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INTRODUCTION

Prof. Dr. W. Kroger

Head, Nuclear Energy Research Department

Nuclear energy and nuclear safety research in Switzer-
land aims today primarily at:

• Maintaining competence in matters of nuclear
safety, waste disposal, and the corresponding plant
technology, with regard to the safe use of nuclear
energy in the future;

• Education of nuclear scientists and engineers
within the framework of attractive research activ-
ities, in co-operation with the universities;

• Treatment of scientific questions, including exper-
tise consultancy on isolated aspects in the domain
of nuclear energy and technology;

• Active following of the development of safety re-
quirements and characteristics for future reactors
which takes place internationally, and evaluation
of the basic aspects and limits of corresponding
technical solutions;

• Offering of scientific-technical services in the nu-
clear sector and operation of the facilities neces-
sary thereto.

Most of the nuclear energy research carried out in
Switzerland takes place in the research department of
the same name at the Paul Scherrer Institut. The
structure of the Nuclear Energy Research Depart-
ment is shown below. Contributions from universities
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focus mainly on education; however, graduates and doc-
coral candidates usually perform their practical work at
PSI. Some 220 person-years (out of which around 60
were required for infrastructure) and some 10.8 MsFr.
were invested in 1992 in this research. About one-third
of the personnel costs and more than half of the in-
vestment were provided by the utilities and NAGRA,
the Federal Office of Energy (through the regulatory
authority HSK), and the National Foundation for En-
ergy Research, mostly within the framework of research
contracts.

The year 1992 was characterised by the commission-
ing of new experimental facilities and the realization of
new projects, which have been conceived over the past
few years. Along with work in the traditional fields
of safety (including safety-related operational aspects)
of nuclear power plants (NPPs), disposal of ra-
dioactive waste, and safety features of future re-
actor concepts, a new, interdisciplinary project for
the global assessment of energy systems (with regard to
safety, economics, and environmental impact) was ini-
tiated together with the General Energy Research De-
partment of PSI and with ETH in Zurich. In the follow-
ing, the most important projects are briefly presented.

Reactor Safety
In the domain of severe accident research, the experi-
mental facility CORVIS (Corium-Reactor Vessel
Interaction Studies) was completed in 1992. The pro-
ject aims at the analytical and experimental investiga-
tion of a possible melt-through of a reactor pressure
vessel (RPV) at a late stage of a core-melt accident:
The coolability of the molten metal and the consequent
behaviour of the reactor containment depend, namely,
on the mechanism and the point in time of this failure.
During experiments, a part of the lower head of the
RPV (reactor steel with a thickness up to 10 cm) with
typical piping perforations at a 1:1 scale is exposed to
molten metal under atmospheric pressure ('low-pressure
scenario'). The molten core is simulated here by up to
2000 kg of molten thermite, which is heated by means
of an electrical arc of 300 kW. In the analytical part of
the project, computational models for the RPV failure,
which are transferable also to high-pressure scenarios,
are developed and validated. Such models have been
already used for the design of the experiments and the
calculation of demonstration tests. The calculated evo-
lution of temperature with time in the steel was roughly
in agreement with the experimental results, but it was
impossible to predict the place of failure by calcula-
tions. It is, therefore, strongly suspected that convec-
tion within the molten metal plays a decisive role and
could influence the results.

The experimental facility POSEIDON, for the in-
vestigation of aerosol and gas scrubbing in water tanks,
was completed. To generate aerosols, metal powder
is evaporated in so-called plasma-torches and subse-
quently rapidly cooled down. A mixture of nitrogen
and steam is used as carrier gas. The aerosol material
can be any combination of Csl, CsOH, and Mn or Sn.
Also, gaseous molecular iodine can be generated and
mixed with the carrier gas stream. The gas mixture is
driven by an injection system through water of up to

100'C in a cylindrical tank, 5m high by lm diameter.
The iodine and aerosol concentrations are measured at
the tank inlet and outlet and are used for the calcula-
tion of the retention ('decontamination') factor. These
experimental data allow the validation of calculational
tools developed at PSI (e.g. BUSCA), which are then
used for the simulation of real water tanks in NPPs.

In order to deterministically exclude hydrogen ex-
plosions in an NPP containment following a severe ac-
cident, the containment can be made inert in advance,
and from a choice of candidate agents, carbon dioxide
seems to be the most promising. To calculate the vol-
ume of CO2 to be stored, the ignition limits of the
four-components gas mixture air-steam-hydrogen-CO2
should be known. Autoclave tests at 1 to 6 bar pres-
sure and 80 to 180° C temperature are in progress to
determine the ignition limits and the flame propagation
regime, peak pressure, and temperature.

At the centre of the STARS project (Simulation
Models for the Transient Analysis of the Reactors in
Switzerland) stood, in 1992, the testing, validation, and
broadening of the computational system for transient
analysis. Further, the plant models were tested and the
plant-specific data necessary for the analysis of incidents
and accidents in those plants were updated and com-
pleted. They were then used to calculate selected (espe-
cially beyond-design-base) accident sequences. Analysis
of reactivity accidents with failure of the reactor shut-
down system was thus completed for the Miihleberg
(KKM) and Leibstadt (KKL) NPPs; the results show
that no safety-relevant limits would be violated. In
the framework of the validation of computer codes, sta-
tionary axial power distributions in the KKL core were
calculated with the RAMONA-3B code; the compari-
son with in-core measurements showed good agreement,
with a mean standard deviation of 5.2%. Based on the
know-how accumulated in the framework of STARS, an
expertise was provided in 1992 on the supplier's safety
analysis methodology used for the backfitting project of
the Beznau NPP.

In the domain of component safety, the piping
experiments E31 at the Heissdampfreaktor (HDR) were
analysed with regard to structural-dynamic behaviour
of the intact pipe using more exact and extended cal-
culations; the local fractural behaviour in the crack-
ing region was investigated with the codes ADINA and
ORVIRT, using the finite element method and taking
the plastification of the material into account. Neutron
irradiation of low-alloyed ferritic steel in the SAPHIR
reactor at 290°C caused embrittlenient. Heat treat-
ment at 460° C over 18 hours reduced the embrittlement.
The embrittlement rate after heat treatment and re-
newed irradiation was not higher than before. Copper,
phosphor and nickel could be identified as elements en-
hancing embrittlement. In the framework of PSI's ac-
tivities on stress corrosion cracking is the study of
whether this phenomenon is enhanced under neutron
irradiation and under which conditions - if at all - it
could occur in reactor structures. Investigations to date
have shown no cracks after 1000 hours under simulated
boiling water reactor conditions; only with extremely
high oxygen content in the water and high mass flow -
both far beyond the allowed limits for a BWR - was it
possible to generate cracks.



The transport and deposition (contamination) of
activated corrosion products in the primary circuit of
light water reactors can lead to higher local dose rates
and occupational exposure. Particularly in a BWR with
external reciroulation pumps, the local dose rate in-
creases with the time of operation, due to Co-60. These
phenomena are, in addition, considerably influenced by
the annual shut-down of the reactors from operational
conditions to room temperature. In 1991 and 1992, the
shut-down of the KKL plant was accompanied by an ex-
tensive analytical programme. The release of particles
in the reactor water during this period was observed for
the first time on-line in August 1992 by means of white
light scattering through a sapphire window; in addition,
the O2 and H2O2 content and the 7-activity of the var-
ious nuclides were periodically measured. The particle
concentration reaches its maximum during the cooling-
down phase at 160°C, along with a strong increase of
the Co-60 content and the occurrence of H2O2. The
findings of such measurements have led to recommen-
dations as to how to reduce the contamination of the
reactor water through the selective addition of elements
to it.

Disposal of radioactive waste
The aims of the Waste Management Programme are to
develop and test models, and to acquire selected data
in view of the performance assessment of Swiss nuclear
waste repositories. With an effort of roughly 30 person-
years, the work has been concentrated on further de-
veloping our understanding of safety-relevant mecha-
nisms and processes governing the release of radionu-
clides from the various waste matrices, their transport
through the repository near- and far-field, and, most
importantly in the past year, on the application of the
knowledge gained in the safety assessment.

In the past year, extensive work was begun within
NAGRA on a new performance assessment of a
repository of high-level wastes in the crystalline base-
ment in Northern Switzerland, KRJSTALLEV-I This
assessment will update 'Project Gewahr 1985' results
in the light of new knowledge from field and laboratory
investigations. PSI participates strongly in performing
calculations and evaluating results, from the release of
nuclides in the repository up to potential doses to man.
Whereas the methodology for this new safety assess-
ment has not changed since 1985, much more emphasis
in now put on the barrier function of the near-field.
To this end, compositions of pore waters in compacted
bentonite have been modelled and solubility limits of
radioelements derived, based on thermodynamic calcu-
lations and on general chemical considerations. For re-
alistic parameters, the release of Np, Th, U, Pu, Zr, Tc,
Pd, and Se is taken to be solubility limited. The mas-
sive bentonite backfill provides an efficient barrier. Most
radionuclides decay strongly during diffusive transport
through the bentonite. An appreciable effort has been
spent to derive parameters for the dual porosity far-field
transport model from geological/petrographical field
data. Rather extensive investigations on colloid concen-
trations and their characterisation, as well as transport
modelling studies, have shown that colloidal-facilitated
nuclide transport can very probably be neglected in the

crystalline of Northern Switzerland. Finally, a model
and the appropriate data base have been put together
for nuclide transport in near-surface waters, surface wa-
ters, and food chains, Among other activities, theo-
retical studies on the influence of organics on nuclide
speciation (see article on page 65), and the develop-
ment and application of surface complexation models on
nuclide sorption, based on extensive experiments (see
article on page 59) should be mentioned. The work
for KRISTALLIN-1 will be finalised during the current
year.

Investigation of radiolytic degradation of cation ex-
changers has yielded oxalate and a further unidentified
organic ligand as complexing agents. However, it has
been shown that both complexants do not strongly in-
fluence nuclide speciation in cementitious pore waters.
Using similar experimental methods, formal complexa-
tion constants for humic acids have been measured in
a broad pH range, exhibiting strong dependencies on
pH. Since k,-v- and intermediate-level wastes contain
appreciable amounts of cellulose, we have started with
the investigation of metal ion complexation by cellu-
lose degradation products. Also in the context of low-
level repositories, the investigation of cement alteration
and pore water compositions has corroborated the pre-
viously developed cement degradation model. Ongo-
ing are time-consuming experiments on the diffusion of
chloride, iodide, and nickel through thin discs of cement.

In the area of testing geosphere transport modelling,
the work within the international INTRAVAL study
is nearing completion. Through modelling the Finnsjon
test case, the importance of taking into account the de-
tails of tracer injection and extraction has been eluci-
dated. However, due to the experimental lay-out and
uncertainties, a consistent picture for all the tracers in-
vestigated has not emerged. This was different for the
Grimsel migration experiment. Here, the break-through
curves for all non-sorbing, and some sorbing, tracers
could be consistently modelled for one experimental ar-
rangement, and the predictions for another dipole ar-
rangement have been confirmed by subsequent experi-
ments.

Finally, the modelling work on coupling chemical
speciation and physical transport should be mentioned.
Whereas, within the standard approach of coupling
these two mechanisms, work is still in its early phase,
the cellular automata approach has been shown to ap-
proximate systematically the standard macroscopic ap-
proach and displayed effects of explicitly microscopic
origin.

Safety features of future reactor
concepts
On 7 July 1992, the PROTEUS facility reached critical-
ity for the first time, with a core consisting of low en-
riched uranium (LEU) fuel, currently typical for HTGR.
The new HTGR experiments are the main part of
an IAEA-coordinated research programme, to which
Switzerland, along with six other countries, participates.
In the framework of this programme, HTGR neutron
physics is investigated experimentally and analytically
in order to gain high-quality data. These data are used
for the validation of computer codes, which, in turn, are



used for the analysis of safety aspects (for example, re-
activity changes following a water ingress accident) and
of generic reactor physics questions (such as reaction
rates in double-heterogeneous LEU fuel (particles/fuel
element) and neutron leakage in the hollow space in the
core).

The experimental determination of individual safety
parameters (e.g. control and shut-down rod worths) was
particularly important for the confirmation of the safety
and operation limits laid down in the safety report of the
re-configured reactor. Good agreement between calcu-
lated and measured values was obtained, although the
critical height of the pebble bed in this first core was
significantly (10%) underestimated.

The goal of the ALPHA Project is the experimental
and analytical investigation of safety-relevant features
of advanced reactor concepts, namely of the heat and
mass transfer processes which are key functions for the
passive, long-term, decay heat removal in future LWRs.
The influence of the presence of non-condensable gases
on the functioning of passive components (steam con-
densers) is being investigated at FSI. During 1992, work
focused on the design, calculation, and construction of
the various experimental facilities. The PANDA facil-
ity represents the nucleus of the project; it simulates the
RPV, the containment, and the novel passive contain-
ment cooling condensers of a simplified boiling water re-
actor (SBWR) at a volumetric scale of 1:25 - though 1:1
in height (25 m). The general definitions of the facility
and of the measurement concept have been completed,
and the international contractual partners (EPRI, GE)
have examined and accepted them. The construction
of the various components (large vessels, condensers) is
at an advanced stage. The concrete foundations are al-
ready completed and the erection of the facility should
be able to start on schedule in February 1993. In paral-
lel, an extended quality assurance programme has also
been carried out.

The two other experimental facilities foreseen in the
framework of ALPHA - LINX (mixing phenomena in
the containment) and AIDA (aerosol transport and be-
haviour in condensers) - have also been designed and
are under construction. In a relatively small facility
(LINX-I), some pilot tests have already been performed,
in order to provide a design basis for the larger facili-
ties (PANDA, LINX-II) and to obtain first experimental
data for the development of calculational tools.

In the meantime, the project has gained additional
importance, as the American safety authority (USNRC)
has declared the demonstration of the functioning of
passive decay heat removal to be a key element for the
design certification of the SBWR. Some results of the
tests planned for the PANDA facility will thus be con-
sidered in the American licensing procedure. From the
point of view of size and concept, PANDA is the only
facility which allows for such tests in the short- and
mid-term.

The motivation for research activities in the domain
of sodium-cooled fast breeders lies on the one hand in
scientific interest for the investigation of physics and
thermal-hydraulic safety problems of this reactor type,
and, on the other hand, in the necessity for gaining an
understanding of eventual safety problems of breeder
reactors close to the Swiss border, which is used in ad-

vising the Swiss authorities. Reactor physics calcula-
tions have shown that the treatment of the resonance
cross-sections should be improved. During the simu-
lation (for the time being with water) of fluid-mixing
phenomena in the primary circuit, vortex development
was visualised using a laser profile technique and the
velocities measured were compared with calculations.

With its accelerator and hot laboratory facilities,
its experience in reactor physics, accelerator physics
and the handling of a-containing materials (e.g. pluto-
nium), as well as through the development of the spal-
lation source SINQ, PSI is in an ideal position to carry
out theoretical and experimental work in the domain of
actinide transmutation. In the framework of a one-year
preliminary study, the toxicity reduction of Np-237 and
other minor actinides theoretically achievable was de-
termined. In the domain of fuel preparation, the work
focused on mixed nitride fuels as precursors for future
irradiation in the Phenix reactor. In parallel, the re-
placement of uranium (a source of actinides itself) by
inert materials (e.g. zirconium) was investigated. This
work serves also to maintain at PSI the know-how and
capability of handling nuclear fuel.

Large nuclear facilities
The hot laboratory is the only laboratory in Switzerland
designed for the handling of highly radioactive or fissile
materials. As an example, work is being performed in
the framework of two international programmes on the
optimisation of LWR fuel cladding, aiming at the ex-
tension of maximum in-core time, the improvement of
fuel use, and the reduction of waste. With this aim,
fuel rods with slightly modified zirconium basic alloy
are being irradiated in reactors and the highly active
samples are then examined, using various methods, in
the hot laboratory. With the secondary ion mass spec-
trometer (SIMS), for example, the surface of solid ma-
terials is selectively removed by ion bombardment and
the mass and charge of the expelled particles are deter-
mined. Analysis of the composition of the oxide layer
of fuel cladding showed that the lithium concentration
(lithium is added to the water of pressurised water reac-
tors to neutralize boric acid) is very small at the oxide-
layer/metal interface, where the corrosive attack takes
place. This leads to the conclusion that the influence of
lithium on the corrosion process is small.

The backfitting of the research reactor SAPHIR en-
tered its decisive phase with the structuring of the activ-
ities into a project and the elaboration of construction
plans. This backfitting comprises, on the one hand, the
replacement of the reactor protection system (required
by HSK) and, on the other hand, an improvement of the
primary circuit, which is necessary for reliable reactor
operation in the mid-term (until SINQ can be reliably
operated) at the high reactor power rate requested by
the user community.

International co-operation
Almost all the aforementioned activities are embedded
within international co-operation programmes, and the
following table gives a brief summary of the most im-
portant connections.
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THE NEUTRON RADIOGRAPHY FACILITY AT THE SAPHIR
RESEARCH REACTOR

J. Hammer, E. Lehmann, H. J. Strassberger and L. Wiezel

Laboratory for Reactor Physics and Systems Technology

Abstract
A new neutron radiography facility has been developed
and brought into operation at the tangential beam tube
port Tl of the SAPHIR research reactor. This report
gives a brief description of the facility, its characteris-
tics, and first applications.

1 Introduction
It is the absorption, scattering and fission characteris-
tics of thermal neutrons in their interaction with specific
materials which make neutron radiography (NR) appli-
cations unique. The high sensitivity to hydrogeneous
materials is a very important feature, as is also the easy
identification of neutron absorbers such as boron, cad-
mium, gold and copper. Thus, while the resolutions
achieved in NR and X-ray radiography are similar, the
types of objects which can be investigated are different.
For example, high-contrast neutron radiographs can be
obtained for organic materials which are largely trans-
parent to X-rays. The two techniques are thus essen-
tially to be viewed as complementary in non-destructive
testing applications.

2 Facility Description
Figure 1 is a general view of the SAPHIR NR facility [1],
located at the tangential beam tube port Tl . The fa-
cility was designed within the constraints of the limited
space available in the reactor building and is optimized
with respect to the existing beam tube geometry.

A cylindrical graphite scatterer, ~300 mm long and
63 mm in diameter, is positioned in the tangential beam
tube opposite the reactor core, to serve as secondary
neutron source. During full-power operation of the reac-
tor, the temperature of the graphite cylinder is ~300°C.
A divergent collimator arrangement ensures a well-
defined neutron beam geometry, with a bismuth single-
crystal, 100 mm long, integrated into it. The latter,
while causing ~80% suppression of the thermal neutron
flux, reduces the 7-ray intensity by a factor of ~1000.
Additional reduction of the 7-radiation, as well as im-
proved thermalisation of the neutrons, is achieved with
a silicon single-crystal of 60 mm length placed in the
neutron beam. The overall arrangement has made the
application of direct imaging techniques with low
7-background effects possible and has, additionally, sim-
plified the shielding requirements in the vicinity of the
beam catcher considerably.

5 KETER STATION FOR IRMOHTE0
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Figure 1: A general view of the neutron radiography facility at SAPHIR



The primary beam-shutter function is provided by
a collimator system, which extends to the edge of the
reactor shielding and which can be rilled with either
water or helium. An evacuated multisection collimator,
of total length 7.1m, can be positioned in front of this
- to yield a usable beam area of ~0.12m2 at its exit
(12-m station, cf. Fig. 1).

Adjustment of the exposure time for the film, as
also limitation of the exposure area (to minimize unde-
sirable activation and scattering effects in the case of
small objects), are achieved using a mechanical shut-
ter device. Inactive objects of lateral dimensions up to
~1 m end thicknesses up to ~25cm can be positioned
together with a vacuum film cassette on a versatile ob-
ject holder - an appropriately dimensioned, water-filled
cylinder located behind this serving as beam catcher.

An alternative location for obtaining radiographic
images is at the exit of the neutron beam from the re-
actor shielding (5-m station, cf. Fig. 1). A usable beam
area of ~710cm2, with a considerably greater thermal
neutron flux than at the 12-m position, is available here.
With heavy shielding components (up to ~5 Te) pro-
vided around this location, it is possible to radiograph
active objects such as segments of irradiated fuel rods
and absorber plates. The facility is used in conjunc-
tion with transfer flasks and other equipment provided
by PSI's Hot Laboratory, a series of investigations hav-
ing been completed recently in a co-operative effort to
optimize the experimental techniques further.

3 Beam Characteristics

The effectiveness of NR as a non-destructive technique
for revealing the inner structure of a given object is de-
termined by the quality of the neutron radiograph ob-
tained, in terms of resolution, contrast, etc. These qual-
ities are, in turn, strongly affected by the properties of
the neutron beam employed - the essential requirements
being for thermal neutrons incident uniformly over a
large area, with as little contamination from fast neu-
trons and 7-rays as possible.

Specially designed devices, termed 'beam purity in-
dicators' (BPIs), can be used to determine values for pa-
rameters which quantify the Nil-relevant characteristics
of a given neutron beam. Figure 2 shows enlargements
of neutron radiographs, obtained at the SAPHIR 12-m
station, for BPIs supplied by the Risa Research Centre.
The sharpness of the edges and the number of clearly
visible strips and holes provide measures of the degree
of resolution achievable. Optical density ratios, deduced
for the different material components of the BPIs, serve
as indicators for the neutron energy distribution.

In a series of recent measurements - some of which
were carried out in the framework of an international
standardisation programme for NR facilities - the fol-
lowing beam characteristics were determined for the
12-m station at SAPHIR:

• Neutron Aperture (circular):
• Length-to-Diameter Ratio :
• Thermal Neutron Flux:
• Epithermal Neutron Flux:
• Cadmium Ratio:

32 mm
326
4-1 x 10s cm-2 s"1

17 x 10* cm"2 s"1

22

Figure 2: Neutron radiographs of 'beam purity
indicators' (actual size 25mm), characterizing the
quality of the neutron beam at the 12-m station.

• Effective Neutron Energy (mean.): 26 meV
• 7-field (at beam centre): 12mSv h"1

• Effective Thermal Neutron Component: 72%

These characteristics confirm that the SAPHIR NR
facility compares very favourably with others world-
wide.

10



Figure 3: Neutron radiograph of an irradiated fuel-rod
cladding specimen, with corrosion effects ('hydride

lenses') rendered distinctly visible.

4 NR Methods

Apart from the neutron beam characteristics, the qual-
ity of the neutron radiograph produced for a given ob-
ject is determined by the specific method employed.
Since the neutrons cannot directly be used for generat-
ing a latent image in the film material, nuclear reactions
have to be induced in special target materials so as to
produce either charged particles or 7-rays.

Strong neutron absorbers (Gd, Dy, Cd, 5 - 1 0 , etc.)
serve as converters, which are either irradiated together
with the film (direct method) or are brought into con-
tact with the film after irradiation (transfer method).

The latter technique offers the advantage that back-
ground 7-radiation present in the neutron beam has no
detrimental effect on the quality of the radiograph.

5 Applications

The transfer method is particularly advantageous for
the investigation of activated objects in that radiation
emitted by the object itself cannot affect the film. Fig-
ure 3 gives an example of such an application, with
corrosion effects (so-called 'hydride lenses') being made
clearly visible for fuel-rod cladding irradiated in a power
reactor.

Following a series of investigations designed to op-
timize experimental procedures, work at the SAPHIR
NR facility is currently being concentrated on devel-
oping a number of practical applications. These range
from the diagnostic investigation of defects in electronic
and nuclear components (cf. Fig. 4) to the study of
organic materials. Depending on the elemental com-
position of the object, inner structures of dimensions
down to ~0.05mm can be distinctly identified. Future
users can thus be expected from areas as diverse as high-
precision manufacturing, nuclear R& D and biology.
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Figure 4' The detailed inner structure of a boron ionisation chamber as revealed by neutron radiography. To be
noted is the clarity with which the homogeneity of the boron deposit, and also the effectiveness of the insulating

components, can be checked.
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RESEARCH ACTIVITIES RELATED TO ACCELERATOR-BASED
TRANSMUTATION AT PSI

P. Wydler

Laboratory for Reactor Physics and Systems Technology

Abstract
Transmutation of actinides and fission products using
reactors and other types of nuclear systems may play a.
role in future waste management schemes. Possible ad-
vantages of separation and transmutation are: volume
reductions, the re-use of materials, the avoidance of a
cumulative risk, and limiting the duration of the risk.
With its experience in reactor physics, accelerator-based
physics, and the development of the SINQ spallation
neutron source, PSI is in a good position to perform
basic theoretical and experimental studies relating to
the accelerator-based transmutation of actinides.

Theoretical studies at PSI have been concentrated,
so far, on systems in which protons are used directly
to transmute actinides. With such systems and appro-
priate recycling schemes, the studies showed that, con-
siderable reduction factors for long-term toxicity can be
obtained.

With the aim of solving some specific data and meth-
ods problems related to these types of systems, a pro-
gramme of differential and integral measurements at the
PSI ring accelerator has been initiated. In a first phase
of this programme, thin samples of actinides will be irra-
diated with 590 MeV protons, using an existing irradia-
tion facility. The generated spallation and fission prod-
ucts will be analysed using different experimental tech-
niques, and the results will be compared with theoretical
predictions based on high-energy nucleon-meson trans-
port calculations. The principal motivation for these ex-
periments is to resolve discrepancies observed between
calculations based on different high-energy fission mod-
els. In a second phase of the programme, it is proposed
to study the neutronic behaviour of multiplying target-
blanket assemblies with the help of zero-power experi-
ments set up at a separate, dedicated beam line of the
accelerator. These experiments are intended to provide
integral checks on the nuclear data (models) and cal-
culational methods for specific target-blanket configu-
rations.

1 Introduction
In Switzerland, transmutation is currently not consid-
ered as a method for simplifying the country's radioac-
tive waste management problems. Because of the insti-
tution of a 10-year nuclear moratorium, decisions for re-
placing existing, or launching new, nuclear power plants
have to be deferred at least until the turn of the cen-
tury. From a short- to medium-term point of view,
the radioactive waste management problem is there-
fore limited: the National Cooperative for the Storage

of Radioactive Waste assumes a 120 GWe-year scenario
and has a firm policy to establish low-level and to plan
medium- and high-level waste repositories in suitable
geological formations. The associated risk for the pop-
ulation is considered to be negligible.

On the other hand, countries with larger nuclear
power programmes, such as Japan and France, are tak-
ing an increasing interest in advanced reprocessing tech-
nologies and have meanwhile initiated major partition-
ing and transmutation programmes. In view of the long-
term potential of nuclear fission energy, and since the
Swiss Government has explicitly declared its will to keep
the nuclear option open, there exists an incentive for
investigating such technologies also in Switzerland. In
the longer term, interest in these technologies will prob-
ably be strengthened, since the expected benefits, such
as volume reductions of radiotoxic materials, re-use of
materials, avoidance of a cumulative risk, and limiting
the duration of the risk, may play an important role in
the discussion of a 'sustainable development' of nuclear
energy.

Transmutation of long-lived radiotoxic nuclides (ac-
tinides and fission products) into shorter-lived, less toxic
species can be achieved with normal fast reactors, spe-
cial burner reactors, and other types of nuclear systems.
With its experience in reactor physics, accelerator-based
physics, and the development of the SINQ spallation
neutron source, PSI is in a good position to perform
basic theoretical and experimental studies relating to
accelerator-based transmutation systems. For a research
institute such as PSI, work in this field is attractive,
since accelerator-based systems are less developed and
have a higher potential than reactor-based systems, and
the associated research has a high scientific content.
Studies of the theoretically achievable toxicity reduction
for M7Np and other long-lived minor actinides, which
will be briefly described in Section 2, have confirmed
the high potential of such systems.

Since there is no Swiss concept for a transmutation
system, PSI has decided to focus its experimental work
on basic or generic problems in areas where it can make
the best use of its special experimental facilities. These
comprise a 590 MeV proton accelerator, which is cur-
rently being upgraded to provide a current of 1 - 2 mA,
different types of irradiation facilities with the neces-
sary handling equipment, and a hot laboratory in which
irradiated samples can be analysed using advanced ex-
amination methods. Building on this infrastructure, the
Laboratory for Reactor Physics and Systems Technol-
ogy is about to initiate a programme of measurements
called ATHENA which is aimed at solving some specific
'data and methods' problems relating to the accelerator-
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based transmutation of actinides (ATffSNA = gctinide
transmutation usng high energy accelerators). A brief
description of the first two phases of this programme
will be given in Sections 3 and 4.

2 Transmutation Effectiveness
of Spallation Reactions

Actinide transmutation systems must be designed pri-
marily to fission the actinides. In the case of accelerator-
based systems, this is achieved in two ways:
in accelerator-driven 'thermal' systems (systems based
on an intense thermal neutron source) nuclides which
cannot be directly fissioned with thermal neutrons are
converted to fissile nuclides by means of neutron capture
reactions and the latter are fissioned before they can de-
cay to other non-fissile nuclides; whereas in accelerator-
driven 'fast' systems (driven subcritical systems with
a fast neutron spectrum) the actinides are fissioned by
fast neutrons, including evaporation neutrons from the
spallation reactions, and by the high-energy reactions
themselves.

Important advantages of utilising the high-energy re-
actions themselves as transmutation processes are the
high fission probability (cf. Table 1) and the tendency of
the high-energy reactions to directly reduce the mass of
the bombarded nuclei and thus to mitigate the build-up
of undesirable heavier reaction products. On the other
hand, Table 1 shows that the high-energy reactions give
only a modest energy multiplication factor, indicating
the need for a powerful accelerator. The overall energy
balance of transmutation systems with a high propor-
tion of high-energy induced transmutations can, how-
ever, be improved by using the many free lower energy
neutrons (about 30 per proton at a proton energy of
1 GeV) to generate additional fission power in a sur-
rounding 'breeding' blanket [1].

To assess quantitatively the transmutation effective-
ness of the spallation reactions, the toxicity of the re-
maining waste following transmutation of a minor ac-
tinide mixture with a composition corresponding to typ-
ical LWR spent fuel was calculated for four different re-
cycling schemes. A (hypothetical) ideal transmutation
facility with a quasi-infinite, non-multiplying target of
pure minor actinides and negligible reprocessing losses
were assumed. Recycling schemes l.ato l.c, illustrated
in Fig. 1, are minor-actinide recycling schemes with and
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Figure 1: Minor-actinide recycling schemes without
further partitioning (l.a), with partitioning of the

newly generated plutoniutn (l.b), and with partitioning
of pluiontum and uranium (l.c). The numbers give the
mass balance in kg/yr for a 300 MW proton beam and

a load factor of 0.8. The partitioned uranium and
pluionium could be recycled in LWRs together with

other uranium and pluionium.

without partitioning of newly generated uranium and
plutonium; scheme 2 is a full recycling scheme with re-
cycling of all spallation products.

Figure 2 illustrates that the reduction of the radi-
ological toxicity is highest for recycling scheme 2: be-
yond 200 years, the overall toxicity is reduced, theoret-
ically, by more than 3 orders of magnitude compared
with the toxicity of the original minor actinide mix-
ture. It can be seen that the potential toxicity reduc-
tion strongly depends on the recycling scheme (newly
generated uranium and plutonium should be separated
from the waste). More comprehensive conclusions from
this study are given in [2].

L.I ,1 1

Figure S: Long-term toxicity for ingestion of the
remaining waste using different recycling schemes.

The solid line gives the toxicity of the original minor
actinide mixture and its decay products.

3 Irradiation of Thin Samples of
Actinides

For all spallation-based transmutation systems, there is
a greater or lesser need for a good understanding and an
appropriate modelling of spallation processes involving
not only medium-weight but also heavy nuclei. High-
energy nucleon-meson transport codes, such as HETC,
have usually been validated with a view to their use in
the design of spallation neutron sources for solid-state
physics applications [3]. In the context of transmuta-
tion, a correct prediction of the neutron source strength
and power distribution in the target is not the only goal,
but the code has also to be capable of correctly predict-
ing the mass distribution of spallation and fission prod-
ucts, since the individual nuclides are associated with
widely differing toxicities and half-lives [4].

Simple code comparisons for the irradiation of thin
samples of actinides with high-energy protons have re-
vealed considerable differences in the total yield and
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Table 1: Yields per incident particle in a quasi-infinite target bombarded with 1 GeV protons.

Target material

No. of spallation products
No. of high-energy fissions
No. of transmuted nuclei
High-energy fission probability
Total energy deposited (GeV)
No. of neutrons below 15 MeV

Pure
Np-237

1.1
4.2
5.3
0.79
1.60

30.9

Minor
actinide
mixture

1.0
4.0
5.0
0.80
1.56

30.5

Actinide
mixture

1.0
4.1
5.1
0.80
1.58

31.0

the shape of the mass distribution for both spallation
and fission products. Since pure theoretical models are
being compared with experimentally adjusted models,
these differences are partly understood. However, in
view of the more stringent requirements indicated above,
experimental verification is desirable, especially for ac-
tinides, where the experimental data are scarce.

Table S: The ATHENA Programme

PHASE 0

i Analytical studies relating to spallation-
based transmutation systems (e.g. cal-
culation of theoretically possible toxic-
ity reductions using different recycling
schemes).

• Identification of gaps in our knowl-
edge (relating, for example, to the nu-
clear models used in high-energy nucleon-
meson transport codes).

PHASE 1 (1993-1995)

i Verification of the models by irradiation
of thin Th, U, Np and Am samples with
590 MeV protons and analysis of the spal-
lation and fission products using different
experimental techniques.

Improvement of the theoretical models.

PHASE 2 (from about 1995)
Neutronic studies relating to multiplying
target-blanket systems.
Verification of data (models) and calcu-
lational methods by means of zero-power
experiments at the PSI ring accelera-
tor (measurement of integral parameters
such as fission rate distributions and re-
action rate ratios).

To check the models used in the calculation of the
high-energy nuclear cascades and the de-excitation of
the residual nuclides by fission and evaporation pro-
cesses, a basic validation experiment, ATHENA-1, has

been initiated (Table 2), in which thin samples of ac-
tinides will be irradiated with 590 MeV protons from the
PSI ring accelerator. Mass spectrometry will be used to
measure the mass distribution of the generated reaction
products, and the results will be compared with nuclide
concentrations measured independently using the total
reflection X-ray fluorescence (TXRF) technique.

The actinides to be studied include 232Th, 238U,
237 Np,241 Am and possibly other minor actinides. 238 U
will be used in the first experiments because it is the
easiest to handle. 232 Th is interesting from a theoret-
ical viewpoint, because in the RAL fission model [5]
its atomic number is close to the lower limit (Z = 89)
of the region in which the systematics of Vandenbosh
and Huizenga for the ratio of fission to neutron emis-
sion is applied. Thin samples, with a mass of about
1 g/cm2, will be irradiated in the existing PIREX facil-
ity, which is designed for simulating displacement dam-
age and impurity production in first-wall materials of
fusion reactors [6]. The maximum proton beam cur-
rent is 20/iA, allowing production rates for fission and
spallation products of the order of 0.1 ng/s. The sam-
ples will be encapsulated in aluminium and mounted in
a special irradiation head which provides cooling with
a temperature-stabilised helium circuit. After the ir-
radiations, the head assembly will be transported in a
shielded flask to the hot laboratory, where the samples
will be dismounted and prepared for the analyses.

The mass spectrometric analysis will be carried out
using an inductively coupled plasma mass spectrometer
(ICP-MS). The ICP-MS method allows multi-element
and isotopic analyses to be made over a large range of
concentrations, with the option of performing quanti-
tative measurements by utilising calibration standards.
For high-accuracy isotopic ratio measurements, thermo-
ionic mass spectrometry is also considered. The neces-
sary sample preparation technique, which may involve
separation steps, is currently being developed.

The total reflection X-ray fluorescence technique [7]
was originally developed for measuring impurities in the
'first-wall' materials irradiated in PIREX, but has also
been applied successfully for low-level iodine detection
in a reactor safety experiment. The measurements can
be carried out either at PSI using normal X-ray tubes or,
under more favourable conditions, at the Stanford Syn-
chrotron Radiation Laboratory (SSRL) using an elec-
tron storage ring to produce extremely intense X-ray
beams [8].
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4 Neutronic Studies Related to
Target-Blanket Systems

As regards neutronics, accelerator-driven thermal trans-
mutation systems are not very different from contin-
uous spallation neutron sources for solid-state physics
applications (the main difference between the two sys-
tems is that the moderator is optimised, in the former
case, for maximum transmutation rates and, in the lat-
ter case, for maximum neutron beam intensity). There-
fore, in the neutronic design of accelerator-driven ther-
mal transmutation systems, one can rely on experience
with the design of spallation neutron sources, and there
appears to be no immediate need for specific verifica-
tion experiments. The SINQ spallation neutron source,
which should become operational at PSI in 1995, will
provide a good benchmark for checking the calculational
methods more thoroughly.
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Figure S: Predicted reaction rates in an
accelerator-driven spherical blanket with mixed-oxide

fuel. The marks indicate the lower limit of the
applicability of measurement techniques. It can be seen

that the important reaction rates can be measured
easily with a proton beam current ofWfiA.

For accelerator-driven 'fast' systems, however, in-
formation on the adequacy of neutronic design meth-
ods is scarce. This applies particularly to systems in
which protons are used directly to transmute actinides,
and/or actinides are exposed to a neutron flux with a
significant spallation neutron component. In a second
phase of the ATHENA programme, it is therefore pro-
posed to study the neutronic behaviour of multiplying

target-blanket assemblies for different geometries and
compositions with the help of zero-power experiments.

In these experiments, as in the case of zero-power
experiments for normal fission reactors, the idea is to
check the adequacy of the nuclear data (models) and
the numerical methods by comparing calculated and
measured integral parameters such as fission rate dis-
tributions and reaction rate ratios. The experimental
methods will mainly be those which have been devel-
oped for integral measurements in zero-power fission re-
actors. First estimations show that adequate flux levels
in the assemblies can be achieved with a proton beam
current of 1 to 10 ft A, depending on the multiplication
factor of the assemblies (cf. Fig. 3), and that there will
be no difficult cooling and activation problems. The
possibility of setting up these experiments at a sepa-
rate, dedicated beam line of the PSI ring accelerator is
now being investigated more thoroughly.

Acknowledgements
This overview is based on two PSI contributions to
a recent specialist's meeting (OECD-NEA Specialist's
Meeting on Accelerator-Based Transmutation, PSI
Wiirenlingen/Villigen, 24-26 March 1992) describing
toxicity reduction studies for transmutation systems us-
ing high-energy spallation reactions [2] and planned ex-
periments in support of the validation of nuclear data
and calculational methods [4]. The experiments are car-
ried out in the framework of the Transmutation Physics
Project of the Laboratory for Reactor Physics and Sys-
tems Technology. This project receives valuable support
from the actinide chemistry and irradiation technology
groups within the Laboratory for Materials Technology
and Nuclear Processes, and from the SINQ and Pirex
Projects in the PSI Departments F3A and F3B.

References
[1] WYDLER P., "Reduction of the long-term toxicity

of neptunium and other minor actinides by nuclear
spallation", Proc. Information Exchange Meeting
on Actinide and Fission Product Separation and
Transmutation, Mito City, Japan, 6-8 November
1990.

[2] WENGER H.U., WYDLER P. AND ATCHISON F.,
"The influence of different recycling schemes on
toxicity reduction for transmutation systems using
high-energy spallation reactions", Proc. OECD-
NEA Specialist's Meeting on Accelerator-Based
Transmutation, PSI Wurenlingen/Villigen, 24-26
March 1992.

[3] ATCHISON F., "Data and methods for the de-
sign of accelerator-based transmutation systems
(overview paper)", Proc. OECD-NEA Specialist's
Meeting on Accelerator-Based Transmutation, PSI
Wurenlingen/Villigen, 24-26 March 1992.

[4] WYDLER P., "Research activities related to
accelerator-based transmutation at PSI", Proc.
OECD-NEA Specialist's Meeting on Accelerator-
Based Transmutation, PSI Wurenlingen/Villigen,
24-26 March 1992.

16



f' [5] A T C H I S O N F . , "Spallat ion and Fission in Heavy
| Metal Nuclei under Medium Energy Pro ton Bom-
fc ba rdmen t" , Meeting on Targets for Neutron Beam
ft Spallat ion Sources, KFA-Jiilich, F R G , 11-12 June

S 1979, Jul-conf-34 ( Jan . 1980).

I, [6] M A R M Y P . , D A U M M . , G A V I L L E T D . , G R E E N
S., GREEN W. V., HEGEDUS F., PROENNECKE
S., ROHRER U., STIEFEL U. AND VICTORIA M.,
"PIREX II - A New Irradiation Facility for Testing
Fusion First Wall Materials", Nuclear Instrumen-
tation Methods in Physics Research B47 (1990)
37-47.

[7] HEGEDUS F., WINKLER P., WOBRAUSCHEK P.
AND STRELI CH., "TXRF Spectrometer for Trace
Element Detection", Advances in X-Ray Analysis
33 (1990) 581-583.

[8] HEGEDUS F., WOBRAUSCHEK P., SOMMER
W.F., RYON R.W., STRELI CH., WINKLER P.,
FERGUSON P., KREGSAMER P., RIEDER R., VIC-
TORIA M. AND HORSEWELL A., "Total Reflection
X-Ray Fluorescence Spectrometry of Metal Sam-
ples using Synchrotron Radiation at SSRL", Eu-
ropean Conference on Energy Dispersive X-Ray
Spectrometry, Mykonos, Greece, 30 May - 6 June
1992.

17



PLANNING AND INTERPRETATION OF INVERSE KINETICS
EXPERIMENTS IN LEU-HTR CONFIGURATIONS OF THE
PROTEUS FACILITY

T. Williams

Laboratory for Reactor Physics and Systems Technology

Abstract
In the LEU-HTR experimental programme, currently
underway at the PROTEUS critical facility, an impor-
tant aim is the generation of safety-related physics data
for the validation of design codes. Of particular inter-
est is the effectiveness of shutdown rods situated in the
radial graphite reflector under both normal and water-
ingress conditions. The proper interpretation of one
of the experimental techniques to be used, namely in-
verse kinetics (rod drop), depends upon certain calcu-
lated correction factors. The required factors, the de-
tails of their calculation and their sensitivity to various
parameters are discussed.

1 Introduction
On the recommendation of its Working Group
on Gas-Cooled Reactors, the International Atomic En-
ergy Agency (IAEA) has established a Coordinated Re-
search Programme (CRP) on the Validation of Safety-
Related Physics Calculations for Low-Enriched Ura-
nium (LEU) Fueled, High Temperature Gas-Cooled
Reactors (HTRs). This CRP was initiated in January
1990 and includes active participation by China, France,
Germany, Japan, Russia, the U.S.A. and Switzerland,
the host country. The objective of the CRP is to pro-
vide high-quality, benchmark-type data for use in the
validation of reactor physics codes and methods used
by participating countries for design analysis. At pre-
sent, the main activity within the CRP involves a major
experimental programme at the PROTEUS critical fa-
cility at PSI [1]. Within this programme, experiments
are being carried out using 16.7% enriched, pebble-type
HTR fuel, provided by Germany", to determine critical
loadings, flux and power profiles, reaction rate ratios,
control rod and burnable poison worths, etc. The ex-
periments will be conducted over a range of parameters
including carbon-to-uranium ratio, effective core den-
sity and simulated water concentration. To ensure that
the experiments are relevant to the needs of the partic-
ipants, specialists from each of the countries are taking
part in the planning and execution of the experiments.

The PROTEUS facility (see Fig. 1) can be broadly
described as a graphite cylinder of 3.3 m diameter and
3.4m height, with a cylindrical cavity of 1.2m diam-
eter and 1.7 m height located 0.8 m above the base of
the system. Reactor control is achieved by means of 4
shutdown rods and 4 fine-control rods, all situated
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suchsreaktor, Julich

Figure 1: Vertical Sectional View of a Typical
HTR-PROTEUS Configuration (dimensions in mm).

in the radial reflector. The cavity is filled with mix-
tures of graphite and fuel pebbles of 6 cm diameter,
with air in the gaps between the pebbles. For the in-
vestigation of streaming effects as well as for exper-
imental convenience, the pebble beds will be loaded
in three different geometrical arrangements: hexagonal
close-packed, columnar hexagonal and random, repre-
senting void fractions of approximately 0.26, 0.40 and
0.38, respectively. HTR-PROTEUS Core 1 became crit-
ical for the first time on 7 July 1992. It has a moderator-
to-fuel pebble ratio of 1:2 and a hexagonal close-packed
geometry.

The four boron-steel shutdown rods located sym-
metrically around the core at a radius of 68.4 cm serve
additionally, by virtue of their location and quality-
assured material specifications, as measurement rods
and thereby fulfil one of the particular requirements of
the project, namely, quality-assured measurements of
the worth of absorber rods located in the radial reflec-
tor. Two, essentially independent, techniques have been
selected for rod-worth measurements, namely the pulsed
neutron source (PNS) [2] and inverse-kinetics (IK) [3]
methods, both of which involve the observation of the
dynamic response to some system perturbation. This
report highlights some of the necessary considerations
in the application of the second of these methods to
HTR-PROTEUS.
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2 Background
The basic concept of the IK technique is that n(t), the
neutron density evolution following a reactivity pertur-
bation at time t = 0 to a critical system, can be re-
lated to the size of the reactivity perturbation. A com-
plete analysis would require three-dimensional, time-
dependent theory in which all transient harmonic and
spatial effects were modelled. Although considerable
attention has been paid in the literature to transient
harmonic effects during rod drops [4], the effect has not
been seen to be significant in HTR-PROTEUS, espe-
cially as the aim of the measurements is to obtain in-
tegral rod worths and not details during the rod drop
itself. It is therefore considered sufficient at present, as
a first-order approximation, to concentrate on spatial
effects alone (see [5]).

Because of the inherent difficulties in solving the
time-dependent neutron transport equation in its gen-
eral form, IK analysis is normally limited to a single
energy-group, point-reactor representation with 6 de-
layed neutron groups. However, the dropping of an
absorber into the system not only causes a reduction
in reactivity and a consequent decay in the integrated
neutron density, but also a disturbance in the local
neutron density distribution and its energy distribu-
tion. Any neutron detector placed close to the sys-
tem will experience both global and local effects. In
short, a method must be available to convert space-
and detector-dependent measurements to a global value
of reactivity. Some methods have involved careful spa-
tial averaging of a large number of measurements dis-
tributed throughout the system. The large experimen-
tal effort required, along with problems with weighting
the individual measurements, has demanded a more so-
phisticated approach. One such approach [5], and that
adopted in the present work, involves the use of cal-
culations to predetermine the spatial variations of the
experimental results, such that fewer measurements can
be made in more representative positions. This paper
gives a summary of the analyses performed to evaluate
spatial effects in IK experiments in HTR-PROTEUS.

3 Theory
The one-group, point kinetics equations with six delayed
neutron groups can be written as follows:

(2)

where:

- n(t) represents the changing neutron density in

response to a reactivity change initiated at t = 0,

- p(t) is the reactivity in dollars (zero at time t = 0),

- A(t)* is the reduced generation time (A* = -?),
- 6,- and A< are the delayed neutron parameters.

The re-arrangement of equations 1 and 2 leads to
the following relationship:

where

and N(t) is the variation of neutron density with time,

normalised such that N(t) = ~~.
n(0)

Therefore, with a knowledge of N(t), we can derive
the size of the reactivity perturbation. Equation 3 is
often referred to as the differential method of inverse
kinetics.

We can not measure n(t) in a real system; instead
we measure the response q(t) of a detector at position
r with cross-section £<t(v) to a neutron flux <j>[r, v,t),
i.e.

q{t)=<2d(v)<l>(r,v,t)>, (5)

where the brackets imply integration over energy and
over the detector volume.

Now, assuming that the local xp(r,v,t) and global
h(t) changes in neutron population are separable, we
can write,

*(r,e,t) = 0(r, »,*)*(<). (6)
in which i/> represents the spatially dependent change in
the neutron flux, for example the perturbation caused
by a dropped shutdown rod, and is only time dependent
insofar as the distribution changes during the rod drop
but is static before and after the drop, ignoring har-
monic effects. On the other hand, h(t) represents the
global change in system flux and is time dependent as a
result of the decay of the prompt and delayed neutron
populations after the rod drop. Further, since h(t) rep-
resents a flux and n(t) a neutron density, we can write

and hence

9(0 =<

= n(t).v(t),

r, v,t)

~r-Defining Q(t) as ~r- and rearranging equation 8,
9(0)

r, v, 0) > v(0)n(0)'

and hence

where

N(t) = Q{t)A.B,

,

v(0) A(Q
~ v(t) A(0)

(7)

(8)

(9)

(10)

(11)

(12)

Equation 10 corrects the response measured at r by
a detector with cross-section £ j to the global change
in neutron density N(t) appearing in equation 1. The
correction consists of two distinct terms, of which only
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the former, A, is spatially dependent. B has been found
to vary roughly linearly with rod worth, with a value of
approximately 1.04 for a 3$ rod, and will not be dis-
cussed further in this report. In practice we assume
that ip(r, f, t) is a ramp function in t, with constant val-
ues before and after the drop, and therefore the factor
A, as a function of measuring position, can be obtained
from just two static calculations.

4 Calculational Model
The TWODANT code [6] has been used to calculate
the 'spatial correction surface' A for HTR-PROTEUS
Core 1. An R — 9 geometry was used in which the
four fine control rods and various numbers of shutdown
rods were modelled explicitly in a reflected half-core
representation. The S4 calculations were carried out
in 26 energy groups and used group data generated by
the MICROX-2 [7] cell code using a JEF-1-based nu-
clear data library. Eigenvalue calculations were made
with various numbers of shutdown rods inserted, and
the EDIT module of TWODANT was used to form de-
tector responses from the rod-in and rod-out fluxes at
each mesh point in the horizontal plane. ktjf was cor-
rected to a 1.0 for the rods-out case by adjusting the
axial buckling. The ratios of the (rod-out)/(rod-in) re-
sponses were then evaluated to give the required correc-
tion surface A.

Note: Because computing time restrictions and the
lack of a suitable model have precluded the use of a
three-dimensional representation, the calculations are
characteristic of an axial plane in the centre of the fu-
elled region and this dictates that all measurements us-
ing the reported correction factors should be made in
this axial position.

5 Results
The response of a 10B detector, essentially a measure
of the thermal flux distribution, is shown in Fig. 2 for
HTR-PROTEUS Core 1. This particular case had two
fully inserted shutdown rods having a combined worth
of 3.9$ (The R - 9 results have been transformed to
Cartesian co-ordinates for display purposes).

this response surface to one with no shutdown rods in-
serted, i.e. the 'spatial correction surface' .4(10B), is
shown in Figs. 3 and 4. The two shaded areas (away
from the rods) in Fig. 4 indicate the 'null correction
loci', defined as ,4(l0B)=1.0 ± 0.005, which are seen to
form hyperbolic regions around each rod. Apart from
counting statistics considerations, the criterion for
'best' detector position would be a region with
,4(1OB)=1 and where the rate of change of-4(10B) with
position is minimal (i.e where the shaded area is broad).
Applying the above criterion to Fig. 4, a region lying on
the system perimeter at an angle of about 52 degrees
to the X-axis would appear to provide the best detector
position.

Figure 3: The Spatial Correction Surface A(laB) for a
Two-Rod Drop.

Figure S: Response Surface for a 1QB Detector in
BTR-PROTEUS Core 1 (the core-reflector boundary,

which is not shown, lies at a radius of 0.6 m).

Clearly to be seen are the thermal flux peak in the
radial reflector and the flux depressions due to the four
fine control rods and two shutdown rods. The ratio of

U40-I2L00 -11.00 -C4.00 -32M OO0 32JDO M.CO M£O
X DIRECTION (CMS)

Figure 4- A Contour Plot Representation of Fig. 3
Showing Null-Correction Loci.
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The upper half of Fig. 5 shows the contour plot of
v4(10B) for a single-rod insertion, having a worth of 1.8S.
In this case the 1% band is somewhat broader, indicat-
ing a lower sensitivity to detector position. The best
detector position would appear to lie on the perimeter
at about 75° to the +X-axis.

-IM.0O -131.00 -MOO -14.00 -11.00 040 9M0 UM M.00 I2L00

Y DIRECTION (CMS)

****,

Figure 6: Ratio A^Pu)/A{X0B) for the One-Rod
Case.

Figure 5: A Contour Plot Representation ofA{}°B)
for a One-Rod Drop (Rod worths: upper half 1.8$,

lower half 1.5$).

It can not be known, before a particular measure-
ment is carried out, whether the rod worths associated
with the calculation of the correction surface are con-
sistent with the measured value, and an iterative proce-
dure may be required. However, it can be shown that,
although the magnitude of the corrections in the vicin-
ity of the rods depends relatively strongly on rod worth,
the positions of the null-correction loci do not. This is
demonstrated in Fig. 5, in which the lower half of the
figure was generated with a rod worth of 1.5$ instead of
the 1.8S represented in the lower half. The loci are not
significantly different.

As an alternative to 10B chambers, the use of minia-
ture fission chambers has been considered. It was there-
fore necessary to investigate the effect of different de-
tector types on the shape of the response surface.

Figure 6 shows the ratio of the >l(239Pu) surface
to that of ,4(10B). The plot indicates that .4(239Pu)
is lower than ,4(l0B) by a few percent in the vicinity
of the rod. A similar study for 241Pu showed a much
smaller effect. The probable explanation is the stronger
low-energy resonance peak in the 239Pu fission cross-
section.

6 Summary
The application to HTR-PROTEUS of a simple method
to correct inverse-kinetics measurements for spatial ef-
fects has been presented. It appears, from the cases

considered, that the most desirable measuring positions
lie near the boundary of the system, at points whose
azimuthal locations depend strongly upon the number
of rods dropped but only weakly upon individual rod
worth. Given that flux levels are high enough and that
room returns are not significant, it would be reason-
able to adopt such locations as 'best' detector positions.
However, it is also desirable to make measurements in
some positions with correction factors significantly dif-
ferent from unity. The consistency of the corrected re-
activities deduced from such positions with those mea-
sured at the best positions will serve as a confirmation
of the reliability of the calculational technique described
in this work.
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SINGLE-PHASE MIXING IN OPEN POOLS

B. L. Smith and M. Huggenberger

Thermal-Hydraulics Laboratory

Abstract
A series of experiments has been carried out to inves-
tigate single-phase mixing in open pools. Both single-
and double-tank arrangements have been studied and,
in one test, a passive internal device to enhance mixing
was also added. The apparatus is described and re-
sults are presented. Thermal-hydraulic analysis of the
first experiment in the series has been undertaken us-
ing a 1-D phenomenological model and a detailed 3-D
simulation. Calculated values are compared with mea-
surements and discussed.

1 Introduction
This paper describes the first stages of LINX", an exper-
imental and analytical investigation of single- and two-
phase mixing in open pools. The study aims to develop
understanding of the mixing processes at a generic level,
though within the context of specific applications. In
the first instance, within the framework of the ALPHA*
project, the long-term, passive decay heat removal capa-
bility of General Electric's SBWRC [1] is being assessed.

In the SBWR, stearrt (not removed by the condenser
units) and perhaps non-condensible gases transfer ex-
cess decay heat to the Wet-Well suppression pool, driven
by the Dry-Well over-pressure. The pool surface tem-
perature depends strongly on the efficiency of the mix-
ing processes occurring below it and is a major con-
trolling parameter for determining the Wet-Well and,
ultimately, the Dry-Well pressures. In order to gain
confidence in the design concept, it is desirable to de-
velop a thorough understanding of the mixing phenom-
ena through experiments and confirm the predictive ca-
pability of the analytical tools used to model them. The
special-effects tests in the LINX series aim to fulfil these
twin objectives in support of the ALPHA project.

Following initial scoping and feasibility studies, the
LINX programme has begun at modest scale with a se-
ries of single-phase, open-pool experiments whose pur-
pose is to visualise and quantify the principal phenom-
ena involved in the mixing process.

2 Experimental Apparatus
The basic rig, shown in Fig. 1, consists of a square plex-
iglass tank of side 40 cm, partially filled with water and
heated by means of aa electrical immersion heater
(maximum. tatitLg 1.2, kW) located at the end of a tube,

my(12TCJ

H<aUr Q „ . 1200 W

Hot water ftipctioo

4x4TC)

"Large-Scale Investigation of Natural Circulation and Mixing
'Advanced Light Water Reactor Passive Heat Removal and

Aerosol Program
'Simplified Boiling Water Reactor

Figure 1: Visualisation Experiment - Basic Rig
(Dimensions in mm).

inserted from above; the depth of the heating element
below the water surface is adjustable. (This arrange-
ment is intended to simulate the heating of the SBWR
suppression pool by the complete condensation of steam
at the exit of the vent lines, with negligible addition
of mass or momentum.) Temperature measurements
axe taken at 28 locations in the pool, as indicated in
Fig. 1. The natural circulation patterns are visualised
\sy tstomed dye vajftttvoa sad *e«aded vsiag video equip-
ment.

The same basic apparatus may be used to explore
the efficiency of passive internal devices for enhancing
pool mixing. As can be seen in Fig. 2, a guide tube,
consisting of an open-ended cylinder, is placed around
the heating element. Anticipating results from the bare-
tank experiments, in which there is no evidence of mix-
ing below the level of the bottom of the heater, the
presence of the cylinder is intended to encourage pool
mixing down to the lower, open end of the cylinder and
thereby increase the heat capacity available for energy
deposition.

Finally, Fig. 3 shows the interconnected, two-tank
configuration. This geometry is relevant to PANDAd, a
large-scale test facility also to be built in the framework
of the ALPHA project. The second plexiglass tank con-
tains no independent heat source, but is instrumented
with tirermtrcoupVes ixi the same way as foi the single
tank arrangement given in Fig. 1. Of particular interest
is the interaction by natural circulation of the two water
pools under differential heating.

dPassive Nachwarmeabfuhr- und JJruckabbau-Testsnlage
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Hot water supply RaconJw

£: Visualisation Experiment - with Guide Tube
(Dimensions in mm).

• Recorder

Thermocouple
airay(i2TC)

Water Tank
(Acryl)

-1200W

Thermocouple airay
<4x4TC)

Figure 3: Visualisation Experiment - PANDA
Configuration (Tank dimensions as in Fig. 1).

3 Experimental Results
Results are available for all three experimental arrange-
ments; a selection is given below. Transients start from
the initial conditions:

• Zero velocity in the pool, and uniform (room)
temperature;

• Water depth 600 mm (but varied for the two-tank
configuration);

• Constant power input (range: 200- 1000 W).

The chronology of events during the early stages of the
transient is similar for all tests. Shortly after the heat-
ing element is activated, a steady, buoyant stream is
observed in a thin layer around the injection tube. The
stream feeds warm water to the pool surface, where it
spreads horizontally to the vessel extremities, producing
a stratified layer. Coloured dye injected near the heater
coils, carried upwards by the rising stream and across
the pool surface, illustrates this process quite clearly.
As more hot water is fed to the surface, the thickness of
the hot water layer grows, with the hot/cold interface
(thermal front) stretching across the pool and descend-
ing slowly.

Test 1: Single, Bare Tank
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Figure 4: Test-1 - Temperature Contours (P = S00W).

Figure 4 shows (normalised) temperature contours
(obtained by interpolation from the thermocouple data)
in the pool at 1,2,4 and 6 hours for the bare-tank test
(Fig. 1) with a heating power of 300 W. The thermal
front has reached the mid-heater level after about 1 hour,
and the bottom of the heater after 2 hours. The temper-
ature distribution shows a strong stratification. It can
be seen from the contours at 4 and 6 hours that, apart
from some heating by conduction, there is no signifi-
cant increase in temperature below the heater. Similar
results were obtained by Kataoka et al, for both elec-
tric [2] and steam [3] heating, in an experimental study
of Wet-Well mixing for another design of SBWR.

Test 2: Single Tank with Guide Tube Insert
The insertion of the guide tube (see Fig. 2) leads to

the contour history given in Fig. 5, for the same heating
power. The presence of the tube has enhanced the heat-
sink capacity of the pool by enabling water below the
heat source level to participate in the mixing process,
though the strong stratification remains. It is impor-
tant to note, however, that the benefits of the enhanced
mixing in reducing the surface temperature of the pool
are delayed until the thermal front passes the level of
the base of the heater. This may limit the beneficial
effects of the presence of the guide tube in the reactor
situation and would need to be assessed in the context
of the overall system behaviour.
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Figure 5: Test-S - Temperature Contours (P = SOOW).

Test 3: Double Tank, High Water Level

Water Temperature increase alter

60 mln. 120 nun.

Water Temperature Increase alter

240 min. 360 min.

Figure 6: Test-S - High Water Level,
Temperature Contours (P = SOOW).

Experiments using the two-tank configuration
(Fig. 3) are being undertaken to provide information
to help decide between a number of design options for
the PANDA facility. Experimental results are given for
two water levels, simulating different elevations of the
connecting pipe between the tanks.

In the first test, the bottom of the heater is located
along the axis of the connecting pipe, with the water

level 300 mm above this; exactly as given in Fig. 3.
There is no heater in the second tank. Measured tem-
perature contours are given in Fig. 6, at the same times
as before. Up to about 1 hour into the transient, the wa-
ter in the first tank heats up in a stratified manner, just
as in the single-tank experiment (Fig. 4). At this time
the thermal front has descended to the level of the top
of the connecting pipe. Hot water then passes through
the pipe to the second tank and rises to the surface.
Both tanks are open to the atmosphere, so there must
be a return flow in the connecting pipe to keep the water
levels constant. This was confirmed in the experiment
by using coloured dye injection.

After 2 hours the water in the second tank has been
heated down to the level of the top of the connecting
pipe, but the water is some 4°C cooler than that in
the heated tank, at this level. This difference enables
hot water to continue to feed through the connecting
pipe, rising to the surface as before. The contours at
4 and 6 hours show a temperature rise in the second
tank below the level of the heat source in the first tank.
Such behaviour indicates that the return flow from the
unheated to heated tank occurs at the bottom of the
connecting pipe. Note that the surface temperature in
the unheated tank is related to, but slightly cooler than,
that of the water in the heated tank at the elevation of
the top of the connecting pipe.

Test 4; Doable Tank, Low Water Level

Water Temperature Increase after

60 min. 120 mln.
I

Water Temperature Increase alter

240 min. 360 mln.

Figure 7: Tesi-j - Low Water Level,
Temperature Contours (P = SDDW).
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In the second test for the double-tank arrangement,
the water level is situated just below the top of the
connecting pipe and the heater lowered to give a total
submerged depth of 200 mm. The heater is then be-
low the level of the pipe, which is unrealistic for the
PANDA simulation during the latter part of the tran-
sient, but should give interesting information during the
early stages. Temperature contours are given in Fig. 7,
in the same format used before. Predictably, surface
temperatures in the two tanks are similar (in the un-
heated tank about 1°C lower), indicating good horizon-
tal flow through the connecting pipe. Again, there must
be a return flow of cooler water from the unheated to
heated tank to maintain the water levels. The contours
at 4 and 6 hours show that there has been heating below
the heat source level due to spill-over from the unheated
tank.

The double-tank experiments have provided very use-
ful information in support of the design of the PANDA
facility. In particular, the relationship between the wa-
ter level in the tanks and the elevation and diameter
of the connecting pipe has important consequences on
the effectiveness of the unheated pool to act as a heat
sink. In addition, the experimental series to date has
provided a quantitative basis for the evaluation of the
analytical tools which will be used to model the mixing
processes.

4 1-D Semi-Analytical Model
A simple, semi-analytical model of the basic experiment
(Test 1) has been devised on the basis of a 1-D repre-
sentation for the buoyant stream around the injection
tube, coupled with a second 1-D model for the pool
motion; a schematic is given in Fig. 8. The buoyant
stream is assumed to be a thin, annular boundary layer
of width A(z) surrounding the injection tube, where z
is the height, measured from the base of the heater.
The heated part of the tube extends from z = 0 to
z = ZH, the heating effect being represented by a uni-
form wall heat flux q'j[ into the fluid. The pool surface
is at z = zi,

The density and vertical velocity in the boundary
layer, averaged across the layer, are given by p(z) and
u(z), respectively, and those in the surrounding pool,
assumed horizontally stratified, by Poo(z) and Uoo(z).
The radius of the injection tube is Ro and, for conve-
nience, the outer tank is assumed to be a cylinder of
radius R\, chosen to give the same pool area as the
square tank used in the experiment.

At the surface of the pool there is assumed to be heat
loss to the atmosphere, here represented by an equiva-
lent heat flux

q'i-h(T,-Ta), (1)
where h is an appropriate heat transfer coefficient, and
T,, Ta are the surface (of either the boundary layer
or the pool) and air temperatures, respectively. Heat
losses from other external surfaces are not considered.

Near the 'edge' of the boundary layer, R = .R<> +
A(z), microscopic (laminar) and perhaps macroscopic
(turbulent) interactions will occur between the rising,
warm fluid in the layer and the near-stagnant, cool fluid
in the pool. These interactions are represented by a
(positive) mass flux pv from the pool into the boundary

Injection
Tube

Figure 8: Schematic of 1-D Analytical Model.

layer, and a corresponding (negative) energy flux. The
horizontal velocity v is assumed correlated to the ver-
tical velocity u in the boundary layer according to the,
as yet, unspecified relation

v = af(u), (2)
in which a is an entrainment parameter. The functional
form for / will be defined later.

In order to gain insight into the fundamental char-
acteristics of the system, it is instructive to introduce
dimensionless variables £, C> u, 0, <x, r according to:

(3)

(4)

in which po is the ambient density and

\ <*P

is a characteristic velocity for the boundary layer mo-
tion, varying as the cube root of the power Po (where
Po = 2irRozHq"). For Po = 300 W, this gives u0 =
6.3 cm/s and corresponds to a stream-wise Reynolds
number Re = 18,000 (evaluated at the pool surface)
and a flux Rayleigh number Ra' = 1.3xlOn (evaluated
at the top of the heater). The entrainment parameter
a in (2) has been absorbed during scaling.

Mass, momentum and energy conservation equations
for the boundary layer and pool behaviour have been de-
veloped and reported elsewhere [4] and, for the sake of
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brevity, only the main features of the method are here
described. Of particular interest is the determination
of the functional form of the entrainment factor /(u).
The development of the boundary layer by natural con-
vection over the curved surface of the injection tube is
likened to that on a vertical, flat plate, at least until
the layer thickens appreciably. Using this analogy, we
assume boundary layer growth according to'

A(r) =
for z <
for z>

(Laminar) 1
(Turbulent)

(5)
is which 2T = 100 mm; details are given in [4]. It is pos-
sible to estimate Aiam (= 0.005), and hence the entrain-
ment parameter a (= 0.004), from similarity solutions
for the flat plate problem [6] and then AtWb(= 0.01)
follows by continuity of boundary layer thickness at
z = ZT- Using these estimates, the entrainment func-
tion / takes the following forms:

= <*turb

for z < ZT \
for z> ZT ) (6)

where atUrb — 2.73. Note that in the turbulent region
entrainment is independent of boundary layer velocity.

A small computer program based on the 1-D model
equations has been written, using 5 s of CPU time on a
VAX-9000 for a 2-hour transient, with 50 mesh points.
The program is therefore ideally suited for parameter
studies (e.g. for different powers and water levels), pro-
viding details of both the boundary layer and pool tran-
sient behaviour. A repeat calculation, using 100 meshes
and 20 s of CPU time, produced almost identical results,
showing that the solution was mesh independent.

A selection of results from the analysis of the Test-1
experiment is given in Figs. 9 and 10. Thermocouple
histories for the first 2 hours of the transient are shown
in Fig. 9a, under the assumption that there were no
heat losses, i.e. h = 0 in (1). Though the general trend
is reproduced, temperatures are clearly over-predicted.

A simple heat balance applied to the experimental
temperature contours (at 120 mins.) plotted in Fig. 4 re-
veals that about 0.4 MJ of heat has been lost during this
time. Assuming the heat loss is due entirely to evapo-
ration from the pool surface, it is possible to integrate
(1) over the period of the transient, estimating T, as a
function of time from the average temperature recorded
by thermocouple TC 4 (see Fig. 1). This results in an
effective heat transfer coefficient of h = 48W/m2K. Us-
ing this value, calculated thermocouple histories are as
shown in Fig. 9b and now compare well with experi-
mental values. Predicted and measured pool tempera-
ture distributions at t = 1 and < = 2 hours are given
in Fig. 10. The agreement is excellent. Boundary layer
properties are summarised in Table 1. Though no ex-
perimental data are available, the trends appear to be
reasonable. Maximum velocities and temperatures oc-
cur at the top of the heater, the values increasing with
time as warmer water is entrained from the pool. The
width of the boundary layer is only 1 mm at the end
of the laminar region but then thickens more rapidly in

'Explicit representation of the transition region between the
laminar and turbulent boundary layer regimes ii not included in
the model. Rather, the laminar conditions are extended to the
end of transition and patched to the turbulent boundary layer
downstream.

the turbulent region above. The time dependence of the
boundary layer thickness arises as a consequence of the
evolving stratification in the pool [6]. Maximum veloc-
ity decreases with time as the boundary layer thickens.

Table 1: Boundary Lager Properties.

Property

Max. Temp. (°C)
Max. Vel. (mm/s)
Max. BL Width:

Laminar (mm)
Turbulent (mm)

t = 0

Value

15.7
48

1.0
5.1

Posn.
(mm)

102
102

100
300

< = 2hr.

Value

19.1
41

1.2
7.6

Posn.
(mm)

102
102

100
300
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Figure 9: Results of 1-D Analytical Model
(a) TC Histories (No Heat Loss),
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5 3-D Numerical Model
Basic Description

The ASTEC code [7,8] is a general-purpose com-
puter program for calculating transient fluid flow and
heat transfer in complex three-dimensional geometries.
A finite-element discretisation of physical space is em-
ployed using 8-noded, linear, hexahedral elements of ar-
bitrary shape (Fig. 11). A finite-volume equation solver
based on the SIMPLE [9] algorithm operates directly on
the unstructured mesh; there is no intermediate trans-
formation onto a rectangular grid, as used in some other
codes. The finite volumes are formed around nodes us-
ing sub-volumes of the adjoining elements, as indicated
(for clarity only in two dimensions) in Fig. 11. The dif-
ferential conservation equations for mass, momentum
and energy are integrated over the control volumes to
obtain a discrete equation set. AH variables are discre-
tised at nodes, except pressure, which is stored at the
element centres. Additional variables satisfying trans-
port equations (e.g. chemical concentrations oi turbu-
lence quantities) are discretised at nodes in an identical
way.

Control Tfolumc
For Node A

Element

Figure 11: ASTEC Elements and Control Volumes.

It is important to emphasise that ASTEC is not a finite-
element code. Rather, a finite-volume solution algo-
rithm is applied to an unstructured mesh of the finite-
element type in order to combine the computational
efficiency of the former with the geometric modelling
flexibility of the latter-

Some code options relevant to the present simulation
are:

• Fluid is incompressible (satisfying the Boussinesq
approximation);

• Meshes are body-fitted to the flow boundaries for
enhanced realism, and refined in regions of high
thermal and velocity gradients, as appropriate;

• Turbulent flow is assumed, using the standard high-
Reynolds-number k — e turbulence model';

• Heat transfer between the heater and the fluid is
modelled by explicit boundary layer calculation;

• A hybrid, upwind-central differencing scheme is
used for the advection terms. This will not pro-
duce excessive numerical diffusion for the (basic)
up-down flow encountered here, and is more ro-
bust than higher-order schemes.

Coarse-Mesh Model
A coarse-mesh ASTEC simulation of the basic LINX

experiment was carried out with a 360° model (Fig. 12a)

for the purposes of obtaining first estimates for the pool
behaviour and giving preliminary guidance on the place-
ment of instrumentation for the experiment. Heat is
supplied to the model by means of a constant heat flux
boundary condition distributed over the lower 120 mm
of the surface of the injection tube. Heat losses from
the vessel and the water surface are not modelled, and
heat conduction within the injection tube is ignored.
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'A slightly modified k — i model is used for the present appli-
cation: details in [4]

Figure IS: ASTEC Coarse-Mesh Calculation
(a) Mesh Structure,

(b) Temperature and Velocity Piots.

Velocity vectors and the AT = 0.1°C temperature
contour (which delineates approximately the interface
between the hot and cold fluid) at t = 56 s are pre-
sented in Fig. 12b. The spread of the buoyant stream is
greater than would be expected, perhaps due partly to
the deficiencies in the use of the standard Jb - e turbu-
lence model for calculating buoyancy-driven flows, and
partly as a consequence of the coarse mesh used, which
allowed steep thermal and velocity gradients to diffuse
through the fluid. There is very little evidence of strati-
fication in the pool at this time, and the heated zone ex-
tends below the level of the heat source, contrary to the
later experimental observations. Similar results have
been reported by others [2] from coarse-mesh calcula-
tions performed using the 3-D code THERVIS, again
contrary to the experimental evidence.
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(b) Temperature and Velocity Plots

Figure 13: ASTEC Fine-Mesh Calculations

Fine-Mesh Model
A second, fine-mesh ASTEC simulation has since

been carried out. This is a 45"-sector model, assum-
ing 8-fold symmetry of the square-tank arrangement
(Fig. 13a). Mesh refinement in the vicinity of solid sur-
faces is necessary because of the use of universal wall
functions for the k — e turbulence model in ASTEC
[10], and otherwise near the injection tube to capture
the details of the velocity and temperature profiles in
the buoyant boundary layer and avoid excess numerical
diffusion at the interface with the stagnant pool, which
had been a problem with the coarse-mesh calculation.
The mesh is equidistant in the vertical direction, with
10 mm spacing. This may still be too large to resolve
steep thermal gradients in the pool, but is an improve-
ment over the 30 mm spacing used before. Heat loss
effects are not included.

Snapshots depicting the development of the buoyant
flow and the establishment of the stratification in the
pool during the early stages of the transient are shown
in Fig. 13b. The velocity vectors show the predominant
flow upwards next to the tube and the horizontal en-
trainment from the pool. At t = 8.5 s the rising stream
has developed a cap which flattens as it approaches the
pool surface (t = 16 s), spreading radially to the ves-
sel wall where its inertia causes an inverse ring to form
(i — 36 s). This spreads backwards towards the cen-
tre (t = 67 s) to establish the stratification in the pool
(t = 90s). As the rising stream continues to feed warm,

less-dense fluid to the pool surface, the stratification is
sustained, with the thermal front moving slowly down-
wards towards the heater (t = 313 s). During this period
there is no detectable heating of the fluid below the level
of the heat source, except by conduction in the vicinity
of the base of the heater. Similar behaviour has been
reported by Peterson et al. [11] from a numerical study
of buoyancy-induced flow due to the injection of light
water in a salt water pool, also using the k—e turbulence
model, and confirmed in their experiments.

Temperature and velocity plots after 1 and 1.5 hours,
are given in Fig. 14. The diffusion of the thermal front
by conduction over these periods means that it is more
sensible to use the AT =s 1°C contour to delineate the
hot/cold interface, rather than the 0.1"C contour used
at the beginning of the transient. On the scale of the
plot, the velocity field looks little changed from that at
t = 36 s in Fig. 13b, though closer inspection shows that
there has been some broadening of the boundary layer.
The temperature field confirms the strong and evolving
stratification in the pool observed in the experiment (cf.
Fig. 4). Apart from some localised mixing around the
base of the heater, all convective motions are restricted
to the upper half of the pool, in agreement with the
experimental observations here and those of Kataoka et
al. [2,3]. There is no evidence of excessive numerical
diffusion effects.
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6 Final Remarks

The series of benchtop experiments performed to date,
as part of the LINX programme, has provided interest-
ing and useful information concerning thermal mixing in
open pools of relevance to the design of the PANDA fa-
cility and, generically, to the heat removal capability of
the SBWR Wet-Well suppression pool. The single-tank
experiments have confirmed observations elsewhere that
there is no thermal mixing below the level of the heat
source and have provided preliminary data for compar-
ison with computer simulations. It has been demon-
strated, for this basic test configuration, that the flow
behaviour may be adequately described in terms of two
coupled 1-D models, one for the buoyancy-driven flow
around the heat source and the other describing the
evolving stratification in the pool. Results are in good
agreement with experimental data, provided heat loss
effects due to evaporation from the pool surface are
taken into account.

The feasibility of introducing a simple, passive inter-
nal device to enhance mixing has been demonstrated,
though the benefits are delayed and need to be assessed
in the context of overall system behaviour.

Experiments in the double-tank configuration (with
only one tank heated) have exhibited more complex pool
behaviour including counter-current, stratified flow in
the connecting pipe between the tanks. As a conse-
quence of the return flow, there is convective heating of
the water in the unheated tank below the level of the
heat source in the heated tank.

Analysis of thermal mixing in complex geometries
must be undertaken using 3-D numerical codes such as
ASTEC, and a first simulation of the basic LINX ex-
periment has been carried out using this code. A high
degree of mesh refinement was found to be necessary
in order to resolve the velocity and thermal profiles
in the buoyant stream and capture the details of the
transient heating of the surrounding pool. The code
correctly predicts qualitative features of the flow devel-
opment, including the early evolution of the buoyant
stream around and above the heat source, the progres-
sive stratification in the pool, and the absence of mixing
below the level of the heat source at later times.

It should be mentioned that the present heating ar-
rangement in the experiment has produced a narrow,
buoyant boundary layer around the injection tube, with
much-reduced entrapment (a = 0.004) compared with
a free plume (a ~ 0.1). Further experiments are in
prospect, utilising different heat sources, to explore this
difference in the context of the SBWR Wet-Well mixing.
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Abstract
A survey is given of work in progress in the Thermal-
Hydraulics Laboratory on the water and sodium mixing-
layer experiments WAMIX and NAMIX, as well as re-
lated developments of computational methods. This
report describes the test rigs and experimental tech-
niques, states the objectives of the research programme,
presents design requirements for NAMIX together with
initial results from WAMIX, and discusses questions of
sensitivity of experiments and code calculations to ex-
ternal factors, such as inlet and boundary conditions,
and noise. The use of visualisation techniques and Ul-
trasonic Doppler Anemometry in WAMIX has proved to
be very helpful for the design of NAMIX. Furthermore,
it is shown that the effect of external factors should be
carefully analysed in order to obtain optimum perfor-
mance of experiments and calculations.

1 Introduction
In recent years, a growing tendency has arisen to in-
clude more passive-safety features in the design of future
LMFBRs, one of the special safety concerns being reli-
able decay-heat removal. These designs have included
entirely passive systems, such as the Direct Reactor
Auxiliary Cooling System (DRACS) of the European
Fast Reactor (EFR) project. Experiments and com-
puter simulations [1-5] have shown that, during thermal-
hydraulic transients following a protected loss-of-heat-
sink incident, complicated flow patterns result in the
upper plenum and primary circuit of an LMFBR, with
buoyancy-driven recirculation and flow stratification.

One of the essential, basic thermal-hydraulic pro-
cesses which determine the evolution of the flow field,
and consequently the heat removal by the DRACS, is
shear flow with various degrees of stratification. A re-
search programme has been set up at the Paul Scher-
rer Institute, in cooperation with the Institut fur Ange-
wandte Thermo- und Fluiddynamik at the Kern-
forschungszentrum Karlsruhe, because of the sparsity of
available experimental information on stratified shear
flows in liquid metals.

The experiments conducted within this framework
are designed to provide information for the validation
of reactor specific codes such as COMMIX, of general-
purpose fluid dynamics codes such as FL0W-3D [6] or
ASTEC [7], and of direct numerical simulation codes
such as FLOW-SB [8]. In order to investigate the effect
of heat conductivity or Prandtl number on thermal-
hydraulic processes, similar mixing-layer experiments

are being performed in water (WAMIX) and sodium
(NAMIX). To obtain information about the adequacy
of the test-section geometry, extensive visualisation ex-
periments were conducted before finalising the design of
NAMIX. The following sections give a short description
of WAMIX and NAMIX, survey the objectives of the
work, include first experimental results obtained with
WAMIX, discuss the design of NAMIX, and include
considerations on the sensitivity of code calculations
and experiments to external influencing factors.

2 Description of WAMIX,
NAMIX and Experimental
Techniques

The geometry of the mixing-layer experiment WAMIX
is shown schematically in Fig. 1, and remains essen-
tially unchanged for NAMIX. The two inlet chambers,
equipped with honeycombs, grids and contractions, pro-
vide almost laminar, parallel streams with different ve-
locities, which merge after the wedge and form a mix-
ing layer. The velocities of the two streams lie between
about 0.05 and 0.45 ms-1.

Figure 1: Geometry of the mixing-layer experiments
WAMIX and NAMIX.

Density differences of the two streams, brought about
by unequal temperatures, create buoyancy forces; these
support or oppose the shear forces, depending on the
sign of the density gradient. Temperature differences of
up to 20°C are used in WAMIX. The development of
the mixing layer and the exchange of heat between the
two streams are influenced by the conductivity of the
fluid. For otherwise similar experiments, this effect can
be highlighted by comparing results from WAMIX and
NAMIX.

The main emphasis of the experiments performed
in the WAMIX test-section, which is made of acrylic
glass, is on flow visualisation, especially for studying



the developing shear layer. This also helps to investigate
whether serious flow perturbations occur and if the same
geometry may be chosen for NAMIX.

WAMIX is also used for investigating the effect of
the inclination angle of the upper and lower channel
walls.

The following experimental techniques are being used
in WAMIX:

- Local dye injection, especially in the boundary
layers of the splitter plate and outer walls,

- Colouring of one stream by fluorescent dye and
visualising the interface of the two streams with a
laser sheet,

- Visualisation of tracks of fluorescent particles by
means of a chopped laser sheet,

- Simultaneous velocity measurement on traverses
through the channel using pulsed Ultrasonic Dopp-
ler Anemometry (UDA) [9],

- Local measurements, especially of temperature.

The N AMIX experiments ate being designed to p io
duce information on the distribution of mean temper-
atures, temperature fluctuations and mean velocities
across the mixing-layer. The following techniques will
be used:

- Temperature measurements by fast-response ther-
mocouples,

- Measurement of mean and fluctuating values of
velocities with permanent-magnet velocity probes
[10],

- Possibly UDA.

The local probes will be mounted on manipulators
installed at selected positions downstream of the wedge
and allowing the probes to be moved vertically and hor-
izontally in planes normal to the flow direction. Some
of the manipulators will hold two separately movable
probes.

A special low-noise data acquisition system has been
developed for scanning temperature and velocity fluctu-
ations.

3 Objectives of the Research
Programme

3.1 Fundamentals of Mixing Layers
The investigation of plane mixing layers has been a
favourite research subject for many years and apart
from liquid metals, where the only experiment seems
to be the one of Iritani et al. [11], a vast amount of
experimental information is available.

Most of the more recent work has been devoted to
the analysis of coherent vortex structures formed in
the developing part of the mixing layer as a result of
the shear-layer instability. Vortex interaction mecha-
nisms, especially pairing, cause mixing layers to grow in
the downstream direction until a more or less perfect,
asymptotic state is achieved. Ideally, self-similarity can
be attained, where the vertical distribution of the time-
averaged horizontal velocity assumes the form:

U(y) = - U2) F (1)

In (1), U\ and U2 ate the velocities below and above
the mixing layer, respectively, and F is a profile function
varying between 0 and 1. The spreading rate of the non-
stratified layer is given by the vorticity thickness:

defined by,

= ci R(x - x0),

{ = \Vi - Ua\

dU

(2)

(3)

The velocity ratio in (2) is given by:

and xo represents the abscissa of the virtual origin.
According to Ho and Huerre [12], the asymptotic

range begins at

* ~ > 12, (5)

with Ao designating the wavelength of the spanwise vor-
tices formed behind the splitter plate.

The best fit for ct given by Brown and Roshko [13]

c( = 0.181 ± 0.015 (r.m.s.) (6)

This constant may, however, be influenced through
artificial excitation of the mixing layer (forcing) by a
weak, external, oscillating field, which may determine
the frequency of the spanwise vortices shed by the wedge.
Furthermore, Oster and Wygnanski [14] quote a num-
ber of other factors which may additionally influence
the development and even the asymptotic state of the
mixing layer. Such factors are:

- Free stream turbulence level,
- Structure of boundary layers on splitter plate,
- Inlet geometry,
- Interaction of the mixing layer with outer walls

and inserted probes,
- Mixing-channel geometry,
- Mean velocity,
- External noise.

In stratified mixing layers, the spreading-rate is de-
creased or increased depending on whether the stratifi-
cation is stable or unstable, respectively.

For a stably stratified mixing layer between two
streams of different temperatures, vortices decay and
the shear layer is laminarised if the gradient Richard-
son number reaches a critical level, given at least for
'ordinary' fluids by;

Ri = > 0.3 (7)
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ID (7), /?, #, and 6 represent the thermal coefficient
of volumetric expansion, the constant of gravity, and the
time-averaged temperature, respectively. For stratified
layers, a truly self-similar domain no longer exists and
l(x) does not depend linearly upon x.

In the unstable case, buoyancy forces enhance the
mixing and cause a rapid growth of the layer.

For fluids with low or high Prandtl number, heat
transport differs from momentum transport. The high
conductivity of sodium causes the thermal mixing layer
to grow faster than the velocity mixing-layer, but it also
leads to stronger smoothing of the temperature and den-
sity fluctuations within the layer.

3.2 General Objectives

The objectives of the work may be subdivided according
to the two flow domains mentioned previously.

For the detailed analysis of the developing region be-
hind the wedge, where coherence effects are very impor-
tant, visualisation techniques, optionally supplemented
by quantitative measurements, are being used in
WAMIX. \n NAMIX, -where only point-wise measnTe-
ments are possible, correlation and conditional sam-
pling techniques, together with spectral analysis, could
yield useful information for comparison. Experimen-
tal results of this kind will serve as a validation basis
for codes solving directly the time-dependent Navier-
Stokes and enthalpy equations. For this purpose, the
pseudo-spectral code FLOW-SB [8] is being adapted to
the temporal (spatially periodic), stratified mixing-layer
problem.

The second main objective of the work is to show
that general-purpose thermal-hydraulic codes like
ASTEC, possibly with extended turbulence models, are
able to reproduce with reasonable accuracy the overall,
and especially the asymptotic, development of stratified
mixing layers at various Prandtl numbers. Measure-
ments of the distribution of mean velocities and temper-
atures, mean-square values of temperature fluctuations
and, possibly, other second momenta in the asymptotic
domain of stratified water and sodium mixing-layers,
will yield the experimental basis for validating codes of
this type. The next section contains a more detailed
discussion of this subject and includes a proposal for a
modification of the modelling in ASTEC.

3.3 Specific Objectives Relating to the
Validation and Development of
ASTEC

For this application, the turbulence model in ASTEC
needs to be modified to include effects of the heat con-
ductivity of liquid metals on the dissipation of second
moments, including temperature fluctuations. The num-
ber of transport equations should be as small as possi-
ble. Such a model, containing relatively complicated
algebraic closure relations, has been suggested by Pi-
mont (15, 16j and another by Ushijima et ai. [17], who
used A:-dependent eddy viscosities and diffusivities de-
termined experimentally for water and sodium [11]. In
the following, the same set of transport equations will
be used, simplified to include only the relevant terms
for the plane mixing-layer. Simplifications are also nec-
essary because only a small subset of the quantities ap-

pearing in the general turbulent stress-flux equations
can be measured in a sodium experiment.

For horizontal mixing layers, the equations of inter-
est may be reduced to the form:

(8)

g + vg+»V=»L>°) (.0)
ox dy ay ay y dy J

U -z- + V -%- = — [a — v$2 ] - ivB -3 e,
Ox dy dy \ dy j oy

(11)

In equations (8) to (11), V denotes the vertical time-
averaged velocity component, u and v are the velocity
fluctuations, 9 represents the fluctuating part of the
temperature, and c« signifies the dissipation of these
fluctuations, v and a have the meaning of kinematic
viscosity and thermal diffusivity, respectively, and over-
bars denote temporal averagings

The transport equation for 62 has been included for
several reasons:

- The spatial and spectral distributions of 92 and
the energy k of velocity fluctuations differ more
strongly is liquid metals than in ordinary fluids,

- 62 is a relevant quantity among the production
terms in algebraic closure equations,

- 02 is an important technical quantity because of
the thermal striping issue,

- 62 is easily measurable in sodium.

Inserting the measured distributions of U, 0, 82,
and e», into equations (8)—(11) yields the quantities
V, uu, tie, and vS2.

On the other hand, the modelling in the k — e code
ASTEC (e = dissipation of Jb) would need to be sup-
plemented by a transport equation for 62 and algebraic
models for turbulent stresses and fluxes (See, for exam-
ple, Rodi [18]) as well as the dissipation ce. Effects of
the high conductivity of liquid metals can be taken into
account by using an approach such as that suggested by
Jischa and Rieke [19].

In this way, the performance of such a modified form
of ASTEC could be validated.

With respect to_experiments, it has to be added
that the moments riB and v6 can be measured directly
by means of permanent-magnet velocity probes [10], if
only with questionable accuracy. Although difficult, the
measurement of e» in sodium is possible, in principle,
using direct-contact thermocouples [20].

Iritaniet al. [11] also measured distributions of mean
velocities and temperatures and determined uv and v0
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by means of eqns. (9) and (10). They excluded measure-
ments of 82, however, and did not attain the critical Ri
number. Furthermore, they also did not present results
for unstable stratification.

4 Discussion of NAMIX Design
4.1 Experimental Requirements
The NAMIX test-section and the necessary extension of
the sodium loop NALO at the Paul Scherrer Institute
have to fulfil the following criteria:

1) The velocity fields issuing from the entry cham-
bers into the mixing channel should have flat pro-
files and only little residual turbulence.

2) The mixing layer must not be perturbed by exter-
nal noise, hydrodynamic instabilities, rough walls,
and accumulations of bubbles or particles on the
splitter plate.

3) It is necessary to attain a nearly asymptotic state
of the mixing layer according to eqn. (5) over a
reasonable length of the channel and sufficiently
large R. Furthermore, the channel geometry must
account for boundary layer growth, as well as
mixing-layer deflection, and avoid significant in-
terference of mixing and boundary layers.

4) The channel width has to be large enough to acco-
modate a reasonable number of longitudinal vor-
tices.

5) The outer limits of the thermal mixing layer must
not reach the upper and lower walls before the end
of the test domain.

6) It is necessary to attain the critical Ri number
given in eqn. (7) before the end of the experimen-
tal domain.

4.2 Experience Derived from WAMIX
WAMIX experiments have proved to be very helpful for
the clarification of requirements 1) to 4).

UDA measurements (see Figs. 2a-d) and particle vi-
sualisation techniques have shown that condition 1) has
been satisfied. External perturbations could be pro-
duced, for example by shaking the hoses feeding the in-
let chambers, which had a dramatic effect on the mixing
layer.
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Figure 2a: Velocity profiles for contracting channel.
Mean velocities 0.225 ms'1 and 0.376 ms'1.

Figure 2b: Velocity profiles for straight channel. Mean
velocities 0.225 nw~l and 0.376 ms'1.

Figure 2c: Velocity profiles for expanding channel.
Mean velocities 0.225 ms'1 and 0.376 ms'1.
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Figure Sd: Velocity profiles for inclined channel. Mean
velocities 0.225 ras"1 and 0.376 ms'1.

Pump noise also seems to influence the dependence of
the vortex-shedding frequency on the mean velocity (see
Fig. 3). On the other hand, no apparent coherence be-
tween turbulent wall bursts and mixing-layer perturba-
tions could be detected.

The accumulation of air bubbles beneath the split-
ter plate proved to be a problem in WAMIX. The bub-
bles could be removed, however, between experiments
by means of a water spray.

Visualisation techniques were used for measuring the
vortex-shedding frequency /„, which is needed for in-
vestigating whether eqn. (5) can_be satisfied. For the
dependence of /„ on the velocity U, i.e. the mean of U\
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and 6*2, an analytical expression can be derived based on
a recommendation of Ho and Huang [21], which yields:

/ . = C • V" (12)

Fitting C to the experimental data outside the ve-
locity range 0.1ms"1 < U < 0.25 ms"1 leads to good
agreement. An external perturbation, possibly a pump-
vibration mode, seems to be responsible for the anomaly
inside the range.
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Figure $: Vortex-shedding frequency versus mean
velocity.

Longitudinal vortices can be made visible by colouring
one of the streams and intersecting the mixing layer
by means of a laser sheet normal to the flow direction.
In Fig. 4, which shows only about 75% of the chan-
nel width (= 0.15m), the lateral spacing of the vortices
roughly equals Ao. The experiments also demonstrate
that the lateral position of the vortices is relatively
stable. This confirms the findings of Bell and Mehta
[22], who noticed that these longitudinal eddies per-
sisted even far downstream, into the asymptotic range,
and leads to the conclusion that measurements of the
quantities U, 9, 92, etc. have to be averaged laterally
over the equivalent of at least one wavelength. The ef-
fect of channel-wall inclination on the development of
the velocity profile was investigated in a series of ex-
periments by using the pulsed UDA technique. The re-
sults in Figs. 2a-c show that in none of the three cases
(expanding channel (wall angle = 0.72°), parallel-wall,
and contracting channel (angle = —0.58°), could a truly
asymptotic profile with constant outer velocities on slow
and fast side be achieved. Only the case with both walls
inclined by 0.58° towards the slow side (Fig. 2d) appears
to preserve the velocities outside the mixing layer.

4.3 Choice of Design
The fulfilment of the remaining criteria has been se-
cured by means of engineering analysis methods. Suit-
able ranges of the parameters of interest have been de-
termined to be:

0.05 ms"1

0.15
300°C
0°C

< U
< R
< e

< 0.4 ms"1

< 0.3
< 4oo°c
< ioooc

A& representing the difference between the mean tem-
peratures of the two streams.

Figure 4: Visualisation of longitudinal vortices by
intersecting the mixing layer with a laser sheet normal

to the direction of flow.

The dimensions of the test channel were chosen as
follows:

Length — 1.6 m
Height = 0.12 m
Width = 0.15 m

Additional experiments and calculations have to be
carried out before it can be decided whether the incli-
nation angle of one of the walls in NAMIX should be
variable.

5 Effects of External Conditions
on Mixing-Layer Experiments

External factors influencing the development of mix-
ing layers, such as those mentioned in Sec. 3.1, can be
distinguished according to their ability to interact co-
herently with the mixing-layer structures. This sort of
interaction need not be the result of artificial forcing,
but may be brought about by noise or inherent hydro-
dynamic instabilities. The relatively large scatter of
the spreading-rate of mixing layers represented by the
r.m.s. value of ci in eqn. (6), the observation made by
Weisbrot et al. [23], and the anomalous dependence of
the vortex-shedding frequency in Fig. 3, illustrate this
statement.

It is an acknowledged fact that turbulence-transport
codes based on single-point closure models cannot au-
tomatically account for coherence effects resulting from
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interaction with external factors, i.e. without adapta-
; tion of the modelling coefficients [24-26]. When com-
: paring results obtained from code calculations of this
' kind with experiments, one has to know if external fac-
; tors are likely to have influenced the experiments.
" Among the many possible causes quoted in Fee. 3.1

which may affect mixing-layer experiments, there are
% also a considerable number which influence the results
/ of calculations using turbulence transport codes. When

interpreting experimental results by means of the sim-
plified equations (9)—(11), the extent and effect of devia-
tions from the idealised asymptotic shape of the mixing
layer, and of neglected terms, should thus be known.

For this purpose, a sensitivity study using the code
ASTEC and the experiment WAMIX has been initiated.
With WAMIX, the influence of channel-wall inclination
on the velocity distribution, as shown in Figs. 2a-d, has
been investigated. Root mean square values of the mea-
sured velocities amounted to about 10% of the mean
values. More tests will be performed to optimise the
channel geometry, to include cases with stratification,

•"• to identify the cause of the anomaly in the distribution
of the vortex-shedding frequency, and to carry out vi-
sualisation studies of the interaction between inserted
probes and the mixing layer.

With ASTEC, the influence of channel-wall inclina-
tion has also been studied for the case XJ\ = 0.3 ms"1

and Ui = 0.2ms"1, assuming free-slip boundary condi-
tions on the outer walls. Results for the distribution of
the horizontal velocity component, 0.4 m downstream of
the edge of the splitter plate, are given in Figs. 5a-d.
Figures 5a-c show the profiles for contracting, paral-
lel, and expanding channels, respectively. The inclina-
tions of the upper and lower boundaries for the con-
tracting and the expanding channel are ± 1%. In all
cases, the same maximum velocity gradient is obtained,
but the velocity difference as well as the vorticity thick-
ness increase for expanding, and decrease for contract-
ing, channels. Theoretical considerations suggest that
a small inclination of both walls in the direction of the
slower stream, combined with a slight convergence of the

"*• walls, should yield constant velocities outside the mix-
ing layer. The computational results given in Fig. 5d
confirm this.
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Figure 5a: Velocity profile for contracting channel -
ASTEC results.

More calculations will be carried out to analyse other
changes in inlet and boundary conditions, such as those
mentioned in Section 3.1, including cases with and with-
out stratification.
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Figure 5b: Velocity profile for straight channel -
ASTEC results.
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Figure 5c: Velocity profile for expanding channel -
ASTEC results.
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Figure 3d: Velocity profile for inclined channel with
slight contraction - ASTEC results. Inclination of

lower and upper boundary: 0.72 x 10~2 and
0.57 x 10~2, respectively.

6 Summary
This report surveys present and future activities relat-
ing to the mixing-layer experiments WAMIX and NAMIX.
The experimental requirements imposed on the design
of NAMIX are emphasised and the usefulness of the

38



I
previous visualisation experiments in WAMIX demon-
strated. It is shown that, despite experimental diffi-
culties, one can obtain data in sodium tests to provide
a useful validation base for various turbulence codes.
Special attention is paid to how, and to what extent,
external causes may affect experimental and computa-
tional results, particularly in the asymptotic domain of
the mixing layer, where the most relevant experiments
in sodium for the validation of a modified version of
ASTEC will have to be performed.
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OVERVIEW OF ACTIVITIES FOR THE REDUCTION OF DOSE
RATES IN SWISS BOILING WATER REACTORS

I
H. P. Alder and E. Schenker

Laboratory for Materials Technology and Nuclear Processes

Abstract
Since March 1990, zinc has been added to the reac-
tor water of the boiling water reactor (BWR) Leibstadt
(KKL) and, since January 1991, iron has been added
to the BWR Miihleberg (KKM). These changes in reac-
tor water chemistry were accompanied by a comprehen-
sive R.& D programme. This paper covers three selected
topics: a) the statistical analysis of KKL reactor water
data before and after zinc addition; b) the analysis of
the KKL reactor water during the 1991 annual shut-
down; c) laboratory autoclave tests to clarify the role of
water additives on the cobalt deposition on austenitic
steel surfaces.

1 Introduction
Two General Electric (GE) boiling water reactors are in
operation in Switzerland: Miihleberg (KKM, 320 MW,
1972), with a brass condenser and, since 1986, a new
recirculation system; Leibstadt (KKL, 942 MW, 1984),
with a titanium condenser since 1985. A major prob-
lem is the activity build-up in the recirculation system
mainly due to Co-60, leading to a high local dose rate
and enhanced radiation exposure of the personnel dur-
ing maintenance.

Following good experience in Japanese reactors,
KKM, since January 1991, has added 0.65 ppb Fe-III
as oxalate to the feedwater to maintain a ratio of 0.24
between H-valent catioas (Zn + Ni + Cu [1/4]) and
HI-valent Fe.

Qualitatively following a GE recommendation, KKL,
since March 1990, has added 0.4 ppb Zn to the feedwa-
ter using a passive system.

Table 1 summarizes the tendencies in both plants.
It should be noted that, in spite of the dose rate at the
recirculation loops, both plants achieved a reduction in
the collective annual dose to the personnel by organiza-
tional measures.

This interesting development in the Swiss BWR's
led to a comprehensive RfcD programme by the Swiss
Authorities (HSK), the BWR operators, the Swiss Fed-
eral Institute of Technology (ETH, Zurich) and the prin-
cipal investigator, the Paul Scherrer Institute (PSI), fol-
lowing three selected themes:

- Statistical analysis of KKL reactor water data over
the last few years,

- KKL reactor water analysis during the annual
shut-down,

- Autoclave tests to clarify the role of water addi-
tives on the Co-60 deposition on steel surfaces.

Table 1: Trends in Swiss BK'R's since 1989 for the
average dose rate at the recirculation loops (mSv/h)

and the collective annual dose (Person-Sv).

1989 1990 1991
KKM (Fe addition since January 1991)

Average dose rate (%) 100 113 133
Collective annual dose (%) 100 58 55

KKL (Zn addition since March 1990)

Average dose rate (%) 100 86 80
Collective annual dose (%) 100 89 98

2 Statistical Analysis of KKL
Reactor Water Data

2.1 Procedure
KKL analyzes the corrosion products of the reactor
water once a week completely: Undissolved impurities
(> 0.45 (im filter) Cr, Fe, Cu, Ti, Ni; dissolved impuri-
ties (< 0.45 /im filter) Cr, Fe, Cu, Ti, Ni, (Zn), SiO2.
Seventy weekly data sets were available before March
1990 - no Zn addition - and 70 sets after March 1990 -
with Za addition.

The aim of the statistical analysis was to correlate
the Co-60 activity witli other analyzed influencing fac-
tors Xj. Since the basic physico-chemical processes are
mostly unknown, linear regression was chosen as a first
approach:

Co-60 = aj xj (1)

Each data set represents a point (Co-60 activity)
in multi-dimensional space. The parameter aj can be
calculated so that the squared sum of the rectangular
distances of the points to the plane is a minimum.

From the weekly data sets - no Zn/with Zn - the
arithmetic mean and the deviation CTJ is calculated for
Co-60 and the influencing factors xj. This reference
data set is similar to the annual average reactor water
quality. Following this, a particular influencing factor
xj is varied by ±o\ and the effect on the Co-60 activity
calculated, keeping the other influencing factors XJ from
the reference data set constant. The deviation from the
mean Co-60 activity, expressed in percentage and cal-
culated for one specific influencing factor, is a measure
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Table 2: Statistical analysis of KKL reactor water data before and after Zn addition; effect of water impurities on
the Co-60 activity expressed in % deviation from the mean Co-60 activity.

Ci

Fe

Cu

Ni

SiO2

Zn
Co-60 (Bq/ml)

No Zn (eqn. (2))

Reference

(ppb)
1.7 ± 0.9

1.7 ± 1.0

0.11 ± 0.07

0.09 ± 0.03

118 ± 45

13.7 ± 5.9

Effect

on Co-60

+
—
-
+
-

With Zn (eqn. (3))

Reference

(PP1>)

2.9 ± 1.5

2.0 ± 0.5

0.07 ± 0.03

0.22 ± 0.09

146 ± 47

2.2 ± 0.6

7.4 ± 3.7

Effect

on Co-60

- -

+ +
0

—

0

-

0 Small effect on Co-60 activity (± 10%)

- Reducing effect on Co-60 activity, - moderate (10 to 30%), strong (> 30%)

+ Increasing effect on Co-60 activity, + moderate (10 to 30%), + + strong (> 30%)

Table 3: KKL reactor water analysis during the 1991 shutdown

POWER/COOL-DOWN
TIME
TEMP. .PRESSURE

PARTICLES > l«m

OXYGEN
- O 2
- H 2 O a

Co-60 ACTIVITY
- total
• dissolved
- diaa./total

ZD-65 ACTIVITY
- total
- dissolved
- diw./total

OPERATION
Control i

72%

270"C, 70 bar

10+3 _ lo+Vml

230 ppb
0 ppb

2xlO~4 pCi/ml
5xlO~s jiCi/ml

0.25

4xlO~3 pCi/ml
7xlO~4 pCi/ml

0.2

POWER REDL
ritfa ^circulation

56%
- 1 2 hr

270°C, 70 bar

160 ppb
Oppb

l.S X
4 X
0.7

l.S X
2.9 X

0.3

rCTION
pumps

24%
- 6 h r

270°C, 70 bar

10 X

160 ppb
Oppb

1.5 X
4 X
0.7

8 X
29 X
0.7

HOT STANDBY
Co

Q%
Ohr

270aC, 70 bar

SO X

30 ppb
0 ppb

2 X
2 x
0.25

11 X
43 X
0.7

COOL-DOWN
ntrol rods insertec

10°/hr
+ 11 hr

160°C, 10 bar

> SO x

30 ppb
10 ppb

12 x
12 X
0.25

20 x
86 X
0.8

SHUT-DOWN

10°/hr
+ 30 hr

30°C, 1 bar

20 x

> 1000 ppb
3500 ppb

25 x
20 X
0.2

IS X
86 X
0.9

of the effect of this particular influencing factor. If the
spread between the maximum and the minimum Co-60
value is large, then the influencing factor is of impor-
tance.

2.2 E x a m p l e

The application of the statistical analysis will be illus-
trated using the above-mentioned KKL data sets in a
highly simplified form - considering only the total con-
centration of the elements without differencing between
undissolved/dissolved - to demonstrate the effect of Zn
addition.

Co-60 = Cr + a2

+ a*
Fe + a3 • Cu +

Ni + as • SiO2

Co-60 = + Zn

(2)

(3)

Table 2 shows that the Zn addition to the KKL reac-
tor water represents a strong intervention in the water
chemistry. Considering specifically the Co-60 activity
before and after Zn addition:

- Cu and SiOj have negligible effects, in both cases.

- Fe changes sign; strong reducing effect without
Zn, strong decreasing effect with Zn. Therefore, a
further Fe increase by a combined Fe/Zn addition
appears inadvisable.

- Cr and Ni also change sign; moderate increasing
effect without Zn, strong decreasing effect with
Zn.

Considering the method and the conclusions of the sta-
tistical reactor water analysis, it should be noted that:

- The method is purely phenomenon oriented with-
out consideration for the basic physico-chemical
processes.
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- The results refer to the Co-60 activity in the reac-
tor water only, and up to now cannot be extrapo-
lated to the Co-60 build-up on austenitic surfaces.

- The statements made refer to the KKL-specific
water chemistry (see Table 2). Water chemistry
data sets from other BWR's are presently being
analyzed to see to what extent the KKL results
are of general significance.

3 KKL Reactor Water Analysis
during the 1991 Shut-down

The annual KKL shut-down between 24-26 July, 1991,
was followed by an extensive analytical program. Re-
actor water samples were taken from a line tied to the
pressure side of the recirculation pump. This line was
cooled to 30°C and the length of about 30 m caused a
delay in sampling of 15 to 30 min. The main parameters
followed were:

- Particle concentration > 1 /an size by an on-line
POLYTEC counter (POLYTEC, D-7517 Wald-
bronn, Germany).

- Oxygen by an ORBISPHERE probe (ORBI-
SPHERE Laboratories, Neuchatel, Switzerland)
and H2O2 by photometry in samples taken at reg-
ular intervals.

- Total 7-activity (Cr-51, Co-58, Fe- 59, Co-60, Zn-
65) in samples taken every 30 min.

- 7-activity of particles (> 0.45 lira filter) and in
solution (< 0.45 fan filter) in the above-mentioned
samples after filtration.

Table 3 summarizes selected data measured during
6 periods in the shut-down. Compared to the initial
period of normal operation at 72% power, the following
phenomena can be observed:

- Already at - 6 hr (24% power) the total Zn-65 ac-
tivity increases by a factor of 8, mainly because
of more dissolved Zn-65. The total Zn-65 remains
high over the rest of the shut-down.

- Also at —6 hr, the particle concentration increases
by a factor of 10. A further, dramatic increase,
by a factor of 50, occurs at Ohr (full control rod
insertion).

- An important point is at +11 hr (160°C, 10 bar),
where H2O2 is first measured (10 ppb). In the
following cooling period the amount of H2O2 in-
creases to 3500 ppb.

- Also at +11 hr, parallel to the occurrence of H2O2,
the total Co-60 activity increases by a factor of 12.
The ratio dissolved/total Co-60 remains constant.
The large concentration of crud particles seems
little influence on the Co-60 activity in the reactor
water.

Since most of the Co-60 activity is liberated late
in the shut-down (after +11 hr, 160°C, 10 bar),
the relationship to the occurrence of H2O2 should
be clarified. Also, from the operator's point of

view, it would be important to know whether to
include a halting period at 160°C to purify the
reactor water or, on the contrary, to aim to reach
room temperature as quickly as possible, e.g. at
a rate of 25°C/h, to avoid Co-60 discharge.

4 Laboratory Investigation: The
Influence of Water Additives
on the Cobalt Deposition

Four heated stainless steel autoclaves (40 mm internal
diameter, 310 mm length) were run in parallel at simu-
lated BWR conditions (Fig. 1).

XI.

Figure 1: Laboratory autoclave with test samples
(numbers indicate the stack, letters the stack position)

The autoclave water was purified by demineraliza-
tion, deionization, decomposition of organic carbon, de-
gassing and oxygen adjustment. The water quality was
controlled by on-line conductivity and oxygen concen-
tration measurements. Additives such as cobalt, iron,
and zinc were injected into the water by high-pressure
pumps at the inlet to each autoclave. The linear wa-
ter velocity in the autoclave was adjusted to 1.1 x 10~4

m/s - a very slow flow, approaching natural convection,
leading to a stagnant film of up to 2.5 mm thickness on
the test samples. At the autoclave outlet, the Co-58
activity and the oxygen concentration were 1% to 10%
of those at the inlet. After a 300 hr exposure period,
the test samples were removed and the deposited activ-
ity measured by 7-spectroscopy. It was noted that the
Co-58 activity decreased in a linear fashion from stacks
8 to 5 and remained about constant from stacks 4 to
1. Any comparison should therefore be based on steel
samples from corresponding stacks and positions in the
4 autoclaves.

Figure 2 shows, as an example, the Co-58 activity
on steel samples in corresponding positions in the au-
toclaves: Reference; Co-58 only (autoclave 1); 1.5ppb
Zn (autoclave 2); 20 ppb Zn (autoclave 3); 20 ppb Fe
(autoclave 4).

The results are consistent and the effect of water
additives on the Co-58 build-up can be expressed qual-
itatively as follows:

- 20 ppb Zn > Reference > 20 ppb Fe > 1.5 ppb Zn

- Co-58 builds up linearly with time. Even after
1800 hours no saturation is in sight.

Table 4 summarizes test conditions and results. Ex-
cluding arbitrarily the initial 300 hr period and using
the average values for stack 8 to 1, the Co-58 build-up
is as follows:
20 ppb Zn > Reference > 20 ppb Fe > 1.5 ppb Zn
107 to 135% 100% 64 to 77% 47 to 69%
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Table 4: Co-58 activity measured on steel samples in autoclaves after SOO, 600, 900, 1800, 1500, 1800kr exposure
time in simulated BWR reactor water with Zn or Fe addition

Exposure time (hr)

Average for stacks (No.)

(A) Reference (KBq)

(B) 1.5ppbZn(%ofA)

(C)20ppbZn(%ofA)

(D)20ppbFe(%ofA)

300

8 - 1

5.1

82

62

67

8 - 5

6.5

61

67

56

5 - 2

4.0

93

61

80

600

8 - 1

8.4

67

127

67

8 - 5

11.3

49

123

56

5 - 2

5.9

81

150

82

900

8 - 1

11.1

69

135

77

8 - 5

14.8

54

127

67

5 - 2

7.9

81

163

92

Exposure time (hr)

Average for stacks (No.)

(A) Reference (KBq)

(B) 1.5ppbZn(%of A)

(C) 20 ppb Zn (% of A)

(D)20ppbFe(%ofA)

1200

8 - 1

15.4

62

129

75

8 - 5

19.9

53

125

68

5 - 2

11.4

68

146

86

1500

8 - 1

21.6

49

111

69

8 - 5

27.9

42

104

62

5 - 2

16.7

52

121

75

1800

8 - 1

27.3

47

107

64

8 - 5

35.2

42

99

58

5 - 2

21.5

50

118

72

Autoclave water conductivity < O.lpS/cm, flowrate 1.1 x 10-4m/s, 1400 ppb O2, 290°C, 110bar
316 NG steel samples, as delivered; dimensions: 20 x 20 x 2 mm
Average values for stacks 8 to 1, 8 to 5, 5 to 2 (position(a), Fig. 1)
(A) Reference Co-58 only, 0.02 ppt Co, 1.3Bq/ml Co-58
(B) Reference A + 1.5ppb Zn-65 (zinc chloride), 1.3Bq/ml Zn-65
(C) Solution B -I- 18.5ppb Zn inactive (zinc acetate), 20ppb Zn (total)
(D) Reference A + 20 ppb Fe (Fe-III acetate)

900 1200

Exposure Time h

- • -Re fe rence —>-1.5 ppb Zinc -SO ppb Zinc

1800 2100

- 2 0 ppb Iron

Figure 2: Co-58 activity measured on steel samples in
stack 5, position (a), after different exposure times

(test conditions as described in Table 4)

- The test results are consistent. Maximum % val-
ues are reached after 900 hours and minimum val-
ues after 1800 hours. No extrapolation for the
development over longer exposure times can be
made.

- Not addressed here are further test results for the
effect of surface treatment, the oxide layer thick-

ness, the Zn-65/Co-58 ratio, and the in-depth pro-
file for Zn, Fe, Co, and oxygen.

- The tests were made at slow water flow. In a
new set-up, the effect of high flow rates will be
addressed.

For the two BWR's in Switzerland, these prelimi-
nary results are of interest since they provide at least
an indication of the effect of Zn (KKL) or Fe (KKM)
additions to the reactor water.

5 Summary

Since March 1990, Zn has been added to the reactor
water at the BWR Leibstadt (KKL). This change in
water chemistry was accompanied by a comprehensive
research programme:

• Statistical water analysis was applied to the
weekly reactor water data sets before and after
Zn addition. This purely phenomenon-oriented
approach relates to the Co-60 activity in the reac-
tor water only and, as of now, cannot be extended
to the Co-60 build-up on austenitic steel surfaces.
The statistical analysis is of interest since it con-
siders not only the effect of Zn but also the role
of other impurities in the reactor water.
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Zn has a moderate reducing effect on the Co-60
1 activity in the reactor water. Cu and S1O2 can be

g neglected. The role of other impurities is strongly
m affected. In particular, Fe changes sign; with-
w out Zn it has a strong reducing effect, with Zn
' • - a strong increasing effect. Cr and Ni also change
• sign; without Zn they have a moderate increas-

: ing effect, with Zn a strong reducing effect. Other
, BWR. data sets have to be analyzed to see whether

these KKL-specific statements are of general sig-
nificance.

• The reactor water analysis during the an-
nual 1991 shut-down allowed the observation
of the following phenomena:
Already at 24% power the total Zn-65 activity in-
creases by a factor of 8, mainly because of dis-
solved Zn-65. At 0% power (full control rod inser-
tion) the crud particle concentration (> 1/im size)
increases by a factor of 50. An important point in
the cool-down period is at 160°C, 10 bar, where
H2O2 is first measured and, at the same time, the
total Co-60 activity has increased by a factor of
12. It is not clear how the plant cooldown proce-
dure should be modified to take these effects into
account.

• Laboratory autoclave tests were made with
different water additives and austenitic steel sam-
ples at simulated BWR conditions.

After 6 time periods, each of 300 hours, the Co-58
build-up (%) on steel samples exposed to different
water additives (ppb) was measured. The results
are consistent and can be summarized as follows:
20 ppb Zn > Ref. > 20 ppb Fe > 1.5 ppb Zn
107 to 135% 100% 64 to 77% 47 to 69%
Results have to be considered as preliminary
because:

a) They were obtained at very slow flow rate,
b) Even after 1800 hours, saturation of cobalt

build-up was not reached. Nevertheless,
for the two Swiss BWR's, they provide at
least an indication of the effect of additives
in the reactor water.
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TEMPERATURES
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Abstract
The influence of cold working and subsequent ageing at
operational temperatures on the long-term and short-
term mechanical properties of components made from
the iron-nickel-chromium base alloy Incoloy 800 are
discussed. Long-term properties are time-to-rupture
strengths, which are included in the design code, over
a lifetime of 300,000 hours. For LWR operating tem-
peratures of 350°C, this is of minor importance. An
operating temperature of 550°C is possible for Incoloy
S00 with up to 25% cold working and a subsequent solu-
tion annealing at 950° C, without loss of time-to-rupture
strength compared with the 'as received' state.

The short-term mechanical properties are strongly
influenced by cold working, in the form of increasing
yield strength and rupture strength, and decreasing duc-
tility and consequently loss of impact energies. A sub-
sequent ageing at 550° C leads to a decrease of the yield
strength and rupture strength, and an increase of duc-
tility as well as the impact energies. The environmental
influences Eire discussed.

1 Introduction
Incoloy 800 is basically an austenitic iron-nickel-
chromium alloy containing relatively minor, but impor-
tant, amounts of carbon, aluminium and titanium. Al-
loys of this general type have found wide application in
many high-temperature engineering fields, particularly
in industrial heating for furnace equipment and electri-
cal elements, in the petro-chemical industry for piping
systems, cracker tubes and reformers, and in power gen-
eration for boiler tubes. Such types of materials were in-
vestigated for their high-temperature behaviour in a Eu-
ropean research project (COST 501/11). They are also
under general consideration for nuclear applications for
pressure vessels, heat-exchangers, steam-generator tub-
ing and ducting.

The wide variety of applications of this material is
the result of a favourable combination of mechanical
strength and corrosion resistance, which makes it useful
for components operating at temperatures up to 1073 K
(about 800°C).

In all cases, cold deformation is an important fac-
tor influencing its mechanical properties and the struc-
tural stability. A very important long-term design crite-
rion for the elevated temperature regime is the time-to-
rupture strength, as well as the 1% strain strength. It is
well known that cold deformation influences these long-
term properties. Figure 1 shows an estimation of the

1000

5 10 IS

Degree of cold workin g (*/•)

Figure 1: Estimation of the limiting values of
temperature and degree of cold deformation for the

ratios of time-to-rupture strengths Rmt/Rmt0 = 1 and
0.8, over a design lifetime of 300,000 hr, for

solution-annealed Incoloy 800; Rmf: Time-to-rupture
strength of cold deformed material, Rmtg:

Time-to-rvpture strength of the respective undeformed
material [1].

temperature limits and the limits of the degree of cold
working for the ratio of the time-to-rupture strength
(cold deformed to undeformed).

Considering the lower limits for a design lifetime of
300,000 hours, as demanded for components for long-
term applications in the elevated temperature regime, a
region of the degree of cold working and the operating
temperatures can be outlined, in which no lowering of
the long-term data is to be expected. This is the first
line, R-rnt/RmtO = *' ^ secon<* 'ine in this graph reveals
the limit for a decrease of the time-to-rupture strength
of about 20%, i.e. Rmt/RmtO = °-8> «* estimated from
the trend of the Rmt/^mtO r a t ' o s versus a lifetime of
300,000 hours. From this, a lowering of 20% time-to-
rupture is to be expected at 973 K (700°C), if 10% cold
working is compared with 20% cold deformation at the
same temperature. The estimation is an extrapolation
from experimental data up to 300,000 hours.

The knowledge of these significant changes in the
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Table J: Chemical Composition and Mechanical Properties of the Alloy Incoloy 800.

C Si
0.045 0.64

Specimen
Dimension

(mm)

0 10
0 10

Mn P
1.03 0.014

RP0.2
(MPa)

183
194

S
0.007

RP1.O
(MPa)

217
227

Cr
20.05

R m
(MPa)

534
535

Ni
30.77

Ag
(%)
49
51

Al
0.169

Z
(%)
68
71

Ti N
0.28 0.0200

AV

(Joule)
ISO-V

268, 286, 282
230, 239, 240

Rpi 0 - 1.0% Strength
RP0.2 ~ Y i e l d Strength
Rm - Ultimate Tensile Strength
Ag - Percentage Elongation after Fracture
Z - Reduction of Area after Fracture

time-to-rupture strength after cold working during op-
eration led to this test programme, in which, for differ-
ent specimen types and material states, material short-
term data could be obtained for different conditions to
be encountered in a safety programme. From this point
of view, important questions are the structural stability
and the influence of cold working and subsequent ageing
on the mechanical properties, in the temperature range
593 K < T < 823 K and in different environments.

2 Material Properties
The material under investigation was the al-
loy XlONiCrA/ Ti3220 (Perrotherm 4876), material
number 1.4876. The material was delivered in the form
of plates, 28 mm thick, by Krupp Suedwestfalen AG,
Werksgruppe Siegen, and was sent to this institute by
Hochtemperatur-Reaktorbau, Mannheim. The chemi-
cal composition and the mechanical properties specified
by the supplier's certificate are presented in Table 1.
The narrow scatterband of the data reveals the homo-
geneity of the delivered plates.

3.3 Prefatigue
The Charpy-T specimens were taken from the plate and
strips with the notch direction T-L [2]. The specimens
were prefatigued in compression on an electromechan-
ical high frequency pulsator, Type HFP 500, delivered
by Roell und Korthaus, Amsler, Merishausen, Switzer-
land. For the selected parameters, the frequency regime
was found to be 149 Hz > f > 110 Hz.

After this procedure, some of these specimens were
taken for thermal ageing in the furnaces, either in air
or in helium.

3.4 Impact Testing
The impact machine used for these experiments is de-
scribed in detail in [3], and the experimental details are
described in [4,5]. After fracture of the specimens, the
length of the fatigue cracks were measured by means
of a microscope and the dynamic properties determined
from these measurements, from the specimen geometry,
the load, and the shape of the load versus load point
displacement diagram.

3 Experimental Procedures
3.1 Cold D e f o r m a t i o n

Some strips were taken from the plates and were cold
deformed by hammers. The degrees of cold working
were chosen to be 5%, 10% and 25%.

3.2 Tensile Test

The tensile specimens (Type B5x50, DIN 50125) were
taken with the axial direction parallel to the rolling di-
rection of the plates. The rolling direction was marked
for the strips being cold worked. The tensile tests were
performed on a Contraves screw-driven electromechan-
ical test machine, Type ZM 50 A, according to DIN 50
145.

4 Reduction of Data
The complete evaluation procedure for this type of test-
ing is fully described in [4,5].

5 Experimental Results
A series of experimental results from these tests have
been published [6], and here the main attention is given
to the results found after ageing. Figure 2 presents the
behaviour of the tensile property Rpg 2 after cold work-
ing and a subsequent ageing up to 10,000 hours at 823 K
(550°C), either in air or helium environments. The re-
sults of the impact tests, which show no influence of
subsequent ageing after cold working, are not presented
in this article.
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Figure 2: Yield strength RpO.S obtained at room
temperature after cold working (0%, 5%, 10% and

and subsequent ageing up to 10,000 hours at
8S3 K in air and helium environments.

Figure 3 reveals the microstructure after 25% cold
working and subsequent ageing for 10,000 hours at 823 K.

6 Discussion
The influence of cold working on the long-term mechan-
ical properties has already been discussed (see Fig. 1)
and in this report the influence of cold working and
subsequent annealing in different environments on the
mechanical short-term properties is considered. The re-
sults of the tensile tests in the form of RPQ 2 are shown
in Fig. 2.

The influence of cold working alone on the yield
strength can be seen if the values for t = 0 hr are con-
sidered.

The change of the yield strength is large between
0% ('as received' state) and 5% cold working, i.e. about
175%. The increase of the yield strength between 5%
and 25% cold working is 144%. With ageing of the ma-
terial at 550° C (823 K), there is a slight decrease after
1,000 hours and an increase after 10,000 hours. In the
'as received' state, no significant difference was found
between ageing in air or in impure helium. The situa-
tion changes with cold working. Significant changes of
the yield strength are found after annealing at 823 K
for 10,000 hours. If a helium environment is compared
with air, the values in helium are lower than those in

. • " - - - - - • ' .

j
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Figure 3: Microstructure of Incoloy 800 after 25% cold
working and subsequent ageing at 823 K for
10,000 hours in air. Magnification 100:1.

air, and the difference increases with increasing degree
of cold working.

The reduction of the yield strength after thermal
ageing might be mainly due to a relief of internal stresses
reinforced by cold working, combined with the onset of
precipitation. In this case, precipitation plays a mi-
nor role, which can be derived by the small difference
between the yield strength observed after 10,000 hours
ageing in air and helium environments for the 'as re-
ceived' material. Nevertheless, the precipitation could
be responsible for the shift of the yield strength mini-
mum from 1,000 hours to 3,000 hours as far as the he-
lium environment is concerned, because of the slightly
carburizing character of this environment. More pre-
cipitation might be responsible for the slower relief of
internal stresses at 823 K. Indications of this behaviour
can be found in Fig. 3, in which the microstructure
of the specimen after 25% cold working with a subse-
quent ageing for 10,000 hours at 823 K in air is pre-
sented. Specimens without cold working revealed car-
bide precipitations in the grain boundaries after ageing
for 10,000 hours at 823 K, in air as well as in helium.
The microstructure presented here exhibits precipita-
tions within the grains in the form of needles. This
type of picture was only found at 25% cold working fol-
lowed by ageing at 823 K (550°C). At lower levels of
cold working, only outsets of precipitations were found
after ageing over 10,000 hours. It should be mentioned
that 25% cold working is rather large, and the normal
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cold deformation necessary for the production of com-
ponents is between 5% and 10%. The form of precip-
itation is also dependent on the heat treatment (e.g.
solution annealing or recrystallization annealing) after
cold working.

These pronounced systematic changes, as observed
for the tensile properties, were not found for the dy-
namic testing of the specimen after cold working and
subsequent ageing. While a clear decrease of the im-
pact energies with the degree of cold working was ob-
served [6], the effects of subsequent ageing on the dy-
namic properties are small, if any. In agreement with
the literature [7], Incoloy 800 is characterized by a duc-
tile, austenitic structure. This imparts high strength
combined with good resistance to oxidation, carburiza-
tion and corrosion in many aggressive industrial envi-
ronments at elevated temperatures. So, this material
was found to be very suitable for nuclear application,
very often in slightly modified forms. An important cri-
terion for nuclear system designers in selecting Incoloy
800 was the combination of high resistance to chloride-
induced stress corrosion ere .icing and immunity to high
temperature pure water cracking [8]; the material se-
lected for this application was slightly modified.

7 Conclusions
Incoloy 800 is characterized by a ductile austenitic struc-
ture. It combines high strength with good resistance to
different environments, which makes it suitable for nu-
clear application. For cold deformation, the following
conclusions can be drawn:

• The time-to-rupture behaviour due to creep is im-
proved after cold working, if the low temperature
regime is considered (T < 823 K for a level of cold
working of less than 20%). At 973 K (700°C),
this is reduced by about 20%, if 10% and 20%
cold working are compared. Solution annealing
after cold working improves the time-to-rupture
strength.

• The influence of cold working on the short-term
mechanical properties is significant. That is valid
for slow, as well as for dynamic, mechanical prop-
erties.

• Subsequent ageing after cold working leads to a
decrease of the yield strength, i.e. an increase of
the ductility. This is most significant for high lev-
els of cold working. The main reason is the relief
of internal stresses due to cold working. If 623 K
(350°C) operating temperature is considered, the
changes axe rather small.

• The dynamical properties (normalized impact en-
ergy) do not change significantly after cold work-
ing combined with subsequent ageing.

• 'As received' Incoloy 800 revealed grain bound-
ary carbide precipitation after ageing for 10,000
hours at 823K (550°C). After 25% cold working
and the same ageing, needle-shaped precipitations
were found within the grains. These properties af-
fect the kinetics of the change of the mechanical
properties.
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INVESTIGATION OF IN-PILE FORMED CORROSION FILMS ON
ZIRCALOY FUEL-ROD CLADDINGS BY IMPEDANCE
SPECTROSCOPY AND GALVANOSTATIC ANODIZATION

O. Gebhardt

Laboratory for Materials Technology and Nuclear Processes

Abstract
Hot-cell investigations have been executed to study the
corrosion behaviour of irradiated Zircaloy fuel-rod clad-
dings by impedance spectroscopy and galvanostatic an-
odization. The thickness of the compact oxide at the
metal/oxide interface and the thickness of the minimum
barrier oxide have been determined at different posi-
tions along the claddings. As shown by analysis, both
quantities first increase and then decrease with increas-
ing thickness of the total oxide.

1 Introduction
This work is a part of a programme for studying the
oxidation mechanism of Zirconium-based alloys, which
are the commonly used materials for fuel-rod claddings
in pressurized water reactors (PWRs). Actually, the
lifetime and the reliability of these fuel rods are often
limited by the thickness of the oxide on the water-side
of the cladding.

The oxidation behaviour of Zirconium alloys can be
traditionally described by an initial 'pre-transition' pe-
riod in which the oxidation rate is approximately in-
versely proportional to a cubic function of the oxide
thickness. When the oxide reaches a thickness of about
2 — bfim, the oxidation behaviour can be described by
a 'post-transition' period in which the rate is faster
and approximately linear [1]. Corrosion of Zirconium-
based alloys proceeds by migration of oxygen through
the growing Zirconia surface film and the oxygen trans-
port is strongly affected by the microstructure of the
oxide at the metal/oxide interface [2].

The thickness of the relatively compact layer at the
metal/oxide interface of Zirconium oxides can be deter-
mined by impedance spectroscopy (IMS) [3-6]. Infor-
mation about the protective oxide which prevents ther-
mally activated transport of oxygen can be obtained by
studying anodic formation of oxides [7j. Thus, a pow-
erful means of characterizing the microstructure of the
oxide at the metal/oxide interface is the combined use of
impedance spectroscopy, galvanostatic anodization and
electron microscopy.

In this report, results from investigations of irra-
diated specimens prepared from in-pile oxidized stan-
dard Zircaloy-4 alloy fuel-rod cladding (hot samples)
are presented. The specimens come from different po-
sitions along the rod, possessing different thickness of
the total outer oxide, in the range of 10/im to 100/jm.
Consequently, the corrosion behaviour of the cladding
is characterized by post-transition oxidation kinetics.

2 Experiments
Cylindrical cladding segments from the middle (I), the
lower part (U) and the bottom (Y) of the irradiated
fuel rod have been investigated. In a hot-cell, the fuel
had been removed and the inner surface was cleaned by
scraping. The end faces of the specimens were protected
by an impervious resin and two electrical leads were con-
nected to the inner surface of each specimen. Then the
samples were positioned between two watertight, over-
lapping, plastic end pieces. This design prevents the
penetration of the electrolyte to the inner surface of
the specimen. The specimens possess an effective elec-
trolyte penetrated surface of about 6.1 cm2. Total oxide
thicknesses of 70pm, 25/im and < 10/mi have been ob-
tained by eddy-current techniques for samples I, U and
Y, respectively. A cross-sectional view of a prepared
sample is shown in Fig. 1.

O-ring oxide metal resin , plastic

* - ~ - ~- - - - - - - <f - ~~

T r =de

Iflmm

30mm

Figure 1: Diagram of the sample prepared for hot-cell
examination by impedance spectroscopy and

galvanostatic anodization.

The impedance measuring unit IM5d was used. De-
tails of the measuring procedure and the net-
work synthesis program of this unit, as well as
the impedance elements used, can be found in [8] and
[9], respectively. The three-electrode measuring cell
contains the basis electrode (BE, probe sample),
the counter electrode (CE, ring-shaped Pt foil), and
the reference electrode (RE, mercury/mercury-sulphate
Hg/HgSC-4/c (K2SO4) = sat.). During the potentio-
static measurements, a sinusoidal drive voltage is gen-
erated at selected frequencies in the range 0.1 mHz to
1 MHz. A small amplitude of lmV to 50mV has been
chosen to prevent rectification effects and associated
harmonic distortion of the reaction current (checked
by fast Fourier-transform analysis). The impedance
characteristics may be presented in the form of Bode
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(Ig I Z I and phi vs. lg f) and Nyquist complex plane
(Im (Z) vs. Re (Z)) diagrams.

The hot-samples were immersed at room tempera-
ture in a 1 mole/1 H2SO4 electrolyte solution which per-
meates the porous fraction of the oxide. To check the
soaking behaviour of the oxide in the electrolyte, the
IMS characteristics of all samples have been measured
at increasing time intervals, beginning at 24 hr and ex-
tending up to about 1000 hr. ID addition, a reference
sample R, containing an air-formed oxide film on the
outer surface, has been investigated. The anodization
characteristics have been obtained in-situ by measure-
ments using the same experimental equipment as for
IMS measurements. A constant anodic current was ap-
plied and the voltage across the sample was measured.
To study the rate of formation of anodic oxide in sul-
phuric acid, an unoxidized Zircaloy-4 reference sample
R" has been investigated, in which the air-formed oxide
was removed by chemical etching.

3 Experimental Results
3.1 Impedance spectroscopy

Soaking behaviour: As shown in Fig. 2, the penetra-
tion of electrolyte into the oxide on the hot samples is
characterized by nearly exact, parallel displacement of
the impedance graph at medium frequencies, i.e. the to-
tal impedance decreases and the slope of the impedance
graphs remains almost invariant at —0.8 to —0.9. At the
highest frequencies (about 105 Hz), the total impedance
remains nearly constant, and at the lowest frequencies
(about 10~4 Hz) it decreases considerably and the ini-
tial capacitive characteristics become more and more
resistive.

The penetration process is finished after about 24 hr
for sample I and after about 500 hr for samples U and
Y. The impedance data of the sample R remain invari-
ant with increasing time of immersion, showing pure ca-
pacitive characteristics with a slope of - 1 in the Bode
diagram.

Well-soaked state: In the well-soaked state, the
total impedance of the oxide-electrolyte system is char-
acterized by almost ohmic behaviour at the lowest fre-
quencies. At medium frequencies, the impedance is
characterized by a long straight part, with a slope of
about -0.8 to -0.9. It can be assumed that the dissi-
pative characteristics obtained, showing approximately
constant phase behaviour, arise from relatively com-
pact oxide near the metal-oxide interface. The total
impedance of the compact oxide is about one or two or-
ders of magnitude greater than the impedance of the ref-
erence sample R. For sample I, which contains the thick-
est total oxide layer, the thinnest intrinsic compact layer
can be expected. At higher frequencies, i.e. more than
1 kHz, the impedance characteristics obtained from sam-
ples I and U become highly-dissipative and a relatively
thick, well-soaked part of the oxide can be assumed.

A procedure for interpreting impedance data of thick
post-transition oxides has been developed [6]. Relat-
ing to this analysis, the thickness of the compact ox-
ide close to the metal/oxide interface can be calculated
from the parameter C of an overall Youngs-capacitance
carrying the capacitively by-passed displacement cur-
rent. In Fig. 3 is shown the equivalent circuit designed
and used for fitting the experimental data by computer
simulation of the impedance elements.
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Figure 2: Experimentally obtained soaking effect
concerning samples U and R (Bode diagram).

Sample U:
24/»r: £ — impedance, Q — phase
72/ir: y - impedance, V - phase
528/»r: • - impedance A - pAase
Sample R:
0 — 500/»r: + — impedance, x — phase

7 8=r=

Figure S: Equivalent electrical circuit used for fitting
of the experimental curves: Elements 1, S, 4, 1, and 9
denote ohmic resistances; 8 is pure capacitance; 3 and
5 are 2-parameter, constant-phase elements (i.e. loss
capacitances (—V—)); and 6 is a specific 3-parameter

Youngs-impedance (-Y-) element.
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Elements 1 to 6 describe the impedance character-
istics of the compact part of the oxide, elements 7 and
8 the behaviour of the highly-dissipative oxide, and ele-
ment 9 represents the pure ohmic electrolyte resistance.
The experimentally obtained supporting points of
impedance and phase in a well-soaked state, as well as
the computer-fitted curves concerning the hot-samples
and the sample R, are plotted in Fig. 4.

Using the above-proposed approach, one obtains for
the hot samples and the R-sample, respectively:

C (I) = 130 nF, C (U) = 66 nF, C (Y) = 124 nF and
C (R) = 22.8 JJF.

The thickness ta of the compact layer close to the
metal/oxide interface then can be calculated. With a
total impedance | Z | = (2)rfC)"1 and t = 22, the thick-
ness ta is given by:

ta =
19.5
C

where: ta is in nm
C is in pF/c

Thus, one obtains:
ta (I) = 910 nm, t0 (U) = 1790 nm, to (Y) = 950 nm
and ta (R) = 5.2 nm.

Error estimation: The error in the capacitively
determined thickness by impedance spectroscopy is
mainly caused by the relative uncertainty of the dielec-
tric constant e in oxide scales possessing different mi-
crostructure. If a value of e = 22 is used for the deter-
mination of relatively compact films, the error can be
as much as 25% [10], and it can be assumed that any
differences in film dielectric constant among specimens
of different composition or different heat treatment fall
within this level of uncertainty. When the relative un-
certainty for determination of the total sample area does
not exceed 5%, the total uncertainty in thickness deter-
mination is estimated to be about 30%.

3.2 Galvanostatic Anodization
The samples were charged with a constant anodic cur-
rent of 0.31 mA and the anodization graphs obtained
are plotted in Fig. 5.

The curve of voltage across the sample vs. time t,
or vs. collected charge Q, consists of two parts of dif-
ferent slope S = dV/dt. The initial part of the curve is
reversible and the voltage V increases very fast and lin-
early. The curve deviates at a certain collected charge
from being linear and a non-reversible straight part is
obtained. The non-reversible characteristics are associ-
ated with oxide growth and the slope S is much lower.
Thus, in regions possessing the thinnest barrier oxide,
which separates electrolytic paths from unoxidized ma-
terial at the potential of the base metal, the voltage
V exceeds the anodization voltage V,- and anodic oxide
growth occurs. In fact, voltages greater than ltPV/ia
transport oxygen through an existing oxide film, where
oxidation occurs, and the curves become non-reversible.
Then, a part of the charging current is employed for the
dissipative Faraday reaction to generate oxides, and the
other part is used for the reversible charging process.
The slope S decreases slightly at higher collected charge,
which is caused by a decrease of the current efficiency
for anodic oxidation when the oxide thickens [11,12].

If the anodic film grows homogeneously and the an-
odized area remains constant, linear characteristics of
the non-reversible part of the anodization curve are ex-
pected. Therefore, by extrapolating the non-reversible
part of the anodization curve to Q= 0, one obtains the
intersection voltage V,\ This voltage can be used to
calculate the minimum thickness tj of the barrier ox-
ide, which prevents the thermally activated transport of
oxygen. The growth rate of anodic oxide on Zircaloy-
4 in 1 mole/1 H2SO4 was determined using the refer-
ence sample R*. At increasing voltages across this sam-
ple, the anodization was interrupted and the impedance
characteristics were measured in-situ. Because of al-
most perfect capacitive characteristics, the oxide thick-
ness was determined from a simple capacitance resis-
tance model and the growth rate of the oxide was esti-
mated, giving about 2.3 nm/V.

Relating to the obtained rate of anodic oxide growth
in sulphuric acid, the thickness tj is given by the equa-
tion:

t4 = 2.3V<

The thickness tj and the slope SK of the irreversible
part have been obtained for given voltage V,- at the
intersection points :

Samples
Parameter: I U Y R*
V<(V): 1.8 45 5.6 0.5
tj(nm): 4.5 112 55 1.2

^ 1 ) : 2.2 1.2 8.5 >0.03

4 Discussion
Effect of soaking: The parallel displacement of impe-
dance graphs at medium frequencies indicates that the
electrolyte successively penetrates the outer oxide lay-
ers by inward diffusing electrical equipotential areas. At
each moment, these equipotential areas can be marked
by an imaginary metal foil. In addition, it can be as-
sumed that these equipotential areas correspond to the
structure of relatively large lateral cracks observed by
metallographic preparation techniques and optical mi-
croscopy studies. Additionally, electron-microscopy stud-
ies [13-21] show fine lateral cracks accentuating the
layer structure of the post-transition oxide. Thus, the
electrolyte especially fills lateral cracks with increased
time of soaking.

It is observed by scanning (SEM) [14] and transmis-
sion (TEM) [3,16] electron microscopy, that crystallo-
graphic and morphological texture which develops dur-
ing oxide growth is always perpendicular (vertical) to
the metal/oxide interface. This texture does not extend
to the outer oxide layer [14]. The vertical orientations
are needed to minimize the compressive stress [22] in
the plane of the film surface. Fine vertically directed
pores can be located probably at crystalline boundaries
and it is expected that a number of these pores will be
partially filled with electrolyte with increasing time of
immersion.

A system of symmetrical, thin pores, parallel and
normal to the oxide surface, is well filled with elec-
trolyte, can be described by a finite transmission line
[23,24]. Numerical solutions of such systems result in
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an impedance behaviour similar to a Warburg diffusion
impedance [9] with a constant loss angle of —45s, or
a slope of —0.5 in the Bode diagram. In a real ox-
ide, the expected geometry of pores is more involved
and branched. If the pores are very thin, and therefore
partially filled with an electrolyte, constant phase char-
acteristics with a slope of the impedance graphs close
to —1 can be expected. It has been shown by analy-
sis that penetration of electrolyte in vertically directed
pores would cause distorted semicircles in Nyquist di-
agrams [23]. In the Bode diagrams that are discussed
in this study, the penetration should cause a tilting of
the impedance curves, i.e. the slopes of the impedance
graphs should be decreased at medium frequencies. Such
behaviour is not observed at medium times of soaking
(below 500 hr). Thus, the electrolyte does not pene-
trate vertically directed pores when the soaking time
does not exceed approximately 500 hr. This conclusion
is supported from experiments by other authors [3] us-
ing thick autoclave-formed oxides and electrolyte solu-
tions of different conductivity. It has been shown that
the loss characteristics at medium frequencies remain
almost constant when the electrolyte is exchanged.

However, if the time of immersion is very high, i.e.
500 hr and more in the presented case, the lowering of
the total impedance with improvement of resistive char-
acteristics at the lowest frequencies, and the slight tilt-
ing of the impedance graph at medium frequencies in
the Bode diagram, indicate that a few vertically directed
pores which are large in diameter might be filled with
electrolyte. The dissipative characteristics appearing at
medium frequencies in the Bode diagram remain almost
constant with increase of the soaking time. Thus, the
loss characteristics obtained at medium frequencies are
caused by intrinsic properties of the oxide and not by
electrolytic paths.

Well-soaked state: In the well-soaked state, the
impedance curves contain two parts showing different
dissipation [6]. The highly dissipative part of the oxide,
which represents its porous region, can be modelled and
well-fitted by a parallel RC network (elements 7 and 8 in
Fig. 4). The constant phase characteristics at medium
frequencies can be explained by different microstruc-
tures. It can be assumed that isolated regions of high
electrical conductivity in the oxide film, or a system of
multiple, vertically directed electron conducting paths
due to metallic filaments [25-29], can cause constant
phase behaviour, similar to a system of pores filled with
an electrolyte and described by a finite transmission
line [3,5]. These unoxidized alloying additions, prob-
ably in the form of isolated precipitates and elongated
metallic fibres through the oxide, may be localized along
columnar crystalline boundaries [27]. This hypothesis is
supported by short circuiting following ultrasonic agi-
tation in mercury or exposing in liquid sodium [1]. The
metallic precipitates in the oxide film, identified as Zr
(Fe, 0 )2 in Zircaloy-4, remain reasonably conductive
even when oxidized [26,27]. These facts should sup-
port the hypothesis that electron conduction near the
metal/oxide interface occurs mainly via highly conduc-
tive metallic pathways and not via electrolytic paths.

Galvanostatic anodization: Anodization can oc-
cur at the bottom of vertically directed pores close to
the metal/oxide interface, well filled with electrolyte,

impedance (Q.) phase ( ° )
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Figure 4: Experimentally obtained IMS data in the
well-soaked state (points) and results of simulation
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and in regions within the compact layer containing elec-
trically conductive regions of unoxidized material at the
potential of the base metal close to electrolytic paths.

The samples were immersed for about 500 hr in the
electrolyte.

The assumption that fine vertically directed pores
exist in the compact layer, and that these pores can ar-
rive at the metal/oxide interface close to a thin barrier
film, is supported by the small distance of electrolytic
paths to unoxidized material determined from anodiza-
tion experiments. In addition, this hypothesis is sup-
ported by experiments in which the environment pres-
sure is changed instantaneously in either oxygen [30] or
steam [31]. The results of these experiments are incom-
patible with the presence of an impervious barrier layer
of significant thickness [32].

The fact that the initial growth of anodic oxide on
the unoxidized reference sample R* is much less than the
initial rate of anodic oxidation can be used to estimate
the fractional area of barrier oxide exposed to radicals of
sulphuric acid close to regions of unoxidized material at
the potential of the base metal. For the homogeneous
sample R* and the hot-samples I, U and Y, the ratio
S*/S of the initial voltage slopes of the irreversible an-
odization graphs has been calculated. A fractional area
of exposed barrier oxide of about 1.4% (I), 2.6% (U)
and 0.35% (Y) is estimated. This result corresponds to
measurements of oxidation rates concerning unoxidized
samples that are compared with post-transition oxida-
tion rates under the same conditions. It has been shown
that pores represent 2-3% of the interfacial area [33].

A remarkable amount of the fractional area possess-
ing very thin barrier oxide separating electrolyte paths
from regions of high electrical conductivity at the po-
tential of the base metal, as well as isolated conduc-
tive precipitates, can form individual resistors and ca-
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pacitors within this layer. The values of these capac-
itors can reach an order of magnitude of twice those
of layer capacitances. Because of high intrinsic capaci-
tances and the high electronic resistance of thin barrier
oxides themselves, networks of these intrinsic capaci-
tors and resistors are characterized by high values of
RC time constants. In an equivalent electrical network,
as shown in Fig. 4, such elements are represented by the
constant phase elements 3 and 5.

post-transition oxide film

charge/mC —•

Figure S: Experimental anodization curves of the
hot-samples I, U, Y and sample R*. Voltage V, in

volts, vs. charge Q, in millicoulomb. Current density:
$8/i A/cm2.

Model of oxide morphology: As a hypothesis, an
advanced model of the morphology of the post-transition
oxide is proposed, as shown in Fig. 6:

A: Near the metal/oxide surface, a chemically ac-
tive fresh oxide layer grows which contains vertically
directed crystallites of ZrC>2 with a columnar texture.
It can be generally assumed that the oxygen transport
is controlled by this interface layer, and thus it affects
the corrosion rate. Along the grain boundaries, fine
vertically directed pores and highly conductive metallic
filaments due to non-oxidized alloying additions might
be expected.

B: At a certain thickness to, which can be deter-
mined by impedance spectroscopy, the structure of the
oxide is reorganized. The outer oxide contains open
porosity attributed by large lateral cracks. The verti-
cally directed pores and the highly conductive metallic
pathways are interrupted by these lateral cracks. As
shown, the transition region of the porosity may be
marked by an imaginary metal foil, separating both

•total

B:
open
porosity.
lateral
cracks

U»A-!ffiS
A:
vertical
structure

Figure 6: Morphology of the post-transition oxide -
Layer containing vertical structures (A) and layer

containing open porosity and lateral cracks (B),
separated by a transition region which may be

considered as an imaginary metal foil. The equivalent
electrical network from Fig. S which is used to fit the

impedance data is also shown.

parts of the oxide. The part of the oxide containing open
porosity and large lateral cracks is well-soaked with elec-
trolyte.

Oxide properties along the rod axis: In Fig. 7,
the thickness ta of the compact layer and the thickness
tj, of barrier oxide are plotted against the thickness of
the total oxide. Both quantities at first increase with
thickness of the total oxide and then decrease after the
total oxide has reached a critical thickness.

104

ho2

O 10

10°

#

0

10 20 30 40 50 60 70

total oxide thickness/ pm

Figure 7: Thickness ta of the compact oxide (•) and
thickness of minimum barrier oxide U (o) vs. thickness

it of the total oxide of the rod segments I, U and Y.

The thickness t0 of the compact layer at the metal/
oxide interface is a quantity which is averaged over the
whole area of the sample. The cause of the increase and
decrease of the quantities ta and tj along the axis of the
irradiated fuel rods can not be explained at present. If
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the effect depends only on the total oxide thickness, a
general rule of oxide growth on Zirconium-based alloys
could be established. Therefore, more positions of dif-
ferent total thicknesses of oxide along a rod must be
investigated.

The determination of the thickness of the intrinsic
compact layer by other methods than IMS requires met-
allographic preparation techniques and investigation by
electron microscopy. Although such investigations have
been executed for autoclave-prepared oxides on simi-
lar alloys, no average thickness of the compact oxide
layer over large sample areas has been obtained. Nev-
ertheless, such investigations have shown that the post-
transition oxides on Zircaloy-4 contain at least two scales
of different microstructure.

It can be assumed that the length and shape of the
vertically directed pores determine the diffusion resis-
tance for a migrating oxidant. In addition, the rate of
oxidation is determined by the area of metal/oxide in-
terface exposed to the oxidant. It has been shown by
studying the soaking behaviour and the anodic oxide
growth, that probably only a few pores, which axe large
in diameter, can be completely filled with electrolyte
and reach positions close to thinnest barrier oxides to
unoxidized material at the potential of the base metal.
Ions which are smaller in diameter than sulphuric acid
radicals, i.e. oxygen radicals, can probably be trans-
ported in thinner pores and reach the metal/oxide in-
terface. Thus, the expected rate of oxidation might be
related to the thickness of the relatively compact part
of the oxide and the fractional area of exposed barrier
oxide.

5 Conclusions
The main conclusions of this study can be summarized
as follows:

• It has been shown by IMS that electrolyte suc-
cessively penetrates post-transition oxide via lat-
eral equipotential areas. These equipotential ar-
eas might correspond to lateral cracks observed by
metallographic preparation and microscopy. Hence
it follows that these cracks can not be artefacts of
the metallographic technique.

• At medium frequencies the slopes of the impedance
graphs are independent of soaking time. Thus, the
dissipative characteristics at medium frequencies
are not caused by electrolytic paths.

• In the well-soaked state, the total impedance graph
has two parts with different slope. The part dis-
playing highly dissipative characteristics appear-
ing at high frequencies can be identified with an
outer part of the oxide that is porous and well-
filled with electrolyte. The part showing constant
phase characteristics appearing at medium fre-
quencies can be identified with a relatively thick
and hardly penetrated part of the oxide close to
the metal/oxide interface.

• Formation of anodic oxide occurs in unoxidized
material at the potential of the base-metal. This
forced reaction might be localized at the bottoms

of vertically directed pores close to the metal/oxide
interface that are partially filled with electrolyte,
or even in unoxidized material within the compact
layer.

• The determined thickness of the barrier oxide which
prevents thermally supported oxidation is very
small compared with the thickness of the compact
layer. Thus, experiments using anodic oxidation
support the hypothesis that the inner oxide layer
involves fine vertically directed pores that can be
partially filled with electrolyte in the well-soaked
state.

• Along the axis of the irradiated Zircaloy-4 fuel rod
cladding, the relatively compact part of the oxide,
as well as the thickness of the barrier oxide, first
increases and then decreases with increase of the
total oxide thickness.
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MODELLING THE SORPTION OF Cs: APPLICATION TO THE
GRIMSEL MIGRATION EXPERIMENT
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Abstract
A two-site cation exchange model with no free param-
eters has been developed to describe the sorption be-
haviour of Cs. This model has been successfully ap-
plied to laboratory-generated Cs sorption isotherms in
diverse rock-water systems. The model has also been
used to predict an 'in situ' Cs sorption isotherm for the
migration fracture at the Grimsel Test Site.

1 Introduction
The laboratory support programme for the Grimsel mi-
gration experiments, which has been running in advance
of the field investigations, has as its main aims the iden-
tification of suitable tracers and the characterisation of
their sorption properties. The background to the lab-
oratory experimental work can be found in [1-3]. An
overview of the field migration experiments and the sup-
porting programmes up to 1990 has been reported in [4]
and the accompanying transport modelling is contained
in [5].

The philosophy behind the choice of tracers has al-
ways been that we should proceed in a stepwise manner
from non-sorbing to weakly sorbing, further to moder-
ately sorbing and finally to non-iinearly sorbing tracers.

Almost all of the migration experiments carried out
at the Grimsel Test Site (GTS) up until the beginning
of 1992 have been performed in a dipole flow field es-
tablished between boreholes 4 and 6 [4]. For this config-
uration the borehole separation was ~ 4.7 m. From the
laboratory sorption measurements for Sr and Cs and
the time required to achieve a full break-through curve
for Sr in the migration fracture, it was concluded that a
migration experiment with non-linearly sorbing Cs was
impractical (exceedingly long experimental times, ac-
tivity detection limit problems). However, recent field
results for Na and Sr obtained using a new dipole ge-
ometry (injection into borehole 9, extraction from bore-
hole 6; separation ~ 1.7 m) have shown that the transit
times are significantly shorter than in the original bore-
hole configuration. For example, the times to the peak
maximum for Sr are ~ 150 hours (4 —*• 6) and 1-2 hours
(9 — 6). The relatively fast transit times for Sr in the
dipole flow field established between boreholes 9 and 6
re-activated the idea that migration experiments with
non-linearly sorbing tracers (Cs) might be possible.

In the cases of the previous, linearly sorbing trac-
ers used in the two dipole configurations, good con-
sistency was found between laboratory sorption mea-
surements for A'a and Sr and the values obtained from

modelling the field test break-through curves [5]. The
question then arose as to whether we were justified in
assuming a similar correspondence for the sorption of
Cs. On balance we decided that such an assumption
for Cs was questionable. The principal reason for this
was that in the laboratory experiments we could not
obtain K concentrations in the conditioned water of
less than 7.7 x 10~5JW (where M = mol I"1), whereas
in natural Grimsel groundwater (NGW) the concentra-
tion is ~ 3.8 x 10~6Af, i.e. a factor of ~ 20 lower.
Even though these concentrations are low compared
with other cations in the system, K is known to be very
competitive with Cs [6,7] and consequently has a sig-
nificant influence on its sorption behaviour. Also, be-
cause Cs sorbs non-linearly and no mechanistic model
was available, it was impossible to predict the influence
of K at the different Cs concentrations.

In order to be able to provide at least semi-justifiable
sorption data for Cs, it was clear that a Cs sorption
model was required. (This is described in Section 3.)
In addition, it was not a priori clear that laboratory
sorption data, even when modified for the different K
concentrations via a mechanistic model, would be ap-
plicable to the 'in situ' system because of differences in
modal mineralogies between laboratory samples and the
fracture material (see next Section). A possible means
of solving this specific problem for the Grimsel migra-
tion fracture is discussed in Section 6.

Although the aim of this work was to provide an in
situ Cs sorption isotherm, the procedures developed in
the subsequent sections should, in principle, be appli-
cable for other radionuclides in other systems, e.g. sed-
iments, under the condition that sorption is primarily
governed by cation exchange.

2 Experimental data

2.1 Mineralogy

Although it was desirable to use material from the
migration fracture in the laboratory experiments, this
proved to be impractical due to the limited quantities
of extractable material. Instead, mylonite from a fault
zone some 30 m south, along the same drift, was used.
As can be seen from Table 2 (Section 6), the miner-
alogies of the two materials are similar but their modal
compositions differ. In particular, the mylonite contains
considerably more muscovite.
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2.2 Physico-chemical characterisation of
mylonite

The cation exchange capacity of mylonite for different
particle sizes was measured using the silver thiourea
method. Analysis of the extract solutions from the sil-
ver thiourea tests, together with cation concentrations
and alkalinity measurements on aqueous extracts car-
ried out for a range of liquid to solid ratios, enabled
fraction ion occupancies on mylonite in equilibrium with
different water compositions to be calculated for the ma-
jor cations (Na, K, Mg, Co and Sr). These data enabled
a consistent set of selectivity coefficients for Na, K, Mg
and Sr with respect to Ca to be deduced. The details
of these experiments are contained in [1].

2.3 Cs s o r p t i o n i s o t h e r m s

In the preparation phase for Cs sorption experiments,
mylonite was conditioned with NGW taken from the
migration fracture so that at the end of the procedure
the solid and liquid phases were ia equilibrium p}. The
water at the end of the last conditioning step was used
for the sorption tests. The compositions of this water
and NGW were essentially the same, except for the K
concentrations, as mentioned above. Further condition-
ing steps did not change the K level to any significant
degree. Because of this difference, and because we knew
that A" is an important competitive cation for Cs sorp-
tion, it was decided that additional experiments with
higher K levels were necessary in order to be able to
obtain an estimate of the effect of .fifon the sorption be-
haviour of Cs. Consequently, a second solution was pre-
pared and equilibrated with mylonite. The results for
Cs sorption experiments using the two water chemistries
are shown in Fig. 1 (Section 4). The sorption of Cs in
these batch tests was shown to be reversible and inde-
pendent of the liquid-to-solid ratio used.

1 2

A [KJ-7.7E-5 M
m [K}-6.4£-5 U
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Figure 1: Sorpiion of Cs on mylonite. Symbols:
experimental data [£]; continuous lines: model

predictions.

3 Sorption model
3.1 Background

The data available for Cs sorption on a multitude of
different rock types and minerals are extensive (see, for
example, the NBA sorption data base [8]). In virtually
all cases where sorption has been measured as a function
of concentration, Cs sorption has been shown to be non-
linear.

For a constant water chemistry, non-linear sorption
generally implies that either one aqueous species is sorb-
ing on two or more sites with different binding charac-
teristics, or two or more different aqueous species are
sorbing on one site type, or a combination of these. Cs
has an extremely simple water chemistry and is present
only as the hydrated monovalent cation, Cs+. Non-
linear sorption characteristics therefore imply that Cs
is sorbing on at least two different site types. Also, it is
well established and documented in the open literature
that Cs sorbs by a cation exchange mechanism.

Consequently, the basis for a sorption model for Cs
is a cation exchange mechanism involving two or more
site types. Essentially, we are looking for a model which

(i) is as simple as possible, with, preferably, no ad-
justable parameters,

(ii) can be applied to natural systems,

(iii) is generally applicable to different groundwater/
rock systems.

3.2 Model basics
We treat the sorption of Cs as a cation exchange pro-
cess on two sets of sites with different sorption affinities.
This is the simplest form of any model which is capable
of accounting for non-linear sorption.

(a) High-affinity (frayed-edge) sites

The first set of cation exchange sites we wish to consider
are the high-affinity sites oi fcayed-edge sites (FES).
These sites are responsible for the uptake of Cs on the
solid phase at trace concentrations [9,10]. Their sorp-
tion capacity is small in comparison with the total cation
exchange capacity (CEC) of the material but have a
high affinity (selectivity) for monovalent cations, par-
ticularly K+, Rb+ and Cs+. The nature of these high-
selectivity sites is such that, for steric reasons, they are
only occupied by monovalent cations with low hydration
energies. In most natural rock groundwater systems,
this means that these sites are occupied by K+. The
sorption of Cs+, at trace concentrations, then occurs
via cation exchange with K+, i.e.

K+-FES + Cs+*±Cs+-FES + K+ (1)

An expression for the stoichiometric selectivity coeffi-
cient, K**{Cs — K), can be written for the above reac-
tion as:

K{CSK) (2)

where [K+] and [Cs+] are equilibrium molar concentra-
tions and ZK and Zc, denote the fractional occupan-
cies on the frayed-edge sites of K and Cs, respectively.
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Fractional ion occupancy is defined as:

„ _ SA
A {FES}' (3)

where SA = equivalents of cation A sorbed on the FES
per unit mass, and {FES} = cation exchange capacity
of the frayed-edge sites per unit mass.

If the frayed-edge sites are only occupied by K* and
Cs+, then:

2c. + ZK = 1, (4)

(5)

(6)

(7)

[K+]

K»(Cs-K)

and it can readily be shown that:

As [Cs+] — 0,

and for [Cs+] > [K+]/K?(Cs - K),

T,H_{FES)

The key parameters in these equations are {FES} and
K?{Cs-K).

(b) Low-affinity (planar) sites

The second set of sites, with a considerably lower sorp-
tion affinity for caesium but a much higher sorption ca-
pacity, are the normal 'planar' cation exchange sites.
These sites cannot be treated in the same way with re-
spect to Cs sorption as the frayed-edge sites since they
are available to all cations. Fractional ion occupancies
on planar sites will be determined by the water compo-
sition and selectivity coefficients, i.e. competitive effects
from mono- and bivalent cations will be important here.

Cs* can sorb on the planar sites (PS) by exchanging
with monovalent (M + ) and bivalent (£ 2 + ) cations:

M+-PS + Cs+ *± Cs+ -PS + M+ (8)

B2+-PS+2Cs+=*2Cs+-PS+B2+ (9)

The selectivity coefficients (iff) of Cs with respect to
M+ and B2+ can be expressed respectively as:

Kc(Cs-M)- NK Mm(10)

(11)

The main cations present in most groundwaters are bi-
valent Mg7+, Cai+ and Sr2+, together with monovalent
Na+ and K+. Each of these cations will have a frac-
tional ion occupancy on the solid phase in accord with
its aqueous concentration and its selectivity coefficient
with respect to the other cations.

If we consider the bivalent cations first; Mg, Ca and
Sr have very similar chemistries and their selectivity co-
efficients with respect to other cations in a wide variety

of clay mineral systems have been shown to be approx-
imately the same [11].

On the basis of the above, and in order to simplify
the system and reduce the number of parameters re-
quired, we make the assumption that the selectivity co-
efficients for Cs—Mg, Cs—Ca and Cs—Sr exchange are
the same. This means that we need to write only one
equation, which describes the exchange of Cs with bi-
valent cations, i.e. eqn. (11), where:

[B2+] = [Sr2+] (12)

-B) =

(13)

- Mg,Ca,Sr) (14)

For the case of Cs exchange with the monovalent cations
Na+ and K+, the approach we have taken is similar, but
the situation is not quite as simple since it is known
that the selectivity coefficients for Cs—K and Cs—Na
on planar sites are significantly different [11]. The Cs+

exchange reactions with Na+ and K+ can be written

From equations (15) and (16) it can readily be shown
that:

[Na+] [K+]

or,

[Cs+1 yKHCs - Na) KHCs - KY
(17)

1
K%{Cs - Na)

NNa

<+]) (18)

The sum (AOvo +NR ) is the fractional ion occupancy of
the monovalent cations, i.e. NM-

In eqn. (18) we have arbitrarily chosen our ref-
erence monovalent cation to be Na+. The term
K^(K — Na)[K+], which has units of concentration,
converts the competitive effect of the K+ concentra-
tion into an Na+ equivalent concentration, i.e. [Na*] +
K?(K-Na)[K+] is the Na+ concentration (M+u i u Na)
which has an equivalent effect to all the monovalent
cations present.

Thus, an overall expression for Cs exchange with
monovalent cations can be written as:

[Cs+] NM

where

and

(19)

(20)

K K - Na) (21)

We then have two equations, one describing Cs ex-
charge with bivalent cations eqn. (11), and the other,
Cs exchange with monovalent cations eqn. (19). These
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two equations must be solved simultaneously for the Cs
fractional occupancy, Na • Under the condition that:

(22)

it can be shown that:

where

and

Wfquiv.Na)

(23)

(24)

(25)

If values for the selectivity coefficients are known,
then the distribution ratio for Cs as a function of con-
centration in a known groundwater for a material with
a known CEC can be calculated for the planar exchange
sites from:

Nc CEC , .
( 2 6 )

The frayed-edge sites (because of their high selectiv-
ity for Cs) dominate Cs sorption at trace concentrations,
and the planar sites dominate at 'high' concentrations
since the frayed-edge sites become saturated. The total
sorption of Cs is the sum of the sorption on these two
sites at any given equilibrium Cs concentration.

4 Model parameters
The parameter values required in order to implement
the model are the selectivity coefficients on the planar
sites (K?(Cs-B), K^(Cs~M) and K^(K-Na)) and
on the frayed-edge sites (K?{Cs-K)), the CEC of the
material in question (usually a measured value), and
the frayed-edge site capacity (FES).

Since the main clay mineral components of mylonite
and migration fracture material are micas (muscovite/
biotite), which belong to the illite group [12], we chose
the appropriate selectivity coefficients for the planar
sites from the compilation in [6] and [11] for illite.

The frayed-edge site capacity is taken to be 0.5% of
the CEC [6,7] and a K^(Cs - K) value consistent with
this. The selectivity coefficients for a predominantly
illitic system are summarised in Table 1:

Table 1. Selectivity coefficient valves

Frayed-edge sites K?(Q>-K) = 3000

Planar sites K^{Cs-M) = 40

K^Cs-B) = 500

K^(K-Na) = 5

5 Model testing
The predictive capabilities of this model have been tested
to a limited extent on systems in which the clay mineral
component is predominantly illitic, e.g. Cs sorption on
mylonite at two A" concentrations [2], Fig. 1; Cs sorption
on marl [13], Fig. 2; and Cs sorption on Boom clay [14],
Fig. 3. In all cases, the same selectivity coefficients were
used, the frayed-edge site capacity was fixed at 0.5% of
the CEC, and measured CEC values were used in the
calculations together with the (very different) experi-
mentally measured water chemistries, i.e. there were no
free parameters in the model used to predict Cs sorption
isotherms for these three systems.

Figure 2: Sorption of Cs on marl. Symbols:
experimental data [IS]; continuous line: model

predictions.

Figure S: Sorpiion of Cs on Boom clay. Symbols:
experimental data [14]; continuous line: model

predictions.

62



Table 2. Modal mineralogies and calculated CEC values for migraiion fracture material and mylonite

I
Mineralogy

Quartz
Plagioclase
K-feldspar
Chlorite
Biotite
Muscovite
Epidote
Carbonate
Accessories
Calculated
CEC

Mineral CEC
(pH = 8)
(<63pm)

[15]
(meq kg"1)

0.2
3.7
3.7

50
17
52
6.0
0.2

-

Migration fracture
material

Mineral
content
wt% [1]

0.32
0.32
0.19
0.01
0.09
0.02
0.01

<0.01
0.02

Contribution
to total CEC
(meq kg-1)

0.06
1.18
0.70
0.50
1.53
1.04
0.06

-
5.2

Mylonite

Mineral
content
wt% [1]

0.30
0.20
0.13

.
0.13
0.21
0.02

< 0.01
0.08

Contribution
to total CEC
(meq kg"1)

0.06
0.74
0.48

.
2.21
10.9
0.12

-
14.5

6 Prediction of the 'in situ' Cs
isotherm for the migration frac-
ture at GTS

The Cs sorption model described in Section 3 has thus
been shown to be acceptably successful in describing
laboratory-generated Cs isotherm data for three dis-
tinctly different groundwater-rock systems. Using ex-
actly the same selectivity data as given in Table 1, we
now wish to use the model to predict 'in situ' Cs sorp-
tion in the migration fracture at the GTS. The only
unknown is the 'in situ cation exchange capacity'. It
should be recognised that the same CEC as measured
in the crushed rock batch tests wilt most probably not
be seen by the flowing water in the migration fracture.
The problem then reduces to obtaining a good estimate
for this in situ value.

As stated previously, the average mineralogies of the
mylonite (laboratory experiments) and the fracture ma-
terial are similar, but the modal compositions are dif-
ferent (see Table 2). These differences will influence the
CEC. We begin by calculating the CEC for both rock
types using the mineral CEC data of Allard et al. [15].
The results of these calculations are also given in Table
2. The CEC of a material is not a unique value but
depends upon such factors as particle size, pH and ex-
perimental method. The data in Table 2 were derived
from 22Na isotope exchange measurements on samples
with a particle size range of < 63 fim at pH = 8.

The measured CEC values for mylonite lie between
~ 3 meq kg"1 ('loosely' disaggregated material) and
~ 13 meq kg"1 (particle size < 63/im) [1,3]. Compari-
son of the latter value with the calculated value given in
Table 2 shows that the two are in good agreement, which
gives us confidence in the validity of this procedure for
calculating CEC values. Also from Table 2, it is clear
that the CEC of the fracture material is approximately
a factor of 3 less than that of mylonite; 5.3 meq kg - 1

and 14.5 meq kg"1, respectively.
The above data indicate that fracture material sim-

ilarly prepared to the mylonite would have a CEC
lying between ~ 1 and ~ 5 meq kg"1. In most cases

this would be as far as we could go in estimating an
'in situ' value. In order to be conservative, a CEC
at the lower end of the above range might be chosen,
say, 1 - 2 meq kg"1. However, in the special case of
the Grimsel migration fracture, additional information
is available from a hydrogeochemical equilibrium test
[3]. From this field experiment we were able to deduce
a best estimate of 2.4meq kg"1 for the 'in situ' CEC.
This value lies within the range anticipated from labo-
ratory data and was chosen for the calculations.

In calculating the 'in situ' Cs sorption isotherm, one
final factor needs to be taken into account, namely the
natural Cs background concentration in NGW, which
has been reported to be ~ 5 x 10"9M [2]. For active Cs
concentration levels less than this value, the 'sorption'
is via isotope exchange and its magnitude is fixed at
the value corresponding to the background Cs level, i.e.
the apparent sorption of radiocaesium at concentrations
below 5 x 10~9Af is linear.

Figure 4: Predicted Cs sorption on fracture infill
material in the migration fracture under 'in situ'

conditions.
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Taking the above into account, and using the selec-
tivity data in Table 1, a CEC of 2.4 meq kg"1 and a
frayed-edge site capacity of 12/jeq kg"1, i.e. 0.5% of
the CEC, the predicted 'in situ' sorption isotherm for
Cs is shown in Fig. 4. This isotherm will be used as a
basis for predicting the break-through curve for Cs in
the migration fracture before the actual experiment is
performed.

7 Conclusions
A Cs sorption model in which all parameters can be
fixed has been developed and shown to be acceptably
successful in describing Cs sorption isotherms in diverse
rock-groundwater systems. The model has been used to
predict an 'in situ' sorption isotherm for the Grimsel mi-
gration fracture. A comparison between the predictions
for the Cs break-through curve and the measured val-
ues from field experiments, due to begin in early 1993,
will provide a stringent test for both the soiption and
migration models.

Further testing, and maybe some refinement of the
model, may be needed, but it is now expected that the
model and approach described briefly here can be used
generally for predicting and defending Cs sorption val-
ues for safety assessments studies.
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PORE WATER: A CASE STUDY
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Abstract
The influence of the organic ligands EDTA (ethylenedi-
aminetetraacetate), NTA (nitrilotriacetate), citrate and
oxalate on the speciation of Cs, Sr, Ra, Ni, Pd, Tc, Sn,
Zr, Th, U, Np, Pu, Am and Cm in cement pore waters
is studied by means of chemical equilibria. Emphasis
is laid on the development of a complete and consistent
thermodynamic data base for the high pH range beyond
pH 11. Missing data are estimated using free-energy re-
lationships derived from a large number of experimen-
tally determined stability constants compiled from the
literature. In cases where a sound estimation of stability
constants is not possible due to the scarcity of quanti-
tative information, at least upper limits are assessed for
the stability of all possibly important species. Chem-
ical equilibria were computed within the range of pH
11 to 13 and a range of Ca concentrations from 0.001
to 0.1 mol 1-1(M). EDTA complexes predominate only
in the case of Ni. In all other cases, the competition
of Ca-organic or metal-hydroxo complexes successfully
prevent any significant influence of EDTA, NTA, citrate
or oxalate on the speciation of these radionuclides.

1 Introduction
The importance of organics in safety assessment studies
of radioactive waste repositories is an unresolved topic.
Radionuclide solubilities can significantly increase in the
presence of dissolved organics due to 4he formation of
metal-organic complexes. Organic complexation may
also counteract the sorption of radionuclides on mineral
surfaces and thus increase the mobility of radionuclides
in the geosphere. In spite of these important questions,
mainly because of the paucity of experimental data, es-
pecially in the cases of natural organics and organic
degradation products in the nearfield, no significant im-
provement to thermodynamic equilibrium calculations
has been achieved during the last decade a new mod-
elling approach to the problem of organics is described
in a paper published during 1992 [1], which begins with
the question, "What properties must an organic ligand
have in order to significantly influence the speciation,
and hence the solubility, of a given radionuclide?" The
main properties considered in this so-called 'backdoor
approach' are the concentration of the organic ligand
in solution and the stability of the organic complex
with a given radionuclide. Having shown its feasibil-
ity with some example results [1], major enhancements
of the 'backdoor' method are currently under develop-
ment. One flaw in the original set-up of this ne»v model

is its probably too simplistic treatment of organic com-
plexation considering only monomeric 1:1 metal-organic
complexes. Another shortcoming of this first version of
the 'backdoor approach' is seen in its limitation to fixed
'water type' compositions, not allowing the sensitivity
of the results with respect to the main geochemical pa-
rameters to be explored. The case study presented here
focuses on these two problem areas and outlines solu-
tions which will be included in a second, improved ver-
sion of the 'backdoor' method.

In the present work, organic complexation of ra-
dionuclides with the four ligands EDTA, NTA, citrate
and oxalate is studied in some detail. These four com-
pounds cover a large range of complexing strengths and
represent important classes of organic ligands. EDTA
is one of the strongest non-specific chelating ligands
known, whereas NTA stands for intermediate-range com-
plexes with aminocarboxylic acids. Both compounds
may be present in the radioactive waste itself, origi-
nating from decontamination and clean-up operations
of nuclear facilities. Oxalic and citric acids form the
strongest complexes within their classes of di- and tri-
carboxylic acids, respectively. Oxalic acid is the most
important product of radiolytic degradation of bitu-
men [2]. A repository for low- and intermediate-level
radioactive wastes will include large quantities of ce-
mented waste matrices. Large amounts of hydrated ce-
ment will therefore determine the chemical properties
of the repository nearfield for a long period of time [3].
Thermodynamic modelling of the nearfield chemistry
thus has to deal with cement pore waters character-
ized by high pH (pH > 11) and calcium concentrations
around 10~2M.

The first issue in chemical modelling is to under-
stand the chemistry of the system. In general, it is no;
a good idea just to take a thermodynamic data base, to
run some speciation calculations using a popular speci-
ation program like PHREEQE or MINEQL, and to ex-
pect the results to be correct in chemical terms. The re-
sults may be mathematically correct, but do they show
a close similarity to the chemistry of the system under
investigation? In an attempt to answer this question,
in some cases a simple sensitivity analysis is done, i.e.
uncertainties are assigned to the stability constants of
the species included in the thermodynamic data base
and series of speciations are computed by varying the
parameters of the most important species. This is a
step forward on the way out of the 'black box mentali-
ty', as a sensitivity analysis reveals the critical parame-
ters of the chemical model. But the results obtained by

try irom
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the 'real' chemistry. Important species determining the
chemistry of the specific system may be missing in the
data base due to a lack of quantitative data. These
'gaps' or 'holes' in thermodynamic data bases are the
most dangerous pitfalls in chemical modelling as they
are invisible to the incautious user and thus may lead
to grossly false conclusions. Therefore, the first step
in modelling the influence of organics on radionuclides
in high pH cement pore waters is to use chemical rea-
soning to predict the type of species that may domi-
nate the speciation. Stability constants which are not
available in the literature are estimated using chemi-
cal systematics of organic ligands and free-energy rela-
tions of thermodynamic data. In cases where little or
nothing is known, e.g. about the formation of ternary
metal-ligand-hydroxo complexes, at least maximum val-
ues of their stabilities are assessed. Subsequent sensitiv-
ity analyses show whether these species are important
or not and thus give hints for further experimental in-
vestigations.

2 Free energy relationships
2.1 ML complexes

The basic complexes to be considered here are the
monomeric 1:1 complexes (in the following abbrevi-
ated as ML complexes). In the high pH range of cement
pore waters, for most cations they are not important at
all, as the sensitivity analyses show, but all estimation
procedures for other, more-relevant complexes are based
on, or closely related to, these simple complexes, as dis-
cussed below.

The stability constants of ML complexes of EDTA
and NTA, with all kinds of cations, are strongly corre-
lated over a range of more than 30 orders of magnitude
(Fig. 1). NTA complexes are weaker than EDTA

I

10 15 20 25
log ( K) EDTA complexes

35

Figure 1: Stability constants of 1:1 (ML) complexes of
EDTA and NTA with metal cations. The solid line is
obtained from non-linear regression analysis, eqn. 1b.

The dotted 1:1 diagonal is added for comparison,
visualizing the general relation NTA < EDTA.

complexes in all cases. Both observations, the strong
correlation and the relation EDTA > NTA, are to be
expected considering the molecular structure of the lig-
ands. They both belong to the class of conformationally
flexible ammopolycarboxylic acids containing N and O

groups, and thus act as 'non-specific ligands' with re-
spect to different classes of cations. The fact that NTA
complexes are always weaker than EDTA complexes
with the same cation also results from their structure:
EDTA contains six functional groups whereas NTA has
only four groups; therefore, EDTA usually forms very
strong hexa-dentate cheiate complexes with most cations.
Notable exceptions are complexes with the oxo-cations
uranyl, neptunyl and plutonyl. They are systematically
weaker than expected from the overall EDTA-NTA cor-
relation, i.e. shifted to the left in Fig 1. This pecu-
liar behavior of uranyl, neptunyl and plutonyl towards
EDTA may be ascribed to steric hindrance from the
O-metal-0 axis, which forces EDTA to coordinate only
equatotially, in a maximum of four positions.

Citrate and oxalate complexes also correlate nicely
with EDTA complexes, but a significantly higher scatter
of data than in the NTA correlation is observed (Fig. 2).

s 5 10 15 20 25 30 35
log ( K) EDTA complexes

Figure S: Stability constants of citrate and oxalate ML
complexes correlated with EDTA data. The solid

citrate and oxalate lines are calculated using eqns. 2b
and Sb, respectively; the dashed NTA line is taken from

Fig. 1.

An overall relation of complexing strength can be
seen in Figs. 1 and 2: For any cation the stability con-
stants of ML complexes follow the relation EDTA >
NTA > citrate > oxalate. Again, as in the case of
NTA, these observations can be explained considering
the molecular structure of the ligands. Citric and oxalic
acid are tri- and bicarboxyiic acids, respectively. The
maximum number of functional groups which may coor-
dinate with metal cations decreases from 6 (EDTA) to 4
(NTA), 3 (cit), and 2 (ox) and thus explains the relation
EDTA > NTA > citrate > oxalate. The shift of uranyl
and neptunyl data away from the overall EDTA-cit and
EDTA-ox correlations is even more pronounced than in
the case of EDTA-NTA, ensuring that real systematic
effects due to steric hindrance are seen in Figs. 1 and 2.
Some of the larger scatter of data seen in Fig. 2 com-
pared to Fig. 1 may be due to the fact that citrate and
oxalate do not contain amino groups, and thus act as
more 'specific ligands' with respect to different classes
of cations than EDTA and NTA.

Least-squares analyses were done for all relation-
ships, excluding the oxo-cations uranyl, neptunyl and
plutonyl from the calculations. The results of linear
regression analyses are:
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MNTA = ( 0.67 ± 0.02 ) • MEDTA (la)

Mcit = ( 0.44 ± 0.04 ) • MEDTA (2a)

Mox = ( 0.34 ± 0.02 ) • MEDTA (3a)

The abbreviations MNTA, etc., stand for logioK
(metal-ligand complex ). In all cases, the intercepts do
not deviate significantly from zero, and thus the final
calculations were made with intercepts set to zero. The
uncertainties of the estimated values are: MNTA ± 1.5,
Mcit ± 3.1 and Mox ± 2.4 ( all uncertainties marked by
± in this paper refer to a 95% confidence level ). The
visual impression from Figs. 1 and 2 suggests slightly
non-linear relationships in all cases. Recalculations in-
cluding an additional quadratic term yield:

MNTA = (0.5? ± 0.05)- MEDTA +
+ (0.0042 ± 0.0020) • MEDTA2 (lb)

Mcit = (0.23 ±0.12)- MEDTA +
+ (0.0096 ± 0.0054) • MEDTA2

Mox = (0.19 ±0.07)-MEDTA +
+ (0.0064 ± 0.0030) • MEDTA2

(2b)

(3b)

The uncertainties of the estimated values decrease
slightly to: MNTA ± 1.2, Mcit ± 2.6 and Mox ± 1.9.
The non-linear terms in. lb, 2b and 3b are all positive
eqns. and vary only by a factor of two. Considering
their associated uncertainties, they deviate statistically
significantly from zero. It is not clear at present whether
these findings indicate non-linear free energy relation-
ships or if they are just artifacts, for example due to
inappropriate extrapolations to zero ionic strength of
complexes involving highly charged cations and ligands.
For the estimation of missing ML stability constants,
however, the non-linear equations are used in order to
minimize interpolation errors.

2.2 ML X c o m p l e x e s

MLr complexes with x > 1 may dominate the speci-
ation if the ligand concentrations are higher than the
metal cation concentrations. The importance of MLr
complexes, however, not only depends on concentration
ratios but also on the thermodynamic stability of the
complexes. The stability constants of MLX complexes
in general tend to increase with an increasing number
of functional groups coordinating with the metal cation,
as already discussed for the case of simple ML com-
plexes. On the other hand, a growing number of func-
tional groups is correlated with an increase in the size of
the ligand. Therefore, increasing steric hindrance and,
for carboxylate groups, increasing negative charge will
counteract the first effect. This can be clearly seen in
Figs. 3 and 4, where the stabilities of ML* complexes

are compared with the stabilities of MLr_i complexes.
Note that in these figures the formation of MLr com-
plexes is expressed as a stepwise formation according to
the reaction ML*_i 4- L ^ ML*. The ML2 complexes
formed with the bi-dentate oxalate are comparable in
stability with complexes formed with the tri-dentate cit-
rate, although Mcit complexes are up to four orders of
magnitude stronger than Mox complexes (Fig. 2). The
MNTA2 complexes range from comparable (e.g. Co2+,
Cu2+, Zn2+) to slightly more stable than Mcit2 and
M0X2 complexes (e.g. Ca2+, Ni2+, Fe3+), but the pic-
ture is obscured by a large scatter of the data. The
hexa-dentate ligand EDTA does not form ML2 com-
plexes at all. Only oxalate is capable of forming strong
ML3 complexes (Fig. 4); no ML3 complexes of citrate
or NTA are known.

The stability constants of oxalate ML* com-
plexes are strongly correlated (Figs. 3 and 4), and thus
linear regression analyses are done in order to derive
interpolation formulae to be used for the estimation of
missing data:

Mox2 = (-2.1± 0.6) + (0.95 ± 0.08) • Mox (4)

Moxa = (-1.0 ± 1.0) + (0.82 ± 0.16) • Mox2 (5)

The uncertainties of the estimated values are: M0X2
± 1 . 1 and M0X3 ± 1 . 1 . The M0X2 complexes shown
in Fig. 3 span the entire range from the very weak
Sroxl", with a stability constant close to zero, up to
the strongest known complex Zrox2, with log K ~ 10.

eg
_J

2

16-

14 -

12 -

10 •

8-

6 •

4 •

2 -

0

• oxalate
• citrate
ONTA

2 4 6

56c

8 10 12 14 16 18 20 22
log(K) ML

Figure 3: Stability constants of ML2 complexes
correlated with ML data for different metal cations

(M) and the organic ligands otalate, citrate and NTA
(L). The formation of ML? complexes is expressed as
an addition of L to the complex ML. Linear regression
lines are calculated uung eqn. 4 for oxalate and eqn. 6
for citrate. No regression analysis is done for NTA.

The few data available about the formation of M0X3
complexes would plot in the same range as the Mox2
data if Figs. 3 and 4 were superimposed. In general,
Moxx complexes are approximately two orders of mag-
nitude weaker than Mox*_i complexes, if the reaction is
expressed as a stepwise formation. The only visual ex-
ception is the UO2Ox|~ complex, which is more than
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two orders of magnitude weaker than expected from
the overall ML3 - ML2 relation (Fig. 4). This peculiar
behavior of uranyl is consistent with the observations
made for uranyl-EDTA complexes: Two oxalate ligands
seem to coordinate only equatorially, and the subse-
quent coordination of a third oxalate ligand is rather un-
stable due to the partial negative charges of the oxygens
bonded to hexavaient uranium in UO§+. Therefore, the
formation of M0X3 complexes with uranyl, neptunyl and
plutonyl cannot be estimated using eqn. 5, and a value
of log K < 0 is assigned to the stepwise formation of
these complexes.

10 12 14 16 18 20 22

log ( K) ML2

Figure 4: Stability constants of ML3 complexes
correlated with ML^ data. The formation of MLZ

complexes is expressed as an addition of L to the
complex MLx-\. Only oxalate data are available. The
solid line is calculated by eqn. S, excluding the uranyl

complex from the regression analysis because of its
peculiar chemical behavior.

The stability constants of Mcit2 complexes are also
strongly correlated with Mcit complexes (Fig. 3). Lin-
ear regression analysis yields:

Mcit2 = (-4.5 ± 1.5) + (0.88 ± 0.13) • Mcit (6)

The uncertainty of the estimated log K's is: Mcit2
± 1.7. The Mcit2 complexes span a range compara-
ble to the previously discussed Mox2 complexes as their
stability constants are essentially the same. The pos-
itive effect of the increase in the number of functional
groups from two in oxalate to three in citrate is more
than balanced by the negative effect of increased nega-
tive charge and increased steric hindrance of the bulkier
citrate molecule. Comparing the stability constants of
ML and ML2 complexes (Fig. 3) shows that Mox; com-
plexes are about two orders of magnitude weaker than
Mox complexes, whereas Mcit2 complexes are five to
seven orders of magnitude weaker than Mcit complexes.
Steric hindrance completely prevents the formation of
any stable Mcit3 complexes.

NTA has the same charge and is comparable in size
to citrate, but has an additional amine group capa-
ble of acting as a fourth coordinating group in form-
ing metal chelate complexes. It is thus expected that
MNTA2 complexes have higher stability constants than
Mcit2 complexes. This behavior is found for Ca2+, the
transition metals and Fe3+. But this picture is dis-
turbed by the rather erratic data for Eu3+, Am3+ and

Cm3+, as well as for Np4+ (Fig. 3). Comparing Ni2+,
Am3+ and Fe3+ data for oxalate and citrate, the rela-
tionship Ni2+ < Am3+ < Fe3+ is found for both ML
and ML2 complexes. There is no obvious reason why
this chemically plausible relation should not apply to
MNTA2 complexes. It is therefore concluded that the
EuNTAf.-, AmNTAfT and CmNTAf" data may be er-
roneous, as well as the exceptionally high NpNTA§~
value. In the subsequent speciation calculations for as-
sessing the influence of NTA on radionuclide complex-
ation, the experimental Np4+, Am3+ and Cm3+ data
were discarded. Due to the large scatter caused by these
probably erroneous data, no attempt was made to per-
form least squares analyses. Instead, an upper limit of
the stability constant MNTA2 was estimated for these
discarded data as well as for missing experimental data:

MNTA2 < Mcit2 + 2 (7)

For uranyl, neptunyl and plutonyl complexes, how-
ever, the relation MNTA2 < Mcit2 seems to be more ap-
propriate regarding the peculiar behavior of these oxo-
cations, as discussed above for MEDTA and M0X3 com-
plexes.

2.3 M(OH)XL complexes
Ternary or mixed complexes formed with organic lig-
ands and additional hydroxo groups may dominate the
metal-ligand speciation if the OH" concentrations are
high, i.e. in the high pH range of cement pore wa-
ters. Unfortunately, experimental data of such ternary
complexes are rather scarce, since most complexation
studies are carried out in acidic solutions. In neutral
or basic solutions problems arise due to the precipita-
tion of sparingly soluble solid phases, causing very low
concentrations of aqueous species close to, or beyond,
the detection limit of most analytical methods. Fur-
thermore, the onset of hydrolysis complicates the inter-
pretation of experimental results because all relevant
metal-hydroxo complexes of the system under investi-
gation must be known and taken into account in or-
der to derive correct results for binary metal-ligand and
ternary metal-ligand-hydroxo complexes. In addition,
experimental difficulties in dealing with strong alkaline
solutions (pH > 12) limit the number of experimental
studies in the range of cement pore waters. Thus, the
high pH range is largely 'terra incognita' with respect
to thermodynamic equilibria. In order to explore this
little known territory as far as possible, a systematic
study of M(OH)ZL complexes was undertaken. To the
knowledge of the present author it is the first attempt
in this direction.

In Figs. 5 and 6 the stability constants of MOEL
complexes are plotted against ML stabilities for some
mono-, di- and trivalent cations. Note that the for-
mation of MOHL complexes is expressed as the addi-
tion of OH" to ML, referring to the equilibrium: ML +
OH == MOHL. In all cases negative correlations are ob-
served, i.e. the stepwise formation constants of MOHL
complexes decrease with increasing ML stability. These
findings are chemically plausible since increasing ML
complex stabilities are associated with increasing ligand
size and increasing negative charge. Both effects de-
crease the Lewis acidity of the metal organic complex.
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For very high ML complex stabilities, the decrease of
MOHL stability is rather steep, as can be seen for ex-
ample in the cases of HgOHL complexes (Fig. 5) and
Fe(III)OHL, as well as AlOHL complexes (Fig. 6). De-
spite the large scatter in the data, in all these cases a
linear extrapolation from the high ML stability region
to low ML stabilities would result in unrealistic, high
MOHL stability constants. In contrast, all MOHL sta-
bilities approach the values of their associated mono
hydroxo complexes. They are added to Figs. 5 and 6
for comparison, the values referring to the equilib-
rium: M + OH ^ MOH. Both observations (MOHL
stabilities approaching MOH values in the low ML sta-
bility region and a steep decrease of MOHL data in the
high ML stability region) indicate strong non-linear free
energy relationships correlating ML and MOHL com-
plexes, as shown by dotted lines in Figs. 5 and 6. These
dotted lines are given only to guide the eye; they are
not fitted curves. For two reasons the tempting idea
of fitting non-linear functions to these MOHL data was
resisted: First, in cases of weak MOHL complexes such
as ZnOHL and NiOHL, because linear functions would
equally well fit the data, considering the scatter of the
values (Fig. 5). Especially if very few experimental data
are available, there is no statistical justification for any
fitting procedure other than a linear function, e.g. for
UO2OHL or NpO2OHL (Fig. 5). Second, although the
idea is plausible to the chemist that small weakly bound
ligands will not significantly influence the Lewis acidity
of the metal cation, the conclusion that MOHL data al-
ways approach asymptotically their MOH values as an
upper limit is not true in all cases. The stability con-
stants of ZnOHL and AlOHL exceeding the values of
ZnOH+ and A1OH2+, respectively (Figs. 5 and 6), is
not necessarily an indication of erroneous data; similar
effects were observed for ternary complexes involving
two different organic ligands, with an 'excess' reaching
up to one order of magnitude [4].

0 4 S 12 16 20 24

lOg(K) ML

Figure 5: Stability constants of mixed
metal-hydroxo-ligand (MOHL) complexes plotted

against ML stabilities for some mono- and divalent
cations. The formation of MOHL complexes is

expressed as the addition of OH to ML. For
comparison, stability constants of some mono-hydroxo
(MOH) complexes are added as solid lines. The dotted

line is given only to guide the eye; it is not a fitted
curve.
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Figure 6: Stability constants of mixed MOHL
complexes plotted against ML data for some trivalent

cations. The formation of MOHL complexes is
expressed as the addition of OH to ML. For

comparison, stability constants of MOH complexes are
added as solid lines. The dotted lines are given only to

guide the eye; they are not fitted curves.

To summarize, no attempt was made to fit any func-
tions for estimation of missing MOHL data. Instead,
the plots of experimental data, including the provisional
dotted lines, were used as guidelines to estimate upper
limits of MOHL stability constants. Considering the
large uncertainty of these values and depending on the
actual scattering of the data, one or two log units were
added to these 'visually estimated' values in order to be
on the conservative side when assessing the influence of
organics on the speciation of radionuclides. This proce-
dure seems especially suitable in the case of tetra-valent
cations such as Zr4+, Th4+ and U4+, where experimen-
tal data are very meager.

In the very high pH range of cement pore waters (pH
> 12), M(OH)ZL complexes with x > 1 are expected to
dominate the metal-ligand speciation. Especially for
cations forming simple MOHL complexes at low pH,
such as Fe3+ and Al3+ and the tetra-valent cations, and
ligands such as NTA, citrate or oxalate, the formation
of M(OH)2L and even M(OH)aL complexes may play an
important role. Few data were found for Fe(III)(OH)2L
and A1(OH)2L complexes. In both cases the stepwise
formation constants for M(OH)jL complexes are about
four orders of magnitude smaller than MOHL constants
of the same ligand, despite the fact that FeOH2+ and
Fe(OH)J values are close and A1OH2+ and AL(OH)£
virtually identical. Few scattered data found for Cu2+,
Zn2+ and Hg2+ show the same systematic trend, i.e.
the difference between the stepwise formation constant
M(OH)2L and MOHL is significantly larger than be-
tween M(OH)2 and MOH; in the case of Cu2+, Zn2+

and Hg2+ the difference is two to three orders of mag-
nitude.

No reliable data were found for M(OH)3L complexes.
It is not clear at present if these complexes are gener-
ally very weak or if experimental difficulties with high
alkaline solutions prevent the reliable determination of
M(OH)3L stability constants. To test if M(OH)3L com-
plexes have any impact at all on the speciation calcula-
tions for cement pore waters, it was assumed that the
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difference in stepwise formation constants of M(OH)TL
complexes remains constant with increasing x, i.e. that
the relation M(OH)L -M(OH)2L =; M(OH)2L -M(OH)aL
holds for all log K values. The selection of these dif-
ferences and therefore the upper limits of stability con-
stants for M(OH)XL complexes, of course, is highly sub-
jective due to the scarcity or complete absence of exper-
imental data, but in any case of doubt the smaller differ-
ence value was chosen, especially in the case of EDTA.
That means that for most radionuclides a worst-case
scenario was tested rather than a 'realistic' speciation
calculated.

2.4 Complexes not considered

Complexes of metal cations with protonated ligands, i.e.
complexes like MEZL with i > 0, were not considered
in the present study. They will not form, in any case,
in cement pore waters in the range above pH > 11,
as is seen by simply comparing the first protonation
constants of the ligands, L + H =± HL: EDTA = 11.0,
NTA = 10.3.. cit = 6.4, ox = 4.3.

Polynuclear complexes of the form Mr(OH)vL2 with
x > 1 were also disregarded. Cations like Ca2+ or Mg2+

do not seem to form any polynuclear complexes at all;
at least, no such complexes are known at present. In the
speciation of some radionuclides, however, polynuclear
complexes may predominate if the metal concentration
is sufficiently high. On the other hand, in the region of
high metal concentrations solid phases will start to pre-
cipitate and thus limit the increase of aqueous complex
concentrations. In the present study, solubility limit-
ing phases were not investigated explicitly and there-
fore the results are valid only for low radionuclide con-
centrations, typically less than 10~6M. At higher metal
concentrations the influence of organicson radionuclides
is more complicated to predict, but mainly because of
the uncertainty in solubility constants and the still un-
resolved question as to the solubility limiting phase,
rather than the possible influence of polynuclear species
on the aqueous speciation.

The mixed complexes discussed in the previous sec-
tion are not restricted to M(OH)XL. Complexes like
M(OH)rLj, with y > 1 may also form. No such com-
plexes are expected for EDTA as no MEDTA2 are known.
For NTA and citrate, ML2 complexes are known and
thus M(OH)rL2 complexes cannot be ruled out. But,
as already discussed, the ML2 complexes of citrate and
NTA are relatively weak and therefore ML2 and
M(OH)XL2 complexes are expected to remain minor
species, even at high ligand concentrations. It is not
surprising that no experimental data are available for
M(OH)rNTA2 complexes and that the only experimen-
tal evidence for M(OH)rcit2 is given for Fe3+. Accord-
ing to these data, the species Fecitf ~ and Fe(OH)2cit|~
predominate in certain pH ranges only if the total cit-
rate concentration reaches 10" :M. As this result is con-
sistent with the previously established free energy rela-
tions, M(OH)Z L2 complexes with NTA and citrate were
not considered in the present study. The situation is
less fortunate in the case of oxalate. As oxalate forms
relatively strong Mox2 and even M0X3 complexes, all
kinds of M(OH)xoxj, complexes may play a role under
certain circumstances. But, as already mentioned, due
to a complete lack of experimental data, all values of

M(OH)zox complexes used in this study are estimated
upper limits; no attempt was made to further specu-
late about stabilities of M(OH)Ioxv complexes. For the
high pH region of cement pore waters, no change in
the (negative) result concerning the influence of oxalate
on radionuclides is expected due to the uncertainty in
M(OH)IL complexes and the neglect of M(OH)rox2 or
even M(OH)zox3 complexes, but in the area of ground-
waters ignoring of M(OH)zLy complexes may grossly
influence the results of speciation calculations.

3 Results

3.1 Nickel, a detailed example

The results of chemical equilibrium studies for nickel
will be discussed here in some detail. The reasons for
choosing nickel as an example are, first, that the aque-
ous chemistry of the transition metal nickel is reason-
ably well known, even in the high pE range; fewer esti-
mated stability constants are included in the speciation
calculations than in other cases. Second, nickel shows
most features found for other metals and is therefore
suited to give an in-depth description of the methodol-
ogy and the results. All other cases are treated in the
same way and the results are summarized briefly in the
following Sections.

The results of Berner's cement degradation model
are taken as a representative example of cement pore
water chemistry [3]. In the early stages of degradation,
the cement pore water is characterized by high pH and
high calcium concentrations (e.g. pH = 12.7, [Ca]»0loi
= 0.013M). For subsequent model calculations, nickel
is assumed to be present in low concentrations (e.g.
[Nijtrtof = 10-rM) and EDTA is 'added' to this high
alkaline solution in various amounts. The most impor-
tant results of equilibrium speciation calculations are
shown in Fig. 7. The lines represent the total amount
of EDTA needed in order to complex a certain frac-
tion of nickel. For example, a fraction of [Ni-EDTA
complexes] / [Ni]<olof = 0.5 means that 50% of the to-
tal nickel concentration is present in solution as nickel-
EDTA complexes. The solid line in Fig. 7 is the re-
sult of a simplified model; basically the speciation of
the system Ca - Ni - OH - EDTA is computed, i.e.
only hydroxo-, EDTA- and, if present, ternary hydroxo-
EDTA-complexes of calcium and nickel are considered.
The filled squares are the results of speciation calcula-
tions considering the full chemical composition of ce-
ment pore water as given by Berner [3]. The small dif-
ferences between these full speciations and the simpli-
fied model are due to the large amount of sulfate pre-
sent in the cement pore water ([SO^totai = 0.026M). A
varying amount of calcium is present as CaSO^,), and
therefore the calcium competition is diminished and for
the same EDTA concentration the fraction of Ni-EDTA
complexes increases somewhat compared to the simpli-
fied model. All other constituents of cement pore water,
such as Na+, K+, Sr2+, Cl~ and F~, have no influence
at all on the results concerning the nickel-EDTA speci-
ation.
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Figure 7: The influence of EDTA on the complexation
of nickel in cement pore water (pE IS. 7, calcium

concentration 0.018M): The total amount of EDTA
needed (X-axis) in order to complex a certain fraction
of nickel (Y-axis). The solid line is obtained from the

simplified chemical system Ca - Ni - OH - EDTA,
whereas the filled squares result from speciation

calculations considering the full chemical composition
of cement pore water as given by [8]. The other lines

reveal the sensitivity of the results considering the
uncertainty in thermodynamic data, i.e. log K

(Ni(OH)a) = 4± 1 (dashed tine) or tog K
(Ni(OE)EDTA3-) = 1.5±1 (dotted line). If both

uncertainties are combined, best or worst cases result
(dot-dashed line).

A sensitivity analysis revealed that the results shown
in Fig. 7 depend mainly on the values chosen for the sta-
bility constants of Ni(OH)J and Ni(OH)EDTA3". The
values reported in the literature for Ni(OH) J span two
orders of magnitude [5J; the value taken for computa-
tion of the solid line in Fig. 7 actually should read 4
± 1. Taking into account the scatter in the equilib-
rium constants of ternary complexes (e.g. Fig. 5), the
uncertainty for Ni(OH)EDTA3" is assumed to be 1.5
± 1. The uncertainty of one log unit in either stabil-
ity constant results in an uncertainty the results of the
same order of magnitude (dashed and dotted lines in
Fig. 7). If both uncertainties are combined, cumulative
'best' or 'worst' cases result. Note that the lines in Fig. 7
ate computed under the assumption of constant calcium
concentration. If, in an alternative scenario, equilibrium
with Ca(0H)2 (portlandite) is assumed, the 'best case'
line shows the same sigmoidal shape as the 'worst case'
line, extending to higher EDTA concentrations. In the
'worst case' / 'best case' scenario, the uncertainty in the
EDTA concentration is three orders of magnitude, e.g.
a level of 10% Ni-EDTA complexation is reached in the
range 10~ s s < [EDTA]tc,t0, < IO~3-4. In a more 'realis-
tic' scenario, not assuming cumulative effects of individ-
ual uncertainties, the uncertainty in the EDTA concen-
tration still spans two orders of magnitude, e.g. a level
of 10% Ni-EDTA complexation is reached in the range
10"5 < [EDTA](otai < 10~3. Two conclusions arise from
this sensitivity analysis: First, the small differences be-
tween the full speciation calculations and the simplified
model discussed above are negligible compared to the
uncertainty in stability constants. Thus, ail subsequent

computations in this study are done with the simpli-
fied model using the program 'BACKDOOR' currently
under development °. The second conclusion is that
the results of this study, at best, give an idea about
the concentration ranges where an influence of organic
ligands on the speciation of radionuclides is expected.
The uncertainty ranges outlined in Fig. 7 are considered
representative for all results predicting an influence of
organics.

The calculations up to now were done using a fixed
set of parameters (pH = 12.7, [Ca]tojai = 0.013M). In or-
der to explore the sensitivity of the results with respect
to these parameters, and also to reveal the influence of
organics in later stages of the cement degradation pro-
cess, speciations were computed within the ranges 11 <
pH < 13 and 0.001M < [Ca],<,joi < 0.1M (in addition,
the range -10 < pe < 10, or -600 mV < Eh < +600
mV, was also considered for redox-sensitive elements
like Sn, U, Np and Pu). Figure 8 shows the results
in a 3-D plot.

Figure 8: The influence of EDTA on the complexation
of nickel within a large pE and calcium concentration
range. For any given pE and calcium concentration

the amount of EDTA shown by the surface is needed to
reach 50% Ni-EDTA complexation.

For constant values q = 0.5 and [Nijtetai = 10~7M,
the EDTA concentration surface is calculated as a func-
tion of pH and [Ca]tot(,j. This picture may be inter-
preted as follows. For any given pH and calcium con-
centration the amount of EDTA shown by the surface
is needed to reach 50% Ni-EDTA complexation. As can
be seen in Fig. 8, there is a strong dependence on both
pH and calcium concentration. With decreasing pH the
competition of nickel-hydroxo complexes also decreases
and, therefore, less EDTA is needed to reach 50% Ni-
EDTA complexation. Decreasing calcium concentration
weakens the calcium competition due to the formation
of smaller quantities of CaEDTA2" complexes. In other
words, the influence of EDTA on the nickel speciation

"The program ii detigaed for a quick exploration of the geo-
chemicat and thermodynamic parameter space with respect to the
impact of any given ligand on any given metal cation. 'BACK-
DOOR' will be described in detail in a publication discussing also
the implications of advanced computer graphics as tools for this
*Odyssey in parameter space'.
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Figure 9: The influence of organics on the complexation of nickel within a large pE and calcium concentration range:
a) EDTA, b) NTA, c) citrate and d) oxalate. The amount of organics needed to complex 50% Ni can be directly read

from the contour lines. For comparison, pB and calcium concentration of cement degrading in a marl-type
groundwater [S] are added as gray-shaded areas: (1) Sulfate-resistant portland cement in early degradation stages;

(2) cement mixed with German Trass in early degradation stages; (S) both cements in later degradation stages.

increases with decreasing pH and decreasing calcium
concentration. Figure 9a shows the same results as
Fig. 8, but as a contour plot. Whereas the surface plot
of Fig. 8 gives a strong impression of the importance of
the organic ligand, the contour plot of Fig. 9a is better
suited to derive quantitative information. The amount
of EDTA needed to complex 50% Ni for any given pH
and calcium concentration can be directly read from the
contour lines.

The influence of NTA on nickel is shown in Fig. 9b.
In the pH range of fresh cement pore water (pH >
12.7) the calcium competition is very strong, success-

fully preventing Ni-NTA complexation until [NTA],oi,,i
> [Ca]totai- With decreasing pH, the hydroxo compe-
tition weakens and NTA gains influence on the nickel
speciation. The contour plot of NTA for pH < 12.5
resembles the EDTA plot (Fig. 9a), but the effect is
about two orders of magnitude smaller than in the case
of EDTA. Citrate has no influence on the nickel speci-
ation for pH > 12 (Fig. 9c); in this range, the contour
lines show [citrate],,,,,,) > [Ca),o,oj. In the range pH
< 12, the contour plot of citrate resembles the EDTA
and NTA plots (Figs. 9a and b), but the effect again is
about two orders of magnitude smaller than in the case
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of NTA, which means that an influence of citrate needs
concentrations in the range of [citrate]jota[ ss [Ca]totai-
The same picture is seen for oxalate (Fig. 9d), but with
even higher concentration values than for citrate. Such
high oxalate concentrations may not be feasible in the
'real world' due to precipitation of sparingly soluble cal-
cium oxalate solids. Thus, no influence of oxalate on
the speciation of nickel is predicted within the entire
parameter space shown in Fig. 9d.

3.2 Caesium, Strontium, Radium
Complexes of organic ligands with these cations are al-
ways weaker than calcium complexes with the same or-
ganic ligand. As can be seen from the correlation plot
in Fig. 10, the relation Ca > Sr > Ra > Cs holds for all
known ligands. Therefore, an influence of EDTA, NTA,
citrate and oxalate on the speciation of strontium, ra-
dium and caesium is only possible if their concentrations
are higher than the calcium concentration. Regarding
the high calcium concentration in cement pore waters
([Caudal > 0.001M), no influence at all is expected in
the high pH range.

• S r
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Figure 10: Correlation of Ca-organic complexes with
Sr-, Ra- and Cs-organic complexes, showing the

general relation Ca> Sr> JJa » Cs.

3.3 Palladium
Thermodynamic data for palladium are rather scarce.
In particular, stability constants for ternary complexes,
which are probably the most important data for the
high pH range, are completely absent. Palladium is
known for its peculiar chemical behavior, e.g. forming
the strongest complexes known for divalent metal with
amine-ligands [6]. The chemical analogy with other
metals for estimating missing data is not obvious. In
this study, a tentative analogy with Hg2+ is considered,
which means that the ternary Pd(OH)L complexes are
assumed to follow the same non-linear free-energy rela-
tionship as the Hg(OH)L complexes (Fig. 5), but all val-
ues are shifted by about one order of magnitude due to
the stronger PdOH+ complex. If these tentative upper
limits for Pd(OH)xL complexes are used in speciation
calculations, no influence of EDTA, NTA, citrate and
oxalate on the speciation of palladium is found within
the entire pH and calcium concentration range investi-
gated here.

3.4 Technetium
Technetium is a redox-sensitive element, which implies
a rather complicated aqueous chemistry. In contrast,
thermodynamic data are almost non-existent; few mea-
surements have been reported for Tc(IV), and only in
the range 1 < pH < 2 {7, 8]. The species TcO(OH)+
and TcO(OH)2 were detected in this acidic solution [7],
revealing strong hydrolysis reactions starting at very
low pH. Measurements with EDTA and NTA showed
that even in this low pH range the ternary complexes
TcO(OH)EDTA3~ and TcO(OH)NTA2" predominate
[8]. No other quantitative information were found and
technetium chemistry in the high pH range of cement
pore waters seems especially to be 'terra incognita'. If
the few available data are taken, willingly ignoring the
fact that they are measured at pH < 2, speciation cal-
culations show that EDTA and NTA have no influence
on technetium in the high pH range. But this result is
as good as taking any number from the telephone book,
as long as there is no reliable chemical analogy to allow
the missing data to be estimated.

3.5 T in

Tin is known in two oxidation states in aqueous solu-
tions, namely as Sn(II) and Sn(IV). In both oxidation
states extensive hydrolysis reactions determine its solu-
tion chemistry. Very few studies report equilibrium con-
stants of tin-organic complexes; all measurements were
made under strong reducing conditions in the stability
range of Sn(II). In the present data compilation only
two measured values could be included for SnEDTA2"
and Snox*", no data at all were found for Sn(IV) com-
plexes. In order to get any idea about the possible in-
fluence of organics on tin, the obvious analogy of Sn4+

with Zr4+ was used to estimate upper limits for Sn(IV)-
organic complexes. The equilibrium values for ZrC J 3 +

and SnOH3+ are almost identical, and the highest val-
ues considered in this study. This is not surprising
since they both show similar ionic radii, the smallest
ones of the tetra-valent cations in this data compila-
tion (Sn4+ 0.71A, Zr4+ 0.79A, Pu4+ 0.93A, Np4+ 0.95A,
U4+ 0.97A, Th4+ 1.02A). Therefore, the stability con-
stants for Sn(IV)-organic complexes are based on the
Zr(IV) values, with one log unit added in order to be
on the safe side. Missing Sn(II)Lz data were estimated
using eqns.l - 7. Because of the rather high value
reported for SnOH+, the estimation of Sn(II)(OH)xL
complexes is based on the same reasoning as in the case
of Sn(IV)(OH)rL complexes, i.e. the Zr(IV) values are
used, subtracting one log unit. The upper limits de-
rived by this procedure are probably much too high.
The BACKDOOR speciation calculations showed that
EDTA, NTA, citrate and oxalate have no influence at
all on the tin speciation within the ranges 11 < pH <
13, -10 < pe < +10, 0.001M < [Ca]j<,«ai < 0.1M. In
the region pe > -5 (Eh > -300 mV), Sn(IV)-hydroxo
complexes predominate to such an extent that calcium
competition is negligible.

3.6 Zirconium and Thorium
No influence of EDTA, NTA, citrate and oxalate on the
speciation of Zr4+ and Th4+ is seen within the entire
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pH and calcium concentration range of cement pore wa-
ters, even if the measured values for Zr(OH)EDTA~ and
Th(OH)EDTA" are increased by two orders of magni-
tude and quite pessimistic upper limits for the other
ternary complexes are used. Discarding the species
Zr(OH)^ in the speciation calculations does not change
the qualitative results, but in this scenario the calcium
competition becomes important, i.e. an influence is ex-
pected only if (ligand]fc,laj > [Ca]iota|. The same effect
is observed for Th*+, where no equilibrium data for a
possible species Th(OH)£" are reported in the literature.

3.7 Uranium, Neptunium, Plutonium

No influence of EDTA, NTA, citrate and oxalate on
the speciation of uranium, neptunium and plutonium
is seen within the entire range 11 < pH < 13, -10 <
pe < +10, 0.001M < [Ca]totai < 0.1M. The conclusions
do not change if the dominant but questionable species
U(OH)^", Np(OH>5 and Pu(OH)£" are neglected in the
speciation calculations. In the case of EDTA, in pe
ranges predominated by complexes in oxidation state
(IV), calcium competition becomes important; for the
other ligands, the actinide(IV)-hydroxo complexes are
much stronger than the organic complexes. In pe ranges
predominated by U(VI), Np(V) and Np(VI) or Pu(VI)
(Pu(V) never predominates), calcium competition is al-
ways important if the upper limits of ternary complex
stabilities are used in the speciation calculations. In
these cases an influence of organic ligands is expected
only if [ligand]j0(1I, > [Ca],0(0|.

3.8 Amer ic ium, Cur ium

No influence of EDTA, NTA, citrate and oxalate on the
speciation of americium in cement pore waters is ex-
pected. The calcium competition prevents in all cases,
americium-organic complexes predominating. Even if
the upper limits for ternary complex stabilities are used
in the speciation calculations, an influence of organic
ligands is expected only if [ligandjtotai > [Ca] total- Hy-
drolysis data for curium are mainly missing, and only a
somewhat questionable value for CmOH2+ was found in
the literature. A close similarity between the hydrolysis
of curium and americium is assumed, and thus the equi-
librium values of Am(OH)J and Am(0H)3 are used in
speciation calculations, leading to the same conclusions
as obtained for americium.

4 Conclusions
In an early attempt to estimate the influence of strong
complexing ligands like EDTA on the speciation of ac-
tinides in cement pore water, AUard & Torstenfelt [9]
calculated strong effects on americium, uranium, nep-
tunium and plutonium under oxidizing conditions. But
the high calcium content of cement pore waters was ne-
glected in these calculations and thus they missed the
important effect of calcium competition due to the for-
mation of complexes such as CaEDTA2". In almost all
cases discussed above, discarding calcium competition
in the speciatioa calculations would completely reverse
the conclusions.

The conclusions from the present detailed study of
the complexation of radionudides with EDTA, NTA,
citrate and oxalate are summarized as follows:

• In the case of actinides, no influence of these or-
ganics is predicted on the metal speciation, de-
spite the uncertainties in thermodynamic stabil-
ity constants and the question of the existence
of complexes like M(OH)sL or anionic M(OH)j
complexes. As long as cement pore waters are
considered, the possible existence of these species
has no influence on the results and, therefore, it
is not necessary to put any effort into an experi-
mental determination of their stability constants.
The same conclusion applies to Zr and Sn and is
valid also for Cs, Sr and Ra, which have a much
simpler chemistry.

• In the case of Ni, it is shown that EDTA com-
plexes predominate the speciation and NTA may
gain some influence with decreasing pH. The un-
certainty of the results spans more than two orders
of magnitude in organic concentration. Only if it
is intended to decrease this uncertainty, should
a careful redetermination of the relevant stability
constants of Ni(OH)J and Ni(OH)L be made.

• Results obtained for Pd (no influence of EDTA,
NTA, citrate or oxalate on the Pd speciation)
strongly depend on the tentative analogy of Pd2+-
organic complexes with Hg2+ complexes. Thus,
the Pd results remain valid as long as there is
no experimental evidence that this analogy fails
and the stability of Pd(OH)xL complexes is signif-
icantly higher than assumed in the present study.

• The behavior of Tc in cement pore waters is still
'terra incognita' and, if there is any question as to
the possible importance of Tc-organic complexa-
tion in this high pH region, an experimental in-
vestigation is highly recommended.

The method outlined in this study is, of course, not
restricted to radionuclides and the four organic ligands
EDTA, NTA, citrate and oxalate. It may be applied
to the more general question, "What is the influence of
any organic or inorganic ligand on the speciation of a
given metal cation in a given range of water composi-
tions?" The results obtained are thus important, not
only in safety assessment studies of radioactive waste
repositories, but also for the largely unresolved prob-
lem of the environmental release of discharged chemical
toxic waste, e.g. the mobilization of heavy metals from
disposal pits or from contaminated river sediments.
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TENSILE PROPERTIES AT 20°C, 150°C AND 300°C AND
ANNEALING BEHAVIOUR OF AN IRRADIATED REFERENCE
PRESSURE-VESSEL STEEL

P. Tipping

Light Water Reactor Safety Programme

Abstract
Ambient and higher temperature tensile properties and
also hardness properties of irradiated (I) and irradiated,
annealed, re-irradiated (IAR) reference pressure vessel
(PV) steel are presented. Spectrum-tailored pressur-
ized light water reactor (PWR) irradiation at 290°C
by fast neutrons up to fluences of 5 x 10l9/cm2 in a
swimming-pool-type reactor caused the hardness, ten-
sile yield stress and tensile strength to increase. The
ductility, as measured by the specimen elongation in
the tensile test, was also slightly affected.

The response to an intermediate annealing treat-
ment using 460°C x 18 hr, when 50% of the target
fluence had been reached, was monitored using hard-
ness measurements and determining the tensile prop-
erties. Annealing was beneficial in mitigating the ac-
cumulation of embrittlement effects as detected by the
smaller changes in mechanical properties for the IAR
condition relative to those found in the I one. The rate
of re-embrittlement after annealing and re-irradiating
was not detected as being any faster than when no in-
termediate anneal had been performed.

The temperature dependence of the annealing pro-
cess was quantified by assuming a first-order reaction
and using an Arrhenius-type analysis. The activation
energy for the recovery of the Vicker's hardness (HV
0.2) was approx. 250kJ/mol. Annealing temperatures
below 420°C were seen to require excessively long times,
i.e. > 168 hr to achieve a reduction in radiation-induced
hardness.

The benefit of an intermediate PV annealing treat-
ment has been demonstrated on a laboratory basis to be
a useful tool in the overall strategy for plant life man-
agement (PLM) options. This assumes, of course, that
the PV would be the life-limiting component.

1 Introduction
During the year, the ambient (20°C) tensile properties
and also hardness and Charpy data were obtained from
the irradiated reference steel [1]. The work cited also
gave data concerned with the response to an intermedi-
ate annealing treatment. The indications were that the
overall embrittlement could be mitigated considerably
and that the rate of re-embrittlement after annealing
was no faster than when no annealing had been per-
formed. Higher temperature tensile data and thermal
analysis data L w been obtained to provide a more
complete database . A the steel.

2 Experimental Procedures
2.1 Material
The chemical composition is given in Table 1. Due to
the copper content of 0.14 wt.% and a nickel content of
0.84 wt.%, the steel can be placed into the category of
a radiation-sensitive PV steel.

Table 1: Chemical composition of reference PV steel
(weight %).

c
0.18

Si
0.24

Mn
1.42

Cu
0.14

Ni
0.84

Mo
0.51

Ft
Bal.

2.2 Irradiation
The specimens were loaded into a fully instrumented
stainless steel capsule and placed in a position in the
SAPHIR swimming-pool reactor, where they received a
neutron spectrum similar to that in a PWR at a flux
rate of about 5 x 1012/cm2s [1]. Nominal fluences of
up to 5 x 1019/cm2 were accumulated at 290°C. It
should be noted that all fluences quoted hereafter are
those having an energy in excess of 1 MeV. The tem-
perature (± 5°C) was achieved by gamma heating and
controlled using a helium-nitrogen gas gap. Some ex-
periments were done by letting the specimens accumu-
late approximately 50% of their foreseen target fluences
and then applying a heat treatment (460° C x 18 hr) to
them whilst still in the capsule. The heat treatment
had been determined previously using isochronal and
isothermal hardness response analysis [1]. After an-
nealing, the specimens were re-irradiated to their end
fluence targets, giving the IAR condition. This enabled
an assessment of the rate of re-embrittlement after an-
nealing.

2.3 Tensile testing
A servohydraulic machine in a Hot Cell was used in
the extension-controlled manner; the strain rate on the
specimens was 6 x 10~6/s. For temperatures higher than
ambient, an integral thermostatically controlled heater
was used, assuring an accuracy of ± 5°C. Tbe tensile
specimens had their axes parallel to the rolling direction
in the original plate. Two specimens per condition were
tested and the average of these was used. The scatter
was typically ± 5 N/mm2 and ± 6 N/mm2 for the tensile
yield stress (Rp0.2) and strength (Rm), respectively.
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2.4 Hardness Testing
The standard Vicker's microhardness test using a 200 g
load (HV 0.2) was used on coupons (irradiated to a
fluence of 2.23 x 10l9/cm2) to monitor the hardness
changes due to irradiation and subsequent heat treat-
ments. The hardness measurements were performed
perpendicular to the rolling direction.

3 Results and Discussion
3.1 Tensile Properties
The changes in tensile yield stress and strength data
(Table 2) for the I and IAR conditions at 20°C, 150°C
and 300°C as a function of neutron fluence are presented

1-3, respectively.

Table 2; Absolute changes in tensile properly values.

Condition
Fluence

(1019/cm2)

I
I
I
IAR
IAR
IAR
IAR
I
I
I
IAR
IAR
IAR
IAR
I
I
I
IAR
IAR
IAR
IAR

0.39
2.23
3.84
0.50*
1.70*
3.86
4.51
0.39
2.23
3.84
0.50*
1.70*
3.86
4.51
0.39
2.23
3.84
0.50*
1.70*
3.86
4.51

Test
Temp.
(°C)

20
20
20
20
20
20
20
150
150
150
150
150
150
150
300
300
300
300
300
300
300

Changes in
YS

RpG.2
(N/mm2)

22
70
101
1

22
70
75
20
81
110
-18
28
56
48
8
70
92
3

29
64
64

TS
Rm

(N/mm2)
22
79
94
-2
32
63
71
34
83
Ml
-1
44
75
67
19
67
100
9
39
67
78

Note: YS = Yield stress, TS = Tensile strength.
Neutron ftuences (E > 1 Me V), with the exception
of *, are dosimetrically determined [1].

The benefit of annealing at 460°C for 18 hr at <
of the target fluence is evident, in that the IAR prop-
erty data exhibit less change compared to the data ob-
tained for the I condition. The rate of re-embrittlement
for the IAR condition and for all test temperatures in-
vestigated appears to be no more than that observed
for the I material state. This information is of impor-
tance for utilities which are considering the annealing
option for PLM because an accelerated embrittlement

after annealing is not tolerable. The tensile yield stress
and strength behaviour follow the same general pattern
of embrittlement and mitigation at each of the test tem-
peratures used. The tensile property behaviour in the
I and IAR conditions is also presented in Figs. 4 and 5;
the general effect indicated is that annealing can pro-
vide useful mitigation of irradiation embrittlement. The
relative ductility values on a 30 mm gauge length tensile
specimen were seen to decrease slightly with increasing
fluence and with testing temperature for both the I and
IAR conditions. In no case, however, did the I or IAR
elongation values decrease below 14% (compared to 20%
for the unirradiated value at 20° C).

£
z<

O-
Ul

• Yield stress (Rp 0-2)
o Tensile strength (Rm)

1 2 3 4 5

FLUENCE [/1019cm2]

Figure 1: Absolute changes in tensile properties.

• Yield stress (Rp 0 2 )
o Tensile strength (Rm)

FLUfNCE [/1019crrf2]

Figure 2: Absolute changes in tensile properties.
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• Yield stress (Rp 0 2)
o Tensile strength (Rm)

FLUENCE (/1019crrf2]

Figure 3: Absolute changes in tensile prvperties.

I

•10 0 10 20 30 40 SO 60 70 60 90 100 110130

CHANGE IN (I) TENSILE STRENGTH (Rm) [ANmm-2]

Figure 5: Absolute tensile strength (Rm) property
changes in the I state compared to those in the IAR

state.

•20-10 0 10 20 30 40 50 60 70 80 90 100110 120

CHANGE IN (I) YIELD STRESS (HpO-2) [ANmnr2]

Figure 4- Absolute tensile yield stress (Rp0.2) property
changes in the I state compared to those in the IAR

state.

3.2 Thermal analysis
The relative recovery of hardness as a function of time
for different temperatures is shown in Fig. 6. The curves
have been drawn only as a guide to the eye and it should
be noted here that at the higher temperatures the rate
of hardness recovery was rapid; this causes experimental
difficulties associated with specimen heating-up time in
relation to the required time at temperature. This as-
pect leads to time errors which will have an important

influence on the thermal analysis; the times for a i
recovery in hardness and the reaction rate constants
(R') are given in Tables 3 and 4. The difference for R'
in the temperature range 465°C to 480°C was relatively
large compared to that found between 440°C to 465°C
and 480°C to 500"C.

m-UEMCE = 2-23 x 1019/cm2, E>1MeV

10000

Figure 6: Isothermal behaviour of the steel.

The relative hardness recovery at 460 ± 5 °C exceeds
90% at 18 hr; this was assumed to be an adequate level
for PLM studies. The times for 50% recovery in the
hardness, relative to the unirradiated state, are given in
Table 3 for conveniei ce.
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Table 3: Tempt, atures and times for 50% relative
recovery of microhardness and calculated values of

reaction rate constant R'.

Temperature
(°C)
440
465
480
500

(K)
713
738
753
773

Time

M
4200
2940
333
217

R'*
(10"3/s)

0.165
0.236
2.080
3.190

Note: The above 4ime data were obtained from Fig. 6-
* R' = 0.693/ti/2, where 0.69S is the natural logarithm
of S and ti/2 is the time for 50% completion of ike
hardness recovery, see [5].

Table 4- First-order reaction rate constants (R'J found
for the temperatures investigated.

Temperature
(°C)
500

480

465

440

Time

w180
360
600

1200

180
360
600

1200

180
360
600

1200
3000
6000

18000

600
3000
6000

R'
(10"3/s)

2.84
4.21
4.21
2.92

1.38
2.22
2.68
1.77

0.28
0.35
0.33
0.26
0.25
0.24
0.15

0.25
0.19
0.14

R' - Average ±
(10-3/s)

3.55 ± 0.8

2.01 ± 0.6

0.261 ± 0.07

0.194 ± 0.05

The times (i) were obtained from Fig. 6 and the rate
constants (R') were calculated according to:
R' .-= t~xln(Ao/Ax), where Ao is 100% (no annealing)
and Ax is the value of remaining relative hardness at
each time t(s) [5].

This is indicative of either error in the times used or
that the process of hardn'ss recovery was more complex.
However, due to the sn:.-,n amount of data and recogniz-
ing that the material was of commercial quality, it was
attempted to describe the process with a simple assess-
ment approach which could be analysed using the
Arrhenius method for obtaining the temperature
dependence of the reaction rate constant R', i.e.

R' = Rce~E/kT, where Ka is a constant, E an energy
term, k the gas constant and T the absolute tempera-
ture. A first-order reaction was usable for studying the
annealing kinetics. The data are presented in Fig. 7 and
they could be fitted to the following equation:

In R' = -
30057.65

TABS
+ 33.18, (1)

with a correlation coefficient, r2 = 0.92, and where In
R' is the natural logarithm of the reaction rate constant
taken at 50% (normalised) recovery of microhardness
and T is the absolute temperature (713 K to 773 K).
The data for the calculation were obtained from the
steel irradiated to a fluence of 2.23 x 1019/«n2-

The slope of the plot in Fig. 7 multiplied by the gas
constant (8.3143 J/mol K) gives an energy term or 'acti-
vation energy' for the recovery of hardness; in this case a
value of approximately 250 ± 7 kj/mol was found. The
governing process in the hardness recovery in the irradi-
ated steel is not known, but the diffusion of iron atoms
to vacancies, or even the diffusion of copper atoms in
iron (overageing of copper-rich particles [2]), are but
two possible mechanisms.

-5 -

- 6 -

- 7 -

, -

9 -

—2-SeV

\ «,= :

\

|-(6OkeaVmoi) ^

TAB

7-65

s

Cofr. Coell » 0-92

g 12 13 14 15

§ RECPROCAL OF ABSOLUTE TEMPERATURE [£) X 10*

Figure 7: The natural logarithm of the reaction rate
constant of relative hardness recovery (R') as a

function of the inverse of the absolute temperature
(1/K).

The data points lie relatively near to the least-squares
fit line, with a significance level of > 90% (for 2 degrees
of freedom) [4]. It is of interest to note that the acti-
vation energies of diffusion of iron in iron and copper
in iron are 252kJ/mol and 238kJ/mol, respectively [3]
and therefore both are not too far from the values found
here despite the suspected experimental error in times.
The data does, however, appear to fit better the self dif-
fusion of iron. It should be noted that the values cited in
reference [3] were obtained for experiments conducted
in a higher temperature range (> 800°C) and with pure
metal systems. However, appreciable diffusion of iron
atoms and impurities is also expected to take place at
lower temperatures in irradiated material due to the
point defects (vacancies) present in the matrix. In any
case, the energy term obtained in this analysis [4] is
likely to a complex quantity since the process which is
operative is not well defined.

By substituting values of absolute temperature used
in the experiment into equation (1), it is possible to
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obtain an assessment of the times required for 50% rel-
ative hardness recovery; the experimental data could be
described approximately by equation (1). It was seen
that times in excess of 168 hr (i.e. 1 week) would be re-
quired if temperatures < 440°C were used. On the other
hand, it seems to be of little practical use to employ ex-
cessively high temperatures (e.g. > 500°C) because the
rate of recovery is very rapid and there is a possibility
of affecting the metallurgical structure. Unacceptably
large changes in PV dimensions, due to thermal expan-
sion, is also a factor to be allowed for when the relatively
higher temperatures are selected.

4 Conclusions

• Irradiation in the SAPHIR materials test reac-
tor caused the PV reference steel to increase in
hardness. Increases in the tensile yield stress and
strength properties were found and decreases in
overall elongation were also in evidence.

• Annealing at a point in time when approximately
50% of the target fluence had been reached, caused
a measurable mitigation of the irradiation-
induced embrittlement. The annealing schedule
was determined using a combination of isochronal
and isothermal hardness recovery experiments; a
usable combination found for the steel under these
particular experimental conditions was 460°C for
18 hr. On the basis of this study, the annealing
option should be implemented well before 50% of
the foreseen 'end of life' (EOL) fluence is reached.

• The rate of re-embrittlement after annealing was
no faster than the embrittlement rate noted for
the I condition for this material under the irradi-
ation and annealing conditions used in the exper-
iment.

• An Arrhenius analysis indicated that the material
required approximately 250 ± 7 kJ/mol as the ac-
tivation energy necessary for the hardness recov-
ery. This value could indicate that the process of
iron self-diffusion is important here.

• In this experiment, temperatures below 440° C re-
quired excessively long times for the recovery of
hardness; temperatures above 500°C cause ex-
tremely rapid recovery.

• Annealing of the PV is indicated as a means of
achieving PLM goals, should the PV be the life-
limiting component due to excessive neutron em-
brittlement. Caution should be exercised when
selecting the annealing parameters, which should
be based on a thermal analysis of archive materi-
als.
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