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1.

INTRODUCTION

The Department of Reactor Technology channelled during 1976 and
1977 approximately 20% of its efforts into work on energy systems analysis and alternative energy projects. This effort was
consolidated during 1978, and a testing station for small windmills wa? added to the alternative energy projects.
t
During 1978 the demand for safety assessment and risk analysis,
which has dominated the nuclear scene for many years, began to
be felt in other industrial sectors, and the Department was
taking part in, e.g., assessment of the risks of introducing
gas in Denmark, and a safety assessment for an off shore oil
and gas production platform.
The Ministry of Environment created a number of working groups
with the task of setting up guidelines for nuclear safety.
Staff members of the Department participated in ».his work.
During the same period work for the Inspectorate of Nuclear
Installations was continued, e.g., on acceptance criteria for
emergency core cooling, and cause-consequence analysis of accidents. The revision of the safety documentation for Risø's
own nuclear installations was another major commitment for the
staff.
Furthermore, a>caff members of the Department have participated
in working groups created by the Ministry of Commerce concerning alternative energy sources.
Due to the increased number of non-nuclear projects and the
lack of a political decision on nuclear power, there has been
a decrease in the effort on nuclear R & D . The largest single
R ft D project during the year was the development of computer
codes for a loss-of-coolant accident and emergency core cooling,
which is taking place under the NORHAV-USNRC agreement (Nordic
countries and USA).
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2.

REACTOR ENGINEERING

The main effort is concentrated on reliability of systems and
components in nuclear power plants. The methods developed will
of course be applicable also to other industrial installations.
To establish and maintain know-how concerning the design, construction, operation and safety of light water reactors general
studies are performed. Reports have been written in Danish
presenting the design, physical lay-out, operational features
and design criteria for important systems in modern LHR's.
Furthermore the conditions and limits for operating reactors
are studied.
2.1.

Reliability of Component Pressure Boundaries

The purpose of this work is to develop methods for evaluating
the reliability of structural components, in particular to
develop computer codes based on probabilistic methods for
evaluating the reliability of primary components in light
water reactors. Work was focused on the steel pressure vessel
and the fuel element cladding.
2.1.1.

Steel Pressure Vessel

Three steel blocks purchased from a European manufacturer of
nuclear pressure vessels were welded together and cut into
25 mm thick slices. From these compact tension specimens will
be cut around the welding zone as well as in the base material
and tested to evaluate the statistical variation of the future
toughness. The variation in ultrasonic damping across the
welding was measured and will be correlated with the destructive tests.
The Department collaborates with Ispra, Italy,and CEA, France,
on the failure probability of the pressure vessel for a PWR, and
is a member of the CSNI-task force on Rare Events, Subgroup on
Reliability of Components. The subgroup has been concerned with
control rod drives, safety/relief valves and leaks in primary
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piping- Up until now only very preliminary results have been
obtained and the work will continue for another year.
2.1.2. Fuel Cladding
A computer system for the statistical evaluation of LWR fuel
performance has been developed. The computer code FRP, Fuel
Reliability Predictor, calculates the distributions for parameters characterizing the fuel performance and failure probability. The statistical methods employed are either Monte
Carlo simulations or a low-order Taylor approximation.
Included in the computer system is a deterministic fuel performance code, FFRS, Fast Fuel Rod Simulator. The performance
of FFRS has been examined through the simulation of a large
number of irradiation experiments, including sensitivity studies
for some of the material properties. It was demonstrated that
FFRS can model average fuel behaviour very accurately under
normal operational conditions with very low computer costs.
The distributions for all material data utilized in the fuel
simulations are estimates derived from the best available information in the literature.
For the failure prediction, a stress corrosion failure criterion
has been worked out. The failure criterion is based on data
from out-of-reactor stress corrosion experiments performed on
unirradiated and irradiated zircaloy with iodine present.
Figure 1 shows a plan over the Fuel Reliability Predictor (FRP).
Based on the applied load, H(t), and the design and material
data, X, FRP calculates the fuel state, Y(t) , (distribution of
temperature, strain, stress, etc., in the pellet and cladding
as function of time), and the failure probability for different
failure criteria as a function of time, W(t).
Calculations performed with the computer code have shown: (a) In
general stress corrosion failures cannot be correlated with the
average (or maximum) strain, (b) For constant ramp rate, a correlation between stress corrosion failures and the maximum stress
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seems possible. (c) The material parameters are dominant contributors to the variance of the stress and the strain; therefore, little improvement in reliability is obtained by decreasing the fabrication tolerances. Id) Efforts should rather
be concentrated on obtaining additional information on important
material properties such as creep, swelling, fission gas release,
gap conductance, etc., thereby decreasing the uncertainty of
these parameters.

Hit)
Xt design and material
~ data.
stochastic variables.

FRP O
STATISTICAL
FUEL MOOEL
DETERMINISTIC
FUEL MOOEL
FFRS

Hit).applied load on the
fuel (power, flux. etc.).
stochastic process or
a deterministic function
of time.

Y(t)

£2.

Ylt): fuel state (stress,
strain, etc.). stochastic
process.

STATISTICAL CLAD
FAILURE MOOEL
FAILURE MOOEL
CDAM

T

W.(t)

Fig. 1.

2.2.

Wit): clad failures (stress
corrosion, overstrain,
etc J. stochastic process.

Ylt)

The fuel reliability predictor

System Reliability

The reliability analysis of a system characterized by complexity
in design or operation - nuclear as well as non-nuclear - can be
carried out with advantage in many cases by means of Monte Carlo
methods. Various computer programs, based upon this technique
have been developed in the Department. The latest of these
programs is MOCARE; a detailed description of the program is
presented in Kongsø et al. (1978) and the highlights are summarized in the following.
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The reliability performance of the system in question is imitated in a simulation process by the Monte Carlo method. The
simulation process comprises a specified number of trials. In
each of the trials a model simulating the system is analysed
with respect to the required failure characteristics during a
specified period of time. The system model is composed by
subsystems based upon time-dependent occurrences - faults or
conditions - or other subsystems. The subsystems constituting
the system model are specified by means of fault trees as shown
in Fig. 2. It can also be done by reliability block diagrams,
or by output from the FAUNET program (Platz and Olsen, 1976).
The subsystems can be used for specification of conditions for
failure of components and partsystems and of the failure conditions corresponding to the purpose of the analysis (subsystem
no. 7 in the example).

Subsystem no. 5

Subsystem No. 6

Subsystem No. 7

©0©
Symbols:

Fig. 2.

Subsystem

O ((AND
ANI

(OR GATE)

(AI*D GATE)

3

GATE)

E

Qy

; Fault no. N

|M|

: Subsystem no. M failed

specifications by fault trees.

The processes carried out in each trial are illustrated in
principle by an example in Fig. 3. Faults no. 1-4 are simulated
time-dependent occurrences based upon specified probability
density functions or probabilities per period (faults no. 3 and
4). At each of the times no. 1-8, Fig. 3, all of the specified
subsystems are analysed with respect to failure, based on the
fault trees in Fig. 2? data concerning the number and the duration of failures of the subsystem in question are registered.
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No. 7

TINE
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Fig. 3. Review of a trial. The hatched fields on the time
axes symbolize periods of repair.
The modelling process to be carried out bv applying the program
for analyses of the reliability of a given system starts by
specifying all the relevant time-dependent occurrences, corresponding to the component failure modes and the conditions of
importance to the system reliability. On the basis of these,
a series of subsystems are specified corresponding to the partsystem failures and conditions of interest. It should be
noticed that it can be advantageous to specify a given partsystem by more than one subsystem, when this causes a considerable reduction in the number of tie- and cutsets.
The application of the subsystem concept described above has
proved to permit an unusual flexibility in the modelling. This
was clearly demonstrated by a reliability analysis of a power
supply system for a power plant with very complex specifications
for the failure modes and system operation. The system could
operate in four different modes and the transitions between them
were governed by certain rules. The switches in the system had
four failure modes each, and only one of these could occur at
the same time. A series of conditions were specified for
opening and closing each of the. switches. Some of the faults
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would cause consequential faults with specified probability per
occurrence, and sove of the faults were unrevealed. It proved
possible to carry out the analysis by Means o* the program
MOCARE without any simplifying assumptions.
The performance of the system model and the system itself can
be controlled in an effective way by a graphical display on a
plotter, lineprinter or a graphical screen. The usefulness of
this feature '.%»% been verified in some cases, where errors in
the model were discovered by means of such plots. Fig. 4 shows
graphical displays of the same kind as Pig. 3.

•— » w

•»•»

•—

m » v». •»!-» «

t.. -«:» »». •».

Fig« 4. Graphical displays of system/model rerfomance in
a trial covering the period of interest from 0-10000 hours.
Top: Plotter display. Bottom: Graphical screen display.
The dips in the time axes represent periods of repair.
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Future work on this method will include the graphical dii play
methods, possibly on an interactive basis. In addition a
method of speeding up the computation by variance reduction
will be studied in connection with the Ph.D. project described
in Section 2.3.

REFERENCES
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MOCARE, A Computer Program for System Reliability Analysis by
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Networks. Risø Report No. 348.

2.3.

Optimization of Reliability Techniques

This project was started in October 1978 and is part of a Ph.D.
dissertation. The work is focused on two areas: Monte Carlo
simulation and numerical integration.
In order to reduce the computer time in Monte Carlo simulations
different variance-reduction techniques have been studied and
an evaluation of their applicability in connection with analysis
of reliability of structures and systems has been carried out.
A computer program will be designed for the purpose of optimal
application of a variance reduction technique.
A computer program NUMPEP applying numerical integration in
several variables has been developed. The program evaluates
the probability of failure of structures an<? it is designed to
evaluate integrals in two to six variables? but the structure
of the program is modular so it is easy to extend it to more
than six.
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The integration method is based on the use of product formulas
made from one-dimensional Gauss-formulas - especially the GaussLegendre formula and the Gauss-Laguerre formula.
Two different methods of estimating the error introduced by
numerical integration have been studied. The first is the
method proposed by Sard, which is based on the theory of expanding a function in Taylor-series in several variables. The
latter, proposed by Davis-Barnhill, is based on the theory of
analytical functions in the complex plane and Hilbert spaces.
The program NUMPEP has until now been tested on a few typical
examples and the results are promising. NUMPEP achieves a
high accuracy and requires only a small amount of computer
time in comparison with other methods of calculation.
One example required a computer time of 1.1 sec. for NUMPEP,
12.5 sec. for ANPEPA2 and 400.0 sec. for PEP 706 to achieve
the same accuracy.
NTjMPEP will be developed further concerning automatic error
estimation and it will be extended to cover a greater spectrum
of models.
2.4.

Core Performance Evaluation

The general performance of LWR fuel has been considerably improved in recent years, but problems with failures caused by
pellet-cladding interaction (PCI) still exist. In order to
avoid fuel failures, or at least diminish the number of failures,
restrictions are; imposed on reactor operation, i.e. power levels
and local ramp rates are restricted. However, as such restrictions necessarily result in reduced net power output from the
reactor they are undesirable from an economic point of view.
A system for the calculation of fuel failure probability based
on information regarding the reactor design and operation is
under development. The system is composed of the following
parts: Overall neutron/hydraulic core calculations, calculation
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of the local pin powers based on the overall power distribution,
and calculation of the pin failure probability.
In Fig. 5 a schematic diagram of the Core Performance Simulator
is shown. For the neutron/hydraulic calculations the 3 D
program, NOTAM, is employed for BWR calculations, whereas the
ANTI program is employed for PWR calculations. As a first
approximation the local pin powers are estimated on the basis
of the fuel box calculations performed in order to generate the
necessary box-average cross sections for the overall calculations. These box calculations are performed using reflecting
boundary conditions, i.e. no account is taken of the environment. It is intended to develop more accurate methods utilizing
the approximate boundary conditions for the nodes obtained in
the 3D overall calculations. The calculation of the fuel pin
failure probability is performed with the statistical fuel
performance model, FRP.
2.5.

Nuclear Power Plant Incidents

Failure history data bases provide an excellent basis for
identifying components that can cause outages or safetyrelated incidents in nuclear power plants. Incidents in nuclear power plants have been analyzed on the basis of the
Nuclear Power Experience Documents (NPE). As the information
had to be computerized and indexed by keywords, it involved
the construction of a classification scheme.
Each incident is registered on punch cards in order to facilitate automatic analysis by means of a computer. A total of 18
classification criteria are employed, comprising information
such as: docket number, time of failure, fault symptom, etc.
Within the different classification criteria, the incident is
described by means of keywords. The number of keywords available is a compromise between the wish to include all the details of each incident, i.e. many criteria and keywords, and
the wish to limit the number in order to enhance the general
view over the analysis.
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All incidents involved in the study were analyzed and classified
according to the classification scheme. The information available was stored in the computer. A computer proqram was developed in order to be able to handle the data. The basic principle of the program is that it can search for incidents with
a specified keyword profile. If a keyword combination like
STGE, FULL, PARE is fed into the computer, a search will be
performed for all incidents involving the steam-generator,
with the reactor at full power and resulting in a permissible
activity release. The incidents found constitute a subset of
the data base and are available for detailed analysis. It is
then possible to perform an analysis of, for instance, what
was the cause of the error in the case of the incidents selected.
The data base contains 772 incidents, representing all PWR
incidents reported for 1977. An analysis of these incidents
was performed. Correlations between the different classification criteria sought are identified. One of the objectives
of this analysis was to identify trouble areas and trouble
components. It is possible by means of the computer program
to analyse the whole data base and obtain histograms of the
keyword distribution for each classification criteria. An
example of a histogram is given in Fig. 6, which depicts the
cause of all PWR incidents in 1977. Another possibility is to
analyse a selected part of the data base, for instance all
incidents involving control rods. Such selective analyses are
used to trace interrelationships between the different classification criteria.
The analysis must be considered an exercise in investigating
the feasibility of setting up a compact but still versatile
classification scheme for nuclear power plant incidents. The
above mentioned analysis has formed the basis for a present
contract with ISPRA with the purpose of setting up a general
scheme for analysing Licensee Event Reports.
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Study of a Nuclear District Heating Reactor

A preliminary design concept of a nuclear district heating
reactor has been proposed. Emphasis was laid on a design,which
is inherently safe, simple and suitable for manufacturing by
the Danish industry. However, no economic evaluations were
performed of a district heating plant with the proposed reactor.
The reactor consists of a concrete pool lined with stainless
steel. The pool is not pressurized and it contains the reactor
core with fuel elements of a design similar to normal LffR
elements.
The reactor is cooled by a forced circulation cooling system.
Between this system and the district heating system an inter-
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mediate cooling circuit is provided. Check valves in a plate
closing the annulus around the core direct the coolant through
the core during normal as well as abnormal conditions. The
reactor can be controlled either by control rods or boron
solution in the coolant« or by both.
An extension of the work has been discussed, but it was felt
that such a project would not obtain sufficient political
support, and the work was discontinued.

3.

REACTOR PHYSICS AND DYNAMICS

One of the main topics during the past few years for
state reactor physics has been core follow studies.
in particular, the method for calculating the effect
homogeneous ly distributed Gd-poison has been tested,
results were satisfactory.

steady
This year
of inand the

In the field of development of innovations the work on a coarse
mesh method has been continued (3.2). In addition an advanced
method for calculating the flux distribution in a fuel element
has now reached a stage where test of the program on realistic
geometries may be started (3.3).
Fuel management has for several years been another main topic
of study. This year only minor modifications to the existing
methods have been made. This is caused mainly by the lack of
resources. Yet, the programs have been further tested and
verified.
In reactor dynamics the two main areas are three-dimentional
dynamic models for the reactor core and integral plant models.
In the first area the work on modifying the ANDYCAP program to
make it possible to simulate such transients as rod drop ac-
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cidents for BWRs has been completed. The work on the PWR
model ANTI has been continued as reported in a following
paragraph (3.5).
In the second area the effort has been concentrated on a BWR
plant model. This model is based on an already existing one.
The model will now be adapted to a particular plant. In doing
so emphasis is put on representing the control systems of the
plant correctly (power control, feedwater control, etc.) (3.4).
In addition to the development and use of methods within reactor physics and dynamics several problems have been taken up
such as determination of the consequences of hypothetical large
accidents (class 9 accidents) (3.7) and the use of the single
failure criterion in accident analysis (3.6).
3.1.

Core Follow Studies: BWR Calculations

In cooperation with a utility a BWR-core follow study has been
started. In contrast to earlier studies the present core contains burnable Gd-poison.
The Gd is distributed axially inhcmogeneously as lumps along
the fuel pins and a rather complex method for calculating the
burn up of burnable poison has b»en adopted. The procedure is
based on a three-dimensional flux calculation for the Gd-containing lumps. The calculations are performed with the AFGMONSU program system, which combines integral transport methods
with a Monte Carlo method through a superposition principle.
In order to use the information from AFG-MONSU in the usual fuel
element burn up programs the fuel pins containing Gd-lumps are
substituted by equivalent fuel pins in which the Gd is distributed axially homogeneously in a cylindrical region inside the
fuel pin. By selecting appropriate Gd concentration and radius
for this region the usual burn up calculations will give the
same burn up behaviour as AFG-MONSU.
Cross sections for a Gd-containing pin generated in the above
manner was used to calculate k g f f for two critical configur-
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ations established during the start up tests of the reactor.
The results, k e f f = 0.99763 and k g f f = 0.99834, seem satisfactory.
In order to generate cross sections for calculating the power
distribution for the reactor at power, fuel element calculations
at high void have to be performed. It has turned out that a
very simple Dancoff correction method to correct the difference
between resonance absorption cross sections for fuel pins situated at the middle and at the edge of a fuel assembly is inadequate at high voids.
In the method now applied,a square fuel assembly is transformed
into cluster assembly. A Dancoff correction factor may be
generated for each ring in the cluster. Cross sections for the
edge pins are now generated starting with a 76 group spectrum
calculation and using the Dancoff factor for the outermost ring
when resonance absorption cross sections are calculated. Since
the Dancoff factors for the rest of the rings are almost identical this value is used when cross sections are generated for
the rest of the pins.
Cross sections for calculating the power distribution in the
whole core based on this method has given good results, that
is, the calculated axial power shapes are in good agreement
with measured profiles (TIP measurements).
' 3.2. Interface Methods for Solution of Neutron Diffusion
Equation
An interface method is here defined as one in which the resulting equations connect only interface-defined, in contrast
to volume-defined, quantities.
Earlier investigations of two such methods have been continued.
The first approach yields Fredholm integral equations of the
second kind; this seems to be the most promising one, when high
accuracy is needed.
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However, if one can afford only a small number of unknowns,
another approach may be more advantageous. In fact, a version
with only one unknown per element has been used in a one group
two-dimensional programme. In this approach the corner fluxes
are used as parameters, and the flux inside an element is
approximated by sums of products of sine-functions, each such
product satisfying the diffusion equation. The equations express approximate continuity of interface-current, while the
directional bucklings are chosen such that flux discontinuities
at interfaces are minimized. The method is being extended to
two groups, and also a three-dimensional version is planned.
3.3.

Fuel Box Calculation with Response Matrices

A program REPRO has been developed which calculates the response
matrix for heterogeneous square pin cells. The variables of
the problem are the expansion components of the angular flux
on the cell surface.(Fig. 7).

Half space angular flux at S expanded as
e mso
Fig. 7.

Geometric layout of pin cell

The expansion, complete and independent for each half space,
is one of several possible for angular fluxes which are symmetric with respect to an xy-plane perpendicular to the plane
defining the two half spaces.
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The elements of the response matrix represent the coupling in
several energy groups between in- and outgoing components in a
set of points on the cell sides, e.g., points for gaussian
integration along each side.
Calculation of the response matrix is performed with collision
probabilities inside the cell which is represented by a great
number of subregions. The flux response in these is registered
as elements in a region flux response matrix.
A four-fold symmetry considerably reduces the necessary computations and the number of matrix elements to be stored.
A second program FLUSO solves the eigenvalue equations of the
in- and outgoing components of a rectangular array of pin cells
with suitable (black or truly reflecting) boundaries.
The internal region fluxes in all cells are found by operating
the region flux response matrices on the component eigenvector.
Preliminary calculations with two energy groups, two angular
components, two gaussian points per cell side and 24 internal
regions per cell converges rapidly yielding reasonable flux
distributions. In particular the flat flux expected in a single,
totally reflected cell, where all subregions have the same cross
sections, is reproduced within 0.5%.
3.4.

Development of a Dynamic Model for a BWR

Along with the core follow study for a BWR as mentioned in
section 3.1 an agreement between Risø and a utility was obtained
to develop a model for the dynamics of the power plant.
The structure of the model are mainly the same as in earlier
developed BWR plant models, which are mentioned in previous
reports, but adapted to the specific plant and improved at
several points.
The reactor model is one-dimensional for the core and recir-
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culation loop. Calculation of decay heat, heat generated
directly in the coolant, and core coolant bypass is included.
Also the time delay in the external recirculation pumps are
simulated.
Special attention has been given to the algorithmes for void
calculations. This is done in order to obtain a numerical
stable approach as well as void- and power-profiles as close as
possible to curves found by three-dimensional static calculations (both at full power and at part load and reduced
primary flow).
The reactor is connected to the steam load system via a steam
line, which is simulated by a six node model with calculation
of steam flow and pressure in each node.
The model for the turbine plant includes point models for 5
feedwater preheaters. The heat transfer calculations for water
flows are based upon flow-dependent mean temperatures between
inlets and outlets. This approach has given excellent agreement
with steady state calculations performed at the utility.
Models for control systems and automatic protections are now
being programmed and included in the model.
Three control systems are simulated: Feedwater control, which
controls the feedwater flow by means of regulating the feedwater pump speed, pressure control, which aims at keeping the
steam pressure constant by manipulations with turbine and bypass valves and power control, which governs the power level
iy means of recirculation pump speed.
The automatic protection system has three actions: power reduction by means of recirculation pumps, reactor trip and
turbine trip.
3.5.

Three-dimensional PWR Dynamics

For the calculation of transients in a PWR core, a three-
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dimensional computer program with coupled neutronics and
thermohydraulics is under development. The progran combines
the neutronics part of the BHR program AWDYCAP with the subchannel hydraulics program TINA (hence the nam« ANTI). It is
intended for transients where the spatial distributions of
power and coolant flow in the core are important, especially in
cases where a local power increase occurs. Unlike ANDYCAP« the
ANTI program describes the reactor core only; upper and lower
plena, downcomer and systems outside the reactor vessel *re not
taken into account. Consequently the boundary conditions at
the core inlet and outlet must be supplied from elsewhere. One
possible source is a PWR plant model, which has a one-dimensional description of the core. For transients where an uneven
spatial distribution at core in- and outlet is expected, the
one-dimensional model can obviously give average values only,
but hopefully a parameter study will help to make a qualified
guess for the distribution in such cases. Another possibility
would be to use the TRAC program, which is capable of doing
three-dimensional calculations for the upper and lower plena.
TRAC has been developed at the Los Alimos Scientific Laboratory,
and it is planned to have it implemented at Risø in the near
future.
The strategy of the ANTI project has been first to couple the
two program parts as quickly as possible without making unnecessary changes in the programming, and then, after the combined code has started running, to introduce the modifications
needed for adapting both the neutronics and the hydraulics to
their new purposes. The existing program is therefore a preliminary version, and the debugging is going on in parallel
with improvements.
A long list of modifications are still needed. Examples are
extention of number of subchannels (presently four) in the
hydraulics, the adaption of the nodal theory model and control
rod representation to PWR geometry.
These problems, and others which might appear, will be attempted
solved in parallel with the general running in and testing of
the program.
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3.6. Cause/Consequence Analysis Applied to Accident Analysis
of Nuclear Power Plants
In connection with the safety documentation for nuclear power
plants about 47 initiating events have to be analysed under
certain assumptions. One of these assumptions is the so-called
single failure criterion, that is* the transient shall be analysed assuming a single failure anywhere in the plant.
In the existing American safety reports the fulfilment of this
criterion is little documented. Since the Danish Inspectorate
of Nuclear Installations requested an investigation of the use
of the single failure criterion in accident analysis, it was
decided to carry out this analysis in close co-operation with
the Inspectorate. In order to solve this problem it has been
proposed to apply cause/consequence technique to every initiating event, litis technique is a qualitative analysis
method where a critical event is selected and then both the
possible causes to the critical event and the consequences are
depicted in a diagram. On the basis of this diagram it is
possible to make a qualitative evaluation of the effects of
single failures.
Within accident analysis of nuclear power plants it is natural
to choose the initiating events as critical events. Following
this strategy about 10 of the 47 initiating events have been
analysed in order to evaluate the worst possible single failures.
It is the intention to gc through all 47 transients and furthermore to make some quantitative calculations with the existing
plant models in order to check the evaluation of the worst
single failure.
In Pig. 8 an example is shown of a cause/consequence diagram
for the initiating event: loss of external electrical load.
The diagram is based on a pressure water reactor of the Westinghouse type. The full-drawn line illustrates the normal event
sequence and the dot-and-dash line the sequence under the assumption of the worst possible single failure, that is, failure
in a signal from a temperature sensor leading to malfunction of
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Fig. 8. Cause-consequence diagram for the initiating event:
Loss of external electrical load.

both the automatic power reduction system and the steam dump
valve system.
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3.7.

Large Hypothetical Accidents

As a result of the many discussions of the consequences of a
large hypothetical accident it has been decided to begin a
study of this subject in collaboration with the Chemistry and
the Health Physics department.
The aim of the study has been to acquire a general overview of
the present knowledge of the subject and also possibly to
identify areas where further work can be performed at Risø.
Experience in calculating the dispersion of radioactive material
in the atmosphere is available, and the study is concentrated
on the release of fission products from fuel and molten core
and on the behaviour of gases and aerosols in the containment
and reactor building.
The work is still in a very preliminary state but it is hoped
that it will be possible to increase the effort in 1979 and
also that it will be possible to establish contacts with other
laboratories working in this field.

4.

HEAT TRANSFER AND HYDRAULICS

The main effort is directed towards an understanding of thermodynamic and hydraulic phenomena pertaining to nuclear power
reactors. The work, both theoretical and experimental, is
concerned mainly with computer model procurement. General
knowledge of heat transfer and fluid dynamics has also been
applied in non-nuclear energy fields, and this work will be
treated separately in section 6.
The main working areas in the nuclear field, to be treated
below, have been:
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1.
2.
3.

Reactor Accident Analysis
The Marviken Critical Plow Tests
Reactor-related Experiments at Risø.

4.1.

Reactor Accident Analysis

The work has been concentrated mainly upon the development and
verification of computer codes for LOCA-analysis. Most of this
work has been done within the framework of the NORHAV project
in collaboration with institutions in the other four Nordic
countries and the US Nuclear Regulatory Commission. Three to
four scientists from the other Nordic countries have been
stationed at Risø to participate in this work.
4.1.1. Basic Studies
The study of the formulation of the equations for two-phase
flow models has been continued. The RISQUE computer code, which
includes six conservation equations for the two-fluid model,
has been used for this work. The use of the RISQUE code in
connection with the Marviken tests on critical flow may also
be mentioned.
4.1.2. 3-dimensional Effects During Blowdown
The effects of structural resistance on flow and pressure distribution in the plena and the core of a PWR during blowdown have
been studied. The computational analysis has been performed
applying RELAP4 to the whole reactor system and the TINA code
to the flow transient in the core.
The study has been based on the Ringhals-III reactor, which is
a Westinghouse PWR with three coolant loops. In the absence of
data on transverse pressure losses in the plena the calculations
have been performed with two sets of assumed values.
The results indicate considerable asymmetric effects including
large differences in the flow from one part of the core to
another. The calculated peak cladding temperatures show only
moderate differences, but it is expected that a more detailed
subdivision of the core would reveal higher temperature differences .
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The work has been done in cooperation with Studsvik (Sweden)
as part of the NORHAV project.
Further studies in this field are planned, and will include the
use of the TRAC code.
4.1.3. NORCOOL-I
NORCOOL-I is a code for the analysis of the emergency cooling
transient in a BWR reactor core following a postulated loss-ofcoolant accident (LOCA). Both top spray cooling and reflooding
(low pressure core injection) are modelled (Fig. 9 ) .
The aim is to make NORCOOL-I a part of the "Water Reactor
Analysis Package Evaluation Model" (WRAP-EM) which is a computer code system under development at the Savannah River
Laboratory (SRL) in South Carolina,U.S.A., to be used for LOCA
analysis in connection with licensing of water-cooled nuclear
reactors. For this purpose NORCOOL-I was delivered to SRL in
July, 1973.
At the start of the year the code was able to run reflood transients and spray cooling transients. During the first part of
the year the code was made able to calculate combinations of
these as required by SRL.
In the WRAP-EM NORCOOL-I will calculate the reflood phase of
the LOCA. A RELAP code calculates the blowdown phase. In this
blowdown phase the break flow is critical, i.e. limited by the
velocity of sound. However, there is some overlapping of these
two phases, i.e. the emergency water injection starts before
pressure equilibrium is reached between the reactor vessel and
its containment. This was not foreseen when NORCOOL-I was
planned, and it has caused some problems. These problems seem
now to be solved; but some problems connected with the droplet
field description, which showed up during the further testing,
are still being investigated.
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4 . 1 . 4 . NORCOOL-II
NORCOOL-II is, as NORCOOL-I, an emergency cooling transient
code to simulate LOCA's in BWR's.
However, NORCOOL-II is a more advanced code. It has a more detailed description of the geometry of a BWR with the capability
to treat parallel fuel channels in the core. Also the physical
models of the two-phase flow (liquid and steam) will be more
accurate, including the latest results from experimental and
theoretical investigations. Finally, NORCOOL-II will have a
considerably improved numerical technique as compared to
NORCOOL-I.
During the first half of the year a new numerical method was
tested. However, it was found necessary to change this method,
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partly because it was decided to treat 3 fluid fields: gas,
liquid droplet and liquid film (or continuous liquid phase).
In the second half of the year the code was designed on this
basis and the first parts of it were programmed. According to
this design NORCOOL-II will be a network code, where the solid
basis is the treatment of a single, unbranched channel, i.e.
the solution of the conservation equations for mass, momentum,
and energy for each of the fluid fields. This solution leads
to the current values of temperature, velocity and volumetric
fraction for each liquid field.
The individual channels are linked together, e.g. to model
parallel fuel channels, by so-called branching_nodes.
The solution method utilizes the fact that a pressure disturbance
may travel the whole length of a channel in a single time step
whereas e.g. thermal energy disturbances will typically propagate
only a small fraction of a channel length.
The solution techniques for the branching nodes are not yet
finished, but basically the solution for the channel values
gives the mutual influence between neighbouring branching nodes.
On this basis one may solve for the values of the branching
nodes and thus for the whole network.
Along with the program design an interim set of physical models
for the two-phase flow has been formulated. These models deal
with force interactions and heat transfer both between the fluid
fields and the channel walls and among the fluid fields themselves. These models are being reviewed critically and it has
already been found necessary to exchange or modify seme of them.
In the force models the added mass-force must be included in
time specification of force acting on a bubble. This force
represents the inertia of the liquid that has to be removed by
the accelerating bubble.
Among the heat transfer models special attention has been paid
to the case of the so-called inverse annular flow. Here the
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very hot channel walls create a thin gas film between the wall
and the possibly subcooled (i.e. colder than saturation temperature) liquid "core", the difficulty being a proper description of the influence of the subcooling.
Also it has been found necessary to extend the interim models
in order to describe completely the different flow situations
which may occur with three fluid fields, and to get smooth
transitions between them.
4.1.5. CORECOOL
The programme has been improved further so as to make it possible also to simulate oblique rewetting of the channel. This
feature was introduced in connection with the calculations
relating to the Swedish spray cooling experiments in the GOTA
loop.
4.1.6. Water Data
Routines for the calculation of steam and water properties for
all our thermohydraulic computer codes are in development. It
has for a long time been a wish to have a standard collection
of such routines; they should be fast, so that not too much
computer time is spent on material data calculations, and yet
accurate over a wide parameter range. When the programming of
NORCOOL-I was started a set of routines received from Brookhaven
National Laboratory was considered for possible use in the new
program, mainly because of the belief that the BNL routines might
become widely used in future USA programs. The BNL routines
were implemented on the Burroughs B6700 at Risø and tested for
speed and accuracy, but were in the end rejected for use in
NORCOOL-I because of inaccuracy. Instead the routines from
CORECOOL were chosen for NORCOOL-I.
At the moment it is attempted to generate a set of steam and
water routines on the basis of "canonical" thermodynamic functions. Hopefully this will give an accurate and at the same
time consistent description of steam and water. Meanwhile the
performance of the NORCOOL-I routines has been examined in the
same way as for the BNL routines, to make a comparison with the
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new routines possible. Also the routines from the TRAC program,
developed at the Los Alamos Scientific Laboratory, were tested.
The N0RC0OL routines were demonstrated to give better results
than the BNL-routines at low pressure values, but some of them
are limited to low pressure. The steam and water property calculations of TRAC are divided between two routines; one of them,
THERMO, gives accurate results, the other, FPROP, uses the BNL
functions.

4.2.

The Marviken Critical Flow Tests, MX-III-CFT

This third experimental project in the Marviken facility
(Sweden) is concerned with the measurement of critical flow
rates in large diameter pipes.
The experiments are carried out as an international project with
participation from Denmark, Finland, France, the Netherlands,
Norway, Sweden, and the USA. One member of the staff is
stationed in Sweden, while another is on the Technical Review
and Advisory Committee (TRACE).
According to the time schedule the experiments will be finished
by June 1979, whereas the reporting should be finished by the
end of 1979.
4.3.

Experiments

The theoretical work was supported by the following experiments:
1.
2.
3.

Experiments with annular steam-water flow in the high
pressure water loop
Inverse annular film boiling experiments
Temperature calibrations.

4.3.1. Experiments with Annular Steam-Water Flow in the High
Pressure Water Loop
The high pressure water loop is a facility for experiments with
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steam-water mixtures up to 225 bar and 375°C, with a maximum
flow rate of 0.015 m /s and a dynamic head of 150 m. The electrical power at disposal for the experiments is 665 kW.
During 1977-78 some 300 experiments concerning upward-moving
annular steam-water flow in different geometries have been
carried out. The aim of these experiments is to contribute to
the understanding of the thermal and hydraulic conditions in a
boiling water reactor. The measurements include film flow rate,
frequency and velocity of film waves, pressure drop and burnout powers.
M

The following test sections have been investigated: 10 mm tube
9 m long, 20nmm tube 9 m long and 26V17*mm annuli 3.5 and 9 m
long. The measurements have been carried out under both adiabatic and diabatic conditions at pressures of 30-90 bar, heat
2
2
fluxes 50-200 W/cm and mass fluxes 500-2000 kg/m s. The results
to the beginning of 1978 have been reported in Risø Report 372.
The experimental work is continued with the 20 mm tube at higher
2
heat fluxes up to 300 W/cm . In order to procure more data for
the influence of the tube diameter in the film flow model for
annular flow in tubes, experiments with a 5 mm tube are planned.
4.3.2. Inverse Annular Film Boiling Experiments
Experimental work is going on in order to get a better understanding of the flow regime called inverse annular film boiling.
This flow regime occurs very often in the reflooding phase of
the emergency core cooling (ECC) after a loss-of-coolant
accident (LOCA).
The experimental work has been divided in two parts:
Part one in which a test section using liquid nitrogen as
coolant is used. This test section is made of glass tubes, and
it is possible to survey the flow visually.

- 35 -

Part two in which a test section using a water-steam coolant
is used. This test section is made of a heated steel tube.
In both test sections it will be possible to measure the axial
void fraction distribution (by Y~ray absorption), the quality,
the flow rates and relevant temperatures. The void measurement
equipment is able to measure void fraction with an error of
+ 2% void fraction (Figs. 10, 11 and 12).

Pig. 10. Experimental facility for inverse annular film
boiling in liquid nitrogen flow.
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Inverse annular film boiling in heated glass tube,
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4.3.3. Temperature Calibration Laboratory
The temperature calibration laboratory has been authorized by
the Danish National Testing Board, and may now carry ou+ calibration of temperature sensors and issue calibration certificates
(Figs. 13 and 14).
A cryostat cooled by liquid nitrogen has been developed. In this
cryostat temperatures in the range -150°C - 0°C can be established.
A new 25 Q platinum resistance thermometer standard has been
purchased. This thermometer has been calibrated at the National
Physical Laboratory (NPL), England, in the temperature range
-183 C (boiling point of oxygen) to 500°C. Furthermore a standard thermocouple has been recalibrated at NPL up to 1100°C.
It is now possible to offer certified calibrations with traceability to NPL in the temperature range -150°C - 1100°C according to the International Practical Temperature Scale IPTS-68.
Several calibrations have been performed in 1978 both for customers in the other departments of Risø and in Danish industry?
many of these are in connection with documentation of equipment
to be used in the co-pro luction of the F-16 fighter.

Fig. 13.

Temperature calibration laboratory
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5.

THE DR 1 REACTOR

The reactor has been used primarily for training purposes and
as a neutron source for neutron radiography.
The exponential facility which was installed on top of the
reactor in 1960 has been removed. The original shielding blocks
have been reinstalled.
5.1.

Neutron Radiography

Several fuel pins have been radiographed.
Neutron radiography is clearly becoming a useful tool in many
locations.
The co-operation with the Metallurgical Department to improve
the imaging pictures on cellulose nitrate plastic continues.
However, further improvement of the pictures can now be
achieved only oy use of a stronger neutron source than DR 1,
and a neutron beam with improved collimation.
5.2.

Reactivity Measurements

In order to determine the residual neutron absorption along a
control rod, the statistical weight in the central exposure
facility in DR 1 has been measured (Fig. 15). To make the
sensitive volume as small as possible, two tubes of cadmium
were inserted. It also helped to put the cadmium tubes into a
perspex tube in order to increase the excess reactivity.
By this means it was possible to operate the reactor with a
distance between the cadmium tubes down to 6 cm.
5.3. Neutron Metrology
More than two hundred cobalt foils have been measured in order
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to determine the thermal neutron flux for the silicium-irradiations rig in DR 3. Neutron absorption agents have been measured
in zircaloy and iron by means of the pile oscillator equipment.

6.

NON-NUCLEAR ACTIVITIES

6.1.

Wind Energy Research

In its programme for energy research and development the
Ministry of Commerce has incorporated programmes for wind energy
utilization. This programme is divided into 2 subprograinmes,
one concerning large electricity producing windmills, the other
dealing with small windmills.
The programme for large windmills is conducted by DEFU (Danske
Elværkers Forenings Udredningsafdeling), an organization of
electricity utilities, and is divided in several projects of
which one will be dealt with here: the design and construction
of 2 large windmills, in which the Department is involved. The
project for small windmills is managed and carried out at Risø
National Laboratory. In the following these two activities are
described briefly.
6.1.1. The Project for Small Windmills
The main activity for the project is to establish and run a
test station for small windmills. The test station at Risø is
designed for the testing of 6 windmills at one time. Two of
the windmills to be tested are shown in Fig. 16. Fig. 16 a is
the Riisager windmill, height 18 m, diameter 14 m, generator
45 kW, asyncronous. Blades fixed in pitch, mechanical brake.
Fig. 16 b is made by Bent Andersen. Diameter 8,4 m, generator
14 kW, asyncronous. Blades controlled in pitch.
Several other windmil1 prototypes are constructed by Danish
manufacturers and will be tested at Risø in the next 2 years.
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Planning of the test station was initiated in June 1978 and
running will commence in April 1979.
Besides testing of windmills Risø also offers consulting assistance to the designers, and a design competition was arranged with 2 prices of 200,000 kr for design and construction
of windmills of about 11 meter rotor diameter. The competition
runs to November 1979.
6.1.2. Design of the Blades for two Large Windmills
The two windmills will be erected in the north-west of Denmark
near the town of Nibe, and are expected to start operating in
the summer of 1979. They are named type A and B. (Fig. 17).
The tower height of each is 43 m and their diameter is 40 m.
The generators are both 630 kW, asynchronous. The concrete
towers and the nacelles are similar, while the rotors and the
hubs differ in some aspects.
The blades for the windmills are designed at Risø. Involved in
the work are the departments of reactor technology, engineering,
and metallurgy. The blades are shown in Fig. 18. Each is divided into two parts, called the inner wing and the outer wing.
The inner wings differ for Type A and B. Both of them are, however, constructed of steel, covered by shells of glassfibre
composite.
For Type A the inner wing is strutted and with a steel shaft
going from the hub to the outer wing. This windmill has socalled stall-control. The inner wing has fixed pitch, the outer
wing runs with a pitch setting (referring to the tip chord) of
+1° at low wind speed and -4° at high wind speeds. In case of
generator or network failure the outer wing is turned to -20°.
The tip speed for both windmills is set at a constant 70 m/s.
Type B has cantilever blades carried by a large bearing at the
hub. The blades are continuously controlled in pitch, and can
be feathered in case of generator or network failure. The steel
beam in the inner wing is a conical steel tube.
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The outer wings are uniform foi Types A and Bf constructed in
glassfibre-polyester with a steel adapter connecting them to
the inner wings. The aerodynamic design is made by the department of fluid mechanics at the Technical University of Denmark.
The outer wing is designed as a D-shaped beam surrounded by
shells, glued to the beam.
In order to verify the design, a series of tests have been
carried out, of which the following should be mentioned: test
to destruction of 6 m speciments of the fibre glass beam and
wing, measurement of bending and oscillation frequency of a full
length beam and wing 12 m long, and test to destruction of the
assembly of the inner and outer wing.

Windmill A

Windmill B

Fig. 17. The large Danish windmills
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Fig. 18. The blades for windmill types A and B
6.2.

Solar Heating of Buildings

Solar heating of buildings is being studied both theoretically
and experimentally. A significant part of the efforts has been
devoted to keeping in touch with worldwide developments in the
solar field. The Department represents Risø in the Solar Energy
Steering Committee and in the Subcommittee on Alternative Energy
under the Ministry of Trade.
The main efforts have been concentrated on the trickle collector
concept, using a non-volatile liquid as the heat carrier. Pre-
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vious investigations in the U.S.A. of water trickle collectors
were reported to show bad performznce due to evaporation and
condensation heat losses. These losses were eliminated in our
first version of the trickle collector by using a heat transmission oil instead of water as the heat carrier flowing down
the black-painted collector plate.
The thermal performance seemed to be in accordance with theory,
which predicts about the same efficiency as for collectors with
closed channels. Due to degradation of the oil, however, the
operation was stopped after a couple of months and a search for
more stable liquids was initiated. Tests in the Chemistry Department have led to the selection of five oxidation resistant
liquids. These five liquids are now going to be long-term
tested in a test stand being erected with five separate solar
collector circuits. This test stand will also be equipped for
calibration of one of the collectors. The special interest in
this collector type is due to its simplicity, which is expected
to lead to low manufacturing costs.
6.3.

Aquifers

Risø participates in a joint project on large scale seasonal
heat storage in aquifers together with the Laboratory of Energetics of the Technical University of Denmark and the Geological Survey of Denmark. The project involves a pilot plant
of 100,000 m with a heat capacity of 10,000 GJ, where the
heat capacity of sand, gravel and water is exploited.
The Department's contribution is modelling by computer. A computer model, PORFLOW, has been developed and tested. In PORFLOW
the temperature field is represented in a simplified way by a
hot water zone and a cold water zone. On this basis the water
flow is calculated, and the front between the hot zone and the
cold zone is traced throughout the storage cycle. Typical
results are shown on Fig. 19. It should be mentioned that with
small modifications PORFLOW may be used to simulate the operation of a geothermal reservoir.
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Fig. 19. Typical front movement in aquifer during hot
water injection. With a permeability of 2.6 Darcy = 2.6 x
10~ 12 m 2 the driving pressure is 18.1 kPa. The hot water
is 90° and the cold water is 10°C. The wells are open only
in the lower half of the aquifer to compensate for the
buoyancy-driven overshoot of the hot water.
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Besides the PORFLOW work a series of calculations has been performed on the compensation of native ground water flow in an
aquifer storage area by a number of compensational pumping
wells and injection wells.
6.4.

Risk Analysis of Industrial Systems

Many of the methods developed for the safety analysis of nuclear
power plants can be applied to other types of industrial plants.
In order to utilize the experiences gained and the computational
methods developed members of the Department have taken part in
various studies concerning more conventional types of industry.
6.4.1. Risk Analysis of an Oil Production Platform
The Department has participated in a safety evaluation of the
conceptual design of the oil production facilities at the GORMfield in the Danish sector of the North Sea. The work was
carried out in collaboration with Det norske Veritas on request
of Dansk Boreselskab A/S.
In the analysis, possible risks to the platform and its crew
were established as well as the possible consequences to the
environment of major oil spills. Where possible the probabilities of occurrence of various accidents were assessed. The
analysis concludes that the concept studied is sound and only
minor changes in design have been recommended.
6.4.2. Analysis of Gas Risks
In co-operation with the Electronics Department an analysis has
been made of possible risks should natural gas be introduced in
Denmark. The analysis was based upon statistical data from
abroad, mainly Holland and Canada. According to these data it
is to be expected that the introduction of natural gas in Denmark will cause a considerable reduction in the total annual
number of deaths caused by gas.
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