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Anexun A. /1.

Kuesckuii nayuonanvhwiti ynusepcumem umenu Tapaca lllesuenko
IIpocn. I'mywikosa 4, ¢husuueckuii paxyromem, 03022, Kues, Ykpauna
E-mail: alekhin@univ.kiev.ua

Bausinue 1udPpy3uu 1 BA3KOCTH HA MOJIEBYI0 ACHMMETPHIO TPABUTAIMOHHOIO
3¢ deKTa B KPpUTHIECKOM (paronae

B pabome no oannvim memooos ceemopaccesnnus, pepakmomempuieckoco npedcmaesien
Kpamxuti 0630p pe3yibmamos uUccied08aHull cpasumayuoHHo2o 3g@exma 6 HeoOHOPOOHOM
geugecmee 8 Kpumu4eckomM cOCmosiHuu — kpumudeckoeo ¢aouoa (K®@). Ha ocnose smux
OAHHBIX NPOAHATUSUPOBAHA NOAEBAS—BLICOMHASL ACUMMEMPUSL PA3TUYHBIX C8OUCME HEOOHO-
POOHO020 8eujecmea: napamempa nopsaoka Ap(z), unHmeHncusHocmu paccesanHo2o ceema 1(z),
epaduenma niomuocmu dp(z)/dz eewecmea. Ilokazano, wmo 3HAK GbLCOMHOU ACUMMEMPUU
IMUX PABHOBECHBIX CBOUCME HEOOHOPOOHO20 8EUeCMBd KAUeCMBEHHO C3AH C UX KUHemuye-
CKUMU XAPAKMEPUCMUKAMU: KOdPduyuenmamu ough@ysuu u 8sa3Kocmu npu nepexooe Cuc-
memvl U3 0OHOPOOHO20 COCMOAHUS 8 HEOOHOPOOHOE.

Kniouesvie cnosa: cpasumayuonuviii 3¢hghexm, Kpumuueckuil ¢haroud, Kodppuyuenm
oughghyzuu, kosgppuyuenm a3xocmu, HeOOHOPOOHOE KpUMUYECKoe nojie

B HacTtosiee BpeMsi IpoAoJIKAIOTCA UPOKUE SKCIEPUMEHTAIIbHBIE U TEOpE-
TUYECKHE UCCIIECIOBAaHUS PA3IMYHbIX CBOMCTB BELIECTBA B KPUTHYECKOM COCTOSIHUU —
kputnueckoro ¢uronya (K®) [1]. MHTEpec K 3TUM HCCIEAOBAHUAM B NEPBYIO OYe-
peab CBSA3aH C IIUPOKUM INPAKTUYECKUM MCIIOJIB30BAHUEM YHHKAIbHBIX CBOMCTB KO
B COBPEMEHHBIX IPOMBIIUICHHBIX TEXHOJOTHAX [2,3]. K coxaleHnro, B HacTosuiee
BpEMs HE BBISICHEH MCTUHHBIN MEXaHU3M (PU3HUYECKHUX MPOIECCOB, OTBETCTBEHHBIX 3a
UX YCHEIIHOE MPAaKTUYECKOE UCIOJIb30BaHUE. B CBA3M ¢ 3THM BecbMa aKkTyalbHbIM
ABJISIETCA IOCTPOEHUE YPABHEHUS COCTOSIHUA Takoro K.

[Tpu 3TOM HEOOXOIMMO OTMETUTD, YTO BOJIM3U KPUTHUECKOUN TemmepaTypbl Ty
BCJICZICTBUE HEOTPAaHUYEHHOI'O BO3pacTaHUs CKMMaeMoCTH Bemectsa [1, 4] B co-
CTOSIHUM PABHOBECHSI CUCTEMA CTAHOBUTCS MPOCTPAHCTBEHHO HEOJHOPOIHOM MO BBI-
core [5]. JlaHHOE sIBIEHUE, UMEHYEMOE KaK rpaBUTALMOHHBIN 3P(EKT — BBICOTHBIE
M3MEHEHHUs NoKa3aTelss MpesioMIIeHus n(z), TIIOTHOCTH P(z), Tpalu€HTa IJIOTHOCTH
dp(z)/dz, natencuBHoCTH paccesHHoro cBera I(z)~dp(z)/dP, cxxumaemoctu dp(z)/dP
BEILIECTBA B KPUTUUYECKOM COCTOSIHUM HCCIEIYETCS Pa3JIMYHBIMU ONITHYECKUMHU [6-8]
¥ HEUTpoHHBIMU [9] MeTonamu. BnusiHue rpaBuTaiinoHHOro 3¢(eKTa Ha ypaBHEHMUS
cocTostHUA 00cyxmaercs B [10].

DOI: 10.18524/0367-1631.2021.59.227007
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Puc. 1-2. BoicoTHbIE 3aBUCUMOCTHU: TpaJUeHTa MOKa3aTess npenomieHus (puc. 1) u
wioTHOCTH (puc. 2) B OeH3oje mpu paznuunbix temneparypax I’ > T, T =T, u
r<T.

B kauectBe mpumepa, BUJ IKCIEPUMEHTAIBHBIX JAHHBIX T'PABUTAIIMOHHOTO
addekra [8, 9, 11] pa3nMIHBIX paBHOBECHBIX CBOMCTB HEeOAHOPOHOTO K®d: BBHICOT-
HbIE 3aBUCHUMOCTH IIJIOTHOCTU BelIeCTBa P(z), MHTEHCUBHOCTH PACCESHHOTO CBETa
I(z)~ dp/dw(z)~dp/dz(z), cxxumaemoctu dp/dp(z), rpaarieHTa MIOTHOCTU BEIIECTBA
dp/dz(z), rpaguenTa nmokasarens npeaomiieHus BemiectBa dn/dz(z) npeacTaBieHbl HA
puc. 1-4

Kak cnenyer u3 maHHbIX TpaBUTanMOHHOTO 3ddekTa [7-9, 11-13], Bo duyk-
TyalHOHHO#H o6nactu Temnepatyp ¢ = (T-T,)/T.= 10°+107[1, 4] B none rpaBuTaIMHN
3emun h=p,gz/P, B kamepax BbicoToit L ~ (1+20) cM MIOTHOCTH P(z) U3MEHSETCS Ha
10+15%. B To xe Bpems, rpaaueHT mioTHocTH dp/dz(z, t) 1 UHTEHCUBHOCTH pacce-
sSHHOTO cBeTa I(z, t) ~ dp/dP(z, f) — U3MEHSIOTCS ¢ BHICOTOM MOYTH Ha JIBa MOPSIKA.
3nech Py, Py, Tx — KpUTUUECKHAE 3HAYEHHUS TUIOTHOCTH, JABJICHUS U TEMIIEPATYPHI, Z —
BBICOTA, OTCUUTAHHAS BBEPX OT YPOBHS C KPUTHUUECKOM IIIOTHOCTHIO BellecTBa (Ipu
z=0, p = px), & — YCKOpPEHHE CBOOOTHOTO MAICHHUS.

AHanu3 siBJI€HUsS TpaBUTALMOHHOTO 3(pdekra B HeogqHOpoaHOM K@ BbIsBUI [8,
14, 15] ero BBICOTHYIO aCHMMETPUIO OTHOCHUTENBHO YPOBHA z = () ¢ KpUTHYECKON
IJIOTHOCTBIO BelecTBa (p = py). BeicoTHas acummerpus noist AU(z) = A(z) crnenyet
U3 SKCIEPUMEHTAIBHBIX JAHHBIX ACUMMETPUYHBIX BBICOTHBIX 3aBUCUMOCTEH WHTEH-
CUBHOCTH paccessHHoro cBeta I(z) ~ dp(z)/du ~ dp(z)/dh ~ dn(z)/dz, rpanuenTa mioT-
Hoctu dp(z)/dh m rpanuenTa nokaszatens npeiaomsieHus: dn(z)/dz BemectBa (Puc. 3,
4). Ha ypoBHe z = (0 ¢ KpUTHUYECKOU TUIOTHOCTBIO BEIIECTBA (P = py) MHTEHCUBHOCTD
paccesinHoro ceta I(h) ~ I(z) ~ dp/dp(z = 0) u rpagueHT IJIOTHOCTU BEIIECTBA
dp(z)/dh(z=0) nocturaroT MakKCUMaJIbHBIX 3HaueHUM. Mcxons u3 puc. 3, 4, npu oau-

HAKOBBIX 3HAUEHUSX IOJIEBOM NEPEMEHHON |7 = prgz/P;| BBIIONHAIOTCS HEPABEHCT-
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Puc. 3. BeicoTHast 3aBUCHMOCTB IpaJid-  Puc. 4. BricoTHAs 3aBHCHMOCTD KO-
eHTa nokaszarens npenomieHus dn/dz(z) (ULMEeHTa SKCTUHKIMY T(Z) H-IIeHTaHa
H-TIEHTaHa TIPU KPUTHUECKOU Temriepa- [IPU KPUTHYECKOIl TEMIIEpaType Belile-
Type BeuiecTsa 7. ctBa T..

Ba: [(h <0)> I(h> 0) u dp/dh(h <0) <dp/dh(h > 0). OTcrona cienyeT AMaMETPAITHLHO
MIPOTHUBOIIOJIOKHAS BBICOTHAsI acuMMeTpusi cxxumaeMocTu (dp/du(2<0)>dp/dp(h > 0))
u rpaauenta mwiotHocTtH Bemectsa (dp/dh(s < 0) < dp/da(h > 0)). Torna B mosie rpa-
BUTAIlMU 3e€MJIM TPaJMEHT XMMHUUYECKOTO MOTEHIUaNIa npejcrasisercs B Buae du/da
= (dw/dp)(dp/dh). B cBsA3u ¢ 3TUM, pa3IMyHYIO BBICOTHYIO ACUMMETPHIO MPOU3BOI-
Heix dp/dh(/) u dp/dw(h) crnenyet cBsizaTh ¢ BHICOTHOM aCUMMETPHUEH MPOU3BOIHOM
du/dh, a crnegoBaTeNbHO C BBICOTHOM acMMMETpUEH XUMHUYECKOro MOTEHIMaa
Aw(h) >> h Bo BHeIIHEM M0JIE /.

B pab6orax [8,14,15] mo qaHHBIM rpaBUTAIIMOHHOTO P deKTa B H-IeHTaHe (puc. 3, 4)
ACUMMETPUYECKOE YPaBHEHHSI BHICOTHOW 3aBUCHMMOCTH XMMUYECKOTO MOTEHIIMAa B
IPaBUTAIIMOHHOM I10JIE MIPEJCTABICHO B BUJIC

IAp(h)|=[-140h—1.13-10° 17| )

CornacHo (2), mpu OJUHAKOBBIX MONAX || ~ |z| B Oosee mioTHOU (haze (4 <0,
P > Px) BBICOTHOE U3MEHEHNE XMMUYECKOTO MOTEHI[MAIa MEHIIIE, YeM B Pa3peKeHHOU
daze (>0, p <py) (A <0)| <|Auh > 0)]). CnenyeT OTMETHTD, YTO B YPABHEHUH
ACUMMETPUU XUMHUYECKOTO TOTEHIMaNa (2) BeChbMa BaKHBIM SIBJISIETCSI a/ICKBATHBIM
BBIOOp KOOpAMHATHI z = () ¢ KPUTUYECKOM IIIOTHOCTBIO BEIIECTBA P={x.

B onTtudeckux mccnenoBaHusaX rpaBUTarmoHHOrO ddekTa (puc. 1, 3, 4) ypos-
HIO z=0 C KPUTUYECKOMN TUIOTHOCTBHIO BEIIECTBA P=P, COOTBETCTBYET MaKCHUMaJIbHOE
3HaUYEHHE rpaiueHTa IIOTHOCTU BemecTBa dp(z)/da(z = 0) ~ dn(z)/dh(z = 0) u unTEeH-
cuBHOCTH paccesHHoro ceta I/(h = 0) ~ dp/da(h = 0). BenencrBue aToro, onpeserne-

10



dizuka aepoaucrnepcHux cucrem. —2021. — Ne 59. — C.8-16

L z L z L T2 T z

o —— ZT_O
U — S — zl=0
Li2 p--mmmm-pmmmmo—| gy Lf2 fmmmmmmmd =t g

E'.O:: 0l
e

o(z) Px p(z) P p(z)
a o B.

Puc. 5. Cxematnueckoe n300paxeHre BEICOTHBIX 3aBUCUMOCTEN MIIOTHOCTU He-
OJIHOPOJHOTO BELIECTBA MPHU KPUTHUUECKON Temmeparype (puc. 5a), ana nepe-
MEIIAHHOM CUCTEMBI P = P, (pHc. 56), pH Iepexo1e HEOAHOPOIHON CHCTEMEI B
COCTOSIHME paBHOBecHUs (pUC. 5B).

HUE KOOpAUHATHI Z(p = py) = 0 ¢ KPUTUUECKON MIIOTHOCTHIO BEILIECTBA HE MPEICTaB-
JI€TCS 3aTPYAHUTEIbHBIM.

K coxanenuto, B HEUTPOHHBIX UCCIEIOBAHUIX TPaBUTAMOHHOTO d(dekrta [9]
ornpeerneHrue KoopAauHaTel YpoBHs z = 0 (p = pg) MO SKCHEPUMEHTAILHBIM JaHHBIM
BBICOTHOT'O pacCIpe/IeNIeHHs] TUIOTHOCTH HEOJIHOPOJIHOTO BemiecTBa p(z) (puc. 5, 6)
CYILIECTBEHHO YCIIOKHSETCS, TOCKOJIbKY 1pu ¢ — 0 mpousBoHas dp/di(z = 0) — .

K nactosimemy BpeMeHu Gu3HUEeCKUl MEXaHU3M BBICOTHOM aCHMMETPHUU TPaBU-
TallMOHHOTO 3(deKTa He uccienoBaH. B cBi3u ¢ 3TUM, B TaHHOW paboTe Mpesyio-
KEHHBI MEXaHU3M 00pa30BaHUsl BHICOTHOW acUMMETpUU BHyTpeHHero mosst Ap(h)
(2) mpemiaraeTcsi KAYECTBEHHO CBSI3aTh C KHHETUUECKUMHU XapaKTePUCTUKAMU HEO/I-
HopogHoro K®: xoaddunumenramu auddysuu D(h) u Bsazkoctu n(h), Brusommmu
Ha MPOIECC YCTAaHOBJICHUSI PaBHOBECHSI B MAKpO-HEOJHOPOJHOM BEIIECTBE B KPUTHU-
YECKOM COCTOSIHHH.

JI71s1 3TOr0 paccMOTpUM STYENKY BBICOKOTO JIABJIEHMS BBICOTOM L, ¢ KpuTHUEeCKOM
IJIOTHOCTBIO 3aMOJIHEHUS BeliecTBa (P =pi) (puc. 5 a,0,B). [Ipu kpuTHyeckoi Temrie-
patype BemiecTBa (7' =T7,) BCIEACTBUE HEOTPAHUUYEHHOT'O BO3PACTAHUS C)KUMAEMOCTH
BemlecTBa npu —0 [1,4] B cOCTOSAHUYN TEPMOAMHAMUYECKOTO PAaBHOBECHS IO BBICOTE
CUCTEMBI (puC. 5a) peanusyeTcsi SBJICHHE TPAaBUTALMOHHOTO 3 (deKTa — BBICOTHOE
pacrpeiefieHrde I0THOCThIO BelecTBa p(z). OnpenenuTh Ha 3TOM PUCYHKE KOOPIH-
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Haty z = 0 ¢ KpUTUUYECKOU TJIOTHOCTHIO BEIIECTBA U Z( LIEHTPA MacChl TAKOM HEOHO-
POJHOM CHUCTEMBI BeCbMa 3aTpyIHUTENBHO. [l03TOMY MpeaBapUTENIBHO TIIATEIBHO
pasmeliaeM 3Ty HEOJHOPOJHYIO CHCTEMY JO0 MOJHOH e€ omHopoaHocTd (puc. 50).
Tornma Bo Bcell cucTemMe IUIOTHOCTh BEIIECTBA Oy/IET paBHa KPUTHUYECKOU (P =py).
IlenTp Maccel Takod cUCTeMBI ¢ KoopauHaToW z = (0 OyJIeT HaXOAUTHCA B IEHTPE
STYEWKU HA BHICOTE L/2 OTHOCUTEIBHO AHA STYEUKU.

Uepes HekoTOpoe BpeMs T; (pHUC. SB) MpU MEPEX0Je CUCTEMBI B COCTOSTHUE PaB-
HOBECHS T0JT ICUCTBUEM IOJISl TpaBUTAllMK 3eMJid h HauHETCsl mepeHoC MOJIEKYJT Be-
IIECTBA U3 BEPXHEN YaCTH KaMEPbl B HIKHIOK. B CBA3U ¢ 3TUM, ypOBEHb C KpUTHYE-
CKOW IUIOTHOCTBIO BeHIeCTBA Pi(z = 0) mepeMecTUTCs BBEPX U 3aiiMET IMOJIOKECHHE
z;=0. B TO e BpeMsl, MOJ0KEHUE IIEHTPAa MACC CUCTEMBI Zy CMECTUTCS] BHU3 U 3ali-
MET TOJIOKEHUE Zo. [Ipr 3TOM MIOTHOCTH BENIECTBA B BEPXHEW YAaCTH Kamephl Z;>()
CTaHET MEHbIIIE KPUTHUECKOU TNIOTHOCTH (Py(z > 0) < p = py), @ INIOTHOCTH BEIIECT-
Ba y JHa Kamepbl z; < 0 OyAeT MpeBbIIIaTh KPUTHUYECKYIO IUIOTHOCTH BEIIECTBA
(pu(z<0) > p = py). B cBsA3U ¢ TakuM BBICOTHBIM pPaCIpEACIICHUEM IIOTHOCTH Be-

mecTBa p(z) BA3ZKOCTh CUCTEMBI B BEPXHEHW "acTu kamepsl 1M(z, > 0, p < pg) CTaHET
MEHbIIIE, YeM BS3KOCTh B HHXKHEH dYactu kKamepol Mx(z, < 0, p > po), (M1(Zs,
P < Px) < MaZu, P> Po))-

B T0 ke Bpemsi, nHasg KMHETUYECKAs XapaKTepucTuka HeoJHOpoJHOTO KD — Ko-
sbunment auddyzun D(z), Oyaer xapakTepu30BaThCs AUAMETPAIBLHO MPOTUBOIIO-
JI0KHBIM HEPaBEHCTBOM D;(z,< 0, p > py) < Di(z;> 0, p < px). Mcxonst u3 3HaKa 3THX
HEPaBEHCTB, B BEPXHEW 4acTh Kamepbl z > 0, CKOPOCTh JIBUKEHUSI MOJIEKYJT HEOJTHO-
POJIHOTO BEIIECTBA BEPTUKAIBHO BHHU3 Vi(p < pi) OyleT MpeBbINIATh CKOPOCTh
vo(p > px) B HIKHEH dacTtu Kamepsl (vi(p < px) > va(p > px)). B cBsizu ¢ 3TuM Benu-
YyHa MapaMeTpa MopsaKka B BEpXHEH 4acTu KaMmepsl |Apy| = |ps—pP«l/px OyAeT npeBbI-
maTth |Apy| = |pu—pPxl/Px B HIKHEN yacTu kamepsl (|[Ap,| > |Apy|). B aTOM cinyuae koop-
JUHATA ¢ KPUTHICCKOH IUIOTHOCTHIO BemecTBa p(z = 0) = p, MEepeMeCcTUTCS BBEPX K
ypoBHIO z;=(0, Ha BBICOTY / BBIIIIE YPOBHS MOJIOBUHBI BBICOTHI KaMephl L/2. cxons u3
MMOCTOSTHCTBA MAacChl BEIIECTBA B KaMepe, CMemeHrne | KOOpAWHAThl KPUTHIECKOM
IJIOTHOCTH BEIIECTBA OTHOCUTEIIBHO YPOBHS L/2 MOXKET OBITh ONPEACICHO UCXO IS U3

paBE€HCTBA
L/2+1 0
18p,(2)|dz= [ |Ap(2)|dz. (3)
0 L/2—-1

[Ipu mepexojie CUCTEMBbI B COCTOSIHUE PAaBHOBECHUSI YEPE3 3HAUUTEIILHOE BpPEMs
T,>>T| TIPU YBEJIUYCHUH BEJIUYUHBI TPABUTAIMOHHOTO 3 dekTa Ap(z), UCXOs U3 He-
paBeHcTBa |[Apy(z > 0)| > |Apu(z < 0)|, ypoBeHb z = 0 ¢ KpUTUUECKOH IIIOTHOCTHIO BE-
niecTBa Oy/eT MOHOTOHHO TOJTHUMATHCSI BBEPX K YPOBHIO z; = 0. B ¢Bsi3u ¢ 3TUM KO-
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OpJIMHATa LIEHTPAa MACChl TAKOW HEOJHOPOJIHOM CHUCTEMBI IIpU Temneparype I = T
OyJIeT OIyCKaThCsl HIKE CEPEIMHBI KaMephl K YPOBHIO Z(,.

[Tpu yBenuueHun temrepatypsl Bemectsa (7 > T,) BeIMYnuHA TPaBUTAIMOHHOTO
s dexTa ymMeHbIIaeTCs, YTO MPUBOAUT K YMEHBIICHUIO BEJIMYMHBI MapaMmeTpa Io-
psnaka Ap(z). B aToM citydae kKoopJiMHaTa ¢ KpUTUYECKOM MIIOTHOCTHIO BelecTBa Oy-
JET CMEUIaThCsl BHU3 KaMephbl, a KOOpAUHATA IEHTPA MAacC HEOJAHOPOIHOTO BEIIECTBA
Oynet noguumathest BBepX. [Ipu temmnepatypax Bemectsa AT > 10 K, BennuuHa rpa-
BUTAIMOHHOTO A(PdeKTa cTaHOBUTCS TIpeHeOpekuMo Majioil. Torjga nmpu p = pg KO-
OpJIMHATa IIEHTPa MacC BEIIECTBA Zy OyJIET BHOBb COOTBETCTBOBATH MOJIOBUHE BBICO-
ThI KaMepsl L/2.

[Ipoananu3upoBaHHasi BHIIIIE HA OCHOBE paBeHCTBa (3) BBICOTHASI aCUMMETPHUS
rpaBuTalimoHHOro 3ddexra |[Apy(z > 0)| > |Apu(z < 0)] B KpUTUYECKOM COCTOSHUU
BEIIIECTBA MOJTBEPKIACTCS BCEMH AKCIIEPUMEHTAILHBIMU TAHHBIMU TPaBUTALIMOHHO-
ro a¢dekra [8, 14, 15], moay4YEeHHBIMU ONTUYECKUMH METOJaMH pedpPaKTOMETPUH, a
TaKXe JIUTEpPaTypHbIMU TaHHbIMHU [16, 17].

OcHOBHBIE Pe3yJIbTATHI U BHIBObI.

1. B pabGote npencraBieH KpaTKUil aHAJIW3 JaHHBIX I'PAaBUTALMOHHOTO 3(¢eKTa, mo-
JYYCHHBIX ONTHYECKHMH METOJaMH. JTH SKCIICPUMCHTAJIbHBIC JTaHHBIC CBHJIC-
TEIBCTBYIOT O BHICOTHOM aCHMMETPHUU PA3IMYHBIX CBONCTB HEOJHOPOIHOTO BeIIle-
CTBa: MHTEHCUBHOCTH PacCesHHOTO cBeTa /(z), TpaauenTa miuotHocty dp(z)/dz, ma-
pameTpa nopsaka Ap(z) ¥ BRICOTHOW aCHMMETPHHM XHUMHYECKOTO MOTCHIIHANIA Be-
mectBa Ak, T,).

2. UccnenoBaHo BIMsSIHUE KHHETHYECKUX XapaKTEPUCTUK HEOJHOPOIHOTO BEIIECTBA:
ko3 unmenta quddysun D, kodddUIeHTa BI3KOCTH 1| HA BEHICOTHYIO aCUMMET-
puto xuMuyeckoro noteHumana |Ap(s)| B HeognopogHom K® u BenuuuHy rpaBu-
taiimoHHoro 3¢ dexra Ap(z). [lokazaHo, 4To B MoJie TPaBUTALMKU 3€MJIU BEJIMUUHA
napameTpa Mnopsjka MoAYMUHsSEeTCs HepaBeHCTBY Ap(z > 0, p < py) > Ap(z < 0,
P> P

3. B cBs3u ¢ 3TUM, NpU KPUTHYECKOM 3aMOJTHEHUU CHUCTEMBI BEIIECTBOM P =Py MPH
KPUTHUYECKOM TEMIIEpAType BELIECTBA YPOBEHb z = () ¢ KPUTUYECKON IIJIOTHOCTBIO
BELIECTBA Py PEAM3yeTCs BBILIE CEpeAMHBI 00pa3lia ¢ HEOJHOPOJHBIM BEIECT-
BOM.
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Anvoxin O. /1.
BrutuB qudy3sii Ta B’A3K0CTi HA NMOJIbOBY ACHMETPIil0
rpaBiTaNiiHOrO e(peKTy Y KpUTHUYHOMY (JIroii

AHOTALIA

YV pobomi 3a oanumu memoodig c8imiopo3CIAHHA, PephpaKmomMempuiHo2o, NPOXOOHCEeHHs
NOGLILHUX HEUMPOHI8 NPEeOCMABIeHUl KOPOMKULL 027510 pe3yaIbmamis 00CHiOdHCeHb 2pasima-
YitiHo2o eghekmy 6 HEOOHOPIOHOMY PeHOBUHI 8 KPUMUYHOMY CIAHI - Kpumuurozo ¢aoioy. Ha
OCHOBI YUX OAHUX NPOAHANI308AHO NOJLOBY-BUCOMHY ACUMEMPIIO PI3HUX 81ACMUBOCIEl He-
00HOPIOHOI peuosunu. napamempa nopsaoky Ap(z), inmencusnocmi poscisinoco ceimaa 1(z),
epadienma 2ycmunu dp(z)/dz pevosunu. Iloxazano, wo noibo68a-eUCOMHa AcUMempis iHmeH-
cuenocmi poscianozo ceimaa I(z)~dp/dw(h) ma epadienma eycmunu dp(z)/dz~dp/dh(h) peuo-
6uHU € Oiamempanvho npomunedxcHumu. Pisna eucommna acumempis  yux eeruyuH
dp(z)/dz~dp/dh(h) ma 1(z)~dp/du(h) noscnioemocsa 6 pobomi eucomuoi acumempieio noxioHoi
Ximiynoeo nomenyiany du/dh, a omowce - 8UCOMHON ACUMEMPIEI0 XIMIUHO20 NOMEHYIALY
(Au(h)>>h y 306HiwHbOMY nOL h.

o menepiunvo2o uacy @izuunuli Mexanizm sUCOmHoi acumempii epasimayitinozo eghexmy
He 06y8 docniddcenuti. ¥ 363Ky 3 yum, 8 Oawiti pobomi Mexanizm YmeopeHHs 8UCOMHOI acu-
Mempii 6Hympiuinbo20 Kpumuuno2o nous Au(h) npononyemocsa nos'azamu i3 KiHemuuyHuUMuU
Xapakmepucmukamu HeoOHOPIOH020 KpUumuyHoz2o @uioioy: koegiyienmamu ougysii D(h) i
8'sazkocmi M(h), npu nepexodi cucmemu 3 0OHOPIOHO20 CMAHY 8 HeOOHOPIOHUU Nid OIE0 GHY-
mpiwHb020 acumempuunozo nois |AU(z)|= |Aw(z)|>>|h=pgz/Py|. 11 yvoeo y pobomi pose-
JIAHYMO KOMIPKY 6UCOKO20 MUCKY 6UCOMOI0 L, 3 KpumuuHoi 2ycmuHoo ii 3an06HEeHHs pedosu-
noto. Iloxkazano, wo npu KpumuuHoMy 3aN06HEHHI CUCEMU PEYOBUHOIO P = Py NPU KPUMUY-
Hil memnepamypi peyosunu T, pisenv z = 0 3 KpumuuHO0 2YCMUHOIO PEYOSUHU Peai3yEMb sl
suye cepeOUuHU 3pa3Ka 3 HeOOHOPIOHUM PeyOBUHOIO.

Ha ocnosi nimepamyprux oanux P-V-T-eumiprosans ma oanux epasimayiinozo egekmy 6
Oen3oni 1l emaui 3HAUOEHO GeIUYUHY BUCOMHOI 3MIHU GHYMPIUHLO20 KPUMUYHO20 NOAA MA
NOKA3aHO, WO 8eIUYUHA KPUMUYHO20 BHYMPIUHLO20 HEOOHOPIOHO20 NOJs Y HEOOHOPIOHOMY
Kpumuunomy ¢haroioi 3HAUHO nepesuwyye Nolbo8y 3MIHHY 2pasimayilino2o noas 3emii
| AU, T)|= |Awh, T,) >> |h|. [loxazano maxooc, wo seruduna ybo20 Noas 3a KYOIYHUM 3a-
KOHOM 3aedcumy 8i0 kpumuyHoi memnepamypu pevosunu. |AW(z, T,1)/| Az, Tyz) ~(T/Teo) .

Alekhin A.D.
Influence of diffusion and viscosity on the field asymmetry
of the effect of gravity in the critical fluid

SUMMARY

A brief review of the results of studies of the effect of gravity in inhomogeneous substance
near a critical state of a critical fluid (CF) has been presented in paper, based on the data of
light scattering, refractometry, and slow neutron transmission methods.

Based on these data, the field-altitude asymmetry of various properties of an inhomogene-
ous substance has been analyzed, namely order parameter Ap(z), scattered light intensity I(z),
density gradient dp(z)/dz of the substance. It had been shown that the field-altitude asymme-
tries of the scattered light intensity I(z)~dp/dw(h) and the density gradient dp(z)/dz~dp/dh(h)
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of the substance are diametrically opposite. The different altitudinal asymmetry of these
quantities dp/dh(h) and dp/du(h) is explained in paper by the altitude asymmetry of the deriv-
ative of the chemical potential di/dh, and hence with the altitude asymmetry of the chemical
potential Au(h)>>h in the external field h.

To the present time, the physical mechanism of the altitude asymmetry of the gravity effect
has not been studied. In this regard the mechanism of the formation of the vertical asymmetry
of the internal critical field AW\(h) has proposed in paper to be associated with the kinetic
characteristics of the inhomogeneous critical fluid: the diffusion coefficients D (h) and viscos-
ity coefficients n(h), when the system passes from a homogeneous state to an inhomogeneous
one under the action of an internal asymmetric fields |AU(z)|= |Aw(z)|>>|h=p.gz/P.|. For
this purpose, a high-pressure cell with a height L, with a critical filling density of the sub-
stance is considered in paper.

It has been shown that when the system is under critical density filling by substance p=p,

the critical level of substance z = 0 with the critical density p. at the critical temperature T, is
realized above the middle of the sample with an inhomogeneous substance.

Based on the literature data of P-V-T-measurements and the gravity effect in benzene and
ethane, the values of the altitudinal change in the internal critical field have been found.

It has been shown that the value of the critical internal inhomogeneous field in the inho-
mogeneous critical fluid significantly exceeds the variable of the Earth's gravity |AU(h,T,)|=
|Aw(h, T.)>>|h| It has been also shown that the magnitude of this field according to the cubic
law depends on the critical temperature T, of the substance: |Aw(zT.1)/|AnzT.2) =
(TCI/TCZ)3 .
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Bruiue moaugikauii Ha ¢izuko-MexaHiuHI Ta pesakcauiiiHi BJacTHUBOCTI
CUCTEMH I0JIiMep — HAaHOAUCTIePCHUH rpadirt

B pobomi nposedeno ananiz ¢hizuko-mexanivHux ma peraxcayitiHux e1acmueocmeti Cuc-
memu noaixnopmpugmopemuner (IIXTDE) - mooughixoeanuii nanooucnepcuuii epagim
(TPT). Iloxazano, wo mooughikayis noeepxHi NPOGIOHUX KAPOOHOBUX HAHONAACTMUHOK Vb~
paoucnepcHum OieleKmpudHuM 0iokcuoom Kpemuiio (Si0O>) (30%) npussooums 0o Hempusia-
JIbHO20 eghekmy — 3pocmanHs erekmponposionocmi komnosumy IXTOE — 2.5%
TPI/30%Si0; 6inbw Hidc Ha 08a nopsaoKu eeruyunu y nopieuanui 3 komnosumom [IXTDE -
TPI', wo micmums HeMOOUPIKOBAHT KAPOOHOBI HAHONIAACHUHKUL.

Ilposedena winaxom 0OpoOKU NOBEPXHI YACMUHOK AKIMUBHUM PO3UUHOM XJIOPCUNLAHY 8 Op-
2AHIYHOMY PO3UUHHUKY QYHKYIOHANIZ3AYIA KAPOOHOBUX HAHONIACMUHOK V GUNAOKY 2i0pOi3a-
yii nogepxHi HaNoBH0B8aAYA NPU3EOOUMb 00 NIOBUWEHHS NOpo2y nepkoaayii cucmemu. Iloka-
3aHO0, WO Cnocib 2i0ponizayii NOBepXHi HANOBHIOBAUA MOdCe DYMU BUCOKOeDEeKMUBHUM 3d-
B0AKU HANPABIIEHIl 3MIHI 0esAKUX, 30KpeMa eKpAHYIOUUX, 61acmusocmeti NOJIMEPHUX KOMNO-
3UmMi8 Ha OCHOBI HAHOKAPOOH).

Knrouoei cnosa: nonimep, nonixnopmpugpmopemuiien, mepmoposumuperuti epagim, moou-
Gixayis nogepxui, MOOYIb NPYICHOCI, NOTUHAHHSL.

IlocranoBka 3anaui. Pe3ynpTat nmomnepeaHix AOCIIKEHb [1] MOka3yroTh, 110
st cuctemu nosixyoptpudroperieH (IIXTOE) — nanoaucnepcuuii rpadir (TPT)
XapaKTepHUM € BITHOCHO HU3bKUU Topir nepkossiuii (~ 0.95 mac. %). JocnimkeHHs
(I3UKO-MEXaHIYHUX Ta pelakCalliHUX BJIACTUBOCTEH KOMIIO3UTIB CHCTEMH
[IXT®E — TPI" nokazanu, 1o npu BUKOPUCTAHHI KOHIIEHTpAIIi}, 1110 3HAYHO Tepe-
BUIIYIOTh MOPIT MEPKOJIsALii, BiAOYBaeTbCA KOATyJSIlisi YAaCTUHOK HAIllOBHIOBada Ta
PO3PUXJICHHSI MaTpPHIIi, [0 HETATUBHO BIUIMBAE HA KOMIUIEKC iX (h13MKO-MEXaHIUHUX
Ta eKCIUTyaTallliHUX BIACTUBOCTEH.

B pesynbrati mpoBeneHuX nonepeaHix J0CTiHKeHb BCTAHOBIICHO, 10 €(heKTHB-
HUM METOJIOM MiABUIIEHHS (PI3UKO-XIMIYHUX BJIACTUBOCTEH KOMITO3UTIB HAHOIHUCIIC-
pcHUM rpadiT - mojiMep Ha OCHOBI MOJIXJIOPTPUPTOPETUIICHY HATTOBHEHOT'O HAHO U~
cepcHUM TpadiToM € crnocid XIMIYHOro MOAU(IKyBaHHS KapOOHOBHMX HaHOIUIACTH-
HOK HaHoJucrepcHUM kpemHe3zeMoM (Si10,). Moaudikanis HaHOIUCIIEpCHOro rpadi-
Ty HaHoyacTUHKamu SiO, MIABUIIYE PIBEHb MILKMOJIEKYJISIPHOI B3aemomii 31 30epe-
YKEHHSIM NPHUHIMIIOBOI Pi3HHULI BILUIMBY HAHOHAIIOBHIOBAYIB B1J] BIUIMBY MIKPOHAIOB-
HIOBaYiB Ha MOJIIMEPHY MATPHUIIIO.

Sk BimOMO, MOPIr MEPKOJIALIl, Y BUMAAKYy BUKOPUCTAHHS MIKPOHAIIOBHIOBAYiB
ckiagae ~ 18 06. %, Tozl sIK Mmopir NepKOJISIIl Yy BUNAJAKy HAHOHATIOBHIOBAYIB Y Pi3-
HUX Bapiarisax 3HUXKYyeThes 10 0.5 + 1 %. Ile, meBHUM YMHOM, 3MIHIOE BJIACTHBOCTI
MOJIIMEPHOI MAaTPUIll P BHECEHH] B HEl MOM(IKOBAaHOTO HAHOKAapOOHY, OTPUMAaHO-

DOI: 10.18524/0367-1631.2021.59.227104
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ro MUISXOM YJIBTPa3BYKOBOI JMCIIeprailii Ta HacTynHoi Moaudikaiii 3 BUKOPUCTaH-
aam Si0,.

Jiist otinku opMH Ta TOMOJIOTI po3MillleHHsI YacTUHOK S10, Ha TOBEPXHI T'pa-
¢GIiTy JOLIBHO BUKOPHUCTATH METOJ| €JIEKTPOHHOI Mikpockomii. KpiM Toro mepcriek-
TUBHUM MO’K€ BUABUTHCH crnociO (yHKIOHam3amii (rigposizamii) kKapOOHOBUX Ha-
HOIUTACTUHOK OOpOOKOI0 MOBEPXHI YaCTUHOK IpadiTy aKTUBHUM PO3YMHOM XJIOPCH-
JaHy B OPTaHIYHOMY PO3UMHHUKY.

Ak Bitomo [2-4], penakcaniiHui xapakrep (13MKO-MEXaHIYHUX BIACTHBOCTEH
MOJIMEPHUX MaTepiajiiB Ta KOMIIO3UTIB Ha X OCHOBI MPOSBIISIETHCA B TPYIHOIII J0-
CSATHEHHSI PIBHOBAYXHOT'O 3HAYEHHSI BUCOKOEIACTUYHOI epopMmallii, HOBIIILHOMY 30i-
JbIIeHH] Aedopmallii Ipu MOCTIHHOMY HaBaHTa)XEHH1 (ITOB3YYiCTh), 3MEHIIECHHI Me-
XaHIYHOTO HaNpy>KEHHA 3 4acoM y J1e(hopMOBaHOMY 3pa3Ky (peliakcallisi HarnpyKeHo-
CT1), BIIMIHHOCTI y MEXaHIYHIN HANpY>KEeHOCTI IIPHU OJHIN 1 Ti¥ ke BeauduHi nedop-
MalIii i1 9ac HaBaHTa)XEHHS 1 ITiJT Yac pO3BaHTAXKECHHS (MEXaHIYHHM TiCTEpe3nC Ta
MOB’s13aH1 3 HUM TEIUIOB1 BTpaTH), BIJCTaBaHHI JedopMallii BiJi HABAHTAXKEHHS TIPU
nepioguyHoMy JedOpMyBaHHI 1, SIK HACIIOK IIbOTO, ICHYBaHHI TaHT€HCA KyTa MeXa-
HIYHUX BTpaTr. TakuMm 4MHOM, IJIsl aHami3y peaKCalliHOl MOBEIIHKU € JOLIIbHUM
MIPOBOJIUTHU AOCIIKEHHS (P13UKO-MeXaHIYHUX XapakTepucTuk [TIKM.

MeTto10 1aHOi po6oTH OYyJI0 3’ICYyBaHHS BIUIMBY MOAMQIKAIli HAHOPO3MIPHOTO
HAMOBHIOBaYa, OTPUMAHOTO IUIIXOM YJIBTPa3BYKOBOI AWCIEpraIlii TepMOpO3IInpe-
HOTO rpadiTy, Ha (PI3UKO-MEXaHIYHI BIACTUBOCTI MOJIMEPHOTO KOMITO3ULIIMHOTO Ma-
Tepially Ha OCHOBI MOMIXJIOPTPUPTOPETUIIEHY.

Excnepumentanbaa yactuHa. s onepkaHHS HaHOIUCIIEPCHOTO TEPMOPO3-
mupeHoro rpadity Oyno npoBeaeHo aucnepryBanHs TPIT B cnmproBomy akycTuy-
HOMY cepenoBuilli. Tepmoposmmpenuid rpadit (m = 1.0 r) 3anuBaiy €TUIOBUM CIIUP-
ToM (150 M) 1 0OpOOISIN YABTPA3BYKOM 32 JOIMOMOTOIO YIIBTPA3BYKOBOTO JIUCIIEP-
ratopa Y3JIH-A mpotarom (5 +5) xB. Ha yacTtoTti 22 k['11 3 mepepBoIO A1 0X0JIO-
JDKEHHSI CyMmimIl J0 KiMHATHOI TemmepaTypu. Bmict mocyauHu o6’emom 300 wmu
(cky0, KOHIUHA (popMa, MmHiiKa JiaMeTpoM ~ 3 + 4 cM) HeHTpUudyTryBajiu 3a IBUAKOC-
T1 500 06/xB. ITicyist 0X0OKEHHS CyMIIll BUIUBAJIU B 3aKPUTY MTOCYAUHY.

Hucneprosannii TPI' BucymyBanu 3a remneparypu 1~ 363 K 1o moBHOro Bu-
TAJCHHS CIIUPTY 1 BMINTyBaJIM B TEPMETHYHO 3aKpUTY MOCYIUHY. Pe3ynbratu enexr-
poHHO1 Mikpockomii (puc. 1. a) cBiuaTh, o gucneproBaHi yactTuHku TPIT maroTh
dhopmy mnactuH (d ~ 5 — 10) HM 3MIHHOT TOBIIMHY, €PEKTUBHUN PO3MIpP SAKUX HE Tie-
pesuiye 25 — 40 HM.

Jliist ipoBeieHHST XIMIYHO1 MoIM(iKallii HaHOAUCTIEPCHOTO TpadiTy 10 OTpUMa-
Hoi cyminni TPT" ta etunoBoro cniupty aojaBanu 20% KOJOTAHUI PO3YMH T1IPO30JII0
(kpeMHieBa kuciota, TY-02-5-509) 3 mojanbiion yiabTPa3ByKOBOIO 0OpOOKOIO Ha
yactoti 22 k[t mpotsirom 1,5 xB. Ilotim, cymim HarpiBanu no 363 K i, nepionuuHo
MEepPEMINITYIOUH, BUCYIIYBAJIM JIO0 TIOBHOTO BUAAJIEHHS CIIUPTY. B pe3ynbrari oTpuMy-
BaJI MOPOLITKONOA10H1 KOMIIO3UTH, 10 MICTATh 0,7 T HaHoaucnepcHoro TPI' ta 0,3 ¢
niokcuny kpemuito (TPI'/30%S10,) BianosigHo. OTprMaH1 MOPOIIKOINOAI0HI KOMITO-
3UTH TMOMIIIATN B TEPMETUYHO 3aKPUTI MOCYIWHU TSI IIPOBEIACHHS JOCIIKEHb Me-
TOAAMH €JIEKTPOHHOT MIKpPO- 1 pEHTI€HIBChKOI (POTOEIEKTPOHHOI CIIEKTPOCKOII].
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Moaudikairisi MOBEpXHI NMPOBIAHUX KapOOHOBUX HAHOIUIACTUHOK Ji€JIEKTpUY-
HUMHU HAaHOAMCIIEPCHUMH YacTHHKaMU Si0, MPU3BOAUTH 10 3POCTAaHHS €JIEKTPONpO-
BigHOCTI Kommo3uty [IXT®E + 2.5%TPI'/30%Si0,, mo Mictuth 2.5% MoaudikoBa-
Horo HaHoaucnepcHoro rpadity (TPI/30%Si0,), 6ubmr HiX Ha JBa MOPSAIKA BEIHU-
YUHH Yy TOPIBHSAHHI 3 BIZIOMUM KOMIIO3UTOM, III0 MICTHTh HeMOAH]iKoBaH1 KapOOHOBI
HaHOTUIACTUHKH [2].

Jlnis onepskaHHs moJiMepHOro kommoswuiiiHoro marepiany (ITKM) 3 pizaum
BMICTOM KOMITOHEHTIB MICHsI JUCTIEPTYBaHHA y CyMIill MOAU(IKOBAaHUX KapOOHOBUX
HAHOILJIACTHHOK Ta €TUJIOBOTO CHHUPTY J0/1aBali MOPOIIKOMOAIOHUNA TOMIXIOPTPHUP-
topetuieHn. Cywmii, nepiognyHo nepeminryroun, HarpiBanu (7' <363 K) mo moBHOTO
BUJAJICHHS COMPTY Micisl 4oro rotyBaiu 3pazku [IKM ans nocnigkeHHs METOa0M
TEPMIYHOTO IPECyBaHHS.

Ha ocHoB1 TeopeTnuHux po3paxyHkiB s nepepoOku [IKM y Bupobu o6pa-
HO HACTYIIHUM TeMIlepaTypHUN peXUM: MIBUIKICTh HarpiBaHHa — 3 K/XB; Temrie-
paTypa npecyBaHHs T = 523 K; BUTpUMKa po3IUIaBy NpHU TeMIEpaTypi pecyBaH-
Hs 1 TUCKY p = 30 MIla — 20 xB.; 0XOJIOJPKEHHS — MiJ] TUCKOM 31 MIBUIKICTIO 2
K/xB.

Pe3yabTaTé Ta iX o6roBopenHsi. EnextponHi MikpodoTorpadii oTpuMaHoro
[UIIXOM yJIBTPa3BYKOBOI AMCIIEPrailii TEpPMOPO3MIUPEHOTO rpadiTy 3 HACTYITHOIO Xi-
MIYHOIO MoAudiKkallielo HaHouyacTHHKaMu Si0, HaBeleH1 Ha puc. 1.

VY 3B’3Ky 3 OCOOIMBOCTSIMU KPHCTATIUHOI permiTku rpadity, nucmepraiis TPI,
MIPUBOJIUTH JIO YTBOPEHHS TIEBHOI ““TICITFOCTKOBOI~ CHCTEMH YaCTHHOK, PO3MIPH TICITFOCTKH
B3JIOBX SIKOi CKJIaJIaroTh Mopsaky 1 + 5 MM, a B morepek — 4 + 5 am. Yactuaku SiO,
MaroTh po3Mipu Topsaaxky 10 + 20 am. Came 3 UM TOB’s13aHa 0COOJIMBICTD BIUIMBY TaKOTO
KOMOIHOBAHOTO HATOBHIOBAa4Ya Ha MOJIMEPHY MATPHIIO Ta BIANOBIAHY 3MIHY (Di3HKO-
MEXaHIYHUX BIIACTUBOCTEH MOJIIMEPHOTO KOMITIO3UTY BijI BMICTY HAallOBHIOBaYa.

3 ypaxyBaHHsM 05u3bKOCTI rycTuHE TPI™ 1 IIXT®E ryctuna orpuMaHoro Kom-
MO3UIIIHOTO MaTepially 3aJIMIIAETHCS MPAKTUYHO CTAJIOK0 MPU PI3HOMY BMICTI Haro-
BHIOBaya (tabm. 1., puc. 2. a). [Ipu mocsaraenni kornenTpaiii 0,95 mac. % y komrio-
3UTaX CIOCTEPITAETHCS MEBHA TCHICHIIISI JO 3MEHIICHHS TYCTHHH, 10 MOYKE CB1IUH-

0)|

Puc. 1. EnextponHo-mikpockormniuHe 300paxenHs HemoaudikoBanoro TPI' (kapboHoBuX
HaHomacTuHOK) (a) Ta TPT” monudikoBanoro yactuakamu SiO, (6)
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Ta6auus 1. TycTrHa KOMIO3HTIB (p, KT/M’), MOTyIh TIpykHocTi (E' 1077, TTa), MoxyIh
Brpar (E"-10°, [Ta) Ta TaHreHC KyTa MeXaHi4HHX BTparT (tg8- 10%) KOMIIO3HTIB HAa OCHOBI
MOMIXJIOPTPU(PTOPETHUIIEHY BiJl BMICTY MOAM(IKOBAHOT'O HAHOUCIIEPCHOTO IrpadiTy

E'107, ITa E"107% la tgd-10°

0. % | p, ki’ [ s 75 | 10 5 75 | 10 | 5 |75 10
(MTI'n) | (MI'n) | (MI'n) | (MI'n) | (MI') | (MI'n) (MTm)(MTo)(MI o)

0 2142 | 735 | 6.80 | 6.73 | 433 | 265 | 195 | 59 | 39 | 29
0.955 | 2130 | 7.64 | 722 | 733 | 344 | 3.03 | 241 | 45 | 42 | 33
1.258 | 2110 | 6.79 | 6.75 | 6.70 | 334 | 236 | 1.80 | 50 | 3.5 | 2.7

1.5 2099 | 855 | 797 | 844 | 5.64 | 343 | 295 | 6.6 | 43 | 35

2 2101 8.88 | 867 | 863 | 860 | 5.02 | 3.79 | 9.7 | 5.8 | 44

2.528 | 2114 | 8.91 875 | 882 | 10.81 | 6.20 503 [ 11.8] 7.0 | 5.3

TH TPO JACSKE PO3PUXJICHHS CUCTEMU IMICIsl JOCATHEHHS MOpory nepkoJsiii. Takuit
pe3yNbTaT B 3araJibHOMY KOPEIIO€ 3 TEHJICHIIII0 MIKPOHAIIOBHEHUX CHCTEM, B SIKUX
MIEPEBUIIIEHHS TTOPOTY MEPKOJISIIIT TIPUBOJUTE O PO3IPUXIICHHSI CUCTEMU Yy 3B’SI3KY 3
HE3JaTHICTIO 00’€eMy MaTpulll 10 3MOYyBaHHS 00’€My HaloBHIOBauya. AJie TIOBHOI
aHaJorii y JaHOMY BHUIIQJIKy HE MPOCIHIJKOBYETHCS, BPAaXOBYIOUHM BIJHOCHO Maiy
KOHIICHTpAIliI0 HAIOBHIOBAYA y BHUIIAJKy HAHOKOMIIO3HUTIB. TakuM YHHOM, 3aJICXkK-
HICTb T'YCTMHM HAHOKOMIIO3UTY BiJ] BMICTY JUCIEPrOBaHOIO Ta MOAM(IKOBAHOTO
S10, TPI" He A03BOJIsIE€ I€TaIbHO CYIUTH MPO 3MIHU B CUCTEMI IIPH 3MIHI KOHIEHTpa-
11i MOIM(hp1KOBAHOTO HAHOHAMNIOBHIOBAYA.

3 MeToro 3a0e3nedyeHHs aHami3y 3MiHU (P13UKO-MEXaHIYHUX BJIACTUBOCTEH KOM-
MO3UTIB OyJIM MPOBEJEH] yIbTPa3BYKOB1 JOCTIHPKEHHS CYMIIIEHUM YJIbTPa3BYKOBUM
metoaoM [3]. IIpoBeneHi JOCTIKEHHS T03BOJIMIN BU3HAYUTH JIMCHY CKIIAJIOBY MO-
TyJist IPY>KHOCTI E', YABHY CKJIaJIOBY MOYJISl IPY>KHOCTI, 200 MOAyJb BTpaT £, TaH-
reHC KyTa MEXaHIYHUX BTpaT tgo, Koe(ilieHT MOTrJMHAHHA « Ta “‘CTpUOOK™ MOTJIH-
HaHHA YJIBTPA3BYKY MPHU 3MiHI 4acTOTH Aa.

PesynbraTi BUMiproBaHb BKa3aHUX BEJTUYHH MOJaH1 B Ta0u. 1, 2 Ta Ha puc. 2-4.

AHati3 3a1eXHOCTEN IiCHOI CKIIamoBoi MOay/Is IpyXHOCTI £’ Bijg KoHueHT] 0) ii
HarnoBHIOBaya (MoM(iKOBaHUM JIOKCHIOM KPEMHII0 HaHOAUcCHepcHUi rpadit) (Tadi.
1., puc. 2. 6) IEMOHCTPY€E UyTJIUBICTh (PI3UKO-MEXAHIYHUX XapaKTEPUCTHK (£') 10 3MiHU
CTaHy CUCTEMH B IHTEpBaJIl JOCSATHEHHS Ta po3BUTKY nepkossii (0,95 + 1,25 %). Hese-
JIMKE 3pOCTaHHA E' Mpu KOHIIEHTpallisax Hk4uux nopory nepkossiii (0 + 0,95 %) 3mi-
HIOETHCS JOCTATHHO 1HTEHCUBHUM 3MEHIICHHSIM BIAIIOBIIHUX 3HAY€Hb MIMCHOI CKJIaJI0-
BO1 MOJyJIsl PY>KHOCTI B 1HTEepBal po3BUTKY nepkossiii (0,95 + 1,25 %). Lle nosicHio-
€THCS TUM, 110 TP BIIHOCHO MaJIUX KOHIIEHTparisx HanoBHioBa4ya 0 + 0,95 % BiH, 5SB-
JISIFOYKMCh TIEHTPOM KpHCTali3allii 1HIIII0E 3pOCTaHHS BIIHOCHO BEIUKUX 32 PO3MIPOM
KPUCTAJITIB, 110 MIPU3BOJIUTH JO 3POCTAHHS 3HAUYEHB JIHCHOI CKJIAZ0BOI MOMIYJIS MPYK-
HOCTI cucteMu. [Ipu 1ocArHEHHI KOHIIGHTpalliid B OKOJI IHTEpBaTy NEPKOJIALIi, BiICTaHb
MK YaCTUHKAM{ HAllOBHIOBAaYa 3MEHIITYETHCS 1 PICT KPUCTANITIB HA OKPEMHX IIEHTpax
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CTa€ KOHKYPYIOUUM, 110 MPU3BOAUTH 0 3MEHILEHHS JIMCHOI CKIaJ0BOI MOIYJIS MPYXK-
HocTl E'. Ilonmaneiie 3pocTaHHS 3HaueHb E' MpHU MEPEeBUILEHHI MOPOTY NEpPKOJIALIL
(1.25 + 2 %) Moxe OyTu MOSICHEHE 3B’I3KOM MAKPOMOJIEKYJISIPHUX JIAHIIOTIB AEKLIBKO-
Ma YaCTWHKaMM HaHOHAIOBHIOBAa4Ya MK co0010. Lle Moxe MpU3BOIUTH A0 YTPYIHEHHS
KpHUCTaJi3a1lli MaTpHLIl, a TAKOXK /10 30UIbIIEHHS 11 TPY>KHUX BIIACTHBOCTEM.

Taxi npunyuieHHs MIATBEPKYIOTHCSI 3MEHIICHHSM 3HaY€HHS MOAYyJsl BTpat £
(Tabun. 1, puc. 3. a) Ta 3MEHIIEHHAM KoedillieHTa oTJIMHAaHHSA o (Tabi. 2, puc. 4. a) B
1HTEepBail po3BUTKY nepkossuii (0.95 + 1.25 %).

o} KI/M)
2125 o
=
(e)
2100 u
2075 . ! : L s . ! . ! .
0 1 2 ¢, Mac.% 0 1 2 ¢, Mac.%

Puc. 2. KonrneHTparliiiHi 3aJeXHOCTI TYCTHHH (a) Ta MOy TIpy»KHOCTI (E”) (0)
komno3utiB cuctemu [IXTOE - TPI/30%S10, na gacrorax: 1) 5 MI'n, 2) 7.5 MI'n, 3) 10
MI 11, BiAIIOB1AHO

tgs, 10°

0 | 1 | 2 .(P, Mac.% 0 | 1 | 2 .(p, Mac.%

Puc. 3. Konnenrpaiiitai 3aieskHocTi Moayiis BTpaT (E'') (a) Ta TaHreHca KyTa MEXaHIYHUX
BTpaT (tgd) (0) xommo3utiB cuctemu [IXTDE - TPI/30%S10, Ha yactorax 1) 5 MI'1, 2)
7.5 MTI', 3) 10 MI'n, BiAmoBigAHO
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Ta6auus 2. KoedilieHT mormuHaHHS yIbTpa3Byky (o, 1b/cm) Ta “ctpubox” koedimieHra
MOTJIMHAHHS YIbTpa3ByKy (Ao, nb/cM) mpu 3mini wactot Bix 5 Ml no 7.5 MTI'n, Big 7.5
MI' no 10 MI'rp i Big 5 MI'p 1o 10 MI'y KOMIIO3UTIB Ha OCHOBI TOMIXJIOPTPUDTOPETH-
JIEHY BiJ] BMICTY MOJM()IKOBAaHOT'O HAHOIUCIIEPCHOTO rpadiTy

o, dB/cm Aa, dB/cMm

¢, % 5 7.5 10 7.5-5 | 10-7.5 | 10-5
(MTI'n) | MI'n) | MI'o) | (MI'n) | (MTI'n) | (MI')

0 21.80 | 22.34 | 22.12 | 0.54 | -0.22 | 0.32
0.955 | 19.80 | 22.15 | 23.40 | 2.35 1.25 3.60
1.258 | 17.80 | 22.00 | 24.55 | 4.20 | 2.55 6.75

1.5 9.86 | 19.10 | 19.10 | 9.24 | 0.00 | 9.24

2 19.89 | 20.84 | 23.49 | 0.95 2.65 3.60
2.528 | 21.46 | 20.70 | 24.84 | -0.76 | 4.14 | 3.38

10 e q 4
8

> 6

S 4

]
2
N

A
0 | 1 | 2 .(P, Mac.% 0 | 1 . 2 .(p, Mac.%

Puc. 4. KonuenTpariitHi 3a1e:KHOCTI KoeQili€HTa TOTIMHAHHS YIbTPa3BYKY
(a, dB/cm) xommosuTtiB cuctemu [IXT®OE - TPT/30%S10, nHa yactoTax
1-5MIn,2-7.5MItTa3 - 10 MI't BignoBigHo (a)
Ta “cTpubKa” Koe(ilieHTa MOTTUHAHHS yAbTpa3ByKy (Aa, dB/cm)
koMmo3uTiB cuctemu [IXTOE - TPT/30%S10, mpu 3mini yactot 1 - Big S MI'1 1o 7.5
MIn, 2 - Big 7.5 MI'p go 10 MI't ta 3 - Big 5 MI'q no 10 MI'1, BigmosigHo (0)

Bunepemxaroue 3MEHIIEHHSI MOJTYJIsL BTPAT, MOPIBHIHO 13 3MEHILIEHHAM MOJYJIS
MPY>KHOCTI MPUBOAUTH O 3MEHILIEHHS TaHT€HCAa KyTa MEXaHIYHUX BTpaT B IHTEpBai
PO3BUTKY MepKoJsLli cucteMu (Tadim. 1, puc. 3. 0). Ilpu nepeBuieHH1 mopory mnep-
KOJISILIL A0 3Ha4eHb @ > 1.5 % crocTtepiraeTbcs NPUIUHEHHS POCTY 3HAYEHb A1MCHOI
CKJIaZIOBOI MOZYJISl IPYXKHOCTI £’ Ta BUIIEpeaKaroue 3pOCTaHHsA Moayns BTpar E',
10 B CBOIO U€pry MPU3BOAUTH JO 3pOCTAHHS TaHTE€HCa KyTa MEXaHIYHUX BTpaT. Ta-
KUH X1J1 BIMOBITHUX 3aJICKHOCTEN MOXKe OyTH MOSCHEHUH THM, 110 TIPH 301IbIIICHH]
KOHIIEHTpallli HaHOHAMOBHIOBa4Ya OKPIM B3a€MOJIi HAaHOHAINIOBHIOBAY-TIOJIMEp CTa€
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IMOBIPHOIO B3a€MO/IisI HANIOBHIOBAU-HAIMIOBHIOBAY, TOOTO TMEBHA KOAryJsilis HaroB-
HIOBaYa B MOJIIMEpHINA MaTpuil. Lle miaTBepaKyeThCsl 3MEHIIIEHHSIM T'YCTUHU CUCTE-
MU TIICTISl IEPEBUIIICHHS TOPOTY NepKoJILii (Tadm. 1, puc. 2. a).

[TinTBepKEHHSIM J1aHOI TIMOTe3U € XiJ KpuBux (Tadiu. 2, puc. 4. 0) “crpudka’”
MOTJIMHAHHS Bl 3MIHU YaCTOTH, SIK1 Jal0Th 1H(POpMAIIiI0 PO 3MiHY pO3Mipy HEOAHO-
PIIHOCTI CTPYKTYPH CUCTEMH.

[TokazoBum € xia kpuBoi Ao jyist 3miHd yactotu 10 + 7.5 MTI'u. [uBepcis xony
KpuBOi Aa npu nepexoii yactotu 10 + 7.5 MI'l cBIAYUATH PO AOCATHEHHS MEPEXOY
B1J1 1M (Yy3HOrO PO3CIIOBAHHS IO PEJIEIBCHKOIO Ha MeX1 croxacTuuHoro. Lle moxe Bi-
NO0yBaTHCS Y BUMAAKY JOCATHCHHS CTOXAaCTHYHOTO PEKUMY PO3CIFOBaHHSI, KOJIH PO3-
MIp HEOJHOPITHOCTI OMM3bKUI O JOBXHHHU XBUJI YJIBTPA3BYKOBOTO BHUIIPOMIHIO-
BaHHs. HabOnwkeHa oliHKa Takoro po3Mmipy aae 3HadeHHs mopsiaky 50 mkm. [lpu
[[bOMY 3HAYEHHS PO3Mipy HEOJHOPIAHOCTI 0 MOPOTY MEPKOJIAIT Ta Mmicis Horo me-
peBHIIICHHS O1IbIT HIK BKa3aHi. Lle Mo)ke MOsICHIOBATHUCH THM, IIIO JI0 TIOPOTY TMep-
KOJISI1i HEOJHOPITHICTIO € BIIHOCHO BEJHUKI 32 PO3MIPOM KPHUCTAJITH, a MICs HOro
MEPEBUIIEHHS — KOAryJISHTH HAIllOBHIOBAYA.

BucHoBkn. TakuM YHMHOM BCTaHOBJEHO WI0 MoAudiKalis IUCIEPrOBAHOTO
TEPMOPO3LIUPEHOTO TpadiTy crpusie 30UIbIICHHIO MIKMOJIEKYJIIPHOI B3a€EMOJII1 Ha-
MOBHIOBaY-MaTpulld. B 3aeHOCTI Bl KOHIIEHTpaIlli HAalIOBHIOBaYa CTPYKTypa MaT-
PHIIl Ta CUCTEMH BIIJIOMY JIEMOHCTPYE IMHAMIUHI IEPETBOPEHHS 32 PO3MIpPOM HEO/I-
HOP1THOCTI CTPYKTYPH.

VY AbTpa3ByKOBI JOCIHIHKEHHS KOMIIO3UTIB TOKa3alld, 110 HAUMEHIIHN po3Mip
HEOJHOPITHOCTI CTPYKTYPHU JIOCATAETHCS B 1HTEPBaJIl KOHIEHTpAIi PO3BUTKY IEp-
KOJISIIIi, @ 3MiHA PO3MIPY HEOJHOPITHOCTI CTPYKTYPH CHCTEMH IOB’sS3aHa 3 Mepexo-
JIOM BiJl HEOJTHOPITHOCTI, SIK PO3MIPY KPHUCTAIIITIB, PICT IKUX aKTUBOBAHWU HAaHOHA-
MTOBHIOBAYEM MPHU HU3BKUX KOHLEHTpALIsAX, Yepe3 MOpir MepKojsLli, 70 HEOTHOPI -
HOCTEH, TTOB’SI3aHUX 3 KOATYJSIIE€I0 HAHOYACTUHOK TP KOHIICHTPAITISAX, 10 TIEPEBU-
IIYIOTh HOPIT HEPKOJIALII.

OTxe, y BUMTaIKy HAHOHAIIOBHIOBAYIB, HEJOIUIFHO BUKOPHCTOBYBATH KOHIICHT-
pariii, 0 3HaYHO MEPEBUILYIOTh MOPIT MEPKOJISAIII, OCKUIbKU 1€ TPUBOIUTH 0 KOa-
TyJIsiii YaCTUHOK HAlOBHIOBAYA Ta BIJIHOCHOTO PO3PUXJICHHS MATPHIII.
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Cuukapw T.I'., Pokuuykuii M. A., Anueeckuii JI.K., Pokuukan I'.B.,
Ypcyn K.B., lllym H.H.

Bausinue monnpukanum Ha pU3NKO-MEXaHNYECKHE U PeJIaKCAIIMOHHbIE
CBOIICTBa CHCTEMbI OJIMMeEP - HAHOAUCIEPCHBIN rpadur

AHHOTAIMS

B pabome nposeden ananu3z Guzuko-mexaHuueckux u peiaKcayuoHHblX c80OLUCM8E CUcmembl
noauxnopmpupmopsmuner (IIXTDE) - moouguyuposanuviii HaHoOUCnepcHvlll epagum
(TPI). Ilokazarno, umo moougukayus nOBEPXHOCMU NPOBOOAUWUX KAPOOHOBIX HAHONIACHU-
HOK YIbMPAOUCHEPCHbIM OUdIeKmpudeckum ouoxkcuoom kpemuus (Si0;) (30%) npueooum k
HempuguanvHomy 3¢ggexmy - pocmy snekmponpogoonocmu komnozuma IXTOE - 2,5%
TPI/30% SiO; 6onee wem na 06a nopsaoka eeaudunsbl no cpagrenuio ¢ komnozumom [IXTDE -
TPI’, cooeporcawyum HemoouhuyuposarHvle KapOOHO8ble HAHONIACTMUHKU.

Ilymem obpabomku noeepxrHocmu 4acmuy aKmMusHbIM pacmeopom XA0PCULAHA 8 OP2aHU-
yeckoM pacmeopumeie npogedeHa (QYHKYUOHANU3AYUS KAPOOHOBLIX HAHONJIACMUHOK 8 CIY-
yae 2udpoghobuzayuy NOBEPXHOCMU HANOJIHUMES NPUBOOUM K NOBbIULEHUIO NOPO2A NEPKOJIS-
yuu cucmemwl. Ilokazano, umo cnocob cudpoarusayuu NOBEPXHOCMU HANOJIHUMENS MONCEem
ObIMb 8bICOKOIPPEKMUBHBIM O1A200aPA HANPABTIEHHO20 USMEHEHUsI HEKOMOPBIX, 8 YACHHO-
CMU IKPAHUPYIOUUX, CBOUCE NOJUMEPHBIX KOMNO3UMOS8 HA OCHO8e HAHOKAPOOHA.

Knrwouesvie cnosa: nonumep, noauxiopmpugmopsmuier, mepmopacuupertvii epagum,
MoOupurayus nosepxHoCcmu, MoOyib Ypy2oCcmiu, no2ioujeHue.

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

Effect of modification on the physical, mechanical and relaxation properties
of the polymer - nanodispersed graphite system

SUMMARY

The paper analyzes the physical, mechanical and relaxation properties of the
polychlortrifluoroethylene (PCTFE) - modified nanodispersed graphite (TEG) system. It has
been shown that the modification of the surface of conducting carbon nanoplates with
ultradispersed dielectric silicon dioxide (SiO,) (30%) leads to a nontrivial effect - an increase
in the electrical conductivity of the PCTFE - 2.5% TEG/30% SiO, composite by more than
two orders of magnitude in comparison with the PCTFE - TEG composites, containing un-
modified carbon nanoplates.

The functionalization of carbon nanoplates was carried out by treating the particle surface
with an active solution of chlorosilane in an organic solvent, that in case of hydrophobization
of the filler surface, leads to an increase in the system percolation threshold. It is shown that
the method of hydrolyzation of the filler surface can be highly effective due to a directed
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change in some, in particular, shielding, properties of polymer composites based on
nanocarbon.

1t is established that the modification of the nanofiller (dispersed thermoexpanded graph-
ite) increases the intermolecular interaction of the filler-matrix. Depending on the concentra-
tion of the filler, the structure of the matrix and the system as a whole demonstrates dynamic
transformations in the size of the heterogeneity of the structure.

Ultrasonic studies of composites have shown that the smallest size of structure inhomoge-
neity is achieved in the range of concentrations of percolation development, and the change
in the size of system structure inhomogeneity is associated with the transition from inhomoge-
neity as the size of crystallites activated by nanofiller at low concentrations associated with
coagulation of nanoparticles at concentrations exceeding the percolation threshold.

Thus, in the case of nanofillers, it is impractical to use concentrations that significantly ex-
ceed the percolation threshold, as this leads to coagulation of the filler particles and the rela-
tive loosening of the matrix.

Key words: polymer, polychlortrifluoroethylene, thermally expanded graphite, surface
modification, elastic modulus, absorption.
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PoJib kpuTHUYECKOro GaKTOPA CKMMAECMOCTH B YPABHEHUM COCTOSIHUA
KpUTHYeCKOro guironaa

Ha ocnoge numepamypuvix oannvix PVT-uzmepenuil, amniumyovl ypagHeHUll Kpumuye-
ckoul uzomepmul Do(Zy), kpumuuecxoti uzoxopwt 1y(Zy), epanuysl pazoena ¢az By(Zy) svipa-
JiceHbl yepes Kpumudeckuu gaxkmop coicumaemocmu eeuecmea Zy=PiVi/RT,. Yemanoenena
CBA3b DMUX AMIIAUMYO C AMNAUMYOAMU a U k TuHelHot MoOenu cucmemsl NapamempuiecKux
MAcumaobHbIX YPABHEeHUll COCMOAHUA geujecmea 601uU3u Kpumudeckou moyku. Ilonyuennvie
coomuouwenus a(Zy), k(Zy) nozeonsarom Ha 0CHOBAHUU TUHEUHOU MOOENU CUCTEMbl NapamMem-
PUYECKUX YPABHEHULl COCMOSHU 8eecmsed paccyumams mepmudecKkue XapaKxmepucmuxu
DPAO0A MONEKYTIAPHBIX HCUOKOCMEN ONU3U KPUMUUECKOU MOYKU.

Knroueswvie cnosa: xpumuyeckas mouka, napamempuyecKue MacuimabHvle YpasHe s co-
CMOAHUSA, DAKMOP CHCUMASMOCMU, KPUMUYECKUe NOKA3amenu, npeodeibHble KpumuyecKue
HanpaeeHus.

B nactosiee BpeMst He ociiabeBaeT UHTEPEC K ONPEACIICHUIO TapaMEeTPOB ypaB-
HEHHUS COCTOSIHUS BelecTBa B OM3KoM okpecTHOoCcTH Kputuueckor Touku (KT). Ta-
KUMHU TIapaMeTpaMHU SIBJISIIOTCS BEIMYMHBI aMIUTYA [, Dy By 1 KpUTHYECKHE TTOKa-
3aTelid ypaBHEHHM cocTosiHUSI BemiecTBa [1, 2] BOOJIb MPEACNbHBIX KPUTHUECKUX
TEPMOJIMHAMUYECKUX HAIPABICHUN: KPUTUYECKON H30XOPBl (Ap=(p-p)/ e <<

[t=(T-1,)/1,]".

P
KPUTHUYECKOU U30TepMBI (1—0)
1
Ap = D,AWS; 2)
rpa”uisl pazzaena das (t<0)
B
Ap=B,i] . (3)

38€eCh Py, Iy, L — KPUTHUYECKHUE 3HAYEHUS IIOTHOCTH, TEMIIEPATYpPhl, XUMUYE-
CKOTO NOTEHLHUANa; v, 3, 0 — KpUTUYECKUE MTOKa3aTean (IIyKTyallMOHHON Teopuu Qa-
30BbIX niepexoaoB OTOII [1].

VYpaBHEeHUE COCTOSIHUS BEILIECTBA B 00ILIEM BUE, KOTOPOE OMKCHIBAET BCE OJIM3-
koe okpyxkenue KT, npeacrasmisiercs B napametpuueckoi popme [3, 4]

h:Au:arBSG(l—Oz); t:r(l—bzez); 0 =Ap=kr'6; 4)

do dp k _ -1
d_jz):d_ft:;r Y[1+(2yb2—3)92] .

DOI: 10.18524/0367-1631.2021.59.227105
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3necy b’ = (y — 2[3) / y(l — 2[3) =(0-3)/ (5 — 1)(1 — 2[3) — YHHBEpCAJIbHas ITOCTOSH-
Has, CBsI3aHHas ¢ KpUTHYECKUMHU nokazarenamu OTOIT [1].

B ypaBuenusix (1)-(4) ammmutynst 1, Dy, By, a 1 k 3aBUCST OT UHAUBUYaJIbHBIX
xapakTtepuctuk uccienyemoix BemectB. Cormacio OTOII [1, 2], mapamerpamu
ypaBHeHUs1 cocTosiHUS (1)-(4) SBIAIOTCS TaK)Ke U BEJIMYUHBI KPUTUUYECKUX MMOKa3aTe-
neu: vy, B, & u ap.

C Touku 3peHus: aBTOPOB, HEOOXOUMOCTh B 00JI€€ TOYHOM OIpEICICHUN BEIH-
gyl napameTpos [y, Dy By, a 1 k cBs3aHa ¢ nepcrnekTuBaMy MPakTUYECKOTO UCIOIb-
30BaHUS YHUKAJIbHBIX CBOMCTB BEIIECTBA B KPUTUUECKOM COCTOSTHUU — KPUTUUECKOTO
¢mouna (KD) B HOBEHIIINX COBPEMEHHBIX TEXHOJOTHUSAX [5-7]. CHEKTp ATHUX TEXHO-
JIOTUH BEChMa IIUPOK: OT Pa3HOOOPA3HBIX KPUTHUECKUX IKCTPAKIIMA M Ka4eCTBEHHO-
ro YJIYYIICHUS TEXHOJOTHUU JOOBIYM M MepepadoTKu HedTHU O MOJYyYEHHUS HOBBIX
aJIbTEPHATUBHBIX BUJIOB TOIUIMBA M OYMILEHUS OKPY>KAIOLIEH Cpellbl OT XUMUYECKO-
ro, 0aKTEpUOJIOTMYECKOT0, PAJUOAKTUBHOTO 3apa)K€HUsl, MOJyYeHHE HAHOYACTHIL C
Harepe 3aJlaHHbIMU CBOMCTBaMH, smart materials, mpu pacuerax mnapameTpoB Typ-
OuH, B XOJOAWIHHOUN TEXHUKE, pa3pab0TKE paKETHBIX TOILUIUB U MHOTOE JPYToe.

Kaxk npaBuio, npukiaiHoe UCHOJIb30BaHHE OCOOCHHOCTEN PEATbHOTO CBEPXK-
PUTHUYECKOTO U JOKPUTHUECKOrO (hJIIOM1a OTHOCUTCS K 00JIaCTH 3a npeaenamu (piayk-
TyalluoHHOU o6OsacTu. C TOYKU 3pEHHUS aBTOPOB, TJIABHBIM 00pa3oMm, BCIEACTBUE
TPYAHOCTH TIONIaJaHus BHYTPh (IYKTYallMOHHOM 00JaCTH HA MPAKTUKE U OTCYTCTBH-
€M MOTHBALIMU JIJIsl 3TOr0. B TO e BpeMs, SKCTpeMalibHble CBOMCTBA BEIIECTBA BHY-
TpU (PIYKTyallmOHHOW KPUTHYECKOM 00sacTu ropasno Oosee BbIpakeHbl. COTiiacHO
OTOII [1, 2] u s3kciepUMeEHTAIbHBIM TaHHBIM [8], mpu nmoaxoae k KT MHorue cBoii-
CTBA CHCTEMbI XapaKTEPU3YIOTCSI CUHTYJISIPHBIM MOBEAECHUEM: COKMMAEMOCTb, TEILIO-
€MKOCTb, TEIIONPOBOAHOCTD, paauyc Koppessauuu [1, 2, 8] aHoManbHO BO3pacTaroT.
B cBsi3u ¢ 3TUM MOXKHO NPEAINOIO0KUTh, YTO B OYIyIlleM 3TH YHUKaJIbHbIE CBOWCTBA
K® B 6mmm3koit kputndeckoit okpectHoctd KT [9] B Oyayiiem HaliyT cBOE paKTH-
YECKOE NMPUMEHEHUE.

AKTyaJllbHBIM OCTaeTCsl UHTEpeC K 00jiee TOYHOMY OINPENIECICHUIO BEJIMUUH aM-
IUIMTYA YpaBHEHUM cocTosiHui BemiectBa (1)-(4) W KpUTHUECKUX TOKa3arenen
OTOII [1]. B paMkax 3Toro HampablieHHs uccieqoBaHuil B padborax [11-13] ObL1
MPEJIOKEH Ka4eCTBEHHO HOBBIM ()EHOMEHOJOTMUYECKUA METOJ| pacuera BeJIWYUH
kputnueckux nokaszarened O@TOII [1, 2]. Ha ocHOBe BBeIeHUSI MaIbIX TAPaMETPOB B
ypaBHeHuss OTOII 6puTH NpeAIOKEHBI IBA HOBBIX YPABHEHHMS, CBSA3BIBAIOIINE MEXKITY
co00l KpUTHYECKHUE MOKa3aTeau v U & TeMIepaTypHOu U MOJIEBOM 3aBUCUMOCTH pa-
muyca koppemstun (R~ 1Y, R~ Ay ®)

V=t g-p=—. 5)
15

Ha ocHOBaHMM 3THX ypaBHEHHMI HAWACHBI BEJIMYHMHBI KPUTHYECKHUX IIOKa3aTe-
neit paguycos koppemsanun v =0.636+0.005 u £=0.405%0.005.

C nomoimpto (5) u mectu ypapHeHuid OTOII [1, 2] HalineHbl BETUYUHBI OC-
TaJbHBIX KPUTUYECKUX TMOKa3zarejel: ypaBHeHMI cocTtostHUs BemiectBa (1)-(3) —
0=4.63+0.004, y=1.23£0.001, B=0.338+0.003; TemmepaTypHBIX U IOJCBBHIX
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3aBucuMocTell  Temmoemkoct  C ~f % (a, =0.09+0.001) um C~Au ™ (
a, =0.0058£0.001); xoppensimonnoit pynkimu G(r)~1/ 1 (m=0.06210.006).

Kax BUIHO, BETUYMHBI 3TUX KPUTUUYECKUX MMOKa3aTeIei OJIM3KU K UX 3HAYEHUSIM, T10-
JYYEHHBIM Ha OCHOBE METOJIOB PEHOPMIPYNIOBBIX NPEOOpa30BaHUM, E-pa3IOKEHUI
u ap. [1, 2]. B pa6otax [10, 11] nokazano, 4To ommubOKa UX pacueTa COCTABISET Be-
anuuHy MeHee 1%, 4yTo 3HauYMTEIbHO MEHBLIE OLIMOOK COBPEMEHHBIX IKCIEPHUMEH-
TOB [8] WM TEOPETUYECKUX MOJEIBHBIX MOAX0A0B [1, 2].

[TpoGsieMbl TOCTPOECHUSI YPAaBHEHUSI COCTOSIHUSA B OJM3KOM OKPECTHOCTH KpH-
TUYECKON TOYKHU paccMmoTpeHsl B [11-14]. B Hay4HOIi nuTepaType HIMPOKO 0OCYXkK-
JA0TCsl BOIPOCHI, CBA3aHHbBIE C POJIbI0 Oe3pa3MepHON HEYHUBEPCAIbHON BEJIMYUHBI -
(dakTopa CKUMAEMOCTU IPU MOCTPOCHUM YPABHEHUM COCTOSIHUS BELLECTBA B IIMPO-
KOM 00J1aCTH TepMOJMHAMUYECKUX MapaMeTpoB [15-17]. Y3 0030poB moclieIHUX JeT,
ITOCBSIIEHHBIX NPOTrHO3Y TEPMOAMHAMUYECKHX MMAPAMETPOB, MOKHO yKa3ats [18-20].
[IporHo3 cBOMCTB BeHIECTBA B Y3KOM ()IYKTYallHOHHON OKPECTHOCTH KPUTHYECKOU
TOYKH, KaK U paHee, octaercs [ 18] Haubosee npoOIeMHBIM.

Crnenyer OTMETUTh, YTO B (PyH/IAMEHTAJIbHOM OTHOILIEHUH, UCCIIEI0BAHMS OJIN-
3KOI OKPECTHOCTU KPUTHYECKUX TOUEK OCTAIOTHCS aKTYaJbHBIMHU B CBSI3H C UCCIENO0-
BAHMEM OCOOEHHBIX CBOMCTB CKEHJIMHIOBBIX YPAaBHEHHUW COCTOSIHUSL KUIAKOCTEM,
MMEIOIINX OIPECICHHbIE KAYECTBEHHBIE OTIMYMS OT YPABHEHMM COCTOSIHUS TpPEX-
MepHOU monenu M3uara [8]. Hanpumep, TepMUYECKHE YPABHEHUS COCTOSIHUS TPEX-
MepHOU Moaenu M3uHra npuroAHsl i KOJWYECTBEHHOTO OMUCAHUS KUIKOCTENH BO
(GIyKTyallMOHHON OKPECTHOCTH KpUTHUECKOM TOukH [21]. B TO ke BpeMs, OqHUM U3
CYIIECTBEHHBIX OTJIUYUMN B MOBEACHUN MOJICKYJISIPHBIX KUIKOCTEH SIBIISETCS] KA4eCT-
BEHHOE OTJIMYME B IOBEJCHUM KAJIOPUYECKUX BEIMYHMH, HAPUMEpP HEU3MEPSIEMOM
BEJIMYUHBI - SHTPOIUU: ISl CUMMETPUYHOM Mojaenu M3MHra cKadoK >HTPONHUHU Ha
KPUBOW COCYIIECTBOBAHUS OTCYTCTBYET [2], a TeMIIepaTypHast 3aBUCUMOCTb 3TOU Be-
JUYUHBI BAOJb KPUBOM COCYLIECTBOBAHUS 80 DIYKmMyayuoHHoU obaacmu onpenesse-
TCA KpUTHYECKUM HHAEKCOM (1-o). Ho it MOneKyISpHBIX KUAKOCTEN 3TOT BBIBOJ
HE MOJKET JJa)kKe KaueCTBEHHO OBbITh IIEPEHECEH Ha ypaBHEHUE KPUBOM COCYILECTBO-
BaHMs [8] U HE MOXET OMpeNesATh BUJ COOTBETCTBYIOIIMX MAaCIITaOHBIX (DYHKIIHIMA
KAJIOPUYECKUX BEIUYMH. Y PABHEHUE KPUBOM COCYIIECTBOBAHUS JJII SHTPOIIUU MOXK-
HO MOJYYUTh C UCHOJIb30BaHUEM cooTHoueHus: Knanelipona-Knay3uyca, s KpuTu-
YECKOM U30TEPMBbI U KPUTHUYECKON U30XOPbl MOYKHO NPUMEHHUTH UAEH areOopbl (hIyk-
TyUpYOIUX BeauyuH [1].

OTmeyasi akTyaJlbHOCTb HCCIEAOBAaHUN TEPMHUECKMX U KAJIOPHUYECKUX BEJIU-
YUH B OJM3KON OKPECTHOCTH KPUTHYECKON TOUKH, B JAHHOM pabOTe paccCMOTPEHO
ACUMIITOTHYECKOE MOBEJCHUE MEXAHMYECKUX BEJIIMYMH IIOTHOCTH U COKHUMAEMOCTH
BOJIM3U KPUTUYECKOW TOUKHU KUAKOCTh-IIAP MOJEKYJSAPHBIX XKUAKocTel. [Tockonbky
KPUTUYECKHE 3HAueHUs (aKTOopa CHKUMAEMOCTH H3MEPEHbl JMOO OLEHEHBI I
00JIBIIOTO KOJMYECTBA BEIIECTB [22], Takue UCCIIEJOBaHUs JOLKHBI 00€CIIeYUTh BO-
3MOKHOCTb IIEPBUYHOIO IIPOTHO3a YPABHEHUI KPUBOW COCYILIECTBOBaHUS, KPUTHYEC-
KOW M30TE€PMBbI, KPUTHUECKOW M30XOPbl U UX JaJbHEHIINX CIEACTBUHN s QuIyKTya-
IIMOHHON KPUTHYECKON 00JIacTH.
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Kak nmpaBuio, pazHble aBTOPbI IPH ONPEAEICHUA KPUTHUECKUX AMILIUTY]] UC-
MOJIB3YIOT B CBOUX Pab0Tax OTIMYAIONIMECS 3HAYCHHs] KpUTUUECKUX Tokazarene. C
TOYKH 3PEHUS aBTOPOB, B 3TUX YCIOBUAX CPaBHUBATH MEXKIY COOOM KPUTHUECKHE
aMIUIMTYJIbl HE COBCEM KOpPpEKTHO. Mcronb3oBaHuWe OJHUX U TeX K€ (PUKCUPOBaH-
HBIX BEJIMYMH KpuTHdecKux nokaszareneit [10] @TOII mpis xxkuakocTel, KOTOpbIE OT-
HOCSITCSL K KJIaCCy YHUBEPCAJIbHOCTH 3-MepHOUl Monenu U3unra [1, 2], mo3BossieT 60-
nee 000CHOBAHHO U C MEHBIIEH CUCTEMATUUYECKON OMMOKONW pacCUynuTaTh aMILTUTYIbI
Iy, Dy, By acHMITOTUYECKUX ypaBHEHUI cocTosiHUA BemecTsa (1)-(3).

Paneee B paborax [21, 23, 24] 3TO gano BO3MOXHOCTb ONPEAEITUTh BETUUUHY
amMIMTyael By ypaBHeHus (3) mMpPOKOro Kjacca AUAIEKTPUUYECKHUX >KUJKOCTEH H
CBS3aTh MX C KPUTHUUYECKUM (PaKTOpOM CKHUMaeMOCTH BemiectBa Z,=P,V;/RT;. Otn
nanubie By(Z;) npeacrasiensl B Ta0. 1 u Ha puc.l. B aTux paborax mnokasaHo Takxe,
4YTO aMIUTUTyna By(Z,) NpUHUMAET HyJeBO€ 3HA4YeHHE NMpU (HaKTope CHKUMAEMOCTH
Z,.=0.5. Ucxonast u3 aToro pesysibrara BeIUYHMHA aMIUTUTY bl By(Z,) Obliia BeIpakeHa
MPOCTBIM JINHEHHBIM COOTHOLLIEHHEM

* *

B,(Z,)=3.935Z_, (6)
0.5-Z7
0.5

B nHacrosmeil pabote Ha OCHOBE 3KCIEPUMEHTANIBHBIX JaHHBIX PVT- nu3mepeHuit
IIAPOKOTO KJacca XKUIAKOCTEN [25-33], ucnosb3yss BEIUYUHBI KPUTUYECKUX TMOKa3a-
teneit [10], onpenenensl Benuuunbl amruatyn 1y, Dy ypaBaenwit (1) u (2). Ux 3Ha-
YEeHUS IIPE/ICTaBIICHbI B TabnuIie 1.

Heo6xoaumo oTMETUTh, YTO OMIMOKU ONpeeieHUs] BeIUUuH aMIiututyn Dy(Z),
KPUTUYECKON M30TEPMBI (2) 3HAUMUTETHHO MPEBBIIIAIOT OMIMOKU ONMpEenesieHUus aMIl-
mutyn Bo(Z;) ypaBHEHUS KPUBOM COCYIIIECTBOBAHUS KUIKOCTh-T1ap (3).

OTO0 CBsA3aHO € OOJBIIMMU CIOXKHOCTIMU MpoBeneHus PVT-uzmepennit Ap(AP)

P-4 <107, Ap < 107,

*
rac ZK = — OTHOCHUTCJIBHOC 3HAYCHUC (baKTopa CXKMMAaCMOCTH BCIICCTBA Zk.

B Onmm3koit okpectHocTd KT B obsmactu mapamerpoB AP =
k

-4 -5 o

t<107+107. IToaTOMY TakuxX 3KCHEPUMEHTAIBHBIX UCCIEAOBAHUN IOJEBBIX 3aBUCH-
MocTell Ap(AP) BOJIM3M KPUTHUECKOW TEMIIEpaTyphbl BEIIECTBA 3HAYUTEIHHO MEHb-
e, 4eM TEMIEPATYPHBIX MCCIECIOBAHUN YpPAaBHEHMsSI KPHBOW COCYILECTBOBAHMS

Tabua 1

BemecTtBo Ze | Z. = 0'50 SZK By Dy I a k
Meranon | 0.224 0.552 2.16 0.89 0.059 27.1 1.57
Bona 0.229 0.542 2.12 0.88 0.059 26.5 1.54
I'enran 0.263 0.474 1.93 0.77 0.058 24.1 1.41
Benson 0.271 0.458 1.91 0.77 0.057 23.9 1.39
COy 0.274 0.452 1.87 0.77 0.056 23.4 1.36
DraH 0.285 0.430 1.78 0.76 0.054 22.4 1.30
Kcenon 0.288 0.424 1.78 0.64 0.058 22.3 1.30
Apron 0.291 0.418 1.77 0.64 0.057 22.1 1.28
Kucaopox | 0.292 0.416 1.77 0.64 0.054 22.0 1.28
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Puc. 1. 3aBUCHUMOCTh aMIUTUTYABI By ypaBHEHHs KPUBOM cocyliecTBOBaHMS (3) OT KpUTHYE-
cKkoro ¢akropa cxxumaeMocTH Bemecta Z, =P V,/RT.

Puc. 2. 3aBucumocTts aMIUTyAbl Dy ypaBHEHHs COCTOSHHUA (2) OoT (hakTOpa CKUMAaEMOCTH
BeniectBa Z;,=P,V;/RT;.

Puc. 3. 3aBucUMOCTh aMIUIATYbI [, ypaBHEHHS cocTosiHUA (1) OT (hakTOopa CHKMMaeMOCTH
BCIICCTBA ZkZPka/RTk.

KUAKOCTh-Ta3 Ap(f). AHaIU3 CYIIECTBYIOIIMX 3KCHEPUMEHTANbHBIX NaHHbIX PVT-
u3Mmepennit [25-33] B 6muskoit okpectHoctd KT mokaspiBaet, 4TO MpU UCIOJIb30BA-
HUU B ATUX HCCIEIOBAHUSIX PA3IUYHBIX 3HAYEHUNM KPUTHUYECKUX TOKazaTeied O =
4.2+5 nnis pa3UYHBIX KUIAKOCTEH peajibHas OIIMOKA OMpEeiICHHUS aMIUIUTY/IbI
Dy(Z;) cocraBnseT BenmnunHy nopsiiaka (5 + 10)%. Takoit ke peanbHO#M OIMMOKON Xa-
paKTEpU3yeTCS U BEJIMYMHA aMITUTYABI [ ((Z;) cxumaeMmocTu BemiectBa (1) npu uc-
MOJIb30BAaHUN PA3IUYHBIX 3HAUEHUH KpHUTHYEeCKOro mokasarens (y = 1.1 + 1.3).

3aBucUMOCTH BenuuuH aMriutyn Bo(Zy), ['o(Zy) , Do(Z;) ypaBuennit (1)-(3) ot
(akTOpa COKMMAEMOCTH Zj, MOKa3aHbl Ha puc. 1-3.

Kak BuHO 13 puc.2, o aHAJIOTUM C JTUHEUHBIM ToBeneHueM By(Z;) (puc.l) [21,
23,24], B ipenenax yKa3aHHBIX OIIMOOK 3aBUCUMOCTh BeTMUUH Dy(Z;) TakKe MOKHO
MpU3HATh OJIM3KOMN K JIMHEWHOW. B TO e Bpems u3 puc.3 cieayeT, uTo B Ipeaeiax
OIMOOK AKCIEPUMEHTa aMIIUTyaAa cxxuMaeMocTH [ o(Z;) (1) npakTuyecku HE 3aBU-
CUT OT (hakTOopa CKUMAEMOCTH BellecTBa Z;. TO €CTh MOYKHO CUUTATh, YTO aMILIUTY-
na [ ) MpakTU4EeCKH OCTAETCS MOCTOSIHHOW BETMYMHOM MIPU BCEX 3HAUCHUSAX Z.

OnpenenuMm Teneps CBsI3b aMIuutya Bo(Zy) Dy(Zy), I'y(Z;) ypaBuennii (1)-(3) c
aMIUTUTYJIaMU a U k TapaMeTpUyecKoro ypaBHeHus coctosiHug BeniecTBa (4). C aToit
LEJIBIO JUISl BCEX aHAM3UPYEMBIX BEIIECTB MCIOJIb30BaHbI B (4) 3HaUEHUS KpUTHYE-
ckux mokazarenedt y = 1.23 + 0.005; B = 0.338 = 0.003; 6 = 4.63+0.01 [10] u Benu-
unHa napamerpa b’=1.39 + 0.01 (4). IIpu 5TOM HCIIONB30BAHBI TAKXKE BETHUHMHBI T1a-
pametpa 0 ypaBHeHus (4) BIOJb HANPABICHUN: KPUTHUECKOI n30X0pbl — 0 = 0; kpu-
THYECKOH HM30TepMbl — O = b '; rpanuub pasjena pas — ‘9‘ =1. Torna, ucxojs u3 BU-
na cootHotenuii (1) - (4), Oyner HaiijieHa B3aMMOCBA3b aMILUIUTY] ypaBHeHui (1)-(3)
C aMIuIMTyaAamMu a u k ypaBHeHus (4) mapamerpudeckoro ckeinunra [3, 4]. Ilony-
YEHHBIE PE3YJIbTAThl TOKa3aHbl Ha puc.4, 5 u B Tabnuie 1.

Ha ocnoge (3) u (4) cBsi3b aMiuiuty k(Z) u By(Z;) IpeacTaBisieTcsi B BUJE

k(z,)=(v*-1) B,(2,)=0.727B,(Z,)=2.86x Z, 7
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Puc. 4. 3aBUCUMOCTb aMIUTUTY/bI @ YpaBHEHUS (4) OT KPUTHUECKOTO (PaKTOpa CKUMAEMOCTHU
BemiectBa Z;,=P,.V,/(RT}).

Puc. 5. 3aBucumocts amIuuTyabl k& ypaBHeHus (4) oT (akropa CKUMaEMOCTH BEIIECTBa
ZkZPka/(RTk)

N3 (7) cnenyeT npsiMasi IMHEWHAsE CBA3b aMIUTUTYbI k(Z;) ¢ HaKTOpOM OTHOCH-
o *
TEJIBHON CcKMMaeMocTu BeulecTBa Z; . U3 (7) Takke cienyer, 4TO OTHOIIEHUE aM-

IJTUTY 1 k(Zk)/Bo(ZkF(b2 —1)B= 0.727 aBnsieTcsi yHUBEPCAIbHOM MMOCTOSHHOW, KOTOpast

3aBHCHUT TOJBKO OT BEJIWYMH KpuTHUEeCKUX nokaszarenet @TOII [1, 2].

Y4uuThiBas NPaKTUYECKU OJMHAKOBBIC 3HAUYCHUS aMILUIUTY COKUMaeMocTh [o(Zy)
JUTSI BCEX aHAIM3UPYEeMbIX BeliecTB (Tadu. 1, puc.3), HaXOAUM BEJIMYMHY OTHOIICHHUS
aMIUTATYJ TapaMETPUUYECKOr0 CKEeMIMHTA [3, 4]

r,= K(Z,) =0.055+0.005 = const . (8)
a (Z k )0
N3 cootHomenuii (7) u (8) Takxke cineayeT JIMHEHHAs 3aBUCUMOCThb aMILIUTY/IbI
a(Z;) oT (akTOpa OTHOCHTEIBHOI CKIMAEMOCTH BemecTsa Z; (6),

a(Z,)=12.5B,(Z,)=49.2Z, . 9)
Ha ocnoge (2) u (4) onpenesneHa Takke CBsI3b aMIUIUTY] Dy(Z;) ¢ aMIUIUTY/1a-
MU a(Zy) 4 k(Z;) napameTpu4ecKoro ypaBHEHUsI COCTOSIHUSI BelecTBa (4):

D,(Z.)= [b“’” (1-57 )]L")] (10)
[a(Z,)]°

IToncranoBkoii (7) u (9) B (10) HalineHa 3aBUCUMOCTb KPUTHYECKON aMILTUTY/IbI
%

Dy(Z) oT pakTopa C:)KUMAEMOCTHU BEIIECTBA 7 :
5-1

_ 5-1
Dy(Z,)=0.427[B,(Z)]* =1.25(Z))° . (11)
Kak Buano u3 (11), amminuryaa Kputuyeckol uzotrepMel Dy(Z;) ABIsSE€TCsS cTe-
MEHHON (PYHKIMEH aMIUTUTYIbI By(Z;) u hakTopa OTHOCUTEIHLHON C)KUMaeMOCTH Be-
mectBa Z; (6).
[Tomyyennas Bzaumocssi3b (6)-(11) ammuuryn Iy, Dy By, a, k ypaBuenutii (1)-(4)
IIOJIHOCTBIO COIIACYETCS C U3BECTHBIM COOTHOLIEHUEM TapaMETPUYECKOrO CKEUIINH-
ra[3, 4]
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6-1 563
F(}fg = 2b —=1.63. (12)
0 (b _1)

Takum 00pazoM, Ha OCHOBE MPOBEACHHBIX HCCIEAOBAHUN BIEPBHIC HANJACHbI
YHCIICHHBIC 3HAYCHHS aMIUTHTYX a(Z; ) 1 k(Z;, ) mapaMeTpH4eckoro ckeimmnra [3, 4],
BBIpa)KEHHbIE uepe3 (akTtop cxumaeMocTH BewectBa Z,=PV,/(RT}). IlpoBeneHHble
pacdeThl MO3BOJIAIOT  OMPENETUTh TaKWe Ba)KHBIE XaPaKTEPUCTHUKU KPUTUUYECKOTO

CI)JIIOI/II[a KaKk TEMIICPATYpHbIC MW IIOJCBLIC 3aBUCHUMOCTH pajuyCa KOppCIaIun
1

dp ¥ .
R (Ap,t) = (A‘l d—p) U QIIyKTyallMOHHOM 4aCTH TEPMOJMHAMUYECKOTO MOTEHIINA-
u

na F¢=CO-R;3(A,u,t), (C,~10%cm’) [1, 2] Bo Beeit dmyKTyanHOHHON 06TACTH

BOm3u KT.
Ha ocnoBe Buza (IIyKTyallHOHHOM YacTH TEPMOJAMHAMUYECKOTO TOTECHI[HMAsa

F,=C, ‘R (Au,t) , UCIOJIb3YSl HAWJCHHBIE BENWYUHBI aMIuatyn a(Zy) u k(Zy),
_dF, dp _ d’F,
du’ dp  dp’

MOXHO pacCUuTaTb TCPMHUUYCCKUC! (Ap ] N KaJIOPHUYCCKHC

drF,, d’F,
AS =7; C = e XapaKTEPUCTUKU HIMPOKOrO Kilacca TUANEKTPUYECKUX Be-

mectB (Z; =0.2 + 0.3) B 6am3koii okpectHoctn KT (AP <107, Ap < 1072, £ < 10 *+
+10°), T/1e IpOBEICHHE IPELH3HOHHBIX KCIIEPHMEHTOB CYIIECTBEHHO 3aTPYIHEHO.

[TosmydeHHbIE pe3yNbTaThl MOTYT OBITH HWCIIOJNB30BAaHBI TMPH JJIS MPOTHO3a
CBOWCTB JKHJIKOCTEH B aCUMITTOTHYECKON 00JIaCTH TPU M3BECTHOM (PpaKTOpEe CIKUMae-
MocTH [22], a B CpeTHECPOYHON U JTOJITOCPOYHOM MEPCIIEKTUBE, MOTYT OBITh UCTIOJb-
30BaHbI TIPH BBIOOPE YCIOBHUH MPaKTUYECKOTO MPUMEHEHUs Hanboyiee IKCTpeMallb-
HBIX, CHHTYJISIPHBIX CBOMCTB KPUTHYECKOTO, @ HE TOJBKO CBEPX- M JO-KPUTUIECKOTO
¢rona, B IPOMBIIIICHHBIX TEXHOJIOTHIX.
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Anvoxin O./1., binoyc O.I., Pyonikoe €.I.
Posib KpUTHYHOTO (pAKTOPA CTUCTUBOCTI Y PIBHSAHHI
CTaHy KPUTHYHOIO durroiga

AHOTAILA

Y pobomi 3a danumu memooie c8imaopo3cCianHs, pedhpakmomempuiHo2o npeocmasieHull
KOpOMKULL 021110 pe3ylbmamié O0O0CHIONHCEeHb 2pasimayitinozo egexmy 6 HeoOHOPIOHOMY
PEeUOBUHI 8 KPUMUYHOMY CIMAHI - Kpumuuno2o ¢aoioy. Ha ocnoéi yux oanux npoananizosano
NObOBY-BUCOMHY ACUMEMPII0 PI3HUX 81ACMUBOCMEl HeOOHOPIOHOI peyosuHu. napamempa
nopsoxy Ap(z), inmencusnocmi poscianozo ceimaa 1(z), epadienma cycmunu dp(z)/dz peuosu-
Hu. [lokazano, wo nONLOBA-6UCOMHA aCUMEMPIA THMEHCUBHOCMI PO3CIAHO20 C8ImIa
1(z)~dp/du(h) ma epadieuma eycmunu dp(z)/dz~dp/dh(h) pewosunu € diamempanvro npomu-
nedchumu. Piszna eucommna acumempisn yux eenuuun dp(z)/dz~dp/dh(h) ma I(z)~dp/du(h) no-
SACHIOEMbCA 8 pOOOMI BUCOMHOT acumempiero noXiOHoi Ximiunozo nomenyiany di/dh, a omoice
- 8UCOMHOI0 acumempieto Ximiuno2o nomenyiany Au(h)>>h y 30eniwnvomy noni h.

Ipu yvomy npu oonaxosux noasx |h|~|z| é 6inew winonit gpazi (h<0, p>p,) sucomna 3mi-
Ha XIMIYHO20 NOMeHyiany MeHwe, Hidc y pospiodcenit gasi. Todi 3 eucomnoi acumempii
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cmucausocmi dp/du(h<0)>dp/duth>0) crioye npomunexcua sucomua acumempis epadicHma
eycmunu pevosunu dp/dh(h<0)<dp/dh(h>0),

o menepiunvo2o uacy @izuunuli Mexanizm UCOmHoi acumempii epasimayitinozo egexmy
He 06y8 docniddcenuti. ¥ 363Ky 3 yum, 8 Oawiti pobomi Mexanizm YmeopeHHs 8UCOMHOI acu-
Mempii XiMIYH020 NOMeHYIaNy NPONOHYEMbCA AKICHO NO8'13amu i3 KIHeMUYHUMU XapaKmepu-
CMUKamu HeoOHOPIOH020 Kpumuuro2o Gioidy: xoeghiyienmamu oughysii D(h) i 8'a3xocmi
n(h), npu nepexodi 0OHOPIOHOI nepemiuanoi cucmemu 8 piBHOBANCHUL HEOOHOPIOHUU CINAH —
npoyec 6CMAaHOBIeHHs PIBHOBANCHO20 epABIMAYiliHO20 edhekmy.

nsa yvoeo y pobomi po3ensHymo KOMIpKy 8UCOK020 MUCK)Y eucomoio L, 3 kpumuunoi 2yc-
munoro ii 3anoenenns pewosunoro. Ilicia nepemiuty8anns KOMIpKU npu nepexooi cucmemu 8
cman pignosazu nio odiero noas epasimayii 3emni h nounemvcs nepeHoc MoaeKyl pe4o8UHU 3
BEPXHLOI YACMUHU KAMePU 8 HUNCHIO. Buxooauu 3 nepisHocmeti 0115 Koeghiyienmie 6 ‘sazxocmi
11(0<p) <12(0> p) ma oughysii D,(p>pi)<D1(p<py) weuoxicme pyxy MoneKy1 HeoOHOPIiOHOI
PeHoBUHU 8ePMUKATILHO YVHU3 Vi(p<py) OyOe nepesuuyyeamu weUOKiCmy V(0> 0y) ¥ HUNMCHIU
yacmuni kamepu (vi(p<p)>v:(0>py). Ha ocnosi yvoco 3pobreno 8UCHOB0K, WO GenUUUHA
napamempa NopsAoKy y 8epxHill uacmuni kamepu |Aps|=|ps—px|/pc 6y0e nepesuwysamu yio
genuyuny |Ap,|=|pu—pcl/px ¥y nudcnivi uacmuni kamepu (|Aps|>|A4p4|). Iokasano, wo npu
KPUMUYHOMY 3ANOBHEHHI CUCTNEMU PEeYOBUHOIO0 P=p, NPU KPUMUYHIL memMnepamypi peiosu-
nu T, pigens z=0 3 KpUMu4HOI0 2YCMUHOIO PEYOBUHU PeaNi3yEMbCS BULYEe CEPEOUHU 3PA3KA 3
HeO0OHOPIOHUM pevosuror. llpoananizosana y pobomi eucomna acumempis epasimayitiHoco
epexmy dp/dh(h<0)<dp/dh(h>0) y naskorokpumuunomy cmaHi peuo8uHU NIOMEEPOICYEMb-
cs ycima ekcnepumMeHmantbHUMU OGHUMU 2PAagimayiliino2o eghekmy, ompumManumu OnMmMudHUMU
Memooamu peghpakmomempii, a maKoxc iimepamypHumMu OAGHUMU.

Alekhin A.D., Bilous O.I., Rudnikov Ye.G.
The role of the critical compressibility factor
in the equation of state for the critical fluid

SUMMARY

Based on the literature data of PVT measurements, the amplitudes of the equations of the
critical isotherm Dy(Zy), the critical isochore ['y(Zy), the phase boundaries By(Z) are ex-
pressed in terms of the critical factor of compressibility of the substance Zy=P;Vi/RT in the
entire fluctuation region near the critical point. By doing so, a phenomenological method has
been used for calculating the values of the critical exponents of the fluctuation theory of
phase transitions based on the introduction of small parameters into the equations of the fluc-
tuation theory.

1t has been shown that, within the limits of the PVT measurement errors, these dependenc-
es Do(Zy) and By(Zy) on the compressibility factor are linear, and I'y practically does not de-
pend on the compressibility factor Zy.

The relationship of these amplitudes with the amplitudes a and k of the linear model of the
system of parametric scale equations of state of substance near the critical point has been es-
tablished. It has been shown that the dependences k(Z;) and a(Zy) are also linear in the entire
fluctuation region near the critical point. The obtained dependences k(Z) and a(Zy) agree
with the known relationship between the amplitudes of the critical isotherm Dy(Zy), critical
isochore I'y(Zy), phase boundaries By(Zy) Aerospace Institute of the National Academy of
Sciences of Ukrainewithin the framework of the system of parametric scaling equations.

The relations a(Zy), k(Z) make it possible, on the basis of a linear model of the system of
parametric scale equations of state of substance, to determine such important characteristics
of the critical fluid as the temperature and field dependences of the correlation length R.(T,|\)
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and the fluctuation part of the thermodynamic potential @(T,)) in the entire fluctuation re-
gion near the critical point.

Then, based on the form of the fluctuation part of the thermodynamic potential
O(T,W)~R (T, )7, the results obtained allow one to calculate the field and temperature de-
pendences of the thermodynamic quantities for a wide class of molecular liquids in the close
vicinity of the critical point (AP<I 07, Ap<lI 07, t<10™), where precision experiments are sig-
nificantly complicated, and its can also be used when choosing the conditions for the most ef-
fective practical application of the unique properties of the critical fluid in the newest tech-
nologies.
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YK 655.3
Hopow A. K., Illeguyk A.B.

Hayionanvnuii Ynieepcumem «Kueeo-Moeunancoka Akademiay
syn. Ckosopoou, 2, m. Kuis, 04070; Vxpaina
E-mail: dorosh_mpm@ubkr.net

IIpy:xHO-B’A3KICTHI BJaCTHBOCTI poJieBoi 0ceTHOI YOpHOI (papOu 3a
JAHMMHU peJIaKcaliiiHoI peomeTpii

Memooamu penaxcayitinoi peomempii nposedeHi GUMIPIOBAHHS MA 8CMAHOBNEHI AKICMHI
3AKOHOMIPHOCMI 3A/IEAHCHOCMEN NPYICHO-8 SIZKICIMHUX Xapakmepucmux 4opHoi gapou gip-
mu Cibo 6 inmepsani memnepamyp (293-333), a came: mooyns npyscnocmi (G’°) ma mooyns
empam (G’’); Kyma ma maueenca Kyma mpam, NOGHUX PeOJIO2IYHUX KPUBUX MeUIiHHS nep-
wo2o0 ma Opy2020 (KOMNJIEKCHOI 8 ’s13KOcmi) 8UOI8, cmeneHi pyUHY8aHHs CMPYKMYpU y 3d-
JIeACHOCMI 8I0 BeNUYUHU. WBUOKOCMI 3CY8Y, Oedopmayii 63ipys ma 1020 memnepamypu.
Bcmanosneno wo: 1) 3anescnicms mooyna npyscnocmi (G’) 8i0 Hanpyeu npu Manux 3HayeH-
nsx it (0-20)I1a ne € nrasnocnadaiouor, a S-nodidHo KpUusoio 3 NiaAmo, siKe 38YHCYEMbCI 3
POCMOM memMnepamypu i 8UPoOICYEMbCs 8 mouky nepe2utry npu (42-45)°C; 2) Ilpu éenuuuni
gionocHoi deghopmayii 10% i oegpopmyrouux nanpyeax (0-10-20)I1a eenuuunu mooyns npyic-
nocmi (G’) i mooynsa empam (G’’) maroms npubIU3HO cmalle 3HAYeHHs, NiCIA Yb02o iX eu-
YUHA CMPIMKO 3MEHULYEMbCA NO HENIHIUHIU 3a1eHCHOCHI 3 POCMOM Hanpyau i memnepamy-
pu; 3) 3anesxicHicmv KOMNIEKCHOI 8 s13kocmi 810 3CY8HOI Hanpyau npu Qikcosaniti memnepa-
mypu Mae 6uo pizko cnaoarnuoi (He eKCNOHeHYIanbHoi Kpueoi) , e1acmueoi auuie sl nces-
donaacmuynux peyosut; 4) 3anedcnicms MOOYIA NPYHCHOCII Mma MOOYIL 6mMpam 6i0 mem-
nepamypu 6 inmepsani (0-60)¢C € niasno cnadawouoro (NpubIU3ZHO eKCNOHEHYIAIbHO) Kpu-
8010, AKaA NpAMY€E 00 MiHimanvhoi eeauyunu npu 60°C; mak axwo npu 273K: G'=200011a;
G" =3500 Ila, mo npu 333 K: G' =40 Ila; G" = 70 Ila, ane npu nmodux memnepamypax  it-
mepeani (273-333)K eenuuuna mooyna empam 3aea4cou Oinbuia 6i0 MO0y npyicHocmi gap-
ou; 5) HesiOnoBiOHIiCMb EKCNEPUMEHMANbHUX OAHUX OJIsl MOOYVISL NPYHCHOCHI, OMPUMAHUX
MemoOoOM perakcayiinoi peomempii i po3paxo8aHux meopemuyHo 3a OAHUMU MPAOUYIHOT
peomempii 00YMOBIEHO: 8eNUKUMU NOXUOKAMU BUMIPIOBAHHS KPUBUX MEYIHHA | BUSHAYEHHS
X KpuMuuHUX napamempis 6 061ACMI SPAHUYHO MATUX 2padieHmis weuokocmeti deghopma-
Yii' i 6euYUHU 3CYBHUX HANPY2 MeMOOOM CIALOCmi 2padieHma weuoKocmi (w=const); Hedo-
CKOHANLICMIO MeopemudHux mooeell i po3paxyHKO8Ux hopMyl iCHYIOUUX meopiti meyinHs
KOJLIOIOHUX MUKCOMPONHUX CUCTEM.

IlocranoBka mpo6aemu. HoBiTHI MeToAM penakcaiiiHoi peomeTpii aocii-
JDKEHHST BHUCOKOB’SI3KMX KOJUIOiHO-TUCHEPCHUX CUCTEM, SIKI YaCTKOBO OIMCaHI B
pobotax [2-5], 3a0e3neuytoTh 6e3mocepe/IHe aBTOMATHYHE BUMIPIOBAHHS iX MpYyXK-
HO-B’A3KICTHUX XapaKTepUCTUK. BHACIIOK 4Oro OTpuMaH1 pe3yJbTaTH BUMIPIOBAHb
Ta HAyKOB1 BUCHOBKH 3 iX aHaJli3y HaOyBalOTh OCOOJMBO BaXKJIMBOTO SIK HAyKOBOTO
TaK 1 IPAKTUYHOIO 3HAYEHHA M (yHAAMEHTAIbHUX Ta MPUKIAAHUX TaTy3€BUX Ha-
NPSAMKIB JTOCHIIKEHHS ()apOOBUX KOJUIOIAHO-TUCIEPCTHUX CUCTEM. AJIE YUCIO Ta-
KHMX JOCTIKEeHb 1 MyOJiKaliil iX pe3yjabTaTiB y BIIOMIA HaM Ta AOCTYIHINA CBITOBIA
JiTepaTypl BKpail 0OMEXEHe 1 CKJIa/a€ BChOTO JIEKUIbKa OOUHULE [2, 5, 6]. Sk Bino-
MO, TEXHOJIOTTYHO-EKCILTyaTalllifHl BIACTUBOCTI nojirpadgiuynux ¢ap0, BKIOYAOYN
€JIEKTPO Ta MATHITOUYTJIMBI (papOu, BU3HAYAIOTHCS, B OCHOBHOMY, iX MEXaHIYHUMHU
MPY>KHO-EJIACTUYHO — B’SI3KICTHUMHU XapaKTEPUCTUKAMM, 3aJIEKHICTIO iX BiJ BEJH-

DOI: 10.18524/0367-1631.2021.59.227106
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YUHU: Ae(POPMYIOUO] 3CYBHOI HAIIPYTry; IPajJliEHTa MIBUIAKOCTI AedopMallii; BEITUUH-
HU abcomoTHOI (200 BiTHOCHOT Y%) iX Aedopmaiiii; 4acToTu aedopMyr0d0i HapyTu
Ta 1i aMIUNTYAH; €eHEPreTUYHUX TEIJIOBUX BTPAT BHACIIAOK [ii CHJ TEPTS, 1O BU-
3HAYAIOTHCS KOMIUIEKCHOIO CKJIAJOBOIO B’S3KOCTI (1)’°) Ta Moxayss BTpat (G") npu
nepopmarnii 3cyBy; Temneparypu ¢apOoBoi peuoBuHH. be3dnocepenaHe BU3HAUYEHHS
UX 3aJIeKHOCTEH 3a pe3ysbTaTaMu BUMIPIOBAHHS IOBHOI PEOJIOTIYHOI KPUBOI Te-
yinHs nepmoro Y(P) ta apyroro (n(P)), n(Y'(P)) BuAIB MeTOIaMH TPAAUIIIHOI po-
TallHOI PEOMETpli a caMme: METOJYy CTaJOCTI IpaJi€eHTa MIBHJKOCTI 3CYBY (® =
const); Ta CTAJIOCTI BETUYMHHU 3CYBHOI Harpyru (P = const), HE Ja€ YIEBHEHOCTI Y
MPaBUJILHOCTI 3HAYEHb PO3PAaXOBaHUX PIBHOBAXXHUX BEJIMYUH: MOYJS 3CyBY D; Mo-
JEKYJSIpHUX TapaMmeTpiB GapOu Ta IHIIKX ii XapakTepUCTHK (Yacy penakcauli (O(P,
7)), eneprii aktuBalli Te4inHsa E,, 1 IHIIMX) BHACIIIOK HEIOCKOHAJIIOCTI MEXaHIYHUX
MOJEJIBHUX Ta MOJIEKYJSPHO-KIHETUYHUX TEOpid 1 Mojeneld TediHHS KOJUIOHO-
JUCIIEPCTHUX CUCTEM HABEJICHHUX, 30KpeMa B OIVIsIIOBUX poboTax [1-6] Ta excnepu-
MEHTAJIBHUX METO/IB BUMIPIOBAHHS KPUBHX TEUIHHS MEPIIOTO Ta APYroro BUAIB IpU
IPaHUYHO MAJIKX MBUIKOCTIX AedopMallii Ta 1eopMyroUoi HallpyrH.

3pa3ku A8 gocaigxenHs. JlJig TOCHIIKEHHS MPYKHO- B’ S3KICTHUX XapaKTe-
PUCTUK KOJUIOiTHO-IUCTIEPCTHUX (papOOBUX (TUKCOTPOMHUX) CUCTEM HaMU BUOpaHa
yopHa 6a3oBa (apba rapsiqoro crnocody TBepAiHHs dipmu Cibo (cepii Irgastar GF),
MpU3HAYeHa JJIsl IPOMUCIOBOTO POJIEBOTO O(DCETHOTO CIIOCO0Y JIPYKY, IKUH HIUPOKO
3aCTOCOBYEThCS B YKpaiHi. Cepell 1HIIUX TphoX 0a30BUX (papO eBponerchKoi ¢ap-
6oBoi cuctemu CMYK (cuHs, myprypHa, )K0BTa, YOpHA) 1€l (ipMU BOHA BIIPI3HSA-
€ThCSl HAUOLITBIIOD CTPYKTYPOBAHICTIO 3aB/ISIKA YTBOPEHHIO B H1i PIBHOBA)KHOI I'PO-
HOTOAIOHOT CTPYKTYPH 13 YaCTOUOK Ca’KOBOTO MITMEHTY B MACIISTHOMY PiIKOMY PO3-
yuH-HUKY. TouHa penentypa wi€i ¢(apOu HeBiOMa 1 € TaeMHHLEK (QipMU-
BUpOOHMKA. SIK BimomMo, Bci monirpadiuni (GapOou MposiBISIOTh CUIIBHY 3aJI€KHICTD
CBOIX BJIACTMBOCTEHN BI1Jl KOHLEHTpALli iX HIrMEHTY, YaCTOUYKU SIKOIO MalOTh CEpeJl-
Hii po3Mip Bia 10 uM 10 100-600 am. DyHKIIIS X pO3MOALTY 32 pO3MIPOM JTyKE roC-
Tpa 1 MAaKCUMYM ii, O4EBUIHO, IPUIIAJa€e NPUOIU3HO HA CEpEANHY Jlana3oHy iX po3-
MipiB (= 10-100uM). BumiproBaHHS NMPY>KHO-B’SA3KICTHUX XapaKTEPUCTUK Ta MOBHOI
PEOJIOTIYHO1T KPpUBOI TeUiHHS 111€1 (papOu MPOBOIUIOCH HAMH B IHTEpBAIl TEMIIEPATYP
(293-333) K ii TeXHOJIOT14YHO1 CTIHKOCTI, 1110 BKJIIOYA€E 1 PEKOMEHOBaHY HaMU TEM-
nepaTypy il BUKOPUCTaHHS y JAPYKApPChKiil cekuli noiirpadiyHuX BUCOKOLIBUIKICT-
HUX poJieBux MamuH ~(40-45) *C.

Mertoauka BuMipOBaHb. EKcCHepUMEHTalbHI pe3yJbTaTH BHUMIPIOBAHb: 1)
MPY>KHOTO PIBHOBAXKHOIO MOAyJA 3cyBy G' (Monyns HakonuyeHHsi); G (Momyns
BTpaT) Ta TaHreHca KyTa BTpaT: tgo = G'/G'; 2) mOBHOT PEOJIOrIYHOT KPHUBOI MEPIIO-
ro Y (P) ta apyroro (n(P)), n(Y'(P)) poay-KOMIUIEKCHOI B’S3KOCT1) y 3aJIEKHOCTI BiJl
BEJIMYMHU: 3CYBHOI HANpPyTH; TPajileHTa MIBUIKOCTI 3CYBY; BEJIMYMHU Jedopmartii
(BimHOCHOI, Y %) mpu pi3HUX Temreparypax B iHTepBail (293-333) K — orpumani
HaMH 3a JIONOMOI'0OI0 BUCOKOIIPEIM31MHOTr0 KOMII FOTEPU30BAHOTO KOMILIEKCY JTOCII-
JTHUIBKOTO KJlacy Ha 0a3l MOJIYJBHOTO pellakcariiHoro peomerpa ¢ipmu Anton
Paar Tumy MCR 102, m106’3H0 HagaHOTO HaM JJIsl IPOBEJICHHS BUMIPIOBaHb (Pip-
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Anton Paar

MCR Peometp

= MO BHBIA
= KOMMOAKTHRIA
= Ha eHbIA

= BE30NacHLIA
= TOMHBIA

= COBpEMEHHBIR
= plug & play
= IIMpOKKA
BeIGop
aKceccyapoB
= CETEBEONA

:
Puc.1. 3aransuuit Burisia peometpis cepii MCR: 502; 302; 102.

Ta6auus 1. OcHoBHI Xapakrepuctuku peoMerpiB cepii MCR dipmu Anton Paar

MCR cepua: OcHOBHbIle o
'SP Anton Pgar

XapaKTepUCTHKHA | LLL
XapakTepucTHKa En. MCR72 MCR92 MCR102 MCR302 MCR502
Mo WunHuE MEXAHWY ECKHI  |BO3EYILHbIA B0 2TV HEIA BOZ0 YW HBIA BOZ0 YW HBIA
MuH ycunue PHM 200 1 0,005/ 0,0075 0,001 / 0,0005
Makc younue MHM 125 125 200 230
PaspeweHue younua pHM 0.1 <01 0.002 0.0 0.0
Yron noeopoTta ppag 1to @ 1tow 0.05 to =
YrnoBoe paspelueHWe  [Npag G814 10 =10
MuH ckopocTe (CSS) |1/ 1.0E-03 1.0E-07 1.0E-08
MuH ckopocte (CSR)  [1/mmH 1.0E-03 1.0E-07 1.0E-08
Makc ckopocTe 1/ MnH 1500 3000
Mwu yactoTa pagic 1.0E-03 1.0E-04 1.0E-08 1.0E-08
Makc yactoTa pagic 528 628
Ocegoe younue H KOHTPOME 0.01-50 0.00550
Paspewenne younug  [MH - 1 0.5
Toolmaster ™ eCTh ECTh ecTh ecTh
TruG apTM HET OMUMA OnLMA eCcTh
T A4nanasoH C 40 ... +400 *-150 .. +600 150 . +1000 |*-150 ... +1800
Axceccyapsl CC, CP, PP, nonacTy, Mewantm |Bce BCE Bre

Mmoro JJoHAVYnab Ykpaina y M. Kuesi, 3a 1110 aBTOpU BHCIIOBJIIOIOTh HAUIIMPIITY TO-
ISKYy 11 KEpIBHUUTBY a TaKOXX HAyKOBO-TEXHIYHOMY IMEPCOHATy 3a JIONOMOTrY B
OTPMMaHI YHUCJIOBHUX 1 rpalyHUX MAaCHUBIB pE3yJbTaTIB JOCIHIKEHb.3araJbHUN BU-
i peometpiB cepii MCR: 102; 302; 502; nyst unrocTpariii, HOKa3aHU Ha PUCYHKY
1, a iX MOPIBHSUIbHI Xa-PaKTEPUCTUKHU MPEACTABICH] y Ta0OI. 1.

MonynsHuit penakcamiiauii peometp MCR 102 3a0e3neuye: 1)rapantoBanwuii
iHTepBan mBuaKocTeil 3cyBy: Bix 10 pam/c 10 314 pan/c; 2) iHTepBaT BEIMUHH KO-
nuBHOTO 3cyBY Bij 0.5 HanoHanoMetpa a0 300 miniHaHOMETpa; 3) BEIMYUHY 3aj1aBa-
emoro HopMmasibHOro 3ycwiuig Bii 0.005 mo 70 HprOTOH; 4) 1HTEpBAJ TEeMIEpaTyp y
BUMIPIOBaJIBHIN KOMIpII TepMocTara 13 B3ipuem: B —150 qo +600 C; moxubka tep-
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Mo-ctaryBaHHs ckiagae +0.01 <C. IIpu npomy BUMIprOBajIbHUM IIMIHAEIb OCHAIILY-
€ThCSl BUMIPIOBAJILHUMU TIapaMH pi3HOI KOHQIrypallli Ta pi3HUX PO3MIpIB, a caMme:
CC(xonyc-konyc); CP(xonyc-mactuna); PP (tutactuna-mnactuHa); JIOMATHUMHU
MIMIHACISIMHI Ta MillIaJKaMU pi3HUX BUIIB. BuOip "yactoT BiOpailii pyxoMoi YaCTHUHH
BUMIpPIOBAIBHOTO MIMiHIEIS MOXKHA 3iiicHIoBaTH y miamasoni (10°°- 628) pam/cek ,
a60 (1.592-10° — 100) I'ny. Y mporieci BUMipIOBaHb MU BUKOPUCTOBYBAIH (B OCHOB-
HOMY) BHUMIpIOBAJIbHI Mapu: IMactuHa-tuiactua (PP25 ta PP50) abo konyc-
mnactuna (CP25, CP50) ta BctaHOBIIOBanu yactoTy BiOparttii /= 10 pag/cek = 1.592
['u, a iHTEpBan 3CyBy MK MOCIIJOBHUMHU TOYKaMH BHMIptoBaHb ImMm. Ilpu npomy
BuKopucTanHd mmiHaens CP (koHyc-1mTa) A03BOJISIIO OTPUMYBATH MOBHY PEOJIOTi-
YHY KPUBY TEUiHHS MEPIIOTO Ta APYroro BHUIIIB A0 BEIMKUAX 3HAYCHb TPaJicHTA IIBHU-
nkocTi aedopmMaiii, a mmiHaenas Tuny PP (mmactuHa-miiacTuHa) 03BOJISIB TOYHIIIE
BU3HAYATH X1J iX MPU MaJIUX TpaJl€eHTax MBHJIKOCTI Aedopmalii Ta ne@opMyrodoi
Harpyru. Bennunna 06epTaqbHOTO MOMEHTY MPUKJIAJACHOI CHIIM HITTH/EIeM aBTOMa-
TUYHO BUMIPIOETHCS CECHCOPHUMU JIaTYUKAMHU 1 BUIAPYKOBYETHCS BUBIIIHUM MPUCTPO-
€M BHUMIPIOBAJIbHOT cucTeMHd. YUCIOBI MacHBH PE3yJIbTAaTIB BUMIPIOBAHHS TOBHUX
PEOJIOTIYHUX KPUBHUX MEPIIOTO Ta JAPYroro poay Oyiau OTpUMaHi HAMU paHille 3a Jio-
MIOMOI'0I0 IPOIPaMHO-KEPOBAHOI CUCTEMHU JIOCIHITHUIBKOTO KJIaCy 3 BUMIPIOBAJIbHOIO
TEPMOCTATYEMOIO KOMIPKOIO PIIMHHOTO TUIY Ta LIMIHJEIEM TUITy KOHYC-TUIMTA Ha
0a3i poramiitHoro Bicko3umeTpa RotoViskol. Pesynbpratéi oTpuMani B IIUPOKOMY
Jiara3oHi MBUAKOCTI aedopmariii Ta BenuuuHu Aedopmyrounx Hanpyr (0-20000)I1a
[0 METOJIy CTAJIOCTI TPaJliEHTA MIBUJKOCTI 3CYBY 3 moxuOkoto +0.1%; moxuOka miar-
pUMaHHA TeMIlepaTypy y BUMIiproBaibHIM KoMipii ckiagana £0.01°C. Kyt konyca y
BUMIPIOBaJIbHOMY LIMIHAEA OyB Manuil 1 ckiagaB 2°. BumiproBanbHUNA KOMILUIEKC 1
foro mporpamHe 3a0e3neueHHs JO3BOJISIM aBTOMATUYHO OTPUMYBAaTH MAacHMBU UHC-
JOBUX pe3yabTatiB gociimkens Y (P) ta n(P); n(Y(P)) 1 ix mOBHO-KOJIHOPOBI rpadiu-
H1 300pakKeHHSI.

OcHoBHI miji i 3aga4i pod6orn. Ha ocHOBI aHami3iB BIACHUX pPE3yJIbTaiB BU-
MIpIOBaHb PEOJIOTIYHUX MPY>KHO-BSA3KICTHUX XapaKTepUCTUK (apOoBuX cucteM (Ha
MPUKJIAAl CHIIBHOCTPYKTYPOBaHO1 YOpHOI opceTHOI hapOu posieBoro crocoly ApyKy)
METOJIaMH peJlaKcallliiHOlI peoMeTpli:

1) BcTaHOBUTH KUJIBKICHI 3aJIEKHOCTI iX BiJl BEIMYMHU: 3CYBHOI HAPYTH; Tpaii-
€HTa LIBUJIKOCTI AedopMallil; BEIMYUHUA BIIHOCHOI Iedopmalii; TeMnepaTypu; THITY
BUMIPIOBAJILHOTO IITTHETIS.

2) OTpuMatu MacuBHM KUIbKICHUX 3HA4€Hb BEJIMYMH: MOAYJA mOpyxHOCTI G'
(MOJTyJIb HAKOIIMYEHHS ) Ta MOAYJsS BTpaT G’ (MOIyJb B’SI3KICTHUX BTpAT); KyTa o Ta
taHresca (tg a = G'"/G') kyra BTpar; NOBHUX PEOJIOTIYHUX KPUBHUX TE€UIHHSA IEPUIOTO
Y'(P) ta apyroro (n(P)), n(Y'(P)) BuAIB y 3aJIe’KHOCTI BiJl BETUYUHU: 3CYBHOI Hampy-
riu P (mpu manux 4dacrotax Biopariii (v = 1.579 ') pyxomoro enemeHTa BUMIpIOBa-
JLHOTO IITIH/ENS); TPaJliEHTa MBUAKOCTI Aedopmariii 3cyBy Y (P); BETUYUHH BiIHO-
cHoi (y %) abo abcomtoTHOi nedopmariii; TemrepaTtypu pedoBunu. 3) BceranoButu
AKICHI 3aKOHOMIPHOCTI XOJly €KCIEpUMEHTAbHUX 3ajexHocter: G; G"; o Ta tga;
MOBHUX PEOJIOTIYHUX KPUBUX TeuiHHs nepiioro Y(P) ta apyroro (m(P)), n(Y'(P)) Bu-
JIB BiJ] BENIWYMHU: 1eHOpPMYIOUOi HAPYTH; IpaJiiEHTa MBUIKOCTI AedopMaliii; BeJIu-
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YMHU BIAHOCHOI JlepopMallii; TeMrepaTypyu JTOCHIIKYBAaHOT pEYOBUHH, TOYHMHAIOYH 3
MaJIMX BEJIMYMH 3CYyBHOI Je(OpMYyI0UOi HApyTru Ta BEJIUYUH BIAHOCHOI nedopmartii
B3ip1is. 4) [IpoananizyBaTh, M0 MOKJIMBOCTI, SIKICHY BIIMIOBIAHICTb IUX 3aJIEKHOCTEH
1 KUIBKICTHUX 3HAU€Hb MPYXHOTO MOAYJs 3cyBy G', OTpUMYBaHUX PO3paXxyHKOBUM
IUIIXOM 3T1IHO ICHYIOUMX MOJENBHUX Teopiil TeuinHs [1-5] 3a pe3ynbraramu BU3Ha-
YEHHS MMOBHO1 PEOJIOTIYHOT KPUBOi METOJIOM CTAaJIOCTI IpajiiEHTa MIBUAKOCTI aedop-
Mallii TUKCOTPONHUX (papOOBUX CHCTEM Ta BUMIPSHUX HAMH €KCIIEPUMEHTAIBHO Me-
TOAOM penakcaiiitHoi peomerpii. 5) [lopiBHATH X1 TeMIIEpaTypHUX 3aJI€KHOCTEN
KyTa 1 TaHT€HCa KyTa BTpaT Ta CTETEHI pyHHYBaHHS MPYKHUX Ta B’S3KICTHUX Xapak-
TEpUCTUK (hapOH; BCTAHOBUTH SIKICHY BIJIIOBIIHICTH (200 HEBIJIOBIIHICT) OTPUMA-
HUX HaMU PE3yJIbTATIB 3 MPOTHO30BAHUMH TEOPETHUYHO, TOOTO 3 PO3pPaXyHKOBHUMH
3HAYEHHSAMM 1X 3T1JJHO PIBHSHB ICHYIOUMX MOJEIBHUX TEOPiH T€UIHHSA THKCOTPOIHUX
pIIMHHUX cucTeM [1-6].

Pe3yabTaTtu fgociigkeHHsi Ta ixX aHaji3. B pesynbTari nmpoBeNEeHUX JOCII-

JDKEHb OTPUMaH1 MaCUBH YHUCIOBUX 3HAYEHB: MOAYJIS IPYKHOCTI G’ Ta MOyJIsl BTpaT
G''; KyTa 1 TaHT€HCa KyTa BTpAT y 3aJ€KHOCTI BiJI BEIMYMHU BITHOCHOI nedopmartii
(B %), 3cyBHO1 Harpyru Ta TemiepaTtypu B iHTepBai (20-60)°C. I'padiku 3amexHOCTI
OCHOBHHX MPY>KHO-B’SI3KICTHUX XapaKTEPUCTHUK JOCIIIKyBaHOi dapbu, a came: Mo-
nyniB G'1 G" npu pi3HUX TeMIlepaTypax MpeCTaBlieHl y JjorapipmMiyHOMy MaciiTabi
Ha puc.2. BubynyBani y 1boMy MaciiTadi OTpuMaHi HAMH €KCIIEPUMEHTAJIbHI 3aJ1€K-
HocTl G', G" B1Jl 3CYBHOI HAalIpyrd HE BUSIBJISIIOTH CYTTEBHX 3MiH CBO€I YHCIIOBOI Be-
JUYUHY Ta XapaKTepy XOAY CBOE€I 3asieskHOCTI B 1HTepBaii Hanpyr (0-10)[1a ta BigHO-
cHoi aedopmariii npudauzHo (0-10)%, micist 4oro CmoCTepiraeTbest iX pi3Kke 3MEH-
HIEHHS npu OyAb-sKii 13 Temneparyp 3 intepBairy 20-60 *C.
Sk BUAHO 3 pUC.2 BETMYMHA MOIYJIS MPYKHOCTI (papou G' 3aBKIM MEHILA 32 BEJU-
yuHy Moy BTpat G (y 3 4 pasu npu 7 = 293 K) Ta maiixe criBnajae 3 Hero npu 7'
= 333 K, sk Ha 3anexxHocTsx G', G" Bij BenuuuHi AedopMyrouyi HaNnpyry, Tak 1 Be-
JUYUHY BiIHOCHOI Aedopmaitii. [le o3Hauae, 110 npu 3pocTanHi BeIMYMHU Jiepopma-
111i; 3CYBHOI HaIlpyT¥ 1 TEMIEPATYPH MOYATKOBO CHIJIBHO CTPYKTypOBaHa KOJIJIOiIHO-
nucnepcTHa (apboBa cucTeMa 3a3Hae KaracTpopiyHOTO pyWHYBaHHS CBOET MOYATKO-
BOI MPOCTOPOBO YCEPEIHEHOI CTPYKTYPH 1 NEPEXOJIUTh B MPOCTOPOBO OJHOPIAHUNA
KOJIJIOTTHO-TUCTICPCHUN CTaH 3 HAaWMEHIIOI (HBIOTOHIBCHKOIO) BSI3KICTIO T,. Llei
BHCHOBOK IOBHICTIO CIIBHAJA€ 3 PE3yJbTaTaMHU aHAI3y OTPUMAHUX HAMH Y JIaHii
pOOOTI 3aJIEKHOCTEH 3MIHU KOMILJIEKCHOT B A3KOCTI Ta 11 ckiaaoBux (n', n’'), ckiamo-
BUX MOBHOro Moy 3cyBy (G', G"), mpeacraBineHux Ha puc. 3, Ta paHille OTpuMa-
HUX HaMU [TOBHUX PEOJIOTIYHUX KPUBUX TEUIHHS MEPIIOTrO Ta IPYroro BUIIB, CTEIICHI
pYWHYBaHHS MPY>KHO-B’SI3KICTHUX BJIACTUBOCTEH y 3aJIEKHOCTI Bl 3CYBOi Hampyru
Ta Temrepatypu [7]. 3 puc.3 BUAHO, IO BUMIpAHI HaMu Moayim G', G'' cnagaroTh 3
poctom Temmneparypu Big (0-60) °C 1 mocsraroTb CBOTO MPAKTUYHO MIHIMAJILHOTO
3HauYCHHA yke npu Temmepatypi 45 °C 1 Bumie. Ha 0cHOBI paHillie OTpUMaHUX HAMH
KpUBHX TeuiHHs Tiepiioro Buay (Y(P)), 3 BUKOPUCTaHHIM poOounx (GopMyli, HaBe-
nenux B [1-6], Oynu pospaxoBaHi: 1) cTeneHi pyWHYBaHHS TPYKHO-B’SI3KICTHUX
X(P); npyxuux [](P) B1aCTUBOCTEH Ta MpYy>KHOTO MOy 3¢yBY G(P) dopHoi dhapou
nipu Temreparypax 20; 30; 40; 50; 60°C.
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Puc.2. 3anexuicts moayiiB G', G Bia 3cyBHOI Hanpyru B iHTepBaii temmnepatyp (20-
60)°C y norapudmiuHiii mkasi (TemrnepaTypa Ta THII BUMIPIOHAIBHOI MTapH MITHIENS BKa-
3aHi OLIs1 Ha3BM apon)
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3rigHo poboTi [1] cremiHp pyHHYBaHHS NPYXKHO-B’SI3KICTHUX BIACTUBOCTEHN
CTPYKTYpH (papOu po3paxoBYeThCS 3a (HPOPMYIIOIO:

X(P) = (¢(P) = ¢m)/( $0 — dm), (1)
ne ¢(P) — nuHamiyHa a00 KiHEMaTH4Ha PYXOMICTh ¢apOu B 3aJI€KHOCTI BiJ] 3CyBHOI
HaIpyru piBHA BeJMUHMHI ii 006epHeHoi B s3kocTi (O(P) = 1/ n(P); do = 1/Mo; ¢ =
1/Mm).

Creninp pyiHYBaHHs NPYKHUX BJIACTUBOCTEN (papOu, sika po3paxoByBajiach 3a
dhopmyioro:
L(P) = [(Gu/GoY *(P'oPY(P'uP) + (P = PYIP, =PI, (2)
IIpU YMOBI, 110
L(P) = Guw/Go;  L(P'y) =1, (2°)
ne: Gy — NpyXKHUI MOJyJb 3CYBY B KpaiHIM TOYI MOYATKOBOI JIHIMHOI JIJISHKH
KpuBoi Y'(P), sika BIANOBIAAE rpaHULIl IPY>KHOCTI (papOu Ta 3cyBHIN Hanpy3l P = P, i
po3paxoByeThes 3a hopmyioro [1; 6]:
Go = M/(No—Mm)) P (3)
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. : . = . = - - L —

s
L TEF N LY
u‘v-q‘h‘...‘. ..,

".'I
| v g, R
- s
D = ]' : H lgcct.,.i;::::-
'

10 20 30 40 50 | .;50 tor

Puc.3 3anexuicte: 1. Mmonynsa npyxHocti G’ Ta Moaynst BTpaT G BiJ Temmnepary-
pu (°C); II. moBHOI peosioriuHoi KpuBoi TeuiHHs 1-ro Buay (1;2) Big BEIMYUHU 3CYBHOL
Hanpyru (I1a), oTpuMapux mpu BUKOPUCTAHHI BUMIPIOBAIBHUX MITIH/EMIB: |-mapa 1uia-
ctul (PP25) niamerpom 25mm; 2-konyc-miactuna (CP50); 11, KommuiekcHoi B’s13koCTi
(ITa) Bim TpamieHTa MBHAKOCTI 3CYBY 3a jgomnoMorowo mmingenis: 1-PP25; 2-CP50;
IV.creneni pyiiHyBaHHs CTpYKTypH (apOu Bia 3cyBHOi Hanpyru (I1a) mpu temmneparty-
pax (20; 30; 40; 50; 60)°C, po3paxoBaHuX 3a pe3yJbTaTaMy BUMIpPiB KPUBUX TE€UiHHS 1-
ro BHIYy Ha poTtamiiiHoMy peomerpi RotoViscol meTonom mOCTIHHOCTI TpajaieHTa
HIBUIKOCTI fepopMaiiii 3cyBy (@ = const).
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a6o0 3a hopmyoro [1]:
Gy = 2K; T/nday” 4)
[Tpu upomy monynb 3cyBy G, y Toulli KpuBoi Y(P), ne B sa3KicTh (hapOu ocs-
ra€e MiHIMaJbHOI BEJIMYUHU Ty, @ 3CYBHA HAINpyra JOpPIBHIOE P, BHACIIAOK [TOBHOTO
pYWHYBaHHS 11 IEPBUHHOT CTPYKTYPH, PO3paxoBYeThCs 3a (popmyoro [1]:

G, = 2K; T/nday,’, (5)
ne BenuunHu B popmyinax (4); (5): K;— crana bonbsimana; 7 — temneparypa pedoBu-
HU; d — cepelHiil pIBHOBAXXHHM J1aMETp YacCTOYOK MITMEHTY, COJIbBATOBAaHUX PO3-
YUHHUKOM Ta CTaOUII3yIOUMMH JoMilkaMu GapOu; ay — BIICTaHb MK 4aCTOYKAMHU
MIFTMEHTY y iX JAHIIOKKY Yy HAIpsIMKY 3CyBY Hiapy (GapOu B 30Hi ii Npy>KHOTO CTaHy
31 3HAYEHHAM 11 MAKCUMAJIbHOI BEIMYMHU B’ A3KOCTI Mo; dy, — CEPEIHS MOB3J0KHA Bi-
JCTaHb MK YaCTOYKaMHU MITMEHTY B iX JAHIIOry B TOYLl KpuBoi Y'(P), 110 BIAIOBI-
JIa€ CTaHy MMOBHOT'O pyHHYBaHHS NMEPBUHHOI CTPYKTypHu (apou nipu Hampysi P’,. 3ri-
IHO 3 poboTtamu [1; 6] BeAMUUHU @y Ta @, MOXKYTh OYTH PO3paxoBaHi 3a (GopMysiaMu
(4) Ta (5) npu Binomux Gy ta Gy, abo 3a popmyIioro:

ao =~ 8= (2K; T/ P")"", (6)

. =7.73-n"P’, (7

ne: 0y = ay — cepeqHsl HallMEeHIIa OB3/0BKHA B1ICTaHb MK COJIbBATOBAaHUMU PO3-

YUHHUKOM YaCTOYKaMM HITMEHTY Yy JIAHLIOKKaX, YTBOPEHUX HUMH y HANpsAMKY Jii

3CYBHOI HAaIIpYTH; 7 — CEPEIHE YUCIIO MONEPEYHUX 3B’A3KIB YACTOUOK Yy JIAHIFOXKKAX

(mns pap6d n <2 - 4). [Ipu uboMy BEIMYHHA YACTOYOK MOXKE OyTH pO3paxoBaHa, 3Ti-
nHo [1], 3a popmysoro:
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Puc.4. 3anexHicts creneni pyitHyBanss L[(P) Ta BenmuauHu mpyKHOTO MOIYJS 3CYBY
G(P) dopHnoi poneBoi papbu po3paxoBaHHX 3a pe3yJbTaTaMU BUMIpIB Ta aHAJI3y KPUBHX
TeuiHHs 1-ro Buay npu temmepatypax (20;50)°C, oTpuMaHuX 3a JOMOMOTOIO POTAIIfHOTO
Bicko3umeTpa RotoViskol Ta BUKopucTaHHSIM po3paxyHKOBHX (OPMYI 3T1IHO poOoTH [1]
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d= (18 N K; T/nteP )" (8)
1€ d — cepeiHiii A1aMeTp COJIbBATOBAHUX YACTOUOK («KIHETHUYHUX OJUHUIL PYXY»);
Nm — B A3KIiCTh (apbu (mpu P; = P',) Ha TpaHUIll TOBHOTO PYWHYBAaHHS MEPBUHHOI
CTPYKTypH apOu; 1) — CepeiHiil yac penakcallli 4aCTOYOK MIrMEHTY IIPH MiHIMajlb-
HOMY 3HauyeHH1 B’s13kocTi Gpapou (n(P)=1,) B CTaH1 MOBHOTO pyWHYBaHHS ii EpBUH-
HOT CTPYKTYpH, MOKe OyTH, (0OU€BHIHO, IPUOIU3HO) OLIIHEHUH 3a (hopmyoro Makc-
BeJIA:

To <O =N/ Gu(P), )
1€ Mm — MiHIMaJbHA B’ A3KICTh (hapou; G, (P) — npyxHuil MOIyJb 3CyBY ii ripu 1(P)
= Nm, KA BIAMNOBIa€ TPaHUYHIN Harpy3l 3cyBy npu P = P',,. Po3paxoBaHi 3 BUKOpH-
ctanHsM dopmyi (1-8) 3anexnocti LI(P) Ta BenumuuHu npyxHuX MoayiiB 3cyBy G(P)
IpU NEBHUX Temmeparypax 3 intepsainy (20-60) C, ayig npukiany, npeiacTaBieHl Ha
puc. 4. Bunno, mo po3paxoani 3anexHocTi G(P) npu (dikcoBaHiii Temieparypi €
MJIaBHI CHajaroyi KpUBI, a CTENEHb pyMHYBaHHS mpyxHuX BractuBoctedt L[(P) — €
IIJIaBHA HEJIIHIMHO 3pOcTaroya BeJTMYMHA B1Jl HOJIS IO OJMHUII TTPH 3MiHI 3CYBHOT Ha-
npyru Big 0 1o P',, npu yMOBI 110, B SI3KICTh 1)(P) IpsIMy€ 10 BEIUYUHU My, YU Bij-
MOBIJJAIOTh OTPUMAaH1 PO3PaxyHKOBI 3HAUEHHS 1 X1J] 3aJI&KHOCTI MOAYJsl 3cyBy G(P)
B1J1 3CYBHOI HaIpyru 3 BUMIPSIHUMU HaMH eKcriepuMeHTanbHo? [Ipo 11e MoxkHa cyau-
TH, JIUIIE TTPOAHAIII3YBABIIN YUCIOBI MacuBU 3HaueHb G' Ta G' MIpHU Pi3HUX TeMIiepa-
Typax (20; 30; 40; 50; 60)C Ta po3riasHyBIIH TpadiuHi 3aJIEKHOCTI IIUX MOYJIIB B
BEJIMYMHU 3CYBHOI HAIPYTH Yy JIHIAHINA KA1, K1 MPEICTaBIEH] Ha pucC. 5.
3 posrisany puc. 5 (I-I) Ta ananizy oaexaHux 3Ha4YC€Hb YUCJIOBUX BeIWUMH G’
Ta G' MO’KHA KOHCTaTyBaTH:
1) 3anexHictb G' Bi 3CyBHOI HAIIPYTH HE € IJIABHO CHAAar0vyoro, a S-1moa10HOI0
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Puc.5 3anexunicts moayns npyxkaocti G' (Ila) Big Bennunau 3cyBHOi HanpyrH (I1a) B
o6macti manux (1) 1 Benmukux (II) mHanpyr.
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Ta6auus 2. OCHOBHI PIBHOBaXKHI MMOKa3HUKH (papOu B 00J1aCTI iX MPAKTUIHOT
CTaJIOCTI (HA MOYATKY 1 KIHI[l IIUPUHU TIJIATO)

3CcVBHA Ha- OO6epTanbHHI
LK |G a ) G | <tgo> g Hedopmaris (M ) MOMEHT
e (uHim)

293 202.81 | 703.77 | 3.47 0.0727 -59.13 | 9.8°107-1.2:107 0.33-272.72

303 104.75 133290 | 3.18 0.034 -28.73 9.9:10°-8.2:10" 0.16 -206.7
313 96.72 | 153.43 1.59 0.18 -20.82 9.9:10°-1.3210~ 0.08 - 95.94
323 90.47 |113.43 1.25 0.02 -15.32 9.9210°- 1.3°10™ 0.05 - 70.58
333 47.28 |165.62 | 3.25 0.017 -23.53 1210”- 1.3°10"" 0.018 - 23.53

KPUBOIO (3 c11a00 MOXUIIUM «IIATO», 3 CEPEANHHOIO TOUKOIO, IIMPUHA SIKOTO 3BYXKY-
€Thcsi 3 poctoM Temneparypu BiJ 20 1o 60 C 1 mpakTUUYHO BUPOJKYETHCS B TOUKY
npu temneparypi 40 <C.

2) B iaTtepBam aegopmyrounx Hanpyr P = (0-20; 0-10) [1a Ta BeauuuH BigHOC-
Ho1 nedopmarii A = 10% Bennuunu G' ta G" MarOTh NPUOIU3HO CTAJIE CEPEHE 3HA-
YEHHS MICIS YOTo iX BEIMYMHA KPYTO CHAJa€ MO HENIHIWHIN 3aJ€KHOCTI 3 POCTOM
TEMIIEpaTypHy, a BEJIMYMHU CTAJOro 3HayeHHs MoAydiB G' ta G'" 3MEeHIIyIOTbCs Ta-
KO IO HEJIHIMHIN 3a1eXHOCTI, IPU [bOMY IIMPHHA 30HHU iX CTajIoCTl (PaAKTUIHO
psIMYy€ 10 HYJISI TpU AocarHeHH1 Temneparypu (40-45)°C. BennuuHu 1IuX 3Ha4YEHb 1
BUIMOBIHI 1M 1HTEpBaJIM 3CYBHUX Hampyr, BigHocHOi aedopmarii A(%) Ta odepra-
JLHOTO MOMEHTY 3CYBHOI CHJIM MIPEICTABIICHI B TAOIUII 2.

3 po3risay puc.S BUAHO, 0 BUJ 3anexHocTted G(P), mpu neBHIN TeMIiepaTypi,
po3paxoBaHuXx 3a Teopiero [1] (puc.4) 3a pe3yapTaTaMyd BUMIPIB MOBHOI PEOJOTIYHOT
KpUBOi TEUiHHA 3a JIOMOMOTOI0 TpaauiliiiHOro peoBicko3iMerpa Roto Visco I mpu
temnepatypax (20-60)°C, He BIANOBIIAIOTH JaHUM, 0€3MOCEPEAHHRO OTPUMAHHUM 3a
JIOTIOMOTOI0 METOJUKH peakcaiiitnoi peometpii. [Ipu Ttemneparypi Ounbiiiid (40-
60)°C xin 3anexxnocreir G(P), po3paxoBanux 3a dopmynamu (3), (4)(nuB.puc.3,4)
OTPMMAHHUX METOJOM peJaKCalliiiHOI peoMeTpil 30BHI NMOAIOHWM, MJIABHO CIAJaro-
yuit. Ane 3aranbHuil xi1 3anexxHocti G(P) npu temneparypax (20;40)°C na puc.5
Ma€e OCOOJMBICTh — TOYKY IEpPEruHy, sika 3HUKAae NpH Temreparypax Bume (40-
45)°C, 1110 CBIIYUTH PO CKJIAJAHICTh CTPYKTYPHUX 3MiH, SIKi BIIOyBalOThCsA y (hapOi y
mpoiieci ii HarpiBaHHg Ta 3CYBHOI Jedopmariii.

BucnoBku. Ha 0cHOBI BUKJIaZIEHOTO MOKHA 3pOOMTH HACTYIHI y3araiabHIOOY1
BHUCHOBKH, a CaMe:

1) MexaHi3M mporiecy aedopmailii pealbHUX TUKCOTPONMHUX (habOBUX CHCTEM
y’Ke CKJIaJHUH 1, 04EBUJIHO, MaJIO BIIMOBIAA€E 1/1€ali30BAaHUM MOJICIIIM TE€UiHHSA [ 1-
6], a KUIbKICHI PO3paxyHKH MOJIYJIA MPYKHOCTI 32 ICHYIOUMMH BUIIEHABEJICHUMU
(dbopmynamMu KX TEOp1d, OTPUMAHI 3 aHAJI3y KPUBHUX TE€UIHHSA 3a JAHUMH POTALIHHO1
pEoMeTpii, JTUIIE SKICHO BiANOBIIAIOThH 3aJI€KHOCTI Bl BEJIMYMHU 3CYBHOI HANpPyTH
Ta TEMIEPATypy MOAYJIS MPY>KHOCT1, BA3HAYEHOTO METOJIOM MPSIMUX BUMIPIOBaHb 32
JOTIOMOT'OI0 peIaKCaliifHOrOo PEOMETPa;
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2) HEBIANOBIAHICTh OTPUMAHUX HAMHU KUIBKICTHUX €KCHEPUMEHTAIBHUX JAHUX
I MOJLyJIsl IPY’KHOCTI 3a pe3yJIbTaTaMM JOCIIKEHb METOJIOM PEJIaKCalliifHOl peo-
MeTpii Ta pOo3pax0OBaHUMHU (3T1THO ICHYIOUMX MOJICIBHUX TEOPid TEUiHHS) 32 TaHUMU
poTauiiiHoi peoMeTpii 00yMOBJI€Ha TaAKUMHU OCHOBHUMH NPUYMHAMM: a) BEJIUKUMHU
NOXMOKaMU BU3HAUYEHHS IMOBHUX PEOJIOTTUYHUX KPUBUX TEUIHHS MEPIIOTO Ta JPYroro
BUJIIB B 00J1aCT1 TpaHUYHO Maux 3cyBHUX Harpyr (0-20)[1a Ta rpajieHTIB MBUAKO-
cTi AedopMaliii 3cyBy TUKCOTPOITHUX PEUOBHH, SIKI OTPUMYIOTHCS METOJIOM CTal0CTI
rpaJileHTa MIBUAKOCTI 3CYBY; 0) HEOJIIKAMHU ICHYIOUMX MOJENIEH TEUIHHS TUKCOTPO-
MHUX CHUCTEM Ta PO3PAXyHKOBHX (OPMYI IJsl BU3HAYCHHS aTOMHO-MOJEKYJISIPHUX
napameTpiB pEYOBUHH; B) 3AJIEKHICTIO KUIBKICTHOTO BU3HAYEHHSI MOBHOI PEOJIOTI-
YHOI KpPUBOI TE€UIHHS TUKCOTPOITHOI PEYOBUHU B IIMPOKOMY Jialla30Hi 3CyBHUX Ha-
NpYr Ta rpajileHTa MBUAKOCTI AedopMallii Bl TUITY 3aCTOCOBYBAHOI'O BUMIPIOBAIb-
HOTO MMiHAens (Tuny BuMiproBasibHOI napu — PP;CP).

3) ExcniepuMeHTansHO BU3HAUYBaHI MOBHI PEOJIOTIYHI KPUBI T€UIHHS MEPIIOrO
Ta APyroro BUAY, OTpUMaHi METOAOM peJlaKCaliiHOT peoMeTpii 3a JOMOMOTrOI0 pi3-
Hux BumiproBaigbHuxX nap (PP;CP) mminzens 4ucenbHO CHiBHOagaloTh MiX cO00IO
Junie B 00J1acTi MaJlUX TPAJIE€HTIB 3CYyBY Ta JAe(POPMYIOUUX HANpPYT,TOOTO HE 3aje-
’KaTh BIJl TUITY BUMIPIOBAJIbHO1 TapH (UB. puC.3).

4) po3paxoBaHi CTeTNeH1 pyHHYBaHHS MPYKHO-BSI3KICHUX BIACTUBOCTEHN (apOo-
BOi CTPYKTYpH Y IpoIieci ii HarpiBaHHs Ta Aii 3CYBHOI JepopMyr0doi HAmpyru mo-
BTOPIOE X1JI 3aJI€KHOCTI MMOBHOI PEOJIOT1YHOI KPUBOI MEPIIOr0 BHAY, OTPUMAHOI Me-
TOAOM MOCTIMHOCTI Jedopmallii 3CyBy y Mpolieci 3MiHU Ae(OpMYIOUO0i HAIIPYTH 1 Te-
MIIEpaTypH 1 MOK€ BUKOPUCTOBYBATUCH JIUIIE JJIs IKICHOI OLIIHKK PYHHIBHOI JIIi CH-
JIOBOr0O Ta TEMIIEPATYpHOTO BIUIUBY Ha ii CTPYKTYpHO-EHEPreTUYHUI CTaH; 5) 3aje-
AKHICTh KOMIUIEKCHOI B’SI3KOCTI JOCTiKyBaHOi ¢apou Bia AedhopMyr0Uuoi Hanpyru
Ta TEMIEpaTypH MOKa3ye, 110 BOHA MAa€ BHJ PI3KO CHajaroyoi KpUBOi B 00JaCTI Ma-
JMX 3HA4YEHb 3CYBHOI HANPYTH, XapaKTep 3MiHM, SIKO1 BIACTUBHM JIMILE MICEBOILIAC-
TUYHUM P1IMHONOAIOHUM CUCTEMAaM, OYEBHUJIHO, 3 OJHUM CEPEIHIM 3HAUEHHSM 4acy
MaKCBEJIIBCbKOI penakcarlii. BukopucroByroun oTprMaHi 3HaY€HHS CKJIaJl0BOI KOM-
MJIEKCHOI B’s3KOCTI N’ (P, T) Ta 3HaYeHHS MPYKHOTO MOAYJ s G', MOXKHA OLITBIIT TOYHO
OI[IHIOBATH TEMIIEPATypHY 3aJIEXKHICTh MPYXKHO-B’SI3KICTHUX BIIacTUBOCTEN (hapOo-
BUX CHCTEM B1Jl BEIMUYMHU 3CYBHOI HAIIPYT'H Ta rpajl€eHTa MIBUIKOCTI 3CyBY, OCOOIH-
BO IPH JIy>K€ MaJuX iX 3HAUYEHHAX, TOOTO B 00JIacTi iX MPYKHOI (TyKiBCbKOT) Aedo-
pMartii.
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Dorosh A. K., Shevchuk A. V.
The elastics — viscosity propertis of printing role offset inks according
to relacxation rheometry

Summary

Dire relacxation rheometry methods carried out quantitative measurements and estab-
lished quvalitative patterns of the dependencies of the main elastic-viscous characteristics for
the Cybo black ink system in the temperature range of ( 293-333)°K of its technological
resistence, namely : the equilibrium elastic modulus and the angle loss modulus and loss an-
gle tangent; complex viscosity and full reological flow curves of the first shear rate and se-
cond (viscosity) of the species,; degree of destraction of elastic and viscous properties de-
pending on the value: shear stress; shear strain rate ; relative or absolute deformation on the
sample and its temperature.

Hopow A.K., Illeguyk A.B.
IIpy:kHO-B’A3KICTHI BJIACTHBOCTI PoJieBoi 0)ceTHOI HOpPHOI (papOu 3a na-
HMMH peJIaKkcaliifHol peomeTpii

AHOTAILILA

Hpsmumu memooamu penaxcayitinoi peomempii nposedeHi KilbKiCHI SUMIDIO8AHHS MdA
B8CMAHOBIEHT AKICHI 3AKOHOMIDHOCMI X00Y 3ANEHCHOCMEU OCHOBHUX HPYHCHO-8 AZKICHHUX
xapakmepucmuxk O 4OpHOi KON0iOHO-0ucnepcmuoi ¢ap6oeoi cucmemu gipmu Cibo &
inmepeani memnepamyp (293-333) °K ii mexunonociunoi cmitikocmi, a came: pi6HOBAHNCHO20
mooynsa npyycrocmi (G') ma mooyna empam (G'); kyma ma mawueenca Kyma empam;
KOMNJIEKCHOI 8 SI3KOCMI ma NOBHUX PEONO2IYHUX KPUBUX MEUIHHSA Nepuio2o (WUeUOKOCmI 3C)-
8y) ma O0pyeo2o (8’sa3xkocmi) 6udie; cmeneHi pyuHy8aHHs NPYICHUX MA 8 SA3KICMHUX 81ACMU-
gocmell 'y 3ANeHCHOCMI 8I0 BelUYUHU. 3CY8HOI Oeghopmyrouoi Hanpyau, wEUOKOCmi
Odepopmayii 3cy8y, 8ioHocHOi (abo abconomuoi ) dechopmayii 83ipys ma 1ioco memnepamy-
pu.
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Mesoscopic metastable liquid in congruent vapor-liquid diagram of argon from
about zero up to boyle's temperature (review of FT-model).

Such paradigms of the coupled classical metastability and nonclassical criticality as the ex-
istence of a unified EOS (common for both gas and liquid phases) with its mean-field (mf), so-
called Andrews-van der Waals’ critical point (CP) should be questioned to recognize the re-
alistic stratified structure of a mesoscopic liquid phase. It exists supposedly in the wide range
of temperatures located between about zero T —0, K and up to the singular first Boyle's

point T, ( p— 0) . Its opposite, also singular second Boyle’s point p, (T —0,K ) corresponds
to the alternative origin for the crossover continuous bounds separating the specific structur-
al strata of a mesoscopic liquid. The region of a heterogeneous l-phase spanning the whole

temperature range can be termed the non-Gibbsian phase (due to its discrete cluster-like
structure) without any appeals to the concept of a spinodal decomposition. The respective

metastable liquid stratum is formed by three segments of supercritical (TCT B), subcritical

(YZ,TL) and sublimation (T —0,7, ) metastable states of a formally incompressible liquid

constrained by the pair of fixed extensive parameters (N, V). Its location on the CVL-diagram
is restricted by the new introduced here ml-bound and by the known Zeno-line (ZL) bound.
Thus, all above-mentioned strata belong to the region of soft fluid with the dominance of
interparticle attraction. The remaining parts of CVL-diagram are spanned either by the real
gas state-points and solid state-points (crystalline and/or amorphous) or by the region of
hard fluid in the classification proposed by Ben-Amotz and Herschbach.

Key words: mesoscopic liquid, heterogeneous interphase, bounds of metastability.

I. Introduction. A variety of precise measurements in metastable vapor (v) and
liquid (/) pha-ses fail to achieve the classical bounds predicted by the well-known
spinodal locus. Its concept follows from the idealized notion of a homogeneous fluid
(f) Gibbsian phase supplemented by the Gibbs’ phase rule and incorporated in the
conventional Ehrenfest's classification scheme. For the first-order equilibrium phase
transition, one assumes that three thermodynamic fields (temperature, pressure,
chemical potential) of any two coexisting fluid (f), gas (g) or solid (s) phases are
strictly equal while the macroscopically uniform densities of mass, internal energy,
entropy, etc. are discontinuous alongside the classical binodal. The classical WMG-
phenomenology developed by van der Waals, Maxwell and Gibbs for an equilibrium
transition implies also the strict thermodynamic reversibility of condensation (v—I)
and vaporization (I—v), solidification (I—s) and fusion (s—I) and of the other inter-
mediate types of the transient processes.

These notes concern directly the problem of a realistic metastability in real sub-
stances with their finite-volume locally-inhomogeneous phases termed below as
mesoscopic ones. Any transient processes within them occur during the finite time-

DOI: 10.18524/0367-1631.2021.59.227112
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intervals, which are unavoidably thermodynamically irreversible. Two conventional
theoretical directions cannot be used to attack this complex problem. They are based
either on the phenomenology of an equilibrium unified EOS [1, 2] or on the its direct
simulation adopted in the two-phase region by the special methodology of a restrict-
ed ensemble [3, 4]. We refer now an interested reader to the above-cited comprehen-
sive investigations of classical i.e. homogeneous macroscopic metastability. The goal
of the present work is to emphasize the crucial distinctions of classical concepts from
the proposed recently methodology based on the concept of a congruent vapor-liquid
(CVL) diagram [5, 6]. It will be used in the present work. This non-classical structur-
al model of mesoscopic metastability realizes the previously formulated GFA-
principle of global fluid asymmetry [7-9].

GFA-principle [5,9] formulated in the framework of FT-model and its FT-EOS
(FT-denotes the fluctuational thermodynamics [6,7]) rejects completely the classical

WMG-concept [8] of a unified EOS not only at subcritical (T - <T C) but also at su-

percritical (T t>T C) temperatures. In particular, the direct consequence of the new

fluctuational limit introduced for a metastable liquid (ml) in the present work is the
unusual location, shape and curvature of such metastable bound. It seems to be much
more realistic in comparison with a classical spinodal due to the much more better
correspondence with experiment. We believe that it well-established here continuous
extension on the supercritical region and/or the extremely low temperatures will be
interested for experimenters and theorists. For formers the revealed novel, more nar-
row density range of ml/-states can be useful as a realistic alternative to the classical,
experimentally unachievable spinodal. For latters, an argued absence of the tradition-
al vdW-loop (see also simulated results of [4]) in CVL-diagram may be the serious
stimulus for the further investigation of realistic non-classical metastability. In Sect.
I we compare the traditional macroscopic VLE-diagram and the proposed
mesoscopic CVL-diagram as the compatible «working tools» for the interpretation of
metastable boundaries. Sects. III, IV provide the most essential details and results of
GFA-principle applied, in particular, to argon. Sect. V contains the further discussion
of the predictive abilities demonstrated by CVL-diagram in comparison with the most
advanced theoretical and simulation methodologies developed recently for f-states.
The most essential relevant results of the present work can be also found in the papers
[68-70] published recently by V.Rogankov et al. in Physics of Airdispersive Systems
journal.

II. Principle of global fluid asymmetry and concept of unified equation of
state. Background of GFA-principle [7-9]. The most general form of FT-EOS con-

tains (T . ) -dependent coefficients determined at any sub- and supercritical

(T T +) temperatures but, separately, for two main f-phases of g- and /-types
(Zf EPf/(pfka)):
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o1 br(T)p—ep(T) ap(T)p
FT - :
1-bs(T)p kT

Their crucial macroscopic distinctive feature is the different signs (+/ —) of an

(D

isothermal thermodynamic curvature. Hence, the presumable definition for their
smoothly convergent isothermal f~segments corresponds to the bound of zero curva-

ture (82P / sz) =0. This locus is well-known for a unified EOS as the curve of
T

maxima for the isothermal compressibility )(T(p) or the so-called fluctuation ridge.
At the application of GFA-principle it should be determined alongside the locus of
convergence for both f-phases. Third FT-coefficient c ¢ (T ) of an underlying thermo-
dynamic imperfectness in a real finite-volume (N, V)-system takes into account the

steady presence of the realistic thermodynamic fluctuations even in the extremely di-
luted but still real g-states. So the usual but physically questionable asymptotics of

the deterministic ideal-gas (ig) model of a ‘“complete vacuum” (Zig —1 at
p—0,P—>0) have been replaced in Eq.(1) by the f~dependent trends for the
fluctuational about ig-states at p—0:

ZFT(p—)O):l—Cf(T). (2)
Thus asymptotic first Boyle’s (B) temperature 7g ( p— 0) in FT-EOS becomes sin-

gular in opposite to the conventional B-point. The latter is defined at the small but fi-
nite density. Its (p,T B)—Value for which (oz / ap)T =0 as p—>0 [13] corresponds
B

to the condition B ( T, B) =0 for the second virial coefficient.

Two asymptotic values of the critical reduced slope A4, (it is the equivalent of
Riedel’s similarity factor in the principle of corresponding states (PCS) [10-12]) are
admissible by FT-EOS along the single the separate vapor-pressure Pg (T ) ~ PV(T ) -

branch complemented by the actual liquid-pressure F (T ) -branch:

L[4 O_Q(ﬁj_
AC—PC(dT]C 1V RO

The former corresponds presumably to the onset of condensation at any 7™ <7_. The
latter is the vdW-assumption related to the onset of vaporization in a finite-volume V'
determined for experimental or simulated (, V)-system. The respective “bifurcation”
of the critical point’s (CP)-slopes from Eq.(3) is an essential factor for the construc-
tion of CVL-diagram in the supercritical region too. Its significance [6] for the cor-
rect development of any predictive methodology based on the usage of two asymptot-

ic Boyle’s (B) parameters 7, B(p—)O) and p B(T —>0) should be now emphasized.

Usually one admits [13-15] the strict linearity of so-called Zeno-line (i.e. 7'€ =1)in
the (7,p)-plane to postulate then its predictive ability at the estimation of CP-
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parameters. Three main ingredients of such predictive (geometric and mean-field (mf)
by nature) procedure are:

1) the supposedly accurate knowledge [16] of both Tz,p g -parameters follow-ing
from the precise unified EOS with the long set of empirical coefficients of the
type that [17,18] developed for argon;

2) the crucial predictive role of the mf-rectilinear CXC-diameter;

3) the extrapolation, on the ad hoc basis, of the B-correlations derivable [13-
15,19] from the original vdW-unified EOS with its mf-set of CP-parameters

{TCO,E?,pQ;ZS =3/8,40= 4} :
bp abp _( 1 1
Zoaw —1= - =5 — - =|. 4
VW T Ty T kT p(l—ﬁ Tj )
on the transformed PCS-set of actual Z.-dependent reduced CP-parameters:
w=p/p,=p/Z., 1=T/T.=9TZ,, n=P/P.=9P/Z.. (5)
Thus, one can recognize the finite ¢ » (75 ) — coefficient from Eq.(2) as the fac-

tor of ZL-nonlinearity. Obviously, that the reliable empirical PCS-correlation [11]
proposed long ago by Timmermans and implied by the first equality from the set of
Eq.(5) is the necessary condition to connect the other vdW-estimates of reduced B-
variables with the actual CP-ones:

2
p=—5=bp. T:lo:ka’ P= oP 0:Pb ‘ ©)
PB I 4 ppkTp 4

The noteworthy fact is here that the analogous mf-parametrization of the reduced
LJ-variables are defined by only two supposedly known molecular parameters of the
effective diameter o and the effective well-depth ¢ [10,20]:

\ . kT . Po
p =pc’, T"=—, P=— (7)
o €
FT-model goes beyond the PCS-frameworks due to the exact CP-corre-lations

[6-9] established for any f~dependent molecular effective parameters:
e, =€ =kT.(1-Z,)=kT.-P./p,, (8)

s 3(4.-2) _3(4-2)
Gg_4npc(Ac—l) Cdmp, (40-1) 2mp,

The important conclusion following from GFA-principle and from its basic Table 1
of the linear model-dependent CP-transformations is an unquestionable inherent cor-
respondence between two main mf-models of a real f-state — vdW- and LJ-ones. We
mean here that both ones may impart the underlying structure’s features of any f-
phase. For this aim one does not impose on its equilibrium with the other f- phase the
supposedly necessary requirement of a continuous (i.e. unified) EOS. Contrariwise, if
the whole two-phase (&, V)-system is still treated as a homogeneous Gibbsian f-phase
with the continuously changeable density profile, WMG-phenomenology of a first-
order phase transition will always lead to the isothermal vdW-loop below the certain

(a) S, ). )
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Table 1. Linear (ZC,AC) -dependent GFA-transformation of
LJ-, PCS- and B-variables.

f-phase * LJ PCS B
kT T 9Z.T
g & 1-Z 1-Z.
o b o 3(4,-2)o, 3(4,-2)p,
51 P S an(4 1) 4nz,(4,-1)
el P Po, 3(4,-2)Z =, 27(A4.-2)P,
g c 4n(4,-1)(1-2,) 4n(4,-1)(1-2,)
g| < Pg 2.1 Pg—
¢ p, T, ®,1 P, T
kT T 9Z.T
LT e 1-Z, 1-Z,
" ® P
! P, p1613 Py -
2 2nZ,
Z P* BG? chl 9f_;
! g 2n(1-2Z,) 2n(1-2,)
||z il 2o B
l P, T w7 T

1, CO -boundary. This conclusion is independent on the accuracy to which the molecu-

lar-based imitation of a continuous f-state by the discrete (V, V)-system has been per-
formed. One unavoidably needs (see, for example, polemic rising from the different
simulated results of metastability in [3,4]) the explanation, from a physical viewpoint,
for the appearance of the so-called equilibrium unstable f-states located within a
spinodal. This fictitious, to our mind, notion cannot be attributed to a real fluid. How-
ever, it is widely discussable in the different PCS- and molecular-based theories [11,
12] as well as in the (essentially mf-ones by nature) simulations known under the
term of a spinodal decomposition.

In the framework of GFA-principle [7-9], any real (N, })-system should demon-
strate the much less dramatic specific features in the entire two-phase range. This
conclusion 1s in accordance with our preliminary unconstrained MD-simula-tions
based on the introduced below short-range FT/LJ-potential (Sect. IV) with two main

effective CP-dependent parameters (8,6) from Eqs.(8,9). Both rather narrow meta-

stable ranges of density (in comparison with their spinodal’s estimates) are separated
by the relatively wide at low subcritical temperatures and about rectilinear but still

slanting (i.e. non-horizontal in the (P,p)-plane) v,/-segments of T -isotherms. They
corresponds naturally to the observable in a real fluid vapor-liquid (v,/)-mixture of
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small drops and bubbles. Such inhomogeneities steadily coexist, however, at the posi-
tive overall isothermal compressibility in the chosen control volume:

xT :(1 / p)(@p/ 8P)T >(0. We suggest below the term mesoscopic FLUID for these

realistic f-states located between the macroscopic GAS and LIQUID regions of gauss-
1an fluctuations. Thus, the negative ¥ -value seems to be the artificial result follow-

ing exclusively from a concept of unified EOS. In total, the strict WMG-conditions of
a phase equilibrium between two Gibbsian f~phases cannot be accurately fulfilled in a

real finite-volume (N, V)-system. Hence, the saturated pressure of real /-phase F (T )
should be always slightly higher than that in g-phase Pg (T ) . We refer now the reader

to the relevant problem of a thermodynamically small, mesoscopic (N,V)-system
comprehensively studied by Hill [21] (see also Sect. IV).

Background of a unified EOS and classical metastability [1, 2]. The careful
analysis of a spinodal’s paradigm can be found in two consecu-tive reviews reported
by Lienhard and co-authors [1, 2]. To the best of our know-ledge, these relatively old
works represent until now the state of the art, at least, in the problem of a unified
EOS. We intend to demonstrate below that its discrepancy with the also unified scal-
ing EOS of asymptotic criticality [22-24] can be removed not only by the conven-
tional crossover Il/mf-phenomenology [25, 26] or by its global renormalization group
(GRG)-expansion [27-29] on the entire f~range. Indeed, this fundamental problem is
independently solvable in the framework of CVL-diagram (Sect. IV). The vdW-loop
(inextricably linked to all above-named mf- and non-classical scaling unified EOSs)
never appears in FT-EOS (1) due to the mesoscopic [7-9] nature of many real (N, V)-

systems (in which a volume V' is often less than a correlation one: Vs 5(30 )). Never-

theless, the essential correspondence between the location of a new m/-bound re-
vealed below in the present work and that estimated by Fisher and Zinn [30] on the
base of Ising-like (Z/) criticality should be here emphasized. Both loci (i.e. the non-
classical spinodal [30] and the new m/-bound of CVL-diagram) lie appreciably closer
either to the binodal for former or to the real CXC for latter than the original mf-
spinodal of vdW-EOS.

The most appropriate for comparison and very accurate cubic LSB-EOS pro-
posed by Lienhard, Shamsundar and Biney [1] has to be reduced, first of all, to the
certain specific form. The aim is here the further compatibility with the GFA-
assumptions of Eq.(3). In terms of original PCS-denotations LSB-EOS is:

T a
n:r+b - rk[(r—kc)z—dﬂ’ (19

where the volume order parameter (v—vc) /v, and the actual Z,. are coupled by

the spesific reduced density variable:
r=Z.(v-v.)/lv.=Z.(1-0)/ 0. (11)
Since both scaled so dimensional “densities” are coupled too: P./kT.=p.Z,.,
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one can add these CP-parameters to the adjustable Riedel’s PCS-factor o, given in
[1] by the following linear combination:
o = dm,
R .
All other LSB-coefficients are expressed in terms of the reference a-parameter:
b=1/a,a=(1-b), c=(1-b)/2 and d? =c?(1-4b).
The adjustable meaning of A-parameter in Eq.(12) has been changed below by

=a(1+A)—A. (12)

two accepted here FT-identities: o.,, = A, a.= A’ =4 usable in Eq.(3). This replace-
ment leads to the expressions of parameter A and LSB-EOS itself in the more appro-

priate for comparison forms:

47 27Z,. o
ZLSB = c - c . (13)

47,(1- 2
(I-o)+o 641“1[ZC+03(ZB—ZC)}

Thus the exponent (7» + 1) of a reduced temperature T becomes f~dependent and
has two distinct f-values (see Eq.(3)):

kg+1:(Ac—1)/(Ag—l) (@) M+1=1(y=0) (}). (14)

To test the predictive capability of both equalities at the given CP-parame-ters
and for the entire range of (g,/)-transition, the precise CXC-data of argon tabulated in
[18] have been substituted in Eq.(13). The very informative results of such substitu-
tion are represented in two variants by Figs. la, 1b. The failure of the well-
constructed, accurate and flexible but unified LSB-EOS [1] becomes evident from

Fig. 1b obtained by substitution of the tabular w; (1‘) -densities for Ar [18]. Even the

sign of revealed curvature for the PV[ pl(T )]—functional 1s wrong in this case be-

cause it resembles a spinodal instead of binodal.
It is straightforwardly to test also that the accepted and reliable [18] CP-values:
Z.=0.2919 and 4.=5.943 (see Fig. 1b) correspond only to the specific value

L, =0.6477 by the reasonable extrapolation of the critical isochore @ =1:
Z,,—1=42 -1-3Z /1", (15)

It gives the crossing with Zeno-line (Z ZgSB =1) at the B-point t, =2.728 (while the

close value 1, =2.627 follows from Table 1). On the other hand, the vdW-value of
A =0 from Eq.(14b) overestimates strongly t, by the same Eq.(15). Besides, the
trend T — 0 in Eq.(13) does not provide a possibility to obtain the respective o, -
estimate. It 1s in contradiction to the simple Timmermans’ correlation: ®, =3.426

following from Table 1.

To revise the evident failure of a unified EOS at any efforts to describe reasona-
bly and simultaneously both CXC-branches, one should be concerned, firstly, about
the predictive description just of a single /-phase with its CP-position in accordance
with the concept of CVL-diagram [5,6]. It is based exclusively on the measurable at
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Fig. 1. Test of a vapor-pressure functional of density P, [p P (T )] carried out either by

substitution of saturated vapor p, (T ) — tabular data for Ar [18] in the unified LSB-EOS

(Fig.1a) or — of saturated liquid p; (T ) — tabular data [18] (Fig.1b). Fig.1c compares the
original vdW-EOS with its critical reduced isotherm t=1 used by FT/vdW-EOS to pre-

dict the saturated pg(7')-branch [9].
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atmospheric pressure F, input data of one-phase liquid p(PO,T ) Then the more con-

vincing and realistic than a spinodal’s hypothesis procedure should be introduced to
estimate the new locus of m/-limit. At last, the unique feature of the critical vdW-
isotherm 1 =1 illustrated by Fig. 1c has to be used to re-establish consistently with
the predicted CP-position also the remaining g-branch.

IIl. Non-classical bound of metastable liquid (m/-limit) in macroscopic
gaussian (g)-regime of CVL-diagram. The Gaussian (g)- and mesoscopic (m)-
regimes of fluctuations estimated by GFA-principle [5-9].

The ultimate predicted results of CVL-diagram for the macroscopic Gaussian
[5] (i.e. thermodynamic) level of a finite-volume scale V. ) >V, (its correlation es-

timate 1s denoted here by brackets) and for the underlying mesoscopic level
Vim)<Vc) of adiscrete (N, V)-system should be in correspondence with the observ-

able (i.e. measurable) thermodynamic properties of any f-states. The used subscripts
in brackets (g) and (m) correspond to the above volume’s scales termed by FT-model,
in brief, Gaussian and mesoscopic regimes of a fluctuational behavior. Itself exist-
ence of the supposed correlation boundary (N(c Ve )) between them for an equilib-

rium (N, V)-system implies that the given equilibrium f-point (
pr=N/V=Ni)/ Vi); Tf,Pf) belongs to the single-phase EOS-surface [31].

CP itself and its close asymptotic vicinity tend to the enormous numbers of the
simultaneously correlated particles N, (c) “immersed” in the unknown, a priori, corre-

lation volume Vic)- Due to this fundamental constraint of criticality, any

thermophysical measurement or simulation near CP is naturally mesoscopic one (i.e.it
belongs to m-regime). Hence, such less correlated m-volumes Vim) can be attributed

either to stable or to metastable f-points of an EOS-surface P(p,T ) only if their

thermodynamic bounds are previously estimated. The well-established results per-
formed by Hill [21], Rowlinson and Widom [32-34], Penrose and Lebowitz [35],
Scripov [36], Lienhard and co-authors [1, 2], Corti and Debenedetti [3] and by other
investigators [5, 6, 37-43] become relevant. Our aim below is to show that a common
“Procrustean bed” of the unified EOS may be the serious restrictive feature of all
above considerations especially in the extended CP-vicinity. The non-Gaussian be-
havior of non-Gibbsian f~phases is the most striking feature of m-regime. One needs
the “tool” to take into account here the locally-heterophase fluctuations in a FLUID.

In particular, authors [3] have developed the appropriate technique of a re-
stricted N,V,T-ensemble for the Monte Carlo algorithm in the framework of a stand-
ard coarse-grained analysis. Its specific feature is the choice, on the ad hoc basis, of
the certain allowed limit for density fluctuations: 8N > AN to imitate the about ho-
mogeneous (i.e. Gaussian by nature) f-state inside the metastable and even unstable
regions. The upper bound on the severity of the d-fluctuation constraint has been de-
termined by the statistical fluctuation equality [22, 23]:

57



dizuka aepoaucnepcHux cucreMm. —2021. — Ne 59, — C.49-78

<(AN)2> op
6=T:kT(a_PjT=kaXT (16)

It was derived for an unconstrained single-phase system in the thermodynamic limit.
The boundary value AN has been calculated by authors [3] for the saturated LJ-

liquid branch pZ(T ) taken from the fundamental EOS constructed by Johnson et al

[10]. More accurately, the separately simulated CXC-data for LJ-fluid, obtained pre-
viously by Lotfi et al [20], were incorporated in this rather complicated unified EOS
as an auxiliary information. These preliminary CXC-data were approximated by the

scaling-type empirical correlations, including those for R:k (T *) -function.

We intend to demonstrate that the introduced by GFA-principle the bound rule
of a unit fluctuation compressibility [5] in Eq.(16)
SEkT(Gp/GP)T:(t/ZC)(G(o/an)Tzl (17)
provides the new very simple estimate of the realistic m/-limit. It corresponds to the
inverse bulk modulus [44] which is independent on the absolute value of density. We
extend this thermodynamic equivalent of the direct correlation function integral [5]
to any /-states including supercritical ones. Their steady existence was corroborated
by our FT/LJ-based MD-simulation and by its comparison [37,41] with the available
experimental data on /-metastability [1, 2, 36]. The subcritical locus of ml/-limit can
be obtained without any appeals to the unachievable singular spinodal locus where:
X — ©. In a finite-volume (N, V)-system the local isothermal compressibility y ,
and isobaric expansivity ap should be always the finite quantities. An independent
thermodynamic control of admissible metastable /-fluctua-tions has been provided by
GFA-principle [5, 6, 9]. It was earlier applied not only to the widely usable for lig-
uids reduced isothermal bulk modulus [44]:

G ),

but also to its isobaric “counterpart”:

R

Let us note for comparison that the thermodynamic formalism adopted by the
different variants of GRG-methodology [27-29, 45] is quite different:

P
kT|op\ p )|. kT|Op P/,

It starts [27] from the singular purely repulsive hard-sphere (/s-) model Z,,),

to switch then on the impact of a pair attraction ¢_, (r) by the recurrent process. We
have added the second identity in Eq.(20) to emphasize that the implied here Legen-
dre transformation: P( w7 ) =up—f ( p,T ) can be fulfilled, in principle, at any arbi-
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trary relationship between two unmeasurable (i.e. untestable by experiment) quanti-
ties of the Helmholtz’s free energy f =F /V per unit volume and the Gibbs’ chemi-

cal potential £=G/ N per particle. This “element of uncertainty” makes the overall
set of GRG-iterations to be implicitly dependent on the choice of input physical mod-
el. In this context, the use of any locally-singular imitation of a continuous fluid be-
havior by the hard- or soft-spheres (ss-) the rectangular (square) or triangular wells
(sw- and tw-), the infinitely weak and infinitely long-ranged (Kac’s type potential) or
finitely strong and short-ranged (Yukawa’s type potential) etc. is not a completely
satisfactory choice from the physical viewpoint. Such oversimplification leads not
only to the artificial “symmetrization” of a GRG-predicted CXC for real fluids [28,
29]. Another undesirable consequence is the serious uncertainty in two main potential

parameters (8,6) arisen due to the model-dependent appearance of a third parameter
(see Sect. IV).

Instead of an approximated free-energy ( f ( p,T ) / p)-functional of Eq.(20) used
to derive the GRG-methodology [27], both introduced by Eqgs.(18,19) functionals can
be specified along the actual coexisting CXC-branches of a fluid: Z, [p g (T )] and

Z, [p,(P)]. They tend at the parallel trends p, —p, to the common CP-value Z..

Let us note that this main PCS-factor [11,12] was used in GRG-procedure only as the
input known parameter, at the determination of CP-location. In contrast to all intents
and purposes of its authors, the adopted GRG-criterion for finding CP-isotherm
T =T, [27] at the given actual Z_. as the curve with an inflection point (it determines

CP-density p,.) and with the horizontal tangent CP-isobar P. is an essentially mf-
one by nature:

(@P/3p), =0  (a) (&°P/op’), ,=0 (). (@)

7 7. .p
Such classical definition of the so-called Andrews-van der Waals’ CP [32] is legiti-
mate only if the concept of a unified EOS has been implicitly adopted.

GFA-principle introduces the alternative criterion to determine an unknown CP-
location and, mainly, its p, —value [6] by the system of two asymptotically divergent
CP-equalities:

Z 1

Xr, =5 ; (22)
F, [Zg + (azg /6p)TE pLO

o, :é- ! : (23)
T, [zl +(02,18p), pLO

Hence, the mf~CP determined by Eq.(21) never appears in CVL-diagram.

CVL-diagram and locus of ml-limit predicted in g-regime. In the practical ap-
plication of the Gibbs’ differential thermodynamic forms (fir instance, to produce the
non-equilibrium trajectories by integration) one needs an adequate EOS in the whole
region of f-states. It is of great importance to predict with a reasonable accuracy the
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experimentally unknown thermophysical properties far away from the well-
recognized ranges: (TCY}) and (PCI}) of VLE-diagram. The proposed below meth-
odology of CVL-diagram maps out concrete measures to realize such a promising
plan. Its essential ingredient and a first step is the construction of a realistic CVL-
sketch in g-regime for its further specification in the whole f~range of interest.

An example of CVL-diagram shown in Fig. 2 for Ar combines the main ex-
perimental projections of its VLE-diagram [18] represented by symbols with the re-
spective projections of the following four loci: 1) classical spinodal (sp):

(51_’ / 5§)T =0; 2) classical quasi-spinodal [46] (gsp): (82]3 / 0p° )f =0, 3) new meta-
stable liquid (m)-limit: (6P /&p). /T =1; 4) classical Zeno-line (ZL): P/(pT)=1.
The use of B-variables (Table 1) and the choice of basic vdW-EOS (4) for /-phase are
restricted in g-regime by the equality 4° =4 from Eq.(3b) while Z,.-value is actual
( Z" =0.2919 [18]). The latter is necessary to convert by Eqgs.(5) the respective
equations of above loci into PCS-variables of Fig. 2:

T,=2p(1-p) (@  B,=p'-2p (b, 27
T,=(1-p) (o) P =p(1-3p)+p°  (B), (28)
P Cond) IS SR SO 1] Unt1-) A IO (29)

2-p 2-p
T,=1-p () P, =p(1-p)  (®). (30)

We suppose that the collected here bounds provide a realistic information for the
further detailed study of any simple or complicated substances in the whole range of
its aggregate g-, [-, f-, s-states. Let us remind, once more, that the final knowledge of
CVL-diagram in CP-vicinity should include the peculiarities of m-regime (Sect. IV).
Besides, the reliable information about GAS and FLUID regions shown in Fig. 2

cannot be obtained without the asymptotic 4. -slope for Pg (T ) r PV(T ) -branch and

without the additional F (T ) -branch originating from the actual CP (Sect.Il). There-

fore, we have depicted the standard VLE-diagram by diamond-symbols and the actu-
al CP — by black-square to outline, in particular, a predictive strategy if these CXC-
data are unknown. In this case, the role of CVL-diagram, a priori predicted by
Eqs.(27-30), becomes especially valuable.

We consider three congruous domed gsp-, ml-, ZL-loci in the (m,t)- and ( 7, ®

)-projections as the basic ones for the construction of CVL-diagram. The classical sp-
locus is, at best, the subsidiary one. Indeed the formal role of latter is re-stricted by its
crossing with gsp-locus to predict the Andrews-van der Waals mf-CP in accordance
with its classical definition by Eq.(21). Itself thermodynamic existence of such point
of intersection became recently the object of an aggressive polemic [47, 48] between
Woodcock and some adepts of scaling phenomenology. The first author revealed (er-
roneously from the viewpoint of GFA-principle but rather plausibly in the context of
empirical, very precise unified EOS of the type [17, 18]) an wide two-di-
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Fig. 2. CVL-diagram for Ar in g-regime formed by its basic loci (gsp, ml, ZL —
see comments in text) and comparison with the classical spinodal (sp — see insets
and dashed lines) imposed on the experimental VLE-diagram.
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mensional region of supercritical gsp-states in the (P,p)-plane termed the mesophase
by him [48]. Its “bottom”, in accordance with such phenomenology, corresponds to
the percolation density range of a critical coexistence line formed by the special set
of sp-states instead of a single mf~CP. This concept has been seriously criticized [48]
but, unfortunately, in the same framework of a unified EOS hypothesis applied to the
non-classical criticality. Just the classic WMG-hypothesis is the main obstacle, from
our viewpoint, to reconcile the above controversial arguments in which authors con-
fuse the quite different notions of actual CP and mf-CP. In accordance with Fig. 2a)
the first point shown by black square is really the point of intersection for two critical
loci 1=1 and m=1 (Woodcock rejects such a possibility) but it becomes the point in
which both curves are tangent one to another in two other projections 2b), 2c). At the
same time, the Gibbs’ phase rule is really in contradiction (Woodcock is right in this
claim) to the fictitious mf~-CP (white square). Moreover, CVL-diagram provides the
evident alternative explanation for the percolation peculiarities called the supercriti-
cal mesophase in [47, 48]. We have used the more habitual term FLUID for the re-
gion of supercritical f-states located between gsp- and ml-loci. In other words, this re-

gion with the actually negligible but still finite positive curvature (82P / 6p2) =0

-
and the positive compressibility (GP/ 8p)T+ >0 separates in CVL-diagram GAS
from metastable (supercritical here) LIQUID. The evident fluctuation flattening of
the experimental CXC-top is especially expressive in the (’C, 0)) -plane.

There are three fundamental B-points of a substance well-established by the asymp-
totic trends of all basic loci in CVL-diagram. The first 1s B-temperature:

T, =2.625 (0 —>0) which gives the realistic estimate: T =395.8 K for Ar [11,16].
The second is B-density ®, =3.426 (1‘ — 0), which corresponds to the value
p, =1818.6 kg/m’ for Ar. The mechanical sp-locus tends asymptotically to the B-
point ®, (7: — 0) too. At last, the common third asymptotic point of the ne gative B-

pressure: T, =—30.832 (r —)O;CO—)OJB) corresponds to the quite realistic [36] esti-
mate: P,=-149.8 MPa for Ar. The dashed bold line of /s-transition shown only in
Fig. 1a) has been re-constructed in the present work by the semiempirical Simon’s
correlation [11] on the base of this P, -value.

Fig. 3 in which the predicted Z.-dependent (see Eq.(17)) ml-loci are shown for

the set of very different substances emphasizes the GFA-universality going beyond
the PCS-frameworks [11, 12]. Its another aim is to demonstrate the indicative value

just of l-branch p,[B(T )] represented for comparison by the experimental CXC-
data used earlier for its discussion in [9]. In particular, one may see from two variants
of the Guggenheim’s type [22] projections on the (’E,CO)— and (Tt,co)—planes, that

namely the set of /-branches is evidently stratified for such groups as the PCS-similar
substances Ar and C,Hg, from one hand, and the molecular H,O, from the other hand.
The fundamental meaning of all m/-loci becomes apparent since their about common
crossover point (shown in Fig. 3a) by the white circle) divides accurately I-branch
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Fig. 3. The predicted by CVL-diagram ml-boundaries of a supercritical (‘E < 1) , sub-

critical (1 212 r,) and low-temperature (O <1< t,) metastable liquid are compared
with the experimental CXC-data for Ar, C,Hg, H,O.

3a) The reduced critical vdW-isobar (Tt =P/P = 1) is the envelop (caustics) of all
subcritical isobars (TE < 1) (one of them is schematically represented in Fig. 3a by

the dashed line). 3b) The reduced critical vdW-isotherm (r =T/T = 1) is the envel-

op (caustics) of all subcritical isotherms (t < 1) (one of them is schematically repre-
sented in Fig. 3b by the dashed line). Any unstable f-states cannot be revealed in a
finite-volume closed (N,V)-system by the adequate experiment or simulation (GFA-
conclusion).
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onto the region of universal criticality and the region of its substance-dependent be-
havior. Thus, it is naturally to use this feature below to specify any simple or com-
plex molecular force-field. The collected in Fig.3b) GFA-estimates of critical expo-
nents for CXC correspond, in total, to the known Griffiths-Wheeler’s classification of
near-critical isolines [49, 50].

IV. Peculiarities of pseudo-homogeneous criticality in m-regime and crosso-
ver problem. Existence of non-Gibbsian locally-heterogeneous FLUID-phase in su-
percritical m-regime and VAPOR-phase in subcritical m- and g-regimes.

There were many long-standing and recent interesting efforts [13-15, 24-29, 46-
59] to specify the different structural types of SCF (supercritical fluid)-behavior in
the extended so-called compressible fluid region. Even this term seems to be rather
elusive. As a rule, the main goal of such specification is a search for the certain line
of the thermodynamic supercritical continuation in the (P,7)-plane. It exists suppos-

edly for the unique at subcritical 7" -temperatures vapor-pressure curve PV(T )

There are several well-known “candidates” for this aim related by different authors to
the famous names of Semenchenko [46] (quasispinodal (gsp) or the line of inflection
points), Bernal [51] (hypercritical line of the maximum for isobaric heat capacity

C,= (8h /oT ) »)» Widom [52-54] (generalized near-critical locus of the maxima for
Cp, isothermal compressibility 7, = (1 / p)(@p / GP)T and isobaric expansivity

o, = —(l/p)(ﬁp/ﬁT)P)), Frenkel [55] (dynamic boundary between the rigid liquid

and nonrigid liquid). The latter nomenclature resembles formally one introduced by
Ben-Amotz and Herschbach [13] to separate “hard” fluid from “soft” fluid by Zeno-

line in (1‘,0)) -plane (see Fig. 2b). However, the Frenkel line bears even the more im-
pressive resemblance with the m/-locus introduced in the present work. Indeed, both
are not related to the actual CP-position. Nevertheless, their slopes in the (Z’, a)) -plane

are opposite one to another.

The ml-locus as well as two other basic curves (gsp- and ZL-loci) of CVL-
diagram realize the GFA-concept of a longitudinal crossover connecting two asymp-
totic Boyle’s points (Sec. 1) in all EOS-projections. The inhomogeneous cluster-like
structure of a region constrained by gsp- and ml-loci in Fig. 2 manifests itself only in

m-regime at (T+ >T, )—conditions while in g-regime it can be formally considered as

the Gibbsian phase. However, the same region demonstrates at subcritical (T’ <T, ) -

conditions the steady percolation structure of a vapor-liquid non-Gibbsian phase
composed by voids and clusters in g-regime too. In contrast, majority of the different
crossover variants discussed in above-cited works can be termed a transversal cross-
over in which the density becomes the main transformation parameter instead of
temperature.

As a rule, the foundation adopted in this case for the crossover identification is
the model-dependent and, hence, non-universal. More accurately, to specify, for ex-
ample, the location of dynamic bound between rigid and nonrigid liquid one adopts
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[55] the balance condition for the kinetic energy per particle Ej;, /N and its mean
potential energy E,, / N. The latter is determinable only by the nearest N. parti-

cles-neighbors located withi the certain cutoff radius: » <r:
E./N=3kT/2~(N,-1)>.4,,(r<r)/2. (31)
inj

An attempt to confirm the universality of such finding was performed by two
antipodal models of f-states: 1) the realistic LJ-fluid with the cutoff radius 7, =2.5;

2) the singular and unrealistic (at least, in a range of “soft” fluid (Fig. 2b) with the
dominance of attraction) purely repulsive model of ss-fluid. The serious restrictive
feature of ss-model (studied comprehensively long ago by Hoover and co-authors
[60]) 1s an absence of VLE-transition. Supposedly, the similar highly-modelistic ab-
sence of VLE-transition should be also demonstrated by the very “narrow and deep”
singular attraction of the type that introduced in a combination with 4s-model by Yu-
kawa at the description of atomic nuclei [61].

From the viewpoint of CVL-diagram, any molecular-based crossover vari-ants

have to be controllable by the realistic thermodynamic EOS-model P(p,T ) without
an appeal to the model-dependent, unmeasurable equilibrium chemical potential
u(P,T ) and free energy f ( p, T ) (Sect. III). In other words, one should prefer to sup-

plement the P( p,T ) -description with analysis of a crossover problem in terms of the

measurable caloric EOS e(T ,P) for thermal (internal) energy. This function is ex-

pressed in the FT-model, by its non-natural thermodynamic variables because in ac-
cordance with the Gibbs’ formalism: e = e[s =—(ou/oT),,v=(oun/ 8P)TJ ;

P’

cpz(%j :(@j +p(@j E(@] +Pra,. (32)
or), \or), "\or), \or),

Such substitution of an actual measurable enthalpy h(T ,P) instead of its entropy-

dependent thermodynamic “counterpart”: /= h(s,P) = e(s,v) + Pv seems to be high-
ly desirable, especially, in m-regime where the serious problem arises. This is an in-
herent dependence of all thermodynamic fields p; 2,7 on the arbitrarily chosen ex-
tensive parameter (N or V) in such traditional statistical ensemble [23] as the isobaric
(N P, T ) and/or grand-canonical (V; w7’ ) ones. The study of “incompressible (V, V)-
systems” alongside the fixed isochore: p=N/V becomes, in this context, preferable
dust in m-regime.

The FT-model developed earlier [7-9] and used in the present work excludes the

itself traditional WMG-notion of an isotherm-isobar determined as a line of a phase
transition with the continuously variable densities. The latter leads not only to the

formal divergences of compressibility ¥ and expansivity O, everywhere within the
classical mf-binodal. Indeed, the choice of the standard grand-canonical (V;u,T ) or

isobaric (N; P, T)-ensembles with two fixed coordinate-fields cannot define compre-
hensively [32] the state of two-phase or, generally, heterophase assembly. Both pairs
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of their conjugated momenta-densities: p,c=ps or specific (per mole or per particle)
quantities: v,s may vary locally within the given limits without changing of the fixed
fields: n,T or P,T respectively. In other words, the transformation of the measure-
able P,v,T EOS-surface into that determined exclusively by the fields: P,u,T
Gibbsian-surface (see, for example [48, 49]) might, in principle, "wash off" the real-
istic heterophase structures of real fluids and their mixtures.

Thermodynamics assumes a possibility of the Gibbsian (i.e. macroscopic) iso-
thermal differentiation in g-regime applied to the thermodynamic fields of pressure P
and chemical potential p. The latter is determined for a pure substance as the specific

(per particle) Gibbs’ uniform function: G=N }ft(T ,P). The methodology of a unified

EOS postulates that its non-natural variable of the mean (i.e. uniform) number densi-
ty p=N/V =1/v can be used as independent one. The aim is either to realize the

known Maxwell’s rule at 7 <7, or to define the “extensive state function of the
mesophase rigidity” R,,, for example, proposed in [48]at 7" > T :
(dP/dp),,, =p(du/dp),, =R, (T"). (33)
This conventional local p-parametrization of the Gibbs-Duhem’s differential
form is based on the implied assumption of a smooth EOS-surface p(P,T ) It be-
comes incorrect one (due to the inconsistent choice of independent variable) if the fi-
nite-volume small (N ,V) -systems are composed by the small number of constituent
particles within m-regime. In this case, one has to distinct [21] the uniform above-

mentioned chemical potential [(1=G/N from its local differential form
n=(0G/oN )T P Such distinction leads to the N-dependent difference, which one

has to take into account at the simulation of two-phase f-states. The Gibbsian descrip-
tion related to the single (“test”) particle moving in a homogeneous field M(T ,P)

should be modified in this case by the N-dependent equality accordingly to the Hill’s
concepts [21]:
(GQ/GN)TJ):(“—Q)/NEA“/N. (34)

Such refinement of the standard fest-particle methodology proposed by Widom
[24], 1s especially important due to the mesoscopic, in fact, (m-) volumes of the most-
ly simulated VLE-diagrams. Hill [21] emphasized long ago that small system effects
in the regions of phase transition and criticality are especially noticeable. In particu-
lar, an additional independent variable N (discrete by nature) should be introduced in
the following Clausius-Clapeyron’s system of equalities. It can be considered as the
formal sign of mesoscopicity in m-regime:

(a_Pj :Sg_Sl Eﬁ, (35)
oT )y v,—v, Av

oT A oP A

( j =t (a) (—j =t (b, (36)
ON ), NAds ON ), N Av
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where the left-hand sides and the difference Av= (Pz —p g)/ p,p, are measurable by

experiment or by numerical simulation. Hence, the unmeasurable entropy-dependent
differences Ap and As may be appropriately estimated namely by Eqs.(34-36). The

implied differential equality between two uniform chemical potentials dii, =d[y

taken alongside of the single P, (7 )-curve was adopted in the field space to derive
Egs.(35, 36).

The authors of the dynamic crossover [55] have used the semiempirical interpo-
lation function (we changed in its relaxation times the denotations of the respective

densities) for the thermal energy e(T V= p_l) ;

3
_E_ _| Po
= kT[?a EPH. (37)

Let us remind that the gibbsian internal energy is a function e(v,s). The following
contribution of compressibility at the description of a simulated potential energy by
Eq.(31) has been also accepted for LJ-fluid [59]:

Epot:ELJ(V)_ELJ(I/O)—I_ID()(I/O_V)’ (38)
where V|, corresponds to the volume of minimal possible (negative) pressure F, at
zero temperature. The advantages of CVL-diagram becomes also obvious in the con-
text of such natural choice for the zero-level of potential energy. Indeed, at any given
number of simulated LJ-particles N with a dominance of attraction both above pa-
rameters (VO,PO) correspond exactly to the B-parameters predicted in Sect. III. Three
basic loci of CVL-diagram with the negative slopes coincide just at this B-point. Be-
sides, the local definition of the calculated potential energy by Eq.(31) used in [55]is
a uniform by nature. Hence, it leads sooner to the concept of Zeno-line (with its com-
pensation of attractive and repulsive contributions) than to the presumable compensa-
tion of kinetic and potential contributions. The latter was postulated to determine the
location of Frenkel’s line with its positive slope in the (1‘,0)) -plane.

Crossover problem in CVL-diagram. One may note that the accepted in the de-
scribed procedure definition of the kinetic energy by Eq.(31) is exclusively the 7-
dependent and ig-one. It is also adopted by any simulation methodology [62-64] at
the imitation of an actual fixed temperature. However, the concomitant selection [55]

of the “best” critical LJ-parameters recommended in [10, 20] 7. =1.31, p. =0.314
becomes inconsistent with both GFA-estimates for Ar reported, for example, in [6]:
T'=1412; p.(4.)=0.1905; Pj[p* (77)— p:(AC)] =0.0785 and T =1.412;

g
pc(Af) =0.1592; Rf[p’;(T*)% pc(Af)] =0.0656. Two variants of LJ-reduced criti-

cal density manifest the meso-fluctuations. This significant distinction and the pre-
scribed critical “jump” of the reduced mechanical variables (Sect. 1) are easily ex-
plainable. The aim of the present work is the usage of the universal realistic short-
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range FT/LJ-potential in simulations performed for any substance with the explicit
CVL-diagram. Oppositely, the above “best” CP-values together with the strongly

overestimated semiempirical LJ-estimates [10, 20]: P::O.126, Z,=0.3063 de-

scribe, at best, the LJ-fluid itself. One obtains the shifted values of parameters for the
real Ar with its experimental CXC- [17] and CP-location: 7, =150.66 K; p_. =0.531

kg/em’; P.=4860 kPa; Z =0.2919 [18]. GFA-estimates of the effective molecular
parameters for g-phase of Ar: €/ k=106.7 K; o, (AC,PC) =0.2877 nm become es-

sentially less than the conventional [23] ones: € /k=119.8 K and ¢=0.3405 ob-
tained from the theoretical second virial coefficient B(T ) [65]. We state now that the

latters are systematically overestimated for any other fluids too.

To support this important conclusion the comparison of the short-range FT/LJ-
potential [6] with the different &, -estimates is natural. Let us consider those follow-
ing from the conventional crossover variants based on the methodology of RG-
theory. The relevant /l/mf-crossover transformation is now widely discussable [25-
29] on the base of RG-theory of non-classical criticality. Nevertheless, the presence
of vdW-loop at the predicted CP-temperature T, was noticed long ago by Wil-

son and Fisher. Then this mean-field feature was artificially suppressed by White and
Zhang [27] at the development of global RG-expansion (GRG) for fluids. Recently
the GRG-methodology with some improvements and modifications has been applied
to the n-alkanes. The approach was used, firstly, for the rough prediction of VLE-
diagram in the relatively simple hydrocarbons CH,4, C,Hg, CsH,,, C;H,¢ [28]. The ap-
proach was then used to improve such VLE-predictions in CHy, C,Hg, C,F;Cl3, SFy
[29]. The results of comparison with FT/LJ-predictions are represented in Table 2.

In particular, White has demonstrated [45] the following “spectrum of possibilities”
for Ar in comparison with the conventional but strongly overestimated values based
on the second virial coefficient B(T )—estirnates [65]: 6=0.3405 nm, €/ k=119.8

K. One variant leads to the set of similar values 6 =0.3508 nm, €/ k=117.6 K. They
were obtained, however, by the artificially combined sw/LJ-potential with the addi-
tional As-diameter: o) =0.3227 nm and the following widthes of sw-well: [0.3938

nm, 0.3227 nm]. White predicted [45] CP- location reasonably, using then the much
more wide but, simultaneously, less deep sw-potential for Ar: ¢;=0.3227 nm;

6=MAg,01 =0.5647 nm: ¢/ k=97.1 K. The similar trends for sw-potential: (0.3162
nm; 0.585 nm; ¢/ k=69.4 K) and (0.3067 nm; 0.5214 nm; ¢/ k=93.3 K) were re-
vealed by the striking disagreement with the recommended B (T ) -estimates [65]. We

have reported in Table 2 for comparison with GFA-estimates following from
Eqgs.(8,9) the other GRG-parameters adjusted in [45, 27-29] to the given set of CP-
parameters (7.,p.,P.;Z.).

One may conclude from the analysis of Table 2 (we do not comment it in detail)
that GRG-methodology [27-29, 45] is the rather inaccurate and formidable approach
to the problem of a fluid, in total, and to the problem of f-criticality, in particular. The
very restrictive initial choice of a singular 4s-model as well as the further usage of an
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Table 2. Comparison of the effective sw-potential parameters (¢,0,4 ) used in the differ-
ent GRG-variants [27-29, 45] with those (7. / & is here unspecified) predicted for the
short-range FT/LJ-potential (m — number of HC-segments in [28,29]).

Fluid | Method | m | o,nm | A, |&/k,K | Z T P p.
GRG[45]| 1 |03230| 1.75 | 97.1 |0.291|1.552 |0.1219 |0.2698
Ar | FT/LI 1 102877 r./o | 106.7 |0.292|1.412 |0.0785 |0.1905
LI[20] | 1 |03405| 3.0 | 119.8 |0.306|1.310 |0.1260 |0.3140
GRG[45]| 1 |0.3550 | 1.70 | 138.0 |0.288 |1.381 |0.1075 |0.2704
GRG[28]| 1 |03670| 1.44 | 168.8 |0.293|1.129 |0.1024 |0.3093
CH, |GRG[29]| 1 |0.3590| 1.54 | 147.9 |0.293|1.131 |0.1036 |0.3130
exp.[66] 0.291 | 1.129* | 0.0975* | 0.2969*
FT/LJ 1 103160 r./c | 1354 |0.290 | 1.407 |0.0774 |0.1901
GRG[45]| 1 [0.4050| 1.63 | 264.0 |0.285|1.157 |0.0907 |0.2750
GRG[28] | 4/3 (03778 | 1.45 | 241.8 |0.291 [ 1.263 | 0.0874 |0.2382
C,Hs | GRG[29] | 4/3|0.3670 | 1.60 | 188.4 |0.288|1.262 |0.0877 |0.2414
exp.[66] 0.282 | 1.263* | 0.0793* | 0.2226*
FT/LJ 1 {03609 | /G | 220.1 |0.279|1.388 |0.0754 |0.1946
GRG[45]| 1 05210 1.49 | 598.0 |0.263|0.786 |0.0563 |0.2723
GRG[28] | 7/3 (03931 | 1.51 | 265.0 |0.302|1.773 |0.0676 |0.1263
CsH,, | GRG[29] | 7/3 0.301 [ 1.773 | 0.0678 |0.1271
exp.[66] 0.269 | 1.773* | 0.0560* | 0.1176*
FT/LJ 04694 | r./c | 343.1 [0270|1.369 |0.0735 |0.1992
GRGI[28] 0.3933| 1.56 | 251.3 |0.280 [2.150 |0.0549 |0.0912
1. | GRGI28] 0.3933| 1.56 | 251.3 [0.280 |2.150 |0.0552 |0.0918
7O exp.[66] 0.282 | 2.150* | 0.0480* | 0.0793*
FT/LJ 1 105229 r./c | 400.0 |0.260|1.350 |0.0708 |0.2022

*) — the erroneous reduction of experimental CP-parameters taken from [66] arisen due to
the inadequate choice of (8,0) -parameters in [29].

also singular sw-model to accumulate the attraction contribution are not completely
adequate for real fluids. They need the additional thermodynamic control of GRG-
trajectory to become the reliable predictive “tool” of criticality itself and of its exten-
sion by the crossover approach.

Sengers and co-authors [25] have introduced the RG-based adjustable third

c, (ZC)—coefﬁcient in the original vdW-methodology to compare the crossover
1l/vdW-predictions of criticality in O,, Ar, CHy4, C,Hg, H,O. For purposes of com-
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parison with a near-critical experiment, the reduced “shifts” between the actual {
T.,p,,P;Z }- and the “imaginable” {7, '), P’ Z? =3/8}-sets of CP-para-meters

were expressed [25] in terms of ¢, (ZC )-coefficient:

T c p c P Z Ilc c’
PN P a Pe o142 c el t__t c). 39
Tc0 10 @) 2 54 Pc0 Zco( 135 540) () ( )

To obtain these approximate estimates, it was supposed that:
1) far away from CP the real CXC-diameter: p,(T) = (pg + Pz)/ 2 of the crosso-

ver vdW-EOS with three (@, b, ¢,)-coefficients should coincide with the mf-
diameter of vdW-EOS specified by only two (a,b)-coefficients;
2) the real CP-position belongs to the mjf-vapor-pressure P (T )-locus in the
(P,T)-plane (i.e. P.=P’(T.)).
In spite of the above-mentioned absence of mf-CP itself in the CVL-diagram, it

was the informative test for GFA-principle (see its Table 1) to compare the exact FT-
correlations [6, 8, 9] with those following from Eq (39):

T 274%(4.-2) _3(4.-2)

1, _ b

T’ 32(4,-1) (@) pc 2(4,-1) ®. (40
5_27(4—2)2 _16(4,-1)

Py @ zo e B @

The supposed by GFA-principle jump-like trend of asymptotic critical slopes:
A and A] =4 corresponds to Eqs.(40,41). For the latter value 4’ one obtains the

coincidence of actual CP and vdW-CP (Sect. IV). At the same time the distinction of
such vdW-CP from the actually mf-one defined by the Andrews-van der Waals’ CP-
conditions of Eq.(21) is crucial for CVL-diagram. Indeed, it never uses the respective
mf-definition for an actual CP (implied, however, by all discussed here [25, 27-29]
and by many other GRG-variants). Hence the above coincidence is a realistic asym-
metric feature of the exclusively actual CP revealed by GFA-principle. Thus the di-
mensional CP-parameters {7 ,p_,P;Z_ } are common for both asymptotic f-branches

of CXC excluding only the values of A, - and A? -slopes. Such “bifurcation” of critical

slopes defines the principal distinction between a fictitious mf~-CP from Eq.(21) and
the non-classical interpretation of vdW-CP introduced by GFA-principle.

We do not comment again the reported predictive capability of RG-based cross-
over /l/mf-model from [25]. The reason is its obviously unrealistic (see also our re-
cent work [6]) estimates obtained for above “shifts” by Eq.(39). It seems more inter-
esting to emphasize that the systematic underestimation of Z_-value by Eq.(41b) is

related to its non-linear GFA-correlation with the input 4 -parameter. This observa-

tion is in contradiction to the usual PCS-assumption [11, 12] about the supposedly
linear interrelation between Z, and Riedel’s factor: A = Ri. Another interesting ob-

servation is the striking difference between an about isochoric p,. = pg RG-crossover
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Table 3. Comparison of RG-based /b/mf-crossover transformation [25] with that follow-
ing from GFA-principle [5, 9].

RG-crossover vdW-fluid [25] Fluid
Input Prediction Experiment
de P. E P
¢t ZcR ¢ (Ct ) T, cO p(c) Pco Sul();ztan [1C 2]
Eq.(39) Eq.(39) Eq.(39)
0.0 0.375 1 1 1 Ar 0.291
0.2 0.349 0.977 1.004 0.900 0O, 0.292
0.5 0.309 0.943 1.009 0.786 CHy 0.290
1.0 0.255 0.892 1.019 0.624 C,Hg 0.279
1.5 0.217 0.853 1.028 0.513 H,0 0.229
GFA-crossover of real fluids [5,9]
Input Prediction
Ie
0 Pe P
Substan | Z. | Ao | Z.(4.) | 8z. | T of <
ce. | 112] | [12] | Bq(4lb) | % Ea.( C g
40a) Eq.(40b) Eq.(41a)
Ar 0.291 |5.76 0.287 |-1.05 0.976 1.185 0.885
0, 0.292 |5.92 0.281 -3.85 0.973 1.195 0.871
CHy 0.290 |5.90 0.282 |-2.92 0.974 1.194 0/873
C,Hq 0.279 |6.40 0.264 |-5.50 0.966 1.222 0.830
H,0 0.229 | 7.86 0.222 | -3.02 0.946 1.281 0.718

trajectory and the essential “shift” (increase) of the critical density predicted by the
GFA-Eq.(40b). The former effect is the obvious consequence of two above-
mentioned assumptions about the shape of a real fluid VLE-diagram accepted in [25].
Unfortunately, even the rather sophisticated usage of RG-theory in its alternative
GRG-variants shares the first questionable assumption leading to the artificial global
“symmetrization” of both CXC-branches. In other words, one obtains (see Figs. rep-
resented in [28, 29]) the certain “graphic superposition” of the classical binodal with
its mf~CP top and exponent 3, =1/2 (predicted by the known unified SAFT-EOS, for

example), from one hand, and the non-classical CXC-variant with its respective fluc-
tuation flattening due to RG-exponent =0.326 from another. Such “superposition”
is considered, from our viewpoint, without the correct account for the GFA-nature of
real fluids. The CVL-diagram eliminates this restriction of RG-theory by the simulta-
neous account for both effects (see also [26]). The notions of mf~-CP and classical
binodal/spinodal construction never appear in the GFA-methodology. The close lo-
cation of above lines in the (P, T)-plane well-established by many authors, poses the
fundamental supercritical fluids SCF-problem. Could one recognize in this region the
common underlying molecular-level peculiarities of f-states in the thermodynamic
second derivatives and transport coefficients, which lead to their recognizable by ex-
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periment or simulation extrema? If the answer is here positive, one can divide the
SCF-region onto the subregions of SCF-strata with the certain persistent type of a
molecular-based structure, at least, in m-regime of criticality.

At the construction of CVL-diagram in g-regime (Fig. 2) we have supposed

that the rejection from a unified EOS and from its unavoidably mf~CP ( 7., P’,p.; Z.)

defined by Egs.(21a,b) is the necessary step. The FT-model let us to separate by gsp-
locus and by the concomitant m/-locus the global f-strata at any temperature. They
were termed by use of capital letters GAS, FLUID, STABLE AND METASTABLE
LIQUID to emphasize the distinction from the traditional location of g,f,/-states in the
restricted region of VLE-diagram. The latter is completely based on the
binodal/spinodal’s mf-concept rejected by FT-EOS (1). GFA-principle admits [5, 9]
the f-dependent discontinuity in its well-definable [37-43] T7-dependent FT-
coefficients determined alongside the entire gsp-locus.

The underlying discontinuity in the effective molecular diameters of collisions
o following from Egs.(3) and (9a,b) makes the other common for both f~phase ef-

fective parameter of well-depth gl in Eq.(8) to be of importance at the universal

molecular interpretation of the thermodynamic fluctuations in m-regime. It seems
naturally to suppose [5, 42, 43] that the only third effective parameter of well-width

1. should be also necessary common for f-phase and enough to interpret any

mesoscopic thermodynamic phenomena. One of the main aims of such finite-range

three-parameter FT/LJ-potential ¢,,,, (r;g,o f,rc) is namely the simulation in SCF-

states. The goal 1s the more precise determination of the gsp-location shown in Fig. 2.
These notes actuate the introduction of a normalized PCS-fluctuation variable of
the type that introduced by Eq.(11) in LSB-EOS (10) [1]:

*

2

zc-Azszﬂ(@—@j _a{r-) )
87[ ™l T;

The last equality based on Eq.(8) is essential to recognize its generalized form. It

is accepted [43] to specify the vreference infinite-range LJ-potential

b, (r;csf,s,rc — oo) at the unit reduced temperature 7" =1-7, =1. It was shown ear-

lier by FT-model that the average LJ-virial [w] determined per a translation degree of
freedom leads to the physically-meaningful description of any f-states in g-regime:
(7] _[v]
—-1= =+, 43
Y 3NkKT kT (3)

This FT-correlation established between the negative average derivative of a po-
tential energy (i.e. force field of the aforementioned attraction) multiplied by the av-
erage local interparticle distance, from one hand, and the average kinetic energy,
from another, can be related to a single CP-states itself. To our mind, the given cou-

pled FT-correlation of [w] / kT -terms and its thermodynamic manifestation by the

fluctuation coefficient ¢ f(T ) from Eq.(2) 1s somewhat more fundamental notion in

comparison with the conventional analysis of LJ-model in terms of potential and ki-
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netic energies. The latter is, of course, restricted by the adopted ig-model of a simu-
lated temperature (k(T)=m, <u2> /3) (k<T> = m0<u2> / 3) performed in accordance

with Eq.(32) at the pseudo-ig-constraints of Zeno-line (Z,, =1,[w] =0) due to the
standard equipartition theorem [21-23]. We have returned to the original vdW-EOS
(4) reduced now by its mf-CP-parameters to illustrate the other interesting conse-
quences of GFA-principle by Fig. 4. The obvious advantage of the rejection from the
mf-constraint introduced by the Andrews-van der Waals’ definition in Eq.(21) is a di-
rect possibility to compare the fluctuation contours of vdW-fluid and real fluid Ar:

6Z,-A(3- )
TA = 7
24Z.-A-(3-w)

For this aim we have calculated and represented by continuous line the same
fixed A-values A=2.5 discussed earlier by Nishikawa and co-authors [56] at the mf-

constraint Z =3/8. The added dashed lines correspond to the choice Z, =0.2919

for Ar. The gsp-locus termed the fluctuation ridge by above authors remains invaria-
ble in all projections of Fig. 4.

(44)

Conclusion. The predictive superiority of FT-model has been demonstrated by
this review in the step-by step manner. The detailed explanation of the mesoscopic
fluctuation concepts is represented. The numerical results corroborate the approach of
FT-model globally without the restrictions of non-classical criticality or the specially
mean-field low-temperature behavior predicted by any unified EOS-type.

References:

1. Lienhard J.H., Shamsundar N.and Biney P.O. Spinodal lines and equations of state: a
review // Nucl.Eng. and Design. —1986. — Vol. 95. P. 297-314.

2. Shamsundar N. and Lienhard J.H. Equations of state and spinodal lines - a review //
Nucl.Eng. and Design. — 1983. — Vol. 141. — P. 269-287.

3. Corty D.S. and Debenedetty P.G. A computational study of metastability in vapor-
liquid equilibrium // Chem.Eng.Sci. — 1994. — Vol. 49. — P. 2717-2734.

4. Kido A., Kitao O. and Nakanishi K. Can the “van der Waals loop” vanish? //
Chem.Phys.Lett. — 1992. — Vol. 199. — P. 403-407.

5. Rogankov V.B. Fluctuational-thermodynamic interpretation of small angle X-ray
scattering experiments in supercritical fluids // Fluid Phase Equilibria. — 2014. — Vol.
383.—P. 115-125.

6. Rogankov O.V., Rogankov V.B. Can the Boyle and critical parameters be unambigu-
ously correlated for polar and associating fluids, liquid metals, ionic liquids? // Fluid
Phase Equilibria. — 2017. — Vol. 434. — P. 200-210.

7. Rogankov V.B., Fedyanin V.K. Fluctuational theory of media with essential spatial-

temporal inhomogeneity // Theor. and Math. Phys. — 1993. — Vol. 97, Nel. — P. 1-21.

8. Rogankov V.B., Boshkov L.Z. Gibbs solution of the van der Waals-Maxwell problem
and universality of the liquid-gas coexistence curve // Phys.Chem.Chem.Phys. —
2002. - Vol. 4. — P. 873-878.

73



dizuka aepoaucnepcHux cucreMm. —2021. — Ne 59, — C.49-78

2,5

2

1,25

>

0,75

Fig. 4. The forced elimination of the crossover range (see Fig. 2) between the actu-
al CP and the fictitious mf~CP by their artificial matching for Ar and vdW-fluids
leads, as a rule, to the popular speculations [46-59] about the supercri-tical third-
order (g,[)-transition.

74



dizuka aepoaucnepcHux cucreMm. —2021. — Ne 59, — C.49-78

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

23.

24.

25.

26.

27.

28.

Rogankov V.B., Levchenko V.I. Global asymmetry of fluids and local singularity in
the diameter of the coexistence curve // Phys.Rev.E —2013. — Vol. 87. — P.052141.
Johnson J.K., Zollweg J.A., Gubbins K.E. The Lennard-Jones equation of state revis-
ited // Mol.Phys. — 1993. — Vol. 78 (3). — P. 591-618.

Filippov L.P. Methods of Calculation and Prediction for Thermophysical Properties,
— Moscow Univ. Publ., 1988.

Sterbacek Z., Biskup B., Tausk P. Calculation of Properties using Corresponding-
States Methods. — Elsevier Science Publishing Company, Amsterdam, Oxford, New-
York, 1979.

D.Ben-Amotz and D.R.Herschbach Correlation of Zeno (Z=1) line for supercritical
fluids with vapor-liquid rectilinear diameters // Israel J. of Chemistry (online). —
1996. — Vol.30(1-2).

Apfelbaum E.M., Vorob’ev V.S., Martynov G.A. Universal triangle of states for liquid
and vapor // Russ.J.Struct.Chem. — 2006. — Vol.47. — P. 113-121.

Kulinskii V.L. The critical compressibility factor value. Associative fluids and liquid
alkali metals // J.Chem.Phys. — 2014. — Vol. 141. — P. 054503.

Estrada-Torres R., Iglesias-Silva G.A., Ramos-Estrada M., Hall K.R. Boyle tempera-
tures for pure substances // Fluid Phase Equil. — 2007. — Vol. 258. —P. 148-154.
Gilgen R., Kleinrahm R., Wagner W. Measurment and correlation of the (pressure,
density, temperature) relation of argon: I The homogeneous gas and liquid regions in
the thermodynamic range from 90 K to 340 K at pressures up to 12 MPa //
J.Chem.Thermodyn. — 1994. — Vol. 26. — P. 383-398; II Saturated liquid and saturat-
ed-vapor densities and vapor pressures along the entire coexistence curve, ibid. —
1994. — Vol. 26. — P. 399-413.

Stewart R.B., Jacobsen R.T. Thermodynamic properties of saturated argon // J.Phys.-
Chem.Ref.Data. — 1989. — Vol. 18. — P. 679-683.

Umirzakov I.H. The method to define critical volume of one-component substance
using Boyle temperature and critical pressure // Butlerov Communications. — 2015. —
Vol. 44. - P. 118-121..

Lotfi A., Vrabec J., Fischer J. Vapour liquid equilibria of the Lennard-Jones fluid
from NPT plus test particle method // Mol.Phys. — 1992. — Vol. 76. — P. 1319-1333.

. Hill T.L. Thermodynamics of Small Systems. — Dover Publ. Inc., New York, 1994.
22.

Stanley H.E. Introduction to Phase Transition and Critical Phenomena. — Clarendon
Press, Oxford, 1971.

Balescu, R. Equilibrium and Nonequilibrium Statistical Mechanics. — Eds.
J.Willey&Sons, New York-London-Sydney-Toronto, 1975.

Widom B. Some topics in theory of fluids // J.Chem.Phys. — 1963. — Vol. 39. — P.
2808-2813.

Wyczalkowska A.K., Sengers J.V., Anisimov M.A. Critical fluctuations and the equa-
tion of state of van der Waals // Physica A334. —2004. — P.482.

Wang J., Anisimov M.A. Nature of vapor-liquid asymmetry in fluid criticality //
Phys.Rev. —2007. — Vol. E75. - P. 051107.

White J.A., Zhang S. Renormalization group theory for fluids // J.Chem.Phys. —
1993. — Vol. 99. — P. 2012-2019.

Zhao W., Wu L., Wang L., Li L., Cai J. Critical asymmetry in renormalization group
theory for fluids // J.Chem.Phys. — 2013. — Vol. 138. — P. 234502.

75



dizuka aepoaucnepcHux cucreMm. —2021. — Ne 59, — C.49-78

29.
30.
31.
32.
33.
34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

76

Wang L., Zhao W., Wu L., Li L., Cai J. Improved renormalization group theory for
critical asymmetry of fluids // J.Chem.Phys. — 2013. — Vol. 139. — P. 124103.

Fisher M.E., Zinn S.-Y. The shape of the van der Waals loop and universal critical
amplitude ratios // J.Phys. A Math.Gen. — 1998. — Vol. 31. — P. L629-L.635.
Fedyanin V.K., Rogankov V.B. Scaling equation of the thermodynamical surface of a
fluid. I Close vicinity of the equilibrium state // Phys.Lett. A160— 1991. — Vol.3.
Rowlinson J.S. Liquids and Liquid Mixtures. — London, Batherworths Sci. Publ.,
1959. - 360 p.

Rowlinson J.S., Widom B. Molecular Theory of Capillarity. — London, Oxford Uni-
versity Press, 1982.

Rowlinson J.S. van der Waals revisited // Chem.Brit. — 1980. — Vol. 16. — P. 32-35.
Penrose O., Lebiwitz J.L. Towards a rigorous molecular theory of metastability//
Fluctuation Phenomena (edited by E.Montroll and J.Lebowitz). Chapt. 5, North-
Holland, Amsterdam, 1987.

Skripov V.P. Metastable Liquids. — Wiley, New York, 1974.

Rogankov V.B. Asymmetry of heterophase fluctuations in nucleation theory // Nu-
cleation Theory and Applications (edited by J.W.P.Schmelzer, G.Ropke and
V.B.Priezjev) Chapt. 22, Dubna, JINR, 2011.

Mazur V.A., Rogankov V.B. A novel concept of symmetry in the model of
fluctuational thermodynamics // J.Mol.Liq. — 2003. — Vol. 105/2-3. — P. 165-177.
Rogankov V.B., Byutner O.G., Bedrova T.A., Vasiltsova T.V. Local phase diagram of
binary mixtures in the near-critical region of solvent // J.Mol.Liq. — 2006. — Vol.
127.—P. 53-59.

Rogankov V.B. Equation of state for ionic liquids // High Temperatures. — 2009. —
Vol. 47. — P. 656-663.

Rogankov V.B., Levchenko V.I., Kornienko Y.K. Fluctuational equation of state and
hypothetical phase diagram of superheated water and two imidazolium-based ionic
liquids // J.Mol.Liq. — 2009. — Vol. 148, Nel. — P. 18-23.

Rogankov V.B., Levchenko V.1I. Towards the equation of state for neutral (C,Hy), po-
lar (H,O), and ionic ([bmim][Bfy], [bmim][Pfs], [pmmim][Tf;N]) liquids // Journal
of Thermodynamics. — Volume 2014, Article ID 496835, 15 pages.

Rogankov V.B. Scaling model of low-temperature transport properties for molecular
and ionic liquids // Journal of Termodynamics, Volume 2015, Article ID 208486, 11
pages.

Huang Y.-H., O'Connell J.P. Corresponding states correlation for the volumetric
properties of compressed liquids and liquid mixtures // Fluid Phase Equil. —-1987. —
Vol. 37. — P. 75-84.

White J.A. Volumetric properties of fluids calculated by Renormalization Group the-
ory // Proceedings of the Twelfth Symposium on Thermophysical Properties, Boul-
der, Colorado, USA, 1994.

Semenchenko V.K. Selected chapters of theoretical physics. — Education Publ., M.,
1966.

Woodcock L.V. Observation of a thermodynamic liquid-gas critical coexistence line
and supercritical fluid phase bounds from percolation transition loci // Fluid Phase
Equilibria. — 2013. — Vol. 351. — P. 25-33.



dizuka aepoaucnepcHux cucreMm. —2021. — Ne 59, — C.49-78

48. Woodcock L.V. Gibbs density surface of water and steam: 2" debate on the absence
of van der Waals’ “Critical point” // Natural Science. — 2014. — Vol. 6. — P. 411-432.

49. Griffiths R.B., Wheeler J.C. Critical points in multicomponent systems // Phys.Rev.
A2.-1970.—-P. 1047-1063.

50. W.F. van Gunsteren, H.C.Berendsen Computer simulation of molecular dynamics:
methodology, applications, and perspectives n chemistry //
Angew.Chem.Int.Ed.Engl. — 1990. — Vol. 29. — P. 992-1023.

51. Bernal J.D. The structure of liquids // Proceedings of the Royal Society (London). —
1962. — A280. — P. 299-322.

52. Widom B.J. Phase Transitions and Critical Phenomena. — Eds. C.Domb and
M.S.Green, Phase Transitions and Critical Phenomena, v.2, Academ. Press, Wal-
tham.

53. Simeoni G.G., Bryk T., Gorelli F.A., Krisch M., Ruocco G., Santoro M., Scopigno T.
The Widom line as the crossover between liquid-like and gas-like behavior.

54. Brazhkin V.V, Fomin Y.D., Lyapin A.G., Ryzhov V.N., Tsiok E.N. Widom line for the
liquid-gas transition in Lennard-Jones system // J. Phys. Chem. — 2011. — B115. — P.
14112-14115.

55. Brazhkin V.V., Fomin Y.D., Lyapin A.G., Ryzhov V.N., Trachenko K. Two liquid
states of matter: a dynamic line on a phase diagram // Physical Review E85. — 2012.
—P.031203.

56. Nishikawa K, Morita T. Fluid behavior at supercritical states studied by small-angle
X-ray scattering // J. of Supercritical Fluids. — 1998. — Vol. 13. — P. 143-148.

57. Arai A.A., Morita T., Nishikawa K. Investigation of structural fluctuation of super-
critical benzene by small-angle X-ray scattering // J. Chem. Phys. — 2003. — Vol. 119.

—P. 1502-1509.

58. Nishikawa K., Kusano K., Arai A.A. Density fluctuation of a van der Waals fluid in
supercritical state // J. Chem. Phys. — 2003. — Vol. 118. P. 1341-1346.

59. Ma T., Wang S. Third-order gas-liquid phase transition and the nature of Andrews

critical point // AIP Advances. —2011. - Vol. 1. — P. 042101.

60. Hoover W.G., Stell G., Goldmark E., Degani G.D. Generalized van der Waals equa-
tion of state // J.Chem.Phys. — 1975. — Vol. 63. — P. 5434-5438.

61. Hagen M.H.J., Frenkel D. Determination of phase diagram for the hard-core attrac-
tive Yukawa system // J.Chem.Phys. — 1994. — Vol. 101. — P. 4093-4097.

62. W.F. van Gunsteren, H.C.Berendsen Computer simulation of molecular dynamics:
methodology, applications, and perspectives n chemistry /l
Angew.Chem.Int.Ed.Engl. — 1990. — Vol. 29. —P. 992-1023.

63. Panagiotopoulos A.Z. Molecular Simulations of Phase Equilibria // Supercritical Flu-
ids. / Eds. E.Kiran, JM.H. Levelt-Sengers, Kluwer Academic Publishers, Nether-
lands, 411-437, 1994.

64. B.Smit, Ph. de Smedt and D.Frenkel Computer simulations in the Gibbs ensemble //
Mol.Phys. — 1989. — Vol. 68. — P. 931-950.

65. Hirschfelder J.O., Curtiss C.F., Bird B.B. Molecular Theory of Gases and Liquids. —
J.Wiley and Sons, N.Y., 1954.

66. Vargaftik N.B. Handbook of physical properties of liquids and gases. — Hemisphere,
Washington, 1983.

77



dizuka aepoaucnepcHux cucreMm. —2021. — Ne 59, — C.49-78

67.

68.

69.

70.

Pitzer K.S. Some Interesting Properties of Vapor-Liquid or Liquid-Liquid Coexist-
ence Curves for lonic and Non-Ionic Fluids / Thermochimica Acta. — 1989. — Vol.
139. - P. 25-32.

Rogankov O.V. Shvets M.V., Kalinchak V.V., Sergeeva A.E., Rogankov V.B.,
Levchenko V.1I. Elongate coexistence curve and its curvilinear diameter as factors of
global fluid asymmetry // Physics of Aerodisperse Systems. —2017. — Ne 54, C. 8-29.
Rogankov V.B., Shvets M.V., Rogankov O.V., Chikunkova T.A. Supercritical hetero-
geneous nanostructure of fluids 1. Diagram of fluctuation transitions in non-gibbsian
phases // Physics of Aerodisperse Systems. —2019. — Ne56. — C. 14-29.

Rogankov V.B., Shvets M.V., Rogankov O.V., Chikunkova T.A. Supercritical hetero-
geneous nanostructure of fluids 2. Its potential impact on creation of coupled
stirlings with intermediate regeneration of heat // Physics of Aerodisperse Systems. —
2019. — Ne56. — C. 30-48.

Pozankoe B.b., IllIgeuv M.B., Pozankoe O.B.

Me3ockonivyHa MeTacTa0iJIbHA PiIMHA B KOHTPYEHTHIN nmapa-pixuHHii giarpami

78

aprony (orusia ®T-moxaei)

AHOTAIIS

Tpaouyiiine 06’€OHanHsA NOHAMb KIACUYHOI MemacmoOinbHOCMI [ HEKIACUYHOI CKeliliH20801
Kpumu4noi o61acmi 8 pamkax €OUHO20 PIBHAHH CMAHY 3 CEPeOHbO-NOIbOB0I0, M. 38. Enopio
- san-0ep-Baanvcigcvkoro, KpUMUYHOW MOYKOK NOGUHHE OYymu niooare 000amKo8OMYy aHAI-
3. Hoeo memoio € ecmanosnenns peanicmuunoi po3suaposanoi cmpykmypu Me30CKOniuHoi
piokoi ¢aszu. Bona, imosipno, icnye 6 wupoxomy inmepeani memnepamyp, ji0KANI308aAHUX
Midc matidce HYnbosoto i Ooulniecvkoro moukamu P,T-Oiacpamu. 3anpononosano anvmepha-
MmueHe NputiHsi-momy 0oOIPYHMYGAHHS HASBHOCMI De3nepepeHuUx KpPOCO8ePHUX 2paHuyb diae-
pamu. Bouu posoinsroms okpemi cmpykmypui niooonracmi. Pation cemepozennoi pioxoi ¢asu,
SAKULL NOKPUBAE 2100AIbHO 8eCb MAKULL IHMepP8ail, 00PeyHoO HA38amu He-2i00Ci8CcbKo (Pazoio.
Lle nosacuioemoca it Ouckpemuolo cemepo2eHHO-IHMeppaA3HoI0 CMPYKMYpPOI0 | He 8uMazae
NOCUNAHb HA A8UWE CNIHOOANIbHO20 po3nady. Bionogiona obaacms memacmabinbhoz2o po3-
wapyeauHs ymeopeHa mpvoma niooonacmamu. 1) Haokpumuunor; 2) niokpumuyHrow i 3)
cybnimayiinoi KoHoeHcoeanoi ¢hasu ona popmanvro nHecmucaugoi piounu. OcmanHs GU3HA-
ueHa 0OHOUACHOI0 (iKcayicio 080X eKCMEeHCUBHUX Macumabie 06’emy i uucia yacmurok. Ii
PO3Mauly8arHs Ha KOHCSPYEeHMHIU napa-piouHHin diacpami oomediceHe 866e0eH0I0 HOBOI 2pa-
Huyero aykmyayitnoi memacmaditbhocmi, a maxkooic 8ioomoio 3eno-ninicio. Takum wurom,
6ci nioodIaAcmi 8KIOUAIOMb 001ACbL M K020 (I0I0Y 3 NEPesadNCaAHHAM MINCUACMUHKOBO2O
npumsieanus. Pewima xonepyenmmnoi oiacpamu 6ionosioae 2azosiil i meepoii nioodoracmsam
(kpucmaniunoi abo amop@Hoi ¢a3z) 6 meepoomy Grwiodi no kiacughikayii, 3anponoHoBaAHil
ben Amoyem i Xepuwbaxom.

Knrouoei cnosa: mezockoniuna piouna, eemepocenna inmepgasa, eparuyi memacmaoiio-
HOCMI.
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Hopow A. K., binvxko H. M., binvko /1. 1.
Hayionanvuuii Yuisepcumem «Kuego-Mozunancoka Axademiay, eyn. Ckogopoou, 2, m. Kuis,
04070; Vkpaina
E-mail: dorosh_mpm@ubkr.net

IIpy:kHO-B’A3KICTHI BJIACTHBOCTI reJienogi0HOro 2-npoMeHamiaa
AKPUJI0BOI KUCJIOTH.

Memooamu penaxcayitinoi peomempii uznaueni peoniociuti e1acmueocmi 2eaenodiono2o
mamepiany, MOHOMEPOM SIKO20 € 3WUmutl ma Mmooighikoganuti 2-nponeHamio aKkpuiosoi Ku-
cnomu. Buznaueni senuuunu 11020 npyscHo2o MoOyas i MOOYISs 6mpam ma KomnieKcHol
8's3kocmi y 3anedcHocmi 6i0: deghopmyrouoi nHanpyeu i ii wacmomu, 6iOHOCHOI Oeghopmayii;
memnepamypu 6 inmepsani (20-100)°C ma 6iomiveni 3aKOHOMIPHOCMI YUX 3AT€HCHOCHIEII.
Bcmanosneno, wo: 1) 3anexcnocmi mooyaa npyscnocmi (G'); mooyna empam (G") ma
KOMNIIEKCHOI 8'si3kocmi 610 IOHOCHOI Oeopmayii; Hanpyau, memnepamypu, 4acmomu
ceiouamy, WO y JMIHIUHINU WKANT 60HU 3MIHIOIOMbCA 34 HENIHIUHUMU 3ANeHCHOCMAMY, A NPU
nepexodi 00 Jn02apu@miuHol wKaiu Micmsame NAAMONOOIOHI OAHKY, 2) aHANIMUYHI
3aN1eHCHOCMI 8UWjenepepaxosanux napamempis 6i0 Hanpyeu, yacmomu degpopmayii i memne-
pamypu ckaaoHi i ecmaumosumu ix eaxcko, 3) 6 immepsani (20-80)°C ma iOHOCHUX
depopmayiii (10-100)% ciopoecens mae npakmuyHo HesminHe 3HayeHHsa mooyas (G') e decam-
Ku pazié oinvwozo 3a mooyns (G"), wo i eusHauae YHIKAnIbHICMb 1020 PEONO2IYHUX ma
bioghizuunux enacmugocmetl;, 6 inmepgani (85-100)°C cnocmepicacmvcs 30inbUeHHA NO
HeniHiuniuniu 3anexchocmi mooynie (G') ma (G"), wo 06ymMoeieHO 4acmKOBUM BUCUXAHHIM
PeUOBUHU, NOCMYNOBUM NIAGNEHHAM ii | NIOBUWEHHAM 30aMHOCMI 00 XPYNKO20 DYUHYBAHHSL,
npu (85-100)°C 2iopoeenv 0o pecenepayii i NOBMOPHO2O BUKOPUCMAHHA HENPUOAMHUU, 4) 6
ooaacmi (20-80)°C 2iopozens 3a nokazHUKAMU MOOYJIsi NPYIHCHOCMI | MAH2eHca Kyma empam
OIU3LKULL 00 AOCONIOMHO NPYAHCHO20 MIAA;, 5) npu 00CsieHeHi yacmomu 0e@opmyrouoi Hanpy-
eu oinvwe 15.8 'y i 6ionocHoi oegpopmayii >100% eenv xpynko oeghopmyemuvcs,; npu ybomy
MOOYIIb 11020 NPYACHOCII CMPUOKONOOIOHO Ccnadae a Mooyt empam CMpPIMKO 3DOCMAE 3
pocmom uacmomu oeopmyrouoi Hanpyau. 6) 3a1eHCHOCmI NPYIHCHO-8 A3KICMHUX XapaKmepu-
CMUK 83Ipyie 8iOMUMOo20 i HeiOMUMOo20 8 Qi3ion02iuHOM PO3UUHI 2elisl 8 THMepP8ali memne-
pamyp (20-80)°C mano 6iopisHAombcs Mide codow i ceiouamv npo me, wjo piGHOBANCHA
cmpykmypa 2iopocensi 2-nponenamioa akpuiogoi KUciomu 8iOHOCUMbCA 00 MUNO0B0I
KOJLLOIOHO-OUCNEPCHOI CMPYKMYpU Opa2iucmux peyosuH.

IlocTanoBka mpoOJjiemu. BuBUEHHS PEOJIOTIYHUX MPYKHO-B’SI3KICTHUX Blla-
CTUBOCTEHN XIMIYHO Ta TEMIIEPATYPHO BUCOKOCTIMKUX MaTepiaiiB, Kl 3HAXOASATh IIH-
POKE 3aCTOCYBaHHS y MPaKTUYHIA MEIUIIMHI Ta JIaOOpaTOPHIN MPAKTHUIl 1 MArOTh,
BHACIIJIOK HEJOCTATHhOI BHUBYEHOCTI iX MPY>KHO-B’S3KO-EJIACTUYHUX BJIACTHUBOCTEH
NpPSIMUMU METOJIaMU PeJIaKCallliHOl pPEeoMEeTpii, BEJIMKE HAYKOBE 1 MPAKTUYHE 3HAa-
YEHHS.

OcHoBHAa MeTa i 3amada [JOCTi:KeHHs. MeTo0 Ta 3amadaMy  JaHOTO
JoCIiKeHHS Oyo: 1) mpsMUMHU METOJJaMU peJlaKcalliifiHOi peoMeTpii OTpUMAaTH 3Ha-
YEHHS MPYKHO-B’SI3KICTHUX XapaKTEPUCTUK MOJIMEPHOTO TeJeNnoI0HOr0 MaTepiary
(KU 3HAXOJUTh HIMPOKE MPAKTUYHE 3aCTOCYBAHHSI) Y 3aJI€KHOCTI BI1J] BEJIMYUHHU
MPUKIAAEHOI 10 HbOTro J1e(OopMyrodoi 3CyBHOI Hampyr, BEIMYMHH Aedopmarii, B

DOI: 10.18524/0367-1631.2021.59.227124
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obmnacti kompoptaHX (20-36)°C Ta excrpemanbuux (40-100)°C 1 Buile Temmneparyp,
Horo (yHKIIIOHYBaHHS SIK BUCOKOE()DEKTUBHOTO CUTA IS MIATPUMKH JIOBIOTPUBAIIOL
KyJIbTYpPH T€MOMOETUYHUX CTOBOYPOBUX KIIITHH in Vitro.

3pa3km i JQ0CHiIKeHHs1 Y SKOCTI B3IpLIB JJig JOCIHIJKEHHsST Oyiu BHOpaHi
CBIXKO CHHTE30BaHI Ta PETEJIbHO BIAMUTI y (Pi1310JIOTIYHOMY PO3UYMHI TeJaenoaioH1
npenapaTty nojiiMepy 2-nmporeHamiay akpujioBOi KUCJIOTH, sIKI 3aCTOCOBYIOThCS Y Te-
XHOJIOT1SX KJIITHHHOI O10T€XHOJIOT1l K 010JIOTIYHO 1HEpTHUM MaTtepiai, 1o 3ade3mne-
Yy€e JIOBrOTPUBAITY KYJIbTYPY F'€MOMOCTUYHUX CTOBOYPOBUX KJIITHH In VItro Ta Xapak-
TEPUBYETHCS XOPOILIOK ONTUYHOK MPO30PICTIO, O10J0TIYHOI 1HEPTHICTIO, 33]I0BLIIb-
HUM KoedilieHToM audy3ii MIKpo Ta MakpoMmoJjeky. ['iiporens qo0pe nepeHoCUuTh-
Cs TBapUHAMHM TIPHU IMIUIAHTAIlli Ta 3aBASKH XapaKTEPUCTHKaM CBO€i 00’ €MHO-
IIPOCTOPOBO PO3TaTYKEHOT MOPUCTOI MOBEPXHI, MIATpUMYE nodidepartito Ta qudepe-
HIIFOBaHHS F€MOMOETUYHUX CTOBOYPOBHX KIIITUH €XVIVO.

MeTtoauka nociigkedb. BuMipioBaHHS OCHOBHUX TMPYKHO B’SI3KICTHUX Xapak-
TEPUCTUK TENIIB OyJIO MPOBEICHO 3a JOMOMOIOK0 BUCOKOMPEIE31iHOT AOCIIITHUIIBKOT
YCTaHOBKHM Ha 0a3i penakcatiitHoro peomerpa MCR102 dipmu AntonPaar, 1100’ s13H0
Hasanoi Ham JIoHAY nab Ykpaina, y M. KueBi. 3a 1110 aBTOpY BUHOCSITH IIHUPY MO~
Ky 1i KEpIBHUIITBY Ta HAYKOBO-TEXHIYHOMY IE€PCOHAIY 3a JIOMOMOTY Y OTPUMAaHHI Ta
ohOopMIICHH] pe3yJIbTaTIB JOCHIKeHb. OCHOBHI XapaKTEPUCTUKHU Ta 3arajbHUN BU-
[JISI] peoMeTpa MpeJcTaBiieHi Ha puc. 1. ta Tabmaui 1.

Pe3yabTaTu gocaimxenHs i ix anajis. B pe3ynbrari npoBeAeHUX JOCIIIKEHb
riAporesns 3MIMTOTO Ta MOAM(PIKOBAHOTO 2-TpoTeHaMifa aKpUiIOBOI KUCJIOTH, HAMU
YCTaHOBJICH1 MOT0 HaWMO1IbII BaXKJIMB1 PEOJIOTTUHI, MPY>KHO-B’SA3KICTHI BIACTUBOCTI 1

Anton Paar

MCR Peowmetp

" MOAYNbHbLIN
= KOMMNAKTHbIN
= HaAEXHbIN

= §e3onacHbIN
® TOYHbI

= COBPEMEHHbIN
= plug & play
= LLINPOKWUNA
BbIOOP
aKkceccyapos
= ceTeBOU

www.anton-paar.com

Puc. 1. MCR Peometp
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Ta6auus 1. OCHOBHI XapaKTEPUCTUKUA PEOMETPIB

MCR cepus: OCHOBHbIe

&\\? Anton Paar

XapaKkTepucTUKu 8 cemmany
Xapakrepucrtuka En. MCR72 MCR92 MCR102 MCR302 MCRS502
MoawmnHmK MeXaHW4YeCKU |BO3AYLUHbIA BO34YLUHbIN BO30YLUHbINA BO304YLUHbIA
MuH ycunve uHwv 200 1 0,005/0,0075 0,001/ 0,0005
Makc ycunve MHM 125 125 200 230
PaspelleHune ycunus pHM 0.1 <01 0.002 0.001 0.001
Yron nosopoTta HpaA 110 oo 110 o0 0.05to
Yrnosoe paspelueHve |npaa 614 10 <10
MwuH ckopoctb (CSS)  |1/mwvw 1.0E-03 1.0E-07 1.0E-08
MwuH ckopoctb (CSR) 1/MuH 1.0E-03 1.0E-07 1.0E-08
Makc ckopocTb 1/mMuH 1500 3000
MUH yacToTa pag/c  |1.0E-03 1.0E-04 1.0E-08 1.0E-09
Makc yacToTa paa/c 628 628
Ocesoe ycunue H KOHTPOMb 0.01-50 0.005-50
PaspeweHne ycunua  |MH - 1 0.5
Toolmaster™ ecTb ecTb ecTb ecTb
TruGap™ Het onumsi onuus ecTb
T gnanasoH °C "-40 ... +400 -150 ... +600 |-150 ... +1000 |-150 ... +1800
Akceccyapsbl CC, CP, PP, nonactu, mewarnku |Bce BCE BCE

8 www.anton—paar.com

iX 3aJIeXKHICTh BiJ: TEMIIEpaTypy; BEJIMUMHU Jedopmarili; BEJIMYMHUA 1 YaCTOTH
nedhopMyroUuoi Hampyr B 1HTEpBaJl MOKIUBUX Temmnepatyp (20- 100)°C ioro Bu-
KOPUCTaHHS, a caMe: PIBHOBAKHOTO MPYXKHOTO MOAYJS 3CyBY Ta moayis BTpatr G5
TaHTeHca KyTta BTpat tgdo=G"/G'; He BiAMUTUX Y (1310J0TTYHOMY PO3YMHI Ta PETEIb-
HO BIAMUTHX YIIPOJOBXK 36 TOAWH B3IpIIiB JAHOTO MaTepiaiy.

[Ipu uboMy y SIKOCTI BUMIPIOBAJIBHOTO HIMIHJEIS B JAOCIIIHUIIBKOMY PEOMETP1
BUKOPHCTOBYBAJach Mapa IUIACTUH JiaMeTpOM 25 MM; 4acToTa KOJMBaHb PyXOMOi
rmiacTuHU ckiaaana 1.75 Hz, ane moria 3MiHIOBATUCH TP MOTPeO1 aBTOMATUYHO, B
inTepBai Bix 1.75 mo 100 Hz BKiIIOYHO Yy MpOIIEC JOCIIKEHHSI 00paHOl XapaKkTepH-
CTUKU PEYOBHHH. 3a pe3yJibTaTaMd BUMIPIOBaHb HaMH OyiM 1MoOyaoBaHi rpadivxi
3aJIEKHOCTI OCHOBHUX PEOJIOTIYHUX XapaKTEPUCTUK JOCIHIKYBaHOI pPEYOBUHH,
YMOBHO Ha3BaHOI « «XpsIIOBa TKAaHUHA», sIKI TIpe/icTaBieHl Ha puc. 2 (1-8) y nops-
Ky 1X CJIiTyBaHHS.

3 aHai3y MAacHUBY iX YMCJIOBUX BEJIUYMH Ta rpadiuyHUX 3aJI€KHOCTEH MpeacTaB-
JeHux y JorapudpmidyHoMy Maciutabdi Ha puc. 2 (1-8) BuIIMBae, 10: pe4yoBUHA JOC-
JJKYBAHOI TreienoAioHoi cyOcTaHIli XapaKTepU3yeThCsl MPAKTUYHO HE3MIHHUM
(cmabomMaliroyuM) piBHOBAKHUM MOJIyJIEM MpPYKHOCTI G' B iHTEepBaJll BIIHOCHUX Jie-
dhopmartii Big 10 o 100% B aecaTku pasiB OLIBIINM 3a MOAYJb BTpaT G KU Bij-
MOB1/Ia€ 3a B’SI3KICHI BJIACTUBOCTI Martepiaiy (Horo Tekydicts). [Ipu mpomy moayib
BTpart (TekyduicTh ressi) G" nyxe cinabo 30UIbLIYETHCS 3 POCTOM TEMIEpaTypu ax J10
temriepatypu 85°C, 110 1 BU3HAYAE YHIKAIBHICTh T4 HEOPJUHAPHICTh PEOJIOTIYHUX Ta
010(13MYHUX BIACTUBOCTEH TAaHOTO MaTepiaiy.
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Puc.2 (1-3). 3anexHicTh BETUYMHH MOAYJs IpyxkHOCTI (G') Ta Moaynst BTpat (G") (B mac-
KaJIAX) BiJl BIIHOCHOI BeIMUMHHU 3CyBHOT Aedopmartii (%) mpu pizHUX TeMIiepaTrypax (BKa-
3aH1 HA PUCYHKaX O1JIs Ha3BH B31pIis) HEBIAMUTHUX (XPAIIOBA TKAHMHA) Ta BIAMUTUX Y (Pi3i-
OJIOTIYHOMY PO3UHMHI (XpAIIOBa TKAHWHA YHMCTA) B3ipIIiB 2-TpoNieHaMia aKpUIOBOI KUCIIOTH
MIPH aMILTITY/I1 KOJIMBaHb PiBHIM 1.
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Puc.2 (4-6). 3anexHicTh BEIMUYUHH MOAYJSA Tpy)HOCTI (G') Ta Moayns BTpaT (G")
(B mackaJsix) BiJ BITHOCHOT BEIMYMHU 3CyBHO1 Aedopmartii y(%) nmpu pi3HUX TemIiepa-
Typax (BKa3zaHi Ha PUCYHKax OLIsS HA3BU B3IPIlI) HEBIIMHTHX (XpsIOBa TKaHWHA) Ta
BIIMHTHX Y (Di310JIOTIYHOMY pO3UYMHI (XpsAIIOBa TKAaHWHA 4YHCTa) B3IPIIB 2-
MpOIeHaMiJ]a aKpUJIOBOI KUCIIOTH TPHU aMIUTITY/l KOJIMBaHb PiBHIN 1.
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Puc.2 (7-8). 3anexHicth BeIMUYUHH MOAYJSA Tpy)HOCTI (G') Ta Moayns BTpat (G")
(B mackasix) Bif BITHOCHOI BEIMYMHU 3CyBHOI Aedopmartii y(%) mpu pi3HUX TemIepa-
Typax (BKa3aHi Ha pUCYHKax OUIS Ha3BH B3IPIl) HEBIAMUTHX (XpsIIOBAa TKaHWHA) Ta
BIIMUTHX Y (Di310JIOTIYHOMY PpO3UMHI (XpsIIoBa TKAaHMHA 4YWCTa) B3IPIIB 2-
MpoIeHaMiJ]a aKpUIIOBOI KUCIOTH TPHU aMIUTITY/l KOJIMBaHb PiBHIN 1.

Opnaxk B inTepBaii temneparyp (85-100)°C cmnocrepiraerbest pizke 301UIbIIECHHS
(o He- MiHIMHIN 3anexHOCTI) MoaymiB G' Ta G", 110, O4EBUIHO, OOYMOBIICHE CIIO-
CTEPEeKYBAaHUM EKCIEPUMEHTAIBHO BHCHXAHHSM Ta SIBUIEM TUIABJICHHS 1 IMTOBHOTO
XPYIKOro pyHHYBaHHs MaTepiany OyBIIOi IeJIenoA10HO1 peYOBUHU MPU TEMIEPATypi
B okoui (10) 100°C.

OTtxe, nOCHKyBaHUM HAMU TeJIENOIIOHUIM MaTepiall, HarpiTUd A0 TeMIIepaTyp
>(85-100)°C 10 mOBTOPHOTO BUKOPUCTAHHS (perenepallii) IpakTHYHO HE MPUAATHHIM.
B o6nacTti Temniepatyp (20-80)°C rigporesns, KyT BTpaT o Ta TAHTEHC 0L Y HbOMY MaJTi
(o = 2°-3° KyTOBHX), a IIe O3HAYaE, 1110 PEYOBUHA IILOTO MaTepiany 3a MEXaHIYHUMHU
BJIACTUBOCTSIMU ~ ONM3bKa 710  BJIACTUBOCTEH  «a0COJIIOTHO  IPY>KHOTO»
TBepAonoAiOHoro Tina. Aje, sk BUAHO 3 puc. 2(1-8), me mpeacraBiaeHa 3aleKHICTh
MoayiB 3cyBy G' Ta BTpar G" Ta KOMIUIEKCHOI B’SI3KOCTI (N’; M) BiA: 4acTOTH
nedhopMyroUuoi 3CyBHOI HANpYyTrH; BEJIMYMHU BIJHOCHOI aedopmarlili npu temmepary-
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pax (25, 36.6, 42.6, 50)°C npu gocsarHeH1 4acToTH AehOpPMYyHOUO0i HAmpyru OLIbIe
100 panian/c (15.8 Hz) 1 aedopmairii > 100%, nocnimkyBanuii Matepiai (IpaKTUYHO
MUTTEBO) XPYNKO JePOopMyeThesl (KPUXKO PO3CUMAETHCA), TOOTO MPOSIBIsie cede y
CTPYKTYpPHOMY IIJIaHi SIK IpariimcTa peuoBHHA.

[Ipu upomy monynb npyxHocti G', ik BUAHO 3 puc. 2(1-8), crpubrono1ioHo 1
PI13KO 3MEHIIY€ETHCS, @ MOAYJIb BTPAT CTPIMKO 3pOCTa€e. AHAIOTIYHE SIBUIIE CTPIMKOTO
XPYIKOTO pyHHYBaHHS 111€1 rejeno/1i0H0T peUOBUHUA MU CTIIOCTEPITalIU MPHU JOCITHEHI
IPaJIiEHTY MIBUIKOCTI 3CYBY MOTO IIAapiB B pOTALITHOMY BICKO3UMETP1 MPH IPai€HTI
mBuakocT gedopmaitii < (200-400) 3a kKiMHATHOT TeMIIEpaTypH.
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Puc.3(1-2). 3anexuicte: 1. Moayns npyxsocti (G') Ta Mogyns Brpat (G'") 2. KomruiekcHoi
B’s3K0CTI (*) Ta hakTopa BTPAT BiJ 4acTOTH (B paj/cek) 2-mporeHamiga akpruiIoBOi KHCIIO-
TH (XpSIIOBO1 (UMCTOT) TKAHUHHM) TIpH Temriepatypi 36.6°C.
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Ha ocHOBI1 BUKIIa[IeHOTO, MOKHA 3pOOUTH HACTYIHI y3arajibHIOKYi BUCHOBKH,
a came:

— OTPMMAHI YHCJIOBI MACHMBH 3HAYEHb i rPa@ivyHi 3a1eKHOCTI MOYJIS MIPYK-
HOCTIi; MOJyJsl BTpaT Ta KOMILUIEKCHOI B’SI3KOCTI BiJl BEIMYMHU BIJHOCHOI Aedopma-
1ii; aepopMyrodoi HaMpyry; TeMIepaTypu; 4acToTu Aedopmallii, CBiA4aTh Mpo Te,
10 Y JIHIMHIM ITKaJIl BOHM 3MIHIOIOTHCS 32 CKJIaQJHUMH HEIHIMHUMU 3aJIeKHOCTSIMH,
AK1 TPU TEPEXOJI1 A0 JOrapu(MIYHOI MKW MICTATh NPOTSKHI MJIATOMOAIOH] TIIISH-
KW,

— BCTAHOBJICHI aHAJITHYHI MaTEMaTU4YHI 3aJIeKHOCTI BUILE TMEPEepaxOBaHUX
MPY>KHO-B’SI3KICHUX TTapaMETPiB € CKIATHOI MAaTeMAaTHYHOIO MPOOJIEMOI0, HAMH HE
MIPOBOJIUJIOCH 1 HE OyJIO 3aja4yero JaHOro JOCHIKEHHS. SIk HaM BiloMO, AaHi Mpo
TaKi JOCIIPKEHHS y CBITOBIM JIiTepaTypi BIACYTHI 1 MOXKYTh CTaTH OKPEMUM TpeIMe-
TOM HayKOBO-TIOIITYKOBHUX POOIT;

— B JIOCTaTHBO MIMPOKIK 00J1acTl 1ePOPMYyIOUUX HAIPYT, aMILTITY/ 1 4acTOT Jie-
dhopmariii, JocipKyBaHa refiernoioHa peuoBrHa OJM3bKa 32 CBOIMHU BIACTHBOCTSIMHU
710 Maibke 1/1ealIbHO TIPYXKHOTO Tija, sIKi OJMCKaBUYHO BTPAYArOTHCA MPU JOCITHEHI
temnepatypu > (85-90)°C; wacrot nedopmariii 6isine 100 pagian/c; BeIMUYUHM Bij-
HocHOI nedopmartii >100% (abo BenuuruHU 3CYBY 1MM); Tpajii€eHTy MIBUAKOCTI 3CYBY
outbmie 200c ! (mpu IbOMY HACTyIIa€ MUTTEBE KPUXKE MEXaHIYHE PyWHYBAaHHS reje-
MoII0HOTO MaTepiany);

— 3@ CBOIMH PEOJIOTIYHUMH TPYKHO-B’SI3KICHUMHU YHCIOBUMH IMOKA3HUKAMH KY-
Ta BTpAT o Ta tgo CBIXKOCUHTE30BaH1 (HE BIAMUTI) Teli 2-MpoNeHaMiay aKpuiIoBO1 KH-
CJIOTH, Ta PETEJIBHO BIAMUTI Y (1310JIOTIYHOMY PO3UYHMHI JAenio (JIMIIE YHUCETbHO) BifI-
PI3HSIOTHCA MK CO0O10;

— BCTAHOBJICHI €KCHEPUMEHTAJIbHI 3aJI€KHOCTI MPYKHO-B’SI3KICTHUX XapaKTe-
PUCTUK renenoiOHOT PEYOBUHM Bl BEIMYMHH J€POPMYIOUYOI HAIpyrd, 4acToT Ta
BEJIMYMHU BIIHOCHOI AedopMarii 1 TeMrepaTypu CBIIUaTh MPO Te, IO IIPOCTOPOBA
ycepe/lHeHa piIBHOBaKHA CTPYKTYpa 11 BITHOCUTHCS /10 THIOBUX CTPYKTYP Apar/iu-
CTHX PEYOBHH.
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Dorosh A.K., Bilko N.M., Bilko D.I.
Elastic-viscous properties of acrylic acid 2-propenamide gel

SUMMARY

The rheological properties of the gel-like material, the monomer of which is a
crosslinked and modified 2-propenamide of acrylic acid, were determined by relaxation
rheometry methods. The values of its elastic modulus and modulus of losses and complex vis-
cosity depending on: deforming stress and its frequency are determined; relative defor-
mation; temperature in the range (20-100) ° C and the regularities of these dependences are
noted. It is established that: 1) the dependence of the modulus of elasticity (G'); modulus of
loss (G") and complex viscosity from: relative deformation; voltage; temperature; frequencies
indicate that in the linear scale they change according to nonlinear dependencies, and in the
transition to the logarithmic scale contain plateau-like areas; 2) analytical dependences of
the above parameters on stress, strain rate and temperature are complex and difficult to es-
tablish; 3) in the range (20-80) ° C and relative deformations (10-100)% hydrogel has a vir-
tually unchanged value of the modulus (G ') ten times greater than the modulus (G''),
whichdetermines the uniqueness of its rheological and biophysical properties ; 4) in the re-
gion (20-80) ° C hydrogel in terms of modulus of elasticity and tangent of the angle of loss is
close to a completely elastic body,; 5) when the frequency of the deforming voltage is more
than 15.8 Hz and the relative deformation >100%, the gel is brittlely deformed,; while the
modulus of its elasticity decreases abruptly and the modulus of losses increases rapidly with
increasing frequency of the deforming stress. 6) the dependence of the elastic-viscosity char-
acteristics of the samples washed and unwashed in saline gel in the temperature range (20-
80) ° C differ little and indicate that the equilibrium structure of the hydrogel 2-propenamide
acrylic acid belongs to the typical colloidal dispersed structure of gelatinous substances.
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ExcnepyuMeHTA/IbHE TOCTII)KEHHA TUCKY HACUYEHOI IAPH MPOINAHYy B CyMillIax 3
KOMIIPECOPHUMM MAaCTHJIAMHU B NIPUCYTHOCTI 1oMioK dyaepeny Ce

B pobomi npeocmasneni pezynomamu 00CIiOHMCeHHs MUCKY HACUYEHOT napu po3yuHie npo-
namy 6 080X MUNax NPomMuciosux komnpecoprux macmui ProEco®RF22S ma RENISO SP46,
a maxoxc 6 macmuni ProEco®RF22S 3i emicmom 6,837-107 xewe’ dynepeny Ci.
Bumiproeanua mucky Hacuuenoi napu Oynu 6UKOHAHI CMAMUYHUM MemoOOM 6 Oiana3oHi
memnepamyp (273... 333) Kma macosux wacmoxnponany (0,11...0,595) kexe".

Ananiz nokasas, wo po3uupeHa HeUIHAYeHICMb BUMIPIOBAHHS MUCK)Y HACUYEHOI napu He
nepesuwyye 0,0419-10° ITa ons posuuny nponan/ProEco®RF22S; 0,0716:10° ITa o5 posuuny
nponan/RENISO SP46 ma 0,0095-10° I1a onsn po3uuny nponar/ProEco®RF22S, 3i emicmom
Csp. IIpoananizosano memnepamyphi i KOHYEHMPAYIUHI 3A71eHCHOCE MUCKY HACUYEHOT napu
0151 06'exkma docnidcenns.llepesuens mucky HacuyeHoi napu 01 po3uuHy nponamy y ma-
cmuni ProEco®RF22S nao muckom poszuuny nponawny y macmuni RENISO SP46 oocseae
1,5-10° Ia npu memnepamypi 330 K ma wacmyi nponany 0,1 keke! ma SHUIICYEMBCA 31 3Me-
HUEHHAM meMnepamypu ma 30iibueHuam yacmku nponany. Iloxazano, wo dobaska ¢hyne-
pera Cgy 30inv1ye muck Hacuueroi napu po3uuny nponan/ProEco®RF22S na 0,4-1 0’ Ia npu
HU3bKIU memnepamypi i HU3bKIl MACO8il 4acmyi Nponawny 8 po34uHi.

Ompumani pe3yromamu niomeepoicyroms 0OYiIbHICIb 6NPOBAOINCEHHS 8 NPOMUCTIOBICTND
po3uuny xomnpecoproz2o macmuia ProEco®RF22S 3i emicmom ¢ynepeny Cep 6 nponani 6
AKocmi pob0o4020 mina napoKoMnpecitiHoi xonoounvroi cucmemu. 30amuicmo npucaoku Cep 6
macmuni 30in6uLy8amu MUCK HACUYEHOI napu po32iAHymo2o pooo4o20 miia cnpusmume nio-
BUUEHHIO eHepeemUYHOT egheKMUBHOCMI XON0OUILHUX CUCTEM.

Knrouoei cnoea: nponan; npomucnose xkomnpecopne macmuno, ¢yrepen Cep, pO3uUM;
MUCK HACUYEHOI napu

Beryn. B octanH1 TpUALSTH POKIB B rajigy3i XOJOJUIBHOTO MAlIMHOOYTyBaHHS
CIIOCTEPIraeThCs CHPABKHS TEXHOJIOTTYHA PEBOJIIOLIA. 3aMICTh XJI0PPTOPBYTICIIEBUX
Ta T1IPOXJIOP(TOPBYIVIEIEBUX XOJIOJOAT€HTIB BCE IIMPIIE 3aCTOCOBYIOTHCAPEUOBU-
HU, €KOJIOTI4HI BJIACTUBOCTI SKHX 33J0BOJIBHSIOTH BUMOraM MOHpeallbChbKOro mpo-
TOKOJTy (PErysroe BUKOPUCTAaHHS 030HOPYHHIBHUX PEUOBHMH) AomnoBHeHoro Kiramiiic-
KO NOMpPaBKOIO (PEryJitoe BUKOPUCTAHHS PEYOBHH 3 BUCOKUM IOTEHLIAJIOM Ii100a-
JBHOTO MOTEIUTiHHA). Jl0 Yucia MepceKTUBHUX XOJIOJ0AreHTIB HacamIiepesa BIAHO-
csATh ByraeBoAHl. Taki pedyoBuHU sk mpomad (xonomoareHT R290) 1 1300yTan (xoJ0-
noareHT R600a) MaroTh CIpUATIMBI TEPMOJIUHAMIYHI 1 €KOJIOTTYHI XapaKTEPUCTHUKH,
HU3bKY BapTICTh, CYMICHICTh 3 KOHCTPYKLIMHMMU Marteplajamu, siki BUKOPHCTOBY-
IOThCSl Y XOJIOJIUJILHOMY MAIlIMHOOYTyBaHHI.

PeanbHuM poOOYMM TIJIOM MAPOKOMITPECIHHOIXONOAUIBHOI MAIIMHUA € PO3YUH
XOJIOI0AT€HTY B KOMIIPECOPHOMY MACTHIIL, SIKHW LIUPKYJIIO€ MO0 KOHTYPY CUCTEMH |35,
19]. Jomimku macia B poO0OYOMY T1JI1 CIIPUSAIOTh 3MEHIIEHHIO TUCKY HACHUYEHOT TapH
XOJIOJI0AreHTY, 10 MPU3BOJIUTH JI0 3MEHIIEHHS TEOPETUYHOI MAaCOBOI BUTPATH XOJIO-
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J0areHTy, 1, sIK HaCI1JO0K, A0 3MEHIIEHHS TEOPETHUYHOI XOJI00NPOYKTUBHOCTI 1 XO-
JOMUIBLHOTO Koedirienta [5, 6, 19]. 3 ypaxyBaHHSIM BHUKJIAJCHOTO OYEBHJIHA HEOO-
X1HICTH SIKICHOT 1H(OpMAIIil PO BIUIUB JOMIIIOK PI3HUX KOMIIPECOPHUX MACTHUII Ha
THUCK HACUYEHOI MTapy PEYOBUH, NEPCIIEKTUBHUX B SIKOCTI XOJIOJ0AreHTIB.

B ocTtanH1 poku onmy0JIIKOBaHO YMMAai0 POOIT NPHUCBIYEHUX BUBUYEHHIO JOLLIb-
HOCTI 3aCTOCYBaHHsI HAHOTEXHOJIOT1H MPY CTBOPEHHI Ta MOAAIBIIOMY BIPOBAIKECHHI
y NPOMHUCIIOBICTh POOOUYUX TUI MAPOKOMIPECIMHUX XOJOAWIBHUX MAIIUMH 3 METOI0
30UIbIIEHHS 1X eHepreTuyHOoil edekTuBHOCTI[12, 13]. B HasgBHUX poOOTax B OCHOB-
HOMY PO3IJISIAAIOTh MEPCHEKTUBU JOOABOK HAHOYACTUHOK OKCHUJIB METAIIB B KOMII-
pecopHi MacTuia. [CTOTHUM HEJOJIIKOM TaKOTO TEXHOJIOTIYHOIO HANpSIMKY € HelOo-
CTaTHS KOJIOiJTHA CTIMKICTh TAaKMX MPHUCAJIOK B MAacTUjIaX. 3HAYHO OUIBII MEepPCIEeKTH-
BHUM € 3aCTOCYBaHHS B SIKOCT1 J00aBOK JJ0 KOMIpecopHuX mactuidynepeHis [7, 10,
11]. Po3uunu dynepeny Cqp y MacTHIIaX YTBOPIOIOTH CTA01IBHI 10 KjacTepu3alli Ta
OCaJKEHHS cUCTeMH (K1 (PaKTUYHO € MOJEKYJsIpHUMH po3urHamu) [14, 15]. Kpim
TOTO HAasIBHICTh JOMIMIOK (ynepeHaCyy y 3MallyBajJbHUX MAaCTUJIaX CIpPHUS€E 3MEH-
IIEHHIO BTPAT HA TEPTS B CHOJYUYEHUX JIETAIAX KOMIIpECOpa Ta 3MEHILEHHIO iX 3HOCY
[14, 16-18].

He3Baxaroun Ha NpakTUYHE 3aCTOCYBAaHHS MPOIAHY B SIKOCTI XOJOJOAreHTy B
XOJIOAWJIBHOMY 00JIaJJHaHH1, TeIIO(131UYHI BIACTUBOCTI PO3YMHIB MPOINAHy B MacTH-
JlaX BUBYEHI HEJOCTATHBLO. € JHIlle KiJIbKa MyOJiKalliil MPUCBIYEHUX JOCIHIIKEHHIO
THUCKY HACMYEHOI Mapy PO3YMHIB MPOIAHy Yy PI3HUX TEXHIYHUX MacTuiax [20-24]. ¥V
JAaHUU Yac HEJOCTATHBOBUKOHAHUX JIOCHIIKEHb, 100 3pOOUTH BUCHOBKHU BIUIMBY 3a-
CTOCYBAaHHSI PI3HMX MapOK MacTHJIa Ha TUCK HACMYEHOI Mapu MpOMaHy, XO04ya BILIMB
TUITy MAacTUJIa Ha TTapamMeTpu €(hEeKTUBHOCTI XOJOAUILHOTO O0JIaIHaHHS 3 TIPOMAHOM
B SIKOCT1 XOJIOJOAreHTY MPUTAITYE yBary AOCIIAHUKIB [6, 7, 9]. ITuTaHHS MOIIIBHOCTI
3actocyBaHHA ¢ynepeHy Cgp B SKOCTI JOMIIIOK 10 KOMIIPECOPHOTO MAacTHJIa 1 BILIH-
BY iX MPUCYTHOCTI B MacTUJIaX Ha TUCK HACWYEHOI Mapu PO3YMHIB MAcTHIIA 3 TpoIa-
HOM 3aJTUIIAIOTHCA HE BUBUCHUMH.

3 ypaxyBaHHSM BHKJIQJIEHOTO,METOI0 BUKOHAHOI POOOTH € eKCIIEpUMEHTAIIbHE
JOCIIKEHHSI TEMIIEPATYPHOI 3aJIEKHOCTI TUCKY HACHMUYEHOI Mapy PO3YHMHIB MPONaHy
B PI3HUX 32 XIMIYHUM CKJIaJIOM KOMIIPECOPHUX MAacCTUIaX, a TAKOK BUBYECHHS BILIUBY
nomiok pynepeny Cqo y MAaCTHIII HA TUCK HACUYEHOT AU IIUX PO3UUHIB.

1.1 O0’extn pociaimxenHsi. [Ipy npoBeneHH! €KCIIEPUMEHTAIbHUX JIOCIHI-
JKEHb O0yJ1I0 BUKOPUCTAHO HACTYITHI PEYOBUHMU:

- nponal (C;Hg, xomonoarent R290) CAS Ne 74-98-6, 3 uncrotoro 98 %;

- IPOMHUCIIOBUH 3pa3ok komrpecopHoro macia ProEco®RF22S ¢dipmu BASF
BUpoOHHIITBA Emgard®;

- MPOMUCIIOBHI 3pa3ok kKommpecopHoro macia RENISO SP46 ¢gipmu FUCHS
(fuchspetrolubSE);

- pymnepen Cg (SigmaAldrich, CAS Noe 99685-96-8, uuctora 99,5mac. %)

B tabmumi 1 HaBeaeHo OUIBIT JeTaabHO OCHOBHI XapaKTEPUCTUYHI TapaMeTpu
JIBOX MAacCTuUJ (3a JTaHUMHU BUPOOHUKIB).
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Tabauua 1. XapakTepucTUyHI MapaMeTpu KOMIIPECOPHUX MACTHII
ProEco®RF22S ta RENISO SP46

OcHOBHI TapameTpu ProEco®RF22S RENISOSP46
Tun mactuia noiedipHe ANKLJIOEH30JIbHE
B's3kictb npu 20°C, Mm°-¢” - 170
B's3kictsb npu 40°C, Mm°-¢” 22,26 46
B'szkicts ipu 100°C, Mm>c! 4,08 5,1
['ycruna npu 15°C, ko™ 949 872
Temneparypa cnanaxy, °C 204 175
Temneparypa 3acturanss, °C -57 -42
Uucno HeTpami3zanii
MrKOH/r P o 0,01 0,03
Yucao oMujieHHs, mMrKOH 1! 2,7 1,1
BMicT BOIH, MI KT 40 <30
MonsipHa Maca*, KI-KMOJIb | 453 777
[ToBHa po3unHHICTh pU | [loBHA pO3YMHHICTD MTPU
TeMIiepaTypax TeMIiepaTypax
Po3unnHICTh Y Tponani™* (-56...58)°C Ta konieHT- | (-58...62)°C Ta KOHIIEHT-
pariif MaCTI/IJ'I_Ell mo 0,71 pariif MaCTI/IJ'I_Ell mo 0,78
KT KT KT KT

* Bu3HaueHo aBTopamu[4] 3a JOMOMOTOI0 €0yIIIOCKONIYHOTO METOa ¢ PO3IIUPEHOIO
HeBHU3HAa4YeHICTIO 2%,
** Bu3HaueHo aBTopamu [4].

[ToniepenHbo MpoBeACH1 AOCIIKEHHS moka3zanu, mo ¢ynepeH Cqy Mae Kpaiy
PO3YMHHICTh B KoMmpecopHoMy macTuiii ProEco®RF22S. KonienTpailis Hacu4eH-
HstopiBHI0€(0,223- 10* kr-kr ¢ynepery Csoninsa mactuiia RENISO SP46 ma6,837- 10"
Kr K Cs001 MacmunaProEco®RF22Stipu temnepatypi 20 °C [7].IIpu npuroryBaHHi
po3uuHiB pynepenyCgB MacTuial ProEco®RF22S3actocoByBasiacsi 0O6poOka 3pa3kiB
yIbTpa3Bykom npoTsaroM 2 roaud y BaHHICodison CD 4800 (wacrora 42 kI, moty-
xHicTh 0,07 kBT) 3 mojanpI1010 BUTPUMKOIO MacTHiIa 3 100u.

JIs OIIHKHU CTIMKICTH A0 KilacTepu3allli Ta ocigaHHs (QyJiepeHy y 3pa3Ky mac-
TUJIa BUKOPUCTOBYBasIacs 3AaTHICTh (yniepeHy Cgy MOTIMHATU CBITIO MEBHOI JTOB-
YKUHU XBUJI1 IPOIOPLIITHO MOro KOHIIEHTpalii B po3unHi. BuMiproBanHs koedimieHTa
MOTVIMHAHHSA CBITJIA 3 JIOBXKUHOIO XBWII 397 HM 3paszkom macia ProEcCo®RF22S 3i
BMicToM 6,837-10 kr-xr™! CeolTpOBOAMIIOCA 3 BUKOPUCTAHHSIM CHEKTpodoToMeTpa
Shimadzu UV-120-02 B miockomapajieilbHUX KIOBETaX 3 JOBXKHUHOI OINTUYHOIO
nuiaxy 1,1 mm. JloBxkuHa xBUili Oyna oOpaHa BIAMOBIIHO J0 peKoMeHaauin [8] mis
po3unHiB PynepeHyCgqB MPOMHUCIOBUX MacTHJIax. Pe3yabTaTu CriocTepeKeHb MpOTsi-
roM 6 MICSIIiB MOKa3ajdu BIJACYTHICTh 3MIHU MOKa3HUKA MOTJIWHAHHSA, 1110 TOBOPUTH
PO BIAMIHHY CTa01IBHICTB J0 KJIacTepu3allii Ta ocampkeHHs GynepeHaCqy B MACTHIII.
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BumiproBaHHsI THCKY HAaCHMUYEHOI MapH 3pa3KiB PO3UMHIB MPOIMAHY 3 MacTHJIaMHU

Oy/M BUKOHAHI ITPU HACTYNTHUX KOHIIEHTPAIISX MIPOIaHY:

- po3uuH nponan/mMactiiio ProEco®RF22S -0.5102; 0.2970; 0.1800 ta 0.1103
Kr“KT | (aJ1i Ha PUCYHKAX Ta B TKCTi M03HAYeHHit sk Po3unH 1);

- po3unH nponan/mactuio RENISOSP46 -0.5188; 0.3957; 0.3004 ta 0.1504
Kr“KT | (aJ1i Ha PUCYHKAX Ta B TeKCTi [O3HAYEHHiT 1k Po3unH 2);

- po3unH nponan/macTiio ProEco®RF22S / ¢ynepen Cq (6.837-10™ kr-kr
Cgo KK ' MacTria) -0.5943; 0.5032; 0.3274 ta 0.1801 xr-kr ' (mami Ha pHCYHKAX Ta
B TEKCTI mo3HaueHui sk Pozuma 1+Cy).

1.2 MeTtoanka mnpoBeJdeHHsI eKCIePUMEHTAJbHOIO aocaimxenHs. Jlocmi-
JOKEHHSI THCKY HACHUYEHOI Mapu 00’ €KTIB JOCTIIKCHHSIBUKOHAHO CTATUYHUM METO-
JIOM Ha yCTaHOBII1, TOKJIQTHUN OIKC SKO1 HaBeJIeHO B poboTax [1, 2].

06’eM BUMipIOBaIbHOI KOMipkH mopiBHioBaB 70.1 cM’. 3 METOIO 3MEHIICHHS
BIUIMBY Macu MapoBoi (a3 MpornaHy Ha BEJIMYMHY HEBU3HAYEHOCTI KOHIICHTpAIlii
KOMITOHEHTIB 3pa3KiB 00’€M piaKoi ¢a3u B BUMIPIOBAJIbLHOI KOMIPKHU TEPEBUIILYBaB
75%. BuMiproBaiibHa KOMipka Oyja 3aHypeHa B TEPMOCTAT, OCHAIIEHUN CHUCTEMOIO
ABTOMATHUYHOTO PEryJiloBaHHs TemnepaTypu. KoauBaHHs TemmnepaTypu B TEPMOCTATI
He nepeBuiryBanu 0,02 K. BuMiproBaHHSI TUCKY 3A1MCHIOBAJIOCS 32 JIONIOMOTOIO Tie-
petBoproBaya TUCKy WIKA A-10, sikuii OyB po3TamioBaHuii B TEpPMOCTATI B T€pMETH-
YHOMY KapMasi Uil Ioro 3axucTy BIJ PLAMHM, IO TepMocTarye. BUXITHUN cUTHANT
MepeTBOpIOBayYa TUCKY - cuja cTpymy (Big 4 10 20 MA) - BUMIpIOBaBCSI MYJIbTIMET-
pom Picotest M3511A 6 Digits 3 HeBU3HAUEHICTIO BUMIPIOBAHHSI BUX1JHOTO CUTHA-
ny y niama3oHi 10 20 MA He Oubm Hixk 0.016 %.

Jnst meperBoproBaua TUCKYWIKA A-10 Oysio BUKOHaHE 1HAMBIAyalbHE Ipaay-
IOBaHHS 3 BUKOPUCTAHHSM JaHUX MPO TUCK HACMYEHMX IMapiB YUCTOTO mponany [3] —
puc. 1.3a pesynbTaTaMu BUKOHAHOTO TPaJylOBaHHSA OyJ0 OTpUMaHE HACTYIIHE PiB-
HSHHSI

P=-6.53297+1.59035-1, (1)
ne P —tuck, 10° Ia; [ — cuna ctpymy, MA.

ITo 3akiHYEHHIO JOCIIIPKEHb TUCKY HACUUYEHUX MapiB 00'€KTIB JOCTIKEHHS Oy-
Ja MpoBEAeHa MOBTOPHA TPaJayIOBaHHs NEPETBOpPIOBAaYa THUCKIB, sKa IOKa3anga He-
3MIHHICTh OTPUMAHOI I'PaIyIOBAIIbHO1 3aJIEKHOCTI.

ATMocdepHuil THCK BUMIPIOBABCS IHCIIEKTOPCHKUM CH(POH-YAIIKOBUM PTYTHUM
OapoMeTpoM 3 HEBU3HAUYEHICTIO BUMiptoBaHHs 7 [1a.

BuwmiproBanHs TeMiiepaTypy piIMHA B TEPMOCTATI 31ACHIOBANIOCS TJIATHHOBUM
tepmomeTpoM ornopy WIKA mapku TR10-A. s nanoro repmometpa Oyiia oTpuma-
Ha 1HAMBITyallbHA TPaJlylOBaJIbHA 3aJIEKHICTh 3 BUKOPUCTAHHSAM IJIATUHOBOTO TEP-
mometpy omopy IITC 10 (ueBusnaueHicth BuMiptoBaHHsi Temrepatypu 0.02 K).
TepmoMeTp migKIIIOYaBCS O MYJIBTIMETPY 3a YbOTUPBOXIPOTOBOIO cxeMoro. HeBu-
3HAUEHICTh BUMIPSHUX 3HA4Y€Hb OMOpy B aiama3oHi g0 200 OM nnst mysibTiMeTpa
Picotest M3511A 6'2 Digits He nepeBunryBana 0.022 %.Bukonanuii anasi3z nokasye,

110 PO3IIMPEHAa HEBU3HAYEHICTh BUMIPIOBAHHS Temneparypu He nepeBuuryBaia (.05
K.
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Puc. 1. I'panyroBasibHa 3aJI€KHICTh IEPETBOPIOBAYA TUCKY 1 BIIXUICHHS BUMI-
PSHOTO TIEPETBOPIOBAYEM 3HAUCHHS THUCKY 1 pO3PaXxOBaHOTO IO PiBHSHHIO (1)
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Puc. 2. TemneparypHa 3aJIe)KHICTETUCKY HACUYEHOT Tapu 00’ €KTIB JOCIII>KECH-
H: @ —po3uuH 1; 6 — po3uunH 2; B — po3uuH 1+Cg
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Ta6auus 2. Koedinientn anpoxkcumaiiiitnoro piBHsiHHS (3)

A B
Koedimientn piBasiaus (3) a b a b
Pozunn 1 9.92763 10.107921|-2294.01 | -19.5033
Po3unn 2 9.897022{0.133699 | -2284.99 | -24.1729
Pozunn 1+Cg, 9.910103{0.160447|-2285.94 | -36.3049

[Ipu npurotyBaHHi 00'€KTIB JOCIKEHHS HEOO0X1/IHA KITbKICTh KOMIIOHEHTIB 3BaXKy-
Bajacs 3a jgornomoror enekTpoHHux Bar GR 300 3 1HCTpyMEHTaJIbHOIO MOXMOKOIO
0.5 mr.BukoHnanuii aHaji3 mokasaB, [0 HEBM3HAUEHICTh BU3HAYEHHS KOHIICHTpAIIIi
MIPOIAHY B PO3YMHI 3 KOMIIPECOPHUM MACTHJIOM He nepeuinyBana 0.3%, a HeBU3Ha-
4yeHOCTI KoHIeHTparlii pynepeny Ceqo He nepeBulryBanu 1.0%.

3. Pe3yibTaTu eKcnepruMeHTAIbHOI0 J0c/iKeHHs1. OTpUMaHi eKCIIepUMEH-
TaJbH1 JaH1 PO TUCK HACHUYEHOT apu 00’ €KTIB JOCIIHKEHHS HaBEJIEHO Ha puC. 2.

ExcnepuMeHTalbH1 JaHl 3 THUCKY HACHYEHMX IapiB OO'€KTIB TOCIIIHKCHHS B
MPUHHATOMY JIJIsl €KCTIEPUMEHTY Jl1alla30H1 TEMIEPATyp 1 KOHIEHTpaIlii OyJu arpok-
cuMoBaH1 piBHSAHHAM (2). Crij 3BepHYTH yBary, 110 IpH MPOBEACHHI €KCIIEPUMEHTY
3 POCTOM TeMIIepaTypH 3pa3KiB B BUMIPIOBaJIbHIA KOMIpIll 301JIblTyBagacs Maca ma-
poBoi ¢azu. ToMmy BUHHKIIA METOJIMYHA MMOXHUOKA, ika 00YMOBJICHA 3MIHOIO KOHIICHT-
pauli nmponaHy B piakiil ¢a3i npu BUCOKMX TemIieparypax. ToMy mpu anpokcumariii
EKCIIEPUMEHTAIILHUX JaHUX OUTbINAa CTATHCTHYHA Bara HajaBajacs JaHUMH, OTpUMa-
HUM TIPH HU3BKUX TEMIIepaTypax iHTEPBaITy €KCIIEPUMEHTATBHAX JOCIIHKCHb.

1n(p):,4+§, @)

ne P — THcK HacHueHoi napiB 06'extiB nociimkenns, 10° ITa; T — Temmepatypa, K; 4
Ta B— ampokcuMarliiiHi Koe]illieHTH, 3HAUCHHS SKUX 3ajie)KaTh BiJ KOHIIEHTpaIlli
KOMITPECOPHOTO Maciia B 00'eKTaxX JOCIIIKEHHS.

KoHueHTpaniiina 3aj1e3kHICTh KOE(ILI€HTIB 4 Ta B aipOKCUMAaLIMHOTO PIBHSIHHS
(2) nnsa o0’exTiB nociimkeHHs: Oyna onucaHa piBHAHHAM (3), Ae KoedillieHTH a 1 b
HaBeJleHI B Ta0u. 2. [HTepBan KOHIEHTpaLlil MponaHy y po3uuHax, JUIsl sIKOTO OTpH-
maue piBrstaas (3) — (0.1...0.8) kroxr !

A(B)=a+bln(TT). (3)

BinxuieHHs OTpUMaHMX €KCHEPUMEHTAJIbHUX JITAaHUX 3 TUCKY HACHYEHOI Mapu
B1Jl pO3paxoBaHUX 3a PiBHAHHIMU (2) 1 (3) neMoHCTpyE puc. 3.

[IpoBenenuii aHami3 MOKa3zaB, IO PO3IIMPEHA HEBU3HAYEHICTh BUMIPIOBAHHS
THCKYy He mepesumyBana 0,0419-10° Tlamis posumHy mpomaHy y MacTHII
ProEco®RF22S; 0,0716-10°TIa m1s1 posunny npomany y MacTuniRENISOSP46S ta
0,0095-10° ITa mms posumHy mnpomaHy y Mactim ProEco®RF22S 3i Bmicrom
6,837 10'4KI‘-KI"1¢)yﬂepeHy Ceo.

4 AHaji3 oTpUMaHMX pe3yJbTaTiB. TeMiiepaTypHa Ta KOHIICHTpalliiiHa 3aje-
KHICTh THCKY HaCHMUYEHOI Mmapu 00’ €KTIB JOCIIJKEHHS, sIka OTPUMaHa 3 BUKOPUCTaH-
HSM piBHAHB (2) Ta (3) HaBeAeHa Ha puc. 4.
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Puc. 3. BigHOCHI BIIXWICHHS €KCIIEpH-

W, KI' KI'

Puc. 4. TemneparypHa Ta KOHIIEHTpa-
MEHTaJbHUX JIaHUX 3 TUCKY HACHYEHOI IiifHa 3aJIe)KHICTh TUCKY HAaCHYEHOI Ma-

napy BlJ pO3paxOBaHUX 3a PIBHSHHAMH pHU 00 €KTIB JOCIIKEHHS (W — 4YacTka
(2) Ta (3) MpOTaHy y pO34KHI)

3 iH(popMallli HaBeIeHOI Ha puUC. 2 1 4 BUIUIMBAE, IO JOMIIIKA KOMIPECOPHOTO
MacTHJIa ICTOTHO BIUIMBAIOTh HAa THUCK HacHuYeHOi mapu npomany. Edekt BmiuBy no-
MILIOK Macja HailOUIbII CHUJIBHO MPOSIBISIETHCS MPU BUCOKHUX TEMIIEpaTypax B Jiamna-
30Hi KOHIEHTpaIill mponady y po3unHax a0 0,5kr-kr. Bubip Mapkm KOMIIPECOpPHO-
ro MacTuja TaKoXX BIUIMBA€ HAa TUCK HACHMUYEHUX MapiB IpONaHy, 110, SIK HACIIJOK,
MO’K€ ICTOTHO BIUIMBATH Ha T'yCTHHY Mapy MpOMaHy (K XOJIOAOAreHTy) B Kaprepi
KOMIIpECOpa, MacoOBY BUTPATy poOOUOro Tija 1 XOJIOJONPOTYKTUBHICTE XOJIOAUIBHOT
KOMIIPECOPHOI CUCTEMU.

Brmuus nomimok ¢ynepeny Cgp Ha 3MiIHY TUCKY HACMYEHOI MMapU PO3YMHY MPO-
naHy B komipecopHomy Mactuiii ProECoO®RF22S nonatkoBo nemMoHCTpye puc. S.

AmHami3 1HpopMalii HaBeleHOI Ha puc. 4 Ta 5 MOXHa 3pOOUTH BUCHOBOK, IO
nomimku ¢GynepeHy Cgo B po3unHax npomnany B macii ProEco®RF22S crpusitoTh
30UTBLIEHHIO TUCKY HacuyeHuX napis. [lo3uTHBHUI epekT 30UTbIIEHHSI TUCKY HACH-
YeHUX MapiB B HAMOUIBIIINA Mipl POSBISETHCS NPHU MapaMmeTpax JaHOTO PO3UYHMHY B

), 10’ Ia

P
PO34UH

1+C60

PO3YUH

P

280 290 300 310 320

T,K
Puc. 5. TemneparypHa 3aJ1€KHICTh A0COTIOTHUX BIAXUJICHb 3HAUYEHb TUCKY HACHU-
4yeHoi mapu 11t 00’ ekTiB qociimxeHHs: Pozuun 1 ta Po3uun 1+Cg ipu pizHOMY
BMICTI MIpOTNIaHy w
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KapTepl KoMIpecopa XOJ0IUILHOT MallIMHU (IIPU BEJIMKiN KOHIIEHTpAIlli KOMITPecop-
HOTO MacJja B pO34YHHI).

BucHoBku. B poO0Ti BUKOHAHO €KCIIEPUMEHTAIbHE TOCIKEHHS TeMIIepaTyp-
HOI Ta KOHLIEHTPALIWHOI 3aJIeKHOCTI TUCKY HACHUYEHOI Mapu PO3YMHIB IMPOMAaHy B
TPHOX  MacTWiIaX JUIsi  MApOKOMIIPECIHHOTO  XOJOAWJIBHOTO  OOJIagHAHHS:
ProEco®RF22S, RENISOSP46 Ta ProEco®RF22S 3i Bmictom 6,837-107 kr-kr
'bynepenyCe.

[TokazaHo, m10 Mpu BUPILICHH] 337a4 I1JIBUILEHHS €HEPreTHYHO1 €()EKTUBHOCTI
MapOKOMITPECIITHOTO XOJIOAUIBLHOTO 00JIaIHAHHS BUOIp KOMIIPECOPHOTO MacTUJIa Ma€e
icTOTHE 3HaueHHA. Di13UKO-XIMIYHI XapaKTEPUCTUKUA KOMIIPECOPHOTO MACTUJIA B 3HA-
YHI} Mipl BIUTMBA€ HAa TUCK HACHYEHOI Mapy PO3UYMHIB IMPOMAH/MACTUIO (peaJbHUuX
po0OOYMX TUT XOJIOAWIBHUX MAIlIMH) Y BCbOMY 1HTepBaji podounx mapamerpis. [lepe-
BUILIEHHS THUCKY HACMYEHOI MMapu JIsl PO3UMHY Tpornany y MacTuiIiProEcCo®RF22S (y
nopiBHsHHI 3 po3unHoM YRENISOSP46) nocsrae 1.5-10° ITanpu temnepatypi 330 K
Ta vactii mpomnany 0.1 Kr'Kr''Ta 3HIDKYEThCS 31 3MEHIICHHSM TeMIepaTypy Ta 30i-
JBIIICHHSM YaCTKHU MPOTIaHy.

Pe3ynbTaT NOCHIIKEHHA AOUIIBHOCTI BUKOPUCTAHHS HAHOTEXHOJIOTIH MpHU
CTBOPEHHI pEaJbHUX POOOUUX TI MAPOKOMIIPECIHHOTOXOJIOAUIBLHOTO 00JIaJHAHHSI
MOKa3yl0Th, 110 BUKOPUCTaHHS ToMIMIOK (ynepeHa Cq B KOMIPECOPHOMY MACTHUIII
ProEco®RF22S crnpusitoTh 30UIbIIEHHIO THUCKY HACHYEHOI Mapu PO3YMHIB MPO-
nan/mMactino (6auseko 0,4-10° Ta mpy Benukift 10Tl MACTHIA Y PO3YHHI Ta y iHTep-
Basi Temreparyp (280...310) K). Takuit eext Oyae cupusiTé MOKpaIieHHIO apame-
TpiB €(DEKTUBHOCTI TAPOKOMITPECIHHOIXOJIOAUIIBHOT MAIITUHU.
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Kenesnwit B.1I1., Kopnueeuu C.I., Xnuesa O.A., Heuenko /1. A.
IKCIEePUMEHTAIbHOE UCC/IeIOBAHME TABJIEHUSI HACHIIIIEHHOT0 NMapa NpomnaHa B
CMeCH ¢ KOMITPECCOPHBIMM MacJiaMH B IpUCyTCTBUM puMecei yiiepena Cg

AHHOTANUSA

B pabome npedcmaenenvi pezyniomamel ucciedo6anus 0asieHus HACblyeHH020 napa pac-
MBOpPO8 NPONAHa 8 08yX Munax NPOMuLULIEHHbIX KomMnpeccopHulx macen ProEco®RF22S u
RENISO SP46, a maxoce 6 macie ProEco®RF22S codepacawem 6.837-1 0'4K2-K2'IcﬁyﬂjzepeHa
Cep. Hsmepenusoasnenus HacvlyyeHHO20 napa ObliU 6bINOJHEHbl CIAMUYECKUM MemoooM 8
Ouanasone memnepamyp (273... 333) Ku maccoswix doneii nponana (0.11...0.595)kexe".

AHanuz nokasan, ymo pacuupeHHas HeonpeoeleHHOCMb U3MepeHUs 0AGNeHUs HACLIUjeH-
Ho2o napa ne npesviwaem 0.0419-10° I1a ons pacmeopa nponan/ProEco®RF22S; 0.0716-10°
Ila ons pacmeopa nponan/RENISO SP46 u 0.0095-10° Ila onn pacmeopa npo-
nau/ProEco®RF22S, coodepocawezo Cgy. [IpoananusuposanvimemnepamypHvle U KOHYEH-
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An

MPayuUoHHble 3a8UCUMOCIU 0ABIeHUS HACLIUEHHO20 napa 01 obvekma ucciedosanus. Ilpe-
8blleHUe 0ABIeHUsl HACLIWEeHHO20 napa 0isl pacmeopa nponana 8 macie ProEco®RF22S nao
Oasnenuem pacmeopa nponana emacie RENISO SP460ocmueaem 1.5-1 0’ Ia npu memnepa-
mype 330 K u codeparcanuu nponana 0.1 ke'xe'u cruscaemes ¢ ymenvuienuem memnepanty-
pbl U ygenudenuem cooepacanus nponaua. Iloxazano, umo dobaska ¢ghyrnepena Cgy ygeruyu-
8aem Oaenenue HACLIYEeHHO20 napa pacmeopa nponan/ProEco®RF22S na 0.4-10° ITa npu
HU3KOU memnepamype u HU3KOL Maccosou 0o.ie NponamHa 6 pacmeope.

Ionyuennvle pesynbmamol nOOMEEPHCOAIOM UEAECOOOPAZHOCMb BHEOPEHUS. 68 NPOMbIUL-
JIeHHOCMb pacmeopa komnpeccoprozo macia ProEco®RF22S codepacawezo ghynnepen Ceps
nponawue 8 Kawecmee pabouezo meia napoOKOMAPECCUOHHOU X0N00uUNbHOU cucmembl. Cnocoo-
Hocmb npucaoxku Cgy 8 Macie ygeruyueams 0dgieHue HACLIUEeHHO020 Napa paccmampueaemo-
20 pabouezo mena 6yoem cnocobOCmeosamsb NOBLILEHUIO dHEPSeMU4ecKol d¢hgdekmusrocmu
XONOOUILHBIX CUCTEM.

Knwuesvie cnoea: nponan; npomviuiiennoe komnpeccoproe macio, @yiiepen Cgy, pac-
meop, dagieHue HacbleHHO020 Napda

Zhelezny V., Korniievych S., KhliyevaO.,Ivchenko D.O.
experimental investigation of the saturated vapor pressure of solutions pro-
pane in compressor oils in the presence of fullerene Cg in oil

Summary

An investigation of the saturated vapor pressure for the solutions of propane in the two
type of industrial compressor oils ProEco®RF22S and RENISO SP46, also as in oil
ProEco®RF22S containing fullerene Cy 6.837-10"kg'kg'is presented in this paper. The
measurement of the saturated vapor pressure was conducted using a static method in a tem-
perature range (273...333) K and thepropanemass fraction (0.11...0.595) kg'kg'l.

An analysis revealed that the expanded uncertainties of the measured saturated vapor
pressure do not exceed 0.0419-1 05Pafor solutionpropane/ProEco®RF22S,0.0716+10°Pa for
solution propane /RENISO SP46, and 0.0095-10°Pa for solution propane/ProEco®RF22
Scontaining Cgy. The temperature and concentration dependences of the saturated vapor pres-
sure for the object of study have been discussed. The excess of saturated vapor pressure for
the solution of propane in oil ProEco®RF22S over the pressure of the solution of propane in
0il RENISO SP46 reaches 1.5 10° Pa at a temperature of 330 K and propane fractionof 0.1
kg'kg”!. This effect decreases with temperature decreasing and propane fraction increasing.It
was proven that the additive of the fullerene Cg increase the saturated vapor pressure of the
solution propane/ProEco® RF22S up to 0.4-10°Pa at low temperature and low propane mass
fraction insolution.

The results obtained proved the expediency of the introduction in the industry the solution
of propane/compressor oil ProEco® RF22Scontaining the fullerene Cgy as working fluid of
vapor compression refrigeration system. The ability of Cspadditive in oil to increase the satu-
rated vapor pressure of considered working fluid will contribute to increasing the energy effi-
ciency of refrigeration systems.

Keywords:propane; industrial compressor oil; fullerene Cgy, solution; saturated vapor
pressure
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PagjuanmonHble CBOMCTBA ropsSiliuX 00J1aKOB METAJINYECKON MbIJIN.
3. Moaupukanus CrieKTpa u3ry4eHus

HUccneoosanvl cnekmpbul uznyuenus NpoOyKmos c2opaHusi Malo00bEMHbIX Nbliedblx 00.1a-
koe (V = 5 1) amomunus (ACH-4), a maxoice cmecegblx cocmagos antoMuHus ¢ Heopeanuye-
ckumu  nopowxooopazuvimu okucaumensimu (NaNO;, NaCl, Na,CO; 10H>O, Sr(NO3),,
Ba(NO3);, KNO;, CuSO4 CuSO4 10H;0) u coproyumu (B, AlB,, Cu). Paccmompenst 603-
MOJACHOCMU YeNIeHANPABIeHHOU MOOUPUKayUuy cnekmpa usiyderus 6a308020 cocmaesa ¢ no-
MOWbIO PA3IUYHBIX UHEPMHBIX U ONMUYECKU AKMUBHBIX OUCNEPCHBIX 000AB80K, CMeujaroujux
MAKCUMYM CHEeKmpa U3JIy4eHus 20proye20 cocmaesa 8 0o1acms 6ojiee OJIUHHLIX GOJIH UTU Bbl-
3616AIOWUX TIOKAILHOE UBMEHEHUe CHeKmpa U3NYHYEeHUs. 8 COOmMEemcmeylouux ooaacmsx
cnekmpa. Ycemanogneno, umo @gedeHue 000a80K 6 6A306bill COCMA8 OUCNEPCHO20 20PHUe20
CYUjeCmeeHHo He MeHsem OUHAMUYeCKUe Xapakmepucmuku 636ecu, OOHAKO NPUBOOUm K
cHudcenuto memnepamypsi (npumepro Ha 100+200K npu naruuuu dobasxu oo 25 % no mac-
ce) u K coomeemcmeylowemy CMeweHur0 MaKkCuMyma CneKmpa usiydyeHus. IKCnepumeH-
MANbHO NOKA3AHA 803MOICHOCMb CYULECNEEHHOU JIOKATIbHOU MOOUGUKAYUL CNeKMpPa 8 JHCENl-
Mol 001acmu ¢ NOMOWBIO HEOP2AHUYECKUX 00DABOK K 20pIo4eMy COoJlell Hampus ¢ He@blCOKOU
memnepamypou pa3znodcenus (0obasku Na,CO; "10H>0). K 3nauumenvHoMmy yeenuueHuro
ceemuMocmu nAaMeHy 8 3e1eHOU 0bnacmu cnekmpa ¢ MakCUMyMOM U3TYYeHUs 8 OUAnasone
AN = 530+580 um npusoosm 0obasxku 6opa u coeounenuii 6opa (B, AlB;). [Ipusedenwvt cee-
MOmexHuyecKue Xapakxmepucmuku (Cuivl ceemad, ceemocymmsl) Oonrvwux oonraxos (V >
10 Mg) cMecesblX cOCmasos Ha ocHoge antomunuesol nyopsl 11AII-2. Yemanosneno, umo ese-
OeHue HeopeaHuyeckux 000asoK K 0A3080My 20plodeMy He NPUBOOUM K 3aMemHOMY UMeHe-
HUIO C8EMOMEXHUYECKUX XAPAKMePUCMUK, HO HeCKOIbKO Yy8eaudueaem epems ceedenus oona-
Ka KaK 6 8UOUMO, MakK U 8 UHPPAKPACHOU Yacmu cCneKmpa.

Knrouesvie cnoea: copswue obraka memannios, CneKmpaibHulll AHAIU3, C8eMOmexHuye-
CKUe XApakxmepucmuku NiamMeHu, paouousiyyeHue 20psauux 001aKo8, mepmodIMUCCUOHHAS
nvliesas nuama

B nepBoii yactu [1] maHHOTrO IUKIa pabOT MpeACTaBlIeHa METOAUKA UCCIIeI0Ba-
HUSI paIMallMOHHBIX XapaKTEPUCTUK TOPAIIUX 00JIaKOB METAJUTMUYECKOMN IMbLIU, BKIIIO-
Jaromnas OJHOBPEMEHHOE M3MEPEHUE pajuyca 30HbI TOPCHUS, TEMIIEPaTyphl IIamMe-
HH, HTHTETPAJIbHOTO MOTOKA U3JIyYEHHUs B [rana3oHe 2+2(0 MKM U CHJIBI CBETA.

Bo BTOpoit yacTu [2] nukia paboT MpecTaBieHbl PE3yIbTaThl U3MEPEHUN yKa-
3aHHBIX BEJMYMH JUIS 0OJIAKOB ¢ HAYAIBHBIM 00b&MoM Gosiee 10 M. OJHUM W3 BbI-

DOI: 10.18524/0367-1631.2021.59.227303
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BOJIOB 3TUX HMCCJICIOBAHUMN SIBIIAECTCS TO, YTO PAUAIMOHHBIC XapaKTEPUCTUKU OOJIb-
IIUX 00JIaKOB COOTBETCTBYIOT TAKOBBIM JIJII Mallo0ObEMHBIX 00jakoB (V' = 5 ). 310
MO3BOJISIET M3y4aTh JAHHBIE XapPAKTEPUCTHKU B JIAOOPATOPHBIX MaTOOOBEMHBIX YC-
JIOBUSIX.

BaxxHBIM BOTIpOCOM, KacaromUMCS TOPEHHUS TBUICBBIX OOJIAKOB, SBISICTCS BO3-
MOYKHOCTD IIEJICHANPABICHHON MOIU(UKAITIN CIIEKTPa U3TydeHHsI 0a30BOTO COCTaBa
C TIOMOIIBIO PA3IMYHBIX THUCIIEPCHBIX JTOO0ABOK. 37€Ch UMEIOTCS JIBE BO3MOYKHOCTH.
Bo-niepBbIX, BBeIeHNE HHEPTHON T00ABKYM B IPUHITUIIE CHIDKAET TEMIIEpaTypy rope-
HUs 0a30BOTO COCTaBa M, CICIOBATEIBHO, JOJKHO CMEIIATh MAaKCUMYM CIICKTpa W3-
JydeHust 0a30BOro cocraBa B 001acTh 0ojee JJIMHHBIX BOJH. BO-BTOpBIX, BBEJAECHHUE
ONTHYECKH aKTUBHBIX JOOABOK (CIIOCOOHBIX K BO30OYXKICHUIO ONTHYECKUX TIEPEXOI0B
B ITUIaMEHHM 0a30BOT0 COCTaBa) JIOJDKHO MPOU3BOAUTH JOKAIBHOE U3MEHEHUE CIIEKTpa
U3IIy4eHHS B COOTBETCTBYIOIIUX OOJACTSIX.

C 1enb0 TPOBEPKH YKa3aHHBIX BO3MOXHOCTEH MPOBOIWIMCH HCCIEIOBAHUS
MaJI000BEMHBIX TOPIOYMX KOMITO3UIIUNA HAa OCHOBE 0a30BOr0 TOPIOYEro (ATIOMHHHIMA
ACJl-4) u 106aBOK HEOPTraHWYECKUX MOPOIIKOOOPA3HBIX OKHCIUTENEH, IIHPOKO
MPUMEHSEMBIX B MUPOTEXHUUYECKUX coctaBax [3] — NaNO;, NaCl, Na,CO; 10H,0,
Sr(NO;),, Ba(NO3),, KNO;, CuSO,, CuSO,; 10H,0 u roprouux B, AIB, Cu, Nb. Jlo-
0aBKM MpPEIBAPUTEIBHO U3MeENbYaNUCh A0 pa3MepoB 10+30 mxM. OnbITel NPOBOAU-
JIMCh C MalIo0OBEMHBIMU OOmakamu (V' =5 m).

Heo6xo1uMo 0TMETHUTB, UTO BBEAEHUE JOOABOK B 0A30BbIN COCTaB CYIIECTBEHHO
HE MCHSIET TMHAMHYCCKUX XapaKTePUCTHK B3BECH, OJHAKO CHUKCHHUE TEMIIEPATYPhI
(nmpumepno Ha 100+200K npu Hamuuuu g06aBku 10 25 % 1mo mMacce) NpUBOJIUT K CO-
OTBETCTBYIOIIEMY CMEIICHUIO MaKCUMyMa criekTpa uzinydeHus (puc. 1-3). Takxke He-
3HAUYUTEIHHO, TI0 CPABHEHUIO C 0a30BBIM TOPIOYMM COCTABOM, MEHSIOTCS M WHTE-
rpajibHbIE CBETOTEXHUYECKUE XapaKTEPUCTHUKUA CMECEBBIX COCTaBOB. boiee cyect-
BEHHBIM OKAa3bIBAETCS JIOKAIBHBIN 3P dekT Monudukanuu crektpa. CeKTpbl perucT-
PUPOBAIUCH CKAHUPYIOIIMM MOHOXpomaTopoM (dactora =~ 100 06/c) Ha OCHOBE JIBYX
UHTEepGEPEHIIMOHHBIX KIIMHBEB CO CIIEKTPabHBIM HHTEpBaIOM AL = 400+1000 uHM 1
Al = 680+1200 um [5].

Hampumep, ayig 106aBOK Ha OCHOBE HAaTPHUsl MAKCUMAJbHBIN 3((EKT Mpou3BO-
mutT Na,CO; 10H,0 (puc. 1). BBenenue ykazaHHOU J10OaBKU MPUBOIUT K CUJIBHOMY
VIIUPEHUIO aymuieta Na, 4To 00yCIOBIEHO 3HAaYUTENBHOU peadcopOIeil He TONbKO
B IIEHTPE JTUHUH, HO M Ha e€ KpbUIbIX. OMHOBPEMEHHO HAOMIOAACTCS U TIepepacipe-
JICTICHNEe WHTEHCUBHOCTH B CIUIOIITHOM CITEKTpe, O0YCIIOBICHHOE CHIDKEHUEM TeMIIe-
paTypbl TOPEHHUSI.

W3mepennsi OTHOCUTENHFHOTO M3MEHEHHS WHTEHCUBHOCTH B 00JIaCTH JKENTOTO
nymiera Na (A = 588 HM), mpoBeZIcHHBIE C MOMOIIIBI0 MOHOXpomaTopa JIMP-4 ¢ ¢o-
Torpaduueckoi peructpanueit curnana ®OY-62, mokazanu, 4To sl yKa3aHHOTO CO-
CTaBa MHTEHCUBHOCTh M3JIyYCHHS BO3PACTaeT B BOCEMb Pa3 IMPU MACCOBOM COJIepKa-
Huu no6aBku 20 %. OOpamaer Ha ce0s BHUMAaHHE TO OOCTOSITEILCTBO, YTO CpeIu
MCIIBITAHHBIX COCIMHEHUI HA OCHOBE HATpHUsl (COCTaB JKENTOTO OTHS) MAKCUMAJIbHBIM
3¢ (}PexT Mpou3BOIUT coeAMHEHUE, 00agat0NIee HU3KOM TeMIepaTypoi Gpa3oBbIX 1me-
pexozoB (tak st Na,CO;-10H,0 temneparypa miasienns £ = 32.5 C).
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Puc. 1. CnexkrtpanpHasg u3Iy4yaTenbHas

crocoOHocTh coctaBa Al + Na,CO510H,0
C KOHIEHTpauuew amoMuHua By =
200 r/m’. Kpusre: 1 — ACJI-4;
2 — Al + Na,CO;3 10H,0 (20 %)
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Puc. 2. CnexrpanpHas W3IydaTeabHas
crocoOHocTh coctaBa Al + AIB, (30%) ¢
KOHIIEHTpaUue  amoMuHus By, =
200 r/m°, ACJI-4

AHaJIoTH4YHasl CEpHsl ONBITOB, MPOBEJCHHBIX C IEJIbI0 MOJU(PUKAIINU CIIEKTpa
u3IydeHus B cuHer oomactu (kommnosuumu Al+Cu, CuSO, CuSO, 6H,0, no6aBku B

npenenax 10+40% mo Becy) u 3en&HOM
obnactu (A/+Ba(NO;), o Becy 5+30%),
MOJIOKUTENBHOTO 3 (deKTa HE BBISBUIIA.
OTMeTuM, 4YTO YyKa3aHHBIE COCIUHEHUS
00J1a1at0T JOCTATOYHO BHICOKUMH TEMIIE-
patypamu (a3oBbIX NEPEXO0JOB. 3aMeT-
HYIO 3€JIEHYI0 OKPAcKy IUIAMEHH yN1ajoCh
noinyuuth B kommnosunusax Al (ACH-4 +
B(20+40 %)). Ilpu xonHmeHTpanusx Oopa
cebiie 30% HaOmM0Mamach U3YMPYIHO-
3enéHas OKpacka, 0OyCJIOBICHHAs Xapak-
TEPHBIMH MOJIEKYJISIPHBIMH TIoJIocamu (AL
= 490+580 HM) NpOAYKTOB cropanusi 0o-
pa BO, B,O, u BO, [6] ¢ makcumymoM
usnydenus (AL = 530+580 um) (puc. 2).
Komnoszummu Mg(d;) = 7 mMxm) +
B(d;p= 2 MKM) Takxe IPOU3BOIMIIN 3€JIE-
HYI0 OKpPAcKy IJIJaMEHU MpHU KOHIIEHTpa-
uuu 6opa > 30 %. Ilpu koHUEHTpauuu
6opa cBbilie 50% MMENO0 MECTO TOJBKO
JaCTUYIHOE PACTIPOCTPAHCHUE TUTAMEHH.
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Boie: 1 — ACII-4; 2 — Al + Sr(NO3), (20 %)
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Ta6auna 1. CBeTOTEXHUYECKNE XapAKTEPUCTUKU TOPSIINX 00JIaKOB

BpeM}I*
Bpewms VY neapHas
* CBEYECHUS Cuita

Macca | Bpems 0011 cBeueHus | o CBETO-

TCoprouee cocra- | ceedeHms | 1O L max B UK ¥: cymMMa

MIPU OCTHI- 1,107, 03

Ba, KT' | 10 Iy, C AL o0JjacTy, Kt L-107,

c c Ku-c/r

[TAII-2 + Na,CO;3-10H,0 2.8 0.1 0.8 2.0 8.9 2.50
[TAII-2+ Ba(NO3), 2.8 0.12 0.9 1.9 7.8 2.50
TTAII-2+NaCl 3.0 0.1 1.0 1.8 7.4 2.46
[TAII-2+B 2.2 0.1 0.7 1.4 7.0 2.0

* 30ecb noo epemenem ceeuenus 00 0.1 I, noopazymesaemcs 8pems NOIHO20 CEeYeHUs, BKIIO-
yaroujee cmaouro OCMul8aAHUs.

Pe3tomupysi onucaHHbI€ BBINIE UCCIEAOBAHUSA MO MOJAU(PUKAIIUU CIIEKTpa 0a30-
BOI'0 COCTaBa, OTMETUM €lI¢ pa3, 4TO B YCJIOBUSAX OOBEMHBIX a’dPOB3BECEH TOJIBKO
OTPaHUUYCHHOE YUCJIOo coequHenu (Takux kak Na,CO; 10H,0 B KOMIO3ULUIX KET-
TOT'O OTHS, 00JIAAONIMX HU3KOW TEMIIepaTypoil IUIaBJACHUs £, ¥ B MCHBIIIEH cTere-
Hu Sr(NQOj3), (puc. 3) B KOMIO3UILMAX KPACHOTO OTHS WM B nwin AIB, B KOMITO3UITHSX
3eJIEHOTO OTHS, KOTOPHIE CaMH IMPHU CTOPAHUH 00pa3ylOT MPOAYKTHI, TAIOIINE XapaK-
TEpPHBIE TOJOCHl B CIIEKTPE) CIOCOOHBI BBI3BATH CYIIECTBEHHYI0 MOJU(PUKAIINIO
CIUIOILITHOTO CIEKTpa U3Ny4yeHHUs MPOAYKTOB cropanusi 6a3oBoro cocrana. B 3Toi cBs-
3M 3aMETHUM, YTO C HaIllell TOYKU 3peHus, HauboJjee MepCreKTUBHBIM JIJIs 1IeJIe MO-
nudUKaIK CIeKTpa (a TakKe U JJIsl TEMJI0BOM BO3TOHKU PEAreHTOB B YCIOBUSX TPO-
nocdepsl) ABIAETCS HAHECEHUE T100aBOK B KAUECTBE MOKPBITHS HA YACTULBI 0a30BOT0
roprodero (Ipou3BECTH KarcyaupoBanue) [4].

OCHOBHBIE CBETOTEXHUYECKUE MapaMeTphl (Cuiia cBeTa /, yAenbHas CBETOCyMMa
L uctoyHuKa U3My4eHUI ) N3y4aluCh B MOJIEBBIX YCIOBUIX JJI1 00J1aKOB a3pOB3Bece
(06BEMOM > 10 M°) [2] kak 6azoBoro (amomunueBas myapa [TATI-2), Tak 1 cCMeceBbIX
COCTaBOB. XapaKTEpPHbIE CBETOTEXHUYECKHUE TapaMeTPphl MPUBEIACHBI B Ta0OuIe 1.

Kak BugHO 13 TabNuUIIbI, BBEJIEHHE HEOPTaHUYECKUX T00aBOK K 0a30BOMY T'OpPIO-
YeMy He MPUBOAUT K 3aMETHOMY U3MEHEHHUIO CBETOTEXHUYECKHUX XapaKTEPUCTHUK,
XOTS ¥ HECKOJIKO YBEJIMUMBAET BpeMs CBEUSHHUsI 00Jlaka KaK B BUJIUMOM, TaK U B
nH(ppaKpacHON YacTH CIICKTpa.

BoiBoabl. [IpoBeneHne uccnenoBaHuil MOATBEPKIAET BO3ZMOXKHOCTh MOJIU(DU-
KallMM CIEKTPa M3JIy4eHHs] 0a30BOr0 MBUIEBOIO T'OPIOYEr0 C MOMOUIBIO PAa3IMYHBIX
JUCIEPCHBIX J00ABOK HEOPraHMYECKUX MOPOIIKOOOPA3HBIX OKUCIHUTENEH W/ WU CO-
equHeHu 6opa. JlanbHeiee u3ydeHue JaHHOW MPOOJIeMbl, ¢ HAIlleH TOYKH 3pEHUS,
JOJDKHBI BKJIFOYATh B ce0sl, MPEXAE BCEro, MCCIEAOBAHUS BIUSHUSA JHUCIEPCHOCTH
n00aBKHU (C TOYKHM 3pEHHUS COTJIACOBAHUS BPEMEH BO3TOHKHM YacTHI] JOOAaBKU U Bpe-
MEH UX NpeObIBaHUS B 30HE F'OPEHMSI), & TAK)KE FOPEHUS TMOPUJIHBIX MBUIEBBIX CHUC-
TEM, YaCTHUI[bl KOTOPBIX KaIlCyJIUPOBAHbI (IOKPBITHI) COOTBETCTBYIOIIEH JOOABKOM.
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3. Moaugikauisi cnekTpa BUIPOMiHIOBAHHS

AHOTANIA

Hocniooiceno cnekmpu GUNPOMIHIOBAHHS NPOOYKMIE 320PSAHHA MAN000'€EMHUX NUTOBUX
xmap (V =35 1) anominiro (ACH-4), a maxooic cymimesux ckiadie antoMitito 3 HeOpeAHIYHUMU
nopoutkonodionumu oxucnosavamu (NaNO;, NaCl, Na;COs 10H,0, Sr (NO3), Ba(NOj3), ,
KNO;, CuSOy4, CuSO410H,0) i eoproyumu (B, AIB,, Cu). Pozensanymo modxcausocmi yinecn-
PAMOBAHOT MOOUGhiKayii cnekmpy SUNPOMIHIOBAHHS 0A308020 CKIAOY 34 OONOMO20I0 DI3HUX
IHEpMHUX | ONMUYHO AKMUBHUX OUCNEPCHUX 000ABOK, WO 3MIWYIOMb MAKCUMYM CREeKmpa 6U-
NPOMIHIOBAHHA OUCNEPCHO20 NATLHO2O 8 001ACMb DLNbU 0082UX X6UTbL ADO GUKIUKAIOMb J10-
KajbHe 3MIHA CNeKmpa SUNPOMIHIOBAHHA 8 8ION0GIOHUX obnacmsax cnekmpa. Bemanoaneno,
wo 88edeHHst 000a8OK 00 6A306020 CKIAOY OUCHEPCHO2O NANbHO20 ICMOMHO He 3MIHIOE Ou-
HAMIYHI Xapakmepucmuky CyCneH3ii, npome npu3go0ums 00 3HUICEHH memnepamypu (npu-
onuzno Ha 100+200°C npu naasnocmi 0obasxu 0o 25 % no maci) i 00 8iON0BIOHO20 3MiUjeHHS
MAKCUMYMY CHeKmpa 8UnpoMinoeants. Excnepumenmanvrno nokaszana moxciugicms icmom-
HOI I0KaIbHOL MOOUGhikayii cnekmpa y s#cosmitli 001acmi 34 00ONOMO20K HEOP2AHIUHUX 000a-
60K 00 NAIUBA COJlell HAMPIIO 3 HEGUCOKOW memnepamypoio poskiadanus (0obasxu Na,CO;
10H0). [lo 3naunoco 30inbuienHss ceimHocmi noym's 6 3eienitl oonacmi cnekmpa 3 Makcu-
MyMOM 8unpominosants 6 dianazoni AL = 530 + 580 um npusoodsme dobasku 60py i 3'eOHanb
oopy (B, AlB;). Hagedeno ceimnomexniuni xapakmepucmuxu (Cuiu ceimia, C8imiocymmu)
senuxux xmap (V> 10 m’) cymiwesux cknadié na ocnosi anominiesoi nyopu [IAI1-2. Bcmano-
8lIEHO, WO 86€OCHHS HEOP2AHIYHUX 000AB0OK 00 OA308020 NAILHOMY He NPU3BOOUMb 00 HOMi-
MHOI 3MIHU CEIMIOMEXHIYHUX XaAPAKMeEPUCTNUK, dJle 0ewo 30LIbUYE Yac C8IMIHHA XMaPU, K Y
BUOUMIL, MAK I 8 IHOPaAUepB8OHil YACMUHI CNEeKmP) .
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Shevchuk V.G., Poletaev N.1I., Nimich A.V., Shynharov G. L.

The radiation properties of burning clouds of metal dust.
3. Modification of the emission spectrum

SUMMURY

In this work we studied the emission spectra of the combustion products of low-volume
dust clouds (V =5 L) from aluminum (ASD-4), as well as clouds from mixed compositions of
aluminum with inorganic powdery oxidizing agents (NaNO3, NaCl, Na;COs-10H,0, Sr(NO3),,
Ba(NO3),;, KNO;, CuSOy4 CuSO4 10H0) and combustible (B, AIB,, Cu). This article discuss-
es the possibilities of purposeful modification of the emission spectrum of the base composi-
tion using various inert and optically active dispersed additives that shift the maximum of the
emission spectrum of the fuel composition to the region of longer waves or cause a local
change in the emission spectrum in the corresponding spectral regions.

In the course of the experiments, it was revealed that the introduction of additives into the
basic composition of dispersed fuel does not significantly change the dynamic characteristics
of the suspension. However, the additives lead to a decrease in temperature (by about 100-
200°K in the presence of an additive up to 25% by weight) and to a corresponding shift in the
maximum of the radiation spectrum.

The possibility of a significant local modification of the spectrum in the yellow region with
the help of inorganic additives to the fuel of sodium salts with a low decomposition tempera-
ture (additives Na,CO3; 10H,0) was shown experimentally. Boron additives and boron com-
pounds (B, AlB;) leads to a significant increase in the luminosity of the flame in the green re-
gion of the spectrum with a maximum radiation in the range AA = 530 +~ 580 nm. The article
presents the lighting characteristics (luminous intensity, light sum) of large clouds (V > 10
m’) of mixed compositions based on PAP-2 aluminum powder.

It was found that the introduction of inorganic additives to the base fuel does not lead to a
noticeable change in the lighting characteristics, but somewhat increases the time of the
cloud glow both in the visible and infrared parts of the spectrum.

Key words: burning metal clouds, spectral analysis, lighting characteristics of a flame, ra-
dio emission from burning clouds, thermionic dusty plasma
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V]IK 536.4

Kanunuax B. B., Yepnenxo A. C., @edopenko A. B., Pozusnanwiit M. B.

Ooecckuil nayuoHanbHolll yHusepcumem umenu M.U. Meunukosa, kagedpa obweti puzuxu u
Gusuxu mennosnepeemuyeckux u xumuyeckux npoyeccos , Odecca, /[gopsinckas, 2, 65082

BpeMﬂ 3aICPKH KATAJUTHYECCKOI0 r€eTePpOr¢cHHOro BOCIVIaMCHECHHUA Ira3oB Ha
qJacTunax Kartajam3aTopa pa3sjimaHoro pasmepa

B pabome ananumuuecku onpeoensiemcs epems 3a0epiucKu Kamaiumuyeckoeo 80Cniame-
HeHUs MablX npuMecell 2oprouezo 2a3a 8 8030yxe Ha chepuiecKoli Memaiiuieckol yacmuye
PA3IUUH020 OUamMempa Ha npumepe OecniaMenH020 20PeHUsl 2A306030YUIHbIX cMecell ¢ Npu-
Mmecamu 6000poda Ha yacmuye niamunsl. [lokazano, umo ycmouuugoe becniamenHoe cope-
Hue Habaoaemcs cnycms nepuo0d UHOYKyuu 0 4acmuy onpeoesieHHo20 ouana3ona. Ycema-
HOBJIEHO, YUMo 8peMsl KAmAaIumuiecko2o 60CNIaMeHeHUs 24306 pazoeieno na mpu cmaouu: 1.
UHEPMHBLIL Pazoepes, OIUMeIbHOCHb KOMOPO20 6Ce MAKU 3AGUCUNM OM KOHYEHMPAayuu 20pro-
yeeo easza; 2. cmaous camoyCKOpeHUsi U NOGbIUEHUs MeMnepamypbl Kamaiuzamopa npu
NPOMEKAHUU KAMAIumu4eckoll peakyuu 8 nepexoonol oonacmu; 3. cmaous oughghy3uonno2o
MOPMONCEHUS U 8bIX00A HA YCMOUYUBOe Kamanumudeckoe 2openue. Ilpu ananuze pemen 8
be3pazmepHoil popme UCNONBL306ANOCL XapaKmepHoe 8pems perakcayuu. [[is onpedenenus
OIUMENbHOCMU 8MOPOLl CIMAOUU NPUMEHAEeMCsl UsMeHeHHbll no0xo0 Dpank-Kameneykoeo.
JlnumenvrHocms cmaouu Ou@d@y3uoHn020 MopmModceHus 8 be3pasmeproll hopme npaxkmuue-
CKU He 3a8ucum om Ouamempa 4acmuybl Kamaiuzamopd, Xoms memnepamypa Kamaiumuye-
CKO20 20peHust yovieaem ¢ pocmom ouamempa kamanuzamopa. Tenioobmen uznyuenuem,
POIb KOMOPO20 803pacmaem ¢ pocmom pasmepa Kamaiuzamopd, 6xooum 6 3¢ gexmueHbiil
KO3(hhuyuenm menioobmMeHa, umo no36oasem COXPAHUNMb UOEON02UI KIACCUYECKO20 NOOX0-
0a K pewieHuro 3a0ayu 0 nepuooe UHOYKYuu.

Knrouesvle cnoea: niamunosas wacmuya, ouamemp, 6000poo0, nepuoo UHOVKYUU, camo-
gocniamenenue, menjiooOMeH UsyueHuem, n08epxXHocmHoe (becniamennoe) 2opeHue.

Beenenue. Vcnosnb30BaHNE TUCTEPEIUCHBIX PEKUMOB KaTalU3aTOPOB OKUCIE-
HUA (OECIUIaMeHHOTO TOPEHHUs) U3 METAJUIOB IUIATUHOBOM TpyNmbl B BHJIE TOHKUX
MIPOBOJIOYEK WIIM YACTHUII SIBJIAETCA aKTyaJlbHOM 3ajadeil 1 TEPMOXMMUYECKHX Ta-
30aHAJIN3ATOPOB, TepMorpaduueckux MpUOOPOB MJIS HCCIEIOBAHUS MEXaHU3Ma U
ONpeNeIeHUs] KUHETHUYECKUX XAPAKTEPUCTUK KATATMTUYECKOTO OKHCIIEHHS T'a30B,
PEaKTOpPOB JUIsl OYMCTKM BBIXJIONHBIX Ta30B OT HECTOPEBLIMX YIJIEBOAOPOJIOB M
yrapHOTo rasa.

Bpemsi BocIUTaMEHEHHsI WM NEPHOJ MHAYKIMHU SIBISETCS BaXKHOM XapaKTepu-
CTHKOM OeCIIIaMEHHOI'0 TOPEHMSI Ta30BO3IYIIHBIX CMECe ¢ MPUMECHIO TOPIOYEro ra-
3a Ha yacTule (HUTH) Katanu3atopa. [1-2]. JIns onpenenenus nepuoia MHAYKIIUU re-
TEPOTrE€HHBIX CHUCTEM CYILECTBYET HECKOJIBKO ITOAXO0/0B.

Tak, HarpuMmep, NpU aHAIM3€ BPEMEHHOM 3aBUCHUMOCTH TEMIIEPaTypbl YaCTHILIbI
KOKca B 00IlIEM cilydae MOXKHO HaOJoJaTh JIB€ TOUKH Ieperuda 10 HaCTYIUICHUSA
KBa3MCTALIMOHAPHOTO TopeHus [3-5], 4TO MO3BOJSET MCHOJIb30BATh UX IS pa3zoue-
HUA [E€pUOJIa UHIYKLIUU Ha JIBE€ CTaauu: 1) BpeMsi HHEPTHOTO Iporpesa (10 nepBoid
TOYKU Tieperuda); 2) BpeMsi XUMHUECKOTO pa3orpeBa (0 BTOPOM TOUKW meperuda).

DOI: 10.18524/0367-1631.2021.59.227304
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JI71s1 aHAMUTUYECKOTO TTOMCKA Mepruoa MHAYKIIMU UCIIOJIb30BAJICS KPUTHUYECKUM TeTl-
JIOOTBOJ BOCILJIAMEHEHHSI.

[lepuo MHIAYKIIMK CTPEMHUTCS K OECKOHEUHOCTH TIPH YBEIMUYCHUH U TTPUOIIHKE-
HUU CKOPOCTH TEIJIOOTBOJA (YMEHBIIICHUS TMaMeTpa YacCTHUIbl U TeMIIepaTyphl razo-
BO3JIYIIIHOTO TMOTOKA) K KPUTHYECKOMY 3HadeHHI0. [[jisi mpuOImKeHHOM OLIEHKH Tie-
pUOJia MHAYKIIMHU OMPEEISIOT BpeMs JOCTHKEHUSI OCCKOHEYHO OOJIBIIION TeMIiepa-
TYpbl TIPU MPOTEKAHUU OJHOM XMMHUYECKON peakIuu B KUHETHUYECKOU 00JacTh. ITO

MO3BOJIAJIO ONPEAETUTD MEPUOA UHAYKIIUY B BUE [4, 6]:
1

27 o, |2
Ty ® T 1-— ) (1)
e o

*]

_ ccpcdRT, /E aRT;
oY.p,0k(T,)’

Ty, ) =

)
E Ok (Tg )YOQPg

Ha npakTtuke nmoja nmepuooM MHIYKIIMU TTOHUMAIOT BpeMsl, KOT/Ia SIPKOCTh Yac-
THUIIBI KaTaJu3aTopa MepecTacT MEHIThCA, WK BPeMs MPOTEKaHus Mpoliecca OT Hava-
Jla pa30orpeBa YaCTUIILI O MOMEHTA MOSBJICHUS] BHEITHUX MPU3HAKOB PEAKIIMU Trope-
Hus [3]. B aTOM citydae npu ero aHaIMTHYECKOM OIpeeICHUN HE00X0IUMO BBOJAUTh
JOTIOJIHUTEJIBHO TPETHIO CTAJUIO TIEpUOAa UHIYKIINH, JJIsl KOTOPOH XapaKTepHO MpPo-
TeKaHUEe XUMHUUYECKOU peakiuu B nuddy3nonHoit oonactu [4, C.70-73].

Kpurepuem, KOTOpbIN ONpeAessieT pekuM TopeHus: (KuHeTudecKui, nudadysu-
OHHBIN, MEPEeXONHOMN), ABIIETCS TUDPY3MOHHO-KMHETHUECKOE OTHOIIEHUE, IMpe-
CTaBJIAIOUIETO0 OTHOILIEHHE CKOPOCTHM XMMHUYECKON pEaKkIuu K CKOPOCTH Maccomepe-
HOCa WJIM OTHOUIEHHE BpeMeHU JU(PPy3UH T, U BPEMEHU XUMHUECKOW pPEeaKklHu Ha
IOBEPXHOCTU YaCTHULIBI T,

ko5
B DNu =,

OOBIYHO MPUHATO CYUTATH, UTO YCTONYMBOE OECINIAMEHHOE TOPEHUE HA YACTUIIC
MpOUCXOAUT B AU (Yy3MOHHOM pexuMe (Se >> 1), BoCIIaMEHEHHE B KHHETUYECKOM
obnactu (Se << 1) [2]. B mpoiiecce BocrIaMEHEHHUsI BO3MOXHA MIEPEX0/IHAsI 00J1acTh
pearupoBanus (Se = 1). J{na yronasHol yactuiel quametpoM 100-1000 MM B pexu-
Me ropeHus Se =4 + 10 u Ay aHaTUTUYECKOTO ONPEAECICHNUS] BPEMEHHU BOCILIIaMEHE-
HUS HEOOXOJMMO YUMTHIBATh MaccomepeHoc kuciopozaa [5]. B cmydae xe Oecruia-
MEHHOTI'0 KaTAIUTHYECKOTO ropeHus ra3oB Ha 100 MKM MIIATUHOBOM KaTalu3aTtope Se
> 10" [7]. HHosToMy 4acTh BpeMEHH BOCIUIAMEHEHHS [P IPOTEKAHUH PEAKIUH B IIe-
PEXOIHOM 001acTH KpaitHe Malio.

OaHUM U3 BOXHBIX MapaMeTPOB, OT KOTOPBIX 3aBUCUT MEPUOJ UHIYKIIUU, SBIIS-
eTcs pa3mep yacTullbl. [103TOMy Lienbl0 JaHHOUM pabOThI CTAlo ONpEIEICHUE BpeMe-
HU 3aJ€PKKU TE€TEPOre€HHOTO KaTaJUTUYECKOTO BOCIUIAMEHEHHUS Ta30BO3TYIIHBIX
cMecel ¢ IPUMECSIMU FOPIOYEro ra3a B 3aBUCMMOCTH OT pa3Mepa JIMCIIEPCHOro KaTa-
au3aropa.

IocTanoBka 3agaun. B kauecTtBe Hanbosee oOIIEro ciydas reTeporeHHON Ka-
TAJTUTUYECKON peakluu TMEPBOrO MOpsJiKa BBHIOpAHA PEAKIUS OKHUCICHUS] MPUMECU
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BOJIOPOJIa WJIM aMMHaKa C KHUCIOPOJOM BO3AyXa Ha MOBEPXHOCTH IUIATHHOBOW Yac-
TULBI (HUTH):

1
H, +502 %HZO, Q = 242 xJIx/momnb,

5 t 3
NH, +ZO2 +>NO+§HZO, O = 226 KJI/MOJIb.

3aBUCUMOCTb OT BpCMCHHA cpeﬂHeﬁ I10 BCCMY O6’I)€My TCMIICPATYPhI YaCTHUIbI
KaTajJu3aTopa [7] HaXOOUTCA U3 PCHICHUA YPABHCHHUA TCPMOAUHAMUKHN

oT 6
- = . R Tt:o :T, 2
81: Ccpcd Qeﬁ’ ( ) b ( )
l+y,
qeﬁ":qch_qhﬂ qen :kapgsyvf;v’ Y;’SZY} l-l-SGC:l »q :O(.(T—Tg)'i'SG(T—ij),

T,

kzkoexp(——Ej,Sez b d,TE=£,
T D,Sh R

rae Oy — TermnoBor dQdexT peakuuu, Jx/krfH,; k — KOHCTaHTa CKOPOCTH XMMHUYeE-
CKOM peakuuu; Y, — Maccoas JI0Jis FOPIOYETO Ta3a y NOBEPXHOCTU YACTUIIBL; P, C

c
— IUIOTHOCTh U YZA€JIbHAs TEIIOEMKOCTh YacTHLBI Katanu3atopa, Jk/(xr-K); Dy — ko-
2
sbduurent nuddysuun roproyero raza, m/c; T, T,, T, — TeMIeparypbl MOBEPXHO-

CTH YaCTHIIbI, OKPY>KAIOIIET0 Ta3a U oKpyxaromux Tei, K; € — koadduiiueHt yepHo-
THI 9aCTHILBL, G — nocrosiHaas Credana-Bomnbimana, Br/(M™K?).

JIns HUTH KaTanu3aropa, 0 KOTOPOMY IMPOTEKAET SJIEKTPUUECKUM TOK, BBOIUT-
cs noHsATHE 3PPEeKTUBHON TeMIepaTypbl ra3oBoil cMecH. JTa TeMmIeparypa, 10
KOTOpOM Harpescsi Obl HHEPTHBIN MPOBOJAHUK C TOKOM B OTCYTCTBHE TEIUIONOTEPD
U3JTyYEHUEM B CPEJIE C TEMIIEPATYPOIO T g:

015 T/TE a ., Se b
1=10 3

- } - - tf:tm 1x107* I . 1 I U:t“
0 2 4 6 3 10 0 2 4 6 8 10
Puc. 1. BpemenHbIe 3aBUCUMOCTH TEMIEPATYPHI IIATUHOBOW YacTUIbl U AU(HY3UOH-
HO-KUHETUYECKOTO OTHOLIEHUS IIPU KaTaTUTUYECKOM OKUCIIEHUH IPUMECH Bopopoaa Yy
= 0.19 % B Bo3ayxe. Auametp wactusl: 1) 400 mxm, 2) 2000 mxm, 3) 8000 mxm. Tem-
neparypa raszosoii cmecu T, = 420 K. Temneparypa okpyXarolux yaaaeHHbIX Tel T, =

293 K. Sh=2.
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21 Y n
T,=T,+4| =], 4= —, Shy=0.5.
nd ShyD,p,c, Le

24

PaccMoTpuM auHAMHKY HW3MEHEHHS TEMIIEpaTypbl YacTHIBI KaTalnu3aTopa
(puc. 1a). B kauecTBe mpuMepa B3siTa YacTUIA TUTATHHBI, IOMEIICHHON B HarpeThIid
MIOTOK ra30BO3AYIIHON CMECH C MPUMECHIO TOPrOYero raza. TOUKH 1; U 1) COOTBETCT-
BYIOT TOYKaM Iepernda Ha BPEMEHHOUW 3aBHCHUMOCTH TEMIIEpaTypbl KaTald3aTopa.
Touka 1; nexut B obnactu nuddy3noHHO-KMHETHUYECKUX OTHomeHud Se < 0.1
(puc.1b), a Touka i, — B oomactu Se > 10.

OTHU TOYKH MOTYT CIIYXUTh JJIS pa3lielieHuss CyMMapHOTO BPEMEHH 3aJEPiKKU
BOCIIJITAMEHEHUS HA TPU CTAIUU:

1) cragust uHepTHOrO paszorpesa. [IporpeB yacTULbl OCYIIECTBISAETCS MPEUMY-
IIECTBEHHO 3a CYET TEIUIO0OOMEHA C Ta30M M TEIUIOBBIM U3JIyY€HUEM C OKpY-
KAIOIINMH TEJIaMH;

2) craausi CaMOYCKOPEHUS U MOBBIMICHUSI TEMIIEPATyphl KaTaau3aTopa Mpu Mpo-
TEeKaHWU KaTaIUTUYECKON peakluy B KHHETUYECKOW U TepEeXOaHON 001acTu;

3) cragus nudp@y3MOHHOTO TOPMOMKEHUSI U BBIXOJIa HA YCTOMYMBOE KaTaJIUTH-
94eCKO€ TOpEHHE.

AHaJIMTH4YeCKOe Ompeae/ieHHe NMepuoga MHAyKnui. J[Jig onpeneneHus mJv-
TEJILHOCTH OT/AENIbHBIX CTaJUi Mepruoaa MHIYKIIMA HEOOXOIMMO OIpPEACIUTh KPUTH-
YECKHUE YCJIOBHUSI BBICOKOTEMIIEPATYPHOTO TEIJIOMAcCOOOMEHa, KOTOphIE OJHOBpE-
MEHHO YAOBJIETBOPSIOT IBYM YCIOBUSM [4]:

oq
eff
qeff =0 u - =

or |,

Haubonee npocToil mpuOIMKEHHBIN MyTh ONPEEIeHNUsS KPUTUYECKUX YCIOBUN

CaMOBOCIUIAMEHEHMS TOPIOYEro ra3a Ha YacCTHUIE OCHOBAH HA BKIIFOUEHHH TEIJIOBOIO
u3iydeHus B 3¢ (heKTuBHbIN 3akoH HproToHa-Prxmana:

4
oc(T—Tg)—i—SG(T —Tw)zaeﬁ(T_Tg-eﬁ’)’

rae BBOJATCA 3(P(eKTHBHbIE KOA(DPUIMEHT TEIJIOOTAAYH W TEMIIepaTypa Ta30BOM
CMECH:

,€

so(T! ~T)

_ 3 _
oy =a+decT;, T, 5 =1, ot Ao T’
g

[IpuMeHuB yKa3aHHbIE KPUTHYECKHUE YCIOBHUS, MOJYYUM KPUTUUECKUE 3HAUEHUS
TEMIIepaTypbl KaTaau3aTropa U Ko3(ppuuueHTa TeniooTAauu:
2 2 2
+£zTg,eﬁ+% u ai:Mexp £ =1. 3)
E EQkY,p, RT,

B ortmmume ot moaxoma ®pank-KameHenkoro, Korjaa, UCHOIb3Ys Pa3JIOKEHUE
AKCIIOHEHThl AppeHuyca, BBOIUTCS Oe3pa3MepHblii KOADPUIUEHT TeII000MeHa IpH
TEMIIepaType ra30BOil CMECH, B HAIlIEM clydae B KauecTBe Oe3pa3MepHOro ko3ddu-
[UEHTA TEIIO0TJAaYl UCIIOIb3yeM KoMILIeKC (3).

]; = Tg,eﬂ
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Jlnst ompeeeHus mepruoja HHAYKIMKE BBeIeM Oe3pa3MepHBIE BPeMs, TeMIIepa-
Typy U K03()(DHUIIUEHT TEMIOOTIaYH:
~_ T cpd T-T, . . a,RT’ E
T=—,1,= P , 0= +E,a=—%L exp
T 60, RT EQkY,p,  \RT,

o

Paznoxenue >kcroHeHThl AppeHuyca BOJIM3U TEMIIEpaTypbl CaMOBOCILIAMEHE-
HUS MOYKHO IIPEJCTaBUTh KaK: k = k(]})-ee . B aToM cnyuae ypaBHeHUE I U3MEHE-

HUS TCMIICPATYPhlI YaCTHUIBI KaTaJlIu3aTopa M IIPOTCKAHHUU XUMHYECCKOM pPCakOunu B
KUHETUYECKON 001aCTH IIPpUMCT BHUIO:

ai§:ee—d(6+l), 0(=0)=0,. (4)
T

I[aHHOG YPaBHCHHUC ABJIICTCA OCHOBHBIM IJISI HAXOXKIACHUA AJIUTCIBHOCTH IICP-
BBIX JIBYX CTaHHﬁ.

ot 20\ ot

iameHeHus 0, =0 u d‘i = o, =1, ananoruunsle (3).

_ 0 (00
[IpumenuB — =0 u =(, HOJIyYUM KPUTHYECKHE YCIOBUS CAMOBOC-
i

Cragusi nuHepTHOrO mporpesBa. Ha 3TOM BpEMEHHOM YYacTKE HCIOJIb3YETCS
MPEANOJIOKEHHE O MAJIOCTH XMMHUYECKOTO TEIUIOBBIIEIEHHS, KOTOPbIM MpeHeOpera-
10T B (4). Bpemst nuHepTHOrO porpeBa onpeaessieTcsi MOMEHTOM JOCTHKEHHS TEMITe-
paTypsl, OTCTOSIIEN HA €IMHUYHBIA XapaKTEPHBIM MHTEPBAJ OT TEMIEPATyphl COOT-
BETCTBYIOLIEH TOUuke nepernda 0, =Ina [S]:

"t 40 0, +1
~ & L S R
R GI “a(6+1) ° n( lnd) )

I[JII/ITGJIBHOCTB cTagun ci1ab0 3aBHCHUT OT KOHILCHTpalu1 KUCJIOpOoAd, T.K. OHaA
OoIIpcaAc/icT MOMCHT, KOI'la BKJIaId XUMHYECKOM pCaKunu, HpOTeKaIOHIGﬁ B KMHCTH-
YEeCKOM 06J'IaCTI/I, CTaHOBHUTCA 3aMCTHBIM.

BTOpaﬂ craagus. I[JII/ITCJIBHOCTB IIaHHOI‘/JI CcTagun KaTaJIUTHYCCKOI'O BOCIIIIaMC-
HCHHA Ha YaCTHUIC KaTalu3aTopa OIPCACIIACTCA B IMPCAIIONIONKCHHUN KHHCTHYCCKOI'O
peKrMa pCakKiun OKUCICHUA KaK

T, R AT T a9
P e —a(e+1)

Ina—1
Temmeparypa KaTaau3aTtopa IIOCTEIIEHHO BO3PACTAET U MEPEXOAUT YEPE3 TEMIIE-
patypy BocruiameHeHus 1;. [loatoMy npumeM manocts 0e3pa3MepHON TEMIEPATYPBHI.
be3pazMepHblii KO3P(GUUHUEHT TEIJIOOTAA4YH B JAHHOM Cllydae pasjiaraTb HE HYXKHO,
KakK 3TO JICJIAETCA B KIIACCUYECKOM ciydae [6, 7].
B stoMm citywyae unterpan (6) mpuMeT BU:

(6)

.7 2d6 _ 7 2d6
wa 07 +20+2-26(0+1) 0 +2(1-0)0+2(1-a)
HyoKHHR IIpefes MHTErPUPOBAHUS 0€3 CYIIECTBEHHBIX IOTPEIIHOCTENR MOXKHO

3aMEHUTh Ha — 0. B PE3YIBTATC ITOJIYYUM OKOHYATCIIBHOC BBIPAKCHUC I JJIUTCIIb-
HOCTH BTOpOﬁ CTaAu BPCMCHH KATAJIUTHYICCKOI'O CaMOBOCIINIAMCHCHMA.

Ina-1
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210

T, =T, F——. (7)
CoI-&@

Ha Ttperbeii ctagum nudPy3MOHHO-KMHETHUECKOE OTHOIICHHE 3HAYUTEIIHHO
Oonplne enuHuibl (puc.lb), To ecTh XuMHUYecKas peakius nporekaet B AU y3uoH-
HOM oOnactu. Ha nmaHHOM cTamuy BOJIM3M BTOPOM TOYKM Ieperuda i, HaOIromaeTcs
OTHOCUTEJILHO BBICOKAsl CKOPOCTh YBEJIMUEHHUS TeMIIepaTypbl Karamuzaropa. [lanee
3a cueT MU Py3noHHOTr0 TOPMOXKEHHS TeMIIepaTypa IJIaBHO MPUOINKAETCS K yCTOM-
YUBOMY CTAIIMOHAPHOMY 3HAYCHHIO TIPH KATATUTHYCCKOM TOPCHHH. Y paBHCHHE IS
OTpeeCHUS JUINTSTLHOCTH 3TON CTaJIMA MOYKHO MPEICTABUTH B BHJIC:

v. or 1
?ccch = kapngf (1+Wtd)§_aeﬁ” (T_Tgeff)

c

1+m

y - T _9 1 Le™
4nTHIBAA, 4TO o =Bc,p,Le U, BBEIA Q—C—( +vy,,)Le'™, naunoe

4
YpPaBHEHHUE PUBOAUTCS K BULY:

oT a

t —=|\T,—-T+T

o ] g-eff
ot Oy

Hwxnnit ipenen Beiopan kak 0, =5 wnu 7, =T, + 5SRT] / E, a BepXHHii COOT-

BCTCTBYCT TCMIICPATYPC, KOTOpAsd OTIIMYACTCA OT TCMIICPATYPHI I'OPpCHUA HA MAJIYIO

o .
senuunny T, =(1-38)7,,, , rae T, =T,——+T, ;. Jlns JanbHEHIINX PAcUETOB Bbi-
off
opano 6 = 0.01. CornacHo nocnennet popMyssl TemrepaTypa KaTaAIMTHYECKOTO TO-
peHUs yOBIBAET C pOCTOM JAMAMETpa KaTalu3aTopa.
B pesynpraTe MIMTENBHOCTH TPEThEH CTaAMM 3aBUCUT OT TOYHOCTH 3a/IaHUs
BEpPXHEN I'paHUIbl UHTETPUPOBAHUS:
T =T, 1
bur 6
CyMMa TMOJTy4YeHHBIX TPEX BPEMEH U SBISETCS OOIIeH NIUTENbHOCTHIO KaTalH-

THYECKOI'0 CaMOBOCIUIAMCHCHH I'a30B HA YaCTHUIIC KaTaau3aropa: T, , =T, + T, + 1.

(8)

T,=1,In

Pacuets! 17151 KaTaaUTHYECKOTO ropeHust Bojiopoja Ha matuHe (€ = 0.15) mpo-
BOJHIIACH TIPU CIISAYIOMHX 3HAYCHUAX mapametpos: E = 55 kJx/Moib, ky = 0.8 - 10°
m/c, Oy = 120.9 MIIx/xrH,, Dy = 0.6-10°* M*/c, m = 0.33, n = 1.82. Jlns karanuruye-
CKOT'0 OKMCJICHHMSI aMMHUaKa Ha IuiaTuHe npuHuManoch: E; = 139 kJx/mMons, ko = 13
10" m/c, Qn = 13.3 MJIx/krNH3, Dy = 0.2:10™* m*/c. OTandmeM 5THX JABYX TOPIO-
YUX Ta30B SBJISETCS OTIMYME PHEPTUN aKTUBALMKM peakiuuu U KodPIUIIUEHTOB aud-
(Gy3uu B BO3IyXe MPaKTUYECKHU B 3 pasa.

AHauau3 pe3yJabraroB. Ha puc. 2 npeacraBieHbl 3aBUCUMOCTU JIJIUTEIIbHOCTH
OTIIETBHBIX CTAJANK OT pa3Mepa KaTaau3aTropa MpH KaTATUTHISCKOM OKHUCIECHUHU BO-
nopoaa. Tak ¢ Bo3pacTaHueM pa3Mepa KaTalu3aTopa JJIUTEIbHOCTh KaKI0M CTaauu,
€CTeCTBEHHO Bo3pacTaeT (puc.2a). Haubosnee MHTEPECHBIM SIBISECTCS TUHAMUKA W3-
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MEHEHHs OTHOIICHUS 3TUX BPEMEH K BpeMEHHM penakcanuu t, (puc.2b). Tak mns ma-

JIBIX YACTHUI] BPEMSI CAMOBOCIUIAMEHEHHUS OMPENEIAETCS JIUTEIbHOCTRIO CTaUN Ca-
MOYCKOPEHHUSI MPU MPOTEKAHUM XUMHYECKOM peaklM B KWHETHYECKON 00JacTu
(puc. 2b). Jlyis KpyIHBIX YacTUI] MEPUOJ UHAYKIIMU OMPEAENCTCS IIUTEIbHOCThIO
ctaguu U@ y3MOHHOTO TOPMOKEHUS, 1JII KOTOPOM XapaKTepHO MPAKTUYECKHU He3a-
BUCUMOCTb OT AMaMEeTpa OTHOILLICHHUS T3/T,.

OcoOEHHOCTHIO JaHHOM 3aBUCUMOCTH SIBJISIETCSI HAIMUKME OTpaHUYEHHON o0Jac-
TU MaMETPOB, JJIsl KOTOPHIX BO3MOXKHO KaTAIUTHYECKOE caMOBOCIIaMeHeHue. Tak,
B 00JIACTH MEHBIINX JUAMETPOB IPEesl CAaMOBOCIUIAMEHEHHS CBSI3aH C BO3pPACTaHU-
€M TEIUIOOT/IauM BhIIIE KPUTHUECKOTO 3HAYeHUS (puUc. 2¢).

B o6nactu kpymHBIX pa3MepoB Mpeell CBA3aH ¢ BO3pacTaHueM CTaauu n1uddy-
3MOHHOTO TOPMO>KEHHUS, HECMOTPSL Ha TO, YTO aHaiu3 (opmyJsl (7) moKa3biBaeT Ha

60r 7> C 13 a 1T b

401

C tr‘ftu.

1y

i
d, MEM

d, MEM

4

fo10 100 10 10

10 100 10° 10
Puc. 2. 3aBUCHMOCTbh BPEMEHH KaTATHUTHUUYECKOTO BOCILUIAMEHEHHUS BOAOPOAA OT JuaMeTpa
MJIaTUHOBOM "acTuilsl (Sh = 2).
a,b) I — 15 2 — 15; 3 — 13. Temmeparypa razosoii cmecu T, = 420 K, nons Boxopona Y, =
0.19%.
¢, d) cymMmmapHOe BpeMs KaTaJTMTUYECKOTO caMOBOCIuIaMeHeHus. Temmneparypa cmecn: 1 — 7,
=420K,2-T,=370K, 3 - T, = 320 K. Tonsa Bogopona Y,= 0.19%. Ha Bxknanke: Temmnepa-
Typa cMmecu T, = 420 K, nons Bogopona Y 1a) 0.19%, 1b) 0.14%, 1c) 0.09%.
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HAJIMYKME BEPXHErO Mpenena Mo pasmMepy, CBA3aHHOTO C BOZHUKHOBEHHEM KpHUTHYE-
CKOT0 3HaueHUs K0d(PuUIMeHTa TerioooMeHa Npy yueTe TerIo00MeHa U3TyYeHUEM.

Ha uccnenyemoii 3aBucuMocTu HaOM0AaeTcs MUHUMYM. J(MaMeTp KaTaius3aTo-
pa, COOTBETCTBYIOIINNA €My, TOCTATOYHO OJIM30K K HIDKHEMY Tpejeiy 00J1acTh caMo-
BOCIUIaMEHEHUd 1o auaMmeTpy. C yMEHBUIEHHEM KOHIIEHTpaluW TOPIOYEro rasza u
TEMIIEpATypbl Ta30BOM CMECU HUXKHUU NPEACIbHBIA TUAMETP BO3PACTACT, KAK U IIe-
pUOJI UHIYKIIUA B TOUYKe MUHUMYyMa (puc. 2¢). Bepxuuii npenenbHbIil 1uaMeTp Ma-
JIOYYBCTBUTEIIBHBIN K JI0JIA TOPIOYETO rasa.

B Toxe Bpemsi ¢ pocToM auameTpa KaTaau3aropa OTHOUIECHUE Ti,g/T, ACUMIITO-
TUYECKHU TIPUOIIKACTCS K T3/T,.

Ha puc. 3 npencraBieHbl aHATOTUYHBIE KPUBBIE JJISI CIy4asl KaTAIUTHYECKOTO
CaMOBOCIIJIAMEHEHHSI aMMHaKa Ha TIATUHOBOM 4vactuile. [Ipn BBICOKHMX TeMmiepary-
pax cmecu (1 > 450 K) neprox MHIYyKIIMM KaTAIMTHYECKOTO CaMOBOCILIAMEHEHHS 1

30071
G007

400y

2007

10 100

1.5x10%

0.4F
03k
110702}
0.1F

la
| | | |
20 40 60 80 100

3001

10 100 10° 10 ' ; "
10 100 10° 10

Puc. 3. 3aBucuMOCTh BpEMEHU KATAIIMTUYECKOTO BOCIUIAMEHEHHS aMMHAaKa OT JuaMeTpa
Karanuzatopa (Sh = 2).

a, b) 1 —11; 2 — 15; 3 — 13. Temneparypa razosoit cmecu I, = 433 K, nons ammuaka Y, =
1.8%.

¢, d) cymmapHOE BpeMsl KaTaIMTHIECKOro camoBociuiamenenus. Temneparypa cmecn: 1 — T,
=473 K,2-T,=453 K, 3 - T, =433 K. Jlona ammuaka Y,= 1.8%. Ha Bxiaaxe: Temmepa-
Typa cmecu T, = 420 K, nons Bonopona Yz 1a) 3.1%, 1b) 2.4%, 1c) 1.8%.
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JUTATETEHOCTH OTHACIBHBIX CTaIUN C POCTOM JTHAaMETpa BEIyT ceOsl aHAJIOTHIHBIM 00-
pazoM (puc.3 ¢, d). B aTux ciy4asix npu BBICOKHX pa3Mepax YacCTHUIIbl KaTalu3aTopa
(6onee 2 MM) OCHOBHAsg 4YacTh BPEMEHHM CAMOBOCIUIAMEHEHHS COCTaBIISIET BpeMs
muhPy3MOHHOTO TOPMOXKEHHS, BO3pACTAHUE KOTOPOTO W OIPEACNACT «BEPXHUI»
npeiell KaTaTMTHYECKOr0 CaMOBOCIUIAMEHEHUS TI0 IMaMETPy KaTalu3aTopa.

Jliist Gosiee HU3KUX TeMmIeparyp razoBoi cMmecu (puc.3, a,b) ocHOBHOM cTaaueit
CTAaHOBUTCSI CTaausl caMOycKopeHus (Bropasi ctanus). Kak BuaHo u3 dhopmynsl (7)
HEOIPEICTIEHHOCTh BO3HUKAET MPHU BBIMOJHEHUH yciaoBust O, =1. 3a cuer Brirove-

HUA 4yepe3 d(pPeKTUBHBIE BEIMYUHBI B 3TOT O€3pa3MEpHbIA KOMIUIEKC TEIIo0OMeHa
U3JIy4EHHEM, 3TO YCIOBHE MOXET BBINOJHATCA NPU JBYX AHAMETpax. MeHbIIMi
JUAMETP ONPENEISeT HUKHUM MPee KaTaTUTUYECKOr0 CaMOBOCIUIAMEHEHUS U CBS-
3aH C BO3PAaCTaHUEM TEIIOOOMEHA MOJIEKYJIIPHO-KOHBEKTHUBHBIM IyTeM. bosbiimii
IUAMETP OIPEAEIISIET BEPXHUM MPEAEI KaTAIUTHYECKOTO CAMOBOCINIAMEHEHHUS U CBSI-
3aH C BO3pACTaHHUEM TEIIO0OMEHA U3ITYYECHHUEM.

[Ipy moHM)KEHUU TeMIlepaTypbl CMECH BEPXHHUH Ipeaes 00JIacTu KaTaluTUde-
CKOI'0 CaMOBOCIUIAMEHEHUS IO IMaMETPy MOHMKAETCS JJO MUJTUMETPOBBIX pa3MEPOB

U KOMILICKC O —>1, YTO ¥ OOBSICHSICT OTHOCHUTEIBbHBIN POCT AJIUTCIIBHOCTU CTAaAHWH
CaMOYCKOPCHHU:.

BriBoabl. B pe3ynbprare ananuza xapakTEpHbIX TOYEK HA BPEMEHHOM 3aBUCUMO-
CTH TEMIIepaTyphbl YaCTHUIIbI KaTaau3aTopa ObLIO MOKa3aHO, YTO BCE BpeMs KaTaIUTH-
YECKOT0 CaMOBOCIUIAMEHEHHUSI MOKHO pa30UTh HA TPU CTAJUU: CTATUI0 WHEPTHOTO
pasorpeBa, CTaJusi CaMOYCKOPEHHUsI TIPH MPOTEKAHUU PEaAKIIMM B KMHETHUYECKOU 00-
JacTu U ctaauio U @y3uoHHOro TopMoxkeHus. [Ipu aHaIUTHYECKOM OIpeeIeHUuN
JUTMTEIBHOCTEN CTaAui MpeajiaraeTcs B KaueCTBE XapaKTEPHOU TEeMIIEpaTyphl HC-
M0JIb30BaTh TEMIIEPATypy CaMOBOCILJIAMEHEHUS, @ HE TEMIIEpaTypy rasza, Kak B KJac-
cuueckux padorax. IIpeaiokeHbl aHATUTUYECKUE BBIPAKECHUS JIJIs1 OIICHKH JIJTUTEIb-
HOCTH OTUX CTaJIUMN.

ITokazaHo, 4uTo pa3orpeB razopoii cmecu Ha 50-150 °C npuBOIUT K KaTaIMTHYE-
CKOMY CaMOBOCIUIAMEHEHHUIO MaJIbIX MPUMECEN TOPIOYEro ra3a Ha 4yacTUIlaX KaTaju-
3aropa. HwkHuil npenen o01acTu caMOBOCIUIAMEHEHUS TI0 IMAMETPY Karajlu3aropa
BO3PACTaET C YMEHBIICHUEM JOJU TOPIOUEro ra3a B CMECU M TEMIIEpPaTypbl CMECH.
[Ipuuem ymeHblieHue TeMieparypsl cmecu Beero Ha 100 °C yBenuuyuBaeT npejesb-
HBII pa3mep B Oosee, yem B 10 pas.

Jist vactun 6osiee 400 MKM BpeMsi CaMOBOCIIJIAaMEHEHHUS B OCHOBHOM OMpeIesi-
eTcst BpeMeHeM a1 Hy3MOHHOTO TOPMOKEHUSI.

UckntoueHuem sBIsieTCsl TEMIEpaTyphbl Ta30BOM cMecH OJIM3KUE K TEMIIepaType
CaMOBOCIUIAaMEHEHUS JIJIs IAaHHOTO JuaMeTpa KaTajau3aropa U KOHIIEHTpalluu ropro-
Yero rasa B CMeCH. B 3TOM ciydyae OCHOBHOM CTaJIMEN CTAHOBUTBLCA CTAIUS pa3orpe-
Ba IUCTIIEPCHOTO KaTalu3aToOpa B KHHETHYECKON 00IacTH.
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Yac 3aTpUMKHU KaTAJITHYHOI0 TeTEePOreHHOr0 3aMAHHA ra3iB Ha YaCTHHKAX
KaTajdizaTopa pi3HOro po3mMipy

AHOTAIIA

B pobomi ananimuuno usHauaecmvcsa 4ac 3ampumKu KAmaiimuyHo20 3AUMAHHI MAanux
0OMIWOK 2001020 2a3y 8 NOGIMPI HA ChepuyHill Memanesitl Yacmuryi pizHo2o diamempa Ha
npuKIadi 6e3noaym IH020 20PIHHS 2A30N08IMPAHUX CyMiueld 3 OOMIUKAMU 8600HIO HA 4ACMU-
nyi naamunu. Ilokazano, wo cmitike 6e3nonym'saHe 2opinHA cnocmepieacemscs uepe3 nepioo
IHOYKYII 0151 YaCMUHOK NegHo20 dianazony. Bcmamnosneno, wo yac kamanimuuno2o 3auMaHHs
2azie po3oinenutl Ha mpu cmaodii: 1. inepmuull po3iepis, Mpusalicms K020 6ce mMaxu 3dje-
AHCUMB IO KOoHYenmpayii 20po1o2o 2azy; 2. cmaodis camonpuUCcKopenHs i niosuujeHHs memne-
pamypu Kamanizamopa npu NpomiKauHi KamanimuyHoi peaxyii 6 nepexiowiu obnacmi; 3.
cmaodis oughy3itiHo2o 2anbMy8anHs i uxody Ha cmilke kamanimuyre 20pinHsA. Ilpu ananizi
yacie 6 Oe3po3MIpHil opMi UKOPUCIOBYBABC XapakmepHull yac penakcayii. /[nsa euzna-
YeHHs: mpueaiocmi Opyeoi cmaodii 3acmocosyemvcs 3minenull nioxio @pauk-Kameneyvkoeo.
Tpusanicme cmadii Ougy3itino2o 2anbMy8aHHs 6 6e3pO3MIPHOIO OPMI NPAKMUYHO He 3djle-
Jrcums 8i0 diamempa YACMUHKU KAMaiizamopa, Xxoua memnepamypa KamaiimuyHo2o 20piHHsL
3MEHWYEMbCsL 3 pocmom Odiamempa kamanizamopa. Tennoobmin 8unpoMintO8aHHAM, pOJib
K020 3pOCMAE 3 POCMOM PO3MIPY KAmanizamopa, 6xoo0umsv 6 epekmusHull xKoeghiyicHm
menyioooMiHy, wo 00380.€ 30epecmu i0e0n02il0 KIACUYHO20 Ni0X00) 00 8UPIUEHHs 3a60aH-
HS NPO nepioo iHOVKYIi.

Knrwuosi cnosa: niamunosa uacmka, oiamemp, 600eHb, nepiood iHOYKYIl, cAMO3AUMAHH,
Meni000MiH BUNPOMIHIOBAHHAM, NOGepXHese (be3noyMeHese) 2OpiHHL.
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Kalinchak V.V., Chernenko A.S., Fedorenko A.V., Roziznaniy M.V.
Delay time of gases's catalytic heterogeneous ignition on various sizes's
catalyst particles

SUMMARY

In this work, catalytic ignition delay time of combustible gas's small impurities in air on a
spherical metal particle of various diameters is analytically determined by the example of
gas-air mixtures's flameless combustion with hydrogen impurities on a platinum particle. It is
shown that stable flameless combustion is observed after an induction period for particles of
a certain range. It has been established that catalytic ignition time of gases is divided into
three stages: 1. inert heating, the duration of which still depends on the combustible gas con-
centration, 2. the stage of self-acceleration and catalyst temperature rise during the course of
the catalytic reaction in the transition region, 3. stage of diffusion inhibition and reaching
stable catalytic combustion. The characteristic relaxation time was used in a dimensionless
form. To determine the duration of the second stage, a modified Frank-Kamenetsky approach
is applied. The duration of diffusion inhibition stage in the dimensionless form is practically
independent of catalyst particle's diameter, although the catalytic combustion temperature
decreases with an increase in the catalyst diameter. Heat transfer by radiation, the role of
which increases with the growth of the catalyst size, is included in the effective heat transfer
coefficient, which allows maintaining the classical ideology to solving the problem of the in-
duction period.

Key words: platinum particle, diameter, hydrogen, induction period, self-ignition, heat ex-
change by radiation, surface (flameless) combustion.
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Physicochemical mechanisms of the growth of oxide crystals on the surface of
tungsten conductors heated by electric current

Physical and mathematical modeling of stationary thermal modes of heating and oxidation
of tungsten conductors heated by electric current in air has been carried out. The dependenc-
es of the stationary temperature of the conductor on the strength of the heating current are
obtained. The critical values of the current strength are found, which determine the transi-
tions to the unsteady oxidation regime. The results of calculating the temperature regimes de-
scribe well the experimental data obtained by us using the electrothermographic method.

As a result of experimental studies, the features of the appearance and growth of crystal-
line oxide structures on the surface of an oxidizing tungsten conductor have been studied. The
temperatures at which filamentous crystals appear on the tungsten surface are determined,
and the regularities of their growth are investigated. A physicochemical mechanism of the
formation and growth of crystalline oxide structures on the surface of a tungsten conductor is
proposed. It was found that carbon particles, which are part of the impurity, are the reason
for the formation of nitrate crystals of tungsten trioxide on the basic oxide. With an increase
in the temperature of the sample, the filaments grow, branch out and transform into dendritic
structures of a complex bush-like shape. It has been proven that the rapid growth of crystal
structures occurs due to the deposition of clusters and microgranules of WQOj oxide from the
gas phase on the crystallization centers on the surface of the conductor. At the initial stage,
these are impurity particles or mechanical inhomogeneities of the basic oxide, then a growing
crystal. Clusters arise due to large temperature gradients at the surface of the conductor. It
has been established that carbon atoms can migrate along the branches of oxide crystal struc-
tures.

It was found that at the initial stage the crystals grow more intensively in the longitudinal
direction. However, upon reaching a certain height, they begin to expand intensively in the
transverse direction. The growth rates of crystal structures in the longitudinal and transverse
directions are found.

Key words: heat and mass transfer, oxidation, temperature, tungsten, tungsten oxides,
crystals.

Introduction. Tungsten oxides are promising materials for their use in solar en-
ergy, catalysis, microelectronics. Therefore, obtaining tungsten oxides with desired
properties is an urgent task. Thin films of tungsten oxides can be obtained by chemi-
cal deposition, plasma spraying, but the most economical and environmentally friend-
ly method of obtaining oxides is controlled high-temperature oxidation of metal wire
heated by electric current in a controlled gaseous medium [1,2 ].

The use of tungsten oxides in the chemical industry as catalysts (dehydration of
alcohols, cracking of hydrocarbons) determines the relevance of studies of tempera-
ture regimes and patterns of their formation. To solve this problem, a detailed under-
standing of the physicochemical mechanisms of the formation and growth of oxide
crystals is required.

DOI: 10.18524/0367-1631.2021.59.227305
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The aim of the work was to study the patterns of growth of tungsten oxide crystals on
the surface of tungsten samples at different temperatures; study of their structure,
properties and growth kinetics.

1. Simulation of thermal regimes in the oxidation of a tungsten conductor
heated by electric current. Let us consider unsteady heat and mass transfer and the
kinetics of oxidation of a tungsten conductor heated by an electric current in air, the
Joule heat released in this case leads to an increase in the temperature of the conduc-
tor and activates a chemical oxidation reaction on its surface. It is assumed that an
oxide film is formed on the surface of the conductor, consisting of oxide WO;, the
formation of which occurs in accordance with the equation:

W+O3—>WO3.

It 1s known that the oxidation reaction proceeds according to the parabolic law
[3, 4] and the rate of the chemical reaction is limited by the thickness of the oxide
film:

D, E
Wo, ZTGXP(—Ej”ozng : (1)

Then the density of the chemical heat release of the tungsten oxidation reaction
is defined as:

94 =0 Wo,. 2)

where O — the heat effect of the reaction, J/kg O,; WO2 — oxidation rate, calculated by
oxygen, kg/(m2 s); h — the thickness of the oxide film, m; Ros— relative mass concen-

tration of oxygen on the metal surface; p, — air density, kg/m’; D, — diffusion coeffi-
cient of oxygen through the oxide layer, m%/s; E — activation energy, J/mol; R — uni-
versal gas constant, J/(mol-K).

Molecular-convective heat exchange of a heated conductor with air 1s described
by the Newton — Richmann law:

g.=a(T-T,), azN”jg, (3)

and heat exchange by radiation with the walls of the installation - by the Kirchhoff
and Stefan-Boltzmann laws:

qwzso(T“—va). 4)
In (3) - (4): 9., q.» — the density of the molecular-convective heat flux and heat

flux by radiation, W/m?>; T, ¢ — gas temperature, K; o.— heat transfer coefficient, W/(m®
‘K); Ay — gas thermal conductivity coefficient, W/(m'K); Nu — the Nusselt criterion,

1
Nu=1.18(GrPr)*[5]; Gr — the Grashof number; Pr — the Prandtl number; ¢ — the

emissivity coefficient of tungsten; d — diameter of tungsten conductor, m; 7,, — tem-
perature of the walls of the reaction system, K.

he density of the Joule heat flux released in a conductor with a current is deter-
mined from the expression:
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i d’ ’

where [ — the current strength, A; n, — resistivity of tungsten at temperature 7, =

273 K, Ohm * m; y — temperature coefficient of resistance, K'; T— the average tem-
perature of the conductor, K.

Heat loss by heat output through the ends of the conductor to the current-
carrying contacts, which are at a temperature 7, is determined by the expression [6]:

, S, (r-7) | BL-shVBL ©
" S, 2-(ch\/§L—1) ’

2
where S, =m%, P=nd, S,=PL, B =7fx—P. Here L is the length of the conduc-
W>'s
tor, m; Ay is the thermal conductivity coefficient of tungsten, W/(m” K).

When the tungsten conductor reaches the melting point of the oxide, it melts and
then evaporates from the surface of the conductor. Evaluation of heat losses for evap-
oration of the oxide layer showed that at conductor temperatures close to the oxide
melting temperature, they can be neglected.

Taking into account formulas (1) - (6), we write down a differential equation
that determines the change in the temperature of the conductor over time:

ol 4
CWPWEZE(qj+QCh_QC_QW_QX)7 T(t:()):Tba (7)
where ¢, ,p, — the specific heat and density of tungsten, J/(kg-K), kg/m’; T, — the

initial temperature of the conductor, K.

0 : :
For stationary conductor heating modesa =0, equation (7) will take the form:

q+94 =9 =9~ 9. =0 : (8)
Substituting the expressions for the heat flux densities into the stationarity con-

dition, we obtain an equation linking the stationary temperature of the conductor and
the current that heats it:

) nd? 1 = PR D
et 200 o

Equation (9) determines stable and critical high- and low-temperature modes of
heat and mass transfer and oxidation of the dart with a given initial thickness of the
oxide hb at different intensities of its heating by electric current.

2. Experimental stand. To carry out experimental studies of tungsten oxidation
kinetics and oxide coatings, we developed a special stand, where
electrothermographic and pyrometric methods were used to measure the temperature
(Fig.1). To study the surface of the conductor during the oxidation process, an opti-
cal-digital method was developed [7]. The conductor (1) was heated by means of a
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Fig.1. Experimental setup diagram

stabilized power supply (2). The voltmeter (3) recorded a voltage drop at its ends.The
conductor surface was monitored in real time using a digital camera (5) mounted on
an optical microscope (4). The image from the digital camera was fed to a personal
computer (6). The surface temperature of the sample in the high temperature state
was determined using a brightness pyrometer (7). Tungsten conductors of the VA
brand with a diameter of d =200 um and a length of L = 0.11 m were used for the
studies. The experiments were carried out in air under normal conditions (pressure p
= 101.3 kPa, temperature 7, = 293 K).

The stationary temperature regime was set by adjusting the current, which was
gradually increased at certain time intervals, until the appearance of oxide crystalline
formations on the surface. After that, at a fixed amperage, the growth of individual
oxide crystals on the surface of the conductor was observed.The temperature of an
electrically heated tungsten conductor was determined from the temperature depend-

ence of the specific resistance:
T=[£—1j(l—T0j+£Tk, (10)
Ry Y R,

where R, Ry is the resistance of the conductor in a stationary state and at room tem-
perature (before the start of the experiment), respectively, Ohm.

Thus, the set of these methods allowed to control the heating process of the con-
ductor, to measure the temperature field, local and average temperature of the sample,
to study the state of its surface and to observe the growth of structural formations.

3. Received results and their discussion. Using the developed experimental
stand, the proposed methods were studied stationary modes of heat and mass transfer

120



®dizuka aepoaucnepcHux cucrem. —2021. — Ne 59. — C.117-126

2000 TK : ) 1500 1€ b)

1800 - : 1250_‘ 3939

1600 5 g

1400 1990 o0°

1200 i 250 | ,P“O/

1000 1 /

800 - ] S

600 - g5p FO OO0 o

400-0 Icr I.A 0 T T T T T
0.0 05 10 15 20 25 30 35 40 45 o 1000 2000 3000 4000 5000

tc
Fig.2. Dependence of the stationary temperature of the conductor on the current
strength (a) and temperature on the time at the crystal growth stage (b). a) circles -
experiment,electrothermographic method; curve - calculation by the formula (9); b) —
experiment, / = 3.82A, filled circles - measurements with a brightness pyrometer.

and oxidation of tungsten conductor, heated by an electric current in the air. To do
this, we heated the conductor at different current values. If after a while the current is
set to almost constant temperature, then we observe a steady state. If, after another
increase in current, the temperature of the conductor increases all the time, the heat
and mass transfer mode ceases to be stationary and there is a transition to non-
stationary oxidation, which ends with the burning of the conductor. The minimum
value of the current at which the transition to a non-stationary oxidation regime is the
critical value of the current I, which characterizes the ignition.

Fig. 2a shows the dependence of the stationary temperature of the conductor on
the heating current strength, obtained experimentally (circles) and calculated by the
formula (9) (curve). There is good agreement between the experimental and theoreti-
cal results, which indicates the correct description of the thermal and kinetic mecha-
nisms of the process. A sharp increase in temperature at a critical current strength I
= 3.9A is associated with a transition to a non-stationary mode of conductor oxida-
tion and its further destruction. Near the critical conditions on the oxidized surface of
the conductor, the formation of separate crystal structures was observed. The growth
of crystals occurred at a fixed value of the current strength, but the conductor temper-
ature continued to increase due to the heat release of the chemical oxidation reaction
(fig. 2b).

The temperature of the conductor heated to a glowing state was also measured
using an optical pyrometer (brightness pyrometer with a disappearing filament). In
fig. 2b, filled circles represent the results of these measurements. They are in good
agreement with the results of measurements by the electrothermographic method.

Digital images of an oxidized tungsten conductor under a microscope are shown
in fig. 3a. It can be seen that the oxide is an uneven surface cut by grooves and
cracks. On the surface of the conductor, separate structural formations are observed -
crystals of tungsten oxide, which have the form of thickened filaments. Mechanical
processing of the conductor after the end of the experiment made it possible to
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b)
Fig. 3. Images of the surface of an oxidized tungsten conductor during the
experiment: a) the appearance of nitrate crystals, b) the branching of oxide structures

determine the thickness of the oxide layer. It turned out to be equal on average to 50-
70 um in the central part of the conductor.

The study of the surface of tungsten conductors in stationary states in real time
made it possible to detect the following picture of the formation of an oxide layer. At
temperatures 7 <900 K, a continuous oxide layer appears on tungsten, separate
grooves and irregularities appear. An important feature of the initial stage of oxide
formation is that the surface of the metal is not clean. It already contains individual
oxide nuclei, which are randomly distributed over the surface, possibly in places
where there are surface imperfections, impurity atoms, and mechanical deformations.

Subsequently, at approximately average conductor temperatures 7~ 900K, indi-
vidual oxide crystals in the form of filaments and plates begin to appear on its surface
(fig. 3a), which then grow into branchy formations (fig. 3b). By optical-digital meth-
od, it was found that the temperature of the surface of the conductor in the place of
the formation of crystals exceeds 1100K. With an increase in temperature and oxida-
tion time, the size of the crystals and their density on the surface of tungsten grow. X-
ray analysis of crystalline oxide structures showed that they consist predominantly of
WO:;.

Studies have been conducted aimed at clarifying the mechanism of formation of
crystalline oxide structures on the surface of tungsten during heating. X-ray analysis
of the initial samples showed that carbon impurities are present on the surface of the
tungsten wire as a result of high-temperature wire drawing in the presence of graphite
grease. Carbon is also found in oxide crystals on the branches of dendrite structures
(fig.4a). An assumption arises that it is the carbon particles that cause the appearance
of primary oxide crystals.

To verify this assumption, the oxidation of thoroughly cleaned conductors was
investigated. For this, before the test, the sample surface was mechanically processed
to a metallic luster. Also used and chemical processing path. As a result, it was found
that branched oxide structures did not appear on the purified samples when heated.

Thus, carbon can be the center of crystallization of tungsten trioxide, which at
temperatures above 900 K begins to sublimate from the metal surface. The condensa-
tion zone is formed near the surface of the conductor. Since the gas temperature near
the surface is characterized by a high heterogeneity of several hundred degrees per
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Fig. 4. Images of oxide crystals on the surface of a tungsten conductor under an
electron microscope: a) 1,2,3,4- points where carbon atoms are found, b) complex
structure of crystal branches from individual granules.

millimeter (drops sharply), the distance from the surface of the WO; oxide pair be-
comes supersaturated. Consequently, WO; molecules, falling into the region with a
lower temperature, begin to condense on carbon particles on the surface of a tungsten
conductor. Thus, oxide crystals begin to form on the surface of carbon particles,
which become centers of condensation of oxide molecules from the gas phase. The
formation of filamentous tungsten trioxide crystals occurs.

Therefore, it can be assumed that the growth of crystalline oxide structures on
the surface of the oxidized tungsten conductor occurs according to the «vapor-
crystal» mechanism [8], and carbon particles ensure the formation of primary oxide
dendrite structures.

In addition, it should be noted a high linear growth rate of branched oxide struc-
tures: an increase in the heating time of a conductor for several seconds leads to the
formation of more branched oxide structures and the appearance of new crystals. It
can be argued that in the gas phase homogeneous condensation of the oxide mole-
cules occurs with the formation of clusters and WO; microgranules. It is the construc-
tion of crystals, mainly from microgranules, that determines their rather high growth
rate. Increasing the temperature of the wire due to the chemical oxidation reaction
leads to an increase in the concentration of tungsten trioxide vapor. Due to this,
branching of threadlike crystals occurs. Some crystals are formed by combining indi-
vidual strands of oxide (fig. 4b). Branched bush-like structures are formed as a result
of the sedimentation of a large number of tungsten oxide clusters.

The applied method of video surveillance of the crystals during their growth
allowed us to study the shape and current dimensions of the crystals, as well as to
determine the growth rate at certain stages. It is established that the general regularity
of the formation of crystals is that the crystals first grew more intensively in the
longitudinal direction (in height), and then in the transverse (in width). Some crystals
grew unevenly: a decrease in the growth rate was observed, then the rate of
branching increased. With increasing conductor temperature, due to oxidation,
evaporation of individual crystals was also observed. This may be due to the melting
of the main oxide layer on the surface of the conductor in some local areas.
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An analysis of the size of the crystals, which we carried out after the end of the
experiment, showed that many crystals have a longitudinal dimension larger than the
transverse one. This is due to the fixed height of the condensation zone at the surface
of the conductor, the size of which depends on its temperature. Large temperature
gradients at the surface of the conductor limit the growth of crystals in height.
Expanding in the longitudinal direction, the crystals can overlap and, with a long
duration of oxidation, merge with each other side faces.

It is established that the maximum growth rate of the geometric dimensions of
tungsten oxide crystals under normal conditions in air is 0.4 + 0.6 pm/s. The height
of the formed crystals can reach 200-250 pm.

Conclusions. The regularities of the formation and growth of oxide crystal
structures on the surface of tungsten conductors, which are heated by an electric cur-
rent in air, have been studied. It was found that in the presence of carbon particles on
the surface of oxidized tungsten, whiskers of tungsten trioxide are formed, which
subsequently, as a result of rapid growth, transform into branched crystal structures.

A mechanism for the formation and growth of branched oxide crystal micro-
structures on the surface of tungsten conductors when heated in air is proposed. As a
result of oxidation, an oxide layer forms on the surface of tungsten, the outer part of
which consists mainly of WOs;. Tungsten trioxide sublimates into the surface layer
from the surface of the oxidized conductor, and a condensation zone is created. At
local temperatures on the surface of the conductor of about 1100K, the formation of
crystals of a simple geometric shape begins: filamentous and lamellar. Vapors of
WO; oxide are condensed onto carbon nanoparticles present on the sample surface,
after which the formation and growth of whiskers is observed. With an increase in the
conductor temperature, due to oxidation, and an increase in the concentration of WO;
in the gas phase, branching of crystals occurs: growth in the transverse and longitudi-
nal directions.

It was found that the maximum growth rate of the geometric dimensions of crys-
tals under normal conditions in air is 0.4—0.6 um/s. The growth of crystals in the lon-
gitudinal direction is limited by the size of the condensation zone, in the transverse
direction, by the overlapping of crystals with side branches with each other.
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Opnosckaa C.I.

Du3nKo-XuMH4YeCKne MeXaHu3Mbl POoCTa KPUCTAJNJI0B OKCHAA HAa MIOBEPX-
HOCTH BOJIL(l)paMOBLIX NMPOBOJIHUKOB, HAIrPEBA€MbIX IJICKTPUICCKUM TO-
KOM

AHHOTAIMS

Ilposedeno guzuxo-mamemamuueckoe MoOEIUPOBAHUE CIMAYUOHAPHBIX MENTIOBbIX PENCU-
MO8 Hazpesa U OKUCTEeHUs 80T1bDPAMOBbIX NPOBOOHUKO8, HAZPEBAEMbIX INeKMPUYECKUM MO-
Kom 6 6030yxe. [lonyuenvl 3a8ucumocmu cmayuoHapHoU memMnepamypvl npOGOOHUKA OM CU-
JIbl Hazpesaouje2o mokd, HatloeHbl Kpumudeckue 3Haue s CUulbl moka, onpeoensioujue nepe-
X00bl K HeCmAayuoOHApHOMY PedCUMy OKuclenusi. Pezynbmamvl pacuema memnepamyphvix
PENHCUMOB XOPOULO ONUCHIBAIOM IKCNEPUMEHMAbHbIE OaHHble, NOTYYEeHHble HAMU C UCNOJb-
308anUeM IIEKMPOMEPMOPAPULECKO20 Memood.

B pezynomame 3KcnepumeHmanbHbix UCCi1e008aHU U3YUEHbl 0CODEHHOCTU 00PA308aHUs U
POCMAa KPUCMALIUYECKUX OKCUOHBIX CIPYKMYP HA NOBEPXHOCMU OKUCTSAIOWE20Cs 80bhpa-
M068020 npogoonuxa. Onpedenenvl memnepamypbl, Npu KOMOPviX HA NOBEPXHOCMU BONbPPA-
Ma 803HUKAIOM HUMMESUOHbLE KPUCTAILTbL, UCCTIe008AHbl 3aKOHOMepHOoCmu ux pocma. Ilpeo-
JIOJHCEH (PUBUKO-XUMUYECKULL MEXAHUSM 00pA308aHUs U pOCMA KPUCMALIUYECKUX OKCUOHBIX
CMPYKMYP HA NOBEPXHOCMU BONbPPAMOBO2O NPOBOOHUKA. YCMAHOBNEHO, 4MO Yacmuybl
yenepooa, Komopble 8X00am 6 cOCMas NPUMecu, AIAIMCA NPULUHOU 00pA3068aHUs HA OCHO-
BHOM OKCUOE HUMMEBUOHBIX KPUCALLI08 mpuokcuoa eoavgppama. Hatioenvl ckopocmu poc-
Ma KpUCMAaiiuieckux Cmpykmyp 8 npo0oibHOM U NONEPEUHOM HANPABLeHUSIX.

Knrwuesvie cnosa: menio u maccoobmen, OKucieHue, memnepamypa, 80ab@pam, OKUCO
gonbpama, KpUcmai.
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Opnosceka C.I.

Di3uKo-XiMiYHI MEeXaHI3MHU POCTY KPHUCTAJIB OKCHY Ha IOBEPXHi BOJIb{-
PaMOBHX NPOBIAHUKIB, 10 HATPIBAIOTHCH €JIEKTPUYHUM CTPYMOM

AHOTALIA

Ilposedeno ¢hizuko-mamemamuune MOOENIOBAHHA CMAYIOHAPHUX MENT0BUX PEAHCUMIE
Haepisy i OKUCIIeHHS 80Ib(hPAMOBUX NPOBIOHUKIB, WO HASPIBAIOMbCS eIeKMPUUHUM CIMPYMOM
6 nogimpi. Ompumaro 3an1eiCHOCmi CMAayioHapHoi memnepamypu nposiOHUKA 8i0 Cuiu
HA2pieaouo2o cmpymy; 3HAUOEHO KpUMUYHI 3HAYEHHS CUTU CIPYMY, WO BU3HAYAIOMb nepe-
X00U 00 HeCMayioHapHOMY pedtcumy OKucieHus. Pesynbmamu po3paxyHKy memnepamypHux
pedicumie 00bpe onucyioms eKCnepuMeHmanbHi 0aui, OMpUMAaHi HAMU 3 BUKOPUCMAHHAM
eleKmpomepmozpapiuHo2o memooy.

B pezynomami excnepumenmanvHux 00cniodxcenb 6UEYEHO 0COOIUBOCMI YMBOPEHHS 1 3PO-
CMAHHA KPUCATTYHUX OKCUOHUX CMPYKMYP HA NOBEPXHI OKUCTIEHO20 801b(Hpamosoco Opo-
muxa. Buswaueno memnepamypu, npu AKUX HA NOBEPXHI BONbPpPAMY  BUHUKAIOMb
HUMKONOOIOHI KpUcmanu, 00CIiONCeHO 3aKOHOMIpHOCMI iX pocmy. 3anponoHosano @izuko-
XIMIYHULL MeXAHI3M YMBOPEHHS | 3DOCMANHS KPUCMATIIYHUX OKCUOHUX CIPYKMYD HA NOBEPXHI
801bhpamosoco nposionuxka. Bcmanosneno, wo 4acmuHku yeneyro, SKi 6Xx00sims 00 CKIA0y
OOMIWKY, € NPUHUHOIK YIMBOPEHHS HA OCHOBHOMY OKCUOI HUMKONOOIOHUX KPUCALI8 MPUOK-
cuda onvhpamy. 3 niosUWEHHAM MeMNepamypu 3pa3Ka HUMKU POCMYMb, PO32ATYHCYIOMbCS
i nepemeoprOIOMbCsL 8 OeHOPUMHI CIMPYKMYPU CKIAOHOI Kyuyonodionoi gpopmu. Jlosederno, ujo
WeUuoKe 3POCMAHHA KPUCMANIYHUX CMPYKMYp  6I00Y8AEMbCS  BHACAIOOK — OCAONCEHHS
Knacmepis i mikpoepanyn okcudy WQOj 3 eaz060i ¢pasu Ha yenmpu Kpucmanizayii Ha NO8epxHi
nposionuxka. Ha nouamkosomy emani - ye UYACMUHKU OOMIWKU aAOO MexaHiuHi
HEOOHOPIOHOCMI OCHOBHO20 OKCUOY, nomim - 3pocmarouull Kpucman. Knacmepu sunuxaromso
yepes 6eUKI memnepamyphi 2padienmu 0iis nogepxmi nposionuka. Becmanoesneno, wo amo-
MU 8y21eYi0 MOACYMb Micpy8amu no 2iIKAxX OKCUOHUX KPUCTNALIYHUX CIPYKMYP.

Bcmanoeneno, wo na nouamxoeomy emani Kpucmanu IHMEHCUBHIULE POCMYMb 6 NO-
300601cHboMy Hanpsamky. OOHax, npu OOCACHEeHHI NesHOI 8uUcomu NOYUHAIOMb [HMECUBHO
PO3UUPIOBAMUCS 8 NONEPEeUHOM) HANPAMKY. 3HAUOEHO WEUOKOCMI pocmy KpUCmAanidHux
CMPYKMYp 8 NO3008ACHLOMY | NONEPEUHOM) HANPAMKAX.

Knwuosi cnosa: meniomacooOMin,OKUCTIEHHS, MeMnepamypd, 801b@pam, OKCUO BONb-
pamy, Kpucmai.
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New energy, angle momentum and entropy balance approach to modelling
climate and macroturbulent atmospheric dynamics, heat and mass
transfer at macroscale. I11. Low-frequency approximation and singularities in
fields of meteoelements

An generalized low-frequency approximation of energy, angle momentum and entropy
balance relationships to modelling climate and macro-turbulent atmospheric dynamics,
heat and mass transfer at macroscale is introduced and allow significantly to simplify the
main fundamental equations. A new equilibrium approach to modelling the global mecha-
nisms of climatic and macroturbulent atmospheric low-frequency processes, including heat
and mass transfer processes, teleconnection effects, etc., is based on the use of equilibrium
relations for entropy, energy, angular momentum, spectral theory of atmospheric macro-
turbulence and moisture turnover in connection with the continuity of forms of atmospheric
circulation (teleconnection, genesis of fronts). The physical features of singularities in the
fields of meteorological elements and the balance of the angular momentum as well as a
generalized Arakawa-Schubert model are introduced and discussed.

Kew words: macro turbulent atmospheric processes, heat-mass transfer, low-frequency
approximation, energy, angle momentum and entropy balance

Introduction. This paper goes on our work on quantitative studying energy,
angle momentum and entropy balance relationships in modelling climate and macro-
turbulent atmospheric dynamics, heat and mass transfer in atmospheric environment
at macroscale. Really, one could remind [1, 2] that understanding global mechanisms
in atmospheric macroturbulent processes, teleconnection effects etc attracts a funda-
mental interest in a modern physics of climate and heat-and mass transfer in complex
aerodispersed (atmospheric) systems [1-20]. As it is earlier indicated [1, 2], nowdays
there are different, quite consistent approaches to modelling global atmospheric
macroprocesses in atmosphere and other geospheres (look for example, review in [1,
2]). Such known methods as MLDP0O (Modele Lagrangien de Dispersion de Par-
ticules d’ordre 0), HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajec-
tory Model), NAME (Numerical Atmospheric-dispersion Modelling Environment),
RATM (Regional Atmospheric Transport Model), FLEXPART (Lagrangian Particle
Dispersion Model), model of the European Center for Mdium-Range Weather Fore-
casts (ECMWF) and others are usually mentioned (e.g. [13-22]). . From the other
side, correct quantitative description of the global atmospheric processes, the heat-
and mass transfer processes in an atmosphere, macromodelling dispersion of the pol-
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lutants in an atmosphere remains very actual and hitherto unsolved problem. In ref.
[1,2] there are considered the elements of a generalized approach, which is based on
the entropy, energy, moment balance relationships for the global atmospheric low-
frequency processes, theory of atmospheric macroturbulence and circulation over the
position of the front sections. It has been stressed that the main process-forming fac-
tor is a triplet of interacting solitons: "the planetary soliton of Hadley cells - the entire
complex of atmospheric fronts - the Rossby soliton wave packet". In Ref. [2] it has
been presented the detailed description of an generalized effective computational al-
gorithm or the advanced non-stationary balance approach with accounting for the
macro turbulent, circulation low-frequency processes.

In this paper we consider the energy, angle momentum and entropy balance rela-
tionships to modelling climate and macroturbulent atmospheric dynamics, heat and
mass transfer at macroscale in so called low-frequency approximation. It allows to
simplify the fundamental energy (entropy) and atmospheric angle momentum balance
relationships. Besides, some singularities in fields of meteoelements are discussed.

1. Qualitative features of the low-frequency vibrations in geospheres. In
modern climate physics, the need to develop special methods for observing low-
frequency oscillations of non-equilibrium thermodynamic processes in the geosphere
has been determined [1, 2, 20-25]. To date, methods of physical and statistical analy-
sis and processing of data sets of the network of ground or satellite measurements are
used to indicate such phenomena. However, these techniques are far from standard-
ized and to some extent unique for each of these long-term processes. Therefore, the
development of methods for monitoring the most low-frequency processes on a
planetary scale to observe some geophysical factors, summarize the contributions of
low-frequency fluctuations, especially relevant in the long-term physics of climate
forecasts [1, 2, 20-23]. Currently, this problem is far from being solved, although a
number of indirect steps in this direction have been made in a number of works (see,
for example, [1-20, 26-32]). The information base of modern long- and ultra-long-
term forecasts can be both satellite information and observation materials on the
characteristics of radio waveguides, especially in the lower trophospheric layers,
which are performed on the basis of radio analysis of radio transmission in the ultra-
short wave (USW) range. Both methods are based on the main criterion of the con-
centration of hydrometeors in the clouds for satellite sounding and water vapor to-
gether with hydrometeors for USW waveguides. Since any foci of planetary scale wa-
ter accumulation in the atmosphere in three phase states (steam, water, ice) are
formed on the basis of the mechanics of cyclo- and frontogenesis or in the lines of
convective instability, which form the basis of the process of synoptic changes
mainly in tropical latitudes and in anticyclonic formations, it is possible to enter some
physical and mathematical model on the basis of thermodynamics and hydromechan-
ics of the processes forming these accumulations. For example, the physics of these
processes may coincide with the mechanics of soliton, which has a long-term basis of
energy supply [20-25]. The mechanics of action of such a soliton determines the main
thermo-hydrodynamic parameters of the USW waveguide. It can be assumed that the
soliton of the atmospheric front is more characteristic of the elevated tropospheric
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USW waveguide [1, 2, 20, 22]. The soliton of the front is based on the long-term ex-
istence and on the independent dynamism of the frontal section of the polar front of
the temperate latitudes, encircling the globe. Similar sections of the Arctic and tropi-
cal fronts have a slightly less stable structure, because they are in the zone of active
anticyclogenesis of the Arctic anticyclone and the high-pressure subtropical belt, in
which Rossby solitons are active ([1, 2, 13-16, 20-22] ). Therefore, the soliton of the
polar front is a characteristic planetary ensemble of low-frequency wave and vortex
process associated with the sub-carried tropospheric USW waveguide.

It should also be noted that the polar front is an active reflector of the telecon-
nection process between the Hadley cells and the El Nifio-based Southern Process
and the Arctic anticyclone, which have crest spurs in the Siberian and Canadian-
Greenlandic anticyclones, which are likely to have a structure solitons Rossby. The
effect of teleconnection is set out in [20-23]. The main attention is paid to the balance
of the angular momentum in planetary dynamic movements of air masses and, in par-
ticular, on the basis of radiosonde measurements the zonal distribution of the relative
angular momentum in the atmosphere is estimated [1, 2]. The observed balance (im-
balance) of the angular momentum should in principle be calculated from direct
measurements of wind in the atmosphere and averaged over the year. The angular
momentum is transmitted from the Earth's surface (mainly over the oceans) in the
tropics and is transferred up to the Hadley cell, then moves in the upper atmosphere
to the pole and is given back to the Earth in mid-latitudes. One of the important mod-
ern geophysical puzzles is connected with the elucidation of not only atmospheric but
also hydro and lithosphere contributions to the balance of the Earth's angular momen-
tum.

2. Balance of energy and angular momentum for the atmospheric system.
According to ref. [1,2] master equation for the balance of the angular momentum is

an equation of integral form [20,22]:
/12 H2rn H 22 2

% [ pmav = [ [ [ peMdadzdg + [ [ [ (pi - piy )eos Adzdadg +
400 04 0
M 2nH
+H£roacos/1dzd¢dz, ()

where M = Q a” cos®\. + u a cosA — angle momentum, Q is angle velocity of rotation
of the Earth; A — latitude (A, — A, determine the latitudinal belt between the Arctic
and polar fronts); p — air density; V' — the entire volume of the atmosphere in the
specified latitudinal zone from sea level to the average height of the elevated tropo-
spheric USW waveguide (H) [4, 20] (note that Oort uses H = o ); p} — p;, — the
pressure difference on the eastern and western slopes of the i-th mountain; z - alti-
tude; t( — surface friction stress.

Equation (1) is an integral equation with respect to the angular momentum M
with the nucleus pV (in the stationary version, the left part (1) is 0 [1,2]). The func-
tion of the meridional component v directly depends on the type of function p. The
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function u is directly introduced into the unknown integral equation (1). The left part
of equation (1) does not include the component v, which means the problem of a pri-
ori closed loop angular momentum along the meridian. Thus, we can introduce a cy-
cle of angular momentum in the form of a complicated Hadley cell of temperate lati-
tudes, in which the closure of Hadley's circulation by the magnitude of the angular
momentum does not occur in the atmosphere, but passes into the ocean and further
into the lithosphere, and in the southern direction angular momentum occurs through
the lithosphere until the beginning of the cycle of rising air masses in subtropical lati-
tudes.

The hydrosphere in the oceans is usually determined only by the zonal direction
of transmission of the angular momentum, because the ocean is not able to match its
frequencies with atmospheric frequencies in the circular balance cycle of the angular
velocity component v, but only possible frequency matching of the u component. At
the time of collision with the lithosphere, the circulating center of Hadley at an angu-
lar momentum in the north is within the range of the Arctic Front, and at the time of
exit from the lithosphere is within the range of the polar front. The convergence of
these atmospheric fronts could then close the atmospheric cycle of balance at angular
momentum (or reduce the imbalance) without activating the ocean and lithosphere
and in the same frequency range of atmospheric oscillations.

Naturally, the convergence of the Arctic and polar fronts occurs through a com-
plex of interconnected cyclonic circulations, tele-connecting the southern circulations
with the northern ones through the Ferrell cell of temperate latitudes (see qualitative
picture of macroturbulent processes in [1-3,13-12]).

The tropical Hadley cell teleconnects the polar front with the southern process
by a similar mechanism of communication between the tropical and polar fronts or
the tropical Hadley cell with the Hadley cell of temperate latitudes. Since the refrac-
tive index is uniquely associated with the density field, it can be complex, measured
by USW indicator of the course of the whole process of teleconnection. Tropospheric
USW radio waveguides determine the value of H in equation (1), although the upper
part of the circulating ring of the Hadley cell does not always coincide with the level
of the elevated tropospheric USW waveguide. However, the determination of the po-
sition of the level of the upper part of the Hadley cell by the velocity field or by the
criterion of basic mass transfer can be specified by an effective density criterion or,
also, by the refractive index. From the point of view of physics, the cycle of angular
momentum balance in the zones of collision with the hydrosphere and with the litho-
sphere becomes singular. This singularity can be detected due to the appearance of
zones of frontal sections and in solitons of the front type.

Then the core of equation (1) can be given in the density field by the functional
ensemble of the complex velocity potential (see [20]):

W=ZZ+iqu ln(z—ak)+LiMke . T, In(z-b,) (2)
k=1

27[ k=1 Z—Ck 27[ k=1

the complex velocity will be accordingly:

dw — ] & q, 1 & Mkeakl' i &
=27 - - I, /\z—-b
y dz Vw+27rkz_:‘z—ak Zﬂkzz;(z—ck)z 27[,; e k)’ (3)
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where w — complex potential; v,,— complex velocity of the general circulatory back-
ground (mainly zonal circulation); b; — coordinates of vortex sources in the singular-
ity zone; ¢, — coordinates of dipoles in the zone of singularity; a; — coordinates of
vortex points in the zones of singularity; M; — the magnitudes of the moments of
these dipoles; oy — orientation of dipole axes; I'y, g, — values of circulation in vortex
sources and vortex points, respectively. The kernel of integral equation (3) becomes
singular of Cauchy and Hilbert type. The relationship of the density field or refractive
index with the field of complex potential or with the field of complex velocity is triv-
1al using the equations of the theory of "shallow water", according to the model de-
scribed, for example, in [22].

Methods for solving such equations are in principle well known. Focus on the
basic ideas of the solution, without detailing the calculations. Since the nucleus
through the functional ensemble of the complex velocity potential contains features
of the form 1/(C—) etc., it is convenient to use the connection of Hilbert and Cauchy
kernel [31,32]:

dc 1  o-s
(o2 ctg 5 dC+ p(s,0)do. 4)

The function p(s, o) corresponds to the condition: = #(c), ne #(s) = x(s) + iy(s)
and determines the zoning factor by the weights of the dipoles in formula (3). In the
stationary variant, formula (3) is only a kind of self-similar approximation. Then, in
general, the singular integral equation can be reduced to the equation:

b(s 2w s 2w
a)p)+ 2 [os)ctg 7 do+ [K(s.0)p(0)do = f(5).  (5)
27 ) 2 )
The frontline is given by the formula [20]:
: r T
Ve T, ZMCfgl(Z—Zo)» (6)

and the kernel K(s,5) together with the functions a(s), b(s) and f{¢) specify the weight
contributions of the source in the frontal lime of the typical front, which corresponds
to the form of circulation. In (5), (6) the operation of conformal transformation of a
rectilinear front to a real front line is omitted. But in the model experiment, it is per-
missible to replace the curved sections of the fronts with straight lines, without par-
ticularly distorting the essence of the process. Moreover, in the current situation it is
important to have even a rectilinear position of the frontal section from the central
point in the middle. Equation (5) can be rewritten using, according to [20,22], the op-
erator:

Mo = a(s)o(s) — ) T(o(s) cte® Y ds (7)
2 o 2

Then Eq. (7) passes into the Fredholm equation. Operation (7) is performed fur-
ther numerically using the previously mentioned method of decomposition into a
Laurent series and the application of the theory of subtractions. For equations with
Cauchy kernel used to describe purely dipole situations rather than vortices (see the
relevant terms in (3)):
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()W(C)

a(t)e(s) + dt +§K(l‘ O)e(Q)dC = f(2) (8)

we apply integration on a contour by means of deductlons at once. Therefore, equa-
tion (4) can be reduced to any of these two types, or solve both for different situa-
tions. It all depends on the actual convergence of the Laurent series and the number
of required analytical extensions. The transition to the Fredholm equation for (9) is
performed by the operator:

_ _b@) r (&)
Mo = a(t)n(t) m i d 9)
The solution of Fredholm's equation is performed according to the scheme:
0(x) = [ K(x.5)9(x)ds = £ (), (10)
b
9(x) = f()+ L[ K(x,9) f(5)ds. (11)

b, (0) = £ () + L[ K (x,5), (x)ds =
b o, , (12)
= f()+A[K(x,5) [ (s)ds + 1> [ K(x,5)dt [ K (1,5) f (5)d.

The resolvent, which is the solution of Fredholm's equation, will be:
T(x,5,B)=Y B" 'K, (). (13)
m=1
For further details, see, e.g., [14,25].

3. Singularity in the fields of meteorological elements and the balance of
the angular momentum. The generalized Arakawa-Schubert model. The solution
of the obtained singular integral equation with respect to the angular momentum, al-
ready given by a regular function, makes it possible both to estimate the weight of the
singularity in the angular momentum field and to estimate the atmospheric contribu-
tion to the angular momentum balance [1,2,20-22]. The gaps in the fields of meteoro-
logical elements that accompany the phenomenon of the atmospheric front form sin-
gular features of these fields in narrow zones of frontal sections, which are usually
parametrized by regular functions of vortex sources in vortex structures and functions
of dipoles that reflect the dynamics of convective

2

Z Zr In(z-b;) (14)
k= 1(2 Ck 2155
Dipole Vortex sources

The balance of the angular momentum at the close location of the Arctic and po-
lar fronts over the oceans (which is almost always all-season), and over the continents
in summer and in the transition seasons, is mainly maintained by centrifugal "trac-
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tion" of moisture along the line frontal section of the polar front south of the center of
the cyclonic depression. The desired mechanism for the atmospheric front is ade-
quately described by the model [20,22].

The system of Arakawa equations can be used to calculate the height of the ele-
vated tropospheric USW waveguide The total mass flow in a single cloud, as well as
in the cloud system, by the Arakawa-Schubert model, is expressed by the formula:

M(2) = [m(z,2.)dn = [my (2)n(z,2. )%, (15)
where n — is a function that characterizes the cumulative effect of inflow; the effect
of inflow itself occurs in much less time than somehow noticeable changes in the
horizontally oriented process; z — height above the base of the cloud; m — mass of air;
mp — mass flow at the base of the clouds, which is determined by the value of the rate
of attraction A. Next, the Arakawa-Schubert model records the power ratios (intro-
ducing the function of mechanical interaction of cloud ensembles through the mecha-
nisms of attraction K(A, A')):

% +% —O
dt up dt down ’
dA
— =F(\), 16
Qo () (16)
}”max
aa_ | KOAm O

where the first term on the left is the change in the operation of the ascending cur-
rents in the convective cloud, the second, respectively, which descend to the edge of

the cloud. From Eq. (16) it follows:
8

j KA my (WAL +F () =0. (17)
0

The integral equation with respect to mp(A) 1s solved for given functions of the
kernel K and F. The Boltzmann equation is used to calculate the type of the kernel K:

K g K K ixe), (18)
o ox  or oE

]

where (x,) — 6-timer phase space coordinates (x;, x,, x3) and rates of involvement
(&1, &, &3); J — 1s the integral of the interaction of cloud systems. The solution of
equation (17) is the integration of the equation from the initial condition in the form
of the Maxwell distribution.

The solution of equation (17) is trivially reduced to the solution of a system of
algebraic equations that defines m over the entire interval A. Note that when the in-
flow is absent, the value of A is zero. Further:

dn
dz al

Inn=[M(z)dz+C; 1= cel %

(19)
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At different A the value of 1 increases in different ways and at the level of z, (upper
limit of the cloud) the value of A again vanishes. That is, A is by no means a constant,
but completely determines the value of n over the entire interval (zp — zp), and at
some level z within this interval the value of n reaches a maximum. This corresponds
to the average height of the elevated radio waveguide [22]. The values of A and z, are
to be determined from the solution of the system [13, 20, 22]:

E—D—aMczo,
0z
E, - D M+ch:0, (20)
¢ Oz
~ ~ OMn.
Eq—chiaZ +pc=0,

where FE is the inflow, D is the outflow, M, = >.pw;c, = pw.c — is the vertical flow of
air mass in the cloud (w; is the average vertical velocity in the i-th cloud, ¢ — is the
horizontal cross-sectional area of the i-th cloud ); w,, S, = ¢,T and g. — weighted aver-
age values of vertical velocity, static energy and the ratio of water vapor mixture; S, ¢
— average values of static energy and the ratio of the mixture of water vapor in the
surrounding cloud air, p — air density; c is the amount of condensed moisture.

The criterion of angular momentum is complex, as it closes a series of physical
mechanisms, and in the long run. Violation of the balance of the angular momentum
requires the immediate intervention of all environments to eliminate the imbalance.
Each form of circulation must have its own cycle of imbalance, which involves cells
of Hadley, Ferrell and wet-rotation, directly related to the frontal activity of the Arc-
tic, polar and tropical fronts. Due to the imbalance of the angular momentum there is
a dynamism of climatic fronts, which are the main mechanism of wet rotation. One of
the most reasonable mechanisms for eliminating imbalance, introduced by orth, is
that the imbalance of the angular momentum is eliminated by its transmission
through the lithosphere, most likely through the transpiration of moisture in the un-
derground hydrology layer. It is worth mentioning the prophecy of huge water bodies
in underground hydrology, in particular, in desert areas [22]. A more correct mecha-
nism has been worked out [1, 2, 22].The problem, however, remains the combination
of frequency scans of the mechanisms of transmission of the angular momentum
through the atmosphere and lithosphere. Perhaps another contribution may be due to
the existence in the Earth's core of a natural nuclear georeactor [33].

On the other hand, similarly, the process of teleconnection associated with El Nifio
through the southern process must often coincide with the process of restoring the
balance of the angular momentum. It is obvious that the restoration of the balance of
the angular momentum requires a tangible reaction of the atmosphere, which is ex-
pressed in the movement of the main fronts relative to each other. The process of
teleconnection is also then directly related to the movement of circumpolar vortices,
and thus the fronts. Fronts, which are transporters of moisture over long distances,
create a total current of attraction across the front. Thus, the balance of the angular
momentum can be closed. Once in the hydrosphere, moisture fields change the fre-
quency spectrum from atmospheric high-frequency to low-frequency hydrosphere.
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Forms of circulation (see details in [1, 2, 20-22]): W3, WM1, WM2, E3, EM1, EM2,
C3, CM1, CM2, but mainly C, M1, M2, summarize these processes. We can then as-
sume that the change in the forms of circulation is determined by the cycles of coor-
dination of the balances of the angular momentum through the system of frontal at-
mospheric rotation. More precisely, this hypothesis, which follows from the logic of
the processes occurring in the system of atmospheric moisture rotation and the bal-
ance of the angular momentum, is uniquely related to the processes of teleconnection,
El Nifo and the southern process. Is the process of closing the balance of the angular
momentum due to underground moisture rotation and tectonic movements (nuclear
georeactor? [33]) And to what extent it is consistent with the above processes is an
equivalent hypothesis that is currently being tested. Being on the side of the first hy-
pothesis, we still leave part of the energy load on the second hypothesis.

According to the equation of kinetic energy (see [1,2]), which is a spectral ana-
logue of equation (1), the transport of energy in the direction of the wave vector in
the presence of a predominant pseudovector with increasing modulus of the wave
vector will meet resistance in the form of increasing tensor density. Moreover, if at
the end of the spectral interval the motion is almost completely determined by the ax-
1al vectors, then we should expect advection (transport, transformation) of the kinetic
energy in the direction opposite to the direction of the wave vector. Therefore, the
double integration of the third-order tensor leads to the "advection of determinism"
toward the mean motion and to the degeneracy of turbulence. The time interval of en-
ergy transport in the opposite direction depends on the truncation of the forecast
model. From the point of view of physics, the degeneracy of turbulence is due to the
fact that at the end of the spectral interval the motion is quite definite, namely, these
are fronts that have a clear structure, as well as convective cells and orographic
winds. If turbulence developed stochastically, its transformation along the wave vec-
tor could not lead to clear structures, for example, in the form of fronts.

Therefore, the development of turbulence must be tied to these structures, and it
gradually degenerates. In practice, turbulence can persist on a scale smaller than for
these structures, and then at this scale it is possible to apply the closure formulas 9e.g.
[1, 2]). However, even after carrying out operations to degenerate turbulence, there
are still physically justified fourth points, which have collapsed into the second and
their weight will determine the problem of predictability. Further, convolution opera-
tions for closure should lead only to axial vectors or, what is the same, to elements of
the theory of a flat field. The degeneracy of the turbulent regime should lead to the
degeneracy of the singularity. Highlighting the singularities in the effective part ob-
tained in the theory of a flat field, we practically perform the operation of closure in
turbulent mode [14]. One should eave from the equation of kinetic energy (see [1,2])
only two operators:

ov'u' i
Py aV L6((D), (21)
expressing @' through ¢ the complex velocity potential w, and the velocity compo-
nents /' through the functions y of the same velocity potential, one could get the op-
portunity to economically solve the corresponding system of equations with sufficient
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accuracy for our purposes. In equations of the type (21), the spectral representations
of the pulsation part are replaced by elements of Laurent series, and more specifi-
cally, by pole subtractions. Then in physically intelligible elements of complex fields
equations are easily solvable. In the Laurent decomposition, we include the poles
above the first order in the spectrum of pulsation motion, because'

R=X-iY=ipl'v,; res f(0)=—C,, (22)
f(©ds _ C, C, C.
f(z)=—- 5 lcj} (s Z_a+{(z_a)2+...+(z_a)n+..1.

At the same time, the perturbations of the frontal type belong to the zone of me-
dium motion, because they include poles of only the first order:

LT )
dC 2mi C-Cy mlé-Co—h C-Co+k

+jq{;l“kln(§—bk)}+( Co o Cun — G ,

Z_am)m (Z_am—l)m 1 Z-q
and to the zone of pulsating motion include the expression in parentheses.
The balance of the angular momentum is determined by the well-known
Blasius-Chaplygin theorem through the forces of external pressure arising in places
of violation of the desired balance:

L= —§p[x cos(n,A y)— ycos(n,A x) dz =
C

(23)

(24)
= iﬁp[xcos@ + ysin 8]dS = fp [xdx + ydy]
C C

Given that the angular momentum can be defined as:

L= Re{— pv,, > Tib, —ipM vm} , (25)

It can be naturally written as: res v(z1 ) +res v(22 ) +.....tres v(z » ) =—resv().

That 1s, in places of disturbance of the balance of the angular momentum there
are singularities of orders of magnitude higher than the first, which is taken into ac-
count when solving equation (21). Following the solution, we get the opportunity to
track the relationship of singularities in the balance of the angular momentum with
the turbulent regime by equation (21). Equation (23) allows to determine the weight
of the unstable mode of motion and to calculate the frequency scan of a typical proc-
ess. Equation (23) is substantially abbreviated in the right part, however, the main
weight term is left, which allows to trace the logical scheme of the process quite cor-
rectly, and with the help of operations [22]

6ufu'v 8u' "uy,

aulr{ulrrr’ au!rlr

(26)

one can monitor the closure.
To conclude, let us underline that the key points here are, firstly, the connection
of the tropospheric radio waveguide with atmospheric moisture circulation and, ac-
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cordingly, with the form of atmospheric circulation through the position of the frontal
sections (atmospheric fronts as the main accumulators of moisture). Secondly, at-
mospheric moisture turnover is associated with such a purely low-frequency process
as the fulfilment of the angular momentum balance. At the same time, the dynamics
and characteristics of the atmospheric radio waveguide are associated with telecon-
nection and, thus, with the forms of circulation, more precisely, with the processes of
continuity of these forms. Naturally, this seems to be extremely important in the long-
term forecast. The theories outlined for the first time definitely and clearly show that
the dynamics of tropospheric radio waveguides, atmospheric moisture circulation, the
fulfilment of the balance of the angular momentum of the atmosphere and the change
in circulation forms, their continuity (as well as frontogenesis and teleconnection) are
directly and inversely closely related physical characteristics of the atmosphere.
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Xeueniyc O.10., I'nywikos O.B., Cogpponkose O.H.,
Cmenanenxo C.M., Ceéunapenxo A.A.

HoBuii 60a1aHcoOBHMI 10 €HTPOIIil, eHepril I KyTOBOMY MOMEHTY IiJXia 10
MO/JCJIIOBAHHA KJIIMATy Ta MAKPOTYpPOYJI€HTHOI IMHAMIKHM aTMOoc(pepu,
TemioMaconepesocy B Makpomacuraoi. IIl. HusbkoyacrorHa anpokcuma-
Lifl TAa CHHI'YJIAPHOCTI B IOJISIX METEO0eJIeMEeHTIB

AHOTAILA

Bseoeno yzacanbnene nusbkouacmomme HAOIUNHCEHHSA NPU 3ANUCE CNIBBIOHOUEHb OANAHCY
eHepeii, Kymoeozo iMnyIvbCy i enmponii 8 3a0auax Mooen08aHts Kiimamy i MaKpomypoyieH-
MHOI OUHAMIKU ammocepu, Mmenio-maco-nepenocy Ha MAaKpopieHi, wo 003608€ 3HAYHO
cnpocmumu OCHOB8HI (hyHOamenmanvti piensanus. Hosull necmayionapnuii nioxio 0o mooenio-
8aHHS 2N0OATLHUX MEXAHIZMIG KIIMAMUYHUX | MAKPOmMYpOYIeHmMHUX amMOChepHUX HU3bKO-
YACMOMHUX NpoyYecis, 8KIOUAIYU NPOYecU Menio-Maco-nepeHocy, eexmu meneKonekyii i
m.i. BUKIAOEHO [ 6A3YEMbCs HA BUKOPUCTNAHHT OAIAHCOBUX CNIBBIOHOUIEHb OJIsL eHMPONIi, eHe-
peii, Kymoso2co MOMeHmy, CHeKmpaibHOi meopii ammocghepHoi maxpomypoyieHmHocmi i
Kpy2000i2y os102u 6 38'3Ky 3 besnepepsuicmio hopm ammocheproi yupkyiayii (menexonHe-
Kyia ma cenezuc ¢poumis). Buznaueni i npoananiziposani @izuuni cuneyisipHocmi 6 nosx
MemeoponoiuHuUX enemMenmia i 6aianci Kymogo2o MOMeHmy, d MaKoiC Y3a2albHeHa MOOeb
Apakasu-1llybepma.

Knrouoei cnosa: makpomypbynenmui ammocgepHi npoyecu, menio-maco-ooMiH, HU3bKO-
yacmommue HAOIUIICEHHSA, OANAHC eHepeii, KYM0o8020 MOMEHMY Md eHmpOonii
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Xeuenuyc O.10., I'nywkoe A.B., Cogpponkoe A.H.,
Cmenanenxo C.H., Ceunapenko A.A.

HoBpbl1ii 0a71aHCOBBIN 110 SJHTPOINHUHU, JHEPTUH U YTJIO0BOMY MOMEHTY MOAX0/ K
MOJEJIUPOBAHUIO KJIMMATA U MAKPOTYPOYJIeHTHOM TMHAMUKH aTMOC(hepbl,
Temomacconepenoca B makpomacmraoe. I11. HuskouacrorHasi annpokcu-

MalMs U CUHTYJISIPHOCTH B IOJIAIX METE03JIeMEHTOB

AHHOTAIIUA

Beeoeno 060b6wennoe nuzkouwacmommuoe npubaudiceHue npu 3anuc COOMHOUEHUl Oaniam-
ca sHepeuU, yen08020 UMNYIbCA U IHMPONUU 8 3a0aye MOOeIUPOSAHUs KIUMAMA U MAKpPO-
mypOyIeHMHOU OUHAMUKU AMMOCHePbl, Meni0-Macco-nepeHoca Ha MAaKpoypogHe, Ymo no-
360J151€m 3HAYUMENbHO YIPOCMUMb OCHO8Hble PyHOAMenmanbHule ypaerenus. Hoesvlil pagro-
BECHbILL N0OX00 K MOOEIUPOBAHUIO 2TI0OATIbHBIX MEXAHUZMO8 KIUMAMUYECKUX U MAKPOMypoy-
JIEHMHBIX AMMOCEHEPHLIX HUZKOUACMOMHBIX NPOYECCO8, BKIIOUASL NPOYECChbl MeniomMaccone-
peHoca, s¢hghexmovl menecesnzu u m.0. UNOACeH U O6A3UPYEeMcs HA UCNOIb30BAHUY DALAHCOBLIX
COOMHOWEHUT OJIs1 SHMPONUU, IHEPSUU, Y2N08020 MOMEHMA, CHEKMPAIbHOU Meopuu ammo-
chepHol MAKpoOmypOYIeHMHOCMU U KPY20BOPOMeE 6l1A2U 8 C653U C HeNnpepbleHOCMbIO (popm
ammocghepHoll yupKynayuu (menekonnekyus, 2eenesuc ¢poumos). Onpeoenenvl u NPOaAHAIU-
3UPOBanbL (husUeCcKUe CUHSYTAPHOCIU 8 NOJISIX MEmMeopOIo2UYeCKUX IeMeHmos U Oalance
V2108020 MOMEHMA, a makadce 00006wennas mooeiv Apaxaswi-Lllybepma.

Knrwuesvie cnosa: makpomypoyienmmuvle ammocpephvie npoyeccyl, meniomacconeperoc,
HU3KOYACMOmMHOoe Npubudcerue, 0aianc SHepeul, y2n08020 MOMEHMA U SHMPONUU.
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EJEKTPO®I3ZUKA

YK 533.9

/pazan I. C., Konecnuxoe K. B.
HUU ¢usuxu Odeccroco nayuonanbHozo yHugepcumema umenu U. 1. Meunukosa
E-mail: dragan@onu.edu.ua

HNoHu3anmoHHOe paBHOBECHE B CHJIBHO HEHIEAJIbHOM IBIMOBOM IJIa3Me

Paccmompeno uonuzayuonnoe pasnosecue 6 cemepo2eHHOU CUNbHO HEUOEANbHOU ObIMO-
801l niazme NpuU HATUYUU KOHOEHCUPOBAHHBIX YACMUY U JNe2KOUOHUSUPYeMOl 000a8KU amo-
MO8 WeNIoYHbIX Memauilos 8 2a3oeol ¢hase. /[ns onpedeneHus 3apsaoo8 4acmuy Ucnoib306a-
JI0ch Henunelinoe ypaeueHue [lyaccona-bonvymana, a 013 uoHU3ayUU AMoOM0o8 2a3o80u azvl
ypasuenue Caxa c yuemom s¢hghexma cmeweHuss UOHU3AYUOHHO20 paHosecus. Tlonyuens 3a-
BUCUMOCTU KOHYESHMPAYUU 2IeKMPOHO8 U 3apsA008 4acmuy, d makdice no8epXHOCHb pasoeia
obaacmeti NOIOHCUMENLHBIX U OMPUYAMETbHBIX 3aPSA008 YACMUY, OM KOHYEHMpayuu amo-
MO8 Ye3usl U KOHYeHmMpayuy Yacmuy OKCUOd antoMUHUsL.

Knrouesvie cnosa: cemepozennas 0biM08as niasma, HeUOeaubHbvle 83aUMO0elucmeaus, uo-
HU3ayUoOHHOe pasHosecue.

Beenenue. HuszkoremneparypHas miasma, KOTopas oOpa3yercs B HMPOIYKTax
CropaHusi METaJUIM3UPOBAHHBIX KOMIIO3ULUKA € JO0OaBKaMU aTOMOB IIEJIOYHBIX Me-
TaJIJIOB B ra30Boil (ha3e W Moayunsia Ha3BaHUE <«JIIMOBOM M1a3Mbl» [1], xapaktepusy-
€TCs JOCTATOYHO BBICOKMMH 3apsA/laMHi Ha OBEPXHOCTH YacTUll [2] U MO3TOMY B3au-
MOJIEWCTBUE UX MEX]y CO00M 1 CBOOOJIHBIMH 3JIEKTPOHAMH SIBIIIETCS CYTyOO Heunze-
albHBIM. DTO 3HAYMUT, YTO SHEPIUsl AJEKTPOCTATUYECKOTO B3aWMOJICUCTBUS 3HAYM-
TEJIbHO MPEBBIIIAECT SHEPTUI0 XaOTHUUYECKOTO TEIIOBOIO JABMKEHUA. B 3TOM ciydae
P UCINOJB30BaHUU pactnpeneneHus Ilyaccona-bonpuMana nHeapu3anus 3KCIO-
HEHIIMAJIbHBIX 3aBUCUMOCTEN MIPEACTABISAECTCS HEKOPPEKTHOM.

Jns pemieHus 3aJa4yd MOHW3ALMOHHOTO PAaBHOBECHsS B TAKOM IIIA3ME 4YacTo
MPUMEHSIOTCS pa3INYHble (PU3NYECKUE MOJEIH, OTPAaHUYHUBAIOUIUE BEIMUMHY 3apsaa
Ha MoBepxHOCTU yacTulbl [3, 4]. OgHako, Kak Moka3aHo B pabote [S], Heumeanb-
HOCTb B3aMMOJICHCTBUIM CONPOBOKIAETCS CMEIMICHUEM MOHU3ALMOHHOIO PAaBHOBECHS
B I'a30BOM (ha3e, YTO BBIPAKAETCA BO BBEACHUM MOHATUSA 3PPEKTUBHOTO MOTEHIMAIA
MOHU3ALIMHA aTOMOB, 3HAYEHHE KOTOPOTO OTJIMYAETCA Ha BETUYHHY paOdOTHI [0 CO3/1a-
HUIO MPOCTPAHCTBEHHOTO 3apsiia B razoBoi (¢aze. [Ipu paccMoTpeHnn MOHU3ALMOH-
HOTO paBHOBECHS OOBIYHO ATH d(PPEKTH HE YUUTHIBAIOTCSA, YTO HE MO3BOJISET KOP-
PEKTHO OINPEIETUTh MJIA3MEHHBIE XapaKTEPUCTUKHU.

B nactosmeit pabore mpeasiaraeTcsi UCIOJIb30BaTh IPHEKT CMEIICHUS NOHHU3a-
IIMOHHOTO paBHOBECHs B Ta30BOMl ¢aze u HenuHeWHoe ypaBHeHue IlyaccoHa-
Bonbumana st onpefeneHus XapaKTEpUCTUK MOHU3ALMOHHOTO PABHOBECHUSI B HeE-
UJICAUTbHOM F€TEPOreHHON IIa3Me.

DOI: 10.18524/0367-1631.2021.59.227307
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IHocranoBka 3amaumn. PaccMoTpuM HeWaeanbHYIO JBIMOBYIO IUIa3Me, KOTOpas
COJICPKUT YACTHULBI OKCHJIOB AJIFOMUHHUS W JIETKOMOHM3UPYEMYIO NPHUMECH aTOMOB
1e3us B rasoBoil ¢aze. KonneHTpaius cBOOOAHBIX 3JEKTPOHOB B TaKOM Iuia3me [2]
nocturaet 3HaueHus 10°x~° npu Temneparype nopsiaka 2500 K, a wactuipsl okcuna
AOMUHIS MOTYT HpHOOpeTaTh GONbIINE OTpUIATeNbHbIe 3apsasl (10 10* anemen-
TapHBIX 3apsA0B AJIEKTPOHA), MPU KOTOPHIX BO3ZHUKAET HEUACAIBHOE B3aUMOJECHCT-
BHE 3apsKEHHBIX YaCTHLI.

Mex(a3Hoe B3auMOoCICTBUE B TUIa3Me€ C KOHACHCUPOBAHHOM AHMCIEPCHOM (a-
30/ MPUBOJUT K TOMY, YTO MOJCUCTEMA KOHJACHCUPOBAHHBIX YACTHI] HE MOXET OBITh
omnKcaHa KaK HE3aBUCHUMas TepMOJIUHAMUYecKas cuctema. [103ToMy paBHOBECHYIO
MOHU3AIMIO B IJIa3Me€ C KOHJACHCUPOBAaHHOM (Da3oi cieayeT omucaTh €IMHOM, 3aBU-
CsIIIEH OT MapamMeTpPOB ra30BOM M KOHJAEHCUPOBAHHOU (ha3, KOHCTAaHTON PaBHOBECHS.

Bocnonbezyemcst BelpaxkeHUEM 11 MOHM3AIMM aTOMOB ra30Boi (ha3bl C y4eToM
CMEIIIEHNS MOHU3AIIMIOHHOTO PAaBHOBECHS BCIICJCTBUE IMOSBICHUS M30BITOUHOTO 3a-
psiZia B FeTEpOTEeHHOM M1a3Me, IpeuiokKeHHast B padbote [5]:

3
nn, 2g, (2nmekBTj2 exp I—vy

h2 - k T s (1)
B

nll ga
k,T

2e

nl'
In—- mapamerp ne-

e

rac I1— IMOTCHIMAJI HOHU3alluH U30JIMPOBAHHOI'O aroMa, \J =

pPaBHOBECHOCTH, g,, g, — CTAaTUCTUYECKUIN BeC MOHA U aroma, k,, i — MOCTOSTHHbIE
bonbumana u Ilnanka, m, —Macca 3JIeKTpoHa, ' — paBHOBECHAs TEMIIEPATYPA, A, 7;,
#, — KOHLIEHTPALK 3JIEKTPOHOB, NOHOB ¥ HEUTPaIbHBIX ATOMOB COOTBETBETCTBEHHO.
OTMeTHM, YTO TapaMeTp HEPABHOBECHOCTH XapaKTEPU3YeT M3MEHECHHE BEIWYUHBI
MOTEHIMAJIa MOHU3AIMK U30JMPOBAHHOIO aTOMa U, CJIEIOBATEIbHO, CMEIICHUE HO-
HU3AIMOHHOT'O PaBHOBECHS B Ta30BOM (paze B pe3ysbTaTe HaIu4usi 0ObEMHOTO 3apsi-
J1a ¥ BO3MYILICHUS TIJIa3Mbl 32 CUET BO3JICUCTBUSA 3apsiga YaCTHIIbI.

Omnpenesnienue 3apsijga yacTulbl. PacnpeneneHue caMoCOriiacOBaHHOTO TTOTEH-
1yana BOMW3M 3apsDKEHHOM dYacTHIBl ((7) ommchIBaeTcs ypaBHeHueM IlyaccoHa-

bomsimana:

V2o(r) = 2 fm sinh 20 )

e
€ k,T

B mpenpinymux pabdotax [6-11] pemenus ypaBHenus Ilyaccona-bosbiimana

0a3UpOBAIUCH HA MPEANOI0KECHUU e—<<1, CIIPaBEJIMBOTO JJISl MaJIbIX 3apsioB
B

YacTHI] B MJCAIbHOM IIa3Mme. Takoe pemeHue, B 4aCTHOCTH, JAET XOPOIIO M3BECT-

HbIi noteHuan [ebas-Xwokkens. B paccmaTpuBaemMoit J5IMOBOM IJ1a3Me KOHACHCH-

POBaHHBIE YACTUIIBI TPUOOPETAIOT OOJIbIIINE 3apsibl [2] U MOTOMY OTHOIICHHE T
B

CTaHOBUTHCSI MHOTO OOJIBIIIE CAWHUILBI 1 JIMHCAPU30BATH JKCIIOHCHIHWAJIBbHYIO Y4CThb
YpaBHCHUA HyaCCOHa-BOHBHMaHa B 3TOM CJ1ydac HC IIPCACTABIIICTCA BO3MOIKHBIM.
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N3 ypaBHeHUs (2), MOXKHO MOJTYYUTh BBIPAXKEHUE JJISl 3apsi/ia YaCTHUIbI B BUIE
TPAHCILIEHJICHTHOTO YPABHEHUSI OTHOCHUTEIILHO 3apsiI0BOTO Yncia Z :

2Jnn
Z:ﬂjﬁsmhmdu 3)
& k,T

T7€ e — 3apsj OJEKTPOHA, ¥, — PAJUyC YacTUIIbL, 7, — Paauyc suerku Burhepa-
3eiiTia, 7, — KOHIIEHTPANUs YACTHIL,

Bocnonb3yemcss B epBOM NMPUOTUKEHUU KYJIOHOBCKUM pacHpeieICHHEM I10-
e/

TeHnmana ¢(7)=—, TorJa UHTETrpajbHas 4acTh YpaBHEHUs (2) peraeTcs YHMCIICH-
r

HBIM METOJIOM U UMEET BUJL:
: 1
Irz sinh eo(r) dr = P a’E, (—ﬁj + rexp(—ﬁj 2r* —ar+a®) |,
r r

k,T
a a)l a
rae E - uHTerpanpHas nokasatensHas ¢ydkuust E,| —— |=c+In| —|—-—, ¢ — mo-
r r) r
. e’Z
CTOsSIHHasA Juiepa, a =—-.
k,T

YuciieHHOe peleHne CUCTeMbl ypaBHeHMi. [[1s1 SKCriepuMEHTaIbHBIX UCCIie-
JOBaHUM IIPENCTABIISIET HHTEPEC ONPEAEICHNE KOHLIEHTPAUU IEKTPOHOB IIPU pas-
JIMYHBIX 3HAYCHUAX KOHILIEHTPALlMK YaCTHULl, aTOMOB IIPUMECH U 3aps/1a Ha IOBEPXHO-
¢ty yactulpl. COCTaBUM CHUCTEMY YpPaBHEHUW M3 YPAaBHEHMsI COXPAaHEHHUs 3apsla U
MaccChl:

n,=n,—72n,, 4)
n,=n,—n,, (%)
ypaBHeHus Caxa (1) ¢ yueTom nmapameTrpa HEMACAIBHOCTU Y U ypaBHeHus (3), ompe-
JEJSIOIIErO 3apsy] YaCTULBl. 31eCh 7 ,- KOHILEHTpaUs UCXOJHBIX aTOMOB LIE3Hs B

razoBoi ¢aze. [Tocine maTeMaTHyecKuXx Mpeoopa3oBaHUi MOTYYUM YpaBHEHUE TPETh-
€U CTEIICHU OTHOCUTEIBHO Z :

2 a2 3 2 2 2 2 4
Z3+A 3”e22+3”e+2A2”e+2A”AZ+A(”e+3”A) ne:O’ (6)
n,n, n,n, nyn,
3
2mm k,T \2 I -
h k,T

YuciieHHOE pelIeHUe JaHHOW CUCTEMBI YPaBHEHUU IMO3BOJIAET MOJYYUTh 3aBU-
CUMOCTH 3HAYEHUI KOHIICHTPALUH 3JIEKTPOHOB U 3apsII0B YaCTULl OT HCXOJHOW KOH-
LEHTpAalMy aTOMOB LIE€3USl U KOHLEHTPALMH YaCTULl B CUIBbHO HEHJICAJIBHOM IUIa3Me.
Huxe Ha puc. 1 npuBeaeHsl rpaduku 3aBUCUMOCTEN KOHIIEHTPALUU AJIEKTPOHOB U
3apsAI0B YACTUIL] OT IAPAMETPOB IIJIa3MBbl.

Kak cnengyer m3 puc. 1, 3aBUCUMOCTH KOHLUEHTPALMH JJEKTPOHOB B JBIMOBOM
IJ1a3Me IpH pa3IudHbIX MTapaMeTpax KOHJACHCUPOBAHHOM (a3bl MEPECeKaroT KPUBYIO
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Puc. 1. I'paduxu 3aBUCUMOCTEN KOHIICHTPALIUU JIEKTPOHOB U 3apsJI0B YaCTHUIL OT
HCXOJIHBIX TTAPaMETPOB IJIA3MBI

Caxa B pa3HbIX TOYKaxX, YTO COOTBETCTBYET PABEHCTBY KOHILIEHTPALIMM 3JIEKTPOHOB U
nOoHOB. EcTecTBEHHO, YTO B 3TOM Cily4ae 3apsiibl KOHJACHCUPOBAHHBIX YACTHI] COOT-
BETCTBYIOT PAaBEHCTBY HYJIIO. TO MOXXHO TaKX e BUJIETh, €CIIU COMOCTaBUTh PE3YJib-
TaThl BEPXHETO rpaduka c 3aBUCUMOCTSIMU 3apsAJIOB YaCTHUI[ OT KOHIEHTPALUU aTo-
MOB I1€31sI B ra30Boil (ha3e, MpecTaBlIeHHbIC HA HUXKHEM Tpaduke. BumHo, uto 3aps-
JIbl YaCTHUI UMEIOT MOJOKUTEIbHbIE 3HAYEHUS, KOTOPhIE COOTBETCTBYIOT TEMOAMHUC-
CUOHHOMY MEXaHU3MYy, a 3aT€M, EPECEKAIOT JIMHUIO HYJIEBOIO 3apsia U C yBeIuye-
HUEM KOHIIEHTpAIUU 11e3Us MPUOOPETAIOT OTPUIIATEIbHBIE 3aps/ibl Ha TOBEPXHOCTH.
IIpu 3TOM OTpHULIATENbHBIE 3aPA/bl YACTULl COOTBETCTBYIOT HEKOTOPOMY CHUKEHHUIO
KOHIIEHTPAIlMU CBOOOJIHBIX 3JIEKTPOHOB M KPHBAsl JBIMOBOM TIIa3MBbl JIOKHUTCS HUXKE
kpuBoiil Caxa.

Ha puc. 2 noka3ana nmoBepxHOCTh pasjienia 00JacTell MOJIOKHUTEIbHBIX U OTPH-
1aTeJIbHBIX 3HAYEHUU 3apsJI0B YaCTHUIl B KOOPJMHATAX KOHI[EHTPAIIUU YaCTHUI[ U KOH-
LIEHTPALIMU aTOMOB II€3HUS.

Kak BUJIHO U3 puc. 2, C IOHW)KEHUEM 3HAYEHHUs 7, 00JIaCTh OTPHULIATEIbHBIX 3a-

pAI0B HpI/I6JII/I)Ka€TCH K HYJICBOMY 3HA4YCHHIO. AHajnorunyHa 3aBHCHUMOCTD I'paHHUIbI
HYJICBBIX 3HAYCHUH 3apAa0B 94aCTUIl OT UX KOHIOCHTPAIIHH. Ecau SJICKTPOHEI o6pa3y-
OTCS B Ta30BOM (1)2136 MNMPCUMYIICCTBCHHO 3a CUCT HMOHU3AIlMHK aTOMOB, TO OTpHIA-
TCJBHBIC 3apAAbl YaCTHUI BO3HUKAIOT IIPH 0oJs1ee BBICOKMX 3HAUCHMSIX KOHLCHTpaInunu
aTOMOB I C3HU4.
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lg(n,)

16 17 1§ 19 200 2 lg(n,)

Puc 2. IloBepxHOCTh pazfena 0OJaCTH MOJOKUTENbHBIX U OTPULATENBHBIX 3aps/I0B
YaCTUI] B IPOCTPAHCTBE KOHIIEHTPALIMU 3JIEKTPOHOB, aTOMOB 1[€3Us1 U YACTHII

BoiBoabl. PaccMOTpEHBI HEKOTOPBIE PELICHUS HEJIMHEWHBIX YPaBHEHUH, OIU-
CBIBAIOIME HEUACAIBHOCTD IIPOLIECCOB, IPOTEKAIOIINX B AIMOBOMU InasMe. Ilokasa-
HO YTO, MEXaHU3Mbl MPUOOPETEHUs 3apsja MOBEPXHOCTHIO YACTHIIBI 3aBUCAT HE
TOJBKO OT MOBEPXHOCTHBIX CBOMCTB YACTHII, HO U OT TAKUX XapaKTEPUCTHK I'a30BOM
(da3bl, KaK ee 3apsAJ0BO€ COCTOSHHE, CTENEHb HOHU3AIMU U KOHLEHTPAUH JIETKOUO-
HU3UPYIOLIENCS IPUCANIKH.

Hapsny ¢ teM, ciieyeT OTMETUTb, YTO HACTOALLAs MOJEIb MPEAIoaracT mpe-
MMYILECTBEHHOE 00pa30oBaHUE CBOOOIHBIX AJIEKTPOHOB 3a CUET MOHU3ALMU aTOMOB
11e31s, TO3TOMY OOJIbLIIE BHUMAHHUS YJIEJIEHO 00JIaCTU OTPULIATEIbHBIX 3HAUCHUH 3a-
psaoB yactull. J{ns O6osee neTalbHOTO U3yYeHUsl 00J1acTH MOJIOKUTENbHBIX 3apsI0B
YacTULl cleayeT 0ojiee AETaJbHO ONUCATh TEPMOIIEKTPOHHYIO SMHUCCHUIO C MOBEPX-
HOCTH YacCTHII.
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/pazan I'. C., Konecnixoe K. B.
TonizaniiiHa piBHOBara B CMJILHO HeieaJbHid JTMMOBIN MJ1a3Mi

AHOTAILA

Jlocniooceno ionizayitiny pienogazy 8 2emepoceHHill CUIbHO Hel0eanbHiti OUMOGIU NAaA3Mi
npuU HAs8HOCMI KOHOEHCOBAHUX YACMUHOK | 1e2KOIOHIZYEMOI 000AB8KU amoMis Yesito 6 2a308ill
¢hasi. J{nsa eusnauenws 3apso0ie YaCMUHOK GUKOPUCIOBYEMbCSA HelliHiline piensanus [lyaccona-
bonvymana, a ona ionizayii amomis eazoeoi ¢hasu pisnanna Caxa 3 ypaxy8auHam eghexmy
3MiweHHs ioHi3ayitinoi pieHosazu. OMpUMAano 3a1eHCHOCMI KOHYEeHMpayii eleKkmponie i 3a-
PAOI8 HACMUHOK, a MAKONC NOBEPXHIO pO30iNy obnacmell NO3UMUBHUX | He2AMUBHUX 3aps0ie
YACMUHOK, 8I0 KOHYeHmpayii amomie ye3ito i KOHYeHmpayii YacmuHoK OKCUOY ANIOMIHIIO.

Knrouosi cnosa: I'emepocenna oumosa niasma, HeioeaivbHi 63aemMo0il, I0HI3ayiliHa pieHO-
saca.

Dragan G.S., Kolesnikov K.V.
Ionization equilibrium in a highly imperfect smoke plasma

SUMMARY

The ionization equilibrium in a heterogeneous strongly nonideal smoky plasmas containing
condensed particles and an easily ionized addition of cesium atoms in the gas phase is con-
sidered. To determine the charges of particles, the nonlinear Poisson-Boltzmann equation
was used, and for the ionization of atoms of the gas phase, the Saha equation taking into ac-
count the effect of the displacement of the ionization equilibrium. The dependences of the
concentration of electrons and particle charges, as well as the interface between the regions
of positive and negative charges of particles, on the concentration of cesium atoms and the
concentration of aluminum oxide particles are obtained.

Key words: Heterogeneous smoke plasma, nonideal interactions, ionization equilibrium.
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Scattering of laser radiation from condensed phase of heterogeneous smoky
plasma

A technique for research the spatial structures of the condensed phase grains in heteroge-
neous smoky plasma by determining the laser scattering indicatrix modulated with a frequen-
cy of 60 kHz in three spectral intervals was developed. An experimental stand was created to
register the laser scattering indicatrix on the wavelengths of 808 nm, 630 nm and 532 nm in
the scattering angles range from 0 to 170 with a measurement time of 3 seconds. A program
of registration and processing of measurement results on a computer has been developed.
Tests of the experimental complex on the flame of metalized fuel compositions were carried
out.

Keywords: Heterogeneous plasma, laser scattering, spatial structures of plasma grains.

Introduction. Contemporary contactless research methods of heterogeneous plas-
ma provide the analysis of the laser radiation intensity scattered by a dispersed com-
ponent at different angles. Data processing of optoelectronic devices response of the
measuring complex to a scattered light signal makes it possible to determine the scat-
tering indicatrix (angular distribution of scattered radiation) and to determine such
important parameters of the smoky plasma as the grains size distribution function of
the condensed phase, as well as their concentration and spatial distribution [1, 2]. It is
assumed that the time interval for measuring the parameters of the plasma medium is
sufficient for the system to be considered quasi-stationary.

In recent decades, after the publication of the first results on the formation of or-
dered spatial structures of particles in a smoke plasma [3, 4] and a number of theoret-
ical works [5, 6], interest in such studies has grown significantly, which led to the ex-
perimental identification of "plasma crystals" in a gas discharge plasma with
monodisperse condensed grains [7, 8]. The researches of dusty plasma are described
in sufficient detail in monograph [9] and other publications. Along with this, only in-
dividual scientific works [10, 11] are devoted to the physical properties of smoky
plasma, and the systemic researches of the mechanisms of charging and interaction of
grains were not spent. This is due to the presence of a multifractional dispersed
phase, thermodynamic instability and spatial inhomogeneity of plasma parameters.
Nevertheless, interest in the properties of smoky plasma is growing due to its use in
non-standard technological and power systems. It should also be noted that the effect
of displacement of the ionization equilibrium in relation to the quasineutral plasma in
smoky plasma is predicted [12], which has not yet received experimental confirma-
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tion. All this stimulates the development of methods and devices for the experimental
research of heterogeneous smoky plasma.

Objective of the present work is development a technique for research of laser
radiation scattering by the condensed grains of heterogeneous smoky plasma for de-
tecting ordered spatial structures and creation of the automated experimental stand.

Statement of the problem. Following the above brief scientific literature re-
view, it can be concluded that the spatial ordered structures of charged condensed
grains in a gas-discharge plasma ("plasma crystals") have been researched in suffi-
cient detail [9]. Along with this, only some publications are devoted to the spatial
structures of particles in smoky plasma, despite the fact that they were discovered
much earlier [3]. This is due, first of all, to the complexity and variety of processes in
smoke plasma [4] (multifractionality of condensed grains, impossibility of direct ob-
servation of nanograins, etc.). As shown in [10, 13], smoky plasma differs signifi-
cantly from dusty plasma.

The condensed phase in the smoky plasma is formed directly in the combustion
products at a high temperature and therefore can contain three fractions of grains,
with the smallest fraction having a size of about ten nanometers, as a result of which
the use of optical methods has a number of restrictions. The same applies to grains of
the second fraction — about a hundred nanometers. Thus, classical optical methods are
applicable only for the third fraction of grains larger than a micron. Along with that,
the results of calculations [14] show the possibility of the formation of spatial struc-
tures of the micron fraction of grains, and therefore in this working we are focused on
the coarse fraction.

Consider the conditions for the appearance and possible registration of an or-
dered spatial structure of grains of a condensed phase of the "diffraction grating" type
in smoky plasma. Let the grains form a volumetric diffraction grating in the space
under study, as shown in Fig. 1, where is the scheme of the diffraction of a parallel
monochromatic ray of light on a volumetric diffraction grating.

The formation of the diffracted ray obeys the Wulff—Bragg's equation law:

2L-sin® = A, (1)
where L is the distance between particles (step of the diffraction grating), ©® is the an-

IARWY

A

Fig. 1. Diffraction the ray of light on the three-dimensional grating.
1 — Incident ray; 2 — diffraction grating; 3 — transmitted ray; 4 — diffracted ray.
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gle of incidence ray, 4 is the wavelength of the light ray.

It should be noted that for a three-dimensional grating and monochromatic inci-
dent ray (for example, a laser beam) there is only one diffracted ray 4 (see Fig. 1),
and it lies in the same plane with the incident 7 and transmitted 3 rays, and its «exit
angle» from the grating is equal to the angle of the incident ray ® [15]. When mono-
chromatic rays with different directions enter the yolumetric grating, only that dif-
fracted ray will be observed, the propagation direction of which satisfies the Wulff—
Bragg's equation. This property, called "angular selectivity", is largely determined by
the relative thickness of the grating, expressed as the ratio of the geometric "thick-
ness" to the grating step A#/L. The larger this value, the pointed is the grating selectivi-
ty.

In addition, it follows from [15] that the intensity of the diffracted ray [ is pro-
portional to the square of the number of those elements of the grating N that are with-
in the volume V of the intersection of the incident laser beam with the diffraction
grating, i.e. / ~ N°. In the technique of optical measurements of dispersed systems,
such a volume V is called "counting volume". Its value for installations that measure
the spatial distribution of light energy 7 reflected from a collection of grains (or one
grain) located at a given time in the "counting volume" is determined by the diameter
of the laser beam D and the aperture ¢ of the photodetector. In the first approxima-
tion, the “thickness” of the grating is # = D, and the value of D depends on V. For
more reliable recording of the diffracted ray (i.e., increasing /), V should be increased
due to the expansion of the aperture ¢, which will lead to an increase in the number
of grains N, participating in the scattering of light radiation.

Let us take into account that the radiation of the condensed phase of the smoky
plasma is recorded by seven photodetectors at angles of 10°, 20°, 30°, 40°, 50°, 60°,
about 70° of the relative incident ray. It was assumed that if a volumetric diffraction
grating of condensed grains appears in the plasma flow, then the recording system of
the experimental stand will detect a diffracted light ray by one of seven
photodetectors, since they are located in the plane of the incident, transmitted and dif-
fracted rays. Let us calculate what the parameters of the dispersed system should be,
namely — the distance between grains (grating constant) L and the numerical concen-
tration grains n for four fractions, which are observed in experiments [4, 16, 2] with
dimensions: 10 nm, 100 nm, 1 um and 30 um. From formula (1) it follows that at the
wavelength of the "red" laser Az = 0.63 um and various fixed viewing angles ©, the
grating constant L is determined as follows:

L =2\ 2sin® = 0.63/2 sin® (2)

The calculation results for L and n are shown in Table 1.

As can be seen from Table 1, for detect the diffracted ray, the grating constant L
should be about a micron (from 1.8 um to 0.34 um), and this value depends on the
observation angle ® (the larger it is, the «denser» the grating). The dependence of the
grains concentration n from @ is the more significant, then smaller the grains size. So
for a fraction of 10 nm, the difference in n takes place by two orders of magnitude
(from 1.7-10" m™ at ® = 10° to 2.7-10" at ® = 70°). The numerical concentration
of the 30 um fraction is already practically independent of ©®.
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Table 1. Values of the grating constant L and grains concentration # at differ-
ent scattering angles of the model diffraction grating ®

O, angular o o o o o o o
degree 10 20 30 40 50 60 70
L, um 1.81 0.92 0.63 0.49 0.41 0.36 0.34

n(10nm), m> |1.7-10"] 1.2:10" | 3.8-10" | 8.0-10" | 1.4-10" | 1.9-10" | 2.7-10"

n (100 nm), m> | 1.4:10"" | 9.4:10" | 2.6:10"° | 4.9:10" | 7.5:10" | 1.0-10” | 1.2:10"

n(lum), m> |4.510°] 1.4-10" | 2.3-10"7 | 3.0-10" | 3.6:10" | 4.0-10"" | 4.2-10"

n (30 um), m> | 3.1-10° | 3.3-10" | 3.4-10” | 3.5:10"° | 3.6'10" | 3.6:'10" | 3.6:10"

Fig. 2. The experimental stand schematic for measuring the indicatrix of laser radiation
scattering by the condensed phase of the smoky plasma:
1 — stand base; 2 — racks for moving and setting the height of the platform 3 with photo de-
tectors 5; 4 — microcontroller unit; 5 — photodetectors (8 pcs.); 6 — fuel sample; 7 — mova-
ble arm; 8 — table for lasers; 9 — generator for laser diode pumping; 10 — replaceable laser
diode mounting compartment.

From these calculations the conclusion follows, that the detection of the "plas-
ma crystal" in the condensed phase is a unique event, the fixation of which is possible
only by contemporary experimental methods.

Description of the experimental stand. When developing an experimental
stand at the Physics Research Institute of ONU for the study of the spatial structures
of condensed phase grains in the heterogeneous smoky plasma by determining the
scattering indicatrix of laser radiation, the presence of intense radiation of the plasma
flow was taken into account. To exclude it when registering scattered radiation, the
probe laser is modulated at a frequency of 60 kHz; photodetectors operate at the same
frequency. The scheme of the experimental stand is shown in Fig. 2.

As follows from Fig.2, scattered radiation is recorded in the angular sector from
0 to 70° every 10° using eight photodetectors (5) and can be adjusted in the range of
0+170 degrees. The removable compartment (10) contains three laser emitters with
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wavelengths Az = 808 nm, Az = 630 nm and Ag = 532 nm. The stand consists of a
fixed base 1, on which a table 3 with photodetectors is installed with the help of racks
2. On the surface of the table there are eight lenses of photodetectors 5, which are at-
tached to the table with one clamping screw on the racks 2, which makes it easy to
direct the optical axis of each of the lenses towards the center of rotation 6 of the
fixed base of the experimental stand.

On the movable arm 7, which can rotate in a circular arc around the center 6 of
the fixed base, a table of laser emitters (8) is installed with the help of two racks at
the required height on which a generator for the formation of a pulsed pumping cur-
rent of laser diodes (9) and a removable compartment for attaching these laser diodes
(10). The movable arm 7 can be fixed in any required angular position, which allows
you to change the orientation of the laser beam relative to the photodetectors, thereby
investigating the scattering indicatrix in any angular coordinates with the «angular
width of the zone» 70°.

The optoelectronic circuit of the setup includes a control microcontroller 4 con-
nected by a cable to both a generator for generating a pulsed pump current (with a
frequency 60 kHz) of laser diodes (9) and to an external computer. This computer is
loaded with a software package that provides measurement data from the microcon-
troller via the USB interface, as well as their storage in the program format for graph-
ical presentation of the processed experimental results.

When the stand is fully ready for the experiment, the "Ready-Standby" mode is
introduced until the flame of the torch for research appears in the working zone. The
moment of appearance of a light flash is registered by a flame sensor, from which an
automatic procedure for recorded and measuring the parameters of laser beam that
has passed through the flame and/or is scattered from the grains of the plasma for-
mation is started. During the first 0.5 second, the software automatically adjusts the
dynamic range of the measurement level of the input optical signal in each measuring
channel. The end-to-end sensitivity of each of the receiving channels is set, at which
the average value of the received signal is equal to half of the entire measurement
range. Then, within the next 2.5 seconds, the current values of the transmitted and/or
scattered signals are recorded in each of the eight measuring channels with a frequen-
cy of 1000 measurements per second (with a dynamic range of 2°), that is, a total of
2500 measurements in each channel.

At the end of the experiment, data is transferred from the stand microcontroller
memory through the serial port to the computer. After data transfer, the controller
memory is cleared, each of the eight measuring channels is set to zero, and the exper-
imental stand again switches to the "Ready-Standby" mode until the next signal ap-
pears.

The saved experiment data in a specific computer file can be viewed and ana-
lyzed on a graphic monitor of the special LTspiceXVII program. The working win-
dow of the computer with the data processed by this program and displayed in graph-
ical form is shown in the Fig. 3. It shows signals recorded for 2.5 seconds by all
channels of the stand when a test glycerin fog is injected into the working area. Curve
No.1 in the fig. 3 corresponds to the signal of the main beam of laser radiation with a
wavelength of 4;z = 808 nm on the photodetector No.1. Graphical recording of radia-
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Fig. 3. Passage of the «infrared» laser beam (A;zx = 808 nm) through the test glycerin fog
(curve No. 1 — green). Scattered radiation from glycerin particles on different channels
(from No.2 to No.8) is presented by multi-colored curves No. 2+4.

tion from glycerin particles on different channels (from No.2 to No.8) are designated
2, 3.... 8. On the computer screen, they are represented by colored curves, and in the
upper part of the window there are colored inscriptions of the numbers of the
photodetectors. You can programmatically select the desired curve or part of eight
curves and display them on the monitor.

Experimental research. A prototype of the special pyrotechnic composition in
the form of the cylinder 10" m high was placed in the center of the experimental stand
(see position 6 in Fig. 2), above which, at the height of 22.5 10”m, the platform (3)
with recording photodetectors was fixed. (five). The combustion process was record-
ed on a video camera, the spectral range of "im-
age capture”" which extended into the infrared
region. [lpu mosiBneHuu miamenu (HoTomaTUH-
KOM 3aIyCKaJICs AJIEKTPOHHBIN OJIOK YCTaHOBKH,
NIEPEBEICHHBIM 3apaHee 10 3KCIEpUMEHTa B
xayuui pexum. When a flame appeared, the
photosensor triggered the electronic unit of the
setup, which had been put into standby mode
before the experiment. The first 0.5 seconds of
burning were used to adjust the electronic unit
to the signal levels from all photodetectors, and
during the rest of the experiment (about 2.5 se-
conds), data was accumulated in the stand con-
troller. Then, after the end of the combustion
process, the data from the controller were down- :
loaded via the USB port for 3 seconds to the Fig. 4. General view of the flame
working computer of the stand. In Fig. 4 shows
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Fig. 5. Curves of scattered laser radiation with a wavelength of Az = 630 nm when pass-
ing through the flame

a general view flame from the pyrotechnic composition.

Computer processing of the information showed that in = 2.1 seconds after the
beginning of the combustion process, a significant «splash» of the intensity of radia-
tion scattered from the particles of smoky plasma, recorded by the photodetectors of
all seven channels, is visible (see Fig. 5).

In this case, the first channel, which records the attenuation of the main laser
beam as it passes through the flame, did not detect the burst (this curve is not shown
in Fig. 5).

Curve No.l (green), corresponding to a signal recorded at an angle of 10° rela-
tive to the main beam, has the highest amplitudes of laser radiation scattered by
smoky plasma grains with a wavelength of Az = 630 nm.

From Fig. 5 can be seen that the averaged signal amplitude before the «splash»
(up to the moment of time = 1.6 s. From the beginning of the combustion process +
0.5 s) was about 1.2+1.3 conventional units (determined by the process of electronic
“splitting” signal). The amplitude of the «splash» of the signal was about 2.7 conven-
tional units, which is almost 2 times more than the average value. «Splashes» of the
same order were observed at other observation angles (by other photodetectors), but
with a lower intensity. As noted above, the first photodetector on the "main" axis of
the laser beam did not register any splashes of signal intensity.

One of the explanations for this effect can be the scattering of the laser beam on
a volumetric diffraction grating consisting of grains of a condensed phase, such as a
"dusty crystal", which emerged situationally in the plasma flow.

It should be noted that in experiments with a "red" laser (4g = 630 nm), a
«splash» in the scattered radiation curves was observed only once. When using an in-
frared laser (4;z = 808 nm), the «splash» was not recorded. Most likely, this is due to
the uniqueness of the event of the formation of «dust crystals», which emphasizes the
need for comprehensive researches of the properties of the smoky plasma formed in
the combustion products of pyrotechnic compositions.
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/pazan I'.C., Canmonuit B.U., [llunzapée I'JI., Pumawesckuii A.A.,
Konecnuxkoe K.B., Illeéuenko O.H., Auko B.B.

PaccesiHue J1a3epHOIro U3Jly4eHHs] KOHJACHCUPOBAHHOM (pa3oii rereporeHHoMn
ABIMOBOM IJ1a3MbI

AHHOTAIMS

IIposeden 0630p npobaemsl pecucmpayuu Ynopsioo4eHHOU CmpyKmypbl ¢ OucnepcHo ga-
3bl 8 NIASMEHHBIX 00pA308aHUAX, 20€ NOKA3AHO, YMO 6 IKCNEePUMEHMAX C 2a30pa3psaO0HOlU
nazmotl, cooepaicaujeli MOHOOUCNePCHble KOHOEHCUPOBAHHbLE YACMUYbL, ObLIU OOHAPYIHCEHBL
«naasmeHnnvle Kpucmaniely. Paspabomana memoouka ucciedo8aHus npocmpanHcmeeHHvlX
CMPYKmMyp 4acmuy KOHOEHCUPOBAHHOU (ha3vl 6 2emepo2eHHOU ObIMOBOU Niazme Nymém on-
peoenenus UHOUKAMPUCHl pACCessHUA N1A3ePHO20 U3NYUeHUsl, MOOYIUPOBAHHO2O C 4ACMOMOU
60 kl'y 6 mpéx cnexmpanvhvix unmepsanax. Co30ana 3KCnepUMeHmManlbHas YCMaHo8KA OJisl
peaucmpayuu UHOUKAMPUCHL PACCESHUS JIA3ePHO20 U3ay4eHuss Ha Onunax 6oan 808 um, 630
HM U 532 Hm 6 unmepsane yenos paccesnusi om () 0o 1 70’ Paspabomana npoepamma pecucm-
payuu u obpabomku pe3yiomamos uzmepeHuti na Komnviomepe. llposedenvt ucnvimanus
9KCNEePUMEHMANbHO20 KOMNJeKca Ha (akene nupomexuuyeckux xomnosuyuu. OOHapyiceH
MAKCUMYM PACCESTHHO20 A3EPHO20 U3LYYEHUS, KOMOPbIL MOXNCEM CEUOemeNbCmEo8ams O
CUMYamMuU8HOM NOAGNEHUU «NIIA3MEHHO020 KPUCMANLAY 8 0bIM08ol niazme. OOHAPYH#CEHO Nu-
KOBoe ygsenudeHue UHmMeHCUGHOCMU paccesiHno2o usaydenus. Coenansvl 6b1600bl 0 HEOOX0O0U-
MOCIU KOMIJIEKCHBIX UCCAe008AHULL C8OUCME ObIMOBOI NIA3Mbl, 00PA308AHHOU 8 NPOOYKMAX
C20paHUs NUPOMEXHUYECKUX COCMABOS.

Knrouesvie cnosa: ['emepocennas nnazma, paccesuue i1da3epHo2o U3LyYeHUs, NPoOCMpaH-
CmeeHHble CMPYKmMYpbl YaCmuly 8 nidsme.

Apazan I'.C., Caumoniit B.1., [llunzapvoe I'.J1., Pimaweescokuii O.A.,
Konecnikoe K.B., Illeeuenxo O.M., Auko B.B.

Po3ciroBaHHs J1a3epHOr0 BUIIPOMIHIOBAHHS
KOH/ICHCOBAHOI (23010 reTeporeHHol IMMOBOI IJIa3MHU

AHOTAILIA

IIposedeno oens0 npobremu peecmpayii 61OPAOKOBAHOL cmpyKmypu 3 Oucnepchoi gasu 8
NIIA3MOBUX YIMBOPEHHSAX, 0e NOKA3AHO, W0 8 eKCNepUMeHmax 3 2a30po3psA0Hoi nAa3Mo, o
MiCmums MOHOOUCNEPCHI KOHOEHCO8AHI yacmku, Oyau eusasieHi «niazmosi kpucmanuy. O0-
Hak 6 oumoeoi (i nunosuil) niasmi @hikcysagcs minbKu OOUHUYHUU — dakm, o
cnocmepieaemvbcsi 8 GIOIOPAHOI HA CKAAHY NIOKAAOKY NPOOYKMI8 2OPIHHA NIPOMEXHIYHUX
Komnozuyiu. Po3pobreno memoouxy 00CniodHCeHHs NPOCMOPOSUX CMPYKMYP YACTMUHOK
KOHOEHCOB8aHOI ha3u 6 2emepoceHHOi OUMOBOI NAA3MI WIAXOM BU3HAYEHHS [THOUKAMpPUcu
PO3CII0BAHHA JIA3EPHO20 BUNPOMIHIOBAHHS, MOOY1b08aH020 3 uyacmomor 60 kly 6 mpbox
cnekmpanvHux inmepeanax. CmeopeHa eKchepuMenmanbHa YCMAHOGKA O peccmpayii
IHOUKampucu po3cito8aHHs 1A3ePHO20 BUNPOMIHIOBAHHA HA 006dHcuUHAx xeuib 808 um, 630 Hm
i 532 um 6 inmepsani kymie poscianns 6io 0 0o 1 70" 3 mpueanicmio umipioéanv 3 cex. Po3-
pobieHo npozpamy peecmpayii ma o6poOKU pe3yibmamis sUMiprosans Ha komn 'tomepi. Ilpo-
8e0eHO BUNPOOYBAHHS eKCNEPUMEHMATbHO20 KOMNAEKCY HA (haKkeni Memaniz08aHux naIueHUX
Komnosuyiu. Buseneno nixoge 30inblieHHs [THMEHCUBHOCMI PO3CIAHO20 BUNPOMIHIOBAHHSL.
3pobaeno 6ucHo6ku Npo HEoOXIOHICMb KOMNIEKCHUX OO0CNIONHCEeHb 61ACmU8OCcmelt OUMOBOI
nazmu, ymeoperoi 6 npoOyKmax 320paHus NIpOMexHiuHux cK1aois.

Knrouoei cnosa: ['emepocenna nnasma, po3cilo8aHHs 1A3E€PHOS0 GUNPOMIHIOBAHHS,
npOCMOposi CMpyKmypu YaCMUHOK 8 NAdA3Mi.
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Study of the Disperse Composition of Suspensions and Sputtered
Substances by means of Small-Angle Light Scattering

Spatial distribution of the light scattered by a disperse system of particles depends on their
sizes, shapes, positions, etc., which can be used for experimental determination of the param-
eters mentioned. For stochastic systems with the particles’ sizes exceeding the radiation
wavelength, most of the scattered radiation concentrates near the incident beam axis. In this
small-angle approximation, the scattering pattern is especially simple and regular, which en-
ables to develop efficient procedures for the disperse system investigation. We describe the
algorithm for determination of the mean particle radius in the system with lognormal distri-
bution of the particle sizes and negligible multiple scattering. The algorithm’s performance is
demonstrated on the practical example of the ‘‘fog” generated by a gasoline injector. The
ways are discussed for further algorithm generalization and its extension to a non-parametric
analysis of disperse systems with a priori unknown form of the particle sizes’ distribution.

Keywords: disperse system, light scattering, particle size, distribution function, experi-
mental measurement

Introduction. Optical methods for studying the structure of various substances
and physical and chemical processes occurring in them have been used for many
years and have repeatedly proved their effectiveness. Due to the intensive develop-
ment of optical and laser technologies, numerous new possibilities and applications
have emerged in this direction. Optical methods for studying disperse systems based
on the analysis of the characteristics of electromagnetic radiation scattered by a sys-
tem of small particles differing in size, shape, and physical properties appear to be
especially promising and sometimes irreplaceable [1].

A general scheme of optical investigation of disperse systems is as follows [2]
(see Fig. 1). A light beam with known characteristics (most often it is a plane wave or
a Gaussian laser beam) is incident on the system. Let the incident light intensity equal
to [y and 1s the same for all particles composing the system (this is a good approxima-
tion if the incident beam radius exceeds the system total size). Part of the incident
light passes through the system without interacting with particles and forms a beam
of the same spatial structure as the initial one, but somewhat weakened in intensity /;;
the ratio /,/], characterizes the system’s extinction. Another part of the incident light
is absorbed in the system; it characterizes the energy loss in the system. But the most
important is that part of the light that interacts with the system and, afterwards, di-
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verges in various directions. This is scattered light, characteristics of which depend
on the properties of the scattering system: the size and dimensions of the particles,
their physical and chemical nature, shape, etc. Therefore, by studying the characteris-
tics of the scattered light, one can also learn the properties of the scattering system

12].

I, (¢.00)

Fig. 1. General illustration of the light scattering by a disperse system

Formulation of the problem. The most important characteristic of the scattered
light is the scattering indicatrix — a function that describes the distribution of scattered
radiation over the angles of a spherical coordinate system ¢ and o (Fig. 1). Let the

scattering indicatrix for a single particle be u(¢, a, by, by, ..., b,), where by, b, ..., b,

are parameters that characterize, in particular, the size, shape, and optical properties
of the particle. With assumption of a low particle density, which allows one to ne-
glect the effects of multiple scattering, and supposing a random arrangement of parti-
cles in the system, we can assume that the scattering from a set of particles is deter-
mined by the sum of contributions from each particle separately [2, 3]. If the particles
are not the same, then the system can be characterized by the distribution function
fby, by, ..., b,) of the particles with respect to the parameters by, b,, ..., b,, satisfying
the normalization condition

[ £ (B, )dbdb,...db, =1. (1)

In this case, the intensity of light scattered by the system of particles in the di-
rection specified by angles ¢, a i1s determined by the equation

I (¢,a)= Nju(¢,a,bl,b2,...,bn )f(b,b,,....b,)dbdb,...db, . (2)

where N is the total number of particles participating in the scattering.
Equation (2) is the basic equation of the problem under consideration. On the
one hand, it allows, knowing the form of the function u(¢, o, b, by, ..., b,), which 1s

determined theoretically depending on the nature and shape of particles, and the dis-
tribution function f (by, b,, ..., b,), to calculate the angular distribution /| ((I),OL) of
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the radiation scattered by the system, i.e. to solve the direct scattering problem. On
the other hand, it shows that, having measured / ((I),OL) experimentally, one can find

the function f(b,, b,, ..., b,) and, thus, determine the important characteristics of the
system and its constituent particles. This operation will solve the inverse scattering
problem.

As can be seen from (2), the solution of the inverse problem requires the solu-
tion of an integral equation. Therefore, this problem is generally more complex and
its solution is not always possible. In this case, various simplifying assumptions aris-
ing from a specific experimental situation can be of great help.

Let us consider the important case when the set of the particles’ parameters {b,
by, ..., b,} consists of a single parameter — the particle radius b; = a. Then, if the
condition a >> A is satisfied, where A is the radiation wavelength, the function

1 ((I),OL) does not depend on the azimuthal angle ¢ and differs significantly from ze-

N
ro only at small ¢: the situation of small-angle scattering is realized [4-8]. In this

case, scattering by a single particle satisfies the conditions of Fraunhofer diffraction

and is described by the function [4]
2

J (ko)
ko ’
where k£ = 2@/A is the radiation wave number, .J; is the notation of the Bessel function
[9]. This function is maximal at o = 0 and has an infinite number of zeros whose posi-
tions are determined by the particle size. Practically important are the zeros situated
closest to the axis z (o = 0), the first of which equals to o = 3.8/(ka).
If all particles of the system have the same size, then the distribution of the scat-
tered radiation over the angle a 7, (oc) 1s just proportional to expression (3). However,

u(o,a)=|2na

3)

it is much more common for the particles to be of different sizes; in aerosol systems,
the particle size distribution is usually described by the lognormal distribution func-

tion [2—4]
2
1 _1{Ina—p
f(a)_—acs 5= exp 2(—0 ) . (4)

Here, the distribution parameters are present: 6 characterizes the dispersion of
particles in size, so that at o =0 the distribution i1s monodisperse, and p determines
the average particle size a, in accordance with the equality a. = exp(u + 6°/2). From
equation (2), with allowance for (3) and (4), one obtains

(27T)3/2 °° I(lna—pY
[(0)=""— Jaexp ——(—“j le(koca)da. (5)
(ko) o 2\ o
Numerical algorithm and solution. The algorithm for determining the disper-
sion parameters (in the simplest case, the average size a.) is based on comparing the
experimentally measured integral scattering pattern with the theoretically calculated
one (see Fig. 2). In the experimental modeling of the small-angle scattering situation
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we used the gasoline injector producing a nearly monodisperse “fog” of spherical
particles. In general features, the experimental procedure reproduces the scheme of
Fig. 1: a transparent cell containing the suspension was illuminated by the collimated
beam of a semiconductor laser (A = 0.67 um), the near-axis scattered radiation is col-
lected by a focusing lens (not shown in Fig. 1), and the focal-plane pattern was regis-
tered by a CCD web-camera (Fig. 3a). The non-scattered part of the incident beam
with the intensity /; (see Fig. 1) was stopped by an opaque screen whose shadow 1is
seen in the center of Fig. 3a.

Scattering
pattern regis-
tration

}

Range of
expected
values of a,.

Image digi-

talization

Processing ‘

Experimental

curve of scat- Compari-
tering son

Solution:
Measured
value of a.

Table of theo-
retical values of

Is (a’ac)

Fig. 2. Scheme of the algorithm for measurement of the disperse system
characteristics

The dependence of the scattered power on the scattering angle a is proportional
to the illumination brightness dependence on the polar radius, which is calculated by
averaging the observed intensity inside the rings of a given radius (shown by thin
black circular contours in Fig. 3a). The resulting experimental curve (red in Fig. 3c¢)
is compared with a set of pre-calculated theoretical curves determined by equation (5)
for different values of the average particle radius; the variance parameter was set as ¢
= 0.01. The value of a. at which the best approximation is observed (estimated by the
least square method) is taken as the real value of the average radius of particles in the
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studied system (in the example of Fig. 3, a. = 1.5 um). Estimation of additional dis-
tribution parameters (variance, etc.) can be performed according to the same scheme.
Discussion and conclusion. The rather good agreement between the experi-
mental and theoretical curves in Fig. 3c testifies for the validity of the approximations
presumed, in particular, of the log-normal particle-size distribution (4). In many prac-
tical cases it is impossible to tell in advance that the particle size distribution function
has a certain form. Then, a nonparametric determination of the distribution function
is also possible, 1.e. direct finding of a discrete set of the function f{a) values. For ex-
ample, we again restrict ourselves to the case of only one parameter — the particle ra-
dius a. In this situation, the integral equation (2) can be written in the form
Is(oc)zj.u(oc,a)f(a)da. (6)
and, after transformation to the numerical form, reduces to the system of linear equa-
tions
I=Af, (7)
where

is a vector of the measured values of the intensity scattered in directions specified by
the polar angles a,, a5, ... a,, and

S ()
is the sought vector of the distribution function values. The matrix A is composed by
the theoretically calculated values of the scattering indicatrix u(o;, @;) (e.g., those de-
scribed by (3) in the small-angle scattering situations) for equidistant values of a,, a,,

.,

u(ey,a,) u(oy,a,) u(ay,a,)
A= Aa| “(@4 ”(“2_’“2 u(en,a,
u(a,,a) u(a,.a,) ... u(a,.a,)

and Aa =a,,, —a; is the size of the intervals into which the integration domain of (6)

i+1
is divided. Solution of the system (7) is possible if n > m; when n = m this is a simple
system of linear equations, but if n > m the system of equations (5) determines the

vector f statistically by the least-square method:
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Fig. 3. (a) Scattering pattern registered by the camera (the central dark spot is
formed by the opaque “stopper” of the probing beam /;); (b) 3D intensity plot of
the digitalized image (a); (c) Experimental angular intensity distribution (red) and
illustration of the adjusting procedure (colored lines are calculated for different
values of the parameter a,. indicated near each curve).

f=(AA) AL.

Thus, the solution of the inverse scattering problem is achieved. The greater the
difference n — m, the more probable is the stability and regularity of the solution. To
increase the stability, additional regularization procedures can be employed based on
a comparative reliability assessment for various elements of the experimental data
vector I [10].

161



dizuka aepoaucnepcHux cucrem. —2021. — Ne 59. — C.156-162

9.

References:

. Aerosol measurement: principles, techniques, and applications / Paul A. Baron, Klaus

Willeke, Eds. — N.Y.: Wiley, 2001. - 1131 p.

. Bohren C. F., Huffman D. R. Absorption and scattering of light by small particles.

N.Y.: Wiley, 1983. — 660 p.

. Ishimaru A. Electromagnetic Wave Propagation, Radiation, and Scattering: From Fun-

damentals to Applications, 2nd Edition. N.Y.: Wiley-IEEE Press, 2017. — 862 p.

. Van de Hulst H. C. Light Scattering by Small Particles. N.Y.: John Wiley & Sons Inc,

1957.

. Samuels R. J. Small-Angle Light Scattering from Optically Anisotropic Spheres and

Disks. Theory and Experimental Verification // Journal of Polymer Science: Part A-2.
—1971. - V. 9. - P. 2165-2246.

. Renard J. B. et al. Small-angle light scattering by airborne particulates:

Environnement SA continuous particulate monitor // Measurement Science and Tech-
nology. —2010. — V. 21, Ne 8. — P. 085901.

. Shifrin K. S., Zolotov I. G. Determination of the aerosol particle-size distribution from

simultaneous data on spectral attenuation and the small-angle phase function // Appl.
Opt. —1997. - V. 36, Ne 24. — P. 6047-6056.

. Zhang J. B. et al. Shape classification of single aerosol particle using near-forward op-

tical scattering patterns calculation // Acta Physica Sinica. — 2015. — V. 64, Ne 5. —
054202.

Korn G.A., Korn T.M. Mathematical handbook for scientists and engineers. — N.Y.:
Dover Publications, 2000. — 1130 p.

10. Van Trees H.L., Bell K.L., Zhi Tian. Detection, Estimation and Modulation Theory,

Parts [, II. - N.Y.: Wiley, 2013. - 1176 p.

bexwacee O.A., Konmyw C.M., Wonoe A.IO.I, Pubax C.C.

JocitzKeHHsI JUCTIEPCHOTO CKJIAMY CYCHeH3iil Ta po3NOpOIIeHNX Pe4OBUH

162

MeTOJA0M MAJIOKYyTOBOI0 PO3CilOBaHHA CBiT/I1a

AHOTAILIA

Ilpocmoposuii po3nodin ceimna, po3ciiHo20 OUCNepPCHOI0 CUCMEMOIO YACMUHOK, 3A1eHCUMb
80 ix posmipis, chopmu, pozmauty8aHHsa Moo, wo Modxce 6ymu 8UKOPUCMAHO O eKCnepu-
MEHMANbHO20 GU3HAYEHHS 6KA3AHUX napamempis. [[nsa cmoxacmuynux cucmem 3 posmipamu
YACMUHOK, WO NEPesUyIoms 008UCUHY XBUTT GUNPOMIHIOBAHHS, OilbUA YACMUHA PO3CIHO20
C8Iimna KOHYEHmMpYEmMbcsi NoOaU3y OcCi 30HOYI0Y020 NyYKa. Y yvbomy Manoxkymoeomy
HAONUMNCEHHT KapMUHA PO3CIt08AHHS € 0COOIUBO NPOCMOI MA Pe2yIAPHOI0, WO 00380IAE PO3-
pobumu echekmugni npoyedypu 05t 00CAIONHCeH A napamempis oucnepcHoi cucmemu. Onuca-
HO aneOpumm GU3SHAYEHHS CepeOHbo20 padiyca HaCMUHOK Yy CUcmemi 3 JIOCHOPMATbHUM
PO3NOOINIOM YACMUHOK 30 POIMIPAMU 8 YMOBAX HEXMOBHO MAL020 OA2AMOKPAMHO20 PO3Cilo-
sanHs. Eghexmusnicme ancopummy npooemMOHCMpPO8aAHA HA NPAKMUYHOMY Npuxiadi "myma-
HY", KUl YymMeopoemvcs ()OpPCYHKOI0 O pO3NUNIO8aHHs piokoco naiusa. O620680poiomvcs
WIAXY NOOATbUL020 BOOCKOHAIEHHSL AN2OPUMMY MA U020 NOWUPEHHS HA HenapamempuyHutl
aHaniz OUCNEPCHUX cucmem 3 anpiOPHO HeBIOOMOI (BOPMOI pPO3N0JiNA YACMUHOK 3d
PO3MIpaMU.

Knwuoei cnosa: oucnepcna cucmema, po3cito8anHs c8im.ia, po3mip 4acmuHoK, QYHKYis po-
3n00i1y, eKCnepuMeHmalbHe 8USHAYUEHHS.
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YIK: 621.791; 533.9
Onnan A.A-A., Bumnaxoe B.U., Kupo C.A., Onpsa M.B.

Du3UKO-XUMUYECKUL UHCIMUMYM 3AWUmbl OKPYHCcalowell cpeobl U 4ellogexd,
2. Ooecca, E-mail: serkirol955@gmail.com

@paknMOHNPOBAHUE TBEPAO COCTABJISIIONIE CBAPOYHOIO a3P030JIsl

Ilpeocmasnena Koucmpykyusi U OAHO ONUCAHUE NPUHYUNA PAbOmMbl Man02abapumHou
PUILMPOBEHMUNAYUOHHOU YCMAHOBKU C INEKMPOMEXAHULECKUM PUIbMPOM, KOMOopas obec-
neyuseaem ~99.5% s¢ghexmusnocms ynasiueanus u GpaxKyuoHuposanue NOIUOUCHEPCHO2O
apozonn na 4 ppakyuu no s1ekmpuueckoli NoosudIcHocmu yacmuy. Ipu pexomeH008aHHbIX
pedxcumax ceapku yanepooucmou cmanu nposgoioxou Ce08I'2C 6 CO; nonyuenvl 0bpasyvi
@parxyuii meepooll cocmasisiowell C8apouUHO20 AdPOo30Jisi U ONPedeseHbl UX YOelbHAsl NOo-
BEPXHOCTb, dNIeMEHMHDIL U (ha3086blll cOCMas, COOmMHoweHue (hasz u pasmepsvl KPUCMALIUMOB.

Knruesvie cnosa: ceapounviii aspo3onb, dINeKMPOMEXAHUYECKUL Puromp, GpakyuoHupo-
8aHue, husUKo-xumu4ecKue ceolcmad.

BBenenmne. M3BecTHbie B YKpanHe ManorabaputHble (GUIbTPOBEHTHIIALIMOHHbBIE
YCTaHOBKH, NMPHUHIMII JEHCTBUS KOTOPBIX OCHOBAaH Ha MEXaHWYECKOH (UIbTpanuu
WJIM JIEKTPOCTATUYECKOM OCaXIEHUH, HE 00ecrieunBaroT (PpakLIMOHUPOBAHUE adPO-
TVCIIEPCHBIX YaCTHI] B IPOLECCE yJIaBIMBaHus [ 1], a METOapl MHEPIMOHHOW Cerapa-
uuu 3Q(HEKTUBHBI JIMIIb I KPYIHOAMCHEPCHBIX 4yacTull (d>5+10mkm). [Toatomy,
penieHre npooaeMbl YTUIN3ALUKH OTXO0/I0B CBAPOYHOT'O MTPOU3BOACTBA CAEPKUBACTCS
OTCYTCTBUEM 3KOHOMHBIX U 3()(PEKTUBHBIX TEXHOJOTMH BBIJECICHHS U3 TBEPIOM CO-
ctaistonield ceapouHoro as3po3oiisd (TCCA) ueneBbix ¢pakuuii ¢ 3a1aHHBIMUA (QU3H-
KO-XUMUYECKUMHU CBOMCTBAMHU, KOTOPbIE MOTYT OBITh MCIOJb30BAHbI B KAYECTBE ChI-
pbsl 1715 IepepabOTKU B OJIMH WJIM HECKOJIBKO BHJIOB TOBApHOM MPOAYKLHMHU (KaTau-
3aTOPBI IIPOLECCOB CUHTE3a BBICOKOMOJIEKYJISIPHBIX COEAMHEHUM, OKUCIEHUS MOHO-
OKCHJIa yTJIepo/ia U HU3KOTEMIIEPATypHOTO Pa3IoKEHUsI 030HA; XEMOCOPOEHTHI KHUC-
JBIX Ta30B U MapoB; ruApoPoOHbIe COPOEHTHI AJIi OYUCTKU BOJHOM aKBaTOPUH OT
He(TAHBIX 3arpsA3HEHUN; HATIOJHUTEIU MOJIUMEPHBIX KOMIIO3ULIMOHHBIX MaTEpHUaJIOB
u 1p. [2-4]).

Kak noxazanu pesynbTaThl uccienoBanuit [5-7], dpakuuonupoBanue TCCA
(d~0.05+5 MKM) B mpoliecce YyJaBJIMBaHUS MOXHO OOECIEUUTh TOJIBKO B IPOIIECCe
ANEKTPOMEXAHNYECKON (PUIBTPALK, KOTJa Pa3IMYalolIuecs M0 BEIUYHHE dJIEKTPH-
YECKOM MOJBUKHOCTH U, CIIEJOBATEIbHO, MO (PU3UKO-XUMHUYECKUM CBOWCTBAM 4Yac-
THULIBI, TPOXOJUT YEPE3 OTBEPCTHUSI WM YJIABIMBAIOTCS Ha MOCJIEI0BATEIBHO PACIIO-
JIO’KEHHBIX MPOTOYHBIX NEPPOPUPOBAHHBIX U CETUYATHIX OCAAUTEIBHBIX 3JEKTPOIAX.
Manorabaputssie (UIBTPOBEHTHIIALIMOHHBIE YCTAaHOBKH, JEHWCTBYIOIIME Ha 3TOM
OpUHLKIE (Aanee «AIEeKTpOMeXaHuyeckue (UIbTPALMOHHBIE YCTAaHOBKW» - DDVY),
MOHO MPUMEHSITH Npu ckopocTsax ¢uibTparuu 0.05 + 0.2 M/c, mpu 3TOM CyIIecT-
BEHHO YMEHBUIUTh MX rabapUThl U CTOUMOCTH IPOIIECCa Fa300YUCTKU 3a CYET MHO-
TOKpaTHOW pereHepanuy nepPopupoBaHHBIX U CETYATHIX IEKTPOIOB.

DOI: 10.18524/0367-1631.2021.59.227311
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B cratbe mnpexacraBneHa KOHCTPYKLHS pa3pabOTaHHOTO ONBITHOTO oOpasua
DOV, nperHa3HauYEHHOTO JJIs YJIaBIUBAHUS U (PPAKIIMOHUPOBAHUS MOJIUIUCIEPCHO-
r'0 a3p030Jis1, a TAaKXKE PE3yNIbTaThl U3MEPEHUN yIEIBHON MOBEPXHOCTH, FIIEMEHTHOTO
u (pazoBoro cocrana nosyueHHbIX ¢pakiuit TCCA.

YcrpoiicrBo u npuHuun padorsl IPY. Ha puc.] nokaszana npuHIMIIAAIBHASL
cxeMa ombITHOro obpasia DDV,

13

ADP030.TH
14 -

RN
BN

YHCTBIA BO3YX €—

UHCTBI BO3TYX

Puc. 1. [IpuHiunuanbHast cxema onbITHOro oopasna JPVY.

DDV CcOCTOUT U3 PACMHOJIOKEHHOIO BEPTHUKAIBHO Kopmyca 1, K UMIMHIpUYE-
CKOM YacTh KOTOPOTO MPHUCOEAMHEHBI MATPyOOK, MpeaHa3HAYEHHBIM UIsi OTBOJA
ountiieHHoro oT TCCA Bo3ayxa, 1 KOHycOOOpa3Hblii OyHKEp 2, 000pyI0BaHHBIN 3a-
TBOPOM 3, IOJIOCTh KOTOPOT'O OTJIENIEHA OT MOJOCTH NUINHAPUYECKON YaCTH KOpITyca
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OTNOpPOM U3 U3O0JISILIUOHHOTO MaTepHaia ¢ OTBEPCTUSIMU 4; KPBIIIKU 5, K KOTOPOU CHa-
PY’KH, COOCHO K KOPITyCy 1, IpucoeIMHEeHa HOHNU3AIMOHHAs KaMepa 6 ¢ KOaKCHAJIbHO
PACIIOJI0KEHHBIM UTOJIbYAaThIM KOPOHHUPYIOMIUX 3JIEKTPOIOM 12, K KOTOpPON TaHI€H-
LMaJbHO MPUCOEINHEH NaTpyOoK s noasoaa 3arpsizHeHHoro TCCA Bo3nyxa; nep-
(OpHPOBAHHOTO 3JEKTPOJa 7 U OCAAUTEIBHOTO CETYATOro 3JIEKTpoAa 9, ycTaHOB-
JICHHBIX Ha (UiaHIaX U3 U30JSALHUOHHOrO MaTepuana 8 u 11, COOTBETCTBEHHO, U pac-
MOJIOKEHHBIX B IWJIMHAPUYECKON YacTH KopIityca |, KOaKCHalIbHO €ro OCH.

Cetuarslii 25exTpon 9 (puc. 1) nuamerpom 200 MM HU3TOTOBJIEH U3 JIEKTPOIPO-
BOJIHOM CETKHU ¢ KBaapaTHbIMHU suerikamu 0,063 mm, nuamerpoM npoBoioku 0,04 MM
U JKUBBIM ceueHneM 37%, KoTopas AJid )KECTKOCTH C MOMOIIbI0 00e4aeK 3aKperieHa
Ha BHYTPEHHEW MOBEPXHOCTH HECYIIEeH IMIMHAPUYECKON paMbl U3 nephopupoBaH-
HOM OLIMHKOBaHHOU ctayiu (TommuHou 0,6MMm ¢ otBepectrsiMu (0,8MM U KUBBIM Ceue-
HueM 23%), a ¢ momotipio pranna 11 u onopsl 4 — K MWIMHAPUIECKON YaCTH KOPITY-
cal.

[leppopupoBannslii 3nekTpos 7 auamerpoM 140MM U3roToBieH u3 nephopupo-
BAHHOU OIMHKOBAaHHOM cTanu ToamuHoi 0,6MM ¢ oTBepcTUsiMU 1,2 MM U )KHBBIM Ce-
yeHue 27%. OH BUHTaMU KPEMHUTHCS K MOJBHKHOMY (DJIAHILy M3 U30JSILMOHHOTO Ma-
Teprana 8§ U ¢ MOMOIIBIO OMOPHOTO KOJIBIEBOTO MOAIMMIHUKA K onope 4. [loaBuxk-
HBII (bJ1aHel ¢ TOMOUIBIO KOJIEca U IECTEPHU COEIUHEH C OChIO BPAILIEHUS] CUCTEMBI
pereHepanuy. JTO MO3BOJSET NEPPOPUPOBAHHOMY 3JIEKTPOJY BpAIIATHCS BOKPYT
CBOEH OcH (MEeXaHM3M BpallleHUs Ha puc. | He moka3aH), u TpéM meéTkam 10, BepTH-
KaJIbHO 3aKPEIUICHHBIM Ha €ro BHEIIHEW MOBEPXHOCTH, OYMILATH BHYTPEHHEIO IO-
BEPXHOCTH ceTrdaroro anekrpona 9 or ocagka TCCA

Koponupyromuii snektpos 12 - mectb METaUIMYECKUX TUCKOB 14, Ha KOTOPBIX
PABHOMEPHO PaJNaibHO YCTAHOBJICHBI MO 15 W1 U3 HEpKABEIOLIEH CTalu, YCTaHOB-
JIeH KOAKCHAJIbHO OCH KOpIlyca HMOHHU3alMOHHONW KaMmepbl 6 ¢ momollbio (iaaHIa
OIOPHO-TIPOXOAHOTO n3oJsiTopa 13. Mexay IucKkamu ¢ UIJIAMHU YCTaHOBJIEHBI U30JIs1-
TOpHI 15.

B pabouem cocrossnuu DY kopryc 1 U Kpblllika 5 3a3eMJIeHbI, KOPOHUPYIO-
IUA 3IEKTpoA 12 M ceTyaThiil ANEKTPoa 9 ¢ MOMOIIBI0 BRICOKOBOJIBTHBIX Pa3bEMOB
MOAKIIOYEHBI K HICTOYHUKY OTPULATEIBHOTO BBICOKOrO HampsibkeHus (-7 kB), a nep-
(OpHUpPOBAaHHBIN 3JIEKTPOA K HCTOYHUKY IMOJOKUTEIBHOIO BBICOKOTO HANPSIKEHUS
(+5 xB).

DDV paboraer cneayromuM o0pazom: Bo3nyX, coaepxkammii TCCA
(>0,01r/M’), MOCTYMAeT B MOHMU3ALMOHHYIO KaMepy MOHH3aTOpa Yepe3 TAHIeHIIUAb-
HO TIPUCOEIMHEHHBIN MaTPyOOK U C BBICOKOU CKOPOCThIO ~15+30 M/c (Q50y=50+100
M>/d) TIPOIOIKACT CBOE JBMKEHHE 110 BUHTOBOI TPACKTOPHH BJOJIb HIOJIBYATOTO KO-
poHMpYyIoLEero 3ekrpoaa 12. B mone KOpoHHOTO paspsna, B IPOCTPAHCTBE MEXIY
KOpITyCOM HOHHM3ALIMOHHOW KaMepbl 6 W UT0JIbYaThiM KOPOHUPYIOIIUM 3JIEKTPOJIOM
12, asponucnepcubie yactuiiel TCCA npuoOpeTraroT oTpuliaTeIbHbIE JIEKTPUUECKHUE
3apsiibl, BEIUYMHA KOTOPBIX 3aBHCUT OT HANPSKEHHOCTU JIIEKTPUUYECKOTO IMOJIH,
KOHIIEHTpAIlM1 HOHOB, pa3Mepa U KOHIICHTPAIIMK YaCTHUIl, BPEMEHU UX IIPeObIBaHUS B
AIEKTPUYECKOM T0JIe KOPOHHOTo paspsna. CpeaHue 3Ha4YeHHs 3apsaoB, MpuoOpe-
taembix yactuuamu TCCA B noHn3anmonHou kamepe DDV, nis 3a1aHHOTO pexnuma
pabOThl MOHU3ATOPA PACCUUTHIBAIOTCS IO SMIIUPUYECKUM YPABHEHUSM |5, §].
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B npouecce 3apsanku npegotBpaiieHue ocaxacHus yactul] TCCA Ha KOpOHH-
PYIOLIUX Wbl IOCTUTAETCA 33 CUET YMEHBIICHUS! BEPOATHOCTH MX B3aMMHOTO KOH-
TakTa B pe3yjbTaTe JACHCTBUSA IEHTPOOESKHON CHIIbI, KOTOpas CMEIIAeT TPACKTOPUU
JBIDKCHUST YaCTHUIl K 3a3€MJICHHOMY KOPITYCY MOHHW3AIlMOHHON Kamephnl. biaronmaps
3TOMYy B Tporecce skcmuryatanuu DY o0ecrneuynBaroTCsl CTaOWIBHO BBICOKHE
yACNBHBIN TOK KOPOHHOTO pa3psija U JIEKTPUUECKUE 3apsijibl, MOJydaeMble YacTUIla-
MU B HMOHM3AIMOHHOW Kamepe. B Toxke Bpemsi MHTEHCU(PUIUPYETCS OCAXKIACHUE
TCCA Ha BHYTPEHHEIO OBEPXHOCTh 3a3€MIICHHOTO KOPIIyca HOHW3AaIUOHHOW Kame-
pbl. MaccoBas 107151 yioBjieHHOTO B noHu3anmonHoi kamepe TCCA (dppakuus 1) 3a-
BUCHUT OT KOHIEHTpALMM 4YacTull (BUJa M PEXKUMA AJICKTPOAYTOBOM CBApKH), HO HE
npessimaet 10-20% naxe B caydae Qpy=50 M’ /uac.

ITocne nonnzaropa orpunarenbHo 3apsbkeHHble yacTullbl TCCA noctynaroT B [
30Hy DDV, orpaHMYEHHYIO0 BHYTPEHHEH MOBEPXHOCTH MephHOPUPOBAHHOTO AIEKTPO-
1a, U TOJA JEHUCTBUEM A3POJUHAMHYECKUX M 3JEKTPOCTATUYECKUX CHJI OCAXKIAIOTCS
Ha €ro BHYTpPEHHEW (JIMIIEBOW MO TEYEHUIO TTOTOKA) MOBEpXHOCTH. [IpenmMyriecTBeH-
HO ynaBnuBatorca dacTuilbl TCCA, obGnanaromue 3JIeKTPUYEeCKONW MOIBHKHOCTHIO
B>1.4-10"m°/Bxc, T.e. nuameTpoM Ooisee 0.4+0.5 mxM. MaccoBas monss TCCA
yioBiieHHOTO B | 30He DDV (Ppakius 2) 3aBUCUT OT COCTaBa CBAPOUHBIX MaTepua-
JIOB ¥ U3MEHsSETCs B auana3zoHe 15+25% s pa3HbIX BUAOB U PEKUMOB BJIIEKTPOLY-
roBoil cBapku. DpdexTuBHOCTh yaaBnuanus yactull TCCA ¢ d>0,4MKkM npeBbiiiia-
et 80+85% npu notenmane neppopupoBaHHOTO AeKTpoaa +5 kB.

OtpunarensHo 3apskeHHble yacTullbl TCCA ¢ 3JEeKTPUYECKON MOABUKHOCTHIO
B <1.4-107M?/Bxc mpoXoIsT Yepe3 He 3apacTarollye B IIpouecce GUILTPALUU OT-
BepcTUs NEPPOPUPOBAHHOTO JICKTPOJA U OCAKIAIOTCS HA €r0 BHEIIHIOI MOBEPX-
HOCTb (puC. 2.) B pe3yybTaTe NECUCTBUS DJICKTPOCTATUYECKUX CHJI B HAMNpPABICHUU
MIPOTUBOIOJIOKHOM TOTOKY 3allbUICHHOTO BO3AyXa W (DOPMHUpPOBAHUS 3aBUXPEHUMN
MOTOKA (PEIUPKYISIUOHHBIX 30H) MPU €r0 TEYCHUHU 4Yepe3 OTBepCTHsi nepdopupo-
BAHHOTO 3JIEKTPOJIa C MAJIbIM >KUBbIM cedeHueM (dpakmus 3), a 3a c4€t 3PphexToB

Puc. 2. Ocagox TCCA: A - Ha BHEIIHEH MOBEPXHOCTH NepHOPHUPOBAHHOTO IISKTPOIa
(bpakuus 3), B - BHyTpeHHEH TOBEPXHOCTH CETYATOr0 deKkTpoaa (ppaxius 4).

166



dizuka aepoaucnepcHux cucrem. —2021. — Ne 59. — C.163-172

3alleTUICHUSI, MHEPIIMOHHOTO U NU(PGY3NOHHOTO YIaBIMBAHUS OCAXKIAIOTCS HA BHYT-
PEHHEI0 MOBEPXHOCTh CeTYaToro aekrpoaa (ppakmus 4). brarogaps mainomy pasme-
py stueek (0,063 mm) cpeansist agdexkruBHOCTh ynaBnuBaHusi TCCA ceTyaTbhiM Jiek-
TPOAOM Ha cTaauu (GOPMUPOBAHUS ABTODUILTPYIOLIETO CJIOS JEHIPUTHON CTPYKTY-
pbI coctaBisieT 90+96%, a Ha craguu aBToduibTparuu npesbimaet 99,5% [5]. [lpu
3TOM a’poJuHaMUuYecKoe conpotuBieHne DY AP < 2,5kl]a .

Metoauka u pe3yabrarbl u3mepennii. OpakunonnpoBanne TCCA npoBoau-
JIY TIPU PEKOMEHJIOBAHHBIX PEXUMAX CBApKHU yriaepoaucToi ctaiu CT3 mpoBOJIOKON
CBO8I2C B CO,. UccnenoBanue ajacopOIuu-aecopoun azota oopasnamu Ghpakiuii
TCCA ObutH BBITIOJIHEHBI OOBEMHBIM METOJIOM IPU TEMIIEPATYyPe KUIKOTO a30Ta Ha
aHanu3arope copbuuu rasoB Quantachrome Autosorb-6B. 13 00pa3uoB npeasapu-
TEJIbHO B TEUYCHHUE S5 4acoB yJaaysun ras3sl npu temmeparype 150°C. [nomans yaens-

HOI1 TTOBEepXHOCTH (S yo) paccuuTsiBany 1o MHororouedHomy merony bIOT. Conep-

xanue Cu, Si, Mn u Fe B ¢pakuuax TCCA onpenensiiiim aToMHO-aOCOpOLIMOHHBIM
cnekrpoporomerpom CatypH-31I11. Pe3ynbrarsl u3amMepeHuii mpeacTaBieHsbl B Ta0I. 1.

Kak BunHo u3 tadn. 1. conepxkanue Mn, Si u Fe B oOpasnax ¢paxuuii xoporio
KOPPEJIUPYET C UX YACIbHON MOBEPXHOCTHIO, IPUYEM TEHJECHIIMU U3MEHEHHUS COJIEp-
xaHust Mn, Si u Fe npotuBomnosnoxusie. YeM OoJibliie yelbHas MOBEPXHOCTh 00pa3-
110B (ppakiuii, TeM MeHbIIIe OHU cojaeprkat Fe u 6ombie Mn u Si.

PentrenogasoBblil aHanu3 00pa3LoB Qppakiuil IPOBOJAUIN HA MOPOIIKOBOM JH-
dpakromerpe Siemens D500 B uznyuenuu Cu K, (A = 0.154178 um), ¢ rpaduToBBIM
MOHOXpPOMAaTOPOM Ha BTOPUYHOM IIy4Ke, a pacyeT AU(PPaKTOrpaMM BBINOJIHEH 10
Metony PutBenbaa (mporpamma FullProf [9]). dudpakrorpammbl mojiydeHbl B WH-
tepBane yrioB 3°<20<100° ¢ marom 0.03° u Bpemenem HakormieHus 60 cekyHI B
kaxaonl touke. Ha puc. 3. mpencraBiensl audpakrorpaMmbsl o0pa3noB (Qpakiuii
TCCA. Buano, uro nudpakrorpaMmmbl 00pa3LoB M0 YUCITY pe(IeKCcOB U UX MOI0XKeE-
HUIO NIPAKTUYECKU UACHTUYHBL. BO Bcex (Ppakuusx NperMyIIeCTBEHHO HWIACHTHU(U-
uupytorcs gaszpl maraeruta Fe;O,, Bloctuta FeO, xene3oMapranieBoll HMIIMUHENH
FeMn,04 u a-Fe. Onnako (a3oBbie cocTaBbl hpakivii pa3inyaroTCs, YTO MPOSBIISCT-
Csl B U3BMEHEHWH MHTEHCUBHOCTH IMKOB M UX IIMPUHBL. Pa3bl COEAMHEHUN KPEMHHUS

Ta6u.1 Y aenbHas noBepxHOCTh (S 10) 1 conepxanne Cu, Si, Mn u Fe

B (hpakuusax TCCA.
MaccoBas CoJiepkaHue JIEMEHTOB, Macc. %o
Ob6pasen JI0JIA B : S 0 M°/T
TCCA, % Cu Si Mn Fe
dbpaxmms 1 15 0.4 7.2 8.7 51.6 31.8
dbpaxius 2 22 0.2 2.8 7.3 60.4 16.8
dpaxus 3 30 0.5 6.2 8.8 53.1 30.8
dpaxus 4 33 0.6 5.1 8.7 54.9 28.5
MIPOBOJIOKA
CEOST2C - 0.2 0.8 1.9 97.0 -
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Puc.3. udpakrorpammer ppaxiuit TCCA.

HE MMEIOT M3MEPHUMBIX JUHUN Ha nudpakrorpammax. CoeMHEHHs] KPEMHHUS B 4ac-
tunax ¢ppakuuidi TCCA Haxonarcs B aMOp(HOM COCTOSIHHH.
Cpennuit pazmep KpuCTaLIUTOB (D , HM) OlleHUBAJICS U3 AUGPAKTOTPaMM 10
dopmyie Lleppepa kak pazmep 00JaCTH KOTEPEHTHOTO pacCEUBaHUS:
D=09-A/BcosO,

r€ A — JJMHA BOJHBI PEHTIC€HOBCKOTO M3Ny4eHUs, HM; B — mupuHa pediiekca Ha
MOJIOBUHE BBICOTHI TUKA JIMHUM PEHTICHOBCKOM qudpakiivu, B pajuaHax; 6 — yroiu B
paauaHax, KOTOPBIM COOTBETCTBYET IMOJOXKEHUIO TU(GPAKIIMOHHON JIMHUM Ha JU-
¢dpakrorpamme. Copaepkanue a3 pacCUUTHIBAIM 10 CYMME HUHTETPajbHbIX HUHTEH-
CUBHOCTEH pedIeKCcOB TaHHOU (pa3bl.

Pe3ynbTaThl pacuera npeactanieHbl B Ta0.2. Kak cienyer U3 gaHHbiX Tabdi. 1 u
2, ¢ppakuuu TCCA, nostydeHHbI€ ¢ UCTIONb30BaHUEM DDV MpHU CBapKe AIEKTPOTHOM
npoBosiokoit CBO8I2C B CO, — HauboJiee pacnpoCTpaHEHHOM CIIOCO0€ CBAapKHU Me-
TaJUIOB B MPOMBILUIEHHOCTH, OTJIMYAIOTCS MO YAEIbHOM IJIOMAAU IMOBEPXHOCTH,
AJIEMEHTHOMY U (pa30BOMY COCTaBY.
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Ta6a. 2. Conepxxanue u pazmepsl KpuctauiutoB a3 B pakiusx TCCA.

®da3a, Macc. ITapameTpnl
Obpasen MIPOCTPAHCTBEHHAS TPyIIa % peﬂ_II)GTKI/I,pHM D,

FeO (Broctut). Fm3m 34.2 a=0.42856 13

Fe;0,4 (marnerur). Fd3m 25.4 a=0.83988 23

(pasciu 1 FeMn,0,. Fd3m 211 | a=0.84320 8
a-Fe. Im3m 19.4 a=10.286695 175

Fe;04 (maraerur). Fd3m 73.7 a=0.839214 53

FeO (Broctut). Fm3m 18.9 a=0.42738 16

dbpakuus 2 o-Fe. Im3m 5.73 a=0.286701 59

C (rpadwur). P63/ mmc 1.7 @ =0.2464 HE OIpe/I.
c=0.8711

FeO (Broctut). Fm3m 17.9 a=0.42787 14

Fe;0,4 (Marnetut). Fd3m 61.0 a =0.840812 27

(pasctust 3 FeMn,0,. Fd3m 19.0 |a=0.842669 10
a-Fe. Im3m 2.45 a=0.287021 56

FeO (Broctut). Fm3m 16.1 a=0.42793 16
Fe;O4(marnerur). Fd3m 69.0 a =0.840544 31

(parciuis 4 FeMn,0,. Fd3m 12.6 | a=0.842654 7
a-Fe. Im3m 2.52 a=0.286899 47

Kaxk u3BecTHO, B mpoliecce AJIeKTPOAYyroBOil CBapKu 00pa3yroTcs JBa TUIA Iep-
BUYHBIX YACTUI] - HAHOPA3MEPHBIE YACTUIIBI KOHJIEHCAIMOHHOTO MIPOUCXOXKIEHUS (UX
cpennuii auametp ~10+20 um [10], a makcumanbHbii < 50 HM) U YaCTHIIBI I€3UHTE-
rpaluy 3IEKTPOJHOTO MeTauia auameTpom Oosee 0.5+1 MkwM, popmupyromuecs B
MIPOLECCE B3PHIBHOTO PA3pyLICHUS MEPEMBIUKH MEK]y OTPBIBAIOLIECHCS Karlied pac-
IIJIABJICHHOTO METaJlIa U AJIEKTPOJAOM B PE3yJIbTaTe PE3KOro YBEJIWYEHHUS TIOTHOCTH
ToKa (MaccoBas goJisg yactull ae3uHrterpanuu B TCCA He npesbiaet 15+20% [11]).
BHe 30HbI CBapKU OHHM HAXOHSTCS B BHJI€ BTOPUUYHBIX YAaCTHI] - arjiomeparoB (d >
0.05 = 0.1 mxM) HaHouacTull 1 arperatoB (d > 0.5 + 1 MKM) 4acTuIl Je3UHTErPaALIIU U
Ha”Ho4dacTull [7]. IMEHHO MO 3IEKTPUYECKOUN MOJBUKHOCTA BTOPUYHBIX YACTHUIL ITPO-
ucxonut ¢ppakuronupoBanue TCCA B DDY.

Hanouactuist TCCA B pesynbrare ObICTpON TOMOT€HH3allUd HE MOTYT COJIEp-
KaTh HECKOJbKO (a3 [12] u 1ii MOHOKPUCTAINTMYECKUX HAHOYACTHUI TUAMETP KpH-
ctauiuToB D Ha 10-20% MeHbIIe UX T€OMETPUYECKOro JruamMeTpa, MOCKOJIbKY 00-
JIACTh KOTEPEHTHOT'O PACCEHBAHUsI COOTBETCTBYET BHYTPEHHEH (YIOPSA0YEHHOI) 00-
JTACTH HAHOYACTHUIBI U HE BKIIIOYAET CHIIBHO MCKakeHHbIE rpanulsl [13]. Crenosa-
tenbHO, BO Beex (pakiusax TCCA o-Fe u marneturt B ¢pakiuu 2 coaepx aTcs TOJb-
KO B YaCTHIIAX Je3uHTerpaiuu. [Ipu nomnaganuu MUKpOOPBI3T paCIIaBICHHOTO AJICK-
TPOJIHOTO MeTajlla, 00pa30BaHHBIX B Pe3yJbTaTe B3pbIBA MEPEMBIYKU, B OKpYKaro-
Y10 aTMOc(epy IPOUCXOIUT UX BRICOKOTEMIIEPATYPHOE OKUCIICHUE WIIM TOPEHUE.

B mnacrosimee Bpemsi, oOpasyromiasicsi MpU BBIIIOJHEHUH CBAapPOYHBIX pPadOT
TCCA (mpowmsbinieHHbie oTxonbl [l Kiacca omacHOCTH) HakarMBaThCA B (PUIIBT-
PYIOIIMX JIEMEHTaX (PUIBTPOBEHTUIISIIMOHHBIX YCTAHOBOK C PELUPKYIISIIIUEH BO3IY-
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xa (MecTHas BEHTWISIMA) M CHUCTEM OOIIeOOMEHHOW BEHTUJISIIMU COOPOUYHO-
CBapOUHBIX 1I€XOB WJIM BhIOpackiBaeTcsi B atMochepy. Bmecte ¢ Tem, TecTupoBaHue
noydeHHbIX Ppakiuit TCCA B qucnepcHOM COCTOSSHUM M 3aKPETUICHHBIX Ha BOJIOK-
HUCTBIE MaTepUalIbl B pEAKI[UM HU3KOTEMIIEPATYPHOIO PA3I0KEHHS 030HA MOKA3aJI0 -
HanOOJIBIITYI0 KaTATUTUUYECKYI0 aKTUBHOCTh (BpeMs 3allIUTHOTO AehcTBUS ~360 MUH)
nposiBIAOT ppakiuu 3 U 4, 4T0 OOYCIOBICHO BBICOKUM COJIEPYKAaHUEM HAHOYACTHIL
Fe;04 u FeMn,0,4 (>80 macc. %) u ymeHbllieHUEM cojiepxkanust a-Fe 1o ~2.5 macc%
[14]. DxcniepMEHTAIBHO YCTaHOBJIEHO, YTO M00aBka (pakiuu 1 B npenenax mo 10
Macc.% B CHIPEBYIO MIMXTY 0OMa304HON MacChl MOKPBITHS IITYYHBIX 3JIEKTPOJOB HE
BIIMSIET HA TEXHOJIOTUYECKUE XapaKTEPUCTUKU UX IUIABICHUS. BO3MOXHOCTh HUCTOJIb-
3oBanus ¢pakuuiit TCCA B kauectBe TUIpOPOOHBIX COPOCHTOB JIJIsi OYMCTKU BOTHOM
aKBATOPUHM OT HE(PTAHBIX 3arpsI3HCHUI W HANOJHUTENIEH MOJUMEPHBIX KOMIIO3UIIHU-
OHHBIX MaTEPHUAJIOB ObLIa MPOAEMOHCTPUPOBaHa B [2, 4].

3akiouenue. Co3gaHue CUCTEM MECTHOM BEHTWJISILMU CBapOYHO-COOPOYHBIX
LIEXOB C Hcnoib3oBaHueM DDV, KoTopas 0OTHOBpEMEHHO oOecreunBaeT 3PPeKTHB-
HOe (1=99.5%) ynaBnuBanue u GpaKkIUOHUPOBAHUE TOJUIUCIIEPCHOTO a3pO30AS,
IIO3BOJIUT TOBBICUTH Ka4e€CTBO OTXOJOB CBAPOUYHOI'O IIPOMU3BOJACTBA M IOJydYaTb U3
TCCA neneBbsle HAHOCTPYKTYPUPOBaHHBIE MaTEPUAJIBI.
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Ennan A. A-A., Bumnsakos B. L., Kipo C. A., Onpa M. B.
@®pakuioHyBaHHS TBEPA0i CKJIAJT0BOI 3BAPIOBAJILHOIO a€P030JI10

AHOTAIA

Ilpeocmasneno KoHcmpyxkyito i 0aHo onuc NPUHYUny pobomu manocabapumuoi gitempo-
BEHMUNAYINUHOT YCMAHOBKU 3 eleKMPOMEXaHiyHum Qinempom, wo sabezneuye ~99,5% egex-
MUBHICMb VII06II0BAHHA MA (DPAKYIOHYBAHHS NONIOUCNEPCHO20 Aepo30t0 HA 4 ¢paxyii no
eeKmpuyHiu pyxaueocmi yacmunox. llpu pekomeHoo8anux pexcumax 36apioeamnis gyaieye-
6oi’ cmani npogonoxoui Ce0812C y CO; odepowcarno 3pazku ¢hpaxyiti meepooi ckniadosoi 36a-
PI0BANBHO20 AepO30I0 MA GUSHAYEHO IX NUMOMY NOBEPXHIO, eleMeHmHUll i ¢hazosull ckuao,
cnisgionHoutenHs ¢paz i posmipu Kpucmanimis. Ilokazano 63aemo36'130Kk Midc enemeHmuum
cKknadom ¢ghpaxyii ma ix numomoro nogepxwero - emicm Fe smenutyemocs, a Mn i Si 30inbuty-
embes 30 30ibUeHHAM numomoi nosepxui 3paskie ¢paryiu. Ionighasnuii cxnao (ioenmughi-
kytomvcs Fe;Oy4 FeO, FeMn,Oy i a-Fe) ma nassnicms MOHOKPUCTANIYHUX HAHOYACMUHOK
MazHemumy, 6lOCmMumy i 3ani30-MaHeaHOBol wnineni y 3pazkax Gpakyii niomeepodiceHo pe-
3ynemamamu penmeenohazoo2o ananizy. Cnonyku Kpemuiro y uacmuHkax ¢paxyiti 3uaxo-
osamwvces 6 amopgromy cmani. Ha ocHosi excnepumenmanvHux OaHux npoananizo8ano Moic-
ausocmi ymunizayii HAaHOCMPYKMYPOBAHUX Ppakryiti meepooi cKiadosoi 36apr8albHO2O ae-
po30710

Knrouoei cnosa: 36apiosanvruii aepo3oins, eleKmpomMexaniynull ginomp, hpakyionysaums,
Qizuxo-ximiuni enacmugocmi.
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Ennan A.A-A., Vishnyakov V.I., Kiro S.A., Oprya M.V.
Fractionation of solid component of welding aerosol

SUMMARY

The design of portable filtration device with electrostatic filter and description of its work,
which provides the trapping efficiency about 99.5% and fractionation of the polydisperse
aerosol to four fractions via particles’ electrical mobility, are presented. The samples of aer-
osol particles’ fractions are obtained under usual welding regimes by welding wire Ce0812C
in CO; and their specific surface area, element and phase compositions, phase ratio and crys-
tallite sizes are determined. The correlation between fraction’s element composition and its
specific surface area is demonstrated — the iron content is decreased, and manganese and sil-
icon contents are increased when specific surface area is increased. The polyphase content
(Fe;0y FeO, FeMn;O4 u o-Fe are determined) and presence of the monocrystal nanosized
magnetite particles, wustite and iron-manganese spinel in the fraction samples are confirmed
by the X-ray analysis. The silicon compounds in particles are in amorphous state. The possi-
bility of utilization of the nanostructured aerosol particles are proposed as a result of experi-
mental data analysis.

Keywords: welding aerosol, electrostatic filtration, fractionation, physical and chemical
properties.
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Advanced Laser-Photoionization Scheme of Separation of Heavy Isotopes
in the Gases Separator Devices

An effective approach to determining the parameters of the optimal schemes of the meth-
od of laser selective photoionization of atoms (elements and isotopes) with finite ionization
due to collisions, ionization by a pulsed electric field, ionization through high (Rydberg)
states and narrow autoionization resonances for the separation of heavy isotopes has been
proposed. in gas separator devices. On the basis of the theory of optimal control and previ-
ously developed quantum models for calculating the characteristics of elementary atomic
processes, optimization models of isotope separation are numerically implemented in the
scheme of selective laser photoionization with ionization due to collisions in gas mixtures,
ionization by a pulsed electric field, autoionization, etc. etc. The data obtained quantitatively
confirm the promise of the method of laser photoionization with finite ionization due to colli-
sions, ionization by a pulsed electric field, ionization through high-lying (Rydberg) states and
narrow autoionization resonances and give a set of parameters for the desired optimal
schemes, in particular, the laser pulse optimal shape for rubidium and uranium isotopes.

Keywords: gas separator, isotope separation, laser photoionization method, optimal con-
trol theory

Introduction. Studying of physical and chemical processes with participamce
of atomic systems (gases) in the istopes and gases separator devices is of a great in-
terest for many gas-dynamical topics, relating to physics of atoms (moleculesm gas-
esO interactions in presenvce of external electromagnetic fields. The intensive
thepretical and experimental investigatians are carried out in a field of studying and
constructiong the optimal laser—photoioniation schemes of separation of different
atomic elements (isotopes) in the vapour state in the gases separator devices (e.g. [1-
16]).

In this paper, we present an effective theoretical approach to the calculation of
optimal schemes of the atomic systems laser-photoionzation method (based on
selective resonant excitation of atoms by laser radiation into quantum states near the
ionization limit and subsequent autoionization decay due to so-called gas-separators,
or under the action of an external electric field, etc.) on the basis of methods of an
optimal control theory as well as the theory of corresponding quantum models of
elementary atomic processes [17-30]). The desired methods have previously been
used in solving various problems of optimal laser effects (c.g., [11, 12]). The element
of novelty is the implementation of the optimization model of selective
photoionization of atoms with finite ionization by means of electric field (or
autoionization or collisional mionization) (e.g.[9-17, 30-36]). The generalized
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Krasnov-Shaparev-Shkedov optimization model for classical two-stage selective
photoionization is used as the starting one, summarizing it in the case of electric field
ionization, autoionization, and collision ionization. Using the calculated data obtained
for these ionization scenarios (the last step of the scheme), one could numerically
calculate the optimal schemes of the method of laser photoionization of atoms in a
vapour state. The solution of the optimal control problem for multi-stage selective
photoionization can be based on the model of balance relations arising from the
equations for the density matrix [12-17]. The problem is formulated as a way to find
the optimal shape of the laser pulse of resonant radiation, which provides the
maximum of ionized particles in the scheme of selective photoionization with pulsed
electric field 1onization and through autoionization resonances, as well as through the
collision ionization mechanism.

Theoretical quantum model of optimal control. In general, the desired task

of optimal control, taking into account spontaneous relaxation can be written in the
form [11, 12]:

Ty
J =— [R(t)xpdt — min; (1)

0
dx,/dt=x,—u(x, —x,),x,(0)=1 (2)
dx,/dt=—[R(t)+1]x, +u(x, — x,),x,(0)=0; 3)
dx, / dt=u,x,(0)=0,x,(t,)=E; 4)
0<t<t,u(1)=0; (5)

where x,,x, — normalized populations of the ground and excited states of the atom;
u =u/y— dimensionless speed of induced processes of emission and absorption of

resonant radiation; y — the probability of spontaneous decay per unit time; u(t) =
c,,1,(t)/ hw,, — rate of induced transitions (transition 1-2); ©,, — radiation frequency

corresponding to the transition 1-2; o,, — absorption cross section at the transition 1-
2; R=R'/y—- dimensionless 1ionization rate from the excited state;
R'(t)=0,1,()/ o, — photoionization rate; @, — radiation frequency (~
photoionization); ¢, — cross section of photoionization; T = #, — dimensionless time;
1,,1, — intensity of laser pulses, respectively, for excitation from the ground state
and ionization from the excited level, E,,t, — the energy of the pulse of resonant

radiation and its duration. According to the standard approach of the theory of
optimal control, the transition to the derivative problem is carried out by relations
[11, 12]:

S =X +X, .
8, = (% —X,)expex;). (6)

The new function is the governing function:
(1) = exp(-2x3). (7)

The task of optimal control takes the following form:
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J =s,(7,)—> min, (8)
ds,/dt=—-R/2(s; —s,w),s,;(0)=1, 9)
ds, /dt=1/w[R/2+1](s, — s,w),s,(0)=1. (10)

The control entered satisfies the following obvious conditions:
wy Sw<Lw, =exp(-2E,). (11)
The Hamiltonian and the equations for the related variables A ,A, are written in

the form:

H=(s;—s;W)[-R(t) /21, +{R(1)/2+1}\, /W], (12)
dh, /dt=R(DA —(R(1)/ 2+ DA, / w,h (t,)=—1, (13)
dh, [ dt=—WR(DA, —(R(1)/ 2+ DA, / w],A,(t,) =0, (14)

Then the problem can be reduced to the corresponding nonlinear two-point
boundary of the maximum principle. Optimal modes of qualitatively different types
can be separated on the basis of the KSSH condition. Condition:

argmax H = w, (15)

wy<w<l
is the solution of the derivative problem at a given time interval. The condition for
the existence of optimal laser exposure in the form of a single pulse has the form:

p=exp(=2E){l+2/ R, +exp[—(R, +D1,]}/

(1+2/R){l—exp[—(R, + D11}, p21 (16)
A formal expression for optimal control in the general case:
Ed(t)+iu'(r),t<€[0,7,]| p<l
u(t)={0,creeeeennnnns [relr,t ]lp<l] . (17)

E (), te(0,t, ][ p=1
The process of isotope separation is described by the following system of

equations (see [12, 17]):

dp, [ dt ==W,(p, —p) +p,T; + Kipyp,,

dp,/dt=-W(p,—p,)—p1 - Rp, _Kl(p:)pl _p;po)

dpy / dt = =W, (py —pp) + T} + Kipopy

dpy /dt==W(py =p) =Py T = Rpy = K, (popy = P15 »

dn/dt = Rp, — n1(K2(0)p;) _Kz(l)p;) + ”’(Kz(O)po - Kz(l)p1) - nlt,

dn’/dt = Rpj— n (K,'p,— K,p)) + n (K, — K,p}) —n/t,
ne Tt =y¢ — dimensionless time; y — the probability of spontaneous decay per unit
time; py, P, — the concentration of atoms of matter and impurities in the ground

(17)

state; p;, P; — the concentration of atoms of matter and impurities in an excited state;

n, ' — the concentration of their ions; coefficients K, K, — accordingly determine
the speed of the process of resonant transfer of excitation energy: K,;=oc, v, G, —
Weiskopf cross section; v — the speed of atoms; K, — the speed of the recharging
process: K,= o.,(v;) v, o.(v;) — cross section of resonant recharging; v; — the relative
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velocity of ions relative to neutral atoms; W, W, — probabilities of radiation
transitions. Probabilities of radiation transitions W,; W, are determined by
expressions:

W, =1Ic,(w)/ ho, = 1,161/ cT,) (1, / 270) - [/ T,)* + (0 —w,)’]",

W' =Ic'(0)/ ho, = 1,167/ cT, )y, / 28) -1/ T,)’ +(0-0',,)*]". (18)
where I;— the intensity of the resonant radiation field; 7, — transverse relaxation
time; other designations are standard.

The above optimization model was implemented by us to determine the optimal
scheme of selective ionization of radioactive isotopes by laser radiation with
ionization by a pulsed electric field and through autoionization resonances, as well as
ionization due to collisions. Note that in the future in the case of the implementation
of the scheme of selective ionization by laser radiation with ionization by a pulsed
electric field (and ionization through autoionization resonances) as R substituted
values: R — W/y, where W — the ionization rate of excited atoms by a pulsed electric
field. In the case of the ) )
implementation of the scheme of —
selective 1onization by laser radiation
with the mechanism of ionization -— -
due to collisions under R means the
value: R — S/y, where S — the = Al
ionization rate of excited atoms due
to the collision mechanism (e.g. [12,

17]). ﬁ”
Modelling results and

conclussions. In the practical

implementation of selective '

photoionization schemes by laser 5%

radiation, as a rule, a mixture of P —;:—': <=

buffer and fissile gases (isotopes) 3

moves across the zone of electric
discharge, and the discharge zone is
irradiated by an electromagnetic  Fig. 1. Possible scheme for separation of isotopes
field resonant with one of the 1n gas separator (atoms A in a beam in mixture
selected isotopes. (see Fig. 1, and [9, with other atoms B): 1 — source of atomic beam; 2
10, 12-16]). — vacuum box; 3 — collector of non-selective
ions; 4 — diaphragm; 5 — laser ray for the first step
excitation; 6 — laser ray for second-step excitation
to Rydberg states and further autoionization in a
. N : laser pulse or ionization by external electric field
concentration ). Thg 10nlzathn time or the collisional ionization; 7 — deflecting elec-
corresponds to the time of flight of trodes; 8 — sublayer; 9 — cold sublayers for freez-
the atom through the zone of ing atoms; 10 — laser ray for vaporising the sub-
electromagnetic ~ fields:?,=  L/v, stance

27

A buffer gas determines the
characteristics of the discharge
(temperature T, particle

where L — the size of the irradiated
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area; v — particle flow rate. If the radiation saturates the resonant transition and the
tonization mechanism i1s realized due to collisions of excited atoms, then the
ionization condition of the resonant component has the form: 1/nS(7) > 1/v = ¢,

where S — the ionization coefficient of excited atoms in the collision. These
parameters satisfy the following value: L =1 cm, v=10*cm/s, n = (10"' =10")cm™.

Then it is convenient to make replacements: R — Snfy, © — yzlv, E, =
c,,Ww, / vdhw, , where z — spatial coordinate along the flow, d — transverse
dimensions of the irradiated area. Typical parameter values: S'n = 10*c™, y = 10*c™,
t,=4- 10, E, =2.5. Consider the scheme for Rb. Stage 1 uses laser radiation with

a wavelength of 7950A (excited to the state Sp”P, »»); laser pulse ionization (quantum
energy 2.62 eV). For Rb vapors at 100°C (pressure 10 torr) Doppler absorption

. 9 -1 . . . —11 2 .
width Ao, =4-10"c™, cross-section of excitation o, =10 cm”, cross section of

2

photoionization from the excited state o©,=10""cm’. In the case of the

photoionization scheme with excitation of Rydberg S and D states ¢ n = 12—-18 and
ionization by an electric field (~30kV/cm) the calculation (c.g.[17,33]) gives

transition 5°P,, —16°D,, cross-section of excitation — ¢, =0.88-10"“cm?. This is

10 (+5) more than the cross section of ionization from the ground state and 10 (+4) —
from the low excited state. For the classical scheme of photoionization of Rb atoms,

the energy density for saturation of resonant absorption: 4w, =1,2-10"°J/cm® and

to saturate the photoionization transition: ®2hw, =0,42)J/cm®. Parameter (16)

depends in a complex way on all physical parameters of the optimal control problem:
relaxation rates, photoexcitation and photoionization, energy and duration of the laser
pulse, electric field pulse (e.g. [11-17, 32-36]). With moderate requirements for the
parameters of the laser pulse by appropriate selection of pulse durations and quantum
transitions, it is possible to achieve a maximum of up to 100% ionization yield. This
implies a fairly short exposure time exp[-(R+1)z,]~1 in formula (16) at a

sufficiently economical value of the energy of the laser radiation E,. In the laser

photoionization scheme with different final ionization scenarios, the optimal scheme
will be if the atom is excited by laser radiation to a state that has a probability of
decay in an electric field (autoionization decay) greater than the probability of
radiation decay. Fig. 2 illustates the results of modeling the optimal shape of a laser
pulse in the problems of selective photoionization of the Rb isotopes (rubidium
vapuor by laser radiation with ionization by a pulsed electric field (autoionization
resonances), as well as typical behavior of populations of for the ground (curve 1)
and excited states (curve 2).

Analysis shows that, as in the problem of classical two-stage photoionization,
depending on the physical parameter p (16), two qualitatively different modes are
realized from the point of view of the theory of optimal control: p>1,p<l. For
Rydberg levels, the cross section of photoionization (due to electric field-induced
autoionization resonances) increased sharply in comparison with ionization from the

177



dizuka aepoaucnepcHux cucrem. —2021. — Ne 59. — C.173-183

low-excited state. In this case, the 6-pulse provides the maximum possible level of
excitation of the upper state and then parasitic processes such as spontaneous
relaxation and the corresponding collision processes in a short time can not
significantly change the degree of excitation achieved. If the pulse of the electric field
is turned on after the end of the laser pulse, it provides a high degree of ionization
(100% 10onization occurs only from the last highly excited state). In the case of using
a continuous electric field that devastates the final state of the atom during laser
pulses, the scheme will not be optimal due to the strong Stark shift of the highly
excited levels. Although the advantage, as already mentioned, is that, acting on the
atom by an external electric field, it is possible to control the structure of the levels of
highly excited states and the optical properties of atoms. The strong Stark effect
allows you to adjust the absorption spectra at the last stage of excitation to the
generation frequency of a narrowband unconstructed laser (gas discharge type). As a
result, the efficiency of the whole process of photoionization of atoms increases if the
parameter p<l (formula (15)), i.e. one should talk about large values of a given
energy of the pulse of resonant radiation £, >>1 and not very low energy and pulse

duration (Rt, 21,7, ~1) ionizing radiation. The optimal mode of laser exposure will

include at the end of the so-called passive control area (see formula (16), for the first
time it is provided for the scheme of classical photoionization in the KSSH model
[11]. In our case, its appearance is associated with the final ionization rate and the
subsequent inefficiency of the energy input into the resonant channel of the
optimization process. The dispersion of part of the energy in the time interval of finite
length will reduce the negative role of the reverse forced spontaneous radiation
processes and reduce the equalization of populations of all levels used, which is
especially important for the circuit with ionization by electric field. In our case, its
appearance is associated with the final ionization rate and the subsequent inefficiency
of the energy input into the resonant channel of the optimization process. The
dispersion of part of the energy in the time interval of finite length will reduce the
negative role of the reverse forced spontaneous radiation processes and reduce the
equalization of populations of all levels used (e.g. [12-17]).

Further let us consider a laser photoionization scheme of the uranium isotopes.
Iot is worth to remind that a detailed account of the experiments on laser fission of
uranium isotopes in the framework of the “Exxon Nuclear” and “Avco Everett”
programs is given in [6,7,12,31] (and refs therein). According to Ref. [17], the
possibnle scheme of selective photoionization of uranium isotopes could include an
excitation of atoms **°U from the main (5£6d7s’-’L¢°) and low-lying metastable state
(5£6d7s>-’Ks° with energy 620,32 cm™ ) by a laser radiation in the first stage, the fur-
ther transition to a narrow autoionization state with a double-excited outer shell and
then ionization by an electromagnetic field. To remove atoms *°U from the ground
and low-lying metastable state (with energy 620 cm™ ) dual-frequency radiation is
used in the first place. The required uranium vapor pressure (about 1 torr) is created
by heating liquid uranium to 2500°C using an electron beam. Uranium vapors emitted
by a hot source pass through parallel plates, between which the atoms are irradiated
with 4-frequency laser radiation, photoions formed *°U gather on the collector
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Fig. 2. The results of numerical
simulation of the problem of
photoionization of Rb atoms by laser
radiation with ionization by a pulsed
electric field: 6+ dotted line — the
optimal shape of the laser pulse,
curves 1 and 2 — the corresponding
behavior of the populations of the
ground and excited states
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Fig. 3. The results of numerical
modeling of the optimal shape of the
laser pulse 1in the problem of
photoionization separation of uranium
isotopes: 0+ dotted line — optimal
shape of the laser pulse, curves 1 and 2
— the corresponding behavior of the
population of the ground and excited
states

plates, and neutral atoms >*U pass by. The collision of ions with U atoms
significantly limits the selectivity of separation [12]. The ionization time corresponds
to the time of flight of the atom through the zone of electromagnetic fields: t= ¢, =
L/v (L — the size of the irradiated area; v — particle flow rate). If the radiation
saturates the resonant transition and the scheme of highly excited atoms is realized by
pulsed laser radiation, then the ionization condition of the resonant component has
the form: 1/nS'(T) > 1/v = t;, where §” — the 1onization coefficient of excited atoms.
The stage of optimization of the laser separation model is to find the optimal shape of
the electromagnetic pulse of resonant radiation, which provides max of ionized atoms
in the gas isotope separation scheme (one of the possible formulations). Fig. 3 shows
the results of simulation of the optimal shape of the laser pulse in a problem of the
uranium isotopes separation.

The 6-pulse could provide the maximum possible level of excitation of the upper
state and then parasitic processes such as spontaneous relaxation, resonant excitation
transmission and resonant recharging in a short time, which can not significantly
change the degree of excitation. As a result, the efficiency and optimality of the entire
separation scheme could increase. If the above conditions are not met, the optimal
mode of laser exposure will contain at the end of the so-called passive control area,
first provided for the scheme of classical photoionization (e.g. [11, 12]). Its
appearance is associated with the final ionization rate and the subsequent inefficient
input of energy into the resonant channel at the end of the process. The redistribution
of radiation energy eliminates the harmful role of reverse forced and spontaneous
radiation transitions for the process of photoionization separation. The main result of

179



dizuka aepoaucnepcHux cucrem. —2021. — Ne 59. — C.173-183

the calculations 1s that the described method of modeling optimal schemes of laser
photoionization separation of isotopes allows to choose optimized values of key
physical parameters, the most optimal variant of the scheme as a whole, which can
ensure the efficiency of isotope and nuclear isomer separation technology.
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I'nywkoe O.B., Xeueniyc O.10., Ky3ueyoea I'.O.,
Ceunapenko A.A., Tepnoecvkuit B.b..

OnrumasibHa Jia3epHO-QOTOoiOHI3aliiTHA cXeMa PO3ALICHHA BaKKHUX
i30TOmIB B ra30BMX CeNAPaTOPHUX NMPUIATAX

AHOTAIIA

3anpononosano eghexkmugHuil NioXio 00 BU3HAUEHHS NAPAMEMPIE ONMUMATbHUX CXeM Me-
Mmooy 1a3epHoi celekmuenoi pomoionizayii amomis (eremenmis i i30monis) 3 KiHYegow ioHi-
3ayiero 3a paxyHoK 3iMKHEHb, IOHI3AYIEI0 IMNYIbCHUM eNeKMPUYHUM NOJEeM, IOHI3aYiel0 Yepes
BUCOKO Jiexcadl (piobepeiscbKi) cmaHu i 8y3bKi a8MOIOHI3AYIUHI Pe30HAHCU Ol NOOLIeHHS
BADICKUX 130MONI8 6 2A308UX cenapamopHux npucmposx. Ha ocnosi meopii onmumanbno2o
VIPAGNIHHA 1 po3pOONeHUX paHiue KGaHMOBUX MoOenell 0OYUCTEeHHS XapaKmepucmux eneme-
HMAPHUX AMOMHUX NPOYECi8 YUCENbHO Peaniz08ani ONMUMI3ayitini Mooeni nooiieHHs i30Mo-
nig 6 cxemi ceneKmugHoi 1azeprnoi pomoionizayii 3 iOHI3aYicl0 3a PaxyHOK 3IMKHEHb 8 2A30-
BUX CYMIWLAX, IOHI3AYIEIO IMNYIbCHUM eIeKMPUYHUM noJiem, asmoionizayieio i m.i. Ompumani
0aui KiMbKICHO NIOMEepONCYIomb NepPCneKMuUGHIiCms Memooy azepHoi ¢homoionizayii 3 Kin-
Yeeoi 10HI3ayiero 3a paxyHoK 3IMKHEHb, I0OHI3AYIEI0 IMNYIbCHUM eIeKMPUYHUM NOJIeM, 10HI3a-
yicro uepes piobepeiscbKi cmanu ma 8y3vKi a8mMoIioHI3ayitiHi pe3oHancu i 0aroms HAOIp napa-
Mempig WYKAHUX ONMUMANbHUX CXeM, 30Kpemd, ONMuMAalbHoi ¢hopmu 1a3epHo2o iMnyaisey
onsi i30monie pyoidito ma ypamy.

Knrouosi cnosa: cazosuil cenapamop, nooiienHs i30monie, mMemoo 1a3eproi ¢homoioniza-
Yii, meopis ONMUMANILHO20 YNPAGIIHHS
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I'nywkoe A.B., Xeuenuyc O.10., Ky3neuosa A.A.,
Ceunapenko A.A., Tepnoeckuii B.b.

Onmumanvnasn J1a3epuo-¢omououu3auuouuble cxema pa30eflemm ma:aoicesiblx
JJIEMEHMO6 6 2A306bIX cenapamopHblX ycmpoﬁcmeax

AHHOTALIUA

Ilpeonoocen s3¢hghekmusHviii NOOX00 K ONpedeseHur0 napamempos OnMmuMAaibHbIX CXem
Memooa 1a3epHoll ceneKmuHol (homouoHU3ayuY amomos (J1eMeHmos u U30monosg) ¢ Ko-
HEeYHOU UOHU3AYUell 3a cuem CMOJIKHOBEHUU, UOHU3AYUel UMNYIbCHIM JJIeKMPU4ecKum no-
Jlem, UoHU3ayuell yepes 8blCOKO aedxcaujue (puodepeo8cKux) cOCMoanUs U Y3Kue aemouoHU3a-
YuliHble Pe30HAHCHL 0I5l pa30eleHUst MANCENbIX U30MON08 6 2A308bIX CENApPamopHbIX YCMpPoll-
cmeax. Ha ocnose meopuu onmumanvnoeo ynpasieHus u pa3pabomaHuslx paree K6aHMoBbIxX
Mooenell 8bIMUCIEHUsL XAPAKMEPUCTIUK ITIEMEHMAPHBIX AMOMHBIX NPOYECCO8 YUCIEHHO ped-
JIU308AHBL ONMUMUZAYUOHHBLE MOOENU PA30eNeHUsl U30MON08 6 cXeme CeleKMUBHOU a3ep-
HOU (homouoHus3ayuy ¢ uoHu3ayuell 3a cuem CMoOJKHOBEHUl 8 2A308blX CMeCsX, UOHU3ayuel
UMNYTIbCHBIM JNIEKMPUYeCKUM nojiem, agmouonuzayuei u m.o. Ionyuennvle 0annvie KoIuye-
CMBEHHO NOOMBEPAHCOAIOM NEePCNEeKMUBHOCHb Memood 1A3epHOU (hOMOUOHU3AYUU C KOHEY-
HOU UOHU3AYUel 3a Cuem CMOIKHOBEHUL, UOHU3AYUEU UMNYIbCHBIM dNEKMPUYECKUM NOTEM,
UOHU3aYUell Yepe3 8blCOKO excauyue (PuobepeoscKuUx) coOCmosHUs U y3Kue demouoHu3ayuli-
Hble Pe30HAHCHL U 0am HAOOp Napamempos UCKOMbIX ONMUMATbHBIX CXeM, 8 YaACMHOCHU,
ONMUMANBLHOU hOPMbL 1A3EPHO20 UMNYIbCA Ol U30MONO08 PYOUOUS U YPAHA.

Knrwuesvie cnosa: casosviii cenapamop, pazoeieHus U30monos, Memoo J1a3epHoi Gomo-
UOHU3AYUU, ONMUMATIbHOE YNPaBleHUe.
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KonuenryaJbHI NUTAHHS OCBITHBO-NIPOGdeciiiHOI MIAroTOBKM (paxiBUiB 3 creni-
aJbHOCTI «TexHo10ril 3aXMCTy HABKOJIHUIIHBOIO CePeI0BUILA)

Cknadanus oceimuix npozpam nio2omosKu Gaxieyie y 2any3i 3axucmy HaA6KOIUUHbLO20 ce-
pedosuwa nompebye 4imkux yseieHb npo KoHyenyii, micye 6a308ux OUCYUnIiH i OCHOBHUX
numaHs MatlOymuvoi cneyianbHocmi. Pozensanymi ocobaueocmi memoOono2iyHUX acnekmis
ONUCY PIBHIB MA OYIHKU AKOCMI 0C8IMU Y MEPMIHOI02IT KOMNEeMEeHMHOCmeUu ma pe3yibmamie
HasuaHuA. Bowu nonsearome y npesaniosanni KomnemeHmuocmet, w0 Maomov QizuuHuil
3micm ma 3a0e3neyyroms HANOBHEHHs «A0PA» OCEIMHLOIL NPocpaAMU PIZUYHUMU NPUHYURAMU,
Memooamu ma MoOesAMU.

Busuenns 3a6pyounrosanvrux npoyecis y npupoonux oo'ekmax nompeobye 3Hanb Qizuxu ae-
POOUCNEPCHUX cuCmeM Y 38 A3KY 3 8UPIUEHHAM NUMAHb aepo30bHUX BUKUOIE 8 amMocdepHe
noeimps, 3HAHbL QI3UKU OUCHEPCHUX 3aMYJEeHUX CKUOI8 V B80O0He cepedosuwje, 3HaHb ma
PO3YMIHbL (DI3UYHUX A6UW NPOYECi8 MEeNno-MACONnepeHoca y IPYHMmi, AK y 2PaHyIbO8aHill
cucmemi, 3HAHb (DI3UKU 306HIWHIX BUNPOMIHIOBAHL, BKIIOYAIOYU 38YKO6I, MEniosi,
eIeKMPOMACHIMHI, 30KpeMa, I0HI3VIOUl GUNDOMIHIOBAHHS, MA GNIUS IX HA OMOoYyrUe cepedo-
suye.

Ocobausocmi 0c8imuboi cucmemu nio2omosKku (axisyis y 2any3i 3axXxucmy HABKOIUUHbO-
20 cepedosuwa 8paxo8yroms 3a0adi CUCMeMHOI padioeKoozii, ceped AKUX 0COOIUBO BANCU-
sUMU € 3a0ayi padiayiiHoco MOHIMOPUHZY. 3aNPONOHOBAHUN KOHYENMYAIbHULl NiOXi0 6Us-
YeHHs padioeKko102ii He 8 YLNOMY, 3MIUYI0UY 3aKOHU (I3UKU, XiMii ma, Hanpukiao, 6ionoeii, a
3a OKpemMuMu 2aay35mMu, npu momy CUCIEMHO.

Knrouesi cnosa: cucmemna padioexonocis, hi3uxa OUCNepCHUX cucmem, 2paHyibOB8aHi
cucmemu

Beryn. MeToro cTarTi € po3riisii 0coOOIMBOCTEN OCBITHBOT CUCTEMH IMIATOTOBKU
(axiBIIiB y Tally31 TEXHOJIOT1H 3aXMUCTy HABKOJIUIIHBOTO CEPEAOBHINA 13 3a0€3MeUeH-
HAM (BI3MYHOTO 3MICTY HaBYaHHS, 30KpeMa, BpaxyBaHHSAM 3aaad (Pi3UKU aepojuc-
MEPCHUX CHUCTEM Ta CUCTEMHOI Pal0€KOJIOr1].

Cepen OCHOBHMX 3arajlbHUX METOJOJOTTYHUX MPUHIIMIIB 1 MIJIXO/IIB Y PO3BUTKY
CY4YaCHHUX TEXHOJIOTIH 13 3aXUCTY HaBKOJHUIITHHOTO CEPEIOBUIIA €:

— CHCTEMHHUU MiX1J, OPIEHTOBAHUI HA BUBYEHHS MPUPOJHUX 00'€KTIB B yMOBaxX
3a0pyIHEHHSI, BIUIMBY 30BHIIIHIX BHUIIPOMIHIOBAHb, BKJIIOYAIOUYHM 3BYKOBI,
TEIJIOBI,  €JIEKTPOMArHiTHI,  10HI3yIO4Yl  BUIPOMIHIOBAHHS,  BHBYECHHS
PI3HOMAaHITHHX 3B'SI3KIB MK OKPEMUMU €JIEMEHTAMU CKJIAJHOI CUCTEMHU, SIKOIO
€ TOBK1JUIS, Ta MiAMOPSIAKYBaHHS [IUX €JIEMEHTIB, 10 CTOCYIOThCS (DI3UYHUX Ta
IHIIIMX aCIEKTIB;

— KOMIUJIEKCHICTh, HA OCHOBI SIKOT PO3TJISIAIOTHCS Pi3HI CTOPOHU EKOJOTIYHUX
IPOLIECIB, @ TAKOX 3arajlbHUI XapakTep, MOB’S3aHUN 3 (I3UKOI0 JTHUCIIEPCHUX
CUCTEM, BUBUEHHSIM 0araThboX 3a0pyIHIOBAJILHUX MPOLECIB - A€pO30JIbHUX BU-
KHUJIIB B aTMOc(epHe MOBITPsA, TUCIIEPCHUX 3aMyJICHUX CKHUIIB Y BOJIHE cepe-
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noBuile, (HI3UYHUX SBUIIl TPOLIECIB Y IPYHTI, SIK Y TPaHYJIbOBaHIN cHCTEMI,
BIUTMBY BUIIPOMIHIOBAaHb 1 T.1H.;

— MOJICTIIOBaHHS SIK METOJl (hOpMalli30BaHOTO0 OMHUCY OO'€KTIB JMOCHIIKEHHS Y
AaucTiepcHOMY abo TpaHyJIbOBAaHOMY CTaHi.

3acToCyBaHHSI LIUX METOJIB 1 MIAXOIB, 1 MEepII 32 BCE BUKOPUCTAHHS METOIY
CHUCTEMHO-CTPYKTYPHOT'O aHai3y B TIOE€IHAHHI 3 METOJIOM MOJICITIOBAHHS, CTBOPCHHS
Ta BUBUCHHS PI3HUX E€KOJIOTTYHUX MOJENEH J03BOJIIE€ OCTAHHIM YacOM TOBOPUTH IIPO
BOXJIMBE 3HAYCHHS Y PO3BHUTKY TEXHOJIOTIH 3aXWCTy HABKOJMIITHHOTO CEPEIOBHUIIA
TaKuX (PI3MYHUX AUCIUIUIIH, IK CHCTeMHa pajioekosoris [1- 3], ¢hi3uka nucrnepcHux
CUCTEM, BKIIFOUAIOUN MUTAHHS (Di3UKHA TPAHYIHOBAHUX CHCTEM, ITI0 IHTCHCUBHO BHB-
4aloThCA B OCTAHHI YacH.

3aniaui, K1 CTaBIATHCS MEpe]l YCIM Y MIATOTOBIN (PaxiBIiB 3 TEXHOJIOT1H 3axuc-
Ty HaBKOJMIIHHOTO CEPEJOBHINA TMOB’S3aHI 3 ICTOPUYHHMH ACTIEKTaMU HAIPSIMKY
poOOTH  €KOJIOTIYHOTO  YHIBEPCUTETY, TOCHIJOBHOCTI BHBYEHHS TMPUPOJIHUX
TApPOMETEOPOJIOTIYHUX MPOIIECIB, a TaKOXX poOOTH Kadeapu y BUBYEHHI (I3UKH 1
Pal0eKoJIOT 1.

1. 3apga4yi cucremnoi pagioexoJorii. CydacHa paaioeKoJIOTis — CUHTETHYHA
JTUCITUTITIHA, sIKA TIOB’s13aHa 3 0araTbMa MPUPOJHUINMH Ta TyMaHITAPHUMHU HayKaMHU.

VY cucremHill palioeKkoiorii MOKHA BUILIUTA OCHOBHI METOJU Ta MOJENI, SIK1
MaroTh MEBHUMN XapaKTep B3a€MOJI11, Ta JOCHIIIKYBATH 111 B3a€MOJII.

Ile xoHUeNTyanbHUI MIAXI, SIKAW JO3BOJISIE PO3MIISAATH PAIIOEKOJIOTII0 HE B
LIJIOMY, 3MILIYIOYM 3aKOHU (13UKU Ta, HAIIPUKJIAJ, 010JI0Tii, a 32 OKPEMUMU ray3s-
M [4].

OcHoBHa 3ajja4a CHUCTEMHOI PaJI0CKOJIOTIl MPU TaKOMY MiAXOJi — II€ CTaTH-
CTUYHHUM aHaji3 CTPYKTYPH CKJIAJIHUX MPUPOJHUX CUCTEM, BU3HAUYECHHS CTATUCTUY-
HUX pPO3NOJAUIIB (haKTOPIB pajlallifHOTO 3a0pyJHEHHS O0'€KTIB JOBKUUISA, 103
BUIPOMIHIOBAHHS 1 paiallifHUX XapaKTepUCTUK OIIPOMIHEHHUX 00’ €KTIB.

Bupimenns miei 3aga4i 103BOJIsS€ 31HCHIOBATH MPOTHO3 AWHAMIKU CKJIATHUX
PaJIOCKOJIOTIYHUX ~ CHUCTEM, yMOB  1X  (YHKIIOHYBaHHS,  IPOTHO3YBaTH
PaAI0EKOJIOT14HI pU3UKH [1-4].

binbm, Hixk 30-piyHuil 10CBiA poOOTH KadeapH 3araibHOI Ta TEOPETUUHOI (Pi3u-
ku OAEKY HaBoauTh Ha JyMKY, 1110 BUKJIQJaHHS CUCTEMHOI pa/llOEKOJIOTi B paMKax
ocBiTHBO-TIpodeciitnoi nmporpamu (OIIII) 3a paxom «TexHosOrIl 3aXUCTy HABKOJIU-
IITHBOTO CEPEIOBHINA» MTOBUHHO TMepeadadaT po3rJisil MUTaHb, IO CKIaIal0Th QyH-
JaMeHTalbHy 0a3y NUCLUMILIIHU, Ta MOTPEOYIOTh Y TENEPINIHINA Yac MOAANbIIOr0 Po3-
BUTKY 1 TOJATKOBUX HAYKOBHX JOCIIIKEHb:

- panianiifHUN MOHITOPUHT PaJ10aKTUBHOTO 3a0pYy/IHEHHS Ta HOTO NMEPEPO3NOILTY;
CTATUCTUYHHUM aHaANI3 JIaHUX paJlallifHOTO MOHITOPUHTY, PO3PaXyHKH CTATUCTUY-
HUX XapaKTEPUCTHUK IOJIS pajlialliitHOro 3a0pyAHEHHS;
OITIHKa HAJIMHOCTI METO/IIB 1 3aCO01B KOHTPOJIIO;
aHaJi3 aJeKBaTHOCTI pajiallifHOr0 CTaHy Cepe/IOBUINA BCTAHOBICHUM Ha YKpaiHi
HOopMaTuBaMm [5-6];
MOJICJTIOBAHHS PaJII0CKOJIOTTYHUX MPOIIECIB, 30KpeMa, MOACTIOBAHHS TUHAMIKHU Mi-
rpatii paJgioaKTUBHOIO 3a0pyAHEHHS Ta MOTro Mepepo3noaiy;
CTAaTUCTUYHI 3aKOHM CIIEKTPOCKOIIIi 10HI3yIOUOr0 BUITPOMIHIOBAHHS, CHPABXHI 1
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amapatHi (QyHKIIIi pOo3MOJIUIIB B CIIEKTPOCKOITIT, 30KpeMa B TaMMa-CIeKTpax;
- MOJIEJIOBAaHHS CIEKTPIB raMMa-BUIIPOMIHIOBAHHS.

Oco6nuBa yBara mpu HiATOTOBIN (haxiBIiB MOBUHHA MPHUAUIATUCS (PI3UUHOMY
XapakTepy 30BHIIIHBOTO BIUIMBY Ha 00 €KTH HABKOJMWIITHHOTO CEPEAOBHUINA, KU SIB-
Jsie co0OK0 aKTMBHI Ta NMAcuBHI (pakTopu (pajianiiiHe ONPOMIHIOBAHHS, €JIEKTpOMar-
HITHE, aKyCTUYHE, TEIJIOBE BUIIPOMIHIOBAHHS).

[Ilo cTtocyeTbcsl NOCHIIKEHb MUTaHb €KOJOTIYHOTO MOHITOPHHIY - HMOTPIOHO
BUJIUTMTY MUTAHHS BUBYCHHS JUCIIEPCHUX CUCTEM B 00’ €KTaX HABKOJHUIIHBOTO Cepe-
JOBUIIIA, IKUMU € aTMOc(epHe MOBITPs, BOJHE CEPEAOBHILE 1 TPYHT.

Jlist atmocdepH - BU3HAYEHHSI ITapaMeTPiB CTATUCTUYHUX PO3MOALIIB MOTYXKHO-
CT1 ra30aepo30JbHUX BUKHUIIB PaJlIOAKTUBHUX PEYOBHUH y atMocdepy Yy 30Hi1, HApH-
kinan, AEC € HeoOXiTHUM JIsi OTPUMAaHHS IMOBIPHICHOI OILIIHKU €()eKTUBHOCTI KOHT-
POJIIO HEMIEPEBUILECHHS 3HAYEHb I'PAaHUYHO JOIYCTUMHUX BUKHUIB, K1 320€3M1€4y€eThCs
MPUIHATAMU BETUYMHAMH KOHTPOJBHUX PIBHIB BUKHUIB OKPEMHUX KOMIIOHEHT. Sk
CBIJIYaTh JIaHI MOHITOPUHTY [7, 8], AMHAMIKAa BUKU/IIB IHEPTHUX PaJI0aKTUBHUX Ta3iB,
JIOBIO KUBY4HX HyKIigiB i I B cramionapHoMy pexuMi excruryaranii AEC xapak-
TEPU3YETHCS HE3HAUHUMU (QIIYKTYaI[isIMU 1010 JIESIKOTO CEPETHBOTO, HE TyXKE BEIH-
KOTO pIBHS.

CrartucTryH1 poO3MOAUIA MOTYKHOCTI PI3HUX KOMIIOHEHT ra30aepo30JbHUX BH-
KH/IIB B I{IJIOMY HEMIOTAHO OMUCYIOTHCS FayCOBUM PO3MOIITIOM.

Y ToMmy BHUIAIKy, KOJH CEPEIHE 3HAYCHHS BHUMIPIOBAILHOTO €(EKTy fiz HE €
CXUJIBHUM 10 ()IyKTyallilf, MOYKHa BBa)KaTU [9], IO CTATHCTHYHI BIACTUBOCTI PEECT-

pOBaHUX BIJIIKIB BXKE€ IMPHU MOPIBHSHO HEBEJIMKUX CEPEOHIX 3HAUYECHHSX Wg Ao0pe
OIUCYIOTHCSI HOPMAJILHUM 3aKOHOM PO3IOLITY:

pe(xmng)=N(xng.o%) (1)

3 XapaKTEePHOIO IS TyaCCOHIBCHKOTO PO3IOALTY AUCIIEPCIEI0 OF =Lz

OnykTyallii JaHUX BUMIPIOBaHHS B1JOYyBalOTHCS BHACIIOK CTATUCTUYHOI MPH-
poau napaMerpa A Hojis paJloaKTUBHOTO 3a0pYyIHEHHS, 10 OL[IHIOETHCS, @ TAKOXK Ba-
piauiid yMOB 1 HapaMeTpiB BUMIPIOBaHHS, SIK1 OMUCYIOThCSI BETUYMHAMU KOE(DILIIEHTIB
3B'13Ky X. BBomsiun nnst 4 1 X BIAMOBIAHI PO3NOAU py (X) 1 py (X), 1 PyHKIIT po3-
MO/ITY CEPEAHBOI0 3HAYEHHSI £z BUMIPIOBAHOTO €(PEKTYy OTPUMYEMO

P (9= ij@pX(x/@z .
0
JIJist BOAHOTO CepeloBUIlla CYTTEBO 3pOCTAE POJb MIrpaliiHux mnpoiieciB. Mo-
JICTIOBAHHS MPOIIECIB MIrparlii pajiloHyKJIiiB PO3BUBAETHCS 3a JCKIJIbKOMa HaIps-
Mamu. OJIMH 3 HUX CTOCYETHCS CTATUCTUYHOI TE€OPii, KIHIIEBUM PE3YJIbTATOM SKOI €
raycoBi MOJIE po3nojiay (rayciB po3MoJIll) CyMillll B MOTOLI BUKUIY, IPYTUNA —
OB’ SI3aHUM 3 pO3B’SI3KOM JTU(EepEHIIaIbHUX PIBHSHD IEPEHOCY TUITY

o(u.C
o, (1 ): 0 Dl.ac +1C+ > R, (3)
ot Ox; Ox; Ox; r 4

1 1 1

(2)
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ne C — KOHIIGHTpaIllsd PagloHyKIIAIB, X; — KOOpJWHATA, A — KOHCTAHTa PO3MNamuy, u; —
MIBUAKICTh Tedli y3moBX Xx;, D; — ebextuBHui audysiiiHuN koedilieHT, R, —
MOTYKHICTb JIXKEPE BUKHTY.

VY BuUNaJKy CTalllOHAPHOCTI MOTOKY HAa BEIMKHUX BIACTaHAX BiJl MICIS BUKUIY
IUTSI 3aMYJIEHHX Y TYpOYJIEHTHOMY MOTOL paJlOHYKIIIIiB PO3B’ 130K PI1BHIAHHA (3) pH
YMOBI, 110 ZRj =0, Mmae BUIIAN:

~Z(b+1)
C == Coe u ) (4)
VSZ . .
e b :Bux — KOHCTaHTa OCaIKCHHsJA YaCTHHOK, VS — HMBUIKICTbB CTOKCOBO1

CeMMEHTAIllT YaCTUHOK.

J171st BU3HAUEHHSI IEpepOo3IOALTY PaIlOHYKIIIIIB B 610c(epi MOJETIOETHCS TAKOK
Mirparis ix 1mo O10JOTTYHHUM Ta Xap4YOBHUM JIAHIIOKKAM. 3 LI1€H0 METOK BHKOPHUCTO-
BYIOTh MOJEINb , XM)KaK-KEepPTBA”, ,,KAMEPHI MOJIeJ1” Ta IHIIII.

3MiHEeHHS QYHKIIT pO3NOJLTY, O JOCHIIKYETHCS, ONMUCYETHCS €BOJIIOIIMHUMU
PIBHAHHAMU, HAOPMKIAM, piBHAHHAM Dokkepa — [Inanka [9].

VY IpyHTOBOMY PaJio€KOJIOTTYHOMY MOHITOPUHTY MOKHA BBa)KaTH, IO TPYHT —
ne: 1) ckiagHa rpaHyibOBaHa CHUCTEMa, 2) HEOJHOPIAHICTH pajialiitHoro 3abpy-
HEHHS MMOBEPXHI IPYHTY MOB'sI3aHa 3 HEPIBHOMIPHICTIO F€OXIMIYHUX JaHAmadTiB (aB-
TOHOMHUX JaHAIIA(TIB, TeoXIMIYHUX Oap'epiB 1 iH.).

Tomi, Hampukiam, g ONTUMIZAIll MPOMECIB AC3aKTUBAIll 1 JOCATHEHHS
€KOHOMIYHOTO e(eKTy 3a paxyHOK (pparMeHTapHOI il PO3TISAAETHCS MOKIUBICTD
BUKOPHUCTaHHA MeTony JiarpamMm Boponoro. B pamkax cTepeosoriyHOro aHamizy
PO3IISIHYTO BUMNAJO0K JBOMIPHOI CHCTEMH IUCKIB — (iryp BopoHoro, npu sikomy
BCTAHOBJIEHI 3B'SI3KH M1 PO3MOALIAMH MapaMETPIB MOJEIIO0Y0i (YyHKIIT 1 XapaKTe-
PUCTUKAMH CTPYKTYP, K1 CIIOCTEPIraloThes B KOHDirypatiitHomy rpoctopi [10]. dns
anpokcumanii GyHkii po3noaity miont ¢Giryp BopoHOro BUKOPUCTOBYETHCS TAKOX
KJIaCU4Ha Teopist MOMEHTIB [11].

2. Oco0MBOCTI OCBITHBOI CHCTEMH MIATOTOBKHU (axiBUiB y raaysi 3axmcry

HABKOJMIIHBOIO cepeI0BHIIA 3 BPaXyBAHHAM 332/1a4 CHCTEMHOI PaJioeKoJIorii.

Mertoto miarotoBku (haxiBIiB Yy Tally3l 3aXHMCTy HABKOJIMIIHBOTO CEPEIOBHUIIA,
3IaTHUX JI0 TTO0Y/10BH (h13MKO-TEXHIYHUX KOHIIEMINH, (DI3UYHUX MOJACIICH, METO/IIB Ta
3ac001B 3aXHUCTY JAOBKIUISL, 00YMOBIIEHI 0COOIMBOCTI OCBITHBOI nporpamu 3 T3HC:

- OJTHE 3 LIEHTPAJIbHUX MiCIhb (I3UKUA Ta JUCHUIUIIH PaJIOEKOJOTIYHOTO HAMpPSIMY
cepel IHIIMX IUCHUIUIIH OCBITHBOI TPOrpamu;

- BHUBYEHHS (I3UYHUX MOJENEH CHUCTeM JAOBKUUIS (arperatHi, TepMOJAMHAMIYHI,
CYLIUIBHO-MEXaH14Hi, 332 XapaKTepOM — HEJIHIMHI, TUHAMIYHI Ta CTOXaCTUYHI);

- aKLIEHT Ha (QI3MYHOMY XapaKTepl 30BHILIHBOTO BIUIUBY, IKUU SBIIsSIE COOOI0 AKTUBHI
Ta MacuBHI (pakTopu (pajialiiiHe ONPOMIHIOBAHHS, €JIEKTPOMArHITHE, aKyCTUYHE,
TEIJIOBE BUITPOMIHIOBAHHS, IIKIJIUBI JOMIIIKH);

- BUKOPUCTAaHHS Y HABYaHHI CTATUCTUYHUX METO/IIB.

CydacHI METOOUM MOJEIIOBaHHS  OCBITHBOI ~CHUCTEMHM HIATOTOBKH  3a
€BPOIEHCHKMMH CTaHAapTaMu [12] 3acHOBaHi Ha BHMALICHHI Ta KiacH(ikamii OCHOB-
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HUX, 3araJIbHUX Ta NpodeciiHUX TaK 3BAaHUX KOMIETEHTHOCTEW, JOCATHEHHS SKUX

CTaBUTBHCS 32 METY OCBITHBOI M1JTOTOBKH.

JIJist BUMaIKy OCBITHBOI MPOTpamMu MiATOTOBKU (DaxiBIB Yy Tally3i 3aXUCTy HaB-
KOJIMIIHBOTO CEPEJOBUINA HasBHI OCOOJMBOCTI METOJIOJIOTIYHMX ACHEKTIB OIHUCY
PIBHIB Ta OI[IHKH SIKOCTI OCBITH y TE€PMIHOJIOT1I KOMIIETEHTHOCTENl Ta pE3yJbTaTiB
HaBuyaHHA [13]. BoHu nosAraroTh y OpeBallOBaHHI KOMIIETEHTHOCTEH, IO MalOTh
Gbi3uyHu 3MICT Ta 3a0€3MeuyloTh HAMOBHEHHS  «SIIpa» OCBITHBOI MPOrpamu
(GI3UYHUMH IPUHLKIIAMHA, METOJAAMHU Ta MOJAEIIAMH. Y KJacTepi rOJIOBHUX (HOpMa-
TUBHMX) cremniam3oBaHo-npodeciiinnx komnereHTHoctel (KCII) BoHM ckiamaroTh
75%; y xnactepi BapiatuBHUX KCIT — 50%.

OcnogHi komrierenTHOCTI KCII, 1110 Maroth pizuyHe HamOBHEHHS:

- 3aTHICTh BUKOPUCTOBYBATH (pi3MUHI MPUHIUIIA B €KOJIOTIi Ta 3aKOHU TEOPETUY-
HOT'O ONUCY BJIACTUBOCTEN CHCTEM 13 CKJIaJJHOIO MOP(QOJIOTIEI0, BOJOIIHHSA METO-
JIUYHOI0 0a3010 €KOJIOTIYHOI (PI3MKH, 3aCTOCOBYIOUHM ii 10 pO3B’sA3aHHS 3a7ay 3a-
XHUCTY HABKOJIUIITHBOTO CEPEIOBUILIA.

- 3JIaTHICTh 3aCTOCOBYBATH TEOPETUYHI KOHIEIMIII, 110 0a3yI0ThCS Ha JTOCATHEHHSX
(yHIaMEHTaIbHUX HAyK [0 MOJEIIOBAHHS JUHAMIKU CTaHIB CHUCTEM JIOBKLLIA,
OLIIHKM Ta MPOrHO3yBaHHS HACIIJIKIB BIUIMBY 30BHINIHIX ()aKTOPIB 3 METOI BUOO-
Py aJIeKBaTHUX 3aXO0J1B yOE3MEUEeHHsS €JIEMEHTIB JOBKULISA. HA OCHOBI 3HaHb CTa-
TUCTUYHUX 3aKOHIB BUSBIIATH HETaTUBHUM BIUIMB 30BHIIIHIX 30ypeHb Ha 00’ €KTU
HABKOJIMIIHBOTO CEPEIOBHUIIA;

- 3/aTHICTh 3aCTOCOBYBAaTHM METOAM CTATUCTUYHOTO aHaMi3y A0 JaHHUX CIIOCTEpe-
KEeHb. BOJOMIHHS METOJaMU CTAaTUCTUYHOI (PI3UKH, MOJIEKYJSIpHOi (DI3UKH Ta
TEPMOJIMHAMIKU JJI1 OTMCY Ta MPOTHO3YBAHHS Mirparii 3a0pyIHIOI0YNX PEUOBUH
y HaBKOJHUIITHHOMY CEPEIOBHIIIL;

Pa3oMm 13 KOMIIETEHTHOCTSIMH Y METOJIOJIOTIT OCBITH 3apa3 BUKOPUCTOBYIOTh
KaTeropiro «pe3yJbTaTh HaBUYaHHs». BIAMOBIAHUME 0 yKa3aHUX KOMIIETEHTHOCTEH
pe3yibTaTamH €:

- BMITH 3J1MCHIOBATH (iI3MYHE MOJICTIOBAHHS KIHETHYHHUX IIPOIECIB y 3aJadax
JOBKULIS, TMPOTHO3YBAHHS XapakTepy Mirpamii 3a0pyJHIOIOUYMX pPEYOBUH Y
6iocdepi;

- BMITM BU3HAa4aTU HA OCHOBI 3HaHb CTATUCTUYHUX PO3NOJAUIIB XapaKTep, KPUTEPIi
Ta mapamMeTpu Mepepo3noiay IMIKIIJIMBUX PEUOBUH B 00’ €KTaX HABKOJMUIIHBHOTO
CepeIOBHINA Ta OMUCYBATH iX JMHAMIKY.

[{i KOMIETEHTHOCTI Ta pe3yJbTaTH HABYAHHS BIIJI3EPKAIIOIOTH Y TOMY YHCI1
BXKJIUBY POJIb MUCHUIUTIHUA «CHEIpPO3aAUTH paioeKoIorii», sika BKIOYae B cede sK
MUTaHHSA MOHITOPHUHTY, TaK 1 paJl0eKOJIOTii — CUCTEMHO] Ta 3a rajxy3siMd, B OCBITHIM
miaAroToBIN (axiBiiB 3a cremianpHicTIo T3HC.

[IutaHHsS CHCTEMHOI PaiOeKOJIOT1l B OCBITHIM CHCTEMI IMIATOTOBKU (haxiBIIiB y
rajxysi 3aXUCTy HaBKOJMIITHBOTO CEPEAOBUINA TICHO MOB’SI3aH1 3 AUCIUIIIIHAMH, SKI
BHUBYAIOTh CTYJICHTH Ha 0aKkalaBpChbKOMY Ta MaricTepcbkomy piBHsX - «Exornoriyna
¢di3uka», «TeopeTnuni ocHOBH (h13MKU 10HI3YIOUOTO BUIIPOMIHIOBaHHS», «Mojento-
BaHHS B 3aJladyax 3aXHCTy JOBKULIs», «®dizuka CcKIagHUX, HETIHIWHUX,
HEPIBHOBAXKHUX CHUCTEM JIOBKULIDY «MeToan MaTeMaTUYHOI Ta TEOPETUYHOI (PI3UKH
B €KOJIOTTYHUX JOCHIIKEHHIX) Ta 1H.
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3MICT Ta Ha3Ba IUCLHUILIIH, MATBEPKY€E 0COOIUBY poJib (Hi3uKH y GOpMYBaHHI
(haxiBIis, 31aTHOTO BUPIIITYBAaTH BAXJIMBI €KOJIOT1YHI 3a1a4i.

Mera nux JUCHUIUIIH Toyisirae 'y (OpPMYBaHHI y CTYJEHTIB 3HaHb (PI3MUHUX
METO/IB Ta 3ac001B 3aXUCTy 00’€KTIB HAaBKOJIMIIHBOIO CEPENIOBHINA, 3aTHOCTI 3a-
CTOCOBYBATH JIsl 3aXUCTY €KOCHCTEM aJIEKBaTHI 0 YMOB rafy3l Cy4yacHi TEXHOJIOT1I.

Ha ocHOBi (pyHIaMeHTanbHUX 3HaHb (PI3UKU CTYIAEHT OTPUMY€E BMIHHS Ta Ha-
BUYKH BUSIBIISITU HEraTUBHUM BIUIMB 30BHIIIHIX 30ypeHb Ha OO’€KTHU JOBKLULIA,
OLIIHIOBATH HEOE3MNEKy TEXHOIN€HHUX BUIPOMIHIOBAHb Ta 3a0PYIHIOIOYMX PEYOBHH.

3. MoaenwBaHHsl CHEKTPiB raMMa-BUNPOMIHIOBAaHHSI Ta BHKOPHUCTAHHSA
BipTyasibHoi ramma-jgadoparopii GAMMALAB y HaBuyajibHOMY mnpouneci. B
OCTaHHIN yac B YKpaiHi Bce OUIbIlAa yBara MpUIUISETHCS 3ajayaM YIOCKOHAJICHHS
CUCTEMHU KOHTPOJIIO PaJI0aKTUBHUX MaTepialliB, OCHOBHI 3 SIKUX:

* YIOCKOHAJICHHA T'aMMa-CIEKTPOMETPUYHUX METOJIB KOHTPOJIIO 1 aHaJi3y peyo-
BUHU MO PAJIOHYKIIITHOMY CKJIaay, SIKi BUKOPUCTOBYIOTHCS Y TaKHX Taly3siX, sK
€KOJIOTiSI Ta OXOpOHa HAaBKOJHUIIHHOTO CEPEOBUINA, MHUTHUH KOHTPOJIb,
cepTudikaiis OpOAYKIi Ta T. 1H.;

* HaBYaHHA MEPCOHATY CyYaCHUM METOJaM poOOTHU 13 raMMa-CIEeKTPOCKOMIYHUM
001aIHAHHSIM;

*  MOJCIIOBAHHS CHEKTPATHHOTO PO3MOJALTY JHKEPEN MOBUILHOTO PaaiOHYKIiTHOTO
CKJIaJly, TpaHcopmallis CeKTpa MpU B3a€MO/Iii 10HI3yI0UOTO BUIPOMIHIOBAHHS 3
PEYOBHHOIO, IEPETBOPEHHS CIIEKTPa B anapaTypHUH IIPH PEECTpPAIIil JETEKTOPOM.

[ToTy’)KHUM METO/IOM Yy HaBYaHHI CTYACHTIB Yy LIbOMY Hampsmi Ha OyIb-SIKOMY
erani ix miarotoBku B OJEKY € nmaGopaTopHuii MpakTUKyM Ha KOMII FOTEpPHIM
ocHoBi GAMMALAB, npusnaueHuii /uisi MOJEIIOBaHHS B peajJbHOMY Yacl amapa-

TYpPHUX TaMMa-CIIEKTPiB HaIliBIPOBIIHUKOBUX Ta CHUHTHISIIHHUX JIETEKTOPIB ITiJI

4ac BUMIPIOBaHb JIKEPEN TOBLILHOTO PaIIOHYKIIAHOTO CKIIaay.

Komriekc iHTerpoBaHo 10 CIEKTPOMETPUYHOTO MPOTPAMHOT0 3a0€3MeUeHHS, IKe
noctavaerbes mig Mapkoro «JICPM»y - BijoMoro BUpoOHUKA IPOTrpaMHUX MPOIYKTIB
y ramysi cnekrpomeTpii [14].

GAMMALAB - nporpamMHHMil KOMIUIEKC JUIsl €MYJILii anaparypHUX raMma-
CHEKTPIB y pealIbHOMY 4acl, SIKHil yABII€ COOOI0:

- raMma-CreKTpOMETpUYHY  JIabopaTopild0 HAa  KOMIT'IOTEpHIA  OCHOBI 13
BIpTyaJIbHIMH JIETEKTOPAaMU Ta JKEepeIaMu;

- 1HTErpoBaHUM y CIEKTPOMETPUYHE MporpaMHe 3a0e3nedyeHHs naket “JICPM”;

- MO€ BUKOPUCTOBYBATHUCS MIPU HaBYaHH1 pOOOTI 13 CHEKTPOMETPIi;

- MOXXE€ BUKOPHUCTOBYBATHCS MJis KaJiOpyBaHHS BUMIPIOBAIBHOI amapaTypu y THX
BUITAJIKaX, KOJIM aTECTOBAHI JXKEepesia BUIIPOMIHIOBAHHS BiJICYTHI;

- MOJIEJIOBAaHHS JKEPEII JOBIIBHOTO PalOHYKIIITHOTO CKIIATy.

[IpyHIMIIN MOJETIOBaHHS CHEKTPIB Ta Jorika mooymoBu cucremu “I"’AMMA-
JIAB” 3acHOBaHi Ha:

- BIAMOBIAHOCTI MIX ICTHHHHM Ta amapaTypHUM CIEKTpaMHU, SIKa OMHCYETHCA

GyHKIIEO BIATYKY K(E,El), [0 Ja€ IMOBIPHICTh TOTO, IO SIEpHA YAaCTUHKA 3

. . 1
enepricro £ 3apeectpyerbes mpunagoMm, K 4acTHHKA 3 eHepricio - ;
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- HaAWOLIBIN 3arajJbHUM 3B'SI30K MK ICTUHHUM CIIEKTPOM, 1110 OITUCYETHCS (PYHKIIIEIO
. 1 . .
¢(E), 1 amaparypaum criektpoM Y(E ) maerbes iHTErpaabHUM piBHAHHAM Dper-
rojiemMa 1-ro pony:

V(E") = [K(E.E") o(E)dE 5)

- (I3UYHMI CHEKTp BIPTyaldbHOrO JDKEpesia 3aJaHOr0 PaJIOHYKIIAHOTO CKIIALy €
CYyHEpPIHO3UIIIEI0 CHEKTPIB MOHOJIHIM y BIAMOBIIHOCTI 3 1HTEHCUBHICTIO JIHIN
BUIPOMIHIOBaHHS;

- MOJICTIOBAHHS TaMMa-CIIEKTPOMETPUYHIX BUMIPIOBAaHb CKIIAJIAETHCS y PO3paxyHKax
CTHIEKTpa BUIPOMIHIOBAHHS JKEpelia, HOro MEpEeTBOPEHHI 3 ypaxXyBaHHIM amapa-
TypHHX €(EeKTIB Ta epeiadl y 30BHIIIHIO Tporpamy Juisi OOpOOKH.

[Ipuknaau 3MoeIb0BaHUX anapaTypHUX raMMa-CIeKTpPiB JUIsl PI3HUX 3a CKJIa-
JIOM PaIIOHYKJIIIIB HaBeeH1 Ha puc. 1-2.

B Onecbkomy aep:kaBHOMY €KOJOTIYHOMY YHIBEPCUTETI MIATOTOBKa (haxiBIIiB
3IMUCHIOETBCS TIO 0akalaBpChbKOMY Ta MaricTepChbKOMY PIBHSIX BHINOI OCBITH. Ha
000X pIBHSX OCOOJIMBICTIO HABYAHHS € HASBHICTH JIAOOPATOPHOIO MPAKTHUKYMY, ME-
TOIO SIKOTO € TIPUAOaHHS BMiHb Ta HABUYOK Y POOOTI 13 pa/iloaKTUBHUMU 130TOTIAMU
IIpM BUBYEHHI pOOOTH pajlOMETPiB, JO3UMETPIB Ta BU3HAYEHHI 32 iX JOMOMOIOIO
PaJl0aKTUBHOCTI, 103 a00 MOTY>KHOCTI 103 BUIIPOMIHIOBaHHS.. /[0 HETaBHBOTO Yacy
MOXJIMBICTh ONPOMIHIOBaHHS 3aBXKIW YCKJIAJHIOBajJa MPOIEC HABUYAHHS CTYJICHTIB.
OpnHak y TenepilHii 4yac € MOXJIMBICTh 3aM00ITTH UM TPYAHOILAM IIIIXOM BHKO-
pPUCTaHHS BIPTyaJIbHUX JKEPEIT 10HI3yI0UOT0 BUITPOMIHIOBAHHS, a00 X MOJENEH.

Buxopucranns BipTyansHOi J1aboparopii TAMMAIJIADB po3nounHaeThCcsl Ha Jia-

OopaTopHUX 3aHATTAX 3 aucuuiuiinud «Pamioexonoris». Ilepin 3a Bce — 1€ 3HalOM-

CTBO 3 (PI3UYHMMHU Ta anmapaTypHUMH CHEKTPaMU BHUIPOMIHIOBAHHS Pajioi30TOIIB.

[Ipu 11bOMy BHUPINIYIOTHCA 3a/1a4i:

* BHUBYCHHS EKCIEPUMEHTAJIbHUX METOJIIB BHU3HAYEHHS CIEKTPIB ramma-
BUIIPOMIHIOBaHHS Ta IHTEPIIPETALlis CIIEKTPIB;

* 3HANOMCTBO 3 POOOTOIO JETEKTOPIB 10HI3YIOUOrO0 BUIIPOMIHIOBAHHSI, MPUHIIMIIOM

1 - 2 22 10000
Ineprnn, s30

Puc.1. Crekrp i3otomiB I-125, U-230,Na-22 Puc.2. Crnekrp i3otomiB Ra-222, Rn-220,
K-40, Ra-223

190



®dizuka aepoaucnepcHux cucrem. —2021. — Ne 59. — C.184-193

po0OOTH aHaji3aTopa IMITYJIbCIB Ta IPaBUJIaAMH MTPOBEJACHHS BUMIPIOBAHb CIIEKTPIB

BUIPOMIHIOBaHHS TP MEperysianHl BieopiIbMiB peaabHOi poOOTH 3 JKepea-

MU;

* BUBYEHHS 3arajibHOI CXEMHU 1 MPUHIUITY POOOTH TaMMa-CIIEeKTPOMETpa.

[Ipu BuBUYEHHI po3auty “@i3MYHI OCHOBU PaalOMETPli Ta AO3UMETPIl” B XOJ1 BU-
KOHAaHHS JJA0OPATOPHUX 1 MPAKTUYHUX POOIT Ta MPHU MPOBEACHHI HABYAIBHOI IpaK-
TUKH PO3TISAAIOTHCS TUTAHHS:

* O3HAHOMJIEHHS 13 CTPYKTYpPOIO MPOrpaMHOTO HaB4aJbHOTO KoMmiuiekcy TAMMA-
JIAD Ta 110ro MOXJIUBOCTSIMU;

* BHMBYEHHS MOCIIJOBHOCTI MPOBEAEHHS HOr0 €eHEPreTUYHOro KaniOpyBaHHS;

* BHUBYCHHS NPHUHIMIIB BHU3HAYCHHS PAaJIOAKTUBHOCTI 130TOMIB IO CHEKTPY
BUIPOMIHIOBaHHS;

* BHUBYCHHS MPOIECY BUMIPIOBaHb TaMMa-(oHY;

* TMeperyifjaHHsg BiJleopIbMIB Ta BUKOHAHHS 3aBJaHb 13 MEPEJiKy MpPOrpaMHOIO
naketry TAMMAJIAB.

Y po3mimi  “CrekTpockomis 10HI3yIOUOTO BHUIIPOMIHIOBAHHS — JTHCITUILIIHU
«Crepo3aiy pailoekosIorii» Ta B X0/Il HABYAJIbHOI MPAKTUKU Y MaricTpiB — NUTaH-
HS:

* KamOpyBaHHS raMMa-CIEKTPOMETpa MO €PEKTUBHOCTI PEECTPALii;

* CTBOpPEHHS IIA0JIOHIB JIPKEPEN BUIIPOMIHIOBAHHS Yy MPOrPAMHOMY KOMILIEKCI
'TAMMAIJIAB;

* BU3HAUEHHS JJIS1 HUX TEOMETPUYHOTO (PaKTopa;

*  eMyJilis Aif nepcoHaly Ha poO0YOMY MICI — MEPEMIILICHHS IETEKTOpa Ta JKe-
pena, KepyBaHHS MapaMeTpamMu CIeKTpoMmeTpa (BMUKAaHHS, BUMHUKAHHS, IMOjada
BHCOKOI HallpyTH Ta iH.), po00Ta 13 MITAaTHOIO MPOrPaMOI0 CIIEKTPOMETPA;

* Hallp CHEKTPIB y pexKUMI peaIbHOTO Yacy, ix oOpoOka Ta aHali3;

* BHU3HaYeHHS  (QIBUYHUX  XAPAKTEPUCTUK  JKEpesia  BUIPOMIHIOBAHHS  —
imeHTudikaris JKepena, BA3HAYCHHS PagiOaKTUBHOCTI;

* BU3HAUYEHHS 130TOIHOTrO CKJIAy, CTYIEHs 30arauyBaHHs ypaHy Ta iH.
Buxopucransas BipTyalibHOI ramma-nadopatopii GAMMALAB y auctanuiinii

¢bopmi HaBUYaHHA Mependadyae CTBOPEHHS Ta BUKOPUCTAHHS BIpTyalbHUX JKEpen

10HI3YIOUOTO BHIIPOMIHIOBaHHS, [O3BOJISE YJIOCKOHAJUTH Ta PO3BUHYTH METOAM

JAUCTaHIIHHOT (hOpMU HaBUAHHS, KOJIM CTYICHTY 1032 MEKaMU HaBYAIBHOTO 3aKJIa Ty

MOTP1IOHO OTPUMATH Ta 3aCBOITH MPAKTUYHI 3HAHHA Ta BMIHHS IpH poOOTI 13 J1adopa-

TOPHUMU TIPUIIATAMH.

IlepcnexkTuBn Bukopucranus Jadoparopii TAMMAJIAB y HaBYaJbHOMY
npoueci.

e [limroroBka JUIJIOMHMX TPOEKTIB — HAMOBHEHHS MPOTPaMHOTO KOMILIEKCY
TAMMAUJIADB 30BHIIIHIMU TporpaMaMu (3a7adi JO3UMETPIii, MUTaHHS Mirparii
PaJIOHYKIIIJIIB TA 1H.).

* Buxkopucranas y HaBuanbHiM npaktuill ¢axiBiiB (0akagaBpiB Ta MaricTpiB), siKi
CIIEIIaTI3YIOThCS Y HAMPSIMY 3aXHUCTy HaBKOJIMIIIHBOTO CEPEIOBHUINA Ta BUBYAOThH
PaZl0EKOJIOT1IO.
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HaBuanHs ciyxadiB ¢akyiabTeTy MIiCISBY31BCHKOI OCBITH Y paMKaXx MiJBUIIEHHS
kBaidikallii, HaMPUKIJIAJ 0 MUTHOMY PaJil0€KOJIOTIYHOMY KOHTPOJIIO.
Buxopucrtanss y 3ajadax TeCTyBaHHS IPOrPaMHOTO 3a0e3NEYEeHHsS Ta METOJUK
BUMIPIOBaHHA y BCIX BHIIaJIKaX, KOJM aT€CTOBaHI JDKepesia BUIIPOMIHIOBAHHS 13
3a1aHUMU BJIACTUBOCTSIMH (p13uKO-XIMIYHUMH XapaKTePUCTUKAMH,
PaAIOHYKIIITHUM CKJIaJIOM, pO3MIpaMH Ta 1H.) BIJCYTHI.

BucnoBku. Po3risiHyTi 0COOIMBOCTI OCBITHBOI CHCTEMH MIATOTOBKHU (DAxXIBIIB y

rajiy3l 3aXMCTy HaBKOJIMIIHBOTO CEPEAOBHINA, K1 MOJIATAlOTh Y BpaxyBaHHI 3aJad
(h13UKU  aepOJUCIIEPCHUX CHUCTEM, CHUCTEMHOI paJlloeKoJIOrii  Ta padialiifHoro
MOHITOPHHTY.

Buxopucrannus BipTyanbHOi ramma-nabopatopii GAMMALAB y nHaykoBux

JTOCIIDKCHHSAX Ta BUKJIQJIaHHI CUCTEMHOI pajIioeKOJIOT1i J03BOJISE:

9.
10.

192

- BUpINIYBaTH 3ajJa4l MOJICIIOBAHHS JKEpel JOBUILHOTO PadiOHYKIITHOTO
CKJIaJly, X amapaTypHUX raMMa-CIIeKTPiB;
- YIOCKOHAJIFOBAaTH METOJM JTUCTAHIIIHHOI (hOpMU HaBYaAHHS.
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Andrianova LS., Gerasimov O.1l., Kuryatnikov V.V., Spivak A.Ya.

Conceptual issues of professional education of specialists in the "Environ-
mental Protection Technologies"

SUMMARY

Composing the programs for the education of specialists in the field of environmental
protection requires clear ideas about the concepts, place of basic disciplines and the main
issues of the future specialty. Peculiarities of methodological aspects of description of levels
and assessment of quality of education in terminology of competences and learning out-
comes are considered. They consist in the predominance of competencies, that have a physi-
cal meaning and ensure the filling of the "core" of the educational program with physical
principles, methods and models.

The study of polluting processes in natural objects requires knowledge of the physics of
aerodisperse systems in connection with the solution of aerosol emissions into the atmos-
phere, knowledge of the physics of the dispersible silt-covered upcasts into the aquatic envi-
ronment, knowledge and understanding of physical phenomena of heat and mass transfer
processes in soil, as in the granular system, knowledge of the physics of external radiation,
including sound, heat, electromagnetic, in particular, ionizing radiation, and their impact
on the environment.

Peculiarities of the educational system of training specialists in the field of environmen-
tal protection take into account the tasks of systemic radioecology, among which the tasks of
radiation monitoring are especially important. The conceptual approach to the study of ra-
dioecology is proposed not as a whole, mixing the laws of physics, chemistry and, for exam-
ple, biology, but by individual branches, and systematically.

Keywords: system radioecology, physics of dispersed systems, granular systems.
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TexHousorii pagiaiiHOro 3aXUCTy 3 BAKOPUCTAHHAM I'PaHy/JIbOBAHUX
MarepiaJiB

Texnonoz2iuni NOOONAHHA NOMEHYIUHOI 3a2PO3U SHUNCEHH AKOCMI padiayitiHux MOHOIM-
HUX KOHCMPYKYIU 3AXUCHUX eKPAHI8, SKI 3HAX00SIMbCA Ni0 NOCMIIHUM GNIUBOM IOHI3VI0U020
BUNPOMIHIOBAHHSL (BHACNIOOK padiayiih020 OKPUXYYBAHHS) € OOHIEIO 3 HAUAKMYANbHIUUX 3a-
oau 3abe3neyeHHs 3axXucmy 6io padiayitino2o ONPOMIHIO8AHHSL.

Memorw pobomu € npogederHss NOPIGHANLHO20 AHANIZY AKOCMI (8 CeHCI padiayitinoeo 3a-
Xucmy) MOHONIMHUX MA 2PAHYIbOBAHUX 3AXUCHUX eKpaHie. Ha 6iOmiHy 6i0 MOHONIMHUX
NpOMOmMuUnié 2pamyibO8ana KOH2IOMepayis Mae HAOYHI nepeeau, AKi NoaA2aiomvb 6
VHUKHEHHI DYUHIBHUX Npoyecié paldiayiino2o OKPUXYYBAHHS, CHPOWEHHI 3aMiHu ma
MAHINY068anusa  (VWINbHEeHHs ma KoMnakmuszayis), a maxodc ymunizayii. Baoscaueo
NIOKpecaumu, wo 3axXucHi 61acmueoCcmi 2panyibO8aAHUX eKPAHI8 Malldice He BIOPIZHAIOMbCS
8I0 MOHOJIIMHUX AHANO2I6, A eKOHOMIUHI nepesazu 8IONOBIOHUX MEXHON02IU 8 MOl JHce Uac €
CYMmMEBUMU.

Haoanuti  mamepian € axkmuuno Gopmyniosannusam 3a0aui  npo  meopemuyre
00IPYHMYBAHHS Nepesae BUKOPUCMAHHA 2PAHYIbOBAHUX Mamepianie (y NOpieHAHHI 13
MOHONLIMHUMU) 8 MEXHONO02IAX padiayiliHo2o 3aXucmy Ha Niocmasi ananizy, sAK Qi3udHux
MexaHizmie, i hopm-ghakmopis 63aeMO0ii HelIMPOHHO20 MA 2AMMA BUNPOMIHIOBAHHS 13 peUo-
BUHOIO I3 PO3BUHEHOIO Y MIKPO-MACUMAa0di MoOpghono2ier.

Knrouosi cnosa: padiayiiine okpuxuyanus, cpanyibo8aHi mamepiaiu, ioHi3yioue SUNpo-
MIHIOBAHHS, MEXHON021T padiayitinoeo 3axucmy

Beryn. B cyuacHomy CBITI y BCiX KpaiHax, /¢ BUKOPUCTOBYIOTh sJIEpPHY €Hepre-
THUKY, HAaWBaXKJIUBIIIUM TMUTAHHSAM € YTWJI3allis Ta yOe3leueHHs BiANpalbOBaHUX
PaJI0AKTUBHUX PEYOBHH (SIK PIAKUX, Tak 1 TBepAuX). Meroau Ta Marepiaiu, 0 BU-
KOPUCTOBYIOTh ISl €KpaHyBaHHSI KOHTEHMHEPIB Ta 3aXUCTY BiJ MIKIJIUBUX HACIIIKIB
30epiraHHsl BIOXOJIB € pi3HUMHA. B gaHili poOOTI po3MVIsIHYTa KOHLEILIS
palllOHAIbHOTO BUKOPUCTAHHS BIACTUBOCTEN I'PaHyJIbOBAHUX 3aXUCHUX eKpaHiB [1].

Po3B’s130k mUTaHHA TPO MOBOKEHHS 3 pajioakTUBHUMM Biaxojgamu (PAB)
nepeadavyae OIIHKY PI3HUX KaTEropii 1 METOMIB iX 30epiraHHs, a TaK0oX 3a0e3MeueH-
HSl HU3KM BUMOT HIOJI0 3aXMCTYy HaBKOJUIIHBOIO cepenoBuiia. KiHIEBOIO METOIO €
130715111151 BIJIXO/IB Bi Olocdepu Ha TpUBAJi MEPIOAM Yacy, 3a0e3nedYeHHs] TOTo, 10
3aJIMIIKOBI PaJl0aKTUBHI PEYOBUHHU, SIKI OCSATAIOTh Olocdepu, OynyTh y HE3HAUYHUX
KOHIICHTpPAIIAX MMOPIBHSAHO, HATPUKJIIAI, 3 TPUPOIHUM (DOHOM paji0oaKTUBHOCTI, a Ta-
KO 3a0€3MeUeHHs BIIEBHEHOCTI B TOMY, II0 PU3MK MPH HeaOaIoMy BTpYYaHHI JIrO-
TUHU Oy/Ie MaJIuM.

OnHuM 3 TEXHOJOTIYHUX METOJIB BUPIIICHHS Ii€l MpoOJeMU € JOBrOTpUBaie
30epiranHss PAB B cnemianizoBaHuX MOAYJSX, B Kl MOMIIIYIOTh KOHTEWHEpPHU 3
Bimxonamu. [IpoTe, He TUBISYNCH Ha BHCOKY €KCIIEPTHY OIHKY, SKy /alOTh TaKUM
MOAYJISIM, BOHH MAlOTh Psii HEAOJIKIB, HAIPUKJIIAA, OJHIEIO 3 TOJIOBHUX MPOOJIEM €
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T€, 10 TEXHOJOTIYHO TependayeHo i JOJaTKOBOTO 3aXHCTy BUKOPHUCTOBYBATH
[IEMEHTHI MaTepiaiu, SKUMH 3allOBHIOIOTH MOPOXKHIA MPOCTIP, YTBOPEHU HABKOJIO
KOHTeWHepa. Y SKOCTI 3alOBHIOBaYa BUKOPHUCTOBYIOTH IIEMEHTYIOUl MOHOJITHI
Marepiaiad. 3aTBepAUIMII MOHOJITHUM LIEMEHTHHM MaTepiayl JIKBIAY€E IMYyCTOTH 1
CTBOPIOE JIOCTATHHO HAMIMHUMN 3aXUCT BiJl J1i paiallifHOTO ONpoMiHEHHs. AJie, B TOM
e 4Yac, 1oro BUKOPUCTAHHS HE € EKOHOMIYHO Ta TEXHOJIOTIYHO NMpuBadiuBuM. Tak,
B1JIOMO, LIO TpUBaja Jid pajialii OpU3BOAUTH IO OKPUXUYBAaHHS MOHOJITHOIO Iie-
MEHTHOTro Marepiany [2]. o Toro , neski KpUTHYHI CTaHU HABKOJIUIIIHBOTO CEPEo-
BUINA (HAPUKJIIAJ: CEMCMIYHA aKTUBHICTh) MOXYTh BUKJIMKATH HOTO MOIIKOIKCHHS
y BUIIIAA1 (popMyBaHHs Ae(EKTIB, CKOIIB, TPILIMH YH 1HIIUX AePOpMALIii.

VY SKOCTI 3aMiHM JOPOTO BApTICHUX Ta TPOMI3JKHUX IIEMEHTHHX MaTepialliB MU
MPOIIOHYEMO  BHKOPHUCTOBYBATH MIKPO-MEXaHIYHI KOHTJIOMepaIllii(rpanyiboBaHi
Marepiaiau) 13 MaHIMyJIIOEMUMI Ta MPOTHO3YEMHMH BJIACTHUBOCTSIMHU y CEHC1 3ajadi
pamiamiiinoro 3axucty. [logiOHi MaTepianu y HOCTaTHIA KiJIbKOCTI MpEACTaBiIeH] Ta
TPaJAMIIIIHO 32 BIJOMHUMH ICHYIOUMMHU TEXHOJIOTISIMA BUAOOYBAIOTHCS Y HABKOJIUIII-
HbOMY CEpEIOBHIIIL, TPU IbOMY iX BIACHUM NPUPOJHUNA pamiamiiiHuil GoH 3a3BuYail
€ He3HaYHuM [3].

1. Pagianiiinuii 3axucT 32 J0MOMOIOI0 MOHOJITHOrO MoayJsa. Haitbinbiry
HeOe3MeKy JUIsl )KMBUX OPraHi3MIB MPEACTaBISIOTh raMMa-IIPOMEHI 1 HEUTPOHHE BU-
MIPOMIHIOBaHHS. Y CHOpyAax 3aXHUCTy BiJ IraMMa-BUIIPOMIHIOBAHHS HaWOUIbIE 3HAa-
YEeHHS BIJIrpae TOBIIMHA 1 Maca oropopkeHHs. E(peKTUBHUN 3aXUCT BiJ HEUTPOHHO-
IO BUINPOMIHIOBAHHS JOCSITA€THCA, AKIIO MaTepial MICTUTh BEJIMKY KUIbKICTh BOJIHIO.

betoH € edekTUBHUM MaTepialioM ISl 3aXHCTY BiJ] SJIEPHUX BUIIPOMIHIOBAHb,
OCKIJIbKM B HbOMY TOEIHYIOTHCSI BUCOKA T'yCTHHA 1 BMICT MEBHOI KUIBKOCT1 BOJHIO B
XIMIYHO 3B's13aH1i BOJII. [{71s1 3SMEHIIIEHHS TOBIIMHU 3aXHCHUX €KPaHIB aTOMHUX €JICK-
TPOCTAHIIIN Ta MIJNIPUEMCTB 3 BUPOOHUIITBA 130TOIMIB MOPS 31 3BUUYAMHUM Ba)KKUM
OCTOHOM BHUKOPHUCTOBYIOTh T'yCTi OE€TOHH 13 cepeaHbOoI0 rycTuHoro Bia 2500 mo 7000
KI/M i TiApaTHI — 3 BUCOKUM BMICTOM XIMIYHO 3B'SI3aHOT BOJIH.

VY SKOCTI 3alOBHIOBAaYIiB OCOOJMBO T'YCTUX OETOHIB BUKOPHCTOBYIOTH BayKKl
MPUPOAHI a00 MITYy4YHI 3alOBHIOBAYl: MAarHE3UTOBI, FEMATUTOBI Y JTUMOHITOBI 3aJi3-
H1 pyau, 0apuT, MEXaHIYHUWA CKpam, CBUHUEBUM Npi0 1 1H. |1 ogep kaHHs T1ApaTHUX
0eTOHIB €(DEeKTUBHUMHU € MaTepiaiu, 110 MaIOTh BUCOKY I'YCTUHY 1 3HAUHHI BMICT Xi-
MIYHO 3B'sI3aHOI BOJM: JUMOHIT, CEPIIEHTHUHIT 1 T. 1H. [4]. J[J11 mokpalieHHs 3aXuCHUX
BJIACTUBOCTEH y TiJipaTHI OETOHU BBOJATH JOOABKH, 11O MiBUIIYIOTh BMICT BOJIHIO —
Kap0171, 00p, XJIOPUCTHH JIITIH, CyIb(aT KaaMIto i 1H.

BuxinmHuMu mokasHUKaMH TpU MiAO0pl CKIIAMy pajiaiiiHO-CTIHKUX OETOHIB €
IyCTHHA OETOHY, BMICT XIMIYHO 3B'SI3aHO1 BOJIM, @ TAKOK MIIHICTb 1 JIETKICTh 3aIOB-
HEHHSA. 3aXUCHUN OETOH, III0 BUKOPUCTOBYETHCS ISl BIAIITYBAHHS €KPaHIB SJIEPHUX
pPEaKTOpPiB, MOBUHEH MAaTH TAKOX IMIJBUILEHY TEPMOCTIHKICTh, BUCOKY TEILJIONPOBII-
HICTb, HU3bKI 3HAUECHHSI YCaJKU, KOoe(illieHTa TEPMIYHOTO PO3IMIUPEHHS 1 TOB3YYOCTI.

3 METOI0 3aXHCTy BiJ pajiallifHOTO ONMPOMIHEHHS 3aKOHO/JABYO BCTAaHOBJICHI
MaKCHUMAJIbHI 3HAYEHHS JIOMYCTUMHUX J103 onpoMiHeHHs. [Ipu BukopucTaHHi O€TOHY
IUTsL OCNTA0JIEHHS BIUIMBY HEOE3MEYHOro BUIIPOMIHIOBaHHS (haxiBellb 3 paaialiiiHoro
3aXMCTy MOBHHEH HAJaTH 1H)KEHEpPY-OeTOHSAPY HEOOXIHI MmapaMeTpu IJisl HNpPOEKTY-
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Tabaunns. PangianiitHo-3aXMCHI BIACTUBOCTI OETOHY

BunpominroBaHHs Jlxepena Bumoru 10 sikocti 6eToHy s 3a-
BUMPOMIHIOBaHHS XUCTY B1J pamiari
(mpukIIaIN)

PEHTI€HIBChKE PEHTIeHIBChKI TIPU- - 3BUYaiHUN OETOH 3
BHUIIPOMIHIOBAHHS Jad, THIAHUA TpH- pR22,4KI‘/I[M3 1 TOBIIMHOIO OJIN3E-
CKOPIOBAY ko 300 MM

0- BAIPOMIHIOBAHHS | pallOHYKJII N - TOBILMHA OETOHY ~ MM

B-BHUIPOMIHIOBaHHS

Y-BUIIPOMIHIOBaHHSL | AIJIEPHI PEAKTOPH, BHUCOKA IIIJIBHICTH 1/ a00 - BEIUKa

PaIIOHYKJIIIIU, JICPHI | TOBIIMHA

HEUTpPOHHE BUOYXU - BUCOKHI BMICT XIMI4HO 3B'sI3aHO1

BUIPOMIHIOBaHHS BOJIM - T0OOABKHU y BUTIIAIL OOpY,
Kaamito abo radHiro - BUCOKA
HIJIBHICTE - BEJIMKA TOBIIHMHA

BaHHS OCTOHY 3 ypaxyBaHHSIM KOHCTPYKTHBHHX XapaKTEPUCTUK (HAMPHUKIAJ, TOB-
muHa OyAIBETbHOTO €JIEMEHTY): IIUIbHICTh TBEPJAOro O€TOHY, BMICT XIMIYHO
3B's13aHO1 BOJIU.

Jlesiki pajiaiiitHO-3aXMCHI BIACTUBOCTI OETOHY MPECTaBIICH] y HaJlaHii Ta0u-
Il.

Xoua Moyl st 30epiraHHs pa/iloaKTUBHUX BIJIXO/1B CTBOPIOIOTHCS 3 MOHOJII-
THOT'O, TOCUTh TOBCTOT0 OETOHY, 00 3pOOUTH IX MEXAHIYHO MIIIHUMU 1 HEUYTIHBH-
MU JI0 BOJIY, SIK 3a3HAYCHO BWIIE, MOYKE BUHUKHYTH MPOOJIeMa TIOSIBU TPINTUH, OKPH-
X4yBaHHs, ToIo. Taki MpoIecu € HacHiJKaMu CTBOPEHHS Tij] BILUTUBOM IOCTIHHO
JIIOYOTO OINPOMIHEHHSI CTPYKTYpHUX nedextiB [2]. Sk momarkoBuit Oap’ep s
iIMMOOUTI3aIlli PaJloaKTUBHUX BIJIXOJIB BCEPEIUHI MOMIYJS BUKOPUCTOBYIOTH II€-
MEHTHE 3aTupaHHs. He3Baxarouu Ha Te, IO MOAYJb MICIs [IEMEHTHOTO 3aTHPaHHS
MOTEHIIHO 37aTHUM 3a0e3neYnTH 30epiraHHs KOHTEHHEPIB Pall0aKTUBHUX BiJIXO/IIB
MPOTSTOM TPUBAJIOTO MEPIOY YaCy, ICHYIOTh pealibHI YMOBH, SIKI MOKYTh IPU3BECTH
10 BUHUKHEHHS TPIIIMH 1 MOJAJIBIIOTO BUTOKY HEOE3MEYHHUX PEUYOBHH MaTepialiB
B1JIXO/IIB U€pe3 CTIHKK MOJYJIB 1 Take 1HIE [5].

[Ile onvH HEAOJNIK, MOB'A3aHUN 3 BUKOPUCTAHHSAM ILIEMEHTHOIO PO3YUHY, —
CIUTMBAaHHS (BUAABIIOBAHHSA) JITKMX KOHTEMHEPIB MijJ 4ac 3aBaHTAXXCHHS B MOJYJIb
IIEMEHTHOTO PO3YHHY. Y IIbOMY BHUMNAAKY, MMOTPIOHO MiAIMTOBXYBAaTH KOHTCHHEp Ha-
3a]1 y BHYTPIIIHIN MPOCTIP MOAYJISA 10 TOTO, SIK IEMEHTHUM pO3YMH 3aTBEpAi€ (3a3BU-
yail, usg QyHKUisA MoTpedye ydacTi oneparopa), Tak, o0 KpUIIKa MOYJIS Ipuiiraia
HaJISKHUM YUHOM. [le ocTaHHe yCKIaaHIOE IPOLEypY CTBOPEHHS MOYJIS.

[cayroTe 1HIIT MeTonM 30epiraHHs palalliifHUX BIIXOMIB Y MiA3EMHOMY
nenotusapii, skuil pikcye mMaTepianu BiIXOJIB yCepeInHI TBEPIOrO MacuBy, yTBOpe-
HOTO IUISIXOM JIOJaBaHHS JI0 KOMIIO3UINT 3aTBEPAIBAIOUUX PIAKUX po34urHiB. OJIHAK
Takli METOJM MPAKTUYHO HE JIal0Th MOXJIMBOCTI JUIsl BUJAJICHHS (3aMiHU)MaTepiary
3aIOBHIOBAYA, SIKIIO BUHUKAE MMpoOieMa HOro 3aMiHH.
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Otxe, € moTpeda y po3po0aeHHI OUIbII ONTHMI30BaHOI TEXHOJOTII YITaKOBKH,
30epiraHHsl Ta KOHCTPYKIIIT MOJYJIsA, sIKi O yCyBajiu MOPOKHIM MIPOCTIpP, ajie B TOM xKe
4ac JI03BOJISUIM Y pa3l MOTpeOu JIETKO BUITy4aTH KOHTEHHEPHU 3 MOJYIB 30epiraHHs.
Takuii Molysib MaB OU BKJIIOUATH CTIMKUI Oap’ep npotu GOpMyBaHHS TPILIMH, 31aT-
HUM TUISIXOM CHpaIlOBaHHS BIAMOBIAHUX (PI3MUHMX MEXaHI3MIB MEPEHIKOKATH
(hopMyBaHHIO TOTOKY PIAKUX BIAXOJIIB, 100 3amoOIrTH Mirpauii pagloHyKIIiIIB Y
HABKOJIMIIIHE CEPEIOBHIIIE.

Ha npoMy muisixy MO’KHa 3alpONOHYBATH TpaHyJbOBaHUKM a00 MOPOIIKOBUI
HAaIllOBHIOBAY, KM € BOYEBHUAb € BUIBHUM BIJ paJiallliHOrO OKpPHXYyBaHHS Ta
3a0e3neuye JIErKy MOXJIMBICTh BHUIYYEHHS BIAXOIB 3 MOJIYJiA 30€piraHHs, Maibke
MOBHICTIO 3allOBHIOE TMOPOXKHIA MPOCTIp, SKUH BUHUKAE MK KOHTEHHEpPOM YH
dpakii€ro BiIXOMIB 1 MOJyJieM, Ta Ji€ sk 0ap’ep ( memOpaHa), 3aTHUH JTIOCTATHBO
e(eKTUBHO OJIOKYBAaTU SIK BUIIPOMIHIOBAHHS Tak 1 AUQy3iiH1 (Mirpaiiiti) mpoiecu
nepeHocy ( HampuKiazi, piiuan) [6].

2. ®i3uYHI BJIACTHBOCTI I'PaHy/JIb0BaHUX MaTepiauaiB. [lepeBaru rpanyiabo-
BAHOI'0 3aXHMCHOI'0 palialiiHOro eKpaHy HaJ MOHOJIITHUM. [loBe/liHKa rpaHysIbO-
BaHUX MaTepialiB MpU MAHIMYJSIIAX HAJ HUMU J1MCHO BUTJISIAE IIIJIKOM crierudiy-
Ho. Tak, HanpuKiaj, KO MOBUILHO HACUMATH MICOK HA MIAKIAIKY, TO aropd poc-
TUTHUME, 30epirarour KOHycomno110Hy (GpopMy, MOKH KyT OISl OCHOBU HE JOCSTHE Jie-
SIKOTO KPUTHYHOTO 3Ha4YeHHs. [liciis MOCATHEHHS OTO KPUTHYHOTO TapameTpa Io-
YUHAETHCS OCUIIAHHS BEPXHIX IIapiB HACHUITY, SIKE€ 30BHI Haranaye jaBuHy. [I[pudomy B
JABUHOMO/IIOHOMY pyci O€pyTh y4acTh JUIIE YACTUHKH, 110 HAJIEXkKaTh IIAPy ACSIKOi
TOBIUIUHU, — MOOJIN3Y MOBEPXHI KOHYCOMOIIOHOTO HACHUITY, TOJIl K 1HITUNA MacHuB 3a-
JUIIAEThCS B CTaHl crokoro. Jy>xe OaraTo MarepiaiiB, ikl OTOUYIOTh HAC B MOBCSIK-
JIEHHOMY UTTi, CTAHOBJIATh OCHOBY PI3HHUX raiy3eu iHmycTpii (OyaiBeiabHOI, XiMid-
HO1, (apMaKoJIOTi4yHOI, XapuoBOi) 3HAXOMAATHCS, SKpa3, B TPaHyJIbOBAHOMY CTaHi.
B3zaraui, cepe/ crioKuBaHUX 1 BUKOPUCTOBYBAHUX JIFOJCTBOM MaTepiajiB B MEepEBaXk-
HIM O1IBIIOCTI, HA Tilt a0o0 1HIIIHM cTajii BUpOOHUIITBA, OOPOOKH, a00 CIIOKHUBAHHS,
BOHHU 3HAXOJISIThCS, IEPEBaXXKHO, a00 B PiAKOMY, a00 B rpaHyIbOBAHOMY CTaHax [7].

TakuM YMHOM, OKpIM TEPCHEKTHB €(EKTHBHOTO IMOMAIBIIOTO 3aCTOCYBAaHHS
IPaHyJIhOBAaHUX MaTepialliB, Y 3B’S3KY 3 iX YHIKAIbHHUMH BIACTHBOCTSIMH, B TEXHOJIO-
TisiX, pO3BUTOK (DyHIAAMEHTANIbHOI TEOPIi, IKa JO3BOJIMIIA O 3p0O3yMITH 1 IEpEeI0aUUTH
0COOIMBOCTI 1X MMOBEIIHKH, € y)KE aKTyaTbHUM 3aBJIaHHSIM ChHOTOACHHS.

Jly’xe BaXKJIMBUM B MOBEIHI IPaHyJbOBAaHUX MAaTeplajiB € BJIacHE Te, o 00y-
MOBJIIO€ JTUCUTIATUBHUM XapakTep CHUCTEMH IIUX MaTepialiB, 1 AK HACTIJIOK — HE3BU-
YaiiHy iX MOBEIIHKY, IO 3aJIEKUTh BiJl MPUPOIU, GOpMH, PO3MIPIB YACTUHOK - Tpa-
HYJI, @ TaKOXX B1JI CEPEJOBHINA, B SIKE BOHH ITOMIIleH1. B¢l BIacTMBOCTI Ta TOBE/IIHKA
IpaHyJIbOBaHUX MaTepiajiiB 4acTO HAaraJayrTh, TAK OM MOBHUTH, CTATUCTHYHI, X04a 3a
CBOEIO IPUPOJIHOIO CYTTIO, TPAHYJIbOBAHUM MaTepiaj — MEXaHI4Ha CUCTEeMa, siKa JIH-
e 30BHI MOKa3y€e€ KOJEKTUBHY MOBEMIHKY, 130MOPGHY, IO BBAXKAETHCS, BHACTIIOK
cBo€l HemiHiMHOCTI. CaMe 1iel «KOJIEKTUBHUM XapaKTepy MOBEIIHKH IPaHyIhOBAHUX
MarepiaiaiB MarTh Ha yBasi (paxiBili, KOJIM BOHM BUKOPUCTOBYIOTh TEPMIH «CTaTHUC-
TUYHA MEXaHIKa» TpaHyJIbOBaHMX maTepiainiB. «KoJieKTMBHA MOBEIHKA» T'PaHyJIbO-
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BaHMX MarepiaiiB — 1€ HeBIJMIHHA XapaKTEePUCTHKA BCIX 1X BJIACTHUBOCTEH Ta mapa-
MeTpiB [8].

3a MEeBHMX yMOB, Ta NpPU NEBHOMY pPO3TAllyBaHHI IpaHyJl, CIOCTEPIraeThCs
SBHILE CIUTMBAHHS (PparMeHTy TPaHyJIbOBAHOTO IIApPY, SIKE BUKOPUCTOBYETHCS IS
3aXMCTY BiJI IIKIJIMBUX BUIPOMIHIOBaHb. Lle siBUIlle Mae aOCOMIOTHO CAMOCTIMHY Ta
VHIKQJIbHY (DI3UYHY MPUPOAY, BIAMIHHY BiJl CBOIX KJIACMYHUX HPOTOTHMIB. BigmiH-
HUW 1ap rpaHyJl BEJIUKOI TOBIIMHM Ha OJHOPITHO 30ypeHill y BEpTUKAIHLHOMY Ha-
MPSAMKY TOPU30HTANIBHIN MIAKIALI TOKPUBAETHCS CITKOIO OCEPEaKIB (ITaTepHIB), 11O
MarOTh CIEUU(]IYHY CUMETPII0 HANPHUKIAJ] — F€KCaroOHAJIbHYy Ta reNTOrOHAJIbHY, SKI
3aJIe’aTh B1Jl yMOB 30y)KEHHs, TOBILIMHH 1Iapy 1 TUIY rpaHys Marepiany. Buiienas-
BaHE sBMILE 30BHI Harajaye Te, IO CIOCTEPIra€ThCs MijJ 4ac TEKTOHIYHUX SIBUIL HA
MOBEPXHI IPYHTIB, NMPUYOMY, «PIJKa» TpaHyJibOBaHa (asza maTepially CIIBICHYE 3
«TBepI0to». OnurcaHa BIACTUBICTh cyMill (a3 Hajae MOXKIMBICTh B OCOOJIMBOMY 3a-
XHUCTI BiJ] MOCTIHHO JIF0YOT0 BUIPOMIHIOBAHHS 130MOP(HO MO BiJHOIICHHIO JI0 SIBU-
ma GopMyBaHHS Ta KOHBEKTHUBHOCTI IIbOTO BUIPOMIHIOBaHHs. L5 Bi1acTUBICTh sIKic-
HO BIJIPI3HSIETHCS BiJl PaHIII ICHYIOUHX 3aC001B 3aXUCTY Bij BUIIPOMIHIOBaHHS BiJl Bi-
JIXOJIIB SI/IEPHOT MPOMUCIOBOCTI Ha 0a31 3a11300€TOHHUX KOHCTPYKIIH, 1e aBuiia §o-
PMyBaHHSI 3aXMCTy HE€ BIJIOYBarOTbCA 130MOPGHO. Y OETOHHHUX KOHCTPYKLISIX Mif
BILUTMBOM BOJIOTH, TEMIEPATYPHU Ta BUIPOMIHIOBAHHS 3MIHU MPOXOJATh HEPIBHOMIp-
HO, 110 MPU3BOJIUTH J0 NEBHUX Jedopmaniil Ta pylHYBaHHS KOHCTPYKLIM. SBuiie
130MOP(HOCTI 3yCHJIb Ta XapaKTEPUCTHK, IO PO3MOBCIOKYIOTHCS B HAIIPSIMKAX rpa-
HYJIbOBAHMX MaTepialliB Aa€ 3MOT'Y MOKPAILUTH BIACTHBOCTI Ta €(PEKTUBHICTh 3aXHUC-
HUX €KpaHiB, CIOPYIKEHHX ISl 3aXHUCTY B1JI LIKIJJIMBUX TaMMa-BUIIPOMIHIOBaHb. Bcei
111 TIepeJIiYeHi SBUILA Ta MPUKIATU JOKIAJIHO CBIAYATh MPO OCOOIMBY I[IHHICTD Ta Bi-
JIMIHHI BJIACTHBOCTI T'paHyJIbOBAaHUX MaTepiajiB Ha BIAMIHY BiJ paHille 3acTOCOBa-
HuX. ['paHynboBaH1 MaTepiaau Jai0Th 3MOTY CIIPOEKTYBAaTH Ta HAJArOJUTH BHOPSI-
KOBaHI CTPYKTYpPH B M€30- 1 B Makpo- Maciuradax, 10 € OJHUM 3 BaXKJIUBILIIMX Ta
KJIFOUOBUX MUTAHb B CIIPaBl 3aXUCTY BiJ MIKIJIUBUX PaAiIOBUIIPOMIHIOBAHb.

["'010BHOIO ITepeBaror0 BUKOPUCTaHHS I'PaHyJIbOBAaHUX MaTepialliB IJIsl 3aXUCTY

B1Jl 3JIMILIKOBOI pajiamii € iX 3JaTHICTh O MEepEepO3CIIOBaHHS 1 MOTJIMHAHHS BUIIPO-
MIHIOBaHHS Ta JOKali3alis eHepriil B UPOKUX JAiana3oHax 3HA4€Hb. ['pany-
JHOBaHI MaTepiajau CTIMKI 10 All pajaiaiii Ta BIUIMBY KPUTUYHUX HABKOJMILIHIX CTa-
HIB. BUKOpUCTaHHS «TpaHyJbOBAHMX EKPaHIB» JOIMOMOXXE YHUKHYTH HpoOseM
OB’ SI3aHUX 3 OKPUXUYBAHHSM Ta IHIIMMHU JePopMallisiMU, sIKI BAHUKAIOTh B MTPOILIEC]
eKcIUTyaTalli MOAyJiB 3 3aTBEPAUIMUM LIEMEHTHUM MaTepiajioMm [9].

BucnoBku. ChopMynboBaHa 3aja4ya MpO BUKOPUCTAHHS TPaHYJbOBAHUX KOH-
rJioMepaliii B 3aXUCHUX MOAYJISX pajialllifiHOrO 3aXUCTY, sika MoTpedye aHamizy ¢i-
3UYHUX TPOIIECIB, IO CYNMPOBOKYIOTh KOHTAKTH 3aXUCHUX MOMAYJIIB 13 pajialliiiHuM
BUIPOMIHIOBaHHSIM, MapaMeTPiB T'PaHYIbOBAHUX €KPaHIB 13 YpaXyBaHHSIM «IOPHUC-
TOI» CTPYKTYpH MIKpO-MeXaHIuyHOi pedoBHHHU. [lomepenniil aHami3 mokasye, IO
AKICHI TIapaMeTpu MIKPO-MEXaHIYHUX CHUCTEM MaiKe HE BIIPI3HAIOTHCSA Bl iXHIX
CYLIUIbBHUX MPOTOTHIIB. 3 IHIIOTO OOKY, NEPEBard rpaHyIbOBAaHUX CHUCTEM 3aXHUCTY
MOJISITal0Th B YHUKHEHHI B HUX €(EKTIB pajlalliiHOr0 OKPUXYYBaHHS, Ta BIJHOCHIM
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JIETKOCT1 MaHIMyJIIOBaHHS, TPAHCIIOPTYBAHHA Ta yTHIII3allli, a TAKOXK, Y €KOHOMIYHO-
CT1 Ta MOKJIMBOCTI IOTPUMAHHS €KOJOTIYHUX BUMOT.

BuieBkaszane, popMyitoe akTyalbHy 3a/1ady MO po3poOIll TEXHOJIOT1] BUKOPHC-
TaHHA MIKpPO-MEXaHIYHUX (TpaHyJIbOBAaHUX MaTepialliB) B SKOCTI KOMIIOHEHTIB (Ha-
MOBHIOBAUIB) paJilallifHUX 3aXUCHUX MOJTYIIB.
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AHHOTALIUA
Texnonocuueckue npeoooieHus NOMEHYUATLHOU YePO3bl CHUNCEHUs Kauecmea paoudayuoH-
HbIX MOHOJIUMHBIX KOHCMPYKYUU 3AUWUMHBIX IKPAHOS, KOMOPble HAXOOSMCS OO NOCMOSIH-
HbIM 8030€lCmeuemM UOHUIUPYIOWe20 U3NIYUeHUs (6credcmaue paouayuoHH020 OXPYNYUBAHUs)
A67151emCst OOHOU U3 CAMBIX AKMYAIbHBIX 3a0ay 00ecneyeHus 3auumsl 0m paouayuoHHo20 00-
JIyUeHUs.
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Lenvio pabomwi s615emcs nposedenue CpaGHUMENbHO20 AHANU3A Kauecmsd (8 cMblciie pa-
OUAYUOHHOU 3aWUMbL) MOHOTUMHBIX U SPAHYIUPOBAHHLIX 3AWUMHBIX 9KpaHos. B omauuue
om MOHONUMHBIX NPOMOMUNOE SPAHYIUPOBAHHAS KOH2IOMEPAYUs umeem HazisioHvle npe-
umywecmea, Komopwle 3aKIo4Uaomcs 6 uzbexcanue paspyuumenbHuvlx npoyeccos paouayu-
OHHO20 OXPYNYUBAHUS, YNPOWEHUU 3aMEeHbl U MAHUNYIUPOBAHUs (YNIOMHEHUe U KOMNAKMU-
3ayus), a maxoice ymuauzayuu. Basicno noouepknymo, umo 3auummsie c80UCmea epaHyIupo-
BAHHBIX IKPAHOE NOYMU HE OMAUYAIOMCS O MOHOIUMHbBIX AHANI0208, A IKOHOMUYECKUue npe-
UMYWecmea coomeemcmeayiouwux mexHoI02ull 8 Mo JHce 8peMst CyujecneeHHul.

Ilpeoocmasnennvlii mamepuan gakxmuiecku Gopmyauposkou 3a0aiu 0 meopemuiecKom
000CHOBAHUE NPEeUMYUWeCmE UCNOIb308AHUS SPANHYIUPOSAHHBIX MAMEPUANO8 (8 CPABHEHUU C
MOHOJIUMHBIMUY) 8 MEXHONOUAX PAOUAYUOHHOU 3aUUmbl HA OCHOBAHUU AHANU3A, KAK DU3U-
YecKUx Mexamuzmos, u oopm-paxmopos 63aumo0eiicmsus HeUMmpoHHO20 U 2aMMA U3TY4eHUs
C 8ewecmeoM ¢ pazsumotri 8 MUKpo-macumabe mopgonozuel.

Knroueswvie cnosa: paduayuonnoe oxpynuusanue, cpaHyiuposanHvle Mamepuaisl, UOHU3U-
pyrouee uznyduenue, mexHoi02uu paouayuoHHo 3auumsl

Gerasymov O.1., Andrianova LS., Sidletska L.M., Spivak A.Ya.,
Kuryatnikov V. V., Kilian A. M.
Radiation protection technologies using granular materials

SUMMARY

Technological overcoming of the potential threat of a decrease in the quality of radiation
monolithic structures of protective shields, which are under constant influence of ionizing ra-
diation (due to radiation embitterment) is one of the most urgent tasks of ensuring protection
against radiation exposure.

The aim of the work is to carry out a comparative analysis of the quality (in terms of radia-
tion protection) of monolithic and granular protective screens. In contrast to monolithic pro-
totypes, granular conglomeration has clear advantages, which are to avoid destructive pro-
cesses of radiation embitterment, simplify replacement and handling (compaction and com-
paction), and disposal. It is important to emphasize that the protective properties of granular
screens hardly differ from their monolithic counterparts, and the economic advantages of the
corresponding technologies are significant at the same time. The material provided is actual-
ly the formulation of the problem on the theoretical substantiation of the advantages of using
granular materials (in comparison with monolithic ones) in radiation protection technologies
based on analysis as physical mechanisms and form factors of interaction neutron and gam-
ma radiation with a substance with a developed morphology on a micro-scale.

Key words: radiation embitterment, granular materials, ionizing radiation, radiation pro-
tection technologies.
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:‘)KCHJIyaTaIIHOHHbIe XaAPAKTCPUCTHKHU HOBBIX CMA304YHbLIX MATCPHAJIO0OB OoHoJI0-
IT'MYE€CKOIo IMpOUCXOKICHUA

B pabome uccnedosanvl xapakxmepucmuku cCMasvl8alouux C8EPXmMOHKUX C10e8 OUOCMA3KU
CMO uzeomoenennvix uz npubpedxcuvix eooopociei P.Morimorfis. O0HoOU u3 8adiCHbIX Ka-
yecme Macia AGNAemcs e20 MACIAHUCMOCb, CMAYUBAeMOCMb UM NOBEPXHOCMeEl nap mpe-
Hus. OHa cnocobcmeyem hopmMuposanuio Ha NOcieOHUux Heobxo0um OJisi HA0eHCHOU pabomol
mpuaodvl MmpeHusi YCmoudusou pas0eiumenbHol NIeHKU - HOBEPXHOCMHOMY ClO0 MOJEKYI C
OPUEHMAYUOHHOLL YNOPAOOUEHHOCBIO C NPOYHOCMBIO, HE0OXO0OUMOT 8 PEHCUMAX 2PAHUYHO20
mpenus. Cmpykmypuvie XapakmepucmuKky maxKux enumponHo-HCUOKOKPUCTALIULECKUX
(OPK) cnoes saenawomcs cywecmeeHHO BadCHbIMU NpU 8blOOpe CMA30YHO20 Mamepudaida.
Cmamuueckasn napa mpeHusi ucciedo8anacs ¢ NOMOWb0 ONMUYECK020 Memood UsMepeHsl
OUXpOUIMA NPUMECHO20 No2loweHUs. Boisagneno, umo eiuuuna napamempa nopsaoka u pas-
nosecnasn moawuna IPK cros CMO 3nauumensho eviute, uem 6 ClLOAX anupamuyeckux yaie-
80008, KOmMopbvle ABIAIOMCA OCHOBOU COBPEMEHHbIX MUHEPANbHbIX Macel. B ounamuueckoti
mpuaoe mpenus Uccie008anucCh peolocuiecKue XapaKkmepucmuKku cioes amozo cios. M3 no-
JIYUeHHbIX 3asucumocmett 3¢ppexmusnoco koappuyuenma eszkocmu cuos (¢ IPK crosmu)
om memnepamypel U CKOpOCMU CO8USA 8 HEeM, YCMAHOBIEHHbIe MU JHCe 3A8UCUMOCTIU OISl
monwunvl IPK cnos. Xapakmepnvie cmpykmypHuvle ocobennocmu IPK 6 cnosax 6uocmasku
CBA3LIBAIOMCS C OCOOEHHOCMAMU POPMUPOBAHUSL MOTEKVIAPHBIX ACCOYUAMO8 ONEUHOBOU KU~
C10Mbl, KOMOPAs ABNAEMCS 2IABHOU COCMABHOU YACMbI0 OUOCMAZKU.

BBenenue. CoBpeMEHHBIC MOIIHBIE YHEPTETUUECKHE YCTAHOBKHU (TJIABHBIM 00-
pa3oM Ha TPAHCIIOPTE) SBIISIOTCS KPYMHBIMH OTPEOUTEISIMU HE TOJBKO TOILJIMBA, HO
U psga Apyrux pabounx BEIIECTB, K KOTOPBIM B TIEPBYIO OYEPEIh OTHOCITCS CMa304-
Hble MaTtepuanbl. [Ipu 3ToM HamexHas u A3QGEeKTUBHAS dKCIUTyaTallus YCTAaHOBOK He-
BO3MOKHA 0€3 TEXHUUYECKOTO OOCTYKMBAaHUS €€ JIEMEHTOB, CBA3aHHOM C HEOOXO IU-
MOCTBIO MPABHJILHOTO MOAOOpa MaTEPHAIOB JIJII CMA30K HEKOTOPHIX Y3JIOB, KaK ca-
MHUX JIBUTATENeH, TaK U TEXHUUYECKUX CPEJCTB MX obOciyxuBaromux. CoBpeMEHHbBIC
pa3pabaTpiBacMble TEXHOJIOTHYECKHE CMa304HBbIC CPEACTBA JOJKHBI 00JIalaTh HE
TOJILKO JOCTATOYHO BBICOKMMH CMAYHMBAIOIIMMH, CMA304YHBIMH M OXJIAXKIAIOIIHMMH
CBOWMCTBaMHU, HO M YJOBJIETBOPATH APYTHUM JKCILTyaTallHOHHBIM TpeOOBaHUSM — Ta-
KM, KaK HE TOKCHYHOCThb, aHTUKOPPO3WOHHOCTb, CTAOMIIBHOCTHH OaKTEPHOCTOM-
KocTh [1,2]. TIoBBIIIEHHBIN pacxoa CMa304YHBIX MaTEPHAJIOB 00YCIIaBIMBAET HEOOXO-
TUMOCTh MX PEIUPKYISIIUU (C JTOMOJHUTEILHON (UIBTpAIeil Tocie MepBUIHOTO
UCIoNb30Banus). OHAKO TIPH 3TOM TaKHE MaTEPHAIBI JOJHKHBI 00J1a1aTh TeMITepa-
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TYpPHOU CTOMKOCTBIO, a npoliecc GUIbTpallui HE JOJDKEH U3MEHSITh X OCHOBHBIC Xa-
PAKTEPUCTUKH.

B nHacTosiiee BpeMst yCIenHo pa3BUBalOTCs HOBbIE TEXHOJIOTUHA CUHTE3a BO300-
HOBJISIEMBIX TOIUIMBHO-CMA304YHBIX MarepuajioB. McxoaHble OMOKOMIOHEHTHI 00Y-
CJIaBJIUBAIOT OTJIMYHME UX COCTABA U XapaKTEPUCTHUK OT TPAAULIMOHHBIX COBPEMEHHBIX
MaTepHuasoB, MOJYYEHHBIX MepepadOTKOM UCKOMIAEMBIX pecypcoB [3], mosTomy mpe/i-
CTaBJIAETCS BAXKHBIM U aKTyaJIbHbIM UCCIIEJOBAHUE CBOWMCTB 3TUX MaTepuaioB. B ya-
CTHOCTH, TMPAKTUYECKUN HHTEPEC MPEJCTABIISIET HCCICIOBAHUE BJIMSHUS CBOWCTB
0Cc000ro MPUIMOBEPXHOCTHOTO COCTOSIHUS B MPOCJIOKMKAX CMa3KH TpUaJ TPEHUS Ha Xa-
pakTep X PyHKIIMOHUPOBAHUS.

N3BecTHO [4], 4TO B HEKOTOPBIX OPraHUYECKHUX KUIKOCTAX, K KOTOPBIM OTHO-
CATCSI 1 CMA304YHbIE MaTe€pUalIbl, IPU ONPECTCHHBIX YCIOBUIX (HAJIMUKE aKTUBHBIX
MMOBEPXHOCTHBIX aJICOPOITMOHHBIX LIEHTPOB U aHU30METpHUsl (POPMBI MOJIEKYJT BOJIU3U
MOBEPXHOCTU MOJIOKEK BO3MOXHO 0Opa3oBaHHE TOHKUX OPHEHTAIIMOHHO-
YHOOPSAOYECHHBIX MPUIIOBEPXHOCTHBIX CIIOEB — AMUTPOMHO-KUIKOKPUCTATUITMYECKON
(OXKK) da3zsl [5], KOTOpBIE COCTOST U3OJIUTOMEPHBIX CTPYKTYp [6].«Bopcy mocnen-
HUX TIOBBIIIAET YNPYro-AeMnpupyomue CBONCTBA CMa304YHOIO0 MaTepHualia M, Kak
CJIEJICTBHE, €r0 CONPOTUBJICHUE HOPMAJIbHBIM Harpy3kam (IpensTCTBYIOT MpOJAaBiIu-
BAHUIO CMAa3bIBAIOIIEH MPOCIONKH B PEKHUME KaK CTAaTUYECKOM, TAK U FPAHUYHOTO
TPEHUs B paJualibHO HArpy>KeHHOM BajyB 000WMe, MOCKOJIbKY HECyIas CIoco0-
HOCTh CMA3bIBAIOIINX IUICHOK MCUMCISIETCS ASCATKAMH THICSY KHJIOTPAMM HA CM’
[7D).

Hcnonb3yemple B HACTOSIIEE BPEMS MUHEPAJIbHBIE CMa304HbIE Maciia OOBIYHO
MPEACTABISIIOT COOOM MEXaHUYECKYI0 CMECh HEAaKTHUBHBIX YIJIEBOJOPOJOB, BKIIIOYAS
OpraHUYECKUEe KUCIOThI, CMOJIBI U JAPYrUe MOBEPXHOCTHO-aKTUBHBIX BelecTBa. [lo-
ATOMY IMOYTH BCE CMa304HbIE Macjia 00pa3yloT Ha METAJUIMYECKUX MOBEPXHOCTSIX
AMUTPOIHO-KUIKOKPUCTAIIMYECKYIO TpaHU4HYyI0 ¢asy, obiianaromnlyto Oosee WiH
MEHEE MPOYHOU CBA3BIO C TOBEPXHOCTHIO U MPOAOJIbHOM Kore3ueil. dusnyeckue xa-
paktepuctuk I)XKK ciioeB B 3HAUMTEIBLHON CTENEHU 3aBUCAT OT JIEMEHTHOTO CO-
cTaBa cMa3Kd. MoJieKysibl U C(OPMHUPOBAHHBIE M3 HUX MOJICKYJISIPHBIE aCCOIMATHI
cMa3zoyHoro Marepuaia opueHtupytorcs B KK cioe oObrdyHO roMeoTporHo (Tiep-
MEHIUKYJISIPHO K TBEPJOW MOBEPXHOCTH), YTO MO3BOJISIET MPEACTABUTH JJIS HATJISAI-
HOCTH TakKo# cjoi B BujE «Bopca» (puc. 1). Ota runoresa BbeABUHYTAS B [8], HalIa
TeopeTuyeckoe 000CHOBaHME B pabote [6].

[Ipy OTHOCUTENBHOM NEPEMEIICHUH MTOBEPXHOCTEN TPEHUS "BOPCUHKHU'" KakK Obl
M3rubaroTCs B MPOTUBOMOJIOKHBIE CTOPOHBI, BBI3bIBas Je(opMainio Mpo0IbHOTO

7
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Puc. 1. Cxematnueckas cTpykTypa opueHTanuu Mosiekyin B KK cioe cmasku
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m3ruba Bekropa aupekropa (bendtypedeformation). Takolt «mepexocy o0ycliaBirBa-
€T MOBBIIICHUE CONPOTUBJICHUSI MJICHKU CKOJIbKEHHIO, @ HA BOCCTAHOBJIEHUE OPUCH-
Talliy OJIMTOMEPHBIX aCCOIMATOB B HCXOJHOE JO0 MEpPEMELIECHHUs MOJOoXKeHUue (I10
HOpMaJM K MOJJIOXKKE) —TpedyeTcsi HEKOTOpOoe, MHOTAa HE Majloe, BpeMs. AHU30-
TPOITHOCTh CMA304YHOI'0 MaTepHalia B IPAaHUYHOM CJIO€ IPUBOJIUT K TOMY, YTO B TaH-
IeHIIMAJILHOM HaIIPaBJIIEHUU «BOPC» M3rHOAETCs,a YaCTh OTOPBABIIUXCS OT HEro ac-
COLIMAaTOBYBJIEKAIOTCSI TEYEHUEM, CIIOCOOCTBYSI B JMHAMUYECKOM (DYHKLIMOHHPOBa-
HUU TPUOOCONPSIKEHUSI CHHXKEHUIO 3(P(EKTUBHOTO MOMEHTA TPEHUS.

[TosToMy Hammune B cMa3o4uHbIX MaTepuanax KK cioeB onpenenser ycioBus
Oe3aBapHifHON HKCIUTyaTallid U TOBBIMICHUS pecypca pabdOThl MEXaHHW3Ma 3a CYET
MUHUMU3ALMN U3HOCA €T0 Y3JI0B TPCHHS.

1. Uccaenyemblie mpenaparbl. VccienyeMasi cMa3zka OMOJIOTMYECKOTO TTPOUC-
XOXKJICHHS TPOM3BOJMIIACH IIyTeM IepepabOTKU  MHUKPOBOJOpOCIeH  Kiacca
P.morformis. E¢ xumuueckuii coctaB, onpeaeaeHHbI XpoMOTorpaduIecKy, mpe-
craBiieH B Tabymne 1 [9].Kak BugHO M3 TabaWIBl, OCHOBHBIM KOMIIOHEHTOM OHO-
CMa3Ku siBisieTcs ojienHoBas kuciora — Cy7H33COOH, Momnekyiia KoTopoil M30rHyTa
B BHje OyMepaHra, mo3TOMYy OYEBHMJIHO, YTO MHOTHE (PU3MUECKHE XapaKTePUCTHKU
JAHHOM CMa3KH OYyIyT MO00HBI CBOMCTBAM OJICMHOBOMW KHUCIIOTHI.

2. Metoabl ucciienoBanus. Baxxnenmmmu cTpykTypHbsIMH ITapameTpamu KK
CJIOSL SAIBJISIETCS BEJIMYMHA €TI0 PAaBHOBECHOW TOJIIMHBI d , U 3HAYEHUE IapaMeTpa

CTpyKTypHOro nopsiaka S. IIpy ycTaHOBJIEHMHM 3TUX BEJIWYUH HMCIOJIB30BAIUCH MO-
IU(PUIMPOBAaHHBIE [5] METOABI MCCIEA0BaHUS OPUEHTALIMOHHOW YNOPSA0YEHHOCTH,
cyuiecTBymolei B oo0beMe kiaccuueckux tepmorponsbix JKK. B namux uccrnenosa-
HUSX MPUMEHSUINCH JIBE€ METOAMKH:1) M3MEpeHus AUXpou3Ma MOTJIOoLIEHUsI(KaK He-
pa3pylarofii METOJ] ONTUYECKOTO 30HAUPOBAHUS) U 2) pOTALIMOHHON BUCKO3UMET-
pum.

Kak yxe ormeuanock B [10], cTpykTypa MaTpullbl OCHOBHOI'O COEAUHEHUS UC-
CJIeI0Bajach IyTEM U3MEPEHUS MOTJIOMIeHHS (B 001acTh aTMOC(EPHOTO yabTpaduo-
JieTa) IPUMECHOTO KPACUTENIs, PACTBOPEHHOTO B HEH (T.H. METOJ «TOCTh-XO3SHHY) .

Tabmuma 1. CoctaB 6mocmasku[9].

Ha3BaHne xoMIIOHEHTa — He- UYucno yrnepon- | OtocurensHoe | [lorpemHocTs
IPEAEIBHOMN )KUPHOU KUCIOTHI | HBIX aTOMOB U coaepkaHue, % | onpeneneHus,
JIBOMHBIX CBSI3€EH 107 %
[TaneMuTHHOBAS C16:0 2.65 S
[TanibMUTO-01EMHOBAS Clé6:1 0.48 2
CreapuHoBas C18:1 1.14 9
OneuHoBas C16:0 90.81 18
JlunonueBas C18:2 3.72 3
JInHonenoBas C18:3 1.19 4

1

Otka3s ot 6osee uHGOpMaTUBHOTrO [5, 11] aHamMU3a MEKTPOHHBIX MOJIOC COOCTBEHHOTO TOTJIOIIECHUS UCCIICe-
AYEMbBIX CMAa30YHBIX MAaTCPHUAJIOB CBA3aH C TCM, UTO UX MOJICKYJIbI HE COACPKAT [IBOﬁHI)IX XUMHNUYECCKHUX CBi-
3¢i,BCIIEICTBHE YETOITH TTOJIOCHI PACTIONOKEHBI B 00JIACTH BaKyyMHOTO yibTpaduonera (v>50000 cm™).
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IIpu nocratouHo# cTeneHu U30MOP(PHOCTH MOJIEKYJT MaTPHUIILI U MPUMECH (COIMOCTa-
BUMOCTU CTPYKTYpPHBIE XapaKTEPUCTUKH MX MOJIEKYJ) IMOJdydaeMas 3TUM METO0M
uH(popMaIus Takxke SIBISIETCS JOCTOBEpHOU. [IpuMeHsieMblii KpacuTeNb TOKEH Xa-
PAKTEPU30BATHCS BBICOKUMHU 3HAYECHUSIMU SKCTUHKIMU U PACTBOPUMOCTH. B oTiinune
OT UCITOJIb30BAHHOTO paHee B uccienoBanusx I2KK ciioeB HOpMalibHBIX aJKaHOB I1O-
MYJISIPHOTO OPTaHUYECKOTO0 KPACHUTEIS «CyJlaHa YEPHOTO»B KAUECTBE T'OCTSA IPHU HUC-
CJIEIOBAHUSIX TMPOCIIOEK OMoMaciia MPUMEHSUICS APYrod HM3BECTHBIM KpacHUTENb —
«CyJlaH KpacHbI» (MaKCUMYyM IIOJIOCHI nornomeHus A . =0.472 pym ). DTOT Kpacu-

TeJb, XOTSI U 00JIaJlaeT HECKOJIbKO XYIIeH CTENeHbI0 U30MOP(PHOCTH MOJIEKYJ, IO
OTHOIIIEHUIO K OCHOBHOW MAaTpHIE, HO CYIIECTBEHHO JIy4lll€ PacTBOPSETCS B HENl.
biiarogapsi BBICOKOM SKCTUHKIIMM 3TOTO KPACUTEN AaXKe MPU HU3KOW KOHILIEHTPAIuU
(C ~ 1 -2 BecoBbIX %) OBLIO BO3MOXKHO MPOU3BOJUTH HAJCKHBIC HCCIIECIOBAHUS
CTPYKTYpPbl TOHKMX MHKPOHHBIX MPOCIOEK U IMPU 3TOM HAIMYHUE BHEAPEHHBIX MOJE-
KyJl KpacHUTelsl MPU TaKUX KOHUEHTPALUAX MPAKTUYECKA HE BIUSIO HA CTPYKTYpPY
MaTpUIIbl UCCIETYEMBIX MPETAPATOB.

B o0eux MeTtoaukax MCMHOJB30BAIUCh padOUNE KIOBETHI, MOJICIUPYIOLINE TpUa-
Ny TPEHUS: UCCIEAYEeMbIC KUIKUE MPOCIONKHN Ipenapara, ObUId OrpaHUYEHBI TBEP-
JBIMU TOJIJIOKKAMU — JUAJICKTPUYECKUMU (KBapll) WJIM TMPOBOASIIUMU (METAJLI) IO
MIPUPOJIE.

B cnextpanbHbIX M3MEpEHUX (B OTCYTCTBUM T€UEHHUS MPOCIOUKHU, T.€. B CTATHU-
YECKOM pEeKHUME padOThl TpUa/bl) BEMYMHA MPUMECHOTO AMXpOU3Ma Ipernapara B
MIPOCJIOWKE OMpENesaIach €€ CKaHUPOBAHUEM «HA MPOCBET» MOHOXPOMATUYECKUM
CBETOBBIM 30HJIOM. Pa3HbIl THUN MOIJIOKEK U Pa3HOE YMCIIO aKTHBHBIX LIEHTPOB Ha
HUX, KOTOpPBIE WIpalOT OMPEACISIONIYI0 pOJib B CBOWCTBaX HHAyHHpyeMbix KK
cioeB [6], 00ycnaBIuBal CYIIECTBEHHO PA3IMYHYIO BEJIMYMHY PAaBHOBECHOM HMX TOJI-
muHbl d_ . [Ipn 3TOM B HCIIOIB3yeMO T€OMETPUH SKCIIEPUMEHTA He00X0auMa Ipo-

3pavHOCTh MoanoxkeK. i oOecniedyeHHs MPO3PaYHOCTH IMPOBOJAIIMX METaJUINYe-
CKHX TOMJIOKEK HAHOCUMBIH, BaKyyMHBIM TEPMUYECKUM HABUICHUEM Ha KBapIL CIIOH
HUXpoMa (C60: Ni40) GbLT ZOCTaTOYHO TOHOK (4 ~0.18 mxm). Bo Bcex skcrepumen-

Tax MpeABapUTEIbHO (POPMUPOBATACh KIMHOBUIHAS MPOCIOWKA KUIKOCTH, OJHAKO
croco0 ee hopMupoBaHUs ObUT Pa3IMYHBIM B 3aBUCUMOCTH OT BEJTUYMHBI PAaBHOBEC-
Hou TonmmmHbl DXKK cnos d . Ilpn uccnenoBanusax cyOMUKPOHHOHM ITPOCIIONKH, OT-

PaHUYCHHOM KBAPIEBBIMU MOJI0OKKAMH, OKHA KIOBEThI CKUMAJIUCH JIJIsi 00pa30BaHUs
KJIIMHOBUJTHOTO BO3JAYIIHOTO 3a3opa. [Ipoduib BO3MYIIHOTO KIMHOBHIHOTO 3a30pa
onpenensuics UHTephepoOMEeTPUUECKH CKaHUPOBAHUEM BJIOJIb KJIMHA Y3KHM MOHO-
xpomatuyeckuM (A = 0.5 um) cBeToBbIM 30H1I0M. [Ipu MccaenoBaHUsIX MPOCIOUKH,
OTPAHUYEHHON METAJUIM3UPOBAHHBIMU MOJIOKKAMH, MPUMEHSIINCh TOHKHE CIEHCe-
pBI (H ~11.0 MKM), 3aJa01I1Me TIPU PAaBHOMEPHOM CXKAaTUM JIMHEWHYKO KIIMHOBU/I-

HOCTh 3a30pa B auanazoHe 0+ A . 3aTeM 3a30pbl KaWUISIPHO 3alOJIHSJIMCH HCCIIe-
JIYEMOM KUIKOCTBIO.

[TosrydeHHBIE SKCIIEPUMEHTAJIBHBIC 3HAYEHUS IO CBETOIMPOMYCKAHUIO MTPOCIION-
K{ Ha JJIMHE BOJIHBI MAKCUMYyMa IOTJIOICHUS IPUMECH B 3aBUCUMOCTH OT TOJIIIUHBI
3a30pa MPeICTABISUINCH B MOTYJIOrapuMUUECKUX KOOpJAUHATAX C JIOMOJIHUTEILHBIM
HOPMHPOBAHUEM HA MAKCUMYM CBETOIPOITYCKaHHS, OTBEUAIOIIEE 30HE ONMTUYECKOTrO
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KOHTaKTa MoJIoKeK. M3 TakuxX 3aBHCHUMOCTEN ompenensiach JOKalbHas ()11 Kax-
JIoi TonKHe d) BEJTMYMHA ONTHYECKON MIIOTHOCTH npocioiiku D, , = f (d ) OtxkJi0-

HEHHME ATON 3aBUCUMOCTH OT JIMHEHHOM (popMblI 3aKOHA byrepa cBHUIETEIBCTBYET O
HEOJHOPOJIHOM CTPYKType — reTepo(a3HOCTH MPOCIONKH.

OOHOBPEMEHHO € ONTHYECKUMHU HCCIEIOBAHUSIMHU CTPYKTYpPbl HPHUCTEHHBIX
DK c10eB B TOHKMX CMa3bIBAIOIIUX MPOCIONKAX MPAKTUYECKU BaXKHBIM MPEICTAB-
JSAI0Ch U3YYEHUE X PEOJIOTUYECKHX XAPAKTEPUCTHUK, T.€. UCCIEAOBAHUE TUHAMUYE-
CKOTropexuma paboThl TPUAIbL. DTO CBSI3aHO C TEM, YTO UMEHHO OCOOEHHOCTHU PEOJIO-
IMYECKUX XAPAKTEPUCTUK CYIIECTBEHHBIM 00pa3oM BIUAIOT Ha paboTy y3JI0B TPEHHUS
MEXaHU3MOB II0CJIE IyCKa MociaeaHuX. I MpOBEeNEeHNs PEOJIOTMYECKUX N3MEPEHUM
MIPUMEHSIACh POTALMOHHAS Tapa CIENUaIbHO CKOHCTPYHUPOBAHHOTO MHUKPOBHUCKO-
sumetpa [11, 12], mogenupyromas yxe AMHAMUYECKYIO0 Tpuaay TpeHus. B pexume
KY3TTOBCKOI'O TEUEHHUS H3Mepsulach 3aBUCUMOCTbh 3(P(EKTUBHON BSI3KOCTHU TOHKHUX
(tommmHON d ~1+10 MKM ) TIpociioek mpernapaTta OT CKOPOCTH CIIBUTOBOM nedopma-
npn y (B muamasone y = 100+15000 ¢). TonmuHa mpociIoiiku B mporiecce H3oTep-
MHYECKOI0 SKCIEPUMEHTA (IIOCTOSITHCTBO TEMIIEPATYPBI TPOCIONKU (PUKCUPOBATIOCH C
To4HOCTHIO (.03 K 3ieKTpUuecKUM TEPMOMETPOM CONPOTUBIICHU) KOHTPOJIUPOBA-
JIaCh EMKOCTHBIM METOJIOM.

3. IlosryyeHHble pe3yJibTATbl U O00CYKIAeHUE. DKCIIEpUMEHTAIbHAS TOJIIINH-
Has 3aBUCHUMOCTb ONTHYECKOW IMIOTHOCTHU mpernapara 6uomacna u3 P. Moriformis
(PMO) 6bu1a u3mMepeHa HaMHU ISl MIPOCIIOEK, OTPAHUYEHHBIX JUAJICKTPUUYECKUM U
MPOBOASIIMMU MOJJI0KKAMHU, KaK 3TO MTOKA3aHO Ha pUC.2.

[IpuBeneHHass 3aBUCUMOCTD JJAa€T BO3MOXHOCTh OMPEACIUTh CPEAHEE 3HAUCHUE
nuHeHoro koddduimenTa noriomeHus ceerta w= D /d npocnoiikoi mpenaparta. B
00J1aCTH MaJIbIX TOJIIHUH MPOCIONUKH 3TOT KOIPMUIIMEHT MOHUKEH U OCTACTCS MpH-
MEepHO (B mpejienax dKCIEePUMEHTAIBHON NOTPEITHOCTH) MOCTOSIHHBIM, a 3aTeM, MpHU
MPEBBIIEHUH HEKOTOPOW KPUTUUYECKOW TOJIIMHBI MPOCIOWKN HAaYMHAET MOHOTOHHO

0.20 0

0.15

0.10

D, a.u.
D, a.u.

0.05

% 0.5 1.0 15 d,mem

d, mem v
Puc. 2. DxcnieprMeHTalIbHBIE TOJIIMHHBIE 3aBHUCHUMOCTH ONTHYECKOW TioTHOCTH D(d)
pacTBOpa IPHUMECHBIX MOJIEKYJ KpacHUTelNsl «CyldaH KpacHBI» B Mpocioiike Ouomacia
PMO. Tewmreparypa — 20° C. ITpocioiika orpaHiueHa KBAPLEBBIMU (a) K METAILTH3HPO-
BaHHBIMH(0) mojio)kkaMu. KoHIeHTpalus roctst ¢ B EpPBOM ciaydae coctasisiia ~ 1.2%,
a B0 BTOpoM — ~1.46%.
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BO3pacTaTh, ACUMITOTUYECKH NPHUOIMKASACh K KOA(PPUIMEHTY NOrJIOMEHUs 00beEM-
HOM M30TPOIHOM KUIAKOCTH. JIOTMYHO NpPEIIONOKUTh, YTO CTPYKTypa MPOCIONKH
o6uomacina PMO moxeT ObITh, Kak U paHee, IPOMOJEINPOBaHa B BUJE CIOUCTOM re-
Tepoda3Hoi cTpyKTypbl. BOIM3U nooxkek popMUPYIOTCS TPUCTEHHBIE OPUEHTALIU-
oHHO ynopsaodeHHble KK ciou ¢ mpakTH4ecKH NOCTOSSHHBIM 3HAY€HUEM K03 Pu-
LMEHTa MOIJIOIIEHUSI U, COOTBETCTBEHHO, MOCTOSHHBIM MapaMEeTpoM Mopsiaka (Kak
MaTpHUILIbl, TaK U BHEAPEHHOTO B HEE «TOCTS»). DTU CIOU pa3lieeHbl LIEHTPAIbHOM
MIPOCIIONKON 00BEMHOM JKUJIKOCTU C HYJIEBBIM MApaMETPOM MOPSIIKA U TaKKe MOCTO-
SHHBIM KO3()(PUIIMEHTOM MOTJIONIECHUS.

DOKCnepruMeHTaIbHbIE KPHUBBIE HA PHC. 2 JAIOT BO3MOXKHOCTH ANMpPOKCHUMHPO-
BaTh UX JIOMAHBIMU JIMHUSMH (IBYMS JIMHEWHBIMU 3aBUCUMOCTSIMHU). Y TJIOBBIE KO-
(MLHEHTHl HAKJIOHA MPSMBIX, KOTOPbIE COOTBETCTBOBAJIM JIMHEUHBIM KO3 (HIIMEH-
TaM TOTJIOLIEHHUs, BRIOUPANIHUCH U3 YCIOBUS MUHMMyMa CYMMAapHOW JUCHEPCHH all-
IPOKCUMUPYEMOM 3KCIepUMEHTaNbHON 3aBucumoctu D(d). Yucnennoe nuddepen-
LIUPOBAaHUE HKCIEPUMEHTAJIbHOW 3aBUCHUMOCTU C Y4YETOM BbIOpaHHOW (opmbl am-
INPOKCUMALIUM TO3BOJIMJIA TMOJIYYUTh TONIIMHHYIO 3aBUCHUMOCTH JIOKAJIBHOTO KO3(]-
(duIIMeHTa CBETOIOTIIONICHHS B CClIelyeMoit pocioiike ouomacia PMO (puc.3).

OTO0 NO3BOJIMIIO YCTAHOBUTH CTPYKTypHBIE napameTpbl KK ciioeB B Kax1oM u3
ciydyaeB. B ciyyae IUAIEKTPUYECKUMX OTPAHMUYMBAOIIMX IOMJIOKEK 3HAUYCHMS JIM-
HeWHbIX Kod(duimentoB noriomenus npucteHHoro XK ciost u o6bemMHON U30-

TPOIHOM JKMIKOCTH COOTBETCTBEHHO paBHBI — p = 0.077 pm ™', 1, =0.134 pm™" a

paBHOBeCHas MPOTsbKeHHOCTh yaBoeHHoro DXKK ciost 6uomacia PMO cocrasnsier
~0.69 um . Torma TommuHa kaxaoro u3 DKK ciaoeB Ha MOIIOKKAX COCTABISET

~ (O.34i0.03) wn ui ~ 180 MOJIEKYJSIPHBIX CJIOEB OJICMHOBOM KHUCJIOTHI (KaK OC-

HOBHOT'O KOMIIOHEHTa CMECH OMOMaciia), a UX ynopsI04YeHHOCTh (ITapaMeTp MopsiiKa
TaKHX, YK€ CTPYKTYPHPOBAaHHBIX CIOEB, cocraBmster — S, <S, = =l-p /p, =

= (0.42 + 0.02). Ecnu cpaBHUTH 3TU 3HAUYE€HUA C pE3yJIbTAaTaAMU, IOJYYECHHBIMU IS

OXK cnoeB onenHOBOM KuCIOTBI Ha kBapue [10] - d,,~056pum mn
0.14 ; - .
If.._.-o....‘.!.,..._...f.'._‘.. 0.16 :r: :.-....-..o.f: ......
0.12 ; [
g ! - 0.14 =
3 E 1
g : > I
5 0-10 : £0.12 '
: 205-0.69 mem) = :
0.08 A LR 0010 Ii..l...... ....... . .!......,l:!. ﬁ
0-06, 0.5 1.0 L5 0 2 4 6 8 10
d, mcm d,mcm
a 0

Puc. 3. TonmHHas 3aBUCUMOCTH JIOKAJIBHOTO 3HAYEHUS JMHEHHOTO KO3 (dHUIMEHTA I10-
riotieHus p(d)mpocnoiiku 6uomacia PMO, orpann4eHHO# KBaplLeBbIME (2) U METaTU3H-

POBaHHBIMH TOTOKKaMU (0)
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S~ (0.42 + 0.02), TO MOXHO OTMETHUTh, 4TO B DXKK crnosax 6uomacia PMO nHa kBap-

11e HAaOJII0IaeTCsl MPUMEPHO TaKas )K€ CTETeHb OPUEHTAIMOHHON YIOPSI0UYEHHOCTH,
KaK U B YHCTOM Mpenapare OJIEMHOBON KUCIOTHI. Takas, aHOMaJIbHO BBICOKAs, CpaB-
HUTEJIBHO C U3BMEPEHHBIMU paHee 3HAUYCHUSIMU MMapaMeTpa MopsiiKa B YIIE€BOI0POIax
TOMOJIOTHYECKOTO PsJia MPEIEIbHBIX AIKAHOB [12-14], ynmopsiio4eHHOCTh MOSICHAET-
cs [15] ocoboit mzornyToit («0ymepaHronogo0Ho») GopMoil MOJIEKYJT OJIEMHOBOM
KHUCJIOTBI, KOTOPBIE CITOCOOHBI 3P(HEKTUBHO AUMEPU30BATHCA B Ipolecce GopMHUpPO-
BaHUS OJIMTOMEPHBIX aCCOIMATOB MPU B3aUMOJICUCTBUU C MOJJI0KKON. BMecTe ¢ TeM,
MPOTSIKEHHOCTh Takoro cijiosi B ouomacie PMO okazanace Ha ~ 60% MeHbIEeH, 4To,
MO-BUAMMOMY, CBSI3aHO ¢ ()aKTOPOM J€30PUCHTUPYIOIIETO JIEUCTBUS MTPOUYUX KOMIIO-
HEHTOB OMOCMECH.

[TomgoOHBIi ke ananu3 3aBUCUMOCTH W(d) nist OmomaciaPMO, mpuBeeHHBIN Ha
puc. 26 mO3BOIIIIA HAa METAJUTM3UPOBAHHON MTOBEPXHOCTH OMPENIETUTh CTPYKTYpPHBIE
napameTpbl DXKK cnos. 3HadeHuss Kod(pQPUIUEHTOB MOTJIOMIEHUS COCTaBISIOT —

— -1 _ -1
My =0.092 wm -, iy = 0.163 wm -~ pahameTp OpHEHTALMOHHOTO MOPSKA B HEM COCTAB-

nster S =1-0.092/0.163~(0.44+0.04), a paBHOBECHas! TOJIMHA NIPUCTEHHOTO CIIOS
d, =4.86/2=(2.43£0.15) pm , 94TO COOTBETCTBYET yxke 1200 MOJICKYIAPHBIM CIOSM.

[ToxydeHHBIE BENIMYMHBI OYEHb OJIM3KM K 3HAYCHHSAM CTPYKTYPHBIX IIapaMeTpOB
DK cinos  OnEeMHOBOM  KHCIOTBI HAa  METAUIM3MPOBAHHOM  IMOJJIOKKE
(d,, ~2.46 um, S ~0.49). DTO HOKa3bIBACT, YTO OCHOBHOI KOMIIOHEHT GHOCMA3KH —

OJIEMHOBAs KUCIIOTa (DOPMHUPYET BBICOKOCTPYKTYpUpPOBaHHbIE U MpoTskeHHbIe DKK
CJIOM, KOTOpPbIE UIPAIOT Ba)XKHYIO pOJIb B 00ECNEUYEHUU BBICOKMX TPUOOJOTHUYECKUX
XapaKTEPUCTHK CMa3bIBAIOUIMX MPOCIOEK M3 3TOr0 Marepuana. B cratuke 3TH mpo-
TSKEHHBIE CJIOH, O1aroiapsi TOMEOTPOIIHOM OpUEHTAMU MOJIEKYJ M BBICOKOM Belu-
YUHOW MapaMeTpa NopsJaKa B HEM, IPENATCTBYS IPOJABIMBAHMIO CMa3bIBAIOIICH
IIPOCJIOMKH, NIPENOTBPALIAIOT KOHTAKT MOJUIOKEK TpUaAbl TpeHUs. To ecTb Hammuue
TaKHUX CJI0OEB OCOOEHHO Ba)XKHO JJIsl oOecrieueHus: 0e3aBapuiHOCTU MyCKOB B IPaHUY-
HBIX pEXUMaX TPEHUS.

Bwmecte ¢ Tem ad ekt «cpezanusi» npuctenHoro KK cnos B mponecce Bo3pac-
TaHUs CKOPOCTH CIBUTOBOM JAe(pOpMALINH JIEJIAET aKTyaJbHbIM MTPOBEACHHUE PEOJIOTH-
YECKUX HCCIEN0BAHUI MPOCIIOEK CMa3bIBAIOIIUX MaTepHaNoB. M3yueHue 3aBUCHMO-
CTH BEIMYUHBI 3P(HEKTUBHON BS3KOCTH MPOCIONKH OT CKOPOCTH CIBUIa U TEMIIepa-
TYpbI O3BOJISIET MOJIYYUTh BAXHYI0 MH(OPMALIMIO O XapaKTEPUCTHKAX CTPYKTYpPHO-
ro KOMIIOHEHTa MPOCIOUKH — OJIMTOMEPHOTO «BOPCa», CHOPMUPOBAHHOTO OJlarojaps
a71copOLIMOHHOMY B3aUMOJICHCTBUIO MOJIEKYJIIPHBIX TUMEPOB C aKTUBHBIMU LIEHTpa-
MU TOAJIOKEK. B HacrosimeM cooOLIeHNH NpeACTaBIEHbl Pe3yJbTaThl peosioruye-
CKHX MCCIIEI0BaHUHN B U30TEPMUYECKOM pEXHUME (IIpU KOMHATHOW TEMIEpaType).

Ha puc. 4 npencrasneHa 3aBucuMocTb 3((HEeKTUBHON (M3MEPSIEMON B AKCIIEPU-
MEHTE) BA3KOCTH Ipocioek ounomaciaPMO pa3ianuHoil TONUMHBI OT CKOPOCTH Je-
¢opmanuu y. Kak BUIHO M3 MPEACTAaBIEHHOIO PUCYHKA ¢ POCTOM CKOpOCTH Aedop-
Mallid TPOUCXOJUT «CPE3aHHE» MPHUCTEHHOrO CJIOA B pe3yJbTaTe 4Yero BeIWYMHa
¢ dexTuBHON Bs3KocTU Manaer. OgHOBpEeMEHHO 3(P(EKTHUBHAS BSI3KOCTh YOBIBAET,
MpUOJINKaAsACh K 00bEMHOMY 3HAUYEHHMIO, IIPU YBEJIMYEHUHN TOJIIHMHBI POCIOUKH, IO-
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Puc.4. 3aBucumocts 3pPexkTUBHON BA3- .

KOCTH TIPOCTIOCK OMOMACTA DPA3THIHBIX Puc. 5. 3aBUCHMOCTH OTHOCUTEIILHON BSI3KOCTHU
tommmn d, mxm(l — 1.48; 2 — 3.0; 3 — npociioek ouomacina PMO ot ckopocTu caBura.
TonmuHBl MPOCIOEK I KaX0i U3 4 KPUBBIX
aHAJIOTUYHBI TpeAbplayleMy pucyHky. ITpu-
XOBBIE€ JIMHUHM COOTBETCTBYIOT TPEHJaM 3aBH-
CHUMOCTEH

6.5; 4 — 12.0) oT CKOpPOCTHU CIIBUT'OBOM
nedopmanMd Yy B CTAJIbHOW JUHAMHYE-
ckou Tpuane TpeHud. LlTpuxossie nu-
HUU COOTBETCTBYIOT TPEHJIaM 3aBUCHU-
MOCTEH, a MITPUXIYHKTUPHAS — OOBEM-
HOW BSA3KOCTH Ipernapara

CKOJIbKY B IIPOILIECCE €€ YTOJILEHUS YBEIMYMBAETCS JIOJISI M30TPOIHONM OOBEMHOM
KUIAKOCTH, KOTOpask pacrlojoKeHa B LIEHTPAJIbHOM 4acTu ee.

Ha puc. 4 npencrasnensl rpadMku 3aBUCUMOCTH OTHOCUTENIBHOU 3 (PEeKTUBHOM
Bsi3kocTH Ouomacia PMO ot ckopoctu nedopmariuu sl pa3iMuHbIX TOJIIHUH TPO-
CJIO€K B IMHAMUYECKOU TpHaJle TPEHUs. DKCTPANOJALMSI TPEHIOB IKCICPUMEHTAIb-
HBIX 3aBUCUMOCTEH MO3BOJISIIA ONPEACIUTD MPeAeNibHbIE (MAaKCUMAJIbHBIC) 3HAUCHUS
3(hGEKTUBHOI BSIBKOCTH 1, , KOTOPBIE 3aBUCENH TOIBKO OT TOJIIMHBI POCTIOUKH d.

B cooTtBercTBUM ¢ pa3BuToi B [16] ruapoaMHAMUYECKOW MOJEIBI 3aBHCUMO-
CTU  OTHOCUTEIBHOM  BSA3KOCTM  OT  OOpaTHOM  TOJNUIMHBI  IMPOCIOMKH
Ny / Negr =/ (1/d) ABISETCA MMHEHHOM (HO C Pa3HBIM yIJIOBBIM KO3(D(GUIHEHTOM B
pa3IMyYHBIX JMalna3oHax TOJIIMH Hpocioek). Ha puc. 6 mpuBeneHa naHHas 3Kcepu-
MEHTaJlbHas 3aBUCUMOCTb 11 Ouomacna PMO mnpu KoOMHaTHOW TeMIieparype
(r=20°C).
Ha annmpokcumupyromiei 3aBUCUMOCTH HAaOIIOAA0TCs ABE TOYKH H3noMa. Ka-
&KJask U3 HUX COOTBETCTBYET IMPEBPALIEHUIO TeTepoda3sHOM MPOCIONKA B FOMOIEH-
Hyt0. B mepBoii Touke, 17 TONMMHBL d =2d|),, B IEHTPE MPOCIONKNA UCUE3AET M30-
TPONHAsA )KUAKOCTh U Y KaXJI0M U3 OTPAHUYMBAIOIINX IMOJJIOKEK CYLIECTBYIOT HE IIe-
pekpbiThie DXKK cnou. Jly11 BTOpoi TOUKK NpH TOJIIUHE €€ d = d; C’KaTue MPUBEIIO
K niepekpbiThio 1ByX KK crnoeB. Abciuucca BTOpoi TOUKH u3jioMa rpaduka Ha puc.
4 TmNO3BOJAECT ONPENECIWUTh 3HAYECHHE pPaBHOBECHOM TonummHbl J)XKK crnos —
d,, =(1/0.44)~(2.38+0.2), 9TO MPAKTHIECKU COBIALACT C PE3YIbTATOM HaMICHHBIM

OIITHYCCKHUM MCTOAOM.
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Puc. 6. 3aBucuMOoCTb NpeAeIbHON OTHOCUTEIBHOMN BA3KOCTH MIPOCIOUKHI
6uomacia PMO ot oOpaTHo# ee TonmuHbl. TemnepaTypa — KOMHATHAs.

BoiBoabl. Pesynbrarel nccnenopanus DKK cioes 6momacia PMO mokasbiBa-
10T, YTO OHU 00JIaJIaf0T OOJIBIION MPOTSHKEHHOCTHIO U BHICOKOW CTEIICHBIO YIIOPSII0-
YEHHOCTH, YTO MO3BOJIAET 3 (DEKTUBHO UCIIOIB30BaTh UX B KAU€CTBE CMAa3bIBAOIICTO
Matepuaja B napax TpeHus. CieayeT mosaraTh, YTO HMOBBIIIEHHBIC 3HAUYCHUS CTPYK-
TypHbIX TTapameTpoB DXKK ciosi cpaBHUTENIBHO C YTIIEBOAOPOIaAMHU TOMOJIOTUYECKOTO
pslla HENpeAeNIbHBIX 7-aJKaHOB, KOTOpPBIE CIIy’aT OCHOBOW COBPEMEHHBIX MUHE-
paJbHBIX Maces, 00YCJIOBJICHBI BHICOKUM COJEPKaHUEM OJICMHOBOM KHUCIIOTHI B 3TOM
COCMHEHUU. ITU MapamMeTpbl 00€CIIEUNBAIOT BHICOKYIO BEIMUUHY «MACIISTHUCTOCTH
JTAHHOTO COEJMHEHMS, T.€. CIIOCOOHOCTh CO3/1aBaTh HA KOHTAKTUPYIONIUX MOBEPXHO-
CTSAX pa3JeIUTEIbHYIO IUNICHKY TpeOyeMol B peKrUMax TPaHUYHOTO TPEHHS IIPOUYHO-
CTU. YOBJIETBOPUTEIbHBIE 3HAUYECHUS IIJIOTHOCTH M TMOKa3aTessl BA3KOCTU CMa3bl-
Barolell MPOCIIONKKM Ha ocHOBe Omomacia PMO Taxxke o0ycCaBIMBaIOT BO3MOXK-
HOCTb MCIIOJIb30BaHUA €€ B MIPAKTUUECKUX LIeNsIX. BMecTe ¢ TeM, OTCYTCTBUE JIaHHBIX
0 TeMIIEPaTypPHOH 3aBUCUMOCTH (DHM3HUYCCKUX XaPAKTEPUCTUK HCCICAYEMBIX MaTe-
pHaJioB — B MEPBYIO OYEPEIb MHJIEKCA BSI3KOCTH (OTHOCHUTEILHOW BEJIWYUHBI, ITOKa-
3BIBAIOIICH CTEIIEHbh M3MEHEHHUsI BSI3KOCTH Macila B 3aBUCHMOCTH OT TeMIIepaTyphl), a
TaKke HHGHOPMAIIUK TT0 TEPMOOKHUCIUTEIHFHON CTaOMIBHOCTH(YCTOMYUBOCTH K OKHC-
JICHUIO TIPM HarpeBe 10 MaKCHMAaJbHBIX pabOYMX TEeMIIEpaTyp) HE Jal0T MOKa BO3-
MOYXHOCTH JaTh OJHO3HAYHbIE PEKOMEHJAIMHU 0 MPAKTUYECKOMY HMCIOJIb30BAHUIO
JTAHHOT'O COEIMHEHUS U TPEOYIOT MPOBEACHUS TaIbHEUIIINX UCCIIeI0BAHU.
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Ilonoscekuit O. 1O., Anmoi3 b. A., Bymenko O. @., Koniiika O.K.,
Laurencas Raslavicius
ExcnuryaraniiiHi XapaKTepucTHKE HOBUX MACTWIBHMX MaTepiaJiiB
0i0JIOTiYHOI0 MOXOIKEHHSA

AHOTALIA

B pobomi oocniooceno xapaxmepucmuxu smawyiouux HAOMOHKUX NPOWAPKIE OI00oauU6U
PMO sucomoenenux 3 npubepescnux mikpogodopocmeti P.Moriformis. Oouicio 3
HAUGANCHIWUX SAKOCMEU ONUBU € il MACAAHUCMICMb, 3MAWYBAHICMb HEl0 N08epXeHb nap
mepms. Bona cnpusie popmyeannio Ha 0CmMaHHix HeobXiOHOW Oisi HAOIUHOI pobomu mpiaou
mepms CMIUKOI po30iN060i NII6KU — NOBEPXHEBOM) WAPY MOAEKVI 3 OPIEHMAYIUHOW
8NOPAOKOBAHICMIO 3 MIYHICMIO, AKA HEOOXIOHA Y pedcumax epanuyro2o mepms. CmpykmypHi
Xapakxmepucmuxku maxkux enimponto-piokokpucmaniynux (EPK) wapis € icmomuo eaxciu-
8UMU npU BUOOPI MacmunbHo2o mamepiany. Cmamuuna napa mepms 00CHI0HCY8ANACA 34 00-
NOMO2010 ONMUYHO20 MEMOOY BUMIDIOBANHHS OUXPOI3ZMY 0OMIUKOB020 No2IUHAHHA. Buseneno,
wWo eeruyunHa napamempy nopsaoky u pisnogaxcua moswuna EPK wapy PMO 3nauno euwe,
HIDIC Y Wapax anighamuynux 8yeneso0is, siki € 0CHOB0I0 O/l CYUACHUX MIHEPATbHUX macmui. Y
OUHAMIYHIL mpiadi mepms 00CHIONHCYBANUCL PEOIO2IUHI XAPAKMEPUCMUKU NPOUUAPKIE 1b020
wapy. 3 odepaicanux 3anexcHocmett eghekmugHozo Koeghiyicnmy 6 ‘sazkocmi npowapxy (3 EPK
wapamu) 8i0 memnepamypu ma weUOKOCMI 3CY8y y HbOMY, 6CMAHOGIEHI Yi JHC 3AeHCHOCI
onsi moswunu EPK wapy. Xapaxmepui cmpykmypui ocobausocmi EPK 6 npowapxax
OioonUBU NOB ‘AZVIOMbCA 3 0COOIUBOCIAMU DOPMYBAHHS MOLEKYIAPHUX ACOYIAmiE 01eiH08ol
KUCTIOMU, AKA € 20I08HOI0 CKAAO080I0 YACMKOI OI00IUBU.

210



dizuka aepoaucrepcHux cucrem. —2021. — Ne 59. — C.201-211

Popovskii A. Yu., Altoiz B. A., Butenko A. F., Kopeyka A.K., Laurencas Raslavicius
Operational characteristics of new biological lubricants

SUMMARY

The lubricating characteristics of ultrathin interlayers of bio-oil RMO made from coastal
algae P.Moriformis are investigated in this work. One of the most important qualities of the
oil is its lubricity of the friction surfaces. It determines the possibility of formation of a stable
separating film between contact surfaces, with orientational ordering in wall adjacent layers,
with the strength value required in the boundary friction regime. The structural characteristics
of such epitropic-liquid crystal (ELC) layers are essential when choosing a lubricant. Static
friction pair was studied by the optical method of admixtured absorption dichroism. It was
found that the value of the order parameter of ELC layer and its equilibrium thickness are
much higher in compare with the layers of aliphatic hydrocarbons, which are the basis of
modern mineral lubricants. The rheological characteristics of ultrathin interlayers were stud-
ied in a dynamic triad of friction. Processing of the effective viscosity coefficient dependence
on the shear rate, interlayer thickness and temperature allowed us to estimate the value of
equilibrium thickness of the ELC layer, which coincides with the results of optical measure-
ments. The marked structural peculiarities of the ELC in the biooil interlayers are conditioned
with the formation of molecular associates of oleic acid, which is the main component of
studied oil.
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JIUCTH B PEJAKIIIO

VBaxxaemas Pemaknus OAC!

B Tekymiem Beimycke Bamiero sxypHasia ormyOnnkoBaHa ctathsi Porankosa u nip.
[1]. B Heil cnenana MonbITKa BHEAPUTH B HAYYHBIA OOMXOJ MPEACTaBICHUE O HEKO-
eii“non-Gibbsian phase” ¢ nomompio“‘methodology based on the concept of a con-
gruent vapor-liquid diagram” (C. 50-51 [1]). B pe3ynbpTaTe mpumMeHeHUs 3TOM «Me-
TOAOJIOTUW» U3 CTATUCTUYECKON (QU3UKU TeKy4duX cpell ((pIrou0B) B MHTEPIIPETAIIUU
[1]«u3rHan» psig 4ETKO YCTAHOBJICHHBIX HA AKCIIEpUMEHTe noHaTuil. Cpeau HUX: oJi-
HOPOJIHBIE KUAKOCTh U ra3 (pas3nenéHHble MEHHUCKOM), METACTa0MIbHBIE MTeperpeTast
KUAKOCTh U MEPEOXJIAXKAEHHBIA Nap, KpUBask CIMHOJAIN, OTpaHUYMBAIOLIAsl 001acTh
a0COJIIOTHOM HEYCTOMYMBOCTH OJHOPOIJHOTO COCTOSIHMSA Ha (ha30BOM JuarpaMme
dbmronaa (cM., Hatipumep, §83 upuc. 18 u3 kuuru [2]). Bmecto sToro B [1] npenbss-
nsietcst Tak HazwbiBaeMast “‘the fluctuational thermodynamics®, xotopas rejects com-
pletely the classical WMG-concept” (T.e. noaHocmvblo omeepeaem KlaCCUYecKyio
KoHyenyuto éan dep Baanvca—Maxcseenna—Iuboca, c. 51 [1].

[lenp »TOrO MUCHhMa — MOKa3aTh, YTO BCE MEPEUMCIICHHBIE (M HE TOJBKO) «OT-
KpbITUs» [1] OCHOBaHBI Ha TpyOeiilieM HapyIIEHUU HE3bIOJIEMOTO MpaBuUiia JKU3HE-
criocobHoro uccienoBanus. CyTb 3TOTo mpaBmiia: 0oJjiee COBEPLICHHOE MMOCTPOCHUE
(3aech — ypaBHEHHE, TEOPUsI) TOJKHO COAEpKaTh B ce0e KaK YacTHBIN citydail Oonee
IIPOCTOE, MHOTOKPATHO MIPOBEPEHHOE (YTO COOJIOAETCS M B KBAHTOBOM MEXaHUKE, U
B TEOPUHM OTHOCUTEJILHOCTH IO OTHOIIEHUIO K MexaHuke HptoToHa). OgHako B [1]
ATO MPABWJIO UTHOPUPYETCS, HaunHasi OyKBaJIbHO ¢ ypaBHeHuUs (1), KoTopoe He Gvi-
oepacueaem TiepexoJa K CiIydaro HJeajJbHOro rasa (Masuble mioTHocTH p—0) mpu
nooom 3aaueHnn c 1) # 0 (cM. Taxxke (2)). DTO 03HAYAET, YTO, IPUIABast IAPAMETPY
cAT) «myorcHyr0» BEIWHYUHY, MOXKHO IIOINYYHTh 6c€, umo yeoono! daxkTudecku, 1o-
CJIEIHUM OOCTOSITEIbCTBOM U MOJIb3YIOTCSL aBTOPHI [1], O€3HaNEXKHO MBITAACH «YCO-
BEpPUICHCTBOBATh» TEOpHUIO cpeaHero moisa (yero crout Fig. 3bc eospacmarower
nyHKkTupHOUM KpuBoit!). [lomyTHO 3aMeuy, yTO ypaBHeHHE BaH Jep Baanbca (4), pa-
3yMeeTCs, CBOJUTCS K YPaBHEHUIO UACAIBHOIO Ta3a npu p—0 (Kak ¥ UUTUPOBAHHOE
B [1] ypaBHenue (13)). bonee Toro, 3TuM CBOMCTBOM 00J1aJIa€T U BUPHAIBHOE Pa3Jio-
xkenue (cMm. [2], §75), u Teopust boromo6osa (bBI'KI).

B 3akimroueHue — HECKOJIBKO CJIIOB O MOEH BBIHYKIEHHOU NMPUYACTHOCTH K XJIO-
noraM BOKpyT [1]. B konue 2020-ro rona Penakius ®AC nonpocuiia MeHs AaTh pe-
LIEH3MI0 Ha 00cyX/aeMyto cTaTtbio. BoT nocnoBHO MoE 3akimtoueHue: «Takum oOpa-
30M, IPUBEJIEHHBIE B CTAaTh€ PE3YJbTaThl SBISAIOTCA, MO CYTH, CIEACTBHEM HEKOp-
PEKTHOTO JOIYIIEHHA O HEHYJIEBOM 3HaueHMH BesmuuHbl ¢ T). IloaToMy B HbIHEI-
HEM BHUJE CTaThs HE MOAXoauT s myosukanuu B @AC. OgHako MOXKHO MPeEio-
’KATh aBTOPAaM y4eCTb yCloBHE ¢(1)=0... B IEpeCMOTPEHHOM BapuaHTe padoTsl. Ec-
JIM aBTOPBI MOXKENAIOT MepepadoTaTh CTAThIO C YUYETOM BBIIENPUBEAEHHBIX TYHKTOB,
s TOTOB MOBTOPHO €€ npopeneH3uposaTth. K coxanenuro, aBTopsl [1] «ue noowcena-
JIu», HACTOSIB HA MyOJUKALMK Oe3 ucnpasieHuti. B cBOX odepe.b, s OCTaBUI 32 CO-
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Ooli MpaBo BHICKA3aTh CBOE MHEHNE OTHOCHUTEIIHO PE3YJIbTATOB [ 1], 4TO U NpUBEINO K
IIOSIBJICHUIO JAaHHOTO nucbMa. Ha 3Tom 3aBepiunaro ¢cBo€ ydactue B qucnyre ¢ Poras-
KOBBIM U JIp. (MX BO3MOYKHbIE€ KOHTPApryMEHTbl MHE M3BECTHBIU3 MEPENUCKH, a UX
MO3ULUIO CUUTAIO TPOUTPHIIIHON).

1. Rogankov V. B., Shvets M. V., Rogankov O. V. Mesoscopic metastable liquid in
congruent vapor-liquid diagram of argon from about zero up to Boyle’s tem-
perature (Review of FT-model)// ®u3uka aspoaucnepcubix cuctem. — 2021. —
Ne 59. — C. 49-78.

2. Jlawoay JI. JI., Jlugpwuy E.M. Cratuctuueckas ¢usuka. — U.1. —M.: Hayka,
1976. — 584 c.
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OTBeT peneH3eHTy
ctatbu ‘“‘Mesoscopic metastable liquid in congruent vapor-liquid diagram of argon
from about zero up to Boyle’s temperature (Review of FT-model)” ABropsi: Poran-
koB B.b., [lIserr M.B., Porankos O.B., onybnukoBannoii B ®AC-2021-Ne59-c. 49-
78.

VYBaxaemasa Penakuns @AC!

HenaBusis 6ecena ¢ perieH3eHTOM boHIapeBbIM, Kak U MpeabIAyIias epenucka,
B KOTOPOM €ro aprymeHTalusi CBOJIUIIACh K TE€3UCY TUIA «ITOr0 HE MOXKET OBITh MO-
TOMY, YTO ATOTO HE MOXXET OBITh HUKOTJIa» yOeauna MeHs B a0COTIOTHOM HEBO3MOXK-
HOCTH JajbHEHIIeH ¢ HUM JUCKycCUU. B 3amanbumBOCTH yOEKIEHHOTO CTOPOHHUKA
KOHIIENIMNA CMUHOJATU — OMHOJANIN U JBYX pa3feiCHHBIX MEHUCKOM OECKOHEYHO-
OOJIBIIIUX OJHOPOJHBIX (ha3, a TaKKE UX OJHOPOJHBIX METACTaOUJIbHBIX MPOAOJIKE-
HUHN B 00J1aCTh COCYIIECTBOBAHUS PEIICH3ECHT JIYKABUT, TOBOPS O, IKOOBI, «A3THAHU
ATUX MOHATUN U3 Halllel paboThl, HE 3aMeyasi, HalpuMep, €€ Ha3BaHUs.

TepMUH Me30CKONMMYHOCTH O3HAYAET, YTO PEYb HUJIET O XapaKTEPHBIX JIMHEH-
HbIX HaHOMacumTa6ax or 10°m mo 10w, rae nposiBenre AUCKPETHOCTH B KOHeY-
HBIX 00bEMaX, KOHEYHOI'0 YKCIIa YaCTHUI] ME€30-CUCTEM, HAJICIICHHBIX YK€ TETUIOBbI-
MU KOJUIEKTUBHBIMU CBOWCTBAaMHU 3HTPOIIMH, BO3MOKHO, SIBJISIETCS OMPEACIISAIONIUM.
B Me30-ycnoBUAX CTaHOBSATCS MPUMEHHUMBIMHU TUAPO- U Ta30JAMHAMUYECKUE 3aKOHBI
OajlaHca Macchbl, UMITyJIbCa U BHYTPEHHEH 3HEPIHH, KOTOPbIE KIAaCCUYECKas CTaTH-
CTUYECKasi MEXaHUKa MHTEPIPETUPYET C TOMOIIBI0O OECKOHEUHOMN 1eNOYKN (HYHKIUI
pacripeneneHus, kak 3To oocyxmaaercs B padore H.H. boromto6osa 1946 r. «Ilpo-
0JIeMbl TUHAMUYECKON TEOpHUH...». Hu 0AHO U3 Ipyrux BO3MOMKHBIX aHATUTHYECKUX
PA3JIOKEHUN B JlyXe TEOPHM BO3MYIICHHUM, BKJIIOYas BUPHAIBHBIA PAX Ul paspe-
YKEHHBIX TA30B C MaJIbIM MTapaMeTPOM IUIOTHOCTH HE PEIIaeT, K COXKAJICHUI0, HyKJIea-
[MOHHYIO TPOOJEMYy YCJIOBUN TMEPKOJSIIIUOHHOW H30TEPMUYECKON MEPECTPONUKH
CTPYKTYPBI )KHJIKOCTH B CTPYKTYpY Mapa (T.e. mapooOpa3oBaHusi) U, 00OpaTHO, CTPYK-
TYpBbI Ta3a B CTPYKTYPY HACBHIIICHHON MapOM KHUIKOCTH (T.€. KOHJEHCAIUHN) C y4ETOM
ee rio0aiabHOM accuMeTpuu. M3BECTHO, YTO CpeIHEe-ToJIeBasi KOHIIETIUS OJHOPO/-
HOI ¢ha3bl IO pacrpeiesieHuI0 B 00beMe 000 U3 TUCKPETHBIX MEPEMEHHBIX: Mac-
Chbl, YMCJIa YACTHI], YUCJIA MOHOB, ... HEU30EKHO MPUBOIUT K U30TEPME BaH-IEP-
BaanbscoBa tuna. OHa yHHUBEPCAJIbHO 3aBUCUT B IIPUBEICHHBIX MTEPEMEHHBIX OT BbI-
OpaHHON (hOpMBI MaKPOCKOMUUYECKOTO YPABHEHUSI COCTOSIHUS JJIsl ONMHCAHUS KJIAC-
CHYECKON KPUTUYECKOM TOUYKH.

Ee HecoBmanenue ¢ aeficTBUTENbHOM, ONpeaeJsieMoil IKCIEePUMEHTAIbHO,
KPUTHYECKON TOYKOM paccmarpuBaercs B OT-monenu kak mposiBIEHUE ME30CKO-
MMUYHOCTU . B OCHOBE JICKUT MOJETUPYEMI MOTECHIIMAJIOM MEXaHU3M MapHBIX MHK-
POCKOIUYECKUX B3aUMOJICHCTBUI YaCTHUI[ HCCIETyEMbIN, HAlpUMeEp, YUCICHHBIMU
M- nin MC- cumynsauusiMA TUHAMUKHA U CTAaTUCTUKH CUCTEMBI. B paMkax teopuu
noaobust copMynupoBaHHON BaH-Iep-BaanbcoM U pacmpocTpaHEHHOW MHOTUMHU
JIPYTUMH, B YaCTHOCTH, aBTOPMau MacIITaOHON TEOpPUH Ha HEKJIaccuueckuil opma-
JU3M CKEWJIMHIa B OKPECTHOCTU 3TOM peajlbHOM KPUTHUYECKON TOYKH, YCTAaHOBIICH-
HBIM (PaKTOM CIIEyeT CUUTATh MACUMAOHYIO YHUBEPCAIbHOCMb U CAMON0000uUe -
HaMHYECKOM 3BOJIIOIIMU CUCTEMBI K COCTOSIHUIO JIOKAJIBHOTO paBHOBecHs. B aToM Me-

214



dizuka aepoaucnepcHux cucrem. —2021. — Ne 59. — C.214-215

30CKOMHUYECKOM KOHTEKCTE, YCIOBUSI METACTaOUIbHOCTH, KaK MPOSBIEHUE OJHOPOI-
HOCTH MPOJOHKEHHOW Makpodasbl raza U/Wiu KUJIKOCTH, TPEOYIOT, KaK JI0Ka3aHO B
OT- moxaenu, npuHIKNUATBEHON MoauuKauu. OHa OblIa MpeAJiokKeHa ¢ TOMOIIBIO
HOBOM KOHLENIMU IeTePOreHHOoN mapoBoil mHTep@asbl, paccCMaTpuBacMoO B CTa-
ThE.

PeniensenT ommbaercs, roBOps O MPOU3BOJIBHOCTH BBeaeHHOW GyHKIuU c(7).
Ona TO4HO, HO OTAENBHO JUIs Kaxaou u3 (a3, onpenenserca OT-nmpeobdpa3zoBaHnueM
TpeX IKCIePUMEHTAJbLHO-HAMIEHHBIX, a HE MTPEICKA3aHHbIX B paMKax OMHOJAIIU U
KJIACCUYECKOM KPUTUYECKON TOYKH, (QYHKUMSIMH JIABJICHUS HACBIIIEHHOIO Mapa H
IBYX OpTOOapUYecKuX IUIOTHOCTEH. TONbKO Mpu NMpUOIMKEHUU K TPOMHOM TOUKe
c(T)-3naueHus 1Jid )KUJIKOCTU U Mapa aCUMIITOTHYECKU CTPEMSTCS K HYJIIO, YTO O3Ha-
4aeT IMPEAENbHbIN HU3KO-TEMIIEPATYPHBIM MEPEXO] K BaH-Aep-BaambcoBon, a HE K
(bUKTUBHOM B 00JACTH COCYIIECTBOBAHUS UJI€AJIbHO-Ta30BOM (hopMe ypaBHEHHS CO-
cTosiHUA. MoJienb UIeallbHOTO Ta3a JBWKYUIUXCS MATEPUAIBHBIX TOYEK IPHU MOCTY-
JUPYEMOM OTCYTCTBHM UX B3aWMOJICHCTBUS HEe MOKET HCIO0JIb30BaThCS ISl ONU-
CAHUSl CKOJIb-YTOJIHO Ppa3pe:xkeHHoii ¢a3pl (Iaxxe B 00jacTu CcyOnaumaluu-
JecyoMMaIiy, HalpyuMep), ecJid OHA PABHOBECHA ¢ KOHAeHCHPOBaHHOIi (a3oid.

[IpuMeHeHne K UCXOJHOMY CPEJIHE-II0JIEBOMY €IMHOMY YPaBHEHHIO COCTOSIHUS
BaHH-JIep-Baansca temnepatypHoit nomnpaBku (1-c(7)) NpUBOIUT ¢ y4E€TOM JIBYX HY-
JIEBBIX U30TEPMUYECKUX MPOU3BOJHBIX K CIEIYIOIIEMY TOYHOMY 3HAUYEHUIO B peallb-
HOM KPUTHYECKON TOUKE: 1-¢,=Z/Z.°. Ero moicraHoBka c yuetom: Z.=Pv./kgT,,
v=1/p=V./N, n BB 3Hauenus Z, =3/8 naeT XOpOLIO H3BECTHYIO IPHBEICHHYIO
(dbopMy TEOpUHU KIACCUYECKOTO MOJ00MS razoB, 0e3 KaKMX-JIM00 W3MEHEHHil, BbI-
3BaHHBIX TAKMM BBeJeHHEM TpeThero (IyKTyauMoOHHOro mapamerpa. limeHHo
MoI00Hasi MHBAPUAHTHOCTh OIKCAaHUSI Ta30BOM BETBH KPUBOW COCYIECTBOBAHMS
IIPUBEIIA, B JAJIBHEUIIEM, K METOJNOJIOTUM KOHI'PYIHTHOM (a30BOM JAUHArpaMMbl,
MpUHUMaeMOl B 00JIaCTH HaHOMacIITaO0oB. be3ycrnelniHbie MONBITKH OOBSICHUTH pe-
[IEH3CHTY HAJIMYUE TMEPEUYHUCIICHHbIX (DaKTOB, OMUPAIOIIUXCS HAa HAuOOJIEe TOYHBIM
NByX(a3HbIN HKCIIEPUMEHT, ITPUBEJIO K HAIIIEMY JKEJIAHUIO OMMyOJIMKOBATh CTaThio 0€3
KaKUX-JIM00, HECBOWCTBEHHBIM Pa3BUTOMY MOJIXOJly, MCIPABICHUN, TUIA TIpeJia-
raemoro penensenToM c,(7)=0.

Haneemcst, uto o0cyxieHue 3aTPOHYTHIX 3€Ch IpoOsieM OyleT UHTEPECHO NS
yutarenein PAC. bnarogapum Penakiuio 3a BO3MOKHOCTh O3HAKOMUTHCS C MUCbMOM
PELEH3EHTa U OTBETUTD EMY.

B.b. Porankos, 1-p pu3z-mat. Hayk
HUU dpuzukun OHY um. N.1. Meunukosa
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TITPABWUJIA JUIS1 ABTOPIB CTATEN

1. V naykoBomy 30ipHHUKY TyOIIKYIOTbCSA CTATTl 3 OPUTIHAIIBHUMHU Pe3yJibTaTaMu HAaYyKO-
BUX JIOCII/IPKEHb 3 TEMAaTUKH:

— BHIApOBYBaHHS, KOHJCHCAIlIS, KOATyJISIlis 1 eJeKTpUYHA 3apsaKka aepo30IiB, MeXa-
HI3MH iX YTBOpPEHHS 1 IEPEHOCY;

— TOPiHHS aePOJUCTICPCHUX CUCTEM;

— TEIUIOMAacOOOMIH 1 Ta30AMHAMIYHI SIBUIA B AUCIEPCHUX CHUCTEMax Mpu (Pa3oBHX i
XIMIYHUX TIEPETBOPCHHSX;

— HU3BKOTEMIIEpaTypHA IJIa3Ma 3 KOHJICHCOBAHOO IUCIIEPCHOIO (ha30io.

2. CtatTi 3 pe3yiabTataM JOCIIIKEHb, BAKOHAHUMH B OpTraHi3allisxX, MOJalThCA 3 J0-
3BOJIOM IIi€1 opraHizailii Ha myOJIiKaIliio 1 CYIPOBITHUM JIUCTOM. PyKOmHC MiANMUCYETHCS aB-
topamu (aBTOpoMm). Ha oxpeMoMy JuCTI HEOOXiqHO BKa3aTH Mpi3BHINE, iM's, 1T0 OATHKOBI,
MicLe poOOTH, TOCATy, KOHTAKTHI TeseOoHU 1 aapecu (eeKTPOHHUM 1 MOIITOBUIA).

3. TekcT cTaTeil MPeACTaBISETHCA B IBOX €K3EMILUIApax Ha yKpaiHChKid, pOCIMChKii abo
AHTIIMCHKIM MOBI 3 JJBOMa aHOTAIlIIMH Ha JIBOX (3 TPhOX BKa3aHMX) MOBAaX, BIIMIHHHX Bij
MOBH OpHUTIHAIYy CTATTi 1 €JIEKTPOHHUM (aiijoM Ha eICKTPOHHY aapecy penakmii. Daiin
cTBOproeThes B Word 1 MOBMHEH MICTUTH TEKCT CTATTi, aHOTaIlilo 1 pucyHku. Ha3zBa dainy
YTBOPIOETHCA BiJI MPI3BUILA MIEPILIOTO aBTOPA.

4. CraTTi NIpOXOASTh HAYKOBE PEIIEH3YBaHHS. Y pa3i HEraTHUBHOI pPeleH3li CTaTTs Mpucu-
JIAETHCS HA JTOOTMPAIFOBaHHS a00 BIIXUIISETHCA.

Od¢opmuenns crarri
Marepian cTaTTi HOBUHEH OyTH BUKJIAJICHUHA B TaKii IMOCIIJOBHOCTI:

1) nomep V/IK;

2) iHIL1ay 1 Ipi3BUILIA aBTOPIB;

3) Ha3Ba opranizaiii (i), mo npeactasise (FOTh) CTATTIO (SKIIO OpraHi3aiiil OuIbIIe,
HDK OJTHA, IMICJISA TPi3BHINA KOKHOTO aBTOpPa CTaBUThCS 3HAK BUHOCKH (1, 2 1 T. 11.), @ HUXKYE
YKa3yIThCS BC1 opraHizallii, Ha3BU MICT, €JIEKTPOHHA ITOIITa OJTHOTO 3 aBTOPIB;

4) Ha3Ba CTATTI;

5) aHOTAaIS;

6) TEKCT CTaTTI;

7) nmitepatypa;

8) aHoTarii Ha 2-X 3TraJlaHUX BHIIE MOBAaxX, BIAMIHHHUX BiJl MOBH OpHUTIHAJy CTaTTi, 3
MpI3BUILAMH 1 1HIIIaJJaMH1 aBTOPIB 1 HA3BOIO CTATTI.

O06'eM cTatTTi, BKIIOYAIOYH PUCYHKH, JITEPATYPY, aHOTALlli, HE IOBUHEH MEPEBUIIYBATH
10 cTopiHOK TEKCTY, HAIPYKOBAHOT'O Ha KOMIT OTepi uepe3 1 iHTepBan (3 po3mipom OykB 14
pt). ITomst: miBe — 20 mm, mipaBe 20 MM, BBepxy 20 MM, BHU3Yy 20 MM. Ha3pa craTTi, nipi3Bu-
1a aBTOPIB 1 Ha3Ba OpraHizauiil ApyKyrTbcs OykBamu, po3mipoM 14 pt 3 MIKPSIKOBOIO Bi-
nctannio Mix Y/IK, Ha3Boro cTarTi 1 mpi3BUILIaMu aBTOpiB 1.5 iHTEpBamy.

AHoTaii: KoXHa MyOJTiKaIlis He aHTJIiHCHKOK MOBOIO CYITPOBO/KYETHCS AHOTAIIEI0
aHIJIiliCbK0I0 MOBOIO 00csiroM He MeHII siK 1800 3HaKIB, BKIIFOYAIOYN KIIIOYO0BI1 ciioBa. Ko-
KHa IyOJTiKaIlisl He YKPaiHChbKOI0 MOBOIO CYIIPOBOJIKYETHCS TaKOX AHOTALIEI YKpaiH-
CbKOI0 MOBOIO 00csarom He MeHI siK 1800 3HaKiB, BKIIOYAIOUYH KIIIOYOBI1 CJIOBA.

Dopmyau: Habuparorbcs mpudrom po3mipy 14 mynkrie. Posmipu Gpopmyn ogHakoBi
1o BCboMy TeKcTy. CIijJi yHUKaTH 1HAEKCIB Y 1HJIEKCIB 1 CTYINEHIB y CTYIEHIB. 3aCTOCOBY-
€ThCS CKpi3Ha HyMmeparis Gopmyi: (1), (2) 1 Tak mami. I'pernpki OyKBH Ta MO3HAYCHHS XiMiY-
HUX (opMYIT 3aBXKIU MpsMi. BekTopu 1 MaTpuill HaOUpaTH HAMBXKUPHUM TMPSIMHM IIpH Q-
TOM (CTpUIKa HaJl BEKTOPOM HE BUKOPHUCTOBYETHCS). [HAEKCH (JaTMHCBHKI OYKBHU) Y opMy-
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JaX HaOWPaIOThCS KYpPCHBOM, 32 BHHSTKOM CKOPOYEHB CIIB THIy min, max, eff, a Takox
HYJIsI, SIKi HabupaeTbes nmpssmMuM mpudToM. [Ipsmum mprudTom HabUparoThCsS TaKOX (PYyHK-
11i{, HaMPUKIIAI Sin 2x, COS ®f 1 TaK JaTi.

Ta6auui. Tabauii HyMepyIOTh TUIBKM B TOMY BHUIIAJIKY, SIKILO iX OublIe ojHi€ei. Biac-
Tyn 1o Tabauui 1 micis Hei — 2 iHTepBanu. [Ipu HeoOXiAHOCTI TaOIMIl MOXKYTh MaTH 3aro-
JIOBOK 1 IPUMITKY.

LmrocTpanii. [mrocTpaliii BUKOHYIOTBCS 1O X0y BUKJIAJIEHHS TEKCTY CTaTTI MO Mipi ix
3rajJiku B TEKCTI B pcx (opmarti abo iHIomy nomuperomy gpopmari. [1ix pucyHkom apyky-
€TbCsl BIANOBIAHUYN mianuc. Hanucu, mo yckiIaHIOTh CIPUHHATTS PUCYHKY, 3aMIHIOBATH
nrdpoBuMH a00 OYKBEHUMH MO3HAYCHHSMH 1 TIEPEHOCUTH B TEKCT CTaTTI a00 B MIAMKC i
pucyHkoM. Bci mo3HaueHHs Ha pUCYHKY ITOBHHHI BIJIIOBIJATH MO3HAYCHHIM B TekcTi. Hy-
Mepallilo KpUBUX Ha PUCYHKY BECTH 3BEpXY BHU3, 3J1iBa HampaBo. Po3Mip prcyHKa NOBUHEH
O0ytu He meHie 50x50 mm 1 He Oubiie 100x100 mMm.

Jlitepatypa. Ilicis TekcTy cTarTi yepes 2 IHTepBaIU IPYKYETHCS CIUCOK JIITepaTyp-
HUX JKepesl, BAKOPUCTOBYBAHMX B CTATTi, HA MOB1 OPHUTIHATY 3a 3pa3KOM:

Knurmn:

1. babuiu B.U., Kysaes FO.®. I'opeHre yroiabHON MBUIM U pacyeT MbUICYTOJBHOTO (a-
kena. — M.: Dueproaromusiar, 1986. — 206c¢.

2. OCHOBBI ITPAKTUYECKON Teopun ropeHus: yuebHoe nocodue ais By30B // B.B, Ilome-
panyes, K.M. Apeghves, /I.b. Axmemos u dop. // noxn pen. Ilomepanyesa. — J1.: Suep-
roaromusnar, 1986. — 312c.

Crartri:

a. Acnanos C.K., Koneiika I1./11. O0 0cOOEHHOCTSX MOJI€Iell IETOHALMOHHOTO CIIMHA B
pa3IMYHbIX roprouux cpenax. / dusuka aspoaucnepcHsix cucrem. — 1971. — Beim. 5.
—C.92-100.

b. @aopro A.B., 3onomxo A.H., Kamuncrkas H.B., [llesuyx B.I. CiekTpajabHbIe HCCIIC-
JOBaHMs TOpeHusl yacTulpl Maruus // dusuka ropenus u B3pbiBa. — 1982, — T.18,
Nel. - C.17-22.

c. Kanunuax B.B. TennomaccooOMeH W KMHETHMKAa XUMHUYECKHX PEAKIUN YTrIepOoIHON
yacTullel ¢ razamu // Bicauk Onecbk. nepx. yH-Ty. Cep.: ¢i3.-mart. Hayku. — 1999. —
T.4, pun..4. — C.12-16.

d. Zatovsky A.V., Zvelindovsky A.V. Hydrodynamic fluctuations of a liquid with aniso-
tropic molecules // Physica A. —2001. — V.298. — P. 237-254.

Te3u:

1. Cmpyuaes A.U., Cmpyuaee H.HM. OueHka cpeHEro pa3mepa >KUpPOBbIX IIAPUKOB T'O-
MOTEHU3HPOBAHHOTO MoOsoKa // JlucnepcHble cuctembl. XX Hay4yHasi KOH(epeHIus
ctpan CHI', 23-27 cent. 2002 r., Onecca, Ykpauna / Te3. gokn. — Onecca: AcTtpo-
mpuHT, 2002. — C.252-253.

2. Suslov A.V., Semenov K.I. Interaction of high-temperature monodispersed metal parti-
cles with gases / Abstr. Of 14™ Annual meeting of the American Association for
aerosol research. — Pittsburgh, USA. — 1995. — P.37.

AHOTaIlis, IepeIyroda TeKCTY CTaTTi, MUIIEThCS Ha MOBI CTATTI OJHUM ab3aIioMm, po-
3mipom OykB 12 pt, 06’emom 6—10 psigkiB. AHOTAIIIT HA THITUX MOBAaX JI0 TEKCTY CTATTI Ha-
JAIOThCS MICHS CHUCKY JiTepaTypu. AHOTaliSIM MepeayloTh Npi3BUIIA 1 1HIIAIK aBTOPIB 1
Ha3Ba crarti. [licns cinoa “AHOTALIA” a6o “SUMMARY™ 3 aG3ana IpyKyeTbCsi TEKCT
a”oTarii.
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RULES FOR AUTHORS
Focus and scope:

— evaporation, condensation, coagulation and electric charge of aerosols, mech-
anisms of their formation and transfer;

— combustion of aerodisperse systems;

— heat and mass transfer and gas-dynamic phenomena in dispersed systems with
phase and chemical transformations;

— low-temperature plasma with condensed disperse phase

Material of the article should be presented in the following sequence:

1) UDC number;

2) the initials and surnames of the authors;

3) the name of the organization (s) presenting the article (if there are more than

one organizations, each author's name is followed by a footnote (1, 2, etc.), and

below all organizations, cities names, electronic mail from one of the authors;

4) the title of the article;

5) abstract;

6) text of the article;

7) references;

8) annotations in the two above-mentioned languages, other than the original

language of the article, with the surnames and initials of the authors and the title

of the article.

The size of the article, including drawings, literature, annotations, should not
exceed 10 pages of text printed on the computer in 1 interval (with the size of let-
ters14 pt). Fields: left -20 mm, right20 mm, top20 mm, below 20 mm. The title of the
article, authors' surnames and the name of the organization are printed in letters of
size 14 pts on the line spacing between the UDC, the title of the article and the names
of the authors of the 1.5 interval.

Formulas: 14-point font size. The size of the formulas is the same throughout the
text. Indices in indices and power in power should be avoided. The sequential num-
bering of the formulas must be (1), (2), and so on. Greek letters and chemical formula
are always straightforward. Vectors and matrices are typed in half-bold (the arrow
above the vector is not used). Indices (Latin letters) are arranged in italics in formu-
las, with the exception of the words min, max, eff, as well as zero, which are typed in
plain text. Also, functions such as sin 2x, cos ot and so on are also typed in direct
font.

Tables. Tables are numbered only if thereis more than one. Indent to the table
and after it - 2 intervals. If necessary, the table may have a title and a note.

lllustrations. Illustrations must be presented in the text of the paper as they are
mentioned, in .pcx format or any common format. A corresponding signature must be
printedunder the drawing. Inscriptions that impede the perception of anillustration,
should be replaced by digital or letter symbols and transferred to the text of the article
or the signature under the figure. All designations in the drawing must correspond to
the designations in the text. The numbering of the curves in the figure is from the top

220



®diznka aepoaucnepcHux cucreM. —2021. — Ne 59. — C.214-215

down, from left to right. The size of the drawing should be not less than 50x50 mm
and not more than 100x100 mm.

References. After the text of the article, after 2 intervals, a list of references used
in the article, in the language of the original according to the model, is printed:

Books:

1. babuu B.U., Kysaeg IO.®. I'openure yrojbHOW MbUIM U PACUYET MbLICYTOJILHO-
ro ¢gakena. — M.: Dueproatomusnar, 1986. — 206c.

2. OCHOBBI MPAKTUYECKON TEOPUU FOpEeHUs: yueOHOoe rmocooue Jyist By30B // B.B,
llomepanyes, K.M. Apeghves, /|.b. Axmemos u op. // non pen. Ilomepannena. — JI.:
Oneproaromusnaar, 1986. —312c.

Articles:

1. Acnanoe C.K., Koneiika I1.1. O6 0COOEHHOCTSIX MOJAENEH I€TOHAMOHHOTO
CIIMHA B PA3JIMYHBIX TOPIOYUX cpenax. // Gusnka a’dpoaucnepcHbx cuctem. — 1971, —
Bpm. 5. — C.92-100.

2. @nopko A.B., 3onomxo A.H., Kamunckas H.B., [llesuyk B.I'. CnekTpajabHbIe
UCCJICIOBaHMS TOPEHUsI YacTUIlbl MarHus // dusnuka ropeHust u B3pbiBa. — 1982, —
T.18, Nel. - C.17-22.

3. Kanunuax B.B. TemomaccoOOMEH M KHHETHKAa XUMHYECKUX PEAKIIUUA yrJie-
poaHoit yactuilbl ¢ razamu // BichukOpecebk. nepx. yH-Ty. Cep.: (pi3.-Mart. HayKu. —
1999. — T4, Bun..4. — C.12-16.
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Abstracts:
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