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Ipumenenue kpuoceHHo20 U 00bIYHO20 eMKOCTIHO20 000PY008aHus mpebyem Henpe-
PbIBHO20 KOHMPOIA YPOBHA HCUOKOCMU, KOMOPbIL MONCHO BbINOHAMb, UCHONb3YA
Hanpumep mepmopesucmusHsvle oamyuxy. Taxue 0amuyuku umMerom XOpOouiyro 4ye-
CMBUMENbHOCHb, OHU HAOENHCHbL U KOMNAKMHbL, 8 HUX OMCYNCMEYIOM NOO8UNCHBIE
MexaHuueckue yacmu, onu pabomarom Ha NOCMOAHHOM MOKe U Y HUX Hem peakmus-
HO20 CONPOMUGIEHUS, YO ONPeOeisiem UX 8blCOKYI0 IKCIIYAMAYUOHHYIO dpexmue-
Hocmb. TIpusedensvl pe3ynomamovl UCCIE008AHUS MEPMOPE3UCTNUBHBIX OAMYUKOS HA
OCHOBe BbICOKOMeMNePaAMYpPHbIX C8EPXNPOBOOHUKO8 8 Kauecmee 4yecmeumenbHo2o
anemeHma npubopa OJis UsMEPEeHUst YPOGHsL KPUO2eHHbIX dcuokocmell. OCHO8a Mako2o
YYBCNBUMENTbHO0 1eMeHMd — ONUHHOMEPHBIU KOMNO3UMHbILL NPOBOOHUK € DepuiLiu-
esoll pazoil u cepebpsnou mampuyet. Taxue nposoOOHUKU UMEIOM GbLCOKYIO CIAOUb-
HOCMb, MALYI0 MENJI08YI0 UHEPYUIO U XOPOULYIO 80CIPOUZBOOUMOCTIb NOKA3AHU. JIs
NONY4eHUs 80NbM-TUHENHbIX XAPAKMePUCUK ONbIMHBIX 00PA3Y08 MAKUX OAMYUKOS8
ObLIO NPOBEOEHO UX AHATUMUYECKOe UCCNe008aHUe HA QUIUKO-MANeMAMUYecKoll
MoOenu U IKCHePUMEHMANbHOoe ucciedosanue. s nposedeHust IKCnepuMeHmaib-
HbIX UCCe008AHULL U CHAMUS 80bM-TUHEUHbIX XAPAKMEPUCTUK MEPMOPE3UCTNUBHBIX
0amuuKo8 yposHs 0vil cO30aH IKCNEPUMEHMANbHBLU cmeHO. Pesynbmamol oxcnepu-
MEHMATbHBIX UCCTe008AHUL CPABHUBANUCH C Pe3VIbMAmamu MOOeIUPOSarus, 4mo
NO360IUNO BbIABUMb OCHOBHBIE (DAKMOPDI, GIUAIOUUE HA CBOUCMBA MAKUX OAmYU-
kos. Ilonyuennvle 8o1bm-nuHeliHble XAPAKMEPUCTUKU UCHONb308AIUCL 8 Kauecmee
MapupoBOUHbIX KPUBLIX NPU CO30AHUU NPOMOMUNA npubopa O usMepeHus: ypoe-
HA orcuokozo aszoma. CpagHeHue pacuemuvix U dKCNEPUMEHMATbHbIX OAHHBIX OJls
ONBIMHBIX OAMYUKOE HA OCHOBE BbICOKOMEMNEPAMYPHbIX CEePXNPOBOOHUKOE NO360-
JIUIO Onpedenums MOYHOCHb PACYEMHOL MOOelU, Komopas OJis ONbIMHbIX 00PA3Y08
He npesviwana 13,5 % 6o 6cem duanazone usmeperuil.

Knrouesvie cnoea: TepMOPE3UCTUBHBIN TaTUUK YPOBHsI, BOIBT-THHEIHAsS XapaKTepu-
CTHKA, BEICOKOTEMIIEPATYPHBIN CBEPXIPOBOIHHK, YPOBEHB JKHUAKOCTH B KPUOTCHHOM
€MKOCTH.
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The employment of cryogenic and common capacitive equipment requires a
continuous control of liquid line which can be performed, for example, with the help of
thermoresistive sensors. These sensors are very sensitive, very reliable and compact,
there are no mobile mechanical parts inside, they work at a direct current and
they have no jet resistance that defines their high operational efficiency. The article
provides the research results of thermoresistive sensors based on high-temperature
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superconductors as a sensitive element of the device for measurement the level
of cryogenic liquids. The basis of such sensitive element is the lengthy composite
conductor with a beryllium phase and a silver matrix. Such conductors are highly
stable, of small thermal inertia and they have a good reproducibility of readings. In
the case of obtaining volt-linear characteristics of prototypes of such sensors it was
necessary to carry out an analytical research on a physical and mathematical model
and a pilot study. A test bench was created in order to carry out the pilot studies and
to remove volt-linear characteristics of level thermoresistive sensors. Pilot studies
results were compared with modeling results thus allowing to reveal major factors
that influence sensors properties based on high-temperature superconductors. The
received volt-linear characteristics were used as the calibration curves during the
creation of a device prototype for level measurement of liquid nitrogen. Comparison
of settlement and experimental data for skilled sensors based on high-temperature
superconductors allowed to determine the accuracy of settlement model which, for
example an experiment sensor, didn t exceed 13.5 % in all the range of measurements.

Keywords: termo-resistive level sensor, volt-linear characteristic, high-temperature

superconductor, level of liquid in cryogenic vessel.

CranuroHapHO€ U TPAHCTIOPTHOE EMKOCTHOE 000PYI0BaHKE IIIMPOKO UC-
MOJIB3YeTCs B Pa3IMYHBIX OTPACHAX MPOMBIIIJIEHHOCTH U TpedyeT coOiio-
JICHUsI CTPOTHX Mep Oe3omacHoi paboTbl 000pyIOBaHUS U 0OCTYKUBAIOIIIE-
ro nepconana. [ToaTomy, HanpuMep B XOJOAWIBHON TEXHUKE, MPEIETbHBIN
YpOBEHb 3aIlOIHEHUSI EMKOCTHOTO 000pydoBaHuUs (COCY/IOB) OTpaHUYMBa-
€TCsl 3aKOHOAATENbHO, B cpeaHeM 3To 80 % uxX HOMUHAIBEHOTO oOBeMa [1].
AHanu3 TOKENbIX aBapuil (B3phIB TPAHCIOPTHBIX COCYIOB, OAJJIOHOB CO
CKIDKCHHBIMU Ta3aMH M T.J.) MOKa3bIBAET, UTO OCHOBHOW MPUYUHOM HMX
ABIISJIOCH MEPENIOJTHEHUE CBEPX HOPMBI, KOTOPOE MPOUCXOAUT MPU OTCYT-
CTBUU KOHTPOJIS 3aIIOJTHEHUS WM IIPU BBIXOJE U3 CTPOS JaTYUKOB YPOBHSL.
[Toutn Ha Bcex MPOM3BOACTBAX KOHTPOJIb YPOBHS JKUIKOCTH B €MKOCTSIX
SBIISICTCS] OTHOM U3 OCHOBHBIX (DYHKIMI CHCTEM PEryaupOBaHUs, KOTOpas
IpsSIMO BIIMSIET HA 3PPEKTUBHOCTH U OE30MaCHOCTh TEXHOJOTUYECKUX PO~
neccoB. C COBEPIIEHCTBOBAHUEM TEXHOJIOTMYECKHUX MTPOLIECCOB U Pa3BUTH-
€M CPEJICTB aBTOMaTHYECKOTO KOHTPOJIS pactimpsieTcs: cepa mpuMeHEHuUs
JATYUKOB YPOBHS, KOJIMYECTBO KOTOPBIX COCTABIISIET TIO OTPACIISIM B CpPe/I-
HeM oT 8 110 14 % cpenu Bcex MPUMEHSEMbBIX JaTUYHUKOB.

KoHTpoib ypoBHSI ®KUAKOCTH B COCYIAX MPSIMO CBSI3aH C MOBBIILICHU-
eM 3(QPEeKTUBHOCTH WX IKCIUTyaTallud. YBEJIMYEHUE €IUHUYHOTO 0OBheMa
COCYZIOB M YBEJIHUEHUE 000PAuNBAEMOCTH MOBBIIIAET SIKOHOMUYECKYIO (-
(DEeKTUBHOCTh WX MPUMEHEHUS. A JUIS KPYIMHOTOHHAXKHBIX COCYIOB BO3-
pacTaroT TpeOOBaHUS K TOUHOCTH KOHTPOJIS YPOBHS, HAIPUMEpP, B COCYHE
quaMeTpoM 14 M uist XpaHeHHs] KPUOTEHHBIX >KMJIKOCTEH Ja)ke IpU Hero-
CPEIICTBEHHOM M3MEPEHUU YPOBHS 3Ta MOTPENIHOCTH COCTaBisieT +1 T, a
IPU U3MEPEHUH YPOBHS T'MAPOCTATUUYECKUM METOJOM IOTPEIIHOCTH YKe
MOXXET COCTaBJIAThH 10 +5 T [2].

st moBeIieHust 6€30MmMacHOCTH U 3(PPEKTUBHOCTH IKCILTyaTallUd CO-
CY/IOB CJI€IyeT COBEPIICHCTBOBATh YNPABJIECHUE NPOLECCAMH HAIIOJIHEHHUS,
XpaHEHHUs] U OMOPOXKHEHMsI COCY/OB, T.€. TEMH MpOLlECCaMH, TJE BaXKHO
UMETh JOCTOBEPHYIO MH(POPMALMIO O HAIMYUU M PACXOJOBAHUU CPEIBI.
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Cpenu peryaupyeMbIX MapaMeTpoB PEKTH(PHUKAIIMOHHBIX KOJIOHH OJIOKOB
paszzeneHus Bo3iyXa IPUMEPHO TPETh — ATO KOHTPOJIb YPOBHEW B pas3iiny-
HBIX 271eMeHTax. Hampumep, perynupoBaHue ypoBHs KyOOBOH KHIKOCTH B
BEPXHEU M HIKHEH KOJIOHHAaX BO MHOI'OM ONPEIENSIET KaueCTBO IPOAYK-
IIUOHHBIX MOTOKOB [2]. Hanbonee mpocThiM crioco6oM monyueHust uHhop-
MalK O CTEIECHHU 3aIOJHEHUS COCYAA SIBISIETCS U3MEPEHNUE B HEM YPOBHS
AKHUJIKOCTH.

[Ipu ucnonp30BaHUM KPUOTEHHBIX eMKOCTEN (cocynoB Jlproapa) Bompo-
Ccbl 6€3011acHOM IKCIUTyaTaluu ¥ 3(p(HEeKTUBHOCTH OCIOKHSIOTCS crierudu-
YECKMMH CBOMCTBAMH KPHOTEHHBIX JKUIKOCTEM. ABapUU C KPUOTCHHBIMH
E€MKOCTSIMU COIIPOBOXKJIAIOTCS, KAaK MPaBWIIO, TSXKEJIBIMHU MOCIEIACTBUSIMU
U JUId UX UCKJIIOYEHUs TpeOyeTcsl MIMPOKUN CHEKTP HAASKHBIX JaTdd-
KOB YPOBHSI C MOBBIIIEHHON TOUHOCTbBIO, CIIOCOOHBIX pabOTaTh B YCIOBMSIX
HU3KUX Temneparyp. OTedecTBEHHBIM NPUOOPOCTPOECHUEM BBIITYCKAETCS
6osee 200 TUIIOB AATYMKOB, KOTOPbIE OOECIIEUNBAIOT U3MEPEHNE, CUTHAJIN-
3aLMI0 U PETYIUPOBAHUE YPOBHS XKUAKUX cpell npu AasieHusax 10 50 MIla
u ipu Temneparypax ot —270,0 no +650,0°C. Ho a1 KpHOT€HHBIX KHUJIKO-
CTeH, HECMOTPs Ha 3HAYUTEIbHYIO MOTPEOHOCTH U OOJIBIIOE YUCIIO OPUTH-
HAJIbHBIX OT€YECTBEHHBIX N300peTeHHIA B 3TOM oOnacTH, ceroaus B PO net
CepUIHOro IMPOMU3BOACTBA OOJIBIIMHCTBA TUIIOB AATYHUKOB.

[TpunHIIMn paboThl COBPEMEHHBIX TaTYMKOB YPOBHS Oazupyercs Ha pas-
IMYHBIX (u3ndeckux d(p(dexrax U Mo TOMY NPU3HAKY AATYUKUA YPOBHS
JIeNIATCSl Ha MeXaHW4YecKkue (IOIUIaBKOBBIE); TMIIPOCTAaTUYECKHE; KOHIYK-
TOMETPHUUYECKHE; aKyCTUYECKHE U BOJIHOBBIC; pPaJHallUOHHbIE; EMKOCTHBIE;
TEPMOpPE3UCTUBHBIE U TepMouiekTpuueckue [3]. PaccmarpuBaembie B Ha-
CTOSIIIEH CTaThe KOHTAKTHBIE JATYMKHU YPOBHS Ul KPUOT€HHBIX JKUIKOCTEN
Ha OCHOBE JJIMHHOMEPHBIX (HETPEPHIBHBIX ) BHICOKOTEMIIEPATYPHBIX CBEPX-
npoBogHUKOB (BTCII-garunku) oTHOCATCS K KIaccy TEPMOPE3UCTHUBHBIX.
JlaTyuky ypoBHS TEPMOPE3UCTUBHOIO TUIA UMEIOT BBICOKYIO HAJIEKHOCTh
U KOMIIAaKTHOCTb, XOPOIIME TEPMOMETPUYECKUE CBOMCTBA, B HUX OTCYT-
CTBYIOT IOJIBUKHbIE MEXAaHUYECKHE YacTH, OHU pabOTalOT Ha MOCTOSHHOM
TOKE M Y HUX HET PEaKTUBHOIO COINpOTHBIEHUsA. HanexHOCTh U OTHOCH-
TeJbHAs MPOCTOTA TAKUX JATYUKOB COYETAETCS C XOPOIUEH YYBCTBUTEIb-
HOCTBIO U 3KCIUTyaTallMOHHOM 3(h(h)eKTUBHOCTEIO.

B ocHoBe paboThl TEpPMOPE3UCTUBHOTO AATYMKA JICKUT 3aBUCUMOCTD
ANIEKTPUUECKOTO COIPOTHUBIIEHUS CIIEHUAIBHOIO pe3ucTopa (MepBUYHOIO
YyBCTBUTEIBHOTO 3JIEMEHTA WM JaT4MKa) OT TeMIeparypsl, T.e. OT Xa-
pakTepa ero KoHTakTa co cpeaod. Ha rpanune pasnena »KMIKOCTb—Ta3
MIPOUCXOIUT CYLIECTBEHHOE N3MEHEeHUE K03(h(DUIMEHTA TeIUIO0T/AauH C 0-
BEPXHOCTH HAarpeToro 4yBCTBUTEIBHOIO IEMEHTA, YTO BBI3BIBAECT U3MEHE-
HHUE €ro TeMIIEpaTypHOTO IOJIsl U, KaK CJIEICTBUE, IOTOHHOTO AJIEKTpUYe-
CKOTO CONpOTHBIEHUS. MacmTad pa3nuuus Ko3((UIIMEHTOB TEIUIOOTIAul
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K ra3oBoi W Xujkoi (asam o0ycioBiu- 1= const
BaeT UYYBCTBUTEIHHOCTh TAaKHUX JAaTYHUKOB.
1o 3HaYeHHIO CyMMapHOIrO CONIPOTUBIICHUS
YYBCTBUTEIBHOIO 3JIEMEHTA MOXKHO CYJIUTh

0 TEeKYIIEM 3HAY€HUHU YPOBHS KUIAKOCTH.

[To nucnonHeHUIO JaTYUKK ObIBAIOT JUC-
KpETHbIE U HempepbiBHbIE. [lUCKpeTHble g
JATYUKHU PACIONaraloTcs B TOYKE KOHTPO-
a5 paznmena a3 W AT JIOKAJIbHYHO HH-
(dhopmaruio o ha30BOM COCTOSIHUU KOHTPO- I [ iy
aupyemoit cpenbl. Yame Bcero B Kaye-
CTBE IUCKPETHBIX JaTYUKOB HCIIOJIb3YIOT-

Puc.1. Cxema pacnpeneneHHo-
Csl TEPMUCTOPBI WJIH YTOILHBIE PESUCTOPBL, 1o renvopesncruBmoro garama
JTy4lllie U3 KOTOPHIX UMEIOT TOYHOCTb JIO  ypoBHS sKHIKOCTH
40,5 mm [4].

s HenpepbIBHOW MHPOpMAMU 00 YpOBHE KHJIKOCTH HUCHONb3YIOT-
Csl HEMpepbIBHBIE (pacIpeesIeHHbIEe) aTYMKH, CXeMa I0Ka3aHa Ha puc. 1.
PacnipenenenHplii TepMOPE3UCTUBHBIN AaTYMK YPOBHS MPEACTABISET CO-
00l NIMHHBIN PE3UCTOpP, BEPTHKAIBLHO pa3MEIleHHBIH B cocyae. Pesuctop
UMeEeT BBICOTY H ¥ HarpeBaeTcst TOKOM TMOCTOSHHON BenmuuuHbl /. Huk-
HUIl y4aCTOK MPOBOAHMUKA HA BBICOTE h OXJIaXKAAeTCs KUAKOCTHIO U UMEET
TEeMIepaTypy to, a BEPXHHI y4acTOK OXJaKIaeTcs mapaMu M UMeeT 0o-
Jee BBICOKYIO TeMrieparypy t;. IIlponopiuonansHo TemmepaType MEHsSeTcs
yAEIbHOE COMPOTUBIIEHNE MPOBOJHUKA U MIO3TOMY €ro MHTErpajbHOE CO-
NPOTHUBIICHUE U MajJieHHe HanpshkeHue Uy, U3MEHSIIOTCS TPONOPIUOHATIBHO
YPOBHIO JKUIKOCTH B COCYE.

Jlis paboThl Takoro AaT4MKa HEOOXOIMM BCIIOMOTATENbHBIN UCTOYHHUK
TEIUIOTHI, CO3JA0IIMNA MOJOKUTEIBHYIO PA3HOCTh TEMIIEPATYP MEXIY pe-
3UCTOPOM M cpefoil. B kauecTBe BCIOMOraTeIbHOTO UCTOYHUKA TEIIOTHI
yaiie BCEro MCMONb3YeTCs dIEKTPUUECKUN HArpeB, KOTOPHIA MOXKET OBbITh
OPSIMBIM M KOCBEHHBIM. [IpH mpssMOM 1oorpeBe posib MoI0rpeBaTess Bbl-
HOJHSET CaM YyBCTBHUTEJIbHBIN 3JE€MEHT M MOJOTPEB OCYILIECTBISETCS 3a
CUET TEIUIOTHI, BBIICISEMONW B PE3UCTOpE MpPU TMPOXOKICHUH 4Yepe3 He-
T0O MEKTPUUYECKOTo ToKa. [Ipy KOCBEHHOM IOJIOTPEBE AaTYMK CHAOXKaeTcs
JIOTIOJIHUTEJIbHBIM PAcIIpe/ie]IEHHbIM HarpeBaTeIbHbIM 3JIEMEHTOM. B kpuo-
TeHHBIX EMKOCTSX MPU HU3KUX TEMIIEpaTypax BCIIOMOTaTEIbHBIM HCTOYHH-
KOM TETUIOTHI MaJIOil MOITHOCTH MOTYT CIYXKUTh TEIJIONPUTOKU U3 OKPY-
JKArOUIEN Cpelibl.

Bonpocsl Teopun U pacyera KOHCTPYKLMH HENPEpHIBHBIX JAaTUYUKOB
TEPMOPE3UCTUBHOTO THUMa U3NI0KeHbl B padore [3]. OcHOBHOW XapakTe-
PUCTHKOHN TEPMOPE3UCTUBHOTO AAaTYHKA SBJISIETCS €ro BOJbT-IMHEHHAs Xa-
pakrepuctuka (U = f(h)), T.e. 3aBUCHMOCTh CYMMapHOTO COTIPOTHBIIE-
HUS [IEPBUYHOTO U3MEPUTENIBHOIO 3JIEMEHTA OT YPOBHS 3allOJIHEHUS COCY-
na. JTa XxapakTepUCTUKa UCIIONb3YeTCs B KAUeCTBE TAPUPOBOUHOM KPUBOH
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BTOPUYHOTO MpHOOpa U BO MHOTOM OHNPEENIAET TOYHOCTh U METPOJIOTH-
YEeCKHE KayecTBa BCEro Npudopa — U3MEpUTENsl ypOBHS. XapaKTEPUCTUKY
U = f(h) nist KOHKPETHOTO JATYNKA MOXHO TIOJTyYHTh AHATUTHYESCKHU UITH
B HaTypHOM dKcriepumente. Jliist pacuera U = f(h) ciemyer 3HaTh Temiie-
paTypHOE I0JIe 1aTYNKa B 3aBUCMMOCTHU OT YPOBHS 3aIl0JHEHUS COCya ITPH
W3BECTHOM PACIPEIECIICHUH BCIIOMOIaTE€IbHBIX HCTOYHUKOB TEIUIOTHI. 3Has
TEMIIEpaTyPHYIO 3aBUCHMOCTb CONPOTHUBIICHHS PE3UCTOPA MOKHO PaCCUU-
TaThb UHTETPAJILHOE N1a/ICHUE HAIIPSKEHUS.

HecmoTpst Ha o4eBUIHBIE TOCTOMHCTBA TEPMOPE3UCTUBHBIX JTATYMKOB
U MX IPOCTOTY, CETOAHS NMPAKTUYECKU OTCYTCTBYET HOPMAaTUBHAs METOIU-
Ka pa3pabOTKH KOHCTPYKLUH, MPOEKTUPOBAHMUS, TPAJyHPOBKH U MOBEPKU
TaKUX JAaTYUKOB, a BBIOOP MX KOHCTPYKTMBHBIX IapaMeTpPOB YacTO OMH-
paeTcs Ha ONBIT NPUMEHEHHUS M MHTYULUIO KOHCTPYKTOPA, YTO SIBISIETCA
HCTOYHHUKOM CITy4YalHBIX OIIMOOK U CACP)KUBACT UX MPUMEHEHHE B HOBBIX
00J1aCTAX TEXHUKH.

[Tporpecc B IpoU3BOACTBE BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOAHUKOB
(BTCII) oTkpblIT BO3MOKHOCTH MPUMEHEHHSI 3TUX MaTepHalioB B KaueCTBE
“uneanpHpIX”’ pe3nctopos. IloaToMy B HacTosiel paboTe Ucciae10BaIiCh
pacpeneneHHble JaTYUKKU U1l KOHTPOJIS YPOBHS XKUAKOIO a30Ta, CO3JaH-
Hble Ha ocHOBe TOHKUX BTCII 1-ro n 2-ro noxosieHui, Kak BbIITyCKaeMble
CepUiHO, TaK U BBIIIOJHEHHbIE MHIMBUAYAIbHO. [IpMHIMI pabOThI TaKUX
JATYUKOB MO00EH MPUHIUIY PabOThl TPATUIIMOHHBIX TEPMOPE3UCTUBHBIX
JTATYUKOB, HO Ul UX HarpeBa UCIOJIb30BaIMCh OTHOCUTEIBHO HEOOJIbIINE
TEIJIONPUTOKU W3 OKPYKAIOLIEH Cpeabl, I 4ero IEpBUYHBIC NATYUKH
HMMEJU TEIJIOBOM KOHTAKT C OKPYKAIOIIEeH cpeoil. DKCIIepuMEHThI IIPOBO-
JMJTUCH HA SKUKOM a30T€ MPU aTMOC(EPHOM JIaBIECHUH, HO TaKUe TaTYUKU
MOTYT HalTU MPUMEHEHHE NIPU XPAHEHUU IIHPOKOIO KJIacCa KPUOTCHHBIX
xuakocred npu temneparypax ot 70 go 120 K.

B kadecTBe 4yBCTBUTENBHOIO 3JIEMEHTA IPEUIOKEHHOIO TEpMOpe-
s3uctuBHoro BTCII-ypoBHEMepa HCMOIB30BANICS IIMHHOMEPHBINA KOMIIO-
3utHbI npoBogHUK ¢ BTCII-da30ii, KOTOpbIl MOACOEIUHSIETCS KO BTO-
pUYHOMY MpUOOpY, CIyKallemy JUlsl OTOOPaKEHHs] WIM perucTpanuu
ypoBHs xkuakoctd. Ha Qotorpaduu (puc. 2) mpencraBieHbl CEYSHHUs

Puc. 2. KoHcTpyKIMsI KOMIO3UTHBIX BbICOKOTEMIIEPATYPHBIX CBEPXNPOBOHHKOB
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Puc. 3. ®oro crenga ajasa ucneiTanusa BTCII-natuukos:
1/ — WCTOYHHK TOCTOSHHOTO TOKa; 2 — MU(POBOA MUIJUTUBOIBTMETpP; 3 — INTATHB; 4 —
cocyn Jlproapa; 5 — coeamHuTeNnbHBIE TpoBoaa; 6 — BTCII-matunk, 3akperyieHHBIN B
poOKe cocyna; 7 — 3aJMBHAs TOPIIOBHHA; § — TCPMOMETP

CBEPXITPOBOMSIINX KOMIIO3UTHBIX MPOBOAHUKOB [S]. OCHOBOM Tema mpo-
BOJTHUKA (MaTpPHUILIbI) CIY)KHUT, B OCHOBHOM, JJIEKTPOTEXHUYECKOE cepedpo,
B KOTOpPOE€ BHEAPEHBI TOHKKHE HUTH cBepxiipoBonnuka (BTCII-da3sr): kepa-
mukn tuna Bi;SroCaCusOgyg, ¢ kpuTHdeckoit Temmneparypoit 7, = 82K
(tumr Bi2212), wmm tama BisSroCasCuzOqg45 ¢ T, = 108 K (tum Bi2223).
Boi6op konkperHoro tuna marepuaina BTCII BbimonHsieTcst B 3aBUCUMO-
CTH OT TeMIIepaTypbl KUMIEHUSI KOHTPOJIUPYEMOM KUAKOCTU TpU padoueM
naBneHuu. Kak mokazanu ucclieoBaHUs, TaKue MPOBOJHHUKHU 007a/laroT
BBICOKOW CTaOMIIBHOCTBIO, MAJOW TEIUIOBOW HHEPIMEH M XOpoIllell Boc-
MPOU3BOJIUMOCTBIO MTOKA3aHHUI.

Boner-nuneitnbie xapakrepuctukun U = f(h) ombsITHBIX 00pasios,
OCHOBHBIE XapaKTEPUCTHKU KOTOPBIX MPUBEICHBI B TaOIUIE, PACCUUTHI-
BaJIUCh U CHUMAIKCh B 3KcHepuMeHTax. llomydyeHHble XapaKTepUCTUKU
U = f(h) ucronp30Baanch B Ka4eCTBE TAPUPOBOYHBIX KPHUBBIX IIPU CO3/1a-
HUM IPOTOTHUIA YPOBHEMEpPA KHJIKOTO a30Ta.

OKCHEpUMEHTAJIBHBIN CTEH]T JUISl CHATHSI BOJIBT-TMHENHBIX XapaKTepH-
CTHK TepPMOPE3UCTUBHBIX JATYMKOB YPOBHS (pHC.3) UMEET cXemy, IpuBe-
JIEHHYIO Ha puc. 4.

OcHoBOI1 cTreHna (cM. puc.4) sSBIsSETCS CTEKISHHBIN cocyn Jlproapa
1, Ha TEIIOU30JIUPYIOIIEH KPBIIIKE KOTOPOTO KECTKO 3aKperuisuics odpa-
3enr BTCII-natunka u morpy»aics Ha pasHylo DIyOWHY B KUIKUNA KpHO-
areHt. [lonoxkeHure ypoBHs KMJIKOCTH B COCY/I€ KOHTPOJIMPOBAJIOCH HEMO-
CPEIICTBEHHO MO0 U3MEPUTENBHOM JIMHEWKe 2. DKCIIepUMEHTANbHbBIN CTeH]T
BKJIIOYaJI B ce0s ITaTHB 3, a TaK)Ke HEOOXOAMMYIO ISl TTOTYYESHHUS BOJIBT-
JUHEWHBIX XapaKTEpUCTHK armnaparypy: UCTOUYHHUK CTAOMIM3UPOBAHHOIO
MOCTOSTHHOTO TOKa (4) u 1udpoBoii MuumBoibTMEeTp 5. Ha BhIHOCKE A
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Puc. 4. KoHcTpyKkuMsi IKCIEPUMEHTAJIBHOIO CTEHIA ISl MCIBLITAHUSA TEePMOpe3H-
cruBHBIX BTCII-naTunkos

(cM. puc.4) nokasaH OIMH M3 METOJOB 3aKpEIUICHHUsS JIMHEHHOro TepMo-
PE3UCTUBHOTO JIaTYMKA HA HIDKHEM KOHIIE SKCIIEPUMEHTAJILHOTO JaTdyrKa
YPOBHSI.

DKcIeprUMeHTabHbIE UCCIIeI0OBAHMSI IPOBOIMINCH C CEMbIO 00pa3amMu
BTCII-natunka ypoBHS Ha *HJIKOM a30T€, KOTOPbIE UMEJI TePMHYECKHI
KOHTAKT C OKpy)Karomieil cpemoi. JlaTunku ObLTM M3rOTOBJIEHBI W3 BBICO-
KOTEMITEpaTYPHBIX CBEPXITPOBOJHUKOB 1-TO TOKOJICHHUS M UMEIH Pa3HYIO
KOHCTPYKIIMIO: JTUHEHHY0, BUTYI0 niu U-00pa3Hylo; 3aKJIFOUeHHBIC B 3a-
IIUTHBIA KEPaAaMUYECKU KaHaJl WM CBOOOJHBIE OT BHEIIHEW AIIEKTPO- U
TETJION30JISIIUU (CM. TaOIHILy).

B mepBoii cepun 3KCTIEPUMEHTOB HCTIONIB30BATUChH TUHEHHBIE MTPOBOJI-
HUKU TPATUIIMOHHON KOHCTPYKINH (00pa3iibl Ne 5—-7), y KOTOPBIX TOKOBBIE
U TIOTEHIIMAJIbHBIE KOHTAKTHI pa3MelIalIiCh B BEPXHEH U HIKHEH 00IacTsIx
cocyaa, Kak 3TO MOKa3aHO Ha BBIHOCKE (cM. puc.4). Takas KoHCTpyKUus
JlaTYMKa MPUBOAMIIA K MOsBIICHUIO TiepeMeHHor Tepmo-OJIC u B nanbHe-
IIEM OT 3TON KOHCTPYKIIMH OTKa3aJIUCh.

Bo BTOpOI1 cepun 3KCIEPUMEHTOB UCTIONB30BANUCH Aatyuku U-o0Opas-
HON KOHCTpyKIuH (00pa3isl Ne 1-4), Bce aneKkTpudecKkue KOHTaKThl KOTO-
PBIX OBLTU BBIHECEHBI U3 COCY/Ia M PACIONaraiuch B TEIUION TeMIepaTyp-
HOI 00JIaCTH, YTO MCKIIIOYAI0 BOZHUKHOBeHHE TepMo-DJIC.

Ouzuko-mMareMaTHueckas Moelb JaTurKa BKIoYaja B ceds ypaBHe-
HUE HECTAIMOHAPHOMN TETUIONPOBOAHOCTH ISl TPOBOJHUKA C YIETOM BHYT-
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IMapamertpsl uccienyembix BTCII-naTunkon

Howmep o6pasua | K3 | Kondurypaums | Yucno xwui | Pazmep, mm | Tunm BTCIT/Metann
BTCII-garunka 000I0UKH

1 0,7 KpYIVIbIiA, 1 Bi-2223/Ag
U-o0pa3zHsIit

2 0,4 KPYTIIBIH, 61 Bi-2223/Ag
U-o0pas3Hbiit

3 04|  xpyrusii, 61 20,4 Bi-2223/Ag-Sn
U-o0pa3HsIit

4 0,6 KpYIJIbIi, 1 Bi-2223/Ag-Sn
U-o0pa3Hbrit

5 0,3 KPYIJIBIH, 19 Bi-2212/Ag

JTMHEHHBIN

6 0,3 JICHTOYHBIHN 61 0,25x3 Bi-2212/Ag

7 0,3 KPYTIIBIH, 19 0,4 Bi-2212/Ag
CKpPYYEHHBII

[Tpuwmeuanne. K3 — koapdunuent 3anonnenus marpuisl nposoga BTCII daszoii.

PEHHUX OMHYECKUX TEIUIOBBIJCICHUN M TEIIo0OMEeHa Ha MOBEPXHOCTH
pa3leNnbHO € JKUAKOM M mapoBoil (a3oil kpuoareHTa. B naHHON Monenu
YYMTBIBAJIOCh, YTO BHYTPEHHHE TEIUIOBBIJECIICHNS B JATYNKE T€HEPUPYIOTCS
B METaJlJIe MaTPULbl IPOBOIHUKA TOJIBKO IIPU PE3UCTUBHOM (HOPMAJIBLHOM)
COCTOSIHMM CBEPXIPOBOAHUKA. DTO YpaBHEHHE JIOMOJIHSIOCH UHTErPaJIOM
JUId pacyeTa NaJeHus HANPSDKEHUs 10 JJIMHE IPOBOJHUKA U B LIEJIOM OHU
JOTIOJHSIMCH YCIOBUSIMU OJHO3HAYHOCTH M BBIPAXKCHUSMU JJI1 pacdera
TEKyIIUX CBOMCTB MAaTe€pHalloB, IPUMEHEHHBIX B IaTUYHKE.

Mopnens TemIonpoBOIHOCTH AJI NJIMHHOMEPHOTO TEPMOPE3UCTUBHOTO
JlaTYvKa B OOIIEM BHJIE 3aMCHIBAETCS B CIEAYIOLIEM BUJIE:

o) gDV 2) + D) i =1,2,3
0 npu T(r,z) < Ty m
Qv T) = 2
) %(T) npu T(7,z;) > T,

e p, kr/m®; C(T), kJx/(xr-K); A(T), [B1/(M-K), — cpeiHue mI0THOCTD,
TEIUIOEMKOCTh M TEIUIONPOBOAHOCTh MaTepHana KOMIIO3UTHOTO MPOBOJI-
HHKa COOTBETCTBEHHO; ¢,(7') — oObEeMHasl IUIOTHOCTh TEIUIOBBIICICHUIA,
Br/m3,

3nauenus p, C(T), MN(T) u q,(T) paccuuThiBaguch B 3aBUCHMOCTH
OT TeMIIEPaTyphl TEKYIEr0 CEYCHHUsI TIPOBOAHMKA C y4eTOM KO3 HUIIHEH-
ta 3anonHeHust marpuisl BTCII-gazoit (K3): p = pu(1 — K3) + pcnKs,

A= A\(1 —K3) + AcerKs, C = CM'OTM(l — K3) + C’cnpng, 71 MHIEKC
P p

(13 2

M” OTHOCHUTCS K MeTayry MaTpuibl, a “CII” — K CBEpXIpOBOJHUKY.
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TermmooOMeH Ha TpaHWIE MPOBOAHHKA C KPHUOAreHTOM OMHMCHIBACTCS
rpanuyHbiMu ycnoBusimu 111 pona:

i MTy) grad Ty (1, 2) = a(Te — Tyu(T, 24)),

IJe o — JIOKAJIbHBIN K03(h(DUIIMEHT TETIO0TAaYH Ha TOBEPXHOCTH, TEMIIe-
parypa kotopoit 1;;; T — noKaJibHasi TeMIIepaTypa KpuoareHTa Ha 3TOH ke
MMOBEPXHOCTH.

Mopenb Takke IOMONHSAJIACh YPAaBHEHUSMHU JJIsl pacyeTa TepMOJMHA-
MHUYECKUX CBOMCTB MaTepuana farduka. [I[poBoIHUK paccMaTpuBaics Kak
KOMITO3UTHBIN, COCTOSIIIMIA U3 MaTpHIIBI — cepebpa WiH cruiaBa cepedpa ¢
onosoM u BTCII-mMarepuana, paBHOMEPHO paclpeie€HHOIO B LIEHTpallb-
HOM o0JlacTh TPOBOAA B BHJIC HUTEH MUKPOHHBIX Pa3MEPOB KEpPaMUKH
Bi-2212 nnu Bi-2223. KoaddunueHT 3anonnenust (105151 CBEPXIIPOBOIHUKA
B TIONIEPEYHOM CEUEHUU HUTH) cocTaBiisil oT 0,3 mo 0,7 (cMm. Tabmuiry).

TepMuyeckoe COCTOSIHUE MaTepHalia MPOBOIHUKA, PACCUUTHIBAEMOE TIO
9TOW MOJIETH, ONIPENIEIISET IEKTPUIECKOE COTPOTURICHHE MaTepHalia Ma-
tputibl BTCII. [ToaTromy mMonens JOMOMHSAIACH BBIPAKEHUEM ISl ONpeie-
JICHUSI HANpSOKEHUS, CHUMAaeMoro ¢ KOHIOB uinHHOMepHoro BTCIT:

Uh) =1 / Mdh, )
0

rie S — 3NeKTPONpPOBOAHAs YacTh cedeHus crepxkHs; O(7) — temmepa-

TypHasi 3aBUCUMOCTb YIEJIBHOTO conporusienus marpunsl BTCII.

[TpenBapurenabHOE HCCIeI0BaHUE Pa3MEPHOCTH IaHHOM 3a7jauy IToKa3a-
JI0, YTO pacHpeeeHre TEMIIEPaTyphl 110 JJIMHE POBOJHUKA XOPOLIO OIU-
CBIBACTCSI OJHOMEPHOM MOZEINbI0. Temnoornada Ha MOBEPXHOCTH IIPOBOJ-
HUKa XOPOILIO OMMCHIBAETCS COCPEAOTOUEHHBIMH MOZEIIIMU KOHBEKTUBHOIO
TeI000MeHa Ha BEPTHKAJIbHON CTEHKE pa3leibHO C KHUJIKOW U MapoBOU
(a3oii kproareHta. YUCIEHHO MOJETUPOBATIOCH PACTIPE/ICIICHUE TeMIIepa-
TYpBI IO JUIMHE J1aTUYMKa, BEPXHUM KOHELl KOTOPOro COOOIIAeTCsl CO Cpeloi,
IJIe 3a/1aBaJIUCh YCJIOBUS TEINIO0OMEHA U IapaMeTphbl OKpPYKalOIIeH Cpe/ibl,
OJM3KHUE K YCIOBUSAM MPOBEIEHHs SKCIIEPUMEHTOB. YCIIOBHS TEIIOOOMEHA
C OKpYXarolle cpejoi Ha TEIUIOM KOHIIE ITPOBOJIHUKA, KaK IMOKA3alu HUC-
CJIEJOBAHNUS, CUJIBHO CKAa3bIBAIOTCS HA COCTOSIHUM ITPOBOJIHUKA U [TO3TOMY
OHU BapbHUPOBAJIKUCH B IIMPOKUX Mpeenax.

Takum o6pazoM, pu3nko-mMareMaTuyeckas MOJEIb TEPMOPE3UCTUBHOTO
JlaTYMKa YPOBHs, TEMIIEPAaTypHOE I0JIe B KOTOPOM (OpMHUpYyETCs 3a CYeT
BHEIIHUX TEIJIONPUTOKOB, PElIalach YUCIECHHO, METOJOM KOHTPOJIbHOIO
oObema [5], B 0lHOMEpPHOW MOCTAaHOBKE, MPU MU3BECTHBIX KOA(p(PUIIMEHTaX
TEIUIOOTAAYH PA3/eIbHO ISl Ta30BOM U KUAKOCTHOU OOJACTH.

Pacnipenenenue temneparypsl U yAEIbHOTO MAJEHUS HANPSKEHUS 10
JUIMHE NpOoBOJHUKA npu ypoBHe 3anuBku 50, 100 u 150 MM (mmpu makcu-
MaJIbHOU BBICOTE 3aIMBKH H ., = 200 MM) mOKa3aHbl COOTBETCTBEHHO Ha
puc.5 u 6.
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Puc. 5. Pacnpez[e.ﬂe}me TeMIeparypbl 1no /JJiMHe NPOBOIHUKA B 3aBHUCHUMOCTH OT

YPOBH# 3aJIMBKH:
1 —50Mm; 2 — 100Mm; 3 — 150 MM

N3 puc.6 crnenyer HeCOOTBET-
ctBue ypoBHs nepexona BTCII u
YPOBHSI 3aJIUBKH.

XapakTepHbIi BU] BOJIBT-
muHenHo  3aBucumoctu  BTCII-
natauka (oOpasemr Ne 5) mpuBeneH
Ha puc./. llonuHOMManbHaAs 3aBU-
CUMOCTh JAHHOM BOJBT-JIMHEHNHOMN
XapaKTEePUCTUKU ObLa UCIIOIb30BaHa
IpU CO3AaHUU TPUOOpA-U3MEPUTEIIS
YPOBHS.

Bonbr-nuneiinbie XapakTepu-
ctuku  obpaznoB BTCII-natunkos
Ne 1-4 (cm. Tabnuity) npu BHEIIHUX
yenoBusiX to. = +24°C, I = 100 mMA
IIpUBEACHBI HA pHUC. 8.
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Puc. 6. PacnipenesieHue najieHust Hanpsi-
JKeHHs 10 JJIMHEe MPOBOJIHUKA:

1 — mnpu ypoBHe 3amuBKU 0,25H
(50mMm), 2 — 0,5Hpx (100MMm), 3 —
0,75 Hiax (150 Mmm)

U, MB T
Iy x  Ob6paser Ne 5
\T( . — IlonmuHoMuHATEHAS
1,61 Ry (O6pasen Ne 5)
12 y=4E—0,5x>+0,0025x >~ 0,1563x + 2,16775
R?=0,9957
08| )
\\T
04T I
171
0 5 10 15 I, eM

Puc.7. Boabr-nuneiiHas xapaktepuctuka Ttepmope3ucTuBHoro BTCII-matumka

(o0pazen Ne 5)
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Puc. 8. BonbT-1HHelHbIe XapaKTePUCTUKHN APYrux o0pa3uoB aatdyuxoB Ne 1-4 (X,
H, 4, ®), CBOOOJHBIX OT KepamMuku npu t,. = +24°C, I = 100 mA

[lo pe3ynpraTam 3KCIEpUMEHTAJIBHBIX HCCIEIOBAaHUNA M MOJEIUPOBa-
HUs OBbUI MPOBEJEH aHajdu3 CBOMCTB onTuUMaiibHOoro mpototuna BTCII-
JaTyuKa ¥ €ro paluOHaJIbHOW KOHCTPYKIMH, KOTOpas uMesnaa Obl MUHH-
MaJIbHbIE BHEIIHHME TEIJIOBbIE BO3MYILEHUS K KOHTPOJIUPYEMOU cpefe.

Jns moaTBepKIEeHUs BO3MOMXHOCTH HMCIOJIB30BaHUS MPOBOJHUKOB C
BTCII-dpaknueii B kauecTBe AaTdyuka ObUT CKOHCTPYMPOBAH, U3TOTOBJICH
U MPOTECTUPOBAH OIBITHBIN 00pasel] BTOPUYHOTO WM3MEPHUTEIHHOTO MpHU-
6opa. Anroputm paboTsl ipubdopa ObuT cieayromuM. [lomoxkenne ypoBHS
KHUJKOCTH (PUKCUPOBAJIOCH NMEPBUYHBIM JIaTUMKOM B BHJI€ CUTHAJIA — MH-
TErpajbHOIo NaJEeHUs HAPSDKEHUS Ha JAaTYMKe. DTO HANpsKEHHUE IEPEBO-
JUII0CHh KOHTPOJUIEPOM 110 TApUPOBOYHOM KPUBOH, IIPUBEIECHHON Ha pHUC. 7,
B 3HaYE€HHUE YPOBHS JKUAKOCTU M HA MPUOOpE 3aropajcs HHIUKATOP, COOT-
BETCTBYIOLIUI 3TOMY ypOBHIO. {151 ompeneneHusi akTUBHOTO MHJIMKATOpa
HCII0JIb30BAJIaCh TaK Ha3blBaeMas ‘“‘ujeanbHas XapakrepucTtuka’ . Mneanb-
Has xapaktepuctuka obpasna BTCII-gatunka Ne 5 mpuBenena Ha puc. 9.
Hanpumep, cornacHo 3Toii XapaKTepUCTUKE MIPU 3aIl0JIHEHUHU SKCIIEPUMEH-
TaJIbHOTO cocyna Ha 120 MM gomxeH roperb uHaukarop Ne 20. B peanb-
HBIX )K€ YCIIOBUSX IPHU MCIBITAaHUM NTPUOOpa Habronaics pa3opoc nokasa-
HUi ipubopa B mpenenax a0 +£20 MM (kpuBble 3kcriepuMeHToB Ne 1-4 Ha
puc. 9), 4To CBSI3aHO C CHJIbHBIM BJIMSHHEM Ha pabOTy JaTdyMKa BHEIIHUX
YCIIOBUM OKpYXarolel cpeibl. ITO MO3BOISET CPABHUTh XAPAKTEPUCTUKU
pPEaNbHOTO U UJEaNbHOTO U3MEpHUTENICH yPOBHS, OLICHUTh HAaOlI0aeMbIe B
YCIIOBUSIX PEAJIbHOTO MPUMEHEHUS OTPEIIHOCTH.

B pab6ore nokaszana BosmokHoCTh pumeHeHust BTCII B kauecTBe uyB-
CTBUTEJILHOTO 3JIEMEHTA JINHEHHOTO TEPMOPE3UCTUBHOIO YPOBHEMEPA IS
KPUOTEHHBIX JXKUAKocTel. CKOHCTPYHPOBAH U WCIBITaH MPUOOpP IS U3-
MEpPEHHUsl YPOBHSI *KHJKOTO a30Ta Mpu arMocdepHoMm nasinenuu. [Ipenso-
JKEHHasi MaTeMaTh4yecKash MOZAEINb TEIJIONPOBOJHOCTH JIMHEWHOIO TEPMO-
PE3UCTUBHOTO JaTYMKa MO3BOJIMIIA UCCIIEI0BaTh MPpoLecchl POPMHUPOBAHUS
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Puc. 9. Uneanbnas u HaO100aeMasi XapaKTePHUCTUKH ONBITHOIO W M3MEPUTEJILHOIO
YpOBHeii

BOJIBT-JIMHEWHON XapaKTEPUCTUKU TAKUX JATYMKOB M, COTIOCTABUB PaCUeT-
HBIC U DKCIIEpUMEHTANIbHBIE AaHHble s onbITHRIX BCTII-naTunkos, ote-
HUTH MTOTPEIIHOCTh TAKOTO MPUOOPa, KOTOpasi, Hampumep, A oopasia Ne 5
He npesbimana 13,5 % Bo BceM auamnazoHe MPOBEACHHBIX W3MEPEHUN.
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