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FOREWORD

In response to arequest from the NEA Committee on Safety of Nuclear Installations (CSNI), the
NEA Nuclear Science Committee (NSC) set up an expert group to review the state of the art in the
modelling of radiation-induced degradation of reactor components. The computational techniques and
the claimed accuracies obtained in these calculations were also reviewed. The findings were published
in a NEA report in January 1997.

As afollow-up to the above mentioned state-of-the-art report, the NSC expert group launched two
blind benchmarks to verify the claimed accuracies and to validate the calculation methods used.
Both benchmarks were based on the VENUS experiments performed at SCKe CEN Mol, Belgium, one
being atwo-dimensional (VENUS-1) and the other a three-dimensional benchmark (VENUS-3).

This report provides the detailed results from the two benchmarks. The results reveal that, in
comparison with the calculations for the two-dimensiona cases, a full three-dimensional calculation
generally gives values much closer to the experimental values.

The conclusion is that full three-dimensional calculations provide decisive improvements in the
prediction of reactor pressure vessel embrittlement due to neutron irradiation.
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EXECUTIVE SUMMARY

It is essential to accurately calculate neutron fluence and fluence rates at more than one location
in order to assess and predict pressure vessel embrittlement and thereby ensure the safe operation of
nuclear power plants.

A NEA Nuclear Science Committee Task Force on the Computing Radiation Dose and Modelling
of Radiation-Induced Degradation of Reactor Components was established to review this problem.
During an earlier stage of its work the task force reviewed the state of the art in calculation
methodologies for neutron and gamma fluence in reactor vessels and published a report. Two blind
benchmarks were then launched to verify the statements in the report.

The main objectives of these two benchmarks are:
1) Tomake acritica analysis and verification of each of the national methodol ogies.

2) To establish a clear international consensus regarding the current level of accuracy of the
pressure vessel fluence predictions, using the latest nuclear data and state-of-the-art transport
codes versus the experimenta data.

3) To quantify the relative merits of different calculation methods and to identify a possibility to
improve these methods (possible advantage of fully three-dimensional methods over
two-dimensional methods).

Among the experiments available, the VENUS configurations from SCKeCEN Mol, Belgium,
offered the exceptiona advantage of exhibiting a realistic radia core shape and a neutron spectrum
that istypical of PWRs, thus being particularly appropriate for thiskind of exercise.

In the first benchmark, 2-D calculations were performed to describe the VENUS-1 configuration.
In view of the results of this 2-D benchmark, it was felt that a full 3-D transport calculation was
necessary, and the VENUS-3 configuration was therefore modelled in three dimensions.

Different modelling assumptions and cal culation methods (deterministic and stochastic methods)
were used by the participants in these benchmarks, as well as different nuclear data, both for the
transport and the dosimetry calculations.

After having performed a detailed analysis of the results of the two benchmark exercises, it can be
stated that the three objectives above have been achieved.

Concerning the dosimetry calculation methods, the main finding was that the calculated results of

the three-dimensional benchmark (VENUS-3) are in general much closer to the experimental values
than those for the two-dimensional benchmark (VENUS-1).
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Chapter 1
INTRODUCTION

As many commercial light water reactors begin to approach the end of their licensed lifetime,
nuclear utilities have started to investigate the possibility of extending the operating life of reactors
beyond the originally licensed 30-40 years. Longer reactor operating times mean higher neutron and
gamma fluence levels and/or smaller safety margins, in view of which reactor utilities’lowners and
regulators need to be able to ensure the integrity of reactor components and reduce till further the
uncertainties in fluence estimation procedures. It is of paramount importance to be able to accurately
characterise the structural integrity of reactor components so as to make correct decisions on design
plant lifetime, safety margins and potential plant lifetime extension, as well to avoid controversial
judgements that might prematurely shut down “still operational” nuclear power plants. Ensuring
reactor pressure vessel (RPV) integrity is important for safety as well as for economical reasons, due
to the possibility of plant life extensions. High energy neutron bombardment degrades the structural
integrity of RPVs. In order to ensure the integrity of the RPV, therefore, neutron fluence must be
predicted with a high degree of accuracy.

Because of the importance of this issue, the OECD/NEA Task Force on Computing Radiation
Dose and Modelling of Radiation-Induced Degradation of Reactor Components (TFRDD) reviewed
the current computation techniques for calculating neutron and gamma doses to reactor components
and described in considerable detail the methods presently used in NEA Member countries for
computing long-term cumulative dose rates [1].

Although the median of results reported in national calculations appeared to lie within the 20%
difference between the calculated and measured values, significantly higher or lower values were also
reported. Moreover, the numbers reported were very difficult to compare given that each country has
its own methodology, including different reactors, computer codes, nuclear data and measurement
procedures. On the basis of these country reports, the working group concluded that no firm
judgement could be formed on the current international level of accuracy in pressure vessel fluence
calculations.

Therefore, to verify the statement made in the report and to better identify the range of differences
between calculations and measurements, the TFRDD launched an international blind intercomparison
exercise.

Various methodologies are applied to predict dose rates in the Belgian VENUS test reactor [2,3],
calculating in both two-dimensional (VENUS-1) and thdgmensional (VENUS-3) configurations for
comparison with measured data.

Among the experiments available, the VENUS configurations offered the exceptional advantage
of exhibiting a realistic radial core shape and a neutron spectrum that is typical of PWRs. The VENUS
experiments are particularly suitable for benchmarking the capabilities of the calculational methodology
and cross-section libraries for the prediction of fluence rates in RPVs because VENUS has a very
clean structural geometry representing standard PWR pressure vessel conditions.

13



The task force started with two-dimensional benchmark calculations representing the VENUS-1
configuration. About 20 different calculations were presented from 10 institutions world-wide in a
blind test, without the participants having any advance knowledge of the measured results.

Equivaent fission fluxes for five different threshold reactions, namely *®Ni(n,p), *®In(n,n’),
BRh(n,n"), 2U(n,f) and ®'Np(n,f), were calculated at 34 detector positions at the core mid-plane
levd in both steel and water zones for comparison with experimental results. Fast neutron fluxes
(above 1 MeV and 0.1 MeV) and DPA rates, which are needed to correlate material damage in the
surveillance capsules to the pressure vessel wall in order to obtain the so-called lead factors, had also
been supplied. Severa 2-D S codes were applied, including the newest versions available [4], but use
was aso made of an in-house code BOXER and as well as a version of the Monte Carlo code
MCNP [5,6]. The transport cross-sections were based on ENDF/B-VI [7] or JEF-2.2 [8] and the
dosimetry data on IRDF-90 Version 2 [9].

Given the complex geometry of the reactor core and surrounding components, a three-dimensional
neutron transport calculation was necessary in order to avoid the limitations resulting from the
approximations in two-dimensional modelling and to better estimate a three-dimensional distribution
of fluences.

The most challenging task was therefore to validate the latest versions of three-dimensional
transport codes, given the complex configuration of VENUS-3, which contains dummy partial length
elements. About 14 independent benchmark calculations were supplied by eight institutions. In order
to verify the complex three-dimensional fast neutron field in detail, the number of detector positions
was increased significantly to more than 200 **Ni(n,p) detectors, about 100 *°In(n,n’) detectors and
nearly 50 ?’Al(n,a) detectors. Two versions of the 3-D Sy code TORT [10], the 3-D parallel Sy code
PENTRAN [11] and two versions of the Monte Carlo code MCNP were applied. Likewise the
transport cross-sections were taken from ENDF/B-VI or JEF-2.2 and the dosimetry data from IRDF-90
Version 2. The energy groups in the Sy calculations were split up into the BUGLE-96 [12] structure
(47 neutron groups) used for routine shielding calculations requiring modest effort and calculations to
a higher degree of accuracy based on the EURLIB structure (100 neutron groups) and the VITAMIN-J
structure (175 neutron groups).

For a long time it was thought that two-dimensional neutron fluence caculations and the
corresponding synthesis methods were sufficient for routine applications. But the conclusion can
clearly be drawn from both benchmarks that the calculated results of the three-dimensional benchmark
(VENUS-3) are in genera much closer to the experimental values than those of the two-dimensional
benchmark (VENUS-1). This demonstrates the inherent deficiencies of two-dimensiona transport
calculations which suffer from approximations such as diffusion-based axial buckling corrections and
proper axia averaging of the source particles or shielding materials. The powerful computers now
available can easily perform full three-dimensional neutron fluence calculations, the results of which
are significantly more accurate than those obtained from two-dimensional calculations.

14



CHAPTER 2
Objectives of the benchmarks

Based on the country reports on the state of the art in computational dosimetry, no firm judgement
can be formed on:

1) The current international level of accuracy in pressure vessel fluence calculations. Compared
with various reaction rates measured at surveillance positions of power reactors a large
variety of differences between measurements and calculations have been reported which do
not allow firm conclusions on the accuracy achieved in neutron fluence calculations.

2) Therelative merits of various methodologies and hence the areas of possible improvementsin
various calculational schemes.

Therefore, to solve these urgent problems, two benchmark cal culations were proposed and carried
out world-wide. As the basis for the calculations, two well-defined and precisely measured PWR
mock-ups were taken. They are:

1) VENUS-1: Two-Dimensional Benchmark on Ex-Core Dosimetry Computations.

2) VENUS-3: Three-Dimensional Benchmark on Ex-Core Dosimetry Computations.

The main objectives of these two benchmarks are:

1) Tomake acritical analysis and verification of each of the national methodol ogies used.

2) To establish an unequivocal international consensus regarding the current level of accuracy of

the pressure vessal fluence predictions using the latest nuclear data and state-of-the-art

transport codes versus the experimental data.

3) To quantify the relative merits of different calculation methods and to identify a possibility of
improving these methods (advantage of full 3-D methods over 2-D methods).

The full specifications of benchmarks VENUS-1 and VENUS-3 can be found in Appendix A.1 and
A.2, respectively.
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CHAPTER 3
Participants, methods, and data

3.1 VENUS1

A total of 20 solutions were contributed for the VENUS-1 benchmark from a total of nine
countries (10 institutions). A full list of contributorsis given below (see also Table 3.1), together with
details of the codes and nuclear data used by the contributors.

1

Siemens AG, Germany

Participant: J. Koban

Code: DOT4.2

Cross-section library: EURLIB-VI/N 175 (using NJOY-91 & ENDF/B-VI Rev. 2)
Response functions: IRDF-90 V.2

Remarks:

SCKLEN, Belgium

Participant: H. Ait Abderrahim

Code: LEPRICON (based on DORT4.3 and ANISN)

Cross-section library: ELXSIR (based on ENDF/B-V Rev. Mod 3)

Response functions: ENDF/B-V

Remarks: The synthesis available in LEPRICON is not used in this exercise because the
measured results are located at core mid-plane.

VTT/ENE, Finland

Participant: F. Wasastjerna

Code: DORT

Cross-section library: BUGLE-80, BUGLE-93, BUGLE-96T
Response functions: IRDF-90 V.2 or ENDF/B-VI

Remarks:

IKE University of Stuttgart, Germany

Participant: G. Hehn, A. Sohn, M. Mattes and G. Pfister
Code: DORT3.1

Cross-section library: VIT-J

Response functions: IRDF-90 V.2

Remarks:

ENEA-Centro Ricerche “E. Clementel”, Italy
Participant: M. Pescarini, M.G. Borgiaand R. Orsi
Code: DORT3.1

Cross-section library: BUGLE-96

Response functions: IRDF-90 V.2

Remarks:

17



6. NRG (former ECN), The Netherlands
Participant: R. van der Stad
Code: MCNP-4A
Cross-section library: EJ2-MCNP based on JEF-2.2
Response functions: IRDF-90 V.2
Remarks:

7. Paul Scherrer Ingtitute (PSl), Switzerland
Participant: J.M. Paratte
Code: BOXER
Cross-section library: ETOBOX (JEFF-1) for iron, ENDF/B-1V
Response functions:
Remarks:

8. Korea Power Engineering Co. (KOPEC), Korea
Participant: B.J. Moon and H.R. Hwang
Code: DORT2.8.14
Cross-section library: BUGLE-96
Response functions: BUGLE-96 and IRDF-90 V.2 for Rh reaction
Remarks:

9. Japan Atomic Energy I nstitute (JAERI) and Sumitomo Atomic Energy I ndustries, Japan
Participant: M. Suzuki, K. Kosako and Y. Sakamoto
Code: DORT
Cross-section library: JENDL-3.2
Response functions: IRDF-90 V.2
Remarks:

10. Centro Atomico Bariloche (CAB), Argentina
Participant: A.F. Albornoz and E.M. Lopasso
Code: DORT
Cross-section library: BUGLE-96
Response functions: IRDF-90 V.2
Remarks:

3.2 VENUS-3

A total of 14 solutions were contributed for the VENUS-3 benchmark from a total of seven
countries (eight ingtitutions). A full list of contributors is given below (see also Table 3.2), together
with details of the codes and nuclear data used by the contributors. The results from the Oak Ridge
National Laboratory were taken from the report “Analysis of the VENUS-3 Experiments”
(August 1989, NUREG/CR-5338, ORNL/TM-11106) by R.E. Maerker [13].

1. OECD/NEA, France
Participant: I. Kodeli (Consultant)
Code: TORT
Cross-section library: BUGLE-96
Response functions: IRDF-90 V.2
Remarks:
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CSN, UNESA, DENIM, CIEMAT, TECNATOM, Spain
Participant: J.M. Perlado, J. Marian and J. Garcia Sanz
Code: MCNP-4B

Cross-section library: ENDF/B-VI and DLC189/MCNPXS
Response functions: IRDF-90 V.2

Remarks:

Korea Power Engineering Co. (KOPEC), Korea
Participant: B.J. Moon and H.R. Hwang
Code: TORT

Cross-section library: BUGLE-96

Response functions: IRDF-90 V.2

Remarks:

Siemens AG, Germany

Participant: W. Hofmann and J. Koban

Code: TORT2.7.3

Cross-section library: EURLIB-VI/N 175 (ENDF/B-VI)
Response functions: IRDF-90 V.2

Remarks:

IKE University of Stuttgart, Germany

Participant: G. Hehn, A. Sohn, M. Mattes and G. Pfister

Code: TORT3.1

Cross-section library: BUGLE-96 (low precision) and VIT-J (high precision)
Response functions: BUGLE-96 and IRDF-90 V.2

Remarks:

NRG (former ECN), The Netherlands

Participant: R. van der Stad and A. Hogenbirk

Code: MCNP-4A

Cross-section library: EJ2-MCNP (based on JEF-2.2)
Response functions: IRDF-90 V.2

Remarks:

Penn State University', USAF Academy’, and SCK/CEN’, USA and Belgium

Participant: A. HaghighgtG. Sjodehand H. Ait Abderrahirh

Code: PENTRAN

Cross-section library: BUGLE-96

Response functions: BUGLE-96 and ELXSIR for DPA cross-sections

Remarks: PENTRAN (a 3-D paralle| Sode) has been operated on an IBM SP2 with
32 processors

Oak Ridge National Laboratory (ORNL), USA
Participant: R.E. Maerker

Code: DOT4 and ANISN

Cross-section library: ELXSIR (ENDF/B-1V and V)
Response functions:

Remarks:
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CHAPTER 4
Benchmark results of VENUS-1

In the past, the prediction of neutron embrittlement in pressure vessel material was based mainly
on one- and two-dimensiona transport calculations. The results of the VENUS-1 benchmark thus
reflect the degree of accuracy obtained in calculating fast neutron fluences in two-dimensional
geometry. Equivalent fission fluxes had been measured for five reactions, namely *Ni(n,p), *“In(n,n"),
Rh(n,n"), “*U(n,f) and *'Np(nf).

The detectors were placed along the core mid-plane at 34 locations in the outer core region, the
core baffle, the water reflector, the core barrel and the neutron pad (see Figure 4.1). Using this
arrangement, the cal culated equivaent fission fluxes could be checked from the major neutron sources
in the outer core region up to the neutron pad and the second water layer on the inner side of the
pressure vessel. Additionally, the theoretical quantities, i.e. fluxes above 1 MeV, above 0.1 MeV and
DPA rates are investigated. The VENUS-1 measurements represent the complex structure of the vessel
internals, but do not cover the vessel wall itself.

The benchmark results supplied were dominated by 2-D S, methods, with eight contributors, one
Monte Carlo application and one in-house transport code comparable to BOXER. Calculation details
supplied by participants are given in Appendix B.1.

4.1 Comparison of calculated equivalent fission fluxes with measur ements

All the benchmark calculation results supplied by contributors were correlated to the measurement
and plotted as C/E values in Figures 4.2 to 4.6 separately for each type of reaction. The experimental
equivalent fission fluxes are given in Tables 4.1 and 4.2 for stainless steel zones and water zones,
respectively.

The Ni detector covers the flux above 3 MeV. The results for the ®Ni(n,p) detector progressively

deteriorate outside the core across the water and stainless steel zones. The experimental results for the
Ni detector in the barrel region are suspected to be 10% too high (due to a possible error of power
level re-scaling after the experiment). Even though the doubtful experimenta results in the barrel
region are taken into account, a decreasing trend in C/E is till observed when moving towards the
outside of the core. This means that the diffusion buckling correction cannot give a valid result for the
Ni detector, especially outside the core because of its high energy response.
The results for the *’In(n,n’) detector are consistently good (better than for the Ni detector) and do
not display any significant degradation when moving away from the core. It is worth noting this point
since the In detector is a very important detector, covering the flux above 1 MeV and corresponding to
the local variation of the DPA rate.

The initial results obtained for the *“*Rh(n,n’) detector using ENDF/B-VI and IRDF-90 Version 2
cross-sections reflect the large difference in the Rh cross-section given in these two data files.
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The ENEA (ltaly) made a comparative study on the basis of these two files. This study clearly shows
that the "“Rh cross-sections in BUGLE-96 are not good and that IRDF-90 Version 2 cross-sections
yield consistent results compared with the experimental data[14].

The measurements for the “*U(n,f) detector include the photo-fission effect plus approximately
4%, which is not contained in all calculations. The C/E results must therefore be adjusted by +4%.
The experimental results for the *'Np(n,f) reaction aso include the photo-fission effect plus
approximately 3%, which is not included in the calculated results. The C/E results must therefore be
adjusted by +3%. SCK-CEN (Belgium), KOPEC (Korea) [15], CAB (Argentina) [16] and ENEA
(Italy) [17] subsequently took into account the thermal cut-off attributable to the Cd screen around the
Np detector, which had not been stated in the original specification of the benchmark.

For detector positions at an an@le 45° the accuracy of calculations is lower and deteriorates as
the distance from the core increases. This trend is shown in Figures 4.7 to 4.11 for each type of
detector, and is mainly attributable to the lack of material symmetry which is assumed with reflective
boundary condition.

4.2 Comparison of theoretical quantities

The theoretical quantities considered in the benchmarks are important parameters for the
prediction of neutron embrittlement in pressure vessel material. The lead factors, expressed as the ratio
of fast neutron fluence or DPA between several surveillance capsules and the crucial parts of the
pressure vessel, are used to correlate the neutron damage in the pressure vessel to the measured
embrittlement of the material probes in the surveillance capsules. In order to compare the calculated
fast neutron fluxes or DPA rates of the benchmarks, it would be possible to plot absolute or better
relative values provided that a suitable conceptual framework could be established. In a detailed
diagnostic analysis of the VENUS benchmarks it has been shown that the complex spatial dependence
of the In reaction rate (or equivalent fission flux) is exactly proportional to the fast neutron flux above
1 MeV and also to the DPA rate [18]. In an approximation it can also be applied to the fast neutron
flux above 0.1 MeV. Therefore it was reasonable to correlate all three theoretical quantities with the
same C/E values of the In equivalent fission flux and to define a divisor representing the theoretical
quantity of a reference calculation (e.g. IKE 7 calculation or any other) weighted with the relevant
reciprocal C/E values of In.

The absolute values of the calculated DPA rate are compared in Figure 4.12(a), showing a rather
broad scatter band af20% over all detector positions. Further details can be obtained from the
relative values of the DPA rate, as shown in Figure 4.12(b). The main difference lies in the two types
of iron DPA cross-section used, the old ASTM data and current data produced from ENDF/B-VI or
JEF-2.2, which differ by 20% [18].

The inherent deficiencies of two-dimensional transport calculations, which suffer from
approximations such as diffusion based axial buckling corrections and proper axial averaging of
sources or material configurations, have a strong influence on the comparison of fast neutron fluxes.
This is shown in Figures 4.13(a) and 4.13(b) for the neutron flux above 1 MeV, and in Figures 4.14(a)
and 4.14(b) for the neutron flux above 0.1 MeV.
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4.3 Summary of VENUS-1 results

The results reveal that the main source of inaccuracy in the VENUS-1 results is the diffusion
theory based buckling correction which works best within the reactor core but fails outside of the core,
resulting in an underestimation of reaction rates by ~10% at those detector positions. This general
trend might be due to the buckling correction, as for the *Ni detector case. The VENUS-1 coreis very
small (50 cm of axia length). Thus, the axial profile at the core mid-planeisnot asflat asit isin taller
cores and the buckling correction fails when it tries to represent the axia leakage, especialy the fast
one. This effect could be reduced with an adequate choice of the diffusion coefficient. A more or less
extended practice for small cores is to take D =1 cm for al energy groups, which reduces leakage
from the higher energy groups more than that from epithermal groups. This results in a general
overestimation in calculations, but this increase will be greater at positions far from the core, and then
the observed underestimation of C/E at those positions will be reduced [16,18]. The main problem in
2-D dosimetry calculations is determining the right buckling correction.

KOPEC examined three different methodologies to treat axial leakage in two-dimensional
calculations. These three methodol ogies are described in Section 8 of Appendix B.1.

ENEA compared two calculations based on plane (x,y) and polar (r,8) geometry respectively.
The most accurate global results were those obtained from the polar geometry caculation. The detailed
results of the calculations for these two different geometries can be found in [14].

In transport calculations (for distances up to the pressure vessdl), cross-sections approximated by
afew energy group structure (e.g. BUGLE) result in the overestimation of results (about 2%) compared
with the use of afine energy group structure.

In choosing the right S P, approximation, it would appear that a S,P, calculation is sufficient for
in-vessel dosimetry. An increased effort with S,P, approximation has a negligible effect on the results.
But for ex-vessel dosimetry a higher effort is to be expected concerning the S,P, approximation as well
as the few group structure.

A further contributing factor to the deterioration of the results outside of the core region (apart
from the diffusion based buckling approximation) may still be the iron cross-section in steel zones
(despite recent improvements in the ENDF/B-VI datafile).

An appropriate choice of the geometrical interval structure is very important. If the detector
positions do not fit perfectly in the cell centre, the flux values must be interpolated.

In al the calculations certain detector positions exhibit significantly larger discrepancies with

respect to the experiment than most of the detector positions. This suggests that the measurements at
these few positions might not be correct and a detailed evaluation of uncertaintiesis therefore needed.
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CHAPTER S5
Benchmark results of VENUS-3

In the three-dimensional benchmark, the number of detector positionsisincreased to 344. A large
number of detector positions is needed to describe the streaming of fast neutrons through the complex
three-dimensional geometry of the outer core region, the core baffle, the water reflector and the core
barrel. The detector positions along the mid-plane of the core are shown in Figure 5.1. Axially,
detectors are located at 14 different axial levels between 105 cm and 155 cm. The theoretical target
guantities to be investigated are the same as for VENUS-1, i.e. fluxes above 1 MeV, above 0.1 MeV
and DPA rates. The experimental target quantities, however, are reduced to three reactions with
*Ni(n,p), *In(n,n’) and “Al(n,a). The Ni detector is comparable to fluxes above 3 MeV, the In
detector to fluxes above 1 MeV and DPA rates, and the Al detector indicates the extreme hard end of
the neutron spectrum above 8 MeV. The caculated reaction rates, or more precisely, the equivaent
fission fluxes are compared with measured values directly, whereas the theoretical target quantities have
been correlated to the C/E values of the In reaction. Up to eight independent results have been
contributed, comprised of five 3-D S, calculations with different degrees of detail, two Monte Carlo
contributions and one flux synthesis method. Calculation details supplied by participants can be found
in Appendix B.2.

5.1 Comparison of calculated equivalent fission fluxes with measurements

The C/E vaues of al contributed results of equivalent fission fluxes are plotted together for the
Ni detector in Figure 5.2, for the In detector in Figure 5.3 and for the Al detector in Figure 5.4.
Because of a large number of Ni detector positions, Figure 5.2 is split into four separate figures
(Figures 5.2.1(a), 5.2.1(b), 5.2.2(a) and 5.2.2(b)). The experimental equivalent fission fluxes are given
in Tables 5.1, 5.2 and 5.3 for Ni, In and Al detector positions, respectively. In modelling the
VENUS-3, because of the partial-length shielded assemblies, the flux synthesis methodol ogies become
inaccurate, even at the core mid-plane. Since only medium penetration depths of fast neutrons needed
to be treated, this helped to improve the Monte Carlo statistics, whereas the large number of detectors
increased the calculation effort appreciably. The vast magjority of results were therefore produced by
means of three-dimensional S, methods comprising calculations with high and low precision as well.
With few exceptions, all three-dimensional Monte Carlo and S results fit within a narrow band of
+10% around the measurements, which is a notable improvement on the scatter band of about £20%
shown in the VENUS-1 benchmark. The few larger deviations are concentrated within the horizontal
planes a the upper and lower core edges with appreciably lower flux values, which are of minor
importance with regard to pressure vessel damage.

More precise S, calculations, especialy with fine spatia mesh and multi-group structure, show

deviations lower than +5% to the experiment, mainly in the high flux region where 77% of all
detectors are located, and dlightly larger deviations in the low flux region at the axial core edges,
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where the remaining 23% of detectors are located. Typically at the detector positions with larger C/E
values, similar systematic deviations can be observed in most calculations, indicating a greater degree
of uncertainty in measurements at those locations.

5.2 Comparison of theoretical quantities

The important theoretical quantities such as DPA rates and fast neutron fluxes above 1 MeV and
above 0.1 MeV cannot be directly correlated to the measured values of the benchmark. Thus the
calculated absolute values must be compared. However, given that the In detector is a good indicator
for the spatial variation of the DPA rate and the fast neutron flux above 1 MeV, the C/E values of the
In reaction were applied to construct an appropriate reference value [18]. To obtain this divisor the
theoretical quantity of a reference calculation (e.g. IKE-1 calculation or any other) is weighted with
the relevant reciprocal C/E value of the In reaction. In an approximation the same procedure could
aso be applied to the flux above 0.1 MeV.

The caculated DPA rates of the benchmark VENUS-3 exhibit a relatively large scatter band
which is illustrated in Figure 5.5(a) for absolute values. Further details can be seen in the plot of
Figure 5.5(b), where the DPA rates are given in relation to the C/E values of In. It is clearly apparent
that two versions of DPA cross-sections differing by 20% have been applied in the S, calculations.
DPA rates calculated with the data from ASTM-82 are significantly underestimated compared with
those derived from new iron data of ENDF/B-VI. A slight underestimation (2-4%) is observed in the
results of IKE-2, where the energy integration is restricted to E > 0.1 MeV. A shift of 15% may be
seen between both Monte Carlo results.

The intercomparison of the calculated fast neutron fluxes above 1 MeV is given in Figure 5.6(a)
for the absolute values showing a reduced scatter band compared to the DPA rate. With the improved
diagnostic possibilities of the relative values shown in Figure 5.6(b), the calculated results of fast
neutron fluxes can be classified as follows:

The major group of the S, calculations has a scatter band of +5% or better. There is a smaller
group of S, calculations with a broader band of £10%. The Monte Carlo results belong to this group.
In each group there are a few larger deviations, which coincide very well with the minima in
Figure 5.6(a), indicating a higher uncertainty of the In measurements at these detector positions.

Finally, similar conclusions can be drawn for the fast neutron flux above 0.1 MeV as shown in
Figures 5.7(a) and 5.7(b).
5.3 Summary of VENUS-3 results

From the three-dimensional VENUS-3 benchmark two main conclusions can be drawn:

» Overdl the 3-D VENUS-3 results are far superior to the 2-D VENUS-1 results. Thisis mainly
due to the lack of any buckling approximation in 3-D calculations.

e The 3-D results of the TORT, PENTRAN and MCNP codes are within the target accuracy of
+10% desired for dosimetry calculations. If necessary, more precise calculations are possible
with deviations of £5% with regard to the measurements.
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It was discussed that presenting dosimetry calculations in the form of “equivalent fission fluxes”
can adversely affect results by introducing an additional uncertainty due to calculation of the “fission
averaged dosimeter cross-section”, because the reaction rate is the primary quantity calculated.
Ideally, the fission averaged dosimeter cross-section should be provided by the experiment. In the
absence of this experimental constant, the fission averaged dosimeter cross-section has to be
calculated. In the benchmark each participant calculated the fission averaged dosimeter cross-section
from the basic fine group detector response cross-sections contained in the IRDF-90 V.2 and
ENDF/B-VI (BUGLE-96) data files. These calculated values differ up to 8% due to the different
number of energy groups that each participant used in the calculations. The possible improvement or
deterioration of results will be analysed in the following chapter.

KOPEC carried out two different calculations: the synthesising calculation using 2-D DORT and
the 3-D TORT calculation. While the synthesising calculation provides unsatisfactory results for the
detectors located far from the selected azimuthal angle for the DORT XZ model, the TORT calculation
shows a good level of consistency withkit0% with the experimental data and gives consistent results
for all regions and all detectors [19].

It is worth noting that the PSU group performed their calculation with the PENTRAN code in a
parallel environment using an IBM SP2 computer with 32 processors. This calculation required only
1.5 hours, while resulting in a similar accuracy (withif®% of the experimental data) as that achieved
by the TORT code using the same few group library BUGLE-96.
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CHAPTER 6
Uncertainties of benchmark calculations and measurements

Every calculated or measured value of a given physical quantity possesses uncertainties, which
can be summarised by error bars around the point values shown in al figures mentioned previously.
Asiswdl known from the gtatistical standard deviations of Monte Carlo results, an uncertainty band
has to be attributed to each curve representing mean values of the quantity calculated.

It is the existence of al relevant uncertainties which requires that the calculation procedures of
fast neutron fluence in the reactor pressure vessel be benchmarked to measured results in clean
experimental configurations designed specifically for RPV situations.

The uncertainties involved in reactor fluence determination can be classified into several distinct
types. generic uncertainties (such as in cross-sections) which will apply to fluence determination in
general, and specific uncertainties (such as reactor dimensions) which apply to individua cases.
Specific uncertainties only affect a single or a few cases of fluence evaluation and therefore are not
defined by measurements in benchmark fields. Generic uncertainties can be divided into random
uncertainties and systematic uncertainties. The generic uncertainties can be determined from uncertainty
estimate parameters and by gathering data from benchmarks in order to investigate systematic bias and
scatter of both measurements and calculations. Random uncertainties will introduce scatter in the
results, and data correlation enables this scatter to be defined and provides a check on the assessment
of the random component of the assumed errors. Systematic uncertainties will bias the result in the
same direction in each application. These biases can be identified through a comparison of
calculations and measurements, but these comparisons cannot necessarily identify the source of the
bias in order to eliminate it. Thus the impact of known biases when applied in new situations (e.g.
geometries that have not been benchmarked) will remain a source of uncertainty [20].

Results of calculations are subject to many uncertainties relating, for example, to geometrical and
computational variables, nuclear constants characteristics, modelling assumptions, mathematical
approximations, fine energy structure in the neutron spectrum, etc. In general, given the complexity of
the physical phenomena involved, on the one hand, and the variety of measurement and computational
methods currently used to address the same phenomena on the other, further standardisation and
discipline isfelt necessary to increase data comparability in all aspects of reactor safety with the result
that the use of in-house codes will be finally abandoned.

6.1 Uncertaintiesin the calculated benchmark results

Sensitivity and uncertainty analyses have been performed by the OECD/NEA to correlate the
uncertainties of fast neutron flux and reaction rates calcul ated at detector positionsin the reactor barrel
of VENUS-3. This was done with the given uncertainties of input quantities such as source spectrum,
spatia distribution, and absolute power as well as transport cross-sections and detector activation
cross-sections [21]. The relative uncertainty of the calculated fast neutron flux above 1 MeV amounts
to 7%, as shown in Table 6.1. Compared to the fast flux in a surveillance probe position in a rea
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PWR, only the uncertainty resulting from the iron cross-sections is underestimated in VENUS-3 by
about a factor of 2, since the surveillance capsules are placed outside the reactor barrel, whereas all
other contributions to the total uncertainty are properly covered in the benchmark. With regard to the
reaction rates in the reactor barrel, the relative uncertainty of *°In(n,n’) amounts to 7%, of **Ni(n,p)
to 9%, and of 2’Al(n,a) to 14%. This holds for the reaction rates as target quantities. If for the derived
quantity of equivalent fission fluxes a full cross-correlation of the denominator (fission spectrum and
response function) is assumed, the relative uncertainties are significantly reduced to about 6% for the
In detector, 6% for the Ni detector, and 7% for the Al detector. These uncertainties represent upper
boundaries for al detectors placed nearer to the reactor core.

The fission spectrum (**U) averaged detector cross-sections, used by each contributor to convert
the primary cal culated reaction rates into equivalent fission fluxes, are presented in Tables 6.2 and 6.3
for VENUS-1 and VENUS-3, respectively, and have been compared in Tables 6.4 to 6.6. There are
two different origins for the detector cross-sections from IRDF-90 Version 2 and from ENDF/B-VI/V.
To show the relative deviations, in Table 6.4 a mean value is produced from continuous energy and
multi-group representations. These reference values are applied in the few group approximations of
Tables 6.5 and 6.6. With regard to the IRDF-90 Version 2 data, the variation in the denominator is
relatively small and shows the largest deviations of -3% for the NEA result of In and -2.7% for the
JAERI result of Ni. This results in In reaction rates of the NEA being lower by 3% compared to the
equivalent fission fluxes of Figure 5.3 and the Ni reaction rates of JAERI being lower by 2.7%
compared to Figure 4.2.

There are larger deviations of the denominator in Table 6.6 if the original BUGLE-96 detector
cross-sections are used based on ENDF/B-VI. The KOPEC and PSU denominators for the Al reaction
are higher by 8%, which means that their Al reaction rates are higher by 8% compared to their
equivalent fission fluxes of Figure 5.4. This large deviation is observed for high energetic neutrons.
For the total energy range of fast neutrons the **In(n,n") reaction is more appropriate. Here we get in
Table 6.6 a small underestimation of the denominator of about -3%, which means that the In reaction
rates of KOPEC and PSU are reduced by 3% compared to the pertaining equivalent fission fluxes
shown in Figure 5.3 for VENUS-3. The same holds true for the KOPEC results in Figures 4.3 and 4.8
of VENUS-1.

In Maerker's ORNL publication, measured values of the fission averaged detector cross-sections
are given, which deviate slightly between -2% and +3% from the chosen theoretical references [13].
The equivalent fission fluxes of ORNL/Maerker were derived from the measured fission averaged
detector cross-sections of Mol. For the reaction rates the old BUGLE data from ENDF/B-V were
applied. Such ORNL results cannot profit from the uncertainty reduction by anti-correlation of the
denominator quantities, and must additionally include the uncertainty of the measured fission averaged
detector cross-sections.

One particular problem with the Monte Carlo results lies in their inherent statistical fluctuations,
with the result that besides the calculated mean values of the quantities their standard deviations also
have to be supplied. The three Monte Carlo applications supplied by NRG (for VENUS-1 and
VENUS-3) and Spain (for VENUS-3) used two different versions of the MCNP code. The standard
deviations of the calculated benchmark results for VENUS-3 are included in the C/E plots, as shown
in Figures 6.1 to 6.3 for each detector type. There are commonly some larger underestimations, which
are independently produced by 8alculations, as well. These special detector positions should be
discussed with the experimental uncertainties in detail. There is a slight tendency of underestimation
observed in NRG’s In and Al results. So far the uncertainties treated were mainly related to the
benchmark results of VENUS-3.
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The results of VENUS-1 are dominated by principal approximations of two-dimensional transport
calculations. It has been shown that the diffusion based buckling correction of the axial neutron
streaming in the material layers outside the reactor core overestimates the axial flow, resulting in a
radially increasing underestimation [18]. Therefore a better fit of the axial buckling correction had
been proposed and applied. There are further problems with appropriate averaging of the axia
variation of the neutron source in the reactor core and averaging of material configurations outside the
core. In both multi-dimensional SxPL approximations the accuracy of the results depends on the spatia
mesh, the details of the energy group structure and the anisotropy of fluxes and cross-sections taken in
the calculational effort [18]. For in-vessel dosimetry SsPz approximations are adequate. Interpolation
of reaction rates to the exact position of the detectors is required normally. For routine fast fluence
calculations the few group structure of BUGLE-96 is sufficient.

6.2 Uncertainties given for the benchmark experiments

The PWR mock-up, the VENUS facility at SCK-CEN, Mol in Belgium carefully represents the
pressure vessel internals of a Westinghouse three-loop reactor with two core loading configurations:
VENUS-1, simulating a fresh PWR core, and VENUS-3, simulating a partial length shielded assembly
in which the fuel is partially replaced by steel in the outermost fuel rows. The dimensions and
composition of materials are measured and specified precisely, which is not possible in a real PWR in
operation. The same holds for the measurements of fast neutrons, with various threshold detectors at
several hundred positions inside the pressure vessel. Furthermore the carefully measured reaction rates
were related directly to the reaction rates in a given pure fission spectrdtt,afesulting in highly
accurate values of equivalent fission fluxes, also unthinkable in real PWR configurations.

The relevant literature cites the relative uncertainty of the neutron fission source with regard to
absolute power below 4% and the source space distribution between 1.5% and 4%. The relative
uncertainty of the individual measured reaction rates is given as 3% and the estimated composite of all
measurement uncertainties of the equivalent fission fluxes is below 5%. In high precision calculations
of the complex three-dimensional neutron field of VENUS-3 about 77% of all detectors concur within
5% with the measured equivalent fission fluxes, which is a perfect fit between the measurements and
the calculated values. On the other hand, the largest deviations between measurements and calculations
accumulate at the extreme top and bottom locations of the active core region. At these “poor” detector
positions nearly all calculations demonstrate a common large underestimation in the C/E values of the
equivalent fission fluxes, as well as in the relative values of the important theoretical quantities such as
DPA rates and fast neutron fluxes. These “poor” detector positions correspond exactly to the sharp
minima in the curves of the absolute theoretical quantities. This comparison of measurements and
calculations clearly indicates a systematic overestimation of the measurements (more than 5%) for the
detector positions with extremely low reaction rates.
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CHAPTER 7

Conclusions

With an increasing number of power reactors world-wide now approaching the end of their
design life, decisions must be made with regard to final shutdown or possible plant life extension.
Thus, benchmarks for ex-core neutron fluence determination are urgently needed.

The benchmark calculations obtained from the PWR mock-up experiment VENUS-1 have made
it possible to clarify the capabilities and limits of two-dimensional neutron transport calculations.
For over twenty years, two-dimensional transport calculations have been the principal method used to
determine the fast neutron fluence responsible for the neutron embrittlement of reactor pressure vessel
walls. Mainly due to the diffusion based axial buckling correction, it has been demonstrated that a
relative difference between measurement and calculation of £20% has to be taken into account. A given
uncertainty of the measurement amounts to £5%. This has been shown by about 20 independent
calculations contributed to the VENUS-1 benchmark from around the world. For more than 15 years
two-dimensional transport calculations have been the basis of the flux synthesis method for routine
calculation of the so-called lead factors used to correlate the neutron embrittlement at critical locations
(weld seams) in the pressure vessel to the measured embrittlement of the surveillance probes.

In determining the fast neutron fluence in the pressure vessel of large power reactors, the
influence of the axial buckling correction is smaller than in the VENUS-1 benchmark. However, in
two-dimensional calculations, there still remains a problem in treatment of axial core power variation.
Furthermore, the axia coolant density changes in the reactor core have to be properly approximated.
This fact becomes more important in boiling water reactors. These two effects are not present in the
VENUS-1 benchmark.

To improve neutron fluence determination the more complex three-dimensional PWR mock-up
experiment, VENUS-3, has been studied with 14 independent benchmark calculations. The latest
versions of three-dimensional transport codes such as TORT, PENTRAN and MCNP have been
validated and in a decisive finding it has been shown that the results for the three-dimensional
benchmark VENUS-3 are in general appreciably closer to the experimental values than for the
two-dimensional benchmark VENUS-1. In more than 200 positions of threshold detectors the
difference, which has to be regarded between measurement and calculation, amounts to £10%. This can
be reached by three-dimensiona S,P, calculations, even with the few group library BUGLE-96, which
meets the present routine requirements of in-vessel dosimetry. The same uncertainty is observed with
regard to the Monte Carlo results based on two versions of the MCNP. As a result of magjor advances
in hardware development, it is now possible to carry out three-dimensional calculations with S, codes
for neutron fluence calculations in multi-group versions, e.g. with the energy details of VITAMIN-J
(175) or EURLIB (100) group structures. In 77% of all detector positionsin VENUS-3 the concordance
between high-precision calculations and measurements was improved to better than £5%, the figure
quoted for the overall uncertainty of experimental results. Transferring the transport codes to the
latest massive parallel computers will significantly reduce the long computing times required for
three-dimensional calculations.

33



As afollow-up to these benchmark exercises, a comprehensive analysis with uncertainties of some
exceptional experimental values would be necessary, as soon as they become available, to better
understand the origin of systematic discrepancies for certain detector positions. The use of MOX fuel
in LWRs presents different neutron characteristics and it would therefore be of interest to develop a
benchmark for MOX fuelled reactors.
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Table5.1.1. VENUS-3: Experimental equivalent fission
fluxes of nickel detectorsat inner and outer baffle locations

M easur ement Axial level e
position A (cm) NI,
Inner baffle
(-1,+2) 8.1° 114.50 1.233E+09
131.45 1.743E+09
131.55 1.760E+09
145.50 1.248E+09
(-1-1) 45.0° 114.50 1.474E+09
131.45 2.086E+09
131.55 2.097E+09
145.50 1.523E+09
Outer baffle
(-29,+2) 0.9° 106.50 9.802E+07
110.50 1.360E+08
114.50 1.750E+08
118.50 2.106E+08
122.50 2.576E+08
125.50 3.085E+08
128.50 3.880E+08
131.50 5.003E+08
134.50 5.571E+08
137.50 5.731E+08
141.50 5.544E+08
145.50 4.945E+08
149.50 4.052E+08
153.50 2.912E+08
(-29,-2) 8.1° 114.50 1.636E+08
131.50 4.639E+08
145.50 4.638E+08
(-29,-7) 16.8° 114.50 1.362E+08
131.50 3.803E+08
145.50 3.778E+08
(-29,-12) 24.7° 114.50 9.002E+07
131.50 2.211E+08
145.50 2.167E+08
(-27,-14) 29.2° 114.50 1.059E+08
131.50 2.395E+08
145.50 2.220E+08
(-22,-14) 34.0° 114.50 3.080E+08
131.50 5.194E+08
145.50 4.341E+08
(-17,-14) 40.2° 114.50 6.242E+08
131.50 9.238E+08
145.50 7.106E+08




Table5.1.2. VENUS-3: Experimental equivalent fission
fluxes of nickel detectors at core barréd locations

M easur ement Axial level BN
position Hrgle (cm) Ni(n,p)
Corebarr€
(-37,+2) 0.7° 106.50 1.694E+07
110.50 2.221E+07
114.50 2.824E+07
118.50 3.597E+07
122.50 4.388E+07
125.50 4.936E+07
128.50 5.539E+07
131.50 6.090E+07
134.50 6.453E+07
137.50 6.676E+07
141.50 6.438E+07
145.50 5.873E+07
149.50 4.932E+07
153.50 3.757E+07
(-37,-5) 10.8° 114.50 2.486E+07
131.50 5.210E+07
145.50 5.039E+07
(-35,-12) 21.1° 106.50 1.415E+07
110.50 1.923E+07
114.50 2.383E+07
118.50 2.960E+07
122.50 3.559E+07
125.50 4.042E+07
128.50 4 540E+07
131.50 5.030E+07
134.50 5.411E+07
137.50 5.520E+07
141.50 5.348E+07
145.50 4.780E+07
149.50 4.042E+07
153.50 3.071E+07
(-34,-15) 25.6° 114.50 2.187E+07
131.50 4.348E+07
145.50 4.092E+07
(-33,-17) 28.8° 114.50 2.108E+07
131.50 3.942E+07
145.50 3.673E+07
(-31,-20) 33.9° 114.50 2.880E+07
131.50 4.480E+07
145.50 3.927E+07
(-28,-24) 41.0° 114.50 2.534E+07
131.50 3.764E+07
145.50 3.059E+07
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Table5.1.3. VENUS-3: Experimental equivalent fission
fluxes of nickel detectors at core barréd locations

M easur ement Axial level e
position AT (cm) Ni(n.p)
Corebarre€

(-26,-26) 45.0° 106.50 1.749E+07
110.50 2.249E+07
114.50 2.743E+07
118.50 3.162E+07
122.50 3.529E+07
125.50 3.743E+07
128.50 3.848E+07
131.50 3.864E+07
134.50 3.843E+07
137.50 3.811E+07
141.50 3.508E+07
145.50 3.090E+07
149.50 2.545E+07
153.50 1.974E+07

(-12,-35) 68.9° 106.50 3.421E+07
110.50 4.652E+07
114.50 5.720E+07
118.50 6.502E+07
122.50 7.095E+07
125.50 7.478E+07
128.50 7.515E+07
131.50 7.681E+07
134.50 7.491E+07
137.50 7.236E+07
141.50 6.641E+07
145.50 5.715E+07
149.50 4.667E+07
153.50 3.445E+07

(+2,-37) 89.3° 106.50 4.321E+07
110.50 5.814E+07
114.50 7.080E+07
118.50 8.203E+07
122.50 8.938E+07
125.50 9.403E+07
128.50 9.540E+07
131.50 9.618E+07
134.50 9.429E+07
137.50 9.057E+07
141.50 8.207E+07
145.50 7.174E+07
149.50 5.807E+07
153.50 4.317E+07
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Table5.1.4. VENUS-3: Experimental equivalent fission
fluxes of nickel detectorsat water gap locations

M easur ement Axial level o
position AT (cm) Ni(n.p)
Water gap

(-33,+2) 0.81° 106.50 3.736E+07
110.50 5.027E+07
114.50 6.366E+07
118.50 7.684E+07
122.50 9.566E+07
125.50 1.124E+08
128.50 1.330E+08
131.50 1.509E+08
134.50 1.646E+08
137.50 1.680E+08
141.50 1.636E+08
145.50 1.448E+08
149.50 1.207E+08
153.50 8.650E+07

Table5.1.5. VENUS-3: Experimental equivalent fission fluxes of
nickel detectorsat partial length shielded assembly (PL SA) locations

M easur ement Axial level e
position AT (cm) Ni(n.p)
PLSA

(-27,+3) 0.97° 106.50 1.648E+08
110.50 2.296E+08
114.50 2.947E+08
118.50 3.548E+08
122.50 4.275E+08
125.50 5.062E+08
128.50 6.752E+08

(-27,+2) 0.97° 131.05 1.084E+09
134.15 1.234E+09
137.25 1.280E+09
141.35 1.227E+09
145.45 1.108E+09
149.55 9.125E+08
153.65 7.026E+08




Table5.1.5. VENUS-3: Experimental equivalent fission fluxes of
nickel detectorsat partial length shielded assembly (PL SA) locations (cont.)

M easur ement Axial level e
position AT (cm) Ni(n.p)
PLSA

(-25,+3) 1.04° 106.50 2.713E+08
110.50 3.843E+08
114.50 4.896E+08
118.50 5.899E+08
122.50 6.947E+08
125.50 7.980E+08
128.50 1.025E+09
131.05 1.617E+09
134.15 1.846E+09
137.25 1.897E+09
141.35 1.846E+09
145.45 1.628E+09
149.55 1.354E+09
153.65 1.033E+09

(-23,+2) 1.12° 131.05 2.280E+09
134.15 2.426E+09
137.25 2.443E+09
141.35 2.309E+09
145.45 2.030E+09
149.55 1.656E+09
153.65 1.250E+09

(-23,+3) 1.12° 106.50 5.115E+08
110.50 7.161E+08
114.50 9.113E+08
118.50 1.094E+09
122.50 1.264E+09
125.50 1.400E+09
128.50 1.624E+09

(-27,-9) 21.3° 106.50 1.141E+08
110.50 1.480E+08
114.50 1.793E+08
118.50 2.212E+08
122.50 2.646E+08
125.50 3.204E+08
128.50 4.479E+08
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Table5.1.6. VENUS-3: Experimental equivalent fission
fluxes of nickel detectorsat 3.3% fuel locations

M easur ement Axial level e

position AT (cm) Ni(n.p)

3.3% fue

(-21,+2) 1.2° 106.05 9.316E+08
110.15 1.282E+09
114.25 1.644E+09
118.35 1.986E+09
122.45 2.276E+09
125.55 2.494E+09
128.65 2.683E+09
131.75 2.860E+09
134.85 2.925E+09
137.95 2.855E+09
141.05 2.744E+09
145.15 2.406E+09
149.25 1.967E+09
153.35 1.473E+09

(-19,+3) 1.3° 106.05 1.141E+09
110.15 1.589E+09
114.25 2.014E+09
118.35 2.424E+09
122.45 2.774E+09
125.55 2.988E+09
128.65 3.160E+09
131.75 3.267E+09
134.85 3.295E+09
137.95 3.218E+09
141.05 3.046E+09
145.15 2.679E+09
149.25 2.195E+09
153.35 1.651E+09

(-22,+0) 5.8° 106.05 7.661E+08
110.15 1.057E+09
114.25 1.350E+09
118.35 1.620E+09
122.45 1.876E+09
125.55 2.067E+09
128.65 2.280E+09
131.75 2.527E+09
134.85 2.628E+09
137.95 2.622E+09
141.05 2.495E+09
145.15 2.209E+09
149.25 1.829E+09
153.35 1.376E+09
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Table5.1.6. VENUS-3: Experimental equivalent fission
fluxes of nickel detectorsat 3.3% fud locations (cont.)

M easur ement Axial level e

position AT (cm) Ni(n.p)

3.3% fue

(+2,-23) 88.6° 106.05 1.285E+09
110.15 1.768E+09
114.25 2.210E+09
118.35 2.606E+09
122.45 2.898E+09
125.55 3.045E+09
128.65 3.120E+09
131.75 3.118E+09
134.85 3.047E+09
137.95 2.894E+09
141.05 2.706E+09
145.15 2.333E+09
149.25 1.888E+09
153.35 1.403E+09
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Table5.2.1. VENUS-3: Experimental equivalent fission fluxes of
indium detectors at inner baffle, outer baffle and water gap locations

Measu_rgment Angle Axial level 0 ()
position (cm)
Inner baffle
(-1,+2) 8.1° 131.50 2.249E+09
(-1,-1) 45.0° 131.50 2.713E+09
Outer baffle
(-29,+2) 0.9° 106.50 1.189E+08
110.50 1.698E+08
114.50 2.181E+08
118.50 2.657E+08
122.50 3.256E+08
125.50 3.871E+08
128.50 4.859E+08
131.50 6.112E+08
134.50 6.915E+08
137.50 7.196E+08
141.50 6.894E+08
145.50 6.182E+08
149.50 5.062E+08
153.50 3.614E+08
Water gap
(-33,+2) 0.8° 106.50 3.767E+07
110.50 5.187E+07
114.50 6.610E+07
118.50 8.268E+07
122.50 9.990E+07
125.50 1.187E+08
128.50 1.405E+08
131.50 1.553E+08
134.50 1.725E+08
137.50 1.835E+08
141.50 1.786E+08
145.50 1.596E+08
149.50 1.344E+08
153.50 1.003E+08
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Table5.2.2. VENUS-3: Experimental equivalent fission
fluxes of indium detectors at core barrel locations

M easqrgment Angle Axial level 5 ()
position (cm)
Corebarre€

(-37,+2) 0.7° 106.50 1.898E+07
110.50 2.632E+07
114.50 3.364E+07
118.50 4.168E+07
122.50 5.081E+07
125.50 5.862E+07
128.50 6.611E+07
131.50 7.527E+07
134.50 7.857E+07
137.50 8.181E+07
141.50 7.946E+07
145.50 7.187E+07
149.50 6.074E+07
153.50 4 538E+07

(-37,-5) 10.8° 114.50 3.114E+07
131.50 6.647E+07
145.50 6.490E+07

(-35,-12) 21.1° 114.50 3.145E+07
131.50 6.527E+07
145.50 6.317E+07

(-34,-15) 25.6° 114.50 2.916E+07
131.50 5.782E+07
145.50 5.406E+07

(-33,-17) 28.8° 106.50 1.616E+07
110.50 2.251E+07
114.50 2.843E+07
118.50 3.422E+07
122.50 4.037E+07
125.50 4. 450E+07
128.50 4.936E+07
131.50 5.326E+07
134.50 5.578E+07
137.50 5.706E+07
141.50 5.482E+07
145.50 4.892E+07
149.50 4.325E+07
153.50 3.041E+07
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Table5.2.3. VENUS-3: Experimental equivalent
fission fluxes of indium detectors at core barrel locations

M easqrgment Angle Axial level 5 ()
position (cm)
Corebarre€

(-31,-20) 33.9° 106.50 1.696E+07
110.50 2.323E+07
114.50 2.884E+07
118.50 3.446E+07
122.50 3.955E+07
125.50 4,336E+07
128.50 4.667E+07
131.50 4.954E+07
134.50 5.079E+07
137.50 5.121E+07
141.50 4.861E+07
145.50 4.393E+07
149.50 3.846E+07
153.50 2.700E+07

(-28,-24) 41.0° 114.50 2.928E+07
131.50 4 457E+07
145.50 3.611E+07

(-26,-26) 45.0° 114.50 3.187E+07
131.50 4.601E+07
145.50 3.651E+07

(-12,-35) 68.9° 114.50 7.292E+07
131.50 1.001E+08
145.50 7.480E+07

(+2,-37) 89.3° 106.50 5.576E+07
110.50 7.180E+07
114.50 8.627E+07
118.50 9.990E+07
122.50 1.101E+08
125.50 1.140E+08
128.50 1.168E+08
131.50 1.159E+08
134.50 1.154E+08
137.50 1.111E+08
141.50 1.006E+08
145.50 8.685E+07
149.50 7.624E+07
153.50 5.050E+07




Table5.3. VENUS-3: Experimental equivalent fission
fluxes of aluminium detectors at variouslocations

M easqrgment Angle Axial level 7Al(n,q)
position (cm)
Inner baffle
(-1,-1) 45.0° 131.50 1.927E+09
(-1,+2) 8.1° 131.50 1.561E+09
Outer baffle
(-29,+2) 0.9° 114.50 1.852E+08
131.50 4.788E+08
145.50 4.765E+08
Water gap
(-33,+2) 0.8° 114.50 8.376E+07
131.50 1.871E+08
145.50 1.782E+08
Corebarr€
(-37,+2) 0.7° 114.50 4,110E+07
131.50 7.669E+07
145.50 7.270E+07
(-37,-5) 10.8° 114.50 3.197E+07
131.50 6.316E+07
145.50 6.026E+07
(-35,-12) 21.1° 114.50 3.159E+07
131.50 6.022E+07
145.50 5.705E+07
(-34,-15) 25.6° 114.50 3.051E+07
131.50 5.328E+07
145.50 4.801E+07
(-33,-17) 28.8° 114.50 2.753E+07
131.50 4.977E+07
145.50 4.330E+07
(-31,-20) 33.9° 114.50 3.168E+07
131.50 5.149E+07
145.50 4.350E+07
(-28,-24) 41.0° 114.50 3.683E+07
131.50 5.481E+07
145.50 4.279E+07
(-26,-26) 45.0° 114.50 3.807E+07
131.50 5.532E+07
145.50 4.231E+07
(-12,-35) 68.9° 114.50 6.806E+07
131.50 8.915E+07
145.50 6.547E+07
(+2,-37) 89.3° 114.50 9.554E+07
131.50 1.202E+08
145.50 8.848E+07
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Table 6.1. Uncertainty results of VENUS-3

Sour ce of uncertainty Uncertainty (%)

Neutron source o>1MeV | ZAl(na) “Ni(n,p) "In(n,n’)

Fission spectrum 4.4 12 6.5 4.4

Source space distribution 1.5-4

Absolute power 4

Detector

Response function 0 14 25 2.2

Cross-sections | H 1.9 1.1 14 1.6
0 0.6 1.6 0.7 0.5
Fe 2 5 2.5 2.1

Total for reaction rates 7.1 14.1 9.0 7.4

Total for equivalent - 7.2 5.7 5.5

fission fluxes

Table 6.2. VENUS-1: Detector cross-sections aver aged with the fission spectrum of **U

Siemens SCK-CEN VTT IKE ENEA
Library IRDF-90V.2 | ELXSIR IRDF-90V.2| IRDF-90V.2 | IRDF-90V.2
basic data EURLIB ENDF/B-V BUGLE-96 | VITAMIN BUGLE-96
groups 1009 56 g 479 1759 479
Ni 0.1050 0.1053 0.1053 0.1072
In 0.1852 0.1795 0.1853 0.1865
Rh 0.7027 0.7031 0.7068
U 0.3043 0.3048 0.3046 0.3074
“Np 1.3490 1.3479 1.3498 1.3555

NRG PSI KOPEC JAERI CAB
Library IRDF-90 V.2 JEFF-1 ENDF/B-VI IRDF-90 V.2 | IRDF-90V.2
basic data - - BUGLE-96 BUGLE-96 BUGLE-96
groups cont. 45¢g 47 g 47 g 47 g
Ni 0.1069 0.1070 0.1027 0.1067
In 0.1855 0.1802 0.1823 0.1854
Rh 0.7035 0.7057 0.6951 0.7000
(IRDF 90 V.2)

U 0.3039 0.3070 0.2985 0.3045
“Np 1.3411 1.330 1.3372 1.3437
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Table 6.3. VENUS-3: Detector cross-sections aver aged with the fission spectrum of **U

VTT NEA SPAIN KOPEC
Library IRDF-90 V.2 IRDF-90 V.2 IRDF-90 V.2 ENDF/B-VI
basic data BUGLE-96 BUGLE-96 - BUGLE-96
groups 479 479 — 47 g
Ni 0.105 0.1063 0.105 0.107
In 0.184 0.1797 0.185 0.1802
Al 7.087E-4 7.32E-4 0.72E-3 7.82E-4
Siemens IKE IKE PSU ORNL
Library IRDF-90 V.2 IRDF-90 V.2 ENDF/B-VI ENDF/B-VI ENDF/B-V
basic data EURLIB VITAMIN BUGLE-96 BUGLE-96 E>0.1MeV
groups 100 g 175¢g 47 g 47 g 38¢g
Ni 0.105 0.1053 0.107 0.1079 0.1085
In 0.1852 0.1853 0.1802 0.1793 0.1903
Al 7.2E-4 7.279E-4 7.821E-4 7.765E-4 7.06E-4
Table 6.4. Fission averaged detector cross-section a[b] in continuous
energy or multi-group representation with data from IRDF-90 V.2
Institutions: NRG SPAIN IKE Siemens
Detector Groups: cont. cont. 175 100 Mean value
Ni on[b] 0.1069 0.105 0.1053 0.105 0.10555
In 0,.[b] 0.1855 0.185 0.1853 0.1852 0.18525
Al oa[b] 0.719E-3 0.720E3 0.7279E3 0.720E3 0.72173E3
Rh OrilD] 0.7035 - 0.7031 0.7027 0.7031
U oy[b] 0.3039 — 0.3046 0.3043 0.30427
“'Np o,[0] 1.341 - 1.3498 1.349 1.3466

Table 6.5. Relative deviation Ac/c[%] of fission averaged detector cross-section
o in few group representation of BUGL E-96 with data from IRDF-90V.2

Reference Institutions:
Detector | o-value of
Table. 6.4 CAB ENEA NEA VTT JAERI
Ni  [0.10555 |o[b] 0.1067 0.1072 | 0.1063 0.105 0.1027
Aolo[%] | +1.09 +1.56 +0.71 -0.52 -2.70
In ]0.18525 |[o[b] 0.1854 0.1865 | 0.1797 0.184 0.1823
Ac/o[%] | +0.08 +0.67 -3.00 -0.67 -1.59
Al 10.72173E3 [o[b] — — 0.7323E-3 | 0.7087E-3 | -
Ac/a[%] - - +1.46 -1.80 -
Rh [0.7031  |o[b] 0.700 0.7068 | - - 0.6951
Aolo[%] -0.44 +0.53 - - -1.14
U 10.30427 |o[b] 0.3045 0.3074 | - - 0.2985
Acla[%] +0.08 +1.03 — - -1.90
“Np [1.3466 o[b] 1.3437 1.3555 | - — 1.3372
Aolo[%] | -0.22 -0.66 - -~ -0.70
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APPENDIX A

Benchmark specifications

A.1. VENUS1






NEA/NSC/DOC(96)25
5 July 1996

. General comments

In this benchmark exercise the goal isto test the current state-of-the-art two-dimensional methods
of calculating neutron flux to reactor components against the measured data of the VENUS-1 critical
experiment.

This is a “blind” test hence the measured values of the equivalent fission flux at specified
VENUS locations are not revealed to the participanpsiori but will be provided when benchmark
results are analysed.

The following documents are included in this distribution package:
*  “VENUS-1: Description of Geometry and Composition of Different Materials”.

* “VENUS-1: Results of Experimental Determination of Relative Power Distribution and
Absolute Level of Reference Power”.

» “Results of Experimental Measurement of Vertical Bucklings in the Core and Outside”.

The content of these documents is briefly characterised in the following sections.

[I. Document No. 1: “VENUS-1: Description of Geometry and Composition of Different
Materials”

Detailed descriptions of the VENUS-1 experiment and the VENUS-1 reactor configuration are
given in the first document. The information given fully specifies all geometry and material data
required in developing the detailed computational model of the 1/8 fraction of the VENUS reactor.

All elements of the VENUS reactor specified in this document should be modelled in the
calculations.

lll. Document No. 2: “VENUS-1: Results of Experimental Determination of Relative Power
Distribution and Absolute Level of Reference Power”

In this second document the measured values of pin power in the units of fiss/s/cell in the 1/8 of
the VENUS core to be modelled in calculations are provided. The pin power distribution entriesin the
table are given as numbers normalised to the core average value of 1 fiss/s/cell.

The provided normalised pin power distributions should be used by the participants to define the
fission source for neutron transport cal culations.

The reference core average fission rate at 100% power is given at 2.1 x 10° (+1.8%) fiss/crm/s and
should be used in any normalisations that may be required in the calculations.
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IV. Document No. 3: “Results of Experimental Measurement of Vertical Bucklings in the Core
and Outside”

This document provides values of experimentally measured axia bucklings in the VENUS-1
configuration of the VENUS reactor. These axial bucklings should be used as input data in the 2-D
neutron transport calculations of the benchmark.

V. Results to be provided and their format

The fission flux measurement points as well as the reactor zones in which they are placed in the
VENUS reactor are defined in Table 1 below. The co-ordinates of the measurement points are given in
three different co-ordinate systems:

e (x,y) co-ordinates with respect to the reactor grid (used in the experiments).

* (x,y) co-ordinates with respect to the core centre (for use in calculational mode!).

» (r,0) co-ordinates with respect to the core centre (for use in calculational model).

IMPORTANT!!

The dimensioning data of the VENUS reactor are given in two different
co-ordinate systems: partially in the (r,6) co-ordinates and partially in the (x,y)

co-ordinates. When developing the geometrical model of the VENUS reactor
for the benchmark transport calculations in either co-ordinate system [i.e. (r,0)

or (x,y)], aneed will arise to transform the VENUS geometrical data from one
co-ordinate system to another. For example, in the (r,8) model of the VENUS
reactor atransformation of dimensioning data from (x,y) co-ordinate system to
(r,8) co-ordinate system will be necessary when modelling neutron sources and
some material zones. Extreme careis advised in performing the co-ordinate
system transformation. In addition, when reporting your results, please
describe your co-ordinate system transformation procedure and criteria/

principles applied as these can affectthe results.

For the measurement points in Table 1 the “equivalent fission flux” and neutron fluxes at
threshold energies, B 1.0 MeV and E> 0.1 MeV should be calculated and reported in Table 2 and
Table 3, defined below. The “equivalent fission flux” is defined as a ratio of calculated reaction rate
(five different reactions to be considered are defined in Tables 2 and 3) and the average dosimeter
cross-section.

In the calculations, the participants are kindly requested to us&DEe-90 Version 2 dosimeter
cross-section data in order to assure comparability between different results.

The following information should be included when reporting the results of the benchmark:

» Description of the calculations procedure (all important information about modelling
assumptions and codes/methods used), im8thod is used then the quadrature set order
should be reported (a symmetric or not quadrature is used?), etc.

e Grid/mesh structure of the model.
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VI.

» The name and version of the point library neutron transport cross-section data and the energy
group structure.

* Method/model used in cross-section collapsing.

* Thename and version of the dosimeter cross-sections data.

e Any other information not listed above but judged by the participant as important in
interpreting this benchmark should be included.

Optional calculations

Three additional but optional calculations are suggested:

1) The participants who wish are kindly invited to calculate the DPA using pre-calculated
neutron spectra. Those DPAs should be reported in columns marképtional DPA” in
Tables 2 and 3.

2) Those participants who wish to test their pin power calculations techniques may compute the
pin power distribution map as given in the Document No. 2 “VENUS-1: Results of
Experimental Determination of Relative Power Distribution and Absolute Level of Reference
Power”. In such a case the results should be reported using an identical format to that of

Figure 2 in this document.

3) The participants who wish to perform the uncertainty analysis of their benchmark calculations
are encouraged to do so as an additional option.
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Table 1. Co-ordinates of VENUS-1 measurement positions

(x,y) co-ordinates

(r,0) in (cm,?)

(x,y) in (cm,cm)

No. Mea_surement with respect to co-ordinateswith co-ordinates with
point zone !
reactor grld respect tocorecentre respect to corecentre
Centra hole
1 (+2.5,+2.5) (0.,0.)
Interior baffle
2 (-1,+2) (-8.7) (-4.41,-0.63)
3 (-1,-1) (-,45.0) (-4.41,-4.41)
Exterior baffle
4 (-29,+2) (-0.9) (-39.69,-0.69)
5 (-29,-2) (-,8.7) (-39.69,-5.67)
6 (-29,-7) (-,16.8) (-39.69,-11.97)
7 (-29,-12) (-,24.7) (-39.69,-18.27)
8 (-27,-14) (-,29.2) (-37.17,-20.79)
9 (-22,-14) (-,34.0) (-30.87,-20.79)
10 (-17,-14) (-,40.2) (-24.57,-20.79)
Barrel
11 (-37,+2) (-,0.7) (-49.77,-0.63)
12 (-37,-5) (-,10.8) (-49.77,-9.45)
13 (-35,-12) (=,21.7) (-47.25,-18.27)
14 (-34,-15) (-,25.6) (-45.99,-22.05)
15 (-33,-17) (-,28.8) (-44.73,-24.57)
16 (-31,-20) (-,33.9) (-42.21,-28.35)
17 (-28,-24) (-,41.0) (-38.43,-33.39)
18 (-26,-26) (-,45.0) (-35.91,-35.91)
Water between barrel
and neutron pad
(WATER GAP II)
19 =-) (55.2,10.8) (-54.36,-9.59)
20 (=) (55.2,16.8) (-52.89,-15.80)
21 =) (55.2,21.%) (-51.53,-19.78)
22 =) (55.2,25.8) (-50.03,-23.33)
23 =) (55.2,28.8) (-48.74,-25.91)
24 =-) (55.2,33.9) (-46.29,-30.06)
25 =-) (55.2,37.4) (-44.08,-33.22)
26 =) (55.2,41.0) (-42.29,-35.48)
27 ) (55.2,45.0) (-39.03,-39.03)
Thermal shield
(neutron pad)
28 (=) (62.7,21.2) (-58.54,-22.47)
29 (=) (62.7,42.0) (-46.60,-41.95)
Reflector
(WATER GAP 1)
30 (-16,-16) (-,45) (-23.31,-23.31)
31 (-18,-18) (-,45) (-25.83,-25.83)
32 (-20,-20) (-,45) (-28.35,-28.35)
33 (-22,-22) (-,45) (-30.87,-30.87)
34 (-24,-24) (—,45) (-33.39,-33.39)
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Table 2. Ex-vessel equivalent fission flux in stainless steel zones: VENUS-1

Measure
position

“Ni(n,p)

115

In(n,n")

*®Rh(n,n")

238U (I’l,f)

237N p(n ,f)

Flux at
E>0.1MeVv

Flux at
E>1.0MeV

Optional
DPA

Int. baffle
(-1,+2)
('1!'1)

Ext. baffle
(-29,+2)
(-29,-2)
(-29,-7)
(-29,-12)
(-27,-14)
(-22,-14)
(-17,-14)

Barrel
(-37,+2)
(-37,-5)
(-35,-12)
(-34,-15)
(-33,-17)
(-31,-20)
(-28,-24)
(-26,-26)

Neutron pad
21°
42°

Table 3. Ex-vessel equivalent fission flux in water zones: VENUS-1

Measure
position

Ni(n,p)

115

In(n,n")

Rh(n,n")

*U(n,f)

237N p(n ,f)

Flux at
E>01MeV

Flux at
E>10MeVv

Optional
DPA

Central hole:
(+2.5,+2.5)

Water |:
(-16,-16)
(-18,-18)
(-20,-20)
(-22,-22)
(-24,-24)

Water |1
(R =55.26):
10.75
16.63°
21.14°
25.62°
28.78°
33.89°
37.44°
40.99°
45.00°
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VENUS-1: Description of
Geometry and Composition
of Different materials






(Issued 18.10.83)

LWR-PV SURVEILLANCE DOSIMETRY IMPROVEMENT
PROGRAMME: VENUS PWR CORE SOURCE AND AZIMUTHAL
LEAD FACTOR EXPERIMENTSAND CALCULATIONAL TESTS

1.0 Facility description and quality assurance (L. Leenders)
1.1. General

The VENUS critical facility is a zero power reactor located at SCK-CEN, Mol (Belgium). This
facility was built in 1963-1964, as a nuclear mock-up of a projected marine reactor called VULCAIN;
hence the name VENUS which means “Vulcaxp&imental Nidlear Sudy”.

In 1967, this facility was adapted and improved in order to study LWR core designs and to
provide experimental data for nuclear code validation. A great flexibility was looked for, as well as an
easy handling of the fuel pins, handled one by one, while a great precision of the results had to be
achieved.

In 1980, additional material was purchased with a view to studying typicallI7PWR fuel
assemblies. Such an adaptation is easy: only new reactor grids and small devices adapted to the new
fuel geometry are necessary.

In 1982, special stainless steel pieces were manufactured in order to built a pressure vessel mock-
up representative of a three-loop Westinghouse power plant. This first stainless steel pieces were
delivered at the beginning of December 1982 and the reactor, loaded with this mock-up core, was
made critical on 20 December 1982.

1.2. Description of thefacility

The facility comprises a reactor shielded room and several associated facilities: the control room,
the fuel storage area , the gamma scanning device, the counting room and the plutonium laboratory.

The shielded room is partly illustrated in Figure 1.1. Under the floor, it contains:
« The reactor vessel (~ 2.6)m

e The reactor grids (1 m diameter).

* The safety neutron detectors.

* The safety system (moderator fast dump).

» The water and compressed air circuitries (not shown in the figure).
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The working room (6, above the floor) gives a direct access to the reactor core for loading and
unloading fuel pins or experimental thimbles. This room contains:

* The start-up neutron source.

» Thereactor and health physics controls.

e Theregulating rod or fission chamber mechanisms.

* Thehandling tools.

Due to the direct access to the fuel, the reactor is shutdown when the shielded room is open.
The neutron flux level in operation is limited to 10° nv, with a view to limiting the irradiation level of
the core and the radioactivity of unloaded fuel pins.

1.3. Coredesign

The LWR-PV'S benchmark experiment in VENUS is aimed at vaidating the anaytica methods
needed to predict the azimuthal variation of the fluence in the pressure vessel. The VENUS core was
designed with the following objectives:

a) It had to be representative of typical irradiation conditions of a modern PWR vessel. From

exploratory calculations [Ref. 1.1], it appeared that a three-loop Westinghouse plant presents
a higher azimuthal gradient of the fluence; this gradient has moreover a higher sensitivity to
fuel pattern modification. For this reason, the VENUS mock-up had preferably to simulate the
corner assembly environment of such aplant, i.e.:

» Core baffle thickness: 2.858 cm.

» Reflector minimum thickness: 2.169 cm.

» Corebarrel thickness: 5.161 cm.

» First water gap thickness: 5.952 cm.

* Thermal shield thickness: 6.825 cm.

e Second water gap thickness:  11.431 cm.

* Pressure vessel thickness: 20.003 cm.

b) It had to fit the grid and the vessel geometries of VENUS. This led to a limitation of the core
size and of the amount of simulated internals. In fact:

 The core is made of sixteen “¥515" subassemblies, instead of “477" ones (the
pin-to-pin pitch remains typical of the “X/17” subassembly).

* The second water gap and the pressure vessel are not simulated. A validation of the
calculation up to the thermal shield was considered as acceptable; the complete simulation
in the radial direction was indeed investigated in a slab geometry with the PCA mock-up.
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» Except for the baffle and the reflector minimum thickness, the thicknesses have been
somewhat reduced to fit the VENUS geometry.

¢) The core size being defined by a) and b), the core loading was adjusted on the basis of
preliminary calculations [Ref. 1.2] with the following objectives:

e A pure uranium core (instead of uranium/plutonium) was preferred as being simpler both
experimentally and analytically [Ref. 1.3].

» The gamma-heating experiments had to be performed with a low boron content, thus
preferably without boron poisoning of the water [Ref. |.3].

» The power shape factor had to be as low as possible, in order to reach, in the different
stainless steel pieces, fast flux levels high enough to perform accurate measurements.

» The azimuthal flux variations had to be as high as possible to allow a valuable test of the
analytical methods.

* Anoctagonal symmetry was desirable, to reduce computing costs.

All these objectives were attained with the actual core configuration as given in Figure 1.2;
acceptable power flattening and azimuthal flux ratio (~ 2 at half thickness of core barrel) were
obtained by alower fud enrichment, a central hole and a given amount of Pyrex poison rods
in the inner core.

Note: During the approach to criticality, some fixed and mechanised absorbing rods had to
be added, far fromthe region of interest, to adjust the reactivity balance.

d) The core being completely defined, the preliminary calculations were useful to choose the
measurement locations of interest. The 21° and 45° angles, which correspond to the maximum
and minimum fast fluxes respectively, were provided with experimental holes. In particular,
access holes are accommodated at 21° and at the centre with a view to performing neutron
and gamma spectrometry.

Notes: The angular shape of the core barrel is such that both quadrant and octagonal
symmetries are achieved with acceptable reflecting conditions (in stainless steel) at 0°,
45° and 90° respectively.

The angular shape of the thermal shield, so-called neutron pad, was limited by the
available space (it is moreover removable); the quadrant and octagonal symmetries
are also achieved with reflecting conditions in water at 0° and 90° and with reflecting
conditions in dainless at 45°. This geometry was moreover considered as
representative of some Babcock & Wilcox designs.

1.4. Coredescription
Figure 1.2 gives a horizontal cross-section and Figure 1.3 a top view of the actua core.

For experimental and analytical purposes, it should be regarded as a perfect symmetrical core
reproducing four times the quadrant between 0° and 90°. The other quadrants are loaded with fuel pins
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“quasi” identical to the fuel pins of the first quadrant (due to fuel inventory limitations) and with some
absorbing rods for criticality balance adjustment.

Starting from the centre, the core may be divided in 10 regions:

Thecentral hole (water).
Theinner baffle (stainless steel: 2.858 cm thick).

The 3/0fud region, containing zircaloy clad UCrods, with 3.3% enriched uranium, in a
“17 x 17" type lattice; 12 PYREX-rods, typical of PWR poison clusters are loaded per
quadrant (in VENUS language: 3/0 means°3thand 0% Pug).

The 4/0fud region, containing stainless steel clad U©ds, with 4% enriched uranium, the
rods are typical of a “1% 15" lattice (first generation of Westinghouse plants), and are
loaded with the same pin-to-pin pitch typical of the X.I7” type lattice.

Theouter baffle (stainless steel: 2.858 cm thick).

Thereflector (minimum thickness: 2.169 cm).

Thebarrel (stainless steel: 4.99 cm thick).

Thewater gap (water: 5.80 cm thick).

Theneutron pad (stainless steel, average thickness: 6.72 cm).

The VENUS environment, i.e. the jacket (air filled), the reactor vessel (stainless steel) and the
reactor room (air).

Figure 1.4 shows a vertical cross-section of the core. The figure shows clearly that, whatever the
region is, the material of interest (i.e. fuel or stainless steel) is located from level 105 cm to level
155 cm (50 cm length). To ensure proper axial buckling conditions, both lower and upper axial
reflectors are “quasi” infinite for all the regions (the effective extrapolation length is about 7 cm);
where necessary water is replaced by Plexiglas.

These details are nevertheless not important for the analytical model, as the experimental axial
bucklings are used in the calculation.

1.5. Qualified data on the core materials

The core materials are qualified in several ways. For the stainless steels, for instance, the

gualification is based on a comparison between the corresponding standard, the certificate

delivered by the supplier and, at least one analysis carried out by SCK-CEN. The adopted

value is generally the average of the consistent data (if necessary a weighted average is made)
and the given error is the range defined by the extreme valgess ((nax.-min.)/2).

For most materials, there is at least one more sample for documentation or later cross-check.

For the fuel cladding and the Pyrex tubes, the linear specific weight was determined instead
of the volume specific weight as the accuracy of checking the tube thickness is too small.
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» The impurities of water were checked in the worst conditions, i.e. when the water resistivity
reached its lowest value (250 kQcm); the water temperature is the median vaue for the
experimental period (from 24.01.83 to 23.06.83) and the range is defined by the extreme
recorded values.

» For the VENUS internals being outside the LWR-PV S benchmark mock-up, no qualification
was made so that average stainless steel characteristics are given.

The detailed quaification is given in awork document [Ref. 1.4], and the results are as follows.

1.5.1. Central hole

15.1.1. Water composition: H,O, impurities lower than given hereafter

» Diluted oxygen: @] 8.6 ppm (saturation for air-water contact)
» Detected impurities: B 12 ppb (1.E-9 g/l) ~ ppm (weight)
S 46
Mn 25
Fe .7
Mg 5
Cu 5
Ca 75

Al 8
S 5
Zn 25
Vv 5
Ag 2
Ba 15

» Non-detected impurities: Li, Zr, Ti, Be, Nb, Ga, Hf, Co, In, Bi, Ni, Pb, Cd, Te, P, Ge, W, Sb,
Cr, Mo, Hg, As, Tl, Sn

15.1.2. Water temperature

« (230:15)°C

15.2. Inner baffle
15.2.1. Chemical composition: AIS 304 stainless steel

C  (.059+.020) w/o
Mn (1.651 + .053)

P (.030%.015)

S (.013+.013)

S (.285+.129)

Cr (16.370+.327)
Ni (8.720+.185)
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Mo (.454 + .075)
Co (.138+.070)
Fe (72.281+.231)
Check 100.001
Detected impurities:. —< 10 ppm: Cd, Ta, Au, B
— <100 ppm: Sm, Eu, Dy, Ir, Gd
Non-detected impurity: Cu
1522, Secific weight

. (7.902%.002) g/cr

1.5.3. 3/0fuel cel (with standard VENUS fuel pins)
15.3.1. Fuel composition: UQ,
1.5.3.2. Fud stoichiometry [O/U]

* 1.997+ .005

1.5.3.3. Fuel isotopic composition of U

U (.029+.001) w/o
U (3.306%.010)
2 (.016+.001)
= (96.649+ .012)
Check 100.000

234
235,
Total impurities: .8 ppm B equivalent in U

15.3.4. Fuel linear specific weight

e (5.40+£.05) g/cm

1.5.3.5. Fuel diameter

* (.819£.002) cm

15.3.6. Fue pellet length

(.992+ .040) cm
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15.3.7. Fue length

e (50.0£.1)cm

1.5.3.8. Cladding composition: Zircaloy 4

Sn (1.41 + .06) wio
Fe (.20 .01)

Cr (.10 .01)

O (.12+.01)

Zr (98.17 + .06)
Check 100.00

Detected impuritiess —< 1 ppm: B, Cd, U

— <10 ppm: C1, Co, Cu, H, Mg, Mn, Ti, Zn

— < 50 ppm: Al, Hf, N, Nb, Ni, V, W, Au, Ir, Mo, Pb
— <100 ppm: Ta, Si, Sm, Eu, Dy, Gd, Lu

— 146 ppm: C

1.5.3.9. Cladding linear specific weight

«  (1.0627+.0004) g/cm

1.5.3.10. Cladding outer diameter

. (.950+.001) cm

1.5.3.11. Cladding inner diameter

. (.836+.001) cm

1.5.3.12. Fuel cell pitch

« (1.260% .001) cm

1.5.3.13. Moderator

 Water, see Section 1.5.1

154. Pyrexcel

15.4.1. Pyrexcomposition: Corning glass code 7740

Sio, 78.53 wlo

B,O, (14.65% .15)

109



AlLO, 221
FeO, .05
NaO 344
K, O 113
Check 100.01

1.5.4.2. |sotopic composition of B

B: (19.775 + .005) at %
“B: (80.225 + .005)

15.4.3. Pyrexouter diameter

(.9048 + .0043) cm

15.4.4. Pyrexinner diameter

. (.6058 + .0031) cm

15.4.5. Pyrexlinear specific weight

. (7886 .0052) g/cm

1.5.4.6. Cladding composition: AlS 304 stainless steel

C (.03+.03)w/o
Mn (.87 % .42)

S (29+.16)

Cr (18.40.10)
Ni (9.50 + .50)
Mo (.07 % .07)

Fe (70.84+ 1.28)
Check 100.00

1.5.4.7. Cladding specific weight

e (7.9+.1) glem’

1.5.4.8. Cladding outer diameter

* (.978+.005) cm
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1.5.4.9. Claddinginner diameter

«  (.940+.003) cm

1.5.4.10. Pyrex cell pitch

« (1.260+.001) cm

1.5.4.11. Moderator

e  Water, see Section 1.5.1

1.55. 4/0fuel cel (with standard VENUS fuel pins, third delivery)
155.1. Fuel composition: UO,
1.55.2. Fud stoichiometry [O/U]

e 200+.01

1.5.5.3. Isotopic compoasition of U

U (.031+.009) w/o

= (4.022 + .008)
U (.023.006)

=) (95.924 £ .010)

Impurities. not available

155.4. Fuel linear specific weight

e (6.39£.70) g/cm

1.55.5. Fue diameter

. (.8926 + .0005) cm

1.5.5.6. Fue pellet length

« (L114%.115) cm

1.55.7. Fuel length

e (50.0£.5cm
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1.5.5.8. Cladding composition: AlS 304 stainless steel

C (.040+ .040) w/o

Mn (1.290 £ .030)

P (.020+.020)

S (.015%.015)

S (.135+.003)

Cr (18.300 + .400)

Ni  (10.030 + .200)

Mo (.132 +.003)

Fe (70.038+.711)

Detected impuritiess —< 10 ppm: Cd, Ta, Au, B, Co

— <100 ppm: Sm, Eu, Dy, Ir, Gd

1.5.5.9. Cladding linear specific weight

» (.8855+ .0007) g/cm

1.5.5.10. Cladding outer diameter

. (.978+.002) cm

1.5.5.11. Cladding inner diameter

* (.902+.004) cm

1.5.5.12. Fuel cell pitch

«  (1.260+.001) cm

1.5.5.13. Moderator

e Water, see Section 1.5.1

1.5.6. Outer baffle

* Stainless steel, see Section 1.5.2

1.5.7. Reflector

+ Water, see Section 1.5.1

112



1.5.8. Barrd

15.8.1. Chemical composition: AIS 304 stainless steel

C .015w/o

Mn (1.303 £ .430)
P .028

S .005

S 513

Cr (18.464 +.200)
Ni  (10.199 + .380)
Mo 474
Co .097

Fe (68.819 + 1.010)
N .080
Check 99.997

Not-detected impurities. Cd, Sm, Eu, Dy, Ir, Gd, Ta, Cu, Au, B

15.8.2. Specific weight

« (7.9+.1) g/lem’ (not qualified so far)

159. Water gap

e Water, see Section 1.5.1

1.5.10. Neutron pad

1.5.10.1. Chemical composition: AlS 304 stainless steel

C .016w/o
Mn (.830 % .280)
P .026

S .004

S .395

Cr (18.022+.030)
Ni (10.588 + .360)
Mo .425
Co .196

Fe (69.498 + .670)
Check 100.000

Non-detected impurities. Cd, Sm, Eu, Dy, Ir, Gd, Ta, Cu, Au, B

1.5.10.2. Specific weight

+ (7.9%.1) g/lem’ (not qualified so far)
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1.5.11. Space between neutron pad and jacket

e Water, see Section 1.5.1

1.5.12. Jacket inner wall
1.5.12.1. Chemical composition: AlS 304 stainless steel (not qualified)
C (.024+.012) w/o
Mn (1.168 £ .270)
P (.025.003)
S (.008 £ .005)
S (.374+.150)
Ce (17.619+ 1.047)
Ni  (9.836 + .934)
Mo (.452 + .024)
Co (.113+.074)
Fe (70.354 = 1.963)
N (.027 £ .040)
Check 100.000
1.5.12.2. Specific weight

« (7.9%.1) g/lem’ (not qualified)

1.5.13. Jacket volume

e Air with 100% relative humidity

1.5.14. Jacket outer wall

e Stainless steel, see Section 1.5.12

1.5.15. Space between jacket and reactor vessel

* Water, see Section 1.5.1

1.5.16. Reactor vessd wall

e Stainless steel, see Section 1.5.12

1.5.17. Around the reactor vessel

e Dryair
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1.6. Qualified data on the core geometry

The components of the mock-up were qudified in sizes during fabrication and before loading in
the core, special attention was paid to the stainless steel thicknesses.

Some data, particularly sensitive for the fast neutron depletion, were checked in the core as built,
for instance, the minimum outer baffle-barrel distance, the water gap thickness and the azimuthal
location of the neutron pad. All the recorded data were combined to describe the mock-up as given in
Figure 1.5. Where no qualification was possible, the data were deduced from the fabrication
specifications.

Notes: During the mounting, it was stated that the neutron pad did not take its designed azimuthal
location, probably due to some machining mistake; it has been decided, on site, to adjust
the V3 hole (foreseen at the highest azimuthal fast neutron flux and accommodated for
spectrometry) at the angle 21.1°,

Up to the inner diameter of the neutron pad, all the components are concentric with
respect to the core centre, they are defined by distances or radii d1 to d8; the VENUS
internals (jacket and reactor vessel) are concentric with respect to a point located at
’=-3.15cm, Y’'= -3.15 cmin the core mode. Consequently, their locations are no longer
given by radii but by thicknesses t4 to t9 and the neutron pad has a variable thickness.

As the calculational model will include experimental bucklings, the vertical sizes are not
important, they were qualified in order to make a complete package. When limited in
height, the components are 50 cm high and the following data are given: LL = lower level,
UL = upper level, h = height (see Figure 1.4); otherwise the regions are quasi infinite in
height and are actually located from level O to 168 cm.

The detailed qualification is given in awork document [Ref. 1.5], the data are as follows:

1.6.1. Central hale(l)

dl = (3.442 + .021) cm

1.6.2. Inner baffle(ll)

d2 = (6.300 + .013) cm

t1 = (2.858 + .003) cm

LL Il = (104.849 + .032) cm
UL Il = (154.856 + .036) cm
h 1l = (50.006 + .004) cm

1.6.3. 3/0fuel region (111)

d3 = (18.900 + .005) cm
LL 11l = (105.00  .05) cm
UL 111 = (155.00 + .15) cm
hill =(50.0 £ .1) cm
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1.6.4. 4/0fuel region (1V)

d4 = (37.800 % .013) cm
d9 = (18.900 + .013) cm
LL IV = (105.00 + .05) cm
UL IV = (155.00 + .55) cm
h1V = (50.0+ .5) cm

1.6.5. Outer baffle (V)

d5 = (40.658 £ .021) cm
d10 = (21.758 £ .021) cm

t2 = (2.858 £ .003) cm

LL V =(104.850 + .033) cm
UL V = (154.850 £ .039) cm
h'V =(50.000 + .006) cm

1.6.6. Reflector (VI)

t14 (distance between baffle corner and barrel) = (2.169 £ .080) cm
t14 bis (idem, but taking account of broken corners) = (2.251 + .080) cm
d6 (barrel inner radius) = (48.283 + 0.050) cm

1.6.7. Barrd (VII)

d6 = (48.283 £ 0.050) cm
d7 = (53.273 £ .060) cm
t3=(4.99+.01) cm

LL VII = (105.00 + .06) cm
UL VII =(155.00 £ .16) cm
hVIl =(50.0+.1) cm

1.6.8. Water gap (VIII)

t15 = (5.800 + .060) cm

1.6.9. Neutron pad (I1X)

d8 = (59.073 + .120) cm
£10 = (6.300 + .030) cm
t11 = (6.690 + .030) cm
t12 = (7.050 + .030) cm
t13 = (6.900 + .030) cm
al = (11.25 + .25)°

a2 =(21.10 + .10)°
a3=45°
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a4 =(54.75+ .25)°
LL IX =(2105.00 + .26) cm
UL IX = (155.00 + .16) cm
hIX =(50.0+.1) cm
1.6.10. Space between neutron pad and jacket

el0=(.3+.3)cmat 11.25°
ell=(.3+.3)cmat 21.10°
el2 = (.332 = .310) cm at 45°
el3=(.3+.3) cmat 54.75°
1.6.11. Jacket inner wall (X)

t4=(11.80+ .21) cm
t5=.5cm

Note: Theinner radius of the jacket inner wall is (62.0 #.15) cmwith respect to a centre being at

(X’=-3.15 cm, Y’ = -3.15 cm) from the core centre, all the next internals are concentric
with this jacket inner wall.

1.6.12. Jacket volume (XI)

t6 = (15.0%.3) cm

1.6.13. Jacket outer wall (XI1)

t5=.5cm

1.6.14. Space between jacket and reactor vessel (XI11)

t9=(2.0%£.3) cm

1.6.15. Reactor vessel wall (X1V)

t7=.4cm

1.6.16. Reactor room (XV)

Infinite medium filled by air.
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Figure 1.5. Core model (horizontal cross-section)

SCK/CEN-Mol
VENUS critical facility
LWR-PV S benchmark (1983)
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VENUS-1: Results of
Experimental Determination
of Relative Power Distribution
and Absolute Level of
Reference Power
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(Issued 20.03.84/updated 14.06.84)

LWR-PV SURVEILLANCE DOSIMETRY IMPROVEMENT
PROGRAMME: VENUS PWR CORE SOURCE AND AZIMUTHAL
LEAD FACTOR EXPERIMENTSAND CALCULATIONAL TESTS

5.1. Power distribution (L. Leenders)

Fifty-six fuel rods (33 4/0-ones and 23 3/0-ones) were measured after an irradiation of 8 h at 90%
of the VENUS maximum power. The data correspond to the gamma activity of ““La (fission yields
~6%, energy ~1.6 MeV, effective haf-life ~12.8 d).

The measured gamma activities were improved for decay, for self-shielding (different pellet
geometries and inner flux depressions) and they were normalised to a core averaged fission rate of
1 fission/sec/cdl (or to a total core fission rate of 2552 fisson/sec). A complete pin-to-pin power
distribution has been obtained by an interpolation process.

Figure 1 shows the investigated region.

Figure 2 gives a complete map of the experimental power distribution. Underlined values are
experimental data: € =+ 1.1% (1.7 0). Valuesthat are not underlined are interpolated: € = + 2%.

5.2. Absolute core power normalisation

The determination of the reference power level of the reactor and of the related fission source
needed for neutron transport calculations relies upon:

1) The measurement of the relative pin-to-pin power distribution at the mid-plane level as
reported in Section 5.1.; this distribution is normalised to a core averaged value of
1 fission/second per centimetre length of fuel rod.

2) The determination of the absolute fission rate in a VENUS fuel rod sample which has been
used as monitor for the pin-to-pin power distribution measurements; this VENUS rod sample
was irradiated in the BR1 therma column synchronously with the reference power
distribution irradiation of VENUS, performed on 8 June 1983. The run-to-run monitoring will
allow to normalise al the experimental data on the reference nomina power level as
determined for this run.

So far, results of absolute fission rate measurements obtained by four different methods are
available.
5.2.1. Gamma scanning calibrated by foil activation (L. Leenders, L. Verbruggen, J. Lacroix)

The first method consists in measuring the absolute thermal neutron density inside the fuel rod
sample irradiated in the BR1 therma column, by means of activation foils (Dy, Au) inserted between
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the pellets. Using the **U fission cross-section corresponding to the local Maxwellian neutron
temperature, the *°U fission density in the pellet stack can be calculated. The fuel pinsirradiated in the
VENUS are then measured on a gamma scanning installation (Nal crystal, measurement of the *““La
gamma peak at 1.6 MeV) with respect to the reference pin sample irradiated in BR1. A smal
correction related to the 1.6 MeV gamma self-shielding is applied to take into account the difference
in the radial fission density depressions, in the pellets irradiated in VENUS (LWR lattice spectrum)
and in the pellets irradiated in the well-thermalised BR1 spectrum. This fission density depression in
both irradiation conditions has been measured through concentric annular foils, cut from dysprosium/
aluminium discs activated between the pellets. A correction was also applied to take into account the

difference in the (*’Ba, *’La) fission yields for **U and **U; this very small correction is based on
VENUS cell calculations.

5.2.2. Gamma scanning calibrated by fuel pellet activation (L. Leenders, L. Verbruggen, J. Lacroix)

A second method consists in measuring directly the *’La gamma activity of some of the pellets
irradiated in the BR1 therma column and/or in VENUS with a Ge-Li crystal calibrated by means of
European Commission standard sources. For these measurements, the axis of the pellet coincides with
the axis of the crystal. A gamma self-shielding correction is calculated taking into account the exact
geometry and position of the pellet with respect to the crystal. The average fission density in the pellet
is calculated from the measured activity, using the (*°Ba, ““*La) fission yield of 6.10% for **U,
corrected for the **U contribution in the VENUS irradiated pellet.

5.2.3. Radiochemical analysis of fuel pellet (P. De Regge)

The radiochemical analysis was applied as a third method. After dissolution of the pellet, the
gamma activities from *“La, *Ce, *“Ce and *”Ru were measured on a Ge-Li crystal, different from the
one used in the second method and calibrated with different standard source. Here again, appropriate
fission yields were used, respectively 6.10, 5.84, 5.54 and 3.04% for **U, with corrections for the **U
contribution.

5.2.4. Fission chambers (A. Fabry, E.D. McGarry)

Finally, the measurements performed with miniature “*U fission chambers inserted vertically in
water between fuel rods at several locations in the VENUS core allowed to determine the **U fission
density in the neighbour rods. The fission chambers were calibrated in the BR1 reference thermal
neutron induced **U fission spectrum. The determination of the fission density in the VENUS fuel
requires in this case the knowledge of a “disadvantage faétarfission rate in fuel with respect to
water). This disadvantage factor as well as ‘thé fission rate contribution were deduced from

VENUS cell calculations.

5.3. Evaluation (L. Leenders, L. Verbruggen)

In order to judge the overall consistency of the four methods, the measured values were
converted, using the relative power distribution, to give the fission density at the mid-plane level of the
fuel pin located at position X = -5, Y = -5 ' -94.5 mm, Y = -94.5 mm). This location was
considered as it corresponds to a direct measurement of fuel pellé&adimgchemical Analysis
(Section 5.2.3.). The results are summarised in Table 5.2.1.
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The fission density as given in the table is the number of fissions per centimetre of fuel and per
second at thislocation at the reference nominal power level of 100%.

Table5.2.1. Consistency analysis

M ethod Fission density (cm™ sec™)
1 (2.88 + 0.06) x 10°
2 (2.78 £ 0.02) x 10°
3 (2.83 % 0.06) x 10°
4 (2.76 + 0.08) x 10°
Average and observed dispersion (2.81 + 0.06) x 10°

For these individual results, the uncertainty margins correspond to the internal consistency as
observed for each method, when applying different procedures, e.g. measuring the neutron flux by
different foils or calibrations, using 4% and 3.3% “*U fuel pellets, measuring several fission products
in the radiochemica analysis, etc., thus disregarding the error on the basic data.

The dispersion added to the average value is smply the maximum observed deviation from
method to method.

As this observed dispersion is of the same order of magnitude as the individua uncertainty
margins, it may be concluded that the four methods are fully consistent.

5.4. Recommendation (L. Leenders, L. Verbruggen)

As the methods have been demonstrated to be consistent on one fuel pin location, they were now
applied in such a way that each one gives the best estimate for fission rate at the mid-plane level as
averaged over the whole core (2 552 fuel pins) running at 100% power (1.111 times the reference run,
see Section 2).

For instance, for the gamma scanning (the first two methods), there were as many absol ute power
determinations as measured fuel pins (56 according to Section 2). In other words the final result
practically does not depend on the relative power distribution but only on the monitor capsule
calibration. These results are summarised in Table 5.4.1.

Table5.4.1. Reference cor e aver age fission rate, available results

Method | Fission density (cm™ sce™) Comment
1 2.13x 10° (+ 1.7 %) 56 measurements with one 4% monitor capsule
2.15 x 10° (+ 1.7 %) 2 measurements with one 3.3% monitor capsule
2 2.06 x 10° (+ 3.3 %) 56 measurements with one 4% monitor capsule
2.12 x 10° (+ 4.2 %) 2 measurements with one 3.3% monitor capsule
3 2.08 x 10° (+ 1.7 %) 2 pellet measurements
2.03 x 10° (+ 3.2 %) 4 F.C. measurements
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In this table the uncertainty margins correspond to the global relative errors established with a
90% confidence interval. As the errors are different according to the methods and to the amounts of
measurements, the weighted average value is recommended as the best estimate for the reference core
average fission rate (100% power):

2.10 x 10° (+ 1.8 %) fiss. cm* sec®

The final uncertainty isthe highest value as obtained in the three following ways:

» Deduced from theindividual errors aly,: O g Di (6 b00, -

V6

e Deduced from the observed highest deviation: 0 gy, = w :

«  Deduced from the observed standard deviation: gy, = Lsugent 55

\/6
NB: Calculation of the reference power level

Starting from the fission density at the mid-plane level of an average fuel pin the total power is
obtained by:

2.10 x 10° cm™ sec™

x Maximum axial/Axial average over the fuel height (0.768)

x Number of fue rods (2552)

x Fuel length (50 cm)

x Number of Watt seconds per fission (3.20 x 10™ for 200 MeV/fission)

The second factor is calculated with an extrapolated height of 64.1 cm corresponding to:
B,’=2400 x 10° cm®.
One hasthus:

P=2.10x 10°x 0.768 x 2 552 x 50 x 3.2 x 10™ = 658 Watt
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VENUS-1: Results of
Experimental Measurement
of Vertical Bucklingsin
the Core and Outside
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(Issued 20.03.84)

LWR-PV SURVEILLANCE DOSIMETRY IMPROVEMENT
PROGRAMME: VENUS PWR CORE SOURCE AND AZIMUTHAL
LEAD FACTOR EXPERIMENTSAND CALCULATIONAL TESTS

6.0. VENUS vertical bucklings (A. Fabry, L. Leenders, E.D. McGarry)
6.1. Vertical bucklingsin the core (fud activation)

Vertical bucklingsin the core have been proven to be independent on the energy by scanning **U

and *'Np fission chambers (see Section 6.2).

In order to obtain vertical bucklings, representative of the core, six fuel pins (three 4/0 and three
3/0 ones) were measured axialy by y-scanning after an irradiation of 8 h at 90% of the VENUS
maximum power. The data correspond to the gamma activity of the *““La (fission yield ~6%, energy
~1.6 MeV, effective half-life ~12.8 d).

The measured gamma activities were improved for decay and analysed by a least square cosine
fitting, which defines the extrapolated height of the reactor and the corresponding buckling.

Figure 6.1.1 shows the investigated fuel pinsand Table 6.1.1 summarises the results.

As no significant geometrical dependence appears, it is proposed to adopt a unique vertica
buckling for the fuel region of the VENUS mock-up.

B, o = (4.90 + 0.01) 10 cm*
or

B2 e = (2400 + 12) 10° cm”?

6.2. Vertical bucklingsin the core and outside (fission chambers)

237,

Vertical bucklings have been measured by scanning U and
from the central hole to neutron pad asillustrated in Figure 6.2.1.

Np fission chambersin 17 locations

For the measurements in the core, the investigated fuel pin was unloaded and replaced by an
empty cladding tube in order to guide the fission chamber. The latter was surrounded by stainless steel
in order to reduce the perturbation.

For the measurements in the stainless sted pieces and in the water, the fission chamber was
surrounded by stainless steel and by Plexiglas, respectively.
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The results are summarised in Table 6.2.1 and illustrated in Figure 6.2.2. It appears clearly that
the thermal neutron vertical buckling remains constant inside and outside the reactor core, and the **U

fission chamber results are in agreement with the value recommended from the fuel activations (see
Section 6.1).

237

The fast neutron vertical buckling, given by ~'Np fission chambers, is also in agreement with the
recommended value in the core, while it decreases as a function of the distance to the core as was
the case for the PCA experiments.

In VENUS, the azimuthal buckling variation is “felt” as an effect of the distance to the core; as
the variation is not very high it is recommended to adopt an average buckling per region as a function
of the distance to the core:

Water reflector: from 0 to ~16.7 cm B, wew = (4.84+0.06) 10 cm®
Barrel: from 10 to ~19.3 cm B bure = (4.79+ 0.03) 1G cm®
Water gap: from 15.7t0 ~24.8 cM B, ,uege = (4.75+ 0.03) 10 cm’
Neutron pad: from 22.1t0 ~31.3cM B, e = (4.71%0.03) 1G cm’
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Table6.1.1. Vertical bucklings measured in the VENUS cor e by fuel activation

VENUS critical experiment — Mol

LWR-PVS benchmark, 1983

Issued 14/10/83
Unmodified 20/03/84

I. Region with 3/0 fuel
Vertical extrapolation | Axial buckling
(€] ' @) [ @
XY X' [em] Y' [cm] Remark length [cm] ® [10»6 Cm-z]
-3, 42 -6.93 -0.63 Side inner baffle 14.55+ 0.15 2369+ 11¢
-9,-5 -14.49 -9.45 Close to Pyrex 14.06 + 0.17 2406+ 13
-9,-9 -14.49 -14.49 Centre 3/0 fuel 14.29 + 0.22 2388+ 17
I1. Region with 4/0 fuel
Vertical extrapolation | Axial buckling
(€] ] ) [ @]
XY X" [cm] Y [em] Remark length [cm] [10° cm™?]
-19, -6 -27.09 -10.71 Centre 4/0 fuel 14.11+£0.19 2401+ 15
27, +2 -37.17 -0.63 Side outer baffle 14.18 + 0.19 239714
-27,-12 -37.17 -18.27 Corner outer baffle 13.98 + 0.21 2411+ 15

@ Co-ordinates with respect to the reactor grid, as used during the experiments.
@ Co-ordinates with respect to the reactor centre, as used for the cal culation model.

® —
Fuel length = 50 cm.
® possible influence of the central hole, probably limited to the 44 rods being close to the inner baffle.
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APPENDIX A

Benchmark specifications

A.2. VENUS-3






NEA/NSC/DOC(97)12
08 December 1998 (Revised)*

. General comments

In this benchmark, which is a follow-up exercise to the recently completed VENUS-1
two-dimensional exercise, the goad is to test the current state-of-the-art three-dimensional methods of
calculating neutron flux to reactor components against the measured data of the VENUS-3 critical
experiment.

Similarly to the VENUS-1 benchmark, this is a “blind™ test, hence the measured values of the
equivalent fission flux at specified VENUS-3 locations are not revealed to the particiaitd, but
will be provided when benchmark results are analysed.

A complete specification of the VENUS-3 problem is given in the included relpdfR-PVS
benchmark experiment VENUS-3 (with partial length shielded assemblies) — Core description and
qualification The information given fully specifies al geometry and material data required in
developing the detailed computational model of the 1/4 fraction of the VENUS-3 reactor.

II. Co-ordinate systems

The fission flux measurement points as well as the reactor zones in which they are placed in the
VENUS reactor are defined in tables below. The co-ordinates of the measurement points are given in
three different co-ordinate systems:

* (x,y,2) co-ordinates with respect to the reactor grid (used in the experiments).
* (x,y,2) co-ordinates with respect to the core centre (for use in calculational model).
e (r,8,2) co-ordinates with respect to the core centre (for use in calculational model).

The (x,y) or (r,0) co-ordinates of all measurement points are given in Table 1 (similar to Table 1
provided with the VENUS-1 distribution package, however, with some measurement points different
than in the VENUS-1 benchmark).

The origin of the (x,y) co-ordinate system with respect to reactor grid islocated in the inner baffle
at a point 2.5 pitches (1 pitch = 1.26 cm) to the left and 2.5 pitches below the geometric centre of the
core. The south-west quadrant of the core to be considered in the calculations is thus defined by the
ranges-27 < x < +2 and -27 <y < +2, where the limits represent cell centre-to-centre distances in units
of pitches. Positions exterior to the core may also be located by extending the grid to include the outer
baffle, core barrel and water (the baffles are 2.268 pitches thick).

* |nthis revised version of the benchmarck specification, modified points compared with the original version
dated 11 July 1997 are in bold italic.
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I11. 3-D neutron source

The three-dimensional source input for calculations released to the NEA by H. Ait Abderrahim
(SCK-CEN Mol, Belgium) is provided to participants in electronic form via e-mail. A description of
the source format is given in the source file. It suffices to say that the source is given at 14 different
vertical planes (each clearly defined in the source file). Each vertical plane consistsxad@raatrix
of relative source values at (x,y) (1 < x < 30, 1 <y < 30) positions defined in Figure 1 with respect to
core centre (i.e. the centre of the central hole). The correspondence between this co-ordinate system
and co-ordinate system with respect to reactor grid (defined in Section Il above) is clearly given in
Figure 1.

Not all source values were measured in the VENUS-3 experiment. The missing source values
were interpolated at the NEA within the scope of the joint NEA/ORNL SINBAD project (H.T. Hunter,
D.T. Ingersoll, R.W. Roussin, C.O. Slater, E. Sartori, I. Kodeli, “SINBAD — Shielding Integral
Benchmark Archive and Database”, Proc. ANS Topical Meeting on Radiation Protection and
Shielding, Cape Cod, Massachusetts, April 1996). This is a valid procedure considering extremely
regular core power distribution in VENUS-3 core.

The reference measured fission rate per core quadrant is8184%+4%) and should be used as
a multiplication factor for converting the provided normalised 3-D source values to the source
at 100% power (the total fission rate value per quadrant was obtained from absolute measurements at
several locations using®U miniature fission chambers; this measurement yielded a value of
5.652x 10* fissions per second per core quadrant which then was divided by 639 pins per quadrant
yielding 8.845x 10 fissions/sec/pin/quadrant).

V. Resultsto be provided and their format

For the measurement points defined in Table 1 the “equivalent fission flux” and neutron fluxes at
threshold energiestE> 1.0 MeV and & >0.1 MeV should be calculated and reported in Tables 2.1
through 3.2 given below. The “equivalent fission flux” is defined as a ratio of calculated reaction rate
[three different reactions to be considered are defined in Tables 2.1 through 2.3] and the average
dosimeter cross-section.

In the calculations, the participants are kindly requested to usbie-90 Version 2 dosimeter
cross-section data in order to assure comparability between different results.

The following information should be included when reporting the results of the benchmark:

o Description of the calculations procedure (all important information about modelling
assumptions and codes/methods used)nifm®thod is used then the quadrature set order
should be reported (a symmetric or not quadrature is used?), etc.

» Grid/mesh structure of the modaht¢luding a picture of the geometrical model used).

* The name and version of the point library neutron transport cross-section data and the energy
group structure.

* Method/model used in cross-section collapsing.
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» Thename and version of the dosimeter cross-sections data.

* Any other information not listed above but judged by the participant as important in
interpreting this benchmark should be included.

[11. Optional calculations

Two additional but optional calculations are suggested:

1) The participants who wish are kindly invited to calculate the DPA using pre-calculated
neutron spectra. Those DPAs should be reported in columns marképtional DPA” in
Tables 2.1 through 3.2.

2) The participants who wish to perform the uncertainty analysis of their benchmark calculations
are encouraged to do so as an additional option.
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Table 1. (x,y) and (r,8) co-ordinates of VENUS-3 measurement positions

(x,y) co-ordinates

(r,8) in (cm,°)

(x,y) in (cm,cm)

No. Measurement with respect to co-ordinates with co-ordinates with
point zone ;
reactor grid respect to core centre | respect to corecentre
Central hole
1 (+2.5,+2.5) (0.,0.)
Inner baffle
2 (-1+2) (-,8.7) (-4.41,-0.63)
3 (-1,-1) (—45.0) (-4.41,-4.41)
Outer baffle
4 (-29,+2) (-,0.9) (-39.69,-0.69)
5 (-29,-2) (-,8.) (-39.69,-5.67)
6 (-29,-7) (-,16.8) (-39.69,-11.97)
7 (-29,-12) (—.24.7) (-39.69,-18.27)
8 (-27,-14) (-29.2) (-37.17,-20.79)
9 (-22,-14) (-,34.0) (-30.87,-20.79)
10 (-17,-14) (-40.2) (-24.57,-20.79)
Core barrel
11 (-37,+2) (-,0.7) (-49.77,-0.63)
12 (-37,-5) (-10.8) (-49.77,-9.45)
13 (-35,-12) (-,21.7) (-47.25,-18.27)
14 (-34,-15) (—,25.6) (-45.99,-22.05)
15 (-33,-17) (-,28.8) (-44.73,-24.57)
16 (-31,-20) (-,33.9) (-42.21,-28.35)
17 (-28,-24) (-41.0) (-38.43,-33.39)
18 (-26,-26) (-45.0) (-35.91,-35.91)
19 (-12,-35) (-,68.9) (-18.27,-47.25)
20 (+2,-37) (-,89.3) (-0.63,-49.77)
Water gap
21 (-33,+2) (-,0.87) (-44.73,-0.63)
PLSA
22 (-27,+2) (-,0.97) (-37.17,-0.63)
23 (-27,+3) (-,0.97) (-37.17,+0.63)
24 (-25,+3) (-,1.0%) (-34.65,+0.63)
25 (-23,+2) (-1.12) (-32.13,-0.63)
26 (-23,+3) (-1.12) (-32.13,+0.63)
27 (-27,-9) (-21.3) (-37.17,-14.49)
3.3% fuel
28 (-21,+2) (-1.22) (-29.61,-0.63)
29 (-19,+3) (-1.33) (-27.09,+0.63)
30 (-22,+0) (-,5.82) (-30.87,-3.15)
31 (+2;23) (-,88.6) (-0.63;32.13)
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Table 2.1. Nickd equivalent fission fluxes at 100%
power at inner and outer bafflelocations: VENUS-3

Angle

Measure
position

Axial level
(cm)

*Ni(n,p)

Flux at
E>01MeVv

Flux at
E>10MeV

Optional
DPA

8.1°

45.0°

Inner baffle
(_11+2)

('11'1)

114.50
131.45
131.55
145.50

114.50
131.45
131.55
145.50

0.9°

8.1°

16.8°

24.7°

29.2°

34.0°

40.2°

Outer baffle
(-29,+2)

(-29,-2)

(-29,-7)

(-29,-12)

(-27,-14)

(-22,-14)

(-17,-14)

106.5
110.5
1145
1185
1225
125.5
128.5
131.5
134.5
137.5
1415
145.5
149.5
153.5

114.5
1315
145.5

114.5
1315
145.5

114.5
1315
145.5

1145
1315
145.5

1145
1315
145.5

114.5
1315
145.5
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Table 2.2. Nickd equivalent fission fluxes at
100% power at core barre locations: VENUS-3

Angle

Corebarrd
position

Axial level
(cm)

*Ni(n,p)

Flux at
E>01MeV

Flux at
E>10MeVv

Optional
DPA

0.7°

10.8°

21.1°

25.6°

28.8°

33.9°

41.0°

(-37,+2)

(-37,-5)

(-35,-12)

(-34,-15)

(-33,-17)

(-31,-20)

(-28,-24)

106.5
110.5
1145
1185
122.5
1255
128.5
1315
134.5
137.5
1415
145.5
149.5
153.5

1145
131.5
1455

106.5
110.5
114.5
118.5
1225
125.5
128.5
1315
134.5
137.5
1415
145.5
149.5
153.5

1145
1315
1455

1145
1315
1455

1145
1315
145.5

1145
1315
1455
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Table 2.2. Nickd equivalent fission fluxes at
100% power at core barrd locations: VENUS-3 (cont.)

Angle

Corebarrd
position

Axial level
(cm)

*Ni(n,p)

Flux at
E>01MeV

Flux at
E>10MeVv

Optional
DPA

45.0°

68.9°

89.3°

(-26,-26)

(-12,-35)

(+2,-37)

106.5
110.5
1145
118.5
1225
1255
128.5
1315
134.5
137.5
1415
145.5
149.5
153.5

106.5
110.5
114.5
118.5
1225
125.5
128.5
1315
134.5
137.5
1415
145.5
149.5
153.5

106.5
110.5
114.5
118.5
122.5
125.5
128.5
131.5
134.5
137.5
1415
145.5
149.5
153.5
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Table 2.3. Nicke equivalent fission fluxes at 100% power at water gap locations: VENUS-3

Angle Position Axial level | *®Ni(n,p) Flux at Flux at Optional
(cm) E>0.1MeV | E>1.0MeV DPA

Water gap
0.81° (-33+2) 106.5
110.5
1145
1185
1225
125.5
1285
1315
134.5
1375
1415
145.5
149.5
1535
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Table 2.4. Nickel equivalent fission fluxes at 100% power at PL SA* locations: VENUS 3

Optional Optional ]
*Ni(n,p) Flux at Flux at Optional

E>01MeV | E>1.0MeV DPA

PLSA Axial level

Angle position (cm)

097° | (-27,+3) 106.5
110.5
114.5
118.5
122.5
125.5
128.5

097° | (-27,+2) 131.05
134.15
137.25
141.35
145.45
149.55
153.65

1.04° | (-25+3) 1065
1105
114.5
1185
1225
1255
1285
131.05
134.15
137.25
141.35
145.45
149.55
153.65

112° | (-23+2) 131.05
134.15
137.25
141.35
145.45
149.55
153.65

112° | (-23+3) 1065
1105
1145
1185
1225
1255
1285

21.3° | (-27,9) 106.5
1105
114.5
1185
1225
1255
128.5

* PLSA: Partial length shielded assembly
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Table 2.5. Nickd equivalent fission fluxes at 100% power at 3.3% fuel locations: VENUS-3

Angle

3.3% fuel
position

Axial level
(cm)

*Ni(n,p)

Optional
Flux at

E>01MeV

Optional
Flux at

E>10MeV

Optional
DPA

1.2°

1.3

5.8°

(-21,+2)

(-19,+3)

(-22,+0)

106.05
110.15
114.25
118.35
122.45
125.55
128.65
131.75
134.85
137.95
141.05
145.15
149.25
153.35

106.05
110.15
114.25
118.35
122.45
125.55
128.65
131.75
134.85
137.95
141.05
145.15
149.25
153.35

106.05
110.15
114.25
118.35
122.45
125.55
128.65
131.75
134.85
137.95
141.05
145.15
149.25
153.35
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Table 2.5. Nickd equivalent fission fluxes at 100%
power at 3.3% fuel locations. VENUS-3 (cont.)

Angle

3.3% fuel
position

Axial level
(cm)

*Ni(n,p)

Optional
Flux at

E>01MeV

Optional
Flux at

E>10MeV

Optional
DPA

88.6°

(+2,-23)

106.05
110.15
114.25
118.35
122.45
125.55
128.65
131.75
134.85
137.95
141.05
145.15
149.25
153.35

155




Table 3.1. Indium equivalent fission fluxes at 100% power
at inner baffle, outer baffle and water gap locations: VENUS-3

Angle

Position

Axial level
(cm)

llSI n(n’nr)

Flux at
E>01MeV

Flux at
E>10MeVv

Optional
DPA

8.1°
45.0°

Inner baffle
(_11+2)
(_11_1)

131.5
131.5

0.9°

Outer baffle
(-29,+2)

106.5
110.5
1145
1185
1225
1255
128.5
131.5
134.5
137.5
1415
145.5
149.5
153.5

0.8°

Water gap
(-33,+2)

106.5
110.5
1145
1185
1225
125.5
128.5
131.5
134.5
137.5
1415
145.5
149.5
153.5
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Table 3.2. Indium equivalent fission fluxes at 100% power at core barrel locations: VENUS-3

Corebarrd Axial level
position (cm)

Flux at Flux at Optional

Angle E>0.1MeV | E>1.0MeV DPA

115| n(n,nr)

0.7° (-37,+2) 106.5
1105
114.5
1185
1225
1255
1285
1315
1345
1375
1415
1455
1495
1535

10.8° (-37,-5) 114.5
1315
145.5

21.1° (-35,-12) 1145
1315
145.5

25.6° (-34,-15) 1145
1315
145.5

28.8° (-33-17) 106.5
110.5
1145
1185
1225
1255
128.5
131.5
134.5
137.5
1415
145.5
149.5
153.5
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Table 3.2. Indium equivalent fission fluxes at 100%
power at corebarrel locations. VENUS-3 (cont.)

Angle

Corebarrd
position

Axial level
(cm)

llSI n(n’nr)

Flux at
E>01MeV

Flux at
E>10MeVv

Optional
DPA

33.9°

41.0°

45.0°

68.9°

89.3°

(-31,-20)

(-28,-24)

(-26,-26)

(-12,-35)

(+2,-37)

106.5
110.5
1145
118.5
1225
1255
128.5
1315
134.5
137.5
1415
145.5
149.5
153.5

1145
131.5
1455

1145
131.5
145.5

1145
1315
145.5

106.5
110.5
1145
118.5
1225
125.5
128.5
131.5
134.5
137.5
1415
145.5
149.5
153.5
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Table 3.2. Aluminium equivalent fission fluxes at 100% power at variouslocations: VENUS-3

" Axial level Flux at Flux at Optional
Angle Position (cm) “AI0) | E5p1Mev | E>10Mev DPA
Inner baffle
45.0° (-1,-1) 131.5
8.1° (-1,+2) 131.5
Outer baffle
0.9° (-29,+2) 114.5
131.5
145.5
Water gap
0.8° (-33,+2) 1145
131.5
145.5
Corebarrel
0.7° (-37,+2) 114.5
131.5
145.5
10.8° (-37,-5) 1145
131.5
145.5
21.1° (-35,-12) 1145
131.5
145.5
25.6° (-34,-15) 114.5
131.5
145.5
28.8° (-33,-17) 114.5
131.5
145.5
33.9° (-31,-20) 114.5
131.5
145.5
41.0° (-28,-24) 114.5
131.5
145.5
45.0° (-26,-26) 114.5
131.5
145.5
68.9° (-12,-35) 114.5
131.5
145.5
89.3° (+2,-37) 114.5
131.5
145.5
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Mol, September 1, 1988
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LWR-PVS Benchmark Experiment VENUS-3
(with Partial Length Shielded Assemblies)

Core description and qualification

L. Leenders
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1.1. General

The VENUS Critical Facility is a zero power reactor located at SCK-CEN, Mol (Belgium). This
facility was built in 1963-1964, as a nuclear mock-up of a projected marine reactor so-called
VULCAIN; hence the name VENUS which stands for “VULCAIN EXPERIMENTAL NUCLEAR
STUDY”.

In 1967, this facility was adapted and improved in order to study LWR core designs and to
provide experimental data for nuclear code validation. A great flexibility was looked for, as well as an
easy handling of the fuel pins, handled one by one, while a great precision of the results had to be
achieved.

In 1980, additional material was purchased with a view to studying typicallZ7PWR fuel
assemblies. Such an adaptation is easy; only new reactor grids and small devices adapted to the new
fuel geometry are necessary. In 1982, special stainless steel pieces were manufactured in order to build
a mock-up of the pressure vessel internals representative of a three-loop Westinghouse power plant.
These stainless steel pieces were delivered at the beginning of December 1982. Since this date, the
facility has been used for three LWR-PVS benchmark experiments as follows:

 VENUS1: This mock-up was aimed to check the calculation procedure for a standard LWR
core, i.e. with fresh U®fuel assemblies at the periphery. The VENUS-I core was made
critical for the first time on 20 December 1982. The experimental programme was carried out
from 26 January 1983 until 6 June 1986.

* VENUS2: Between the possible solutions to reduce the lead factor at the PV, it is proposed to
replace some fresh UQuel assemblies by burnt fuel assemblies at the most critical corners
of the core periphery. For benchmark purposes, the VENUS-2 core was obtained by replacing
the peripheral U®fuel by a MOX fuel, actually simulating a two-cycle burnt JJfDel
(except for FP poisoning). The VENUS-2 core was made critical for the first time on
16 September 1986. The corresponding experimental programme was carried out from
6 October 1986 until 16 December 1987.

* VENUS3: For some early built reactors, it is proposed to reduce the lead factor at the level of
the PV horizontal welding by loading partial length shielded assemblies at the most critical
corners of the core periphery (the shielded part is obtained by replacing part of the fuel length
by a stainless steel rod). For benchmarking this improvement, the VENUS-3 core has been
built with 3/0-SS rods at the periphery (the 3/0-SS rods are made of half a length of stainless
steel and half a length of 3.3%8U enriched U@fuel). The VENUS-3 core was made critical
for the first time on 16 March 1988. The experimental programme started on 29 March 1988
and is planned to go on until the end of December 1988.

1.2. Description of thefacility

The facility comprises a reactor shielded room and several associated facilities: the control room,
the fuel room, the fuel storage, the gamma scanning device, the counting room and the plutonium
laboratory. The shielded room is partly illustrated in Figure 1.1; under the floor, it contains:

1. The reactor vessel (~2.6’m

2. The reactor grids (1 m diameter).
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3. The safety neutron detectors.
4. The safety system (moderator fast dump).
5. Thewater and compressed air circuitries (not shown in the figure).

The working room (6, above the floor) gives a direct access to the reactor core for loading and
unloading fuel pins or experimental thimbles. Thisroom contains:

 The start-up neutron source.

» Thereactor and health physics controls.

* Theregulating rod or fission chamber mechanisms.

e Thehandling tools.

Due to the direct access to the fuel, the reactor is shut down when the shielded room is open.

The neutron flux level in operation islimited to 1 x 10° nv, with aview to limiting the irradiation level
of the core and the radioactivity of unloaded fuel pins.

1.3. Coredesign
The LWR-PV'S benchmark experiment in VENUS is aimed at validating the anaytical methods
needed to predict the azimuthal variation of the fluence in the pressure vessel. The VENUS core was
designed with the following objectives:
a) It had to be representative of typical irradiation conditions of a modern PWR vessel:
From exploratory calculations [Ref.1.1.], it appeared that a three-loop Westinghouse plant
presents a higher azimuthal gradient of the fluence; this gradient has moreover a higher
sensitivity to fuel pattern modification. For this reason, the VENUS mock-up had preferably
to simulate the corner assembly environment of such aplant, i.e.:
» Core baffle thickness: 2.858 cm
* Reflector minimum thickness: 2.169 cm
» Corebarrel thickness: 5.161 cm
» First water gap thickness: 5.952 cm
* Thermal shield thickness: 6.825 cm
e Second water gap thickness:  11.431 cm

*  Pressure vessel thickness: 20.003 cm
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b) It had to fit the grid and the vessel geometries of VENUS.

c)

d)

Thisled to alimitation of the core size and of the amount of ssmulated internas. In fact:

The core is made of 16 “2615” subassemblies, instead of “4 77" ones (the pin-to-pin
pitch remains typical of the “1% 17" subassembly).

The second water gap and the pressure vessel are not simulated; a validation of the
calculation up to the thermal shield was considered as acceptable; the complete simulation
in the radial direction was indeed investigated in a slab geometry with the PCA mock-up.

Except for the baffle and the reflector minimum thickness, the thicknesses have been
somewhat reduced to fit the VENUS geometry.

The core size being defined by a) and b), the core loading was adjusted on the basis of
preliminary calculations [Refs. 1.2 and 1.3] with the following objectives:

A pure uranium core was preferred as being simpler both experimentally and analytically
[Ref. 1.4].

The gamma-heating experiments had to be performed with a low boron content, thus
preferably without boron poisoning of the water [Ref. I].

The radial power shape factor had to be as low as possible, in order to reach, in the
different stainless steel pieces, fast flux levels high enough to perform accurate
measurements.

The azimuthal flux variations had to be as high a possible to allow a valuable test of the
analytical methods.

The PLSA benchmark had to be “representative” despite the significant scaling entailed
by the smaller size of VENUS; by “representative” it is meant that an adequate testing is
provided for all the sensitive aspects in a discrete-ordinates three-dimensional synthesis
and superposition approach to an actual PWR/PLSA geometry.

Finally, a quadrangular symmetry was desirable, each quadrant including both the PLSA
fuel region and the unperturbed reference fuel region (for a full flux distortion and for an
accurate calculation/experiment comparison).

All these objectives were attained with the actual core configuration as given in Figure 1.2.

Note: Some mechanised absorbing rods, added far from the region of interest, help to adjust

the reactivity balance fromrun to run.

Preliminary calculations, carried out for VENUS-1, were useful to choose the measurement
locations of interest. The 2land 43 angles, which correspond to the maximum and
minimum fast fluxes respectively, were provided with experimental holes. In particular,
access holes are accommodated ata2id at the centre with a view to performing neutron
and gamma spectrometry.
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Notes: The angular shape of the core barrel is such that both quadrant and octagonal
symmetries are achieved with acceptable reflecting conditions (in stainless steel) at
0°, 45° and 90° respectively.

The angular shape of the thermal shield, so-called neutron pad was limited by the
available space (it is moreover removable); the quadrant and octagonal symmetries
are also achieved with reflecting conditions in water at 0° and 90° and with reflecting
conditions in dainless at 45°. This geometry was moreover considered as
representative of some Babcock & Wilcox designs.

1.4. Coredescription

Figure 1.2 gives an horizonta cross-section and Figure 1.3 a top view of the actual core.
For experimental and analytical purposes, it should be regarded as a perfect symmetrical core
reproducing four times the quadrant between 0° and 90°. The other quadrants are loaded with fuel pins
“quasi” identical to the fuel pins of the first quadrant (due to fuel inventory limitations) and with some
absorbing rods for critically balance adjustment. Starting from the centre, the core may be divided
into 10 horizontal regions:

Thecentral hole (water).
Theinner baffle (stainless steel: 2.858 cm thick).

The 4/0 fuel region, this region contains stainless steel clad:W@s, with 4% enriched
uranium, the rods are typical of a “4515” lattice (first generation of Westinghouse plants),
they are loaded with the pin-to-pin pitch typical of the X1¥7” lattice. Eleven Pyrex rods,
typical of PWR poison clusters are loaded per quadrant.

The 3/0 fud region, this region contains zircaloy clad &@ods, two with 3.3% enriched
uranium, in a “17 17" lattice; part of this region contents the PLSA rods.

Theouter baffle (stainless steel: 2.858 cm thick).

Thereflector (minimum thickness: 2.169 cm).

Thebarrd (stainless steel: 4.99 cm thick).

Thewater gap (water: 5.80 cm thick).

Theneutron pad (stainless steel, average thickness: 6.72 cm).

The VENUS environment, i.e. the jacket (air filled), the reactor vessel (stainless steel) and the
reactor room (air).

Figure 1.4 shows a vertical cross-section of the core. Vertically the core may be divided, from
bottom to top, as follows:

The VENUS room environment (air).

Thelower filling (water).
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The reactor support (water and stainless stedl).
The bottom grid (mainly stainless sted!).

The lower reflector (mainly water and Plexiglas); the reflector composition changes alittle bit
from one fuel region to another.

The active height (fuel or stainless stedl).

The upper reflector (mainly water and Plexiglas), including the intermediate grid (mainly
Plexiglas).

The upper grid (mainly stainless steel).
The upper filling (water and stainless steel).

The VENUS room environment (air).

The figure shows clearly that, whatever the region is, the materia of interest (i.e. fuel or stainless
stedl) is located from level 105 cm to level 155 cm (50 cm length). To ensure proper axia buckling
conditions, both lower and upper axial reflectors are “quasi” infinite for all the regions (the effective
extrapolation length is ~7 cm); where necessary water is replaced by Plexiglas.

These details could be important for the three-dimensional analytical model.

1.5. Qualified data on the core materials

The core materials are qualified in several ways. For the stainless steels, for instance, the

gualification is based on a comparison between the corresponding standard, the certificate

delivered by the supplier and, at least, one analysis carried out by SCK-CEN. The adopted

value is generally the average of the consistent data (if necessary a weighted average is made)
and the given error is the range defined by the extreme valgess (Max.-Min.)/2).

For most of the materials, there is at least one more sample for documentation or later
cross-check.

For the fuel cladding and the Pyrex tubes, the linear specific weight has been determined
instead of the volume specific weight as the accuracy of checking the tube thickness is too
small.

The impurities of water were checked in the worst conditions, i.e. when the water resistivity
reached its lowest value (45@&m); the water temperature is the median value for the
experimental period (from 18.03.88 to 29.03.88) and the range is defined by the extreme
recorded values.

For the VENUS internals being outside the LWR-PVS benchmark mock-up, no qualification
was made so that average stainless steel characteristics are given.

The detailed qualification is given in work documents available at SCK-CEN. The results are as

follows.
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1.5.1. Central hole

1511 Water compasition

H20, impurities lower than given hereafter.

e Diluted oxygen: @] 8.6 ppm (saturation for air-water contact)
» Detected impurities: B 12 ppb (1.E-9 g/l) ~ ppm (weight)
S 46
Mn 25
Fe 7
Mg 5
Cu 5
Ca 75

Al 8
S 5
Zn 25
Y, 5
Ag 2
Ba 15

» Non-detected impurities: Li, Zr, Ti, Be, Nb, Ga, Hf, Co, In, Bi, Ni, Ph, Cd, Te, P, Ge, W, Sb,
Cr, Mo, Hg, As, Tl, Sn

15.1.2. Water temperature

e (24.0%20)°C

15.2. Inner baffle
15.2.1. Chemical composition: AlS 304 stainless steel

C  (.059+.020) w/o
Mn (1.651 + .053)
P (.030+.015)

S (.013+.013)

S (.285+.129)
Cr (16.370+.327)
Ni (8.720 + .185)
Mo (.454 + .075)
Co (.138+.070)
Fe (72.281+.231)
Check 100.001

Detected impurities:. — <10 ppm: Cd, Ta, Au, B
— <100 ppm: Sm, Eu, Dy, Ir, Gd

Non-detected impurity: Cu
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15.2.2. Specific weight

« (7.902+.002) g/cm®

1.5.2.3. Bottom support

* Plexiglas (materia not qualified)

15.3. 3/0fuel pin (standard VENUS fuel pins)

15.3.1. Fuel composition

e UO:

1.5.3.2. Fud stoichiometry [O/U]

e 1.997+.005

1.5.3.3. Fuel isotopic composition of U
24U (.029 +.001) w/o
U (3.306 +.010)
#%y (.016 +.001)
28 (96.649 + .012)
Check 100.000

Total impurities: .8 ppm B equivaent in U

15.3.4. Fuel linear specific weight

* (540 .05) gcm

1.5.3.5. Fue diameter

. (.819+.002) cm

15.3.6. Fue pellet length

. (.992+.040)

1.5.3.7. Fuel length

e (50.0£.1)cm
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1.5.3.8. Cladding composition: Zircaloy 4
Sn (1.41+.06) w/o
Fe (.020+.01)
Cr (.10+.01)
O (.12+.01)
Zr (98.17 +.06)
Check 100.00
Detected impurities; — < 1 ppm: B, Cd, U
— <10 ppm: C1, Co, Cu, H, Mg, Mn, Ti, Zn
— <50 ppm: Al, Hf, N, Nb, Ni, V, W, Au, Ir, Mo, Pb
— < 100 ppm: Ta, Si, Sm, Eu, Dy, Gd, Lu
— 146 ppm: C
1.5.3.9. Cladding linear specific weight

* (1.0627+ .0004) g/cm

1.5.3.10. Cladding outer diameter

e (.950+£.001) cm

1.5.3.11. Cladding inner diameter

. (.836+.001) cm

1.5.3.12. Cell pitch

«  (1.260%.001) cm

1.5.3.13. Moderator

e Water, see Section 1.5.1

1.5.3.14. Bottom and top blanket composition: AlS 304 stainless steel

C .042wlo
Mn 1.580

P .025

S .028

Si .460

Cr 18.200
Ni 8.600
Mo —
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Co .120
Fe 70.945 (complement to 100)

Impurities; Not available

1.5.3.15. Bottom and top blanket linear specific weight

* 4.14g/cm

1.5.3.16. Bottom and top blanket diameter

e (.820£.005) cm

1.5.3.17. Bottom and top blanket length

+ (50+.01)cm

1.5.3.18. Bottomreflector composition

» Plexiglas (not qualified)

1.5.3.19. Bottomreflector linear specific weight

* .627 g/cm

1.5.3.20. Bottom reflector diameter

. (.820+.005) cm

1.5.3.21. Bottomreflector length

+ (8.0%.01)cm

1.5.3.22. Top reflector composition

* Plexiglas (not qualified)

1.5.3.23. Top reflector linear specific weight

o 587 g/cm
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1.5.3.24. Top reflector diameter

. (.820+.005) cm

1.5.3.24. Top reflector length

 (757+.01) cm

Note: The top reflector isfilling the intermediate reactor grid over 1.5 cm of its length.

1.5.3.25. Bottom stop composition, upper part Zircaloy 4, lower part AlS 304
Zircaloy 4 composition: Sn (1.51 = .03) w/o
Fe (.22+.01)
Cr (\12+.01)
O (.13+.01)
Zr 98.02 (complement to 100)
Detected impurities: —<1ppm: B, Cd, Mg, U
—< 10 ppm: C1, Co, Cu, H, Mn, Zn
— < 50 ppm: Al, Mo, N, Nb, Ni, Pb, Si, Ti, V, W
— < 100 ppm: Hf, Ta
— 82 ppm: C

AISI 304 composition: See Section 1.5.3.14

1.5.3.27. Bottom stop linear specific weight
e Upper part: 3.49 g/cm

* Lower part : 5.58 g/cm

1.5.3.28. Bottom stop diameter

e .950cm

1.5.3.29. Bottom stop length
e Upper part: 1.25 cm

* Lower part: .90 cm

1.5.3.30. Top stop composition

» AISI 304 stainless steel (see Section 1.5.3.14)
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1.5.3.31. Top stop linear specific weight

 564g/cm

1.5.3.32. Top stop diameter

e .950cm

1.5.3.33. Top stop length
e« 223cm
Note: The top stop is assumed to end with the upper face of the upper reactor grid, the highest
1.45 cm of this stop isfilling the hole of the upper reactor grid.
1.5.4. Pyrex pin

15.4.1. Pyrexcomposition: Corning glass code 7740

SiO; 78.53w/o
B0z (14.65% .15)
Al20s 221

FexOs: .05

NaeO 3.44

K0 1.13

Check 100.01

1.5.4.2. |sotopic composition of B
« '°B:(19.775 + .005) at %

« B:(80.225 + .005)

15.4.3. Pyrexouter diameter

(.9048 + .0043) cm

15.4.4. Pyrexinner diameter

. (.6058 + .0031) cm

15.45. Pyrexlinear specific weight

o (.7886 = .0052) g/cm
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1.5.4.6. Cladding composition: AlS 304 stainless steel
C (.03+.03)w/o
Mn (.87 £ .42)
S (.29+.16)
Cr (18.40+%.10)
Ni  (9.50 £- .50)
Mo (.07 .07)

Fe (70.84+ 1.28)
Check 100.00

1.5.4.7. Cladding specific weight

* (79 .1)g/cm

1.5.4.8. Cladding outer diameter

. (.978+.005) cm

1.5.4.9. Claddinginner diameter

«  (.940+.003) cm

1.5.4.10. Cell pitch

« (1260 + .001) cm

1.5.4.11. Moderator

* Water, see Section 1.5.1

1.5.4.12. Bottom and top blanket composition

e Aluminium (purity: 99.5% Al, not qualified)

1.5.4.13. Bottom and top blanket linear specific weight

 183g/cm

1.5.4.14. Bottom and top blanket diameter

. (.930+.005) cm
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1.5.4.15. Bottom and top blanket length

e (.50%.01)cm

1.5.4.16. Bottom reflector composition

* Plexiglas (not qualified)

1.5.4.17. Bottomreflector linear specific weight

e .806 g/cm

1.5.4.18. Bottom reflector diameter

. (.930+.005) cm

1.5.4.19. Bottomreflector length

e (8.00£.01)cm

1.5.4.20. Top reflector composition

* Plexiglas (not qualified)

1.5.4.21. Top reflector linear specific weight

e 769 g/cm

1.5.4.22. Top reflector diameter

. (.930+.005) cm

1.5.4.23. Top reflector length
 (7.57+-.01) cm

Note: The top reflector isfilling the intermediate reactor grid over 1.5 cm of its length.

1.5.4.24. Bottom stop composition

* AISI 304 stainless steel
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1.5.4.25. Bottom stop linear specific weight

* 5.03 g/cm (estimated)

1.5.4.26. Bottom stop diameter

e .978cm

1.5.4.27. Bottom stop length

« 215cm

1.5.4.28. Top stop composition

» AISI 304 stainless steel (not qualified)

1.5.4.29. Top stop linear specific weight

* 597 g/lcm (estimated)

1.5.4.30. Top stop diameter

e .978cm

1.5.4.31. Top stop length
e+ 223cm

Note: The top stop is assumed to end with the upper face of the upper reactor grid. The highest
1.45 cm of this stop isfilling the upper reactor grid.

155. 4/0fuel pin (standard VENUS fuel pins, third delivery)

1.55.1. Fuel composition

e UO:

1.55.2. Fud stoichiometry [O/U]

« 200+.01
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1.5.5.3. Isotopic composition of U

Z4 (.031+.009) w/o
25U (4.022 + .008)
Z6U  (.023 +.006)
28 (95.924 + .010)

Impurities: Not available

15.5.4. Fuel linear specific weight

e (6.39£.70) g/cm

1.5.5.5. Fuel diameter

. (.8926 + .0005) cm

1.55.6. Fue pellet length

« (L114+.115) cm

1.5.5.7. Fud length

e (50.0£.5cm

1.5.5.8. Cladding composition: AlS 304 stainless steel

C  (.040+.040) w/o
Mn (1.290 + .030)

P (.020+.020)

S (.015+.015)

S (.135+.003)

Cr (18.300 .400)
Ni (10.030 + .200)
Mo (.132 +.003)

Fe (70.038+.711)

Detected impurities: — < 10 ppm: Cd, Ta, Au, B, Co
— < 100 ppm: Sm, Eu, Dy, Ir, Gd

1.5.5.9. Cladding linear specific weight

» (.8855+ .0007) g/cm
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1.5.5.10. Cladding outer diameter

. (.978+.002) cm

1.5.5.11. Cladding inner diameter

* (.902+.004) cm

1.5.5.12. Cdl pitch

«  (1.260+ .001) cm

1.5.5.13. Moderator

e Water, see Section 1.5.1

1.5.5.14. Bottomreflector composition

* Plexiglas (not qualified)

1.5.5.15. Bottomreflector linear specific weight

e .738g/cm

1.5.5.16. Bottom reflector diameter

e (.89£.03)cm

1.5.5.17. Bottomreflector length

e (8.80£.02) cm

1.5.5.18. Top reflector composition

* Plexiglas (not qualified)

1.5.5.19. Top reflector linear specific weight

e .738g/cm

1.5.5.20. Top reflector diameter

e (.89£.03)cm
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1.5.5.21. Top reflector length
e (7.00£.02) cm

Note: Thetop reflector isfilling the intermediate reactor grid over 1.5 cm of its length.

1.5.5.22. Bottom stop composition

e AISI 304 L stainless sted (not qualified)

1.5.5.23. Bottom stop linear specific weight

* 0593 g/cm

1.55 24. Bottom stop diameter

e 0.978cm

1.5.5.25. Bottom stop length

e 185cm

1.5.5.26. Top stop composition

» AISI 304 L stainless sted (not qualified)

1.5.5.27. Top stop linear specific weight

* 0.636 g/lcm

1.5.5.28. Top stop diameter

e .978cm

1.5.5.29. Top stop length
« 33cm

Note: The top stop is assumed to end with the upper face of the upper reactor grid, the highest
1.45 cmof this stops isfilling the upper grid.

1.5.6. Outer baffle

* Stainless steel, see Section 1.5.2
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1.5.7. Reflector

* Water, see Section 1.5.1

15.8. Barrd

15.8.1. Chemical composition: AIS 304 stainless steel

C .015w/o

Mn (1.303 £ .430)
P .028

S .005

S 513

Cr (18.464 % .200)
Ni (10.199 + .380)
Mo .474

Co .097

Fe (68.819+ 1.010)
N .080

Check 99.997

Non-detected impurities: Cd, Sm, Eu, Dy, Ir, Gd, Ta, Cu, Au, B

15.8.2. Specific weight

e (7.9+.1) g/lem® (not qualified so far)

159. Water gap

e Water, see Section 1.5.1.

1.5.10. Neutron pad

1.5.10.1. Chemical composition: AlS 304 stainless steel

C .016w/o

Mn (.830 + .280)
P .02

S .004

S .39

Cr (18.022 +.030)
Ni (10.588 + .360)
Mo .425

Co .196

Fe (69.498 + .670)
Check 100.000

Non-detected impurities: Cd, Sm, Eu, Dy, Ir, Gd, Ta, Cu, Au, B
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1.5.10.2. Specific weight

e (7.9+.1) g/lem® (not qualified so far)

1.5.11. Space between neutron pad and jacket

* Water, see Section 1.5.1

1.5.12. Jacket inner wall
1.5.12.1. Chemical composition: AlS 304 stainless steel (not qualified)

C (.024+012)

Mn (1.168 + .270)

P (.025+.003)

S (.008 + .005)

S (.374+.150)

Ce (17.619%1.047)

Ni  (9.836 £ .934)

Mo (.452 + .024)

Co (.113+.074)

Fe (70.354+ 1.963)

N (.027 +.040)

Check 100.000
1.5.12.2. Specific weight

e (7.9+ 1) g/cm? (not qualified)

1.5.13. Jacket volume

* Air with 100% relative humidity

1.5.14. Jacket outer wall

e Stainless steel, see Section 1.5.12

1.5.15. Space between jacket and reactor vessel

* Water, see Section 1.5.1

1.5.16. Reactor vessd wall

e Stainless steel, see Section 1.5.12
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1.5.17. Around thereactor vesse

e Dryair

1.5.18. Lower filling

 Water, see Section 1.5.1.2

1.5.19. Bottom support
1.5.19.1. Composition
* Water: 93.36 vol %

e Stainless stegl: 6.64 vol %

1.5.19.2. Water composition

e SeeSection15.1

1.5.19.3. SScomposition

» AISI 304 not qualified, see Section 1.5.12.1

1.5.20. Bottom grid
1.5.20.1. Composition
+  Water: 32.8 vol %
» Stainless steel: 67.2 vol %

Note: The bottom pin of the fuel pin is included in the bottom stop, which is assumed to be
cylindrical and to be supported by the upper face of the bottom grid.

1.5.20.2. Water composition

e SeeSection15.1

1.5.20.3. SScomposition

* AISI 304 not qualified, see Section 1.5.12.1.
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1.5.21. Lower reflector
The lower reflector is the region defined by the following borders:

a) The upper face of the bottom grid (for the inner part) and the upper face of the reactor support
(for the outer part).

b) The fuel bottom and/or the stainless steel piece bottom.
¢) Thejacket inner wall.

Its composition varies according to the lateral region concerned (I to X1) asfollows:

1.5.21.1. Below central hole (1)

* Water, see Section 1.5.1

1.5.21.2. Below inner baffle (11)

* Plexiglas (not qualified)

1.5.21.3. Below 4/0 fuel (111)
*  See4/0fuel pin description, items 1.5.5.14-17 and 22-25

» Below Pyrex tube (I11): see Pyrex pin description, items 1.5.4.12-19 and 24-27

1.5.21.4. Below 3/0 fuel (IV)

»  See 3/0fuel pin description, items 1.5.3.14-21 and 26-29

1.5.21.5. Below PLSA fuel (V)

e See SS-3/0 PLSA pin description, items 1.5.30.14-21 and 26-29 equivalent to 1.5.3.14-21
and 26-29

1.5.21.6. Below outer baffle (V1)

» Plexiglas (not qualified)

1.5.21.7. Below lateral reflector (VII)

* Water, see Section 1.5.1
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1.5.21.8. Below barrel (VI11)

* Plexiglas (not qualified)

1.5.21.9. Below water gap (1X)

e Water, see Section 1.5.1

1.5.21.10. Below neutron pad (X)

e Water, see Section 1.5.1

1.5.21.11. Below space between pad and jacket (XI)

* Water, see Section 1.5.1

1522 Intermediategrid
1.5.22.1. Composition

+  Water: 63.4 vol %

» Plexiglas: 36.6 vol %

Note: The intermediate reactor grid is partially filled by the pins, such that water is partially
replaced by Plexiglas and cladding tube.

1.5.22.2. Water composition

e SeeSection15.1

1.5.22.3. Plexiglas composition

* Not qualified

1.5.23. Upper reflector
The upper reflector isthe region defined by the following borders:
a) Thefuel top and/or the stainless steel piece top.
b) Thelower face of the upper grid.

c) The jacket inner wall. The reflector composition varies according to the lateral region
concerned (I to X1) asfollows:
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1.5.23.1. Above central hole (1)

* Water, see Section 1.5.1*

1.5.23.2. Aboveinner baffle (I1)

* Water, see Section 1.5.1*

1.5.23.3. Above 4/0 fuel (I11)
» See4/0fuel pin description, items 1.5.5.18-21 and 26-29*

* Above aPyrex tube (I11): see Pyrex pin description, items 1.5.4.12-15, 20-23 and 28-31*

1.5.23.4. Above 3/0 fue (1V)

*  See 3/0fuel pin description, items 1.5.3.14-17, 22-25 and 30-33*

1.5.23.5. Above PLSA fudl (V)

e See SS - 3/0 PLSA pin description, items 1.5.30.14-17, 22-25 and 30-33 equivalent to
1.5.3.14-17, 22-25 and 30-33*

1.5.23.6. Above outer baffle (V1)

e Water, see Section 1.5.1*

1.5.23.7. Above lateral reflector (VII)

* Water, see Section 1.5.1*

1.5.23.8. Above barre (VIII)

 Water, see Section 1.5.1

1.5.23.9. Above water gap (I1X)

e Water, see Section 1.5.1

* Takes into account the presence of Plexiglasin the water at the level of the intermediate reactor grid, as given
in Section 1.5.22.
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1.5.23.10. Above neutron pad (X)

* Water, see Section 1.5.1

1.5.23.11. Above space between pad and jacket (XI)

* Water, see Section 1.5.1

1.5.24. Upper grid
1.5.24.1. Composition
*  Water: 63.4 vol %
» Stainless steel: 36.6 vol %
Note: This is the composition where no pin is loaded, in the loaded part the water is partially
replaced by stainless steel due to the top stop of the pin (Regions il IV and V).
1.5.24.2. Water compoasition

e SeeSection15.1

1.5.24.3. SScomposition

e AISI 304 not qualified, seeitem 1.5.12.1

1.5.25. Upper filling

e Water, see Section 1.5.1

1.5.30. SS-3/0 PLSA pin
1.5.30.1to 13: Upper 3/0 fuel part

e Samedataas Sections 1.5.3.1 to 13, except for Section 1.5.30.7 (fudl length)

1.5.30.7. Fuel length

e (25.00£.08) cm

1.5.30.14 to 33: Blankets, reflectors and stops

* Samedata as Sections 1.5.3.14 to 33
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Note: The following items are concerned with the lower SSPLSA part

1.5.30.34. SScomposition: AlS 304 stainless steel

C (.024+.012)
Mn (1.186 + .160)
P (0254 .003)

S (.008+.005)
S (.374+.150)
Cr (18.710+ .120)
Ni (9.832+.370)
Mo (.183 + .020)
Co (.105 + .005)
Cd (.005 + .005)

B (.005% .005)
Fe (69.538+ 1.075)
Check 100.000

1.5.30.35. SSlinear specific weight

. (4.138+.002) g/cm

1.5.30.36. SSdiameter
e (.817+.002) cm
1.5.30.37. SSrod length

* (25.01£.02) cm

1.5.30.38t0 43

e Samedataas Sections 1.5.3.8 to 13

1.6. Qualified data on the core geometry

The components of the mock-up were qualified in sizes during fabrication and before loading in
the core, special attention was paid to the stainless steel thicknesses. Some data, particularly sensitive
for the fast neutron depletion, were checked in the core as built: for instance, the minimum outer
baffle-barrel distance, the water gap thickness and the azimuthal location of the neutron pad. All the
recorded data were combined to describe the mock-up as given in Figures 1.5 and 1.6. Where no
qualification was possible, the data were deduced from the fabrication specifications.
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Notes: During the mounting, it was stated that the neutron pad did not take its designed
azimuthal location, probably due to some machining mistake; it has been decided, on site,
to adjust the V3 hole (foreseen at the highest azimuthal fast neutron flux and
accommodated for spectrometry) at