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Abstract: The sodium-cooled fast reactor (SFR) not only has the advantages of high coolant
temperature, nuclear fuel breeding and nuclear waste transmutation capabilities, but also has the
characteristics of good inherent safety. It is one of the fastest-growing and most experienced fourth-
generation reactor types. The main circuit system of the SFR is close to normal pressure, the coolant has
good thermal conductivity and large boiling margin, the design of three circuits, the combination of
active heat removal system and passive residual heat removal system, etc., so that the SFR has good
safety characteristics. However, the power density of the SFR is high. In accidents such as unprotected
loss of flow (ULOF), if the decay heat cannot be removed by natural circulation in time, the liquid

sodium in the core will boil explosively, which may cause the core to melt. Since the void reactivity of
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sodium is positive, the boiling of sodium in the core may lead to a risk of recriticality of the core, and
causing the core to melt. The debris bed formed after the relocation of the molten debris is mainly
cooled by the natural circulation of sodium, and the heat of the sodium pool is discharged to the outside
of the reactor through an independent heat exchanger placed in the sodium pool, thereby realizing the
long-term cooling of the debris bed. During the release and relocation of the core molten material, the
molten material will interact with the sodium, affecting the release of the molten material and the
formation of the debris bed, and ultimately affecting the long-term cooling of the debris bed under
severe accidents. Therefore, the molten fuel-coolant interaction (MFCI) is a complex and significant
issue in the safety analysis of severe accidents in SFR. In response to this phenomenon, many
experiments on prototype materials and alternative materials were carried out, and a clear understanding
of the fragmentation process, fragmentation mechanism, heat transfer mode, fragment size distribution
and whether steam explosion occurs in the MFCI phenomenon was obtained, and many mechanism
models and theories were proposed. However, since the interaction process between the molten fuel and
the coolant is a complex process with multiple components and multiple phases, only a few programs
can be used to simulate this phenomenon. There are even fewer analyses of the transient heat transfer
characteristics of molten stainless steel and liquid sodium. COSA is a test facility built by Xi’an
Jiaotong University to study the interaction phenomenon between molten material and liquid sodium,
and experiments on the interaction between molten stainless steel and liquid sodium were carried out on
this test facility. The severe accident analysis program ACENA developed by Xi’an Jiaotong University
was used to analyze the transient heat transfer characteristics between molten stainless steel and liquid
sodium, further understand the phenomenon and mechanisms in the test, and verify the analysis ability
of the ACENA program. The verification results show that the program can calculate that the molten jet
enters the sodium pool and quickly exchanges heat in a short time, causing the liquid sodium in the
center region to boil. After that, the molten material reaches the bottom and causes the temperature of
the liquid sodium at the bottom to rise rapidly, and the liquid sodium with a higher temperature moves
upward under the effect of buoyancy. Secondly, the program will overestimate the heat exchange when
the molten stainless steel jet contacts the sodium pool. The program cannot take into account the process
of solidification and formation of a hard shell on the surface of molten stainless steel, which causes the
program to overestimate the heat exchange rate between stainless steel and liquid sodium.

Key words: sodium-cooled fast reactor; molten fuel-coolant interaction; ACENA program

Hi58%:

BV DR AN UL A v AR I R s L R RRE
VERSR % o Rk N B R S S S )
RS, e R RS, 1B AT 2 0 f R e A O
T Z— o BNV PRHERY I 0] B% R Ge 4 W T, v 4]
FR B S P BE S LW B 48 B, 3 A IR BT T
REShHEA R G S AR RE S R IRt R GEAR S &5 554
s LBV PR BAT Uf 122 iR o SR, BT PR
M 1) Ty 555 E W, TETC AR 4P R Ui (ULOF ) A5 il
AR ARG ER JC 1 R I T S A, HE R
(14 98025 B M M R P 1 B i, R RE S BOME
o LU, o T B A 25 BN R IE, HE S A

Uil T BE 2> T BOM S FR IR 5, DT 5 O 1 4
oo KRR b i B LAY R R IR 2 e
BUHY EORE PR FEAT Ve A, 4t B A 0 5
T e g S RS AR R A HE SR, AT S
BURE R PRIV A0 7 A R 0 R O
LR R, KR Y 2 5 e AR Bl A A EAE
SR A T 0 ) R TR B PR IR B, I e X 2
Wi 77 B ST B R R BRI A . PR, e A
5 ¥ A58 B AH EAE FH (MECI) J2& 8 7% P 3o ™
FlC R T — 2 2 HLE B R L

13 ZIUA4E R, TR T R i EE X R K HE 1)



5593

X G 258 - 8 T A 5 9 L5 90 A AT LA T ) B A 4 AR PR I 5 1895

PR Ve J50 A BAE F (FCD LR 52 50 5
FIBHITE . TyrpeklU REE2 K HE B RARES ¥ 2157 19
HEAERKI 0 4 4B Be: HUIR G il & L B XEFI
4% . Sun S5 BT SR M RAT R WS )
SRR I TR RRIE R R ) S 56 R B
W, BEF T Swift S50 48 00 I BilAS 55 5K 7 38 5
s DX S I 25 RN ZR PRI RE ) R %Y . Shen SF 1Y
JAZE T R X K HE FCT 4 FF R 19 56, A 4%
KROTOS, TROI fl FARO % R 513 5%, i3 3 2
WEFE T T IR | Il o . S AR
SPRE R  FYR R BRI R
& BE R 5 & AR B AR S B0 FCL g . 5
TR K HE R BRRL 55 v J A B FH R, 4078 B
R s R RL 15 ¥4 0500 A B AR AR 2D 2 7 A 2R
FRVBRVEN IS, BRI T AR E 7, 76
20 th22, E PR LI TR 2 DL B3k 0k R R 7
i MFCI {36 . Schins 1 Gunnerson 3% | — %1k
Bl RGN R AR SRR T R T S Rl S5
WA MFCT IR, 12505 25 5% 2 B 2o U W o 2
RRE 3 vk 32 Mk B 1) B R, HLAEIR Y
WXL 3 A T R R AL« Wk I P A ) TR
5| S Y A 3 7 A R SRR ) S B R 00
Mizuta 581 FF & T 30 WA 4 il — S0 Akl Fn 8 1)
MFCIL X 575 i : ZE#E47 FCI A if, ml ik
UO, YT Sk BRIE J0RL HLASURE RS 52 B 000 A
Johnson %51 {43 56 F 55 36 B #& @l i) UO, 7EAL F
NS B L F 5 45 T R A0RE, ELGS Al vh
1) 4 J B A3 T B I R B2 K 48U Ak 0 140 T )

2 18 ) J TR b A A B 14 W S R AR, AR £
AR THERME IR T MFCLIK 5057 .
Huber 4500 5L T THINA i 503 &5 B 1T — R4
G il A AR A0 B T A TS BRI EG . Hem-
anth 5L ER PR N 77 2B W0 YD T A TRCS AR
WF5E T AR il s 5 98 20500 19 Lo 49 MECI 7
A R R T AR AR, 3 50 v A 7 A K AL RE 7 4
HA W R 408 . 2L, Johnson 551121 7£
JAEA /) MELT {805 & 1R FH T &5 43 9% X 4
2 UGN AN 5 A9 5 4k =2 10 1) R B 2R AT T
PRI, W5 2 T 6 Rl 5 ¥ A 700 38 5 Ak A7
FE 0425 Rl TR B 52, I 0N A S Vi A 2R S Pl 25
Wy ey B JI IR AL B0 . Tgarashi 48113

TH R I Gl (0 AR 1A &2 1 AK HR Y MFCT AR
BB, IE R SIMMER- I #F 47 %5 (i 45 400
Hu 5015V FF R T A RS EE A9 . 405 R4 43 51T A
AENM MFCLIRE, H0F5E T b IR 5 | s by it
FE RIS T 5 DR RN R R 1 R, 15
B 7 e BB R R S 0 R A, JF i — 25k
ST R AN R [ T G [ A e 5 5 /D A7
YRR,

FHEC TR A S5 05T, BEXT MFCT L4 iF
PRS00 A A2 e ) 4520, AL 5 SIMMER- T U1
MC3D!'7I CODAIS L & MPS 77 3k 09 45 ik B ]
ZEUSR F ™ O T )Y CODA X8 57K 1Y
AHELAE P & T RUEALA I 4087 7 A [R) v BE A 1y
JEH 284S . Morita ZE06 3% ] SIMMER- I %if
THINA 2 565 5 P9 T J& 109 48 #8507 7 A 11 26 il
W) 5 A B MECT IR 50 HE AT A0, 50 0F T &
X} FCI B Hrfig /1. Cheng 25129 3% ] SIMMER-
T X6 7K 55445 15 42 (Bi60%-Sn20%-1n20% ) (41
AR R PEAT B, . Tobita &1 R ] SIM-
MER- Il £} %} Kamiyama 4522 {6 @il () 8 Ak 0 5
RS B A ELARE RS T R 43

F H R F A AR PR MECT 9 BU(E B4
WEoE KR SR A XS A 4 AR SR
BHI A LY 5 A BN R B L AR DA B XA
B 5 4 55 A AN A A B PR AL, ek, B
T BSO(E AR AL 2 B G T AR 4 T TR T 1 A2 4k, AR
BRI ) 5 RS A ) A AR P AT A AT
W, 7R SO T VH 28 A8 R A T & R A i PR g
HE BT FE T ACENA X 74 22 38 38 K2 T e 1
J5 Tl AN 5 A 5 S B 1 A VR ) K 6 0 AT
P, I 4 AN 5 0 5 VS A ) T S 4 R
15007, i — P R T I & 5HL, IF 5
ilE ACENA 25Xt MFCI 943 BT RE 11, N FE B
RISE RIS

1 ACENA 2513

ACENA F2 J7 3 T BB 5 6 1) 4k . 24157
ZAHENRS RN HER RO ET . %R
JFRE A X 43 S LAV ¥ 20500 L 0 mil ok e R 78 VTR
B0 FEW 3 A E ST 0T I REX IR A 4
e HE PR S R L A R R VRS B AR
B TR RN HI, KA BIR AR Bk e



1896

FETREREHAR 58k

FAAR SR, DL R ORE S () BB | B e R 4 o R
55081 BIFAEIUM BRI 48 R-Z HE bR R
BT 2R T2 28 5 A% A PR 22 43 7 ik, il
JEAE POAK% 1 5 E o S, R EE L N RE R S ) A T A
TG E S BRTRE RS Y B i AN RE iz 5
K& 6] i 3 HEAT 43 TF SR A, %o T PR 48 Ak 1 £ ok
FaxCAab B, X T8 A 9218 Y 1 R i AR 3R, IR
P BRI 7 3R AR T, DA 52 B0 Ik i) 1) 22
Moy Z MR P R E K. ZRBR TR
I FH T3 B A 4 5 A 1 T A AL 1230 R
B 5K B AR ELVE R4 (Y [l 8, 020 Bk T AR IR
T2 5 ZHA R T A RE
11 EXFIEARE

2 [ ) 7 b SN M PN AR TR AL TS [ A
T2 MRS BYAS TR AR, K B HE o i) 44 kL 2] 43
R 3 BRI GhAE L AR RN ZE R, JEAR TR A kL B
AT 22 R 3 Fh 2 AL b A [ BHR 43 S
[Fi] 1% %5 25 2 3 F1 e = 20 40, B e W MRS A [ g
2 53R 5y AN Y, e 7R RS R SR
R0 R AR EE Y o XEAS [R) 0 9% B 20 43 K ik o
SPAE T RR, XA [R) Y B 8 21 43 oK A e T 1E T R,
X} 3 AR i s sy E

JoT Sy E T
%+V-(ﬁdu,):—Fd (D
Arh: TR d R A F 5 BB A o), 1 R
Y15 pa R P, kg-m ™5 ¢ EFIA], s;u, oy
i L, mes™'y Ty o % B 4H 4y 22 18] 1) s 3,
kg'm’3~s’lo

B sFIE TR

0P
ot

Z Ky (uy —up) + Fymy + Z Lyuy (2
[ r

+ Z V- Pawuy) + ) Ap — pig = Kjsuy+

del

X o B W, kg m ;5 o HIER
0y s Kio Ry EE 3 15 2540 1 Bl B A 4 R AR
kg-m™=-s7h N KRR —HEY; Ky HiEE Y
I S5 ES r Z ) 8l i A RB kg m s
Fvwﬂffﬁ*ﬂ@ii@ﬁ, kg'm'z'S'z; Ty N ERE R,
kgs™'o JrRRAE AT I YA U A A IR hy BE
T 66 B 77 . o B 37 2 () Y 3 e Ae 46 Mg UL 5T o
A T s S B B s

AEa SF e T R
0ppep

ot

aCZD

ot

""ZV'(I_’dedu/)"'P {

deD

D Sy +Si+Sv+Sp+Sm+Sy (3

!

+V-(apu)| =

X pp M GRS A % W B, kg-m 35 ep S BE
A LEINBE, T-kg s e B BEZH A LU N BE,
Jkg''s ap HEEAIRBURH . () ESA
1A% TN 2 B AT R IR N AN [) 5 3 22 [ ) 48 34
7 5 5 F A A R DL R I L AN [ A ] R
R IR A Uil NI N L 4 = o el 1 O L5 2.5
P ERHRIE T, B34 Wom 3,
1.2 HHBHIEERY

1) 28 S 1 T AR

RS LA IR L Bl RRE A e,
IR R0 el I N TN TTI 2 WG e = W 1)
FRFPE T 3 Fhiias: ORI . RBLR AA T R
bl 11 B 5 A S 1 LB U RN (B ' [
SRR AT AR AR & AR AR i PEROR A T
YR I R R O B A 4 R A (6, T B A 7
HEA 23 W) BT I P 1 T 2 1 3 sl e

FEF Ishii 550250 48 M A B A RR 114 22 S 1T T
R 300 0 i 1 3 R 5K, T A9 204 T 28 S im
[GRAGORS R

0A

a}:l‘B +V-(Aypv) = ;SM,BJ( —Ayp-p (4
0A

2 oAV A =Y Sups—Aups (5

k
s Ay T Ay 53500 4 53 MOTE AR A AN R B
Ui X P B A FR Y A S T AR, BIZH 53 M B
T T AR B, ms Sy B Sy 7090 A 2H 93 M AERD
R R HICURE 1X d8 P 5 S T T AR A R 0, 0
PR B Y R i I B R S
%Iﬂ.%}ﬁ:ﬁi, AM,B—»D %nAM,DaB ﬂ‘]/@%/}ﬁ ﬂ] gfr\ﬁﬁf)lﬁh
DI PN A9 BT e AR A 5 A T T AR AR R 3L
TR R R 22 A (] 1) 2H 43 22 [ 1) 42 ok T AR

2) B A

XA S A Z 8], BRI T 3 sl
I R LA AN E S Z ], S AN T 2
FHZ I8 LR AN e et 22 18] . gl i s 4 R AT
(38 I 08

Ky =Ay+By-| Vi =V (6)



SEOM KNS A . BN B 5 VR A A EL A T B IR 2 A PR P AT 5T 1897
3) HAR KL PR, 2% HE A R A I ARG R R s ] Y Y

i o1 0 5 28 R BOR T 0 sk A7 1
B R R S B R R T 2
o X R AT

P!
hyp = TI;, [2.0+ max(Nugp, Nuop)] (7D

A o WS B 55 A 45 B0 BORE 22 18] B9 46 4 3R
B A WA BT RS Nugp R Nu, p 73 51 0 53
G ER AN E SRAE IR T AN A0 BURL 4 55 28 KB Nu,
HERERKRAWT:

2.89 +2.15k264\ ?
_ 2.89+2.15¢ ) (2

_ 0.5
Nugp = 1.13Re} (1 Rel

Nityp = 0.62(GrpPre'®)"” (9
FH: Rep P AURL Y T TR « o UKL 5 A4 () 266 32
Z s Gre J ORI RS HLRE FEL; Pro 2Ry UKL 4 35 B
Rk
4) N5 B
R 418 15 21 7Y 52 S T TR RRURI 4 B 3R 88, SR iR 1)
K& NI A . S i s i o R
FALFR A2 E 5 BE . WS N5 40 1Y) &E [E
Gt AR T AR S BN R AR R
Gonn = AP Tops — T) (10
K g WAL m 1A 5 n BB R a, H
PN 20 53 1 28 S TH TN AR by L3 m B 45 A 2R
85 T, HAS TR L T, 2 53 m LS
A7 G N WA ARG e, X FEEK
A T AR 3 s A B WA 2 3 25 o R Y JB
TS RN
[y = dmn (11

lm_in

X L, N B i as R0, WA m RS HE,

Ikg''s iy FHL S n BIKGTHE, Tk s

2 COSAIRKEEENA

B Xt A DI ME ™ i SO ME S R S RS
4 JE AR EAE FH A R, VO 453 K2 b i
I Tl ) S R S R MR SE B T & COSA, 5 iy H
YA I8 05 il 4 JE -5 VS AR AR AR B9 BB e R
FEME L O U R SRR AR i RSE A AR AE . R
FER RN IE PR, N AR
L 3. FEBAS R EAR 0.3 m, i RIRE
0.55 m MYV ASEh T, Eavth N B R e 15 HE

#4330 0.6 m(L5) ., 0.45 m(L4), 0.3 m
(L3), 0.2m(L2)F1 0.1 m(L1) . FHEHAE AR
A 4 A5, S E e % 0.03 m
(T1). 0.06 m(T2). 0.09 m(T3) 1 0.12m(T4),
b G H A U e ] TR S R
W AR B S TN RS (Al A FE S R 0.6 m,
B AR IR A 8.0 kKW IIARZZ T 10 em JE A LRI
R B2 S TR R

e | —
L@ o msn

.$I QO®: @M
L Ot

@: B ARG
0 @ Fin
T ® @

®: W/Re5/263 115

© 4

©: T
O: JEH e
@: AHE
O: I
@: it
O: gtk /A

1 COSA 62 7 2 [ 1)
Fig. 1 Schematic of COSA test facility!'¥

JSIVE 25 s 4 v ) 0“2 256 5 T R ST o A
JECRR ) Rl M AR, IR AE N2 T WReS/26
B PRAR LA, PR B R O HERHL, i %
A L0 [ B R 2 A ) 1 AR A HERHL R
F1% e 2 o S B R ) B RETIAL  AE Fp R s ] 5
725 (8] 2 (1) 22 5 B AR 8 B v 30 22 i g 8 22 1) 4
B U0 T2 2 R A A T ) TR, I AR R
S5 R WA B R R A T IR TR AR BR Rl
PR IE S RRIE S ROF A i B . COSA SLH¥-f
TR T 2200 Rl AN B - AR A ) A LA Y
U, PR 5L 0 T ORI S8 T35 1.

3 ACENA BF#EtE
K FH R-Z s R 22 5 5] A IR A 52 56 256 B 0E 47 7
oL, BN B 42 [ K1) 43 18 AN ilAAR, il 1 Kl 43



1898

FETREREHAR 58k

R1 BRMAFNSHSHEAEERAIRSH
Table 1 Experimental parameters of interaction
between molten stainless steel and liquid sodium
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