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OB30P METOJ0B CBEPXBBICTPOT'O OXJIAKJAEHUSA
MAJIBIX OBBEKTOB

[IpuBeneHO OmUIC BiJIOMHUX METOJIB Ta MPHCTPOIB, IO BUKOPUCTOBYIOTH JIJISI HAJI-
MIBHIKOI'O OXOJIOJKEHHS MaauxX 00’ €kTiB. BimMiueHO 0COOIMBOCTI 1 HEJOMIKH IMX
METOJIiB Ta MPHUCTPOiB. [I0Ka3aHO MOXKIIMBOCTI YHCEIIFHOTO MOJICTIOBAHHS MTPOIIECIB
HaJIIIBUIKOIO OXOJIOMKEHHS MaIluX 00 €KTIB.

HpI/IBeIIeHO OIMUCaHHUEC HU3BCCTHBIX MECTOIOB H ychOﬁCTB, HUCHOJIB3YEMBIX I
CBer6BICTpOFO OXJTaXKJICHUSA KIICTOK. OTMe4eHbl 0OCOOEHHOCTH U HEIOCTAaTKH O3THUX
MCTOHOB U ychOﬁCTB. IToka3aHbl BO3MOYKHOCTH YUCIICHHOT'O MOACINPOBaHUA MIPO-
eCCoB CBer6BICTpOFO OXJTAXKJACHUS KJIICTOK OHOJIOrMYECKUX 00BEKTOB.

BBenenue. B Hacrosimiee BpeMs mpu pa3pabOTKe AIIEKTPUICCKHUX all-
maparoB TpeOyeTcss 00ECHeUnuTh OXJIaXKJICHHUE KOHTAaKTOB, OOMOTOK W T.H.
IIpu sToM s WHTEHCH(UKAUK TPOIecca OXJIAKICHUS HCIOIb3YeTCs
BEHTHWIAIMSI HATPEBAEMBIX O0BEKTOB BO3AYXOM, JIMOO MPUMEHSCTCS BOJS-
Hoe oxJaxkaeHue. [Ipoliecchl BEHTUISIIUU U BOASHOIO OXJIaXKJIEHHsI 10CTa-
TOYHO MHEPUMOHHBI M MPUMEHSIOTCS HUCKIIOYUTENBHO B JJIUTENBHBIX pe-
KUMaX pabOTHI AMEKTPUICCKOro anmapaTta. Mexay TeM MOTpeOHOCTh B ObI-
CTPOM OXJIKJIEHUM BO3HUKAET B TOM JK€ AJIEKTPUUECKOM arrmapaTe B aBa-
puiiHoM pexume. Hanpumep, npu npoTekaHUd TOKOB KOPOTKOT'O 3aMbIKa-
HUU 110 KOHTAKTaM aBTOMAaTHUYECKOTO BBIKIOUATENsl. XOTs Mpolecc NpoTe-
KaHHs TOKa KOPOTKOTO 3aMbIKAHUS SBJISIETCS KPATKOBPEMEHHBIM, OH CyIIIe-
CTBCHHO BJIMSICT HA BHIOOP KOHCTPYKITHUH JICKTPUYECKOrO aIapara: Macca
KOHTAKTOB BBIOMpACTCs C OOJIBIIIMM 3aI1acoM JJIsl YBEITHMUCHUS YACTH TEILIO0-
BOM SHEPruM, 3amacaceMod B KOHTAKTaX, M YBEJIMYEHUS [MOBEPXHOCTH IS
riepeiauy Teria OT KOHTAKTOB B OKPY’KaloIllee MPOCTPaHCTBO JIMOO K OXJIa-
nmutento. [IpuMeHeHre OBICTPOTo OXJIAXICHWS KOHTAKTOB B CITydae BO3-
HUKHOBEHUS aBapUHOTO HATrpeBa MOTJIO OBI CYIIECTBEHHO OOJICTYHTH pa-
00Ty KOHTaKTOB, YMCHBIIUTh UX Ta0apUTHI U TOBBICUTH HAJIECKHOCTH aBTO-
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MaTHYECKOT'0 BBIKJIIOYATEIIS B II€JI0OM. B 3TOI CBSI3M aKTyaJ bHBIM CTAaHOBHT-
Csl TIOMCK METONOB M TEXHHUYECKHX DEIICHHWH, KOTOpHIE ITO3BOJIMIN OBl
obecreuuTs OBICTPOE OXJIAXKJEHHE KOHTAKTOB IPH NPOTEKAHHUH TOKa KO-
POTKOT'O 3aMBIKaHUS.

KoHTakTHbIE cHCTEMBI, OOMOTKH M JApPYrue HarpeBacMble SJIEMEHTHI
AJIEKTPUUYECKOT0 armapaTa 3aHIMaroT HeOOoIbII0i 00bEM 1O OTHOIIEHHIO K
00beMy 3JIEKTPUYECKOrO arnmapaTa U B 3TOM CMbICIIE OHU PacCMaTpUBAIOTCS
Kak Mayible 00BbeKTHl. [10CKOoNIbKY Tpoliecc UX HarpeBa B YCJIOBHSX IpOTe-
KaHHs aBapUHHBIX TOKOB HOCHT MUMITYJIbCHBIH XapakTep, TO U IPOIECC MX
OXJIXKJCHUSI HEOOXOJMMO pPAacCMaTpHUBaTh W OCYIIECTBIATH KaK OYEHb
KpPaTKOBPEMEHHBIH MIIN CBEpXOBICTPHIA. B 3TOM ciydae MOXKHO BOCIIOJIB30-
BaThCs WJCSIMH W JOCTI)KEHHSIMHU B 00JIACTH CBEPXOBICTPOTO OXJIAXKJCHUS
MaJbIX OOBEKTOB, MPUMEHIEMBIX, HAPUMEpP, B KPUOOMOJIOTHU TIPU 3aMO-
PaKMBaHMH KIIETOK, JINOO B MHUKPODJIEKTPOHHKE.

B kpuobunosnoruu npobiiema cBepXOBICTPOro 3aMOpa)KMBaHUS KIETOK
BO3HHKJIA B CBSI3M C HEOOXOIMMOCTHIO HAKOIUICHUSI U COXPAHEHUS TeHETH-
YeCKOro mMarepuaia OHOIIOTHYECKUX OOBEKTOB B YCIIOBHSX HaOII0aeMoro
B TIOCIIEJIHUE JIECSITUIIETHST BCEMHUPHOTO IOTEIUICHUS] KJIMMaTa, OCOOEHHO
JUISl )KUBOTHBIX, OOHMTAIOIIMX 3a IMOJSIPHBIM KpyroM. JlocTmxeHus B 3Toi
00J1aCTH HECOMHEHHBI M OHU CBOJISITCSI K TOMY, UTO B HACTOSIIIIEE BPEMST yoKe
€CTh CIIOKUBILIHECS MTOJXObl K KPHOKOHCEPBALMH KJIETOK M TOCIEIyIolIe-
MY UX pa3MOpa)KHMBaHHIO M "OXXMBJIEHHIO". B HacTosIee BpeMsi HAMETHIICS
HOBBIH MyTh peuieHust 3Toil npobiaeMbl. OH CBSI3aH C TEM, YTO OTAEIBHBIE
HepelleHHbIe 3aJ]adll KpUoONOJIOruy yaaercs copMynupoBaTh Kak 3a7aqn
JJIEKTPOMEXAHUKH, U TIPUBJIEKATH JUISl X PEIISHUS] XOPOIIO O0Tpa0OTaHHbIE
METO/Ibl MATEMATHIECKOT0 MOJIETTMPOBAHMS U SKCIIEPUMEHTAIBHOTO HCCIIe-
JIOBaHMS. B MHMKPO3JIEKTPOHHMKE HMCIONB3YIOTCS MOXOKHE METOJBI OXJIaXK-
JICHUSL.

Iean padoThl — aHaIU3 U3BECTHBIX METO/IOB M YCTPOMCTB ISl CBEPX-
OBICTPOro OXJIAXKAECHHS MAJIBIX O0BEKTOB, IPUMEHSEMBIX B KDHOOHOJIOTHH.

Oco0eHHOCTH MAaJbIX 00beKTOB Kproduonaoruu. OCHOBHOW 00beM
KJIETOK OMOJIOTMYECKHX OOBEKTOB COCTABIISIET BOJA, W MPOIECC OXJIaKie-
HUS TIPUHATO PacCMaTpUBaTh KaK MpoIecC 00pa3oBaHMs JibJa BO BHEKIIE-
TOYHOM PAacTBOpPE M BHYTPHU KJIETOK M €r0 BO3JCHCTBUS HAa CTPYKTYpPHI KJIET-
ku. IIpu kproKOHCepBaIy KJIETOK, MEXKKIETOUHbIe 00pa3oBaHus Jbaa (a-
TaJNBHBI U KJIETOK. B nuTepaType paccMaTpuBaloTCs TPU MeXaHH3Ma Io-
BPEX/ICHNS] KIJIETOK: MEXaHHMYECKOE TMOBPEXCHHE KIETOYHBIX YIIBTPATOH-
KHX CTPYKTYp; NpsIMOE BHEILIHEE BO3JIEHCTBHE; MMOBPEXKICHHS, CBI3aHHBIE C
00BEMHBIM pacIIMpeHueM KieTku [1, 2.

B coBpeMeHHOW KpHOOMONOTMM paccMaTpUBAlOTCS JBa OCHOBHBIX
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MOX0a K KPHOKOHCEPBAIMK MAJbIX OMONOTMYECKHX OOBEKTOB: MedneH-
Hoe oxaadicoeHue N eumpugurxayusi, i OCIeTHAN OAX O SBIISETCS] CAMBIM
MEPCIIEKTUBHBIM.

[pu mednennom oxnasicoenuy TeMIepaTypa KJIETOK CTAHOBUTCS HHXKE
TOYKH UX OJHOPOJHOIr0 OXJaxaeHus. Koraa BojHbIe pacTBOPHI 3aMep3aloT,
YuCTasi BOJA KPUCTAIUIU3YETCsl B BUJIC JbJd, 4 OCTABLIMICS OCTATOK MOCTe-
MEHHO yBenmuunBaeT KoHueHTpauuio [3]. Ecnu nen dopmupyercs B Mex-
KJIETOYHOM pacTBOpE, MOSBISIETCS MPOIPECCHPYIOLIEE YBEIHYCHHE €ro
KOHIICHTPAIIMA BO BHEKJIETOYHOM IMPOCTPAHCTBE. B pesynbrare KieTka
00e3BOXKHMBaeTCs, U 00pa30BaHNE BHYTPUKIETOYHOrO JIba HE MPOUCXOHT.
OnHaKo, CYNIECTBYIOT ONMpEIC/ICHHbIC HEJOCTATKH TAKOro MOAXOMa: TOo-
BPEXKJICHUE KIETKH, KaK MMOJNAraioT, BBI3BIBACTCS BO3JICHCTBHEM BBICOKO-
KOHIIEHTPUPOBAHHBIX BHYTPH- M BHEKJIETOYHBIX PACTBOPOB W/MJIN MEXaHH-
YEeCKUM B3aUMOJIeiicTBHEM KIIeTOK W Jbaa [1, 4-6]. IpyruM HemocTaTkoM
3TOr0 METOJa SIBISIETCS CIOXKHOCTh NMPAKTHYECKON peanu3anuu. MemseH-
HOE 3aMOpaKMBaHUE TPeOyeT, YTOObI MapaMeTpbl MPOIECcca OXIAXKICHHS
TOYHO KOHTPOIUPOBAIKCH [ 7, 8].

Bumpudghuxayus npencrasnser coboli porecc oTBepeBanus oOpasna
MPU OTCYTCTBUM 00pa30BaHUS KaK BHYTPHU-, TAK ¥ BHEKJIECTOYHOrO Jbja [9,
10]; npyrumu cioBamu oOpasyercss aMop(hHOE TeJo, CTEKIOnoa00Hoe (0T
Vitro — cTeks0). DT0 CTEKIOMOa00HOE COCTOSHHE MOXKET OBITh CO3/IaHO B
OOJIBIIMHCTBE KUAKOCTEH, €CIH OXJIAXKICHHE MPOUCXOAUT TOCTATOUHO ObI-
ctpo. st XapaKTepUCTHKH CKOPOCTH OXJIAXICHUS UCMOIb3YeTCs MOKa3a-
TENb OXJIAXKIECHUS — U3MEHEHHE TeMIlEpaTypsl 3a Bpemst 1 muH. Butpudu-
KaIusl YUCTON BOJIBI TPeOyeT ToKa3aTessl OXJIaKICHUS MOPSIIKa 108 °C/mun
[11]. TlpuBeneHHas BeIMYMHA MMOKA3aTENs OXJIAKIACHUS SBISACTCS TPEICib-
HOM, K KOTOPOI MOXHO CTPEMUTBCS MIPH pa3pabOTKe METOJIOB U YCTPOHCTB
Butpudukarmu. JlobaBka KprompoTekTopoB (Cryoprotectant agents — CPA)
CYIIECTBEHHO YMEHBIIAET 3TH YPE3BBIYANHO BBICOKHE MOKA3aTENH OXJIaXkK-
nenus. Cpenu Haubonee 4acTo MPUMEHSEMBIX KPUOMPOTEKTOPOB — JUMeE-
tun cynbpokcun (DMSO), stunen rmukons (EG), u 1,2-npomanguon
(PrOH). B ob1ieM, tst KOHIIGHTpaluii kpuornporekropa 6onee 60% ot Beca
oXJIaXkJaeMoro oopasua, OHOPOIHAs KPUCTAJUIN3AIHS HE IPOUCXOJIUT, YTO
MO3BOJISICT PACTBOPY MEPEXOJHUTh B CTEKIONOMOOHOE COCTOSHHE MPU HH3-
KOM TIOKa3atene oxiaxaeHus. K coxaneHuro, Takue KOHICHTPAILUH SIBIISI-
FOTCS. TOKCUYHBIMU JIi MHOTUX THIIOB KJIETOK U TKaHEW, BKIIOYas sidrie-
ki1eTku. Kak crnencteue, KpHOMPOTEKTOPHI, HEOOXOMMMBIE JJIsl BUTPpU(HKA-
[[MH, HEOOXOJAWMO YMEHBIIUTh JO0 HETOKCHYHOTO YpPOBHs, a MOKa3aTesb
OXJIXKJICHUS JIOJDKEH OBITh YBEJIHYEH, YTOOBI CKOMIICHCHPOBATH 3TO
yMeHbIlleHHe © obecrmeunth Butpudukammo [12]. Teopermuecku [4]
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CBEPXBBICOKHE TMOKA3ATENU OXJIAXKICHUS MOTYT OBITh MONYYEHBI C MOMO-
HIBIO CHCTEM OXJIAXKJICHHUS C YPEe3BBIYAiHO BBHICOKUM KO3 (dHUIIMEHTOM Ten-
nootaaun (h) Mexay obpasiom u xjiagoreHroM. Ilo manueiM [13], Benuuu-
Ha KO>(QDUIHMEHTA TEIUIOOTAAYN TOJKHA npuOmmkaThest kK 20000 Br/v? K.
B 3ToM M 3akimouaeTcs 3amaya pa3pabOTKH COBPEMEHHBIX METOIOB U YCT-
POMCTB CBEPXOBICTPOro OXJIAXKCHHS IS ielell KpHOOHOIOr K.

C TOYKH 3pEHHUsI DICKTPOMEXAHUKH 3a/1a4d CBEPXOBICTPOro OXJIax/e-
HHSL KaK MaJlbIX OHOJOTHYECKHX OOBEKTOB, TaK M TEXHUYECKHX OOBEKTOB
OJIMHAKOBO TPYIHBI W aKTyaidbHbl. OCHOBHOE OTIHYME MOCTPOCHHUS pelle-
HHH 3THX 337124 3aKJII0YAETCs, 10 CYTH, B y4eTe CEHU(PUISCKIX 0COOCHHO-
CTell MaJbIX OMONIOrHYECKUX OOBEKTOB, CBA3aHHBIX C KECTKUMH OTpaHHYe-
HHUSMH [0 MPUMEHSIEMBIM MaTepHaliaM, i B TO e BPEeMsI BO3MOXKHOCTH HC-
MOJTb30BAHMSI YIPOIICHHBIX MoJieneil s yyera (HU3HYECKHX CBOWCTB ca-
MOT0 OOBEKTa.

MeTonbl OTKPBITO-KUNISILIET0 OXJIA:KIeHUus. B Hacrosiee Bpems
MNPUMEHSIOTCS CIIEMYIOIINE METOIBI KprooxiaxaeHus [14-19]:

— Meto npsaMoTouHbix Tpyook (OPS — open pulled straw);

— MeToJ] MUKpOKanens (Micro-droplet);

— MeTox TBepIONOBEepXHOCTHOro oxiaxnenus (cold surface
solidification);

— METOJI MEJTHBIX PEIIETOK JIIEKTPOHHBIX MUKPOCKOIOB (Copper grids);

— MmeToj Kpuorerens (Cryo-100p).

B COOTBETCTBUU C MEPBBIM M BTOPBIM METOAAMH — NPSAMOMOUHbBIX
mpybox OPS u muxpoxanenv — MaJeHbKUH 00BEM KJIIETOYHOH CyCIICH3UU
(oxomo 1 MKJT) HEITOCPEACTBEHHO KamaloT B UAKUi a3ot [20, 21] wiu mo-
MeIaT B Tpydouky-conomMuuky OPS 0,25 mi [22-26], a 3atem morpyxa-
0T B XXHJKHH a30T, 4TOOBI TOCTHYh BUTPU(HUKALMH pAacTBOpa C OTHOCH-
TenbHO BbICOKOW KoHueHTparmeit CPA (4-5 mons), qocturas BElTUYHHBI
nokasarenst oxnaxaenus nopsiaka 2-10% K/vun [22]. ['naBHblil Hel0CTATOK
3TUX METOMOB 3aKJIIOYAeTCsl B TOM, YTO HEMOCPEACTBEHHOE MOrPYKEHHE
BBICOKOTEMEMPATYPHOro 00pa3sia B XKHUJKUI a30T BEET K CHILHOMY HCIIa-
PEHHIO Ha €ro MOBEpXHOCTH U (hopMuUpOBaHHIO "MapoBoil moaymku” (3¢-
dekr Jlelinendpocra) kak cios teruonsonsiuu [21]. B pesynbrare 3Toro
ko3 durment Termooraaun (h) Mexay MOBEpXHOCTBIO 00pa3na U HKUIKAM
a30ToM pe3ko orpanmunBaercs (Menee 1x10° Br/m*K) u3-3a Hu3Koil Ter-
JIONPOBOMHOCTH MapoB "mapoBoit moxymku" [27, 28]. BeneactBue 3Toro
HEBO3MOXHO JIOCTUYb BUTPU(DUKAIUK ST MHOTUX THIIOB KieTok. [Toaro-
My, IPUMEHEHHE 3THX METOJIOB OrPaHHYECHO PACTBOPAMH C OTHOCHUTEIHHO
BbICOKUMHU KoHIeHTpaimsamu CPA (konuentpamus CPA mo Becy Goree
30%, kak ormeuero B [13]). O6bem 00pasia, HUCHOIB3YEMOr0 B 3TUX METO-
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Jlax, CWIbHO orpaHudeH (mpumepHo 1 MKiI) U 3T0 elie Goee YCIOKHSIET X
MIPUMEHEHHE.

IIpy HCMOTB30BAHUH METOMA MEEPOONOBEPXHOCIIHOZO OXAANCOCHUS
[29, 30] ™eraminueckas MOBEPXHOCTh MPEABAPUTEIBHO OXJIAXKIAETCS
KPHUOT€HHOM KUAKOCThIO, U MaJlleHbKasl Karejbka o0pasiia HelmoCpeICTBeH-
HO HAIPaBJISIETCS HA 3Ty TOBEPXHOCTb.

B ciiyuae metona meonsix pewemox [31, 32], 00bekThl (KI€TKH) HAHO-
CSTCSI HA penieTKy (MEKTPOHHOTO MUKPOCKOIMA), & 3aTeM MOrPYyXKarTcs B
JKHIKHUH a30T.

Hcnonw3oBanue kpuonemens i surpudukamuu [33-36] 3aximoyaer-
Cs B TOM, YTO Ha TOHKHME HEHJIOHOBBIEC METIH HAHOCHTCS TOHKAs IUICHKA
pacTBopa, coaepkaiero kietku. Cpasy ke MeTis MorpyKaercs Hermocpes-
CTBEHHO B KMJKHU a30T. TpyaHOCTh B OOpallleHHd ¢ 00paslioM B TaKHX
KOHTEHHEpaX, PUCK yTPAThl I 3arps3HEHUs TIPU HEMOCPEACTBEHHOM KOH-
TAKTe C KHUIKUM a30TOM, UJIA HEXKENATeTbHBIM CTOJKHOBEHHEM C TBEPIOM
MOBEPXHOCTBIO JIEJA0T 3TH MOAXOBl TPYAHBIMHU UIs MPHUMEHEHUS] B MO-
BCETHEBHOW TPAKTHKE.

AHalu3 3TUX METOJOB MOKA3BIBAET, UTO YIS CBEPXOBICTPOrO OXJIakK-
JICHUSI MAJIbIX OOBEKTOB IMPEAMOYTUTEIILHBIMU SBJSIFOTCS METOJBI, OCHO-
BaHHbBIE Ha HCIOJIb30BAHUM MPAMOTOUYHBIX TPyOOK-coomuuok OPS, B Ko-
TOPBIX BO3MOXKHO TOJYYCHUE OONBIIUX KOI(PPHUIMEHTOB TEILIOOTIAYU 32
CUET BapbUPOBAHMS U ONTUMH3ALUH MMAPAMETPOB TPYOOK, MATEPHUAIIOB, OX-
JIaUTENE U TEXHOIOTHH OXJIaxaeHus. Kpome TOro, STH METOJbI JOCTa-
TOYHO TEXHOJOTUYHBI TIPH PEANU3aIliH, TIOCKOJIBKY JAOMYCKAIOT aBTOMATH-
3aIHI0 TIPOLIECCa OXIIAXKICHHS.

Crnoco0b! yBenueHHs k03¢ (pHuumenTa TemiooTaaun.

B u3BecTHO# nuTepatype 00CYXKIAI0TCS Pa3IHYHbIe CIOCOOBI yBEIH-
yeHus ko3(h(uUIMeHTa TEIUIO0TIaul, OCHOBAHHbBIE HA JAHHBIX YMCIEHHOTO
MOJIETTMPOBAHUSA. DTO CBS3aHO C TEM, YTO B YCIOBUAX MOMCKA MOMXOIAIINX
petieHunit hpusnIecKkoe MOACITUPOBAHNE OOXOIUTCS OYCHb JJOPOrO.

1. OmHUM U3 CIOCOOOB MONTyYEHHE OONBIIOr0 KOA(PQPHUIIMEHTA TEILIO-
OT/JIaYM SIBJIAETCS WCKYCCTBEHHOE CO3J[aHHE PEXHUMa JBHKEHUS SKUIKUX
NMpoOOK M Ta30BBIX MYy3bIpei, YCKOPSIOIIEro MpOIece TEMI00TaaYl OT 00-
paslia Bo BHEIIHEee MPOCTPAHCTBO. BakHO MOAUEPKHYTH, YTO B ITOM CIIydyae
MPOLIECC OXJIAXKACHHS 00pasiia sBJISAETCS KOMIUIEKCHBIM, BKITFOYAIOIIUM JIBa
JTama: mepenady Temia oT o0pasia K OXJIaXIaIoIeMy PEareHTy U IOMmo-
HHUTEJIBHOE OXJIAXKICHUE MOCIIEHETO.

B [6] mpuBoasiTCs pe3ynbTaThl MATEMATHYECKOTO MOIETUPOBAHUS OX-
JIAXKAONIeN CHCTEMBI B BUJIE CHCTEMbI CBEPXTOHKUX TPYOOK-KOHTEHHEPOB
(ultra-thin straw — UTS), pacnonoxeHHbIX BHYTPH TEIUIOBBIX TPYOOK C

ISSN 2079-3944. Bicnux HTY " XIIT" . 2010. Nz 29

80



MyIBCUPYIOUINM JBWXKeHHeM oxumaautens (oscillating motion heat pipe —
OHP). B aT0ii cucTeMe OXJIQXCHUS HCIONB3YIOTCS Mepernajbl JaBICHHUS
JUTSL TOTO, YTOOBI BO3OY/IUTH MYJIbCUPYIOIIEE ABIKEHUE JXKUIKUX MPOOOK M
ra30BbIX My3bIPEil B MPOCTPAHCTBE MEXAY TPYOKAMH.

CxeMa aHaJIM3UPYEMOH TEOPETHIECKOW MOJEIH JUIs MpoIecca OXJIax-
JICHUSI pacTBOpa KIIETOK C KpHomporekTopoM (Cryoprotectant agents —
CPA), wucnone3ymoomero CcBepxToHKyo Tpybouky UTS, BcraBieHHYO
BHYTPb TEIUIOBOM Mynbcupyromei Tpyoku OHP, moka3ana na puc. 1. Panu-
yC BHYTpEHHEH TpyOKH Ig paBeH 50 MkM.

CMech CHIIBHO CKATBIX TyJIbCHPYIOIT HX

Iynscupyromas
I10TOKOB JKHJIKOTO 430Ta H €r0 MapoB

Teflosas TpyOKa
CiepxToH Kast Ay T
oo UPS il Crenxaka 1

b T
\ )
. Tomxas mrenxd-,

L ' JKH JIKOCTH unapa'll
A o
i ) i

Pactmop kerok ¢ CPA

Tonepeunoe ceucH ne Bitxt cGoky

Puc. 1.

IMpu MaTeMaTHYECKOM MOJENIUpOBaHuM B [6] paccmarpuBaiach oce-
CUMMETpUYHAs 3aj1aua B KOOPIMHATAX I, Z (TeKylIHe paauaibHas U OCceBas
KoopuHATHI TpyOKku). B Tpy6xe OHP nox 60bIimm 1aBieHreM BO3HHKAET
ITyNbCanus KUIKOCTHO-NAPOBOH cMecH. TOHKOIUIEHOYHOE HCIapeHue Ipo-
UCXOIMT Ha noBepxHocTH TpyOoku UTS. bnaronapst aTomy obecrieunBaercs
BBICOKHH kod(durment termonepenaun h ma yposne 20000 Br/m? K. B
pe3ynbTaTe MOJCIMPOBAaHU OBUIM PAacCUMTaHbI IEPEXOHOE paclpeese-
HHUE TeMIIepaTyphl, MOKa3aTelb OXJAXJCHUS M OTHOCHUTEIbHAS BETUYUHA
obbeMa (X) Kak OTHOIICHHE KONMYECTBA JbJjd K MaKCUMAaIbHOMY O0BEMY
00pa30BaBIIMXCSl KPUCTAJUIOB JIbJia B PacTBOpe KJIETOK. Ha ocHOBe 3THX
YHUCJICHHBIX 3HAYCHUU CIIENIaH BBIBOI O TOM, YTO C IMOMOINEI0 Tpydook OHP
BO3MOXHO TOnydenne Gombumx 3uauenmii h (Gonee 10°Br/M?K). Dto mo-
3BOJISIET YIIPOCTUTD ITPOILIECC BUTPUPHKAIIMH KIETOK ITyTEM CYLIECTBEHHOT'O
YMEHbIIIEHUS 00beMa X a TaKkke BpeMEHH IPeObIBaHMs B OITACHOM TeMIlepa-
TYpHOM JMamna3oHe, Ha KOTOPBIH NPHUXOIWTCS MAaKCHMYM O0Opa30BaHUs
nbaa. s cpaBHeHMs, MeTo1 Mynbcupytomux Tpyook OHP no3Bonsier cHu-
3UTh 00a 3TH mapamerpa 10 ypoBHs MeHee 20 % 1o CpaBHEHHIO C IHPOKO
HCTIONB3YEMBIMH METOJIaMH TPSIMOTOYHBIX TPyOoOK. [IpH HCMOIb30BaHUH
Merona Tpyook OHP mokaszatens oxiaxxiaeHuss Majioro oobexta (00beMoM
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okono 1 mMKi) Moxker GbiTh yBemmaen 10 10°° K/MuH, 9to Kak MHHEMYM B
10 pa3 BeimIe, yeM st Metoaa Tpyook OPS.

Cremyer OTMETHTh OrPaHUYCHHUS TEOPETHIECKOrO MOAXO0/a, Ha OCHOBE
KOTOPOr0 MOJYy4YEHBI 3TH Pe3yJbTaThl. Bo-MepBbIX, HCIONB3yeMbIEe ypaBHE-
HUS TEIJIOO0OMEHA CIPABEUTMBBI MPU YCIOBUH, YTO KO3(M(UIIMEHT TEmIooT-
na4yn h ocraercs MOCTOSIHHBIM B TEYEHHE BCEro mpolecca oxiaaxaeHus. [lo-
CTOSHCTBO N MOXeT ObITh TEXHUYECKU 00ECIICYeHO MyTeM YIpPaBJICHHS CKO-
POCTBIO MOTOKA KUAKOro azora B Tpyoke OHP [37-40]. Onnako mns merona
Tpyook OPS h He MOXET 0CcTaBaThCs MOCTOSHHBIM HM3-32 W3MEHEHUsI HHTEH-
CHBHOCTH HCTIAPEHHUS KUAKOT0 a30Ta B TeUECHHUE Tpoliecca oxaxaeHus [41].

Ba)xHO OTMETHTH YAAYHOCTh KOHCTPYKIIMH YCTPOWUCTBA JUIsl CBEPXObI-
CTpOro OXJIaXKJIeHHS, ucnonb3yromniero Tpyoku OHP. Kak moka3ano Ha puc.
1, nomemenune Tpyoku UTS HemocpencrtBenHo B Tpyoky OHP sBisercs
3 (EKTUBHBIM, HO CIIOKHBIM JUTS PEATM3AMU IPUEMOM. AJTbTepHATHBHBIM
pelieHneM ObLUIO ObI MPUMEHEHHE TEXHUKH (OTOMUTOrpaduu st CoBMecT-
Horo nonyuerus Tpyook UTS u OHP u obecrniedeHus BRICOKOIH TOYHOCTU
UX TTO3UIMOHUPOBAHHUS.

2. [Ipyroi#i coco0, IprUMeHseMBbIil B HACTOSIIEES BPEMs IIPH CBEPXOBbI-
CTPOM OXJIAXKJCHHH MAJlbIX OOBEKTOB, OCHOBaH Ha H3MEHEHUH CBOICTB
KPHOT€HHOH JKUIKoCTH. B paborax [42, 43] wuccieayroTcs BO3MOXHOCTH
HCTIONB30BaHUs JIBYX(a3HOH CMECH W3 KHUAKOTO M 3aryCTEBIIEro a3ora
(a3oTHOM macThI) IS TOrO, YTOOBI YMEHBIIUTH CIOH TETUIOU30IUPYIOIIETO
napa, KOTopblii popMHpyeTcsi Ha MOBEPXHOCTH 00bEKTa KOMHATHOH TeMIIe-
paTypsl IPU MOTPYKEHUH B )KUIKUIA a30T.

B pabore [44] ucnons3oBaHa Uaes YMEHBIICHHUS JHAMETpa U CTCHKH
TpyOKH 3a cyeT TpHUMeHEeHWsl KBapleBbix Kamwuisipo — QC (quartz
capillaries). YMeHbIlICHHBI BHYTPEHHUH AHAMETP 3THX KaMHJUISIPOB, TOJ-
IIMHA CTEHOK KAMMJLISIpa U BBICOKAs TEILUIONPOBOIHOCTD KBaplia — Ha MOpsi-
JIOK BbINIE, YeM Yy OOBIYHO MpHUMEHseMbIXx nomuBuHIIXIOpuaHbIX (PVC)
Tpybok OPS, caenanu B mpuHIUIE 3TH TPYOOUHBIE KOHTEHHEPHI HIeab-
HBIMH KalWLIAPaMH, UCKITIOYAIOIINMH HETOCTATKH BbIIICHA3BaHHBIX METO-
JIOB. DTH reoMeTpHYecKue ycoBeplueHcTBoBanus (B 4,44 pa3a MeHblie B
nuamerpe U B 7,50 pasza TOHbIIE CTEHKa) 00ECIEUUBAIOT HE TONBKO Ooiee
ObicTpyro Temonepenady B Tpyokax QC mo cpaBHenuro ¢ tpyokamu OPS
n3 nonmueuaWIXsIopuaa PV C, Ho n camxkator B 20 pa3 00beM pacTBopa npu
OJIMHAKOBOH BBICOTE.

st mpuroToBieHus AByx(}a3HON a30THON CMECH — a30THOM MaCThl —
HCTIONB3YIOT BaKyyMHYIO Kamepy W Hacoc. J[aBJeHHe TEXHHYECKOro Ba-
KyyMma B kamepe cocraisier 6500 I[Ta. A30T coxpaHsieTcs Ipy 3TOM JIaBje-
HUM B TeueHue 15 MuH, a 3aTeM ypansercs. B pesynbraTe moiydaercs
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azoTHast macra. IIpu 3TOM ynaeTcs CHHU3WTH TEMIEpaTypy OXJaXKAaroIieH
cpenbl ot —196°C st )KuAKOro a3ora 10 TeMrepaTypsl npuMepHo (—205+—
210°C). OcHOBHOE MPEUMYILIECTBO OXJIAXKIICHHS C MOMOIIBIO a30THOU Iac-
TBHI TIO CPABHEHHIO C JKUIKAM a30TOM O0ECIeurBaeTcsi, OHAKO, HE pa3HO-
CTBIO TEMIIEpaTyp, a YMEHbIICHUEM HCTIAPEHHs MPH JIOCTHKEHUH OTHOCH-
TENIHO BBICOKMX TEMIlepaTyp. Takoe CHIKEHWE HCMApeHHs IO3BOJISIET
yIlepKHUBaTh 00pasel] B HEMOCPEACTBEHHOM KOHTAKTe ¢ KpUOTEHHON cpeoi
U TakuM 00pa3oM yBEIMUUTH MOKA3aTeIh OXJIAXKICHUS.

OpHako, ¥ 3TOT METOA TpeOyeT T0CTaTOYHO BBHICOKOW KOHLEHTpPALMU
KkpuorporekTopoB CPA, 4T0 NPUBOANT K TOKCHKAIIUH KIIETOK.

3. Tperuii MeTox OCHOBaH Ha WCIIONB30BAHUH KPUOTEHHBIX IYIIBCH-
pyromux Temtosix Tpybok (COHP — cryogenic oscillating heat pipe), 3a-
MOJTHEHHBIX KUAKUM a30ToM. B pabote [45] npuBOAATCS AaHHBIC YHCIICH-
HOTO MOJEIMPOBAHUS ITHX TPyOOoK. CxemMa MOIENIHpYeMOro ycCTpoicTBa
NIpUBEJIEHa Ha pUC. 2.

il
Cexuus KOHICHCAIMH Cekuus ncnapenus =

—5

Al _ﬁ—
| = 1

Puc. 2.

Ha cxeme puc. 2 ucnons3oBaHbl 0003HA4YCHUS: 1 — CEeKIUU METHOMN
TpyOKH; 2 — MeHas IUIaCTHHA, 3 — IUIOCKHE JIIEKTPHYECKHe HarpeBareny; 4
— BOJIETMETp; 5 — TepMomapsl.

Mennas TpyOka (BHEHIHMH aAuaMeTrp 2 MM, BHYTpeHHui#l muamerp 1
MM) JJIMHOW 2 M W30rHYTa B 6 BUTKOB (15 CM JUTHHBI [T KAXKIOTO BUTKA) U
oOpa3oBaja BUTKU TEIUIOBOM TPYOKH C OTKPHITHIM KOHIIOM JJIsI 3alIPaBKU
KHUJKOCTBIO. J[Be mapbl MEIHBIX IUIACTHH 3aKphHIBAIOT /(Ba e KOHIA, He-
CKOJIbKO TepMOIap pacriojiararoTcsi BHYTPH, TUIOCKUH AJIEKTPUYECKHH Ha-
rpeBarelb, yNpaBIIeMblil 4epe3 perynmpyeMblii TpancgopmaTop, mojacoe-
JIMHEH K BOJILTMETPY M PAcCIOIOKEH Ha MOBEPXHOCTH MCHAPHUTENS, KaK I10-
Ka3zaHo B puc. 2. CeKIys ucnapuTens 3aKiIodYeHa B MOJUITHICHOBYIO 000-
JIOUKY, YTOOBI MHUHUMH3HPOBATh MOTEPH TEIJIa C €ro BHEITHEH MOBEpXHO-
CTH, B pe3yJbTaTe 4ero, Kak HpeJroiarajoch, OCHOBHOM TEIUIOBOW MOTOK
OT 3JICKTPUYECKOr0 HarpeBartes MoMHOCThI0 normoriancs COHP. Ycrpoii-
CTBO IIEJIMKOM OBLIO TIOTPYKEHO B EMKOCTH C JKUAKHM a30TOM TakHM oOpa-
30M, YTO BXOJIHOE OTBEPCTHE HAXOAMIOCh Ha paccTosHuM 1—2 cM moj mo-
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BEPXHOCTBIO KHUJKOTrO a30Ta. biaromapst cHmwkeHuro temmeparypst COHP
BO3/IyX BHYTPU CXXHMAJICS, YTO IPHBOJIMIO K YAaCTUYHOMY 3arlOJIHEHHIO
COHP sxunaxum azorom. [locne okoHYaHWS Ipolecca 3ampaBKd BXOTHOE
OTBEpPCTHE 3aI1anBaJIOCh.

BuyTpeHHuii auamerp TpyOKH ObII BHIOpaH M3 YCIOBHUSI paBHOBECHS
mporiecca 00pa3oBaHMs MY3BIPHKOB Mapa M YCTOWYMBOIO CYIIECTBOBAHHS
neperopoox [46]

D

IJle G — HOBEPXHOCTHOE HATSHKEHHE, Py U P| — INIOTHOCTb Iapa M KHIKOCTH,
COOTBETCTBEHHO, MPU KOTOPBIX YACPIKUBAIOTCS My3bIPHKU Tapa U JKUIKHE
TIepErOPOAKH.

B stoMm ciydae remneparypa konaeHncanuu B Tpyokax COHP ocraetcs
npuMepHo paBHOH —196 °C, cooTBeTCTBYIOIIEH TeMIlepaType HachIIEHHO-
TO )KHUAKOTo a30Ta IpH JaBJIEHUN OKpyXaromiel cpeabl. Temmepatypoii uc-
TIAPUTEINST MOXKHO YIPABISTH C MOMOIIBI0 U3MEHEHUS] MOIIHOCTH ITUTAHUS
JJIEKTpUUYECKOro Harpesarens. s momdopa ero xapakTepucTuku Koaddu-
LEHT TeIIonepeaayy BEIUUCISIICS 1o Gopmye:

" : 7o)’ @
e” lc
rae P — BXoaHas MOIIHOCTh, S — Iuiom@ans 00JacTH KOHTaKTHPOBAHUS
anekrpudeckoro HarpeBatens u Tpyoku COHP; T, — cpennsist Temmeparypa
ucrapuTens; T — CpenHsis TeMIeparypa KoHJeHcaTopa.

JlaHHBIE SKCHIEPMMEHTOB IMOKA3bIBAIOT, YTO JAOCTUTHYTHIH KOA(POHUIMEHT
termonepenaur COHP pasen 2x10° Br/M*K,, uTo Ha 11Ba TOPS/IKA BBILIE, YeM Yy
TpaJIMLMOHHBIX TEIUIOBBIX TPYOOK.

B paccmarpuBaemMoM YyCTpOHCTBE, MOCIE TOr0, KaK MOTOK >XKUIKOTO
azora ot Tpybok COHP, ¢ pasmepamu (1x1 MM), KOTOpBIE YIOBIETBOPSIOT
TpeboBanusam Gopmynsl (1), GpoHT MOTOKa aBTOMAaTHYECKU CHOPMHUPYET
YYacTOK TOHKOH IIEHKH, KOHTaKTUPYIOUIMH C HACHIIIEHHBIM HapoMm. Ha
puc. 3 oKa3aHa cxeMa TOHKOIUIeHOUHOro ucnapenus B Tpyoke COHP.

Iporecc TOHKOIIIEHOYHOTO OXJIAXK/AEHHS! IporcXoauT B oomactu |. OO6-
nactu | u 111 xapakrepu3yroTest Maioi TEIIOnpOBOTHOCTEIO KHIKOTO a30Ta.
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ITpoRomKUTENBHOCTD HpOLIecca OXJIAXIEHHU XapaKTepu3yeTcs BpeMe-
HeM, 32 KOTopoe ()POHT TOHKOH IUIEHKH MPOXOAUT obyacth | u cocraBnser
1
BennuuHy nopsiika 10~ mc.

[leperopozka u3 KMIKOroO a3oTa

[Ty3bipek asota

Crenka tpy6xn COHP

Puc. 3.

DTOT MHTEpBAJI BPEMEHH MMEET 3HAUCHHE TAKOTO K€ MOps/IKa, UYTO U
MIPOJOJKHUTEIFHOCTE BpeMeHH utst Tporiecca oxnaxaeHus ot 0 °C no remre-
PAaTyphl HACBINIEHHS JKUJIKOTO a30Ta C TOKA3ATENEM OXIKICHUS MOpsiIKa
10" K/MuH, KOTOpBIHA SBISIETCS CPEHUM IOKA3aTENIeM OXJIAKICHHS s
KOHTPOJIBHBIX TOYEK Ha CHITMKOHOBOM CTEHKE.

Ha ocHOBe 4nCI€HHOTO MOJIENTMPOBAHUSI B PACCMOTPEHHOM YCTPOUCT-
Be, ucnonb3yromeM Tpyoku COHP 1 MeTonsl MUKpOTEXHOIOTHH, ITOKa3aHa
BO3MO)KHOCTD yBENTMUEHHS KOd(QUIIMEeHTa Teruionepeaayn B mpomecce ox-
naxaenns 10 Bemmanasl 1087 K/MuH 32 cuer MAKCHMAIBHOTO yBETHYEHHS
OTHOIIIEHHMS TUTONIAIN MY3bIPHKOB a30Ta K 00bEMY a30Ta B 00JIACTH OXJIaX-
neHust. Takoe yCTpOWCTBO, KakK IOJIaraeTcsi, MOKET 00eCIIeYrTh BBICOK03 (-
(heKTUBHOE OXJIaX/ICHNE KIIETOK ITPHU KPUOKOHCEPBALIHH.

AHan3 cnoco00B cBepXObICTPOro 0XJIAKACHHUS.

Kak noxasblBaeT aHaJu3 TPEX PAcCMOTPEHHBIX CIIOCOOOB OXJax[e-
HUS, BBICOKHE KOI(QQUIMEHTH! TEIUIOoNepesayd BO3MOXKHO MONYYUTH TPH
o0ecrieueHNH TOHKOIUIEHOYHOI'O0 KHMITEHHsI M OTBOAa mapoB azora. OcHOB-
HBIE CJIO)KHOCTH peasTM3allii 3THX CIOCOOOB CBS3aHBI HMMEHHO C OTBOIOM
napoB a3ora. KpoMe Toro, ClioXHOH TEXHHYECKOW 3a/1aueil sSBiseTcs: n3ro-
TOBJICHWE MUKPOKAIWISIPOB, HO 3Ta 3ajJada B OCHOBHOM peEIIEHa B II0-
clleIHEM Croco0e TPH UCTIOIh30BaHUH METOI0B MUKPOTEXHOJIOTHH.

Jlis cBepXOBICTPOrO OXJIAXK/IEHNS! KOHTAKTOB AJIEKTPHYECKOrO ariia-
para BO3MOXHO IIPUMEHEHHE IOCIeAHero crnocoda. KoHkpeTHOe KOHCTPYK-
TUBHOE UCIIOJHEHHE, MAaTepPHUaN M TEXHOJOT Ul U3TOTOBJIEHHUS MUKPOKAIIHII-
JISIPOB B ATOM CJIydae MOTYT OBITh YITEHBI C YIETOM 3TOTO CIIoco0a.

BruiBoabI.

1. Paccmorpensl Tpu crocoda cBEpXOBICTPOro OXJIAXKICHUS MalIbIX
00BEKTOB, MPUMEHSEMBIX IIPH KPUOKOHCEPBAIMN KJIETOK B KPHOOHOJIOTHH.
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Kak moka3pIBalOT pe3yibTaThl YUCICHHOTO MOJCIHPOBAHUS, OKUTAEMBbIC
K03 pUIMEHTHI TerTonepeaud  MOTYT JIOCTHTaTh  OPHUEHTHPOBOYHO
10° K/mun. Takue mokasaTeiu MOTYT OBITh TOCTUTHYTHI MIPH HCIOIH30Ba-
HUH KHJIKOTO a30Ta B KayecTBe pabouell oxiaxaaromei sxumkocra. [lomy-
YCHHBIC PE3YJIBTATHl MOT'YT OBITh HCIOJIB30BAHBI IPHU pa3pabOTKe KOHCT-
PYKIUH KOHTaKTOB JJICKTPUYCCKHUX aIapaToB, KOTOPBIC JOJKHEI BBIACP-
JKUBATh TEILIOBOE JCHCTBUE TOKA KOPOTKOT'O 3aMBIKAHUS HEMPOIOJKUTEITb-
HOE BpeMs.
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