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ITpoBemeHo u3yueHue HaGyxaHus in situ B CBEPXKPHTHYECKOM ABYOKHCH yriiepona 00pa3uos NOMMMETHII-
METaKpHiaTa U nonudyrunMerakpuiata. ITokasano, YTo npuMeHAeMas ONTHYECKAsA METONUKA Habmoxae-
HUA mpouecca cOpOLMM B CBEPXKPUTUYECKON Cpefie MO3BOMACT OMPENENATh 3HAYCHUA KO3 PHIHMEHTOR
mudgy3un MOJEKY ABYOKHCH yriepofa B 00pa3lax Kak U3 aHATH3a ABHXKECHUA ONTHYECCKHX TPAHMIL, TAK
H N0 KWHETHKE 00 BbEMHOro HaObyxanus. CenaHo NpefnookeH!e O KOHIEHTPALMOHHON 3aBHCHMOCTH KO-
agpuiprenToB fUdDy3uH B MOMHMETHIMETAKPIIIATE M MONMOYTHIIMETAKPUIIATE, MOKA3aHO, YTO NMpeJIo-
KEHHBIE MOJIeNH 00 BACHAIOT hopMHPOBaHIE B 06pa3iax ONTHYECKHX IPAHULI, HA0JII0NaeMBIX B IKCIIEPH-
meHTe. [IpoBefieH CpaBHHTENBHBINH AHANH3 3KCHEPHMEHTANBLHBIX JAHHBIX U PE3YIBTATOB KOMIBIOTEPHOr O
MO[ETMPOBAHUSA Tpoliecca copOuuu. MeTofaMi ONTHYECKOH MHKpOCKonuH (in situ) H aTOMHO-CHIOBOM
MHKPOCKOITHH (€X Situ) BU3yaNIH3HPOBaHO (GOPMHPOBaHHE MOP B 06pasiiax Mpu KecOpOLMH IBYOKHCH yTiie-
pofa A PasMYHbIX PEXKUMOB IKCIIO3MIHM H AeKoMIpeccHH. O6CyKAEHO BIHAHUE NNTACTHOHIHPYIOIETO

peiicrBus CO, Ha nporecc NOpooOpa3oBaHMA.

BBEJIEHHE

B nocnepgnee BpeMst IIMPUTCI HHTEPEC K HCCIENO-
BaHHIO [TOBEACHHUS MONUMEPOB PA3THYHBIX KJIACCOB B
CBEPXKPHTHYECKHUX CpefiaX, H 0COOEHHO B CBEPXKPH-
THYECKOI JBYOKUCH yriepoaa [1, 2]. 3To noBbILIeH-
HO€ BHUMAaHHE OOYCIIOBIEHO TEM, YTO CBEPXKPHTU-
yeckast CO, sBIsieTCS pacTBOPUTEIIEM MM MJIACTHU-
¢uKaTOpOM T4 LENOro psiia MOMHMEPOB, o6nanas
MPH 3TOM TAKUMH NPEUMYLIECTBAMH B CPaBHEHMH C
TPagMLHOHHBIMU PAaCTBOPUTENSAMH (MIacCTH(UKATO-

! pa6ora semonnesa npa ¢uHaHcoBO# mognepxkke Poccmiicko-
ro ¢oHpa (QyHAAMEHTAIbHbIX HCCHECAOBAHHHK (KOX TNPOEKTA
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pawm), KaK HH3Kas CTOHMOCTbD, IKOJOIHYCCKasA YuC-
TOTa, HCFOPIOYECTH U JIETKOCTH YAAJNCHMSA U3 TOJIH-
MEpa NociI€ NPOBEACHUA IPOLECCA.

Hapsny ¢ aTiM, HHTEpEC K JaHHOH CPEfE CBSA3aH C
BO3MOXHOCTBIO W3MEHEHUSI MOPGOIOrHYECKUX H
(pYHKUHMOHANBHEBIX CBOMCTB MOJIMMEPOB B pe3yibTa-
Te BLIAEPXKKHY UX B cBepxkputHyeckoit CO,, a Takke
CIIOCOGHOCTBIO MOCeAHEN IKCTPAarupOBaTh U3 MOJH-
MEpOB HM3KOMOJIEKYIISIPHBIE BEIIECTBA, B TOM YUCIE
BOJlY, OCTAaTOYHBIE PAaCTBOPHTEIH, MOHOMEPHI [3].
Kpome Toro, BecbMa NepCrnieKTHBHON NPENCTABISIETCS
BO3MOXHOCTb, BapbUpys [ABJICHHE U TEMIEPATYpPY
cBepxkpuTayeckoii CO, mpu IKCTO3MIUM U JEKOM-
npeccid, ¢OpMUPOBATL B MOMUMEPAX HOPHCTYHO
CTPYKTYPY, YTO HAXONHUT MPHUMEHEHHE NPH CO3MaHHH
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HABYXAHHE ITOIUMETUNIMETAKPUIIATA

MOPHUCTHIX MATEPHANIOB afCOPOEHTOB, (PHILTPOB,
MeMOpaH H T.J.

OpHako st yCTELIHOH peanmu3auud MOJXOOHbIX
TEXHOJIOTMI HAa NPAaKTHKE HEOOXOAMMO AETANBLHOE
H3yYEeHUE KaK MEXaHN3MOB HaOyXaHus, TaK U NOPO-
o0pa30BaHus NpH COPOLMH U JeCOPOLMHA CBEPXKPH-
Tuyeckoit CO,.

Hccneposanue HaOyxXaHUA NOJUTUMETHICHIOK-
CaHOB B BA3KOTEKYYEM COCTOSHUM B CBEPXKPHTHYEC-
kot CO, BbINOJHEHO aBTOpamu pa6oTel [4]. Beun
ompefesieHbl PaBHOBECHbIE CTENMEHM HAGyXaHUA U
K03 pupeHTH! AUt Qy3un 0 JUHAMUKE CMEIICHHS
¢pusuyeckoil rpaHULbl HA0YXaroLEro MOMUMEPa, 1o-
MelLeHHOro B mpoGupky. B pabore [5] npencrasie-
Hbl pe3yNbTaThl AHAIU3A KHHETHMKH MAacCOBOro M
o6beMHOro HaGyxaHusi B cBepxkpuruieckoir CO,
o6pasuos [I9TP B popMe NPOTKEHHBIX LUIMHA-
POB, ONpeENEIeHbI PABHOBECHBIE CTENICHHU HabyXaHus
1 Koa(pduimeHTh! AUPDY3HH, TOTYIYECHBI H3OTEPMBI
copOuuu.

B Hacrosuue#r paGore u3y4€HO HaOyxaHue B
ceepxkputnyeckoit CO, ob6pasuos [IMMA u
ITBMA B ¢popMme napainnenecnunenos, MPOBEICH aHa-
M3 KaK KHHETHKH YBEIHYCHHA 00'bEMA, TaK U epe-
MEHICHUS ONTHYECKUX IPaHLl, POPMHUPYIOIHMXCA B
aTHX 00pas3iuax B npouecce copouu CO,.

SKCIIEPUMEHTAJIBHASA YACTb

JInst MpOBEAEHU MCCIENOBAaHUI B CBEPXKPUTHYEC-
xoit CO, (py, =7.38 MIIa, T, = 31.1°C, p,, =470 kr/n*)
OblIa CcO3gaHa OpMIHHalbHAs YCTaHOBKa Ha Oase
onucaHHoM paHee [6, 7]. s mony4eHHs AaBICHUA B
uHrepBaite 9-15 MIla wucnonn3oBanu pyyHOM
TUIYHOKEPHBIA FEHEPATOP JaBNeHuUsA (Paboumii 06beM
150 mu). CucreMa BeHTHIEH obecmeyuBana nogayqy
CO, B peakuHOHHYIO KIoBeTY. ['eHepaTop faBneHus
H KIOBETa ObUIH CHaGXKEHbI MEXAaHUYECKMMH MaHO-
METpaMH [N ONEPAaTUBHOTO KOHTPONS AaBJICHUS U
CHCTEMOI HalycKa~BbIMyCKa rasa.

3amaua uCCIEJOBAaHHUS MPOLIECCOB in situ B CBEPX-
kputuueckoit CO, notpe6oBana pa3paboTKH ClICHH-
aNbHOM KIOBETHI BBICOKOTO HaBieHMsA. OHa mpep-
craBsina coboil pesepsyap o0beMoM ~10 M3, BbI-
NOJIHEHHBIA W3 Hepxkasewwed cramd. TommuHa
CTEHOK BbIOpaHa MHOTOKPAaTHO MPEBBIIIAOLIEH pac-
yeTHOE 3HaueHue ansa aasnenust 15 MIla, yro gano
BO3MOXKHOCTb Pa3MECTUTh B KOpPIyce KaMephbl Ha-
rpeBaTesu, KamuUISpHbIE BBOMIBI H JaTYMK TEMIIEPa-
Typbl. AJaNTHBHOE NPONOPLMOHATBHO-UHTETPAJIb-
HO-Tu(pPepeHIMANbHOE PErYIHPOBAaHUE TEMIIEPa-
TYpPhl OCYLIECTBIISIH C TOYHOCTRIO He Xxyxke +0.2°C.
DkcnepumenTsl Benu npu T = 38-65°C. DmeKTpoH-
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HbIA JATYHK MO3BOJST H3MEPATH JABJICHUE B KaMepe
¢ Tounocteio 0,1 MITa.

JIns1 peann3auuy ONTHYECKOrO KaHANA B KaMepe
BbICOKOTO [ABJIECHHA NMPHAMEHSIH KBapLEBhiE ONTH-
YEeCKHE OKHA TOMUMHOH 10 MM, yCTaHABIMBaeMbIE Ha
HHOMEBBIE YIUIOTHeHMs. 3a HaOyxaHueM o6pasLioB U
ABICKCHHEM B HUX ONTHYCCKUX T'PaHHI] HAGMIOOAH C
NOMOIIIBIO ONTHYECKOrO0 MUKPOCKOMNA, CHAGKEHHOTO
muposoii Bupeokamepoit “Logitech QuickCam Pro”.
HndopMauuro 3anuchiBaly B BUAE PaCTPOBBIX H300-
paxenuii (640 X 480 Touek) Ha KECTKHI TUCK KOM-
NBIOTEpa YEpe3 3afaHHbIC HHTEPBAJIbl BPEMEHH (OT
10 7o 60 c). B xayecTBe OCBETHTENA HCMOIb30BAIH
ABYXUBETHBIH CynepsApKHil CBETOTHON.

Pa6oToil yCTaHOBKHM YNpPaBisl NEPCOHANbHbIN
KommneioTep (mpomeccop “Pentium II”, 750 MI'm,
onepatuBHas namMATh 128 M6), cHaGKeHHbIH MIaToH
coopa u o6paborkm mHpopmamuu DT-322 (“Data
Translation Inc.”, CIIIA). a5 BEINOMHEHAS IKCNIEPH-
MEHTOB B peXHMe PeabHOrO BpEMEHH ObLIO pa3pa-
60TaHO CELMANBHOE NPOrpaMMHOE 00ECTIEYEHHE.

OkcnepuMeHTHl MO HabGmoaeHuo copbimu CO,
NPOBOIMIH IO cliefytoweii cxeMe. O6pasen nomume-
pa, NPEeACTaBIAIOLMH COOO0 Mapannenenunes ¢ gjin-
Hoii pe6ep 1-5 MM, ycTaHABIHBAIIH B KIOBETE, F€pMe-
TH3UPOBAJH €€ ¥ IOJHHUMAJTH TEMIIEPATYPY KO 3a/iaH-
HOM BenM4HMHbI. [lanee yBeNMUYMBANU JABICHHE B
npecce, OCYILECTBISUIM HAMyCK CBEPXKPUTHYECKOM
CO, B K10BETY H NPOBOAKIHN HalmrofeHUE 32 00pa3-
IIOM ¢ MOMOLUBIO BHCOKAMEPHI YEPE3 ONTHYECKUI
KaHan KIOBEThI. JTa cCXeMa 3KCIIEPUMEHTA O3BOJIA-
Jla HCCIEROBAaTh KMHETHKY HM3MECHECHHH JHMHEHHBIX
pa3MepoB NOMUMEPHBIX 00pa3lioB B CBEPXKPUTHYEC-
KOl cpepie (KMHETHKY HaOyXxaHus); H3ydaTh pacrpo-
CTpaHEHUE ONTUYECKHX TPaHHL, POPMHPYIOLIUXCS B
o6pasuax B npouecce copouuu; HabmofaTh NOpos-
pa3oBaHHE NPU ACKOMIIPECCHH.

Ana ananmu3a u3MeHeHU MOpQOIOrHM NOBEpX-
HOCTH O0Gpa3sLioB NOCJIE IKCMNO3MULHUU B CBEPXKPUTH-
YECKOH Cpefieé MPHMEHSUIH METON aTOMHO-CHIIOBOM
mukpockonuu (ACM). ACM-3KkcnepUMEHTbI IPOBO-
OWIA Ha 30HAOBOM Mukpockone ‘“Nanoscope-IIla”
(“Digital Instruments”, CIIIA) B pexuMe KOHTaKTa
TP NOCTOSHHOM CHJIE BO3AEHCTBUS 30HAA Ha OOpa-
3ell (eAMHMIbI HAHOHBIOTOHOB) Ha Bo3ayxe. Ucnosb-
30Bali KOMMepUeckHe KaHTmieBephbl “Nanoprobe”
(xectkoctsb 0.32 H/M) ¢ urnaMu U3 HUTPHAQ KPEM-
Husi. 30HAOBBIII MUKPOCKON ObLT OCHalleH D-ckaHe-
poM (MMHaMIYECKHit fuanmazon 15 X 15 X 4 mxm3),
NPOKANTAGPOBAHHBIM C HCTONB30BaHHEM KaauOpo-
BOYHOIi peleTky OT pupMsi-npoussogurens. ACM-
M300paKEHAS 3aNUCBIBAIM MPH YacTOTE CTPOYHOM
pa3BepTKH cKaHHpOBaHuUst 5—15 Il ¢ NIOTHOCTHIO 3a-
nuck uHpopMarun 512 X 512 rouyek. Kakyro-nu6o
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NpefBapUTEIbHYI0O O0pabOTKy NOBEPXHOCTEH 006-
pa3suos nepex ACM-ucciegoBaHieM He POBONIIIH.
IMpu nocrpoenuu usobpaxkenuiit ACM, a rakxke u3o-
GpakeHuil, paCCYUTAHHBIX METOIOM KOMIIBIOTEPHO-
r0 MOACTHUPOBAHHUSA, UCTIONB30BANH MPOrpaMMy MoO-
cTpoeHns U o0paboTku uszobpaxeuit “Femtoscan
Online v. 1.2” (IIeHTp NepCnEeKTUBHBIX TEXHOJIOIHH,
Poccust) [8].

XapakTepUCTUKH MCIIOb30BAaHHBIX OJTMMEPHBIX
Matepuanos ciepyomme. [IBMA: M,, = 2236000,
M, = 861400, M, /M, = 2.6 (onpegensiii ¢ NOMOIIbIO
[TIX), p = 1070 kr/M3, T, = 27°C; TIMMA: M,,
=4098000, M, = 2530400, M, /M, = 1.6 (T'TIX), p
= 1170 xe/M3, T, = 114°C.

HcnonszoBamu CO, BBICOKOH CTEMEHU YHCTOTHI
(>99.997%, 'OCT 8050-85, O, — 0.0002%, H,O —
0.001%) 6Ge3 mONOMHHUTE MLHOM OYMCTKH.

PE3YJIBTATBI 1 KX OBCYXIEHHE

O6pasupi [IBMA u IIMMA 6b11u BbIGpaHb! f1s
HCCNEeJOBaHUS HaOyXaHUA B CBEPXKPHTHYECKHX YC-
NOBUSAX U3-32 HX CMOCOGHOCTH copbuposatk CO, o
AECSATKOB MacCOBBIX IPOLICHTOB: JCHCTBUTENBLHO, CO-
IJIaCHO IaHHBIM pabot [9-11] paBHOBECHAS CTENEHD
Ha6yxanus [IMMA B cBepxkpuriieckoii CO, MOXKeT
mocrurath 20 u 6onee Mac. %; Habyxanue IIBMA B Tex
Ke YCIOBHSX, IO HALMM HaOMIONECHUAM, ele Gonee
a¢¢dekTHBHO.

Dopmuposarue u nepemeuieHue ONMULECKUX
2panuy, 6 obpasyax

MeTtopuka onpenenenust ko3 pumentos auddy-
3UM U3 aHAN3a KUHETHKY MEPEMEIIECHUS ONITHYECKOM
rpaHuULbl, (POPMHUPYIOLIEHCS IPH ONMPENENECHHBIX YCIIO-
BUAX B HaOyXalOHIEM WM PaCTBOPSIOLIEMCS OITHYEC-
Kd NPO3pa4HOM 0Opasiie, IMPOKO HCMOML3YETCd B
npakTuke AU y3UOHHBIX UCCIENOBaHMUIl NTOIMMEPOB
(12, 13]. MBI BiepBbi€ IPHMEHMWIH 3TOT NOAXON AJIA
aHanMM3a COpOLMM B YCIIOBHSIX CBEPXKPHTUYECKOM

cpensL.

Ha puc. 1 npeacraBneHnl ¢ororpaduu craguit
copbuun CO, nonuMepamu, NONY4YECHHbIE C MOMO-
LB ONTHYECKOro MHUKpOcKona. BupgHo, yto B 00-
pasue IIMMA (puc. 1A) popMupyeTcs 4ETKO Bbipa-
3KEHHAs ONTHYECKAs TPAHUIIA (TEMHAs, OTHOCHTETb-
HO y3Kasi [10J10ca), KOTopasi mepeMelaeTcs (o Mepe
cop6uuu CO,) OT NOBEPXHOCTH K LEHTPY o6pas3ua.
YyacTku 06pasia 1no 06e CTOPOHbI OT IPAHULbI BbI-
[JISAAT CYLIECTBEHHO GONee CBETIHIMH MO CpaBHe-
HHIO ¢ rpaHuuei. [Ipu 3ToM nepemenieHne onTmyec-
KOIl TPaHHULIbI MOXKHO MPOCIEAUTH BILIOTH IO MOMEH-
Ta €€ CTATHBAHHA B LIEHTpe 00pa3ua.

BBICOKOMOIJIEKYTAPHBIE COEIMHEHHUSL  Cepma A

TAJUISIMOB u gp.

s [IBMA (puc. 1B) HaGniogaeMast KApTHHA HE-
CKOJIBKO OTAHYaeTcd. 3aech GOPMHPYIOTCS yYaCTKH
TIOTEMHEHHS, XapaKTepH3YIOLIUecs PEe3KOH rpaHH-
1el, KOTOpasi TakxkKe nepeMeiaeTcs (o Mepe copo-
LWH) K LEHTPY 00pasia (Mo ZOCTIKEHUH LEHTPAlb-
HBIX OGnacrei o6pa3La CTaHOBUTCS Cabo pa3nuyu-
moit). Best o6macTh Mexkay ONTHYECKOH TpaHULEH M
¢pusnyeckoit rpaHuieii o6pasia BLITISAAUT CyIIECT-
BEHHO 60Jiee TEMHOI MO CPABHEHUIO C LEHTPATBbHOM.
Oco6eHHO YeTKO 3(PEKT NOTEMHEHHs BEIPAXKEH Ha
HAYaJIbHOM 3Tame COpOLMH, a Aajiee MOTEMHEBIIHE
Y4aCTKHU MOCTENEHHO MPOCBETASAIOTCH.

Tunuyssie pe3yabTaThl aHANIN3a KUHETHKY NIEpe-
MEULICHUSA ONTAYECKHUX rpaHuil B o6pasuax [IMMA u
I[IBMA npuseneHs! Ha puc. 2a. [lpu m3smepenun
NPOAAECHHOrO rPAHUIIEH PACCTOSHUA B KaYECTBE pe-
MEPHOA TOYKM BBIOGHpanu LEHTp obpasua. BupgHo,
YTO AN 060OUX MOJMMEPOB 3aBUCUMOCTH KBajipaTa
NPOMAECHHOrO PacCTOSHUA OT BPEMEHU MOXKET ObITh
C XOpolI€eH TOYHOCTBIO aNMPOKCHMUPOBaHa MPAMOM
JNUHUEH.

H3BeCTHO, YTO NpH YCIOBHH NMOCTOSHCTBA KO3¢-
¢uuuenTa audgy3nu HavYalbHOE pacnpenecHue
KOHIIEHTpal® B o0paslie C TEYEeHHEM BPEMEHHU
“criaxkuBaeTcs’”: XapakTEpHbIE pa3Mepnl 00aacTe
€O 3HAYUTENIbHBIMUA U3MEHEHHSMH KOHIICHTPALWH U
rpajiieHTa KOHICHTPALMH yBeINUnBaroTCA. [nst ciny-
Yas cOpOLuM pacnpefeIcHUe FPAfUEHTa KOHLEHTpa-
L[MH OTHCHIBAETCA [AyCCOBBIMA KPUBBIMHA, MAKCHMYM
KOTOPBIX PAacNOIOXKEH Ha (pU3MYecKon rpaHulLe 00-
pasia, a LIMpPHHA BO3PAaCcTaeT NPONOPLUHOHANBHO £ /2,
Ecnn noka3zaresb npe1oMIICHUS 3aBHCHT OT KOHLICH-
Tpauuu cop6aTa, TO B Ha4aJIbHbIE MOMEHThI BpeMe-
HH B copbupyroueM o6pasiie BO3MOXKHO (POpMHPO-
BaHHE YYaCTKOB MOTEMHEHUs, XapaKTEPH3YIOIUXCs
PE3KOM NepexXOoAHOM 061aCThI0 (ONITHYECKOM rPaHH-
1€i), HO C TEYECHUEM BPEMEHH LMPHHA NEPEXONHOM
06JIaCTH yBENMUYUBAETCS MPONOPLHOHANBLHO /2, u
ONTHYECKasd IPAHALA “PacILIbIBAacTC .

ITockonbKky B 3KCIEPUMEHTE HAGMIOJAIOTCA Iie-
peMeniaromyecss B obpasax YeTKHE ONTHYECKHE
rpaHuipl 6€3 xapakTepHoro “auggy3uoHHOro pac-
INIbIBAHHUA” (pUC. 1), 111 OOBACHEHNA MEXaHU3MA HX
¢hopMmupOBaHHs CACAYET HCXOMUTH U3 MPEANONONKE-
HUS O BbIPAXKEHHOH KOHLEHTPALMOHHOM 3aBUCUMOC-
TH KO3(ppummenra mudpdpy3un CO, B [IMMA n
ITBMA.

DopMUpPOBAHUE ONMUHECKOU 2PAHULbL
6 o6pasyax [TIMMA

3anaua Credana. [Jna o6bsicHeHns (OpMHPOBa-
HHA ONTHYECKOM rpaHuipbl B cnydae [IMMA npeana-
raeTcs CIEAyIoLas MOAEb.

ToM 44 N6 2002
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(A) B)

(a)

)

(®)

(r)

(m)

Puc. 1. Cragnu cop6uun CO, nonumepubiMu o6pasuamu [IMMA (A) u IIBMA (B). 9kcno3uuus B CBEpXKpHTH-
yeckux ycaosusix npu remneparype 38°C u gasnenun 12.5 MITa. A: Bpems axcriozunui 0 (a), 20 (6), 40 (8), 60 (1)
u 80 muH (1); B: BpeMst axcno3nuuu 0 (a), 2 (6), 4 (B), 6 (r) 1 8 MuH (7).

Tak kakK 3KCHEpUMEHTHI IIPOBOJWIM NpU TeEMNE- paboTaM [14, 15], BOIKEH NEPEXOAUTE B BBICOKOIJIA-
patype Hmxe T, [IMMA, o6pa3el, NOMEIIEHHBIA B CTHYHOE COCTOSIHHE. MOXKHO MPEANOIOXHUTh, YTO B
ceepxkpuTnueckyo CO,, B Ha4aJIbHbI MOMEHT 3KC-  KaXKIOM y4acTKe oOpasla nepexo HMeJ MECTO IIpH
MO3UIMK HAXOMWJICS B 3aCTEKJIOBAHHOM COCTOSTHMHM. IIPEBBILIEHUH JIOKATBHOIO 3HAUEHUSI KOHLEHTPaLUK
Hanee no mepe copbumu CO, nmomumep, cornacHo  cop6uposaHHoro CO, HEKOTOPOH MOPOroBOH BEJH-

BBICOKOMOIJIEKYIISIPHBIE COETUHEHHMS Cepus A TomM 44 N 6 2002
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./" D'rpaa = 5 X 10719, M2/c

0.3

6000
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Puc. 2. TummyHbIe pe3yabTAThl HCCIEROBAHUA pac-

aHCHHS ONTHYCCKHX TpaHML B 0Gpa3suax
TIMMA (/-3) u [IBMA (4-6) n ux HabyxaHus npu
3KCIO3ULMHK B cBepxkputHieckoit CO, (Temmepa-
Typa 38°C, nasnenue 9 MlIla). /, 4 — axcnepuMeH-
TaNbHBbIE JAHHBIE; 2, 5 — TEOPETUYECKHE AMIMPOKCH-
MaliH KCIIEPHMEHTANIBHBIX JAHHBIX MO ¢hopMy-
nam (2) u (10); 3, 6 — pe3ynbTaThl KOMIBIOTEPHOTO
MOJENMPOBaHKsA (COOTBETCTBYIOT PaCCYMTAHHBIM IO
¢opmyne (10) 3navenmsam D') pysi mogeneii IIMMA
(¢, /cy = 0.7, D\/D, = 20) u IBMA (D /D, =1.5).
a — 3aBHCHMOCTH KBaIpaTa pacCTOAHUA X °, mpo-
XOZHMOro ONTHYE€CKUMHU IrpaHHliaMi, OT BpPEMEHH;
6 — 3aBHCHMOCTb OTHOCHTENBHOIO YBETHYCHUA
o6peMa oOpa3ua or BpeMeHH (V) — 06beM nonu-
MEpPHOro 006pas3sia 1o HabyxaHus).

4yuHbl ¢,. [Ipegnonoxum Takke, 4To KO3 HULIUEH-
To1 fud¢y3un CO, B BLICOKOTACTHIHOM [OIAMEPE
D, u B 3acTeKJIOBaHHOM nostMepe D, pa3nnyarTcs,
npudeM D, > D, (B mpocTeHieM Ciy4ae MOXKHO CUH-
TaTb, 4YTO 3HayeHus D u D, OT KOHIEHTpaLyH He 3a-
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BUCAT). TakuM 00pa3oM, MpocTeiiiias 3aBHCUMOCTh
ko3 dummenTa qgudpdysmu B [IMMA umeer Bup

D, =const mpu c>c,

D >D, (1
D2 1 2()

D(c) = {

const mpH c<c,

Torpa ananus cBOAXTCA K H3BECTHOM 3agaye Cre-
¢ana [16, 17], pemienne koTopoii (pemenue Heima-
Ha A NOMyOGECKOHEYHOU Cpefbl) MPEACKa3bIBAET
JHMHEHHYIO 3aBUCUMOCTE KBajIpaTa CMELICHUS PPOH-
Ta NOCTOSIHHOM KOHICHTPALMH ¢, OT BPEMEHH

X?' = aDlt (2)

ITpu 3ToM 6e3pasmepHbIi KOIQPUUMEHT MPONOPLH-
OHANBHOCTH ( SIBJIAETCS KOPHEM YPaBHEHHUS

o &

A B

rae erf(x) — pyHkima omuboK, ¢, — KOHLEHTpALHsi
CO, Ha ¢u3UIECKOl rpaHHIE MOIAMEPA.

-aDy
o 4 D,

2)

2 D,

=0, @

Taxkum o6pa3oM, BeIHYHHA (C OFHO3HAYHO Ompe-
genseTca AByMs oTHowmeHusamu: D,/D, u ¢, /c,.

O6nacTe pacnpocTpaHAIoLerocs PppoHTa nocTo-
SIHHOW KOHLEHTPALUMM C, XapaKTE€pPH3yeTCA KOHEU-
HBIM CKaYKOM IPaflHeHTa KOHLICHTPALUH, AN BEJIU-
YHHBI KOTOPOro crpaBefuBsa ¢popMyiia

dc, dc,
DIE - DZE

3pech ¢, U ¢y — KOHLEHTpauuK B 06JaCTU NEpex ne-
peMeraromuMcs ¢GpOHTOM U 332 HEM COOTBETCTBEH-
Ho. U3 cootHOWEHNs (4) BupHO, 4yto ecnu D, 1 D, cy-
LIECTBEHHO Pa3IM4YAIOTCsA, TO 06/IACTh HEMOCPEACTBEH-
HO mepen (PPOHTOM XapaKTepU3yeTcs 3HAYUTENBHOHR
BEJIMYHHON rpafieHTa KOHIeHTpauun. B ciyyae 3aBH-
CHMOCTH NOKa3aTelNs MPEIOMICHH OT KOHLEHTpa-
MM 3TO NPUBOJUT K (POPMHUPOBAHHUIO B JaHHOM 06-
JIaCTH ONTHYECKOM rpanmp! [12, 13]. [leficTrBATENBHO,
OTKJIOHEHHE PaCMpPOCTPAHSIOLIEIOCH B ONITHYECKH HE-
OFXHOPORHOMH Cpefe Myya Ha MAJIOM y4acTKE AMMHOMN
dz onpenensercs BbipaxkeHueM [18]

C))

Y,
do = %dz, 5)

rae V,n — npoekuus rpafieHTa NOKa3aTeNs NPeIoM-
JIEHUs1 HA HANPaBICHHE TJIAaBHOW HOPMAJH K TPaeK-
Topud nyda. Jlyyu, npoxopdiye MapajienbHO
(POHTY MOCTOSAHHON KOHIIEHTPAUUH ¢, BONU3HU HETO,
OGYAyT CYIUECTBEHHO OTKJIOHSATBHCS, YTO MPHUBEAET K
(OpMHUPOBaHUIO y4YacTKa MOTEMHEHUs Ha U300pa-
skeHuu o6pa3sna. JIokaM30BaHbI TaKHE YIACTKH IIO-
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TeMHEHHS OyIyT TOMBKO B JOCTATOYHO Y3KO# 006ac-
TH HETMIOCPEICTBEHHO NepeN GPOHTOM, Iie, COrIaCHO
¢opmyne (4), COOTBETCTBYIOIIAsE KOMIIOHEHTA Ipa-
RHEHTAa KOHLCHTPALUHH XapaKTEpH3yeTCd 3HA4H-
TeabpHOM BenuynHou. Torpa popMupyemast ONTHYEC-
Kasi FpaHALa OyJET UMETh BH OTHOCHTEILHO Y3KOM
TEMHOI NOJNOCHI, Kak B oOpasnax IIMMA (puc. 1A).
IMosToMy MbI npepgnosiaraeM, 4To BblpaxeHue (1)
CIYKUT XOPOIUMM NPHOMKCHHEM PEalbHOM KOH-
LEHTPAUHOHHON 3aBHCHMOCTH Ko3dduumenTa gud-
¢y3umu B [IMMA.

JBICKEHHE ONTHYECKOM rpaHMilbl GyAeT ompene-
JIATHCS ABHKEHMEM (PPOHTA MOCTOAHHOM KOHUEHTpPA-
LMK C, U; B CHILY ITOr0, JOIIXKHO MMOAYMHATECA 3aKO-

HY (2), 4TO H HaOMIOAETCA B IKCNIEPHMEHTE (PHC. 2a).

AHaM3 KUHETHKY TIEPEMELICHIS] ONTUYIECKOM rpa-
HMIIBI TIO3BOMAET onpenesaTh KoaddumeHt muddy-
3um D,, eCM U3BECTHO 3HaUeHHE ¢ B 3aKOHE (2). Yro-
Obl ONPEACIUTL AAHHBIN NMapaMeTp 1o dopmyne (3),
HY>KHO 3HaTb OTHOWICHUA c,/co u D\/D,. 3agada ux
MOUCKA MOTpe6GoBaNa peanu3aliu YUCIEHHOTO MO-
AEUpOBaHus JJ4 IPOBEACHUA CPABHUTEILHOIO aHa-
nHU3a ¢ pe3yabTaTaMH IKCIIEPUMEHTA.

Yuciaensoe mopenuposanme. [Ipu peanusauuu
YHCIIEHHOTO MOIEJTHPOBAHHUS IIPOLIECCa HCXOMMIH U3
CIEHYIOLIUX MTOCBIJIOK.

1. YpaBuenue nucg¢y3ud annpoKCHMHPOBAIH KO-
HEYHO-Pa3HOCTHOH cxeMoi [19] nepBoro mopsaxa
TOYHOCTH 10 BPEMEHH (SIBHO BLINMMCAHA MPOM3BOAHAS
TONBKO IO ONHOH MPOCTPAHCTBEHHOM KOOPAMHATE)

D(ci. 1) + D(cip)
11k2 i (C.{+ljk"cfjk)"

©6)

t+1 t
Cijk = C'*k+M(

Ul

D(ciy) + D(ci_ )

rie ¢ — HOPMHUPOBaHHAasA KOHICHTpAaLHs B y3/1ax CeT-
ki, D — xoappmpmenT auddysnn, 3aBuCALMEA OT
KoHueHTpauuu. [TapameTp cxemb! M BbIGHpanu uc-
xons u3 ycnosus ycroiuusoct MD < 1/6. UHgekca-
MU ijk ¥4 t 0603HaYEHbI MPOCTPAHCTBEHHDIE Y3Ibl H
BPEMEHHbIE MOMEHTBI COOTBETCTBEHHO. B Hayainb-
HbI MOMEHT BPEMEHH BO BCeX y3nax c = 0, B rpa-
HHYHBIX y3/1aX B IIO00H MOMEHT BPEMEHH ¢y = 1.

2. KoHIeHTpAIMOHHYIO 3aBHCUMOCTS D ONuchiBa-
¥ B COOTBETCTBHM C MPENIOKEHHLIMH MONENAMH
pns [IMMA (dopmyana (1)) u g IIBMA.

BBICOKOMOIJEKYIISAIPHBIE COEOUHEHHS  Cepns A

951

3. KOHICHTPALMOHHYIO 3aBHCHMOCTD [TOKa3aTe s
NpenOMIICHHUS B COOTHOLIICHHH (5) ONPEAE AN UCXO-
as u3 popmyist Jlopenu-Jlopenua [18]

2
n-1 4 i

— = §n2 Nty ©)
n+1 :
MOCIENOBATENbHO 3aITUCHIBAA €€ I YHCThIX KOMIO-
HEHT H I cMecH. 3niech N; — YHCIIO YaCTHIL B €TUHH-

e 06’beMa, a O, — NEKTPOHHAS TONAPUIYEMOCTD

yacTHl copta i. CHcTeMa YpaBHEHHI C Y4E€TOM BENH-
YHHBI PABHOBECHOM CcTENeHU HabyxaHus o6pa3uos B
ceepxkputudeckoit CO, Mo3BONSET ABHO BbIPA3UTh
NOKAa3aTeNb NMPEJIOMIICHHA CMECH 4EpPe3 HOPMHpPO-
BaHHYIO JIOKANIbHYIO KOHLICHTpaLuIo copbaTa (BbIpa-
keHHe (6)), a TakKe Yepe3 MOKA3ATENH MpeoMIie-
Hus nonumepa (ana [IMMA u ITIBMA ucnons3oBa-
nu 3Ha4enne n = 1.49 [20]) u ceepxkpurtnueckoi CO,
(ucnonb3oBany 3HaueHue n = 1.11 npu P = 9 MI1a,
T =42°C[21)).

4. BemrauHy NOTEMHEHMsI 06pa3la CYMTANH IIPO-
NOPLMOHAIBLHOM CyMMapHOMY OTKJIOHEHHIO JTy4a, pac-
HOPOCTPAHAIOLLIETOCA B ILUIOCKONAPAJLIEBHOM IyYKE B
HalpaBJICHIM OHOH U3 Oceli 06pa3na, H pacCUITHIBAIA
YHCICHHBIM MHTETPHPOBAHNEM COOTHOLIEHUA (5).

Pe3ynpTaTaMu YHCIEHHOLO 3KCNMIEPUMEHTA ObUTH
H300paKeHUS ONTHYECKHUX IPAHKL, (POPMUPYIOLLHX-
¢l M pacnpOCTPAHSIOIIMXCS B MOIEMPYyEeMBIX 00pas-
Hax (puc. 3); 3aBUCHMOCTH PacCTOSHUSA, MPOHIEHHOTO
ONTHYECKON IPaHMLICH, OT BpEMEHHU (PHC. 2a); paccuu-
TAHHbIE (YMCIICHHBIM HHTCTPHPOBAHMEM KOHIICHTpA-
MM 110 06'beMy 06pas3l0B) 3aBHCHMOCTH MacChl COp-
6aTa oT BpeMeHH (puc. 26).

Onpenenenne ko3ddnuuenta nuddysun no
ABAIN3Y KHHETHKH NepeMellieHAA ONTHYeCKOd rpa-
HANBI. 3aavy NONCKA OTHOLIEHHH ¢, /cy u D,/D,, He-
06x0oaMMBIX AU pacyeTa Koaddumenta guddy3un
D, no dopmynam (2) u (3), pelIanu HTEpaLMOHHON
[IPOLUEAYPOIL.

M5t npegBapuTENBLHOM OUECHKH C,/Cy HCTIONb30Ba-
mu cnepyromwmii nogxod. I[TockoneKy mpounecc pac-
NpOCTpaHeHus: onTHYeckux rpanun B [IMMA ymaet-
Csl IPOC/IEANTE BILIOTh 4O MOMEHTA UX COCAUHEHUA B
HEHTpe o0pa3iia ¥ HCYE3HOBEHUS, MOXKHO KCHEPH-
MEHTAJIBHO HM3MEPHTb BPEMs PACIPOCTPAHECHUS I.
B MOMEHT COEIUHEHHS ONTHYECKUX IPAHUL KOHIIEH-
Tpalys B LIEHTPe o6pa3ua paBHa c,. C apyroi cropo-
HBI, KaK H3BECTHO U3 Teopnu aucdy3uu, cCOpOLHOH-
HOE NoBeAcHUE 00pa3lia B BUAC NapalIeenunena ¢
NUHEAHBIME pasMepamu [, X [, X [,, NOMELEHHOTO B
cpeny, B KOTOPOH CO3[aHa HEKOTOpasi KOHLEHTpa-
UM copbaTa, ONMMCBbIBACTCA PELICHAEM YPaBHEHHA
pu(pdy3un ¢ HyneBbIMH HaYaIbHBIMU H NOCTOSHHbI-
MM I'PaHWYHBIMH YCIOBHSIMH, MPUYEM I KOHLIEHT-
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(A) B)

Puc. 3. Pe3ynbraThl KOMIBIOTEPHOrO MOJIEIMPOBAHMA NIPOLECCOB (POPMUPOBAHMA H PACHPOCTPAHEHUS ONTHYEC-
KHMX TPaHHUI] B OMMMEPHBIX o0pasuax st mogenu IIMMA (¢popmyna (1)) (c,/co = 0.7, D,/D, = 20) A u IIBMA
(popmyna (9)) (Dy/D, = 7.5) B. [Ina xaxpoi cepuu n300pakeHUsA pacCUUTaHbl YEPE3 PAaBHBIE UHTEPBAJIBI
BPEMEHH.

pammu copbaTa B LEHTpPE MapajuleNenunena crpa- = k 22
BeyuBa opmyia [16, 17] « 5 =D exp -(2k+ 1) D't
» b 02k + 1 -
¢ _ ,_64 - (-1)  [-@i+1)’n’D't
LT T3 ; ) 2 a W3mepsis BpeMst pacnpocTpaHeHust (PpPOHTOB ¢ (TH-
Co - '_02z+1 I P pacnpocTp

nuYHble 3Ha4YeHus 1-1.5 1), 3Has IUHEHHBIE pa3Mme-

pb1 06pa3LoB (~2 X 2 X 4 MM>) U BOCIIOJIb30BABIIICH

-1y ~(2i+ DDt oueHkamu 3(p(PeKTHBHBIX KO3 puLreHToB Audy-
J X

2 ()  3um D' mo meToay aHamM3a O6'BEMHOTrO HaGyXaHHs
¥ (=0.7 x 10719 M3/c, cM. HEUXKE), Mbl OLEHWIH, YTO TH-
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NUYHbIE 3HAYEHHS UCKOMBIX C,/Co, COTJIACHO BbIpa-
xeHuio (8), nexar B guanasone 0.7-0.9. CnenyeT oT-
METHTb, 4TO (opMmyna (8) cnpaBenusa B pHOIH-
KEHHH MOCTOSHHOro Kko3duuuenta mubdysuu,
NOSTOMY 3HAYECHHUE C,/Co = 0.8 HCOMBL3OBANH TOJILKO B
KayecTBe IMPEIBAPHTENBHON OLECHKM, TpeOyromei
JanbHENIIed KOPPEKTHPOBKH.

KpurepusiMi KOHTPOJIA NMPH HTEPALMOHHOM OIl-
pefeNeHn: napaMeTpoB c,/cy 1 D,/D, ciyxunua pe-
3yNbTATHl CPABHEHHS, BO-NEPBBIX, PaCCUMTAHHOU
creneHd HabyxaHus o6pasia B MOMEHT COCJUHEHUA
(ppOHTOB ¢ C U3IMEPEHHOM B IKCIEPUMEHTE; BO-BTO-
PBIX, BHIa ONTHUYECKOM FPAHHULIbI HA H300PaXKEHMSX,
NONYyYESHHbIX 3KCIEPHMEHTANBHO W B PE3y/IbTATe
KOMIILIOTEPHOTO MOJETMPOBAHHUA.

ITepBbIii KpUTEpUil KOHTPOIsi OOGYCIOBNEH TEM,
YTO B MOMEHT COeTHHEHNS (PPOHTOB (KOIla KOHIICH-
Tpauusi copbaTa B IEHTpe o0pasiia paBHa c,) CTe-
neHb HabyxaHus o6pa3iia onpefenseTcss UCKOMBbIMU
MapaMeTPaMH ¥ COOTHOLICHHAMH MEXNY JTHHEHHbI-
MH pa3Mepamu 06pa3na. IKCIEPUMEHTANBHO GbLIO
OIPEfENIEHO, YTO B CpefHeM (C yueToM pas3bpoca,
06yCIIOBIEHHOTO Pa3IHYHEM COOTHOLUCHHM JTHHEMH-
HBIX pa3sMEPOB HCCIEAOBAaHHBIX OOPA3LOB) 3ITOMY
MOMEHTY COOTBETCTBYET AROCTIDKeHHE 90-98% ot
PaBHOBECHOT'O 3HAYCHHUS HAGyXaHuUsI.

BTopoii KpuTepuit KOHTPOJA CBA3aH C TEM, 4TO, B
COOTBETCTBUH ¢ GopMynoii (4), BUI MOAETHPYEMOI
ONTHUYECKON IPaHMIbI ONPERENAETCS OTHOLICHHEM
D\/D, u 3na4eHneM c,.

HrepauuoHHast mpoueaypa NO3BOIIIA MOMYYUTh
CKOpPPEKTHPOBaHHYIO OLEHKY: ¢,/cq = 0.7, D,/D, > 10.
IMpu faHHBIX 3HAYEHUAX MOrPEIIHOCTH B OMpefce-
HHY 0. O popMyae (3) B EPBYIO 04epERb OOYCIOB-
JieHa MOTPEIIHOCTBIO C,/Co B CHITY GONbLIEH YyBCTBH-
TEBHOCTH (. K BApHALHU 3TOT'0 IapaMeTpa: TaK, pA
YBENHYECHHH C,/cy B npeaeaax 0.6-0.8 npu puxcupo-
BaHHOM D,/D, = 20 ko3 PHIEEHT X YMEHBIIAETCA
ot 1.0 go 0.4, a npu yBemauennu D,/D, ot 10 go 100
npd PUKCHPOBAHHOM ¢, /co = 0.7 3HaueHUE QL BO3pac-
Taet ot 0.63 no 0.74 (npu ganbHEHIIEM TOBLIIIEHUN
D\/D, a.ctpemutcs K npefenbHoMy 3HaueHuio 0.75).

TakuM 06pa3oM, PH HANREHHBIX YCIOBHAX C,/Cy =
= 0.7, D,/D, > 10 3akoH nBikenus (2) pponra c, (on-
THYECKOH I'PaHHULbI) ONpefenseTcs 3HaueHueM D, u
NPaKTHYECKH HE 3aBUCHT OT D, (MOCKONBKY O cnabo
MeHsieTcs npu Bapuaumn D,/D,). Ilpu ¢, /co = 0.7 u
D,/D, = 20 3Ha4yeHuE O cOCTaBUT 0.7; 3ITHM 3HAYCHU-
€M MBI U NOJIb30BANAChL NPH ONpeNeIeHAN Koaddu-
uueHta D; H3 3KCIEPUMEHTANBHBIX JAHHBIX (MO
dopmyne (2)). ITockonbKy METOAUKA HE MO3BOJISET
ouennts D /D, c npueMIeMoil TOYHOCTEIO, K03du-
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EeHT D, HE PaCCYMTHIBAIH U B JAJIbHEHILIEM HE aHa-
JM3UPOBAIH.

[MonyyeHHbIe KOMIBIOTEPHBIM MOJIETHPOBAHHEM
u3o6paxenus ontuydeckux rpanuy B IMMA npuse-
HeHbl Ha puc. 3A. BuaHo, uTo HabroaeTCst Ka4yecT-
BEHHOE COOTBETCTBHE C pE3yJbTaTaMM 3KCIEpH-
MeHTa — Cp. u306paxkenus Ha puc. 1A. Ha puc. 2a
NpPEACTaBJICHa MNOMyYeHHas YHCIECHHO 3aBHCHMOCTB
KOOpAHHATHI (PpOHTa ¢, OT BpeMeHH. BuHo, 4T0 OHa
XOpOMLIO ANMPOKCHMHPYET AAHHBIE 3KCTICPIMEHTA H
TIOMYUHSAETCS 3aKOHY (2) BIIOTh JO MOMEHTA CTATH-
BaHHA (PPOHTOB B LEHTPE 0OpasLa.

Dopmuposarue onmu4ecKolil panuybl
8 obpasyax IIBMA

ITockonbky B 3kcnepuMeHTe oOpasupi [IBMA
M3HAYANbHO HAXOAWIHCH B BBICOKO3IJACTHYHOM CO-
CTOSHUM (NpH TeMmepaTtypax Belme 7T,.), Mpolecc
copOuMH MMEJI HECKONBKO HMHOM XapakTep, Y€M B
[IMMA.

Kak yxe GbL10 0TMEUEHO, (PaKT IKCIEPUMEHTANb-
HOTO HaOMOJCHUS PacTIPOCTPAHSIIOIMXCA ONTHYESCKUX
IPaHUL, IPHBOAUT K NPEHNONOKEHUIO O 3aBUCHMOCTH
koa(ppumenTa updy3mm OT KOHUEHTpawpm D =
= D(c). Bug onTH4ecKOl IpaHHUIbl U CPaBHEHHE C pe-
3y/IbTATAMH YHCIIEHHOTO MOAEIMPOBAaHAA MO3BONAET
npexnonaoxurs, uro B [IBMA koadpuipenT nud-
¢y3uu no mepe cop6uun CO, yBeTHUMBaETCS MOCTE-
TNEeHHO (a He cKa4koM, kak B [IMMA). B cuny crox#o-
CTH NPUMEHEHHS AaHAJIMTHYECKUX METO/IOB K PELICHUIO
3agaun Aud@y3Hn B 3TOM CIyHae MBI BOCIOIB30Ba-
JIHCh peann3alyell YUCIECHHOrO MOREIHPOBAHUS s
CPaBHEHHUS C IKCIIEPHMEHTANIbHBIMH TaHHBIMH.

Ynciennoe Mojesmposanne. MojieupoBaHue Obl-
JI0 IPOBEAEHO MCXOMA U3 TEX K€ MOCHLIOK, YTO U MPH
aHams3e muddysum B [IMMA, 3a HCKITFOYEHUEM Mpex-
TIOJIOXKEHMSI O XapaKTepe KOHLIEHTPALMOHHOM 3aBH-
CHMOCTH K03(ppuumeHTa fudppysun.

B kavecTBe mpocreiiieii MORENH 3aBHCHMOCTH
D(c) nna IIBMA BbiGpaiu MTUHENRHBINA POCT MO Mepe
yBEIMYECHHS KOHUEHTpAaLUK copbara:

D(C) = D2‘|‘(D|“D2)C, D|>D2, (9)

Il ¢ — KOHLEHTpAlus cop6aTa, HOPMHPOBaHHAS HA
paBHOBeCHOe 3HaucHue. Bapuamueit napamertpa
D,/D, no6uBanuch Ka4€CTBEHHOTO COrNIaCOBAHUS pe-
3yJBTaTOB MOJEIUPOBAHHUSA M IKCNIEPHMEHTAIBHBIX
naHHbiX. [JOmOGHBIH aHANMM3 MO3BONUNI CHENATh
npeanonoxeHue, uro ana [IBMA otuowenune D,/D,
nexwr B uana3one 5-10. B 3Tux ycioBusix Ha 1306-
PaKECHUSX, MONYYEHHbIX YHCICHHBIM MOJIEMPOBAHH-
eM, (OPMHPYIOTCS Y4acTKM NMOTEMHEHUS C OTHOCH-
TENBHO pe3Koit rpanuuei (puc. 3B), Bum KOTOpPLIX Ka-
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YECTBCHHO COBNAJAaeT ¢ 3IKcnepumeHToM (puc. 1B).
YuCeHHBII AaHATH3 IOKA3bIBAET, YTO 3aKOH Pacnpo-
CTPaHEHWs rPaHHULBI (B KaYECTBE “penepa” BbIGHpa-
N4 TOUYKY, F€ MHTEHCHBHOCTb NOTEMHEHHsi COCTAB-
NSAET MOJOBUHY OT €ro MaKCHMAJIBHOM BEIHYHHBI,
KaK H B pealbHOM 3KCIEPUMEHTE), U B 3TOM ClIyyae
HMeEET BHJI, onpeaesieMblil popMynoii (2) (puc. 2a).
Kak okazamoce, B 061aCTH JIOKAJIH3aLMH [PAHALbI
3HAYEHNUE KOHLEHTpaluu copbaTa cocTaBmseT 2-4%
OT paBHOBECHOrO. Bbli onpenenen koad¢puuueHT
o =3 (npu D,/D, = 7 u Gonee); 3TUM 3HAYCHUEM MbI
4 BOCTIONBL3OBANUCH NPU pacueTax Koa(pduuueHTa
D, 8 IIBMA 1o naHHBIM 3KCIIEPHMEHTA, UCTIONb3YS

opmyny (2).

AHaau3 kunemuku o6vemMH020 Habyxanus

TTonyyeHHbIe 3HaUEHUs1 D CPaBHUBAIIH C pe3yJib-
TaTaMH aHAJIM3a KMHETHKH OObEMHOro HaOyXaHHd.
M3 puc. 1 BUAHO, YTO B MPOLECCE IKCNO3MIAN 00pa3-
LIOB B cBepxkpuTHyeckoit CO, nx nuHedHbIe pa3Me-
prI Bo3pacraioT. Haira cxema HaGmrofeHust HaGyxaHHA
o0pa3ua B cBepxkpuTH4eckoil CO, aeT BOZMOXHOCTD
U3MEPSATh POCT [BYX JUHEHHBIX Pa3MEPOB, HA OCHOBA-
HUM 4€TO MBI JIC/IA/IA BBIBOJ O JHHAMUKE YBEJIHUCHHSA
o0nema.

dopmyna TOYHOTO pEIICHHS 3aga4u COPOLMH ISt
3aBHCHMOCTH MacChl copbaTa B 06pasiie OT BpEMEHH
MPH HYJAEBBIX HAYaIbHbIX H MOCTOSIHHbIX MPAHUYHBIX
ycnaoBusix umeer Bup [16, 17]

M) _ , S12¢ 7’(2i + 1)’ D't
—— ex X
M. ° 2 2;+1) ( I
o 2, 2.,
XZ . ( 1:(2,+21)Dtjx (10)
i) I
* 2 2 o
y ex 1:(2k+21) D't)
S (2k+ 1) Ik

rae M(t) — macca copbata, M., — paBHOBECHas Macca
copbata, D' -koapdpurmeHT aucpdys3uu. Ita popmy-
na cnpaeeuBa ans D' = const. OnHako, Kak noka-
3aJ1 YUCJICHHBIA KCIEpUMEHT (pUC. 26), U B cly4ae
3aBUCUMOCTH KO3 punmenTa guchy3un OT KOHLEH-
Tpawuu Bupa (1) umu (9), dopmyna (10) ynoraeTropu-
TENBHO AIMPOKCUMHUPYET PacYETHbIE 3aBHCHMOCTH
M(z). ITpn atoM koagprment muddysmm D' cnegyet
paccMaTpuBaTh KakK 3(h¢eKTHBHBIHA, XapaKTepU3yIO-
LU CKOPOCTh copOLH Ui 06paslia B LEJIOM.

B pmanbHeieM aHaIU3€ ¢ NPUMEHEHUEM ypaBHE-
HuA (10) MbI flenaeM npegnonokKeHUe, Kak U aBTOpbI

BBICOKOMOJIEKYJIAPHBIE COETUHEHUA  Cepus A
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pa6oTsl [4], 4To u3MEHEHHEe 06BeMa 06pasua mpo-
HOPLMOHA/ILHO Macce copoupoBanHoro CO,

V()-V,
V.-V,

= M1
=

(11)

3mecs Vo — 06beM monumepHoro o6pasua go HaGyxa-
Hw, V. — 060beM MOMHOCTBIO Habyxiero o6pasua,
M., — paBHOBecHas Macca copbara. Torma oTHOCH-
TEJbHOE H3MEHEHUE 00'beMa 00pas3iia TaKKe ONUCHI-
BaeTcq BeipaxkeHueM (10). CornacHo, Hanpumep, pe-
3ynbpTaTaM pabotsl [11], OTKIIOHEHHE OT JHHEHHOrO
3aKOHA B 3aBHCHMOCTH PaBHOBECHO!W MacCOBO# CTeTie-
HU HabyxaHus ot o6beMHol anda [IMMA npu ¢uxcu-
poBaHHO#i Temnepartype akenosuuu (T = 35°C) u Ba-
pHalLMu AaBneHus B fuanasone 1-10 MIla cocraBng-
er He Gonee 7%, 4TO OMpPaBABIBAET CHEJAHHOE
npepanonoxexHue B popmye (11).

ITo cBoeii cyT MeTORUKA OnpeaeneHus ko3agpdu-
ueHTa Auddy3nu u3 aHaMU3a KUHETHKH 00'beMHO-
ro HabGyxaHus ¢ ucnojb3oBaHueM ¢opmynst (10)
aHAJNIOrMYHA M3BECTHOMY MOAXOAY, OCHOBAHHOMY Ha
aHalIM3e KHHETHKHU NepeMeneHus pusmdeckoit (¢a-
30BO¥i) rpaHuub! HaGyxaouero nonumepa (12, 13].
Opnako ¢opMyJbl, npuBefeHHbIE B paboTtax [12, 13],
MOJYyYEHbl B MPEANONOKEHHH, YTO MPU CMEILCHUH
KOMINOHEHTOB HE NPOHCXONUT M3MEHEeHHs oObeMa
cucreMbl. OYeBHIHO, YTO HCMONIB3YEMOE HAMH YCIIO-
pue (11) ABNAETCA MEHEE KECTKHM.

ITonyuyeHHble 3KCNEPHUMEHTANLHO 3aBHCHMOCTH
OTHOCHTEILHOTO YBEIHYECHHs1 00beMa obpasua OT
BpEeMEHH annpoKcUMEpoBann 3akoHoM (10). 3agaqa
MOUCKA HAWTyYIlIell anmpoKCHManuy 6bl1a peanu3o-
BaHA YUCICHHO METONOM HAMMEHBLIUX KBafgpaToB,
YTO MO3BOJWIO HAXOMHUTh 3GPPEKTUBHOE 3HAYCHHE
ko3(pdumenta audpysm CO, B nomumepe.

Tunuynbie kpuBbie HaOyxanua ans [IMMA u
IIBMA npuBegeHs! Ha puc. 26, TaM K€ JaHbI HaH-
JydIIFe aNMpOKCHMALMM 3KCIEPUMEHTAJBHBIX TO-
YeK TEOPETUYECKOH 3aBUCHMOCTBIO (10) 1 cooTseT-
CTBYIOILIME 3TUM ANNPOKCHMALMAM 3HAYEHUA KO-
¢umentoB puddysmu D'. Kpome toro, Ha puc. 26
[PUBEACHBI PE3YNbTAThl YHCIEHHOIO MOJEIHpPOBa-
HUsi HaOyXaHMs A AByX THIIOB KOHLEHTPALHOHHOM
3aBUCHUMOCTH KOd(puumenTa audgysuu — no 3ako-
HaMm (1) u (9). Bugso, 4TO Ha HAYaJILHOM 3TaIlle
(BLIOTH A0 cOMIKeHus PPOHTOB AU Py3un B HEHT-
pe o6pa3ua — oTMeueHo crpenkamu) ¢opmyna (10)
XOpOLLIO COTNacyeTcss C pe3yNbTaTaMH YHCIEHHOrO
MOJE€/IMPOBAHHUSA, TaKKe TMO3BONAS U3 alMPOKCHMa-
uuy onpegenath dddekrusubie 3HaueHus D'. [pu
paBeHCTBe 3¢peKTHBHBIX 3Ha4eHHi D' B aKcnepHu-
MEHTE U KOMIBIOTEPHOM MOJEIMPOBAHHU COOTBET-
CTBYIOLIYE 3aBUCHMOCTH CTENECHU HaOyXaHHs YAOB-
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NETBOPHUTENBHO COTNMACYIOTCS HA BCEM BPEMEHHOM
HHTepBaie (puc. 26).

ITo pe3ynabraTaM YHCIEHHOTO MOJEIMPOBAHUS
IJIS KOHLEHTPALMOHHOH 3aBHCMMOCTH Bufia (1) mpu
ycnoBud ¢, /co = 0.7 u D/D, > 10, ¢ xopotiel TOYHO-
CThIO BBINOJHAETCA cooTHOmeHue D' = 0.5D,, a nas
KOHIICHTPAUMOHHOMR 3aBUCHMOCTH BHJA (9) mpH ycio-
Buu D /D, > 5 addextuBHbli Koaddummenr D' =
=0.7D,. O6a COOTHOILIECHHA YAOBIETBOPUTEIHLHO
BBIMOJIHAIOTCS B pealibHbIX IKCIIEPUMEHTAX ¢ 06pa3-
mamu [TIMMA u [IBMA cooTBeTcTBEHHO (Tabm. 1 u 2).
TakuM 00pa3oM, 3TH IMITUPHYECKUE COOTHOIICHUS
MOTYT CIIYKHTh JONOJIHUTEIBHbIM KPUTEPHEM afieK-
BAaTHOCTH MOfENIEl KOHLUEHTPAUMOHHOM 3aBUCHMOC-
TH K03(puuMeHTa AU Py3UH B MOTUMEPAX.

B cuiny nony4eHHbIX COOTHOLICHHA MOXHO Tepe-
MUCATh 3aKOH (2) B BUAE

X?2=BD't (12)

U, NpHHAMAaA BO BHUMAHHE HAHICHHbIC 3HAYCHUA O B
3akoHe (2) nna [IMMA u I[IBMA (=0.7 1 =3 cooT-
BETCTBEHHO), ONPEAEIUTh KOA(PGHIHMEHT MPONOPLH-
oHanbHOCTH B = 1.4 1 =4 coorBeTcTBeHHO. [Tonyyen-
Hble UUQPbI CONOCTABUMBI ¢ OLEeHKOM [ = 3, mpen-
JOXeHHOM B paborax [12, 13] mna onpepencHus
a¢pdexTuBHOrO KoadpumenTa auddy3un B OrpaHn-
YyeHHO HAOyXaloIpX CHCTEMax U3 3akoHa (12).
(B pa6ote [12] oTME4€HO, YTO OlICHKA CIIPABEINBA
C TOYHOCTHIO JI0 NOpsAfKa BenuyuuHbl.) TakuM oGpa-
30M, HAMH NOJY4€Hbl CKOPPEKTHPOBAHHbIE 3HAye-
HHA, COpaBENIUBbIE IS NPENTOXKEHHBIX Momener
KOHI[eHTpauuonHo# 3aBacumoctd B [IMMA (¢op-
myna (1)) u IIBMA (dopmyia (9)).

AHAAU3 308UCUMOCINIU NOAYHEHHBIX 3HAYEHULL
K0aghuyuenmos ougpysuu
u cmenenell Habyxanus om memnepamypbi
U 0a8AeHUA NPU IKCROIUYUU

Pe3ynbTarbt 3KCMEPUMEHTOB st PasiIM4HBIX
papieHuit ceepxkpuTiieckoii CO, mpu OXHOM 3Ha-
yeHun Temrnepatypsl (38°C), npeacraBneHs! B Taom. 1.
IMpuBenennsie wugpbl ABIAIOTCS CPENHUMHI apud-
METHYECKHUMH, ONPEACICHHBIMA N0 TPEM-4EThIPEM
HE3aBUCHMbBIM onbiTaM. B Tabn. 2 mpuBeneHs! pe-
3yJIbTaThl, NOJYYeHHbIE NPH OHOH BEIMYHHE NIaBJIc-
Hus (12.5 MIla) u pasnuyHbIX TeMneparypax. Mak-
cUMaJbHbIe 3HaYeHNS Koaddummenta qudpysmu D,
(cM. dopmyast (1) 1 (9)) paccunTaHbl IO METOIHUKE
HaGMIONEHNS ABIDKECHUS] ONTHYECKUX TpaHHuL; 3¢-
¢exTuBHBIA K0adduueHT auddysun D' (cM. dop-
Mmyiy (10)) onpenenen u3 aHaiM3a KHHETHKM HabGyxa-
HUA (IBIKEHUA (a30BbIX IPAHULL).

[MTony4eHHble pe3yJbTaThl MOKA3bIBAIOT, YTO KO-
acpdumentsl qudpdysuu (D, u D) 4 paBHOBECHBIE

BBICOKOMOITEKVYJISIPHBIE COEMUHEHUS  Cepua A
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Ta6mna 1. PesynbTarsl u3MEpeHHs paBHOBECHOH CTene-
HM Halyxanua u kodthduuuenros mupdpysuu CO, B
IIBMA u IIMMA npu ¢HKCUPOBaHHOH TeMmepaType

(38°C) u pa3nUUHBIX AABNEHUAX

_ . Crenenb
v e LA [
[IBMA 9 51£02 | 58+0.7 | 498
12.5 651205 | 44+04 | 46£7
15 48+10 144204 | 47£10
MMMA 9 1.04 £0.10/0.51 £0.08] 24 +5
12.5 1.35 +0.12({0.69 £ 0.09] 26+8
15 20+0.30] 0.7+£0.30] 375

Tadmuua 2. Pe3ynbTaThl H3MEPEHUA PABHOBECHOI CTENe-
Hu HalOyxauua u xo3doumuenror mupdysun CO, B
IIBMA u IIMMA npu (UKCHPOBAHHOM [aBJICHHM
(12.5 MIla) 1 pasnu4HbIX TEMIIEpPaTypax

Momu- | Temnepa- [ D, x 10719, [ D' x 10719, Crenens
mep | Typa, °C M/c mc H::?gg?ﬂ%
IMBMA 50 6607 | 7.2£1.0 216
55 10+3. 64113 343
65 10+2 8§+2 316
ITIMMA 50 1402 [0.69+£0.10] 32%6
65 1.6+03 [0.99+0.12| 10+4

creneHn HaGyxaHus JJIs MCCIACAOBAaHHBIX 0Opa3loB
3aBUCST OT YCJIOBUI IKCINO3MIMH B CBEPXKPUTHYEC-
ko CO,.

Hna [IMMA o6HapyxkeHo yBenuyeHne Koagdu-
ueHTOoB Audpys3uu B 1.5-2 pa3a ¢ pocToM JaBneHus
ot 9 fo 15 MIla; ¢ NOBBILIEHHEM TEMIIEPATYpPHI B
ktoBete oT 38 mo 65°C koadpdpummenr auddysuu B
ITMMA ysenmuuBaetcs Ha 20—40%.

PesynbraTsl, nonydenusie giust [IBMA, He mosso-
JIAKOT CACAATH 0):[H03Ha'-l]-lblﬁ BBIBOJ O XapaKrepe 3a-
BHCHMOCTH KO3 uiueHTa Audy3uu OT JaBICHHA.
B TO e BpeMst 0Ka3aIoCh, YTO C MOBBILICHUEM TEM-
nepatypsl B KioBete ot 38 go 65°C ko3 PpuimeHTbI
pucppysuu B [IBEMA Takke BozpacraroT Ha 50-80%.
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Puc. 4. 3menenns mopdgonoruu IIBMA B npouecce gecop6iuun CO,. O6Gpaser npegBapuTeIbHO SKCIIOHUPOBAH
B cBepxkputnueckoir CO, mpu 38°C u 9 MIla. ITepen Hauyanom gecopOuuy KroBeTa oxinaxpaeHa no 25°C (1a pu-
CyHKe a BueH MeHuCK xupgkoro CO,). Bpems gecop6umu 0 (a), 25 (6), 30 (B), 34 (1), 37 (m) u 60 c (e).

Heckonbko GonbIIMil CTATHCTHYECKUH pa3bpoc
pe3yabtatoB gisi [IBMA MoxeT 0OBACHITHCA Clie-
nyromM. B ITIBMA koagduimenTt nudpdys3nu nme-
€T IPIMEPHO Ha NMOPSAOK OOJIbIINE 3HAYEHUS], YEM B
IIMMA, nostomy pu¢p¢y3noHHbIE IPOLECCHI IPO-
TEKAIOT CyLIeCTBEHHO ObicTpee. CornacHo BbIpaxke-
Hmo (10), xapakTepHOe BpeMs fudpy3uu onpeaensi-

2 .
€TCs COOTHOWIEHUEM T = ;- /T°D, rjie 3phexTUBHBII
pasmep /4 CBSA3aH C TMHEWHBIMHA pa3Mepamu 00pasua

1 1 1 1
BBIDAXCHUEM — = 1—2 + 1—2 ¥ s

eff X Y z
3TUX COOTHOLUCHWI [JAeT XapakKTEepHbIE BpEMEHa
mudpy3uu 5-10 MuH 1 ~1 4 I UCCIIEAOBAaHHBIX 00-
paszuos [IBMA u IIMMA cootBetcTBeHHO. Creno-
BaTeNIbHO, OCHOBHAs yacth CO, BXxOguT B 00pasLpbl
IIBMA 3a nepBble MUHYTBI 9KCIEpUMEHTA. PIIyKTY-
aIi IUIOTHOCTH M TEMIIEPATYPhI HA HAYAILHOM 3Ta-
1€ O9KCHO3WIUH, OOYCIOBJIEHHbIE BO3MYILEHUSIMU
CBEPXKPUTHYECKO Cpefbl B IIPOILIECCE €€ HAIyCKa B
KIOBETY, BIHSS HAa MNPOLECCHl cOpOumU, MOTYT B

Hcnons3oBaHue

BBICOKOMOIJIEKYJIAPHBIE COEODVMHEHUA  Cepua A

OOJbLIEHA CTENIEHN UCKAXKATD U3MEPSIEMBIE 3HAYECHUS
HMEHHO B TOM ClIy4ae, KOrja XxapakTepHbl€ BpEMEHa
muddy3un MEHBIIIE WIN CPABHUMBI C BpEMEHaMHU pe-
JIaKCallM¥ HA4aJbHbIX BO3MYILIECHUAN (KaK 3TO UMEET
mecTo st o6pa3nos I[IBMA).

W3 ananu3a W3MEPEHHBIX PAaBHOBECHBIX 3HaYe-
Hult 00 beMHOI cTenieHn HabyxaHus (Tadu. 1 u 2) Bus-
HO, uTO B cirydyae [IMMA npu (pUKCHPOBaHHOM TEM-
nepatype 2kcno3uiyu (38°C) creneHr HaOyxaHus
YBEJIMYMBAETCS C POCTOM AaBieHus. IIpu duxcupo-
BaHHOM faBneHud (12.5 MIIa) 1 noBbIIIEHNH TEMIIE-
patypsl oT 38 fo 65°C crenenb HaOyxanuss IIMMA
npoxoguT yepe3 MakcuMmyM (50°C), a 3aTeM yMEHb-
1IaeTcsi. DTH pe3ynbTaThl COINIACYIOTCS C JaHHBIMHA
paborts! [9], rae uccaegosano HaOyxanue IIMMA B
CO, npu gaBnenusix go 10 MITa. ABTOpbI TakKe OT-
Meyany YBEJIWYEHNE CTENEHH HAaOyXaHusi C pOCTOM
NaBJIEHUS] U HEMOHOTOHHOCTh €€ 3aBUCHMOCTH OT
TEMIIEpATyphl: IPU YBEJIHMUEHUN NocaegHed ot 33 o
42°C (naBnenue 10 MIla) crenens HaOyxaHus BO3pa-
crana ot ~20 10 ~29%; npu ganbHEHIIEM NMOBbIILIE-
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(a)

(6)

A 400 2000 mm B

(®)

o |

Puc. 5. ACM-uzo6paxenus nosepxuoctd IIBMA nocne sxcnosunyu B cBepxkputudeckoi CO,: a — mosepx-
HOCTB 06pasua g0 akcno3uuuy; 6 — sxcnosunus npu 38°C, 15 MIla; B - 38°C, 25MIla; r — 70°C, 8 MI1a.
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HHUM TeMnepaTypbl oT 42 10 59°C crenesn HaOyxaHus
yMEHbLIANACh OT ~29 A0 ~26%. [logo6Hy10 HEMOHO-
TOHHOCTDH 3aBUCHMOCTH CTEIICHU HaOyXaHHUA OT TEM-
NIEPaTyphl B CTEKJIO00PA3HBIX MOIMMEPAX ONHCHIBA-
JIK ¥ aBTOPbI paboTrl [5].

Popmuposarue nopucmoti cCmpykmypbt

Kak BupgHO u3 puc. 1, B npouecce cop6umu CO, B
o0pasLax He MPOHCXOAUT (POPMUPOBAHUE KAKOH-ITH-
60 mopucroii ctpyktypsl. [Topst 8 [IMMA u [IBMA
00pa3yroTcd TONbBKO B npouecce gecopoumu CO, mo-
CJI€ MPENBAPUTEIBLHOM IKCIO3ULINH B CBEPXKPHTHYE-
ckux ycnosusx. Ha puc. 4 npuBefeHb! n306pakeHus
crajuii npouecca nopoo6pasosanus B [IBMA.

Bbin0 06Hapy:KeHO, YTO €CNH Mepeq MpPOLIECCOM
AecopOLuy MPeABAPUTENLHO IOHH3UTD TEMIIEPATYpPY B
KIOBETE 10 KoMHaTHOI (~20°C), nogaepKuBas MOCTO-
SIHHOE [ABJICHIE, H TONBKO MOTOM HAYaTh IEKOMIIpEC-
curo, To B o0pasue [IMMA nopucras CTpyKTypa He
ob6pasyercsa. Ilo HamieMy MHEHHIO, 3TO SBISACTCS
CIEACTBUEM MPEMATCTBYIOLIETO MOPOOGpa3OBAHUIO
3acreknoBbsiBaHnsg [IMMA, koropoe HMeeT MecTo
MpH NOHIDKEHUH TEMIIEPATYPHI A0 KOMHATHOH. B TO
ke Bpems qist o6pasior [IBMA B ycnoBuax aekom-
MIPECCUHU NOCNE MOHIKEHHST TEMIIEPATYpPhI, NpoLiece
1opoo6pa3oBaHusi MPOTEKAET €lle 60ee HHTECHCUB-
HO MO CPaBHEHHIO ¢ AEKOMNpeccUell 6€3 npenpapu-
TEJILHOTO MOHIDKEHUS TeMIiepaTypsl. Kpome yeenn-
YEHUs CTENCHH HaOyxaHHs NpH MOHIKCHUU TEMIIe-
paTypbi, faHHBIA 3¢(EKT, MO-BUANMOMY, CBSI3aH C
TeM, 4TO, B oTauume oT [IMMA, HaOyxumii [IBMA
OCTAaETCS B BBICOKO3JACTUYHOM COCTOSIHMH H IIpH
KOMHATHOII TeMIeparype.

J1n1s BLIACHEHHA BJIMSHUSL YCIIOBHI 3KCNIO3HLUH HA
XapakTep mopooOpa3oBaHusA U MOpP¢ONOruio nop,
c¢opMupyeMbIX B 00pasiax HCCAEAyEeMbIX MOIuMe-
POB, GbLITO NPEANPUHATO U3YYECHUE MOBEPXHOCTH H
CKOJIOB 06pa3LoB ¢ NOMOIIbi0 MeToga ACM.

ITpu nccneposanum [TBMA. o6GHapyxauy, 4TO mo-
clie 3aBepICHHA LHMKIA COpOLME—TecopOLMU CBEpX-
kpurHyeckoit CO,, Ha MOBEpXHOCTH oOpasua ¢op-
MHPYETCS 3HAYUTEJIbHOE KONHYECTBO YETKO BbIpa-
JKEHHBIX 1Op, UMEIOLIHX FEOMETPHIO “KpaTepoB”,
riyOuHa U JHAMETP KOTOPbIX BapbUPYIOTCA OT fe-
CSITKOB H COTEH HAHOMETPOB JI0 HECKONBKUX MHKPO-
METpPOB (NOpPbI IIyOxKe 2—3 MKM OblIO HEBO3MOXKHO
aIeKBaTHO BH3YaJIH3HPOBAThb 30HAOM MHKPOCKOIA B
CHJIy OrPAaHMYEHHOCTH AHHAMHYECKOrO MHAIa30Ha
ucnonklyeMoro ckauepa). Merogx ACM mnossoaun
OGHAPYKNUTH pa3nuymsi B MOP(ONOrHH NOBEPXHOCTH
o6pasnos [IBMA, 3KCITIOHUPOBAHHBIX B Ppa3IMYHbBIX
ycnoBusax. OKa3anoch, YTO KOJIHYECTBO H XapaKTep-
HBII pa3Mep MOp, KETEKTHPYEMbIX Ha MMOBEPXHOCTH
MONIAMEPA, 3aBHCHT OT TEMIIEPATYPhl U JABICHHUS

BBICOKOMOIJIEKYIISIPHBIE COEMUHEHHUA  Cepma A
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IIPH €r0 3KCIO3HLMH B cBepxkpurndeckoii CO,. Ha
pHC. 5 npuBepeHbl pe3yabTaThl ACM-HccnenoBanus
o6pasnoB IIBMA, 3KCIOHHPOBaHHBIX NPH OTHOI
temneparype (38°C) H pa3nM4HBIX JABICHUAX
(15-25 MITa). BugHo, 4T0o MAaKCUMAJIbHOE KOJIHUYECT-
BO nop ¢opmupyeTcs npu pasnennd 15 MITa (puc. 56),
[IpHYEM NOPbI BECbMA UWIHPOKO PACHpefeNeHbl MO
pasmepam (quametp 0.2-2 MM, ray6uHa 1-100 HM).
TTocne sxcno3vmm npn Gonbimx gasnennsx (25 MI1a,
puc. 5B) unu npu MeHbnXx (8 MITa, uzoGpaxkenus He
npuBeAcHbl) Mop ¢opmupyercs MeHbine. OFHAKO,
ecnu npy gasiacHuM 8 MIIa noBbICHTEL TeMnEpaTypy
B sryetike 1o 50-70°C (puc. 5t), TO MOBEPXHOCTH KC-
MOHHPOBAHHOT'O NOMMMEPA TaKke OyReT CoxepKaTh
3HAYMTENBHOE KOJMMYECTBO NOP ¢ IIMPOKHM pacrpe-
AEJICHAEM HX MO pa3sMepaM.

B T0 ke Bpems qis o6pasnos [IMMA HekoTOopast
o6macTs BOIM3H MOBEPXHOCTH, KaK MPaBUJIO, OCTa-
Banach cBoGogHOH OT nop (B oramuue ot IIBMA).
OTH 3aKOHOMEPHOCTH (OTCYTCTBHE MOpP Ha MOBEpX-
HOCTH ¥ BOJIM3M HEE) MBI OOBACHAEM TEM, YTO B MPO-
Lecce JeKOMITPECCHH B 061acTi BOIM3U TOBEPXHOC-
TH POUCXORNT 3acTeknoBbiBaHue [IMMA, noatomy
npouecc nopoo6pa3oBaHUs HAET TONBKO B Goiee
“ray6okux” yyactkax o0pasna.

SAKIIIOYEHHE

B paboTe npoBegeHO HCcAemOBaHUHE HaOyxaHus
o6pasuoB IIBMA u [IMMA in situ. M3 ananu3a ne-
peMELICHAS ONTUYECKAX IPAHAL A M3 aHAJTU3a KHHE-
THKH HaOyXaHusi BeIYUCIEHb] K03 dumeHThl tuddy-
s CO, B nomumepax. OnpeneneHbl paBHOBECHbIE
creneHl HaOyxanus. HaGmromaeMas B 9KCIIEpHMEHTE
cneupduka GOpMHPOBaHHS ONTHYECKHUX TPDAaHHUIl B
IIMMA u [IBMA 0GBbSCHEHa B CDABHUTEJILHOM aHa-
JM3€ C pe3yIbTaTaMH KOMIBIOTEPHOIO MOIEIHPOBa-
HHS, YTO MO3BOJIAIO CAENATh BHIBOJ O XapakTepe
KOHLEHTPAUOHHOH 3aBHCHMOCTH KO3((HUIHEHTOB
pucdpyszmm CO, B 3THX nomMepax.

CornacHo mopenu, npegnoxenHomn ansa [IMMA,
k03¢ PuimeHT AU dy3uu pe3ko yBenuwyuBaeTcs 60-
Jiee YyeM Ha NOPSAOK NpPH AOCTIKEHHM KOHLEHTpa-
UM copdaTa HEKOTOPOro MNOpPOroBOro 3Ha4eHHs
(~70% ot paBHOBECHOro). Mbl npefnonaraeM, 4YTo B
YCIOBUSX SKCIIEPHMEHTOB NPH 3TOM 3HAYE€HUU KOH-
LeHTpauuu copoupoBantoro CO, NpoHCXOOuT nepe-
XOfI NOJMMEPA U3 CTEKIO00PA3HOro B BLICOKO3/IaCTHY-
Hoe cocrosHue. B mogemu g [IBMA koagdument
macpy3um no mepe copbumu CO, yBemuauBaeTcs no-
creneHHo (cymMMapHo B 5-10 pa3), 4YTO NPUBOAUT K
¢hopMHpPOBaHHMIO ONTHYECKOM I'PaHHLIbI HHOTO BHAA,
yem B [IMMA.
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IMpoaHanu3ApOBaHbl 3aBHCHMOCTH NONYYEHHBIX
3HAYEHMIT cTeneHell HaGyxaHusi U KO3 PHUHUECHTOB
mudpdpy3un CO, B NOTUMEPAx OT AABICHHS U TEMIIE-
paTyphbl; MONYYEHHBIE PE3YIBTAThI COTTACYHOTCA C
AMEIOLMMIUCS JIUTEPATYPHbIMU JAHHLIMH, YTO CBH-
[ETENLCTBYET 00 afieKBAaTHOCTH OITHYECKOH METO-
[HKH, BIEPBbIE MPUMEHEHHOM A UCCIENOBAHUA Ha-
6yxaHus NOJMMEPOB B CBEPXKPUTHYECKOM Cpefe.

C noMouipio METOIOB ONTHYECKOH # ATOMHO-CH-
JIOBOY MHKPOCKOIIHH OXapaKTepH30BaHa MOpdOIo-
rUsl IOPHCTBIX CTPYKTYP, 0Opasyrolmxcs B 06pa3uax
npu gecop6ipm CO,. OTcyTcTBHE NpoLecca opood-
pasoBanust B [IMMA B npHNoBepxHOCTHBIX 00Jac-
TSX WIH BO BceM 06beMe (npu aecopouuu CO, B yc-
JIOBHSAX MOHIDKCHHON TEMIIEPATYphbl) OOBACHEHO 3a-
CTEKJIOBBIBAHHEM MTOIUMEPA.
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Poly(methyl methacrylate) and Poly(butyl methacrylate) Swelling
in Supercritical Carbon Dioxide and the Formation of a Porous Structure

M. O. Gallyamov*, R. A. Vinokur*¥, L. N. Nikitin**,
E. E. Said-Galiev**, A. R. Khokhlov**, and K. Schaumburg***

*Faculty of Physics, Moscow State University,
Leninskie gory, Moscow, 119899 Russia
**Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences,
ul. Vavilova 28, Moscow, 119991 Russia
**xCenter for Interdisciplinary Studies of Molecular Interactions, Department of Chemistry, University of Copenhagen,
Universitetsparken 5, DK-2100, Copenhagen, Denmark

Abstract—The swelling of poly(methyl methacrylate) and poly(butyl methacrylate) samples in supercritical
carbon dioxide was studied in situ. It was shown that the optical technique used to monitor the sorption process
in the supercritical fluid allowed the diffusion coefficients of carbon dioxide molecules in the samples to be
determined both by analyzing the movement of optical boundaries and from volume swelling kinetics. The dif-
fusion coefficients in poly(methyl methacrylate) and poly(butyl methacrylate) were assumed to be concentra-
tion-dependent, and the models proposed were found to explain the formation of optical boundaries that had
been detected experimentally in these samples. The experimental data were fitted to the results of computer
simulation of the sorption process. Pore formation in the samples upon desorption of carbon dioxide in different
exposure and decompression modes was visualized using optical (in situ) and atomic-force (ex situ) microsco-
py. The plasticizing effect of CO, on the pore formation process is discussed.
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