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ABSTRACT.

The fourth in a series of high-temperature fission product release
tests was conducted in which a 20.3-cm-long fuel specimen from the Peach

*. Bottom-2 reactor was heated _for 20 min at a maximum temperature of ~1850*C
- in a flowing steam-helium atmosphere. The test specimen was part of a
. fuel rod which was irradiated to ~10.10 mwd /kg.

Posttest metallographic examination of the fuel specimen revealed
evidence of cladding melting at each of the transverse cuts that were
made. Gas analysis during the test indicated that ~54% of the cladding
was oxidized. Total oxidation did not occur because of the low steam
flow which was used.

Gamma spectrometry (GS) and neutron activation (NA) analyses of test
85components revealed the following releases: (1) GS - 21.1% Kr, 31.7%

137Cs; and (2) NA -- 24.7% 129 1 (percentages of the total calculated segment
inventories). A value of 35.8% cesium release was determined by counting
the fuel rod segment before and after the test. If the pellet-clad gap
fission gas inventory had also been available for release in the test, the
85Kr release would have been 31.3%.

.

Significant releases of radiogenic Rb, Cd, Ag, and Br, as well as
trace amounts of Te, La, Ba, Sr, and Eu, were detected by spark-source
mass spectrometric analysis.e

The masses of materials which were transported by carrier gas to the
thermal gradient tube (TGT) and filters from the furnace and test specimen
were measured by weighing. The concentrations of vapor and aeroaol
particulates in the gas stream were calculated from these weights.
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FOREWORD

This document is the fourth in a series of reports describing the
conduct and results of fission product release testing of commercial LWR

*
fuel. . The other reports are:

1. M. F. Osborne, R. A. Lorenz, J. R. Travis, and C. S. Webster, Data
Summary Report for Fission Product Release Test HI-1, NUREG/CR-2928*

(ORNL/TM-8500), December 1982.

2.. M. F. Osborne, R. A. Lorenz, J. R. Travis, C. S. Webster, and
' K. S. Norwood, Data Summary Report for Fission Product Release Test
HI-2, NUREG/CR-3171 (ORNL/TM-8667), February 1984.

3. M. F. Osborne, R. A. Lorenz, K. S. Norwood, J. R. Travis, and
C. S. Webster, Data Summary 'teport for Fission Product Release Test
HI-3, NUREG/CR-3335 (ORNL/TM-8793), April 1984
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DATA SUMMARY REPORT FOR FISSION PRODUCT RELEASE TEST HI-4 |

M. F. Osborne
J. L. Collins ;

R. A. lorenz*

K. S. Norwood ;

J.-R. Travis
- . : C. S. Webster i

i
1. IKrRODUCTION |

This report summarizes data from the fourth test in a series designed
to investigate fission product release from LWR fuel in steam throughout j
the temperature range 1400 to ~2400*C.1- Earlier tests, conducted under
similar conditions at temperatures of 500 to 1600*C, have been reported by

.

?

.Lorens et al.2-5 The purpose of this work, which is sponsored by the U.S. I
Nuclear Regulatory. Commission (NRC), is' to obtain the experimental data '

needed to reliably assess the consequences of heatup accidents in light |
water reactors. The primary objectives of this program are:

t

'1. to determine fission product release from discharged LWR fuel at tem-
peratures . up to and including ' fuel melting (~2400*C); i

!

-2. to' identify, to -the extent possible, the chemical species of the !
'.- _

released fission products; !.

f

3. to ' compare the observed fission product behavior with the physical
~

and chemical changes in the fuel specimens-,
!

!

4. to correlate the results with data from related programs and develop t

a consistent source ' term model applicable to any LWR fuel subjected j
to a spectrum of acc dent conditions. !

!

T2sts of high-burnup LWR fuel are emphasized in this program; however,- :

the applicability of simulated fuel (unitradiated UO2 containing.a range |
of fissionLproduct elements) willLalso be investigated, but only at test !

temperatures 42000*C. As in the. first four tests, all remaining tests -
'

- will be conducted in a flowing mixture of steam and helium (or argon) at
-atmospheric' pressure; steam concentrations will be varied to simulate dif-
ferent ' accident sequences or core locations.

,

Test temperatures in the existing induction furnace are limited by (<

material properties to a maximum of ~2000*C. Higher-temperature tests are ;
~~- -. planned but will- require the replacement of the currently used Zr02 ceram- '

ics with|Th0 . In addition, the existing fission -product collection and j2,

l i. ana ys s system will be expanded to provide broader sampling capability' ~

;

_
with :the higher-temperature furnace. j

'-' ' This report provides- a brief description of test HI-4 and a summary of L

sthe results'obtained. As noted in' the previous data summary reports,6-8 ;
thorough data evaluation and correlation will ha included in a subsequent ;

topical report covering the first series of fission product release tests :

. at : temperatures up to 2000*C. >

r

1 ,

!

i

.
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2. TEST DESCRIPTION !

|The objective of. test HI-4 was to obtain release data at ~1800*C for
;c period of 20 min in a steam atmosphere. .*

4 >

-2.1 CHARACTERISTICS OF THE PEACH BOTTOM-2 REACTOR FUEL AND TEST SPECIMEN '

.iThe test specimen was a 20.3-ca-long section from rod F-6 from assen-
!

, :

. blyc PH-006'' which operated in the Peach Bottom-2 reactor from January 12, !
,

''

1974, to March 26, 1976.9.10 Details of the irradiation and of the char-
; f acteristics of.'this particular specimen are listed in Table'1; calculated ;

,

_ ' fission ~ product inventories for the specimen are shown in Tables 2 and 3.
/

. . . .

I

An axial scan of the total gamma radioactivity in the energy range !
0.55 to 0.75 HeV is shown in Fig.1. These scan measurements were made ;' 2.25 years af ter shutdown. The scan primarily shows-the distribution of

iradioactive . cesium.ll . Segment numbers correspond to 30.5-cm (12-in.) !
Llengths that were cut 'for each' test specimen used in a prior study.4 Seg- i'

ment} 11 was dissolved, and the burnup was estimated - to be 7.730 mwd /kg.12 {EFor this test (HI-4), a 20.3-cm (8-in.)-long section (coded-P-7) was used
!which was cut- from segment ' 7 (Fig. 2). The estimated burnup for the speci-

. men was 10.10 Wd/kg. -Burnups calculated from the analysis of' segment 11
and -used in ref. L12 are not considered to be as accurate as those given in

. [this . report. Tapered end caps =of Zircaloy-2 were. pressed onto the ends of ,Lthe specimen, not as ' gas seals, but to prevent loss of the fractured U0
2 '

' fuel during subsequent handling. A small hole, 1.6 mm in diameter, was
*

drilled through the cladding at mid-length to serve as a standard outlet
' for fission product release during-the test.- *

2.2 FISSION GAS RELEASE'DURING' IRRADIATION
!!

. . Fuel . rod DG-2986 was punctured, and the contents of the plenum and
void spaces were analyzed by. EG6G Idaho.13 The results of the analysis '

are presented -in Table 4. By 'using an evacuation and gas backfill tech-
nique,~ the total, void volume was measured as174.0 cm ; this compares well

,

3

with the volume calculated from the data in -Table '1: plenum volume = '

3 3 351.2 cm , . gap volume = 21.6 cm , and pellet-end void volume = 3.3 cm , for :
3a total:of 76.1 cm . |

Using the ORIGEN-calculated inventory and assuming an average rod
Uburnup of 8.388 mwd /kg, the 99.9 cm3'

of krypton and xenon gas is equiva-
ilent to 9.12% release of the total inventory to the plenum and void spaces *

.during irradiation. The isotopic releases are given in Table s.

To estimate gap inventories of cesium and iodine, it was necessary to *;
calculate the fission gas released from the individual test segments of the

i' f uel . roid . A previously ' determined correlation that showed gas release as |
a function of irradiation time and linear heat ratingl4 was used to pre- .'
dict.the inventory fraction release (see Fig. 3). The axial linear power j

rdistribution was assumed to be-tLe same as the burnup distribution given '

in Table.6. -In order to obtain the total fission gas release of 9.12%, it
was .necessary to assume that segment 5 (section with peak burnup) operated !

i

i

f

I e:
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Table 1. Data for fuel specimen used in test HI-4

Fuel ' rod identification
* ~

Serial number -- DG-2986
Assembly type 1, rod type 1, location F-6

in assembly PH-006
'

Irradiation data:
Period Jan. 12,1974, to May 26,1976 (cycle 1)
Average burnup of rods

in core ~10.00 mwd /kg
Average burnup of rod

DG-2986 ~8.388 mwd /kg
Burnup of 20.3-cm-long
test specimen 10.10 mwd /kg

' Fuel. rod characteristics (unirradiated):
Zircaloy-2 cladding 1.430 cm (0.563 in.) OD

1.267 cm (0.499 in.) ID
Pellet

. 1.237 cm (0.487 in.) dian
Initial radial gap 0.015 cm (0.0059 in.)
Plenum length 40.64 cm (16.0 in.)
002 density 10.42 g/cm3
Initial enrichment 1.33% 235ga
UO2 stack density 10.34 g/cm3*

UO -stack length 365.8 cm (144.0 in.)2

UO2 stack mass 4548 g
.. U stack mass 4009 g

Test specimen characteristics:
Length. 20.3 cm (8.0 in.)
Location ~180.5 to 200.8 cm from bottom end of rod
Specimen' fuel loading 254.6 g UO2 (224.4 g U)
Total. weight of specimen 306 g
Weight of Zircaloy

cladding and end caps 51.4 g

#Most fuel rods in the core were of higher enrichment.

.

..
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' Table 2. Amounts of principal' fission and activation product ,

I
. elements in Peach Bottom-2 reactor fuel and cla ' ding af ter

a1937 d of decay ,

I
Mass Mass'

b Element HI-4 specimen *
.Zlament .

HI-4 specimen'

g/MT (ag) g/MT (ag)

Mn' 7.74 -1.74 In 2.296 0.515 '

Co 3.91 0.878 Sn# 4915 1103
d

Se 18.87 4.23 sb 10.31 2.315
-Br- 7.464 1.67 Te# 173.9 39.02'

Kr 117.1 26.28 I 89.12 20.00
' Rb 111.6 25.04 Xe 1786 400.8 i

Sr- 263.3 59.09 Cs 917.2 205.8 ;

Y. 145.8 32.72 Ba 514.8 115.5 ;

Zr 299,700 67,240' La 411.8 92.41
:Mo 1195 268.1 Ce 791.9 177.7 ;

Tc 279.7 62.76 Pr 391.5 87.85 ,

Ru 753.0 168.97 Nd 1347 302.3
:Rh 206.2 46.27 am 19.17 4.30 f

'

:Pd 482.4 108.3 Sm 287.7 64.56 i,

Ag - 33.60 7.54 Eu 40.84 9.16
Cd 60.48~ 13.57 Gd 25.46 5.17
Total of all

*

fission !

products 11,620 2606
>

TotalT of . all
activation

.

products. 304,900- 68,420 |

U 9.891+15 2.203+5 |

'235U 6.254+3 1.403+3 ;

Pu. 6.242+3 1.401+3 ;

i !
#Calculated by C. W. Alexander using the ORIGEN computer program,

with.a'burnup of 10.1 IMd/kg and a 1937-d decay to July 15, 1981. .

b0riginal uranium content of 20.3-cm fuel specimen was 224.4 g;
,

initial enrichment was 1.33% 235 Thus, the fuel specimen was 0.02244%U

of'a metric ton. >.
'#For 1 metric ton of initial-uranium,there are: 298.5 kg cladding Zr

-and 1.173 kg' fission product Zr, 4875 g cladding Sn and 33.80 g fission ,

product Sn.+ ,

Cladding activation provides'15% of the total antimony mass.
The tellurium is 73.0 wt % 130Te and 23.4 wt % 128Te. Tellurium-125#

makes up most of the remainder.

..

-.
--' --we,w-- m.. - .w.- p.._ , _ _-.y. ,,-c, ..
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Table 3. Principal radionuclides and selected stable nuclides in
Peach Bottom-2 reactor fuel and cladding after 1937 d of decay"

..

Amount'per 1000 kg of initial 3uranium Amount in HI-4 specimen
;, Nuclide

(Ci) (g) (mci) (mg)
>

54Mn 0.358 4.6 x 10-5 0.0 1.4 x 10-5
60Co 119.9 0.1060 26.90 2.4 x 10-2
83Kr 0.0 15.59 0.0 3.498 !
84Kr - 0.0 34.85 0.0 7.820
85Kr 2190 5.580 491.4 1.252
86Kr 0.0 60.84 0.0 13.65
90Sr 20,650 151.3 4634 33.95
93Zr 0.6949 276.4 0.156 62.02
99Tc '4.744 279.7 1.065 62.77 ;

106Ru 5929 1.77 1331 0.397
110 mag 4.494 9.5 x 10-4 1.008 2.1 x 10-4
113mcd 15.0 0.069 3.366 0.016
125Sb 1876 1.815 421.0 0.4074C

129I 1.2 x 10-2 67.56 2.7 x 10-3 15.16
125Xe 0.0 0.552 0.0 0.124.

130Xe 0.0 2.25 0.0 0.505
'

131Xe 0.0 180.0 0.0 40.39
132Xe 0.0 343.9 0.0 77.171.,

134Xe 0.0 496.9 0.0 111.5
136Xe 0.0 762.3 0.0 171.16
134Cs 4864 3.758 1092 0.843
137Cs 31,590 363.0 7089 81.46
144Ce 4034 1.264 905.2 0.284
147Pm 17,770 19.17 3988
151Sm 193.1 7.337 43.3 1.646
154Eu 1420 5.257 318.7 1.180
155Eu- 855.2 1.838 191.9 0.412

Total 152,500 11,660 34,220 2,617

# alculated by C. W. Alexander using the ORIGEN computer prograr,C
with a burnup of 10.1 mwd /kg and a 1937-d decay to July 15, 1981.

b '

0riginal uranium content of 20.3-cm fuel specimen was 224.4 g;
initial enrichment was 1.33% 235U.

,

CCladding activation contributes 13.9% of 93Zr and 16.1% of 125Sb.
dActivity ratio for cesium -(Ci 137 134Cs) - 6.495. IsotopicCs per Ci

'~ composition is 45.3 wt % 133Cs , 0.4 wt % 134Cs, 14.7 wt % 135Cs, and
39.6 wt % of 137Cs.

-- - -- - - . . - - -,
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Fig. 2. Fuel specimen for fission product release studies.
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Table 4. ; Analysis of gas removed from plenum and void
spaces of Peach Bottom-2 fuel rol.DG-2986

bFraction of total Volume # Volume .

3 3Component (mol %) (cm , STP) (cm , STP)

'

H2 <0.1 <0.2 <0.2
He .43.6 . 79.1 79.1
N2- 0.1 0.2 0.2

102 - <0.1 <0.2 <0.2

Ar 1.1 2.0 2.0
CO2 <0.1 <0.2 <0.2
Kr 5.4 9.8 9.68
Xe 49.7 90.2 90.2

Total 181.4 1.8

# Rod void volume measured at 74.0 1.0 cm3 in January 1979.
.bCalculated amounts as of July 15, 1981.

.
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Table 5. Fission gas found 10 the plenum of Peach Bottom-2 rod DG-29E

Amount.found in plenum # Fraction of
calculated

Fraction of Total produced;. yield found
Isotope element [cm3 (STP)] (amol/kg) ORIGEN in.the

yieldh calculation # plenum
(%) (cmol/kg) (%)

83Kr 13.11 1.269 0.0141 0.156 9.044
84Kr 30.04 2.907 0.0324 0.345 9.405
85Kr 4.97 0.481 0.0054 0.055 9.908
86Kr 51.88 5.021' O.0559 0.587 9.517

Total Kr 9.678 0.1078 1.142 9.437

128Xe 0.02 0.018 0.0002 0.004 5.556
130Xe 0.10 0.090 0.0010 0.014 6.944

e

131xe 9.84 8.871 0.0988 1.141 3.661
'32Xe 19.09 17.21 0.192 2.163 8.863
134Xe 28.11 25.34 0.282 3.079 9.166
136Xe 42.84 38.62 0.430 4.654 9.242

'Jc a1 ya 90.16 1.004 11 .05 9.083

Total Xe + Kr 99.83 1.112 12.2 9.116

#
bQuantities calculated for 1937-d decay period (to July 15, 1981).

Percentages determined by. EG&G Idaho, Inc.12
#

Calculated for 8.388 mwd /kg by linear decrease from an ORIGEN computer inventory
calculation for 10.10-mwd /kg burnup.
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Table 6. Axial distribution of burnup and fission gas
release for Peach Bottom-2 reactor fuel

,

-* Estimated fission gas
geleased

o Estimated (% of total
Segment Relative burnup (% of segment rod

No. burnupa - (mwd /kg) inventory) inventory)

-1 0.395 3.305 0.2 0.008
2 0.870 7.460 1.1 0.081 ;

3 1.152 9.644 7.3 0.752 |b
4 1.293 10.83 15.4 1.752b
S 1.319 11.04 17.8 2.094b
6 1.259 10.55 13.4 1.507

07 1.207 10.10 9.9 1 067
#8 1.207 10.10 9.9 1.067 ;

9 1.041 8.718 3.8 0.349 [
10 1.050 8.794 4.0 0.349 -

11 0.785 6.568 0.5 0.028 |
12 0.424 3.543 0.2 0.008 t

* Rod av 1.000 8.388 9.116

#0btained from gamma scan.
* b .

Gamma scan indicated small peaks of activity between some pellets.
#Approximately 10.2% Kr and 9.86% Xe.

.
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at' the correlation , heat rating of ~440 W/cm and that the other segments

Lexperienced proportionally lower heat ratings. The calculated gas releases
are listed-_in ' column 4 of Table 6 and were obtained by using the data in:

~ Fig.'3. :Using the estimated burnup for a segment, the percentage of the
,

total fission gas: released from the segment was calculated. These values *

; ;are listed _ in column _5 of Table 6.

~

*~ The' actual linear power varied considerably with time because of reac-
i tor power changer. Estimates of the peak heat rating and variations with
~ time could be made by using the following information. Our examination of
the daily power changes indicated that the reactor power was >500 MW for-

_ .652 d, . >1000 MW for '536 d, >2500 MW for 365 d, and >3200 MW ' for - 187 d.
:c ' The ' total effective full power days of operation were ~429. For segment 5

;(11.04 mwd /kg), the peak linear heat rating was 332 W/cm (10.2 kW/f t),+-

, based on the number of_ effective. full-power days and averaged over the
' ' entire core-1 operation. - Axial and radial flux pattern changes during the

E core-1 lifetime probably resulted in significant variation of the above-
.

peak heat rating at full reactor power. We could not easily determine the
imagnitude of these variations from the relative neutron flux data presented
in ref. 10. . We believe that our inability to reconstruct the detailed
axial power history of the test fuel rod does not seriously compromise the
method used for estimating the fission gas release from each fuel rod
segment since only relative release values are determined.

|2.3_ EXPERIMENTAL APPARATUS +

_ .
The fuel specimen was heated in an induction furnace, as illustrated

in Fig. 4. - This furnace was developed from designs used in previous .

experimental efforts: fission product release tests,2-4 fuel rod burst
: experiments,7'and molten fuel tests.15 As in test HI-3, a graphite sus-
ceptor was used. It was protected by a blanket of helium gas. The fur-
nace was mounted inside a stainless steel containment box in a hot cell,
as 'shown Lin Figs. 5 and 6. The fission product collection Lfstem (Fig. 7)
included a platinum thermal gradient tube, fiberglass filtets, heated char-
coal-(for_ iodine' adsorption), and cooled charcoal (for inert fission gas
adsorption). The steam was collected in a cindenser and a dryer, as-indi-
.cated, prior to reaching the cooled charcoal. Instrumentation included

.two ' thermocouples (W-5% Re vs W-26% Re in a Zr02 tube) and an optical
pyrometer for temperature measurement, NaI(TI) radiation detectors con-
'nected to a multichannel analyzer, and conventional electrical and gas '

' flow instruments. A data acquisition system (Fig. 8) was used to record
test, data at 1-min intervals, and ceveral individual chart recorders main-

~

tained ' continuous records of temperatures and flow rates. Differences in
apparatus materials and conditions for this test, compared with the pre-

~ tvious1 tests, are summarized'in Table 7. .

.2.4 TEST CONDITIONS AND OPERATION

The test was conducted under the operating conditions listed in
Table 8. As in each of the previous experiments, the experimental appara-
tus was assembled by direct handling. This is possible because the hot-
cell and test apparatus. are decontaminated af ter each test. Also, a new
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Table 7. Compaitson of apparatus and test' conditions'for the four El testaj
,

s

,

Test .

.

r:g:=+nt/ condition 'H1-1 HI-2' .H1-3 ' '

, HI-4'

Furnace thermocouple Pt-101 Rh vs Pt Pt-10% Rh vs Pt W-5%.Re vs W-26% Re W-5% Re vs W-26%'Re
(bare) ~(bare) (Zr02 thernovell)' (Zr02 thernovell).

Susceptor ' Tungsten- -Tungsten ' Graphite -Graphite

Pretreatment of:
-None Zirconyl' nitrate' _Zirconyl nitrate |Zirconyl nitrateFibrous Zr02

insulator' -(one coat) + 1 h (one coat) + 1 h (two coats) + 1 h.
.in air-at 1000*C. in air at 1000*C in air at 1000*C:

-High-density None -None 1 h in afr at 1000*C 1 h in' air at 1000*C~
Zr02 pieces

-Therms 1 gradient H
"

tube liner Platinu:n Platinum / gold Platinum -Platinum

Thermal gradien.
tube length, em 30.5 '35.6 35.6 35.6

Connector, thermal 3.2 umi 1D 3.2 sum ID 4.6 uun ID 4.6 un ID
190 mai long; x 190 uun long;76 usi long; x .76 as long;gradient tube to xx

filter pack Teflon Teflon- stainless steel stainless steel.

Entrance cone to
f11ter pack Teflon Teflon Stainless steel Stainless steel

Class wool prefilter 30 mm dian; 30 m'dian; 51 mm dias; -51 um dian;

Teflon screen TefIcn screen stainless steel screen s: sinless steel screen

Dryer and cold
charcoal
temperature, *C -78 -78 -195 -195

Carrier gas Argon Argon Helium Helium + 0.05% H2

4

* - * * ** .e
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Table 8. Operating conditions for test HI-4

i 'Heatup rate" 137*C/ min

Nominal test temperature 1800*C t 50
.

Time at test temperature 20 min

Flow rate data:b *

He purge to graphite susceptor 0.15 L/ min >

'He to steam' generator 0.12 L/ min i
Steam into system _ 0.32 L/ min !

#
Total flow datat

He purge 7.72 L |
He to steam generator 7.26 L i
H3 generated 8 13.66 L i

" Prior to rapid heatup, the specimen was heated to ~158'c to prevent
steam condensation in the furnace tuba when the steam flow was statted.

bAs measured by mass flowmeters.
#As measured by totalizers on mass flowmeters during the 50 min of,

steam flow into apparatus, cperating at room temperature = 23*C. ,

dAbsolute pressure in furnace during test wac 0.1040 MPa
6' '(780 mm Hg).

~#
At ata = 0.0988 MPa (741.1 mr Hg). Hydrogen is produced by the

reaction of steam with the Zircaloy cladding to fora Zr0 +2

-:

'S

0

t
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: furnace tube assembly jis uscJ in each test. . Transfer and loading of the
highly radioactive fuel specimen and . final closure of the furnace and con-
itainment box required the use of master slave manipulators. Once the hot
cell was closed and sealed, no 'in-cell operations were required while
testing. Prior to testing and before the steam flow was begun, the fur- *

.nace was preheated to ~300*C and purged with helium. Also, all connecting
lines .to the furnace-thermal gradient tube-filter pack assemblies were
preheated to.at least 125*C to prevent steam condensation during the test. *

L Approximately 3 min af ter the test temperature (1850*C) was reached,
a break developed.in the Zr02 thernowell that housed the W-5% Re vs W-26%
Re thermocouple. This caused some concern that the thermocouples might
fail from rapid steam oxidation. This was'not the case. The flow ofr

' helium through the- thernovell appeared to minimize the exposure of the
thermocouples to the steam, and they functioned well. The optical pyros-
eter also functioned well and showed that the inlet end of the fuel speci-
men was maintained at a temperature of ~1850*C.

2.5 POSTTEST DISASSEMBLY AND SAMPLE COLLECTION
,

After.the test was completed, the apparatus was disassembled. The
filter assembly and the liner of the thermal gradient tube were removed
- and transferred to another hot cell to avoid potential contamination from
fuel handling. As in test HI-3,8 the oxidized cladding appeared to have
puffed up during the test and the fuel specimen could not be removed from .

the Zr02 furnace tube. Furthermore, the inlet zirconia spacer was also -
frosen' to the same tube. Apparently there was enough cladding melting

and/or reaction with the Zr02 boat and furnace tube liner to cause these ,

components to be fused together. (This explanation is plausible because
the melting point of .Zirealoy-4 is reported to be ~1760'C.16) Both the
inlet and outlet end caps were clearly visible. The inlet end cap was
white and flaky, which suggests heavy oxidation. The outlet end cap
appeared ' unchanged . Since the steam flow rate was low during the test,
this was not surprising. .The test period (20 min) was not long enough

- to allow complete oxidation of the specimen; therefore, the outlet end
was under a reducing hydrogen blanket during the test. Gas flow data
indicated that the cladding was ~54% oxidized, based on the amount of
steam that reacted with the cladding.

As in test HI-3, the entire Zr02 furnace tube liner containing the
fused ~ fuel specimen and' inlet Zr02 spacer had to be placed in a glass
tube and cast in epoxy resin to . preserve the relative sample integrity
during handling and transfer to another hot cell. This assembly was
analysed for radioactive fission product content by gamma spectrometry.
It was also gamma-scanned at 1-cm intervals to determine fission product ,

distribution along the specimen. These data were compared with pretest
data (sect. 3.2.7). The fuel specimen was then transferred to the High
Radiation Level Examination Laboratory, where it was cut into radial sec-

'

tions for detailed inspection (Sect. 3.2.6). After the highly radioactive

test ' components were removed from the hot cell, the cell was decontami-
.

nated. Gamma-ray analyses were carried out on all test components.
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The thermal gradient tube liner and the quartz wool filter were
weighed before and af ter the test to determine any weight change. The
measurements showed a gain of 0.03 and 0.07 g, respectively, during the
test.,.

Because of the high level of radioactivity, the platinum thermal
gradient tube liner had to be gamma-ray counted through 2.54 cm of lead.

.''
It was also gamma-scanned at 1.0-cm intervals to determine the distribu-

Ltion of radioactivity (primarily 137Cs) with temperature (see Sect. 3.2.4).
~

Subsequently, the thermal gradient tube was cut into ten sections and gamma
counted. A graphite electrode smear sample of each of these sections was
taken for spark-source mass spectrometric (SSMS) analysis.

Each section of the thermal gradient tube liner and component of the
filter assembly was analyzed by gamma spectrometry, before and af ter leach-
Ling successively with basic (NHg H + H 0 ) and acidic (HNO3 + HF) solutions.O 22
The quartz furnace vessel, the quartz thermal gradient tube housing, and a
few of the furnace outlet end ceramic components were also leached in a
similar fashion. Iodine release values were obtained by neutron activa-
tion analysis of the leach solutions and of the charcoal from the filter
assembly.

3. TEST RESULTS

*~ 3.1 TEST DATA

The temperature and flow history of the entire test is presented in
Fig. 9. These are uncorrected data; poottest temperature calibrations.

showed that the temperature as indicated by the optical pyrometer was
~150*C lower than the actual temperature at the inlet end of the 8-in,
fuel rod segment. This agrees with previous calibrations of the optical
pyrometer. There was also a temperature gradient of ~100*C from the inlet
to the outlet ends of the segment. Figure 10 shows an estimated tempera-
ture profile that is based on the posttest calibrations and metallo-
graphic data. Test operating conditions are summarized in Table 8. As
mentioned in Sect. 2.5, we estimate that 54% of the Zircaloy-4 cladding
was oxidized. The release histories of 85Kr to the cold charcoal traps
and of the 137Cs to the thermal gradient tube and the filters as related
to test time and temperature are shown in Fig. 11. These values were
determined as relative rates during the test. Quantitative measurements
were made with a multichannel analyzer to determine the actual fractional
releases. The letector for the thermal gradient tube was positioned at a
point where only the lower-temperature end of'the tube could be viewed.
As indicated by the release curves, a significant release occurred during

|. the rapid cooling of the specimen af ter the induction power supply was
turned of f. This was probably caused by cracks developing in the pellets
and oxidized cladding.

.

3.2 POSTTEST DATA

Camma-ray spectrometric analysis of the disassembled apparatus com-
ponents revealed that the principal radioactive species present were 137Cs
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'and 134Cs. Unfortunately, the high level of cesium activity interfered
with the analysis of less abundant fission products. A summary of the
fractional release results for the various system components, as deter-
mined by gamma spectrometry and activation analysis, is presented in
Table 9. Note that the krypton- and cesium releases are almost identical,-

~

31.3 and 31.7% of calculated segment inventories, respectively. The kryp-
ton value includes an estimated 10.2% (see Table 6) of the segment inven-

* tory which was released to the pallet-clad gap during irradiation. This
gas, which was - released to the gap during irradiation, was collected and
analyzed prior to the parent fuel rod being cut into segments.

Table 9. Distribution and' fractional release of fission
products in tes,t HI-4

Fraction of fission product inventory
Temperature found (%)

. Test component or range
or collector ('C) 85Kr 137Cs 1291 125Sb 110 mag

Furnace 1850-1000- 0 14.13 0.89 >0.0086 >0.02?

Thermal' gradient. 900-140
tube 0 8.49 8.56 >0 >0.071,_

' Filters 125 0- 9.10 15.20 0 0

* ' Hot charcoal 125 0- 10-4 10-3 0 0

Cold charcoal -196 21.13 0 0 0 0

Total.
_ 21.13" 31.72 24.65 >0.0086 >0.094

alt is estimated that 10.2% of the segment inventory of 85Kr was
released to the pellet-cladding gap during irradiation (see Table 6).

-The total 85Kr release would have been ~31.33%-if that gas had been
available in the test specimen..

The apparent release of antimony was low, 8.6 x 10-2 , because%
(1) the cladding was not completely oxidized and (2) the cesium radio-
activity caused _high limits of detection for antimony. Antimony reacts,

with unoxidized Zircaloy, thereby lowering the release . rate from the fur-
nace. - The released antimony was found on component surfaces near the
inlet end of_the test specimen. Pcsttest examination of the test specimen#

-revealed that only ' the inlet end was completely oxidized.
g

; 3.2.1 Results from Gamma Spectrometry

| Table 10 provides the detailed results of gamma spectrometric analy-
sis'for 137Cs. Approximately 45% of the released cesium remained in the

!
:

i>
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*Table 10. Distribution of cesium in test HI-4

l

Cesium found in each location

Amount Percentage Percentage *

Location Temperature of specimen' of

(*C) (pCi 137Cs) (mg total Cs) inventorya released
e

Furnace components b
Inlet end components ~1000 1.098+2
Outer Zr02 tube ~1850 4.432+2
Fibrous Zr02 insulator .900-1700 5.186+2
Graphite susceptor ~2000 4.233+2
Outlet end components 900-1400 1.80l+5
Zr02 outlet end plugs 900-1700 6.714+5
Miscellaneous debris 900-1800 1.129+4
Quarts vessel ~800 9.546+4

Total 1.002+6 29.09 14.13 44.56
e

Thermal gradient tube #
Quarts tube 837-197 1.834+4
Pt segment 1 837-577 2.041+4
Pt segment 2 737-447 1.602+5
Pt segment 3 697-447 5.450+4
Pt segment 4 637-497 4.762+4
Pt segment 5 547-467 4. 37 5+4 *

Pt segment 6 487-387 8.247+4
Pt segment 7 387-317 7.99 0+4
Pt segment 8 317-267 4.433+4
Pt segment 9 267-227 3.353+4 .

Pt segment 10 227-197 1.660+4
Wipe from push rod 2.462+2

Total 6.019+5 17.48 8.49 26.77

Filter package 140 -

Entrance tube 1.400+4
Entrance cone 1.775+2
Glass wool prefilter 5.991+5
First HEPA filter 2.941+4
Second REPA filter 8.669+1
Heated charcoal 4.286-4
Miscellaneous parts 2.052+3

Total 6.448+5 18.72 9.10 28.67

Cther components
condenser- 0
Dryer -196
Cooled charcoal -196 ,

,

Total
Total all components 2.249+6 65.29 31.72 100

.

8 Based on average burnup of 10.1 mwd /kg. the test specimen contained 205.83 mg of
cesium and 7.089 Ci of 137Cs (= 2.903E-5 mg Cs/n t 137Cs); decay corrected to July 15c

1981 (ORIGEN calculation).
b 210 . etc.Exponential notation: 1.098+2 = 1.098 x
#Temperature ranges overlap because heater ?b. 2 for the thermal gradient tube

burned out. .
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furnace tube at the outlet end. Of the 137Cs that escaped the furnace.
about, half deposited on ~ the platinum thermal gradient tube liner and the
other half.on the filters (mainly on the glass wool). The distribution of
cesium throughout the test apparatus is illustrated in Fig.12; the iodine

*- . distribution, as determined by component leaching and activation analysis
129 , is shown for comparison. About 13.2 times more cesium was(for 1

O ' released than iodine. According to ORIGEN (see Table 2), there was 10.3
?*; times more cesium in the fuel rod segment than iodine. The largest concen-i t

tions of cesium were found on the zirconia outlet end plug and the glass'
wool prefilter. The deposit on the 4-ca-long plug indicates a possible
reaction.(perhaps the formation of cesium zirconate). It was also deter-
mined that ~93% of the cesium was on the outlet half. The cesium on the-

. filter probably was transported there as en aerosol.

3.2.2 .Results of Activation Analysis for Iodine ,

Since iodine has no long-lived, gamma-emitting nuclides, analytical
. methods other than gamma spectrometry must be used. Neutron activation of
1291 to 1302

1 (t /2 = 12.4 h), which can be counted easily, is a proven,:

1

sensitive technique. Iodine forms dissolve readily in basic solutions to
. form stable iodides; in our samples, large amounts. of highly radioactive

'

cesium were also dissolved. Small aliquots of the solutions were chemi-
'
'

cally treated to remove cesium, irradiated, and counted for 130 TheI

. results of these analyses, along with data for fractional iodine release
7, and cesium / iodine . ratios at various apparatus locations, are summarized

~

. in Table 11. The total fraction of iodine released was 24.7%, a minimum
| value. Since iodine cannot be detected directly, it has to be leached

: from the surfaces of the components as discussed above. With this proce-. , ,
'

dure, there is always some ' uncertainty about the iodine being completely
removed by' the' leaching . steps. Approximately 62% of the detected iodine< -

'

was found in the filter pack, mostly on the glass wool filter. Iodine
that collected on the glass wool filter probably was transported there by

* - particulate ' material or as an aerosol. Very small amounts of the iodine
'(~0.01%) were collected on the second HEPA filter and the heated charcoal.
Only the most volatile and penetrating forms of iodine, such as methyl
iodide and elemental iodine, are expected to be collected 'beyond the glass

. wool and the first HEPA filters.
;

The heated charcoal was also analyzed for bromine by activation'

analysis.- The results showed ~0.31 pg bromine, which corresponds to about
~1.9 x 10-2% of the specimen calculated inventory. Any bromine released
from the test specimen would be expected to behave in a manner similar to
that observed for iodine. It should be pointed out, however, that the'<

' specimen contained 123 times more Cs and 12 times more I than Br, accord-.-

ing to the ORIGEN values in Table 2.
,.

p

3.2.3 Results of SSMS Analysis

L' Elemental analyses were obtained by SSMS for graphite electrode smear
sample # at ten locations along the platinum thermal gradient tube and one
from the glass wool filter. Following the sampling, the amount of 137Cs
in each sample was determined by gamma spectrometry. These values were

,

9

&



'

28

ORNL OWG 83-897 ,

[ FILTERS
FURNACE THERMAL GRADIENT TUBE

*
' jp |15 :. .

I F LOW - -*
CHARCOAL .

(1850 - *2:1760 (1000) 700 500 300 140 |

| t i I
.

i i i i t

TEMPERATURE ('C)

510
1 1 1 i 1 1 i

i
i

I
4

10 - -

a
j CESlUM

b 10' .

'
~

I
* I *

E J :
W A I '

> I\ '

' io*
/\ <\ h- -

:
II \ '

'j
\o

l l
"I \ / \

E I \d \ l
f n i .

|110 ~

/ IODINE f
-

I '

|I
|ll I0 i i i i i

10
O 10 20 30 40 50 60 70 *

*
DISTANCE FROM FURNACE INLET (cm)

'

Fig. 12. Distribution of cesium and iodine in test HI-4.
*

,

!
t

i

. . _ _ . , _ _ _ - _ _ - , _ _ . - - . _ . , . , _ _ _ _ . _ _ _ - _ _ , . _ . . - _._.
- _- - - - - . - , ._. ,



m1 .j.
8 s. ,

~y :
. t

-i. >
.' 29

Table 11. . Fractional release and distribution of iodine in test HI-4
-(results of activation analysis for 129 )'

1

Iodine found at each locationt

o
-Amount Percentage Percentage

.Locationc Temperature of specimen of C/I ratto
129 )(pg total I): inventorya released (pg Cs/pg I).. (*C) -(pg 1

:0

Furnace componente
- Quarte vessel ~800 '20.43 26.95 102.8

-- Er02 outlet end plug 900-1200~ 113.91 150.28 129.7

b. Total 134.34 177.23 0.89 3.60 125.6
s ,

, Therest gradient tube #
~

Quarts tube (all) 837-197 32.84 43.32 12.3
Segment 1 837-577- 70.57 93.10 6.4
Segment 2-- 737-447 563.85 743.87 6.3-

-Segment 3 697-447 .140.45 185.30 8.5
Segment 4 637-497 49.24 64.96 21.3i"

Segment 5. 547-467- 88.32 116.52 10.9
Segment 6

'= 387-317 39.84 52.56 44.1
487-387- 222.46 293.48- 8.2

Segment 7: -

' Segment 8 317-267 19.18 25.30 50.9
Segment 9 267-227 27.83.. 36.71 26.5
segment 10 1227-197 43.18. 56.96 8.5

Total 1297.76- 1712.08 8.56 34.73 10.2
J~,
''

Filter package ~125
Entrance tube 43.o8 57.62 7.1 .

'

Entrance cone- 0.59 0.78 6.6
o. Class wool filter 2134.47 '2815.92 6.2

First NEPA filter- 122.12 161.11 5.3
Second PA filter 0.27 0.36 '7.0Charcoajl,

0.21 0.28 4.4 x 10-5
Miscellaneous parte 2.95 3.89 15.3

1 ' Total 2304.29 3039.98 15.20 61.67 6.2 -
Total all componente 3736.39 4929.29 24.65 100.00 13.2

"Saeed on an average burnup of 10.1 leid/kg. the test specimen contained 15.6 as of 1281 and
20.0 as of total iodinet decay corrected to July 15. 1981.

b
.

Seell amounts of iodine probably were present on other furnace components that.uere not
. leeched.

# emperature ranges overlap because heater No. 2 for the thernet gradient tube burned out.T

~d ,' addition. 0.31 pg of bromine wea'found on the charcoal this value corresponde to.g

0.019% of the specimen inventory compared with 0.006I of the iodine found on the charcoal.
- i:

.. 0 -

1

0-

_ _ _ - . - - - - _ - _ _ _ _ _ _ _ _ _ _ _ - - - - - .



_ _ _ _ _ _ _ _ _ .

,

' 30 '.

.then used'as the standards in determining mass values for the fission pro-
ducts structural materials, and impurity elements that were detected on
the samples.

*Table '12 summarises the results obtained by SSMS analysis. These
' data are divided into three groups: '(1) fission products; (2) special
materials,.such as fuel (U) and cladding (Zr and Sn), and apparatus struc-

*tural materials (Zr, Ng, Ca, and Pt); and (3) other materials (impurities
in the system). The values for the ' thermal gradient tube were obtained by
making 'the assumption that each sample was representative of 'all the
deposited anterial in a 1-cm length of the thermal gradient tube at the
sampling location (of course, this might not always be true). The SSMS
results for a smear sample were multiplied by the detected amount of 137Cs

'in the centimeter section (from gamma measurements) and divided by the
known amount of 137Cs in the smear sample from SSMS measurement. The data
for the glass wool filter were treated in a.similar fashion, but the SSMS
values were multiplied by the total mass of 137Cs.on the filter. This
method ^of analysis should be considered only semiquantitative in nature;
however, it does provide information about those elements that are trans-
ported to the. collection train but cannot be deternined by gamma spectrom-
etry or neutron activation analyses.

Selected data from Table 12 are plotted in rigs. 17-15 to illustrate
the distribution along the thermal gradient tube. The profile for iodinc
in Fig.13 shows that there were two najor iodine peaks. The dashed-line. *

'

. plot for iodine was based on data from activation analysis of leach samples.
The similarity in profile ishapes and mass quantities' adds confidence to
both methods of measurement. It should be noted, as indicated in Table 12, *

! that the percentage of fission productr, in the region of the downstream
iodine peak 'is >90%. At the 15.2-cm location,'94% or the material found
'was cesium. In the absence of iodine and other anion elements, the pri-
mary species could be Cs0H.

The distribution profile for cadmium in the thermal' gradient tube is
shown in Fig. 13. These data suggest that there is a total of ~2 mg cad-

..mium. 'More cadmium than cesium was present at the 31.8-cm location.

The mass of aerosol that deposited on the glass wool filter was
~75.3 mg (Table 12), which is in excellent agreement with the value,
70 t.5 mg, obtained by weighing the filter before and after the test.

' Only. ~46%.of 'the aerosol weight was fission product according to the
SSMS results.

The value for iodine on the filter was 4 mg, as compared with 2.8 mg
| determined by neutron activation analysis. Interestingly, the ratio of .

cesium to rubidium is 6 and the ratio of iodine to bromine is 14, compared

with ratios of 8 and 12 usit>t the 08tIGEN values in Table 2. When the
j uncertainties of the analysis are taken into consideration, the SSMS data ,

in Table 11 are considered to be very good.

The amounts of radiogenic silver (1.4 mg) and cadmium (8.6 mg) on the
filter are significant. They represent ~19 and 63% of the fuel specimen
inventories of those fission products, respectively.;

!
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The major contaminants in the aerosol deposit were Mg, S, C1, and Na,
which probably came from the airconia ceramics used in the furnace.
Figure 15 shows the deposition profiles of these meterials along the ther-

' mal gradient tube.,

Table 13 shows the fractions of test specimen inventories of certain
_ fission products found in the thermal gradient tube and on the glass wool,
filter as determined by SSMS and gamma spectrometric analyses. Similar
percentages of rubidium and cesium were found. This is reasonable because
these elements are chemical analogs. The iodine fraction found (35%) was
larger than the fraction found by neutron activation analysis (23%); how-
ever, as has already been pointed out, the value obtained by neutron acti-
vation analysis might be low. It is possible that some of the iodine
might not have been removed by the leaching process. The amount of silver
detected was similar to the amounts of cesium and rubidium detected. The
indicated fraction of cadmium was ~80%. The analysis also showed trace
amounts of Te, Ba, and Sr.

Table 13. Fission product release as determined by SSMS

Fraction of test segment

Fission product ~ inventory found (%)

e-
Cs 17

Rb 20
I 35b
Ag 19
Cd 80
Te <0.37
Ba <0.015
Sr <0.005

Includes only deposits in the thermal gradient tube and on the
glass wool filter.

Cesium value determined by gamma spectrometry and used as a
standard to determine others.

3.2.4 ' Thermal Gradient Tube Results

The thermal gradient tube in this experiment was a quarts tube
(0.4 cm in internal diameter) lined with platinum foil to provide an inert
deposition surface. When the furnace was at high temperature, the gas

* entering the thermal gradient tube was cooled; the heat was rejected
radially by conduction in the gas and, subsequently, through the platinum
liner, a small gas gap, and the quarts tube. The temperature gradient was

* measured by eight thermocouples attached outside the quarts. Four of
these were used to control the four heaters that maintained the thermal
gradient during the test. During the test, one of the heaters burned
out. Figure 16 shows three temperature profiles that indicate how the

.

i
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!

temperature varied before, during, and after the 20-min period the fuel
.

rod specimen was at 1850*C.
!

| Appendix 1 of ref. 8 contains a simple calculction of the radial tem-
|

''
'

perature distribution in the thermal gradient tube. Application of those
. . methods to :.he conditions of test HI-4 gives the following relationship

l' .* when the thermocouple temperature = XK ,

[ then the inside surface of the platinum = X + 5K and

| the center gas temperature = X + 13K .

!. Table 14 contains cesium and iodine data for the thermal 2radient
j' tube. The cesium profile is plotted against position in Fig. 17 and

against temperature in Fig.18. These data were obtained from the plati-
num thermal gradient tube liner after sectioning. The cesium profile was
also measured by gamma scanning the intact platinum liner; the two mea-

| surements showed similar features but differed quantitatively. Figure 17
shows -two peaks, at 6 and 23 cm, but we assume that the first peak is an

!. artifact caused by the loss of temperature control and the resulting over-
! cooling at that location. When the surface concentration of cesium is
( plotted against temperature, as shown in Fig. 18, the two peaks almost
{ merge into one with a asximum ~750 K (477'C). Of the cesium that entered

.the thermal gradient tube, 47% deposited. The remainder (53%) was trans-..

ported downstream where it was collected on the filters.

3 Figures 19 and 20 show the iodine deposition profile plotted against
distance and temperature, respectively. It follows the cesium profile very
closely, with the Cs/I sol ratio ranging from 6 to 10. Figure 19 shows a

f . peak beginning at ~850 K (577'C) and reaching its maximum at ~780 K (307'C).
!

'

There is also a small increase in iodine deposition 5 to 8 ces from the.

outlet end of the thermal gradient tube. Of the iodine that entered the
h thermal gradient tube, 37% deposited and 63% escaped and was trapped by
i the downstream filters.
,

( Figure 21 shows that cesium was present on the thermal gradient tube
| in two forms that differed in their response to the basic leach; the sub-

sequent acid leach, however, affected the residues equally. Below ~350*C,
the insoluble form constitutes about 0.2 to 0.4% of the cesium; above

; 350*C, it constitutes 4 to 34%.

Spark-source mass spectrometric data for test HI-4 (see Sect. 3.2.3)
show that the less soluble cesium was found at the 11- to 18-cm location,
where cesium is the principal material present. In test HI-2, radiogenic,

molybdenum was found to change in concentration with the insoluble cesium
species; however, molybdenum was not detected in tests HI-3 and HI-4 by
SSMS. No other correlation has been found between less soluble cesium and*

| other elements.

Small amounts of 60Co, 106Ru and 15:eEu were detected while the
| intact platinum liner of the thermal gradient tube was scanned by a Ge(Li)
i detector. The total quantities weret
!
!

I
L
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Table 14 Fission products on thermal gradient tube in test RI-4

_

aTemperature b 0 d
Section Position 137Cs Cs 1291 g

2 2(cm) (K) (*C) (mci) (pg/cm ) (pg) (pg/cm )

1 0.0-4.6 850-1110 (577-837) 21 140 93 22

2 4. 6-7.8 720 -1010 (447-737) 170 1600 740 250

3 7.8-10.8 .720-1010 (447-697) 56 580 190 66

4 10.8-14.9 770-910 (497-637) 49 370 65 17

5 14.9-18.1 740-820 (467-547) 45 440 120 39

6 18.1-22.2 660-760 (387-487) 86 640 290 76 g
7 22.2-25.2 590-660 (317-387) 83 850 53 19

8 25.2-28.2. 540-590 (267-317) 46 470 25 9

9 28.2-31.6 500-540 (227-267) 35 310 37 . 12

10 31.6-34.9 4707-500 (197-227) 17 160 57 18
.

1
#
Temperature of platinum deposition surface. Temperature ranges overlap

because heater No. 2 burned out.
Counted after sectioning; allowance made for attenuation of 662-kev gamma ray

of 137Cs by air and glass vial. Ncay corrected to July 15, 1981.
#0RIGEN calculation gives specific activity of cesium as 34.4 Ci 137Cs/(g total

cesium) on July 15, 1981.
dORICEN calculation gives 1291 as 75.8% of total iodine on July 15, 1981.

|. . . . . -
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41 pCi 60Co (0.15% of inventory) ,

91 10'Ru (0.01% of inventory) .163 0
'

119 pCi IS"Eu (0.04% of inventory) . *

These numbers contain an unknown contribution from the gamma background in
60Co. and less for Ru and Eu) and,the counting area (perhape 4 pCi for a

thus, are imprecise. Also, the high levels of 134Ce and 137Ce on much of
~

the platinum maak the small peaks fron Co. Ru, and Eu.

Cobalt-60 wee detected at levels between 4 and 8 pC1/cm between 10
and 15 ce from the saa inlet. Downstream, it occasionally appeared at
levels of 1 to 2 pC1/ca. No cobalt uma found by SSMS analysis.

Ruthenium-106 wee detected at 37 to 47 pC1/cm on the last 4 cm at the
ontlet end. No ruthenium was found by SSMS analysis.

Europium-154 decreased from 22 pct /cm at 10 cm to 7 pC1/cm at 15 cm
and thereaf ter appeared twice at ~5 pC1/ca. Very low levels were detected
by SSMS on surf aces at the outlet end but not elsewhere. It is difficult
to emplain this disagreements it to possible that the SSMS sampling tech- )
nique may not have removed the europium from the platinum if it were fixed l

in place on the higher-temperature sections of the thermal gradient tube. j
',

3.2.4.1 Interpretatient cesium and iodine on the thermal gradient tube

Soth the costum and iodine profiles peaked and then subsided toward ,j

the outlet end of the thermal gradient tubel the downstream side of the |

peak was steeper in test MI-4 than in tests HI-1 and -2. Quantitatively, i
the results were |

Gas flow Iodine profile gradient
-Emperiment (L/ min at 423 X) (decades / col

|

M1-1 2.1 0.05 l
HI-2 1.9 0.04
HI-3 1.0 0.20
M1-4 1.1 0.14

Migh gas flow rates seem to cause broad profiles, as was noted in ref.15.

During test HI-4, 0.643 mot of gaa passed down the thermal gradient
tube during the 20 min that the fuel specimen was at maximum temperature, ,

carrying 35 pool todine atoms and 270 puoi costum atoms. If these were ,I
present me Cet and Ce0H, the time-averaged partial pressures at the
entrance to the thermal gradient tube were

*
Cat: 5.4 x 10-5 bar ,

"

Cs0N: 3.6 x 10~4 bar .

. _ - - - - _ - - -
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Time-averaging is justified for . cesium (and also for krypton) because on-
line gamma spectrometry'of the whole thermal gradient tube showed that
137Ce built up at a constant rate. In the absence of time-rate data for
iodine, we assume similar behavior.

.o
! The saturated vapor pressure of Cs1 (in bar) over pure Cs1 depends on
l temperature (in K):
l o

*
log 10P = 6.243 - %99/T,17 (1)

log 10F = 17.47 - 3.52 loggoT - %78/T (more recent data).18 (2)
;

Deposition of pure C=1 is expected to begin under the conditions of test
i NI-4 when the thermal gradient tube thermocouples read 852 to 928 K (579

to 655'C). (The range reflects the different equations for Cs1 partial
pressure in the literature.) Figure 20 shows this to be the case.
although the data are confusing becasse temperature control was lost on
the thermal gradient tube. There ic no need to propose a solid solution
of Col in another cesium compound as the solid phase, as was proposed for

j test MI-3.15

L In snamary, todina behavior was consistent with its release as CsI,
' part of which condensed 'on the platinum and the remainder collected as an
! aerosol on the filters downstream.

I The p',imary cesium compound has not yet been identified. Pure Cs0H,
which is more volatile than CsI, will begin to deposit when the thermo-
couples on the thermal gradient tube read 755 K ' (482*C) or 797 K20l

.
(524*C). In the test the maior costum compound on the thermal gradient
tube was less volatile than Cs0H .it may have contained sulfur (from the

. furnace ceramics). The SSMS data showed considerable amounts of sulfur on
80 , or Cs250g may!- the thermal gradient tube, which suggests that Ca2 , Cs28 3

have been present.
.

3.2.5' Aerosol Characteristics

In severe accident analyses, increasing attention is being paid to
the transport 'of fission products as aerosols. Aerosol particles formed

;

| . during accidents are expected to be mixtures of materials vaporised from
the U02 fuel (mainly fission products), Zircaloy cladding, Inconel grid
spacers, stainless steel control rod cladding, and Ag-In-Cd or BgC control!

materials. In these tests the only aerosol sources have been the fuel and
cladding, along with spurious material released from ceramics in the high-
temperature furnace design. Tests with spacer and control materials to
provide the complete accident atmosphere are planned for the future.

,

We have begun the development of methods for characterisation of
aerosols formed in our tests using SSMS, weighing, scanning electron
microscopy-(SEM), and energy-dispersive x-ray analyses of representativeI

*

particles. The characterisation of aerosols is complicated by the gradual
change in composition as vapore condense to form solid particles or con-
dense, sorb, or react with previously formed particles. In the furnace.

7

.

i
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all of the released material is vapor except for any mechanically produced
particles. Even at the entrance to the thermal gradient tube (900*C),

[ most of the released material remains a vapor. Based on the shape of the
' deposition profiles, most of the material in the thermal gradient tube was ,|

deposited on the liner surfaces via condensation. Materials leaving the l
thermal gradient tube are believed to be almost entirely solid aerosol
particles. The composition of the condensed vapors (the deposits in the
thermal gradient tube) and the aerosol solids (the material collected on ,

the glass wool and high-efficiency filters) has been measured in every
llI-series test and is discussed in Sect. 3.2.3 for test 111-4.

The masses of vapor and aerosol deposits in tests 111-1 and HI-2 were
sensured by summing the quantities of the various elements as determined
by SSMS. Both pretest and posttest weights of these deposits were mens-
ured directly in tests 111-3 and -4 Figure 22 shows the typical grayish-
black appearance of the deposit on the profilter which was used in test
!!I-4. Table 15 provides values of the mass collected and estimated aero-
sol concentration for each of the tests. In test HI-4, thu values for the
thermal gradient tube and prefilter were obtained both by SSMS analysis
and by weighing; note the good agreement.

3.2.6 Meta 11ographic Examination of Fuel Specimen

As was discussed in Sect. 2.5, the fuel specimen, zirconia boat, an1
zirconia furnace tube liner were encased in epoxy resin and cut into *'

2.54-cm-long pieces for inspection. 'The transverse cross sections are
illustrated in Fig. 23. There is evidence of cladding melting in each of
the sections, which indicates that every portion of the specimen was at a '

temperature >1760*C during the test.16 Furthermore, there was an apparent j
gradient in the degree of melting, with the most extensive melting occur-
ring at the inlet end. This implies that there was a ermperature gradient
along the fuel rod specimen during the test. A tempera.ture of ~1850*C was
reached and maintained at the inlet end of the fuct specimen, as deter-
mined tr/ a calibrated optical pyrometer. Results of a posttest tempera-
ture calibration test suggested that an axial gradient of ~100*C may have
been present, but the evidence of cladding melting indicates that the gra-
dient was (100*C.

Three of the transverse sections shown in Fig. 23 were selected and
prepared for metallographic examination. These sections, numbered 0, 3
and 7 (which were, respectively 0.3, 7.6, and 17.8 cm from the inlet end
of the fuel specimen), are shown in Fig. 24. They illustrate the appear-
ance of the test specimen at the inlet end (section D, whero maximum tem-
perature and oxidation occurred), near the mid-length (section 3), and
near the outlet end (section 7, where the temperature was slightly lower ,

and oxidation was less extensive because of steam depletion). The partic-
ular arean photographed at high magnification are indicated by the numbers
1, 2, and 3 on the sections in Fig. 24. .

These views show the pool of formerly molten cladding that ran down
and contacted the Zr02 hont which supported the test specimen. This pool
of melt was largest in section 0. Voids that formed in the molten cladding

- _ _ .__ __ _ _ _ - _ _ _ _ - - _ _ _ - _ _ _ ___
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Table 15. Aerosol par'ticles and vapor produced in fission product i

release tests

Mass *|

collected Mass Aerosol concentrationa (8/m )3

on thermal collected ,

Test Temperature gradient tube on filter At furnaceb At 100*C# ''

No. ('C) (mg) (tg) temperature

HI-1 1400 ~5 ~18 <0.1 ~0.4 I
|

#HI-2 1700 70 t 5 230 t 5 1.6 7.0 |

#HI-3 2000 80 t 5 220 t 5 2.5 15.0

# IHI-4 1800 30 t 5 70 t 5 0.73 4.3
(~40)d (~75)d

|
a
Assumes test time plue 5 min for aerosol production time. i

b
Essentially all of the released material would be vapors at the fur-

nace temperature.

# ssentially all of the released material would be solids at 100'C.E *

kassofdepositsestimatedfrommassspectrometricdata.
,

# ass of deposits determined by weighing thermal gradient tube and *|M
filters. |

[ Temperature at the inlet Zircaloy end cap of the test specimens was I
~1850'C; temperature at the outlet Zircaloy end cap was >1760*C.

,
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! Fig. 24 Transverse sections from test HI-4 that were examined
j metallographically. The nu=bers 1. 2, and 3 identify areas photographed,

so=e of which are shown in Fig. 25.
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i

were much larger in sectione 0 and 3 than in section 78 the else and |entent of the large veide suggest that use released from the fuel while i

the cladding wee metten may have been the mechantom of formation. pene-
tration and destruction of the Er02 boat by the metten Eirestoy are,

apparent in the first two sections. Wetting of both the 003 fuel and the
3:03 heat by the Etrealey, although entensive in soettene 0 and 3, wee
limited in section 7. An unuemal structure, a series of projectione,

growing outward free the claddies (area 2 in section 7), wee ebeerved and
selected for detailed enemination.

Areae 1 and 2 in both sectione 0 and 3 showed similar structures.
h molten Etreatoy had ontdised nuffielently to wet both the Er03 boat
below and the U02 fuel above the pool. h gray metallie phase in
Fig. 25 and in the higher-magnification view in Fig. 24 is e-Er(0), which
een contain up to a45 ony5en by weight. Both this phase and the bright
metallic phase (probably meetly aircontum) any contain uranium as a result
of UO2 reduction by streonium, but this needs to be confirmed. As would
be expected, the molten metallie phases penetrated ersoke in the 002
(Fig. 25) in a number of areas.

Area 3 of section 3 (Fig. 27) illustrates the appearance of the clad-
ding along the top of the test specimen over most of its length, he
large and many small veide, along with entensive enidation, are apparent
in the previously metten eladding. Significant amounte of gee, perhape

* fiestos product vepore from the fuel, must have been present to form these
large veide. Ensept for the interfaces with the metten eladding, no ets-
nificant changes in the U02 were seen. A higher-eagnificatten view of
the onidised cladding, obown in Fig. 23, revealed at least three phasee*

Er0 , e-Er(0) ler a-U, Er(0)j, and an alley, probably U, Er.2

In area 2 of eeetion 7, near the outlet end of the test specimen,
severe 1 of the unueuel projections whteh grew at right angles from the
cladding were enemined (Fig. 29). h ee projections apparently contain
seen Er0 , along with la?ser fraettone of two unidentified metallic2
phases. Further enemination and positive identification of all phases
will be attempted and reported later.

3.2.7. Determination of Cesium Release by Comma-ray spectrometric
Analyste of the Fuel Red seament Before and Afrer Test WI-4

A relatively sierte method of deteretning the pereentage of easium
whteh wee released during test M1-4 was devised. Comme spectrometry
values for the teetopes 134Ce (1345 heV) and 15"Bu (1275 heV) in the fuel
red segment before and after the test were asseured and compared.
Europium-154 wee chosen becates it wee not released durind the test, and.
beesuse it hn1 a high energy peak similar to that of 184Ca. h roedynamic
esteulattene suggest that europium to probably present in 1#R fuel as

', But 3 21 If so, because of its low volatility, little migration of euro=0
plus would have occurred in the segment during the test.

One important eriterion w'eded for the method of determining release
is that the physical state of the fuel not be altered much by the test

I
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conditions or by posttest handling. These conditions were observed in
test HI-4.

Since the gamma-ray energies were relatively high and almost the
8 same, an attenuation correction factor for 134Cs (1365 kev) was determined

by dividing the pretest activity of 154 Eu (1275 kev) by the posttest value.

The following calculations show how the percentage of 134Cs release'

was obtained:

Attenuation correction factor (for epoxy, Zr02 liner, etc.),e

154gPretest Eu (1275-kev) value , 1.460 x 105 Cip = 1.1457 ;
Posttest 154Eu (1275-kev) value 1.275 x 105 Ci

e % 134Cs released = % cesium released,

134g ,[Posttest Cs (1365-kev) value] F x 100 ,
Pretest 134Cs (1365-kev) value

g ,(5.040 x 105 C1)(1.1457) x 100 = 35.8 .
(8.988 x 105 ci)

g _ This value compares very well with the value of 31.7%, which was
obtained by counting the individual apparatus components (see Table 10).

4. CONCLUSIONS,

This . report presents only a limited evaluation and interpretation of
the data obtained:in test HI-4. Further evaluation, interpretation, and
correlation will be included in a topical report, which will consider the
results of several tests over a range of experimental conditions. The
following observations and conclusions should be considered of a prelimi-
nary nature:

1. This was the first test in the current experimental series to be con-
. ducted with BWR fuel. The test specimen was heated at 1800 t 50*C
for 20 min in an atmosphere of flowing steam (0.32 L/ min) and helium
(0.30 L/ min). Based on the measured amount of hydrogen generated,
~54% of the Zircaloy cladding was oxidized.

,

2. Continuous gamma-ray spectrometric monitoring of 137Cs and 85Kr
during the test revealed, as was the case in previous tests, that the
rate of release of ' these fission products increased immediately af ter

- # - the power was turned off and the fuel specimen began to cool.

3. Based on gamma-ray spectrometric and neutron activation analyses,
-31.7% of the 137Cs, 21.1% of the 85Kr, and 24.7% of the 1291 con-'

tained in the soecimen were released. If the pellet-clad gap
inventory of fission gas inventory had also been available for
release, the 85Kr release would have been 31.3%.
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I4- A-cesium release value of 35.8% was obtained by gamma-ray spectro- !.

metric analysis of the fuel rod segment before and af ter the test. !
~

t
'125Sb were detected. This . behavior is expected5. Only: trace amounts of

3.when the Zircaloy . cladding -is not^ totally oxidized or removed from
the pellets, ' and very high levels. of 134Cs and 137Cs are present. }

i
2 !6.- The results of SSMS analyses were in very good agreement with results

obtained by gamma spectrometry and neutron activation. The fission
products detected, other than Cs and I, were Rb, Br, Ag, and Cd. The |_

< release. and deposition behavior of Rb and Br was similar to that of ;

' their chemical analogs Cs and I. Cadmium and silver appeared to be ;
more volatile, as was evident by their collection at the cooler end ;

of the . collection system.

7.. The assses of deposits in the thermal gradient tube and on the glass
wool prefilter, ~ as determined by SSMS and gamma spectrometric data, j

were about 40 and 75 mg, respectively. These values were in good
'

agreement with actual _ values obtained by weighing.the components !

;before and af ter . the ' test, 35 t 5 and 70 t 5 mg. ;

8. . Die presence of many 'large voids suggests that rapid gas release (the I
' fission product. gases Kr _and Xe and perhaps vapors of I, Cs, and Te)
from the U02 occurred while the cladding'was molten. Although not
confirmed, the' presence of uranium, as'(U,Zr)0 , a-U,Zr(0), and/or e r2
.U,Zr alloy.in the oxidized cladding appears likely.- |

i
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