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1. Background and aims 

This benchmark proposal builds upon that specified in Ref. [1]. In addition to the three phases 
described in that reference, another two phases have now been defined. Additional items for calculation 
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 pebbles is 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 this is smaller than the pebble diameter of 6 cm. In Phase 1b, a 6 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 a fuel kernel of 8.2% enriched UO2 with a diameter of 0.05 cm. 
This 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 giving a UO2 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 given in Table A.3. 

For simplification, the He coolant composition is assumed as that at 293.6 K, even for 
calculations at 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 in the array is 6 cm. 
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2.3.3 Phases 1a and 1b: Items for calculation 

Isothermal temperature of 293.6 K: 

a) Reactivity (kinf). 

b) The energy-independent critical buckling B2
cr and kinf(B

2
cr) 

c) The migration area M2. 

Isothermal temperature of 1 000 K: 

d) Reactivity (kinf). 

e) Reactivity keff(B
2
cr), using the buckling from step (b), at power temperatures. 

f) The energy-independent critical buckling B2
cr and kinf(B

2
cr). 

g) The migration area M2. 

h) The spectral indices, calculated with a critical buckling: 

� �238 = 238Ucap(epithermal)/238Ucap(thermal): ratio of epithermal to thermal 238U captures. 

� �235 = 235Ufis(epithermal)/235Ufis(thermal): ratio of epithermal to thermal 235U fissions. 

� �238 = 238Ufis/
235Ufis: ratio of fissions in 238U to fissions in 235U. 

� C = 238Ucap/
235Ufis: ratio of captures in 238U to fissions in 235U. 

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) 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. 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. 

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 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. 

3. Phase 2: Plutonium cell calculations – definition 

3.1 Phase 2: 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 a fuel kernel of PuO2 
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 a 6 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 dwell 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 is given in Table A.6. 

3.3 Phase 2a and 2b: Items for calculation 

Infinite array of fuel pebbles: 

Isothermal temperature of 293.6 K: 

a) Reactivity (kinf). 

b) The energy-independent critical buckling B2
cr and kinf(B

2
cr). 

c) The migration area M2. 

Isothermal temperature of 1 000 K: 

d) Reactivity (kinf). 

e) Reactivity keff(B
2
cr), using the buckling from step (b), at power temperatures. 

f) The energy-independent critical buckling B2
cr and kinf(B

2
cr). 

g) The migration area M2. 

h) The spectral indices, calculated with a critical buckling: 

� �239 = 239Pucap(epithermal)/239Pucap(thermal): ratio of epithermal to thermal 239Pu captures. 

� �239 = 239Pufis(epithermal)/239Pufis(thermal): ratio of epithermal to thermal 239Pu fissions. 

� �241 = 241Pufis(epithermal)/241Pufis(thermal): ratio of epithermal to thermal 241Pu fissions. 

� F241 = 241Pufis/
239Pufis: ratio of fissions in 241Pu to fissions in 239Pu. 

� C8 = 238Pucap/
239Pufis: ratio of captures in 238Pu to fissions in 239Pu. 

� C9 = 239Pucap/
239Pufis: ratio of captures in 239Pu to fissions in 239Pu. 

� C0 = 240Pucap/
239Pufis: ratio of captures in 240Pu to fissions in 239Pu. 
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� C1 = 241Pucap/
239Pufis: ratio of captures in 241Pu to fissions in 239Pu. 

� C2 = 242Pucap/
239Pufis: ratio of captures in 242Pu to fissions in 239Pu. 

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 (keff) 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 ball with the addition of an 
energy independent buckling to give a k-effective of unity during the burn-up. In addition, 
135Xe 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 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. 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. 

4. Phase 3: Plutonium core calculations – definition 

4.1 Phase 3: General description 

This part of the benchmark considers a whole 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 Jülich 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 data given in 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) Core reactivity (k-effective) at an isothermal temperature of 293.6 K. 

b) In full-power conditions, all 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. 

� The core reactivity (k-effective). 

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

� The absorption and fission cross-sections for the plutonium isotopes 238Pu, 239Pu, 240Pu, 
241Pu and 242Pu, averaged over the core pebble containing region, in the three energy 
ranges 10–5 eV to 0.625 eV, 0.625 eV to 9.118 KeV and 9.118 KeV to 20 MeV. 

c) 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 135Xe number density and absorption 
cross-section at 1 500 MWd/tonne irradiation. 

5. Phase 4: Uranium core calculations – definition 

This part of the benchmark considers a whole core calculation using the uranium fuel defined 
previously in Phase 1. The schematic of the core is shown in Figure A.1 and is identical 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 Phase 4: 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 material 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 equivalent 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, all 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 1 000 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 10–5 eV, upper group boundaries at 1.86 eV, 
29 eV, 100 KeV 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 238U and 235U averaged 
over the core pebble-containing region, in the single energy range 10–5 eV to 20 MeV. These 
cross-sections should be calculated at an isothermal temperature of 1 000 K. 

e) Reactivity (keff) at an average pebble burn-up of 1 500 MWd/tonne and isothermal temperature 
of 1 000 K. 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 
burn-up but with zero buckling applied following burn-up to evaluate the reactivity effect; 

� with no buckling applied; 

� the core average 135Xe number density and absorption cross-section at 1 500 MWd/tonne 
irradiation for Case 1 with the addition of an energy-independent buckling. 

f) The averaged fuelled core migration length, if available. 

Participants should provide details of the calculational route they have chosen to derive values for 
items e) and f). 

6. Phase 5: U/Th cell calculations – definition 

6.1 Phase 5: 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 5a and 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 fuel is a 233U/232Th mixed oxide, with the relative enrichment by mass of the 233U being 
7.48%. This enrichment was chosen such that, when the particle/pebble design described above was 
used, the cell 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 Phase 5: 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 given in Table A.3. 

6.3 Phase 5a and 5b: Items for calculation 

Infinite array of fuel pebbles: 

Isothermal temperature of 293.6 K: 

a) Reactivity (kinf). 

b) The energy-independent critical buckling B2
cr and kinf(B

2
cr). 

c) The migration area M2. 

Isothermal temperature of 1 000 K: 

d) Reactivity (kinf). 

e) Reactivity keff(B
2
cr), using the buckling from step (b), at power temperatures. 

f) The energy-independent critical buckling B2
cr and kinf(B

2
cr). 

g) The migration area M2. 

h) The spectral indices, calculated with a critical buckling: 

� �232 = 232Thcap(epithermal)/232Thcap(thermal): ratio of epithermal to thermal 232Th captures. 

� �233 = 233Ufis(epithermal)/233Ufis(thermal): ratio of epithermal to thermal 233U fissions. 

� �232 = 232Thfis/
233Ufis: ratio of fissions in 232Th to fissions in 233U. 

� C = 232Thcap/
233Ufis: ratio of captures in 232Th to fissions in 233U. 

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. 
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j) Xenon reactivity effect: Reactivity (keff) 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 ball with the addition of an 
energy independent buckling to give a k-effective of unity during the burn-up. In addition, the 
135Xe 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 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. 
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[2] Tuli, J.K., Nuclear Wallet Cards, National Nuclear Data Centre, Brookhaven National 
Laboratory, P.O. Box 5000 Upton, New York 11973-5000 USA, January 2000. 
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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 m3 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 Kg/s 70.024 

Core specification:   
Core height m 9.43 
Core radius m 1.5 
Number of pebbles per m3 – 5 394 
Number of pebbles in core – 359 548 
Packing fraction of pebbles in core % 61 
Graphite structure natural boron impurity by mass 
(materials 1, 3, 4, 5, 6, 7, 8, see Table A.7) 

ppm 2 

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 – 15 000 
Packing fraction of coated particles % 9.043 
Graphite matrix density g/cm3 1.75 
Graphite matrix natural boron impurity by mass ppm 0.5 
Outer carbon coating density g/cm3 1.75 
UO2 fuel mass per pebble g 10.210 

Coated particle specification:   
Fuel in kernel UO2   
UO2 fuel density g/cm3 10.4 
Uranium enrichment (by mass 235U/(235U + 238U) % 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/C/SiC/C 
Coating thickness mm 0.09/0.04/0.035/0.04 
Coating densities g/cm3 1.05/1.9/3.18/1.9 
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Table A.2. Pebble calculations: Nuclide number density data 

Material Nuclide Atoms per cm3 (� 10–24) 
UO2 fuel 238U 

235U 
O 

10B 
11B 

2.12877e-02 
1.92585e-03 
4.64272e-02 
1.14694e-07 
4.64570e-07 

PuO2 fuel 238Pu 
239Pu 
240Pu 
241Pu 
242Pu 

O 
10B 
11B 

6.01178E-04 
1.24470e-02 
5.44599e-03 
3.00965e-03 
1.54539e-03 
4.60983e-02 
1.14694e-07 
4.64570e-07 

233U/232Th mixed oxide fuel 232Th 
233U 
O 

10B 
11B 

2.19473E-02 
1.76668E-03 
4.74279E-02 
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 

Si 
4.77240e-02 
4.77240e-02 

Carbon matrix C 
10B 
11B 

8.77414e-02 
9.64977e-09 
3.90864e-08 

Carbon pebble outer coating C 
10B 
11B 

8.77414e-02 
9.64977e-09 
3.90864e-08 

Helium coolant (at 273.16 K,105 Pa) 3He 
4He 

3.71220e-11 
2.65156e-05 
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Table A.3. Additional composition data 

Quantity Units Value 
Physical constants:   

Avagadro’s number Mol–1 6.02214E+23 
Universal gas constant, R J mol–1 K–1 8.31 

Atomic weights:   
238Pu gm Mol–1 238.04955 
239Pu gm Mol–1 239.05216 
240Pu gm Mol–1 240.05381 
241Pu gm Mol–1 241.05685 
242Pu gm Mol–1 242.05874 
233U gm Mol–1 233.04500 
235U gm Mol–1 235.04392 
238U gm Mol–1 238.05078 
232Th gm Mol–1 232.03300 
28Si gm Mol–1 27.97693 
29Si gm Mol–1 28.97649 
30Si gm Mol–1 30.97536 
Si (natural) gm Mol–1 28.11630 
12C gm Mol–1 12.00000 
13C gm Mol–1 13.00335 
C (natural) gm Mol–1 12.01114 
10B gm Mol–1 10.01294 
11B gm Mol–1 11.00931 
B (natural) gm Mol–1 10.81203 
16O gm Mol–1 15.99491 
17O gm Mol–1 16.99913 
18O gm Mol–1 17.99916 
O (natural) gm Mol–1 15.99930 
3He gm Mol–1 3.01603 
4He gm Mol–1 4.00260 

Fractional abundances (by atom):   
3He in natural He (coolant) – 0.0000014 
4He in natural He (coolant) – 0.9999986 
10B in natural B (impurity) – 0.19800 
11B in natural B (impurity) – 0.80200 
28Si in natural Si – 0.92230 
29Si in natural Si – 0.04683 
30Si in natural Si – 0.03087 
12C in natural C – 0.98890 
13C in Natural C – 0.01110 
16O in natural O – 0.99762 
17O in natural O – 0.00038 
18O 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 m3 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 Kg/s 70.024 

Core specification:   
Core height m 9.43 
Core radius  m 1.5 
Number of pebbles per m3 – 5 394 
Number of pebbles in core – 359 548 
Packing fraction of pebbles in core % 61 
Graphite structure natural boron impurity by mass 
(materials 1, 3, 4, 5, 6, 7, 8, see Table A.7) 

ppm 2 

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 – 15 000 
Packing fraction of coated particles % 3.45 
Graphite matrix density g/cm3 1.75 
Graphite matrix natural boron impurity by mass ppm 0.5 
Outer carbon coating density g/cm3 1.75 
PuO2 fuel mass per pebble g 1.129 
Average power per pebble watts 556.25 

Coated particle specification:   
Fuel in kernel PuO2   
PuO2 fuel density g/cm3 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/C/SiC/C 
Coating thickness mm 0.095/0.04/0.035/0.04 
Coating densities g/cm3 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 cm3 (�10–24) 
UO2 fuel 238U 

235U 
O 

10B 
11B 

2.12877e-02 
1.92585e-03 
4.64272e-02 
1.14694e-07 
4.64570e-07 

PuO2 fuel 238Pu 
239Pu 
240Pu 
241Pu 
242Pu 

O 
10B 
11B 

6.01178E-04 
1.24470e-02 
5.44599e-03 
3.00965e-03 
1.54539e-03 
4.60983e-02 
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 

Si 
4.77240e-02 
4.77240e-02 

Carbon matrix C 
10B 
11B 

8.77414e-02 
9.64977e-09 
3.90864e-08 

Carbon pebble outer coating C 
10B 
11B 

8.77414e-02 
9.64977e-09 
3.90864e-08 

Helium coolant (at 273.16 K,105 Pa) 3He 
4He 

3.71220e-11 
2.65156e-05 

Reflector 1 C 
10B 
11B 

7.72000e-02 
3.39617e-08 
1.37562e-07 

Void 4He 1.00000e-11 
Void + graphite C 

10B 
11B 

2.00000e-03 
8.79837e-10 
3.56378e-09 

Reflector 2 C 
10B 
11B 

9.03000e-02 
3.97246e-08 
1.60905e-07 

Carbon layer surrounding system C 
10B 
11B 

8.53000e-03 
3.75250e-08 
1.51995e-07 

Reflector + coolant channel C 
10B 
11B 

7.02000e-02 
3.08823e-08 
1.25089e-07 

Reflector + control rods C 
10B 
11B 

3.51000e-02 
1.54411e-08 
6.25444e-08 

Reflector 3 C 
10B 
11B 

3.51000e-02 
1.54411e-08 
6.25444e-08 
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Table A.6. Plutonium isotopic vector 

Isotope Units % by mass 
238Pu wt.% 2.59 
239Pu wt.% 53.85 
240Pu wt.% 23.66 
241Pu wt.% 13.13 
242Pu wt.% 6.77 

 
Table A.7. Key to core regions shown in Figure A.1 

Region Number on core diagram 
Reflector 1 1 
Void 2 
Void + graphite 3 
Reflector 2 4 
Carbon layer surrounding system 5 
Reflector + coolant channels 6 
Reflector + control rods 7 
Reflector 3 8 

 
Table A.8. Core calculations: Material mass densities 

Material Mass density (g/cm3) 
UO2 fuel 10.4 
PuO2 fuel 10.4 
Low-density carbon kernel coating 1.05 
Pyro carbon kernel coating 1.9 
Silicon carbide kernel coating 3.18 
Carbon matrix 1.75 
Carbon pebble coating 1.75 
Helium coolant (at 273.16 K, 105 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 – 15 000 
Packing fraction of coated particles % 3.45 
Graphite matrix density g/cm3 1.75 
Graphite matrix natural boron impurity by mass ppm 0.5 
Outer carbon coating density g/cm3 1.75 
Fuel mass per pebble g 1.129 

Coated particle specification:   
Fuel in kernel: 233U/232Th mixed oxide   
Fuel density g/cm3 10.4 
233U enrichment (by mass 233U/(233U + 232Th) % 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/SiC/C 
Coating thickness mm 0.095/0.04/0.035/0.04 
Coating densities g/cm3 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 are in cm. 
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