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Dryout Heat Flux and Flooding Phenomena in Debris Beds

Consisting of Homogeneous Diameter Particles
Yu MARUYAMA, Yutaka ABE, Norihiro YAMANO and Kunihisa SODA

Department of Fuel Safety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Tharaki-ken
(Received July 27, 1988)

Since the TMI-Z accident, which occurred in 1979, necessity of
understanding phenemena associated with a severe accident have been
recognized and researches have been conducted in many countries. During
a gsevere accident eof a light water reactor, a debris bed consisting of
the degraded core materials would be formed. Because the debris bed
continues to release decay heat, the debris bed would remelt when the
coolable geometry is not maintained. Thus the degraded core coolability
experiments to investigate the influence of the debris particle diameter
and coolant flow conditions on the coolability of the debris bed and the
floeding experiments to investigate the dependence of flooding phenomena
on the configuration of the debris bed have been conducted in JAERI.

From the degraded core coelability experiments, the following conclusions
were derived; the coolability of debris beds would be improved by coolant
supply into the beds, Lipinski's l1-dimensional model shows good agreement
with the measured dryout heat flux for the beds under stagnant and forced
flow conditions from the bottom of the beds, and the analytical model
used for the case that coolant is fed by natural circulation through the
downcomer reproduces the experimental results. And the following
conclusions were given from the flooding experiments; no dependence
between bed height and the flooding constant exists for the beds lower
than the critical bed height, flooding phenomena of the stratified beds
would be dominated by the layer consisting of smaller particles, and the
predicted dryeut heat flux by the analytical model based on the flooding

theory gives underestimation under stagnant condition.
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BAFOETTIVFYRRICR, TMI -2 FHKO L ICFELBBEL LABEASRE
DG 3 AR 3 (NBREHR) » v 772 v 7y MR L B0 EBEIK
COMBEERASCRBEHIKEI > TOROBERICE S FLB T v FT 56T EiC L
h, EFFEEASENCEE LAFLERPOR TE TH AT 7Y Ny P BEREN S,
FTY Ny b OEBEERMRBEIART 20T, BAAESRESELZATVESRT
TUNRYy PRTFSA47 2 (Dryout) BREL, F7VRFBEERT 2. ¥ COIB
BILREGHIPARTFRTHS &, BHPEMEEPNEART SFELEBIILEEZI LN
Bo Lici- THROIKAE, EREFRHCINE I LD, T7I)Ny b &S
HI20008MEMHEHSMLILTEB{SLENSHL, Fig, 1Ry EeT7T77 7 i
CFELEROTH Ny FRERSNBLEELZSNEFT YNy P OREATR T, P 5FLTH
KOO TH~Ny P L oBHABSEATEEIEAETERVEAAHELTL 5,

FTY Ry PDBEMERR Ny PADB BB TR SA 77 SR 2BOMFEHR, F7
479 b#ikE (Dryout heat flux)ph oY TES, FIA4A T2 FBFHEELD B
FTY Ny DRBICE ZHAESE AL FT )Ny VTS 4T Y P BRAEL,
KESRUVKEORABHIKTLEL N AL DHEBRMEENEMAL 77 SHERMT 5,
—HFF 470 AFHROFBBVEAR, K Sh3REHAE RRMEH 3 03k ER
I L DRESH, BRBNEKH 2D .

FTY Ny bDFS54 T MEFERIR, TTIVRFR, FUINLbOFE, o vF
+— (Porosity :ZHXK) , ZTAHET, HEHIKORBIREZEE { O¥5 4 — & K
T h, ¥/, YETTIVF Y FRIEERIASZ T 7YXy bOBRKEHZVHLHLTE
B, ZCOESHKREEZLL, LVELONF A-5EALT, TEB5HDELER
T4 EAMBTHIEBEETH S,

IhETRE—BMFTHRINEZ T TUNy PBALTHEBSOERBER SN, 7
TVHTFR, F7UIRy P EEEDOFFAT Y MAFHEANDRERC>VTHRD OMR
BERBENI,P P10 20 L LENSINSOEREIHKPOFTY <y bicBT
BEDONEL, FTUN MOSHIKSHRBES N REAERE LaRRIIDE V. FFiT,
LOEEHICLHKOHBRELZBE L TWEFy v v - 2N LEEBRBRIIDVTO
ERERBEAZERBSNT AL,

FCTAEBR TR OAEAEMA THERLZHEL, 77 )Ny POF I AT FEH
RO ICT ZBEEOAHMEREERL, F7UKRTR, SHKEREERCLER
ENSGA—HELTFSATI MAFEHRARELF 7Y Ny POBIEAFMEL 72, I
BHKBRBEBETE, BAKREDOHIC F 7~y b FHh 5 BHIKICAHIKEHEE T 55
&Ly y vh=w-—- (Downcomer) 4»BLTHARBRTHETIBEC L TERAT
st EHIRTIF v T4 YWERAZEBEL, MFR, Ny FOGFE, Ny FOBRU~Ny
FoOBRIL (Stratification) A _MHEBRCRIZIZELHSHICL I,
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Fig. 1 Configuration of debris beds formed during
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2. AT E 7 v B OMET

FTNRy FORFFAT OB E Ny FAZHRRSREICEZEIEEBELTY S,
TKAREER IS HIKRAS < o F EED SEB SN BE AR Fi g, 2 IKRT K D ITGEHIK & kE
SHEAEM#% (Counter —current flow) ETNE B IBHIIKAN w FTE 0 Gt
BEN2BAE 2B DIREREZ SND, 12RF TV FTRETLIEN~N Y FH
KHATHREH KD TR TCARRSEIORMLERHB LD bASIVET, RABIHKDS
TNTEHRT HMUE (Stagnant location) XY TH DiFE A (Co— current
flow) fRER & B ONm —MHFEER E0HEHT 2. COWREAFiIg, 3itRd. b1
DETFTY) Ny FOBOBBNEBHIKO T XTEAERIEAITEHFTENRVEAT, Fig,
4IGRTEDICTFT Ny FEFGOL DMK MR LW B, 0B, Fig. 3RU4iTR
INTOSBEEFHERE, eS8k 72—k (Subcooled water) @
HICBRLNLS,

TRy FOF 7470 FEGEHRBIFE TV~ FRAZHGEASREICEELRIZ
THRHKERBIRELAB T AT, ChETREZCEEINTNS, Thon ® FVLEE
BREFA, 77 v 74 VIBROELLIRETVTVWEPT L -T2 2ICKRINFHT &N
T&5,

HMTBAOHADEHEREN» R T IENERE, K TE, #ov7—, REHE
B, MR, EAMEERPREEE#HE (Superficial verocity) %%
fiend (m) , ¢ (=), p (kg/) , p (Pa-.s), g (m/58%) RUv (m/s)
tF2&, UTiART LI Ergun OXTETC &755’?‘%5?

v+%v2 +og ‘ n

LEROADE—HIERE, $ HEEGEH, FZHEAENHTH S, K, 7@Tnh
PIFiARdT 2 ATE RINEBAK IR ICHE T 52B8F (Permeability) Th o

d? g3

K=T%0" 1=y @
d &

y - . (3)

1.75 (1—¢)

taE3 XA THBIEEHLTE WA s FUAEHBREENCE SO FS5 47 v bBHHE

W =7 TH 5,
—hK7 79 F 4 YIEBHRTEH, RACFTERTOBEMFHE, J, % MUSHTRE,
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je X, OMBAGH LT G, Y

jg“+mjg“=c (4)

n, mRUCRERMICHBONIEY, B¥Ee, LBEhEFNEH, KHERG. 22T,

n*=j-Pi;J% -
' lgDae ’ g, £ (5)

J BUL e BENRNKETEEE (m/5) , MHESEOEESE ke /) Ths,

DiEZkAER (Hydraulic diameter) T, WMFEEF o ovr s —2HOFRATE
xh 3,

ed .
6 (1—2) 6)

D:
HRKDOFFZAT U rBFEHBENEF VIRV ONIRERLICLDELOBE VIS 575,
BENIZE (1) 530 (4 REcx 0¥ -, BROTMRENH»SHEHANTV 3,

21 EHEFRFNCESOLCBRETL

EHRRENICE T CBIFE 70, ROLINRT » 7 THESHTEL,

(1) BT ZBHEBHOAEEE LT 7,

(@) #HE, SECELTERERAZEE LA T 70,

3 (2) KEEH (Capillary force) £@Is LT 7,

@ (3) B, JUBICRT AERBIREMA f2€ 7o,

2L, EAOME COKE) BIRToeFriigih T b,

Dhir & Catton®id P32 KT sEREIOA42E L, SOLERTER

B L TRERBAVFERE VB LKEL, EHRRENRU 2 V¥ —REFNEZ
NEARADEL HiIKE LI,

K

Vg = —(pg— pv) d° 7
Ky

Qpr = Pg vy hy, (8

TTT, Qoald F 7479 FEGEHE (W ), hovid#ssEs (] /ke) 254, LR

2ADPOHEBENCKHONBZEH (C=00177 ) 28 FI 47 v FAEFERBIFS L
HELNB,
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e’ g (pg —pe) Py hyy
apgp = C (1=:)°? ¢ : £ 4r ¢ (D

Hardee & Nilson? @ER, =i+ —RENRCHEKE, SBICETEBRIER
NHEEE L-EHREFN LI NTARROLICE L,

spgve = (1—-8) g, v, ao
sfyvgCos(Ts —Tg) +(1-s8)p, v, hy, =QZp an
K dP
Vﬁ*p—(ﬂgg—ﬁ) 12)
K ,dP |
Vg :ﬂ_g (ﬁ_lﬂg g) (13)
(10) 5 (13) XEHVWTFF A 7 P BFERITFT T vEROL S ITE W,
Q = s (Crg (Tp—Te)+ hgo) gKey (14)
Zp (ot 75 ve )

22T, s, Cre, Tan, To, Q, Zs RUvRFZEATHh Saturation(F7 Y~y F
HNOBHOE D 2EEEHE) |, wilkoks (J/kg«K) , ~v FEFOEE (C)
~y FIEMOBRE (C) , HA%E (W/ ') |, Ny FOFS (m) KU HHE O
S8 ) BRT. F7A47 0 bEGRER (14) RcQAEHERIKTLEEIUs ZHAL, T
=Thoiling b ZERE-TELNS, HIb,

q _ Keghyvpy [(1+Cpy (Tooiting— Te ) hey) a5
b Zp vy (14 (ve/ve) ")

Shiresd Stevens® (2, Hardee ENilsonDEFARKEFENOHREZAL 12

CHEFS 479 P EREBITE VOB MO TEERERETH B, ks, BF
HOKEEWE, FTINY FOERICE-TREHAOYRLD S I2MPRERLEINASLDP S
Th b, TOFEWE FLELUTITRY

©_ Copggd® et py hy, [ 4.296(1—6)]
doR 180 (1—e)Zpuq 1 edpy, 828 (6)

22T, ¢ BEHEH (N/m) |, CRUL2ORERMLCESNAERTH S, COMEE
LTO0211%H 5 &ETrenberth & Stevens OERFT— 5 LB —HT 5,

Lipinski'® {3, Hardeed Nilson, Shiresé& StevensDE FEELEL,

B -
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S, WA LTERBROSREmA, Bife T A2 RB 81, £/, BHEEHNT
HROENRAETHT 2B ECA SN 5LEHBE (Relative permeability)
&wﬁﬂﬁéﬁkbtoca%?me&i%fw&@ﬁn,u?m%?ﬁﬁ,ﬁﬁm%
TOEBBREN, TAF-REH, HREAFIRUEEHCETIHREAL BT
EWTE B,

175 (1—¢) pavy? 150 (1—&)?% pgvg  APg
+ + + =
de (1—s) d?e? (1—s)3 75 peg=10 Q7
1756 (1—e)pyvg|vg| , 1650 (1—e)Ppyv, AP,
d£3 S3 + d2 53 33 + ZB+p.e g=0 (18)
Pzvehygey = QZp =g as
PegvVeg T Ppgvp =W 20)
1— 0
APg — APy = ﬁa(eds)oos @
(18) 5 (21) XEMVT, 0KILE F T,
175 (1—¢) { 1 1 J
+ dpn’
Esdhﬁvz Pg (1—3)3 pgss DR
150 (1—e)? e L e
e d*hy [pg (1—-s)? pg53:| doR
(1—e) w 3.5 150(1—5)#3J
+ i - -
S dpg S [1 bw hgo dpr d
6 o (1—
— 2508 ( E)+—(pg—-pg)g @22)

EdZB

THZ OB, TTT, w, 6RF7) Ry FFEIOHIEShI3BHNKOERKE
(Mass flux kg/m’«s) | ##fg (°) TH3, 0RTEFTVIIINE THNXT
ERETNERRD, BKEFDFT )Ny FOFSATY FFEEITHDOTHL, F7U
Ny FIEHAS LIS ICAHAGEE SNBIBAIC SEBTRTS 2, F54 7 b AR
i, 7)) Ny FHOBRHEO L5 2HKEESTH2 Saturation, s DELIZBALT
BMBEERACTEIC LI >TRHEIENTE 5,

Eig, Lipinski'™ i, #7190~y FHOTHABEAS Ny FOSIHRICL > TR
BHELEEAZELTORLETAR IRILEFNVIECRBESE L, COETFTITERKRNT
EFNTHY, BLOERT -5 EhBEN, hOoEFLTHNTLEVRVO—FHETRL
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TWd, HENIZR, tho = F LS EKE 7 (Separated flow model )T
HY, UTiRd5KM, BHKES2EHRRFA, = xv¥ R0, EE2EEINRY
EENOHRICHEST 2 HFERLEAEHELEDOTH L,

L75(1—¢€) pgve | vg| 150 (1—e)? pgvyg dP.
+ + =
dés K ¢ dz &3 7 dZ+ng 0 @23
175 (1—¢) p vy | vy | 150 (1—¢)% py vy dPy
+ + + =
d ¢ Ky d? & py dZ °s g =0 @0
pevshyy =[QdZ =g ©5)
Pg Vg T PyVy = w 26

V150 ¢ (1—¢) cosé
Pg""PEI cd J (27)

(27) AhD J IR LB T, Leverett 3% (Leverett function) &
FiEhd,'V Fig, SICHAIM S Leverett M SaturationDBEAERT, 17
Leverett BISIE, RRTHFCEMTE S, 'V

(S_l_ 1)0.175

= @8

J

(23), @) XiHEENTVEKe, Ky, 7:R 7, BORTEEFLTHHVSAT
VWEHBBEC, SaturationDBIKEILTKREDL HieEF T ETES, Y

Ke = (1-5)° @9
K¢ = §° 30
e = (1—s)° @D
ng = st (32

(23) 25 (32) RAMAAHLELERIRET IREFALBELAS,

— V150 cosdo (1—¢) dJ ds

¥150 COS&G‘J—d- (1—_E—)+ (pg — Pelg

cd ds dzZ dz ' ed
175 (1—¢)q 1 1
= 3 2 3 i_ 3
e dhyg pg (1-8) Pg s
150 (1—e )% g e Mg}
+ 3 3
& d% hy, pg (1—58) pe S
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(1=e)w [ _ 354 150(1—5)#3]

=e)W 75 -

& dpg s Yt . d

for QEWhEV (33)

FSATorEHEERT TNy FOEIEEREILAE2F+ % (Channel )ik
STHRBING, F vV A VDBERS M 8E, KEMARK (Packed zone) DAL,
DED F v v AAEE (Channeled zone) EifffdSaturation EKATREHN
50 11)

(1—¢) qgq [1J5qc 150 (1—¢) pg
3 7 + .
£ dpgghgv (I—S) hgv d
= oy (1=—c)+ p, ¢ 67

ZLT, G BF » VA AHEBEBOMAE (W m’) THE, /2, F» Y2 LDRT,
Lo (m) GRRic knztETE3, 10

_ W150 cos@a]

©7 Ted(er—ep g (35)

FiEof, 1 REEFLVOBREGEELELTHY NS,

TRITE FVRSEEBEEDLT 7Y Ny Mgt LTHWSIESREIR/ATSE, FHENES
iT155B, 7N Ny FESL SHHAPHEBRIAZTVESE, w=02&7D (33) XDE
AEZEBE RSN B, Tk, MFBBREFVLHIIVRFTIISNy FEEL, BEAN
BHCHSELTHEE LB RENSVESRELE—ERFE_HAHETE S, D&
T IRTE FARERRDLICREN S,

175 (1—&e) @ Z°2 [ 1 L1 }
Pg(

et d hyt 1—s )3 pgs
L 150 (1-)* Q2 Be L _#y }
ERFEI P (1-5)°  pgs®
= (pg —pPg) g @6

FTYRy FEBLEAE, 77U Ny FEBEERENEF » Y3 VORBLEHAT S
CLEWABETH B Lizhi-T (34 , (35) REZABZHLER T,

(36) REH VAT ERTEZ DR, BRkddHs0RE~y FER b omEkMP s sn
BEWFT Y~y F (Deep debris bed) EKRSA BN, aHiE (33) XK~
HEEBIERT, 0WIE ¥ sk, Saturation DELTE L TRA L 5 RGR
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BESATO SR ENLS,

INFTTHRARIUBHEFAVERBVAEBED, FA4ATY MEFEO F7IRTR, 77
DRy FESNDOKERAZNEFNFig. 8 RUTITRT, FROEE iz LT,
Lipinski D0RAERT 1RALETFALTE 1mAiEER LTHEAISAEH-Tb, ZOHE
HiZLipinski O EFVICERRBMOMRESBEEN TV E/HTEH S, Shires ¢
Stevens, XU Lipinski D FATREEHNEZZEL TV A0 TR TFEINE WE
BThiclOWalliezRm L T0a, 70Xy FOSIOEECHEL T, Dhird
Catton, Hardee ENilson DEFIVRESIKERHEIHEVE, EFHogREL %
BMLTOSMDETFTAOTHE N IATY PRGHERBN y FEIRIRET AL bbb E, &
LI, Ny FUEGLHLIREFHEDREH®HI /N5,

2.2 FSuF 4 oUBRICEDWERBRIFETIL

TI2w T v sed, BEERAGIK Z - THREZHE F 34, LRICEMA L B & o i
TRE KT, LM KRS S AEICET L, Ko—B LA 2MGS 2HRES
J. P LORBARFRBICISHLAOON 7T v 74 v I HBKE IV RERE LT
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Ostensené& Lipinski ' , Marshall &Dhir ' ®Rt¥Schrock &'
EFMCELT, EHn, mRUC#AH Table 1icE e,
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DEFNWEH L, SowaLilLbd7 73 T4 Y 7HEBICE W= F0E, EFEEERL
CEDTVWEETFVHED T, —BRAKERSDNALFIAT Y PRAREBIFE FATHD
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Theofanous £SaitoidSowa LREFALAMICIE27 v 74 v 7 TRD, &
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ngggdé?a }1/2 (,uw)(}.l

(1=¢) (pe/py) " g “

dpr = 007t hy~ [

77w T4 YTHECE TS EIFE TR, BKES B0k v FEZD S EIK A
MEINBETTINY FT, L bF7VRFRS Imbl LR UTEIET 50 &0 TS
Bo FZVHFEN lmEl TOBAR, 75 974 YIVHREZOLDHEE i,
SEDBAKERR A OREAE LA EEZ NS,

Ostensen& Lipinski, Marshall &Dhir% ¥ Schrock ®® Fricf L
T, FIATUMARRD T 7 )V RTFBNOEKEM A Fig 8ltTd. (37) RREREN
TWBL5EC 3 FLebd P KhHlT 20T, HERELTH S, BOTHEEROR
DEXDBRFEEH T BN AT I MRRDENRE LI TH S, BB, 75+ F
A Y TRETOBTEF VTR SAT Y MAHHEDO Ny FES ~NOKRTFHIIEE TS

Ly,
2.3 FEBICHITILEFN

HLWIEEHRRUERDETHRANBIECLT, TITHEELBAST IICHDT
Blo FTHEBPLGHUERTE, BEAGN y FEIFEERSNLIF » v 2 VDR
GEALBLELI3UEVT 7YXy F (Deep debris bed) #f 0o T, @k
TF7VEFEOEELYP S HRTRLMICER L ERICELTE, 36) X%, F7
DXy FTFEHPOBEIKEHBT2ESE, @B3) RroEEHOE (EBF—THRUE
TH) REELLe TR, Y VAT - b OO BRBRERTR, $TV VY
T=HDKIEEFTT IRy FRZHROTHBEPS LA LB L H2UBNKKEERD,
TORBCHESOTFIAT T FPRFEREZFHE L,

779 T4 YIERBRTE, (4) APESINLEH 0, mERFCAERNICRY, K
F&E, o FEE, Ny FORRIERG~y FEOEBLE N, BONLTT v 74 ¥
SHEXAEAHOW TN SA T Y MBI E o428 BEFLAHEEROT— 5 &
HEg L,

Table 1 Constants in the analytical model
based on flooding phenomena

n m C
Ostensen and Lipinski 1/2 1 0.775
Marshall and Dhir 1/2 1 0.875
Schrock et al, 0.38 0.95 1.075
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3.1 BEFCHIMERER

3.1.1 HEERHEE

BEFLGHEEREBEOLAFHEBNE Fig, dikknd, AEERF X M, M
i, w—7TEHERCHAE»OEERENS, TRAMNER T 7N FEERBL, ZEOHH
RPBRToNT0E, v—7HIBEB20000FKI v 7452854, Rry7iti-T7F A
MITKEHRBT S, Ry 7 Ics s BmEEROMICEABRIVELBR T3 L S5ERV -
TR OV - BERESNTWA, Fig 10kF2 My vrh~-— gL
B ERT, MAMRE 7 A A2 FEMAT 2 5FEFEMBEE L 22 BT 5
HOKRBERDP SR B, AREBET 2 NHTRAESHSE T -7 DRBRET D,

FRMRBR_EON AEEZEXHMEYTHEEL, TOLTRKEE~y 5y -RUEFHA~
w H =77 YOTERINTVLIHBECNL-2TW5E, BN 7 AFREHLE, T—HA
DF 7 ABEPRBLLBEC T OWH OMMEH LT sREER->TH 5, 77 )Ny F
RFOEBERARL/HDICT TNy FOARESL 0mBEF200mic LB LD 2D F R
PERAEEEELTE, TN FiE, 7R MEBA7 2EAREERUOMRE KET 5
Click > CHBET 3, 72 MERIKEFT7 I~y FOBRELZAETZ o2 0E0H
BROSmDAF Y LAY—RZI B2 V- T VERABHNEFINTV S, Fig, 11
RABWNOEERENE2 RS, BEWNDEEIR v L I—F-LF—saH—Cy 715
1 LTRBEIND,

V= THEEKY vy, BREY T, BERCI vV A-—DPOoREERIATL S, ITK
v NOKEFIAEFT kWD — -tk o TCHIATE, BFEsvro- 35—k 3l
EHBHEETH D, BRAXBIAGHFTHED L, FETFARBIHTHEST %, b
-~ 7HOHFDHEAEDHEILL > TF A MiADEKRE — FE2, 72 FHTHL S OBHFE
BeE—F, LE»ro0EKE-FRUSFY v ~—2B3BRERE - FicEET5 &
WTE B,

MARIEEEFENAEE, 7- 7 34 Vv REBHR»SK S, SRABEFEMAESE
DRRKMARTEHEREEZNENS0 kW, 10045 150kHz TH 3,

3.1.2 #EBEHE

(1) EBFIE
 BEFELAHEERTHBEKASIREIC L > T, Bk, 72 FETHS DB
ERECFI v ~v~—h2BdHATFRBOIAVDOEREZEBRBL, UTFTKEHATHLOD
EERTINEABRIHT Do
1) #KikEE
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L#®EIKR A7 &2 B ictid 4 5,

@ v ryI/ACKBPEREEREICELALOF2 PEHBIRBKLFZ MEOADIK
HHEFEHLC B,

® EFREEBOREES D,

® SREFEMBEBORA v 7 2AN, BENCLLL D D EHAE LY
5, COBE-HATHu b 1 2 REH L5,

@ ~NrLa-5-DXRREAHIL, GMEECRIATHEF 7 Iy FA
BEN, BBICEBLABEZFS AT VORALATL, BREEREMBESE
DEA wF 525,

® FIATU DRI -AHOGRAEFIHNAREOHNAKS 1 7T vOHFI
Gbt, HHOKIEETTS,

2) WHIKDFA M TE~DEHIER

Oho@ETREKREEE L,

@5 v IHOKBPERBEERBECELLOE Y 7 THHKABESI 2,

®F 2 P BHDOKEREEREBICE o120 ~HEV 72 LD TERFEEROERL
T 5,

CHHKDFHREZMEDBILAOETERS 3,

DEKRREO® &H U,

@BKKREDD LR L,

OFKRED®EEL,

BHREA*EZEZ TOLL@OEBDET,
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FOFEEEITI,
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SREEFEMBRERE TR, TOMRPATORECKEST 20T, EEOLRIZEL
TFTVNy FRMOBIFNF-LFTHLERTER Y, LEMH2TFIAT L
BAEERDEHCRFSATY P REBOEBOHNEAKET Z2LELS 5, TOH
HELTH,
DH 74— vOHEBKREIT7 )Ny FE2BLT, 2ThEMBRLETOERE EREE
LLEDBERPORDIFE,
@7 —NVDHLHKEFAZMETHELSBEBFHEAL, TORBET 7T VNy FAOD
BESTPLORDEFENRD 5,
QOHETHRFT VAR FzllbrBEERAL SFHET 5,

Qinput:[EPQCpE+(1_5)PDCpp]F 41

TCT, Pp RUCpp BMIROEE (kg /m), SO (] kKK ) TH 5,
ZOHFRERGOICH~NELEENPNESVEELLNLY, SHAOOKTIEAVEZLE
BTEHV, GREFEMAEECHMEL, HAVEFREGEST 2 DICHBD DR
HBLETHEOT, BHARYLTHY 2547, MMEBECELLHE, $/7ERK
BRI >TORLWEEEH 5,

Qo e R, SBIET 5,
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Qinput = T (42>
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W, HBEE—FERROCELFHBAOLELSRESLETD 5,
FEEBTRGEKEOF IR FOF 54 79 PRARRERL L, HABBEVEEGRO
DHER, FTUNy FFHLSEHKREFHBL, SVHAGMIONEIBERIOD
HiEEZHERL .

3.1.3 EBEH

AEBRTREMKFEHREDEVICI D, IBEHOERAER L, LikhoThd
DEBRFHEEBETNLEF 4 TY FBAEROBEKREREC T 2 KEFREZHST L
WTEZ, T, THEhOERICEVTER ST A -9 HBERD, B—KRNTFEDCT T
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RYT A7~ HNOKEARGF7 IR TETH B, SEBROEHE 2N A Table 2,3
RUAiZE E05,

32 TS3uF4vTEER

3.2.1 HBHEE

779 T4 YT EBRREOEBNAFig, 1 21KRY, REREER, T2 LG5
D7 2, BFKY v 7 2BUKBERRRT 2 Y7Ly -2 80 TEEMBEL OBRS
NTH 5, ‘

FTAMNBOWBEEFig, 1 3IKART, R MEE LT, #5 2MF2FRT30EER
CT#MPo®D, 773 v ITHRSATVS, 7R MERT 7Y~y FEDBEEEHL 5
Ry LHrdic, NEISORU 495 mD 2 BEHAM W, F7 U KTFAEET LY S 28
Fid, 7RI RFLTHAEREGETE 77> VOBICEALALEBEO LicEA L 2,
XD 2w ¥ 25 A XX D BPNIOHTFEEBRIMEHT 2BEE, HTOEFLH ¢
DICRKEBRFEZ LIPS 2BRERAL TLO NSO FEEA LT 5, Kty X vRUZ
R/ AvdEnThn 7 2 b BERERVTHOFRCRD Hd oh T 3,

3.2.2 EBHE
(1) EEFIE
772974 vIPERBROFIHZIL TOED Th 5,

OH 7 2HFE2F A PP REOXHR LICBRES S TRALT B,
@F A MHE LA VTR B,

QEGHUBFRO v 7Ly 4~ %2FEL, hEDHBEZRET %,

@B FOBERE v 72EFL, 0oy IOKARZEMESE S,

®CCFLEBHSERENES, 220770~y FEOKBOKEBEEREILK
oo, Ny FALRELTL 2KkB4 72 P PRI o o AEt
MOKE LAHEE»SHES S,

DELHELAEZATOLLOEEDETS,

@F 7V Ny FOBEREEZATO»SO®EHRDET,
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EBEMLOEBONAMEAHKER(CCFL) F-4%%, ORXATEREIN S EBRT
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*1 n

jg "Hmig " =cC (4)
HELOBROTT Y Ny Fitxd L TZoEEEATY, F7UNy FERBZ I » F
4 v FBERBERIFSTREELHGIZT B,

3.2.3 FEBR&fF

TS5y T rEBOSNT A -5k, KTE, F70Xy F@EsE, 770~y FERU
<y FORBRILTH B, Wallis DERBIEIEHELIE, REBO7 I » T4+ v 7 RHER
BEITHELBOHE, FEBOBRICERLESE—OHBEATET LB TSE S, AF
BTHURTREND 77 v T4 v/ HEARBEARERO 77 U~y FZBELTHEL
TEBDOMEIDAERNICHSHLIZT 3, Table 5 KEBKBA TR T,

Table 2 Experimental conditions for measurement of dryout
heat flux for stagnant coolant flow condition

Coolant : Water

Particle diameter (mm) : 1.0, 2.45, 3.5
Porosity (-) : 0.405, 0.40, 0,389
Debris bed height (mm) : 500

Debris bed diameter (mm) : 50

Coolant depth above bed (mm) : 610
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Table 3 Experimental conditions for measurement of dryout heat
flux for forced bottom-fed coolant flow condition and
gravity-fed coolant condition with fixed flow rate

Coolant : Water
Particle diameter (mm) : 2,45
Porosity (=) : : 0.4
Debris bed height (mm) + 500
Debris bed diameter {(mm) : 50
Coolant depth above bed (mm) : 610
Coolant subcool (°C) : 18 - 53

Coolant mass flux (kg/mzs)
Forced flow condition : 1.24, 2.09, 2.99, 3.86,

4,71, 5.54, 6.34

1.24, 2,11, 3.02, 3.88,

4,72

Gravity-fed condition :

Table 4 Experimental conditions for measurement of dryout
heat flux for gravity-fed coolant flow condition
with fixed downcomer head

Coolant : Water
Particle diameter (mm) : 1.0, 2,45
Porosity (~) + 0,405, 0.4
Debris bed height (mm) : 500

Debris bed diameter {(mm) : 50

Coolant depth above bed {(mm) : 610

Coolant subcool (°C) 1 32 - 58

Downcomer inner diameter (mm) :

Downcomer head (lOaPa)
Particle diameter 1.0 (mm)

Particle diameter 2.45 {mm)

50

: 1,10, 1.19, 1.29,

1.38, 1.47

: 1,10, 1.19, 1.29,

1.38, 1.48°
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Table 5 Experimental conditions of flooding experiments

Test section with inner diameter of 98.0 (mm)

Fluid : Water, Air
Particle diameter (mm) : 3.0, 4.5, 7.0,
10.5, 14.5, 19.5
Bed height (mm)
Particle diameter 3,0, 7.0, 14.5 (mm) : 300

Particle diameter 4.5 (mm) : 100, 200, 300

Particle diameter 10,5 (mm) : 50, 100, 300

Particle diameter 19.5 (mm) : 50,100, 150,
200, 250, 300

Test section with inner diameter of 49.5 (mm)

Particle diameter {mm) : 10.5, 14,5, 19.5
Bed height (mm) . : 300

Stratified bed

Particle Layer
Diameter (mm) Height (mm)

Upper Lower Upper  Lower

Cage A 10.5 19,5 150 150
Case B 4.5 19.5 150 150
Case C 19.5 10.6 150 150
Case D 10.5 19.5 50 250
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Fig. 10 Schematic diagram of the test section with downcomer
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4.1 BEFROCSHEEER

411 FTURTROESE

BAHICBINE T T )Ry FOR54 79 r BEREAMES Table 612, F747
Y PERROEMER CHEITEOT 7 UM TEANOERFHEZFig. 1 4iIRd, RAlEL
LTHRAER, Trenberth & Stevens®, Gabor & Cassulo'® Barleoné
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Z shallow < 6Lc < Zmoderate < 3dc < Zdeep 43
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KATEEN B,

Lc= V150 @ cos @]
T Cp,-psoged (35
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Table 6 Measured dryout heat flux of debris bed
for stagnant coolant flow condition
(Bed height = 500 (mm))

Particle diameter Porosity Dryout heat flux

(mm) (-) (kW/m?)
1.0 0.405 330
2.45 0.4 993
3.5 0.389 1447
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Table 7 Measured dryout heat flux of debris bed for forced
coolant flow condition and gravity-fed coolant flow
condition with fixed flow rate

(Particle diameter = 2,45 (mm), Porosity = 0.4,
Bed height = 500 (mm})

Forced flow condition

Mass flux Subcool of Density of Dryout heat flux
(kg/mzs) inlet coolant inlet coolant (kW/mz)
(°C) (kg/mB)
1.236 42 984,17 1015
2.088 34 979.92 2939
2.988 30 977.66 4831
3.840 22 972.89 3080
4.708 25 974,72 10175
5.527 18 970,37 12029
6.342 22 972.89 13343

Gravity-fed condition

Mass flux Subcool of Density of Dryout heat flux
(kg/mzs) inlet coolant inlet coolant (kW/mz)
(°C) (kg/m3)
1.240 48 987.11 2798
2,108 53 989,37 4022
3.018 49 987.57 5962
3.872 36 981.02 7187
4,725 31 978.23 10573
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Table 8 Measured dryout heat flux of debris bed for gravity-fed
coolant flow condition with fixed downcomer head
(Bed height = 500 (mm))

Particle diameter = 1.0 (mm)
(Porosity = 0.405)

Downcomer Subcool of Density of Dryout heat flux
head inlet cooclant inlet coolant (kW/mZ)

(mH;0) (°c) (xg/m>)

1.135 58 9G1.46 1046

1,235 43 984.68 1063

1,335 45 985,67 1541

1.435 39 982.63 1602

1.535 36 981,02 1802

Particle diameter = 2,45 (mm)
(Porosity = 0.4)

Downcomer Subcoel of Density of Dryout heat flux
head inlet coolant inlet coolant (kW/mz)

(mH,0) (°c) (kg/m)

1.135 51 988.48 3459

1.235 39 982.63 3695

1.335 43 984,68 3980

1.435 36 981.02 4319

1.535 32 978.80 4671
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Fig. 14 Dependence of dryout heat flux on particle diameter

and comparison of measured dryout heat flux
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200 ,
Surface tension 0 = 0.0589(N/m)}
Water density Py = 958.12 (kg/m®)
Vapor density Py = 0.59773 (kg/m3)
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Fig. 15 Relationship between particle diameter and

capillary head
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Fig. 16 Typical example of saturation profile in

debris bed
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