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The report describes the final result of the Phase-1A of the Burnup 

Credit Criticality Benchmark conducted by OECD/NEA. The Phase-1A bench- 

mark problem is an infinite array of a simple PWR spent fuel rod. The 

analysis has been performed for the PWR spent fuels of 30 and 40 GWd/t 

after 1 and 5 years of cooling time. In total, 25 results from 19 insti- 

tutes of 11 countries have been submitted. 

For the nuclides in spent fuel, 7 major actinides and 15 major fis- 

sion products (FP) are selected for the benchmark calculation. In the 

case of 30 GWd/t burnup, it is found that the major actinides and the 

major FPs contribute more than 50% and 30% of the total reactivity loss 

due to burnup, respectively. Therefore, more than 80% of the reactivity 

loss cari be covered by 22 nuclides. However, the larger deviation among 

the reactivity losses by participants has been found for cases including 

FPs than the cases with only actinides, indicating the existence of 

relatively large uncertainties in FP cross sections. The large deviation 

seen also in the case of the fresh fuel has been found to reduce suffi- 

ciently by replacing the cross section library from ENDF-B/IV with that 

from ENDF-B/V and taking the known bias of MONK6 into account. 
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1. Introduction 

In many countries, the criticality evaluation of spent 

fuel storage or transport casks assumes that fresh fuel is 

loaded instead of spent fuel. For criticality safety 

analysis, this assures a safety margin by simple 

calculations. However, this results in an excessively large 

criticality safety margin for typical burned light water 

reactor (LWR) fuel. There are indications that the nuclear 

power industry is moving to increased fuel enrichments in 

order to attain even higher burnups in LWRs. The resulting 

spent fuel cari no longer be treated as if it were fresh. 

Current interest in plutonium recycle also provides an 

incentive to modify the fresh fuel transport assumption in 

that it inherently requires that spent LWR fuel be transported 

to and from reprocessing facilities on a timely and efficient 

basis. A balance needs to be sought between the two 

requirements: reduction of cost and optimal safety. 

Conventional reactor codes and data used for in-tore 

physics calculations cari be used to evaluate the criticality 

state of burned LWR fuel. However, these codes involve 

complicated models and have large computational and data 

requirements. The objective of this benchmark is to verify 

that simple models using established away-from-reactor codes 

(KENO, MCNP, etc.) cari be used to evaluate the criticality 

safety margin for spent fuel systems. The benchmark program 

includes PWR, BWR and MOX fuels and is designed to study the 

various effects on safety margins, including the effect of 

various fission products and axial burnup distributions taking 

fuel enrichment, burnup and cooling time as parameters. 

This report describes the results of part 1 of the 

benchmark series which cari be classified as a preliminary 

survey of Burnup Credit where burnup, cooling time and group 

of nuclides are taken as parameters. In total, 25 different 
results have been submitted from 19 institutes of 11 
countries. These results have been compared with each other 

in graphical form to identify sources of discrepancies. The 
identification of the origin of the differences in this phase 

(Part 1) is very important SO that one cari proceed with 

-l- 



JAERI-M 94-003 

confidence into the next phase where a more complex problem 

Will be tackled. Part 2 of the Benchmark Will be the 

analysis of a PWR fuel assembly and a transport cask taking 

axial burnup distribution into account. 

2. Benchmark Specification 

The Burnup Credit Benchmark consists of 13 cases. Each 

case is an eigen-value calculation of a simple infinite ce11 of 

a PWR fuel rod. The investigated parameters are burnup, 

cooling time and combination of nuclides in fuel region. 

These parameters are shown in Table 2.1 together with case 

numbers. Table 2.2 shows the relation between nuclides and 

their groupings, i.e., major actinides, minor actinides, major 

FPs and minor FPs. The specification of cases 1 to 9 was 

finalized in January 1992 and was published as NEACRP-L337 

Revision 1 (see Appendix 1). Further, during the first meeting 

of the Benchmark held in June 1992, Cases 10 to 13 were 

introduced additionally, in order to investigate the reactivity 

effects by minor actinides and minor FPs. 

From the result of the benchmark, various effects on the 

reactivity loss due to burnup cari be shown. 

3. Nuclear Data and Codes 

In this benchmark, the most probable cause of the 

differences observed among participants would be the nuclear 

data since the geometry mode1 is quite simple and in 

addition, atomic number densities are given. The followings 

are the brief description of nuclear data and analysis code 

employed by each participant. Additional comments from 

participants are also given here. Table 3.1 

summrizes the data and the codes of participants. 

(1) Belgonuclear, Belgium 

a) General Data 

*Institute : Belgonuclear SA, Anenue Ariane 4, 

2 
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1200 Bruxelles, Belgium. 

*Participants : Y. Vanerborck, Th. Maldague 

*Computer Code : LWR-WIMS, from Reactor Systems 

Analysis Division AEE, Winfrith, 

Dorchester, Dorset. 

*Data Library : LWR-WIMS-VERSION 1986 

"No. of Groups : 69 Energy Groups 

(2) Ontario Hydro, Canada 

a) General Data 

*Institute : 

*Participant : 

*Computer Code : 

*Data Library : 

"No. of Groups : 

b) Comments 

Ontario Hydro 

H. J. Smith 

WIMS-AECL 

Winfrith Library Version 90-06-09 

69 Energy Groups 

The composition of " Zircalloy " was not specified. For 
these calculations 100% Zr-91 in the Winfrith Library was 

used. Zr-91 represents Zr-natural. Pu-238 is not available 

in our version of the library. The reactivity effect of 

adding materials to make Zr-4 is -0.3 mk. 

(3) Technical Research Center of Finland, Finland (see also 

Appendix 2.1) 

a) General Data 

*Institute: Technical Research Center of Finland , 

Nuclear Engineering Laboratory. 

*Participant : Markku Anttila 

*Computer Code : CASMO-3 (version 4.4, 90/11/20) 

*Data Library : CASMO Library, update J, (E4LTJ40, 

880818) 

.*No . of Groups : 40 Energy Groups 

b) Comments 

The nuclides, Mo-95, Tc-99 and Ru-101 are not included 
in the library. The nuclides, Gd-155 and O-16 are included 
in the calculation but the current CASMO code does not print 

out their reaction rates. 

The nuclides, U-235, U-236, U-238 and Pu-239 are treated 
as resonance absorbers (self-shielding taken into account). 

-3 
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The composition of zircalloy used for cross section 

generation is not known. 

(4) CEA, France 

a) General Data 

*Institute : CEA/DRN* and CEA/IPSN**, France 

*participants : A. Santamarina*, P. Albarede* 

L. Maubert**, G. Poullot** 

*Computer Code : APOLLO1 

*Data Library : CEA 86 

"No. of Groups : 99 Energy Groups 

b) Comments 

The resonance shielding of U-235, U-236, U-238,Pu-239, 

Pu-240, Pu-241 and Pu-242 are considered by the LIVOLANT 

formula (effective cross-section tabulation, rigorous 

equivalence heterogeneous/homogeneous) 

We give absorption also for zirconium, water and oxygen. 

The normalization is : one source neutron. For each 

case, you cari check that : 

c Production = k eff , (multiplication factor) 
isotopes 

c Absorption = P 2 1 ( P neutron is absorbed, and 
isotopes 

P > 1 because of (n,2n) ). 

Concerning the Cases 10 to 13, we have used the APOLLO- 

KAFKA package in order to predict the inventory of high burn- 

UP PWR assemblies. Two hundred fission products are 

accounted for the depletion calculation of a 17 x 17 PWR fuel 

assembly. We used the 99-group library, SO called CEA-86 

library, which is based on the JEF-1 file, for F.P. cross 

sections. The resulting decrease in reactivity confirms the 

validity of the CEA/AEA choice of the 15 F.P.s to account for 

burn-up credit in criticality studies; these seleced 15 F.P. 

nuclides, involved in the CEA/AEA CERES experimental program, 

represent 80% of the total F.P. poisoning. 
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(5) IKE/BFS, Germany 

a) General Data 

*Institute : Institute for Kernenergetik and 

Energy Systems, University of 

Stuttgart, Germany (IKE), 

Bundesamt für Strahlenschutz, 

Salzgitter, Germany (BFS). 

*Participants : D, Lutz, W. Bernnat(IKE). 

H. -H Schweer(BFS) . 

*Computer Code : CGM (IKE-development) 

*Data Library : JEF-1, Multi-group Library 

generated by NJOY. 

*No. of Groups : 242 Energy Groups 

*Spectrum Data revised on 22 June 1993 

(6) GRS, Germany 

a) General Data 

*Institute : Gesellschaft für Anlagen- und 

Reaktor- sicherheit (GRS) mbH. 

*participants : W. Weber, H. Krug, B. Gmal, 

W. Heinicke, E. F. Moser. 

*Computer Code : SCALE-4 (CSASlX) 

*Data Library : 27 BURNUPLIB 

*No. of Groups : 27 Energy Groups 

(7) ENEA, Italy 

a) General Data 

*Institute : ENEA, Viale Regina Margherita 125, 

00198 Roma, Italy 

*Participant : Francesco Siciliano 

*Computer Code : MCNP-V3 

*Data Library : 

Following nuclides are processed by NJOY code 

employing JEF-1 library : 

H-l, O-16, Cr-24, Fe-26, Gd-155, 
U-234, U-235, U-236, U-238, Pu-238, 

Pu-239, Pu-240, Pu-241, Pu-242. 

Following nuclides are processed by THEMIS code 

employing JEF-1 library : 

-5- 
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Tc-99, Rh-103, cs-133, Nd-143, Nd-145, 

Sm-149, Sm-150, Sm-151, Sm-152, Eu-153. 

The ENDL-85 of the original MCNP library is employed 

for the following nuclides: 

Zr-40, Ag-109, Sn-50, Np-237, Am-241, 

Am-243. 

*No. of Groups : 

(Continuous) 

b) Comments 

The absorption reaction data of the nuclides Mo-95 and 

Ru-101 and Sm-147 are not taken into account since the 

corresponding neutron data sets are not available. 

(8) Hokkaido Univ., Japan 

a) General Data 

*Institute : Hokkaido University, Sapporo, Japan. 

*Participant : M. Narita 

*Computer Code : SRAC 

*Data Library : ENDF-B/4, JENDL-2 

*No. of Groups : 45 Energy Groups 

b) Comment~ 

The nuclides, Am-243 and Np-237, are not included in the 

calculation. 

(9) JAERI, Japan 

a) General Data 

*Institute : 

*Participant : 

*Computer Code 

Japan Atomic Energy Research Institute, 

Tokai, Ibaraki, Japan. 

Makoto Takano 

: JACS Code System (ANISN,KENO-IV), 

MCNP-4 

*Data Library : 

The multi-group cross section library for ANISN and 

KENO-IV codes are generated from JENDL-3, processed 

by MGCL-ACE code, a part of JACS Code System. 

The continuous energy library for MCNP-4 is 

generated from JENDL-3, by NJOY code. 

-6 
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*No. of Groups : 137 Energy Groups (ANISN, KENO) 

Continuous Energy (MCNP) 

b) Comments 

In the multi-group cross section library, a11 resonance 

absorbers are self-schielded by employing f-tables. 

(10) JINS, JAPAN (see also Appendix 2.2) 

a) General Data 

*Institute : Japan Institute of Nuclear Safety, 

Tokyo, Japan. 

*Participants : Susumu Mitake 

*Computer Code : SCALE-4 (CSASlX) 

BONAMI + NITAWL + XSDRNPM-S 

1-D discrete oridinate calculation 

*Data Library : 27 BURNUPLIB from ENDF/B- IV and V 

*No. of Groups : 27 Energy Groups 

(11) PNC (0-Arai), Japan 

a) General Data 

*Institute : PNC 0-arai, Japan 

*Participants : Nobuo 0-tani 

*Computer Code : SCALE-4 (CSAS25) 

BONAMI + NAITAWL + KENO-V.a 

*Data Library : 27 BURNUPLIB from ENDF/B-IV and V 

*No. of Groups : 27 Energy groups 

(12) PNC (Tokai), Japan 

a) General Data 

*Institute : PNC Tokai, Japan 

*Participant : Ichiro Nojiri 

*Computer Code : SCALE-4 (CSASlX) 

*Data Library : 27 BURNUPLIB 

'*No. of Groups : 27 Energy Groups 

(13) Toshiba, Japan 

a) General Data 

*Institute : Toshiba/NEL(Nuclear Engineering 

Laboratory) 

*Participant : Munenari Yamamoto 

-7 
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*Computer Code : TGBLA 

*Data Library : 

U-235, 238, Pu-239, 240, Th-232 ----- ENDF/B-V 

U-233, 236, Pu-241, 242 ----- ENDF/B-IV 

Other fissiles and fertiles ----- JENDL-3 

Fission Products ----- mainly from 

ENDF/B-IV and JENDL-2 

Other ----- mainly from 

ENDF/B-IV 

*No. of Groups : 95 Energy Groups 

b) Comments 

The nuclide Mo-95 is not explicitly treated in our FP 

model. "NU ,, (neutrons/fission) is defined as the ratio of 

production to fission rate, not like the definition given in 

p.6 of NEACRP-L-337. 

(14) CSN, Spain 

a) General Data 

*Institute : CONSEJO DE SEGRIDAD NUCLEAR, MADRID 

SPAIN 

*Participant : A.I. ALVARED, JM. CONDE, M. RECIO 

*Computer Code : CASMO-3, VERSION 4.7 

*Data Library : E4LTJB7, BASED ON ENDF/B-4 AND OTHER 

SOURCES. 93 MATERIALS, SAME GROUP 

STRUCTURE THAN IN WIMS. 

*No. of Groups : 70 Energy Groups 

b) Comments 

The nuclides Mo-95, Tc-99 and Ru-101 are not included in 

the library. 

Likewise, the O-16 absorption reaction rate is not given 

by the code. The neutron data library is based primarily on 

data from ENDF/B-4, although some data corne from other 
sources. 

Microscopic cross-sections are tabulated in 70 energy 

groups, with the structure indicated in the file. This 

structure was taken from the WIMS code with the addition of 

one boundary at 1.855 eV. 

-8 
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Four nuclides, U-235, 236, 238 and Pu-239 are tabulated 

as resonance absorbers. The 1 eV resonance in Pu-240 and 

the 0.3 eV resonance in Pu-239 are considered to be 

adequately covered by the concentration of thermal groups 

around them and consequently excluded from the special 

resonance treatment. The basic principles for the resonance 

treatment are similar to those in the WIMS code. 

Validation and QA of the CASMO code has been extensive. 

(15) E. M. Systems Sweden (see also Appendix 2.3) 

a) General Data 

*Institute : E Mennerdahl Systems Vallentuna, 

Sweden. 

*Participant : Dennis Mennerdahl 

*Computer Code : SCALE-4 (XSDRPM-S and CSASlX) 

*Data Library : 27 BURNUPLIB 

"No. of Groups : 27 Energy Groups 

(16) Studsvik, Sweden (see also Appendix 2.4) 

a) General Data 

*Institute : 

*Participant : 

*Computer Code 

Studsvik Core Analysis AB.,Nykoping, 

Sweden 

Kim Ekberg 

: CASMO-3, version 4.7, creation date 

92-03-02 

*Data Library : 

E4LBJB40. This is the standard CASMO neutron data 

library in 40 energy groups. The data are mainly from 

ENDF/B-4, but there are some data from ENDF/B-5 and some 

from JEF-2. The data have been processed with NJOY to 

the basic CASMO 70 group format. The condensation from 

70 to 40 groups has been done with representative LWR 

spectra, different for different materials. A 
calculation with 70 groups could eqally well have been 

done, and it would have given results very close to the 

present results. 

*No. of Groups : 40 Energy Groups 

9- 
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b) Comments 

The number densities given in the Appendix to NEACRP-L- 

337 have NOT been used. It is not meaningful to introduce 

into CASMO number densities from other sources, and therefore 

number densities at a11 exposures have been calculated with 

CASMO. For number densities after 1 and 5 years of decay an 

option of CASMO, Shut Down Cooling, has been used. 

(17) AEA (Culcheth), U.K. 

a) General Data 

*Institute : Safety & Reliability Directorate, 

AEA Technology, Culcheth, Warrington 

WA3 ?NE, U.K. . 

*Participant : A. J. Rudge 

*Computer Codes : Part-l LWRWIMS2a (Cases l-13.) 

Part-2 MONKGB (Cases 1, 4, 5, 8, 9, 

10, 11) 

*Data Library : Part-l the 1986 WIMS 69 Group library 

(identification WEM3N/35) 

Part-2 MONKG Point Nuclear Data 

Library 

"No. of Groups : Part-l 69 Energy Groups 

Part-2 8220 cross-section energy 

groups from 15 MeV to 0 MeV. 

b) Comments 

The MONK-6 data library does not contain fission product 

data. Calculations were only performed for cases with no 

fission product selection. Zircaloy was represented as 

zirconium in a11 calculations with a density of 6.5 g/cm3. 

Water was taken to have a dentisy of 0.9965 g/cm3. 

Neutronics data is appended on a case basis. It has 

only been provided for the LWRWIMS calculations since these 

comprise the complete study. The MONK-6 calculations have 

been included for completeness but only covered part of the 

study. 

The computer code LWRWIMS2a was used throughout the 

study in default mode. Hence a11 relevant information cari be 

obtained from the following reference - LWRWIMS User Guide, 

ANSWERS (LWRWIMS) 3, AEEW-R2444, July 1991. 

- 10 - 
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Part1 - LWRWIMS2a Data 

Referring to the neutron flux data, details are provided 

for a11 69 groups. TO obtain more accurate sampling two mesh 

regions of equal volume were modelled for the fuel only. 

Neutrons per fission cari be simply derived by dividing 

the relevant values in the 'neutron yields by nuclide' table 

by the relevant values in the 'fission by nuclide' table. 

Note that new data has not been provided for the rerun 

Cases 2&6. The data supplied previously is considered 

adequate. 

(18) AEA (Winfrith), UK 

a) General Data 

*Institute : AEA Technology, Winfrith,UK 

*Participant : N. T. Gulliford 

*Computer Code : LWRWIMS (PERSEUS) run on SUN 

Workstation 

*Data Library : WIMS 1986 Nuclear Data Library 

*No. of Groups : 69 Energy Groups 

(19) BNF, UK (see also Appendix 2.5) 

a) General Data 

*Institute : 

*Participant : 

*Computer Code : 

*Data Library : 

-*No. of Groups : 

British Nuclear Fuels pic, 

Risley, Warring ton, Eng/and. 

P. R. Thorne, P. E. Broome 

MONKGB 

MONKGB 8220 Point Energy 

Library, derived from UKNDL 

and JEF-2. 

(Continuous) 

(20) Department of Transport, UK 

a) General Data 

*Institute : UK department of Transport 

*Participant : J.T.Stewart 

*Computer Code : MONK6B (CESIUS VERSION - CES-3) 

*Data Library : MONKGB 8220 Point Energy Library 

- 11 - 
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*No. of Groups : (Continuous) 
b) Comments 

The missing nuclides in the calculations are Mo-95, Tc- 

99, Ru-101, Rh-103, Cs-133, Sm-147, Sm-149, Sm-150, Sm-151 ? 
Sm-152, Nd-143, Nd-145 and Gd-155. 

(21) ORNL, USA (see also Appendix 2.6) 

a) General Data 

*Institute : Oak Ridge National Laboratory 

*Participant : Michaele C. Brady* , Mark D. DeHart** 
*Computer Code : SCALE-4 (CSASlX) * 

, SCALE-4.2** 
*Data Library : 27 BURNUPLIB* , 

*No. of Groups : 27 Energy Groups* . 

44 group, ENDF-5,collapsed from 238 group 
** 

The result by SCALE-4.2 was supplied in September 1993. 

4. Results and Discussions 

In the report, results are shown up to 4 digits after the 

decimal point since most of the participants have supplied the 

data with more than 4 digits after the decimal point. 

However, readers should keep in mind that significant digits 

are usually 3 or SO in this type of calculation. 

4.1 Multiplication factors 

Al1 of the multiplication factors from participants are 
listed in Table 4.1 together with the values of average and 2*0 

standard deviation, where the value (T is obtained by; 

n : Number of data, ii : Average, xi : i-th data 

In the table, there are three sets of groups, i.e., groups 

A, B and C. The group A consists of the data from a11 

- 12 ~ 
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participants and the group B (23 Participants) excludes the 

data of Studsvik and Dept. of Transport from the group A since 

Studsvik has employed the different atomic number densities and 

Dept. of Transport has exculded 5 important FPs in the 

calculation. The group C (17 Participants) consists of the 

participants whose input data fully meet the benchmark 

specification. However, most of the participants in the 

group B meet the benchmark specification for no-FP cases. In 

the report, the data from the group C is used as a reference 

but the group B data is also useful for comparison among no-FP 

cases. 

Table 4.2 and Fig. 4.1 show the relative differences from 

the average of Group C (17 Participants). Figure 4.1 indicates 

that the most of the cases are within & 1% of relative 

difference from the average and the large relative differences 

are seen for the cases with FPs. In Fig. 4.2, the average and 
the 20 values of 3 groups of participants are plotted for a11 

cases. From Fig. 4.2(B), 20 of the 17 participants (Group C) 

is about 0.01 for no-FP cases, i.e., cases 4, 5, 8, 9, 10 and 
11. For cases 2, 3, 6, 7, 12 and 13 (with FPs), the 20 value 

exceeds 0.015. At this point, components of the 20 deviation 

are not identified, but it cari be said that the differences 

among F.P. cross sections used by the participants are 

relatively larger than those of actinides. The component Will 

be analyed and discussed in the next section. 
From Fig. 4.2(B), the 20 deviation of case 1 (Fresh Fuel) 

reaches more than 0.015. For the case 1, major nuclides are 

only U-235 and U-238 in the fuel region but rather large 

deviation has been observed. In order to see in more detail, 

the relative difference of only case 1 is extracted from Fig. 

4.1 and is shown as Fig. 4.3. When we look at the figure by 

code or data, the differences from the average are about +1.4, 

+0.5, +0.5 and -0.8 % for the results by MONKGB, WIMS, JENDL3 

and SCALE4 respectively. However, ORNL supplied us the result 
by SCALE4.2, the latest version of SCALE with the cross section 

library from ENDF-B/V, just after the meeting at ORNL in 

September 1993. The result by SCALE4.2 has become very close 

to the average as seen in Fig. 4.3 and is favorable for a 

better agreement among participants. Assuming that SCALE4.2 

- 13 - 
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were used instead of SCALE4 by a11 SCALE users in the 
participants, the 20 deviation of case 1 would reduce from 

0.0168 to 0.0119. Further, the MONKG is know to have about 1 

% positve bias for the uranium system as described .in the 
Reference (1). Taking this bias into consideration, the 20 

deviation Will be further improved to 0.0061. 

For the other cases, the assumption, to replace the SCALE-4 

result with the SCALE-4.2 result, Will also reduce the 

deviation, since the results of cases 2 to 13 by SCALE-4.2 have 

become closer to the average than those by SCALE-4 as seen in 

Fig. 4.1. For more detail on the difference between SCALE-4 

and SCALE-4.2, please see the Appendix 2.6. 

4.2 Reactivity Decrease 

The reactivity decrease due to burnup is shown in Table 

4.3. The values in the table are Ak, namely, 

AkN = k(Case N) - k(Case 1) . 

The relative difference, (Ak/Akavg -1.0)X100(%), of each 

participant from the average of Ak values of Group C (17 

Participants) are shown in Fig. 4.4. In Fig. 4.5, the average 
Ak and its 20 deviation are shown. It cari be seen that the 

reactivity decreases with burnup and cooling time. The 

reactivity loss caused by both actinides and major FPs becomes 

larger with burnup and cooling time as shown in Table 4.4. 

When the burnup increases from 30 GWd/t to 40 GWd/t, the 

reactivity decreases 0.0764 Ak and 0.0883 Ak after 1 and 5 

years of cooling time respectively. The effects of cooling 

time from 1 year to 5 years, on the other hand, are 0.0279Ak 

and 0.0398Ak for 30 GWd/t and 40 GWd/t burnups respectively. 

From the average Ak decrease in Table 4.3, the reactivity 

losses caused by major actinides, minor actinides, major FPs 

and minor FPs are summarized as shown in Table 4.5 and Fig. 

4.6. From the table, it cari be said that the major actinides 

(7 nuclides) contribute more than 50 % of the total Ak decrease 

but the minor actinides (5 nuclides) less than 10 %. In the 

case of fission products, the major FPs (15 nuclides) 
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contribute more than 30 % of total Ak decrease but the rest of 

FPs only about 10 % . Further, the major actinides caver 
more than 80 % of the Ak caused by a11 actinides. The major 

FPs also caver nearly 80 % of the Ak by a11 FPs. .In the 

practical application of the burnup credit, it is important for 

analysis to Select the minimum set of nuclides out of more than 

200 nuclides existing in a spent fuel. The above result shows 

the selection of nuclides in the report are quite adequate for 

practical applications. For example, when we take only 7 

nuclides (Major Actinides) as the minimum set of nuclides, they 

contribute more than 50 % of reactivity loss due to burnup. In 

this case, each major actinide has the equivalent reactivity 

contribution of 7 % to 8 % in average. Adding 15 major FPs to 

the major actinides, resulting 22 nuclides are able to 

represent more than 80 % of the reactivity 10s~. The average 

of equivalent reactivity contribution by one major FP is more 

than 2 %. 
In order to obtain the 2*0 deviations in Table 4.5, the Ak 

values of each participant are calculated for a11 sets of 

nuclides, i.e., the major and the minor actinides, and the 
major and the minor FPs. From the 20 and the 2dAk values of 

the major FPs, it seems that there exists relatively large 

discrepancy among participants in the neutron data of the major 

FPs. It is considered that the discrepancy is mainly 

originates from the uncertainty of FP neutron data. In the 
table, large 2*0 deviations are also seen for the cases of the 

minor FPs. This is, however, not caused by the discrepancy 

of FP cross section data, but simply originates from the 

variation of nuclides included as the minor FPs among 

participants in the calculation. Since there are SO many FP 

nuclides, participants were encouraged to include the minor FP 

nuclides as much as possible for the calculation. 

From Fig. 4.4, it is seen that the SCALE-4.2 agrees with 

the average Ak better than the SCALE-4. Therefore, when a11 

SCALE-4 data are replaced by those of SCALE-4.2, it is expected 
that the 2*0 deviation of Ak caused by the actinides Will 

improve from 0.0104 to 0.0071 (average of cases 4, 5, 8 and 9), 

and by the actinides plus the major FPs from 0.146 to 0.136 

(average of cases 2, 3, 6 and 7). 
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4.3 Neutron Spectrum 

In the multi-group calculation, the number of energy.groups 

varies from 27 to 247 among participants. Also the maximum 

Upper energy boundaries vary from 20 MeV to 8.2 MeV. The 

energy group structures are shown in Fig. 4.7. The data sent 

from some participants were not spectrum but group-wise flux, 

flux divided by energy width , flux multiplied by region volume, 

and SO on. They are ,however, converted into spectrum for 

mutual comparison. 

The neutron spectrum in fuel and moderator regions for 

Cases 1, 7 and 9 are plotted in Figs. 4.8 to 4.13. The 

spectra of the other cases are almost the same as shown in 

these figures. In these figures, a11 legends are placed at 

the mid-point of each energy group for mutual comparison. The 

mid-point is calculated to be at the tenter of the energy group 

in the lethargy term. In other words, the Upper and lower 

energy boundaries of each group are converted into the unit of 

lethargy. Then, the mid-point in lethargy is obtained and 

this mid-point is again reconverted into the unit of eV. From 

the figures, the effects of Pu resonances are clearly seen at 

around 0.3 eV and 1.0 eV in the fuel region. In the moderator 

region, the effects of Pu resonances are also seen but becomes 

smaller than those of fuel region. 

The spectra in these figures agree with each other quite 

well. The spectra preliminary shown in the draft report have 

been revised by replacing the data of IKE/BFS with their 

corrections. From the figures, however, the spectra of CEA 

seem to be shifted to lower energy side. Their profiles are 

quite similar to others. This may happen when the supplied 

energy data from CEA does not correspond to the Upper energy 

boundary of the group as specified in the specification. The 

shift of the CEA spectrum is clearly observed also in Fig. 4.14 

where the dip casued by the resonace of Pu is seen. 

Another discrepancy appears from 5 MeV as shown in Fig. 

4.15. Above 5 MeV, there seems to exist two curves of 

spectrum when we exclude the CEA data. The Upper curve shows 

the data of JAERI(Anisn) and JAERI(Keno). The middle curve is 
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formed by the rest of participants including JAERI(Mcnp). 

Here, the cross section libraries of JAERI(A), (K) and (M) are 

produced from the same neutron data file, JENDL-3. Both 

JAERI(A) and JAERI(K) use the 137 group library (named as MGCL) 

as a part of JACS code system, but JAERI(M) uses the continuous 

energy library edited by NJOY. Therefore, the cause of the 

discrepancy may exist in MGCL. A similar discrepancy caused 

by MGCL has been reported by Mr. Mitake of JINS as described in 

the Appendix 2.2. The investigation of the JACS code system 

has revealed that the fission spectrum used in the system is 

slightly harder than expected and the corrective work has been 

initiated. 

4.4 Reaction Rates 

The reaction rates are shown in graphical form in order to 

help the participants in identifying possible causes of 

discrepacy involved in their data and code. 

In order to compare reaction rates supplied from 

participants, we have employed the data- which fully meet the 

benchmark specification. Namely, the reaction rate data 

produced by the calculation employing a11 of the specified 

nuclides (Group C or 17 Participants) and supplied by the 

computer readable media. Therefore, the data recorded on 

sheets of paper was not considered except the values of 

multiplication factors. Further, the reaction rate data from 

different participants, but produced by the same code system, 

such as SCALE-4, have been represented by one data. Under the 

above mentioned condition, the reaction rates produced by 

SCALE-4, MONKGB, MCNP-4(JENDL-3), LWR-WIMS, JACS(K), CGM and 

APOLLO1 have been compared. 

In the following comparison, both absorption and production 

reaction rates are normalized to unity. It may be convienient 

for comparison without the normalization to identify the 

absolute difference of reaction rates among participants, 
however, it Will somtimes draw misleading result. When we 

compare reaction rates of two participants, for example, in 
order to identify the nuclide causing the discrepancy of two 

multiplication factors, the difference of the production 
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reaction rates may conveniently tel1 you nuclicies which cause 

the eigen-value discrepancy. But, the identified nuclides may 

not be responsible for the discrepancy, rather, the difference 

between the production reaction rates of the nuclides may just 

reflect the differences of absorption reaction rates of various 

nuclides since the sum of the absorption rates is always 

adjusted to unity. 

It is not an easy task to identify the major nuclides which 

cause the discrepancy in the multiplication factors, however, 

it cari be said that only the large differences observed among 

participants should be focused. But it may be difficult to 

deduce any result by looking at small differences of reaction 

rates, since they are probably induced just by adjusting the 

large differences due to normalization. 

(a) Absorption Reaction Rates 

For each nuclide, the absorption reaction rates 

evaluated by 7 different codes are shown in one figure. 

When the sum of absorption reaction rates calculated by a 

code does not equal unity, the normalization has been done 

to make the sum unity. The re-normalization was also 

necessary for the cases where the reaction rates were 

evaluated over the region containing both fuel and 

moderator. 

The differences from the average reaction rate are 

shown in the Appendix 3.1 for each nuclide. The difference 

in positive value induces the multiplication factor lower 

and vice versa. 

From these figures, relatively large differences of 

around 0.004 to 0.007 are observed for the nuclides, U-238, 

U-235 and Pu-239. Around 0.001 to 0.002 of differences are 

seen for Pu-240, Pu-241, Gd-155, Nd-143, Rh-103, Sm-149, 

Sm-151 and Tc-99. Since the FP nuclides are a11 

absorbers, the differences of Gd-155, Nd-143, Rh-103, Sm- 

149, Sm-151 and Tc-99 cari be considered as the main reason 
of larger 20values of multiplication factors as already 

seen in Section 4.1. 
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(b) Production Reaction Rates 

In the same manner, the differences of production 

reaction rates are shown in the Appendix 3.2. Rather large 

differences around 0.006 to 0.008 are seen for Pu-239, U- 

235 and U-238. But for the remaining nuclides, the 

differences are less than 0.001. 

(c) V values 

The.definition of v values in the original benchmark 

specification was‘ not adequate, however, most of the 

participants were aware of it and supplied the data by 

using appropriate definition as given in the revised 

benchmark specification (see Appendix 1). In the figures, 

the data by the MONK-6 has been omitted since the 
statistical error for V values are relatively large. 

Figures in the Appendix 3.3 show the relative differences 
of v values from the average. It should be noted here that 

the differences shown in these figures may include the 

differences originated from the participants' definitions 
of V values. 

(d) Comparison 

The absorption reaction rate of Case 7 (40 GWd/t, 5 years, 

with FP), is plotted in Fig. 4.16 as an example. The nuclides 

shown in the figure have differences in absorption rates more 

than 0.001 among participants, namely, each nuclide cari be the 
source of more than 0.1 % Ak discrepancy. From the figure, 

the LWR-WIMS has large negative differences for FP nuclides, 

especially Sm-149 and Sm-151. The absorption cross section 

of these nuclides might be one of the possible reasons for 

higher multiplication factors seen in the cases with FPs, as 

already observed in Fig. 4.1. The LWR-WIMS also shows the 

large positive differences for actinides. However, they seem 
simply compensating the negative differences in order to make 

the total absorption rate by a11 nuclides to unity, since the 

multiplication factors of no-FP cases (namely only actinides) 
by LWR-WIMS are very close to the average. 

In the same manner, the differences of production rates and 
V values of case 7 are shown in Fig. 4.17. It is seen that 
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the JACS(K) and the MCNP(JENDL) do not show the same tendency 

despite the fact that both cross section libraries are 

generated from JENDL-3. For example, the large positive 

difference of U-238 production rate may correspond to the 

higher multiplication factor than MCNP(JENDL3) for fresh fuel, 

and the large negative difference of Pu-239 absorption rate in 

Fig. 4.18 may add another cause of discrepancy leading the 
lager difference for spent fuel cases. From the figure of v 

values, both JACS(K) and MCNP(JENDL3) show the same tendency 

but always disagree with other codes. This may lead to check 
the v data in JENDL-3 neutron data file. 

It may be possible to obtain other important findings from 

these data, but this Will be left to readers. Because the 

parameters are too many, i.e., 7 codes, 13 cases, 27 nuclides 

for absorption rate and 12 nuclides both for production rate 
and for v value, resulting 4641 data to be compared. Since 

most of the readers Will focus on one particular code, the 

number of data to be compared Will be greatly reduced. In 

Figs. 4.19 to 4.21, the reaction rates of a11 nuclides for 

cases 1 to 9 are drawn as stacked graphs in order to show the 

relative importace of each nuclide to the total reaction rate. 

The data is taken, as an example, from the result of the 

JAERI(Anisn) calculation. 

5. Concluding Remarks 

As the first step of the burnup credit benchmark 

exercises, a simple PWR pin ce11 has been selected and in 

total 13 cases have been analyzed by taking the burnup, 

cooling time and group of nuclides as parameters. The 

reactivity loss due to burnup has been calculated and its 
average varies from 0.298 Ak for 30 GWd/t after 1 year cooling 

to 0.414 Ak for 40 GWd/t after 5 years cooling. The 

reactivity loss has been divided into four contributions, 

namely, by 7 major actinides, 5 minor actinides, 15 major 

fission products (FPs) and many minor FPs. The nuclides for 

burnup calculation need to be selected SO that they caver the 

reactivity loss as much as possible by a minimum number of 

nuclides. The nuclides for the major actinides and major 
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FPs, employed in the benchmark exercise, are considered to be 

an adequate selection since it has been found that these 

nuclides caver more than 80 % of the reactivity loss due to 

burnup. In the case of 30 GWd/t burnup, the major actinides 

and the major FPs represent about 80 % of reactivity losses 

due to a11 actinides and a11 FPs respectively. The 

reactivity loss obtained here, however, Will decrease in more 

realistic situations due to the neutron leakage. 
In the report, the 20 standard deviations are also 

calculated to analyze reactivity 10s~. From 20 values, the 

error components in the reactivity loss have been identified. 

It has been found that the largest component originates from 

the major FPs indicating large uncertainties of FP cross 

sections among participants. 
The 20 value of the fresh fuel case (case 1) is 0.168 

which is larger than those of the cases without FPs and in 

some cases, even with FPs. Why the fresh fuel case has 

large deviation, cari be explained by the following two facts. 

One is the release of SCALE4.2 whose library is generated from 

ENDF-B/V. It is estimated that the new results by SCALE-4.2 
from ORNL Will reduce the 20 value to 0.119. The other fact 

is that the MONKG is known to have about 1 % positive bias for 

uranium systems. Taking these two facts into account, the 
20 Will further reduce to 0.0061. 

It is important to grasp the deviation of results among 

participants by using a simple problem before tackling with 

more complicated ones, that is one of the purposes of the 
Phase IA benchmark. The 20 deviations for the multiplication 

factors are in the ranges of 0.0099 to 0.0110, and 0.0156 to 

0.0170 for the cases of the actinides and the actinides plus 

FPs respectively. Similarly, in the case of the reactivity 
loss, the 20 deviations are also in the ranges of 0.0097 to 

0.0114, and 0.0134 to 0.0154 for the cases of the actinides 

and the actinides plus FPs respectively. The inclusion of 
SCALE4.2 results Will improve the above values. 

While processing the data from participants, 1 found that 

the modern PCs with spread-sheet software are capable of 

analyzing substantial amount of data very quickly. We cari 
analyze the data visually by drawing various graphs 
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interactively. Al1 data from the participants and data used 

to produce tables and figures in the report are available for 

your further analysis (stored in WINGZ format on Macintosh). 

It Will be beneficial to make a small database for this type 

of benchmark for various code users to identify potential 

problems involved in generating the cross section, calculating 

the spectrum and SO on. 

Acknowledgments 

The author would like to thank the participants in the 

international benchmark study for their contributions to the 

work and for their helpful comments in the preparation of this 

report. He also wishes to thank Dr. E. Whitesides of ORNL, the 

chairman of the group, for conducting the meeting to make 

fruitful, Drs. Y. Naito,' Y. Nomura and H. Okuno of JAERI for 

their valuable comments and discussions during the work, and 

Mr. T. Kaneko of the Japan Research Institute and Mr. M. Nagai 

of the Kanazawa Computer Service for their efforts to prepare 

figures and tables. Finally, he would particularly thank Dr. 

E. Sartori and his staff at the NEA for their contribution in 

organizing the exercise and arranging the meetings. 

References 

(1) R. J. Brissenden, "Increasing the Physical Realism of the 

MONK Criticality Code", Proc. Topical Meeting on Physics and 

Methods in Criticality Safety, ISBN O-89448-183-5, pp. 51- 

57, Nashville, TN, USA, 19-23, Sep, 1993. 

- 22 - 



Table 2.1 Parameters and Case Numbers 

Case 1 2 3 4 5 6 7 8 9 10 11 12 13 3 
B 

Burnup (GWd/t) Fresh 30 40 30 40 30 40 30 40 30 30 30 30 Ï 
$ 

Cooling time (years) N/A 1 1 1 1 5 5 5 5 1 5 1 5 fi? 
I 

Actinides N/A All AH All All All All All All Major Major All All 8 

Fission Products N/A Major Major No No Major Major No No No No All All 
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Table 2.2 Grouping of Nuclides 
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Table 3.1 Summary of Participants, Data and Codes 

‘Jo.COUNTRY INSTITUTE PARTICIPANT NUCLEAR DATA CODE REMARKS 

Origin Library No of Groups 

1 Belgium Betgonuclear Vanderborck WIMS-1986 69 LWR-WIMS 

2 Canada Ontario Hydro Smith Winfrith-90/06/09 69 WIMS-AECL 

3 Finland Tech. Res. Cranter Anttila (ENDF-B/4) E4LTJ70 70 CASMO-3 Excl. Mo95,Tc99,RulOl 

4 Finland Tech. Res. Center Anttila (ENDF-B/4) E4LTJ40 40 CASMO-3 Excl. Mo95,Tc99,RulOl 

5 France CEA Santamarina JEF-1 CEA-86 99 APOLLO 1 

6 Germany IKUBFS Lut2 JEF-1 PJW 242 CGM(IKE) 

7 Germany GRS Weber ENDF-Bi4,0/5 27BURNUPLIB 27 SCALE-4(1 X) 

8 Italy ENEA Siciliano JEF-1 +ENDL-85 WJW (Continuous) MCNP-3 Excl. Mo-95,Ru-101 ,Sm-147 

9 Japan Hokkaido Univ. Nariia JENDL-2/ENDF-B/4 SRAC 45 SRAC Excl. Am243,Np237 

10 Japan JAERI Takano JENDL-3 MGCL 137 JACS(ANISN) E 
11 Japan JAERI Takano JENDL-3 MGCL 137 JACS(KEN0) 

k 
12 Japan JAERI Takano JENDL-3 WJOY) (Continuous) MCNP-4 

E 
13 Japan JINS Miiake ENDF-Bl4,Bi5 27BURNUPLIB 27 SCALE-4( 1 X) l 

14 Japan PNC(O-Arai) Ohtani ENDF-Bi4.815 27BURNUPLIB 27 SCALE-4(25) 8 

15 Japan PNC(Tokai) Nojiri ENDF-Bl4,0/5 27BURNUPLIB 27 SCALE-4(1X) 

16 Japan Toshiba Yamamoto JENDL-2,3,ENDF-B/4,6/5 B-4,5,J-3 95 TGBLA Excl. Mo-95 

17 Spain CSN Conde (ENDF-B/4) E4LTJB7 70 CASMO-3 

18 Sweden E.M. Systems Mennerdahl ENDF-B/4,8/5 27BURNUPLIB 27 SCALE-4 

19 Sweden Studsvik Ekberg ENDF-B/4,8/5,JEF-2 E4LBJB40 40 CASMO-3 Number densities by CASMO 

20 U.K. AEA (Culcheth) Rugde WIMS-1986 69 LWR-WIMS2a Mo96 instead of Mo95 

21 U.K. AEA (Winfrtth) Gulliford WIMS-1986 69 LWR-WIMS 

22 U.K. BNF Thorne UKNDL+JEF2 MONKGB (Continuous) MONKGB 

23 U.K. Dept. of Transport Stewart UKNDLiJEF2 MONKGB (Continuous) MONK6B Excl. Mo,Tc,Ru,Rh,Cs,Sm,Nd,Gd 

24 U.S.A. ORNL Brady ENDF-B/4,B/5 27BURNUPLIB 27 SCALE-4(1 X) 

25 U.S.A. ORNL DeHart ENDF-615 (From 238 group) 44 SCALE-4.2 



Table 4.1 Multiplication Factors of Al1 Participants 

5 France APOLLO-l 0 A 0 CEA 

6Germany CGM 0 A 0 IKE/BFS 

7Germanv SCALE-4(1X) 0 A q GRS [ 1.13211 1.05671 1.23941 

1 19 1.18361 1.1051 1.0180 1.2228 1.1604 1.2576 1.2505 1.1026 1.08C 

.1093 1.0209 1.2273 1.1634 1.2619 1.2552 1.1088 1.0753 

_""" , -II-- , ----- , ---- I ----- , -XEI~ Case7 Case8 Case9 Case10 Case11 Case12 Case13 

15 1.2287 1.1654 1.2636 1.2567 1.1065 1.0754 

1 0.01681 0.04551 0.053 

I 1 0.0175 0.01691 0.01701 0.01071 0.0110 0.0164 0.01561 0.01091 0.00991 0.0106( 0.01091 0.01941 0.0185 



Table 4.2 Relative Difference from Average Value of Group C CCalculatiodAverage-l.Ol*lOO 

Y 

1 Fission Products 1 N/A Nn I NnIaior 1 Maior 1 No Nn Nn All 

LWR-WIMS 0 A 0 Belgonuclear 0.5436 1.5794 1.7298 0.2006 0.04641 1.55331 1.64171 0.22131 

WIMS-AECL 

0.0010~ 

0 A 0 Ontario Hydro 0.2834 0.4505 0.5472 0.3700 0.48391 0.33601 0.3331 0.3084 0.332 
CASMO-3(70G) 

11 
0 A Tech. Aes. Center 0.0546 0.7901 1.0003 0.2207 

CASMO-3(4OG) 0 A Tech. Res. Center 0.0824 0.7550 0.9627 0.1805 

8lltaly IMCNP-3 OA ENEA 0.1311 0.8076 -1.1496 0.4160 
ISRAC 

-0.8799 0.4772 -0.4384 0.4194 0.1399 
9 Japan OA Hokkaido Univ. I 0.0226 0.2273 0.9325 0.3443 , 0.0111 0.4461 1.2051 0.1814 0.0610 

1 OUapan IJACS(ANI! 9N) 0 A CI JAERI(A) 0.4810 0.2375 0.2341 0.5900 0.5849 0.2767 0.2452 0.6690 
11 IJapan IJACS(KENO-IV) 

0.6272 0.5832 0.5905 1.8231 -1.3040 
o A 0 JAERI(K) 0.5992 0.4480 0.436: 729 0.70821 0.4796 0.7789 0.9532 

46 -0.2333 -0.4300 0.0953 
-0.72921 -0.70971 0.65421 -0.48581 

0.73021 

142 -0.4788 -0.4794 0.5043 -0.5085 
1 0.73831 -0.6579) -0.8469( 

-0.44161 0.6673! -0.61 
0.6662 -0.8496 0.4137 

1 
-0.21201 0.0044 

0.75011 -0.71851 -0.63541 -0.52601 -0.34091 -0.4668( -0.65831 -0.5849 -0.4381 0.4880 0.5122 0.5244 0.3610 -0.8206 

12IJapan [MCNP-I IO~A~O~AERI(M) 
13 Japan ISCALE-4(1X) 10 (A 10 /JINS 
14lJapan ISCALE-4(25) 

I 
bCALE-4(1X) 

(0 1 A )Cl IPNC(O-Arai) 
15 Japan I 

1 0 1 A ( 0 / PNC(Tokai) 
161Japan 

tl7]Spain =b 0.2635 



Group 

NO.ICOUNTRYI CODE A B C INSTITUTE I I 
1 IWnillm II WR-WIMS 0 A 0 Belgonuclear 0.0000 -0.2874 -0.3634 -0.1975 

2 Canada IWIMS-AEC :L 0 A 0 Ontario Hydro 0.0000 -0.2964 -0.3723 -0.1917 
ICASMO3(70G) 0 A Tech. Fies. Center 0.0000 -0.2878 -0.3626 -0.1887 

-0.25651 -0.316Oj -0.40481 -0.21451 -0.27991 

‘-c 

Table 4.3 Reactivity Decrease (Ak) 

8 Italy MCNP-3 OA ENEA 0.0000 -0.2865 -0.3844 -0.1955 a.25781 -0.31831 a.41641 -0.21271 -0.26861 / / 
9 Japan SRAC OA Hokkaido Univ. 0.0000 -0.2999 -0.3836 a.1876 

10 Japan JACS(ANISN) 0 A 0 JAERI(A) 0.0000 -0.3018 -0.3785 -0.1918 
JACS(KENO-IV) 0 A 0 JAERI(K) 0.0000 -0.3011 -0.3780 -0.1914 -0.24511 -0.32621 -0.41751 -0.20841 -0.26961 

-0.24881 -0.33011 -0.401 l( -0.20691 a.271 11 
4.24921 -0.32931 -0.4182 -0.2081 -0.27171 -0.1739 -0.1807 -0.3165 -0.3829 

11 Japan 

12 Japan IMCNP-4 IOlA[OjJAERI(M) 0.00001 -0.30451 -0.38361 -0.20611 -0.24971 -0.33851 -0.42111 -0.21961 -0.27591 l 
13 Jaoan ISCALE-4(1x) IOIAIOIJINS ( 0.00001 -0.2952 -0.37051 -0.1878 -0.24401 -0.3224 4.4096 -0.20481 -0.2672 -0.17021 -0.17ï’ll 
14 Japan ISCALE-4(25) 10 1 A 10 IPNC(O-Arai) 0.0000 -0.2945 -0.3724 -0.1843 -0.2465 -0.3186 -0.4119 -0.2039 -0.2614 
15 Japan ISCALE-4( 1 X) 1 o ( A 1 q ]PNC(Tokai) 0.00001 -0.29501 -0.3700 -0.1880 -0.2440 -0.3220 -0.4090 -0.20401 -0.2670) -0.17001 -0. 
16 Japan TGBLA OA Toshiba 0.0000 -0.2991 -0.3756 -0.1936 -0.2518 -0.3264 -0.4150 -0.2101 
17Spain CASMO-3 0 A 0 CSN 0.0000 -0.2877 -0.3625 -0.1887 -0.2460 -0.3157 -0.4029 -0.2057 
18 Sweden SCALE-4( 1 X) 0 A 0 E.M.Systems 0.0000 -0.2952 -0.3706 -0.1879 -0.2440 -0 3275 -0.4096 -0.2048 
19 Sweden CASMO-3 0 Studsvik ( 0.0000~ 1 -0.2001( -0.2647 
20 U.K. LWR-WIMS2a 0 A AEA(Culche1 WV/) 1 0.00001 -0.28621 -0.36191 -0.19761 -0.25651 
21 U.K. LWR-WIMS 0 A 0 AEA(WinfrithW) 1 0.00001 -0.2875 -0.3634 a.19761 -0.2565 -0.3160) -0.40471 -0.2146 -0.2799 -0.17911 -0.18611 -0.3496 -0.3729 
22 U.K. MONKGB 0 A 0 BNF 0.0000 -0.3119 -0.3912 -0.20111 -0.2619 -0.34151 -0.4307 -0.2182 -0.2831 a.18451 -0.19111 
23 U.K. MONKGB 0 Dept. of Transport 0.0000 -0.2107 -0.2694 -0.2050 -0.2649 -0.2257 -0.2974 -0.2184 -0.2856 
24 U.S.A. SCALE-4( 1 X) 0 A q lORNLV4 0.0000 -0.2953 -0.3706 -0.1879 -0.2440 -0.3225 -0.4096 -0.2048 -0.2672 -0.1700 -0.1771 -0.3250 -0.3467 
25 U.S.A. SCALE-4.2 0 A 0 ORNL V4.2 0.0000 -0.3003 -0.3765 -0.1933 -0.2510 -0.3276 -0.4160 -0.2096 -0.2735 -0.1750 -0.1817 -0.3281 -0.3616 

Case 1 Case 2 Case 3 Case 4 Case 5 Case6 Case 7 Case 8 Case 9 Case 10 Case 11 Case 12 Case 13 
All Participants 0 Average 0.0000 -0.2924 -0.3691 -0.1930 -0.2510 a.3200 -0.4072 -0.2100 -0.2733 -0.1749 -0.1819 a.33 , 

0 2’sigma 0.0000 0.0368 0.044; 
0.0000 

3 
0.0000 
0.0000 

0.0105 
-0.1922 

~ 

0.0092 
-0.1922 

1 10 (2’sigma 



Table 4.4 Reactivity LO~S by Actinides and Major FPs in delta k (17 Participants) 

Actinides 

Major FP .___________--_-------~-~-. 
Total 

Actinides 

Major FP 

Total 

0.2976 0.3740 

0.2094 0.2721 

0.1161 0.1417 

0.3255 0.4138 

1 Year 

5 Years 

Table 4.5 Reactivity LOS~ by Each Set of Nuclides 

I 30 GWd/t. 1 Year I 30 GWdlt. 5 Years 

Major Actinides 

Minor Actinides 

Major FPs 

Minor FPs 

Total 

AK 

0.1746 

0.0176 

0.1054 

0.0314 

0.3290 

T Ratio(%) ) 20 1 ~O/AK(%) ) AK I 4 I 
53.2 0.0094 5.4 0.1815 

5.3 0.0018 10.2 0.0279 

32.0 0.0126 12.0 0.1161 

9.5 0.0269 85.7 0.0357 

100.0 0.0205 6.2 0.3612 

The values of delta k are the differences of average values in Table 4.3 

The values of 2*sigma are calculated from reactivity decrease obtained from Table 4.1 

The large deviation of Minor FPs cornes from the difference of FP nuclides included as Minor FPs. 

20 

0.0092 

0.0025 

0.0121 

0.0249 .---------_------ 
0.0248 i 

- 

10.4 

69.7 _---------- _------. 
6.9 
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(Case 13) 

Fig. 4.6 Contributions to Reactivity Loss 
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Fig. 4.7 Upper Energy Boundaries 
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Fig. 4.8 CASE 1 Spectrum in Fuel (Fresh Fuel) 
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Fig. 4.9 CASE 7 Spectrum in Fuel (40GWd/t, 5yr, selected F.P.) 
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Fig. 4.10 CASE 9 Spectrum in Fuel (4OGWd/t, 5yr, no F.P.) 
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Fig. 4.11 CASE 1 Spectrum in Reflector (Fresh Fuel) 
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Fig. 4.12 CASE 7 Spectrum in Reflector (40GWd/t, 5yr, selected F.P.) 
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Fig. 4.13 CASE 9 Spectrum in Reflector (40GWd/t, 5yr, no F.P.) 
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Fig. 4.14 CASE 9 Spectrum in Fuel (From 0.6 to 1.4 eV.) 

- 

- 

I 

8 

- 

0 

- 

- 

- 

I 

Q 

- 

x AEA(Winfrithm) 

+ Belgonuclear 

0 CEA 

v C. S. NUCLEAR 

A GRS 

v Hokkaido Univ. 

0 IKE/J3FS 
b 

* JAERI(A) 

* JAERI(K) 
ap 

Q JAERI(M) 

@ JINS 

i @ Ontario Hydro 

lE+OO -1 / I 

2 
e l&01 po 
1 

1, 

7- 

lE+07 

(From 1 MeV to 

lE-03 - 

lE+06 
B PNC, Tokai 

Energy(eV) * Toshiba 

Fig. 4.15 CASE 1 Spectrum in Fue .O MeV) 

- 39 



JAERI-M 94-003 

n APOLLO1 0 JAC%K) q MCNP(JENDL3) q SCALE-4 

q EM q LWR-WIMS q MONK6B 

Fig. 4.16 Nuclides with Large Differences of Absorption Rates (Case 7) 
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Fig. 4.17 Nuclides with Large Differences of Production Rates 
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Fig. 4.18 Absorption-Rate of Each Nuclide (Example) 
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Fig. 4.19 Absorption-Rate of Each Nuclide (Enlarged) 
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Fig. 4.19 (Continued) 
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Fig. 4.19 (Continued) 
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Fig. 4.19 (Continued) 
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Fig. 4.20 Production-Rate of Each Nuclide (Example) 
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Fig. 4.21 Production-Rate of Each Nuclide (Enlarged) 

1 U-234 q U-236 0 Pu-238 H pu-240 

n U-235 U-238 •n Pu-239 Ej h-241 

83 Pu-242 

q Am-241 

q An243 

fj Ng237 

Case 

Case 

Case 

Case6 

Case5 

Case3 

l I I I l 
I I I I 8 I I I I , Il I I , , / 1 I 

25% 30% 35% 40% 45% 50% 

Fig. 4.21 (Continued) 
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Appendix 1 Specification of Benchmark Problem 

Burnup-Credit Criticality Benchmark 

Part 1 Simple PWR Spent Fuel Ce11 

(Problem Specification) NEACRP-L-337 (Revision 1) 
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NEACRP-L-337 (Revision-1, Jan. ‘92) Page 1 

BURNUP-CREDIT CRITICALITY BENCHMARK 

Part 1 Simple PWR Spent Fuel Ce11 

(Problem Specification) 

Makoto Takano 
JAERI 

Tokai-mura, Japan 

and 

Michaele C. Brady 
ORNL 

Oak Ridge, USA 

January 1992 

OECD Nuclear Energy Agency 
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NEACRP-L-337 (Revision-1, Jan. ‘92) Page 2 

Burnup-Credit Criticality Benchmark 

Part 1. Simple PWR Spent Fuel Ce11 

(Problem Specification) 

Makoto TAKANO* (JAERI) and Michaele BRADY** (ORNL) 

* Fuel Safety Division, JAERI, Tokai-mura, Naka-gun, Ibaraki-ken 3 19-11 JAPAN. 
Bitnet address is “J352O@JPNJAERI”. Tel. (0292) 82-5943, Fax. (0292) 82-6199. 
** Computing and Telecommunications Division, ORNL, P.O.Box 2008, Bldg. 6011, MS-6370, 
Oak Ridge, Tennessee 37831-6370 USA. 
Bitnet address is “UMB@ORNLSTC”. Tel. (615) 574-5277, Fax. (615) 576-3513. 
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NEACRP-L-337 (Revision-1, Jan. ‘92) Page 3 

1. Overview of the Benchmark Program 
In many countries, the criticality evaluation of spent fuel storage or 

transport casks assumes that fresh fuel is loaded instead of spent fuel. For 
criticality safety analysis, this assures a safety margin by simple 
calculations. However, this results in an excessively large criticality safety 
margin for typical burned light water reactor (LWR) fuel. There are 
indications that the nuclear power industry is moving to increased fuel 
enrichments in order to attain even higher burnups in LWRs. The 
resulting spent fuel cari no longer be treated as if it were fresh. Current 
interest in plutonium recycle also provides an incentive to modify the fresh 
fuel transport assumption in that it inherently requires that spent LWR fuel 
be transported to and from reprocessing facilities on a timely and efficient 
basis. A balance needs to be sought between the two requirements: 
reduction of cost and optimal safety. 

Conventional reactor codes and data used for in-tore physics 
calculations cari be used to evaluate the criticality state of burned LWR fuel. 
However, these codes involve complicated models and have large 
computational and data requirements. The objective of this benchmark. is 
to verify that simple models using established away-from-reactor codes 
(KENO, MCNP, etc.) cari be used to evaluate the criticality safety margin for 
spent fuel systems. The benchmark program includes PWR, BWR and MOX 
fuels and is designed to study the various effects on safety margins, 
including the effect of various fission products and axial burnup 
distributions taking fuel enrichment, burnup and cooling time as 
parameters. 

Part 1 of the benchmark series cari be classified as a preliminary 
survey of Burnup Credit where burnup, cooling time and fission products 
are taken as parameters. The results submitted by participants Will be 
compared with each other in graphical form to identify sources of 
discrepancies. The identification of the origin of the differences in this 
phase (Part 1) is very important SO that one cari proceed with confidence 
into the next phase where a more complex problem Will be tackled. Part 2 
of the Benchmark Will be the analysis of a PWR fuel assembly and a 
transport cask taking axial burnup distribution into account. 
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NEACRP-L-337 (Revision-1, Jan. ‘92) Page 4 

2. General Specification of Spent Fuel Ce11 (see Fig. 1) 
3.6 w/o 
1.33 cm 
0.412 cm 
0.412 cm 
0.475 cm 
Zircalloy 
Water 
Infinite 
Uniform 
Uniform 
300 K 
As given in Appendix A 

Fuel Enrichment 
Fuel Ce11 Pitch 
Fuel Radius 
Cladding Inner Radius 

Ou ter Radius 
Material 

Moderator 
Fuel Leng th 
Axial Burnup Distribution 
Radial Burnup Distribution 
Temperature 
Atomic Number Densities 

3. Parameters 
Cooling Time 
Fuel Burnup 
Fission Product 

1 and 5 year(s) 
0, 30 and 40 GWd/t 
Selected and Omitted 

Table 1 Reference Case Numbers 

Cooling 

Time 

1 

(year) 

5 

(years) 

4. Cowipd;ed 1 Fresh Eiwnup3 O’GWdr 

Selected Case 1 Case 2 Case 3 

No F.P.s Case 4 Case 5 

Selected (Case 1) Case 6 Case 7 

No F.P.s Case 8 Case 9 
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NEACRP-L-337 (Revision-1, Jan. ‘92) 

4. Nuclides Specification 
4.1 Actinides (12 nuclides) 

U . . . 234, 235, 236, 238 
Pu...238, 239, 240, 241, 242 
Am..241, 243, Np237 

4.2 Fission Products (Selected..lS nuclides) 

Table 2 List of Fission Products 

Nuclide II Selected I No F.P.s 

Yes No 
Yes No 
Yes No 
Yes No 
Yes No 

Gd-155 1 Yes I No 

Page 5 
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NEACRP-L-337 (Revision-1, Jan. ‘92) 

5. Requested Information and Results 

( Please forward the results by electronic mail to JAERI, otherwise send a 
diskette or a magnetic tape by mail. We are able to read the 3.5-inch 
diskette recorded by Macintosh and MSDOS.) 

Data 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

Contents 
* General Data * 
Date 
Institute 
Participants 
Computer Code 
Data library identification, origin, description 
No of Energy Groups (NEG), supply 1 for continuous energy 
Upper Energy Limit, High -> Low of each energy group( i=l,NEG) 
* Result of Case 1 * 
Multiplication Factor, (For Monte Carlo..No. of histories, Deviation) 
Neutron Spectrum in water ( i=l,NEG) 
Neutron Spectrum in fuel ( i=l,NEG) 
- Reaction rates - (Total of a11 energy ranges) 
U-234 Production, 
U-235 Production, 
U-236 Production, 
U-238 Production, 
Pu-23 8 Production, 
Pu-239 Production, 
Pu-240 Production, 
Pu-241 Production, 
Pu-242 Production, 
Am-24 1 Production, 
Am-243 Production, 
Np-237 Production, 
Mo-95 Absorption 
Tc-99 Absorption 
Ru-101 Absorption 
Rh-103 Absorption 
Ag-109 Absorption 
cs-133 Absorption 
Sm-147 Absorption 

Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
Absorption, Neutrons per fission 
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NEACRP-L-337 (Revision-1, Jan. ‘92) Page 7 

33 Sm-149 
34 Sm-150 
35 Sm-151 
36 Sm-152 
37 Nd-143 
38 Nd-145 
39 Eu-153 
40 Gd-155 
41 O-16 

Absorption 
Absorption 
Absorption 
Absorption 
Absorption 
Absorption 
Absorption 
Absorption 
Absorption 

Repeat Data 9 to 41 for other Cases. 

In each Case, the total of a11 the production rates as well as a11 the 
absorption rates should be normalized to unity. The absorption reaction rate 
(Ai), the production reaction rate (Pi) and the neutrons per fission (Fi) of 

nuclide i are defined as follows; 

&$dEdV 
A i= 

V > 

where an 
c Ai z 1, 
i=l 

Pi= 
V > 

where 
dl 

c Pi P 1, 
i=l 

Fi= 
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6. Atomic Number Densities to be used for Cases 1 to 9 (prepared by ORNL) 
Will be distributed from NEA Data bank by a diskette or by an electronic mail. 
(See Appendix A) 

7. Schedule 
End November Distribution of the Draft Specification 
Mid December Comments on Available Nuclides from each 

participant 
End December Distribution of Final Specification 
End April Results from a11 participants to JAERI 
l-2 June CWG meeting in Paris (tentative) 
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( Reflective Boundary Condition ) 

Page 9 

Light Water 

( Reflective Boundary Condition ) 

1 b 
1.33 cm 

Fig. 1 Ce11 Configuration 
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NEACRP-L-337 (Revision-1, Jan. ‘92) 

Appendix A 

Atomic Number Densities 
(by ORNL using ORIGEN-S/SAS2H) 

Page 10 
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INFORMATION REGARDING THE CALCULATION OF ORIGEN-S/SAS2H ISOTOPICS 

PWR assembly design description for tabulated cases 

Parameter 

Assembly general data 
Designer 
Lattice 
Water temperature,K 
Water density, av, g-cm-3 
Soluble boron cycle av, ppm (wt) 
Number of fuel rods 
Number of guide tubes 
Number of instrument tubes 

Fuel rod data 
Type fuel pellet U02 
Fellet stack density, % TD 
Rod pitch, cm 
Rod OD, cm 
Rod ID, cm 
Pellet diameter, cm 
Active fuel length, cm 
Effective fuel temperature, cm 
Clad temperature, K 
Clad material 

Guide tube data 
Inner radius, cm 
Outer radius, cm 
Tube material 

Data 

Westinghouse 
17 x 17 
570 
0.7295 
550 
264 
24 
1 

94.5 
1.25984 
0.94966 
0.83566 
0.81915 
365.8 
811 
620 
Zircalloy 

0.5715 
0.61214 
Zircalloy 

Operating History Data and Fuel Isotopic Content of PWR Cases 

Specific Power 40 kW/kgU 
Number of cycles 4 (for the 40 MWd/kgU case) * 
Cycle duration (days) 

Uptime 250 
Downtime 62.50 

Uranium Content (wt%) 
U-234 0.032 
U-235 3.600 
U-236 0.016 
U-238 96.352 

Standard Burn Profile Description 

The first cycle has a downtime of 20% at the middle of the cycle. 
The second and third cycles have a 10 % downtime at both the midpoint 
of the cycle and at the end of the cycle. The fourth and final 
cycle has 100% uptime. 

* Note: The 30 MWd/kgU results are taken from the third cycle 
results for the 40 MWd/kgU case. 
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Isotopics for Fresh Fuel 

u-234 7.51743-06 
U-235 8.42093-04 
U-236 3.7268E-06 
U-238 2.22543-02 
0 4.6215E-02 

Isotopics for 30 GWd/t case 

w17x17, 30000.0 MWD USING X.OWH27286.P4040F72 

ORIGEN-S ISOTOPIC RESULTS 30 GWD/T FOR COOLING TIME (YR) = 0.00 

U-234 
U-235 
U-236 
U-238 

NP-237 
PU-238 
PU-239 
PU-240 
PU-241 
PU-242 
AM-241 
AM-243 

0 
MO-95 
TC-99 
RU-101 
RH-103 
AG-109 
cs-133 
ND-143 
ND-145 
SM-147 
SM-149 
SM-150 
SM-151 
SM-152 
EU-153 
GD-155 

4.8632E-06 
2.83723-04 
9.9338E-05 
2.1760E-02 
9.97663-06 
2.6582E-06 
1.3299E-04 
4.2903E-05 
2.9424E-05 
7.4125E-06 
7.0268E-07 
1.36323-06 
4.62153-02 
3.3937E-05 
4.03403-05 
3.8222E-05 
2.11983-05 
2.72663-06 
4.3640E-05 
3.0248E-05 
2.43583-05 
2.3225E-06 
l.l634E-07 
1.0403E-05 
5.8965E-07 
4.2632E-06 
3.3460E-06 
2.9042E-09 
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ORIGEN-S ISOTOPIC RESULTS 30 GWD/T FOR COOLING TIME (YR) = 1.00 

U-234 
u-235 
U-236 
U-238 

NP-237 
PU-238 
PU-239 
PU-240 
PU-241 
PU-242 
AM-241 
AM-243 

0 
MO-95 
TC-99 
RU-101 
RH-103 
AG-109 
cs-133 
ND-143 
ND-145 
SM-147 
SM-149 
SM-150 
SM-151 
SM-152 
EU-153 
GD-155 

4.8852E-06 
2.8372B-04 
9.9343E-05 
2.1760E-02 
l.O252E-05 
2.8474E-06 
1.3523E-04 
4.2909E-05 
2,8069E-05 
7.4128E-06 
2.0558E-06 
1.3655E-06 
4.6215E-02 
4.1050E-05 
4.0589E-05 
3.8224E-05 
2.4041E-05 
2.7336E-06 
4.4238E-05 
3.1281E-05 
2.4370E-05 
3.9702E-06 
1.7886E-07 
1.0403E-05 
5.9556E-07 
4.2633&-06 
3.3831E-06 
6.0123E-08 

- 60 



JAERI-M 94-003 

NEACRP-L-337 (Revision-1, Jan. ‘92) Page 14 

ORIGEN-S ISOTOPIC RESULTS 30 GWD/T FOR COOLING TIME (YR) = 5.00 

U-234 
U-235 
U-236 
U-238 

NP-237 
PU-238 
PU-239 
PU-240 
PU-241 
PU-242 
AM-241 
AM-243 

M;j 
TC-99 
RU-101 
RH-103 
AG-109 
cs-133 
ND-143 
ND-145 
SM-147 
SM-149 
SM-150 
SM-151 
SM-152 
EU-153 
GD-155 

4.97503-06 
2.83743-04 
9.9361E-05 
2.1760E-02 
l.O281E-05 
2.80603-06 
1.3521E-04 
4.29303-05 
2.3243E-05 
7.4129E-06 
6.8518E-06 
1.36503-06 
4.6215E-02 
4.12503-05 
4.0589E-05 
3.82243-05 
2.40463-05 
2.7336E-06 
4.42383-05 
3.1281E-05 
2.4370E-05 
7.53353-06 
1.78863-07 
1.0403E-05 
5.77493-07 
4.26353-06 
3.3831E-06 
2.23483-07 
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Isotopics for 40 GWd/t case 

w17x17, 40000.0 MWD USING X. OWH27286. P4040F72 

ORIGEN-S ISOTOPIC RESULTS 40 GWD/T FOR COOLIG TIME (YR) = 0.00 

U-234 
U-235 
U-236 
U-238 

NP-237 
PU-238 
PU-239 
PU-240 
PU-241 
PU-242 
AM-241 
AM-243 

0 
MO-95 
TC-99 

RU-101 
RH-103 
AG-109 
cs-133 
ND-143 
ND-145 
SM-147 
SM-149 
SM-150 
SM-151 
SM-152 
EU-153 

4.10723-06 
1.8489E-04 
l.l185E-04 
2.1567E-02 
1.4196E-05 
5.2154E-06 
1.3844E-04 
5.5197E-05 
3.7809E-05 
1.3919E-05 
l.O793E-06 
3.421OE-06 
4.6215E-02 
4.5670E-05 
5.14473-05 
5.06053-05 
2.6872E-05 
3.98023-06 
5.55153-05 
3.58683-05 
3.06763-05 
3.22323-06 
1.12253-07 
1.3915E-05 
6.65613-07 
5.4153E-06 
4.7800E-06 
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ORIGEN-S ISOTOPIC RESULTS 40 GWD/T FOR COOLING TIME (YR) = 1.00 

u-234 
U-235 
U-236 
U-238 

NP-237 
PU-238 
PU-239 
PU-240 
PU-241 
PU-242 
AM-241 
AM-243 

0 
MO-95 
TC-99 
RU-101 
RH-103 
AG-109 
cs-133 
ND-143 
ND-145 
SM-147 
SM-149 
SM-150 
SM-151 
SM-152 
EU-153 
GD-155 

4.15033-06 
1.84893-04 
1.1186E-04 
2.15673-02 
1.45183-05 
5.5721E-06 
1.4086E-04 
5.5231E-05 
3.6067E-05 
1.392OE-05 
2.8177E-06 
3.42543-06 
4.6215E-02 
5.24833-05 
5.1694E-05 
5.0607E-05 
2.99173-05 
3.9889E-06 
5.6108E-05 
3.686OE-05 
3.0678E-05 
4.90003-06 
1.78463-07 
1.39153-05 
6.71543-07 
5.41543-06 
4.82783-06 
9.9550E-08 
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ORIGEN-S ISOTOPIC RESULTS 40 GWD/T FOR COOLING TIME (YR) = 5.00 

U-234 
U-235 
U-236 
U-238 

NP-237 
PU-238 
PU-239 
PU-240 
PU-241 
PU-242 
AM-241 
AM-243 

0 
MO-95 
TC-99 
RU-101 
RH-103 
AG-109 
cs-133 
ND-143 
ND-145 
SM-147 
SM-149 
SM-150 
SM-151 
SM-152 
EU-153 
GD-155 

4.32613-06 
1.84913-04 
l.l188E-04 
2.15673-02 
1.4557E-05 
5.49103-06 
1.40843-04 
5.5350E-05 
2.9867E-05 
1.39203-05 
8.97933-06 
3.42413-06 
4.62153-02 
5.2674E-05 
5.16933-05 
5.0607E-05 
2.9921E-05 
3.98893-06 
5.61083-05 
3.6860E-05 
3.0687E-05 
8.52583-06 
1.7845E-07 
1.39153-05 
6.51163-07 
5.4156E-06 
4.82793-06 
3.7023E-07 
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NEA/NSC/DOC(92)11 

ANNEE (NEACRP-L-337) 

Part I-A Specification (M. Brady) 

The purpose of this problem is to evaluate the contributions of major 
and minor actinides. and major and minor fission products in the reduction of 
reactivity for burned PWR fuel. 

(1) Cases 10 and 1 should be calculated using the specification of 
NEACRP-L-337 with only the major actinides (i.e. delete Pu-242, 
Pu-238, Am-241, Am-243 and Np-237 from the previous case 4 and case 8 
calculations). 

(2) Using the fuel assembly and operating history descriptions on page 10 
of Part 1 specification (NEACRP-L-337). calculate the isotopic 
inventory for fuel burned to 30 GWd/MTU and cooled to 1 yr. and 5 yr. 

The number densities for minor fission products (a11 F.P. other than the 
15 major F.P. previously selected) should be taken from this calculation - a11 
other number densities should be taken from the previous specification This new 
subset of isotopics Will be used in cases 12 and 13. 

Cooling MAJ ACT 

1 yr CASE 10 

ALL ACT MAJ FP 

CASE 4 CASE 2 

ALL FP 

CASE 12 

5 Yr CASE 11 CASE 8 CASE 6 CASE 13 

l Only infinite multiplication factors Will be calculated. 
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Appendix 2 Reports and Comments 

from Participants 

(The data listings of the original reports 

have been omitted in order to reduce pages.) 

Appendix 2.1 Reports from Technical Research 

Center of Finland 

"The Analysis of NEACRP Burnup-Credit Criticality Benchmark, 

Part 1: Simple PWR Spent Fuel Cell" 
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1. INTRODUCTION 

The first part of the Burnup-Credit Criticality Benchmark organized by 

NEACRP ( at present NEANSC ) /l/ was calulated both with CASMO-3 fuel 

assembly burnup program and with KENOSA-PC Monte Carlo Criticality code. 

TWO sets of CASMO-3 calculations were performed using both the 40-group 

( E4LTJ40 ) and 70-group ( E4LTJ70 ) data library based mainly on 

ENDF,'B-IV /2/. In KENO calculations both the 16-group Hansen-Roach ( XN16, 

SCALE version with some additional ENDF/B-IV -data ) and the 27-group 

burnup library based on ENDF/B-IV ( XN27BURN,SCALE ) /3/ were utilized. 

Cnly the CASMO-3 results from the 40-group library calculations were send 

to the comparison. In this report the multiplication factors of the CASMO 

and the KENO calculations are given. For the comparison the average values 

of the k-s of the benchmark participants are included. 

2. INPUT SPECIFICATION 

The NEACRP Burnup-Credit Criticality Benchmark Part 1 ( Simple PWR Spent 

Fuel Ce11 ) consists of the analyses of a pin ce11 in an infinite lattice 

having burnup, cooling time and fission products as parameters. The pin 

ce11 geometry was specified as follows: 

- fuel pellet radius 0.412 cm 

- outer cladding radius 0.475 cm 

- pitch of the square unit ce11 1.330 cm 

fresh fuel, cladding and water are given The material compositions of 

Table 1. 

in 

Table 1. Atomic number densities ( l/b-cm ) of fresh fuel, cladding and 

water 

Nuclide 
'H 

160 
Zircalloy 

234~ 

235~ 

236~ 

238~ 

Fuel pellet Cladding Water 
6.6630.10-2 

4.6215~10-~ 3.3317.10-z 
4.3244.10-2 

7.5174.10-6 
8.4209-10-4 
3.7268-10-6 
2.2254.10-2 
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The problem was subdivided to eight (nine) cases according to the burnup, 

cooling time and selection of fission products as shown in Table 2. 

Table 2. Case numbers 

Cooling Considered Burnup (GWd/tU) 
time (a) F.P.s Fresh 30 40 

1 Selected Case1 Case 2 Case 3 
No F.P.s Case 4 Case 5 

5 Selected Case 6 Case 7 
No F.P.s Case 8 Case 9 

The atomic number densities of the isotopes in the fuel are given in Table 
3. 

Table 3. Atomic number densities ( l/b*cm 1 in the fuel 

Nuclide Case 1 Case2 and 
Case4 

234~ 7.5174.10-6 4.8852.10-6 
235u 8.4209*10-4 2.8372~10-~ 
236~ 3.7268-10-6 9.9343-10-5 
238~ 2.2254.10-' 2.1760.10-' 
237Np 1.O252.1O-5 
238Pu 2.8474.10-6 
239Pu 1.3523.10-4 
Z40Pu 4.2909.10-5 
24iPu 2.8O69.1O-5 
242 Pu 7.4128~10-~ 
241Am 2.0558.10-6 
243Am 1.3655.10-6 

1601 4.6215.10-2 4.6215.10-2 
gsMo2 4.1050~10-5 
g g Tc' 4.O589.1O-5 

1olRu' 3.8224.1O-5 
1 0 3.Rh 2.4O41.1O-5 
logAg 2.7336.10-6 
133cs 4.4238.1O-5 
143Nd 3.1281.1O-5 
issNd 2.437O.1O-5 
14'Srn 3.9702.10-6 
lsgSm 1.7886.10-' 
rsoSm 1.0403-10-5 
lslSm 5.9556.10-' 
152Sm 4.2633-10-6 
Is3Eu 3.3831.1O-0 
lsSGd1 6.O123.1O-a 

Case 3 and 
Case 5 

4.1503~10-6 
1.8489.10-4 
1.1186.10-4 
2.1567.10-2 
1.4518.1O-5 
5.5721.10-6 
1.4086.10-4 
5.5231.1O-5 
3.6O67.1O-5 
1.3920.10-f 
2.8177-10-6 
3.4254.10-6 
4.6215.10-2 
5.2483*1O-5 
5.1694-10-5 
5.O6O7-1O-5 
2.9917.10-5 
3.9889.10-6 
5.6108.10-5 
3.6860*10-5 
3.0687.10-S 
4.9000~10-6 
1.7846.10-' 
1.3915-10-5 
6.7154.10-' 
5.4154~10-6 
4.8278.10-6 
9.955o*1o-a 

Case 6 and 
Case 8 

4.9750.10-6 
2 8374~1O-~ 
9:9361+1O-5 
2.1760.10-2 
1.O281.1O-5 
2.8060.10-6 
1.3521-10-4 
4.2930.10-5 
2.3243~10-~ 
7.4129.10-6 
6.8518~10-~ 
1.3650.10-6 
4.6215.10-2 
4.125O.1O-5 
4.O589.1O-5 
3.8224.1O-5 
2.4O46.1O-5 
2.7336.10-6 
4.4238.1O-5 
3.1281.10-S 
2.4370.10-S 
7.5335.10-6 
1.7886.10-' 
1.0403*10-5 
5.7749-10-7 
4.2635a10-6 
3.3831.10-6 
2.2348.10-7 

Case 7 and 
Case 9 

4.3261.10-G 
1.8491.1°-' 
1.1188-10-4 
2.1567-10-2 
1.4557*10-5 
5.4910~10-6 
l-4084-10-' 
5.5350-10-5 
2.9867.1O-s 
1.3920*10-5 
8.9793.10-6 
3.4241~10-~ 
4.6215.10-2 
5.2674.10-s 
5.1693-10-5 
5.0607.10-5 
2.9921.10-5 
3.9889-10-6 
5.6108~10-5 
3.6860.10-5 
3.0687-10-s 
8.5258.10-6 
1.7845*10-' 
1.3915.10-5 
6.5116*10-' 
5.4156.10-6 
4.8279.1O-L 
3.7023.10-' 

1) reaction rates not available in CASMO 
2) excluded in CASMO calculations 
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3. GENERATION OF KENO CROSS SECTIONS 

The cross sections for KENO were processed with BONAMI and NITAWL codes. 

BONAMI performs the resonance self-shielding calculations in the 

unresolved resonance energy range applying the Bondarenko method. NITAWL 

applies the Nordheim integral method to perform the resonance shielding 

calculations in the resolved resonance energy range. It also changes the 

cross section library format suitable for KENO. Both programs have been 

taken from the SCALE-4 program package and used as stand-alone programs. 

/3/ 

4. RESULTS 

In the Table 4 the infinite multiplication factors and standard deviation 

of KENO results in different cases are listed. In the KENO calculations 

the XN27BURN library was used in the cases where fission products were 

requested. Otherwise XN16 library was chosen because it seemed to yield 

better results than XN27BURN, which cari be seen in Case 1 in Table 4. XN16 

library has no data for fission products. 

The larger differences in the cases where fission products were included 

may result from the selected data library ( XN27BURN ). Those other 

participants using the SCALE-4 package have reported results which are in 

agreement with our k,s. 

Table 4. The infinite multiplication factors 

Case CASMO KENO 

no. E4LTJ40 E4LTJ70 XN16 XN27BURN. 

AVERAGE 

1 1.4366 1.4370 1.4354 110.0028 1.4239 tO.0025 1.4409 

2 1.1488 1.1492 1.1285 20.0027 1.1454 

3 1.0740 1.0744 1.0570 20.0026 1.0673 

4 1.2478 1.2483 1.24'46 20.0029 1.2466 

5 1.1903 1.1909 1.1910 20.0023 1.1882 

6 1.1209 1.1212 1.0981 +0.0024 1.1181 

7 1.0337 1.0340 1.0161 +0.0025 1.0300 

8 1.2307 1.2312 1.2350 tO.0028 1.2297 

9 1.1669 1.1675 1.1692 20.0027 1.1662 
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Also the original Hansen-Roach cross section library was utilized in 

benchmark calculations. This library systematically yielded greater than 

average values for multiplication factors. Partially the differences were 

due to the lack of minor actinide data in the Hansen-Roach library. This 

was tested calculating the Case 4 ( Case 10 ) with CASMO and KENO ( using 

XN16 library ) omitting isotopes 237Np, 241Am and 243Am- The Case 8 ( Case 

11 ) was also calculated with CASMO. The following values were received: 

Case 10 Case 11 

CASH0 1.2639 1.2552 

KENO (XN16) 1..2601 

KENO (H-R) 1.2809 

There is still a difference of 2000 pcm, which might be caused by the 

improper selection of the cross section data set from the Hansen-Roach 

library. It is somewhat unclear how the resonance correction term or, 

should be defined /4/. However, the direct use of Hansen-Roach data ( i-e. 

no BONAMI and NITAWL calculations ) seems to yield fairly good results. 

It cari be assumed that the more detailed study of the KENO options, the 

use of different data libraries and the data processing capabilities could 

give results which are close to the average. 
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Appendix 2.2 Report from JINS 

"A Comparative Study of Neutron Group Constants through 

the NEA/NSC Burnup Credit Criticality Benchmark" 
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A Comparative Study of Neutron Group Constants through 
the NEA/NSC Bumup Credit Criticality Benchmark 

Susurnu Mitake* and Osamu Sato** 

* Institute of Nuclear Safety, NUPEC 
** Mitsubishi Research Institute, Inc. 

Abstract 

Two sets of nuclear group constants, MGCL-JINS and SCALE-4, were 
comparatively studied using the NEA/NSC Burnup Credit Criticality Benchmark. The 
effective multiplication factor with MGCL-JINS resulted to be about 1.1% Ak larger 
than that with SCALE-4. Through the Benchmark, it may be concluded that 
characteristics of the reactivity decrease with burnup are mainly defmed by the 
evaluated nuclear data files used for group constant preparations. 

INTRODUCTION 

In November 199 1, the Burnup Credit Criticality Benchmark was proposed by 

the Nuclear Science Committee of the Nuclear Energy Agency. The objective of the 

benchmark was defmed to verify that simple models employed in the away-from- 

reactor codes, KENO, MCNP, etc., cari be used to evaluate the criticality safety margin 

for spent fuel systems[ 11. Evaluation of the criticality safety of fuel cycle facilities has 

been studied in the Institute of Nuclear Safety for the last several years, and a set of 

commonly used criticality analysis codes, ANISN, KENO-V.a, the MGCL-JINS 

neutron group constants, and the MAIL program for providing the effective cross 

sections, have been prepared[2]. The SCALE code systems[3], including its latest 

version 4.1, have been also installed as an altemate method for the criticality 

evaluation. Then, using the Bumup Credit Criticality Benchmark, a comparative study 

of the neutron group constants, MGCL-JINS and SCALE-4, has been made. 
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ANALY SIS 

Benchmark Specifications: 

As shown in Table 1, eleven cases out of the thirteen Phase-IA problems were 

selected for the comparative study of the neutron group constants. Case Nos. 12 and 

13, which require nuclear data for a11 fission products, were omitted. In Case Nos. 2, 

3,6 and 7, ‘Major Fifteen’ fission products are specified to be taken into consideration. 

Al1 these nuclides are included in SCALE-4, but only five of them are prepared in 

MGCL-JINS. SO that, the four cases of ‘Available Five’ were added to the calculations 

with SCALE-4 and was made the comparison with the MGCL-JINS calculations. 

However, our study laid much emphasis on the effects due to the actinoids and the 

comparisons were made mostly for the ‘No’ fission product cases. 

Neutron Group Constants: 

Table 2 shows key features of the neutron group constants used in this study, 

SCALE-4 and MGCL-JlNS, including the lists of nuclides specified and the criticality 

analysis methods employed. Both of these neutron group constants are based on the 

ENDF/B-IV data file. Differences in the group structures and the methods for 

evaluating the effective cross sections may bring some effects on the results. 

RESULTS AND DISCUSSIONS 

Multiplication Factors: 

The effective multiplication factors evaluated with SCALE-4 and MGCL-JINS 

for the a11 eleven cases are sumrnarized in Table 3. Al1 results but two cases for ‘Major 

Actinoids’ are plotted in Fig. 1, and selected seven results for No’ fission product cases 

in Fig. 2 respectively. It is clearly shown that the effective multiplication factors 

calculated with the MGCL-JINS neutron group constants are larger than those with 

SCALE-4: about 1.1% Ak for the fresh fuel case. From the results for the burnup of 30 

GWd/t, it is indicated that the difference of actinoid nuclides included, a11 12 or major 

7, brings nearly same difference among the multiplication factors evaluated by MGCL- 

JINS and SCALE-4. Detailed investigation of the calculated results reveals 

discrepancies of the fission rates with U-238 in higher energy groups: the smaller 
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neutron production from the U-238 fast fission in the SCALE-4 calculations. The 

typical of them found in the case for the fiesh fuel is shown in Fig. 3. Differences of 

the group structures in the energy range above 1MeV may bring the discrepancies. 

Reactivity Decreases: 

Reactivity decreases with bumup are easily calculated as the difference of 

effective multiplication factors, and shown in Table 4. As indicated in Figs. 1 and 2, 

the reactivity decreases of MGCL-JINS and SCALE-4 are in good agreement, not only 

for the cases without fission product but for the cases with flve fission products. But, 

the neutron production rates by tissionable nuclides in the burnup fuel are not same. 

Table 5 shows the neutron production rates of each fïssionable nuclides for the SCALE 

and the MGCL calculations and the ratio of these values for the tiesh and the irradiated 

fuels. In the fresh fuel, the neutron production rate of U-235 is exactly same for two 

methods. But, in the irradiated fuels, two methods evaluates different production rates 

for fissionable nuclides. As clearly shown in the SCALEMGCL ratio for U-235 and 

Pu-239, MGCL-JlNS brings greater U-235 and less Pu-239 contributions, and less U- 

235 and greater Pu-239 contributions in SCALE. Differences in the reactivity 

decreases between MGCL and SCALE may appear for higher burnup fuels. 

Dependence on Nuclear Data File: 

In Reference One, the multiplication factors of a11 participants to the 

Benchmark and origin of the nuclear data used by them were tabulated. The nuclear 

data files cari be classifïed in three categories: ENDF/B-IV, JEF and JENDL-3. SO 

that, we have selected six typical cases, including our two, and calculated reactivity 

changes f?om fresh fuel with burnup. Results are shown in Fig. 4. The reactivity 

changes with burnup show a similar characteristic when the same nuclear data file, 

ENDF/B-IV or JEF-1, are used, not affected with the group structures, the correction 

methods for resonance self-shieldings or the criticality calculation codes. However, the 

results based on JENDL-3 do not agree with this fmding. 
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CONCLUSIONS 

Using the Burnup Credit Criticality Benchmark proposed by the NEPJNSC, a 

comparative study of the neutron group constants, MGCL-JINS and SCALE-4, has 

been made. 

The effective multiplication factors resulted with MGCL-JlNS are about 1.1% 

Ak larger than those with SCALE-4. Precise comparison of of the results from MGCL- 

JINS and SCALE-4 shows differences in the neutron production rates by fissionable 

nuclides in bumup fuels; MGCL-JINS calculates greater U-235 and less Pu-239 

contributions, and less U-235 and greater Pu-239 contributions by SCALE-4. 

The reactivity decrease characteristics with burnup are mainly defmed by the 

evaluated nuclear data files used for group constant preparations, ENDF/B-IV or JEF 

(except JENDL-3), not affected strongly with the group structures, the correction 

methods for resonance self-shieldings or the criticality calculation codes. 
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Table 1 Parameters ad Case Numbers 

Al1 12 No (Case 1) Case 8 Case 9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Al1 12 Major 15 / Availalbe 5 Case 6 CAse 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Al1 12 Al 1 avai lables (Case 13) 

Case 12 and 13 are not included in this study. 



JAERI-M 94-003 

Table 2 Neutron Group Constants 

Name 
Nue lear 

Data File 
No. of groups 

Act inoids 

Fission Products 

Mo- 95 
Te- 99 
Ru-101 
Rh-103 
Aq-109 
es-133 
Sm-147 
Sm-149 
Sm-150 
Sm-151 
Sm-152 
Nd-143 
Nd-145 
Eu-153 
Gd-155 

?ffective cross- 
section talc. 
Jriticality 
talc. (1-D Sn) 

SCALE-4 (27 groups) 
ENDFBIV 

1 MGCL-JINS 

27 137 
Major 7 1 U-234, -235, -236, -238, 

Pu-239, -240, -241 
Al1 12 1 Major 7 and 

Np-237, Pu-238, -242, 
1, -243 

Available 5 
AIE-1 

Major 15 
:Standard Case) 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

No 
Yes 
No 
No 

Yes 
Yes 
No 

Yes 
No 
No 
No 
No 
No 
No 

Yes I 
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CASE 

1 1.4273 1.4486 
2 1.1321 1.1954 1.2139 * 

3 1.0568 1.1320 1.1491* 
4 1.2395 1.2580 
5 1.1833 1.2005 

6 1.1049 1.1670 1.1844 * 
7 1.0177 1.0898 1.1050 * 
8 1.2225 1.2411 
9 1.1601 1.1174 

10 1.2571 1.2757 
11 1.2502 1.2687 

Table 4 Reactivity Decreases (Ak) 

SCALE-4 

CASE ,Standard Case) (Available 5 FPs) 

MGCL- J INS 

:*:Avai lable 5 FPs) 

1 0.0 0.0 

2 -0.2952 -0.2319 -0.2347 * 

3 -0.3705 -0.2953 -0.2995 * 

4 -0.1878 -0.1906 

5 -0.2440 -0.2481 

6 -0.3224 -0.2603 -0.2642 * 

7 -0.4096 -0.3375 -0.3436 * 

8 -0.2048 -0.2075 

9 -0.2672 -0.2712 

10 -0.1702 -0.1729 

11 -0.1771 -0.1799 
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Table 3 Multiplication Factors 

SCALE-4 

:Standard Case) (Available 5 FPs) 

MGCL- J INS 

:*:Avai lable 5 FPs) 
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Table 5 Comparison of Neutron Production Rates Calculated by SCALE-4 and MGCL-JINS 

Nucl ide Fresh fuel Irradiated (3OGWD/MI’U) Irradiated (4OGWDMl’U) 

SCALE MGCL SCALE/MGCL SCALE MGCL SCALE/MGCL SCALE MGCL SCALE/MGCL 

U-234 9.15E-05 9.99E-05 0.916 6.08E-05 6.52E-05 0.933 5.19E-05 5.55E-05 0.935 

U-235 1.36E+OO 1.36E+OO 1.000 5.16E-01 5.26E-01 0.982 3.60E-01 3.68E-01 0.979 

U-236 2.09E-05 2.44E-05 0.857 5.75E-04 6.54E-04 0.879 6.52E-04 7.38E-04 0.883 

U-238 6.50E-02 7.90E-02 0.823 6.59E-02 7.76E-02 0.849 6.58E-02 7.71E-02 0.853 

Np-237 1.70E-04 1.83E-04 0.930 2.42E-04 2.60E-04 0.933 

Pu-238 2.66E-04 2.71E-04 0.979 5.43E-04 5.55E-04 0.978. 

Pu-239 5.23E-01 5.17E-01 1.013 5.74E-01 5.69E-01 1.009 

Pu-240 8.29E-04 8.81E-04 0.942 l.O7E-03 l.l3E-03 0.944 

Pu-241 1.32E-01 1.32E-01 0.995 1.80E-01 1.81E-01 0.992 

Pu-242 l. lZE-04 l. ZlE-04 0.923 2.1 lE-04 2.28E-04 0.926 

Am-241 9.92E-05 l. OZE-04 0.972 1.39E-04 1.43E-04 0.972 
Am-243 1.73E-05 1.89E-05 0.915 4.36E-05 4.76E-05 0.916 

1.4273 1.4410 0.990 1.2394 1.2549 0.988 1.1833 1.1990 0.987 

Cooling Time 1 1 year 
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1 year cooling 1 

i --a--- SCALE-4 (with 15 Fission Prcducts) _ 
. . . . . . . . . . . . . . . . . . . j.. --A-- SCALE-4 (with 5 Fission Products! .- 

! -+Y-MGCL-JINS (with 5 Fission Products, _ 
i --C-T SCALE-4 (without Fission Product) _ 

&nup (GWd :y) 

1 5 years cooling 1 

Fig. 1 Multiplication Factors (k-eff) with Burnup; 
Dependence on group constants and fission products 
(including a11 12 actinoids). 
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-e scALE-4 Al I Act inoids 

-+--MG&-JINS Al I Act inoids 

--c-- SCALE-4 Major Act inoids 

--A-- MGCL-JINS Major Act inoids 

1.00 1. S B ” ” ” ” ” ” ” ” ” ” * 3 “3 3 ‘3 3 3 1 ” ” 0 ” ” ’ ” fi ” 
0 10 20 30 40 50 

Burnup (GWd / t) 

1.50 

Fig. 2 Multiplication Factors (k-eff) with Burnup; 
Dependence on group constants (without fission product). 
Major Actinoids: U-234, 235, 236, 238, Pu-239, 240, 241 
Al1 Actinoids: Major Actinoids + Np-237, Pu-238, 242, Am-241 
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The SCALE-4 calculation code system bas been used to 
calculate some problems that were specifïed by an 
OECD/NEA Working Group. The Working Group 
study is titled “Bumup~redit criticality benchmark”. 

The calculation of neutron multiplication factors, k, 
gave results that agree very well with those members 
using similar methods. Also the other parameters 
(neutron production rates, absorption rates, neutrons per 
fission, neutron spectmm in fuel and water) are, afler a 
recent revision, in close agreement with results of other 
members using similar methods. ‘Ihe revision was not 
caused by code implementation problems but by errors 
in the treatment of the generated output. 

During discussions at the last meeting of the Worlcing 
Group, 1 informed the other members that 1 was 
somewhat disappointed with the current coverage of the 
study. The determination of the contents of spent fuel is 
normally carried out by specialists at the reactor sites. 
The quality of that work is the basis for later criticality 
safety applications. Reporting and verifying the contents 
and the history of the fuel is also essennal. The Working 
Group bas net taken advantage enough of the wide 
interest in the current study, the availability of 
specialists and good calculation methods to simplify a 
future necessary communication behveen fuel 
management specialists and criticality safety specialists. 

A short discussion and proposals for future studies are 
included in the report. The lack of calculation cases 
using different burnup codes is one area that should be 
expanded. Another, related area is that the most realistic 
cases, those with ail fission products in the fuel are not 
studied at all. This is a serious omission since any mal 
veritïcation (reactivity, residual heat, radiation) w-il1 be 
based on the mal contents, 

The Working Group has initiated a second part of the 
study. It includes twodimensional effects of similar 
cases as in part one. It is net yet clear whether 1 will 
participate in all calculations of this second part. It Will 
require use of the KENO-Va code in SCALE-4. 
KENO-Va bas not yet been implemented and verifïed as 
a part of me current SCALE-4 installation here. This is 
expected to be completed before the end of the year. 

OECD/NEA has initiated a working group study of 
methods that could be used for taking advantage of the 
bumup of spent nuclear fuel for nuclear criticality safety 

control. A large munber of organizanons from many 
wuntries are dirdy or imhmctly involved in the 
working group. some of the best special& and methods 
from industrial organiz&ons, research laboratories and 
national authorities are available to the worl&g group. 

The basic advantage in taking advantage of bumup for 
critidity safkty control is that curmnt designs could be 
used with new fuel types and that storage and transport 
of spent fuel could be made more economical. This 
solution will reqnire less natural resources while not 
reducing the 0vem.U safety. Sortie countries have 
additiond interests suc.21 as reprocessing plants for spent 
fuel. Sweden is net supporting reprocessing. 

The main subject of the study is nuclear criticality 
safii. TO fïnd safe procedures it is not always 
necessaxy to use the most accurate tools available. What 
is necessary is that the responsible organization and 
authority have a complete undersmnding of all 
significant parameters influencing the safeiy. 

A nuclear criticality safety specialist has to caver several 
areas. The numerical calculation of the neutron 
multiplication f&tor is just one such area. Asking for the 
right input parameters and veri.@ing their accuracy is 
another area. This is where the major obstacle to talong 
advantage of bumup for criticality safety control cari be 
found. It cari not be separated fiom the problems of 
verifjing the contents of each spent fuel assembly or 
even of different sections of the same assembly. 

The interest in taking advantage of bumup of spent fuel 
for cr&a.lity safety control is net new. The OECD/NEA 
working group has started its work with some very 
detailed work. In my opinion there is a lack of 
perspective. Before a benchmark study cari be carried 
out successfully, it is necessary to evaluate the quality of 
the input data. The quality refers to the accuracy and the 
precision of the input data and its applicability to 
realistic situations. During the last meeting in June, 1992 
there were references made to national studies that caver 
various aspects of the subject. They may be valuable as 
background material but may also be insufficient. With 
all the difTerent organiïztions that cari give input to the 
working group, it is not too early to get started on 
preparing background information. 

According to my point of view, the current Part 1 of the 
working group study involves too many details and 
cahh.tions while limiting the study to some art5cial 
numbers that may never be quahfïed as benchmarks. It 
also seems strange to me that SO much emphasis is put 
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on specifïed fission products when the mal and 
experimentally veritïed cases involve fresh fuel or spent 
fuel with ail fission products present. Work involving 
verifïcation of fissile materials for nonproliferation 
purposes bas also included spent fuel for a long time and 
is mandatory. This work could be of value if the actual 
presence of uranium and plutonium was accounted for. 
The presence of only certain fission products is trot 
normally verified. 

Some proposals for the next phases are included in this 
report. 

It is the responsibility of the criticality safety specialist 
to request the right information and to verify that it is 
correct and complete. With this information available it 
dl remains to show that criticality safety is acceptable. 
With spent fuel it seems logical tbat the reactor 
physicists, whose main responsibihty has been to 
rnaintain criticality using the same fuel, Will be the best 
people to fïnd out the properties of the spent fuel. They 
use good calculational and mwsurement methods on a 
routine basis and significant errors would be discovered 
during operaiion. When it cornes to determining the 
criticality safety of the fuel outside of the reactor there 
are other factors to be considered. Clean water (no 
boron) and better reflector materials than water are some 
of those tactors. However, the most important difference 
is probably the human fàctor and the lack of 
measurements to verify calculations. 

The first place where burnup cari be taken advantage of 
outside the reactor itself is in the spent fuel pool at the 
reactor. The operators may be very confident that each 
fuel assembly bas the documented history and that the 
associated burnup is accurately determined. Still, there 
are possibilities for mistakes. If burnup is used for 
criticality safety control, it is necessary to restrict it to 
certain sections of the spent storage pool. Fuel that is 
unloaded from the reactor should not be allowed directly 
into these sections. 

During shipment of the spent fuel there are other 
questions. The reactor operators may be as confident 
about the contents of the fuel as when it is handled in the 
storage pools. The shipper and the receiver of the 
shipment normally cari not be as confident without 
additional controls. Examples of controls are the 
documentation and the physical verification of fuel 
assemblies that are established for nonproliferation 
purposes. Additional controls could be the measurement 
of heat and radiation levels on the transport package (if 
the package surface is room temperature and the 

page 2 (10) 

radiation is close to the background level somebody 
might question whether the package is loaded w-ith spent 
fuel assembliez). Such measurements could be a part of 
the criticahty safety procedures. Simplifïed computer 
models of the fuel package for determination of heat and 
radiation levels could be developed, adjusted and veritïed 
through experirnents. 

At the receiving end of the shipment (could be in another 
part of the world) similar concerns apply. If burnup is 
not taken advantage of for criiicality safety control at the 
reactor site or during shipmen~ the receiver Will have 
more reasons to vetify the reported contents. This cari be 
done before the shipment but some additional 
possibilities may also be of interest. A large central 
storage fàcility for spent fuel may invest in techniques 
sucb as reactivity, isotopic andlor heat measurements of 
each fuel assembly. 

The final step for spent fuel is either final disposai of the 
fuel (somewhere, sometime) or reprocessing of the fuel. 
In both cases it may be of interest to take advantage of 
the burnup. During ikal storage it may be required that 
a future criticality should not be possible (even after 
many thousand, maybe million years). In such cases it 
may be of interest to take advantage of various 
combinations of fissionable nuclides and fission 
products. 

If fission products are taken advantage o$ there is also a 
question whether ail fission products still remain in the 
fuel. Could some volatile fission prcxlucts have escaped 
already without being noticed? What are the possibilities 
of losing such fission prcducts during the carrent 
operation, through normal handhng or incidents? What 
is the maximum effect on criticality safety? 

The first part of the working group is now be.ing 
completed. It involved a simplifïed, 1-D (ldimensional) 
geometric mode1 with an infinite number of identical, 
homogeneous spent fuel pins. The atomic munber 
densities were given for a number of nuclides and for a 
few difTerent bumup rates and cooling tintes. The 
number densities were calculated witb a simplifkd 
burnup calculation method for typical PWR fuel. The 
fission products were limited to 15. 

The method used by the Working Group to calculate the 
atomic munber densities is of the type suitable for a 
criticality specialist in that it is expected to give 
adequate results without requiring too much detailed 
information on reactor operating data. It is not 
representative for the quality of normal methods used for 
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reactor design and management. Such merhods are next meeting. Specifïcations will be sent to the members 
expected to give more accurate results. of the Working Group. 

Results for the lïrst part was reportecl to the coordinator 
before the previous meeting. Some of the data were not 
reported in a consistent form and some of the Worl@ 
Group members were asked to supply revised numbers. 

My own participation in the next part is not clear yet. 
Before the end of the year 1 Will decide whether ail of the 
second part or just a subset should be calculated. 

The first part of the Working Group was to be fïnished 
and reported to OECD/NEA during the autumn 1992. 

Unfortunately, 1 have not had the opporhmity to revise 
my own results earlier. The neutron multiplication 
factors that 1 obtained previously seem to agree well 
with those of other members using similar methods. 
However, the reaction rates are not consistent. It is 
obvious that something is wrong when the different cases 
are compared. The calculation system that 1 have used 
(ba& on SCAL.E-4) is currently being implemented and 
bas not been validated or applied to calcula& reaction 
rates, only neutron multiplication factors. Further work 
bas now been carried out but unfortunately not in time to 
be included in the Srst Working Group report. The result 
of the revision is that there was no error in the 
calculation system. All cari be referred to the “human 
facto?. The prduclion rates previously reported were 
fission rates. Data for the fission products had been 
misplaced. The formula specified by the coordinator for 
normahzed neutrons per fission tumed out to be wrong. 

A typical example of taking advantage of bumup for 
criticali~ safety control is shows in the following figure. 
Four cases are included representing 

1. Fresh fuel 

2. U+Pu in spent fuel 

3. Some actinides and some fission products (FP) 

4. Spent fuel with ail nuclides present. 

Each bar includes the calculated effective neutron 
multiplication îâctor ka, and an addition to caver 
uncertainties and known errors. 

k 
l,l, ea 

The revised EMS results are given in tables that follow 
the text. 

During the meeting of the Working Group in June 1992, 
some additional cases were added to part 1. They 
involved calculation of fission products using other 
methods. There was very little interest in the calculation 
of fissionable nuclides using other methods. Sinue the 
bumup calculation method in SCALE-4 is not yet 
implemented here, these additional cases have not been 
carried out. 

l,O- 
,g- 
,8- 

,7- 

A- 

s- 
,4- 

J - 

,2- 

,l- 
The second part of the study was determined during the 
last meeting of the Working Group. It involves 2-D 
models of spent fuel assemblies. The axial distribution 
of atoms is not constant. The mal axial bumup varies, 
with a reduced rate at the ends of the fuel assembly. The 
study is limited to atomic nurnber densities, calculated 
witb the same method as in part one. The second part is 
also limited to the same fission products as in part one. 
The mal situation with all fission products in the fuel is 
not included. Different cooling times and bumup rates 
are included, similar to part one. This means that the 
number of calculation problems is quite large. 

Fresh U+Pu Some FP AllFP 

It would be logical to include at least three of these cases 
in all applications taking advantage of bumup. If fission 
products are taken advantage of, all four cases are 
essential. Some of the reasons are given below. 

1. Fresh fuel. This would be the first reference case. 
The uncertainties should be small and similar cases 
may be found in previous applications or even in 
experiments. The fuel has been used in a reactor and 

The calculations for the second part of the working 
group should be reported in the spring 1993, before the 
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its original properties have been verified at various 
stages. 

2. Spent fuel witb contents limited to uranium and 
plutonium isotopes. This is information of vital 
interest to nonproliferation (safeguards) authorities. 
It bas been documented and often to some extent 
verikd that the fuel and documentation are in 
agreement. 

3. Spent fuel with some actinides and some fission 
products. If some of the fission products are to be 
taken advantage of this case is necessary. The reason 
is that some of the fission products in the fuel may be 
missing for some reason. This is particularly true for 
volatile fission products. 

4. Spent fuel with mal contents (all fission products). 
This is in ahnost all cases the mal composition of the 
spent fuel. As a reference case it Will give 
information on the spent fuel and about safèty 
margins. The neutronic properties of the spent fuel 
has, to some extent, been verikd during the 
operation of the reactor. Ifthere is going to be a.ny 
real verification of the contents of the spent fuel 
(isotopic, residual heat generation, reactivity, 
radiation etc.) it would have to be compared with the 
mal contents. Et is tme that in reprocessing, final 
waste disposai or accident conditions other 
compositions may be found. The case with all fission 
products present will still be the starting point for 
determining the curmnt contents. 

The case mnnber 4 above is not included in the current 
parts 1 or 2 of the Working Group study. 1 lïnd it hard 
to understand why the members did not want to include 
the case tha& except the fkesh fuel, is most realistic and 
easiest to measure. There are probably practical reasons. 
One reason could be that methods to calculate neutron 
multiplication fxtors for spent fuel are not normally 
used by criticality specialists. Without a good 
understanding of how well the bumup for the studied 
fuel is calculated and verified the criticality specialist 
can’t really base any credible safety analysis on it. 

When fresh fuel is shipped or being storecl, the 
authorities and receivers normally cari trust the numbers 
given by tbe shipper or manufacturer of the fuel. The 
U-235 enrichments and weights are controlled by several 
organizations. 

How Will the contents of spent fuel be determined, 
reported and verikl if ail the changes during radiation 
in a reactor are taken advantage of for criticality safety 
control? 

The first step of a burnup study should really be to 
evaluate how well the burnup cari be determined, ’ 
report& ami verikl. Ail possible variations of fuel 
types ami reactor operation should be considered. For 
example: will a fuel assembly taken out of the reactor 
after 10 months have tbe same axial burnup ifthe 
reactorisoperatedwithanl8monthcycleasifitwas 
operated with a 12 month cycle? What types of errors 
cari be possible in the bumup determination? 

It is possible that some of the members have participated 
in previous national studies that dealt with questions like 
k-se. This could be helpful but it is not a replacement 
for an international study. Especially, for the safe 
international transport of spent fuel, credibiliv of the 
methods used in the sakty reports are essential for the 
approvals of the national competent authorities. 

The Worlcing Group should consider these questions 
when selecting future calculation cases. 

Step 1 - Bumup determination 

First, some simple cases as in part 1 of the current 
Working Group study should be calculated w-ith the 
same methods as are normally used for bumup 
determination in various countries. ‘Ihe input would be 
the specikaiions for fresh fuel and the design ami 
history of the reactor. In the first part the design w-as 
really simple; an intïnitely long fuel pin cell with 
reflecting boundaries . 

A criticality satkty specialist does not have to carry out 
these burnup calculations. It is more realistic to leave the 
calculations to specialists who are familiar with bumup 
ca.lculations and who will be responsible for the 
specifkations of the spent fuel fiom each reactor. 

The results of the bumup calculations cari then be 
compared by the Working Group. Multiplication fktors, 
fuel contents and other parameters cari be compared. As 
mentioned before, residual heat genemtion and radiation 
levels may also be of value. 

A realistic full scale reactor operation could then be 
simulated as the next step. 

Finally, with the conclusions from the previous steps and 
with the help fkom reactor management specialists, some 
extreme cases should be selected. Ex.amp1e.s of 
parameters are reactor size (MW), fuel assembly 
position in the reactor (middle, peripheral), internai 
variations of fuel assembly (axial, radial), power levels 
(fixed, reduced, fiequent ups/downs), fuel (burnable 
poison, advanced fuel), temperatures etc. 
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During the first step, the Working GTOUP would collect 
information on typical methods and their capabilities. 
Also, an inventory of difFerent parametfxs related to the 
reactor des@ and operation would be compiled Spent 
file.1 contents, multiplication fictors and other 
parameters cari be compared. 

Step 2 - Criticaiity safety analysis 

A very important part of this proposai is to identi@ 
parameters that are essential for the evaluation of 
ctith.lit~ safety when tdkg advantage of bumup. Is it 
possible to use just the average fuel burnup per 
assembly? What are the uncertainties? What could and 
should be verifïed? 

This is basically what the Working Croup is doing now. 
One of the methods from Step 1 is used as a reference 
method for fiuther studies of fuel operations outside the 
reactor (transport, storage). TO make comparisons of 
cross sections possible, each member Will use the atomic 
densities calculated with the reference method. The 
exception would be the most r&istic cases; those 
including all fission products. They should be calculated, 
if possible, using the same methods as in Step 1. 

IEMS Proposai - Step 1 - Standard burnup calculations) 
step 1 

k 

LT235 

Case a Case b Case c C=e . . . 

. . . 

Axial profle 

Residual heat generation 

1 EMS Proposa1 - Step 2 - Criticality safety calculations 1 
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Appendix 2.4 Comments of Kim Ekberg, 
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S tudsvik Core Analysis 1992-05-15 
Page 1/15 

From: Kim Ekberg TO: M Takano , Jaeri 
E Sartori, NEA 

BURN-UP CREDIT CRITICALITY BENCHMARK 

Initially 1 would like to make some comments to the benchmark, as proposed. 
Doubtless the evaluation of criticality of spent fuel for storage and transportation is 
an important problem. In order to avoid having to make excessively conservative 
assumptions methods should be developed and verified, which allow the actual 
bum-up status of the fuel to be taken into account. 

It is an advantage if simple methods cari be employed. However, “simple” means 
different things to different people, and also other considerations are important. 
Many reactor operators already have a functioning away-from-reactor code system 
for tore follow and reload and operations planning. They Will probably find it pref- 
erable to use their existing code system for several reasons. Their staff are used to 
the system and know it. Further, the system already contains ail relevant data of the 
bum-up status of their fuel. From a QA point of view it is important to minirnize 
data transfer between code systems. 

Several such away-from-reactor code systems exist. The one which is probably 
most spread among utilities and safety authorities around the world is the Studsvik 
Core Management System (CMS). The Studsvik-CMS already now is capable of 
handling most regular storage racks, and work is underway to develop a version 
which cari handle more general rack and cask arrangements. 

The fact that the physical mode1 of a tore management program cari be character- 
ized as more “complicated” than that of e.g. KENO is of no consequence to the 
user. What matters to the user is the ease of handling . Generally the handling of 
tore management programs is much simpler than of Monte Carlo and similar pro- 
grams. Especially is this truc for the Studsvik CMS, and in addition the computer 
resource requirements are very modest. An added advantage is that Studsvik-CMS 
is already extensively benchmarked with respect to reactivity and isotopic content 
of the bumt fuel. 

1 feel that in calculations where you want to take credit for the bumup of spent fuel 
it Will be necessary to have access to a data file with the bumup status of each fuel 
bundle. Such a file is one of the files being created and used within CMS (and also 
in other code systems for tore follow and predictive calculations). However, as 1 
do not know the plans for the continuation of the benchmark, 1 Will not comment 
further at this time. 

1 Will now go on to describe briefly how the benchmark probrem has been treated. 
The problem described in NEACW-L-337 has been set up in CASMO-3, which is 

/extra32n<im/fram/memo92/neacrp. 13may 
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Studsvik Core Analysis 1992-05-15 
Kim Ekberg Page 2115 

the fuel bundle (and, if you wish, pincelI) code of the Studsvik-CMS. For the 
benchmark 1 have used the pince11 option of the code. 

The number densities given in the Appendix to NEACRP-L-337 have not been 
used. It is not meaningful to introduce into CASMO number densities from other 
sources, and therefore number densities at ail exposures have been calculated with 
CASMO. For number densities after 1 and 5 years of decay an option of CASMO, 
Shut Down Cooling, has been used. 

TO evaluate the reactivity value of fission products the number densities of ail FPs 
in CASMO have been put equal to zero. This method has been chosen because not 
all FPs specified in NEACRP-L-337 are explicitely represented in CASMO. Those 
missing are Mo-95, Tc-99 and Ru-101. On the other hand CASMO represents 
explicitly several FPs which are not specified in NEACRP-L-337. In CASMO all 
fission products, which are not separately represented, are lumped together in two 
lumped fission products, one non-saturating (LFP 1) and one slowly saturating 
(LFP 2). Putting the number densities of a.ll FPs equal to zero thus means to elimi- 
nate all FP absorption in the calculation, and this method has been preferred when 
the specifications could not be fully adhered to. 

The reaction rates given in the following are normalized to 1.0000 fission neu- 
trons. 

The CASMO run reported here did take 4 min 46 sec on a SUN Spart IPC Work 
Station. 

A summary of the results is given in the Appendix. Unfortunately 1 did not have 
the time to prepare ail the detailed results requested in the benchmark specifica- 
tion. The tables given are extracts from the standard CASMO output list, and 
transferring them from the Fortran output list has required some editing. 

TO check the validity of the simplification of running the calculation as a pince11 
case 1 also ran a full bundle calculation. The results agree well between the pince11 
and the bundle case, which is to be expected for a normal PWR bundle. 

The agreement with the ORIGEN results is also fairly good. One cari see a ten- 
dency that CASMO gives 8-10 % lower fissile Pu content at 30 and 40 MWd/kgU. 
Taking into account that about half the fissions take place in Pu at 40 MWd/kgU 
this is probably the most significant difference. Isotopics at higher bum-ups are 
strongly spectrum dependent, and the cross section sets provided in ORIGEN may 
not always represent the neutron spectrum during bumup adequately. 

Generally a good deal of confidence should be placed in the CASMO results. This 
code is used worldwide by more than 50 utilities, safety authorities and others in 
the nuclear industry. It is extremely well benchmarked against critical experiments 
and operating reactor data. The reactivity level for normal reactor lattices and nor- 
mal storage rack lattices cari be expected to differ from one at criticality by at 
most a few tenths of a per cent. 

- 94 - 



JAERI-M 94-003 

Appendix 2.5 Report from BNFL 

"BNFL Criticality Calculations on OECD/NEACRP 

Burn-up Credit Benchmark, Phase 1" 

(The data listings of the original report have been omitted. 

The omitted pages are 3, 4 and 12 to 48.) 
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Summary 
The criticality working group of the Nuclear Energy Agency Committee on Reactor Physics (NEACRP) 
bas proposed an exercise to investigate the calculational capability of evaluating burn-up credit in 
criticality calculations. 
Phase 1 of the study is intended to establish common ground between the participating groups by 
defining a relatively simple system for evaluation. The mode1 consists of a simple P1I’R fuel cell Iattice 
of infinite extent nith fuel material which varies in irradiation history and isotopic inventory between 
the cases studied. 
BNFL Risley’s contribution to the study is reported here and was performed using MONKGB, with a 
specially modified version of the point nuclear database which incorporates fission product data taken 
from the latest JEF2 evaluations. 
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Title: 

BNFL CRITICALITY CALCULATIONS ON Project Number 

OECD/NEACRP BURN-UP CREDIT CR921 

BENCHMARK, PHASE 1. Page 6 of 48 

1 INTRODUCTION 

In many countries, the criticality evaluation of spent fuel transportation, storage and re- 
processing has historically, for the sake of pessimism and ease of calculation, assumed the 
presence of fresh rather than spent fuel. The increasing pressure on costs and efficiency 
and the tendency towards higher and higher initial enrichments, however, is compelling 
the industry to consider more seriously the adoption of burned-up fuel in the calculational 
assumptions. This clearly could dramatically increase existing safety margins with, gen- 
erally, an accompanying increase in plant efficiency and decrease in operational costs. AS 
with a11 matters such as this, a balance needs to be sought between the two requirements 
of reducing costs and optimal safety. 

As part of its continuing study into the various computational techniques of its member 
groups, the criticality working group of the Nuclear Energy’ Agency Committee on Re- 
actor Physics (NEACRP, but now superceded by the NEA Nuclear Science Committee, 
NEANSC) has proposed an international burn-up credit benchmark (Reference 1). 

This document formally reports the results of BNFL’s Nuclear Technology Group (Risley) 
assessment of the criticality benchmark Phase 1 exercise. 

2 DESCRIPTION OF PHASE 1 EXERCISE 

As indicated in the preliminary instructions to participants (Reference 2), the first phase 
of an international benchmark should not be too ambitious if it is to be successful. The 
first phase is intended to ‘tune [the participant’s] working tools SO that inconsistencies do 
not creep in later or are propagated further into the more complex phases’ (Reference 2). 

II’ith this aim in mind, a simple PWR fuel ce11 lattice, infinite in extent, was chosen as 
the system to be studied. A notional initial enrichment of 3.6w/o U-235 is used. The 
actual geometrical mode1 is shown in Figure 1 and consists of a UOZ fuel pellet region 
(radius 0.412cm) surrounded by zircalloy clad (radius 0.475cm) with no intervening air 
gap. An infinite square array of these fuel pins at a pitch of 1.33cm is then modelled by 
surrounding these annulii with a square of light water (side 1.33cm) and using a reflective 
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boundary condition. The mode1 is also made infinite in the axial direction by use of the 
same boundary condition. 

The above geometrical mode1 is used in a total of 9 cases involving differing degrees of 
burn-up, cooling time and fission product inventory. A complete specification of the cases 
to be studied is given in Table 1, which has been reproduced from Reference 2. 

Fuel isotopic number densities for each case were provided (Reference 2) for 12 actinides, 
15 fission products and oxygen. These are reproduced here in Table 2. The number 
densities for the remaining materials (zircalloy and water) were taken from Reference 8. 

In recording the results of the exercise; a number of data items, in addition to the cal- 
culated k-infinity value, were requested by the benchmark organisers. These were to be 
presented in a specified fixed format as shown in Table 3. Among other things the re- 
quired data consisted of neutron spectra, absorption and production rates and estimates 
of the number of neutrons per fission. These were defined formally in Reference 2 as:- 

where 

Absorption reaction rate, A, = J-Cd ddEdV , 
V 

CJ4i_1 
i=l 

ivhere 

Production reaction rate, 
p, = Jrv’C’fddEdV 

, 
V 

:Pi=1 
i=l 

where 

Keutrons per fission, 
F, = J- u’6dE dV 

, 
V 

CF,,l 
i=l 
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i = nuclide, E = energy, V = volume 

3 CALCULATIONAL DETAILS 

The UK Monte Carlo criticality code MOYKGB (R e erence 3) was used for the calcula- f 
tions. Since the current point energy nuclear database does not contain data for a number 
of the required fission products, a special version of the database was created (Reference 
4) with new data being incorporated from the latest JEF-2 evaluations (Reference 5). 

Using the geometrical mode1 and isotopic number densities identified in Section 2, MONK 
models of the 9 required cases were constructed. TO ease the analysis of the results, the 
default 3-group energy partition used in the output was over-ridden to produce action 
counts in a single group covering the full energy range (0 - 15hleV). 

.A target standard deviation on the eigenvalue of 0.002 was set and each case was run 
3 times in order to further reduce the statistical uncertainty. The calculations were 
performed on a Research hflachines 486/20 SystemBase 25 operating under SC0 UNIX 
System 5 Release 3.2.2. 

A sample hlOKK6B input listing is given in Figure 2 and the remaining listings cari be 
found in Reference 7. 

4 RESULTS AND ANALYSIS 

The k-infinity values for each run with the corresponding mean values for each case are 
given in Table 4. 

TO obtain the absorption and production reaction rate data the following procedure was 
adopted. The material action counts for material 1 (the fuel) were extracted from the 3 
outputs corresponding to each case and loaded into a spreadsheet (Reference 6). For the 
present exercise the action counts of particular interest were CAPTURE, FISSION and 
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FISSION CHILDREN. It is noted that in MONK these parameters are given normalised 
to 10.000 source neutrons. 

An average \ralue for the action counts was first obtained by taking the mean of the 3 
runs performed for each case. Usin g the definition Absorption = Capture + Fission, the 
ABSORPTIOK ‘action counts’ were calculated. Sumrning these over a11 nuclides gives a 
total which cari be used to normalise the individual reaction rates to unity as requested in 
the specification. The production reaction rates were obtained by doing a similar process 
for the FISSION action counts. 

The forma1 definition for the number of neutrons per fission as requested is given in 
Section 3. This definition, however, was considered to be suspect in that it required a 
normalisation involving the neutron flux which seemed inappropriate. The requirement to 
normalise.these values to unity also seemed to be a strange request in that it would actually 
mask the information on the average number of neutrons per fission for a particular 
nuclide, which is what is presumably desired. Following discussions with the benchmark 
organisers, therefore, it was decided to leave this parameter unnormalised and SO as such 
this strictly represents a departure from the originally requested specification. Practically, 
this data item is obtained by forming the ratio FISSION CHILDREN / FISSION for each 
(fissile or fissionable) nuclide. 

The data thus obtained for each of the 9 cases is shown in Tables 5 - 13. These individ- 
ual spreadsheet files were then loaded into a ‘master’ file in the format required by the 
benchmark specification, and this is reproduced here as Table 14. 

5 DISCUSSION OF RESULTS 

The first obvious trend to be noticed is that the calculated k-infinity decreases with 
increasing burn-up in each instance (see Table 4). By comparison of Cases 4 with 5 and 
8 with 9, where the fission products have been omitted, it is apparent that the reduction 
of about 0.06 in k-inf is due to the burning-up of U-235 which is not compensated for by 
the build-up of other fissile nuclides (e.g. Pu-239). 

I I I I I 
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The inclusion of the fission products in these cases (compare Cases 2 with 3 and 6 with 7) 
brings about a further reduction in k-inf of about 0.02 when the burn-up is increased from 
30 to 4OGWd/te. This appears to be due to the build-up of fission products in general 
rather than the accumulation of any nuclide in particular. 

When considering the effects of increased cooling time, it is noticed that even when the 
fission products are omitted (compare Cases 4 with 8 and 5 with 9) there is a drop in 
reactivity of about 0.02 for the longer cooling time. Examination of the reaction rate data 
for these cases indicates that this cari be attributed principally to the increased build-up 
of Am-241, which acts as a neutron absorber. 

When the fission products are included in these cases (compare Cases 2 with 6 and 3 with 
7) then k-inf is seen to drop by about 0.03 to 0.04 overall. Again, detailed examination of 
the reaction rate data indicates that the probable principal contributors to the difference 
are a reduction in the Pu-241 absorption and production rates (about l%), increased Am- 
241 absorption (about 0.7%) and the build-up over time of Gd-155 (about 1% increase in 
absorptions). 

6 CONCLUSIONS 

The criticality working group of the Nuclear Energy Agency Committee on Reactor 
Physics (NEACRP) has proposed a benchmark exercise to investigate the calculational 
capability of evaluating burn-up credit in criticality calculations. 

Phase 1 of the study consists of the evaluation of a simple PWR fuel ce11 lattice of 
infinite extent, with fuel material which varies in irradiation history and isotopic inventory 
between the cases studied. 

BNFL Risley’s contribution to this initial study has been reported here. It was performed 
using MONKGB, with a specially modified version of the point nuclear database which 
incorporates fission product data taken from the latest JEF-2 evaluations. 
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oct 13,1993 

Revised Results for Bumup-Credit Criticality Benchmark Part 1 
Using SCALE 4.2 and 44 Group ENDFTB-V Cross-Sections 

M. D. DeHart 
Oak Ridge National Laboratory* 

Introduction 

Results submitted by the Oak Ridge National Laboratory (ORNL) for Phase 1A 
of the NEACRI? Burnup-Credit Criticality Benchmark report were obtained 
using SCALE 4.1 and a 27-group library of ENDF/B-IV cross-sections. (Note: 
most fission product cross-sections in the 27-group library were obtained from 
pre-release ENDF/B-V data.) Revised calculations have been completed 
using version 4.2 of SCALE combined with a new 44-group ENDF/B-V based 
cross-section library. The new 44-group library has been specifically 
developed for the use in criticality analysis of LWR-type spent fuel 
assemblies. 

A developmental DECstation version of SCALE 4.2 was used in these 
calculations; however, subsequent recalculation of Case 7 specifications using 
a configuration-controlled version of the production version of SCALE 4.2 on 
an IBM RISCstation showed no change in the computed value for l+ff. 

Results using SCALE 4.2 and the new cross-section library show marked 
improvement over those obtained in the earlier set of calculations. The 
following section describes the new ENDF/B-V based results relative to the 
earlier ENDF/B-IV results and the Group C (16 participant) average results 
reported in the 4/30/93 draft of the NEACRP Burnup-Credit Criticality 
Benchmark report. 

Results 

Results of the revised calculations have been assembled in the format 
requested for benchmark results, and are included as an attachment. Values 
of bff computed for each of the 13 variations of the benchmark are given in 
Table 1. The average bff column in the table refers to the 16-Participant 
average value, the “Previous...” column provides the previously reported 
SCALE 4.1/27-group ENDF/B-IV value of k,ff, and the “Revised...” column 
gives kff based on calculations using SCALE 4.2 and the new 44-group 
ENDF/B-V cross-sections. Note that in a11 cases the revised keff is closer to 

*Managed by Martin Marietta Energy Systems, Inc., under contract DE-AC05- 
84OR21400 with the U. S. Deparment of Energy. 
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the average than the previous bff. Previous k&s were approximately 0.3 to 
0.7% low, while the revised values were approximately 0.0 to 0.3% low. Also, 
note that revised Case 13 results contain the correction to an error discovered 
in the original calculation. 

Table 1 Comparison of Results Previous and Revised Calculations 

Case 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

Average 
keff 

1.4378 
1.1404 
1.0640 
1.2457 
1.1887 
1.1125 
1.0242 
1.2284 
1.1658 
1.2619 
1.2550 

1.1104 
1.0767 

Previous ENDF/B-IV Revised ENDF/B-V 
keff / (% difference) keff / (% difference) 

1.4276 (-0.71%) 1.4369 (-0.06%) 
1.1323 (-0.71%) 1.1366 (-0.33%) 
1.0570 (-0.66%) 1.0604 (-0.34%) 
1.2397 (-0.48%) 1.2436 (-0.17%) 
1.1836 (-0.43%) 1.1859 (-0.24%) 
1.1051 (-0.67%) 1.1093 (-0.29%) 
1.0180 (-0.61%) 1.0209 (-0.32%) 

1.2228 (-0.46%) 1.2273 (-0.09%) 
1.1604 (-0.46%) 1.1634 (-0.21%) 
1.2576 (-0.34%) 1.2619 (0.00%) 
1.2505 (-0.36%) 1.2552 (0.02%) 
1.1026 (-0.70%) 1.1088 (-0.14%) 

1.0809* (0.39%)* 1.0753 (-0.13%) 

+ This case inadvertently omitted lo3Rh. The correct 27-group ENDF-4 I<eHvalue is 1.0679 (-0.82%). 

Figures l-6 show the flux spectrums computed using both the 27-group and 
44-group libraries for Cases 1,7, and 9, in both the fuel and reflector regions. 
These figures show good agreement between the previous and revised 
results. Note that the 44-group spectrum varies from the 27-group spectrum 
at both the far Upper and far lower energy regions. The differences are most 
likely due to the increased number of energy groups in the 44-group library, 
but are likely to have little overall effect. However, significant differences are 
noted in two key regions. First, the 44-group spectrum is depressed in the 6-8 
eV range, while no such depression is seen in the 27-group spectrum. This 
depression is most notable in the fuel, and occurs in both fresh and spent fuel 
cases; it is therefore most likely to be the result of absorption in the lowest 
23*U resonance, which occurs in this range. This difference may result from 
either the refined 44-group structure or improvements to the resonance 
processing capabilities of SCALE-4.2. The second difference between the two 
sets of calculations is a dip in the 27-group spectrum around 1 eV. Again, this 
dip is seen primarily in the fuel, but in this case occurs only in spent fuel. 
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The depression is present in both 44-group and 27-group results, although it is 
significantly more pronounced in the 27-group spectrum. This anomaly is 
most likely due to the 1 eV resonance in *41Pu absorption, which appears to 
be overestimated in the 27-group calculation. 

Figures 7 and 8 show the relative absorption rates for a11 of the selected fission 
products for both the previous and revised results. Figure 7 compares results 
from the 27-group ENDF/B-IV and the 44-group ENDF/B-V based absorption 
rates after a 1 year cooling period following 40 GWD/t burnup. Figure 8 
shows the same information after a 5 year cooling period. Absorption and 
production rates in the actinides were found to be relatively close for the two 
sets of calculations, and are therefore not shown here. As illustrated in the 
two charts, the largest differences among the fission products are in the 
isotopes of samarium and gadolinium. These differences are small relative to 
the magnitude of the absorption rate. Such small changes are expected since 
the fission product cross-sections the fission product cross-section data was 
changed little, if any, between the pre-release ENDF/B-V data in the 27-group 
library and the ENDF/B-V data in the 44-group library. The differences are 
most likely due to changes in actinide data (which cari alter both fission 
product production rates and the energy spectrum), and changes in the flux 
spectrum due to the additional energy groups. 

Note that in Figure 5.18 of the draft Burnup-Credit report, ORNL’s previously 
computed 155Gd absorption rate is significantly less than that of other 
participants. While this isotope shows little relative change in Figures 7 and 
8, the magnitude of the change is such that ORNL absorption rates are in 
significantly better agreement with the results of other participants than was 
found using previous results. 

. SSIOII and Conclusions 

Improvements in cross-section processing portions of SCALE-4 together with 
a spectrum-tailored 44-level broad-group cross-section library based on 
ENDF/B-V data have improved ORNL’s accuracy for burnup-credit type 
calculations. This is evidenced by the closer agreement of ORNL results with 
the average of results obtained by other benchmark participants. For a11 but a 
single case, the ORNL-computed bff values in the previously submitted 
results were lower than the 16-participant average. Case 13, the single 
exception, was found to be an erroneous result, due to the inadvertant 
omission of the fission product losEh; recalculation with the addition of this 
isotope brought this computed keff down below the average. The revised 
calculations gave increased values of bff by roughly 0.3% for a11 cases, 
moving closer to the multiparticipant averages. 
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keff, reaction rates, and v-values for cases 1 to 9, along with the energy 
spectrum for the 44-group library, are provided in benchmark format in the 
attachment (Table 1 of this report provides revised values of k,ff for cases 1 to 
13). Note that the production and absorption rates are normalized to unity as 
requested for the benchmark results; this normalization was not applied in 
the previous submission. 

Finally, one comment should be made on the presentation of data in this 
draft of the benchmark report. In evaluating the computed reaction rates 
relative to those of the other participants and to the 16-particant average, it 
was found difficult to make a direct comparison due to the lack of numerical 
values for these rates. The bar charts of Figures 13 - 64 illustrate individual 
variations relative to the collected average, but nowhere is the average 
explicitly specified. Furthermore, it is not possible to assess these variations 
relative to the magnitude of the average, to obtain the percentage variation in 
reaction rates for the various isotopes. It might be useful to include the 
average value of the reaction rates for each of the actinides and fission 
products, either as a table, or by noting the value of the average on each of the 
isotopic comparison bar charts. 
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Appendix 3 Comparison of Reaction Rate 

Appendix 3.1 Absorption Rate 
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Appendix 3.2 Production Rate 
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-15COOE-03 - 1 .OCME-O3 -5.OOMlE-C-l 1 .XXIOE03 1.5000z-C- ZOOWE-03 

n CZ?SCl m-2 Hcasc3 r@ Case4 Ocase q Case6 q Case7 ~Case8 q b9 
l.O578E-01 3.50898-01 1.0637E-01 1.52488-01 8.94008-02 1.2805E-01 8.9721E-02 1.2969EAX 

Average Value of Pu-241 Production Rates 

Fig. A3.35 Difference of Pu-241 Production Rate from Average 

-8.OOWE-05 -6.0000E~5 4.0000E05 -2.WOaE05 20XQE~5 4.CCOOE-05 6.oooOE-05 8.0000E-05 1 .XXME-04 

n C&Ç2l n case2 ~Case3 q Cave4 0 Case 5 q Case6 8 CaSe7 q ca.w.8 q h9 
9.48888-05 1.7736ED1 8.81268-05 1 H44E-04 9.69718-05 2.12318-04 1.03488-04 1.7746B04 

Avetage Value of Pu-242 Production Rates 

Fig. A3.36 Difference of Pu-242 Production Rate from Average 
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-2.WOOEM - 1 .WE-OS 1 .DoooE-05 2.CWlE-05 3.COOOE-05 4.CWOE-05 5.MXX)E.05 

WCCXl WC=2 MG.%3 q Case4 Ocase ~Case6 @case7 ~Case8 fflcase9 

7.1176&05 6.45278-05 5.36758-05 6.0375845 5.56C9E-05 6.6581B05 5.77168-05 6.3738&05 5.0825E-05 

Average Value of U-234 Production Rates 

Fig. A3.37 Difference of U-234 Production Rate from Average 

MCNFYJENDL3) 

-8.KWOE~3 d.OKNlE-03 4.CCOOEJI3 -2.CK0E-93 8.6736E-19 2.CCCOEO3 4.WXIE-03 6.OOWE.03 8.LYJOOE-03 1 .BCWE-02 

n CZi.Wl HCa.seZ case3 q Case4 Ocases [IgCaxO q Case7 HCase8 q ca.çe9 
9.5206E-01 4.14368-01 3.01826-01 4.1912E-01 3.0701EXIl 4.2116E-01 3.09508.01 4.27758-01 3.16llE.01 

Average Value of U-235 Production Rates 

Fig. A3.38 Difference of U-235 Production Rate from Average 
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n CCSCI n CaFeZ n Ck?.%J fJjCare4 ~Case5 q Case6 HCase7 ~Cases q case9 
1.9776805 6.2107E-04 7.7603E-M 5.7880E04 6.69928-M 6.3576EJM 7.73148-W 5.7143EM 6.8227E-C!4 

Average Value of U-236 Production Rates 

Fig. A3.39 Difference of U-236 Production Rate from Average 

-4.CQXJEXI3 -2.0000E-03 2.0000E-03 4.CCWE.03 6.DOOOEU3 8.CWOE-03 

n CaSel B-2 q case3 OCase Ocase q Case6 ~Case7 racàses EJjcase9 
4.786.58-02 6.0058L02 6.44738-02 5.5065842 5.75838~32 6.1891802 6.70898-02 5.5820EJl2 5.86498-O: 

Average Value of U-238 Production Rates 

Fig. A3.40 Difference of U-238 Production Rate from Average 
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Appendix 3.3 Nue-Value 
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MCNP(JENDL3) 

-15% -10% -5% 5% 10% 15% 

n CWI case2 n casc3 ~Case4 n CaSe5 q Case6 n Case7 q c.y$eg n Case9 
.3956 3.3953 3.3906 3.3890 3.3961 3.3962 3.3907 3.3519 

Average Nue-Value of Am-241 

Fig. A3.41 Difference of Am-241 Nue-Value from Average 

/ I I I l 
-15% -10% -5% 5% 10% 15% 

w Case 1 ocase ~Case3 wcw4 wcase5 q Case6 n ca.sc7 
3.4134 

q Case8 
3.4140 

~Case9 
3.4117 3.4120 3.4135 3.4144 3.4119 3.4118 

Average Nue-Value of Am-243 

Fig. A3.42 Difference of Am-243 Nue-Value from Average 
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-15% -10% -5% 5% 10% 15% 

~Case1 @case2 n case3 mcase.4 Base5 [3 CaSCO n case1 q Case 8 n casc9 
2.8282 2.8286 2.8274 2.8277 2.8283 2.8289 2.8275 2.8214 

Average Nue-Value of Np-237 

Fig. A3.43 Difference of Np-237 Nue-Value from Average 

-15% -10% -5% 5% 10% 15% 

n Case1 q case2 n case3 mcasc4 n CaSe5 IJ Case6 n case7 ~Case8 n Case9 
2.9589 2.9579 2.9554 2.9535 2.9592 2.9586 2.9553 2.9531 

Average Nue-Value of Pu-238 

Fig. A3.44 Difference of Pu-238 Nue-Value from Average 

138 



JAERI-M 94-003 

n Cascl case2 ~Case3 ~Case5 (3 Case6 n case1 n case9 
2.9118 2.9120 2.9112 2.9119 2.9122 2.9110 

Average Nue-Value of Pu-239 

Fig. A3.45 Difference of Pu-239 Nue-Value from Average 

MOLLO 1 

-15% -10% -5% 5% 10% 15% 

B&el H Case3 
3.0506 %?ii4 

wcase5 0 Case6 
3.0493 3.0498 

Average Nue-Value of Pu-240 

n Case7 ~Case8 n Case9 
3.0509 3.0487 3.0491 

Fig. A3.46 Difference of Pu-240 Nue-Value from Average 
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MCNP(JENDL3) 

n Case 1 @case2 n Case3 case4 ~Case5 q Case6 n Case7 q CaSe8 n Ca.%9 
2.9777 2.9178 .9769 2.9168 2.9778 2.9780 2.9170 2.9766 

Average Nue-Value of Pu-241 

Fig. A3.47 Difference of Pu-241 Nue-Value from Average 

-15% -10% -5% 5% 10% 15% 

n Case 1 /g Case2 ~Case3 
3.0626 3.0633 

Case 4 n casc5 0 Case6 
3.0618 3.0624 3.0628 

Average Nue-Value of Pu-242 

n Case7 q CaSC8 n Case9 
3.0635 3.0620 3.0621 

Fig. A3.48 Difference of Pu-242 Nue-Value from Average 
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SCALE-4 

MCNF’(JENDL3) 

LWIGWIMS 

JACS(K) 

CGM 

APOLLO1 

I I T 

-15% -10% -5% 5% 10% 15% 

n C&Sel “” 2 ~Case3 q case4 n CasC5 0 Case6 n Case7 q Case8 n Case9 
2.5699 2.5682 2.5619 2.5700 2.5703 2.5683 2.5676 

Average Nue-Value of U-234 

Fig. A3.49 Difference of U-234 Nue-Value from Average 

-15% -10% -5% 5% 10% 15% 

~Case1 ~Case2 ~Case3 q case4 4case5 0 Case6 n Case7 q Case 8 n Case9 
2.4601 2.4608 2.4609 2.4601 2.4601 2.4609 2.4610 2.4603 2.4599 

Average Nue-Value of U-235 

Fig. A3.50 Difference of U-235 Nue-Value from Average 
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MCNF’(lENDL3) : 

-15% -10% -5% 5% 10% 15% 

n Case1 
2.5984 

~Case2 ~Case3 q case4 n CaSe5 q CZiSe6 n case7 q Case8 n case9 
2.6080 2.6093 2.6061 2.6069 2.6081 2.6096 2.6062 2.6067 

Average Nue-Value of U-236 

Fig. A3.51 Difference of U-236 Nue-Value from Average 

MCNF’(JENDL3) 

-15% -10% -5% 5% 10% 15% 

n CZSel 
7.” 3 

q Case4 w case5 0 Case 6 n case7 ~Cases n Case9 
2.7269 2.7296 2.7302 2.7301 2.7309 2.7298 2.7301 

Average Nue-Value of U-238 

Fig. A3.52 Difference of U-238 Nue-Value from Average 
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Appendix 4 On Quality Assurance by Jim Stewart 
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Quality Assurance was discussed at the meetings, with 

particular regard to the effect on use of the inter comparison for 

validation purposes (comparison against an independently developed 

calculation method is one means of validation). Although details 

of the application of quality assurance by individual participating 

organizations is not recorded in this report, this does not 

indicate that quality assurance was not being applied at the time 

of the inter comparison. Further information may be provided on 

quality assurance in a report of a later phase of this work. For 

those who wish to use this phase for validation purposes the 

following guidance is given. In order for the inter comparison of 

codes to be of use as a means of validating calculation methods 

against each other it is necessary to know details of quality 

assurance applied by each code controller and/or participant. 

Where this is not known it Will prove difficult to make use of the 

work to satisfy those regulators who require a high degree of 

quality assurance in the area of criticality safety. Validation 

cari be seen as the foundation on which calculation studies are 

built. If quality assurance is lacking at the validation stage it 

Will result in acceptance problems at a11 further stages of a 

project with regard to demonstrable quality assurance. .The 

minimum information required is : 

A. For the inter comparison, 

1 . It must be shown that the input information is complete and 

controlled. This includes the problem specification. 

2. It must be shown that the computer and a11 software used is 

controlled. This could involve the running of standard 

test cases. 

3. It must be shown that the methods used in assessment are 

controlled. This Will involve working to approved 

procedures and the creation of assessment records. 

4. It must be shown that the output of information is controlled 

and verifiable. This Will include collating of results. 

B, For the validation. 

1. . Those procedures identified below (*). 
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The information which should be requested from the participant 

should include: 

1 . Reference to the organization's quality assurance system 

including its top tier document, and confirmation that it 

was in place and fully functioning. 

2. Reference to the applicable national or international QA 

standard. 

3. Reference to work procedures.* 

4. Reference to document control procedures.* 

5. Reference to computer hardware and software control 

procedures.* 

6, Reference to any instructions from organizations delegating 

the work to sub-contractors, along with a reference to the 

delegating organizations QA arrangements. 
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I 

HZ 
N 
Pa 
J 
W 
C 
V 
F 
0 
S 

Wb 
T 
H 
“C 
Im 
Ix 

Bq 
GY 
SV 
- 

FZ SM& 

s-’ 
m.kg/s’ 
Nlm’ 
N.m 
J/S 

A.6 
WiA 
C/V 
V/A 
AIV 
v-s 
Wblm’ 
Wb/A 

cd.sr 
lm/mz 

SS’ 

Jlkg 
Jlkg 

% % 1 Pa.s(N.s/m2)=10P(#7X) (g/(cm.s)) 

@J%!@ 1 mz/s=lO’St( x b - 9 x) (cm*/s) 

JL J(=lO'erg) kgfim kW-h 
f 
II/ 1 0.101972 2.77778 x 1O-7 
GI=- 
i 9.80665 1 2.72407 x lO+ 
. 

% 3.6 x 106 3.67098 x 10’ 1 

. 4.18605 0.426858 1.16279 x lO-’ 

1055.06 107.586 2.93072 x 10-’ 

1.35582 0.138255 3.76616 x 1O-7 

1.60218 x 10-l’ 1.63377 x lO-‘a 4.45050 x lO+ 

1 eV=1.60218x 10-lgJ 

1 LI= 1.66054x lO-*‘kg 

8 SF zz s 

fY9-jAbo-4 - A 
.* - Y b 
,< - II/ bar 
fi IL/ Gal 
+ 3 ‘J - Ci 
L/ 2 l- y Y R 
3 F rad 
Lc 4 rem 

1 A= 0.1 nm=lO-“m 

1 b=lOO fm2=10-2* m* 

1 bar=O.l MPa=lO’Pa 

1 Gal=l cm/sZ=10-2m/s2 

1 Ci=3.7x101’Bq 

1 R=2.58xlO-‘Ukg 

1 rad = 1 cGy = 10-‘Gy 

1 rem= 1 CSV = 10e2 Sv 

32 FT 

E 
P 
T 
G 
M 
k 
h 
da 

& MPa(=lO bar) kgf/cm’ atm mmHg(Torr), Ibf/inYpsi) 

1 10.1972 9.86923 7.50062 x 103 145.038 

n 0.0960665 1 0.967841 735.559 14.2233 

0.101325 1.03323 1 760 14.6959 

1.33322 x 10-’ 1.35951 x 10-s 1.31579 x 10-a 1 1.93368 x lO-* 

6.89476 x lO+ 7.03070 x lO-’ 6.80460 x lO-* 51.7149 1 

cal (àtfta) Btu ft l Ibf eV 1 cal = 4.18605 J (Bl?$&&Q;) 

0.238889 9.47813 x lO-’ 0.737562 6.24150 x 10” = 4.184 J M14tYi: 

2.34270 9.29487 x lO+ 7.23301 6.12082x 101” = 4.1855 J (15 “C) 

8.59999 x 10 6 3412.13 2.65522 x 106 2.24694 x 10z5 = 4.1868 J ~8L%%%b) 

1 3.96759 x 1o-3 3.08747 2.61272 x 1019 4Itlw 1 PS (U>%fi) 

252.042 1 778.172 6.58515 x 10” = 75 kgf. m/s 

0.323890 1.28506 x 10+ 1 8.46233 x 10” = 735.499 w 

3.82743 x lO-*’ 151857x 10-z2 1.18171 x 10-l* 1 

(86% 12fl 26 ES?%) 


