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OCOBEHHOCTHU U3MEHEHHUS TENJIO®PU3UYECKUX CBOMCTB CBEPXKPUTHYECKOM
BO/JbI ITPU TEYEHHH B KPYTI'JIbIX OBOI'PEBAEMbIX TPYBAX

Jlia mporiecca TeYeHUS] CBEPXKPUTHUYECKOM BOABI B 000rpeBacMOM KaHaJIe IPOBEACHBI UCCIENOBAHMS 0COOCHHOCTEH
MIPOCTPAHCTBEHHOTO paclpe/esieHus (PU3UIECKHX CBOWCTB BOJBI, OOYCIIOBIEHHBIX MX CYIIECTBEHHOH TeMIlepaTypHOH 3a-
BHCHMOCTBIO, XapaKTepHOH IS CBEPXKPUTHIECKUX Cpell B 001acTH IiceBao¢a3oBoro rnepexona. Ha ocHoBe KOMIBbIOTEPHO-
T'O MOJISTIMPOBAHMS PEIleHa 3a/]ada TeIIOMacCOepeHoca B BEPTUKAIBHOM KpyTJIoi TpyOe IpH BOCXOAAIIEM JABHXKCHUH B
Hel BOZIBI CBEPXKPUTHYECKHUX IapaMeTpoB. [loka3aHo, 4To XapakTep pacHpeieseHHs] CBOMCTB TEIIIOHOCHUTEIIS B TPYOE BO
MHOTOM OIpEJEIISIeTCsl IBIDKEHNEM B HeW ()poHTa ICeBAO(A30BOr0 INepexosa. BEINOIHEH aHannu3 BIMSHHUS BEIWYUHBI
IUTOTHOCTH TIO/IBOIMMOT'O K CTEHKE TPYOBI TEIIOBOTO IMIOTOKA Ha IOJIOKEHUE I'PaHMI] Havala U KOHIA 30HBI IICeB10(a30Bo-
IO IIepexo/ia ¥ Ha CBA3aHHBIE C ’TUM OCOOCHHOCTH ITPOCTPAHCTBEHHOTO M3MEHEHUsI (PU3MIECKUX CBONHCTB TEINIOHOCHTEIIS.
[Mpusenens pesyabratel CFD MonenupoBaHus MO pacrpeneiIeHHI0 BAOIb 000rpeBaeMOM JIMHBI TPYObl TAaKUX CBOWCTB
CBEPXKPUTHUYECKOM BOJIBI, KaK IFIOTHOCTh, TMHAMHYECKAS BSI3KOCTb, KOI((GHUIMEHT TEIIONPOBOAHOCTH M YIEIbHasl TEIIO-
€MKOCTb. BEITIOTHEHO comocTaBiIeHne 0COOCHHOCTEN pacrpeiesieHUs] YKa3aHHBIX CBOMCTB, PACCUMTAHHBIX 110 TEMIIEpaType
Ha CTEHKe TpyOHl M Ha ee ocH. IIpoBeneHBl MCCIEOBaHMS XapaKTepa N3MEHEHHs YEIbHOM TEIIOEMKOCTH IO Pajnycy
TpyOBI M IPOAHAIM3UPOBAHO BIIMSHUE YPOBHS HOABOANMOIrO TEIIOBOTO IIOTOKA HA MOJIOKEHHE MaKCUMyMa TEIIOEMKOCTH
B PA3JINYHBIX MONEPEUHBIX CEUCHUSAX KaHAJIA.

Kniouesvie cnosa: Bona CBEpXKPHUTHYECKUX I1APaMETPOB; TEILIOMACCOIEPEHOC; KOMIIBIOTEPHOE MOJCIHPOBAHKC; 1ICeBI0(A30-

BBIH IIEpexo/.

2006). Takoit nepexon TpeOyeT pemIeHUs psiia CIOKHBIX
3aja4, CpeAr KOTOPHIX B TEILIOPHU3MIECKOM IIaHE MOXKHO

Beenenne. TemnnosHepreTHka pa3BUTBIX CTpaH MHUpa B
HacTosIIee BpeMs 0a3upyeTcst Ha YPHEPTO0JIOKaX CBEPXKPH-

TUYECKOTO JABJIECHUs, YTO O0YCIIOBIICHO B IIEPBYIO OYEpElh
X BBICOKOM TenaoBOoH 3(QEeKTUBHOCTHIO. TepMHUYecKuii
K.ILJ. TaKUX SHEepProOJOKOB MOXKET CYLIECTBEHHO — Oollee
yeM Ha 10 % — mpeBbIaTh K.I1.JA. TEIUIOBBIX 3JIEKTPOCTAaH-
LUHA ¢ JOKPUTHYECKUMU TapaMeTpamMu. B aTomHON sHepre-
TUKE OIMH N3 NEPCIEKTUBHBIX ITyTEH Pa3BUTHS TaKXKe CBS-
3aH C MIEPEX0/IOM Ha CBEPXKPUTHYECKHE ITapaMeTphl, B Jac-
THOCTH, C pa3pabOTKOH BOJOOXJIaKIaeMbIX PEaKTOPOB YeT-
Beproro nokoJyenus (Zvorykin et al., 2017, Gabaraev et al.,

IHpopmauis npo aBTopiBs:

BBIJICIUTH 33/1a9y TEIIOMACCOIEPEHOCa MPH BOCXOISAIIEM
TEUCHUHU CBEPXKPUTHUYCCKOW BOIBI B 00OIpPEBACMBIX KaHa-
nmax (Zvorykin et al., 2016; Fialko et al., 2016; Fialko et al.,
2016; Agranat et al., 2015).

OcOOCHHOCTH TUAPOIUHAMHUKA W TEIUIOOOMEHA TIpH
CBEPXKPUTUICCKUX TapaMeTpax, Kak U3BECTHO, B OOIBIIION
Mepe CBSI3aHBI C CYIICCTBEHHOW W CBOCOOpa3HON 3aBUCH-
MOCTBIO (PH3UUYECKUX CBOMCTB TEIJIOHOCHUTEIS OT TeMIIepa-
Typsl (Zvorykin et al., 2017; Fialko et al., 2018).
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ean padoThl — U3yueHNE BINSHNS TEMIIEpaTypHOU 3a-
BHCHMOCTH (PH3UUECKHUX CBOMCTB CBEPXKPUTHYECKON BOIBI
Ha WX IMPOCTPAHCTBEHHOE (110 paanycy W JUIMHE TPYyOBI)
pacripezielieHle B KaHale, 4To SBISIETCS BayKHOW MH(pOpMa-
LUeH I aHajn3a TEMIEPaTypHOTO PeXuMa HCCIIeTyeMOH
CUCTEMBI.

IMocranoBka 3amauym. PaccmartpuBanack ocecHMMeT-
pHUYHAs 3a7a4da THAPOJMHAMHUKH U TEIIONEepeHoca B BEPTH-
KaJbHO PACHOJIOKEHHON KpPYIJIOH TpyOe NMpH MOIbEMHOM
TEUEHUN CBEPXKPUTHYECKOW BOJBI. BHyTpeHHMI nuamerp
TpyOsr — 10 MM, anuHa oOorpeBaeMoit 4yacTu TpyOsl — 4 M,
MaccoBasi CKOpocTh BOAbl — 1000 kr/(M*-c), Temmeparypa
BOJIBI Ha BXoJe — 342 °C, nasnenne — 24 MIla. Ipu pacue-
Tax NMPUHUMAINCH Pa3Hble 3HAUYEHHS IUIOTHOCTH ITOJBOMIM-
MOr0O TEIUIOBOrO MOTOKa: ¢ = 392 kBr/m> (Bapmant 1) u
g =826 kBr/M> (Bapmant 2). MccnenoBanue IpOBOIMIOCH
Ha ocHoBe CFD-mozenupoBanus ¢ ncrnonszoBanueM Fluent
Kozma. Pacdersl BBITONHAJINCH HAa HEPAaBHOMEPHOW CETKe
120%520 staeex. Jlerann mMOCTAaHOBKH 3a/1a4dl OCOOCHHOCTH
MonenupoBanus m3noxkeHsl B (Fialko et al., 2016; Fialko et
al., 2017).

N3no:xeHne OCHOBHOrO MaTtepuaJia. Xapakrep pac-
npeaeneHus (PU3NUECKUX CBOWCTB CBEPXKPHUTHYECKOH BO-
JI6l B 000rpeBacMoM KaHaile B OOJbBIION Mepe 00ycIoBIeH
JIBIDKCHHNEM B HeM (pOHTa IceBA0(a30BOro Mepexoa, OI-
penensiemoro msorepmoil 7= T,. (rne T, — Temneparypa
riceB10(ha30Boro Mepexo/a, COOTBETCTBYIONIAs MAaKCUMYMY
TEIUIOEMKOCTH IIpY JaHHOM fasiienun). Ha puc. 1 mist pac-
CMaTpHBaeMbIX BapHaHTOB pacuera IOKa3aHO ITOJIOKECHHUE
(pOHTOB HaYa]a W KOHIA ICEBA0(A30BOT0 MEpexo/ia, OTBe-
yaromux 30He £25°C Bokpyr Temuepatypst .. Kak cieny-
€T W3 TOJIYYCHHBIX JaHHBIX, IIPA OTHOCHUTEIHHO HEOOIb-
IIOH TUIOTHOCTH HOJBOANMOTIO TEIIOBOT'O MOTOKA (BapHaHT
1, cM. puc. 1, a) moYTH BO BCel paccMaTpuBaeMoi 00JacTy,
32 UCKITIOUYEHHUEM Y3KMX 30H, IPHJICTAIONINX K CTEHKE U BbI-
XOTHOMY CEYEHHIO TpYOBI, TeMIleparypa TEIIOHOCHUTEIS
ke T

B aT0i1 0051acTH TEIIIOHOCHUTENh HAXOAWUTCS B TICEBIO-
XKHIKOM COCTOSIHMM, M XapakTep MoBeeHHs ero ¢usndec-
KHX CBOMCTB OCTaeTCs TAaKUM XK€, KaK JUISl KHIKOCTEH MpH

JOKPUTHYECKHX ITapaMeTpax: B YAaCTHOCTU C POCTOM TEM-
TepaTypsl CHHXKAETCS €ro IUIOTHOCTh P W JAWHAMHYECKas
BS3KOCTH L. IMEHHO ¢ 9THM CBSI3aHO YMEHBIICHHE 110 [UTH-
He TpyOBl 3HAYEHUH IIOTHOCTH M BS3KOCTH Ha €€ OCH, MO-
KazaHHoe Ha puc. 2, 3. OqHako BOJU3HM BBIXOIHOTO CEYCHUS
(x=xjL =385 M) TeMIepaTypa Jaxe Ha OCH TPYObl JOCTH-

raeT ICEBIOKPHTHYCCKOTO 3HAYCHHS, 4YTO INPUBOIHUT K
9KCTPEMAJIBHOMY MU3MEHEHHIO B OTOH 30HE TEIIOEMKOCTH
(cM. puc. 2) U TemI0NpOBOHOCTH (CM. pHC. 3).

Puc. 1. [Tonoxenne GppoHTOB Hauasa 1 KOHIIA IIceBn0(a3oBoro me-
pexojia, OTBeYAoIIUX 30He * 25 °C BOKPYT TEMIIEpaTyphl [ICEBI0-
¢aszoporo nepexona Ty, 171 paccCMaTpUBAEMbIX BAPUAHTOB pacye-
TOB: a) BapuaHT 1; 6) BapuanT 2
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[ToBenenne (pU3NIECKUX CBOMCTB TEIUIOHOCUTENS BOJIH-
3M CTEHKH TPYOBI CYIIECTBEHHO OTJIMYACTCS OT Xapakrepa
MX U3MEHEHHMS BAOJIb OCH TPYOBI, XOTsl 1 00yCJIOBJICHO aHa-
JIOTMYHBIMHU NpHYuHaMu. TemrepaTypa CTEHKH TpyObI 10c-
TUTAET BEIWYMHEI T, NPU CYIIECTBEHHO MEHBIIMX 3HAYe-
HUSIX IPOJONBHOM KOOpAUHATHI ( x = x). = 0,86 M). B cBsi3u

C 3TUM MMEHHO 371€Ch HAOJI0IAI0TCS MAaKCUMYMBI TEIUIOEM-
KOCTH M TEIUIONPOBOJHOCTH (CM. PHC. 2, 3) U MOSBISIOTCS
TOYKH TIepernda Ha JIMHHUAX W3MEHEHHs IUIOTHOCTH U BSI3-
KOCTH, 00YCJIOBJICHHBIC PE3KMM YMEHBIIEHHEM X BEIUYUH
B obsactu rniceBodazosoro nepexozaa. Cieayer OTMETHTb,

YTO BHHU3 IO HOTOKY OT CCUCHUA XZXZ/C BCC YKa3aHHLIC

CBOMCTBa (paccuMTaHHBIC II0 3HAYCHUSAM TEMIIEPATyphI
CTEHKH) U3MEHSIOTCS HE3HAUNTEIHHO.

Ilpn nmocTaTo4HO BBICOKOM IUIOTHOCTH IIO/IBOIMMOTIO
TEIIOBOTO MOTOKA (BapuaHT 2, cM. puc. 1, 6) odinacTs Mex-
Jly TpaHHWIEH Hadajla ¥ KOHIIA ICceBAO(Aa30BOro Iepexosa
OXBATBIBAIOT MOYTH BCIO JUIMHY TpyOsI. [lonoxenue ¢pon-
Ta 1ceBA0(A30BOT0 Mepexoia BOIM3N ocH TPyOBI CMeIIaeT-
csl 10 ee JJIMHE OT KOoHIa TpyOs! (st BapuaHra 1) npumep-
HO K ee cepeaune (Juist BapuaHTta 2). COOTBETCTBEHHO CMe-
IIAIOTCS U TOJIOKEHHUS MaKCHMYMOB TEIUIOEMKOCTH W TEl-
JIOIPOBO/IHOCTH, PAcCCUMTAHHBIE MO TEMIepaType Ha OCH
TpyOBl (puc. 4, 5). Kak moka3amu pe3yinbTaThl pacyeToB,
JUIS BapHuaHTa 2 TeMIepaTrypa CTEHKH JIOCTHIaeT BEIMYHUHBI
T, B HEMOCPEICTBEHHOH OIM30CTH OT BXOJa B 00OrpeBa-
€MBIi yJacTOK TpYOBI, B CBSA3U C 4eM (pH3MUYECKUE CBOHCTBA
TEIUIOHOCHUTEIS, PAaCCUMTAHHBIC 110 TEMIIEpaType CTCHKH,
WCTIBITHIBAIOT IMEHHO B 3TOH 30HE pe3KUe M3MEHEHUs], a Ha
OCTAJILHOW 4acTH TPYOBI M3MEHSIOTCSI HE3HAYUTEIBHO (CM.
puc. 4, 5). Cremyer TakkKe OTMETUTh, YTO B BBIXOJTHOM Yac-
TH TPyObl TEIIOHOCHTENb HAXOIUTCS B IICEBJOTa30BOM
COCTOSTHMM, O 4YeM CBHUJETEIbCTBYET HaOiiofaemasi 37ech
TEHJICHIUSI K POCTY AWHAMHYECKON BSI3KOCTH (CM. pHC. 5),
XapakTepHast ISl Ta30B IPH YBEIWICHUH TEMIIEPaTypHI.

Ha puc. 6 B xauecTBe npuMepa U3MEHEHUs (PU3NIECKUX
CBOMCTB TEIJIOHOCHUTEJISI 0 CEYEHHIO TPYOBI IPHUBEICHO
pacrpejiesieHue yeIbHOH TEMJIOEMKOCTH €, MO DPaguycy
TpYOBI JU1s1 IBYX PacCMaTpUBAEMBIX 3HAUECHHUH TEILIONO/BO-
Ja. Kak BHIHO, NOJIOKEHHE MAaKCUMYyMa C, B TONEPEUHOM
CeUeHNH TPYOBI CYIIECTBEHHO 3aBHCHT OT ypPOBHS IIO/BO-
JIMMOTO TETUIOBOTO NMOTOKA. Tak, mpu HeOOIbIION ero Beu-

yuHe (BapuaHT 1, cM. puc. 6, a) IKCTPEMYM TEIIOEMKOCTH
MOYTH Ha Beell JutnHe TpyObl, X < 3 M, PacCIIONIOKEeH BOIU3U
CTEHKHU U JIMIIb HAa BBIXOJHOM Y4acTKE TPYOBI MOJIOKECHHUE
MaKCHMyMa ¢, CMeIaercs K ocH TpyOsl. [Ipu mocratouno
OOJIBIIION MJIOTHOCTH MOIBOIIMOr0 TEILJIOBOIO MMOTOKA Kap-
THHA HMHas: BONM3H CTEHKH MaKCHMYM C, HUMEET MECTO
JHIIb HA HaYaJbHOM y4acTke, X < 1 M, 3aTeM C POCTOM X
MAaKCHMyM CMEMIAETCS K OCU TPYObl W MpH JajibHEHIeM
YBEJIUUCHUU TPOIOJILHON KOOPJAMHATHI COXPAHSET 3TO MO-
JIOXKEHHE, CYUIECTBEHHO YMEHBIIASACHh MO BEIUYUHE (CM.
puc. 6, 6).

Puc. 6. PactipenencHue yaenbHON TEIIIOEMKOCTH 10 PafnuyCy TPY-
OBl Ha Pa3IMYHOM PACCTOSIHUM OT BXOJ]a B 000rpeBaeMbIi yJacTOK
JUTSL pacCMaTpHUBaeMbIX BAPUAHTOB PAcueToB: a) BapUaHT 1;

0) BapuaHT 2

BoiBoabl. B 3akmodeHne OTMETHM, YTO OITMCAHHBIN
BBILIE CJIOXHBIM XapakTep MPOCTPAHCTBEHHOrO paclipejie-
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TMeHus (DU3WYCCKUX CBOMCTB TEIUIOHOCHTENS B 00JIACTH
rceB10(ha3oBOro Tepexoa MPUBOAUT K BO3HHKHOBCHHUIO
TaKWX SBJICHUH, KaK CYIICCTBCHHOEC YCKOPEHHUE IMOTOKA, Tie-
PEMEHHOCTh CHJI TUTABYYECTH, IIEPECTPOiKa mpoduiiei cKo-
POCTH U KacaTeIbHBIX HANPSHKCHUH, KOTOPHIC OKAa3BIBAIOT
3HAYHUTEILHOE BIUSHUE HA WHTCHCUBHOCTH TYPOYJICHTHOTO
MIEPEHOCa W ONPEICISIIOT 0COOCHHOCTH TEIIOOOMEHA B Ka-
HaJIC ¥ €T0 TEMIIEPATyPHBIH PEXKUM.
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Jliist mponiecy Tedil HAAKPUTHIHOI BOAW B KaHAMI, IO 00IrpiBa€THCs, IPOBEACHO JOCTIKEHHS 0COOIMBOCTEH POCTOPOBOTO PO3-

MOALTY (hi3MYHUX BIACTUBOCTEH BOJH, 3yMOBJICHUX IX ICTOTHOIO TEMIIEPATYPHOIO 3aJIEXKHICTIO, XapaKT€PHOIO [Tl HAAKPUTHIHUX Ce-
penoBHI y OUISHIN 1ceBaoda3oBoro nepexony. Ha ocHOBI KOMI'TOTEpHOT0 MOJETIOBAHHS PO3B'SI3aHO 33ady TEIIOMacOIIepEeHeCeH-
HS Y BEPTUKAJIBHIN KPYTIii TpyOi M 9ac BUCXITHOrO pyXy B Hilf BOAM HAAKPUTHUYHUX MapameTpiB. [Tokazano, o xapakrep po3mo-
JITy BIaCTUBOCTEH TEIUIOHOCIS Y MO3/I0BXKHBOMY TIEPETHHI TPYOH IIEBHOIO MipOI0 BU3HAYAETHCS PYXOM B HHOMY (POHTY IceBIOda-
30BOro nepexony. IIpoananizoBaHo BIUTUB BEIMYHMHY TYCTHHH TEIUIOBOTO IIOTOKY, IO MiABOJUTHCS IO CTIHKU TPYOH, HA MOJIOXKEHHS
TPaHUNb NOYATKY i KiHII 30HH MceBI0(}a30BOro IMepexoy i Ha MOB'sI3aHi 3 UM OCOOIMBOCTI MPOCTOPOBOI 3MiHM ()i3UUHHX BIIACTH-
BocTel TemnoHocis. HaBeneHo pesynpratn CFD MozmenroBaHHS 3 pO3NOAITY Y3[OBXK JOBXKHHU TPyOHW, IO OOIrpiBa€Thcs, TaKHUX
BIIACTHBOCTEH HAJAKPUTHIHOI BOJM, SIK TYCTHHA, JHUHAMIYHA B'I3KiCTh, KOS Ii€HT TEILIONPOBIAHOCTI i MUTOMA TEINIOEMHICTh. Buko-
HaHO 3ICTaBJIEHHS 0COOJIMBOCTEH PO3MOILTY 3a3HaUEHHX BIIACTUBOCTEH, PO3paXx0OBaHHX 3a TEMIIEPATypOIO Ha CTIiHI TpyOw i Ha 11 oci.
JlocnimkeHo xapakTep 3MiHH TUTOMOI TETUIOEMHOCTI 10 pajiycy TpyOH i mpoaHai30BaHO BIUIMB PiBHS TEIUIOBOTO HOTOKY, IO ITif-
BOJUTHCS, HA TTOJOXKEHHSI MAKCHMYMY TEIUIOEMHOCTI B Pi3HHX HONEPEYHHX MEepEeTHHAX KaHATY.
Kniouogi cnosa: Bora HaAKPUTHIHHX ITapaMeTPiB; TEIUIOMACOIIEPEHECEHHS; KOMIT'IOTEPHE MOJEIIOBAHHS; IICeBI0(HA30BHH Tepe-
Xin.
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SPECIFICS OF CHANGING OF THE THERMOPHYSICAL PROPERTIES
OF SUPERCRITICAL WATER AT THE FLOW IN ROUND HEATING TUBES

In the nuclear power industry, one of the promising development paths is related to the transition to supercritical parameters, in
particular, to the development of water-cooled fourth-generation reactors. Such transition requires the solution of a number of
complex problems, among which one can single out the problem of heat and mass transfer during the upstream flow of supercritical
water in heated channels. This work is devoted to the study of the influence of the temperature dependence of the physical properties
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of supercritical water on their space distribution in the channel. The axisymmetric problem of hydrodynamics and heat transfer in a
vertically round tube with an upstream flow of supercritical water was considered. The internal diameter of the tube is 10 mm, the
length of the heated part of the tube is 4 m, the mass flux of the water is 1000 kg/(m”-s), the inlet water temperature is 342°C, and the
pressure is 24 MPa, input heat flux: q = 392 kW/m? (option 1) and q = 826 kW/m? (option 2). The study was conducted on the basis
of CFD modeling using Fluent code. The results of the studies showed that the nature of the distribution of the physical properties of
supercritical water in the heated channel is largely due to the motion of the front of the pseudo-phase transition in it and depends on
the value of the heat flux. For a relatively small input heat flux, in almost the entire considered region the coolant temperature is
noted to be lower than the pseudo-phase transition temperature. In this case, as for the sufficiently high input heat flux, the region
between the beginning and the end of the pseudo-phase transition zone covers almost the entire length of the tube. The position of the
front of the pseudo-phase transition near the tube axis is displaced along its length from the end of the tube to its middle.
Accordingly, the positions of the maximum specific heat and thermal conductivity, calculated from the temperature at the axis of the
tube, are displaced. The nature of the specific heat distribution along the tube radius is also analysed for the two heat transfer values
considered. The position of the specific heat maximum in the cross section of the tube essentially is shown to depend on the level of
the heat flux supplied. As a result of the studies, it has been defined that the above described complex character of the space
distribution of the physical properties of the coolant in the region of the pseudo-phase transition leads to a significant acceleration of
the flow, the variability of the buoyancy forces, the restructuring of the velocity profiles and tangential stresses.
Keywords: supercritical water; heat and mass transfer; computer simulation; pseudo-phase transition.
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