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FISSION PRODUCT RELEASE FROM BWR FUEL

UNDER LOCA CONDITIONS

R. A. Lorenz

J. L. Collins

M. F. Osborne

R. L. Towns

A. P. Malinauskas

ABSTRACT

Fission product release tests were performed with
commercial fuel irradiated to 13,000 MWd/metric ton in
the Peach Bottom-2 boiling water reactor under conditions
that resulted in the accumulation of relatively large
amounts of cesium and iodine fission products in the pellet-
to-cladding gap space. Burst release tests (i.e., the
rupture of prepressurized fuel rod segments, each 30.5 cm
long) were performed at 850 and 960°C in steam, and one
diffusional release test was performed at 1200°C with a
previously ruptured test piece. In a fourth test, the
pellet-to-cladding gap space of a test segment was purged
with purified helium so that the amounts of cesium and
iodine that were released from the gap space at temperatures
<1100°C could be measured.

The measured gap inventories were used as input
parameters, and the burst release and diffusional release
results for cesium and iodine were compared with predic
tions made from the previously published Source Term Model.
Good agreement was obtained, thus adding confidence that
the Source Term Model is valid for the full range of gap
inventories anticipated for commercial light water reactor
fuel.

1. INTRODUCTION

Fission product release under light water reactor (LWR) accident
conditions has been investigated in several different test series at Oak
Ridge National Laboratory. The High Burnup Fuel Test Series1 used fuel
irradiated to 30,000 MWd/MT (megawatt days per metric ton of initial
uranium) in the H. B. Robinson-2 pressurized water reactor (PWR) to
determine the release of fission products from ruptured fuel-rod segments
in the temperature range 500 to 1200°C. Fission product release from
the same type of fuel was measured in the 1300 to 1600°C range in the
High-Temperature Test Series.2 Additional fission product release data
were obtained from two tests performed at 700 and 900°C in the Low Burn-
up Fuel Test Series.1 The tests with irradiated fuel were preceded by
experiments with fission product simulants coated on unirradiated fuel
in the Implant Test Series3 and tests of species behavior in the
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Control Test Series.4 In a parallel study, a Knudsen cell mass spectrom
eter was used to investigate cesium-urania interactions.5

A principal objective of this test series with boiling water reactor
(BWR) fuel (the BWR Fuel Test Series) was to explore the release of fis
sion products from LWR fuel containing high concentrations of cesium and
iodine in the pellet-to-cladding gap space (the gap inventory) under
loss-of-coolant accident (LOCA) conditions. The irradiated fuel used in
the previous series of tests contained low concentrations of cesium and
iodine in the gap space, either because of in-reactor operation at low
temperature (low-heat rating) or because of low burnup. The data from
these tests were used to derive a model for fission product release from
LWR fuel in steam in the temperature range 500 to 1200°C.6-8 This model
showed that one of the important parameters controlling fission product
release under these conditions was the gap inventory.

So that the model could be tested for validity with high-gap-inven
tory fuel, it was necessary to use fuel irradiated at high temperatures,
as indicated by a high release of fission gas. A fuel rod irradiated in
the Peach Bottom-2 BWR was available for testing that met this specifi
cation. It should be emphasized that we believe fission product release
unaer LOCA conditions is influenced primarily by the amount of fission
products accumulated in the gap space, and not significantly by the type
of reactor in which the fuel rod was irradiated.

The test apparatus, shown in Fig. 1, is essentially the same as
that used in the previous experimental work.1'2 The 30.5-cm test seg
ments were capped with custom-designed Zircaloy ferrule fittings. The
use of Zircaloy eliminated the problem of differential thermal expansion;
the fittings proved to be leak tight to as high as 900°C in preliminary
tests.

2. CHARACTERISTICS OF THE PEACH BOTTOM-2 REACTOR FUEL

The BWR Test Series used a commercial fuel that was irradiated during
Cycle 1 of the Peach Bottom-2 reactor.9 The dimensions and other charac
teristics of this fuel are summarized in Table 1. An axial scan of the

total gamma radioactivity in the energy range 0.55 to 0.75 MeV, 2.25 years
after shutdown (see Fig. 2) shows the distribution of radioactive cesium.10
Segment numbers correspond to ^30.5-cm (12-in.) lengths that were cut to
form test samples. Segment 11 was dissolved, and the burnup was estimated
to be 7730 MWd/MT.11 The burnup values of the other segments, which are
listed in Table 2, were assumed to be in proportion to the measured gamma
activity. A calculation for the Peach Bottom irradiation conditions
used an updated (April 9, 1979) version of ORIGEN.12 The resulting inven
tory of fission products for a burnup of 13,000 MWd/MT and a 3-year decay
period is given in Tables 3 and 4.

3. FISSION GAS RELEASE WHILE IN THE PEACH B0TT0M-2 REACTOR

Fuel rod DG-2986 was punctured and the contents of the plenum and
void spaces were analyzed by EG&G Idaho.13 The results of the analysis
are presented in Table 5. By using an evacuation and gas backfill tech
nique, the total void volume was measured to be 74.0 cm3; this compares
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Table 1. Characteristics of Peach Bottom-2 reactor
fuel used in BWR test series

Rod serial number:

Assembly data:

Dimensions:

Fuel:

Irradiation:

DG-2986

Assembly type 1, rod type 1, location F-6 in
assembly PH-006

Zircaloy-2

Pellet

Initial radial gap
Plenum length

UO2 density
Uranium enrichment

UO2 stack density
UO2 stack length
UO2 stack mass
U stack mass

1.430 cm (0.563 in.) OD
1.267 cm (0.499 in.) ID
1.237 cm (0.487 in.) diam
0.015 cm (0.0059 in.)
40.64 cm (16.0 in.)

10.42 g/cm?
1.33 (initially)1
10.34 g/cm3
365.8 cm (144.0 in.)
4548 g
4009 g

,a

Cycle 1 (Jan. 12, 1974 to Mar. 26, 1976)
Core average burnup: 10,000 MWd/MT
Rod DG-2986 average burnup: ^9860 MWd/MT
Rod DG-2986 peak burnup in 30.5-cm (12-in.)

length: M.3,000 MWd/MT

^ost fuel rods in the core contained uranium of higher enrichment.

Table 2. Axial distribution of burnup and fiss:Ion gas release

for Peach Bottom-2 reactor fuel

snt Relative Estimated

Estimated fission gas release

Segme Segment Total rod

No. burnup*1 burnup
(MWd/MT)

inventory

CO
inventory

(%)

1 0.395 3,890 0.2 0.006
2 0.870 8,780 0.9 0.064

3 1.152 11,350 6.2 0.595
kb 1.293 12,740 13.1 1.410

& 1.319 13,000 15.1 1.656
6b 1.259 12,410 11.4 1.192

7* 1.196 11,790 7.9 0.789
8 1.217 11,990 8.9 0.899

9 1.041 10,260 3.2 0.276
10 1.050 10,350 3.4 0.294

11 0.785 7,730 0.4 0.022

12 0.424 4.170 0.2 0.006

Rod av 1.000 9,860 7.20

a
Obtained from gamma scan.

Gamma scan indicated small peaks of activity between some pellets.
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Table 3. Amounts of principal fission product elements in peak
burnup region of Peach Bottom-2 reactor fuela

Mass

Element

Mass

Element g/MT mg/30.5 cm g/MT mg/30.5 cm

Br 9.838 3.287 Te 239.6 80.05

Kr 153.1 51.15 I 124.6 41.63

Rb 142.8 47.71 Xe 2493.0 832.9

Sr 348.8 116.5 Cs 1248.0 416.9

Y 186.8 62.41 Ba 674.9 225.5

Zr 1538.0 513.8 La 557.8 186.4

Mo 1561.0 521.5 Ce 1087.0 363.1

Tc 376.7 125.8 Pr 532.5 177.9

Ru 1078.0 360.1 Nd 1812.0 605.4

Rh 278.2 92.94 Sm 396.5 132.5

Pd 740.6 247.4 Eu 69.27 23.14 ,

326,270.0Sn 47.27 15.79 U 976,600.0

Sb 13.65 4.560 Pu 7155.0 2390.0

Calculated by ORIGEN computer program for 13,000-MWd/MT burnup and
3-year decay period.

Initial uranium content of 30.5 cm (12 in.) of fuel was calculated
to be 334.1 g.
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Table 4. Prinicpal radioactive components of
high-burnup region of Peach Bottom-2 fuel13

Amount per MT of
initial uranium

Amount per 30.5-cm length
of fuel rod

Ci

3,295
27,980

27,980
5.61

12.47

43,810
43,810
90.71

3,901

951.9

7.911

0.01664

18,310^
45,690
43,220

41,130
41,130
493.6

38,850
3,261

Ci

8,394 1.101

205.1 9.348

0.0514 9.349
.3

2.61 x 10-5 1.87 x io-

3.18 x IO"4 1.17 x 10"-3

13.09

1.23 x

1.91 x
"3
10

14.64

14.64
3.03 x 10"

-2

3.777

5.28 x io-2
1.303

0.318

3.00 x

94.20

io-6 2.64 x

5.56 x

10"
10"

-3

-6

14.14° 6.117°
525.0

8.03 x io"5
15.26

14.44

12.89

5.44 x

2.72 x
<io-6

13.74

13.74

0.165

41.89 12.98

12.07 1.089

mg

2.804

68.52

0.1072

8.72 x io-<>
IO"41.06 x

4.373

4.11 x

6.38 x
lo:6310 J

1.262

1.76 x io"2
1.00 x io"6
31.47

4.724c

175.4

2.68 x io'5
4.306

1.82 x

9.09 x
-:7
10

13.99

4.032

Calculated by ORIGEN computer program for 13,000-MWd/MT burnup and 3-year
decay period.

Fission product activity only. Additional quantities of these isotopes
will be produced in the Zircaloy cladding.

These values are probably 25% high based on experimentally measured ratios
of !3l+Cs/137Cs and assuming that the 137Cs values are correct.



-8-

Table 5. Analysis of gas removed from plenum and void
spaces of Peach Bottom-2 fuel rod DG-2986

Volume

(cm3,STP)

<0.2

79.1

0.2

<0.2

2.0

<0.2

9.8

90.2

Fraction of total

Component (mole %)

H2 <0.1

He 43.6

N2 0.1

02 <0.1

Ar 1.1

C02 <0.1

Kr 5.4

Xe 49.7

3
Total 181.4 + 1.8 cm

Rod void volume measured at 74.0 + 1.0 cm3.
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well with the volume calculated from the data in Table 1: plenum volume =
51.2 cm , gap volume = 21.6 cm3, and pellet-end void volume = 3.3 cm3, for
a total of 76.1 cm3.

Using the ORIGEN-calculated inventory and assuming an average rod
burnup of 9860 MWd/MT, the 100.0 cm3 of noble gas (krypton and xenon) is
equivalent to 7.20% release of the total inventory to the void spaces and
plenum while in the Peach Bottom-2 reactor. The releases of individual
isotopes of xenon and krypton are given in Table 6.

It was necessary to estimate the fission gas release from individual
test segments because these values were needed to estimate gap inventories
of cesium and iodine. To obtain this information, we used a previously
determined correlation of fission gas release that was shown to be a func
tion of linear heat rating and irradiation time. The percentage of
fission gas release predicted by this method is shown graphically in Fig. 3.
We assumed that the axial linear power distribution in rod DG-2986 was the
same as the burnup distribution in Table 2. In order to obtain the total
fission gas release of 7.20%, it was necessary to assume that segment 5
operated at the correlation heat rating of 423 W/cm and that other segments
were at proportionally lower heat ratings. The gas release for each heat
rating was obtained from the curve in Fig. 3 and is listed in column 4
of Table 2. From the burnup in each segment, we then calculated the
percentage of the total fission gas release resulting from each segment;
these values are listed in column 5 of Table 2.

The actual linear power varied considerably with time because of
reactor power changes. Estimates of the peak heat rating and variations
with time could be made by using the following information. Our examina
tion of the daily power changes indicated that the reactor power was >500
MW(t) for 652 d, >1000 MW(t) for 536 d, >2500 MW(t) for 365 d, and >3200
MW(t) for 187 d. The total effective full-power days of operation was ^429.
For segment 5 (13,000 MWd/MT), the peak linear heat rating was 332 W/cm
(10.2 kW/ft), based on the number of effective full-power days and aver
aged over the entire core-1 operation. Axial and radial flux pattern
changes during the core-1 lifetime probably resulted in significant vari
ation of the above peak heat rating at full reactor power. We could not
easily determine the magnitude of these variations from the relative neutron
flux data presented in ref. 9. 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 values are required.

4. RESULTS OF THE BWR FUEL TESTS

A detailed description of each of the BWR fuel tests is presented in

this section

4.1 Test BWR-1, 960°C Rupture

Segment 5 (as identified in Fig. 2) was used in test BWR-1, the first
in the Boiling Water Reactor Fuel Test Series. After installation in the
apparatus, the test segment was pressurized at room temperature three
different times to 2.75 MPa (400 psig) with purified argon, allowing 10 min



Table 6. Fission gas released to plenum of Peach Bottom-2 rod DG-2986

Amount found in plenum Total produced;
ORIGEN ,

Amount

released

Percent of calculation to plenum
Isotope element cm3(STP) g-atoms/MT (g-atoms/MT) (%)

83Kr 12.99 1.269 0.0141 0.1788 7.89
84Kr 29.77 2.907 0.0324 0.4179 7.75
85Kr 5.81 0.567 0.0063 0.0749 8.41
86Kr 51.42 5.021 0.0559 0.6920 8.08

Total Kr 9.764 0.1087 1.367 7.95 i
i-1

l28Xe 0.02 0.018 0.0002 0.006 3.23

o
i

130Xe 0.10 0.090 0.0010 0.024 4.13
131Xe 9.84 8.871 0.0988 1.367 7.22

132Xe 19.09 17.211 0.1917 2.809 6.83

131+Xe 28.11 25.343 0.2822 3.845 7.34

136Xe 42.84 38.623 0.4301 6.042 7.12

Total Xe 90.156 1.0040 14.092 7.12

Total Xe + Kr 99.92 1.113 15.459 7.20

iQuantitites calculated for 3-year decay period (to Mar. 26, 1979).
Calculated for 9,860 MWd/MT by linear decrease from an ORIGEN computer inventory calculation

for 13,000-MWd/MT burnup.
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each time before venting so that residual air would be removed. After this
operation, the unpressurized segment was heated to 500°C for 30 min, then
to 750°C. At this temperature, argon was used to achieve a pressure dif
ferential on the rod of 1.24 MPa (180 psi). The temperature of the test
piece was then increased by induction heating while it was in a flowing
steam-helium atmosphere. The cladding ruptured at 960°C and a pressure
differential of 1.19 MPa (173 psi) as shown in Fig. 4; after 1 min at
960°C, induction heating was terminated.

The amounts of Cs collected in the thermal gradient tube and filter
pack, and the Kr collected in the charcoal traps are shown in Fig. 5 as
a function of time and fuel rod temperature. The release of 85Kr was
vL.7% of the total inventory. The distribution of cesium released in the
test is summarized in Table 7; approximately 1.71% of the total cesium
inventory was released. Based on neutron activation analysis of 129I,
1.18% of the total iodine was released (see Table 8). Only 0.36% of the
released iodine reached the charcoal cartridges, thus indicating the exis
tence of very small amounts of the highly volatile forms of iodine (l2>
HI, CH3I). The distributions of cesium and iodine that had deposited
in the thermal gradient tube are shown graphically in Fig. 6. The peaks
in the deposition profiles lie between 400 and 450°C, which is typical of
both cesium and iodine deposition as noted in the previous High Burnup
Fuel Test Series. The superposition of the curves suggests that the
material was primarily a single species, Csl.

Similar mass amounts of iodine and cesium were also found on the first

filter paper. This is additional evidence that the chemical form of the
released iodine was Csl. Most of the released cesium was found in the

furnace and was not associated with iodine, which is a reasonable result
because the fission yield of cesium is approximately ten times that of
iodine.

Additional quantities of cesium and iodine were also released in the

form of fuel dust that was ejected at the time of rupture; 119 yg of *3 Cs
was measured in loose fuel particles tapped off the furnace tube liner.
Analyses of 151+Eu as a tracer for fuel indicated these particles should
have contained only 21 yg of 137Cs; apparently the ejected fuel dust may
have been enriched in cesium because of its proximity to the pellet sur
face. It is also possible that most of this excess cesium resulted from
the plateout of released cesium. Note that 5256 yg of cesium was found
on the furnace tube liner after the fuel particles were removed. The
total amount of ejected dust, as determined from 1 Eu concentration mea
surements, was 69 mg of U02

4.2 Test BWR-2, 850°C Rupture

Test BWR-2 was performed by using purified argon to pressurize
segment 4 of rod F-6 to 515 psig (3.54 MPa) while the rod was held at a
temperature of ^600°C in the test apparatus; after ^30 min, the rod was
heated to 850°C to cause rupture of the Zircaloy cladding at 497 psig
(3.41 MPa) in the flowing steam-helium atmosphere. The temperature was
maintained for 1 min before induction heating was turned off. Figure 7
is a photograph of the ruptured rod. The amount of cladding expansion
and the hole size (^2mm ) are similar to those observed in previous
experiments in the same apparatus.



ORNL-PHOTO 1301-79

Fig. 4. Ruptured fuel rod segment from test BWR-1.
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Table 7. Distribution of cesium in Test BWR-1

Amount of 137Cs found in each location

Temperature

Total cesium

found
Location

Percent of Percent of

(°C) vgb totalG release (yg)

Fuel rod segment 960 1.754 x 1C
5 d 4.169 x IO5 d

Furnace tube

Quartz liner e 2210.7 1.26 73.55 5255.8

Quartz fuel rod holder 653.1 3.72 X IO"1 21.73 1552. 3

Thermal gradient tube 750-220 64.64 3.69 X IO"2 2.15 153.6

Filter pack components 125

Stainless steel inlet fitting 10.08 5.75 X 10-3 0.34 23.96

First filter paper 67.15 3.84 X IO"2 2.23 159.6

Second and third filter papers 4.44 x 10"
k 2.53 X IO"7 1.48 x 10-5 0.01

Charcoal No. la 0.0 0.0 0.0 0.0

Charcoal No. lb 0.0 0.0 0.0 0.0
t
h-1

Charcoal No. 1c 0.0 0.0 0.0 0.0 1

Charcoal No. 2a 0.0 0.0 0.0 0.0

Charcoal No. 3 0.0 0.0 0.0 0.0

AgX 0.0 0.0 0.0 0.0

Condenser 0 0.0 0.0 0.0 0.0

Freeze trap -78 0.0 0.0 0.0 0.0

Cold charcoal traps (two) -78 0.0 0.0 0.0 0.0

Total 3005.6 1.71 100.00 7145.7

aSteam flow rate, 1806 cm3/min (STP); helium flow rate, 205 cm3/min (STP); pressure, 760 torr;
decay time, 3 years (to Mar. 26, 1979). Some additional cesium was released in the form of UO2 fuel
dust.

b Amounts <1.0 x 10 5 yg are given as 0.0.

'Percent of radioactive nuclide in fuel rod segment.
d
Calculated for 13,000-MWd/MT burnup of original uranium, 334 g of uranium originally in 12-in.

segment, and 3-year decay period.

Approximately 750°C maximum at center and 600°C at outlet end; 125°C at inlet end.

1
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Table 8. Distribution of iodine in test BWR-1

Location

Temperature

(°C)

Fuel rod segment

Furnace tube

Thermal gradient tube

Filter pack components
Stainless steel inlet fitting

First filter paper
Second and third filter papers

Charcoal No. la

Charcoal No. lb
9Other components

Total

960

e

750-220

125

Amount of 129I found in each location

Mass

(yg)
b

3.147 x 10"

169.73 ± 3.90

78.61 ± 0.13

/

5.35 + 0 02

116.40 + 1.70

0.07 ± 0 001

1.27 ± 0 01

0.0

0.0

371.43

Percent of Percent of

total release

5.39 x 10-1 45.70

2.50 x IO"1 21.16

1.70 x IO"2 1.44

3.70 x 10-1 31.34

2.22 x 10_lt 0.02

4.03 x 10"3 0.34

0.0 0.0

0.0 0.0

1.18 100.00

Total iodine

found

(vg)

4.163 x 10 4

224.53

103.99

7.08

153.98

0.09

1.68

0.0

0.0

491.4 + 7. 6

aSteam flow rate, 1806 cm3/min (STP); helium flow rate, 205 cm3/min (STP); pressure, 760 torr; decay time, 3
years (to Mar. 26, 1979). Some additional iodine was released in the form of UO2 dust.

b 7
Amounts <1.0 x 10 yg are given as 0.0.

Q

Percent of radioactive nuclide in fuel rod segment.

Calculated for 13,000 MWd/MT burnup of original uranium, 334 g of uranium originally in 12-in. segment, and
a 3-year decay period.

Approximately 750CC maximum at center; ^600°C at outlet end; 125°C at inlet end.
f
JError estimates are based solely on the results of replicate chemical analyses.

^Based on the analyses of charcoal cartridges la and lb; the other adsorbers, condenser, freeze trap, and
cold charcoal traps were assumed to contain no 1?9I.
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Fig. 7. View of ruptured fuel rod segment from test BWR-2.
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Tables 9 and 10 show the respective distributions of the cesium and
iodine that were collected in the various components of the apparatus.
These distributions were typical for pressure-ruptured tests. Approxi
mately 1.70 and 2.54% of the total cesium and iodine inventories, respec
tively, were found.

The amounts of cesium collected in the thermal gradient tube and
filter pack and the 85Kr collected in the charcoal traps are shown in
Fig. 8 as a function of time and fuel rod temperature. The distributions
of cesium and iodine in the thermal gradient tube are shown in Fig. 9.
(Peak deposits in the 350 to 450°C temperature range are typical for
both cesium and iodine in our tests.) The release of 85Kr (11.4 mCi)
amounted to 1.01% of the total inventory. Using 151*Eu as a tracer for
fuel, 79.3 mg of UO2 was ejected at the time of rupture. The loose dust
particles contained 6.5 times more cesium than the average for the fuel.

4.3 Test BWR-3, Diffusional Release at 1200°C

Test BWR-3 was performed to measure the diffusional release of fission
products at 1200°C from a previously pressure ruptured fuel-rod segment.
The rod in this test was the same one that was used in burst release test

BWR-2. An electric resistance heater surrounding the furnace tube was
substituted for the induction heater so that the entire 30.5-cm length
could be heated uniformly.

Approximately 1.85% of the total cesium inventory in the test seg
ment was released. The distribution of cesium on the apparatus components
is given in Table 11; the iodine distribution is given in Table 12. The
amounts of 137Cs collected in the thermal gradient tube and filter pack
and the 85Kr collected in the charcoal traps are shown in Fig. 10 as a
function of time and fuel-rod temperature. A portion of the cesium and
krypton releases occurred during both the slow heatup and the cooldown
periods. The total effective time for cesium release at 1200°C was deter
mined to be 25 min when the heatup and cooldown periods were considered.
Continuous measurements of gamma activity in the thermal gradient tube
and filter pack indicated that half of the cesium was released in the
13-min period during which the fuel rod was at a temperature >1180°C.

The distributions of cesium and iodine in the thermal gradient tube
are shown in Fig. 11. The small broad cesium peak at 600 to 650°C is
similar to the one that was observed in test HBU-11.1 Test HBU-11 was
essentially identical to test BWR-3 except for the type of fuel employed.
In test HBU-11, high-burnup PWR fuel from the H. B. Robinson-2 reactor
was used.

Significant krypton release began when the temperature of the fuel
rod reached about 900°C. (Note that this segment had previously been
heated to a maximum of 850°C in test BWR-2.) The total releases of 85Kr
were 1.08% in test BWR-3, 1.01% in Test BWR-2, and an estimated 13.1%
while in the Peach Bottom-2 reactor.



Table 9. Distribution of cesium in test BWR-2

Location

Fuel rod segment
Furnace tube

Quartz liner

Quartz fuel rod holder

Thermal gradient tube
Filter pack components
Stainless steel inlet fitting
First filter paper
Second filter paper
Third filter paper
Charcoal No. la

Temperature

(°C)

850

740-275

130

Charcoal No. lb

Charcoal No. lc

Charcoal No. 2a

Charcoal No. 2b

Charcoal No. 3

AgX

Condenser

0

-78

Freeze trap

Cold charcoal traps (two)
Total

-78

Amount of 137Cs found in each location

Mass,

(yg)

1.714 x IO5 d

2039.00

447.30

89.36

16.14

320.1

0.087

0.105

0.141

0.038

0.016

0.009

0.0

0.0

0.0

0.0

0.0

0.0

2912.3

Percent of

total

1.19

0.26
-2

5.21 x 10

-3
9.42 X 10

0.19
-5

5.08 X i0_,
6.13 X 10 c
8.23 X io_s
2.22 X 10

9.33 X 10 b
5.25 x 10 6
0.0

0.0

0.0

0.0

0.0

0.0

1.69S

Percent of

release

70.01

15.36

3.07

0.55

10.99

0.003

0.004

0.005

0.0013

0.0005

0.0003

0.0

0.0

0.0

0.0

0.0

0.0

100.00

Total cesium

found

(yg)

4.074 x 105d

4846.5

1063.2

212.40

38.36

760.85

0.21

0.25

0.34

0.09

0.04

0.02

0.0

0.0

0.0

0.0

0.0

0.0

6922.2

Steam flow rate, 1375 cm3/min (STP); helium flow rate, 245 cm3/min (STP); pressure, 760 torr; decay time,
3 years (to Mar. 26, 1979). Some additional cesium was released in the form of U0„ dust.

b -5 2
Amounts <1.0 x 10 yg are given as 0.0.

Percent of radioactive nuclide in fuel rod segment.

Calculated for 12,740-MWd/MT burnup of original uranium, 334 g of uranium originally in 12-in. segment,
and a 3-year decay period.

Approximately 650°C maximum at center; 585°C at outlet end; 125°C at inlet end.
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Table 10. Distribution of iodine in test BWR-2a

Amount of 129I found in each location

Total iodine

foundTemperature Mass Percent of Percent of

Location (°C) (vg)b total
a

release <Ug)

Fuel rod segment 850 3.084 x IO4 d „
571.09 ± 26.30^

4.080 x 10* ^
Furnace tube e 1.852 73.05 755.5

Thermal gradient tube 740-275 47.72 ± 0.45 1.55 x 10--L 6.10 63.13

Filter pack components 130

IO"2Stainless steel inlet fitting 6.55 ± 0.22 2.12 x 0.84 8.66

First filter paper 156.00 ± 6.00 5.06 x 10"1
lo-*

19.95 206.4

Second and third filter papers 0.22 ± 0.01 7.13 x 0.03 0.29

Charcoal No. la 0.24 ± 0.01 7.78 x IO-4 0.03 0.32

Charcoal No. lb 0.0 0.0 0.0 0.0

Other adsorbers? 0.0 0.0 0.0 0.0

Condenser? 0 0.0 0.0 0.0 0.0

Freeze trap? -78 0.0 0.0 0.0 0.0

Cold charcoal traps (two)? -78 0.0 0.0 0.0 0.0

Total 781.82 ± 32.98 2.535 100.00 1034.2 ± 43.6

aSteam flow rate, 1375 cm3/min (STP); helium flow rate, 245 cm2/min (STP); pressure, 760 torr; decay time,
3 years (to Mar. 26, 1979).

b i
Amounts <1.0 x 10 z pg are given as 0.0.

Percent of radioactive nuclide in fuel rod segment.

Calculated for 12,740-MWd/MT burnup of original uranium, 334 g of uranium originally in 12-in. segment,
and a 3-year decay period.

Approximately 650°C maximum at center; ^585°C at outlet end; 125°C at inlet end.

?„

Error estimates are based solely on the results of replicate chemical analyses.

'Based on the analyses of charcoal cartridges la and lb; the other adsorbers, condenser, freeze trap, and
cold charcoal traps were assumed to contain no 129I.
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Location

Fuel rod segment
Furnace tube

Quartz liner

Quartz liner

Thermal gradient tube

Filter pack components
Stainless steel inlet fitting
First filter paper

Second filter paper

Third filter paper

la

lb

lc

2a

2b

3

Charcoal No

Charcoal No

Charcoal No

Charcoal No

Charcoal No

Charcoal No

AgX

Condenser

Freeze trap

Cold charcoal

Total

traps (two)

Table 11. Distribution of cesium in test BWR-3a

Temperature

(°C)

1200

1200

1050-200

125

0

-78

-78

Amount of 137Cs found in each location

Mass

(ug)fc

1.685 x 105 d

444.4

904.5

765.8

40.80

954.1

0.08

0.05

2.0 x

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

3109. 8

10"6

Percent of

totale

2.64 x 10"1
5.37 x io-i
4.55 x io-i

2.42 x io-2
5.66 x io-i
4.75 x 10-3

io-2.97 x

1.19 x 10-»
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.846

Percent of

release

14.29

29.09

24.63

1.31

30.68

2.57 x

1.61 x

6.43 x

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

100.00

IO"3
10-3
10-8

Total cesium

found

(vg)

5 d4.005 x 10

1056.3

2149.9

1820.2

96.98

2267.

0.19

0.12

4.65

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

7391

,-6x 10

aSteam flow rate, 1000 cm3/min (STP); helium flow rate, 300 cm3/min (STP); pressure, 760 torr; decay time
3 years (to Mar. 26, 1979). This fuel rod segment was also used in test BWR-2.

Amounts <1.0 x 10 " yg are given as 0.0.

Percent of radioactive nuclide in fuel rod segment.

Calculated for burnup of 12,740 MWd/MT of original uranium, 334 g of uranium originally in 12-in. segment,
and a 3-year decay period, less amount released in test BWR-2.
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Table 12. Distribution of iodine in test BWR-3

Amount of 129I found in each location

Location

Temperature

(*C)

Fuel rod segment 1200
Furnace tube 1200

Thermal gradient tube 1050-200
Filter pack components 125

Stainless steel inlet fitting

First filter paper
Second and third filter papers

Charcoal No. la

Charcoal No. 2b

Other adsorbers^

Condenser/ 0
Freeze trap/ -78
Cold charcoal traps (two)J -78
Total

MasSi

(yg)

3.006 x 10 d
10.71 ± 0.5^

376.0 ± 2.3

7.64 ± 0.3

497.7 ± 21

0.74 ± 0.04

4.88

0.02

0.0

0.0

0.0

0.0

897.7 ± 24

Percent of

total

3.44 x 10

1.21

2.46 x 10

1.60

2.38 x 10

1.57 x 10

6.43 x 10

0.0

0.0

0.0

0.0

2.986

-2

3

2

-5

Percent of

release

1.19

41.88

0.85

55.44

0.08

0.54

0.002

0.0

0.0

0.0

0.0

100.0

Total iodine

found

(yg)

*d3.976 x 10

14.17

497.4

10.11

658.4

0.98

6.46

0.03

0.0

0.0

0.0

0.0

1187.5

Steam flow rate, 1000 cm3/min (STP) ;helium flow rate, 300 cm3/min (STP); pressure, 760 torr; decay time, 3 years
(to Mar. 26, 1979). This fuel rod segment was also used in test BWR-2.

Amounts <10-2 yg are given as 0.0.

^Percent of radioactive nuclide in fuel rod segment.

Calculated for burnup of 12,740 MWd/MT of original uranium, 334 g of uranium originally in 12-in. segment, and
a 3-year decay period, less amount released in test BWR-2.

Error estimates based solely on the results of replicate chemical analyses.

^Based on the analyses of charcoal cartridges la and lb; succeeding components were assumed to contain no 9I.
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4.4 Test BWR-4 (Gap Purge Test)

Test BWR-4 was conducted to measure the total quantity of fission
products readily available for release from the Peach Bottom-2 fuel rod
segments that were tested in this experimental series. For the time and
temperature conditions expected during a controlled LOCA, the fission
products released from the failed fuel rods would be primarily the amounts
previously accumulated in the fuel cracks and open pores and on the pellet-
to-cladding gap surfaces. These amounts constitute the so-called gap
inventories that are required in the modeling of fission product release
from defected fuel in the temperature range 500 to 1200°C.6-8 The tech
nique used to measure the gap inventory was to purge purified helium
through the gap space of a heated fuel rod segment as was done with H. B.
Robinson-2 fuel in test HBU-12.1

Segment No. 6, shown in Table 2 and Fig. 2, was used in this test,
and the same minor modifications were made to the apparatus as for test
HBU-12.1 The purge helium, which flowed axially through the pellet-to-
cladding gap space, was purified with zirconium chips heated to 800°C.
A short Zircaloy tube was connected to the outlet end of the test segment
so that the exiting purge stream could be directed into the thermal gradi
ent tube, thereby preventing contact and reaction with the quartz furnace
tube liner. The purge flow rate was 59 cm3 (STP)/min while the test seg
ment was heated to 700°C, but it decreased at higher test temperatures.
A separate but similarly purified stream of helium flowed through the
furnace tube surrounding the test segment and combined with the purge
flow at the entrance to the thermal gradient tube.

As in all of our tests, a sodium iodide crystal detector monitored
radioactive species that accumulated in the thermal gradient tube and
filter pack; as usual, only 134Cs and 137Cs photopeaks were detected.
A plot of the eluted cesium as a function of time and temperature is
shown in Fig. 12. No cesium was detected below a fuel rod temperature
of 550°C. This should not be accepted as a threshold temperature for
cesium release, however, since temperatures inside the heater were rising,
and a temporary holdup of cesium could have occurred. At both 700 and
900°C, the initial rate of cesium elution was high; after 1 h, a nearly
constant lower rate was attained.

Since this method for determining the gap inventory is new, the
experimental and analytical procedures for distinguishing between eluted
gap inventory material and that being released from within grains and
grain boundaries have not been optimized. In gap purge test HBU-12, we
found that cesium was apparently released from the pellet matrix at 1100°C.
A similar small mass release from the Peach Bottom-2 pellets would not
have been noticeable because of the much larger gap inventory in the
Peach Bottom-2 fuel. We therefore increased the test segment temperature
to 1100°C to check for cesium release at this matrix release threshold.
Approximately 27 min after reaching 1100°C, a leak occurred between the
end-cap 0-ring and the quartz furnace tube which made it necessary to
terminate the test.

The distribution of cesium collected in the apparatus is given in
Table 13. Approximately 12.2% (48,425 yg.) of the total cesium initially
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Table 13. Distribution of cesium in Test BWR-4

Amount of 137Cs found in each location

Total cesium

Temperature Mass,

(yg)*
Percent of Percent of found

Location ('>C) totalc release (yg)

Fuel rod segment 700--1100 1.674 x 105^ 3.979 x 105<i
Furnace tube 700--1100

Quartz liner 306.2 0.183 1.50 727.7
Quartz fuel rod holder 174.4 0.104 0.86 414.4
Pt cone 24.43 0.015 0.12 58.07

Thermal gradient tube 900--200 19,864.0 11.86 97.50 47,215.0
Filter pack components 125

Stainless steel inlet fitting 1.82 0.0011 0.009 4.33
First filter paper 2.43 0.0015 0.012 5.78
Second and third filter papers 0.004 2.4 x IO"6 2.0 x IO"5 0.01
Charcoal No. la 0.0 0.0 0.0 0.0
Charcoal No. lb 0.0 0.0 0.0 0.0
Charcoal No. lc 0.0 0.0 0.0 0.0
Charcoal No. 2a 0.0 0.0 0.0 0.0
Charcoal No. 2b 0.0 0.0 0.0 0.0
Charcoal No. 3 0.0 0.0 0.0 0.0
AgX 0.0 0.0 0.0 0.0

Freeze trap -78 0.0 0.0 0.0 0.0
Cold charcoal traps (two) -78 0.0 0.0 0.0 0.0

Total 20,374.0 12.17 100.0 48,425.0

Furnace tube helium flow: 350 cm3 (STP)/min; gap purge helium flow: 45 to 55 cm3 (STP)/min. System
pressure, 760 torr (0.101 MPa). Decay time, 3 years (to Mar. 26, 1979).

b _c
Amounts <1.0 x 10 6 yg are given as 0.0.

Percentage of radioactive nuclide in fuel rod segment.

Calculated for burnup of 12,410 MWd/MT of original uranium, 334 g of uranium originally in 12-in.
(30.5-cm) segment, and a 3-year decay period.

I

o
I
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in the test segment was released. Almost all of it was collected in the
thermal gradient tube; only a small amount passed through the tube, which
is partially caused by the low flow rate through the system. Approxi
mately 12.1% of the total iodine in the test segment was eluted, as
detailed in Table 14. Deposition in the thermal gradient tube was essen
tially quantitative. As shown by the trivial amount of iodine on the
charcoal cartridges, volatile forms of iodine such as I2 and HI were
essentially nonexistent. Because the helium purge flow was started
before the fuel rod segment was heated, these volatile forms would
have been collected early if they had been present. Approximately 1.15%
of the ^Kr produced in the test segment was'released.

The distributions of iodine and cesium in the thermal gradient tube
are shown in Fig. 13. The cesium profile measurement was not as precise
as usual because the high radioactivity precluded use of the normal well-
collimated measuring system. Both the breadth and the low temperature
of the peak are unusual for cesium in our tests. For the concentrations

o 0 Ll.
of the deposits, both iodine and cesium would normally peak at ^500 C. »H

Determination of the cesium gap inventory requires that judgment
be used in interpreting the data since there is no distinct boundary
between elutlon of the gap contents and further release from the matrix
of the fuel pellets. Our best estimate of the cesium gap inventory is
49.5 ± 2.5 mg Cs, an amount slightly greater than the total actually
released (48.4 mg). We recommend that the amount of iodine actually
purged, 4.81 mg, be used as the iodine gap inventory, because iodine
species have been observed to be more volatile than the cesium species
released.

The purge flow conditions and cesium concentrations are summarized
in Table 15. The helium purge gas pressure, measured near the fuel rod
segment, decreased when the fuel rod was heated to ^900°C and higher.
Apparently the inlet-end ferrule fitting began leaking at these high
temperatures. It was therefore necessary to calculate the flow of
helium through the gap space with a method previously employed.1*15
These calculations showed that the radial gap width to 700°C was ^55 ym.
Purge rates at higher temperatures were estimated by assuming that the
gap width remained constant and that the purge flow was determined by
the measured pressure. The resulting purge flow rates and corresponding
concentrations of cesium in the purge effluent are summarized in Table 15.
The cesium elution rate was obtained from Fig. 12.

The concentration of cesium was lower at the entrance to the thermal

gradient tube because the furnace tube flow (V350 cm3 He/min) was mixed
with the gap purge (plus leak) flow of ^55 cm3 He/min. Although we do
not claim that the temperature of deposition or condensation in the thermal
gradient tube should be used as a means of identifying the species, it is
at least informative. Theoretically, each species in the gas phase will
condense on the walls of the thermal gradient tube when the flowing gas
mixture reaches a location where the vapor pressure of the condensed
species at the wall temperature is lower than the partial pressure of the
species in the flowing mixture.1* The higher the partial pressure (con
centration in the flowing gas), the higher the temperature of condensation.



Table 14. Distribution of iodine in Test BWR-4a

Amount of 129j founcj in each location

Location

Temperature Mass Percent of Percent of

(°C) (yg)* total5 release

700--1100 3.004 x 10^
700--1100 <0.22 7.32 x IO"4 2.01 x 10-5
900-•200 3639.0 ± 87 12.10 99.987

125

<0.013 4.33 x IO-4 3.57 x 10_1+
0.074 ± 0.001 2.46 x IO-11 2.03 x IO"3
<0.012 3.99 x IO"5 3.30 x IO-1*
0.148 ± 0.001 4.93 x IO-11 4.07 x 10"3
0.0 0.0 0.0

0.0 0.0 0.0

-78 0.0 0.0 0.0

-78 0.0 0.0 0.0

Total iodine

found

(yg)

Fuel rod segment
Furnace tube

Thermal gradient tube
Filter pack components

Stainless steel inlet fitting
First filter paper
Second and third filter papers
Charcoal No. la

Charcoal No. lb

Other adsorberse
Q

Freeze trap
Cold charcoal traps (two)6

Total

h d3.974 x 10

3639.5 + 87 12.11 100.0

2.9 x IO"

4813.8

•1

1.7

9.8

1.6 x 10

2.0 x IO-1
0.0

0.0

0.0

0.0

4814.5 + 115

x IO-2
x 10~2

-2

Furnace tube helium flow: 350 cm3 (STP)/min; gap purge helium flow: 45 to 55 cm3 (STP)/min. System
pressure, 760 torr (0.101 MPa). Decay time, 3 years (to Mar. 26, 1979).

b o
Amounts <1.0 x IO"'' yg are given as 0.0.

Percentage of radioactive nuclide in fuel rod segment.

Calculated for burnup of 12,410 MWd/MT of original uranium, 334 g of uranium originally in 12-in.
(30.5-cm) segment, and a 3-year decay period.

Q

Based on the analyses of charcoal cartridges la and lb; succeeding components in the collection system
were assumed to contain no 129I.

I
w
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Table 15. Cesium purge rates during test BWR-4

Clock

Condition

Helium purge
rate

(cm3/min, STP)

Purge
pressure0

(atm)

Cesium

elution rate

(yg Cs/min)

Cesium

concentration

(yg Cs/cm3, STP)

Gap inventory remaining

time mg Cs yg Cs/cm2 cladding

385 ± 201416 First reached 700°C 59 1.33 558 9.46 46.7 ± 2.5

1440 700°C 59 1.33 302 5.12 36.8 + 2.5 304 ± 20

1617 Last time at 700°C 59 1.33 82 1.39 24.2 ± 2.5 200 + 20

1636 First reached 900°C 142* 1.33 686 ^16.5 16.9 ± 2.5 140 ± 20 I

1815 Last time at 900°C M2b 1.18 31 VL.4 6.4 + 2.5 53 ± 20 I

1910 1100°C 8 ± 4fc 1.08 48 5.7 ± 2.9 5.0 ± 3.0C 41 ± 25°

Outlet pressure 0.98 atm (0.099 MPa).

These helium purge rates were calculated from the measured supply pressure and assumed a constant effective radial
gap width of 55.3 ym.

This quantity was obtained by assuming that 1.6 mg additional cesium was added to the gap inventory by release from
the fuel pellets.
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The 5-h average concentration of cesium entering the thermal gradient
tube was ^0.4 ug/cm3, and the average iodine concentration was M).04 ug/cm3.
If all of the iodine (and M.0% of the cesium) were in the Csl form, we
would expect a condensation peak to occur at V>75°C. This is the "dew
point" for a Csl concentration of 0.08 ug/cm3.1* If the remaining cesium
0^90% of that released) were present as cesium vapor, a condensation peak
would have occurred at M.90°C, just at the outlet end of the thermal
gradient tube. Thermodynamic calculations indicate that cesium vapor
should exist at equilibrium inside of an LWR fuel rod.16 Cesium vapor
was also the only cesium species that was detected as being released in
the Knudsen cell tests previously mentioned.5

As seen in Fig. 13, the broad cesium peak concentration occurred at
a temperature definitely higher than 190°C. Although all of the helium
was purified with heated zirconium chips, impurities could have reacted
with released cesium vapor to cause condensation of cesium oxide (for
example) at the measured temperature. Furthermore, reaction or sorption
of cesium vapor on the fold-foil liner has not been precluded. Transient
cesium concentrations would have been considerably higher than the average
mentioned above, thus forcing initial condensation at a higher temperature;
however, subsequent gas flow would have moved the final condensation peak
to the temperatures cited above.

5. COMPARISON OF TEST RESULTS WITH THE SOURCE TERM MODEL

The test results, which are compared in Table 16 with predictions
made from the Source Term Model,6"8 indicate better agreement than might
be anticipated when the simplicity of the model and the limited number
of tests available for its formulation are considered. The BWR fuel
(high gap inventory) results are shown in Fig. 14 with other test results
from the Implant,3 Low-Burnup,1 and High-Burnup Test Series.1 This figure
indicates that agreement between test results and model calculations should
be within a factor of 3. As discussed in the Source Term Model reports,6*"8
application of the model to fuel types and geometries, or to cladding
expansion, rupture, and blowdown characteristics differing from those of
the data base may affect the expected degree of accuracy.

The concentrations of cesium and iodine in the gas that was vented with
rupture (the burst release) were calculated from the data given in Table 16
and are plotted in Figs. 15 and 16, respectively, for further comparison
with the Source Term Model predictions. The rate of blowdown at rupture
was considerably faster for the BWR tests than for the high burnup tests.
Comparative rates of pressure loss are shown in Fig. 17. The difference
results from flow restrictor tubing being removed from the "plenum" system
before the BWR tests; in addition, the larger gap width in the Peach
Bottom-2 fuel segments did not provide much flow restriction. If cladding
expansion is minimal from heatup of a full-length fuel rod during a LOCA,
much of the blowdown of plenum gas should occur at a slower rate than in
the above tests.



Table 16. Comparison of experimental results with source term model predictions

Temperature

(°C)

Volume

of gas
vented

(cm3)a

Gap inventory

Experimental results

Source Term Model relea

Mass released

with rupture

Mass released

by diffusion

ses

Burst release Diffusional release

Test

No.

yg Cs/cm2
cladding

yg I/cm2
cladding yg Cs yg I yg Cs yg I yg Cs yg I yg Cs yg I

BWR-1 960 253 542.7 48.6 7130fc 483fc 16.3° 8.8° 5245 686 16.3 8.8

BWR-2 850 718 470.8 42.2 6919fc 1032& 3.0° 2.4e 7385 1291 3.0 2.4

BWR-3d 1200 0 413.8 37.1 0 0 7391 1188 0 0 4290 1087

BWR-4 700-1200 e 409.7 36.7 0 0 48,425 4815 e e e e

•^Volume at 0°C, 0.101 MPa (1 atm).
v,
This amount was obtained by subtracting the Source Term Model diffusional release from the total measured release.

'This amount was obtained from the Source Term Model.
i
This segment was used previously in Test BWR-2.

Not applicable.

I

c*
I
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6. CONCENTRATION OF CESIUM IN GAP PURGE TESTS

The rate of elution of cesium from the pellet-to-cladding gap space
while purging with purified helium was measured during gap purge tests
HBU-121 and BWR-4. From these data and the helium purge rate, concen
trations of cesium in the purge effluent were calculated and are listed
in Table 38 of ref. 1 and Table 15 of this report. These effluent con
centrations are plotted in Fig. 18 as a function of the amount of cesium
remaining in the pellet-to-cladding gap space. The data are compared
with the Source Term Model for cesium concentration in gas vented at the

time of rupture.

Except for the H. B. Robinson fuel at 700°C, the concentrations
measured during the gap purge tests when a temperature level was first
reached were significantly higher than concentrations measured for the
burst release conditions. As shown by the arrows in Fig. 18, continued
purging of the gap space resulted in slowly decreasing gap inventories
but more rapidly decreasing concentrations in the effluent purge gas.

If there were no effect of purge rate (the burst releases were at
least 1000 times faster) and no chemical changes with time (the oxygen
potential at the pellet-cladding interface might change during the slow
gap purges), we might expect better agreement between the cesium
concentrations plotted in Fig. 18. However, considering these possibil
ities and the uncertainties in the various measurements (especially the
purge rates), it is encouraging to find agreement within a factor of 3.

7. PHYSICOCHEMICAL FORM OF CESIUM AND IODINE

COLLECTED IN THE APPARATUS

The physicochemical form of cesium and iodine released in the BWR
Test Series is summarized in Table 17. Similar data from the High Burnup
Test Series are given for comparison.1 A complete tabulation of this
type of data for all tests using H. B. Robinson fuel has been published.2

For this analysis, the released cesium and iodine were divided into
three forms according to the location of collection in the apparatus.
Fuel dust ejected from pressure-ruptured test rods was not included. The
ejected fuel, most of which could be shaken from apparatus components,
was identified by its content of gamma-emitting isotopes such as 106Jlu,
141+Ce, and ^Eu.1

The first form, the amount condensed or reacted at temperatures above
200°C, consists of all of the cesium and iodine collected on the furnace
tube, fuel rod holder, and thermal gradient tube. In the case of iodine,
most of this form is believed to be Csl. Since there is ten times as
much cesium as iodine, only a small fraction of the cesium could be present
as Csl. Most of the released cesium apparently formed CsOH by reaction
with steam; the CsOH in turn reacted with the quartz furnace tube and the
fuel rod holder. Any cesium released from the fuel rod as Cs(gas) must
have reacted quickly in our apparatus to form a less volatile species,
because the Cs(gas) would be transported to the lowest temperature end
of the thermal gradient tube.
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Table 17. Physicochemical form of cesium and iodine collected in fission product release tests

Test

Amount of collected eleraent in des Lgnated form

Condensed or reacted >200c C

Particulate Volatile iodine

Test

No.

Temperature

(°C)
duration

(min)

1

1

Element

Cesium

Iodine

yg

6961.7

388.5

%

Fraction
TGTfo

in

vg % ug %

Total

(ug)

BWR-1 960 97.43

66.86

0.022

0.27

183.6

160.9

2.57

32.75 1.90 0.39

7146

491

BWR-2 850 1 Cesium

Iodine

6122.1

818.6

88.44

79.15

0.035

0.077

800.1

214.8

11.56

20.77 0.79 0.08

6922

1034

HBU-7 900 1 Cesium

Iodine

122.3

7.87

93.64

70.7

0.071

0.50

8.32

2.79

6.37

25.1 0.47 4.22

130.6

11.1

BWR-3

HBU-11

1200

1200

25

27

Cesium

Iodine

Cesium

Iodine

5,026.4
511.6

99.97

6.82

68.00

43.08

68.98

33.8

0.36

0.97

0.56

0.99

2365.1

667.9

44.06

11.67

32.00

56.24

31.0

57.8

8.09

1.69

0.68

8.37

7391

1188

142.0

20.2

I

w

I

BWR-4 700-1100 300 Cesium

Iodine

48,415
4814

99.98

99.99

0.97

1.0

10.11

0.10

0.02

0.002 0.24 0.005

48,425

4814

HBU-12 700-1200 480 Cesium

Iodine

1896.5

171.9

95.02

91.19

0.95

1.0

99.38

16.13

4.98

8.56 0.50 0.27

1996

188.5

Previously designated "reactive iodine."

Thermal gradient tube.
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The second physicochemical category is particulate. For cesium, all
of the material collected on the stainless steel inlet to the filter pack
or on the filter papers was counted as particulate. Material in fuel dust
was not included in this category.

Determination of the amount of iodine in the particulate form was
more difficult because some volatile iodine (I2 or HI) deposited on the
stainless steel filter pack inlet fitting. Iodine collected on this fit
ting was therefore apportioned between particulate and volatile iodine in
direct proportion to that passing the inlet fitting. Particulate iodine
passing the fitting was defined as total iodine on the first filter minus
the average iodine content of the second and third filter papers. Experi
ence has shown that the filter papers adsorb small but significant amounts
of volatile iodine, and that iodine concentrations on the second and third
filter papers are essentially the same.1*

The third physicochemical category is "volatile iodine," which in
cludes species such as I2, HI, CH3I, and HOI. The amount of volatile
iodine is given by the sum of that found (1) on the charcoal, (2) on the
second and third filters, (3) a portion of that on the first filter paper
equal to the average of the second and third filter papers, and (4) the
nonparticulate amount calculated to be on the inlet fitting.

The physicochemical forms that occurred in gap purge tests BWR-4 and
HBU-12 are most clearly distinguished. In these tests helium flowed through
the pellet-to-cladding gap space and around the outside of the cladding.
Steam was excluded, although trace amounts of moisture could have been
present in the helium that flowed along the outside of the cladding. The
released fission products were guided directly into the gold-foil-lined
thermal gradient tube so that contact with quartz was minimal. In both
cases more than 90% of the released cesium and iodine condensed in the

thermal gradient tube. Note the column in Table 17 listing the fraction
of condensed or reacted element found in the thermal gradient tube. There
is no obvious reason for the lower amounts of particulate material in test
BWR-4 compared with test HBU-12, except that it might be related to the
lack of purification of helium flowing outside of the cladding (and then
into the thermal gradient tube) in test HBU-12. The lack of evidence for
the existence of cesium released in the gaseous form has been discussed
previously (see Sect. 4.4 of this report, Sect. 5.1. of ref. 2, and Sect.
5.5.2 of ref. 1).

Tests BWR-3 and HBU-11 were conducted in steam with previously
ruptured test segments. An electric-resistance tubular furnace heater
was used so that released fission products were exposed to quartz heated
fairly uniformly to 1200°C. These tests resulted in an unusually large
proportion of the particulate forms, especially for iodine. This is be
lieved to be the result of contact with the high-temperature quartz.

Cesium silicate is reported to be unstable above 1000°C.17 In both tests
BWR-3 and HBU-11, the cesium found in the quartz furnace tube liner was
located primarily near the outlet end. With induction-heated test spec
imens, the temperature of quartz is always considerably less than the fuel
rod, and the released cesium is always found mainly near the rupture or the
drilled hole. The quartz furnace tube liner from test BWR-3 was frosted
at the outlet end, apparently as a result of the reaction between the
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relatively large amount of cesium released and the high-temperature quartz.
Similar behavior was observed in Control Test-91* in which a similar mass
of cesium in the chemical form CS2O was exposed to flowing steam at 950°C.
The high percentages of particulate iodine formed in tests BWR-3 and
HBU-11 might be the result of either Csl depositing on particles of other
composition or of Csl reacting with the hot quartz > to somehow form new
particulate material.

The physicochemical forms of cesium and iodine produced in the burst
tests BWR-1, BWR-2, and HBU-7 typically consisted of large amounts of
cesium in the quartz furnace tube, moderate amounts of particulate material
(excluding fuel dust ejected at the time of rupture), and small amounts of
volatile iodine. The reason for the small fraction of condensed or reacted

iodine in the thermal gradient tube of test BWR-2 is puzzling if the re
leased form of iodine is mainly Csl. Test BWR-2 was the lowest-temperature
test of the three, and it is possible that some portions of the quartz fur
nace tube liner and quartz fuel rod holder did not heat sufficiently to
prevent condensation or sorption of Csl on those components.

The small amounts of volatile iodine collected in these tests is

typical of our experience. The larger percentages of volatile forms
found in the high-burnup tests is believed to be the result of the smaller
masses of iodine. As discussed previously, the volatile forms of iodine
are collected in larger percentage amounts when the total mass is low and
when the test duration is long. Collins et al.18 observed >70% decompos
ition of Csl in purified helium when silica thermal gradient tubes were
used with Csl masses that were <100 yg in apparatus somewhat larger than
ours. Even greater decomposition was observed when steam was present.

8. POSSIBLE EFFECT OF A POWER RAMP DURING

PEACH BOTTOM-2 OPERATION

Several fuel rod failures occurred during cycle 1 operation of Peach
Bottom-2 on January 13, 197619 while the reactor was returning to full
power.9 Details of the power ramp could not be obtained, but it apparently
did not lead to more than normal power. The reactor continued to operate
at nearly full power for 2-1/2 months before the end of cycle 1. According
to Owen, 9'20 the failures were apparently caused by pellet-cladding inter
action, but there was no indication from fuel microstructures that abnor
mally high temperatures had been reached in the three fuel rods from cycle
1 that he examined.

We conclude that the power ramp of January 13, 1976, did not signifi
cantly add to the gap and plenum inventories of cesium, iodine, and fission
gas and did not affect the behavior of fission products released in our BWR
test series for the following reasons:

1. The ramp did not significantly disturb the fuel microstructure or
significantly enhance fission product release in fuel rods located
within two rod locations of the control rod blades.19

2. There would be less effect of any power ramp on our test rod F6
because it was located six rods away from the control blade.

3. Fission products released during a transient, if unique in chemical
form, would attain their steady-state physicochemical forms during
the succeeding two months or so at full power.
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4. Test results show that cesium and iodine released from the UO2 grain
boundaries at high temperature (1400-1600°C)2 with little delay in the
gap space behave chemically the same as when released from the pellet-
to-cladding gap space at lower temperatures.1 As already discussed
in this report, cesium and iodine released from the gap space in this
BWR test series also behaved similarly.

9. CONCLUSIONS

Fission-product release tests with high gap-inventory LWR fuel in
steam under LOCA conditions gave results for cesium and iodine well within
the accuracy expected for the Source Term Model.6-8 The physical and chem
ical characteristics of the released cesium and iodine paralleled those
found in similar tests with low gap-inventory fuel,1 although the mass
releases were much greater, as expected. The absence of highly volatile
forms of iodine is in agreement with thermodynamic calculations.16

The amounts of cesium and iodine in the pellet-to-cladding gap region
(the gap inventory) were measured by purging purified helium through the
gap space with the fuel rod heated to the 700 to 1100°C range. Approxi
mately 12% of the total rod inventories of cesium and iodine were eluted
during the purge test. This is essentially identical to the amount of
fission gas estimated to have been released from the fuel matrix while
operating in the Peach Bottom-2 reactor. Although only one other gap
purge test of this type has been made,1 the method appears to offer infor
mation not otherwise obtainable. The concentrations of cesium measured

in the effluent purge stream were in reasonable agreement with those calcu
lated with the Source Term Model for gas vented at the time of cladding
rupture.

The amount of fuel dust ejected at rupture was similar to that from
H. B. Robinson-2 fuel,1 but the dust contained significantly higher than
average amounts of cesium. The amount of 85Kr released when the Peach
Bottom-2 fuel rod segments were heated and ruptured at 850 to 960°C was
1.0 to 1.7%; this was in addition to the 13 to 15% estimated to have
been released while the rods were in the reactor. The fission gas released
when the test segments were heated to 850 to 960°C is believed to be from
gas atoms shallowly embedded in the fuel and cladding surfaces. It is
similar in percentage amounts to that released when H. B. Robinson-2
fuel rod segments were heated to similar temperatures.1

The results of these tests permit us to use the Source Term Model
with greater confidence for the full range of gap concentrations expected
to occur in commercial LWR fuel. However, because of the limited data
base, aspects such as the definition of the gap inventory, the effect of
external pressure, and the effects of different failure geometries have
not been clarified.
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