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HO/ SUMMARY .. • .;
•ff it "

If ' '" " !!
f TREAT F-series tests are beingj conducted to~ provide data on fuel motion

i 1 • -
/• '!

at accident power levels from one to..about ten times design for use in dovelop-

ment of fuel motion models. Test Fiji was conducted to evaluate motion jf high

power fuel in a hypothetical. LMFBR unprotected TUC (transient undercooling)

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

drydut under TVC conditions are achieved in each F-series test with a single

fuel element surrounded by a nucleai: heated wall in a dry test capsule. Test

F2 was conducted with a low burnup but restructured fuel element to investigate

the effect of fuel vapor pressure on fuel motion. Prior irradiation of the i'2

fuel" element in HBR-II was at 380 w/cm (il.6 kW/ft) to a burnup of 0.35 a/o.

The F2 TREAT power transient had a 6;5 s constant pov.'er heaCup internal, gene-

rating -flO w/cm- (12.5 kW/ft) o-f peak fuel linear power followed ';:>> a power

burst to a level "'11 times the TREAT heatup power. °

The' hodoscope and heat transier calculations indicated respectively chat

the fuel column wasecect and not yet Aolten vat the power"burst initiation.

In addition, burnout of the lower thermocouple indicated that significant

molten clad drainage had occurred just, before the power burst began ("«10.5 s

.since transient initiation). Two itjajor upward t'uel movements occurred in the

power burst|ouring the period of rijsing TREAT power at ter: '..„times of 11.04 .s

nnd 11.18 s.ki The first dispersal

abqjye the original fuel column whe

r-100 ms). At1 some unknown time du

melted and radially deformed. 17 ;

the region above the original fuel

test fuel rather than heated wall.

10 cm long annular slug although f

oved molten fuel into a cool annular region

e the fuel frô ze almost immediately (within

ing the power burst the heated wall partially

5 gms of dispersed material was found in

column. Most of the dispersed material is

The dispersed fuel is concentrated in a

agments of fuel are found above the slug.



Final fuel arrangement also shows a region of .20 cm in the upper part of̂  the

il * ... •',. • , .-= "•"' . /• M
original fuel column region mostly voided of fuel with regions of dispersed

n .̂_ . J ^ • ••

fuel! above and below the voided r-tgion. ,io unambiguous indication of what

vapi|>r species drov.- the fuel dispersal has been found, although fui.O vapor is

a strong candidate- based upon the current analysis.. Other candidate vapor

are fission products and stainless steel clad.

. / !/

ir
• il

// /
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2.0 .HARDWARE DESCRIPTION ° - .' "

The test vehicle tor the F-series tests is a modified Mark-II loop body

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

located at oho end of the test train.s The test train is inserted into the

loop from the top and'sealed to the loop at the1 test train flange. Fig. 1

sliows that the '34.3 cm (13.5 in.) long test fuel column is approximately

i-ontered in then 122 en (48 in.) high TREAT core. A BgSi thermal-neutron

1'ilter "equivalent to .0456 cm (18 rails) thickness covers the outside of the

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

m-uLnm spectrum sufficiently to achieve the desired progression of melting in

tin- cladding and fui;l, prior to their motion in the test assembly. Dysprosium

i" lux shaping collars were installed on the outside of the neutron* filters in

order1'to yhiffm the test fuel axial power profile to that of EBR-II, the prior

SLiup'i' oi irradiation of the F-series fuel pins. DWhen the Mark-Ill loop body

is used for tests having flowing sodium, antelectromagnetic pump is placed

between the upper and lower bends. In the F-series, these bends were flanged

oil as indicated in Fig. 1. A burstjdisc was; incorporated irî the F-series

loop to vent the loop to the dump tank if high loop' pressure were to develop.

Via. 2 is an axial view of the F-ser^es capsule located inside the Mark-II

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

u! the Mark-IT loop and the^fuel' column in each illustration. Fig. 2 was made

to scale axially but not sadially. 1

center of the sealed capsule. Axial

a tungsten pin through the lower cfuel

the top end plug. Note that the fuel

upward^movement'of the top end plug.

W-liO? cermet (nuclear heated wall), a

he test fuel pin is located at the radial

notion of the fuel pin is constrained by

pin end plug, and a fuel pin retainer on

pin retainer-restricts downward,but not

The fuel pin It; surrounded radially by a
• • % l " ^ " " -

thin molybdenum reflector, a stainless
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s tee l heat sink, and a s ta inless s tee l capsule wall. A'scaled radial cross-

section with dimensions of the jF-seriea capsule and lloop in the'fueled region

i s shown in Fig. 3 . j Fig. 2 indicates that Jshe^iteafEejcrwall extends 2.5'4 cm (1

in.), above the top o|f the.fuel ; column and 2.06 .cm <3J3/16 in . ) below the

jafiaHrotal Itength of 3$/9_CIB_ (15 5/16-in)^^|2s^-IafgX tantaluia-pieces

- are-T6b"aTed"just beyond fehe ends of the fuel column.! These pieces: contaiiTandl

align "the heated wall; and in additiqji, the lower-"piScfe serves5?as a fuel

catcher. Thermocouples -1 and 2 are ^located as? shown iSjust abovevarid beiow the

fuel column, respectively. These are sfPainless..^a.tes-1 sheathed,

thermocouples. The 'capsule was f i l led

of 83.4 kPa (12.1 psi) bef sssar Cne tes t . _Ihe-p'fesJuje transducerL;.(GEe model A»-

316 junbonded s t ra in |gauge type.^ +689-4dPa =(%00"T5sT)TTSearIi3age) iisjjoeate& „

at the top of the capsule. Fig. 1 sh9W3_ihkfeir£he^issi^ii^:'frDfflritBe"top o£ -the

fuel column to the pressure"transducer diaphragm is 67.2 cm

F2 t e s t . The fast-neutron hodOscope linjejLof^slght is -a lso shown^in Fig.. 2. '

Fuel motion i s continuously monitored" by the"fasfc-rieutron hoSoieopeywMfcfij"j*as

the (principal tes t instrui^nt_ffor—the^F^series. Figj. 4 shows, the F2 tes t pin.

The: pin was modified to f i t inito the F-series tes t Jcagstilet
:- - " I J — —

bottom end plug and j drilling""af hole
' •" I ' •~F;~~~~'~ \\

Note also that the sp i ra l wire! wrap. was^r-t
summarizes data on the F2 fuel pin.
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NOTE: ALL DIMENSIONS IN cm

0.787 l.D.X 0.940 0.0. NUCLEAR
HEATED WALL OF 9 I % T . D . , 6 4 w/0

TUNGSTEN, 36 % UOo- WALL IS
WRAPPED IN 0.002 TUNGSTEN FOIL

2.380 I.D. X 3.175 0.0. CAPSULE
304 SST

3.254I.D. X5.080 O.D.
MARK n LOOP WALL

316 SST

1.194 l.D.
HEAT SINK

I.Q67 l.D.X 1.118 O.D.
0.010 WALL POLISHED
REFLECTOR MOLYBDENUM

FUEL PIN
0}OB I.D. X 0 .584 O.D.
CLADDING 316 SST
0.M3 Q.D. FUEL PELLET;
75 w /0 UOg, 25 % PuOg



Fig . 4 Les Fuel Element, PNL 17A
Bied)
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TABLE I F2 Fuel Pin Description

Type

Pin Number

Irradiated

Irradiated Peak Power

Irradiated Peak Burnup

Preirradiation Composition

U 2 3 5 Enrichment

Fuel Column Axial Length

Fuel Microstructural' Dimensions (From Sibling

Central Void Radius

Columnar Region Radius

Equiaxed Region Radius

Unrestruecured Region Radius !

Clad Dimensions - •{ :'

Inner Radius .

Outer Radius ;

: PNL-17A

; 17A-11

; " i n EBR-II

; 3S1 w/an (11.6 kW/ft)

0.35 a/o

75% UC2 - 25% PuO2

80 a/o

34.3 cm. (13.5 in.)

Pins at Mid-Axis)

0.66 mm (26 nils)

2.06 mm (81 mils)

2.21 mm (87 mils)

2.51 mm (99 mils)

' 2.54 mm (100 mils)

2.92 mm (115 mils)



-10-

3.0 POWER GENERATION '

The peak linear power rating of the test pin during the, F2 test is pre-

sented in Fig. 5. Fig. 5 is based upon data from F-series powei- calibration

experiments, and the actual F2 test power generation. Fig. 5 w;ss constructed

without considering power generation changes due to changes in 'uei geomutry

after gross axial fuel motion begins at ""11 s in the F2 test. rig. 6 is the

relative axial test pin power generation determined by radiochenistry on fuel

used in a calibration transient; this figure is normalized, so ':he relative

peak axial power is unity. Relative fuel radial power generation recommended

for the F-series is shown in Fig. 7. The radial power profile '.s based upon

radiochemistry performed on concentric cores of a few fuel pellets irradiated

in a fueled calibration transient. Cores from the.pellets were obtained by an

ultrasonic trepanning technique developed by Yaggee1. Note thai; the calibra-

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

central voids. . " ..

The peak linear power rating for tha nuclear heated wall was 281 w/cm

(8.57 kW/ft) in the nominally flattop power portion of the F2 test transient,

as determined by radiochemistry in a calibration transient. No'.e Chat this

power rating only applies for times before gross axial motion o,' the test fuel

or heated wall. The same axial powet shape used for the test fuel is recom-

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

power generation in the outer half of the heated wall compared :.o the inner

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

series. • I • ;
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4.0 RESULTS

4.1 Test Capsule Data" '/

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

%est. Data from the two thermocouples and an idealized TREAT power trace are

presented on a common time abcissa in Fig. 8. Appendix A presents plots of

raw data that Fig. 8 Is based upon. In addition, a plot of the -thermocouple

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

Appendix A. _„ . "

*; Both thermocouples burned out during the F2 test. The lciwer thermocouple

located in the tantalum cup below the fuel column burned out at ;-%lt<<s e,nd of the

F2rfJL'attop (^10.5 s). Posttest disassembly of tjie capsule"1 indicated that

molten clad filled the tantalum cup, so -contact with molten clad burned out

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

increasing during the power spike. Posttest disassembly o£ the capsule, the

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

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

i

couple burned out, their snail rises in temperature reflect heatup of the

capsule fill gas. * \

data shown in fig.8 is based upon both the

ie test, and the change! in capsule pressure

transducer. The capsulia pressure transducer

The absolute capsule pressure

absolute capsule pressure before t

as sensed fay the capsule pressure

data i.s not corrected for the negative radiation response!! of the pressure

ffcettransducer. This radiation respon

power. However, the pressure tran

p.'.ik pnwi-r. Tliis judgement i.s basa-d upon a radiation response test performed

so: becomes appreciable pter the peak TREAT

idue.er data is judged to be reliable before

transducer.

period of constant TREAT power she

lly smooth rise in capsule pressure over the

wn in Fig. 8 reflects a gradual heatup of
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the capsule fill gas. After the power spike begins, the capsule fill gas

heated up more rapidly as is shown in Fig. S.

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 subject to slight changes. The pretest fuel column and the posttest

heated-wall axial positions are located on the posttest neutron^radiograph

(Fig. 9) for reference. A significant feature of Fig. 9 is a 16.5 cm (6.5 in.)

long region of molten fuel ejected to a position.as high as 19 cm (7.5 in.)

above the original fuel column. Most of the ejected fuel is lodged in a 10 cm

(4 in.) annular fuel slug located between the insulator pellet region of

the fuel pin; and both the tantalum transition piece, and the upper heat sink.

Fuel was also driven into two diagonal holes in this region; one in the tran-

sition piece, and-one in the heat sink. Proceeding downward from the ejected

fuel is a 14 cm (5.5 in.) region voided of fuel, a 10 cm (4 in.) region par-
- •' i

.[
tially voided of fuel, a 8.9 cm (3.5 in.) region of molten.;fuel extending

radially outward to the inside of the heated wall, a 1.3 cm (.5 in.) region

partially voided oi fuel, and a 1.3 an](.5 in.) region of partially melted,

fuel. Test induced changes in the hi-.:i!t>HJ w.:il 1 nro evident, by its generally "

deformed shape in the 33 cm (13 in.) long regions either completely voided,

partially voided or with molten fuel extending out to the heated wall. Molting

of the V02 phase in the heated wall, radial deformation of the heated wall out

to either the molybdenium reflector oir the stainless steel heat sink, and test

fuel leakage out of the heated wall w

vion.sly referred to 33 cm 0 3 in.) lo

tantalum cup at the bottom is filled

rre observed in some parts of the pre-

g region. Fig. 9 also shows that llie

ith stainless steel clad that drained
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off the fuel column. Figs. 10 and 11 are two raetallographic section's taken1

from the»8.9 in. (3.5 in.) region ojfimolten fuel shown in-Fig. 9. The l6ca-

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 following observations

can be made from the metallographic sections: - - • • • '

• Small metallic particles of varying composition containing Fe-Cr-Nir-W

are observed in the fuel. „ =

• A continuous, large central region voided of fuel appears in Fig. 10.

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

observed between the fuel and heated wall in Fig. 11.

• The U0 2 phase in the heated wall melted during the test. After the

test, some of .the molten U0 2 resolidified within the heated wall as

large agglomerates. " Some of the molten UG2 may have also migrated

out of the heated wall during or just after the test.

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

Fig. 10. Large amounts of test fuel are foundapiitside the heated

wall in Fig, 10. This fuel may cause cche neutfrqn radiograph' inter-

.,;, pretation of extensive heated wall radial deformation to be

misleading. However, at some axial positions, near the center of c

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

II *
From the observations made from Figs. 10 and 11, certain comments can

now be made relative to the F2 fuel

Fe-Cr-Ni-W phase 'in the fuel indica

motion behavior. The presence of thd

es that there is a potential for fuel

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

the fuel after the first fuel dispe sal or even after test scram. The void

in Fig. 10 might be interpreted as i vapor pocket in the fuel. Certainly this

void is too large to be accounted f •r entirely by a shrinkage upon solidification.
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The migration of UO2 both within and possibly, out of the heated wall after l.'O2

melting is quite undesirable. Any future tests using W-UO2 heated walls

should be designed, so the wall does not reach the UO2 melting point. Radial

deformation of the heated wall was probably not too significant an influence

on fuel motion. However, leakage of fuel out of the heated wall was significant

and might be avoided by wrapping the outside of the heated wall with more

layers of W foil. More 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 upward dispersal of the

top (°-10 cm) portion of the fuel pin at 11.04 s. The velocity of the void-

fuel interface was approximately 47 cnv/sec and the bottom of the ejected fuel

reached a height of 19 cm above the.center of the fuel pin. At 11.18 s a

second event occurred (at approximately the center of the fuel pin) which

resulted in an upward movement of an additional5-8 cm of fuel. Between 11.3.

and 12.0 s most of the fuel which had

of gravity, and accumulated in the reg

The final disposition of fuel as. 12.4

The hodoscope data he

efficiencies by the computer code EFF3

moved upward fell back under the influence

on around the bottom half of the pin.

s is in general agreement with the

posttest radiograph. A- general summai y of the fuel motion as a function of

time is shown in Fig. 12. In interpr<ting this graph it should be noted that

the 100% density change indicated in the figure does not consider contributions

from the heated wall.

4.3.2 Data Analysis

s been corrected for the supralinearity

of the Hornyak buttons by a computer c ode SUPRA^ and for variations in detector

Fig. 13 shows a schematic of the
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relaCionship between the hodoscope columns and the test fuel. The vertical,

center of the fuel pin was in row 11.5 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 corresponding to the top of the pin. In the horizontal

direction, the pin extended over three columns (columns 10-12). The orienta-

tion of the hodoscope with respect ta 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 cm above

the top of the fuel pin. .:

The position of the test pin with respect to the hodoscope field of view

had been shifted eastward relative to the nominal pin position. No pretran-

sient scan of the f.uc'.i pin (to center" the hodoscope) had been made for tests

Fl and F2 because of a desire to duplicate the fuel pin position used in F-

. i

series power calibration transients. ,j The observed'1 shift indicates that either
i

the test capsule position in the reactor had changed or the hodoscope position

indicator had shifted with respect to the earlier tests. This shift resulted

in a loss "of son«2 information concerning fuel motion in rows 10 and 12 bt*c$usc

several sealers ware inooerative in

background for F2 was 1.9 which is c

S/B is probably due to the extra ste<

than to increased scattering arising

The main method of measuring if u<

plotting R/P canges as a function of

R , at which neutrons are. emitted fr<

this rate is a background rate of nei

neutrons scattered by the test capsu!

R =

he new viewing region. The signal-to-'

nsistenL with Fl. The low value of the"

1 in the F-Series test capsule rather

from the heated wall.

1 motioi. in this analysis consisted of

time. The hodoscope measures the rate,

m a given mass of fuel. Superimposed on

trons, R. :, from the reactor and from

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



Sinco both the (;ua;»titicj . \ . :t:ia K,, ,trv ;njr;>arii^nul- lo Ihc rwic tor power, the

qu.ini.it;>' K/i' c m be w r i t t e n a.s

wiii.-ri- S i s t.ho response s'rua _iho fun!- pvr unit ;wv.-r <tn<£ 3 i.-- the-

frifffl r eac to r background. In g•.::-,<srj], I'^i's livtor-itursi by averaging cht count

ratt- iro"! a l.irgt: nunber o: ch.inncl.-. which vio not view the t e s t fue l . I:* cV«c-

a.'i.suK:ptii>5j is aade LhaC the rvsponsn S, :"ro»a .> i^iven voluae of fuel i s p ro -

jvt>rcio:i:i] i> the aa«.s of l u o i , M.., ijiufi ttu' previous equation reduces to,.

Tiic u!'.r:no!-."< backgrfuati can be t i i a inaLts j »y subt j t ract in^ t ' l t i '̂ ^P values a t two

<i i :" : \TVIII t i n e s . If t i s u:n- t i~v. <<: i'-ssc-ri-ric .-md t(. is; sust' r e fe rence t i n e ,

t.'u-iJ O'.c A/V c'wy.tyv betwci.-" i -itvd ; _ iis =

tOU t j + .!> - :!0! i. t . ) - H

Thus tin.' K/? chasigu butvuer. c .ind tt.

mot inn between t and t-

4.3.3 Analysis of i;uet Not

No fuol motion was o

test tfiinsient so the j; reference val

dnta between 9.5 and 10.5 s. In oriie

the fuel motion, the data for individ

R
Kip,s. IA and 15 present the r change .

and 12 summed over the rows 2-9 and 1

useful in showing fuel motion between

.) j.

s diroctiy porportional to the fuel

served during the flattop portion of the

e was chose/i as the average value of the

to scope out the general features of

al scalcr~$ were summed. In particular,

s a function o.f time for columns 10, 11,

-19 respectively. These two figures are

the upper and lower portion of the.

•' - ' •. f \ 1
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liodoacope viewing plane as well as showing fuej motion in a radial dir

perpendicular Co the horoscope Line of sight, leisures 16 to 19 are R/P >-hangL>

plots of sealers summed over columns 10, 11, and 12. These plots .show axial

motion of fuel. The error bars in these plots represent statistical errors

and do not include systematic errors which may be present. In Figs. \h to 19,

the rows 10 and 12 have been eliminated because of inoperative sealers. An

I -
analysis of the data has determined that a R/P change of 1 unit.corresponds to

a mass of 5+1 gm. •"

10.7 s. The first indication of fuel motion is indicated in Fig. 14

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

value at approximately 11 s.

10.83 s. Fig. 15 shows that an accumulation of fuel 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 rows 11-15 and may represent a filling

of the central void since the increase does not occur in columns 1C and 12.

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

radially outward from column 11 injto columns 12 and 10. This is shown in Fig.

14, in which there is a sudden decrease in column 11 and an increase in the

upper portion of columns 10 and 12. At this time there was also an increase

observed in rows 4 and 5 of Fig. 3J6. The top of the fuel pin, as originally

positioned, occurred in row 4; this a slight upward movement of the fuel pin

could produce an increase in the <

5 suggests that some fuel may hav«

ount rate for row 4. The increase in row

also been ejected upward at the same time.

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

II
and 10 (5.5 to 3.3 cm above the center line of the fuel pin).



A(R/P} CHANGE

Fig. 16 iges for Rows 2 to 5 Summed
Lumns 10 to 12



R/P CHANGE

N-

Fig. 17 R/P Chatjk.es. for Rows 6 to 9
. Summed ,(jver;sColumns 10 to 12



R/P CHANGE

o

Fig. 18 R/P Change':
Summed Ove

for Rows 11 to 15
Columns 10 to 12



- i . 1 -

po
roro
cncjn C

P
R/P

i

P
en

CHANGE
p
PO

O or

i

P
hoen O

P
ro

• • • /

4

.P
oo

OO

Fig. '19 R/P Ch<
Summed

nges for Rows 16°to 19
Over "Columns 10 to 12



-33-

03,
11.04 s. A major event occurred between rows 8 and 9 (6.6 cm above tfhe"'

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

of the pin into the'upper region of the test capsule. The beginning of this

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

Fig. 16 which shows the appearance of fuel in rows 2 and 3. The velocity of

the top portion of the void-fuel interface was approximately 47+5 cm/sec. The

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 suggest that bottom

portion of the-void-fuel interface was not well defined or that small amounts

of fuel were being lost from the upward moving fuel. Only two-thirds of the

original fuel in rows 7 and 8 Sppears to have participated iri the upward

movement. Between 11.04 and 11.18 s there is an increase in fuel rows 9-11 ' j.

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

The bottom portion of the upward dispersed fuel reached a maximum height,of

i>19 cm (row 3) above the fuel center line at 11.3 s.

11.18 s. .A second major event occurred atcll.18 s in the region of the

i ,:
original pin center. Fig. 18 shows that there is a"movement of fuel. (5-8 en

in" length) from row, 11 upward into th'e region vacated by the fuel event-o.f

11.04 s. The fuel involved does not nove upward in a very coherent fashion

but rather the upward movement of fueL produces a general accumulation in rows

8 and 9 before a major portion of the

moving fuel does reach the bottom 'of

before falling back.

fuel falls back. Some of the upward

the original blockage in row 3 at 11.3 s

the fuel pin appears to retain its or

from above accumulates between the he ited ,wall and the fuel pin.

11.3 s. At 11.3 s" fuel debris bsginscto accumulate in row 13 (̂ 3.3 cm

below the pin centerline). Fig. 15 i idicates that the major portion of fuel

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

Lginal shape and the. fuel which falls



I 11.4 to 12.5 s|. After li.4 s the statistical fluctuations in data became

•' • . ' f • I - " '. I • - .•-!•

considerably larger! and the time averaging of the cjatahad to-be greatly

increased. The datja suggest that after the fuel fifom the 11.18 s. event

reached row 3, at approximately 11.3 s, there is a(:general downward movement

of fuel under the influence ojf gravity. SoraeP-6-f tpe fuel corresponds to that

ejected upward at 11,18 s, bî't ther<i is also some -{additional fwel from the
•• • I ! • * " •- 1 •• - •' ;

original blockage.) At 12.4 &j' the data is qualitatively similar to the post-
) ' • I "i ' • \ '','•' I

•t>?jstr n e u t r o n r a d i o i g r a o h . { , '.- ••'.", ' | . . j

J • •: 4,3.4 Discussion i ' _ j •' c , ;

: '" (. • . i " • • -• ' '' :

. i ^n test F2,jthe ratio of the humter of neutrons produced-in

tba" ht-attd wall tcj> that in tho fuel pin'was ^0.65i. Calculations involving the

hodascope reypons^ shov- .that) the heatediwall hdd pnly a 20% effecf. on the S/B

ratio ..for the hodjjs'cope colcjnm1 11 whichii.was cent^'rad on- the luel pin, and

: approxinjately a 1,00% -effect: Jon columns |I0 and 12 (which .were positioned on
• ' ' ' • ' \ i J '•-•' 1 !' •
either side of the fuel pini These variations irl the S/B appear to have had

" • • ( . • <! I „ { - ' i
little effect on(the qualitative, measurements and interpretation of the fuel

motion. The-actual ..quantitative information on the total quantity of fuel

"•","""• . •" r- '•- ' • I - j • '• •• - * : '
which was involved in the f̂ uel motion is more copplex, however, because of

' • • ' • ' • ' & !

m e l t i n g o f a p o r t i o n o f t h e h e a t e d v;ali.. " " I
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5.0 THERMAL AND FUEL EJECTION ANALYSIS

5.1 Radial Temperature Profiles
i - ii

Fig. |20 presents calculated radial fi.el temperature profiles for the

| \ - . -
peak power (raid-axis,) segment of the F2 fuel cclumn. Calculations were

performed usingj a version'i of the THTB general

maintained at Â NL. Important features of the 1HTB model include heat transfer

by radiation bejtween the fuel, and heated wall;

shield; _and the! heat shield, and the heat sink.

for each profile with comments on the selected
| j ' •

radial flux depression causes more power to .be

than near the center (sea iFig. 7), the F2 fuel

low. The highest thermal |gradient was calcul3t

clad was calculated to melit. P̂ issagei'of the clad: through its heat of fusion

pellet center,

gradient in the

causes a pause in the temperature rise near the

Therefore,! clad meltitig establi

F2 test. Bv 9.23 s the clad ha

and the temperature gradients at the if el let edg

the constant poi'er portion! of the F2 tles-t transLent 'n£*j just ended. By 10,73

:;, fuel had just started to melt at mid-radius.

time), all the iuel was calculated to

Peak, temperature at 11.05 s was ^

atui'e profiles after the fuel melting

melted fuel geometry, and therefore dd

be at or ,

C. It mu

has begun

purpose heat transfer code

the heated wall, and heat

Table II keys the test times

times. Because the large

generated near:the pellet edge

thermal gradients are quite

ed at 7.90 s just after the

pellet edge compared to the

shes the maximum temperature

5 been assumed to disappear,

2 have diminished. At 10.53 s,

.not reflect possible changes in the

energy deposition due to molten fuel Rearrangement.

5. 2 Initial Fuel Ejection Event iAnalysis

The hodoscope and the heat tfransfer a

column was erect and not yet molten at; the begir.nin'g of the power spike (•VlO.S s)

At: 11.05 s, (the fuel ejection

bove the solidus temperature.

t be stressed that the temper-

are calculated: for the r>re-

Iculations indicate the fuel
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TABLE II Key to F2 Radial Temperature Profiles

Test'Time, s

3.15

4.10

7.25

7.90

9.23

10.53

10.73

11.05

Comment

Begin approach to power flattop from
cold capsule conditions.

" Begin constant'1 power.

Begin clad melting.

End clad melting.

\ Start F2 power spike.

•j F2 fuel starts to meit.

Temperature profile at time of the
pressure event that ejected fuel up-
ward. /•
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In addition, burnout of the lower thermocouple at this time indicates that

most of the clad had drained off the fuel column. Between the power spike

initiation time, and the peak TREAT power, at 11.234 s, molten fuel was ejected

at 11.04 s abo%'e the top of the original fuel column... Timing of the initial

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

vations. The purpose of this analysis is to estimate what absolute pressure

existed in the test fuel at the time of 'the initial fuel ejection. From the

pressure estimate, and the heat'transfer calculation (Section 5.1), an attempt

is made to identify wha't vapor species drove the initial ejection.

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

in the initial fuel ejection. This figure shows the region around the ^1Q cm

! $ ' • ' - - .

loijg annular slug of ejected fuel that;'froze in. the cooj. upper structure just

after the first ejection event, this ejected s,ljug is-also visible in the

posttest neutron radiograph (Fig. 9). i! * ' .
• i -

The absolute pressure in the ejected fuel was determined in the following

manner. This absolute pressure was es

pressures listed below:

1. J The absolute pressure of the

beginning of the test.

2. The change in capsule pressu
" • • " • - - \ " °

transducer, mounted at the to

' i ,

ejectipn event. This pressu

helium capsule jf ill gas at the

•e, as determined by the pressure

of the capsule, prior to the

:e change is mainly due to thermal

expansion of the capsule filL gas. _

3. The pressure difference (P.

molten slug upward just bef'a

upward motion. P and P., ai

ejected slug as indicated ir

:imated from the sum of the three

- P .) necessary to drive the ejected

e fuel freezing prevented further

the pressures below and above the

Figure 21.
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Fig. 21 Schematic of F2, Ejected Fuel Slug,,



-40-

The sum of the first two pressures above is P . P is the pressure that is of

most interest, since it is "the absolute pressure below the ejecting fuel slug.

Pj, is a measured quantity and is known to a good degree of confidence. (P. -

P.,) can be crudely estimated from indirect considerations. Fortunately, (P -

P..) is small compared to P., so P is also known to a good degree of confidence..

An estimate of (P _ P ) can be m,vde 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 and is 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 a knowledge of the axial "distance

or height (h) over which the hodoscopjs row is sensitive to fuel motion, the

velocity (v) of the advancing slug may be estimated from the following:

'- . v = h/AT = 47+5 cm/sec

Unfortunately, as seen from Fig. 21,

areas. However, row 2 is situated so

:his velocity is averaged over two flow

that its axial response should be more

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 slug until freezing occurred, the time

be estimated from the hodoscope measuredthat the fuel slug took to freeze

velocity, continuity, and the fuel si

radiograph. Using dimensions from Fd

2.06 cm

ug height measured from the neutron

. 21:

47 cm/sec

Tf = 0.04 s

+ s
10 cm - 2.06 cm

7 em/sec x (.940 cm) z - (.584 cm) 2

,787 cm) 2 - (.584

.08 s = 0.12 s.
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As a partial check upon the assumptions used to1 calculate T.,' 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 Che annulus

at rhe bottom of the stainless steel heat sink. Because the initial tempera-

ture of the heat sink was cold (rvl50°C) compared to the molten fuel, .ablation5

of the steel need not be considered. A simple THTB model consisting of the

upper part of the fuel element, a static 10 node molten fuel slug, and the

stainless steel heat sink was used to calculate the freezing times for various

initial fuel temperatures. Results of the heat, transfer calculations are

presented below:

Time to Clog Fuel Flow . Initial Fuel Temperature

Due to Fuel Freezing

Sec.

0.

0.

0.

190

140

100

The times listed above are the times

liquidus temperature. Note that the

initial fuel temperature since most

is contained in the heat of fusion,

annulus T e calculated previously and

3300

- 3000

" : 2770*

that the last fuel node fell below the

freezing times are not sensitive to

f the heat transferred to the heat sink

The time necessary to clog the fuel

the times for fuel freezing based upon

us to use the hodoscope measured velc

Therefore the total pressure drop (P.

*Slightly above fuel liquidus.

the heat transfer calculation are both about 1Q0 msec. This agreement enables

cities and .the final slug height to

calculate with some degree of confidence the fractional pressure loss from

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

- Pr) due
1 to both the static pressure
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head plus frlctional losses is'10 kPa. P a C Che time of fuel ejection was

142 kPa. As mentioned previously, (P _ p y is small compared to P , So the
- L L a j':-

crude estimate of (P _ p ) suffices to estimate P . p at the time of the
'- L , :. L L

ejection then is \'~>2 kPa (22 psi).

Heat transfer calculations of the peak power axial segment in the F2 fuel:

at various times during the test have been reported in Section 5.1. At the

tine of the initial fuel ejection, the peak temperature was calculated to be

'^3Q00°C. Less confidence is pi.iced in the heat transfer calculation compared

to the absolute pressure calculations because as previously mentioned the heat

transfer calculation is likely to bqjmore sensitive to changes in fuel geometry

after fuel melting begins. ' " '

At this point in the analysis;, both an,absolute pressure of 152 kPa (22

psi) and a maximum fuel temperature of 3000°C in the ejected fuel have been

X
calculated. One question that naturally arises is whether the pressure and
temperature are consistent with tti

candidate speciesr.that could be r<

ill shows that all the candidate

from thermodynamic considerations

fuel ejection because fission pro

intimately mixed in the fuel al e,

released most of the fission prod

dence that most of the stainless

to the power burst. Some clad ma

examination. However, there is n.

test. fuel.

e saturation pressure or vapor pressures of

sponsib.le for the F2 fuel.dispersal. Table

pecies for the F2 ejection cannot be rejected

However, fuel vapor may have caused the

ucts and stainless steel might not have been

ection time. High temperatures could have

cts before the ejection, and there is evi-

teel had drained off the fuel column prior

erial was found in the fuel in the posttest

way of knowing when this clad entered the
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TABLE III Properties of Candidate F2 Dispersal Species at 152 kPa
(22 psi) or 3000°C

Candidate Species

"--

Mixed Oxide

Saturation
Temperature
at 152 kPa

°C

33005

Vapor or
Gas Pressure
at 3000°0

kPa

Comment

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

Cesium 540

of the heat transfer
calculation.

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.

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 off
the fuel column before the
fuel ejection event.



The following conclusions can bo made based upon the posttest neutron

radiograph, preliminary hodoscope dar.a analysis, preliminary thermal analysis,

and an incomplete post test examination:

• Some fuel dispersal to regions above the original fue-1 column posi-

tion occurred in Test VI.

• The vapor species that drove the initial fuel dispersal cannot be

unambiguously identified as; yet. However, fuel vapor is a strong

candidate for the dispersal species.

• The heated wall did not contain tiie test fuel in an optimum manner

by the tine of test power sorarc. However, it is possible that the

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

initial test fuel disoersal.
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APPENDIX A

Test Instrumentation Raw Data
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