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B mporiecce u3BnedeHnss KCEHOHA U3 KUCIOPOAHOTO KOHIIGHTpATa M B PE3yJIbTaTe ero uc-
[I0JIb30BAHMS B MEIMLUHCKON NPAKTUKE, JIEKTPOHHOM NPOMBIIUIEHHOCTH U APYTUX OT-
pacisax o6pa3yroTcs cMecH, B KOTOPBIX Ipeo0IagaroT HU3KOKUILAIINE KOMIIOHEHTHL. Kpu-
TUYECKHE TeMIepaTyphbl TaKUX MpUMecel Ha JECSITKU IpalyCoB HUXKE, YeM TpOMHas Touka
KkceHoHa. [1ockoybKy TOO0YHBIE HU3KOKHUIISIIME KOMIIOHEHTHI U KCEHOH HE CHOCOOHBI O1-
HOBPEMEHHO COCYILIECTBOBATh B BHJIE CHUCTEMBI Iap — KUAKOCTb, pa3jielieHHe O0J00HBIX
cMeceil METOJOM JUCTWIUIALMM 3aTpyAHEHO. PaccMOTpeHBl TEXHHYECKHE pelIeHus,
HarpaBsJIeHHbIC Ha MPEAOTBPAICHNE 3aMEp3aHusl 1IeJIEBOTO MPOAYKTa — KCCHOHA B KOH-
TAaKTHOM TPOCTPAHCTBE PEKTH()UKAIIMOHHONW KOJOHHBI M B KOHJICHCATOPE, OXJIAKIaeMOM
JKUJIKUM a30ToM. [IpeanokeHo MCKyCCTBEHHO BBOIWTH B KOHTaKTHOE MPOCTPAHCTBO KO-
JIOHHBI ITPOMEXYTOYHBIN KOMIIOHEHT, HallpUMEp, KPUITOH. 3a CYET 3TOTO YAACTCs pas3je-
JIUTh CJIOU KCEHOHA U HU3KOKMIIALIErO0 KOMIIOHEHTA, Hanpumep, N,. [Ipocioiika mpoMexy-
TOYHOTO BEIIECTBA AaBTOMATHYECKH YICP)KUBAaeTCS Ha OIPEACIICHHOM YyAAJIeHHH OT
KOH/IGHCAaTOpa IyTeM H3MEHEHHs pPacxoia OTAyBOYHOro moroka. Co3maHa KOMITaKTHas
YCTaHOBKa, KOTOpas o0ecneunBaeT YucToTy kceHoHa 99,999 %. Hosas texauka obecreqn-
BaeT BTOPHUYHOE MCIOJIb30BaHUE KCEHOHA M CIIOCOOCTBYET HOBBIX c(ep NPUMEHEHHUS 3TOTO
YHUKaJIBHOTO IPOIYKTA.

Kuarwuesbie cjioBa: PCUUPKYJIAIUA KCEHOHA, peKTI/I(l)I/IKaIII/IH, HpOMe)KyTO‘-IHLIﬁ KOMIIOHCHT



Purification of Xenon from Low-Boiling Impurities
by Rectification Method
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In the process of extracting xenon from oxygen concentrate as a result of its use in medical
practice, the electronics industry and other industries, mixtures are formed in which low-
boiling components predominate. The critical temperatures of such impurities are tens of
degrees lower than the triple point of xenon. Since secondary low-boiling components and
xenon are not able to coexist simultaneously in the form of a system of pairs - liquid, sepa-
ration of such mixtures by distillation is difficult. Technical solutions aimed at preventing
freezing of the target product — xenon in the contact space of a rectification column and in
a condenser cooled by liquid nitrogen are considered. It is proposed to artificially introduce
an intermediate component, for example, krypton, into the contact space of the column.
Due to this, it is possible to separate the layers of xenon and low-boiling component, for
example, N,. The intermediate layer is automatically held at a certain distance from the
condenser by changing the flow rate of the upper stream. A compact installation has been
created that provides 99.999 % xenon purity. The new technology provides xenon recycling
and promotes new applications for this unique product.

Keywords: recycle xenon, rectification, intermediate component
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TexHOIOTHsI MPOU3BOACTBA HEOHA BEICOKOM YHCTOTHI BKIIFOYAET HECKOJIBKO 3TAloB, Pealn-
3yeMBIX B OTJEJbHBIX YCTAHOBKAX. AKTYyalbHOM 3a/1aueil sBIseTCs OlIEHKa KauecTBa pado-
ThI K&X/IOW YCTAHOBKH C LIEJIbI0 COBEPIICHCTBOBAaHUs HaUMEHee d((PEKTUBHOTO 3Tara TeX-
HoJoruu. J{s oleHKkn KadecTBa pabOTHI OTAEIBHBIX YCTAHOBOK NMPHHATH KO3((UIHEHT
W3BJICYEHUS] M yIeNIbHOE 3HepromnorpedieHne. PacuéTHbIMM MeTonamu OBUIO BBISIBJICHO,
YTO CTYIEHb IEPBUYHOTO 00OTAIIEHHUsT HEOHOTEIMEBO CMECH B BO3/IyXOpa3eIUTEIbHBIX



YCTAHOBKaX XapaKTEPU3yeTCs CaMbIM HHM3KMM 3HaueHHEM Kod(h(HIMEHTa H3BICUCHHUS.
IToBTOpHOE OOOTaIeHNEe HEOHA MPOU3BOAMTCA B Aediermaropax Ha a30THOM YPOBHE TE€M-
nepatyp. CHiwkeHue paboueil TemnepaTypsl HIKe ypoBHS 78 K 3HaUNTENBHO yBEINYIUBAET
yJIeNbHbIE 3HEpro3aTparbl Ha oOOralieHue, MPaKTHYECKH He BIMsAS Ha KOAI(PPHUIUCHT U3-
BiedyeHus. B pextudukanoHHON yCTaHOBKE /sl IPOM3BOJCTBA HEOHA KOI(P(HUINEHT ero
U3BJICUEHUS] OMpPEEIAeTCsl COAEPKAaHUEM TIellusl B OTIyBKaX yKa3aHHON YCTaHOBKU. YTH-
IM3alys HeOHa U3 KOHLEHTpAaTa Iefiis MPOU3BOAUTCS afcopOLMOHHBIM MeTonoM. Hccre-
JIOBaHMS TTOKa3ajH, YTO KO3((HUINEHT U3BJICUCHUS U yJIeNbHbIC 3aTPaThl SHEPTUH HA IIPO-
W3BOJICTBO T€JIHS 3aBUCAT OT TEMIIEPATypHOTO YPOBHS OXJIaX/ICHUSI.

KaioueBsle ciioBa: HeoHOTEMEBast CMech, odoramienune, nedaermarop, pasaeaeHne, HeoH,
TeINi, yACIbHBIE SHEPT03aTpaThl, KO3 (GUIINEHT U3BICUCHHS.
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The technology of high-purity neon production includes several stages that are implement-
ed in separate devices. It is essential to assess the operational quality of each device in order
to find and improve the least effective technology stage. The extraction factor and specific
energy consumption have been adopted to assess the operational quality of individual de-
vices. The calculation methods have shown that the stage of primary enrichment of neon-
helium mixture in air separation units is characterized by the lowest extraction coefficient.
The re-enrichment of neon is carried out in reflux condensers at the nitrogen temperature
level. Reducing the operating temperature below 78 K significantly increases the specific
energy consumption for the enrichment, practically without improving the recovery rate. In
a rectification unit for the production of neon, the extraction coefficient is determined by
the helium concentration in the waste flow of a specified plant. Neon is recovered from a
helium concentrated mixture by an adsorption method. The studies have shown that the
extraction factor and specific energy consumption for the helium production depend on the
temperature level of cooling.

Keywords: neon-helium mixture, enrichment, reflux condenser, separation, neon, helium,
specific energy consumption, extraction coefficient



KpuoreHHble renueBble yctaHoBkM OAO «HIMO “Nenunmaiu”»
ANA CUCTEMbl KpUOreHHoOro obecneyeHus
yckoputenbHoro komnnekca NICA
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B nokiane mpencraBieHbl pe3yIbTaThl pa3pab0TKUA COBPEMEHHBIX aBTOMATH3UPOBAHHBIX
KPUOTCHHBIX TEIMEBBIX YCTAHOBOK JUIS CHUCTEMbI KPUOTCHHOTO OOECIEUYCHHS YCKOPH-
tenbpHOTO KoMmIutekca NICA B Jlaboparopun ¢usnku Beicokux snepruit OUSN, r. lyOHa.
JaHo kpaTkoe TexHuyeckoe onucanue oxwxutens reaus OI'-1000 u caTemnuTHOrO re-
nmueBoro pedpmrepatopa PCI'-2000/4,5. TIpuBoasiTcs OCHOBHBIC TEXHHUYECKUE XapaKTe-
PUCTHKH W TMPUHIUITHAIBHBIE CXEMBI YCTaHOBOK. PaccMaTpHBaroTCs 0COOCHHOCTH KOH-
CTPYKIHH, IPECTABICHO ONMMCAHNE TEXHOJIOTHYECKOTO MPOIIECcCa B PA3TUIHBIX PEXKUMaX
pabotel. Ilepeuncnensl TpeOGOBaHWS K aBTOMATH3UPOBAHHBIM CHCTEMaM YIIPaBIICHUS,
yKa3aHbl UX OCHOBHbIC ()YHKIIMU W 0003HAUYCHBI TPAHUIIBI aBTOMAaTH3aIMH. B pe3ynbrare
npoBeseHHON pabotel B OAO «HIIO “Tenuiimami™» CHpOEKTHPOBAHO M HM3TOTOBJICHO
000pyZ0BaHUE IS 00CCICUCHHUS KUIAKUM TeJIMeM 3JICKTPOMAarHUTHONH CHCTEMBbI CTpOS-
HIerocsl KOMIUIEKCa yCKOpUTEIEH.

KiroueBblie cjioBa: refuii, 0XKMKHATEINb, pedprKepaTop

Cryogenic Helium Installations of OAO «HMO “rEJIMAMALL”»
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The report presents the results of the development of modern automated cryogenic heli-
um plants for the cryogenic support system of the NICA accelerator complex at the La-
boratory of high energy physics of JINR, Dubna. A brief technical description of helium
liquefier OI'-1000 and satellite helium refrigerator PCI'-2000/4,5 is given. The main
technical characteristics and schematic diagrams of the units are given. The design fea-
tures are considered, the description of the technological process in different modes of
operation is presented. The requirements for automated control systems are listed, their
main functions and the boundaries of automation are indicated. As a result of the work
carried out in OAO «HIIO “T'enuiimant”» the equipment for providing with liquid helium



of electromagnetic system of a complex of accelerators under construction is designed
and made.

Keywords: helium, liquefier, refrigerator

UccnepoBaHMe a30THbIX CUCTEM OXNaXOeHUA 0O BLEKTOB
npu TemnepaTtypax Huxe 77 K
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PaccMoTpeHbl METO/IbI KPUOTEHHOTO oOecnedeHus (pa30BbIX KOHIIEHTPATOPOB HEOHOTENINE-
BOM CMECH U CHCTEM pasJIeJieHUs] HEOHa Ha M30TOIHBIE KOMIIOHEHTHI METOJIOM XpOMAarto-
rpaduun. [ToMUMO pacrpocTpaHEeHHOTO BapHaHTa OXJIAKAEHHS Ha OCHOBE Pa3OMKHYTOTO
A30THOTO «IMKJIa», MPEJUIOKEHbI AlIbTEPHATHBHBIC NPHEMBI OTBOJIA TEIJIa KOHJICHCAIIUH B
cemaparopax. Cpeny HUX — KOMOHMHAIMS 3)KEKTOpa U BOJOKOJIBIIEBOTO BaKyyM-Hacoca, a
takoke oxHoctynendatsie KI'M. O0OCHOBaHO HCIIOJIB30BaHHE PE30HAHCHBIX M BHUXPEBBIX
anmapaToB i oboramenust Ne-He cmecn. [ 1aHHON TEXHOJIOTHH XapaKTEPHBI Iepemna-
JIbI IaBJICHUI, KOTOPBIE BO MHOTHX CIIydasx OeCIOJIE3HO cpabaThIBAIOTCS B PEIYKTOpaxX Ha
BXoJle B Komrpeccopbl. [1oaToMy Oe3MamIMHHOE OXJIaKICHHE Ta30BBIX MOTOKOB MOXET
obecrieunBaThCa 0€3 JOMOJHUTENBHBIX 3aTpaT >HEpPruH. [IOHIKEHHS TeMIepaTypsl IO
T <68 K mo3Bomsier oboratuth Ne-He cmech 3a cueT KOHACHCAIMHM a30Ta O YpPOBHS
95...96 % 1 CHU3UTH TPAHCHIOPTHBIEC U3CPKKH MPH IEPEBO3KE KOHIICHTPATOB. Pe3ynbTaTel
WCCJICJOBAaHUH MCIOJIB30BaHbl NPU MOJICPHHU3AIMH BBICOKOPACXOAHBIX OJIOKOB OYHUCTKU
JIETKUX MHEPTHBIX ra3oB.

Kuarwuesbie ciioBa: Ne-He CMCECh, )le(bnerMaTop, Oe3MalIMHHOE OXJIAKICHHE

Study of Nitrogen Cooling Systems for Objects
at Temperatures Below 77 K
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The methods of cryogenic support of the phase concentrators of the Ne-He mixture and
systems for separating neon into isotopic components by chromatography are considered.



In addition to the common cooling option based on an open nitrogen “cycle”, alternative
methods of condensation heat removal in separators are proposed. Among them — a com-
bination of an ejector and a liquid ring vacuum pump, as well as single-stage CGM. The
use of resonance and vortex devices for enriching the Ne-He mixture is justified. This tech-
nology is characterized by pressure differences, which in many cases are uselessly triggered
in pressure regulators at the compressor inlet. Therefore, machine-free cooling of gas
streams can be provided without additional energy costs. The temperature decrease to
T < 68 K allows the Ne-He mixture to be enriched by nitrogen condensation to the level of
95...96 % and to reduce transportation costs during the transportation of concentrates. The
research results were used in the modernization of high-flow units for the purification of
light inert gases.

Keywords: Ne-He mixture, reflux condenser, machine-free cooling

KpunoreHHble acnekTbl CBepXnpoBoasLlero
KBagpynosnbHoro mariuta FFS
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B HacTosmmee BpeMs co3aeTcs MEXIyHapOIHBIH YCKOPUTEIBHBIH KOMITJIEKC HOHOB U aH-
tunpoToHoB (FAIR, I'epmanms, Japmmranr). HULL «Kypuarosckuit uacturyy — UPBI
CO3JIa€T YEThIPE CBEPXIIPOBOJSIIUX KBAIPYIOJIBHBIX MarHuTa Juis (GUHaIbHON (OKYCHPOB-
KM MOHHOTO Ty4ka Jiis koyutabopanuu HED@FAIR. Dt MarHuThl JOKHBL 0071a]1aTh BBI-
COKHMM TPaJHEeHTOM MarHuTHoro mnojis 38 Ti/M u OoNbIIMM BHYTPEHHHM JHaMETPOM
cBepxmpoBoasamield obmorkn 260 MM, pabouas Temmneparypa wmarauToB 4,5 K.
B cratee gaHo onmcaHMe KOHCTPYKIMH KBaAPYIOJs, NIPUBEACHBI PE3yNbTaThl MPOYHOCT-
HBIX PacueTOB 3TOT0 MAarHUTa, BBIIOJHEH aHAIU3 TEMJIOBBIX MPOLECCOB IPU €ro IKCILTya-
Taluu, 0OOCHOBaHBI TPEOOBAaHMS K KPHOTEHHOW CHCTEME YETHIPEX CBEPXIIPOBOASIINX
KBaJpYMOJIbHBIX MarHATOB, ONPE/IEICHBI PEKUMBI Pa0OTHI 3TOH KPHOTEHHOH CHCTEMBI.

KaroueBble ci10Ba: cBEpXIPOBOISIINIA KBaAPYIIOJIbHBI MAarHAT, KPHOTEHHAS CHCTEMa



Cryogenic Aspects of the FFS Superconducting Quadrupole Magnet
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The international accelerator complex of ions and antiprotons (FAIR) is currently being
created at Darmstadt, Germany. NRC “Kurchatov Institute” — IHEP creates four super-
conducting quadrupole magnets for the final focusing of the ion beam for the HED@FAIR
collaboration. These magnets should have a high magnetic field gradient of 38 T/m and a
large inner diameter of the superconducting coil of 260 mm, the operating temperature of
the magnets is 4.5 K. The article describes of the quadrupole design, presents the results of
strength calculations of the magnet and analyzes the thermal processes during its operation,
substantiates the requirements for the cryogenic system of four superconducting quadrupole
magnets, determines the operating modes of this cryogenic system.

Keywords: superconducting quadrupole magnet, cryogenic system

np0MbILIJneHHbIe YCTaHOBKM AnNA pa3aernieHUs HeoHorenueBoMn cmecu
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ITpoBeneH aHanM3 TEXHOJOTHI MepepabOTKH HEOHOTeIneBoro KoHieHrpata. OOocHOBaHA
HEOOXOANMOCTh CHIKEHHSI yJENbHBIX 3aTpaT SHEPTUH Ha IMOJyYeHHE JISTKUX MHEPTHBIX
ra3oB. [lokazaHo, 94TO MOJTydeHHE TeNNs MMyTeM KOPOTKOIMKIOBOH afacopOmmu u 6apomem-
OpaHHOTO pa3leNeHus] COMPOBOXKAACTCS KpaiHe HU3KOM CTENEHBIO M3BJICUCHHUS IIEIEBOTO
npoxaykra. VccrenoBansl ¢a3oBele cemapaTopsl HeoHa (p =2,5 MIla; T=25...27,1K) u
aacop6mmonusie cuctems! (p = 1,0 MIla; 7=27,1 ...77,4 K). BoisBieHs! pe3epBsl yMEHb-
HICHHS IKCIUTYaTa[MOHHBIX PAaCX00B, KOTOPhIE MO3BOJIMIIN pa3padoTaTh HOBOE IMOKOJICHHE
a/IcOPOIIMOHHBIX ycTaHOBOK. Co3/1aHHAsI TEXHHUKA MO3BOJISIET U3 MOOOYHOTO MOTOKA HEOHO-
BOTO MPOM3BOJICTBA TOJIYYaTh CHCKTPANTBbHO-YHCTHIA renuit (99,9999 %). B omimune ot
IPEKHAX MOJieNIeil KaX/as CeKIs aicopbepoB MMeeT yBeIHueHHsH 10 0,5 M° 00beM
CHa0>XeHa BBICOKOBAKYyMHOW m3oisinuei. I1oBbIIeHHe S5KOHOMUYHOCTH JIOCTHTAETCs ITy-



TEM yBEJHUYEHHS [UIUTEIBHOCTH pabouet (hazbl amcopbepa 3a c4eT mpeaBapuTeIbHOro 000-
TalleHus] CMecH B MEMOpPaHHOM MoJyJie. YIIpaBlIeHHEe KOMIUIEKCOM «acopOep-MeMOpanay
HOJIHOCTBIO aBTOMAaTU3UPOBAHO.

KunroueBbie ciioBa: renuii, HEOH, ancopbep, MemOpana

Industrial Plants for the Separation of Ne-He Mixture
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The analysis of processing technologies for neon-helium concentrate was completed. The
necessity of reducing specific energy costs for producing light inert gases was justified. It was
shown that the production of helium by short-cycle adsorption and baromembrane separation
is accompanied by an extremely low degree of extraction of the target product. Neon phase
separators (p = 2.5 MPa; T = 25...27.1 K) and adsorption systems (p = 1.0 MPa; T =
= 27.1...77.4 K) were investigated. The reserves for reducing operating costs have been
identified, which made it possible to develop a new generation of adsorption installations.
The created technique allows us to obtain spectrally pure helium (99.9999 %) from the sec-
ondary production of neon. Unlike previous models, each adsorber section has a volume
increased to 0.5 m® and is equipped with high-vacuum insulation. The increase in efficiency
is achieved by increasing the duration of the working phase of the adsorber due to the pre-
liminary enrichment of the mixture in the membrane module. Management of the adsorber-
membrane complex is fully automated.

Keywords: helium, neon, adsorber, baromembrane

NMpumeHeHMe HeOHa B Ka4yeCTBEe XONOAUITLHOIO areHTa
B UHTepBane T=18...28 K
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Kuaxuil HeOH MIPUMEHAIOT B KauecTBe XJajareHTa B uurepsane 7 = 26x1,5 K. Taxoit ypo-
BEHb TEMIIEPATyp IMO3BOJISET OE30MMaCHO MMHUTHUPOBATH HEKOTOPBIE MPOIECCH B XKHUIKOCT-
HBIX BOJOPOAHBIX CHCTEMaXx, pa3aensaTh Ne-He cmecu 1 moiryyaTh H30TOIHBIE KOMIOHEHTHI



neona (*’Ne, *'Ne u **Ne). Tpeppiii Heon npu T <18 K HCIONIB3YIOT B COBPEMEHHBIX (O-
TOIIPUCMHBIX yCTpOFICTBaX KOCMHYECCKOT'O 68.31/IpOBaHI/I${ JUIA TTOBBIIICHUA YYBCTBUTEIBHO-
CTH JIaTYMKOB HH(paKpacHOro u3iydeHus. [IpoBeleH aHaIn3 M SKCHEPHUMEHTAIBLHOE HC-
CIIeIOBaHUE DPAAa XOJOAWIBHBIX IIMKJIOB, KOTOpble Oa3sHPYIOTCS Ha pacrojaraeMoM
KOMIIPECCOPHOM U BaKyyMHOM 000pyznoBaHuu. Co3J1aH 1a00paTOPHBIA OXKMKUTENb IPOH3-
BOJUTENBHOCTBIO 6 1/4 LNe Ha 0CHOBE IIMKJIAa BBICOKOTO JIABICHHA C OXJIAXIEHHEM pabo-
Yero Tejla B BAHHE C BaKyyMHUpPyeMbIM a30ToM. COOPHUK KHIKOCTH CBSI3aH C KPHOCTaTOM,
000py/IOBaHHBIM BaKyyMHOM CHCTEMOM Il OTKayKH MapoB W IEPeBOJa HEOHa B TBEPOE
coctosinue. [IpoBeneHbl MCHBITaHUS CYOIMMAIIMOHHOTO OJIOKAa MU Pa3lUYHBIX YPOBHSX
TEIUIOBOW HArpy3KH.

KinroueBble ci1oBa: )XUAKUN HEOH, TBEPBIM HEOH, 0)KMKUTENb HEOHA

The Use of Neon as a Refrigerant in the Range of T=18...28 K
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Liquid neon is used as a refrigerant in the range 7 = 26+1.5 K. This temperature level al-
lows simulate safely some processes in liquid hydrogen systems, separate Ne-He mixtures
and obtain isotopic components of neon (*’Ne, *'Ne u **Ne). Solid neon at 7'< 18 K is used
in modern space-based photodetector devices to increase the sensitivity of infrared radiation
sensors. The analysis and experimental research of a number of refrigeration cycles, which
are based on disposable compressor and vacuum equipment. A laboratory liquefier with a
capacity of 6 L/hr LNe was created on the basis of a high pressure cycle with cooling of the
working fluid in a bath with evacuated nitrogen. The liquid collector is connected to a cryo-
stat equipped with a vacuum system for pumping out vapors and converting neon into a
solid state. Tests of a sublimation unit at various levels of heat load were held.

Keywords: liquid neon, solid neon, neon liquefier

MeToAabl U 3KCNepuMeHTanbHasa TeXHUKa AN uccnegoBaHus
pPacTBOPUMOCTU ra3oB B XXUOKOCTAX

© | BoHgapeHko B.J1. vbondarenko@raregases.org
BanskuHa A.B. anna_valiakina@bmstu.ru
Banskux B.H.

MITY um. H.3. Baymana, Mocksa, 105005, Poccus

B pa60Te PaCCMOTPECHBI SKCIICPUMECHTAJIBHBIC MCTOAbI OIIPCACIICHUA ITPCACIBbHBIX KOS(bd)I/I—
IMUCHTOB AKTHBHOCTH, AKTYaJbHBIC IIPpHU pCaInM3allid PaCUYCTHBIX ITOAXOJO0B K PCUICHUIO
3alauyr paCTBOPUMOCTH Ta3a B XUIAKOCTH. HpC,Z[HO‘lTCHI/IC OTAACTCA TPAAUIHUOHHBIM METO-
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JlaM, KOTOPBIE MOTYT OBITh BOTUIOIICHBI Ha OJHOW YCTAHOBKE C IEJBIO MTOJIYICHHS COTIIACco-
BAaHHBIX TCPMOJHHAMHUYCCKHUX MNAHHBIX, TaK KaK B JIMTCPATYPHbIX HCTOYHHKAX, 3a4acCTylo,
OTCYTCTBYET HaJe)KHas HeoOXxomumas nHbopmanusa. Peann3aius MeToa0B s pa30aBiicH-
HBIX PAacTBOPOB HA YCTAHOBKE C SUEHKOH HEOONBIIOTO 00bEMa COMpsHKEHA C BHICOKUMH
TpeOOBaHUSIMHU K amlapaTHBIM CPEACTBAM M TEXHHKE SKCIIEPUMEHTA. B CBSA3M ¢ 3TUM IT0-
BBIIIIEHA YYBCTBHUTEIBHOCTh H3MEPHUTEILHOM CHUCTEMBI, YJIYYIIEHBI YCTPOHCTBa OTOOpa
npo06 U OmpeeNieHns: COCTaBa. BhIsIBIEHBI JOCTOMHCTBA M HEIOCTATKH TPAaBUMETPUUYCCKOTO
CTaTHYECKOr0 Croco0a OmpeeeHus] KOHIEHTPAllMd KOMIIOHEHTOB OHMHApHBIX CMeceH.
[ToxazaHa HEIOMYCTUMOCTh COJEP)KaHHS JIETYYUX TPUMECEH B MCXOJTHBIX BEIIECTBAxX, a
TaKke HEOOXOAMMOCTh JIOOYMCTKH IMPOOJIEMHBIX 00pa3ioB. JIJIg penieHus 3TOW 3aiadu
ObuTa pa3paboTaHa W CO3[laHa HHU3KOTEMIIEpaTypHas jadopaTopHas peKTHU(hUKAIHOHHAsS
KOJIOHHA, OCYIIIECTBIISIONIAs TIOJTOTOBKY HCXOIHBIX KOMITOHEHTOB CMECEH M HCCIIeIOBaHUE
MpeaeIbHOM pacTBOPUMOCTH B 00pasiiax ¢ MajabiM KO3 (UIIMEHTOM pa3jeiicHus. B kaue-
CTBC HpO6HI)IX OKCIICPUMECHTOB IIOJIYUCHBI JaHHBIC IO TCPMOJIUHAMHUYCCKUM CBOWCTBaM B
CHUCTEME JTUJIEH-OyTaH, HalIeHa OTHOCHTEIbHAS JIETYYECTh KOMIIOHEHTOB B CMECH IIEH-
TaH-(QropTpuxIopMeTaH. OmpeneaeHsl CTENEHH pa3aeieHns KOJOHHBI CO 3MEEBHKOBBIM U
HacaZ0YHbIM CMEHHBIM PEKTH(OHUKAIMOHHBIM y4YacTKOM. Ha OCHOBaHHMH MPOBEICHHBIX
OIIBITOB MOYKHO CJIEaTh BBIBOJ O MPEANOYTUTEIHLHOCTH 3MEEBUKOBOM PeKTH(PHUKAI[HOHHOM
KOJIOHHBI /IS OYHCTKH BEIIECTB M U3MEPEHUS TPEACIbHON PaCTBOPUMOCTH B CPABHEHHH C
Hacazo4yHou. [Ipy COOTBETCTBYIOMICH MOATOTOBKE 00Pa3IOB HAa YCTAaHOBKE MOYKHO ITOJTY-
YaTh PABHOTOYHBIC JIAHHBIC MO PACTBOPHMOCTH PA3IUYHBIMH METOJAMH, YTO IOBBIIIACT
HAaJIC)KHOCTh PE3yJIbTaTOB. | paBUMETPHUUYECKUN CTATHYCCKHM CIIOCO0 M3MEPCHUS KOHIICH-
Tpanuy KOMIIOHEHTOB OMHAPHBIX CMecel B COYETAHHH C SYCHKOM Maxoro oobeMa mepcerek-
THUBEH U NCCIICAOBAHIS MAIIOM3YUCHHBIX W PEIKHAX BEIICCTB.

KuarwueBble cjioBa: pacTBOPMMOCTh Ta3a B JKHUIKOCTH, TEPMOAMHAMUYCCKHE CBOMCTBA,
9KCICPUMCHTAIBHBIC METObI, OMHAPHBIC CMECH, PEKTU(UKAIIHOHHAS KOJIOHHA

Methods and Experimental Techniques to Research Solubility
of Gases in Liquids

© | Bondarenko V.L. vbondarenko@raregases.org
Valyakina A.V. anna_valiakina@bmstu.ru
Valyakin V.N.

BMSTU, Moscow, 105005, Russia

This paper describes experimental methods for determining the limiting activity coeffi-
cients that are relevant in the implementation of theoretical approaches to solve the problem
of gas solubility in a liquid. Preference is given to traditional methods, which can be real-
ized on a single installation in order to obtain consistent thermodynamic data, since literary
sources there is no reliable necessary information. The implementation of methods for di-
lute solutions in an installation with a small volume cell is associated with high require-
ments for measuring tools and experimental equipment. In this regard, the sensitivity of the
measuring system has been increased, sampling and composition determination devices
have been improved. The advantages and disadvantages of the gravimetric static method for
determining the concentration of the components in binary mixtures are revealed. The in-
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admissibility of the fugitive impurities content in the initial substances, as well as the need
for further purification of problem samples, is shown. To solve this problem, a low-
temperature laboratory distillation column was developed and created that prepares the ini-
tial components of the mixtures and studies the limiting solubility in samples with a low
separation coefficient. As trial experiments, data on the thermodynamic properties in the
ethylene-butane system were obtained, and the relative fugacity of the components in the
pentane-fluorotrichloromethane mixture was found. The degrees of separation of the col-
umn with the coil and packed replaceable distillation section are determined. Based on the
conducted experiments, it can be concluded that the coil distillation column is preferable
for the purification of substances and measuring the limiting solubility in comparison with
the packed one. With appropriate components preparation at the installation, it is possible to
obtain uniform data on solubility by various methods, which increases the reliability of the
results. The gravimetric static method for measuring the concentration of the components in
binary mixtures in combination with a small volume cell is promising for the study of little-
researched and rare substances.

Keywords: gas solubility in liquid, thermodynamic properties, experimental methods, bina-
ry mixtures, rectification column

CospaHue u uccnegoBaHue CpeacTB TPAHCNOPTUPOBKM,
XpaHeHus1, raaucpmkaumm N 3anpaBKku KPUOreHHbIX XUOKOCTen
KOCMMUYECKMX CUCTEM

© | Apxapos N.A.
CmopoguH A.N. Smorodin38@rambler.ru
YepeMmHbix O.4A.

"MITY um. H.3. Baymana, Mocksa, 105005, Poccus
2HTH (cbunuan) YpdY, HmwkHun Tarun, 622031, Poccus

Onwmcanbl pa3pabOTKH BOAOPOAHBIX, KHciaoponHbix, CIII' (BaroHOB-mMCTEpH, KOHTEWHe-
POB-IIMCTEPH) CTallMOHAPHBIX M3JIEJINI Ha OCHOBE paHee CO3JaHHBIX KOHCTpYKuui. IIpen-
CTaBJICHBI PE3YNbTAaThl MCCIEAOBAHUM 110 MOTEPSIM >KUAKOTO BOAOPOJAa HA HATYPHBIX 00-
pasuax Wu3OENUd ¢ PpPa3sIUYHBIMH  BUAAMHU TEIUIOM3OJSLMHM KPHUOTEHHBIX EMKOCTEH
XPaHWINIL ¥ TPAHCIIOPTHBIX LIUCTEPH: MHOTOCIONHO-BaKyyMHOH, IIOPOIIKOBO-BaKyyMHOM,
9KPaHHO-BaKyyMHO! (C a30THBIM JKPAaHOM pa3IuyHON KOHCTpyKuuu). IIpencraBiens pe-
3yJIBTAaThl UCCIIEIOBAHUIA 110 TOJIYYCHHUIO U TIOJICPIKAHHIO JABJICHUS] B EMKOCTH rasuduka-
IIUOHHOW YCTaHOBKH 3aKPUTHYECKUX IapaMeTpPOB BOAOPOJA IIPH BBIAAaYEe B TEUCHHE IH-
TENBHOrO NMEpHOo/ia BPEMEHH KakK C MOCTOSHHBIM, TaK U IIEPEMEHHBIM BO BPEMEHHU PacxoAaM
HOTPEOUTENIO, KaK C UCIOIb30BAHUEM B KaUeCTBE TCIUIOHOCHUTENS CTOPOHHEI0 UCTOYHHUKA
BOJOpOJA, TaK U YaCTU BOJOPOJA M3 €MKOCTH Ta3su(uKaTopa, UIYIIEro MOTPEOHUTEIIo.
[TpuBeneHbl METO M CPEACTBA 3aNPaBKU 0aKOB OPOMTAIEHOTO KOPAOIst KHUIKUM BOJOPO-
JIOM BBICOKOH YacTOTBI IPH MHOTOBAPHAHTHOCTH MX KOJIMYECTBA M 3aIpPaBISIEMOM MacChl
KOMIIOHEHTA.

KnaioueBble cj10Ba: BaroH-IIMCTEpHA, KOHTEHHEP-IIMCTEPHA, €MKOCTh-XPaHWIHIIE, TEILIO-
M30JIIUST €MKOCTH, Ta3M(HUKATOP KHUIKOTO BOMOPOIA, CBEPXKPUTHYECKHE MapaMeTpsl
KPHOTEHHOM KUAKOCTH, CHCTEMA SHEPTOIUTAHUS OPOUTAILHOTO KOpaOJIs
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Creation and Research of Means of Transportation, Storage,
Gasification and Refueling Cryogenic Liquids of Space Systems

© | Arkharov LA
Smorodin A.l. Smorodin38@rambler.ru
Cheremnykh O.Y.

'BMSTU, Moscow, 105005, Russia
ENTI (branch) Ural Federal University, Nizhnii Tagil, 622031, Russia

The development of hydrogen, oxygen, LNG (tank cars, tank containers) stationary prod-
ucts on the basis of previously created designs is described. The results of studies on losses
of liquid hydrogen on full-scale samples of products with different types of thermal insula-
tion of cryogenic storage tanks and transport tanks: multilayer-vacuum, powder-vacuum,
screen-vacuum (with nitrogen screen of different designs) are presented. The results of
studies on obtaining and the maintenance of pressure tanks installation gasification super-
critical parameters of hydrogen at the results over a long period of time of constant and
variable time costs to the consumer like using as a coolant an external source of hydrogen
and part of hydrogen from the vessel of the gasifier, reaching the consumer. The method
and means of filling the Orbiter tanks with liquid hydrogen of high frequency with multi-
variance of their quantity and refueled mass of the component are given.

Keywords: tank car, tank container, storage tank, thermal insulation of the tank, gasifier of
liquid hydrogen, supercritical parameters of cryogenic liquid, power supply system of the
Orbiter

MoBbiwWweHue 3(*)(*)eKTMBHOCTVI oxnaxgeHusl pakeTHoro TonsmuBea c
ncnosfib3oBaHUeM XUOKOro asorta

© | Anekcangpos A.A. kafsm8@bmstu.ru
BapmuH U.B."?
Jenvicoea K.W."2
YyryHkos B.B.

TMITY um. H.3. BaymaHna, Mocksa, 105005, Poccus
20ryn «L3HKM», Mocksa, 107996, Poccyis

[IpuBeneHo ommcaHye TEXHOJIOTHYECKHUX MPOIIECCOB M MAaTEMATHUECKUX MOJIENCH OXITaxKIe-
HUS YTIIEBOAOPOJHOTO PAaKETHOTO TOIUIMBA C MIPUMEHEHHUEM YKHUJIKOTO a30Ta [T pean3aliu
omepanuii TeMIEepaTypHOH MOJArOTOBKM TOIUIMBA HA CTApPTOBBIX KOMIUIEKCAX pPaKeTHO-
KOCMHUYECKON TeXHUKH. [IpeacTaBieHpl pe3yabTaThl SKCIICPUMEHTOB U CIIOCOOBI ITOBBIIICHHUS
3 PEKTUBHOCTU MPUMCHEHHUS JKUIKOTO a30Ta B KAYESCTBE OXJIAXKIAIOIICH CPElbl B CUCTEMAax
TeMIepaTypHOIl MOJrOTOBKH KOMIIOHEHTOB PAKETHOTO TOIUIMBA C KCIOJIb30BAHUEM TEILIO-
O0OMCHHHKOB ¥ IPOMEKYTOUHOT'O TCIJIOHOCHTEIIS B BUZIC aHTH(PH3a.

KamoueBblie cioBa: YTJIEBOAOPOJAHOC PAKCTHOC TOIUIMBO, OXJIAKACHUC KUJIKHUM a30TOM,
TEXHOJIOTMH U TEXHUYCCKas peajn3alusi, 3(1)(1)6KTI/IBHOCTL CHCTEM OXJIAXACHUA
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Improving the Efficiency of Rocket Fuel Cooling Using Liquid Nitrogen

© | Aleksandrov AA. kafsm8@bmstu.ru
Barmin L.V."?
Denisova K.I."*

Chugunkov V.V

'BMSTU, Moscow, 105005, Russia
% Centre of exploitation of ground space infrastructure, Moscow, 107996, Russia

The description of technological processes and mathematical models of hydrocarbon rocket
fuel cooling with the use of liquid nitrogen for the implementation of fuel temperature
preparation operations at launch complexes of rocket and space technology is given. The
results of experiments and methods of increasing the efficiency of liquid nitrogen as a cool-
ing medium in the systems of temperature preparation of rocket fuel components using heat
exchangers and an intermediate coolant in the form of antifreeze are presented.

Keywords: hydrocarbon rocket fuel, liquid nitrogen cooling, technologies and technical
implementation, efficiency of cooling systems

MHorohakTopHbI AUCNEPCUNOHHbIN aHanNu3
B OLleHKe pecypca MUKPOKPUOTreHHbIX ra3oBbIX MaLUMH

© | Apxapos A.M.
Apxapos U.A.
HaBacapgsH E.C.
Lnwoea H.E. nshishova@bmstu.ru

MITY um. H.3. BaymaHa, Mocksa, 105005, Poccus

PaccMarpuBaroTcsi 0COOCHHOCTH IPUMEHEHHST MHOTO(aKTOPHOTO JUCIICPCHOHHOTO aHaIM-
3a ANOVA (Analysis of Variations) 1j1s1 olleHKH pecypca (BpeMeHn 0€30TKa3HOM paboThI)
MHUKPOKPHOTCHHBIX Ta30BeIX MamnH (MKI'M). UccienoBanue SBISETCS JIOTHUSCKHM ITPO-
JOJDKECHHUEM pa60T OTCYCCTBCHHBIX YUYCHBIX, ITIOCBAINICHHBIX Pa3BUTHIO MCTOJO0B pacycTa U
ONTHUMAJILHOTO MPOCKTHPOBAHMS TEXHHUECKHUX crcTeM [1—4]. Peammsanus muorodaktop-
HOTO JTUCIIEPCHOHHOTO aHaju3a IMPOU3BOANUIACH B POTPAMMHOM KOMIUIEKCE MaTeMaTH4e-
cKkoi cratucTvku Statgraphics (Statgraphics technologies Inc.). B pabore mpenacraBiieHbl
pe3ynbTaThl 00PaObOTKH PAaCUCTHBIX JAAHHBIX, IMOJTYYCHHBIE ITOCIIC YUCICHHOTO MOJCIHPO-
BaHHS ¥ UX CPaBHEHHUE C pe3ybTaTaMU MCIIBITAHUHA OIMBITHBIX 00pa31oB. [IpuBeaeHbI IpH-
Mephl (hopMupoBaHUsS OJIOKA MCXOTHBIX JAHHBIX JJII MHOTO(GAKTOPHOTO JHCIIEPCHOHHOTO
aHajm3a, MOJYyYEHHBIX B X0J/I€ TECTOBBIX AKCIIEPUMEHTOB MPHU HapaboTke oOpasnos MKI'M
Ha OTKa3, MO0 YETHIPEM HE3aBUCHMBIM (haKkTopaM (IIaBJICHHWIO 3alpaBKH, TEMIIEPATypPhI
OKpYJKalomieil  cpeapl, KOHCTPYKTHBHOI'O HCIOJHEHHS W  IMOPHUCTOCTH  IMOPIIHS-
perenepaTopa). IIpeacraBisercs, 4T0 UMEHHO MHOTO(AKTOPHBIA JIUCIIEPCHOHHBIN aHaIu3
MO3BOJIMT IMOJIYYHTh KOPPEKTHBIC JaHHBIC O CTEICHH BIMSHHUS Ha BpeMs Oe30TKa3HOM pa-
60Tel MKI'M (hakTOpoB pas3inyHOM HANpAaBICHHOCTH, XapaKTECPHU3YIOIIHUX: IIapamMeTpbI
OKpYIKaIoieil cpeapl, KOHCTPYKTUBHOE HCIOJIHEHHE, TEXHHYSCKHE XapaKTEPUCTHKH H
OTIPENICINTH TIYONHY U OYePeIHOCTH COBEPIICHCTBOBAHMS aNapaToB 1 y31oB MKI'M.



14

KiroueBnbie cioBa: MKI'M, HameXHOCTB, pecypc, BpeMsi 0€30TKa3HOW pabOThI, MHOTO-
(hakTopHbIi mucniepcronHbiii ananu3 ANOVA (Analysis of Variations)

Multivariate Analysis of Variance in the Resource Estimation
of Microcoolers

© | Arkharov A.M.
Arkharov LA.
Navasardyan E.S.
Shishova N.E. nshishova@bmstu.ru

BMSTU, Moscow, 105005, Russia

The paper discusses the features of the application of ANOVA multivariate analysis of var-
iance (Analysis of Variations) for assessing the optrating life (time to failure) of microcool-
ers. The research is a logical continuation of the work of russin scientists on the develop-
ment of calculation methods and the optimal design of technical systems Suslov A.D. et al.
(1967), Prilutsky A.L. (2015), Samvelov A.V. (2017), Sherykhalina N.M. (2012). Multivar-
iate analysis of variance was performed in the Statgraphics software package (Statgraphics
technologies Inc.). The paper presents the results of processing the calculated data obtained
after numerical simulation and their comparison with the test results of prototypes. Exam-
ples of the formation of a block of input data for multivariate analysis of variance, obtained
during test experiments during MTGM failure time operation, by four independent factors
(filling pressure, ambient temperature, design and porous of the regenerator piston) are giv-
en. It seems that it is precisely multivariate analysis of variance that will allow obtaining
the correct data on the degree of influence of various types of factors affecting the MTTF of
microcooler, characterizing: environmental parameters, design, technical characteristics,
and determining the depth and priority of improving microcooler devices and components.

Keywords: microcooler, reliability, the operating time, MTTF (mean operating time to
failure), ANOVA (Analysis of Variations)

OKOHOMMYECKME acNeKTbl TEXHONOrun npoun3BoacTBa
KPUNTOHA U KCeHOHa

© | BonaapeHko B.J1." vbondarenko@raregases.org
TNocsikos U.A2 ilosyakov@cryoin.com
[bsiverko O.B.2 diachenko.cryoin@ gmail.com

"MITY um. H.3. BaymaHna, Mockea, 105005, Poccvis
2000 «KpurouH UnxnHnpunr», Opecca, 65026, YkpavHa

Iloxa3aHbl >Tarbl MMPOMU3BOACTBA KPUIITOHA M KCCHOHA M3 BO3JYyXa, MCCJICAOBAaHbl HOBLIC
MEPCICKTUBHBIC CBIPHEBBIC MCTOYHUKU TAKEJIbIX MHEPTHBIX T'a30B. HpOBeZ[eHBI TCXHUKO-
9KOHOMHYCCKHUE UCCIICA0BAaHUS YCTAaHOBOK 060FaHIeHI/I$[ MEPBUIHOIO0 KPUIITOHOKCCHOHOBO-
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TO KOHIIEHTpaTa Tuna «XpoM-3». [Ipyu morydeHnn HECKOJIIBKUX Ta30BbIX MPOIYKTOB aKTy-
aJIbHa 3aJ1aua ONpeseeH s ce0eCTOMMOCTH KaXK10ro U3 HUX. PaccMOTpeHbl 1B METOUKU
pa3zeneHus 3aTpar Ha MOJy4YeHHE KPUITOHA M KCEHOHA B COCTaBE KPUITOHOKCEHOHOBOM
cMmecu. IlepBas GasupyeTcs Ha pe3ysbTaTaXx pacueTa pPeallbHbIX HEpro3arpar ¢ y4eToM
k03¢ durrenToB pacnpenenenus. Ilokazano, 4To B IepBOM Cilydae AOJH 3aTpaT Ha obora-
meHne Kr u Xe sBnsrorcst QyHKIUSIMA UX KOHIEHTPALMH, CTETIEHH M3BJICYEHUS! U COCTOSI-
HUS Ta30BbIX NIPOAYKTOB Ha BBIXOJE U3 YCTAaHOBKU. BTopas MeToauka UCIIONB3YET pe3yiib-
TaThl aHaJIM3a PBIHOYHBIX IIEH HA KOHEYHBIE INPOAYKTHI M MOXET OBITh IOJIE3HOH B
Iporecce MPUHSITHS PEIICHUH YKOHOMHUYECKOTO XapakTepa MpH OIEHKE 00OCHOBAaHHOCTH
LIEHbl Ha KPUITOHOKCEHOHOBYIO CMECh JINOO PEUICHUH O IeIecO00pa3HOCTH BHEIPEHHMS
OTIPEJIETICHHOTO THIIAa TEXHOJIOTHK oOoramieHust Kr-Xe-KoHIeHTpara npu pa3paboTKe HO-
BOTO CBIPHEBOTO HCTOYHHKA.

KnaioueBble cji0Ba: NpOLyKTHl pa3feicHUs BO3IyXa, MEPBUYHBIA KPUITOHOKCEHOHOBBIN
KOHIIEHTPAT, KPUIITOHOKCEHOHOBAsI CMECh, IKCEPTHsl, 3aTPaThl, CEOECTOMMOCTh

Economic Aspects of Krypton-Xenon Mixture Processing Technology

© | Bondarenko V.L." vbondarenko@raregases.org
Losyakov I.A.2 ilosyakov@cryoin.com
Diachenko O.V.? diachenko.cryoin@ gmail.com

"BMSTU, Moscow, 105005, Russia
2“Cryoin Engineering Ltd.”, Odessa, 65026, Ukraine

The current research analyzes the stages of krypton and xenon production from air are
demonstrated and new promising sources of raw inert gases are investigated. Technical and
economic studies of the plants similar to Chrom-3 that are designed for the enrichment of
the source krypton-xenon concentrated mixture have been carried out. When obtaining sev-
eral gas products, it is essential to estimate the prime cost of each one. Two methods of
dividing the costs for the production of krypton and xenon from the krypton-xenon mixture
have been considered. The first one is based on estimating the actual energy consumption in
accordance with distribution coefficients. In the first case, the shares of enrichment costs
for Kr and Xe are shown as functions of their concentrations, extraction degree and condi-
tion of gas products at the plant outlet. The second method uses the analysis results of the
market prices for end products and can be applied in the process of making economic deci-
sions to justify the price for a krypton-xenon mixture, or to assess feasibility of introducing
a certain type of enrichment technology for Kr-Xe concentrated mixture when developing a
new source of raw materials.

Keywords: air separation products, source krypton-xenon concentrated mixture, krypton-
xenon mixture, exergy, expenses, prime cost
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OnbIT opraHunsauum y4dyeta KonmdectBa MHepPTHbIX ra3oB
B CXKaTbIX ra3oBbiX CMecAX
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Obsuerko O.B. diachenko.cryoin@ gmail.com
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® Opecckas HaUMoHarbHas akafieMust MULLIEBLIX TexHorori, Oaecca, 65082, YkpauHa

Jlng rutaHMpOBaHMS MPOU3BOCTBA, a TAKKEe B3aUMOPACUYETOB C MOCTABIIMKAMHU U MOKyTa-
TEJISIMUA OYEHb BaXKHO MPABUIBHO OIPEEIIATh KOJMUECTBO HHEPTHBIX Ia30B Ha BCEX 3Tamax
TEXHOJIOTMYECKON IOCIIE0BATENbHOCTH MX TOJy4YeHHs. B pabore mpejicTaBieHbl TpaBu-
METPUYECKUH U MaHOMETPUYECKUI CIOCOObI OLIEHKH 00BEMOB CXKAThIX I'a30B B MPUIIOXKE-
HUM K YHCTBIM ra3aM U UX cMecsM. IIpuBeneHa cpaBHUTENbHAs OLIEHKA METOJUK, Mpeia-
raeMbIX pa3IMYHBIMHU aBTOPAMH /IS pacyeTa KOJMYEeCTBa IIEHHBIX KOMIIOHEHTOB B CXKaThIX
ra30BBIX CMECSX, HA OCHOBE MaHOMETpHUYECKOro Merosa. Pa3paboTan yHHBepcalbHbIH Ma-
HOMETPHYECKUI METOJ, MO3BOJISIONIMN C JOCTATOYHON CTEIEHbIO TOYHOCTH OIIPEJEISATh
KOJIMYECTBO HEOHA ¥ TEHS B CXKATBIX T'a30BBIX CMECsX. JlOCTOBEPHOCTh pacdeTHON METO-
JWKK OBbLTa MPOBEPEHA IIyTEM CPAaBHEHUS BBIYMCICHHBIX 00OBEMOB MHEPTHBIX I'a30B C pe-
3yNIbTaTaMy peai3aluy rpaBUMeTpudeckoro Merona. Ha 6aze pa3paboTaHHON HaMH MO-
JIeT U JAHHBIX O C)KUMaeMOCTH KOMIIOHEHTOB CMecH Obula pa3paboTaHa mporpamma,
YOPOCTHUBIIAS PACUETHI IS T€IUH- U HEOH-COAEPIKAIINX CMECEH.

KiroueBble ciioBa: HWHEPTHBIC Ira3bl, ra30BbIC CMECH, KOJIMYCCTBA CKATOI'O Ia3a, BECOBOM U
MaHOMeTpI/I‘{eCKI/Iﬁ METOAbIL

Experiment at Registering Inert Gases Amount
in Compressed Gas Mixtures
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2«Cryoin Engineering Ltd.”, Odessa, 65026, Ukraine
% Odessa National Academy of Food Technologies, Odessa, 65082, Ukraine

It is very important to correctly determine the amount of inert gases at all stages of the
technological sequence of their production for production planning, as well as mutual set-
tlements with suppliers and customers. The proceedings present gravimetric and manomet-
ric methods for estimating the volumes of compressed gases applied to pure gases and their
mixtures. A comparative assessment of the methods proposed by various authors for calcu-
lating the amount of valuable components in compressed gas mixtures based on a mano-
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metric method is given. A universal manometric method that allows determining the
amount of neon and helium in compressed gas mixtures with a sufficient degree of accura-
cy has been developed. The reliability of the calculation method was verified by comparing
the calculated volumes of inert gases with the results of the gravimetric method implemen-
tation. On the basis of the model that we developed and the data on the compressibility of
the mixture components, a program was developed that simplified calculations for helium
and neon containing mixtures.

Keywords: inert gases, gas mixtures, quantities of compressed gas, gravimetric and mano-
metric methods

MpousBoacTBO BOoALI B Ka4ecTBe NOGOYHOro npoAyKra
perasndukauum CIIN B 3acywinuBbIX permoHax Mmupa

© | BongapeHko B.J1." vbondarenko@raregases.org
[bsiyerko T.B.2 diachenko.tetiana.v@gmail.com

"MITY um. H.3. Baymana, Mockea, 105005, Poccys
2 Opecckas HaLMOHaNLHas akaJeMus NULLEBbLIX TexHonoruii, Ogecca, 65082, YkpauHa

PocT YMCIEHHOCTH HACENICHUS U 3KOJIOTHYECKUE MTPOOJIEMBI IPUBEIU K CIIOKHOCTSM CHa0MXKe-
HUSI HACCIICHUS YUCTOM BOIoi. OOBEM 3amacoB MPECHOW BOJIBI, MPUTOTHOM JJIsI UCTIONB30Ba-
Hus, coctaniser Beero 0,5 % oOiero o0béMa Bozpl Ha 3emiie. B mocienHue HECKOIBLKO Aecs-
THJIETHH IIOCTOSHHO pacIIMpsieTcsi PhIHOK CxKIKeHHoro mpupoxaHoro rasa (CIIT). Pacrer
YHCIIO OXKIDKUTEIBHBIX YCTAaHOBOK M TEPMHUHAIOB 10 npuémy u perasudukammu CIIT. Ycra-
HOBKH MaJIOH TIPOU3BOUTENIFHOCTH, KaK IPABIIIO, OCHAIIIEHBI aTMOC(HEPHBIMI HCIIAPUTEISIMA
W HE UCTIOJNB3YeT XONo[ perasudukanun. B Hactosmielt paboTe MpeacTaBIeHBI Pe3yIIbTaThl
pacuéra arMOChEpHOro MCIapHTeNIs, TPeIHA3HAYCHHOro uIs rasudukammn 250 M/ CIIT ¢
Pa3IMYHBIM YHCIIOM HapyKHBIX pedep. OreHka 00beMa MPECHOM BOJIbI, KOTOPYIO MOXHO I10-
JIYYUTh B TPOIECCe YTHIM3AIMU HHEs, M0Ka3aja, YTo0 3TOT 00bEM JOBOJIBHO 3HAYMTEIICH W
MOXET 00€CHEeYUTh CYTOYHOE MOTPEOICHHE HECKOJBKHX YECIOBEK. YKa3aHHBIH HCTOYHHK
MOYKHO pacCMaTpuBaTh B KQUECTBE MEPCICKTUBHOIO aJbTCPHATHBHOIO MCTOYHUKA BOJIOCHAO-
JKCHUS B CITy4ac Pa3sMEIICHUS Pera3u(prKaIIOHHBIX YCTAHOBOK B 3aCYIUIHBBIX PETHOHAX.

KaioueBble ciioBa: anbTepHATHBHBIE MCTOYHHMKH BOJIOCHA0XKEHHS, CXKMKEHHBIH MPHPOI-
HBIH ra3, aTMoc(epHBII NCTIapHUTEIIh, BBIMOPAXHBAHHUE BOABI N3 aTMOC(HEPHOTO BO3/TyXa
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Production of Water as a By-Product of LNG Regasification
in the Drought-Afflicted Regions

© | Bondarenko V.L." vbondarenko@raregases.org
Diachenko T.V.? diachenko.tetiana.v@gmail.com

"BMSTU, Moscow, 105005, Russia
20dessa National Academy of Food Technologies, Odessa, 65082, Ukraine

The population growth and environmental problems have led to difficulties in supplying
people with clean water. The volume of fresh water reserves suitable for use is only 0.5 %
of the total volume of water on Earth. In the past few decades, the market for liquefied nat-
ural gas (LNG) has been steadily expanding. The number of liquefaction plants and termi-
nals for LNG obtaining and regasifying is growing. Regasification plants with low produc-
tivity, as a rule, are equipped with atmospheric evaporators and does not use regasification
cold. This paper presents the calculation data for an atmospheric evaporator intended for
the gasification of 250 m*/h of LNG with various numbers of outside edges. The estimation
of the fresh water volume that can be obtained in the process of frost utilization has shown
that this volume is quite significant and can provide a daily water consumption for several
people. It can be a promising alternative source of water supply in the case of placing regas-
ification plants in drought-afflicted regions.

Keywords: alternative sources of water supply, liquefied natural gas, atmospheric evapora-
tor, freezing of water from atmospheric air

YucneHHoe Tennodcusnyeckoe moaenmpoBaHue KpMoBo3aemcTBUn
B Ansys

© | bypkos UN.A.
Mywkapes A.B.
Lakypos A.B. shacurov@bmstu.ru
Lpiranos [.U.
XKepaes AA.

MITY um. H.3. Baymana, Mocksa, 105005, Poccus

OnmncaHbl COBPEMEHHBIE IOCTI)KEHHS WM TPOOJIEMBI TEIUIO(PHU3NIECKOTO MOJCTHPOBAHHS
MEIUIIMHCKIA KPHUOBO3AEUCTBHA. [IpuBeaeHB peKOMEHIAINH, KOTOPbIE MOTYT OBITH TpHU-
MEHHMBI K OONBIIMHCTBY COBpeMeHHBIX FEA mporpaMMHBIX KOMIUIEKCOB (aIpoOHPOBaHBI
B Ansys CFX 19.2). Onucansl criocoObl yTOYHEHHS T€OMETPHUYECKUX MOJIEIIeH, Teropu-
3MYCCKUX CBOWCTB, IPAaHHUYHBIX YCIOBHIA U MOAXOIbI K TApaMeTPHU3aLUU pacueTHOH 00J1a-
ctu. [IpuBeaeHp MpUMEPHI PACUETOB 3a1a4 KpHOoaOIalliid U KPHOTEPAIIHH.

KiroueBnie ciioBa: kpuoBosjeiicteue, Mmonenupoanue, ANSYS, CFX, rerutooomen, FEA
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Numerical Thermal Simulation of Cryoexposure Using Ansys

© | Burkov LA.
Pushkarev A.V.
Shakurov A.V. shacurov@bmstu.ru
Tsiganov D.I.
Zherdev A.A.

BMSTU, Moscow, 105005, Russia

The current advances and problems of medical cryoexposure thermal simulation are con-
sidered. Recommendations on improving geometric models, thermophysical properties,
boundary conditions, and for parameterizing of the computational domain are proposed.
These recommendations can be applied to most modern FEA software packages (tested in
Ansys CFX 19.2). Examples of cryoablation and cryotherapy simulation are presented.

Keywords: cryoexposure, simulation, heat transfer, FEA, ANSYS, CFX

M3meHeHMe TemnepaTypbl agcopbeHTa
npu aacopbLMOHHBLIX Npoueccax

© | danHwTenH B.N. vladlen.fainshtein@criogenmash.ru

MAO «Kpvorenmaiy, banawmuxa, MockoBckasi 0611., 143900, Poccus

PaccMoTpeHsI pe3ysibTaThl PaCYETHOTO UCCIICAOBAHMS MPOIecca KOPOTKOIUKIOBOW Oe3Ha-
IPEBHOM aJcOpPOLKK Ha MPUMEPEe OCYIIKH Bo3ayxa metogoM KIIA ¢ ucnoiab30BaHHEM TPO-
rpamuoro npoaykra ASPEN ADSORPTION. VcranosieHo, 4to B afcopoepax KI[A ume-
€T MECTO JOCTATOYHO CJOXKHAs TepMHUecKas 00CTAaHOBKA, OOYCIOBICHHAS NMUKINYCCKUM
MIPOTEKAaHWEM IIPOIlecca C PEBEPCHBHBIM HM3MEHEHHEM HAITPaBJICHUH IMOTOKOB W MaJoH
MTPOJIOJKUTEILHOCTBIO CTaMi Tporiecca (MpoayMpoBaHue, cOpOC MaBiICHHS, TIPOIYBKa,
HaroJIHeHue). B pe3ynbraTe HEMONHOTO YIaJICHUs BIaru MpH Oe3HarpeBHON pereHepauu
(TIPOYBKH) TIPOUCXOJNUT IOCTOSSHHOE HAKOIUICHHE BJIAarM B CJIO€ aJCOPOCHTA-OCYIIHTEIIS.
Pacripenenenne HakaruMBArOIMICHCs BJIarH, MO BBICOTE CIIOSI OCYIIUTENsI BEChbMa HEPAaBHO-
MepHO. OHO 3aBHUCHUT OT YCJIOBHI BBITOJHEHHUS KaK CTaaAud aacopOLMH, TaK U IeCOPOIIHUN 1
B 3HAUMTEIBHON CTEMEHU OT MPEABICTOPUU PabOTHI agcopOenTa. MakcuManbHOE KOJIHUe-
CTBO BIIarv (KMOJIB/KT, WJIH % BeC.) HAXOJUTCS HA OCYIIUTENIe B KOHIIE CTaUU «IPOMYIIH-
pOBaHHME» U MUHHMMAJIbHOE B KOHIIC CTAJMU «pereHepanus». KojlnyecTBeHHO HaKOIICHHUE
BJIarM B CJIO€ OCYIIUTEIS BRIPAYKACTCS B TOM, UTO MPU HEMPEPBIBHON pabOTe U MOCTOSHHBIX
yenoBusx Ha Bxojie (Co = 6000 ppm, p = 6 ata, T, = 303 K) B TeueHre 0kojio 7 CyTOK, 3TO
npuMepHo 1000 1UKIIOB, MPOJMOIKUTEIBHOCTRIO 10 MUH, Ha 3HAYMUTEIBHOM JI0JIE CIIOS
ocymmuTens (6onee 50 %) HakarIMBaeTCs Bjara B KOJMYECTBaX, OMU3KHX K 1,23 KMOJIB/KT
ancop6enTa (mpumepHo 22 % Bec.), ipu o01eM koaudectBe 6omee 60 kr. [Tpu dncie muk-
110B 0k0j0 2000 KOIMYECTBO BIIArM HAXOMMIIEHCS Ha ocyliuTene, mpumepHo B 70 pas
0OJIBIIIE ITUKIIOBOT'O TIOCTYIICHHUS BJIaTM M OHO MPOJIOJDKAET yBEIMIUBAThHCS. [IpucyTcTBIE
B ajicopOepe 3HAYUTEIIHLHOrO KOJIMYECTBA HAKOIUICHHOW BJIard MPUBOIUT IIPU MHOTOKpAT-
HOM TIPOTEKaHWHU TPOIEcca K CYIIECTBEHHBIM HM3MEHEHUSM PaCIpENeeHUs TeMIepaTyp
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azcopOeHTa 1o UIMHE Cllos. B cBs3M ¢ 3TMM peanbHBIE TEMIEPaTypsl aJcOpOEHTa 3HAYH-
TEJIBHO OTJIMYAIOTCS OT TEMIEpaTyphl ra3a Ha BXOJE B OCYIIUTEb.

KiroueBble ¢JIoBa: KOPOTKOIMKIIOBas Oe3HArpeBHAs aJcopOLus, OCYIIUTENb, aICOPOCHT,
BJlara, HaKOIUICHHE, [IMKJIOBOE MOCTYIUICHHE, TEMIIEPaTypa, CTaIud MUKJIA, IPOIyIHPOBa-
HUe, Oe3HarpeBHas pereHepaIys, MpoayBKa, pABHOBECHO-IIMKITUYECKOE COCTOSTHUE

The Temperature Change of the Adsorbent
During Adsorption Processes

© | Feinstein V.I. vladlen.fainshtein@criogenmash.ru

PJSC “Kriogenmash”, Balashikha, Moscow region, 143900, Russia

The results of a computational study of the pressure swing adsorption process are consid-
ered using the PSA method as an example of drying air using the ASPEN ADSORPTION
software product. It has been established that a rather complex thermal situation takes place
in CCA adsorbers due to the cyclic process flow with a reversal of flow directions and the
short duration of the process steps (production, pressure relief, purge, filling). As a result of
incomplete removal of moisture during non-heating regeneration (purging), there is a con-
stant accumulation of moisture in the adsorbent-desiccant layer. The distribution of accu-
mulated moisture along the height of the desiccant layer is very uneven. It depends on the
conditions of fulfillment of both the adsorption and desorption stages and, to a large extent,
on the prehistory of the adsorbent. The maximum amount of moisture (kmol/kg, or %
weight) is on the dehumidifier at the end of the “production” stage and the minimum at the
end is “regeneration”. Quantitatively, the accumulation of moisture in the desiccant layer is
expressed in the fact that during continuous operation and constant conditions at the inlet
(Co = 6000 ppm, p = 6 ata, T,, = 303 K) for about 7 days, this is about 1000 cycles, lasting
10 minutes, for a significant proportion of the desiccant layer (more than 50 accumulates
moisture in amounts close to 1.23 kmol / kg of adsorbent (approximately 22 % weight),
with a total amount of more than 60 kg. With a number of cycles of about 2000, the amount
of moisture on the dehumidifier is about 70 times the cyclic amount of moisture and it con-
tinues to increase. The presence of a significant amount of accumulated moisture in the
adsorber leads to significant changes in the temperature distribution of the adsorbent along
the length of the layer during repeated process. In this regard, the actual temperature of the
adsorbent is significantly different from the temperature of the gas at the inlet to the dryer.

Keywords: short-cycle non-heating adsorption, desiccant, adsorbent, moisture, accumula-
tion, cyclic intake, temperature, stages of a cycle, production, non-heating regeneration,
purge, equilibrium-cyclic state



21

MepexoAHbIN peXxum paboTbl HEOHO-reNIMeBOro KPUOreHHOro
pecdpunxepatopa Ha 6a3se uukna bpanTtoHa ana 6yayuiero
LMKNMYeCKoro Kkonnamngepa

© | CasenbeBa C. sofiya.savelyeva@tu-dresden.de
Knénnensb LL.
XabepcTpox K.
Keak X.

TexHnyeckun yHusepcuteT [pesaena, pesneH, 01062, Nepmanusa

KoHI1enT KpuoreHHOH cucTeMbl Oy IylIero NUKIMYecKoro Kojuiaiiiepa Bkitodaet B ceos 10
KpPHOTEHHBIX pedprkepaTopoB Ha 0a3e nukia bpaiitona, pazpaboranHbix B TexHHYeCKOM
yHHBepcuteTe J{pessieHa, NPUMEHSIEMbIX Ul OXJIaXKICHUS JTY4YEBBIX U TEIJIOBBIX IKPAHOB.
B kauectBe pacueTHOM TOYKH AJIsi pa3pabOTKU pedprkepaTopoB ObLT BHIOpaH PEXUM C
MaKCHUMaJIbHOM X0JI0I0OMPOU3BOAUTENBHOCTEIO 680 KB Ha ycTaHoBKyY B nuana3one ot 40 1o
60 K nmst srydeBBIX M TEIUIOBBIX 3KPAaHOB, BKIIOYAs KOMIIEHCALUIO ITOTEPh BTOPUYHOTO
uukia, a tTake 270 kB B nuanazone ot 300 mo 40 K nns npepoxiaxaeHus IeMeBOro
rukora. OHAKO B TeUeHHE PabOThl YCKOPHUTENS CTaOMITbHAS IIUPKYJIISAIIS ITydKa YepeIyeTcs
¢ (azoif BoccTaHOBICHHMS Jyda. JTa asa MOXKET AIUThECS OT 25 1o 60 % pabouero nukia
YCKOPHUTENS ¥ MIPUBOANT K CHIDKECHHIO TEIUIOBOW HAarpy3ku. B pe3ynbraTe 4yero KpuoreHHast
cucrtemMa paboTaeT 3HAUYMTEIbHYI0 YaCTh BPEMEHH IPHU YCIOBUSIX YaCTUYHOW HArpy3KH CO
CHIDKEHHEM XOJIOJONPOM3BOAUTEIBHOCTH A0 3,8 pa3. IlepexoaHbiii peskum pabOThI ObLI
JIETAIbHO MCCIEeI0BaH Juisd odOecreueHus BbICOKOW 3 QeKTHBHOCTH 1IMKIa BO BCeM pabo-
yeM jauanazone. Crparerdst KOHTPOJIST YaCTUYHOW Harpy3kH Oblla ONTUMH3WPOBAaHA JUIs
MOJy4eHHs] BBICOKOH 3ddekTBHOCTH 00enx rpynn paboyux KoJIeC MHOTOCTYIIEHYaTOro
TypOOKOMIIpeccopa.

KiroueBble c10Ba: HCOHO-TEIHEBAS CMECh, TUKII BpaﬁTOHa, YaCTU4YHad 3arpys3ka

Transient Operation of the Nelium Turbo-Brayton Cryogenic
Refrigerator for the FCC-hh

© | Savelyeva S. sofiya.savelyeva@tu-dresden.de
Kloeppel S.
Haberstroh Ch.
Quack H.

Technische Universitaet Dresden, Dresden, 01062, Germany

The concept of the FCC-hh cryogenic system includes 10 Turbo-Brayton cryogenic refrig-
erators for the beam screens and thermal shields cooling, which have been developed at TU
Dresden. The design point for these refrigerators was chosen to provide a maximum cool-
ing power of 680 kW per plant at 40 to 60 K for beam screens and shielding together with
secondary cycle losses compensation, as well as 270 kW at 300 to 40 K for the pre-cooling
of the helium cycle. However, within the accelerator operation a stable beam circulation is
followed by a turn-around phase to recover the beam. This phase can last from 25 to 60 %
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of the full accelerator operation time and results in a reduced heat load. Hence, the cryogen-
ic system operates significant time in a part-load mode with a turndown ratio of up to 3.8.
In order to ensure a high efficiency of the cycle within the entire operation range, a cycle
part-load was studied in detail. A part-load control strategy was optimised to get a high
efficiency of both casings of the multistage turbo-compressor.

Keywords: neon-helium mixture, Turbo-Brayton cryogenic refrigerator, part-load mode

CueHapun aBapui KpUOreHHOro eMKoCcTHoro obopyposaunusa ana CINr

© | Fopbayes C.M." S_Gorbachev@gwise.vniigaz.gazprom.ru
Kne6nees T.WN.

000 «lasnpom BHUUIA3», n. Pa3sunka, MockoBckasi 06n., 142717, Poccus
2A0 «HMN “Kpuocepsuc’», Mocksa, 105043, Poccus

PaccmarpuBaroTcs aBapuiiHble CUTyalliM B KPHOTEHHBIX pe3epByapax C BaKyyMHO-
MOPOIIKOBOM MJIM BaKyyMHO-MHOT'OCJIOMHON M30JSIUMEN NPU HAPYIIEHUU FE€PMETUYHOCTH
BHYTPEHHETO cocyaa M TpyOornpoBoJoB 00Bs3kH. [loka3aHo, 4To ecnu B pe3epByapax uis
JKUJIKUX TPOIYKTOB PA3[CNCHUS BO3IyXa OCHOBHOW OIACHOCTBIO SIBISIETCSI pa3pylICHHUE
BHYTPEHHET0 COCYZa HM3-3a MOBBIIICHHSI BHEITHETO JaBJICHUS, TO B pe3epByapax i CIIT,
Hapsily C OMACHOCTBIO pa3pyIleHUs] BHYTPEHHETO COCy/1a, UMEET MECTO ONACHOCTh 3araso-
BaHHOCTHU TEPPUTOPHH, 00YCIIOBICHHAs BEIOPOCOM XKHUAKOCTH U3 pe3epByapa B atMocdepy.

KiroueBnle cnoBa: kpuoreHssle pesepByapsl, xpanenue CIII', aBapuiiHbie cutyanuu, pas-
repMeTH3alusl CoCyJ0B

Accident Scenarios of Cryogenic Storage Equipment for LNG

© | Gorbachev S.P." S_Gorbachev@gwise.vniigaz.gazprom.ru
Klebelev T.I.% |_Medvedkov@vniigaz.gazprom.ru

'LLC “Gazprom VNIIGAZ”, v. Razvilka, Moscow region, 142717, Russia
2 JSC «NPP "Cryoservice"», Moscow, 105043, Russia

The report discusses emergencies in cryogenic tanks with vacuum-powder or vacuum-
multilayer insulation in case of violation of the tightness of the inner vessel and pipelines. It
was shown that while in tanks for liquid air separation products the main danger is the de-
struction of the inner vessel due to an increase in external pressure, then in the LNG tanks,
along with the danger of destruction of the inner vessel, there is a danger of gas contamina-
tion due to the release of liquid from the tank into the atmosphere.

Keywords: cryogenic tanks, LNG storage, emergency situations, vessel depressurization
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JKcnepuMmeHTanbHbIe uccneaoBaHuAa nabopatopHon CIIM-ycrtaHoBKy,
paboTarowen No LUKy Ha MHOrOKOMMOHEHTHOM CMeCH XNagareHToB

© | KpotoB A.C. krotov.ax@gmail.com
KonecHukos A.C.
Camoxsanos #.B.
MpoHuH .M.
KysHeuos P.A.

MITY um. H.3. BaymaHa, Mocksa, 105005, Poccus

[IpoBeneH aHaMM3 TEKYIIETO COCTOSHHUSA MaloToHHakHOTO mpou3BonacTBa CIII' B Poccum.
BrimonHeHO cpaBHEHHE pa3IMYHBIX TEXHOJIOTMH MaJoTOHHa)kHOro mpowmspozctsa CIII.
Onucana MaTeMaTHuecKas MOJIETb Ul pacuéTa U ONTUMH3ALUK COCTaBa U PEKUMOB pabo-
Thl ycTaHOBKH. IIpuBeneHa cxema 1abopaToOpHOro CTEHIA IS MCCIIEAO0BaHUs JlabopaTop-
Ho# CIII'-ycraHOBKM, paoTaromiei 1Mo UKy Ha MHOTOKOMIIOHEHTHOM CMeCH XJlaJiareH-
TOB. IIpoBelneHb! HKCHEPUMEHTHI MO BIMSHHUIO PAacXoja U JaBJIEHUS MPOAYKIMOHHOIO
MOTOKA Ha MapaMeTpbl ycTaHOBKU. OmnpenieneHsl yaenbHble U TEPMOJMHAMUYECKHE XapaK-
TEPUCTHKH LIUKIIA.

Kuarwuessie ciioBa: CIII', cmeceBoit X1agareHT, aHainu3 UKIa

Experimental Research of Laboratory-Scale LNG Plant
with Mixed Refrigerant Cycle

© | Krotov A.S. krotov.ax@gmail.com
Kolesnikov A.S.
Samokhvalov Ya.V.
Pronin D.M.
Kuznetsov R.A.

BMSTU, Moscow, 105005, Russia

Small-scale LNG market and production in Russia is observed. Comparison of different
technologies for small-scale natural gas liquefaction is made. Calculation model and opti-
mization method for mixed refrigerant composition and working regimes are given.
Scheme of laboratory-scale LNG plant with mixed refrigerant cycle is provided. Experi-
ments for researching influence of production flow parameters on plant characteristics are
carries out. Specific and thermodynamic parameters of the cycle are calculated.

Keywords: liquefied natural gas, mixed refrigerant, cycle analysis
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Onpe.qenel-me rmgpaBrindeCKuUX notepb B NOPUCTbLIX CTPYKTypax
MeTo4OM YUCINEeHHOro moaennpoBaHusA

© | Kynuk B.B. vikakulik687 @gmail.com
HaBsacapgsH E.C.

MITY nm. H.3. BaymaHa, Mocksa, 105005, Poccus

Co3zaHue MOPUCTBIX CTPYKTYP C 3aJaHHOM WM MPOTHO3UPYEMOH MOPUCTOCTBIO U MPOHU-
AEMOCTBIO — 3aJ1a4a, PEIIEHUE KOTOPOH COMPSIKEHO CErOfAHS C LENIBbIM PSIOM TEXHUYE-
CKHX CIIO)KHOCTeH M ocoOeHHocTell. B Toke Bpems ¢(opmupoBaHne IIeJI0ro psiaa
YCTPOMCTB, NMEIOIIMX B CBOEM COCTaBe IOPUCTHIE CTPYKTYPbHI Pa3iIMYHOTO HA3HAYCHUS,
BKJIFOYasi TEINIOOOMEHHBIE anmaparsl — pereHepaTopsl HEOOXOANMO IPOBOIUTE HA OCHOBE
HOBBIX ITOJXOJI0B, OTKa3aBIINCh OT «CITyYaifHOW» KOMITIOHOBKHM IOPHUCTOM CTPYKTYpPBI U3
M3BECTHBIX MPHMHUTHBOB THIIA CETOK, C(ep, MPOBOJIOKH U COYETAHWH ITHX HNPUMHUTHBOB.
CoBpeMeHHBIE TEXHOJIOTHH MPOESKTUPOBAHMS IIPOCTPAHCTBEHHBIX CTPYKTYP OCOOEHHO pas-
BHUTHI CCrOoAHsA B MCAUIIMHC U I'COJIOTUH, B obnactu KpHOFeHHOﬁ TCXHUKH PA3BUTHUEC JAHHO-
T'0 HaIllpaBJICHUA BBITJIAAUT BECbMa NMEPCIICKTUBHBIM. ﬂaHHaﬂ pa60Ta TMOCBAIICHA U3YUCHUTIO
METOJIOB TPOEKTUPOBAHUS PETyJSIPHBIX W HEPETYJSIPHBIX MOPHUCTHIX CTPYKTYP C LENbIO
pa3pabOTKN COBPEMEHHOI'0 MH)KEHEPHO-HAYYHOTO armnapara, 00beJUHSIOIIET0 METOIUKH
MIPOEKTHUPOBAHUS TOPUCTOM CTPYKTYPHI M INPOBEICHUS YHUCIEHHOTO JKCIEpUMEHTa s
OTIpEJICTICHNS] TAKUX XapaKTEPHUCTHK IOPUCTONH CTPYKTYPHI KaK MOPHCTOCTb, THApaBIIYe-
CKO€ COIPOTHBIICHHE, MPOHUIIAEMOCTb, KOMITAKTHOCTh, @ TAaK)Ke IMOWUCK KOPPENSIHN JUIs
OTIpEJIeTICHNS] aHAIUTHYECKUM CIIOCOO0OM (hakTopa TpPEeHUs! MOPUCTOH CTPYKTYpbl. OCHOB-
HBIM OOBEKTOM HCCIEJOBaHMSA B paboTe SBIAETCS CTPYKTypa MOPHUCTOTO pereHeparopa
MHKPOKPHOT€HHOW Ta30BOW MAIIMHEI MOTHON XOJOJOMpou3BoauTensHOCThIO 0,5 BT mpn
Temneparype oxmaxnaeHus 77 K (6a3zoBas momems Ricor 508). B pabore mpencraBieHbI
pe3yIbTaThl HCCIEIOBAHUH 3aBUCUMOCTH THPABIMYECKOTO COTIPOTUBIICHHS OT THIIA TOPH-
CTOM CTPYKTYpbl, IOPUCTOCTH, HAITPABJICHUS IEUCTBUS MOTOKA, CPEJIbI U JIaBJIICHUS Ha BXO-

JIe B CTPYKTYpY.

KuioueBblie ci10Ba: IOPUCTHIE CTPYKTYPHBI, pereHepaTop, OPUCTast HacaIKa

Determination of Hydraulic Losses in Porous Structures
by Numerical Simulation
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The creation of porous structures with a given or predicted porosity and permeability is a
task whose solution today involves a number of technical difficulties and features. At the
same time, the formation of a number of devices containing porous structures for various
purposes, including heat exchangers — regenerators, it must to be based on new approach-
es, avoiding the “random” composition of the porous structures from known primitives
such as grids, spheres, wire and combinations of these primitives. Modern technologies for
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designing spatial structures in medicine and geology are especially developed today, and in
the field of cryogenic technology the development of this direction looks very promising.
This work is devoted to the study of design methods for regular and non-regular porous
structures in order to develop a modern engineering and scientific apparatus that will com-
bine the methods of designing a porous structure and conducting a numerical experiment to
determine such characteristics of a porous structure as porosity, hydraulic resistance, per-
meability, compactness, and the search for correlations for the analytical determination of
the friction factor of the porous structure. The main object of study is the structure of the
porous regenerator of cryocooler with a total cooling capacity of 0.5 W at a cooling tem-
perature of 77 K (basic model Ricor 508). The paper presents the results of studies of the
dependence of hydraulic resistance on the type of porous structure, porosity, direction of
flow, medium and pressure at the entrance to the structure.

Keywords: porous structures, regenerator, porous nozzle

PaspaboTka komneHcaTopa TeMnepaTypHbIX AecopmMauui
ANsi KPUOreHHOoro renmeBoro Tpyéonpoeoaa
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ITpn pa3zpaboTKe KPHOTEHHBIX TPYOOIPOBOJOB ISl IIEPEBATOYHBIX OIEPAIN C JKHIKUMH
a30TOM H, OCOOEHHO, T'eJIIEM OCHOBHYIO CIIO’KHOCTB IPEJICTABIISACT CO3/IaHNE MPOTHKEHHBIX
YYacTKOB MarucTpayiei, JUIMHHOW Oomee 3M W3-3a HANMMYUS JIMHEWHBIX TEMIIEPATYpPHBIX
nedopmanuii, BEI3BAHHBIX PE3KUM M3MEHEHHEM TEMIIEpaTyphl CTCHKH TPYOKH IPH BO3ZICH-
CTBUU KPUOIEHHBIX Temneparyp. HecMoTpst Ha TO 4TO Beaylue NPOU3BOAUTEIN KPUOTEH-
HOro OOOpYZOBAaHWS MpEAJAraloT LENbIH PsJl Pa3UuHBbIX TEXHUYECKHX pELICHHH W
YCTPOMCTB /1JIsl KOMIIEHCAIIMHM TEeMIIEpaTypHBIX JAedopManuii, Kaxaslii pa3paboTyuK cra-
KHBAETCSI C LEJBIM PSIJIOM KOHCTPYKTHUBHBIX NMPOOJIEM, TaKHX Kak MoJ00p pa3MepoB MO
3a/IaHHYI0 T€OMETPHUIO TPYOOIIPOBO/A, BEICOKAsE CTOMMOCTD, CIIOXKHOCTh B COOpPKE U HCIIbI-
TaHMSAX CTAHJAPTHBIX KOMIEHCATOPOB. B CBsi3n ¢ 3TUM pa3paboTkKa HOBBIX KOHCTPYKILMI
KOMITCHCATOPOB JIMHEHHBIX Je(OopMaluii WM yCTPOMCTB, MO3BOJISIOIINX Ppeal30BaTh
¢yHKIIMM cHIIB(OHA 3a CYET CBOCH I'eOMETpHH, SBISETCS aKTyaJbHOH 3amadeii. B pabote
MIPE/CTaBICHBl KOHCTPYKIHS M Pe3yIbTaThl PacueToOB (MaTeMaTHYECKOTO MO/ICINPOBAHUS)
TETUIOBBIX MTOTOKOB, BEIMYMHBI JIMHEHHBIX Aedopmannii pa3paboTaHHOTO KOMIIEHCATOpA.

KnioueBble cjI0oBa: KPHOTeHHBIH TpyOONPOBOJ, KOMIICHCATOpP, TEIUIOBBIE AedopMarui,
JTUHEWHOE pacIIupeHne, CHib(poH
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Development of a Temperature Strain Compensator
for a Cryogenic Helium Pipeline
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When developing cryogenic pipelines for transporting liquid nitrogen and, especially, heli-
um, the main difficulty is the creation of extended sections of highways longer than 3 m
due to the presence of linear temperature deformations caused by a sharp change in the
temperature of the tube wall under the influence of cryogenic temperatures. Although the
leading manufacturers of cryogenic equipment offer a number of different technical solu-
tions and devices for compensating for temperature deformations, each developer faces a
number of design problems, such as selection of sizes for a given pipeline geometry, high
cost, difficulty in assembling and testing standard expansion joints. Thereby the develop-
ment of new designs of compensators for linear deformations or devices that allow to real-
ize the functions of the bellows due to its geometry is an urgent task. The paper presents the
design and results of calculations (mathematical modeling) of heat fluxes, linear strain val-
ues of the developed compensator.

Keywords: cryogenic pipeline, compensator, thermal deformation, linear expansion, bel-
lows

OcobGeHHOCTU ManoTOHHaXHoro npoussoacTea CIIr
Ha rasopacnpenenuTernibHbIX CTaHLUUAX
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Ha razopacnpenenurensnoit cranimu (I'PC) cxnykeHHBIH TPUPOHBINA raza MPOU3BOIUTCS
3a cueT MCIOJIB30BAHUS INEpernaia JaBJICHUN MeXAy MaruCTpaJbHBIM U paclpeleUuTellb-
HBIM Ta301pOBOJaMU O€3 JOMOJHUTENBLHBIX 3aTpaT ’Hepruu. B pabore paccMaTpuBaeTcs
BiHsiHUE 3P PEKTHBHOCTH paclIMPHUTENBHBIX YCTPOHCTB Ha KauecTBo (cocTas) CIIIT, Bompo-
Chbl OCYIIKHM U OYHCTKH ra3a Iepej CKMKeHueM, a Taxke npousBogcrso CIIIN mpu ce3oH-
HOM M3MEHEeHMH pacxoja rasa uepes ['PC.

KnaioueBble cji0Ba: CKMKEHHBIM MPUPOIHBIA Tra3, OXXIKUTENb, Ta30paclpeeIuTeIbHas
CTaHIHA
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Features of Small-Scale LNG Production at Gas Distribution Station
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At the gas distribution station (GDS) liquefied natural gas is produced at the expense of use
of pressure drops between mainline and distribution pipelines without additional energy
costs. The paper examines the impact of the efficiency of expansive devices on the quality
(composition) of LNG, issues of drying and cleaning gas before liquefaction, LNG produc-
tion at a seasonal change in gas consumption through the GDS.

Keywords: liquefied natural gas, gas distribution station



