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ABSTRACT !

- . —F .

A series of 30 experiments were performed to examine

- the fragmentation chafacteristics of Socdium-Fuel Interaction

by?dr;pping mblfen U0, into sodium;' In this éxperiment,
annular UO2 pellets were heated byhthe center l;ne heating of
tungsfen’ rod, and the moltenlUO2 droplets fell into the '
sodium tank. The fragmentations of the dropléts on the surface
of.liquid so&ium were photographed with high speed camera at
500ﬂv2000-pictures/seé. The pressure and tempéréture of -
sodiﬁ;fiahk were measured.

. The particle charzcteristics of fhe U02'residue was
examined on the pafticle size distribution,.the pqrticle
surface condition, and the grain charactérisfic of.the'particles

for the fragmentation mechanism. These examination indicates

that‘thé'UOz particles can be assumed to be spherical and to

. bhave - the 1ogwhormal distribution function. _ o v

The most pessimistic particle size distribution at present

can be represented‘by the equation

\ 2
XD (-—(1og D ~ 2.267) )
0.94h2

*

where fi(D)dD_= weight percent of particles in size range D to

D + ab. S
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- 1. INTRODUCTION o e T Tl e
1\’:’I‘he objective of PNC Fﬁel—Sodium Interaction Project is..

to develop the mathematical models for pin failure, subassembly
fallurePaho eore meltdoﬁh ;ith the execution of the out-of
.pile‘tests on the poasible pressure and its ratio to the total
mechanical energy from sodium—fuel_interactioni ’Dﬁring the '
current reporting period, the ﬁajof out-ofnpile work‘has been_“
done on the molten UO2 drop test. The device and method of
this test were presented-ih the last SFI Specialist Meeting

\ . . .
(3 in Grenoble. So in this paper, the description on the test

-

is made very briefly. ' _ o -
The schematic diagram of this test is - shown 1n Fig. 1.
“Annular U02 pellet was heated up to about 3020 °C ana the
. molten U02 droplets fell into the sodium tank. The sodium
tank was instrumented with a pressure gauge at the bottom
and a thermocouple neat the center of the tank. The tem-
" perature of the droplet was monitoredrwith_the optical

"pyrometer. The number of the fallen droplets and their

(“) fragmentation behavior were taken with the high speed camera.

+
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2. EXPERIMENTAL RESULTS
Summary of the 12 runs out of 30 runs is 1lsted in Table
: i.' Although the temperature measurement of the droplet was
very difficult, it is the most important factor for the

fragmentatlon. So the temoerature was evaluated as the follow—'

- - R + R . . - - am=

ing way. ' S _ ) . : Coe TR
“The average temperature of the melted area of the pellet

is estimated about 3020 c® with the electrlc heatlng data.

-
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'When.a droplet left the stopper of‘the heating devide, the .,
droplet temperature was at least above the melting poinf"ﬁhigﬂ
was confirmed with the optical pﬁromefer. Finally the tempera«'
ture of the droplet Just before enterlng the sodlum is estlmated
2840 | °C at the center and 2200~2500 c at the surface with ‘the ;

tran31ent heat transfer calculatlon (for example, the droplet

. dia. = 2.6 mm, time interval to hit the sodium surface = 0.288

. ) - ) ' - E IiLoont
sSec, )o i - ) . . . . . Y. . - . . - - b - '."_." !3ﬂ0b

The observation of the droplet behaviors was summarized 4

»

in Table 2. Therhigh speed movie gave the drOplet numbers,

the droplets enterlng condition and the sodlum vaporlzatlon

delay tlme.i Two movie plctures of the detailed sequence of

events durlng the enterlng and- fragmentatlon of UO2 in sodium}

are shown in Fig. 2 and 3. Sometimes the sodlqm explode_or'

was;pressurized (Fig. 2) and sometimes it did not (Fig._B) g

LAY

o

when the sodium was presSurized, the droplet was comple{ely_ eis
submerged in the'sodium, And after the sodium explode,.fhe-'i’
“fragmented and solidified UO, droplets were ejected as shownd
in Fig. 2. The splashed SOdium'énd ejected UO2 droplets'were
examined 'after the event as.shown in Pig. L. Those SOdium
~and UO2 were collected_earefully and weighed. |

The temperature hystories in the sodium tank are shown'
in Fig. 5ﬂvFig..8._ ‘These temperature hystorles indicate that
:the sodlum temperature was ralsed quite abruptly and down ,

slowly. But this data are of 11ttle_d1rect value for quanti-

tative temperature analysie due_to'the lack of the relative -

distance betwéen droplet entering position and the thermocouple

- position, and to relatively large time constant of thermocoiple.

r".
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g oamivsh wf0C 0 vV v e s et e aadgon! sonadd

R (2 sec) So‘the temperature measurement.iﬂ the sodium needs:t

-dnprovement.. . . Cetoa e Toenwalias aed

+

-5ﬁjsmirihe typicel pressure pulse in sodium at the time of theu:

U02.droplet contact, is shown in Fig. 9. The duration time:s=3

of the pulse was read about 1 msec. The minumum response-. i

'efrequency of the pressure transducer was U0 KHZ. Therefore;:"™

show ‘the total pressure hystorles for Run 20 and Run 23

rf"\
N

pressurization“times. Comparing this pressurization number .:i:

r.

-with the drpplet entering number of  the high speed movie, - then

sodium pressurization did not occur everytime at the droplet -

'

ehtering. The condition of this pressurization seemed to bexu

sensitive to the droplet surface temperature. ..:ueaitq'esw.

. :The careful examinztion of the total pressure hystorygafw
for each run lead that the duration time seemed to be come .- -
longer as the droplet number inéreased. Thatl trend is listed-

in Table 3. R e _ o a7 op:
’ T N : . .
The relatlon between the pressure peak in the sodlum and

1

the U0, particle size is. shown Table h'and Fig. 12. It can be
said that the peak pressure increases as the particle lee.r

becomes. fTiner. ; ' . o - aropri

-

3. PARTICLE STZE DISTRIBUTION : L S ersesin

Flg. 13 shows the collected U02 residue of 15th run as

-the. typlcal sample. Almost all of the shell type'particles-fﬁ

_.ylelded from the large spher1ca1 partlcle durlng collectlng T

the value-of the pressure pulse was valid. Fig. 10 and Fig;mll

respectively. The number in the chart indicates the sodium 7 -




the-residues. The 1arge partlcle was very collap51b1e due to

the numerous cracks in it. The sodium in the partlcle as shown

in Fig.lh .was considered to get into the inside of the particle*

-through those cracks after the partlcle had been solidified.

- :U02 particles for each run were screened to determine.

s

the particle size distribution. As the particles were very - .

collapsible, the screens which were the hand—shaker type T

Fa
. standard sieve series of the 8, 20, 65 mesh sizes, were sieved

very softly. Fig. 15 shows the separateﬁrUOZ particles for . -~
Run 28. The particles size below 210 # is the most important
factor for theaheekrﬁransfer from UOz.to sodium. Therefore,
.the average particle size in this range was re- evaluated with

SEM (Scannlng Electron Mlcroscope) photographic techniques ‘and

- the section area measurement method. The partlcle dlstributions

-

for each run are listed in Teble 5. Fig. 16 shows the vo,,
particle distribution assuming that the distribution can be

represented by Rosim-Rammler distribution. The arithmetic

' average was used for the representative value of a range

except + 8 mesh and -65 mesh in which the average particle

size was measured directly. The particle distribution is not

fhe exect log-normal distribution, but the data of the partlcle

size can be arranged with the iog—normal.distribution.

L., PARTICLE CHARACTERISTICS

| For'getting the informatibn on the U02-droplet fragmehta-
ltlon, the particle characterlstlcs was 1nvest1gated on the "
partlcle shape, -~ partlcle surface (the specific surface), o
grain size, graln growth type, void distribution and cracks-
with microscope, SEM, ceramography and BET method.
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;‘surface due to the 1n51de pressure

L.1 LLarge-particle,(lf“B:mm¢);a InLITEG eﬂ:ei ofT .eerbiaed ol

znmhe larger 51ze partlcles ‘were regular in shape of, sphere orid

and iliquid droplet-as,shown,ln—Flg.'l5,rand of cylinder in- _. .z ..

Fig. 17.- The shape of the droplets in con51dered .to be deterio&nj

-mdned by:the'UOZ viscosity just before entering into:the sodium;
. the_higher'viscosity (theiloﬁer U0, temperaturelAseemed tplﬁageﬂﬁj'

‘the cylindrical shape of the droplets. fierge, o adz r,id;eqhijnﬁ

rThere were two types,of the grain size'of UO inrthis-range.
The 1arger particle (ﬁJB mm¢) appeared to_ have the larger grain Jv
and cracks ‘which run from the centeral void to thegsurface as. g
shown.in Fig. 18. The smaller particle‘(ﬁel mm¢)_appearedJ£9;;3g
have the smaller'grain and cracks as showh in Fig. 19? cmmtaus oz

- e
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k.2 . Small particle (<2104 ) ' . . .l wsizocs edt

. FPig.: 20 shows the smaller particles shape undeg'65=meshb:dﬂi"
They were more irregular in shape than the larger one, with ... ..

being relatively spherical, ellipsoidal, flat as shown in .m;cur"'

Fig. 21~23. The surface condition: of the particles‘was fn Ty
mostly smooth. The rough surface in the figures seemed . to be ..,
collapsed during collecting-andrsieviqg the particle. . .. .- paia
Fig. 23 and 24 show that the particle with a hole. -ThiS;"j
type cf the particle -Was often seen in.other run. . The - :,.= eﬁga
mechanlsm of the hole format:on was not clear.

r- .--‘-,-'v :-_‘, s ‘ B E‘

Flg. 25 and 26 show the typlcal shapes of the small

n:‘f‘

partlcles (hﬂhOit), which had the smooth surface and cracks.

SEREORE T ST Folh o

The partlcle in Flg. 25 seemed to be expanded on the

o ‘; PR . teallles
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Flg. 27 shows the spherlcal partlcle w1th many, regular
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cfécks.  So it is easy to understand that the particle is very

_col}apsible. T e e e o ) o

Two particles fused together as shown in Fig. 28. The

particle of this type was_alsé often seen.

-

b

The microstructure of the small particle waé-consisted of

cdlumnar grain growth to the surface and very fine equianial'

‘graln growth at the center or near the central void as shown.
“in Pig. 29~ Pig. 32. This central void was con51dered to

form due to the solidification of the particle from the surface’

(~ 10% density infrease)-. . - § )

* 'Fig. 33 shows that one sélidified particle was covered
with other particle. ~The Close-ups of Fig. 33 (Fig. 34 ~
Fig. 36) indicated the solidifiéation Qharacteristiés.

1

The specific surface of under 65 mesh particles for Run-27,

was medsured 0.32_m2/g with the BETl) method. This value . -

cdrrespdnds that the average particle diameter is 1.70¢ .

Comparing this diameter with the 52 # diameter measured with
the section area method, the BET diameter is the one Blst_ of’
the éeCtioh area diameter; This me ans that the cracks of the

particlie divide the particle into one 31lst..

1) _BET method (Brunaver, Emmett and Teller)

In this method, a stream of, gas is passed over a cooled _ _ »

Y -sample, and the surface area of - the sample is determlned

by measurlng the amount of absorbed gas. ‘The gas stream

_ consists of a known mixture of a sultable adsorbate (nltrogen)

and an inert gas carrier (he}lum).
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_surface with a high percentage of the spherical and the

The observations on the U02 particle characteristics are

summarized as follows; : o " : — m
h Theilarger particles (~1 mmg ) were smooth >n the |
surface and -spherical in shape. There were two type of the

mlcrostructure, that is, the 1arger grain (amorphous), and - the

~smaller regular grain. The crack was malnly transgrannular, ' )

where the fracture seemed to occur well below the brittle-to-
. o
ductile tran31t10n temperature (~ 1600° C)

:.2; vThe smaller particles (dehO‘#¢) were also smooth ﬁ_‘.;

o

ellipsoidal which freezed without further fragmentation.

-

Particles with the irregular particles yielded from the larger

partlcles at the fragmentatlon. The equi-axial grain growth

ﬁoccurred near the center cf the partlcle. On the other hand,

’ ~the columnar-grain growth Qccurfed at the surface Qt it.  Almost

all of thercracks were integranular, where the fracture_seemed

1)

to occur at or just above the transition temperature.

3; "Both particles had the extensive cracks, thus, they _

were verj collapsible. T VTR -

5. --DISCUSSION OF THE FRAGMENTATION = . . . .

The modelson the fragmentation of hot molten materials as _

_.they are mixed with the cold'fluid, have been presented as

- follows; -h, . S L ”; - : B

v 1. - Liquid entrapment model;z) as. the water is trapped

between the molten aluminum and the container, it e#aporates

= rapldly and causes the fragmentatlon of the aluminum.

2. Impact model 3) as a water column strikes the molten




aluminum, the violent disruption and dispersionrof the molten

aluminum occcurs. I TP IL SS SR

k)

3. Hydrodypaﬁic‘(Critical,Weber Number) model; ' as the
inegtial (hydrodynamic) forces exerted on the 10w-ﬁelting
metals (Pb, Sn, Bi, Hg)Tbyathe room teﬁperature water, overcome
ﬁhe surface tension of the globule, the fragmeﬁtation océurs'

- (the highér the Weber nuMbér, the greatérrthe fragmentation).

| . h—. Lizluid entrainment iuodel;5) as the water is trapped
by ¥he molten metal (Al, Pb), rapid vap&rization of the moltex
. metal into fhe water. |

5. Two-fluid nozzles mode1;6) as_the entire energy

-

~imparted to the molten fuel is assumed to come from the flowing

- sodium vapor, the relationship for two-fluid noizles can be

-

used. ' - Lo - LTI TP

-

6. Turﬁulent mixing_model;7).as the jet of molten -
materials étrikes_the cold fluid, the turbulent mixiné occurs
~and it incfeases the specific surface area between molten
materials and cold fluid. . '

?.. Homogeneous nuéleation'médel;s) as Freon-11 (normal

- boiling point 23.800) are injected into hot water (70fv9090),

the 1iquid jet breaks up according to Weber Numbef (entrainment-

ﬁetting-superheat mechanism).r

”S. Free-contact (Violeﬁt b;iling) model; as a molten
me%als_(v, Ti; Zr; Stainless;Steelz U, etc.) §obls through the
sodium teﬁperature whiéh isTWell abo%g the sodium boilingltem—
perature; |

- {(a) the violent growtﬁ and collapse 6f sodium vapof

bubbles break'uﬁ the molten metals;g)

- 8 _:

'
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(b) the collapse of a vapor film around the molten metal

_yield the thermal shock in the solidified metals. This thermal B

- shock may cause the fragmentation,lo)

%@ u?—fc)m the melting of_fhe Pot material shbuid be less than
the'minimumhfemperature reéuired'to sustain stable film boiling
.after the surface of the molten materia;_(necessary condition).ll)'
. 9.*,Sh§}1 model; as the molten matérial is suddehiy cooled

at the'surface}'both the steeﬁ temperature gradient and the

solidification occur on the surface, they cause the large

tangential thermal stress at the solidified surface and the

-

.
\\ _ »

'-pgesgurigation of the liguid inside the molten materials.
- Those pressure stress and thermal stress cause the fragmenta;

tion.}2113)

These'modef; can be categorized as the int;ractidn of a) .
_ _,:_l.iqu:id (molten material)-vapor (cold fluid), b) ;iqui«i—liquid, |
c) solid-liquid with the surface temperatufe‘of.molten ﬁateria;.
If these models arg applied té molten U02—sodium interact?on,'
it can be plotted as shown in Fig. 37.
(\; _ .-. The mast.appropriate ﬁodel_to deéc?ibe-the fragmentafion
behavior of our experiment is believed the éhell model shown - | 4 -
°  in Fig. 38. = W L |
| | ‘As a droplet withithehsol'dified surface grops_into thé
éodium; the surface teméeratﬁre ié cooled below the'brittle—tof'-
ductile.temperature and the/goliéification causes the pres-
surizafion inside the d;oplét.' If-thé_tofal tangential st}ess
_ in thé-elaétic region exceeds the fracturé sfress, tﬁé.ffactures

occur. At the time of fracture, if the pressure of the inside

is high, the exfensive‘fragmentation ﬁould oceur. Because of

oo
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the difficulty of the surface temperature estimation, the

calculation of fragmentation is not completed yet. -

IE . . .\ - . - - ' .
jri: ot i . e, - . . - . - - . L. U
¥ Rl . itnorol . . ; -

.JTheqparticle distribution of UO after the fragmentation

is the complex function of fuel temperature, sodium temperature,
L2

fuel mass, coolant mass, fission ga, 1nert gas, surface ten51on

-ofafuel, fuel cooling rate, subcool of sodium, 0/M ratio of

fuel, fuelfeompositidn, burhup of fuel, mixing velocity and

. mixing geometry in the molten fuel and sodium interaction zone.

CAy

The available data of the particle distribution in_the U02—
14)

.sodlum and U02-water system at present, are TREAT Snseries
1n-p11e data, Armstrong 5) out~ ofmplle data and SP%R%)
series in-pile data. Fig. 39 is a plot of these particle size
distributions. |
f:Any,decisive paramefer which determines the particLe size
:distribution, can not be found_in-these data. Even the coolant
difference-eomﬁaring TREAT data with SPERT data, does not
cause therlarge difference of the particle size distribution.
. The most pessimistic dietribution functioﬁ of the fuel particle_

is'obteined from Fig. 39 with considering the maximum slope

and minimum mean value assumming the Jog-normal distribution.

-(1og D-2. 2.67)2
0. 9&42

D = the particle diameter in micrometer. The partlcle size

That function is £3(D) = 2.317 exp (5 )}, where

distribution'is_not exact log-normal distribution. But if the

' log-normal distribution is used for.the SFI analysis, it is

conservative because the larger particle is underestimated.

...710 —
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6. CONCLUSiON S e - RO R E
1. A droplet with the'solidifiéd surface have the
possibility of the extensive fragmentation. This'solid-liquid
' fragmentation is the base of the particle sizé disfribution .
'“bécause'all*the’droplet is cocled to the sodium tempe rature.
7 2. For tﬁe'SFI‘safety analysis, the assumption of.(a)‘
the spherical vo,, particlé and (b) the 1og&normalrdisfributioni

function is conservative and reasonable.
3. The particle characteristic study of UO2 is revealed
. . . )

g) . very uséful fo;fthe development of the fragmentation mechanism.
. | Tﬁé fufure SFI out-of-pile experiﬁental programs iﬂ PNC,
are; - 1 - . ‘ i ',_l _ | L _&_ ;
1.  Sold U0, fragmentation study with 'tl-le -trangient héat
transfer apparatus. S IR f--'%.:.
2. Puel pin melting study in the several fuel-pins.fl

-11 -
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Table 1. Summary of. the Molten UOp Data v f o
L Na Initial Na Initial Quantity of Melt | Peak Pressure

Run Number o 3 . 2
Temp. o] Volume cm” - Droplets g Kg/em™.

' - Failed to collect Failed to .

1 200 170 .
- 7 the residue measure

9 230 170 o 2.73" .

15 300 120 10.20 0.1 a

© .20 300 120 14.75 12 -

21 200 120 14.85 B TR R

11.60 -

22
..23_
a2k

200
300

200

104 -
123

g9 o

12078

Failed to coilo'eci',.

1.05n ‘,’i';m-

£

;. 3.50.
N J::.65 ;.'

LS

- the residue. | I % So=
i . . <~ ri{ Failed to
. 3 v o 18.51 : - N & =
25 200 187 O I :5 b 2 Il measurer I
’ b = I ’ ' B ot VN I o ",
26 200 32 v ol 7.87, ¢ & s
L .t - - " Pyl - . e "
»l : [ ‘. } . o wi
. o ) e - ? ' u o . b 4
. 27 200 52 ¢ i |4 9.99 'y o015 ¢
R o kA - o 1 P "
| b AN o 1y : © b . [ trm [
28 200 52 - . lo 50"‘ : . - 0- 1 v o) Far
. S - - b " [ ey
- e o P w
v . o CR S
= o~ o P E v
173 @ w2 1 1 v ) v
. e @ . = e 7 T
- T % - “r a, W3
* ™ . T
R

oslrnzIer
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Table 2 Summary of the Mbltén U0s Drop Test Observation

'{\\

Droplet Number

The ejection of UO2 partiglé was not obserfed.

. Run ' Dropiet Entering . Sodium ‘
. . High Speed | Pressure : Pregsurization Vaporigation Na Splash
Number Condition X
_ ~{-. Camera Record . Delay time, msec
. _ Not o
1 Lgrge spherical droplet faileq‘to measure 2 observed
9 -6 : Large spherical droplets . No a Yes
15 1 L Small droplet ' Yes .a No
"‘ 20 " 7. 6 Small Droplet - Yes 5 t Yes
' Droplets fell almost ’
& ‘ 21 16 8 simultaneously Yes a YFS‘ '
3 ' - Droplets fell like a .- fos X |
R2 7 3 string({cylinder shape) Yes "3'6 No
23 . 9 " ' Yes 2'7 Yes (26%)
2l 10 16 "o Yes a Yes (25%)
25 18 " - Yes s Yes (37%)
26 L Large spherical droplet Yes a Yes
- 27 1 " Yes . 1.5 Yes
28 1 No film record Yes No
a ¢
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. Table 3 Duration Time of the Sodium Pressure Pulse

\

CON

b

Rﬁn Droplet Duration Time Run Droplet Duration Time l
Number (m.sec) Number (m.sec)

1 0.8 1 0.9

2 0.9 2 1.0

‘20 3 1.0 21 3 0.9

~ Na Temp. th 1.k Na. Temp. b 1.3
" 300% 5 1.9 200°C | 5 1.8
| 6  .1.8 6 1.8

7 2.0 7 2.1




5 s - ;
. Table % The Correlation between Max. Pressure
. Peak and Particle Size
' Run Number Max. Pressu;e Particle Size -
Peak Kg/cm™ | -65 Mesh (W/o)
15 0.1 . 0.13
) 20 0 2 - 13.6
21 1.42 | 18.1 o
() S 22 - 1.05 0.39
23 - |7 3.5 ©19.47
26 - 1.3 7 7.2
27. | 0.1 - | - 6.4
o | -’

- 15 -
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* Table 5 UG, Particle Distribution

LAl

210 -~ 840 £

Par;icle‘ <210 p 8LO 2~ 2380 £ > 2380

Rum No. | Partionapia. /0 |partieiebia.| 70 | Fariioriteia YO |varicii®hia.| o
15 41 2.2% 525 3.8% 1610 38.2% 5100 27.8%
20 50 - 22.1 0w 27.7 - 31.2 5740 16.2
21 53 18 L 26 " hi.s © 3020 10.1
22 L8 1.2 " 11.8 " 21.7 " 4250 56.8
--23 43 |20 " 27.‘8 " 36.0 . 5440 10.7
2k 51 26.8 n Wi, 2 n 27.9 2100 . 0.9
25 52 15.2 n 15.5 | " 41.8 5300 22.3"
26 60 | 7.2‘ n 18.0° ' " 27.8 4300 30
27 52 5.0 " 14,4 " 19.6 5100 L5

. . ' -
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Fig. 1 Schematic diagram of the molten U02

fragmentatlon experlment.
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