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This report contains the results submitted for the five phases of the OECD/NEA benchmark
concerning a high-temperature reactor (HTR) fuelled with reactor-grade plutonium. The benchmark
has been organised under the auspices of the OECD/NEA Working Party on the Physics of Plutonium
Fuels and Innovative Fuel Cycles. Specifications for these benchmark phases are reproduced in
Appendix A. Although the benchmark has been specifically designed to provide intercomparisons for
plutonium and thorium fuels, phases of calculations for uranium fuel have also been included. The
purpose of these phases is to identify any increased uncertainties, relative to uranium fuel, that are

FOREWORD

associated with plutonium and thorium fuel.

The five phases of the benchmark cover:

Phase 1. Aninfinite array of fuel pebbles containing uranium fuel.
Phase 2: Aninfinite array of fuel pebbles containing plutonium fuel.
Phase 3: A whole-core calculation for a plutonium-fuelled system.
Phase 4. A whole-core calculation for a uranium-fuelled system.

Phase 5: Aninfinite array of fuel pebbles containing thorium/uranium fuel.

Acknowl edgements

Serco Assurance would like to thank all contributors to the benchmark.

The support and sponsorship of Nexia Solutions (formerly BNFL R&T) to the contribution made

by Serco Assurance is gratefully acknowledged.






TABLE OF CONTENTS

[0 (=Yoo IR 3
Chapter 1 INTRODUCTION......cciiiiiiiiieieieeeese sttt aesre s s e e e eseesessessessesseneens 7
Chapter 2 METHODSAND CODESUSED BY THE PARTICIPANTS......ccccoevevrceeieee, ]
2.1 DeterministiC CaACUIAioN AELAIIS. .......oovie ittt e e e s e e s 9

2.1.1 Resonance ShIEldiNg.......ccccoeeeeieiieeiieie et 9

2.1.2 DOUDIE NELEIOGENEILY .......eoveieireiieieiee et 10

2.1.3 NUMDEr Of ENErgY GrOUPS . .eveeiereeeeesteeeesiesreesteseeeeestesseeseesseensesseeseessesseenes 10

Chapter 3 RESUL TS ...ttt sttt sttt st sttt e e et e s aeeeesteeneesbesbeeneestesaeentesnens 13
Bid  PRIBSE L e e e e —— e e e e ——e e e e ——eeaaa——aeaaa—eeaaaeaaeaaanes 13

3.1.1 Phase 1la Reactivities and reaCtion FatES .......vveevveeeeeeeeeeeeeeeeeee s eeeeee s e e 13

3.1.2 Phase 1b: Reactivities and reaCtioN FaES........eevveeevieeeeeeeeeee e eeeeeeeeeeeeee e 15

B G TS o< o | - TP PRSP 17

R I T 1 0 o SRS 17

B2 PO 2 e e e e e e e —— e e e ——eeaaa——aeaaa——aeaaa——aeaaanns 28

3.2.1 Phase 2a: Reactivities and reaCtion FatES .......vveveveeeeee e eeeeeeeeeeeee e e eaeens 28

3.2.2 Phase 2b: Reactivities and reaCtion FalES.........eeoveeeeeeeeeeeieeeeeieeeseeeeeeseeaeens 30

G S o< o | - NPT PP 32

G I TN 1 0 o PR S 32

ORI = 1721 ST TR 38

GG T R 00 (= (== o 1AV 1 Y2 38

G T o= o L - PSS 39

3.3.3 CrOSS-SECLIONS ...ceeee et eieeeeeeeee e e e et e ettt e e e e e s e s e eeeeeeeeesasasseeeeeesssssaasnreneeeeseen 39

B PRBSE A e e e e e e e —— e e e ——eeaaa——aeaan——aeaaa——aeaaans 42

341 COrEIBACLIVITY ....eiviieeeeieeeeeieiest ettt nne s 42

I A o= o L - PSS 43

B.4.3 CrOSS-SECHIONS ...veeeeieeeeeeeseeeeesaeeeeesseeeeesaasseresaaeseeessasseeessaaseeessasreeesearens 44

R T & 112 S TSR 45

3.5.1 Phase 5a Reactivities and reaction rateS.......ccocveveeeeeeiecevere e eeveee e 45

3.5.2 Phase 5b: Reactivities and reaction rateS.......occvvvveeeeeieceeieeeireee s eeveee e 47

G BTG T o= o L > PSS 48

RGBT 1 0 o RS 49

Chapter 4 CONGCLUSIONS ..ottt sttt a e seesesressesrenneneens 53
RS 1 (= 010 =TT TR OTRRRTRPRRR 55
0 =SSP 57
Appendix A —Benchmark definition............coeiirireneeeee e 75
Appendix B — Energy group schemes used in the deterministic calculations...........ccccceevenencnienne. 95






Chapter 1
INTRODUCTION

This report contains results submitted for the five phases of the OECD NEA benchmark for a
HTR fuelled with reactor-grade plutonium. The benchmark has been organised as part of the work by
the Working Party on the Physics of Plutonium Fuels and Innovative Fuel Cycles. Specifications of
these benchmark phases are reproduced in Appendix A of this report. Although the benchmark has
been specifically designed to provide inter-comparisons for plutonium and thorium fuels, phases
of calculations for uranium fuel have also been included. The purpose of these phases is to identify
any increased uncertainties, relative to uranium fuel, that are associated with the plutonium and
thorium fuels.

The five phases of the benchmark are defined as follows:

Phase 1a: Uranium fuel: Cell calculation employing a spherical outer boundary.

Phase 1b: Uranium fuel: Cell calculation employing a cubic outer boundary.

Phase 2a: Plutonium fuel: Cell calculation employing a spherical outer boundary.

Phase 2b: Plutonium fuel: Cell calculation employing a cubic outer boundary.

Phase 3: Plutonium fuel: Whole-core calcul ations.

Phase 4: Uranium fuel: Whole-core calculations.

Phase 5a: Thorium/uranium fuel: Cell calculation employing a spherical outer boundary.

Phase 5b: Thorium/uranium fuel: Cell calculation employing a cubic outer boundary.

Participants have been invited to submit results from deterministic calculations and, where
appropriate, Monte Carlo calculations. The following participants have submitted results:

Participant A: J.G. Hosking and T.D. Newton, Serco Assurance, UK.

Participant B: O. Koberl, CEA, France.

Participant C: U. Colak, Nuclear Engineering Dept., Hacettepe University, Turkey.
Participant D: M. Tombakoglu, Nuclear Engineering Dept., Hacettepe University, Turkey.
Participant E: P. Morris, Nexia Solutions, UK (formerly BNFL R& T, UK).

Participant F: S. Goluoglu, Nuclear Science & Technology Division, ORNL, USA.






Chapter 2
METHODSAND CODESUSED BY THE PARTICIPANTS

Table 2.1 gives an outline of the details of the calculationa methods and codes used by each of
the benchmark participants.

2.1 Deterministic calculation details

This subsection contains details of some of the determinisic PBMR modelling methods
employed by the participants in order to obtain their submitted results.

2.1.1 Resonance shielding

Participant A has used the subgroup treatment within WIM S9 to calcul ate resonance shielding for
25U and *®U in Phases 1 and 4 of the study, for ?°Pu and **°Pu in Phases 2 and 3 of the study and for
%2Th and U in Phase 5 of the study. All other shieldable nuclides have been treated using
equivalence theory. The use of the subgroup treatment allows the effects of the double heterogeneity
in the geometry to be accounted for directly in the resonance shielding of the cross-sections.

The subgroup method uses a set of library resonance integras, interpolated to the correct
temperature, that are functions of nuclide, reaction, energy and the scattering power in the problem.
These are fitted by a set of subgroup cross-sections and weights for each reaction, energy group
and nuclide. An equation is then formed and solved for the subgroup fluxes and the fina shielded
cross-sections formed from the subgroup cross-sections, weights and fluxes. To treat the double
heterogeneity of the particulate fuel a specia formation is required for the solution of the subgroup
flux equations. This is performed using collision probabilities, treating each energy group in turn.
Initially, collision probabilities are solved using the macroscopic subgroup total cross-sections, for the
heterogeneous fuel particle with an additional outer layer representing the associated amount of carbon
support matrix material. A homogenised version of the particle is then considered and a homogenised
subgroup total cross-section is derived which has the same escape probability as the heterogeneous
particle. This homogenised subgroup total cross-section is then used in the central region of the pebble
to alow collision probabilities to be derived for al the pebble regions. The pebble and particle collison
probabilities are then combined to form a full set of collision probabilities for the complete pebble/
particle system. These are then used to solve for the subgroup fluxes used in deriving the shielded
Cross-sections.

Participant B has generated self-shielded cross sections using the APOLLO2 TR model, which is
a generdisation of the statistical model and is available for the whole resonance-energy range [2].
In Phases 2 and 3, Participant B has calculated self-shielded cross-sections for all plutonium isotopes.

Participant F has calculated self-shielded cross sections using the CENTRM/PMC/CHOPS
modul es of the SCALE code system.



2.1.2 Double heterogeneity

Participant A’s treatment of double heterogeneity for deriving neutron fluxes is the same as that
described above for the derivation of the subgroup fluxes. Collision probabilities are solved using the
macroscopic total cross-sections, for the heterogeneous fuel particle with an additional outer layer
representing the associated amount of carbon support matrix material. A homogenised version of the
particle is then considered and a homogenised total cross-section is derived which has the same escape
probability as the heterogeneous particle. The homogenised total cross-section is then used in the
central region of the pebble to alow callision probabilities to be derived for all the pebble regions. The
pebble and particle collision probahilities are then combined to form a full set of collision probabilities
for the compl ete pebble/particle system. These are then used to solve for the system fluxes.

The APOLLO2 double heterogeneity treatment used by Participant B is based on assumptions
made by J.R. Askew. The main principle of Participant B’s method is to apply the escape probability
for a single absorbing particle. An assumption is made that there is an isotropic incident flux upon
each particle. Slowing-down within the particles is neglected.

Participant F has treated double heterogeneity by first calculating the flux disadvantage factors for
the grains and then using these factors to create the homogenised grain/matrix mixture cross-sections.
The homogenised cross-sections are used on second pass to create the final resonance-shielded
cross-sections that represent the fuel pebbles.

2.1.3 Number of energy groups

Participant A has used a 172-energy-group scheme for Phases 1, 2 and 5 of the calculations. For
Phases 3 and 4, Participant A has used a 10-group energy scheme. The quoted Phase 3 and 4 results
from Participant A have been corrected for the energy-group condensation effect of using a 10-group
scheme as opposed to the 172-group library scheme. The energy-group boundaries for both the
172-group and 10-group schemes used by Participant A are given in Appendix B.

Participant B has performed calculations using the 172-energy-group scheme provided in
Appendix B for all phases of the benchmark.

Participant F has used a 238-group scheme, a description of which is aso given in Appendix B.
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Chapter 3
RESULTS

The submitted results are given in Tables 3.1 to 3.28. Spectra plots are given in Figures 3.1 to 3.16.

For brevity, calculation results are specified as originating from Participants A, B, C, D, E or F.
The letter code used for each of the participantsis:

A. J.G. Hosking and T.D. Newton, Serco Assurance, UK.

B. O. Koberl, CEA, France.

C. U. Coalak, Nuclear Engineering Department, Hacettepe University, Turkey.

D. M. Tombakoglu, Nuclear Engineering Department, Hacettepe University, Turkey.
E. P. Morris, Nexia Solutions, UK (formerly BNFL R& T, UK).

F. S. Goluoglu, Nuclear Science & Technology Division, ORNL, USA.

3.1 Phasel
3.1.1 Phase la: Reactivities and reaction rates

Phase 1a considers a fuel pebble with a reflective boundary condition on the outer surface of the
sphere. Results for Monte Carlo calculations are given in Table 3.1 and for deterministic calculations
in Table 3.2.

Participant A’s Monte Carlo result is for a sphere with an isotropic flux boundary condition at the
outer surface, as there is no physical mechanism to model a reflective boundary condition for this type
of artificial spherical outer boundary geometry. This explains the artificialy high k-effective for
Participant A. It is to be noted that, for Phase 1b (a reflected sphere in a box) Participant A’s results
using the Monte Carlo and deterministic treatments are in good agreement.

Participant C's calculations in Phase 1a were performed for a single fuel element surrounded by a
spherical shell containing helium. The boundary condition for Participant C's Phase 1a calculation is
not known.

Participant D has modelled a columnar hexagonal unit-cell model to achieve a pebble packing
fraction of 61% in this phase of the benchmark. This avoids the difficulty in applying a reflective
boundary condition on the surface of a sphere, however, it does not directly correspond to the reflected
sphere benchmark.

13



Table 3.1. Phase 1a results— Monte Carlo calculations

Parameter Units A B C D E F
Kins With zero - 1.5364 + 1.5108
buckling and at 100 pcm
T =293.6K
B’y at T=293.6K cm= 4.16E-04
kinf(B%) at - 1.4455
T =293.6K
M?a T =293.6 K cm’ 1056.6
kine With zero buckling - 1.4476 +
andat T =1000K 100 pcm
ket(B%y) at - 0.92366
T=1000K, using
B’ at T=239.6K
B%,at T =1000K cm’ 3.46E-04
kint(B%) at - 1.3699
T =1000K
M?a T =1 000 K cm? 1032.9
238 - 9.2657
525 - 0.1349
528 _ 0.0043
C - 0.5212
p?%8 = 28 o (epithermal )/*2U c,(thermal ): ratio of epithermal to thermal 2**U captures.
8235 = 28, (epithermal )/2°Uy(thermal ): ratio of epithermal to thermal 2*°U fissions.
§2%8 = 238y, /25U;,¢ ratio of fissions in 22U to fissionsin 2°U.
C = U /Uy ratio of capturesin U to fissionsin *°U.
Table 3.2. Phase 1a results — deterministic calculations
Par ameter Units A B C D E F
kint With zero - 151759 | 1.52232 150600 | 1.50748
buckling and at
T=293.6 K
B, at T=293.6K cm? | 4.408E-04 | 4.512E-4 4.130E-04
kinf(B%) at - 1.46064 | 1.46511 1.455
T =293.6K
M?a T =293.6 K cm? 1045.0 1030.788 1101.6
kint With zero buckling | — 1.42629 143126 | 1.40773
andat T=1000K
ket(B%) at - 0.90036 | 0.90130 0.89483
T=1000K, using
B%, at T=239.6K
B%,at T =1000K cm® | 3.369E-04 | 3.455E-4 3.088E-04
kinf(B%) at - 1.36483 | 1.37096 1.352
T =1000K
M?a T =1 000 K cm’ 1082.9 1073.6 1139.8
p>® - 0.334387 | 9.198128 9.519364
§2% - 0.132525 | 0.132625 0.129738
52%8 - 0.004091 | 0.004208 0.003992
C - 0.528724 | 0.520845 0.535737
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Participant A has used collision probabilities with a white outer boundary condition to model the
sphere in the deterministic treatment. Participants B and E have aso used a white boundary condition
in these calculations.

Deterministic solutions for k-infinity at room temperature for Participants A and B are in very
reasonable agreement (473 pcm) with the APOLLO2 result dightly higher, as has been observed in
other benchmarks. The reaction rate ratios are also in reasonable agreement Both participants have
used JEF2.2 nuclear data.

Participants E and F also show close agreement between their results (148 pcm) at room
temperature. Here both participants have used ENDF/B-V nuclear data

The relatively large difference between the cell reactivities calculated by Participants E and F and
those calculated by Participants A and B, about 1320 pcm, is probably at least partly due to the
different nuclear data set employed.

There is a noticeable, unexplained, difference between Participants E and F results at 1 000 K.

Participants A and B have used the following expressions to cal culate ki(B?%) and the migration
area

kini(B%) = PIA

where P is the productions in the solution to which a critical buckling has been applied and A is the
absorptions in the solution to which acritical buckling has been applied:

M? = (Kint(B%) — 1)/B%.

Using these expressions, the migration area, buckling and ki(B?,) are consistent.

3.1.2 Phase 1b: Reactivities and reaction rates

Participant A is not able to give Monte Carlo results for reaction rates in cases where there is an
applied buckling. In these cases the MONK code solves the k-infinity calculation and reports reaction
rates for k-infinity, not k-effective. In addition, a prediction of k-effective with the applied buckling is
given.

The geometry in Participant C's Phase 1b model consists of a cubic array assembled from cubic
unit cells. The critical size and buckling were evaluated by performing a series of calculations in order
to ascertain the critical configuration.

The deterministic reaction rate ratios from Participant A for Phases 1laand 1b are very similar; the
only major difference in the two benchmark phases is the outer boundary condition. Given the very
similar deterministic results from Participants A and B for Phase 13, it can be concluded that these two
participants are in good agreement for Phase 1 of the benchmark.

The Monte Carlo and deterministic calculations from Participant A are in good agreement. For
k-infinity at room temperature the difference is (1.5222 — 1.51785) 435 pcm. At temperature, using the
critical buckling at 293.6 K the difference is (0.9013 — 0.90040) 90 pcm. This also suggests that the
Monte Carlo and deterministic evaluations of the temperature coefficient are in good agreement.

15



Table 3.3. Phase 1b results— Monte Carlo calculations

Par ameter Units A B C D F

Kint With zero - 15222 + 1.50697 1.5107 1.50770 +
buckling and at 100 pcm 43 pcm
T=2936K
B’y at T=293.6K cm” | 2.64E-04 2.56E-04
kinf(B%) at - 1.4504
T=2936K
M?at T =293.6 K cm’ 1706.7
kine With zero buckling — 1.4329 + 1.40889 +
andat T =1000K 100 pcm 47 pcm
kest(B%cr) at - | 09013+ 0.92372
T=1000K, using 100 pcm
B’ at T=239.6K
B%,at T =1000K cm’ | 2.03E-4 2.05E-04
kinf(B%) at - 1.3702
T =1000K
M?at T = 1000 K cm’ 1766.2

238 _ 9.1751
5% - 0.1325
528 _ 0.0042
C — 0.5178

Table 3.4. Phase 1b results—deterministic calculations
Par ameter Units A B C D F

Kint With zero - 151785
buckling and at
T=2936K
B’y a T =293.6 K cm™? | 3.245E-04
kin(B%) at - 1.48131
T=2936K
M?at T =293.6 K cm’ 1483.2
ki With zero buckling - 1.42668
andat T = 1000 K
ket(B?) at - 0.90040
T=1000K, using
B%,at T=239.6K
B%,at T =1000K cm® | 2.480E-04
kinf(B%) at - 1.38343
T =1000K
M?at T = 1000 K cm’ 1546.1

238 - 9.323949
52 - 0.132374
5238 - 0.004086
C — 0.528246
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The k-infinity (at room temperature) from the Monte Carlo calculation of Participant D is about
1 150 pcm lower than that of Participant A and Participant F's is about 1 450 pcm lower. Participant A
used JEF2.2 nuclear data while Participants D and F used ENDF/B-V data. Participant C's Monte Carlo
estimate of k-infinity (at room temperature) is 1 523 pcm lower, ENDF/B-V | data was used. The reaction
rate ratios, while being in reasonable agreement for Participants A and D, are significantly different
for Participant C, suggesting large differences between ENDF/B-V and ENDF/B-V I data.

There is also a large difference between Participant F's Monte Carlo evaluation of the cell
reactivity at 1 000 K and the equivalent reactivity from Participant A.

3.1.3 Spectra

The spectrum for the Phase 1a Monte Carlo calculation submitted by Participant D is given in
Figure 3.1. The form of this spectrum appears to be in reasonable agreement with the Phase 1 spectra
from other participants (Figures 3.2 to 3.4).

Figure 3.2 shows the spectra for deterministic calculations for Phase 1a from Participants A, B
and F.

Figure 3.3 compares the Phase 1b Monte Carlo spectra provided by Participants C and D.
However, it is not stated as to which material or averaged materials Participant C' s spectrum applies.

Figure 3.4 shows the deterministic solution spectra from Participant A for both Phases 1laand 1b
averaged over the matrix and fuel particles. It illustrates that the spectra from the two benchmark
phases are almost identical .

3.1.4 Burn-up

Participant A’s results from the burn-up calculation of Phase 1 (Tables 3.5, 3.9, 3.12 and 3.14)
indicate that irradiation in a critical spectrum, as opposed to a case where no buckling is applied,
increases U losses through capture and enhances the build-up of plutonium isotopes.

The results from Participant A for Phase 1aand Phase 1b are essentialy identical.

For the majority of nuclides, the results from Participant A and B agree to within ~5%. However,
there are significantly larger differences between their results for ’Np, *®Pu, **U and #’U (although
these nuclides are only present in trace quantities).

The #°Pu content at 80 GWd/Te from Participant E indicates a higher *®U capture cross-section

in ENDF/B-V than JEF2.2, Participant A’s calculation. The results are also consistent with a lower
9Py capture cross-section in ENDF/B-V than JEF2.2.
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3.2 Phase?2
3.2.1 Phase 2a: Reactivities and reaction rates

Again, Participant A’s k-infinity is too high due to the physical inability to model a reflective
boundary condition on the surface of a sphere in Monte Carlo calculations.

Table 3.15. Phase 2a results—Monte Carlo calculations

Par ameter Units A B C D E F
kint With zero buckling - 1.4805 + 1.4573
andat T =293.6 K 100 pcm
B’y at T=293.6K cm™ 4.50E-04
kini(B°) a T = 293.6 K — 1.4334
M?at T =293.6 K cm’ 951.1
kine With zero buckling - 1.4068 +
andat T =1000K 100 pcm
ket(B%y) at T=1000K, - 0.97322
using B, at T = 239.6 K
B’y a T = 1000 K cm’ 4.16E-04
kif(B°x) a T=1000K | — 1.3886
M?at T = 1000 K cm’ 925.3
Reactivity at a - 0.9810

pebbleirradiation
of 1 500 MW(d/te

5% e number density x10%*
at apebbleirradiation atoms
of 1500 MWd/te o

X e absorption barns

cross-section at a
pebble irradiation
of 1 500 MW(d/te

0 - 0.1525
5§20 - 0.1461
5241 - 0.3616
= - 0.2475
c? - 0.0121
c’ - 0.5934
c? - 0.5698
ct - 0.0832
o _ 0.0565

239 = 29py, . (epithermal )/2*Pugy,(thermal): ratio of epithermal to thermal *°Pu captures.
%% = 29py;,(epithermal )/***Puy(thermal ): ratio of epithermal to thermal *°Pu fissions.
%4 = 2Py, (epithermal )/**'Puy(thermal): ratio of epithermal to thermal 2*'Pu fissions.
F24 = 24py /29y ratio of fissionsin 2Pu to fissions in 2°Pu.

C® = 2py,/*Puys ratio of capturesin ***Pu to fissionsin **°Pu.
C° = PPy, ) Puys ratio of capturesin **°Pu to fissionsin **°Pu.
C° = 2Py, /*Puys ratio of capturesin **°Pu to fissionsin **°Pu.
C! = 2Py /*%Puq ratio of capturesin *'Pu to fissionsin 2°pu.
C? = #2PUge/*Puys: rétio of capturesin *?Pu to fissionsin *°Pu.
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Table 3.16. Phase 2a results — deter ministic calculations

Par ameter Units A B C D E F

ki With zero buckling - 1.46154 1.46369 1.43270 1.47656
and at T = 293.6 K
B’y at T=293.6K cm” | 3.49E-04 | 4.803E-4 4.428E-04
kint(B%) a T = 293.6 K - 1.44325 1.44569 1.458
M?at T =293.6 K cm’ 1271 927.9 1034.4
kine With zero buckling - 1.38884 1.39241
andat T = 1000 K
ket(B%y) at T=1000K, - 0.95562 | 0.95491 0.94877
using B, at T = 239.6 K
B%,at T =1000K cm® | 3.06E-04 | 4.194E-4 3.809E-04
kinf(B%) a T = 1 000 K - 1.37491 1.37629 1.379
M?at T =1 000 K cm’ 1227 897.2 995.0
Reactivity at a - 1.36772 1.35605
pebbleirradiation
of 1 500 MWd/te
X e number density at | x10?* | 3.4714E-07
apebbleirradiation of atoms
1500 MWd/te cm™
X e absorption barns | 1.2025E+0
Cross-section at a pebble 5
irradiation of
1500 MWd/te

p239 - 0.14799 0.148241

5239 - 0.13904 0.139550

524 - 0.34356 | 0.291976

A - 0.23599 | 0.239237

c? - 0.01070 | 0.010620

c’ - 0.60378 | 0.603985

(o - 0.57985 | 0.576980

ct - 0.07887 | 0.081506

c? - 0.05396 | 0.046782

Again, good agreement is seen between Participant A and B for deterministic k-infinity
calculations and most of the reaction rate ratios at a temperature of 293.6 K. For this plutonium
system, the APOLLO2 k-infinity result is 215 pcm higher than WIMS9, a value of 473 pcm higher
was seen for the uranium system in Phase 1. The two reaction rate ratios that are in most significant
disagreement are 2**Puys(epithermal )/***Puys(thermal ) where Participant A’s result is about 25% higher
and “*Pug/*°Pugswhere Participant A’s result is about 11% higher.

Participant D’ s reaction ratio results are in reasonable agreement with those of Participants A and
B. Participant D’s estimate of the **'Pug(epithermal )/**'Pus(thermal) ratio is in better agreement with
Participant A, while the **Pu,/*°Pug; ratio isin better agreement with Participant B.

The reactivities from Participants E and F a room temperature are significantly different
considering that both have used ENDF/B-V nuclear data. This is thought to be due to the inadequate
treatment of plutonium resonances in the V SOP code, Participant E’s result. Judging from the result of
Participant F, ENDF/B-V predicts higher reactivities than JEF2.2 for plutonium systems. This is the
opposite of uranium systems in the Phase 1 calculations where reactivities from ENDF/B-V were
lower than JEF2.2.
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3.2.2 Phase 2b:; Reactivities and reaction rates

Table 3.17. Phase 2b — Monte Carlo calculations

Par ameter Units A B C D F
kint With zero - 1.4657 + 1.44418 1.4575 147717 +
buckling and at 100pcm 34 pcm
T =293.6K
B’y a T =293.6 K cm? | 2.84E-4 2.77E-04
kint(B) at - 1.4349
T=2936K
M?at T =293.6 K cm’ 1574.9
ki With zero buckling - 1.3928 + 1.39218 +
andat T =1000 K 100 pcm 38 pcm
ker(B7cr) at - | 09571+ 0.96482
T =1000K, using 100 pcm
B’ a T =239.6 K
B°y a T = 1000 K cm? 2.49E-4 2.49E-04
kint(B) at - 1.3884
T=1000K
M?at T = 1000 K cm? 1531.0
Reactivity at a - 0.98358
pebbleirradiation
of 1 500 MWd/te
X e number density | x10?
at apebbleirradiation | atoms
of 1 500 MWd/te cm3
X e absorption barns
cross-section at a
pebbleirradiation of
1500 MWd/te
239 _

529 _ 0.1509

524 - 0.1451

e - 0.3572

c® - 0.2481

c’ - 0.0121

c? - 0.5927

ct - 0.5714

c? - 0.0833
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Table 3.18. Phase 2b — deter ministic calculations

Par ameter Units A B C D E F
Kine With zero - 1.46154
buckling and at
T=2936K
B’y at T=293.6K cm” | 3.49E-04
kinf(B%) at - 1.44325
T=2936K
M?at T =293.6 K cm’ 1272
kine With zero buckling - 1.38884
and at T =1 000 K
ket(B%y) at - 0.95562

T =1000K, using
B2, at T=239.6K

B°y a T = 1000 K cm® | 3.05E-04
kin(B%) at - 1.37491
T=1000K

M?Zat T = 1000 K cm? 1227
Reactivity at a - 1.36772

pebbleirradiation
of 1 500 MW(d/te
X e number density | x10% | 3.4716E-07
at apebbleirradiation | atoms
of 1500 MWd/te cm®
X e absorption barns | 1.2044E+05
cross-section at a
pebble irradiation of

1 500 MWd/te
02 - 0.14799
5% - 0.13904
524 - 0.34356
e - 0.23599
c® - 0.01070
c’ - 0.60378
c? - 0.57989
ct - 0.07887
c? - 0.05396

Again, the deterministic results from Participant A for Phases 2a and 2b are very similar other
than the effect of the outer boundary condition. It can again be concluded that Participants A and B are
in close agreement based on the Phase 2a results.

The Monte Carlo and deterministic calculations for Participant A are in good agreement. For
k-infinity the difference is (1.4657 — 1.46154) 416 pcm. At temperature, using the critical buckling at
293.6 K the difference is (0.9571 — 0.95622) 88 pcm. This also suggests the Monte Carlo and
deterministic evaluations of the temperature coefficient are in good agreement. It should be noted that,
for the plutonium system, the temperature coefficient is only about one half of the vaue for the uranium
systemin Phase 1.
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Participants D and F, both using ENDF/B-V cross-section data, have very different results, by
about 2 000 pcm. Participant D is in reasonable agreement with the JEF2.2 result but Participant F is
significantly higher.

Xenon rapidly builds up in the reactor as a poison and reaches equilibrium concentrations after
a few days at constant power. In Phases 2a and 2b of the benchmark Participant D calculates this
effect, in addition to the change in reactivity when going to 1 000 K, to be a reduction in reactivity of
(1.4573 — 0.9810) 47 630 pcm for Phase 2a and (1.4575 — 0.98358) 47 392 pcm in Phase 2b.
Participant A calculates the effect as a reduction by (1.46154 — 1.36772) 9 382 pcm in Phase 2a and
(1.46154 — 1.36772) 9 382 pcm in Phase 2b. Participant B calculates the effect as (1.46369 — 1.35605)
10 764 pcm for Phase 2a. There is significant disagreement between the results of Participant D and
those from the other participantsin this part of the benchmark. There is alarge difference between the
pebble reactivity at 1 500 MWd/te calculated by Participant A and the equivalent value calculated by
Participant B. This result is surprising given the close agreement between Participant A and B’s
genera results for other parts of the benchmark. This could be due to differences in xenon worth
and/or xenon number density at 1 500 MWd/te (perhaps resulting from differences in the employed
burn-up chain or yield data).

3.2.3 Spectra
Figure 3.5 shows the Monte Carlo solution spectrum for Phase 2a from Participant D.

Figure 3.6 shows the spectra for Phase 2a submitted by Participants A, B and F, al using
deterministic solutions.

Figure 3.7 shows the Monte Carlo solution spectrum for Phase 2b from Participant D. There
appears to be close agreement between this spectrum and that from Participant D for the Phase 2a
solution.

No deterministic solutions have been shown for Phase 2b, as these are the same as Phase 2a.

3.2.4 Burn-up

The number densities at 0, 10 000, 20 000, 30 000, 40 000, 50 000, 60 000, 70 000, 80 000 MWd/te
supplied for Phase 2a or 2b are given in Tables 3.19 to 3.23. The results for Monte Carlo calculations
from Participant D for Phases 2a and 2b are essentially identical, Tables 3.19 and 3.22, as are those
from Participant A using deterministic methods, Tables 3.20 and 3.23.

The deterministic results from Participants A and B show reasonable agreement. There appears to
be a dightly larger accumulation of the higher actinides in Participant B’s calculation. The most
noticeable differences are for ?*Am, *Cm, ®'Np and *®U (although these only occur in trace
quantities). The rate of accumulation of ®'Np and U between 10 000 and 80 000 MWd/te is far
larger in Participant B’s calculation.
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3.3 Phase3

3.3.1 Corereactivity

Table 3.24. Phase 3—Monte Carlo calculations

Par ameter

Units

A

B

C

D

F

Corereactivity
at 293.6 K

1.3494 +
100 pcm

135714
50 pcm

1.35302

1.347

1.36127 £
50 pcm

Core reactivity
at 1000 K

1.2998 +
100 pcm

131111 +
50 pcm

1.30577

1.318

1.29879 +
42 pcm

Core reactivity at an
irradiation of 1 500
MWd/te

1.294

Core average “Xe
number density at an
irradiation of

1500 MWd/te

x10%
atoms
cm

Core average
135X e absorption
cross-section at
an irradiation of
1500 MWd/Te

barns

Table 3.25. Phase 3 —deter ministic calculations

Parameter

Units

A

B

C

D

E

Corereactivity
at 293.6 K

1.34645

1.35075

1.20827

Corereactivity
at 1000 K

1.29598

1.29820

1.26230

Core reactivity at an
irradiation of 1 500
MWd/te

1.28540

1.27818

1.24099

Core average “*Xe
number density at an
irradiation of

1 500 MWd/te

x10%
atoms
cm-

9.1062E-11

Core average
135X e absorption
cross-section at
an irradiation of
1500 MWd/Te

barns

1.4614E-05

The mean calculated Monte Carlo core reactivity of all participants at 293.6 K is 1.35356 with a
standard deviation between results of £576 pcm. The outlying results are from Participant D (-657 pcm
from the mean) and Participant F (+770 pcm from the mean).

The difference between Participant A’s Monte Carlo and deterministic results for the core reactivity
at 293.6 K is 295 + 100 pcm, and that for Participant B is 639 = 50 pcm. This is relatively good
agreement considering the stochastic nature of the pebble arrangement.
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For the Monte Carlo calculations, the reactivity reduction in going to power temperatures is
4960 pcm from Participant A, 4 603 pcm from Participant B, 2 900 pcm from Participant D and
6 248 pcm from Participant F. However, the deterministic calculations of Participants A and B give
values of 5047 pcm and 5 255 pcm, respectively. Participant A’s Monte Carlo and deterministic
values are in good agreement.

Participant A has included a deterministic evaluation of the whole core xenon reactivity effect,
1 058 pcm. Participant B's deterministic calculation of the same quantity is 2 002 pcm. Participant D
gives aMonte Carlo determination of 2 400 pcm.

There is poor agreement between the deterministic calculations of Participant E and those from
Participants A and B, however, this may be in part due to ENDF/B-5 relative to JEF2.2 nuclear data.
Note, however, that for the plutonium cell calculations of Phase 2 Participant E's results gave higher
rather than lower values.

3.3.2 Spectra

Figure 3.8 shows the Monte Carlo spectra provided by Participants A, D and F.

Figure 3.9 shows the Monte Carlo and deterministic spectra for Participant A’s calculation. There
is a general good agreement but with a dlight difference at the peak of the low-energy plutonium
resonance.

Figure 3.10 compares the deterministic spectra from Participant E and Participant A. There are
significant differences between the two spectra, the causes of which are unknown.

3.3.3 Cross-sections

Table 3.26. Phase 3—Monte Carlo calculations—resultsfrom Participant A

Soecified in units of barns

Nuclide 10 eV t0 0.625 eV 0.625€eV t09.118 KeV | 9.118 KeV to 20 MeV
Capture
Bpy 119+ 15 13+3 0.6+0.4
py 390+ 6 16+ 1 0.3+0.1
20py 148+ 6 241+5 0.3+0.2
21py 201+9 16+2 0.6+0.3
“Puy 8+2 88+ 3 0.4+0.3
Fission
Bpy 4+2 2+1 2+1
py 654 + 7 25+ 1 21+03
20py 0.02 + 0.02 02+0.1 0.7+0.2
21py 567 + 15 55+ 4 23+07
22py 0+1 0.1+0.1 05+0.3
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Table 3.27. Phase 3—Monte Carlo calculations—results from Participant D

Specified in units of barns

Nuclide 10 eV t0 0.625 eV 0.625€eV t09.118 KeV | 9.118 KeV to 20 MeV
Capture
Bpy 145.2 14.64 0.4854
“py 374.6 15.57 0.2598
Opy 153.8 232.4 0.3458
21py 204.7 15.31 0.2687
22py 7.953 87.78 0.3007
Fission
Bpy 4.410 2.016 1.4564
py 643.2 24.37 1.8401
20py 0.0330 0.1304 0.7523
21py 586.05 53.10 2.2042
22py 3.9E-04 0.0202 0.5915

Table 3.28. Phase 3—Monte Carlo calculations—results from Participant F

Soecified in units of barns

Nuclide 10°eV t00.625eV | 0.625eV t09.118 KeV | 9.118 KeV to 20 MeV
Capture
By 144.8939 14.5820 0.4750
py 390.5491 16.9366 0.2598
20py 155.5297 237.4493 0.3430
21py 231.4431 17.8462 0.3085
2py 7.9612 108.7398 0.2929
Fission
Bpy 4.3997 2.1714 1.3790
py 659.8146 24.5275 1.7867
Opy 0.0299 0.1253 0.6815
21py 599.5869 54.1593 2.1294
2py 3.918E-04 0.0210 0.5382

Table 3.29. Phase 3 —deterministic calculations —results from Participant A

Specified in units of barns

Nuclide 10 eV t0 0.625 eV 0.625€eV t09.118 KeV | 9.118 KeV to 20 MeV
Capture
Bpy 127.39 13.63 0.36
py 400.59 16.00 0.29
py 151.25 242.89 0.37
21py 204.53 15.75 0.44
22py 7.37 87.05 0.33
Fission
Bpy 4.25 2.15 1.47
py 672.95 24.03 1.88
20py 0.03 0.24 0.73
21py 576.01 53.74 2.24
22py 0.01 0.08 0.58

40




Table 3.30.

Specified in units of barns

Phase 3 — determinigtic calculations—results from Participant B

Nuclide 10 eV t0 0.625 eV 0.625€eV t09.118 KeV | 9.118 KeV to 20 MeV
Capture
Bpy 127.00 13.57 0.37
py 403.54 16.02 0.29
Opy 151.68 241.34 0.37
21py 207.02 15.61 0.45
22py 7.39 91.26 0.33
Fission
Bpy 4.24 2.14 1.61
py 677.44 24.04 1.97
20py 0.03 0.24 0.84
21py 581.38 53.55 2.34
22py 0.01 0.08 0.66

Table 3.31. Phase 3 —deter ministic calculations—results from Participant E

Soecified in units of barns

Nuclide Participant E Participant A
10° eV to 10 MeV 10° eV to 10 MeV
Capture
Bpy 26.6 27.58
py 75.0 73.87
Opy 158 138.45
1py 40.5 41.35
2py 333 41.94
Fission
py 2.03 2.25
py 122 123.27
20py 0.349 0.39
2y 118 121.21
22py 0.184 0.25

The Monte Carlo cross-sections submitted by Participant A and Participant F show differences
greater than the scoring statistics for **Pu, **'Pu and **Pu capture and **Pu fission reflecting the
origin of the nuclear data. Participant D has a lower value, more in agreement with Participant A for
Py and **Pu capture and 2*'Pu fission despite using the same nuclear data as Participant F.

There is relatively good agreement between the deterministic cross-sections at all energies for
Participants A and B reflecting the same origin of nuclear data (JEF2.2).

All deterministic cross-sections from Participant A agree with the Monte Carlo cross-sections
from Participant A within the one sigma uncertainty in the Monte Carlo values, except for the thermal
2Py fission and capture cross-sections. As these are the most dominant reactions in the problem, and
therefore have the best counting statistics, this appears anomalous. However, Figure 3.9 shows the
Monte Carlo flux at these thermal energies dightly exceeds that in the deterministic calculation. The
reaction rates are therefore in very good agreement. This anomaly is attributed to the accuracy of
splitting the Monte Carlo reaction ratesinto flux and cross-section components.
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Participant E was only able to provide one-group cross-sections. Table 3.31 shows these
cross-sections, as well as equivalent values from Participant A. It appears that most of the cross-sections
are in reasonable agreement for Participants E and A, with the notable exception of *°Pu and 2*Pu
capture. The significantly higher ?*°Pu capture cross-section from Participant E could be a contributing
factor to the low core reactivities provided by this participant.

3.4 Phase4
3.4.1 Corereactivity

Table 3.32. Phase 4 —Monte Carlo calculations

Parameter Units A B C D E F
Core reactivity (Ke) at - 1.3697 + | 1.38208 + 1.36454 |1.36881 +
293.6 K 100 pcm | 50 pcm 0.00048
Core reactivity (Kg;) at - | 1.2863 + | 1.30557 + 1.30350 |1.27599 +
1000 K 100 pcm | 50 pcm 0.00046

Corereactivity at an -
irradiation of 1 500 MWd/te —
with buckling

Corereactivity at an - 1.24585
irradiation of 1 500 MWd/te —
without buckling

Core average “°X e number x10%
density at an irradiation of atoms
1500 MWd/te cm’®

Core average “°Xe absorption | barns
cross-section at an irradiation of
1500 MWd/Te

Core migration length cm

Table 3.33. Phase 4 —deter ministic calculations

Par ameter Units A B C D E F
Corereactivity (Kg) at - 1.36818 1.37663 1.35018
293.6 K —no streaming
correction
Corereactivity (Ke) at - 1.34551
293.6 K —with streaming
correction
Corereactivity (Kg) at - 1.28443 1.29460 1.27078
1 000 K — no streaming
correction
Corereactivity (Kgy) at - 1.26737
1000 K —with streaming
correction
Corereactivity at an - 1.24109 1.25327 1.21118
irradiation of 1 500 MWd/te
—with buckling
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Table 3.33. Phase 4 — deterministic calculations (cont.)

Parameter Units A B C D E F
Core reactivity at an - 1.24162
irradiation of 1 500 MWd/te
— without buckling

Core average X e number x10%* | 1.0036E-10
density at anirradiation atoms
of 1500 MWd/te om’®

Core average “*Xe absorption | barns | 4.1109E+05
Cross-section at an irradiation
of 1500 MWd/Te

Core migration length cm 39.359

The difference between the Monte Carlo and deterministic (with no streaming correction) results
of Participant A at 293.6K is 152 + 100 pcm. The equivaent difference at 1 000K is 187 + 100 pcm.
This is good agreement, especially when consideration is made of the stochastic nature of the pebble
digtribution. As the differences are comparable at both 293.6 K and 1 000 K, this indicates that
Participant A’s deterministic and Monte Carlo evaluations of the temperature coefficient are in
agreement.

Participant B’s Monte Carlo estimate of k-effective at room temperature is 1 238 pcm higher than
that of Participant A. The reactivity change to 1 000°C is calculated as 8 340 pcm, 7 651 pcm and
9 282 pcm by Participants A, B and F respectively.

There is reasonable agreement between the k-effectives of the deterministic solutions, Participant B
being 845 pcm higher than Participant A and Participant E being 1 800 pcm lower. The reactivity to
1 000°C iscalculated as 8 375 pcm, 8 203 pcm and 7 940 pcm by Participants A, B and E respectively.

3.4.2 Spectra

Figure 3.11 shows a comparison between the Monte Carlo spectra of Participants A and F. There
are significant differences between the spectra.

Figure 3.12 shows the Monte Carlo and deterministic 172-group spectra for Participant A’s
calculation. There is a genera good agreement, but with a dight difference at the low-energy peak in
the spectrum.

Figure 3.13 shows the Monte Carlo and deterministic four-group spectra for Participant A’s
calculation. Again, thereisageneral good agreement between the spectra.

Figure 3.14 shows the deterministic spectrum from Participant E. It has not been possible to make
a plot to directly compare the deterministic spectra from Participants E and A, since the VSOP code
applies an unknown normalisation factor to the flux data internally. The form of Participant E's
deterministic spectrum, however, appears to be comparable to that of Participant A.
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3.4.3 Cross-sections

Table 3.34. Monte Carlo calculations —resultsfrom Participant A
Specified in units of barns

Nuclide 10° eV to 20 MeV
Capture
=y 19.956 + 0.630
=y 3.696 + 0.065
Fission
=y 98.138 + 1.300
=¥y 0.027+ 0.003

Table 3.35. Monte Carlo calculations —results from Participant D

Specified in units of barns

Nuclide 10° eV to 20 MeV
Capture
=y 17.306
=y 3.1518
Fission
=y 85.859
=y 0.023774

Table 3.36. Monte Carlo calculations —results from Participant F

Soecified in units of barns

Nuclide 10°eV to 20 MeV
Capture
=y 24.4629
=¥y 4.4870
Fission
=y 115.3191
=¥y 0.0315

Table 3.37. Deterministic calculations — results from Participant A

Soecified in units of barns

Nuclide 10° eV to 20 MeV
Capture
=y 19.788
=¥y 3.7222
Fission
=y 96.829
=y 2.73E-02




Table 3.38. Deterministic calculations — results from Participant B

Specified in units of barns

Nuclide 10°eV to 20 MeV
Capture
=y 19.94
=y 3.67
Fission
=y 97.63
=¥y 0.03

Table 3.39. Deterministic calculations —results from Participant E

Soecified in units of barns

Nuclide 10°eV to 20 MeV
Capture
=y 20.7
=8y 353
Fission
=y 96.5
=y 0.026

The Monte Carlo cross-sections submitted by Participants A and F appear to be discrepant.
Participant A’s Monte Carlo and deterministic cross-sections are in good agreement. It is concluded
that Participant F's Monte Carlo cross-sections are in error.

Cross-sections for Participants A, B and E are in reasonable agreement.

3.5 Phaseb
3.5.1 Phase 5a: Reactivities and reaction rates

Table 3.40. Phase 5a— M onte Carlo calculations

Par ameter Units A B C D E F
ki With zero buckling - 1.4442 + 1.46841
andat T =293.6 K 50 pcm
B, at T=293.6K cm~ 1.73E-4
kint(B%) a T = 293.6 K — 1.4549
M?at T =293.6 K cm’ 2607.8
kine With zero buckling - 1.4452 + 1.4573
andat T =1000K 50 pcm
kei(B%;) aa T=1000K, | - 0.89041
using B, at T = 239.6 K
B°y a T = 1000 K cm > 1.27E-4
kinf(B2cr) at - 1.4526
T=1000K
M2at T =1 000K cm?2 3553.2
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Table 3.40. Phase 5a — M onte Carlo calculations (cont.)

Par ameter Units A B C D F
Reactivity at a - 0.9682
pebbleirradiation
of 1 500 MW(d/te
X e number density x10%* 1.95E-08
at apebbleirradiation atoms
of 1500 MWd/te cm>
X e absorption barns (E < 0.625eV)
cross-section at a 1.53935E+6
pebble irradiation (E > 0.625eV)
of 1500 MWd/Te 327.45
232 - 0.30452
5% - 0.04946
5% - 0.0001526
C - 0.21156
p? = 22T 4 (epithermal)/**They,(thermal ): ratio of epithermal to thermal ***Th captures.
8233 = 28, (epithermal)/Z2Uy(thermal ): ratio of epithermal to thermal U fissions.
5232 = Z2Th, /%3¢ ratio of fissions in Z2Th to fissions in 22U,
C = ®They/* Uys ratio of capturesin **Th to fissionsin 22U.
Table 3.41. Phase 5a — deter ministic calculations
Par ameter Units A B C D F
ki With zero buckling - 1.46068 1.46269 1.4645
andat T =293.6 K
B’y at T =2936K cm® | 1.738E-04 1.666E-04
kin(B%) a T = 293.6 K — 1.45351 1.457
M?at T = 293.6 K cm’ 2609.1 2743.9
kine With zero buckling - 1.46114 1.46276 1.46163
andat T =1000K
keff(Bzcr) aT=1000K, - 0.86259 0.87917
using B, at T = 239.6 K
B’y at T =1000K cm® | 1.189E-04 1.195E-04
kinf(B%) a T = 1 000 K — 1.45134 1.452
M?at T = 1000 K cm’ 3794.9 3781.2
Reactivity at a pebble - 1.39580
irradiation of 1 500
MWd/te
X e number density at | x10?* | 1.9792E-08
apebbleirradiation of atoms
1500 MWd/te cm’
X e absorption cross- | barns | 1.0800E+06
section at apebble
irradiation of
1500 MWd/Te
o2 - 0.33380
5% - 0.051605
5% - 0.0001366
C — 0.21176
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As in the previous phases, where a spherical outer boundary is used, a significant difference is
found between Participant A’s deterministic and Monte Carlo reactivities due to the boundary
conditions. This is again the result of using an isotropic flux boundary condition as opposed to a
reflective boundary condition at the edge of the sphere.

Thereis close agreement (1.4645 — 1.46068 = 382 pcm) between the deterministic evaluations of
the cell reactivity at 193.6 K provided by Participants A and F. Their deterministic evaluation of cell
reactivity at 1 000 K provided are also in agreement (1.46163 — 1.46114 = 49 pcm). This indicates that
the deterministic temperature coefficients calcul ated by these two participants are consistent.

The Monte Carlo calculations from Participant A indicate that changing the temperature from
293.6 K to 1 000K leads to a small (100 + 71 pcm) positive change in cell reactivity, which is also
observed in the deterministic calculation from Participant A. The deterministic calculations from
Participant F, however, indicate a small (287 pcm) decrease in cell reactivity for the same change.
These opposite results may be aresult of differencesin the nuclear data used by these participants.

3.5.2 Phase 5b: Reactivities and reaction rates

Table 3.42. Phase 5b — M onte Carlo calculations

Par ameter Units A B C D E F
ki With zero buckling - 1.4617 + 1.46778 1.46470 +
andat T =293.6 K 50 pcm 34 pcm
B’y a T =293.6 K cm? | 9.998E-05 9.83E-5
kini(B%,) a T = 293.6 K — 1.4599
M?at T =293.6 K cm? 4565.1
ki With zero buckling - 1.4621 + 1.4527 1.46127 +
andat T =1 000 K 50 pcm 26 pcm
ker(B%;) a T = 1000 K, — | 0.8659+ 0.89624
using B, at T = 239.6 K 100 pcm
B°y a T = 1000 K cm> | 6.929E-05 7.35E-5
kini(B%,) a T = 1 000 K — 1.4543
M?at T = 1000 K cm? 6141.0
Reactivity at a - 0.96210

pebbleirradiation
of 1500 MW(d/te

X e number density x10%* 1.95E-08
at apebbleirradiation atoms
of 1500 MWd/te cm
X e absorption barns (E<0.625eV)
Cross-section at a 1.54044E+6
pebble irradiation (E > 0.625eV)
of 1500 MWd/Te 329.98

232 _
5% - 0.30139
5232 _ 0.04906
C — 0.000152

47



Table 3.41. Phase 5b — deter ministic calculations

Par ameter Units A B C D E F
ki With zero buckling - 1.46066
and at T = 293.6 K
B’y at T=293.6K cm” | 1.278E-04
kint(B%) at T = 293.6 K — 1.45313
M?at T =293.6 K cm’ 3546.6
kine With zero buckling - 1.46010
and at T =1 000 K
ket(B%y) at T=1000K, - 0.86210
using B, at T = 239.6 K
B%,at T =1000K cm” | 8.742E-05
kinf(B%) a T = 1 000 K — 1.45098
M?at T = 1000 K cm’ 5159.0
Reactivity at a - 1.39580

pebbleirradiation
of 1500 MWd/te
X e number density x10** | 1.9792E-08
at apebbleirradiation atoms
of 1500 MWd/te o

X e absorption barns | 1.0802E+06
cross-section at a

pebbleirradiation
of 1500 MWd/Te

p?2 - 3.3342E-01
5% - 5.1553E-02
§%%2 - 1.3674E-04
C - 2.1171E-01

Participants A’ s Phase 5a and Phase 5b deterministic calculations are in close agreement. There is
also good agreement (1.4617 — 1.46068 = 102 + 50 pcm) between the cell reactivity at 293.6 K
evaluated in Participant A’s deterministic and Monte Carlo calculations.

The Monte Carlo results from Participants A and F are in reasonable agreement (300 pcm at
293.6 K and 83 pcm at 1 000 K). Asin Phase 53, Participant A’s Monte Carlo calculations indicate a
small positive effect on reactivity due to increasing the temperature from 293.6 K to 1 000K.
However, Participant A’s deterministic calculation for Phase 5b shows a small decrease in reactivity
with increased temperature.

3.5.3 Spectra

A comparison between the deterministic and Monte Carlo spectra of Participant A is given in
Figure 3.15. There is generally good agreement between the spectra, apart from a dight discrepancy at
the low-energy pesk.

Figure 3.16 shows a comparison of the deterministic spectra for Phase 5a calculated by
Participants A and F.
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3.5.4 Burn-up

The results from Participant A’s deterministic Phase 5a and Phase 5b burn-up calculations are
essentially identical.

Table 3.44. Phase 5a — M onte Carlo calculations — results from Participant D

Units are x10?* atoms cni ™

Nudlide 0 10 000 20 000 30 000 40 000
MWd/te MWd/te MWd/te MWd/te MWd/te
2IAm 0.000E+00 1.490E-23 2.410E-20 1.850E-18 4.310E-17
22MAm 0.000E+00 4.750E-26 1.390E-22 1.450E-20 4.070E-19
2BAm 0.000E+00 1.370E-24 6.650E-21 1.110E-18 5.140E-17
22Cm 0.000E+00 1.810E-25 8.060E-22 1.130E-19 4.180E-18
2Cm 0.000E+00 7.800E-29 7.890E-25 1.910E-22 1.070E-20
2Cm 0.000E+00 3.160E-27 4.140E-23 1.230E-20 8.890E-19
2Cm 0.000E+00 1.840E-30 5.200E-26 2.330E-23 2.420E-21
“Np 0.000E+00 1.110E-12 3.370E-11 2.520E-10 1.130E-09
239
233E|a _ _ _ _ _
ZBpy 0.000E+00 5.580E-15 5.090E-13 7.110E-12 4.880E-11
py 0.000E+00 1.120E-16 1.970E-14 4.130E-13 3.770E-12
20py 0.000E+00 3.520E-18 1.400E-15 5.010E-14 6.960E-13
21py 0.000E+00 6.950E-20 5.930E-17 3.260E-15 6.290E-14
22py 0.000E+00 1.060E-21 2.090E-18 2.010E-16 6.100E-15
Z2Th 2.190E-02 2.190E-02 2.180E-02 2.170E-02 2.160E-02
=3y 1.770E-03 1.500E-03 1.260E-03 1.030E-03 8.210E-04
=y 0.000E+00 2.510E-05 4.920E-05 7.190E-05 9.210E-05
=y 0.000E+00 3.980E-07 1.630E-06 3.710E-06 6.710E-06
=6y 0.000E+00 3.660E-09 3.390E-08 1.340E-07 3.760E-07
=7y 0.000E+00 3.020E-12 4.750E-11 2.480E-10 9.090E-10
=5y 0.000E+00 7.940E-14 2.850E-12 2.550E-11 1.410E-10
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Table 3.45. Phase 5a — M onte Carlo calculations — results from Participant A

Units are x10?* atoms cni™

Nudlide 0 10 000 20 000 30 000 40 000
MWd/te MWd/te MWd/te MWd/te MWd/te
2Am - - 1.2208E-19 2.9042E-18 5.7578E-17
22MAm - - - - 5.2853E-19
2BAm - 1.5861E-19 2.3867E-19 1.9677E-18 6.3802E-17
22Cm - 1.2375E-19 1.5207E-19 5.3034E-19 1.1992E-17
5Cm - - - - 1.1198E-19
2Cm - 1.0697E-19 1.1785E-19 1.5439E-19 1.3112E-18
24SCm _ _ _ _ _
=N - 9.9496E-13 2.9057E-11 2.1229E-10 8.9948E-10
“Np - 2.0318E-17 1.0003E-15 1.0589E-14 6.4397E-14
Bpg - 4.4700E-05 7.8933E-05 1.0861E-04 1.3858E-04
Bpy - 1.3659E-14 9.0152E-13 1.1152E-11 7.1504E-11
py - 2.1454E-16 2.8227E-14 5.2146E-13 4.4200E-12
20py — 8.9592E-18 2.6164E-15 8.2270E-14 1.0675E-12
21py — 2.6592E-19 1.0808E-16 5.0540E-15 8.6047E-14
22py - 1.2465E-19 4.5805E-18 3.6357E-16 9.7929E-15
Z2Th 2.1947E-02 2.1891E-02 2.1827E-02 2.1752E-02 2.1663E-02
3y 1.7667E-03 1.5044E-03 1.2602E-03 1.0311E-03 8.1643E-04
iy - 2.5773E-05 5.1248E-05 7.6114E-05 1.0006E-04
=y — 3.8310E-07 1.5857E-06 3.6722E-06 6.6604E-06
oy — 3.5405E-09 3.3105E-08 1.3213E-07 3.7556E-07
=Ty - 2.6957E-12 4.0229E-11 2.0526E-10 6.9980E-10
=y - 7.0546E-14 2.4283E-12 2.1371E-11 1.1246E-10
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Table 3.46. Phase 5b — Monte Carlo calculations —results from Participant D

Units are x10?* atoms cni™

Nudlide 0 10 000 20 000 30 000 40 000
MWd/te MWd/te MWd/te MWd/te MWd/te
2Am 0.00E+00 1.48E-23 2.32E-20 1.84E-18 4.31E-17
22MAm 0.00E+00 4.73E-26 1.34E-22 1.44E-20 4.05E-19
2BAm 0.00E+00 1.44E-24 6.54E-21 1.11E-18 4.93E-17
22Cm 0.00E+00 1.81E-25 7.77E-22 1.12E-19 4.15E-18
2Cm 0.00E+00 7.79E-29 7.69E-25 1.88E-22 1.06E-20
2Cm 0.00E+00 3.34E-27 4.06E-23 1.22E-20 8.50E-19
2°Cm 0.00E+00 1.98E-30 4.97E-26 2.40E-23 2.29E-21
=N 0.00E+00 1.08E-12 3.29E-11 2.61E-10 1.12E-09
239Np — — — — —
233Pa _ _ _ _ _
Bpy 0.00E+00 5.49E-15 4.97E-13 7.18E-12 4.93E-11
py 0.00E+00 1.11E-16 1.93E-14 4.13E-13 3.83E-12
20py 0.00E+00 3.47E-18 1.36E-15 4.95E-14 7.07E-13
21py 0.00E+00 6.92E-20 5.71E-17 3.26E-15 6.33E-14
22py 0.00E+00 1.05E-21 2.02E-18 2.00E-16 6.10E-15
Z2Th 2.19E-02 2.19E-02 2.18E-02 2.17E-02 2.16E-02
3y 1.77E-03 1.50E-03 1.26E-03 1.03E-03 8.21E-04
=y 0.00E+00 2.51E-05 4.92E-05 7.18E-05 9.21E-05
=y 0.00E+00 3.95E-07 1.63E-06 3.74E-06 6.68E-06
oy 0.00E+00 3.63E-09 3.39E-08 1.34E-07 3.76E-07
=1y 0.00E+00 2.96E-12 4.64E-11 2.61E-10 8.80E-10
=¥y 0.00E+00 7.78E-14 2.78E-12 2.63E-11 1.39E-10
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Table 3.47. Phase 5b — deter ministic calculations — results from Participant A

Units are x10?* atoms cni™

Nudlide 0 10 000 20 000 30 000 40 000

MWd/te MWd/te MWd/te MWd/te MWd/te
2Am - - 1.2208E-19 2.9041E-18 5.7577E-17
22MAm - - - - 5.2852E-19
2BAm - 1.5861E-19 2.3867E-19 1.9676E-18 6.3800E-17
22Cm - 1.2375E-19 1.5207E-19 5.3033E-19 1.1992E-17
5Cm - - - - 1.1198E-19
2Cm - 1.0697E-19 1.1785E-19 1.5439E-19 1.3111E-18
Cm - - - - 1.0000E-19
=N - 9.9493E-13 2.9057E-11 2.1228E-10 8.9948E-10
“Np - 2.0317E-17 1.0002E-15 1.0588E-14 6.4397E-14
Bpg - 4.4700E-05 7.8933E-05 1.0862E-04 1.3858E-04
Bpy - 1.3658E-14 9.0149E-13 1.1152E-11 7.1503E-11
py - 2.1453E-16 2.8226E-14 5.2146E-13 4.4200E-12
20py — 8.9589E-18 2.6163E-15 8.2269E-14 1.0675E-12
21py — 2.6591E-19 1.0807E-16 5.0538E-15 8.6045E-14
22py - 1.2465E-19 4.5803E-18 3.6356E-16 9.7927E-15
Z2Th 2.1947E-02 2.1891E-02 2.1827E-02 2.1752E-02 2.1663E-02
3y 1.7667E-03 1.5044E-03 1.2602E-03 1.0311E-03 8.1643E-04
iy - 2.5772E-05 5.1248E-05 7.6114E-05 1.0006E-04
=y — 3.8309E-07 1.5857E-06 3.6722E-06 6.6604E-06
oy — 3.5405E-09 3.3105E-08 1.3213E-07 3.7556E-07
=Ty - 2.6956E-12 4.0228E-11 2.0526E-10 6.9980E-10
=y - 7.0544E-14 2.4283E-12 2.1371E-11 1.1246E-10
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Chapter 4
CONCLUSIONS

A benchmark inter-comparison of results has been made for a series of cell and whole core
configurations relevant to uranium-, plutonium- and thorium-fuelled pebble bed modular reactors.

Contributions to the benchmark have been made by six teams. Serco Assurance (UK), CEA
(France), the Nuclear Engineering Department of Hacettepe University (Turkey, two contributions),
Nexia Solutions (UK, formerly BNFL R&T, UK) and the Nuclear Science and Technology Division
of ORNL (USA).

According to the participant, ENDF/B-V, ENDF/B-VI and JEF2.2 nuclear data have been applied
in both Monte Carlo and deterministic analyses of the benchmark.

Generally, participants using the same nuclear data report similar results, however, there are some
differences, particularly in relation to the fuel temperature coefficients and the whole core xenon
fission product poisoning effect. There is also evidence of good agreement between Monte Carlo and
determinisgtic solutions for some of the participants despite the difficult nature of the problem
stochastic geometry.
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Flux per unit Lethargy

Figure 3.1. Phase 1a—Monte Carlo calculation: Critical fuel spectrum normalised to unit integral
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Flux per unit lethargy

Figure 3.2. Phase 1a — deter ministic calculation: Critical fuel spectrum normalised to unit integral
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Figure 3.3. Phase 1b —Monte Carlo calculation: Critical fuel spectrum normalised to unit integral
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Flux per unit lethargy

Figure 3.4. Phase 1b —Monte Carlo calculation: Critical fuel spectrum normalised to unit integral
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Figure 3.5. Phase 2a — Monte Carlo calculation: Critical fuel spectrum normalised to unit integral
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Figure 3.6. Phase 2a — deter ministic calculation: Critical fuel spectrum normalised to unit integral
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Figure 3.7. Phase 2b —Monte Carlo calculation: Critical fuel spectrum normalised to unit integral
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Flux per unit lethargy

Figure 3.8. Phase 3—Monte Carlo calculation: Fuel region spectrum nor malised to unit integral
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Figure 3.9. Phase 3 — Serco Assurance Monte Carlo and deterministic fuel region spectra normalised to unit integral
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Flux per unit lethargy

Figure 3.11. Phase 4 — comparison between Monte Carlo spectra of Participants A, D and F
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Figure 3.12. Phase 4 — Serco Assurance Monte Carlo and deter ministic fuel region spectra normalised to unit integral (172 energy groups)

0.25

— Monte Carlo

— Deterministic

0.2 1

0.15 1

Flux per unit lethargy

0.05 ~

0
1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Energy (eV)



TL

Figure 3.13. Phase 4 — Serco Assurance Monte Carlo and deterministic fuel region spectra normalised to unit integral (4 energy groups)
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Figure 3.14. Phase 4 — VSOP fuel region spectrum
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Figure 3.15. Phase 5 — Serco Assurance deter ministic spectra: Comparison between Phase 5a and Phase 5b results
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Figure 3.16. Phase 5 — Comparison between deter ministic spectra for Participants A and F
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OECD Nuclear Energy Agency
Nuclear Science Committee
Working Party on the Physics of Plutonium Fuels and Innovative Fuel Cycles

Proposal version 2

Benchmark Specification for an HTR Fuelled with Reactor-grade Plutonium
(or Reactor-grade Pu/Th and U/Th)

J.G. Hosking, T.D. Newton
Serco Assurance (sponsored by Nexia Solutions)

P.Morris
Nexia Solutions

1. Background and aims

This benchmark proposa builds upon that specified in Ref. [1]. In addition to the three phases
described in that reference, another two phases have now been defined. Additiona items for caculation
have also been added to the existing phases. It is intended that further items may be added to the
benchmark after consultation with its participants.

Although the benchmark is specifically designed to provide inter-comparisons for plutonium- and
thorium-containing fuels, it is proposed that phases considering simple calculations for a uranium fuel
cell and uranium core be included. The purpose of these is to identify any increased uncertainties,
relative to uranium fuel, associated with the lesser-known fuels to be investigated in different phases
of this benchmark.

The first phase considers an infinite array of fuel pebbles fuelled with uranium fuel. Phase 2
considers a similar array of pebbles but for plutonium fuel. Phase 3 continues the plutonium fuel
inter-comparisons within the context of whole core calculations. Calculations for Phase 4 are for a
uranium-fuelled core. Phase 5 considers an infinite array of pebbles containing thorium.

In setting the benchmark the requirements in the definition of the LEUPRO-12 PROTEUS
benchmark have been considered.

Participants are invited to submit both deterministic results as well as, where appropriate, results
from Monte Carlo calculations.

Fundamental nuclear data have been taken from Refs. [2] and [3] and are given to five decimal
places. Avogadro’'s number and natural abundance data have been taken from Ref. [2] and atomic
weights from Ref. [3].

2. Phase 1. Uranium cell calculations— definition

2.1 Phase 1. General description

In this phase, an infinite array of fuel pebblesis considered by modelling a single fuel pebble and
using a white (isotropic flux) boundary condition. In the course of the definition of the benchmark,
there has been some debate as to the form of the model to consider.
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If coolant is modelled surrounding the fuel pebble, the flux on the outer boundary of the model
will be anisotropic. This isotropic flux boundary condition applied in many Monte Carlo codes will
not match the white boundary condition applied in deterministic collision probability calculations.
Results between Monte Carlo and deterministic methods should not agree in these circumstances. This
can be avoided by assuming a unit cell in a cubic array of spheres, with reflective boundary conditions.
However, the introduction of a buckling in such a system, to obtain a reactor-like spectrum, would
again introduce differences between Monte Carlo and deterministic solutions. To cater for the requests
of all parties two cases are considered, an infinite array of fuel pebbles with reflective boundary
conditions and an infinite array of pebbles arranged in a cubic lattice with reflective unit-cell boundary
conditions.

The fuel pebble has a diameter of 6 cm with a central 5 cm diameter sphere containing a matrix
material supporting uranium-fuelled coated particles. The pebbles have a packing fraction of 0.61,
giving the outer radius of the associated spherical coolant region as 3.53735 cm, 7.0747 cm diameter.
Preserving volumes would give the unit cell length for the cubic array of spheres as 5.70218 cm,
however thisis smaller than the pebble diameter of 6 cm. In Phase 1b, a6 cm cubic array is to be used
to match the pebble diameter. The pebble packing fraction is effectively reduced in the cubic array
calculation. The coated particles have afuel kernel of 8.2% enriched UO, with a diameter of 0.05 cm.
Thisis surrounded by four coatings consisting of an inner carbon layer, alayer of dense pyro carbon, a
layer of silicon carbide and an outer pyro carbon layer. There are 15000 coated particles in each
pebble giving a UO, mass per pebble of 10.210 g.

The absorption effect of impurities is specified in terms of equivalent-ppm natural boron content
by mass. The values used are typical of those for actual cores, although there is considerable variation
in impurities between different suppliers and even different batches of material from a single supplier.
2.2 Phase 1. Pebble and coated particle specification

The detailed specifications of the fuel pebble and coated particle are given in Table A.1. Atomic
number densities for the different regions of the pebble and coated particle are given in Table A.2.
Additional data used to derive the atomic number densities are givenin Table A.3.

For simplification, the He coolant composition is assumed as that at 293.6 K, even for
calculationsat 1 000 K.

2.3 Phase 1: Definition of calculations
2.3.1 Phase 1a: Infinite array of fuel pebbles (spherical outer boundary)

In Phase 1a, the benchmark considers a spherical system with an outer associated coolant region

of radius 3.53735 cm and reflective or white outer boundary conditions.

2.3.2 Phase 1b: Infinite array of fuel pebbles (cubic array)

In Phase 1b, the benchmark considers a cubic array of pebbles with an outer reflective boundary
condition. The unit cell pitch inthe array is6 cm.
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2.3.3 Phases 1a and 1b: Itemsfor calculation

3.

Isothermal temperature of 293.6 K:

a)
b)
c)

ReaCthlty (kinf).
The energy-independent critical buckling B, and kin(B%)
The migration area M>.

Isothermal temperature of 1 000 K:

d)
€)
f)
9)
h)

i)

K)

Reactivity (Kin).

Reactivity ke(B2), using the buckling from step (b), at power temperatures.
The energy-independent critical buckling B, and kin«(B%).

The migration area M2,

The spectral indices, calculated with acritical buckling:

o p™® =2, (epithermal)/*PUy,(thermal): ratio of epithermal to thermal **U captures.
o 5% =P (epithermal )/**Us(thermal): ratio of epithermal to thermal *°U fissions.

o 578 =28y, /%, ratio of fissionsin 28U to fissionsin °U.

o C="U/*Uss ratio of capturesin U to fissionsin *°U.

Note: Epithermal is defined here as all energies above 0.625 eV and thermal as all energies
below 0.625 eV.

The neutron spectrum (calculated with a critical buckling) in the fuel kernd region (flux per
unit energy) with as much energy resolution as can be provided.

Compositions of the actinides at irradiations of 0, 10 000, 20 000, 30 000, 40 000, 50 000,
60 000, 70 000 and 80 000 MW(d/tonne, to five significant figures. The burn-up should be
performed at an isothermal temperature of 1 000 K and a constant power of 556.25 watts per
fuel ball. A time-dependent, energy-independent buckling should be included to give a
k-effective of unity during the burn-up. Sufficient calculational steps should be used to
remove the dependency of the results on the number of steps chosen.

Compositions of the actinides at irradiations of 0, 10 000, 20 000, 30 000, 40 000, 50 000,
60 000, 70 000 and 80 000 MWd/tonne, to five significant figures. The burn-up should be
performed at an isothermal temperature of 1 000 K and a constant power of 556.25 watts per
fuel ball. No buckling should be applied during burn-up. Sufficient calculational steps should
be used to remove the dependency of the results on the number of steps chosen.

Phase 2: Plutonium cell calculations—definition

3.1 Phase2: General description

As for Phase 1 of the benchmark, an infinite array of fuel pebbles is again considered, as a
spherical system for Phase 2a and as a cubic array for Phase 2b.

The fuel pebble has a diameter of 6 cm with the central 5 cm diameter sphere containing a matrix
material supporting plutonium-fuelled coated particles. The coated particles have afuel kernel of PuO,
with diameter of 0.024 cm. This is surrounded by four coatings consisting of an inner carbon layer,
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a layer of dense pyro carbon, a layer of silicon carbide and an outer pyro carbon layer. There are
15 000 coated particles in each pebble giving a plutonium mass per pebble of 1.129 g. In Phase 2a of
the benchmark, the outer diameter of the coolant associated with each pebble is 5.70218 cm as in
benchmark Phase 1a. In Phase 2b a6 cm cubic array is considered as in benchmark Phase 1b.

The isotopic plutonium vector defined for this study was suggested by B. Bonin (Cogema).
It represents that arising from the irradiation of 3.7% enriched UOX fuel in a PWR with a cycle length
of 274 full power days and a dwel time of four cycles. This corresponds to a burn-up of
41.2 GWd/tonne, typical of current practice. A cooling time of three years following irradiation has
been allowed.

The absorption effects of impurities are specified in terms of equivalent-ppm natural boron
content by mass.

3.2 Phase 2: Pebble and coated particle specification

The detailed specifications of the fuel pebble and coated particle are given in Table A.4. Atomic
number densities for the different regions of the pebble and coated particle are given in Table A.2.
Additional data used to derive the atomic number densities are given in Table A.3 and the plutonium
isotopic vector isgiven in Table A.6.

3.3 Phase 2a and 2b: Itemsfor calculation
Infinite array of fuel pebbles:

Isothermal temperature of 293.6 K:
a) ReaCthlty (kinf).
b) The energy-independent critical buckling BZ, and kin(B%).

c) Themigration area M?.

Isothermal temperature of 1 000 K:

d) Reactivity (Kir).

e) Reactivity ket(B%;), using the buckling from step (b), at power temperatures.

f) The energy-independent critical buckling B%; and kin(B%).

g) Themigration area M>.

h) The spectral indices, calculated with a critical buckling:
o p™ =Py, (epithermal)/**Puy(thermal): ratio of epithermal to thermal **Pu captures.
o 5% = %y, (epithermal )/ *Pus(thermal ): ratio of epithermal to thermal Z°Pu fissions.
o 3% =2py. (epithermal)/***Puys(thermal): ratio of epithermal to thermal **'Pu fissions.
o PP =2%py. 2Py, ratio of fissonsin **'Pu to fissionsin Z°Pu.
o C®="Pu,/*Pus ratio of capturesin “*Puto fissonsin **’Pu.
o C”=2Pu,/*Pus ratio of capturesin ***Puto fissonsin *°Pu.
o C°”="Pu/**Puys ratio of capturesin *°Puto fissonsin **Pu.
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o C'="Pu/*Puys ratio of capturesin *'Puto fissonsin *°Pu.
o C?=""Pug/**Puys ratio of capturesin *Puto fissonsin **Pu.

Note: Epithermal is defined here as all energies above 0.625 eV and thermal as all energies
below 0.625 eV.

i) The neutron spectrum (calculated with a critical buckling) in the fuel kernel region (flux per
unit energy) with as much energy resolution as can be provided.

J) Xenon reactivity effect: Reactivity (ker) at a pebble burn-up of 1 500 MWd/tonne. The burn-up
to be performed at a constant power of 556.25 watts per fuel bal with the addition of an
energy independent buckling to give a k-effective of unity during the burn-up. In addition,
135X e number density and absorption cross-section at 1 500 MWd/tonne irradiation.

k) Compositions of the actinides at irradiations of 0, 10 000, 20 000, 30 000, 40 000, 50 000,
60 000, 70 000 and 80 000 MW(d/tonne, to five significant figures. The burn-up should be
performed at an isothermal temperature of 1 000 K and a constant power of 556.25 watts per
fuel ball. A time-dependent, energy-independent buckling should be included to give a
k-effective of unity during the burn-up. Sufficient calculationa steps should be used to
remove the dependency of the results on the number of steps chosen.

4. Phase 3: Plutonium cor e calculations — definition
4.1 Phase 3: General description

This part of the benchmark considers awhole core calculation using plutonium fuel. The schematic
of the core is shown in Figure A.1 and has been taken from the first draft specification of this
benchmark by H.J. Rutten of Jilich and M. Delpech and F. Dolci of the CEA. For the plutonium fuel
proposed, this core design will probably be too reactive. However, as during the course of this
benchmark different fuels may be investigated in different phases, there is no specific reason to
optimise the design for this particular fuel type.

4.2 Phase 3: Core specification

The core layout is shown in Figure A.1 where the composition numbers are indicated for each
region. Core parameters are defined in Table A.4 and compositions for each region are given in
Table A.5. The plutonium isotopic vector is given in Table A.6. Table A.7 gives a naming convention
for the different material regions and Tables A.3 and A.8 give the additional data used in deriving the
composition datagivenin Table A.5.

The pebble and coated particle specification for Phase 3 of the benchmark is the same as for
Phase 2a of the benchmark. For simplification, the He coolant temperature and pressure have been
defined for zero power conditions for both the low power and power operation parts of the benchmark.
The reflector regions have been assumed to have an impurity level equivalent to 2 ppm by mass of
natural boron.
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4.3 Phase 3: Definition of calculations
Calculations for Phase 3 of the benchmark should provide:

a) Corereactivity (k-effective) at an isothermal temperature of 293.6 K.

b) In full-power conditions, all materias are assumed to be at an average temperature of
1000 K. In principle, the reactor structure will be at an average temperature about 50 degrees
lower than this. However, asit is not intended to model the distribution of temperature in the
core, using an approximation of an isothermal temperature is adequate for the benchmark.

e Thecorereactivity (k-effective).

e The neutron spectrum averaged over the core pebble-containing region (flux per unit
energy) with as much energy resolution as can be provided.

e The absorption and fission cross-sections for the plutonium isotopes 22Pu, 2Py, *°pu,
Py and 2*Pu, averaged over the core pebble containing region, in the three energy
ranges 10 eV t0 0.625 eV, 0.625 eV t0 9.118 KeV and 9.118 KeV to 20 MeV.

¢) Xenon reactivity effect: Reactivity (k-effective) at an isothermal temperature of 1 000 K and
average pebble burn-up of 1 500 MWd/tonne. The burn-up is to be performed at full power,
200.0 MW with the addition of an energy-independent buckling to give a k-effective of unity
during the burn-up. The buckling is of course set to zero following the burn-up to evaluate the
xenon reactivity effect. In addition, the core average ***Xe number density and absorption
cross-section at 1 500 MWd/tonne irradiation.

5. Phase4: Uranium core calculations — definition

This part of the benchmark considers a whole core calculation using the uranium fuel defined
previoudly in Phase 1. The schematic of the core is shown in Figure A.1 and isidentical in terms of
core geometry and structural material composition to the plutonium-fuelled core of Phase 3. The only
difference here is the use of the uranium fuel pebble.

5.1 Phase4: General description

The core layout is shown in Figure A.1 where the composition numbers are indicated for each
region. Core parameters are defined in Table A.1 and structural material compositions for each region
are given in Table A.5. Fuel pebble compositions are as defined in Table A.2. Table A.7 gives a
naming convention for the different materia regions and Tables A.3 and A.8 give the additional data
used in deriving the composition data given in Table A.5.

The pebble and coated particle specification for Phase 5 of the benchmark is the same as for
Phase 1a of the benchmark. For simplification, the He coolant temperature and pressure have been
defined for zero power conditions for both the low power and power operation parts of the benchmark.
The reflector regions have been assumed to have an impurity level equivaent to 2 ppm by mass of
natural boron.
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5.2 Phase 4: Definition of calculations

Calculations for Phase 4 of the benchmark should provide:

a) Core reactivity (k-effective) at an isothermal temperature of 293.6 K. Results with and
without a neutron streaming correction if available.

In full-power conditions, al materials are assumed to be at an average temperature of 1 000 K.
In principle, the reactor structure will be at an average temperature about 50 degrees lower than this.
However, as it is not intended to model the distribution of temperature in the core, using an
approximation of an isothermal temperature is adequate for the benchmark.

b) The core reactivity (k-effective) at an isothermal temperature of 1000 K. Results to be
provided both with and without a neutron streaming correction, if available.

c) The tabulated, normalised (sum of flux per unit lethargy equal to unity) neutron spectrum
averaged over the core pebble-containing region in as much energy resolution as can be
provided. In addition, the tabulated neutron spectrum, normalised as above, for the same core
region in four energy groups (lowest energy 107 eV, upper group boundaries at 1.86 eV,
29eV, 100KeV and 20 MeV or as close as possible to these). This spectrum should be
calculated at an isothermal temperature of 1 000 K.

d) The absorption and fission cross-sections for the uranium isotopes *2U and *°U averaged
over the core pebble-containing region, in the single energy range 10 eV to 20 MeV. These
cross-sections should be calculated at an isothermal temperature of 1 000 K.

€) Reactivity (kg) at an average pebble burn-up of 1 500 MWd/tonne and isothermal temperature
of 1 000 K. The burn-up isto be performed at full power, 200.0 MW:

¢ with the addition of an energy independent buckling to give a k-effective of unity during
burn-up but with zero buckling applied following burn-up to evaluate the reactivity effect;

¢ with no buckling applied;
e the core average "**Xe number density and absorption cross-section at 1 500 MWd/tonne
irradiation for Case 1 with the addition of an energy-independent buckling.

f) Theaveraged fuelled core migration length, if available.

Parti cipants should provide details of the caculationa route they have chosen to derive values for
items €) and f).

6. Phase5: U/Th cell calculations — definition
6.1 Phaseb5: General description

As with Phase 1 and Phase 2 of the benchmark, Phase 5 considers an infinite array of fuel
pebbles. This array takes the form of a spherical system in Phase 5aand a cubic array in Phase 5b.

The fuel pebble has a diameter of 6 cm, with the central 5 cm-diameter sphere containing a matrix
material supporting U/Th-fuelled coated particles. The particle design is identical to that for the
plutonium system in Phase 2. Hence, each particle consists of a central fuel kernel with diameter
0.024 cm. This kernel is surrounded by four coatings, consisting of an inner carbon layer, a layer of
dense pyro carbon, a layer of silicon carbide and an outer pyro carbon layer. There are 15 000 coated
particles in each pebble. In Phase 5a of the benchmark, the outer diameter of the coolant associated
with each pebble is 5.70218 cm. In Phase 5b, a 6 cm cubic array is considered.
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The fud is a 2*U/**Th mixed oxide, with the relative enrichment by mass of the *U being
7.48%. This enrichment was chosen such that, when the particle/pebble design described above was
used, the cdl k-infinity at room temperature and start-of-life was comparable to that of the equivalent
plutonium cell in Phase 2 of this benchmark.

As in the other phases, the absorption effects of impurities are again specified in terms of
equivalent ppm natural-boron content by mass, Table 2.

Although the reactivity of this pebble configuration decreases rapidly during depletion (and
therefore would not be practical for lone use in a core), the items to be calculated for this phase
include some relating to burn-up. The purpose of these items is to help provide an inter-comparison of
thorium burn-up in participants codes.

6.2 Phase5: Pebble and coated particle specification

The detailed specifications of the fuel pebble and coated particle are given in Table A.9. Atomic
number densities for the different regions of the pebble and coated particle are given in Table A.2.
Additional data used to derive the atomic number densities are givenin Table A.3.

6.3 Phase 5a and 5b: |tems for calculation
Infinite array of fuel pebbles:

Isothermal temperature of 293.6 K:

a) Reactivity (Kin).

b) The energy-independent critical buckling B?, and kin(B%).
¢) Themigration area M>.

Isothermal temperature of 1 000 K:

d) Reactivity (Kin).

e) Reactivity ke(B%), using the buckling from step (b), at power temperatures.

f) The energy-independent critical buckling B%; and kin(B%).

g) Themigration area M?.

h) The spectral indices, calculated with a critical buckling:
o p™ = 2Thy,(epithermal )/**They,(thermal): ratio of epithermal to thermal **Th captures.
o 5% =Y, (epithermal )/**Us(thermal): ratio of epithermal to thermal **U fissions.

8% = ®*Thyd* Uys ratio of fissonsin **Thto fissonsin **U.

C = ®*The/* Usis: ratio of capturesin ?Th to fissionsin *°U.

Note: Epithermal, here, is defined as all energies above 0.625 eV and thermal as all energies
below 0.625 eV.

i) The neutron spectrum (calculated with a critical buckling) in the fuel kernel region (flux per
unit energy) with as much energy resolution as can be provided.



j) Xenon reactivity effect; Reactivity (K) a a pebble burn-up of 1 500 MWd/tonne. The burn-up
to be performed at a constant power of 556.25 watts per fuel bal with the addition of an
energy independent buckling to give a k-effective of unity during the burn-up. In addition, the
135X e number density and absorption cross-section at 1 500 MWd/tonne irradiation.

k) Compositions of the actinides at irradiations of 0, 10000, 20000, 30000 and
40 000 MWd/tonne, to five significant figures. The burn-up to be performed at an isothermal
temperature of 1 000 K and a constant power of 556.25 watts per fuel ball. A time-dependent,
energy-independent buckling to give a k-effective of unity during the burn-up should be
included. Sufficient calculational steps should be used to remove the dependency of the results
on the number of steps chosen.

7. References

[1] Hosking, G., T.D. Newton, Benchmark Specification for an HTR Fuelled with Reactor
Grade Plutonium (or Reactor Grade Pu/Th and U/Th), Proposal, NEA/NSC/DOC(2003)22,
November 2003.

[2] Tuli, JK., Nuclear Wadllet Cards, Nationa Nuclear Data Centre, Brookhaven National
Laboratory, P.O. Box 5000 Upton, New Y ork 11973-5000 USA, January 2000.

[3] Atomic Dataand Nuclear Data Tables, Volume 39, Number 2, Academic Press, July 1988.
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Table A.1. U benchmark: Core, pebble and coated particle parameter listing

Item Units Value
Reactor parameters:
Power MW 200
Core volume m° 66.657
He core inlet temperature (at full power) °C 400
He core outlet temperature (at full power) °C 950
He pressure (at full power) MPa 4
Coolant mass flow Kgls 70.024
Core specification:
Core height m 9.43
Coreradius m 15
Number of pebbles per m* — 5394
Number of pebblesin core — 359 548
Packing fraction of pebblesin core % 61
Graphite structure natural boron impurity by mass ppm 2
(materidls 1, 3,4,5,6, 7, 8 see Table A.7)
Fuel pebble specification:
Unit cell square pebble array pitch (cubical outer boundary) cm 6.0
Unit cell coolant outer radius (spherical outer boundary) cm 3.53735
Pebble diameter cm 6.0
Radius of fuel zone cm 2.5
Outer carbon coating thickness cm 0.5
Outer carbon natural boron impurity by mass ppm 0.5
Number of coated particles per pebble - 15000
Packing fraction of coated particles % 9.043
Graphite matrix density g/cm® 1.75
Graphite matrix natural boron impurity by mass ppm 0.5
Outer carbon coating density g/cm® 1.75
UO, fuel mass per pebble g 10.210
Coated particle specification:
Fuel in kernel UO,
UO, fuel density g/cm® 10.4
Uranium enrichment (by mass “U/(*°U + V) % 8.2
Fuel natural boron impurity by mass ppm 1
Outer coated particle radius mm 0.455
Fuel kernel radius mm 0.25
Coating materials - C/IC/SICIC
Coating thickness mm 0.09/0.04/0.035/0.04
Coating densities glem® 1.05/1.9/3.18/1.9
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Table A.2. Pebble calculations: Nuclide number density data

Material Nuclide | Atomsper cm®(x 10
Uo; fuel 8y 2.12877e-02
=y 1.92585e-03
0 4.64272e-02
log 1.14694e-07
] 4.64570e-07
PuO, fuel Bpy 6.01178E-04
Z9py 1.24470e-02
20py 5.44599e-03
21y 3.00965e-03
22py 1.54539e-03
0 4.60983e-02
log 1.14694e-07
] 4.64570e-07
ZBU/~2Th mixed oxide fuel 2Th 2.19473E-02
=y 1.76668E-03
0 4.74279E-02
log 1.14694E-07
] 4.64570E-07
Inner low-density carbon kernel coating C 5.26449e-02
Pyro carbon kernel coatings (inner and outer) C 9.52621e-02
Silicon carbide kernel coating C 4.77240e-02
S 4.77240e-02
Carbon matrix C 8.77414e-02
1og 9.64977e-09
] 3.90864e-08
Carbon pebble outer coating C 8.77414e-02
1og 9.64977e-09
g 3.90864e-08
Helium coolant (at 273.16 K,10° Pa) *He 3.71220e-11
“He 2.65156e-05
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Table A.3. Additional composition data

Quantity Units Value
Physical constants:
Avagadro’s number Mol 6.02214E+23
Universal gas constant, R Jmol* K™ 8.31
Atomic weights:
“py gm Mol ™ 238.04955
“py gm Mol ™ 239.05216
Opy gm Mol ™ 240.05381
2py gm Mol 241.05685
“py gm Mol ™ 242.05874
= gm Mol 233.04500
=y gm Mol 235.04392
) gm Mol 238.05078
Z2Th gm Mol 232.03300
%G gm Mol ™ 27.97693
g gm Mol ™ 28.97649
g gm Mol 30.97536
Si (natural) gm Mol 28.11630
c gm Mol 12.00000
Bc gm Mol 13.00335
C (natural) gm Mol 12.01114
B gm Mol ™ 10.01294
B gm Mol ™ 11.00931
B (natural) gm Mol ™ 10.81203
*0 gm Mol ™ 15.99491
e gm Mol ™ 16.99913
o gm Mol ™ 17.99916
O (natural) gm Mol ™ 15.99930
*He gm Mol ™ 3.01603
“He gm Mol ™ 4.00260
Fractional abundances (by atom):
*He in natural He (coolant) - 0.0000014
*Hein natural He (coolant) - 0.9999986
1B in natural B (impurity) - 0.19800
"B in natural B (impurity) - 0.80200
5 in natural Si — 0.92230
*Si in natural Si — 0.04683
®Si in natural Si — 0.03087
2Ciin natural C — 0.98890
BCinNatural C — 0.01110
®0in natural O — 0.99762
0 'in natural O — 0.00038
0 in natural O — 0.00200
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Table A.4. Pu benchmark: Core, pebble and coated particle parameter listing

Item Units Value
Reactor parameters:
Power MW 200
Core volume m° 66.657
He core inlet temperature (at full power) °C 400
He core outlet temperature (at full power) °C 950
He pressure (at full power) MPa 4
Coolant mass flow Kgls 70.024
Core specification:
Core height m 9.43
Coreradius m 15
Number of pebbles per m* — 5394
Number of pebblesin core — 359 548
Packing fraction of pebblesin core % 61
Graphite structure natural boron impurity by mass ppm 2
(materidls 1, 3,4,5,6, 7, 8, see Table A.7)
Fuel pebble specification:
Unit cell square pebble array pitch (cubical outer boundary) cm 6.0
Unit cell coolant outer radius (spherical outer boundary) cm 3.53735
Pebble diameter cm 6.0
Radius of fuel zone cm 25
Outer carbon coating thickness cm 0.5
Outer carbon natural boron impurity by mass ppm 0.5
Number of coated particles per pebble - 15000
Packing fraction of coated particles % 3.45
Graphite matrix density g/cm® 1.75
Graphite matrix natural boron impurity by mass ppm 0.5
Outer carbon coating density g/cm® 1.75
PuO, fuel mass per pebble g 1.129
Average power per pebble watts 556.25
Coated particle specification:
Fuel in kernel PuO,
PuO, fuel density g/cm® 10.4
Fuel natural boron impurity by mass ppm 1
Outer coated particle radius mm 0.33
Fuel kernel radius mm 0.12
Coating materials - C/IC/SICIC
Coating thickness mm 0.095/0.04/0.035/0.04
Coating densities glem® 1.05/1.9/3.18/1.9
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Table A.5. Core calculations: Nuclide number density data

Material Nuclide Atoms per cm® (x10™*)

UO; fuel 28y 2.12877e-02
25y 1.92585e-03

o) 4.64272e-02

1og 1.14694e-07

g 4.64570e-07

PuO, fuel Bpy 6.01178E-04
2py 1.24470e-02

290py 5.44599e-03

2py 3.00965e-03

22py 1.54539e-03

o) 4.60983e-02

1og 1.14694e-07

g 4.64570e-07

Inner low-density carbon kernel coating C 5.26449e-02
Pyro carbon kernel coatings (inner and outer) C 9.52621e-02
Silicon carbide kernel coating C 4.77240e-02
S 4.77240e-02

Carbon matrix C 8.77414e-02
log 9.64977e-09

g 3.90864e-08

Carbon pebble outer coating C 8.77414e-02
log 9.64977e-09

g 3.90864e-08

Helium coolant (at 273.16 K,10° Pa) *He 3.71220e-11
“He 2.65156e-05

Reflector 1 C 7.72000e-02
log 3.39617e-08

g 1.37562e-07

Void *He 1.00000e-11
Void + graphite C 2.00000e-03
log 8.79837e-10

g 3.56378e-09

Reflector 2 C 9.03000e-02
1og 3.97246e-08

g 1.60905e-07

Carbon layer surrounding system C 8.53000e-03
1og 3.75250e-08

g 1.51995e-07

Reflector + coolant channel C 7.02000e-02
1og 3.08823e-08

g 1.25089e-07

Reflector + control rods C 3.51000e-02
log 1.54411e-08

g 6.25444e-08

Reflector 3 C 3.51000e-02
log 1.54411e-08

g 6.25444e-08
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Table A.6. Plutonium isotopic vector

| sotope Units % by mass
ZBpy wt.% 2.59
“py wt.% 53.85
Opy wt.% 23.66
21py wt.% 13.13
2py wt.% 6.77

TableA.7. Key to coreregionsshown in Figure A.1

Region

Number on core diagram

Reflector 1

1

Void

Void + graphite

Reflector 2

Carbon layer surrounding system

Reflector + coolant channels

Reflector + control rods

Reflector 3

XN |0 B[WIN

Table A.8. Corecalculations: Material mass densities

Material M ass density (g/cm®)
UO, fuel 10.4
PuO, fuel 10.4
Low-density carbon kernel coating 1.05
Pyro carbon kernel coating 19
Silicon carbide kernel coating 3.18
Carbon matrix 1.75
Carbon pebble coating 1.75
Helium coolant (at 273.16 K, 10° Pa) 1.78E-04
Reflector 1 1.53901
Void -
Void + graphite 3.98707e-2
Reflector 2 1.80016
Carbon layer surrounding system 1.70049
Reflector + coolant channels 1.39946
Reflector + control rods 6.99731E-01
Reflector 3 6.99731E-01
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Table A.9. U/Th benchmark: Pebble and coated particle parameter listing

Item Units Value
Fuel pebble specification:

Unit cell square pebble array pitch (cubical outer boundary) cm 6.0
Unit cell coolant outer radius (spherical outer boundary) cm 3.53735
Pebble diameter cm 6.0
Radius of fuel zone cm 2.5
Outer carbon coating thickness cm 0.5
Outer carbon natural boron impurity by mass ppm 0.5
Number of coated particles per pebble - 15000
Packing fraction of coated particles % 3.45
Graphite matrix density glem® 1.75
Graphite matrix natural boron impurity by mass ppm 0.5
Outer carbon coating density glem® 1.75
Fuel mass per pebble g 1.129

Coated particle specification:

Fuel in kernel: *U/%?Th mixed oxide

Fuel density glem® 10.4

U enrichment (by mass “~U/(**U + ZTh) % 7.48

Fuel natural boron impurity by mass ppm 1

Outer coated particle radius mm 0.455

Fuel kernel radius mm 0.12
Coating materials - C/C/SICIC
Coating thickness mm 0.095/0.04/0.035/0.04
Coating densities g/cm® 1.05/1.9/3.18/1.9
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Figure A.1. Schematic diagram of core R-Z calculation model. Dimensions shown arein cm.

16937

1633

1573
15387

1438
1388

1140—

445—

100

2757

175+

5 5
4 4
3 3
1
2 7
] 4 4 5
CORE
6
8
4
1
4
3
5
150 181 216.5 J
0 ! |
|
|| |
156 162 2275

93






Appendix B

ENERGY GROUP SCHEMESUSED
IN THE DETERMINISTIC CALCULATIONS
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TableB.1. 172-group ener gy scheme used by

Participants A and B in their deterministic calculations

Group | Upper energy boundary | Group | Upper energy boundary | Group | Upper energy boundary
(eV) (eV) (eV)

1 1.964E+07 59 7.485E+02 117 1.150E+00
2 1.733E+07 60 6.773E+02 118 1.123E+00
3 1.492E+07 61 4 540E+02 119 1.110E+00
4 1.384E+07 62 3.717E+02 120 1.097E+00
5 1.162E+07 63 3.043E+02 121 1.071E+00
6 1.000E+07 64 2.040E+02 122 1.045E+00
7 8.187E+06 65 1.486E+02 123 1.035E+00
8 6.703E+06 66 1.367E+02 124 1.020E+00
9 6.065E+06 67 9.166E+01 125 9.960E-01
10 5.488E+06 68 7.567E+01 126 9.860E-01
11 4.493E+06 69 6.790E+01 127 9.720E-01
12 3.679E+06 70 5.560E+01 128 9.500E-01
13 3.012E+06 71 5.158E+01 129 9.300E-01
14 2.466E+06 72 4.825E+01 130 9.100E-01
15 2.231E+06 73 4 552E+01 131 8.600E-01
16 2.019E+06 74 4,017E+01 132 8.500E-01
17 1.653E+06 75 3.727E+01 133 7.900E-01
18 1.353E+06 76 3.372E+01 134 7.800E-01
19 1.225E+06 77 3.051E+01 135 7.050E-01
20 1.108E+06 78 2.761E+01 136 6.250E-01
21 1.003E+06 79 2.498E+01 137 5.400E-01
22 9.072E+05 80 2.260E+01 138 5.000E-01
23 8.209E+05 81 1.945E+01 139 4.850E-01
24 6.081E+05 82 1.593E+01 140 4.330E-01
25 5.502E+05 83 1.371E+01 141 4.000E-01
26 4.979E+05 84 1.122E+01 142 3.910E-01
27 4.505E+05 85 9.906E+00 143 3.500E-01
28 4.076E+05 86 9.190E+00 144 3.200E-01
29 3.020E+05 87 8.315E+00 145 3.145E-01
30 2.732E+05 88 7.524E+00 146 3.000E-01
31 2.472E+05 89 6.160E+00 147 2.800E-01
32 1.832E+05 90 5.346E+00 148 2.480E-01
33 1.228E+05 91 5.043E+00 149 2.200E-01
34 1.111E+05 92 4,129E+00 150 1.890E-01
35 8.230E+04 93 4.000E+00 151 1.800E-01
36 6.738E+04 94 3.381E+00 152 1.600E-01
37 5.517E+04 95 3.300E+00 153 1.400E-01
38 4.087E+04 96 2.768E+00 154 1.340E-01
39 3.698E+04 97 2.720E+00 155 1.150E-01
40 2.928E+04 98 2.600E+00 156 1.000E-01
41 2.739E+04 99 2.550E+00 157 9.500E-02
42 2.479E+04 100 2.360E+00 158 8.000E-02
43 1.662E+04 101 2.130E+00 159 7.700E-02
44 1.503E+04 102 2.100E+00 160 6.700E-02
45 1.114E+04 103 2.020E+00 161 5.800E-02
46 9.119E+03 104 1.930E+00 162 5.000E-02
47 7.466E+03 105 1.840E+00 163 4.200E-02
48 5.531E+03 106 1.755E+00 164 3.500E-02
49 5.005E+03 107 1.670E+00 165 3.000E-02
50 3.527E+03 108 1.590E+00 166 2.500E-02
51 3.355E+03 109 1.500E+00 167 2.000E-02
52 2.249E+03 110 1.475E+00 168 1.500E-02
53 2.035E+03 111 1.440E+00 169 1.000E-02
54 1.507E+03 112 1.370E+00 170 6.900E-03
55 1.434E+03 113 1.337E+00 171 5.000E-03
56 1.234E+03 114 1.300E+00 172 3.000E-03
57 1.010E+03 115 1.235E+00

58 9.142E+02 116 1.170E+00
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TableB.2. 10-group energy scheme used by Participant A in their deterministic calculations

Group Upper ene(rgy) boundary
eV
1.964E+07
1.162E+07
3.679E+06
2.231E+06
1.228E+05
3.043E+02
1.170E+00
9.720E-01
4.330E-01
2.480E-01
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Table B.3. 238-group energy scheme used by participant F

Group Upper energy Group Upper energy Group Upper energy Group Upper energy
boundary (eV) boundary (eV) boundary (eV) boundary (eV)

1 2.00E+07 61 3.90E+03 121 2.00E+01 181 1.09E+00
2 1.73E+07 62 3.74E+03 122 1.90E+01 182 1.08E+00
3 1.57E+07 63 3.00E+03 123 1.85E+01 183 1.07E+00
4 1.46E+07 64 2.58E+03 124 1.70E+01 184 1.06E+00
5 1.38E+07 65 2.29E+03 125 1.60E+01 185 1.05E+00
6 1.28E+07 66 2.20E+03 126 1.51E+01 186 1.04E+00
7 1.00E+07 67 1.80E+03 127 1.44E+01 187 1.03E+00
8 8.19E+06 68 1.55E+03 128 1.38E+01 188 1.02E+00
9 6.43E+06 69 1.50E+03 129 1.29E+01 189 1.01E+00
10 4.80E+06 70 1.15E+03 130 1.19E+01 190 1.00E+00
11 4.30E+06 71 9.50E+02 131 1.15E+01 191 9.75E-01
12 3.00E+06 72 6.83E+02 132 1.00E+01 192 9.50E-01
13 2.48E+06 73 6.70E+02 133 9.10E+00 193 9.25E-01
14 2.35E+06 74 5.50E+02 134 8.10E+00 194 9.00E-01
15 1.85E+06 75 3.05E+02 135 7.15E+00 195 8.50E-01
16 1.50E+06 76 2.85E+02 136 7.00E+00 196 8.00E-01
17 1.40E+06 77 2.40E+02 137 6.75E+00 197 7.50E-01
18 1.36E+06 78 2.10E+02 138 6.50E+00 198 7.00E-01
19 1.32E+06 79 2.08E+02 139 6.25E+00 199 6.50E-01
20 1.25E+06 80 1.93E+02 140 6.00E+00 200 6.25E-01
21 1.20E+06 81 1.86E+02 141 5.40E+00 201 6.00E-01
22 1.10E+06 82 1.22E+02 142 5.00E+00 202 5.50E-01
23 1.01E+06 83 1.19E+02 143 4.75E+00 203 5.00E-01
24 9.20E+05 84 1.15E+02 144 4,00E+00 204 4.50E-01
25 9.00E+05 85 1.08E+02 145 3.73E+00 205 4.00E-01
26 8.75E+05 86 1.00E+02 146 3.50E+00 206 3.75E-01
27 8.61E+05 87 9.00E+01 147 3.15E+00 207 3.50E-01
28 8.20E+05 88 8.20E+01 148 3.05E+00 208 3.25E-01
29 7.50E+05 89 8.00E+01 149 3.00E+00 209 3.00E-01
30 6.79E+05 90 7.60E+01 150 2.97E+00 210 2.75E-01
31 6.70E+05 91 7.20E+01 151 2.87E+00 211 2.50E-01
32 6.00E+05 92 6.75E+01 152 2.77E+00 212 2.25E-01
33 5.73E+05 93 6.50E+01 153 2.67E+00 213 2.00E-01
34 5.50E+05 94 6.10E+01 154 2.57E+00 214 1.75E-01
35 5.00E+05 95 5.90E+01 155 2.47E+00 215 1.50E-01
36 4.70E+05 96 5.34E+01 156 2.38E+00 216 1.25E-01
37 4.40E+05 97 5.20E+01 157 2.30E+00 217 1.00E-01
38 4.20E+05 98 5.06E+01 158 2.21E+00 218 9.00E-02
39 4.00E+05 99 4.92E+01 159 2.12E+00 219 8.00E-02
40 3.30E+05 100 4.83E+01 160 2.00E+00 220 7.00E-02
41 2.70E+05 101 4.70E+01 161 1.94E+00 221 6.00E-02
42 2.00E+05 102 4.52E+01 162 1.86E+00 222 5.00E-02
43 1.50E+05 103 4.40E+01 163 1.77E+00 223 4.00E-02
44 1.28E+05 104 4.24E+01 164 1.68E+00 224 3.00E-02
45 1.00E+05 105 4.10E+01 165 1.59E+00 225 2.53E-02
46 8.50E+04 106 3.96E+01 166 1.50E+00 226 1.00E-02
47 8.20E+04 107 3.91E+01 167 1.45E+00 227 7.50E-03
48 7.50E+04 108 3.80E+01 168 1.40E+00 228 5.00E-03
49 7.30E+04 109 3.70E+01 169 1.35E+00 229 4.00E-03
50 6.00E+04 110 3.55E+01 170 1.30E+00 230 3.00E-03
51 5.20E+04 111 3.46E+01 171 1.25E+00 231 2.50E-03
52 5.00E+04 112 3.38E+01 172 1.22E+00 232 2.00E-03
53 4.50E+04 113 3.33E+01 173 1.20E+00 233 1.50E-03
54 3.00E+04 114 3.18E+01 174 1.17E+00 234 1.20E-03
55 2.50E+04 115 3.13E+01 175 1.15E+00 235 1.00E-03
56 1.70E+04 116 3.00E+01 176 1.14E+00 236 7.50E-04
57 1.30E+04 117 2.75E+01 177 1.13E+00 237 5.00E-04
58 9.50E+03 118 2.50E+01 178 1.12E+00 238 1.00E-04
59 8.03E+03 119 2.25E+01 179 1.11E+00

60 6.00E+03 120 2.10E+01 180 1.10E+00
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