric molecules and atoms be

denoted as t,,. We define t,,as the ratio of the mean free path Ato the relativistic ve-
. A 1077 m
locity Vrei: T = Vel 2.9x108 mis
excitation time of electron shells at the K-levels after impact by a relativistic electron
is constrained by the Heisenberg uncertainty principle. For K-shell energies in the
range of 200-600 eV, the characteristic time is T, = 4 X 1077s. The only experi-
mental evidence for the relativistic nature of electrons in atmospheric discharges is the
detection of hard X-ray and soft gamma radiation produced by bremsstrahlung emis-
sion. Lightning channels exhibit cascade-like structures—Ilinear segments followed by
abrupt changes in the trajectory of the current-carrying cylinder. Each cascade can be
associated with an avalanche-like amplification of the current accompanied by simul-
taneous energy dissipation.

The observation of hard radiation during such cascades provides information
about the local parameters of the low-temperature plasma with a condensed dispersed

© D. Doikov, M. Doikov, 2026
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~ 3 x 107155, For most atmospheric atoms, the de-
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phase (non-equilibrium thermodynamic plasma with a condensed phase, LTP with
CDP) formed within the lightning current channel.

Sources. The source of seed secondary electrons is the continuous process of pri-
mary ionization caused by cosmic radiation in the upper layers of the atmosphere. At
sufficiently high concentrations of solid-phase particles, an additional flux of photoe-
lectrons emitted from their surfaces is also present. Once the current is established and
electrons are accelerated to relativistic velocities, the mechanism of ionization losses
becomes dominant, exhibiting an unstable and irregular character. As both the energy
and the number of electrons increase, the current-carrying plasma transitions into a
relativistic regime. Within the cascade region, an avalanche-like process of electron
multiplication develops, accompanied by simultaneous ionization of atoms and mole-
cules.

Hard Radiation Spectra. Upon reaching relativistic velocities, radiative losses
become significant in the form of bremsstrahlung and synchrotron radiation. Under
lightning conditions, the deceleration of relativistic electrons can transfer energies of
up to ~200 keV to emitted photons. The detection of high-energy gamma radiation can
be attributed to interactions involving counter-streaming proton fluxes generated
through hydrogen ionization. The theoretical upper energy limit of such protons can
reach hundreds of MeV. As shown in [5], collisions of these protons with atmospheric
nuclei produce gamma radiation in the energy range of 5-40 MeV. An important con-
firmation of the proton contribution is the presence of annihilation lines arising from
electron—positron pairs, generated by gamma photons with energies exceeding 1.022
MeV in the nuclear field. The next evolution of the lightning discharge depends on the
relative contributions of radiative losses and the thermodynamic energy transferred to
the surrounding medium.

In plumes, the partial or complete de-excitations of atoms begins with the filling
of vacancies in the K and L shells, resulting in characteristic fluorescence lines. Sim-
ultaneously, due to the presence of vacancies in higher electronic levels, less probable
recombination lines are expected, arising from three-body collisions. In the optical and
infrared spectra, this manifests as plumes (or halos) following an X-ray or gamma-ray
burst. Such plumes are explained as a consequence of Compton scattering [4,5]. The
production of gamma photons with energies exceeding ~1.1 MeV in lightning dis-
charges leads to the formation of electron—positron pairs in the nuclear fields of atmos-
pheric atoms. Positron spectroscopy, analogous to Positron Emission Tomography
combined with computed tomography (PET/CT) in medical applications, has enabled
the detection of structural inhomogeneities in irradiated biological media. By analogy,
the same approach is proposed here for detecting inhomogeneities in localized regions
of thunderclouds, in terms of the fractional composition of the dispersed phase (solid
or liquid particles). The following sections will describe the design of high-speed mon-
itoring spectrographs for hard radiation.

The dynamic spectra is next step to estimate of the formation rate in hard radiation
dynamic spectra. The study of local processes within lightning discharges is no longer
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feasible without the registration of hard radiation spectra. The lower limit of the ioni-
zation front propagation time 7y,,can be estimated using the average relativistic ve-
Acasc _  10*m
Vil 2.9%108 m/s
ditions and geometric parameters within the cascade region, the rate of energy dissipa-
tion significantly increases the duration of the ionization shock front 7, by several
orders of magnitude. Thus, the characteristic time range can be expressed as: 1076s <
Tehook < 1073s. It follows that the dynamic spectra of lightning contain information
about the full set of characteristic times associated with the fundamental physical pro-
cesses in the plasma.

The optical spectra in lust centuries, have been primary sources of information
about lightning discharges during flashes. The temporal delay between the optical and
gamma-ray flashes of lightning typically begins at milliseconds and extends to longer
timescales. The growth of the low-energy tail in the electron energy distribution within
the current-carrying channel is associated with secondary radiation processes occurring
inside the channel. In other words, ultraviolet and soft X-ray radiation stimulate further
optical emission and induce a rapid thermal perturbation. Synchrotron radiation may
also contribute to this process. In previous studies [5], the absorption properties of the
atmosphere were analyzed, and spectral transparency windows for radiation escaping
from the current layer of an atmospheric discharge were identified. These windows
were found at energies above approximately 80 keV. Most soft X-ray and hard ultra-
violet photons remain effectively confined within the current channel due to photoab-
sorption; their energy is efficiently converted into further ionization and heat, ulti-
mately reaching the observer in the form of lower-energy photons and acoustic shock
waves.

~ (0.3-1) X 10~°s. Under realistic physical con-

lOClty Vrel- Tshock =~

High-Speed Spectrograph for Hard Radiation. The investigation of the dy-
namic and geometric structure of lightning discharges requires hard radiation detectors
and acquisition interfaces operating on microsecond time scales, similar to those used
in computed tomography (CT) [6]. Following the CT paradigm, we adopt analogous
interfacing principles. However, instead of a planar detector array, we employ a differ-
ent concept of information acquisition. Modern detection of hard X-ray and soft
gamma quanta is based on semiconductor crystals composed of high atomic number
(high-Z) elements. The dead time of such detectors typically ranges from nanoseconds
to microseconds. At present, cost limitations associated with high-speed electronic in-
terfaces have largely been eliminated, and the necessary components are commercially
available. In works [4,5], codes were developed for interfacing electronic systems op-
erating in photon-counting mode. Thus, instead of a multi-element detector matrix, we
utilize a single monocrystalline detector of cubic geometry with a side length of ap-
proximately 1 cm. Spectral reconstruction is based on the registration of the current
pulse generated by each detected photon. Detector calibration is performed using stand-
ard radioactive isotopes, whose emission lines cover the entire relevant spectral range.
The choice of monocrystalline semiconductor detectors is determined by the presence
of heavy elements in CsPbBrs, which ensures high efficiency in photon-counting mode.
Incident photons interacting within the CsPbBrs detector generate current pulses in the
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volume between crystal faces, across which a potential difference of ¢ ~ 102-103 Vis
applied. As a result, instantaneous spectra can be obtained. However, image recon-
struction with such spectrographs cannot be achieved within a single telescope config-
uration. Spatial visualization of lightning discharges requires a sufficiently complete
set of basis measurements obtained from multiple observational units. A minimal con-
figuration implies the deployment of detectors at more than three spatially separated
locations. Data acquired within such a distributed basis allow for the reconstruction of
synchronized, microsecond-scale dynamic images of lightning discharges across dif-
ferent spectral bands. A similar approach is used in meteor tracking systems, such as
those operated by the Odessa Astronomical Observatory, to reconstruct trajectories of
extraterrestrial objects entering the Earth’s atmosphere. As in computed tomography,
one component of the tomographic system is fixed (in this case, the detector array ba-
sis), while the second component—the object of study (lightning)—is dynamically
evolving. The formation of instantaneous microsecond spectra has been analyzed using
a binary detector for optical and hard radiation, as presented in Giant4-DNA versus
[7]. Reconstruction of planar dynamic images of lightning must account for changes in
the structure of the current-carrying channel. Thus, the problem involves reconstruct-
ing a sequence of images describing the evolution of lightning from its initiation to its
termination.

Binary Detector—Spectrograph for Optical and Hard Radiation. The con-
struction of lightning spectra has traditionally been performed in the optical and near-
infrared ranges, i.e., within the atmospheric transparency windows. The parameters of
such radiation are formed as a result of the radiative relaxation of excited molecules
and atoms in the atmosphere. However, this information is often insufficient for de-
scribing the conversion of relativistic electron energy into radiation. The integration of
a hard radiation spectrograph into such an instrument, operating within a unified time-
synchronized electronic interface, was proposed in [4,5] and further elaborated in tab-
ular form below. During a lightning discharge, hard radiation arises from interactions
of relativistic electrons with atmospheric atoms. The characteristic interaction times
can be divided into the time between pairwise electron—atom collisions, 7., and the
characteristic atomic de-excitation times, 7,. Numerical estimates show that 7, «

TCOll’TrC_:l ~ 108, This implies that the collision frequency 1/7.yis proportional to the

photon production rate. In quantum collision theory, the interaction of a relativistic

electron with an atom is governed by the de Broglie wavelength 1, = — ~ 10~11—

rel

10713 m,where p,is the momentum of the relativistic electron. These processes lead
to sequential ionization and recombination involving K-shells of atmospheric atoms,
sustaining a heterogeneous plasma state. Following K-shell ionization, allowed transi-
tions such as 2p — 1soccur in C, N, and O atoms. Hydrogen and helium atoms pri-
marily undergo ionization followed by collisional relaxation or recombination. Recom-
bination processes require less probable three-body collisions. In lightning observa-
tions, this radiation manifests as plume-like structures. In [5] using [7], it was shown
that despite the presence of atmospheric transparency windows, soft X-ray and hard
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ultraviolet radiation emitted by C, N, and O atoms are almost completely absorbed
within and in the vicinity of the lightning channel. The characteristic times associated
with mechanical energy transfer from electrons to atoms and molecules include the
thermalization time 7y,.,;, radiative relaxation time 7,4, and shock wave formation time
Tehock- 1t Was also demonstrated that, together with optical radiation, hard X-ray and
soft gamma radiation with energies E,, £ 60 keV can reach the detectors. A compre-
hensive coverage and synchronization of processes related to the electrophysics of
lightning discharges are only possible with a sufficiently large array of binary detector—
spectrographs for gamma and optical radiation operating in photon-counting mode [4].
The photon fluxes incident on the detectors from lightning do not exceed 10°cm™2,
which allows operation without detector saturation.

Visualization of Atmospheric Plasma Configurations.

Physical Basis. The initial data are obtained from the detector systems presented
in this work. Let the array of detector measurements be denoted by Y, and the data
describing the shape and state of the lightning discharge by X. The application of com-
puted tomography methods has proven effective for investigating plasma configura-
tions under both laboratory and field conditions. Reconstruction of three-dimensional
structures of such configurations requires a basis consisting of more than three fixed
observation points with radius vectors r; = (x;, y;, ;). Each detector is mounted on a
telescopic system and is described in angular coordinates (@;’ ¢;), where i = 1,2,3, ....
Thus, the detector system forms both a spatial and a physical basis. The integration of
these two bases constitutes the main objective of this section.

Mathematical Basis. Synchronization of spectrographs and data acquisition.
To extend lightning diagnostics using a binary detector system, the following condi-
tions must be satisfied:

o The format of the acquired and recorded data must be standardized to enable
subsequent visualization. In this work, we adopt the DICOM format, widely
used in tomographic imaging.

« A synchronization unit discretizes the spectrograph data in time with microsec-
ond resolution.

« Data recording in DICOM format must include mandatory metadata fields spec-
ifying the time of measurement and the formation of each spectrum.

Radiative Transfer Equation for Intensity. The geometric configuration of a
lightning discharge is formed by radiation emitted from a current-carrying cylindrical
channel within a given region of space. For monochromatic X-ray radiation with ener-
gies E > 30keV (typical for computed tomography), the radiative transfer equation in

integro-differential form is given by:

dI(r,Q , , ,
gs ) _ —u:(E,v) I(r,Q) + f4nus (E,1) pen (' = Q) I(r, Q) dQ (1)

Where

o Ut = Ug + Ug— TIONHBIN KOXDDUITHEHT OcTabIeHus,
o Us— KO3 (UIMEHT KOMIITOHOBCKOTO MO0 PaneeBckoro paccesHus,
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o prn(Q = Q)— unaukarpuca paccesinus Kneiina—Huiunapl, HOpMUpOBaHHAS
no 4.
Here we have:
o U = Ug + Uis the total attenuation coefficient,
o Uis the scattering coefficient (Compton or Rayleigh),
o prn(Q" = Q)is the Klein—Nishina scattering phase function, normalized over
4.
1(Qs) = Ipe ™ + [ 1 (Q) e ™#51 ug(r) prw (6) e He*
Here:
« s;is the path from the source to the scattering point,
+ s,is the path from the scattering point to the detector,
« 0Ois the scattering angle,
o dVis the volume element (within the hypoxic region).
In lightning discharges, the first exponential term e ~#t*1can be approximated as
unity, since the origin of scattering coincides with the current-carrying channel. If the

lightning illuminates fragments of the surrounding atmosphere, the factor e "#t51de-
scribes the attenuation of its radiation.

av
4TR?

)

Klein—Nishina Compton Scattering Phase Function. For photon energy E =
130keV (= 0.254 m,c?), the Klein—Nishina differential cross-section at scattering an-
gle Ois given by:

1r§E’ZE’ E

pen(0) =—%(3) (E+5-sin?0), E'=—s 3)

o 2 —
KN 1+mecz(1 cos )

Here, oky 1s the total (integrated) Klein—Nishina cross-section for electrons. For

detectors positioned at a scattering angle 6, = 90°, the energy ratio is given by:
= lgmgor= T, & = mfcz ~ 0.254, which yields = ~ 0.797. In [1-6], it was shown
that in thundercloud aerosols, the contributions of scattering and photoabsorption to
the structure of the detected spectra are significant for photons with energies above
approximately 30 keV. Characteristic X-ray emission lines of atmospheric atoms are
absent at any distance from the lightning channel, as they remain effectively “trapped”
within the current-carrying cylinder due to strong photoabsorption.

In the energy range from 30 keV to 90 keV, scattered radiation dominates, analo-
gous to continuous optical spectra. X-ray spectra depend primarily on the electron den-
sity along the photon path, i.e., on the matter density or variations in chemical compo-
sition along the line of sight. Differences between the densities of atmospheric gas and
aerosols along the propagation path enable the measurement of the relative mass frac-
tion of the condensed phase.

The detection of gamma quanta during lightning discharges by satellites and later
by gamma detectors at the Fukushima nuclear facility, as well as by the Compton
Gamma Ray Observatory and INTEGRAL satellites, indicates that the energy distri-
bution of hard radiation shifts toward higher energies at sufficiently high discharge
power. Therefore, local plasma characteristics generated by lightning can be recorded
by sensitive detectors. The binary detector proposed in [4] is particularly effective for
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lightning diagnostics. Uncertainty in the position, geometry, and boundary parameters
of lightning leads to a large number of unknown variables. Therefore, it is essential to
choose reconstruction and visualization methods that minimize the number of param-
eters. We aim to reconstruct quantities such as the integral luminosity of hard radiation
within the atmospheric transparency window, coupled with the temporal dynamics of
the growth and decay of energy-related parameters.

Main Reconstruction Approach. The lightning channel is discretized into a set
of small elementary segments ry (t; ). Each event corresponds to a short segment of the
channel emitting an electromagnetic pulse at time t;. Detector iregisters this signal at

time: t; ), = t; + lrkc_ril, where cis the speed of light. The differences in arrival times

between detectors are given by:
Atije = tix —tjx = Lclrkrjl (4)
This fundamental equation is referred to as the Time Difference of Arrival
(TDOA) formulation and is presented in Table 1 of this work. For two-dimensional
(2D) reconstruction, a minimum of three detectors can be used. For full three-dimen-
sional (3D) reconstruction, at least four detectors are required, since the following
quantities are unknown: Xy, Y, Zx, tx, 1.€., four parameters — three spatial coordinates
and the emission time. In practice, it is preferable to use N = 5 or 6, since lightning
has a complex structure, involves noise, reflections, non-simultaneous emission, and
multiple branching channels.

Geometric Reconstruction from Emitting Points. For each short pulse, the co-
ordinates rpare determined by minimizing the functional: y2(ry, tx) =

N a2

z [ti(?zs_tk— —lrkc rll] , or, in the TDOA formulation:
i=1

The minimum of this functional yields the position of the elementary emission

source.
_ b Irg—ril—Irg—r;jl| 2
XA(m) = E |atgpy — AR (5)
i<j

Reconstruction of Lightning Geometry. After processing a large number of
pulses, a cloud of points is obtained: ry, I, ..., I, set. This is no longer a single point,
but a spatio-temporal structure of the lightning channel: r = r(t).The following steps
are then performed:

« filtering of noise points;

o clustering in time and space;

« extraction of the main branch;

« identification of secondary branches;

« construction of a 3D lightning curve;

« smoothing using splines or a graph-based model.
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As a result, lightning is represented as an irregular graph: G = (V, E), where ver-
tices Vcorrespond to reconstructed emission points, and edges Erepresent connections
between consecutive segments of the channel. The operation of visualizing physical
processes together with their geometric structure is referred to as reconstruction. Re-
construction itself constitutes the fundamental inverse problem of recovering spatial
objects, or their cross-sections, from data acquired by the detectors described above.

For lightning studies, it is essential to select spectral data that encode physical
information about local properties of the medium. Detector measurements enable the
reconstruction of integral energy parameters and the localization of emission regions.
In particular, one can estimate the total energy released during atmospheric discharges
and its partition into plasma formation, radiative bursts, and acoustic shock waves.

Matrix Formulation of the Inverse Problem. Using the notation introduced in
Section I, we construct a matrix equation to recover the distribution of an unknown
quantity. In the present case, this corresponds to the emission activity of lightning ra-

diation. Let:

o x ={x} j;"l"be the unknown parameters (voxelized emission intensities),

.« Y= {yi}év;“fasbe the measured data.

They are related through a discretized forward model of the radiative transfer equation:
Vi ~ F(Z_Aij xj) (6)
J
Here:

o A;jis the system matrix encoding both the geometry and physics of the lightning
discharge and the detector configuration,
« Fis the statistical measurement model (likelihood function).

Using MLEM reconstruction for solving the problems with a large number of
contributing stochastic parameters, an iterative scheme known as Maximum Likeli-
hood Expectation Maximization (MLEM) is used. The likelihood function is given by:
Maximization of In L(x)leads to the MLEM iterative update rule:
(Z .Aqxi)yle'(zj‘q” )

J

L(x) =

(7)

yi!
> aler
AU a8
N N O R e G ®)

J J Zi Ay

After specific features of the Lightning Reconstruction Problem, we proposed us-
ing of the conventional computed tomography. In contrast with this in present work we
approach employs a relatively small number of detectors (i = 3—4), supplemented by
a time series of measurements. The limited number of detectors necessitates the use of
a Poisson statistical model during data processing. The binary detector design incorpo-
rates a short-focus mirror for recording the optical spectrum. The hard radiation detec-
tor is positioned as close as possible to the entrance aperture, along the direct optical
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axis of the telescope system. This configuration ensures maximal coverage of the spa-
tial region occupied by the thundercloud.

Dynamic Reconstruction. Lightning evolves over time; therefore, its three-di-
mensional structure is reconstructed using a sequence of components of the form
r(t,),r(t,), ..., r(ty), which allows recovery of the leader velocity, propagation direc-

tion, branching events, return strokes, repeated discharges, and the temporal evolution
of brightness/power. The velocity of the local front is given by: v, = %
k+1~tk

In case of the dynamic spectrum estimation, each detector records a time-domain
signal s;(t). From this signal, a spectrogram is constructed: S;(f,t) =I| [ s;(7) w(z —
t) e 27 dr |2, where w(t — t)is a short-time window function. Here we consider
using of corresponds to the Short-Time Fourier Transform (STFT). In practice, this
yields a two-dimensional map of frequency X time,i.e., the dynamic spectrum of light-

ning.

Spatially Dependent Dynamic Spectrum. Rather than considering only the
spectrum at each detector, we associate the spectrum with reconstructed points along
the lightning channel: S(xy, f, t;). Thus, for each segment of the lightning channel, it
becomes possible to determine:

« the spatial location of the channel,

« the emission time,

« the frequency range,

 the emitted power,

« the temporal and spatial evolution of the spectrum.
This corresponds to a four-dimensional reconstruction: (x,y, z, t) + f, or, equiva-
lently: S(x,y,z,t, f). A practical implementation of the reconstruction algorithm is
described below in the form of Table 1.

Discussion. The results presented in Tables 1-7, obtained from testing reconstruc-
tion methods for fast-evolving physical processes, have for the first time enabled new
possibilities for determining the fractional mass of the solid phase in thundercloud aer-
osols. Conventional approaches—such as estimating the integral energy of a discharge
using radiometers, magnetic field sensors, and optical and infrared spectrographs—
have long demonstrated limited capability in resolving the local characteristics of
plasma within lightning discharges. The high-speed hard-radiation spectrograph design
proposed by Mark Doikov [4] has made it possible to identify the compact spatial re-
gion of hard radiation formation in atmospheric lightning. The inhomogeneities re-
vealed through X-ray and gamma-ray mapping of lightning are associated with the
presence of impurities in liquid or solid phases [4,5]. Electron density is linearly de-
pendent on matter density and contributes additively to the Compton scattering coeffi-
cient pug(r). Beyond lightning diagnostics, the discussed instrumentation has broad ap-
plications, particularly in the design of monitoring and control systems for fast pro-
cesses in non-equilibrium thermodynamic plasma with a condensed dispersed phase
(LTP with CDP).
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Table 1. Structure and Description of the Lightning Reconstruction Algorithm
Step No. | Name Description
Define detector coordinates: Iy, I, I's, I'y. It is preferable that they are
not collinear or confined to a small region. A good configuration is a
triangle/polygon on the ground plus a fourth detector located at height
habove the plane formed by the first three detectors.
Detectors must have precise timing: GPS PPS; atomic clocks; PTP
synchronization; common clock generator. Spatial accuracy is related
to timing by Ar = cAt. For lightning shape reconstruction, synchroni-
2 Synchronization zation on the order of tens of nanoseconds is desirable. In practice,
timing accuracy typically exceeds the interface response time and does
not significantly affect the physical reconstruction at the characteristic
timescales of lightning processes.
Peaks are identified in each signal: t; 1, ¢t; 5, ..., t; . Methods include

1 Geometry

3 Pulse Detection amplitude thresholding, matched filtering, wavelet detection, cross-
correlation, and peak clustering.
4 Pulse Matching | Determine which peaks correspond to the same lightning segment. Cri-
Across Detectors terion:
5 TDOA  Reconstruc- | For each matched group of peaks, solve:
tion 12
mtinz [ti=to—""] yielding 1y = Cx yio 22, i |
r,lg i
6 Channel Construction | Construct a graph of the lightning channel: G = (V, E"). Methods

include nearest-neighbor linking, minimum spanning tree, time-
ordered graph, DBSCAN/HDBSCAN for branch detection, and
Kalman or particle filtering for leader dynamics

7 Dynamic Spectra. For each detector, compute: S;(f,t). After correcting for prop-

agation delay: s/ (t) = s; (t+ @), the local source spec-

trum can be obtained: Sy (f, t).
8 Spatially Dependent | Instead of considering only detector-based spectra, associate
Dynamic Spectrum spectra with reconstructed channel points: S(ry, f, t). Thus,
for each lightning segment, one can determine:

e spatial location of the channel

e emission time

o frequency range

e emitted power

o spectral evolution along the channel
This corresponds to a 4D reconstruction: (x,y,z,t) + f, or
equivalently: S(x,y,z,¢t, f).

Step No. Name Description
9 Timing accuracy Distance error

1 ps ~300 m

100 ns ~30 m

10 ns ~3m

1 ns ~0.3 m
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Table 2. Final Data Structure for a Reconstructed Lightning Element

No. Parameter Description
Spatial coordinates of the
1 xX,V,Z
channel segment
2 t Emission time
3 A Signal amplitude
4 fpeak Dominant frequency
5 S(H) Local spectrum
6 v Propagation velocity
7 branch id Branch identifier
8 uncertainty Reconstruction error

Table 3. Determination of the 3D Shape of Lightning

No | Name Description
Lightning is modeled as a distributed current J(r, t)along the channel.
| Detector irecords:
(r,t—|lr—r; |/c
Source Signal si(t) = [ Gy(1) i lat L1/c) d’r + n;(0),
Model where G;(r)is the detector directivity/sensitivity, the time derivative re-
flects radiation generated by rapid current variations, and n; (t)is noise.
In practice, the signal is approximated by discrete “radiation events”
(impulse sources)
Instead of simple peak detection, use multi-band detection (VLF, LF,
2 Event picking VHF), cross-correlation between detectors, and wavelet-based detectors
for short bursts. The result is a set of timestamps {ti,k}for each detector.
Signals from the same channel segment are detected by all sensors, but
3 . may include reflections, multiple branches, and overlapping pulses.
fgg%ncérstsa?rclgnon Methods include time-window matching | t; — t; 1< Dpax/c, Hungar-
ian or greedy matching (HGM), and probabilistic data association
(PDA). |
C. . . . |r—r;l 2
4 o Solve the minimization problem: rptlglzl (ti,k_to_ . ) . Enhance-
?']F)DO AL/olcanlX';mon ments include robust loss functions (Huber / soft-L1), weighting by
timing variance g;, and spatial regularization. The result is: (ry, t, Zx),
where X is the covariance matrix (uncertainty estimate).
5 Point Cloud — | After localization, a point cloud {ry’ t; }is obtained and transformed into
Lightning Channel | a structured representation of the lightning channel. |
6 Temporal Ordering | Sort points by t;. Connect points if: | tp1q — t 1< Atmax, | a1 — Tk |
and Linking < Vpay * At, where v, ~ 107m/s (typical leader velocity). |
7 | Graph Model Construct a graph: G = (V, E), where Vare nodes (points 1), and Eare
Construction edges defined by temporal and spatial proximity.
8 Apply clustering and graph-based methods: DBSCAN/HDBSCAN (in
Branch Extraction | x, y, z, t), minimum spanning tree (MST) with pruning, or directed graph
approaches (time-oriented). |
9 Result Identification of the main channel, side branches, and branching regions.
10 Apply smoothing techniques such as B-splines, Kalman smoothing, or

Anti-aliasing and

final geometry

Gaussian process regression. Final representation:r = r(s, t), where sis
the parameter along the channe
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Table 4. Dynamics of Lightning Channel Development

No. Name Description
1 Leader velocity (v_k=\frac{
2 Lightning phases Stepped leader; branching; return stroke; subsequent strokes
G = G(t); branching times; channel length L(t); growth rate
3 Temporal topology dL
dt
4 Energetics Py x Az, power distribution along the channel; regions of
maximum discharge
Table 5. Dynamic Spectra of Individual Lightning Segments
No. Name Description
| Spectrogram (STFT) F or eaqh det.ector: S;(f, t); this represents a mixed signal from the
entire lightning channel
2 Back-projection to source For point ry: (\tau {i,k} =\frac{
3 Local signal formation Sum over detectors: s, (t) = Y;w; si(k)(t.), where w;are weights
(SNR, geometry); analogous to beamforming
4 Local spectrum Sk(f,ty) = STFT(sk(t)); alternatively wavelet transform:
Wi (f ) t)
Table 6. Physical Interpretation of Lightning Spectra
No. Segment Spectral Characteristics
1 Leader VHF, broadband emission
2 Return stroke LF/VLF, high-power emission
3 Branching Noise-like spectrum
4 Channel interruptions High-frequency peaks
3 Leader VHF, broadband
Table 7. Unified Model and Constraints
No. Name Description
1 Unified model Discrete representation: (I, t, Sk (f), Vx, G(t)); continuous form:
Sx.y.2tf)
2 (1) Timing accuracy — dominant factor; nanosecond synchroni-
K tical traint zation requ@red. (2) Detector geometry — wider baseline improves
¢y practical constraints reconstruction; 3D configuration preferred. (3) Multipath effects
— reflections from ground/clouds; require consistency filtering. (4)
Event density — too sparse leads to poor reconstruction; too dense
complicates event association.
3 Analogy with tomography CT vs Lightning: rays — signals; detectors — detectors + antennas;

attenuation — time delay; reconstruction — TDOA inversion; 3D
image — lightning channel [8]
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Conclusion. The visualization and diagnostics of local processes in lightning
plasma using high-speed hard-radiation detectors open new opportunities for:

1. Development of advanced instrumentation for monitoring and control of fast-
evolving physical processes.

2. Adaptation of new testing methodologies and mathematical approaches for solv-
ing inverse problems in aerosol physics.

3. Control and suppression of unstable modes in non-equilibrium thermodynamic
plasma with a condensed dispersed phase using Al and neural network methods.

4. Simultaneous reconstruction of instantaneous spectra and spatial images of the
investigated object, demonstrated in this work using lightning as an example.
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Houxkoe /1. M., /lotuikoe M. /1.

Bizyaaizaunis 0J1McKaBKHU B 3anJIeHil aTMocdepHil miasmi

AHoTanis

Y 0aniii pobomi posenanymo memoou sizyanizayii npoyecie 6 ammocgeprii 3anuienit nia-
3Mi ni0 Yac BUHUKHEHHSL 2PO308UX po3psois. [Iposederno ananiz xapakxmepHux uacie peraxcayii
OCHOBHUX KIHEMUYHUX NPOYECI8, WO BUHAYAIOMb YOPMYBaHHA padiayitinoi ma 8i3yanbHoi Ka-
PMUHU PO36UMK) OIUCKABKU 8 HEOOHOPIOHOMY Cepeoosuwji. 3anponoHo8aHo aicopumm pexo-
HCMPYKYIT BUOKONIUHHUX CHEKMPATbHUX 300padicetb 2pO308UX po3paoie, AKUll 0a3yemvbCs Ha
NOEOHAHHI YACOBO-PO30INbHOI CNeKMPOCKONii ma memoodie 0opooku cuenanis. Ocobaugy ysazy
NpUOineHo 3a0avam 6iOHOGIEHH NPOCMOPOBOI CIMPYKMYPU NAAZMOBUX KAHANIE ) 3ANUNEHIl
ammocghepi 3 ypaxys8auHAM pO3CisHHs, NOSIUHAHHA MA CNeKMPAlIbHOI CeleKMUEHOCMI 8UNPO-
MiHI08aHHS. 30TliCHeHO CnpoOy CMBOPEHHs HOBUX IHCMPYMEHMATbHUX MemOoOi6 aHali3y ma Ke-
PYBAHHS NpoYyecamu peKOHCMpPYKYii npu po3e sa3auHi 00epHeHUxX 3a0ay 8i0HOBIeHHS 2e0Mem-
PUYHUX 300padicenb 00CAiNCY8anHux @izuunux o6’ ekmis. Ilokazano nepcnekmugHicms 8UKO-
pUCmaHnus OIHAPHUX 0emeKmopis Ha OCHO8I Hanienpogionuxosux mamepianie muny CsPbBrs
07151 peecmpayii WUpoKOCMY208020 BUNPOMIHIOBAHHS OIUCKABOK, A MAKONC MONCIUBICMS IX 3d-
CMOCYBAHHSA 8 YMOBAX HEPIBHOBANHCHOI MEPMOOUHAMIUHOT NIA3MU 3 KOHOEHCOBAHOIO OUCNhepPC-
Hoto ¢hazoro. Ilpedcmaeneni 6 madbauysx pe3yrbmamu mecmy8anHs Memooie peKOHCMPYKYii
WBUOKONIUHHUX (I3UUHUX NpOYecis ynepuie nPpo0eMOHCIPYBAIU HOBL MONCIUBOCTI O/ 6U3HA-
YeHHs YACMKO0B80I Macu meepooi ¢hazu aepo3onis y epo3osux xmapax. Ompumani oaui ceiouamso
npo NiOBUWEHHS YYMAUBOCII 00 JOKAILHUX NAPAMEmpi8 Nia3mu, wo Gopmyomscs nio uac
PO3BUMKY 2pP0308020 po3psady. Tpaduyitini nioxoou, 3aCHO8AHI HA BUMIDIOBAHHI IHME2PAbHOT
eHepeii po3paody 3a 00NOMO2010 padiomempis, OaMuUKi6 MACHIMHO20 NOJs, A MAKONC ONMUY-
HUX ma ingpavepeoHux cnekmpocpagis, npoma2omM mpusanio2o 4acy 0emMoHCmpysan oome-
JHceny 30amuicms 00 GIOHOBNEHHS JIOKANbHUX XAPAKMEPUCMUK NAA3MU. 30Kpema, yi memoou
3a0e3neuyroms NepesaNiCHo IHmezpaivbti abo ycepeoHneni OYiHKU napamempis, uo YCKIaoOHIOE
BUBHAYUEHHS NPOCMOPOBO-4ACO80i CMPYKMYPU NIA3MOBUX KAHANIE | PO3NOOINY Aepo301bHOI
KOMHOHeHmU. 3anponoHO8aHi Memoou peKOHCMPYKYii 003680510Mb NO00IAMU 3a3HA4eH] 00-
MEJHCEHHS WNAXOM BUKOPUCTAHHS CHEKMPATbHO-YaCco80i iHghopmayii ma po36 a3anHs obephe-
HUX 3a0ay, wo 3a0e3neuye 8I0HOBIEHHS TOKAILHUX QI3UUHUX XAPAKMEPUCMUK CepedosUd 3
RIOBUWEHOI0 NPOCMOPOBOI0 MA YACOBOI0 PO3OINLHON 30AMHICIIO.

Knrouosi cnoea: cnekmpockonisi 6aUCKABOK, peKOHCMPYKYI ma 8i3yanizayis niazmoeux
KoHGhizypayil, Oinapni demexkmopu, CsPbBrs nanisnpogioHuku, HepiHO8aANCHA MepMOoOUHa-
MIYHa nIa3mMa 3 KOHOEHCOBAHOK OUCNEPCHON (Pa3010.
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BB noBepxHeBHX SIBUIIl HA PYX AUCIEPCHUX YACTHHOK

Poboma npucesuena susuennro ocobausocmeti pyxy OpioHUX YACMUHOK HA NOBEPXHI PIOUH.
Jocniooiceno mexarnizmu nepemiuyeHHs: YacmuHOK NOPOUIKY IKON0OiI0 HA NOBEPXHI 800U 820DY
3a Mmeyi€ern, NPo8edeHi eKCnepUMEeHMANbHI CHOCMEPEHCEHHS Ma NPOAHAI308AHI 3AKOHOMIPHO-
Ccmi NOBeOTHKU YACMUHOK Y 3ATIeHCHOCTI 810 YMO8 cepedosuiyd.

Ha nosepxni meuii 3cyena meuis 3 HepiBHOMIPHOIO WBUOKICMIO. OUdNCUe 00 CIMIHOK WBUO-
KiCcmb piOuHU MeHWwa, Hidic Oins yenmpy. YV pe3yismami 4acmuHKu « 3a1unaiomsv y JOKATbHUL
MoponoodionUil 8UXOP A0 NPUNOBEPXHEBULl NOBLIbHULL WLAP — [ MOJICYMb NIOHIMAMUCS 8ULle
3a meuiclo Npomu OCHOBHO20 NOMOKY. Bnausaromv oomouacno o0ea egexmu. Egexm
Mapanzoni (noxanvre 3MeHWEHHs NOBEPXHEB020 HAmMA2Y il YACMUHOK), SIKULL CIEOPIOE J10-
KaNbHi NOGEPXHeBl meuii Y MOHKOMY 3aNUWKOBOMY wiapi. A cminku/meHick Oaioms chnpsi-
MOBAHY KANLIAPHY CUIO8Y KOMNOHEHMY, SIKA BUHAYAE HANPAMOK (00 JHcoN00a/CmiHKU).

HanvHicmo niotiomy 4acmuHoK GU3HAYAEMbCS UBUOKICIIO MeUil (NPAMA 3a1eHCHICMb. UM
80Ha Oinbwa, mum OAIbHICMb NIOUOMY Dibula) | PiSHUYEI BUCOM 6 BEPXHIll I HUNCHIU NOCY-
Ouni: (0bepHeHa 3aN1edCHICMb: YUM B0HA MEHUIA, MUM OAIbHICIb OLIbUUA).

Knrouoei cnoea: nosepxuesi sasuwa, pyx 4acmunox, OOMIUKU, KOJIOIOHI cucmemu.

Beryn. ®i3uka moBepXHEBUX SBUIIL 3aiiMa€ BaXKIIMBE MICIE cepel] CyUYaCHUX Ha-
YKOBHUX JIOCJII)K€Hb, aJKE BOHU BIJITPAIOTh KIIFOYOBY POJib Y 6araTb0X MpUPOIHUX Ta
TeXHIYHUX mnporecax. OcoONMMBuUil 1HTEPEC CTAHOBUTH MOBEAIHKA IPIOHUX YACTHHOK
Ha MexXi moainy pigud. [IpukiaagoM € 31aTHICTh TOPOIIKY JIIKOIIO/iI0 3MIHIOBAaTH Ha-
MPSIMOK PYXy Ha MOBEPXHI BOJIM 3aJIEKHO BiJl yMOB cepenoBuiiia. lle spurie Burisgae
napajioKCaJIbHUM, IPOTE BOHO TMOB’s3aHE 3 0COOJMBOCTSAMHM B3a€MO/IIi YaCTUHOK 13 Pi-
TTUHOTO.

B po6ori [1] onucano mikase siBuiie. [1i1 yac mpurotyBaHHs 4aio MaTe, KOJU
rapsidy BOJy HalWBalIM 3 KacTPyJi B YallKy 3 YallHUM JHCTAM OyJIO BUSBIEHO, IO
KOJI HOCHK 3HaXOJMBCS Ha BIZCTaHI 1 cM HaJ JIMCTSAM, TJIaBarO4e JIUCTS MOTPATUISLIO
3 YaIlIKK B YaHUK. Y XO/11 eKCIIEPUMEHTIB OYyJI0 BUSIBICHO, 1110 MTPU HAIBHOCTI AISTHOK
13 pI3HUMH 3HAYCHHSIMU MIOBEPXHEBOTO HATATY MOPOIIIOK MOYMHAE pyXaTucs BiJl 00Ja-
CTEH 13 MEHIIIMM HATATOM y OiK o0siacTeld, 1e BiH Outbiumid. [{e ctBoproe edekTt «imimiii-
MaHHS» YaCTHHOK MPOTH Tedii a0 pyXy piAUHHU.

© O. C. Yepnenko, A. M. Karu, M. . Inbsmenko, 2026
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Bbyno npoaemMoHCTpoBaHO, 1O TIaBalO4l YaCTHHKU MOXYTh PyXaTHCS Bropy 3a
TEY1€10 Ha B1JICTaHb /10 1 CM Bropy no BoJOCIay Ta Ha KiJIbKa METPIB Bropy IO KaHAITy
IPOTH MOTOKY PIIMHMU HUKYE 3a Tediero. ABTopH [1] momituiiu, mo ek edekrt 30epi-
ra€ThCsl B EKCIEPUMEHTAX 3 BUKOPUCTAHHIM KHUILIAYOi a0 XOJI0IHOT BOAM, a TAKOXK 3
BUKOPHUCTAHHSM NOPOIIKY (iryopeciieiny. byno 3anpononoBaHo, 1110 MOTIK 3a0py/IHIO-
I0OYMX YACTUHOK BHUIIE 32 TEUi€I0 MOXKE OyTH 3reHEepOBaHUM rpalieHTaMH MOBEPXHE-
BOT'O HATSATY, III0 BCTAHOBIIIOIOTHCS MOTOKOM YHUCTOI BOAM HIDKYE 32 TEUi€I0 B 3a0pya-
HEHUU BOJIOWM.

Edext Mapanrosni (abo sik #ioro me Ha3uBaroTh Mapanrosi - ['160ca) [2, 3] sBsie
co0010 SIBUIIE MEPEHOCY PEUOBUHU B3JIOBXK KOPIOHY PO3ILITY JBOX CEPEIOBHII, IO
BUHUKA€ BHACHIIOK HASIBHOCTI IPAJIIEHTY MIOBEPXHEBOIO HATATY. BUHUKHEHHS rpaie-
HTY MMOBEPXHEBOTO HATATY MOX€e OyTH BUKJIMKAHO T'PaJiEHTOM KOHIIEHTpaIlii abo rpa-
I1EHTOM TemrepaTypu. YuM OUIbII Y piTMHU MOBEPXHEBUM HATSAT, TUM 3 OLIBIIOIO CH-
JIOI0 BOHA CTATYeThCsA. OTXKe, 32 HABHOCTI T'PAJIIEHTY MOBEPXHEBOIO HATATY plIMHA
OyJie mepemimaTucs B 001acTh 3 BEJIMKUM KOe(]iIllEHTOM MTOBEPXHEBOTO HATATY.

3a nanumu bbsH4iHI [1], YACTUHKK 3MEHIIYIOTh TOBEPXHEBUM HATST MOOJINU3Y
cebe. Bunukae cuia, 1o 3Mylye iX nNepeMilaTtucs B HANPSIMKY AUISIHKA 3 YHCTOIO
BOJIOI0, JI€ TOBEPXHEBUM HATAT OUIBIIIHIA.

B nocnimkenHi [2] aHamizyeTbest Oe3nepepBHUMN MOCIITOBHUM MiHOM YaCTUHOK
y Buxopax. Koau yacTuHKka miIHIMA€eThCsl MPOTH PIIMHU, BOHA CTBOPIOE 30YpEHHS B
NOTOLIl PIAWHH, IO MPU3BOAUTH IO YTBOPEHHS BUXpOBOi nopixkku Kapmana. Bona
3MEHIIYE OMip, 3 AKUM CTUKAIOTHCSI HACTYIHI YaCTUHKH, TOJIETyIouH ix migiom. I1i-
ATPUMYIOUH ITIO T1MOTe3y, OyJI0 MOMIYEHO, 110 KOJM YaCTHHKA MiJHIManacs CTpyme-
HEM, 1HIIIl YaCTUHKH Mai>ke MUTTEBO WIIUIM MO TOMY X IIJISIXY, MOBOASYHUCH TaK, HIOH
3'e qHAHI JIAHUIO2ONOOIOHUM YTHOM.

MexaHi3Mm miAiioMy 4YaCTUHOK MOKe OyTH peleBaHTHUM JJI1 HEOUIKYBAHOTO I1e-
PEHOCY JIOMIIIOK Yy TEXHOJIOTIYHO BaXKJIMBUX CHUCTeMax (Hampukiaa, GlopeakTropax,
CTEpPWIbHUX PO3UMHAX, papMalleBTUYHUX MPOIIECAX ), 1110 MOXKE MOPYIIyBaTH OE3MeKy
1 SKICTh MPOJYKTIB uu cepenoBulll. Lle 103Boisie apryMeHTyBaTH, 0 pO3yMIHHS Me-
XaHI3My W KOHTPOJIIO TaKOTO PyXy YaCTMHOK MOKE€ MAaTH 3aCTOCYBAaHHS B KOHTPOJI
3a0pyHEHHS Y BUPOOHUIITBI Ta JJaOOpaTOpHiN MPaKTHIII.

Xoua npsmMa MpakTUYHa peajizaiis eekTy NiaioMy YaCTUHOK Ie PiJIKICHA, ic-
HYIOTb B JIITEPATYpPl AOCIIKEHHS, B IKMX MEPEMIIICHHS YaCTUHOK B110YBAa€ThCS Mif
nieto epexkry MapanroHi [4, 5]. Bitman [4] TeopeTH4YHO i eKCIEPUMEHTAIBHO TTOKA-
3aB, 10 YACTUHKH, K1 3MIHIOIOTh JIOKAJIbHUN CKJIaJ MOBEPXHEBOTO IIapy (HampUKIIaa
BUJULIIOTH a00 ancopOyroTh MOBEPXHEBO-aKTUBHI PEUOBUHH), CTBOPIOIOTH JIOKAIbHI
rpaJieHTH MOBEPXHEBOTO HATATY, L0 MPHUBOJATH 10 MOTOKY YACTMHOK IO MOBEPXHI.
L1 po6oTa 1o0pe 1IICTPpYyE MEeXaHi3M «4aCTUHKA — JIOKaJIbHE 3HIKEHHS1/3M1Ha MOBe-
PXHEBOT'O HATATy — MOBEPXHEBUI MOTIK YACTUHOK.

benyare [5] ekcnepuMeHTaIbHO ¥ aHATIITUYHO AOCTIANB YTBOPEHHS MOTOKY Ya-
CTHHOK IMiJ Ji€r0 epekTy MaparHoHi BiJl JIOKaJIBHOTO JKepelia PO3YMHEHOT PEUOBUHHU.
Ile mpuka TOro, 1110 HABITH PO3YMHEH1/aAcOpOOBaHI MOJIEKYJIH HABKOJIO JIOKAJIBHOTO
JoKEepesa CTBOPIOIOTh BUMIPIOBaH1 IPaJIlEHTH MTOBEPXHEBOr'0 HATATY 1 BIATIOBIHI TEYii.
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|

Puc. 1. EkcneprMeHTalIbHAa YCTAaHOBKA 1 PyX 4YacT

Bxe € npoektn Marangoni-akTHBHUX YaCTHUHOK, K1 caMl PyXaroThCs MO MOBEp-
XHI PIAUHH, CIYXaTh MOJEIAMHU JIsl MaiOyTHIX MIKPOCBOPMIiB, MIKpOPOOOTIB Ta MiK-
poHacocis [6, 7]. Lli YacTHHKHU MepeTBOPIOIOTH JIOKAJIbHI IPaJi€HTH MOBEPXHEBOTO Ha-
TATY Ha pyX a00 TPAHCHOPT IHIIOTO BaHTAXY.

Tomy He3BaXkarouu Ha Te, 10 POOOTH 3 eeKTy MiIHOMY YACTUHOK ITPOTH MOTOKY
HE J1al0Th KOHKPETHUX MPUKJIAJIB MPUKIIAIHOT KOPUCTI, BUHUKAE BCE OLIbIIIE JOKA31B
TOT0, 110 MOAI0H1 SIBUIIA BIAIrPaOTh POJIb Y Mpoliecax HeOUIKyBaHOTO MEPEMIIICHHS
JOMIIIOK Y TEXHOJIOTIUHUX CEPEeOBHIIAX Ta MOXKYTh BIUIMBATH Ha O€3MeKy Ta SIKICTh
BUPOOHUIITBA.

Mertoro po6oTH € BUBUCHHS (PI3MYHUX MEXAHI3MIB PYXY YaCTUHOK JIIKOIIO/III0 Ha
MOBEPXHI PIIUH Ta MOSICHEHHSI 0COOIMBOCTEH 1X MOBEAIHKH 3 PI3HUX YMOB.

Pe3yabTatu gociigxenHs. CxeMa eKCIEpPUMEHTAILHOT YCTAHOBKHU JJISI CTBO-
PEHHS PIBHOMIPHOTO MOTOKY MOKa3aHa Ha puc. 1a. 3 HUKHBOI EMHOCTI BOJSIHUN HAcOC
Kayae BOJy B BEpXHIO €EMHICTh. Uepe3 TpyOKy B CTaI[iOHApHOMY peKUMi B JOBTHH TO-
PU3OHTAIBHUHN MPSIMOKYTHHUH KOJOO BHUTIKAE Taka K KUIBKICTh BOJM, 11O 1 BUKAYYE
HACOC 3 HIKHBOI MOCyTuHU. ToMy BHCOTa piAMHH B HIKHIN eMHOCTI ctana. [Tocepe-
JUH1 ko0J100a (mmmpuHa 27 MM) TIOCTaBJIeHa MeTajieBa ciTka. B pe3ynbrari B 051001 B
il HYDKHIM YaCTHHI YTBOPIOETHCS JJaMIHapHA Teuis MO BCiH ii MIUPHHI.

Bucota xo06a HaJ piBHEM BOJM B HWKHIM MOCY/IMHI BCTAHOBJIIOBABCS Ha PiBHI
o0mu3eko0 1 cm. Lle mocsranock NUIIXOM J0JaBaHHS YU BITHIMAHHSIM IEBHOI KUIBKOCTI
BOJIM B HIDKHIM TIOCYIUHI.

Ha moBepxHI0 BOIM B HIXKHIM MOCYAMHI TIOCUTIANacsl HEBEIHMKA KUIbKICTh OPO-
Ky Jikonoito. [1i yvactTuakr MaroTh 0qHAKOBUH po3mMip 30 MKM 1 10Ope TI1aBaroTh Ha
il moBepxHi. B pe3ynbrari MOXkHA TOOAYHUTH, 1[0 YACTUHKHA MOXYTb 3’ SIBUTUCS B KO-
71001, miAHABIIKCH 1O Tedil Bropy. Lle iHOAl Ha3UBaOTh «3a0pyIHEHHS Bropy 3a Te-
yieto». [IBUAKICTH BUTIKAHHS BOIM PETyJioBanacs ad0 MIBUIKICTIO MEepeKadyyBaHHS
Hacocy, ab0 KyTOM HaXWI1y »K0J100a.

Ha puc.1b 300paxkeHo goTo (cTomn-kaap) 3HaXOKEHHS YaCTMHOK B JIaHIM CHC-
temi. Ha k071001 yTBOPIOIOTHCS IBa BUXOPHU (3KOBTI CTPUIKK). B KO’)KHOMY 3 HHMX 4ac-
TUHKHU PyXalOThCs BiJl BOJOCTIATy «BrOpPY 3a TEUi€l0y MOOJIM3Y CTIHKH, a TO BOJOCTATy
— OMDK4e 10 CepeIMHU TTOTOKY B )K0J1001. BiJis ToukM maiiHHSA BOAM 3 BOJOCIATY TEX
YTBOPIOIOTHCA JIBa BUXOpH (UepBOHI CTpUIkH). [1o0au3y neHTpy Tedii Boja Teue Bijl
xosio0a. Tomy Ha MOBEpXHI BOJM B HUIKHIM MOCYAWHI 3T1JIHO piBHSHHSA bepnymm (p
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Puc. 2. Po3mipu BUXOpIB Ha BEpXHI Teuii (BUJ 3rOPH).
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Puc. 3. BruiB Haxuiy »xos100a Ta TemnepaTypu Teuii Ha po3Mipu BUXOPIB Bropy
3a TEeUl€ro

1 .. .
+E'DU2: COIISt) B IbOMY MICIIl1 BUHHUKAE 001aCTh 3HHKEHOTO TUCKY, KYH 1 HAMAra€TbCA

pyxatucst Boja 3 CyCiJiHiX obJyiactei (ImoMapaHueBl 1 4epBOH1 CTPUIKK Ha puc 2.2). B
pe3yJbTaTi 1 YTBOPIOIOTHCS JIBa BUXOPH (U€pBOHI CTPUIKHK). BucoTa migiioMmy 4acCTHHOK
JUIS JAaHOTO BUTIAIKY O1m3bko 10 10 M.

JlanbHICTh, Ha SIKy MOXKYTh 3alTH YaCTUHKU BrOpY 3a TEUIE€KO 3aJieXKaTh Bifl Pi3-
HUII PIBHIB B BEpXHIN Teuii Ta HUKHIM nocyauHi. Ha puc. 2 mokazano po3Mipu BUXO-
piB MpH Pi3HUX PiBHAX. BUAHO, 0 4MM MEHIIA PI3HUL PIBHIB TUM OUIbIII pO3MIPH
BUXOPIB, SIK B HIDKHIM OCYAMHI (4EPBOHI CTPUIKU), TaK 1 B )K0J001 (KOBT1 CTPLIKH).
I{e MoxHA TIOSICHUTH THM, ITI0 YUM O1JIbIIIa BUCOTA PIBHIB, TUM MEHIIIA TOPU30HTATIbHA
CKJIa/I0Ba MIBUAKOCTI PiAUHU. | TOMYy HE BUHUKA€E CYyTTEBA PI3HULI THCKIB Il BUHUK-
HEHHS BUXODY.
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Puc. 4 Ctpykrypa Teuii 1 HOACHEHHS PyXy YaCTHHOK

[TomapaHueBUMU CTPIIKAMU MOKA3aHO HUIAXH, B3JOBXK SKUX PYXalOThCS YaCTH-
HKH Bropy 1 BHU3 3a Teui€ro. Tpeda 3a3HaunTH, 1110 YaCTUHKH HE 000B’A3KOBO CITyCKa-
I0ThCSI BHU3, BOHU MOXKYTb ITPOJIOBXKYBATH PYXaTUCS B BUXOPI.

Ha puc. 3 nmoka3zaHo BIUIMB BUCOTa PIBHIB 1 KyT HaXuiTy >k0J100a (pPUCYHOK 3J1iBa)
Ta TeMIiepaTypa BoJu (PUCYHOK CIIpaBa) Ha JAJbHICTh «3a0pymkeHHs». OTxe, YUM
OlJIbllIe KyT, TAM Ha MEHIILY JIOBXKMHY MEPECYBAIOThCS YACTUHKHU Bropy 3a teuiero. [1pu
OJIHIM 1 Ti¥ ke camill PI3HMII PIBHIB YaCTHMHKAM Baxkye pyxaTucs. HarpiBanHs Bogu
MIPU3BOIUTH J0 MOJIETIIECHHS PYXy YaCTHHOK 13-3a 3MEHIIIEHHS TOBEPXHEBOTO HATSTY.

Ha pyx wactTuHOK BImtuBae weuokicms meuii. ’Konob (10CTaTHHO TOBTHIN) T i1~
MaBcs 3a JaNbHIN KiHellb, 110 IPU3BOIMIO 0 MPUIIBUALLIECHHS BUTIKaHHS Boau. [Ipu
IIBUIKIA Te4il YaCTUHKU HE CIIOCTepiraaucs B xoi00i. [Ticis moBepHeHHS k01002 B
MOYATKOBUH CTaH (MIBUIKICTH TEUli Maja€e MPAKTHYHO /10 HYJIS1) YACTUHKH IIIBUIKO 3a-
XOJISITh B %KO0JI0O.

[Ticns mepekputTTs (3yNMUHKK) MOTOKY YACTHHKH, IO 3HAXOJUIIUCA B OCHOBHIHN
€MHOCTI HIKYE 7K0JI00a MpUOJIM3HO Ha BIJCTaHI 5 MM, MMOYMHAIOTH OJIpasy Iiaiima-
THUCS Bropy. Xoua Tedii Bxke Hemae. MOXIMBUM MOSICHEHHSM € BIUIUB CTIHOK. T0OTO
BIUIMBA€E MOBEPXHEBUN HATAT (PiBEHBb BOAM OISl CTIHOK 32 paXyHOK 3MOUYBaHHS O1J1b-
M), AKUH 3MYIIIy€e HAOJIMKATUCSA M'SYUK IO CTIHKU. Y HAlIOMY BUIIAJIKYy HaJ OCHOB-
HOIO €EMHICTIO € K0J100, B IKOMY 3aJIUIIAETHCS 2-3 MM BOJSIHOTO Iapy. Tomy 3011b-
IIIEHHS P1BHS MPU3BOJUTH 0 "MPUTUCHEHHS'" YaCTHHOK J0 00J1acTi 3 O1IBII BUCOKUM
piBHEM BOJIH.

3aBAsiKu B’SI3KOCTI PO MIBUAKOCTI JJaMIHAPHOT Teuii B 071001 € mapadboi-
Huii (puc. 4a):

u(r)y=u,| 1- r
s

Bigomo, 1110 npu Teuii B’A3K01 piAUHY ii IBUAKICTH TOOJIM3Y MEPEIKo1 Masia (Ha
CTIHKax 1 B3araji JOPIBHIOE HYJI0). MakcuMalbHa MIBUAKICTh BCEPEAUHI Teuii. 3a J10-
ITIOMOI'0K0 aBTOTPEKEpa MOXKHA OIIHUTH MIBUJIKICTh T€Uil BOJW B IIEHTP1 koj00a. J{is
[[OT'O HA TOBEPXHIO BOJIM MOMIIITYBABCS KPUXITHUHN KIIANITUK TAINEpy, 38 PyXOM SKOTO
1 cnoctepirayiu. B pe3ynapTati Maemo 1 Kyta Haxuity 0° OplEHTOBHY IIBUKICTh BOIU

10 cm/c B 06macTi (puc. 4b) ne Hemae yacTUHOK (Touka 1) 14.5 cMm/c e BOHU € (Touka
2).
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ABTOTpPEKEpOM BUMIPIEMO 1 pyX YaCTUHOK B BUXOPI, 1110 B 3k051001. BoHa ckiana
4.5 cm/c mobnu3y cTiHkH, 1.1 cM/c B LIeHTpi.

TakuM YuHOM, YaCTUHKM NPUUMAIOTh YYacCTh B IBOX pyXax. BoHu pyxatoTbcs 3a
Teuiero. TiIbKM YaCTUHKU MOOJU3Y CTIHOK PyXaloThCs 3 MEHIIOK MIBHJAKICTIO 13-32
B’SI3KOCTI. A TaKO Ha HUX JI€ SIKach J0JIaTKOBA CHUJIa HE3aJIEKHO BiJl iX MOJOKEHHS B
Teyii. TOMy YacCTUHKH 3a paxXyHOK L€ CHJIM MOXYTh pyXaTHCSl BrOpy 3a Tedi€lo, a
YACTUHKH OJIMDKYE JI0 IIEHTPY Teuli — BHU3 3a TEYIEIO.

besHuini T2 1H. [1] BKa3y0Th, 10 YACTHHKH 3MEHIITYIOTh TOBEPXHEBHI HATSAT IO~
o3y Hux. Toml, KO MPUHHSATH 1€ TBEPUKEHHS, CHJIA, M0 3MYIITYE iX pyXaTHucs B
HAMpPSIMKY YUCTOI BOJM, Ji€ HA BCl YaCTUHKU HE3aJIEKHO B MICLS, 1€ BOHH 3HAXO-
nsatees. s cuna, HanmeBHO, TponopIliiHa Koe(DImieHTy TOBEPXHEBOTO HATSTY.

[Iporuaie 1iit cuii cuna B’SI3KOT0O TepTs. B pe3ynbTari BCTAHOBIIOETHCS OLIbIII-
MEHII cTaja WBUAKICT pyxy. [lo3naunmo 1i 3a vy. Toai myist yacTunkm Nel (mo6imsy
CTIHKH) MA€MO IIBUJIKICTh Vi = Vx + 0 = vy 1 HanpsM BIiBO (BIAMOBIIHO JI0 pUC. 4b)

s yacTuHkd Ne2 MaeMo vz = Ur — Vx 1 HAIIPSIM BIPaBo, 00 B ITiH TOYII Uy > V.

Bcepenuni BUXOpY € YaCTMHKH, SIKI BIJIHOCHO CIIOCTEpiraya MpakTUYHO HEPY-
xoMmi. TyT ur = vx. B entpi xosoba 3a3Buyail yactuHok Hemae. Tam ur > vyx. Tomy
3aBJSKU CTIHKAM (B’S3KICTh) 1 3MiHI MOBEPXHEBOTO HATATY MOMKJIMBUM PYX YaCTUHOK
Bropy 3a TEUi€lo.

OT1xe, 301IBIIUBIIN KyT HAXWITY K0J100a, MU 301JIbIITYEMO MIBUIAKICTB Teuli. Tomy
BIJICTaHb, Ha SIKY 3aXO/STh YACTUHKHU 3MCHIITYEThCS.

AHaJi3 pe3yabTartiB. OTXe, MaEMO HacTynHy cuTyaiio. 1o x0m00y Teye mm-
pOKa, ajyie HeBHCOKa JlaMiHapHa (TI0 MUPHHI) Tedis. 3a paxXyHOK B'SI3KOCT1 BOJIA MAEMO
Mo0OJIM3y CTIHOK Majly IMBUAKICTH Tedii, B IIEHTPI- MAKCUMAJIbHY. 32 paxyHOK Tpajie-
HTY TIOBEPXHEBOT'0 HATATY YaCTUHKU MOXYTh pyxaTHcs B Oik uncTol piguHu. ToOTO
ICHY€ MIBUKICTh TAKOTO Apeidy, 110 3aJIe)KUTh BiJ KOHIIEHTpallii YaCTUHOK 1 iX THUITY.
[To6u3y CTIHOK MIBUAKICTB Apeiidy nepeBaxae MBUAKICTh T€Uli 1 TOMY YaCTUHKHU PY-
XalThCs MOOIU3Y kKo100a Bropy 3a Tedieto. B nieHTpi HaBnaku. [1IBuakicTh Tedii me-
PEBAXKAE 1 YACTUHKH MMOBEPTAIOTHCS BHU3. Y TBOPIOETHCS LIMPKYJIALISA YACTUHOK Ha T0-
BEpXHI JaMIHAPHOTO CTPYMEHS.

OTxe iCHy€e MIBUAKICTh ApPei(y YACTHHOK Y3/10BK MOBEPXHi V,, 3yMOBJICHUI
IpaJllEHTOM [MOBEPXHEBOT0 HATATY. SIKIIO v, > u(7) — YaCTUHKA PYXAETHCS BrOPY; SKILO
vy < u(r) — BHH3. YMOBOI iCHYBaHHS IIUPKY.JISIii € iICHYBaHHS TaKO1 KOOPJIMHATH T,
ne u(r.) = vy. Tomi pu r > r, MAEMO PyX Bropy, pu 7 < r, — pyX BHU3. TOOTO UPKY-
a1 icHye, Ko 0 < vy < uy.

Sxmo: vy > up — BCl YaCTMHKYU HAYyTh Bropy, v, =0 — BC1 BHU3, Vx = Uy — 30HA
IMUPKYJISIIT CTUCKAETHCS 10 TICHTPY.

Te, 110 micis 3yNMMHKY MOTOKY YaCTHHKH MPOJOBKYIOTh PyX — 11€ 03HAYa€: vy 70
HaBITh, KoJH u = 0.

JI71s1 OLIHKM MIBUJKOCTI Apei]y YaCTUHOK MOTPIOHO BBECTH MacIITad IIBUIKO-

) ) b do )
CTi, aJle BAKOPHCTOBYIOUU TPAiEHT TIOBEPXHEBOTO HATATY V, ~—d—. B po6orTi [8]
X

MIBUAKICT, MapaHTOH1 B TOHKIH IJTiBI1 MacIITa0yeThCsl MPUOIU3HO K
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222
x nh
ne AG — pi3HUI OBEPXHEBOIO HATATY, b — TOBIIMHA IIAPY, A€ BIIOYBAETHCS TaKUU
pyX, | — AMHaAMIYHa B’SI3KICTh BOJIU, /1 — XapaKTepHa JIOBXKUHA TPaJIIEHTA.
TyT B’S3KiCTh CHIOBIIFHIOE PYX YACTHHOK — TOMY BOHA B 3HAMEHHUKY, IPaII€HT
MOBEPXHEBOT'O HATATY — «PyMIiHHUN» pakTop. Lleit macmtad MoXHa OTpUMATH 3 «pi-

) : ) v. do
BHOCTI» CHJI B’SI3KOTO TEPTS 1 CUJIM «IPAIIEHTY IIOBEPXHEBOI'O HATATY» ngx ~—.

dx

O1iHUTH peabHU TPAIEHT MOBEPXHEBOTO HATATY BKpal Bakko. Ajie crpoOy-
€MO 3pOOUTH TAKY OIIHKY 3 MPHUITYIIICHHS, [0 YACTUHKH JIIKOTIOIIFO TPOCTO MEXaHIIHO
JIEXKUTH HA MTOBEPXHI 1 HE 3MIHIOIOTh XIMIYHI BJIACTUBOCTI BOAM. | 3MEHIIICHHS MTOBEP-
XHEBOT'0 HATATY BII0OYBAETHCS 32 paXyHOK 3MEHILICHHS MTOBEPXHI 1, BIAMOBIIHO, TTOBE-
PXHEBOI €Heprii:

Oefr = 0o(1 — @),
ne ¢ — yacTKa IUIONI, sIKa MOKPUTA YACTUHKAMU.

PeanbHa (icTUHHA) TYCTHMHA JIIKOMOAI0 CTaHOBUTH Onm3bko 1100-1200 wr/m?.
Taki 4aCTHHKY MOBWHHI TOHYTH, aJie 32 PaXyHOK MMOBEPXHEBOTO HATATHY BOHU 3aJIH-
IIAI0THCSl HA MOBEpPXHI BoAW. Ham moTpiOHa HAaCHMHA T'yCTHHA MOPOIIKY JIKOMOIII0
(mpubnuzuo p =400 - 500 xr/m?). 3aBasku apiOHIN (pakuii (BCl YACTUHKU MAIOTh Ii-
ameTp O6mm3bkuii 10 d = 30 MKM) Ta BUCOKOMY BMICTY JKUPIB CIIOPH JIIKOTIOAIIO TyKe
MyXK1 i JJeTKO PO3MOPOITYIOTHCA.

V Hac € vamka I[Tetpi giamerpom D = 90 MM. B V06 = 20 MM® TIOPOIIKY, KM
Mmae macy 6mu3bko 0.01 r 3HaxX0aUTHCS BETUKa KUTbKICTh YacTUHOK. [y Hacumy Mo-
’KHA BBaXKaTH, 1110 HA OJIHY YAaCTUHKY BHJIUICHO JEAKUNA KyOIUHUM MPOCTIp 3 peOpoM
Ky0a, 1110 TOP1BHIOE AiaMeTpy. Tol mIoa moKPUTTS YaCTUHOK € BITHOIICHHS 00’ eMy
npoou Vipos 1 1laMETPy YaCTUHKH, @ YAaCTKa IUIONI, SIKa TOKPUTA YACTUHKAMU:

4V
q)z—d rgg = 10%.

OTxe, Ger~ 0.9 0.

MeTto0M BIJIpUBY KiJIbIll OTPUMAHO 3HAYEHHS KOE(]IIIEHTY MOBEPXHEBOTO Ha-
tary aist Boau ¢ = 0.070 H/m, nyist Boau 3 mikonoaiem ¢ = 0.055 H/Mm. Tox pizHuLS ~
21%.

Jlerki yacTHHKH, TaKl K MMUAJI, MOXKYTh IJIABATH HA BOA1, OCKUIBKM BOHH HE MOPY-
IIYIOTh MIOBEPXHEBUN HATAT BOJM, L0 € PE3YJIbTATOM CUIBHOTO MPUTATAHHS MOJIEKYJI
BOJM OJTHA 70 oaHOi. OHAK, NesKi MUIMHKY 31aTHI pO3YUHATHUCS B Boj1. | TO1 pedo-
BUHH, TaKl K Jy>KHI METalli, MOXKyTh 30UTBIINTH MOBEPXHEBUI HATAT BOAM, 3MIHIO-
I0YM TIOBEIIHKY Kpareib. A BCl HEOpTaHIYHI eNEeKTPOMITH (KUCIOTH, JIyTH, COJIi) 30i-
JBITYIOTh TOBEPXHEBHUM HATST BOJH, SIK PO3UMHHHKA.

d
SKI110 MPUITYCTUTH, 1110 d_G ~ 6704), b = 0.03 mMm(mi1aMeTp 4acTUHOK), £ = 10 MM,
x
n =107 Ila-c, B pe3ysbTaTi OTPUMAEMO: V, ~ bdo ~ bot _ 2.2 em/c.
nde m
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[le moxa3sye, 110 HaBITh HEBEJIMKA 3MiHA G JIa€ TIOMITHI IIBUIKOCTI B TOHKOMY
mapi — Tomy epekT MapaHTroHl MOXKe TTiIHIMATH 1 MepeMIIyBaTH YaCTUHKHU IIBHUIKO
MiCIIst 3YITUHKH MTOTOKY.

HasiBHICTB 011002 1 CTIHKM CTBOPIOE HEPIBHOMIPHUM MEHICK (pi3HHM pPiBEHb Pi-
JMHU Ol CTIHKM Yepe3 3MOouyBaHHs). YacTHMHKM, MPUTHCHEHI JI0 MEHICKA, MOXYTh
OyTH «BTATHYTI» Y 01K O17IbIII BUCOKOTO PIBHS — 1 MIJHATI Y370BX MEHICKa HaBITh 0€3
Bunumoi tedii. Lle edext «Cheerios» [9].

B namriii cuctemi o0uBa MeXaHi3MH IPALIOIOTh OJJHOYACHO: MapaHToOH1 CTBO-
PIOE JIOKaJIbH1 MMOBEPXHEBI T€Ull y TOHKOMY 3aJIMIIKOBOMY IlIapi, a CTIHKKW/MEHICK Jia-
I0Th CIPSIMOBaHYy KaIlJISPHY CHJIOBY KOMIIOHEHTY, sIKa BU3HAYA€ HAMPSMOK (10 KO-
7100a/CTIHKH).

BucnoBku. Edexr b’sHuini — 11e 11ikaBe i He qy»e 1HTYITUBHE TiapoAUHaAMIuHE
SBUIIE, KOJIU APiOHI TBEPJll YaCTHUHKH, IO PYXAIOThCA Pa3oM 13 MOTOKOM PiIUHU
B3JIOBXK BEPTUKAILHOT TOBEPXHI HECTIOIIBAHO TIOYMHAIOTH PYXaTHUCS BrOPY MPOTH Te-
4ii. Ha moBepxHi icHye 3cyBHa Tedisl 3 HEPIBHOMIPHOO IIBUJIKICTIO: OJIMIKYE JI0 TBEP-
7101 MTOBEPXHI IIBUIKICTh PIIMHA MEHIIIA, HI’K Ha 30BHIIITHLOMY OOI1i TUTIBKH. Y Pe3yJib-
TaTi YACTUHKH «GAMMAIOThY Y JIOKAJTBHUA TOPOIIOAI0HUH BUXOp 200 MPUTIOBEPXHEBHIMA
MOBUIBHMM IIap — 1 MOXKYTh MIJHIMATHUCS BUILE 32 TEYIEIO MPOTH OCHOBHOTO MOTOKY.

B 1iii cucteMi mpaifroroTh oHo4YacHO eekT MapaHroHi Ta BIUIUB CTIHKH KO-
no0a: epekT MapaHTOHI CTBOPIOE JIOKaJIbHI MOBEPXHEBI TeUli y TOHKOMY 3aJIMILIKO-
BOMY IIapi, @ CTIHKW/MEHICK JAl0Th CIPSMOBAHY KaMJIIPHY CHJIOBY KOMIIOHEHTY, SIKa
BH3HAUYA€ HAMPSAMOK (10 5K0JI00a/CTIHKH).

JlanpHICTh MAHOMY YaCTMHOK BH3HAYAETHCS MIBHIAKICTIO Tedil (MpsMa 3ayiex-
HICTh: YAM BOHA OUTBINA, TUM JAJIbHICTH MiAHOMY O1JTbITIa) 1 PI3HUIICIO BUCOT B BEPXHIM
1 HIOKHIM mocyauHi: (00epHeHa 3a1€KHICTh: YUM BOHA MEHINIA, TUM JAJIbHICTh O11bI11a).

Jlirepatypa

1. Bianchini, Sebastian, et al. "Upstream contamination by floating particles." Pro-
ceedings of the Royal Society: Mathematical, physical and engineering sciences
469.2157 (2013): 20130067. https://doi.org/10.1098/rspa.2013.0067

2. Sahir, Aryan Hussain, and Saiham Saif Emon. Observation of upstream particle
movement without the involvement of the Marangoni effect / PloS one. 20.3
(2025): €0317312. https://doi.org/10.1371/journal.pone.0317312

3. Edekrt MapanroHi. (Hdara 3BEPHEHHS: 10.11.2025).
URL:uk.wikipedia.org/wiki/Edbext Mapanroni

4. Wittmann M., et al., Active spheres induce Marangoni flows that drive collec-
tive transport at interfaces // Eur. Phys. J. E (2021) 44:15
https://doi.org/10.1140/epje/s10189-020-00006-5

5. Benouaguef I., et al., Solutocapillary Marangoni flow induced in a waterbody
by a solute source // Journal of Fluid Mechanics , Volume 922 , 10 September
2021, A23. https://doi.org/10.1017/jfm.2021.500

6. Koki Yoshida, Hiroaki Onoe Marangoni-Propulsion Micro-Robots Integrated with
a Wireless Photonic Colloidal Crystal Hydrogel Sensor for Exploring the Aquatic

122



dizuka aepoaucnepcHux cucteM. 2026. Bun. 64. C. 115-123. ISSN 0367-1631 (Print)

Environment // Advanced Intelligent Systems (2022). 4, 2100248.
https://doi.org/10.1002/aisy.202100248.

7. Bokeon Kwak, Soyoung Choi, Jiyeon Maeng, Joonbum Bae Marangoni effect in-
spired robotic self-propulsion over a water surface using a flow-imbibition-pow-
ered microfluidic pump // Scientific reports (2021); 11: 174609.
https://doi.org/10.1038/s41598-021-96553-8

8. Ebrahimi, Arash, Yousef Kazemzadeh, and Ali Akbari. "Impact of the Marangoni
phenomenon on the different Enhanced Oil Recovery methods." Heliyon 10.21
(2024). https://doi.org/10.1016/j.heliyon.2024.e39919

9. Karpitschka, Stefan, et al. "Liquid drops attract or repel by the inverted Cheerios
effect." Proceedings of the National Academy of Sciences 113.27 (2016): 7403-
7407 https://doi.org/10.1073/pnas.1601411113.

Jarta nHagxomxenus: 05.03.2026
Jata npuiiHsaTTs 10 Apyky: 27.04.2026
Hara my6mikarnii: 28.05.2026

O. S. Chernenko, A. M. Katts, M. D. Ilyashenko

Influence of surface phenomena on the motion of dispersed particles

Summary

The work is devoted to the study of the motion of fine particles on liquid surfaces. The mech-
anisms governing the upstream transport of lycopodium powder particles on the water surface
were investigated through experimental observations, and the characteristic patterns of parti-
cle behavior under different environmental conditions were analyzed.

At the liquid surface, the flow represents a shear flow with a non-uniform velocity distribu-
tion: the liquid velocity near the walls is lower than that in the central region. As a result,
particles become trapped within a local toroidal vortex or a near-surface slow-moving layer
and can therefore move upstream against the main flow direction. Two effects simultaneously
contribute to this behavior. The Marangoni effect, associated with a local decrease in surface
tension near the particles, generates localized surface flows within the thin residual layer. In
addition, the walls and meniscus create a directed capillary force component that determines
the preferential direction of motion toward the channel or wall.

The distance of particle transport upstream is determined by the flow velocity (direct rela-
tionship: the higher the velocity, the greater the transport distance) and by the height difference
between the upper and lower vessels (inverse relationship: the smaller the height difference,
the greater the transport distance).

Keywords: surface phenomena, particle motion, impurities, colloidal systems.
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MopaesiioBaHHsI MpoueciB MacoOOMiHy 3 ypaxyBaHHAM Ju(y3il pagioHyKJIiiB
B NMOPAaX Ta KOHBEKUII i/l 4a¢ TeXHOJIOTIYHOI 00pOOKM Xap4oBoi NMPOXYKIIiI

3 0210y Ha 8ucoKy MOOLIbHICMb PAJIOHYKIIOI8 y NPUPOOHUX IAHYI02AX Ma iX 30amHiCmb
HaKONU4y8amucs 6 Xap4ositi npoOyKyii, NUMAaHHs epekmusHo20 MexHoNI02IYH020 OUULYeHH S
NPOOYKMI8 Xapuy8anHs HAOY8ams 0coOIUBOI AKMYAIbHOCHII.

IIpodyxmu xapuyeanHss MONCHA 88aNCAMU IEPAPXIEI0 OUCNEPCHUX 2A30N00IOHUX, PIOKUX |
meepoux @az, OUCHEPCHUMU CUCEMAaMU, OIbUICMb AKUX Maromy NOPUCTIY MA 80JIOKHUCTY
CMpyKmypy, Ha0y8aoms 8u2is0 NiHu, K Mo XaAi6H0-0Y104HI 6UPOOU.

Bmicm padionykniois 6 yux cmpykmypax MON’CHA 3MIHIO8AMU, 3ACMOCO8YI0UU (i3UYHI NPO-
yecu MacoooMiny, sKi 1exrcams 8 OCHO8I MeXHON02I iX KYIIHAPHOI 00pOOKU BUMOYYBAHHAM,
8APIHHAM, CONIHHAM ma iH. Payionanizayis mexuonociynoi 00pobKu KyaiHapHoi npooykyii
Modice 00360aUMU CYMMEBO 3MEHWUMU i1 padioakmMusHicms ma niodsuumu pideHb Xap4oeoi
beznexu.

Memoto 0ocnioxcenHs € MOOen0BaAnHs NPoYecie MacoOOMIHY nid 4ac mexHol02iyHoi ma
KVAIHAPHOT 00poOKU Xap1080i npoOYKYii 015l SHUNCEHHS. 8 HIll 6MICMY PAOIOHYKIIOIS.

Paoiayiiini 3a6pyonenns moxcyms 6ymu posuuneHUMU y 8001, I Npoyecu ix 3HeUKOONCEHHS
MONCYMb OYMU MO8 "A3aHI 13 WEUOKICTIO 6UBCOEHHS IX Uepe3 NoOpU y MACOOOMIHHUX NPOYeCcax.

B pamxax maxoeo nioxody pozensanymi mexanizmu Qizuunux npoyecie, o cynposooicyroms
8UBeOeHHs padioHyKIioi8 3 npodykmie xapuyeanis. Lle npoyecu sHympiwnovoi oughysii convo-
8020 PO3YUHY PAOIOHYKNIOY 8 OKpEeMUX NOPAX, WO BUXOOAMb HA 308HIULHIO NOBEPXHIO XAPUOBO20
NPOOYKMY, A MAKOHIC KOHBEKMUBHO-OUQDYV3IUHI MEXAHIZMU, BKTIOYAIOYU CIMepaHI8CHKT NOMOKU.

Bukonano mooeniosanns npoyecie MmacooOMiny npu usedeHHi padioizomonie 3 npoOyKmis
XapuyeauHs y 600HUL PO3YUH 8 MEXHOI02IAX X KyaiHapHoi obpodxu. Pozensnymi npoyecu
BHYMPUNOPUCINOT OUDY3ii pO3UUHY KPi3b KANLIAPHI NOPU, WO BUX0O0SMb HA 308HIUUHIO NOGeD-
XHIO Xap408020 NPOOYKMY. 3HAUOeHUN MameMamudHull 8upas 071 OU@Y3itHUX NOMOKIE Kpi3b
yi nopu.

Ilokaszano, wo npu pesxcumax, wo 6i0nogioaomes memnepamyphii 00pooyi xapuo8ux npo-
OyKmi6 8 npoyecax Kun simiuHsi, 8i08apro6anHs Oilbul CIYUWHO ONUCYE OUHAMIKY pAdioaKkmue-
HUX OOMIULOK Y B0OOHOMY PO3YUHI KOHBEKMUBHO-OUPY3itina moodens. Tlokasana cymmesa ponw
cmeghaniscbKux nomokie y npoyeci oughysii padionykaioie i nompeba 8paxyeanus 1020 npu
MOOeN08AHHI OUHAMIKU NPOYec).

Knrouosi cnoea: padiayitine 3a0pyonents, oucnepcHa gasa, oughysis, MoOent08anHs.

Beryn. B pe3ynbrarti 3011blIeHHS cpepu BUKOPUCTAHHS PAAI0AKTUBHUX PEUOBUH
y Tocnojapuii MisUIbHOCTI KpaiHu, IF0YMX 1€ JOBTUM yac HaciakiB aBapii Ha UAEC,
BEJICHHS BOEHHUX JI1M Ta 1H. 3aJIMIIA€ThCA HEOE3MEeUHnM pajialliiiHe 3a0pyJHEHHs Ha-
BKOJIMIIIHBOTI'O CEPEAOBHUILIA 1, IK HACIIJOK, BIIOYBA€THCS 3a0pyIHEHHS CUPOBUHU IS

XapyoBO1 MPOMHUCTIOBOCTI.
Panionykiiau, 0 NOTPAIIISIOTh Y XapuyoBl NPOAYKTH, MOKYTh MaTH SIK IPUPOJTHE

© B. B. Kypsraukos, 2026
Ie cTaTTs BiZKPUTOTO OCTYITY 3a niueHySIi)elo CC-BY 4.0
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MOXO/DKeHHs (pasii-226, kamii-40, Topiii-232), Tak 1 TexHorenne (1e3ii-137, cTpoH-
114-90, ryToH1#-239). OCHOBHUMM JIXKEpesiaMU Pai0aKTUBHOTO 3a0pyTHEHHSI Xap4io-
BO1 MPOYKIIi MOKYTh OyTH 3a0pyaHEH1 IpyHTH a00 BOJIHI pecypcu. Uepes arpobiorlie-
HO3H PaJIIOHYKIIIIM HAKOIMMYYIOTHCS Y POCJIMHHIN Ta TBAPUHHIN MPOAYKIIii, a B T10/1aJTh-
IOMY — Y JIFOJICBKOMY OpTaHi3Mi.

BuBueHHs ipo1ieciB 3HEMIKOHKEHHS paiallifHOro 3a0pyTHEHHS XapuoBOi MPOTY-
KIIi1 B IIpoliecax TEXHOJIOTIYHOI Ta KyJIiHApHOT iX 00pOOKH BXOJAUTH JI0 3a7a4 pajiiallin-
HOTO yOe3MeyeHHs Ta 0XOPOHH HAaBKOJIMIITHBOTO cepeaoBuia. J{o ux 3a1a4 HalexaTh
MOJICTIOBaHHS TU(y31IHUX TMPOIIECiB BUBEICHHS PaJl0aKTUBHUX 3a0pyAHEHB 3 Xapyo-
BOT MPOJYKIIi 1 OLIHKKA PU3MKIB paAialliiHOTO 3apaskeHHs XapyOBUX MPOTYKTIB.

Meta po0oTu noJisirae y MOAETIOBaHHI MPOIIECIB MAaCOOOMIHY i/l Yac TEXHOJOT1-
YHOI Ta KyJiHapHOi 00pOOKHM Xap4yoBOT MPOAYKIII JJIsl 3HM>KEHHS B Hill BMICTY PaJllOHY-
KJIIJTIB.

PesynbraTu 1OCHiHKEHHS MalOTh TEOPETHYHE 3HAYCHHSI, OCKUIBKH pO3pOOKa aro-
PUTMY JUTSI MOZICITFOBAHHS BUBEACHHS PaIiOHYKIIITHUX 3a0pyTHEHD JOTIOMArae po3Iiiu-
PHUTH 3HAHHS TIPO MeXaHi3MU U (Dy3ii paiiloaKTUBHUX PEUOBUH, PO3IIUPUTH CHEPY BU-
KOPUCTaHHSA METOIB (PI3UTHOTO MOICTIOBAHHS TUCTIEPCHUX CHCTEM.

[IpakTruHe 3HaYEHHS TOCTIKEHB MOJISITae B po3po0iil Mojaesnel 1udy3ii Ta B po-
THO3yBaHH1 Ha OCHOBI iX KPUTUYHUX PEKUMIB (PI3UUHUX TPOIIECIB, SKi MOB'A3aH1 3 pa-
JI0aKTUBHUMHU 3a0pynHEeHHsIMU. [le Mae mokpammTy Haiie po3yMiHHS MEXaHI3MiB MO-
[IMPEHHSI PaII0aKTUBHUX PEYOBHH Y JOBKULI Ta HaJaTH 1THCTPYMEHT Ui YIPaBIiHHS
pU3MKaMH, TIOB'SI3aHUMU 3 PaJII0aKTUBHUM 3a0pyTHCHHSIM.

IMocTanoBka 3a1a4i Ta MeTOAMKA AOCTIIZKeHb. 3T1HO 3 MIXKHAPOIHUMHU CTaH-
JapTamu Ta AII0YMMH B YKpaiHi HopMaTuBamu [ 1-4] BCTAaHOBJIEHI MAaKCUMAJIBHO JIOITY-
CTHUMI PiBHI paialiiitHOTo 3a0pyIHEHHS IS PI3HUX TPYI MPOAYKTiB. [lepeBurieHHs nux
PIBHIB CBIIUUTH MPO HEOE3MEUHUM pailalliiHUi CTaH MPOIYKIIii Ta MOTpedye iX BUITY-
yeHHs. KOHTPOJIb 31HCHIOETHCS 3a IOTTIOMOTOI0 METO/IIB PaIlOMETPii Ta CIIEKTPOMETPIi
— MEPEBIPSIETHCS] HASIBHICTD 130TOIIIB 11€3110- 137, cTpoHI1iro-90.

ITporecu kyniHapHOi 00POOKH XapuoBOI MPOAYKINT — 1€ CKIaAH1 (p13UUHI Ta XiMi-
YHI mpouecu. PamianiitHuii KOHTPOJIb Xap4OBUX MPOIYKTIB € CKJIAJOBOIO 3aralbHOTO
KOHTPOJTIO SIKOCT1 Ta 0€3MEeYHOCTI MPOYKIIlT XapuoBoi raiysi [5].

B nporecax TexHonOri4HOI 00p0OKH XapuoBO1 MPOYKIIII B HUX CITOCTEPIratoThCs
0cOOJIHBI SIBUILA Ta TPOIIECH CTPYKTYPHHUX 3MiH [5].

Came B 11€#f i yac TepMidyHOi 00 TEXHOJIOTTYHOT 0OPOOKH XapuoBOi MPOTYKIIii
NPOXOAATh HEMIHIWHI (PI3UKO-XIMIUHI MPOIECH, SIKI 3MIHIOIOTH HE JIMIIE XIMIUYHUIM
CKJIaJ, a i TEeKCTypy, CMakK, 30BHIIIHIN BUIIIA] 1 HaBITh MOXHUBHY I[IHHICTh MPOAYKTY
[5]. Hanpuknan, mpu BapiHHI BiZOYBAETHCS TETUIOOOMIH 1 MAaCOOOMIH, TIPHU COTIHHI —
audy3ig conedl y TKAaHWHU TPOAYKTY, MIPU BUITIKAHHI TICTa — PO3IMYIIYyBaHHS, CTBO-
PEeHHS TOPUCTOT cTpYKTypH. KymiHapHi MpoyKTH, MPOIYKTH iK1 B Ipoliecax iX mpuro-
TYBaHHS YacCTO € HEPIBHOBAKHUMU CUCTEMaMH, Jie IPOTIKAIOTh XIMIUH1 peaKilii.

®di3uyHI Ta XIMIYHI IPOLIECH, K1 BiIOYBAIOTHCS MPHU 1IbOMY MalOTh CKJIQTHUN Xa-
paktep. BoHu onucyroThCsl HEMHIMHUMU AudepeHiiaTbHuMu piBHIHHAMU. CKITaIH1
TPUBUMIPHI CTPYKTYPH YTBOPIOIOTh MOJICKYJIH, SIK1 MalOTh 3JIaTHICTb 3'€THYBATHUCS MIXK
c00010, yTBOPIOKOYM OUTKH. BIJKH, IK OCHOBH1 OJIMHMIII )KUBUX OPraHi3MiB BUKOHYIOTh

125



dizuka aepoaucnepcHux cucteM. 2026. Bun. 64. C. 124-133. ISSN 0367-1631 (Print)

qrcIeHHl (QYHKIT B KIIITHHAX, K1 00'€ JHYIOTHCS B OUIBII CKJIQJHI YTBOPEHHS .

HeniuiiiHicTh 1TUX TPOLIECIB O3HAYAE, 1110 HABITH HE3HAUYHA 3MiHA TeMIIEpaTypH,
BOJIOTOCTI UM CKJIaly MPOIYKTY MOKE MPU3BECTH JI0 30BCIM 1HIIIOTO pe3ynbraty. | Ha-
BIIaKH, TMpH JOTPUMAHHI ONTUMAJIBLHUX YMOB BiJIOYBalOThCS CHHEPIreTUYHI e(eKTH,
KOJIM TIPOAYKT CTPYKTYPYETHCS, TOOTO OPTaHi30BYEThCS Y CTiliKi yTBopeHHs [6]. CTpy-
KTYpH, 30KpeMa KoMipku beHapa, yTBOPIOIOThCS CAMOYMHHO 3aBISIKU OJHOYACHIHN Jii
TEII0-MaCOOOMIHHHMX MPOLECIB Y BIIKPUTUX TUCUTIATUBHUX CUCTEMaX.

Bupuatoun [6-8] HeniHilHI, HEPIBHOBAXKHI MPOIIECH B paMKaxX HENIHIHHOI JTuHA-
MIKH Ta aHai3y CUCTEM HABKOJMITHHOTO CEPEIOBUINA, (PI3UKH CKIATHUX, HEIHIMHAX
HEPIBHOBAXHUX CHCTEM JOBKULISA, SIKI OMUCYIOThCS MOHSATTSAMU- HEBPIBHOBAXKEHICTD,
T1IpoIMHAMIYHI HECTIMKOCTI, mucumantis, 0idypkariii, MOXHa MPUITyCKaTH, 110 CKJIaIHI
CTPYKTYpH PEYOBHUHHU, SKUMU € CTPYKTYpPa Ta BIACTHBOCTI XapuOBOi MPOIAYKIIii, MOKYTh
YTBOPIOBATHCS 1 3aJI€KATH BiJ] TEPMOAMHAMIKH 11 MPUTOTYBaHHS.

TepMmoHaMiuHe CHOPSDKEHHS MPOIECIB, 3MiHA EHTPOINi BIJKPUTOI CHUCTEMH,
YMOBH KiHETUYHOI HEOOEPHEHOCTI, — OCh MOHATTS, SIKi MalOTh OMTUCATH MPOIIECH TEXHO-
JIOT1YHOT OOPOOKH Xap4OBOi MPOTYKIIIi.

[ToctaHoBKa 3a7a4i BKITFOUAE PO3TIIS] 3HEIIKOKEHHS paliallitHOro 3a0py/THeHHS
XapyoBO1 MPOAYKIN MIITXOM MacOOOMIHHUX TIPOLIECIB Mij Yac ii TeXHOJIOTTYHOI Ta KYy-
JiHapHO1 00poOKu. PasialiiiiHi 3a0pyIHEHHS MOXKYTh OyTH PO3UMHEHUMHU Y BOJI, a TMPO-
IIECH 1X 3HEIIKO/HKEHHS MOXKYTh OyTH TOB’s3aH1 13 IIBUJKICTIO BUBEIICHHS iX uepe3
MOpH Y MaCOOOMIHHHX MpoI1Iecax.

VY poGoTi 00paHo 3a METy JOCTIAUTH AU(y31I0 PO3UHHY COJIl paAl0aKTUBHOI peyo-
BUHU Y JIESK] MMPOYKTH XapuyBaHHS 3 TOPUCTOIO CTPYKTYPOIO Y TEXHOJIOTIYHUX TIPO-
11ecax COJIIHHS, BAMOUYBaHHS, BapiHHS Ta iH. TEOPETUIHUM METOIOM JIOCIIIKEHB € Me-
TOJT MOJICTIOBaHHS MPOLIECIB MacOOOMIHY MpH AU(y31i COTLOBOTO PO3YUHY O BHYTpI-
MTHIX [MWTTHAPUYHUX TIOpaxX Py HU3bKUX TEMIIEPATYpax Ta MPOIleciB KOHBEKTUBHOI /U~
(y3ii 3 BpaxyBaHHSM cTe(aHIBCHKUX MOTOKIB B MPOIIecax BUIIAPOBYBAHHS.

KineTuky mpolieciB MOKHA JTOCIIIPKYBaTH, BUBHAYAOUM PAII0aKTUBHICTh Xapyo-
BOT'O MPOJYKTY Ha MPOTsI31 MAaCOOOMIHHOTO TIPOIIECY 3a TOTIOMOTO0 Pa/Iio-T103UMETPH-
YHOTO Ta CIIEKTPOMETPHUYHOTO 00JIaTHAHHSI.

MopaenoBanas Au@y3ii M0 BHYTPIIIHIX MWIIHAPUYHUX MOpax. MoiemoeThes
IPOLEC BHYTPIIIHBOI AUPY3il COTBOBOrO PO3UMHY MO LIUJITHAPUYHUX MTOPAX XapuOBOTO
MIPOIYKTY Yy TIpoliecax Horo 3acoOBaHHS a00 BUMOYyBaHHs. byeMo BBakatu, 1o xa-
PUOBHI IPOAYKT MA€ CTPYKTYPY y BUTIISIAL JOBTUX IIJITHAPHYHUX TIOP, SIKI PIBHOMIPHO
po3nofiieHi mo 06’emy npoaykty. {udysis colboBOTO pO3UnHY BiIOYBAETHCS Yepe3
MIOPH, IO BUXOSTHh HA 30BHIINTHIO MMOBEPXHIO. TaKMM YMHOM, COJTLOBUI PO3UUH MOXKE
MIPOHUKATH y IPOIYKT HA TIIMOWHY TIOPSJIKY JTOBXKUHH TTOPH.

B 00’eMi xapuoBOT0 MPOIYKTY BiIOYBAIOTHCS COPOITiiTHI TPOIIECH, B TEXHOJOTIAX
3aCOJIIOBaHHS BIJIOYBA€EThCS a/1cOpOIIisl, @ TPY BUMOUYBAaHHI XapuoOBOTO MIPOYKTY — Jie-
copOIris.

Braxaemo, 1110 yci MWIHAPUYHI TOPU MAIOTh OJJHAKOB1 JOBXUHY 1 miameTtp. [lopu
1110 BUXOJIATh Ha 30BHIIIHIO TOBEPXHIO XapYOBOI'0 MPOIYKTY, MAIOTh 33IaHUI PO3IOILIL.

Jlope4HO BBa)KaTH, 1110 KIJIBKICTh MOP, 10 BUXOASTH Ha 30BHIIIHIO OBEPXHIO Xa-
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PYOBOTO MPOIYKTY, 3MIHIOETHCSI BAOBXK KOOPAMHATH X B OJHOMIPHIiH 3a7a4l 3a eKCIo-
HEHLIIaILHAM 3aKOHOM, TOOTO IIponopiiiino e “* | ne b — mapamerp po3noainy nop, X —
KOOp/MHATA 13 HAMIPSIMOM YCEPEANHY XapyOBOTO MPOIYKTY.

Toni piBHSAHHA BHYTPIIIHBOI JUQY3ii 3 BpaXyBaHHSIM €KCHOHEHIIAIbHOTO PO3IMO-

Iy TIOp, 110 BUXOIATH Ha 30BHIIIHIO IIOBEPXHIO, MA€ BHIJIS]T
d%c

_— —bx =
| —2 T ae 0, | .(1)
7ie ¢ — KOHIIEHTPALlisl COJIbOBOTO PO3UMHY BCEPEIUHI MOPHU, & — KOHCTAHTa MAaCOOOMIHY.
Pipusnns (1) migcranoBkoro ¢(x)=n(¢), & = e HaBOAUTHLCS 10 HACTYIIHOTO BHIY
a
"+ '+ 5n=0. 2)
Po3B’si3kom piBHsIHHS (2) € mumiHaApyuyHa (yHKIS beccens HyJIbOBOrO MOPSIAKY
Z()(Z)

c(x)=n($)= Zo(2), 3)
2 T , T
Zy(2) = — [Acos (z — Z) + Bsin (z - Z)]’ 4)
a 2 _b,
e z=2 ﬁ f = ; \/Ee 2
['pannuni ymoBu: x=0, c=co, x=R, dc/dx=0.

3 HUX OTPUMAEMO CHUCTEMY PIBHSHB JJIsl BU3HAUEHHs KoediwieHTiB A 1 B:
/i /i
Asin (21 — Z) — Bcos (21 — Z) =0,

nizo [Acos (zo — %) + Bsin (21 - %)] = Co,

3BIIKM 3HAXOAMMO KoeditieHTH A 1 B:

cos(zl—;—t) cos(zl—%)cos(zo—%) Co %
=——xB B=—7— 7" 7 &
sm(zl—z) sm(zl—z)sm(zo—z) sm(zo—z)
b
TYT Zg = _%\/E, Z1 = —%\/Ee_gx.
[Totik po3unHy BcepeauHy npoaykTy Gi IOpPiBHIOE
dc
G, = —Didj—" = AD;th(|z,| — |z,]) = AD;thAR. (5)
0
[pu Bemukux 3HaueHHsx z Beawuuna th(|z;| — |z,]|) — 1. Toai MonexymspHuii

MOTIK COJIbOBOTO pO34MHY 0piBHIOE Gi=AD;, ne D;—koedilieHT BHYTPIlIHBOI Tu(y3ii,

: a
A — mapameTp, 110 JOPIBHIOE A = :
bD.,

3. MoneoBaHHSI KOHBEKTHBHOI 1M (]y3ii paioHyKIIiIiB Yy BOAHOMY cepeno-
BHUIIi. MexaHi3MU IEpEHeCeHHST MacH CePEIOBHUIIA, K IJIOTO 13 MBUIKICTIO V, SIKa SIB-
J7sie o000 MIBHIKICTh KOHBEKTUBHOTO MOTOKY, € MOJSIPHUMHU MeXaHi3Mamu. [y Mo-
JIIPHUX MEXaHI3MIB XapaKTEPH1 OUIbIII MIBUAKOCTI MOTOKIB Mac. Koy MosieKyIspHUMU
MexaHizMaMu Tudy3ii MO>KHa HEXTYBATH, PIBHSIHHS IEPEHOCY MAacH MOKHA 3aITUCaTH Y
BUTJTISA1 [9]
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2+ gradC = - divj +1, (6)
ne C — KOHUEHTpaLis panionyKiIiais; / — QyHKIis JKepena; ] — 'yCTHHA IOTOKY pajio-
HYKJIITY, BHACTIIOK SIKOTO B1/I0YBa€ThCS PO30ABICHHS CyMIIIL.

KpaiioBi yMOBHU: Ha MOBEPXHI TPYOKH TOKY MEXaH13M MacOOOMIHY BBaXKaeMO MO-
JISIPHUM 1 TYCTHHA MTOTOKY PaIlOHYKJIITY
jlo=BC,

Nup'r .o o .o . . o
=2 _uysiitauii kpurtepiit HyccensTa, D —koeditienT qudysii

D
. . . acC
BHaCJ'Il,Z[OK CTall1OHapHOCT1 YCTAJICHOT'O ITPOLECY ot =

ae P

OyHKIIIS CTOKY 3HAXOAUTHCS 13 3aKOHY Pai0OaKTHUBHOTO PO3Maay, OCKUIBKH 1€
KUTBKICTh PaJIOHYKIIIA, sIKa PO3MaJAAa€ThCS 38 OJUHUILIIO Yacy B OJAMHUII 00’ €My pedo-
BUHU:

/- 1 dN _dC 1
l S Vodt dt T
ne K—Tn — koHcTtanTa po3nany (T1 /o NepioJ] HAMBPO3MaTy PadiOHYKITIIA).
1
/2

Hanpasumo Bick X B370BX MOTOKY BOAM. ToJi B LMIIHAPUYHUX KOOPAMHATAX 3
BicCi0 X Y SIKOCTI IIMJIIHAPUYHOT OC1 3 ypaxyBaHHSM paialibHOI CUMETPII:
aC aC

gradCzEer+af’x
. 10 _ dJ
divj —;a(rﬂ+a

Jlsist MonsipHOTO MeXaHi3My nudy3ii
. .~ _Bc  ,oc
J=BC,  divy=—+p—.
3 ypaxyBaHHSIM HaBEJICHUX BUPa31B PiBHIHHA (6) mpui0ae BUTIIAL:

,aC _ _BC _
(v+,8)ax— - AC, (7)

abo

ac

%= —ac, ®)
e

Bia ﬁ%"m

Lt rfE 9)

v+ = v
ockuIbkH B <« v . Po3B’s130K piBHSHHS (§) Ma€e BUJ
C=Che ™. (10)
OT1xe, 3MiHA KOHIICHTpAIIl] paJIlOHYKIi/1a Y KOHBEKTUBHOMY TIOTOILIl BiJIOYBa€eThCS
3a eKCMOHEHIIaTbHIUM 3aKOHOM, MOKa3HUK CTETEHI SIKOTO BU3HAYAE€THCS KOHCTAHTOIO
po3manay A 1 mBHUIKICTIO MacooOMiHY 3. KoeditieHT MacooOMIHY [ BUBHAYAETHCS 3 KPU-

TepiajJbHOTO CIIBBIIHOIICHHS
NuD.D
-

Br .
Nup= > 3BLIKH B=
Toni po3B’si30k piBHSHHSA (7) MOXHA MPEICTABUTH

Xb+2)
c=Cye’ (11)
ne b — ¢akrop po30aBiIeHHS,
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b =B/r =Nup'D/r?

Braxaemo, 1110 papiariiiina akTHBHICTh BOJIM TIpoTopIliiiHa koHteHTpartii C pamio-
HYKJIi/1a y BOJHOMY po3uuHi. ToMy Ha BijicTaHl X BiJI IOBEPXHI aKTUBHICTh A pO3UHUHY
JIOPIBHIOE

“X(b+2)
A=4,-e” ,bk (12)

KoHBEKTHBHO MeXaH13M MOLIUPEHHS PAIOHYKJII/IIB MA€ MOSICHIOBATH MPOLIECH T1e-
pPEMIIICHHS Pa/llOaKTUBHOI PEYOBUHU KOHBEKTUBHUMHM (MOJIIPHUMHM) OTOKaMu. Poib
HOT0 Mae 3poCcTaTy 3 MiJIBUIICHHSIM Temmeparypu. Kun'sTinas, BapiHHS B11OYBarOThCH,
Koy AU(y31iHI TPOLIECH MEPEXOAATh Y TYpOyJIECHTHUN PEKUM.

[HTeHCHBHICTP KOHBEKTUBHUX IMOTOKIB BU3HAYAETHCS MPOCTOPOBUM MACIITAO0OM
TypOyIeHTHOCTI |, MBUAKICTIO TypOYJIEHTHUX ITyJIbCalliii, IKa B CBOIO Yepry MOB s3aHa
3 MIBUIKICTIO KOHBEKTUBHOTO TIOTOKY W. 3a (opmyrnoro [Ipanatis kiHematnyHa B’s3-

. . dw . . . . .
KICTb V; JOPIBHIOE YV, = lz d_’ a ITMHaAMI14YHa B A3KICTh U=pw ,acw -IBHIKICTb
Yy

NV dw
TypOyJIEHTHUX MyJbCcallii W = IE , p- TYCTHHA.

[IpocTopoBuii Macitad TypOyJIeHTHOCTI | Mae mOpsI0K po3MipiB, 10 BU3HAUAIOTH
CHCTEMY - pO3MIp TiJI, 1110 OOTIKAIOTHCS, AlaMeTp abo IMHMpUHA KaHAIIB, JiaMeTp KOMi-
POK, 30KpeMa KoMipok beHapa y cTpykTypoBaHiii cucTeMi Xap4oBOTO MPOIYKTY.

SKmo y cuctemi MpOTIKAIOTh MPOLECH (a30BOro MEPETBOPEHHS 13 3MIHEHHSIM
00’eMy ra30B0i (a3u, 3'IBIETHCS JOJATKOBHIA, cTe(haHIBCbKUI MOJISIPHUM MOTIK

—

Gyc=Wc o (13)
JIe We — IIBUJKICTB CTe(haHIBChKOTrO MTOTOKY, p| — TUCK HACMUEHOI BOASHOI mapu, pi1/RT
— MOJIbHA KOHIIEHTpaIllisi BoJisiHO1 mapu. CtedaHiBChKUN MOTIK 301IbIITYE€ BUHECEHHS
napy BiJ] TOBEPXHI. 3 BpaxyBaHHIM cTe(paHIBCHKOTO MTOTOKY MOBHUI KOHBEKTHBHHIA I1O-
TIK IOPIBHIOBATHME
= — ., P1
G, =v'C+wC'E. (14)
VY Bunazaxy p; = 0 (Ha BenuKii BiJICTaH1 BiJ MTOBEPXHI) BBAKATUMEMO HE3MIHHHM.
BuznaunMo koHBeKTUBHUH IU(]y31iHUHN MOTIK (3 BpaXyBaHHAIM CTe(aHIBCHKOTO)
Npy BUTIAPOBYBaHHI PiIMHM 3 IJIOCKOI TIOBEPXHI y Ta3oBe cepenonuile. bygemo BBa-
’KaTH, 1110 KOHBEKTUBHUH MOTIK y PIIUHI NOPSAAKY AUGY31HHOTO MOTOKY MapH y MEKax
MIPUKOPJIOHHOTO APy, SKAW JJIs1 TapH MO>KHA 3aIMCaTh

Dy, dpq 121
G, =221, P1 15
. . _ 1 RT dx T We RT’ (15)
a MOTIK MMOBITPSI Ma€ JOPIBHIOBATH HYJIIO.
Dy, dpq D2
2 RT dx C Rr ’ (16)

ne Dj>— xoedimieHT qudysii, W, — IBUIKICTh CTe(PaHIBCHKOTO MOTOKY, P, - TUCK MTOBI-
TpsL.

[Totik G MOPIBHIOE MOTOKY MapH 1 CIIPSIMOBAHUI HA3yCTpiu y O1K 3MEHIIICHHS Ma-
pILIaTbHOTO TUCKY MOBITPS p, . Tomy 3aranbHuii THCK P =p;+ p,

3Biacu
1 dpy

“Diagr (17)

We =
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3 BpaxyBaHHSIM BHpa3y Ui MIBUIKOCTI cTe()aHIBCHKOTO MOTOKY MOTIK (; TOPiB-

HIO€E
_ 1 dp
Iarerpyroun Bupas 1t G;, OTpUMAEMO
P1
_ 1Dy P
Gy = 22 Pln (19)

OninuMo BIUIMB CcTehaHIBCHKOTO MOTOKY MPHU BUITAPOBYBaHHI piUHM. BimHO-
IICHHS TTIOBHOTO JU(]PY31HHOTO MOTOKY (pa3oM 13 creaHIBCbKUM IMOTOKOM) JI0 YUCTO
U y31MHOTO MOTOKY Y Ta30BiH (a3l

k=31 (20)
P P

Ha puc. 1 mpuBeneni 3anexHocTi Koediiie-
HTa k BiJl BIIHOIIICHHS THUCKY TIapW Ha MOBEPXHi
BUTIAPOBYBAHHS P |pop 10 3aTAITLHOTO TUCKY P.

3 puc.l BuaHO, O Y BUIAAKY, Ko p; = 0, /
Y/

a pme/p = 0.5, mo BiANOBiIAaE TeMIIepaTypi

1=373K, Bignomenss k = 1.4. Konut pinos/p = 0.95, 5 i
BIJTHOIIICHHS k 3pocTae 1o 3,2.3a q)oplylynoro Hp?.- 5 iﬁ/
HTJISI, MOYKHA OIIHUTH YUCTO TUQY31HHUNA TOTIK b=

y pinuHi. KopucTyrouuch AOBITHUKOBUMHU [1a-
HUMH, 3HAXOJIMMO, 0 MPHU TeMIIepaTypl KUIMHHA
Boau 1T = 373 K BiIHONICHHS KIHEMAaTUYHUX B’sI3-
KOCTel BOIM 1 BOASHOI mapu ckiagae 35.7. To6ro, Fuc.1 Poib credaniseriux notoxis
MOJKHa OuiKyBatw, mio credaHoBchki morokm — MPH BHIAPOBYBAHHI BlIporiecax
MaiiKe Ha JIBa MOPSIKN TIEPEBUIYIOTh KOHBEKTH- ' iﬂg HT;H_HH Ti 1(3)a§111){.ﬂ;1 3
BH1 11 (y31iiH1 TOTOKU y PiAKHI. Pr="=5 _ g 14 p e p1
e mosicHIOE, YOMY IIBUAKOCTI TAKHX TEXHO- ’
JIOTIYHUX TPOIECIB, SK COJIHHS, BUMOYYBAHHS
MaJIi, a cami I1i TPOLIECH BUMIPIOIOThLCS TOJIMHAMM Ta 100aMu. B HUX Jit0Th MOJIEKYJIs-
pH1 1udy3iitai MmexanizMu. [IpoTe, TEXHOJIOT14HI IPOLIECH, 1110 OB’ sA3aH1 3 KU SITIHHSAM
Ta BapiHHSIM, XapaKTEePHI BEJIMKUMH IBUAKOCTIMHU KOHBEKTUBHUX MOTOKIB. [Ipu 1ipoMy
CYTTE€BUMHU € cTedaHIBChbKI TOTOKH, III0 00YMOBJIEH1 (ha30BUMH MEPETBOPIOBAHHIMU Y
cucteMi. TpuBamicTh KUX MPOIECIB CKIATAE XBUIMHU. 3PO3yMLIO, 11O JIJIsl BUBEIACHHS
PATIOHYKITIIIB Y MPOIIECaX BUMOYYBAHHS MOTP1OHI TOAMHM, a B MPOIIECAX KU SITIHHS —
JEKIIbKA XBUJINH.

0 0.5 plnow'rp

4. MeToau BUBeleHHA PAIiOHYK.Ii/IiB 3 MPOAYKTIB XxapuyBaHHs. L1i metoau 6a-
3YIOThCSI Ha (P13MKO-XIMIYHHX IMpoLecax quQy3ii, OCMOTUYHOTO MEPEHOCY Ta POZYMHHO-
CT1 paIOHYKJIITIB.

[TpaBunpHUN BUOIP TEXHOJIOTIYHOT 0OPOOKH XapuOBUX MPOAYKTIB 3 TAKUX, SIK BII-
BapIOBaHHS, BUMOUYYBAaHHS, OJIAHIITYBaHHS, JO3BOJISIE 3HAYHO 3HU3UTH BMICT pajliOHyK-
JI1B y TpoaykTax. HalO1IbI pe3yIbTaTUBHUMU € MTPOLIECH, 1110 3a0€3MeUYI0Th IEPeXi/l
130TOMiB y Boay. Tak, BUMOUyBaHHS Ta OJaHIITYBaHHS 3HIKYIOTh BMIiCT Cs-137 Ha 20—
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Tabauus 1. Cepeani 3HaueHHs KoediIli€eHTa TEXHOJIOT1YHO1 (KyJIiHapHOi) 00poOKH

TexHomnoriyna onepartis Koedimient K.T.0
BinBaproBanus M’sica Ta kun atiHHs 10 xB 04
BinsaproBanus pubu 0.7
Cenapailist MOJIOKA Ha BEPIIIKH 0.1
ITepepoOka MoJIOKa HA CUD 0.1
OuuiieHHs] MUTOI KapTOILIi BiJl INKIPKU 0.5
BumouyBaHHS KapTOIIi BIPOJIOBXK 3—4 TOJI. 0.6
BinBaproBanus rpu6iB 0.2

Tab6muist 2. CTyneHs 3HKEHHS pajil0130TOMIB 3 XapuOBUX MPOIYKTIB

[Tponyktu Crnioci0 3HMKEHHSI CryneHb 3HIKEHHS, pa3iB
Tomaru, oripku ITpomuBanHs 57

Kamycra BuaneHHst BepXHiX JIMCTKIB o 40

Bypsik, MOpkBa 3pi3aHHs BEPXiBKU 812
Kaproms BumouyBanHs BopoJoBx 3-4 roa. 5-20
3epHAITKOBI, oBec | JIpoOyieHHs 10-15

40%, conmiHHs, MApUHYBaHHS OT1PKIB 3HIXKY€ BMICT 11e3110-137 10 15%, KoHCepBYBaHHS
mmuHaTy 1 Karmycty 10 20%, kum’ saTiHas — 10 50%.

BinBaproBaHHsI 3HMKY€E KOHIICHTPAIIIO PaIlIOHYKIIAIB y rpubax, M’scl # oBodax
10 50-80%. TyuriHHs TOMaTIB, OYMILEHOI MOPKBU 3HMXKY€E BMICT B HUX 11€3110-137 Ha
50%, ouunnienoro Oypsika 10 30%. Y BapeHoMy M’sci 3a3Buuail 3anuiaersest 40%, a B
Oynbitoni 60% Bif 11€3110-137, 110 MICTUTHCS B TOYATKOBOMY M’siclt. Tomy OymbiOH 1o-
Tp1OHO 3UTH Miciis 8-10 XBWIMH KU SITIHHS M’sica.

JI7ist OLIHKY 3HMKEHHSI aKTUBHOCTI MPOIYKTIB MICJIs TEXHOJIOTIUHOT 1 KyTiHapHO1
00pOOKH BUKOPHCTOBYIOTH [5] KOEdIIiEHT TEXHOJOTrIUHOI abo KymiHapHOi 0OpoOKwH,
KU PO3paxoBYIOTh 32 (POPMYIIOIO:

Kro=Ar0/Ap (21)
ne Ar, — MATOMA aKTUBHICTH MPOIYKTIB MICISI TEXHOJOT1YHOI (KyJIiHapHOi) 00poOKH,
Bbx/kr; Ap — muTOMa aKTUBHICTh IPOAYKTIB 10 00poOKHU, BK/KT.

Coumi 11e3110 MarOTh TEHCHITIIO 3IMIIATHCS y BOHIN (a3i. Tomy mepepodka mMo-
JIOKa y MPOJYKTH TPUBAJIOTO 30epiraHHs € e(h)eKTUBHUM CIIOCOOOM 3HUKEHHSI BMICTY
PaIIOHYKIIIJIIB B KIHIIEBUX MOJIOYHMX MpoaykTax. [lepepoOiisiroun MOJIOKO Ha JKUPHI
MOJIOYH1 MPOAYKTH (BEPILKH, MACJIO), MO’KHA 1CTOTHO IMOHU3UTH BMICT PaIIOHYKIII/IIB B
XapyOBOMY JIAHIIIOXKKY. /{7151 1bOT0 MOTPIOHO KUIT ITUTH HOTO BIIPOJOBXK 8—10 XBHIIMH.

VY Tabun. 2 HaBeeH1 JJaH1 3 CTYIICHS 3HUKEHHS PaJioi30TOIIIB 3 XapuOBUX MPOIYK-
TIB.

[IpakTuHe 3HaYEHHS POOOTH MONIATAE B PO3POOII aIrOPUTMIB MOJIEINI BUBEACHHS
panioOHYKJIIIB, MPUIATHOI JJI TPOrHO3YBAHHS KPUTHYHUX PEXUMIB (PI3UUHUX MpOLIe-
CIB TEXHOJIOTIUHOI Ta KyJiHapHOI 00poOKH XapuoBoi npoaykuii. OTpumaHi pe3yapTaTu
MO>KyTbh OyTH BUKOPUCTAHI: MiJ1 Yac OL[IHIOBaHHS O€3MEYHOCTI MPOAYKTIB XapuOBUX M-
MIPUEMCTB 13 METOIO 3HIDKEHHS BMICTY PaJiOHYKJIIIIB, @ TAKOXK Y BUITAJIKY PO3POOKHU pe-
KOMEH/IAIli¥ 00 PaIliOHaILHOTO Xap4ayBaHHS Ha pajiaIiiitHo 3a0py/THEHUX TEPUTOPIH.
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BucHoBkH

VY po6oTi po3MISIHYTO paloaKTUBHE 3a0pyAHEHHS MPOYKTIB XapuyBaHHs, BCTa-
HOBJICH1 OCHOBH1 ME€XaH13MH 3HEIIKO[XKEHHS paialiifHOTo 3a0pyTHEHHS Xap4u0BOi IIPO-
JYKITT 1] 9yac 11 TeXHOJIOTTYHOI Ta KyJIIHApHOi 00pOOKH, BAKOHAHO MOJIETFOBAHHSI IPO-
1IeCiB MaCOOOMIHY TIPY BHUBEJICHHI PaJll0130TOMIB 3 MPOIYKTIB XapuyBaHHS y BOJAHUI
PO34YMH B TEXHOJIOTISAX 1X KYyJiHApHOT OOPOOKH.

KonBektruBHO-1M(y31iiHA MOJIEeh MEPEHECEHHS PAIIOHYKIIIIB Y BOJHOMY PO3-
YHHI CIIYIIHO OMKCY€E AUHAMIKY PailoaKTUBHUX JOMIIIOK, [loka3zaHa cyTTeBa poib cTe-
(baHIBChKUX MOTOKIB y Mporueci qudy3ii paaioHyKIiIiB 1 TOTpeda BpaxyBaHHS HOTo Mpu
MOJICTIOBaHHI TUHAMIKH Tporiecy. Po3paxyHku 3a KOHBEKTUBHO-AU(]PY31HHOIO MOJIEILITIO
MOSICHIOIOTh €KCIIEPUMEHTAIbHO BCTAHOBJICHI MIBUAKOCTI BUBEICHHS PaiOi30TOIIB 3
Xap4OBUX MPOIYKTIB B TEXHOJIOTISAX 1X KyJIIHAPHOI 0OpOOKU - BUMOUYBAHHS, OJIaHIIIy-
BaHHs, TIOJIBIiHE BapiHHS.

Hanani mpukiagy TEXHOJOTTYHUX PIllIeHb JOBOJATH €(PEKTUBHICTh TAKOTO ITiJI-
X0y Y HAyKOBUX JIOCII/DKCHHSAX Ta IEMOHCTPYIOTh MOTEHIiaJI MOACIIOBAHHS IS OTI-
THUMI3allli XapuoBUX TEXHOJIOTIH.
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V. V. Kuriatnykov

Modeling of mass transfer processes taking into account radionuclide diffusion in
pores and convection during technological processing of food products

Summary

Given the high mobility of radionuclides in natural chains and their ability to accumulate in food
products, the issue of effective technological purification of food products is becoming particularly
relevant.

Food products can be considered a hierarchy of dispersed gaseous, liquid and solid phases,
dispersed systems, most of which have a porous and fibrous structure, taking the form of foam, such
as bread and bakery products.

The content of radionuclides in these structures can be changed by applying physical processes
of mass transfer, which are the basis of the technologies of their culinary processing by soaking,
boiling, salting, etc. Rationalization of technological processing of culinary products can signifi-
cantly reduce its radioactivity and increase the level of food safety.

The aim of the study is to model mass transfer processes during technological and culinary pro-
cessing of food products to reduce the content of radionuclides in them.

Radiation contaminants can be dissolved in water, and the processes of their neutralization can
be associated with the rate of their removal through pores in mass transfer processes.

Within the framework of this approach, the mechanisms of physical processes accompanying
the removal of radionuclides from food products are considered. These are the processes of internal
diffusion of a salt solution of the radionuclide in individual pores that open onto the outer surface
of the food product, as well as convective-diffusion mechanisms, including Stefan flows.

The modeling of mass transfer processes during the release of radioisotopes from food products
into an aqueous solution in the technologies of their culinary processing has been performed. The
processes of intraporous diffusion of the solution through capillary pores that extend to the outer
surface of the food product have been considered. A mathematical expression for diffusion flows
through these pores has been found.

1t is shown that at regimes corresponding to the temperature treatment of food products in the
processes of boiling, boiling, the dynamics of radioactive impurities in an aqueous solution is more
accurately described by the convective-diffusion model. The significant role of Stefan flows in the
diffusion process of radionuclides and the need to take it into account when modeling the dynamics
of the process are shown.

Keywords: radiation contamination, dispersed phase, diffusion, modeling.
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IIpuckopeHHs 3aMyCKy TBepAONAJTHMBHOI0 PAKETHOI0 IBUI'YHA 32 PAXYHOK
HITPO3HMX ra3iB

Pobomy npucesaueno niosuwennio weuoxocmi 2opinnsa meepoozo paxkemuozo naiusa (TPII)
6 kauani 3apaody PITII ¢ nouamkosuii momenm uacy. Lle ooymosneno mum, wo pakemui 08u-
2YHU CMapmosux NPUcKopro8adie NOBUHHI CHOPAONCAMUCS UBUOKO020 20piHHA nopoxamu. O6-
pano eapianm 0eopexcumuozo P/TII 6 axocmi cmapmogozo npuckoprogaua, uwjo ne nompeoye
3MIHU popmu Kanany naiueHoz2o 3apsaoy. B axocmi 6az060i oyinku npusedeno nopieHsaHHs eHe-
peitl HazpieanHs 3apa0y meepoo2o paKemHo20 NAIUea PisHUMU 3AcO0OAMU; BUNPOMIHIOBAHHAM
i 3anoB8HeHHAM KAHAY 3apsa0y OKUCTIO8ATbHUMU a0 coprouumu 2azamu. Ilposedeno ananiz eu-
npobyseansv 3 HazpieanHs 3paskie meepoux pakemuux namue CBY eunpominiosannam. Ilo pe-
3YIbMAmMax eHepeemuyHo20 aHanizy Yux eKkCnepumMeHmie noka3aHa HedoCmamHicms mako2o
Memoody HA2PIBaHHA O/l ONePAMUBHO20 3anycKy pakem. IIposoounucy maxoic oyinKu 6nauUgy
HA 3anyCcK paKkemHo20 08U2YHA NONEPeOHbO020 3aN08HEHHS KaMepu 320PAHHS HIMPO3HUMU 2a-
s3amu NOx. ¥V nouamkoeuii momenm posknadanns NOx 6i06yeamumemspcs wiguoule, Hidxc Hacpis
i po3knadanus nimpoeniyepiny, wo snaxooumscs 6 TPII. Ilpu 3anpononosanitl cxemi cymiu
2a3i6 Ha2pieacmMvCs 3aNAIbHUM NPUCTIPOEM eeKmueniule, Hidc meepoe pakemHe Naiuso, wo
MA€ HU3LKY Menionpogionicms. Memorw pobomu € 30inbulenHs WEUOKOCMI 2OPIHHA 8 KAHAI
3apsa0y meepoonanueHo2o pakemuozo osucyna PITII. Buxopucmani memoou po3paxyHKy eHy-
MPIUHLOOATICIMUYHUX NAPAMEMPIE 8 KAMEPI 320PSAHHS PAKEeMHO20 08USYHA MEepO020 NAUEA.
Posznanymo ysasny cumyayiro, koau 8 npoyeci 3ananenus 3apsaoy 8i00ye8acmuvcs 00HOYACHO ab-
copbyis i pO3KIAOAHHA HIMPO3HUX 2A318, WO 3aN08HI0I0Mb KaHA 3apady. Pospaxoseano nosu-
MueHULl epexm 3MiHU OUHAMIKU 3anyCcKy 8i0 HanoeHenHs Kkauary 3apsaoy PHATII nimposnumu
2azamu Ha npukiadi cmapmogo20 NPUCKOpIO8add, wjo 3apas UKOpUcmosyemoca. B pesyno-
mami 8UABIEHO 30iNbULEHHS WUBUOKOCMI BUX00Y HA PEXCUM CIAoi poOoOmu cmapmogozo npu-
ckopiosaya Ha banicmumuomy nanuei. Haykoea nosusna nonseae y 0OHOYACHOMY BUKOPUC-
MauHi mucky abcopoyii i memnepamypu po3kia0aHHs HIMpPO3HUX 2a3i6 8 PO3PAXYHKY npoyecy
3anycky cmapmoso2o npuckoprogada Ha oanicmumuomy TPII, wo € wmyunum mooentosan-
HAM. [Ipakmuune 3nauenns pob6omu noasi2ae y MO#CIUBOCMI OLbU WEBUOKO20 3aNYCKY paKemu
3a 00ONOMO2010 CIMAPMOB020 NPUCKOPIOBAYA, WO 3apa3 BUKOPUCMO8YEmMbCsl. Pesynomamu mo-
ACYMob OYMU BUKOPUCAHT OJisL CMBOPEHHS weUuoKo2o 2opinua TPII peakmusHux 06uzyHie npo-
MUMAHKOBUX 2PAHAM | MIHOMEMHUX MIH, WO NOBUHHI NOKUOAMU CIMEOJIU 030POEHb 0Ydice UUBU-
oKo.

Knrouoei cnoea: pakemnuii 0gucyn, meepoe pakemmue naiuso, CMapmosuil NPUCKoprosad,
HIMPO3HI 2a3u, muck abcopoyii, memnepamypa po3Kia0aHHs.

Ie craTTs BigkpuToro moctymy 3a jiinensiero CC-BY 4.0
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BBenennsi. Oqaum i3 ¢pakTopiB, Skl HEOOX1THO BPaXOBYBATH MPH 3aITyCKax pa-
KeT 3 Oepera Mops, € MiJABUILEHA BOJIOTICTh MOBITPS HaJ MOBEPXHE BoAM. Bimomo,
[1], 10 IIBUAKICTH 3BYKY B MOBITP1 3 BOJIOTICTIO 30UIbIIyeThes. [Toonanus mapy Bo-
JIOTOrO MOBITPSI, TOBIIMHA SIKOTO 3aJIEKUTh BIJl TEMIIEPATYpH OTOUYYIHOUOTO CEpero-
BUIIA, 3 3a/JlaHUM 4yuciIoM Maxa norpedye 301IbIIEHHS MOYaTKOBOI IIBUJKOCTI IO-
JIbOTYy pakeTu. Yacrile 11e 3aBJaHHS BUPILIYETHCS 3aCTOCYBAHHSAM CTapTOBUX IpHUC-
KOPIOBaUiB, 110 CKUAAIOTHCS, P1ALIE 3aCTOCYBaHHAM ABopexuMHuX PJITII, komu onun
3 peXKHUMIB pOOOTH € CTAPTOBUM, a APYTUHN — PEKUM MapIIoBoro aApurysa. Llei edekr
MO3K€ OYTH TOCATHYTUH (POPMYBAHHIM KaMepU 3TOPSHHS y BUTJISI/I1 KaHAIIIB IBOX TH-
MiB, SIK, HAPUKIIAJ, Y TBEPIOMATUBHOTO npuckoproBaya P230 paketu «Apian 5» [2],
a00 3aIIOBHEHHSIM OJIHAKOBOTO MO JIOBKUHI KaHAITY 3apsly OJIUCIIOBAaILHUMHU abo0 ro-
PIOYMMH Tra3aMu, MICJIA BUXOY SIKUX HAa30BHI PEKUM POOOTH ABUTYHA 3MIHUTHCS.

AHaJi3 JgiTepaTypHux aaHux. B po6oti [3] mokaszaHo, 0 TETIOBUACICHHS 1
MIBUAKICTh TOPIHHS JBOXOCHOBHUX TBEPAMX MaJUB 3aJ€XKaTh BiJl MACOBOTO BMICTY
NO; B manuBi. Aje, 30UIbIIEHHS MBUAKOCTI TOPIHHA MOXe OyTH JOCATHYTO, SIKIIO
tBepae nanuBo (TII), me o 3anycky Oyne [4,5] HarpiBaTucs pi3HUMH 3acOo0aMHu, Ha-
NpUKJIaJA - pagialliiHUM TETUIOBUM MOTOKOM, IO oclmItoe. [Ipu boMy, MOTY>KHICTb
BUIPOMIHIOBaHHS OyJi€ MOCUITIIOBATUCH BIA3EPKAIICHHSIM BiJl CTIHOK JIBUTYHA, SIKIIO
PJITII BukoHaHo y MeTajieBoMy Kopityci. Takuii croci0, KO ABUTYH MEpe] CTapTOM
MIITPIBAETHCS PalalliiHAM TETZIOBUM TTOTOKOM, 1110 OCIIMITIOE, IPUIATHAN JIUIIIE TSI
Ha4YaJIbHOTO MTPUCKOPEHHS pakeTH. TBepae maauBo MOXKe OyTH HArpiTe MPOMEHUCTUM
TErI000MIHOM TIJIBKU B MEPIl MOMEHTH POOOTH JABUTYHA, OKH MPUTIK TEIUIA 13 ra-
30BOi (pa3u He Po3irpie maauBo A0 Ti€l K abo OUTBIIOT TemmepaTypu. B po6oTi [5] o
pe3ynpTaTax CIpoOH MigNaleHHs 3pa3kiB TBEPAMX PAKETHUX MalIUB 0aniCTUTHOTO
HAII-5A, cymimesoro I1[I-10/20E 1 repmormactuunoro MI'T-2I1 CBY Bumnpominio-
BaHHAM MOTYXHICTIO 1,5 KBT criocrepiranocs aesike 30UIbIISHHS MIBUJIKOCTI TOPIHHS
(Bix 4 % 10 9 %) HAII-SA nicns npununenns CBY HarpiBy 1 0X0JIOAKEHHS TaJIMBa.
Piu y Tomy, mo npu Harpisi 6anictutHoro TII cnepiry iayTh mpolecu po3KiIaTaHHs
13 BuALIeHHsIM NO, 1 NO, moyaTok 1 3aKiHY€HHSI TOPIHHS SIKUX BiJOYBAIOThCS B JUMO-
ra3oBiii 3041 1 30H1 oayM 5. BoueBuas CBY HarpiB npu3BiB TUIBKH JI0 MPOLIECIB PO3-
KJIQJaHHs. 3apsau 3HaXOWINCh B 3aMKHYTIM €MHOCTI, B aTMOCdepl 3BUYaitHOTO TI0-
BiTps. Aue B [3] OyJo mokaszaHo, 1110 HAMMEHIIIWA TUCK TTOYaTKy TOPIHHS 0aTiCTUTHOTO
TII nopiBaroe 2 atM. BumpomiHrOBaY TpaifoBaB Ha YacTOTi, IO BiANOBimaE A =

11 cwm. [1ix BrmmuBom CBY BunpomiHiOBaHHS Ha 3pa3Ku criocTepiraBcs ix HarpiB. Cty-
MiHb HArpiBy 3ajiekasia BiJ TpUBAIOCTI BIUIMBY. Haiibisbla iIHTEHCUBHICTh HarpiBy
cnocrepiranacs y 3paskiB [1JI-10/20E crosbuacToi ¢popmu. [lanHi mo HarpiBy 3paskiB
114 pi3HOI TpuBajiocTi BBy Ha HuX CBY BumpomiHioBaHHs HaBeAeHO B Taba. Oc-
TATOYHI SBUILA Y BUIJISA1 30UIBLICHHS IIBUKOCTI TOPIHHS OaJiCTUTHOTO MajiuBa, BO-
4eBU/Ib, OyJK 3yMoOBJeH] moyaTkoM BuaieHHs NO, Sk BumHO 3 Tabnuii, cymimieBe
najauBo, yepe3 6 XBUIMH OMPOMIHIOBAHHS CMAJIAXHYJIO MiJ JIEI0 PaAiOXBUIIb, JOBKH-
HOTO 1 1cM, 301IBIITYFOUUX padialliiHYy 1, BIAMOBIAHO, aOCOMIOTHY TEMIIEpATypy MaIUBA.
JIis TaKUX XBUJIb CIIEKTPAIbHY IHTEHCHUBHICTH BUIPOMIHIOBAaHHS, a00 IIUIBHICTH IO-
TOKY MOTY>KHOCTI, PEaTbHOTO TijIa, TAKOX 5K 1 aHAJIOTIYHY XapaKTepUCTUKY a0COITrO-
THO YOPHOTO TiJIa, pO3paxoBYIOTh 10 ¢opmyii Penes- xunca

135



dizuka aepoaucnepcHux cucteM. 2026. Bun. 64. C. 134-141.

ISSN 0367-1631 (Print)

Ta6auns. Temnepatypa 3paskiB TII micsisg onpominoBanHga CBY [5].

Tun TII | 3pa3ok Temneparypa 3pazkiB TII, °C, nix yac BBy CBY
BHUIIPOMIHIOBAHHS, C
10 | 20 | 30 60 120 240 360
HJII-5A | croBmunku e — 20-25 30-35 —
JIOTIATKU — | - | - — 25-30 —
ITJ1- CTOBITYUKHU — | = | = | 25-30 30-40 50-60 | Cnanax
10/20E | nonatku - | - | - 20-25 25-35 | Cnanax
MI'T-2IT | croBmUMKH - = | - — 20-25 25-30 | —
L= (1),

1e A — NOBKHMHA XBHJII BUNIpOoMiHIOBaHHs; T ; — paiamiiiHa Temneparypa; Cq — repia
nocriiina IInanka = 3,74-1071® Br-M? ; C, — apyra nocriitaa ITnanka = 1,44-1072
m-K. TIpuitmemo, 1o Bucora cropmurka nanusa [1JI-10/20E cranosuts 11 cwm, a mia-
metp 1 cm. Bignosingso — mnoma uporo 3paska 34,54 cm? , a 00’ em — 8,63 cm®.
3BizcH MOXKe OyTH pO3paxOBaHO CyMapHY MOTY>KHICTh OMPOMIHIOBAHHS 3pa3Ka

namuBa [1JI-10/20E 240 c - 1.5 kBt = 360 x/[>x. Bimomo, [6], mo eHepris akTuBarii
nepxJyiopaty amoHito nopiBHioe 307.54 kJIx/monb. ToMy, criajgax CyMiIieBoro rnajimsa
CTaBCS 13 3aTPUMKOIO, 3yMOBJICHOIO HU3bKOIO TerutonpoBigHicTio TPII, MeHow Hix
tertonpoBiaHicTh ctan B 100 pasiB. Ilepen num, micis 240 ¢ HarpiBy TemmnepaTrypa
nomatku 3 [1/1-10/20E nopiBHioBana remnepartypi sonatku 3 H/II-5A 1 croBmuunka 3
MI'T-2I1. Bei i manmuBa posirpiBanucs CBY eneprieto ogaakoBo. bamictutae naamBo
He Jocsrao notpiouoi remnepatypu S0° C mist CTIMKOTO 3amycKy 1 BUXOAY JIBUTYHA
Ha PEKHM.

MeTtor nanoi po60TH € 301TbIIICHHS MBUIKOCTI TOPIHHS B KaHAJI1 3apsTy TBEPJIO-
MaJMBHOTO PAKETHOTO JIBUTYHA Y TIOYaTKOBUH MEPioJ] 4acy, SKIIO CTAPTOBHUMA MPUCKO-
proBau ocHareHuit PJITII va GamicTuTHOMY TaIuBi.

PesyabTaTi 1ocaizKeHb. 3aM€XKHICTh HIBUAKOCTI TOPIHHS IBOXOCHOBHHX TBEP-
JUX nanuB Big MacoBoro Bmicty NO, BU3Ha4a€eThCsi GOpMYJIIOH0
U(P) = a-exp[b- gno, 1" P¢, 2)
e a — Koe(illeHT, 10 3aJIeKUTh Bl TOYaTKOBOI TeMrieparypu naiusa; b =10,0 nis
OLIBIIOCTI MANMB; gNo, — MACOBA KOHLEHTPAIlisl OKUCY a30Ty B OAICTUTHOMY Tia-
JIMBI, B JaHOMY BUTIAJKY. I3 301mb1eHHs M BMIcTY NO; 1 KaJIOPIHHOCTI MajuBa 3pOCTae
IIBUJIKICTh TOPiHHA [3].
B cknani 6anicTUTHOTO NanuBa peYOBHHAMH, K1 BUAULIIOTE NO; € HITpOTrminepin
1 HiITpokJIeTyaTKa. Temmneparypa crnanaxy Hitporminepina Takox 200° C, uuM nosiCHIO-
€THCSI TOsIBa MOMI1(PIKOBAaHMX OaIICTUTHUX TBEPAUX PAKETHUX MAJIUB, B AKX OKHUCIIO-
BayeM € Mepxyopar aMoHit0. O HaK eHepris akTUBAI]l 3amajJeHHs XIMIYHUX PEYOBHH
CTaHOBUTH OLIbINy BeanuuHy. [Ipo 11e cBig4aTh BeMuKi HUPPU MOTYKHOCTI BUIIPOMI-
HIOBAHHS — MOPAJIKY MEeraBarta Ha KBaJpaTHUI MeTp, B ctatTi [7]. Ilpu upomy, B 3ae-
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’KHOCTI BiJ] TUCKY, PY 3BUYANHNX 3HAYCHHSIX MIIJTLHOCTI 1 TETUIOEMHOCTI TIOPOXY Pi3-
HUIS TOYATKOBUX TEMIEPATYpP MpU MPOBEJACHHI BUMIPIOBaHb CTAHOBUTD BiJ IECSITKIB
710 IBOX COTEHb IpanyciB [7]. ToOTO, y 3rananux B [5] eKCepUMEHTax JJIsl crajaxy
OaJICTUTHOTO TajMBa B JUMOTA30BIA 30HI HE BUCTAYUJIO IMOTY>KHOCTI BUIIPOMIHIO-
BaHHA. [{e roBoputs npo te, mo nanuo H/II-5A He Oyno moaidikoBaHUM, TOOTO HE
MICTHJIO MEePXJIopaTy aMoHi0. ToMy HULIIO MOAANBIINX JOCIIKEHb € BUPIIICHHS K
opraHi3yBaTtu picT KoHIleHTpailii NO; B mpolieci TOpiHHS B IUMOTa30B1i 30H1 HaJI I10-
BepxHero TPII B mouyaTkoBHii MOMEHT Yacy I CKOPILIOTO Ccrajaxy HaJluBHOTO 3apsaay
1 BUXOJy IBUTYHA Ha pexHuM cTajnoi podoTtu. ToOTO — asnst ckopimoro 3amycky PJITII.
Ie# i mporec Moke OyTH OpraHi3oBaHWM MONEpeaHIM 3amoBHEHHSIM K3 HITpO3HUMH
razamu, Skl IOYMHAIOY1 PO3KJIaJaTUCh IPU TeMIIepaTypl BUILE TEMIEPaTypHu MOBITPS
MOKYTh CTBOPIOBaTH HEOOXIIHY MAJisi TOpiHHSA KOHLEHTpamito NO Haja MOBEpXHEIO
TPIIL. Tomy cnig ouikyBaTé MO3UTHUBHOTO €(PEKTY Bij MONEPEIHHOTO HATIOBHEHHS Ka-
Hany 3apsany PITII vitpo3aumu razamu 3 popmyiioro NOy, 1€ X MOXKe JTOpIBHIOBATH
8,0. lns 30epiraHHs mepes] 3ayCKOM THCK HITPO3HHUX TrasiB B KaHaJl 3apsiay MOXKe
Ooytu HeBenukuM ~ 0,2 MIla a moyaTkoBa TeMriepaTypa MOBEpXHI MajivuBa MOBUHHA
oytu nopsanky 50°C. IIpu narpisi NOy BinOyAeThCS pO3KIaJaHHs HITPO3HUX Ta3iB Ha
NO; 1 npomixH1 TPoAYKTH po3naay. byae 3midtoBaTuck Bmict NO B ra3oBiit ¢asi, pe-
aKIii B K1 OyIyTh MPU3BOJIUTH 0 301IBIICHHS TEMIIEPATYPH 1 M1JBUILICHHS TETIO-
BOT'0 IMOTOKY JI0 TIOBEPXHI TOPIHHSA 1, BIMOBIIHO, 0 IMiABUIIIEHHS IBUIKOCTI TOPIHHS
TBepaoro nanusa. [Ipote, HiTpo3H1 ra3u npu 3amycky P/ TII micas BUIbOTY 3arayiku
3 KPUTUYHOTO TIepepizy coria OyayTh MIBUAKO BUXOIUTH 13 ABUTYHA. 3a 1Iei yac Bif-
oyaetbcs 3amyck 1 Buxig PJITII na pexxum cranoi pobotu. Po3risineMo 1ie Ha npukiaii
cTapToBoro npuckoprobaua paketu C-125 ITP/1-36 (5C45), cnopsxenoro 14-ma on-
HOKaHAJIBHUMHU MIAIIKaMH Mopoxy. Yac iioro po6otu cranoBuThH 4¢. JliameTp npucko-
proBaua 0,55 M, a nosxkuna ~ 1,23 m. Pakera, siKy BiH IpucKoproe, Mae Macy 980kr mpu
Maci ctaptoBoro npuckoproBauya 407 kr [8]. Ha BigMinHICTh Bij komruiekca C-125,
pakKeTa SKOro CTapTye 3 BIIKPUTHUX HAIPaBJISIOUUX, 3apa3 el MPUCKOPIOBaY BUKOPH-
CTOBY€TBCA ISl 1HILIOT PAKETH, SIKa CTAPTYE 13 «TPyOU» - TPAHCTIOPTHO- IMTyCKOBOTO KO-
urerinepa (TIIK). He 3Baxkaroum Ha Aesky chepruyHICTh EPEIHBOIO JHUIIA 1 KOHYC-
HICTb COILUIOBOI'O PO3Paxy€eMO 00 €M IPUCKOPIOBaYa, K wuiinapa V=1,17m. Pizauns
MDK (aKTHYHUM 00 €MOM 1 pO3paxyHKOBUM OYJ1e KOMIIEHCOBaHA TOJATKOBUM THCKOM.
Taxk six [TPJ[-36 OyB cCIpO€KTOBaHMM 1y*Ke JaBHO, IPUITYCTUMO, 1110 KOE(IIIEHT 3aI10-
BHEHHS MaJIMBOM 11bOro 00'emy OyB 0,8. ToOTO, mix THCKOM B 1 aTM. B HBOMY MOXKe
3HaxoquTHCh 1,17- 0,93 = 0,23 M* HiTpo3HuX rasis. [Ipu craaOBaHHI HITPO3HMX Ta3iB
TeMIepaTypa Ha IPOTs31 BCi€l 30HU TOPIHHS HE TIEPEBUIIY€ BEJIMUYNH, PU STKUX YTBO-
prototbes TernoBl NOy - mpu temmnepatypax nopsaaky 1000 K, [9], y Toii gac, komu
temriepatypa moiayMm s Haa TPII moxke 3minroBatuch Big 1750 mo 2756 K, [3]. Takum
guHOM, po3kiananHs NOx MOXe BiIOyBaTHCS 1€ 10 TOYaTKy TOpiHHA manuBa. [Ipu
3amajaroBaHHI 3apsAy HITPO3HI ra3u BIIOMPAIOTh TEIUIO HA ce0e 1 3HIKYIOTh TeMIIepa-
Typy y NO4aTkoBUi MoMeHT. Ha BUpOOHHUIITBI a30THOI KUCIOTH IITMOOKAa BOJHOKHUC-
JIOTHA a0CcOpOIIisd OKUCIIB OKCUJTY a30Ty JJIsl KATAJITUYHOTO 3HEUIKOXKEHHSI OYNHA-
€ThCA NMPU TUCKY 3.5 aT™M. EHepris akTuBallii KaTaiTHIHOTO 3HEIIKOKCHHS, SIK X1Mi-
YHOTO MPOIECy, MEHIIIe HIK €HEpTis aKTUBAllll MPoIeCy rOopiHHsA. 3HAaUYCHHS eHeprii
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aKTUBAaLlli MpoIlecy pO3KJIalaHHsl KOHIEHCOBAaHOI (a3u 1 eHeprii akTuBallii B JUMOra-
30BiH 30H1 HaBeIeHI B [3]. 3HaUE€HHS €Heprii akTUBAallll MPOoIecy po3KiIagaHHs KOH/IEH-
coBaHoi (a3u — 140 £ 2.1 k/[>x/mMoJb, TOOTO, BUIIE3rajiaHa €HEPTisl ONPOMIHIOBAHHS
OyJia JOCTaTHBLOIO ISl PO3KJIaJIaHHS B 30H1 CIIIHIOBAHHS 1 1€ — TEpMIYHA eHepris, o0y-
MOBJIeHa HarpiBoMm. EHepris akTuBarlii B guMora3osiii 30H1 33.4 £+ 2.1 x/[>x/MoJb, 1110
€ EHEePri€l0 MOA0JIaHHS MTOPOTY B3aEMO/IIT XIMIUHO pearyrodix pedoBHH, TOOTO €HEPTis
XIMIYHOT B3a€EMO/III.

Toni ckmamoBi NOyx BUXOAATH 13 CKIaAy CyMiIl K okpemi Mosiekyiu. Jliis ede-
KTUBHOTO BUKOpucTaHHs B K3 mpuckoproBaua HITPO3HI ra3u MOBUHHI 3HAXOJAUTHUCH B
HOro BIIBHOMY 00 €Mi MiJ TUCKOM 2 aTM. — MIHIMAJIbHOMY 3HaY€HHIO, 3 SIKOTO MOYH-
HaeTbes TopinHs OamictutHoro TPII. 3amaneHuil mpucTpiit ABUTyHA TOTPIOHO PO3Mi-
IyBaTH B KPUTHYHOMY TIEpPEPi3i COIIa Tak, Moo MiCIs 3amaieHHs 1 1 IBUIIEHHS THCKY
B K3 BiH BuieraB Ha30BHI. ToJl y BUIBHOMY IPOCTOp1 MPUCKOPIOBada THCK MiTHI-
MeThes 10 3.5 atM. a remnepatypa g0 1000 K, mo npussese g0 Buaiierss 3 NOyx Mo-
nekys NO,. [Ipu 361aemienni NO; 1 THCKY TEIJIOBUH MOTIK B 30H1 CIIIHIOBAHHS 3pOCTA€E
1 11€ TIPU3BOAUTH JI0 30UTBIIEHHS IIBUJKOCTI FOpiHHS ManuBa, [3]. BusHauuTu miiib-
HicTh NOx HEMOXJIUBO, 00 1€ — CYMIIII Ta3iB Pi3HOTO CKIaAy. ToMy I pO3paxyHKIB
npuiiveM minbHicTs NO, p =2.05-107 kr/m>. ITig THCKOM B 2 aT™. B KAMEPi 3rOpSHHS
ITPJ1-36 Oynae 3HaxoauTUCh TPUOIM3HO 468 miTpiB, a00 0.96 kr HiTpO3HUX Ta3iB. [Ipu-
MyCTUMO, 1O 3aMajlOBAILHUNA MPUCTPIN BOTO JBUTYHA HE € razoreHepatopom (iH-
aK1uie BiH HE BUWIETUTD Yepe3 KpUTUIHHI TIepepi3 coIuia), a pO3KUIAE MITYIKU TOPSIIOT
pEUOBUHU MO MOBepXHi 14-Tu mamok. To/al Bka3aHi BUILE 3HAUEHHS TUCKY 1 TeMIepa-
Typu OyAyTh AOCATHYTI. BiAMOBiIHO, MUTOMMIA IMITYJIbC

2 71
IyowﬁJ L RT0- (2, /) " (3)

n—
ne R — rasoBa ctana, [x/mMonb-Tpan; T, - TeMIeparypa ra3onoaioHuX MPOIYKTIB B
Kamepi 3ropsiias; P - Tuck B K3; P,- THCK Ha 3pi31 cOmIa; 7 - CepeIHIN MOKa3HUK 130-
€HTPOIN PO3IIUPEHHS MPOAYKTIB 3rOPSHHS B PEAKTHBHOMY COTLTI.

Jlnst nBoxaTtomHux rasiB n = 1,4. IliacTaBnstoun B piBHSHHS (3) 3HAYCHHS IS
NOy, onepxumo 1, ~ o, = 132.18 m/c. TTOMHOXYHOUH IO [IBUIKICT HA Macy HiT-

PO3HUX ra3iB, MPUITYCKAIOYH, 10 BOHU OYIyTh BUXOIUTH 3 MPUCKOPIOBAYA MPOTIATOM
OJIHI€T CEKYH/IH, PO3PaXye€MO MOMEHT KIJIbKOCTI PyXy HITPO3HUX ra3iB m, - o, = 126,89

Kr*M/C, e m, — Maca ra3iB NpoAyKTiB 3ropsiHHs. CyMapHa Maca pakera + IpHCKOpIO-

Bay nopiBHIOE 1387KT.

3a mpaBUIIOM MOCTIHHOCTI CyMH MOMEHTIB KITBKOCTI PyXY, 32 OJTHY CEKyHAY pa-
KeTa 3 mpuckopioBaueM nepemictutbes Ha 0.09M. O6 eM rasis, 110 Buiiae 3a Lel yac
B TIIK Gyne tpoxu Oinbine 0.02 M. Too6To, 0,04 Bix 06 emy NO, B Kamepi 3ropsHHs.
a1 95% rasziB 6yayTs ropit pasom 3 TPIL. Le — kpaitniii Bunanox. Peanbuuii TuCK
Ha 3pi3i comuia Oyae OuTbIKMM 3a aTMOcpepHUil. Ajie BiH 3aJISKUTh BIJl XapaKTepHUC-
TUKH coruia npuckoproBada [IPJ[-36, sika He Bimoma i SBHO po3paxoBaHa Ha OLIBIITY
Macy MPOAYKTIB 3ropsHHSA. ToMy y moganbIiuX po3paxyHKax OyJeM BUKOPHUCTOBY-
BaTH Ty MIBHJKICTh, IO OJIEpKaHa BHUIIE, JJIs MPUOIM3HOI OIiHKK. J[7s mogambumx
PO3paxyHKIB CKOPUCTAEMOCS CHiBBiAHOIIEHHIMHU [ 10]
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2.E=w,, (4),
Ne @, — IBUJIKICTh BUTIKAHHS KT MPOAYKTIB 3rOPSIHHSA 13 coruia, M/c; E — kiHeTnuHa
eHepris razy B K3;
m, - AQ=E, (5),
e AQ — IATOMa KiIbKICTh Tera.
[To dopmymni (4) E =8735.77 [Ix. Toni, 3a popmynoro (5) AQ = 9,09 JIx/r.
Bigomo, mo MojekyspHa TEIUIOEMHICTh Uil ABoXaTomMHuX TraziB C, = 20.74
Jx/r-monb-°K. AQ/ C, = AT = 0.438 K — npupict nutomoi temneparypu B K3. Toxi

s 0.96 xr NO, npupict remnepatypu Oyne 420 K. Takuii mpupict TemmnepaTypH cTae
HACJIIJIKOM JToJ1aBaHHA Temia AQ razaM B KaMmepl 3TOpSIHHS, Pe3yIbTaToOM SIKOTO € Ki-

HetnuyHa eHeprisa E rasy B K3. [nmma yactuna teruta, nponopiiiina A7 = 1000 — 420 =
580K mijge Ha MiABUINEHHS BHYTPIIIHBOI €HEPTii, sika OyJie mepenaBaTUCh MOBEPXHI
6amictutHoro TPII. Tlponopiiiino TemmnepaTypi najauBy Oyjie nepenaBaTUCh TEIJIOBA
eHeprig Ha piBHI E; = 12 xJIX, 1110 cTaHOBUTH MpuoOIM3HO 8,6% Bij eHeprii akTUBallii
MpoLEeCy PO3KIaJaHHs KOHJEHCOBAHOI (pa3u, HaBECHOI BUIIIE, 1 MOXKE MaTH pe3yJIbTa-
TOM 30UTbIIEHHS! MIBUAKOCTI ropinHs OamictutHoro TPII wa mpubmusno 9%, sk 1y
BUIAJKY HarpiBy TBepaoro naiausa CBY BunpominioBaHHIM. SIK CTBEpIKY€eThCS B [3],
y JIBOXOCHOBHHUX IaJUB MOPIBHSIHO BY3bKHI J1ara3oH PeryioBaHHS IIBUIKOCTI TO-
pinHs. ToMmy Take nmpumnyiieHHs — iiMoBipHO. Lleit edekT 301IblIeHHS MBUIKOCTI TO-
piHHS MOXKe OyTH JOCATHYTHH NMPU BUKOPUCTAHHI Oy/Ab SKOrO HAarpitToro rasy, npoTe
came THCK abcopOitii 1 Temmepatypa poskiagaanas NOy BUSHAUMIIN TApaMeTPH PE3yIib-
Tary.

BucnoBkmu. JlogaBanns HiTpo3HUX raziB B K3 npuckoproBaya Ha OagiCTUTHOMY
TPIT a60 HITPOTIILIEPUHOBOMY TTOPOXY MOXKE MATH PE3yJIbTaTOM 301IbIICHHS IIIBU/I-
KOCTI TOpiHHS Ha puosn3HO 9% , 5K 1 y BUMaAKy HarpiBy TBepaoro nagusa CBY Bu-
npomiHOBaHHIM. TiabKH 11e# Tipotiec Oye mpoXoauTH 3a 1c¢.

B naniit poOoTi 3anponoHoBaHO 301IbIIICHHS IITBUKOCTI TOPIHHS B KaHAJI 3apsiTy
TBEPOMAJIMBHOTO PAKETHOTO JBUTYHA y MOYATKOBUHM TEPiO]] Yacy, SIKIIO CTAPTOBUMA
npuckoproBau ocHareHuit P/ TI1 na GamicTuTHOMY MaJIMB1 MUISIXOM MTOTIEPETHHOTO 3a-
MMOBHEHHS KaMepH 3rOpsSHHS HITPO3HUMU razamu. HaBeneHi po3paxyHKu CBiT4aTh PO
MO3UTHUBHUM PE3yIbTAT TAKOTO PIIIICHHS.
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V. S. Kozin

Increase of speeds burning of solid propellant filling by gases oxides
of nitrogen NOx of combustion chamber

Summary

Work is sanctified to the increase of speed of burning of solid propellant (SPRE) in initial
moment of time in the channel of charge of SPRE. It is conditioned by that the rocket engines
of the starting accelerating must be equipped by quickly burning gunpowders. The variant of
dual-mode SPRE is select as a starting accelerating that does not need the change of form of
channel of fuel charge. As a base estimation comparison over of energies of heating of charge
of hard rocket fuel is brought by different facilities: by a radiation and filling of channel of
charge by oxidizing or combustible gases. The analysis of the tests is conducted from heating
of standards fuels in combustion chamber (CC) of super high frequency solid rocket propellant
(SRP) to the radiations. On the results of power analysis of these experiments the shown insuf-
ficiency of such method of heating is for the operative start of rockets. This analysis was con-
ducted also for estimation of influence on the start of rocket engine of the previous filling by
gases oxides of nitrogen NOx of combustion chamber. In initial moment of decomposition NOx
will take place quicker than warmed decomposition of glycerines nitrite, that is in SRP. At an
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offer chart mixture of gases is heated by the used for setting fire device more effective than hard
rocket fuel that has a subzero heat-conducting. The aim of the work is an increase of speed of
burning of solid-propellant rocket elngines (SPRE) in the channel of charge. The methods of
calculation of internal ballistics parameters are used in a combustion chamber of rocket engine
of solid-propellant. An imaginary situation is considered, when in the process of inflammation
of charge there are simultaneously absorption and decomposition of gases oxides of nitrogen
that fill the channel of charge. The positive effect of change of dynamics of start is expected
from filling of channel of charge of SPRE by of gases oxides of nitrogen on the example of the
starting accelerating that is now used. As a result the increase of speed of exit is educed on the
mode of permanent operations of the starting accelerating on a nonmetallic fuel. A scientific
novelty consists in the simultaneous use of pressure of absorption and temperature of decom-
position of gases oxides of nitrogen in the calculation of process of start of the starting accel-
erating on nonmetallic of SRP, that is an artificial design. A practical value consists in possi-
bility of more rapid start of one of rockets by means of the starting accelerating that is now
used. Results can be drawn on for creation of quickly burning of SRP of ramjets of antitank
grenades and mortar mines, that must abandon the barrels of armaments very quickly.

Keywords: rocket engine, solid propellant, starting accelerating, gases oxides of nitrogen,
pressure of absorption, temperature of decomposition.
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ExcnepuMeHTAJIbHE TOCTII)KEHHA CNAJAXyBAHHS Ta FOPiHHSA Kpamnejib
CyCNEeH3iHHUX NAaJbHUX

B pobomi excnepumenmanvho 00CaioHceHo npoyec CRANaxy8anHs ma 20piHH Kpaneib cy-
CNeH3itl NOPOUWKONn00iOHO20 OOPY Pi3HOI ducnepcHoCcmi (amMoppHo20 ma KpucmaniuHozo) i 2acy
(mapxu TC-1). Ilokazano 0soxcmaditinuti npoyec — BUSOPAHHA PIOKOI 36 A3KU [ nooanbuie
CNanaxy8amHs i 20pinHa meepoo2o bopHoco 3aruwky. Buaenena ananozia npoyecie cnanaxy-
BAHHA | 2COPIHHA MEEPO02O 3ANUWKY [ WMYYHUX KOHeAoMepamie 00py. 3anponoHosaua
MemoouKa pos3paxyHky 060X cmaoiii 20piHHA Kpaneib CYCNEeH3IUHO020 NANbHO20 | NOKA3AHO,
Wo nogHe nepemeopeHis 3a yac merue 20 mc (o cmanosums RpaKmudHull iHmepec), Moxc-
JIUB0 OJ151 Kpaneib oiamempom He Oinvue 50 mrm.

Knwuoei cnoea: cycnensii, bop, kpanis, cnaiaxy8auHs, 20piHHs.

JIOCATHEHHS Cy4aCHHUX TEXHOJIOT1i BUTOTOBJICHHS CYCIIEH311 3a0€3MeYmIi MOX-
JUBICTH CTBOPEHH cycnensiiinux nansHux (CIT) 13 BMicTOM KOHACHCOBAHOI (hasu 10
50% 3a Macoro i Bule. IX 3aCTOCYBaHHS MOKe JO3BOJIUTH Peali3yBaTu MepeBaru p1—
JAMHHOI CXEMHU I0/1a41 najgbHoro. BomHovac 04eBUAHO, IO MPU TAKOMY BUCOKOMY BMi-
cTi kK-¢azu B CII nporiecu Horo po3nuiieHHs Ta MePEeTBOPEHHS B KaMepi 3rOPSHHS pe-
aKTUBHOTO JBUTYHA MMOBUHHI MaTH CYTTEBI crieln(iuHi 0COOIMBOCTI MOPIBHIHO 3 Pi-
axkumu nansHuME. Lo cTocyeTscst mpoliecy mepeTBOpeHHs, i BiAMIHHOCTI 00yMOB-
JIeH1 HacamIlepe]] 3Ha4YHO PI3HUIICIO B Yacl 3aTPUMKU 3aliMaHHS Ta TOPIHHS PIJIUH,
K1 pearyroTh y napoBii ¢a3i, Ta TBEpAMX NAJIbHUX, 10 PEarytoTh FeTeporeHHo. Tomy
cepe]l NepIIoYEproBUX 3aBAaHb, 110 BUHUKAIOTh [IPY BU3HAYEHH] IPUHIMIIOBOI MOX-
JMBOCTI Ta NepcrneKTUBHOCTI BUKOpUcTaHHs CII s ABUTYHIB Pi3HOTO NpU3HAYEHHS,
€ HACTYIIHI: BCTAHOBJIEHHS (PI3UYHOI KApTUHU PO3BUTKY IPOLIECY EPETBOPEHHS, BU-
3HAYEHHS] KPUTUYHUX YMOB 3aliMaHHS, a TaKOX YaCOBHMX XapPaKTEPUCTUK clajaxy-
BaHHS Ta TOPIHHS 3aJIe)KHO B BUAY TBEPAOr0 MAJbHOTO Ta MapaMeTpiB PiAKOro ma-
JHHOTO 1 CEpEIOBHUIIIA.
B naniit po6OTi B SIKOCTI TBEpAOTO MaJbHOTO BUOpPAHO OOp K OAUH 13 HAWOLIbII
MEPCTIEKTUBHUX BUCOKOECHEPTETUYHNUX KOMIIOHEHTIB B CKJIa/ll KOH/IEHCOBaHUX paKeT-
HUX NanbHuX [1].

© b. B. Hazapuyxk, A. B. Himuy, [1. O. [Tanuenko, B. I'. IlleBuyk, O. €. Cugopos, 2026
Le craTTs Bigkpuroro moctyy 3a dinensiero CC-BY 4.0 =

142


https://creativecommons.org/licenses/by/4.0/deed
https://creativecommons.org/licenses/by/4.0/deed

dizuka aepoaucnepcHux cucteM. 2026. Bun. 64. C. 142—150. ISSN 0367-1631 (Print)

O 73

—1/—

772 727
F‘;/yy', 77777 []

N
e o/ |[|ET
o
e

-

Puc. 1 [IpunnunoBa cxeMa eKCliepUMEHTAIBHOI YCTAHOBKH.
1. ra3oBi 6anoHu; 2. Ta30B1 KpaHU; 3. TA30BUN JIYUIBHUK; 4. MAHOMETPH; 5. 3MIIIyBay
rasie; 6, 7. eJIeKTpU4HI 1eyi; 8. peakuiitHa TpyOa; 10. o6TropaTop; 11. kiHokamepa; 12.
dotomion; 13. octimmorpad; 15. cuctema BBoAy Kparmenb; 16. Tepmomnapa.

SIx moKa3aB OCBi/I BUBUCHHS CIIATaXyBaHHsI Ta TOPIHHS PI3HUX TUCTIEPCHUX CH-
cteM Oopa [1-5], Taki poGOTH OIIJILHO OYUHATH 3 JTOCIIKEHHS MMOOAMHOKUX Kpa-
nesb cycnensiil. B naniit po6oTi HaBeJIeHO METOUKY €KCIIEPUMEHTIB, PE3yJIbTaTH J10-
CJIIDKeHb KPUTUYHHUX YMOB 3aiiMaHHS TIOJIMHOKUX Kparellb CYCIeH31H, 0 Pi3HATHCS
BMICTOM 1 po3MipaMu yacTuHOK 6opa B CII, Ta yaciB ropinns kpanenb cycnensii (50%
6opa + 50% racy) B KHCHEBMICHUX CEPEIOBHINAX.

ExcriepuMeHTanbHe JOCHIIKEHHs CajlaxXyBaHHS Ta TOPIHHS CYCHEH31MHUX Ma-
JHHUX BHUKOHYBAJIOCS 32 METOJIOM IMiJIBIIIEHOI Kparuli Ha YCTAHOBIN, MPUHIIMIIOBY
cxeMy sikoi HaBeZieHO Ha puc. 1. Kpamst cycnensii BBoguiacs B OKMCIIOBAJIbHUM T'a3,
KU TIPOTpIBaBCsSl B €JICKTPOHATPIBAIBHUX IME€YaxX 0 MaKCHUMajbHOI TeMIepaTypH
Tax = 1280 K. Cuctema mojgadi rasiB J103BOJIsUIa 3MIHIOBATH 00'€éMHUI BMICT KUCHIO
B cymiwi O, + N, y nianasoni mg, . = 0.05 + 1.0 3 BimrHOCHOO moxubkoro 2%. Cuc-
Tema peecTparllii 3ade3neuyBajja oJJHOYacHy (ikcallito CBITJIOBOTO MOTOKY BIJ YaCTH-
HKM Ha MijBici Ta razodasHoro ¢akena 3B’s3Ku (OTOMI00M, TeMIEpaTypu IEHTpa
Kparuii — XpoMeJb-aJTOMEIeBOI0 TEPMOIIapolo 3 JiamerpomM crnaro d = 200 MKM 13 3a-
mMcoM Ha TwieidoBuil ocrunorpad, a TakoX MapaielbHy KiHO3WOMKY (IIBUIKICTH
3WOMKH 110 48 kanap/c). Yacu ropiHHS BUSHAYAIMCS 32 pe3yJbTaTaMHi KIHO3HOMKH TPO-
1[ecy TOPIHHS Kpareyib Ha IiJIBICl Ta MPHU 1X MaJiHHI MCJs IePEropsHHS MiABICY Y Be-
pTUKaNBHINA TpyO1 oTOpeecTpaTopoM 13 OE3MEePEPBHOIO MPOTHKKOK TUIIBKH (IIIBH/I-
KICTh IPOTSHKKU 25 MM/C). Y [0CIiIax BUKOPUCTOBYBAIUCS KparuTi, 1iaMeTp SIKUX Jie-
*aB y mianaz3oHi d,, = 0.6 +~ 2.0 MmMm.

Ha puc. 2 npezacraBieHo XxapakTepHy pericTporpamy mpouecy 3aiiMaHHs Ta ro-
PIHHS Kparuli CycreHsii, miABIIeHo1 Ha criai TepMonapiu. MOMEHT BBEJCHHS Kparuii y
BHUCOKOTEMIIEpaTypHUI MOTIK BianoBigae Ha ocuuiorpami (OI') pizkoMy 3MEHIIIEHHIO
curnany Big poroniona (d/]) — kpusa 2. Ilicng kopotkoro (T = 0.2 ¢) IpOMIDKKY Yacy
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24 32 40 48 ¢ eon
8 ¢

Puc. 2 Pericrorpama mporecy cnajaxyBaHHS Ta TOPIHHS Kparuli CycHeHsii
(50% B+50% T-6). Hiametp kpamii dy, = 2 MM. T=1100 K; mp,, = 0.4.
Ocuunorpama: mMBUAKICT NPOTSKKH — 25 Mm/c. KpuBi: 1 - Too; 2 — ®JI; 3 — TII.
Kinorpama — mBuakicts 3iomku 32 kaap/c.

dbortomion ¢ikcye pi3ke 30UIBIICHHS CBITJIOBOTO MOTOKY, OJIHOYACHO IMMOYHMHAETHCS
MporpiB HeHTpa kparii (kpuBa 2, 3 — touka O), a Ha kiHorpami (KI') moOnu3y kparuti
3'sBisieThCS (paken razodasHoro moym's (kaapu "a'"). BuropsiHHs ByriaeBOHEBOT 3B 'S
3KH, 10 CYMPOBOIKYETHCS TIPOTPIBOM TBEPOTO 3AJUIIKY, MPUITHHSIETHCS Yepe3 T ~
1.4 ¢ (minssaka OA Ha ocmmorpami, KI' — kaapu "6"). [lomansime 3011bIIeHAS TEMIIE-
patypu 3anuiky (O — ninsinka AB, KI' — kagpu "B") 00yMoBIeHe BUKIIOYHO CaMO-
posirpiBom (T > T.) 1 3aBepIIyeThCS HOTo CranaxyBaHHIM, TOOTO MEPEX0I0M Mpo-
1IeCy B CaMOMIATpUMYBaHU BUCOKOTemneparypHuil pexkuMm (O — Touka B). HeoOxi-
JTHO BII3HAYWTH, 1110 B YCIX JOCTIaX MOMEHTH 3aKiHUYE€HHSI BUTOPaHHS 3B'SI3KH 1 CIla-
JaxXyBaHHS KOHACHCOBAHOTO 3aJIMINKY OyJH PO3ALICHI MOMITHUM MPOMDKKOM 4Yacy
T, Llonanemmit anani3 kpuBoi 3 Ha OI' HEeMOXJIMBUH, TakK K TEPMOIapa Meperopae
npakTHIHO MUTTEBO. Yac ropinus 3anuuiky (Ol — ninsaka BC, KI' — kagpu "r'") nerko
BU3HAYWUTH 32 TIOKa3aHHsIMU GoToai0aa 1 KiHorpamu (7. = 1.9 ¢).
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Taxuit xapaktep po3BUTKY IPOLECY, TUTIOBUH JIsl BCIX BUIAJIKIB, KOJIU MPH 3MiHI
MIOYaTKOBOTO JiaMeTpa Kparuli, CKJIaay TOPIOYOTO i TapaMeTPiB OKUCIIOBAILHOTO Ta3y
Oynu 3a0e3nedeHi yMOBU, HEOOXiH1 JIJIi IHTEHCUBHOT'O TOPIHHS OOPHOTO 3aJIUIIKY,
7103BOJIsI€ C(HOPMYIIIOBATH BUCHOBOK IMPO JABOCTAIMHICTh TOPIHHS CYCIEH31MHOTO T1a-
JBHOTO.

[Tepia cTazis BKiItoUae B cebe BUMIAPOBYBAHHS P1IKO1 3B'SI3KH, 11 3aMaJIeHHS 1 TO-
piHHS B Ta30Bii ¢a3zi. J[pyra cTazgis — 3amajeHHs 1 TOPIHHS TBEPAOTO 3aJIUIKy. ToOTO
Yac MOBHOTO MEPETBOPEHHS Kparuli CyCIEeH31iHOr0 TOPIOYOro CKIaIa€ThCs 3 4acy BU-
rOpaHHs 3B'A3KH, 3aTPUMKH 3aMajJieHHs 1 TOPIHHSA OOPHOTO 3aIIUIIKY.

Kinositomka kpanens CII mokaszana, 1o ixHiid po3mip Ha cTajii BUTOPaHHSA 3B's-
3KH B TIOBITPi (200 1HEPTHOTO BUITAPOBYBAHHS B a30T1) TP TEMIIEpATypax CEpeIOBUIIA
10 1250 K ne 3miHI0€THCS. TOMY IpUPOIHO OUIKYBATH, IO MIPH I[LOMY HE 3MIHIOETHCS
1 TyCTUHA KOHJEHCOBAHOTO 3anuiiky. Toxai nepury craito neperBopenns CII moxna
OIHCATH SIK MpoLec AUQPYy31HOTO TOPIHHS PIAKOTO MaJNBa, 0 BUMAPOBYETHCS 3 30B-
HIITHBO1 MOBEPXHI CTalliOHAPHOT MOPUCTOT YACTUHKH, a APYTY CTAIIF0 MOJICTIOBATH 3a-
MaJIOBAHHSAM 1 TOPIHHAM KOHIJIOMEPATy YaCTUHOK OOpa BIMOBIIHOI IT'YCTHHU, CKOPH-
CTaBIIKMCH Pe3yJbTaTaMH JIOCIIHKCHb, BAKOHAHUX paHilie (IuB., Hanpukia, [4]).

Jl71s1 mepeBipKu T1IOTE3U MPOo aHajoriio Apyroi ctazii ropinHs CII 1 mporieciB 3a-
NaJIOBAaHHS Ta TOPIHHS KOHTJIOMEPAaTIB YaCTUHOK OOPY MPOBOAMIIOCS TOPIBHAHHS: 1)
IMHAMIYHUAX KapTHH Yy TIEPEAIOIyM sSTHUM Mepioj 1 KpUTUYHUX YMOB CIHaJIaxXyBaHHS
KpaneJyb BUX1THUX CYCIIEeH31# 1 TBepAUX 3aJUIIKIB MONEPETHBO BUCYILIEHUX B IHEPTHIM
atmocepi yacturok CII 1 mITy4HO IPUTrOTOBAaHUX KOHTJIOMEPATiB; 2) 4aciB rOpiHHSA
OOPHOrO 3aJUIIKY 1 KOHTJIOMEpaTiB 4acTUHOK 0opy. Kputnunumu ymoBamu crianaxy-
BaHHs kpanenb CII Tyt 1 Hagami OynemMo Ha3WBATH Taki MapaMeTpU CEepelOBUIIIA, IPH
AKUX 3a0€3MedyBajocs CaMoIiITPUMYyI0oUue TOpiHHS TBEPIO1 a3y cycneHsii, OCKIIbKH
caMe BOHa € OCHOBHHM €HEPTOHOCIEM nanuBa. OCKUTBKHY 151 BCIX MAPOK JOCIITKEHUX
CyCIEH31{ HaBITh IPU MaKCUMaJIbHIN TemIepaTypi, peani30BaHiii Ha yCTaHOBIII, CIa-
JaxXyBaHHS B MOBITP1 HE CIIOCTEPIrasiocs, B J0CHIIaX BUSHAYABCA MIHIMAJIbHUN BMICT
KHCHIO, HEOOX1THUH JJIs 3aMaroBaHHs 3aJIHIIKY.

Ha puc. 3 HaBe1eHO TUTIOBUI BHUIJISIT OCIAIIOTPAMH TIEPEIIONYM STHOTO TIPOIIECY
IS TIONIEpeTHBO BUCYyIIeHUX Kparens CII. AHamoriyHui BUTIISLT Mae el Iporiec 1 Jist
MITYYHUX KOHTJIOMEPATIB, SIKI BUTOTOBJISIMCS 3 THUX YK€ MOPOIIKIB 00pY Ta IIilepruHy
B SIKOCTI 3B 513K, KOTPHU MOTIM BUAAISABCS B MPOIIECI CYIIKH.

Pe3ynbpTaTi ekcriepuMeHTaTLHOTO BU3HAYCHHS] KPUTHYHUX MOJIbHUX BMICTIB KH-
CHIO B CEpEOBUII, HEOOXITHUX JJIs ClajaXxyBaHHs, HaBelIeHO B TaOum. 1. 3 Tabmuiri
BUILUIMBAE, 10 TETUTOBUILJICHHS TIPH 3rOPSHHI 3B'SI3KM HE 3MIHIOE KPUTUIHUX YMOB 3a-
MAJIOBAHHS 3AJIMIIKIB CycrieH3ii. (Y HaAKPUTHYHUX YMOBAX TEIUIONepeaya Bij razo-
¢dazHoro ¢akena 3B'I3KM MOMITHO CKOPOYYE Yac 3aTPUMKHU 3aNTFOBaHHS OOPHOTO 3a-
JIMIIKY TOPIBHSHO 3 MONEpPEAHbO BUCyIIeHor0 Kparmeto CII).

[Ipruomy 111 YMOBH HE3HAUHO BIJPI3HSIOTHCS BiJ TPAaHUYHUX KOHIICHTpAIlIN Ku-
CHIO, HEOOXIJIHMX JJIs 3allajlfoBaHHS KOHIJIOMEpaTiB 4YacTUHOK Oopy. Jyxke crmabo
BIUTMBAE Ha MapaMeTPH 3aMaTfOBaHHS 1 JUCTIEPCHUN CKJIaJ] TIOPOIIKONOIIOHOTO OOpYy,
Ha OCHOBI SIKOTO IIPUTOTOBJICH] CyCIIeH311 1 KOHTIIoMepaTu. Bee 11e 103BoJIsie IpUITyC-
TUTH, 10, B TIEPIIOMY HAOJMKEHHI, piBeHbh KPUTHUYHUX TEMIIEPATyp 3arafOBaHHS
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Puc. 3. Ocuunorpama nepejacnainaxy-Ba- Puc. 4 ExciepuMeHTanbpHa 3aJ1€KHICTh
JBHOTO TPOIIECY: TBEPIUH 3UUIIOK. (p = TEMIIEpaTypH CriajlaxyBaHHSI KOHTIIOME-
0.6r/cm3). d, = 2 mm. T..=1100 K; paTy 4acTHHOK OOopy BiJ Hioro po3Mmipy B
Mo, = 0.5. Kpusi: 1. T; 2. ®JT; 3. TIL. nmoBiTpi. p, = 0.6 ; TeraoBe crnanaxy-

BaHHS — KpuBi 1, 2, 6. TepMokiHETHYHE
cnajaxyBaHHs — 3, 4, 5. Kpusi: 1, 3 —

dy = 0.22 MkM; 5,6 - dy = 10 MKM; 2,
4-20%3d; =0.22 MKkM +

80% 3d, = 10 MKkM

MO>ke OyTH OLIIHEHUH 3a JaHUMH PO3paXyHKy LUX BEJIHUYWH JJIsI KOHTJIOMEpATIB yac-
TUHOK OOpa B1AMOBIAHOI TYCTHHH.

Ha puc. 4 npeacraBnieHi po3paxyHKOBI TeMIEpaTypH 3aNaIfOBaHHs KOHIJIOMEpa-
TiB, YTBOPEHHUX CYMIIIIIIO TOPOILIKIB OOpy ABOX (pakuiii — amopdHoro d, =
0.22 mkM (20% 3a macoro) 1 kpynHoaucnepcHoro 10 mxm (80% 3a macoro). Po3paxy-
HKU BUKOHAHI1 7151 IBOX TPAaHUYHUX PEKUMIB 3alajlOBaHHs: KpUBa 2 — TEIJIOBHUM pe-
KUM 3alaiOBaHHs, KOJU MOPYIIECHHS TEIUIOBOi PIBHOBAru 3a0e3MmevuyeThes HaKOMu-
YEHHSIM TeIlIa IPU CaMOPO3IrpiBl A0 MOYATKY MOMITHOT'O BUIIAPOBYBAHHS IUTIBKH OK-
cuaa 0opy, 110 MOKPUBAE KOXKHY YACTHHKY B KOHTJIOMEpaTi; KpuBa 4 — TEPMOKIHETH-
YHUN peXHUM CHaJlaXyBaHHsI, KOJIM TIOPYIIEHHS Mmpoliecy 00yMOBJIEHE OJJHOYACHO Tel-
JIOBUM 1 KIHETUYHUM (B pe3yJIbTaTi BUIIAPOBYBAHHS OKCHIY 3 YCiX YaCTUHOK, 1110 CTa-
HOBJISITH KOHIJIOMEpAT) MEXaHi3MaMU caMOTIpHCcKopeHHs [6]. Ha mpomy * puCyHKY
HaBeJIeHO KPUTHYHI YMOBH 3allaJIfOBaHHS KOHTJIOMEPATiB YaCTUHOK aMop(HOTro 6opa
— kpuBi 1, 3 — 1 kpynHOUCTIEpCHOTO Oopa — KpuBl 5, 6. CriBCTaBICHHS IPyN KPUBHUX
1,2,613,4,5 cBIZUUTH PO Te, 110 1 IPU TEIUIOBOMY, 1 IPU TEPMOKIHETUYHOMY pe-
KUMax CrajgaxyBaHHs KOHIJIOMEpaTiB YaCTUHOK O1(pakIiitHOro Mopouky 6opy BH-
3HAYa€ThCS HOTO IPIOHOAMCIIEPCHOIO CKIIAA0BOIO. PiBeHb TeMmepaTyp 3amaitoBaHHs
KOHTJIOMEpATiB y Alama3oHi po3MipiB, IO CTAHOBIATh MPAKTUYHUI 1HTEpEC, JOCTaT-
HBO BHUCOKUH — KPUTHYHA TEMIEpaTypa JJIsl KOHTJIOMEPATIB po3MipoM R; = 25 MKM
nexuth B iHTepBam T, = 1500 - 1600 K, 1 pi3ko 3pocTtae 31 3MEHILICHHIM 1X J1aMme-
Tpa, MparHyydu A0 TEMIEpPATyp CHanaxyBaHHs MOOJUHOKUX YACTHHOK OOpYy.
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Ta6auus 1. Xapakrepuctuku CII Ta KOHrIIOMEPaTiB YACTUHOK 00pY Ta KPUTHYHI
YMOBH iX CIajlaXyBaHHS.

No Ckag 60pHOT OCHOBH
1 dg =49 MM - 40% +dy = 0.22 MM - 10% + dy = 2.8 MmkM - 50%
2 do =49 MM -33.6% +dy = 0.22 MkM -8.4% + dy = 2.8 MKkM - 58%
ClI 3 do =1MkM - 40% + dy = 2.8 MkM - 56%
4 dg =022mkM - 10% +dy = 3.9 MkM - 42% + dy = 2.8 MM - 48%
5 dg =10 MkM - 44% + dy = 0.22 MKM — 8% + dy = 2.8 MKkM - 48%
6 dg =10MkM - 43% +dy = 0.22 MKM - 6% + dy = 2.8 MKkM - 51%
Konrmnome- 1 do = 10 MM - 40% + dy = 0.22 MkM - 10% + rainepuH
patu 2 do =49 MkM - 40% + dy = 0.22 MkM - 10% + rainepuH
Konrnomeparu
CII Nel Ne2 Ne3 Ne4 No5 Ne6
Nel No2
I'yctuna 3a-
JIIIKY 0.60 0.504 0.528 0.6 0.624 0.588 0.6 0.6
r/em®
T, K 1275 1275 1275 1100 1100 1100 1100 1100
mgsoo(CH) 0.25 0.22 0.26 0.27 0.25 0.24 - -
Xp
Mo, 0.25 0.22 0.27 0.27 0.25 0.24 0.28 0.25
(3aTMIIoK)

3ynuHUMOCS TeTep Ha Croco0i po3paxyHKy 4acy BUTOpaHHS 3B'SI3KHM HA TEPIIIii
ctranii ropiaas CII. Sk yxxe Bif3Hauanocs BUIIE, TAKUH pO3paxyHOK MOXHA IMPOBECTH
B MIPUITYIIICHHI ITPO KBa31CTalllOHAPHE TOPIHHS PiKOT0 TOPHOYOTO, 110 BUTIAPOBYETHCS
3 IOBEPXHI MOPUCTOT YACTHUHKHU MOCTIHHOTO po3mMipy. CIpolieHy OLIHKY Yacy BHUMa-
POBYBaHHS 3B'SI3KM OTPUMAEMO 13 3aMUCY PIBHAHHA TEIJIOBOTO OanaHCy AJs Kparui
CyCTIeH3Ii:

aT
7., (AHBHH +C,(T — TK)) = 4mr?1 % (1.1)
[HTerpyBaHHs HOTO PIBHSHHS B MEXKaX MPHUBEACHOI TUTIBKH JIA€:
T _ KCchCp 2
BUII 6 Nu ln(l_cp(Too—TK)) K»
AHB]/IH

1€ Jep, AHyyy, Cp, Koy — MOJIBHHH TIOTIK, TETJIOTA BUIIAPOBYBAHHS, TEIIOEMKICTD Ta
MacoBa JI0JIsI 3B’ SI3KH BIMOBITHO; P, — TYCTUHA CYyCHEeH31i; A — KOe(IIIEHT TETUIOMPO-
BiHOCTI ra3y; Nu — uucno Hyccenwta; T, — TEMIepaTypa cepeoBuia; T, — Temie-
paTypa KUIIHHS 3BA3YI0U0ro; d,, — AlaMeTp Kparuii.

Po3paxyHkoBuii yac BUNIapoBYBaHHsI 3B'sI3KH 3 Kparuii CycleH3ii fiameTpom d,, =
2 MM CTaHOBUTD JIJII YMOB HaIlIUX JOCHIIB Ty, = 1.46 C, 10 10CTaTHBO OJIM3BKO /10
€KCIIEpUMEHTY (IUB. puC. 5).

Puc. 5 imocTpye yacu BUMapoBYBaHHs ISl Kpamneib CyCIeH31l MaJiuX pOo3MipiB.
Sk 6aunmo, vac nepmioi craaii Buropanss CII (ckimagHoi rpaHynv) KBaApaTUIHO 3a-
JIEKUTH Bl pO3MIpY Kpaneib 1 MOXe AaBaTH 3HaYHUN BHECOK Y CYMapHUH Yac rnepert-
BOPEHHS CYCIICH3I].

Ha 3aBepiienHs HaBegeMo pe3yJbTaTH JOCHIAIB 13 BU3HAUYCHHS YaciB TOPIHHS
KoHJIeHcoBaHOTO 3anuiiKy CII Ta KoHrIoMepartiB 4acTUHOK Oopy (auB. Tabdi. 2). Io-
PIBHSIHHS BIJTHOCHHUX YaciB TOPIHHS «CYXHMX» 3aJIMIIKIB 1 KOHTJIOMEPaTiB MK CO00I0
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<8 -8
&, 10cex € Meer
4t 60
S50
st
40T
2 30
20
it
10

4

4 8
Puc. 5 Po3paxyHkoBa 3aJI€KHICTh 4acy
BUIIAPOBYBAHHSA 3B’ SI3KU BiJ lilaMeTpa
kparuti cy3nensii: 7o = 1100 K; K,
0.5;p, =1.2r/cMm3.

2 6 10 dx, 1072 10 30 30 70 7]

., ranes

Puc. 6 Po3paxyHkoBa 3aJ1€KHICTh 4acy

TOPiHHS KOHTJIOMEPATY YaCTUHOK OOpy

Bix Horo miametpa: 7..=1500 K, Mo, 0 =
T T

0.21; 1.p = 0.6CM—3,2.p = 2.34CM—3

Tabauusa 2. Yac ropiHHs Kpanesib CyCleH31i Ta KOHTJIOMepaTiB.

7,./d2,, c/mm?
Mo, o0 €KCIIEPUMEHT PO3paxyHOK
CII Nel KOHIJIOMEpaTU KOHIJIOMEpaTU
dy = 4.9 MKkM | dy = 10 MKM
0.8 1.63740.04 167+ 008 | 1.68 +0.09 1.750
1.0 1.332+0.05 | 1.317£0.015 | 1.391+0.08 1.280

[IpumiTtka. 3HaYeHHS Yyacy rOpiHHs, HaBeJeHi B Ta0JI. 2, pO3paxoBaHi B MPHUITYIIEHHI, [0 KOHTJIOMEpaT
YaCTHHOK OOPY CIUIABISIETHCS B MOHOJITHY KPaILIio.

Ta 3 pe3ynbTaTaMy PO3PAaXyHKY IIUX YaciB AJIsI KOHIJIOMEPATiB YaCTUHOK 3a Tudy3iid-
HOIO Ta30(ha3HOI0 MOJIEIUTIO TOPiHHS 00pYy [S] A03BOJIsIE BIA3HAYUTH IXHIO 100PY y3ro-
JKEHICTb.

Tomy yacu TOpiHHS KOHJEHCOBaHOI (ha3u APIOHMX Kparesb CyCIeH31i MOXHa
OLIIHUTH, CKOPUCTABIIUCH PE3YIbTAaTAMH PO3PAXyHKY IHTEHCUBHOTO TOPIHHS KOHTJIO-
MepaTiB YaCTHHOK 3a MOJIeUTIO ra3odasHnoro ropiaas 6opy [6]. Ha puc. 6 HaneceHo
PO3paxyHKOBI Yacu TOPiHHS KOHIJIOMEpaTiB 4YaCTUHOK OOpy B MOBITPi, OTPUMaHi 3a
JBOMA MPUITYIICHHAMH: TIEpILIe — MPU TOPIHHI KOHTIIOMepaTa HOro rycTuHa He 3MiHIO-
€THCSI — KpuBa 1, 1 Ipyre — Miciis 3anaifoBaHHs KOHTJIOMEpAT CIUIABJISIETHCSI B MOHOTI-
THY Kparuto — kpusa 2. [IpupogHo o4ikyBaTH, 110 31 3MEHIIEHHSIM PO3Mipy KOHIJIO-
MepaTa MMOBIPHICTh HOTO CIUIaBJIeHHS 3pocTae. Kpim Toro, 4acu ropiHHs Kparui 6opy
CTaHOBIISITH COOOO OIIIHKY 3BEpPXY. 3 pUCYHKA BUILTMBAE, IO YaCH TOPIHHS KOHTJIOME-
paTiB peajbHUX PO3MIpiB JOCTATHHO BUCOKI. TOMY MpH KOPCTKUX BHUMOTax A0 Yacy
nepeOyBaHHS TOPIOYOro B Kamepi 3ropsHHA MOoTpiOHA Taka opranizaris nojaui CII,
Ipu SIKid po3Mip Kparmenb y po3nwi 0yB Ou oOMexxeHuil 3Bepxy. Tak, s Kpameib
cycriensii giametpom 50 MKM po3paxyHKOBE CyMapHH 4Yac BUTOPaHHS 3B'SI3KHU Ta TBE-
PJOTO 3aJUIIKY CTAHOBUTH T = 16.5 Mc. HeoOXigHO BpaxoByBaTH TaKOX, 110 31 3MEH-
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HICHHSIM PO3MIPYy KOHJEHCOBAHOTO 3aJIMIIKY 3pOCTa€ TeMIepaTypa HOro 3amaio-
BaHH4, a, OTKE, 1 BKJIaJl Yacy 3aTPUMKH cliajlaxyBaHHs K-(a3u B 3arajibHUN yac nepe-
TBOPEHHS.

Takum yuHOM, JUIs peanizailii eeKTUBHOTO CIAIOBaHHS CYCIEH31WHUX TOpIO-

YuX Ha OCHOBI OOpYy B KaMepax PeakTHUBHUX JBUT'YHIB HEOOX1THHUM I1IJIECIIPSIMOBAHUMN
CUCTEeMAaTUYHUI MOIIYK NUIAXIB YIPaBIiHHSA OKPEeMHMH CTaAisiMH mporecy [7-11], B
TOMY YHCIIi TIOJJa4€t0 TOPIOYOTo, CHAIaXyBaHHAM Ta TOPIHHSAM 3B’ S3yHOUOTO Ta KOH-
JI€HCOBAHOTO 3AJIUIIKY.

10.

11.
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B.V.Nazarchuk, A. V. Nimych, D. Yu. Panchenko., V. G. Shevchuk, O. Ye. Sydorov

Experimental study of ignition and combustion of slurry fuel droplets

Summary

The paper presents an experimental investigation of the ignition and combustion processes
of droplets of slurry fuels based on powdered boron of different particle sizes and structures
(amorphous and crystalline) mixed with kerosene fuel TS-1. A two-stage combustion process
was observed, including the burnout of the liquid binder followed by the ignition and combus-
tion of the solid boron residue. An analogy between the ignition and combustion processes of
the solid residue and artificially prepared boron conglomerates was established. A calculation
procedure for both combustion stages of slurry fuel droplets is proposed. It is shown that com-
plete conversion within less than 20 ms, which is of practical interest, is achievable for droplets
with diameters not exceeding 50 um.

Keywords: slurry fuels, boron, droplet, ignition, combustion.
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IHOOPMAILIA JJIA ABTOPIB

3aranbHa iHpopmanis

[lin yac momaHHS PYKOMHCY A0 BUJAHHS aBTOPU MAIOTh MIATBEPAUTH HOTO BiJIOBIJI-
HICTh YCIM BCTQHOBJIEHMM BHMOTaM, BKa3aHUM HUX4Ye€. Y pa3l BUABJICHHS HEBIAMOBITHOCTI
Mo/IaHo1 poOOTH IIUM BUMOT'aM peAaKilis MOBEpTaTUME aBTOpaM MaTepiaii Ha JI0OMpaItoBa-
HHSI.

Jlo 30ipHHKa OJAOTHCS CTATTI, IKI paHimie He Oynu onmyOmiKOBaHi 1 HE HAICHIIATUCH
710 PO3TIIALY PENAKIisAM IHIINX BUAAHb.

@Dopma nodanna: PyKOIUCH MOAIOTHCS ABTOPAMHU IIIJITXOM:

e HAJACWIAHHA Ha OJHY 3 eJeKTpoHHuUX azapec: teplophys@onu.edu.ua,

chernalex@ukr.net, svetor25@gmail.com

e 3aBaHTA)XXEHHS Yepe3 OHJANH-CHCTeMY TMOJIaHHS PYKOIHUCIB 3a JIOMOMOIO0 OMIIil

«ITogatu pykonuc» Ha cailTi BUAaHHs (HEOOX1THO 3apPEECTPYBATHCH).

Moeu eudanna: ykpaiHCbKa Ta aHTJTIHCHKA.

Opzanizayiiini gumpamu: HayKoBH 301pHUK «Di31MKa aepOAUCIIEPCHUX CUCTEM» HE

CTATYE TIIATy 3a MOJIaHHsI, pelleH3yBaHHs, 00poOKy abo myOsikarito crarti. [Tybmika-
Iis CTATTi y 30IpHUKY MOBHICTIO 0€3KOIITOBHA.

OnuH aBTOp MOKe MATH JIMIIE OJHY MyOJikamilo B OTHOMY BHMIIYCKY (30KpemMa
HAIIMCAHY y CHIBABTOPCTBI).

@Daiin nodanusa € TOKYMEHTOM y TEKCTOBOMY penaktopi Microsoft Word, rapuitypa
Times New Roman. Texct cTaTTi HabupaeThesl 14-M pO3MIPOM KETJII0 3 OJUHAPHUM MIXKpS-
AKoBUM iHTepBasioM. [Tosst cTOpiHOK: JiBe, paBe, BEpXHE, HUKHE — 20 MM.

Obcaz cmammi, BKIIOYAIOYM PUCYHKH, TAaOJHUIIl, JITEpaTypy, aHOTallll, HE MMOBUHEH
nepeBuityBatu 10 cTOpiHOK.

VYeci imocTparii, rpadiku, TaOIUIll PO3MIMIYIOThCS OE3MOCepeaHBO B TEKCTI, TaM Je
BOHM MOBHHHI OyTH 32 3MICTOM.

OdopmiienHst pykonucy

Marepian cTaTTi TOBUHEH OyTH BUKJIAJICHUH B TaKii MOCIITOBHOCTI:

1) inpexc VJK;

2 mpi3BUILA Ta 1HILIAJIN aBTOPIB;

3) nasBa oprasizaiii (i), 0 NpeaAcTaBIsIe(FOTh) CTATTIO (SKIIO OpraHizaiiii OiIblIe,
HDK OJTHA, IMICJIS TPi3BHIINA KOKHOTO aBTOpa CTaBUTHCA 3HAK BUHOCKH (1, 2 1 T. 11.), @ HHKYE
BKa3ylOTbCs BCl OpraHizalilii, Ha3BM MICT, €JIEKTpPOHHa IOIITa OAHOro 3 aBTOpiB. Huxue
0006’a3koee 3aznauenna ORCID iD s koxHOTO aBTOpA;

4) Ha3Ba CTaTTI;

5) aHoTaris;

6) TEKCT CTaTTI;

7) nitepatypa;

8) aHoTaIlis Ha MOBI, BIIMIHHIM BiJl MOBU OpUTIHAJTY CTaTTl, 3 IPI3BUIAMH 1 1HIIIa-
JJaMU aBTOPIB 1 HA3BOIO CTATTI.

Inoexc Y/IK (YHiBepcanabHOI J1€CATKOBOI Kilacu(ikalii) NOJaeTbCs y MPAaBOMY BEPX-
HbOMY KYTKY HIEPIIOI CTOPIHKU OKPEMHM PSIKOM.

Ilpizeuwya aBTOp1B IPYKYIOTHCS KUPHUM IIPUPTOM, KypCUBOM, Keriib 14; Ha3Ba opra-
Hizarii 1 ORCID iD — kypcuBom, keriib 12; Ha3Ba CTaTTI — MPSAMHUM KUPHUM HIPUPTOM,
kernb 14. MixpsiakoBa Binctanb MK Y /JIK, npi3Buiamu aBTopiB 1 Ha3Boo cTarTi 1,5 1HTE-

pBaiy.
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Anomauii ma knwuoei cnosa: llepe OCHOBHUM TEKCTOM CTATTi TOJIA€THCS aHOTAITS
MOBOIO cTatTi o0csirom He MeHie 1800 3HaKiB, BKIOYHO 3 KIOYOBUMU ClIOBaMU (KYpPCHB,
12 xerup). CnoBo «AHoTaiis» He numeTbes. [licns aHoTarii 3 HOBOTO psijika 3a3HAYAIOThCS
KITFOUOBI cyioBa (He MeHie 3, ane He Oinbiie 8 cimiB abo ¢pa3s).

[Ticna mepeniky JiTepaTypHHUX JDKEpesl HAa€ThCs aHOTAlllsl MOBOIO, BIJIMIHHOKO BiJl
MOBHM CTaTTi: JUIsl aHTJIOMOBHOI CTAaTTi — YKPailHCBKOIO, IS YKPaiHOMOBHOI CTaTTi —
anrinilicekoro. [lo meHTpy psaka *KUPHUM MIPpUPTOM KypCHBOM HABOJSATHCS MPI3BHINA Ta
1HIL1adX aBTOPIB, PSAKOM HU)KYE — MPSIMUM KUPHUM LIPU(TOM IPYKYy€eThCS Ha3Ba CTATTI;
kernb 14. Tekcer anortauii apykyeTrbesi 12 kernmem. Ilo neHTpy psAaka HaOUpPAETbCS CIOBO
AHoTarttis a6o Summary, B 3aJIe)KHOCTI BiJ MOBU aHoTalii. Hmwkde KypcuBoM JIpyKyeEThCS
TEKCT aHOTAIlli pa3oM 3 KIFOYOBHMH cIoBaMH o0csaroM He MeHIe 1800 3HakiB.

Cmpykmypa cmammi nioBuHHa BignoBigaTu Bumoram MOH VYkpainu 1 ckinagaTtucs 3
TaKWX YaCTHH:
1. Beryn :
o TlocTaHoBka mpoGieMH.
AHami3 OCTaHHIX JOCIIKEHb Ta MyOJiKaIIii.
dopmytoBaHHS 11T CTATTI.
Buknan ocHOBHOTrO Matepiaiy.
BucHoBku.
. Crimcok miteparypu

Buxknan ocHoBHOTO Matepiany (3a OaxkaHHSM aBTOPIB) TAKOXK MOXKE OyTH CTPYKTYpPO-
BaHU (Hampukial, ExcriepumeHTanbHi JocaiKeHHs ..., MoaentoBanHs. .., PesynbraTu Ta
OOTrOBOpEHHS.. 1 TaKe 1HIIE).

®opmyau: Dopmynu HabuparoThes 14 Keriem, BUPIBHIOBAHHS 10 LEHTPY; HyMeparis
mpaBopyY y ayxkax. Po3mipu dopmyin ogHakoBi o BCboMy TeKeTy. CiliJl yHUKATH 1HAEKCIB
y 1HJEKCIB 1 CTYINEHIB y CTyMeHIB. 3aCTOCOBY€EThCS CKpi3Ha Hymeparis dopmyi: (1), (2) 1

Tak jgam. ['penpki OykBHU Ta mo3HaueHHs XiMIYHUX (opMyn 3aBxau mnpsmi. Bekropu i
MaT-pulll HaOWpaTH HAMIBKUPHUM TpsIMAM 1mpudTOoM (CTpiIKa HAI BEKTOPOM HE
BUKOPHUCTOBY-€ThCS). [HIEeKCH (JTaTUHCBKI OyKBH) y (hopMmyrnax HaOMPaIOTHCS KYpCUBOM, 3a
BHHATKOM CKOPOYEHb CJIIB THUIY min, max, eff, a Takoxx HyIs, sSKi HAOMPAETHCS MPSIMHUM
mpudrom. [Ipsmum mpudToM HaOUparOThCA TaKoXK (YHKIIT, HAPUKIAL sin 2X, cos ot TO-
0.

Tabauui. Tabnuili HyMepyIOTh TIIBKH SKIIO iX Ounblie oaHiel. BigcTyn no tabmui 1
micis Hel — 2 1HTepBayik. 3a HEOOXITHOCTI TaOJIUI[l MOXKYTh MaTH 3aroJIOBOK 1 IPUMITKY.
Tabmuii BcTaBIsAOTHCA K okpeMi 00’ ekt MS Word a6o Excel, BupiBHSHI 11O 1IEHTPY.

Lmroctpanii. [nrocTpaiiii BUKOHYIOTBCSA 1O XOAY BUKJIAJACHHS TEKCTY CTaTTI IO Mipi iX
3raJiku B TEKCTI B pcX abo 1HImomy nomupeHoMy ¢opmari. I1ig pucyHkoM aApyKyeTbest Bij-
noBiAHUM mianuc. Hamucu, 1o ycKIagHIoTh CIPURHATTS PUCYHKY, 3aMiHIOBATH HU(PPO-

BUMH 200 OYKBEHMMH TO3HAYEHHSMHM 1 MIEPEHOCUTH B TEKCT CTaTTI a00 B MIAMHUC TIif
PUCYH-KOM. YCl IO3HAUYEHHS Ha PUCYHKY NOBUHHI B1IMIOBIJATH O3HAYEHHIM B TeKcTi. Hy-
Mepallilo KpUBHX Ha PUCYHKY BECTH 3BEpPXY BHHU3, 371iBa HarmpaBo. Po3mip pucyHka moBUHEH
O0ytu He meHie 50x50 mm 1 He Outbiie 100x100 Mm.

Jliteparypa. [licas TekcTy cTaTTi yepe3 2 iHTepBaIM APYKYETHCS CIIHUCOK JITEpaTyp-
Hux Joxepen (BiamosigHo no ACTY 8302:2015), BukopucTaHux y CTaTTi, HA MOBI OpHIi-
Hay pykomnucy. Ha3u mpaip y CIHCKy JIiTEpaTypy pO3TAIIOBYIOTHCS 32 TMOPSIKOM 3Taiy-
BaHHA B TeKcTi. [locunanHs Ha miTepaTypHi JpKepesa NoJalThCsl Y TEKCTI CTaTTi, 000B 53~
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