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1. DEVELOPMENT DURING 1983

1.1. The Department of Energy Technology

The trend in recent years towards more non-nuclear, and more 

commercial contract work, also continued through 1983. A  sub

stantial amount of research and development within nuclear tech

nology was maintained, but several of the subjects were pursued 

as international co-operative efforts with short life-times, and 

the future is uncertain for part of the nuclear research and 

development.

The section of system and reliability analysis was originally a 

reactor engineering group, and it has worked with nuclear tech

nology in the EEC reliability benchmark and in the Nordic co

operation on probabilistic risk analysis. However, it was felt 

that the possibilities of non-nuclear work and contracts for 

industry and government were going to be so large that an as

sembling of the risk reliability experts of Risø into a "Risk 

Analysis Group" independent of the present departmental struc

ture, was considered towards the end of the year with the p u r 

pose of strengthening this effort.

The reactor physics section has had a reasonable success in 

finding cooperation or customers for its work inside and out

side Risø. Interesting research and development work is taking 

place in projects on cell homogenization - pin power, and 3- 

dimensional nodal static and dynamic models.

The nuclear thermo-hydraulic research programmes on two-phase 

flow and loss-of-coolant accidents has had good progress, and in 

the present plans the work on national and international proj

ects are to be completed in 1984, The non-nuclear two-phase 

flow studies seem to be taking over the efforts in this field. A 

blow-down experiment was set up during 1983 and, furthermore, 

studies of two-phase flow of oil and gas have been initiated.



The coal combustion in fluidized-bed was a major effort during 

the year, and both the fluidized-bed work and the measuring 

techniques that have been developed, seem to give the section 

of heat tranfer and hydraulics a good working platform for the 

coming years.

The oil and gas reservoir group has worked with black-oil simu

lators, but studies of more advanced models have been made, and 

a compositional simulator is being taken up.

Some of the sub-programs for the modelling of environmental ef

forts have been completed, and they have already been used in 

work to assess acid rain consequences.

During the year a group was formed to study aerosol physics and 

establish codes for evaluating source terms for nuclear acci

dent and consequence studies, but, hopefully, also for the bene

fit of later non-nuclear work.

1.2. System and Reliability Analysis

A large part of the work has been concerned with developing 

methods for assessing the reliability of systems and components 

in nuclear power plants and other industrial installations. A 

limited effort was spent on monitoring the general trends with

in the nuclear power industry.

The competence on reliability analysis, which originates from 

the nuclear field, is used for safety and risk analysis of 

other industrial installations. During 1983 the main project of

this kind was a risk analysis of the chemical waste treatment 

plant at Nyborg. This analysis was ordered by the Ministry of

Environment in order to assess the risk to the surrounding 

population from the plant operation.

Under the multinational Nordic cooperative project "Probabilis

tic Risk Assessment (PRA) and Licensing" work continued on im

proving methods and data for the risk assessment of nuciear



power plants with a special view to the establishment of guide

lines or advice for the application of PRA-methods in the 

licensing process. This project is expected to be concluded by 

the end of 1984.

Another major effort in the improvement of methods took place 

within the EEC. Here the Section participated in a reliability 

benchmark exercise together with a number of similar groups from 

other member countries. The purpose of the exercise was to cal

culate the availability of the emergency feedwater system in a 

1300-MW French PWR power station using different methods and

computer codes. The participants in the exercise have considered 

it very valuable and are preparing follow-ups.

1.3. Reactor Physics

The work of the Section is mainly concerned with steady-state 

reactor physics and dynamics. However, since the Section has

acquired considerable experience in handling computer simula

tions of complicated systems, the Section is now also involved

in a project to simulate the pathway of pollutants from energy 

production systems (power plants) to the environment, through

ecological systems to man.

Although much work in steady-state reactor physics is going 

into application of existing models, some new models have been 

developed. One area is development of methods to calculate the 

homogenized cross section and power of individual fuel pins in 

power reactors. These topics are closely connected. Another 

area is the development of a three-dimensional neutron kinetics 

model based on the nodal expansion method.

The reactor physics program system has been applied in various 

areas, both internally at Risø and for external customers. The 

research reactor DR 3 is used for different purposes. One is to 

irradiate Si crystals to convert them into semiconductors.



Quality control demands a good knowledge of the neutron flux at. 

the position of the Si crystals. This, as well as experimental 

requirements, have led to the start of. a project to develop a 

model which will give the 3-dimensional flux shape for the 

reactor core and adjacent experimental facilities. The project 

is not yet completed, but the model is now set up and the first 

results obtained are satisfactory.

As a continuation of the work in the previous years there has 

been cooperation with the Danish utilities on two projects. One 

is the development and use of the fuel management program 

SOFIE, where the linear programming routine in SOFIE has been 

replaced by a new one which will handle larger problems, and 

SOFIE has been used both for a BWR and a PWR. The other project 

is the use of the core simulator COSMA on the two first fuel 

cycles for a BWR, to predict possible fuel failures. The pro

ject was almost completed by the end of the year, but a few 

problems are still to be solved.

The main work in the reactor dynamics has been to develop a 

plant model for the Barseback nuclear power plant. This model 

will go into a simulator to be used for training reactor oper

ators.

The work to develop a model to assess the environmental impacts 

of energy production was initiated at the end of 1982. Presently 

a model for the dispersions and deposition of airborne pollutants 

has been developed. The model can handle several sources. It 

has been used by the authorities in Denmark in connection with 

an assessment of acid rain problems. In addition a model for 

the chemistry of the upper soil layer has been developed. This 

model will be extended by a plant model to make it possible to 

follow pollutants (ex. heavy metals) from a source (power 

station chimney) to uptake in different plants.



1.4. Heat Transfer and Hydraulics

Coal combustion in a fluidized-bed has been an increasing part 

of the work during the year. This work has partly focused on

producing "several state of the art" reports concerning press

urized fluidized-bed combustion and partly on performing ex

periments in a 200-kW atmospheric bubble fluidized-bed to test 

measurement technique and to get practical experience concern

ing the influence of different parameters on operational charac

teristics, combustion efficiency, and emission of SC>2 , N 0 X and 

particles. In the future, as a result of the above-mentioned 

experience, the work will be concentrated on an atmospheric 

circulating fluidized-bed, with a minor follow-up effort re

lated to a pressurized fluidized-bed.

The nuclear two-phase flow work is related to accident situa

tions for light water reactors and consists of three parts: 

The first has been a participation in the joint Nordic safety 

projects, S & K - 3 : computer modelling of small break loss-of-

coolant accidents; and SÅK-5: determination of heat transfer in 

accident situations. The second part has consisted of further 

development of the thermohydraulic computer code NORCOOL-II,

mainly aimed at simulation of reflooding. Finally, the third 

part has been an experimental study of reflooding with quench

ing of fuel rod simulators for which NORCOOL-II was used for 

the theoretical analysis. This study is part of the European 

Economic Community nuclear research program.

During 1983 all three parts of the nuclear two-phase flow work 

have been brought to their final stages and will be finished 

and reported in 1984.

The non-nuclear two-phase-flow work has progressed well during 

the year. The blow-down experiment in a 2 m^ tank, which is re

lated to the simulation of an accident in the chemical industry, 

is now in an operational condition, and the first shake-down 

experiment has been performed with a satisfactory result. A 

feasibility study related to "modelling of two-phase flow of 

oil and gas in pipes" has been completed.



The temperaturé calibration work for internal and external 

customers has proceded well during the year and has been at 

the same level as in the foregoing years.

1.5 Reservoir Models

An aim during 1983 has been to increase general knowledge in a 

number of reservoir-related fields. For this purpose a large 

number of courses and meetings have been attended and contact

with a number of similar groups has been established.

A black-oil simulator has been modified and tested and has 

been used for field studies for two Danish North Sea reservoirs.

A  study to determine the needs for more advanced reservoir 

simulators has been undertaken. As a result the development of 

a compositional simulator is expected to start in 1984.

The participation in the Danish project investigating heat 

storage in an aquifer has involved an analysis of results, 

further work on control and data recording software, as well as 

studies of some water chemistry aspects.

1.6. Danish Reactor No. 1

The reactor has been used for educational purposes and as a 

neutron source for neutron radiography.

Two students from AUC (Aalborg University Centre) have ful

filled their master thesis and have presented a comprehen

sive report on how to improve radiographic images by digi

tization.

A  number of students from various technical high schools and 

universities have carried out experiments at the reactor. 

During the year 25 high school classes have participated in 

one day reactor courses. A laboratory manual tailored to the



purpose is sent to the schools prior to to their visit. The 

following experiments are performed:

Determination of the position of the control rods when the 

reactor becomes critical

Reactor constants, determination of the power coefficient, 

etc.

Total neutron cross sections, measurements of different ma

terials

Multichannel analyser, determination of gamma spectra

Isotope analysis, determination of an unknown isotope

Neutron flux distribution, determination of the relative 

and absolute thermal flux.

2. ACTIVITIES OP THE DEPARTMENT

2.1. Probabilistic Risk Assessment and Licensing, SAK-1

The Nordic project on probabilistic risk assessment and licens

ing, called S Å K - 1 , is aimed at improving methods and data. The 

main effort in 1983 was concentrated on a benchmark exercise. A 

sequence starting with loss of off-site power and ending with 

automatic depressurization at the Barsebåck nuclear power plant 

was studied.

The qualitative analysis was concluded by using the PMEA (Fail

ure Mode and Effect Analysis). In connection with the analysis 

a new tool for representing a cause-consequence diagram is be

ing developed. The representation of the sequence in question 

is shown in Fig. 1. This scheme has proved to be a very useful



tool to show connections between events and their conse

quences.

The quantitative analysis will be completed within the first 

month of 1984. The preliminary calculations have shown diffi

culties in handling of large, complex fault trees. Using the 

FAUNET code we found several hundred thousands of cut sets 

which were impossible to evaluate. Instead the MOCARE simula

tion code was used giving the unavailability of the system 

with a reasonable accuracy that was within 30 minutes CPU

time.

One outcome of the benchmark exercise was the need for a more 

detailed analysis of the human interactions in the sequence. 

Therefore, an exercise was established in December at the con

trol room simulator in Studsvik. Some interesting subsequences 

in connection with the benchmark exercise were studied. It was 

studied which information was available to the operators dur

ing the sequences, and what were their possibilities to inter

vene. This exercise was found very informative and useful and 

it will be reported in the beginning'of 1984.

Another area in which a need for further development is noticed 

is the treatment of common cause failures. A  workshop on this 

subject was arranged in V å s terås in April by ASEA-ATOM and 

Statens Kårnkraftinspektion in connection with the SAK-1 pro

ject. The results of the workshop have been reported and the 

conclusion was that there is a lot of work to be done in this 

area.

The discussions on benefits and limitations of using probabili

stic risk assessment (PRA) in regulatory work have been started 

with a brain-storming meeting. This work will be intensified 

in 1984, where the two main tasks will be PRA in regulatory 

work and writing the final report.



signatures :
C : consequence ,spec inea  in tne text. H : continue at the syitooi on th is  horizontal.
R : remark a s  spec i r i ed in the text. v : transrer to the H on th is  ve rtica l.
m : sta te  o r  sign ificance.

Fig. 1. Example of a cause-consequence event tree.



2.2. European Reliability Benchmark Exercise

The European Reliability Benchmark Exercise (RBE) was started 

by the Joint Research Centre, Ispra on the initiative of the 

EEC working group 2 on Light W a t e r  Reactor Safety. Further, 

the Centre also provided a secretariat for the project.

Seventeen organisations from eight European countries parti

cipated in the analysis which was carried out from September 

1981 to October 1983. The final report will be published in 

the beginning of 1984.

The objectives of the RBE were:

I: to demonstrate the maturity of the discipline with its

advantages and limitations

II: to assess the degree of consistency among the results

obtained by different organizations and/or different 

methods

III: to attempt to define common analytical procedures with

possible variants

The RBE was a reliability analysis of a common system, the auxi

liary feedwater system in one of the 1300 MWe PWR power plants 

in Paluel, France, as proposed by Electricité de France (EDF). 

A simplified diagram for this system is presented in Fig. 2.

The top event for the analysis, i.e. the situation for which the 

probability of occurrence should be evaluated was specified as 

follows: Start of the system and delivery of the necessary

feed water flow during a 7.5-hour operational period in case of

failure of the normal feedwater line at its junction to one of 

the four steam generators (generator no. 1) of the power plant.

The qualitative analysis comprised: component failure mode and 

effects analysis, a common mode failure analysis, a human fail

ure analysis and a cause-consequence analysis.



For each individual component in the system a failure mode and 

effects analysis was performed. A  special format prescribed by 

the secretariat was filled out for each component. The analysis 

was carried out separately for the start phase plus the init

ial 30 minutes of operation, and for the subsequent seven-hour 

operation phase.

All the component failure modes listed in the above formats 

were checked with respect to the possibility of common mode 

failures and human failures, and in all cases where it was judg

ed to be relevant, special formats for these two types of fail- 

lures were filled out.

The cause-consequence method was applied only for identifying 

failures and their consequences during the start sequences for 

the motor pumps and the turbo pumps. The failures identified by 

the cause-consequence method were added to the list of failure 

modes using the respective formats mentioned above.

On the basis of the failure formats from all the participants 

and the discussions concerning these, the RBE secretariat 

worked out a set of formats which all participants used as a 

basis for the logical modelling.

The logical model for the event analysed (the top event) was 

constructed levelwise starting from the top event through sub

systems and component functions to the component level.

Since the analysis concerns a two-phase problem, Risø construc

ted separate logical models for the start phase (+ the first 30 

min of the operation phase) and the operation phase (the re

maining seven hours operational period).

The fault trees were then coded for the FAUNET program which 

was developed by the Electronics Department. This program, 

supplemented by a textwriting program, was then used for d raw

ing the fault trees.



The final calculation of the probability of the top event was 

performed both with MOCARE, a Monte Carlo simulation program 

developed by the Department of Energy Technology and with FAU

NET. The calculations were performed by using Risø data and 

common data for the basic failures in the fault trees. The 

MOCARE calculations used an exact two-phase model and the 

FAUNET calculations were bas^d upon an approximate model. How

ever, good agreement was obtained between the MOCARE and FAUNET 

calculations due to special circumstances for the top event in 

this case.

The results of the calculations performed by the participants 

in the RBE exhibited considerable spread, due to differences 

in the fault trees as well as in the data. The numerical values 

of the result and the spread cannot be published yet, but will 

be found in the final RBE report to be published.

We consider the European Reliability Benchmark Exercise as a 

task which was of great value to our work within this field, 

and the exercise has received great interest also from others 

apart from the participants.

A series of proposals for subjects for future benchmark exer

cises was worked out, primarily concerning common cause fail- 

lures, human failures and event sequence analysis.
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Fig. 2 . Simplified diagram for the auxiliary feedwater 

system in one of the Paluel PWR power plants.

2.3. Safety Analysis of the Chemical Waste Treatment P l a n t , 

Kommunekemi A/S, Nyborg

In December 1982 The Danish Environmental Agency and the Danish 

chemical waste treatment company, Kommunekemi, commissioned a 

safety analysis of Denmarks primary chemical waste treatment 

plant. The plant is a central collecting point for industrial, 

medical, agricultural and household chemical waste, and has 

operated since 1972. It treats about 40,000 tons of waste per 

year.

The analysis was limited to the initial receiving, storage and 

inorganic waste treatment, since these were identified as in

volving the most significant risks for acute effects.



The procedures used for the analysis were:

1. A  vessel by vessel hazard and operability analysis, to 

determine the physical potential for accidents in first 

line systems.

2. A  fault tree analysis to identify potential causes.

3. Consequence diagram to identify safety and emergency re

sponse failures.

4. Action error analysis to identify eror potential in opera

ting procedures.

5. Sneak path analysis providing more detailed identification 

of error and failure potential.

Chemical reaction risks were studied using a modified form of 

the reaction matrix method. Consequence calculations were car

ried out for combustion products, smoke dispersion, heat radi

ation and heavy gas dispersion.

The analysis revealed about 40 hazards which were unacceptable 

as far as occupational risk were concerned. Of these, about one- 

third could be quantified. Recommendations concerning the rest 

were made on the basis of good practice. Four hazards were i- 

dentified which could cause deaths in the immediate neighbour

hood of the plant.

In all, fifty changes in design and operating practice were re

commended. All were accepted in principle by the company though 

some are subjects to detailed design studies.



2.4. Two-dimensional Fine-mesh Reactor Core Calculations and 

Local Pin Power Determination

A code system has been developed which makes it possible to 

perform detailed 2-dimensional burnup calculations on a whole 

reactor core, with all heterogeneities explicitly accounted 

for. Figure 3 illustrates the calculation procedure for a 

burnup calculation, where each fuel pin is depleted in its 

correct environment. This code system is designed to perform 

reference calculations by which the accuracy of e.g. homogeni

zation methods, nodal methods, global burnup calculation, lo

cal pin power determination, etc. can be evaluated. Using the 

code system the Normalization and Superposition Methods have 

been tested on a 1/4 core of a BWR. One of the major conclu

sions of this investigation is that the Superposition Method 

is an efficient and accurate pin power model. If the base so

lutions are defined using J/0 parameters as boundary conditions 

one can predict pin powers with a maximum error of about 5-8% 

using only eight base-solutions.

Another topic which has been examined is the problem of choos

ing the right environment for pin cells during depletion. A 

comparison has been made between depleting assemblies in 

their natural environment and performing the assembly-deple- 

tion using zero net current boundary conditions. A conclusion 

of this investigation is that if one is going to predict pin 

powers with an error below 5% during the entire lifetime of 

the core, there has to be a coupling between the' pin cell de

pletion and the global overall calculation. On the other hand, 

if errors up to 10% can be tolerated, the global flux tilt 

effects can be neglected in the assembly depletion calcula

tions .



Assembly calculation with zero net current boundary conditions.

Purpose: Generation of the homogenized cross sections for the

63 pin cells, water gaps, and control rod blade in each assemblyl.

Overall calculation on "pin cell level".

8379 homogenized pin cells 

+ non-burnable regions.

Purpose: Determination of the average assembly powers and the 

detailed shape of fluxes and currents on the boundaries of the 

133 assemblies.

133 assembly calculations with the boundary conditions derived 

from the global solution.

• • • • 9

Purpose: Generation of the homogenized cross sections for the

63 pin cells, water gaps, and the control rod blade in each as-

semblv.___________________________ _____________________________________

no

133 assembly depletion calculations with the boundary conditions 

derived from the overall solution.

t<*i8 siH

Purpose: Determination of the depleted homogenized cross sec-

tions for the 8379 pin cells.

no

Fig. 3. Core-depletion approximation.



2.5. Three-dimensional Model of D R  3

A 3-dimensional model of the heavy water research reactor DR 3 

has been developed.

The purpose of the model has been twofold:

1. Core follow-up studies

2. Shielding calculations on rigs in DR 3

The model is based on diffusion theory in which a difference

equation technique is applied as a solution method. Because of 

the many rigs in the reactor both in the core region and in the 

reflector region, it has been necessary to use very small 

meshes to get a detailed representation of the reactor. Thus 

the total number of meshes is about 27,000.

The core-follow-studies are in progress demanding some modifi

cations of the model among which the most difficult is the 

representation of the "signal arm" type coarse control rods. 

Fig. 4 shows the axial thermal flux in a fuel element cal

culated with the model compared with the measured flux. The 

agreement seems to be quite good.

The model has also been used for shielding design on a silicon

doping rig at DR 3.

The irradiation of the $ 100 mm by 400 mm silicon monocrystals 

takes place in vertical experimental tubes in the heavy water

reflector. Quality requirements demand that the irradiation 

should have a high degree of homogeneity across the crystal. In 

the radial direction this is obtained by a device which rotates 

the crystal around a vertical axis during irradiation. In the 

axial direction almost constant inflow of neutrons is provided 

by stepwise changes in the thickness of a stainless steel 

absorber surrounding the crystal.

The 3-dimensional model has been used to calculate the axial 

thermal flux in the rig without a silicon crystal, the so-called



unperturbed flux. This in turn has been used as input to a 

program called DIFF2D that calculates the flux distribution in 

cylindrical geometry with a different thickness of the absorber 

around the crystal. Figure 5 shows the geometry used in the 

DIFF2D calculation. Figure 6 finally shows some calculated and 

measured flux in rig 7 V 3 . The silicon crystal is here replaced 

by an aluminium rod with a 2-mm axial ss-absorber placed around 

it. The curves show both the effect of applying a 1.5-mm ss- 

absorber at the bottom of the rig as well as the unperturbed 

flux compared with the perturbed flux.

Neutron flux density (n /c m zsec *10’*)
1.4 

1.3

1.2 

1.1 

1.0 

0.9 

0.8

0.7

-3 0  -2 0  -1 0  0 10 20 30 40

Height above core central plane (cm )

Fig. 4 . Calculated flux compared with measured flux in a 

DR 3 fuel element.
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Fig. 6 . Measured and calculated flux distributions in rig 7 V 3 .



2.6. Response Matrix Program for Fuel Boxes

A standard solution to the NEACRP Adjacent Poisoned Fuel Rod 

BWR Lattice Benchmark obtained by the program system CRS-CDB 

has been submitted. In this benchmark two Gd-poisoned pins are 

situated diagonally adjacent and centrally in a 4 by 4 fuel pin 

array. Burnup to 10 GWD/T should be considered.

In order to study in more detail the interactive effect between 

the two poison pins the flux and reaction rates at the beginning 

of life were calculated in six energy groups with the response 

matrix program REPRO-FLUSO. 105 subregions were used in each 

standard pin cell and 121 subregions in each poison pin cell.

A mutual flux tilt of 12% across the poison pins in the diagonal 

direction was found in the lowest energy group as illustrated

in Fig. 7. Depending on the kind of normalisation used a 4-6% 

mutual reduction of the total absorption rate in the poison 

pins was found by comparing with a 3 by 3 configuration con

taining a single central poison pin.



cm

o
Fig. 7 . Absorption per cnr m  energy group no. 6 for 

one neutron absorbed totaly in box. Direction along 

diagonal connecting poison pins.



2.7. New Method for Three-dimensional Reactor Calculations

The new 3-dimensional nodal programme NEM, which is under d e 

velopment, has been tested on a real reactor, where the results 

can be compared with measurements. The results obtained are not 

quite as good as expected from the calculations on various

benchmarks. The calculated power distribution has a maximum 

deviation from the measured power distribution about 10-15%. On 

the other hand,the results are in good agreement with the results 

obtained by the well-established computer codes QUANDRY (Smith, 

1979) and TWODIM (Lindstrøm Jensen, 1970).

Investigations has been made to find the cause for this discrep

ancy between calculations and measurements, and difficulties 

with the reflector representation offer one possible explanation. 

If albedoes (J ^n = Albedo * Jo u t-) are used as boundary con

ditions, it is possible to obtain whatever result you want by 

changing the albedoes. Furthermore, NEM and QUANDRY showed a 

relatively large variation in the power distribution (up to 

8-9%), when the node size changes from 1/1 to 1/4 of the as

sembly size.

Another approach is to represent the reflector by additional 

nodes with cross sections and diffusion coefficients. With this 

approximation the effect of dividing the nodes is small (within 

2-3%). However, there are still qreat deviations from the 

measurements. The difficulty is generation of cross sections 

and diffusion coefficients for the reflector regions, which 

consist of layers of water and steel. Several procedures have 

been tried, but no one satisfactory. Thus, further investi

gations in this area should be carried out.

The NEM-code has been extended to be able to calculate dynamic 

problems and several benchmarks have been calculated. Three- 

dimensional dynamic calculations are very expensive (several 

hours of computer time). Several strategies for timestep changes 

have been tried, but no best strategy has been found; the best 

strategy depends on the problem.



In Fig. 8 the result is shown of a simulation of a control rod 

dropout with a simple Doppler feedback calculated in two di

mensions. The relative power is normalized to 10“® W/cm^ at the 

beginning of the transient and it increases about 10 orders of 

magnitude, which is a very hard test for a numerical differential 

equation solver. The problem has been calculated with constant 

time steps of 0.001 second.
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2.8. The Advanced BWR Emergency Core-Cooling Program NORCOOL-II

NORCOOL-II is an advanced thermohydraulic computer code with 

input specified geometry for simulating a loss-of-coolant ac

cident in a boiling water reactor. Until medio 1980 the code 

was developed as a joint Nordic work within the NORHAV coopera

tion, but the development after that has been purely Danish. 

At the end of 1982 the code was brought to a stage where it was 

running well, in principle, within the limits of its physical sub

models, but it was running much too slowly.

To speed up the code, during the first half of 1983 its numeri

cal efficiency was improved by implementation of a new "global" 

solution method (The "global" method is a Newton-Raphson itera

tion method where at each iteration step not only are the in

node couplings considered but also the node-to-node couplings).
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Fig. 8. The simulation of the power transient with the NEM-code after a control rod dropout



For simulating quenching of hot fuel rods (bottom reflooding) 

the new solution method allowed the calculational time step to 

be increased from about 0.01 s to about 0.5 s while at the same 

time the computing time consumption per time step was reduced 

by a factor of about 4.

With this new version of NORCOOL-II some simulations of re

flooding quench experiments have been performed. In Fig. 9 

the comparison between the experimental data and NORCOOL-II 

calculation is shown for a quenching of an externally heated, 

A l 20 3-filled fuel rod simulator in annulus geometry. The calcu

lational results are seen to be very close to the observed 

data.

2.9. Small-break LOCA Analysis, SAK-3

SÅK-3 is an internordic reactor safety project carried out 

under the auspices of the Nordic Liaison Committee for Atomic 

Energy (Nordic abbreviation: N K A ) . The objective of the project 

is to provide one or more computer codes suitable for small- 

break loss-of-coolant accident analysis. Three different codes 

have been studied during 1983. The American code RELAP5 has 

been studied by Finland and Sweden, the TRAC-PF1 code, also 

American, has been studied by Denmark and Norway, and the 

Finnish code SMABRE by Finland.

Two programs used for generating plot files from the TRAC-PF1 

written graphic file has been implemented on Risø's Burroughs 

computer primo 1983 and the two experiments LOFT L3-6 and L3-5, 

already calculated in 1982 on the CDC computer at Studsvik, Swe

den, have been recalculated in order to obtain plots for the r e 

porting. These recalculations were made with an updated code 

version and slightly updated input sets. A third experiment, 

the LOBI SD-SL-03 small-break experiment has been set up and 

run. Hereby, it was discovered that the TRAC code can produce 

considerable but unphysical pressure drops in flow Tee's and 

that it is not able to produce a Bernoulli pressure distribu

tion in coarse-noded systems.



ROD TEMPS.

Fig. 9 . NORCOOL-II simulation of reflooding/quenching experiment in annulus geometry. Rod 

unheated, shroud radiation-heated by radiator.

Total l&ngth of test section 4 m

Flooding rate (water, 20°C, 1 atm) 4.3 g/s 

Total power (radiator) 1.47 kW



Several simple setups have been run in order to study differ

ent models in the code separately.

The Nordic work on small break codes is to be finalized in 1984 

with recommendations concerning the use of the different codes.

2., 10. Heat Transfer Correlations, SAK-5

Like SÅK-3, the SÅK-5 project is an internordic reactor safety 

project under the auspices of the NKA. The objective of SÅK-5 

is to provide a set of reliable heat transfer correlations i.e. 

to contribute to the determination of the true wall temperature 

history of the fuel rod during a postulated accident.

The sensitivity of the wall temperature prediction due to de

ficiencies in the heat transfer correlations is an important 

gauge for the selection of any correlation.

In the post-burnout heat transfer regimes which are dominant 

during postulated accident conditions the sensitivity is high, 

and reliable heat transfer correlations are of crucial import

ance for predicting the overall wall temperature.

The work with the evaluation of some correlations, both empiri

cal and phenomenological, for determining the transition boil

ing heat transfer has been continued. Published results from a 

temperature-controlled experiment carried out by researchers at 

the University of Cincinnati for the Electric Power Research 

Institute, USA have been selected for the comparison. A com

puter programme has been developed to evaluate the correlations. 

It is too early to draw any conclusions from the work.

The correlation of the critical heat flux and the post-CHF corre

lations in the program TRAC (PF1) have been tested against some 

steady state experiments carried out at the Royal Institute of 

Technology in Stockholm. The results show that a closer elabor

ation is necessary.



2.11. Experimental Study of Rewetting and Quench Phenomena

An experimental programme has been started with the purpose of 

investigating the behaviour of electrically heated fuel pin 

simulators during reflooding with special emphasis given to the 

pin composition. The experiment includes directly heated pins, 

conventionally indirectly heated pins, and advanced indirectly 

heated pins containing uranium dioxide as filler material.

The fuel pin simulators are tested in an annular geometry with 

only one pin at a time.

The test parameters are:

Initial pin temperature: 600, 700, and 800°C

Coolant inlet temperature: 20 - 95°C

Coolant inlet velocity: 1 - 1 0  cm/s

System pressure 1 - 1 0  bar

The first two types of pins, the directly heated and the con

ventional indirectly heated, have been tested at atmospheric 

pressure. Still remaining are test runs at elevated pressure. 

The last type, the advanced pins, will be installed in the test 

facility in early spring 1984.

The experimental results have been succesfully compared with

calculations using the NORCOOL-II computer code. An example of

such a calculation is shown in Fig. 9.

The programme is a part of the Commission of the European C o m 

munities "Indirect Action Programme on the Safety of Thermal 

Water Reactors" and is partially financed by the CEC.



2.12. Blowdown from High Pressure Systems

During 1983 a blowdown test facility was designed and built. 

The facility consists of a 2 tank to which tubes of different 

geometries can be connected. The maximum tube diameter which 

can be used is 80 mm. The tank can operate at a maximum 

temperature of 200o C , and at a maximum pressure of 10 bar.

The tank he,ngs from two weighing cells, so that the specific 

mass velocity during a blowdown can be calculated. Another 

weighing cell measures the thrust force. At two axial positions 

of the tube the average void fraction is measured by gamma a b 

sorption. The gamma absorption devices can easily be moved to 

any axial position. Also pressure and temperatures are measured 

in the system, including the pressure profile in the discharge 

pipe.

A parametric study was started in 1983 and will continue in 

1984. Among other things, the L/D ratio and the starting tank 

pressure will be varied.

The experimental results will be compared with predictions from 

calculations with the NORA computer code.



Fig. 1 0 . The expanding jet. Tube diameter 33 mm. A gamma 

absorption device measures the average void fraction 10 

mm from the outlet.



2.13. The Temperature Calibration Laboratory

The Temperature Calibration Laboratory was authorized in 1978 

by the Danish National Testing Board to carry out certified 

calibrations of temperature sensors in the -150°C to 1100°C 

range according to the International Practical Temperature 

Scale IPTS-68. The standard thermometers in the Laboratory are 

traceable to the National Physics Laboratory, England.

During 1983 the Laboratory had performed 108 jobs for external 

customers and 5 for other Risø departments. In all, 460 thermo

meters ranging from liquid-in-glass models to advanced digital 

types and 11 thermostats had been calibrated during the year. 

The calibrations had been made in the temperature region from 

-90°C to 1100°C which covers the main part of the range auth

orized .

2.14. Fluidized-bed Combustion

Different fluidized-bed systems have been studied in order to 

gain theoretical and experimental knowledge. The work is a part 

of a contract with the Ministry of Energy. The main efforts 

have been centred on making state of the art reports about 

pressurized and circulating fluidized-beds, and experiments on 

a small 200-kWt atmospheric fluidized-bed.

Reports have been prepared in 1983 describing the following 

subjects:

1. Fluidized-bed system in general, used for coal combustion 

in power plants.

2. Pressurized fluidized-bed in existence or under construc

tion.

3. Metallic materials used in pressurized fluidized-bed. power 

plants.



4. Environmental aspects of pressurized fluidized-bed.

5. Fluidized-bed fly ash, handling and use.

6. Economic prediction of capital cost and cost of electricity.

7. Experimental results obtained from a 200 -kWf- atmospheric 

fluidized-bed. Initial measurements of S02_ retention by 

using limestpne as absorbent.

As a part of the experimental work different types of measure

ments techniques have been established. For example, a system 

for continous measurements of SO 2 , NO, NOx , and 0 2 have been 

established and used in the experimental work.

In order to study what influence recycling of fly ash has on 

coal burnup and S02-retention, the fluidized-bed test rig has 

been equipped with a fly ash recycling system. An experimental 

programme using this system is planned for the first half of 

1984.



F i g . 11. 200 kWt atmospheric fluidized-bed experimental 

reactor. Bed diameter is 0.5 m, fluidi2ation velocity 

0.8-2 m/s, and bed temperature in the range of 800-900OC.



Fig. 12. 200 kWt atmospheric fluidized-bed test facility. 

Coal feeding system, reactor and start-up burner are shown 

from left to right.

2.15. Oil and Gas Reservoir M o d e l s .

The projects on oil and gas reservoir modelling have been in

itiated mainly because of the need for reservoir simulation in 

connection with the Danish off-shore hydrocarbon reservoirs.

The work has covered a number of fields related to reservoir 

simulation, partly in fulfilment of a number of contracts award

ed by the Danish Ministry of Energy.

The black-oil simulator BETA3A, developed by the Institutt for 

Energiteknikk (Norway), has been modified and tested and is now



in use for field studies. The work has been carried out jointly 

by Risø and The Laboratory of Energetics at the Technical Univer

sity of Denmark in collaboration with other laboratories at the 

University and with The Geological Survey of Denmark, The Danish 

Energy Agency, and Danish Oil and Gas Ltd.

A study has been carried out in collaboration with the partners 

mentioned above to determine the needs for more advanced simu

lators. As a result it is planned to start the development of 

a compositional simulator during 1984. In this connection a 

more basic study of relevant mathematical and numerical methods 

has been started in collaboration with Risø's Section for Struc

tural Mechanics.

A number of field studies for Danish North Sea reservoirs have 

been started and will continue into 1984. These studies are car

ried out in collaboration with the Danish Energy Agency and the 

Geological Survey of Denmark.

An example of one of these studies is that of the Dan Field. 

A single well situated on top of the Dan field is considered. 

Measured bottom hole pressure as a function of time is simulated 

by the BETA3A code. Figure 13 shows the results when the bottom 

hole pressure rises during a shut-in period.

In connection with the source rock project at the Danish Geo

logical Survey, Risø develops a computer code to simulate 

sedimentation and compaction of sediments, temperature of for

mations, and the genesis of oil and gas through time.

To ensure the necessary general reservoir engineering knowledge, 

members of the group have attended a number of courses and m e e t 

ings during 1983. Also contacts with a number of other groups, 

working in the same or related fields, have been established.
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Fig. 1 3 . Simulation of a build-up period for a Dan Field 

oil well.

2.16. Oil/gas Two-phase Flow

The Section of Heat Transfer and Hydraulics has, together with 

the Institute for Chemical Engineering, Technical University of 

Denmark, and Danish Hydraulic Institute performed a feasibility 

study on oil/gas two-phase flow modelling. The study, which has 

been financed by the Danish Ministry of Energy under the funds 

of the EFP-83 energy research programme, consisted of

A comprehensive presentation and discussion of the basic 

fluid dynamic and thermodynamic processes in two-phase flows 

in oil/gas pipelines.

Presentation of a series of existing two-phase flow simu

lation models for oil/gas flows in pipes.

Test-case runs with selected commercially available two- 

phase flow models.



- Visits, inquiries and contacts to selected research

institutes and private companies in the offshore sector 

in Denmark and Norway.

The feasibility study has resulted in a recommendation to 

initiate the development of a fully compositional oil/gas two- 

phase flow modelling system. The first stage of this work is 

recommended to be concentrated on modelling of severe slugging.

2.17. Aerosol Physics

During the year a task force was set up for the study of aero

sol physics, in particular the behaviour of aerosols in nuclear 

reactor containments following a reactor meltdown. The immedi

ate aim of the task force is to establish a level of insight in 

the subject which enables it to assist Danish authorities and 

utilities in the evaluation of questions concerning reactor 

safety. On the longer view subjects other than nuclear applica

tions of aerosol physics might be taken up, as for example those 

in the context of industrial risk analyses. The task force has 

established contact with colleagues at Kernforschungszentrum 

Karlsruhe in order to learn from their experience. As a result 

KfK's computer code NAUA-Mod 4 has been implemented on Risø's 

computer to become an important tool in the learning process.

The work of the task force during the year has consisted main

ly of achieving knowledge about the matter, but a couple of more 

specific tasks have also been taken up. In collaboration with 

Danish utilities the computer code HAARM/S has been implemented 

on Risø's computer installation and modifications of the code 

have been introduced in order to describe aerosol deposition on 

surfaces by diffusiophoresis. In another task for the utilities, 

chemical aspects of fission product behaviour have been investi

gated. In order to determine the amount of radioactive material 

released to the environment during a reactor meltdown one must

know the chemical forms on which the various fission products

enter the reactor pressure vessel and subsequently the contain

ment. Investigations have so far focused on cesium, iodine, and



tellurium. Both qualitative and quantitative chemical equilib

rium calculations have been performed using physical conditions 

corresponding to specific core meltdown sequences. In addition, 

a qualitative description of chemical compounds of other fission 

products has been attempted after an extensive investigation 

into recently published material.

2.18. Model for the Environmental Impacts from Energy Production

The aim of the project is to develop a model to predict en

vironmental impacts from energy production. The idea is to make 

an intergrated model in which pollutants may • be followed from 

sources such as power plants to uptake in plants in order

finally to predict the dose to man.

Three modules of the model have been developed: a model for

dispersion in the atmosphere, a soil chemistry model and a 

model for uptake in plants.

The dispersion model which may treat a scenario of several 

sources is based on a modified Gaussian plume model. The con

centration of a pollutant in a cross section of the plume is

assumed to be constant. However, the boundaries of the plume 

are given by the parameter a 2 (x) of the Gaussian plume model. 

This is considered a good approximation since the model shall 

only be used to calculate the time-averaged dispersion for 

longer periods.

The model can handle a pollutant emitted in one chemical form 

and then transformed into- another. The transformation is mod

elled by ascribing a half life to the emitted pollutant. Depo

sition velocities may be different for the two chemical forms.

This model has been used by the Danish authorities to assess 

impacts of acid rain following emission of 0O 2 and N 0 X .

The soil-chemistry model describes the changes of pH and the 

concentrations of ions in different soil systems. This part



of the model describes the interaction of rainfall chemistry 

and other inputs to the soil with soil chemistry processes. The 

ions considered in the present model are shown in Fig. 14.

Evaporation Deposition

(H2 O) Fertilizer, lime, irrigation

Soil surface Crop-uptake/loss
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Fig. 1 4 . Generalized diagram of soil-chemistry model.

The general theory of equilibrium between ions in solution and 

adsorbed ions is the principal focus of the model. The model 

works with anion adsorption of SO^ which is related to hy

drated oxides of aluminium, iron, and manganese and are de

scribed as a pH-dependent Langmuir equation. The cation-exchange 

capacity is described as a permanent (CECP) and variable (CECV) 

exchange capacity. CECP is related to the electrical charges on 

clay particles and is largely dependent on the clay content. CECV 

is related to the hydrated oxides of aluminium, iron and manga

nese and organic substances, CECV is described as a function of 

pH.

Ion concentrations are calculated from a set of mass balance 

equations and the descriptions of the so-called lime potential, 

base saturation and the relationship between adsorbed and 

disolved ions. The soil system involves chemical equilibrium of 

carbonate-bicarbonate, the solubility of lime (CaC0 3 ) and gypsum 

(CaSC>4 ) and calculates the concentration of aluminium.



A  plant model has also been set up and will be connected to the 

soil chemistry model. This model will calculate the uptake and 

concentrations of different ions and heavy metals in different 

agricultural crops.

2.19. Energy Storage

The Danish aquifer project, concerned with heat storage in 

aquifers, has continued during 1983. A number of injections and 

withdrawals were performed, during which a geological leak was 

detected and successfully sealed. Some problems concerning 

water chemistry were also encountered.

The contribution of the Department has mainly been centred a- 

round water chemistry and software for control and data record

ing purposes.

2.20. Image-processing of Radiographs

A  flexible low-cost system has been developed at Risø by staff 

from DR 1 and the Electronics Department, based upon computer 

boards in connection with a PDP-11 minicomputer (32K), as shown 

in Fig. 15. Comprehensive software programs have been written 

to control the boards and thus execute such specific processing 

of the radiographs as density scanning, dimensional measurements, 

enhancement filtering, pseudocolours and contrast stretching.

The radiographs are scanned by a TV-camera at a video-rate (25 

frames per sec.), then stored in a frame buffer (512 x 512 

points and 256 levels) and displayed on a colour-monitor.

A  text program is implemented to add coloured text to the dis

play. The system is fast and the operator interacts with the 

machine through a menu of commands. In this way holes, cracks, 

and other defects in a radiograph can be enchanced using 

different filters together with the scanning contrast program.



Density distribution is enhanced by interactive conversion of 

selected gray-levels into colours.

All programs are in FORTRAN which facilitates modifications 

for special tasks and increases transportability to other 

computers. The basic software uses overlay to reduce memory 

requirements to 32 Kbytes.
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Fig. 15. Schematic diagram of the Risø Image-processing 

System.
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Fig. 16

a. Neutron radiograph of thermostats. (Thin tubes with some 

liq u i d ).

b. The radiograph after being digitized and differentiated.
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