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FOREWORD 

The OECDINEA Nuclear Science Committee set up a Working Party on Physics of Plutonium 
Recycling in June 1992 to deal with the status and trends of physics issues related to plutonium 
recycling with respect to both the back end of the fuel cycle and the optimal utilisation of plutonium. 
For completeness, issues related to the use of the uranium coming from recycling are also addressed. 

The Working Party met three times and the results of the studies carried out have been 
consolidated in the series of reports "Physics of Plutonium Recycling". 

The series covers the following aspects: 

Volume I Issues and Perspectives; 

Volume I1 Plutonium Recycling in Pressurized-water Reactors; 

Volume I11 Void Reactiviry Effect in Pressurized-water Reactors; 

Volume IV Fast Plutonium-Burner Reactors: Beginning of Life; 

Volume V Plutonium Recycling in Fast Reactors; and 

Volume VI Multiple Recycling in Advanced Pressurized-water Reactors. 

The present volume is the fourth in the series and describes the specific benchmark studies 
concerned with the calculation of physics parameters of both a MOX-fuelled and a metal-fuelled fast 
plutonium-burner reactor. The analysis concentrates on parameters of initial fuelling ("beginning of 
life") and their change after a single burnup cycle. 

The opinions expressed in this report are those of the authors only and do not represent the position 
of any Member country or international organisation. This report is published on the responsibility of 
the Secretary-General of the OECD. 
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SUMMARY 

Fast reactor physics benchmarks were developed as part of a programme of the 
OECDINEA Working Party on Physics of Plutonium Recycling (WPPR) to evaluate different 
scenarios for the use of plutonium. 

Fast burner fuel cycle scenarios using either PUREXITRUEX (oxide fuel) or pyrometallurgical 
(metal fuel) separation technologies were specified. These benchmarks were designed to evaluate the 
nuclear performance, and the reduction of waste radiotoxicity achievable in a transuranic-burning fast 
reactor system. 

In this report, benchmark results are summarised for the beginning-of-life cases wherein the 
geometry and composition are specified and a single burnup step of specified energy extraction is 
specified. Comparisons of participant's predictions are summarised and key conclusions regarding the 
size and cause of variabilities among participant solutions are highlighted. 
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Introduction 

Two fast burner benchmark designs (one oxide and one metal) were specified by the Working 
Party on Physics of Plutonium Recycling (WPPR). Both designs utilise a power rating of 600 MWe 
and both employ similar strategies to lower the conversion ratio well below unity. The uranium 
content in the reactor is reduced both by removing blanket assemblies and by increasing the 
enrichment of the driver fuel up to the limits of the fuel irradiation data base. The neutrons that 
otherwise would have been captured on uranium are purposely wasted by dramatically increasing the 
core leakage fraction. Thus, the neutron balances of these fast burner reactors are quite different from 
conventional fissile-self-sufficient or breeder designs for which the cross-section data sets and 
calculational methods have been extensively verified in historical fast breeder reactor development 
programmes. 

The sources of plutonium and other transuranics used to create the beginning-of-life (BOL) 
loading were selected in a way to span the range of potential sources from the LWR economy in the 
intermediate time interval prior to widespread commercialisation of fast fissile-self-sufficient or 
breeder reactor designs. In the case of the oxide benchmark, the feedstream from the thermal reactor 
cycle is strongly skewed toward heavier plutonium isotopes (e.g., Pu-242 is 14% of total mass). 
This feedstream is characteristic of a scenario in which the plutonium has been twice recycled (three 
times burnt) in a thermal spectrum LWR. Also planned is that during the reprocessing step, the Np 
and Am will be removed and not recycled in the LWRs, but rather saved for introduction into the fast 
burner cycle. In the case of the metal-fuelled benchmark, the feedstream from the thermal reactor 
cycle represents LWR once-through fuel with about three years of cooling prior to reprocessing and 
injection into the fast reactor closed fuel cycle; a pyrometallurgical technology to reduce LWR spent 
fuel and produce a fast reactor metallic feedstream containing all transuranics admixed together 
(Pu + Np + Am + Cm) is assumed. The plutonium vector is skewed more to the lighter isotopes 
(only 4% Pu-242) than is the case for the feedstream to the oxide benchmark; however, all minor 
actinides (Np, Am, and Cm) are included in the feedstream. The core compositions deviate from the 
traditional ones used in prior breeder reactor development programmes and comprise a further reason 
to question whether current data sets and methods are adequate. 

Since the primary goal of the benchmark activity discussed in this report was to assess the 
variability among participants' solutions which arises for burner cores the neutron balance and 
composition of which is substantially altered from that of traditional designs, the beginning-of-life 
benchmarks fully specified the geometry, the beginning of life composition and the time interval and 
energy extraction of a single burnup step1 . Basic nuclear data, cross-section generation methods, and 
neutron balance solution methodology will thus be the sole cause of variations in predicted 
performance. The benchmark participants were asked to provide computational predictions of 
beginning-of-life eigenvalue and neutron balance, spectral indices and safety coefficients. Also, the 
composition and eigenvalue changes after the single burn cycle, and the end-of-cycle decay heat and 
isotopic contributions to toxicity (using specified toxicity factors) were reported by participants. 

I The PYR0 recycle-metal-fuelled fast burner benchmark specification comprised not only a beginning-of-life case. but also 
once-through, and multiple recycle cases as well - see Volume 5. 
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As shown in Table 1, international design teams submitted six solutions for the oxide-fuelled 
benchmark and five solutions for the metal-fuelled benchmark. 

Beginning-of-life oxide-fuelled fast burner 

Specifcation 

The detailed oxide-fuelled benchmark specification is provided in Appendix A; only its main 
features are described here. 

The oxide burner benchmark is a 600 MWe (1500 MWth) burner reactor which operates on a 
125 EFPD cycle at 80% capacity factor; one fifth of the core is refuelled per cycle. As shown in 
Figure 1, the core is of a homogeneous layout with two radial enrichment zones and no radial 
blankets. Axially, the core is about a meter high and has no axial blankets. The conversion ratio is 
near 0.5. The fuel comprises an annular mixed oxide pin of depleted uranium and multi-recycled 
LWR plutonium. The beginning-of-life compositions are specified as shown in Table 2. 
The compositions represent discharge from LWR after two MOX recycles with minor actinides 
removed. 

The edits requested of participants include the beginning-of-life eigenvalue and neutron balance, 
spectral indices and safety coefficients. Also requested are the composition and eigenvalue changes 
after a single burn cycle. Decay heat and isotopic contributions to toxicity (using toxicity factors 
specified in Table 3) are also requested. 

Results 

Six solutions were submitted for the oxide burner; Table 1 shows a synopsis of contributors, 
basic data and codes used in the solution of the problem. Some of the contributions were only partial. 

In the following, we present an analysis of some major features of the exercise 

In Table 4, k-effective and critical balance are shown. In Tables 5, 6, and 7, neutron productions, 
absorptions (normalised to I), and spectral indices at core centre are given. 

A very large spread (almost 3%) can be observed in k-effective. Differences between the ANL 
solution and the PNC and PSI ones seem to be related to the difference in the leakage component of 
the critical balance and, therefore, the diffusion coefficient would be one major contributor to explain 
such a large discrepancy. We have to keep in mind also that the oxide fuel Pu-burner configuration is 
a high-leakage system. With respect to a previous benchmark [I], this system has a core leakage of 
=27% against 16%. Basic data differences should be taken into account for the discrepancies with the 
IPPE and CEA solutions, even if such differences do not appear evident when we examine the results 
shown in Tables 5, 6, and 7. A perturbation calculation will be very helpful for identifying the 
contributions to the discrepancies by isotope and cross-section type. 

Reactivity worths for sodium void and Doppler coefficient are shown in Tables 8 and 9 for 
beginning-of-life and end-of-cycle configuration. A quite disturbing picture appears for the sodium 
void coefficient where more than a factor of two exists for the whole reactor voiding between the 



extreme solutions (ANL and PNC on one side and PSI on the other side). A look at Table 10 indicates 
that the main discrepancy lies in the non-leakage component. 

The ANL Doppler reactivity worth is substantially lower than the other solutions because of the 
reduced contribution of the fertile isotopes (U-238 and Pu-240) as it can be seen in Table 11. 

The end-of-cycle values show similar trends in the reactivity worths 

In Table 12, transport effects are shown for the configuration at the beginning of life. Very large 
discrepancies are found for the k-effective values. The two extreme values (IPPE and Toshiba) have 
been obtained by Monte Carlo codes. Continuous energy to multigroup data effect is probably 
responsible for the differences. The other solutions have been obtained using S, theory codes. 

Transpol't effect is not an issue for the Doppler coefficient calculation, but can represent an 
almost 10% correction of the total worth in the case of sodium void reactivity (see PNC solutions). 

Tables 13 and 14 show results for reactivity loss and isotopic composition variation due to 
burnup. PNC and ANL are at the two extremes with the difference of 0.7% of AWkk' over the all life 
(625 days of burnup). Slight difference exists in the fission products contributions except for the PSI 
solution, that has a much larger value (28.7%). Related to the lower reactivity loss is the Pu-239 
consumption rate of the ANL solution. The CEA results present a quite high value for the buildup of 
Am-243 and curium isotopes. The rather small value for the PSI solution for the U-238 composition 
variation suggests a quite low capture cross-section for the JEF-2.2 data file. Again for all those 
parameters, a perturbation analysis would be very valuable in understanding the differences. 

Decay heat, neutron sources and activities are shown in Table 15. Decay heat results appear to be 
in good agreement between PNC and IPPE, while ANL has definitely lower values. The discrepancies 
between PNC and ANL are quite surprising because they use essentially the same code (ORIGEN) 
and associated library for the fission yields. Because differences on cross-sections can hardly explain 
the discrepancies on the results, starting conditions (isotopic compositions at discharge) and possibly 
different options (constant flux or power during irradiation) are the cause of the inconsistency. 
The large spread on the neutron source results has a possible reason in the fact that ANL version of 
ORIGEN was modified to better take into account (a, n) neutron productions. 

Activities follow the same trend as the decay heat except for the IPPE results, that are lower 
(possibly some missing isotope contributions?). 

Radiotoxicities at 0- and I-million-year cooling time are shown in Tables 16 and 17. 
Total radiotoxicities are in quite good agreement when one considers the current uncertainties 
associated with this parameter. The good agreement can be explained by the fact that the radiotoxicity 
factors (that probably carry most of the uncertainties) have been imposed equal for all solutions 
(see Table 3). The higher value at 0 cooling time for the CEA total radiotoxicity is to be related to the 
presence of the larger buildup of curium isotopes already noticed in the isotopic composition 
variation. In Tables 18 and 19, the ANL solution for radiotoxicity is presented in two forms. 
In Table 18, the conventional method is utilised where the final density of the isotopes at the cooling 
time indicated is used to calculate the radiotoxicity. Table 19 gives, as required by the original 
benchmark proposal, the radiotoxicity on the whole descendance of subsequent daughters for a given 
initial nuclide. This definition allows to better understand the contribution of the initial isotopic 
composition to the total radiotoxicity. 



Finally, in Table 20, the ANL solution is calculated using the radiotoxicity factors provided for 
the metallic fuel benchmark problem, which are shown in Table 21. This is done to allow a direct 
comparison of radiotoxicities expressed using the two different sets of toxicity conversion factors 
(Table 21 vs. Table 3) specified for the beginning-of-life benchmarks - the oxide and the metallic 
fuelled ones. In doing that, one has to bear in mind that initial mass inventory of the oxide and metal 
cores are different and the hypotheses on reprocessing losses are also different (0.1% of minor 
actinides for the metallic fuel and 0.3% of Pu and 1% of minor actinides for the oxide fuel). 

To summarise the results provided by different organisations on the oxide fuel benchmark 
Pu-burner configuration, they show that an unsatisfactory situation is present for such fundamental 
parameters like k-effective and reactivity worths. Compared with previous benchmarks [ I ]  [2], 
the picture is significantly worse. Even given that the configuration is a high leakage system, it would 
be very hard to accept so large a discrepancy. Only partial conclusions can be drawn at the present 
regarding the underlying causes of the poor agreements, and a perturbation analysis would be very 
useful in better understanding the differences in the results. 

A more comfortable situation exists for radiotoxicities, where, given the status of the associated 
uncertainties, one would have expected larger discrepancies. 

Further and deeper studies are surely needed. Experimental information, such as the ones coming 
from mock-up assemblies, would be necessary in the case that one day such a system is adopted for 
the design of a real power reactor. 

Beginning-of-life metal-fuelled fast burner 

Specifcation 

The detailed metal-fuelled beginning-of-life benchmark specification is provided in Appendix B; 
only its main features are described here. 

The benchmark design is a metal-fuelled burner core based on a 600-MWe (1575 MWth) 
configuration originally developed for low sodium void worth benchmark comparisons [3]. The cycle 
length is one year with an 85% capacity factor. One third of the core is refuelled per cycle. As shown 
in Figure 2, the core region is annular and contains 420 driver assemblies and 30 control 
subassemblies surrounding a (37 assembly) central reflectodabsorber island. The driver active core 
height is only 45 cm (17.7 in.), roughly half the height of conventional fast reactor designs. 
This pancaked, annular geometry greatly enhances neutron leakage giving a low conversion ratio of 
roughly 0.5. 

The axial design allocates a 15-cm reflector region directly below the core followed by a 30-cm 
shield region. The fuel pins extend above the active core region with a 70-cm fission gas plenum. 
Nan-fuelled assemblies use a single composition over the entire axial height. The innermost three 
rows of the configuration shown in Figure 2 contain stainless steel assemblies, and the fourth row 
contains absorber (boron carbide) assemblies. Three rows of radial shielding surround the active core, 
a single row of steel and two rows of absorber. The material compositions of all fuelled and 
non-fuelled regions are specified in Table 22; the core composition is based on an estimate of 
beginning-of-life composition. For the start-up core, the fresh fuel is composed of recovered LWR 
transuranics (isotopic mix shown in Table 23) and depleted uranium. 



A detailed analysis of the beginning-of-life neutron balance was requested of participants. 
Calculational results include: beginning-of-life eigenvalue, neutron flux energy spectrum, 
fissionlabsorption ratio, leakagelabsorption ratio, capturelabsorption ratio, and one-group collapsed 
cross-sections for the transuranic isotopes. Depletion results include the eigenvalue change and mass 
increments for a single cycle of depletion. 

In addition to mass flow characteristics, the radiotoxicity of the fuel cycle inventories and 
discharged waste stream are evaluated in this benchmark. The mass flow results were converted to 
toxicity units using toxicity factors constructed using the methodology described by 
Bernard L. Cohen, [4] but using data from ICRP Publication 30, part 4, 1988 and BEIR 111, 1980. 
These isotopic toxicity factors quantify the fatal cancer doses per gram ingested orally. They denote 
the hazard of the material rather than the risk because they do not include account of any pathway 
attenuation processes, but simply assume total oral ingestion. The specified toxicity factors are shown 
in Table 21; most important heavy metal and fission product isotopes are included. 

Results 

Four countries with five contributions participated in the beginning-of-cycle metal-fuelled 
benchmark. The list of participating countries, organisations, and authors is given in Table 1. 

A brief review of the cross-section processing procedure, flux calculation, and depletion 
methodology applied by each of the participants is indicated below. Detailed information can be 
found in the contributed reports. 

Europe [5] 

The group constants originate from a 1968 group library based on JEF-2.2 data. Unit cell 
heterogeneity and slowing-down calculations were performed at the fine group level to generate 
a 33-group-cross-section set. This library was subsequently condensed to a 6-energy-group structure 
based on the regional flux distributions. Calculational results based on the CARNAVAL-IV data 
library were initially also submitted by the European team; however, problems were observed when 
this data was applied to metal fuel compositions, and only the JEF-2.2 based results are reported here. 

The flux distribution was calculated using three-dimensional (Hex-Z) finite difference diffusion 
theory. Eigenvalue computations using other spatial methods (nodal diffusion and nodal transport 
theory) were also performed using the 33-group-cross-sections. 

The depletion calculation was performed in three time steps, the time advance numerical method 
used is an exponential method. The capacity factor was included by derating the power level; thus, 
the power was normalised to 1335 MWth (85% of 1575 MWth). The flux level was normalised based 
on isotopic fission and capture energy production factors. Individual fission products are separately 
tracked in the calculation, although transmutation or migration of fission products during the cycle is 
not modelled. 



Japan [6] 

Two different cross sets were utilised: one based on JENDL-2 and the other on JENDL-3 data. 
For both sets, group constants were generated from a 70-group generic fast reactor library. This data 
was spatially collapsed to an 18-energy-group structure based on a two-dimensional (R-Z) flux 
calculation for the reference configuration. 

The flux distribution was calculated using the CITATION code for a two-dimensional (R-2) 
model using finite difference diffusion theory. 

The depletion calculation was performed in five time steps using four radial and three axial 
zones, an additional depletion region was allocated for the core centre ring (giving a total of thirteen 
regional depletion zones for the fuel). The flux level was normalised using fission energy production 
factors which were corrected to account for capture reactions in the heavy nuclides; heating in the 
structural material was neglected. The fission products were modelled using four lumped fission 
products based on U-235, U-238, Pu-239, and Pu-241 fission. 

Russia [7] 

Group constants were generated from the ABBN-90 library which is based on FOND-2 data [8]. 
This 26-energy group data was regionally collapsed to 17- and 6-energy-group structures based on a 
three-dimensional (Hex-Z) calculation for the reference configuration. 

The flux distribution was calculated using the TRIGEX code, nodal diffusion theory, for a 
three-dimensional (Hex-Z) model; nine axial layers are utilised in the core region. 

The depletion calculation uses an analytical method to track the isotopic transmutations. The flux 
level was normalised based on isotopic fission and capture energy production factors. The fission 
products were modelled using two lumped fission products based on U-235 and Pu-239 fission. 

United States [9] 

Group constants were generated from the 2082-group MC'-~ library which is based on 
ENDFIB-V data. This data was collapsed to 230 energy groups based on an infinite-medium spectral 
calculation for a typical unit cell. This data was regionally collapsed to 21- and 9-energy-group 
structures based on a one-dimensional (R) flux calculation for the reference configuration. 

The flux distribution was calculated using the DIF-3D code for a three-dimensional (Hex-Z) 
model. Nodal diffusion theory and the 9-group set were utilised for the depletion calculations; finite- 
difference diffusion theory and the 21-group set were utilised for the evaluation of reactivity 
feedbacks. 

The depletion calculation was performed in a single time step using five radial and five axial 
(total of twenty-five) depletion zones for the fuel. The flux level was normalised using isotopic fission 
and capture energy production factors. The fission products were modelled using ten lumped fission 
products based on separated rare earth and non-rare earth components resulting from the fission of 
five different isotopes: U-235, U-238, Pu-239, Pu-240, and Pu-241. 



Comparison of results 

In the intercomparison of results, emphasis was placed on the neutron balance and on the 
eventual radiotoxicity of end-of-cycle discharged fuel. Results are compared at the beginning-of-life 
where the geometry and concentration was specified and variability can arise only from data and 
methods and also for the end-of-cycle case - depleted for one year at an 85% capacity factor where 
depletion methodology, flux normalisation, and fission product treatment can further add to 
discrepancies. 

The neutronic performance characteristics are summarised in Table 24. The Russian and 
United States evaluations, which use nodal diffusion theory, show virtually identical eigenvalue 
predictions (0.1% difference at beginning-of-life, and 0.2% at end-of-cycle). The Japanese results 
(using R-Z finite difference diffusion theory) exhibit a 0.5% lower eigenvalue for JENDL-3 data 
compared with JENDL-2; including the mesh-size effect, the resulting eigenvalue prediction is 1.5% 
lower than the Russian and United States predictions. The European diffusion theory results are 
considerably (2-3%) lower than the other evaluations for both finite difference and nodal methods; the 
predicted eigenvalue was 2.2% higher when nodal transport theory was used. The neutron balance 
components in Table 24 show that the lower eigenvalue predictions in the European results are caused 
by a higher leakage fraction (the core leakage to absorption ratio is 0.623 as compared with 
0.585 - 0.616 in the other evaluations). The fission and capture ratios are virtually identical between 
the evaluations; thus, the eigenvalue differences between the diffusion results are likely caused by 
discrepancies in the diffusion coefficient (transport cross-section). It is not surprising since 
implementation of the transport correction and methodology for diffusion coefficient prescription is 
where significant variations in group constant generation methods have historically been expected. 

In summary, beginning-of-life eigenvalue predictions range from 1.063 to 1.102; significant 
differences are observed between nodal diffusion and nodal transport predictions (1.5%) and the 
transport effect is quite large (>2% eigenvalue effect) for this high leakage configuration. However, 
beginning-of-life eigenvalue, neutron balance, and burnup swing predictions are in reasonably close 
agreement for the Japanese (JENDL-3). Russian, and United States evaluations. 

The transuranic isotope capture and fission one-group cross-sections (computed for the central 
core region) are summarised in Table 25. The multigroup collapsing spectra computed for this region 
are shown in Figure 3; these spectra appear to be consistent although large variations in the energy- 
group width are evident between participants. In Table 25, the 10 variance of the reported effective 
one group cross-section values is used to indicate the spread in this result; this value does not indicate 
the expected uncertainty of the individual data. Fairly good agreement is observed for the fission 
cross-section results with variances of less than 5% for nearly all isotopes. The only large differences 
in the fission data are significantly higher Am-242m fission cross-sections in the Russian and 
United States evaluations, and significantly lower Cm-242 and Cm-243 fission cross-sections 
in the United States result. However, much larger variations are observed in the one-group capture 
data; as an example, the Am-243 capture cross-section ranges from 0.48 to 0.97 barns. This is 
understandable since little experimental capture data is available, particularly for the higher actinides, 
and much of the higher actinide data in modern evaluations is based on nuclear models. Better 
agreement is observed for the major transuranics (e.g., Pu-239 only ranges from 0.22-0.27 barns) 
where experimental data has been incorporated. Significant differences are observed between the 
JENDL-2 and JENDL-3 Japanese evaluations for several of the higher actinides (Am-241, Am-243, 
Cm-242, and Cm-243 in particular). These changes indicate a specific effort to improve the higher 
actinide data in the more recent JENDL-3 evaluation; and the magnitude of these changes 
(e.g., Cm-242 fission increases from 0.63 to 0.84 barns) is indicative of the large uncertainties which 
are present in current minor actinide data evaluations. 



The beginning-of-life and end-of-cycle actinide masses are compared in Table 26; 
mass differences for isotopes ranging from U-234 to Cm-246 are shown. For most isotopes, the 
end-of-cycle mass is composed primarily of remaining beginning-of-life material; thus, only small 
percentage variations in the absolute end-of-cycle masses are observed. Thus, comparisons of the 
mass changes are more interesting. The total heavy metal loss rate ranges from -489 kg (Europe) to 
-509 kg (United States); this corresponds to energy production rates ranging from 1000 to 
960MWthd/kg, respectively. Significant differences in the mass change after one bum cycle are 
observed for individual isotopes; these differences are readily explained given the cross-section 
differences shown in Table 25. For example, the higher Pu-241 capture cross-sections in the European 
and Japanese results give more Pu-242 production in Table 26. In the European evaluation, the short- 
lived Am-242 (16 hour half-life) is explicitly modelled (note that Am-242 has been decayed into 
Cm-242 and Pu-242 for results in Table 26); this modelling change appears to yield a significantly 
higher Cm-242 end-of-cycle inventory of 8.28 kg as compared with roughly 4 kg in all other 
evaluations. Thus, a more detailed investigation of this branch of the decay chain is warranted. 

The actinide mass values shown in Table 26 were converted to toxicity data using the toxicity 
factors shown in Table 21; results are summarised in Table 27. As shown in Table 27, the toxicity of 
the uranium inventory is much less than the toxicity of the transuranic inventory (by over seven orders 
of magnitude). As uranium decays over many thousands of years, the build-in of its daughters will 
cause the toxicity associated with this material to increase by roughly two orders of magnitude, but 
the resulting toxicity would still be less than any of the transuranic isotopes shown in Table 27. 
The total transuranic toxicity increases from 7.3E8 at beginning-of-life to 9.7E8 at end-of-cycle. This 
increase is primarily from the shorter-lived isotopes Cm-242 (+l.lE8), Cm-244 (+0.6E8), and Pu-238 
(+0.6E8). The 6% variation in the end-of-cycle toxicity prediction is caused primarily by differences 
in the calculated end-of-cycle Cm-242 and Cm-244 inventories (see Table 26). Because Cm-242 and 
Cm-244 decay fairly rapidly (half-lives of 0.5 and 18 years, respectively), differences in their mass 
flow rates will not impact the long-term waste toxicity results. 

In the 100-1.000 year timeframe, Am-241 will dominate the total toxicity. As shown in Table 27 
with all Pu-241 decayed to Am-241, the total transuranic toxicity is 5.8E8, roughly half the 
end-of-cycle toxicity; the variation in this toxicity component between the various predictions is less 
than 0.5%. 

In the 1,000-100.000 year timeframe, Pu-239 and Pu-240 will dominate the transuranic toxicity. 
The Pu-239 and Pu-240 toxicities sum to 8.9E7; and the variation between the predictions is less 
than 0.5%. 

Finally, in the 100,000-1,000,000 year timeframe, Np-237 will dominate the total toxicity. 
As shown in Table 27 with all Pu-241 and Am-241 decayed to Np-237, the toxicity is 1.16E5; and the 
variation in the calculated results is quite small (-0.5%). 

Given a specified initial composition and specified mass to toxicity conversion factors, the 
predicted toxicity of the spent fuel is seen to agree very well among participants even when reactor 
performance parameters do not. Some variation in the short-term toxicity (on the order of 6%) is 
observed because of differences in the predicted curium inventories; however, this difference 
decreases to less than 1% for the long-term toxicity predictions. 



Conclusions 

Six solutions were submitted for the oxide-fuelled beginning-of-life benchmark; five solutions 
were submitted for the metal-fuelled beginning-of-life benchmark as shown in Table 1. Tables 4 and 
24 show eigenvalue and neutron balance results for the oxide and metal benchmarks, respectively. 
Variability of several percent Ak in predicted beginning-of-life eigenvalue for cores of specified 
geometry and composition is observed. While the Japanese, American, and Russian predictions are 
consistent for the metal core, a different pattern of clustering of participants' solutions is seen for the 
oxide core. 

Tables 13 and 24 display the burnup reactivity loss for the oxide and metal cores, respectively; 
spreads of up to 1% Aklkk' out of a burnup swing of around 6% (metal), 8% (oxide) total reactivity 
loss are observed. 

It is clear that for high leakage cores, two- and three-dimensional transport codes should be used; 
such codes are now available - but were not used by participants for this benchmark exercise. 
Their use could be expected to reduce the large variabilities in core leakage probability (see Tables 4 
and 24) which are likely caused by methods' differences in generating diffusion coefficients. 
Note that for the metal benchmark < I %  eigenvalue errors exist upon transport corrections. 

Other than the above hypothesis, no broad characterisation of a principal cause of the large 
variabilities in predicting cores of specified geometry and composition has been found. It is hard to 
understand how participants who agree on beginning-of-life eigenvalue in one of the benchmarks 
disagree on the other. A followon effort to further wring out any misinterpretation of definitions and 
making use of transport solutions and of sensitivity coefficients of reactor parameters to cross-section 
library values would be useful. 

Radiotoxicity flows relevant to the deployment of fast burner reactors as a waste management 
measure display less variability among participants than do operating and safety parameters - so long 
as consistent mass or curie-to-radiotoxicity conversion factors are employed. Tables 16 and 17 for 
oxide at discharge and at a-million-year cooling and Table 27 for metal at discharge illustrate this 
result. 

Considering the large variabilities among participants' predictions of core performance, it is 
concluded that design and deployment of high leakage fast burner reactors will likely require 
supporting critical facility measurements to lower uncertainties in core operating and safety 
performance predictions. Alternately, the relatively less variability in predicted toxicity flows 
suggests that a second goal of the OECDNEA Working Party benchmark exercise can lead already to 
useful characterisation of trends for fast reactorlthermal reactor symbiosis as a waste management 
measure. This is discussed in Volume 5. 
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Table 1 
Participating countries and organisations for the OECD/NEA Fast Burner Physics Benchmarks 

O x i d e - f u e l l e d  f a s t  b u r n e r  b e n c h m a r k  

B O L  m e t a l - f u e l l e d  f a s t  b u r n e r  b e n c h m a r k  



Table 2 
Oxide cores: Atomic number densities 

* 0. for the voided cell. See section Beginning-of-cycle oxide-fuelled fast burner, Specifuofion, on page 12. 

22 

REGION 

I N N E R  

C O R E  

0 U T E R  

C O R E  

A X I A L  A N D  
R A D I A L  

S H I E L D I N G  

R O D  

F O L L O W E R  

NUCLIDE 

U-235 
U-238 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-24 1 
Fe 
Cr 
Ni 
Mo 
0 
Na 
Mn 

U-235 
U-238 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 
Fe 
Cr 
Ni 
Mo 
0 
Na 
Mn 

Fe 
Cr 
Ni 
Mo 
Na 
Mn 

Fe 
Cr 
Ni 
Mo 
Na 
Mn 

CELL CALCULATTON 
N R  U)NE 

3.268-E-05 
1.304E-02 
3.015E-04 
2.097E-03 
1.426E-03 
6.9 13E-04 
7.573E-04 
6.913E-05 

3.672E-02 

2.743E-05 
1.095E-02 
4.247E-04 
2.953E-03 
2.008E-03 
9.736E-05 
1.067E-03 
9.736E-05 

3.684E-02 

CELL CALCULATION 
O U l E R m N E  

1.728E-02 
4.973E-03 
3.627E-03 
4.36OE-04 

1.038E-02* 
4.153E-04 

1.728E-02 
4.973E-03 
3.627E-03 
4.36OE-04 

1.038E-02* 
4.153E-04 

HOMOGEMSED 
ATOMIC DENSITY 

9.409E-06 
3.754E-03 
8.683E-05 
6.037E-04 
4. 105E-04 
1.990E-04 
2.180E-04 
1.99OE-05 
1.23 IE-02 
3.541E-03 
2.583E-03 
3.105E-04 
I .057E-02 
7.389E-03 
2.957E-04 

7.899E-06 
3.152E-03 
1.2238-04 
8.503E-04 
5.782E-04 
2.803E-04 
3.071E-04 
2.803E-05 
1.23 1E-02 
3.541E-03 
2.583E-03 
3.105E-04 
1.061E-02 
7.389E-03 
2.957E-04 

2.662E-02 
7.662E-03 
5.588E-03 
6.717E-04 
I ,093E-02 
6.398E-04 

7.987E-03 
2.299E-03 
1.676E-03 
2.015E-04 
1.863E-02 
1.920E-04 



Table 3 
Hazard ingestion factors for oxide benchmark 

HAZARD INGESTION FACTOR 

+ indicates that the cor~tribution of the short-life descendants is included. 



Table 4 
k-eff and critical balance at beginning of life 

Table 5 
Neutron productions at beginning of life normalised to 1.0 



Table 6 
Absorptions at beginning of life normalised to 1.0 

Table 7 
Spectrum indexes at core center beginning of life 



Table  8 
Reactivity worths at beginning of life (in % of m k ' )  

Table 9 
Reactivity worths at end of cycle (in % ofAk/kkl) 

Table  10 
Beginning-of-life whole reaction sodium void reactivity worth by component 

NON LEAKAGE COMPONEh7 

LEAKAGE COMPONEh7 

TOTAL 

ANL 

2.785 

-1.235 

1.550 

CEA 

2.484 

- 1.540 

0.944 

PNC (52) 

2.91 

- 1.40 

1.51 

PNC (53.2) 

2.68 

- 1.35 

1.33 

PSI 

1.994 

-1.318 

0.676 



Table I 1  
Beginning-of-life Doppler reactivity worth by isotope component 

Table 12 
Transport effects at beginning of life(in % ofAk/kkl) 

Table I3 
Reactivity loss (in % of Ak/kk') 

( In parenrhesisjission products conrriburion) 

ORGANI~ATION 

ANL 

CEA 

PNC (52) 

PNC (53.2) 

PSI 

BOL - EOC 

7.61 (20.5%) 

7.90 (20.3%) 

8.03 (23.1%) 

7.91 (23.5%) 

7.79 (27.6%) 

BOL - EOL 

12.85 (20.1%) 

13.27 

13.60 (25.0%) 

13.39 (25.2%) 

13.06 (28.7%) 



Table 14 
Isotopic composition variation EOL - BOL (A  kg) 

Table 15 
Decay heal, neutron sources and activities at different cooling times 



Table 16 
Radiotoxicities Cooling time 0 

Table 17 
Radiotoxicities Cooling time I E + 6 Years 

a) CEA took into account an extra 0.3% of U as a loss. This will affect the comparison for this isotope. 



Table 18 
Radiotoxicity (Sv) for the ANL solution standard method 

ISOTOPE 

Ac-227 

Am-241 
Am-242m 
Am-243 

Cm-242 
Cm-243 
Cm-244 
Cm-245 
Cm-246 

Np-237 

Pa-231 

Pb-210 

Pu-236 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Ra-226 
Ra-228 

Th-228 
Th-229 
Th-230 
Th-232 

U-232 
U-233 
U-234 
U-235 
U-236 
U-238 

Tc-99 

1-129 

Cs- 135 

TOTAL 

0 Y 

0 

7.69 E+7 
8.58 Et6  
2.75 Et6  

1.62 Et8 
I .95 E+6 
7.33 E+7 
1.69 E+4 
5.43 Et2  

4.75 E+2 

0 

0 

1.74 E+2 
2.44 Et8 
8.80 Et6  
2.39 Et7 
7.48 E+7 
2.05 Et5 

0 
0 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

3.55 E+3 

2.35 Et3 

2.36 Et3  

6.77 E+8 

100 Y 

1.73 E-3 

1.78 Et8 
5.44 E+6 
2.73 E+6 

1.39 Et5 
1.71 E+5 
1.60 Et6 
I .68 E+6 
5.35 Et2  

5.24 E+3 

2.28 E-3 

2.63 E-I 

4.81 E-9 
1.24 E+8 
8.78 E+6 
2.40 E+7 
6.72 Et5 
2.05 E+5 

1.23 E-l 
4.37 E-8 

1.44 EtO 
3.82 E-3 
3.88 E+O 
112E-7 

2.40 EtO 
8.02 E-2 
3.80 E+3 
5.07 E-2 
4.1 1 EtO 
1.93 E-4 

3.55 Et3 

2.35 E+3 

2.36 Et3 

3.46 E+8 

1000 Y 

2.85 E-l 

4.25 E+7 
9.01 E+4 
2.5 1 Et6  

2.31 E+3 
5.44 E-5 
1.78 E-9 
1.56 Et4 
4.69 E+2 

2.97 E d  

2.25 E-l 

1.67 E+2 

0 
2.49 Et5 
8.62 Et6 
2.18 E+7 
3.07 E+2 
2.05 Et5 

4.00 E+I 
4.94 E-6 

1.97 E-4 
2.76 EtO 
1.12 E+2 
1.09 E-5 

3.24 E-4 
5.52 EtO 
7.16 Et3 
5.02 E-l 
3.93 Et l  
1.93 E-3 

3.54 E+3 

2.35 E+3 

2.35 E+3 

7.60 E+7 

10000 Y 

2.66 E+I 

7.90 Et3 
0 

1.08 E+6 

0 
0 
0 

7.46 E+3 
1.26 Et2  

3.72 E+4 

1.98 E+I 

8.79 Et3 

0 
0 

7.03 E+6 
8.43 E+6 
1.47 Et2 
2.02 Et5 

1.98 Et3 
3.77 E-4 

2.21 E-4 
5.35 E+2 
1.21 E+3 
8.21 E-4 

0 
1.02 Et2 
6.98 Et3 
4.56 E+O 
2.56 E+2 
1.92 E-2 

3.44 E+3 

2.35 E+3 

2.35 E+3 

1.68 E t 7  

100000 Y 

7.69 E+2 

5.03 EtO 
0 

2.31 E+2 

0 
0 
0 

4.76 EtO 
2.38 E-4 

3.62 E+4 

5.70 Et2 

6.79 E+4 

0 
0 

5.65 E+5 
6.20 Et2 
9.38 E-2 
1.71 Et5 

1.52 Et4  
8.91 E-3 

5.24 E-3 
1.48 E+4 
7.32 Et3  
1.94 E-2 

0 
8.81 E+2 
5.41 E+3 
1.82 E+I 
3.91 Et2 
1.77 E-l 

2.57 E+3 

2.34 E+3 

2.29 E+3 

8.93 E t 5  

100000 Y 

1.11 Et3  

0 
0 
0 

0 
0 
0 
0 
0 

2.70 E+4 

8.20 Et2  

1.17Et4 

0 
0 

3.34 E-6 
0 
0 

3.26 E+4 

2.63 Et3 
9.62 E-2 

5.66 E-2 
3.71 Et4  
1.24 Et3  
2.09 E-l 

0 
1.95 E-3 
4.24 Et2  
1.93 E t l  
3.81 Et2  
8.86 E-I 

1.37 Et2 

2.25 E+3 

1.74 Et3  

1.21 E+5 



Table 19 
Radiotoxicity (Sv)for the ANL solution whole descendance is included for each isotope 



Table 20 
Radiotoxicity calculated usingfactors specified in the metal fuel benchmark. ANL solution. 

ISOTOPE 

Ac-227 

Am-241 
Am-242111 
Am-243 

Cm-242 
Cm-243 
Cm-244 
Cm-245 
Cm-246 

Np-237 

Pa-23 1 

Pb-210 

Pu-236 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Ra-226 
Ra-228 

Th-228 
Th-229 
Th-230 
Th-232 

U-232 
U-233 
U-234 
U-235 
U-236 
U-238 

Tc-99 

1-129 

Cs-135 

TOTAL 

0  Y 

0 

4.73 E+5 
5.44 E+4 
1.71 E+4 

8.54 E+4 
1.32 E+4 
5.38 E+5 
1.09 E+2 
3.50 E+O 

2.39 E+O 

0 

0 

1.16E+O 
1.62 E+6 
5.48 E+4 
1.49 E+5 
4.66 E+5 
1.35 E+3 

0 
0 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

4.86 E+1 

5.56 E+l 

2.82 E+1 

4.24 E+6 

100 Y 

1.42 E-3 

1.10 E+6 
3.45 E+4 
1.69 E+4 

7.35 E+2 
1.16 E+3 
1.17 E+4 
1.08 E+O 
3.45 E+O 

2.63 E+I 

7.92 E-6 

2.38 E-3 

0 
8.25 E+5 
5.47 E+4 
1 .50 E+5 
4.19 E+3 
1.35 E+3 

3.97 E-4 
1.41 E-10 

4.71 E-3 
1.25 E-5 
1.38 E-2 

4.00 E-10 

6.85 E-3 
2.29 E-4 
1.08 E+l 
1.46 E-4 
1.24 E-2 
5.44 E-4 

4.86 E+1 

5.56 E+1 

2.82 E+l 

2.20 E+6 

1000 Y 

2.34 E-3 

2.61 E+5 
5.71 E+2 
1.55 E+4 

1.22 E+l 
3.68 E-7 

0 
1.00 E+2 
3.02 E+O 

I .49 E+2 

7.82 E-4 

1.51 E+O 

0 
1.66 E+3 
5.37 E+4 
1.36 E+5 
1.91 E+O 
1.35 E+3 

1.29 E-l 
1.59 E-8 

6.44 E-7 
9.06 E-3 
3.99 E-I 
3.90 E-8 

9.23 E-7 
1.57 E-2 
2.04 E+I 
1.44 E-3 
1.19 E-l 
5.44 E-3 

4.84 E+1 

5.56 E+l 

2.82 E+1 

4.70 E+5 

1 0 0 0 0 ~  

2.18 E-1 

4.85 E+l 
0 

6.68 E+3 

0 
0 
0 

4.81 E+I 
8.10E-l 

1.87E+1 

6.89 E-2 

7.95 E+l 

0 
0 

4.38 E+4 
5.25 E+4 
9.16 E-l 
1.32E+3 

6.37 E+O 
1.21 E-6 

7.25 E-7 
1.75 E+O 
4.32 E+O 
2.93 E-6 

0 
2.90 E-l 
1.99 E+l 
1.31 E-2 
7.74 E- 1 
5.40 E-2 

4.70 E+l 

5.56 E+l 

2.81 E+1 

1.05 E+5 

1 0 0 0 0 0 ~  

6.31 E+O 

3.09 E-2 
0 

1.43 E+O 

0 
0 
0 

3.07 E-2 
1.54 E-6 

1.82 E+2 

1.98 E+O 

6.14 E+2 

0 
0 

3.52 E+3 
3.87 E+O 
5.85 E-4 
1.12E+3 

4.90 E+l 
2.87 E-5 

1.72 E-5 
4.84 E+l 
2.61 E+l 
6.91 E-5 

0 
2.5 1 E+O 
1.54 E+1 
5.22 E-2 
1.18E+O 
4.98 E-l 

3.51 E+l 

5.54 E+I 

2.74 E+l 

5.71 E+3 

1 0 0 0 0 0 ~  

9.09 E+O 

0 
0 
0 

0 
0 
0 
0 
0 

1.36 E+2 

2.85 E+O 

1.06 E+2 

0 
0 

2.08 E-8 
0 
0 

2.14E+2 

8.47 E+O 
3.09 E-4 

1.85 E-4 
1.22 E+2 
4.43 E+O 
7.46 E-4 

0 
5.55 E+O 
1.21 E+O 
5.55 E-2 
1.15 E+O 
2.49 E+O 

1.88 E+9 

5.39 E+I 

2.09 E+1 

6.89 E+2 



Table 21  
Radiotoxicity data 

(CD = Cancer Dose Hazard) 

ISOTOPE TOXICITY FACTOR 
CDICi 

Pb-210 
Ra-223 
Ra-226 
Ac-227 
Th-229 
Th-230 
Pa-23 1 
U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-242 
Am-241 
Am-242m 
Am-243 
Cm-242 
Cm-243 
Cm-244 
Cm-245 
Cm-246 

Sr-90 
Y-90 
Cs-137 

Tc-99 
1.129 
3 - 9 3  
Cs-135 
C-14 
NI-59 
NI-63 
Sn-126 

HALF-LIFE 
YEARS 

Actinides a n d  T h e i r  D a u g h t e r s  

455.0 22.3 3 48E4 
15.6 0 03 7 99E5 
36 3 1 60E3 3.59El 

11850 21 8 8.58E4 
127 3 7.3E3 2.72E1 
19 1 7.54E4 3 94E- 1 

372 0 3.28E4 1 76E-I 
7.59 2.46E5 4 71E-2 
7.23 7.04E8 1 56E-5 
7.50 2.3487 4.85E-4 
6.97 4.47E9 2 34E-6 

197 2 2 14E6 1 39E-1 
246.1 87.7 4 22E3 
267 5 2.41E4 1 66E1 
267.5 6.56E3 6 08E1 
267 5 3 75E5 1 65E0 
272 9 433 9 36E2 
267.5 141 2 80E4 
272 9 7 37E3 5.45E1 

6.90 0.45 2.29E4 
196 9 29 1 9 9683 
163 0 18 1 1 32E4 
284 0 8.5E3 4.88E1 
284 0 4.8E3 8 67E1 

S h o r t - L i v e d  F ~ s s ~ o n  P r o d u c t s  

16 7 29 1 2 2883 
0.60 7 3E-3 3 26E5 
5.77 30 2 4 99E2 

L o n g - L i v e d  F ~ s s i o n  P r o d u c t s  

0 17 2.13E5 2 28E-3 
64 8 1 57E7 1 15E-2 
0 095 1.5E6 2 44E-4 
0 84 2.3E6 9 68E-4 
0.20 5 73E3 8 92E-I 
0 08 7 6E4 6 38E-3 
0 03 100 1 70E0 
170 1 OE5 4.83E-2 

TOXICITY FACTOR 
CDIg 



Table 22 
Material composition specijications 
(Number Densities in atomslbarn-cm) 



Table 23 
LWR transuranic isatopics 

Isotopic  values a re  the  weight f ract ion of the  individual i sotope in the  total  t ransuranic  mass 

LWR 

ISOTOPE AT 3.17 YEARS COOLING 

Np-237 5.40-2 
Pu-236 1.12-7 
Pu-238 1.01-2 
Pu-239 0.508 
Pu-240 0.199 
Pu-241 0.134 
Pu-242 3.88-2 
Am-241 2.51-2 
Am-242m 1.11-4 
Am-243 2.48-2 
Cm-242 9.73-6 
Cm-243 7.86-5 
Cm-244 5.52-3 
Cm-245 5.08-4 
Cm-246 6.31-5 

MAIfiss. Pu 0.172 
MAiPu 0.124 
Np-237lMA 0.490 
Am-241lMA 0.228 
Am-243lMA 0.225 

Np-chain 0.213 

MA = sum of minor actinides; 
fin. Pu = h-239 + PU-241; 
Np-chain = Np-237 + Am-241 + PU-241. 



Table 24 
Comparison of reference core neutronic characteristics 

" Eigenvalue using nodal diffusion and nodal transport theory are 1.078 and 1.100, respectively 
b' Estimated eigenvalue with mesh corrections applied is 1.085. 

BOL EIGENVALUE 

B O L  NEUTRON BALANCE 

Fissions 
per Core Absorption 

HM Captures 
per Core Absorption 

Structure Captures 
per Core Absorption 

Coolant Captures 
per Core Absorption 

Core Leakage 
per Core Absorption 

Model Leakage per 
Model Absorption 

EOL Eigenvalue 

Burnup Swing, %Ak 

Transuranic Inventory Ratio 
(EOLIBOL) 

EUROPE 

1.063 " 1.098 1.09Zb' 1.102 1.101 

0.589 0.592 0.600 0.599 

0.376 0.374 0.370 0.366 

0.034 0.033 0.030 0.033 

0.001 0.001 0.001 0.001 

0.623 0.585 0.601 0.616 0.612 

0.026 0.027 0.014 0.030 

1.012 1.040 1.034 1.040 1.042 

-5.1 -5.8 -5.8 -6.2 -5.9 

0.944 0.944 0.944 0.943 0.944 

JAPAN 

JENDL-2 

JAPAN 

JENDL-3 

RUSSIA UNITED 
STATES 



Table 25 
Comparison of one-group transuranic cross-sections 



Table 26 
Comparison of reference massflow characteristics (all values in kg)  



Table 26 (cont.) 



Table 27 
Metal Core Comparison of reference toxicity characteristics 

(all values in Cancer Dose) 

m-242m BOL 

EOL Transuranics 

Pu-241 + Am-241 

Pu-239 + Pu-240 



RZ geometry 

191.55 
REFLECTOR 

141.14 

50.14 

o R fcm) 
34.88 38.37 91.94 95.35 127.53 179.2 

Figure 1 Oxide core geornelry 



0 Driver Assembly (420) 0 Control Assembly (30) 

0 Steel Reflector (103) Shield Assembly (186) 

@ B4C Exchange Assembly (18) 

Figure 2 Metal benchmark reference core configuration 
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Figure 3 Comparison ofspecba in the central core region 
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Specification of a fast plutonium-oxide burner reactor 
benchmark configuration (600 MWe) 

Introduction 

The present proposal is made in the frame of the NEA Nuclear Science Committee Working 
Party on the Physics of plutonium Recycling, as decided at the Paris meeting, 30-31 March 1993 
[A.l]. 

The data necessary to the neutronics calculation are given both for the sub-assemblies and the 
core. Geometrical characteristics are given at 20°C, except for values of sections on 
Cell calculations, Spatial calculations and Atomic number densities, which correspond to 
operating conditions. 

Fuel sub-assembly 

Fissile column height 900.0 mm 

Sub-assembly lattice dimension 151.4mm 

Number of pinslsub-assembly 33 1 (221 fuel pins, 110 pins with no fuel) 

External clad diameter 6.55 mm 

Pellet diameter and central hole diameter 5.50 mm and 2.00 mm 

Nature and density of the fuel mixed UOz (10.46 g/cm3) - Pu01.98 (10.94 g/cmZ) 

Uranium isotopic composition 

Plutonium isotopic composition 



Pu/U + Pu ratio for inner and outer cores 28.85% and 40.64% (mass) 

Composition and density of steel 7.95 g/cm3 (hexagonal tube and cladding) 

Volume fraction of sub-assembly components 

Fe 

Number of subassemblies in inner and outer cores 128 / 112 

Cr 

UPu02 

Reflector sub-assembly 

Volume fraction of components 

mass % 

Ni 

Steel 

Control sub-assembly 

Absorber part not calculated 

Composition for the follower part 

64.75 

Sodium 

volume % 

Steel 

Mo 

Sodium 

Operating conditions 

Thermal power 1500 MW 

Cycle length and load factor 125 EFPD and 0.80 

Mn 
17.00 

22.96 

Steel 

Residence time of fuel sub-assemblies 625 EFPD 

volume % 

Sodium 

14.00 

23.11 33.89 

50.0 

volume % 

2.75 

50.0 

1.50 

15.0 85.0 



Cell calculations 

Fuel cell - 1-D cylindrical cell with 2 zones 

- inner zone MOX fuel (temperature = 1227°C) 
- outer zone cladding, tube and sodium (temperature = 470°C) 

R1= 2.89 mm 
(inner radius of cladding) 

R2 = 5.38 mm 

Rod follower, reflectors homogenised cells 

Atomic densities see Table A. 1 

Spatial calculations 

RZ geometry 

Mesh size - 5 cm, both R and Z 

Broad group structure - 30 groups 

Boundary conditions flux = 0 on the outer boundary 



Atomic number densities 

Table A. I 

* 0. for the voided cell. See point 6 of section on Required calculations (RZ geometry), page 49. 
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REGION 

I N N E R  
C 0 R E  

I C 

A X I A L  A N D  
R A D I A L  

S H I E I . D I N G  

F O L 1 . O W E R  

NUCLIDE 

U-235 
U-238 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
PU-242 
Am-24 1 
Fe 
Cr 
Ni 
Mo 

CELL CALCULATION 
INNER ZONE 

3.268-E-05 
1.304E-02 
3.015E-04 
2.097E-03 
1.426E-03 
6.913E-04 
7.573E-04 
6.91 3E-05 

CELL CALCULATION 
OUTER ZONE 

1.728E-02 
4.973E-03 
3.627E-03 
4.360E-04 

HOMOGENISED 
ATOMIC DENSITY 

9.409E-06 
3.754E-03 
8.683E-05 
6.037E-04 
4.105E-04 
1.99OE-04 
2.180E-04 
1.99OE-05 
1.23 IE-02 
3.541E-03 
2.583E-03 
3.105E-04 



Required calculations (RZ geometry) 

1. k-effective (in diffusion theory, possibly transport effects) 

2.  Critical balance components (PRODUCTIONS, ABSORPTIONS, LEAKAGE), and decomposition by 
isotope. 

3. Spectrum indexes at core centre: 

4. Burnup calculation at a thermal power of 1500 0.80 MW, in three steps with flux calculation 
at each step: 

0 EFPD (beginning of life) 
250 EFPD (beginning of cycle) 
375 EFPD (end of cycle) 
625 EFPD (end of life) 

Reactivity loss with breakdown into fission product and heavy isotope components. 

5 .  Inner core and outer core isotopic compositions at the end of life (including minor actinide 
buildup). 

6. Na void coefficient for inner core and whole core with breakdown into components (derived 
from perturbation theory calculations): 

Axial leakage component, 
Radial leakage component, 
Scattering (spectral) component, 
Absorption component, 
Production component, 

at beginning of life (BOL) and end of cycle (EOC). 

7. Fuel Doppler reactivity at BOL and EOC, defined as: 

Decomposition by isotope. 

8. Decay heat of irradiated fuel sub-assembly (IC and OC) at the end of the cycle and successive 
cooling times T, : 

T, = 1 day, I month, 3 months, 1 year 



9. Neutron sources and activity of irradiated fuel assemblies 

10.Radiotoxicity of wastes at various cooling times (see annex to Appendix A): 

(hypothesis on reprocessing losses : 0.3% Pu and 1% minor actinides). 

Reference 

[A. 11 OECDINEA Report NEAISENINSCIWPPR (93)3. 



Annex to Appendix A 

Radiotoxicity calculation 

The calculation of the radiotoxicity will be performed as indicated below, starting from the 
isotopic composition of the discharged irradiated fuel (T, = 0): 

Calculation of the mass of the descendants at various cooling time for each nuclide initially 
present in the wastes. The nuclides to be taken into account are plutonium (0.3% of the Pu 
content of the irradiated fuel), neptunium, americium and curium (1% of the minor actinide 
content of the irradiated fuel) and the fission products Tc-99, 1-129 and Cs-135. 

Calculation of their respective activities in Bq. 

Calculation of the corresponding radiotoxicities and summation on the whole descendance for 
a given initial nuclide. The radiotoxicity is obtained when multiplying the activity by the 
hazard factor defined in Table A.2. 

Table A.2 Hazard ingestion factors for oxide benchmark 

+ indicates that the contribution of the short-life descendants is included. 
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NUCLIDE 

Ra-226c 

Ra-228 

Th-228+ 

Th-229+ 

Th-230 
Th-232 

0-232 

0-233 

0-234 

U-235+ 
0-236 

U-238+ 

Tc-99 

1-129 

Cs-I35 

HAZARD INGESTTON FACTOR 
(sv.B~") 

3.05 E-7 
3.40 E-7 

2.00 E-7 
1.05 E-6 
1.45 E-7 
7.40 E-7 

3.44 E-7 
7.20 E-8 
7.20 E-8 
6.80 E-8 
6.70 E-8 
6.70 E-8 

3.4 E-I0 

7.4 E-8 

1.9 E-9 





Specification of metal-fuelled benchmark 

This volume covers two aspects of this metal-fuelled burner benchmark: 

The beginning-of-life (BOL) core, and 

The once-through burner core 

I. Metal-fuelled burner start-up core benchmark 

Introduction and goals 

In this benchmark, the geometry and the beginning-of-life composition are specified 

Then, a beginning-of-life neutron balance is computed and compared among participants with the 
goal to assess the degree of spread in neutronics predictions and the reasons (e.g., differing 
cross-sections, leakage treatments, etc.) for the differences. 

Then, a single depletion time step of specified duration and energy extraction is computed and 
both the end-of-cycle (EOC) composition and the end-of-cycle neutron balance are compared among 
participants with the goal to assess the degree of spread in burnup predictions. The depletion step is 
done with a fission product representation and (artificially) without fission product buildup so as to 
assess the contribution to differences in EOC neutron balance which can be attributed to different 
fission product treatments among the participants. Note that for benchmark purposes the control rods 
are specified to (unphysically) remain fully withdrawn to the top of the fuelled region. 

This highly idealised benchmark is done preparatory to the subsequent benchmarks of 
Metal-fuelled once-through burner core benchmark (see following) and Metal-fuelled multiple 
recycle burner core benchmark (see Volume 5, Appendix B), which are more relevant to the 
plutonium burning issues. For this idealised case, the intercomparison differences reduce to 
cross-section and modelling effects alone when a specified geometry and BOL compositions are used. 
Alternately, in the subsequent benchmarks the beginning-of-equilibrium-cycle (BOEC) composition 
itself is adjusted by each participant to achieve an end-of-equilibrium-cycle (EOEC) eigenvalue of 
unity - and thus, the resulting BOEC composition will vary from participant to participant both 
because of differing eigenvalue, given a composition, and because of differing EOEC compositions, 
given a specified energy extraction per hum cycle. 



specification of model 

Figure B.2 prescribes the geometry of the core. 

Table B . l  prescribes the BOL composition by model region [B.I]. 

Table B.2 prescribes the bum cycle duration and energy extraction 

Basic data reporting 

1 .  Identify the source of the basic nuclear data 
(e.g., ENDFIB-V) from which the cross-sections are generated; 

2. Show broad group energy boundaries (express in energy at top of group); 

3. Provide a narrative synopsis of the process for broad group cross-section preparation 
(e.g., state slowing down approximation, emission spectrum, choice of composition for 
collapse spectra, etc.). 

BOL neutron balance reporting 

1. Provide a narrative synopsis of the spatial representation 
(e.g., Hex-Z nodal, or if RZ, show dimensions; mesh sizes, etc.); 

2. Identification of neutron balance solution algorithm 
(e.g., code name, type: finite difference, nodal, etc.); 

3. BOL eigenvalue and convergence criterion; 

4. Broad group flux spectrum at core centre (specify whether group flux or flux per unit 
lethargy); 

5. k-infinity central (mesh or node) flux spectrum and core central (mesh or node) composition 
where: 

group sum of fission production 
k - infinity = 

group sum of absorption 

6 .  Core leakage 1 core absorption -i.e., for "core" exclude blankets and reflectors); 

7. Model leakage 1 model absorption (i.e., for "model" include all regions); 

8. "Core" capture fractions; where denominator is group and isotope sum of absorption and 
numerators are: 

All Heavy Metal, All Structural, Coolant 



9. Energy-averaged cross-sections collapsed using central (mesh or node) fluxes 
<of>, <!!of>, <of> by TRU isotope. 

Depletion methodology reporting 

1. Description of the bumup chain representation 

Diagram of isotopes considered, 
Values of branching ratios, X's, etc.; 

2. Provide a narrative description of how flux is normalised to prescribed power (e.g., fission 
only, fission +y, etc.); 

3. Provide a narrative synopsis of the burnup numerical solution process, e.g., 

Macro fitted vs. exposure - vis-2-vis number density solution of differential equations, 
One vs. multi energy groups in the depletion equations, 
Number of time steps and flux shape re-solution (if any), 
Flux amplitude and time step renormalisations to constant power (if any), 
Time advance numerical method (e.g., Runga Kutta), etc.); 

4. Provide a narrative synopsis of the fission product representation. 

BOL to EOC transition and EOC neutron balance reporting 

1. Mass increments by isotope occumng as a result of the bumup step 

Sum over entire model of change in mass, &(mass) by isotope, 
Sum over entire model of &(mass) for the fission products; 

2. EOC eigenvalue and convergence criterion; 

3. Bumup swing = (k,, - k.,,) /(k., k,); 

4. 
EOC TRU mass summed over isotopes for whole model , 

TRU breeding ratio = 
BOL TRU mass summed over isotopes for whole model 

5. EOC neutron spectrum at core centre. 

' Note that U-235 is excluded from this definition. 
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11. Metal-fuelled once-through burner core benchmark 

Introduction and goals 

In this benchmark, the geometry is specified. Also given are a 'I3 core refuelling pattern, a 
specified time and energy extraction per burn cycle, and a specified composition (isotopic mass 
fractions) of a TRU feedstream coming from LWR spent fuel processing. Then, a fresh-fuel 
enrichment (TRU mass1 HM mass) is to he determined by each participant such that the EOEC reactor 
-comprised of one-cycle, two-cycle, and three-cycle burnt fuel assemblies -has an eigenvalue of 1.0 
when all rods are withdrawn. 

The edits of interest include: 

The fresh fuel enrichment (TRU mass)/ (Heavy Metal mass), 
The BOEC safety parameters (defined later), 
The rate of consumption of the TRU feedstock expressed in: 
- Isotopic mass /MWe year, 
- Ci/MWe year, 
- Toxicity hazard /MWe year, 
- Watts/MWe year, 
The rate of buildup of the LMR once-through spent fuel waste stream expressed in the same 
units. 

The goal of this benchmark is to discover the spread in results among participants and, for the 
relevant "issues" - i.e., predictions of rate of reduction of LWR TRU and the buildup rate of LWR 
TRU and safety parameters - t o  sort out their sensitivity to the diversity of basic data and methods in 
use among the participants. 

Specification of model 

The geometry is unchanged from the previous benchmark and is given in Figure B.2. This again 
is the burner core with breeding ratio near to 0.5. For all non-fuel regions, the composition is given in 
Table B. 1. 

The isotopic fractions of the TRU from LWR spent fuel processing - which is to be used in 
fabricating fresh fuel assemblies is specified in Table B.3. 

The burn cycle duration and energy extraction are unchanged from the previous benchmark and 
are given in Table B.2. Note that for benchmark purposes the control rods are specified to 
(unphysically) remainfully withdrawn to the top of the fuelled region. 

The TRUIHM enrichment of fresh fuel assemblies is to be determined by each participant such 
that at EOEC the eigenvalue of the core comprised of one-cycle, two-cycle, and three-cycle burnt 
assemblies is 1.0 when all control rods are fully withdrawn to the top of the fuelled region. 



BOEC neutron balance reporting 

1. Narrative synopsis of the fuel management representation, e.g., 

Discrete representation of composition of fresh, once-burnt, and twice-burnt assemblies vs. 
spatially smeared representations, 
fission product representation in partially burnt assemblies, etc.; 

2. Fresh fuel enrichment = TRUMM mass ratio. 

BOEC to EOEC transition and mass flow reporting 

1. Burnup swing = (k,, - k,,,) IkBm kEom constant rod position 

EOEC TRU mass inventory , 
TRU breeding ratio = 

BOEC TRU mass inventory 

3. Mass increments by heavy metal isotope: 

Isotopic mass drawn from the LWR TRU for fabrication of the fresh fuel assemblies for 
each TRU isotope, 
Sum over entire model of isotopic mass at BOEC for each TRU isotope, 
Sum over entire model of change in mass, &mass), due to bumup for each TRU isotope, 
Sum over TRU isotopes of the previous item divided by the energy extraction 
(MWth days) delivered during the burn cycle; 

4. Safety parameters reporting: 

PeE given in units of Akk,  
Fuel Doppler coefficient i.e., of heavy metal isotopes (with a narrative synopsis of how the 
calculation is made and what isotopes are accounted for), 
Sodium void worth 
- Of core (i.e., excluding blankets and reflectors), 
- Of core plus blanket/reflector regions above core, 
Burnup swing of the cycle -defined above under BOEC to EOEC transition (with rods at 
constant position), 
Decay heat level for decay times of I hour, 1 month, 1 year, 10 years, lo2 years, 10' years, 
1 o4 years 
- Total, 
- Heavy metal component, 
- Fission product component; 

Note that this definition excluder U-235 



5. Radioactivity and decay: 

Provide a narrative synopsis of the radioactivity chain representation used for long-term 
out-of-core physics representations 
- Isotopes treated, 
- Detailed chain representation specifically for the actinides showing all transitions and 

the values of all decay constants, branching ratios, etc., 
Describes the numerical solution approach for the equations, 
Describe how the decay heat is computed; 

6 .  Curie increments at the times of 1, 10, lo2, lo3, lo4, 10'. lo6 years from the time of BOEC: 

Isotopic mass ah for the TRU masses drawn from the LWR TRU for fabrication of the 
fresh fuel assemblies for each TRU isotopes (expressed in Curies), 
Sum over entire model of BOEC mass ah for each TRU isotope, 
Sum over entire model of &(mass) ah by isotope for each TRU isotope, 
Sum over isotopes of the previous item divided by the energy extraction (MWth days) 
delivered during the burn cycle; 

7. Toxicity hazard increments at the times of 1,  10, lo2, lo3, lo4, 10'. lo6 years from the time of 
BOEC: 

{ (mass (h) . (Toxicity index) by isotope for each TRU isotope drawn from the LWR 
spent fuel for fabrication of the fresh fuel assemblies expressed in long-term cancer deaths 
via oral intake), 
Sum over the entire model of BOEC 1 (mass (h) (Toxicity index) 1 by isotope for each 
TRU isotope expressed in long-term cancer deaths via oral intake, 
Sum over entire model of {(mass (1) (Toxicity index)} by isotope for each TRU 
isotope, 
Sum over isotopes of the previous item divided by the energy extraction (MWth days) 
delivered during the bum cycle. 

Reference 

[B.1] R. N. Hill, "Calculational Benchmark Comparisons for a Low Sodium Void Worth Actinide 
Burner Core Design", Proceedings of ANS Topical meeting on Advances in Reactor Physics, 
Charleston, SC., U.S.A., March 1992. 



Figure B. I .1 LMR burner core benchmark 

Figure B. I . I I  LMR once-through burner core benchmark 



0 Driver Assembly (420) 0 Control Assembly (30) 

0 Steel Reflector (103) Shield Assembly (186) 

@ B4C Exchange Assembly (18) 

Figure B.2 Geometry of breeding ratio = 0.5 core [ B .  11 
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4 5 1  

CORE 

15 cm / REFLECTOR 

All assemblies have an axial height of 160 cm with a 15.617 lattice pitch and are arranged in a 
configuration with 116 core symmetry, as shown on previous page. Only nine distinct material zones 
are specified. In the driver assemblies, a 30-cm thick lower axial shield is below a 15-cm thick lower 
reflector zone which is adjacent to the 45-cm tall active core; there is a 70-cm plenum region above 
the active core. The absorber regions of the control assemblies are parked above the active core. 
All other assemblies have uniform axial compositions. The isotopic number densities of each 
non-driver, non-blanket assembly region are specified in Table B.l (see next). Table B.l contains the 
driver and blanket compositions for the first benchmark only. 

Figure 6.2 (cont.) Geometry of breeding ratio 5 0.5 core [B. 11 



Table B.1 
Material composition specifiatwns 
(Number Densities in atoms/barn-cm) 



Table 8 .2  
Fuel cycle assumptions 

REACTOR SEGMENT OF CYCLE 

Cycle Length 365 days 

Capacity Factor 85% 

Power Rating 1575 MWth 

Core Driver Refuelling I 1, per cycle 

Blanket Refuelling '14 per cycle 

RECYCLE SEGMENT OF CYCLE 

Cooling Interval 365 days 

Chemical Separation done on day 1 of second year 

Blending & Fabrication done on day 184 of second year 

Re-insertion into reactor done on day 1 of third year 

CHEMICAL PARTITIONING FACTORS % to Product 

All TRU isotopes 99.9% 

Rare Earth Fission Products* 5% 

(excluding Y, Sm, and Eu) 

All Other Fission Products* 0% 100% 

% to Waste 

* Recommend for Benchmark purposes, recycle zero fission products and send all to waste. 
ANL solutions are provided for recommended and for fission product recycle cases in the benchmark volume 



Table 8.3 
LWR transuranic isotopics 

Isotopic  values  a r e  the  weight fraction o f  the  individual i sotope in the  total  transuranic mass 

LWR 

ISOTOPE AT 3.17 YEARS COOLING 

Np-237 5.40-2 
Pu-236 1.12-7 
Pu-238 1.01-2 
Pu-239 0.508 
Pu-240 0.199 
Pu-241 0.134 
Pu-242 3.88-2 
Am-241 2.51-2 
Am-242111 1.11-4 
Am-243 2.48-2 
Cm-242 9.73-6 
Cm-243 7.86-5 
Cm-244 5.52-3 
Cm-245 5.08-4 
Cm-246 6.31-5 

MAIfiss. Pu 0.172 
MAlPu 0.124 
Np-237NA 0.490 
Am-241/MA 0.228 
Am-243NA 0.225 

Np-chain 0.213 

MA = sum of minor actinides; 
fiss. Pu = Pu-239 + Pu-241; 
Np-chain = Np-237 + Am-241 + Pu-241 



List of symbols and abbreviations 
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CHINA - CHINE 
China National Publications Import 
Expon Corpomtion (CNPIECI 
16 Gongti E Road. Chaoyrng Dismct 
P 0 Box 88 or 50 
Beijtng 100704 PR Tel. (01) 506.6688 

Telefax: (01) 5M.3101 

ISRAEL 
PracdicLa 
5 Shalner Steel 
PO. Box 34030 
Jerusalem 91430 Tel. (21 52.84.W1/2 

Tclefax: (21 52 84.93 

Libr ir ie der Sciences Politiques 
30. me Saint~Guillnume 
75W7 Paris Tcl. 4548.3602 

R O Y .  lnternruonrl P.U.F. 
49, boulsvard Saint-Mlchel 
75WS Paris Tcl 43 2583.40 

CHINESE TAIPEI - TAIPEI CHINOIS 
Good P i t h  Worldwide Int'l Co. Ltd 
9th noor, No. 118. Scc 2 
Chung Hain0 E. Road 
T ipc i  Tel (02) 391 73961391.7397 

Telefdr (02) 394.9176 

PO. Box 13056 
Tel Aviv 61 130 Tel (31 546 1423 

Telefax. (31 546 1442 

Palesunkan AuthorilylMiddlc East: 
INDEX Information Services 
P.O.B. 19502 
Jerusnlcm Tcl. (2) 2712.19 

Telefai: (21 2716.34 

Documta"" Frm(ose 
165, rue G ~ b a l d i  
69003 Lyon Tel. (16) 786332.23 

Llbraine Decilre 
29, place Bellecour 
69002 Lyon Tel. (161 72.40 54.54 

1TAI.Y - ITALIE 
Libreria Comrmssionana smsoni 
Via Duca di Calabna 111 
50125 Firenle Tel. (055) 6454.15 

Telefax: (0551 M I 2 5 7  
Via Barlolini 29 
20155 Milano Tel (021 36.50.83 

11 1 21 P rkh  I Tcl. (21 2 46 04 
Tt lcfar (21 2 78 72 Le Trisnglc 

34967 Monlprllier Cedei 2 Tel (161 67.58 85.15 
Tekefax: (16) 67.58 27.36 DENMARK - DANEMARK 

Edirrmce e Librcna Hcrdrr 
Piax* Montecilorio 120 
W186 Roma Tel 679 46 28 

Telefax 678 47 51 



Libnria Hocpli 
Via Hasp1i 5 
20121 Milano Tcl. (02) 86.54.46 

Tslefax: (MI 805.28.86 
Libreria Scicnlifica 
Dott Lueio & Biasio 'Aeiou' 
Via Coronclli. 6 
20146 Milano Tel. (02) 48.95.45.52 

Telefar (02) 48.95.45.48 

POLAND - POU3GNE Subscription AgencylAgsnce d'abonnemnvr : 
Dynapresv Marketing S.A. 
38 avenue Viben 
1227 Camugc Tel. (022) 308.07.89 

Tclefax: (022) 308.07.W 
See alm - Voir aussi : 
OECD Publications and Information Csnm 

Am Polona 
00.950 Warrzawa 
Krakowalue Przedmieicie 7 Tel. (22) 264760 

Tclefax : (22) 268673 

PORTUGAL 
Livrxia Porlucal 

Augun-Bebel-Alles 6 
0-53175 Bonn (Germany) Tel. (0228) 959.120 

Tslefax: (0228) 95912.17 Rua do ~ a r m " 7 0 7 4  
Apm. 2681 
I200 Lisboa Tel. (01) 347.49.82/5 

Telefax: (01) 347,0264 

JAPAN - JAPON 
OECD Publicavons and Information Cenm 
Landis Akasalrs Building 
2-3-4 Akasaka, Minalo-ku 
Tokyo I07 Tel. (81.3) 3586.2016 

Telefax: (81.31 3584.7929 

THAILAND - THAYLANDE 
Sukqit Siam Ca Ltd ~~ 

113. 1 fi Fuang Nakhon Rd. 
Opp. W a  Rajbopilh 
Bangkok 10200 Tel. (662) 225,953112 

Tclefar: (662) 222.5188 
SINGAPORE - SINGAPOUR 
Gower Asia Pacific Prc Ltd. 
Golden Wheel Building 
41. Kdlang Pudding Road. No. 04-03 
Sincanore 1334 Tel. 741.5166 

KOREA - COREE 
Kyobo Bark Cenm Co. Ltd. 
PO. Box 1658. Kwang Hwa Moon 
Ssoul Tcl. 730.78.91 

Telefax: 735.00.30 

TURKEY - TURQUIE 
KUltUr Yayinlari Is-Turk Ud. Sti. 
Atalurk Bulvmi No. 191lKat 13 
KavalrliderclAnkara Tel. 428.1 1.40 Ex,. 2458 
Dolmabahce Cad. No. 29 
BesikMstanbul Tel. (3121 264 7188 

Telex: (312) 418 29 46 

" .  
Telefax: 742.9356 

SPAIN - ESPAGNE 
Mundi-Prensa Libros S.A. 
Castell6 37. Aparudo 1223 
Madrid 28001 Tel. (91) 431.33.99 

Telefax: (91) 575.39.98 

MALAYSIA - MALAISlE 
University of Malaya Bookshop 
University of Malaya 
P O  Box 1127. Jalan Pantai Baru 

UNITED KINGDOM - ROYAUMEUNI 
HMSO 
Gen. enquiries Tel. (171) 873 8496 
Portal orders only: 
P.O. Ear 276. Landon SW8 5DT 
Pemnal Callers HMSO Bookshop 
49 High Holbom. London WClV 6HB 

Tslsfax: (171) 873 8416 
Branches ac Belfast, Birmingham, Brirrol. 
Edinburgh, Manchcsrcr 

~ - ~~- 

59700 Kuala Lumpur 
Malaysia Tel. 756.500017565425 

Telefax: 756.3246 
Mundi-Prensa Barcelona 
Consell de Cent No. 391 
08009 -Barcelona Tel. (93) 488.34.92 

Telcfax: (93) 487.76.59 MEXICO - MEXIQUE 
OECD Publications and lnformation Cenm 
Edificio INFOTEC 
Av. San Fernanddo no. 37 
Col. Toriello Guerra 
naloan C.P. 14050 

Llibrpria de la Generalilal 
Palau Moja 
Rambla dsls Esmdis. 11 8 
08002 -Barcelona 

(Subrcripcianr) Tcl (93) 318.80.12 
(Fublicacions) Tel. (93) 302.67.23 

Telefax: (93) 412.18.54 

UNITED STATES - *TATS-UNIS 
OECD Publications and Information Ccner 
2001 L Sueel N.W.. Suits 650 
Washington, D.C. 20036-4910Tcl. (202) 785.6323 

Telcfaz: (202) 785.0350 

~ c i i c o  D.F. 
Tel. (525) 6% 00 I I Extension I00 

Fax : (525) 6% 13 07 

Revislas y Periodicos lnrcrnacionalcs S.A. de C.V. 
Flonncia 57 - 1004 
Mexico. D.F. O W  Tel. 207.81.00 

Tclcfax: 208.39.79 

SRI LANKA 
Centre for Policv Rexarch VENEZUELA 

Libreria &I Esrc 
Avda F. Miranda 52. Aotdo. 60337 . . 
Edilicio Cal iph 
Caracas 106 Tel. 95117051951.230719511297 

Telegram: tibresrc Caracas 

NETHERLANDS - PAYS-BAS 
SDU Uitwvcrii Plantijnswaat 
Exkme Fondsen 
Postbus 20014 
2500 Exs-Gravcnhagc Tcl. (070) 3789.880 
Voor bestellingen: Tslefax: (070) 34.75.778 --  

S-106 47 Stockholm Tcl. (08) 69090.90 
Telefax: (081 2050.21 NEW ZEALANP 

NOIJVELLEZELANDE 
GPLegislation Services 
P.O. Box 12418 
Thorndon, Wcllinglon Tel. (04) 496.5655 

Tclcfax: (04) 496.5698 

Subscription AgencylAgence d'abonnemm : 
Wenwrgnn-Williams lnfo AR 
P.O. Box 1305 
171 25 Solna Tel. (08) 70597.50 

Tclcfax: (081 2700.71 

NORWAY - N O R V k E  
Narvevn lnfo Cener - NIC SWITZERLAND - SUISSE 

Maditrc S.A. (Barks and Periodicals - L i v n l  
Subsc~iptions to OECD periodicals m y  also be 
placed Ulmugh main subscription agencies. 

Les abonnsmnts aur publications periodiqucr & 
I'OCDE peuvcnl elre souscrits aupr&s der 
prineipaler agcnccs d'abonnemnt. 

Or&r~ and inquiries fmm counhcs where Distribu- 
tors have not yet been appointed should be v n t  lo: 
OECD Fublications Service. 2 rue Andd-Pascal. 
75775 Pmir Ceder 16. France. 

Les eommandsr pmvsnant dc pays oh I'OCDE n'a 
pas encore dCsigd & disvibueur peuvent elre 
adnssecs zi : OCDE, Service des Publications, 
2, rue An&-Pascal, 75775 Pmis Cc&x 16, France. 

101995 

a periodiques) 
Chemin des Palettes 4 
Case postale 266 
1020 Rcncns VD 1 Tel. (021) 635.08.65 

Telefax: (021) 635.07.80 PAKISTAN 
Mirza Bmk Arcncv 

PHILIPPINE - PHILIPPINES 
lnunational Booksource Center Inc. 
Rm 1791920 Cityland 10 Condo Tower 2 
HV &la Costa Ex1 cn Valno St. 
Makati Meuo Manila Tcl. (632) 817 %76 

Telefax : (632) 817 1741 

Librairis Unilivrcs 
6, rue de Candolle 
1205 Gcdvc Tel. (022) 320.26.23 

Telcfax: (022) 32973.18 

OECD P-Br CAT OhS. 2 n e M r B P &  75775 PAR SCEDEX 
PR hTE0 IN FRANCE 
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