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The results of a series of fragmentation exp*?r j;*:t.T.ts 
involving up to 20 Kg of ther.Mitieally produce'! v.i^'v. te.̂ i »r<»-
ture melts and 23 Kg; of sodium arc- presented. Except for one 
experiment where sor.e centic.eter siz& particles are observed, 
the fragment distributions seen to be in the rnn^e of pre­
vious data. Spatial distribution of the fracnenti in trie 
debris bed appears to be stratified. 'Jc arming electron 
micrographs of frappents indicate fragmentation to be 
occurring in the molten state for the xora intense inter­
actions observed. Interaction data obtained shov quiescent 
periods of 0.5 - 1«5 second between pressure pulses. 7!.o 
force impulse values per unit mass of melt seer̂ s to be in 
the same ran^e as previous experiments. 

INTRODUCTION 

Several accident sequences involve the contact between rr.o.ltcn reactor 
material and coolant. The nature of the fuel fragment debris resulting 
fron this contact strongly influences the coolability of the debris and 
the subsequent probutil t/ of renieltin/T us a threat to the containment 
system. The current ezperimcnta.1 nro/.;r:in i;; d<;si;,-nei to try to determine 
the mode of fuel fragmentation and the characteristics of the resulting 
debris, and to provide the initial condition fir debris ho! dryout 
studies [l], Ficlated measurements nay also provide infej-nation on possible 
interactions that convert portions of the thermal eiv-.-vy t»i asechunieal 
energy. 

The experiments executed to date and currently undorviy typically 
utilize "20 Kp each of sodium and hi«h-tumpcrature melt produced by tnetal-
lothemic reactions, Experimental rraciaentation results involving such 
large quantities of material are currently limited and sealing effects are 
not veil understood [<?], 
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"he propria", conrlstr of three general class-::; of experiments: Kelt 
ntrcanir.f into sodium (forward), sodiur into melt (r̂ vi;r5'.-l, and combined 
interaction expt-r; mer.tF . Kxpcrimer.ts in the >.st clnss -J* iiir.fr a concrete 
verf.el to determine the effect of aodiî r.-coiKretr* interaction on froemer.ta 
tion is a result of eus ..-erierat ion, creation of entrapment, sites, and 
possible tri(!gcrir.fr of r'CI due to prefigure pulses produced \y 2odium-con­
crete interactions. 

The present piper Gumrvirixer, the currer.tly available rcrultn of the 
ncIt into solium (i'orv^r-:) ctper;rents . •> 

A schematic of the apparatus for tr̂ e forvari (molt into sodium} ex­
periment is shovn in Pirure 1, r":.rt top section house:; tr.v m-.-tallothennlc 
mixture in a sillimanite crucible 'inside a steel vessel. The melt is 
released by a r.elt-cut channel ?!-#•*; the meltinr time of the nlu/r provides 
a time delay allovinp the ven'in,-- of A-yceoj." reaction products. The melt 
is monitored ty i-. y ray densitometry device, by a oyromoter and by photo-
fxaphy. The sociurn-crucible assembly consists of an inner magnesium oxide 
vessel 3^ en; I.I,. and I*'' cc deep --ith an outer thick bottom stainless steel 
vessel. Tubular heaters ourrcundinr tiio vessel are used to heat the sodium 
There art* thermocouples in the sodium pool and embeddei in the bottom of 
the crucible. Pressure mirasjrement is made through a side port on the 
sodium vessel. Three force transducers on the vessel bottom provide forca 
measurements. An ace us tic transducer at the end of a steel bar immersed la 
the sodium pool is used to monitor the acoustic emission of the interaction 
Motion picture and television recording with audio coverage from a micro­
phone next to the apparatus are irmde of each test. 

Fost-test examination of the fragments includes: bulk fragment size 
analysis, core sample study of cetris bed structure, scanning electron 
micrograph study of the size, shape and corpositions of fragments and 
fragment density measurements. 

HKSULTC 

The test conditions for the experiment:! to be discussed are summar­
ized in Table 1, Tvo of the tosts utilized a thernleally produced iron/ 
AloO-a ('tit W/C) melt and the other three used a stainless; steel/UOg, ZrO ? 

(70 w/Oj coriuis like ::elt. Other variables vere stream size (13 iwn - 51 
mni) and sodium temperature (250 C - C90 C). 

Interaction I'ooults 

In none of the tests was a single coherent energetic event observed; 
rather, the interactions vere all characterized by a series of pressure 
eventn occurring throughout the time period corresponding to the draining 
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lasted upprozir.fite]/ rj :;ece.'.-: . ar. : five 1 o . J r̂'-'J '-i C :i i t'l.a 1:, were record'"} 
by the microphone next to the .'ir.r/irft'.i;;. "oir.ci-lerit wit.-i '.he next to the, 
last cifndl the entire •i::z:-r.).lj vrip.:tin?. ]C.T •:/; WFIC -.r.r."rve'i tc ji;:-:, l.V 
cm and the vessel rien.fi plate (rii/jr-; 1 ) , 1. ; •:;.-. tr.icr-. >ir. i ''.[, i:r. in di "..'ncU.-r, 
was bowed O.fi en;. ?'ffi>. interaction rrt:::;';."'.' exceeded the transducer ran*;e 
of 20 bar. *ypica] wi'iUi of the pressure ;.'j]r,t'j at̂ l force t.:.lscs were, 
respectively, 300 usee nnc c1 rr:;ee. r'ror. the pulse wj-ith an^ rise rate, 
the peak pressure in K\A£ 2 was e~tlrr.'ited to ':,« ^0-100 tar. The inter­
action data fror:, pressure, force ar.: urour;'.; .• .•'eir.urerronts :iro d ispi <•.>•'•<] 
and compared in Figure ?.. • ."ince the 1 i.*.-.it:-•. --f transducer response -in-i the 
playback device were exceeded, the pre-.lire and force beaks displayed do 
not accurately reflect the r.-iazi'.*:.ii.T. :.re:'.:;urc:, experience-:, '.'he entry of the 
melt, zero time, is market) by a sharp rise if t: e acoustic er.ission. Tem­
perature data indicated that the „."lt reach'.-: tne :JOO1 tottn:n (2fi en deep) 
without beir,£ totally dispersed, "here were r.o appreciable pressure rulscs 
until 1.1 sec after tne initial r-ntry of th'- melt. All the -lata traces 
showed exact correspondence in time a:; well nr. a reserllar.ce in shape. 
There appeared to be periods (.') - 1. !> sec) of :i.: csc-.rce : etwee n pul.:es. 
This seems to be typical of all. the t-j^t •l^'.<-. -ivailalle "". .itite. The y ray 
densitometry data showed an apparent i:.cr"-i-;e in i'Tisity •••.rrenponilinf. t c 

each pressure peak indicating that sodj'-M ni.->r.".~, ver" :I:.I -L-t > r.r the vessel 
head v1*-h each pressure event. This wis ni.parontly the :--.u::e of the head 
deformation and the .] u;:ii, of the Yessel. "!he .Tiniri" idc-il impulses for 
the head defonration ••'.:> calcu] 'ited [3] to be ?V-i N-:ioc (•'-' 11 ..-sec). 

Sonie estimates of the ir.pulu-.-5 fro:.*, the force tracer; of the trans­
ducer located on the bottom of the sodiuw vessel were n ••.'!" for FRAG 6. A 
total of nine separate force pulses were observed. T)v- '.'.-tines of each 
individual inpujse ranpes froir. approximately ^ ii'-sc: t:. f-Jo N-sec. M3 
experiment froir. Arp;onne National laboratory C**J used « 1 .'• f'<: of melt and 
3.0 Ktf of codiujn at 900 K (b27 C j , reported five pulse rarjyin^ from 0.'i5 H-
sec (0,1 Jbf-sec) to 19.6 N - E C C {U.h i b f - o e c ) . or. a nor unit r.:aos of melt 
basis the biggest impulses are within anprozir-iate.ly a factor of two 
(present experiment being; higher). The total :;u:ns of the impulses per unit 
mnzG of :aelt are also within approximately a fnotor of tvo. 

Fragment Analysis 

The fragments from each experiment are classified by siae. Scanning 
electron micrographe and chemical analyses are aade to determine the struc­
ture and chemical composition of the fragments. Density measurements are 
also made of the fragment a usiiif: both helium pynnonwtry and water pyeno-
metry; these measuremonta together with fra^mont weight fraction in the 
bed give the void fraction of the debris bed. 

Thus far the debris of WAG 2 and FHAO I4 has been analysed by sieving 
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for part Ic le s ize*; larger than 'o p.". The l i s t : - : but ir n ef f i .".<-• r f rnKir.ent n 
were obtained by scii- 'Ti '-nt: nr. (!-'icro:r.rtric.; .1c I; m r h f1 '''• J J own to 0.2 
jin; a sonic si Tor is Rlro used LO c lass i fy frp.-::.v:\tn .ijw.-i to 5 pa. As 
shevn ir. Fie1-:'*; 3, both s ize d I s t r ibut iens are a; : r e / irr.it'-'iy lo^-: ioraal . 
Hiftnifleant deviation to the lop-nonr.;1.! d i s t r i b u t i o n s tar t : ; to occur for 
s izes below the 50-100 in: ra:»£e. This tn.-n-l see^s to be ty r i cn l 
of a number of previous experiments. fir."e the -.elts for the two t e s t s are 
d i f f e ren t , r.o d i rec t comparison can te wide. iiov'.'VT, FJ-iA i •* d i s t r i b u t i o n 
does show rood arreer^-nt with the t:ata of .'•' s e r i e s t^r.ts ['.] of A."l,. The 
median s ize p a r t i c l e is 3?0 '.n. The dJ stributior. . ; of fine:- fragments 
obtained by sedimentation are shown i.-i / i fu ro •<. / i n - e t h" ::.nr,;i f ract ion 
of pcrt iclcr . H-s:: than 1*5 v.s, i s 1.0 ' fur FVA*. : ; a:: ! •• ,l-f f'-r V:->T> ••, 100? 
on the plot correal o:.nr. to If a-J h,i».? of th- to ta l fni'': 1 -' ,::t rr.ass for each 
czper In.er.t r e spec t ive ly . Calculate:! fr:,r. the r e r j i t s in F i r j r e •', approxi­
mately G.6',-5 of the p a r t i c l e s are leas than ]? I..T. ar.: 0. v";fj are lens than 
1 Jirr. for yy-..\r> '<•. and appro/ir .ately ','.£•.* of th..- :':vuv;.o;it,r, are loco than 10 
Ura and f.ljt 'ire ]i-sr. thrcn 1 pm for F.-.A''- ••. ••:.::! ty ::•••'• ;;ur*v • •t\tr. wore r.adc 
of the sieved parti*-lr.-r; frc:., F-'A'J 1 (A1-_.G-, a:, i ;r«.-:. r.-.-ltJ. F.zcrpt for the 
l a rges t p a r t i c l e s , there is ?, rer-cr;:.! tr--::d of decre-ir.1 :••.* density with 
p a r t i c l e s i z e . A plaus ible explanation i:. that A].-,'), is core easi ly fra^-
irented; t:.erefor'*, ihere i s a larger r a t i o c •' M-.'J^ ir. f in" frarments. 
The r.easure.'-ent:* u.r'-> b"-ir.r repeated a r i the fra»;r.ents u.-'j b-'in-.* eher.ically 
nr.i.lj'Z'-". for c(.:;.:x s i t : o n . 

Lct-.nninr elr-ctron micrographs (~. K.M. J •: f ."•':•: AG 1 ar.i F:'.AC 2 t e s t s are 
displayed in Figure 5 *o .show the r e l a t i o n tetveer: the f ra.r.ent s t r uc tu r e 
a;:d th" ii.'.er.r.: ty of in t e rac t ion , roth te j t : : - j^i l i^e ai: i ron /a luania rr.elt. 
Th'-* irorj arpearn to l e white in the photu^rarh ar.J alunnia appears t o be 
,-r-iy. r'?.tVJ X was r e l a t i v e l y r.ild and the fragments are a l l s ing le phase. 
A ^'reat number of OILM.'.H fragments have a jat>;ed ou t l ine indicatinR frai;-
.T.entatlon due to s t r e s s . FIV.O 2 fragments rz Q r.:ore smooth in appearance, 
"hey are mostly two phase with spheriodai or nearly speriodal inclusions 
of the other phase. These f r a^o r . t s give H vivid p ic ture of molten 
ir,aterials Ltinf fra-.-7r.c-r.ted and intermixed, f ince fragmentation occurred in 
the Biol ten s t a t e , p o s t - t e s t examination of the p a r t i c l e size ray not be 
indica t ive of the s ize responsible for the i n t e r ac t i on . Coalescence as 
well as further fragmentation obviously occurred as a resu. 11 of i n t e r a c ­
t i o n s . C.F!,M. photographs of fra^ir.cr.ts fron r?.ACi li a re a ho 'v in rifiure 6; 
there nre both E*n£lo and :nt;lti-pha-je p a r t i c l e s and thei'e a: e larKo number 
of frnrrr.entfl with in te rna l voids. The bulk density of the fragments vas 
ineaEured t o be ' . .9 (j/c«:**', This value i s l e s s than the densi ty o** s t a i n l e s s 
3teel m\ well as the oxides further confirr.in (^ the existance uf the i n t e r ­
nal voids. 

In the f i r s t four experiments (KfcAG 1 - FRA0 5) the M/:0 reac t ion ves­
se l van always cracked t u t there was never any indicat ion of dnam^c due to 
welt a t t ack . However, in Fh'Atf C, the crucib le bottom shoved evidence of 
melt a t t ack . In a region of approximately 1c 21. in diar.nter (crucible 
diwaeter is 3^ cm the meJt stream d ia re t e r is 5<1 cm) th f ' c rucible bottom 
showed depth of a t tack of up to 0,6 cm. Since the surface of the molt 
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attacked region appears to h? p i t t e : r a ther :.'•.••<:-. ::.T'j':*,:-, t .v r>.*f.r\: in 'it 
l e a s t par t ly due- to thermal s t r ' - s s . s'awev:.-, fur'the:' nr.^.;: :,'.•:. ;f the 
frntfrients is required to prolific- re: '" i;. fo:rr.siti o:. .'or: -•'•.**:.! :;..• the nature of 
th'j melt a t t ack . Apparently the t.U;h r,',jiun V:r perat ..r v <0<r C/ resul ted 
in a more s tab le t o i l i n g around the E.O1* .-.ass, thus ni iov; n<" the :. relt to 
remain to bo a more coherant r:.ni:r. in /-:o:r.£ thro-;,"'*! the ;>r:. ex septh of 
codiua and reaching the batten: of the rvri.-.-t ior. '.•'.•:;::'•!. '"':.'.:. is n\:m-n mn-
s i s t e n t with the fact, th-it .-PAG ''. vac the only ex:.»: ! •--nt in the ^resent 
s c r l t n wh*-:re frnrc.ents of Severn I cent::. e t ' e s in r, !?.<• ve:*'- o;.::erv"d , 
Figure '{. 

Debris lieu St ructure 

Core uarr.plus were i-.a'ic of the •'.•jlriz be! frorr "i?b te:;t ar.d the spa-
t i a l d i s t r i bu t ion of the fragments vc.-r- oxar.ine'i. .'-at a avftilafcJe to date 
shows tha t the s p a t i a l p a r t i c l e s ize d i s t r i b u t i o n is stp-.t i f ie- ' ; i . e . , the 
larpe p a r t i c l e s are a r c l i k e l y to be- round sear th" t ottorr.. fuck a con­
f igurat ion should produce a ir.ore t o l l a b l e be-! than o:.e wit;-, unifor;:, pa r t ­
i c l e d i s t r i b u t i o n . The decree of s t r a t i fj CM*. :.nn rippe*.: •• I tr> be grea tes t 
for the t e s t in which the in tens i ty of the pressure events vr.s r r e a t e s t . 
P a r t i c l e s i ze c lass i f ica t ion , is yet to be B.a*ie of core SMUT-.: c.' as >L f a c ­
t ion of posi t ion to further quantify these observat ions . 

Core samples were- sectioned in to 1*5 ri.*.i to l ',< ::r i n t e rva l s and the 
weight of each section is measured before ond af ter the re:;.uvnl of sodium 
to obtain the fraf-n.ent veir.ht f ract ion us a function •."'!' h e i r h t . T:ie r e s u l t s 
fro.-n FKAG 't ar.d H-iAG $ ar-.* shovn in Ki^ur- 6. '."Y;e ] w r ;-irt of the be I 
has e s sen t i a l ly constant vej/iht f rac t ion , "'he top r.orti'<;- of the beds show 
a gradual and smooth t r ans i t i on from th i s constant valui- t-> e s s en t i a l l y 
aero weight fract ion within a dis tance of about l ' ° '••"• ';.'i" slv.e s t r a t i f i c a ­
t ion is most pronounced within the t r a n s : Lion rer i ' -n . ''.'a--' inner port ion 
of the t r a n s i t i o n xone cannot r ea l ly be cons: d-.-r-.-.J to be f-irt ol* the "debris, 
bed", s ince the p a r t i c l e concentration is in no way enough to forzi a se l f 
supporting porous s t r u c t u r e . The finer p a r t i c l e s were probably in suspen­
sion due to the eor»ventive motion, fj.inr, the ncasiured frn.-r.ont bulk den­
s i ty of hjj P/CDJ J for -VAQ U% the vuid fraction of the jovcr part cf the 
bed i s calculated to be rA". 

::',J2!AF^ 

Results of fragmentation experiments involving up. to 20 KR of thermi-
tically produced high temperature jneltsj and I>3 Kc- of sodium are presented. 
Except for one experiment whore some centimeter size particles are observed 
the fragment distributions seen to be in the rnn/*.e of previous data. Spa­
tial distribution of the fragments in the debris bed appears to be strati­
fied. Scanning electron micrographs of Vrnyntmia in.iicitc frarmontntion to 
be occurring in the molten state for the wore intense interneUon" observed, 
Interaction data obtained show quiescent periods of 0.L - l.f,> second 
between pressure pulses, The force impulse values nor unit nans of molt 
seems to be in the sasie ran^o at) previous experiments. 
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FRAG 1 FRAG 2 FRAG 4 FRAG 5 FRAG 6 

STRUM SIZE 13 51 51 51 51 
MM 
MELT FE FE UO2-ZRO2 U0 2 -ZR0 2 UO 2-ZR0 2 

(70%) (70%) (70%) 
AL 2 0 3 A L 2 0 3 STAINLESS STAINLESS STAINLESS 
(44%) (44%) STEEL STEEL STEEL 

MELT MASS 12 13 20 20 20 
KG 

SODIUM 23 23 23 23 23 
KG 
SODIUM 520 480 420 250 690 
TEMPERATURE 

MAX, OBSERVED 2 > 2 0 2 7 
PRESSURE BAR 
MECHANICAL NO YES NO NO NO 
DAMAGE 

TABLE I - r'JM-'APY CT EXPERIMENTS 



ACOUSTIC 
ROD 

CAMERA 

POOL 
THERMOCOUPLE c 

Y - RAY 
DENSITOMETRY 
DEVICE 

PYROMETER PORT 

- HEATER (4) 

PRESSURE PORT 

- EMBEDDED 
THERMOCOUPLE 19! 

- LOAD CELL (3) 

w 



T 
I 

10 BAR 

T , 5! 
« ' 10 NT 

V-! -£v4.-*sJf 

* 

\ 

0 1 2 

ACOUSTIC 
EMISSION 

3 

TIME (see) 



/ 
/ 

20 h | 

I 
JL 

2 10 30 50 70 90 95 9£ 

MASS LESS THAN INDICATED SIZE % 

I I I I ,1 I I 
020J&1 2 5 10 20 30 40 5060 70 80 90 95 98 99 

MASS LESS THAN INDICATED SI7.E % 

Ftti. 



CUMULATIVE MASS PERCENT 

o o 

s 
i — i — i — i — r 

8 

O -

m h -

O o c 
< > r-
3 * 
-i > 
U) D 
1 » l\> J #^s 
m \ / 50 y / \ 
a •n 
> 3) 
r~ > 
I" -
S 
m -4 
m 30 
t 
3 
3 o bo 

o 
d> 

o 
i» 

p 
k> 

. . I . . 1 . . 1 1 ,1 ... 1 .1 1 1 

* - : > * 



FRAG 1 

FRAG 2 RAG 2 

U« 

, /> 

r 

1 • •'•'•'tv.: 

"-* t . v 

, -'...i ' '" ,iAi.-.i,,-.T.'^i--w 

F^S" 



mik ^ssir 
vWK 

^fiKV-i. 

FRAG 4 

: • . ' ; , * « / • ; • *(. .'• 
• • * & ; : 

. M--'.".' j 
^.'< i- /> •.'-
. *V*--- ' v' :-.fy\. 

a£U:M 
*«> Bra 
IEU 

; > • * 

FRAG 4 

Cr Fc- Mi Zr 

\ 

•V 

P%. W&--

H^6 



I';.... mm' 

t 
E 
E 
in 
• 

vdi 



FRAG 5 0 C C + 

FRAG4 A O 

30JO 

20 40 60 80 100 

FRAG WT FRACTION % 

rv)s 


