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ABSTRACT

Very accurate Monte Carlo calculations with MCNP have been performed to serve as a reference
for benchmark calculations on resonance absorption by 238U in a typical PWR pin-cell geometry.
Calculations with the energy-pointwise slowing down code ROLAIDS-CPM show that this code
calculates the resonance absorption accurately. Calculations with the multigroup discrete ordinates
code XSDRN show that accurate results can only be achieved with a very fine energy mesh.

Introduction

For accurate predictions of temperature effects on resonance absorption in a fuel pin, it is necessary
to describe in detail the radial variations of the fuel temperature, the nuclide densities, and the
resonance shielding. Because no experimental data are available on the detailed space and energy
dependence of resonance absorption in a fuel pin, detailed reference calculations are important for
the validation of calculational methods. For this purpose Tellier et al. [1] defined a calculational
benchmark which consists of the calculation of resonance absorption by 238U between approxi-
mately 2.8 eV and 1.5 keV in a typical PWR pin-cell geometry with cylindrical outer boundary
(Wigner-Seitzcell). The neutrons are assumed to come from a lethargy-independent neutron source
between approximately 2 ke V and 3.5 ke V. The absorption is studied in the relevant 42 groups of the
XMAS 172-group energy mesh between 2.8 eV and 1.5 keV and in ten concentric rings in the fuel
pin which have equal volumes. Tellier et al. use the Monte Carlo code TRIPOLI for the reference
results. There were several reasons to calculate reference results ourselves with the Monte Carlo
code MCNP [2]. First, the same data can be, and have been used in all our calculations. This does
not only mean that we have used the same nuclear data file (JEF2) but also that we have processed
these data with NJOY (version 91.38) [3] and NSLINK (version 4.1) |4] in such a way that, if
possible, the same processed data have been used. Second, the number of histories can be varied in
the Monte Carlo calculations. The total absorption in the TRIPOLI results has a standard deviation
of about 0.7 %. This is too high to make a detailed comparison between different codes. The
differences between the codes should not get lost in statistics, otherwise one cannot get an idea of
the aberration introduced by the calculational method.
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In our MCNP calculations we have also studied the absorption in a high-energy group between
1.5 keV and 3.5 keV which comprises 3 groups from the XMAS energy mesh.

The primary reason for performing this benchmark is the validation of ROLAIDS-CPM [5|.
This code, which is an extended version of ROL A IDS |6), performs an integral transport calculation
in one-dimensional geometry based on the energy-pointwise cross sections. Whereas ROLAIDS
uses the interface-currents method to perform the integral transport calculation, ROLAIDS-CPM
can also use the collision probability method. This is expecled to improve the calculation of the
spatial dependence of the flux in such a way that an accurate calculation of resonance absorption
rates directly from the energy-pointwise data is possible. The only assumptions that are made in the
ROLAIDS-CPM calculation are the assumptions of spatially flat and isotropic scattering sources in
the different zones. The assumption of spatially flat scattering sources can be examined by varying
the number of z.ones in the integral transport calculation but the assumption of isotropic scattering
sources cannot be examined directly.

ROLAIDS-CPM can also be used to calculate effective cross sections for the multigroup discrete
ordinates code XSDRN |7|. So, by varying the Legendre order of scattering in the multigroup
transport calculation the influence of anisotropic scattering sources can be examined. Besides, and
more importantly, the ROLA1DS-CPM/XSDRN calculations enable us to establish the accuracy of
multigroup transport calculations.

MCNP Results

A private MCNP version (based on 4.2) has been used which is able to treat isotropic reflection
at the cylindrical boundary. The number of histories in the reference MCNP calculation is made
very high to make sure that the differences between the different codes do not get lost in statistics.
The number of histories in the reference calculation is about 30 M. The reference results are given
in [X). Some results are presented in this paper when comparisons are made with results from
other codes. The total absorption by 23*U between 2.7679 eV and 3.3546 keV, which has been
normalized to 1 source neutron, is 0.21178 j _ 0.00006 (1 a).

The influence of the Wigner-Seitz approximation has been investigated by a comparison of the
reference results with the results of a MCNP calculation for a square cell with specular reflection
at the boundaries. The pilch of the square cell is 1.26472 cm. The total absorption by 23SU has
been reduced to 0.2091 t 0.0001. When we consider the escape probability p, which is simply 1
minus the total absorption, the difference is about 0.34 %. When this effect of the Wigner-Seitz
approximation on the effective multiplication factor is estimated ( ^ ~ ^), one gets a value of
about 340 pcm, which is quite large. This difference is certainly not negligible and should be taken
into account when detailed calculations are performed on a cylindrical pin cell. The fact that we
can quantify the difference is due to the high statistical accuracy in our results.

Figure I shows the spectrum of the difference between the absorption by m U in a square cell
and the absorption by : 'SU in a cylindrical cell. It is clear that the difference is mainly caused by
the large resonances of : 'KU. The fact that the absorption in the cylindrical pin cell is larger can
qualitatively be understood by noting that the inwards directed flux at the boundary of an imaginary
cylinder in the square lattice geometry will not be isotropic because of the Dancoff effect. On the
average the neutron current near the resonance energies will be less directed towards the fuel than
a cosine current. This qualitative argument implies thai the assumption of a Wigner-Seitz cell will
influence the results more when the Dancoff effect has a larger impact.
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Figure 1: Absorption by 238(7; Difference Between the Square Pin Cell and the Cylindrical Wigner-
Seitz Cell.

ROLAIDS-CPM Results

The standard ROLAIDS-CPM calculations (version 93.15) have been performed with 10 zones in
the fuel with equal volumes (1 zone for each ring), 1 in the clad, and 1 in the moderator. Table
1 shows the absorption by 238U in the different rings for the standard ROLAIDS-CPM calculation
and for the reference MCNP calculation.

The absorption in the standard ROLAIDS-CPM calculations is somewhat less than in the
reference MCNP calculation. The tew: difference in absorption is about 4E-04. Although the
difference is statistically significant, it is only 0.2 % of the total absorption. This leads to 50 pem
difference in a k-effective calculation, which is small. In view of the small differences between
the MCNP results and the ROLAIDS-CPM results it can be concluded that ROLAIDS-CPM is
an accurate code for these resonance absorption calculations. Nevertheless, below we will have a
closer look at the remaining differences.

ROLAIDS-CPM assumes spatially flat sources in the different zones. The influence of this
assumption can easily be examined by taking more zones into account. The spatial mesh in the fuel
is already very fine, but because the flux at the resonance energies strongly decreases at the outer
area of the fuel pin, the spatial mesh might not be fine enough in this outer area. So, the outer ring
of the fuel pin has been divided into more zones by taking some extra boundaries. Figure 2 shows
the spectral difference in the absorption by 23ftU in the whole fuel pin between MCNP results and
ROLAIDS-CPM results for two different numbers of zones in the outer ring. It can be seen that
the absorption in the wide resonances decreases with the number of zones. It is of course at these
wide resonances that the spatial distribution of the scattering sources in the fuel is important.

A further refinement of the spatial mesh hardly influences the results. The assumption of
isotropic sources will be dealt with in the next section.
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Table 1: Absorption by
CPM.

in the Different Rings; Comparison Between MCNP and ROLA1DS-

Ring
Inner to Outer

1
2
3
4
5
6
7
8
9
10

Total

ROLAIDS-CPM
Standard Case

.5763E-02

.6106E-02

.6509E-02

.6991E-02

.7586E-O2

.8351E-02

.9409E-02
2.1065E-02
2.4543E-02
4.5056E-02
2.1138E-01

MCNP
Reference
1.582E-02
1.617E-02
1.657E-02
1.704E-02
1.762E-02
1.842E-02
1.946E-02
2.108E-02
2.448E-02
4.513E-02
2.1178E-O1

Standard Deviation
1E-05
1E-05
1E-05
1E-05
1E-05
1E-05
1E-05
1E-05
1E-05
3E-O5
6E-05
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Figure 2: Absorption by 23HU; Difference Between ROLAJDS-CPM and MCNP for Different
Numbers of Zones in the Outer Ring of the Fuel.
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XSDRN Results

The XSDRN calculations (SCALE version 4.1) have been performed to test the performance of
our multigroup transport calculations. In the XSDRN calculations the spatial mesh consists of the
same 10 intervals in the fuel as in the standard ROLAIDS-CPM calculation, 1 interval in the clad,
and 8 intervals in the moderator which are equidistant. An angular quadrature of S32 is used in the
calculations. The only parameter that has been varied in the calculations is the Legendre order of
scattering (0-3) because isotropic scattering sources are assumed by ROLAIDS-CPM and we want
to know the effect of this assumption.

The calculations have in the first instance been done with a multigroup library for the relevant
45 groups from the XMAS 172-group energy mesh. First, the Nordheim integral treatment
|9 | has been used to calculate effective group cross sections with NITAWL (SCALE version
4.1). However, because NITAWL calculates space-independent group-averaged cross sections, the
distribution of the absorption over the fuel pin is calculated completely wrong. This is shown in
table 2. The table also shows that the results are much better when ROLAIDS-CPM is used to
calculate group-averaged cross sections for each ring. So, we will concentrate on the results with
ROLAIDS-CPM/XSDRN.

Table 2: Absorption by mU in the Different Rings; Comparison Between XSDRN(45) (NITAWL or
ROLAIDS-CPM) andMCNP.

Ring
Inner to Outer

1
2
3
4
5
6
7
8
9
10

Total

NITAWL/
XSDRN(45)
2.0491E-02
2.0652E-02
2.0831E-02
2.1019E-02
2.1219E-02
2.1437E-02
2.1674E-02
2.1944E-02
2.2225E-02
2.2663E-02
2.1418E-O1

ROLAIDS-CPM/
XSDRN(45)
I.6366E-02
1.6695E-02
1.7O83E-O2
.7546E-02
.8114E-02
.8848E-02
.9853E-02

2.1440E-02
2.4724E-02
4.4805E-02
U547E-01

MCNP
Reference
1.582E-02
1.617E-02
1.657E-02
1.704E-02
1.762E-02
1.842E-O2
1.946E-02
2.1O8E-O2
2.448E-02
4.513E-02
2.1178E-O1

Standard Deviation
1E-05
1E-05
1E-05
IE-05
IE-05
IE-05
IE-05
1E-05
IE-05
3E-O5
6E-O5

As can be seen in table 2, the total absorption by 23flU in the ROLAIDS-CPM/XSDRN results
is too high. Figure 3 shows that the difference with the reference MCNP calculation is mainly at
the lower-energy range. Also some difference can be seen in the highest-energy group but this
might be caused by the fact that ROLAIDS-CPM has only calculated effective cross sections and
transfer matrices for 21XU. The effective cross sections and transfer matrices for the other nuclides
have been obtained by NJOY, using a 1/E weighting function. Because of the introduction of the
neutron source, the flux in the higher-energy range does not resemble a 1/E flux. Therefore, the
effective cross sections and especially the transfer matrices should be calculated by weighting them
with the calculated Hux from ROLAIDS-CPM.

From theoretical considerations on group condensation one may suspect that the energy mesh is
too coarse in the low-energy range to obtain very accurate results. Therefore, the 45-group energy
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Figure 3: Absorption in the Fuel; Difference Between ROLAIDS-CPMlXSDRN(45) and MCNP.

mesh has been refined and the calculations have been repeated for a 107-group energy mesh which
is obtained by inserting extra group boundaries in the energy ranges around the 4 lowest resonances
(6.1601 eV - 7.5240 eV, 19.455 eV - 22.603 eV, 33.720 eV - 37.266 eV, and 55.595 eV - 67.904
eV). In these ranges the width of a group becomes 0.05 eV.
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Figure 4: Absorption in the Fuel; Difference Between ROLAIDS-CPM/XSDRN Results with a
/07-Group Energy Mesh and Reference MCNP Results.
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The calculations in the 107-group energy mesh have been done with effective cross sections
calculated by ROLAIDS-CPM for each nuclide. The total absorption in the fuel is 0.21199 now,
which is very close to the reference MCNP result. The spectrum of the difference in absorption
between the ROLAIDS-CPM/XSDRN results and the reference MCNP results is given in figure 4.
This difference can only be shown in the 43-group energy mesh, because this mesh has been used
in the MCNP calculations.

It is clear that the accuracy of multigroup calculations with the discrete ordinates code XSDRN
is strongly influenced by the energy mesh. However, daily reactor physics calculations are done in
a fixed broad energy mesh. So, to establish the accuracy of such calculations one should know the
aberration that is introduced by the broad energy mesh and the Wigner-Seitz assumption.

The influence of assuming isotropic scattering sources in ROLAIDS-CPM can be studied by
varying the Legendre order of scattering in the XSDRN calculations. Although the calculations
have been done with 107 energy groups, figure 5 gives the difference between the PO approximation
and the P3 approximation in the 43-group (MCNP) energy mesh to enable a direct comparison
with figure 2.
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Figure 5: Absorption in the Fuel; Difference Between the PO Approximation and the P3 Approxi-
mation (Calculated with 107 Groups, Given in 43 Groups).

Apparently, the difference mainly occurs in the lower-energy range. However, because the
angular dependence of the scattering density will strongly vary with energy around resonance
energies, the difference between different orders of scattering should be calculated with a fine
energy mesh. We only have such a fine energy mesh in the lower-energy range. From a comparison
of figures 5 and 2 it is clear that the differences in the lower-energy range are of the same order of
magnitude in the two figures. Another conclusion is that the anisotropy of the scattering sources is
not important. A more detailed comparison can be found in reference |8].
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Conclusions

Very accurate Monte Carlo calculations are extremely important for a detailed comparison between
different codes. The statistical uncertainly in our Monte Carlo calculation with MCNP is so small
that differences with other codes do not get lost in statistics.

The ROLAIDS-CPM results show that this code is an accurate deterministic code for cal-
culations of the resonance absorption in a fuel pin. Not only the total absorption, but also the
distribution of the absorption over the fuel pin is calculated accurately. The remaining differences
with the MCNP results in the Wigner-Seitz cell are very small. The multigroup discrete ordinates
calculations with XSDRN appear to be very dependent on the energy mesh that is used. The
XMAS 172-group energy mesh, of which 45 groups cover the energy range for our resonance
absorption calculations, does not lead to accurate results. With a new 107-group energy mesh
(instead of 45) very accurate ROLAIDS-CPM/XSDRN results have been obtained. However, both
ROLAIDS-CPM and XSDRN use the Wigner-Seitz assumption. A comparison between Monte
Carlo calculations in a square pin cell and a cylindrical pin cell with the Wigner-Seitz approxima-
tion shows that this difference cannot be neglected in general. Especially in lattices with a large
Dancoff effect the Wigner-Seitz assumption will strongly influence the results.

A more general conclusion of these benchmark calculations is that validation of codes should
not only be aimed at producing "correct" results but also at quantifying the aberration that is
introduced by the calculational method and at determining the phenomena that influence this
aberration. Seemingly accurate benchmark results may well be due to cancellation of errors.
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