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SUMMARY:

A

) /" TREAT F-series tests are bei

o e o -
, at accidert power levels from one

ment of fuel motion models. Test

nyg;
It
Il

H

i ’ . i L
F? was conducted to vvaluate motion of h

’Cpnductcd to provide data on fuel motion

to about ten times design for use in’'develop-

‘power fuel in a hypothetical LMFBR unprotected TUC itransient undercooling)

accident. Fuel, and fuel-boundary ionditions following coolant boiling, and

dryosut under TUC conditions are achieved in ®ach F-scries test with a single
- ‘ ‘& 7 N :
fuel element surrounded by a nucleatr heated wall in a dry test capsule.” Test

F2 wis conducted with a low buraup but restructured fuecl element teo investigarte

the effect of fuel vaper pressure

fuel"element in EBR-1I was at 380

] | ) ¢ "
. Rl o . - o o . .
The F2 TREAT power transient had a 6:i5 s constant power heatup internal pene-

w/em (11.6 kW/ft)

on. fuel motion. Prior irradiation of the F2

te a burnup of 0.3% afo.

rating 410 w/em (12.5 kW/ft) of peak fuel linear power followed by a power

burst to a level ~11 times the TRFAT heatup power. o

The hodoscope and heat transier calculations i

e

ndicated respectively that

the fuel column was_erect and not yet flolten «it the power burst injtiation.

In addition, burnour of the lower thermocouple indicated that significant

molten clad drainage had occurred j

since transient initiation). Two major upward tfuel

power burstﬁéuring‘the period of t{
i E

and 11.18 s. The Zirse dispersal g

abq?e the original fuel column wher

~100 ms). Af» some unknown time dur
f

sing TREAT power

oved molten fuel

pal

movements occurred in the

ust, before the power burst began (v10.5 s

at ter times of 11.04 s

into a coul annular region

e the fuel froze almost immediately (within:

ing the powervbursﬁ the heated wall partially

melted and radially deformed. 17 1,5 gms of dispersed material was found in

the region above the original fuel

test fuel rather than heated wall.

column.

it

7

Most of the dispers@

d material is

The dispersed fuel is concent¥ated in a

10 cm long annular slug although fragments of fuel ate found above the slug.
. 8]

igh




Final fuel arrangement also shows a region of *20 cm in the upper bart of the
s . I I L o

inal fuel coluan region mostly voided of fuel with regions of dispe

Wo upambiguous indication.of what

T8ed

above and -below the voided rugion.
T Q

species drov. the fuel dispersal has been found, although fue) vapor is
. L /,

Other- candidate vapor

£ Qtrohgvcandidacu based upon the -current analysis.
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“ located at ofie end of the test train. The test train is inserted into the

t - g S
Lo E = B

HARDKAKE DESCRIPTION - S T T

The test vehicle for- the F-series tests is a modified Mark-1I loob body

illustrated in Fig. 1. A single test fuel pin is in ‘a sealed capsule which is

-

doop [rom the top and®sealed to the loop at thé test train flange; Fig. 1

shows that the 34.3 cm (13.5 in.) long-test fuel column is approximately

ventered In the 122 cm (48 in.) high TREAT core. A B;Si thermal-peutron
: ) 2 N . . L0 5
filter equivalent to .0456 cm (18 mils) thickness cavers the outside of the e

loop body*as illustrated. The purpose of the filter is to harden -the TREAT

‘ . . : , 5
neutron spectrum sufficiently to achieve the desired progression of melting in

the cladding.and futl, prior to their motion in the test assembly. .Dysprosium

ilux bhupihgigéllars were installed on the autside of the neutrom filters in

vrder’to shape the test fuel axial power prp?ile‘to that of EBR~II, themprior

. soupre ol irradiation ef the Frseries fuel pins. ,When the Mark—I& loop’ body

| = ‘i
n 2 i

is uﬁed“for tests having flowing sodium, an «lectromagnetic pump is placed
betwiéen the upper and lower bends, I the F-series, these bends were flanged

o ) B

3 L o

off as indicated in Fig. 1. A burst disc.wasi incorporated im' the F-series

<

| «

loap to vent the loop tu the dump tank if" high loop pressure were to develop.
8 ) R J o - »
Fig., 2 is an axial view of the F-serjés capsule located inside the Mark-I1 IR T

loop. Referviize between Figs. 1-and |2 may be made by=locating .the upper bend

i . s Oy T, .l oy
of the Mark-IT loop and the:fuel column in each illustratiol. Fig, 2 was made
“ o ! d \’? i .

| Y

t
to scale axially but not vadially. Whe test fuel pin is located at the radial

Y]

center of thé sealed capsule. Axial Fotion of the fuel pin is constrained by

a tungsten pin through the lower Fuel pin end plﬂg, and a fuel pin retainer on ,°~

the top endlplug. Note that the fuel| pin retainer -restricts downward, but not

o

§

. . ’ R ) - ¢ . : -
W-00, cermet (nuclear heated wall), a thin-molybdenum rgflé?%o;, a stainless S

= o

upwardﬁdeemcn!‘of the topvend plug. | The fuel pin ig surrounded radially by a ) ¢

o
20 .
= ) .

; - 3
jo¢) K

[

o)

e
7
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sec ion w1th dlmenstons of the;F—serleo capsule and loop in the‘;ueled reglon
"“i5 shown in Flg. 3. -Flg 2 1ndicates that .tk 1€§faﬁiwall extends 2.54 em (1

!1n ). above tbe top oT the fuel‘column and 2.06 .cm (ﬂ3/16 in.) below the fqgl,_

fsummarlzes data on the F2 fuel pin.

i
“ el .

R BN S

i :

' :

o o - — CoLT {

vgteel heat slnk, and a stalnless steel capsule wall.‘ 4 scaled radlal cross—

(

e} o

i
o
i o

! e e

B =

volumn ar —total length of 38 9 cmif}iﬂ< ~idrgs tantalum_pieces

.M

*/*r“‘" S e K . il e 2
]ust beyond‘the ends of the- fuel co]umnﬁ These pieces: contain and

’ R N - T M R e
o, the
e

SR |

N
%

catcher. Thermocouples/’ and 2 are located as® shown Just above and - oelow the
I
\ B
fuel colcmn, respectlv 1y. THTSQ are’ btalnless steT_ sheat

thermocouples. Tbe;cdpsule was filled With Ar=37%-He
l _._,_—«-f

of 83 4 kPa (12.1 pbl) ber,; ef test.

315. unbondnd straln{yauge type +689 kPa (+16” ”'*'ﬂ‘;:;t;;a

at the top of the capaule.

Flg.,l show; gh

F2 test. The fast—neutron hodoscope llne
x P |

e

Euel motion is contlnuously monltored by t
\

— |

he fdst-n%utron oESEEope/th’Tf-

_ or/the -serles. Flg! 4 ShOWS rhe “4 test p1n. :
i. ‘J e A

Tne ;pin was modlfled to fit 1nmo the F—serles test p

L_,,_ i
i L i

bottom end plug and{drilling alhole throuéﬁ_}tﬁ;g»

ChE'prlnCIPQl test 1q5trumen

H

\ote also that.ibhe spiral w1:e wrap was: rémo¥e€‘7r6Rr’te fuel

;

K
1
;
!
I
|
i
i
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- TABLE 1 F2 Fuel Pin Description

Type PNL-17A
Pin Number 17A-11
Irradiated

in EBR-II

Irradiated Peak Power | 381 w/em (11.6 kW/fct)

Irradiated Peak Burnup '0.35 afo

Preirradiation Composition 75% UCy; - 25% PuO3

U235 Enrichment 80 a/o

Fuel Column Axial Length 34.3 em. (13.5 in.)

Fuel Microstructural Dimensicns (From Sibling Pins at Mid-Axis)

Central Void Radius - 0.66 mm (26 mils)

Columnar Region Radius 2.06 mm (81 mils)

Equiaxed Region Radius 2.21 mm (87 mils)

Unrestructured Region Radius j 2,51 mm (99 mils)

Clad Dimensions o i

Inner Radius "2.54 mm (100 mils)

Outer Radius 2.92 mm (115 mils)
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3.0 PQWER GENERATION

The peak lipear powe;’rating of tha test pin during tﬁeﬁFZVtest is pre—‘
" sented in Fig. 5. Fig. 5 is based uponVAaca f;om F-séries powe: calibration
experiments, and the actual F2 test éoyer gene?agiun, 'Fig. 5 'wis constructed
without considering power generation chaﬁges due to changes in ‘uel geomutry
after gross axial fuel motion begins at %11 s in-the F2 test. g, 6 is the
relative axial test pin p&wer generation detefmined by radiochenistry on fuel
used in a calibration transient; this figure ié normalized, so rhe relative
peak axial power is unity. - Relative fuel radiél péwer generation recoﬁmended
for the F-series is shown in Fig. 7: VThe fadial éower profile .s basea upgn
radioéhemistry,perfofmed on concentric cores of a few fuel peiluts irradiated
in a fueled calibrationrtransieﬁt.- Cofés from the.pellets were obtained by an
ultrasonic trepanning technique developed by Yaggeel. Note that the calibra-

tion fuel pellets did not have central voids, but the test fuel pellets had

central voids.

The peak linear power rating for the nucléar heated wall wiis 281 w/cm

(8.57 kW/ft) in the nominaliy Eiéttop power portioq‘of'the F2 test transient,

as determined by radiochemistry in a calibration transient. No:e that this

power rating only applies for times before gress axial motion o the test fuel
or heated wall. The same axial power shape used for the test fuei is recom-

mended for the heated wall. A ratio &f 1.07 was used to describe the ratio of

power generation in the outer half of the heated wall compared to the inmer

half. This ratio was based upon- transport ;alculations performed for the F-

series,
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4.0 RESULTS
y o T
4.1 Test Capsule Data”

Fig. 8 summarizes the test capsule data during and just after the.F2
.7 -

“&fst. Data from the two thermocouples and an_idealize& TREAT power trace are

9

/presented on a common time abeissa in Fig. 8.

{ )

raw data that Fig. SJiSBbased upon.

Appendix A presents plots éf

In add}fion, a ploﬁ of the Lhérmpcouple

and pressure transducer data up to 120 s after test initiation is included in

Appendix A.

Both thermocouples burned out during/

located in the tantalum cup below the fue

;hé F2 tésq.

1 column bu;n

The lower thermocouple
; v .

ed out at}th% end of the

F2i flattop (v20.5 s). Posttest disasgembiy of the capsuleiihdicdéed gﬁét

molten clad filled the tantalum cup, so contact with molten clad bﬁrdedjouc

the lower thermocouple. The upper thermocouple burned out while the power was

increasing during the power spike. Posttest disassembly of the capsule, the

" posttest neutron radiograph, and the hodoscope all confirm that the upper

thermccouple burned out from contact with molten fuel. Before each thermo-

capsule fill gas. .
|

% couple burned our, their small risés in temperature re
7 : - .

flect héa;up of the

The absolute capsule pressurcidata shown in Fig.8 is based upon both the

|

absolute capsule pressure befére the test, dnd the changel in capsulé pressure

as sensed by the capsule pressure gransducer. The capsul
dats is not corrected for the negative radiation response

transducer, This radiation response becomes appreciable

o pregsure transducer
of the pressure

Pfcer the peak TREAT

power. Howewver, the pressure tramsducer data-is judged ti he reliablc before

peak power.  This judgement is based upon a ruadiation res

on a similar transducer. A generdglly smooth tise in caps

onse test performed

sle pressure over the

3

period of constant TREAT power shdwn in Fig. 8 rcflects>a*gradua1 heatup of

B
4
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the capsule fi%l gas. After the power spike begins, the capsule £ill gas

heated up more rapidly as is shown in Fig- 8.

4.2 Posttest Neutron Radiography and Metallography

The posttest neutron radiograph and two metallographic sections are

described in-this section. Interpretation of the radiograph is partially

dependent upon the incomplete metallographic examination, so the interpretation

may be subjecﬁ to slight chaﬁges.: The p%etest fﬁel co;umn and the posttest /
heatei-wall axial positions are locgted on the posgtest neutr&n:radiograph
(Fig. 9) for reference. A significant feature of Fig. 9 is a 16.5 c;ﬁké.S in.)
long regioh4of molten fuel ejected to a position as high és 19 em (7.5 in.)
above the origiﬂal fuel column. Most of the ejected fuel is lodged in a 10 cm
(4 in.) annular fyel slug‘lpcated between the insulator pellet region éf
the fuel pin; and both the tantalum transition piece, gﬁd the upper heat sink.
Fuel was also driven into two diagonal holes in this region; ong in the tran-
sition piece, and-one in the heat sink;r Proceeding downward from the ejected
fuel is a 14 cm (5.5 in.) region voided of fuel, a 10 cm (4 in:) region par-

[

tially voided of fuel, a 8.9 em (3.5 in.) region of molten:fuel extending

radially outward to the inside of the ﬁeated wall, a2 1.3 em (.5 in.} reg?on

i i
partially voided o! fucl, and a 1.3 cm| (.5 in.) region of partially melﬂed

; | ‘
! | H R
fuel, Test induced changes in the hegted wall are evident by its generslly

deformed shape in the 33 cm (13 in.) long regions either completely volded,
partialiy;yoided or with molten fuel eﬁtending out to the heated wall. ‘Melting
of the UO2 phase in the heated wall, radial deformation of the heated wall out
to either the molgbdenium reflector ot the stainless steel heat sink, and tesg
fuel leakage out of the heated wall were observed in some parts of the pre-
viously réferred to 33 em (13 in.) long region. Fig. 9 also shows that the

tantalum cup at the bottom is filled with stainless steel clad that drained
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“Fe-Cr-Ni—H‘phaseiin the fuel indicafes that there is a potential for fuel

EN ) ) >
SRR o I

. i o - ! . » P o 3
off the fu@i,célumn. Figs. 10 and. 11 are two metallographic sections-taken *
5 oo . o= : >

from the-8.9 in. (3.5 in,) region offmolten fuel shown in Fig. 9. The loca-

tions of Figs. 10 and 11 are also indicated in Fig. 9. Identification of .

various test components is made in Figs. 10 and 11. The fdllcding observations : “

o [ = - ;
- 9

can be made from the metallographic sections: =

= R

o Small metallic particles of varying combosition containing Fe-Cr-Ni~W
0 = o a9 P
‘are observed in the fuel. =~ | > )
A . A continuous, large central region voided of fuel appears in Fig. 10.

No such fegion appears-in Fig. 11, although large voided regions are

observed between the fuel and heated wall in Fig. ll;u

e  The U0, phase in the heated wall melted dﬁring the test. After the
test, some Of the molten UG, resolldifled within the heated wall as

large agglomerates. “ Some of the molten ue, may have also mlgraced

out of the heated wall during or just after the teet. B E .

X

e - Some radial deformation or erosion of the heated wall is apparent in

' Fig. 10, Large amounts of test fuel are found~QPt51de the heated
- s E &

"wall in Fig. 10. This fuel may causc che neutron radlographﬂincer—

‘pretation of extensive heeted wall radial deformation to be

C, ] R . i . ~
misleading. However, at some axial positions, near the ‘center of v

the fuel column, the wall(did deform out to the reflector.

S

) L o
From the observations made from Figs. 10 and 11, certain comments can
e

now be made relative to the F2 fuel|motion bghavior. The presence of the

dispersal that is driven by clad vapcr. However, this clad could have entered

-the fuel after the first fuel dispe‘sel or even after test scram. The void

9
e <

in-Fig. 10 might be interpreted as a vaportﬁocket in the fuel, Certainly this

void is ﬁoo lafge to be accounted for entirely by a shrinkage upoh solidification. . .
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The migracion -of UD, both within and possibly, out of the heated wall afrer U0,
melting is quite undesirable. Any future tests using W-UQ, heated walls

should be designed, so the wall does not reach the UQOjp helting point. Radial
deformation of the heated wallj;as;probablx,noc‘too significant an inflﬁence

on fuel mction. However, leakage of fuel ;;t o? tﬂ; heated wall was signifiéant
and might be avoided by wrappiﬁg thg outéide of the heated wall with more

layers of W foil. HMore layers of W foil wrapping might“also>prevent radial

deformation of the wall.

4.3 Hodoscope.Results

4.3.1 Summary of Fuel Motion Events

The major fuel motion consisted of an upwar&'dispersal of the

top (~10 cm) portion of the fuel pin at 11.04 s. The velocity of the void-
fuel interface was approximately &7 cm/sec and ;he bottom of thé ejeétéd fuel
reacheﬁ a height of 19 cm above the center of the fuel pin. At 11.18 s a
second event occurred (at approximaééiy the centerrbf the fuel pin) which
résulted in an upward movement of an éddiﬁionai%S—S cm o; fuel. Between 11.3 -
and 12.0 s most of therfuelvwhich had:moved upward fell back under.the infiuence
of gravity. and accumulated in the region around the bottom.halflof thé,pin.

The final disposition of fuel ar 12.4|s i; én éégé;giwégreement‘with the;—
pésttest radiograph. A general summary of the fuel motion as a function of
ltime/is shown in Fig. 12, In interpreting this grap§ it should be noted that
the IOOZVdensity change indicated in the figuré‘does no} c¢onsider contributions

from the heated‘wall.
. 4.3.2 Data Analysis

The hodoscope data hdgs been co%rected for the supralinearity
of the Hornyak buttons by a coméutef code\SUPRAérand;}or variations in detector

‘efficiencies by the computer code EFFIS. Fig. 13 shows a-schematic of the

3\
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relationship between the hodoscope columns and the test fuel. The vertical
center of the fuel pin was in row 11l.5 and the horizontal center was in column

11.0. The fuel pin extended vertically over 15.3 rows (from row 4.0 to row

19.0) with row 4 correspondirg to the top of the pin. In the horizontal
direction, the pin extended over three columns (columms 10-12). The orienta-
tion of the hodoscope with respect to the reactor is such that the hodoscope

is pointed south and column 15 is on the east side of the hodoscope and column

1 is on the west side. The hodoscopn view extends approximately 5.3 c¢m abuve

the top of the fuel piﬁ.
‘The position of the test pin wit

had been shifted eastward relative to

h respeét‘to the hodoscope field of view

the nomipal pin position. No pretran-

sient scan of the fudi pin (to center the hodoscope) had been made for Lests

F1 and F2 because of a desire to dupl
series powér calibration tfansieﬁts.j
the test éapsule position in the rea:
indicator had shifted with respect td
in a loss of some information concerr
sevefal scalers were inoperative in
background for F2 was 1.9 which is cc¢
S/B is probably due to-the extra stee
than to increased scatter%gg arising
The main method of mgasuring?fuf
plotting R/P canges as a function of

K at which neutrons are emitted fr¢

P
this rate is a background rate of net
neutrons scattered by the test capsul
is

R = R, '+ Ry.

icate: the fuel pin position used in F-~
The observe&ﬁshift indicates tﬁat either
tor had changed or the hudos&opé‘position
the earlier tests. This shift resulted
ing fuel motion in rows 10 and 12 because
he hew viewiﬁg reéion; The signal-to-
nsisteﬁt with F1. The low value of the-
1 in the F—Sei;es tést capsule rather
from the heaiéd wall.
1 motion in this analysis consisted of
time. Thé ho&oscope measures the rate,
m a given mass of fuel. Superimposed on

trons, R from the reactor and from

B
e. The total rate, R, for-a given channel




Since both the quanticies KF aund K, .ere gurportivael~to the reactor power, the

quantity K/P can be written as

i{'_s' R |
A + B N |

8 is rhe response )

e

whure & is the respotse from the fuel pey unit pewer and

ckpround.  in genersl, Pais detofnined by averaging the count

frupm reiactor bac

rate from oa large aumber of channels vhich do not view the test fucl. 17 the y

asswsption is nmade thal the response S, Trom o piven voluse of fuel is pro-

poertionsl to the mass ol fuel, H?. then the pqgviogﬁ cquaticd’ruduc0ﬁ To,
’ 5 “
i} = i+ B, L ’ S
unznown backgreund cean be viiminazed oy Fuba;ract~-g the R/P valubs at two

|
o |

TPz §s the time of duterest and t, is seme referencd time,
: |

different 4
{
« oy L . - N ®
then the R/ choigie between toand 1, g

° ) !
! {
N it R B | |
SRRy = L iy 2 L e ;
] I
! {
‘ ! o .
= ML)+ E - M) - 8 . l
i |
r . e !
= OR(M{L -~ Mgl ). s 1

Thus the R/P change between U and t. {s directly porporticnal 2o the fuel

motion between v and €. ) ‘ : ‘

<

4.3.3 Analvsis of Fuei Motion
No fuel motion was olfserved durlnbltue 1lat;op portion of the

|

|

N : R |

test transient so the P sference valde was Lnosen as the average value of the -[

data between 9.5 and 10. 5 In ordeny tuv scupeiout the general features of
: B L ‘ : )
the fuel mocion, the data for individyal scalers were summed. In particular,

j

Figs. 14 and 15 present the change gs a function of time for columns 10, 11,

[£5 2-|

and 12 summed over the rows

useful in showing fuel motion between |the upper:and lower poriion of the.

\

|

|

|

o o . !
-9 and 1]-19 respe¢tively., These two figures are {
f

|

\

i

it
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hoaoscope viewing plane as well as showing fuel motion In-a radial direction
pcrpendicular to the hodoscope line of sight. Figures 16 to 19 are R/P‘vhangu
plors of scalers summed over co}umnérlo. 11, and 12. Tﬁese plots show axial
motion of fuel. The error bars in these pi&ts represent statistical errors
and do not include systematic errors which may be present. 1In Figs. 15 to 19,
the rows 10 and 12 have been eliminated becéuse of inoperaﬁivé ;calers. An

) :
analysis of the data has determined that a R/P change of 1 unit gérresponds to

a mass of 5+1 gm.

10.7 s. The first indication of fuel motioﬁ?is indicated in Fig.klh
which shows that at 10,7 s the upper portion of the fuel pin begins to slowly

bend toward column 12 (eastward). This shift appears to have reached a maximum

B

value at approximately 11 s.

10.83 s. Fig. 15 shows that an accumulation ofrfuél begins to occur in
the bottom half of column 11 at approximately 10.83 s. The row plots suggest
that this accumulation of fuel occurs in éows 11-15 and may represent a filling

of the central void since the incr?ase’does not occur in columns 1C and 12.
| k

10.98 s. At 10.98 s there appears to be a small event which pushes fuel

i I

radially outward from column 11 ino colﬁmns 12" and 10. This is shown in Fig.
14, in which there is a sudden deJLease in column 11 and an increase in the
upper portion of columns 10 and 12. At this time there was also ‘an increaéé
observed in rows 4 and 5 of Fig. 16. The top of the fuel pin, as originally
positionea, occurred in row 4; thus a slighE‘upwérd”movement of the fuel pin
could éroduce an increase in the count rate forrrow 4. The Increase in row

5 suggests that some fuel may have also been ejected upward at the same time.

Analysis of individual scalers suggest that this event was centered In rows 9

and 10 (5.5 to 3.3 cm above the cénter line of the fuel pin).
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. . {% & W
11.04 s. A majér event occurred between rows 8 and 9 (6.6 cm above the-

- o EN o

fuel center line) which resulted in the Hispegsal of fuel in the top portion

) . ) N . R ; 1/? a o

of thé pin into the upper region of the test capsule. The beginning of this
’ IR : g .

event is indicated in Fig. 17 which shows’ the voiding of rows 7 and 8 and in

"

Fig. 16 which shows the appéérancevof fuel in rows 2 and 3. The: velocity of
the top portion of the void-fuel interface was approximately 47i§’cm/sec. The
: Hnoo

upper portion of the ejected fuel appears to have moved as a coherent mass.

The irregular decrease in the curves for rows 4, 5 and 7 sufgest that bottom

portion of "the woid-fuel interface was not well-defined or that small amounts A

of fucl were being lost from the upward movingafuel. Only two-thirds of the

< o

original fuel in rows 7 and 8 %ppears to have participated in the upward

movement. Between 11.04 and 11.18 s there is an ¢ncrease in fuel rows 9-11 ~ .

Y]

which is due to fuel falling or draining of the fuel left in rows 7 and 8.

The bottom portion of the upward dispersed fuel reathed @ maximum height.of
~19 em (row 3) above the fuel center line at 11.3 s. .

S »

11.18 s. .A second major event occurred at;11.18 s in thg regiqg of the

originai pin center. Fig. 18 shows that there is 2 movement of fuel (5-8 cm

in“length) from rpwlll upward into the region vacated by the fuel ev?nt{ﬁf
3 = :i \\

11.04 s. The fuel involved does not move upward in a very coherent fashion
but rather the upward movement of fuell produces a general accumulation in rows

8 and 9 before a major portion of the fuel falfs back. Scme of the upward

moving fuel does reach the bottom&ﬁﬁnthe‘orig{hal blockage in row 3 at 11.3 s

u
«

before falling back. : 0 Cn

11.3 s. At 11.3 s fuel debris bpginstto accumulate in row 13 (v3.3 cm

below the pin centerline). Fig. 15 ipdicates that the major portion of fuel B

L

increase occurs in column 10 (west side of the pin). The bottom portion of

the fuel pin appears to retain its orjiginal shape and the fuel which falls

[

from above accupulates between the h rted,whll and Ehe fuel pin.

il ' .

o

a
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i : .
12.5 s. After 11.4 s the statistical fluctuations in data became
[ )

considerably larger and the time averaging of the data had to=be greatly

i
!

|
r
i §
o :
éa suggest Fhat after the fuel trom the 113 18 s event
{ j :

lFifLa The da
; { ’ :
eached row 3 at dpproxlmatc}v ll 3s, ther is Jgeneral downward movement
! v o ;
of  fuel under tbe inp!uence oL grav1L".‘ Somd/ot the fuel corresponds to tbat
| I [ j )
ejected. upward at ll 18 s, bqt there is a1so some addltlonal fuel from the
| f : . i
i { !
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pellet center.

the constant power poriion of

i
|

5.0 THERMAL AND

FUEL EJECTION ANALYSIS

5.1 Radial Temperatura Profiles

| -
! |
Fig. {20 presents

calculated radial fuy

él temperature profiles for the

peak power (miq—axis) segiment of the F2 fuel cglumn. Calculations were
|

L .
performed using a version'
J

maintained at ANL. Important features of the T
; 1

| D :
by radiation between the fuel, and heated wall;

shield; .and thegheat shield, and the heat sink.

for each profile with comments on the selected

| !

i

radial flux depression causes more power to be

than near the center (ses Fig. 7), th
[

low.

i N L
clad was calculated to melt. - Passagejof the cl

causes g pause in the temperature riseé near the

gradient in the!F2 test. By 9.23 s

i
i
1
i

s, fuel had just starred t

time), all the fuel was caiculated,to;

Peak'tcmperatur% at 11.05

!

[ \

l I

5.2

the F2

melt at o
5 was 45000
| ! - . .
melted fuel geometry, ahd therefore dg

energy depositi$n due to m@ltén fuel ¥

Initial Fuel Ejection Event !

L
i

. l s
ature profiles after the fuel melting
- I

of the TRHTB generaf

e -

) . .- L . :
The highest thermal gradient was
L ‘

Therefore,| clad melting establi
the clad ha

rand the temperature gradiehts at the @ellét‘edg

L

F2

m

uel

est transient hiw just ended.

d—radius!
be at o£

C. If mu
has begun

.not rafle

earrangeme

| i

Analvsis

purposé heat transfer code

HTB model include heat transfer
the hgated wail, and heat
Table IT keys the test times

times. Becausé the largé

generated near’ the pellet cdge

lthermal gradients are quite
calculated at 7.90 s just after the

ad; through its heat of fusion

pellet edge compared to the

shes the maximum temperature

5 been assumed‘to disappear,

¢ have diminished. At 10;53 S,
By 10.73
Ar 11.0515, (the fuel ejection
ibove the solidus temperature.
5t be Stressedvthat the temper-~
‘are calculated for the pre-

et possible changes in the

Nt

‘ 3 : ‘ L
The hodoscope and the heat fransfer cglculations indicate the fuel

|

column was erec

R —

-
and not yet molten ati the begir

ning gf'the power spike (u10.5 s).

s
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TABLE II

Test‘Timé;

=37~

Key to F2 Radial Temperature Profiles

3.15

4.10
7.25
7.90

9.23

'10.73

11.05

)

s o Comment

cold capsule conditions.
? Begin gonstantépowe}.

» .Begin clad melting.

< i
|

End clad melting.

G

@ 0 Btart F2 power spike.
i F2-fuel starts to melt.

o=

o

ward.

Begin approach to power flattop from

. Temperature profile at time of the
pressuré event that ejected fuel up-
F B
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In addltlon, burnout -of the lower thermocouple at this tlme

- - s

most of the Llad had draLned of f the

initiation tlme, and the peak FREAT_poweruuc 11.234 s, molten fuel was ejected -
at 11.04 s above the top of the ofiginai fuel column.,

ejection was verified by burnout of the upper thermocouple and . hodoscope obser-

vations.

existed in the test fuel at the tlme of the inltldl fuel eJPction.
pressure estimate, and the heat'transfer calculation (Sectlon 5.1),
is made to identify what vapor species drove the 1nitial ejection.

Fig. 21 is a schematic of the rolevant test components that were involved

in the initial fuel ejection.

long annular siug of ejected fuel that

This

after tho first‘ejection event.
posttest ﬁéutronrgadiograph (Fig. 9).

Toe obsolutélpressure in the ejeck
manmer. . 7

i
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upward motion. and P

b

ar
U.

ejected slug as indicated in

limated from the sum of the three
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The sum of the first two pressures above is PU. PL is the,preséure that is of
mest interest, since it is ‘the absolute pressure below theuéjecting fuel slug.
P, is a measured quantity and is known to a good degree of confidence. (PL -

PU) can be crudely estimated from iﬁdirgct considerations. Fortunately, (PL -

‘ PU) is small‘cpﬁpared to PU S0 PL is also known to a good degree of confidence.

An estimate of (PL B PU) can_be mxde in the following manner. This pressure
drop is the sum of the static pressure head needed to eject a slug 10 cm high
and a frictional pressure loss associated with the fuel motion. <Calculation

of the static pressure head is straight forward éndzis 7.8 kPa. In order to

estimate frictional pressure loss; some knowledge of. the fuel slug velocity is

‘necessary. During the ejection event; the upper surface of the slug.passed

through row 2 of the hodoscope resulting in a large increase to the hodoscope

'

signal in a short period of time (At):. From a2 knowledge of the axial distance

or height (h) over which the hodoscdpé row is sehsitiye to fuel motion, the

velocity (v) of the advancing slug may be estimated from the following:
v = h/aT = 4745 cm/sec

Unfortunately, as seen from‘Fig. 21, this velocity is averaged over two flow

2 that its axial response should be more

areas. However, row 2 is situated so

sensitive to motion in the larger flow area. Therefore this velocity will be

assumed to be representative of the velocity in the larger flow area. Assuming

_a constant mass flow rate for the fuel slyg until freezing occurred, the time

that the fuel slug took to freeze may:be estimated from the hodoscope measured

velocity, continuity, and the fuel slug height measured from the neutron

‘radiograph. Using dimensions from Fijg. 21:

- 2.06 cm + ; .10 em ~ 2.06 cm
Tg 47 cem/scc 47 cm/sec x (L940 cm)? - (.584 cm)?
i (.787, cm)Z - (.584 cm)”

0.04 s + $.08s = 0.12 s.

-
-
i

it ) P ‘ ZP o
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As a partial check upon the assumptions used to-calculate Tf; a heat transfer

calculation of the time necessary to

clog the molten fuel flow due to freezing

was made. Clogging probably first-occurred in'the narrow part of the annulus

at :the bottom of the Spainless steel
ture of the heat sink was cold' (v150°
ofrthe steel need not be considered.
upper part of the fuelAelehent, a sta
stainless steel hgat sink was used to

initial fuel-temperétures. Results o

presénted below: :
Time to Clog Fuel Flow !
Due to Fuel Freezing
0.190 - oo
0.140
0.100
The times listed above are thevtimes
liquidus temperature. Note that the
initial fuel temperature since most q
is contained in the héat of fusion.
;nqglus Te calculated previously and
* the heat transfer calculation are bot

us to use the hodoscope measured veld

calculate with some degree of confide

[$]

heat sink; 3Because therinitial tempera-
C) compared to the mélten fugl,,ablation5
A gimple THT# modei.consisting of the _
tic iObno&e molten fuel slug, and the
;Calculafe‘phe freezing times for.various
f the heat;Eransfepﬁcalculations a;e

Initial Fuel Temperature

E c
3300
- 3000

2770%
that the last fuel node fell below the
freezing rimes are not sensitive to
f the heat transferred to the heat .sink
The time ﬁacessary to clog the fuél
the times forrfuel freezihg based upon
ﬁ aboutrlOO msec ., This agreement enables
cities and .the final slug height to

nce the frictional pressure loss from

Darcy's law just prior to freezing. The frictional pressure loss in 2.2 kPa.

Therefore the total pressure dro‘pr(f’L

*Slightly above fuel liquidus.

~ PU> due to both the static pressure

wrbwin <
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head plus frictional losses is 10 kPa. PU at the time of fuel ejection was

l§2 kPa. As mentioned previous}yv>(PL -~ pUy is small compared.to Pa,ﬂso the
crude estimate of (PL - pU) Sufﬁers to eStimatevPL 'VPL>at the time %f ﬁhe

ejection then is 1352 kPa (22 psi). :

Heat transfer calculations of the:péak‘power axial segment in the F2 fueln
at various times during the test have been reported in Section 5.1. At the
time of the‘initial fuel ejection, the peak tewpératuré wés calculated to be
+3000°C. Less confidence is placed in the heaf:transfeQYCélculatiqn compared

to the absolute pressure calculatléng because as previously mentioned the heat
. Cu

i
- p . . . bl P . .
transfer calculation is likely to bé¢imore sensitive to changes in fuel geometry

L

“after fuel melting begins.

At this point in fhe analysis, both an absolute pressure of 152 kPa (U2

‘ : | :
psi) and a maximum fuel temperature of 3000°C in the ejected fuel have been
’ ! ‘

calculated. One question that na%urally arises is whether the pressure and
temperature are consistent with the saturatién‘pressure or vapor ﬁressures of
candidate spggies;that could be responsible‘for the FZ_fuel,dispgrsal. Table
111 shows’thac all the candidate speciéé for thé F2 ejeétion cannot be rejected
from thermodynamic considerations, However, fuel vapdr may have caused the
fuel election because fission products and stainles; steel might not have been
intimazely mixed in the fuel at ejection time. High temperatures could have
released most of the fission prodicts before the ejection, and there is evi-
dence that most of the stainless gteel had drained off the fuel column prior

to the power burst. Some clad ma grial was founQ in therfuel in the posttest

examination. However, there is n¢ way of knowing when this clad entered the

test fuel.
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TABLE III Properties of Candidate F2 Dispérsal

(22 psi) or 3000°C

Candidate Species

Saturation
Temperature
at 152 kPa

T
Vapor or 1
Gas Pressure '
at 3000°C

°C

kPa

Species at 152 kPa

Comment

Mixed Oxide

33006

Heat transfer calculation
of 3000°C is low compared
to saturation temperature
of 3300°C. However, the
300°C discrepancy is within
the range of uncertainty

of the heat transfer
calculation.

Cesium

e

540

This value is from Gabelnick
and Chasanov’ and is inter-
polated for both burnup and
temperature. 100% reten-
‘tion of the fission products
at the time of fuel ejection
is also assumed in Gabelnick
and Chasanov's analysis; this
is likely to grossly over-
estimate the fission product
pressures at 3000°C.

Xenon

840

Same comment as for cesium
applies.

Stainless Steel
(Cladding)

2903°

This saturation temperature
comes closest to agreement

' with the heat transfer

calculation. However, most of
the cladding had drained cff
the fuel column before the
fuel ejection event.
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6.0 PRELIMINARY _NCLUSIONS

The following conclusions can be made based upon the posttest neutron

g, preliminary thermal analvsis,

radiograph, prelimipary hodoscope data analys
and an incomplete posttest exumigatiun:

] Some fuel dispersal to regi&ns abgge the original fuél column ﬁosi—
tion occurred in Test FZ,

. The wvapor species that drove the initial fuel dispersal cannot be
unambiguously identified as vet. However, fuel vapor is a strong
candidate for the dispersal species,

[ The heétcd wall did not «ontain the test fuel in an optimum manner
by the time of test power scram, However, it is possible that the

heated wall test fuel containment was adequate at the time of the

initial test fuel dispersal.
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APPENDIX A

Test Instruméntation Raw Datd
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