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AnHoTanus. B cratee paccMoTpeHBl Bompochl cOopa, 00pabOTKM W mepenadun HHGOPMALUU TPH
JUCTAaHIMOHHOM KOHTPOJIE COCTOSIHUSI CTallMOHAPHOTO M TPAaHCIIOPTHOIO KPHOT€HHOIo 000OpyIOBaHUS,
NPUMEHSIEMOT0 U JUIMTEIBHOTO XPAaHEHUs KPHOTCHHBIX NPOAYKTOB. M310KeHO pelieHHne 3amadu
MPEBEHTHBHOTO WHPOPMUPOBAHHUS AUCHIETYEPCKUX CITYKO U AKCILTyaTHPYIOIIEeH OpraHu3alui O HaJTMYUH
TEXHUYECKOH HEMCIIPaBHOCTU KPHOTEHHOTO COCyla, KOTOpas HPUBOJUT K YBEIMUYCHHIO JABIICHUS
BaKyyMa B TEIUIOM3OJSLIHOHHOW TMOJIOCTH, 4YTO OOYCIIOBIMBAECT IIOBBIICHHBIA TEIUIONPUTOK W3
OKpYJKarolei cpelpl W CYIIECTBEHHOE W3MEHEHHWE JaBIICHHWs BO BHYTPEHHEM COCYJE C TEUYEHUEM
BpeMeHH. [IpencTaBiena cTpykTypa HHQOPMAMOHHON CHCTEMBl MOHHTOPHHTA COCTOSHHS KPHOTEHHOTO
000pyIOBaHMS M NPHUBEICHO ONHMCAHWE BBIYUCIMTEIBHOTO AITOPUTMA pacyera OIEHKH TEeXHHYECKOTO
COCTOSTHHSI DKPaHHO-BaKYyMHOW TEIIOU3O0JSIMA KPUOTEHHOTO COCYJa MO OTKJIOHEHHIO TeMIa pocTa
JaBJICHHS, a TAK)Ke AITOPUTMa pacdyeTa OLEHKH BpeMEHH 0e3APEHaXHOTO XPaHEHHUs C YUE€TOM M3MEHEHHS
JaBJICHHUS BaKyyMa B TEIJIOU3OJISILIMOHHOM MOJIOCTH.
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Abstract. The article discusses the issues of collecting, processing and transmitting information during
remote monitoring of the condition of stationary and transport cryogenic equipment used for long-term
storage of cryogenic products. A solution to the problem of preventive informing dispatch services and
the operating organization about the presence of a technical malfunction of a cryogenic vessel is outlined,
which leads to an increase in vacuum pressure in the thermal insulation cavity, causing an increased heat
flow from the environment and a significant change in pressure in the internal vessel over time.
The structure of the information system for monitoring the condition of cryogenic equipment is presented.
The article also gives a description of the computational algorithm for calculating the assessment of the
technical condition of the screen-vacuum thermal insulation of a cryogenic vessel based on the deviation
of the pressure growth rate, as well as the algorithm for calculating the assessment of the time of drainless
storage taking into account changes in vacuum pressure in the heat-insulating cavity.
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BBenenne

[Tpu nnuTENbHOM XpaHEHUH KPUOTEHHBIX MPOAYKTOB (’KHJIKOTO KHUCIOPOAa, KUIKOTO a30-
Ta, CKMHKEHHOTO MPUPOJTHOTO Tra3a, JKUAKOTO BOAOPOIA U Jp.) C 3aKPHITHIM KJIallaHOM ra3ocOpo-
ca (06e3apeHa)kHOe XPaHEHUE) TEIJIONPUTOKU Yepe3 BaKYYMHYIO TEIJIOM3OJISIIIHIO MPUBOIAT K
UCTIAPEHUIO YaCTH MPOAYKTa U POCTY JABICHUS B COCYE JIFOOOTO THIIA: pe3epByape, HUCTEPHE,
TOTIMBHOM Oake u Ap. [IpoGnema ycyryOmnseTcss B TOM cilydae, KOrja 1o pa3IndyHbIM MPUYUHAM
IPOIOJDKUTEIBHOE BPEMsI OTCYTCTBYET OTOOP M3 KPHOI€HHBIX COCYJIOB >KHUIKOTO MPOIYKTa Ha
HY>KJIbl TOTPEOUTENS, B YACTHOCTH, KOT'JIa OTCYTCTBHE OTOOpa 00YCIOBIECHO MOTPEOHOCTHIO 01
TOBPEMEHHOTO XpaHeHus ToriuBa Ha npeanpustusx [Chen et al., 2016; Psokckux u ap., 2020].
Kak mpaBuiio, 3T0 NpUBOJUT K MOTEPSIM MPOAYKTA MOCIHE JOCTHKECHHUS MaKCUMAaJIbHO JOIMYCTH-
Moro pabodero JaBlieHUs B COCYy/ie BCIEICTBIE aBTOMAaTUYECKOTro cOpoca ra3a B atMocdepy de-
pe3 mpeloXpaHUTeNnbHbIe KianaHel. [Ipy 3TOM ypoBEeHb MOTEPh KPUOTEHHOTO MPOAYKTa HAIpS-
MYIO CBSI3aH C TEXHUYECKUM COCTOSIHUEM COCYJa, TJIaBHBIM 00pa3oM, C BEIMYMHOW JaBICHUS
BaKyyMa B TEIJIOM30JIIIIUOHHON TIOJIOCTH pe3epByapa, IIUCTEPHBI WIH TOTLIMBHOTO 0aka. Y TeuKn
NapoB TOPIOYMX T'a30B TAK)Ke MPHUBOIAT K 00Opa30BaHMIO B BO3IyXe paboueil 30HBI B3pBIBOOMAC-
HOro o0Jiaka, KOTOPOE TPYIHO MOJAAETCS PAaCCEeMBAHUIO M3-3a AaKTUBHOW KOHJEHCALMU aTMO-
cdepHoii Biaryu, yTo 00yCIIOBIMBAET MOBBIILIEHHBIE PUCKH BO3HUKHOBEHHS B3pBHIBOIOKAPOOIAC-
Houi cutyanmu [Kang et al., 2017; Ustolina et al., 2022].

[IpoBeneHre MTUArHOCTUKU TEIUIOM3OJSIIMM KPHUOT€HHOTO COCYJa SIBISICTCS 3aTPyAHUTEINb-
HBIM JICHCTBHUEM M3-32 OTCYTCTBHUSI B OOJIBIIMHCTBE CITy4acB CTAIIMOHAPHBIX JATYUKOB JABIICHHUS
BaKkyyma. OTO 0OyCIIOBIMBAaET HEOOXOIUMOCTh OCTAHOBKH COCYyJla U BPEMEHHOTO BBIBOJIA €TO U3
SKCITyaTalluK JIJIsl OLIEHUBAaHUS cocTosiHus Terutomsosiuu [Bo et al., 2021; Lee et al., 2023].
[Ipu 3TOM, NOTYYUTH OLIEHKY TEXHUYECKOT'O COCTOSHUS COCYJa MOJKHO M KOCBEHHBIMU METO/IaMH,
Harpumep, MyTeM BBIYHCICHHUSA TEMIa pOCTa JaBICHHS, KOTOPHIH B OOIIEM CiIydae MMEET HelH-
HeMHbI XapakTep. B 3ToM ciydae nienecooOpa3HbIM SBIISIETCS IPUMEHEHHE UPPOBBIX TBONHU-
KOB KpHOTeHHOW cucteMbl xpaHeHus (CX), B KOTOPBIX UCIIONB3YIOTCS 0a3bl JaHHBIX PE3yIIbTaTOB
KOMITBIOTEPHOTO MOJICTUPOBAHUS MIPOIIECCOB OE3APEHAKHOTO XPAHEHHS PA3IMYHBIX KPHOTEHHBIX
npoayktos [Short, Twiddle, 2019; Mourtzis et al., 2020; Lee et al., 2022; Balyk et al., 2023]. Oxn-
HAKO TOYHOE MPOTHO3MPOBAHHE BPEMEHM XpaHEHUs] KPUOT€HHOro mpojykra B CX mpu momoru
MOJICIIMPOBAHUS TIPEJICTABISIET cO00M CIOXKHYIO 3a/ady, pelleHue KOTOpPOW JJisi BCETO CIEKTpa
BEPOSITHBIX TEPMOAMHAMHYECKUX COCTOSHHHA TPOIYKTa IOKA HE TPEICTABISETCS BO3MOXKHBIM
[Huerta et al., 2021]. [Toatomy Juist pacyeTta OLIEHKH BpEMEHH 0€3JpEeHaKHOTO XpaHEHHsI TIPOTyKTa
C JIOCTaTOYHOM Ui MPAKTHYECKUX LENeH TOYHOCTBIO IIeJIecO00pa3HO NMPHUMEHEHUE SBPUCTHYE-
CKHUX BBIYHCIIUTEIbHBIX anroputMoB [ComnaTos, 2019; Soldatov, Bogomolov, 2021].

NudopmMannoHHas cucTeMa MOHUTOPUHIA COCTOSIHUSI KPUOTE€HHOT0 000Py/10BaHMS

ba3oBoii 3anauell MH(GOPMAIIMOHHOTO B3aMMOJICHCTBHSA B CBSI3KE «CHCTEMa XPAHEHUS —
U poBOI TBOMHUKY SBISETCS 0OecredeHre y/1aJeHHOI0 MOHUTOPUHIA COCTOSIHUSI KPUOTEHHO-
ro 000pyAOBaHMs, B TOM YHCJIE C BO3MOKHOCTBIO HA OCHOBE PE3yJIbTaTOB KOMITBIOTEPHOTO MO-
JIeTUPOBaHMsI BBIUUCIIATh PE3epPBHOE BpeMs O€3pEeHaXKHOTO0 XpaHEHMs HPOAYKTa Ul KaxJIOu
KOHKpETHOU cucteMbl xpaHenus [Strotos et al., 2016; Saufi et al., 2019; Kartuzova et al., 2020;
Tobin et al., 2022].

CrpyKkTypHas cxema, IMOKa3bIBaloIasi B3aMMOCBA3b NPOTPAMMHBIX CPEACTB IIPU PELICHUH
3a/1a4 MIPOMBIIIJIEHHOIO MOHUTOPUHIA COCTOSsIHUSI KpuoreHHbIXx CX, mpuBeneHa Ha pucyHke 1.
WNudopmanms oT 1aTIMKOB U Mpeodpa3oBaTenell HaMpaBiIsIeTcsl B MOIYJIb TEJIEMETPHUU. 3a CUET
Hanuuus y kaxaou u3 CX, cocTOsIHME KOTOPO KOHTPOJIUPYETCS B PEKUME PEATILHOTO BPEMEHH,
UHIMBUAYAIBHOTO TEIEMETPUUYECKOr0 MOYJIsl, B HH(OPMAILIMOHHYIO CUCTEMY MOHMTOPUHIA MO-
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T'YT OBITh BKJIFOUEHBI PA3TUYHBIC CUCTEMbI XpPAaHEHUS, BHE 3aBUCHMOCTH OT 00BheMa KPHOTE€HHOTO
XpaHWINIIA WK YIAJICHHOCTH cucTeM Jpyr ot npyra [Larkin et al., 2023a; Larkin et al., 2021].

CepBep mudpoBoro nBoiHuka (L[/]) cuctembl XpaHEHUS COICPKUT BBIYHCIUTCIIBHBIN
KOMIDICKC, TJIe IPOU3BOIUTCS 00padoTKa HHPOPMAIUH, IIOCTYIAIONMIEH OT MOAYJICH TeIeMETPpUN
KaXJIOM U3 MOJKIIOYEHHBIX K CHUCTEME MOHUTOPWHIA CTAlMOHAPHBIX M TpaHCHOPTHBIX CX.
KitoueBoil nndopmanueil SBiASIOTCS JaHHBIE MO JABICHUIO U YPOBHIO KUIKOTO Mpoaykra. Ha
unpopmanronHon kaprune LIJ[ Takxe oToOpa)kaeTcst pexkUM XpaHEHUS! B KOHKPETHBIH MOMEHT
BpEMEHH (CTAllMOHAPHBIN WU TPAHCIOPTHBIN) U OCHOBHOM pacueTHBIM mapaMeTp — OLIEHKA pe-
3€pBHOT0 BPEMEHHU O€3pEeHaKHOI'0 XpPaHEHUSI.

Ypobers cucmems! xpaHeHus ’_ Ypobers cemu nepedayu darHs X _| HﬂoﬂEHb yuppobozo dbodHuka

cmamucmu4eckou
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Puc. 1. Ctpykrypa nH)OpPMAITMOHHON CUCTEMBI MOHUTOPHHTA COCTOSIHHSI KPHOTEHHOTO 000PYyIOBaHUS
(CX — cucrema xpanenus; b/l — 6a3a nannbix; 11 — nudposoii ABOHHUK;
PT, LT, TT — npeoGpa3zoBarenn, COOTBETCTBEHHO, JaBJICHUS, YPOBHSI U TEMIIEPATyphl)
Fig. 1. Structure of the information system for monitoring the state of cryogenic equipment
(SS - storage system; DB — database; DT — digital twin;
PT, LT, TT — pressure, level and temperature converters, respectively)

Bazoit ans BeIMUCIEHNS TPOTHOZUPYEMOU MPOAOIKUTEILHOCTH 0€3/JpeHaKHOTO XPaHEHHS
SIBJIAFOTCSL MACCHUB JIaHHBIX 110 BPEMEHH XPAHEHHUs, MTOJIyYEHHBIX 10 Pe3yIbTaTaM KOMIIBIOTEPHO-
ro MOJENUPOBaHUS U MOMeIIeHHbIN B 6a3y nanubix (bJl) pesynbraroB momenupoBanus. Teky-
urasi uHQopMaIus 0 Impolecce XpaHeHHs AOMOIHUTENBHO 3anuckiBaeTcss B b/ cratncruueckoi
nH(pOpMalLlUY, KOTOpas MOJUIEKUT MOCIEAYIOIEMY aHAIN3Y C LENbI0 YTOYHEHMs] IPOrHO3a IO
BpEMEHM XpaHEHHUs Ul KOHKpeTHoH CX.

AJITOPUTM pacyeTa OHEeHKH TeKyIIero
TEeXHUYECKOr0 COCTOSIHUSI KPHOT€HHOT0 cOoCyaa

Jns xaxnon CX ¢ BaKyyMHOM TEIJIOM30JIALMEN 3a1aF0TCS TUCKPETHBIE 3HAYEHUS YPOBHS
HUJKOCTU B COCYZI€ U TOMEIIAIOTCS B MACCUB JJAHHBIX

L = {lli lz, l3, lTL}

HpI/I 9TOM B KaXXJIOM CJIy4a€ 3HAYCHUIO YPOBHA KUAKOCTU COOTBETCTBYCT TO WM HHOC
3HAa4YCHUC pa6oqero JAaBJICHUSA B COCYC:

vi; € L3P; = {p{,p;,p3, -1} }
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bnok-cxema anropurma pacueTa OLEHKH COCTOSHUS TETJIOU30JIALUN TOCPEICTBOM BbIUHUC-
JIEHUsl OTKJIOHEHUs TEMIIa pOCTa JIaBJICHUS B IIUCTEPHE OT HOPMAJIBHOI'O 3HAUEHUS PUBE/ICHA HA
pucynke 2. [lomyuenne mHpOpMamum oT NaTIMKOB (mpeoOpas3oBareneil) MaBICHHUS M ypPOBHA
IPOU3BOJIUTCS B MOMEHT BpeMeHH K.

I

1 lonyerue danHs! x: i 4.1 ;
- om dam4ukob Py, U, Vi Cnom = C; |Ci €C,¢cf © {prly}
- U3 0a3sl GAHHBIX Cgpr i

432 431
222 8 = ( P _ Cnom * Csrr,k) -100%| | 8 = ( LA Cnom) -100%
Poprupobarue 221 Pr—1 Pk-1
COoO0WEHUS e =1; [ T
od ouudke
_ [ 4.4. Aa
5!{ > 5cr
4.5
Hem Hem fPa,gnupq&aHue
/ f i j abapuiHozo
Ipl_, € Ppl € Blpi_, <pi <p] CoodweHusT
|
cpapn'?jzbg'ayue 321 ; / 5, Buibod pesynsmamob /
coodueHus P = D}
o0 owudke
| —

Puc. 2. AJ'IFOpPITM pacyeTa OIICHKU TCKYIICro TCXHUYCCKOI'O
COCTOAHUA COCyAa IO UBMCHCHUTIO TCMIIA POCTA AABJICHHUA KPUOIIPOAYKTa
Fig. 2. Algorithm for calculating the assessment of the current technical
condition of the vessel by changing the pressure growth rate of the cryoproduct

[Tpu 5TOM B BBIYHUCIUTEILHOM MOJIyJI€ MPOU3BOIUTCS OKPYTJIeHUE (B OOJBIIYIO CTOPOHY)
3HaYCHUHU JaBJICHUA W YPOBHA XKHUAKOCTH OO0 OJIOKafIIMX 3HAUYECHUH U3 MMPUBCACHHBIX BBIIIC
MacCHBOB, TIOCIIE Yero OJHO3HAYHO ONpENeNsIeTCs HOMUHAIbHOE 3HauYeHue KoddduimenTa po-
CTa JaBJEHUS Cnom JUISl TEKYIIUX W3MEPEHHBIX (OKPYIJVIEHHBIX) 3HAUEHUHN JTaBICHUS Pk U YPOBHS
xunkoct lk. MaccuB C HOMUHAJIBHBIX 3HAYCHUH KOAPQUIIMEHTa pOCTa JIABICHUS ONpEICIICH
3apaHee METOJaMH KOMIIbIOTEPHOTO MOJIEIIMPOBAHUS MIIM CTATUCTUIECKUMH METOJAMH M Haxo-
JOUTCA B OJIOKE XpaHCHUSA JaHHBIX.

OTKJIOHEHHE TEMITa pOCTa JaBJICHHS OT HOMUHAIBLHOTO 3HAYECHUS B OOIIEM CiTydae Orpe-
nensiercs o popmyre:

Ok = (ﬂ — Chom " Cstr,k) - 100%,

Pk-1

I€ Pk — TEKyllee U3MEPEHHOE 3HAUEHUE JIABJICHHUS, Pk-1 — MPEABIAYIIEE N3MEPEHHOE 3HAUYCHHUE,
Cstr k— KO3 (HUIIMEHT, YUYUTHIBAIOIINNA CTETICHh TEMIIEPATypPHOTO paccioeHus npoaykra. OH uc-
MOJIB3YETCSl TOJIBKO MPHU pacyeTe B CTAIMOHAPHOM PEKUME XPAaHEHUS MPOJYKTa M 3aBUCUT OT
TCOMETPHUUYCCKUX M SKCINTYAaTAlIlMOHHBIX XapPaKTCPUCTHUK COCYJa U B MOMCHT BPECMCHHA k 3arpyska-
eTcs u3 O5oKa XpaHEHUs JaHHBIX C pe3yJbTaTaMH MOJETUPOBaHMA. PeXuM TpaHCTIOPTUPOBKU
(cTallMOHAPHBIN WU TPAHCIOPTHBIN) OMPEAEISETCS B COOTBETCTBUU C MHPOpPMAIUE OT MOAYIIS
HABUTAIIMU 10 TEKYIIEeMY 3HaYEHUIO CKOPOCTH KoHTeiHepa V.

[Tpu npeBbIllIeHNN 3HAYEHUS OTKJIIOHEHHs TEMITa pOCTa JaBJICHMsI BBILIE 3aJaHHOTO KPUTH-
YECKOTO 3HAYCHUS dcr MPOU3BOIUTCS (POPMHUPOBAHUE M OTIPaBKa aBaApUHHOTO COOOIICHHS Ha
omepatopa LI/I. [TomyueHnne aBapuitHOTO COOOIIEHUSI CHTHAIM3UPYET O TEXHUIECKOW HEUCTIPaB-
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Hoctu CX, KOTOpas mpuBeja K CyHIECTBEHHOMY BO3pacTaHUIO JABJICHUS BaKyyma B TEIUJIOM30-
nsmoHHOM nosyoctH. [Ipy HeobxoaumocTH ocymecTBisieTcs: nHbopMmupoBanue oneparopa CX o
CYIIECTBEHHOM H3MEHEHHUU TEXHUYECKOTO COCTOSHUSA COCyJla WM OIOBEHICHHUE BOJIUTEIS
TPAHCIIOPTHOT'O CPEJACTBAa B Ciayyae ¢ LUCTEpHOH. Takum 00pa3zoM, MOSBISETCS BO3MOXHOCTH
MIPUHSITHSI MEP TI0 MPEIOTBPALICHUIO JATHHEHUINIETO POCTa JaBJICHHS WK 10 Oe30macHoOMY cOpo-
Cy JIaBJICHUS U3 KPUOTEHHOI'O COCY/1a.

AJITOPUTM pacyeTa OLeHKH Pe3ePBHOIO BpeMeHH!
0e3peHaKHOT0 XpPaHeHHusI MPOAYKTA B cocye

JInsi KpHOTEHHBIX COCYOB, JOMOJIHUTEIBHO 000PYJOBAaHHBIX JAaTYMKOM JIABICHHUS BaKyy-
Ma, MOXKET OBITh BBHINOJHEH pacyeT B PEKUME PEalbHOTO BPEMEHH O€3IpeHaKHOTO XpaHEHHS
MIPOIYKTA [0 U3MEPEHHOMY 3HAYECHHIO JABJICHUS BaKyyMa B TEIUIOM30JIALMOHHON MOJIOCTH, JIPY-
T'MMH CJIOBaMH, MOXCET OBITE pcuicHa 06paTHa51 3ajgada. brox-cxema aJIropuTMa ajid BbIYHUCJICHUA
TEKYyILEH OLIEHKU PE3epPBHOIO BPEMEHH 0O€3ApEHaKHOTO XPaHEHUs MPOAYKTa B KPUOICHHOM CO-
CyJe IpeJICTaBlieHa Ha puc. 3.

B sTom cnydae xitodeBoit nH(popManmeil IBIseTCs MacCUB 3HAYCHUI BPEeMEHH XPaHCHHS
U, Takke OmnpeseNeHHbI 3apaHee METOJaMi KOMITBIOTEPHOTO MOJICIIMPOBAHUS WM HA OCHOBE
o0paboTku craTucTuueckux AaHHbIX [Soldatov, Bogomolov, 2021; Larkin et al., 2023b]. C yue-
TOM HU3MCPCHHOI'O 3HAUCHUA HABJICHHUA BAaKyyMa pv,k, MPOU3BOAUTCA paCyYCT AOIOJIHUTCIBHOI'O
TEIJIOBOTO MOTOKA, MOSBJISAIOIIErOCs 3@ CUET HATeKaHUs I'a3a B TEIIOU30JISLIMOHHYIO TTOJIOCTh:

qp =K1Ky " A - Poic (T — Ta),

rae Ki — koo uumenT, yanThIBAIONIMIA OO MOJIEKYJI T'a3a, JOCTUTAIOMIMX TTOBEPXHOCTH COCY-
Ja 1 OOMEHMBAIOLIMXCS TEIUIOBOM SHEprueil ¢ MOBEPXHOCThIO cocyna, K2 — koadduiuent, yuu-
TBHIBAIOLINIA TEPMOAMHAMHUYECKHE CBOWCTBA Ta3a, At— IUIOIAAb MOBEPXHOCTH COCyJa, TAk—
TeMIlepaTypa MOBEPXHOCTH COCYJa, COOTBETCTBYIOIIAas M3MEPEHHOMY 3HAUCHHIO JaBIICHUS B
cocynie Pk, Tk — MI3MEPEHHOE 3HAaUCHUE TeMIIepaTyPhl OKPYKAIOIIEH CPEJIbI.

I

1 MNonyyerue garHsl x: 4.1
- om dam4ukol Dy, Py Lo Tr qp = Ky " Kz Ap * poge(Tie — Ty )
- U3 da3sl GaHHsIX qp g Th i I
4.2
_ T~ Tan +
Hem fa Qi = Qpx 7“”{ Tk dp
[
4.3
Poprupobarue 221 Tres = Tffl'fij Ev, Ti} < {pr, L ar}
CoodueHus L =1
o0 ouudke
I ]

4.5
Hem Popmupobarue
Hem i f f j da abapuiHozo
Eip{_l € Pf"p"f € Pf|pij—1 <P < p:' EGO%WEHUR
[
qogpn%%;gwg 321 / 5. BuBod peaynemamob /

_
cooduerus = p’
of owudke P =Pi
| —

Puc. 3. Anroputm pacyera BpeMeHH Oe3peHaKHOTO XpaHeHHS
C Y4€TOM U3MCHCHUS NABJICHUS BaKyyMa B TeHJ’IOI/I3OJ'I$ILII/IOHHOI7I II0JIOCTH
Fig. 3. Algorithm for calculating drainage-free storage time, taking
into account changes in vacuum pressure in the thermal insulation cavity
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[lanee BbIYMCIIAETCS TEIUIOBOM MOTOK M3 OKPY’KAIOLIEH Cpebl uepe3 U30JIALHUIO Ok, UCXOIs
u3 6a30BOro 3HaYCHMs TEIUIOBOTO MOTOKA Ul PacCMaTpUBAEMOro cocyaa QObk (OOBIUHO yKa3bl-
BaeTCsl B TEXHUYECKOM TOKyMEHTALlMU Ha COCya) U 0a30BOro 3HAYEHUS TEMIIEpaTyphbl OKpYKa-
foliel cpenbl Thk, IPU KOTOPOH OBLIO MOCYUTAHO MM U3MEPEHO 3HaueHHue 0a30BOro (Mmacmopr-
HOT'0) TEIUIONPUTOKA yepe3 u3oisnuio. Jlanee u3 maccusa gaHHbIX U M0 BpeMeHU XpaHEHUS BbI-
Oupaercs Omkaiiiiee 1Mo 3HaYCHUIO BPEMsI XPAHEHUS Tres, COOTBETCTBYIOIIEE TEKYIIEMY 3Haye-
HUIO TEIUIONpHUTOKa (k. B ciydae, korzna mojsydeHHOE 3HA4EHUE PE3EPBHOIO BpPEMEHM Oe3pe-
Ha)KHOT'O XPAHEHUS Tres OKA3bIBACTCS HU)KE 3alaHHOTO KPUTUYECKOTO 3HAYEHUS Tcr, TAKXKE IIPO-
U3BOJUTCS POPMHUPOBAHUE U OTIPAaBKa aBapUHHOTO COOOLICHHUS.

3akiaouenue

Hcnons3zoBanne nHOOPMAITMOHHOW CHUCTEMBI TUCTAHIIMOHHOTO KOHTPOJS M MPOTHO3UPO-
BaHUS COCTOSIHUSI KPUOT€HHOTO €MKOCTHOT'O 000pY10BaHMsI 00OCHOBAHO PACTYIIMMHU MOTPEOHO-
CTAMU B TEXHUYECKHUX I'a3ax, B TOM YHCJIE B )KUJIKOM KPHOT€HHOM TOIUIMBE, & TAKXKE B BO3pacTa-
HUU TpeOyeMbIX CPOKOB XpaHEHUS 3alacoB TOIUIMBA Ha MpeanpustTusx. PazpaboraHHble 3BpuU-
CTUYECKUE BBIYMCIUTEIBHBIE AIITOPUTMBI ITO3BOJISIFOT CBOEBPEMEHHO PACCUUTATH OLICHKY TEXHU-
YECKOT0 COCTOSTHUS TEIUIOM30JIALIUN KPUOTEHHOTo 00opyaoBanus. [IpuMeHeHne npeanoskeHHbIX
pEIICHUH MO3BOJISIET CYIIECTBEHHO MOBBICUTH O€30MACHOCTh IKCIUTyaTaIlil KPHUOTCHHBIX COCY-
JIOB Pa3JIMYHOIO THIA 32 CYET NMPEBEHTUBHOIO MH(YOPMHUPOBAHUS 00 U3MEHEHUH TEXHHUYECKOIO
COCTOSIHHSI COCYyJa B IPOLECCE IKCILTYaTALMH, YTO MO3BOJISIET, B YACTHOCTH, IIPEAOTBPATUTD MO-
SBJICHUE YTEUEK U HE JOMyCTUTh 00pa30BaHUE B BO3AYyXE B3PHIBOOIIACHBIX CMECEH.

Cnucok Jiurepatypsbl

Psxckux B.U., Cymun B.A., XBoctoB A.A., KypaBneB A.A., Cemenuxun O.A. 2020. YucnenHoe
MOJICJIMPOBAaHUE  TEPMOKOHIIEHTPAIMOHHOW  KOHBEKIIMM B  KPHUOTEHHBIX  pe3epByapax.
MareMaTH4yecKrue METOABI B TEXHUKE U TexHoaorusax — MMTT-2020. T. 5. C. 17-20.

ConmaroB E.C. 2019. BBIYHCIHTEIBHBIA aJTOPUTM IPOTHO3WPOBAHHUSA BpEeMEHH OC3IPeHAKHOTO
XPAaHEHHs KPUONPOAYKTOB B CTALlMOHAPHBIX U TPAHCIOPTHBIX cocyjax. HaydHele Benomoctu
Benropoackoro rocynmapcrBeHHoro yHuBepcurera. Cepusi: DxoHomuka. MHbopmarmka. 46(3):
485-495. DOI: 10.18413/2411-3808-2019-46-3-485-495.

Balyk O., Zolotaeva M., Bogomolov A., Soldatov A. 2023. Cyber-physical test facility for certification of
robotic unmanned aerial systems. Lecture Notes in Networks and Systems, 596 LNNS, 385-396.
DOI: 10.1007/978-3-031-21435-6_33.

Bo W., Ruoyin L., Hong C. 2021. Characterization and Monitoring of Vacuum Pressure of Tank
Containers with Multilayer Insulation for Cryogenic Clean Fuels Storage and Transportation.
Applied Thermal Engineering. 187: 116569.

Chen L., Ai B., Chen S., Liang G. 2016. Simulation of Self-Pressurization in Cryogenic Propellant Tank.
12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics: 1068-1073.

Huerta F., Vesovic V. 2021. CFD modelling of the isobaric evaporation of cryogenic liquids in storage
tanks. International Journal of Heat and Mass Transfer, 176, 121419. DOI:
10.1016/j.ijheatmasstransfer.2021.121419.

Kang M., Kim J., You H., Chang. D. 2017. Experimental Investigation of Thermal Stratification in
Cryogenic Tanks, Experimental Thermal and Fluid Science. DOIl:
10.1016/j.expthermflusci.2017.12.017.

Kartuzova O.V., Kassemi M., Umemura Y., Kinefuchi K., Himeno T. 2020. CFD Modeling of Phase
Change and Pressure Drop during Violent Sloshing of Cryogenic Fluid in a Small-Scale Tank.
AIAA Propulsion and Energy 2020 Forum. DOI: 10.2514/6.2020-3794.

Larkin E., Akimenko T., Bogomolov A., Sharov, V. 2023a. Reliability of robot’s controller software.
Lecture Notes in Computer Science, 14214 LNAI, 289-299.

Larkin E.V., Akimenko T.A., Bogomolov A.V. 2021. Modeling the reliability of the onboard equipment
of a mobile robot. Izvestiya of Saratov University. Mathematics. Mechanics. Informatics, 21(3):
390-399. DOI: 10.18500/1816-9791-2021-21-3-390-399.

Larkin E.V., Akimenko T.A., Bogomolov A.V. 2023b. The swarm hierarchical control system. Lecture
Notes in Computer Science, 13968 LNCS, 30-39. DOI: 10.1007/978-3-031-36622-2_3.

898



Beal'y

& OkoHoMuka. MHdopmaTuka. 2023. T. 50, Ne 4 (893-900)
74 Economics. Information technologies. 2023. V. 50, No. 4 (893-900)

Lee S., Haskins C., Paltrinieri N. 2022. Digital Twin Concept for Risk Analysis of Oil Storage Tanks in
Operations: a Systems Engineering Approach. Chemical Engineering Transactions. Vol. 90, pp.
157-162. DOI: 10.3303/CET2290027.

Lee D.-Y., Jo J.-S., Nyongesa A.J., Lee W.-J. 2023. Fatigue Analysis of a 40 ft LNG ISO Tank
Container. Materials 2023, 16, 428. DOI: 10.3390/ma16010428.

Mourtzis D., Angelopoulos J., Panopoulos N. 2020. Intelligent Predictive Maintenance and Remote
Monitoring Framework for Industrial Equipment Based on Mixed Reality. Frontiers in Mechanical
Engineering, 6. DOI: 10.3389/fmech.2020.578379.

Saufi A., Calabria R., Chiariello F., Frassoldati A., Cuoci A., Faravelli T., Massoli P. 2019. An
experimental and CFD modeling study of suspended droplets evaporation in buoyancy driven
convection. Chemical Engineering Journal, 375, 122006. DOI: 10.1016/j.cej.2019.122006.

Short M.; Twiddle J. 2019. An Industrial Digitalization Platform for Condition Monitoring and Predictive
Maintenance of Pumping Equipment. Sensors, 19, 3781. DOI: 10.3390/s19173781.

Soldatov E., Bogomolov A. 2021. Decision Support Models and Algorithms for Remote Monitoring of
the Equipment State. CEUR Workshop Proceedings. Cep. "ITIDMS 2021 - Proceedings of the
International Scientific and Practical Conference "Information Technologies and Intelligent
Decision Making Systems"": 1-8.

Strotos G., Malgarinos I., Nikolopoulos N., Gavaises M. 2016. Predicting the evaporation rate of
stationary droplets with the VOF methodology for a wide range of ambient temperature conditions.
International Journal of Thermal Sciences, 109: 253-262. DOI: 10.1016/j.ijthermalsci.2016.06.022.

Tobin D., Bogomolov A., Golosovskiy M. 2022. Model of organization of software testing for cyber-
physical systems. Studies in Systems, Decision and Control, 418, 51-60. DOI: 10.1007/978-3-030-
95120-7_5.

Ustolina F., Scarponib G., lannacconeb T., Cozzanib V., Paltrinieri N. 2022. Cryogenic Hydrogen
Storage Tanks Exposed to Fires: a CFD Study. Chemical Engineering Transactions, 90, 535-540.
DOI: 10.3303/CET2290090.

References

Ryazhskikh, V.I., Sumin, V.A., Khvostov, A.A., Zhuravlev, A.A., Semenikhin, O.A. 2020. Numerical
simulation of thermoconcentration convection in cryogenic tanks. Mathematical methods in
engineering and technology - MMTT-2020. Vol. 5: 17-20. (in Russian).

Soldatov, E.S. 2019. Computational algorithm for predicting the time of non-drain cryoproducts storage
in stationary and transport vessels. Belgorod State University Scientific Bulletin. Economics.
Information technologies. 46 (3): 485-495 (in Russian). DOI: 10.18413/2411-3808-2019-46-3-
485-495.

Balyk, O., Zolotaeva, M., Bogomolov, A., Soldatov, A. 2023. Cyber-physical test facility for certification
of robotic unmanned aerial systems. Lecture Notes in Networks and Systems, 596 LNNS, 385-396.
DOI: 10.1007/978-3-031-21435-6_33.

Bo, W., Ruoyin, L., Hong, C. 2021. Characterization and Monitoring of Vacuum Pressure of Tank
Containers with Multilayer Insulation for Cryogenic Clean Fuels Storage and Transportation.
Applied Thermal Engineering. 187: 116569.

Chen, L., Ai, B, Chen, S., Liang, G. 2016. Simulation of Self-Pressurization in Cryogenic Propellant
Tank. 12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics:
1068-1073.

Huerta, F., Vesovic, V. 2021. CFD modelling of the isobaric evaporation of cryogenic liquids in storage
tanks. International Journal of Heat and Mass Transfer, 176, 121419. DOI:
10.1016/j.ijheatmasstransfer.2021.121419.

Kang, M., Kim, J., You, H., Chang, D. 2017. Experimental Investigation of Thermal Stratification in
Cryogenic Tanks, Experimental Thermal and Fluid Science. DOl:
10.1016/j.expthermflusci.2017.12.017.

Kartuzova, O.V., Kassemi, M., Umemura, Y., Kinefuchi, K., Himeno, T. 2020. CFD Modeling of Phase
Change and Pressure Drop during Violent Sloshing of Cryogenic Fluid in a Small-Scale Tank.
AIAA Propulsion and Energy 2020 Forum. DOI: 10.2514/6.2020-3794.

Larkin, E., Akimenko, T., Bogomolov, A., Sharov, V. 2023a. Reliability of robot’s controller software.
Lecture Notes in Computer Science, 14214 LNAI, 289-299.

899



Beal'V

OkoHoMuka. MiHdopmaTtumka. 2023. T. 50, Ne 4 (893-900) &
Economics. Information technologies. 2023. V. 50, No. 4 (893-900)

Larkin, E.V., Akimenko, T.A., Bogomolov, A.V. 2021. Modeling the reliability of the onboard
equipment of a mobile robot. lzvestiya of Saratov University. Mathematics. Mechanics.
Informatics, 21(3), 390-399. DOI: 10.18500/1816-9791-2021-21-3-390-399.

Larkin, E.V., Akimenko, T.A., Bogomolov, A.V. 2023b. The swarm hierarchical control system. Lecture
Notes in Computer Science, 13968 LNCS, 30-39. DOI: 10.1007/978-3-031-36622-2_3.

Lee, S., Haskins, C., Paltrinieri, N. 2022. Digital Twin Concept for Risk Analysis of Oil Storage Tanks in
Operations: a Systems Engineering Approach. Chemical Engineering Transactions. Vol. 90, pp.
157-162. DOI: 10.3303/CET2290027.

Lee, D.-Y., Jo, J.-S., Nyongesa, A.J., Lee,W.-J. 2023. Fatigue Analysis of a 40 ft LNG 1SO Tank
Container. Materials 2023, 16, 428. DOI: 10.3390/ma16010428.

Mourtzis, D., Angelopoulos, J., Panopoulos, N. 2020. Intelligent Predictive Maintenance and Remote
Monitoring Framework for Industrial Equipment Based on Mixed Reality. Frontiers in Mechanical
Engineering, 6. DOI: 10.3389/fmech.2020.578379.

Saufi, A., Calabria, R., Chiariello, F., Frassoldati, A., Cuoci, A., Faravelli, T., Massoli, P. 2019. An
experimental and CFD modeling study of suspended droplets evaporation in buoyancy driven
convection. Chemical Engineering Journal, 375, 122006. DOI: 10.1016/j.cej.2019.122006.

Short, M., Twiddle, J. 2019. An Industrial Digitalization Platform for Condition Monitoring and
Predictive Maintenance of Pumping Equipment. Sensors, 19, 3781. DOI: 10.3390/s19173781.
Soldatov, E., Bogomolov, A. 2021. Decision Support Models and Algorithms for Remote Monitoring of
the Equipment State. CEUR Workshop Proceedings. Cep. "ITIDMS 2021 - Proceedings of the
International Scientific and Practical Conference "Information Technologies and Intelligent

Decision Making Systems™": 1-8.

Strotos, G., Malgarinos, 1., Nikolopoulos, N., Gavaises, M. 2016. Predicting the evaporation rate of
stationary droplets with the VOF methodology for a wide range of ambient temperature conditions.
International Journal of Thermal Sciences, 109: 253-262. DOI: 10.1016/j.ijthermalsci.2016.06.022.

Tobin, D., Bogomolov, A., Golosovskiy, M. 2022. Model of organization of software testing for cyber-
physical systems. Studies in Systems, Decision and Control, 418, 51-60. DOI: 10.1007/978-3-030-
95120-7_5.

Ustolina, F., Scarponib, G., lannacconeb, T., Cozzanib, V., Paltrinieri, N. 2022. Cryogenic Hydrogen
Storage Tanks Exposed to Fires: a CFD Study. Chemical Engineering Transactions, 90, 535-540.
DOI: 10.3303/CET2290090.

KondguukT nHTEpecoB: 0 MOTEHIHATEHOM KOH(IMKTE HHTEPECOB HE COOOIIANOCH.
Conflict of interest: no potential conflict of interest related to this article was reported.

IMocrynuina B pexakiuio 04.10.2023 Received October 04, 2023

[Moctynuna mocie peuensuposanus 20.11.2023  Revised November 20, 2023

[MpunsTa k myonukanuu 01.12.2023 Accepted December 01, 2023
NHOOPMALIUA Ob ABTOPE INFORMATION ABOUT THE AUTHOR

CoanaroB Esrenuii CepreeBud, KaHIHaAT Evgeny S. Soldatov, Candidate of Technical Sci-
TEXHUYECKUX HayK, HAyYHBIH cOTpYIHHK, CaHKT- ences, researcher, Saint Petersburg Federal Re-
[MerepOyprckuit MenepanbHbiii uccnenoBatenb-  search Center of the Russian Academy of Sciences,
ckuii  mentp PAH, r. Cankr-Ilerepoypr, Saint Petersburg, Russia

Poccus

900



