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B pabGote nccinenoBaHbl GU3MKO-XUMUUYECKHUE 1 aICOPOILIMOHHBIE XapaKTEPUCTUKU MUKPO-ME30IIOPUCTO-
IO YIJIEPOIHOTO afcopOeHTa, MOJTYYEHHOTO U3 OTXOI0B APEBECUHBI TEPMOXMMUYECKUM METOIOM, TIO OTHO-
IIIEHUIO K MpolleccaM aKKyMYyJIUPOBaHUs MAapOB CKUKEHHOTO MTPUPOIHOTO ra3a B CUCTEMaX IJIUTETbLHOTO
XpaHeHUsl. PEHTTeHOCTPYKTYpHBbIit aHaIU3 afcopOeHTa moKasaJl, YTO B pe3yJibTaTe CUHTE3a aJICOpOeHTa ero
CTPYKTYypa IIpencTapisuia coboii amopdHyio da3y yriepoaa, 6e3 Ipu3HaAKOB HaJU4us TpadUT-1ogo0HbIX
a3, xapakTepHBbIX IS yIJei, TToJlydaeMbIX U3 APYTMX BUIOB ChIpbs. B CBOIO ouepenb pa3BuTasi mopucrasi
CTPYKTYpa ancopOeHTa MpeAcTaBieHa Kak MUKPO-, TaK Y ME30IOpaMu, C IIIMPOKUM paclpeaeeHUeM I1o
pa3MepaM — CyMMapHBIiI 06beM MOp COCTaBIIT oKouio 1.7 cM?/r. PacueT cOpGLIMOHHBIX XapaKTepUCTHK all-
copbenTa nmpu temmneparypax 111.7—160 K u gaBnennsax 1o 0.6 MIla BEIITOTHEH Ha OCHOBE CBOMCTBA JIA-
HEWHOCTU 3KCcTiepuMeHTabHbIX n3octep npu 7 ot 303 mo 333 K, Bkiana oT aacopOLIMY HA TOBEPXHOCTHU
Me30I0p B MOoHOCI0¢€ U 3¢ dekTa KamuuisipHoit KoHaeHcauu (DKK). Ha ocHoBe COpOLIMOHHBIX TaHHBIX
IMOKa3aHo, YTO HAJIMYME ME30ITOp OKa3biBaeT MpeBaIMpyIollee BIusiHUe Ha 3PHEeKTUBHOCTD aACOPOLIMOH-
HOIo aKKyMmyJimpoBaHus, 61arogaps Bkiaany KK, obecrieurBas akTUBHYIO eMKOCTb KPUOT€HHBIX COpPO-
LIIOHHBIX aKKYMYJIATOPOB Ha ypoBHe 450 M (HT)/M>.
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1. BBEAEHHUE

CxackeHHplitn nipuponseiii raz (CIIT), xpans-
LIUIACS IIpU TeMInepaType MuHyc 162°C u atMocdep-
HOM JaBJIeHUH, SIBJISIETCS] OTHUM 13 HauboJiee BOCTpe-
0OBaHHBIX BUJOB TOILIMBA B MUPOBOM 3HeprobdajiaHce
[1]. Hapsimy c npeumyiectBamu CITI, Kak 9HEProHO-
CUTEJIS, €0 MOoJIyueHUe, XpaHeHWEe U TPaHCIOPTUPOB-
Ka COMPSDKEHBI ¢ PSIIOM TEXHOJOTMYECKUX MPOOIeM,
OHOM U3 KOTOPBIX SIBJIsIETCS 00pa30BaHUE OTIIApHO-
ro MeTaHa B KpUOTEHHBIX pe3epByapax, MPUBOIIEe
K pocTy naBieHust B cucreme [2]. MHTeHCHUBHOE Mna-
pooOpa3oBaHUe MPOUCXOAUT MPU 3apaBKe WU B pe-
3y/JIbTaTe BO3JAEMCTBUSI BHEIIHMX TEIIOMPUTOKOB.
DTU IIPOLIECCH] B CBOIO oYepenb 3aBUCIT OT 3 PeK-
TUBHOCTU TETUIOU30JISILIMY, 0O0beMa TaHKa, BpeMEHU
xpaHeHus. Bo nzbexaHue aBapuilHbIX CUTyalluii B
cucrteMax xpaHenusi CIII' mpemycmoTpeH XiaraH
cOpoca nu30bITKa ra3a Ha (akes Ui cBevy, 4To Mpu
ero CUCTeMaTM4YeckoM cpabaTblBAaHWM NPUBOIUT K
3HAUYUTEJbHBIM MOTEPSIM BHEpropecypca U HaHece-
HUIO Bpena okpyxaromieii cpene [3]. HuBeaupoBanue
ob6pazoBanus mapoB CIII" cerogHst mponcXoguT B OC-

HOBHOM ITyTeM UX peKyrnepaluu ¢ UCII0JIb30BaHUEM
XOJIOMMJIBHBIX MAIlIMH W BO3BpaTa B CUCTEMY B KW -
KOM COCTOSTHUM [4].

B kauecTBe albTepHATUBHOTO BapraHTa KPUOTEeH-
HOTO METOAa peKylepalyu OTIapHOTO ra3a, MOXeT
CITyXXWUTh ancopOlMOoHHasl TexHoyuorus [5]. Meton
XpaHEHHUs Ta30B B aJcOpOMPOBAHHOM COCTOSIHUU
WMEET CYIIIECTBEHHbIE TEXHOJIOTMYECKUE TPEUMYIIIEe-
CTBa, B YaCTHOCTHU, MOBBIIIIEHHYIO 3HEProaHeKTUB-
HOCTb M3-3a CHUKEHHBIX JaBJICHUMN U 6€301aCHOCTb,
B cwiy HaHo-gucneprupoBanHoro (HOC) cocrosi-
HU4 agcopOara B Mopax, COUBMEPUMbBIX C MOJIEKYJIa-
MU copbupyemMoro BemiecTtBa [5—7]. MccnenoBanust
MOCJEeIHUX JIET B 9TOM HaMpaBJeHUU MOKa3alu, YTO
aKKyMyJIMpOBaHWE JHEPreTUYECKUX ra3oB MeTaHa,
BOIOPO/Ia B CBEPXKPUTUUYECKOM COCTOSIHUM Haubo-
Jiee 3PPEeKTUBHO B MUKPOMOPUCTHIX aacopOeHTax ¢
MPELM3UOHHBIMY MOPaMU — YIJIEPOIHBIX aICOPOEeH-
Tax [8—10], MeTaymopranndecknx Kapkacax [11—14].

HMccnenoBanusi B HammpaBJIeHUM HU3KOTEMIIepa-

TYPHOTO aKKyMYyJHMPOBAaHUS MeTaHa U B TOM 4YUCIIe
MPUMEHUTEJBHO K 3a/1a4e aJIcOpPOLIMOHHOI peKyTie-
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pauuu nnapos CIII, npencrasieHbl B padorax [6—15].
OmHuMu u3 Haubojiee 3PGEKTUBHBIX COPOSHTOB
MPEACTABIISIIOTCSI AKTUBHBIE YIJIM Pa3jIMIHOIO IIPO-
UCXOXIEHUSI, Oyarogapss MX BBICOKOM CTaOMJIBHO-
CTH, BO3MOXHOCTH IIMPOKOTO BapbUPOBAHUS I1apa-
METPOB MOPUCTOI CTPYKTYPHI M TEXHOJOTUYHOCTH.
PaHee, B paboTe 110 TEOpETUYECKOMY HCCIEI0BAHUIO
3(pPEeKTUBHOCTH aKKyMYyJMPOBAaHUS MeTaHa B IO-
KPUTUUYECKOM 00JIaCTU TeMIlepaTyp Mpu HU3KUX JTaB-
JeHusx [ 15], 6b110 IMoKa3aHo, YTO MPU HU3KUX TEMITe-
patypax 3MOEeKTUBHOCTb IMPUMEHEHUST YIIICPOIHBIX
aIcOpOCHTOB C Y3KMM pacHpeae/icHUeM IeaeBUI-
HBIX MUKPOIIOP II0 pa3MepaMm, OorpaHUYeHa UX CyM-
MapHBIM 00BEMOM, a TIPeAe/IbHOE 3alIOJTHEHUE MPO-
WCXOIUT YK€ MpPU OTHOCHUTEIBbHBIX MABJICHUSIX Ha
ypoBHe P/P,okono 0.5 (mnsa remmepatyp 120—150 K).
B To ke BpeMsi, 3HAUUTEJIbHBIN BKJIAI B yAEIbHYIO
€MKOCTb MOXeT BHECTH 3(h(heKT KaImUISIPHOI KOH-
JIEHCallMU aJiIcopOTUBa B 00Jiee IIMPOKUX ITopax Aua-
MeTpoM cBbile 3.2 HM. [loaToMy mis cimydast akky-
myspoBaHus mapoB CIII' B ToKpUTHYECKOM COCTO-
SIHUU, OCOOBII MHTEPEC BBLIZLIBAIOT aJICOPOCHTHI, C
BBICOKMU 00BbeMaMM MUKPO- 1 Me30110p. B yacTHOCTH,
YTJIepOAHBIE MUKPO- U ME3OTIOPUCTHIE aiICOPOSHTHI C
IIMPOKUM paciipeneeHreM II0p 0 pa3MepaMm, MO-
I'yT ObITh 3(EKTUBHBIMU ST aKKyMYJIUPOBAHUS
IIapoB METaHa B JO- U CBEPXKPUTUYSCKOM TeMIIepa-
TYPHOM MHTEpBaJe.

AKTUBHBIE YIJIM MOJIy4YaloT U3 PA3IMYHBIX BUIOB
HICXOJIHOTO CHIPhSI, B YACTHOCTU M3 KaMEHHOYTOJIb-
HOTO ChIpbd [16], Topda [17], momumepos [10], pac-
TUTENBHBIX TTpeKypcopoB [18] u ap. [Tocaegane mos3-
BOJISIIOT TMOJIy4aTh aIcOPOEHTHI C BHICOKUM 00BbEMOM
MUKpO- ¥ Me3omop. IIpu 3ToM OTHOBpEMEHHO MO-
JKET pelnaThcs 3agada nmepepabdoTKM OTXOMIOB CEJib-
CKOXO3SMCTBEHHOTO U AepeBOOOpabaThIBAIOIIETO
MPOM3BOJICTBA B MPOAYKTHI C BRICOKOI 100AaBJIEHHOM
cTOoMMOCTEIO [18].

Lenbio HacTosiieil pabOOTHI SBISETCS CUHTE3
MUKpPO- 1 ME3OIIOPUCTOTO YIJIEPOTHOIO aICOPOEHTA,
METOAOM TEePMOXUMMYECKOI 00pabOTKHM OTXOI0B
JIPEBECUHBI, UCCASAOBaHME aaCcOpPOILIMY MEeTaHa B BU-
Jie oTIapHbBIX ra3oB kommiekcoB CIII n pa3zpaborka
BapuaHTa TPUHLUMUIIMAJIBHON CXeMbl peaiu3aluu
mmpoiecca aacopOLIMOHHON peKynepaly IapoB Me-
TaHa B KPMOT€HHBIX CUCTEMaX AJIUTCIIbHOI'O XpaHE-
HUs. B ¢BsI3u ¢ 3TuM, UcciaemoBaHue aacopOLMOH-
HBIX U TEPMOANHAMHNYCCKUX CBOICTB a)lCOp6Lll/ll/I ME-
TaHa B JIO- M CBEPXKPUTUYECKOM TeMIIEPaTypPHOM
WHTEPBAJIe HA BBICOKOAKTUBHOM MHUKPO- M ME30I10-
PUCTOM aJICOPOEHTE BaXKHO U aKTyaJIbHO.

2. OFLEKTHI M1 METO/1bl UCCJIEJOBAHUM
2.1. Adcopbenm

B xauectBe ancop6enTa napos CIII' B naHHOI pa-
0oTe IIpemIaraeTcsl MCIIOJIb30BaTh YITICPOMHBII all-
COpPOEHT, TIOJYYEHHBIN IIyTEM TEPMOXUMUYECKOMN
aKTUBALIMM OTXOJOB APEBECUHBI B MPUCYTCTBUU Op-
todocdopHoit kucnorel (H;PO,). Cunres ancop-
OeHTa BKJTIoUas B ce0sT HecKobKo cTtanuii: 1) Kapoo-
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I'PUHYEHKO u ap.

HU3aLMS OTXONOB AepeBooOpadboTku mmpu 648—773 K;
2) Xumnueckasi aktuBauus npu 1173 K B mpucyr-
ctBuu optodocdopHoit kuciaotel (H;PO,); 3) IIpo-
MBIBKa M cymIka aacopoeHTa. IlomydyeHHBIN ancop-
OEHT MMeJI TTOPOIIKOOOPa3HYI0 MEIKOAUCIIEPCHYIO
CTPYKTYpY.

2.2. Adcopbmus

B skcriepuMeHTalbHBIX HCCAEAOBAHUSIX T10 al-
copOLIMM MeTaHa UCHoab30Bany MeTaH Mapku BY ¢
colepKaHeEM OCHOBHOIO KoMIoHeHTa 99.999 06. %.
DusnKko-XMMHUYECKHNE CBOICTBA MeETaHA: MOJIEKY-
nsipHasi Macca L = 16.0426 r/Monb; TeMrepartypa Ku-
neHust T, = 111.66 K; kputudeckas temrmeparypa
T,.=190.77 K; xputnueckoe nasnervie P, = 4.641 MIla.
CsoiicTBa MeTaHa OBUIM OIIPEIeICHBI C ITOMOIIBIO
nporpaMmmHoro obecrieueHnss CoolProp [19].

2.3. Mopgoaoeus u penmeenoghasosutii
auaiu3 adcopbenma

HaHHble 0 Mopdoaoruu odpasiia MmojaydyeHbl Me-
TOIOM CKaHUWPYIOIIEH 3JIeKTPOHHONW MHUKPOCKOITMHT
(CBM) ¢ nomoubio Mukpockona Quanta 650 FEG
(FEI, CIIIA), ocHamenHoM aetekropom EDX. Die-
MEHTHBIM COCTaB 0Opa3loB OIpeNesIsiyicsl yCpeaHe-
HUEM JECITH pPe3yJIbTaTOB CKaHUPOBAHMSI MOBEPX-
HOCTH U3MEJIbYEHHBIX alICOPOESHTOB.

Da3oBbIii cocTaB acopOeHTa aHATU3UPOBAIH IO
maHHbIM XRD, moiaydeHHBIM ¢ TOMOIIbIO mpubopa
Empyrean Panalytical B o6nactu yriioB paccesiHus 20
oT 10° mo 90°. O6pa3upl UCTUPAIU B TMOPOIIOK U
VKJIaAbIBAIN Ha MJIACTUHY, KOTOPYIO 3aT€M yCTaHaB-
JIUBaJIU Ha CTOJUK AudpakToMeTpa. ChbeMKY MPOBO-
IWIW C TIpPUMEHEHUEM TIeoMeTpUuM (HOKYCUPOBKU
bparr-bpeHraHo u ucnoiab3oBaHUEM (DUIbTPOBAH-
Horo Ni—CuK-usny4yenus (Aq, = 0.1542 um). Kaue-
CTBEHHBIII aHaJIW3 MPOU3BOAWIM 1O XapaKTePHBIM
pedaexcam rpacdura — (002), (100), (101) u (11).

2.4. Hccnedosanue cmpykmypHo-3HepeemuiecKkux
xapakmepucmuk aocopbenma

CTpyKTYpHO-3HEpPreTuYecKrue XapakKTepUCTUKU
ajgcopOeHTa, TaKue Kak yaeJbHbIii 00beM MUKPOTIOp
W,, cTaHmapTHYIO XapaKTepUCTUUYECKYIO DHEPTUIO
ancopouumn E; u 23bdEKTUBHYIO TTONYIIUPUHY MUK-
pOMop X, paCCUUTHIBAIU MO YpaBHEHUIO JlyOMHUHA—
Panymkesuya Teopnst 00beMHOTO 3aITOTHEHUS MUK -
pornop (TO3M) Ha OCHOBE 3KCIEepPUMEHTAJIbHBIX
JIAHHBIX 10 aACOPOLIMM CTaHAAPTHOIO Tapa a3oTa Npu
temniepatype 77 K [20]. M3mepeHursT BBITIOJHSIIN Ha
aHaJM3aTope IIOPUCTOIl CTPYKTyphl Autosorb 1Q
(Quantachrome Instruments, CIIA). Benuuuny
YIETbHOI MOBEPXHOCTU Sppr PACCUUTHIBAIU MO U3-
BecTHOMY ypaBHeHuio bOT, ucronb3ys amcopOm-
OHHBIE JaHHEBIe 110 mapy a3zorta npu 77 K [21]. Pac-
npeaejaeHre MUKpPOTIOp Mo pa3MepaM pacCUYUThIBAIU
metonoM NLDFT.
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AJCOPBIUA ITAPOB METAHA

2.5. Adcopbyus memana 6 ceepx-
U 0OKpUMUHECKUX YCA0BUSAX

B o61actu cBepXKpUTUYECKUX TeMIlepaTyp 3KC-
MeprMeHTaIbHO U3MeEpPeHa aacopOLusi MeTaHa B UH-
TepBaje gapieHuii ot 5 I1a no 15 MIla u Temneparty-
pax 303—333 K. OpuruHaabHbBIe ancopOILIMOHHBIE
yCTaHOBKM, pa3paboranHbie B MDXD PAH [22], uc-
MOJIb30BaHbI JISI U3MEPEHUST OOBbEMHBIM METOAOM
ajacopOIIMu a, KaK MOJIHOTO CollepXKaHUs a1copOupo-
BaHHOTO BEIIECTBA B MUKPOIIOpax aAcopOeHTa:

a=(N -V —Vp,)/(m). (1)

3nech, N — KOJIWYECTBO MeTaHa, BBEACHHOTO B
00BbEeM U3MEPUTENILHOI CUCTEMBI, T; V' — 0011t 00beM
cucTeMsl, cM>; ¥V, — 06beM ancopbeHTa ¢ MUKPOIIO-
pamu, cm>; pg— IUIOTHOCTB Ta30BOM (ha3bl MPU 3a1aH-
HOM naByieHuu Pu temneparype T, t/cm?®; my— macca
pEreHepUpPOBAHHOTO aJICOPOCHTA, T.

O6beM ancopbeHTa ¢ MUKpornopamu V, onpene-
JISUTH, KaK CyMMY 00BbeMOB amcopOeHTa, OTpeaeieH-
HOTO KaJIMOPOBKOM MO rejinio, 1 00beMa MUKPOIIOP
W,, onpeneaeHHOoro 4151 JAaHHOTO aacopOeHTa METO-
moMm JlyomnuHa Ha ocHoBanmu TO3M. Ilorpemi-
HOCTb OIIpeaeseHUs] aacopouuu cocrapisia £1% c
JIOBEPUTETBLHOI BEpOSITHOCTHIO 0.95.

Jnsa pacyera agcopOLMM MeTaHa B IOKPUTHYE-
CKUX YCJIOBUSIX Ha MCCIICAYEMOM YIIEPOIHOM aacop-
OeHTe, comepKalleM MUKPO- U ME30TOPhI YUNTHIBAJI:
aJIcopOLIMIO B MUKPOIIOpaX, KOTOPYIO B IIEPBOM ITPU-
OMIXKEHNY, MOXHO OXapaKTepH30BaTh KaK aacopo-
LU0, TTPOTEKAIOIIYIO MO MEXaHU3My 0ObeMHOTO 3a-
TIOJTHEHMUST dyqy,; AACOPOITNIO HA TIOBEPXHOCTH Tiepe-
XOIHBIX TIOP dyp, IPOTEKAIONIYI0 IT0 MeXaHU3My
3aMoJIHEHUSI MOHOCJIOS; U KaITUJUISIPHYIO KOHIeHCa-
IIIO B Me30II0pax dx B COOTBeTCTBUM ¢ (1).

a=ayy + ayg + a. (2)

Pacuer ancopOLMOHHBIX paBHOBECUII MeTaHa B
MUKporiopax (11 nHTepBana temmeparyp 111.7—293 K)
OCYILIECTBJISUIU ITyTEM MepecueTa u3 U30CTep aacopo-
1IUM, MOCTPOEHHBIX HA OCHOBE IKCIIEPUMEHTATbHBIX
JIAaHHBIX, UCXOJISI U3 UX JIUHEHHOCTU B KOOPJAMHATAX
InP—1/T.

Pacyetr agcop6buiu BEICOKOTO JaBJIEHUST B CBEPX-
KPUTUYECKOM TeMIiepaTypHoii oomactu (213—293 K)
MPOBOJIWJIM C TOMOIIBIO OCHOBHBIX YpaBHEHU
TO3M. IIpu 3TOM AJ1s1 ONMCAHUSI TTOJYYEHHBIX U30-
T€PM UCMOJIb30BaIU U3BECTHOE ypaBHeHUE JyOuHu-
Ha—Panyiikesuya [23], B cooTBeTCTBUH C (2):

4 = agexp -(%)2 , 3)

[I€ a, — NpeesibHast BETUYMHBI aACOPOLIMU UCCIIENY-
€MOr0 Ta3a, [MoJib/T], IIpH AaBJIeHUU P paBHOM AaBlie-
HUIO HACBIIIIEHHOTO Mapa P, npu naHHo# TeMnepary-
pe T, [K]; E —xapakTepucTudueckasi 3Heprusi aacopo-
nuu MetaHa, [[x/monb|; A — muddepeHnnaabHasI
MoJibHas1 pabota agcopouuu, [I/Mob].
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BenmuuunHy npeaeabHO ancopOoury MeTaHa B MO-
HOCJIOE Ha MOBEPXHOCTU ME30MOp OIMPEACsIU O

dopmye:

ave = pSME(DMOLi’ “4)

rae p — IJIOTHOCTH ajcopbara B MOHOCOe, [r/M];
Suyg — VYOeIbHas IIOBEPXHOCTb ME30mop, [M2/r];
MOyor — DJIEMEHTapHas Iiolaaka, 3aHuMaemMasi Mo-
JIeKyJioii amcopbaTa Ha MOBEPXHOCTU ajlcOpOeHTa,
[M]; W — moussipHast macca, [r/monb]. [lonpaBky Ha
aacopOIIMIO BEUIECTB B MOHOCJIO€ Ha MOBEPXHOCTHU
Meszorop k, Mmoib/(T - [1a), onpenensiiu 1o (4):

k = aME/PO . (5)

J11s1 onipeesieHNsT BeTUIUHEBI aICOPOIIMU B ME30-
nopax Tpu KalnWUISIpHOW KOHJASHCALIMU MCITOJIb30-
Banu ypaBHeHne TomcoHa—KenbBuHa [24]. B pacue-
TaX NPUHUMAIM OOMylleHUe 00 SKBUBAJCHTHOCTU
CBOICTB CBOOOJHOI XXMAKOCTU U aacopdara B Me30-
rnopax Mnpu KanuUISIPHOM KOHJEHCAlLlMU B CXOXKHUX
TePMOAMHAMUYECKUX YCJIOBUSIX. DTO IMO3BOJIWIIO
OCYIIECTBUTH pacyeT KanuJJISpHO-KOHAEHCAIIUOH-
HbIX 3((HEKTOB MPU aAcOpPOLIMM MeTaHa B 00JacTu
JOKPUTUYECKUX TeMIEeparyp IO pacnpeaesieHUIo
oObeMa mop Mo pas3Mmepam, OIpeneJeHHOMY MO ajl-
copOLIMM cCTaHIapTHOIO napa asora pu 77 K.

2.6. Tepmodunamuka adcopbuyuu

ITo onpenenennio [25], n3ocTeprdeckas TerniaoTa
ancopoIUm ¢, SBJISIETCS PAa3HOCTHIO MEXIY SHTAb-
nuen paBUHOBeCHOﬁ re\1}30301‘/’1 Gbasel 4, u muddepeH-
IIMATbHOM SHTATBITUEH aICOPOIIMOHHOM CUCTEMHBI A, :

Gy = hy — (OH,[0a); = h, — hy. (6)

C yuyeTOoM HeuaeallbHOCTU ra3oBoOil ¢as3bl U aj-
COpOIIMOHHOI TedopMallii aAcopOeHTa, ypaBHEHUE
mpuHUMaeT Bun [26, 27]:

4, =-RZ %((1%/;)) a[l_(%jr/v"’}_ 7)

() )
E)a T aT a

rue Z = Pv,/RT — x02(pPULIMEHT CKUMAEMOCTH PaB-
HOBECHOI ra3oBoil as3el npu gapiaeHuu P, [I1a] u
temneparype 7, [K]; v, — ynenbHbiii 06beM ra3oBoit
dasel, [M3/Kr]; R — yHUBepcaabHas razosasi IOCTO-
stHHas, [Hx/(Mmonb K)|; V, = V,(P, T)/m,— yneapHblii
TIPUBEACHHBIN OOBEM anCOPOIIMOHHOM CHUCTEMBI “ai-
copbent—azncopoar”, [em3/r]; Vo (P, T) u my — coot-
BETCTBEHHO 00beM aJcopOeHTa BMECTe C MUKPOTIO-
pamu, Mpu aacopOLUM U Macca pereHepUPOBaHHOTO
ajcopOeHTa.

VYpaBHeHMe (6) Harboee TOJIHO YYUTBIBACT (pU3H-
yeckue (pakTophl, BIMSIONIME Ha BeJIWYUHY nudde-
PEHLMAIBHOM MOJILHOM TEIIOThI aICOPOLIMU: aIcOpO-
IIMOHHas1 u3oTepMuueckas nedopmamus (dV,/oa)r,
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Puc. 1. (a) Audpakrorpamma ancopdenTa ES-1 (mynkrupHsie tuaum — pedaekcel rpacdurta — (002), (10), (004), (11). (6) CHU-

MOK TTOBEPXHOCTHU aICOPOEHTA.

TeMreparypHas usocrepuueckas necopmauusi (0V,/07),,
KpYTH3HA HAKJIIOHA M30TepM ancopormu (dP/da); u
uzocrep [dInP/d(1/T)],, HeuaeaabHOCTb Ta30BOMA
daze Z(P, T).

INpn MaabIX BeTMIMHAX M30TEPMUYECKOMN Aedop-
Maimu (dV,/da) , TeMIiepaTypHO U30CTEPUIECKOM e
dopMalM 1 BeTMYMHAX KoadduimeHTa cxXrmaeMo-
CTU, GIIU3KUX K eINHULIE, ypaBHeHUE (6) cBomUTCA K (7):

B d(InP) oP
g o

3. OBCYXKJAEHWE PE3YJIbTATOB

3.1. Ananusz penmeenoghazosvix u mopghonocuueckKux
Xxapakmepucmuk adcopbenma

Ha puc. 1a npencrapieHa qudpakTorpaMma aacop-
OcHTa, CBUIETE/IBCTBYIONIAS O CUJIBHOM pasyropsiio-
YEHHOCTU €T0 CTPYKTYPbI B BBUIY BEICOKOI CTEIICHU aK~
TUBALIMU XUMUYECKUM MeTOIOM. TakiM 06pa3om, B OT-
JIMYMe OT “KJIaCCUYECKUX”’ YIJIEPOMHBIX aICOPOECHTOB,
MOJTy4aeMbIX U3 KOCTOUKOBOTO ChIPbsI, CKOPJTYITBI Ope-
XOB, McKomaemoro yris [12, 15—18], y moiydeHHOro
CcopOeHTa MTPAaKTUYECKU OTCYTCTBYIOT IMUKH, XapaKTep-
Hble Wi rpadura, T.e. rpaduT-NomoOHbIE HAHOKPHU-
crajumThl. HampoTuB, mopucTasi CTpyKTypa ITaHHOTO
Martepuaja o6pa3oBaHa aMOP(HBIM YIJIEPOIOM.

Mopdonorngeckne XxapakTepuCTUKY aacopOeHTa
MOTYT OBITh OLICHEHBI IIPU ITOMOIIU 3JIEKTPOHHOM
MUKpockonun — puc. 16. [ToBepxHOCTb agcopGeHTa
MpeACTaBIsIeT co00i MeJIKOTUCIIEpCHBIE (hparMeHTHI
yrjepona ¢ 3epHaMU XaOTHYHOI (DOPMBI pa3IMYHOTO
pa3Mepa, BeJIMIMHOM, He ripeBbimatoreii 10—100 Mxm.

3.2. CmpykmypHo-3Hepeemu4ecKue
XxXapakmepucmuku adcopbenma

Kak cnenyer u3 puc. 2, U30TepMBbl ancopoumnm/ne-
CcopOLIMM a30Ta HA UCCIIETyeMOM afacopOeHTe NMEIOT
I'-o6pa3HkbIit BUI ¢ TeTaeii ancopOIIMOHHOrO THCTe-

OU3NKOXNMUA IMTOBEPXHOCTU U 3AIIUTA MATEPHUAJIOB

pe3yica, XapaKTepHOI 1JISI MUKPO-ME30IOPUCThIX afl-
copbeHTOoB T1IepexonHoro tuma I—I1 [28].

HM3oTtepmMa mMeeT BBIpaKeHHYIO METIIIO THCTEepe-
31ca, CBUIETEIbCTBYIOIIYIO O HAJIWUYMU Pa3BUTOTO
o0beMa TpaHCHOPTHON Me30MOPUCTOCTU, YTO MO~
TBEPXIAeTCs PAaCCIYMTAHHBIMU CTPYKTYPHO-3HEPTe-
TUYECKUMM XapaKTePUCTUKAMM aficopoeHTa — TaoJt. 1.

IMonmyyennsrit amcopoeHT, Ha3BaHHBIA ES-1, obmana-
€T BBICOKMM 00beMOM MUKporiop W, =0.79 cMm*/r 1 BbI-
coKuM 00beM Mesonop Wy = 0.91 cm?/r, npeBbiiia-

[OLLIeM U3BECTHBIC ITPOMBILIIJICHHBIE YIIICPOIHbIC al-
copOeHTHI [29].

s moaTBepKAeHUS IMTPOBEACHHBIX pacyeTOB 110
Mozenu, ocHoBaHHOIT Ha TO3M, IOIOIMHUTEITBHO
MPOBOIMIN OIIEHKY paclipenejieHusT MUKPOIIOp 10
pa3MepaM METOIO0M HeJIMHeHHOU Teopruun (yHKIIUO-
Hajya mnotHoct (NLDFT), puc. 3.

Pesynberar pacuera pacrpelejaeHusl Mop Io pas-
mepaM metogoM NLDFT kadyecTBEeHHO COBITagaeT C
pacuetoM Ha ocHoBe TO3M. [Ing amcopbeHTa Ha-
OJIr0AeTCsI OOUH SIPKO BEIPpAXKEHHBIN MaKCUMYM IIPU
mupuHe (nuamerpe) Mmukpornop 1.5—1.6 um.

3.3. Adcopbuyus memana

Ha puc. 4 ipencraBiieHBI 3KCIepUMEHTATBHBIC 1
paccyuTaHHBIE MO M30CTepaM M ypaBHeHHUIO JI-P
M30TePMbI aICcoOpOLIMM MeTaHa Ha yIJIepPOTHOM ai-
copbeHte ES-1 B unrepBaine temmeparyp 213—333 K
¥ gasneHugx no 15 MIla.

Kaxk cnenyet u3 puc. 4, B 001aCTU CBEpPXKpPUTHUYC-
CKHUX TeMIepaTyp M30TepPMbI aacOopOILIMM MeTaHa Be-
IyT cebs TaK, KaK XapaKTepHO IS U30TEPM aicopo-
UM Tra30B Ha MUKPONOPUCTBHIX amcopOeHTaxX. Amd-
copOlIMs CcHayaja pe3Ko pacTeT ¢ yBEeIWYEHUEM
JaBJIeHUsI, 3aTeM POCT aacopOlUu 3aMelisieTcs, a
M30TEePMBI YITOJIAXKMBAIOTCS IIPU BCEX TEMIIEpaTypax.

st pacyera ancopOLIMOHHBIX paBHOBECUI B 10-
KPUTUYECKOM 001aCTH OBLIM BEIOpAHBI YCIIOBUS CO-
OTBETCTBYIOILLIME KpuoreHHoMy xpaHeHutio CIIIT —
Ne 5
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Puc. 2. 3oTtepmbl ancopO1inu (CBETJIbIe CUMBOJIBI) — 1le-
copOLMHU (3aYepHEHHBIE CMMBOJIBI) a30Ta MUKPO/Me30-
mopUCTOro yriepomHoro aacopoeHta ES-1 mpu 77 K.
CHUMBOJIBI — 3KCIIEPMMEHTAJbHBIE NaHHble. JIMHuu —
CIUTaiiH anmpoKCUMalIus.

wHTepBan Temneparyp 111.7—160 K wu naBieHUS
BIu10Th A0 0.6 MITa [30].

I1pu nepexone B 061aCTh JOKPUTUUECKUX TEMIIE-
patyp, Tie Ha4uMHAeT UTpaTh POJIb aICOPOLIUS B ME3-
onopax n3-3a 3(ppeKTa KanUISIPHOM KOHICHCAIINH,
M30TEpMBI ancopbumu npuobperaior dopmy Il 1o
kimaccudukauuu MIOTTAK.

Kak cinenyert u3 puc. 5, HayajabHbIe 00JIACTU U30-
TepM aacopOLUM MeTaHa MPU JOKPUTUUECKUX TEM-
neparypax CXOXH C XOJOM KPUBbBIX IIPU CBEPXKPUTH-
YyecKux Temriepatypax. OqHaKo npu MpUOIMKEHUU K
JIaBJICHUIO HACBIIIEHUsI, METAH COPOUPYETCS B ME30-
ropax Io ME€XaHWU3My KaluUISIPHOU KOHIEHCalWu,
YTO MPUBOAUT K PE3KOMY BO3PACTAHMIO aIcOPOLINU
MeTaHa. Tak Xe clieayeT OTMETUTD, YTO UCTIOIb30Ba-
HUE aAcOpOEHTOB ¢ Me3ornopaMu 3P(PEeKTUBHO JIUIIb
IS TeMIIepaTyp akkKymyianupoBaHus no 138.7 K, mis
KOTOpOi1 Py COOTBETCTBYET MaKCUMaJIbHOMY paboue-
My JaBJIEHUIO TaHKA — OKOJIO 6 6ap.

3.4. Tepmodunamura adcopbuyuu

3aBUCUMOCTH TETIJIOTHI aICOPOIIMM METaHa OT Be-
JIMYUHEBI aACOPOLIMY HA MUKPO-ME30IOPUCTOM YIJjIe-
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Puc. 3. PacrnipeneneHre MUKPOIIOP YIJICPOIHOTIO aicopOeH-
ta ES-1 mo pasmepam, ompeneneHHoe mMetonom NLDFT
TSI WUTMHAPUYECKOM MOJIEJIM TTOP TT0 U30TepMe CTaHIapT-
Horo napa azora rnpu 77 K. CUMBOJIbL: CBET/IbIE CUMBOJIbI —
OTHOCSITCSl K OIIPENE/IEHNIO 3aBUCUMOCTH 00beMa 1op W)
OT UX IMaMeTpa, HM; TEMHBIE CUMBOJIBI — OTHOCSITCSI K pac-
TpefesieHnIo MUKporop 1o pasmepam (dW,/dX). TTyHk-
THUPHAs TMHUUSI COOTBETCTBYET TUaMeTpy 3.2 HM.

pomHoM ancopoeHTe ES-1 B mmpokmx MHTEpBaiax
TeMITepaTyp, peacTaBIeHbI Ha puC. 6.

Kak cinemyeT u3 puc. 6, B 06J1acTH HaYaIbHBIX 3a-
MOJTHEHU TMPOUCXOAWUT WHTEHCUBHAS aacopOLus
MOJIEKYJl MeTaHa, cHayaja 3alloJIHII0TCS Haubosee
BBICOKOOHEPIeTUYECKUE 1LIEHTPHI aICOPOIINY, cCaMble
Y3K1€ MUKPOMOPHI B COOTBETCTBUM C pacIipeesieHU -
eM I1op 110 pazMepaM (puc. 3), a najiee, C pOCTOM aji-
COpOIIMHU 3aTTOJTHSIOTCS 00Jiee IITUPOKUE MTOPHI Y 00b-
€M MUKPOTIOP YTO NPUBOJUT K MJIIABHOMY CHUKEHUIO
TEIUIOTHl ancopOLuu. BeJnduHbl g, B 001aCTU Ha-
YaJIbHBIX M CPENHUX 3aMOJIHEHU I 10 ~8 MMOJIb/T Ta-
ngaeT ¢ 16 go ~10 KIX/MOJb, UYTO CBUACTEILCTBYET O
BBICOKOI reTepOreHHOCTH ITOBEPXHOCTU aIcOpOEeHTA.

ITpu nocTUkeHM MaKCUMaJIbHOTO 3HAYEHUS al-
COpOLIMM IPU JOKPUTHUUYECKUX TeMIiepatypax (111.7—
160 K) BenmmunHa g,, CTpeMUTCS K TETIIOTE KOHAEHCa-
1IMM MeTaHa (¢g,) TPy COOTBETCTBYIOIIEI TeMIIepaType.

B ciyyae cBepxkputuueckux temmepatyp (213—
333 K), mocTikeHre MaKCMMAJIbHBIX 3HAYEHUIT ajl-
COpOLIMM NMPUBOAUT K PE3KOMY IaJeHUIO TEIIOThI
amcopOLUM, M3-3a HapacTaHMsI CUJI OTTAJIKUBAHUS HA
MaJIBIX PACCTOSTHUSIX MEXAy alIcopOMpoOBaHHBIMU
MOJIEKYJIaMU IIPY BHICOKMX 3aTIOJTHEHUSIX MUKPOIIOP.

Tabmuna 1. CTpyKTypHO-3HEpreTUIecKre XxapakTepucTuku agcopoernra ES-1

Mukporopst (TO3M) BOT Me3omopsI Kaxymascs
TUIOTHOCTB
Wo, Ey, X. HM Xﬁ?x’ SBET7 Ws, WMEs SME’ dap7
eM3/r KJIX/MOJIb ’ HM M2/T M3/t M3 /T M2/T Kr/m>
0.79 15.1 1.5 1.6 2100 1.7 0.91 350 452
DOU3NKOXMMMUA ITOBEPXHOCTU U 3ALLIUTA MATEPUAJIOB TOM 59 Ne 5 2023



468 I'PUHYEHKO u ap.

20 (@)

a, MMOJIb/T
P Pk
S

N A N

0 3 6 9 12 15
P, MIla

a, MMOJTb/T

17 np, © Ty t

.
'
v
4
3
.
.
L]
*

~NO 0N A W~

0.004 0.005 0.006

/T, 1/K

0.003

Puc. 4. (a) Ancop6uust MeTaHa Ha yriaepomnHoM amcopoeHTe ES-1. CUMBOJIBI — pacyeTHBIE JaHHbIE, CILUIOLIHbIC JUHUN —
crutaiiH anmpokcuManus. (6) M3octepsl ancopOoLmy B CBEpX- U JOKPUTHYECKOM MHTepBasie Temmnepatyp 111.7—333 K: cumBo-
JIbl — OKCIIEPUMEHTaJIbHbIE JaHHbIC; MYHKTUPHbIE IMHUM — JIMHEHHAs allpOoKCUMalusl, TPOAJIeHHAsl B 00J1aCTh TOKPUTHYE-
CKUX TeMIeparyp; T, — KpUTHUECcKast TeMIlepatypa MeTaHa; P, — KpUTUIeCcKoe JaBIeHIE METaHa.

DHTpoONUS aaCcOpOILIMOHHONM CHUCTEeMBI “amcop-
OeHT—ancopbat” s;, ABJIsIeTCS BaxXKHEH1Ieil TepMoau-
HaMMYeCKOM (pyHKIIMEil COCTOSIHMS, ITO3BOJISIOMICH
TOJIYYUTh CBEICHUSI O COCTOSITHUM afacopbaTa B mopax
agcopOeHTa U XapakTepe B3auMOACICTBUS aaCcoOpOU-
POBAHHBIX MOJIEKYJI C IOBEPXHOCTHbIO MUKPOIIOP U B
afncopOIMOHHBIX accoumartax. AuddepeHunaaibHyO
MOJIBHYIO SHTPOIIHIO aICOPOIIMOHHONM CUCTEMEBI pac-
CUMTBIBAIY MO ypaBHeHUIO (8) [27].

8 = Sg - qst/T' (9)

Pesyneratel pacuetoB muddepeHIIMATBHON MOTh-
HOM SHTPOIUU aACOPOLIMOHHON CUCTEMBbI IPEACTaB-
JIEHBI Ha puc. 7.

45 Wnrepsan padotsr ACIT
e —

T, K
—=— [11.7
—e— 120
—— 138.7
+— 160
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Puc. 5. 3aBucuMoCTH ancopOIIMst MeTaHa Ha MUKPO-Me3-
OMNOPUCTOM yTjepoaHoM ancopoeHTe ES-1 oT maBineHust
npu TeMmneparypax B uHtepsaie 111.7—160 K. CumBoibr —
pacueTHble NaHHbIE, CIUIOUIHbIE JUHUM — CIUIAlH ar-
MPOKCHUMAIHSI.

OU3NKOXNMUA IMTOBEPXHOCTU U 3AIIUTA MATEPHUAJIOB

Kak cnenyer u3 puc. 7, B ob0JlacTy 3alOJHECHUIA
OKOJIO ~1 MMOJIb/T IPOUCXOOUT CHIDKEHHE SHTPO-
IMAM BCJCACTBUE aiCcOPOLMU MOJEKYJ Ha BBICOKO-
DHEpreTUYECKUX lieHTpax ancopouuu. B obGnactu
1—2 MMoOJIB/T, mOCJIE “OTPabOTKM” BEICOKOHEPIeTH -
YeCKMX aJCOPOLMOHHBIX LEHTPOB, MaaeHuEe 3aMel-
JIieTcsl 13-3a JalbHEHIero 3amojHeHus oObeMa
MUKPOMOP MOJEKYJIaMU METaHa Y BO3HUKHOBEHMUS
aICOPOLIMOHHBIX aCCOLIMATOB MeTaHa. JlanbHenmumii
pOCT afcopOLMU, KaK OTMEYalIoch B [27], HpUBOIUT K
MageHWIo0 SHTPOMNUU B 00JACTH BBICOKUX 3arojiHe-
HUII MUKPOIMOP B CBS3U C 3aBeplleHHMEM IIpoliecca
o0Opa3oBaHMs aaCOPOILIMOHHBIX aCCOILIMATOB.

T,K
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Puc. 6. 3aBucumoctu muddepeHIInaIbHON MOJIBHOMI
M30CTEPUYECKOM TEIJIOThI aACOPOLIMU METaHa HA MUKPO-
ME30MOPUCTOM yriepogHoM aacopoerTe ES-1 mpu tem-
neparypax 111.7-333 K; g. (myHKTHp) — TEIUIOTa KOH-
JIEHCAllMM MeTaHa MIPpU JaHHOM TeMmepartype.
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Puc. 7. 3aBucumoctu nuddepeHimaibHONi MOJBHOM 9H-
TPOIUU aacopOLIMOHHOM cucTteMbl “ES-1—MeTaH” oT Be-
JIMYUHEI ancopoLmnu mpu temieparypax: 111.7—160 K.

4. CUCTEMA COPBLIMOHHOTI'O
AKKYMVYJIIMPOBAHHA ITAPOB CIIT' (ACIIT)

4.1. Ilpunyunuanvuas cxema pabomel

Hcxonsa u3 aHanusa padot [5, 30] B KauecTBe Ba-
pMaHTa MOXET ObITh MPeAJIOXeHa CAeAYIoIIasi TEXHO-
Jlormyeckasi cxemMa akkymyiaupoBaHus mapoB CIIT
(puc. 8), HUKJI pabOThl, KOTOPOI, COCTOUT U3 IBYX pPe-
JKMMOB — aKKyMYyJIMPOBaHU MapoB U BblAauyy rasa.

I[MpuHLUMIT pa®OTHI 3aKJII0YaeTCs B CICAYIOIICM:
pesepyap CIII (/), paGoraloninii Ha IIeperauae TeM-
neparyp, 3arpapisiioT IIpU ITOMOIIY y3J1a 3arpaBKu (2).
3aTeM o TpeOOBaHUIO MOTPEOUTES C ITOMOIIBIO Ha-
coca (3) ocyuectBiasiercs oroop CIIT u3 pe3epByapa,
KOTODBKI, IIPOXOIsl Yepe3 PeryJIupylomuii BEeHTUIb
(PB3), momaercst B Terio0OMeHHUK (6) BHYTPU all-
copbepa (4) ¢ amcopbeHTOM (5). DTO MO3BOJISIET
MpeaBapuTEIbHO OXJIaaUTh CJIOM aJCOPOEHTA 3a CYET
ckphbiToii TeruioTel ncnapeHust CIII, yTo B CBOIO oue-
pelb yBEIWYMBAET aACOPOLMOHHYIO CIIOCOOHOCTH
copbeHTa M TIOBBIIIAET dHEPTo3(HEKTUBHOCTL pa-
00THI Bcell cucTeMbl. McnapuBIINCh, ra3 I10IaeTCs
norpedureo yepes PB 6.

B tex cayyasix, korga oT6op MPUPOIHOTO rasa us
pesepByapa CIII' He ocymiecTBisieTcs, M3-3a BHEIII-
HUX TETJIONPUTOKOB MOBBIIIAETCS JaBJICHUE TMapoB
CIII BHyTpU pe3epByapa, KOTOPhIC OTBOASITCS U3 He-
ro yepe3 PB1 B ancopOep, mpu 3tom PB7 3akpeiT. N3-3a
OXJIAXKIEHHOTO COCTOSTHUSI afcOpOEHTA MPOUCXOAUT
aktnBHast copouust mapo CIII. B caygae, xorma
OOUH amcopOep 3amojiHEeH, B paboTy BKIIIOYACTCS
BTOPOIi, IPU 3TOM, TI0 HEOOXOAUMOCTU (HaIpuMep,
MPY TOBBIIIEHUM MOTPEOIECHUS raza), UaeT 1ecopo-
L1 aICOPOMPOBAHHOTO ra3a U3 IePBOro, 3a CUET IO~
BBIIIICHUS TeMIIepaTyphl U KaK CJACACTBUEC AABJICHUS
(Terutonsonupytollas u3oJsiius cHara). CienyeT oT-
METUTh, UTO TAKOE pellicHUEe TTO3BOISIET 00ECITeUUTh
MOBBIIIEHHYIO HAJEXKHOCTb CUCTEMBI.

I1pu omycromennn pe3sepsyapa CIII Himke mpe-
nenbHoro ypoBHs, mogada CIII™ B TernoodMeHHUK (6)

OUBNKOXNUMUA IMTOBEPXHOCTU U 3AIIUTA MATEPUAJIOB
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Puc. 8. TexHoornyeckast cxeMa CUCTEMbI aKKYMYJIUPO-
Banwms mapoB CIII. 7/ — pesepsyap CIII, 2 — y3en 3anpas-
ku CIITI, 3 — Hacoc, 4 — ancop6ep co CbeMHOI TEILIOU30-
JUpYyIollei u3ossiueit, 5 — ancop6eHT, 6 — TeI1000-
MEHHUK BHYTpM ancopbepa, 7 — TeTI0O0OMEHHUK
OaiimacHoro o6xona.

amcopbepa (4) mpekpaiaercs myTeM 3akpbitTust PB3
u PB6. I1pu aToM otkpEeiBaeTcst PB4 GaiimacHoro 06-
xoma ajist npsimoit mogayu CIITT B TermiooOMeHHUK
Oaiinaca (7), a 3aTeM IIOTpeOUTEIIO.

4.2. Akkymyauposarue napoe CIIT

[1pu ourenke ymenpHOI 3(PpheKTUBHOCTH amcopo-
LIMOHHOI CHUCTEMbI, MPEACTAaBJICHHOI B BUIE aKKYy-
MYJISITOpa, 3aIIOJTHEHHOTO aJIcCOpOCHTOM, HEOOXOIM -
MO YYMTBIBaTh HE TOJILKO aacopOMpoBaHHYIO a3y
LIEJIEBOTO Ta3a, HO U CBOOOIHYIO (ha3y, KOTopasi Mpu-
CYTCTBYeT B OOBEeMe, HE 3aHSTOM aJcoOpOSCHTOM.
B aTOM citydae B KauecTBe KpUTEPUSI BLIOUPAIOT ITOJI-
HYIO YIEJIBbHYI0 €MKOCTb CHUCTEMbl aKKyMYJIUpOBa-
HUSI, YIUTHIBAIOIIYIO KaK aAcOpOMpPOBaHHYIO, TaK U
cBobonHyto (dazy. [lTomHasg yaenpHass oObeMHasT eM-

KOCTb CUCTEMbI aKKyMyaupoBaHus (V) — 310 cym-
MapHO€ KOJIMYECTBO CBOOOMHOI M aIcopOMpOBaH-
HOI1 (pa3 MeTaHa, OTHECEHHOE K eINHUILIe 0ObeMa 3a-
MKHYTOM CHCTEMEI C aACcOpOEHTOM MpH 3aJaHHBIX
JaBJICHMM U TeMIlepaType B IlepecyeTe Ha CTaHIapT-
HBI€ WJIM HOPMAaJIbHblE TEPMOIMHAMMUYECKUE YCJIO-
Bus. Bennuuny Vs pacCuuThIBAIOT 110 opMmyJie:
Vs =V, (P,T)+Vr (P,T), (10)
rne V, (P,T) u V. (P,T) — nonHble ynelabHble 00be-
MBI Ta3a BHYTPU 3aMKHYTOM CHCTEMbl €IMHUYIHOIO
o0BeMa ¢ aicOpOEHTOM, COOTBETCTBEHHO B aJICOPOM -
POBAaHHOM U CBOOOTHOM (Tra3000pa3HOM WU KHWJI-
KOM) COCTOSTHUSIX IIPY TEPMOAMHAMUYECKUX YCIOBU -
sx P u T. PackphbIB ciiaraemble, IMMOJIYyYUM:
Ne 5
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Puc. 9. YnenbHbIe eMKOCTHBIE XapaKTEPUCTUKHU aICOPOIIMOHHOM cucTeMbl ¢ ancopoeHTom ES-1 B obnmactu (a) cBepXKpuTHuie-
ckux temreparyp (213—333 K); u (6) nokputnueckux remiepatyp (111.7—160 K).

Vs = a(P,T)uQ +ePB) (P’T),

p

rae L — MoJIsIpHasi Macca MeTaHa, [r/Monb|; d — Ha-
ChIMTHAs IJIOTHOCTh afacopbenTa, [Kr/M?]; p — mior-
HOCTBb cBOOOIHOMN (a3bl Metana nipu HT/, [kr/mM%];
€ — MOPUCTOCTh (IIOPO3HOCTD) CJI0sI aICOpOeHTA (10~
Jist oObeMa CHUCTEMbI, HE 3aHSITON aacopOeHToM). B
HACTOSIIEM HCCICIOBAHMM TOPO3HOCTh IIPUHSTA
paBHOI HYJIIO, TaK KaK B pacueTe MCIIOJIb3yeTCsT Ka-
XKyIasicsl INIOTHOCTh afcopOeHTa.

INoBbIlIeHWEe HACBHITHOM IUIOTHOCTU aacopOeHTa
CITOCOOCTBYET ITOBBIIIIEHUIO O0OBEMHOI €MKOCTH CH-
CTEMBI 32 CYET CHIDKCHUSI MOPO3HOCTU. JIsT cucteM
xpanenust mapoB CIITI' aBisteTcst meirecooOpa3HbIM
KCIIOJb30BaHUE YIJIOTHEHHBIX OJIOKOB alicOpOeHTa,
BCIIEICTBUE YErO OLIeHKA OOBEMHBIX XapaKTEPUCTUK
CHUCTEMbI TPOBOAWINCH C VCTIOJb30BAHUEM KaXKYILIEH-
Cs1 TUTOTHOCTU aficopOeHTa (T.e. 0e3 yueTa IIOPO3HOCTH),
KOTOPYIO B TEPBOM TPUOIMKEHUM MOXKHO TPUHSITH
paBHOI TIJIOTHOCTU (hOPMOBAHHOTO a/ICOPOEHTA.

Kak cnemyer u3 puc. 9a, eMKOCTHBIE XapaKTepH-
CTUKU CUCTEMBI MPU CBEPXKPUTUUYECKUX TEMIIEPATY-
pax pe3Ko BO3pAacCTalOT B HAYAJIbHOMI 00J1aCTU AaBlie-
Hus (mo 3 MIla) a 3aTeM TUIaBHO TOCTUTAIOT MaKCH-
MaJbHbIX BEJIWYUH BBUIY 3alloJHEHUS oO0bema
MUKPOIIOP.

B ycnoBusix nokputudeckux temriepatyp (puc. 90),
MPpU TOCTMKEHUY MaKCUMaJIbHOM aacopOIIuy B MUK-
poropax, AaJbHEUIIWA poCT aacopOLMU MPOUCXO-
JUT TI0 MeXaHU3MYy KalWUISIpHOW KOHIEeHCAlUu
BCJIEAICTBUU YE€TO €MKOCTHBIE XapaKTEPUCTUKU BO3-
pacraloT Mo4uTu B 2 pasa, U JOCTUTAIOT 3HAYCHUI B
400—450 M3*(HTI)/M3, B 3aBUCUMOCTH OT TEMIIEpa-
TYPbl aKKMYJIUPOBAHMUSI.

B peanbHBIX yCIIOBUSIX, IIPU paboTe ITOTOOHOM CH-
CTEMBbI, TeMIlepaTypa alcopOepoB MOXET BapbUpO-
BaThCS B JOCTATOYHO OOJIBIIMX MHTepBaiax. Beien-
CTBUE YETrO BaXKHOI XapaKTePUCTUKOM SIBJISIETCS KO-

(1)

OU3NKOXNMUA IMTOBEPXHOCTU U 3AIIUTA MATEPHUAJIOB

JIMYECTBO ra3a KOTopoe cucreMa MoXeT 3(h(HEKTUBHO
BbIAATh MPU TOI WJIM UHOM TeMIiepaType.

DddexkTrBHAA pabodass eMKOCTb paCUMThIBaIaCh
o clieaylonieii popmyre:

Voo (Po.Tp) =V (P, T,) =V (P, Tp), (12)

rne P, — nasnenue Boinauu [I1a], 7, — remneparypa
Boliauu [K], 7, — temnepaTypa 3anpasku aacoponu-
oHHoO# cuctemsl [K], P. — nasneHue 3anpaBKy an-
copO1moHHo cucteMsl [I1a].

Pesynbratel pacdyetoB 3¢@deKTMBHOM pabdboueii
€MKOCTHY IpuBeAcHEI Ha puc. 10.

Kaxk cnenyer n3 puc. 10, acpdpekTBHasT 0OBEeMHAS
€MKOCTh CHUCTeMbl aKKyMYJIMPOBAHUS C aicoOpOeH-

550 - Nasnenue i 85 1\]\/,1[11:1[21
SOO_BBII[a‘-H/IPD -a-0.6 MIIa
450 - —
- 400 P ot ot ' 2
X350 et Aol
2 300} &7 ek
Zasop «ii 3
% 200 * B s
= P
s° 150 - W et L
100 - ”,"' ,"
501 ™
o | | |
150 200 250 300 350

Temnepartypa Bbinauu 7p, K

Puc. 10. 3aBucuMoctu 3(pHeKTUBHOIM paboueil eMKOCTH
aIcopOLIMOHHOI CUCTEMEI ¢ ancopoeHToM ES-1 oT Tem-
nepaTypbl B M1300apHBIX YCIOBUSIX IIPHM TeMIIepaTypax 3a-
npaBku ancopbepa, [K]: 7 — 111.7; 2 — 138.7; 3 — 160.

TOM 59 Ne 5 2023



AJCOPBIUA ITAPOB METAHA

toM ES-1 Moxer nocturats 450 M3(HT)/M3, B cay-
Jae ecJIM 3armpaBka nmposoamnachk ripu 111.7 K, a BeI-
naya — npu T, = 333 Ku Pp = 0.1 MIla. ITpu aTtom
addexTUBHAs 0O0beMHass €MKOCTh CHIDKAeTCs TP
TTOBBLIIIIEHU N TaBJICHUS BBIIAYM W TEMIIEpaTyphl 3a-
npaBku. [1pu Beixoje 3a Mpenesbl rpaHUIbl pabOThI
cucteM ACIII addexTuBHasT 0O0beMHAsT €MKOCTh
pe3Ko CHMXaeTcs, Tak, npu 3ampaske npu 160 K
MakcuMaiabHast 3(P(PeKTUBHAsT eMKOCTb COCTaBIISICT
200 M*(HTO)/M> BBUAY OrpaHUYEHUI MAaKCHUMAaJlb-
HOTO paboyero AaBJIeHUs pe3epByapa.

5. BAKJTIOYEHUE

IIpoBeneHHOE wHccenOBaHME ITOKa3bIBACT, YTO
NpUMEHEHUE MUKPO-ME30NOPUCThIX adCOpPOEHTOB
IUIST ynaBauBaHUA M30bITOUHBIX ITapoB CIIIT moxeTr
cTatb 3PEKTUBHON TEXHOJOTUEH IJIsl YBEJIMUEHUS
CpoKa XpaHEeHHMsI MeTaHa B CHCTeMaX XpaHEeHWs U
TPAaHCHOPTHUPOBKM TIPUPOTHOTO Ta3a B CKMKEHHOM
Bune. IlomoOHbBIE cucTEMBI 001a1a10T OOJIBILIOI 00B-
€MHOI eMKOCThIO BILIOTL 10 450 M*(HTH)/M3, uyro
TMO3BOJIMT PE3KO YMEHBIITUTD VI IIPEIOTBPATUTH ITO-
tepu CIII' ipu mutenbHOM XpaHeHUU. OHAKO Of-
HUM 13 BaXKHEUIINX IIPEUMYILIECTB TAKUX CUCTEM BCe
ele SIBJISIETCSI MX MOBBIILIEHHAsI 0€30MaCHOCTb.
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