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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 Recyclit~g". 

The series covers the following aspect?: 

Volunle I Issues and Perspectives; 

Volume 11 Plutonium Recycling in Pressurized-Water Reactors; 

Volume 111 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 third in the series and describes the specific benchmark study concen~ed 
with the void reactivity effect in MOX-fuelled pressurized-water reactors. 

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 

The report gives an overview of the solutions of the Void Reactivity Effect Benchmark conducted 
by OECD/NEA, submitted by 18 participants from 12 institutes in 8 countries. The results are briefly 
discussed and presented in plots and tables. The infinite lattice calculations with uranium and different 
enriched MOX fuels give a non-negligible spread of the results, but a clear tendency of the void effect, 
which is positive for the high content of MOX in the fuel and becomes negative with decreasing 
plutonium density. A similar tendency is derived from the results of two-dimensional calculations for an 
uranium assembly with a central moderated or voided region fuelled with MOX pins of different 
plutonium content. The results show a larger spread than for the infinite lattice case, caused by small 
differences in the eigenvalues of moderated and voided cases. 
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Introduction 

The use of MOX fuel in standard PWRs introduces inhomogeneities in the core, which cause 
difficulties with the calculation of power distribution around the interfaces between U02 and MOX 
assemblies. This problem is well known 11.21. A correct treatment needs improvements of the 
calculational models. This report deals with another problem connected with the use of plutonium fuel 
discussed for future modifications of the fuel cycle, namely the behaviour of the void coefficient for 
different MOX fuel types. The objective of the proposed benchmark is to check computer codes and 
nuclear data rather than to represent a realistic situation. The partially voided arrangement of 
assemblies is difficult to calculate and represents a challenge to designers of codes for assembly calcula- 
tions. 

The benchmark can be calculated by continuous energy Monte Carlo codes to get a best estimate 
solution. which essentially depends only on the data base used. 

Benchmark specifications 

A complete specification of the void reactivity effect benchmark problem can be found in Appendix 
A. The void reactivity effect benchmark specifies a supercell configuration of a 30x30 array of PWR 
fuel cells, with reflective boundary conditions. The central 10x10 region consists of either U02 or MOX 
rods (with three different plutonium contents) the configurations of which alternate between full 
moderation and complete voidage of the moderator. In every case the outer part of the macrocell is 
assumed to be fully moderated. The configurations with UOz rods (3.35 wlo U-235), MOX rods of high 
enrichment (14.4 wlo total Pu), MOX rods of medium enrichment (9.7 wlo total Pu) and MOX rods of 
low enrichment (5.4 wlo total Pu) in the central 10x10 sub-assembly are designated U02, H-MOX, 
M-MOX and L-MOX respectively. 

Participants, methods and data 

Eighteen solutions were contributed for the benchmark by 12 institutions in 8 countries. A short 
description of codes and data bases used by participants is provided in the following and is summarised 
in Table 1. The abbreviation in brackets behind the name of each institution is the identifier used in 
tables and figures. 

1. Argonne National Laboratory, (ANL), U.S.A. 

ParlicipanC R. N. Blomquist 
Code: VIM (continuous Monte Carlo) 
Data Library: ENDFIB-V 
Remarks: Details are in Appendix B. 1. 



2. Belgonuclkaire (BEN), Belgium 

Participant Th. Maldague 
Code: LWRWIMS 
Data Library: 1986 WIMS 

3. Commissariat a 1'Energie Atomique fCEA3) and Framatome, France 

Participants: M. Soldevila and M. figle 
Code: APOLLO-2 
Data Library: JEF-2.2. CEA-93 
Remarks: Details are in Appendix B.2 

4. Commissariat a IEnergie Atomique (CEA4), France 

Participants: G. Rimpault and S. Rahlfs 
Code: ECCO-5.2 
Data Library: JEF-2.2 
Remarks: Details are in Appendix B.3 

5. Commissariat a I'Energie Atomique (CEAS), France 

Participants: S. Cathalau and A. Maghnouj 
Code: APOLLO-I (P,,) + S.-Code 
Data Library: CEA-86 (ENDFIF-V + JEF-1) 
Remarks: Details are in Appendix B.4 

6. Centre dlEtude de I'Energie Nuclkaire (CEN), Belgium 

Participant.' G. Minsan 
Code: DTF-4lDOT-3,5 
Data Library: MOL-BR2 
Remarks: Details are published in a distributed report 
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7. ECN Nuclear Energy (ECN), Netherlands 

Participants: W. E. Freudenreich, J. K. Aaldijk and A. Hogenbjrk 
Code: MCNP-4.2 
Data Libray: JEF-2.2 and SCALE 
Remarks: Details are in published in Ihe report ECN-R-94-007 [4] 

8. ENEA, Energy Department (ENEA), I&& 

Purtictpant: P. A. Landeyro 
Code: MCNP-4.2 
Data Lihrury: JEF- I. 
Remarks: Details are in Appendix B.5 



9. Hitachi U. (HIT), Japan 

Participants: K. Ishjj and H. Maruyama 
Code: VMONT 
Data Library: JENDL-2, ENDFIB-IV 

10. University of Stuttgart (IKEI), Germany 

Participant: D. Lutz 
Code: CGM, RSYST 
Data Library: JEF-I 
Remarks: Details are in Appendix B.6 

11. University of Stuttgart (IKEZ), Germany 

Participants: W. Bernnat, M. Mattes and S. Kafer 
Code: MCNP-4.2 
Data Library: JEF-2.2 
Remarks: Details are in Appendix B.7 

12. Institute of Physics and Power Engineering (IPPE), Russia 

Participant: A. Tsibulia 
Code: WIMSID-4 
Data Library: FOND-2 

13. Japan Atomic Energy Research Institute (JAEI), Japan 

Participants: H. Takano, H. Akie and K. Kaneko 
Code: SRAC 
Data Library: JENDL-3.1 
Remarks: Details are in Appendix 8 .8  

14. Japan Atomic Energy Research Institute (JAEZ), Japan 

Participants: H. Takano, H. Akie and K. Kaneko 
Code: MVP 
Data Library: JENDL-3.1 
Remarks: Details are in Appendix 8 .8  

15. Japan Atomic Energy Research Institute (JAE3), Japan 

Participant: K. Okumura 
Code: SRACJPIK 
Data Library: JENDL-3.1 
Remarks: Details are in Appendix B.9 



16. Japan Atomic Energy Research Institute (JAE4), Japan 

Participant: K. Okumura 
Code: SRACIMOSRA 
Data Library: JENDL-3.1 
Remarks: Details are in Appendix B.9 

17. Siemens (SIEl), G e m n y  

Participants: G. Schlosser and W. Hetzelt 
Code: CASMO-3 
Data Library: 170 

IS.  Toshiba Corporation (TOS), Japan 

Participant: Y .  Uenohara 
Code: MCNP-4.2 
Data Library: JENDL-3.1 
Remarks: Details are in Appendix B. 10 

Contributions 12 and 17 have been withdrawn 

Table 2 summarises the information on the resonance treatment used by participants in their 
models. Details can be found in the appendices. 

Results 

Tables 3, 5. 7 and 9 collect together all the multiplication factors from the various contributors. 
Tables 3 and 5 give k-infinities for the central 10x10 sub-assembly considered in isolation as an infinite 
lattice, for the fully moderated and fully voided configurations respectively. These k-infinities are a 
useful indication of the underlying agreement of the nuclear data libraries and fine-group flux 
calculational methods, without complications arising from neutron leakage to and from the 10x10 sub- 
assembly. The bottom line in both of these tables gives the arithmetic averages of all the contributions 
and Tables 4 and 6 list the corresponding calculatedlaverage (cla) ratios. Figures 1 and 2 display the 
same information as Tables 3 and 5 in a graphical form, while Figure 5 shows the corresponding void 
effects, i.e., the difference in k-infinity between the fully moderated and the fully voided situations. 

Referring to Table 3, the low k-infinities for the MOX configurations (when compared with the 
UOz configuration), reflect the increased thermal absorption in MOX assemblies. When comparing 
these with the corresponding voided k-infinities from Table 5 ,  it appears clearly that the k-infinity for 
the UO2 lattice decreases considerably in the voided situation, corresponding to a negative void 
reactivity effm. While the same is true for the L-MOX and M-MOX cases, though the effect is smaller 
in magnitude, the H-MOX case has a higher k-infinity in the voided case, corresponding to a positive 
void reactivity effect. The reason for this is not difficult to understand when considering that the H- 
MOX case, consisting of 14.4 wlo total plutonium with no moderator, resembles a fast reactor more 
than a water reactor, it is then no surprise that k-infinity has a high value. In the fast reactor-like 
spectrum, all the plutonium isotopes contribute to fissions and k-intinity increases almost linearly with 
total plutonium content. In contrast, in the fully moderated situation only the odd plutonium isotopes are 



fissionable and k-infinity increases much more slowly with increasing plutonium content due to the 
increasing contribution of absorption in the even isotopes. 

Tables 7 and 9 list k-infinity values for the whole macrocell for the fully moderated and voided 
cases respectively and Tables 8 and 10 give the corresponding cla values. Figures 3, 4 and 6 show 
k-infinities and void effects in a graphical form. Since the macrocell volume is largely composed of UOz 
pins and only one ninth of the pins is in the central sub-assembly, the overall k-infinity vary significantly 
less between the various configurations. A particular point to bear in mind is that only the central 10x10 
sub-assembly is subject to voiding and that there i s  a significant source of thermal neutrons into the 
voided sub-assembly associated with the surrounding Fully moderated UOz region. 

Although the all-UOZ macrocell shows a negative void reactivity effect, the averages for the three 
MOX cases all show positive void effect decreasing with the Pu content of the fuel and near zero for the 
L-MOX case. This should not be taken to imply that the contribution of MOX assemblies to void 
reactivity will be positive in the situation of a real reactor, except with high plutonium contents. There is 
no possibility that in a reactor the situation arises where one assembly is fully voided while its 
neighbours are fully moderated. In the artificial situation modelled in this benchmark, the role of thermal 
neutrons leaking from the fully moderated region into the voided region is crucial. In a fully moderated 
MOX assembly, the neutron diffusion length is such that the boundary effect from leakage, from the 
U02 to the MOX region extends at most to two or Ullee rows of fuel pins. In the voided case the neutron 
diffusion lengths increase so that the transient neutron currents extend throughout the 10x10 sub- 
assembly. The effect of voiding is therefore to couple the central MOX rods more strongly to the U02 
regions which are rich in thermal neutrons. The central MOX rods are thereby able to contribute more 
effectively to the overall multiplication factor in the voided condition. 

For the L-MOX case the CEA participants performed additional qualitative analyses using 
perturbation theory. The results reported in Appendix C. 1 are very helpful to understand the complex 
physics of this arrangement. 

For each of the four configurations of the central 10x10 sub-assembly, Figures 7 to 14 show the 
fully moderated and voided fission density dismibutions for a horizontal traverse across the maaocell 
(designated AM) and for a diagonal traverse (designated AD), both starting from the centre with the 
value 1. The same information is also presented in Tables 15 to 30. The arithmetic average for each pin 
location has been calculated and is included in the tables and plotted in the figures. The fission density 
distribution plots provide an indication of the degree to which the various solutions are in agreement as 
regards spatial coupling across the U021MOX interface. The voided configurations give a strong 
interface effect that is challenging for the various methods to calculate. 

Finally, Figures 15 to 35 show the local flux spectra for the central pin, the comer pin and the pin 
at the mid-point of the boundary of the central 10x10 sub-assembly. The spectra have been normalised 
in the same way and plotted on the same scale to aid comparison. Some participants submitted 4 group 
spectra. They can be compared in the tabulared presentation of the participants as provided in the 
Appendices B. 



Discussion 

The multiplication factors of the infinite cell lattices show spreads of up to 4 % (Tables 3 to 6,  
Figures 1 and 2). If the outlying solutions are omitted the spread reduces to about 1 % for the moderated 
cells and 2 % for the unmoderated cells. The reason for the laner may be in some cases partly due to 
deficiencies in the spatial coupling methods or in approximations inherent with cylindricising the square 
cells. The fact that there is a significant spread for the moderated cells is indicative of differences in the 
nuclear data libraries. This is reinforced by the observation that even the Monte Carlo solutions have a 
significant spread; for the Monte Carlo codes there are no concerns over approximations in the pin cell 
homogeni~ation or in the transport method, the spreads are therefore directly attributable to the nuclear 
data. In every case results of participants applying the same data base, JEF-2.2, JENDL-3.1 or JEF-I, 
form close clusters compared with the overall spread and show common tendencies. Thus, for example, 
the JEF-2.2 evaluated dataset yields larger k-infinities than the average for the U02 fuel and lower 
k-infinities for MOX, whereas JENDL-3.1 shows the opposite tendency. 

The multiplication factors for the wRole macrocell. given in Tables 7 to 10 reflect the spreads seen 
on the infinite lattice results for moderated uranium cells, since uranium rods make up a fraction of 819 
of the volume in the MOX configurations and these rods are fully moderated in all cases. The Monte 
Carlo methods are particularly valuable reference data points as they allow an accurate representation 
of the strong spatial dependence of the flux spectra in the vicinity of the voided/moderated boundary. 
Deterministic methods which rely on homogenising pin cells are particularly questionable at this 
boundary, especially if zero current is assumed at the pin cell boundaries in generating the 
homogenisation spectra. 

The fission density curves in the Figures 7 to 14 show a satisfactory agreement for the fully 
moderated cases, but show apparently highly discrepant results for the voided cases as plotted. This is 
to some extent an artefact of normalising each curve at the centre pin, which though convenient for 
presenting the results, transfers the spreads entirely to the U02 region. In reality, the power distribution 
errors will be much smaller, as the spread really applies to the voided region. Since the fission rates are 
very small in the voided region, the absolute errors on fission rates are within 10% there. As might be 
expected, the largest deviations actually occur at pin number 5, which borders on the U02 region. It is in 
this location where transport and homogenisation errors are most significant with the deterministic 
methods. The Monte Carlo codes again provide a useful reference, since they are not subject to such 
errors and the spread of results from the Monte Carlo codes is indicative of that in the underlying 
nuclear data. New research work of JAERI reported in Appendix C.2, confirms this statement. 
Calculations of some of the benchmark cases applying the new database JENDL-3.2 gives results rather 
close to the values resulting from MCNP-4 calculations using JEF-2.2 data. 

The flux spectra of the central MOX pin show marked depressions in the voided cases at the 
resonance energies of large U-238 and Pu resonances both due to the lack of scattering sources and to 
the shadowing by neighbouring rods. The thermal spectra of the central pins are also very highly 
depressed, but those of the comer and edge pins are much closer to those of the adjacent U02 rods due 
to the neutron current from the latter. 



Conclusions 

The objective of the void reactivity effect benchmark was to compare the performance of the 
nuclear data libraries and codes presently available on a problem involving the calculation of the void 
coefficient in a mixed UOdMOX macrocell. The spread of k-infinities for the fully moderated infinite 
lattice slightly exceeds 1%. which is considered excessive and should be improved. Solutions obtained 
with the same nuclear data libraries tend to be grouped logether, which indicates that the difference in 
the libraries are largely responsible. The voided configurations show larger spreads; there are two likely 
causes: the use of approximate homogenisation and transport methods at the voided/moderated 
boundary, and differences in higher energy cross-section$, which have a greater importance in the 
voided situation. 

Overall, however. there is substantial agreement as to the trend for the void reactivity to become 
more positive as the plutonium content of the MOX region increases. The infinite lattice results show 
that the inherent void reactivity of MOX assemblies becomes positive somewhere between 10 and 14 
wlo total plutonium content, at least with the   so topic composition assumed here. 

Similar results were obtained with the hybrid UOJMOX macrocell, which is dominated by the 
properties of the moderated UOI lattice which makes up the bulk of the macrocell. The same trend 
towards more positive void effects was found as the plutonium content of the MOX regions increases. 
Because of the artificial nature of the problem, with a fully voided MOX sub-assembly adjacent to a 
fully moderated U02  driver region, positive void reactivity effects were obtained even for the L-MOX 
case, a result which would not occur in the more realistic case with a more uniform void disuibutlon. 

Following a detailed examination of the results. it is recommended that the differences in actinide 
cross-sections of the JEF-2.2 and JENDL-3.1 nuclear data libraries should be evaluated closely in order 
to explain the differences seen in the Monte Carlo calculations. 
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Table 1 Summary of participants 

ENDFIBV+ JEFl CEA 86 

IEF-2.2 SCALE 

IENDL-UENDFIB-IV 
CGM/RSYST 

MIND-2 WIMSIABBN 

Table 2 Information about resonance treatment 

ANL 

BEN 

CE A 

CEN 

ECN 

ENEA 

HIT 

IKE 1 

IKE 2 

J AE 

JAE2 

TOS 

Continuous-energy Monte Carlo, shielding of unresolved resonances, 

Self-shielded cross-sections of U-isotopes, h -239 and Pu-240 (1 eV resonance only), 

Self- and mutual shielding for the main U, Pu and Zr isotopes, local effects included, 

Self-shielded cross-section of all U and Pu isotopes, 

All actinides, fission products and Zr are self-shielded, 

Continuous-energy Monte Carlo, 

Self-shielding for all actinides. 

Self- and mutual shielding for the main U and Pu isotopes, by performing an ultrafine 

group cell calculation, 

Continuous-energy Monte Carla, no special treatment of unresolved resonances, 

Self- and mutual shielding for all U, Pu, Am isotopes by performing an ultrafine group cell 

calculation, 

Continuous-energy Monte Carlo, 

Continuous-energy Monte Carlo. 



Average - - . 
1.3656 1.2163 1.1733 1.1511 1 -~ -~ 



Table 6 : k-infinitv. Pincell voided. cla-values 

Contr. Code 

JAEl  
JAE2 
JAE3 
JAE4 
T O S  

0.9972 
0.99141.0005 

0.9972 
0.9972 

0.99281.0021 

I H-MOX I M-MOX I L-MOX Data 

SRAC 
M V P  
SRACPIK 
MOSRA 
MCNP42 

. . , r -  

uo2 

0.9995 
0.9954f ,0003 

0.9995 
0.9995 

1.00271 .0010 

JENDL31 
JENDL31 
JENDL31 
JENDL31 
JENDL31 

1.0007 
0.99581.0003 

1.0007 
1.0007 

1.00441.0013 

1.0042 
0.99731.0007 

1.0043 
1.0042 

1.00501.0014 





Table 9 : k-infinity, Macrocell voided 
7- 1 1 Fuel Tvoe 7 

Table 10 : k-infinitv. Macrocell voided cla-values 

, 
Contr. Code Data H-MOX M-MOX L-MOX I 

JAE3 1 SRACPIK I JENDL31 0.9968 0.9985 I 0.9982 I 0.9981 
JAE4 I MOSRA / JENDL31 0.9961 0.9968 0.9966 0.9966 
TOS I MCNP42 / JENDL31 / 0.9955h.0007 1 0.9964f.0007 1 0.9974f.0007 1 0.9976h.0007 - 

JAE2 
JAE3 
JAE4 
TOS 

MVP 
SRACPIK 
MOSRA 
MCNP42 

Average 

JENDL31 
JENDL31 
JENDL31 
JENDL31 

1.3512 

1.3474h.0003 
1.3468 
1.3459 

1.3450+.0009 

1.3470 

1.3457f.0003 
1.3450 
1.3428 

1.3422f ,0009 

1 1475 1 7789 

1.3415*m4 
1.3401 
1.3379 

1.3390f .0009 

1.3372f.0003 
1.3364 
1.3344 

1.3356i.0009 



Table 11 : Delta-k-Void Pincell 

Average -0.7372 0.0584 -0.1409 -0.3893 

Table 12 : Delta-k-Void. Pincell, c/a-values 
1 - 7  Fuel T v ~ e  1 1 Contributor I Code Data I uoz I H-MOX I M-MOX I L-MOX 1 



Table 13 : Delta-k-Void, Macrocell -- FIEe Gta 

Table 14 : Delta-k-Void, Macrocell, c/a-values 

Contributor 

Fuel Type 
uo2 

Average -0.0149 

Code 

H-MOX 

-- . - 0.0040 -. - 0.0029 

D a t a  

0.0003 

Fuel Type 
UO2 I H-MOX I M-MOX I L-MOX 

M-MOX L- M OX 



Table 15 : Fission Density AM-Traverse, UOX, Moderated 



Table 16 : Fission Density AM-Traverse, UOX, Voided 

Contr. 

Contr. 

ANL 
R F N  

Pin-Position 
1 0  I 2.0 1 3.0 I 4.0 I 50 

Pin-Position 
6.0 I 7.0 I 8.0 I 9.0 I 100 

1.995i.015 1 2.588i.021 ( 2.889i.027 / 3.050?c.028 1 3.151i.033 
I 1 1 I 





Table 18 : Fission Density AD-Traverse, UOX, Voided 

I I Pin-Position I 
Contr. 

I I Pin-Positinn I 

............ 
1 0  1 2.0 I 3.0 I 4.0 I 50 

Contr. 

ANL 1 1.000f.002 / 1.055f.005 1 1.166i.005 1 1.384+.006 1 1.786*.012 
RFN I I I I I 

........... 
6 0  I 7.0 I 8.0 I 9.0 I 100 

ANL / 2.659f.026 1 3.040i.031 1 3.186i.039 1 3.250*.042 1 3.246i.036 
RFN I I I I 

..... .... 
CEN 1 3.381 
ECN / 3.209*.035 
HIT 1 3.188 
lKFl 1 3 777 

..... - ~~~ 

3.386 1 3.387 
3.221i.035 / 3.145f.035 

3175 1 3.210 
3 773 I 3 777 

- - ~ ~~~ 

3.390 1 3.390 
3.225i.035 1 3.216i.042 

3.182 1 3.207 
3 722 I 3 777 



Table 19 : Fission Density AM-Traverse, H -MOX,  Moderated 

Contr. 
Pin-Position 

6 0  I 7.0 1 8.0 1 9.0 I 100 





Table 21 : Fission Density AD-Traverse, H-MOX, Moderated 

I I 





Table 23 : Fission Density AM-Traverse, M-MOX, Moderated 
1 I 





Table 25 : Fission Density AD-Traverse, M-MOX, Moderated 







Table 28 : Fission Density AM-Traverse ,  L-MOX, Voided 

Pin-Position 
Contr. 1.0 I 2.0 I 3.0 I 4.0 I 5.0 

Contr. 110 I 12.0 I 13.0 I 14.0 I 150 



Table 29 : Fission Density AD-Traverse, L -MOX,  Moderated 

Contr. 
Pin-Position 

1 0  1 2 0 1 3.0 I 4.0 I 5 0  



Table 30 : Fission Density AD-Traverse, L-MOX, Voided 

Contr. 
Pin-Position 

6.0 I 7.0 I 8.0 I 9.0 I 10.0 



uo, H-Mox M-Mox L-Mox 

Fig. 1: k-infinity. Pincell, Moderated 
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Fig. 2: k-infinity. Pincell, Voided 



Fig. 3: k-infinity, Macrocell, Moderated 
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Fig. 4: k-infinity, Macrocell, Voided 



Fig. 5: Delta-k-Void, Pincell 

Fig. 6: Delta-k-Void, Macrocell 
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Fig. 7: Fission Density, Traverse AM, UOX 
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Fig. 8: Fission Density, Traverse AD, UOX 
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Fig. 9: Fission Density, Traverse AM. H-MOX 

Fig. 10: Fission Density, Traverse AD. H-MOX 
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Fig. 11: Fission Density, Traverse AM, M-MOX 
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Fig. 12: Fission Density. Traverse AD. M-MOX 
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Fig. 13 Fission Density, Traverse AM, L-MOX 
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Fig. 14: Fission Density, Traverse AD. L-MOX 
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Fig. 15: Spectra in 3 cells 
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Fig. 16: Spectra in 3 cells 
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Fig. 17: Spectra in 3 cells 
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Fig. 18: Spectra in 3 cells 
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Fig. 19: Spectra in 3 cells 
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Fig. 20: Spectra in 3 cells 
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Fig. 21: Spectra in 3 cells 



M-Mox: CEN 

lo0 

Unvoided 
lo-2 - Center 

- Border 
- Comer 

10-~ 

10-~ 

10' IO-~ lo0 lo2 10' lo6 lo8 
Erergy, eV 

Voided 
- Center 
- Border 
- Comer 

10' loo lo2 lo4 lo6 lo8 
Energy, eV 

Fig. 22: Spectra in 3 cells 
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Fig. 23: Spectra in 3 cells 
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Fig. 24: Spectra in 3 cells 
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Fig. 25: Spectra in 3 cells 
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Fig. 26: Spectra in 3 cells 
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Fig. 27: Spectra in 3 cells. 
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Fig. 28: Spectra in 3 cells 
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Fig. 31: Spectra in 3 cells 
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Fig. 32: Spectra in 3 cells 
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Fig. 33: Spectra in 3 cells 
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Fig. 34: Spectra in 3 cells 
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Fig. 35: Spectra in 3 cells 



Appendix A 

Benchmark specification 

Void reactivity effect benchmark 

A proposal for a computational exercise on void reactivity effect 
in MOX lattices 

Th. Maldague (Belgonuclkaire) and G. Minsart (SCK-CEN) 

Introduction 

It is known that the reactivity effect of voiding the central part of MOX-fuelled PWR lattices 
becomes less negative, and even positive, when the amount of Pu in the fuel is high. To check the ability 
of computing this void coefficient, a benchmark exercise is proposed. In a first stage, a simplified 
loading is considered, without leaking in order to remove the difficulties associated with this component 
of the neutron balance and to allow the use of only two-dimensional models. A possible further step 
could be the analysis of a real configuration. 

It is proposed that participants use their own procedure of computation (computer programs and 
cross-section libraries). 

Geometrical data 

A "macrocell" made of a 30x30 unit cells array is considered with reflective boundary conditions 
on all faces and an axial buckling = 0.0; the lattice pitch is 1.26 cm (see Figure A-I). It is divided into 
two zones: 

An outer zone containing UOz fuel rods, 
An inner zone in which several fuel compositions are to be. inuoduced, with and without 
moderator. 



The geometry of the unit cells is: 

Square lattice pitch: 1.26 cm, 
Fuel pellet outer radius: 0.4095 cm, 
Cladding outer radius: 0.4750 cm. 
The gap is smeared with the cladding. 
Fuel and water temperature: 20°C. 

Figure A-1 Void coeff~cent benchmark 
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The moderator is a mixture of water and aluminium, simulating a reduced water density (in the 
range 0.70-0.75 as in the operating conditions of a power reactor). 

Nurnher densities (a t /10~~~ cm3) 

Four types of fuel are to be put in the inner zone: U02 (same as the outer wne) and MOX with 
three different Pu contents. 

Requested results 

Results should be provided both on paper and a computer-processable medium. A short report 
should be provided describing: 

The calculational method used, including the name of the program and precise version; 

m e  data libraries used and evaluated data file from which they were derived; 



Ihe  list of isotopes for which resonance self-shielding was applied with the formalism used; 

The results should be presented, where useful, both in tabular and graphical form. 

'Ihe following results should be provided in the specified order: 

For each of the four fuel compositions of the inner zone: 

k-infinity of the unit cell with and without moderator (infinite lanice); 

k-infinity of the macrocell, with and without moderator in the inner zone (the outer zone is 
always flooded); 

Relative fission rate disnibutions along the fuel row nearest to the median axis (line AM on 
Figure A-1) and along the diagonal (line AD on Figure A-1). normalised to unity at the centre of 
the loading, with and without moderator in the inner zone; 

Multigroup neutron spectra per unit lethargy in the centre, in the corner cell and in the cell at 
the border of zone 1 on the axis AM and the energy group structure. 



Appendix B.1 

VIM Monte Carlo calculations 

R. N. Blomquist (Argonne National Laboratory - ANL) 

Generally, the continuous-energy cross-section data used was based on ENDFIB-V data. Zircaloy, 
however, was based on ENDFIB-IV. Specular reflection was applied at all boundary surfaces. The 
uncertainties shown in these results are one standard deviation of the mean. The flux and fission data 
submitted is normalised to per fission source neutron, and volume-integrated over each cell. Isotopic 
multigroup cross-sections and reaction rates are available on request. 

MOX lattice void reactivity effect benchmark 

Cell calculations consisted of 0.5 million histories each in generations of 10 000, with tally data 
grouped for each generation. Two initial generations were discarded to allow the flat fission source 
guess to decay. Computation time averaged 10 SPARC-2 CPU-hours. 

Lattice calculations consisted of 20 million histories each in generations of 10 000, with tally data 
grouped for each ten generations. Five initial generations were discarded to allow the flat fission source 
guess to decay. Computation time averaged 5 SPARC-2 CPU-hours. Results in symmeuically-placed 
cells were combined to minimise the statistical uncertainties. The location of selected cells for which 
more detailed results are included is shown in the attached table . 

A second identical set of lattice calculations, but with 22 groups, were performed for the high-Pu 
case, to allow for more detailed spectral comparisons. 







Appendix B.5 

Void reactivity effect benchmark 
Computational exercise on void reactivity effect in MOX 

P. A. Landeyro (ENEA) 

Calculation method 

All the calculations were carried out with the MCNP Monte Carlo code, version 4.2. 

The cross-sections of Al, Fe and natural Zr were taken from the ENDL-85 library, that is included 
in the MCNP package. The cross sections of Am-241 were produced at ENEA from the Joint Evaluated 
File (JEF), version 2.2. All the cross-sections corresponding to the rest of the nuclides were determined 
from the JEF- 1 file. 



Appendix B.6 

Void reactivity effect benchmark 

D. C. Lutz (IKE - University of Stuagart) 

The cross-section basis is the JEF-1 data file [I], which is processed [Z] with the NJOY program 
system [3] into multigroup data. Three libraries are available in the following energy ranges: 

Fast and epithermal range, 100 groups, 

The resolved resonance region, 8500 groups, 

The thermal range, 15 1 groups. 

These libraries are used in the code CGM [4] for one-dimensional, usually 5 zones spectral 
calculations for group collapsing to 60 (25 fast, 35 thermal) groups. The generated data sets are 
dependent on the cell definition in CGM, mainly in the groups containing resonances. They include the 
effects of self and mutual shielding and resonance overlapping for the U- and Pu-isotopes. In standard 
calculations only 1 set of cross-sections is produced for the whole life of fuel, but in this case the case 
the cross-sections have been recalculated 4 times during the bumup. 

The pin cell calculations for the homogenisation spectra are carried out in RSYST 3 [6] for 
a cylindrical cell using a collision probability code. 

The assembly calculations are also performed in RSYST with the Jk-code ICM2D [6]. The code 
takes into account a linear space and angledependent flux distribution in the cell and has an option for 
treating heterogeneous substructures of complicated geometry by imbedded collision probability (Pe) 
calculations. 
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Appendix 8.7 

Void reactivity effect benchmark 

M. Mattes, W. Bernnat and S. Kiifer (IKE - University of Stuttgart) 

The calculations were performed with the general-purpose, continuous-energy, generalised- 
geometry Monte Carlo transport code MCNP, version 4.2. 

The cross-section libraries used were produced from the JEF-2.2 evaluated files with the nuclear 
data processing code NJOY-91.91 with some modifications. The resonance reconstruction in RECONR 
was done with a 0.1% accuracy and no thinning was applied to the pointwise cross-section data in 
ACER. 

As MCNP 4.2 cannot treat double-differential data given in file MF = 6 (energy-angle correlation), 
such representations in the evaluated files were transformed into MF = 4 and MF = 5, for outgoing 
neutrons, with the code SIXF'AK before processing with NJOY. 

In the case of this benchmark the only reactions and nuclide affected by this procedure were (n,2n), 
(n,3n), (n,4n) and (n,n' continuum) of U-235. 

Each of the assembly calculations run with 5 million neutron histories. Neutron flux spectra are 
given for 292 energy groups from 0.00001 eV up to 20 MeV. 



Appendix 8.8 

Void reactivity effect benchmark 

H. Takano and H. Akie (JAERI) and K. Kaneko (Japan Research Institute) 

The benchmark of void reactivity effect in MOX lattices was performed with the SRAC system 
and the MVP code. 

Description of the SRAC calculation 

Calculational method, program name and version: collision probability method for an infinite 
lattice with 107 energy groups, and diffusion calculation for the macrocell with 107 groups. 
The modified version of SRAC [I] was used; 

Data libraries and original evaluated data file: SRACLIB-JENDL3 processed from 
JENDL-3.1 [2] data file. 

List of isotopesfor resonance shielding calculation and method used: the self-shielding factor 
table (f-table) interpolation method can be applied in the whole energy region. In the resolved 
resonance region (E < 961 eV in the SRAC system), PEACO [3] can treat both the self- 
shielding and the mutual resonance overlapping effects by the ultra-fine group method, which 
calculates the spectrum with the energy structure of lethargy width Au = 2.5E-4 between 
961 eV and 130 eV and Au = 5.OE-4 between 130 eV and 2.38 eV (2.38 eV is the thermal cut- 
off energy in the calculations). 

The PEACO method was used for U-235, U-238, Pu-238, h-239, Pu-240. Pu-241 and Pu-242. 
The self-shielding effect in the thermal range (E < 2.38 eV) was considered with the f-table method for 
U-235, Pu-238, Pu-239, h-240 and Pu-242. For other nuclides, the f-table method was used in the fast 
energy range. 

Description of the MVP calculation 

Calculational method, program name and version: continuous-energy Monte Carlo calculation 
was made with the MVP [4] code. 

Data libraries and original evaluated data file: the library was processed from JENDL-3.1 
data file. 



List of isotopes for resonance shielding calculation and method used: continuous-energy 
Monte Carlo method with the pointwise cross-section data for all nuclides. The probability table 
method was adopted for the unresolved resonances. 
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Y Y  NBACRP PYR VOID COBFPICIENT BENCMULRK BY SRIC-DIFFUSION I# 002 UNVOIDEO 

FLUX DENSITY . PER SOURCE NETUTRON . PER LETHARGY 
< <  VOIDED REOION CBNTRllL CELL SPECTRUM ) )  

GROUP ELOWERlBVl PLUX 
1 8.208508+05 3.Ol63.E-01 
2 5.51080Bf03 2.0327iE-03 
3 6.023608-01 B.965178-01 
4 1.OODDOB-05 3.570068-01 

( (  VOIDED REGION E W E  CELL SPECTRUM JUST INSIDE VOIDED REGION ON ur > >  
GROUP ELOWERIEYI FLUX 

I 8.20850Et05 2.99725E-01 
2 5.5308OE.03 2.01289E-01 
I 6.02160E-01 8.96506E-04 
4 1.000008-05 3.5702.E-01 

( <  UNVOIDBD RBGION E K E  CELL SPBCTRUM JUST OUTSIDE VOIDED REGTON ON IU( ) )  

CROUP ELOWBR(EV1 FLUX 
1 8.20850E*05 2.997158-01 
2 5.53080B+01 2.032978-03 
3 6.023601-01 896488B-04 
4 1.00000E-05 3.570378-04 

( (  VOIDED REGION EDCE CELL SPECTRUM JUST INSIDE VOIDED REOlOH ON AD ) )  

OROUP ELOYERIEYI FLUX 
1 8.208508+05 2.997128-03 
2 5.51080E+01 2.01296E-03 
I 6.023606-01 8.964978-04 
1 1.000008-05 1.570158-01 

'< UNVOIDED ReCXON E W E  CELL SPBCTRUM JUST ODTSIDE VOIDED REGION ON AD > >  
00 GROUP ELOYERIBYI FLUX 
0\ 1 8.208506+05 2.99699E-01 

2 5.510808*03 2.0330aE-03 
3 6.0236OE-01 B.96480E-01 
4 I.OOOOOE-05 3.570488-04 

( (  UNVOIDBD CELL SPECTRUM I1T Dl > >  
OROUP ELOWEI(IEY1 PLUX 

1 8.208508+05 2.996808-03 
2 5.5108OE+03 2.033058-03 
3 6.013608-01 8.964908-04 
4 1.00000E-05 1.570598-01 

Y Y  NBACRP PWR VOID COEPPICIBNT BENCHMARK BY SRAC-DIFFUSION XY "02 VOIDED 

FLUX oewsrn . PER s o u ~ c ~  NBTVTRON . PER LemIiRor 

< <  VOIDED REGION E K E  CELL SPECTRUM JUST INSIDE VOIDED REGION ON UI > >  
GROUP ELOIIBRIEVI PLUX 

1 8.20850Bf05 1.161406-03 
2 5.530008103 2.56199E-01 
3 6.021608-01 8.624018-04 

1.000008-05 1.519828-04 

< <  UNVOIDED REGION EOOB CELL SPECTRUM JUST OUTSIDE VOIDED RBOION ON W ) )  

CROUP EMIER(EV1 PLUX 
1 8.208508105 3.125931-03 

'( VOIDED REOION BDCE CELL SPECTRUl! JUST IHSIDE VOIDED REOXON ON AD > 1  
GROUP ELOWEPIIEVI #LUX 

1 8.208508*05 3.155948-03 
2 5.530808*01 2.464828-01 
3 6.023608-01 9.091818-04 
4 1.OOOOOE-05 1.023476-04 

(' UNVOIDED REGION E W E  CELL SPECTRUM JUST OUTSIDE VOIDED REOION ON UI ) )  

CROUP ELOWER(EV1 PLUX 
1 8.208508+05 1.141718-01 
2 5.51080E+OI 2.348028-03 
I 6.02360E-01 9.685358-04 
4 1.000008-05 3.1&0998-04 

( (  UHVOIDED CELL SPECTRUM IIIT Dl ) )  

CROUP ELOYBRIBVI FLUX 
1 8.208508+05 3.30601E-01 
2 5.530808*03 2.24529E-03 
I 6.023608-01 9.89270E-01 
4 1.000008-05 1.94103E-01 

ResuLT BY SRAC-DIPF.: UPPER ENERGY LIMIT IS ~ O O O O O O O .  EY 
: NO. OP ENERGY GROUPS IS ~ ~ ~ G ~ L A ~ T T C B ~ / ~ O ~ C I W I C W C E L L I  
: NO AXIAL BUCKLING. DIPPUlSON COEPP. IS ANISOTROPIC 

PLUX DENSITY . PEP. SOURCE NETUTRON . PER LETHliRGI 
(( VOIDED RBCTON CENTPAL CELL SPECTRUM ) >  
GROUP ELOWBRIEYI FLUX 

1 820850Er05 3.0568BE-01 
2 5.510808*03 1.992858-03 
1 6.021608-01 7.516168-01 
6 1.000OOE-05 5.19031E-05 

'( VOIDED REGION E W E  CELL SPECTRUM LIST INSIDE VOIDED REGION ON ur , r  
GROUP ELOYBRlEY) FLUX 

1 8.10850E+05 3.046628-01 
2 5.51080Ef03 2.00802E-03 
3 6.021608-01 7.932951-04 
4 l.0000OE-05 1,094768-04 

< <  UNYOIDBD REGION E K E  CELL SPECTRGT4 SUST OUTSIDE VOIDED REGION ON m ,, 
GROUP BLOUERlEVl FLUX 

1 8.208508+05 2.991018-03 
2 5.5308OEfOl 1.000088-03 

<' VOIDED REGION BDjB CELL SPECTRUM JUST INSIDE VOIDED REOlOH OR llD ) )  

GROUP SLOWER1 EVl FLUX 
1 8.208508*05 3.049538-03 
2 5.53O8OEf01 2.017828-03 
3 6.021608-01 8.22100E-01 
4 1.000008-05 1.579038-04 

'( UHYOIDBD REGION WDE CELL SPECTBm JUST OUTSIDE VOIDED REGION OH m )) 

GROUP ELOIIBRIBVL PLUX 
1 8.20850E+05 2.986128-03 
2 5.51080E+01 2.00812E-01 
1 6.011608-01 8.667518-04 







Appendix B.9 

Results of void reactivity effect benchmark 

K. Ohmura (JAERI) 

From JAERI, two sets of results have been already submitted by H. Takano et al. 
(see Appendix B.8). There is a result based on a continuous-energy Monte Carlo method by the MVP 
code and a result based on a combinational method with a collision probability calculation for the unit 
cell and a finite difference diffusion calculation for the macrocell by SRAC code. 

Here two sets of results based on other methods for the macrocell calculation are presented. One is 
based on a collision probability method (SRAC-PIJ) and the other is based on a modem nodal diffusion 
method (MOSRA). 

SRAC-PIJ 

Calculational method, program name and version: SRAC [I ]  is a code system which bas the 
functions of a collision probability (PIJ), Sn calculations (ANISN, TWOTRAN) and finite 
difference diffusion calculations (TUD. CITATION). A direct collision probability calculation 
for the heterogeneous macrocell on a fine energy group structure is too time-consuming. 
Therefore, the macrocell calculation was carried out by PIJ with the homogenised macroscopic 
cross-sections (107 groups), which were produced by PIJ in the unit cell. The outer boundary 
condition of the macrocell was approximated by isotropic (white) reflection to reduce 
computational time. 

Data libraries and original evaluated data file: SRACLIB-JENDL3 processed JENDL-3.1 
data file. 

List of isotopes for resonance shielding calculation and method used: the resonance treatment 
in the unit cell calculation is the same in the case of SRAC submitted by H. Takano et al. 
(see Appendix B.8). 

MOSRA 

Calculational method, program name and version: MOSRA [2] is a nuclear design code 
system for various types of advanced reactors. It is still under development but some neutronics 
modules are available. For this benchmark study, a nodal diffusion calculation module for a 



vector processor was employed. It is based on a fourth-order polynomial nodal expansion 
method (NEM) with a quadratic transverse leakage approximation [31. The macroscopic cross- 
sections homogenised in the unit cell were produced by collision probability calculations of the 
SRAC code. The macrocell calculations were carried out by MOSRA on 107 groups with the 
mesh size equal to the cell pitch (1.26cm). 

Data libraries and original evaluated data file: SRACLIB-JENDL3 processed from 
JENDL-3.1 data file. 

List of isotopes for resonance shielding calculation and method used: the resonance treatment 
in the unit cell calculation is the same in the case of SRAC submitted by H. Takano et al. 

References 

[ I ]  K. Tsuchihashi et al., "Revised SRAC Code System". JAERI-1302 (1986). 

[2]  K. Okumura, "Development of Nuclear Design Code System for Advanced Reactors", 
published in "Reactor Engineering Department Annual Report (April 1st 1993 - March 31st 
1994)", JAERI Review (1994). 

[3] F. Finnemann, F. Bennewitz and M. R. Wagner, "Interface Current Techniques for Multi- 
dimensional Reactor Calculations", Atomkernenergie, 30 123-128, (1977). 



11 NEICRD PYR YOID COEPPlClBNT BENCHMARK BY SPAC-PiJ HH H-"OX UNVOIDED 

RESULT BY SRLC-DDFF.: UPPER ENERGY LIHIT IS 10000000. EV 
: No. OF ENERGY CROUPS IS 10701IATTIC~1110701MACROCELLI 
NO AXILL BUCKLING 

H-HOX VWYOIDED 
PLUX DENSITY , PER SOURCE NETUTRON . PER LETHARGY 

( (  VOIDED REGION CENTRAL CELL SPECTRW ) >  

CROUP ELOYBRIBVI FLUX 
1 8.20850ef05 3.166158-03 
2 5.5308&E+03 2.065358-03 
3 6.023608-01 7.805658-04 
4 1.00000E-05 5.68710B-05 

< <  VOIDED REGION EOOB CELL S P C T R W  JUST I N S I D E  VOIDED REOION ON AM >, 
OBOOP ELOWEPIBY1 PLOY 

1 8.208508105 3.261678-03 
2 5.53081Er03 2.093118-03 
3 6.0236OB-01 8.16884E-04 

1.00000E-05 1.109601-04 

< <  UNVOIDED REGION E K E  CELL SPCTRUM JUST OUTSIDE VOIDED REGION OH A H  > >  
OEOUP ELOWERIEVI FLUX 

1 8.208508+05 3.076091-03 
2 5.53084E*03 2.06165B-03 
3 6.023608-01 8.676018-04 
4 1.00000E-05 2.2044lE-Ol 

< (  VOIDBD REGION EOOB CELL S P C T R W  JUST I N S I D E  VOIDED REOXON ON AD > >  
CROUP ELOWEPIBVI FLUX 

1 8.20850B*05 1.315268-03 
2 5.530848t03 2.109718-03 
3 6.023608-01 8.425008-04 
4 1.000008-05 1.571178-04 

( (  UNVOIDED R E 0 1 0 8  EOOE CELL S P C T R W  JUST OUTSIDE VOIDED REGION ON AD > )  
GROUP BLOYERIBYI FLUX 

I B.Z0850E+05 3.074838-03 
2 5.530846+03 1.069318-03 
3 6.023608-01 8.9758&8-04 
4 1.OOOOOB-05 2.980528-04 

H-MOX VOIDED 

PLUX DENSITY . PER SOURCE RBTUTBON , PER LETHARGY 
( (  VOIDED RBOlON CENTRAL CELL SPBCTRW > >  
GROUP ELOWERIBVI PLUX 

1 8.208508*05 3.528928-03 
2 5.53084E+03 1.892468-03 
3 6.023608-01 1.879748-04 
4 1.OOOOOB-05 1.636978-06 

( (  VOIDED REGION BOOB CELL 8PCTROII JUST INSIDE VOIDBD REGION ON 1IM > >  
GROUP BLO*BRIEYl PLOX 

1 8.208508+05 3.589158-03 

< <  UNVOlDED REGIOI 
GROUP ELOYBPIBV) FLUX 

i EOOE CELL S P C T R W  JUST OUTSIDE VOIDED REGION 

( <  VOIDED REGION EOOE CELL SPCTROII JUST INSIDE VOIDED REGION ON 
GROUP ELOWERIEVI FLUX 

1 8.20850E*05 3.662688-03 
2 5.530818+03 2.635318-03 
3 6.023608-01 8.052018-04 
1 1.00000E-05 7.701038-05 

< <  UWVOTDED RmroH erne c e u  SPCTRW JUST OUTSIDE VOIDED REGION 

~-~ ~- ~- ~ ~~ - ~ -  ~~ 

i ~.oooooe-os 2 . 1 ~ 8 3 ~ - o a  

< <  ""VOIDED CELL SPCTRUM (AT Dl > >  
CROUP BLOUERIEYI PLUX 

1 8.20850E*05 3.419988-03 
2 5.530848*03 2.307868-03 
1 6.023608-01 1.016648-03 
4 1.000008-05 4.04154E-04 

L-"OX ONVOIDED 

FLUX DENSITY . PEE SOURCE NETUTRON . PER LETHARGY 

< <  VOIDED PBClOLl CBNTRIL CELL SPECTRUM > >  
OROUP BLOYBRIEVI rmx 

1 8.20850Bt05 2.396808-03 
2 5.530848*03 2.000388-03 
3 6.023608-01 8.46247B-04 
4 1.00000E-05 1.232258-04 

< <  VOIDED REGION BOOB CELL S P C T R W  JUST INSIDE VOIDED 
OWUP ELOYERIBVI PLUX 

1 8.208508*05 3.09641E-03 
2 5.53084E103 1.040768-03 
3 6.0236OE-01 8.658938-04 
4 1.000008-05 1.805278-04 

< <  UNYOIDED REOION E W E  CELL S P C T R W  JUST OUTSIDE VOIDED REGION ON IH > >  
OPDUP ELOWEPIBVI PLUX 

< <  VOIDED REGION BOOB CELL SPCTRUM JUST INSIDE VOIDED REOION ON 
CROUP ELOVER I BY1 PLUX 

1 8.20850~+05 3.157sa~-03 
2 5.530848*03 2.068588-03 
3 6.013608-01 8.80658E-04 
4 1.00000E-05 2.246288-04 

< <  UWOTDED REGION BOO= CELL SPCTRUM JUST OUTSIDE YOIDED PEGION 
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Appendix B. I 0  

Calculational method 

Name of code 

Version No 

Data libraries 

Evaluated data file 

Resonance treatment 

Void reactivity effect benchmark 

Y. Uenohara (Toshiba Corporation) 

Continuous-energy Monte Carlo 

MCNP 

the authors have produced ACE-formatted libraries with the 
process code NJOY version 91.13. See JAERI-M 93-046, 169- 
177, for detailed information. 

JENDL version 3.1 

Self-shielding effects derived from "Resolved Resonances" have 
been considered fully. However, those from "Unresolved 
Resonances" were ignored. In analyses of usual LWRs, the self- 
shielding effects from unresolved resonances scarcely contribute 
to the results. Therefore infinite diluted cross-sections were used 
in this case. 





Appendix C. 1 

Physical analysis of void reactivity effect benchmark problem 

S. Cathalau, M. Soldevila, S. Rahlfs, A. Maghnouj, G. Rimpault, P. J. Finck (CEA) 

General analysis 

We first camed out a comparison between all solutions provided by participants, results for the 
infinite lattice are given in Table C.l-1 below. 

*obtained by averaging the reactivity effects (l/k,.,w - 1lkroi.m) 

Table C.l-1 Average k-injinity for infinite laffice calculations 

Results spread up to 1% (lo) for the multiplication factor, and up to 2 % (lo) for the void effect. 
They show the same tendency as in benchmark problem 1A and 1B. 

Restricting the analysis to calculations performed with the same evaluated data file (JEF-2.2), the 
spreads are approximately divided by 2 as shown in Table C.l-2 below. 



Table C.1-2 Average k-infinity for injtnite laiiice calculations (JEF-2.2) 

The reactivity effect for infinite lattice is strongly negative for the uranium lattice (due to a large 
negative contribution of U-238); it is also negative for the "classical" L-MOX (about 5% plutonium 
content) lattice and the M-MOX fuel (9% Pu) in which the positive contributions of Pu-240 and Pu-242 
(loss of the capture reactions in the first resonances in the thermal energy range) cannot compensate for 
the negative contribution of U-238. For the H-MOX lanice (14% Pu), these positive contributions are 
higher than the negative contributions, resulting in a positive void reactivity effect. For the m a l l ,  
the average results including all solutions are the following: 

Table C. 1-3 Average k-infurity for macrocell calculations 

The spread is less than 0.8% (lo) for the multiplication factors and less than 0.2% for the void 
effect. Restricting the analysis to calculations performed with the same evaluated data file (JEF-2.2). the 
spreads are strongly reduced as shown in Table C.l-4 below. 



Table C.1-4 Average k-infinity for macrocell cakulotions (JEF-2.2) 

The unexpected results are the positive reactivity void effects for the M-MOX macrocell and 
particularly for the L-MOX maaocell. 

Physical analysis 

Several analyses were performed using standard calculations and Perturbation Theory (PT). The 
first analysis was performed for the variation of k* (v &I Q. The second one deals with a qualitative 
analysis of Ule direct and adjoint fluxes for the unvoided and voided maaocells. Finally, a perturbation 
calculation was performed to provide energy and isotopic contributions to the reactivity effects. 

Neutronic balance using k* 

Calculations were performed by the APOLLO-2 code using the CEA-93 library (172 groups), UP1 
approximation for the collision probability calculations and 900 physical cells (in which the flux is 
calculated). Six spatial regions were used in each fuel pin 

Infinite lattice calculations give the following k-infinity: 

Flooded U02 cell kUf = 1.3746 
Flooded L-MOX cell Pi= 1.1496 
Voided L-MOX cell k'", = 0.7766 

For the L-MOX macrocell, we got the following results: 

Flooded 
Voided 

So, a positive void coefficient of Ap = lkf- lfh = +64 pcm is obtained. 

Table C. 1-5 and Figure C.l-1 give the variation of the k*(r) = v &(r) 1 4 (r) along the median axis 
AM of the macrocell for the voided and the flooded cases. The dotted line is relative to the flooded case 
and the continuous line stands for the voided case. 



FLOODED CASE VOIDED CASE 

Table C.1-5 Variation of k* along the median axis GMOX macrocell 

We can note that k* for both f l W  and voided cases in the U02 zone is decreasing along the 
median axis when approaching the MOX zone; for the comer cell, we observe almost the same value as 
for the infinite lattice calculation @-infinity = 1.37); ~*uo, decreases to 1.29 for the flooded case and to 
1.21 for the voided situation. 

For the MOX zone, we observe that k * ~ o x  is very similar in both voided and flooded cases and the 
average value is very close to the infinite lattice value which is about 1.15. This indicates that, in the 
flooded case, the central cell is almost in the fundamental code whereas it is very far from this situation 
in the voided case; in the latter case, the spectrum within the MOX zone is driven by thermal neutrons 
streaming from the border cells of the UO2 zone. 

From these calculations, we can also try to establish a neutronic balance in the voided and flocxied 
cases. Let us introduce the following notations: 

k*r average vZ&. for theflooded macrocell 
k*, average vZ&. for the voided macrocell 
k"f average vX&, for the UO2 zone in theflooded macrocell 
kuy average vXGa for the UO2 zone in Ule voided macrocell 



6 average vZ&. for the MOX zone in theflooded maawe11 
K", average vZ&* for the MOX zone in the voided macrocell 

And the neumnic weight of each zone are: 

our contribution of the U 0 2  zone in theflooded case 
muv contribution of the U 0 2  zone in the voided case 
#f contribution of the MOX zone in theflooded case 
(If"" contribution of the MOX zone in theflooded case 

with our + emf = 1 .O and mu, + = 1 .O 

and k*r= oUr.k"r+ omf.kmf 
k*, = muy. ku, + om, .K", 

When solving this linear system, we obtain the following contributions in the voided and flooded 
situations: 

Table C.1-6 

Table C.l-6 shows that in the voided case the contribution of the MOX to the averaged k* is two 
times lower than in the flooded situation, and consequently the infinite multiplication factor of the 
voided macrocell gets closer to the one of the infinite U 0 2  lattice. 

Figure C. 1-2 shows the variations of the k* factors of the macrocells and of each zone in the voided 
and flooded situations. k* of both UO2 and MOX zones are decreasing when the moderator is removed, 
the variation of the contributions of each zone result (by linear combination) in an increase of the k* of 
the maawell. 

In order to understand this phenomenon, we can introduce the following notations: 

kUv = k"f+ S 
K", = kmf + 6'" where S, 6'" and 6O are negative. 
mu" = our + 6" 
0'"" = &+ 



The void reactivity effect can be obtained using the following formula: 

where A stands for the difference between the flooded U 0 2  and MOX average k* 
B is the weighted variation of the UOz average k* 
C is the weighted variation of the MOX average k* 
D is a second order effect. 

Numerically we obtain: 

Flooded case 

Voided case 

Consequently 

Thus, the neutronic balance can be written: 

Total = +0.00099 6p = 55 pcm 

The main positive contribution to the void coefficient comes from the difference between the 
flooded U 0 2  and MOX average k* factors; this contribution is balanced by the negative contributions of 
the decrease of the UO2 and MOX average k* factor when the moderator of the central zone is removed. 

Figures C. 1-3 and C. 1-4 show the absorption rates in the macrocell with the total production rate 
normalised to 1.0. We can see an important increase of the absorption in the UO2 region when the 
moderator is removed, which causes an increase of the production rate in the U02 zone, 



Figures C.l-5 and C.1-6 present the variations of the capture and fission rates in the macrocell 
when we remove the moderator (the productions rates are also normalised to 1.0). We can observe a 
very large decrease of the capture and fission rates in the MOX zone and consequently an increase of 
these reaction rates in the U02 cells. 

This study shows that the void reactivity effect comes from the rebalancing of the reaction rates 
(absorption and consequently production rates) from the central MOX zone to the external UO2 zone. 

The calculation of the neutronic weights for the flooded and the voided situation shows a decrease 
by a fact01 of about 2 of the "importance" of the central MOX zone when the moderator is removed. 

Qualitohtohve analyses of the adjoint fluxes in the G M O X  macrocell 

This analysis consists in characterising the variation of the fluxes in each zone with regard to the 
corresponding adjoint fluxes, when the moderator is removed in the central L-MOX zone. 

We chose to analyse the spectra for the following cells: 

where a central L-MOX cell, 
b L-MOX cell placed at the corner of the MOX zone and against the interface with the 

U02 zone, 
c U 0 2  cell symmetric to b on the diagonal axis, 
d "asymptotic" U02 cell at the comer on the diagonal axis. 

Figure C.1-7 shows the variation of the direct flux along the diagonal axis (the integrated fluxes 
are nonnalised to 1.0) in the flooded situation, and in particular the modification of the level of the 
thermal flux between cell "d" and the central MOX cell "a"; the Maxwellian shape has almost 
disappeared. 

Figure C.1-8 shows the fluxes in the voided configuration. Several phenomena are occuning: 

The level of the thermal flux in cells "c" and "d" is somewhat higher than in the flooded case, 



The thermal flux has vanished in the central MOX cell "a". 

A very large increase of the fast flux for the central cell, 

A strong modification of the slope in the slowingdown energy range for the flux in the central 
cell, due to the loss of the moderator in the central zone. 

However, as shown in Figure C.1-9, the flux in the central MOX zone of the macrocell (for cells 
"a" and "b") do not correspond to the fundamental spectrum of a voided MOX cell placed in an infinite 
medium: the neutrons coming from the U02 zone are driving the MOX spectrum. 

Figures C.1-10 and C.l-11 show the adjoint fluxes in the flooded and voided situation respectively. 
We can note the following phenomena: 

The large resonances of Pu-240, Pu-242 and U-238 are clearly shown on those curves: this 
indicates that, if a neutron arises at the corresponding energy, its capture probability is very 
large; 

In the flooded case, we can note that the importance of the "asymptotic" U02 cell is higher than 
the others all over the energy range; 

For the voided situation we note that, for the central L-MOX cell, the importance in the low 
thermal range (under the Maxwellian peak) is higher than the others. It could be explained by 
the fact that, if a neutron arises at this energy, it will be directly absorbed by the plutonium 
isotopes (thus producing new neutrons). We do not observe this phenomena in the flooded 
situation because the moderator causes up-scattering (Maxwellian effect) resulting in a lower 
probability for this neutron to be absorbed by the plutonium isotopes. 

Figures C.1-12 and C.l-13 show the total importance for the two situations, calculated as 
@(u),@*(u). We can observe the following phenomena; 

In the thermal range, the total importances of the UO2 cells are the same; 

A decrease by a factor of 2 of the cell 3" importance (L-MOX at the comer of the L-MOX 
zone) in the thermal range; 

A very large decrease of the importance of the central L-MOX cells and the thermal range; 

Consequently, the importance in the fast energy range increases for the cell "a" 

In conclusion, this qualitative analysis allows to improve our understanding of the distribution of 
the neutrons in the macrocell when the moderator is removed. We have shown that, in the flooded case, 
the thermal spectrum for the L-MOX cells are lower than the one obtained for the U02 cells 
consequently, the fast spectrum is higher. 



In the voided case, the most important phenomena are linked to the "rebalancing" of the reaction 
rates from the MOX zone to the UO2 zone (thermal spectrum in UO2 cell higher in the voided case than 
in the flooded situation): the neutrons coming from the U02 zone are driving the neutron spectrum in the 
L-MOX zone and consequently the spectrum is intermediate between the flooded situation and the 
fundamental mode which could be obtained in an infinite voided L-MOX lattice. 

The analysis of the adjoint fluxes shows large modifications in the low thermal range where the 
voided L-MOX cell importance becomes higher than the others. 

The comparison of the total importances has shown a same effect for the U02 cells, but a very 
large decrease in the thermal range for the L-MOX cells and consequently a very large increase in the 
fast energy range. 

Analysis using Perturbations Theory 

In order to improve our understanding of the physical phenomena occuning during the voidage of 
the L-MOX macrocell, we use perturbation calculation modules implemented in the ERANOS system. 

We use the following maaocell model: 

where 1. Central L-MOX zone 
2. Peripheral L-MOX ring 
3. First U02 ring 
4. "Asymptotic" U 0 2  zone 

Calculations were done using the PI, Ss transport theory in direct and adjoint conditions in a 
15 energy group structure. The cross-sections used were obtained by the ECCO code. However, the 
results of this study must be used with care because we have done exact perturbation calculations on the 
whole domain. Thus the contribution of each region cannot be derived from these results. In particular, 
it is impossible to separate correctly the balance between the MOX zone and the U 0 2  zone. 

Consequently, the conclusions we will give here must be used as qualitative information about the 
contributions of the macrogroups. 



The contributions of each macrogroup to the total void reactivity are given in Table C.l-7. 

The positive voidage effect is essentially due to a positive contribution of the capture reaction rate 
(positive effect) which is compensated by a negative contribution due to the elastic and inelastic 
slowing-down. 

If we analyse the contribution of each macrogroup, we can see that the main positive contribution 
comes from macrogroups 2, 3.4 and 5 (elastic and inelastic slowing-down) and the main negative effect 
is due to the macrogroup 12. 

The very large positive effects of the capture (groups 11 and 13) are compensated by a negative 
contribution of the fissions (group 11) and of the slowing-down (groups 11, 12 and 13). In fact, me 
negative contribution of the slowing-down in group 13 is almost completely compensated by the positive 
effect of the capture. 

For the group 15, we can see a cancellation between the capture (-107 pcm) and the fission 
(+I53 pcm). 

Table C.1-7 Conhibution of the 15 macrogroups to the void reacBvity effect 
pin the GMOX macroceU (pcm) 



This study allows us to show that the total voidage effect comes from cancellations of positive and 
negative effects of each macrogroup used in the calculations; hut, because we calculated exact 
perturbation effects, it was not possible to derive the contribution of the different zones of the macrocell. 
However, we can note a very large positive effect of the capture rate (i.e., reduced capture) which is 
compensated by a strong negative effect of the elastic and inelastic slowingdown towards the low 
energy domain. The main positive part comes from the removal in the high energy range. 

These contributions are related to the specuum of the neutron importance, which decreases with 
energy at high energy and increases at low energy. 

Conclusion 

During the first phase of the benchmark study the participants observed a positive voidage effect 
for the macrocells loaded with MOX fuel, even for the lowest plutonium content. It is the reason why a 
special task has been performed at CEA to try to understand the physical phenomena which could 
explain this situation. 

Several studies have been performed using the APOLLO-2 code (CEA-93 library - JEF-2.2 data) 
and the ERANOS system (ECCO code + JEF-2 data and perturbation models). 

The main conclusion to be drawn from these studies is that the positive voidage reactivity 
coefficient is a physical phenomenon (specual effect) related to the specifications of the benchmark It is 
clear that in realistic cases, we must also take into account the negative contribution of the leakage 
which might compensate the positive spectral effect. 
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Figure C.  1-9 LMOX infmite medium - direct flux 
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Figure C.1-10 Adjointflux in the voided GMOX macrocell 
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Figure C. 1-12 Total importance for the flooded LMOX macrocell 





Appendix C.2 

Comparison of the results calculated with 
several Monte Carlo codes and nuclear data 

for plutonium recycling and void reactivity effect benchmark in PWRs 

H. Takano, T. Mori, H. Akie (JAERI) 

Comparison of the calculated with continuous energy Monte Carlo codes: VIM, MVP & MCNP 

Benchmark cell H-MOX 

Nuclear data JENDL-3.1 

Cross-section library VIMLIB unresolved region - probability table pointwise 
cross section - 0.1 % error 

MVPLIB unresolved region - probability table I infinite 
option pointwise cross-section - 0.1% error 

MCNPLIB unresolved region - infinite diluted pointwise 
cross-section - 0.5% error 

MVPMCNPLIB: MCNPLIB transferred to MVP code format 

The comparison between VIM and MVP shows a very good agreement between both results for 
the unvoided and voided cell calculations; 

The results calculated with MCNP-4.2 and MVP (MVPMCNPLIB) are in good agreement 
within the statistical errors of MCNP-4.2; 

The resonance shielding effect in the unresolved region are 0 . 0 5  Ak for Ule unvoided and 
0.0080 Ak for the voided cell calculations from comparing between the Zr-isotopes cases for 
MVPLIB and MVPMCNPLIB. And the effect is 0.0082 Ak for voided Zr-natural case of 
MVPLIB; 



The discrepancies between Zr-natural and isotope-wise cross-sections show the following effect 
on k-effective: 

- unvoided case: very small, 
- voided case: probability table Ak = k, - k,= 0.0021 

intinite Ak= 0.0013 
MCNP4.2 Ak= 0.0037 

The difference between MCNP4.2-JAERI and MCNP-4.2-Toshiba is 0.014 Ak for the voided 
case. 

Table C.2-I Comparison of the results calculated with the differenl Monte Carlo codes for H-MOX 
cell model using the cross-section library based on JENDL3.1. 

Comparison of the results calculated with JENDL-3.1 and 3.2 nuclear data 

The Monte Carlo code MVP was revised for upscattering treatment by expanding from 2 to 
4 eV using the short collision scattering law. And the results recalculated for the void cell 
benchmark show about 0.3% Ak effect for unvoided intinite cell calculations though they are 
very small for voided cell and assembly cases; 

The results calculated with JENDL-3.2 are about 1% Ak larger than those for JENDL-3.1 for 
U02 cell and H-MOX assembly cases. This is due to the capture resonance integral of U-235 
for JENDL-3.2 is 13% larger than that of JENDL-3.1. The difference between JENDL-3.1 and 
3.2 is small for the H-MOX calculation. 



Table C.2-2 Values corrected for MVP-JENDG3.1 and comp&on of the results calculated by 
using nuclear datn JENDG3.1 and 3.2. 

(...) show the old values reported previously with upscattering limited to 2 eV. 
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