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FIRST RESULTS FROM THE LWR-PROTEUS PHASE I EXPERIMENTS

F. Jatuff, M. Murphy, A. Luthi, R. Seiler, P. Grimm, O. Joneja, A. Meister, R. Brogli,
R. Chawla (PSI) R. Jacot-Guillarmod, T. Williams (EGL), S. Helmersson (ABB), S. B0rresen (SSP)

Within the framework of a joint research programme, PSI and the Swiss Nuclear Utilities are conducting
experimental reactor physics investigations related to modern Light Water Reactor (LWR) fuel assemblies
employed in the Swiss nuclear power plants. The current phase of the programme, LWR-PROTEUS
Phase I, is focused on the characterisation of highly heterogeneous Boiling Water Reactor (BWR) fuel
elements, and the validation of caiculationai codes used for the evaluation of BWR core management, op-
erational limits and safety assessment. This contribution describes the first set of experimental results
generated (fuel pin power distributions and reactivity effects), along with their analysis and interpretation.
The reported measurements were made in two of the six test configurations which have been investigated
to date, and are representative of full-water-density moderation.

1 INTRODUCTION

New power reactor demands (such as higher burn-up,
longer operating cycles, power up-rate, improved
safety assessment, etc.) require increasingly hetero-
geneous fuel element designs, more accurate calcula-
tional tools, and an extended experimental database.
The LWR-PROTEUS programme [1] is a close co-
operation between PSI and the Swiss Nuclear Utilities,
jointly financed and carried out, and is related to the
experimental investigation of important reactor physics
parameters associated with the improvement of fuel
behaviour and safety margins. The necessary valida-
tion of advanced neutronics design codes is being
achieved by conducting new types of integral experi-
ments using actual power-reactor fuel elements in
conditions suggested by the Swiss nuclear power
plants and other industrial partners, with ambitious
targets set for the measurement accuracies. The
studies principally involve the investigation of power
peaking factors, the measurement of reactivity effects,
and the simulation of in-core instrumentation, for
modern LWR core designs under different operational
conditions [2].

The zero-power critical facility PROTEUS is unique: a
central test tank, currently containing nine commercial
BWR fuel elements, is "driven" critical and provides
conditions which accurately simulate different power
reactor environments [3, 4]. During 1999, a series of
tests corresponding to full-water-density neutron mod-
eration conditions has been completed. The investiga-
tions that have been carried out are representative of
two different enrichment and burnable-poison distribu-
tions in the fuel assemblies, considered over axially
homogeneous regions as well as across an axial en-
richment boundary. Both unperturbed assembly condi-
tions and the effects of an absorber blade have been
studied. The target accuracies (1CT) which have been
attained in the measurements correspond to statistical
errors of ~0.5% for relative pin powers, and ~ 1 % for
individual reaction rate maps. Relative reactivity ef-
fects, i.e. pin removal worths, have also been meas-
ured to ~ 1 % accuracy [5]. The assembly codes tested
include important industrial and research tools, e.g.
HELIOS [6], CASMO-4 [7], BOXER [8], and MCNP4B
[9]. The present contribution presents the results ob-
tained for two of the six measured core configura-

tions: Corel B (radial distributions) and Core 1C
(axial).

2 LWR-PROTEUS DESCRIPTION

The PROTEUS critical facility was reconfigured such
as to provide an appropriate LWR neutron spectrum
environment to a centrally-located ABB SVEA-96+ fuel
element in which measurements are carried out (the
"test element"). A SVEA-96+ fuel element comprises
96 fuel pins arranged in four separate sub-bundles,
each containing 24 pins on a square pitch around a
central water canal [10]. The 235U enrichment varies
both axially and radially in the range 2-5% and some
pins contain, additionally, gadolinium as a burnable
poison in different concentrations (see Fig. 1). The
lateral assembly dimensions are about 14 cm across.
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Fig. 1: ABB SVEA-96+ assembly geometry.
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The test element is surrounded by 8 other identical
assemblies, the 3x3 arrangement being located inside
an aluminium test tank [3].

Since the elements are 4.5 m in length and the active
height of the PROTEUS driver regions is somewhat
less than 1 m, the test tank can be driven axially to
enable step-wise investigations along the whole length
of the test assemblies. This is a special feature of the
experiments and is made possible by the unique lay-
out of the facility. Thus, for example, it is possible to
study the axial power profile variation across the axial
enrichment boundary.

The test tank is surrounded by outer radial regions [4]
(the buffer, the D2O-Driver, the graphite-driver and a
graphite reflector) which govern the reactor criticality,
thus allowing experiments for a wide range of test lat-
tice koo values. The reactor instrumentation channels,
as well as the control and safety systems, are located
in the outer regions, so that the experiments at the
centre can be performed under "clean" conditions. A
view of the reactor layout is provided in Fig. 2.

Fig. 2: Top view of the LWR-PROTEUS facility.

3 C0RE1B

3.1 The Test Matrix for Core 1B

The test zone configuration 1B corresponded to the
location of the test tank in its lowermost position, al-
lowing the investigation of the upper axial part of the
ABB SVEA-96+ assemblies (average 235U-enrichment
of 3.7%, 16 burnable-poisoned pins). With full-water-
density moderation considered, the principal meas-
urements performed in the test element [5] were:

• The determination of pin power and other reaction
rate radial maps. Sixty pins were extracted from the
test element following six different irradiations. For
each pin, the activity of several different fission
products (see Fig. 3) was measured with a novel,
fully automated gamma-scanning system [11]. A
special robotic device was used to move and place
the fuel pins, one at a time, in an appropriately col-
limated counting station employing Ge detectors.

J-133 529.9 keV

Sr-91 555.6 ke.

Fig. 3: Typical y-Spectrum of an irradiated fuel pin.
The magnified 500-600 keV region shows the
133I and 91Sr fission-product photo-peaks.

• The measurement of the reactivity worths of fuel
pins. The relative reactivity worths of individual fuel
pins provide integral parameters of considerable
importance for code validation. Four characteristic
sub-regions of the SVEA-96+ assembly have been
identified (pins close to the water canal, pins with
two burnable poison neighbours, corner pins, and
relatively unperturbed pins), and the reactivity
worths of sixteen different representative pins have
been measured by a compensation method em-
ploying a well-calibrated, fine control rod.

• The measurement of axial bucklings. Axial buck-
lings have been measured in Core 1B using two
different techniques in the test element, viz. axial
gamma-scanning of a fuel pin and introduction of a
fission chamber in the space created by the re-
moval of a fuel pin. (The irradiation of gold foils
was used for the determination of axial bucklings in
the outer radial regions.)

• The activation of foils. The measurement of reac-
tion rate ratios (such as the fission rate in 238U
relative to that in 235(j) has been carried out using
specially prepared experimental pins. These pins
are demountable and contain pellets of the appro-
priate enrichment, between which special foils (thin
disks) can be placed. A normal fuel pin is replaced
by the experimental pin, which is identical except
for the location of the foils. Following the irradiation,
the foil activity is measured using germanium de-
tectors.

• TIP simulation. Traversing-in-core-probes (TIPs)
are used for the determination of power distribution
in a BWR core. A TIP detector has been simulated
using a Geiger-MCiller (GM) tube and a carefully
designed capsule. The simulated TIP has been in-
serted in the test tank, at one comer of the test
element, and the gamma response of the GM tube
measured and correlated with the power distribu-
tion in the test element.
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3.2 Typical results for Core 1B

3.2.1 Pin power

The most important experimental results for the vali-
dation of thermal margins are the radial power maps
obtained using the gamma-scanning device. Compari-
sons have been made with calculational results from
deterministic codes such as HELIOS, CASMO-4 and
BOXER, as well as with Monte Carlo predictions
(MCNP4B). Table I gives the root-mean-square (rms)
values of "Calculation Minus Experiment" (C-E) for pin
power, as determined using several different codes.
Both calculated and experimental distributions were
first normalised to an average pin power of unity for
the sixty measured pins in the test element. The aver-
age (C-E) is thus zero for each of the considered dis-
tributions.

Table 1 : Root-Mean-Square and Extrema for Pin
Power (C-E) Values in LWR-PROTEUS
Core 1B.

Code1

HELIOS

CASMO-4

BOXER

Mean2

MCNP4B3

rms

1.1

1.3

1.6

1.2

0.9

Max.

2.3

3.6

3.8

3.0

2.5

Min.

-3.8

-3.6

-3.4

-3.3

-2.3
(1) Reflected-assembly calculations corrected for the effects of

the outer PROTEUS regions (corrections typically <0.6%)
by employing an appropriate whole-reactor model based on
BOXER. The sole exception is HELIOS, with its own whole-
reactor modelling.

(2) Mean of deterministic code results (top three cases)
(3) Continuous-energy ENDF/B-V, 1u deviation <0.2%.

Considering the high degree of heterogeneity of the
SVEA-96+ fuel assembly, the calculations of Table I
indicate quite satisfactory agreement between the cal-
culations and the measurements. Figures 4 and 5
show the distributions of (C-E) values for the MCNP4B
calculations and for the mean results from the deter-
ministic codes, respectively, in relation to the sixty
measured positions in the test element. It is possible
to identify some sub-regions showing more significant
discrepancies than others.

In the case of the Monte Carlo analysis, continuous-
energy MCNP4B calculations have also been per-
formed with alternative nuclear data libraries (JEF2.2
and ENDF/B-VI), because predictions compared in
this way provide clear conclusions regarding the de-
pendence of calculational results on the basic nuclear
data. Thus, for instance, such calculations are not
susceptible to energy-group collapsing effects, or to
resonance-shielding approximations. The main con-
clusion from the Core 1B analysis in this context is
that the different nuclear data libraries can themselves
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Fig. 4: (C-E) results (%) for pin power in CoreiB
obtained with MCNP4B (ENDF/B-V data).
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Fig. 5: (C-E) results (%) for pin power in Core 1B.
Predictions from deterministic codes.

result in changes of ~ 1 % in individual pin powers. It
should be borne in mind that in all the currently re-
ported calculated results with MCNP4B, the 1cr statis-
tical deviation for pin power is <0.2%.

The deterministic codes show trends similar to the
Monte Carlo predictions, e.g. some larger discrepan-
cies for fuel pins close to important water gaps (c.f.
Figs 4 and 5).
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(C-E) distributions for pin power in Core 1B for
the various tested codes of Table I.

the considered cases. With all the codes tested, pin
power results for over half the measured fuel rods are
seen to be predicted within the range [-1, +1%].

3.2.2 Pin reactivity

As indicated earlier, the measurement of relative pin-
removal reactivity worths for different sub-regions of
the SVEA-96+ fuel assemblies provides another type
of valuable integral data. These results relate to
changes in the neutron balance at the removed-pin
location and its nearby surroundings. The results are
particularly important for the validation of still more
advanced designs with part-length rods included in the
lattice.

The (C-E) distributions for pin power in LWR-
PROTEUS Core 1B, already characterised summarily
in Table I, are depicted graphically in Fig. 6 for each of

Fig. 7: C/E-values for relative pin removal reactivity
worths*.

(*) The value at the top is the HELIOS result, that at the bottom
being the BOXER value. The convergence parameters used for
HELIOS were less stringent than for BOXER.

Figure 7 presents the calculation/experiment (C/E)
ratios for the BOXER and HELIOS results for relative
pin removal worths (normalised to the average abso-
lute worth for the 16 measured positions). The calcu-
lations were, in each case, carried out for a 2D whole-
reactor model, corrections for axial effects being
based on subsidiary measurements and analysis.

The above results, in relation to those for pin power,
are indicative of the complementary nature of this ad-
ditional set of integral experiments for code validation.
The reported calculation/experiment comparisons are
currently being interpreted in greater detail. Thus, for
example, it has been observed that the accurate pre-
diction of the experimental pin removal worths re-
quires very tight convergence parameters, not only on
keff but, even more importantly, on the group fluxes for
the whole-core models employed.
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4 C0RE1C

4.1 The test matrix for Core 1C

The main purpose of the LWR-PROTEUS Core 1C
configuration is the validation of axial power and reac-
tion rate profiles across the enrichment boundary of
the SVEA-96+ assemblies. The test tank was axially
positioned such that the reactor driver's mid-plane
coincided with the enrichment boundary. The axial
power peak was consequently shifted about 30 cm
below this level. Thus, at the boundary itself, there
was a significant gradient in the underlying axial flux
shape (a qualitatively similar situation to that in the
power reactor at this assembly height).
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Fig. 8: Comparison of calculated and measured axial
power profiles in Pin D7 (enrichment boundary
at 0 cm).

The measurements performed included:

• The determination of axial pin power and 238U-
capture rate profiles. Ten pins were selected and
gamma-scanned axially after irradiation (at axial
positions concentrating around the enrichment
boundary).

• Other measurements of axial flux profiles. Minia-
ture fission chambers were inserted at the location
of removed pins to measure the axial variation of
different reaction rates (235(_|- and 239Pu-fission).

4.2 Results for Core 1C

Figure 8 shows, for illustration, the calculated and ex-
perimental (gamma-scanning) results for the axial
power distribution in pin D7 (different 235U-
enrichments below and above the enrichment bound-
ary). The results for this test zone configuration, meant
to provide validation for the calculated axial power
distribution under full-water-density moderation condi-
tions, demonstrate the good overall agreement be-
tween the measurements and the PRESTO-2 [12, 13]
predictions. Improved agreement may be expected
with a more detailed model, e.g. one which treats the
presence of the spacers explicitly (see the flux dip for
the measured points at -12 cm in Fig. 8). The meas-

urements in Core 1C in fact suggest the possibility of
defining a three-dimensional BWR-assembly bench-
mark for code validation.

5 CONCLUSIONS

Test zone configurations representative of modern
BWR cores under full-water-density moderation condi-
tions, both with and without an absorber blade, have
been measured and analysed in the framework of the
LWR-PROTEUS Phase I programme, which employs
actual, full-length SVEA-96+ fuel assemblies. Calcula-
tions have been performed with the codes BOXER,
HELIOS, CASMO-4, and MCNP4B. A first set of com-
parisons between calculational and experimental re-
sults for Cores 1B and 1C has been presented in this
paper.

Generally, the calculations performed with the various
codes agree well with the measurements. The larger
of the observed discrepancies appear to be rather lo-
calised and remain relatively small. All in all, the tested
calculational methods/data seem to capture the princi-
pal neutronics characteristics of the highly heteroge-
neous BWR-assembly type investigated.

For the "controlled" test zone configurations, i.e. with
absorber cross inserted, preliminary analyses indicate
calculation/experiment comparisons qualitatively
similar to those obtained for the uncontrolled cases.
This seems to confirm the accuracy of the measure-
ments, and the absence of any significant errors. Fur-
ther analysis of the experiments with absorber blades,
however, is still needed as is also the correlation of
findings between Cores 1B and 1A, the latter corre-
sponding to the investigation of the lower axial part of
the SVEA-96+ assemblies (average 235U-enrichment
of 4.02%, 14 burnable-poisoned pins).

Thanks to the high-quality integral data being gener-
ated, and the flexibility of the PROTEUS facility, the
current research programme at PSI has aroused con-
siderable international interest. This is the case for
both utilities and fuel designers, all striving towards
greater economy and improved safety margins.
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