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Abstract
A Westinghouse Atom 8x8 fuel rod irradiated in the Ringhals 1 BWR for 12 years to a
local burnup of about 67 MWd/kgU was refabricated, instrumented with centreline
thermocouple and pressure transducer, and irradiated in IFA-597.2 for about 20 days
and in IFA-597.3 for about four months. The rod was then sent to Kjeller for puncturing
and then to the Studsvik hot cells for detailed post-irradiation examinations.

The peak centreline temperature was close to 1350 °C. The total fission gas release
(FGR) determined from the puncturing was approximately 20 %. Electron probe
microanalysis (EPMA) on a fuel section from the central part of the rod showed that
virtually 100 % Xe release had occurred in the central part of the pellet out to about half
the pellet radius, and this thermal release from the central part of the fuel accounted for
the measured total FGR.

Optical and scanning electron microscopy of the fuel cross-section showed complete
pellet-clad bonding as well as an extensive high burnup "rim" structure extending at
least 0,15 mm in from the fuel surface. The fuel microstructure was characterised at
different radial positions in the pellet.

This report describes modelling of the rod behaviour using the code SKIROD, in
particular fuel temperature and fission gas release. The transient response of the fuel
centre line temperature after a scram is also modelled using the code TOODEE2. The
modelling results are compared to the experimental results.

Sammanfattning
En Westinghouse Atom 8x8 branslestav bestralad i Ringhals 1 BWR i 12 ar till en lokal
utbranning pa omkring 67 MWd/kgU refabricerades, instrumenterades med
centrumtermoelement och tryckgivare och bestralades i IFA-597.2 i omkring 20 dagar
och i IFA-597.3 i omkring 4 manader. Staven sandes till Kjeller for punktering och
sedan till Studsviks heta celler for omfattande efterbestralningsundersokningar.

Den maximala centrumtemperaturen var nara 1350 °C. Den totala fissionsgasfrigorelsen
(FGR) bestamd genom punktering var ungefar 20 %. EPMA (electron probe
microanalysis) pa ett bransletvarsnitt fran stavens mittdel visade en nastan 100 %-ig
frigorelse i kutscentrum och ut till omkring halva kutsradien Denna termiska frigorelse
fran branslet overensstamde med den totala frigorelsen (FGR).

Optisk och svepelektronmikroskopi pa bransletvarsnittet visade fullstandig kuts-
kapslings "bonding" liksom en omfattande hogutbrannings "rim" struktur som strackte
sig till atminstone 0,15 mm fran kutsytan. Branslets mikrostruktur karakteriserades vid
olika radiell positioner.

Denna rapport beskriver modellering av stavbeteendet med berakningsprogrammet
SKIROD, speciellt bransletemperatur och fissionsgasfrigorelse. Det transienta beteendet
av branslecentrumtemperaturen efter en scram modellerades ocksa med
berakningsprogrammmet TOODEE2. Berakningsresultaten jamfors med de
experimentella resultaten.
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1 Introduction
Segments of a Westinghouse Atom (previously ABB Atom) 8x8 fuel rod irradiated in
the Ringhals 1 BWR for 12 years to a local burnup of about 67 MWd/kgU were
refabricated, instrumented and irradiated as IFA-597.2 in the Halden reactor in July
1995 (Vankeerberghen, M, March 1996). One rod suffered an early failure during a
power increase early in the Halden irradiation (Vankeerberghen, M, May 1996,
Jonsson,T, Schrire, D and Lysell, G 1999).

The failed rod (rod 5) in IFA-597.2 was replaced, and the assembly reloaded as IFA-
597.3 (including rod 8 with thermocouple/pressure transducer which was rod 2 in IFA-
597.2). The IFA-597.3 irradiation lasted about four months to an average burn-up of
61,5 MWd/kgUO2 (=70 MWd/kgU). A key observation during the Halden irradiation
was a temperature increase with burnup of a greater magnitude than expected from
existing correlations. Possible explanations for this behaviour are changes in gap
conductance, microstructural effects (e.g. influence of the pellet rim) and redistribution
of power generation (e.g. the Halden reactor neutron spectrum moves power production
radially inwards giving higher thermal resistance and higher temperatures).

The Ringhals 1 rod had an initial enrichment of 3,35 % U-235, a pellet diameter of
10,44 mm and a pellet-clad diametral gap of 0,210 mm.

Rod 8 was irradiated in IFA-597.2 for about 20 days at a rod-average linear heat
generation rate (LHR) of 20-25 kW/m and in IFA-597.3 from 30th January 1997 to 15th

May 1997 with a LHR of 25 kW/m in the beginning of the irradiation decreasing to 20
kW/m at the end of the irradiation. The peak centreline temperature (adjusted to a solid
pellet at the peak LHR position) was close to 1350 °C.

Rod 8 was sent to Kjeller for some non-destructive examinations (NDE) and puncturing
(Jenssen, H K et al, 1999) The rod was then transported to the Studsvik hot cell
laboratory for detailed post-irradiation examinations (PIE) (Malen, K, 2000, Schrire D,
Malen, K and Miscki, A, 2001 and Malen, K, 2002).

Specimens were also sent to AEA Technology for fuel thermal properties
measurements.

Some data for rod 8 are given in Table 1.

2 Steady state modelling
Calculations with the code SKIROD have been performed on the "steady state" (thermal
equilibrium) behaviour of the rod.



2.1 Code description
The SKIROD code is described in a Studsvik report (Malen, K 1991, restricted
distribution). The code is originally based on the code Gapcon Thermal 2 (Beyer, C E et
al, 1975) but has been substantially modified in the programming and the physical
modelling. The code has now been modified to include fuel thermal conductivity
degradation due to burnup. The Lokken and Courtright model was used (Baron, D,
1998).

The calculated temperatures are transferred to another code - GAPREL- which
calculates the detailed radial and axial distribution of fission product release. The
GAPREL code uses the same release model as SKIROD uses for fission gas release but
can also evaluate buildup and decay of several other fission products.

2.2 Results
The experimental results to be compared with modelling data are:

1. In-pile temperature measurements in the Halden reactor.
2. Fission gas release measurement performed in Kjeller and evaluated by Studsvik.
3. EPMA on Xe and Cs performed in Studsvik.
4. Microstructural investigations (fuel microscopy) performed in Studsvik.

The rod power history and the fuel centre line temperature evaluated by Halden for a
solid pellet at axial peak power position are given in Appendix Al, upper (Matsson, I,
Turnbull, J A, 1998). The temperature is derived from the thermocouple readings - in
the hollow pellet at the fuel rod top with the thermocouple. Halden has from this
measurement evaluated the peak centre line temperature at a solid fuel position
(Matsson, I, Turnbull, J A, 1998). The Halden evaluated maximum value was 1350 °C
at the beginning of the Halden irradiation period and decreasing down to 1100 °C
towards the end of the experiment (Appendix Al, upper).

The power history for the irradiation in the Halden reactor was simplified for use in the
calculations and is given in Appendix Al, lower where also the calculated temperature
at axial peak power position is given. The calculated peak value is 1350 °C but
decreases less than the experimental value - only to 1280 °C at the end of the
experiment Appendix Al, lower.

The full power history (Ringhals 1 and The Halden reactor) and the axial power
distributions used are given in Appendix A2. A steady power of 20 kW/m was used for
the Ringhals irradiation. An initial axial peak power of 29 kW/m was used for the
Halden irradiation. The Halden axial peak power was then decreased in steps to 25
kW/m. Notice that the power history given by Halden - Appendix Al upper - is for the
axial average power. The axial power distribution in Ringhals was assumed flat. In The
Halden reactor the normal axial power profile given by Matsson, I, Turnbull, J A,
(1998), was used, hi order to account for the thermocouple in the top the power was
reduced there in proportion to the reduced amount of fuel. The axial form factor used
was 1,055.



The calculated radial temperature distribution at 155 mm from fuel stack bottom is
given in Appendix A3 for each of the 10 time steps used in the calculation (see
Appendices A2, upper and Al , lower.

The measured fission gas release fraction was 17 % for Kr and 19 % for Xe (Table 2).
The calculated release was 19,6 % (Skirod) and 18,3 % (Gaprel). The difference in the
release values calculated by the two codes is due to different subdivisions in radial
calculation volumes and a more detailed follow up of the fission product inventory
changes in GAPREL.

The calculated axial distribution of fission gas release is given in Appendix A4 upper -
obviously following the Halden reactor axial power distribution (Appendix A2 lower).
The axial Cs-137 distribution from gamma scan (Malen, K, 2002) is given in Appendix
A4 lower. The inter-pellet peaks show the release to the gap. The distribution is
comparable to the calculated fission gas release - Appendix A4, upper.

The radial fission gas distribution was calculated by the GAPREL code using the
temperature calculation by the SKIROD code. The amount remaining after irradiation is
given in Appendix A5, upper, for the axial positions evaluated. EPMA (Electron Probe
Micro Analysis) measurements were performed on a specimen 330 mm from rod bottom
that is 170 mm from fuel stack bottom (Malen, K, 2002). The measured radial Xe
distribution after irradiation is given in Appendix A5 lower. This is compared with the
calculated distribution of fission gas at 155 mm from fuel stack bottom (closest point
calculated) in Appendix A5, upper. The experimental and calculated radial distributions
are similar. The calculated distribution is shown together with the peak (in time)
calculated radial temperature distribution at the same axial position (Appendix A6).
Release starts at a calculated temperature of 900-1000 °C and is complete at 1200 °C.

A comparison of microstructural observations and calculated temperatures is given in
Appendix B. The optical microscopy specimen was taken at 330 mm from rod bottom
that is 170 mm from fuel stack bottom (Malen, K, 2002).

The "dark zone" limit seen at about 3mm radius in the microscopy corresponds to a
calculated temperature of 1000 °C (Appendix Bl) - in agreement with start of fission
product release (Appendices A5 and A6). A change in porosity and the appearance of
white (metallic) inclusions is seen at temperatures above 1100 °C (Appendices B2-B4).
This is in the region with substantial release of fission products (radius < 2,5-3 mm
Appendices A5 and A6) and with increased porosity (Appendix Bl). At about 3mm
radius (1000 °C) there is a substantial amount of intra-granular porosity - best seen in
etched condition (Appendix B5). At the fuel surface ("rim") the porosity increases again
(Appendix Bl, lower). The equivalent pore diameter is smaller in this region (Appendix
B8). Appendix B9 shows the porosity and the calculated temperatures at r=3,12 and
2,5mm. This is about the radii for where release starts and where it is 100 %.
(Appendices A5 and A6). The fuel at 4 and 5 mm radius (Appendices B6 and B7) is
thought to reflect the initial state with no major structural changes during irradiation.
For easier comparison with calculated temperatures the photos in polished condition and
the radial porosity distribution are collected in Appendix B10.



3 Scram modelling
Calculations with the TOODEE 2 code have been performed on the "transient" (thermal
non-equilibrium) behaviour of the rod. The experimental data to be compared with are
time constant evaluation using scrams in the Halden reactor.

3.1 Code description
Centreline time constant calculations were performed with the TOODEE 2 code
(Lauben, GN, 1975). The code was developed by NRC for checking licensing
calculations in particular for the loss of coolant accident (LOCA). TOODEE 2 has
earlier been adapted to time constant calculations by Studsvik, in particular regarding
the output treatment. The code has now been modified to include fuel thermal
conductivity degradation due to burnup. The Lokken and Courtright model was used
(Baron, D, 1998).

3.2 Results
Centreline time constants measured in the Halden reactor show that the time constant is
increased at this high burn-up. Fuel thermal degradation is considered to be the reason.

The calculations showed the time constant to increase with burnup. At zero burnup it
was 5,2s and at 68 MWd/kgU 8,9s. The end-of-life value is in agreement with the
values measured in the Halden reactor -average of the measurements 8,5s at 60-61
MWd/kgUO2 (68 MWd/kgU) (MatssonJ, Turnbull, J A, 1998).

4 Conclusions
The SKIROD/GAPREL calculations could reproduce the experimentally measured
centreline temperature and the radial and axial distribution of the fission gas release. A
burnup dependent fuel thermal conductivity degradation was needed to explain the high
measured values. It is also noted that the high temperature release from the fuel centre
(experimental and code calculated) was sufficient to explain the total release.

Further the measured fuel transient response (the centreline temperature time constant)
could be reproduced with the code TOODEE2 when the burnup dependent fuel thermal
conductivity degradation was used in the code.
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Table 1: Rod data

Description
Instrumentation
Burnup before Halden irradiation
MWd/kgUO2 (MWd/kgU)
Fuel diameter BOL, (mm)
Cladding inner diameter BOL, (mm)
Cladding outer diameter BOL, (mm)
Fuel density BOL (g/cm3)
Enrichment at BOL (W/o U-235)
Fill gas/pressure, bar (refabricated)
Free rod volume, (cm3)

Rod 8 (refabricated)
Pressure transducer and thermocouple
59,3 (67)

10,44
10,65
12,25
10,50
3,35
He/5,0
5,0

BOL = Beginning Of Life



Table 2: Results of fission gas analysis. IF A 597.3 rod 8

Burnup (MWd/kgU)

Enrichment %

Kr yield

Xe yield

MeV/fission

Kr generated, 0 °C (cm3)

Xe generated, 0 °C (cm3)

Free volume in rod (cm3)

He volume, 0 °C (cm3)

Kr volume, 0 °C (cm3)

Xe volume, 0 °C (cm3)

Rod pressure, 0 °C (MPa)

Kr release, %

Xe release, %

Kr + Xe release, %

70

3,35

0,0254

0,2764

206,4

44,8

487

5,93

19,5

7,63

91,7

2,06

17,0

18,8

18,7
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Appendix A1 Halden power and temperature history for rod 8 IFA 597-3.
Upper: Reported by Halden. Lower: Calculated with SKIROD.
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Appendix A2 Power history used in calculation for rod 8 IFA 597-3.
Upper: Axial peak power and temperature.
Lower: Axial power distribution.
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Radialtemperature distribution, segment6 (grid lines)
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Calculated point at 155 mm closest to the experimental measurement point at 170 mm from fuel
stack bottom.

Appendix A3 Radial temperature distributiom for rod 8 IFA 597-3.
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IFA 597.3 rod 8. Axial fisson gas release.
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Appendix A4

Distance from lower end (mm)

Axial distance from bottom of rod. Fuel stack bottom at 160 mm.

Axial fission product relasefor rod 8 IFA 597-3.
Upper: Code calculated fission gas release.
Lower: Axial gamma scan Cs-137. The peak heights show the axial

distribution of the release.
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Radial fiison gas distribution after irradiation IFAS97.3 rod 8
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Appendix A5 Rod 8IFA 597-3.
Radial distribution of remaining fission products.
Upper: Code calculated fission gas release. Lower: Measured, Xe (EPMA).
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Radial fissiongas distribution after irradiation IFA597.3 rod 8
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Appendix A6 Rod 8 1FA 597-3.
Comparison of calculated peak temperature (in time) and calculated fission
gas release.
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Appendix Bl IFA597.3, rod 8. Specimen 1908 170 mm from fuel stack
bottom. (330 mm from fuel rod bottom)
Upper: Etched 1 Ox. Lower: Radial porosity distribution.
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Appendix B6 IFA597.3, rod 8. Specimens 170 mm from fuel stack
bottom.. Radius 4 mm.
Upper: Microstructure, 700x (specimen 1908).
Lower: Measured pore size distribution (specimen 1925).
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Appendix B7 IFA597.3, rod 8. Specimens 170 mm from fuel stack
bottom. Radius 5 mm.
Upper: Microstructure, 700x (specimen 1908).
Lower: Measured pore size distribution (specimen 1925).
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Calculated peak temperature 450-550°C

pore size distribution,
specimen 1925, radius = periphery
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Appendix B8 IFA597.3, rod 8. Specimens 170 mm from fuel stack
bottom. Periphery.
Upper: Microstructure, lOOOx (specimen 1908).
Lower: Measured pore size distribution (specimen 1925).
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Appendix B9 IFA597.3, rod 8. Specimen 1908 170 mm from fuel stack
bottom. Etched.
Upper: 500x 3,12 mm. Lower: lOOOx 2,5 mm.
Calculated peak temperatures (in time).
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Appendix Bl 0 IFA597.3, rod 8. Specimen 1908 170 mm from fuel stack
bottom. Calculated peak temperatures.
Photos: Polished. Radius 0-5 mm. 500x.
Lower: Measured radial porosity distribution.
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