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PREFACE

The Nuclear Science and Technology Branch Report is an annual
technical report dealing with work done in a twelve month period ending
on September 30th of each year.

The report is issued in several volumes, each recording the tech-
nical effort within broad areas of responsibility as follows:

AAEC/PR43-P Power and Energy Program
AAEC/PR43-U Uranium Fuel Cycle Program
AAEC/PR43-N Nuclear Science and Applications Program
AAEC/PR43-D Divisional Research
AAEC/PR43-S Site Management Program

The contributions to each report are made by Research Divisions,
Research Sections, and Site Management Departments where appropriate.
Wherever possible the names of staff reponsible for each project are
indicated.

K.H. TATE
Controller, Site Information Services
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1. INTRODUCTION

The Power and Energy Program is designed to cover all forms of
energy conversion and utilisation. An overview is maintained showing
how nuclear and other newer technologies might fit into the Australian
scene and what their impact overseas is and may be. The major part of
the program effort is expended on various scientific and technological
aspects of fission reactors but a small team is engaged in studies of
controlled thermonuclear systems and other workers are investigating
some aspects of non-nuclear energy conversion.

Throughout 1975/76, collection of data and information on energy
resources, conversion and utilisation has progressed to the point where
a computerised energy information store is nearing completion. The data
bank is now being used for systems analysis. While the information and
data cover almost every country, particular attention has been given to
Australia and the industrialised countries of the Western World.

Data and information on all types of nuclear reactors are available,
in particular the data on overseas nuclear programs, and have been
placed in a computer data bank which is regularly updated. At present
the main use of the latter is to provide basic data for assessment of
world uranium, yellowcake and enrichment requirements.

In the study of physical, metallurgical, engineering and chemical
aspects of fission reactors, greater emphasis has been given to their
safety aspects while an overlapping interest is maintained in their per-
formance aspects. The experience and experimental techniques used in
contributing to this field of the Power & Energy Program are frequently
applied to work required for other major programs within the AAEC.

It is becoming apparent that a significant effort should be devoted
to the purely scientific aspects of controlled thermonuclear fusion.
Liaison with Australian universities with relevant programs in this
field has continued and proposals for AAEC involvement are being prepared.
A small group of AAEC officers has maintained some studies of physical
and metallurgical problems presented by possible fusion systems.

A small effort has been devoted to non-nuclear energy research,
confined mainly to spin-off from research in other fields into solar
energy utilisation and the production of substitute fuels such as hydrogen.
The program as a whole is designed to allow small incursions into other
than nuclear fields if there is value in following through suggestions
arising from other work.

The layout of this progress report reflects the Power & Energy
Program. Table 1.1 shows the relationship of fields and sub-fields of
the program to the relevant chapters of the report.



TABLE 1.1

REFERENCE BETWEEN POWER & ENERGY PROGRAM AND

POWER S ENERGY PROGRESS REPORT

Field and Title Relevant
Sub-field Chapter

of Report

1 Energy Resources and Utilisation 2
(including environmental and economic
considerations)

2.1 Basic Data and Performance of Fission 3
Reactors

2.2 Safety and Environmental Aspects of 4
Fission Reactors

2.3

2.4

3

4

Review of Nuclear Technology

Collaborative Programs in Reactor
Technology

Controlled Thermonuclear Fusion Systems

Alternative Energy Systems

5

6

7

8

2. ENERGY RESOURCES AND UTILISATION

2.1 Collection and Assessment of Information [F.H. Carr, J.R.
Fredsall, G. Khoe, I. Scurr, B.A. Beard]

An information and assessment unit has been established within the
Program Manager's unit to provide a sound base for consideration of
energy resources, energy demands, the changing pattern of energy utilisation,
and the long term impact of the development of new energy technologies.
The unit is also expected to produce information and data on any aspect
of the power and energy field at short notice. This is achieved by
continuous monitoring of literature on all forms of energy resources and
utilisation so that verified factual information is always available.

To facilitate coverage, this work has been divided into three main
topics:

(i) energy statistics and outlook

(ii) energy technology

(iii) nuclear power and energy

Energy Statistics and Outlook

This topic includes the statistics of energy resources, trade and
consumption as well as the energy policy and the assessment of energy
supply, demand and outlook of various countries. At the moment, storage
and retrieval of this material is through a hard copy filing system, but



a computerised energy data filing system which vill facilitate retrieval
and processing of data is being established. To date, population,
electrical power generation, installed electricity generating capacity,
energy production and consumption statistics for 44 countries and regions
have been included in the system. This is being expanded to 206 countries
for the period 1950-1974 with data on magnetic tapes received from the
United Nations in July 1976. For some countries a more comprehensive
and up-to-date computerised filing system can be achieved through
addition of statistics from other sources. This applies particularly to
OECD countries. It is planned to include energy resource statistics and
relevant main economic indicators, such as the gross domestic product,
into the system.

Computer programs have been prepared which produce electrical power
generation and primary energy data in tabulated and graphical form.
Similar programs are in preparation for installed electricity generating
capacity and energy resource data.

Energy Technology

Information on technological development in the fields of energy
resource recovery, conversion, transportation and utilisation, is col-
lected and stored. This is extended to information on methods used in
the management and analysis of the energy system. Space is also pro-
vided for information relevant to the environmental, economic and
societal implications of energy activities.

Nuclear Power and Energy

As with the previous topics, the hard copy filing system forms the
basis for the storage and retrieval of information. The second store
available is a computerised data filing system consisting of three
primary data files with a fourth being established. One file contains
information on virtually all commercial nuclear power reactors in the
world, from those firmly planned to those in operation, and includes
those cancelled, indefinitely deferred or decommissioned. It contains
information on the country and utility, the name of the reactor, its
type and date of commercial operation. The second file, referenced by
the first, contains additional contractual data for those plants that
have reached the contract stage. The third file contains detailed
design data on each reactor. Two auxiliary files relate to countries
with nuclear programs and to companies engaged in the nuclear industry.
The fourth file is being developed to hold data on the long term nuclear
plans of individual nations. Two further interface files, containing
pertinent data drawn from the primary files, are available for access by
external users and are updated monthly.

The hard copy files and the computerised files are continually
updated. Computer programs have been prepared to produce selected
information and reports from the computerised files. Some reports are
produced at regular intervals for both internal and external use. In
addition, other programs are used to show trends in reactor plant
operating parameters by reactor type or country, and the operating
history for specific plants. The nuclear information system is shown
diagrammatically in Figure 2.1.
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The P&E Assessment Unit has been in operation for a relatively
short time, the major part of which has involved developing and establishing
the data filing systems. Nevertheless, the computer outputs, and
information in the hard copy files, have been invaluable in meeting
requests from various quarters; in the preparation of regular and
specific reports; and in continuing the supply of updated information
to other departments.

2.2 Modelling of Australian Energy Resources and Utilisation
[P. Essam, K. Maher. K. Stocks, J. Faulkner]

While the long-term objective is to determine under what conditions
nuclear power can make a worthwhile contribution to Australian energy
requirements, the lack of comprehensive and self-consistent energy data
for Australia and the states prevents detailed modelling. It was
therefore decided in May 1976, that the scattered data available on
energy and related fields dating back to the late 1940s be gathered and
placed on a self-consistent basis. Projections of energy usage would be
made, based on these data using 'naive1 projection techniques. 'Naive*
forecasting essentially consists of extrapolating past trends; however
quite sophisticated statistical analyses may be involved to separate
causal from coincidental relationships. The advantages for the data-
gathering and projective work were that

(i) it would generate an awareness of the total energy picture in
Australia,

(ii) it would produce a definite output with a definite time-scale,

(iii) the insight and data obtained would form a substantial basis
for the long-term modelling work,

(iv) techniques developed for the extrapolation process could be
used to obtain projections of energy usage in other countries,

(v) if the work is published, other organisations and individuals
would become aware of AAEC interest in this field.

The project has been split into a number of sub-projects:

data collection in the fields of

(i) oil and gas,
(ii) electricity,

(iii) coal and others,

all based on a year ending at 30 June;

creation of the data base file and data management programs;
and

correlation of energy and energy-related variables or para-
meters on an econometric basis.

Data Collection

Oil and Gas

Statistics since 1948/9 on oil and gas usage, production, imports,



exports and reserves are readily available. Data on end-usage (e.g.
transport, industry, residential, etc.) are not readily available over
the period, but detailed breakdowns are given by the Petroleum Branch,
Hydrocarbons Division of the Department of National Resources for recent
years. Price data are sparse and may prove difficult to obtain. The
data collected are being prepared for entry into the data base.

Electricity

Statistical information on electricity production and consumption
in Australia has been gathered on a state-by-state basis dating back to
1947/8. Exceptions are the ACT and Northern Territory where data go
back to 1951/2. Where possible, consumption has been broken down into
sectors such as residential, commercial, industrial, traction and public
lighting. A series of AAEC internal reports containing the data for
each state will be updated as time progresses and the data content is
being prepared for entry into the data base.

Coal and Other Energy

Data on production, exports, imports and stocks of black and brown
coal in Australia are available from annual reports of the various state
coal boards, state mining authorities, and the Australian Petroleum
Institute (which are based on the Petroleum Branch publications). Some
of the discrepancies between the various data sources are attributable
to the different time spans in a nominal year. For example, the Joint
Coal Board requests values as at the weekend nearest 30 June and this
normally results in a 52-week year; however, some 53-week years and a
54-week year occur in the period from 1947 to date. Other data sources
are based on the calendar year or financial year. The only other energy
sources for which data are available are bagasse and firewood. Town gas
produced from coal is included in the coal data.

Before data are entered into the data base, they are examined to
locate any discrepancies and the underlying reasons for these dis-
crepancies are determined.

Data Base File and Management

The data base file has been structured so that it can contain data
on production, consumption, imports, state-to-state flows, reserves,
stocks, energy prices, population and various economic indices. Pro-
vision has been made for about 50 fuel types (this can be expanded) to
embrace the wide variety of fuel forms and types (petroleum products,
coals and natural gases). The smallest region envisaged at present is
an Australian state, although this can be modified to smaller regions
such as individual cities. While broad end-use categories will be used
initially, provision has been made for a breakdown into ASIC categories
(Australian Standard Industrial Classification). A program is being
written and developed to load, edit and retrieve data from the base. It
is intended that programs will be developed to manipulate data after
retrieval on an interactive basis via graphics and other remote terminals
connected to the site Dataway.



Correlation of Energy Variables

Correlations relating energy consumption to various economic and
demographic parameters are being investigated for projections of future
demand. The analysis of energy demand is performed at various levels of
data aggregation. On a very broad level, growth in total energy con-
sumption can be related to growth in gross domestic product. Of more
interest is the division into the various sectors and fuels. For example,
residential electricity consumption can be correlated with real disposable
income and a weather variable. Industrial energy consumption can be
related to an index of industrial production. In both cases, the regres-
sion analysis can be extended to include fuel price effects and, in the
case of industrial energy demand, the prices of labour and capital also
have to be included.

Another approach is to consider separately the trends in the
various factors affecting a particular demand. Thus, residential energy
consumption can be viewed as being determined by two trends, consumption
per household and number of households, and the growth in each of these
can be examined separately. This work will be extended to energy forms
other than electricity as the data become available.

2.3 Energy Investments in Nuclear Power Systems [P. Essam,
K. Stocks, J. Faulkner]

Preliminary investigations of 'static' and 'dynamic' energy analysis
have been extended and consolidated.

'Static* energy analysis compares the energy produced by an elec-
tricity generating station over its lifetime with the energy required to
build, fuel and run it. Nuclear stations operating at a lifetime capacity
factor of 62%, pay back many times over the energy required to build and
run them in a lifetime of 25 years. Assuming that fuel is obtained from
ores containing 0.3 per cent uranium, energy ratios for various reactor
types are:

Type LWR CANDU SGHWR MAGNOX HTR

Energy Produced >16 >u >u >lg

Energy Required (nQ useful values can be assigned to the FBR at
present)

Numbers given above should be treated with caution since different
analysts adopt different conventions, e.g. in converting electricity to
equivalent fossil fuel energy. However, the numbers represent the
lowest ratio of the four major conventions in use. The energy ratios
can be increased by other factors, such as increasing the capacity
factor and lifetime.

'Dynamic' energy analysis compares the energy produced by a system
with the energy required to build and operate new stations (to satisfy
system growth and plant replacement) , and to operate the system. The
analysis may compare the cumulative energy over an appreciable period or
may be based on yearly energy production and expenditures. While earlier
analysts converted all forms of energy into equivalent fossil or thermal
energy, this investigation separated electrical energy from thermal
energy.



When this research had shown that the results of other investi-
gators [Chapman, Price]* could be matched, the growth of the electricity
generating systems in several countries was analysed from the date of
introduction of commercial nuclear power to the year 2000. The analysis
estimated the energy requirements for a system composed of fossil-fired
stations (oil, coal, gas and geothermal stations lumped together) and
nuclear stations. The system was re-analysed assuming all stations were
fossil-fired. The fossil fuel savings of the mixed system compared with
the all-fossil system were found on a cumulative basis to the year 2000.

The systems of Japan, USA, UK, OECD-Europe and the world showed
that, starting within a year of the first nuclear station coming on-
line, large fossil fuel savings would be experienced to 2000, after
which the savings would grow rapidly. In the case of the nuclear sector,
the electrical investment would be repaid within a year of the first
nuclear station coming on-line and the net electrical energy profit
increased as more stations were introduced.

These results are in marked contrast to the results of Price.-; the
explanation of the difference lies in the arowth patterns of the systems.
Price assumed that the nuclear sector of a system grows smoothly and at
a constant rate over a fairly long period. Actual systems have been
characterised by the following pattern:

(a) Afcer construction of one reactor, lessons learnt during
construction and initial operation are assimilated before
further reactors are constructed.

(b) A few more reactors are then installed followed by a further
pause in the construction program.

(c) A sustained building program then ensues.

The effect is that the energy required to build the first station is
recovered in the subsequent pause and a cumulative energy profit appears.
In phase (b) the construction energy reduces the rate of increase in
energy profit, but it picks up again. In phase (c) the energy profit
increases rapidly soon after the first stations come on-line. Systems
investigated soon show a net energy profit which rapidly grows large.
Sensitivity studies on the main parameters showed no disproportionately
sensitive areas. The findings were supported by recent investigations
by EROA, published in ERDA 76/1 (Appendix B) for the nuclear industry in
the USA.

Results show that actual systems with a nuclear component save
large amounts of fossil fuel compared with an all-fossil system of equal
size. In all the systems studied, the energy profit rapidly rose to
large size soon after the first few stations of the sustained building
program commenced operation. The study showed that energy analysis can
be a useful supplement to other types of assessment, such as economic
studies.

* Chapman, P.P. [1975] Energy Analysis of Nuclear Power Stations, Energy
Policy Vol.3, No.4, December.

Price, J. [1974] Dynamic Energy Analysis and Nuclear Power, Friends of
the Earth, December.



2.4 Environmental and Societal Effects of Energy Conversion

Biological Effects of Cooling Water Discharges
[R.D. Simpson]

This study is centred on the mortality of zooplankton in relation
to cooling water discharge from the Electricity Commission of New South
Wales power station at Lake Munmorah. The plankton will be sampled at
both inlet and outlet sites of the cooling water flow, and at increasing
distances from the outlet canal. In addition, selected littoral organisms
will be sampled, as time permits, near the outlet canal.

Preliminary discussions have been held with personnel from the
University of NSW, CSIRO, and ECNSW and material preparations for this
project are well under way. The benefits of the study will be two-fold:
(1) contribution to an important field of marine research; (2) estab-
lishment of liaison and involvement in an existing program of studies of
biological and hydrological effects of thermal discharges into a marine
environment. First samples will be taken from Lake Munmorah in October
1976, and samples will be collected monthly for one year.

Cost Benefit Analysis in Nuclear Power Generation
[M.C.E. Petersen]

Cost benefit analysis provides society with one method by which it
may rationally identify, raise and elucidate issues in determining the
relative economic merits of alternative projects or the viability of a
single project which may have some call on the scarce resources society
has available. It is a basic assumption in cost benefit analysis that
society wishes to allocate resources efficiently and that the free
market system allows consumer welfare to be maximised.

It often happens that projects have impacts on individuals in
society other than those directly involved in the production and con-
sumption aspects of the project. These impacts are called 'externalities'
Cost benefit analysis provides a method of assessing the social cost of
these externalities.

In this project a survey has been made of the general literature of
cost benefit analysis and its application to a number of specific areas
of relevance to the AAEC. These include the growing literature on cost
benefit analyses of electricity generation by both coal and nuclear
energy and the areas where social costs arise. Data are being collected
on the various economic and environmental factors associated with uranium
mining in Australia so that an assessment of the social factors may be
made.

2.5 Studies of Thermal Plumes [M.C.E. Petersen]

A major environmental impact of electricity generation by either
fossil or nuclear fuel may arise in the method of dispersing waste heat
from condenser cooling water which is between 50 and 60% of the
thermal input energy. This energy may be dispersed in the atmosphere
through cooling towers, artificial cooling ponds or, more commonly, into
natural bodies of water or some combination of these. When heat dis-
persion is into a natural body of water, it is important to be able to
predict the thermal plume produced in the receiving water.
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A review of the literature of methods of predicting thermal plumes
has been undertaken. This was greatly assisted by the work of a large
group at the Argonne National Laboratory working on this problem and the
related problem of experimental confirmation of existing models for
surface discharges. Their results indicated that a relatively simple
model was reasonably accurate when compared with several other models
for predicting the centreline fall-off in temperature.

The model, known as the Pritchard model, was programmed and used to
examine the extent of a thermal plume in Spencers Gulf under conditions
of zero tidal flushing. The model has been altered to incorporate the
deflection of a plume in the presence of a steady transverse current.
The extent of the deflection of the centreline of the plume has been
calibrated against data from the Argonne studies but insufficient other
field data exist to confirm this calibration. The problem of a pure
tidal current (transverse oscillatory) has been examined briefly without
satisfactory resolution to date.

The Pritchard model is suited to large lakes or sea shores, i.e.
essentially semi-infinite geometries. This has been vividly confirmed
when applied to the proposed surface discharge outfall for a thermal
power station to be situated on Lake Macquarie. To be able to predict
the disposition of the thermal plume on such a lake which is small
relative to the size of the plume, requires an alternative model to that
of Pritchard. The most likely method developed to date which has the
potential to deal with irregular boundaries encountered in nature is the
finite element method.

Resulting from the parallelism of heat and mass transfer it has
been possible to apply some of the techniques of thermal plume analysis
to the dispersion of solutes released into natural bodies of water.
This has proved useful in the analysis of aspects of the Ranger Uranium
Mines Ltd proposals relative to the Magela Creek in the Northern Ter-
ritory.

3. BASIC DATA AND PERFORMANCE OF FISSION REACTORS

3.1 Heat Transfer and Fluid Flow

If and when nuclear power reactors, whether land-based or sea-
borne, come to Australia, they will most likely be of the water cooled
type. In this type the major possible, but extremely unlikely, accident
is the loss-of-coolant accident (LOCA). The principal problems likely
to arise in assessing or licensing such plants relate to their safe
performance limits, forecasting their behaviour in the event of an
accident, and the adequacy of engineered safety features provided,
including the reactor containment building.

For these reasons about forty investigational projects are in
progress in Engineering Research Division which relate to the behaviour
of the primary coolant of nuclear reactors, especially its heat removal
capabilities. Most of these projects are primarily concerned with
coolant processes which would occur during accident or over-power con-
ditions.

The work falls into five broad categories:
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(a) single-phase work, aimed at a detailed understanding of the
flows in fuel rod-clusters of power reactors, whethe.- liquid
or gas cooled (see Section 3.2),

(b) two-phase flow studies, the objective of which is to improve
understanding and predictive methods for accident and abnormal
performance situations for water-cooled reactors (see Sections
3.3, 4.1 and 4.2),

(c) boiling burnout, which not only sets performance limits for
normal operation of an undamaged reactor, but is also of major
importance in the calculation of fuel element temperature
behaviour during a LOCA (see Sections 3.3 and 4.1),

(d) transient measurements, relating to rapid changes of flow and
heat transfer conditions which may occur in accident con-
ditions and may result in significant changes from 'steady-
state1 coefficients as normally measured and used in calcu-
lations of various thermal/hydraulic accident sequences (see
Section 4.3),

(e) blowdown and containment, dealing with the thermal/hydraulic
behaviour of the final protective barrier in the extreme event
of a LOCA (see Section 4.4).

Many aspects of this work are also relevant to both the sodium and
steam sides of fast breeder reactors, and their containment, and to the
gas and steam sides of high temperature gas-cooled reactors.

3.2 Investigations of Single-phase Flow fR.W. Harris, J.D. Hooper,
W. Crawford]

For both performance estimation and safety analysis of most types
of power reactor, it is necessary to be able to predict coolant flow-
rate, pressure drop and heat transfer in fuel rod cluster arrangements.
Much of this analysis is carried out using lumped parameter methods to
predict average values of flow, enthalpy, etc. within the flow sub-
channels. For some purposes, however, the estimation of local values is
desirable, and as fuel ratings rise and rod spacings decrease (as in
fast reactors) this becomes increasingly important. The estimation of
local values is especially important in specifying performance limits,
and in safety studies.

A method of calculation, embodied in the ROFLO code, has been
developed to analyse the detailed flow structure, and an experimental
investigation is in progress to verify this predictive method and to
provide data on the detailed flow structure in rod-cluster sub-channels.

Development and use of the ROFLO Code

This code has been based on a concept devised overseas (by Buleev)
which makes use of eddy diffusivity to predict the detailed flow and
transfer processes within a sub-channel. The code has been used to
predict the wall shear stress and mean radial velocity profiles for the
6-rod experimental cluster, at a rod pitch/diameter (P/d) ratio of
1.193. Very good agreement was obtained between the predicted stress
distribution and radial velocity profiles for the top and bottom central
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rods in the region away from the rod gap walls.

Measurements in Circular-duct Test-rig

The instrumentation being developed for use in the 6-rod experi-
mental rig has been tested and calibrated in a circular duct, 10 centi-
metres bore and 10 metres long. The flow distribution and turbulence
structure of fully developed flows in tubes has been extensively ex-
plored and well documented and hence a flow of this type can be used for
calibration purposes. The instruments used are: single- and double-
wire hot wire anemometers, traversing pitot (or impact) tubes and preston
tubes. The latter are essentially pitot tubes of defined o.d./i.d.
characteristics which are placed in axial line contact with the duct
inside wall and give a total-head reading which can be interpreted to
give a value of the fluid-flow shear-stress at the wall. The perfor-
mance of this calibration rig has been self-consistent and satisfactory.

Measurements in 6-rod Rig

The experimental rig was designed to model a reactor 6-rod cluster
at ten times full size. The chosen configuration is a three-by-two
square array of aluminium tubes of 14 cm o.d., 10 metres long. The rig
has been constructed and commissioned. The initial P/d ratio was
chosen to be 1.193, determined by aluminium spacer-strips fitting into
slots machined along the outside of the tubes. The strips also form the
membrane between the duct flow and the external atmosphere.

Measurements of the flow distribution have been made and a high
degree of symmetry was apparent with respect to the two interconnected
sub-channels in the rig. The theoretical shear stress distribution
agrees with experimental observation, although the peak in the experi-
mental values occurs at an angle of 35° (as measured from the vertical
axis joining the centre pair of tubes), and not at the predicted angle
of 45°. This discrepancy is considered to be due to secondary flow
effects which will have to be incorporated into the theoretical model.

Because thousands of readings are required and corresponding data
processing is necessary, the process of acquiring experimental data has
been partially automated and work is proceeding on the complete auto-
mation of the scanning system, the signal measurement and data pro-
cessing.

3.3 Steady-state Burnout [K. Lawther, A.G. Chapman, D.N. Miles]

'Burnout' is the term used to describe any boiling crisis where a
small increase in heat flux produces a disproportionate increase in the
temperature of a liquid-cooled surface. The term originated from tests
using electric heating in which physical destruction of the heated wire
or tube was a common occurrence before the development of efficient
burnout detectors to cut off power before damage could take place. In
general, the increased wall temperature may or may not result in damage
to the surface; 'burnout' therefore describes a possible but not necessary
consequence of the crisis. The term has, however, become established by
long usage and is commonly applied regardless of whether the crisis is
caused by dryout of a liquid film in flows of high vapour content or by
departure from nucleate boiling (DNB), where in conditions of low vapour
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content, bubbles coalesce into a continuous vapour film over an area of
the heated wall, the duct being still full of liquid or vapour/liquid
mixture.

The investigations reported in this section refer to burnout tests
carried out under conditions in which flowrates are set to a chosen
value and the power level is slowly raised until burnout occurs or,
alternatively, in which power is set constant and flowrate is slowly
reduced. This situation is described as 'steady-state1 to distinguish
it from 'transient' tests which more directly represent reactor accident
conditions.

Steady-state burnout tests are directly relevant to the deter-
mination of reactor operating performance limits and indeed the vast
majority of the burnout data available have come from tests having this
objective. However, the same sort of data is used for the burnout
calculations required (among others) when estimating reactor core tem-
peratures in LOGA. Overseas, limited experimental tests have been made
of transient burnout conditions, and work of this type is planned at
Lucas Heights. Nevertheless, it will be many years before transient
data covering the great range of geometries and operating conditions
already covered by steady-state tests become available. Therefore, steady-
state data must remain a vital component of reactor safety analysis. It is
already evident that steady-state data give conservative (i.e. safe)
estimates when used in safety analyses.

Correlation of Boiling Burnout Data for Rod
Clusters - BACE Code

Notwithstanding 25 years of intense research activity in all major
countries of the world, there is no wholly satisfactory correlation of
burnout in rod clusters, the almost universal form of fuel element in
water-cooled power reactors. Development of correlations has largely
been abandoned in favour of complex analytical procedures (the so-called
sub-channel analyses) which resolve the intricate flow system into
simple elements more amenable to empirical treatment. Although these
numerical analyses now predominate in reactor design methods, they are
too cumbersome for use in reactor safety analysis. The growing activity
in this latter field has renewed the need for accurate correlations of
rod cluster burnout data as a means of predicting critical heat flux.
There are numerous correlations of limited scope but their improvement
is largely undeveloped.

There is thus a real need for a thorough investigation of the
accuracy with which the correlations predict critical heat flux and for
the many possibilities of improvement to be explored. This has ubt been
done because it is no light task and involves a considerable amount of
preparatory work. Such work has be»n going on at Lucas Heights for
several years and recent work on additional computerised procedures has
greatly improved the capability to carry out the needed investigation
and present intelligible results.

The data bank, or collection of experimental results, that has been
assembled, is believed to be unique in its size and scope. In addition,
the computerised procedures that have been developed are now considered
to be adequate, not only for a complete examination of the accuracy of
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all established burnout formulae, but also for an effective exploration
of possible improvements to them. A copy of the data bank has been
supplied to ABE Winfrith for their internal use, in exchange for com-
mercial data which will extend the bank.

The accuracy test procedure has been used to select a suitable
burnout formula for use in a NAIAD code analysis of the Aerojet Semi-
scale blowdown experiments (see Section 4.5).

Theoretical Aspects of Modelling Boiling Water
Burnout Using Freons

In many physical procesr.es involving heat transfer and fluid flow,
the essential character of the process can be determined by a few easily
recognised propert- =., and application of mathematical and dimensional
analysis serves to establish a general functional relation between the
important parameters. Usually these parameters include linear dimen-
sions of the system and physical properties of the fluid; hence the
relationship is true for any size of system and any kind of fluid.
Coefficients that transform the relationship into a predictive formula
may be determined by experiments using any convenient fluid in a system
of any convenient size.

Burnout is an exception. Not only are numerous parameters sig-
nificant in their effect, but analysis has not disclosed the relation
between them. It is therefore not yet possible to establish functional
formulae for predicting the value of burnout heat flux in reactor fuel
elements by general experiments in smaller systems or in different
fluids.

The absence of a functional relationship of variables does not,
however, prevent the use of similarity-modelling, or 'scaling' methods.
These are forms of modelling in which the model situation is made geo-
metrically and dynamically similar to the reactor situation in all
important respects. In this case, the reactor burnout heat flux can be
predicted by applying an appropriate scaling factor to the value measured
in the model.

The value of burnout scaling was recognised long ago and several
prominent research establishments have mounted substantial programs of
work to develop techniques. Scaling would be especially valuable to
establishments whose limited resources deny them the alternative of
full-scale testing; for this reason a research program has been main-
tained at Lucas Heights for many years to review scaling methods, study
developments, and contribute to their advancement by testing various
theories. The Freon rig ACTOR was installed expressly for burnout
scaling experiments.

Work on theoretical aspects has not been continued at the level of
previous years; there has been no recent development of importance
overseas and nothing of significance has been added to previous review
work. However, experimental work has continued to follow through lines
of investigation suggested by previous studies. It has now become clear
that the hope of early success in the development of an accurate scaling
technique will not be realised; everywhere the results of investi-
gations have been disappointing and research objectives must now be
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reconsidered. In this new work, a return is being made to fundamental
considerations that were bypassed in the thrust for a quick solution, and
the results will largely determine the extent of future involvement in
burnout scaling research.

Modelling Water Burnout Using Freon 12 in Round Tubes

In modelling, the values of the scaling factors for each principal
independent parameter depend upon the physical properties of the model-
ling fluid. There has been some revision of the accepted values of
properties of Freon 12 (the principal modelling fluid) and earlier tests
of scaling laws performed overseas are not in keeping with the revised
values.

A series of experiments has recently been completed to test the
validity of the two most promising scaling laws selected after theore-
tical checks on fourteen possible laws. The results of two previous
performances of this series of tests were not of acceptable experimental
accuracy and have been discarded. Measures were taken to improve the
accuracy of the final series by exhaustive investigations of sources of
instrument error and improvement of the systems of measurements in the
rig.

The final tests revealed deficiencies in both of the selected
scaling laws at high mass flowrates and low inlet temperatures. At
moderate conditions however, the discrepancy between the actual burnout
heat flux in water and the scaled value of the burnout heat flux in
Preon did not exceed 13 per cent.

Modelling Water Burnout Using Freon 12 in
in Annular Test Section

Experiments with round tubes can do no more than test the general
principles of burnout scaling. To enable burnout in annular flow
passages and rod cluster assemblies to be scaled it is necessary to
conduct tests in models having those forms. In reactor rod bundles,
spacer-grids are used to maintain rod spacing (and possibly also to
serve as flow diverters), but in electrically-heated test sections,
whether a rod cluster or an annulus, in addition to being necessary for
mechanical reasons, spacers may also have to serve as electrical insula-
tors in directly-heated systems. Many tests of clusters and annuli have
been made overseas, but because it was generally believed that the
effect of spacers on burnout was small, care has rarely been taken in
the model to copy accurately the hydraulic detail of the rod spacer
arrangements.

Experiments with annular passages in the Lucas Heights Freon rig
have shown that the effect of spacer arrangement in the model may be
significant. The validity of comparing burnout data for water-cooled
and Freon-cooled annular test sections having dissimilar arrangements of
spacers must therefore be questioned. To provide a more rigorous test
of scaling techniques when applied to annular flow passages, a series of
experiments has been planned in which the burnout power of the same four
annular test sections will be measured, first in water flows at a pressure
of 7 MPa and then in Freon 12 flows at the corresponding scaled con-
ditions .
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The Lucas Heights high-pressure water rig has been extensively
modified, raising the flow capacity of the rig to 56 litres/min and the
total heating capacity to 0.59 MW. The direct ohmic heating of the test
channel and preheating section require heavy electric currents (up to
6000 A) at low voltages; DC is therefore employed and, to supplement
the 0.45 MW available from silicon diode rectifiers, a 0.14 MW battery
of lead-acid cells has been provided. The up-rated rig has been com-
missioned and is now ready for the series of burnout experiments men-
tioned above.

Boiling Burnout Using Freons 113 and 114 in Round T'ibes

A serious practical disadvantage of the similarity modelling
approach is that in Freons the linear dimension scaling factor is of the
order of 0.5, i.e. the Freon-cooled model has to be twice the size of
the water-cooled system. The simulation of a fuel-element coolant-
channel of a water-cooled reactor (WCR) would therefore require a very
large model ranging between 6 and 12 metres in length. However, a
surprising degree of success has been achieved without resort to scaling
laws by means of an empirical method in which the geometrical dimensions
of the Freon model can be made identical to those of the water system.
The technique developed at AEE Winfrith, enables burnout in water at a
pressure of 6.89 MPa to be modelled in Freon 12 e.t 1.04 MPa, and cur-
rently provides the only practicable method of scaling burnout. This
technique has been modified in previous data-inspection wcrk at Lucas
Heights to extend its range of application to other modelling fluids and
other pressures. If confirmed by experiment, the modified technique
would support the use of Freon 113 (which is less volatile and generally
more convenient as a modelling fluid than Freon 12) and would permit the
high pressure conditions of PWRs to be modelled in Freon 114.

It is planned to perform a series of experiments to test the modi-
fied technique with Freon 113, which is about half the price of Freon
114. In Freon 113 the pressures that are equivalent to WCR operating
pressures are somewhat higher than the original design pressure of the
rig, but alterations that will permit safe operation at the higher
pressure levels are now being made. The results of these tests should
indicate the likely benefit of implementing the proposed tests with
Freon 114.

Experimental Observations on Flow Structure
During Burnout Using Several Different Fluids

For similarity modelling or scaling in pure fluids to be successful,
only one of the essential criteria of similarity can be wholly in terms
of the physical properties of the fluid, because two criteria would in-
evitably conflict with each other. All techniques so far proposed are
based on the hypothesis that the only essential criterion solely depen-
dent on fluid properties is that the ratio of densities of liquid and
vapour shall be the same in both 'plant' and model fluids. However,
there has as yet been no convincing demonstration that this basic premise
is valid.

An experiment is now being set up at Lucas Heights that will not
only further test the density ratio hypothesis but should provide additional
insight into the influence on burnout of fluid properties in general.
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The experimental apparatus will permit photographic observation of the
flow structure in an annular channel in which burnout occurs on the
heated central rod (6.35 mm dia.) enclosed in a transparent outer tube
(12 mm bore). Tests will be made with a number of different fluids,
combining photographic observation of the vapour-void pattern with pressure
drop measurements. Similarity of burnout conditions necessarily implies
similarity of flow structure in the first place; the experiments are
expected to indicate which fluid properties have a significant effect on
flow structure at burnout and whether or not similarity can be achieved
by satisfying only one criterion dependent on fluid physical properties
alone. The experiment will thus be a crucial test of the basic premise
of burnout scaling with pure fluids.

An existing small capacity recirculating loop, 'HOBO' (flowrate 20
litres/ min), is to be used for these tests, and the transparent test
section has been constructed.

3.4 Reactor Physics Experiments

Critical Facility
[D.B. McCulloch, J.W. Connolly, J.R. Harries, G. Durance]

The experimental program on the hard spectrum core FC1 assembly
(described in AAEC/PR42-P) was completed. Detailed calculations using
the AAEC AUS code system with data derived from ENDF/B-IV are also now
essentially complete. Comparison with the experimental data and prepa-
ration of a final report are in hand.

The excellent agreement reported earlier (see AAEC/PR42-P) between
the experimental critical mass and that predicted by the preliminary
design calculations (based on older AAEC-GYMEA data with nominal values
of graphite density, etc.) has now been shown to have been somewhat
fortuitous. Nevertheless, the overall agreement between the later, more
detailed calculations, and the experimental results remains satisfactory
(e.g. calculated k /experimental k = 1.0075).

Cell flux fine structure has proved to be of greater significance
than anticipated, and has necessitated rather large corrections (typically
~ 10 per cent for the fission chambers) to the core region experimental
reaction rates to convert them to 'cell-averaged1 values. The corrected
results agreed with the calculated axial reaction rate distributions to
within ~ 8 per cent.

Work with this assembly has considerably widened our experience of
the operational and experimental aspects of the facility, which will be
of considerable value in a future program. As a result, some modifications
have already been made to the machine to improve operational convenience
and experimental flexibility.

This period also saw the experimental capability of the facility
considerably enhanced by the installation of a PDP11/40 computer with
interactive display facilities, and connected via the Dataway to the
site IBM360/50 central computer. The system is interfaced by CAMAC
units to the nucleonic instrumentation of the experiments.
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Reactor Noise
[J.R. Harries, R.B. Knott]

The reactor noise data from the Moata mockup assemblies have now
been analysed to provide information on the coupling between the two
core regions and the prompt neutron decay constants.

Theoretical prompt neutron lifetimes and effective delayed neutron
fractions have been calculated using two- and three-dimensional diffusion
codes. The two-dimensional calculations predicted the observed trend of
lifetime with core spacing/ but a single model could not simultaneously
predict satisfactory values for both the multiplication of the assembly
and the prompt neutron lifetime. This arose from the difficulty of
modelling the three-dimensional features of the assembly in only two
dimensions. Calculations made using the three-dimensional code improved
the agreement between calculation and observation.

3.5 AUS Modular Scheme for Reactor Physics Calculations
[B.E. Clancy, B. Harrington, J. Pollard, G. Robinson]

The AUS suite of modules used for reactor calculations has been
subjected to detailed checkout during the period. A number of minor
revisions have been made.

AUS Module EDIT

The ne-' EDIT module has been written and tested and is now in
regular use. The basic function of EDIT is the routine editing of group
fluxes produced by diffusion and transport modules to give neutron
reaction rates with the material cross sections supplied. These -
typically few-group - cross sections will have been generated by other
modules of the system by mixing different nuclides and by group
collapsing over various five-group spectra. The history of this smear-
ing and group collapsing is available in the STATUS data pool, and the
EDIT module also has the function of 'unscrambling' this history to
provide total or five-group reaction rates for any nuclide in the mixed
material.

Input data preparation for the module is simplified by adhering to
the AUS data philosophy of providing sensible default values for most
input items.

AUS Module MIRANDA

Some difficulties have been experienced with the fitting of group
resonance integrals with subgroup parameters and their subsequent use in
MIRANDA. The initial work in this area was performed for 238U data
prepared by the British GENEX code, which did not include interference
scattering. The X method required some modification when interference
scattering was included. The modification was made and the calculated
results found acceptable.

A further difficulty was experienced in obtaining an accurate
representation of resonance overlap when interference scattering was
involved. This problem was overcome by including additional factors for
the group flux depression with the subgroup parameters in the cross
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section library.

In the calculation of overlap-corrected resonance integrals, the
group flux depression was used to generate a pseudo-resonance cross
section which was included with the potential scattering correction.

AUS.ENDF/B Cross Section Library

Preparation of AUS cross section data from ENDF/B4 data files has
continued. During the year, ENDF/4 data for the following nuclides has
become available on the standard AUS.ENCiT/B library:

23-0, 236U, 16"Dy, 176Lu, I15ln, Rh, 63Cu, 56Fe, Au.

3.6 Reactor Data

Fission Product Cross Section Library
[J.L. Cook, H.D. Ferguson, E.K. Rose]

The fission product cross section library, prepared in 1972, con-
tained data on 192 nuclides. Since then, new information has become
available for elements other than the initial 33 used. There are now
some resolved resonance data for 20 nuclides where none previously
existed. Level spacings and strength functions have been determined for
about 15 more nuclides. It is therefore proposed to re-determine cross
sections for the 192 nuclide set, but leaving out the 78 nuclides treated
in the ENDF/4 library. Work has begun on a re-determination of the
theoretical parameters which will allow the extrapolation of level
spacings to nuclides where no measurements have been made. A compilation
has been made of some 200 measured level spacings covering the whole
periodic table.

A Monte Carlo program has been written to calculate cross sections
of elements whose thermal capture cross section values and resonance
integrals have been measured. The error distribution in the cross
sections computed was investigated and found to approximate to a normal
distribution. The program produces point cross sections in the ENDF/B
format. Initially, it was proposed that the work would be limited to
those nuclides where only the thermal cross section and resonance integral
have been measured. There are about 115 of these, mostly unstable but
long lived. The statistical region of some of these cross sections can
be checked because about 40 values for the 30 keV cross section have
been measured.

Resonance Parameter Analysis
[J.L. Cook, E.K. Rose]

A discrepancy exists concerning the number of channels open in the
J=4+ state of 235U. Analyses of the low energy resonances, where spin
assignments have been made, indicate that there are approximately three
channels open. However, a theoretical analysis of the fission cross
section in the keV range using the double-humped fission barrier type of
potential indicates that only one channel is appreciably open. It was
suggested that the low energy data could be in error if many small
fission widths were missed as the result of the multilevel analysis.
This hypothesis was tested.
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The statistical distribution of fission widths for one open channel
was evaluated in groups containing roughly equal numbers of levels. The
groups with smallest widths were gradually reduced in the number of
widths, and the resultant distribution refitted with the more general
fission width distribution that is a function of the number of open
channels. It was found that even if all fission widths were missing,
the effective number of open channels though increased, only reached a
value of 2.6.

In this way, a distribution which in reality is that for one open
channel, can seem to arise from a distirbution with 2.6 open channels,
solely because of missing levels. This extreme situation led to the
conclusion that the above discrepancy could not be explained by the
missing of small fission widths in the resonance parameter analysis.

Statistical Theory
[W.K. Bertram]

The original Hauser-Feshbach theory has been widely used for the
evaluation of average reaction cross sections. Notwithstanding the
apparent success of this theory, it has long been realised that the
theory is based on rather restrictive conditions which are not satisfied
in many of the reactions to which the Hauser-Feshbach theory has been
applied. Early attempts to formulate a statistical theory on a more
mathematically rigorous basis resulted in Moldauer's statistical theory.
However, Moldauer's theory contained inconsistencies which rendered it
unsuitable for the evaluation of cross sections. A later Hauser-
Feshbach formula has been proposed, based on empirical results obtained
from the results of computer experiments.

Because of these problems a more general statistical theory has
been derived from the properties of unitarity and analyticity of the S
matrix. These investigations resulted in a formal theory in which the
Hauser-Feshbach theory and its more recent derivative, appear as special
cases. Although the adopted formalism obviates the difficulties and
inconsistencies encountered in Moldauer's theory, its application to the
evaluation of certain cross sections still presents problems which are
the subjects of investigations still in progress.

Reactor Calculations and Nuclear Information

The nuclear parameters used in reactor calculations are constantly
being revised as experiments produce more accurate data. Reactor cal-
culations accordingly need to be kept up to date. From time to time, it
is suggested that the process should work both ways and that a comparison
of nuclear reactor constants as determined by experiment and calculations
should lead to revision and improvement of the nuclear data that come
initially from microscopic experiments. A study of the formalism
developed by Usachev & Bobkov* has been made. It has been found to be

* Usachev, L.N. & Bobkov, "Yu. G. [1972] - Planning an' optimum set of micro-
scopic experiments and evaluations to obtain a given accuracy in
reactor parameter calculations. INDC(CCP)-19/U.

Usachev, L.N. & Bobkov, Yu. G. [1973] - Determination of required accuracy
of nuclear data. INDC(CCP)-133/L.

Usachev, L.N. [1974] - Unique definition of nuclear data accuracy.
INDC(CCP)-45/L.
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internally self-consistent, but does not incorporate the non-linear
parts of reactor calculations. The formalism is seen to be useful in
discussion of the relationship of constants determined from approximately
scaled assemblies in which a large number of nuclear parameters enter
identically into any contemplated calculation. Such similarities may be
expected to hold, even for appropriate parameters making non-linear
contributions.

The discussion shows, however, that the non-linear effects make any
attempt to derive microscopic data from reactor assembly experiments
non-competitive for most parameters.

3.7 Pulsed Neutron and Spectrum Measurements

Pulsed Integral Experiments with Heavy Metal Assemblies
[A.I.M. Ritchie, M.T. Rainbow]

Experiments

Investigation of the unusual behaviour of instantaneous decay
constants of both 235U and 239Pu reaction rates derived from experiments
in which Li(p,n) sources were used in the thorium assembly has con-
tinued. The instantaneous decay constants vary quite markedly with time
after the pulse and are quite different from calculated values. Even
though the experimental results were repeatable at the time of measure-
ment, recent measurements made at a single spatial location in the
thorium assembly have not agreed with measurements made at the same
location in the original experiment. Present indications are that the
original experiments were subject to some unidentified spurious effect.
Work to resolve this problem is continuing.

A new series of measurements has been made of the time dependent
235U reaction rate in the thorium assembly with a pulsed Li(p,n) source.
During this series of measurements, the number of auxiliary measurements
made to ensure that the experiment proceeded as required was increased.
The accelerator beam pulse profile which was previously only occasionally
monitored, is now measured continuously. In addition, an occasional
check of the source neutron energy spectrum is now made using a time-of-
flight technique.

A quantity of depleted uranium (0.2 w/o 23SU) has been acquired.
Experiments with an assembly of this material will begin in the near
future after completion of the experiments with the thorium assembly.

Calculations

Calculations with the code TENDS have been performed to indicate
the sensitivity of experiments to various experimental parameters.
These calculations are used to clarify which parameters need to be
closely controlled, and also to determine which are the most useful
experiments to perform.

Of current interest is the information that might be obtained using
the organic scintillatoc NE213 as a detector with a well-defined neutron
energy threshold, rather than as an energy spectrometer with good timing
resolution. Such a detector would have a much higher count rate and, in
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some cases, a better known energy response than the threshold fission
detector currently in use.

3.8 Fission Studies [D. Culley]

Measurement of 252Cf Fission Neutron Spectrum

A knowledge of the energy distribution of fission neutrons is basic
to reactor neutronics calculations. In an endeavour to improve the
accuracy of these data, measurements are being made on 252Cf which has
a fission half-life of 2.63 years.

The energies of the fission neutrons are measured by determining
the flight time over a measured distance, using the event in the fission
chamber as a start signal and the pulse in a neutron detector as a stop
signal. The time-of -flight system is set in a tower, well above the
ground, to minimise the background due to scattered neutrons.

Preliminary results have been obtained which have been used to test
the analysis program written to convert time-of-flight measurements to
energy spectra. The program determines relativistically correct energies
and interpolates detector efficiencies from supplied data, for each
channel of the time spectrum.

A major source of error is the determination of the efficiency of
the neutron detectors. Many experimenters in the past have relied
solely on calculations which may be in error by up to 5 per cent. In
the present case, it is intended to combine calculation with absolute
determination , using a ' proton telescope ' .

The efficiency, e, of the telescope is given by:

where P is the number of hydrogen atoms cm2 of the radiator,

0 (E) is the n-p scattering cross section at energy E,

M is a triple integral over telescope-source and radiator
detector geometries.

A program has been written for the IBM360/65 which reproduces the
previous values of M, to one part in 10U and allows calculations at
energies not quoted previously. Measurements of efficiency are boing
carried out using accelerator produced neutron beams with specific
energies .

3.9 Neutron Spectrometry [A. Rose, S. Whittles tone]

Proton Recoil Gas Proportional Detectors

Three, 25 mm diameter, spherical detectors are available for
routine use. These are filled with hydrogen at pressures of one and
three atmospheres, and methane at a pressure of three atmospheres.
Users can measure neutron spectra over the energy range 20 keV to 1.2
MeV. An indication of the accuracy that can be obtained using these
detectors and the consistency of the results in the overlap region of
the three detectors, can be obtained from Figure 3.1. This shows the
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measured thick target Li(p,n) spectrum for the ground state for Ep = 2.8
MeV and at 0°. This spectrum covers the energy range 0 to 1.1 MeV with
a sharp cut-off at the high energy end, which is rounded off in Figure
3.1 by the resolution broadening of the detector.

An extensive series of measurements has been carried out on the
angular distribution of the thick target Li(p,n) source to obtain both
experience in the operation of these detectors and data on this source
which is used in some current neutronics experiments. An inability to
achieve consistent results at angles between 90° and 60° wiuh slightly
different target geometries, and to obtain the same good level of
agreement with calculated spectra that had been noted at other angles,
has been traced to the effect of the scattering resonance in 7Li at
~ 250 keV. Since neutrons are generated at the front face of the
target, those emitted at angles between 90° and 60° pass through the
maximum thickness of lithium, which, for most of the target geometries
used, was a significant fraction of a mean free path for neutrons with
the resonant energy.

Proton Recoil Liquid Scintillators

Further work has continued on the development of small (~ 0.5 cm3)
detectors filled with the liquid scintillator NB213, whose good timing
resolution will allow time-dependent neutron energy spectra to be
measured in the pulsed heavy metal assemblies. Details of this develop-
mental work are given elsewhere (AAEC/PR43-N), but the following are the
major points of interest. Replacement of the Perspex light guides by
quartz light guides has increased light transmission from the detector
chamber from 25 per cent to 80 per cent. A change in the shape of the
detector chamber has produced a further 30 per cent increase in the
light output. These improvements make it likely that spectra can be
measured with good accuracy down to neutron energies of 200 keV.

Neutron Energy Spectra from the Thick
Target Be(d,n) Source

The 9Be(d,n)10B reaction is a prolific source of neutrons with
energies in the MeV range when the deuteron energy is limited to about
3 MeV, a common limit for many charged particle accelerators. The
excellent chemical and mechanical properties of beryllium make this
source ideal for many neutronics and neutron irradiation studies.
However, the neutron energy spectrum is complex because of the large
number of energy levels available to the 10B residual nucleus, and details
of the angle dependent neutron energy spectrum are necessary for inter-
pretation of most neutronics experiments, including some in progress at
Lucas Heights.

Motivation for a comprehensive set of measurements on the angle-
dependent energy spectra associated with this source arose, in part,
from a single measurement carried out at Lucas Heights, which proved to
be in considerable disagreement with the only other comprehensive measure-
ment quoted in the literature [Inada et al. 1968]* and in part from the

* Inada, T., Kawachi, K. & Hiramoto, T. [1968] - J. Nucl. Sci. Tech.,
5 : 22.
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availability of highly sensitive neutron detectors of known efficiency
from the work on liquid scintillation detectors.

Neutron energy spectra have been measured at angles of 0, 30, 45,
60, 90, 120 and 150°, and for deuteron energies of 1.4, 1.8, 2.3 and 2.8
MeV. Figure 3.2 shows a fairly typical spectrum which was obtained at
150° and 1.4 MeV, together with the corresponding result of Inada et al.
It can be seen that while the two results have features in common, the
present results have considerably better energy resolution.
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FIGURE 3.2 NEUTRON ENERGY SPECTRUM FROM 1.4 MeV DEUTERON IRRADIATION

OF BERYLLIUM AT 150° TO INCIDENT BEAM

The major disagreements between the present results and those of
Inada et al. appear in the shape of the angular distribution where Inada
et al. find much greater forward peaking. Some thin target angular
distribution measurements by Siemssen et al. [1965]* were used to estimate
thick target angular distributions. These are shown in Figure 3.3 where
it can be seen that they are in much better agreement with the present
results than with those of Inada et al.

In this context it should be noted that a comparison of calculated
and measured spatial distributions in the pulsed thorium assembly with a
8e(d,n) source indicated that the calculated results showed more forward/
backward asymmetry than was apparent in the experimental results. The

* Siemssen, R.H., Cosock, M. & Feist, R. [1965] - Nucl. Phys., 69 : 209.
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source distribution used in those calculations was that of Inada et al.

3.10 Phase, Property and Sintering Studies in Ceramic Oxide
Systems [J.L. Woolfrey, D.J. Cassidy, S.J. Wright*
(*Vacation student)

The limits of solid solution and compound formation in the UOa-
GdgOa system have been investigated using a high temperature sintering/
room temperature X-ray diffraction technique. A continuous decrease in
lattice parameter indicated that a uniform solid solution was formed up
to 60 mole per cent GdaOs. The previously unconfirmed compound U02.3Gd?Os
was the phase formed over the range 74 to 76 mole per cent GdjOs.
Details of the high-gadolinia section of the phase diagram are still to
be resolved.

Surface and interfacial energies of sintered UOa-5 weight per cent
GdaOa have been measured and compared to determine whether such GdaOa
additions have any significant effect on the surface and transport
properties of UOa. The work has involved the measurement of equilibrium
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grain boundary groove angles by interference microscopy of annealed
polished surfaces, the measurement of grain boundary-to-pore dihedral
angles from photomicrographs of sintered specimens and the measurement
of grain boundary-to-nickel dihedral angles from photomicrographs of
sintered U02-nickel and UO2-Gd203-nickel mixtures. For each angle and
on each material a large number of measurements were made and analysed
by statistical methods. The results (Table 3.1) showed that a 5 w/o
Gd2C>3 addition had a significant effect on all three angles measured and
on the three surface energy ratios which can be determined from them.

TABLE 3.1

SUMMARY OF GRAIN BOUNDARY GROOVE AND DIHEDRAL ANGLE

MEASUREMENTS ON UO2 AND UO2-5 Wt % Gd2O3

UO2 UO2-5 wt

Grain boundary groove angle

mean

standard deviation

standard error

YGB/YSV

Grain boundary-pore dihedral

154.2

3.2

0.3

0.45

157.6

2.7

0.3

0.39

mean

standard deviation

standard error

Y /Y*TGB' rsv
Grain boundary-nickel dihedral

90.6

9.8

1.0

1.41

100.1

10.9

1.1

1.28

angle

mean 123.9 136.4

standard deviation 12.9 10.8

standard error 1.3 1.1

WYSL °'94 °'74

Y~,, = grain boundary energy
GB
Ysv. = surface energy

Yi.7 = surface energy at pore surfaces
ov

YOT " u°2/nickel interfacial energy
SLi
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3.11 Fuel Performance Studies [K.D. Reeve, R.J. Hilditch,
A. Ridal, N.W.D. Chrimes, J.L. Woolfrey]

The long term objective of this project is to develop a knowledge
of the behaviour and in-reactor performance of Zircaloy-clad UOa fuel
pins. This involves surveying literature which gives details of reactor
operating experience, and simultaneously developing expertise by asses-
sing results obtained from the examination of fuel pins irradiated in
the high pressure water loop (X-170).

The US Nuclear Regulatory Code GAPCON-THERMAL-1 has been converted
for use on the AAEC's IBM computer and is now operational. It has been
used to check some of the fuel performance predictions for X-170 fuel
pins previously made using PETASP, and reasonable agreement was obtained.
It was also used for the design of special pellets to be included in
each of the first two X-170 fuel pins, which had thicker cladding drilled
and fitted with thermocouples as over-temperature sensors. These
special pellets have been made. A more advanced version of the code,
known as GAPCON-THERMAL-2, has been ordered from the Argonne Code
Centre.

<

The modifications of fuel pin design required to accommodate the
over-temperature sensor referred to above, necessitated changes in
fabrication techniques. New conditions for welding end caps and spot
welding wear pads were determined. Welding experiments were required to
determine the weld preparation necessary to limit weld build-up to less
than 0.2 mm.

A quality assurance manual for the fabrication of the X-170 fuel
pins is in preparation.

3.12 Commissioning of the High Pressure Water Loop, X-170
[N.W.D. Chrimes, A. Ridal, 0. Matthews, G.J. Mitchell,
D.S. Bloser, D.J. Wilson, T. Wall]

As part of the periodic inspection planned for the X-170 pressure
vessel, the possibility of using ultrasonic techniques was examined.
Procedures for detecting large crack-like defects in tubing have been
established. Movable carriages fitted with miniature angle probes can
be used to scan the surface of the vessel. The limiting sensitivity for
detecting internal cracks is about 2 mm.

The pellets from two low power 2.3 weight per cent enriched fuel
pins have been stored in the No.l hot cell block. An irradiation experi-
ment using uranium and copper foils has been successfully carried out
using a special X-170 fuel pin to establish the relationship between pin
fission rate and the ionisation current from a special movable fission
chamber located close to the X-170 position in HIFAR. The calibration
data will enable the power and burn-up of standard fuel pins in X-170
experiments to be monitored continuously through the fission chamber
output.

3.13 Development of Post-irradiation Examination Techniques
[G.J. Mitchell, D.S. Bloser, R.J. Starling]

Further work was carried out to refine the in-cell measurement of
the creep strain of specimens from the X-182/1 rig. The creep rigs were
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handled five times in the hot cells. The internal dimensions of the
heaters were determined to monitor changes which would indicate the
useful life of the rig.

Several strontiura-90 sources were examined and techniques established
for dismantling, repair and rebuilding of the probes. These sources had
been used in industry for on-line thickness measurements.

The techniques for receiving, handling and processing of the X-170
low power fuel pins were established. The fuel pellets were removed
from the cladding and stored in the cells. The radioactive decay of the
pellets is being determined using an ionisation chamber.

A gamma spectrometer for gamma scanning of the X-170 fuel pins is
being set up and recalibrated. Two germanium, lithium drifted detectors
are used.

4. SAFETY AND ENVIRONMENTAL ASPECTS OF FISSION REACTORS

4.1 Studies of Two-phase Flow [K.R. Lawther, A.G. Chapman,
D.R.H. Seattle, R.W. Harris, T.M. Romberg]

Water-cooled reactors may or may not have two-phase flow conditions
during normal operation, but they must all experience two-phase flows at
important points of performance limitation, or during loss-of-coolant
accident (LOCA) situations. In order to be able to analyse these situations,
to predict critical conditions or to estimate fuel temperatures during
accidents, it is necessary to calculate the flow characteristics for
two-phase flow processes. Such methods are at present either inadequate
or non-existent, and it is necessary to resort to empirical correlations
of experimental data for many purposes; steady-state data must be
applied to transient phenomena. It is the purpose of the researches
described in this section to advance the state of knowledge of two-phase
flows particularly for application in the analysis of reactor accident
conditions.

Basic Theoretical Studies on Analysis
of Two-phase Flows

Original concepts developed in earlier work permitted the extension
of single-phase turbulent flow theory to a new fundamental theory of the
structure of two-phase flow in ducts. The great potential of the theory
was demonstrated when analytic expressions for two-phase pressure drop
derived from it were remarkably successful in the correlation of experi-
mental data and prediction of transitions from one pattern of flow to
another. The expressions provide practical formulae for the prediction
of two-phase pressure drop which are as accurate as any existing empirical
methods, and have the advantage of a rational and coherent foundation
which makes them applicable to a wider range of flow conditions. This
has by no means exhausted the potential of the theory, and recent work
has shown that it can add much more to the understanding of the basic
mechanisms which determine the mass transport and heat transfer proper-
ties of boiling and other two-phase flows.

Analytic expressions for predicting void fraction have been derived
for bubbly and droplet flow patterns and a method has been developed for
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the prediction of sonic velocity in such mixtures. These predictions
are necessary particularly in dynamic analyses of accident situations in
reactors. Progress has been made in the derivation of corresponding
expressions for other flow patterns, including the annular pattern that
predominates in BWR cores and in accident situations.

Experimental Measurements of Pressure Loss and
Voidage in High Quality Steady-state Two-phase Flows

Expressions so far developed for pressure drop and voidage in two-
phase flows are appropriate to the normal operating conditions in WCR
coolant circuits. During the sequence of events following a possible
LOCA, however, transient states exist and in certain phases the flow
would exhibit abnormally high mass flux and quality. The lack of a
reliable means for predicting flow behaviour under such conditions is
one of the shortcomings of present accident analyses. Before an attempt
can be made to take the effects of transient states into account in flow
analysis, the range of the developed expressions must be extended to
high quality, high mass flux conditions. This is impeded by a scarcity
of experimental data and therefore a series of experiments has been
planned in which pressure drop and voidage will be measured in two-phase
Freon 12 mixtures flowing adiabatically in a round tube. Very high mass
fluxes (exceeding 2000 kg nf2 s"1) will be involved, over a pressure
range from 0.4 to 1 MPa.

For this purpose, two existing Freon-rig test sections will be
connected in series so that the flow is vertically upwards, the upstream
section (24.5 mm bore and 2.14 m long) being electrically heated to
produce a high quality (30-100 per cent) at inlet to the downstream
unheated tube (9.5 mm bore and 0.96 m long). This will produce a
velocity change of 6.5:1, giving the high-speed flows required. The
downstream section is equipped with pressure tappings to facilitate the
pressure drop measurement.

All the required equipment is available and tests are expected to
commence early in 1977.

Development and Calibration of Gamma-ray Void Gauge''

The gamma-ray beam is collimated to 2 mm across the width or
diameter of the duct, by 20 mm axially. It can be traversed in both the
diametral and axial directions. The maximum tube diameter range is
10-50 mm, with wall thickness ranging from 1-5 mm over the respective
diameter range. The axial traverse can extend over 4.5 metres.

The apparatus is essentially complete but has yet to be commis-
sioned and calibrated.

Theoretical Investigations of Thermal
Non-equilibrium in Two-phase Flows

When any fluid is flowing in a duct, in the presence of friction,
the velocity is not uniform over the cross section of the duct, and
neither is the temperature in the presence of heat transfer. The
velocity and temperature profiles depend upon the hydraulic conditions
of the flow (i.e. whether it is streamline or turbulent) and these



31

profiles are significant factors in determining reactions, such as
pressure drop and heat transfer, between the fluid and its containing
surfaces.

Adequate theories exist for the prediction of velocity and tem-
perature profiles in single-phase, but not for two-phase flows. In the
latter case there are two complicating factors which hinder analysis.
First, the void fraction must be considered and this varies over the
cross section of the duct. Secondly, not only do velocity and tem-
perature vary across the duct, but the components of the mixture may not
have the same velo.-r.ty and temperature at each radial location. A local
difference in velocity between phases is known as drift and a local
difference in temperature as local thermal non-equilibrium. Thes j
differences give rise to exchanges of momentum and heat which, if not
balanced by external influences (such as gravity or chemical reaction),
eventually equalise local velocities and temperatures. When a non-
uniformity of velocity or temperature distribution is combined with a
non-uniformity of phase distribution, the average velocities or tem-
peratures of the two phases are not the same, because each phase has its
bulk concentrated in a region of different velocity or temperature. A
difference between average velocities of phases is known as slip, a
difference between average temperatures,as thermal non-equilibrium (not
qualified by the term 'local'). These differences are characteristic of
fully-developed flow patterns and do not give rise to equalising actions.
There can be slip without drift and thermal non-equilibrium without
local thermal non-equilibrium. Where there is friction there is slip;
where gravity acts in the line of flow, drift contributes to slip.
Where there is heat transfer there is thermal non-equilibrium; where
changes are rapid, 'local' thermal non-equilibrium contributes to the
average thermal non-equilibrium.

Analysis of heat transfer and fluid dynamics in two-phase flows
cannot be complete without taking slip and thermal non-equilibrium into
account; without a knowledge of their degree, accurate calculations of
mass flowrate, momentum flux, energy flux and mean quality (or vapour
fraction) cannot be made. Numerous experiments have been conducted in
all parts of the world to measure and corrslate slip, the majority being
performed in flows of air/water mixtures without heat transfer through
the walls (adiabatic flows), in which there is no thermal non-equilibrium.
Empirical or semi-empirical methods have invariably been adopted for
analysis, and formulae have been developed which express, with varying
degrees of accuracy, the relation of slip to parameters describing the
flow conditions.

Little has been done in the past to analyse the effects of thermal
non-equilibrium, yet these could be significant in many situations
relevant to reactor operation and accident analysis, in which there is a
large temperature difference between a surface and a two-phase coolant
(post-dryout transition and film boiling, rewetting, steam generators in
sodium-cooled reactors) or a rapid change of conditions (LOGA, choked
flow).

Work now being done at Lucas Heights will, it is hoped, provide
suitable methods for analysing the effects of thermal non-equilibrium in
these situations. Substantial progress has been made in the development
of analytic expressions for determining temperature profiles in steady-
state flows with the vapour phase continuous and the liquid dispersed,



32

i.e. droplet patterns. Expressions have been derived from those used to
determine velocity profiles by applying Reynolds' analogy between heat
and momentum transfer. As the velocity profiles yield predictions of
pressure drop, so the temperature profiles yield predictions of heat
transfer.

Predictions of wall temperature and mixture quality obtained from
the theory are in good agreement with available data on post-dryout
flows, in which the walls are dry, there is continuous phase steam, and
droplets are in suspension. Although the theory can account for vapour
superheat due to temperature profiles induced by heat transfer, there is
still a need for a means of predicting the degree of local superheat in
the vicinity of droplets, i.e. the degree of local thermal non-equilibrium
(which corresponds to the degree of drift in velocity relationships).

Attempts to extend the theory to bubble and separated flow patterns
have so far proved fruitless. In such flows, the effect of thermal non-
equilibrium is believed to be much less significant, and since wall heat
transfer coefficients would be very high, the effects would generally be
unimportant in performance evaluations for engineering equipment.

The gas dynamic relations for the prediction of sonic velocity
(equal to choked flow critical velocity) involve the simultaneous solution
of mass, momentum and energy equations. The same relations can be
applied to non-equilibrium conditions in two-phase flows if the heat
contents of the phases are expressed in terms of specific heat, and
temperature and changes are assumed to be too rapid for significant heat
exchange to take place between the phases. This approach is being
applied to the prediction of sonic velocity in droplet and bubble flows,
with thermal non-equilibrium.

4.2 Instabilities in Two-phase Flows [R.W. Harris, T.M. Romberg]

The safety and performance of nuclear and conventional steam
generators depends on an adequate flow of coolant through the boiling
channels to remove the heat generated. Under certain operating con-
ditions when two-phase flows are present, it is possible for large
transient flow oscillations to occur which would adversely affect the
efficiency of the heat removal process. These oscillations may also
affect the control of the steam supplied to the turbine-generator
units. A research program is now in progress to investigate how these
unfavourable flow oscillations may be predicted from measurement and
analysis of the random fluctuations ('noise') in selected operating
parameters such as pressures, flowrates and temperatures.

Technical Review

A brief review of two-phase instabilities in water-cooled reactors
which had previously been undertaken reconfirmed the basis for the
current investigation program.

Flow instabilities are most significant in relation to the per-
formance of boiling water reactors (BWRs) (of both the pressure vessel
and pressure tube types), but they are also of concern on the secondary
side of the steam generators of pressurised water reactor̂  (PWRs), and
high temperature and advanced gas-cooled reactors (HTGRs and ACRs).
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Potential for instabilities also exists in the steam generators of
liquid metal-cooled fast reactors (LMFBRs). Hence flow instabilities
are of importance in all types of reactors since either the reactor core
itself or the associated heat exchangers can limit overall power station
performance.

Two-phase flow instabilities are also of consequence in reactor
accident situations, but this is a much nore complex patter in which
most aspects require somewhat different analytical approaches from those
adopted for instabilities which set limits for normal operation.

Theoretical Investictation

A computer code called LOCO is used to calculate the dynamic
behaviour of a heated channel for three configurations, (i) channel
between two headers, (ii) single channel and a bypass, and (iii) a
loop comprising a pump and the channel.

The theoretical model used in the code solves the non-linear
partial differential equations for the conservation of mass, energy and
momentum by linearised perturbation methods. Neglecting higher order
terms in the perturbed equations produces a set of differential equations
that can be integrated spatially by finite difference methods.

The code is being improved and modified so that it may be applied
to a wider range of experimental configurations.

Flow Stability Experiments

Tests have been carried out in a small scale experimental rig
(TOPSY), in which dynamic measurements of the channel pressure drop,
flowrate, inlet temperature, power and vapour fraction were monitored.
Cross-spectral density functions between channel inlet-flowrate/exit-
void-fraction and power-input/exit-void-fraction have been calculated
using a single input, single output (SISO) noise analysis program. The
results are in good agreement with those calculated using the theoretical
model by LOCO. The experimental and theoretical cross-spectral density
functions between channel inlet flowrate, power input and pressure drop
are also being calculated and compared to confirm the validity of the
theoretical model or to provide information to improve it.

Voidage Gauge

The Freon 113 rig TOPSY has six parallel flow channels, each
formed by a 2.5 cm bore glass tube, and each provided with a concentric
metal-tube electric-heater rod, thus forming six annular passages.
Since both the glass walls and the fluid are good electrical insulators,
this arrangement lends itself directly to monitoring voidage in the
annulus by using a concentric electrical condenser technique.

To make the gauge, a copper foil was wrapped around the glass tube
to form the outer electrode, the central rod forming the inner. Owing
to the radial electric field effect, the gauge is more sensitive at the
rod surface than at the glass wall and so provides an average value for
the voidage measured.
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Electronic Data Processing

A procedure has been perfected to allow quick analysis of the
various signals obtained in the instability experiment and so provide
estimates of the frequency transfer. The raw signals can either be
recorded on tape or sent directly to the Noise Analysis Laboratory. The
signals are examined using the Hewlett Packard correlator and the results
of the analyses are transferred to the PDP11 computer for further pro-
cessing and/or transmission to the IBM360 via the Dataway link. The
system under analysis can be considered as a SISO or a two input single
output (TISO) system, and the results compared with the theoretical
predictions obtained in the LOCO code.

4.3 Transient Heat Transfer and Burnout [K.R. Lawther, A.G.
Chapman, W.J. Green, A. Cassar]

In a major LOCA, the whole inventory of several hundred tonnes of
primary (light water) coolant could be discharged into the containment
building in about half a minute. In this interval some of the detailed
transitions between the various possible heat transfer processes occur-
ring within the reactor core take place in a matter of milliseconds
only.

During the process of blowdown, the coolant in the reactor core
goes through many changes of condition and assumes a great diversity of
flow patterns, or flow 'regimes', ranging from all liquid, through mix-
tures of phases, to all vapour, and from stagnant conditions, to flows
at very high velocity. To achieve an accurate prediction of fuel element
temperatures at each stage of the process, the best possible estimate of
heat transfer rate is required for each regime. Heat transfer affects
not only the fuel temperature but also the coolant condition and flow
structure, with a consequent feedback, and it is not wise to rely on
'safe' or 'conservative1 approximations because the effects of changes
of value are not easily foreseen, and with the feedback already men-
tioned, a grossly incorrect prediction could result.

In the present state of knowledge only 'steady state' data on heat
transfer coefficient and burnout power are available for use in calcu-
lations of the accident sequence. Although conditions during a LOCA
would not be steady, but would be continuously changing, for purposes of
analysis the process is treated as a succession of quasi-steady states
which approximates to a continuous process if the separating time intervals
are sufficiently small. For each time interval, a calculation is made
of fuel and coolant conditions at all points in the core and primary
circuit, and of all the factors that are producing the process of change.
This presents no great difficulty when quantities are calculated from
exact relationships, such as that of mass, velocity and momentum, or
that of pressure, temperature and density. However, some very important
factors, among them heat transfer coefficients and friction factors, are
not expressed by exact relationships and it is doubtful whether the
commonly used empirical formulae adequately express instantaneous
values in a changing state.

To determine how the possible effects of transient conditions on
the assessment of heat transfer rates and burnout heat fluxes may offset
the reliability of accident analyses, three questions must be considered.
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First, which modes of heat transfer are significant in a LOCA? Second,
do adequate steady state expressions exist for the prediction of heat
transfer and burnout in these modes? Third, are the expressions applicable
to transient states? The research reported in the following seeks
particularly to answer the first and third of these questions.

Sensitivity Studies Using THETA1-B

The many and repeated calculations required for analysis of an
accident process are performed by digital computer. THETA1-B is a
computer code developed at Idaho Nuclear Corporation for the transient
thermal analysis of nuclear reactor cores. It is used in accident
analyses to calculate fuel and cladding temperatures, in conjunction
with another code such as RELAP which calculates the coolant flow
conditions and their variation with time. The code recognises six
different regimes of heat transfer between the coolant and fuel cladding
and uses predetermined tests to identify the appropriate regime for each
heat transfer calculation. A choice is allowed between a number of
alternative formulae for calculating heat transfer coefficients in each
regime and for calculating critical heat flux.

THETA1-B has been applied with RELAP-3 to the blowdown phase of a
LOCA in a typical PWR system. The circuit rupture was assumed to be of
an inlet feeder pipe, and calculations were performed to assess the
significance and relative importance of various heat transfer regimes in
relation to the prediction of maximum fuel cladding temperature.

The code predicted that the maximum cladding temperature of about
1300°C would occur about 9 seconds after the pipe rupture when, at the
position of the maximum rate of heat generation, the fuel elements would
be cooled by dry steam in an almost stagnant flow condition. The
prediction of maximum cladding temperature was found to be extremely
sensitive to coolant flowrate at this stage, an increase of 1.5 per cent
of normal operating flow producing a reduction of about 330°C in cladding
temperature.

Tests on Burnout During Flow Reversal

If a pipe should rupture on the inlet side of a water-cooled reactor
core, the discharge of coolant from the system would cause the flow over
the fuel elements to reverse in direction, passing through a transient
state of stagnation. The temperatures in the fuel elements throughout
this process can be predicted from calculations of the heat transfer to
the coolant, which is of course changing at every instant. Most accident
analysis codes will underestimate the heat transfer when the flow reverses,
because not much is known about heat transfer behaviour in this kind of
transient state and it is usual to assume that burnout will always
occur. This assumption, which is based upon observations of steady
states, is almost certainly false and could lead to unduly pessimistic
estimates of fuel temperature.

A simple experiment is planned to measure burnout heat flux when
flows of high pressure water are reversed in an electrically heated
round tube. It is hoped that the results will indicate the dependence
of burnout heat flux on the fluid conditions and the rate of change of
flow velocity at the instant of reversal, and enable the degree of error
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involved in present methods of analysis to be assessed. Special equipment
required for this experiment has already been obtained and is held in
readiness for installation in the high pressure water rig early in 1977.

Critical Heat Flux at Very Low Flowrates

Calculations of the core coolant flow during a LOCA using RELAP
indicate quite long periods during the first few seconds of the blowdown
during which the core flowrate is very small or zero. The corresponding
evaluations of enthalpy and quality during this period indicate that for
a substantial part of this time the flow regime is determined to be
'flow boiling transition', 'flow film boiling1 or 'pool film boiling'.
The heat transfer coefficients during these processes used in RELAP and
THETA1-B were obtained from experimental data on boiling on a small,
horizontal, heated strip in a static pool. It is believed that values
should be obtained under more realistic conditions.

As a precursor to subsequent tests with water, it is proposed to
use Freon 12 at very low flowrates in vertical round tubes to measure
the critical heat flux (CHF) and the heat transfer coefficients existing
immediately downstream of the crisis (or dryout) point. This can be
achieved experimentally by arranging a specially devised short test
section in tandem with a uniformly heated tube operated so that dryout
is just achieved at its downstream (outlet) end.

Transient Heat Transfer in Single-phase Flows

Theoretical investigations using the reactor accident thermal
analysis code THETA1-B have shown that, during a LOCA resulting from a
double end'-id rupture o.f a PWR inlet feeder, dry steam conditions prevail
during an important portion of the blowdown phase (typically around 30
seconds). Maximum fuel cladding temperatures are therefore signifi-
cantly influenced by the values of the single-phase heat transfer
coefficients assumed.

There is some evidence that values of heat transfer coefficients
for transient conditions differ from the corresponding steady state
values. Accident analysis codes at present rely on heat transfer data
measured in the steady state, and it is therefore desirable to determine
the extent, if any, of the influence of transient effects. However,
owing to the priority of other work, both the theoretical and experi-
mental aspects of this work have been curtailed.

4.4 Reactor Blowdown and Containment Performance [I.F. Mayer,
J. Marshall, J. Rodd, P. Holland, V. Ilic, T. Romberg]

In assessing the effects of a LOCA in a water-cooled reactor,
consideration must be given not only to events within the reactor core,
but also to the behaviour of the reactor containment building. In
particular the assessment must cover the performance of the emergency
core cooling system, the behaviour and reliability of fuel pins and the
adequacy of the containment building in retaining the blowdown effluent
(which may contain fission products and other radioactive materials).

It would not be possible to test the performance of these systems
in a full scale reactor, and even the one-hundredth scale LOFT experi-
ment in the USA is extremely costly and slow to perform. This places a
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severe demand on analytical capability to make reliable predictions of
the course of a LOGA.

In practice, there are two possible approaches which can be adopted,
both of which are essential features of the work:

(a) as many as possible individual components or systems are
tested experimentally at reduced scale in order to validate,
or give confidence in, the various parts of the analysis, and

(b) the calculations used to prove the safety of a power plant to
the satisfaction of vendors, operators and licensing authorities
must be demonstrably conservative. They cannot be excessively
conservative (which would facilitate a relatively simple
analysis) or the plant would be uneconomic.

The purpose of the AAEC's program of work on blowdown and con-
tainment is to gain a reasonable level of understanding of these very
complicated thermal/hydraulic processes and the correspondingly complex
methods of analysis. This would lead to the capability for critical
examination of the thermal/hydraulic aspects of any safety problems
relating to WCRs. This is not only of importance in establishing the
acceptability of a given type of plant for operation in Australia, but
it must also be realised that, although the purchaser can have little
influence on the specification of the reactor plant itself, he can have
a considerable influence on the choice and specification of the con-
tainment and associated engineered safety features. This makes it most
desirable for the Commission to retain a strong level of expertise in
this field.

Development and Use of HOTPOT Code

Important quantities which must be calculated for a postulated LOCA
include the mass-outflow from a specified rupture, the rate of pressure
change in the primary circuit and the pressure rise in the containment.
Several large overseas computer codes, e.g. RELAP, CONTEMPT, can be used
to calculate such conditions, but generally they deal with only one
facet of the overall thermohydraulic condition. (CONTEMPT calculates
conditions within a containment but must be provided with data from a
blowdown code such as RELAP.) The codes are large and complex and are
not easy to understand in detailed operation.

To assist in interpreting experiments on blowdown and containment
and, to provide a basis for reactor safety assessment projects, a much
simpler analysis has been made which includes conditions in a high
pressure vessel with mass outflow into a containment vessel. This is
embodied in a small code named HOTPOT which can be used with either
water or Freon 12. Different versions of the code have been used to
investigate the effects of various choked flow models and of the con-
densation heat transfer coefficient on the containment pressure rise.
This analysis has been applied successfully by Engineering Research
Division to experiments carried out in water and Preon 12 blowdown rigs.
The code cannot deal with complex geometries in fine detail, but because
it is very flexible and simple to understand, amendments are relatively
easy to incorporate, and broad surveys of approximated conditions can be
accomplished rapidly.
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A variation of the code has been used in a study requested by the
Nuclear Plant Safety Unit for estimation of containment conditions and
the possible outflow through containment leaks for various specified
accident conditions.

Application and Minor Development of RELAP
Reactor Accident Codes

The RELAP codes are transient thermal hydraulic codes developed by
the Aerojet Nuclear Company on behalf of the USAEC and NRC, specially
designed for analysis of LOCA in light water reactors. Both RELAP-3 and
RELAP-4 codes were supplied to the AAEC by the Argonne Code Centre.

During the year these codes have been used in various analyses

RELAP-3 ERD blowdown experiments: analyses were made both with
and without the vapour/liquid slip correction added to
RELAP-3 by staff of the University of NSW; agreement
between analysis and experiment was satisfactory.

RELAP-4: (i) full cold-leg double-ended rupture: one run,
occupying two hours' computer time, extended into
post-dryout conditions (the output from this run in
the form of core flow vs. time was used as input to
the study of THETA1-B reported above).

(ii) ERD blowdown experiment: one run, reasonable
agreement.

(iii) ERD ECC test: seven furnace-heated rods quenched by
bottom flooding in a glass tube; correspondence
poor.

(iv) HIFAR application: double-ended primary coolant
rupture; agreement reasonable.

(v) HECCE-3 HIFAR shutdown and flow reversal experiment:
poor agreement.

Utilisation of US Computer Code CONTEMPT

This code deals with the pressure temperature response of a con-
tainment building to a LOCA in a water-cooled reactor system, but cannot
be applied to an ice condenser containment system. The reactor water
discharge rate and energy must be provided from a blowdown code such as
RELAP: CONTEMPT then calculates conditions in the immediately sur-
rounding chamber (the drywell), flow through vents into a pressure
suppression pool and conditions in the pool chamber (the wetwell). It
can incorporate normal building leakage, a fan cooler system and dry and
wetwell spray systems.

The version of the code CONTEMPT-LT-022 has been loaded into the
Lucas Heights computer and commissioned to the extent of obtaining a
satisfactory solution to the standard test problem. Study of the code
is proceeding, using trials of differing problems to gain understanding
of the operation.



39

Utilisation of German Code ZOCO V

This code calculates conditions in the containment buildings of
water-cooled nuclear reactors in response to a LOCA. It is designed to
deal in particular with multi-compartmented buildings either of full
pressure containments or pressure suppression systems. Any number of
compartments may be dealt with depending only upon the size of computer
facility available.

The code has been loaded on the main computer but not yet operated.
Unfortunately the code handbook and comments are in German, which has
somewhat delayed the use of the code but attempts are to be made to run
problems for comparison with CONTEMPT.

Examination of Data and Formulae for Choked
Two-phase Flow

The limit to the rate of flow of the steam/water mixture at the
point of rupture of the primary coolant circuit is set by the so called
'choking' of the two-phase flow in a manner analogous to the limit
imposed on single phase flows by the speed of sound.

Various choked flow formulae are being assessed aginst the experi-
mental data available from the literature (around 600 data points). So
far, work has been in progress on four of the formulae believed to be of
most practical value.

Computer programs have been written to perform the calculations for
the various models and to include facilities for accurate interpolation
of physical property tables. High accuracy is necessary in order to
obtain consistent results in some calculational models because of the
continuous use of small differences in large quantities.

Tests on Slowdown of Steam/Water into a Containment

Modifications to the rig referred to in AAEC/PR42-P have been
completed. The rig now consists of a small high-pressure vessel which
simulates a reactor pressure vessel, and a larger low-pressure vessel,
representing the reactor containment vessel. This is shown in Figure
4.1.

The discharge from the high-pressure vessel can be drawn from any
level by pre-setting the height of a re-entrant discharge pipe. The
discharge is initiated by rupturing a series-pair of bursting discs in
the outlet pipe, and the discharge rate is limited by a choking tube of
8 mm bore.

Tests have been made with the air in the containment at atmospheric
pressure and also at reduced pressures, representative of the Canadian
'vacuum building1 technique. The graphs of Figure 4.2 indicate the
large effect of the air in determining the maximum pressure rise.

An important finding is confirmation that during blowdown a high
value of condensation heat transfer rate is appropriate (owing to the
turbulence induced by the steam flow), but that after the peak pressure,
which is essentially coincident in time with the cessation of the steam
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flow, a reduced value is more suitable. This is demonstrated by the
discontinuities in the dotted lines, which show the point in the calcu-
lation at which the heat transfer coeffiqient changes from five times
the steady state value back to its normal value. The steady state value
is a function of the air/steam ratio and therefore is itself continuously
changing, due both to the inward flow of steam and its condensation on
the containment vessel walls. Investigations are in progress to measure
these heat transfer rates.

Development of Electrical Capacitance-type Void Gauge

In order to facilitate adequate comparisons between theory and
experiment, it is necessary to measure the mass flow and liquid content
of the discharge from blowdown and containment tests. To obtain mass
flow, methods of evaluating the rate of loss of mass of liquid from the
pressure vessel are being developed, using a pressure transducer to
measure the instantaneous head of water as the discharge proceeds.
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To measure voidage it is hoped eventually to adapt the electrical
capacitance technique developed primarily for detecting voidage in Freon
113 in flow instability tests. This development is at a comparatively
early stage as far as application to blowdown experiments is concerned.
Tests are planned with appropriately high voidage levels and larger
diameters, to be carried out using suspensions of water droplets in air
in an existing low-pressure rig. If these tests prove successful the
development of electrical insulation and electronic head components to
operate at the elevated temperatures involved in the steam/water tests
would then follow.

Although this is a new development, it is believed to be simpler
than using X- or gamma-ray methods for transient processes, since for
such measurements it is necessary to have either very high beam inten-
sity or exceptional detector sensitivity, or both.

Tests on Blowdown Using Freon 12

Some preliminary tests have been performed to determine whether the
blowdown process with steam/water can usefully be studied using a Freon
as an approximate model for water. The Freon selected for the initial
phase of this work is Freon 12, which has a vapour pressure of around
0.5 MPa at room temperature. This pressure is sufficiently high to
provide a reasonable propulsive force to produce an adequate discharge
rate without need to heat the Freon, but is low enough to facilitate the
use of glass walled vessels in the apparatus, permi'-ting photographic
observation of the blowdown processes. The tests are being performed in
very small scale equipment and, in principle, should enable many variants
of the blowdown situation to be explored a great deal more quickly than
is practicable with a heated, high pressure, steam/water rig.

Figure 4.3 shows a typical Freon 12 blowdown characteristic, to be
compared with a typical water result in Figure 4.4. Ebullition in the
Freon is delayed for about 0.7 second, after which the bubbles then
generated form a 'front' which rises, through the non-boiling, superheated
liquid, to the surface, leaving the whole liquid region behind bhe front
in a state of boiling. The water result appears to indicate the same
sort of effect. Mass flowrate can readily be measured in these tests by
performing a series of blowdown runs stopped at different times in the
progression of the whole process. Measurement of the height of the
still (non-boiling) liquid residue in the glass 'pressure vessel' enables
the mass outflow up to the cut-off time to be evaluated. Results agree
well with established choked flow correlations.

4.5 LOCA Analysis [W.J. Turner, G.D. Trimble, A.W. Dalton]

In 1973 the OECD/NBA Committee on the Safety of Nuclear Instal-
lations (CSNI) established the Working Party on Emergency Core Cooling.
This working party has formulated a series of standard problems based on
experiments which are to be solved by each participating group using its
own method of analysis. All solutions are subsequently compared with
the experimental data.

Australia has joined this working party, and Standard Problem No.3
has been analysed using the NAIAD blowdown code. This experiment was a
blowdown of the IETI-1 rig [CISE 1971 - Heat transfer and fluid flow



FIGURE 4.3 FREON 12 SLOWDOWN (% LITRE VESSEL, 3 mm 'BREAK')

FIGURE 1».k WATER SLOWDOWN (15 LITRE VESSEL, 8 mm 'BREAK')
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studies. CISE Documentation Service, Milan, Italy] from slightly sub-
cooled conditions at the feeder inlet. The rig simulates the conditions
in a single power channel of a pressure tube reactor. The transient was
initiated by closing valves at the feeder inlet and rise outlet and
opening a simulated break near the feeder inlet. During the transient,
the flow reversed and dryout occurred over most of the heated section.
Simulated power to the channel was continued for 12.3 seconds and measure-
ments taken up to 13.5 seconds.

Comparisons of some calculated and measured parameters are shown in
Figures 4.5 and 4.6. Figure 4.5 shows the pressure 8 cm upstream of the
break, while Figure 4.6 shows the heater temperature at about the middle
of the heated section.

Attention has been given to the effect of slip on the one dimen-
sional conservation equations. These equations must remain hyperbolic
or else they become physically meaningless. Detailed analysis of these
equations over the entire range of pressure, enthalpy and mass velocity
which can occur in transient situations, has been performed and has
shown that all the commonly used slip models lead to non-hyperbolic
equations for at least some of this range. This is generally because in
transient situations, the models are being extrapolated into areas
beyond those for which they were originally formulated, there being
little or no fundamental experimental data in these regions.

NAIAD has also been used to model a series of blowdown experiments
performed by the Commission's Engineering Research Division. In these
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experiments, hot, pressurised water/vapour at various conditions was
blown down through an orifice (choke flow). The results of the NAIAD
calculations were compared with the measured pressures in the pressure
vessel and at the choking point. Preliminary calculations indicated
that reasonable agreement is obtained over the full duration of the
blowdown transient.

This preliminary NAIAD representation will now be refined to pro-
vide closer simulation of the experimental conditions, and should then
provide improved agreement with the measured data. Among the refine-
ments to be included are:

(a) Transfer of heat stored in walls of the pressure vessel and
flanges to the liquid phase during the transient.

(b) Restriction of flow out of the pressure vessel by the heater
situated at the outlet (whose function is to raise pressure
within the pressure vessel to the required value prior to
blowdown).

(c) Improvement of treatment of choke flow.

Development of the NAIAD code has continued with the following
improvements incorporated:

1. The equation of state routine has been rewritten to improve
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the sub-cooled liquid region. Special purpose tables with very
high accuracy in particular regions may be generated as data
for this routine, although the standard tables cover the
entire pressure-enthalpy range with good accuracy.

2. An improved pump model has been added which accepts head,
torque and two-phase difference data for up to five pumps and
can handle shaft reversal and pump coastdown situations.

A detailed report of the code has been produced and distributed
internationally, and as part of the continuing Canadian interest in
NAIAD, an officer of Atomic Energy of Canada Limited visited the AAEC
for three months to learn how to use it. He was given a copy of the
code for use by AECL.

A description of NAIAD, together with the results of a calculation
of a British blowdown experiment, were presented at the Specialists'
Meeting on Transient Two-phase Flow, held at Toronto, August 1976. A
ten minute film of the results was shown. It was taken directly from
the screen of Physics Division's GT40 computer using a dynamic display
program that forms part of the NAIAD output analysis software.

4.6 Calculation of SPERT Transients - Forced Coolant Flow
[J.W. Connolly]

The experimental program for SPERT core B18/68 included a number of
power transients initiated under conditions of forced coolant flow
through the core. Flow velocities ranged from 0.12 m s~! to 4.3 m s~1

giving transit times of 5 to 0.14 second for the coolant to traverse the
core. A very simple model to represent coolant flow was incorporated in
ZAPP in an attempt to calculate these transients.

The flow model transfers material from a specified region of one
axial zone of the reactor representation to a specified region of another,
at a rate corresponding to the flow velocity given in the code input
data. The material moved has the average temperature of the region from
which it comes, and is mixed uniformly with the material of the des-
tination zone. Heat transfer from the fuel plate to the coolant was
assumed to be by conduction across a static film of water 0.03 mm wide.
The conductivity of the remaining coolant was assigned the value of
unity giving a nearly flat temperature profile across the channel.

Figure 4.7 shows the results of calculations using the above model
for transients of initial period 100 ms and a range of coolant flowrates.
As the flowrate is increased, the average post-burst power level and the
frequency of the secondary oscillations increase, primarily as a result
of the rate of energy removal from the core. Although the calculations
do not correctly describe the amplitude and frequency of these oscillations,
the general level of agreement with experiment is surprisingly good,
particularly since the same static boundary layer thickness was used for
all flowrates. (Trial runs of ZAPP showed that the thickness of this
layer needed to be increased fourfold before serious divergencies from
experiment were produced.) Calculated fuel plate temperatures for these
transients were also in good agreement with experimental values.
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4.7 Moata Transients [D.B. McCulloch, J.W. Connolly]

Measurements of self-terminating reactivity transients with zero
coolant flow in Moata were extended down to an initial period of ~ 15
seconds. Comparison of the results with the predictions of the ZAPP
point kinetics heat transfer code (Figure 4.8) showed excellent agree-
ment for the peak power reached but the experimentally determined energy
released to the time of peak power was some 60 per cent higher than
predicted by ZAPP. This was to be expected, since the SAPF assumption
of zero heat loss would not hold well for these slow transients.
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FIGURE I*.8 MOATA TRANSIENTS: EXPERIMENTS AND ZAPP CALCULATIONS

The observed energy releases can be accounted for in terms of the
observed onset of strong natural convective flow as peak power is
approached. For one transient (T = 16.5 s) a crude measurement of
initial convective flowrate was made by placing two vertically sepa-
rated thermocouples in the water reflector above the core. At a power
level of about 55 kW, a temperature front was observed at the thermo-
couples, the time delay between the thermocouples suggesting a flow
velocity of ~ 0.7 cm s~ 1, or an initial flowrate of ~ 0.7 S, s"1.

Inclusion of an ultra-simple constant convective flowrate model in
the ZAPP calculations, with some reasonable empirical adjustment of the
parameters (e.g. flowrate, power at which flow starts, flow reactivity
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feedback coefficient) sufficed to produce burst shapes in good agreement
with those observed. This is illustrated in Figure 4.9.
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4.8 Fission Product Decay Energy [R.B. Knott]

The increased interest in the safety aspects of nuclear power
reactors has led to renewed efforts on the calculation of fission pro-
duct decay energy as a function of time after shutdown for a typical
fuel element irradiation time history. The results of a survey suggest
that in the time interval up to 100 s after shutdown, the data are not
reliable.

The large uncertainties attached to the decay energy function arise
from uncertainties in decay data and fission yields for individual
short-lived isotopes, and from inability to identify and include all
such isotopes which may be present. One solution to this problem is to
introduce short-lived psuedo-fission products to the summation scheme to
force agreement with integral data from 'benchmark' experiments. However,
even the latter are generally of low accuracy, and show poor consistency
between different experiments.

It was concluded that recent advances in experimental techniques
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would allow considerable improvement in the experimental data.

4.9 Resonance Neutron Capture [J.R. Bird, B.J. Allen, J.W. Boldeman,
M.J. Kenny, A.R. Musgrove]

The recent increase in quality and quantity of resonance parameter
data, largely resulting from a collaborative program of capture cross
section measurements with ORNL*, permits a new appraisal of the data
systematics and of the nuclear models used in their interpretation.

Of particular interest are the properties of fission products and
actinides which arise as waste products in reactor systems. Many of
these nuclides are unstable and cannot be measured directly. Theore-
tical methods are therefore required which can predict the important
average resonance parameters. 1'hese methods, however, develop from a
knowledge of the systematic variation of average parameters with neutron
energy and mass number.

The accumulated capture and related data have been examined and a
review paper on this work was presented at the 1976 International
Conference on Interaction of Neutrons with Nuclei, Lowell, USA.

The important parameter obtained from neutron capture reactions is
the radiative width (F ) which gives the probability for gamma-ray
emission for a resonance. However, it is found that, the magnitude of
the radiative width can depend markedly on the angular momentum (fc) of a
resonance.

Average values of s-wave (A=0) and p-wave (fc=l) radiative widths
are shown in Figure 4.10 as a function of mass number. The two sets of
data have different mass dependences which can be explained in terms of
the nature of the resonance and final states between which radiative
transitions occur. The properties of these states are determined by the
proximity of the nuclides to the closed neutron shells at N=20, 28, 50,
82 and 126.

An important outcome of recent studies has been the discovery of
widespread correlations between the reduced neutron widths (F*) and
radiative widths (Fy(&)) for resonances with angular momentum i in
different mass regions (Figure 4.11a).

The occurrence of correlations is, in fact, predicted by the valence
model of neutron capture. In this model the incident neutron is assumed
to be captured without exciting the target nucleus. Calculations of the
probability for this effect (FV) show that in the A ~ 50 and A ~ 90 mass
regions, the valence model contributes significantly to the measured
radiative widths. The average ratio TX/F, is given in Figure 4.lib as a
function of mass number.

Valence capture is predicted to have negligible influence in the
A ~ 140 mass region (for example, near N=82) and even in the A ~ 50 and

* Research sponsored in part by US ERDA under contract with Union
Carbide Corporation
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CORRELATION IN NEUTRON CAPTURE
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A ~ 90 regions it dominates only in 5l|Fe and 88Sr. Therefore, an additional
capture mechanism of single particle character is required to explain
the observed correlations and magnitudes of radiative widths. The
excitation of simple target configurations provides a satisfactory
qualitative explanation of these results, and calculations by various
authors for specific nuclides confirm the importance of such configura-
tions.

Additional information on the influence of single particle states
can be obtained by a study of the dependence on mass and excitation
energy of strong capture gamma-rays which dominate the spectra in many
nuclides. These transitions follow closely the results obtained from
(d,p) reactions and can be used to give additional evidence of the
location of single neutron states and the filling of neutron shells.

s-Wave Level Spacings
-*
+t

The average s-wave (&=0) level spacing is an important parameter in
cross section calculations and also in elucidating nuclear structure,
particularly near closed shells. In the course of the AAEC/ORNL capture
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and transmission data analyses, many new level spacings have been de-
tected for nuclides near the closed neutron shells. From the level
spacing, the level density parameter 'a' as a function of mass number
has been obtained. The quantity a/A displays dips at the closed neutron
shells and can be correlated with shell correction energies derived from
semi-empirical mass formulae. A plot of a/A versus the Cameron shell
correction (Figure 4.12) shows considerable linearity despite the obso-
lete nature of that particular mass formula. Also shown are the Gilbert
and Cameron prescriptions for deformed (lower) and spherical (upper)
nuclei.
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4.10 Creep of Structural Materials
D.S. Hughes]

[K.U. Snowden, P.A. Stathers,

To ensure the integrity of components at elevated temperatures, it
is necessary to be able to predict the rate of creep deformation and the
rate of crack .growth from existing defects. Measurements of the creep
rate of Zircaloy-2, Zr + 2.5% Nb alloy and type 321 austenitic stainless
steel were made over a range of temperatures and stresses in order to
provide comparative data for in-reactor creep tests. The levels of
internal stress developed at different stages of the creep test are
being determined to evaluate predictions made with various creep models.

In other work, stress rupture tests were undertaken on round type
321 stainless steel specimens containing a circumferential notch, to
examine the applicability of fracture mechanics parameters to creep
crack propagation at elevated temperatures where creep recovery can take
place. In the initial tests at 650°C, crack propagation rates were
measured as a function of the stress intensity factor and the net suction
stress. The measured rates correlated well with published data. Crack
growth rates will be determined for the same material with different
specimen geometries in order to evaluate which parameter has the most
general applicability.
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4.11 Void Growth in Zirconium and Copper [K.U. Snowden,
P.A. Stathers, D.S. Hughes]

The growth of voids in structural materials during elevated tem-
perature deformation or irradiation can lead to premature and sudden
failure. The growth of voids in metals is often found to be dependent
on diffusion processes taking place either in the lattice or in the
grain-boundary region. The nucleation and growth of voids in zirconium
and copper during high temperature fatigue have been studied using metal-
lographic and fractional density change techniques. Measurements of
grain-boundary migration in crystal bar zirconium and in copper of
commercial purity were made over a range of temperatures since grain-
boundary migration is closely associated with grain-boundary diffusion
and the growth of voids. Environmental effects in the form of residual
gas pressure in the range 1.33 x 10"2 to 1.33 x 10"" Pa (lO"1* to 10"6

torr) were shown to have no significant influence on the measured rates
of grain-boundary migration in copper fatigued at 500°C. Statistical
analysis of the amount of grain-boundary migration at different stages
of the fatigue test has led to the discovery of a new time 'law' in
which the amount of migration is proportional to time 3. These obser-
vations have been reported in Nature 261 : 305, 1976.

The temperature dependence for grain-boundary migration in zir-
conium and copper was determined and used to estimate the activation
energy for grain-boundary migration QGBM- The value of QGBM f°

r zir-
conium was 100.3 kJ/mol and for copper 30.5 kJ/mol. These values of
Q represent 0.5 Q and 0.16 Q respectively where Q is the activa-
tion energy for lattice diffusion. The low value of QGBM for copper was
unexpected, but is in agreement with the value reported by Wigmore and
Smith (Met. Sci. 5_ : 58, 1971) for OFHC copper.

The activation energy for void growth Q in zirconium was deter-
mined as 92 kJ/mol from measurements of the fractional density change at
different temperatures. The present measurements on zirconium show Q
~ ^PRM = •'•/̂  T̂ * Th*8 supports the proposed association between grain-
bounaary migration, void growth and grain-boundary diffusion. The
values of Q and QrRM are also close to the activation energies for low
stress thermal creep (110 kJ/mol) reported by Bernstein (Trans. AIME 239
: 1518, 1967) and for low stress in-reactor creep (125.6 kJ/mol) calcu-
lated from data reported by Fidleris (J. Nucl. Mat., 26_ : 51, 1968).

4.12 High Temperature Deformation of Zirconium and Zirconium-Tin
Alloys [K. Veevers, K.U. Snowden]

Density measurements have been used to follow the development of
voids in zirconium and zirconium-tin alloys during high temperature
fatigue and creep. Previous work had shown that these materials readily
develop voids during fatigue but not during creep. Creep tests were
undertaken on specimens subjected to prior fatigue to ensure that voids
were nucleated in the material before creep testing. Similar tests were
made on specimens of copper which is known to develop voids during both
high temperature creep and fatigue deformation. The results for zirconium
and copper are shown in Figure 4.13. Similar results were obtained for
a zirconium-tin alloy. The fractional density -AD/D for copper decreased
during both the fatigue and creep parts of the test at 500°C as expected.
However for zirconium the fractional density change only decreased



FIGURE If.13 FRACTIONAL DENSITY CHANGE VERSUS TIME SPECIMEN SUBJECTED TO

FATIGUE AND CREEP STRESS. Zr AT 700°C Cu AT 500°C
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during the fatigue segment of the test and not during the extended creep
test. These results indicate that in the case of zirconium, voids are
not only difficult to nucleate in creep but are also difficult to grow
under these conditions. The reasons for this behaviour are being
examined further and may be related to differences in strain rate, in
grain-boundary migration and in levels of supersaturation of vacancies
under fatigue and creep conditions.

4.13 Radiation Damage in Metals [R.G. Blake, A. Jostsons,
P.M. Kelly, J.G. Napier]

The clustering of point defects formed during fast neutron irradiation
of metals produces major changes in the properties of engineering materials.
The nature of these defect clusters is being investigated using trans-
mission electron microscopy. Although the specific research projects
are more relevant to thermal reactors, the approach is fundamental and
hence equally relevant to radiation damage phenomena in fast and fusion
reactor technologies.

Zirconium

Zirconium has a low thermal neutron cross section which, combined
with good mechanical properties and corrosion resistance, accounts for
its widespread use in nuclear power reactors. Under fast neutron
bombardment, zirconium becomes dimensionally unstable owing to radiation
growth which is defined as a change in dimensions at constant volume in
the absence of an applied stress. The original observations were re-
ported by Buckley [1]; he showed that zirconium single crystals ex-
panded along the a_-axis and contracted along the c_-axis. To explain
these results, he proposed an attractive model involving the preferen-
tial nucleation of vacancy and interstitial disclocation loops on dif-
ferent crystallographic planes under the influence of anisotropic
stresses generated by the thermal spike. The model initially required
vacancy loops with £ component Burgers vectors on the basal (0001) plane
and interstitial loops with a/3 <1120> Burgers vectors on the prism
planes. Thus, radiation growth is equivalent to a net transfer of atoms
from the basal planes to the prism planes. More recently, Kelly [2] has
pointed out that the loop habit plane is not vital to the model, provided
that the Burgers vector of the vacancy loops is essentially parallel to
£ and that of the interstitial loops is essentially perpendicular to £.

The Buckley growth model can be readily verified using transmission
electron microscopy. All that is necessary is to show that the vacancy
and interstitial loops have the required Burgers vectors and that the
loop populations can adequately predict the magnitude of the observed
dimensional changes. This testing of the adequacy of the model has been
complicated by difficulties experienced with the electron microscopy
of zirconium. Nevertheless, the work has consistently failed to detect
loops with a £ component Burgers vector. Invariably the loops have

[1] Buckley, S.N. [1961] - Proc. Conf. on Properties of Reactor Materials
and Effects of Radiation Damage, Berkeley. Ed. Littler, W.J.
413, 1962, London, Butterworths.

[2] Kelly, P.M. [1973] - Proc. Conf. on Physical Metallurgy of Reactor
Fuel Elements, Berkeley, Eds. J.E. Harris & E.G. Sykes, 123, 1975,
London, The Metals Society.



57

Burgers vectors of the type a/3 <1120>. Results published recently by
the Chalk River Nuclear Laboratory, Canada (CRNL) group [3,4] support
those of the AAEC; yet some doubt remains because others claim some
evidence for £ component loops although a full characterisation of the
loops was not attempted. Evidence in the literature, for £ component
damage, has been closely examined and it has been found that the analysis
lacks rigour, or is due to mistaken interpretation of artefact contrast
as loop images or, as in the case of corduroy, the evidence presented
could be explained in terms of the behaviour of a/3 <1120> loops.

The classification of dislocation loops into vacancy and inter-
stitial components is one of the most important steps in the complete
description of the defect structure in irradiated metals. All such
methods depend on the analysis of the sense of dislocation image shifts
associated with a reversal of the sign of £, the operating reflection.
These- methods of loop characterisation are limited to loops larger than
20 nm because, for smaller loop sizes, the image shifts become difficult
to analyse.

TABLE 4.1

DISLOCATION LOOP PARAMETERS AS A FUNCTION OF
IRRADIATION TEMPERATURE AND FLUENCE

Irradiation
Temperature

(K)

708

668

668

668

623

623

573

Fast Neutron
Fluence

(neutrons m~2

(> 1 MeV))

6.4 x 1023

3.3 x 1023

6.4 x 1023

18.0 x 1023

2.0 x 10 23

5.3 x 1023

3.8 x 1023

Loop
Concentration
m-3 (x 1020)

< 0.1

7

2

2

8

27

120

Average Loop
Diameter (2b)

(nm)

-

33

56

62

10

23

9

Interstitial
Loops
(%)

-

23-33

9-33

37-55

-

47-63

-

These results demonstrate a number of clear trends:

1. The loop concentration decreases with increasing irradiation
temperature at a given fluence. For the flux and fluence used
in this work, the damage appears to anneal out for irradiation
temperatures above about 723 K (450°C).

2. For a given fluence, the loop size increases with irradiation
temperature.

[3] Northwood, D.O. & Gilbert, R.W. [1974] - J. Nucl. Mater., 51, 271.
[4] Northwood, D.O. [1975] - Proc. 2nd Ann. Gen. Meeting Microscopical

Society of Canada.
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3. For a given irradiation temperature, the loop size increases
with fluence.

4. The loop populations are mixed vacancy/interstitial under all
conditions where the loop size was adequate for conventional
inside/outside contrast analysis.

The absence of c_ component dislocation loops demonstrates that the
Buckley growth model is inappropriate for zirconium. However, it is
still possible that part of the growth strain is due to dislocation
loops. The magnitude of this growth strain e, in the direction of
b, the Burgers vector of a perfect prismatic loop, is given by e = C ,
where C is the concentration of defects in loops. For the 573 K
irradiation, the growth strain is +0.8 x 10" ** parallel to the a-axis,
assuming all loops to be interstitial and that the three a/3 <1120>
Burgers vectors are present in equal amounts. This value is close to,
but less than, the measured [5] value for Zircaloy-2 at 553 K and 3.8 x
1023 neutron m~2. In addition, it is highly unlikely that all the loops
would be interstitial and, for a 60 per cent interstitial content, e is
only +0.16 x 10"1*. There is no growth strain in the cj-axis direction
from dislocation loops.

It is worth noting that a fast neutron fluence of 3.8 x 1023 neutron
nf 2 corresponds to a fractional defect concentration of about 6 x 10~2

whereas the visible defect concentration in the form of dislocation
loops is 1.7 x 10"1*. Obviously, most of the defects created during
irradiation have been annihilated either by mutual recombination or by
diffusion to sinks, such as dislocations, grain-boundaries or sub-
grain-boundaries. A differential drift of less than one per cent of the
defects formed would be necessary to explain the observed anisotropic
growth in zirconium. Possible mechanisms for such differential defect
drifts exist [6] but more complete data on dimensional and volume changes
during irradiation growth are required before a particular mechanism can
be selected.

International 'Round-robin' Transmission Electron
Microscopy Examination of Irradiated Zirconium

In view of the conflicting results still be reported on the nature
of loops in neutron irradiated zirconium alloys, Dr D.O. Northwood of
Atomic Energy Canada Limited (AECL) has organised a 'round-robin1

series of electron microscopy examinations to eliminate specimen varia-
tions as a reason for these discrepancies. The participants are General
Electric (Vallecitos, USA), Berkeley Nuclear Laboratory (CEGB, UK),
Whiteshell and Chalk River Nuclear Laboratories (AECL, Canada) and the
AAEC. The specimens supplied to each laboratory are described in Table
4.2.

Examination of all specimens by the AAEC has been completed and it

[5] Harbottle, J.E. [1970] - Irradiation Effects on Structural Alloys for
Nuclear Reactor Applications, ASTM-STP, 287, 1970.

16] Wiedersich, H. [1973] - Proc. Conf. on Physical Metallurgy of Reactor
Fuel Elements, Berkeley. Eds. J.E. Harris & E.C. Sykes, 142,
1975, London, The Metals Society.
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TABLE 4.2

IDENTIFICATION OF MATERIALS FOR 'ROUND-ROBIN'

Material Details

Capsule Alloy Metallurgical Irradiation
Ident. Condition Temp.

Fluence
n m"2 (E > 1 MeV)

A

B

C

G

Zircaloy-2

Crystal Bar

Zircaloy-2

Zircaloy-2

Annealed
(1 h/750°C)

Annealed
(1 h/800°C)

Annealed
(1 h/800°C)

Annealed
(at 577°C)

= 250°C

= 400 °C

= 400 °C

342°C *

3.1

1

1

1

x 102

x 102

x 102

x 102

*

5

5

5 t

* BWR environment

t flux 1 x 1018 n nf2 s .

has been possible to show that the dislocation loops are invariably of
the a/3 <1120> type. No evidence for £ component loops was obtained in
any specimen. This result is in agreement with earlier conclusions
reached by the AAEC from examination of a range of specimens irradiated
in HIFAR.

Loop size spectrum measurements have been obtained as well as
estimates of the loop concentration. The loops in specimen 'B' were
characterised into vacancy and interstitial components. Loop charac-
terisation could not: be made in specimens A and G because the loops were
too small for the application of the conventional inside/outside con-
trast analysis. Difficulties are being experienced with specimen C
because the loops are small and their high concentration leads to con-
fusion from image overlap.

A report of the measurements is now being prepared for final
collation by Dr Northwood.

Iron-Copper System

This alloy system is being used to investigate the embrittling
effect of copper in pressure vessel steels exposed to a fast neutron
environment near 290°C. The mechanical testing of irradiated tensile
specimens is nearing completion and the transmission electron microscope
observations will be started now that the 'round-robin1 commitments are
finished.

4.14 Fracture Toughness of Steels
B. Zybenko]

[K.R. Brown, P.O. Smith,

Although the strength of steels may be increased by alloying
additions and by judicious heat treatments, such increases unfortunately
are usually accompanied by an increase in the sensitivity of the steel
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to the presence of defects. The ability of a steel to withstand the
weakening effects of defects is termed 'fracture toughness1.

To gain experience in the fracture toughness of steels, studies of
a number of different steels have been made using the following tech-
niques :

(a) low strain rate, three-point bend fracture toughness test
similar to ASTM standards;

(b) high strain rate impact tests including an instrumented
Charpy impact testing machine capable of obtaining fracture
toughness information;

(c) centre-notched tensile test specimens; and

(d) the pressurisation to failure of axially flawed tubes of the
test material.

The steels investigated include:

(a) A high toughness medium strength steel, US533B, which is used
in many PWR pressure vessels. This steel has been the subject
of a round-robin series of tests and is being used to standardise
testing techniques used by Materials Division and to compare
results obtained with those of other laboratories. Impact
samples have been tested and satisfactory agreement obtained
with results presented in the round-robin tests. Further
samples have been irradiated in HIFAR and are awaiting test-
ing.

(b) A high strength, very low toughness steel, 'Balfour TOH1.
This steel has been used to develop techniques for fracture
toughness testing. It was selected because linear elastic
fracture mechanics are applicable to specimens small enough
for the test equipment. Data on its fracture toughness under
dynamic and quasi-static loading have been obtained but not
yet reported.

(c) A high toughness, low strength 0.15% C, 1% Mn, BHP steel,
similar to steels that could be used in the primary circuit of
a PWR. It was proposed to use this steel to study the pos-
sible influence of strain ageing at the root of a notch on
dynamic fracture toughness. Extensive Charpy impact testing
has been conducted on this steel, but considerable experi-
mental scatter due to the presence of numerous large manganese
sulphide inclusions has prevented further analysis.

(d) A low strength, high toughness 321 stainless steel as used in
the X-170 in-pile loop. Burst tests have been conducted on
axially and circumferentially flawed tubes of this material.
It was concluded that critical defects in X-170 would be
sufficiently large to be easily detected. The results of axially
flawed tubes have been reported; however tests on circum-
ferentially flawed tubes are still in progress.
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(e) High strength, relatively high toughness maraging steels.
These are discussed under the heading of 'High Strength
Steels' in AAEC/PR42-U.

(f) A medium strength, high toughness 410 ferritic stainless steel
as used in the end plates of CANDU-type reactors. A plate of
this steel exhibited extensive delamination on planes parallel
to the rolling surface. This delamination was found to affect
the fracture resistance of the steel and is attributed to
incorrect chemistry, which causes the formation of bands of
delta-ferrite. This work has been completed and reported.

4.15 Corrosion of Reactor Materials [D.H. Bradhurst, P.M. Heuer]

In-reactor Corrosion of Zirconium Alloys in
1Vault-gas' Environment

The corrosion of three different zirconium alloys Zircaloy-2,
Ozhennite and zirconium-2.5 wt % niobium alloy, was studied in an
atmosphere of moist carbon dioxide, similar to the 'vault-gas' used in
Canadian and British pressure tube reactors. Six experiments were
completed, each of one month's duration. The results of the first five
experiments have been evaluated, and have provided new data on the
pressure tube alloys, enabling the reaction rates and the activation
energy for the reaction to be measured in the temperature range 370-
599°C. The sixth experiment, at 310°C, was completed during the June
reactor period.

The weight gains achieved in-reactor in the vault gas were similar
to those obtained out-of-reactor, and thus there was no radiation-
enhanced oxidation in this environment. Similarly, the activation
energy found (18.5 to 20.7 kcal/mol for the three alloys) was within the
range of published data for zirconium alloys oxidised out-of-reactor in
various gases (18.2 to 38 kcal/mol).

This behaviour is to be contrasted with a definite radiation-
enhanced corrosion rate in previous experiments in HIFAR (e.g. J. Nucl.
Mat. 46 : 53-76, 1973) using an environment of pressurised water, and a
similar neutron flux. These results support the view that radiation-
enhanced oxidation is not simply related to neutron flux but requires a
very specific environment to be present in addition to the neutron
radiation before the effect is observed.

High Temperature Steam Oxidation of 2ircaloy-2
Fuel Cladding -LOCA Studies

This work was completed and a paper describing the results was
presented at the 6th International Corrosion Congress, held in Sydney in
December 1975. The results showed that deformation of Zircaloy-2 clad-
ding during oxidation under conditions similar to those expected follow-
ing a LOCA, effectively doubled the oxidation rate by local penetration
of the metal. Results similar to the AAEC work were recently reported
from CEGB Berkeley Nuclear Laboratories. Some allowance for this effect
would improve the reliability of the codes which are used in the theore-
tical analysis of reactor safety to estimate cladding embrittlement
effects.
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'Stress-corrosion Cracking of Steels

This project is aimed at examining the mechanisms of the stress-
corrosion cracking of steels, and to provide practical experience of the
problem as it applies to nuclear grade steels, e.g. as in the recent
failures of steel pipework in Japanese and American boiling water reactors.
In earlier experiments, samples of four different steels similar to
those used in reactor pressure vessels and pipework were tested for
susceptibility to stress-corrosion cracking by bending the samples and
immersing them in hot nitrate and chloride solutions, which accelerated
the cracking process.

All the steels were shown to be susceptible to cracking if the
stress exceeded the yield stress, with times to failure of the order of
10 hours. Examination of the fracture surfaces by scanning electron
microscopy showed the failures to be intergranular, initiated at the
sites of corrosion pits.

A new series of tests was started on five commercial grades of high
strength steel of the maraging type. The steels were first charac-
terised by electrochemical measurements using the standard ASTM potentio-
dynamic technique. The voltage-current curves obtained had a number of
features which were correlated with the time and temperature of heat
treatment. This method can be used to identify the metallurgical
condition of a given maraging alloy. Tensile tests were carried out at
very slow strain rates using a potentiostatically controlled immersion
cell attached to an Instron testing machine. The tests carried out on
the '300' grade steel show that it had good resistance to stress corrosion
cracking in acid chloride media.

4.16 Water Chemistry Aspects of Nuclear Reactor Operations
[J.V. Evans, R.T. Lowson, F.D. Nicholson, A. Berzins,
J.J. Foy, M.R. Kennedy, J.V. Sarbutt]

Effort was confined to two facets of corrosion in nuclear reactors
and conventional power plant. These were corrosion, especially the
pitting and pitting potentials of aluminium in aqueous environments, and
mass transport of solid corrosion products (crud) and their removal in
high temperature, water circuits.

Corrosion of Aluminium

Work during the past six years on the corrosion characteristics of
aluminium has provided a reasonable assessment of the general corrosion
rate of aluminium under HIFAR conditions, and identified a source of
corrosion resulting from temperature gradients around an aluminium
circuit. However, only small progress has been made in identifying the
mechanism of pitting corrosion of aluminium by chloride attack which can
lead to catastrophic failure of plant. Accordingly, work is now being
directed specifically at this area using aluminium as a model system for
general pitting corrosion studies.

Potentiostatic measurements showed that chloride is associated with
the pitting mechanism while adsorption studies showed that chloride is
strongly adsorbed. As a first step, it is necessary to identify whether
it is the adsorbed chloride or the chloride in the interfacial region
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which promotes attack. This is being determined by comparing the
potentiostatic characteristics of aluminium in chloride solutions under
static and dynamic conditions. In the first case, there will be chloride
concentration in the interfacial region in excess of the bulk solution
concentration, while in the second case the interfacial region or 'double
layers' will in part be destroyed and che chloride concentration at the
surface will be that of the bulk solution. If the interfacial region
does have a controlling influence then a significant increase in pitting
potential is to be expected on changing from static to dynamic conditions.
The potentiostatic characteristics of aluminium in oxygen-saturated
chloride solutions were determined using rotating disc electrodes. The
results showed that there was no significant variation in the pitting
potential between static and dynamic conditions, and therefore the
pitting mechanism was uniquely associated with the surface. The ad-
sorption of chloride under potentiostatic control and the nature of the
surface using ellipsometry are now being investigated.

High Temperature Electrochemical Corrosion Test Cell

Substantial effort was directed towards calibrating a high tem-
perature, high pressure silver-silver chloride electrode against a novel
design of high temperature, high pressure hydrogen electrode. The
results were in general agreement with published data. However, all
high temperature electrochemical work has now been terminated owing to
lack of staff.

Deposition of Corrosion Products

The deposition of crud onto the surfaces of coolant circuits is now
probably the major chemical problem in the operation of nuclear reactor
primary circuits. The significance of crud deposits in causing feed
failures and restricting coolant flow has receded in recent years with
the lowering of crud concentrations. However, crud deposits which cause
high radiation fields in areas which require access for maintenance are
an increasing problem. Radiation exposures, especially of key main-
tenance personnel at PWR and CANDU reactors, approach ICRP recommen-
dations and cause problems in the scheduling of maintenance.

A model was developed describing the transfer of crud in coolant
circuits of nuclear reactors. The model was based on experimental data
from the CWL-3 loop and is supported by data from other laboratories and
from reactors. The model postulates the rate of accumulation of crud on
different surfaces (dW/dt) as the difference between a deposition rate
and a release rate (R),

dW/dt = KC - R

The rate of deposition of crud is proportional to the concentration
(C) of crud in the coolant, and for practical purposes the constant of
proportionality, the deposition rate constant (K), is usually in the
range 0.1 to 10 m s~ *. However, values up to 10*1 m s~ ' have been
measured in the CWL-3 loop and inferred from other data, and are attri-
buted to a synergistic combination of heat flux, or nucleate boiling,
and the chemistry of the system. Present experiments are aimed at
elucidating details of the synergistic effect.
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An upper limit for the deposition rate constant was obtained from
the model and an established modification of the Reynold's analogy. The
calculated upper limit varies with the diffusivity of the species in the
coolant but the values are sufficiently above the observed values of the
deposition rate constant to preclude diffusion in the fluid as the rate-
controlling step in deposition, even at the highest deposition rates
caused by the synergistic effect. It is therefore possible that deposition
rates are determined by local conditions at the surface and not by
conditions in the bulk of the fluid.

The crud release rate, according to the model, is essentially
independent of the magnitude of the deposit. During steady operation of
the system (constant power, temperature, etc.), the release rate is
small, about 0.1 to 1 yg m~2 s"1, and can be attributed to hydrodynamic
forces on the surface layers of the deposit and, possibly, to disso-
lution of the deposit when the coolant chemistry is appropriate. When
operating conditions are not steady, thermal, mechanical, hydrodynamic
and/or chemical stresses rupture bonds within the deposit to increase
the crud release rate abruptly; values in excess of 1 mg m~2 s~l were
observed for periods of several minutes. Evidence suggests that crud
release rates for a particular deposit decrease with time and tempera-
ture.

Even the smallest deposition and release rates measured in the CWL-
3 loop can have a significant impact on the mass transfer of crud in
nuclear reactors. For instance, at typical crud concentrations in PWRs,
the smallest deposition and release values quoted above would result in
300 kg of crud being deposited on and released from the surfaces of the
steam generator of a 1000 MWe reactor each year. Marginally smaller
quantities would be deposited and released in the core. Quoted values
of the deposition rate constant and the release rate also explain the
comparatively short average residence times of several weeks which have
been estimated for crud on fuel removed from reactors.

Removal of Corrosion Products

The injection of nickel hydroxide into the feedwater of BWRs has
been proposed as an on-line method of removing crud from the primary
circuit. Nickel hydroxide caused large crud bursts and rapidly formed
nickel ferrite when introduced into the CWL-3 loop operating in the BWR
mode. The iron-based crud from which the ferrite was formed came mainly
from unheated surfaces. The entrained crud redeposited rapidly after
each crud burst and, as with other forms of crud, redeposition occurred
preferentially on heated surfaces.

Continuous injections of different concentrations of nic?<el hydroxide
accompanied by rapid purification (ion exchange and filtration) of the
coolant did not significantly increase the removal of iron from the
loop. The total burden of crud in the loop increased, iron deposited on
the heated surfaces increased, and the nickel itself deposited preferen-
tially on the heated surfaces.

It was concluded that injections of nickel hydroxide increase the
mobility of crud in a coolant circuit and may effect a modest removal of
iron from unheated surfaces and possibly from the circuit as a whole.
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However, the increased crud resulting from the nickel itself, the neces-
sary increase in cobalt-58 after irradiation, and the deleterious
relocation of iron onto heated surfaces, make injections of nickel
hydroxide unattractive and ineffective as an on-line purification
technique for nuclear reactors.

4.17 Stresses and Strains in Reactor Pipework [J.F. Whatham]

The highly pressurised (7-15 MPa) pipework of the primary coolant
circuits of water-cooled power reactors is viewed as the most vulnerable
component of the system, whose failure could lead to a LOGA. It is
therefore considered important for the Commission to have some analy-
tical capability in this field. To assist in developing this expertise
three projects are currently in hand:

Effect of flanges on the flexibility of pipe bends.
+

Planning and negotiation to perform pipework deflection
measurements in a power station owned by the Electricity
Commission of NSW.

Measurement and analysis of deflections of pipework in the
boiler house at Lucas Heights.

Effect of Flanges on the Flexibility of Pipe Bends

Flanges have a stiffening effect on the bend (or elbow) flexi-
bility, the degree of which must be known to calculate the stress-strain
relationships in pipe networks containing such components. This has
arisen in connection with the HIFAR primary-circuit heavy-water pipe-
work, but is also relevant to power reactor pipework because, for
example, the junction between a pipe and a pressure vessel would behave
in deflection in a manner rather similar to a flanged pipe bend.

Two cast-steel elbows having additional flanges incorporated for
test purposes have been specially made and are now being tested. Bach
in turn is mounted in a rigid test-frame and then subjected to bending
and twisting forces by a hydraulic jack. The resulting deflections are
measured by means of dial gauges mounted on the frame and by strain
gauges glued on to prepared areas of the pipe surface. The additional
flanges can be machined away progressively, commencing with those
nearest the bend, so that a whole range of flange-stiffening effects can
be evaluated. One pair of flanges has been machined off after com-
pletion of the first tests in the program.

A finite element code SAP4 has been used successfully to calculate
the stress distributions produced by the simple bending of curved pipes
and these agreed with predictions by an analytical solution. This
augurs well for the use of the code in the main problem of analysing
stresses in flanged elbows.

Measurement and Analysis of Pipework Deflections
in Lucas Heights Boiler House

To develop a technique for measuring the overall movement of power
station pipework during heating and cooling, use is being made of the
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available pipe network in the Lucas Heights boiler house. It is in-
tended to employ tape-measures and plumb-lines to obtain values of pipe
elongation and contraction, with angular deflections measured by a low-
power laser beam, locally-affixed mirrors, and a receiving-end scale.

Unfortunately, the pipe cross-section details are not on record and
calculations using the SAP4 code based on estimates of the bore from
external diameters and expected nominal bore values have produced poor
agreement with preliminary measurements of pipe deflections due to
imposed temperature and pressure changes. It will therefore be neces-
sary to measure pipe thickness by ultrasonic gauging.

4.18 Reliability Analysis and Power Reactors [A. Bicevskis,
A. Cassar]

In order to establish contacts with the leading overseas centres
engaged on reactor reliability analysis, a short-term visit was made by
the Leader, Power Systems Analysis Section who also attended a two-week
course at the Systems Reliability Service (SRS) of the UKAEA.

Useful discussions were held and many topical reports obtained from
the leading reliability analysis organisations in Italy, Federal Republic
of Germany, France, UK and the USA.

The AAEC has now joined the SRS as an Associate Member and will
have access to the reliability analysis services provided by the SRS, in
particular, the extensive plant failure da1̂  library which formed the
basis for the Rasmussen Study. The failure data library will be of
value in an increasing number of site activities. Reliability analysis
techniques have been used in the study of a proposed new reactor, seeking
the most effective arrangment for the reactor normal and emergency power
supply and the layout of the cooling system.

Some of the initial reliability analysis work was concerned with
the acquisition of fault-tree analysis codes, such as the PREP/KITT
complex. After commissioning and check-out of some of the features, the
codes are now largely used by the I&C Division for the design of reactor
protection systems.

Planning is in hand to formulate several long range research pro-
jects, dealing with some of the basic aspects of reliability analysis
and reactor safety.

Reliability Codes PREP and KITT

The PREP/KITT computer codes estimate the reliability of complex
systems by means of the fault-tree analysis techniques. They were
extensively used during the recent Rasmussen Study (Reactor Safety
Study - WASH 1400).

As part of the general scheme of building up the AAEC capability in
assessing reactor reliability and safety, these codes were obtained by
Engineering Research Division from the Argonne Code Centre and com-
missioned on the RE computer for general use.

Some doubts were cast on the validity of the models used in the
PREP/KITT codes and a systematic check-out was undertaken.
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It was established that some of the sub-programs used were quite
inefficient and could be improved. However, the codes would produce
accurate estimates, if applied to the specified range of systems with
repair times small compared with the mean time between failures.

No further work on this project is planned by Engineering Research
Division.

5. REVIEWS OF FISSION REACTOR TECHNOLOGY

5.1 Review of Reactor Safety Study, WASH 1400[C.P. Gilbert,
B.R. Lawrence, A. Bicevskis, A. Cassar, K.R. Brown,
G.M. Watson, K.U. Snowden, D.R. Davy, I. Mayer]

As reported in AAEC/PR-42P five study groups were established to
examine in some detail various aspects of the Reactor Safety Study.
Each study group included a member from the Commission's Licensing and
Regulatory Bureau. The work of the groups has now been concluded.

The earlier work had been devoted to the draft report of the Reactor
Safety Study, and most of the work had to be reassessed when the final
report became available. The presentation of the latter is very much
better than that of the draft, and many of the criticisms made of the
draft have been incorporated or refuted. However certain defects remain
and it is still not clear for instance how the many thousands of cal-
culated results were combined to give the final frequency-consequence
plots, nor how their error spreads were taken into account.

To counteract the effect of data uncertainties the Rasmussen Study
adopted the 'range approach* by setting upper and lower values for the
failure rates and investigating the probability of the plant values
lying within the range. It was shown that the risk associated with
nuclear plants remains substantially lower than for many other
industrial activities even if unreal!stically large variations in the
basic plant component failure rates are assumed.

The report concluded that nuclear power stations involve risks many
times lower than others which are currently accepted by the community,
and the above criticisms do not affect the validity of this conclusion.
In fact, it would still hold good even if most of the numerical results
were made worse by two or even three orders of magnitude.

An investigation into the fault-tree/event-tree techniques has
found no suitable alternatives, and failed to find any significant
support for the criticisms which were aimed at them.

Some of the data used by Rasmussen were compared with values pro-
vided from several sources. In all cases the data adopted by the
Rasmussen Study were well within the standards achieved by the industry.
This work provided useful background information on failure data col-
lection which will be of value for further AAEC activities in this
field.

5.2 Review of Fast Breeder Reactors [G. Durance]

Fast breeder reactors are generally expected to play a leading role
in the next generation of nuclear power stations. In consequence, fast
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reactor technology dominates nuclear research programs in most major
reactor vendor countries, and rapid progress has been made in some
problem areas.

A detailed assessment is being made of the current status of fast
reactor technology, the safety and operational problems, and the likely
impact of this type of reactor on uranium and enrichment service de-
mands.

6. COLLABORATIVE WORK ON FISSION REACTORS

6.1 Fission Fragment Angular Distributions for 232Th
[J.Boldeman, R. Walsh]

During recent years there has been considerable difficulty in
reconciling calculations of the fission barrier parameters for thorium
isotopes with those deduced from experimental data. For example, in
neutron fission of 232Th, analysis of the fission fragment angular
distributions for fission through the 6 vibrational band in the inter-
mediate well (at 715 keV) indicated similar heights for the two humps of
the fission barrier with a fairly shallow intermediate well [1]. A
calculation of the fission barrier shape, using the Strutinsky pres-
cription, suggested a considerably higher outer barrier with a fairly
deep intermediate well. However, Holler and Nix [2] have recently shown
that if mass asymmetric deformations are included in the calculation of
the fission barriers, then for nuclei with N < 146 the outer barrier
splits into two separate peaks with the potential energy surface ex-
hibiting a third minimum. The fine structure seen in their measurements
of the neutron fission cross section of 232Th has been interpreted by
Blons, et al. [3] as experimental evidence of this third minimum.

Historically, there has always been a considerable problem in
reconciling the neutron fission cross section and angular distribution
in neutron fission of 232Th. Measurements have been made in Physics
Division of the fission fragment angular distribution for neutron
fission of 232Th at a number of energies near the nominal fission
threshold. Previously, attempts had been made to obtain a simultaneous
description of the fission cross section and the angular distribution
with a single-humped fission barrier. In the present study, we have
made a comprehensive but unsuccessful search for such a set of double-
humped barrier parameters. However, a reasonably successful fit to the
angular distribution and the neutron fission cross section was achieved
using parameters for the triple-humped fission barrier model. The fits
to the fission cross section and the angular distribution are shown in
Figures 6.1 and 6.2 for both two-humped and three-humped barrier des-
criptions. The principal problems remaining are the large number of
vibrational bands required in the third well from the fits shown in the
figures. At present damping in the third well is being introduced into
the calculations in an endeavour to reduce the number of vibrational
bands required.

[1] James, G.D., Lynn, J.K. & Earwaker, L.G. [1972] - Nucl. Phys., A189,
225.

[2] Moller & Nix, J.R. [1973] - Proc. 3rd IAEA Symp. Phys. & Chem. of
Fission, Rochester, Vol.1, p.103.

[3] Blons, J. Mazier, C. & Paya, D. [1975] - Phys. Rev. Lett. 35,1749.
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V Measurements for Neutron Fission of 232Th
jg

[J. Boldeman, R. Walsh]

To supplement the above studies, measurements of V (the average
number of prompt neutrons emitted per fission) have been made for
neutron fission of 232Th near the fission threshold. Konchin and
Manero 14] have reported the possibility of a large peak in V at or
below a neutron energy of 1.4 MeV. Measurements show no such peak,
although a small deviation from linearity of V (E ) below 1.6 MeV has
been observed. ^ n

6.2 Dynamics of Fission [J. Boldeman]

A recent survey [5] of the kinematics of fission of the 2l*°Pu compound
system suggested the existence of two modes of fission. For fission
above the fission barrier, the process from the saddle point to scission
is adiabatic with almost all variations of the compound excitation
(ignoring some minor collective effects) appearing in the excitation of
the individual fragments. For sub-barrier fission, the experimental
evidence suggests that the damping is zero, implying for the fully
paired 2**°Pu compound nucleus that the nucleons remain paired all the
way to scission, consistent with superfluid motion.

One prediction of this study is that a dramatic change should occur
in V at the fission barrier. Because of the considerable experimental
difficulties in studying sub-barrier fission in 21|0Pu, preliminary
investigation of this problem has been made by performing measurements
of V below and above the barrier fission of 230Th. The experimental
dataP(Table 6.1) show that there is essentially no change in V at the
fission barrier.

A possible explanation of the failure of the hypothesis in this
case is the existence of the odd, unpaired neutron in the 231Th compound
system. The resolution of this question must therefore await the measure-
ment of V for isomeric fission of an even-even nucleus.

P

6.3 Even-odd Effects in the Neutron Emission from 252Cf
Spontaneous Fission Fragments [R. Walsh]

Previous measurements of the variation of the average number of
neutrons emitted per fragment as a function of the fragment mass in the
spontaneous fission of 252Cf have been repeated to confirm an apparent
structure related to even-odd charge effects. In the repeated measure-
ment, improved statistical accuracy has been obtained and a study has
been made of the method of analysis of the experimental data to ensure
that statistical grid effects are absent. The previous findings have
been confirmed.

Fine structure in v(A) has been observed which is consistent with
that found in the fission fragment mass yields and in the variation of
both the average total fission fragment kinetic energy and total gamma-
ray energy with fragment charge. A calculation of the even-odd charge

[4] Manero, P., Konschin, V.A. [1972] - Atomic Energy Review, 10, 637.

[5] Lachtar, J., Patin, Y. & Sigaud, J. [1975] -J.de Phys. Lettres
36, 79.
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variation of the total energy release suggests that the fine structure
in v(A) should increase with the mass of the heavy fragment. Such an
increase has been observed. This effect is illustrated in Figure 6.3.

6.4 Neutron Cross Sections [B.J. Allen, A.R. Musgrove, J.W.
BoIdeman, M.J. Kenny]

Capture Cross Sections

The analysis of high resolution capture cross section data (measured
at the Oak Ridge Electron Linear Accelerator by Dr R.L. Macklin, ORNL)
has continued. Results for 28Si, »o»«»iiS»in.Caf 56Fe> eeSr and the
isotopes of Zr, Mo, Ba and Nd have been published or accepted for
publication. Further papers on the Ti and Cr isotopes, 5l*Fe, 89Y and
lu°Ce have been submitted for publication. Work is proceeding on 23Na,
l|5Sc, 57Fe, 139La an» the isotopes of Pb. The capture results are being
incorporated in the International Nuclear Data Files for use in studies
of fusion, shielding and fast reactor systems.

Some recent results and the status of current analyses follow.

Sodium-2'3 Analysis of the capture data from 3keV to 1 MeV has
been completed. However, it is also possible to extract inelastic
neutron widths to the first excited state of 2 3Na as well as the elastic
scattering widths of resonances above the threshold at 0.44 MeV. Figure
6.4 shows a plot of the capture yield excluding the 440 keV inelastic
gamma-ray. These data are compared with the total gamma-ray yield which
is dominated by the inelastic scattering component for neutron energies
above 400 keV. Subtraction of the capture component permits the analysis
of inelastic neutron widths for Na, which are important parameters in
the neutronics of the fast breeder reactors.

Scandium-45 Analysis of the capture data has been completed up
to 100 keV. Accurate neutron widths of many s-wave (&=0) resonances
have been obtained by shape analyses, and over three times as many
resonances have been observed as have previously been reported. A
correlation of p(F0,r ) = 0.05 is found for 52 s-wave resonances below
100 keV. n Y

Titanium isotopes Substantial correlation coefficients have been
observed for all Ti isotopes. However, for **8Ti, p = 0.42 and as this
nuclide is known to decay strongly to low lying single particle states,
another capture mechanism must be invoked to account for the low corre-
lation. The odd isotopes also exhibit large correlations although the
valence component is relatively small. In particular, the 3~ resonances
in **7Ti are found to be strongly correlated (p = 0.65) while the 2~
•resonances are not.

Chromium isotopes Normalisation of the separated isotope data
has been achieved using data from a new measurement on a natural chromium
target. Lower correlations are observed than have previously been
reported and, again, an uncorrelated capture mechanism is required to
account for the low correlation and the observed capture gamma-ray
spectra.
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Iron-54 The valence model dominates capture only in this
magic neutron nuclide in the 40 < A < 70 mass region. A correlation of
0.9 is observed and the valence model accounts for ~ 50 per cent of the
average observed radiative widths. The s-wave data extend to 500 keV
and the observed radiative widths support the predicted energy depen-
dence of s -»• p valence transitions. The large single particle binding
energy and s-wave strength function give rise to an average valence
component which is six times as large as in 56Fe.

Iron-56 Resonance parameter data have been extended to the
inelastic scattering threshold, and inelastic widths were obtained up to
1 MeV. The s-wave data exhibit a low correlation (p = 0.37) and the
valence model accounts for ~ 20 per cent of the average radiative widths.
These results, together with gamma-ray spectra up to 1 MeV, indicate the
dominance of the 2p-lh mechanisms in this nuclide.

Strontium-88 A large correlation of 0.96 is observed for the
wave resonances up to 400 keV, and the valence model accounts for 50 per
cent of the non-statistical component, providing a quantitative verifi-
cation of the valence model in the 3p region.

Zirconium isotopes Significant correlations are observed in all
even isotopes and, as in the 40 < A < 70 mass region, an uncorrelated
component is required to explain the data completely.

Molybdenum isotopes The s-wave neutron strength function is
to 0.5 x 10" ** for all isotopes, but

exhibits a well defined peak near A ~ 95.
close to 0.5 x 10" ** for all isotopes, but the A=l strength function

Both s- and p-wave radiative widths decrease markedly as further
neutrons are added to the closed shell. The p-wave radiative widths are
generally greater than the s-wave widths showing the presence of non-
statistical gamma decay mechanisms.

Valence neutron theory fails to explain the magnitude of the dif-
ference between p- 'and s-wave radiative widths and doorway state pro-
cesses must contribute. In particular, the data for 98Mo appear to
violate the usual valence theory, since the correlations between radia-
tive and neutron widths are small. Further, the radiative widths are
smaller than can be explained on the valence model. An explanation for
the loss of valence strength has been advanced.

Interpolated resonance parameters allow an estimate to be made for
the unknown cross section for 99Mo(n,y).

Weodymium isotopes Significant positive correlations were found
between F0 and T for all isotopes. The magnitude of the observed
correlation coefficient, particularly for 11>2Nd (p = 0.9), cannot be
explained in terms of valence neutron capture and an additional mechanism
is required.

The average s-wave radiative widths for the odd-A isotopes were
found to be markedly greater than for the even-A isotopes while the p-
wave radiative width for ll>2Nd was considerably less than the s-wave
width.
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Cerium-140 As in the N=82 nuclides (138Ba, ll<2Nd), a sig-
nificant correlation is observed (p = 0.6) which cannot be accounted for
by the valence model.

Total Cross Sections

Correlations between the reduced neutron widths and radiative
widths are frequently observed. Analysis of the correlations requires
neutron scattering widths (F ) with high accuracy. Scattering data are
being obtained from ORNL whicn complement the capture results and lead
to improved resonance parameter sets.

Transmission data taken by J.A. Harvey (ORNL) at the 80 m and 200 m
stations of ORELA have been analysed using a non-linear least-squares
fitting routine. The data of 92'9l*Zr were analysed in conjunction with
the (n,y) data from the 40 m station and resulted in an almost complete
set of resonance parameters for these two isotopes to above 100 keV.

A similar analysis of 200 m data on 90Zr has given parameters for
resonances up to 300 keV. Several assignments reported from threshold
photoneutron measurements (9lZr(y,n)) were found to be incorrect. In
particular, the 119.8 keV resonance was reported as spin 3/2, but the
shape analysis shown in Figure 6.5 clearly indicates that this is a spin
1/2 resonance.

The analysis of the 80 m data on 91Zr (an important fission pro-
duct) is well advanced, and a portion of the data is given in Figure
6.6. The analysis above 3 keV is proceeding in parallel with a re- •
analysis of the (n,y) data (reported in AAEC/E367 in 1976) and it is
anticipated that resonance parameters up to 20 keV will be obtained
using the 200 m run.

118 118

ENERGY! keV)
119 120

FIGURE 6.5 FITS TO THE 118.8 keV RESONANCE IN 90Zr ASSUMING

g=l AND g=2 RESPECTIVELY
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Partial Capture Cross Sections of
91Zr, 3Cd, 117*119Sn

Nuclides in the 3p mass region exhibit correlations between the p-
wave reduced neutron widths and radiative widths, and total cross section
data have shown evidence for intermediate structure. The valence model
has had only limited success in accounting for experimental data and a
qualitative interpretation in terms of a 2p-lh interaction has been
given.

In a search for the possible occurrence of intermediate structure,
measurements have been made on odd-A nuclides in the 3p region. A
Ge(Li) detector was used to observe averaged gamma-ray intensities from
capture of 10-80 keV neutrons by 91Zr, n1'n3Cd and ll7'119Sn. The
results were converted to absolute partial cross sections using the 35
keV resonance in aluminium for normalisation.

For the cadmium isotopes, the smooth energy dependence of the
observed partial capture cross section (Figure 6.7) is similar to the
estimated elemental p-wave cross section. Transitions to the ground and
first excited state account for 10 per cent of this cross section and
valence model calculations account for only 25 per cent of the observed
strength. There was no evidence of intermediate structure in the 10-80
keV energy range.

In tin, some evidence was found for intermediate structure above 60
keV, but this would need confirmation. The zirconium data provided only
limited information because of the low cross section of 91Zr.
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FIGURE 6.7 CADMIUM PARTIAL CAPTURE CROSS SECTIONS OBTAINED

FROM MEASURED NEUTRON CAPTURE yRAY INTENSITY

Non-statistical Effects in Neutron Capture (0.04-1.00 MeV)

The survey of capture gamma-ray spectra for neutron energies up to
1 MeV has been concluded. Marked non-statistical effects were found in
the spectra from elements in the mass region where the 3s, 3p and 4s
neutron strength functions maximise. Figure 6.8 shows unfolded Nal
spectra for 3s region (40 < A < 70) nuclei (Ca, Ti, Cr, Fe, Ni and Zn)
at a number of neutron energies. The non-statistical nature of these
spectra is clearly seen.

Results for the 3s and 3p (A ~ 90) regions frequently show enhanced
transition strengths to final states with a strong single particle
nature. Even though the valence model should be applicable for these
nuclides, calculations show that, in general, valence capture alone is
unable to account for all of the enhanced strength.

In tne calcium data of Figure 6.8 transitions to the 7/2~ ground
state of HlCa are observed. New calculations for d-wave (fc=2) valence
capture predict greater strengths than are observed at low neutron
energies, but give reasonable agreement above 200 keV. The disagreement
at low energies may point to depletion of the d-wave dipole strength,
but fluctuations in d-wave resonance spacings and neutron widths qualify
this interpretation. Since the valence model can adequately account for
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the d-wave dipole strength above 200 keV, it was concluded that there is
no significant depletion (by the giant resonance) for the MCa(n,Y)''1Ca
reaction above 200 keV.

Neutron Flux Measurements

Absolute partial capture cross sections require a knowledge of the
neutron flux. A thin 6Li glass detector has been calibrated in the
energy range 10-220 keV. Yields from the 7Li(p,n)7Be reaction at a
number of neutron energies agree with predicted values to within 10
per cent.

A manually rotatable lithium target was developed so that fall-off
in flux, due to target deterioration under bombardment, could be elimi-
nated .
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6.5 Neutron Capture Gamma-rays [M.J. Kenny, B.J. Allen,
*R.F. Barrett, (*AINSE Fellow, Melbourne University), J.R.
Bird, **Hla Pe (**Colombo Plan, University of NSW)]

A detailed understanding of the neutron capture process requires a
knowledge of energies and intensities of y-ray transitions from the
capture resonance to the low lying states.

It was considered at one time that capture y-rays should exhibit a
'bell1 shaped spectrum. Because of the expected complex nature of the
capture resonance, this spectrum could be described by a statistical
theory. However, measurements made using the 3 MeV Van de Graaff
accelerator show that many nuclides exhibit Y~ray spectra which are
decidedly non-statistical.

7. CONTROLLED THERMONUCLEAR FUSION

7.1 Controlled Thermonuclear Reactor Concepts [G. Hogg, J. Tendys]

One of the problems that has arisen from studies of conceptual
fusion reactors based on the tokamak device, is th-.t, for a station to
be economic the output will be necessarily large, ~ 2 GW(e). This
arises from the fact that the plasma itself has a low energy density of
~ 1 MW m~3 (compared with the fast breeder reactor, which has an energy
density of some hundreds of MW m~3). The energy density in magnetically
confined plasma systems is typified by the parameter B, which is the
ratio of the plasma pressure to the magnetic field pressure. In tokamak
reactor concepts, typical B-values are 0.05, while in present day tokamaks,
B-values are ~ 0.01. Because of the greater difficulty in constructing
and analysing high-B systems, progress has been slower and experimental
machines have been smaller than in the case of the tokamak system (except
for the high-B stellarator or modified theta pinch). Consequently,
scaling laws for design of high-B reactor systems are not as well known
as for the tokamak system.

Two high-B configurations, the reversed field pinch (RFP) and the
Tormac, appear to be attractive reactor systems. Both are equilibrium
configurations and are theoretically magneto-hydrodynamically stable for
the range B - 0.1-1. Experiments seem to confirm this and furthermore,
no significant micro-instabilities have been observed, the plasma loss
rate being close to the calculated value.

The RFP is a development of Zeta, one of the earliest toroidal
plasma devices. It has a tokamak-like configuration, but the poloidal
magnetic field is of similar strength to the toroidal field. Theoretically,
a stable axisymmetric equilibrium exists with vacuum between the plasma
column and the vessel walls. Plasma heating is achieved partly by
compression during the initial setting up stage but mainly by ohmic
heating from the induced current establishing the poloidal field. Once
achieved, it decays by diffusion in a 'skin depth1 time, T . For a
reactor regime this time is large, ~ 1000s, and experimentally, a con-
figuration time of 1/5 T has been achieved. It is not presently known
if the reversed field configuration can be maintained by external voltages.

Ignition in a tokamak reactor cannot be achieved by ohmic heating
alone and considerable supplementary heating will be required, causing
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an appreciable increase in capital costs. Because higher density can be
achieved in an RFP reactor/ it is likely that ignition can be attained
by ohmic heating alone.

The Tormac is a development from another early plasma device that
has only recently been found to possess attractive confinement possi-
bilities. It is a high-6r two cusp, toroidal system, with a minimum-B
field (which must have open field lines and hence cusps). Only in
toroidal geometry can a minimum-B field be achieved with two line cusps.
To maintain the adiabaticity of motion of the particles, a small toroidal
field is embedded or trapped in the plasma to remove any B - 0 points.
This does not alter the minimum-B properties of the field, which is
known to be magneto-hydrodynamically stable.

The trapped toroidal field also divides the plasma into two regions -
a region of open field lines called the sheath, and a region of closed
field lines. Particles can escape along the open field lines at the
cusps through mirrors, but from the closed region escape is only pos-
sible by slow cross-field diffusion. The energy containment time, T ,
is given approximately by

tp - T..E 11 -s
0

where T.. is the ion-ion collision time and is approximately
equal to the mirror containment time,

R is the characteristic dimension of the plasma, and

6 is the characteristic dimension of the sheath.

Hence the Tormac has a time constant which is size dependent and, for a
reactor, R /6 could be as large as 100, giving a containment time much
larger than* for a mirror device of similar 3-values.

Tormac IV, with a toroidal plasma of major radius 40 cm and minor
radius 10 cm, achieved a containment time of ~ 100 JJs which was, in
fact, the lifetime of the containment field. The 3-value inside the
plasma was ~ 2, falling to 1 at the edge of the cusp field, indicating
good exclusion of the cusp field from the plasma. Radio frequency
heating, at a non-resonant frequency of ~ 100 k Hz, achieved an electron
temperature of 20-30 eV at a particle density of 1021 m~ 3. These con-
ditions are comparable with other machines of similar size (see Table
7.1) and the B-value is larger than for the tokamak T-3.

If current experiments on the improved Tormac V device confirm the
scaling laws for the containment time, then the Tormac could be an
attractive configuration for a fusion reactor. Rough energy balance
calculations indicate the possibility of units of a few hundred MW using
inexpensive copper conductor magnets. Since the aspect ratio of the
toroid is not important, as it is in the tokamak, the physical con-
struction of the Tormac could be simpler. Furthermore, the Tormac
reactor appears to be a genuine steady state device and has the inbuilt
facility of ash removal via the cusps. However, as knowledge and under-
standing of the properties of the Tormac configuration increase, so may
the complexity of the device.
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Table 7.1 indicates that the current experiments on the RFP and
Tormac are roughly at the stage of the tokamak of 1969, though with
somewhat lower temperatures. In consideration of the lower level of
financial support for the high-3 systems, it appears that scaling laws
for machines near to reactor size will not be known for some years.

TABLE 7.1

PARAMETERS OF TOROIDAL DEVICES

-— ̂_̂ ^ Device
Parameter ~"~ — £gference

Major radius

Minor radius

Plasma current

Electron temperature

Ion temperature

Particle density

Beta value

Energy containment time

nt product*

m

m

kA

ev

ev

m-3

ms

m-3 s

Tokamak
T-3

1

1.0

0.17

100

300

150

1.5 x 1019

<0.01

5

7 x 1016

Reversed Field Pinch

Zeta
2

1.5

0.5

400

150-200

150

102°

0.1-0.15

10

3-6 x 1017

HBTX-1
2

1.0

0.065

40-160

10-110

20-50

1022

0.3-0.4

0.03-0.04

3 x 1017

Tormac- IV

3

0.4

0.1

n.a.

20-30

n.a.

1Q21-1022

-1

0.1

IQl'-lO18

* Lawson criterion - 1020 m~3 s at 10 keV for deuterium-tritium
fuel.

n.a. - not available.

References: 1. Artsimovich, L.A. [1972] - Nucl. Fusion 12, 215.
2. Bodin, H.A.B. [1974] - Pulsed Fusion Reactors, EUR-5307e.
3. Levine, M.A., Brown, I.G. Si Gallagher, C.C.

[1975] - LBL-3262.

7.2 Neutron Source Project [G. Hogg, J. Tendys, J. Daniel]

The characteristics of a small dense plasma focus device have been
investigated. The inner electrode diameter is 2.5 cm and various outer
electrode configurations, such as rods, solid and perforated cylinders
with diameters up to 8 cm have been used, together with various insu-
lator lengths. The neutron output has been measured as a function of
capacitor bank voltage (16-25 keV equivalent to a bank energy of 1-2.5
kJ) and deuterium gas filling pressure (10-1000 Pa). Neutron output
varies as the square of the voltage applied to the device itself. The
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maximum single shot neutron output that has been measured for this
small gun is 4 x 107. However, the neutron output is variable and for
the conditions of the peak shot, the average yield over 25 shots was
1.2 x 107 neutrons. A major problem has been the reduction of the
inductance of the device header and the cable system, so that more than
half the capacitor voltage is applied to the gun itself (gun inductance
~ 25 nH).

8. ALTERNATIVE ENERGY SYSTEMS

8.1 Magneto-hydrodynamics in Topping Cycles

A critical review of this subject is in preparation. Extra ef-
ficiency of power plants is dictated by rising fuel costs and by environ-
mental considerations such as thermal pollution of rivers. There is
considerable large scale effort on MHD in the USA, the USSR and in
Japan. In the first two countries, feasibility studies for actual power
stations are in progress. Large scale programs in the UK and West
Germany have, however, been sharply curtailed in the last ten years.

8.2 Thermodynamic Cycles for Saturated Steam Turbines
[G.A. Tingate]

When selecting a power system for a particular application, it is
important to know the cycle efficiencies of the various systems under
consideration. Since the differences are usually small, of the order of
1 per cent, it is essential that a common basis should be used to pro-
vide meaningful comparisons.

About three years ago a computer program was developed for cal-
culating the efficiencies of saturated steam turbine cycles by the
conventional method. This method is excessively detailed and tedious
for the purpose of calculating small differences of similar cycles.
Furthermore the differences are systematic, suggesting that simple
empirical equations can be devised for the purpose. This is the subject
of the present study.

The required accuracy of such equations is ± 0.05 per cent.
Equations have been developed for the regenerative cycle, which differs
but slightly from the rehea*: cycle of interest to the nuclear industry.
Before extending the study to the reheat cycle, several refinements,
notably the inclusion of the feed water pumping power, are currently
being applied to the regenerative cycle. Present indications are that
simpler and more accurate empirical equations can be developed. The
equations reduce the computing time by a factor of several thousand.

9. PUBLICATIONS

During the year, a number of papers and reports have been published
on work done in the Power and Energy Program. Presentations on relevant
subjects have also been made to several conferences. These are listed
below under the subheadings of the originating Divisions.
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Engineering Research Division

Reports

Hooper, J.D. [1975] - The calculation of fully developed turbulent and
laminar single phase flow in four-rod subchannels. AAEC/E351.

Conference Papers

Beattie, D.R.H. [1976] - Pressure pulse and critical flow behaviour in
distributed gas-liquid systems. 2nd International Conference
on Pressure Surges, London, September.

Beattie, D.R.H. [1976] - The effect of flow velocity on two-phase
propagation phenomena. Discussion Session of 2nd International
Conference on Pressure Surges, London, September.

Ilic, V. & Marshall, J. [1976] - An experimental analysis of liquid
depressurisation with mass transfer. 2nd International
Conference on Pressure Surges, London, September.

Green, W.J. & Lawther, K.R. [1976] - A preliminary sensitivity study on
LOCA fuel/coolant heat transfer analysis using the THETA1-B
Code. OECD Water Reactor Safety Meeting, Oslo.

Materials Division

Papers

Reeve, K.D. [1975] - Ceramics as nuclear reactor fuels. Ceramurgia
International, 1̂  : 59-71.

Woolfrey, J.L. [1976] - Surface area changes during the thermal de-
composition of ammonium uranate. J. Inorg. Nucl. Chem., 38 :
347.

Woolfrey, J.L. [1976] - Thermal expansion of nickel oxide at the Neel
temperature. J. Aust. Ceram. Soc., 12 : 20.

Snowden, K.U., Stathers, P. A. & Hughes, D.S. [1976] - Grain-boundary
migration in metals fatigued at high temperatures. Nature 261
: 305-306.

Vcevers, K. & Snowden, K.U. [1975] - High temperature intercrystalline
fatigue failure - A review. J. Aust. Inst. Metals, 20 : 201-
209.

Kelly, P.M., Blake, R.G. & Jostsons, A. [1976] - An interpretation of
corduroy constrast in neutron irradiated zirconium. J. Nucl.
Mater. 59 : 307.

Reports

Blake, R.G., Jostsons, A. S Kelly, P.M. [1976] - Transmission electron
microscope procedures for characterising dislocation loops in
neutron-irradiated zirconium and its alloys. AAEC/E374.

Conference Papers

Woolfrey, J.L. & *Wright, S.J. (*Vacation student) [1976] - The measure-
ment of interfacial energies in the UOa-GdaOs system. Seventh
Australian Ceramic Conference, Sydney, 25-27 August.

Jostsons, A., Blake, R.G. & Kelly, P.M. [1976] - Radiation damage in
zirconium. Presented at the Metals Conference, Sydney, 23-27
August.



85

Jostsons, A., Blake, R.G., Napier, J.G. & Kelly, P.M. [1976] - Charac-
terisation of dislocation loops in neutron irradiated zirconium.
Presented at the 4th Australian Conference on Electron Micro-
scopy, Sydney, February.

Blake, R.G., Jostsons, A. & Kelly, P.M. [1976] - Corduroy contrast in
irradiated zirconium, ibid.

Zybenko, B., Smith, P.O., Brown, K.R. & Kelly, P.M. [1976] - The effect
of axial flaws on the burst pressure of 321 stainless steel
tubes. Froc. Metals Technology Ccnf ei'ence, -August.

Brown, K.R. [1976] - A study of the delamination behaviour of 410 stain-
less steel plate. Proc. Metals Technology Conference, August.

Bradhurst. D.H. & Heuer, P.M. [1975] - The effects of deformation on the
high temperature steam oxidation of zirconium alloys. 6th
International Congress on Metallic Corrosion, Sydney, 3-10
December, paper 6-4.

Chemical Technology Division

Papers

Berzins, A., Evans, J.V. & Lowson, R.T. [1976] - Aluminium corrosion
studies Part II. Corrosion rates in water. Aust. J. Chem.,
(in press).

Conference Papers

*Bonafede, G., Lowson, R.T. & Evans, J.V. (*Victorian State Electricity
Commission) [1975] - Behaviour of condenser materials in sea
water. 6th International Congress on Metallic Corrosion,
Sydney, December.

Evans, J.V. & Nicholson, F.D. [1975] - Mass transfer of corrosion pro-
ducts in watar at 270°C. 6th International Congress on
Metallic Corrosion, Sydney, December.

Foy, J.J. [1975] - Development and testing of a high pressure electro-
chemical cell for corrosion studies at elevated temperatures.
2nd Australian Conference of Science and Technology, Adelaide,
August.

Lowson, R.T. & Evans, J.V. [197f>l - Aluminium corrosion studies with
reference to nuclear reactors. 6th International Congress on
Metallic Corrosion, Sydney, December.

Physics Division

Papers

Allen, B.J., *Barrett, R.F., Kenny, M.J. & *Bray, K.H. (*Aust. Nat.
Univ.) [1976] - Neutron capture mechanism in l>5Sc and 139La.
Phys. Lett. 61B, 161.

Allen, B.J., Musgrove, A.R., Boldeman, J.W., Kenny, M.J. & *Mac'tlin,
R.L.(*Oak Ridge National Laboratory) [1976] - Resonance
neutron capture in 56Fe. Nucl. Phys. A269, 408-428.

Barrett, R.F.,-Allen, B.J., Kenny, M.J. & Musgrove, A.R. [1976] - An
investigation of d-wave neutron capture in l(0Ca(n,Y)« Phys.
Lett. 61B, 441.

Boldeman, J.W., Allen, B.J., Musgrove, A.R., *Macklin, R.L. & **Winters,
R.R. (*0ak Ridge National Laboratory. **Denison Univ. Ohio.)
[1976] - Valence neutron capture in 88Sr. Nucl. Phys. A269,
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