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Résumé

On a délibérément endommagé un élément combustible CANDU, en exposant
une surface minimale de 272 mm du combustible U0„ empilé au moyen de 23
fentes longitudinales usinées dans la gaine de Zircaloy 4. L'élément a
ensuite été irradié dans la boucle X-2 du réacteur NRX durant une période
de 14,64 jours à pleine puissance, à un taux linéaire thermique de 48
kW/m, pour que l'on puisse étudier la relation existant entre le
dégagement de produits de fission et le comportement de l'oxydation de
l'UO_ dans un élément où les gaz de fission font l'objet d'une capture
minimale entre le combustible et le dégagement. La libération des produits
de fission, telle que mesurée par la spectroscopie gamma en direct, a
montré que les gaz nobles et les iodes radioactifs provenant de la matrice
du combustible UO^ vont directement dans le caloporteur au moyen d'une
simple cinétique ae diffusion et que leurs diffusibilités dans l'UO.
hyperstoichiométrique sont approximativement égales. L'oxydation de U0_
jusqu'aux états supérieurs UC>2 + , U 0 et U30 s'est accompagnée d'un
important gonflement du combustible et d'une deformation de la gaine,
localisés de préférence dans l'extrémité de l'élément ayant la plus faible
puissance. Le comportement de l'écaillement et de l'érosion dans les
pastilles de combustible a été mis en corrélation avec le taux d'oxydation
du combustible.
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ABSTRACT

A CANDU fuel element was purposely defected, exposing a minimum UO2
fuel stack area of 272 mm2, by machining 23 longitudinal slits through the
Z-ircaloy-4 sheathing. The element was then irradiated in the X-2 loop of the
NRX reactor for a period of 14.64 effective full power days at a linear heat
rating of 48 kW/m to investigate the relationship between fission product
release and D0£ oxidation behaviour in an element with minimal fuel-to-gap
fission gas trapping. The fission product releases, as measured by on-line
gamma-ray spectroscopy, revealed that the noble gases and radioiodines are
both released from the UO2 fuel matrix directly to the coolant via simple
diffusion kinetics, and that their diffusivities in hyperstoichiometric
UO2 are approximately equal. The oxidation of UO2 to the higher states
U02+x' U4°9 an<* U3^8» w a s accompanied by substantial fuel swelling and
sheath deformation preferentially located in the lower powered end of the
element. The spalling and erosion behaviour of the fuel pellets was
correlated to the rate of fuel oxidation.
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Irradiation of a CANBU DO2 Fuel Element With Twenty-Three
Machined Slits Cut Through the Zircaloy Sheath

1. INTRODUCTION

The uniqueness of the on-power refuelling capability of the CANDU*
reactor system has provided impetus to improve our understanding of fission
product release behaviour from in-core failed fuel during normal operating
conditions. Small sheath defects may be tolerated when weighed against
burnup penalties and core physics considerations following from premature
refuelling; however, early detection and prompt removal of large sheath
defects is necessary to mitigate the health hazards and economic penalties
associated with high radiation fields, arising from the decay of circulating
and deposited fission products within the reactor's primary heat transport
system. Operating decisions regarding failed fuel removal must be based on a
good understanding of secondary sheath deterioration and fission product
release behaviour from a wide variety of fuel defect conditions.

Pursuant to this, a series of irradiation experiments in the
pressurized light water coolant loops of the NRX reactor at the Chalk River
Nuclear Laboratories (CRNL) on deliberately and naturally defective UO2
fuel elements, have been performed (1-5). This report documents and
describes one of the more recent experiments, Exp-FFO-103, on a purposely
defected element, A3N, containing 23 slits cut into its sheath and irradiated
at a midplane linear power of 48 kW/m for a period of 15 effective full power
days. The experiment was designed to furnish information on IK^/coolant
contact behaviour in a simulated power reactor environment, and to provide
data from a fuel element with minimum impediment to fission product release,
i.e. where the diffusion path from the whole of the UO2 to the coolant was
made as small as possible. The analysis includes a discussion of both
dissolved and deposited fission products release behaviour and contains
comparisons to other experimental data from previous defect tests.

2. EXPERIMENTAL DESCRIPTION

2.1 Fuel Element Details

The defect test element A3N was of the standard design currently used
in CANDU 600 MW(e) and 750 MW(e) power reactors modified with support
fittings for use in the X-2 loop of the NRX reactor. The Zircaloy-4 fuel
sheath, with a 13.11 mm outside diameter and 0.43 mm wall thickness, was
fabricated with 23 machined slits of average length 35.7 mm and width 0.33 mm
cut longitudinally in a helical pattern about the sheaths circumference,
extending down the full length of the element. The circumferential

* CANadian Deuterium Uranium



separation between adjacent silts was typically 12.7 ran or 111 degrees. The
element contained sintered U02 pellets enriched to 5.02 wt% U-235 in U with
a nominal density of 10.71 Mg/nr. The total exposed IK>2 area was
approximately 272 mm^ or 1.5% of the total fuel surface area. A detailed
drawing of element A3N is given in Figure 1 while complete design details are
listed in Table 1.

2.2 Loop Description

The X-2 loop of the NRX reactor is designed to study activity releases
from defective fuel elements. At power, the loop operates with a nominal
axial averaged cell thermal flux of 5.5 x 1 0 " n/cm .s and has a
pressurized light water coolant at 10.5 MPa (260°C) with a mass flow of 1.0
kg/s. Activity releases to the coolant are measured by both a stationary
gamma-ray spectrometer at the test section inlet (position Ml) and by a
mobile spectrometer at the test section outlet (position M2). The coolant
piping at site position M2 has four different surface trap materials which
were regularly scanned throughout the experiment. A schematic of the X-2
loop facility and a simplified flow diagram are shown in Figures 2a and 2b.
Loop operating conditions are listed in Table 2.

2.3 Data Acquisition System

The detectors for each gamma-ray spectrometer were fabricated from a
single piece of high purity germanium containing one large diode and one
small diode with active volumes of ~ 2.88 x 10~* m 3 and ~< 7.50 x 10~7 m 3

respectively. The excellent resolving characteristics of germanium detectors
for gamma-ray spectrometry analysis are described in detail elsewhere (6).
Coolant activity was measured on-line using a multi-channel pulse height
analyzer. During steady state reactor operation, fission product spectra
were collected every 2500 seconds using 1000 second count times; during power
transients counting times were shortened to 200 seconds. The spectrometer
data was recorded on magnetic tape for subsequent processing. Samples of
typical spectral plots measured by the two spectrometers upstream and
downstream of the test section, as processed by the GRAAS code (7), are given
in Figures 3a and 3b.

3. IRRADIATION POWER HISTORY

During experiment Exp-FFO-103 element A3N operated at an average
midplane linear power of 48 kW/m. The axial flux gradient along the element
length resulted in a linear power profile ranging from 37 kW/m at the top end
to 57 kW/m at the bottom end of the element as shown in Figure 4. A plot of
element A3N's average midplane linear power versus irradiation time is shown
in Figure 5. The nominal calculated midplane burnup at the end of the
irradiation was 17.5 MW.h/kg U. A complete summary of the power history of
element A3N is given in Table 3.



4. POST-IRRADIATION EXAMINATION

4.1 Visual Inspection and Neutron Radiography

Element A3N was visually examined and neutron radiographed prior to
destructive examination. Neutron radiographs of the defect test element,
A3N, and an intact filler element, A2D, are shown together in Figure 6*. The
contrast in radiographs clearly reveals the extent of UO2 fuel erosion and
oxidation experienced by element A3N over the 15-day irradiation. Erosion
was greatest in the upper and lower regions of the fuel stack while indica-
tions of oxidation sintering is observed throughout. Visual studies of the
element revealad a consistent pattern of localized plastic sheath deformation
resulting from UO2 oxidation swelling that was axially dependent (refer to
Figure 7b). Slit widths at the low powered top end of the element had
increased by about a factor of ten over the as-measured pre-irradiation
dimensions (0.3->-3.0 mm), while slits in the higher powered middle and bottom
of the element increased by about factors of six and three respectively. In
total, the defect area increased to an estimated 14.90 cm^; a factor of 5.5
greater than the initial defect size. Unlike the observed axial dependence
of U0 2 oxidation swelling, a uniformly distributed ZrO2 film 2-4 ym thick
was observed on the sheath outer surface. Although parts of the sheath were
excessively deformed there was no evidence of localized sheath hydriding on
the outer surface of the element.

4.2 Metallographic Examination

Destructive examination of element A3N included four transverse
metallographic cross-sectional cuts through the fuel; one each from the top
and bottom end of the element and two from the middle. A transverse
sectional cut from the bottom end plug, three measurements of the hydrogen
concentration in the fuel sheath, and a gravimetric analysis of the oxygen-
to-metal ratio (0/U) of a fuel specimen from below the fuel centreline were
also made.

The photomacrographs of three of the four transverse sections of A3N
are shown in Figure 7 along with a post-irradiation photograph of the
element. All three photomacrographs reveal the presence of columnar grain
growth, pellet cracking, significant oxidation and fuel erosion. In addi-
tion, the sections below the fuel midplane show evidence of void formation
and central melting. The heaviest oxidation and fuel erosion (maximum sheath
deformation) was found in pellets from the top half of the fuel. Composites
of several oxide phases were present but most were indistinguishable. Some
evidence of t^Og was seen in the fuel from the upper half while the
characteristic Widmanstatten pattern of U4O9 precipitate was observed
only in fuel from the bottom half of the element.

* Two intact filler elements were irradiated in a trefoil assembly along with
element A3N to increase the efficiency of the loop calorimetric
measurements.



The 0/U measurement taken just below the fuel midplane gave a value of
2.276. Grain sizes measured ranged from 6-7 {jo at the outer fuel surfaces to
20-31 ym 0.5 mm in from the fuel periphery. Most of the peripheral oxide
phases extended around 70% of the pellets circumference and penetrated as far
as 1 on along radial crack surfaces. Intergranular corrosion and U0£
pitting was heaviest in the pellet volumes opposite sheath slits. The amount
of fuel loss due to coolant erosion, was estimated to be ~65 g (about 12Z of
initial U02 weight) based on the neutron radiographs and metallographic
cross sections.

All sheath sections examined were lightly hydrided (138-497 yg/g) with
a slight concentration gradient extending down the length of the element. No
regions of localized hydride concentrations) were found on any of the
interior surfaces of the sheath.

4.3 Discussion of Post-Irradiation Examinations

One of the more interesting observations arising from the metallo-
graphic examinations of element A3N is the difference between the extent of
UO2 oxidation swelling, element deformation and fuel erosion in the top
half of the element to that observed in the higher powered bottom half. The
exact reason(s) for this are unknown but recent U0£ oxidation experiments
(in air) by McCracken and Woo (8) provide a possible explanation for this
temperature-oxidation dependence. Their results show that as U02 oxidizes
to the higher states (U4O9, U3O7 and U3O3) at temperatures £600°C the
resulting volume expansion to U3O3 generates sufficient stress to produce
fuel cracking along grain boundaries resulting in the spalling of grain sized
U3O3 particles. Spalled material could easily be removed by the action
of the coolant passing over the fuel in the vicinity of the slits. At higher
temperatures (700-800°C) the U3Og started to sinter and formed a thin
surface layer over a much thicker layer of U4O9. It is postulated that
this surface layer of U3O3 delays the onset of boundary oxidation and
thus slows down the rate of oxidation. They also noted that the oxide phase
of U3O3 formed at temperatures > 800.°C, was more adherent to the UO2
substrate than 11303 formed at temperatures of 400-600°C. Any spalling at
the higher temperatures was associated with greater particle size. Note
^3°8 w a s tentatively identified only in pellets above the fuel midplane
while U4O9 was only observed in fuel in the bottom half. Although
11303 formation is not generally predicted for the coolant conditions
existing during this test, Imoto et al. have also recently reported observing
11303 formation in fuel from defective UO2 fuel elements irradiated in
the Mihama-1 power reactor (9). They calculated it was possible to form
11303 if temperatures were between 1080 and 1290°C given the proper oxygen
potential.

From the metallographic examination, it is difficult to provide
estimates of fuel surface temperatures, especially along crack faces, due to
the widely varying UO2 stoichiometry throughout the fuel stack. However,
in view of the results of McCracken and Woo, the general trend of increasing



temperatures and decreasing oxidation and fuel loss with element length must
be ascribed to the faster formation of higher oxides in the cooler half,
relative to the hotter half.

The lack of any secondary sheath damage due to hydriding is consistent
with previous experiments on artifically defected fuel irradiated at
CRNL (2-4). This hole size dependence on secondary sheath hydriding has been
previously attributed to a critical H2/O2 ratio required to promote
hydrogen diffusion into the Zircaloy sheath surface (10). The critical
H2/O2 ratio is dependent on the initial defect size; if the hole size is
large enough to enable a replenishing of the oxidant needed to provide a
protective oxide barrier on the sheath's inner surface, localized hydride
formation is inhibited. Apparently in this test the size and number of
defects did not allow oxygen starvation to occur.

5. FISSION PRODUCT RELEASE: RESULTS AND DISCUSSION

During Exp-FFO-103, element A3N operated at constant power between
03:42 hours June 01 through to 14:00 hours 1981 June 14. The initial reactor
transients (see Figure 5) occurred too early in the experiment to allow for
any rigorous treatment of the data. Fission products released from the
element were transported by the loop coolant, past the spectrometer locations
(M2 and Ml) either in dissolved form or as particulates. In addition,
certain individual fission product species plated out along the piping
surfaces. Any particulates within the coolant were filtered out by graphite
membrane filters downstream of the spectrometer at position M2. The filter
efficiency for particle sizes >5 yra is estimated to be ~ 97%.

Coolant concentrations in Bq/kg.J^O* for the dissolved species and
concentrations in Bq/cm^ for the depositing species were calculated using
the SUMRT program. The program has previously been described in reference 3.
The analyses of the individual dissolved and depositing fission product
species are treated separately in this report; each will be described and
discussed in the following sections under different headings.

5.1 Noble Gases and Radioiodines

The activity concentrations of the nobxe gases (Kr-85m, Kr-87, Kr-88,
Xe-133, Xe-135 and Xe-138) and radioiodines (1-131, 1-132, 1-133, 1-134 and
1-135) measured during the experiment are presented in Figures 8, 9 and 10.
Loop degassing and ion-exchange purification during the periods June 09
(10:00-18:00 hours) and June 14 (06:00-24:00 hours) had a noticeable effect
on the measured concentrations. Due to the large amount of UO2 surface
area exposed to the loop coolant, traditional models for calculating isotopic
fractional releases (3-5) which assumed fission product trapping in the
fuel-to-sheath gap were considered inappropriate and a new generalized
approach was developed. The method is described in detail below.

* 1.0 Bq = 2.7 x 10-5



5.1.1 Release Model Description

The governing mass balance equation for the production and release to
coolant of a given isotope can be written as,

d N f ( t ) -B(t) -R(t) - XjL(t) [1]
dt~ *

or dNf(t) + ta <t) = B(t) [ 1 - %£>.\ [2]
dt~ r

where Nf(t) = total number of atoms in fuel at time t, (atoms)
A s decay constant of isotope (s~^)

R(t) = release rate of isotope from fuel (atoms/s)
B(t) = average birth rate of isotope in fuel (atoms/s)
R(t)
. . = isotope fractional release from fuel at time t

t = irradiation time (s)

The birth rate of an isotope exposed to a constant neutron flux may be
written as*,

B(t) = FR yc (1 - (1-0) e"
Yt) [3]

where FR = average fission rate in fuel (fissions/s)
+

yc = cumulative isotope fission yield (atoms/fission)
0 = ratio of the isotopes direct fission yield to its cumulative

fission yield
Y = precursor growth constant (s""l)

For the isotopes of interest in this report <J« 1, thus equation 3
simplifies to,

B(t) = FR yc (1 - e"
Yt) [4]

Values for Y were calculated numerically using data generated with the
CRNL physics code FISSPROD (11). The method is described in detail in
Appendix A and the results for a few of the longer lived isotopes and/or
those with long lived parents are given below:

Isotope

Xe-133

1-131

1-132

Decay Constant

A (s"1)

1.53 x 10~6

9.98 x 10~7

8.37 x 10"5

Precursor Constant

V (s"1)

8,40 x 10~6

7.38 x 10~5

2.49 x 10"6

* See discussion in Appendix A.
+ Assuming negligible fuel loss from element



The above values of Yreflect the direct dependence of the isotope's
growth rate on parent(s) half life and branching fractions. For example, the
isotope 1-132 has a single parent Te-132 ( A* 2.46 x 10~6 s" 1), the value
of Y calculated for 1-132 is within 1% of the Te-132 decay constant. The
isotope Xe-133 on the other hand has a complex parent decay process involving
branching fractions from three different isotopes; 1-133 ( X= 9.21 x 10~6

s" 1), I-133m ( A = 7.70 x 1(T2 s"1) and Xe-133m ( *= 3.66 x 10"6 s" 1). The Y
calculated for Xe-133 (8.40 x 10"° s"1) thus represents an effective
single parent decay constant which accounts for the various fission yield
contributions from the £~ decay chains of the 3 parent isotopes.

Substitution of equation 4 into 2 gives,

^f ( t> + XNf(t) =F Ryc(l-|g) (l-e-Yt) [5]
dt

The equivalent expression for the number of atoms in the coolant is
given by,

d N c ( t ) + (A+ L) N (t) - R(t) [6]
dt~ c

where Nc(t) = number of atoms in loop coolant at time t
L = leakage rate constant for coolant in loop (s~l)

These two equations can be solved explicitly if we assume that the
R(t)

fractional release „, i remains relatively constant during the irradiation

period. The resulting solutions for the number of atoms in the fuel and in
the coolant are,

[7]

andN(t)=!R^ * (l-e^** ( 1 - ^ - £- •"Y M [8]
c !* \ A -y A -y y

where X * = X + L

Equation 8 can now be correlated to the measured coolant activity

concentrations to solve for •=•;



FRyc x

where M » total coolant mass in loop (kg)
Qc(t) " measured isotope activity concentration

For short lived isotopes with short lived precursors, equation 9
simplifies to the familiar expression*,

[10]

In the case of short lived isotopes with long lived precursors equation
9 reduces to,

| = MQc(t) (l-e-^r 1 [11]

This explains why an isotope with a short half life (1-132, t| =
2.39 h) shows a slowly rising activity concentration (Figure 10) normally
characteristic of longer lived isotope (1-131, tj = 8.04 D).

For isotopes with long half lives and short lived precursors, equation
9 reduces to the familiar expression used in references 3, 4 and 5 to correct
for equilibrium conditions,

M Q
c
( t )

K

-A t
>

5.1.2 Fit to Measured Data

Plots of R/B versus irradiation time calculated from the data shown in
Figures 8-10, using equation 9 are shown in Figures lla and lib. The
assumption that R/B remains relatively constant is shown to be valid for the

* The discussion below assumes that L the coolant leakage term is much less
than X the isotopes decay constant. The value of L calculated for this
experiment is 1.4 x lO"? s~l.



important longer lived isotopes or daughters of long lived parents, 1-131,
1-132 and Xe-133 for at least the first eight days of the irradiation, after
which a period of enhanced release occurred. This eventually initiated the
loop degassing and ion exchange purification period on June 09. Fractional
releases returned to more or less their initial levels following the
purification period. Average values of R/B were calculated from a total of
44 separate gamma-ray spectra measurements for each isotope during two sample
periods. A summary of the measured coolant concentrations and calculated
releases for the dissolved isotopes are presented in Table 4. The R/B
results are reproduced below in terms of percentage fractional release:

Measured R/B Values for the Noble Gases and Radioiodines

Sample 1 Sample 2
Isotope (June 06-07) (June 11-12)

Kr-85m 2.11 2.72
Kr-87 1.03 1.27
Kr-88 1.31 1.55
Xe-133* 14.50 12.91
Xe-135* 0.73 1.67
Xe-138 0.34 N/A
1-131 16.62 23.80
1-132 5.97 8.47
1-133 6.96 6.56
1-134 0.86 0.96
1-135 3.53 3.03

In general the percent fractional release of most isotopes increased
slightly with time. This slow increase in R/B is typical of other defect
experiments and may be due to any combination of the following factors:

(a) Increased oxidation state

The 0/U ratio of the fuel in element A3N (see Section 4.2) increased
from 2 to ~ 2.28 during the course of the irradiation. Linder and Matzke
have shown that gas mobility is substantially increased in hyper-
stoichiometric U0£ (12). This is attributable to a decrease in U(>2
thermal conductivity resulting in an increase in the diffusion processes
resulting from higher average fuel temperatures. Hunt et al•, have also
shown that fractional releases of noble gases and radioiodines from U0 2 are
enhanced by an oxidizing atmosphere (13).

* Corrections for iodine decay to xenon in the loop coolant were made using
the method described in Appendix B.
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(b) Increased defect area and UO2 erosion

UO2 oxidation to the higher oxide phases including l^Og is
accompanied by fuel swelling, cracking and localized sheath strain. Sheath
deformation around the slit areas allow for more coolant-fuel contact
resulting in continual erosion or spalling of the UO2 pellets by the action
of the water passing over the fuel surface. This erosive action exposes even
more grain boundary surface areas making a greater proportion of fission gas
available for release to the coolant.

(c) Grain boundary tunnel development

Fresh U0£ fuel takvss a finite amount of time to develop a network of
interlinked grain boundary tunnels which allow fission gases to migrate from
the interior of the fuel pellet to the surface. Previous defect studies on
fresh UO2 fuel have shown that fission gas release increases with fuel
burnup (3,4).

5.1.3 R/B Versus A Dependence

The R/B data was plotted against isotope decay constant as shown in
Figure 12. Linear regression analysis on the data resulted in the following
functional dependence:

R
B

where

sample 1

sample 2

a \

4.

8.

b

(x

29

28

a
10~5)

+ 1.41

+ 2.68

-0.

-0.

610

566

b

± °*
+ 0.

039

026

[13]

correlation

-0.

-0.

coefficient

9825

9914

Due to the large difference in parent and daughter half lives for the
Te-132 - 1-132 isotope pair, the measured fractional release for 1-132 was

PXTP
multiplied by % -, T = 0.172 to correct for precursor diffusion within the

UO2 grains as first discussed by Friskney and Speight (14). The derivation
is given in Appendix C.

The resulting fit of the data indicates that all the isotopes are
being released directly from the fuel to the coolant via a simple diffusion
process as first suggested by Booth (15). The theoretical value for "b"
as predicted by Booth's model is -0.5 (i.e. R/B a A~^). This release
dependence on Booth-type diffusion has also been observed by other
researchers at CRNL using sweep gas assemblies (16). The fact that all the
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data lies on the sane line also suggests that, to a first approximation, the
noble gases, radioiodines and their precursors all have similar diffusivities
in hyperstoichiometric

5.1.4 Comparison to Other Defect Experiments

One of the primary objectives of the CRNL series of experiments on
defective fuel elements was to quantify fission product release dependence on
cladding hole size*. Experiments on drilled defects with hole sizes between
3.3 x 10"1 mm and 2.0 mm in diameter, and machined slits with defect
areas of 6.0 mm have been performed (2-4). In these experiments the
defect sizes were small. This limited the rate of noble gas and radioiodine
releases, because of isotope decay and chemical trapping as the atoms diffuse
along the gap and through cracks to the site of the defect. Obviously, the
shorter the isotope's half life, the fewer are the number of atoms that will
survive to escape from the fuel element. This latest experiment on element
A3N with an initial defect size of 272 mm2 (final defect size ~ 14.5 cm2)
was unique in that, because of the amount of coolant-to-fuel contact, any
delay and/or trapping of the fission products released from the U0 2 fuel
was minimized. This data thus allows for a direct quantitative comparison
between small and large sheath defects.

Table 5 compares the operating conditions for this experiment to two
previous CRNL experiments, Exp-FDO-681 and -687, on fresh UO2 fuel
elements, LFZ and NSZ, irradiated with known defect hole sizes and similar
power ratings to element A3N. To maintain analytical consistency between
experiments, all fission product release measurements have been corrected to
equilibrium using the method described in Appendix A. R/B data in references
3 and 4 are quoted as a function of cumulative irradiation time. In order to
minimize the effect of the slightly different operating power histories (see
Table 5) the sample times were converted to equivalent burnups and are shown
along with the data from this experiment plotted in Figures 13a and 13b,
separated into two groups; the noble gases** and the radioiodines. The
burnup dependent behaviour exhibited by the R/B measurements were accounted
for by fitting the data to the following expression:

R/B = a X*> ect0 [14]

where u) = element midplane burnup (MW.h/kg U)
a,b,c = linear regression coefficients.

* Other variables which may influence release behaviour that have been
studied include; element .length, defect location, number of holes,
fuel burnup and fuel power.

** In Exp-FFO-681 and -687 the noble gases were further subdivided into two
groups; those with short lived precursors and those with long lived
precursors.
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The resultant regression fits are presented below and the correlated
data plotted in Figure 14 for a burnup of 9.0 MW.h/kg U.

Experiment Defect Group Linear Regression Coefficients Correlation
Area Coefficient

FDO-681

FD0-687

1.12 Noble 4.08 x 10~8 -0.96 2.86 x 10 2

(mm2) gases

6.0
(mnr) gases

Iodines 6.76 x lO"11 -1.24 1.74 x 10"2

Noble 8.75 x 10~8 -0.95 1.07 x 10 2

Iodines 1.26 x 10~9 -1.19 1.26 x 10~2

FFO-103 272-1490 Noble 2.76 x 10~5 -0.57 3.49 x 10~2

(mm-) gases

Iodines 2.21 x 10
-5 -0.64 1.14 x 10-2

0.9487

0.8480

0.9807

0.9564

0.9717

0.9756

The relative vertical displacement of each successive group line as
shown in Figure 14 (i.e. the 'a' values above), indicates that as the defect
size increases a higher percentage of the fuel inventory of all fission gases
escape from the element to the coolant. Moreover, the effect on the iodines
is much more pronounced than on the noble gases. The data also shows that as
the defect size increases the R/B dependence on X changes significantly.
This is expected as the fraction of atoms which are lost through decay while
diffusing within the fuel-to-sheath gap is also reduced because of the
decrease in diffusion length for escape. This has proportionally a greater
effect on the shorter lived isotopes producing a decrease in the slope ('b1

values above), the limit being 'b' = -0.5 as discussed in Section 5.1.1. The
correlated burnup dependence of the R/B data display an increasing trend with
irradiation time. On average the 'c' values for the noble gases are about a
factor of two greater than those for the iodines. This however may be
attributable to the scatter associated with the measured data since the
isotope decay constant is the dominant independent variable.

The R/B dependence on X for both noble gases and radioiodines, from
defective fuel, has recently been modelled by both McCracken (17) and
Lewis (18) using simple chemical kinetics and diffusion theory. Both models
predict an R/B dependence of X~l for small defects for the noble gases
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and a dependence of between ^~1 and A"1*5 for the iodines. In a more
detailed study, (19) McCracken further argues that on theoretical grounds,
halogen releases should also show a stronger dependence on power and defect
size than the noble gases. For defects in which minimum chemical or gap hold
up occurs, behaviour of both groups would be similar and should show a
functional dependence of X-0.5^ The predicted behaviour thus agrees
remarkably well with the measured data from the three experiments studied.

5.2 Depositing Fission Products (DFP)

The release behaviour of some of the DFP species were also studied
during Exp-FFO-103. Four different trap surfaces were monitored downstream
of the test section outlet (see insert on Figure 2a). Isotopes from the
noble metals, rare earths and tellurium groups were observed by Y-ray
spectroscopy and are listed in terms of surface activity (Bq/cm2) in Table
6. Because the chemical forms of these isotopes were not identified during
the experiment, values in Table 6 represent upper limits for surface
deposition for the particular trap material, i.e. it is assumed all atoms are
on the piping surface and none are in solution.

Of the DFP isotopes studied Te-132 (t^ = 78 h) and Mo-99 (ti =
66 h) were observed in the greatest concentrations. The data in Table 6
shows that tellurium has a greater affinity for depositing out on Carbon
Steel and Nickel surfaces than on Monel (70% Ni) and Inconel (75% Ni). These
results are in agreement with similar experimental studies on DFP isotopes
made by Yamamoto et al. (20). Analysis of the measured Mo-99 data revealed
that Mo-99 is more likely to deposit on Carbon Steel, Monel or Inconel than
on Nickel. However, analysis of shutdown data indicated that a much higher
fraction of molybdenum is dissolved in solution when compared to tellurium
and that it has a greater tendency to desorb back into solution than does
tellurium. This also agrees with earlier test results reported by Lipsett
and Palmer in a previous CRNL study (21).

A summary of the measured DFP data for the Carbon Steel trap are given
in Figures 15-19 as plots of surface activity versus Np^39 surface con-
centration and irradiation time. The general observation made from these
plots is that a greater percentage of the depositing fission products escape
the fuel element with increasing irradiation time. This can be attributed to
increasing oxidation, defect size and subsequent fuel loss with time as
discussed in the following section.

6. ELEMENT A3N FUEL LOSS VERSUS IRRADIATION TIME

An estimated 65 g of U0 2 (~12% initial weight) were lost by element
A3N, in less than 15 days at power, via grain boundary oxidation and erosion
from U02/coolant interaction (see Section 4). Other studies on purposely
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defected elements have reported UO2 losses proportional to hole size and
time at power (2-4), These observations however were all based on
post-irradiation examinations similar to those discussed in Section 4. The
preferential attack of UO2 at the cooler end of element A3N, suggests that
UO2 loss is both temperature and time dependent. The rate at which UO2
oxidation occurs is generally not linear, hence we can expect the rate of
fuel loss to be non-linear also.

6.1 Neptunium Release Behaviour

During FFO-103 the rate of UO2 release from element A3N was studied
in an indirect manner by monitoring the coolant activity concentration of the
actinide Np-239. The presence of Np-239 atoms (t^ = 2.35 D) are detectable
by gamma ray spectroscopy due to the presence of several strong photo peaks
at energies of 103.7, 106.4 and 277.9 keV. For short irradiation times the
number of Np-239 atoms produced in element A3N from neutron capture by U-238
is given by:

A

where N23g(t) = number of Np-239 atoms in fuel (atoms)

a
c = Westcott capture cross section for U-238 (3.69 x 10"24 cm2)

$f = average Westcott flux in fuel element (2.27 x 10 1 3 n/cm2.s)

N238 (t) = Initial number of U-238 atoms (1.189 x 10 2 4 atoms)

X = Np-239 decay constant (3.414 x 10~6 s"1)

From equation 15 the average ratio of Np-239/U-238 atoms during
irradiation time t1 is given by,

N239 ( t )

N 2 3 8 /
J N238

. l

/

?,o(t)

dt ' X t l

Therefore for an irradiation time of 14.64 effective full power days, the
average ratio of N239/N233 found from equation 16 is 1.89 x 10"^.
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The measured Np-239 activity concentration versus time measured at the
test section outlet and inlet are shown in Figure 20. The flow purification
filters reduce the circulating concentrations to values two orders of
magnitude below those at the test section outlet. This makes the system
basically a once-through (i.e., single pass) system for analysis purposes.
This means that once the fuel element is removed from the loop, only those
atoms deposited on the piping directly in front of the spectrometer
contribute to the measured activity. The activity can then be extrapolated
back in time, as shown in Figure 21 to the time of reactor shutdown to obtain
a measure of the background activity arising from deposited atoms. The
values obtained from Figure 21 for the fraction of atoms in solution and
deposited are 0.4 and 0.6 respectively.

6.2 UO2 Release Behaviour

From the arguments presented above, if we assume that ~ 40% of the
measured coolant activity concentrations of Np-239 given in Figure 20 arise
from atoms in solution, then the rate of UO2 loss from element A3N can be
estimated from the expression:

R(t) = z fe |f + 1 VN239 Y^fk N(t) [17]
V /\N238 /Avg

where R(t) = rate of UO2 loss (grams/s)

N(t) = measured Np-239 activity (Bq)

k = conversion factor from number of atoms U-238 to grams UO2
(4.481 x 1O~22 grams U02/atoms N-238)

f = fraction of Np-239 activity due to atoms in solution (0.4).

89 x 10 as solved for in section 6.1.

Z = a correction term allowing for isotope decay and purification
losses between the test section upstream, and downstream of the
spectrometer.

Values of R(t) calculated from equation [17] versus irradiation time
are given in Figure 22. The total integrated release from the element during
the experiment is estimated to be ~ 49 grams. This is roughly 9% of the
total initial UO2 weight which agrees quite well with the value of 12%
estimated from metallographic examinations in Section 4.2. It should be
noted from the plot in Figure 22 that the rate of UO2 loss from the fuel is
initially quite slow but rises almost exponentially after about the sixth day
at full power operation. This is quite likely attributable to the rate at
which fuel oxidation changes as a function of time and temperature and
explains the release behaviour of the DFP isotopes shown in Figures 15-19.
This behaviour suggests that large cladding defects in power reactors are
capable of losing large amounts of fuel in a relatively short span of time;
for example, the overall release rate increased from ~5.0 x lO""-* yg
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(UO2)/s to ~ 5.0 x 10~3 ̂ g (U02)/s between the fifth and eleventh day
of irradiation. Post-defect residence time in-reactor therefore may be
governed more by the rate of UO2 oxidation once the onset of sheath
hydriding damage occurs than the rate of sheath hydriding itself.

8. CONCLUSIONS

1. Irradiation of a machined defected fuel element at constant power,
resulted in a significant amount of UO2 oxidation and fuel erosion
immediately adjacent to the defect sheath slit openings.

2. The extent of fuel loss beneath a sheath slit was observed to be
proportional to the amount of sheath deformation produced by localized
IK>2 oxidation swelling.

3. The heaviest oxidation was observed in fuel pellets from the lower
powered region of the fuel element. These results were in agreement
with other oxidation studies that have demonstrated a temperature/
oxidation rate/time dependence.

A. The total amount of UO2 loss was estimated to be between 49-67 g
(~9-12% initial U0 2 weight). The equivalent defect area increased
from 2.7 cm2 to ~14.9 cm2.

5. Although a large amount of sheath deformation was observed, no
secondary sheath hydriding damage occurred.

6. The fractional releases (R(t)/B(t)) of the longer lived noble gases and
radioiodines remained relatively constant during the first eight days
of the irradiation. Values of R/B during the last seven days slowly
increased for all isotopes.

7. All the R/B data correlated very well with fission product diffusion
theory; plots of R/B versus isotope decay constant (\) yielded slopes
of -0.61 and -0.57 compared to -0.50 as predicted for Booth type
diffusion.

8. Comparisons to other CRNL defect experiments shows iodine releases from
defected elements to be more sensitive to defect size than that for
noble gases.

9. Isotopes from the noble metals, rare earths and tellurium groups are
all released as the fuel defect size increases. Tellurium and molyb-
denum escaped from the fuel element immediately following the initial
reactor startup and displayed a high affinity for deposition on carbon
steel and nickel alloy surfaces. The rate of release of other deposit-
ing fission products (Ru, La, Ba, Zr, Nb and Rb) increased with increas-
ing UO2 release.
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10. UO2 release from the fuel element, as estimated from measured Np-239
concentrations, were found to be time dependent and are believed to be
related to the rate of UO2 oxidation. Release rates increased from
~5.0 x 10~5 yg (U02)/s after five days of irradiation to
~5.0 x 10~3 yg (uc>2)/s after eleven days. Post defect residence
time in-reactor may thus be more sensitive to UO2 oxidation rate than
secondary sheath hydriding progression.
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TABLE 1

Element Design Details

1. Fuel Description

Sintered U02 density (Mg/m
3)

U02 weight (g)
Enrichment, U-235 In U (wt%)
Pellet diameter (mm)
Pellet length (mm)
Pellet end dishing

depth (mm)
land width (mm)

Pellet stack length (mm)

10.71
561.50
5.02
12.15
16. A8
both ends
0.23
0.46
469.70

2. Sheath Description

Material
Outside diameter (mm)
Thickness (mm)
Length (mm)

Zircaloy-4
13.11
0.44
485.00

3. Defect Description

Number of slits
Nominal slit length (mm)
Nominal slit width (mm)
Circumferential spacing (mm)
Axial locations
Total exposed area (mm )

23
35.7
0.33
12.7 (111°)
refer to Figure 1
272.0
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TABLE 2

Loop and Reactor Operating Conditions During Exp-FFO-103

Nominal Operating Conditions

X-2 loop power (kW) 66.3
NRX reactor power (MW) 21.3
Flow (kg/s) 0.99
Inlet temperature (°C) 250.4
Outlet temperature (°C) 260.8
Pressure inlet (MPa) 10.5
Pressure drop (MPa) 0.2
Coolant mass (kg) 120.0
Loop volume (râ ) 0.15
Loop circulation time (s) 105.0

Reactor Transients

Initial startup 1981 May 30 09:14 h
1st shutdown May 31 11:05 h
2nd startup May 31 12:23 h
3nd shutdown May 31 15:23 h
3rd startup June 01 03:42 h
Final shutdown June 14 14:00 h

Ion Exchange Purification Periods

June 09 09:50 h - June 09 13:50 h
June 13 13:05 h - June 13 16:42 h
June 14 06:00 h - June 15 08:55 h

Loop Degassing Periods

June 09 14:00 h - June 09 18:00 h
June 14 10:00 h - June 14 14:30 h
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TABLE 3

Irradiation Power History for Element A3N

Reactor Operating Time (efpd) 14.64

Heat Output (kW)
Average 22.3
Maximum 24.2

Fission Rate (fissions/s)
Average 7.52 x 10 1 4

Maximum 8.18 x 10 1 4

Linear Heat Output (kW/m)
Average midplane 47.9
Maximum midplane 52.0

/xdG (kW/m)
Average midplane 3.5
Maximum midplane 3.8

Surface Heat Flux (kW/m2)
(sheath-to-coolant)

Average midplane 1152
Maximum midplane 1250

Burnup (MW.h/kg U)
Initial 0.0
Final upper 13.7

midplane 17.5
lower 20.8



Exp-FFO-103

Isotopf

Kr-85ra

Kr-87

Kr-88

Xe-133

Xe-135

Xe-138

1-131

1-132

1-133

1-134

1-135

: (y energy)

(151.

(402.

(196.

(81. C

(249.

(434.

(364,

(667,

(529

(847

(1260

2

6

3

)

,8

.2

.5

.7

.9

.0

.4

keV)

keV)

keV)

keV)

keV)

keV)

keV)

keV)

keV)

keV)

keV)

Notes:

4.

1,

6.

1

1

8

9

8

9

2

2

Decay
Constant

(s"1)

.298 K

.516 x

.780 x

.528 x

.070 x

.176 x

.978 x

.371 x

.257 x

.196 x

.913 x

10"5

10"4

10"5

10"6

ID'4

ID"4

IQ"7

10"5

10"6

10"4

10"5

(1) Value

Fission
Yield

(atoms/fission)

0.0131

0.0252

0.0355

0.0670

(1) 0.0654

0.0642

0.0288

0.0430

O.P699

0.0771

0.0630

TABLE 4

Sample 1
(June 06-07)

Coolant Concentration

(GBq/kg(H2O))

1.81

1.86

2.91

34 0

16.4

1.50

12.6

12.9

33.4

4.46

15.8

corrected for neutron absorption

(yCi/ml)

39.2

40.3

63.0

735.0

354.0

32.4

273.0

278.0

722.0

96.5

341.0

in fuel

Release
Rate

(atoms/s)

2.18 x

2.24 x

3.77 x

3.88 x

4.09 x

1.80 x

3.90 x

1.56 x

3.94 x

5.40 x

1.80 x

10 1 1

10 1 1

10 1 1

ioi2

10 1 1

10 1 1

10 1 2

io12

1012

1O11

io12

Fractional
Release

(R/B)

0.0211

0.0103

0.0131

0.1450

0.0073

0.0034

0.1662

0.0597

0.6960

0.0086

0.0353

Sample 2
(June 11-12)

Coolant Concentration

(GBq/kg(H2

1.80

1.93

2.96

56.6

30.2

N/C

14.9

20.1

33.9

3.81

14.6

0)) (yCi/ml)

38.9

41.6

64.1

1224.0

654.0

N/C

306.0

436.1

732.4

82.4

316.2

Release
Rate

(atoms

2.

3.

4.

5.

8.

5.

2

3

6

1

90 x

.67 x

.48 x

.22 x

.91 x

N/C

.62 x

.20 x

.74 x

.02 x

.56 x

Is)

1011

1011

10 1 1

1013

1011

1012

io12

1012

1011

1012

Fractional
Release

(R/B)

0.0272

0.0127

0.0155

0.1290

0.0167

N/C

0.2380

0.0847

0.0656

0.0096

0.0303

i . e . , X* « X + f $ f

where A = 2.12 x 10"5 s"1

- 5 s"1f? . = 8.59 x 10 s



TABLE 5

Comparison of Defect Description and Irradiation Histories for
Three CBNL Defect Experinents

Total Defect

Experiment
(Element)

FDO-681
(LFZ)

FDO-687
(NSZ)

FFO-103
(A3N)

Detect Description

1 drilled hole;
1.2 mm in diameter

1 machined longitudinal
slit; 10 mm long x
0.6 mm wide

23 machined longitudinal
slits; each 35.7 mm
long x 0.33 mm wide

An
(mi

1

6

272
1490

ea
n2)

.12

.0

.0 (initial)

.0 (final)

Linear Heat
Rating
(kW/m)

48.0

57.5

47.9

(kW/m)

3.5

4.2

3.5

Burnup
(MW.h/kg U)

Initial Final

0.0 20.0

0.0 28.0

0.0 17.5



TABLE 6

Depositing Fission Products Surface Activities (Bq/cn2) for Different Trap Materials Measured
at Test Section Outlet*

Trap Trap Mo-99 Te-132 La-140 Ru-103 Ba-140 Zr-95 Nb-95 Ru-106 Rb-88
Position Material (140.5 keV) (228.2 keV) (487.0. keV) (497.1 keV) (537.4 keV) (724.2 keV) (765.8 keV) (621.8 keV) (898.0 keV)

26 Carbon steel 1.29 x 108 9.83 x 107 3.69 x 107 1.18 x 107 2.92 x 108 2.35 x 107 3.85 x 106 8.41 x 106 2.45 x 107

25 Monel-400 9.05 x 107 8.77 x 106 2.45 x 107 6.34 x 106 2.64 x 108 4.53 x 106 2.05 x 105 3.68 x 106 2.03 x 107

24 Nickel-800 8.39 x 107 9.77 x 1O7 2.88 x 107 4.86 x 1O6 6.76 x 1O7 1.87 x 107 3.15 x 106 4.34 x 106 1.052 x 1O7

23 Inconel-600 9.37 x 107 6.47 x 107 2.38 x 1O7 7.96 x 1O6 1.84 x 106 2.07 x 107 3.47 x 106 6.71 x 106 6.76 x 106

All values quoted are measured upper Units for surface deposition.
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DESIGN DETAILS

SHEATH MATERIAL

ELEMENT DIAMETER

WALL THICKNESS

ELEMENT LENGTH

AVERAGE SLIT LENGTH

- ZIRCALOY-4

- 13.11mm

- 0.44mm

- 485.0mm

- 35.7mm

AVERAGE SLIT WIDTH -.3 3mm
NUMBER OF SLITS - 23

TOP OF SLIT 1

BEARING PADS

BOTTOM OF SLIT 23

BOTTOM END

FIGURE 1 SCHEMATIC DIAGRAM OF ELEMENT A3N
SHOWING LOCATIONS OF SHEATH SLITS
AND DESIGN DETAILS
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FIGURE 4 A 3 N ELEMENT LINEAR POWER RATING VERSUS UO, STACK LENGTH
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FIGURE 5 A3N LINEAR ELEMENT POWER VERSUS IRRADIATION TIME
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(a)
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(c )

FIGURE 7 POST IRRADIATION EXAMINATION OF ELEMENT A3N
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FIGURE 14 FRACTIONAL RELEASE (R/B) OF FISSION
PRODUCTS FROM DEFECTIVE FUEL EXPERIMENTS
PLOTTED AGAINST ISOTOPE DECAY CONSTANT (X)

10

10 - i

CQ

- 2
= 10"" - -

O
CQ

Q
J

at
1 0 " d - -

10 - 5

DATA FITTED TO £ = a X b e c w *
8

FFO-103
NOBLE GASES)

(IODINES)

• ELEMENT
MIDPLANE
BURNUP 9.0

FDO
(IODINES)

r!3l

Xe
I33 XeI35m

rl33
Kr'

rl35i

.85m Kr.88 Xe
I3S

10 - 6 10 -5

Xe

10 - 3

DECAY CONSTANT



10*f
o
a

(Q

Z

o

Z
UJ
Oz
o
o
UJ

o
<
u,
QC
13
CO

®ios

10H

0)
CO
I
o
2

0>
CO
CM
I
a
Z

10 s-
10 7 -
10 6 -
1 0 s -
10"-

10Bf
I D 7 -
10s

10s

104 +
111

o
a.
X

z

•r

- 1 *

IRRADIATION TIME (DAYS)

FIGURE 15: Surface Concentrations(Bq/cm2) For Selected Species of Depositing Fission Products
Plotted Against Element A3N's Irradiation History



o
cr
m

z
o

<C
DC
I -
Z
111
o
z
o
o
LJo<
u.
cc
(0

j [ r j I f I i i [ [ | I i f j i T | 1 i j I f j

3 \ 5 G 7 S 3 10 11 13 14

00:00 IRRADIATION TIME (DAYS)

FIGURE 16: Surface Concentrations(Bq/cm ) For Selected Species of Depositing Fission Products
Plotted Against Element A3N's Irradiation History



1 0 e f
«e 5 i o 7 -

o y 1 0 s -

co co i U .
Z
O

111
O
z
o
o
111
o<
u.
DC
=>
CO

10s +
<o 1 0 7

? ID;

IO44

a i ° :

« 1 0 7

1 O 4 |
a
III

o
a.
x
a

20.

10.

~tm si
00:00

r "V

l) ( 1 ItrrnI I I i r j I I j I i j i i | I i j i i j i i I i I j r f I I I I I f I I t

3 4 S G 7 S 9 ! l 0 11 12 13

IRRADIATION TIME (DAYS)

FIGURE 17: Surface Concentrations(Bq/cnr) For Selected Species of Depositing Fission Products

Plotted Against Element A3N's Irradiation History



CM

or
00

0>
i

z
UJ
o
z
O
o
UJ

o

i
ca

iofl

107

1 Or"

i o 4 -

]0 --
1 0 7 -
10s -
10s

104 - -

2: 2
cc
CO

O) JU

CM I D 7

2 10 s

l a 4

Ul

o
a
x
oc
z

30

10.

20

mr si
00:00

f x
m a,*1"

i i i i i i [ i i i i i i i i i I I r i t I i i i i i t i i i I i i 1 1 I

4 5 G 7 8 9 10

IRRADIATION TIME (DAYS)

13 14

FIGURE T8: Surface Concentrations{Bq/cm ) For Selected Species of Depositing Fission Products

Plotted Anainst Element A3N's Irradiation Histor"



E
o

ex
CD
w

z
o

z
UJo
z
o
o
Ul
O
<
u.

CO

t m in i I i i I i i I i i i i t I i i I i i I i i I i i I i i I i I ; i
ripy si

00 •00 IRRADIATION TIME(DAYS)

FIGURE 19: Surface Concentrations(Bq/cm2) For Selected Species of Depositing Fission Products

Plotted Against Element A3N's Irradiation History



o .
C M .

S 10 1 0

zo
r-

2 i o 3 - -
UJ

8 i o a

7 " T~~l
EXP-FFO-103

TEST SECTION: OUTLET-*
INLET - •

JUNE' 8 9 10 II 12 13 14 15

IRRADIATION TIME(Days)

FIGURE 20 MEASURED Np239ACTIVITY CONCENTRATION
VERSUS IRRADIATION TIME



239
Np (277.9 KeV)

E
o
^-
m

r
o
<
LU

o
<u.

05

Reactor
Shutdown-

• •: •

' . " *

Fuel

Removed—-^_J

Coolant
, Activity

Activity

TRAP-26

14
JUNE

15 16

TIME(Days)

17

FIGURE 21 MEASURED N p 3 9 SURFACE ACTIVITY
FOLLOWING REACTOR SHUTDOWN



10

CO
\
CO

en
(Z
CD

LLJ

- 7

5 _

2 _

10"8--
5 _

1x1
CO
d
LLJ
_ l
L J
Q :

CM
o
D

2

1 0 - 9 - -
5

10"1'--

- t s u (Reactor Startup) (Reactor shutdown) ts j —.

/•*sd
Total UO Release = ot°.M^,a2 / R(t)dt~49gms

i • J
*su

Interpolated Release Rate

No Measurements Made

/ : - -

JUNE 4 5 6 7 8 9 10 II 12 13

TIME(DAYS)
14 15

FIGURE 22 CALCULATED UO2 RELEASE RATE VERSUS TIME
DURING EXP-FFO-103



48

APPENDIX A

Calculation of Isotopic Birth Rate as a Function of Irradiation Tiae

In general, the rate at which an isotope N^ is produced is dependent
on its own half life and those of its precursors*,

^ Vm + ViVi^

t = irradiation time(s)
where FR = fission rate (fissioti/s)

yD = direct fission yield (atoms/fission)
X = decay constant (s~^)

N(t) = number of atoms at time t
i = 1, 2....N

Computer codes like FISSPROD (Al) and ORIGEN (A2) solve the system of N
simultaneous equations necessary to obtain N^(t). However a simpler
method can be derived which allows for an analytical solution to equation Al.
Consider the expression,

d N i ( t ) + 1 » (t) = B.(t) (A2)
dt~ i i i

where Bi(t) = birth rate at time t (atoms/s)

By choosing a functional form for B^(t) that can be integrated which
gives the same numerical values as the right hand side of equation Al, an
explicit solution to equation Al may be obtained. We must adopt a
functional form for B^(t) which satisfies the two boundary conditions,

1. Bj/t) = FRyDi for t = t0

2. B±(t) = FRyCi for t » to

These two conditions are met by the equation,

where y^ = isotope cumulative fission yield (atoms/fission)

Yi = parent(s) growth constant (s~^)

* The discussion below assumes no losses due to neutron capture.
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For the isotopes of interest in this study the direct (yD) and
cumulative fission yields (yc) as well as the ratio yn/yc

 are
presented below in Table Al. The data was obtained from the CRNL physics
code FISSPROD-3 (2) using the fission product library ENDF/B-V.

Isotope

1-131

1-132

Xe-133

yD
(atoms/fission)

4.154 x

1.674 x

7.068 x

io-3

10"4

lo"6

TABLE Al

yC
(atoms/fission)

2,

4.

6.

.883 x 10 2

,298 x 10~2

,702 x 10~2

1

3

1

Vyc

.44 x

.89 x

.05 x

10

10

10

-3

-3

-4

For all three isotopes the value of YQ/YQ « 1 and can therefore be
neglected in equation A3. The resultant expression is substituted into Al
to give:

dN±(t) +

dt~

= FR.yCi (1-e (A4)

the solution of which is:

(A5)

FISSPROD-3 prints out values of total number of atoms per total number
of fissions per time step. Assuming the solution above is valid then this
is equivalent to:

A. \ X.
N±(t)

/vdt'
W 1?! 6 ') (A6)

or

A±(t) (A7)

where A (t) = N. (t) = FISSPROD-3 values at irradiation time t.
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The power h i s to ry of element A3N was input in to FISSPROD-3 and the
r e s u l t a n t values of A ^ t ) for 1-131, 1-132 and Xe-133 obtained are given
below:

Table A2
FISSPROD-3 Calculated Values of A i ( t )

Irradiation
Tine (days) 1.0 3.0 5.0 8.0 12.0 15.0

1-131 2.373 x 10"2 2.351 x 10~2 2.231 x 10~2 2.025 x 10~2 1.767 x 10~2 1.598 x
(atans/fissions)

1-132
(atoms/fissions)
1-132 1.011 x 10~3 9.066 x 10"4 7.672 x 10""4 6.032 x Hf4 4.545 x lO"4 3.780 x

Xe-133 1.817 x 10~2 3.454 x 10~2 3.812 x 10~2 3.648 x 10~2 3.158 x 10~2 2.799 x
(atoms/fissions)

The values of A^(t) in Table A2 were then fitted to equation A7 to
solve for values of 7^ the precursor(s) growth constant. The results are
tabulated below.

Isotope y
* -Calculated

(s"1) (s"1)

RMS
Error of F i t

1

0

1

.65%

.91%

.03%

1-131 9.978 (-7) 7.375 (-5)

1-132 8.371 (-5) 2.493 (-6)

Xe-133 1.528 (-6) 8.402 (-6)

The instantaneous birthrate Bj(t) can now be obtained for any of the
above isotopes from equation A3. Moreover the fuel inventory as a function
of irradiation time can be obtained from the solution of A2 as discussed in
Section 5.1.1.

References

Al W. Walker and A. Herbert, "FISSPROD-3 An Expanded Fission Product
Accummulation Program Using ENDF/B-V Decay Data", AECL-6973, 1982
November.
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APPENDIX B

Calculation of R/B For Xenons Allowing For Iodine Decay in Loop

The fractional release behaviour of xenon isotopes from the fuel is
assumed to be similar to those of the kryptons and iodines. Therefore the
mass balance equation derived in Section 5.1.1 gives,

X * -

yc (-JT)
Xe

However, since the iodine decaying in the loop coolant acts as a source
for the xenon activity concentration, equation B.I is modified to read,

Xe

" 7t\
e

where Qd(t) = activity concentration of iodine measured at time t
(Bq/kg (H20)).

Xe-135 has a large neutron absorption cross section which must be
accounted for in the total loop decay constant. Therefore Xe-135 release
fractions were calculated using the expression:

Xe R '
\

*
w h e r e X = - X + L + f f X

Xe ™ c

f = fraction of loop coolant in neutron flux

fxe = Westcott neutron absorption cross section (cm^/n)

J c = average Westcott neutron flux in the coolant (n/cm^-s)

* The value of ffxe^c calculated for Xe-135 is 2.94 x 10~6 s"1.
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APPENDIX C

Correction for Enhanced 1-132 Release Due to Te-132 Diffusion

C.A. Friskney and M.V. Speight in their paper (13) solved a set of
coupled diffusion equations to quantify the effect of the diffusion of any
number of precursors in a decay chain on the fractional release of a
particular isotope. Their starting point was the following set of
equations:

D2V
 ci + Bx ~ \ ci = dc1/dt (C.I)

where D^ = diffusion coefficient of the parent (rnr/s)

c^ = concentration of the parent (atoms/m-*)

B^ = production rate of the parent per unit volume (atoms/s-m^)

1 = decay constant of the parent (s~*)

t = time (s)

and

D V2c + A , c n - A c = dc /dt (C.2)
m m m—1 m—1 m m m

where the suffix m refers to any member of the succeeding decay chain.

This argument implicitly assumes that the succeeding members of the
decay chain have direct fission yields that are negligible compared to the
rate of production from/?" decay of their parent(s). If we consider Te-132
(t| = 78 h) to be the first member in its decay chain then the ratio of
yD to yc is equal to ~ 0.004 (see Table Al). Thus the assumption is
valid for the Te-132 - 1-132 pair.

The solution of these coupled equations in terms of the generalized
fractional release of a given daughter member was found to be:

(f) = Z { f" l>th *± - 4-] n [ -^y-T ] W k (C.3)
i i=l * v i r i k=l 1 - <t>. /<p. '

where

and a = equivalent grain sphere radius (m).
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Since we are only interested in the first daughter 1-132, equation C.3
simplifies to,

V

c o t h
e(62-i)

c o t h

c o t h e<t>2 -
2

*2
(c.4)

(c-5)

. . <j>l
w h e r e 9 = T - =<t>2

In general
simplifies to,

» 4 ; therefore coth ((̂  = 1. Hence equation C.5

,IU 3
(-5-) = —
B 2 *2

e3-l
s

6(6-1)
CC.6;

If we assume D^ w D2 and note that X2 »Xi» then 9 « 1 and
equation C.6 reduces to the following expression for the Te-132 - 1-132
Isotopic chain:

(c.7)
2 H 9 a ' X2 ' XI

Therefore the as measured fractional release of 1-132 is enhanced by a

rw
factor of +l-^— (=^5.83) over that predicted by simple Booth diffusion.If

rw
If Al

Thus, in a plot of R/B vs. A the measured 1-132 R/B is multiplied by 0.172
(i.e. 1/5.83) in order to account for the released enhancement due to Te-132
diffusion.
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