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A

SUMMARY

.The amount of radioactive. fission productsiin.the fuel-cladding gap of
light water reactor (LWR) fuel rods, the gap inventory, which is available.

,

for release should the' cladding fail,'is one of the' Nuclear Regulatory
Commission's (NRC's) current licensing issues. The current Regulatory.*

Guide 1.25, 1.3,cand 1.4 assumptions of 100% release of noble gases and 25%
,

relea'se of iodine.for loss of coolant type accidents and 10% release of'

j noble gases and. iodine during fuel. handling accidents, have been estimated
by the NRC to be over-conservative by factors of 100 and 10, respectively.,

Direct measurement of the gap inventory during irradiation provides
! the data necessary to assess the conservatism of the Regulatory Guides and

check the predictions of models being developed to calculate the gap
i inventory. As part of the NRC's Water Reactor Safety Researach Fuel
'

Behavior Program, EG&G Idaho, Inc. is conducting fuel behavior experiments
in the Halden Reactor in Halden, Norway. The Instrumented Fuel
Assembly-430-(IFA-430) operated in that facility is designed to provide

'

data on the release of xenon, krypton and iodine fission products to the-
fuel-cladding gap during irradiation.-

,

This report presents the results of the initial measurements of

i short-lived Xe, Kr and I . release fractions, compares the measured data with

release fractions predicted by the proposed American Nuclear Society
Standard ANS 5.4 model for fission gas release and by the diffusion model
of Turnbull and Friskney, and compares the measured and calculated release
fractions with the'NRC Regulatory Guide assumptions.

,

-The IFA-430 test assembly contains four l.28 m long fuel rods loaded

with 10% enriched'UO2 pellet fuel. Two of the rods are used in fission-
gas release experimentsi each is instrumented with a centerline

*

. thermocouple and three axially spaced pressure sensors. These two rods are

of typical LWR _ design with diametral gap sizes of 0.23 mm and 0.10 mm

representing beginning of life-and 'end of life conditions, respectively.
The roas are connected.to a gas flow system which permits the fission gases*

!'
#
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released to the gap to be swept out-of the fuel rods to a gamma
-spectrometer where the isotopic content is quantitatively measured.

.

The.. steady state equilibrium release rate of Xe and Kr isotopes were
; measured at an average fuel rod heating rate of $23 kW/m, with fuel '

[ centerline-temperatures of $1350 K, at a burnup of 4500 mwd /t. The
,

re' lease fractions of 131 g, 133 , and 135I I were. measured for similar
conditions at burnup of 5000 mwd /t'. The measured release fractions for Xe
ranged.from 1.6 x 10-5 for -137Xe to 3.3 x 10-4 for 133'

Xe and for Kr
,

ranged from 1.5 x 10-5 for 89Kr to 8.0 x 10-5 for 85mKr. The i

measured release fractions for iodine were 4.2 x 10-5 for 135 ,1

1.5 x 10-3 for 133I and 2.3 x 10-4 for 131 ; the measured release1,

fraction for 1331 is unexpectedly high, by a factor of about 10, and is
questionable at this time,

i The ANS 5.4 predicted release fractions for 135 133Xe and Xe are
,

within the uncertainty band of the data; however, for shorter lived
(<l5 min) isotopes the predicted release is low by a factor of about 2.

.

-

For krypton the ANS 5.4 predicted release fraction is low by a factor of 2
.

to 4. The iodine release fraction calcriated with ANS 5.4 is within a
factor of 2 of the measured values for '35 131I and 7,

The diffusion model of Turnbull and Friskney, which takes precursor
effects into account, predicts noble gas release fractions which show very,

.

good agreement with the data when the fuel pellets are assumed to contain

about seven radial cracks. More significantly, the model predicts the
detailed relationship between the different isotopes due to precursor
effects and element dependent diffusion coeffecients, indicating the model
probably includes the correct mechanisms.

:

A comparison of the order of magnitude of the measured and calculated

release fractio'ns, generally 10-4 to 10-3, with the NRC Regulatory
,

Guide assumptions of 0.1 for fuel handling tyDe accidents confirms the NRC

l. estimate that.the Regulatory Guide assumption is overly-conservative. For ^

successfully terminated LOC tyoe accidents for which fuel temperatures
emain below sl400 K-the data and calculations also support the NRC- r

estimate that the. Regulatory Guide assumed release fraction of 1.0 is high
by a f actor of 100.

iv
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INTRODUCTION

:

lOne 'of..the Nuclear Regulatory Commission's (NRC) current >2,

|, licensing issues is the amount of radioactive fission products in the
! fuel-cladding gap'of, light water reactor (LWR)-fuel rods which is available

for release shoulf the fuel rod fail. Successfully terminated-
;

loss-of-coolant and ope' rational transient type accidents, as well as fuel
handling and transportation accidents, may result in release of the

. . volatile fission products present in the fuel-cladding gap; however, only a'

j small percent of the volatile fission products produced in the.. fuel are
realistically expected to be in the gap and, therefore available for .

release.

! .
,

Currently the releases assumed for a loss-of-coolant type accident |
j (Regulatory Guides 1.3 and 1.4) are estimatedl

. to be about 100 times too.
large; and releases assumed for most other accidents (Regulatory

i . Guide 1.25) are'estimatedl to be about 10 times too large. Thus direct
measurement of fuel-cladding gap fission product inventory is necessary for

'
i

- evaluating the fuel licensing issues and assessing the potential
; consequences of fuel cladding failure both during postulated reactor
i. transients and during handling and transportation of spent fuel.

4

'

The American Nuclear Society (ANS) proposed standard ANSI /ANS-5.43,

t

| for calculating the release of fission products is being used in the
4 ~

GAPCON-2 fuel behavior code to provide a basis for revising the NRC-
I regulatory guides. However, the ANS has found that " insufficient data

y exist to directly determine a release correlation for short-lived
| isotopes," and have used stable-gas-release data.to develop a model which
.

is extended to include radioactive species. The extension of the

3 stable-gas-release models to short lived radioactive gases and volatiles
i should be checked by comparing the predicted release fractions with
i measured release fractions'.-

'

. A part of the NRC Reactor Safety Research Program 5 includes studies
of UO . fission product release in the Heavy Boiling Water Reactor2.

,

'

>
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i

~(HBWR) in Halden, Norway. The HBWR was built by the Norwegian Institute

for- Atomenergi, and has been operated by the Organization for Economic
~

Cooperation and Development Halden Reactor Project through an international
.

agreement between participating governments and organizations. One of the
assemblies being irradiated in the HBWR is the Instrumented Fuel '

Assembly-430 (IFA-4301.mana'ged by EG&G Idaho, Inc. for the NRC. IFA-430r ,

was designed to provide fuel rod axial gas flow, fuel temperature, and
fission gis release data for LWR fuel rods.

' .The purpose of this report is'to present the results of a preliminary
analysis of fission gas release to the fuel-cladding gap using measured
fission gas release data from IFA-430.. In-particular, the report is
intended to document the test procedures and results, compare the measured

[ fission gas release fractions with the predictions of current models, and
I briefly discuss the significance of the results to' reactor safety and

|
licensing criteria.

! The IFA-430 consists of four LWR-type fuel rods. Two rods (Rods 2 and '

4), termed gas flow rods, each have three axially distributed pressure
. ,

transducers mounted directly to the cladding, a cente'rline thermocouple,
and each is connected to an external gas supply system that allows gas to
,be forced through the rod. The gas flow system provides a means for the
fission cases released to the fuel-cladding gap to be swept out of the rod
and to a fission' product monitoring system where the isotopic content of

! the gas stream is quantitatively measured usina a gamma spectrometer.

!The IFA-430 is-unique in that it provides; fission gas release data for.
a representative LWR type fuel rod during actual nuclear operation. Other
fission gas release experiments have included measurements on small

'

specimens of U02.(single crystals,6 small cylinders,7 small
spheres,8,9 and single pellets 10), and the results.have been used to
develop various models for fission gas release. The-IFA-430 dat are used '

to assess the applicability of the models to a typical LWR type' fuel rod. '

.

The data for this analysis were obtained at a burnup of 4500 mwd /t
at average power levels of 22 to 23.5 kW/m.' The peak fuel centerline

.

%

2

= . - - _



temperatures were s1350 K; the bulk average fuel temperature was
$350 K. The isotopic release rates for Xe and Kr were measured at steady
state conditions at three different occasions during a one week period; the
reactor had been at constant power for sufficient time to allow the Xe and
Kr isotopes used in the analysis to come to equilibrium prior to the-

fission gas release tests. The steady state release rates were determined
^

3by flowing a constant stream of He (16 cm /s) through each fuel rod and
acquiring 4 to 5 measurements of the content of the gas stream using
on-line gamma spectroscopy.

The release of volatile iodine was measured indirectly by measuring
the Xe decay praducts of the iodine isotopes following reactor shutdown.

135The technique permits the steady state release rate of 1 and the
131 , and 133 , and to be determined.release fraction of 1 I

The experiment design and conduct are described in Section 2 and the
results of tr.e experiments are presented in Section 3. Section 4 contains

'

a discussion of the releas mechanisms. A comparison of the measured

,
release fractions with the predictions of the ANS 5.4 model and the
diffusion model of Friskney and Turnbull are presented in Section 5. A

brief discussion of the implications of the results to the NRC licensing
criteria and conclusions are presented in Section 6. The appendices

. contain details of the release rate calculation methodology, typical gamma
spec'tra, the birth rate calculations, and an uncertainty analysis.

.

.
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2. EXPERIMENT DESIGN AND CONDUCT

The fission gas release experimer,ts are performed using the IFA-430
assembly and fission product measurement system (FPMS). A detailed

.

description of the design and operation of the IFA-430 assembly is provided
in Reference 11 and of the FPMS in Reference 12; a summary is provided in

.

this section along with a description of the experiment conduct.

2.1 IFA-430 Irradiation Assembly and FPMS

IFA-430 contains four, 1.?8-m-long fuel rods containing 10% enriched

00 fuel pellets. Two of the rods in the assembly are termed gas flow2

rods. The gas flow rods each have a fuel centerline thermocouple and three

axially spaced pressure sensors and are connected to a gas flow system,
shown in Figure 1, which is used during fission gas release experiments to
sweep the fission gases out of the fuel rods and to the FPMS. A schematic
of the gas flow rods is shown in Figure 2. The other two rods, not used in

the fission gas release tests, are each equipped with two centerline
.

thermocouples and three off-center thermocouples and are pressurized to .

0.48 MPa with helium. Table 1 presents the IFA-430 fuel rod
instrumentation and design parameters; Figure 3 shows the assembly
instrumentation.

The gas flow system is capable of providing a wide range of steady
3state flow rates (8 to 800 cm /s). Helium is used as the sweep gas

during the fission gas release tests. The gas flow is a once-throuah
process: gas introduced from regulated high pressure cylinders sweeps the
released fission gas 9s from either one of the gas flow fuel rods to the
FPMS detector station where the isotopic fission gas content is maasured.

The fission product measurement system was designed to measure the

quantitative release of fission gases from the fuel to the fuel-cladding
,

gap. Fission gases swept from -the fuel-cladding gap with a carrier gas are
routed to the FPMS detector station where the fission gases contained in -

4
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TABLE" l'. IFA-430 FUEL R00-INSTRUMENTATION'AND DESIGN VARIABLES

j. 'Diametral
Rod' Experiment" Gap- Fill Gas- Instrumentation

_,

~ ''

'l Fuel- 0.229 mm- 0.48 MPa He 2 centerline thermocouples,-

' temperature. 3 off-center thermocouples
.

~ 2. ; : Gas release 0.229,mm variable ~ centerline. thermocouple,.
3 pressure sensors

3- Fuel
'

,
10.102 mm 0.48 MPa He 2 centerline thermocouples,

-temperature '3 off-center-thermocouples
~~

4 Gas' release '0.102 mm variable- centerline thermocouples,1

.

3 pressure. sensors
!
'

Fuel--Form . pressed and sintered UO2 pellets'-

Enrichment - ?l0 weight percent U-235
Density - - -10.412 g/cc (95% of theoretical)'

Shape length,-12.7 mm-

- diameter, 10.808 mm, 10.681 mm
-. ends, champhered 45*1to an approximate depth of

I 0.12 mm
.

i- Cladding--zircaloy-2.
OD - 12.79 mm -

.ID .._10.91 mm

.

'

.

-

i

.

.e

.

'
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~ '

the.. gas stream are measured as they_ flow by a gamma spectrometer.
-_ Gamma-ray spectra are stored on magnetic disk and tape and, after the
experiments, are' analyzed to determine the quantitative release rate of Kr
and Xe isotopes and, under special conditions. isotopes of I. :To ensure

,

that data-collected during experiments are suitable for analysis and to
track the behatior--of-the experiments as they progress, the data stored on-

.

disk are analyzed throughout the' experiments using the data acquisition
system microcomputer. The-fuel centerline temperature and fuel rod power
.are recorded on one~of~the three Halden Reactor data acquisition systems.4

.

I 2.2 Experiment Conduct

; -
'

. .

The Xe and Kr fission' gas release. measurements were conducted during a
four day period in January 1980. , Measurement of 135 I was made following,

,

the scram of January 6, and measurement of_1311 and 133 I were made on
-April 25, 1980, following'a reactor' shutdown.

'
.

-The Xe and Kr gas release measurements were performed following a two
~

; week period of constant. reactor power; this insured that all of the
'

-isotopes measured, except for 133Xe, were at equilibrium and thus the
release rates constant. The fuel had attained a _burnup of s4500 tNd/t at

J

the time tha experiments were conducted and the peak fuel temperatures had
not exceeded 1560 K during this burnup.- The fuel pellets were pressed and,

i sintered 002 with a fabricated grain size ranging from 4.02 mm at the
outer radius to 4.07 mm in the middle of the pellet.Il The peak fuel
centerline temperature during the-fission gas release tests were sl350 K;
the bulk average-fuel temperature was n850 K. The average linear heat
ratings _ of the-fuel rods were 22 to 23.5 kW/m ($25 W/g) with a

i peak-to-average of 1.2.. Figure 4 shows the rod power history for the
operating period when the tests were-conducted.;

|

!
; The' steady state fission gas release rates were measured by flowing-

helium _ gas through each fuel rod at flow rates ranging from 8.3 to
'

3150.0 cm /s-and acquiring 4 to 5 gamma ray spectra at each flow rate. The
i measurements:were performed en the l_4th, 15th, and 17th' day of constant

power' operation | prior to the scram on January 6.
t

9
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The_ isotopic iodine release rate cannot be measured directly because
iodine plates out on the fuel and cladding surface and is not transported
in the gas stream to the FPMS. However, the iodine release rate and the
gap inventory were determined by measuring the iodine decay products, i.e.
the xenon isotopes. Two procedures were used to determine the gap-

.
inventory of the three significant iodine isctopes.

.

7The technique described by Carroll was used to measure the 135;
135release rate. The Xe release measured at steady state power consists

135 135
'

of Xe released from the U0 in its naseous state and Xe coming
2

135from the decay of 1 plated out on the fuel and cladding surfaces. A
stable 135Xe release rate indicates that both the release of 135Xe from

135 135the fuel as a gas and the release of Xe as a result of 1 decay
135are at equilibrium. At equilibrium the amount of 1 being released

135from the fuel and plating out is equal to that decaying to Xe. When
135 135the reactor is scrammed,.the production and release of Xe and g

135from the U0, essentially stops, and the Xe measured after scram is a
result of the decay of the plated out 135 Thus, by measuring the

*

1

135 135release of Xe after scram, the equilibrium I release rate can be
135determined. The 1 release data were acquired using this technique at

the end of the period during which the Xe and Kr gas measurements were
conducted.

131 133The 1 and 1 release measurements were made on April 25,

1980, following a reactor shutdown on April 17, 1990. The fuel rod power
history for the operating period prior to shutdown is shown in Figure 5.
The burnup at the end of the period was s 5000 mwd /t. The reactor had
been shutdown from January 7, 1980, until the beginning of the period shown

131 133in Figure 5, thus the I and I inventory was essentially zero at
the beginning of the period.

l
1

131 133The 1 and I gap inventories were determined by measuring
their decay products,.131Xe and Xe, following snutdown. The133'

measurements were made witn the following procedure: Approximately four,

days after reactor shutdown the rods were flushed with He to remove the Xe

11

_ _



from the fuel-cladding gap and plenum region and the in-pile fast-action
valves (Figure 3) were closed. The iodine that had plated out in the gap
and plenum region continued to decay to Xe, thus the Xe inventory in the
gap region slowly increased. The Xe inventory now, however, was due solely -

to decay of the plated-out iodine (diffusion is essentially zero at zero
power, low temperature canditions); this permits the inventory of iodine ~

which is decaying to be determined by measuring the Xe. Thus, at about
four days following the first flushing the rods were again flushed and the
Xe content was measured. The measured Xe content was then used to
. determine the iodine gap inventory at shutdown using standard radioactive
decay cauations: Appendix A contains a description of the calculation
procedure.

.
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3. EXPERIMENT RESULTS

The experiment results, in the form of isotopic release rate data,
release-to-birth ratios, and release fractions are presented in the,

following sections. Details of the determination of the release rate from
~

the gamma spectrometer data and details of the birth calculations are
contained in Appendices A and B.

3.1 Noble Gases

The release rate of the noble gas isotopes from the fuel is determined
using

At
d

FAT Pe

R = T cBV TP l (}
g p p

.

where
.

R release rate (atoms /s)=

.

3f flow rate (cm /s at STP)=

A area of gamma peak in spectrum (counts)=

T
p temperature of gas at detector location (K)=

P standard pressure (0.1013 MPa)=

T gamma spectrum live time (s)=
g

*

detector geometry efficiencyc =

.

B gama ray abundance (number of gamma's emitted / decay)=

|
13
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TABLE 9 VEASURED RELEASE RATES OF XENON

137 138 135 135 133 isotopeXe Xe Xe Xe Xe
3.84 min 14.13 min 15.6 min 9.09 h 5.25 d Half-Life
3.01 E-3 8.17 E.4 7.40 E-4 2.1? E-5 1.53 E-6 Decay Constant (s-I)b

455.5 258.3 526.6 249.8 81.0 Gamma Energy (kev)

Figw Spectrum
Release Ratea (atoms /s) (cm /s) Rod No. Number

1.78 E9 2.49 E9 7.08 E8 9.34 E9 9.0 4 20--

1.94 E9 -2.75 E9 8.15 E8 9.28 E9 8.7 4 21--

?.50 E9 3.73 E9 8.26 E8 6.68 E9 16.3 4 22--

?.45 E9 3.21 E9 9.28 E8 6.34 E9 15.3 4 23--

?.58 E9 3.3? EQ 8.?6 E8 8.76 E9 15.3 4 11--

2.56 E9 3.37 E9 8.77 E8 6.62 E9 15.3 4 12--

7.51 E9 3.35 E9 8.49 E8 6.61 EQ 15.3 4 13--

?.51 E9 3.31 E9 8.66 E8 6.14 EO -- 15.3 4 14_

?.86 E9 3.48 E9 7.64 E9 6.17 EQ -- 94.? 4 ?4
2.75 E9 3.14 E9 8.43 E8 4.64 E9 24.7 4 ?5--

3.06 E9 3.44 E4 8.16 E8 4.64 EQ 37.8 4 26--

2.94 E9 3.03 E9 7.08 E8 4.42 E9 32.8 4 27--

3.0? E9 3.14 EQ 8.49 E8 -- -- 51.7 4 28
3.05 E9 2.99 E9 8.43 E8 51.7 4 29-- --

7.92 E8 1.02 EO 5.25 E8 4.01 E9 1.72 E10 14.5 2 15
7.87 E8 1.01 E9 5.25 E8 3.68 EQ l.32 E10 14.5 2 16
7.76 E8 1.02 E9 4.97 E8 4.36 E9 1.60 E10 14.5 2 17
7.75 E8 1.05 E9 4.87 E8 5.61 E9, 1.99 E10 14.5 2 18

a. NOTATION: m.mm E n = m.mm x 10n,

b. Corrected for neutron capture.

. . . . ..
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TABLE 3. MEASURED RELEASE RATES OF KRYPTON

O 87 , 8R 85mKr g g7 Kr Isotope
3.16 min 1.27 h ?.84 h 4.45 h Half-Life
3.66 E-3 1.51 E-4 6.78 E-5 2.12 E-5 Decay Constant (s'))

220.9- 402.6 -196.3 151.2 Gamma Energy (kev)

Flqw Spectrum
Release Ratea (atoms /s) (cm'/s) Rod No. Number

.

1.35 E9 1.85 E4 -- 2.10 E9 9.0 4 20
1.39 E9 1.92 E4 3.45 E9 2.10 E4 8.7 4 21

1.91 E9 -- -- 1.07 E9 15.3 4 ??
1.92 E4 -- -- -- 15.1 4 23
1.4? E4 -- -- 1.98 E9 15.3 4 11
1.88 E9 -- -- 7.19 E9 15.3 4 12
1.89 E9 -- -- 7.16 E9 15.3 4 13

G; 1.90 E9 1.92 E4 15.1 4 14-- --

2.19 E9 -- - 1.98 E9 ?4.2 4 24
2.14 E9 -- -- -- 24.2 4 25

2.46 E9 -- -- -- 32.8 4 26
2.55 E9 -- -- -- 32.8 4 27

?.88 E9 -- -- -- 51.7 4 28
2.85 E9 -- -- -- 51.7 4 29

5.35 E8 7.27 E8 7.64 E8 14.5 2 15--

5.83 E8 7.32 E8 -- 8.38 E8 14.5 2 16
5.31 E8 7.74 E8 1.42 E9 1.98 E8 14.5 2 17
5.30 E8 8.67 E8 -- 9.40 E8 14.5 2 18

a. Notation: m.mm E n = m.mm x lon

- _ - _ - - _ __
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4 |
r

V .= 3p volume of pipe viewed by detector (cm ) '
,

|

T standard temperature (273 K)=

.

P
p pressure of gas in pipe at detector (MPa)=

-

decay constant of isotope (s-l)1 =

t
d delay time of gas from fuel rod to detector (s)=

Tables 2 and 3 present the measured release rates for the noble gases
Xe and Kr along with the spectrum number and flow rate for each

measurement. The uncertainty in the individual measurements is +50-20%,
based on a typical linear error propagation (see' Appendix D).

1

The release rate measurements'at each particular flow rate are very
consistent, the standard deviation being less'than 10% of the average "

,

;. release rate. The measurements are also repeatable, as evidenced by the
! ,.

agreement between the release rates in spectrum number 22 and 23 as

compared to those in spectra 11 to 14, which were made Q4 hours apart.

1

The release rates for Rod 4 (diametral gap of 0.10 mm) are
consistently higher than those for Rod 2 (diametral gap of 0.23 mm). The
difference is believed to be the result.of possible leakage through Rod 9

j when Rod 4 is used due to the high pressure necessary to establish flow in
Rod 4. The Rod ?; data is believed to be most accurate..

*
,

The production, or birth, rates of the noble gas isotopes were
{ calculated with the ORIGENI3 isotope generation-and depletion code.
4

p Appendix B provides a summary of the ORIGEN calculations. The calculated
birth rates were~ combined with the average measured release rates for flow

''

rates between 0.5 and 2.0 L/m (Tables 2 and 3), to determine the- '

release-to-birth'(R/B) ratios shown in Table 4 for~each of the isotopes.
] .

; The-R/8 ratio is equivalent to the steady state fractional release rate at
: equilibrium conditions.

16
.
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TABLE 4 AVERAGE RELEASE TO BIRTH RATIOS FOR R00 4
AT 25.5 W/GM AND 900 2 AT 23.6 W/GM

Rod 4 Rod 2
Isotope R/B R/B.

137 e 4.8 E-5 1.6 E-5X
,

138 e 5.7 E-5 2.0 E-5X

135mXe 8.5 E-5 4.7 E-5

135Xe 2.2 E-4- 1.2 E-4
J

133 e 3.3 E-4X --

89 r 4.9 E-5 1.5 E-5K

87 r 9.1 E-5 3.8 E-5K

88 r 1.3 E-4 4.7 E-5K

85mKr 1.9 E-4 8.0 E-5
.

O

2

e

W

17



3.2 Iodine Release

The release rdte of iodine cannot be measured directly as iodine,
unlike the noble gases, plates out on the cladding inside surface and the
gas system piping and is not carried to the FPMS detector location by the "

He gas stream. However, the iodine release rate can be measured indirectly
,

by allowing the iodine to decay to Xe, which is carried to the detector by
the He gas stream. The basic technique was described in Section 2.

The release rate of 1351 for Rod 4 was determined by measuring the
135Xe daughter for three days prior to a reactor scram and for
$20 hours following the scram. Figure 6 shows the release rate of
135Xe normalized to the release rate at equilibrium (prior to scram) for

135the period before and after scram. The Xe release rate after scram
drops off corresponding to the 6.6 hour half life of 1351 indicating that

135essentially all of the Xe being measured after scram is due to plated
out 135 Extrapolation of the decay line to the time of scram permits1

the steady state release rate of 135 '

I to be determined. Figure 6 shows
135that 52% of the Xe being measured prior to scram is due to the decay

.

135 ; thus the steady state 135of plated out I I release rate is
92.30 x 10 atoms /s resulting in a R/6 of 4.2 x 10-5 for Rod 2.

131The 1 half-life is 8.01 days and thus a steady operating period
of $35 days is required to get to > 95% of equilibrium conditions.
Such an irradiation period was not possible during the present tests and
thus the steady state equilibrium R/8 ratio could not he measured.

However, the release fraction, defined as the fraction of non-decayed
iodine residing in the fuel-cladding gap and plenum region, can be
determined. The release fractions for 131 1331 and 1 were determined
using the measured gap inventory as detailed in Section 2.2 and Appendix A
and the ORIGEN calculated total rod inventory. The measured release

fractions were 2.3 x 10" for 1311 and 1.5 x 10-3 for 133 The1
.

measurement uncertainty in the release fractions is i 30%. However, the
release fraction for 1331 seems high by a factor of about 10 as discussed -

further in Section 4 i

!

18
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j 4.. DISCUSSION OF RELEASE MECHANISMS
,

Fiscion gases-are released from the fuel into the fur-1 cladding gap by
i three processes: (1) knockout, in~which an energetic fission fragment

_ .

! . collides with a previously formed fission gas atom knocking it cut of the-
fuel matrix; (2) recoil, in which the fission gases formed during fission ~'

recoil from the fissioning atom and are-ejected from the fuel;'and
(3) diffusion, in which the fission gases. diffuse through the fuel matrix

; until reaching the open porosity in the fuel and escaping. Olanderl4 has

derived a mechanistic expression for the fractional release rate'(R/B) of
short lived fission products due to recoil and knockout processes:

!
-

4

,

S

j = g[ * 4 y uff + - 1
T "uFuffRi " rec Sjl4

i f T 4V Ni u .

where
'

nrec the fraction of direct recoils that are not embedded=

in other surfaces after ejection from the solid -

Sg the geometrical surfce area of the specimens=

1

the specimen volumeV =

1 fission' fragment rangeuff =

}

} 1 1 decay constant=

;

ST 'the total surface area of the specimens=

| au knockout yield=

i .

j .F. fissions cm-3 s-l=

; Nu density of uranium atoms in the solid.=
_

i
^

~ The first expression on the right hand side of equation (2) is the
recoil contribution-and the'second term-the knockout contribution. Recoil - ,

and knockout release are believedl4 to dominate the release of fission
- qases during irradiation at temperatures below 1000 K and at fuel ~

:

J

!
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1

temperatures > 1000 K'the diffusion process becomes significant.
Classical diffusion theory, when applied to fission gas release from 00

2
predicts that for.an. effective sphere size a

R/B = f (3)

2for (a 1/D)l/2'n 1 where D is the diffusion coefficient.
.

Obviously, many parameters affect the release process, most of which
are not easily measurable: however, the dependence of the R/B on the decay4

'

constant A is measurable and thus a convenient tool for estimating the

| releative contribution of each release process. The slope of the R/B
1 versus A curve should indicate which release mechnaism is dominating. A

slope of zero would correspond to recoil release, a slope of -1 to knockout<

release,'and a' slope of. -1/2 to diffusion release. Figure 7 shows the

~

Rod 2 average R/8 ratios (from Table 6) plotted as a function of decay
constant A. 'The slope of-the least-square-fit-straight line for the data

. - is -0.4, indicating that a combination of release mechanisms are

j contributing to the total release with no single mechanism dominating.
This is not surprising as the temperature of the fuel during the tests
ranged from s650 K in the outer edges of tne pellets up to $1350 K at

j the center, which overlaps the upper end of the recoil / knockout-dominant

temperature region and the lower end of the diffusion-dominant region.:

However, the clnseness of the measured slope to that of the slope expected
'

for diffusion indicates that the release can be described in terms of
diffusion.,

;

Based on the above conclusion the measured 1331 release fraction
131 135i a'ppears to be about a f actor of 10 high. The 1 and 1 isotopes

~I/2- follow the expected A behavior, as shown in Figure 7 while-the
. 1331.value of11.5 x 10-3 -is.a factor of 10_ higher than would be,

'
' ~

133expected for a half-life of 20 h (Ln A _= -11.6). Thus the 1 release
fraction is believed to be erroneously high: further tests are'being*

conducted 10 resolve the problem.
;

#

:21,
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5. COMPARISON WITH RELEASE MODELS

Two models for predicting fission gas release have been chosen for
comparison with the data based on their applicability to short lived
fission gas release; (a) the American Nuclear Society (ANS) proposed-

standard method (5.4) for calculating the release of fission products from
3

'

oxide fuel and (b) the diffusion model of Friskney and Turnbull.8,16

A brief summary of each model and a comparison with the IFA 430
firsion gas release data are presented in the following two sections.

5.1 ANS 5.4

The ANS 5.4 proposed standard method for calculating the release of
fission products from oxide fuel applies to steady-state conditions. It is

intended to provide the fractional release and thus the inventory of
volatile fission products that could be available for release from a fuel

"

rod if the cladding were breached. The model is intended to give

,
best-estimate predictions of release fractions but is empirical in nature
and should not be interpreted as a detailed physical description of the
release mechanism.

The fractional release as used in the ANS standard is defined as the
fraction of non-decayed inventory that resides in the gap (i.e., free
volume outside of the fuel pellet but insdie of the fuel rod cladding).
The standard consists of four'models, one each for high temperature and low
temperature release of long-lived (> 1 year) and short-lived (< 1 year)
isotopes. The high and low temperature ranges are not defined in the
standard but rather the release is calculated using both the high and low
temperature models and the larger of the two releases is taken as the
result.

.

e
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|

i

'Thelhigh temperature release fraction F, for.short' lived isotopes at-

constant temperature arid power is

-3- 1-
j F = 1 - exp (-ut) ss= [erf ( st ut) 2 sTE /w exp (-u't)I

,

(4)-
*

! .
I'- (1~+ utlexp(-ut)

u --< 0.1 ) -, . (t
;

.

~and

d

F=3 1 coth ( G - 1 - 6u-
shi y exp (pt) - 1:

I (5)
3 1 -- exp (-n :2 2,)

| xI (t > 0.1)
2 2-(n w2 2 + u) .~ n=1 nw

,

where
i

2 B[D /a ).exp(-Q/RT)1 x 100 u/28,000
-

-

D' =
o

; -

,

= ' O.61 sec~l where the notation O /a is retainedj D /a 2
g g

| for consistency with published references
;
.

|~ Q
'

72,3000 cal /mol=

!
;
'

A/D'u =
.

D'tt= =.

i

decay constant (s-l)
'

,
A- =

|

. time.(s) during the constant-temperature and constant-t =

power irradiation period
.

|

| T .= fuel temperature'(K): .

Bu =1 ; total accumulated burnup (mwd /t) including all prior'
operating periods.

|

24
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4
, s

-.

;

For low temperature release $f short lived isotopes
^

4

F = (1/t) [10' VT + 1.6 x 10-2] (6)P

*

where P.is the specific power (megawatts per metric ton.of heavy metal),
'

and'where for conservatism, P corresponds to the maximum power level during,

the' last two half lives of operation.;

When calculating the release fraction for 133.Xe and 135 Xe,

ANS 5.4 reconrnends that the fractional release of the precursors (133;
135 133 135

'

and 1, respectively) be added to the release of Xe and Xe.
' The release of iodine is calculated using the same models as for the noble

gases except that the diffusion coefficient, D', for iodine is seven times
that of its xenon daughter.'

The ANS 5.4 proposed stan'dard has been incorporated as a subroutine in
the FRAPCON-215 . steady-state fuel rod behavior code, and was used to
calculate the fission gas release fraction for the isotopes measured with-,

the IFA-430 system. The controlling factors of fission gas release in the-

| ANS 5.4 model are. fuel temperature, burnup, and rod power. The IFA-430
FRAPCON-2 fuel rod model was set up such that the calculated fuel

centerline temperature, burnup, and rod power corresponded to the IFA-430
fuel conditions at the time of the-fission gas release measurements.,

Because fuel centerline thermocouple holes cannot be restricted to a single'

axial segment-in FRAPCON-2, the model was first set up with a thermocouple.
hole extending the length of the fuel stack and optimized tn match the4

measured temperatures. The thermocouple hole was then removed from the

; model so that the fuel temperatures would be representative of the major-
portion of the IFA-430 fuel, (s94% of the IFA-430 fuel stack does not
have a thermocouple hole at the center) and the fission Droduct release

fraction calculated with the ANS 5.4 subroutine. Figure 8 shows the
measured and FRAPCON-2a calculated fuel centerline temperature with and.

2 .

. -

.

a. FRAPCON-2 Configuration Control Number 110105858.

,

25,
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Figure 8. FRAPCON-2 calculated fuel centerline temperature,

with and without a fuel thermocouple hole included;

|
.in the model, and the IFA-430 Rod 2 centerline

.

temperature as' a function of local rod power.
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:

without a thermocouple hole in the fuel model as a function of local:

j power. Figures- 9 and 10 show the ANS 5.4 calculated release fractions for
the noble gases compared to the measured data,

e

.The 135 Xe-and 133
*

Xe ANS 5.4 calculated release fractions are
within the uncertainty band of the data (Figure 9) when the iodine

,

precursor is included; huwever, the calculated release fractions of the-

shorter lived isotopes of Xe are lower than the measured release fractions
by a factor of $2. The ANS 5.4 calculated release fractions for Kr are i

all lower than those measured by factors of about 2 to 4.

To estimate the expected order of magnitude of the release fraction-
i for a successfully terminated LOC type accident the FRAPCON-2 peak fuel

centerline temperature was' set to $1450 K and the ANS 5.4 model used to-.

calculate the release fraction. The results, shown in Figures 11 and 12,
i indicate that the expected release fraction is generally on the order of

10-4 to 10-3 for Xe and 10-5 to 10-4 for Kr.
:

-

,

} The ANS 5.4 calculated release fractions for iodine are' compared with,

the measured release fractions in Figure 13. The details of the release
131fraction calculations are given in Appendix A. The 1 calculated

release fraction is within the uncertainty band of the measured data and
the calculated 135 I release fraction is higher by a factor of s?.

L

Figure 14 presents a summary of the ANS 5.4 predicted versus measured
4 release fractions for the noble gases and iodines; the ANS 5.4 model is

underpredicting the short half-lived isotopes of Xe and Kr but agrees
fairly well with the medium half-lived (> few hours) isotopes.

5.2 Diffusion Model

Of the three postulated mechanisms for release of fission products,
'

I4recoil,.knockcut and diffusion, it has generally been believed that at,

: temperatures.below $1000 K recoil and knockout were the dominating.

mechanisms. However, recent experimentsl6 performed in the United

Kingdom have shown that at temperatures as low as 500 K the kinetics of

27
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:
'

release can be described in terms of diffusion. A's.shown in Section 4 'the
relationship between the release-to-birth ratio (R/B) and. decay .c"oristant-
for the IFA-430 data te.nd to support this. E.ven though'the a,verage ddik,

temperature of the IFA-43.0 fuel was 950 K,.;the.'mepsured results show '.
'

that.the sidpe of the R/B v'rsus AIEurve is . ,0.4, cl o'sNt.o the -0j5 -$ lope "
'

l I
- r

..

' corresponding to diffusion ral,$as,e.. Th.us,'it appeaFs that the,rele'ase of-

.

. fission, gases fro'm the IFhd36 f' e( should, be desc'ribable with i diffusior!.2
u

'
*

j .' *bmode).
^

[. ' '
,

. ..,,

: #

The general.diffu'sion m'odel describes R/B as':
'

'

.., ,

.0 *
' . .. .

R/B = (f)' [D/. .
~ '

' . . . , h)
'

'-
:.. .,

i, :.. . . ..:; *

:Th'e equ tion applies to. conditions of radi ktivd sq'uili'briunif f '
'

(R/B) <0.1 where, 3/V)'is the surface'to,voldme' ratio and.O is ths
'

,

effective diffussi'on coefficient. However, because the isotopes of Xe an'd -
~

.Krresultprimarilyfrom'.the.de.bayofshorterlivedprecursorsrather;thhn
"

.. . .. ..

asadirectproduct{offiss' ion?thebehavior, i.e. diffusipn, of the. -
.

,

precursors has to be taken.into account. As an example,'the dec'ay chain
which , includes 87kr is '

87 87 87 87 +. 87 87As + Se + Br + Kr Rb + 37

(0.45s) (5.75s)' (55.7s) ' (76.4 min) .,(4.8 x 1010
'

yp) (stable)

where the half-l'ife is given in parentheses. IndescribingthedNfusidn
87 87 87of Kr the' isotopes As and Se are too short lived to influence

appreciably the release kinetics; however, 87Br has a long enough half
life and high enough diffus' ion doeff.icient (400 times that of Kr)16 to'

affEctthekineticsof 87Kr~ release. The influence of precursors.is
,

different for each decay chain and must.be evaluated for each case. In the
case of Xe the only important precursor i~s iodine, which has a diffusion,

coefficient almost identical to Xe.8'9 Thus the value for D in
Equation 7 is dependent upon the species.and the isotcpe. An equation*

which considers the influence of precursors on the R/B has been proposed by
Friskney and Speight.l7 Wit.h the subscripts I and ? referring to the

~

precursor and daughter respectively, R/B is given as

31
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1

(R/B) = 3 Coth y-1/y , Coth x-1/x [g)
y(1-//x). x(1 d//) , .

! where
,

A T- -

. s=3(f) y=3({}
'

and .

'

,

;

j However, since it has been determined experimentally ,9 that8

D '= DXe, Ogr = (1/2) DXe and Dgpi '= 200 Dge, Equation (8);

can be reduced to.

f R/8=(f) (9)
a

1

where A is that for the noble gas, k is a constant for each
parent-daughter relationship, and D is the diffusion coefficient for Xe. -

Table'5 gives .the' values of k for several Xe and Kr isotopes.;

4 .

' ' -The diffusion coefficients used in Equation (9) are best described as
effective diffusion coefficients since they are derender+ on not only
temperature but also on the irradiation conditions.16 An equation for'

the temperature an'd power dependent effective diffusion coefficient for Xe
.has been determined:16

i

} O =.7.6'x 10-6 exp(-3.5 x 10 /T) +4

1 (10)
1.41 x ~ 10-18 l/2 exp(-1.38 x 10 /T) + 2 x 10-30g4 '

p

I where @ is the mass power rating (W/g) and T is the temperature (K).
Figure 15 shows the relationship of 0 to T for linear heat ratings of 10
and 40 kW/m. -

|

- . .

' The diffusion ~model (Equation 9) was used to calculate the R/B for
IFA-430 Rod 2. In the model the' fuel rod was' divided into 12 axial,

.

segments of 10 cm length each. Postirradiation examinationI7*

of fuel

! 32-
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made to the same specification as the IFA-430 fuel and irradiated under

similar conditions showed that the Dellets had from 4 to 7 radial cracks
and no circumferential cracks. Therefore, two cases were examined:
(a) assuming the pellets have 7 radial cracks, resulting in a surface area
equal to 10 times the geometric surface area and; (b) assuming the pellets

.

had 4 radial cracks resulting in a surface area about 4 times the geometric
,

surface area.

The total release, the summation of all the axial segments, was then
divided by B for the whole rod to determine R/8. Figure 16 shows the

calculated and measured R/B as a function of 1 for Rod 2 with four radial
cracks assumed. The calculated R/8 are lower than the credicted by about
60%, indicating that the surface area was probably underestimated by
s60%. Figure 17 compares the measured and preducted R/B for a surface

area of 10 times the geometric surface area corresponding to a pellet with
seven radial cracks; the agreement is excellent.

The diffusinn model predicts not only the general dependence of R/B on
.

A, but also the relationship between the different isotopes. For
.

example, the kinks in the R/B versus A curve (Figure 17) are predicted hv
the model. This form of agreement is more significant than a general
agreement with the magnitude of the release since the magnitude is
controlled by the surface to volume ratio and the ratio of the true to
geometric surface area. The good prediction of the relative values for
release indicates that the model is apparently applying the correct
mechanisms to account for precursor effects and element dependent diffusion
coefficients.

TABLE 5. PARENT-DAUGHTER CONSTANT k FOR Xe AND Kr IS0 TOPES

Isotope k

133 e 1.25X

135 e 3.96X

138 e 1.014 -X

85mKr 1,74
88 r 0.71K
87Kr 1.90
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6. DISCUSSION AND CONCLUSIONS

[ The release of fission products from the fuel pellets to the
fuel-cladding gap and rod plenum is of concern to reactor safety because,

the fission products in the gan can affect the thermal behavior of the
,

fuel, may contribute to cladding. failure, and are readily available for
release should the fuel cladding fail. The Nuclear Regulatory Commission *

has established regulatory guides which prescribe the assumptions to be
. invoked when calculating, for safety analysis, the inventory of gaseous and

.

volatile fission products in the fuel-claddirg gap and plenum region. To>

ensure the public safety the regulatory guides are conservative; however,
the amount of conservatism is believedl to be excessive in some cases.
The overconservatism is being addressed by the NRC in an attempt to
establish more realistic, while still conservative with respect to public+

; safety, guidelines.

! Two areas of concern *2.are the Loss of Coolant (LOC) type accidentl

and the Fuel Handling type accident; in addition, the operational transient *

(0PTRAN) type accident could also result in fuel rod failure and subsequent;

~

release of fission products similar to the LOC' type accident. The NRC
Regulatory Guides 1.3 and 1.4, for LOC type accidents, state that " Twenty
five percent of the equilibrium radioactive iodine iriventory developed from
maximum full power operation of'the core should be assumed to be

immediately available for~ leakage from the primary reactor containment",
and that "One hundred. percent of the equilibrium radioactive noble gas
inventory ... be immediately available for leakage...". This assumptioni

necessarily implies that like fractions of the iodine and noble gases be in
,

the-fuel-cladding gap available for release. These release fractions have
b'een estimatedl to be about 100 times too large.

The NRC Regulatory Guide'l.25 states that for a fuel handling accident,

"All of the gap activity in the damaged rods is released and consists of-*

; 10% of the total noble gases other than 85Kr, 30% of the 85Kr, and 10% ~

of tSe total radioactive iodine.in the rods at the time of the accident."
,

i These assumptions also imply that the release fractions during operation
'I

were of similar mynitude, that is,10 to 30%.

!
'

36
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,

; The American Nuclear Society proposed standard ANSI /ANS 5.4 for

calculating the release of fission products is to be used with the GAPCON-24

fuelbdhaviorcodeforrevisionoftheNRCregulatoryguides.I Based on-
! the comparison of the IFA-430 data with the ANS 5.4 calculations, it

appears that the ANS model does a reasonable job of predicting the steady-

state release fraction for xenon and iodine and somewhat underpredicts the
~

krypton release fraction. Comparison of the measured and ANS 5.4
calculated release fractions with the regulatory guide assumptions points

j. ,out the overconservatism of the regulatory guides. The measured and
calculated release fractions for xenon, krypton, and iodine were all in the
range 10-6 to 10-3, at-least two orders of magnitude less than that

i assumed in a fuel handling accident and three orders of magnitude less than

j that assumed for a successfully terminated LOC type accident in which fuel

j peak temperature is less than $1450 K.

Thus, it appears that the data from the IFA-430' experiment support
both the use of the ANS 5.4 proposed standard to estimate noble gas and
iodine release for steady state conditions and support the NRC estimates of!

.

the over-conservatisms of the assumptions for fission product release in
*

the NRC Regulatory Guides 1.25, 1.3, and 1.4. However, the ANS 5.4 model
apparently needs further development to account for' precursor effects on Kr
release.and to better preduct the very short lived isotopes of Xe.,

! The conclusions drawn from the fission product release tests and

[ comparison of the results with release models-are:
,

t 1. The release rates of xenon and krypton fission gas isotopes can
be measured durinq nuclear operation with reasonable accuracy.,

The measurements are repeatable and consistent.

2. The gap inventory (at power) of 131 1351 and I can be
determined by measuring the daughter products following reactor

,- shutdown. The results show that the iodine release is of the
same o_rder of magnitude as xenon release.

,

3. The' measured relationship between the R/B ratio and A indicates.

that the release can be described in terms of diffusion even for
, - low (450 K bulk average) fuel temperatures.

37
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:

f

,

4._ The ANS 5.4 fission product release model calculations for;

135 133Xe and Xe are within the uncertainty ban's of thed

b 'IFA'-430 data'; however, for the. shorter lived (< 15 minute) Xe
I isotopes the calculated release'is less'than the measured by a .

-factor of Q. -
'

.

t

5. The ANS 5.4 calculated Kr release fractions are less than the
measured data .by factors of 2 to 4 for 89Kr, 88gy, 87Kr,

i. and 85mgr,

j 6. The-ANS 5.4 calculated release fractions for 131 1 is within the
! uncertainty band of the data and the calculated 1351 release
l- fraction is higher than the data by a factor of Q.

!

i 7. The diffusion release model of Friskney and Turnbull, which takes
,

; into account the effect of precursors, calculates R/8 ratios
which show good agreement with the data when the pellet true -,

. surface area includes the effects of pellet cracking. More
significantly, the model predicts the detailed relationship '

between the different isotopes, indicating that the model probably

) includes the correct mechanisms accounting for precursor effects
.

] and element-dependent diffusion coeffecients.
i
i

The experiments to date have measured only the shorter lived (less
,

j than a few weeks) xenons, kryptons, and icdines. The system is being
I modified to obtain data on longer lived isotopes such as 85Kr (10 year

,

half-life) which should behave much the same.as the stable fission gases.>

In addition, the release during power ramps and at higher temperatures will
he measured during future tests.

:
'

,

e

.

$

i
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APPENDIX A

RELEASE RATE CALCULATIONS.

!

This appendix provides details of the calculation of the release rates
for the Noble' gases and iodine from the gamma spectrometer data..

*
~

_ Noble Gas Release Rate Equations

The fission gases . swept out of the fuel rod flow by the gama
spectrometer which.measu~res the average concentration of the fission gases
in the_ gas stream. The concentration is determined using

(^D * T e BVp (T T )(P /P)Ag p p

where C
D concentration at-the detectoc Ic. cation (etems/cc)=

*

A ' = area of gamma peak for isotope of' interest

.

T live time of spectra=
g

detector absolute efficiencyc. =

B gamma ray abundance=

V volume of sample viewed by detector=
p

T standard temperature (273 K)=

T- -temperature of gas sample=
p

P standard pressure (0.1013 MPa)=
.

'

decay constant for isotope of interestA =
.

41
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$

,The specific activity, A , is given by
D

A (^^*
,7 D D

i -

and the specific activity of the gas at the detector is related to the4

specific activity.of the gas in the fuel rod, A , by
'

R
i

AD=e A (^- }R

4

where td is the delay time for transit of the' gas from the fuel rod to the
4 detector.
:$

j . Equation (A-3) implies that~

ACD = Ae C (A-4)R-
,

where C is the concentration at the fuel rod. The free volume of theR ,

fuel rod at standard temperature _and pressure (STP) is

,

V ( STP ) - = V (A-5)R R
R

1

'

where the subscript R-refers'to conditions at the fuel rod. The

concentration of an isotope in the gas in the fuel rod is also given by

(A-6)R"V STP)
.

j where R is.the isotopic release rate and t is the time that the volume of

gas-is in the. fuel rod. Combining equations (A-5) and (A-6) -

4

!

--C :" FE P (A-7)
~Rt R Po

,

R
R R

i ,

42
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,

and noting.that the time the gas is in-the f'uel rod |is given by

V(STP)
'

R

t = f(STP) ~ ^~

.

where f is the flow rate of the' gas, equation (A-7) can be reduced to
.

C
R " f(S P)'* ^^

,

t Thus,-the release rate can be determined, combining Equations (A-9), (A-4),
and (A-1),

AtdfAe T,Po p g_
; R = T cBV TOP Ag p

.

Iodine Release Rate Equations
*

The iodine being released from the fuel rod plates out on the fuel and
,

cladding and subsequently decays to xenon. . Thus, the amount of iodine that

has plated out, i.e. the gap inventory, can be determined by shutting down
the reactor, which effectively stops diffusion of Xe from the fuel, and
measuring the Xe coming from the iodine decay.

At the. time of reactor shutdown there are N (o) iodine atoms (ofj
isotope i) plated out in the fuel rod at time t = 0.- The N (o) iodine-j
atoms are decaying to Xe and thus are released at a rate, Rx,

Rx = SA N (A-ll)j g

- l
'

where S is the branching ratio. At t > o the release rate is-

r
1. .

;- --A t
IRx(t) = SA $ j(o)e (A-12)N

,

43
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'

which, rif. Rx(t) is measured, ~ allo ~ s the iodine inventory at t = 0, N (o),w j
to'.be determined,

N (o) = R (A-13)j

Equation.(A-13) is applied to determine the I and 133;135

inventory following a reactor scram and, if the release rate of the iodine
was at equilibrium, i.e. the amount being released was equal to the amount

.

; decaying per unit time, then the iodine release rate is

R (o) = A N (o) . (A-14)
$ jj

135The equilibrium condition is confirmed by monitoring the Xe and
133Xe release' rate at power prior to the reactor shutdown. The measured
release rate of Xe at power is combined.of Xe being released as Xe from the

| fuel and Xe being released as a result of iodine decay. Thus, when the Xe -

1' release rate at power is constant in time, both the iodine release and Xe
"

release from the fuel are at equilibrium and Equation (A-14) can be used to
determine the equilibrium release rate. This approach was used to
determine the 135 1331 and I release rates.

,

'.

131To determine the 1 gap inventory the fuel rod is kept closed
; following reactor shutdown for a time t (typically 2-3 days) during

133 133 131which most of the 1 decays to Xe, and a small part of the 7-

0 decays to Xe. The rod is then flushed to_ remove the Xe, which131 133

interferes with measurement of 'the 131Xe, and once again closed. The;-

131 131 131I continues to decay to Xe and, at a time t the Xeu
content r.eaches a maximum, at which time it is flushed from the rod and

131meuured. The-measured Xe inventory at t can then be related to
the 131 I inventory and thus to N (0), the I gap inventory atj
shutdown. The following is a derivation of the equations used to determine -

;.
J the' iodine gap inventory from the measured xenon concentration.

~
1

;-

i

5
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\

. a

The xenon rate equation.for. times after shutdown is-+

,

'dNx '

=ANjg-AN (A-15)x

.

--and fer an tinitial concentration of iodine, N (o), and xenon, N (o),j x
the Xe concentration hs a function time is*

-1 t A N (o) -A t -A tjj * j
N (t)i= N *' + - (e -e ). (A-16)x x 1 -A

i x

However, the rod is flushed'at't , thus N (o) is zero at t , and at
3 x 3

t=t
u-

.

;A N (t ) -A (t -t ) -A j(t -t )j j x u s u s] (A-17)N (t ) * [e -ex u A -Ai x
1

-1 t.

ISwhich', substituting N (t ) = N (o)e reduces toj 3 _j

.

-A txu
A N ('o)e '(A -A.)t (A -1 )t"N (t ) * [e -e ] (A-18)

-

.u ' i+A x

131 131m 131
'

The I decay to xenon includes branches to Xe and Xe-

thus, when measuring _131mXe equation (A-18) has to include the branching!

ratio, S,

'

-1 t"*
SA N (o)e (1 -A j)t" (A -A j)t4

- jj *
s] (A-19)

xN (t ) * [e -ex u A 4Ai x.
:

LIf the xenon in the rod at t = t , N (t ), is flushed out and sweptu x u
by the detector at'a constant flow rate, the total number of

'

disintegrations that occur in the. sample volume viewed by the detector can..

be shown.to be-,

45-
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4

1NPy*Antxx2" P (A-20)
oo

where f is the flow rate'at.STP-and t is' the transit -tina of the gasg 2 .

I by the detector. -The total number of disintegrations counted by the
detector (peak area) is -

i-
eBA P V Nxp2x.A= -(A-21)fp

i oo

which, when combined with Equation (A-19), permits the gap inventory at
t = o'(shutdown)"to be determined from the measurement of-A and associated
parameters,

! - -

e *t
A -

"
A -A fPA (A -Aj)t (A -Ai)tN (o) = - x i gg x u x s

j SA cBA P Y (^ }
4 x22 -

, -

i
'

FRACTIONAL RELEASE CALCULATION
+

i

The gap inventory just prior to shutdown was determined using
"

Equation (A-22) and the. measured values for the variables. The total rod-
1 inventory was-determined by simplifying the rod operating history for the
'

period prior to shutdown and calculating _the total inventory. . Figure A-1
shows the actual rod power history (solid line) and the simplified history
used in the calculations. Tables A-1 and A-2 list the values used to

- calculate the total non-decayed in 'entory at shutdown.

The measured gap i'ventory divided by the calculated total rod
- inventory gives the release fraction. The measured gap inventories were

15 133 1317.87 x 10 atoms for I and 3.39-x 10 atoms for 1. Thus
the release fractions are -

.

-|

t
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F(I3I ) = 2.3 x:10-4I

and

'F(133 ) = 1.5 x'10-3,
,.

I

The FRAPCON-2 code with the ANS 5.4 fission gas release model was also *

used to calculate the fractional. release. The rod simplified: rod power

[ history shown in Figure A-1 was run in FRAPCON-2 and the fractional release
i during each power-time period calculated with ANS 5.4. The fractional

release was then mutiplied by the inventory remaining from each time-power
period at' shutdown and divided by the total inventory present at shutdown
to get the . integrated release fraction at shutdown.

I3I
! ~ TABLE A-1 R00 2 I INVENTORY CALCULATION

INPUT AND RESULTS

.

Fission Irradiation Inventory at
Rate

i Rod Power Time Shutdown
'

, (kW) (s-I) (s)- (atoms)-

! 15.6 5.01 x 1014- 1.04 x 106 4.24 x 10 81
~

1! 19.8 6.36 x 1014 1.30 x 105. 1.26 x 10 8
| 24.0 7.71 x 1014 5.62 x 105 9.42 x 1018
!

l TOTAL 1.5 1x 10 9 atoms

I
j

i_

I33 ' INVENT 0RY CALCULATIONITABLE A-2 R00 2
INPUT AND RESULTS

'

Fission Irradiation
Rate

Rod Power Time Inventory-at -

| (kW) -(s-I) (s)- Shutdown
.

15.6 5.01 x 1014 1.04 x 106 2.6 x 10 51
19.8 6.36 x 1014 1.30 x 105 1.7 x 1016

'

24.0 - 7.71 x 1014 5.62 x 105 5.4 x 1018'

: TOTAL 5.4 x 1018

48
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APPENDIX B

SUMMARY OF ORIGEN CALCULATIONS

W. Olson
.

Instrumented Fuel Assembly 430 (IFA-430) is being used to measure the
,

amounts of the various fission product gases and volatiles released to the
fuel-cladding gap during reactor operation.

This appendix provides calculated inventories and production rates for
fission product gases in these fuel rods. These inventories are used,
together with the experimentally measured amounts of the gases swept out of
the rods, to determine the release-to-birth (R/B) ratios (fractional
release).

The calculations were based on a neutron energy spectrum for the
IIFA-430 test fuel obtained using the RAFFLE Monte Carlo code. This

- neutron spectrum was used to determine average cross sections and to
produce a 3-group spectrum for use in the ORIGEN2 isotope depletion and,

buildup code which calculates the fission product inventories.

Inventory errors were estimated for the gaseous fission product
isotopes of interest. Uncertainties arising from the spectrum calculation
are estimated to be less than 1%. Uncertainties arising from the yield
data are up to 4% (lo confidence level) and equal the uncertainties in
the ENDF data. A uniform power has been assumed for a period of 60 hours
preceding the fission gas measurement tests. The fractional uncertainty in
the measurement of the power transfers directly to the fission product
inventories, and is estimated to be the most significant factor in the
uncertainty of the calculations.

Table 8-1 gives selected results of the ORIGEN code for a rod power of
'

26 kW; Table B-? provides a typical ORIGEN printout; and Table B-3 is an
example of the ORIGEN input deck with a 26 kW rod power in the final,

irradiation period.

49



CONCLUSIONS.AND SUGGESTIONS

:
!

1. Approximations used in the ' spectrum' calculations are not a major
source of error due to the preponderance of fission in U-235. -The
errors in fission product inventories from this source are under one -

percent.
.

I

2. Fission product' yield data cause uncertainties in the fission product
inventories of up to 4% at the la confidence level.

I 3. Inventories for the isotopes of interest.are quite insensitive to the

power history except during the last few days before the inventories -
are desired. This insensitivity is due to the short half-lives-

involved and would not be true for long half-life fission products.
The insensitivity also reflects that most of the fission occurs in

U-235 throughout in the burnup range considered. A change in the.
integrated power (before the final burn)~of 10% showed negligible

~effects on the isotopes of interest because of-this preponderance of
U-235 fission.

.

4. Errors in the power estimates in the time period immediately before
the inventories are calculated are very-important. If this history is

an exposure at constant power, the fractional error in the inventory
is equal to the fractional error in the power. estimate.

5. Uncertainties in-the energy-per-fission falue are transmitted to the
fission product inventories. A value of 200 MeV/ fission has been

assumed in the calculations. If a value of 195 MeV/ fission should
have been used, then the inventories of the report should be

corrected by multiplying by 200/195.

5.. Calculations have been made on the basis of an average IFA-430 fuel-
rod. The fuel mass of this average rod differs about:1.2 percent from

'

that of each individual-rod. This will have no noticeable effect on .

.the calculated inventories.

,

'

50
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7. The inventory data given in this Appendix for nuclides other than
volatile fission gases should also be quite accurate (generally less
than 1% error from spectrum effects) for the power history used.
There will be larger errors for decay chains with a higher absorption
nuclide (such as Sm-149, for example) since their absorption cross-

sections haven't been updated to the IFA-430 spectrum. We also note
,

that for longer half-life materials (more than 12 hours or so) or
those preceded in the decay chain by longer half-life materials, and
equilibrium between production and decay will not have been
established.

8. The inventories of interest may be adjusted in direct proportion to
the power during the final 66-hour exposure, with the exception o' the
Xe-135 inventory. This proportionality was tested between 26 anJ
38 kW/ rod, yielding inventories for the krypton and xenon isntotes of
interest which were directly proportional to power. For the
Xe-135 inventory, comparison of the 26 and 38 kW/ rod ORIGEN

calculations showed that the Xe-135 inventory changes at half the-

fractional rate that power changes.
.

Summarizing, the inventories of interest and the Xe-135 production

rate for a constant (for 66 hours) power of, 26 kW/ rod are given in
Table B-1. To obtain the inventories and production rates (except the
Xe-135 inventory) at a power of for example, 28.1 kW/ rod, multiply the
tabulated values by 28.1/26. To obtain the Xe-135 inventory at-

?8.1 kW/ rod, multiply the 26 kW/ rod value by 27.05/26. For power
values appreciably outside the range examined, ORIGEN should be rerun

if the Xe-135 inventory is needed. Also, for any case where a
nonconstant power is used for the final 66-hour irradiation, a new
ORIGEN calculation is necessary.

.

.
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TABLE B-1 GASE0US FISSION PRODUCT INVENTORY PER PIN
(following 66 hours expocare at 26 kW)

Inventory (curies) Inventory (curies)
-ENDF/B Version 4 ENDF/B Version 5

Isotope Yield Date ___ Yield Data -

Kr 85m 280 280 .

Kr 87 545 539
Kr 88 771 763
Kr 89 1000 983
Xe 135* 805 789
Xe 137 1350 1330
Xe 138 1360 1400
Xe 139 1120 1120

The 66 hour production rate of Xe-135, converted to curies for ease of*

comparison (although not a proper unit) is 1480 curies (V4) and 1470 curies
(VS). That is,1470 curies of Xe-135 undergo radioactive decay at a rate
equal to the production rate of Xe-135.

.

W

D

- |
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TABLE B-3. SAMPLE ORIGEN INPUT
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APPENDIX 0

UNCERTAINTY ANALYSIS

The uncertainty in the isotopic release rate is calculated by *

propaqating the uncertainty of the parameters used in the equation for
.

release rate

Atd TP
R * Afe D

(D-1)T cV : E T;Pfg p

where A peak area V sample pipe volume= =
p

f flow rate B gamma rav abundance= =

decay constant T1 =
O sample gas temperature=

td delay time P
*

D sample gas pressure= =

.

T live time T 273 K= =g o

detector efficiency P 0.1013 MPa (1 atm).c = =
g

The uncertainty in R is given by
.

- _

(au; | 1 )2
1/2AR = I

i=1 ,

_ _

where AU is the uncertainty in parar;.eter U . The uncertainties,j j
AU , used in Calculatinq the total uncertainty in R are based onj

calibration results, and, for some parameters, engineering estimates based
on previous experience. The fractional uncertainties (bias plus random)

.

'or each parameter are listed in Table D-1.

.
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!

The uncertainty for a typical measurement is +55, -20%. The large

uncertainty of PD (Table 0-1) is the dominating factor in the large
uncertainty in the release rates. Instrumentation is being added to the
FPMS to reduce the uncertainty in P to s +1%, which will enable the

D

uncertainty in R to be reduced to approximately +20%..

.

TABLE D-1. FRACTIONAL UNCERTAINTIES
FOR RELEASE RATE CALCULATIONS

AU AU
$ j

j[ (+) (-)
A 0.01 0.?5
f 0.15 0.15
A 0.01 '5.01*

td 0.20 0.20
T 0.10 0.10t
c 0.15 0.15
V 0.20 0.20p
B 0.10 0.10
TD 0.03 0.02
PD 1.00 0.01

s

.
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