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An Experimental Study on Fragmentation of
a Single Molten Metal Droplet Penetrating a Sodium Pool
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Sodium-cooled fast breeder reactor (SFBR) technologies are regarded as a cost-effective means of
increasing energy demands in low CO; emission society required in the 21century. There have been
more than 300 reactor-years of SFBR experience over five decades and in seven countries. SFBRs
with superior breeding ratio and sufficient burnup capability including long-life radioactive materials
can utilize uranium at least 60-times more efficiently than normal reactors.

For the development of SFBRs, the reactor core safety is always an important problem. The progres-
sion of core disruptive accidents (CDAs) in metallic fuel SFBRs is strongly affected by the exclusion
of molten core materials from the core region due to the molten fuel-coolant interéction (FCI) and-
structural material-coolant interaction (SCI). The major initiators of CDAs are anticipated transients
without scram (ATWS) and its typical events are unprotected transient overpower (UTOP) and unpro-
tected loss of flow (ULOF). Although the high thermal conductivity and good passive shutdown poten-
tial of metallic fuel SFBRs determine a quite low probability of CDAs, it is indispensable to evaluate
the possibility of positive reactivity feedback, which is the neutronically and thermal-hydraulically
coupled feedback, in the progression of CDAs. If an appropriate quantity of molten core materials
ejected from the damaged fuel pins is excluded from the core region and is finely fragmented, CDAs
will terminate due to the insertion of sufficient negative reactivity to the core. On the other hand, if
molten core materials near their freezing points are solidified in the core region or in the lower plenum
without fragmentation, the coolability of the core will deteriorate and the risk of re-criticality may
arise, resulting in a more critical scenario. Therefore, for the termination of CDAs, the molten core
materials are required to be passively discharged from the core region.

As mentioned above, it is necessary to fully investigate the possibility and fragmentation mechanism
due to the FCI and SCI for core design concepts with passive safety even in CDAs. In order to char-
acterize thermal and hydrodynamic effects in fragmentation of droplet, and the relationship between
a single molten metal droplet and jet to predict the fragment sizes, the present thesis focuses on the
fragmentation of a single molten metal droplet by using aluminum and copper as molten simulants of
metallic fuel and structural material (304SS and 316SS) under a wide range‘ of thermal and hydrody-
namic conditions.

In chapter 1, the development of SFBRs, backgrounds of CDAs, previous experimental and research
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works on the fragmentation of molten metal droplet and jet were summarized. Droplet or jet breakup of
one fluid in another immiscible fluid with different density has been researched in many fluid divisions,
but the fragmentation of a single molten metal droplet in a fluid with large temperature difference and
phase change has not been researched enough, especially for liquid metal with high thermal conduc-
tivity and high boiling point as a coolant.

In chapter 2, in order to understand the fragmentation of the metallic alloy fuels in liquid phase formed
by metallurgical reactions between metallic fuels and claddings with instantaneous contact interface
temperature (T;) below and above the boiling point of sodium, the experimental results of a single
molten aluminum droplet were reported. Intensive fragmentation of molten aluminum droplet was
clearly observed even if T; values are below the boiling point of sodium under relatively high ambient
Weber number (We,) condition. When T; is approximately higher than the boiling point, the intensive
fragmentation of droplet was clearly observed independent of We, condition. These results indicate
the fragmentation of the metallic alloy fuels in liquid phase formed by the metallurgical reactions could
possibly occur under the low T; condition below and above the sodium boiling point.

In chapter 3, the possibility and mechanism of fragmentation of molten core materials due to FCI and
SCI are verified, under the low ejection velocity condition because of low accumulation of fission
products. Copper is used as a simulant of metallic fuels, and stainless steel is used as structural
material at a low We, and a wide range of superheat. Intensive fragmentations of single molten copper
and stainless steel droplet were clearly observed even if the 7; values are below their melting points
with a Jarge supercooling. The intensive fragmentation shows that the mass median diameter (D,,)
Values of molten droplet with the different mass of 5 times have the same level. It is also found that
fragmentation characteristics of metal jets could possibly be evaluated conservatively by FCI and SCI
of single molten droplet.

In chapter 4, under the high ejection velocity of the molten core materials because of high accumulation
of fission products (high We, condition), intensive fragmeéntation of single molten copper and stainless
steel dropleté with was clearly observed even under the lower T; condition. Fragment size distributions
of molten droplet with high We, tend to be less than those with low We, under the same thermal
condition. With the increasing We,, the hydrodynamic effect in fragmentation becomes predominant
over thermal effect under the low T; condition. It is also found that the D,, values in copper and
stainless steel droplets with high We, show the same level with that in 3kg-metallic fuel jet with high
We,.

As explained above, the possibility and mechanism of fragmentation of molten core materials due to
FCI and SCI are verified by a series of experiments using the simulants of metallic fuels and structural
material under a wide range of thermal and hydrodynamic conditions. In chapter 5, these conclusions

are summarized, which are very useful for the development of safety evaluation codes in SFBRs.
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a Single Molten Metal Droplet Penetrating a Sodium Pool
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RETA M 2R RT3 b, BROBKFHR X DY 5 VEEE 60 {50 14
McFIATE ST U Y LGATEEEF (Sodium Cooled Fast Breeder Reactors :SFBRs)
FEiOMMHAEBETH 5, FHETHRL T 58BHE SFBRs Tidk, BVEYRER|IC &
BIFELOBBERICINZ T, FORED ERICSET 2 ZENEEMVELEY A7 LERIT 3
T &I & W IFOARBIE I (Core Disruptive Accidents:CDAs) DOV REMEIIMRY TI&L 2 3,
UL, —ED SFBRs DHEREMERE B 7zbicid. REMRBLIED THEY., ZeFEH
ROMEE U VWEER R ) ERSDGHIM AR ERERICK D CDAs M RELTE., MHE
AT CDAs WWRT BFLEREEERTRETH S,

AR, ., Z2ETEN TV 2 &BMK SFBRs O CDAs EERICHIT 5. ARl
BRELE F R U D LSHEIM & O E/ER (Fuel - Coolant Interaction : FCI) & 4F.0MEE M-
kU LSEIAF & OMEER (Structure Material - Coolant Interaction : SCI) IcBid 25
BB TH %, CADs BRDIF.LEENI C DBHRICH BEE RT3, BUBDARREE
X ORI OBEA D FCL & SCLIC & - T, BUIAKE EOBRRA L UTHELD SHRE -
GHHRIZ ML CDAs ROFLIC TR REEDEDRGENEA S NERIIKRET 5,

TODXIBRBRN S, CDAs BRI ZEINICTARIRE & VERIF DRSO RERE - IR E M
BIFLEERRETT 57DIcid. FCI - SCI A RTREA R, MR ~THEE KUHRA =
A LERRRNCALMNCT 2 8B H %, AFETIE. SBRROMRR L P EigcE
ZERBELTTNVIZVLEHEHZRA L, FOBRME LT 304SS & 316SS Z#A L,
INEE, B—ARERRENRICEEREOERE. BTHEELZRMNCEZTHF MY L
TV TOBRERZIT> T\ 5. FNEDORRIZ., BVIRENRUTEIIZENIS A—
2 TPH 5B EMAERE (1) LAY TA—8 (We,) TBEI N, fESREBEINATLY
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MEREDNSD 2 LNV ETIE, BE. BETRRICERE BV A ANEESZ T ENR
WZE N, CDAs RIZBW T ZENZEREOBWAOMEERHCKELFET 2 EHRE
 ERETVS,

&5 1 B TIE. SFBRs DBIRENA. SFBRs Ic¥5lF % CDAs OF. BRIGERE - Vv
F ORERHC BT 2 HERDOER S X CEAMBOBENMNED LN TS, BVEERLE
WHREROBRIEEHEE T P Y LSHMENRLT S, BEEHIAKEERD, k&R
BEEDETE LIEZELAME U2 ROMZERED TR N TH D . RFHIERIZIL 2™
KHERANICLEETHS T LHBRENTVS,

2 BETIX CDAs RICERRH L HBEMOHERBICX DERE NS EEEEN D 5K
Rl &R OHREEZIAL MCT 2 BN TITONBRT IV I =T LEOEBRE R
BEENTWD, T BAF MUY LOBSE D FEHEOEE TIE. (& We, FET CIRIIEN
REFHIE CRWVD, T; BBRAED 2 DT ENBIE TR, We, OMFEIRICEEZRZ TR
H « BHEIFE COIREFEFREDE S ERBEL TS, TNHORRIZ, H5
JBIC X o TEL NABHEDESTEOBREN T MU AU THE LT EICBO T/
TEBZEERELTWVS,

FEIETIX., BRIFALBRIRAT VU ARMOB—FORFCER U, AW T; BT LT
BRI KL R HED T ZDBEBBMEN ., BREEE (K We,) L7254 T TD FCI
& SCI DEJREME L IR A = A LD HEREE N T %, B bNTchiF-~TE (EEPRE:D,)
i, 5 EOEEZROWERIZI Iy F - WREFATCLANVTHD ., BETREDEICKE
LTV, MAT, BEN 2HEESREY v N OBRFFELNE—BRIESERD FCI
L SClF—ZRIC &> TTHBETEC LB LD o, Eie, KBTI, KELESHETY
RTECA T EEHELNMC LTINS,

F4BTIE. REENERRDTEHETZADENHEL . BRHEE (8 We,) DSEEF L
T BYARISE - ATV VAREOEBRRBRIVBEEIN TS, EIBORBRICHRL T, &
T; &M T CLMRNEHRDEEIND T L. & We, BN TORRE Y 1 X570 (D)
R We, FBIROBR/MEX DELABIERBH D, HhD, T; RECEEI VLT LE
HLMCLTWB, EHIC, &YV We, Dl « A7V L AFD D, fHITEED 3 HrKEW
B We, DEBBE 2w + Gkg) BXURCEEBLANDOY Ty MO L +54E 80k
RITEREBELTVS, CNLDEREERIEMNCEBERNRTHSCLEIEI LR
X9, FUVEBERHBL TR — FHERICEMD TERTH %,

HSEIRRT. ThOoDEREENZLDLNATVS,

ChZET B, EERZ. SRR MUY LsAlERIEEF OSERRF.OZ RO
MRZPB/IZEDOTHD, EFIRETHCH LU TEMWICERT 2L TAKREZEDHH
%, o TEEBR., IBEEREEL (IX) ORUZREINIERDH LD LFED B,
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