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IpubanKeHHbIN MeTO/] pacyeTa BpeMeHH NJIaBJIeHHs
Iyroo0pa3HoOro KpMonpoayKTa B TOPOBO eMKOCTH

© A.B. Tapacosna, I".H. ToBapubix
MI'TY um. H.O. baymana, Mocksa, 105005, Poccus

IIpeonooicers npubIUICEHNBI AHATUMUYECKULE Memoo0 pacuema 6pemMeHu NiaeleHuUs
uy2000pasHo20 KPUONPOOYKMA 6 MOpPOSOU eMKOCIU Npu OpeHaxcHoM xpanenuu. Pac-
CMOMPEHa 3a0a4a 0 HAXOHCOEHUU NOJIONHCEHUsL SPAHUYbL PA30eNd MeNCOY YUCTHOU HCUO-
KOCIbIO U WY2Oll C YUemom Meniosblx HONMOKO8 CO CNOPOHbL CIEHOK U 001ACMU YUCMOU
arcuoxocmu. Tlpunamo, umo ob6racmy uly2u U30MEPMUYHA U UMeen MmemMnepamypy niae-
JleHus meepooll hasvl, epanuya pazoena uyea — NIOCKAs YUCNAS HCUOKOCHb, C80000-
HASL NOBEPXHOCHTb HCUOKOCIU HENOOBUNCHA U UMeem meMnepamypy HACbIeHus npu 3a-
OdanHom Oaenenuu. Temnepamypa 6 obracmu HUCOU HCUOKOCMU pacnpeoeieHa no
aunetinomy 3axony. Ilonyuennvie npubaudxcennvlie COOMHOUWIEHUA NO360NAIOM OYEHUMb
8peMa NAaeieHus uy2o00pasHo20 KpUonpoOykma 6 emkocmu 0e3 0emaibHozo pacyema
memMnepamypHuix noaeu 8 001acmu YUCmou HCUOKOCHU.

Knroueswle cnosa: kpuozennas sHcuoOKoCcms, KpUonpooyKm, OPEHANCHOe XPAHEHUe, HCUO-
KOCMb, utyea, niasieHue, eMKoCcm.

Bce Gonpimuii uHTEpEC B Hallle BpeMs MPEICTaBISIET MHJIOTHPYEMOe
UCCIIe0BaHUE NAIbHETO KOCMOCA.

J1st mpoAOKUTENBHBIX MOJETOB MUCIOIB30BaHUE JKUJIKOTO BOJIOPOJA
M3-3a €r0 HU3KOW MJIOTHOCTH U HU3KOM TEMIIEPaTyphbl KUIICHHS 3aTpyIHH-
TenbHO. {711 yMEHbIIEHUsS MOTEePh KPUOTCHHBIX XUIAKOCTEH HUX Jyulle
COXPAHSTh B IIyrOOOpa3HOM COCTOSIHUH, T. €. B OXJIAXJICHHOM BILIOTH 0
TPOMHOHN ToYkH cocTtosHuM. IIlyrooOpas3HbeIii KPUONPOIYKT MPEaACcTaBIIsgCT
co0o0il XUIKUH TPOAYKT, B cocTtaBe KoToporo conepxkutcs 40...60 %
TBEpJO (a3zbl.

Hcnons3oBanme KpUOMPOIYKTOB B IIIYTOOOPa3HOM COCTOSIHUM 3HAYH-
TEIbHO CHUXKAET 3aTpaThl Ha WX TPAHCHIOPTHUPOBKY U XpaHeHHe. B cBs3u
C ATUM PAacCMOTPEHUE BOIPOCOB OXJAXKICHHS, a TAKXKE XPAHEHUS U
TPAHCMIOPTUPOBKHU KPUOIMPOTYKTOB CTAHOBUTCS aKTyalbHbIM. Pe3ynbrarhl
YUCJICHHOTO PEIICHUS 33/1a4M O IJIABJICHUH IIyTO00Pa3HOr0 KPHUOMPOIYKTa
B LIWJIMHAPUYECKONW eMKOCTH TOKa3aHbl B padorax [1, 2]. Mcnons3oBaHuUIO
MPEABAPUTEIIBHOTO OXJIAKICHUS KUAKOCTEH C IeJIbI0 YMEHBIICHHUS HX
NoTeph NpU XpaHEHUHU MocBslleHa padoTa [3]. MeTonuka pacuera moso-
JKEHUS TMOJBIKHOM T'paHUIBl C YYETOM IUIaBIEHUS TBepAoH (as3wl mpen-
cTaBieHa B paborax [4-8].

B pa6ote [9] onucan nmpubOIMKEHHBIH pacdeT HIyrooOpa3sHoOro KpHo-
MpOAYKTa B chepuueckoil eMKOCTH.

B nanHO# cTaThe MoMyuYeHBI MPUOIMKEHHBIE (POPMYIIBI sl Ompese-
JICHUsI BPEMEHM IUIABJICHUS HIYTrOOOpa3HOIro KPHUOIPOIYKTa B TOPOBOM
€MKOCTH.
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[Ilyra paccMarpuBaeTcsi Kak KBa3kuakas cpena. [lnmasienune mpouc-
XOJIMT TIOJT ICHCTBHEM TEIUIOBBIX MOTOKOB, KOTOPHIE MOCTYMAOT K €MKO-
CTH KaK CO CTOPOHBI TBEPIBIX CTCHOK, HMCIOIIUX KOHTAKT C IIYTOW, Tak
U CBEPXY, CO CTOPOHBI YHCTOM XHUIKOCTU. [Ipr 3TOM MpUHUMAaeTCs Tpe-
HOJIOKEHHE O TOM, 4YTO TeMIIepaTypa B 00JacTé 4yucToi xuakoctu G,
pacmpeseliecHa B BEPTHUKAIHHOM HAIPABJICHUW MO JIMHEHHOMY 3aKOHY
(puc. 1). Temneparypa mensetcs oT 7,,, — TeMIepaTypbl HACBIIIEHHBIX
HapoB (TeMIepaTypa rpaHuLbl pa3fesna KUIAKOCTs — map) 1o 1, — TeM-
neparypsl IUaBieHus TBepaod ¢assl. B obmactu G; Haxomgurcs map, a
B oOnactu G; — myra. ['panuna paszaena uryra — o01acTb YUCTON KUJ-
KOCTH XapakTepu3yeTcs HAdalbHOM &, M Tekymedl & KOoOpOWHATOH,
a Taroke yriiom 3. [lommaas moBepXHOCTH pasjena MexIy IIyroi u odma-
CTBbIO YHMCTOM KMIKOCTH 0OO3HadeHa uepe3 S,. ['eomerpuyeckue mapa-

MCTPBI TOPA 3a/laHbl C IOMOLIbIO PAAUYCOB ¥ U R.
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Puc. 1. [Tmapnenne nryru B TOPOBOH €MKOCTH

Bbanancuoe ycnoBue Credana s MIyr, YaCTHYHO 3aMOTHSIONIEH TO-
POBYIO MOJIOCTh, UMEET BU/T

. —-T
Hac I —
qS6+}\’)K—S)K dt = o Prs (PdV’ (1)
%0
rne g — y,Z[eHBHLII\/’I TEIIOBOM IIOTOK; S6 — IJiomanab IMOBCPXHOCTH,
MMEIOIIeH KOHTAKT C IIYrod; A, — TEIIONPOBOTHOCTD KUIKOH (ha3bl;

t — Bpems; L, — TemIoTa IIaBJIEHUs; P, — IUIOTHOCTh TBEPAOH (a-
3bl; () — KOHLEHTpauus TBepaoi (aswl B miyre; dV — 31eMeHTapHBIN
00BEM, B KOTOPOM ITPOMCXOUT IJIABJIEHUE LIYTH.
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B cooTBeTcTBUM C puc. 1 3ammmmem TCOMETPHUICCKUC COOTHOLICHUA:
AE =rdp, ZAOB=LOAD=B, LOAE~90,
AD = AE sin ZAED = AE sin =rsinBdp =dEg,
Ss = 4nR(n—B)r, S, =4nRrsinf,
dV =S, d&é=4nRr*sin’ B dp.

[Moxcrapnsist aTu cooTHomIeHus B (1), momydaem

T..—T .
(q4nR(n—B)r+kmM4nRrsmB]dt=
0

@-47R r* sin? Bdp.

= 1 pTB

[locne cokpaieHus JIEBOM M IIPaBOM YaCTH JAHHOTO YpaBHEHHUS Ha
001mnii MHOXUTEND 4TTR ¥ nMeeM

[q(n—B)—i—kmM sinBjdt =L P, rsin’Bdp.
0
Beipasum koopauHatsl & u &, uepes yroia f3:
E=r—rcosp=r(l-cosf),
&y =r—rcosPy=r(1-cosp),
&—& =r(cosp, —cosP).
Torma

THac_Tnn . _ 202
[q(n—ﬁ)m (cospy—cosp) smBjdt—Lm P @ rsin’ BdB.  (2)

[IpuBenem ypaBaernue (2) k 6e3pa3MepHOMY BHILY:

6(n—B)+LﬂB dFo =Ko sin® Bdp, (3)
cosfB, —cosP
rae q = qr — 0Oe3pa3MepHBIii TeIIoBoN MOTOK; Fo = ath —
7“)1( (THaC_THJI) r
L
gucio Dypre; Ko= 1P P — gmcno  Koccouua

cpmpm (THac - Tnn)
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(a = Ayl (c

TETTIOEMKOCTb KHUIKON (asbl; P, — INIOTHOCTb KUIKON (asbl).

) — TeMIepaTypoNpOBOIHOCTh XKUAKOW (a3wl; ¢, —

p)Kp)l( P

N3 ypaBHeHus (3) MOKHO BBIpa3UTh YHCIIO Dyphe:

B - -1
_ N sinf3
Fo—Koé[)sm B[g (n B)+—cos[30—cos[3} dp. 4)

Yucno @ypre MOKHO TaKKe CBSI3aTh C BEPTHUKAIBHONW KOOPAUHATON &.
3anwuiieM ypaBHeHue (2) B BUIE

[q(n—B)r+kmMrsinBjdt =L P, rsinpde.
0

[Tocne npuBenenus k 6e3pazMepHOMY BULY HOTy4aeM

[q(?_ﬁ)+_ L deo:KO dE,
sin B £-¢&

Beipasum yron p uepes &:

Bzarccos(l—g), sinp =+/1—cos” B :1/1—(1—5)2 =2E—E°.

Torna

c?(n—arccos(l—g))Jr_ 1_ dFo = Ko dE.

28 —E? £-&

Pemas orHocurensHo Fo, monyuaem

o[ T

2 V2E-E° 5%

Ilonnoe épems naaénenus NIyru ONpenenseTca u3 ypasHeHus (4) npu
3HAYCHWW BEPXHETO Mpejesia MHTETPUPOBAaHUS [3 =T WIM U3 ypaBHEHUS

(5) mpu 3HaYeHNN BEpXHETO Npezesia HHTeTpupoBanus & =2.
Beipasum texyuuii 00beM V, 3aHMMaeMsblii n1yroil. B coorsercreuu
C pHC. 2 MOXKEM 3amucaTh

2
Vm=2TCRSAEBC=ZTER(TCI” _SOADB +SOAEB)=
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=275R(7tr2 —Br+r? sinBcosB)=2n1’€r2 (m—PB+sinPcosp),

Ui

V., =2nRr* (n—arccos(l—E)+(1—E)«/2€—Ez )
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Puc. 2. TopoBasi eMKOCTb, YACTUYHO 3aIIOJIHEHHAS IIyTOH

OTHomIeHWE TeKyIero o0beMa, 3aHMMAaEeMOro IIyroi, K IepBOHa-
YanbHOMY 00BEMY HUMEET BUJI

7o Viu _ m—B+sinBcosf

1

"oV, m—B,+sinB,cosP,’

7 TE—arCCOS(l—E)+(1—E)x,2€—€2

= . (6)

B n—arccos(l—EO)Jr(l—Eo)\/220 —Eg

Ecin HpeH66pe‘-IL TCIUIOBBIM IMMOTOKOM, IMOCTYIAOIIHUM K IIYyre Co CTo-
POHBI YHCTOM KUAKOCTH, TO BMECTO ypaBHEeHUH (4) 1 (5) MOKHO 3amucarh

nJIn

sin” B
Fo= Kj O B)dB
Fo:Koji_ '22_22 —__dE.
% q (n—arccos(l—i))

PesynbraTel pacueroB npeacraBieHbl Ha puc. 3. ba3oBwlii BapuaHT
COOTBETCTBYET CJIEAYIOIIMM 3HAYEHHMSIM OCHOBHBIX IapaMeTpoB: ¢ =1;

Ko=0,5;§,=0,5.
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Puc. 3. 3aBHUCHMOCTH MTOJIHOTO BPEMEHH IIIaBICHUS
OT OCHOBHBIX ITaPAMETPOB!

1 n 2 — 3aBucumoctu Fo, = f(g) COOTBETCTBEHHO C y4eTOM H
0e3 ydeTa TemIoBOro MOTOKA CO CTOPOHBI YUCTOW >KUAKOCTH; 3 —

sapucumocth Fo = f(Ko); 4 — 3aucumocts Fo = f (E))

®dopma KpUBBIX 3aBHCHMOCTH TMOJIOKESHHSI TPAHUIIBI pa3zenia myra —
00J1aCTh YMCTOM XKHUAKOCTH &, ompenernseMas 1Mo ypaBHeHuIo (5), U 3aBH-
CHMOCTH OTHOCHUTEJIBHOIO 00BbEMa, 3aHMMAeMoro IIyrou V, , ompenens-

eMoro 1o ypaBHeHHIO (6), oT yucia Dypbe I Pa3TUIHBIX 3HAYCHHUMA
TEIJIOBOr0O MoToka ¢, uncia KoccoBuua Ko M Ha4yanmbHOTrO MOJOKEHUS

rpaHuLBl &, aHAJIOrM4YHA MPEJCTaBIEeHHbIM B pabote [1] rpadukam ams

chepruecKoit eMKOCTH.

AHaHI/ISI/Ip}UI 3aBUCMUMOCTHU IIOJJHOT'O BPEMCHHU IUIABJICHUSA LIYTH OT
OCHOBHBIX MapaMeTpoB (CM. pHC. 3), MOXKHO OTMETHUTb, UTO PACXOXKICHHE
Mexay KpuBbiMU [ 1 2 ipu g =1 nocturaet 88 %, a mpu g =10 — menee

10 %. Kpuas 3 mokaselBaeT nuHelHyro 3aBucumocts Fo_ . = f(Ko).
KpuBas 4, orpaxaromas 3asucumoctb Fo_ = f(§,), B namanasone
0,25< &, <1,6 Takxe OaM3Ka K TMHEHHOM.

Pe3ynbTathl, mpencTaBieHHbIE HA PHUC. 3, CBUICTEIHCTBYIOT O TOM,
YTO BpeMsl IUIABJICHHS HIYyrooOpa3HOTO KPUOIPOAYKTa CYIIECTBEHHO 3a-

6
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BUCUT OT mapamerpoB ¢, Ko, &,. IlomydeHHsle npuONMIKeHHBIC HHTE-

rpajgbHble COOTHOIIEHUS TMO3BOJSIOT OLIEHUTh BpeMsl IJIABICHUS KpPHUO-
IPOAYKTOB B IIYrOOOPa3HOM COCTOSSHUM B TOPOBOM €MKOCTH O€3 BBIYMC-
JICHUsT TEMIEPAaTypPHBIX TMOJeH B 00JACTH YHUCTON JKUAKOCTH. JlaHHBIE
PE3YyJIbTaTbl MOKHO HCIIOJIb30BaTh Ha HavaJIbHOU CTaguu MNpPOCKTHPOBA-
HUSl CUCTEM JOJITOBPEMEHHOI'O XpaHEHUsI KPUOTEHHBIX KOMIIOHEHTOB TOI-
nuBa. B panpHelneM miaHupyeTcsl pa3paboraTh 00jee TOYHYI0 MaTeMa-
TUYECKYI0 MOJENb IPOLECCOB, MPOTEKAIOMIMX B EMKOCTH, YacCTHYHO
3aMoJIHEHHON 1IYyrooOpa3sHbIM KPUOMPOIYKTOM, U MOATOTOBUTH MPEIO-
JKEHUS Ui TPOEKTUPOBAaHUS OPOUTATBHOTO XPAHWIUIIA KPHOTCHHBIX
KOMITOHCHTOB TOIlJIMBA.
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Approximate method of calculating a slush-like cryogenic
product melting in a torus container

© A.V. Tarasova, G.N. Tovarnykh

Bauman Moscow State Technical University, Moscow, 105005, Russia

The research proposes an approximate analytical method for calculating the melting time
of a slush-like cryogenic product in a torus container when drain storing. We examine
the problem of finding the position of the interface between the pure liquid region and the
slush with an allowance for the heat flow from the walls and the area of pure liquid. We
accept the following parameters: the area of slush is isothermal and has a melting point
of the solid phase, the interface slush is pure liquid, a flat free surface of the liquid is sta-
tionary and has a saturation temperature at a given pressure. The temperature in the ar-
ea of pure liquid is linearly distributed. The approximate relations obtained allow us to
evaluate the melting time of a slush-like cryogenic product in the container without a de-
tailed calculation of the temperature fields in the pure liquid.

Keywords: cryogenic liquid, cryogenic product, drain storage, liquid, slush, melting,
container.

REFERENCES

[11 Tovarnykh G.N. Inzhenernyy zhurnal: nauka i innovatsii — Engineering
Journal: Science and Innovation, 2013, no. 7 (19). Available at: http:/
engjournal.ru/articles/861/861.pdf

[2] Tovarnykh G.N. Inzhenernyy vestnik — Engineering bullitin, 2014, no. 10.
Available at: http://engbul.bmstu.ru/doc/738604.html

[3] Aleksandrov A.A., Denisov O.E., Zolin A.V., Chugunkov V.V. Izvestiya vuzov.
Mashinostroenie — Proceedings of Higher Educational Institutions. Machine
Building, 2013, no. 4, pp. 24-29.

[4] Tovarnykh G.N. Inzhenernyy vestnik — Engineering Bullitin, 2014, no. 11.
Available at: http://engbul.bmstu.ru/doc/738625.html

[5] Kuvyrkin G.N., Lomokhova A.V. Izvestiya vuzov. Ser. Mashinostroenie -
Proceedings of Higher Educational Institutions. Machine Building, 2007, no. 4,
pp. 37-44.

[6] Krylov D.A., Sidnyaev N.I. Metod rascheta massovoy kristallizatsii
mnogofaznykh reologicheskikh sred [Method of calculating the mass
crystallization of multiphase rheological medial. Materialy Chetvertoy
konferentsii  geokriologov  Rossii, Moskva, 7-9 iyunya 2011, MGU
im. M.V. Lomonosova, t. 1. Chast 1: Fiziko-khimiya, teplofizika i mekhanika
merzlykh porod [Proceedings of the Fourth Conference of Russian
geocryologists, Moscow, 7-9 June 2011, Lomonosov MSU, vol. 1. Part 1:
Physical chemistry, thermal physics and mechanics of frozen soils]. Moscow,
University Book Publ., 2011, pp. 129-136.

[71 Krylov D.A. Nauka i obrazovanie. Elektronnyy zhurnal — Science and
Education.  Electronic  Journal, 2012, no. 4. Available at: http:/
technomag.edu.ru/doc/354740.html

[8] Parfentieva N.A., Samarin O.D. Stroitelnye materialy, oborudovanie,
tekhnologii XXI — Construction materials, equipment, technologies of the XXI,
2002, no. 11, pp. 46-47.




A.B. Tapacosa, I'.H. Tosapubix

[9] Tarasova A.V., Tovarnykh G.N. Inzhenernyy zhurnal: nauka i innovatsii —
Engineering Journal: Science and Innovation, 2015, no. 4 (40). Available at:
http://engjournal.ru/catalog/arse/itae/1394.html

Tarasova A.V. (b.1994), a student of the Spacecraft and Launch Vehicles Department at
Bauman Moscow State Technical University, an engineer of the Research Institute "Spe-
cial machinery" at BMSTU, an engineer of Research and Production Center "Special
equipment”" at BMSTU, takes an active part in the work of "Youth Space Center" at
BMSTU. Research interests are liquid and gas mechanics, heat and mass transfer.
e-mail: madam.amazonka83@yandex.ru.

Tovarnykh G.N. (b.1946) graduated from Bauman Moscow Higher Technical School in
1970. Cand. Sci. (Eng.), Assoc. Professor of the Spacecrafts and Launch Vehicles De-
partment at Bauman Moscow State Technical University.Author of more than 25 publica-
tions in the field of liquid and gas mechanics, heat and mass transfer.

e-mail: tovarnjx@yandex.ru.

10




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: cut top edge by 76.54 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     802
     560
     None
     Down
     2.8346
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Smaller
     76.5354
     Top
      

        
     QITE_QuiteImposing2
     Quite Imposing 2 2.0
     Quite Imposing 2
     1
      

        
     0
     10
     9
     10
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: cut bottom edge by 76.54 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     802
     560
     None
     Down
     2.8346
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Smaller
     76.5354
     Bottom
      

        
     QITE_QuiteImposing2
     Quite Imposing 2 2.0
     Quite Imposing 2
     1
      

        
     0
     10
     9
     10
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: cut left edge by 96.38 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     802
     560
     None
     Down
     2.8346
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Smaller
     96.3780
     Left
      

        
     QITE_QuiteImposing2
     Quite Imposing 2 2.0
     Quite Imposing 2
     1
      

        
     0
     10
     9
     10
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: cut right edge by 96.38 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     802
     560
    
     None
     Down
     2.8346
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Smaller
     96.3780
     Right
      

        
     QITE_QuiteImposing2
     Quite Imposing 2 2.0
     Quite Imposing 2
     1
      

        
     0
     10
     9
     10
      

   1
  

 HistoryList_V1
 qi2base



