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ABSTRACT

The HEVA and VERCORS experimental programmes have been carried

out to characterise some of the fission products (release rate coefficient,

aerosol sizing, chemical species) emitted by nuclear fuel irradiated to

approximately 30 GWd/tU and heated up to 2300 K (HEVA) and higher

temperatures (VERCORS). Various test parameters were based on those

expected in the course of a severe reactor accident. Eight test were performed

during the now completed HEVA programme and four tests have been

performed in the VERCORS studies.

The chemical species recovered in the experimental loop are described,

with particular emphasis placed on the volatile fission products (caesium,

iodine, tellurium), oxides (mainly molybdenum), and the components of the

neutron absorbing control rods (silver, indium and cadmium).



1 - INTRODUCTION

Various studies are underway to estimate the consequences of the

release of fission products into the environment during a serious accident

involving a PWR core. As part of this work, the Institute for Nuclear Safety and

Protection (IPSN) has funded an experimental programme to characterize the

source of fission products released by irradiated fuel. This programme was

known as HEVA and has been extended to the VERCORS studies performed

by the Fuel Behaviour Studies Branch (SECC) at CEA-Grenoble. Eight HEVA

tests were carried out between 1983 and 1989, and four VERCORS tests have

also been performed up to 1989.

The defined operating parameters for each test were based on the

results of calculations of the most likely accident sequences at low pressure,

focussing essentially on the behaviour of the volatile fission products (Cs, I, Te)

that would have the most serious radiological effects.

The test results are intended to improve and validate the models

describing the phenomena modelled in the VULCAIN code of the ESCADRE

system codes [1], and to provide a realistic data base for computing the

behaviour of fission products (FPs) in the primary circuit and the containment.

The overall aim is to determine the characteristics of a possible release of FPs

outside the containment and assess the safety margins based on available

data.



2.- PROGRAMME OBJECTIVES - GENERAL DEFINITION OF THE

EXPERIMENTS

The principal objectives of the programme can be divided into three

broad areas of study :

(a) the release kinetics and the total release of FPs and structural materials,

(b) characterization of the aerosol source as a function of temperature,

(c) chemical behaviour of the FPs suspended in the fluid and deposited on the

walls of various bulk structures.

An analytical approach was chosen, in which only one parameter was varied

from one test to another.

All tests were performed in an out-of-pile circuit using fuel samples taken

from commercial PWR rods irradiated at a burn-up of approximately 30

GWd/tU. The main advantages of out-of-pile tests include :

(a) possibility of on-line measurement at any point in the circuit (mainly gamma-

ray spectroscopy),

(b) installation of measuring devices as close as possible to the fuel and rapid

recovery of the samples,

(c) possibility of complete FP balance,

(d) accurate control of thermal-hydraulic conditions during FP release,

(e) absence of axial thermal gradient of fuel (similar release for each pellet)

(f) flexible implementation of experiments.

A major drawback is the absence of short or medium half-life nuclides in

the cooled fuel, which can be compensated for by re-irradiating the sample for



approximately 6 days at 8 W.cnv1 in the SILOE reactor. The time interval

between the end of this re-irradiation and the test can be of the order of 50

hours (as performed from the HEVA 04 test onwards).

The various HEVA tests are listed in Table 1 [2] and evolved as follows :

• HEVA 01 and 02 were the first tests undertaken to demonstrate the

feasibility of the programme and check the operational characteristics of the

experimental loop (no cascade impactor was used in these tests to measure

the particle size distribution of any resulting aerosol).

• HEVA 03, 04 and 05 were performed to determine the influence of the

temperature on the aerosol particle size distribution (temperatures of 1070,

870 and 520 K respectively). HEVA 04 was the first test with re-irradiated

fuel, and HEVA 05 was the reference test with regard to subsequent tests

(standard re-irradiated fuel, fuel and impactor temperatures, steam and

hydrogen flowrates and impactor design).

• HEVA 06 was a test in pure hydrogen.

• HEVA 07 and 08 were tests to measure the influence of the control rod

components (silver, indium and cadmium) on the FP behaviour. HEVA 07

was performed with fresh depleted UO2 fuel, and HEVA 08 was a

combination of HEVA 05 and 07.

Table 2 lists the tests of the first phase of the VERCORS programme (as

performed in the HEVA experimental facility). This programme has evolved as

follows:

• VERCORS 01 with a high FP concentration in the carrier gas (low flowrate

of steam and hydrogen).



• VERCORS 02 test with fuel temperature plateaus to study the low-

temperature FP release (at 1070, 1270 and 1470 K), clad oxidation

(1470 and 1770 K) and intermediate-temperature FP release (at 1770 and

2070 K). The low-temperature phase of the test was the subject of a

contract with the Commission of the European Community [3].

• VERCORS 03 at a high fuel temperature (2570 K).

• VERCORS 04 with pure hydrogen and a high fuel temperature (2570 K).

3.- HEVA CIRCUIT

3.1. - General description

The HEVA circuit is shown in the Fig. 1. This facility consists of the

following main components:

• feeding lines designed to inject steam and hydrogen through the

superheater at suitable flowrates. A protective sheath of helium is also

injected in the annular chamber containing the graphite susceptor at a slight

overpressure with respect to the experimental channel.

. superheater to raise the steam and hydrogen flow rates up to 1070 K.

• furnace containing the fuel sample (three pellets in their original cladding ;

the ends of the sample stack are made of half-pellets of depleted UO2

crimped in the clad) placed on a zirconia rod (in HEVA 07 and 08, the

components of the control rod - silver, indium and cadmium - were placed in

an annular crucible under the fuel sample). The experimental channel is

made of dense zirconia sleeves, while the susceptor is made of graphite

with an external thermal insulation of porous zirconia and alumina. The

external wall of the furnace is a silica cylinder, which is surrounded by the

water-cooled induction coil.



• a cascade impactor was used in all of the tests (except for HEVA 01 and 02)

based on the Andersen Mark II system with six stages, two ball beds

operating in a diffusion regime, and a backup filter in porous Inconel. This

design measured the mass-based size distribution of aerosols that

contained particles with aerodynamic diameters ranging from 19.4 to

0.01 fim.

• a pipe made from dense zirconia, approximately 340 mm in length which

connected the furnace to the impactor. This flow-line sometimes acted as a

cold point for vapour condensation (around 50% of the released FPs were

deposited in this zone).

• The low-temperature circuit comprising a heated line linking the impactor to

a condenser where the steam is retained (equipped with pH and pi specific

electrodes), a drier and a cold charcoal trap for the noble gases (Xe and

Kr).

3.2. - Instrumentation

Various instruments were used to measure the thermal-hydraulic

conditions and follow FP transport through the facility.

• classical thermal-hydraulic instruments included high-temperature (for

monitoring the fuel temperature) and K-type thermocouples, pressure

sensors (mainly to detect filter clogging) and flowmeters at the inlet and

outlet of the circuit. The accuracy of the fuel temperature measurements

was within 4%.

• The FP monitors included a gamma-ray spectrometry (portable Ge (HP)

detector and associated electronics designed for high count rates) for the

fuel, and for HEVA 03 to HEVA 06 an ionization chamber and ancillary



equipment for the impactor. From HEVA 07 onwards, a gamma-ray

spectrometry station was included for on-line measurement of the impactor.

4.- POST-TEST EXAMINATION

After each test, the circuit was dismantled and each section analysed by

various methods.

4.1. - Test fuel

The test fuel was embedded in an epoxy resin and the resulting material

was inspected by X-ray radiography and scanned by a gamma-ray

spectrometer. Gamma tomography was also performed in HEVA 06 : this study

revealed the trapping of tellurium and barium in the partially oxidized cladding.

After these measurements, the sample was cut at the midplan of each pellet

and a metallographic examination was performed.

4.2. - Cascade impactor

The cascade impactor was operated upside down during each test ;

afterwards, the instrument was disconnected from the loop and placed on a

stand for the first overall measurement of radioactivity. The impactor was then

dismantled, and each deposit of material on the collection plates was measured

by gamma-ray spectrometry. After this operation, samples were taken (scraping

or using a pre-glued stub) for physico chemical analysis.
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4.3. - Connection zone

The zirconia components of the transport path between the furnace and

the impactor were analysed by gamma-ray spectrometry. After this first

measurement, some of these components were analysed by Scanning Electron

Microscopy/Energy Dispersive Spectroscopy (SEM/EDS).

4.4. - Other components

Three other components of the circuit were studied after each test :

condensate, drier and charcoal trap (by gamma-ray spectrometry).

It was normally found that the quantities of FPs measured in the circuit

by gamma-ray spectrometry represented more than 80% of the radioactive

species emitted from the fuel (as determined from the gamma-ray

measurements of the fuel sample before and after each test).

5.- ANALYTICAL TECHNIQUES

Determination of the chemical speciation of the FPs and structural

material required the use of a range of complementary analytical techniques.

Unfortunately, three difficulties arose when analysing the samples from HEVA :

• the samples were extremely radioactive,

• while the extent of this activity can be reduced by dividing the samples, the

amounts of material emitted during each tests were small (approximately

300 mg) and became deposited throughout the circuit (moreover, the



cascade impactor separated 50% of these emissions into even smaller

deposits of aerosol),

• the FPs represent a very small part of the deposited material (approximately

10 mg of caesium, and 1 mg of iodine and tellurium). The main components

of this deposit are the tin emitted by the cladding and, when present, the

various constituents of the neutron-absorbing control rod (silver, indium and

cadmium).

Gamma-ray spectrometry was used as the basic method for the analysis

of the FPs. However, this radiometric technique could not detect the structural

material, and therefore the following analytical methods were used :

- SEM-EDS by the SECC analysts in a shielded cell [4], and by staff at AEA

Technology, Winfrith, UK using an automatic particle recognition system [5 -

8].

- X-ray photoelectron spectroscopy (XPS) by analysts at AEA Technology,

Winfrith.

- X-ray diffraction (XRD) by the SDC team at CEA-Cadarache [9] and analysts

at AEA Technology, Winfrith.

- Inductively coupled plasma optical emission spectroscopy (ICPOES) by staff

atCEA-Marcoule[10].

- X-ray fluorescence (XRF) by staff at CEA-Grenoble [11].
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6.- RESULTS FROM THE HEVA PROGRAMME

6.1. - FP release rates

A comparison has been made of the FP release rates measured in

HEVA with the release coefficients calculated by the codes CORSOR and

CORSOR.M [2]. The model used in CORSOR assumes that the fractional

release rate coefficients F (min-1) are a function of the temperature only [12].

Thus, the fractional release rate is defined by the equation:

In (1/1-FR)
t

where t is the duration of the FP release (observed as a plateau) in minutes

and FR is the fraction of the inventory released during the test.

The coefficient F is defined in the CORSOR code as :

F = A exp BT

while this parameter is written in CORSOR.M code as :

F = KQ exp (-Q/1.987.10-3 T)

where T is the fuel temperature (°C for CORSOR and K for

CORSOR.M)

A and KQ are the pre-exponential coefficients for the release in min-1

B is the CORSOR exponential coefficient for the release in °C-1

Q is the CORSOR.M exponential coefficient for the release in

kcal mole-1.
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The calculated coefficients are compared in Table 3 with the values

measured in the HEVA experiments for a steam and hydrogen environment and

in the temperature range from 1670 to 2370 K.

From this comparison, it can be stated that:

- measured coefficients F for Cs and I are approximately three times lower

than CORSOR values

- measured coefficient F for Sb is approximately three times higher than

CORSOR value

- measured coefficients F for Mo, Ru and Zr are is approximately ten times

higher than CORSOR values.

- there are not sufficient experimental data for Te

A comparison of the results from HEVA 04 and 06 show that the

fractional release rates are modified as follows by the presence of a pure

hydrogen gas flow (Table 4) :

• caesium and iodine release rates decreased by a factor of 3

• tellurium and molybdenum release rates decreased by a factor of 10

• barium release rate increased by a factor of between 2 and 5.

The presence of silver, indium and cadmium in the HEVA tests with

steam and hydrogen did not affect the release of the FPs, altrough the release

kinetics of the control rod components are not believed to be representative of

conditions expected in a nuclear plant. Scaling factors will be important and

need to be assessed when quantifying the mechanism, form and interactions of

the bulk-materials release.

12



M. F. OSBORNE and R.A. LORENZ have developed the ORNL Diffusion

Release Model [13], based on refinements to the CORSOR code [14] ; a

comparison is being made between the results of the ORNL HI and VI tests and

the HEVA measurements. Parallel studies on HEVA 06 have also been

performed by a Canadian team [15], and work is in progress at CEA-Cadarache

to validate more complex mechanistic codes (eg. FASTGRASS [16]).

6.2. - Aerosol Particle Sizing

A mass concentration of approximately 6 x 1O3 kg/m3 of suspended

material was estimated at the inlet of the impactor from the HEVA tests. The

physical form of this material was temperature-dependent:

• at 520 K, aerosols formed with a mean aerodynamic diameter of less than

0.3 jam.

• at 870 K, the released material was believed to be partly in the aerosol

form, but the particle size distribution of the ensemble was too small to be

measured with the impactor used in this test (HEVA 04).

• at 1070 K, the released material was predominantly in the vapour phase.

It was also noted that the presence of silver, indium and cadmium did not

change the mean aerodynamic diameter of the aerosols collected in the

impactor at 520 K.

6.3. - Fission product chemistry

Some chemical species in the released material were clearly identified

(using mainly XPS and XRD) ; other species are considered as highly

probable, either with regard to the observed association of elements, or by

13



calculating the possible chemical equilibria and most stable molecules

predicted by thermodynamics (minimisation of the GIBBS free energy

equations) and using the measured relative compositions of the elements as

input data [17].

• Caesium was probably released as caesium hydroxide. This species will

decompose when deposited on oxidized metallic surfaces (silicates were

identified on the stainless steel surfaces) and also will be converted to the

carbonate by either reacting with the partially oxidised graphite susceptor or

with the air when dismantling the circuit. A small amount of the caesium

release was believed to have reacted with molybdenum to form caesium

molybdate (shift of the molybdenum peaks in the XPS spectra).

• Iodine was primarily detected in association with caesium but was also

found in small concentrations (less than 5% of the initial inventory) as a

gaseous species that collected in the condenser.

• Tellurium was released when the Zircaloy (zirconium-based alloy) cladding

was completely oxidized, but remained trapped in unoxidized alloy (HEVA

06). This element could have been associated with tin (SnTe) and caesium

(Cs2Te) but these species were not unambiguously detected.

• Molybdenum was predominantly released as the volatile trioxide (with

possibly lower concentrations of Cs2MoO4), and was transformed to low-

volatility MoO2.

• Tin was the major elemental component of the release from the HEVA tests

in absence of silver, indium and cadmium ; this emission was stabilised as

stannic oxide (SnO2).
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• Uranium was released in small concentrations during the HEVA tests (fuel

temperature < 2300 K), and stabilised in the resulting deposits as the

superstoichiometric oxide (UO225).

• Silver appeared be transported as metallic aerosols, before partially

reacting in the back up filter of the impactor to form silver carbonate

(Ag2CO3) [8]

• The indium release was stabilised at room temperature in the oxide form

(ln2O3).

• Cadmium was found in the hydroxide form (Cd(OH)2) which was attributed

to the hydration of finely-divided cadmium oxide emitted from the tests.

Iodine, caesium and barium were probably released in their elemental

form in the pure hydrogen test (HEVA 06). Unoxided Zircaloy cladding acted as

a chemical trap for tellurium and barium, while molybdenum remained

unoxidised in the absence of steam and resulted in a lower release.

6.4. - Fuel behaviour

Metallographic examinations were made on the fuel debris after each

test. These studies provided evidence of the damage and interactive behaviour

of the various components :

• cladding oxidized completely (except for HEVA 06 in hydrogen)

• swelling of the fuel (by 8 to 9% of original volume)

• strong fuel-cladding interaction

15



• grain size was approximatively the same as that of the irradiated fuel before

each tests (15 ^m), and microbubbles were detected at the grain

boundaries.

• cladding remained in the metallic form during the pure hydrogen test (HEVA

06), although deforming and partially relocating in the fuel cracks and

elsewhere.

7.- VERCORS : NEW OBJECTIVES

A new shielded cell will be equipped with the VERCORS circuit in 1994.

The main objectives of these further tests will be as follows :

• Study of the releases of low-volatile FPs and transuranium elements using a

high temperature furnace (> 3000 K)

• Study of the chemical behaviour of the FPs using an Inconel or stainless

steel thermal gradient tube

• Study of iodine chemistry in terms of the observed trapping characteristics

on an iodine-specific filter.

Improved instrumentation will be attached to the VERCORS facility,

including a pyrometer for fuel temperature measurements, additional gamma-

ray spectrometers located around the circuit, and increased use of analytical

techniques based mainly on specific dissolutions and improved preparations of

the samples. Furthermore, other types of fuel could be tested in VERCORS to

determine their fission-product release rates, eg. high-burnup UO2, mixed-

oxides (MOX), and other advances fuel concepts.
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8.- CONCLUSION

The HEVA programme of out-of-pile experiments on the release of

fission products from irradiated UO2 fuel has produced valuable information on

the behaviour of the volatile FPs. It can be generally concluded that the

CORSOR model overestimates the fractional release rates of I, Cs, Te, Xe and

Kr, and that other parameters need to be taken into account (de/dt, Po2). In

the experimental conditions adopted for the HEVA tests, the released materials

were in a vapour form at 1070 K and stabilised as small aerosol particles at

520 K (mean aerodynamic diameter < 0.3 |im). Specific chemical species were

also identified directly by various analytical techniques or by implication from

the species stabilised at room temperature in air.

Plans are being made to investigate the behaviour of low-volatile FPs

and transuranium elements in the VERCORS programme. These tests also

include proposals to study the release characteristics of other nuclear fuels,

including high-burnup UO2 and mixed-oxides (MOX).
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TABLE 1 :H EVA TESTS

Test

Burnup (GWd/tU)

re-irradiation

Gas flowrates (g/min):

H2

H20

Heat up rate (°C/s)

Fuel temperature (K)

Duration of plateau (s)

Impactor temperature (K)

Ag/ln/Cd

Date of test

01

19.4

no

0

6

1

1900

900

no

no

06/83

02

19.4

no

0

1.8

1

2140

900

no

no

11/83

03

27.7

no

0.03

2.2

1

2070

1800

1070

no

02/86

04

36.7

yes

0.03

1.8

1

2270

420

870

no

12/86

05

36.7

yes

0.03

1.5

1

2070

5760

520

no

06/87

06

36.7

yes

0.01

0

2

2370

1800

520

no

03/88

07

0

0.03

1.5

1

2070

1800

520

yes

06/88

08

36.7

yes

0.03

1.5

1

2070

600

520

yes

03/89
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TABLE 2 :VERCORS TESTS TO DATE

Test

Burnup (GWd/tU)

re-irradiation

Gas flowrates

(g/min): He

H2

H20

Heat up rate (°C/s)

Fuel temperature (K)

Duration of plateau (s)

Impactor temperature (K)

Date of test

01

42.9

Yes

0

0.003

0.15

1

2130

1020

870

11/89

02

38.3

Yes

from 0 to 0.03

from 0.003 to 0.027

from 0.15 to 1.5

1

2150

780

870

06/90

03

38.3

Yes

0

0.03

1.5

1

2570

900

870

04/92

04

38.3

Yes

Yes

No

1

2570

1800

870

06/93
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TABLE 3: Comparison between the experimental and CORSOR-code

coefficients used to determine the release rate F

(between 1670 and 2470 K)

Cs and I

Te

Sb

Mo

Ru

Zr

experiment

calculated

experiment

calculated

experiment

calculated

experiment

calculated

experiment

calculated

experiment

calculated

O

©

©

o

CORSOR

A(min-1)

2.73 x10"7

2.02x10"7

9.04x10-8

en
 

-»
•

C
O

 
C

O
O

O
 

IV
)

X
 

X

o
 

o
C

O
 

C
O

5.93x10-8

1.36 x10"11

6.64 x10"12

B

5.97x10-3

6.67x10-3

5.22x10-3

8.34x10-3

7.08x10-3

5.23.10-3

7.68x10-3

6.31 x10"3

CORSOR

Ko (min"1)

7.16 x103

2x105

2x10 5

(a)

(b)

1.62 x106

8.55 x104

Q

M

(k.cal.mole"1)

54.6

63.8

63.8

(a)

(b)

152.8

139.5

Legend

O - only two experimental values

© - F higher than CORSOR by a factor of 5 to 10

© - F higher than CORSOR by a factor of 10

O - F higher than CORSOR by a factor of 10

(a) and (b) - Omitted from consideration due to lack of radiological significance [12]
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TABLE 4: Comparison between FP release rates in steam and

hydrogen and in pure hydrogen

F (mirr1)

Cs

I

Te

Mo

Ba

HEVA 04 (steam + hydrogen)

4.2x10-2

3.7x10-2

3.7x10-2

1.5x10-2

2.3 to 5x10-3

HEVA 06 (hydrogen)

1.3x10-2

1.2x10-2

3.9x10-3

1.4x10-3

1.0x10-2
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