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ABSTRACT 
The Halden Reactor was one of the first experimental reactors in the world, built into a mountain cave in the middle 

of the town of Halden (120 km south of Oslo). The reactor went critical for the first time in June 1959. The experimental 
programme is run under the auspices of the OECD Halden Reactor Project (HRP). This was established in 1958 as a 
joint undertaking of the OECD Nuclear Energy Agency. The Project is an international collaboration and today 21 
participating countries are sponsoring the experimental programme. This paper gives an overview of the Halden Reactor 
and its associated experimental facilities; the current research program on fuels and materials testing, including some 
selected results; and finally an outline of the planned research activities in the period 2000 – 2002. 

 

 
 

                                                           
* Seconded to the HRP from Siemens in the period Oct. 1998 – March 2000 
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INTRODUCTION 
The OECD Halden Reactor Project was estab-lished 

in 1958 as a joint undertaking of the OECD Nuclear 
Energy Agency through an agreement between the 
national nuclear centres of OECD member countries 
sponsoring the experimental programme for the Halden 
Boiling Water Reactor. 

The Project is an international collaboration and 
today 21 participating countries are sponsor-ing the 
experimental programme. The organisa-tions participating 
in the Halden Project represent a complete cross section 
of the R&D community, including licensing and 
regulatory bodies, vendors, utility industry and research 
organisations. 



The Joint Programme is renewed every third year and 
is financed by the participating countries with Norway as 
host country covering a significant fraction of the budget. 
An important complement to the Joint Programme are the 
bilateral arrange-ments. A number of organisations in the 
participat-ing countries execute their own development 
work in collaboration with the Halden Project. 

The main programme covers fuel performance with 
emphasis on extended fuel utilization, studies of plant 
material behaviour under water chemistry and nuclear 
conditions similar to commercial power plants and also 
development of advanced computerized surveillance 
systems in support of upgrading control rooms. 

THE HALDEN BOILING WATER 
REACTOR 

The main tool for the fuel and material work is the 
Halden Boiling Water Reactor (HBWR), with its range of 
experimental capabilities. The Halden Reactor is owned 
and operated by the Institute for Energy Technology (IFE) 
which is responsible for legal liability, safety and the 
experimental pro-gramme’s execution. The licence for the 
reactor was renewed in 1999, and as on previous occa-
sions, IFE had applied for a renewal for a period of ten 
years. 

The Halden Reactor is located in the town of Halden 
on the southeast coast of Norway close to the Swedish 
border. The reactor hall is situated within a rock hillside 
and is sealed off during oper-ation. The steam produced 
by the reactor is deliv-ered to the neighbour paper factory. 

The Halden Reactor is a boiling heavy water reactor 
based on natural circulation of the 14 tons of heavy water 
used both as coolant and modera- tor. The maximum 
thermal power is 25 MW and the water temperature is 
240ºC, corresponding to an operating pressure of about 34 
bar. A sche-matic drawing of the Halden Reactor tank is 
shown in Figure 1. As illustrated in the figure the reactor 
tank is located under the floor level in the reactor hall. 

The reactor core contains about 110 fuel assemblies 
and 30 control rods located in a so called open hexagonal 
lattice configuration (i.e. each fuel channel is surrounded 
by 3 control rod positions and 3 fuel positions). There are 
about 75 driver fuel assemblies and about 35 instrumented 
fuel assemblies (IFA’s) in the core. Figure 2 shows a 
schematic cross section of the HBWR core. The three 
outer rings do not contain fuelled assem-blies, thus 
considerably reducing the neutron flux and so also the 
neutron-induced damage to the pressure vessel. 

Fuel and materials testing can be performed under 
simulated light water reactor conditions by using in in-
core pressure flasks connected to a light water circulation 
system. These systems, which are completely separate 
from the reactor cooling systems, are designed for 
operation at pressures and temperatures at 165 bar and 
340ºC, respectively. The in-core pressure flask can be 
surrounded by highly enriched fuel rods in order to obtain 
neutron flux conditions typical for light water reactors. 

 

FIGURE 1. The Halden Reactor tank 

 

FIGURE 2. Cross section of the Halden Reactor core 



The standard fuel and test rig positions are 
interchangeable, that is, a test rig can substitute a standard 
fuel assembly and vice versa. This pro-vides a great 
degree of flexibility, in terms of the total number of rigs 
and their positioning in the core. The latter is primarily 
determined by the operating power requirements. 
Extensive physics calculations are performed in advance 
of each start-up in order to optimise the core 
configuration. 

More than thirty-five Instrumented Test Assem-blies 
(IFA’s) may be irradiated simultaneously. An Instrumented 
Test Assembly represents a test rig in which a set of fuel 
rods or material specimens can be irradiated. In most cases 
the test rigs are designed such that fuel rods and specimens 
can be exchanged, thus facilitating multipurpose use and 
economy. An IFA or a so called test rig can be extensively 
instrumented with detectors for tem-perature, pressure, flow 
and elongation measure-ments as well as gamma and 
neutron flux detectors. The rigs may also contain 
manipulators for moving measuring sensors or fuel rods; 
equip-ment for controlling neutron flux level and axial dis-
tribution; or be built for PWR or BWR conditions. These 
advanced in-core sensors are used for monitoring fuel and 
material parameters during reactor operation such as fission 
gas release, fuel rod thermal behaviour, fuel swelling and 
pellet cladding interaction, clad creep properties, Zir-caloy 
corrosion and hydriding and Irradiation Assisted Stress 
Corrosion Cracking (IASCC). The rig design may be varied 
to suit different test objec-tives. An example of an advanced 
test rig for power ramping of fuel rods is illustrated in 
Figure 3. 

An IFA is expensive and time consuming to pro-duce. 
The rigs are equipped with in-core instru-ments which 
enables quantitative assessment of fuel rod and material 
performance through in-reac-tor measurements under full 
power operation. Most of the in-core instruments used in 
the Halden reactor are developed, designed, and produced 
by Halden staff, e.g. turbine flow meter, pressure 
transducers, diameter gauge, linear voltage differ-ential 
transformer applicable for fuel cladding extensometers or 
fuel stack end pellet position sensor. A handling 
compartment has been installed for exchange of fuel rods 
and for interim inspection and measurements. A second 
handling compartment has recently been built external to 
the reactor hall and is used for similar inspections and 
measurements campaigns also while the reactor is in 
operation. 

The instrumented test rigs are designed and fabricated 
in a specialised instrument workshop at Halden. The fuel 
manufacturing and electron beam welding of reactor core 
instruments are carried out at IFE’s division at Kjeller 
close to Oslo. Instrumen-tation and re-fabrication of 
commercial irradiated fuel is also performed. The work 
programme on fuel and materials in the Halden reactor is 
sup-ported at Kjeller by the materials technology labo-
ratory, with its hot cells. Here, extensive characterisation 
work is carried out on the experi-mental fuel after it has 
been irradiated in the Hal-den Reactor. 

 
FIGURE 3. Test rig for power ramping of fuel rods 

The task of recording and controlling the large 
number of signals from different types of sensors can only 
be accomplished by use of a computer system. Since 1985 
the Test-Fuel-Data-Bank (TFDB) has been an 
indispensable tool for data analysis under normal 
operation. The data files are updated every 15 minutes 
with on-line measure-ments from all the instruments in the 
core. Although a fast scan system can also be impli-
mented. 

FUELS AND MATERIALS PROGRAMME 
The reliability of nuclear fuel and core materials is 

being continuously improved as a result of enhanced 
understanding of material properties, advanced quality 
control in design and manufac-turing, and utilization of 
effective water chemistry management schemes. The 
increasing confidence in the reliability of the components 
has led the industry to increase the in-core life of the fuel 
and allow more operational flexibility of commercial 
power plants. At the same time, both industry and 
licensing authorities maintain a close scrutiny on 
parameters which eventually may infringe upon plant 
availability and safety criteria. A thorough knowledge is 
thus needed on fuel and materials behaviour and integrity 
limits under ‘normal’ oper-ating conditions as well as for 
adequately assess-ing fuel performance under possibly 
limiting conditions. 



High Burn-up Fuel Performance and 
Reliability 

Long-ranging goals and priorities for the 
improvement of light water fuel technology include the 
adoption of extended burn-up operation schemes that have 
implications in many areas of fuel operational behaviour. 
Of particular impor-tance are the separate and combined 
effects of parameters like thermal performance, fission gas 
release (FGR), fuel swelling and pellet-cladding 
interaction (PCI). The Halden test programme includes 
tests on such parameters as separate effects and integral 
performance experiments in both standard and advanced 
fuel design. The pro-gramme also includes studies on the 
cause of deg-radation of failed fuel. 

The following gives examples of issues being 
addressed in the Halden Project’s experimental programme 
and typical results obtained from in-core measurements. 
They all stem from reinstru-mented fuel segments which 
were previously irra-diated in commercial LWR’s. 

Thermal Behaviour 
The fuel temperature is one of the most impor-tant 

quantities in fuel modelling because of the influence on 
many phenomena and material prop-erties. A good 
prediction of fuel temperature is therefore an essential 
requirement for any code used in design, fuel performance 
and safety evalu-ations. 

Many processes are known which change fuel 
temperatures during irradiation. In recent years, attention 
was in particular focused on UO2 conduc-tivity 
degradation. Next, the structural changes occurring at the 
pheriphery of the pellets with high burnup (rim formation) 
constitute an extra resist-ance for the heat flow. The fuel 
temperatures are also influenced by changes external to 
the pellets, e.g. gap closure and fission gas release. 
Integral fuel rod behaviour experiments are devoted for 
understanding the combined effects of these and other 
parameters with an influence on fuel per-formance. 

A fuel segment preirradiated in a commercial BWR 
to a burnup to 59 MWd/kgUO2 was re-instru-mented with 
a fuel thermocouple and a rod pres-sure transducer. The 
further irradiation in the Halden Reactor at 25 – 30 kW/m 
provided clear evidence of fuel conductivity degradation 
which is illustrated in Figure 4. Here the comparison is 
made with calculated temperatures assuming con-ductivity 
of fresh fuel but a small diametral fuel gap of only 30µm 
which was determined by PIE of a sibling rod irradiated in 
the same BWR assembly. 

Fission Gas Release 
The release of fission gas constitutes a limiting factor, 

influencing the fuel temperature and the internal rod 
pressure. Regulation usually pre-cludes the rod pressure 
exceeding the system pressure producing an opening of 
the pellet-clad-ding gap which leads to an increase of the 

fuel temperatures and then even more gas release as a 
consequence. 

The potential for fission gas release increase with 
increasing burnup, and it is therefore attempted to produce 
fuel with good retention properties. One such attempt is 
fuel with increased grain size, and several comparative 
experiments have been conducted in the Halden Reactor 
to test this effect. The example shown in Figure 5 demon-
strates that an increased grain size may in fact be effective 
in minimising fission gas release. From the evaluation of 
this and several similar compara-tive tests, one of them 
with a final burnup of 85 MWd/kgUO2, it appears that 
large grains are most effective at modest powers and a 
release fraction of ≤ 10%. 

 
FIGURE 4. Fuel centre temperature versus heat rate for a 

BWR segment, 59 MWd/kgUO2 

 
FIGURE 5. The effect of grain size during power 

ramping at ~52 MWd/kgUO2  



The issue of rod overpressure / clad lift-off is 
currently being addressed with a separate series of 
experiments. All investigated fuels are preirradi-ated to 
high burnups (> 50 MWd/kgUO2) in com-mercial PWRs 
and tested under simulated PWR conditions in the Halden 
reactor. The results obtained so far for UO2 and MOX fuel 
indicate that high burnup fuel, possibly with fuel-clad 
bonding, can sustain a substantial overpressure (pressure 
beyond system pressure) before fuel temperatures begin to 
increase because of gap opening. 

Materials Testing 
Age related degradation of nuclear fuel rods, power 

plant structural materials and components are of concern 
because of the impact on plant safety. For components 
which are not replaced on a routine basis and when 
extended operation is required, determination of residual 
life is an impor-tant consideration for renewal of licenses. 
The basic understanding of ageing mechanisms and 
degradation processes are key factors of lifetime 
assessments of some major LWR components and 
structures. Similarly it is important to demon-strate and 
validate the beneficial effects resulting from measures 
implemented to counteract ageing process. 

The following examples show results from the 
cladding materials and in-core structural compo-nent 
materials testing programme. Similar to the fuel 
experiments, measurements are usually made during 
operation on materials pre-exposed in com-mercial 
nuclear power stations. The material test facilities are 
designed to operate with radiation, thermal hydraulic and 
water chemistry conditions representative of those found 
in commercial PWRs and BWRs. 

The series of cladding material testing pro-grammes 
are aimed at characterizing cladding waterside corrosion 
and cladding creep. In the of core materials, experiments 
on Irradiation Assisted Stress Corrosion Cracking 
(IASCC) of stainless steels and Inconel alloys are being 
undertaken. 

Cladding Properties, Creep 
The series of cladding material testing pro-grammes 

are aimed at characterising waterside corrosion and 
cladding creep. In the current test series, emphasis is put 
on investigating the proper-ties of replacement alloys 
which are intended for high burnup. The same materials 
are employed in a PWR corrosion test and a creep test 
conducted in parallel. 

Cladding creep data are required for fuel behaviour 
modelling and have to cover both creep-down and creep-
out, reflecting situations of exter-nal overpressure and 
cladding in contact with swelling fuel, respectively. 

In the creep experiment, cladding tube seg-ments can 
be subjected to varying loads from compressive to tensile. 
The creep data are derived from in-core diameter 
measurements which are taken at regular intervals over 

periods of several thousand hours with a particular stress 
history. As shown in Figure 6 the stress changes induce 
primary creep which is followed by constant rate 
secondary creep. The evaluation of these data indicates 
that primary creep is a function of stress change while 
secondary creep depends on stress level (at constant 
temperature and flux). There is also evidence that creep-
out is faster than creep-in for the same absolute stress. 

 

FIGURE 6. Stress history and measured rod diame-area 
ter in long-term creep tests on Zr-2 

Materials Investigations, IASCC 
Experiments on Irradiation Assisted Stress Corrosion 

Cracking (IASCC) of stainless steels and Inconel alloys 
have been undertaken since 1991 when the first set of 
specimens were irradi-ated in the Halden Reactor. The 
crack growth is measured during operation with the 
potential drop method. The first specimens were shaped as 
DCB (double cantilever beam) while CT (compact ten-
sion) specimens prevailed in later studies. Consid-erable 
progress has been made in applying the load. While the 
DCBs were subjected to a constant displacement by 
inserting a wedge, the CTs are loaded with a force which 
can be varied during operation. Crack growth studies with 
stress inten-sity as one of the parameters can thus be 
imple-mented. 

IASCC studies have so far been conducted under 
BWR conditions. The test parameters com-prise of 
different stainless steels (304, 316, 347), applied load, 
exposure level (up to 9×1021 n/cm2), and water chemistry 
conditions (normal water chemistry (NWC) vs. hydrogen 
water chemistry (HWC)). 

Figure 7 illustrates how crack growth is influenced by 
applied load (stress intensity) and water chemistry 
(electrochemical potential). A typical finding from the 
IASCC studies is that crack growth can be mitigated or 
even stopped by hydrogen water chemistry when the 
electrochemical poten-tial decreases below ~250 mVSHE. 



 
FIGURE 7. In-pile crack growth measurements with 

NWC and HWC on CT specimens made from irradiated 
stainless steel 

MAN – MACHINE INTERACTION 
The development efforts in man-machine sys-tems 

research were initiated on the basis of the experience 
gained through the reactor dynamics experiments and the 
use of in-core instrumenta-tion. Initially, efforts were 
spent on the practical demonstration of advanced concepts 
for closed loop control, core power distribution and plant 
load-follow using the Halden Reactor as a test bed. 
Subsequently the priority shifted towards human-factors 
based design, utilizing an experimental control room 
linked to a full-scope PWR simulator. In the later 
programme periods, issues related to upgrading the 
instrumentation and control systems for the purpose of 
enhanced safety and improved operation were given 
increased attention. The activities have thus been focused 
on providing information supporting the design and 
licensing of upgraded, computer-based control systems 
and to demonstrate improvements through system valida-
tion experiments. 

Large parts of the Halden Project’s research within 
the man-machine systems area depend upon the 
availability of an advanced experimental facility. The 
Halden Man-Machine Laboratory (HAMMLAB) has, 
since its establishment in 1983, played this role. With the 
increasing emphasis on HAMMLAB, and the expected 
needs in the future, it was found necessary to further 
develop the labo-ratory into HAMMLAB 2000. The new 
laboratory includes plant simulators of a French PWR and 
a Swedish BWR in addition to a “westernised” VVER. A 
separate part is the simulator-based lab-oratory for the 
petroleum industry, Petro HAMMLAB. 

Virtual Reality (VR) is a compliment to HAMMLAB 
and being used today as a control room design tool as well 
as for maintenance plan-ning, procedural training, and 
visualising mechani-cal constructions in training 
simulators. The VR technology makes it possible to check 
out solu-tions in critical operating situations through 
experi-ments where the processes are controlled using a 
VR model. On the basis of its expertise in this area, the 
Halden Project is involved in an extensive upgrading 

programme in the control rooms of Swedish nuclear 
power plants. 

THE PROGRAMME 2000 – 2002 
The Halden Project’s international steering 

committee published a strategy report in June 1998 that 
described guidelines for Project activity up to the year 
2010. This report formed the basis of the framework for 
the technical programme that was drawn up for the three 
year period 2000-2002. This framework programme 
places priority on safety aspects of nuclear power plants. 

In the frame of the Fuel and Material Pro-gramme, 
experimental and analytical activities related to the 
following main issues will be carried out: 

− Fuel high burn-up capabilities in normal oper-
ating conditions, aiming at providing fuel property data 
needed for design and licensing in the burn-up range 60 to 
100 MWd/kg. Both test fuel and re-fabricated commercial 
fuels will be used in the investigations. 

− Fuel response to transients, aiming at provid-ing 
complementary experimental data on behav-iour in flow 
starvation and reactivity initiated transients. Further tests 
on short-term dryout and possibly on power-coolant flow 
oscillations are planned. 

− Fuel reliability issues, aiming at determining the 
mechanisms and operational conditions that can effect 
cladding integrity, as well as identifying realistic design or 
operational remedies. 

− Plant lifetime assessments, aiming at generat-ing 
validated data on stress corrosion cracking of reactor 
materials with representative stress conditions and water 
chemistry environment. Issues related to pressure vessel 
embrittlement are also addressed. 

The programme of Man – Machine Systems Research 
contains the following elements: 

− HAMMLAB utilisation for introducing operator 
support systems, aiming also at demonstrating the merits 
of such systems in an integrated control room 
environment. 

− Human-machine interaction studies to extend the 
knowledge of human performance in process control 
environments and how this can be incorpo-rated into 
control room requirements and design. 

− Performance monitoring and optimization work 
with the intent to develop system solutions with the 
potential for improving plant performance as well as 
operational safety. 

− System safety and reliability investigations to 
provide methods devised to enhance the reliability of 
automated systems and in particular of safety-critical 
software. 

The technical basis for the man-machine pro-gramme 
consists of the upgraded test facility HAMMLAB 2000, 
together with the test methodol-ogy, software, simulation 
and control room exper-tise developed around it. 


