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INTRODUCTION 

The origin of this benchmark was brought about from a request 

by the Working Party on Nuclear Fuel Cycle Requirements (WPNFCR). Dr J.R. 

ASKEW presented it at the 26th meeting of the NEACRP. 

WPNFCR has, sought the advice of the NEACRP on problems asso- 

ciated with the possible future recycling of U236 in thermal reactors. 

There are two methods for reusing the recovered uranium : the used ura- 

nium is either re-enriched or mixed with highly enriched material. The 

choice will be decided upon by the Working Party. For our case the first 

solution has been chosen. 

The question of methods and the data to be used in such studies 

and whether or not those would lead to differences of opinion among the 

NEA member countries remained. It appeared that a simple benchmark cal- 

culational exercise might best provide an answer to this question. 

Two exercises have been suggested : 

la/- A typical PWR pin-cell for 33 GWD/t 

lb/- An equivalent cell with reprocessed uranium (U236 and U234) 

2/- The overenrichment required by a cell reprocessed, re-enriched 

uranium. 
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1. SPECIFICATIONS 

1.1 Introduction 

This benchmark aims at comparing the effects of U236 on PWR 

fuel cycles among the various calculational methods and nuclear data. 

Three calculations are proposed : 

1) A typical PWR pin-cell burnt up to 33 GWO/HMte (burn-up per 

megagram of Heavy Metal). 

Seven answers have been definitively accepted. 

Several participants compare the results obtained with their 

available libraries and show the effect of the different sets 

of microscopic cross sections. 

2) A recycled uranium pin-cell with a fixed initial composition 

(33 GWD/te). 

3) The determination of the overenrichment required for compen- 

sating the U236 capture (and the U234 at the same time). 

1.2 First exercise 

Comment : The main goal is to compare the effects of the nume- 

rical methods and the nuclear data relevant to the 

formation and to the depletion of uranium 236. 

The first calculation will give the reference data without U236 

in initial conditions. 

The second calculation will show a direct comparison with the 

previous one when the fuel comes from reprocessed uranium. The isotopic 

composition of the fresh cell-pin is given. 

,. :: 
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Simplifying hypotheses are taken : 

the single cell is cylindricalized 

without leakage (infinitely long in axial direction with perio- 

dic boundary conditions) 

with a fixed boron concentration 

The material properties are as follows : 

Fuel : uo2 

Mean effective temperature : 700°C 

Diameter : 0.819 cm 

Number densities for the first calculation (3.25 % enriched 

uranium from natural uranium) : e 

U 234 7.24 1018 cmq3 

U 235 7.55 10" cme3 

U 238 2.22 10" cmm3 

Number densities for the second calculation (3.52 % enriched 

uranium from reprocessed uranium) : 

U 234 2.05 101' cme3 

U 235 8.18 10" cmT3 

U 236 2.63 10" cme3 

U 238 2.186 10" cmq3 

Clad : 

Zirconium 

Number density 4.315 10" cmb3 

Temperature 4OOOC 

Inside diameter 0.836 cm 

Outside diameter 0.95 cm 

Water : 

Number density 2.387 10z2 

Temperature 306'C 

Natural boron concentration : 1.78 10 19 cme3 (610 3.21 1018 cm-3) 



Mean power : 32 MW/HMte 

(power per megagram of Heavy Metal) 

The energy released by fission is the following : 

U 235 = 201.7 MeV/fission 

U 238 = 205 MeV/fission 

Pu 239 = 210 MeV/fission 

Pu 241 = 212,4 MeV/fission 

Required calculations 

- k, as a function of burn-up with 1 steps of 3 GWD/HMte 

Isotopic composition of uranium, plutonium and Np 237 at the 

end of life (EOL). 

1.3 Second exercise 

Comment : The second exercise consists of the complete evaluation of 

the overenrichment required by the U236 (and U234). The 

hypotheses are as follows : 

- the initial composition of the recycled cell is deduced 

from the results at the EOL of the first calculation, 
reenriched) U'4 U'S 

- the enrichment laws are simplified : [reprocessed) u4 = 1.1 ~5 

- the equivalence on the fuel cycle length is obtained 

with the same k, at 21 GWD/HMte of the first calcula- 

tion. 

Required calculations 

Isotopic composition of uranium at the beginning of the second 

cycle. 

Isotopic composition of uranium, plutonium and Np237 at the end 

of the first and second cycles. 
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2. LIST OF PARTICIPANTS 

A - AUSTRALIA 

G.S. ROBINSON 

Nuclear Technology Division 

Australian Atomic Energy Commission 

Lucas Heights Research Laboratories 

New Illawarra Road 

Lucas Heights - NSW AUSTRALIA 

8 - CANADA 

Donald S. CRAIG 
Advanced Projects and Reactor Physics Division 

Atomic Energy of Canada Limited 

Chalk River - ONTARIO 

CANADA KOJlJO 

FI - FINLAND 

Jyrki PELTONEN 

Technical Research Centre of Finland 

Nuclear Engineering Laboratory 

P.O.B. 169 SF 

00181 HELSINKY 18, FINLAND 

F - FRANCE 

J.C. GUYOT 

Service d'Etudes de Coeurs et Systemes 

Departement des Reacteurs a Eau 

Commissariat a 1'Energie Atomique 

CEN-CADARACHE 

B.P. No1 

13115 - SAINT PAUL LEZ DURANCE 

FRANCE 

s - SWITZERLAND 

K. FOSKOLDS 

Fuel Division 

Swiss Federal Institute for Reactor Research 

CH-5303 WURENLINGEN 
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U.K. - UNITED KINGDOM 

M.J. HALSALL 

Reactor Physics Division 

Atomic Energy Establishment Winfrith 

DORCHESTER - DORSET 

OTZ 8DH 

ENGLAND 
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3. CALCULATIONAL METHODS 

An overview of the adopted calculational methods is shown in 

table 16: 

3.1 Australia - AAEC 

The NEACRP benchmark on recycling of uranium has been calcu- 

lated using the AUS modular system (Robinson 1975a) with nuclear data 

from ENDF/B-IV. AUS is a general neutronic calculation scheme for which 

the nuclear data have not been adjusted to agree with integral experi- 

ments. 

Three AUS modules have been used in the calculations. The 

cross-section preparation module MIRANDA (Robinson 1977) was used to 

generate 31-group cross-sections for each cell material and burn-up 

isotope from a 128-group cross-section library based on ENDF/B-IV data. 

MIRANDA includes a resonance calculation. The discrete ordinate module 

ANAUSN (Clancy 1982) was used for a simple isotropic scattering, 54, 12 

mesh point calculation with the 31-group cross-sections from MIRANDA. The 

module CHAR (Robinson 1975b) was used with the spatial fluxes from ANAUSN 

to perform nuclide burn-up by an analytic technique. Repeated cycles 

through the three modules were peformed with a 0.75 GWD/HMte step between 

cycles. 

3.2 CANADA - AECL 

The results published in this report were obtained using WIMS - 

CRNL with essentially the same library as supplied with WIMSD by the UK. 

AECL performed two calculations with the WIMS-CRNL code used 

with the discrete ordinate option S8Po. The first calculation is based on 

the original 69 groups WIMS-D library. For the second one, the 89 groups 

from ENOF/B-V were collapsed to 79 groups for the transport calculation. 
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3.3 FINLAND 

The solution is calculated by CASMO-2E fuel assembly burn-up 

code using UKNDL based nuclear data libraries and using a ENDF/B-III 

library. 

A 25 energy group library condensed from the 69 energy group 

library was used in all the cases. A comparison calculation showed no 

need for the use of the 69 group library. The CASMO code was modified to 

include U234 in the heavy nuclides of the burn-up calculations. 

3.4 FRANCE 

The code used for this benchmark is APOLLO. The single cell is 

treated in transport theory. The spatial meshing is chosen with one zone . 

by constituant (fuel, clad, water). The gap between fuel and clad is 

smeared with the clad. 

The nuclear data come:from APOLIB..It is a 99 group library (47 

in thermal energy and 52 in fast energy). 

The spatial characteristics for every isotope are as follows : 

U 234 : (n,y), non self-shielded, non fissile 

U 235 : fissile, absorber, self shielded 

U 236 : (n,y) self-shielded (non fissile) 

U 238 : (n,y), self-shielded , (n,2n), fissile 

Pu238 : (n,y) 

Pu239 : (n,y), fissile, self-shielded, (n,2n) 

Pu240 : (n,y), thermal self-shielding - non fissile 

Pu241 : (n,y), fissile, self-shielding - T = 14.7 years 

Pu242 : (n,y), non fissile 

Heavy nuclei : Am241, 242, 243 (Am242, fissile) 

Cm242, 244 

Cm242 - Pu238 T = 0.446 year 

Fission products : 37 miin F.P. and 4 pseudo F.P. 
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3.5 SWITZERLAND - EIR 

The basic data have been taken on choice from ENDF/BIII or IV 

anti condensed into 70 energy groups by mean of the code ETOBOX. The U238 

cross sections have been arbitrarily modified in order to adjust the 

calculated mean multiplication factor of a series of critical experiments. 

Concerning the cell calculations, the slowing dawn flux is 

calculated explicitely in two zones for about 2-300 lethargy points. This 

flux distribution is used as a weighting function for the condensation of 

the resonance cross sections into groups. Every kind of coupling between 

resonances of one or different nuclides is automatically taken into 

account. 
0 

For the burn-up calculations, the reaction rates in each mate- 

rial are condensed into one group. The nuclides are subdivided into two 

classes : 

those with high destruction rates, the densities being calcu- 

lated analytically by means of an asymptotic formula, 

other nuclides whose densities are given by a polynomial in 

time. 

During one time-step the microscopic cross sections are normally 

assumed to be constant, except for Pu239 and Pu240. 

0 
Cell calculations are normally performed at the end of a time- 

step. 

3.6 UNITED KINGDOM - AEEW 

The WIMS library used is the one referred to as "1981 library". 

It is documented in AEEW - R1442 and justifications for the integral data 

adjustments that resulted in the library are in AEEW R1492. 

The (n,2n) reactions in U238 are not integrated explicitly in 

WIMS and it is not possible to calculate the formation of U237 and there- 

fore N~237. 



4. DEFINITIONS AND METHODS OF EVALUATIONS 

In the evaluation of the results, the following notation is 

used : Variables and calculated quantities. 

N : 7 answers P (A, Cl, C2, F, FLU, FD2, S, UK) 

k : infinite multiplication factor 

Ni : isotopic density (atoms/barn.cm) 

E : exposure (GWD/HMte) 

N 
;= I: kj 

j=l 

ANi = Ni(E) -~ Ni(0) 

The standard deviation u is calculated for any variable (y) 

The relative value U of o is given by : 

v= u/i 

The deviation of every participant with regards to the mean 

value is defined as follows : 

6p = Ln (vi/i) (Ln : neperian logarithm) 
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5. RESULTS AND DISCUSSION ABOUT EXERCISE la 

Table 1 and fig. 1 give k as a function of the exposure 

Comment : the standard deviation is very wide at the beginning of 

life (1.0 %) and is reduced with the fuel depletion, 

reaching at the end 0.7 %. The Xenon effect is given by 3 

participants. 

(AkXe) UK = 0.0390 

(AkXe) F = 0.0388 

(AkXe) FDl = 0.0361 

(AkXe) FD2 = 0.0358 

Table 2 allows a direct comparison among the six participants. 

The deviation is given as Ln 2. 

Figure 2 illustrates the respective trends 

Table 3 gives the isotopic composition at the end of life. 

Comment : Pu238 is formed in three ways (U8 + U7 -f Np237 •f Np238 + Pu238 
U6 
Pu239 n.tn Pu238 
Cm242 Pu238 

The French calculations indicate for the Pu238 formation : 

direct ways : 91.5 % 

CY decay : 8.5% 

The other participants do not write about this and a comparison 

seems to show they have only the first term. Two lines have been pu- 

blished. The first one without o decay, and the second one (at the bottom, 

with a decay). 

a 

l 
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Table 4 shows the deviation between each participant and the 

mean value. 

Table 5 gives the depletion of the uranium isotopes as a func- 
tion of the burn-up. 

The dispersion of the residual UZ34 is 7.8 %. It interprets the 

effect of the capture rate. The second Canadian calculation gives a very 

small consumption due to the ENOF/ evaluation. The low U234 capture in 

comparison with the others is sensitive along the exercises. 

The U235 microscopic cross sections are well known. The dev‘ia- 

tion is only 0.7 %. Its depletion is due to the fission and the capture. 

The effect on capture has direct repercussions on the U236 formation 

(table 3). The standard deviation is 2 %. 

AU238 is not sensitive because there are only 2 significant 

figures. 

The plutonium isotopes are more dispersed than those of ura- 

nium : 

Pu239 3.4 % 

Pu240 1.6 % 

Pu241 3.5 % 

Pu242 8.5 % 

Only 5 participants have been included in the neptunium compo- 

sition due to the absence of (n,2n) reaction in WIMS. It is very diffi- 

cult to interpret the results. 
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6. RESULTS AND DISCUSSION ABOUT EXERCISE lb 

Table 6 and Figure 3 give k as a function of the exposure for 

the 7 answers. Table 7 and figure 4 are devoted to the comparison among 

each participant and the mean value. 

The presence of U236 does not modify the general behaviour of 

the k distribution and the standard deviation goes from 1.1 % to 0.9 %. 

This effect is shown in table 8. It is a comparison between the 

"k"s taken from the exercises la and lb step by step. 

Ln k with recovered U = f(E) 

k with natural U 

The multiplication factor of the cell with the recovered ura- 

nium is not as high as that of the natural uranium. It is necessary to 

increase the U235 content. The 7 
th 

step indicates this effect (cf. exer- 

cise 2). With ENDF/B5 being the lowest and UK the highest, the latter 

must reduce the enrichment in order to obtain the equivalent cycle. All 

participants (except UK) have arrived at the same trend with both cells. 

Table 9 gives the isotopic composition of fuel at EOL. Table 10 

gives the variation of those compositions between the end and the begin- 

ning of life. It is comparable to table 4. 

The U234 density is three times as great in the second case 

(1.3 101g/4.1018). The consumption is slightly lower (- 10 %) but the 0 

deviation is the same (4,6 %). 

The U236 concentration is high at BOL. The final density is a 

function of the production by the U235 (n,u) reaction and the depletion 

through U236 (n,u) reaction. 

The first reaction is known by exercise la. Its standard devia- 

tion was very small. 

ANU236 
= 0.2 lOI 0 = 0.19 1019 (2 %) 
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In the second case, the variation of the U236 density is as 

follows : 

AN236 
= 6.7 101' u = 0.3 1o19 (4 %) 

The difference is essentially due to the (n,u) U236'reaction 

(4 2.5 108). We can imagine that the dispersion is greater (-. I2 %) 

because the standard deviation is applied to this density variation. 

The isotopic composition of plutonium is not identical because 

Pu238 is increased. The Pu238 percentage reaches 4 % instead of 1.5 % but 

Pull0 and 42 are decreased. The fissile plutonium is decreased (72 % 

f nstead of 72.9 %). 

The results vary widely : 

Pu238 u- 6.2% 

Pu239 a= 3.8% 

Pu240 012.2% 

Pu241 a= 3.7% 

Pu242 0=9.1% 
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7. EXERCISE 2 

The aim of this exercise is to give the integral effect on the 

overenrichment. It is a result quite interesting for the WPNFCR. The 

results are given in table 12. The mean enrichment is 3.579 % with a 

standard deviation of 0.071 %. The reference case enrichment is 3.25 %. 

The penalty of the recovered uranium use is 0.33 %. The standard devia- 

tion is 0.07 %, that is 20 % of the effect. This dispersion is due to the 

uncertainties over the microscopic cross sections of the 234 and 236 

isotopes. 

The isotopic concentration obtained by the calculations ‘are 

given at the beginning of life and at the end of life (tables 13 and 14). 

It is not easy to find a simple law. In table 15, the enrichment. 

variation is indicated and the ratio AU5/U6 too; it is the supplementary 

US atom required by one U236 atom. But, the overenrichment takes into 

account the U234 effect. 

U236 is a poison and U234 is a fertile material. The global 

effect is not additive. Two participants give the ratio U234/U236 and 

show that the U234 effect is not negligible. A perturbation calculation 

can only give the result but it was not required for this benchmark. 
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The production of U236 by the U235 neutron capture is well 

esrimated but the depletion due to (n,u) U236 reactions is the origin of 

deviation between the participants. 

We note a great dispersion for the U234 effect due to a very 

large disagreement on the microscopic cross section. The total contribu- 

tion of this isotope is 25 % to 30 % of U236 one and cannot be negligi- 

ble. 

All the effects are integrated in the evaluation of the overen- 

richment. The mean value is + 0.33 % with~a standard deviation of 0.07 %. 

l 



STEP A 
(GWD/t) 

0 1.2519 

1 (3) 1.1738 

2 (6) 1.1379 

3 (9) 1.1053 

4 (12) 1.0765 

5 (15) 1.0507 

6 (18) 1.0273 

7 (21) 1.0057 

8 (24) 0.9857 

9 (27) 0.9670 

10 (30) 0.9495 

11 (33) 0.9331 

Cl c2 F 

- 

FDl FD2 S UK k; (J 

1.27036 1.27947 1.27090 1.26795 1.26214 1.26407 1.2850 1.26890 1026 

1.19165 1.20244 1.19044 1.19067 1.18842 1.18779 1.2019 1.19089 897 

1.15548 1.16732 1.15270 1.15384 1.15413 1.15405 1.1641 1.15494 875 

1.12242 1.13449 l.lil784 1.12021 1.12266 1.12278 1.1298 1.12194 860 

1.09289 1.10483 1.08735 1.08997 1.09427 1.09421 1.0995 1.09244 842 

1.06627 1.07785 1.05988 1.06248 1.06843 1.06874 1.0721 1.06581 824 

1.04189 1.05285 1.03500 1.03716 1.04463 1.04552 1.0471 1.04143 801 

1.01927 1.02953 1.01208 1.01361 1.02247 1.02389 1.0239 1.01881 779 

0.99810 1.00757 0.99070 0.99149 1.00168 1.00361 1.0021 0.99762 755 

0.97816 0.98677 0.97094 0.97055 0.98205 0.98450 0.9816 0.97770 731 

0.95928 0.96702 0.95216 0.95073 0.96344 0.96645 0.9622 0.95885 712 

0.94139 0.94830 0.93477 0.93194 0.94583 0.94939 0.9438 0.94107 695 



STEP A 

0 - 1349 

1 - 1445 

2 - 1486 

3 - 1494 

4 - 1470 

5 - 1428 

6 - 1366 

7 - 1295 

8 - 1202 

9 - 1100 

10 - 980 

11 - 851 

Cl 

+ 115 

+ 64 

+ 47 

+ 43 

+ 41 

+ 43 

+ 44 

+ 45 

+ 48 

+ 47 

+ 45 

+ 34 

c2 

+ 830 

+ 965 

+ 1066 

+ 1112 

+ 1134 

+ 1123 

+ 1091 

+ 1047 

+ 992 

+ 923 

+ 848 

+ 765 

F 

+ 157 

- 38 

- 194 

- 366 

- 467 

- 558 

- 619 

- 663 

- 696 

- 694 

- 700 

- 672 

FDl 

- 122 

- 18 

- 95 

- 154 

- 226 

- 313 

- 411 

- 512 

- 616 

- 794 

- 850 

- 975 

FO2 

- 534 

- 208 

- 70 

+ 64 

+ 167 

+ 246 

+ 307 

+ 359 

+ 406 

+ 444 

+ 478 

+ 505 

S UK 0 

- 381 1260 1026 

- 261 920 897 

- 77 790 875 

+ 75 698 860 

+ 162 644 842 

+ 275 588 824 

+ 392 543 801 

+ 497 498 . 779 

+ 599 448 755 

+ 693 398 731 

+ 789 349 712 

+ 880 290 695 
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