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Quench model for lower temperature than

thermohydrodynamic maximum liquid superheat

Yoshio MURAO

Division of Reactor Safety,

Tokai Research Establishment, JAERI

(Received January 29, 1982)

This report presents a new gquench model applicable to the low tem-—
perature quench phenomena which occurs at the lower temperature than
the thermohydrodynamic maximum liquid superheat.

In the reflood phase of PWR-LOCA, the low temperature quench usually
appears at the lower portion of the core.

For development of this model, some literatures were reviewed and
the hydrodynamic maximum liquid superheat was adopted as the second
rewetting temperature. And the probability function determing the
thermodynamic on hydrodynamic maximum liquid superheat as a rewetting
temperature or a given quench temperature was derived from the data of
the JAERT small scale reflood experiments.

Sakurai's correlation for hydrodynamic maximum liquid superheat
which is built in the new model was well predicted the instantaneous

quench temperature measured in the reflood test.

Keywords: Reflood, LOCA, Heat Transfer, Film Boiling Quench Phenomena,

Leidenfrost Temperature, Superheat
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SRS M SR RSO BRAKBIRICE LT, BALFOHNREHEOREE R, EASN
t@ﬂmm$0,%bm%ﬂéﬂ%oﬁﬁﬁﬁﬁﬁﬁﬁéh%é,&%ﬁmﬁmtt%mmﬁﬁ
BWEQEEMAIILALES C LECRBMICERL, EREEIECREDO, BHMAORIE
%ﬁ@FﬁéoC@Eﬂﬁﬁ%ﬁ%%&@&ﬁméow%%ﬁ@ﬁﬁﬁﬁFb,%5ﬁﬁmﬂ§
4 5d. BlCksHEIES LS, BEER, TORMOERBLEELONENSND,.
£ﬁ®*m%%¢6ﬁ,éiﬁfﬁﬁiﬁﬁf%®ﬁmﬁ<,X,Eﬂﬁﬁ%&ttﬁﬁmib
R O EE S kA B H S S S TRIENICRET 52 & bHBRIE M2, TORR, WEN
SEARSRGEAIES Z L1504, Ko THEEOANEHETAECEE L EALIT, RITM
fEE Lt THEEERRT 5,

Fhb, HAEELETE, HEEEELSHKE, REEEETEN HBEREUFT
d,%%%@%%ﬁ&ﬂ@.wm<t%%ﬁ%KW$éﬂ,%&Eﬁﬁﬂ&ﬂ@,%%ﬁu%%
x5, COBESAZ T »FEHS (Quench phenomenon ) FIFY, I DERFRE &5 & ikiFE
HEE (Maximum liquid superheat ) & R3S

Blic /Ty # LESREREZEs Ty FLTORWEY EHWHEFELTVEES, By LV FEHO
ﬁ&éﬁEwC&K;Dkﬁly%%@ég,ﬁ?:y%%ﬁ&%btﬁﬁ%ﬁ@%ﬁﬁ®ﬁ&
M kB v FESCEE LSHMTIcRE AN, ERBAOEEME T LERRELTIC
A LMBENE, COLHICHs Ly FHSE, KRT A, BroyFlekrs vy FilleD
BRA 2T vF 7oy b (Quench front ) &FF3L

srvF7avicELERS Ty FHOBEERL, AERICXOEEs - v FE L DG EMTIT
KEah, s7TvF 7oy hREs s FRICH - THBT 3, CORREMERIAY T~
F (Heat conduction controlled quench ) & PSS,

B IS B 186, KED PWR-FLECHT £%Group 1 #8275 k0, FE
By xvFTay BT Us IKob TROMMR AR,

Ut = yCl Tw—Twu )
N 955%10° (W, /m?) (1+2778 X107 ATy ) ‘

T Twit, Bfido sz v FRETHY, Tyl iREREAHAE, r INETOERE, C
@ﬁ%ﬁﬁﬂﬁ,ATmﬁ,@HHQ%ﬁﬁfﬁ—wﬁMTﬁ%o
Ty ld, A TEDEND,

Ty = 59405 + 2417 P (MPa ) (2)

Bitfo sz v BETw &3, BEEFAE sy FILEVWT, BO7 2 /F 70 PO
BB X D EEASABICETL, Tyt D3 E» B0 sty 70 Y FORETHD
ERESII, Ty cEd s A/ (rCUZ) Bfal, Bosxvy7F70 Y &b 47 (7CUy) O
R TV FROORBEEETE S, 1L, AREBEOMMERTH S, AT YV A
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Wos, U, =1x107%m/sec &LT, ¥h¥Fh50msec, 042x107°mThH b,

COEHC, BOrz vy FLERBAOs Ty #4413, BEALRANE, BUETHY, R#0
b, BESEEOSETAREMN/ Ly FRELLT, BETAMELS/ TV F 70 VB LE
LTHAlsh B,

=R, WOEHDOT T+ 20 BOBRETHWEL EMNTE B,

FIEF ¢ 0098 ~ 0402 MPa (10 ~41kg tmfa)

yxvFEE 643 ~ 783K (370 ~ 510°C)
B+ 77— 1 0~30K
HKEE 5 ~ 25 x 107 m .,/ sec

AFEoHEE, FootBEREREMOED /), LDEVEETO 7z Y FRECET

WHRRAITHIETH D,

B EOEHEE 55 E, —#2IC chopped cosine D H TRb &, HFLALMSE, dh
HMACHENTEVEETH), RHEEBMEELVKEOEALH L, TOLIBEHTTH
Bedss T TS S b sk, FEKRICEBEBALED LS WEAEAERL, B2
T VFAELBLBANS S, AREABEAKD £ F BHETHT 2HE, PO FSTOY
Ty FEEOTFAEER, FOLHO s T FEROTAREICRELEEESA, »o, Fi
FHOBZZED FANERE VDT, BHBEDsx yFREOEFVOBEMEIEETH 5,

k4
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2. BEIZVFEFLOFHNEE

2.1 XEAE

1) mEsoRER" |

BAZIE, #aEic kD MBIEEEAAMEL, MASB T2 vy (27 v L HEBD Lick
01 X 108 miED SIO #EE, #05 x 107 mED NiEHE, #0101 x 10" mEDSIO R#E
BAES L7 I, 20X 0P mEBEALFOEHALD 108 mg D20 COKFHEEFS
w, FOEBEE(LERELI. EBOBERA Fig. 1 IKRd, EiIEA -BRlIcERERL, C
-DEOEBFELL DIEFAOREECERME L /.

Fig, 2 1cHBIY 78 b L - R &Rd, BREATIK L FOBE, REEREGHERICERR
BT, B FL, ok, RINELIKS 1. (a 1), (a—2) ENAFRHBICLLZIHOT
HAH5, BEEH 00K ~ 200 K OITIE, EMAMEAT, (=Tg —T.,y) BH0K £EEF
SETH - fmo WIABEEFE IRk S ASERES L 7s. BAE AN 200 K LIEDBE, koL
U, MBS R 7«04 FUREEL I o REVELCLBVTRERESHICEIRL T 5,
27z a4 FVREEIC L, AR I1T0K T 7225, 200K TTREEPREFELNTED
BEE~OKONESERIICEL T D ERDNS, (a —3)

Fig, 347, {nBMAERE & EMBBE & DRARERT,

(EBTERAS 443 K (170 °C) A o2 CRd Ty (BU595K (322 °C)) £ TOM, HEILBAME
ATod, ERMBRENT, OB E L TROIDITREN S,

ATe = 40 + 00716 ATy (3)
3K IR Tid, BBt L 03P an 2 EaEE & 3EFH L VEMER L85,

595 K LA ETid, AT BRI EVREETRT,

s, BREET. 3R TEbaEN S,

Te = Te:gﬁ;ajcac W
2T, :

azm (5)

Ty : WEOHEMATORE To | (B OHEMETORE

Ao BULEER T EE Cp @ B

REE A C: {=i#m

(2) %, KEFoxs”

B, MELI 2T v Lagh, WREE, B, HEoMPRickEEYE L CToRRRH t%
IR O I 120 L CHIGE L 720 Fig. 4 1€ 284 X 107 m B OKMOEA £

27 v L RBOEE, WK U TORE CHRARMABL L, WABKLTTE, X, AH
B psiE At 5, b, 4770 R MEE (Leidenfrost temperature ) 3, #J573K
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THbo

ZOMOHEOBEIIZ, 547702 MEEE, $438K, BUNRRENHORE 3K 13
KTdbdo

B R | iR o (B RE OB R RS, RSN, BHRORMTIE, EMERICL
FUMBLEEL, Fig 5 ORTLSE0H 2 [HBMR ] FiH L.

z o [FBEghE | OFERMEERIL, ErOBREAEOHBEICEI»TVETEAEEZIH LR
ﬁTN%ﬁézw&Ebﬂ%ﬁ,Eﬁ%m@&ﬁﬁ%%%ﬁbfmééﬁbnéoz%yvz%
DB, 595K LLLTid, MRS AhD, BiHRR T 2o S RETH 5. Blicknid
AT 220K (Tw >473K) T, BELR7 = 04 5 ViREE (Fig b TRIZEHIEKA)
rnganmgme@m,%K%w&ﬂ@«@ﬁ%%&f%ﬁ,x7lm4ﬁwﬁﬁﬁ£&
(Fig 5 DIBHBITIZIZFIEL TV B, ) 100K AT, < 200K T, ATg, < 70K TH,
BT E I X AEARE BT L, 20K, HitlsBhN3 b0pd T b,
(Fig 5 OEEE, F

(3] Baumeister =nER?

Baumeister i3, =7 v LA, ¥, T3, &4 v+ LU ALy 7 RH 72O
WAL, HFEE k4% L L, AREBEICHT 228REHA 7oy b L7 Fig 61C
0032 m e O/kiE, Fig. 712 6mé DARMOBEDERERT. Table 1 CHERETLHLE, &
I bmAL AT UAROES, bmlORSHERDOI ATy 7o R MERIE 58K
(325 °C) Th b, KEBOLIVISS, 578K (305°TC) &k, B, 7 i=9aD5s, 3
~4rms OHRFHMAS TR, 508K, 7a3=vadkbiiv25rms DG, 538K, HHEEL
FEBICIEERE, T2 Al B A KL EEREHESICE 5TV 5. FiCHOHEEDE
&, BTKLTFENES,

NA Ly #AFHTADIAF 7o RBER, AFLAAOLOLDEEMITEN, IO
RO A Ly 7 AN 5 AOEEIREAIZIFETIK (300 °C) THEHL EEFALDL L, KOFAET
X BESEEE, 598K (325°C) BETHD, KO Ty iV —HERT, LOBEVEET
i, EREORMES LTSI EnS, Ty UTORETIE, KiCkbXRHDEAHLNA
NBELTWS EER GHD, MESNLRETA 77 o2 MR, WREOHR OGRS
JREE (Fig. 5 OWEEE, F MOEROEE) SMEL T 5, 2FD, THEDEVRETH,
BEA LR D BREITISHIE NS,

@) oz

RS, ESHE (12mmeé X A0mmES, 2mmé X 0mmEE, 2mme¢ X 110mm &
X, (AL, ESRATEBIDREIEFFHOLTO S, ) 25ET S o V7RI DHE SIS
HfEy S OBRICE D INEL, TESEBRBERRZITY, X, BHOBEXFKALD
TAic & B TR AR R AT - /20 CNSOEERE, 77— &, REHNESFA -5
LTirbir.

B EET, £ OEE L DEENEL 8 L, AARISEMT D IRE LB ERREE
T.. &45&, MAERECET ST, &REHEOMKIR, Fig 80LIKELEN, RES
AS2MPa Ll FCRIE-EHlIcEHLd 2A 550, KEH T T, 14 Berenson OB/ E
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BEF L IZIF—5 L, RENH LA BICON THomogeneous Nucleation Temperature T ige i
MR D EERLTVS, 2LT, T 2RATEDOLIS

T, = 480 + 120 tanh (09P) (6)

T 2T, Tai, 12K, Pl3MPa THEHT HDET 5o

%%ﬂﬁthmwﬁ,ﬁmbBEdm%ﬁﬁﬁét,%Eﬂwﬁm&t%m,Eﬁmmeﬁ

ﬁﬂttﬁ<caﬁbﬁ%oiﬂb5,%Eﬁﬁ%<ﬁé&,ﬁﬂi%ﬂﬂ@ﬁﬁ&mﬁd%.

{EF/ T, Berenson @ E FicH b L D KN FRRERRIC LEDGBARRERE (ZC

T, RAFEBRIBRRE &R KD T EBDR L,
K,#77—”@%%%%3,ﬁgQ@iimﬁﬁfﬁ%ng@,ﬁ%&ﬁ@%émbwf

b, Toif, BRI TEDTLENTEETEPDN 5,

FEEEBRTOT,, 4, ENERTO Ty, LLO—HERT TLBHBLIORINT S0
R EDE, ST A 7y 702 b EROEBS, BEESEOIVERLCLY, LA

ﬁ@®ﬁ§%FK;D$EG&ﬁ%ﬁ$f%WK,Eﬂﬁﬁﬁﬁﬁfﬁhnfbiwmﬂ%mﬁ

BIERERLITiZE5 S, HiEcETL bDLEDON S,

(51 koER®
LA, REEFTEEO v — 20 DB L 2K 1400 mm, IN#E 1000 mm 5 KW

ﬁ—%UvV%V—ZM%ﬁ(H%ﬁ>%mﬁL,%é@ﬁgﬁﬁﬁ®ﬁﬁﬁmkﬁomt&,

991 ~ 293 K { 18 ~ 20 °C) ObEHIk % & L —ERBTHL, KEDOEGSRME Einh o

TiscEd 2 TORMAER b 7T 4w FTRMELT.
HEAEOERICEWT, AHKOBRERG, RNER X0 EVD, KERETOK

ﬁﬁ%mﬁﬁmﬁw&%hnéﬁ%ﬁW@ﬁme&Ew%é,Mﬁéﬂtﬁ&@%Fﬁgum

W R TR GAHUKE FERTOM) Ty &OBEEFig. 10ITRY, MERAT VL

ZﬁfééoURK;59ly%E§®ﬁﬁuq*&m%%ﬁth®%%§%¢o%@ﬁ,%

BUED —F1E 0, Ty Ty OEEIC Ul =0 &3R5 R0T, AREEZES, Ty 483K

(200°C) LI FOEECEoNT, uyt—0 &AL ROEE NS,

25 L AEOEAD 613K (3, 1213 373 K UK OEAREH B P ARRREE & 12

5 BERR BT OAZ BHTRE Teon (CHHZI L T Do
&ﬂﬁﬁEﬁTwmuF®%%,ﬂﬁ%%ﬁ%ﬁﬁﬁﬁﬂﬂ@@ﬁﬂ&miafﬁ%ﬁﬂ@é

hT i i3 icBbib,

6] FEW
L EOTHBAROERAE LHDERDE IS,

1) #ergid, QRTTRANSEREN ETR, LECEBELEL L. CORETH, BRSERA
L EERT B, X, FORELTTLRLT B BIKELFLEY 2.

2) 23 v L R EOWE, FTORELTTH, EMEER, ARETH43K (150°C) TR
FL, X, 443K (170C) MFTH, GRICREMER $THRFL, BibR2E L mils
Nb,

3) . HEOES, LhEVEETT, BBREIKETHY, 473~ 43K (200~170°C) &
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AL, ¥423K (150°C) $THMTL, EHlEEE UMElEn 5.

4) (DEICIE L - BB EE FIRE oflic, KITFMRBERARENTFET S LEL LN
%, B EELEREDO SO, SHO5RS, BOENBERBREEUTTOERBLLD, K
NFHARERRRELUT TR LY THKERBCET TS0 LRb N4,

5) {EEEBE OBEIRE S EIRASEREEL FTE, sxryF ey bOERR, (1T
EHINLLEICERREELELTEETH D, BIIFIEREREE LA O ORAERED

FAP TR ENT

Needle — Water droplet

- _uxtn) ¢

esisfance

thermometer %—}
Insulofor——r 10 . -
(Si0) |

| 354 — thermocouple

l Unit © 10°m

Fig.!  Experimental apparatus
(taken from Ref.(2))
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Fig.2 Typical temperdture traces, surface

temperature versus time
(taken from Ref.(2))
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i o
® 473 / o .
2 // Q
S B / o 1
QQ). // o °o =]
g_ 4231 /;:goeae‘-‘g %% -
/S o
5 oq{g °___ Calculated contact
FE’ i gss’ ° temperature ]
8 373 s ° I ° Meqsuged ! I
0 100 200 300
Initial wall superheat (K)
Fig.3  Confact temperature versus inifial

surface temperature for water drops
( taken from Ref.(2) )

400 —————————— :
® 100 N ~
E * 58232589008
_ u
2
© - o ° o Diameter of droplet .
S o ° -3
=] % o 284 x 10°m
S {0 | %0 -
D i el o8 oo o copper i
S %’?ﬁ e o brass i
<2 i P O.x.. ~ e carbon steel
~ T o ¢ stainless steel 7
[ ! y i ! ] ! | !
o) 100 200 300 . 400
Initial wall superheat { K)
Figd Total evaporation time versus initial wall

superheat (taken from Ref(3})
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Leidenfrost Leidenfrost
poird .aluminum peint stainless
2000 and lbms;s steel '
« 1000 -
a = §
£ I |
| =
S - :
‘P: [} * " .
= 100 °’° < Alumindm |
2 3 o a8 & & Stainless steel
[=] - * + &
= i * / Open symbols : R
S * s T = 299K
RS - A Solid symbols : i
T = 373K
[0 ! L 1 1 o 1 ] ! el
0 {00 200 300 400 550

initial wall temperature (K

Fig.7 Total voporization time of 6ml water drops
on poliished afuminum, ond steel surfaces.

{taken from Ref {4))

Table 1 Leidenfrost temperatures tabulated
in Ref. (4).

Unit: K
Water
Plate material 0.032 ml drop 6 ml drop
Ty, T, Ty Ty
373K 299K 373K 299K
Pyrex glass R
(3-4 rms) 788 >973
Stainless steel 578 578 598 598
{3-4 rms)
Brass
(3_4 rms) ——— 503 508 508
Aluminum
(3_4 rms) - 503 508 508
Aluminum 0- i
gauge (25 rms) T - 538 T
Aluminum
(fresh polish) - 428 >473 _—
(3-4 rms)
Brass (fresh
polish) - S >473 ———
(3-4 rms)
Cold fresh
polish (very _— —_— <457 —
smooth)
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1 I

~

h Berenson

o 800F -
J=;

S

%’)‘ TOO:_ __~Critical temp. i}
~ 600/ b (2)

= e

3 500—,71”\ k
= Eq. (3)

S 400r i
g Heater Dia.2mm

= 3005 10 2.0

Pressure (MPa )

Fig8  Effect of system pressure on minimun
temperature in saturated film bailing

( taken from Ref (51)

__ 800 ; — ] I
= Heater dia. 2xi0°m
[¢D]
£ 700} - i .
*5 B /—_Crmcol terp. Eg_'%‘é{?fed with
=3 . Lat 2MPa, and
5 600 ettt . 2)

8 o esf N S e ~at OMPa
g g 0'0 lo.
2 500} § Pressure
£ + 1,57 MPa
= s 107 kmgo

= o a -

g 400 o %gnga
E « {96 kPa
£ e {01 kPa
2 5 | |

00— 20 30 40 50
‘Liquid subcooling (K)

Fig.9 Effect of water subcooling on minimun film
holing temperature for various system pressures

(taken from Ref. (5))
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0" 1 Stainless steel
121 Digmeter : 15x10%m
{1k Thickness : 2x10°m -
ol Flow rate (kg/cm) i
e 0354
9 x0f77 I
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Fig.10  Quench front velocities versus initial
wall temperatures stainless steel
( taken from Ref. (6) )
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Table 2 Test conditions.
Peak linear |Upper plenum‘ Flooding Initial Inlet water
Run No. power pressure velocity peak clad temp.
(kW /m) (MPa) (10™%m/sec) |temp. (K) (K)
6010 2,2 0.1 ? 6 673 353
6011 1.7 .1 JG(XlOsec)+3 673 358
6012 2.0 0.1 4 673 358
6013 2.0 0.1 2 673 358
6021 2.0 0.4 4 673 358
6022 1.6 : 0.4 4 673 383
6023 2.4 0.4 4 673 393
6024 2,0 0.4 2.6 673 393
6027 2.0 0.2 8 673 373
6028 2.8 0.2 4 673 373
6029 2.0 0.2 4 823 373
6031 2.0 0.2 4 673 373
6033 2.0 0.2 4 673 373
6037 1.0 0.2 4 673 373
6039 1.6 0.2 4 673 373
6040 2.4 0.2 4 673 373
6041 2.8 6.2 4 673 373
6042 2.0 0.2 4 823 373
6043 2.0 0.2 4 973 373
6044 2.0 0.2 4 673 358
6046 2.0 0.2 5 673 373
6047 2.0 0.2 7.5 673 373
6048 2.0 0.2 10 673 373
6049 2.0 0.2 10 973 373
6050 2.0 0.2 10 1073 373
6052 2.0 0.2 2.9 673 373
6053 2.0 0.2 2.2 673 373
6054 2.0 g.2 3.9 673 373
6056 2.0 0.2 1.4 673 373
6057 2.0 0.2 1.5 973 373
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