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Abstract

New critical experiments in the framework of an IAEA Coordinated Research Program
on "Validation of Safety Related Reactor Physics Calculations for Low Enriched HTR's" are
planned at the PSI PROTEUS facility. The experiments are designed to supplement the experi-
mental data base and reduce the design and licensing uncertainties for small- and medium-sized
helium-cooled reactors using low-enriched uranium (LEU) and graphite high temperature fuel.
The main objectives of the new experiments are to provide first-of-a-kind high quality exper-
imental data on: 1) The criticality of simple, easy to interpret, single core region LEU HTR
systems for several moderator-to-fuel ratios and several lattice geometries; 2) the changes in
reactivity, neutron balance components and control rod effectiveness caused by water ingress
into this type of reactor, and 3) the effects of the boron and/or hafnium absorbers that are used
to modify the reactivity and the power distributions in typical HTR systems. Work on the de-
sign and licensing of the modified PROTEUS critical facility is now in progress with the HTR
experiments scheduled to begin early in 1991 Several international partners will be involved
in the planning, execution and analysis of these experiments in order to insure that they are
relevant and cost effective with respect to the various gas cooled reactor national programs.

1 Introduction and Summary

Gas cooled high temperature reactors (HTGRs or sometimes simply HTRs) represent a valuable
option for the future development of nuclear technology. Their inherent safety characteristics due to
unique features such as fission product barrier and structural integrity up to very high temperatures,
high heat capacity in the core, etc., make them especially suitable for nuclear power and process
heat production at sites close to densely populated areas.

Although HTGRs have been extensively investigated in the past, the shift towards low enrich-
ments and away from the mixed thorium/uranium fuel cycle as well as the introduction of new core
materials (e.g. hafnium as burnable poison) reveals a lack of experimental data against which de-
sign and safety evaluation procedures can be validated. In addition, some effects such as reactivity
increase caused by water ingress are more important in the smaller HTGRs of current interest.

In order to cover this domain with experimental data and reduce the design and licensing un-
certainties for small- and medium-sized helium-cooled reactors using low-enriched uranium (LEU)
and graphite high temperature fuel, a series of critical experiments in the zero-power reactor facility
PROTEUS is proposed.
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The main objectives of the new experiments are to provide first-of-a-kind, high quality experi-
mental data on:

• The criticality of simple, easy-to-interpret, single core region, low-enriched uranium (LEU),
high temperature reactor (HTR) systems for several moderator-to-fuel ratios and several lattice
geometries;

• The changes in reactivity, neutron balance components and control rod effectiveness caused
by water ingress into this type of reactor,

• The effects of the boron and/or hafnium absorbers that are used to modify the reactivity and
the power distributions in typical HTR systems.

The new experiments have been approved within Switzerland and work on the design and
licensing of the modified PROTEUS critical facility is now in progress. The Swiss contribution to
the international LEU HTGR experimental program consists of the facility construction, licensing
and operating costs as well as a portion of the scientific support staff. The Federal Republic of
Germany contribution of the LEU pebble bed HTGR fuel needed for the initial experiments as well
as considerable scientific support has been essential in the planning of these experiments. Work
on the necessary international contractural and safeguards arrangements for the transfer of the fuel
to PSI has been initiated. The HTR critical experiments are presently scheduled to begin early in
1991.

Fuel from the LEU HTR experimental program in the AVR test facility of the KFA-Julich
will probably be used for the first phase of the experiments. A series of two-dimensional discrete
ordinates transport theory calculations have been performed for several configurations with this
LEU AVR fuel which contains 6 grams of 16.7% enriched uranium per fuel pebble. The results
indicate, that 5400 of these fuel pebbles should be sufficient for this initial phase, involving single
core zone critical configurations with moderator-to-fuel pebble ratios ranging from about 1-to-l up
to 3-to-l, pebble packing fractions from 0.6046 to 0.74 and core diameters from 1250 to 1500 mm.
Experiments with lower C/U ratios are possible but will require either additional fuel pebbles or
use of some of the existing PROTEUS UO2 driver fuel rods in more complex multi-zone systems.

The experiments have been accepted as an International Atomic Energy Agency (IAEA) coor-
dinated research program entitled "Validation of Safety Related Reactor Physics Calculations for
Low Enriched HTGR's" in the framework of the Agency's Gas Cooled Reactor Working Group. In
addition to the basic Swiss and Federal Republic of Germany cooperation, the Soviet Union and the
Peoples Republic of China have already decided to participate and will supply some of the scientific
manpower necessary to plan, execute and analyze these experiments and insure that they are rele-
vant and cost effective with respect to the various gas cooled reactor national programs. Some other
countries may also join in. The detailed experimental program is not yet completely determined
with respect to just which experiments are done with what priority. As indicated above, a fairly
wide range of possible configurations is possible within the overall envelope of the critical facility
size and fuel availability constraints. It is expected that the cooperating international partners will
meet in the near future to begin to define the details of the initial experimental program.
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2 HTR Reactor and Critical Experiment Status

2.1 HTR Status

The high temperature gas-cooled reactor (HTGR) has received increased public attention in the
recent past, not so much for its high-temperature-applications potential, as for its "inherent safety"
characteristics. These stem from several broad design features, viz. the use of coated fuel particles
embedded in a graphite matrix, a single phase, chemically inert coolant (helium), the availability
of a large heat sink in the event of a loss-of-coolant accident, etc.

Certain basic conditions need to be met in the physics design of HTGRs to ensure that the
improved safety characteristics can indeed be realized, while maintaining acceptable economics
and operational flexibility. Thus, an adequate shutdown margin (control absorber reactivity) has to
be guaranteed under all normal and accident conditions, the temperature and power coefficients of
reactivity have to be negative at each stage of the fuel cycle, and various conceivable reactivity and
power distribution changes under accident conditions (e.g. water ingress) have to be kept within
tolerable limits.

An appropriate experimental data base is needed for the validation of LEU HTGR physics
calculational tools from the viewpoint of practical design as well as licensing [20]. There are
several HTGR specific considerations, viz.

• the doubly heterogeneous nature of the fuel elements caused by the use of coated fuel particles,

• the much lower degree of self-shielding for 238U resonance capture (relative to the light
water reactor (LWR) systems for which the 238U neutron capture cross section data is usually
evaluated),

• the possibility of water ingress,

• burnable poison effectiveness,

• neutron streaming effects in coolant channels and void regions,

• worths of control rods located in the reflectors, etc.

With these specific features in view, experimental activity has been under way in Kernforschungsan-
lage Julich since the late sixties in the zero-power critical facility KAHTER and in the 15 MWe
test reactor AVR. The culmination of the HTR development effort in Germany to date has been in
the construction of the 300 MWe THTR power plant in Hamm-Uentrop which reached full power
operation in Autumn 1986.

The high-enriched, prismatic-block HTGR program in the United States has resulted in two
zero-power critical experiment facilities [2,3,4] and two power reactors [5,6]. Of these, only the
330 MWe Fort St. Vrain (FSV) reactor which reached full power in November 1981 [7] continues
to operate. The present U.S. HTGR program is oriented toward LEU prismatic block modular
designs with "passive safety" features [8,9]. The Japanese HTGR research program is also oriented
toward prismatic block type, low-enriched fuel [11].

2.2 Physics Experiments

High-enriched uranium (HEU), i.e. 232Th-235U, has been the fuel of interest in most of the ex-
perimental pebble-bed HTR physics investigations carried out in Germany. In the past decade or
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so, however, non-proliferation considerations (the INFCE study), as well as the practical difficulty
of commercially establishing a second fuel relative to the well established 238U-235U fuel used in
LWRs, has led to the decision that all new HTR plants in Germany, Switzerland and the U.S.
should use low-enriched uranium (LEU) fuel.

With the U.S. HTGR experimental facilities dismantled many years ago, the KAHTER facility
dismantled several years ago, the AVR reactor due to be shutdown soon, and the THTR and FSV
plants continuing to operate on HEU fuel, there is an urgent need for an experimental facility
to address certain open questions related to the physics, safety and design margins which would
be available for HTR systems with LEU fuel. The importance of this is augmented by the fact
that, in Switzerland in particular, there is a certain interest in relatively small, low-power district
heating reactors [31,32,27]. Helium cooled heating reactors using HTR fuel tend to be undermod-
erated, high-leakage systems with special control needs and even larger uncertainties in the physics
parameters.

Criticality data for a mixed high- and low-enriched pebble-bed system has been generated at the
15 MWe AVR high temperature reactor in Germany in which about half of the original high-enriched
fuel has been replaced with low-enriched fuel [12,13].

Criticality data for multizone systems in which external non-pebble driver fuel was used to
maintain criticality has been obtained in the CESAR facility in France [14,15] and at the Technical
University of Graz, Austria [16].

Criticality data on low-enriched prismatic and/or annular HTGR paniculate fuels was obtained
in the NESTOR and HECTOR facilities at AEE Winfrith in 1966-69 [17]. Both the NESTOR and
HECTOR experiments were multizone cores with external driver regions of non-HTGR fuel.

The 20 MWt Dragon reactor experiment [18] at the Atomic Energy Establishment Winfrtih was
built and operated in the 1960's under the auspices of the Organization for Economic Cooperation
and Development (OECD). The Dragon reactor used high enriched annular fuel in prismatic fuel
elements.

The Japanese Atomic Energy Research Institute (JAERI) has also performed experiments since
1985 in the VHTRC (Very High Temperature Reactor Critical) facility[ll]. The main objectives
of the Japanese program have been to obtain experimental data on critical masses, temperature
coefficients of reactivity, neutron flux distributions and reactivity worths of boron burnable poison
rods for a prismatic block fuel element design using 16 annular fuel rods of 2%, 4% or 6%
enrichment per hexagonal block. As far as the JAERI experiments in the VHTRC facility are
concerned, the main differences with respect to the proposed PROTEUS experiments are: 1) the
VHTRC uses prismatic block fuel geometry so that different heterogeneity and streaming effects
are encountered; 2) water ingress effects have not been investigated (it is now understood that water
ingress simulation experiments in the VHTRC may begin in 1990); 3) absorber materials other than
boron have not been used in the VHTRC; 4) the present PROTEUS experimental program does not
include the temperature dependent measurement capability of the VHTRC facility; 5) measurements
of neutron balance components (reaction rate ratios and koovalues) needed to complement the basic
criticality data have not been made in the VHTRC.

The Japanese plan to start the construction of a 30 MWt helium-cooled high temperature en-
gineering test reactor (HTTR) using low-enriched UO2 fuel at the end of fiscal year 1989 with
operation presently scheduled to begin in fiscal year 1995 [19].

E-6

ess



3 Proposed Experiments

3.1 Clean Lattice Experiments

The low-enriched, pebble-bed HTR critical experiments proposed for the PROTEUS facility are
designed to complement the data base obtained from previous high-enriched HTR experiments such
as the pebble-bed investigations in the KAHTER facility in Germany [21,51], the prismatic block
experiments at General Atomics and at Battelle North West Laboratory [2,3,4] and the LEU HTGR
experiments in the VHTRC facility in Japanfll] and to yield useful information for LEU HTR
systems using either pebble or prismatic block fuel elements.

In addition to experiments using the usual random packing of pebbles, experiments are planned
with a hexagonal close-packed lattice having a packing fraction of about 0.74 as well as with
an alternative hexagonal arrangement with a packing fraction of about 0.60. This will permit
an experimental assessment of streaming effects between pebbles and in the case of the second
hexagonal arrangement, allow easy access to the core center for reactivity worth and reaction rate
measurements with minimal perturbation of the system.

In principle, k^and the related reaction rate ratios are not affected by the pebble packing
fraction. This means that we can choose any convenient geometrical arrangement of pebbles for
the zero-leakage neutron balance measurements, provided that the system may be made critical and
is large enough so that experimental corrections for reflector effects are acceptably small at the
central measurement location.

The basic results will be the critical masses and geometries, the experimentally measurable
neutron balance components, inferred Rvalues, and neutron flux and fission rate distributions.
The neutron flux distribution measurements will generate additional information on the neutron flux
levels in the reflector regions and provide a basis to validate the computer models. An accurate
prediction of the fast neutron flux in the reflector zones is an important factor in the prediction of
the service life of the inner reflector regions.

We expect that three single-zone cores with moderator-to-fuel pebble ratios of 3:1, 2:1 and 1:1
will be constructed with hexagonal close-packed geometry in the first phase of the experiments. The
3:1 and 1:1 cores will also be constructed as single-zone cores with stochastic (random) pebble-bed
geometry and with the alternate hexagonal geometry for k^ and reaction rate ratio measurements.

3.2 Water Ingress
The possibility of steam generator or liner cooling system leaks necessitates the consideration of
accidental water ingress in HTGRs [9]. Most graphite moderated HTGR systems are significantly
undermoderated for reasons relating to fuel cycle economics (the conversion ratio increases in
undermoderated systems so that less fissile material needs to be supplied). This means that these
systems will gain reactivity as moderator is added to the core. Arguments based upon the volume
of the reactor core as compared with the entire primary cooling circuit and the amount of water
contained in the steam generators and liner cooling systems as well as the heat capacity stored in
the core are used to limit the amount of water that must be considered in accident analyses to a
small fraction of the maximum void space in an HTR core (about 2.5% in the case studied by
Hiibel and Lohnert) [23,24,10].

The reactivity increase caused by water ingress into an HTR core depends:

• Strongly upon the moderator-to-fuel ratio;as may be seen in the data from Hu'bel and Lohnert
[23] and Pelloni, et al. [25].
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• Less strongly upon the reactor temperature (generally larger at high temperatures); and

• Also depends upon the fuel type (HEU or LEU) and the burnup status.

The only previous water ingress experiments that have been performed for pebble-bed reactor
systems are the high-enriched experiments at Graz [16]. The Graz experiments used a relatively
small amount of high-enriched pebble-bed fuel in a heterogeneous externally driven system and
are thus not very useful in assessing the accuracy of water ingress calculations for low-enriched
pebble-bed systems of representative size and neutron leakage.

Pebble-bed HTRs usually have a strong reflector effect because of the undermoderated core with
nearly 40% void coupled with a high density graphite reflector [26]. The high thermal neutron flux
in the reflector compared with the adjacent core region enhances the worth of control rods located in
the reflector regions. One of the effects of water ingress is to reduce the worth of the reflector and
hence of any control rods or poison ball reserve shutdown sytems (KLAK) located in the reflector
regions. Similar considerations apply to the modular prismatic block HTGR designs which usually
have a relatively small core diameter in order to minimize the maximum fuel temperatures under
accident conditions. All of these effects act to complicate the life of the HTGR designer who
must consider all of these effects and their associated uncertainties and guarantee an adequate cold
shutdown margin at all times.

The use of a uniform hexagonal lattice and plastic foam inserts in the proposed PROTEUS
experiments should allow very accurate simulation of water ingress effects and the development of
an accurate experimental benchmark for use in validating the design calculations needed to insure
the safety of low-enriched, graphite-moderated, pebble-bed systems. The columnar hexagonal
lattice with a theoretical packing fraction of 0.6046 is desirable for access to the center of the core
for reaction rate measurements without disturbing the entire bed. The changes in neutron balance
components caused by water entry appear to be large enough to be experimentally measurable [28].

The use of a single zone critical core will allow the water ingress experiments in PROTEUS to
provide information on changes in the reactivity worth of control rods located in the radial and/or
axial reflectors in a straightforward and rigorous manner.

We expect that at least two single-zone cores with moderator-to-fuel pebble ratios of, say 3:1
and 1:1 would be investigated in the water ingress studies. The same basic results as in the initial
phase of the program would be expected along with measurements of the changes in control rod
effectiveness and burnable poison material worths caused by simulated water ingress.

Some information on the streaming of neutrons between pebbles and the effects of water ingress
on them may also be able to be extracted from single-zone core simulated water ingress experiments
in two different known, regular, reproducible lattice geometries.

3.3 Burnable Poisons

An important difference between the HEU and LEU systems is linked to the use of burnable poisons
in the initial cores to modify the changes in reactivity and power distribution during the transition
to an equilibrium core. In the case of hafnium which has been used in Euopean HTGR designs,
the use of low-enriched instead of high-enriched uranium causes added uncertainty because of the
much larger overlap of the resonance capture in hafnium with 238U as compared with the 232Th
used in the high-enriched uranium reactor fuel cycle (resonance capture in hafnium is largest in the
1 to 10 eV energy range where resonance capture in 232Th is very small but resonance capture in
238U is large). There is thus considerable incentive to investigate the interactions of hafnium and
238U in pebble-bed reactor systems. Integral experiments with hafnium absorbers over a wide range
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of moderator-to-fuel ratios would also be quite valuable for assessing the accuracy of the presently
available neutron cross sections for hafnium.

We expect to conduct two series of experiments with hexagonal close packed pebble-bed ge-
ometries and moderator-to-fuel ratios of about 3:1 and 1:1, respectively. The number of absorber
pebbles will range from zero to enough to fully utilize the available fuel supply and core volume.
The primary interest is currently in hafnium absorbers although, at least one core with boron ab-
sorber pebbles will also be constructed. Studies of alternative poison nuclides (erbium for example)
and geometries may lead to additional experiments.

A combination of water ingress and the effects of hafnium absorbers has not been studied
before to our knowledge. Such data would be of considerable interest in the design and licensing
of gas-cooled district heating reactors in which the water ingress problems are likely to receive
more attention than in an electric power generation reactor in which the higher core temperatures
and power densities limit the maximum water density [23,24].

The basic critical loading and water ingress experiments require at least 5000 fueled pebbles (see
the calculational results section). A much larger number of fueled pebbles or more complex driven
configurations will be needed to approach power reactor absorber-to^fuel-to-moderator pebble ratios.

4 Calculational Results

4.1 Introduction

Two-dimensional discrete ordinates transport theory calculations have been performed for LEU HTR
PROTEUS configurations with LEU AVR pebble bed fuel containing 6 grams of 16.7% enriched
uranium per pebble.

Basic criticality results plus the reactivity changes associated with possible pebble bed densifi-
cation (slumping), upper reflector collapse onto the pebble bed, removal of the last layer of pebbles,
etc. were calculated.

Two-dimensional transport theory calculations were also made for Core 13 of the present PRO-
TEUS LWHCR experiments [33]. They were used to develop and validate an R — 0 geometry
control rod model. Good agreement between the calculated and measured [52] worth of the 8 bo-
rated steel safety and shutdown down rods in PROTEUS LWHCR Core 13 was obtained (Calc/Exp
= 0.93) when an experimentally determined axial buckling in the test zone region was used.

This model was then used to compute the worth of the same 8 borated steel safety and shutdown
rods as a function of the distance of the safety and shutdown rods from the core-reflector boundary
in a 150 cm diameter LEU HTR PROTEUS configuration.

4.2 Method of Calculation and Fuel Specifications

The same calculational methods and nuclear data libraries [30,29] were used as in a previous series
of two dimensional calculations [36,1]. The previously used LEU AVR fuel pebble specifications
were updated to values consistent with the quality assurance records for this fuel obtained from
KFA Julich.

The only significant fuel pebble specification change was an increase in the thickness of the
outer unfueled shell from 5.0 mm to 7.2 mm. This change was based upon a verbal statement by
Dr. H. Nabielek of KFA Julich [37]. It has a significant effect on the computed Dancoff correction
factor calculation but only a small effect on the overall eigenvalue calculation.
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A small auxiliary code called GHR was used to compute atom densities for the PEBBLE code
[38,39] and the MICROX-2 code [40,41,42].

Carbon-to-uranium and carbon-to-235£f atom ratios for various mixtures of the 16.7% enriched
AVR fuel pebbles with pure graphite moderator pebbles are given in Table 1.

Table 1: Carbon-to-Uranium Ratios for 16% AVR Fuel

M:F Pebble C/U Atom CP35U Atom
Ratio Ratio Ratio

0
1
2
3
4

634
1258
1881
2504
3127

3757
7451
11144
14837
18530

The significance of these atom ratios for the proposed HTR PROTEUS experiments is due to
the following considerations. The older high temperature helium-cooled reactor (HTR) designs
were usually undermoderated with C/235^ atom ratios in the 4000 to 5000 range (C/U atom ratios
in the 800 to 1000 range). The present HTR-500 pebble bed reactor design has a CP35U atom ratio
near 10000 with about 8 grams of 10% enriched uranium per fuel pebble. Smaller helium-cooled
pebble bed reactor systems such as the MODUL and the district heating reactors are presently being
designed with C/235!!/ atom ratios approaaching 15000. The prismatic block modular HTR designs
continue to use CP35U atom ratios in the 4000 to 5000 range.

PSI edition 13 of the MICROX-2 code [40,41,42] was used to obtain 13 broad group (8 fast
(E > 2AeV) and 5 thermal) modified P l s cell averaged, macroscopic cross sections in the Los
Alamos "XSLIB" 6E12 format for use in the ONEDANT and TWODANT codes [43,44]. The
MICROX-2 calculations used 193 group JEF-1 based nuclear data libraries prepared at PSI [45]
with the NJOY/MICROR cross section processing system [46,47,48,49]. The PEBBLE code [38,39]
was used to calculate the Dancoff correction factors for the LEU AVR fuel pebbles required by the
MICROX-2 code. The pebble bed core region cross sections were obtained for the critical buckling.
The reflector region cross sections were obtained with zero buckling. The actual measured neutron
absorption cross section of the PROTEUS relector graphite (about 3.8 millibarns at 2200 m/s) was
simulated by addition of an appropriate amount of 10B to the JEF-1 graphite data.

The Los Alamos developed TWODANT code [44] was used to obtain critical pebble bed heights
via dimensional searches and also for ordinary kejf calculations. The radial reflector was 64 cm
thick graphite and the axial reflector was 60 cm thick graphite (both with 3.8 millibarn 2200 m/s
capture) in all of the TWODANT calculations reported here. The height of the core cavity was
fixed at 190 cm. A pure void was used in the core cavity above the pebble bed fuel. All of the
TWODANT calculations used the Px, £4 approximation.

4.3 Basic Criticality Results

Some basic R — Z geometry criticality results are given in Table 2. These results are for three
different pebble bed core diameters (140,150 and 160 cm), one pebble bed packing fraction (0.6046)
and two different moderator-to-fuel ratios (1:1 and 3:1).
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Table 2: Critical Height Results

Filling
Factor

0.6046
0.6046
0.6046

0.6046
0.6046
0.6046

M:F
Ratio

1
1
1

3
3
3

Core
Diameter

(cm)

140
150
160

140
150
160

Core
Height
(cm)

119.01
111.69
106.08

179.06
164.87
153.63

Height-to-
Diameter

Ratio

0.85
0.75
0.66

1.28
1.10
0.96

Number
of Fuel
Pebbles

4958
5342
5773

3730
3943
4180

Number
of Mod
Pebbles

4958
5342
5773

11190
11829
12540

4.3.1 Last Layer Worth, etc.

The M:F = 3:1 case with core diameter 150 cm and core height 164.87 cm was then selected as a
reference point for evaluation of the worth of the last layer of pebbles, etc. A pefj value of 0.007
AK/K was assumed. The following results were obtained:

• AKeff = -0.01313(-1.88$) due to removal of the last 6 cm thick layer of fuel and mod-
erator pebbles.

• AKejf — +0.00765(+1.09$) due to the addition of a 6 cm thick layer of 60% dense graphite.

• AKeff = -0.01349(-1.93$) due to the addition of a 6 cm thick layer of 60% dense layer
of aluminum.

• AKeff — +0.01053(+1.50$) due to removal of the air in the core and in the void (hohlraum)
above the core.

• AKeff — — 0.00021(—0.03$) due to removal of the water vapor appropriate to 50% relative
humidity.

4.4 Miscellaneous Results

Some two-dimensional calculations were performed to obtain information on the effects of certain
hypothetical geometry changes on the reactivity of the proposed LEU HTR PROTEUS pebble bed
critical assembly. The reference configuration for these calculations had a pebble bed core diameter
of 125 cm, a moderator-to-fuel pebble ratio of 1:1, a pebble filling factor of 0.62, and a pebble
bed core height of 128.15 cm for a height-to-diameter ratio of 1.025. This pebble bed core would
contain about 4310 fuel and 4310 moderator pebbles.

4.4.1 Pebble Slumping Reactivity Changes

The number of moderator and fuel pebbles were held constant at the above values for pebble filling
factors of 0.62 (reference case), 0.67 and 0.74 (core heights of 128.15, 118.59 and 107.37 cm,
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respectively) to estimate the effect of hypothetical changes in pebble bed density. The results are
given in Table 3.

Table 3: Pebble Slumping Results

Filling M:F Number Number Core Core keff

Factor Ratio of Fuel of Mod Diameter Height
Pebbles Pebbles (cm) (cm)

0.74 1 4310 4310 125.0 107.37 1.0368
0.67 1 4310 4310 125.0 118.59 1.0162
0.62 1 4310 4310 125.0 128.15 1.0001

4.4.2 Void (Hohlraum) Region Worth

The reference case (0.62 filling factor) was then modified to remove the void region above the
pebble bed to simulate the collapse of the upper reflector. The calculated eigenvalue without the
61.85 cm high void region between the pebble bed and the upper reflector was 1.0506 (+7.23 $
compared to the reference case).

4.5 Safety and Shutdown Rod Worth

The R — 0 geometry control rod model that was validated with calculations for LWHCR Core 13
was then used to compute the worth of 8 standard borated steel PROTEUS safety and shutdown
rods as a function of the distance of the safety and shutdown rods from the core-reflector boundary
in a 150 cm diameter LEU HTR PROTEUS configuration with a M:F ratio of 3:1 and a filling
factor of 0.6046. An axial buckling of 1.37 x 10~4cm~2 was used everywhere except in control
rod holes which had zero buddings. A value of almost 22 $ (for all 8 rods) was obtained at the
minimum possible distance of 3.75 cm between the rod centerline and the core-reflector boundary
as shown in Table 4.

Table 4: Worth of 8 Borated Steel Safety and Shutdown Rods

Distance of Rod K-Effective AK
From Core-Reflector All Rods Out All Rods In

Interface (cm)

3.75
5.0
10.0
15.0

1.00441
1.00443
1.00458
1.00397

0.85181
0.86146
0.89263
0.91645

0.15260 (21.80 $)
0.14297 (20.42 $)
0.11195(15.99$)
0.08752 (12.50 $)
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4.6 Discussion of Calculational Results

It should be noted that the GHR/PEBBLE/MICR0X-2/TW0DANT calculational path does not as
yet include any corrections for streaming between pebbles [21,22]. The effect of such streaming
corrections is normally small. In the water ingress studies cited in [25], the correction for streaming
between pebbles was found to increase k^ by a maximum of about 0.15%.

The cavity above the pebble bed core is treated correctly in a two-dimensional transport theory
code such as the TWODANT code used here (if a high enough SN value is used) without the usual
diffusion theory boundary condition approximations [50]. The effect of higher than S4 angular
quadrature on the R — Z geometry calculations should be small but has not yet been checked in
these studies.

The results indicate that 5400 of these LEU AVR fuel pebbles should be sufficient for the
initial phase of the planned LEU HTR PROTEUS experiments involving critical configurations and
water ingress studies with moderator-to-fuel pebble ratios of 1-to-l, 2-to-l and 3-to-l [C/U ratios
of 1258, 1881 and 2504 (C/U-235 ratios of 7451, 11,144 and 14837)] and the low density columnar
hexagonal lattice (theoretical filling factor = 0.6046) that is most desirable from an experimental
viewpoint.

In the well moderated cases [moderator-to-fuel pebble ratio of 3-to-l (C/U atom ratio = 2500,
C/U235 atom ratio = 14800)], the pebble bed core diameter needs to be at least 150 cm in order to
obtain criticality with a reasonable core height.

In the less well moderated cases [moderator-to-fuel pebble ratio of 1-to-l (C/U atom ratio =
1260, C/U235 atom ratio = 7440)] that are of particular interest in the water ingress portion of the
experimental program, the pebble bed core diameter needs to be less than 150 cm in order to obtain
criticality with a reasonable core height and number of fuel pebbles.

We are thus led to consider a design with a variable active core diameter, with a maximum
of about 150 cm. If we are to retain the safety and shutdown rods in their present position (in a
ring of diameter 135 cm), which is logistically and economically desirable, these rods need to be
located in noses or buttresses which protrude into the core cavity.

The core diameter could be reduced to about 125 cm by filling in the regions between the noses
with special graphite blocks or more simply by using only moderator pebbles in those regions.

The presence of the noses will complicate the physics analysis somewhat but are actually
prototypic of various real and proposed pebble bed HTR designs. In the PROTEUS experiments,
the safety and shutdown rods are always be fully withdrawn when the system is critical so that no
large undesirable experimental perturbations from the presence of the noses are to be expected.

5 PROTEUS Capabilities

5.1 Experimental Facility

The PROTEUS reactor is a zero-power reactor that is characterized by a modular construction
which allows rapid adaptation to new research conditions. The bottom-, side- and top-reflectors are
composed of layers of nuclear grade graphite blocks and leave the inside of the test zone empty.
The side reflector consists of three concentric rings of graphite blocks. The blocks in the outermost
ring use wedges and bolts for greater structural stability. This type of construction allows the inner
side reflector rings to be modified or removed as necessary for different experimental conditions.

The PROTEUS facility has, in the past, been used mainly as a coupled reactor system, consist-
ing of a central test zone driven critical by surrounding driver/buffer regions. In the seventies, the



physics of gas-cooled fast reactors was investigated in the test zone, while in the eighties light water
high converter reactor (LWHCR) physics has been the subject of interest[33]. Both experimental
programs have attracted considerable international interest, the ongoing PROTEUS-LWHCR Phase
II experiments, for example, forming the most important single component in the joint R & D activ-
ities of PSI, the Kernforschungszentrum Karlsruhe and Siemens/KWU to establish an experimental
data base for validating LWHCR design methods.

5.2 Experimental and Analytical Techniques

'The principal strengths of the PROTEUS group which make the facility well suited for the proposed
LEU HTR experiments are:

• Experience in defining an appropriate set of integral experiments for improving specific
power-reactor design accuracies.

• Experimental techniques developed over the years for measuring and inferring individual neu-
tron balance components (k^, reaction rate ratios) referred to fundamental conditions [34,35],
so that diagnostic information can be obtained with respect to discrepancies in reactivity
predictions.

The importance of the second point above lies in the fact that the various contributions to
neutron balance play a different role in different situations (e.g., when nuclide density changes
occur with increased burnup, or neutron spectrum changes upon water ingress). An understanding
of the individual components is essential to rule out error cancellation and to allow a reliable
extrapolation of experimental results to the power reactor situation.

5.3 Personnel

The experimental and analytical team at PROTEUS has generally consisted of about 4 to 7 physicists
and 4 technicians, responsible for the planning, execution and analysis of the experiments on the one
hand, and the operational safety and technical maintenance of the reactor on the other. This staffing
level is necessary to allow the planning, preparation and execution of the experiments to proceed
in parallel without excessive delays. It is also necessary to allow the analysis and evaluation of the
experiments to proceed quickly enough to be able to check any doubtful results.

About half of the total scientific staff will be provided by PSI and the other half of the staff
will be provided by the other participating organizations. The responses received so far indicate
that, in fact, foreign scientists will come and take active part in the experiments.

6 International Program

This project is intended to serve as a focal point for international collaboration in HTGR research.
We hope to bring together good scientists from the various gas-cooled reactor national programs,
not only to help share the cost of performing such experiments, but most of all to provide a joint
in-house peer review for the planning, execution, analysis and significance of the experiments and
to share knowledge to the greatest possible extent.

Two different international cooperation mechanisms appear to be available at the momemt. One
such mechanism is the IAEA coordinated research program in the framework of the Agency's
gas cooled reactor (GCR) working group which is already approved, the other is the on-going
US/FRG/F/CH umbrella agreement for cooperation in GCR research and development.
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7 Conclusions

New LEU-HTR experiments in the PROTEUS facility are proposed. They will provide data on:

• the criticality of simple, easy to interpret, single core region HTR systems for several
moderator-to-fuel ratios;

• the changes in reactivity and control rod effectiveness caused by water ingress;

• the effect of boron and hafnium absorbers in a low-enriched HTR system.

These experiments are needed to reduce uncertainties and to verify codes and data for design
and licensing purposes.

The PROTEUS experiments should for the first time, provide keff bias factors relevant to the
LEU HTR fuel cycle and, in addition, shed light on the individual sources of error. The latter will
be achieved by virtue of measured results for individual neutron balance components as well as the
investigation of streaming effects. A wide range of conditions will be povered by the experimental
program, thereby providing an adequate integral data base for the validation of LEU HTGR design
calculations.

The PROTEUS facility and its team are well suited to perform these experiments because they
have much experience in accurate reactivity and reaction-rate measurements.

An international cooperation with the Federal Republic of Germany, the Soviet Union, the
Peoples Republic of China and possibly Japan and the United States of America, will provide a
cost sharing and bring together the international knowledge in HTGR reactor physics ensuring the
quality of the work.
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