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Abstract

In the event of a fuel failure in an Advanced Gas Cooled Reactor

(AGR), the quantity of fission products available for release to the

environment is determined by the transport of fission products in the UO,

fuel, by the possible retention of fission products in the fuel can

interspace and by the deposition of fission products on gas circuit surfaces

("plate-out").

The fission products of principal radiological concern are

radioactive caesium (Cs-137 and Cs-134) and iodine (principally 1-131).

Results are summarised of a number of experiments which were designed to

study the release of these fission products from individual fuel failures in

the prototype AGR at Windscale. Results are also presented of fission

product release from failures in commercial AGRs. Comparisons of measured

releases of caesium and iodine relative to the release of the noble gas

fission products show that, for some fuel failures, there is a significant

retention of caesium and iodine within the fuel can interspace.

Under normal conditions circuit deposition reduces caesium and iodine

gas concentrations by several orders of magnitude. Differing release

behaviour of caesium and iodine from the failures is examined together with

subsequent deposition within the sampling equipment. These observations are

important factors which must be considered in developing an understanding of

the mechanisms involved in circuit deposition.
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1. INTRODUCTION

In the event of a fuel failure in an Advanced Gas Cooled Reactor

(AGR), the quantity of fission products available for release to the

environment is determined by the transport of fission products in the UO,

fuel, by the possible retention of fission products in the fuel can

interspace and by the deposition of fission products on gas circuit

surfaces, the phenomenon known as "plate-out". This "plate-out" of

radioactive nuclides on reactor surfaces, although of benefit in reducing

the quantity available for release to the environment through coolant

leakage, can lead to high radiation fields in areas of the circuit where

maintenance is required.

The fission products of principal radiological concern are

radioactive caesium (caesium-137 half-life 30 years, caesium-134 half-life

two years) and iodine (principally iodine-131 half-life 8 days).

Although commercial AGRs of the CEGB and the SSEB have now been

operating for more reactor years than achieved by the prototype AGR at

Windscale (WAGR), it is from the latter that most experience of fission

product release from failures has been accumulated.

During the operation of WAGR there were a total of 180 fuel failures

which were detected and located using the installed Burst Can Detection

(BCD) system which essentially measures the concentration of certain short

lived noble gas fission product nuclides in reactor coolant samples. These

coolant samples were obtained using small bore steel sample pipes about 10 m

in length. Coolant samples were also passed through "Maypack" filter units

which collect the radioactive iodine contained in the gas and which are

designed such that different physical and chemical forms of the iodine are

collected on different components of the filter unit, thereby providing an

indication of the chemical composition of the iodine as well as the total

concentration in the gas entering the Maypack. Hillary (Ref. 1) has

reported that in general these measurements showed that:

(i) there was a release of fission product iodine into the gas

circuit from fuel failures,

(ii) the majority of the iodine collected on the Maypacks appeared

to be in the form of organic iodine compounds (methyl iodide),

and (iii) a comparison of the concentrations of iodine-131 measured in

coolant samples from the fuel channel containing failed fuel with samples

from other channels showed that there was considerable "plate-out" of

iodine-131 in the circuit.
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As Hillary noted, much of any elemental iodine or iodine attached to

particles would have been expected to have been deposited on the long sample

pipes before the Maypacks, thereby leading to an underestimate of the

quantity of iodine-131 in the reactor coolant.

Measurements inside the reactor gas circuit during reactor

inspections showed that caesium was released from fuel failures and was

rapidly deposited on heat exchanger surfaces, where it contributed

significantly to the radiation field when the reactor was shutdown.

Deposition of caesium on the sample pipe walls prevented the detection of

caesium in coolant samples so that no measurements of caesium release could

be made at the time of the failure. From measurements inside the reactor

during successive reactor inspections it was possible to estimate the total

caesium release from the failures occurring in the intervening period. A

retrospective estimate of the release from an individual failure could be

made after the failure was discharged by the removal of the sample pipe from

the plug unit of the discharged stringer so that a y-spectrometric

determination of the caesium deposited on the sample pipe could be made.

Little was known of the timescale of the caesium release, in

particular whether the release was continuous or confined to a relatively

short period of time following the failure of the can. This was of

practical importance since, if the release of caesium was continuous, the

contamination of circuit surfaces could be reduced by rapid detection,

location and removal of failed fuel from the core. The suggestion was made,

by Collins at Windscale, that the releases of caesium and iodine could be

closely related so that the instantaneous release rate of caesium might be

calculable from the iodine release rate determined from Maypack

measurements.

Two major experiments were therefore devised and carried out by UKAEA

and CEGB staff, the first with a failure induced in the reactor, the second

re-irradiating existing failures. The objectives were:

(i) to investigate the timescale of caesium release from one

particular fuel failure and so assess the usefulness of rapid removal of

failures from the core to reduce caesium contamination of the boilers,

(ii) to investigate whether there is a relationship between caesium,

iodine and noble gas release rates by measuring the magnitudes and

timescales of caesium and iodine releases from the fuel and continuously

recording the BCD signal from noble gas release,
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(iii) to determine whether there was any deposition of iodine-131 on

sample pipes which would lead to Maypack measurements giving an

underestimate of the release of iodine-131 from failed fuel, and, by

studying the deposition of iodine on the sample pipes and on filter

components at the outlet of the pipes, to investigate the physical and

chemical forms of iodine and its deposition behaviour.

2. WINDSCALE AGR IRRADIATION EXPERIMENT IE1495

In this experiment a fuel stringer with a high burn-up and a

calculated high fission gas pressure was removed from the reactor and its

plug unit was removed and replaced with a specially modified plug unit which

incorporated 5 sample pipes, normal plug units having only one. All of the

sample pipes sampled gas from the same position as would a standard sample

pipe, from behind the adjustable gag. The stringer was then reloaded into

the reactor and irradiated at a slightly higher rating than before with a

low peak can surface temperature (T ) of about 550°C to allow the levels of

short-lived nuclides, particularly iodine-131, to build up again.

After 33 days the gag was adjusted to reduce the channel gas flow and

increase the peak can surface temperature to 900°C with the aim of

deliberately inducing a gas pressure fuel failure in this stringer. The

fuel failed after 20 days and the stringer then remained in the reactor for

a further 6 1 /
2 days until the reactor was shutdown for its discharge.

By arranging to sample coolant through each of the 5 sample pipes for

a prescribed sample period, it was possible by subsequent y~spectrometric

analysis to determine the quantity of radioactive caesium and iodine

nuclides deposited on each sample pipe and hence estimate the total caesium

and iodine releases during each of the five sample periods.

Table 1 shows the periods for which each pipe sampled. Since it was

not possible to predict with certainty when the failure would occur coolant

sampling through Pipe 1 began as soon as the can temperature had been

increased to induce the failure. Coolant from this pipe was passed through

a Maypack filter unit, the components of which were changed occasionally

during the 20 days period before the failure occurred. Sampling through

this pipe was stopped 35 minutes after the failure occurred. Coolant was

then sampled successively through sample pipes 2, 3 and 4 for periods of 3

hours, 10 hours and 34 hours respectively, in each case the coolant going to

a Maypack filter unit. Coolant was sampled through pipe 5 continuously

during the whole experiment while the other pipes were in use and for a

further period of 4^2 days until the reactor was shutdown for the failure
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to be discharged. Release during this final 4 1/, day period has been

calculated by subtracting the earlier release determined by the other sample

pipes. Of the coolant sampled through pipe 5, 0.5 g s"1 went to BCD

equipment and 0.8 g s"1 went to an apparatus consisting of Maypacks and

other filter components designed to distinguish between different forms of

iodine-131 in coolant leaving the pipe.

Because of the structure of the plug unit some sections of the sample

pipes could not be removed and Y~ sP e c t r o m e t ry could not be carried out on

these sections. Figure 1 shows the caesium-137 and caeslum-134 deposition

profiles measured on sample pipe 3. The profiles are consistent with

deposition having been limited only by the rate of transport through the gas

to a perfectly adsorbing surface. The quantities of caesium deposited on

the missing sections were estimated by interpolation in order to calculate

the total quantity collected on the pipes. The uncertainty introduced by

this interpolation was not significant in the case of caesium. Table 1

shows the quantity of caesium-137 estimated to have been released during

each sample period. It is clear from the table that the quantity of

caesium-137 in the coolant before the failure occurred must have been

extremely small. The measurements are consistent with the release having

been continuous, at a rate rising from about 3 mCi hour"1 to about

8 mCi hour"1, with a total release of 1.1 ± 0.2 Ci.

Unfortunately, Post Irradiation Examination of the failure showed

that 5 fuel pins had failed. It was therefore not immediately possible to

exclude the possibility that one failure had occurred during each sample

period, in which case a short term release from each failure could give the

appearance of continuous release. Axial y-scanning of the 5 failed pins,

allowed an estimate to be made of the caesium release from each one. The

total caesium-137 release from the 5 pins was estimated to be 4.0 ± 0.7 Ci.

Deposition of caesium on steel and graphite surfaces between the failure

sites and the sample pipe inlet positions could account for part of the

discrepancy between the two estimates of the total caesium-137 release.

Table 2 shows the proportions of the caesium-137 release which can be

attributed to each of the 5 failed pins on the basis of the PIE

measurements. A comparison with Table 1 shows that the quantities of

caesium-137 collected on the 5 sample pipes are not consistent with the

releases from these 5 failures being confined to the time of failure no

matter at what times or in what order the 5 failures occurred. It is

concluded that the release of caesium-137 was continuous. The fractional
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release of caesium-134 from each pin was very similar to that of caesium-137

and the two nuclides were found deposited in the same proportions on all

sections of all 5 sample pipes. The release of caesium-134 was therefore

also continuous.

Although the possibility had been recognised that there could be

forms of iodine-131 which deposited on sample pipes and so were not normally

detected using Maypack samplers, no attempt had been made previously to

measure such iodine. Table 3 shows the quantities of iodine-131 found

deposited on each sample pipe, as determined by Y~sPectrometry, and the

quantities of iodine-131 remaining in coolant leaving the sample pipes

collected on Maypacks and other filter components. Figure 2 shows the

iodine-131 deposition profile measured on pipe 5. It is clear from the

figure that there were probably significant quantities of iodine-131

deposited on the sections of pipe which could not be retrieved. Also

included in Table 3 are estimates of the total quantities of iodine-131

deposited on each pipe, obtained by interpolation. Since the interpolated

sections represent a significant fraction of the total, these estimates are

subject to considerable uncertainty. Nevertheless it is clear that only a

small and varying fraction of the iodine-131 entering the sample pipe

reached the Maypacks. Estimates of the release of iodine-131 based on

conventional Maypack measurements alone would have underestimated the true

release from this failure by more than a factor of 10.

During the 20 day period before the failure occurred, the filter

components in the Maypack taking gas from sample pipe 1 were changed

occasionally. Y~ sP e c t r o m e t ri c analysis of these filter components suggests

that if the proportion of iodine-131 depositing on the pipe remained

unchanged throughout the entire period of sampling, 60% of the iodine-131

found on pipe 1 would have been deposited there before the failure occurred.

Table 3 shows the mean iodine-131 release rate calculated for each sample

period and the ratio of caesium-137 and iodine-131 released from the failure

deposited on each sample pipe. In both cases it has been assumed that only

40% of the iodine-131 on pipe 1 came from the failure. The results show

that, as for caesium, the release was continuous, but that in addition there

was probably a short term release of iodine-131 at a much higher rate when

the failure occurred, but no evidence of a similar release of caesium.

Fission product iodine nuclides with half-lives shorter than that of

iodine-131 could not be detected on the sample pipes by the time they were

available for y~spectrometry. Other fission product iodine nuclides are
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iodine-127 (which is the naturally occurring stable iodine nuclide) and

iodine-129 which has an extremely long half-life (16 million years) and was

therefore not deposited in quantities which were detectable by

y-spectrometry. The levels of iodine-129 were determined by neutron

activation, the results giving a ratio of iodine-129 atoms to iodine-131

atoms deposited of (85 ± 7) I 2.

Thermodynamic analysis suggests that in an intact fuel pin the most

likely equilibrium form of fission product iodine would be as the volatile

compound caesium iodide, with excess caesium present as caesium uranate or

molybdate. Calculations show that, for the stringer used in this

experiment, long lived or stable caesium nuclides account for over 98% of

the total caesium atoms in the fuel, caesium-137 accounting for 40.7%. For

iodine the nuclides iodine-127 and iodine-129 account for 98% of the iodine

in the fuel, iodine-129 accounting for 83.3%. It would therefore be

expected that in any caesium iodide released from that stringer, the ratio

of iodine-129 atoms to caesium-137 atoms should be 2.05:1. If the iodine

deposited on the sample pipes during this experiment were in the form of

caesium iodide the ratio iodine-131:caesium-137 expressed in terms of

activity would be (33 ± 3) * 2, using the results of the neutron activation

measurements described above. The deposition profiles found on the sample

pipes were not consistent with the iodine having been deposited where it was

found as caesium iodide. Whereas caesium was deposited predominantly at the

pipe inlet, the iodine was deposited further down the pipe where the

iodine-131:caesium-137 ratio often exceeded 1000, and downstream of which

very little caesium had reached.

The distribution of iodine collected by filter components at the end

of the sample pipes showed that the iodine reaching those filters was in a

molecular form rather than attached to particles. The distribution on the

Maypacks was consistent with the iodine being in the form of organic

compounds.

Shortly before the reactor was shutdown for the failure to be

discharged, a sample of coolant was collected in a sample cylinder for

y-spectrometric analysis, the results of which are shown in Figure 3. The

concentration of iodine-131 in the coolant was a factor of 100 smaller than

for a noble gas nuclide of similar half-life. The greater part of this

factor is no doubt due to the depletion of iodine-131 in the sample due to

deposition on the sample pipe, but it would still appear that the actual

release rate of iodine-131 at that time was probably somewhat smaller than

would have been found for a noble gas nuclide of similar half-life.
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3. WINDSCALE AGR IRRADIATION EXPERIMENTS IE1510/1 AND IE1510/2

In each of these experiments, a fuel stringer previously discharged

as a failure, was fitted with a specially modified plug unit carrying

additional sample pipes, and returned to the reactor to be re-irradiated at

full power for a period of several weeks, during which time the rates of

release of caesium, iodine and noble gases were measured. Re-irradiating an

existing failure rather than inducing a failure as had been done in the

previous experiment allowed the study of a pin which had failed under

conditions closer to those of CAGR in normal operation. There would be

reasonable confidence that there was only one failed pin in the stringer,

making interpretation of the results easier. However, no information would

be obtained about the early stages of a failure and changes may have taken

place in the failed pin during storage.

Compared with the previous experiment, several improvements were

made:

(i) In addition to the normal sample pipe, the modified plug unit

had 6 additional fine bore sample pipes held within a stainless steel sheath

which passed through the central guide tube to below the position of the

gag. After stringer discharge the sheath and sample pipes could be

withdrawn as a unit, avoiding the problem of gaps in the deposition profiles

where pipe sections were irretrievable, and the consequent uncertainties in

the total quantities of caesium and iodine deposited.

(ii) One of the six pipes was fitted with six thermocouples in order

to determine the temperature variation along the sample pipe.

(iii) On-line Y~ sP e c t r o m e t ry w a s used to provide a continuous

measurement of the concentrations of noble gas isotopes in coolant sampled

from the failure channel through the normal sample pipe.

(1) Re-Irradiation of the First Stringer

The stringer was re-irradiated for 16 days with maximum channel

coolant flow and hence relatively low can temperatures. During this period

there was continuous sampling through the normal sample pipe to the BCD unit

and the on-line y~sPectrometer, but no sample was taken through any of the

special sample pipes.

The next 24 days were divided into six 4-day periods (Table 4). At

the beginning of each period the channel gas flow was altered to change the

temperature conditions which remained constant throughout the period.

During each period coolant was sampled almost continuously through one of

the special sample pipes. Sampling began as soon as temperatures were
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steady and finished just before the next channel gas flow rate change. For

each of the six periods a new sample pipe was used. Coolant from the pipe

passed through a new convoluted steel hose to a Maypack. The Maypack filter

components were changed several times during each period.

(2) Re-Irradiation of the Second Stringer

The second stringer was re-irradiated for a total of 34 days, during

which time sampling through the normal sample pipe to the BCD unit and on-

line Y~ sP e c t r o m et e r w a s continuous. For the first six days the stringer

experienced maximum channel coolant flow and hence relatively cool can

temperatures, and during this period coolant was sampled through the first

of the special pipes to a Maypack.

After this initial period, the channel flow rate was reduced. It was

intended to make no further changes in the operating conditions of the

stringer, but to investigate the changes in release rate during a prolonged

isothermal period, and to determine the time variation in iodine and caesium

deposition profiles on the special sample pipes by sampling through each of

the five remaining pipes consecutively for periods of 1 day, 2 days, 4 days,

8 days and 16 days respectively. During the penultimate sample period, the

noble gas concentrations began to increase. The sample was terminated,

channel coolant flow increased in order to limit the increase, and the last

sample period begun. Coolant from the special sample pipes went by a

convoluted steel hose to a Maypack. The Maypack filter components were

changed several times during each period. Table 5 shows the channel

conditions during each period.

Figure 4 shows how the concentration of xenon-138 changed during

IE1510/1. Since this isotope is relatively short-lived (half-life 850 s),

changes in the concentration follow closely changes in the instantaneous

release rate. The release rates of the other noble gases appear to have

behaved similarly. Qualitatively, several features are obvious:

(i) Noble gas release was continuous throughout the entire period.

(ii) The concentration was continuously higher during periods of

operation at higher can temperature.

(iii) In addition there were pulse releases when the channel coolant

flow was reduced to increase the can temperature, but the pulses were

progressively smaller.

(iv) Towards the end of the fifth sample period the concentration

began to rise while conditions were steady.
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Part of the change in concentration from one period to the next is

due simply to the change in coolant flow rate, since in the absence of

recirculation in the gas circuit, the concentration should be inversely

proportional to the coolant flow rate for a constant release rate. In fact

the observed changes are greater than would be expected on this basis

suggesting that the release rate increased when can temperature increased.

However, the magnitude of these increases was very much less than would be

expected from changes in the magnitude of the coefficients of noble gas

diffusion in U0 2.

Figure 5 shows the concentrations of xenon-138 and xenon-133 measured

during IE1510/2. Again the reduction in channel gas flow rate, and the

consequent increase in can temperature led to a pulse release of short lived

noble gases followed by a continuous release which was at a rate only

slightly higher than before. However, subsequently there was a prolonged

rapid rise in these release rates. Decreasing the can temperature by

opening the gag had the desired effect of reducing them.

The principal results of the iodine-131 measurements using the

special sample pipes are shown in Tables 4 and 5. Iodine-131 was found to

have been deposited on each sample pipe and on the charcoal granules of each

Maypack sample pack. There is no reason to doubt that the release of

iodine-131 was continuous. In contrast to the noble gases, reductions in

can temperature did not reduce the rate of release of iodine-131.

Towards the end of IE1510/1 the coolant burden of xenon-133 was being

maintained at about 16 Ci while the iodine-131 release rate was 34 nCi s"1.

Towards the end of IE1510/2 the coolant burden of xenon-133 was about 11 Ci

while the iodine-131 release rate was 130 nCi s~l. Assuming that in each

case all of the xenon-133 came from the IE1510 failure and not from some

other unknown failure (an assumption which, at least in the case of the

second experiment, is supported by the response to the opening of the gag)

and allowing for the high coolant leakage rate during the experiments, this

implies that the rate of release of iodine-131 was in both cases over a

factor of 100 less than would be expected for a noble gas of that fission

yield and half-life.

The iodine-131 deposition profiles on the special sample pipes were

qualitatively similar to the profiles measured in the earlier experiment,

but the proportion deposited on the pipe surfaces varied greatly from 0.7%

to 81%. Tables 4 and 5 show that there was an unmistakable correlation

between channel conditions (which also determined the sample pipe
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temperature profile) and the proportion of iodine-131 deposited. There was

no obvious correlation between the proportion deposited and the length of

the sample period which ranged from one day to 17 days.

Figure 7 shows the proportions of iodine-131 estimated to have been

deposited on the sample pipes from IE1495 and IE1510 and from a Windscale

AGR failure (F149) discharged in 1977, plotted against can temperature

(T ). The curve shows that there is little deposition on the pipe for
sm

samples when T is less than about 700°C and a high level of deposition
when T is above about 800°C. CAGR conditions correspond to the transition

sm

region. Similar curves would have been obtained if the results had been

plotted against channel gas outlet temperatures or sample pipe inlet

temperatures.

Figure 6 shows the concentration of iodine-131 reaching the Maypack

at the end of the special sample pipes during IE1510/1. Although there was

a general rise in iodine-131 concentration over the course of the

experiment, the most noticeable feature is the depletion in the iodine-131

concentration which occurred during the early part of each sample period and

which is most marked for those periods in which there was greatest

deposition on the sample pipe. The depletion occurred both following an

increase in channel temperatures (at the start of periods 1, 3 and 5) and

following a decrease in channel temperatures (at the start of period 4). It

is unlikely that a short term reduction in the rate of release of iodine-131

from the fuel failure would follow both an increase and a decrease in

channel temperatures, and it is therefore probable that the reduction is

associated with the deposition of iodine on the fresh sample pipe preceding

the Maypack. This implies that the fractional penetration of the sample

pipe by iodine was not constant during each sample period, but was smaller

at the beginning of each period. Nevertheless, most importantly, it is

clear that even during the first hour of sampling the proportion of

iodine-131 which reached the Maypacks was not small.

These observations place important constraints on any model which

attempts to explain the deposition of iodine on steel sample pipes. If

deposition were limited only by the rate of transport through the gas to a

perfectly adsorbing surface, the proportion of iodine reaching the Maypack

would be negligible (less than one part in lO^-5). It is clear from the

tables and from Figure 6 that, even during the first hour of sampling

through a sample pipe, a significant fraction (10% to 50%) of the iodine

sampled reached the Maypack. It is clear that, if only one chemical form
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of iodine was involved, deposition could only have been gas transport

limited for a very short period (less than one hour), and must have ceased

to be gas transport limited long before significant deposition on the pipe

had occurred and hence long before desorption could be significant.

During the 'high temperature' periods of IE1510/1 about one third of

the iodine-131 entering the special sample pipes was deposited on the pipes,

consequently deposition must have taken place over a period of several days.

It would therefore be expected that the isotopic composition of the iodine

on the pipe surface would change greatly during the sample period, since

short lived isotopes such as iodine-134 (53 minutes) would rapidly reach

radioactive equilibrium while the quantity of iodine-131 deposited continued

to increase. It would be expected that the ratio of the quantities of

iodine-134 and iodine-131 on the pipe surface would change by a factor

greater than 30. If most of the iodine reaching the Maypack were from

desorption of deposited iodine from the pipe surface, it would be expected

that the isotopic composition of the iodine at the Maypack would be the same

as that of the deposited iodine, and that large changes in the isotopic

composition would be observed during the period. There were no such

changes. The iodine reaching the Maypacks did not come predominantly from

desorption of iodine on the pipe surface.

Thus, if only one chemical form of iodine was involved, deposition on

steel sample pipes was not gas transfer limited before there had been

significant deposition and hence significant desorption, and most of the

iodine reaching the Maypack at the end of the pipe had not been deposited on

the pipe previously.

An attempt was made to explain the iodine-131 deposition profiles

from IE1495 and IE1510 in terms of the chemical adsorption of a single

iodine compound on the steel surface, the adsorption rate having a strong

temperature dependence. Although the model had some success in accounting

for the deposition profiles, it was unable to account for the relatively

high proportion of iodine-131 reaching the Maypacks at the start of the

sampling period.

The most obvious alternative approach to an explanation of these

results is to suppose that the iodine in the coolant can be present in

varying proportions of two chemical components, one of which readily

deposits on the steel pipe surfaces, and the iodine on the Maypacks

representing the other component which deposits much less readily. It would

appear that the relative proportions of the two forms would depend on
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channel conditions, the proportion of the depositing form being greater at

higher temperatures. However, the observed depletion in iodine-131

concentration at the Maypack at the beginning of each sample period

(Figure 6) and a more detailed study of the deposition profiles suggest that

if the iodine-131 results are to be explained in terms of a 'two-component'

model, that model will need to be more complex than the simplest possible in

which each component deposits differently and independently.

From Tables 4 and 5 it can be seen that very little caesium-137 was

deposited on any of the 12 special sample pipes in IE1510. None was

detected in coolant leaving those pipes. In terms of activity the ratio of

the quantities of iodine-131 and caesium-137 in coolant sampled through

these pipes was in the range 1600 to 33000. If the caesium and iodine had

been in the form of caesium iodide it would be expected that the ratios

would have been roughly 50. The results show that the iodine entering these

sample pipes was not combined with caesium.

Although very little caesium deposited on the special sample pipes,

relatively large quantities were found deposited in the normal sample pipe,

on the plug unit and on the lower part of the sheaths surrounding the

special sample pipes where there was considerable deposition to within a few

millimetres of the entrances to the special sample pipes. It is therefore

clear that caesium was released from both of the stringers during re-

irradiation and that caesium was present in gas very close to the entrance

to the special sample pipes. It is also clear from the iodine results that

gas was actually drawn through those pipes. It must be concluded that

release of caesium was not continuous but was confined to periods when the

special pipes were not in use, that is at the beginning of the first re-

irradiation experiment, short periods during gagging operations, or at the

end of the experiments. The presence of the short lived nuclide caesium-136

(half-life 13 days) with the other caesium nuclides suggests that the most

likely period for caesium release was at shutdown.

From y-spectrometric determination of the quantities of caesium

deposited on the normal sample pipe it is estimated that the release of

caesium-137 during the re-irradiation of the first failure was about 4 mCi,

with only 8 |j.Ci released during the 24 days the special pipes were in use.

In the case of the second stringer the total release was about 150 mCi, with

only 13 ji.Ci released during the 34 days of sampling through the special

pipes. A comparison of the quantities of caesium-137 and iodine-131 sampled

shows that very little of the caesium can have been released as caesium
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iodide. If the caesium was released at shutdown the proportion released as

caesium iodide at the end of the second re-irradiation must have been much

less than 0.5%.

From measurements of radiation levels observed on the plug units used

in these re-irradiations and on the plug units which were attached to these

stringers when they were originally irradiated in the reactor and failed,

McCarten (unpublished work) estimated that the quantities of caesium-137

released during the re-irradiations were much less than the quantities

released before the stringer was originally discharged. For the first

stringer re-irradiation release was less than 3% of the total, for the

second stringer, 29%.

Although the results of the measurements of caesium release during

the two re-irradiations appear to be markedly different from the results of

the earlier experiment using an induced failure, it must be remembered that

in that earlier experiment the period of irradiation lasted only 6^^ days

after the first of the five pin failures occurred. It is possible that had

the stringer been irradiated for a much longer period the continuous release

of caesium might have diminished.

No comparable experiments have been possible in CAGRs. In addition,

although well over one thousand fuel stringers have been loaded into Hinkley

Point fB' reactors, only one failure has emitted a significant quantity of

iodine-131. Measurements at that time showed that the release of iodine was

continuous and that the behaviour of iodine in the gas circuit was very

similar to that observed at WAGR (Hillary, Ref. 1), the effective deposition

rate corresponding to about 10% deposition per coolant circulation and

giving an overall reduction of the coolant concentration of about a factor

of 103. The release appeared to be smaller than for a noble gas, although

deposition on sample pipes could have caused underestimation. Some caesium

was released from this failure, and from five other failures from which

there was no evidence of any continuous release of iodine. In contrast to

the observed behaviour of iodine, over 90% of the caesium was deposited

during first pass through the heat exchangers. In addition to these six

failures several hundred fuel pins developed small defects in end caps and

released noble gases, but not caesium or iodine.

From the results of the Windscale AGR experiments and from the

measurements made during operation with failed fuel at WAGR and at CAGRs, it

is concluded that:

(i) There is no simple relationship between the release rates of

caesium, iodine and noble gases, and their dependence on temperature.
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(ii) Although iodine release, like that of noble gases, was

continuous, there is evidence of significant retention of iodine in the fuel

pin relative to noble gases in these experiments.

(iii) Caesium release may be continuous or confined to periods of

changing channel conditions. It is possible that continuous release is

confined to a relatively short period following failure.

(iv) The relationship between the iodine concentration in the

reactor gas and that at the end of long sample pipes is strongly dependent

on channel conditions, probably due to changes in the chemical composition

of the iodine.

(v) The deposition behaviour of caesium and iodine are different.

Most of the caesium is deposited during the first transit through the heat

exchangers. Effective deposition of iodine corresponds to about 10%

deposition per coolant circulation.

(iv) There is no evidence that a significant fraction of the caesium

or the iodine is released as caesium iodide.
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TABLE 1

IE1495 : Caesium-137 Release

Sample Period

Before Failure

After Failure

Period 1

Period 2

Period 3

Period 4

Period 5

TOTAL

Duration

20 days

35 min

198 min

595 min

2035 min

6560 min

Pipes Used

1

2

3

4

• 5

Cs-137 Release
During Sample
Period (mCi)

1.9

9.5 (1%)

35 (3%)

174 (16%)

856 (80%)

1080

Mean Release
Rate

(mCi hour"1)

-

3.3*

2.9

3.5

5.1

7.8

6.9*

*Calculated assuming no caesium collected before failure
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TABLE 2

IE1495 : PIE Caesium-137 Release Estimates

Pin Number

3/1

3/2

3/3

3/4

3/5

Proportional Contribution to Total Cs-137 Release

^ 2.5%

23%

28%

44%

2.5%

TABLE 3

IE1495 ; Iodine-131 on Sample Pipes

Pipe

1

2

3

4

5

Iodine-131
on Pipe

Actually
Measured

23

11

40

270

6400

Deposited
» (tiCi)

Estimated
Total

39

19

58

410

12000

Iodine-131 Reaching
Pipe Outlet

Quantity
(uCi)

2.9

1.7

0.8

25

860

Proportion
of Estimated

Total

7%

9%

1.3%

6%

7%

Mean 1-131
Release Rate
(mCi hour"1)

61*

14

14

31

88

Ratio 1-131 (nCi):
Cs-137 (nCi)

Deposited on Pipe
from Failure

18*

4.4

3.6

5.2

7.6

•Calculated assuming only 40% of iodine-131 deposited on pipe 1 came from failed fuel.
All activities are corrected for decay to the end of the sample period.
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TABLE 4

IE1510/1 Channel Conditions, Caeslum-137 and Iodlne-131 Release

1

2

3

4

5

6

Temperature (°C)

Gas Outlet

608

525

608

567

612

522

C a n Tsm

730

625

745

685

740

625

Duration
(hours

95.3

96.7

94.6

94.3

95.5

94.6

Cs-137 on
Pipe (pCl)

763

292

1530

192

466

279

Release of
Cs-137 (uCi)

1.4

0.7

3.3

0.5

1.1

1.2

1-131 ln
Sample (nCl)

2900

2330

2480

2300

2850

2380

Mean 1-131

(nCl kg"1)

10

9

10

10

13

13

Release of
1-131 (mCl)

5.4

6.9

5.4

6.0

7.0

9.9

1-131
Cs-137

3800

8000

1600

12000

6100

8530

% 1-131 on
Pipe + Hose

35%

2%

30%

9%

31%

0.7%

% 1-131 on
Maypacks

65%

98%

70%

91%

69%

99%

o

TABLE 5

IE151O/2 Channel Conditions, Caeslum-137 and Iodlne-131 Release

1

2

3

4

5

6

Temperature (°C)

Gas Outlet

498

617

615

615

615

553

590

753

749

749

749

664

Duration
(hours

153.05

24.0

48.0

96.7

93.8

405.2

Cs-137 on
Pipe (pCl)

799

553

735

320

483

854

Release of
Cs-137 (uCl)

3.8

1.4

2.0

0.9

1.4

3.2

1-131 ln
Sample (nCi)

3300

850

1600

4400

9100

28000

Mean 1-131

(nCl kg"1)

13

16

15

24

50

61

Release of
1-131 (mCl)

16

2.2

4.2

12

26

103

1-131
Cs-137

4100

1500

2200

14000

19000

33000

% 1-131 on
Pipe + Hose

4%

81%

66%

74%

54%

5%

% 1-131 on
Maypacks

96%

19%

34%

26%

46%

95%
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