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Abstract

Knowledge of the iodine inventory of the primary coolant and

the release mechanisms from the fuel element during normal

operation and transients is essential in HTR safety analysis.

Under normal operating conditions the steady state release of

the noble gases obeys a Booth type diffusion model. It has been

shown that iodine release also follows this model. The experi-

mental verification has been carried out by measurement of the

iodine release of irradiation tests in MTR's and by comparison

of the plate out experiments with the gas inventory in the AVR.

Over a wide range an identical behaviour has been found except

at low fractional releases. Here the iodine release is reduced

significantly, presumably by adsorption.

Measurements of gas release during temperature excursions in

irradiation experiments indicated burst-like contributions

not explicable by simple diffusion alone. It was supposed that

similar bursts may dominate the transient release of iodine.

First experimental results were obtained recently by on line

detection of the iodine release from irradiation fuel in a

special KFA hot cell facility. The released species were con-

densed on a cold plate which can be replaced during operation

allowing monitoring of differential release.
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Several experiments used defective fuel in the range from normal

operating temperatures to 1700 °C. Below 1300 °C the fractional

release remained in the region of the recoil fraction from the

kernel surface. Above this temperature there was steep increase

of the release up to 100 % at about 1600 °C within 20 hours.

The results show clearly non diffusional behaviour and were

analysed with a phenomenological model including traps in the

kernel material.

A testing program has been carried out on iodine release from
failed HTR-fuel. Release rates under both steady state and
transient release were determined. The results of these investi-
gations were evaluated with previously developed models. The
quality of the fit is satisfactory.

Introduction

In the assessment of consequences of HTR-design incidents iodine

is considered to be the most important radionuclide because of

its ingestion hazard potential. This arose from calculations

carried out in the HTR-safety analysis with existing data on

fission product release and plate out.

The potential iodine sources are:

the circulating inventory of the primary coolant

the desorption rate of iodine plated out on the surfaces

of the primary circuit and

the additional release from the core during thermal excursions
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In order to reduce the uncertainty range a better and more detailed

knowledge of release mechanisms and the sorption behaviour in the

primary circuit is required.

This paper provides information only about the release of iodine

from fuel under normal operating conditions and during transients.

The sorption behaviour will not be discussed in this work.

Normal operation

The release of short lived fission gas from HTR-fuel has two

sources:

- the heavy metal contamination of the matrix graphite

("free uranium") and

- particles with defective coatings

Intact particles retain noble gases and iodine completely up to

high temperatures.

The steady state release R/B = (Release rate of fission product/

Generation rate of fission product) of both sources obeys a

diffusion model of the Booth type /I, 2/.

This has been shown by a considerable number of irradiation ex-

periments. Fig. 1 shows the rare gas release in the AVR-reactor.

The experimental data were taken out at a gas outlet temperature

of 850 °C. The plotted curves represent the formula:

A = decay constant TV

D1 = D'Q exp (~
E
act/

RT) = reduced effective diffusion
coefficient

(data taken from /I/)

It is assumed that the release of iodine follows a similar pattern.
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In capsule experiments at Studsvik the fractional release of iodine

after irradiation has been measured by leaching the inner surfaces

of the steel capsules and the graphite cylinder surrounding the test

element. This release is compared with the R/B-values of Xe-133

measured at the end of the irradiation period.

The results are shown in Fig. 2 (open points). An identical

behaviour is observed over a wide range of release. Only at low frac-

tional releases a deviation from the ideal line occurs indicating

that iodine at low concentrations could be better retained by

matrix graphite.

The full points are experimental data from the AVR. Here the R/B-

values of iodine have been measured as follows:

The iodine release from the core was deposited in a hot

gas loop called "Vampyr I". The primary coolant gas was

sampled immediately above the pebble bed thus allowing the

direct measurement of the iodine concentration in the

coolant.

These values measured in the AVR agree well with the irradiation

data.

The dominant contribution to all experimental points is the heavy

metal contamination.

The release behaviour of defective UO2-fuel has been studied in a

separate irradiation experiment FRJ2-P28. The coating failure of

1 % of the particles has been simulated using uncoated kernels with

however a porous buffer layer. Fuel quality and irradiation/annealing

conditions are summarized in Tab. 1.

The R/B-values of Xe-133 for the failed fuel are shown in an

Arrhenius-Plot (Fig. 3).

The temperature dependence is weak at low burn-up. The activation

energy of the release increases with increasing burnup which gives

rise to a better retention at low temperatures.
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This behaviour can be explained as follows:

The recoil fraction from the surface of a 500 pm-UO -kernel

for Xenon can be calculated to be 2,3 10 . Fig. 3 shows

clearly that the release originates exclusively by recoil

indicating a negligible direct kernel release up to 1200 °C,

even at high burnup. The better retention is thought to be

due to a buffer layer densifying under irradiation. These

densified layers of irradiated particles are well known

and have been identified by ceramography.

Thus the release from failed fuel can also be described

with the same Booth model taking into account a slight burn-

up dependence of the diffusion constant.

Transients

During irradiation of FRJ2-P28 each capsule was subjected to a

temperature cycle of several days i.e. the temperature was in-

creased from the nominal value by 100 K and afterwards decreased

by the same amount.

The surprising effect was a much steeper dependence of the release

against inverse temperature than expected from Fig. 3, leading to

the supposition that transient behaviour may deviate strongly from

normal diffusion mechanism.

To confirm such a transient release for iodine directly a special

hot cell facility in the KFA has been used.

This apparatus called "KtiFA" (cold finger apparatus, Fig. 4) has

been constructed to provide data for metallic fission product re-

lease at accident temperatures up to 1800 °C. The sample, normally

a sphere, is heated by a tantalum furnace. The temperature is

measured by a pyrometer calibrated by thermocouples at intervals.

A low helium flow takes the released activity upwards against a

cooled plate ( 100 °C) fixed electromagnetically on a holder. The

plate can be exchanged. The efficiency of this system has been

determined to be 70 - 8 0 %. This arrangement allows monitoring

of the differential release for a given temperature history.
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Two coupons from the irradiation experiment FRJ2-P28, containing

5 particles (all defect) were re-irradiated at low temperatures for

one cycle together with two reserve coupons (unirradiated) to

generate a new iodine inventory. These four samples were inserted

into the "KUFA" and heated following different temperature pro-

grammes chosen to model realistic transients in HTR-cores (Tab. 1)„

The experimental results and the individual temperature histories

are shown in Fig. 5-8.

Clearly,

at temperatures up to 1000 °C a rapid release is observed.

The fractional release however remains below the recoil

fraction. A significant contribution from the kernel is

visible only when temperatures exceed n- 1300 °C. The release

increases steeply up to 100 %, if temperatures reach about

1700 °C.

- In the recoil fraction region increasing burnup reduces the

fractional release as observed during irradiation (Fig. 3).

The kernel release shows the expected poorer retention at

higher burnup

First experimental results were analysed with an expanded Booth

type diffusion model to include transients. The data for the re-

coil region were taken from the irradiation results under iso-

thermal conditions. The activation energy for the kernel release

is given in /3/. The generated curves (dashed curves in Fig. 5

and 6) failed to fit the measured data.

Therefore another approach has been chosen. The solution of the

diffusion equation involving emission and adsorption from traps

i.e. sites at which iodine may be confined in the material, can be

approximated in a general way for the trapped species under iso-

thermal heating conditions /4/ (Fig. 9):

F(t) = (1
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F (t) = fractional release

fh t(T) = temperature dependent fraction of occupied traps

released at a fixed temperature

i (T) = time dependent parameter for the emission rate

In these short experiments the diffusion term can be assumed to

be of little importance and is therefore neglected in this

analysis.

The expansion of this burst-function to transients leads to a time

integration i.e. a summation at each time step over a selected

number of subgroups of f, contributing to the fractional re-
ou rs *U

lease.

The experimental points of all four heating experiments agree

well with this phenomenological approach (full line in Fig. 5-8),

if the slooe of the two parameter functions f, , (T) and T" (T)
burst

is fixed as given in Fig. 10.

The functions reflect the two sources seen in iodine release

from failed fuel.

X(T) is of importance only in kernel release whereas the recoil

fraction contribution is released over a short period. The latter

may arise because of the reirradiation at low temperatures. A

considerable fraction of this source may have been possible re-

leased from the core at fuel temperatures given during normal

operation.

Conclusions and suggestions for further work

Iodine is released as a fission gas during normal operation. For

both sources, uranium contamination and failed fuel the process

can be described in terms of a diffusion model.

The transient release of defective fuel is dominated by rapid

emission from traps.

The work, which remains to be done in the future, is to examine

the iodine release of the uranium contamination when undergoing

a transient.
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Water Cooled Condensing Plate

Furnace Isolation Valve

Gas Flow Guide Tube

Furnace Cover
Spherical Fuel Element

Lifting Device
can be heated to 1S00 C

Pyrometer Window

Furnace Cover
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Tantalum Heating Elements
Thermal Shield

Electrical Power

Fig. 4: Schematic diagram of new KFA cold finger apparatus allowing

on-line measurement of metallic fission product release
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Tabel 1= Fuel Quality and Irradiation/Annealing Conditions

of Experiment FRJ2-P28

a. Fuel and Particle

Parameter

Fuel Material

Density (g/cmJ)

Kernel Diameter (yum)

Enrichment (%)

Thickness of

Buffer Layer (ŷ m)

Density of

Buffer Layer (g/cm3)

Value

U02

10.81

497

9.82

95

b. Irradiation and Annealing

Capsule
No.

1

2

3

2 Coupons

Cuni rradi

Burnup
(.X f i ma )

8.4

10.

8.4

.4

ated)

Nomi nal
Irradiati on
Temperature

800

1200

1000

-

800

800

Anneali ng
Temperature
Hi story

— > 140 0 — >

-

1000 — > 1600

— > 1400 — >

900 — > 1700

800

800
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