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Abstract
In the framework of the IAEA Co-ordinated Research Programme (CRP) on "Val-
idation of Safety Related Physics Calculations for Low-Enriched (LEU) HTGRs"
calculational benchmarks are performed on the basis of LEU-HTR pebble-bed
critical experiments carried out in the PROTEUS facility at PSI, Switzerland.

Of special interest is the treatment of the double heterogeneity of the fuel and the
spherical fuel elements of these pebble bed core configurations. Also of interest
is the proper calculation of the safety related physics parameters like the effect of
water ingress and control rod worth.

This document describes the ECN results of the LEUPRO-1 and LEUPRO-2 unit-
cell calculations performed with the codes WIMS-E, SCALE-4 and MCNP4A.
Results of the LEUPRO-1 unit cell with 20% water ingress in the void is also
reported for both the single and the double heterogeneous case. Emphasis is put
on the intercomparison of the results obtained by the deterministic codes WIMS-E
and SCALE-4, and the Monte Carlo code MCNP4A. The LEUPRO whole core
calculations will be reported later.
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1. INTRODUCTION

In the framework of the IAEA Co-ordinated Research Programme (CRP) on "Val-
idation of Safety Related Physics Calculations for Low-Enriched (LEU) HTGRs"
calculational benchmarks are performed on the basis of LEU-HTR pebble-bed
critical experiments carried out in the PROTEUS facility at PSI, Switzerland.
ECN joined this CRP since early 1994 with the aim to validate the available re-
actor physics codes and nuclear data for application to this type of reactors. Of
special interest is the treatment of the double heterogeneity of the fuel and the
spherical fuel elements of these pebble bed core configurations. Also of interest
is the proper calculation of the safety related physics parameters like the effect of
water ingress and control rod worth.

This document describes the ECN results of the LEUPRO-1 and LEUPRO-2 unit-
cell calculations performed with the codes WIMS-E, SCALE-4 and MCNP4A.
Results of the LEUPRO-1 unit cell with 20% water ingress in the void is also
reported for both the single and the double heterogeneous case. Emphasis is put
on the intercomparison of the results obtained by the deterministic codes WIMS-E
and SCALE-4, and the Monte Carlo code MCNP4A. The LEUPRO whole core
calculations will be reported later.

Chapter 2 gives a short introduction to the LEUPRO benchmarks for the PROTEUS
experiment. Chapters 3 and 4 give a short introduction in the modelling of the unit
cells and codes used in this work. Chapter 5 gives an overview of the comparison
of the final results obtained with the three codes and chapter 6 gives a discussion
of these results.

Chapters 7 and 8 give a more detailed presentation of the calculations and give
the results of some parameter variations. Chapter 7 describes the details of the
calculation with the deterministic codes WIMS-E and SCALE-4, and chapter 8
gives the details obtained with the Monte Carlo code MCNP4A.

In chapter 9 the calculation of the Dancoff factor by MCNP4A is described. This
Dancoff factor is used in the deterministic code SCALE-4.

ECN-C--95-087



2. LEUPRO BENCHMARK FOR THE PROTEUS
EXPERIMENT

The LEUPRO benchmark for PROTEUS consists of a series of 6 graphite reflected
16.7% enriched uranium pebble bed systems, named LEUPRO-1 to LEUPRO-6
[1]. Three different configurations of the pebble bed lattice are studied in this
benchmark: a hexagonal close packed lattice (26% void), a point-on-point lattice
(40% void) and a stochastic lattice (38% void), with packing fractions 0.7405,
0.6046, and 0.62, respectively, and 2 different moderator to fuel pebble ratios (1/2
and 2/1, respectively). The pebble diameter is 6 cm. Each fuel pebble contains
about 9400 coated particles (in total about 1 g U235) in a graphite matrix. The
diameter of the fuel zone is 5 cm. The coated particles (TRISO type) consist of
a fuel grain with a diameter of 500 fim and 4 layers of different coatings, total
diameter 915 ftm. In the PROTEUS facility the cylindrical core with diameter
125 cm is filled with fuel and moderator pebbles and is surrounded by radial and
axial graphite reflectors. The control and shutdown rods are situated in the radial
reflector.

The benchmark exercise comprises unit-cell calculations and whole-core cal-
culations for the 6 different pebble-bed configurations. The configuration of
LEUPRO-1 is hexagonal close-packed (packing fraction 0.7405) with M/F ratio
of 1/2 and LEUPRO-2 has a similar packing but a M/F ratio of 2/1.

In the experiment the core is filled until criticality is reached. Part of the experi-
mental program concerns the measurement of the control rod worths, the influence
of water ingress and the reaction rates.
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3. MODELLING OF THE UNIT CELLS

In the unit cell the fuel zone is represented by a sphere of 5 cm diameter surrounded
by a 5 mm thick graphite shell, which together represent the fuel pebble. Around
this fuel pebble sphere a spherical shell represents the homogenised mixture of
moderator pebbles and lattice void.

The unit-cell calculations were performed for the single heterogeneous model and
the double heterogeneous model.
• In the single heterogeneous model the coated particles and the matrix material

in the fuel pebbles are homogenised over the fuel zone of 5 cm diameter.
• In the double heterogeneous model the fuel grains are explicitly modelled inside

the fuel zone of the fuel pebbles.

Two different cases are calculated: the no-leakage (£<») case and the critical (&eff

= l)case.
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4. CODE DESCRIPTION

The codes used in the calculations are WIMS-E, SCALE-4 and MCNP4A. All
codes use cross section data based on the JEF-2.2 evaluation. The libraries used
in SCALE-4 and MCNP4A are generated at ECN.

The calculations with WIMS-E version 5a [2] are performed with the 172 group
library. WIMS-E uses the subgroup methods for the resonance self shielding.
The methods used in WIMS-E are specially designed for spherical fuel grains
embedded in an annular structure of matrix material. However, WIMS-E is not
capable to treat grains in spheres. This means that we had to use an equivalent
cylinder model as an approximation for the spherical unit cell. For further details
see section 7.1.1 and 7.1.2.

In calculations the SCALE-4 [3] version is used with the 172-group library EU2-
XMAS version March 95 [4]. The SCALE-4 system uses the Nordheim method for
the resolved resonance treatment and the Bondarenko method for the unresolved
resonance treatment. In the Nordheim treatment a Dancoff factor is used in the
self shielding of the resolved resonances due to spatial heterogeneity. For further
details see section 7.1.3 and 7.1.4.

MCNP4A [5] is a state of the art Monte Carlo code for the calculation of neutron,
photon and electron transport. Continuous-energy cross section libraries were
used. Therefore, resonance self-shielding in the resolved resonance range is
taken into account exactly. Usually, cross section data based on the ENDF/B-V
evaluation are used in conjunction with MCNP4A. However, in order to make a
reliable comparison possible between the results of calculations performed with
different code systems, the basic nuclear data should originate from the same
evaluation. Therefore, for this study cross section data were used from the
EJ2-MCNP library [6], based on the JEF-2.2 evaluation. For further details see
chapter 8.
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5. FINAL RESULTS

In this section the results of the LEUPRO-1 and LEUPRO-2 single and double
heterogeneous unit-cell calculations are given in tables 5.1 to 5.6. The results of
LEUPRO-1 with 20% water ingress are also included. The results of WIMS-E,
SCALE-4, MCNP4A and the average results of other participants to the benchmark
taken from [7], if available, are shown. The results for fc^, k^B2 = B2

r), the
critical height (H) and the spectral indices are tabulated. The spectral indices are
calculated with the flux in the fuel grains only.

The statistical uncertainty in the MCNP4A results are about 0.1 % in k^ and about
0.5% in the spectral indices.

In Appendix A the reaction rates for SCALE-4 and MCNP4A-calculations are
given.

Plots of the flux spectra are shown in Appendix B.

5.1 k-values and spectral parameters for LEUPRO-1 and
LEUPRO-2

Definition of the spectral parameters:

p2S = ratio epithermal-to-thermal 238U captures

S25 = ratio epithermal-to-thermal 235U fissions

528 = ratio 238U fissions to 235U fissions

C* = ratio 238U captures to 235U fissions

The breakpoint between the thermal- and the epi-thermal region lies at 0.625 eV.

= Bl) means ̂ g g for B2 = ^

The values "H" from MCNP4A calculations refer to the bare radius of a critical
sphere. The neutron flux at this radius H is not equal to zero, as it extends to the
surrounding vacuum.
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Table 5.1 LEUPRO-1 Results single heterogeneous unit cell

WIMS-E SCALE-4 MCNP4A BM average [7]

#(cm)

525 (10-2)

S2i (10-4)

1.641

1.583

117

11.7

11.2

16.2

0.281

1.646

1.591

123

11.3

11.1

16.0

0.274

1.640

1.585

"116"

11.6

11.5

16.2
0.278

1.631 ±0.004
1.574 ±0.0025
119 ±1.5

Table 5.2 LEUPRO-1 Results double heterogeneous unit cell

WIMS-E SCALE-4 MCNP4A BM Average [7]

M B 2 = B2
t

H(cm)

P28

S25 (10-2)

82* (10-4)

c*

1.727
) 1.678

112

7.68

11.0

18.5

0.193

1.727
1.678

118

7.68

10.9

18.4

0.193

1.729
1.681

"110"

7.57

10.9

18.5

0.191

1.716 ±0.006
1.669 ±0.008
113 ± 1
7.77 ± 0.24
11.4 ±1.2
15.4 ±1.5
0.194 ± 0.005

Table 5.3 LEUPRO-1 Results single heterogeneous unit cell with 20 % water ingress

WIMS-E SCALE-4 MCNP4A

00

OO v^ ' ~~ cr

H(cm)

P28

S2S (10-2)

S28 (10-4)

C*

1.576
) 1.555

86.6

4.91

4.61

13.1

0.135

1.579
1.559

87.3

4.72

4.58

12.9

0.131

1.577
1.550

"84.3"

4.81

4.65

13.2

0.133

Table 5.4 LEUPRO-1 Results double heterogeneous unit cell with 20 % water ingress

WIMS-E SCALE-4 MCNP4A BM average [7]

MB 2 = B*
H (cm)

p28

S25 (10-2)

s2* (10-4)

c*

1.598
) 1.582

85.7

3.24

4.60

15.5

0.0971

1.597
1.582

87.3

3.25

4.57

15.4

0.0976

1.600
1.573

"83.5"

3.33

4.56
15.3
0.0992

1.596 ±0.011
1.578 ±0.012
86.5 ± 2
3.32 ±0.11
4.68 ± 0.21
12.6 ± 1.3
0.100 ± 0.003
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final results

Table 5.5 LEUPRO-2 Results single heterogeneous unit cell

WIMS-E SCALE-4 MCNP4A

£(30

k^B2 = 52

/ /(cm)
, 2 8

S25 (10-2)

S28 (10-4)

C*

1.712
) 1.664

125

6.42

5.87

9.30

0.170

1.715
1.670

131

6.22

5.82

9.23

0.166

1.706
1.669

"122"

6.38

5.83

9.39

0.168

Table 5.6 LEUPRO-2 Results double heterogeneous unit cell

WIMS-E SCALE-4 MCNP4A Average [7]

k^B2 = B2
T

tf (cm)
, 2 8

S25 (10-2)

a28 (10-4)
c*

1.757
) 1.720

123

4.17

5.83

11.8

0.119

1.756
1.720

129

4.17

5.78

12.0

0.119

1.756
1.722

"120"

4.21

5.91

12.3

0.120

1.752 ±0.007
1.716 ±0.006

124 ± 1

4.22 ±0.12

6.03 ± 0.62

8.75 ± 1.19

0.120 ± 0.003
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6. DISCUSSION

The ECN results are in good agreement with each other. This also holds for the
comparison of deterministic and Monte Carlo results.
Comparison with the benchmark averages is good except for S25 and S28. The
results for 825 are systematically up to 5 % too low. The results for S28 are 20 -
50 % higher than the average. The exact reasons for these inconsistencies are
not clear.
The calculated value of <528 for the LEUPRO-1 double heterogeneous unit cell is
in good agreement with the result of the independent Monte Carlo calculations
reported in [8].
It is difncult to compare the calculated heights (H) because the treatment
of the extrapolation length is different in the three codes (see chapter 5 and
section 7.1.1).

12 ECN-C--95-087



7. DETAILS OF THE DETERMINISTIC
CALCULATIONS

7.1 Modelling of the unit cells
7.1.1 Single heterogeneous unit cells with WIMS-E

As mentioned before, WIMS-E is not capable of treating grains embedded in
spheres. The WIMS-E module PROCOL (collision probability method) can
only treat grains in annular (cylindrical) structures. This means that we had to
use an equivalent cylinder model as an approximation for the spherical double
heterogeneous unit cells. In order to be able to compare all WIMS-E results
directly, we also used the equivalent cylinder model in the single heterogeneous
unit-cell calculations.

In the equivalent cylinder model the outer radius of the fuel zone is given by Ri =
1.6666 cm, based on the equivalence of the chord length of the spherical fuel zone.
The mean chord length I is defined by

- 4V
l - T . (7.D

in which V and S are the volume and the surface area of the fuel zone, respectively.
This approximately preserves the escape probability in the fuel zone. The outer
radius of the graphite annulus (R2 = 2.1909 cm) and the outer radius of the
moderator/void mixture (R3 = 3.1182 cm for LEUPRO-1 and R3 = 4.4098 cm for
LEUPRO-2) are based on volume conservation. In order to check this approach,
calculations are performed for both the single and the double heterogeneous unit
cells (see section 7.2.1 and 8.7).

In the single heterogeneous unit-cell calculations the inner zone contains a homo-
geneous mixture of fuel grains and matrix material.

The buckling search in WIMS-E is performed by the module CRITIC. This module
performs the buckling search on a homogenised medium. It is not clear which
value of the buckling factor is used in the buckling search. Or in other words
it is not clear whether the extrapolation length is included in the height or not.
This complicates the comparison of calculated critical buckling height with the
results of the other codes. From MCNP4A-calculations the extrapolation length
can be estimated from flux calculations in the neighbourhood of the boundary of
the critical sphere. From these calculations a value of «* 5cm can be deduced.

7.1.2 Double heterogeneous unit cells with WIMS-E

The double heterogeneous unit cells are calculated in the same 3-zone cylindrical
geometry as explained in section 7.1.1. In this case however the fuel grains
with all the coating layers are treated "explicitly" in PROCOL. PROCOL does
not treat individual grains but it adds an additional spherical shell around the
grain containing smeared matrix material. This extra shell contains a proportional
amount of matrix material per grain. The collision probabilities for the various
layers in the grain are calculated and are transformed in such a way that they can
be used in the cell calculation in an annular geometry.

ECN-C-95-087 13
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7.1.3 Single heterogeneous unit cells with SCALE-4

The single heterogeneous unit cells are calculated in a 3-zone spherical geometry.
The inner zone with a radius of 2.5 cm contains a homogeneous mixture of fuel
grains and matrix material. The fuel zone is surrounded by a graphite shell with
an outer radius of 3.0 cm and a zone with a moderator/void mixture with an outer
radius of 3.7959 cm for LEUPRO-1 and 4.7825 cm for LEUPRO-2.

The Dancoff factors used in the Nordheim treatment of the resolved (s- and
p-wave) resonances (module NITAWL) are Df =0.30835 for LEUPRO-1 and
0.16137 for LEUPRO-2, as specified in [1].

In the transport calculation (module XSDRN) a P3 Legendre order for the scat-
tering is used. The angular quadrature is S32. The boundary condition of the
spherical unit cell is white. The diffusion coefficient used for the transverse leak-
age correction is calculated from D = l/3ka where Xu = < A.̂ ,- >,- with i equal
to the zone number in the cell.

7.1.4 Double heterogeneous unit cells with SCALE-4

In the double heterogeneous unit-cell calculation the same geometry and param-
eters are used as described in the single heterogeneous unit-cell calculation (see
section 7.1.3). However, the cross sections of the fuel used in the double hetero-
geneous unit-cell calculation are calculated in a 4-zone micro cell which consists
of the fuel of a single grain in zone 1 (/?! = 0.0251 cm), surrounded by 3 zones
which account for, respectively, the homogenised coating layers (zone 2, R2 =
0.0458 cm), the proportional amount of matrix material per grain in the fuel zone
of the pebble (zone 3, /?3 = 0.118 cm) and an additional layer of graphite (zone 4)
such that the M/F ratio of the total micro cell is equal to the M/F ratio of the unit
cell (#4,LEUPRO-I = 0.162 cm, /?4,LEUPRO-2 = 0-203 cm). The double heterogeneity
is taken into account by a Dancoff factor Df = 0.2551, which is calculated by
MCNP4A (see section 9.2).

The cross sections of the nuclides in the fuel are weighted with the flux ratio
0i/0u,3 calculated in the micro cell, where <fr the flux of the inner zone and
<£1>2,3 the average of the 3 inner zones. These weighted cross sections are then
used in the unit-cell calculation. In this way the flux depression in the resonances
of the fuel is taken into account and the fine group reaction rate in the unit-cell
calculation will have a realistic value.

7.2 Details and parameter variations

7.2.1 Test of the equivalent cylinder model

The equivalent cylinder model approximation is checked for the LEUPRO-1 single
heterogeneous unit cell with WIMS-E.

The WIMS-E code system contains two modules with which the unit cells can be
calculated. First we have PROCOL which can calculate cylindrical unit cells and
can treat the double heterogeneity directly. Secondly we have the module CHART
(characteristics method) which can calculate spherical unit cells but cannot treat
the double heterogeneity. Unfortunately, PROCOL and CHART cannot use the
same library. PROCOL uses the WIMS-E 172-group library and CHART uses
the old WIMS-E 69-group library.

14 ECN-C-95-087



Details of the deterministic calculations

For the single heterogeneous unit cell a comparison is made between the modules
CHART and PROCOL. Table 7.1 shows the PROCOL results for the single het-
erogeneous unit-cell calculation in the second column and the CHART results in
the third column.

Table 7.1 Comparison between the modules PROCOL and CHART. In CHART a sin-
gle heterogeneous spherical unit cell is modelled and in PROCOL the single
heterogeneous equivalent cylindrical unit cell is modelled.

fcoo
k^B2 = B2)
//(cm)
Pn

S2S (10-2)

S28 (10-4)

c*

WIMS-E

PROCOL

cylinder

1.6410

1.5834

117

11.67

11.20

16.19

0.2810

WIMS-E

CHART

sphere

1.6423

1.5852

118

11.79

11.24

16.21

0.2809

The results in the table show that the equivalent cylinder gives a good approx-
imation of the spherical single heterogeneous unit cells. It is noted that some
differences might occur due to the difference in libraries used (69- vs. 172-group
library).

This does not mean that the equivalence is also correct for the double heteroge-
neous unit cells. This is checked with MCNP4A in section 8.7.

7.2.2 Influence of Dancoff factor

This section describes the influence of the Dancoff factor on the results of
LEUPRO-1 single heterogeneous unit cell using SCALE-4.

The resolved resonance shielding in SCALE-4 is performed by NITAWL (Nord-
heim method). The Dancoff factor used in NITAWL can be calculated with CSAS
(this is the driver for the SCALE-4 code system). The value of the Dancoff factor
calculated by CSAS for LEUPRO-1 is Df =0.246. The maximum value of the
Dancoff factor given in [1] is Df =0.30835. In column 2 of table 7.2 the results
are given for Df =0.30835. Column 3 shows the difference from the value given
in column 2 when a Dancoff factor of Df =0.246 is used. The comparison shows
that the Dancoff factor mainly influences the values of p1% and C*. In the final
double heterogeneous unit-cell calculations the value Df =0.2551 was used.

7.2.3 Influence of Silicon

The influence of silicon in the LEUPRO-1 single heterogeneous unit cell using
SCALE-4 is also shown in table 7.2. Column 4 of table 7.2 shows that the effect
of neglecting silicon is negligible as far as spectral indices are concerned, but the
effect on keff is 0.5%.

ECN-C-95-087 15
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Table 7.2 Parameter variations in the SCALE-4 calculations. The table shows the devi-
ation from the reference calculation due to variations of several parameters.

k^B2 = Bl
//(cm)
p28

S25 (10-2)

a28 (io-4)

c*

SCALE-4

Df =0.308

1.6468

) 1.5913

123

11.34

11.11 •

15.98

0.2741

SCALE-4

Df =0.246

-320 pern

+1%

0

0

+1%

SCALE-4

No Si

+500 pem

0

0

0

0

SCALE-4

JEF-1.1

1.6397

1.5840

123

11.45

11.24

16.55

0.2755

SCALE-4

IRI[9]

1.6392

1.5836

122

11.44

11.24

17.0

0.2751

7.2.4 Results for the JEF-1 based 172-group library

In table 7.2 also a comparison is made when an older version of the JEF library is
used in the SCALE-4 calculations in the LEUPRO-1 single heterogeneous unit-
cell calculation. In column 5 of table 7.2 the results are given when the JEF-1
based library in the XMAS structure is used instead of the JEF-2.2 based library.
From the table we can see that we can reproduce the results reported in [9] (which
are JEF-1 based) very well.

7.2.5 Influence of M/F ratio in micro cell

This section shows the influence of the M/F ratio in the micro-cell calculation
for the LEUPRO-1 double heterogeneous unit cell using SCALE-4.

As mentioned before, the cross sections used in the double heterogeneous unit-cell
calculations are calculated in a 4-zone micro cell which consists of the fuel of a
grain in zone 1 (/?! = 0.0251 cm), surrounded by 3 zones which account for the
homogenised coating layers (zone 2, R2 = 0.0458 cm), the proportional amount
of matrix material per grain in the fuel zone of the pebble (zone 3, /?3 = 0.118 cm)
and an additional layer of graphite (zone 4).

The radius of zone 4 can be chosen such that:
1. the M/F ratio in the micro cell is the same as in the fuel zone of the pebble

(/?4 = /?3 = 0.118 cm, this means that the cell consists of only 3 zones).
2. the actual Dancoff factor of the micro cell is the same as the value which is

used {Df =0.2551) in the resolved resonance self shielding calculation (/?4 =
0.149 cm). This value of /?4 is calculated with a simple analytical expression
for the Dancoff factor in square lattices of spheres [10].

3. the M/F ratio in the micro cell is the same as in the entire unit cell (R4 = 0.162
cm).

Table 7.3 shows the results for the three cases.

The table shows that only <528 is influenced significantly by the M/F ratio. The
result for the cell with radius R=0.162 gives the best agreement with the WIMS-E
and MCNP4A results (see table 5.2) and is therefore used in the final calculations.
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Details of the deterministic calculations

Table 7.3 LEUPRO-1 Results double heterogeneous unit cell for different values of the
M/F ratio in the micro cell

i?ceii (cm)

k^B2 = Bl
H (cm)
p 2 8

s25 (io-2)
S28 (10-4)

c*

SCALE-4

0.118

1.7258

) 1.6780

118

7.6640

10.909

16.847

0.1928

SCALE-4

0.149

1.7259

1.6776

118

7.6841

10.919

17.826

0.1932

SCALE-4

0.162

1.7259

1.6777

118

7.6847

10.924

18.385

0.1932
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8. DETAILS OF THE MONTE CARLO
CALCULATIONS

Unit cell calculations were performed with MCNP4A [5] for

• the single heterogeneous case (homogenised fuel region)
• the double heterogeneous case (fuel grains explicitly modelled).

Calculations were performed for the LEUPRO-1 and the LEUPRO-2 problem.
These two problems present extreme values of the moderator-fuel ratio M/F
(LEUPRO-1: M/F = 1/2; LEUPRO-2: M/F - 2/1) and the same packing
fraction / ( / = 0.7405) of the pebbles. Moreover, the LEUPRO-1 and the
LEUPRO-2 benchmark problems are the only problems for which results from
other benchmark participants are available (see [7]).

8.1 Cross sections
Cross section data for MCNP4A were taken from the EJ2-MCNP library [6],
which contains cross section data based on the JEF-2.2 evaluation. The library
was produced with the cross section processing code system NJOY [11].

8.2 Single heterogeneous case
For these calculations the fuel zone (containing fuel grains and matrix material)
was homogenised. The unit-cell calculations for the single heterogeneous case
were performed for two different geometries:

1. a spherical geometry with isotropic reflecting boundary conditions. This rep-
resents the no-leakage (Jtoo) case. As in the standard version of MCNP4A only
vacuum or specular reflecting boundary conditions are possible, a modification
was applied to the code in order to allow for these calculations. The spherical
macroscopic unit cell contains the fuel sphere (/?/„«,/ = 2.5 cm), surrounded
by the graphite shell (t = 0.5 cm). The graphite shell is surrounded by a
shell containing a moderator/void mixture. This shell takes into account the
surrounding moderator pebbles and void (air) between the pebbles. An outline
of the geometry used is given in fig. 8.1. The outer radius of the unit cell is
3.7959 cm for LEUPRO-1 and 4.7825 cm for LEUPRO-2.

2. a critical sphere (radius Rcrit) containing a rectangular lattice of macroscopic
cubic unit cells (keff = 1 case). The cubic macroscopic unit cell contains the
fuel sphere, the graphite shell and is surrounded by the moderator/void mixture.
The dimension of the cube is chosen in such a way, that the volume of the
cubic unit cell is identical to the volume of the spherical unit cell mentioned
above (i.e. LEUPRO-1: Dcube = 6.119 cm; LEUPRO-2: Dcube = 7.709 cm).
An outline of the geometry used for the LEUPRO-1 calculations is given in
fig. 8.2.
The radius Rcri, was determined in such a way, that the value of keff of the
sphere is equal to 1.0. Thus, the model represents the keff = 1.0 case.
Spectral indices were determined in a volume at the centre of the sphere,
containing 5*5*5 unit cells. The dimension of this cube is still small com-
pared to the dimension of the large sphere (LEUPRO-1: Dcube = 30.60 cm,
2Rsphere =231.6 cm; LEUPRO-2: Dcube = 38.55 cm, 2Rsphere = 243.2 cm).
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Details of the Monte Carlo calculations
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Figure 8.1 Cross section through the midplane of a fuel pebble. Geometrical model used
in the homogeneous unit-cell calculations.
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Figure 8.2 Crow section through the midplane of the critical sphere. Geometrical model
used in the single heterogeneous critical unit-cell calculations.
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Details of the Monte Carlo calculations

Table 8.1 LEUPRO-1. Single heterogeneous calculations. Spectral indices calculated
with MCNP4A in the spherical macroscopic unit cell with isotropic reflecting
boundary conditions (second column) and in the cubic macroscopic unit cell
with specular reflecting boundary conditions (third column).

index

jfcoo(fl2 = 0)

P2*
S25 • 102

<528 • 1 0 4

c*

spherical unit cell
1.6404 ±0.1%
9.4336 ± 0.6%
8.9907 ± 0.3%

10.6468 ± 0.5%
0.2356 ± 0.5%

cubic unit cell
1.6428 ±0.05%
9.3256 ±0.3%
8.9365 ± 0.2%

10.6773 ± 0.2%
0.2333 ± 0.3%

The shape of the neutron flux spectrum is assumed not to change over the cube.
The validity of this approach is further clarified in section 8.4.

8.3 Double heterogeneous case
In the double heterogeneous case the fuel grains (and the surrounding coating
layers) were modelled explicitly. The fuel zone of the fuel spheres was filled with
a rectangular lattice of cubic microscopic unit cells, which contain the fuel grains
(see fig. 8.3). An outline of the microscopic unit cell is given in fig. 8.4.

The dimension of the microscopic unit cell was determined in such a way, that a
fuel sphere contains 9393.6 fuel grains [1].

In a real fuel sphere the fuel grains are distributed in the fuel zone in a stochastic
sense. Therefore, it is required that the model used for the description of the fuel
zone is equivalent to the stochastic model. In chapter 9 the method is described,
with which this equivalence is demonstrated.

The unit-cell calculations for the double heterogeneous case were performed for
two different geometries (in complete analogy with the calculations for the single
heterogeneous case in section 8.2):

1. a spherical geometry with isotropic reflecting boundary conditions (&«, case).
2. a critical sphere containing a rectangular lattice of cubic macroscopic unit cells

(keff - 1 case).

8.4 Influence of ordering of fuel pebbles
In order to perform critical unit-cell calculations with MCNP4A a regular lattice
is used, consisting of macroscopic unit cells. This approach is only valid, if it
yields results which are equivalent with a random stacking of unit cells. This
equivalence can be demonstrated by comparing results from two macroscopic
unit cell calculations:

• a calculation in a spherical macroscopic unit cell with isotropic reflecting bound-
ary conditions (model of random stacking of unit cells)

• a calculation in a cubic macroscopic unit cell with specular reflecting boundary
conditions (regular lattice model used in these calculations).

The results (for LEUPRO-1) for both the single heterogeneous and the double
heterogeneous case are given in tables 8.1 and 8.2. A good agreement is observed
between the results of the two calculations, thereby validating our approach.
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& $

Figure 8.3 Cross section through the midplane of a fuel pebble. Geometrical model used
in the double heterogeneous unit-cell calculations.

Table 8.2 LEUPRO-1. Double heterogeneous calculations. Spectral indices calculated
with MCNP4A in the spherical macroscopic unit cell with isotropic reflecting
boundary conditions (second column) and in the cubic macroscopic unit cell
with specular reflecting boundary conditions (third column).

index spherical unit cell cubic unit cell
1.7291 ± 0.06% 1.7299 ± 0.09%
5.9583 ±0.6% 6.0189 ±0.8%
8.5263 ± 0.3% 8.5521 ± 0.3%

= 0)
p28

S25 • 10 2

528-104 11.4831 ±0.4% 11.5974±0.5%
C* 0.1577 ±0.5% 0.1591 ±0.7%
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Details of the Monte Carlo calculations

ro-

Figure 8.4 Microscopic unit cell. Cross section through the midplane of a fuel grain.
(This geometrical model was also used in the cubic unit cell Dancoff factor
calculations.)
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Table 8.3 LEUPRO-1. Double heterogeneous calculations. Spectral indices calculated
with MCNP4A using the flux in fuel grains as the weighting function (first
column) or the flux in the fuel zone as the weighting function (second column).
The average of the other benchmark participants is given in the last column.

index MCNP4A (grains) MCNP4A (fuel zone) benchmark average

s25-
s2*-

P29

102

104

c*

7.5673 ±

10.9134±

18.4602 db

0.1908 ±

6.7%

3.1%

3.4%

6.0%

16.9538 ±

10.6028 ±

15.2492±

0.4008 ±

6

2

3

6

.3%

.8%

. 1 %

.0%

7.77 ± 0.24

11.4± 1.2

15.4± 1.5
0.194 ±0.005

Table 8.4 LEUPRO-2. Double heterogeneous calculations. Spectral indices as calcu-
lated with MCNP4A in a cube at the centre of a critical sphere (see text). First
column: flux in fuel grains used as weighting function. Second column: flux in
the fuel zone used as weighting function. The average of the other benchmark
participants is given in the last column.

index

P2S

S25 • 1 0 2

828 • 104

C*

MCNP4A (grains)

4.2121 ± 6.9%

5.9094 ±2.6%

12.2611 ±2 .8%

0.1195 ±5.6%

MCNP4A (fuel zone)

10.7688 ± 4 . 1 %

5.4139 ±2.0%

7.0678 ± 2.3%

0.2705 ± 3.8%

benchmark average

4.22 ±0.12

6.03 ± 0.62

8.75 ±1.19

0.120 ±0.003

8.5 Influence of weighting flux on spectral indices
In order to determine the value of spectral indices a specific weighting spectrum
should be used. The neutron flux spectrum in various parts of the fuel pebble shows
marked differences (see e.g. fig. B.3). To study the influence of the weighting flux
spectrum on calculated values of spectral indices, calculations were performed in
which the neutron flux in the fuel grains and the average neutron flux in the fuel
zone were used as weighting function.

The results for LEUPRO-1 and LEUPRO-2 are given in tables 8.3 and 8.4. It
is clear from these tables that due to the different shape of the spectrum in the
fuel grains the values of the spectral indices are strongly influenced. Also in this
case a strong deviation is observed between the value of S28 and the benchmark
average[l].

8.6 Influence of carbon cross sections

In the PROTEUS experiment neutron transport is largely determined by carbon
cross sections, as both the fuel pebbles and the moderator pebbles contain large
amounts of graphite. Besides, the reflectors are made of graphite as well. There-
fore, the graphite and free carbon cross sections were checked extensively before
starting calculations.

In order to check the carbon cross section data an infinite homogeneous graphite
medium was modelled in MCNP4A. An isotropic uniform neutron source was
used, emitting neutrons with a Maxwellian energy distribution p(E) = C\/E~exp(-E/a),
parametrised by a — 1.4 MeV.

In this situation the neutron temperature of the cross section library can be deduced
from the slope of the Maxwell distribution of the thermalised neutrons.
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Details of the Monte Carlo calculations

Table 8.5 Spectral indices calculated with MCNP4A in the /too case. Results are given
for two different calculations, in which cross sections were taken from the cor-
rect JEF-2.2 library, and the erroneous (wrong temperature) JEF-2.2 library,
respectively. The results mentioned in this table are only useful for a relative
comparison, as a wrong moderator density was used in these calculations.

index

p28

S25 • 102

5 2 8 • 10 4

C*

JEF-2.2 (correct T)

1.6619 ±0.05%
8.449 ± 0.33%
7.939 ±0.17%
9.570 ±0.24%

0.2148 ±0.29%

JEF-2.2 (wrong T)

1.6621 ±0.04%
8.406 ± 0.26%
7.952 ±0.14%
9.550 ±0.20%

0.2138 ±0.24%

Table 8.6 LEUPRO-1. Spectral indices calculated with MCNP4A in the koo case. Results
are given for three different calculations, in which cross sections for graphite
were taken from the JEF-2.2, ENDFIB-VI.2 and the default MCNP4A-library
(LANL), respectively. The results mentioned in this table are only useful
for a relative comparison, as a wrong moderator density was used in these
calculations.

index JEF-2.2 ENDF/B-VI.2 LANL~

Jtoo 1.6619 ±0.05% 1.6613 ±0.04% 1.6615 ±0.05%

p28 8.449 ±0.33% 8.418 ±0.33% 8.400 ±0.26%

525-102 7.939 ±0.17% 7.936 ±0.17% 7.975 ±0.14%

S28 • 104 9.570 ± 0.24% 9.540 ± 0.24% 9.529 ± 0.20%

C* 0.2148 ±0.29% 0.2141 ±0.29% 0.2138 ±0.24%

It appeared, that an error was present in the ACER module of NJOY, causing
libraries to be produced with a header which contains a wrong value of the tem-
perature. The effect of this bug on the spectral parameters in single heterogeneous
unit-cell calculations is only small, as is evident from table 8.5.

In order to study the influence of graphite (thermal) cross sections on the value of
£oo and on spectral indices three unit-cell calculations were performed in which
graphite cross sections from three different sources were used. In the first calcula-
tion graphite data from the JEF-2.2 evaluation were used, in the second calculation
graphite data from the ENDF/B-VI.2 evaluation were used, and in the third cal-
culation graphite data were used from the default MCNP4A-library, which was
processed at Los Alamos. All other cross section data in these three calculations
were identical. The results of the calculations are given in table 8.6. From this
table it can be seen, that the differences due to the difference in thermal graphite
cross sections are not significant.

8.7 Test of equivalent cylinder model

In the deterministic WIMS-E calculations it appears to be impossible to model a
spherical double heterogeneous unit cell. Instead, the fuel pebble should be ap-
proximated by a cylinder with infinite height. In the equivalent cylinder model the
outer radius of the fuel zone is determined by the equivalence of the chord length
of the spherical fuel zone. This approximately preserves the escape probability
in the fuel zone. The outer radius of the graphite annulus and the outer radius of
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Table 8.7 LEUPRO-1. Equivalent cylinder model calculations. Spectral indices cal-
culated with MCNP4A in the double heterogeneous spherical unit cell (first
column) and in the equivalent cylinder cell (second column).

index MCNP4A (double heterogeneous) MCNP4A (equiv. cyl.)

k^B2 = 0) 1.7291 ±0.06% 1.7290 ±0.07%

p2i 5.9583 ± 0.6% 6.0726 ± 0.6%

S25 • 10 2 8.5263 ± 0.3% 8.7289 ± 0.3%

528 • 104 • 11.4831 ±0.4% 11.8125 ±0.4%

C* 0.1577 ±0 .5% 0.1602 ±0 .5%

the moderator/void mixture are based on volume conservation (see section 7.1.1).
The fuel zone is filled with microscopic unit cells.

In order to check this equivalent cylinder model, calculations with MCNP4A were
performed for the equivalent cylinder model. Calculations were performed for
the LEUPRO-1 problem only. In this case the outer radius of the fuel zone is
given by i?! = 1.6666 cm, the outer radius of the graphite annulus is given by
R2 = 2.1909 cm and the outer radius of the moderator/void mixture is given by
R3 = 3.1182 cm.

The results of the equivalent cylinder model calculations are compared with the
results from the double heterogeneous spherical calculations in table 8.7. From
this table it is clear, that a good agreement is obtained between the values of k^.
Only small deviations occur for the spectral indices. The largest deviations occur
for S25 and 828 ( « 3%). Therefore, as far as the values of k^ and the spectral
indices are concerned, the equivalent cylinder model seems to be an acceptable
approximation.

The neutron flux spectrum is given in fig. B.9. A comparison with the spectrum
from the double heterogeneous calculations (given in fig. B.3) is given in fig. B.10.
It is noted, that a systematic increase (of about 2%) of the neutron flux is observed
for energies En > 0.1 eV when the equivalent cylinder model is used. For
energies En < 0.1 eV a decrease (of about 3%) of the neutron flux is observed.
This accounts for the observed differences in spectral indices in table 8.7.
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9. DANCOFF FACTOR CALCULATIONS

In the double heterogeneous unit-cell calculations the internal structure of the fuel
sphere is taken into account (including the fuel grains with coating layers). It is
important to study the influence of the way of positioning the fuel grains in the
fuel sphere on the calculated values of spectral indices.

In the MCNP4A-calculations a rectangular lattice of cubic microscopic unit cells
was assumed. In reality the fuel grains are distributed in a stochastic sense. In
MCNP4A the influence of the way of positioning the fuel grains in the fuel sphere
can be studied by modelling two different cases:

• a microscopic cubic unit cell (containing one fuel grain only) with specular
reflecting boundary conditions (this model is a representation of an infinitely
large body with fuel grains). This model is illustrated in fig. 8.4.

• a microscopic spherical unit cell (containing one fuel grain only) with isotropic
reflecting boundary conditions (the amount of moderator is equal to the amount
of moderator in the model above). This model is a representation of an infinitely
large fuel body containing fuel grains distributed in a stochastic sense. The
model is illustrated in fig. 9.1.

An extension was applied to MCNP4A with which it is possible to calculate Dan-
coff factors in arbitrary geometries. The following procedure was used:

• Neutrons started from the surface of the fuel grain (directed outward)
• The Dancoff factor is an energy-dependent quantity. In this analysis only the

value of the Dancoff factor in the resonance region is of interest. In this region
the scattering cross section of graphite is nearly constant. Therefore, the neutron
source was taken to be mono-energetic and at such a value (En = 100 eV), that
the complete resonance region is covered.

• Neutrons are followed until they again enter a fuel grain,
or

• they suffer a collision in the moderator.

The Dancoff factor is defined as
number of neutrons again entering fuel grain

number of neutrons started from fuel
Using the modified version of MCNP4A the Dancoff factor is calculated using
this equation. It is noted, that unlike the method presented in [12] a calculation is
possible of Dancoff factors in arbitrary geometries.

In order to test this approach a simple geometry was modelled, in which the coating
layers surrounding the fuel grain were omitted. This allows a good comparison
with analytical results. A calculation of Dancoff factors in a realistic microscopic
unit cell (including coating layers) was performed as well. Furthermore, Dancoff
factors for a macroscopic unit cell were calculated for use in the deterministic
SCALE-4 calculations.

9.1 Dancoff factor calculations in microscopic unit cells
9.1.1 Comparison with analytical results
In order to check the calculational approach the Dancoff factor was calculated
in a simple spherical geometry, for which an exact analytical expression can be
derived.
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Figure 9.1 Cross section through the midplane of a fuel grain. Geometrical model used
in the spherical unit cell Dancoff factor calculations.
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Dancoff factor calculations

In a spherical geometry with isotropically reflecting boundary conditions it can
be derived [10] that

c = rrr^< (9-2)
in which
Tw = probability that a neutron which leaves the absorber isotropically reaches
the white boundary without collisions;
T01 = probability that a neutron which leaves the white boundary isotropically
reaches the absorber without collisions;
T00 = probability that a neutron which leaves the white boundary isotropically
reaches again the white boundary without collisions and without passing through
the absorber.

It can be derived, that in a spherical geometry the following identities hold

1

^ , (9.3)

r\TO1 = r\T'°, (9.4)

in which

a = ?ltmyjrl - r\ (9.6)

and
b = Erm(r2 - n ) . (9.7)

In the simplified microscopic unit cell the following Dancoff factors were calcu-
lated for 106 source neutrons (Nsrc = 106):

• specular reflecting cube: Df = 0.4015; Nsrc — 106

• isotropic reflecting sphere: Df = 0.4004; Nsrc = 106

This implies, that the difference between the model in which the fuel grains are
distributed in a stochastic sense and the model in which the fuel grains are placed
in a regular lattice is very small as far as the Dancoff factor is concerned.

Using for E,m the value from the MCNP4A-library at En = 100 eV (i.e. 0.4097 cm"1),
and for rx and r2 the values 0.0251 cm and 0.11848 cm, respectively, from the ana-
lytical expression the value Df = 0.4005 results, which is in very good agreement
with the Monte Carlo result for the isotropic reflecting sphere.

9.1.2 LEUPRO grain geometry

In the standard microscopic unit cell, including coating layers, the following Dan-
coff factors were calculated:

• specular reflecting cube: Df = 0.4033; A^rc = 106

• isotropic reflecting sphere: Df = 0.4021; Nsrc = 106

This implies, that also in this case the difference between the Dancoff factors in
the two geometries is only small.

In order to study the effect of the distribution of the fuel grains on calculated
spectral indices, these indices were calculated in both geometries. Results are
given in table 9.1. From this table it is clear, that differences between spectral
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Table 9.1 Microscopic unit-cell calculations. Spectral indices as calculated with
MCNP4A in the fuel grain (see text). First column: specular reflecting cu-
bic unit cell. Second column: isotropic reflecting spherical unit cell.

index

p2S

S25 • 1 0 2

S28 • 10 4

c*

MCNP4A (cubic cell)

1.5318 ± 0 . 1 %

15.8338 ±0.5%
24.5808 ± 0.3%

29.5549 ± 0.4%

0.3352 ± 0.5%

MCNP4A (spherical cell)

1.5333 ± 0 . 1 %

15.7230 ±0.5%
24.4930 ± 0.3%

29.3490 ± 0.4%

0.3320 ± 0.5%

indices in the two geometries are very small (0.3 - 0.9%) and can be neglected for
our purposes. Therefore, it can be concluded, that the representation of the fuel
zone by a regular lattice of microscopic unit cells is a good representation of the
fuel zone in a real fuel pebble.

Flux spectra in the two geometries are given in fig. B.ll. As expected, a very
good agreement is observed. Due to the absence of a moderating graphite layer
and the moderator/void layer the spectrum is much harder than for the LEUPRO-1
and LEUPRO-2 geometry.

9.2 Dancoff factor calculations in double heterogeneous
unit cells

In the deterministic SCALE-4 calculations (volume-) averaged Dancoff factors are
needed in the double heterogeneous model. Using the option added to MCNP4A
these data were generated as follows.

For specific fuel grains in the lattice Dancoff factors as a function of the distance
from the centre of the fuel pebble were calculated in a macroscopic double het-
erogeneous spherical unit cell with isotropically reflecting boundary conditions.
Care was taken to account for the large number of fuel grains at large values of Rg

(Rg is the distance of the centre of the fuel grain to the centre of the fuel pebble),
by generating the Dancoff factor data at a finer grid in this region (see fig. 9.2).

Taking a volume average over the calculated data, the following Dancoff factors
result:

• LEUPRO-1: D/ = 0.2551
• LEUPRO-2: Df = 0.2313
• LEUPRO-1 with 20% water ingress: Df = 0.2451

The value found for LEUPRO-1 is in good agreement with the recommended
value for non-MICROX-2 type codes as given in [1] (Df = 0.25958). However,
the value found for LEUPRO-2 strongly disagrees with the value from [1] (Df =
0.13117). The value from [1] is clearly erroneous in this case.
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Figure 9.2 Radial dependence of Dancoff factors over the fuel zone in the LEUPRO-1
and LEUPRO-2 geometry. Results from MCNP4A-calculations.
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10. CONCLUSIONS

Good agreement of ^-values and spectral indices for single heterogeneous and
double heterogeneous unit-cell calculations of the pebble bed HTR type reactor
configuration is obtained between the deterministic and Monte Carlo type of
codes. The results are also in good agreement with IRI results [9] and in
reasonable agreement with the results of other participants in the PROTEUS
benchmark [7].
MCNP4A provides good reference data for complex geometries.
Dancoff factors in complex geometries can easily be calculated by using the
option added to MCNP4A.
As far as escape probabilities in the resonance region are concerned, the rect-
angular lattice of cubic unit cells, as used normally in MCNP-calculations, is
equivalent to a stochastic distribution of fuel grains over the fuel sphere.

32 ECN-C-95-087



REFERENCES

REFERENCES
[1] D. Mathews and R. Chawla: LEU-HTR PROTEUS Calculational Benchmark

Specifications, Paul Scherrer Institut, Report TM-41-90-32, October 1990

[2] AEA. ANSWERS. Service: WIMS-E User Guide, Parti andll, Report AEEW-
R-2442, July 1993

[3] SCALE-4: A Modular Code System for Performing Standardized Computer
Analyses for Licensing Evaluation, RSIC code package CCC-0545, August
1992

[4] R. C. L. van der Stad and H. Gruppelaar: EIJ2-XMAS, Contents of the JEF2.2
based neutron cross section library in the XMAS group structure, Netherlands
Energy Research Foundation ECN, To be published, 1995

[5] J. F. Briesmeister: MCNP - A general Monte Carlo n-particle transport Code,
version4A, Los Alamos National Laboratory, Report LA-12625-M, November
16,1993

[6] A. Hogenbirk: EJ2-MCNP - Contents of the JEF-2.2 based neutron cross-
section library for MCNP4A, 1995, to be published

[7] D. Mathews: Compilation oflAEA-CRP Results for the LEU-HTR PROTEUS
Calculational Benchmarks, Paul Scherrer Institut, Report TM-41 -93-02, April
1993

[8] F. C. Difilippo: Applications of Monte Carlo methods for the analysis of
MHTGR case of the PROTEUS benchmark, Report ORNL/TM-12711, Oak
Ridge National Laboratory, April 1994

[9] J. Valk6, J. E. Hoogenboom and H. van Dam: IRI Results for the LEU-HTR
Proteus Calculational Benchmark Specifications Part 1., Report IRI-131-94-
010, Interfacultair Reactor Instituut TU Delft, April 1994

[10] A. J. Janssen: Enkele opmerkingen over de Dancoff-factor, Netherlands Energy
Research Foundation ECN, Report FYS-LWR-89-11, January 1990

[11] R. E. MacFarlane: The NJOY Nuclear Data Processing System, Version 91,
Report LA-12740-M, Los Alamos National Laboratory, 1994

[12] S. Feher and J. Valko: Dancoff-MC: A program to calculate Dancofffactors
in CANDU type fuel bundles, Report IRI-131-92-011, Interfacultair Reactor
Instituut TU Delft, December 1992

ECN-C--95-087 33



HTR-PROTEUS Bench

3 4 ECN-C-95-087



APPENDIX A. REACTION RATES LEUPRO-1
AND LEUPRO-2

A.1 SCALE-4
A. 1.1 LEUPRO-1

Table A. 1 LEUPRO-1 single heterogeneous unit cell: neutron balance breakdown (over-
all) one group

nuclide

1001

5010

5011

6000

7014

8016

14000

92235

92238

totals

absorption

5.3466E-06

7.3424E-03

4.3331E-08

2.5227E-02

2.1800E-03

7.0949E-05

2.5985E-03

7.8301E-01

1.7957E-01

1.0000E+00

fission

6.5120E-01

1.0408E-03

6.5224E-01

yields

6.8841E-10

3.0014E-07

1.5878E+00

2.8967E-03

1.5907E+00

Table A.2 LEU PRO-1 double heterogeneous unit cell: neutron balance breakdown (over-
all) one group

nuclide

301001

5010

5011

6000

307014

8016

14000

92235

92238

totals

absorption

5.8537E-06

8.0438E-03

4.7110E-08

2.7500E-02

2.3830E-03

9.0941E-05

2.8266E-03

8.2514E-01

1.3401E-01

1.0000E+00

fission

6.8678E-01

1.2628E-03

6.8805E-01

yields

7.2129E-10

3.3478E-07

1.6746E+00

3.5309E-03

1.6781E+00
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Table A.3 LEUPRO-1 single heterogeneous unit cell20% water ingress: neutron balance
breakdown (overall) one group

nuclide

1001

5010

5011

6000

7014

8016

14000

92235

92238

totals

absorption

1.2290E-01

7.2190E-03

4.2251E-08

2.4404E-02

1.7234E-03

7.2301E-04

2.4998E-03

7.5604E-01

8.4496E-02

1.0000E+00

fission

6.3834E-01

8.2558E-04

6.3916E-01

yields

4.7464E-10

2.6326E-07

1.5563E+00

2.3073E-03

1.5586E+00

Table A.4 LEUPRO-1 double heterogeneous unit cell 20% water ingress: neutron bal-
ance breakdown (overall) one group

nuclide

301001

5010

5011

6000

307014

8016

14000

92235

92238

totals

absorption

1.0976E-01

6.4660E-03

3.7845E-08

2.1835E-02

1.5388E-01

6.5513E-04

2.2266E-03

6.4737E-01

5.7817E-02

1.0000E+00

fission

5.4620E-01

8.6393E-04

5.4706E-01

yields

4.1712E-08

2.4686E-07

1.3317E+00

2.4257E-03

1.3341E+00
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A. 1.2 LEUPRO-2

Table A.5 LEUPRO-2 single heterogeneous unit cell: neutron balance breakdown (over-
all) one group

nuclide

1001

5010

5011

6000

7014

8016

14000

92235

92238

totals

absorption

1.1401E-05

1.5558E-02

9.1046E-08

5.0614E-02

4.5663E-03

4.6348E-05

2.6868E-03

8.1253E-01

1.1399E-01

1.0000E+00

fission

6.8403E-01

6.3124E-04

6.8466E-01

yields

7.0842E-10

1.9495E-07

1.6677E+00

1.7615E-03

1.6695E+00

Table A.6 LEUPRO-2 double heterogeneous unit celhneutron balance breakdown (over-

all) one group

nuclide

301001

5010

5011

6000

307014

8016

14000

92235

92238

totals

absorption

1.2240E-05

1.6710E-02

9.7757E-08

5.4228E-02

4.8986E-03

6.6947E-05

2.8670E-03

8.3669E-01

8.4526E-02

1.0000E+00

fission

7.0464E-01

8.4482E-04

7.0549E-01

yields

7.2727E-10

2.2461E-07

1.7180E+00

2.3763E-03

1.7204E+00
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A.2 MCNP4A
Reaction rates for the LEUPRO-1 and LEUPRO-2 geometry (integrated over the
complete geometry) were calculated from the MCNP4A summary-output. The
data are normalised per absorbed fission source neutron (absorption = capture
+ fission - (n, In)). Note that for the calculation of the spectral indices results
from tallies were used (using tally-multiplier cards). Data from the MCNP4A
summary-output refer to physical events, unlike the tally data. Therefore, slightly
different results are obtained for C* and S28 if calculated from the summary-output
or from the tally output. However, within the statistical uncertainty the calculated
values agree.

A.2.1 LEUPRO-1

Table A.7 LEUPRO-1. Single heterogeneous unit cell. Reaction rates calculated with

MCNP4A in the keff = 1.0 case.

isotope

»H
i o B

UB
natQ

1 4 N

I 6o
no 'Si
235U
238U

total

captures
5.2652E-06 ±72.7%
7.0053E-03±1.9%

4.8988E-08 ±100.0%
2.4655E-02±l.l%
2.1854E-03±3.6%

7.3258E-05 ±20.0%
2.5894E-03 ±3.4%
1.3151E-O1 ±0.5%
1.8361E-01 ±0.4%

3.51634E-01

fissions
-

-

-

-

-

-

-

6.4736E-01 ±0.2%
1.0444E-03±5.3%

6.48404E-01

(n, xn)
-

-

-

-

-

-

-

3.9958E-06±82.1%
2.4967E-05 ±34.0%

2.89628E-05

Table A.8 LEUPRO-1. Double heterogeneous unit cell. Reaction rates calculated with
MCNP4A in the keff = 1.0 case.

isotope
JH

i o B

"B
natQ

1 4 N

1 6 Q

narSi
235U

238U

total

captures

5 .8259E-06 ±100.0%

7.7853E-03 ± 3 . 2 %

4.6566E-08 ±100.0%

2.7089E-02±1.8%
2.4007E-03 ±5.8%

8.4929E-05 ±31.6%
2.8398E-03 ±5.5%
1.3840E-01 ±0.8%
1.3356E-01 ±0.8%

3.12166E-01

fissions
-

-

-

-

-

-

-

6.8659E-01 ±0.3%
1.2816E-03 ±8.0%

6.87872E-01

(n, xn)

-
-

-

-

-

-

-

-

1.2795E-05±62.1%

1.2795E-05
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Table A.9 LEUPRO-1. 20% water ingress. Single heterogeneous unit cell. Reaction
rates calculated with MCNP4A in the ke/f = 1.0 case.

isotope captures fissions (n, xn)

i o B

n B
natQ

16

235U

1.2354E-01 ±0.3%
7.3003E-03±1.3%

3.6785E-08 ±100.0%
2.4176E-02 ±0.8%
1.7446E-03±2.7%
7.7844E-04 ±4.2%
2.5042E-03 ±2.4%
1.1725E-01 ±0.3%
8.6085E-02 ±0.4%

6.3578E-01 ±0.1%
8.5759E-04±4.1%

3.7910E-06 ±57.3%
1.5190E-05 ±30.5%

total 3.63379E-01 6.36638E-01 1.8981E-05

Table A.10 LEUPRO-1. 20% water ingress. Double heterogeneous unit cell. Reaction
rates calculated with MCNP4A in the ke// = 1.0 case.

isotope

'H
i o B

"B

14N
16Q

natSi

235U

238U
total

captures
1.3147E-01 ±0.6%
7.7013E-03 ±2.6%

5.0664E-08 ±100.0%
2.5719E-02±1.5%
1.8253E-03±5.3%
7.7027E-04 ±8.6%
2.6445E-03 ±4.7%
1.1903E-01 ±0.7%
6.4002E-02 ±0.9%

3.53162E-01

fissions
-
-
-
-
-

-
-

6.4585E-01 ± 0 . 3 %
1.O538E-O3 ±7.4%

6.46904E-01

(n, xn)
-
-
-
-
-

-
-

9.0416E-06 ±74.9%
5.5237E-05 ±32.2%

6.4279E-05
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A.2.2 LEUPRO-2

Table A.I 1 LEUPRO-2. Single heterogeneous unit cell. Reaction rates calculated with
MCNP4A in the keff = 1.0 case.

isotope

•H
i o B

n B
nalQ

1 4 N

16Q

n0 'Si
2 3 5 U
2 3 8 U

total

captures
1.0784E-05 ±30.6%
1.5311E-02 ±0.8%

8.5962E-08 ±100.0%
4.9401E-02 ±0.5%
4.4902E-03±1.5%

5.3826E-05 ±13.9%
2.6615E-03 ±2.0%
1.2893E-01 ±0.3%
1.1582E-01±0.3%

3.16678E-01

fissions
-

-

-

-

-

-

-

6.8271E-01 ±0.1%
6.3882E-04 ±4.0%

6.83349E-01

(n, xn)
-

-

-

-

-

-

-

5.5338E-06±41.9%
9.9936E-06±32.1%

1.5527E-05

Table A. 12 LEUPRO-2. Double heterogeneous unit cell. Reaction rates calculated with
MCNP4A in the kef/ = 1.0 case.

isotope

>H
i o B

"B
natQ

M N

16Q

"arSi
235U
238U

total

captures

1.3145E-05 ±77 .7%

1.7202E-02±2.1%
8.8767E-08 ±100.0%

5.3982E-02±1.2%
4.9413E-03 ±4.0%

7.0316E-05 ±34.0%
2.8609E-03 ±5.3%
1.3198E-01 ±0.8%
8.4042E-02±1.0%

2.95092E-01

fissions
-

-

-

-

-

-

-

7.0409E-01 ±0.3%
8.4189E-04 ±9.7%

7.04932E-01

(n,xn)
-

-

-

-

-

-

-

-

2.4427E-05 ±57.2%
2.4427E-05
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APPENDIX B. NEUTRON FLUX SPECTRA

B.I MCNP4A
In this appendix calculated flux spectra are given for the unit-cell calculations
performed in the framework of this study. Data (except for fig. B.I, in which
the 52-groups structure is used, which was recommended for this study) are
represented in the 172-groups XMAS group structure. No error-bars are given, as
this would make comparisons between different flux spectra impossible. Usually,
the uncertainty in the value of the group-flux is in the order of 0.6% for the k^
case and in the order of a few % for the critical case.
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B.I.I LEUPRO-1

LEUPRO-1; homogeneous unit cell
MCNP4A results

10 10 10 10 10 10 10 10 10 10 10 10 10 10

fuel zone

10'

Figure B.I LEUPRO-1. Neutron flux spectrum averaged over the fuel zone in the single

heterogeneous unit-cell calculations, fcoo case.

LEUPRO-1; homogeneous unit cell
MCNP4A results

10°

10"1

4
10"2

10"

fuel zone

1O"0 10' 10'2 10 1 10° 101 102 103 104 106 106 107 10s

E, (eV)

Figure B.2 LEUPRO-1. Neutron flux spectrum averaged over the fuel zone in the single
heterogeneous unit-cell calculations. ke/f = 1.0 case. Centre of critical
sphere (see text).

42 ECN-C-95-087



Neutron flux spectra

LEUPRO-1; heterogeneous unit cell
MCNP4A results

10"5 10" 10"3 10"2 10"1 10° 101 10* 103 10" 10° 10s 107 10

grains
fuel zone

10

Figure B.3 LEUPRO-1. Neutron flux spectrum in the fuel grains and neutron flux spec-
trum averaged over the fuel zone in the double heterogeneous unit-cell cal-
culations. &oo case.

LEUPRO-1; heterogeneous unit cell
MCNP4A results

"3 10* 10"1 10° 101 102 103 10" 106 106 10710"3 10* 10"1 10° 101 102 103 10" 106 106 107 10

grains
fuel zone

n (eV)

Figure B.4 LEUPRO-1. Neutron flux spectrum in the fuel grains and neutron flux spec-
trum averaged over the fuel zone in the double heterogeneous unit-cell cal-
culations. ke/f = 1.0 case. Centre of critical sphere (see text).
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LEUPRO-1; homogeneous unit cell
20% water ingress; MCNP4A results

10"3 10"2 10'1 10° 101 102 103 10" 105 106 107 10

fuel zone

10

10

Figure B.5 LEUPRO-1. 20% water ingress. Neutron flux spectrum averaged over the
fuel zone in the single heterogeneous unit-cell calculations, k^ case.

LEUPRO-1; homogeneous unit cell
20% water ingress; MCNP4A results

10°

10"1

10"J

-

-

fuel zone

10"4 10"3 10'2 10"1 10° 101 102 103 104 106 106 107 10a

(eV)

Figure B.6 LEUPRO-1. 20% water ingress. Neutron flux spectrum averaged over the
fuel zone in the single heterogeneous unit-cell calculations. ke// = 1.0 case.
Centre of critical sphere (see text).
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10°

LEUPRO-1; heterogeneous unit cell
20% water ingress; MCNP4A results

10"

i

grains
fuel zone

10"5 10"4 10"3 10"2 10"1 10° 101 102 103 10" 10° 106 107 10B

Figure B.7 LEUPRO-1. 20% water ingress. Neutron flux spectrum in the fuel grains and
neutron flux spectrum averaged over the fuel zone in the double heterogeneous
unit-cell calculations, k^ case.

10°

LEUPRO-1; heterogeneous unit cell
20% water ingress; MCNP4A results

i

grains
fuel zone

10"5 10"4 10"3 10'2 10'1 10° 101 102 103 10" 10° 108 107 10°

Figure B.8 LEUPRO-1. 20% water ingress. Neutron flux spectrum in the fuel grains and
neutron flux spectrum averaged over the fuel zone in the double heterogeneous
unit-cell calculations. ke/f = 1.0 case. Centre of critical sphere (see text).
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10°

LEUPRO-1; heterogeneous unit cell
Equivalent cylinder model; MCNP4A results

10-1

i
10-

10"

grains
fuel zone

10-* 10-4 10-3 10"2 10"1 10° 101 102 10° 10" 105 106 107 108

Figure B.9 LEUPRO-1. Neutron flux spectrum in the fuel grains and averaged over the
fuel zone in the equivalent cylinder calculations.

1.10

LEUPRO-1; heterogeneous unit cell
flux in fuel grains

10^ 10~ 10 ' 10' 10v 10' 10' 10" 10" 10" 10" 10' 10
n (eV)

Figure B.10 LEUPRO-1. Relative difference between neutron flux spectrum in the fuel
grains as calculated in the equivalent cylinder calculations and as calculated
in the unit-cell calculations by MCNP4A.
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10°

10 '

i

10"

Neutron flux spectra

Microscopic unit cell
MCNP4A results

spherical cell
cubic cell

10"* 10"4 10"3 10"2 10"1 10° 101 102 10s 10" 105 106 107 109

En(eV)

Figure B.I 1 LEUPRO-1. Neutron flux spectrum in the fuel grain in a spherical and in a
cubic microscopic unit cell.
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B.I.2 LEUPRO-2

LEUPRO-2; homogeneous unit cell
MCNP4A results

10"

10"'

4

10"

fuel zone

10"5 If/1 10"3 10"* 10'1 10° 101 102 103 10" 106 10 s 107 10

Figure B. 12 LEUPRO-2. Neutron flux spectrum averaged over the fuel zone in the single
heterogeneous unit-cell calculations, kx, case.

LEUPRO-2; homogeneous unit cell
MCNP4A results

1 0 10"5 10"4 10-3 10"2 10"1 10° 101 102 103 104 105 10s 107 108

fuel zone

Figure B.13 LEUPRO-2. Neutron flux spectrum averaged over the fuel zone in the single
heterogeneous unit-cell calculations. ke/f = 1.0 case. Centre of critical
sphere (see text).
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LEUPRO-2; heterogeneous unit cell
MCNP4A results

10°

101

grains
fuel zone

10"5 -iO* 10"3 10"2 10"1 10° 10' 102 103 10" 105 10* 107 10
10-

Figure B.I 4 LEUPRO-2. Neutron flux spectrum in the fuel grains and neutron flux
spectrum averaged over the fuel zone in the double heterogeneous unit-cell
calculations, koo case.

10°

LEUPRO-2; heterogeneous unit cell
MCNP4A results

10"1

10*

10"

grains
fuel zone

10"5 W* 10"3 10'2 10"1 10° 101 102 103 104 10s 106 107 10

Figure B.I5 LEUPRO-2. Neutron flux spectrum in the fuel grains and neutron flux
spectrum averaged over the fuel zone in the double heterogeneous unit-cell
calculations. keff = 1.0 case. Centre of critical sphere (see text).
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