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The present work focuses on a study of heat transfer
during film boiling of a liquid on a vertical heated wall
immersed in a porous medium subject to variation of
different parameters of the porous medium and heating
conditions at the wall. An analytical solution was obtained
for the problem using Darcy-Brinkman-Forchheimer model.
It was shown that heat transfer intensity during film boiling
in a porous medium is weaker than in a free fluid (without
porosity) and decreases with the decreasing permeability of
the porous medium.

The use of a porous medium model in the Darcy-
Brinkman-Forchheimer approximation showed the effect
of the Forchheimer parameter on heat transfer during film
boiling in a porous medium. An increase in the Forchheimer
parameter leads to heat transfer deterioration, which is more
significant at small values of the Darcy number. Effects of
different thermal boundary conditions on the heated wall on
the heat transfer are insignificant.
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HaBonsarbest pesynbraTd KOMIT FOTEp-
HOTO MOJIEJIIOBAHHA IIPOCTOPOBOIO PO3IIO-
Ty TIMTOMOI  TEIJIOEMHOCTI  HaJIKpH-
THYHOI BOAW TpH ii BHUCXIAHIA Tewil y
BEPTHKAJIBbHUX DIaAKUX TpyOax. [Ipeacras-
JICHO JaHl MOPIBHSUIBHOTO aHaji3y LbOTO
PO3TONLTY TIPH PI3HUX 3HAYEHHIX MTUTOMO-
IO TEIJIOBOTO MOTOKY, IO MiJBOIUTHCS JIO
CTIHKH TPYOH.

https://doi.org/10.31472/ttpe.3.2021.2

[TpuBomsITCSL pe3yabTaThl KOMITBIOTEP-
HOTO MOJICITUPOBAHMS MPOCTPAHCTBEHHOTO
pacrpeneneHusl yAEIbHOW TEMIOeMKOCTU
CBEPXKPUTHUYECKON BOZIBI MPH €€ BOCXOIIS-
IIeM TCYCHWH B BEPTHKAIBHBIX TIAJKHX
Tpybax. IlpencraBineHsl JaHHBIE CpaBHH-
TEJIBHOTO aHAJIM3a 3TOTO PACTIPEACIICHUS
MIPY PA3IUYHBIX 3HAUYCHHAX YACITBHOTO Te-
IUIOBOTO TOTOKA, IOABOAMMOIO K CTEHKE

The results of computer modeling of
the spatial distribution of the specific heat
capacity of supercritical water during its
ascending flow in vertical bare tubes are
given. The data of a comparative analysis
of this distribution at various values of the
specific heat flux supplied to the tubes wall
are presented.

TPYOBL
bibmn. 15, puc. 4.

Kurouogi ciioBa: CFD MomeroBaHHS, TEIUIOEMHICTh HAAKPUTHIHOT BOIIU, 3MIlTaHa KOHBEKITis.

¢ — TIUTOMA TETUIOEMHICTD, KJIK/(kTeK);
— BHYTpIIIHIN giamMeTp, M;

G — MacoBa MBUAKICTh, KI/(MC);

L — HenarpiBaHa JOBXHHA TPyOH, M;

L, — narpiBana JIOBXHHA TpyOH, M;

P — tck, MIla;

¢ — TYCTHHA TETJIOBOTO MOTOKY Ha CTiHIII

TpyOu, kKB1/™M?%;

7 — pajiiabHa KOOPMHATA;

T — Temneparypa, °C;

Tu — IHTEHCUBHICTb TypOYyJIEHTHOCTI, %0;

X — 0CbOBa KOOP/ANHATA, M;

Bcmyn

Y TeIIOCHEepPTreTHINl PO3BUHYTHX KpaiH CBIiTYy, SK
BiJJOMO, TEPEBAXAIOTh EHEProOIOKH HAAKPUTHYHOIO TH-
cky. Lle 3ymoBieHO, Hacammepen, iX BHCOKOIO TEIUIOBOIO
edpexTuBHicTIO. [lepeBumieHHs TepmiuyHOro KoedilieHTa
KopucHOI nii nuX OJOKIB y TOpPIBHSHHI 3 BiANOBIIHUMH
OoKaMu Ha JOKPUTHYHUX MTApaMeTPax MOXKE CATaTy OiJIbII
HiX 10 %. OauH 3 TepCHeKTUBHUX HAIMPSIMIB PO3BUTKY
aTOMHOI E€HEpreTUKH TaKOX MOB'SA3aHUI 3 MEpexoAoM Ha
HaJIKPUTHYHI TapaMETpPH.

3aificHeHHSI TAKOTO MEePeXoAy MoTpedye BUPIICHHS HU3-
KM 33/1a4 peakTopHoi TermaoQizuku. 30KpeMa, BaKITUBUMH €

Hwxni ingexcu:

6X — BX1HUH;

pC — TICEBAOKPUTHYHUI Mepexif] «ICeBIOpiTuHAa-
niceBmorasy (pseudocritical);

CxopoyeHHs:

CFD — (Computational Fluid Dynamics) po3paxyHkoBa
TiApOIMHAMIKA;

SST — (Shear Stress Transport turbulent model) mozaens
TypOYJICHTHOCTI TIEPEHOCY 3CYBHUX HAIPYT.

JOCIIKEHHS TEIJIOMACONePEeHOCY IPH Tedil HaJKPUTHIHOT
BOJM y HarpiBanux kanamnax [l1-14]. [Ipu upomy 3HauHHIA
iHTepeC CTAaHOBUTHh BHBYCHHS KAPTUHH IPOCTOPOBOIO
pO3MONITY TeIIO(I3NIHUX BIACTUBOCTEH HAAKPUTHIHOT
BOJM 32 BKa3aHuUX yMmMoB. OcTaHHI, SIK BiZJOMO, 3HAaYHOIO
MIpOI0 BHM3HAYaIOTh OCOOJIMBOCTI Teuii 1 TEmIo0OMiHy
HaKpPUTHUYHOI BOJAM 3 ONNIALY Ha CYTTEBY TEeMIIEpaTypHY
3aJICKHICTh IIUX BJIACTUBOCTEH MPU HAJKPUTUIHUX THCKaX.

Mema pobomu i noCmano6Ka 3a60anb 00C1i0NHCEHb

Mera pobotu nonsirae y BuueHHi Ha ocHOBI CFD mo-
JICIOBAaHHA 3aKOHOMIPHOCTEH TPOCTOPOBOTO  PO3IOJILY
MMATOMOI TEIJIOEMHOCTI HAIKPUTHIHOI BOAM 3a YMOB
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i1 BHUCXimHOI Tedii B HArpiBaHWX BEPTUKAIBHUX TIAll-
kux TpyOax. [lpum 1mpomy B 3aady JOCHTIDKCHHS BXO-
JIWIIO 3iCTaBJICHHS OCOOIMBOCTEH BKAa3aHOTO PO3MOALTY
MPU PI3HUX 3HAYCHHSX TYCTHHU TEIUIOBOIO IOTOKY, IO
MiJIBOJUTHCS JI0 CTIHKH TPYOH.

B xomli  jmociipkeHb — pO3B’SA3aHHIO  IMiJyIsrana
BiCECHMETPHUYHA 33]1a4a 3MIIIaHOT KOHBEKIII1, ITI0 BiIITOBITAE
HassBHOCTI BHUMYIICHOTO i BIIBHOTO PyXy HAAKPHUTHIHOT
Bonu. [l 3a0e3neueH s riipoAnHaMigHOI cTa0imi3arii Teqii
Ha BXO/li B TpyOy Mepe]] HUM BCTaHOBJTFOBAJIACH HEHArpiBaHa
AiNSHKA JOBXMHOK0 L . Y BXiHOMY nepepisi TpyOu 3a/1aBa-
JIUCh TIOCTIHHI 3HAUCHHSI MAacOBOi MBUAKOCTI G, Temmepa-
Typu T, TACKY P _ Ta iHTEHCHBHOCTI TypOyneHTHOCTI Tu .
Y BUXiTHOMY TIepepi3i CTAaBUIUCH «M’SIKi TPAaHUYIHI YMOBH.
Ha o0TiuHMX BOMOIO MOBEPXHIX TPYyOW 3a7aBajiucs YMOBH
npwiunands. Ha ginsgHii TpyOw, mo He oOirpiBaniacs, siK
TEIUIOBI MpUHAMANHCS YMOBH ajia0aTHYHOCTI, Ha MIISHII,
o obirpieajiacs, - yMOBH MOCTIHHOTO IO JIOBXKHHI TpyOH
TEIJIOMNIIBOY A0 ii CTIHKH.

Memoouxa npogedeHHs 00CioHiceHb.

Hocmimkenns npoBoauiuck Ha ocHoBi CFD MonenmtoBan-
Ha 3 BukopuctanasiMm FLUENT xoxy. BuznadueHHs ¢i3naHIX
BJIACTHBOCTEH HAJKPUTHUYHOI BOIU 3iHCHIOBAIOCH 3a JIO-
nomoroto nporpamu NIST REFPROP, mo inrerpysanacs y
BKazaHwuii koj [ 15]. Po3paxyHku BUKOHYBAJIHCH 3 TTOIBIHHOO
TOYHICTIO. 3a pe3yJbTataMu Bepudikallii mMoenen TypOy-
JICHTHOTO TIEPEHOCY BUKOPHCTOBYBanach k- SST monensb
TypOYJICHTHOCTI.

[Ipu umcnoBiit peaizariii po3B’sI3Ky IOCTABICHOI 3a1adi
PO3paxyHKOBa O0JIACTh TOKPUBAIACH HEPETYIIIPHOIO CITKOFO
Ta Mmictuia 62 400 komipok. MiHiMaIbHUH KPOK 01151 CTIHKH
nopiaoBas 1,5¢10° m, 110 Bixnmosigano BenuyuHi y*© < 0,7.
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Po3paxyHKOBi JOCTiPKEHHSI BUKOHYBAIUCh NMPU TaKUX
BUXIIHUX TlapaMeTrpax: BHyTpimHii niametp Tpyom d =
0,01 m; noBxuHa HeHarpiBaHoi L 1 HarpiBaHoi L, MUIAHKH
Tpy6m 1,2 M Ta 4,0 M Bimosinuo; 7' = 323 °C; P, = 24,0 MIla;
Tu,_ = 3,0 %; G = 500 kr/(M*sc); rycTHHA TEMIOBOIO IIOTOKY
cranoBmna 239 kBr/m? i 310 kBt/m2.

Pesynomamu docnidicenv ma ix ananiz

Xapaktep  HPOCTOPOBOTO  PO3MOALTY  MHUTOMOI
TETJIOEMHOCTI HAAKPUTHIHO1 BOJIM Cp HA HATPiBaHIN JiTSTHITI
KaHaJy BU3HAUAETHCS PO3MOMALIOM TEMIIEparyp y JaHOMY
KaHalll 1 TeMIepaTypHOIO 3aJIeKHICTIO TEIUIOEMHOCTI Cp.
(Jlst mocmimpkeHnX yMOB OCTaHHS HaBe/IeHa Ha puc. 1).

MaxkcumanbHe  3HAUEHHS  MUTOMOI  TEIIOEMHOCTI
HAJKPUTUYHOT BOIU Ma€ Miclle MpPH TEMIIEpaTypi ICEeB-
JOKPUTHYHOTO mepexoxy Tpc, sdka s curyauii, IO
po3msaaeTbes, cranoButh 381,4 °C. Biarak Ha mpocTo-
POBUX PO3IOJIIAX Cp TOJOKEHHS EKCTPEMYMIB MAalOTh
BiIMIOBIAaTH PO3TAIIYBaHHIO 130T€PMHU NCEBJOKPUTUYHOTO
nepexony 7’ e

Ha pucynxkax 2, 3 HaBogarbscs pesynsraru CFD monento-
BaHHSI I[0JI0 PO3MOLIIB TEIJIOEMHOCTI HAAKPUTUYHOT BOH
Cp 1o pajiycy KaHaimy Ta KWoro momxkuui. Tyt puc. 2a i 3a
BI/IMTOBIIAt0Th TYCTHHI TEIIOBOTO MOTOKY q = 310 kBt/M?%,
a puc. 26 i 36 — 239 kB1/m?. Puc. 4 UMOCTpy€E TOIOKEHHS
130TepMH TICEBAOKPUTUYHOTO MEPEXOTY AJIS IBOX BKa3aHUX
3HAYCHb TETJIOBOTO MOTOKY g.

3TiIHO 3 MaHUMHU HaBEICHUMH Ha PHC. 2a, pamialbHUAN
po3moin ¢, CyTTEBO 3MIHIOETBCS IO TOBXKHHI TpyOu. Tak,
JUIL X < X, BKA3aHUH POSIOALT Mae eKCTPEMabHHH Xa-
pakrep (TyT X, — MO3/IOBKHA KOOP/MHATA, SIKa Bi/IOBia€
MEPETHHY 130TEPMOIO T, oci Tpyon). Ilpu x > X, MaKcu-
MyM KpuBOi ¢, = f (r) 3Milly€eThcs Ha Bich TpyOu. Ha namii

340 350 360

370 380 390 I,°C

Puc. 1. Temnepamypua 3anexcnicmo numomoi menjaoemuocmi 60ou npu mucky P = 24,0 MIla
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TISHII TpyOW 31 3pOCTaHHSM KOOPIWHATH X 3HAYCHHS
¢, SMCHUIYIOTBCSI B YCIX TOYKAX NeEpepisy x = const, 110
BIJIMIOBI/1a€ Iepexo1y HAJAKPUTHIHOT BOJIU Y IICEBIOTa30BHIA
CTaH 3 OLJIBII BUCOKHMH TEMIIEpaTypaMHu.

[lomo migoGmacti x < X,> TO TYT MICLIE TIOJIOXKEHHS
MaKCHMyMy ¢, 3alleXHUTh BiJl KOOPIAMHATA X. UM MeHIle
3HAYEHHS X, TUM OJIMIKYE JI0 CTIHKH PO3TAIIOBYETHCS MaK-
CHMYM ¢, (xpuBi 1-5 Ha puc. 2a). Takwii Xapakrep 3MiHH
paziaibHOro POIOINY €, IK OYEBUIHO, TIOB’ I3aHMUIT 3 THM,
10 BHU3 32 MOTOKOM JIO TEMIIEPaTypH TCEBIOKPUTHIHOTO
MePEexoJly HArpiBalOThCS BCE OUTBIN BiJJIAJICHHI BiJ] CTIHKH
IIapH BOJIH.

C, ‘D>
KJx/(xT-K)
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Koopaunatn r, = posTamlyBaHHsi BKa3aHOIO MaKCH-
MYMYy Cp BU3HAYa€TbCS IIEPETUHOM IIEpepisy X = const 3
130TepMOI0 TICEBIOKPUTUIHOTO TIEPEXOY T’ Ha puc. 4 Ha-
BEJICHO KOHQITypaIlifo KX i30TepM JIJIsl PI3HUX 3HAYECHB ¢.

3rigHO 3 Ofep)KAaHMMHU AaHWMH, TPH BIJHOCHO MajnX
BesmunHax ¢ (¢ = 239 xBt1/M?) Ha 3HauHIil AULHIN TPYOH,
PO3TaIIoBaHii 311iBa Bii30TepMH T, TeMIeparypaTeIIOHOCIs
HIwkde Tpc 1 BIINOBIMHO BiH miepeOyBae y ICEBIOPIIKOMY
craHi. 3i 3poctanisiM g (¢ = 310 kBt/M?) po3mipu 1€l TisHKH
3MEHITYIOTHCS. | BiATIOBITHO 30UTBITYFOTECS PO3MIPH TUTSHKH
3mpaBa Bix i3otepmu 1’ > 1€ CTaH TETJIOHOC1sI BU3HAYAETHCS
sk niceBaorazosuil. [1{ono koopauHaTu X . K2 BIZIITOBia€

0.002

100
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60
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0.003

(o] 0.001 0.002

0)

0.003 0.004 0.005

Puc. 2. Po3noodin numomoi mennoemMHocmi HAOKpUmMu4Hoi 600u ¢, no paoiycy mpyou npu

3HAUEHHAX NIO6EOeH020 Men106020 nomoky q = 310 kBm/m? (a) i ¢ = 239 kBm/m? (6) na pizuiii ¢iocmani

X 6i0 6x00y y nHazpieany Oinauxky mpyou: 1 —x=2.0m; 2—x=22m;3 —x=24m; 4 —-x=2.6 m;
5-x=28m;6—-x=3.0m;7—x=34m;8—x=3.8Mm.
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Puc. 3. Po3nodin numomoi menioeMHocmi HaOKpumu4Hoi 600u ¢, no 006icuni mpyou npu

eeUUUHAX NIOBeOeH020 Men106020 nomoky q = 310 kBm/m? (a) i ¢ = 239 kBm/m? (6) ona piznux 3nauens

paoianvroi koopounamu: 1 —r=0.0 m; 2—r=0.003 m; 3 —r=0.004 m; 4 —r = 0.0045 m;
5-r=0.0049 m; 6 —r=0.00495 m

MOJIOKEHHIO 130TepMHU T, uHa oci TpyOHM, TO BOHa TEX
CYTT€BO 3aJISKUTh BiJl BETUUMHH ¢. SIK BUJHO 3 puc. 4, 1uist
q = 310 kBt/m? 3HaueHHs Xpc cTaHOBUTH 3,10 M, a 1 ¢ =
239 kBr/m? — 3,73 m.

BiamosimHo mo ommcaHoi kKoH)ITyparii i30TepM T, npu
PI3HUX 3HAYEHHAX ¢ XapakTep 3MiHU ¢, 1o paniycy Tpyou
st g = 239 kB1/M? CYyTTEBO BiAPI3HAECTHCS BiJl CUTYaITii TS
g =310 xkBt/m? (puc. 2a Ta 26). A came, ipu ¢ = 239 kB1/m?
30HA X <X , B SIKIH 3aJICKHICTh ¢, = f (v) mae ekcrpemalb-
HUI XapakTep, 3HauHO 301IbIIYEThCS. A 30Ha, X > X, B SKIH
BiJIOyBa€THCS MaIiHHS c, 31 3pOCTaHHSM X, CKOPOYYETHCSL.

3Ha4HO BiIPI3HAIOTECS TAKOXK KAPTHHH PO3IOLLY ¢, 1O
JIOBKUHI TPyOH TP Pi3HUX BETUUMHAX TEIJIOBOTO MOTOKY ¢
(puc. 3a, 30). Xoua BKazaHi KAPTHUHH € CXO)KIMH B TKICHOMY
BiIHOITIICHHI, MCHIIIC 3 THM BOHH MAalOTh CYTTEBI KUTBKICHI

BigminocTi. [Ipu ¢ikcoBaHKMX 3HaUEHHSIX pajiyca r 31 3MEH-
HICHHSIM ¢ KOOPAWHATH XMax, 110 BiIMOBIiJAI0Th MAaKCUMY-
MaM KPHBHX ¢, = f(x), 3MIIIYIOTBCS B O0JIACTH OLTBIINX 3HA-
4yenb X. (Lli koopIuHATH BiAIOBIAIOTH IEPETHHY MOBEPXHI
r = const 3 130TepPMOIO T, D

Hacamxkinenp cinij BIJI3HAYUTH, 1[0 OIIMCAHUM CKJIaIHUI
XapakTep MPOCTOPOBOTO PO3MOJLTY MUTOMOT TEIUIOEMHOCTI
HAJKPUTUYHOT BOAM Ta I1HIMX (I3MYHHX BIACTHBOCTEH
3yMOBITIOE TIOSIBY TaKHX SIBUIL, SIK 3MiHHICTb CHJI IIJIaBy4OCTI
Ta TPUCKOPEHHS IMOTOKY IO JOBKHHI KaHAly 1 BH3HAuae€
0COOJIMBOCTI TEIUIOOOMIHY 1 TEMIIEPaTypHOTO PEKUMY MPH
Teuii 32 yMOB HaJJKPUTHYHOTO THUCKY.
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I3 3actrocyBanHam FLUENT xogy  mnpoBeacHO

KOMIT IOTEpHE MOJETIOBAaHHSI Tedii Ta TerIoo0MiHy
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F, M
0.005
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0.003

0.002
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1.5 2

Puc. 4. Kongicypayin isomepm ncesdokpumuunozo nepexody T, 0na pisnux snauens

nioeedenozo menyo6ozo homoky q: 1 — 310 kBm/m? ; 2 — 239 kBm/m?

HaJIKPUTUYHOT BOAM Yy BEPTHKAIBHHUX IIMAJKHX TpyOax 3a
YMOB 3MIIlIaHOT KOHBEKIIi Ta BUKOHAHO aHaJIi3 MPOCTOPO-
BOT'O PO3MOJILTY MUTOMOI TEIUIOEMHOCTI Boau. [Ipu 1ipomy:

1. TIpoanamizoBaHo xapakrep KoHQirypamii izoTepm
rceBnoa3oBOTO MEPEXOMY «IICEBIOPITUHA - TICEBIOTA3Y,
MOJIOKEHHS SIKUX BU3HAYa€ PO3TALIyBaHHS MaKCHUMYMiB
MUTOMOT TEIUIOEMHOCTI BOJM Y TPOCTOPOBIH KapTHHi ii
pO3MOiITy.

2. BcraHoBIeHO, MO TEIUIOEMHICTh HaJIKPUTHYHOL
BOJH B TPYOi 3a JOCHIJKYBAaHUX YMOB 3MIHIOETHCS MaiiiKe y
20 pa3ziB. JlocmimkeHO 0COOIUBOCTI paliadbHUX PO3TOILTIB
¢, 1o JIOBKUHI TPYOW Ta TIO3IOBKHUX PO3IOJIIIB c, s
PI3HUX 3HAYEHb PaJialbHOI KOOpAWHATH. Bu3HaueHo edek-
TH BIUIMBY Ha BKa3aHi PO3MOALIM IMUTOMOI TEIUIOEMHOCTI
BEJIMYMHU TETUIOBOTO MOTOKY ¢, L0 TiIBOAUTHCS 10 CTIHKH
Tpyou.
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FEATURES OF SPATIAL DISTRIBUTION OF THE

SPECIFIC HEAT CAPACITY OF SUPERCRITICAL

WATER DURING ITS FLOW IN VERTICAL BARE
TUBES

Fialko N.M.!, Nosovsksyi A.V.2, Aleshko S.0.!,
Pioro I.L.3, Khmil D.P.!

!Institute of Engineering Thermophysics, National
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Kyiv, 03680, Ukraine

’Institute of NPP Safety Problems of NAS of Ukraine, 12,
Lysogirska str., Kyiv, 03028 Kyiv, Ukraine

‘Faculty of Energy Systems and Nuclear Science University
of Ontario Institute of Technology 2000 Simcoe Str. N.,
Oshawa ON LIK 7K4 Canada

https://doi.org/10.31472/ttpe.3.2021.2

The results of computer modeling of the spatial
distribution of the specific heat capacity under condition of
the upstream flow of supercritical water in vertical bare tubes
are given. The features of the motion along the tube length
the front of the pseudo-phase transition "pseudoliquid-
pseudogas" are considered. The position of this front
determines the location of the extremums of the specific
heat capacity of water. The regularities of changes in the
radial distributions of heat capacity along the length of the
tube and longitudinal distributions for different values of the
radial coordinate are investigated. The data of a comparative
analysis of this distribution at various values of the specific
heat flux supplied to the tube wall are presented.
References 15, figure 4.

Key words: CFD simulation, heat capacity of supercritical
water, mixed convection.
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