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The Organisation for Economic Co-operation and Devel-
opment (OECD) was set up under a Convention signed in Paris on
14th December, i960, which provides that the OECD shall pro-
mote policies designed:

— to achieve the highest sustainable economic growth and
employment and a rising standard of living in Member
countries, while maintaining financial stability, and thus
to contribute to the development of the world economy;

— to contribute to sound economic expansion in Member as
well as non-member countries in the process of economic
development;

— to contribute to the expansion of world trade on a multi-
lateral, non-discriminatory basis in accordance with inter-
national obligations.

The Members of OECD arc Australia, Austria, Belgium, Cana-
da, Denmark, Finland, France, the Federal Republic of Germany,
Greece, Iceland, Ireland, Italy, Japan, Luxembourg, the Nether-
lands, New Zealand, Norway, Portugal, Spain, Sweden, Switzer-
land, Turkey, the United Kingdom and the United States.

The OECD Nuclear Energy Agency (NEA) was established on
20th April 1972, replacing OECD's European Nuclear Energy Agency
(ENEA) on the adhesion of Japan as a full Member.

NEA now groups all the European Member countries of OECD and
Australia, Canada, Japan, and the United States. The Commission of the
European Communities takes part in the work of the Agency.

The objectives of NEA remain substantially those of ENEA, namely
the orderly development of the uses of nuclear energy for peaceful purposes.
This is achieved by:

— assessing the future nie of nuclear energy as a contributor to eco-
nomic progress, and encouraging co-operation between governments
towards its optimum development;

— encouraging harmonisation of governments' regulatory policies ard
practices in the nuclear field, with particular reference to health
and safety, radioactive waste management end nuclear third party
liability and insurance ;

— forecasts of uranium resources, production and demand:
— operation of common services and encouragement of co-operation

in the field of nuclear energy information ;
— sponsorship of research and development, undertakings jointly orga-

nised and operated by OECD countries.
In these tasks NEA works in close collaboration with the International

Atomic Energy Agency, with which it has concluded a Co-operation Agree-
ment, as well as with other international organisations in the nuclear field.

© OECD, 1977
Queries concerning permissions or translation rights should be
addressed to:

Director of Information, OECD
2, rue André-Pascal, 75775 PARIS CEDEX 16, France.
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FOREWORD

This is the Sixteenth Annual Report of the t)ECD Halden .Reactor
Project, and describes the Project's activities during 1975 under the
extension to the Halden Agreement agreed upon by Signatories for the
period 1st January 1975 to 31st December 1975- (Signatories decided on
17th June 1975 to extend the Halden Agreement for a further three-year
period up to the end of 1978).

During the year under review, the Project' s work has corn's under
two main headings : test fuel irradiation and fuel research, and process
supervision and control.

As in earlier years, a large number of test fuel- assemblies from
participating organisations have been irradiated in the Halden reactor,
all closely monitored by means of in-core instruments. A series of Project-
funded experiments were also carried out. The Project's work has shown an
increasing tendency to use the reactor as a test bed for mors sophisticated
fuel research on specific subjects such as fuel pellet/cladding interaction,
fuel/cladding heat transfer and fission product release. The Project -has
also begun to develop mathematical models for predicting fuel performance.
using; data from the in—pile experiments for verification.

The programme on process control and supervision has produced
encouraging results not only in the form of new methods for system control
but also as improvements in operator-process communication using modern
computing and display techniques. For example the Halden reactor has
already "been operated for a period of several months using the OPCOM
system (computer and colour display based control room). An initial
approach to the control of BWR power plants in load-fcllowing mode has
been worked out, and work has been started on developing systems for
interactive plant disturbance analysis.

These new departures in the research activities of the Halden
Project are highly relevant to modern nuclear power plants, particularly
from the nuclsar safety standpoint and thus reflect the identity of the
Signatories, who increasingly represent nuclear licensing bodies and
public utilities.

As stipulated in the Halden Agreement, this Report has been
approved by the Board of Management of the Project.

p.;

Chairman
Halden Board of Management
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SUMMARY

HCTROITuCTIOff

1. This report summarizes the activities of the OECL Halden
Reactor Project for the yeax- 1975- The period under review is the last
year of the three year joint programme which commenced on 1st January, 1973-

2. During this period a new three year agreement providing for
continued international operation of the OECD Halden Reactor Project for
the period 1st January, 1976 to 31st December, 19?8, was decided upon by
the Signatories.

3. The main items reported upon in the following are :

- Process Supervision and Control

- Test Fuel Irradiation and J7uel Research

- Reactor Operations

- Administration and Finance.

PROCESS SUPERVISION AMP CONTROL

4. The aim of tlie 1973-75 programme is to contribute to the
development of computerized systems for surveillance and control of
nuclear power plants. TJie process supervision and control work has been
concentrated in two fields : Methods Development for Core Surveillance
and Control and Systems Development for Operator - Process Communication.

5- A reactor core simulator has been established, and two alterna-
tive methods for control of the power distribution in large FWR core have
been developed. An approach for load-following control of BWR plants has
been worked out.

6. An experimental control room based on the use of colour display
units and process computers has previously been established, and during
the year, experiments with operating the reactor plant with this control
room have, been successfully performed. Work has furthemore been made on
the development of systems for interactive plant disturbance analysis,
and preparations for conducting tests with the system against the Halden
Plant have been made.

7' A limited effort on evaluating approaches for improving software
reliability has been made, this being of special interest for development
of computer-based protection systems.

- 7 -
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TEST FUEL IRRADIATION A M FUEL RESEARCH

8. Th& investigations of fuel performance and safety behaviour
are aimed at providing data on the thermal, mechanical and chemical
characteristics of fuel under various operating conditions, and during
1975 valuable data have been generated."

9« Investigations of the densification phenomenon have continued
through irradiations to a maximum of about 16.000 MWd/tUOp. Axial defor-
mations of fuel rods are studied through data from about 40 rods, permitting
analysis of the influence of design parameters over a wide range. Radial
deformation studies conducted in a diameter rig operating at high pressure
(i.e., FWR-conditioii) have provided information about ridge formation in
a non-pressuriaed rod. The effect of power transients upon the dimensional
stability of fuel rods has been studied, partly in a load-following type
of experiment, and partly in overpower experiments. Several investigations
on. fuel-cladding heat transfer and fuel temperature have been made. Fission
gas release data obtained during post-irr-.idiation examination of about
40 rods were utilized for verification of various release models.

10. The development of thermal models for steady state and transient
heat transfer in fuel rods has continued, and comparisons with experimental
data show reasonable agreement. The work on thermomechanical models, in
particular utilizing the finite element method for analysis of local
stresses and strains in the cladding, shows considerable promise, and the
model yields good agreement with data obtained from the diameter'rigs.

11« The irradiation of test fuel for participating organizations
have comprised 47 test assemblies and reusable rigs during, the year. Eight
assemblies have terminated their irradiations and been unloaded, while
eight new rigs have been loaded. Several of these rigs incorporate new
significant design features, such as movable absorber shield or divided
He-3 coil system for local power controls, rod diameter measuring capa-
bility combined with local power control in the same rig, inclusion of
ultrasonic thermometers for fuel centre temperature measurements, etc.
The experiments conducted with the new test fuel aim partly at improving
the understanding of pellet-clad mechanical interaction, partly at
investigations of fuel temperature and fission gas releas? conditions.
Both uranium oxide and mixed oxide fuels are studied.

REACTOR OPERATIONS

12. The reactor operation schedule has mainly been governed by the
test fuel programme. There were two scheduled major shutdowns for test
fuel reloading, maintenance and plant modification work. The length of
the shutdowns, which were two and three months, was mainly determined by
test fuel loading and rig equipment installation work.

13- The reactor plant operation has in general been satisfactory.
There have been a number of unscheduled stops, but only four of these
were of any appreciable length. The plant availability has been 39.7 %,
unscheduled stops accounted for 8.5 %, and of the remaining time, 6 %
were reactor stops for special test fuel experiments and 45.8 % for
scheduled major reloading periods.

I*- The total loss of heavy water was 427 kg giving an average leak
rate at full pressure of 94 g/h. The total radiation exposure was slightly
less than that of last year (24 manrem against 24.5 manrem) even though
the amount of work in active areas has increased.

- 8 -



15» Activity releases to the surroundings have been small and well
under the limits set by the Norwegian Authorities.

ADHINISTPJLTIOH AMD FINANCE

16. At the end oT 1975? one hundred and sixty-six persons were
employed with the Project ; of these twenty-nine were Norwegian graduates
and fourteen graduates seconded from other Project Member organizations.

17- Eizpenditures during the year totalled 19-62 millions N.Kr.
conpared to a budget of 19-86 millions. The remaining IT.Kr. 240,000 were
transferred to 'Í976 to cover the rounding-off-expenditures of the 1973-75
programme period.

- 9 -
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PART I

PROCESS SUPERVISION AND CONTROL



I



../r

DTTRODUCTIOff

18t, The main purpose of the work of the Halden Project on process
-supervision and control has teen to contribute to the development ox
computerised systems for surveillance and control of nuclear power plants.
During 1975j the main activities have "been the development of methods for
core and plant control and for communication between the operator and the
process.

19- There is today e. continuing fast development in the automatic
control engineering and process computer technology. This development
has implications also in the reactor central field and should result in
higher^operational reliability »ud Improved safety margins for reactor
systems. It is the <>T>Jcotive of the work on core and plant control to
follow-this dexrelopsent and adapt the new methods and equipment for
ñucle_ar.-j?ewéf plant applications. During 1975 5 the use of computer-driven
colour-graphic"displays for core surveillance has-been studied. Further-
more, the work with core control, with empfeasis" on xenon oscillation
control in large FVR cores, has,continued. The development of systems
for plant control has bserrcarried further, concentrating on load-following
control of BUS power plants.

20. The objective of the work on operator-process communication
has been to develop systems whicjh will improve the operator's knowledge
of the process status. A set of experiments has been made in order to
examine the performance of the operator-communication system OPCOM during
a long time operation of the Ealdt-ü fieáctor plant.

21. An interactive on-line disturbance analysis system which will
assist the operator when abnormal plant situations occur has been
developed. The system analyses the situation based on a priori descrip-
tions of the various disturbances, direct reading-of process variables
and information fros the operator, and presents'"to the operator informa-
tion on the osases and possible consoqaences of the disturbance and on
the proper actions to be taken.

COBS ÁED PLMTT COHTROL

22. The work with core and plant control has as general objective
to improve the control of nuclear power plants through application of
modern control techniques and computer control.

25- The work has been concentrated in the following areas :

- Application of computer driven colour graphic displays for
improved operator comprehension of the status of the reactor
core.

- Development of methods for control of the spatial power
distribution in reactor cores during load maneuvering and in
the presence of xenon induced power oscillations.



- Development of improved methods for control of nuclear power
plants, with, emphasis on BWR load following control.

OIT-LIKE COKE SURVEILLANCE M U STATUS DISPLAY

24-. The increasing core sizes and the resulting weaker coupling
•between the different core regions, together with the growing concern
from a safety viewpoint for accurate monitoring of local core parameters, .
have led to increasing requirements on the quality of core surveillance
systems. The experience from work at the Project and other organizations
has led to the conclusion that graphic colour display systems can be
developed into a very useful tool to meet such requirements. A fully
developed interactive system based on graphic colour displays for core
surveillance and status display would be particularly useful in cases
when the anticipated operation deviates from the precalculated patterns
due to unusual loa.d demands or altered operational constraints insulting
from stuck control rods, asymmetric fuel reloading or other unusual
conditions.

25- The main objectives of the work in this area are to develop a
prototype core surveillance and status display system for power reactor
application, utilizing colour graphic displays and a dedicated mini-
computer, and possibly, at a later stage to develop an on-site predictive
core simulator that will enable the operator to investigate beforehand
the future core behaviour and the consequences of proposed control actions.

26. Another objective has been to study the so-called gamma thermo-
meter as in-core sensor in LWR's.

27- The presence of the display system OPCOM and of the core simu-
lator COSMIC was the initial basis for the work with core status display.
In simulation runs, COSMIC produces files with data about distributions
in the core of power, xenon, and iodine. Such data have been utilized as
a basis for a study of the potentials of colour-graphic displays for
communication of information of the core status to the reactor operator.
In 19751 the main part of the work has consisted in the construction of
some sample display formats, and in the development of a first version
of a computer language, by which an operator can have the information
he desires displayed through simple commands.

28. Concerning the gamma thermometer, an experimental investigation
with some instruments installed in a LWR core to verify the agreement
between power and gamma flux distributions for different burn-up conditions
and power distributions, and to gain operating experience with gamma
thermometers in a LWR, has been initiated.

CORE POWER DISTRIBUTE£0H COHTROL

29- In this field, the development has bfjen concentrated on methods
for the efficient use of reactivity and power distribution controllers
under variable load operation.

30. Two control methods have been considered. Both are formulated
in terms of a fairly coarse distribution of the power density and xenon
and iodine concentrations. The control methods consider delayed effects
of present control actions and stabilize the core against xenon oscillations
by minimizing the deviation from a setpoint power distribution while
delivering the setpoint power. One of the methods allows hard constraints
on controller actions and on the power distribution.

- 14- -



51. During 1975, the objective of the efforts in this area has been
to demonstrate the feasibility of the chosen approaches through computer
simulation.

32- The COSMIC slow transient reactor core simulator has been applied
in the simulations, both to develop simplified, linearised core models for
use in the optimization calculations, and as a facility for testing the
control algorithms.

33- Three control approaches have been pursued in parallel, denoted
the ACORM (Adaptative Core Response Matrxx), the SVAF (State-Variable
Feedback) and the MMP (Multistage Mathematical Programming) methods,
respectively.

34-. The ACOEM method is the result of an extension of the previous
static power distribution shaping work. The xenon dynamics is represented
by a simple phenomenological model which is identified on-line, as is the
core response matrix which expresses the influence on the power distribu-
tion of changing control rod positions. The method has the advantage of
modest calculational needs to arrive at the new control settings, while
still allowing some form of constraints on controller actions and power
distribution. A drawback is that the core models used are of limited
accuracy.

35- The SVAF method utilizes powerful and well-known results from
the modern theory of process control. In the present formulation, core
power and power axial offset will be kept at setpoints by control signals
which are calculated by feeding back estimates of the coio state vector.
The feedback matrix is calculated on the basis of a linearized core model
and "linear-quadratic" optimization theory. Preliminary results on a one-
dimensional PWE model core show good performance, even in the presence of
simulated noise.

36. The MMP concept for core control aims at a predictive control of
the power distribution and level. The controller sequences for a period of
time, typically 10-20 hours, are calculated simultaneously. As in the SVAF
approach, the control problem is discretized by dividing the control period
into time steps and the reactor core into a small number of control zones.
Only the zone-averaged power, xenon and iodine distributions are thereafter
considered. In the method formulation as well as in the computer programme,
the core description may be one, two, or three dimensional, ana the total
power can be time varying. In the evaluation of the control strategy, the
inherent core dynamics and effects of the control actions during the control
period are taken into account in the form of linearized models.

37- The use of controllers and the state of the reactor core can be
bounded with hard constraints in the MMP method. In this way, the resulting
control strategy is such that no local or global limits are violated, within
the accuracy of the control model. The control problem is transformed to a
quadratic programming problem, for which solution methods exist.

38. Figure 1 shows an example of the simulation results obtained with
MMP control of a one-dimensional FWR-type test core going through a 100 -
50 - 100 % power duty cycle with one hour ramps up and down. The behaviour of
the actuators, which were one control rod bank inserted from the top of the
core and the boron concentration in the coolant, and of the axial offsets
of the power, xenon and iodine, are shown in the figure. The axial offset
of the power is defined as the power in the lower core half minus the power
in the upper core half divided by the total power, and similar definitions
are used for the xenon and iodine offsets.
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Fig. 1 Control of a daily duty cycle with ramp power level
changes. Boration and dilution speeds limited during power
transients to 18.0 and 10.8 ppm/hour.

39- Three cases are shown. In the case denoted XECON the control
signals calculated by the MMP control algorithm were applied to a linear
core model. In the case denoted COSMIC the non-linear COSMIC core model
was used. The "uncontrolled" case is a reference case with a simple control
strategy : the control rod "bank was inserted as far as in the XECQW control
in order to go down in power, it was withdrawn somewhat during the low
power period to limit power peaking, and then withdrawn to the original
position while coming up to full power again. The boron concentration was
adjusted to make the total power follow the desired duty cycle. Also in the
two controlled cases the boron concentration was adjusted in this way, while
the control rod bank position was changed as calculated by the MMP control
algorithm.

transient starts from an equilibrium state at time zero. Wo
control actions would therefore be necessary during the first four hours.
In the uncontrolled case, there really is no control during this period.
In the XECOET controlled case the controller starts anticipating the coming
transient by withdrawing the rod bank somewhat. This action makes the axial
offset immediately after the power level change a little bit smaller and,
what is important ih the long term, keeps the iodine offset steady. During
the power transient from 4- to 5 hours, the boration speed is at its maximum
and the rod bank has to be used to make the power follow the setpoint. For

- 16 -



-̂r

'che first four hours at the lov/er power level, the rod "bank in the XECO1T
controlled case is again withdrawn close to its initial position. This
reduces the power axial offeet and keeps the iodine axi.al offset close to
its desired value. During the last two hours of the low power period the
rod bank is positioned to an advantageous position in anticipation of the
coming povrer transient. During the power transient, the boron dilution is
used at its maximum speed and the rod Lank is used to assist. In the XECOiT
controlled case, only minor corrective actions are nece£3sary to bring the
.-eactor back to the equilibrium state at the 100 % power level. In the
uncontrolled case a large iodine excess has been built up in the lower
half of the core, whereas the xenon, in the lower half is below the equi-
librium value. That is enough to start a strong spatial xenon oscillation.

L\"\. The calculated controller sequence shows a clear anticipatory
nature. Already before the load change occurs, the bank is maneuvered into
a position where it can help bringing down the power more effectively. At
low power the bank is essentially controlling power, xenon, and iodine
axial-distributions. Before the return to full power, the bank is again
positioned to an advantageous position in anticipation of the load change.

42. The difference between the XECOïT and COSMIC controlled cases
displays the difference between the linear and non-linear core models.
Although there is a clear difference between the responses of the two
models, the general behaviour of the curves is the same, and the MMP control
algorithm is obviously capable of controlling axial xenon oscillations in .
the non-linear as well as in the linear case.

LOAD FOLLOWING CONTROL

43. As the nuclear portion of the power production in utility grids
increases, it becomes more actual, and ultimately necessary, to operate
the nuclear plants load-following, i.e., such that they contribute to
satisfying the instantaneous grid power demands. This puts strong require-
ments to the control properties of these plants, exceeding perhaps the
capabilities of to-day's control systems beî ig designed mainly for base
load operation.

44. The present work in this field, is organised as a cooperative
effort between AB Atomenergi of Sweden and the Halden Project. Most of the
work has been done at Studsvik, where the BWR power plant simulator STUDS-1
has been utilized for this purpose. The work can be viewed as a continua-
tion of the plant control work performed previously at Halden, originally
centered around the HBWR, and later around BWR plant control. The control
methods studied are basically the same as the ones used previously, and the
new results confirm the previous, less well-founded conclusions.

4-5. The general objective of this work is to investigate the appli-
cability of modern control ^thods and computer control for load-following
control of nuclear plants. Up to now, one has concentrated on the BWR
power plant, but in the futux-e load-following control of PWR plants will
be studied as well. One has selected to base the work on linear optimal
control theory, because that seems to be a powerful theory and well suited
for practical application. From the general framework of this theory, one
has developed a c „trol method, the characteristics of which one is inves-
tigating quite extensively.

46. The work has been based on the theory of optimal control of
linear systems subject to quadratic objective functions and disturbed by
gaussian white noise. In this approach, the control algorithm, which
consists of a "state estimator" and a "feedback control law", is derived



from one or mere linear "control models". The state estimator is an algo-
rithm that at each sampling instant computes the control model rtate vector
on the oasis of the present and previous measurement data. The feed/back
control law produces"the control signals as the product of the estimated
state vector"end the "feedback control matrix".

47. Clearly, a control alf-orithm of this type has a limited range
of applicability around the linearization point when use:1- for cor.trol of
a non-linear plant. Studies have been conducted to determine the conse-
ouences of the non-linearities of a EWR plant in this context. Furthermore,
a simulation study in which the STUDS-1 model was controlled over a wide
power range by such a control algorithm has boen performed.

4-8. Tiie results obtained indicate that it should bo possible to base
a load-following control system of the investigated type for a large power
range, say 50-100 % of full power, on a siagle control law derived fron: one
linear model if compensation of non-linearities and drifts, e.g., by means
of "drift terms'', is provided.

4-9. The work in '1975 has in part consisted of a systematic study
of the effect of the non-linearities in the BWR power plant on the design
and performance of a control system of the type under investigation. One
feared that the range of applicability of one set of control parameters
might be rather narrow, because they are derived from a linearized plant
model, and that it consequently might be necessary lo change control para-
meters as a function of the plant state. This would mean a significant
complication in the control algorithm.

50. One has therefore investigated the variation of the linearised
model parameters with the reactor state and studied the implications of
these parameter variations on the feedback matrix elements and on the
performance of the closed-loop control system.

Model Identification Studies

51. In these studies, the parameters of linear BWR models with a
priori assumed structures were determined such that the squared deviation
between the model response and the response of the STUDS-1 BWR model to a
test input signal was minimized. It was found that several of the model
structures could be adjusted to reproduce the STUDS-'*! response to the test;
input signal quite well in this way.

52. Concerning the variation of the optimized parameter set of one
linear model structure with the reactor state, it \ías found that this was
net excessive in the power range 50 % to 90 % of full power. Only a few
parameters changed significantly in this range, and all less than by a
factor of two and without change of sign.

Feedback Matrix Calculations

53« As a first investigation of the characteristics of state-variable
feedback control systems derived from the identified linear models, feed-
back matrices have been calculated at various power levels with one of the
model structures. It was found that the variation of the feddback matrix
elements with the plant power level was small. Many elements stayed prac-
tically constant, and the maximum variation from 50 % to 9° % was about a
factor of two. Ho sign changes vrere found.

- 18 -
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Closed-Loop System Performance

54. The- influence on the control performance of the differences
between the feedback matrices has Leen checked by simulations where one
linear mode"1. v:as controlled by a fry abaci: matrix computert from a model
Identified at another power level. AÍJ .expected from the relatively minor
variation of the matrix elements, the performance was still quite good .and
in fact not nignifica.ntly deteriorated relative to the cases when the came
:_odol ";;aa used both as control and plant model,

55- These results indicated that it should be possible to design a
control system for a wide power range based on one single linear model.
A. verification of that was achieved in a simulation study in which a control
algorithm of the actual type was applied for control of the STUDS-'! simula-
tor model. The main characteristics of this algorithm and the results of
the study are summarised in the following.

Linear Control Model

56. The control model was derived from STUDS-1 by a linearization
around the equilibrium condition with. 70 % of nominal power and a recir-
culation flow of 3500 kg/s. The model had the same structure as one of the
models used in the investigations outlined above, but it was extended with,
models of the re circulation pump system and the turbine-generator. The
model was furthermore augmented with four drift terms to eliminate steady
state offsets, the generator power to make the control algorithm load
following, and rates of change of the control inputs in order to avoid
excessive controller movements.

j ¿ e cïb a ck li at r i:<:

57- The feedback matrix was derived from the control model and a qua-
dratic performance function containing the following si:-: terms : generator
power deviation from setpoint, vessel pressure deviation from setpoint, av-
erage fuel temperature rate of change, recirculation pump speed deviation
from setpoint, rate of change of the turbine steam admission valve controller,
rate of change of the recirculation pump speed controller.

Estimator

58. The estimation cf the inaccessible state variables, including
non-measurable ordinary variables and drift terms, was performed using
the Kalman filter technique. The method applied for assigning the spectral
density values for the noise terms in the model has been to assume a set
of values and evaluate the resulting properties by considering the eigen-
value configuration of the Kalman filter" and testing the performance by
simulation.

Simulation Test

59- The non-linear STUDS-1 BwTt model represented the reactor plant
in. these simulations. The following tests viere performed :

1) Ramp change of generator power setpoint at 1 % per second fro-'
70 % to 85 % of nominal power.

2) Step change (+ 10 %) of generator power setpoint from 85 % to
95 % of nominal power.



3) Ramp change of generator power setpoint at 1 % per second from.
70 % to 55 % °£ nominal power.

4) Step change (- 10 %) of generator power setpoint from 55 % to
45 % of nominal power.

5) Control rod perturbation at 70 % power level. Step change of
movable control rods by 20 cm corresponding to approximately
+150 Vcm reactivity.

6) Steam flow perturbation at 70 % power level. Step increase of
the steam flow from the steam reactor by 10 % of actual flow.

Simulation Results

60. Figures 2 and 5 give samples of the simulat. on results. In
Figure 2 the plant response to a ramp increase in the generator poxrer set-
point at a rate of 1 %/sec from 70 % to 85 % of full power is shown, where-
as Figure 3 displays the response to a step increase of the generator power
setpoint from 85 % to 95 % of full power. It is seen that the generator power
follows the setpoint quite well, and that the pressure regulation is also
satisfactory. There is a temporary decrease in the pressure early in the
transients, indicating that the control algorithm in effect makes use of the
stored energy in the steam in the vessel to improve the generator power res-
ponse. These curves are representative for all the results obtained.
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61- The results of this study have confirmed the indication of previous
investigations that it is possible to control the STUDS-1 simulator model
over a wide power range "by means of a control algorithm "based on one single
suitable linear model complemented by appropriately chosen stochastic drift
terms. BeGause of the proven similarity of the STUDS model with actual plant
characteristics, this also indicates that it should be possible to base a
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real plant control system or this control method and that probably advan-
tages concerning e.g. load-follow characteristics could be gained with such
a control system.

OPERATOR-PROCESS COMMUNICATION

62. The general objective of the work in this field has been to
inrorove the operator-process communication systems of nuclear power plants
through development of new systems based on modern computer and display
technology.

63- Two lined of work have been pursued :

- Final testing and evaluation of the OPCOM communication syscsm in
experiments in which the Halden Reactor has been controlled through
the OPCOH system for periods of months.

- Development of an on-line disturbance analysis system for aiding
the reactor operator in identifying prime causes of disturbance
situations, predicting disturbance propagations, and finding
proper counteractions.

EXPERIMENTAL OPERATION OF THE HALDEN REACTOR, UTILIZING A COMPUTER AND
COLOUR DISPLAY-BASED CONTROL ROOM (OPCOIi)

64. The use of process computers provides a technical basis for
improvements in control room design, for instance through the application
of graphic display units and function consoles as major tools for communi-
cation between the operator and the process. For investigation of such
techniques the computer-based operator-process communication system, OPCOM,
was constructed and connected to the plant. To evaluate the performance of
this system, a set of experiments involving direct computer operation of
the reactor plant has been conducted.

65- The objectives of the experiments were :

- Demonstration of the possibility for implementation on OPCOM of
the most important functions of the conventional control room in
an acceptable way, and of the suitability of the graphic display
formats and the control philosophy of the system.

- Demonstration of the improved communication features offered by
colour CRT-displays and computers in man-process interface systems.

- Investigation of the degree of flexibility of this type of super-
vision and control system.

- Investigation and comparison of human engineering aspects of new
and conventional control room designs.

66. The OPCOM control room was established beside the conventional
control room, and reactor operators were trained for operation of the plant
from the computer- and colour CRT-based control room. The system was uti-
lized first for passive functions only (supervision of the plant), and later
for complete plant operation, including start-up and shutdown of the plant.

67- The collection of performance data was made by 1) observing the
operator during plant maneuvering, 2) automatic logging of all push-buttons'
usage, 3) journal printouts, and 4) discussions with the involved operators.



68. During operación of the pl':,nt from, the new control room, a number
of technical, functional, and ergonomie performance characteristics were
observed. Mot all observations are of general interest, some conclusions are
still rather vague, '¡rid aovara 1 of thorn rtüuire a more detailed evaluation
before they car: be reported an. An outline of the results is given below :

Training of Operators

69- -l''or experienced operators with process 'mowledge, only a short
training period seems to be necessary. The transfer from conventional to
computerised control rooms is facilitated if the new formats are generally
similar to mimic lay-outs used in the old control room. Bo computer know-
ledge is necessary for use c-f the new equipment.

Design of Picture Formats

70. Inadequate design of picture lay-out easily require more display
units. Careful design in the composition of the different picture formats
may give better results with respect to reduced hardware requirements.

Use of System Features

71. Careful usage of available technical features such as colours,
blinking, intensity, messages in different colours, light in push-buttons,
etc., i .«3 advocated, with no "overplay" of such features.

Control Room Environment

72. For colour CRT-based control rooms, special attention should be
paid to appropriate light conditions. To avoid reflections on the CRT-
screens, frosted glass should be used in these. The distance between the
operator and CRT-screens, and the screen light intensity, should be adjust-
able.

Response Time

73- The response time to an operator's request is of great importance
for the performance of the system. If the action initiated by the operator's
request is time consuming, an immediate- response should be given to him by
for instance lighting the push-button or giving him an "in progress" message.

Surveillance of the Plant

7^- One main objective of the study of a colour CRT-based control
room was to compare the merits of serial versus parallel information flows.
The possibility ot scan the instrumentation in the conventional control room
to get a fast overview of the plant behaviour is usually assumed to be an
important feature. The experimental experience gained shows, however, that
this may not be of great importance. The possibilities in the computer-based
control room for displaying just the information the operator really needs
in any particular operational state of the plant, without large amounts of
superfluous data, to a large extent counterbalances the lack of all plant
data shown in parallel.
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Operator's Console

75- The centraliza :>n of the operator's function in one compact
console turned out to be a "bottle-neck" in the system, since all addressing
and operation of plant, components had to be performed by means of this device.
Problems appeared in particular when fast changes in plant state occurred and
the operator had to operate a number of valves and pumps "simultaneously".

Programming of Operational Constraints

76. The experiments indicated that only a limited number of restric-
tions in operation of the plant should be included in the software system.
The operator should have nearly the same freedom as in conventional control
rooms in operation of plant components, change of control parameters, etc.,
e.g. outside the operating manuals. The restrictions should still be kept
administrative. The design criterion could be to inform (messages and alarms)
the operator about irregularities and limitations, and leave with him the
decisions on how to maneuver the plant.

INTERACTIVE FLAET DISTURBANCE ANALYSIS

77- A system for on-line distrubance analysis has been developed, and
has been implemented on OPCCM. This system will assist in selecting the proper
alarms to be given to the operator, and in analysing a disturbance situation
in order to find the prime causes, estimate possible consequences, and suggest
proper counteractions to the disturbance.

73- This work has been conducted in cooperation with Laboratorium für
Reaktorregelung und Anlagensicherung, Garching, F.R. of Germany, A pilot
demonstration with disturbance chains from the Halden Reactor will take place
in the beginning of 1976.

79- The objective of this work has been to develop a plant disturbance
analysis system with emphasis on an interactive display on colour CRT-screens
of fault propagation and of consequences of operator's interventions in the
analysing procedure.

80. Six different disturbance situations at the Halden Reactor have been
analysed. Description of the results of these analyses has been made by the
use of so-called cause-consequence diagrams (later referred to as CCD's). A
CCD is a diagrammatic way of describing how a distrubance develops from its
prime cause to a final consequence.

81. The disturbance analysis programme will perform the analysis on
the basis of the logical structure which is described in the CCD. This struc-
ture is stored in the computer in a form suited for the analysis. The working
procedure for the programme is as follows •. One programme module checks the
plant variables to examine if a predefined set of conditions is fulfilled
or not (limit checks, etc.). The result of this investigation is stored as
a process image in the computer. A second programme module reads the process
image to find the observable events in the CCD which are activated. On the
basis of these observations and the structure of the CCD, logical deductions
are performed. The programme is able to find the minimal sets of prime causes
which can have led to the disturbance situation, and the set of possible paths
which can lead to the various consequences. If information from the operator
is needed, the programme gives questions to the operator, and if a message
carrying event is activated, the corresponding message is given.

82. It is important that the results of the analysis are presented to
the operator in a way which is easy to comprehend. The disturbance analysis
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system has tv;o options for presentation of results, a text mode and graphi-
cal mode :

Text Hode

83. All information to the operator will be given in plain text on the
display unit. ¥hen a colour screen is used, the various types of information
will he displayed in different colours.

84. The analysis will follow the paths in the diagram starting from
the triggering event(s). When a message symbol is reached, the associated
message will be displayed. When the path enters a decision vertex, the con-
tinuation will depend upon whether the condition assigned to it is fulfilled
or not. This decision is done either "by analysis of directly readable process
data or by the operator by an answer to a question x-fhich is presented to the
operator. The analysis is terminated when the path reaches a final consequence.

85- The operator can also at any stage in the analysis request a moi'e
detailed analysis of the causes and the consequences. He will then get infor-
mation on the minimal sets of prime causes which can lead to the disturbance,
and on the consequences which the situation can lead to. The operator can
furthermore request information on various sets of conditions which must be
fulfilled for a specified process to occur.

86. The operator can also request a list of all the questions and the
answers he has given. If he finds out that he has answered wrongly one of the
questions, he can correct the answer, and the analysis is started again from
the point where the question was given.

Graphical Hode

87- In the graphical mode, a version of the COD will be displayed on
the screen. As the original CCD will contain too many details to be displaj'-ed
on the screen, the version which is displayed is simplified compared to the
original. This simplified version will only contain the parts of the diagram
which are necessary for the operator to understand the propagation of the
analysis.

88. The results of the analysis will be shown through changes in
colours in the diagram. The colours will thus be used to indicate the paths
of the diagram which are followed, which conditions that are fulfilled or not,
the questions and messages which are presented to the operator, etc.

89- The advantage of this method is that it will make it easier for the
operator to follow the propagation of the analysis. A problem, however, is
the difficulty of making a picture to be displayed which gives the necessary
information of the CC2 and at the same time is easily comprehended by the
operator.

90. The various hardware modules used by the disturbance analysis
programme are shown in Figure 4. The process computer reads the plant variables
and performs an analysis of them. The result of this analysis is stored in a
process image. The process image will be analysed to check if an alarm acti-
vating situation has arisen. If so, an alarm monitoring programme presents an
alarm on the CRT screen. The operator has the possibility to request the dis-
turbance analysis programme. If that is done, the process image is transferred
to the analysis computer which performs the analysis and selects the proper
information to be presented to the operator. This information is via the pro-
cess computer presented on a colour CRT screen. The operator writes informa-
tion to the system on the keyboard, and this information is via the process
computer transferred to the analysing computer to be used in the further
analysis.
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9"1. For verification of the disturbance analysis system, a set of
experiments on the Halden Reactor plant has "been prepared. The procedure
of the experiments will be to induce perturbations on the, plant T5y malope-
ratioii of valves, stopping piimps, etc. It is assumed that these perturbations
will initiate a set of events, and this is described by-the use of CGD's.^ One
of the objetives of the experiment is to test whether the real, developments
of events are well described by the CCD'.s. The. various disturbance situations
will be analysed by the disturbance analysis programme, and t;he. results will
be displayed on a CRT-screen on the control panel. The objective is to inves-
tigate two aspects : the i ability of the analysis programme to follow the de-
velopment of the disturbance and to draw the correct conclusions on prime
causes and possible consequences, and the ability of the operator to under-
stand the information frónrthe analysis computer and;to utilize it in the
control of the plant. ' - „ ,





PART II

TEST FUEL IRRADIATION AND FUEL RESEARCH





HFTRODUCTIOIT

92. The HaMen Project fuel programme is "based on application of
precision measurement techniques for in-core studies on fuel rod perfor-
mance. Luring 1975 a total of 57 instrumented rigs and assemblies has
Deen irradiated in the HBWR, of which some with more than one fuel charge.
The information obtained provides detailed thermal, mechanical, and
chemical characterisation of fuel and fuel rods which, is fundamental to
safe and reliable power reactor design and operation.

93. During 1975 > the programme has continued to grow "both in
magnitude and scope. As the"needs of the nuclear power industry have
become better defined, requirements for reliable technical data have
become more diverse and demanding, in particular in safety related
questions. In response, new types of experiments with increased complexity
and expanded instrumentation requirements have been formulated.

94. Experimental studies spanned nearly the full spectrum of fuel
performance concerns. Emphasis has been upon failure-related processes,
in particular those associated with fuel rod deformation which can be
measured during irradiation. Tests to study fuel thermal properties and
fission product effects have also been well represented. Experimental
techniques for simulating PWR conditions were successfully implemented,
as were advanced methods for power ramping and precision in-reactor fuel
rod profilometry.

95- Progress was made in several areas of mathematical model develop-
ment for predicting fuel performance. Strengthened coordination "between
fuel experiments and computer functions has been beneficial both in pro-
viding guidance for test design and data evaluation, and in enhancing
the realism and applicability of codes.

TEST FUEL IRRADIATION

96. During 1975, a total of 57 test assemblies and re-usable rigs
have been irradiated. Eight assemblies have been unloaded for subsequent
post-irradiation examinations, and fuel rods have been exchanged in seven
rigs one or more times, while eight new test rigs have been designed,
assembled and loaded into the reactor. Fuel rods from ten test assemblies
have been shipped to hot laboratories for post-irradiation examinations.

97- A significant part of the irradiation and in-core experimental
activities has been performed on behalf of organizations participating
in the Project. The test rigs used, however, have all been designed and
manufactured by the Project. The test programme has comprised in-core
measurements of cladding and fuel deformation, fuel rod internal pressure
and centre fuel temperatures, and study of the influence on these para-
meters of various fuel designs and of operating conditions and procedures.
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90. Traditionally, tost fuel irradiation experiments hnvc included
an initial in-reaetor pov:ci' cycling period mainly for calibration of
power instrumentation, and collection of ntart-up data on fuel rod instru-
mentation. Subsequent to thin calibration period, the reactor power v:as
kept essentially constant for accumulating burn-up, only interrupted by
periodic power ramps in order to establish reference rod behaviour data.
During the later years, the experimental rigs have become more complex.
The degree of rod instrumentation has increased both in quantity and
complexity, and new systems for local power control and movement of
instruments and fuel rods inside test rig¿ have been introduced. This
development has enabled active experimentation also during periods formerly
identified as "steady operation periods".

99-
gations on

During I975, the "on power" experiments have included investi-

- Fuel rod deformation behaviour by means of cladding elongation
and diameter sensors, coupled to power variations either through
change in reactor power and/or by use of local power control
through a He-3 system.

- Fuel thermal behaviour by means of centre oxide thermocouple
and ultrasonic thermometer measurements during steady state,
controlled power cycling and scram conditions.

PÍJEL AM) CLADDING DIMENSIONAL CHANGES DURING- S'lEADY STATE OPERATION

100. Irradiation induced changes in fuel pellet dimensions may
affect both the thermal characteristics and the mechanical integrity
of a fuel rod. Their consequences strongly depend upon the balance
between fuel densification, fuel swelling, fuel and clad creep, reloca-
tion of cracked pellet particles, and its influence on the differential
thermal expansion of .fuel and cladding. Various parameters affecting
dimensional changes have been extensively studied.

101. Mechanical interaction between pellet and cladding (PCMI) is
responsible for a major part of the fuel rod failures which have occurred.
The amount of deformation depends upon fuel rod design and power ramp
characteristics. Effects of design parameters such as gap size and pellet
geometry are more pronounced early-in-life. Less concern has been given
to interaction phenomena at high burn-ups. PCHI-induced fuel rod failures
do occur at high burn-ups, however. Thus, an understanding of late-in-life
interaction phenomena is needed to optimize fuel life-times and reactor
operating modes.

102. Failed fuel rods often show cladding breaches in the form of
axial cracks. These axial cracks typically originate at the ridges formed
at pellet interfaces. Whether the final failure results from pure mechani-
cal overstraining or from stress corrosion processes is not safisfactorily
understood, however, reducing the general stress level in operating fuel
rods is clearly advantageous in reducing effects of both processes.

103. The study of these phenomena comprises in-core measurements of
fuel column movements inside the cladding, and of changes in cladding
length and diameter profile. A considerable amount of su.ch data has been
collected from irradiation experiments during 1975.



FUEL RELOCATION

104. Specially instrumented rode under irradiation in the HEWR, have
provided well defined information on both magnitude and kinetics of fuel
dennification. With these data, it has been possible to quantitatively
relate chx'inkage to fuel structure arid density, and to fuel rod design
and operating parameters. These correlations are used to define material/
rlesign regimes in which densification is limited to an acceptable magni-
tudet Fuel with stable and unstable structurec and with densities of 87 %
to 95 ?í T.D. are included in the experimental matrix. Fuel/cladding gaps
vary from 70 to 350 y.m, and linear heat ratings range from 190 to 520 W/cm.
The' irradiation vehicle used for these studies (IFA-401) and results from
the initial irradiation have been presented in two previous annual reports.

105- Irradiation of IFA-401 continued during 1975, reaching a maximum
burr.-up of 17,000 MWd/t UO2. To date, the twelve test fuel rods have been
subjected to approximately 150 full power cycles. Fuel stack length changes
zero power are determined during each power ramp. Of the original eleven
extensometers, seven continue ~co provide reliable measurements of fuel-
stack length. In all seven rods, the stack length has either stabilized
or reached a minimum. Swelling appears to be occurring in two of the high
density rods.

FUEL ROD AXIAL DEFORMATION

'i05. A large amount of data which pertains to PCMI has been obtained
in the Halden Reactor. The first study, using the instrumented test assem-
bly IF'A-115, included effects of gap size, cladding thickness, and pellet
length and shape. Results shoitfed rod elongation to be inversely propor-
tional to cladding thickness and gap width. Long pellets caused more
elongation than short pellets and dishing or chamfering reduced elongation.
A more comprehensive study of PCMI considered 21 rods from several assem-
blies and extended the design parameter matrix to include fuel type and
density and pellet centre hole. The results showed trends similar to those
observed in the initial study. Elongation behaviour was also related to
irradiation history and power ramp characteristics.

107. The most recent survey of PCMI effects included another 37 rods.
Test variables included now also lubrication of pellets and pellet dia-
meter. It was concluded that elongation was inversely related to pellet
length, and that lubrication had a slight beneficial effect. Greater
elongations were observed for short pellet fuel than for long pellet fuel,
conflicting with earlier results. Such conflicting resiilts demonstrate a
need for additional parametric studies of fuel rod elongation. The ulti-
mate goal is to devise a systematic, quantitative description of the
effect of fuel density and type, pellet geometry, cladding characteristic's
and burn-up on cladding elongation.

108. The information needed to study cladding elongation is obtained
from in-pile measurements using differential transformer extensometers.
These instruments are almost routinely included in experimental fuel rods.
Specially designed rigs permit transfer of rods from one assembly to
another. This allows base irradiation of many rods at low or medium
power to medium or high burn-up in a simple rig. Thereafter, these rods
can be subjected to various types of power transients to simulate ramps
within normal operation restrictions, ramps as a consequent of an acci-
dental power excursion, or ramps due to various modes of load-following
operation, in rigs designed for the purpose.
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•109. Efforts have been made during tue year to define the relative
importance of design parameters in contributing to axial deformation of
the cladding during late-in-life power cycling. Relaxation effects have
received particular scrutiny. Some 40 rods from several assemblies chosen
for these studies provide a wide range of design parameters including
fuel type and density, pellet geometry, cladding strength and thickness,
and gap size as well as burn-up. Comparison of rods from different assem-
blies was made by choosing similar ramps and determining elongation for
a given power increase - usually in the range 150-4-00 W/cm. Results
indicate that variations in fuel density, cladding state and fuel type
substantially effect fuel rod elongation during power increases, even
at high burn-up. High density fuel elongates more than three times as
much as low density fuel, and annealed cladding elongates approximately
twice as much as stress relieved cladding. Conversely, certain design
parameters, i.e., centre hole and pellet end shape, seem to be relatively
unimportant late-in-life.

110. Strain relaxation reduces the effects of mechanical interaction,
thus knowledge of the magnitude and time dependency of this phenomenon
can contribute to optimization of power transients. The relaxation phe-
nomenon has been studied in detail for a number of rods. Most of the
relaxation occurs during the first few hours after reaching steady power,
and saturation is reached within 20 hours. Typical curves, showing the
relative relaxation as a function of time at full power for rods of
medium exposure and with different pellet/cladding gaps are shown in
Figure 5. This indicates that the relaxation of the cladding is less for
rods with small initial diametral clearance. Certain fuel rod design
parameters (fuel density and type and cladding metallurgical characteris-
tics) appeared to be of more importance than others, e.g., pellet length.

111. The role of the prior power history will be systematically
investigated by studying the elongation behaviour at various burn-up
levels. Additionally, effects of power ramp rate and magnitude will be
studied. Consideration of these factors is expected to reduce the data
band width presently attributed to statistical scatter.

FUEL ROD DIAMETRAL DEFORMATION

112. The single-rod test rig IFA-227 has previously been used to
measure, during irradiation, the diameter profile of four different fuel
rods loaded in sequence. These measurements aimed at examining the
influence of diametral clearance, pellet end shape and fuel density on
diametral strain. Results of these tests showed that :

- dished pellets produced larger diametral deformations than
flat-ended pellets,

- radial deformations decreased with decreasing pellet density
(Vipac fuel exhibited the smallest radial deformations).

113. The first experiment in a 3-rod diameter rig, IFA-404-, explored
effects of lubricants and pellet density. Ho clear differences which could
be attributed to lubricant type were observed. Pellet density effects
were small.

Dimensional measurements in diameter rigs yield local clad
strains over the entire rod length and at different experimental positions,
These deformation data are valuable for verification and development of
codes which predict mechanical performance of operating fuel rods. In
particular, verification of the finite element code FEMAXI relies heavily
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upon deformation data obtained in such rigs. Combination of diameter
measurements with axial elongation data and analytical model development
is expected to lead eventually to capabilities for performance predictions
under both steady state and transient power conditions.

115. The basic apparatus for measuring rod profiles in-pile consists
of axially movable, high precision electromagnetic micrometers. Single
rod and three rod rigs of the IFA-227 and IFA-404 types uave been develop-
ed. The measurement system can also be used in conjunction with, a helium-
coil power suppression device to provide a capability for varying rod
power at will. Most measurements are made under HBVJE conditions ; however,
a high pressure rig (IFA-414) allows diameter and length measurements to
be made at FWR pressure and temperature conditions.

116. The first fuel rod in the high pressure rig was irradiated
from December 197^ to March 1975» During start-up, ridges iirere formed
and ridge heights increased with power up to 400 W/cm (full power), when
they were about 34 u,m (2 x AR) above the midpellet diameter. During
steady operation at full power for 15 hrs. they decreased slightly due
to local fuel creep, and upon reducing power, a hysteresis loop was seen
at the highest power levels. The permanent ridge, heights after the first
power cycle were about 60 % of the maximum.

117. During the second power cycle, two measurements were performed
at 4-20 ¥/c". with a time interval of 22 hrs. Tbe observed ridges were
smaller (about 6 um) than those seen during the first cycle, in spite of
the higher power. During these 22 hours, the ridges contracted about 20 %.
Eidge height measurements later-in-life showed no further significant
changes.

116. The relatively high cladding temperature and high differential
pressure across the wall (no internal prepressurization of the rod) caused
vhe cladding outer diameter to decrease uniformly with time through creep.
I- igure 6 shows the observed reduction of the cladding diameter versus
fuel average burn-up. At 1000 MWd/t ÏÏO2 the diametral reduction was 30 urn
or ~ 0.3 %• At this stage, the pellet column supported the cladding
radially and further decrease ceased as confirmed by the measurements
taken at the end of the irradiation. The initial cold pellet-to-cladding
diametral clearance of 50 p-m w a s reduced 35 v& under the conditions of
240° C and 140 atm external pressure (zero power).

119. The second series of experiments in the pressurised rig
(IFA-414) will seek to determine the extent to which pressurization
level influences cladding creep into artificially created gaps in pellet
columns.

POWER TRANSIENT EFFECTS PIT DIMENSIONAL STABILITY

120. High burn-up fuel may fail by cladding overstraining if subjected
to sufficiently large and rapid power increases above normal operating
values. The maximum power increase tolerable without causing failure may
be influenced by design parameters, e.g., pellet end shape, gap size,
fuel density, centre hole, interface lubrication, and cladding thickness
and mechanical properties. Operational parameters also influence the
level of tolerable power increase. Among such parameters are burn-up
level, previous power history, rate of power increase, and conditioning
cycles.
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121. Two kinds of power cycling of fuel rods can occur during normal
operation in a power reactor. The first kind, the "power shock", involves
a single increase in power, resulting, for example, from removal of an
adjacent control rod or from shuffling of fuel to a higher power position
in the core. The second involves the cyclic changes in fuel rod power result-
ing from load-following operation of the reactor. In the latter case, in
addition to the parameters listed above, the duration of low power opera-
tion may also be important in determining the starting conditions in the
fuel rod for subsequent power cycles.

122. Experiments have been conducted to study the influence of design
and operational parameters on the behaviour of fuel rods e?rposed to both
"load" following" and "power shock" operation. The objectives of this work,
are firstly to provide quantitative data on the influence of individual
parameters on fuel rod behaviour to aid in fuel performance modelling and,
secondly, to provide guidelines on fuel design and reactor operation to
minimize the adverse influence of power cycling on fuel rod integrity.

125. Instrumentation and facilities developed at Halden are particu-
larly well suited to study the influence of power cycling on fuel rod
behaviour. -The use of He-3 coils surrounding the test fuel rods permits
close control cf the power ramp rate and increment for both power shock
and load-following experiments. A factor of two in power variation can be
achieved using this system. Cladding extensometers provide a continuous
record of fuel rod behaviour during the test, while their adaptation as
failure monitors yields a sensitive instrument for detecting the initial
perforation of fuel rod during power shock experiments. For increased
experimental capacity, rigs are available where any one of four to six
fuel rods may be manipulated into or out of the reactor core during
irradiation by means of hydraulic drives, see Figure 7-

124. To investigate the influence of ramp rate, holding time, and
burn-up on fuel rod behaviour under power cycling conditions, a series
of load-following tests was conducted on the fuel rod in the test rig
IFA-229IV. The first series after a burn-up of about 1600 MWd/t UO2 in
September 1974 produced only elastic length, changes in the cladding. A
second series was conducted in September 1975 after about 4000 MWd/t UO2.
This series consisted of 10 short cycles (10 minutes) between 220 and
390 W/cm with different ramp speeds (6 and 30 W/cm/min.) and two long
cycles with holding periods at low power of 6 and 23 hours.

125. Figure 8 compares the experimental data bands from the 1974 and
1975 series of load-follow experiments. Elongation of the fuel rods was
larger in the 1974 series (~ 100 urn). However, there was no significant
change in the permanent (zero power) length of the rod during power cycling
in either the 1974 or 1975 test series. The zero power length measurements
indicate that the rod had sustained a small permanent elongation of about
60 |im between the two series of experiments.

126. In the test rig 1FA-4G5 seven fuel rods, pre-irradiated to
ca. 8000 MWd/t IJO2, were subjected to power shock experiments. The
parameters varied in these tests were speed of the transient, effect of
pre-conditioning of the fuel rod by a slow ramp to full power preceding
the transient, and the initial pellet-to-cladding gap. Tests were also
performed on six fuel rods with a burn-up of up to 25,000 MWd/t UO2 and
three different gap widths - 310 p,, 230 um and 150 urn. The experiments
showed that fast ramps without prior conditioning cycles can be detrimental
to the cladding integrity. ïïb clear trend regarding the influence of as-
fabricated gap on clad strain behaviour has as yet been established.



127* During 1976, further tests are planned in IFÁ-229-1-7 to investi-
gate the effect of higher hurn-up and longer periods at low power on fuel
rod behaviour during load-follow operation. In addition, new tests will
study the effect of as-fat>ricated fuel density on fuel rod performance
under power shock conditions.
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FUEL/CLADDING HEAT TRANSFER

128. The heat transfer coefficient, which defines the temperature
drop across the fuel/cladding gap, must be known for thermal design of
fuel rods. Many measurements have "been made, but the results have typically
been quite imprecise. Further investigations of the dependence of gap
conductance on fuel rod parameters and on operating conditions are needed.
This is especially true for postulated off-normal situations with deficient
cooling, e.g., loss of coolant accident, where the structural integrity
and associated coolability of the core are fundamentally dependent on the
stored heat in the fuel and the rate at which the heat is transferred to
the cladding.

129. The goal of current and planned studies of gap conductance is
to -provide more accurate data concerning the rate of heat transfer to the
cladding. It is hoped that these results will allow relaxation of the
conservatism which must presently be applied in thermal analyses of fuel
rods. Results will also aid in verification of gap conductance modules
in fuel thermal performance models.

130. Specific objectives current and planned gap conductance measure-
ments in the HBWR include :

- Determination of gap conductance under steady-state conditions
for various fuel designs and at different burn-ups.

- Studies ox' the dependence of gap conductance on fill gas pressure
and gas composition.

- Studies of gap conductance during transient conditions, especial-
ly for impaired cooling conditions.

- Studies of the decalibration of high-temperature thermocouples.

131. The temperature drop across the gap is experimentally obtained by
extrapolating from measured temperatures in the fuel rod. Accurate determi-
nation of the gap conductance thus requires precise and extensive temperature
and power measurement. At the Kalden Project, the use of in-fuel thermocouples
and power sensors has become a well-established technique, and provides the
basis for the gap conductance studies performed. The work has, in the years
up to and including 1975, concentrated on characterizing the thermal beha-
viour of fuel during steady-state operation for different fuel designs and
at different operating conditions. More recently, noise analysis and other
transient methods which promise better accuracies, have been developed,
ititure efforts will focus on behaviour during transient conditions.

132. Tests have included deliberate changes of reactor power while
monitoring the thermocouples and power meters. The power variations consisted
of series of 100 % to 80 % reactor power cycles. The purpose of these tests
was to attempt to measure dynamic gap conductance and fuel thermal conducti-
vity. The measured data show significant phase shifts between fuel temperature
and power during the fast power reduction ramps ; thus, they can be used for
thermal resistance measurements.

133« A systematic study was conducted of gap conductance behaviour in
twelve UO2 pellet fuel rods of different design and with exposures in the
range 0-12,000 MWd/t U0 2. In fresh fuel, variations in gap size and linear
power effected gap conductance in rational manner (Figure 9)• In general,
gap conductance increases rapidly with the linear power. The effect of burn-
up was characterized by an increase in fuel temperature with burn-up for a
given linear heat rating, with an accompanying decrease in gap conductance.
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Data obtained from this study will form the basis for an empirical gap
conductance model on fresh fuel, which is being developed.

134. Theoretical evaluation of the energy transport across the fuel-
cladding gap led to identification of several mechanisms which may supplement
of otherwise influence gap conductance. Radiolytic iciization of the gas in
the gao, formation of composition gradients because of thermal diffusion,
effects, thermoelastic effects, atherinal energy transport, and cyclic en-
thalphy of transition transport are candidate mechanisms which may alter
the gap conductance in-pile.

155. Secause of its importance with respect to fuel safety, gap con-
ductancs will receive increased scrutiny in several new assemblies. The
programme to study thermocouple decalibration will increase the value of
fuel temperature measurements for determining gap conductance. Jnirther
analytical study of energy transport mechanisms will attempt to assess their
quantitative significance and to identify experimental needs.

FISSIOIT PRODUCT RELEASE

136. Pi.ssion product behaviour affects several phenomena in reactor
technology. Gases contained within the fuel influence its mechanical and
technical properties (swelling, cracking, thermal conductivity), released
volatile fission -products affect fuel rod thermal and mechanical properties
(gsp conductance, in-rod pressure), and fission products released to the
environment from failed rods may pose health physics problems. In particular,
fission product release is of importance as it relates directly to various
kinds of"reactor safety problems.

137. A principal near-term goal of the Halden programme in this area
is the capability to continuously monitor both internal rod pressure and
chemical nature of volátiles released from the fuel, in addition to determi-
nation of fission product transport mechanisms, both in-rod and to the cool-
ant in case of cladding breach.

138. During 1975, seventy-five data points - derived from daily, in-pile,
in-rod gas pressure measurements and fro™ post-irradiation puncturing fol-
lowed by gas collection - have been analysed in terms of release fractions
and calculated fuel temperatures. A correlation between these two quantities
was established. In addition, the data were used for verification of various
fission gas release models. The results of both exercises have been reported.
For some of the rods involved in this study, fuel temperature data, derived
from in-fuel thermocouple measurements or from post-irradiation ceramography,
have been collected and are being used for improving the precision of release
correlations employed in performance prediction codes-

139- Planned experiments include studies of gas transport kinetics in
the gap and fuel craclcs of an operating fuel rod. These studies relate to
modelling fission gas release from failed fuel rods and to clad ballooning,
a phenomenon postulated to occur under certain overpower accident conditions.
In-fuel thermocouples in these experiments will allow determination of gap
conductance for gas compositions simulating high bum-ups while the measure-
ments are performed at low thermocouple fluences. Investigation of the fission
product release mechanisms and amounts during various kinds of operation with
defect fuel is also planned.

FUEL EEKFQEMAffCE PREDICTION

140. Accurate predictions of the thermal and mechanical behaviour of fuel
rods at different operating conditions are required for assessing fuel rod



integrity and reactor safety. Models which, perform these predictions are
indisuensible in characterizing effects of postulated accidents which cannot
"be experimentally simulated.

141. Several codes describing the integral fuel "behaviour during reactor
operation have heen published. Por the majority of them, predictive capabil-
ity is not well documented, and general availability is limited. In general,
considerable effort is required to develop these codes to a level at which
they will be satisfactory tools for operational analysis of fuel behaviour.

142. The combined materials/computer expertise of the Halden Project is
used to advantage in producing realistic, usable models and identifying capa-
bilities and limitations of existing codes.

THERMAL MODELS

143. The prime goals of thermal model development at Halden are :

- to develop simple thermal models for specific tasks in connection
with analysis of experimental data and in the planning and design-
of future experiments,

- to verify existing models - both those developed in-house and
those made available by_ outside organizations - against experi-
mental results obtained in the Halden Reactor.

144. During 1975, the thermal model, FUEL TEMP, developed for computa-
tion of the radial temperature distribution in a fuel rod was transferred
from the old GIER computer to the ÍTORD computer system. The ÏJORD version is
highly user-oriented because of the efficient use of the interactive termi-
nals and the time-sharing capabilities of the system. The FUEL TEMP code
applies primarily to fresh fuel and is verified for certain fuel parameter
ranges. Future efforts will be directed toward extending the validity range
of the code (especially towards larger gaps) and including burn-up effects.

145. Since a number of experiments aim at determining gap conductance,
a code, STTEMP, was developed for relating this parameter to measured fuel
temperature data. The code is applicable to solid cylindrical pellets or to
cylindrical pellets with a centre hole and calculates radial temperature
distribution and gap conductance based on measurements of fuel centre tempe-
rature and linear heat rating.

146. A simple one-dimensional transient heat conduction model, TRTEMP,
was also developed. It is used for calculation of temperature distributions
in fuel rods following a reactor scram and during fast power ramps. Compar-
ison with experimental data showed reasonable agreement, justifying use of
this model as a tool in rig design and in the planning of transient experi-
ments. Design of rigs for decay heat and stored energy measurements and ad-
verse cooling condition e periments will require calculations of the tran-
sient thermal behaviour of the fuel rod and its surroundings. The TRTEMP
model will be expanded to accommodate these needs.

THERMOMECHAKECAL MODELS

147. The efforts on modelling of thennomechanical behaviour of fuel aim
at improving the two-dimensional, axisymmetric FEM model, FEMAZÏ, which was
developed at the Project for describing local deformations. The applications
of FEMA2I have comprised verification of the code against data for local de-
formations of the cladding. In addition, development of the code towards
prediction of overpower fuel failure for comparison with data from in-pile
and PIE measurements is in progress.
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148. Figure 10 shows the different phases of the ongoing programme on
FEM fuel iao.de 1" development. Submodels including an axisymrnetric local de-
formation model, a plane strain model, three-dimensional models for local
stress/strain concentration in the cladding at pellet cracks, and a FEH frac-
ture mechanics model were developed and individually verified "before integra-
tion into the general PEM-code.

Project data
•Ridge deformation
• Relaxation
•Axial deformation

•<Fuel centre temp.

Project data \ »
•Overpower

Axisymmetric
model'

Verification for
physical model
or material
properties

3 dimensional
model necessary?

Yes

'Verification b}\
s?reject data

Stress/Strain
concentration
model j
(plane strain)

3 dimensional
model necessary?/

No
Yes

Fracture mechanics p —

'Consideration of \ Y e s

stochastic nature /
rNo

3 dimensional
FEM model

FUEL ROD
FAILURE •.
CONDITION
CALCULATION

FUEL ROD
FAILURE
PROBABILITY
CALCULATION

Fig. JO. Flow chart for FEM fuel model development

149. During 1975, the basic axisymmetric code developed during 1974 was
slightly modified to allow more rapjid calculations. Detailed studies of
pellet/cladding interactions were performed. Comparing clad deformations as
calculated "by FEPLAXI and experimental data from IFA-404Ï and IFÁ-4041-i-
yielded good agreement "between measurements and calculations.

150. The validity of the two-dimensional concept of FEM will "be checked
"by three-dimensional calculations. ín a longer time perspective, application
of FEM for calculations of clad and' fuel stack elongation, considering fuel
densification and clad relaxation processes, will "be attempted. Prediction of
cladding failures using a crack propagation model based on fracture mechanics
will be the next step in further applications of EEM.

In addition to tlie 3?EM calculations, an analysis of overstraining
of the fuel rod cladding due to mechanical interaction with an expanding
cracked pellet was performed. The effects on overstraining of the most



relevant parameters, such as power ramp speed, biaxiality of stresses, fric-
tion coefficient "between fuel and cladding and the strain hardening capabil-
ity of the cladding, were investigated from a dynamic viewpoint, i.e., the
tine evolution of stresses and strains in the cladding was described.

152. The extensive parametric calculatior.3 showed that the risk of
ovorc training and onset of stress corrosion cracking (SGC) can "be reduced "by :

- reducing power rarap speed,

- reducing biaxiality ratio "by optimising pellet shape, ano

- using lubricants b^ tween pellet and cladding.

'55. Programmes on fuel behaviour studies and associated interpretation
and analysis of data provide motivation for the Project to maintain an over-
view of the principal fuel performance models used "by other- organizations.
Thin awareness is useful for future programme planning as well as for data
evaluation.
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INTRODUCTION

154. Tiie r eac to r opera t ion schedule has mainly been governed by the
requirements se t by the t e s t fuel programme. There has been a market i n -
crease i n the time required for carrying out spec ia l experiments with the
various fue l t e s t assembl ies . About 65 % of the avai lable opera t ion time
has been devoted to such f u e l experiments,- 5 % to on- l ine computer exper i -
ments and the remaining 30 %, the reac tor was operated a t s teady power for
test fuel irradiations.

155. There were two scheduled major shutdowns for test fuel reloading,
maintenance and plant modification work. The length of these shutdowns,
which lasted three and two months, were mainly determined by the test fuel
installations. Handling operations of active test fuel has required 50 % more
time than the previous year.

156- One reactor shutdown was taken for reloading of test fuel for over-
power experiments. During these overpower experiments, some fuel rods failed,
"out the failures were so small that no fission product release could be de-
tected during normal operation. Other fuel failures have not been observed.

157- The computer experiments have comprised active control of the
reactor p lant with the OPCOM system. The system showed a sat isfactory per-
formance as expected, and the experiments did not have any adverse influence
on the plant operation.

158. The reactor plant operation has in general been sa t i s fac tory . There
have been four couponent fa i lu res v/hich have caused a 6 % reduction in ava i l -
ab i l i ty . Minor component f a i lu re s , operator 's er rors , e t c . , have resulted in
2.5 % loss in ava i l ab i l i t y .

Systems which have been modified and expanded during the shutdown
periods, comprise the e l e c t r i c a l supply system and the out-of-pi le experi-
mental t e s t fuel c i r c u i t s .

OPERATING STATISTICS

160. The reactor power has usually been between 8 and 12 MW, depending
on the t e s t fuel power l i m i t s . The integrated power level during the year
was 1287 MWd. The reactor operation schedule is shown in Figure 11 and the
reactor power and temperature for each quarter are shown in Figures 12a-12d.

161. A detailed breakdown of shutdown time during the l a s t five years
is given in Table I .

162. In addition to the planned shutdowns, there were twenty-nine un-
planned s tops . Table I I shows the reasons for the shutdowns, the loss in
operating time for the various categories, and number of shutdowns which were
in i t i a ted by scram action.

163« The unplanned shutdowns lasted a t o t a l of 7^0 h r s . Four shutdowns
were made for plant component repairs for a t o t a l of 518 h r s . , the remaining
twenty-five were of short duration, most of them last ing less than 5 h r s .
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Talóle I

SHUTDOWN TIME AND AVAILABILITY

1st reloading period

2nd reloading period

3rd reloading period

Preparation of special test
fuel experiments
IHael failures

Unplanned shutdowns

Availability

Sum

1971

11.4 %
12.0 %

17.8 %

-
7.4 %
51.4 %

100.0 %

1972

2.1 %
16.4 %
16.2 %

3.4 %

3-7 %
58.2 %

100.0 %

1973

14.2 %

13.7 %
17.8 %

5.5 ?á
3.3 %
3.3 %
42.2 %

100.0 %

1974

18.9 %
22.9 %
-

5-2 %
-

5.6 %
47.4 %

100.0 %

1975

25.9 %
19.9 %
-

6.0 ?á
-

3.5 %

39-7 #

100.0 %

Table II

UNPLANNED SHUTDOWNS

Shutdown reasons

Operator error

D2O leakage search and corrective
actions

Loss of main power

Component failure

Others

Total

Number of
Shutdowns

3

10

2

15
1

31

Loss of
operating
time (hrs.)

6

475
15
234

10

740

Number of
scram
actions

2

1

5
1

9

164. The total loss of heavy water "based on daily tritium measurements
was 427 kg- The average rate while the reactor was at full pressure was
94 g/hr. and at shutdown 14 g/hr.

165. The isotoTiic purity of the heavy water decreased from 99.3 % to
99.28 % during the year.

166. There has been, an increased amount of active and non-active
handling operation during the year as shown in Table III. Most of the test
fuel handling operations require special procedures. A typical rod shift
operation is loading of rods from a base irradiation rig to a test rig. This
involves the 16 individual handling operations where the fuel handling
flask or the fuel pin compartment is used.



'fable III

NUMBER OP HANDLING OPERATIONS

Active fuel handling to and from reactor

lion-active fuel handling to reactor

Fuel rod shift in test rigs

Fuel transfers reactor hall to fuel
"bunker

Fuel shipments

Waste shipments

Active transports including unirradiated
fuel

1973

54

9
24

8

8

3

53

1974

59
19
44

19
16

9

65

1975

93
11

58

7
12

20

49

OPERATIONAL EXPERIENCE

167« As noted in Table II, unplanned shutdowns amounted to 7^0 hours
loss of operating time. The major part of this time was due to four incidents.

168. On the 9th of June, a D2O leakage was observed, and inspection in
the hall revealed leakage from the main flange connection on one of the
primary/secondary steam transformers. The plant was cooled down, and elimi-
nation of this leakage was tried by retightening of flange bolTS. However,
afcer reheating and some hours of reactor operation at full pressure, the
flange started leaking again. The reactor was stopped, the plant cooled dcioi,
and the steam transformer was disconnected from the circuits and taken out
from the reactor hall for repair. Reactor operation was resumed with only o .e
steam transformer in use, which was ample for heat removal at the maximum
power level in the successive operation periods.

169. The total time lost due to this incident was 245 hrs. The heat
exchanger has been dismantled and the leakage was due to a slight corrosion
on the flange surface which had impaired- the gasket. The flange surface was
refinished, a new gasket installed, and the heat exchanger will be rein-
stalled in February/March 1976. The handling and work operations of the heat
exchanger did not impose any contamination or radiation problems.

17c. In August, 98 hours of operation time was lost due to failure of
a control valve in the subcooler circuit. The valve stem broke loose from
the valve seat due to flow vibration in the piping circuit. The val/e stem
was exchanged, and the inlet pipe to the valve will be modified in early 1976
to eliminate the vibrations.

171. In December, the top seal of a fuel assembly .started to leak, and
the reactor was shut down for repair of this leakage, which resulted in a
lest time of 120 hrs.

172. The cable seal on a test fuel assembly failed in December, and the
reactor was shut down for unloading of the assembly, giving another 110 hours
operation loss.

173. Apart from the above mentioned incidents, the plant has operated
satisfactorily. There has been the usual amount of leaking stuffing boxes
-on valves and pumps, but none of these have caused any significant delay of
the operation.
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process and nuclear instrumentation have worked satisfactorily.
Only minor delays were caused due to a fuse failure in the control rod cir-
cuit, a failure in the control circuit of the tertiary steam outlet valve, a
failure of the hot well level controller and a failure in a nuclear instru-
ment selector switch.

175. During one of the numerous handling operations, problems arose with
IFA-154 (IFA). The assembly top nut seized and had to be forced out of the
reactor tank top lid. Later inspections showed that three threads in the top
lid hole were damaged during this operation. ¥hen hoisting the assembly from
the reactor tank to the fuel handling flask, the aluminium shroud was found
to be deformed and bent such that the assembly would not pass through the
top lid hole. Remote machining of the shroud at a spacer region and straight-
ening of the whole shroud was necessary to get the assembly out of the reactor
vessel. Special tools were made for these operations and used as illustrated
in Figure 13 through top lid holes adjacent to the assembly.

176. The handling operation of IFA-15zí-, including job organization and
tool production, took totally 2 weeks. The total observed radiation dose for
all s~caff involved in the job was 1-5 manrem ; no single dose exceeded

mrem.

The IFA-154 shroud material, X8001 aluminium (Al - 1 % Hi, 0.3 % Fe,177.
0.1 % Si), is fabricated by extrusion followed by annealing and drawing. It
is assumed that the bending of the shroud tube is caused by irradiation induced
relaxation of uneven internal stresses. This problem is not unique for alumin-
ium, but has been troublesome for Zircaloy channel boxes in some reactors.
Host of the other aluminium shrouds inspected after unloading at HBWR have
not been bent, while some have been bent to a minor degree.

178. In addition, a local expansion of the aluminium shroud at a spacer
contact area was found on UFA-154-- The reason for the expansion and bending
of the shroud is not yet clarified. A tentative explanation may be electro-
chemically accelerated corrosion of the shroud at the spacer contact region,
and the bending due to relaxation of residual stresses (from the drawing
process) during irradiation.

FLAUT H-A CTTEgAtTCE AND HODIFICATIOU WORK

179- In addition to normal plant and component maintenance, the follow-
ing plant modifications and maintenance operations were carried out during
the shutdowns :

- Modification and extension of the main electrical power supply
system.

- Relocation and improvement of secondary and tertiary water treat-
ment systems including installation of new dosage pumps and chemi-
cal tanks.

- Exchange of tube bundle in one unit of subcooler B, the heat
exchanger between the secondary and tertiary circuit.

- Overhaul of four control rod drive mechanisms.

- Exchange of piping in the sink/delay drainage, in the shield
cooler circuit, and the raw water supply system.

- Installation o± a new feed water pump.
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"•80. The na.jor single ,iob carried out was the extension and modification
of tho r.iain electrical nower supply system. The electric power consumption
at H3V.1Í has continuously increased during the last years. The tatal trans-
forcer capacity was at its limit,1 and •olannc-d experimental equipment requi
increased transformer Cci.ps.city.

.rea

15.'"!. 'i'lio t>Í3.iit was previously supplied fi'or; tv:o trrmsforaern of which
one was located at the nearby switch yard of the paper and pulp factory
Saucbrugsforeningc-n. Ä new 5J0 kVA transforEer has been installed and in
connection with, the nei-; installation it was found advantageous to rearrange
the transformers and modernise the distribution system.

''82. An extension to the control room building has been built, which
contains the distribution racks and the high voltage breakers with all three
transforáers located on a plantforn outside the "building. Figure "14- shows
the principle diagram for the new power supnly â id distribution system. The
three possibilities foir emergency supply, i.e.,' the municinal electricity
gri'i, storage batteries via converters and two diesel generators, are un-
clianged ; however, the diessl generators may be connected to the different
.busses in a faster and more flexible way.
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185. As a whole, the rebuilding will increase the reliability and main-
tainability of the system.



ACTIVITY ISLSASE FROH THE FLAUT

18¿L. Release oí' gaseous activities from the stack is recorded "by an
Loriization type- gas monitor. Interpretation of the recordings is possible
only when other information is available, such as analysis of the tritium
content oí' the air and v-speefcroraetric analyses of the different nuclides of
noble gases. The mixture of these nuclides varies with the mode of reactor
operation, the pattern of fuel failure, etc., trut in general Xe-133 dominates.

1S5- Release of 1-131 through the stack is found by y-spectrometric
analysis of charcoal filters from the raonicoring circuits. The release of
^articulate activities is determined as overall ß and a collected on filter
paper.

186. Activity release to the sewage are found by laboratory measure-
ments of samples."Tritium is found by liquid scintillation councing, and the
other activities are determined by ß-counting of the residue after evapora-
tion.

187- -he main contributors to the release are shown in Tables IV and V.
The figure for long-lived ß in the steek air is the maximum value decided
by the detection limit of the measuring equipment.

Table IV

ACTIVITY RELEASE FROM THE STACK

January-December 1975

Xe

I- '

HUCLID:

-f ï

+ Kr (m

¡31
Longlived
overall ß

ainly

3

Ze-153)

components of

Table V

RELEASED ACTIVITY
Ci

6 6 0

170

660

< 1 .

< 2 .

10-í

10-5

ACTIVITY RELEASE TO THE SEWAGE

January-December 1975

NÜCLIDE

H-3
ïïon—volatile ß

RELEASED ACTIVITY
Ci

12

10-2

RADIATIOÍT PROTECTION

188. Table- VI gives personnel doses during 1975. Total lanreia was
including 1.65 manrem from intake of tritium.
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Table VI

TOTAL BODY DOSES '¡975

mren

Humber of p e r s o n s

100-1500

22

I5OO-3OOO

4

3OOO-5OOO

1

> 5000

0

IODDIE AHD URMIIM TÉ TEE MODERATOR

189. During operation of the reactor , the concentration of 1-131 in the
moderator has "been about 10~2 ^Ci/ml. In shutdown periods, the concentration
decreases below the detect ion l imit which i s 10-6 i /

190. The uranium concentration in the moderator has varied between 1
and 2 tig/1 during operation and < 1 ug/1 at shutdown.
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INSEÜSUCTIOÍI

191- Th.e formal status of the Halden Pro.iect under review in this
Seport is laid down in the three-year Agreement which came into effect
on "1st January 1973- The main provisions of this Agreement are identical
with those of the four former international Agreements which covered the
periods -1958/1964, 1964/1966, 1967/1969 and 1970/1972, respectively. (For
details of these provisions, reference is made on pages 11 to 14 of the
Second Annual Report, 1960).

HAIDEIT BOARD OF MANAGEMENT

192. The Halden Board of Management is the governing "body of the
Project. The Board met on two occasions during the period under review
in Halden on 17th June and in Paris on 21st November, 1975-

193. The Board was composed as follows

Mr. P.J. Snare (Chairman)

Dr. A. Pedretti (Vice-Chairman)

Prof. i r . J . irelser

Ar. I . i-Iakipentti

Tr. i'":. Hagen

ir. J. Miida

i''v • íi.. Ill ison

I'ir. M. Levenson

Mr. E. Saeland

Dr. Syllus H. Pinto

Dr. V. Che mock

Mr. D.H. Imhoff

Dr.W.V. Johns ton

Danish Atomic Energy Commission

Comitato ITasionale per 1'Energía
TTucleare, Italy

Reactor Centrum ííederland

Ministry of Trade and Industry,
Finland

Bundesministerium für Forschung und
Technologie, F.R. of Germany

Japan Atomic Energy Research Institute

Aktie~bolaget Atomenergi, Sweden

Electric Power Research Institute,
U.S.A.

Institutt for Atomenergi, Norway

OECD Nuclear Energy Agency
(in an advisory capacity)

Companhia Brasileira )
de Tecnologia Muclear,
Brazil

Combustion -engineering,
Inc., U.S.A.

General Electric
Company, U.S.A.

United States Atomic
Energy Commission

Associated
Parties

- 59 -



HALDEN PROGRAMME GROUP

194-. The Halden Programme Groep assists the Halaen Board of Management,
in particular in formulating the joint programme and supervising in execu-
tion. The Group met four times during, the period under review at Geilo,
Norway, on 18th March, in Halden, on 16th June, in Biblis, F.H. of Germany,
on 22nd October, and in Halden on 19th December, 1975-

195. The Geilo meeting included a four day "Enlarged Meeting on In-
Pile Behaviour of Water Reactor Fuel", attended by 110 representatives
from the participating countries and where thirty-nine papers were
presented and discussed.

196. The Groupe was composed as follows :

Dr. S. Krawcsynski (Chairman)

Mr. 0. Vapaavuori (Vice-Chairman)

Dr. IT. Hansen

Dr. D. Bünemann

Kr. 'tí. ño gard

Dr. L. Pedretti

Dr. J. Miida

Kr. E. Swanenburg de Veye

Kr. P. Blomberg

Dr. E. Zebroski

Hr. J.H. D^derlein

Mr. S. Aas

Kr. K.B. Stadie

Dr. Syllus M. Pinto

Hr. E. D'uican

Dr. E. Proebstle

Dr. VJ.Y. Johnston

Kernforschungsanlage Jülich, GmbH,
F.E. of Germany

Ministry of Trade and Industry,
Finland

Danish Atomic Energy Commission

Gesellschaft für Kernenergieverwertung
in Schiffbau und Schiffahrt mbH,
F.R. of Germany

Aktiebolaget Atomenergi, Sweden

Comitato Nazionale per 1' Energia
Nucleare, Italy

Japan Atomic Energy Research Institute

Eeactor Centrum Nederland

Aktiebolaget Atomenergi, Sweden

Electric Power Research Institute,
U.S.A.

Institutt for Atomenergi, Norway

Institutt for Atomenergi, Norway

OECD Nuclear Energy Agency

Companhia Brasileira )
de Tecnología Nuclear, )
Brazil )

Combustion Engineering,^
Inc., U.S.A. I
General Electric )
Company, U.S.A. )

United States Atomic <
Energy Commission I

Associated
Parties

RELATIONS WITH THE OECD NUCLEAR ENERGY AGENCY

197. The Nuclear Energy Agency (NEA) of the Organisation for
Economic Co-operation and Development in Paris is the international
organization through which the co-operative programme of research at
Hslden is arranged between the participating countries. NEA is represented
at the meetings of the two governing bodies of the Project and shares the
responsibility of the Secretariat of these meetings. The Agency maintains
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c-oiit iriuouL! close linke with the Project management, advising on questions
of general policy, also on problems which are common to other FEA joint
undertakings, and playing an active role in the negotiations for the
continuation of the internationally sponsored work at Halden.

I9S. Under the OECD Security Control Convention, the Control Bureau
of HEA is responsible for safeguards against diversion of the nuclear
material used at the Halden Project. All transfers of fissionable material
are reported to the MEA Director of Control, who also receives quarterly
inventory and" material balance reports.

RELATIONS WITH THE IHSTITUTT FOR ATOHEMERGI

199- For the sake of simplicity and expedience, the OECD Halden
Reactor Project has not been given a separate legal identity, and the
ITorwegian Institutt for Atomenergi has been made responsible for carrying
out all legal acts on behalf of the Signatories.

200. For the sake of economy and to limit staff requirements at
Halden, all accounting for the Project is done at the main office of IFA
at Kjeller, 70 miles north of Halden. Use is also made of the purchasing
services, workshop facilities, design office and library at Kjeller.
Certain special technical problems are handled in co-operation with the
different research departments at Kjeller, where there is a computing
centre which is available to the Project.

SATSGUARDS

201._ Under the OECD Security Control Convention, the Control Bureau
of IZA is responsible for safeguards against diversion of the nuclear
material used 'a t the Halden Project . All t ransfers of nuclear materials
arc reported to HEA Director of Control, who also receives quarterly
inventory and material balance repor t s . HEA inspection takes place
regular ly .

202. The nuclear mater ials at the Halden Project are furthermore
cut.icct to safeguards by the Internat ional Atomic Energy Agency (IA"A)
under the Treaty of the llon-Proliferation of Nuclear Weapons. Inspectors
from the Agency frequently v i s i t the f a c i l i t i e s in Halden. IAEA has
placed seals on storage posi t ions of nuclear mater ia ls , and an automatic
camera has been ins ta l led in the reactor h a l l for surveil lance of fuel
handling operations in the area.

FIÏÏAHCE

205. The budget funds available for implementing the programme for
the three-year period 1st January, 1973, to 31st December, 1975, are
covered by contributions as shown in Table VII .

- 61 -



Table VII

FHTA1ÍCIÁL CONTRIBUTIONS FRCH PROJECT PARTICIPANTS

(All amounts in Norwegian Kroner)

Contributions fron: Signatories

The Norwegian Institutt for Atoraenergi
Aktiebolaget Atomenergi, Sweden
Electric Power Research Institute, U.S.A.
The Italian Comitato Nazionale per 1'Energía
Tíu ele are

Japan Atomic Energy Research Institute
Eernforschungsanlage Julien GmbH, F.R. of Germany
Reactor Centrum Nederland
The Finnish. Ministry of Trade and Industry
The Danish Atomic Energy Commission

Total contributions from Signatories
Contributions from Associated Parties, etc.

TOTAL CONTRIBUTIONS

Amount

19,000,000
3,850,000
1,800,000

3,570,000
3,630,000
4,950,000
2,570,000
2,140,000
2,140,000

43,650,000
11,350,000

55,000,000

204. Actual expenditure during 1973, 1974 and 1975, and forecast
of expenditures for the rounding-off period of the programme in 1975,
aro given in Table VIII.

Table VIII

EXPENDITURES IN MILLION NORWEGIAN KRONER

Budget Item

Salaries
Operations
Experiments and
Development

Overheads

TOTAL

Actual

1973

10.50
2.30

3.10
1.40

'17-3O

Expend i ture s

1974

12.26
1.68

2.29
1.61

17-84

1975

14.15
2.42

I.34
1.71

19.62

Estimated
Expenditures

1976

0.2

0.04

0.24

Total
3udget

37.11
5.40

6.73
4.76

55.00
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INSTITUTT FOR ATOMENERGl
OECD Hakten Reactor Project

I'tihlf IS
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I
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I
Fuel Experiments EngintiL-tmtj Division

. ! . Itant'vih
lOpv. Chief Expunm. FUL'I Rese<iich)

I
/(. Auru-I - Senior Scientific Atlvisoi

In-Core Instrumentation
,\l. itrakus (Dpy. Ulv. Heati)

J. Aukdal tO) (Insuumeni Development)
P.J. vanKouwenlHI
F,H. Pedersen
T. Stier.

S. Sa'tkt'r (Electronics Laboratory |
Supp. staff. 6

Experiments Design & Production
.1. Itani'vik
I'. I taf gaard

{{, Valsvth (Design Office)
I.W. Jahnnsen
Supp. staff: 7

. 1 . Krut'hoJ (Instrument Waikshopl
Supp. st^M. G

Supervision of Experiments In-Reactor
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H, Devoid
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F. Kuhuid
G. Thomas (USI
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205. A total staff of 166 was employed at the Project as of
31st December 1975. Of these, 29 were Norwegian graduates, while
14 graduates were seconded from other Project Member organizations. The
foreign staff are seconded mostly for periods of between 18 and 30 months
through the national organizations participating in the Halden programme,
and are integrated into the personnel structure of the Project and of the
Norwegian Institutt for A.tomenergi. The organisational structure of the
senior staff is shown in Table IX.

PUBLICATIONS

206. In accordance with the terms of the Halden Agreement, the
Signatories are provided with all the information obtained in. the course
of carrying out the experimental programme. Much of the communication of
results and information has been through Halden Project Reports (HPR);
the distribution of which within member countries is decided by individual
Signatories.

207. Fourteen Halden Project Reports were issued to the Signatories
during the period under review, in addition five Ealden internal reports
were circulated.

The following conference papers were published :

Reglungstechnik, Vol. 22, N° 12 : "Dynamik und Regelung grosser
wassergekühlter Kernreaktoren (The Dynamics and Control of
Large Water Reactor Cores)", by J.E. Lunde and R.M. Versluis.

European Nuclear Conference, Paris, April 21-25, 1975 : "Studies
Conducted at the OECD Halden Reactor Project on Pellet Clad
Mechanical Interaction Mechanism", by J.E. Lunde and A. Hanevik.

Reaktortagung, Nuremberg, F.R. of Germany, April, 1975 :
Control of Large LWR's by Mathematical Programming", by
R.M. Versluis.

"Core

Specialists Meeting on Control Rocm Design, San Francisco,
Cal., USA, July 22-24, 1975 : "Experimental Operation of the
Halden Reactor, Utilizing a Computer- and Colour Display-Based
Control Room", by K. Netland and J.E. Lunde. Proceedings from
the meeting.

Specialists Meeting on Control Room Design, San Francisco,
Cal., USA, July 22-24, 1975 : "Coloured Graphic Display - an
Aid in Reactor Core Supervision and Control", by S. Malmskog
and R.M. Versluis. Proceedings from the meeting.

ÏEEE Transactions on Magnetics, Vol. Mag.-11, 1T° 5, Sept. 1975
"Inverse Magnetostrictive Sensitivity of Martensitic Stainless
Steel AISI-410 and its Application to Pressure Measurements",
by K. Ara and M.J. Brakas.

HÏÏCIEX 1975, Technical Meeting N° 8, Basel, October 7-11, 1975
"Development of Advanced Computerized Supervision and Control
for Nuclear Power Plants", by E. Robinson, M. 0vreeide qnd
J.E. Lunde.

ANS 1975 Winter Meeting, San Francisco, Cal., November 1G-21.
1975, Vol. 22, p. 236 : "Performance Optimisation of LWR Cores
under Variable Load Operation", by R.M. Versluis, B. Blomsnes
and J. Karppinen.
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Control of a daily duty cycle with ramp power level
changes. Boration and dilution speeds limited during
power transients to 18.0 and 10.8 ppm/hr.

Response to generator power setpoint ramp 70-85 % of
full power in 15 seconds

Response to generator power setpoint step 85-95 % of
full power

Hardware structure for the disturbance analysis
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Stress relaxation as function of gap and time

1FA-414. Decrease of cladding diameter vs. fuel burn
up (50 p.m. gap)
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IFÁ-229« Cladding elongation data bands for 197^
1975 experiments

Gap conductance vs. power
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Handling of IFA-154-, tool arrangement

Power supply
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Some other publications of NEA

ACTIVITY REPORTS

Activity Reports of the OECD
Unclear Energy Agency (HEA)

Second Activity Report (1972)
71 pages (crown 4to)

Third Activity Report (1974)
75 pages (crown 4to)

Fourth. Activity Report (1975)
77 pages (crown 4to)

Free on request

Annual Reports of the OECD High
Temperature Reactor Project
(LRAGOIT)

Fourteenth Report (1972-1973)
112 pages (crown 4to)

Fifteenth Report (1975-1974)
85 pages (crown 4to)

Sixteenth Report (1974-1975)
99 pages (crown 4to)

Free on request

Annual Reports of the OECD Halden
Reactor Project

Thirteenth Report (1972)
173 pages (crown 4to)

Fourteenth Report (1973)
105 pages (crown 4to)

Fifteenth Report (^974)
103 pages (crown 4to)

Free on request
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SCIENTIFIC AND TECHNICAL CONFERENCE PROCEEDINGS

.Radiation Dose Measurements
(Their purpose, interpretation and
required accuracy in radiological
protection)

Application of On-Line Computers to
Unclear Reactors

Third Party Liability and Insurance
in the Field of Maritime Carriage
of Unclear Substances

The Physics Problems of Reactor
Shielding

Magnetohydrodynamic Electrical
Power Generation

Marine Badioecology

Disposal of Radioactive Waste

Power from Radioisotopes

The Management of Radioactive
Wastes from Fuel Reprocessing

The Monitorixig of Radioactive
Effluents

Proceedings of the Stockholm
Symposium, June 1967
597 pages (crown 4to)
64s., $ 11, F 44, ES 44, LM 36.50

Proceedings of the Sandefrjord
Seminar, September 1968
900 pages (crown 4to)
£ 7.5s . , $ 20, F 85, I'S 78, DM 70

Proceedings of the Monaco Symposium,
October 1968
529 pages (crown 8vo)
£ 2.12s., % 7.50, F 34, I'S 28.50,
DM 22.50

Proceedings of the Specialist
Meeting, Paris, December 1970
175 pages (crown 4to)
£ 1-75, $ 5, F 23, FS 20, DM 15-60

Proceedings of the Fifth
International Conference, Munich,
April 1971
499 -pages (crown 4to)
£ 4.88, $ 14, F 65, FS 50, DM 43

Proceedings of the Hamburg Seminar,
September 1971
213 pages (crown 8vo)
£ I.50, % 4.50, F 20, FS 15,60,
DM 13.60

Proceedings of the Information
Meeting, Paris, 12th-14th April 1972
290 pages (crown 8vo),
£ 2.60, $ 7-75, F 32, FS 25, DM 20

Proceedings of the Second
International Symposium, Madrid,
29th May-1st June 1972
986 pages (crown 4to)
£ 9, % 24, F 110, FS 83-50, DM 68.80

Proceedings of the Paris Symposium,
27th ETovember-ist December 1972
1265 pages (crown 8vo)
£ 12, $ 34, F 140, FS I07, DM 88

Proceedings of the Karlsruhe
Seminar, 14th-17th May 1974
452 pages (crown 8vo)
£ 4.40, ft 11, F 44
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Management of Plutonium-
Contaminated Solid Wastes

Bituainisation of Low and Medium
Level Radioactive Wastes

Proceedings of the Marcoule
Seminar, 14th-16th October 1974
248 -pages (crown Svo)
£ 3.80, t 9-50, P 38

Proceedings of the Antwerp Seminar
18th-19th May 1976
in preparation

SCIENTIFIC AND TECHNICAL REPORTS

Radiation Protection

Radioactive Waste Disposal
Operation^into the Atlantic 1967

Power Reactor Characteristics

Uranium Resources
(Revised Estimates)

Prospects for Suelear Energy in
"Western Europe : Illustrative
Power Reactor Programmes

Uranium — Production and Short
'Tern Demand

Uranium - Resources, Production
and Demand

Uranium - Resources, Production
and Demand

Uranium - Resources, Production
and Demand, including other Suelear
Fuel Cycle Data

Water Cooled Reactor Safety

Revised Edition 1968
Free on request

September 1968
74 pages (crown Bvo)
12s., t 1.80, F 8, FS 7, DM 5-80

September 1966
83 pages (crown 4to)
15s., $ 2.50, F 10, FS 10, DM 3.30

December 1967 .
27 pages (crown 4to)
Free on request

May 1968
47 pages (croitp. 4to)
17s.6d., $ 2.50:, F 10, FS 10,
DM 3.30

January 1969
29 pages (crown 4to)
7s., ii 1, F 4, FS 4, DM 3-30

September 1970
54 pages (crown ^to)
£ 1, $ 3, F 13, FS,11.50, DM 9.10

August 1973
140 pages (crown 4to)
£ 1-76, $ 5, i1 20, FS 15.60,
DM 12.'50

December 1975
78 pages (crown 4to)
£ 3-10, $_7, F 28

May 1970'
179 pages (crown 4to)
£ I.52, ÍS 4.50, F 20, FS 17.50,
DM 13.60
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Glossary of Terms and Symbols in
Thermionic Conversion

Radioactive Vaste Hnnageiseni
Practices in V,'es tern Eurem e

Radioactive Haste I-lar-agenient

Basic Approach for Safety
Analysis and Control of Products
Containing Radionuclides and
Available to the General Public

Radiation Protection Standards for
Gaseous Tritium Light Devices

1971
112 pages (crown 4-to)
£ 1.75, !• 5, F 23, FS 20, DI-I 15.60

1972
125 wages (crown. Svo)
£ 1.Í5, t 3-25, F 15, PS 11.70,
DI-I IO.5O

I974-
4-5 pages (crown 8vo)
Free on request

June 1970
31 pages (crown 8vo)
11s., í I.5O, P 7, PS 6, DH 4-.90

1973
23 pages (crown 8vo)
Free on request

Radiation Protection Considerations
on the Design and Operation of
Particle Accelerators

ínterin Radiation Protection
Standards for the Design,
Construction, Testing and Control
of Eadioisctopic Cardiac Pacenakers

Guidelines for Sea Disposal
Packages of Radioactive Waste

estimated Population E:<rposure
froiu ITu clear Power Production and
Other Radiation Sources

97
80 pages (crown Svo)
Pree on request

1974-
54- pages (crown Svo)
£ 1, S 2.50, P 10

ííovember 97
32 pages (crown 8vo)
Pree on request

January 1976
4-8 pages (crown 8vo)
£ "f. 60, $ 3.5O, P 14-

LEGAL PUBLICATIONS

Convention on Third Party Liability
in the Pield of iluclear Energy

ITuclear Legislation, Analytical
Study : "ITuclear Third Party
Liability"

IFuciear legislation, Analytical
Study : "Organisation and General
Regime Governing ITu clear Activities'

July 1960, incorporating provisions
of Additional Protocol of January
1964-
75 pages (crown 4-to)
Pree on request

1967
73 pages (crown 8vo)
(it is planned to publish a revised
version of this study in February
1977)

1969
230 pages (crown 8vo)
£ 2,'t 6, P 24-, PS 24-, DM 20
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Ruclear Legislation, Analytical
Study : "Regulations Governing
Nuclear Installation and Radiation
Protection"

Fuclear Law Bulletin

1972
492 pages (crown 8vo)
£ 3.7O, ••!• 11, P 4-5, FS 34.60,
DM 29.30

Annual Subscription
Two issues and supplements
£ 2.80, $ 6.25, F~25
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