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Abstract

Puncture results are presented for seven SBR MOX fuel rods from the ®rst prototypical commercial irradiation that

was carried out in the Beznau-1 PWR. The rod average burn-up ranged from 31.2 to 35.6 MWd/kgHM. Comparison is

made with the percentage of gas released from French MOX fuels and UO2 fuel. The results show that in the burn-up

range investigated, SBR MOX fuel and MIMAS MOX fuel perform similarly, releasing up to about 1% of the ®ssion

gas inventory. Comparisons with the Halden Criterion show that SBR MOX has the same release threshold as UO2 and

this suggests that the mechanisms of release in the two fuels are similar. This is further supported by calculations made

with the ENIGMA fuel performance code. It is concluded that the apparent di�erences in ®ssion gas release between

SBR MOX and UO2 fuel, at least in the early stages of release, can be explained by the higher temperatures experienced

by MOX fuel. Ó 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

BNFL has initiated an extensive irradiation testing

and development programme to support the production

of its Short Binderless Route (SBR) MOX fuel from its

Sella®eld MOX plants; the MOX Demonstration Fa-

cility (MDF) and Sella®eld MOX Plant (SMP). The

programme covers as-fabricated characterisation, test

reactor irradiations, post irradiation examination (PIE)

of commercial LWR fuel and fuel performance model-

ling. Whilst the basic performance of SBR MOX fuel, in

which the plutonium is almost completely homoge-

neously distributed throughout the pellet, will be similar

to that of UO2, there are expected to be some signi®cant

di�erences in ®ssion gas release and pellet clad interac-

tion (PCI), for example. Some of these di�erences will be

associated with the presence of plutonium in the fuel,

others may result from the in-reactor operational strat-

egies appropriate for MOX assemblies which lead to

higher end-of-life fuel ratings compared with UO2 fuel.

This distinction must be borne in mind when considering

the PIE results, particularly for commercially irradiated

fuel.

The ®rst prototypic commercial irradiation of SBR

MOX fuel took place from 1994 to 1997 in NOK's

Beznau-1 PWR. Four assemblies manufactured in MDF

were irradiated to an average assembly burn-up of 33

MWd/kgHM. Seven pre-characterised rods from one of

the assemblies, M501, have now been examined in detail

at the Institute for Transuranium Elements (ITU). The

comprehensive PIE included full non-destructive and

destructive programmes to yield key information on all

aspects of performance. The early results from these

examinations have been published elsewhere [1,2]. In

this paper a detailed analysis of the ®ssion gas release

from SBR MOX is presented and comparison is made

with data from French UO2 and several di�erent French
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MOX fuels with signi®cantly di�erent plutonium dis-

tributions. Moreover, as the Pu disposition is generally

considered to be the microstructural parameter with the

greatest in¯uence on gas release in these materials, the

as-fabricated structures of the di�erent MOX fuels are

compared following a brief introduction to ®ssion gas

production and the mechanisms of release.

2. Fission gas release

2.1. Generation of ®ssion gases and the possible conse-

quences of release

A ®ssion event in nuclear fuel results in the creation

of two or sometimes three ®ssion products, the emission

of between two and three additional neutrons, and the

release of around 200 MeV. This appears in the form of

the kinetic energy of the products and gives them a recoil

range of approximately 6 lm in the oxide fuel. The mass

numbers of the ®ssion products vary from around 72,

including Zn, Ga and Ge, to 166, including Dy, Ho and

Er. The ®ssion process produces unequal mass frag-

ments with the yields of the various products exhibiting

a double humped curve as a function of mass number

with the maxima in the region of the masses of the

krypton and xenon ®ssion gas isotopes. The yields of the

long-lived and stable krypton isotopes vary between

0.3% and 2% whereas the yields of the stable xenon

isotopes reach values of almost 8%. Whether they are

retained in the fuel or released to the rod free volume,

these gases can pose a signi®cant problem in the oper-

ation of nuclear fuel.

At the start of life, fuel rods are normally pre-®lled

with helium gas. This has a high thermal conductivity

and therefore provides good heat transfer between the

outer part of the fuel surface and the cladding. In con-

trast, the ®ssion gases have thermal conductivities

around one twentieth of that of helium and therefore

any release into the rod free volume results in a deteri-

oration of the gap conductance and a corresponding

increase in fuel operating temperatures. Such thermal

feedback e�ects can lead to escalating swelling and/or

®ssion gas release thereby threatening the integrity of the

fuel rod and rendering it liable to failure by PCI or

overpressure e�ects.

2.2. Fission gas release mechanisms

Release by Recoil may occur for any ®ssion fragment

created within approximately 6 lm of the fuel surface

and release by knockout may result from the collision of

a recoiling ®ssion fragment with a ®ssion gas atom

within this distance from the fuel surface.

By far the largest contribution to gas release in non-

defected fuel rods arises from the di�usion of single

®ssion gas atoms through the UO2 or MOX lattice to

free surfaces or grain boundaries. In the course of this

process there is a number of inhibitory factors that delay

the occurrence of gas release.

Intragranular gas bubbles are often heterogeneously

nucleated in the wake of ®ssion fragments [3] and these

may collect ®ssion gas atoms and vacancies thereby

providing a sink for gas as well as a source of rapid

swelling under adverse transient conditions. These sinks

tend to be short-lived under steady-state conditions

since an irradiation induced re-solution process acts to

return the gas to the matrix following collisions with

further ®ssion fragments [4]. Under steady-state condi-

tions, however, a dynamic balance exists between cre-

ation and destruction and a certain fraction of the gas in

the matrix is trapped in bubbles and unable to di�use to

free surfaces or grain boundaries.

Any intragranular bubbles nucleating near grain

boundaries may eventually grow and intersect the

boundary where through further collection of gas and

vacancies they may be established as intergranular

bubbles. These, in turn, may develop through coales-

cence into grain edge tunnels through which gas may

eventually be vented to the fuel free surfaces. This pro-

cess is termed interlinkage and may recur a number of

times during low temperature operation as the edge

tunnels grow, interlink, vent, and collapse before re-

peating the cycle over and over again. At higher tem-

peratures it may appear that the ®ssion gas appears to be

released almost continuously.

The delay between the start of the irradiation and the

onset of measurable gas release is generally referred to as

incubation, but the criteria involved are only vaguely

de®ned. For example, the engineering criterion ad-

vanced by the Halden Project [5] relates the onset of

measurable gas release at any given burn-up to the fuel

centre temperature of the operating rod.

Typically, this threshold relates to releases of around

1% but it should be noted that the gas inventory at 10

MWd/kgU, for example, is only a ®fth of that at 50

MWd/kgU. The rod pressurisations resulting from 1%

release and their e�ects on the rod integrity will there-

fore be markedly di�erent. Attempts have been made to

treat the incubation process in terms of the attainment

of a saturation concentration on the boundaries after

which bubble interlinkage [4,6,7] occurs resulting in gas

venting. These have been largely successful without re-

course to an arbitrary fractional gas release such as that

above.

3. The microstructures of MOX fuels

It is clear from the preceding section that the degree

of ®ssion gas release and its timing are dependent on

the generation rates of gas atoms and vacancies, their
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di�usion to boundaries, and on the concentration of

sinks for these species in the matrix. Post-incubation,

other parameters such as surface di�usion, which are

associated with intergranular bubble growth and inter-

linkage, become important.

It follows that fuel microstructural features that in-

¯uence these factors and include, for example, grain size,

porosity and, in MOX, the number and distribution of

Pu-rich inhomogeneities, should also a�ect ®ssion gas

release. Fabrication method and the resultant fuel

microstructure are therefore expected to play a key role

in performance.

Aside from SBR, the foremost type of MOX fuel

currently manufactured commercially is the MIMAS

(micronised master mix) fuel as produced at facilities in

Dessel (Belgonucleaire), Cadarache (COGEMA) and

Bagnols-sur-c�eze (MELOX ± COGEMA). OCOM

(Optimised Co-Milling) is a similar, master mix type fuel

that was made by Siemens and has been irradiated in

reload quantities in a number of German commercial

reactors [8].

3.1. Fabrication routes

The MIMAS and SBR MOX fabrication routes have

many steps in common. Both routes manufacture pellets

using a press and sinter method, with similar sinter

temperatures (approx. 1700°C). Stearate lubricants are

also added in both processes. The main di�erences are

how the PuO2 and UO2 feed powders are mechanically

blended.

3.1.1. MIMAS

The basis of the MIMAS route [9] is the master mix

or primary blend. PuO2; UO2 and sintered scraps are

ball milled for up to 5 h to create an homogeneous

mixture of MOX powder containing about 30 at.% HM

(heavy metal) Pu. The precise Pu concentration in the

master mix can vary between 20 at.% and 40 at.% HM.

Powder of the desired ®nal enrichment is then obtained

by blending (not milling) the master mix with depleted

or natural UO2. This is known as the secondary blend. It

is also possible to add green or even sintered scraps at

this stage although this is only performed when there is a

large amount of scrap material to recycle. There is an

important di�erence at the secondary blend stage be-

tween fuel fabricated by MELOX (melange oxide) and

the other facilities. In the conventional MIMAS process,

developed at Dessel, UO2 powder converted by the

AUC (ammonium uranyl carbonate) route is used in

both the primary and secondary blends. In the MELOX

process [10], UO2 converted by the ADU (ammonium

di-uranate) route is used.

In addition to fabrication by the MIMAS process, a

limited amount of MOX fuel was made by COGEMA at

Cadarache using the COCA (cobroy�e-Cadarache) pro-

cess before it was abandoned. This involves direct

co-milling of the oxides and produces a fuel with a

homogeneous Pu distribution [10].

3.1.2. SBR

The SBR mixes PuO2, IDR (integrated dry route)-

UO2 and, potentially, sintered scraps in an attritor mill.

The feed powders are added in the proportions of the

®nal enrichment and are milled for a limited time, about

30 min. The high sintered density of the IDR powder

requires a pore former to be added. The ¯ow of the

milled MOX powder is then improved by spheroidising.

Fig. 1 shows a schematic illustration of the SBR fabri-

cation process in SMP.

3.2. Plutonium distribution in SBR and MIMAS MOX

Detailed descriptions of the microstructures of the

SBR and MIMAS MOX fuels have very recently be-

come generally available [10±15]. From these papers it is

clear that many of the microstructural parameters such

as porosity distribution, density and grain size are sim-

ilar in these MOX fuels, as might be expected from the

general requirement to limit in-pile densi®cation. Both

fuel types have Pu concentrations in the range 2±7 wt.%

HM, depending on enrichment, grain sizes of 5±10 lm,

and close to stoichiometric composition with about 95%

theoretical density. The one area in which there is a

signi®cant di�erence is in the respective plutonium dis-

tributions within the fuel matrix.

Fig. 2 compares electron probe microanalysis

(EPMA) Pu distribution maps of the two MIMAS

variants [12] with a corresponding image for typical SBR

fuel [13±15]. The AUC based product, Fig. 2(a), has the

classic duplex structure of about 25 vol% Pu agglomer-

ates in a UO2=PuO2 lattice whilst the ADU product,

Fig. 2(b), has three di�erent phases: the UO2 rich ma-

trix, the Pu rich agglomerates, and a coating phase with

intermediate Pu content around the particles of UO2

powder.

The SBR MOX, Fig. 2(c), is much more homoge-

neous than either the MIMAS-AUC or the MIMAS-

ADU fuels. As can be seen from the X-ray map, areas

with Pu contents above the matrix concentration are

relatively few.

No corresponding information on the microstructure

of COCA fuel is available. However, it has been re-

ported [10] as having an homogeneous Pu distribution.

Table 1 gives the proportions of each phase present

in the microstructures shown in Fig. 2 and the frac-

tion of the input plutonium in each phase. Whilst

SBR MOX consists of 98±99 vol% true mixed oxide

with the nominal composition, the MIMAS fuels

are comparatively inhomogeneous in respect of their

plutonium distribution. Indeed, in the MIMAS-

AUC variant over 60% of the input plutonium is
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Fig. 1. The Sella®eld MOX Plant SBR process.
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concentrated in Pu-rich clusters. Not surprisingly the

local burn-up distribution in this fuel follows the Pu

®ssile isotope disposition and the clusters can attain

very high burn-ups (>150 MWd/kgHM) [16] with

corresponding local accumulations of ®ssion products,

including gases. It is now accepted that the ®ssion gas

release of this fuel is higher than other more homo-

geneous fuel [10] and development programmes are in

hand to improve this aspect with the current ADU

variant. Almost all the irradiation data obtained to

date on MIMAS has been from the AUC fuel and it

is naturally of interest to compare the ®ssion gas re-

lease performance of SBR MOX with that of AUC

fuel and, where possible, other French fuels.

4. Experimental

4.1. Characteristics of the M501 fuel and its irradiation

history

The design characteristics of the SBR fuel pellets and

fuel rods of the M501 assembly are given in Table 2. The

pellets used to ®ll each rod were selected from a single

blended lot for each of three plutonium enrichments:

low enrichment (L) 2.92 wt.% HM, medium (M) 3.72

wt.% HM, and high (H) 5.54 wt.% HM. The Pu-rich

spots occupied 1±2 vol% of the fuel with the largest

agglomerates being about 25 lm in size prior to irradi-

ation [15].

The M501 fuel was produced in MDF. The 14� 14

assembly of Westinghouse design was irradiated under

normal PWR conditions to an average burn-up of 33

MWd/kgHM in the Beznau-1 reactor in Switzerland.

The irradiation spanned three operation cycles and

lasted 1142 EFPD. The power histories for the seven

rods retrieved for PIE at ITU are shown in Fig. 3 [15].

In the ®rst cycle the assembly was located near the

periphery of the reactor core and for ®ve of the seven

selected rods the average power was only around

15 kW mÿ1. In the second and third cycles the assembly

was positioned closer to the core centre and as a result

the linear powers increased to around 20 kW mÿ1 for all

the rods. In the second and third cycles the power rating

was highest in rod 4567. The average power varied least

in rod 4463. In this rod it was around 20 kW mÿ1

Fig. 2. Plutonium X-ray maps for (a) MIMAS-AUC, (b) MIMAS-ADU and (c) SBR with plutonium contents of 4±5 wt.%. Each map

represents an area of approximately 1� 1 mm2. The Pu-rich spots in SBR MOX represent 1±2 vol% of the material and the largest

ones are 25±30 lm in diameter (Refs. [12±15]).

Table 1

Area fractions of the phases and distribution of the input plutonium in MIMAS-AUC, MIMAS-ADU and SBR MOX fuel

Fuel type

MIMAS-AUC MIMAS-ADU SBR

Area fraction of phases

Matrix, % 75.4 46.7 98±99

Pu-rich spot, % 24.6 11.1 1±2

Coating around UO2 particles, % ± 42.2 ±

Distribution of input Pu

Matrix, % 39 15 96

Pu-rich spots, % 61 39 4

Coating around UO2 particles, % ± 46 ±
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throughout the irradiation. In the third cycle the linear

power was lowest in rod 4442.

4.2. Rod puncturing

A hollow metal needle was used to puncture each rod

in the plenum region allowing its internal pressure to be

measured under known temperature conditions. The

volume of free gas within each rod was extracted, mea-

sured, and retained for isotopic analysis using mass

spectrometry. Each rod was then back-®lled with helium

to determine its internal free volume. The accuracy of

the internal pressure measurement was �1 mbar. The

accuracy of the isotopic concentrations measured de-

pends on the volume of gas available. Helium was

measured to better than 1%, Xe and Kr to better than

4% and the Xe/Kr ratio to better than 10%. The internal

free volume measurements were accurate to better than

5% in all cases.

5. Results

5.1. Gas pressure and rod internal free volume

The results of the rod puncturing are shown in

Table 3. In each case there was a reduction in rod free

volume of about 35% from the as-fabricated value of

around 18 ml to 11.4±12.1 ml which was principally a

result of clad creep down with a smaller contribution

from fuel swelling. It should be noted that this volume

reduction alone would have led to a pressure increase,

regardless of any ®ssion gas release. However, the cal-

culated operating pressures, normalised to a coolant

temperature of 298°C, would have been less than 65 bar,

a satisfactory safety margin with respect to the coolant

pressure of 154 bar.

5.2. Gas isotopic composition

The compositions of the gas extracted from the seven

rods are given in Table 3. The low measured quantities

of nitrogen and oxygen in all the rods con®rm their in-

tegrity and the helium ®ll gas concentration shows that

very much larger quantities of ®ssion gas could have

been accommodated before the internal rod pressure

approached the system pressure.

6. Analysis of ®ssion gas release

In order to convert the ®ssion gas volumes in Table 3

into fractional release values the total ®ssion gas gen-

erated within the fuel must be calculated. This is done,

conventionally, through use of the ®ssion product yields

of the long-lived and stable ®ssion gas isotopes listed in

Table 4. The yield values given in Table 4 are taken from

the OECD's nuclear data PC program, JEF-PC [17].

The calculation of total ®ssion gas generated is more

complex for MOX fuel than for UO2 fuel because of the

evolution of the 239Pu and 241Pu ®ssile isotope concen-

trations throughout the irradiation and it is worthwhile

outlining the various steps involved in the calculation.

6.1. Fission yields

The simple picture represented by the ®ssion yields

given in Table 4 is complicated by conversion through

neutron capture. Radioactive 135Xe is transformed to the

long lived 136Xe by neutron capture making accurate

estimates of ®ssion gas yield in this instance dependent

on the neutron ¯ux spectrum and therefore the reactor

irradiation conditions. Here, the conversion ratio is de-

rived using the reactor physics code CASMO [18] as

described later in Section 6.3.

The ®nal mix of ®ssion gases will also show depar-

tures from the expected yields because of the transfor-

mation of 83Kr to 84Kr and 131Xe to 132Xe by neutron

capture. However, these processes do not in¯uence the

overall quantity of ®ssion gas generated.

There is a contribution to the long-lived gas inven-

tory from the conversion of 133Xe, which has a 5.25 day

half-life, to stable 134Xe by neutron capture. However,

the thermal cross-section for this reaction is 195.2 barn

[17] which leads to a conversion rate less than 0.1% of

the 133Xe production rate.

Table 2

Fuel pellet and fuel rod design characteristics for the M501

assembly

Fuel density (%TD) 95

Nominal fuel stack weight (kg) 2.15

Grain sizea(lm) 7.5

Pu content b(wt.% HM) 2.92, 3.72,

5.54
241Pu/(239Pu+240Pu+241Pu) 0.05
240Pu/(239Pu+240Pu+241Pu) 0.25
235U/238U 0.003

Pu-rich spotsc (vol%) 1±2

Pu content of Pu-rich spots c (wt.%) 25±35

Maximum size of Pu-rich spots c (lm) 25±30

Stoichiometry (O/M) 2.00

Pellet diameter (mm) 9.29

He ®ll gas pressure (bar) 20

Cladding material Zircaloy 4

Nominal fuel-clad gap width �lm� 100

Free volume (ml) 18

a Mean linear intercept.
b For three enrichment levels Low, Medium, and High.
c Measured by EPMA (see Refs. [14,15]).
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6.2. Estimation of the through-life ®ssion mix

Under irradiation in a PWR it is expected that the

majority of ®ssions in MOX fuel will arise from thermal

®ssion of the ®ssile Pu isotopes. However, there will also

be a small thermal ®ssion contribution from 235U, and a

non-negligible fast ®ssion contribution from 238U. Table

4 shows that these ®ssions can have signi®cantly di�er-

ent yields for some of the gas isotopes which means that

the precise mix of the ®ssion types throughout life

Table 3

Puncturing and isotopic analysis results for the gas in the M501 rodsa

Rod no. (enrichment) 4100 (H) 4463 (H) 4483 (H) 4567 (H) 7612 (M) 7767 (M) 4442 (L)

Burn-up (MWd/kgHM) 33.87 33.71 32.74 35.60 31.17 31.18 32.54

Pressure (bar) 32.58 33.20 33.43 33.99 32.67 32.00 33.13

Rod free volume (ml) 11.50 11.73 11.60 12.13 11.61 11.71 11.40

Total gas volume (ml) 335.43 349.68 347.80 369.59 339.51 335.18 339.10

He 324.76 338.07 338.28 348.02 331.22 327.17 331.08

N2 0.23 0.20 0.22 0.20 0.33 0.30 0.31

O2 0.09 0.09 0.09 0.09 0.10 0.10 0.10

Ar 0.23 0.45 0.26 0.67 0.72 0.49 0.48

CO2 0.45 0.50 0.48 0.50 0.42 0.47 0.50

83Kr 0.09 0.09 0.08 0.18 0.06 0.06 0.06
84Kr 0.17 0.19 0.15 0.37 0.12 0.12 0.12
85Kr 0.04 0.04 0.03 0.08 0.02 0.02 0.03
86Kr 0.25 0.27 0.22 0.54 0.18 0.17 0.17

Total Kr 0.55 0.59 0.48 1.17 0.38 0.37 0.38

131Xe 0.91 0.93 0.78 1.85 0.59 0.58 0.56
132Xe 2.11 2.26 1.84 4.41 1.45 1.44 1.43
134Xe 2.56 2.73 2.27 5.29 1.74 1.72 1.69
136Xe 3.55 3.85 3.10 7.40 2.56 2.53 2.58

Total Xe 9.13 9.77 7.99 18.95 6.34 6.27 6.26

Xe/Kr 16.60 16.56 16.65 16.20 16.68 16.95 16.47

a (H) high, (M) medium and (L) low enrichment. The gas pressure, rod free volume and gas volume were measured at STP. The

measurements were made in October 1998. The rods were discharged from the reactor in September 1997.

Table 4

Krypton and xenon isotope yields and Xe/Kr ratios from thermal ®ssion of 235U, 239Pu and 241Pu and fast ®ssion of 238Ua

Fission gas isotope Yield, atom fraction per ®ssion

235U thermal 238U fast 239Pu thermal 241Pu thermal

83Kr 0.0055 0.0040 0.0029 0.0020
84Kr 0.0101 0.0065 0.0047 0.0035
85Kr 0.0029 0.0020 0.0013 0.0009
86Kr 0.0196 0.0130 0.0077 0.0061

Long-lived kryptons 0.0381 0.0255 0.0166 0.0125

131Xe 0.0289 0.0330 0.0387 0.0307
132Xe 0.0427 0.0507 0.0526 0.0408
134Xe 0.0775 0.0754 0.0756 0.0760
136Xe 0.0627 0.0655 0.0694 0.0671

Long-lived xenons 0.2118 0.2246 0.2363 0.2146

Radioactive 135Xe 0.0658 0.0657 0.0723 0.0728

Xe/Kr (minimum) 5.56 8.81 14.23 17.31

Xe/Kr (maximum) 7.29 11.38 18.59 23.18

a Yield values are taken from JEF-PC (Ref. [17]). The maximum Xe/Kr ratio assumes that all the radioactive 135Xe created is present;

the minimum Xe/Kr ratio assumes that 135Xe is absent.
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determines both the amount of ®ssion gas produced and

its isotopic content.

The physics code CASMO [18] has been used to

obtain an accurate through-life ®ssion breakdown for

one of the rods, 4567, and this has been assumed to be

representative of the others. The through-life ®ssion mix

for rod 4567 is calculated by the code to be: 65.8% 239Pu,

23.2% 241Pu and 2.2% 235U. Fissions in these isotopes are

assumed to be predominantly at thermal energies. The

remaining ®ssions come mainly from 238U, but with

minor contributions from 240Pu and also from other Pu,

Am and Cm isotopes. For simplicity, the whole of the

remaining 8.8% is assumed to be fast ®ssions in 238U.

The average through-life ®ssion contribution from 241Pu

as a percentage of total Pu ®ssions is therefore 26%

compared to its starting value of about 8.8%, corre-

sponding to its initial composition of 6.7% ®ssile Pu.

This increase is a consequence, principally, of progres-

sive 239Pu burn-up and neutron capture in 240Pu.

With the above information it is possible to evaluate

the individual weighted ®ssion yields from the data in

Table 4. The resulting ®gures are tabulated in Table 5.

6.3. The 135Xe conversion rate and the total ®ssion gas

yield

The CASMO code has also been used to determine

the 135Xe to 136Xe conversion ratio, a. In the same way as

previously a full analysis has been performed for rod

4567 and assumed representative of all rods. The code

calculates the lifetime average thermal ¯ux as

1:5� 1013 n cmÿ2 sÿ1 and the energy-weighted 135Xe

capture cross-section as 1:06� 106 barn. The product of

these is 1:6� 10ÿ5 compared with the decay constant of

2:12� 10ÿ5, implying a value for the conversion ratio, a,

of 43%.

It is interesting to calculate the value of the Xe/Kr

ratio that follows from this ®gure

Xe=Kr � �0:2297� 0:0717a�=0:0169 � 15:42: �1�
This value falls within the 10% range of uncertainty of

the measured value for rod 4567 of 16.2.

The above value for a can now be used to derive the

total ®ssion gas generation for the M501 rods and, in

conjunction with the measured gas volumes, the corre-

sponding fractional gas releases.

6.4. Fission gas release fractions

The average energies from the ®ssion events in 239Pu,
241Pu, 235U, 238U (fast) are 204.5, 206.3, 198.3 and 199.7

MeV, respectively. With the calculated ®ssion distribu-

tion the average energy released per ®ssion in the M501

rods is therefore 204:4 MeV � 3:275� 10ÿ11 J.

Since 1 MWd is equivalent to 8:64� 1010 J, the ®s-

sion gas generation for 1 MWd is equivalent to

�8:64� 1010 � 0:277�=3:275� 10ÿ11 � 7:31� 1020 gas

atoms. 1 mole of gas at STP occupies 22.4 l, so the gas

generation per MWd is given by,

2:24� 104 � 7:31� 1020=6:022� 1023 � 27:19 ml:

From the burn-ups and the weights of fuel in the indi-

vidual rods the fractional ®ssion gas releases may be

calculated and these are tabulated in Table 6.

6.5. Individual isotopic yields

The determination of the total ®ssion gas yield allows

the fractional values for each individual isotope to be

computed and these may be compared with the mea-

sured rod averages to assess the validity of the overall

approach to the calculation of ®ssion gas release.

In Fig. 4 the rod average of the measured volume for

each individual isotope expressed as a percentage of the

total ®ssion gas volume (all from Table 3), is plotted

against the corresponding calculated isotopic yield,

Table 5

Lifetime average estimated ®ssion gas yields for the M501 rodsa

Fission gas isotope Yield

83Kr 0.0028
84Kr 0.0047
85Kr 0.0013
86Kr 0.0081

Long-lived kryptons 0.0169
131Xe 0.0361
132Xe 0.0495
134Xe 0.0757
136Xe 0.0684

Long-lived xenons 0.2297

Radioactive 135Xe 0.0717

Xe/Kr (minimum) 13.59

Xe/Kr (maximum) 17.83

a The maximum Xe/Kr ratio assumes that all the radioactive
135Xe created is present; the minimum Xe/Kr ratio assumes that
135Xe is absent.

Table 6

Fractional ®ssion gas release from the M501 rodsa

Rod no. Burn-up

(MWd/kgHM)

Fission gas

release (%)

4100 (H) 33.87 0.56

4463 (H) 33.71 0.60

4483 (H) 32.74 0.50

4567 (H) 35.60 1.10

7612 (M) 31.17 0.42

7767 (M) 31.18 0.41

4442 (L) 32.54 0.40

a (H) high, (M) medium and (L) low enrichment.
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expressed as a percentage of the calculated total yield of

0.277 (all from Table 5). The agreement for most iso-

topes is very good although the points for the 131Xe and
132Xe isotopes do depart signi®cantly from the straight

line. Here it is known that neutron capture during ir-

radiation e�ects a conversion from 131Xe to 132Xe (Sec-

tion 6.1) and for these two isotopes the sum of the rod

averages of their measured percentage volumes is in

good agreement with the corresponding sum of the

calculated percentage isotopic yields (see Fig. 4).

7. Discussion

7.1. M501 ®ssion gas release fractions

The ®ssion gas release fractions for the M501 rods

are in the range in which the mechanisms of release can

clearly be associated with changes in the intergranular

microstructure. That is, the releases arise from di�usion

to the grain boundaries followed by porosity interlink-

age on the grain boundaries rather than di�usional re-

lease from free external surfaces or direct mechanisms

such as recoil and knockout. The spread in values from

0.4% to 1.1% is probably associated with di�erences in

irradiation within the M501 assembly; that is, with the

ratings and burn-ups.

7.2. Comparison with other MOX

The releases as a function of burn-up are shown in

Fig. 5 along with French data from three-cycle MIMAS-

AUC MOX, COCA MOX and UO2 [10,19]. To simplify

the comparison the later French data on four-cycle

MIMAS-AUC irradiated to burn-ups of 52±53 MWd/

kgHM [20,21] have not been included in the plot. The

burn-ups of the M501 rods are not su�cient to deter-

mine whether SBR fuel exhibits the steep rise in release

with exposure shown by the MIMAS-AUC in the range

at 37±40 MWd/kgHM, which is due to the scatter in the

power histories of these rods. However, it is clear that

®ssion gas release on SBR fuel does begin at a lower

burn-up than in UO2 fuel.

In Fig. 5 there are some French rods with a similar

burn-up to the M501, 32±37 MWd/kgHM, for which the

ratings have been reported [19]. Fig. 6 compares the gas

Fig. 5. Measured fractional ®ssion gas releases from MIMAS-

AUC and COCA MOX rods compared with those from SBR

MOX rods irradiated in the M501 programme. Data from

French UO2 irradiations are also included for the purposes of

comparison.

Fig. 6. Dependence of the ®ssion gas release fraction on the rod

average linear rating during the third cycle of irradiation for the

M501 rods and selected French MOX rods of comparable burn-

ups. The individual burn-ups in MWd/kgHM are shown as

annotations to the ®gure.

Fig. 4. Rod average measured volume of each individual iso-

tope expressed as a percentage of the total ®ssion gas volume

(from Table 3) versus the corresponding calculated isotopic

yield (from Table 5) expressed as a percentage of the total yield

of 0.277. Error bars for the Xe isotopes are within the symbols.

The discrepancies for the 131Xe and 132Xe isotopes arise from

neutron capture. The sum of the measured rod average volumes

is in good agreement with the calculated value.
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release data for these rods with the M501 data as a

function of the mean rod average rating in the third, and

®nal, cycle. It is seen that the percentage of ®ssion gas

released from SBR MOX at 18±22 kW mÿ1 is similar to

that obtained from MIMAS-AUC at 16±19 kW mÿ1.

However, since the data are all at around the same burn-

up, these particular French rods must have had corre-

spondingly higher ratings at some time during the ®rst

two cycles, and this may have contributed signi®cantly

to the overall gas release.

Fig. 7 compares the ®ssion gas release of the two

homogeneous fuels, SBR and COCA, with the MIMAS-

ADU. At current levels of exposure these fuels do seem

to be very similar in performance with respect to gas

release, however at this stage there is very little di�erence

from the more inhomogeneous MIMAS-AUC.

7.3. Comparison with UO2 and the Halden Criterion

In order to explore the reasons for the observed early

release of ®ssion gas in the SBR MOX compared with

UO2 it is instructive to examine this release in relation to

the Halden Criterion [5]. Estimates of the peak centre

temperatures of the M501 rods during their ®nal cycle

can be made from the operating histories using the

ENIGMA fuel modelling code which takes into account

the generally lower thermal conductivity of mixed oxide

fuels [22]. Table 7 lists the peak calculated temperatures

and measured ®ssion gas releases and compares them

with the temperatures calculated from the Halden Pro-

ject Fission Gas Release Threshold [5], which is given by

the following equation:

Brel �MWd=kgHM� � 0:00567e9800=Tc �2�

where Brel is the rod average burn-up for 1% gas release

and Tc is the peak centre temperature in °C. It can be

seen that the releases are in proportion to the di�erence

between the calculated peak temperature and the ex-

pected temperature for release calculated from the

Halden Criterion. This is further emphasised in Fig. 8

where it can be seen that the 1% gas release line is

Fig. 7. Measured fractional ®ssion gas releases for French

COCA and MIMAS-ADU fuels as a function of burn-up

compared with the M501 data.

Table 7

Comparison of peak temperatures in third cycle with Halden Criteriona

Rod no. Burn-up

(MWd/kgHM)

Gas release

(%)

Peak temp.

(°C)b

Halden temp.

(°C)

DT
(°C)

4100 (H) 33.87 0.56 1071 1127 )56

4463 (H) 33.71 0.60 1077 1127 )50

4483 (H) 32.74 0.50 1062 1131 )69

4567 (H) 35.60 1.10 1136 1120 �16

7612 (M) 31.17 0.42 969 1138 )169

7767 (M) 31.18 0.41 969 1138 )169

4442 (L) 32.54 0.40 921 1132 )211

a (H) high, (M) medium and (L) enrichment.
b Predicted with the ENIGMA computer code (Ref. [22]).

Fig. 8. Measured fractional ®ssion gas release as a function of

the di�erence between the ENIGMA calculated peak centre

temperature and the corresponding Halden Fission Gas Release

Criterion. Note that the Halden Criterion is the fuel centre

temperature for 1% ®ssion gas release from UO2.
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breached for temperatures very close to the expected

Halden Criterion predictions. The calculated tempera-

tures are also shown on the standard Halden plot [5,23]

in Fig. 9 with the datum point for rod 4567 (>1% re-

lease) shown as a closed symbol and the data points for

the other rods (<1% release) shown as open symbols,

again con®rming the conformance with expectations.

This simple analysis goes some way to con®rm the

similarity of the mechanisms of di�usion and release in

the incubation phase in homogeneous MOX and UO2

and even the comparable values of parameters involved

in the process as discussed in Section 3.

7.4. Comparison with ENIGMA predictions

The analysis can be taken a stage further through

extended use of the ENIGMA code. If the mechanisms

in MOX and UO2 are indeed the same then this code,

which is UO2-based, should be capable of accurate

prediction of the release in rod 4567 if the version which

includes the necessary 8% reduction in thermal con-

ductivity is used, as above [22]. Fig. 10 shows the 4567

predictions, in terms of peak zone temperature versus

peak zone burn-up, the peak temperature (1136°C in

Table 7) being reached at the end-of-life. The corre-

sponding end-of-life peak burn-up is 37.6 MWd/kgHM

with a release of 1.7%, ®gures that translate into whole

rod values of 35.6 MWd/kgHM and 1.0% that are very

close to those in Table 7, reinforcing the correspondence

of SBR MOX with UO2 fuel.

Fig. 10 also illustrates the importance of the third

cycle power level in determining the onset of 1% release

and strongly supports the use of the Halden Criterion

for simple MOX assessment studies.

7.5. E�ects of MOX thermal conductivity and enhanced

third cycle rating

The fact that SBR MOX release data, at least in the

early stages, can be reproduced using ENIGMA with an

appropriate reduction in conductivity suggests that the

observed di�erences from UO2 are simply attributable to

higher fuel temperatures induced by a lower thermal

conductivity and a higher third cycle rating. It is inter-

esting to separately quantify these two contributions and

at the same time illustrate the transition from UO2 to

MOX type behaviour. For this demonstration a typical

3-cycle UO2 case was selected from the ENIGMA data-

base for comparison with rod 4567. The two power

histories are compared in Fig. 11. The UO2 rod burn-up

was 40.1 MWd/kgHM and its measured release 0.65%

with a corresponding ENIGMA prediction of 0.5%.

Fig. 12 shows how the predictions for this rod are

a�ected by two changes: (a) conductivity reduced to 92%

of normal; (b) 92% conductivity and ratings adjusted.

The rating adjustment is a crude attempt to simulate the

in-reactor operational strategy for MOX in a UO2 core

that results in higher third cycle power levels. Here, the

rating has been reduced by 5% for all steps in the ®rst

half of its exposure, then increased by 5% for all steps in

the second half. Obviously this method preserves the

overall burn-up. With no changes, the peak tempera-

tures fall well short of the threshold. The predicted re-

leases are 0.50% average, 0.7% peak. With the 8%

conductivity reduction the peak temperatures just graze

the threshold. The predicted releases increase to 0.68%

Fig. 9. Comparison of the calculated peak fuel centre temper-

ature in the M501 rods with the Halden empirical ®ssion gas

release threshold. The 4567 rod showed just over 1% ®ssion gas

release and the point is just above the Halden Threshold while

the points for the other rods with below 1% release sit below the

line. Note that the line was derived from data for UO2 fuel and

in this ®gure is presented as a function of the burn-up unit,

MWd/kg oxide.

Fig. 10. This plot shows the ENIGMA predictions for the

M501 lead rod 4567. The burn-up and temperature shown are

the local values at the peak of the axial power pro®le. For this

zone the end-of-life burn-up is predicted to be 37.6 MWd/

kgHM and the ®ssion gas release 1.7% consistent with just

crossing the Vitanza threshold. For the rod as a whole the

predicted burn-up is 35.6 MWd/kgHM and the release 1.0%.
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average, 0.9% peak. When the ratings are adjusted on

top of the conductivity reduction the peak temperatures

cross the threshold and the release is increased to 1.07%

average, 1.8% peak. These ®nal values are very close to

those for rod 4567.

Whilst these ENIGMA calculations, as a whole, are

only intended for illustration, the peak rod temperatures

reached are notable. Over the ®nal 15 MWd/kgHM

burn-up the increases in peak zone fuel centre temper-

ature due to the 8% conductivity reduction and 5% rise

in rating are, respectively, approximately 60°C and

50°C, giving a total temperature rise of about 110°C

above the standard UO2 ®gure.

8. Summary and conclusions

A detailed analysis of the ®ssion gas release from

seven SBR MOX rods irradiated in Beznau-1 to burn-

ups of around 33 MWd/kgHM has been presented in

this paper. The study included the measurement of rod

internal pressure, rod free volume and the isotopic

composition of the released gases. In all cases the rod

internal volume decreased by about 35% during the ir-

radiation, principally as a result of clad creep-down. A

key feature of the calculation of ®ssion gas release was

the use of the physics code CASMO to obtain an ac-

curate lifetime ®ssion mix for the M501 rods together

with a value for the 135Xe to 136Xe conversion ratio, a.

These parameters are required for the determination of

the individual isotopic and, therefore, overall ®ssion gas

yields. The values of the release fractions ranged from

0.4% to 1.1%. Correlation with calculated peak centre

temperatures using the ENIGMA code showed that the

®ssion gas release threshold for SBR MOX fuel is sim-

ilar to that for standard UO2 fuel. This suggests that the

mechanisms responsible for the onset of ®ssion gas re-

lease in this homogeneous fuel are similar to those in

UO2. It was further demonstrated, through extended use

of ENIGMA, that any di�erences between the two fuel

types, at least in the early stages of gas release, arise

from the higher temperature experienced by MOX. This

is a consequence of its lower thermal conductivity and

the higher ratings generally experienced in its ®nal cycle.

Comparison with ®ssion gas release data for MIMAS-

AUC MOX, with a burn-up in the range 30±35 MWd/

kgHM, showed that whilst the levels of release were

similar the SBR fuel had slightly higher ratings in the

third and ®nal cycle. Overall, the performance of SBR

MOX at burn-ups in the range 31±36 MWd/kgU is

similar to that of the more homogeneous French fuels,

COCA and MIMAS-ADU.
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