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1 Objectives  
 
The overall objective of the NACUSP project is to improve the economics of operating and 
future natural-circulation nuclear power plants (NPP) through improved operational flex-
ibility, enhanced availability, and increased confidence levels on the safety margins regarding 
the stability issue in boiling-water reactors (BWRs). 
 
Caused by the feedback between the thermo-hydraulics and neutronics, oscillations of power 
and mass flow may occur in the core region of natural-circulation BWRs. The NACUSP 
project addresses this stability issue by expanding the basic understanding of the phenomena 
through a well structured testing and analysis programme. Data from experimental facilities, 
plant data and the validation of computer codes contributed to the overall objective of 
NACUSP project. Existing computer codes are validated against experimental data from test 
facilities and real plant data from BWRs in operation. Based on the comparison of 
experimental and simulation data, guidelines and recommendations are established. The 
guidelines, recommendations and improved computer codes are communicated with the 
operators and designers to improve the safety level and economics of existing and future 
NPPs. 
 
Next to the scientific/technological objectives, the NACUSP programme has also socio-
economic objectives. Nuclear power offers the possibility of electricity production without 
emission of greenhouse gases and, consequently, has a positive effect on the environment. 
Such a potential is, however, not used at present because of public concerns about the safety 
of NPPs and the risk of radioactive pollution. The results and publications of the technical 
achievements of the NACUSP project will reduce the public concern about nuclear energy. 
 
 
2 Description of the project 
2.1 Work packages 
 
A detailed description of the project including results, findings and recommendations are 
given in the final technical report of the NACUSP project. The next two sections give a 
summary of this report. The NACUSP project was subdivided into four work packages (WP). 
 
The objective of WP1 is to determine and analyse the natural circulation characteristics at 
nominal pressure with experiments and numerical simulation. The range of parameters is 
broad enough to cover a large spectrum of conditions, therefore not being of exclusive interest 
to a specific reactor design. Two experimental test facilities were used in WP1: (1) the 
DESIRE facility and, (2) the CLOTAIRE facility. With a selection of simulation codes 
numerical simulations of selected tests are performed in order to optimise and validate the 
codes. Pre-test calculations were performed for optimal selection of experimental test 
conditions. The following codes have been used in WP1: (1) CEDRIC, (2) MONA, (3) 
FLICA, and (4) CFX. 
 
The objective of WP2 is to determine natural circulation characteristics and stability 
thresholds at low power and low pressure conditions with experiments and numerical 
simulation. The CIRCUS (small scale) and the PANDA (large scale) facilities cover a wide 
range of conditions and therefore of interest for different reactor designs. With a selection of 
codes numerical simulations of the test are performed order to optimise and validate the 
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codes. The following codes have been used to simulate the experiments: (1) RELAP5, (2) 
ATHLET, (3) TRAC-BWR, and (4) FLOCAL. 
 
The objective of WP3 is to collect and analyse reactor stability data from European NPPs in 
operation. Data are collected from the Cofrentes, Leibstadt and Forsmark NPPs and the data 
are analysed with the computer codes RAMONA 3, RAMONA 5 and, LAPUR. Furthermore, 
within WP3 an analytical frequency domain tool to determine the linear stability threshold is 
being developed. 
 
The objective of WP4 is to assess the results of the WP1, WP2 and WP3 and to provide the 
end-users with general guidelines. The assessment and the guidelines are focussed on 
maintaining adequate natural circulation conditions in the core and how to avoid stability 
problems in the core under start-up, normal operation and transient conditions. The expected 
outcome of WP4 should enhance and improve the safe and economic operation of existing 
and future NPPs. 
 
 
2.2 Experimental facilities 
 
This section gives a brief overview of the test facilities that are included in the project to 
provide experimental data for assessment of stability phenomena and validation of computer 
codes. 
 
DESIRE 
 
The small-scale DESIRE facility at Delft University of Technology, the Netherlands, is 
developed to study the natural circulation and stability characteristics in BWR designs. The 
reference design for the facility is the Dodewaard NPP. The DESIRE vessel contains one fuel 
bundle of the Dodewaard design with 35 electrically heated rods. The cooling fluid in the 
facility is freon-12. The emphasis of the test facility is on flow rate measurements and 
stability parameters. 
 
CLOTAIRE 
 
The large-scale CLOTAIRE facility is located at the CEA nuclear research centre in 
Cadarache, France. The facility was designed to study on about half scale the two-phase flow 
and vibration behaviour of Framatome steam generators. Within the framework of NACUSP, 
a test section representing the riser of the European Simplified Boiling Water Reactor 
(ESBWR) was installed in the facility. The emphasis of the test facility was to study so-called 
type-II instabilities observed at nominal pressure and high power in BWRs. 
 
PANDA 
 
The PANDA test facility is located at Paul Scherrer Institut, Switzerland. The facility is 
designed to study on a large scale thermo-hydraulic phenomena in light-water reactors. In the 
framework of the NACUSP project only parts of the facility were used. In the reactor vessel 
of the facility the natural-circulation tests were performed. The height of the reactor vessel is 
full scale. Power is generated by means of electrical heater elements in the core region of the 
reactor vessel. 
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CIRCUS 
 
The small-scale CIRCUS facility is located at Delft University of Technology, the 
Netherlands. The facility consists of four parallel heated coolant channels with bypasses and 
risers. Water-steam is the coolant mixture in the test facility. The data generated in the test 
facility are representative for natural-circulation start-up conditions in a BWR and include 
flashing effects and long-term cooling. 
 
 
2.3 Utility data 
 
Generally, reactor instabilities are divided in global (in-phase) instabilities and regional (out-
of-phase) instabilities. In the in-phase instability, the power and inlet flow of the largest 
majority of core channels oscillate in phase since they behave as a single channel. In the 
regional instabilities, the power of a region of the core oscillates out of phase with respect to 
power of other regions. The inlet flows to the different regions are also out of phase with 
respect to each other. BWRs with large-sized cores tend to be more susceptible to regional 
instabilities. Data have been collected from the Cofrentes, Forsmark, and Leibstadt NPPs and 
are analysed with thermo-hydraulic codes. Based on phenomena occurring, the variety of 
operating conditions, quality of data, and confidentiality of supporting data, the following 
utility data have been collected: 
 
• Forsmark unit 1, cycle 16 
• Leibstadt cycle 7 and cycle 19 
• Cofrentes cycle 6 and cycle 10. 
 
 
2.4 Computer codes 
 
The data from the test facilities and from the utilities have been analysed with several 
computer codes. The applied codes can be divided into two groups: (1) proprietary codes with 
a limited number of users and for specific applications and (2) commercial or in co-
development system codes. Examples of the first group are MONA, CEDRIC, FLICA, 
FLOCAL, and LAPUR and from the second group CFX 4, RELAP5, TRAC-BF1, ATHLET, 
RAMONA 3, and RAMONA 5. 
 
 
3 Main results and conclusions 
 
A global overview on the conclusions of the experimental investigations and the performance 
of the thermal-hydraulic codes is presented in this section of the report. 
 
 
3.1 WP1: Natural circulation characteristics at nominal pressure 
 
The main conclusions and results of WP1 are: 
 
• The DESIRE and the CLOTAIRE facilities provided valuable, high-quality data on 

natural circulation characteristics and on stability boundaries. 
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• An artificial reactivity feedback from void fraction to power has been developed for the 
DESIRE facility. 

• The MONA code is from a safety point of view not conservative. Furthermore, the 
applicability of MONA 2.2 for estimation of natural-circulation mass flow in a system 
with freon as a working fluid is questionable. 

• The CEDRIC code is an adequate tool for studying thermal-hydraulic stability of a 
natural-circulation loop. However, the numerical predictions of the code were not 
validated within this project. 

• The FLICA code predicts well the void distribution in the sub-channel of a bundle within 
a range of +/– 25 % for the worst case. The code overestimates the transfer of vapour from 
the heated to unheated regions.  

• The experimentally observed void fraction in the periphery of the fuel assembly is 
significantly lower than in the centre of the assembly. In simulation with the CFX 4 code 
this effect is less pronounced. 

• Both FLICA and CFX 4 do not predict the corner and border effects observed in the 
experimental data (although the experimental data are questionable). 

 
 
3.2 WP2: Natural circulation characteristics at low pressure 
 
The main results and conclusions of WP2 are: 
 
• The tests performed in the CIRCUS and the PANDA facilities provided valuable, high 

quality data on natural circulation characteristics at low pressure BWR conditions. The 
data are especially suitable to improve the understanding of the start-up phase of a natural-
circulation BWR. 

• In the CIRCUS experiments detailed measurements on the flashing phenomena with 
innovative measurement techniques (wire-mesh sensors) have been performed. 

• The PANDA data are of special value because the height of the riser is approximately 
conserved with respect to the design of a modern natural-circulation BWR. A 
phenomenological classification of the tests has been done, according to the three natural 
circulation modes: (1) single phase circulation with possible flashing above riser, (2) two-
phase circulation with flashing in upper half of riser and (3) two-phase flow along the 
complete riser length. 

• MONA version 2.2 is not suitable for stability analysis of the CIRCUS facility. The low-
pressure range is outside the application range of the code. 

• FLOCAL showed its capability to correctly reproduce experimental results obtained in the 
CIRCUS facility. 

• ATHLET is able to correctly reproduce the phenomenology of flashing-induced 
instabilities at low pressure in the CIRCUS facility.  

• The RELAP5 predictions for the PANDA tests have to be treated with caution. Deviations 
between experiment and simulation were observed specifically at low pressure conditions. 

• The TRAC-BF1 3-D vessel component model did not work and moreover, the predictions 
depend strongly on the specified calculation time step size. Oscillations were predicted 
but the oscillation characteristics were far off. 

 
 
3.3 WP3: Global and regional reactor stability 
 
The main results and conclusions of WP3 are: 
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• Operational data was collected from the Leibstadt, Cofrentes and Forsmark NPPs. The 

data covered start-up conditions as well as normal operating conditions. 
• The transformation of Leibstadt C7 data set for the SAPHYR code has not been fully 

completed (result of difficulties to produce and exchange data sets independent of code 
manufacturers). 

• The results obtained with the SAPHYR code showed that the steady state conditions in 
Leibstadt NPP were not stable, in spite of small discrepancies in the power distribution 
compared with the RAMONA code. Inconsistencies in the models are probably the 
reason. 

• RAMONA 3 accurately reproduces the cases of Leibstadt, although it produces a very 
poor value of the effective multiplication constant. 

• RAMONA 5 overestimates the results (decay ratio and oscillation frequency). When the 
same neutronic model and wall friction is used as in RAMONA 3, the results are 
underestimated.  

• LAPUR 5.2 reproduces quite accurately the out-of-phase instability events, although the 
calculated oscillation frequency is slightly lower than the experimental ones. The well-
known conservative behaviour of LAPUR when decay ratio is far from unity was 
observed. 

• Stability analyses with LAPUR 5.2 show the important destabilising effect of increasing 
the pressure loss coefficients at the spacers. This behaviour is also observed in RAMONA 
5 calculations with single-phase friction factor tuning. 

• The development of a new frequency-domain code is in progress but will not be finished 
within the timeframe of the NACUSP project. It is envisaged that the code will be 
operable from June 2005. 

 
 
3.4 WP4: Recommendations 
 
In general, the expected outcomes of WP4 should be general guidelines for a more 
competitive and safer operation of current- and new-design NPPs at low pressure and during 
normal operation. However, the implementation of the objective of WP4 turned out to be too 
ambitious, as a consequence of a too optimistic view on the WP1, WP2 and WP3 activities. 
Although the efforts provided for WP1, WP2 and WP3 exceed by far the original estimations, 
the status and results of these WPs are not at a level where guidelines can be provided. 
Therefore, instead of guidelines, recommendations have been provided. 
 
The experimental facilities and the plants provide a large amount of well-documented data 
regarding natural circulation and thermo-hydraulic instabilities in BWRs. These data provide 
an excellent source for the validation and verification of thermo-hydraulic simulation codes. 
Including error bands in the experimental results will make the data even more valuable for 
validation of the simulation codes. It is recommended to make the experimental data available 
outside the NACUSP project. 
 
In general it can be said that the prediction of natural-circulation two-phase flows under 
nominal- and low-pressure conditions turned out to be a challenging task for the thermo-
hydraulic codes used in the framework of this project. It appeared that the large system codes 
(RELAP, TRAC) used worldwide have problems in simulating low-pressure cases. They also 
showed a dependency on time step size and nodalisation approach. 
 



 6

 
Based on the encouraging results and findings of the current NACUSP project, the project 
partners recommend defining and implementing a NACUSP prolongation project. 
 
 
4 Exploitation and dissemination 
 
In order to guarantee proper dissemination of the results, the end users, being BWR utilities, 
were well represented within the consortium. The utilities have followed and guided (when 
needed) the work in regular meetings and during consultations. Moreover they provided 
guidance on use of plant data and on modelling of their plants with the various codes, 
provided information regarding the stability of their plants and got information from the 
findings in other plants regarding the stability characteristics of BWRs. 
 
All the original objectives of the project were not reached. It was decided that certain 
activities (development of a frequency-domain code) will be completed after closing of the 
NACUSP project. Furthermore, continuation of the uncompleted activities and recommend-
ations for new future activities are proposed in other projects. These initiatives as well as the 
technical implementation plan of the project guarantee the dissemination of project results to 
third parties. 
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