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PREFACE

The Research Establishment Progress Report is a technical report
dealing with work done in the twelve months period ending on September
30 each year.

It is issued in several volumes, each recording the technical
effort within broad areas of responsibility. A change was made in the
lines of responsibility for management of research programs on 3 July
1978 but this report describes the work under the former program head-
ings as follows:

Power and Energy Program
AAECPR45-U Uranium Fuel Cycle Program
AAEC/PR45-N Nuclear Science and Applications Program
AAEC/PR45-D Divisional Research
AAEC/PR45-S Site Management

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

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

During 1977-1978, the main portion of the Power and Energy Program
continued to be allocated to materials, engineering and physics relevant to
fission reactors, with particular emphasis on performance and safety.
However, there was some movement towards research on fusion; this was most
apparent in Physics Division, through the attachment of staff to three
Australian universities, and in Materials Division through an extension of
research on tantalum, titanium and other materials which could be used in
fusion reactors.

The basic structure of the Power and Energy Program was four main fields
of interest, with each field divided into suitable sub-fields. The four main
fields are described briefly below.

Commission staff continued to assist national bodies such as the National
Energy Advisory Committee, the National Energy Research, Development and
Demonstration Council, and the Australian National Committee of the World
Energy Conference.

1.1 Energy Resources: Availability, Utilisation and Impacts

A broad range of data and information on technical, economic and
environmental aspects of all forms of energy supply and demand are collected
and stored on a systematic basis, much of it being placed on computer files in
a form suitable for quick retrieval and immediate use. Naturally, the bulk of
this work covers the main forms of energy conversion - nuclear fission, coal,
oil, gas and hydro-electricity - but attention is also given to lesser forms.
These data are used as input for a number of programs, such as energy
modelling studies, forecasts of the growth of nuclear power, and therefore the
demand for uranium, and also in preparation of information for the
Commonwealth Government.

1.2 Performance and Safety of Nuclear Power Systems

The second field of the Power and Energy Program has four sub-fields.
The bulk of the work, however, falls into the first two sub-fields - basic
data and performance aspects of fission reactors, and safety and environmental
aspects of fission reactors. It may be noted that, in a number of cases



research on the performance of fission reactors may be very similar and
closely related to that on the safety of fission reactors.

There has been some reduction of effort in work in this field brought
about by a shift in emphasis towards fusion. Even so, staff have retained the
competence acquired over the years in fission reactor science.

1.3 Controlled Thermonuclear Fusion Systems

The increased emphasis on fusion research is manifest in the attachment
of five members of Physics Division to Australian universities to collaborate
in programs of pla.sma physics research. These secondments, expected to be of
from one to two years' duration, were made to Sydney University, the
Australian National University and the Flinders University of South Australia.

In addition, research has commenced into the properties of materials
which may be used in controlled thermonuclear fusion systems. At present,
however, this work may be seen as an extension of fission research programs.

1.4 Alternative Energy Conversion Systems

A very small effort has been maintained on alternative energy conversion
systems, and on energy related topics. The main work under this heading is a
study of saturated steam turbine cycles.

2. ENERGY RESOURCES, UTILISATION AND IMPACT

2.1 Nuclear Power and Energy

[J.R. Fredsall, I.F. Scurr]

The reactor data storage system was maintained throughout the year. This
data store is divided into two basic systems. The first is a hard copy filing
system, which was started many years ago at the Commission's Head Office at
Coogee and subsequently moved to Lucas Heights and placed under the care of
the Power and Energy Assessment Unit. This system contains both historical
and current information about most aspects of the nuclear power industry, with
emphasis on individual plant data, and the policies and long-term nuclear



programs of all countries of interest; it is maintained through routine
extraction of pertinent articles from approximately fifty periodicals. The
second system is computerised and contains information on approximately 900
nuclear power reactors that are installed, being built, on order or planned in
other countries. In addition, this system has in it a store of some 1000
nuclear power projections that have been made at various times for different
countries. This system is updated monthly from information appearing in the
open literature.

The computerised system produces a quarterly status summary of all
reactors showing actual or proposed dates for their operation. The status
summary is distributed to interested parties within the Commission and
elsewhere so that they can keep abreast of current developments in the
industry. In addition, computerised interface files are maintained to enable
other groups within the Commission to have rapid access to the latest
information on reactor status and nuclear power projections.

Both these information systems have been used to provide information for
the preparation of the AAEC annual report, for answering Parliamentary
questions, for providing assessments of various aspects of the nuclear
industry as requested and, more particularly, for the basis of estimates of
uranium demand.

2.2 Nuclear Power Planning Study for Australia

[F.H. Carr]

The objective of this study is to determine, as closely as possible, the
economic optimum for both the time when nuclear power plants could be
installed in the various State electricity generation systems, and the size of
those plants. The study is not a formal plan for the expansion of electrical
generating capacity in Australia, but should give an indication of the most
economical way of meeting the expected electricity demand under stated
assumptions. When discussing Australia, it should be understood that each
State system needs to be studied as a separate entity, although it may be
possible to study a composite system such as NSW/Victoria because of the
existence of an interconnecting grid system.



Basic data such as load forecasts, listings of the existing system plus
additions and retirements, the expansion candidate generating systems to be
considered, power system limitations, capital, fuel and operating costs for
fossil fuelled plant, will be determined largely in consultation with a
specific State utility. Nuclear data and analysis will be determined in
conjunction with the IAEA. The analysis will be carried out by means of the
WASP computer code which includes a number of auxiliary codes to help provide
the necessary input to the WASP modules.

The WASP package is designed to find the economically optimal generation
expansion policy for an electric utility system within user-specified
constraints. It utilises probabilistic estimation of reliability and
production costs and the dynamic programming method of optimisation. Broadly,
the package consists of six modular programs, four auxiliary programs which
are used to prepare the input data to the WASP package, and three programs for
analysing the results of the optimisation. Successful computer runs have been
made using IAEA data for fixed and expansion candidate plants but further
computer runs cannot be started until local data are available.

No formal approach has yet been made to any of the State generating
authorities, but two such bodies have indicated their willingness to cooperate
in these studies.

2.3 Nuclear Plant Capacity Factors

[K.J. Stocks, J.I. Faulkner]

Operating data on all commercial thermal nuclear power plant in the world
(excluding countries with centrally planned economies) have been analysed
statistically for the period to December 1977. A series of equations were
obtained in which the variables size, year of operation, vintage and reactor
supplier were used to explain the historical variation in capacity factors.
The results have been compared with a number of previous studies which
analysed only United States reactors. The main conclusion from the study was
that the derived equations could only be used for a broad assessment of the
likely performance of nuclear power plant. Since the equations explained less
that 50 per cent of the historical variation in the capacity factor, it is
strongly recommended that they should not be used for detailed analysis such
as predicting the lifetime performance of future large reactors.



Other results from the study were as follows:

- For gas-cooled, pressurised water and boiling water reactors (GCR, PWR
and BWR) the capacity factor decreased with increase in size - but for
the heavy water reactor (HWR), the capacity factor increased with size.
For both PWRs and BWRs the capacity factor decreased by 2.1 percentage
points per 100 MWe increase in capacity.

- Performance improved linearly with year of operation for the HWR but for
the BWR, PWR and GCR it reached a maximum in the 7th, 12th and 13th years
respectively. This result is probably influenced by the scarcity of data
for reactors with more than a few years of operation.

- The performance of all reactor types improved with vintage - that is,
with experience in building a particular reactor type.

- The reactors built by some manufacturers have, on average, performed
significantly better than the same type of reactor built by other
manufacturers.

The study is discussed in considerable detail in a forthcoming AAEC/E
report and in shortened versions in the journals 'Atomic Energy in Australia1

and 'Nuclear Design and Engineering1.

2.4 World Energy Statistics and Technology

[G Khoe, A. Beard]

Statistics and information on the world energy scene and the development
of new energy technologies are monitored and collected. A hard-copy filing
system is regularly updated with relevant information and statistics extracted
from approximately one hundred periodicals, bulletins and the annual reports
of companies or government departments.

Historical energy statistics, obtained from the UN and the OECD, are also
stored in a computerised data filing system. The statistics issued by these
international bodies are usually two years out of date, but in the past year,
there has been a marked increase in the number of authorities publishing more
up-to-date statistics and energy projections. Consequently, an additional



computer filing system is being established which will provide easy and
expeditious retrieval and reporting of recent historical, and forecast
statistics issued by various sources.

Both the hard copy and the computerised filing systems continue to be
used to provide information for assessing the energy scene in various regions
of the world, as source information in answering questions arising from within
or outside the Commission. One example is the information provided by the
Power and Energy Unit on the comparative cost of energy production by
conventional and unconventional power plants, which has been adopted as the
Commonwealth Government's response to an enquiry by a special interest group.

2.5 Australian Reference Energy System

[P. Essam, K.J. Maher]

The Brookhaven Energy System Optimisation Model (BESOM) was described in
AAEC/PR44-P. The model, obtained ^rom Brookhaven National Laboratory, was run
on the AAEC central computer using data supplied for the United States; to
adapt the model to Australian conditions, it is necessary to obtain a detailed
picture of energy flows for each state. Brookhaven have developed a technique
called the Reference Energy System (RES), which enables these flows to be
represented diagrammatically. On a typical RES, energy flows are traced from
primary sources through conversion processes (crude oil to petroleum, coal to
electricity) to final demand in terms of non-substitutable energy forms (space
heat, air conditioning, motive power). Work is in progress to construct RES

diagrams for 1968-69 and 1974-75 as a basis for computer modelling studies.

The construction of such flow charts for Australia has presented many
difficulties owing to the lack of statistics in many areas related to energy.

A typical example is the electricity sector, for although statistics relating
to the generation of electricity for public supply are published in the annual
reports of the various state utilities and the Electricity Supply Association
of Australia, they do not give details of private electricity generation
which, in the case of Western Australia, amounts to approximately 35 per cent
of total supply. In addition, whereas for some states the final consumption
is divided into the broad categories 'Residential', 'Commercial' and
'Industrial', no information is available on consumption by end-use device or
even the Australian Standard Industrial Classification (ASIC) category. For



New South Wales and Western Australia, the distinction between commercial and
industrial consumers is not made. Similar difficulties arise when considering
other energy forms.

Work has continued on the construction of RES diagrams for each
Australian state. The scarcity of published information in many sectors has
made it necessary to approach various utilities and private companies to
supplement the readily available data but, in some instances, an informed
guess was the only course available.

2.6 Australian Energy Data Management

[P. Essam]

Because of the large amount of statistical information being gathered for
the construction of the Australian reference energy systems, it became
desirable to establish a computerised data base which would allow ready access
and manipulation of the data. T.G. Gollan of Applied Mathematics and
Computing Division has been largely responsible for the development of this
data storage/retrieval system.

An interactive computer utility, written in the programming language
PASCAL, provides basic storage and inquiry facilities which will be extended
to higher level applications (e.g. graphics) as the data accumulate. The
information is maintained in disk storage files according to identifiers
attached to each record. For example, the annual coal production in Australia
has three keywords ('Australia1, 'Coal', 'Production') which identify the
pertinent record. The record contains annual data for each category, hence
additional keywords for the above example might be '1967' or '1958..1972' to
specify a range of data.

A separate file defines the available data categories, keywords and
keyword aliases as well as the structure of the main storage files. This file
can be easily modified to provide new categories and keywords.

Current activity is related to more efficient methods of accessing the
records on the disk file through the use of pointer chains connecting
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interrelated records.

2.7 Australian Energy Data

[K.J. Maher]

An approximate primary energy consumption series by fuel type has been
constructed for Australia covering the year 1900/01 to 1959 (see Figure 2.1).
It supplements the Commonwealth Department of National Development series
1960/61 to 1975/76. Taken together, the two series provide an overview of the
major inter-fuel shifts of this century. The data cannot be used for precise
analytical work as significant uncertainty is associated with the estimates of
wood consumption.

3x1O
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FIGURE 2.1 AUSTRALIAN CONSUMPTION OF PRIMARY ENERGY 1900/01 TO 1975/76



Well-documented population statistics are available for years since 1900
allowing the construction of an energy consumption per capita series. A
somewhat less soundly based constant dollar gross domestic product (GDP)
series was used to explore the energy-GDP linkage before 1959/60.

2.8 Biological Effects of Cooling Mater Discharges

[R.D. Simpson]

As outlined in AAEC/PR44-P, the aim of this study is to establish a
sampling method at the inlet and outlet points of the cooling system of a
large power station, that will allow investigation of the hypothesis that
plankton may be destroyed during passage through the cooling system. A
positive finding on the destruction of plankton would result in an additional
factor to plankton losses, calculated in world-wide studies by mortality
counts only of plankton at the outfall of cooling systems.

Preliminary results showed that a Miller plankton sampler was suitable
with a technique of sampling integration of the water column by raising and
lowering the sampler at a suitable rate.

Field work was completed during the winter of 1978.

2.9 Applications of Cost-benefit Analysis in the Nuclear Industry

[M.C.E. Petersen]

Cost-benefit analysis is a practical method by which the allocation of
scarce resources among competing alternatives may be assessed. It has
generally advanced to the state where many externalities which are not
normally priced in the market place can be included in the analysis. In their
1965 recommendations the International Commission on Radiological Protection
(ICRP) hinted at this and subsequently gave an interpretation and formalism in
1973. In Australia, the Revised Standards (1967) of the National Health and
Medical Research Council (NHMRC) are based on the 1965 ICRP recommendations.
In 1977, the ICRP explicitly adopted this formalism. These recommendations
have two levels: (a) benefits should exceed costs, and (b) the benefits
should be optimised with respect to collective dose, provided that individual
dose limits are not exceeded.
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Broadly, recommendation (a) is more relevant at the planning stage of a
project or proposal which involves radiation exposure. Because of the wide
variety of proposals, and considerations which may bear on them, no explicit
formalism was advanced. Furthermore, this usually involves established
methods of economic analysis. A report OP Biological Effects of Ionising
Radiation [BEIR II, 1977] notes the contribution which cost-benefit analysis
can make to decision-making at this level, but also suggests that wider public
involvement should occur in the context of the nuclear fuel cycle.

Recommendation (b) is most useful at the operational level for it gives
an explicit indication of the level of protection necessary for the costs of
protection to balance the benefits of reduced risk. A major element in this
analysis is a value for the man-rem. The US Code of Federal Regulations
recommends a conservative value of $1000. More realistic estimates lie
between $20 and $250. An assessment is being made of the methods of
estimation and the values in the Australian context which will permit a choice
for present operational purposes in Australia.

An example of this approach which could be applied to operations at the
AAEC Research Establishment is the question whether or not an additional level
of filtering is required before a gas containing low levels of radioactivity
is released,. If the cost of the additional filtering exceeds the value of
the benefit achieved by lowering the collective dose to individuals exposed,
then the additional filtering is not justified.

Another example is from the uranium mining industry. By installing
filtered air conditioners on opencut vehicles, it is possible to effect a
change in annual exposures from radon daughters to an individual operator of A
WLM y" , where WLM = working level month. There are two operators per shift
and the value of a man-WLM is $250. Assuming that air conditioners last only
five years, the discounted benefit of their introduction is B =4
$2 x A x 250 x z D1, where D = (1+d) , d is the discount rate (10 per cent)

i=o
and B = $2085 A. The capital cost of an air conditioner is $500, it must be
maintained at $100 per annum and, at the end of 5 years, its scrap value is
assumed to be zero. Hence, the discounted cost of the air conditioner C

4 ,
=$(500+100 E D ); with the same discount rate, C = $820. Hence, if B > C,

1=1 -1
i.e. 2085 A >_ 820 or A >_ 2.5 WLM y , it is worthwhile installing the air
conditioners. Otherwise their investment in terms of the derived benefit is
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not justified.

2.10 Methodology for Assessment of Risk and Environmental Damage

[A. Bicevskis]

Assessment of risk and environmental damage provides support for the
overall decision making process which must also take into account public
acceptance and other socio-economic factors. Effort on this project has been
confined mainly to the collection of significant up-to-date information in
order to put any detailed aspects of the main problem into perspective.
Sufficient material is now to hand to prepare papers clarifying the central
issues and delineating more specific research aspects to be followed.
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3. BASIC DATA AND STUDIES RELATED TO THE PERFORMANCE

OF FISSION REACTORS

3.1 Deposition of Corrosion Products

[F.D. Nicholson, J.V. Sarbutt]

Corrosion products in the primary coolant of thermal power plants deposit
on the surfaces of the circuit where they can interfere with fluid flow and
heat transfer. In nuclear reactors, corrosion products can also become
radioactive, with consequent irradiation problems and restricted access when
deposited on out-of-core surfaces.

Early experiments with the CWL-3 loop suggested that the presence of
subcooled and bulk boiling markedly increased the rate of deposition of
ferritic corrosion products. An extensive investigation of deposition during
boiling, which was induced at different pressures and temperatures, confirmed
that the rate of deposition was increased by boiling and, at low steam
qualities, was increased further as the degree of boiling increased. Also,
deposition was greater immediately upstream of the calculated position of the
onset of subcooled boiling.

It was concluded that deposition is not controlled by diffusion in the
fluid but by a surface reaction which increases in rate in the presence of a
steam phase. Evidence was found to suggest that the large accumulations of
corrosion products, which were observed when the concentration of iron in the
coolant was small, may have been the result of crystal growth rather than
deposition of particulates.

Corrosion products deposited on surfaces may be readily removed with
oxalic and citric acids if they are treated within a few days of being
deposited. However, after a week or so, the deposits become consolidated and
are much more difficult to remove. Increasing the temperature of the deposits
from 240 to 280°C increases the rate of consolidation markedly.

Investigation of the deposition of corrosion products has been terminated
and the work will be published in appropriate journals.
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3.2 Fuel Performance Studies

[K. Reeve, R. Hilditch, A. Ridal, B. Cooper, G. Mitchell, V. Deikus, A.
Brownscombe]

The high pressure hot water loop X-170 was commissioned during the year.
After an initial period in the reactor HIFAR, the in-pile section was taken to
the hot cells and examined. The outside surface of the pressure vessel was
polished and cleaned; samples taken from discoloured areas showed very low
chloride levels. The finished surface was photographed and videotaped to
establish a baseline for later comparison.

The pressure vessel was proof-tested in the No.2 storage block before
returning it to HIFAR. During this test, acoustic emission equipment was used
to search for any flaws. The indications were good and the conclusions were
that either there were no significant defects or that the material of
construction is inherently quiet.

As part of the commissioning tests, a 'vibration' pin was irradiated to
check on fuel pin fabrication methods and the vibration conditions in the
loop. This vibration pin contained pellets made from stainless steel and
tungsten alloy to give a density similar to that of U(L. Post-irradiation
examination after one period in HIFAR showed that everything was in order.
The wear pads remained intact and there was no evidence of weld failure,
showing that fabrication methods were satisfactory. The vibration pin was
photographed in the hot cells and a videotape was made of the examination.

The first two fuel pins, FP1 and FP2, Series 2, were measured, inspected
and cleaned. They met the technical specification and were dispatched to the
Irradiation Rig Sub-section for assembly onto the fuel pin stem.

Zircaloy-2 cladding, end caps and wear pads were manufactured for two
other fuel pins. No additional UCL pellets are available and will not be
manufactured until the correct enrichment is assessed following irradiation of
FP1 and FP2.

Further studies were made of low power physics experiments and computer
code predictions. The activations of fuel pellets, cobalt monitors and
uranium foils were re-correlated to give the best estimate of axial form
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factor and power output.

3.3 Phase, Property and Sintering Studies in Ceramic

Oxide Systems

Effect of gadolim'a additions on grain growth kinetics of UP,,

[J.L. Woolfrey, C.E. Webb]

The effect of gadolinia additions (up to 3 wt pe^ cent) on the grain
growth kinetics of UOg in hydrogen was investigated over the temperature range
1400 to 1700°C. The experimental work has now been completed and the results
are being analysed. The preliminary analysis has shown that:

(a) The grain growth kinetics follow a D = kt (or possibly a D = kt)
law, where D is the grain diameter, t the annealing time and k a
rate constant.

(b) The temperature dependence follows the normal Arrhenius relationship
k = k exp(-Q/RT), where Q is the apparent a
gas constant and T the temperature in kelvin.
k = k exp(-Q/RT), where Q is the apparent activation energy, R the

The addition of Gd00o does not alter Q, which has a value of
1approximately 450 kj mol . However, the grain growth rate constant k

decreases by a factor of about 13 with increasing Gd^Og content up to 0.5 wt
per cent and then remains constant.

Effect of gadolinia additions on the surface diffusion of UQp

The effect of gadolinia addition (up to 3 wt per cent) on the surface
diffusion of U02 was investigated over the temperature range 1560 to 1760°C.
The surface diffusion coefficients were determined from the measurement of
grain boundary groove widths produced by thermal etching in a hydrogen
atmosphere. The widths were recorded by interference microscopy and measured
directly from the photographic negative with a profile projector.
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Preliminary analysis of the results has been undertaken using the formula
W = At , where W is the groove width, t the time, A the rate constant and n is
a constant whose value depends on the rate controlling mechanism (e.g. n =
0.25 for surface diffusion or 0.33 for volume diffusion or an evaporation-
condensation mechanism). The value of n determined from the results varies
between 0.25 and 0.30, suggesting that material is being transported by two or
more simultaneous mechanisms. A more detailed analysis is in progress.

Thermal diffusivity of U0o-Gdo03

[W.K. Buykx]

Additional U02-Gd203 specimens were prepared for this study. The
relative diffusivity was again found to decrease rapidly with Gd203 content.
At 3 wt per cent GdpO,, the observed value relative to U0? was 0.70. The
specimens are being checked for microcracking to ensure that the observed
reduction is related to the formation of the UOp-GdpOo solid solution. The
measurements are also being extended to 900°C.

3.4 Thermal Conductivity of Non-stoichiometric UOp

[W.J. Buykx]

This project has now been completed and a paper submitted for
publication. The results showed that the thermal conductivity of U02-U040g at
room temperature decreases with increasing overall 0/U ratio (increasing U.0g

content) in the composition range 2.00 _< 0/U _< 2.10. The microstructure of
UOp-lLOg is influenced strongly by cooling rate through the UOp solid
solution/UOp+U.Og phase boundary. The type of structure of the ILOg
precipitate (variable dispersion or penetration) has only a minor effect on
thermal conductivity. However, when the distribution of the precipitate is
not uniform, stress relief can cause a void phase to appear (intragranular
pores, grain boundary cracks). This void phase has an effect on thermal
conductivity which is additional to, and greater than, the effect of sintered
porosity. Good agreement can be obtained between theoretical predictions of
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thermal conductivity based on the microstructure and experimental values.

3.5 Neutron Fluence Determinations for Radiation

Damage Experiments

[G. Lowenthal, R. Hi!ditch, R. Hemphill, D. Watson]

Another series of thin foil activation monitors was irradiated in HIFAR
at position B4. These detectors were manufactured by freeze drying deposits
from suitable liquids on thin aluminium substrates. This method allows metals
which are difficult to fabricate by normal methods to be used for neutron
fluence determinations. The results from this series were very encouraging.
Comparison with results obtained from thin wire monitors showed flux
depression effects clearly and enabled flux depression in both the thermal and
epithermal energy ranges to be calculated. These results are being 'unfolded1

to give the neutron spectrum.

3.6 Fuel Cycle Studies

[B.E. Clancy]

Thorium fuel cycle

A review of the thorium fuel cycle was made and compared with other fuel
cycles. The suitability of various types of reactor to the thorium fuel cycle
and the probable effects on fission energy resources have been analysed. Some
systems showed considerable promise when operated on the thorium cycle, both
in economic and in resource conservation terms. When compared with the
uranium cycle there was no apparent disadvantage but considerable development
effort and engineering scale demonstration are required.

Nuclear proliferation and

As background material for the International Nuclear Fuel Cycle
Evaluation (INFCE) studies, a review was prepared of those properties of the
three fissile materials, 233(j} 235j anc| 239pUj which would be important both
to nationally supported and to clandestine construction of nuclear weapons.
Properties reviewed included prompt critical masses, neutron lifetimes, the
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number of prompt fission neutrons released per fission event and neutron
source strengths arising from spontaneous fission and from (a,n) reactions in
light nuclei associated with the fissile materials. Gamma-ray doses arising
from the radioactive daughters of 232j were calculated from a number of
assumptions about the mode of production of 233u from thorium. There have
been references in some scientific journals to the belief that 233̂  is a most
desirable fissile material because the associated 232y activity will
automatically safeguard the fissile isotope. The review indicates that such a
conclusion would be false and suggests that 233ll will need as much
safeguarding as the other fissile materials.

Radiation field associated with uranium ore concentration

Substantial quantities of UoOg concentrates are held ir< the stockpile at
Lucas Heights. The quantity and concentration of the oxide is such that the
natural radioactive decay gives rise to a significant source of gamma-rays -
the most important component associated with the B-decay to 234y. jhe high
density of the oxide fortunately means that self-shielding by the oxide is
very effective. Calculations have been made of dose rates in air at a number
of positions in the radiation field and for a number of source configurations.
The aim is to provide simple recipes for predicting dose rates to operators
who must enter the field as the stockpile is depleted or replenished.

3.7 Neutron Spectra in Heavy Metal Assemblies

Time-dependent spectra
[S. Whitt lestone]

Experimental work for the measurement of time-dependent neutron energy
spectra has been completed for a depleted u r a n i u m stack with neutrons in the
range 0.5 to 6 MeV. The detector was a small NE213 l i q u i d scint i l la tor probe
which acted as a time-gated neutron spectrometer, the neutron energy spectra
being unfolded from pulse height dis tr ibutions of recoil protons.

Extensive calibrations of the detector system were required, i n c l u d i n g
measurements of eff iciency, the monoenergetic neutron responses, t iming walk
of the discriminator, and the effect of count rate on neutron/gamma
discrimination. Efficiency was measured by comparing the t ime-of-f l ight
spectra taken simultaneously by the scinti l lator probe and by a larger
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scintillator of known efficiency. Time-of-flight spectra were also used to
determine the monoenergetic neutron responses, but poor energy resolution at
high energies necessitated some corrections. The responses were fitted to a
sum of two exponentials, plus a resolution broad°ned step function, and the
parameters adjusted to meet the requirements that they vary smoothly with
energy, and that the resolution should not worsen the energy. Some
measurements made with a monoenergetic neutron beam defined by the associated
triton from the D(d,n)T reaction, although statistically poor, were most

valuable in giving confidence to the response parameter adjustments. The
monoenergetic neutron profile set to be used in spectrum analysis was
generated from these adjusted parameters.

The third calibration required was the measurement of walk, i.e. the
change in timing of the scintillator discriminator as a function of pulse
height. The values of walk in units of time channel widths were fed into the
PDP15 program, DIGWIN-W, which then sorted events into the appropriate time
channel according to their pulse height. Walk was measured using a pulsed
deuteron beam on a lithium target and placing the detector as close to the
target as possible, thereby avoiding time-of-flight time dispersion of the
beam. The variation of the mean of the time spectra taken from digital
windows in the pulse height spectra was used as a measure of the walk.

The final calibration of the detector system, the effect of count rates
on neutron/gamma-ray discrimination, was measured using a gamma source placed
at different distances from the detector to obtain a range of count rates with
the same spectrum. Even though a test pulse was unchanged in height, the pulse
shape was affected by high count rates and the gamma-ray rejection
deteriorated from 99.9 to 98 per cent for 137r,s gamma-rays when the count

rate increased from 700 to 3000 Hz. Using these data and measuring the
dependent gamma-ray spectra in the uranium stack, it was possible to estimate
the proportion of counts in the neutron spectra which could be attributed to
gamma-rays. For most of the data, the gamma-ray contamination was less than
the errors from other causes (a few per cent).

The actual time-dependent spectrum measurement was made during a period
of one hundred hours when all the equipment worked consistently well. Spectra
were taken over the range 1 to 77 ns in 17 time windows selected to optimise
count rate without losing too much timing information.
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Analysis of the data is approaching completion, with all the peripheral
data handling coding complete and the main unfolding code in its final stages
of development.

Calculation of time-dependent spectra

[M.T. Rainbow]

An NE213 organic liquid scintillator was used to measure proton recoil
spectra as a function of time in the pulsed depleted uranium assembly, using a
2.3 MeV thick target 9Be(d,n)l°B source. These proton recoil spectra are
being unfolded to yield time-dependent spectra of the neutron flux integrated
over a set of time windows. The MORSE Monte Carlo transport code has been
used to calculate this experiment. Routines were written to fold the
experimental source pulse profile into the raw MORSE results, to integrate the
resulting spectra over the experimental time windows and to perform the
associated error analysis. These results will be compared with experiment
when analysis of the experimental results is complete.

3.8 Reactoj" Code Development

AUS modular scheme

[J. Barry, B. Harrington, J. Pollard, G. Robinson]

Work has mainly centred around commissioning the three-dimensional
diffusion module POW3D along with the necessary edit routines. A revision of
the basic cross section library group structure is under way in preparation
for the next ENDF/B library release.

AUS module POW3D

[J. Barry, B. Harrington, J. Pollard]

Developments in computer architecture have made possible a serious
consideration of three-dimensional neutron diffusion calculations to model
more accurately the third direction for reactor physics studies. Even when
considering increased computer performance, it is necessary to search for
better mathematical techniques for inner iteration loops to make such
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calculations practical for a standard nuclear code. To this end, the method
of implicit non-stationary iteration (MINI) was further refined and the range
of its application extended in the nuclear code POW3D.

POW3D is a three-dimensional diffusion theory 'workhorse' module based on
a finite difference approximation to the group diffusion equation in (n,y,z)
geometry. Other geometries are available for two or three dimensions, but
POW3D is essentially intended to replace the existing ROW module. Present
experience with POW3D for steady state calculations shows an improvement over
POW for two-dimensional calculations. This is mainly because POW3D is
normally run using the MINI method to solve the flux equations, although
greater care in calculating source terms also reduces the machine time.

At the present time, the following solution options are available:

(i) for (x,y) plane inners: the successive line over relaxation (SLOR)
approach, MINI or the incomplete Choleski conjugate gradient (ICCG)
method,

(ii) for between plane (z) inners: SLOR, MINI, or ICCG (if also used for
option (i)); and

(iii) for group solution: Gauss-Seidel (GS) method or MINI.

Experience suggests that the best option is MINI for everything, although
ICCG is only in early stages of testing. Certainly, when using MINI for
solution of the group equations, where normally the GS method would be used,
the time saving for some problems involving intensive upscatter has been a
factor of 2. Since fission is treated in kinetics calculations as part of the
'scatter1 matrix, this large time saving will greatly benefit such
calculations when kinetics aspects are implemented in POW3D.

The code supports separate group and region rebalance through a SOKOLOV
technique. Similar rebalance techniques have been found necessary over the
years of nuclear code development to hasten convergence. The rebalance
techniques give rise to a smaller system of linear equations for which the
conventional iterative techniques are not applicable, and in two-dimensional
studies the limited number of equations are handled by direct methods. This
is not particularly practical for the expanded set of equations arising in
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three-dimensional studies; the MINI procedure has found a new application
here, and has very fast convergence properties.

Rectangular cell calculations

[G. Robinson]

The accuracy of the simple one-dimensional slab models usually adopted to
represent the rectangular cell geometry often occurring in experimental
assemblies has been checked for a recent 235u/graphite assembly. Two-
dimensional cell calculations against which the one-dimensional models could
be compared, were perfonned with a modified version of the DOT-3.5 code. The
thin fuel strips (0.58 mm) require a high order angular quadrature to
represent flux peaking in the fuel strip at high energies. The quadrature set
was a DPn /p_i OlKpU) set °^ *-athrop and Carlson [1964], where r| is the cosine
with respect to the normal to the fuel slab. Sixteen r| levels per octant were
used, but the number of y points pert] level varied from 1 to 4 only.

The modifications to DOT included the removal of a number of coding
errors particular to this case, improving the convergence by including the
boundary conditions in the inner iteration scaling, improving the neutron
balance obtained and adding AUS output options. It was found that convergence
with reflected boundary conditions was very slow and did not occur at all for
some cases. In particular, one-dimensional simulations in DOT converged only
for an infinite mesh interval in the unrepresented direction.

The results of the cell model comparison are given in Table 3.1. The
one-dimensional models are:

ID(a) - maintains fuel density and thickness while adjusting the
moderator thickness to give the correct volume ratio;

ID(b) - conventional volume smearing in the transverse direction which
gives a relative fuel density of 0.508; and

ID(c) - a mixture of ID(a) and ID(b) which gives the correct material
buckling by using a relative fuel density of 0.945.

It can be seen that the ID(u) model, which has been extensively used at Lucas
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Heights, gives quite fair results, whereas the ID(b) model does not. The
point of setting up a model such as ID(c) is that having established the model
in a few-group calculation, it may be used in multigroup calculations.

TABLE 3.1

COMPARISON OF CELL MODELS FOR AAEC
235U/C ASSEMBLY 7-GROUP CALCULATION

^̂ ^
Group Flux Ratio

Fuel/Moderator

1. 2.9 MeV

2. 2.9 MeV - 0.82 MeV

3. 0.82 MeV - 41 keV

4. 41 keV - 2 eV

5. 2 eV - 0.6 eV

6. 0.6 eV - 0.1 eV

7. 0.1 eV - 0.0 eV

k
oo

B cm"
m

1.7673

2.290 x 10~3

1.991

1.433

1.099

0.922

0.842

0.633

0.441

ID(a) ID(b) 1D(C)

* Error

+0.08

-0.25

+ 3.9

+3.7

+1.7

-0.9

-1.6

-2.9

-2.6

-0.35

+1.60

-26

-16

-4.6

+4.3

+9.2

+26

+50

+0.03

0.0

+0.5

+ 1.5

+0.9

-0.3

-0.4

0.0

+ 2.2

Neutron transport theory - calculation of albedos

[B.E. Clancy]

The calculation of neutron transport through ducts and other penetrations
in bulk media is a longstanding problem in shielding theory. Unless handbook
recipes are to be used, recourse is usually made to Monte Carlo methods for
the calculations. At the end of the duct, remote from any sources, neutron
fluxes are essentially produced by neutrons which have travelled down the
different legs of the duct, being 'reflected1 several times from the walls.
For a neutron striking a wall, the probability of its reflection is defined by
an albedo, which depends on the angle of incidence and reflection of the
neutron, and on the incoming and outgoing energies.
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A standard method for calculating the albedos is to use a plane geometry
transport code with neutrons impinging on a slab of finite but large thickness
and to extract the albedos from the energy angular fluxes calculated by the
code. For 'reflection', where the emerging neutron energy is significantly
different from the incoming energy, there is little correlation of the energy
direction with the incoming direction and many albedo treatments ignore the
correlation.

When the neutron emerges (i.e. is reflected) with an energy little
different from the incoming energy (i.e. emerges in the same energy group for
multigroup calculations), the incoming and emerging neutron directions are
strongly correlated if the within-group scattering is anisotropic.

The angular neutron flux emerging from the wall of a duct is related to
that impinging on the wall by the equation

* (a) = -g*-
fi'.rKO

where n is a unit vector normal to the surface of the duct and directed
outwards from the wali> and y = fi.ru In a Monte Carlo simulation, no tracking
of particles in the interior of the material surrounding the duct is required
if the reflection function S (£,£') is known explicitly.

A technique for direct evaluation of S(fi,fi') has been developed and its
application to realistic shielding problems is being studied. If the
scattering anisotropy is represented by the usual Legendre polynomial,
expansion in the scattering angle, a large number of terms (typically greater
than ten) must be retained before a satisfactorily smooth representation of
the reflection function can be obtained. The study will be continued using
representations of the scattering anisotropy other than the classical Legendre
expansion.

AAEC shielding handbook

[I.J. Donnelly, B.J. McGregor]

The handbook is intended to provide a brief description of both the cross
section data libraries and the transport codes which are currently available
for shielding calculations at Lucas Heights, and to summarise experience with
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them. It is hoped that the information given will be of assistance in the
choice of the appropriate cross section data and transport code for a given
shielding calculation and in the accurate use of the chosen technique.

The handbook is divided into four sections. Part A contains an
introduction to the linear transport equation and the methods that are
commonly used to solve it in the shielding context. Part B presents some
transport and shielding codes available at Lucas Heights with information
regarding their implementation on the central computer system. (Codes treated
are SABINE, ANISN, DOT and MORSE.) Part C deals with various available cross
section libraries and Part D describes some calculations that have been
performed and gives experiences with the use of each code. Work on the
preparation of the handbook is nearing completion.

3.9 Fission Studies

252cf spontaneous fission neutron spectrum

[J.W. Boldeman, D. Culley, R. Cawley]

The fission neutron spectrum from the spontaneous fission of 252Cf has
been recommended as one of the two standard neutron fields. The spectrum is
best approximated analytically by a Maxwellian distribution N(E) « \/E~
exp(-E/T), where T is the temperature. The two characteristics of the
spectrum required to high accuracy because of their status as standards are
the temperature of the Maxwellian and a measure of the deviation of the actual
spectrum from the analytical representation.

Despite a considerable number of different measurements, neither of these
characteristics can be said to be entirely settled. A number of years ago,
values for the average energy of the spectrum (E = 3/2 T) split into groups -
one centred near 2.13 MeV and the other near 2.35 MeV. The more recent
measurements strongly support the lower figure and a value of 2.13 ± 0.02 MeV
was recommended for the average energy. Nevertheless, further confirmation is
desirable. For the detailed shape of the spectrum and the magnitude of any
deviation from the Maxwellian shape, no overall consensus has been achieved.
For the region above 8 MeV, for example, the experimental evidence is
inconsistent.
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A measurement of the spontaneous fission neutron spectrum of 252r/f using
the time-of-flight technique has been completed for the energy region 60U keV
to 15 MeV. A plastic scintillator with experimentally determined absolute
efficiencies was used as the neutron detector and the fission counter was a
fast ionisation chamber.

The novel feature of the experiment was the simultaneous recording, event
by event, of both the neutron time-of-flight time and the corresponding
neutron detector response. With these additional data, the spectrum for a
particular time-of-flight interval corresponding to a particular neutron
energy can, after the subtraction of the time-dependent and independent
background, be compared with the previously measured neutron response. This
comparison provides confirmation that the background has been adequately taken
into account, applies an additional check on the accuracy of the timing
calibration and adds confidence in the absence of systematic errors.

The time-independent background was determined using the interval of the
time-of-flight spectrum preceding in real time the prompt gamma-ray peak. The
time-dependent background was determined using a polythene shadow bar (90 cm
thick) to attenuate totally the direct flight neutrons.

Typical time-of-flight spectra are shown in Figure 3.1 for a number of
different thresholds for one of the five different measurements. In the
analysis of such data, the response spectra for intervals of five channels in
the time-of-flight spectrum were summed. A five-channel increment was chosen
as this corresponded approximately to the experimental time resolution. From
the timing calibration data, the relativistically corrected lower and higher
energy points for each five-channel increment of the time-of-f light scale
were obtained. The data were corrected for all types of dead time loss (e.g.
on the stop and start lines of the time-of-flight system), the backgrounds
were subtracted and the detector count rates corrected for the appropriate
neutron detection efficiencies.
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The corrected data from the above procedure consisted of increments of
the fission neutron spectrum between the higher and lower energy cut-off
points of the five-channel increment of the time-of-flight spectrum.
Consequently, the corrected data were fitted to the integral of a Maxwellian
spectrum between the energy limits for each data segment to obtain the
temperature. The average value of the temperature describing the Maxwellian
was 1.406 ± 0.13 MeV where the experimental error includes all known forms of
possible experimental error. Figure 3.2 shows a typical fit to one of the
measurements.

One of the prime objectives of the present experiment was to determine
the extent of any deviation from the Maxwellian shape. For that part of the
fission neutron spectrum between 1 and 6 MeV, the experimental data from each
of the five measurements are consistent with the Maxwellian shape to better
than ±12 per cent which is the experimental limit imposed by the accuracy of
the absolute calibrations. Above 8.5 MeV (Figure 3.3) the combined
experimental data show a significant but very small positive deviation from
the Maxwellian shape (T = 1.4065 MeV).

Neutron detector efficiency

[D. Culley, J.W. Boldeman]

Measurements of fission neutron spectra require that the detector
efficiency be known. The neutron detection efficiencies of a number of
plastic scintillators have been determined absolutely in the energy range 0.5
to 16 MeV. For the neutron energy range 2 to 10 MeV, the associated particle
method was employed using the experimental system of Bartle and Quin [1974],
installed on the 12 MeV tandem Van de Graaff accelerator at the Australian
National University. The estimated accuracy of the absolute calibration in
this energy region was ± 2 per cent. Between 0.5 and 2.0 MeV, the efficiency
was determined relative to a long counter using the ^Li(p,n) and T(p,n)
variations and normalised to the absolute associated particle value at 2.0
MeV.

In all of the efficiency measurements, the response of the neutron
detector was determined for each incident neutron energy. Thus efficiency
curves have been obtained in all incident energies for a wide range of lower
level biases. Figure 3.4 shows absolute efficiencies of the neutron detector
for a number of different bias settings.
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For the energy region 10 to 16 MeV, the neutron detection efficiencies
are presently based on calculation, but it is intended to extend the
associated particle measurements into this region.

Fission barriers of thorium isotopes

[J.H. Boldeman, R.L. Walsh]

An interesting problem in fission at the present time is the question of
the shape of the fission barriers for the thorium isotopes. Much of the
apparently anomalous fission data for the thorium isotopes can be explained
[Blons et al. 1975; Gavron et al . 1976] if, as has been predicted by Mbller
and Nix [1973], the outer barrier of the double-humped fission barrier splits
into two peaks separated by a fairly shallow valley. Previous studies
[Caruana et al. 1977] of the fission fragment angular distributions for
neutron fission of 232yh supported this hypothesis. It was found impossible
to obtain a simultaneous fit to the fission fragment angular distributions and
the fission cross section [Blons et al. 1975] with a double-humped fission
barrier. However, with a triple-humped barrier it was possible to obtain a
simultaneous fit to both sets of data, although a large number of fission
bands were required (DK *6Q keV) if all bands were restricted to the same
triple-humped shape. Alternatively, both sets of data could be fitted
simultaneously with far fewer bands if a combination of double- and triple-
humped barriers were allowed.

Studies of neutron fission of y^ provided a further opportunity to
study this matter. A very recent measurement of the neutron fission cross
section of 230jh by Blons et al . has been interpreted as evidence of a
triple-humped barrier shape for the compound nucleus of 231jn.

Fission fragment angular distribution studies have been extended to
230jh. Measurements of the angular distribution around the large resonance at
715 keV in the cross section have been made with 5 keV energy resolution.
Measurements have also been made to 1 MeV with slightly poorer energy
resolution.

Presently, AAEC analysis of angular distribution data supports the work
of Blons et al. although there are important differences in the details of the
analysis. However, the most significant aspect of the study has come from the
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attempt to provide a complete fit to all experimental data from 0.6 to 1.4
MeV. It has been found impossible to fit the data assuming a constant barrier
shape for the different fission bands. However, a fit appears possible to all
data with a small number of fission bands of slightly different shape.

Measurement of kinetic energies of 239pu> 235u
fission fragments in the resonance region

[R.L. Walsh, J.W. Boldeman, M.M. Elcombe]

(a) 239Pu(n>f)

. For compound nuclei which have their outer fission barrier the same
height as or higher than their inner barrier, the collective energy at the
saddle point is only weakly coupled to the nuclear degrees of freedom at
scission. Changes in the collective energy appear directly as changes in
fragment kinetic energy [Boldeman et al. 1976].

However, for nuclei with the outer barrier lower than the inner, the
situation is not clear. Measurements of neutron multiplicity (v) for
239Pu(n,f) in the resonance region have shown that v for J = 0+ resonance is
0.5 - 2.0 per cent larger thanv for J = 1+ resonance [Frehaut and Shackleton
1973; Leonard 1976]. A change in v of this size suggests strong coupling
between collective and nucleonic degrees of freedom. In terms of energy, this
change is equivalent to 0.13 - 0.6 MeV and should be seen as a change in the
average total kinetic energy (E.,) of the fission fragments. However, a
fragment kinetic energy measurement [Toraskar and Melkonian 1971] using
filtered beams in the resonance region found a kinetic energy change of 1.5 ±
1 MeV. This result implies that the coupling is weak.

To clarify the situation, measurements are being made of the variation of
L(E ) for 239Pu(n,f) for En = 0.005-0.4 eV, the energy region studied by
Leonard [1976]. A double-energy configuration with surface barrier detectors

n

is used. The 239pu electros prayed target is 12 pg cm over an area of 1.3
2

cm. Data are recorded event-by-event on magnetic tape.

A triple axis spectrometer provided a monoenergetic neutron beam from the
HIFAR reactor. The beam'flux incident on the target was measured at 3.8 x 10

-2 -1 'neutrons cm s with a 3.4 per cent FWHM beam energy resolution at E =
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0.296 eV. Beam contamination from lower order Bragg scattered wavelengths
(i.e. higher energy neutrons) is < 5 per cent.

Measurements have been made of E., and mass yield distributions for £„ =i\ n
0.296 eV and 0.033 eV. At 0.296 eV, 90 per cent of the fission occurs through
the (J,K,Tr) = (1,1,+) collective level, whereas at 0.033 eV, 45 per cent
occurs through (1,1,+) and 55 per cent through (0,0,+), the ground state band.
The fact that only two individual K bands are operating and that each band
contributes one, and only one, J level to the fission strength, makes the
239pu(n,f) system in this energy range a most powerful tool for probing
fission collective properties. For almost all other (n,f) systems (with no
beam polarisation or target alignment) the K and J contributions are not seen
separately.

Figure 3.5 shows the pulse height distribution from a single surface
barrier detector for E = 0.296 eV. Figure 3.6 shows the total (i.e. summed)
pulse height distribution from two complementary fragments. The mean of this
peak defines the value of E.,. Preliminary data indicate a difference ofi\ .̂ .̂
approximately 0.4 MeV'in E^ between fission via (pure) J = 0 or 1 states, a
result similar to that of Leonard [1976].

(b) 235U(n,f)

As a check on the experimental system before the 239pu measurement was
commenced, E» for 23JHj(n,f) was measured at En = 0.033 and 0.12 eV. Because
of the properties of the saddle point collective levels in the 236y compound
nucleus, no difference in E., should be expected at these two energies. The
measured £., difference was 0.025 ± 0.100 MeV, thus confirming the accuracy of
the experimental system.
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Preparation of 239pu targets by electrospraying

[R.L. Walsh, I.F. Senior, J.J. Fardy]

Plutonium-239 targets for the above fission fragment kinetic energy
measurement were prepared by the method of electrospraying. The solution used
was 0.5 mg mL plutonium acetate in methanol. Great care was taken to ensure
that the solution was totally free of plutonium nitrate, which is hygroscopic.
Plutonium acetate targets previously purchased from the Central Bureau for
Nuclear Measurements, Geel, Belgium, proved unsuitable for the E., measurement
because of the presence of plutonium nitrate. (The advice of Dr J. Pauwels
(CBNM) is gratefully acknowledged.)

A target table was constructed which provided movement in the X and Y
directions perpendicular to the spray jet (Z direction). This was to ensure
uniform target deposition. Table speeds were:

X direction: 10 cm s~ (1 Hz s~ ), i.e. fast movement
Y direction: 1 cm min" (1 Hz per 10 min), i.e. slow movement.

The solution was sprayed through a 21G stainless steel hypodermic needle,
with its bore constricted by a 0.018 in. Pt wire. Spray voltages applied to

2
the needle were 8 to 10 kV. Target backings were 15 pg cm VYNS covered by

2
10 to 15 pg cm Au-Pd. The apparatus was enclosed in a glove box which was
situated inside a fume cupboard.

Preliminary tests using inactive solutions (e.g. CuClp.ZHpO in methanol)
showed the average grain size of the deposit to be _< 1 pm. Fission fragment

— Ppulse height spectra from a number of plutonium targets (12 to 18 pg cm)
(Figure 3.5) showed good peak-to-valley ratios (-6:1) and absence of a low
energy tail from fragment self-absorption.
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3.10 Neutron Physics

Resonance neutron capture in Na ancj
27A1 from 3 to 600 keV

[A.R. de L Musgrove, B.J. Allen, R.L. Macklin*]
(*0ak Ridge National Laboratory)

The radiative capture cross sections of ̂ Ha and 27A1 have been measured
at Oak Ridge Electron Linear Accelerator (ORELA) and resonance parameters
obtained for resonances up to 600 keV. Particular care was taken to correct
the data for prompt neutron scattering effects by Monte Carlo methods.

Neutron capture cross sections in the
fission product mass region

[A.R. de L Musgrove, B.J. Allen, J.W. Boldeman, R.L. Macklin]

The radiative capture cross sections for the separated isotopes of Sr, Y,
Zr, Mo, Pd, Cd, Ba, La, Ce, Pr and Nd in the range 3 to 200 keV were measured
with high resolution at the 40 m station of ORELA. Maxwell ian-averaged 30 keV
cross sections and average resonance parameters derived from the analysis are
given in Tables 3.2 and 3.3. A strong dependence of the average radiative
widths on neutron binding energy, which leads to a pronounced even-disparity,
is noted. Neutron strength functions reduce with decreasing binding energy
along an isotopic chain owing to the decreasing density of doorway states at
the binding energy.

Neutron capture cross section of

[B.J. Allen, A.R. de L. Musgrove, R.B. Taylor*, R.L. Macklin]
(*James Cook University, Townsville, Queensland)

The neutron capture cross section of 57Fe was measured with 0.2 per cent
energy resolution from 2.5 to 200 keV. s-wave resonances were fitted in a two
channel multi-level analysis of the elastic and inelastic scattering cross
sections. A correlation was observed between the s-wave reduced neutron
widths and the corresponding radiative widths, which was consistent with the
expected valence component.
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TABLE 3.2

30 keV MAXWELLIAN AVERAGED RADIATIVE CAPTURE

CROSS SECTIONS FROM THE PRESENT DATA

Nucleus

86Sr

87Sr

88Sr

89y

90Zr

91Zr

92Zr

9^Zr

95Mo

96Mo

97Mo

98Mo

l°*Pd

105pd

106pd

108pd

iiopd

<a*v>
VT

7018

74110

5.810.5

20.013.0

17.011.0

6018

5116

3415

380150

110115

390150

100115

425150

11301120

370140

330135

260130

Nucleus

nocd

l»Cd

112Cd

113Cd

H-cd

""Da

l35Ba

136Ba

!37Ba

l38Ba

139La

i.oce

iuip r

^m

^3Nd

l^Nd

l«Nd

1*6*

<o«v>
VT

240130

8801125

220130

715180

147125

225135

465180

70110

58110

3.910.8

3615

7.711.0

111115

5717

265150

65110

400190

115125
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TABLE 3.3

TABLE OF AVERAGE RESONANCE PARAMETERS

Nucleus

S6Sr*

87Sr*

88Sr*

89y

9°Zr*
91Zr
92Zr*
9l4Zr*
92Mo
91*Mo
95Mo
96Mo
97Mo

"* ~ Mo

l°°Mo

l°6Cd
108Cd

nocd
nlCd
112Cd
113Cd

"''Cd

116cd

13 "Ba
135Ba
136Ba*
137Ba

l38Ba*
139La
JI*0Ce*

ltlpr*

11+2Nd*
1U3Nd

^Nd*
145Nd
11<6Nd

l"8Nd

s
(eV)

300011000

(270)

40 000

22001700

860011600

6401120

310011000

380011000

24001650

11501350

80125

9501220

42115

9501150

4201100

135135

120130

155120

2014

190125

21+4

235135

390190

230160

4016

9201200

380170

630011700

208110

32001800

102120

7901125

3514

5251100

1912

290180

170135

zo*s,

0.74±0.34

0.3010.08

0.3210.18

0.3210.11

0.5410.14

0.4210.12

0.7610.28

0.5510.16

0.6510.25

0.4510.25

0.4810.10

0.5410.20

0.3710.15

0.4410.12

0.5110.18

1.0 10.35

1.1610.40

0.2810.07

(0.5)

0.5010.10

(0.5)

0.6410.16

0.1610.05

0.6010.15

0.9 10.3

1.0810.3

0.4310.10

1.0 10.4

0.7610.13

1.5410.53

1.7210.25

1.4010.35

3.1 ±0.5

3.9 11.0

5.2 10.9

3.5 10.9

2.7 10.8

io"s:

3.5 ±1.0

4.0 11.3

3.1 ±1.5

4.4 ±1.5

4.2 10.9

5.7 ll'.O

8.3 ±1.4

9.6 ±2.2

3.7 ±0.7

7.5 ±2.5

7.5 ±2.5

8.0 ±2.5

3.5 ±2.0

3.3 ±0.7

3.5 11.0

5.0 ±1.5

4.7511.25

4.0 ±0.9

3.0 ±1.0

4.4 ±1.0

2.2 ±0.8

3.5 ±1.0

2.8 ±0.8

0.90±0.25

0.8 ±0.2

0.07±0.06

0.30±0.15

0.0310.02

0.3 ±0.1

0.32±0.12

0.7 ±0.3

0.70±0.05

1.0 ±u.4

0.8 ±0.3

0.8 10.4

1.1 10.4

0.6010.20

<r >
Y s

(meV)

240150

(80)

220±50

115115

130120

14018

135125

85120

160120

135120

150120

114114

130120

93111

85111

155115

105110

7116

(160)

77±5

160±20

53±4

4714

120120

135125

100120

80115

55120

5516

3519

8819

5018

8619

4715

8719

5116

4615

<r >
Y P

(meV)

(220)

(125)

390190

(210)

250150

220112

220150

148128

290135

175130

136118

117115

85111

175125

125±20

80115

90±20

70±10

70±10

(180)

4517

40±7

30±6

4615

*New or modified results

Values in parenthesis are preliminary or estimated values
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s-wave resonance parameters in the structural materials

[B.J. Allen, A.R. de L. Musgrove]

The neutron capture cross sections of the isotopes of Ti , Cr and Fe were
previously measured at ORELA. s-wave resonances in these data have been re-
analysed by Monte Carlo methods which accounted for multiple scattering and
resonance-scattered neutron background effects. A consistent set of radiative
and neutron widths was presented, together with average capture cross sections
and s-wave width correlation coefficients.

keV neutron capture in

[R.B. Taylor, B.J. Allen, A.R. de L. Musgrove, R.L. Macklin]

The neutron capture cross section of 141pr was measured with 0.2 per cent
energy resolution in the range 2.5 to 200 keV. Resonances were analysed to 13
keV and the average s-wave radiative width was 88 meV with a standard
deviation of 27 meV. The s-wave reduced neutron widths and the corresponding
radiative widths were not correlated, but the standard deviation of the s-wave
radiative widths greatly exceeded that predicted on the statistical model.

3.11 Neutron Capture Research

[M.J. Kenny, visiting scientist, with C.M. McCullagh, M.L. Stelts, H.I.
Liou, R.E. Chrien, M. Goldhaber, Brookhaven National Laboratory, USA]

Neutron capture spectroscopy was carried out in collaboration with
Brookhaven National Laboratory (BNL) using neutron beams from the 40 MW high
flux reactor. Two particular facilities were used: (i) a fast chopper with a
48 m flight path, and (ii) a series of filters to provide tailored beams at
thermal energy at 2 and 24 keV.

Gamma-rays from the 5.9 keV resonance in 27A1

Absolute partial radiative widths were measured for neutron capture in
the 5.9 keV p-wave resonance in 27/U . The resonance capture occurs through a
negative parity state and only El transitions were observed with reduced
widths below average values. This differed from both thermal capture and the
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35 keV s-wave resonance, where enhanced Ml transitions occur.

Determination of the spin of the 398 eV resonance in

The spin-parity of the 398 eV resonance in the capture of neutrons by
35ci was determined by the method of particle-gamma directional correlations.
Spectra were measured at 90 and 135°. The resonance was shown to have a spin
parity of 2~ and the process proceeded predominantly with the channel spin 2.

Capture of 2 and 24 keV neutrons by Mn

Neutron capture by Mn was characterised by transitions to a large number
of final states with final spin states in the range 1 to 4 over an excitation
range of several MeV. The spectra were indicative of a statistical capture
process. There was some degree of similarity between thermal and k.ilovolt
capture.

Capture of 2 and 24 keV neutrons by the Zr isotopes

Spectra at 2 and 24 keV were obtained for capture by 91,92,94,96;7r and
Nat^r (50 per cent ^Ir}. The Zr isotopes had low capture cross sections and
no significant spectra were obtained for capture by 90>96;/r. y^e other
isotopes showed a relatively small number of transitions to low-lying positive
parity states. This was quite different to thermal (s-wave) capture. It was
concluded that p-wave capture prevails at kilovolt energies and that decay is
by electric dipole transitions. The binding energy for ^^Zr(n,Y) was measured
as (6462.3 ± 1.0) keV.

Capture of 2 and 24 keV neutrons by 145Nd

The most significant feature of spectra from capture by 145Nd was the
strong transition to the second excited state of 146Nd at 1043.1 keV
excitation. While the other transitions are generally consistent with a
statistical decay process, this transition provides evidence for a single
particle capture process.
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Capture cross section of Th

Interest in thorium as an alternative reactor fuel has created a need for
more precise measurement of capture cross sections. This cross section has
been accurately measured using tailored neutron beams at thermal, 2 and 24 keV
energies. Cross sections were obtained relative to a gold standard by careful
measurement of gamma activity from decay after neutron irradiation.
Respective values at thermal, 2 and 24 keV are (7.37 ± 0.08), (1.91 ± 0.10)
and (0.538 ± 0.014) b.

Symmetry of 10B(n,g)7Li yield

The reaction !OB(n,a)7Li is frequently used as a neutron flux monitor.
If the alpha particle yield is asymmetric, then the flux measurements are
dependent on detector angle. Measurements were made at 45, 90 and 135° with a
carefully aligned system. For the energies of the tailored beams, the
asymmetry was found to be less than 2 per cent.

Resonance neutron capture spectroscopy in 28$j

[J.H. Boldeman, visiting scientist, with G. Grenier, S. Joly, J.
Voignier, Centre d'Etudes de Bruyeres-le-ChatelH

The valence model [Lane and Lynn 1960] has been outstandingly successful
in the explanation of the initial final state correlations observed in
photonuclear cross sections and neutron capture. However, the qualitative
success has been tempered to some extent by many quantitative failures.
Generally, predictions from the valence model have underestimated measured
transitions. A notable exception was the 28si(n,Y) and 29sif/,n) reactions
[Boldeman et al. 1975, Jackson and Toohey 1972] where the measured values for
p3/ resonances exceeded predictions by about a factor of 3. Halderson et al.
[1976] have suggested that the valence model should be extended to allow
valence transitions to occur in the presence of an excited core. Using a
shell model formulation of the valence model and introducing the full
structure of the initial and final states, they have calculated the various
transition strengths for the two reactions and thereby found better
correspondence with existing experimental data.
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To provide a more sensitive test of this hypothesis, the resonance
gamma-ray spectra for the two strongest p3, resonances in the 28$-i(n,Y)
reaction at 565 and 813 keV have been measured with Nal and Ge(Li) detectors
at Centre d1 Etudes de Bruyeres-le-Chcitel. The measured absolute spectra were
found to be in excellent agreement with the valence model and consequently in
disagreement with the two previous experiments. A re-examination of the
experimental data from the neutron capture cross section experiment [Boldeman
et al. 1975] has shown that the neutron sensitivity of the gamma-ray detector
[Allen et al. 1977] was not adequately taken into account, and a revision of
the analysis has now produced radiative widths in agreement with the present
experiment (Table 3.4). Thus both neutron capture experiments are now in
reasonable agreement with the valence model and therefore no longer support
the need to extend the valence model to allow valence transitions in the
presence of an excited core.

TABLE 3.4

COMPARISON OF GROUND-STATE AND TOTAL RADIATIVE WIDTHS

Resonance
energy
(keV)

565
813

*
r o •Yu

'(eV)

1.8

5.3

r o
Present work

(eV)

0.6 ± 0.1

2.8 ± 0.4

j.
r 1

Y
(eV)

2.9 (1.1 ±

9.7 (6.6 ±

0.4)

1.1)

r = E. r .
Y T Y1

Present work
(eV)

1.1 ± 0.2

5.3 ± 0.8

*Jackson & Toohey [1972]
tBoldeman et al. [1976J

Neutron capture cross section of

[B.J. A1!en with D.D. Cohen, Australian Institute
of Nuclear Science and Engineering]

The neutron capture cross section of 17°Yb is of particular interest in
astrophysics since this nuclide is formed solely by the s-process. An
enriched sample of 52.68 g of 170Yb,>03 was obtained on loan from the US
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Department of Energy, and Moxon-Rae gamma-ray detectors were used with the 3
MeV pulsed Van de Graaff accelerator to measure the cross section in the
energy range 10 to 70 keV with respect to that of gold. YbpOo, carbon, air
and gold samples were irradiated in turn in a 12 min cycle using a computer-

controlled sample changer. A 6Li glass scintillator monitored the transmitted
neutron flux. Time-of -flight results for Yb?0o and the associated background
are shown in Figure 3.7, together with the background subtracted capture
gamma-ray yield.

The 30 keV average capture cross section was found to be 790 ± 60 mb.
This result confirms the semi -empirical method used by Allen et al . [1971] to
estimate the l?°Yb cross section from the known cross sections of the heavier
isotopes. The ratio of the odd-A cross sections to the interpolated values of
the even-A cross sections at A = 171 and 173 was found to be constant to 10
per cent (i.e. 2.9 ± 0.3), as shown in Figure 3.8. The known isotopic cross
sections were then used in an exponential extrapolation to obtain a value of
770 ± 150 mb for 17°Yb.

Branching ratio of Lu at astrophysical energies

[B.J. All'ant, G.C. Lowenthal, with J.R. de Laeter, Western
Australian Institute of Technology]

An earlier measurement of the branching ratio for Lu^Y) " 1 ^ (with
a 3.7 hour half-life) at 30 keV neutron energy, was greatly affected by a
fall-off of neutron flux during the exposure. The irradiation was repeated
using the 7Li(p,n) source at 12 keV above threshold, with care being taken to
ensure a uniformity in neutron flux throughout the exposure.

The 88 keV gamma-ray was detected by a calibrated Ge(Li) detector whose
photopeak efficiency was determined to be (87.5 ± 2.5) x 10 after a series
of source measurements with gamma-ray energies ranging from 60 to 400 keV.
The neutron flux was obtained from the activity of a thin gold foil, which was
measured in a 4uB-Y coincidence counter. The activity of the 176m|_u at the
end point of the nine hour irradiation was (7.55 ± 0.38) x 10 Bq g of
Lu90o, resulting in a branching ratio to the long-lived ground state of B =

10
0.46 ± 0.06. Since the half-life of this state is 3.6 x 10 years, it can be
used as an s-process chronometer. The branching ratio so determined is an
essential link in the measurement of the age of the universe.
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Radiative widths of scattering resonances

[B.J. Allen, with D.D. Cohen (AINSE), F.Z. Company, Ph.D.
student, University of Wollongong]

Measurements of the radiative widths of scattering resonances for the 27
and 49 keV resonances in 19F, 35 keV resonance in 27/U, 55 and 57 keV
resonances in 28$i and 27 keV resonance in 56pe are under way. Moxon-Rae
detectors were used to measure gamma-ray yields from these capture targets,
relative to that for gold. These resonances were all found to have
substantial prompt background components in high resolution measurements at
ORELA and considerable uncertainty is attached to their radiative widths.
This problem can be easily overcome by time-of-flight discrimination of
scattered neutrons in these measurements on the pulsed 3 MeV Van de Graaff
accelerator.

Neutron capture mechanisms in the 3s size resonance

[B.J. Allen, A.R. de L. Musgrove]

A framework for the partition of s-wave radiative widths into
statistical, valence and doorway components was presented for the 3s region.

The statistical calculations were based on the Gilbert-Cameron level
density prescription. The discrete low-lying levels were fitted to a constant
temperature formula which joined smoothly to the Fermi gas formula at higher

energies.

The valence widths were obtained from optical model calculations of
contributing gamma-ray transitions. These values were dependent on the s-wave
reduced neutron widths and the spectroscopic factors of low-lying final
states.

The s- and p-wave radiative widths are partitioned as follows into
statistical (S), valence (V) and doorway (D) components:

<r s = /r ><LYP yP
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<rYs>

<rYs>

with variance

2 2 2 2 2
a - ° + a + a + <

where

rr2 - 2 , rS,2 2
C T S - < s > ; GV

2 cand a is the average experimental variance. The ratio Rb is obtained from
c/\

the statistical calculations. It remains to obtain estimates of the doorway
component <r°> and its variance a£ which reduce the magnitude of the initial
state correlation, given by

-5
P l " \n '*xYJ " xrVSxxrDN ' JL J> 2, _2

Results of calculations for a range of nuclides in the 3s region are
given in Table 3.5. In the main, these results were sensitive to the assumed

Q

values of the gamma-ray energy dependence (Ey) and the ratio Fy (El)/ry(Ml) =
7. Exceptions are ^Ca, 45Sc and 46Ti where low-lying states of mixed parity
occur and the ratio of s- and p-wave radiative widths calculated on the
statistical model (Rs) is close to unity.

Because of the insensitivity to the statistical model assumptions,
and 45Sc provided strong evidence for the doorway component. In the case of
45Sc, the observed variance of the s-wave radiative widths for a large number
of resonances can only be explained by invoking a doorway component with
enhanced transitions to a small number of s. = 3 states. This interpretation
was supported by gamma-ray spectral measurements which showed anomalous
intensities to these states. The magnitude and variance of the doorway
components in 4°Ca and ^5Sc reduced the expected initial state correlation,
yielding good agreement with the measured correlations.
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The valence model accounted for the observed variances in 46yj t 48ji and
but the valence variance greatly exceeded the experimental value for
A reduction in the valence estimate for 60̂ 1 would require an increase

in <Py>> and a lower calculated correlation. With the exception of 46Ti, good
agreement between the expected and observed correlations was obtained, while a
larger value of <rv> would improve the agreement with

In 5o, the large experimental variance dominated the observed variance
and an uncorrelated component was not required to account for the data.

c
The assumption that <rvp> ~ <FY > may also cause discrepancies, as was

observed in 53cr and 56pe. For 56pe, the value <r > = 0.3 eV was superseded
by elastic scattering measurements at Oak Ridge National Laboratory which gave

Q

a and Ju estimates. The new value < C, > = 0.6 eV cannot be equal to < F y p >
since the calculated statistical width for s-wave resonances (2.1 eV) exceeded
the observed value (1.5 eV). Since p-wave spectra are essentially non-
statistical in character, the p-wave statistical assumption is invalid. If
the same argument holds for p-wave resonances elsewhere in the 3s region, then
the magnitudes and variances of the doorway components given in Table 3.5 will
be lower limits.

An interesting spin anomaly is apparent in 5?Fe. Low-lying states in
58Fe have spins 0+, 1+, 2+, and only states with 1+ can be reached by El
transition from 0~ resonances, whereas all states are accessible from 1~
resonances. Consequently, statistical and valence components are larger for
1" resonances, yet the observed radiative widths are smaller.

Results for the 3s region showed evidence for all three capture
mechanisms. However, more accurate data are needed for 53Cr, and results for

are not consistent with the valence model.



TABLE 3.5
PARTITION OF s-WAVE RADIATIVE WIDTHS IN THE 3s REGION

Target

"°Ca

"5Sc

"6Ti

*8Ti

53Cr

5-*Fe

56Fe

57Fe

60Ni

"I

>/2+

3~

V2+

V2
+

r
2~

V2
+

V/

o~

r
v,+

<r >
YS

1.5

0.84

1.2

1.4

1.4

3.1

1.5

2.2

1.7

1.4

<n2 >
ex

0.12

0.01

0.08

0.11

0.42

1.3

0.1

0.71

0.30

0.02

a2
ob

0.90

0.21

0.36

1.2

0.64

6.8

0.64

1.96

1.69

0.04

<r >
YP

0.36

0.50

0.60

0.33

1.0

0.45

0.6

0.3

0.52

0.62

0.23

RS

0.92

1.08

0.94

1.26

1.83

1.33

2.6

3.5

1.7

2.8

1.72

<rs >
YS

0.33

0.54

0.56

0.42

1.63

1.2

2.1

1.1

0.88

1.53

0.40

a2
s

0.02

0.006

0.03

0.03

0.26

0.25

0.84

0.21

0.17

0.22

0.03

<rv>
Y

0.52

0.10

0.53

0.83

0.22

1.8

0.28

0.17

0.54

0.65

°*

0.54

0.02

0.57

1.4

0.10

6.7

0.16

0.06

0.58

0.85

Y

0.6

0.2

0.1

0.2

-

-

-

0.2

1.1

-

0.4

°s
0.16

0.17

-

-

-

-

-

0.17

1.0

0.64

-

P

c

0.4

0.1

1.0

0.8

0.39

1.0

0.50

0.29

0.02

0.58

0.65

PI

0.2

0.04

0.43

0.82

0.31

0.79

0.52

0.57

0.66

0.71

S.D.

0.4

0.13

0.41

0.35

0.32

0.45

0.36

0.51

0.33

0.26
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Non-statistical neutron capture mechanisms in l^La and

[B.J. Allen, A.R. de L. Musgrove]

A detailed study was made of neutron capture in the N=82 odd-Z nuclides,
and 141pr. These nuclides have a similar low-lying level structure,

basically f?/2 wave neutron states coupled to the odd proton, with a p-wave
neutron coupled at higher energies. To date, measurements have been made at
ORELA of high resolution resonance capture cross sections above 2.5 keV in
!39i_a and 141pr. Capture gamma-ray measurements at Lucas Heights on !39La
were carried out with a Nal detector at 210 keV and a Ge(Li) detector at 10-70
keV.

Since valence estimates of approximately 1 meV are negligible compared to
the radiative widths and standard deviations - for 139i_a

 <ry> = 55 meV, S.D. =
23 meV; for 141Pr <Ty> = 88 meV, S.D. = 27 meV - a statistical capture
mechanism might therefore be expected for these nuclides, despite their N=82
magic neutron configuration.

However, measurements of the capture gamma-ray spectrum in 139|_a at 210
keV showed the presence of anomalous gamma-ray strength to the £ = 3 low-
lying states. This observation was interpreted in terms of a 2p-lh
interaction, since the unperturbed p-h energies for El transitions were
similar to the energies of enhanced transitions. High resolution measurements
at 10-70 keV confirmed this effect and set an upper limit to the d-wave
valence contribution. These results indicated that some El strength escapes
coupling into the giant dipole resonance, supporting the possibility of a
common doorway state for both neutron and photon channels in the threshold
region. If this were the case, strong correlations between the neutron and
radiative widths might be expected, even though valence effects are
negligible.

High resolution capture cross section measurements on 139i_a ancj 141pr
showed, however, that this was not the case. The observed correlations for
large numbers of s-wave resonances were quite consistent with zero. However,
large standard deviations of the s-wave radiative widths were observed. These
were 42 per cent for 139|_a anc| 31 per cer1t for 141prj whereas the experimental
errors observed in the determination of s-wave radiative widths were 5 to 10
per cent. Calculations of the standard deviation expected for a statistical



49

capture mechanism are readily obtained in the following way.

The summation of El and Ml transitions to allowed final states is of the
form

where R = 0.14 is the assumed ratio of Ml to El transition strengths and the

exponent n determines the gamma-ray strength function. Discrete low-lying
levels are used with mostly known Ju values. At higher energies, the
Gilbert-Cameron formula for the level density is used after adjustments to fit
the constant temperature formula at low excitations and the observed resonance
spacing Dj. The statistical model assumption is that the average transition
strength to final state y is independent of the configuration of the final
state.

The observed variance of the s-wave radiative widths is given by

in.l2_ 2/n 2)

2 2 2 2
= 0exp+ aS+V aD •

where the subscripts denote the experimental errors, the uncertainty in the g
factor and the variance attributed to the statistical, valence and doorway
components of the gamma-ray spectrum. The valence component is very small and

o c
is excluded. Statistical calculations were made for both Ey and E ygamma-ray
energy dependences and the relative standard deviations (a /g", cr-/FY in per
cent) are given in Table 3.6.

TABLE 3.6

PERCENTAGE STATISTICAL CALCULATIONS AND

RELATIVE STANDARD DEVIATIONS

La

La

Pr

obs

42

31

exp

10

10

9

13

17

S D

10.3 37
E
Y 7.7 23

S D

22 32
E
Y 19 15
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o
The Eycalculations clearly point to a doorway component as the source of

the large variance observed for s-wave radiative widths. Enhanced transitions
to the low-lying tn = 3 states, as observed in 139i_a) can readily account for

5this variance. The doorway variance is reduced in the E calculation,
particularly for 14]-Pr, where the statistical variance is dominant.

The observation of anomalous gamma-ray transitions to the low-lying a =
3 states in 141pr capture spectra should confirm, as in !39La, the presence of

gamma-ray doorway states. Since resonance width correlations are not present
and evidence for a neutron doorway state has been found in 139i_aj the proposed
gamma-ray doorway state must be weakly coupled to the entrance channel.

3.12 Single Phase Heat Transfer and Fiuid Flow

Sub-channel flows in power reactor cores

[R.W. Harris, O.D. Hooper]

The object of this research is to develop improved methods for the
detailed analysis of the flow processes (and hence of local heat transfer
performance) which occur in the sub-channels of typical power reactor cores,
using both numerical modelling, for which purpose the code ROFLO was specially
developed, and experimental measurements. There is interest in both normal
and anomalous conditions (e.g. effect of grids and flow diverters in water
cooled reactors, channel blockages in fast breeder reactors). Although
primarily concerned with the fluid dynamics of a single phase coolant in
reactor cores, this project can also be viewed as part of the wider field of
experimental and numerical modelling of turbulent shear flows.

The test section consists of six aluminium tubes, 10 m long x 14 cm
diameter, placed parallel to each other in a square lattice array to form two
interconnected sub-channels; the outer spaces between tubes are closed off by
six septa (whose width can be changed) which run the length of the tubes. The
tube diameters and spacings correspond to 10 times those of the fuel pin and
sub-channel of a light water reactor, or 30 times those in a fast breeder
reactor. Air from a low-pressure blower is caused to flow along the sub-
channels. The quantities measured are as follows:
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(a) Local average-velocity, using Pitot tubes (total-head impact-tubes),
which can be traversed across the flow to provide the velocity
pro-Tile.

(b) Shear stress at the wall, using Preston tubes (total -head
measurement using a round tube having its axis aligned with that of
the "fuel rod1 and the bulk flow, and in line contact with the 'rod'
surface).

(c) Fluctuating components of velocity (i.e. the intensity of
turbulence), using hot wire anemometers.

By suitable combination and orientation of a single probe carrying two
hot wires, the fluctuating velocities, whose instantaneous values are denoted
by u, v and w, are sensed in the X, Y and Z directions respectively. It can
be shown that the shear stresses (the 'Reynolds stresses') between adjacent
layers .of a fluid, of constant density p and in which there are gradients of
the mean local bulk velocities U, V and W, are directly related to the
quantities puv, pvw, pwTT, which represent the rate of momentum transfer, due
to turbulence, between adjacent strata of fluid. In fully developed turbulent
flow, the rate of momentum transfer by this mechanism is much larger than that
resulting from molecular motion; nevertheless it continues to make a small
contribution to the shear forces in turbulent flow, but i?. the only shear-
stress-producing mechanism in laminar flow. Each hot wire is in the form of a
very fine tungsten filament, 2 mm long x 5 ym diameter, each mounted between a
separate pair of prongs mounted, in turn, on a common traversible support-
stem. One hot wire is set perpendicular to the axis of the main flow stream,
the other is inclined at 45° to this axis. The wires are maintained at a
constant temperature of approximately 300°C by a Wheatstone bridge circuit and
associated error-feedback amplifier. The resulting fluctuating wire voltage
is a direct (non-linear) analogue of the fluid velocity passing the wire. The
signals are combined by electronic circuits to produce the Reynolds stress
terms directly.

For any one test at one selected flow velocity (or Reynolds number),
approximately 200 data points are needed in the sub-channel cross section. It
takes about 15 minutes to obtain each point. (The large time scale inherent
in turbulence measurements has led to most reported experiments being
concerned with symmetrical flows, requiring only one traverse. However, most
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turbulent flows of engineering significance, including this geometry, are at
least weakly three-dimensional and it is, therefore, necessary to carry out a
complete scan of the test section.) For the first 12 months of operation, the
rig was manually scanned with on-line data evaluation. However, since March
1978, a complete automated scanning and processing system has been
commissioned and run by the Noise Analysis Computer in conjunction with a
special control unit. This unit controls three axes of traverse, signal line
switching, and amplifier gain, together with rig control functions.

A novel method for measuring the secondary flow components in the near-
wall region was developed, based on the injection of a tracer gas parallel to
the rod axis and at the rod surface. Measurement of the approximately
Gaussian-shaped gas plume several diameters downstream revealed a shift in the
peak of the concentration from the injection point. This technique allows the
detection of secondary flows of 0.1 per cent of the local mean axial flow, an
order of magnitude smaller than is feasible using inclined hot wire
anemometry.

Correlation of boiling burnout data for water-cooled rod
clusters: BACE computer code

[A.G. Chapman, K.R. Lawther]

Methods and computer programs are now well-developed for assessing the
validity of formulas used to predict burnout in water-cooled rod cluster fuel
assemblies from cross-sectional average conditions of the coolant. Many such
formulas exist and some are widely used in reactor safety analysis codes, but
none is a true formulation of burnout behaviour and all must be used with
discretion. The computer programs and data banks that have been developed
provide the means for testing formulas in restricted or unrestricted ranges of
the main variables and suitable formulas can be modified to obtain a better
fit to experimental data in limited regions of particular interest. The range
and fluctuation of the error of a formula can be analysed and presented in
various ways to define clearly its area of usefulness; also the performances
of many formulas can be compared to assist in the selection of the most
suitable for a required purpose.
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The work is based on an extensive collection of the results of burnout
experiments on electrically-heated, water-cooled rod clusters, gathered from
world-wide sources and checked for self-consistency and credibility. This
data bank has been expanded by the addition of newly acquired data, some of
which is particularly useful in extending the scope of the bank in the low
pressure and low mass flow regions. The bank now contains detailed results
from over 11 000 burnout experiments on heated test assemblies; its size and
cover of variables permit the performance of rod-cluster burnout prediction
methods to be assessed and analysed in a way that was previously impossible.

A computer program has been adapted for the automatic plotting of contour
charts from the tabular data generated by the formula assessment program.
These charts present a very clear picture of the performance of a burnout
formula, but are often unsuitable when the region of interest has a
significant span in more than two independent variables. In this case,
tabular presentations which show the influence of four independent variables
are more satisfactory, even though they require a certain effort of
visualisation.

3.13 Studies of Burnout

The extension of burnout scaling techniques

[K.R. Lawther, A.G. Chapman]

Earlier work indicated that an empirical burnout scaling technique
developed at AEE Winfrith, UK, and applicable only to tests with Freon-12 at a
pressure corresponding to 7 MPa in water, could be modified to extend its use
to tests with other modelling fluids in which scaling of the higher pressure
conditions of PWRs would be feasible. Preparations for a test of the modified
technique with Freon-113 are now complete; alterations have been made to the
Freon rig ACTOR to enable it to operate at higher pressures, test sections
have been manufactured, and a sufficient quantity of Freon-113 is held in
store. The tests have not yet been carried out because the ACTOR rig has been
fully occupied with other work.

Flow structure during boiling burnout

[K.R. Lawther, A.G. Chapman]
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The basic premise upon which the validity of fluid modelling of burnout
depends is that strictly similar burnout conditions can exist in systems with
different fluids. Conditions are similar if the controlling factors are the
same; however, the factors controlling burnout are not precisely known and
therefore there cannot be certainty about the essential requirements for
similarity, or even that it is possible for similar conditions to exist in
different fluids. It is proposed to test the fundamental principle of burnout
modelling by attempting to establish similar burnout conditions in a number of
different fluids. Burnout on a heated rod will be observed and photographed
through a transparent duct and pressure drop measurements will be analysed to
assist in identifying flow structure. The test section has been
satisfactorily rebuilt after replacement of a transparent duct that failed
under tests and a small heat transfer loop has been provided with a pump
suitable for the fluids to be used. Final assembly and commissioning of the
loop has, however, been suspended indefinitely because no staff are available
to conduct the experiment.

Experimental tests of burnout scaling techniques

[K.R. Lawther, A.G. Chapman]

An empirical method exists for determining the burnout heat flux in a
water-cooled round tube by scaling the results of burnout tests performed on
the same tube using Freon-12 as the coolant. The purpose of this work is to
test the validity of the method when it is applied to more complex channels
with externally-cooled surfaces and rod spacers, previous tests having rarely
used identical channels in the water and Freon experiments. The results will
have a bearing on the confidence with which Freon tests of reactor fuel
assemblies can be interpreted. The work is being carried out on four annular
test sections of the same cross section (16 mm/21 mm diameter) but different
lengths (0.9 m, 1.8 m, 2.7 m and 3.6 m) and calls for burnout tests in water
and Freon-12, with widely-pitched and closely-pitched spacers. Freon tests on
all four test sections with widely-pitched spacers were completed at an
earlier stage of the work and the present stage is concerned with the
corresponding tests in high-pressure water. For the purpose of these tests,
the HIPPOCRENE high-pressure water loop had already been extensively modified
to increase its heating and cooling capacities.
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After the successful commissioning of the uprated water loop and the
satisfactory completion of rig proving runs on an annulus previously tested at
AEE Winfrith, a full series of burnout tests was performed on the 2.7 m long
test section. Tests on the 3.6 m test section were interrupted shortly after
commencement by a fault in the heated rod and the 1.8 m test section was
installed in its place. This also failed after a few runs, the heated rod
bowing sufficiently between the widely-pitched spacers to contact the outer
tube and cause arcing ind burnout of both the heated rod and the outer tube.
This failure also disabled the remaining 0.9 m test section, which shares the
same outer tube, and testing had to be discontinued. The estimated time
required for repair of the 3.6 m heated rod and replacement of the 1.8 m test
section warranted a re-arrangement of the work schedule for the HIPPOCRENE rig
and a postponement of further burnout testing until the end of the
radioisotope tracer dilution experiment which now occupies the rig.
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4. STUDIES RELATED TO FISSION REACTOR SAFETY

4.1 Radiation Damage in Metals

[R.G. Blake, A. Jostsons, P.M. Kelly, J.G. Napier]

Structural components in nuclear reactors experience intense radiation
fields which result in atoms being continually knocked out of the regular
crystal lattice positions. Some of the damage is self healing, but a
component of it results in the formation of defect clusters which have
profound effects on the mechanical properties of materials. Our studies are
concerned with the electron microscopic characterisation of these defect
clusters. The approach is fundamental and hence applicable to problems likely
to arise in both fission and fusion reactor technologies.

Zirconium

The most recent work in this area led to the discovery and
characterisation of faulted loops in some grades of zirconium over a limited
temperature range. This form of defect was only observed in a few of the
irradiated materials received from Oak Ridge National Laboratory (ORNL) and
appears to be related to a subtle effect of impurities. The results have been
published.

An overview of the zirconium damage work was presented in a paper to the
9th ASTM International Symposium on the Effects of Radiation on Structural
Materials, at Richland, Washington, USA. This paper summarised observations
made on HIFAR irradiations as well as most of the ORNL specimens.

Further studies will deal with the effect of oxygen on the defect
structure. Specimens have been irradiated and examination will begin when the
induced radioactivity has decayed to an acceptable level.

The past year has also seen the culmination of the international "round-
robin1 work. After some correspondence, the final paper was produced and it
has been accepted for publication in the Journal of Nuclear Materials. It is
pleasing to note that over 75 per cent of the illustrations came from the AAEC
laboratory.
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Titanium

The interest in titanium arises on two grounds. First, it is very
similar to zirconium in a metallurgical sense and second, titanium alloys have
properties which are attractive for fusion reactor use. A number of specimens
have been irradiated in HIFAR. Present observations suggest that the defect
structure is similar to that of ziconium. The predominant defect is a
dislocation loop with 1/3<1120> Burgers vector; the loops are tilted from the
pure edge geometry and are even more elliptical than those seen in zirconium.

Iron-copper system

The special pole piece for the examination of magnetic specimens in the
JSEM-200 arrived at the end of the year and proved to be excellent for such
work. All problems with astigmatism and illumination shift were eliminated.
Examination of previously irradiated specimens showed that irradiation-
enhanced precipitation of nitrogen tended to obscure the loop structure in
some specimens. Efforts are being made to use titanium additions in the
alloys to tie up t;:e small amounts of interstitial impurities present in the
iron used to manufacture the alloys.

4.2 Creep of Structural Materials

[K.U. Snowden, P.A. Stathers, D.S. Hughes]

Structural materials at elevated temperatures can experience creep
failure, so it is essential to determine the conditions under which failure
can occur. Studies are in progress to determine the rate of creep deformation
and rate of crack growth from existing defects. Studies of the rate of crack
growth in round-notched type 321 stainless steel at 550 and 650°C have been
continued together with measurement of the creep rate of unnotched specimens.
The trend for the apparent activation energy to decrease with increasing
stress has been established.

Studies of the effect of prior fatigue on the creep rate of annealed type
321 stainless steel at 650°C and a stress of 200 MPa show a tendency for the
creep rate to increase with increasing number of fatigue cycles.
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The effect of fatigue temperature and strain on the subsequent creep
behaviour is presently under study. However, it is too early to comment on
trends at this time.

Creep tests in type 321 stainless steel have been completed at 200, 220
and 250 MPa at temperatures between 450 and 750°C. The creep rates have been
plotted as a function of 1/T and preliminary calculations of the activation
energy indicate a stress dependent change in the creep mechanism in the
temperature range 500 to 600°C.

4.3 Void Growth in Zirconium and Copper

[K.U. Snowden, P.A. Stathers, D.S. Hughes]

Void formation and growth in materials at high temperature can result in
premature failure of the material. Void formation has been studied by
measurement of grain boundary migration, fractional density changes and
metallographic techniques. Grain boundary migration is linked with grain
boundary diffusion and void formation. The average grain boundary migration
distance, fractional density change and number of cavities per unit area have
been measured as a function of the number of fatigue cycles and temperature.
The influence of grain size and fatigue strain on migration has also been
studied. The rates of void growth and grain boundary migration have been
plotted as a function of 1/T within the temperature range 600 to 775°C for
zirconium and 350 to 550°C for copper, and estimates of the activation energy
for grain boundary migration and void growth have been calculated from the
shapes of these plots.

The effect of fatigue-formed voids on the creep behaviour of zirconium
and copper is being investigated to determine if the presence of the voids at
the start of the creep process causes accelerated creep and void associated
failure.



60

4«4 Fracture Toughness of Steels

[K.R. Brown, B. Zybenko, P.O. Smith]

For these studies, three approaches have been made:

- The effect of circumferential flaws in ductile stainless steel pipe
subjected to bending loads. This work has been based on a model
developed recently by the Electric Power Research Institute (EPRI) in the
USA. The treatment developed by EPRI has been extended to the relatively
thin-walled stainless steel tubing used in HIFAR, and it is now possible
to predict closely the failure stresses of these pipes.

- The effect of axial fatigue cracks in maraging steel tubes. Techniques
have been developed to insert fatigue cracks in thin-walled grade 300
maraging steel tubing. Three flawed tubes have been burst to confirm
earlier predictions of the failure stresses. These predictions were made
after studies of the failure of tubes containing relatively blunt spark-
machined notches. It should now be possible to predict accurately the
critical crack sizes in stressed tubing.

- The development of a fracture toughness parameter for thin ductile
materials. Attempts are being made to use formability parameters to
predict the onset of unstable crack growth in two aluminium alloys and
one grade of steel sheet (CQDD). To date, the formability limit curves
of these materials have been determined and the strains around the tip of
several growing cracks have been measured.

4.5 Simulation of Two-phase Flow

[C.P. Gilbert]

One of the original objectives of this project was the critical
comparison of hybrid and digital methods of simulation in a situation of
reasonable complexity; consequently, the model selected for the hybrid
representation of a boiling channel was one for which solutions could be found
from the digital program SLIP.
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This comparison was started during the period under review, and static
results from the two methods, including the profiles of variables along the
heated section of the channel, gave agreement within ± 1 per cent, which is as
good as can be expected.

However, when dynamic results were investigated, it was found that the
AAEC version of SLIP was defective. Despite numerous attempts, only one
transient result could be obtained, and this was in a non-typical operating
region as far as a boiling channel is concerned. The corresponding hybrid
solution was in reasonable agreement and could be produced, in real time, an
order of magnitude faster than SLIP. However it has not been possible to
proceed with the comparison of the two techniques. Attempts to obtain a
correct version of SLIP have not so far been successful.

4.6 HIFAR Dynamics

[J.R. Harries]

An apparent decrease in the reactivity worth of the HIFAR coarse control
arms (CCAs) highlighted the need for a better method of reactivity
calibration. The inverse kinetics procedure developed for the investigation
into temperature and flow transients has been adapted for use in calibrating
the CCAs. The inverse kinetics method includes the contribution of the
photoneutron source, which causes difficulties in the asymptotic doubling time
method previously used.

The new procedures were used to recalibrate the CCAs and a series of
experiments was carried out with different core masses to determine the
dependence of the CCA worth on the core mass. The reactivity worth was found
to be M" ~ where M is the mass of fissile material in the core. The
apparent decrease in the reactivity worth was caused by the correction for the
mass dependence of the CCA worth and the temperature coefficient.

A computer program has been written which will enable the inverse
kinetics procedure to be used as the standard method for the periodic
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calibrating of the CCAs.

4.7 Reactor Safety

LOCA analysis

(a) NAIAD development [W.J. Turner, G.D. Trimble]

One of the problems that can arise in the simulation of a loss of coolant
accident (LOCA) in a nuclear reactor is the presence of supersonic flow. The
finite difference scheme used in NAIAD is numerically unstable for supersonic
flow. A new difference scheme, almost identical to the old scheme for
subsonic flow and stable for supersonic flow, has been developed. In essence,
upwind differencing is applied to all three conservation equations in the
presence of supersonic flow. The method gives reasonable results for a
converging-diverging nozzle in which the downstream boundary pressure is
slowly reduced. The flow accelerates until choked flow occurs, then a
compression shock forms and slowly moves through the diverging section until
only supersonic flow is present downstream of the choke point. As expected,
the choke point is slightly downstream of the minimum area. Unfortunately,
the method does not allow a supersonic to subsonic transition to occur in
response to a change in the downstream boundary condition and hence has not
been incorporated in the standard NAIAD code. However, the supersonic code is
being used at Oak Ridge National Laboratory for air, He and UFg flows in which
only the sub-to-supersonic transition occurs.

(b) Thermodynamic non-equilibrium [W.J. Turner, G.D. Trimble]

The simplest way to include thermodynamic non-equilibrium in a hydraulic
simulation is to use the drift flux model [Zuber 1967]. A computer code has
been written which simulates the hydraulic behaviour of a variable area flow
channel by solving the one-dimensional time-dependent drift flux equations.

1 These equations comprise the usual conservation of mass, momentum and energy
of the two-phase mixture, plus an equation for the conservation of the vapour
mass. A vapour source term describes the rate of creation or destruction of

0
(- vapour. The form of the vapour source term has been taken from Rivard et al.

[1975] who assumed that the vapour is always saturated and the vapour source
is proportional to the departure of the liquid temperature from saturation.
Large values of the proportionality constant force the system to stay near
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theitnodynamic equilibrium, while a zero value produces 'frozen quality1 flow
in which no vapour source is present. An odd fact about the four-equation
drift flux model is that the choke flow rate for a given set of local
conditions is independent of this proportionality constant. It is, in fact,

the 'frozen quality1 choke flow rate. Numerical experiments have been carried
out on a converging-diverging nozzle to investigate the difference between the
four-equation drift flux model and the three-equation thermodynamic
equilibrium model. For fixed inlet conditions, the maximum flow rate through
the nozzle is the same for the three- and four-equation models using a large
value of the proportionality constant. This is in spite of the fact that the
choking planes are at different locations and at different pressures in the
two models.

(c) OECD-NEA LOCA standard problems [W.J. Turner, G.D. Trimble]

Australian participation in the OECD-NEA/CSNI Working Party on Emergency
Core Cooling continued with further work being done on standard problems.

The final CSNI report on Standard Problem 6 (blowdown of a large pressure
vessel through a small pipe at two-thirds height) has been issued [Winkler
1978]. To simulate this experiment, it was necessary to extend the NAIAD code
by including a vessel model, which is based on the bubble rise model [Moore
and Rose 1966] but allows for a saturated steam dome over subcooled water.
Figure 4.1 shows the results obtained with NAIAD and other thermodynamic
equilibrium codes. It is notable that three of the simulations exhibit non-
physical oscillation which appears to indicate numerical instabilities.

Further work has been done on Standard Problem 3 in which some

difficulties were experienced in earlier calculations during the flow
reversal. This was traced to discontinuities in the heat flux as a function
of quality. The heat transfer package has been amended so that the heat flux
is a smooth function of flow, pressure, enthalpy and wall temperature, except
at the onset of dryout.
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(d) Presentation of computer output [W.J. Turner, G.D. Trimble, A.W.
Dalton, J.W. Fredericks]

A problem posed by large computer code calculations is the comprehension
of the results. This is particularly true in LOCA simulation where the result
is usually some half a million numbers comprising flow, pressure, enthalpy,
density, wall temperature, etc., at each node at each time step. The
presentation on a cathode ray tube screen of, say, pressure versus position at
time zero, followed by the same graph for successive time steps, has proved to
be an extremely valuable adjunct for analysis. The high speed Dataway link
allows this to be done at about six frames per second, i.e. as a motion
picture. The movement of pressure waves and the general result of the
calculation is comprehended in a relatively short time.

A photographic system to record this motion picture on film has been set
up with the operation of a time lapse camera controlled from the computer
software. A motion picture was made of the Standard Problem 3 simulation for
presentation at the Third Meeting of the Australian Simulation Society in
Canberra. It is hoped to make this facility available to all computer users.

(e) Modelling of the AAEC blowdown experiments

[A.W. Dalton, G.D. Trimble]

Modelling of the blowdown experiments conducted by Engineering Research
Division has been concluded. A more realistic representation of two-phase
flow in the vertical pressure vessel has been achieved using the vessel model
developed for Standard Problem 6. Calculations using this model were
successful in reproducing not only the magnitude of the choking pressure
during the transient, but also the two distinct stages observed in its
variation during the transient. However, the time at which the knee occurred
in the NAIAD curve exceeded the experimental value by a factor of 1.2 in the
three different experiments reported (Figure 4.2). The best agreement was
obtained using the slip model of Beattie [1976].
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Reactor transients

[J.W. Connolly]

Attempts to formulp.ce a physical basis for the high conduction transient
boiling model have not been successful, although numerical calculations have
given qualitative insight into the way in which temperature distributions,
established before boiling, collapse after initiation of the high heat
transfer phase of boiling.

The central problem is lack of identification of a process to produce the
high heat transfer, apart from bubble formation. The SPERT analysis of cores
with widely different void coefficients suggests very strongly that bubble
void development is not an important mechanism in producing high heat transfer
from fuel plate to coolant, and the heat transfer model used in these
calculations provides a very satisfactory coupling between the power period
and the boiling heat transfer rate. This model also satisfactorily describes
transient boiling phenomena from thin platinum ribbons; however, photographic
evidence from these experiments shows rapid bubble development in phase with
the high heat transfer. To allow this in the SPERT analysis would destroy the
good agreement between calculation and experiment already established.

Further calculations have been performed to establish consequences of
reactivity transients in HIFAR. It would appear that the maximum tolerable
excursion would result in almost complete expulsion of the reactor coolant
over a time of approximately 80 ms and that possible fuel element distortion
must not prevent the control arms from entering the core.

4-8 Studies of Two-phase Heat Transfer and Fluid Flow

Basic studies of two-phase flow

[K.R. Lawther, D.R.H. Beattie, A.G. Chapman]

A study of published data for critical heat flux (CHF) in round tubes led
to the discovery of a possible connection between CHF behaviour and two-phase
pressure loss characteristics, hitherto considered to be unrelated. The
relation of the CHF to local vapour quality depends upon the prevailing two-
phase flow regime and can generally be represented by a continuous chain of
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straight line segments, a change of slope marking a change in flow regime.
The discovery is that in the majority of cases the trend of each segment is
linked to pressure loss characteristics and one of the two coefficients
necessary to define its equation can be predicted from the analytical formulas
for two-phase pressure loss developed earlier in the program. A concept of
hydrodynamic contribution to CHF behaviour, based on the discovery, was
described in a paper presented at the 6th International Heat Transfer
Conference in August 1978.

Deductions made from the analytical work on two-phase flows support a
theory, recently put forward in the USA, of the occurrence of bubble
nucleation in thin film annular flows.

Investigation of two-phase flow at high qualities

[K.R. Lawther, D.R.H. Beattie, A.G. Chapman]

Theoretical work in the two-phase flow program indicates that the
thermohydraulic characteristics of normal two-phase flows may not be
applicable to the coincident conditions of high mass flux and high steam
content that are likely to occur in a possible water reactor loss-of-coolant-
accident (LOCA). The data that existed for these conditions were insufficient
for thorough analysis and experimental work has now been completed to provide
a substantial and consistent set of data extending from normal to extreme flow
conditions.

The experiments were performed in the ACTOR heat transfer loop, using
Freon-12 at a pressure of 1 MPa to simulate water at reactor conditions. More
than 1000 tests were carried out on a 1 m long x 10 mm diameter tube under
diabatic and adiabatic conditions that systematically cover flow velocities
ranging from normal to very high and vapour contents ranging from zero to
total. Measurements provided information on pressure loss, critical heat
flux, pre- and post-dryout heat transfer coefficients, and vapour (void)
fraction. The data are to be processed, by the methods of analysis developed
in the associated basic two-phase flow program, to examine the association
between different thermal and mechanical characteristics of the flow.
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Two-phase flow instabilities

[R.W. Harris, T.M. Romberg]

The component boiling channels of nuclear and conventional boilers are
subject to coolant flow oscillations which may not be detected until some
plant failure (e.g. boiler tube or fuel element burnout, corrosion or rupture)
terminates normal operation. Before the onset of flow oscillations, the
coolant conditions (flow rate, pressures, temperatures, etc.) fluctuate about
some nominal steady state value, and there is an incentive to utilise this
'inherent hydrodynamic noise' for performance or diagnostic testing of
commercial plant, where traditional methods of superimposing test signals are
unpractical during normal operation. The aim of this research project was to
monitor the inherent noise of a test channel (TOPSY rig) and use it in
conjunction with a theoretical hydrodynamics model (LOCO) to investigate its
flow stability characteristics for a range of power levels up to the
Instability Threshold Power (ITP), at which coolant flow oscillations were
observed.

(a) Noise analysis

The noise signals monitored from the experimental tests reported in
AAEC/PR44-P were analysed using the MISO (Multiple Input Single Output)
multivariate spectral analysis code. The significant conclusions from the
noise analysis results are as follows:

(i) The hydrodynamic noise inherent in the boiling channels of a heat
transfer system gives valuable information regarding its flow
stability and frequency response characteristics.

(ii) The inverse variance of the flow noise monitored at the channel
inlet is a linear function of the channel power before the onset of
flow oscillations, and gives reliable predictions of the ITP when it
is extrapolated to zero on the inverse variance-power map.

(iii) The multivariate spectral analysis results of the noise
measurements at a power level near the ITP confirms that the flow-
exit void and flow-pressure drop relationships are the most
predominant in characterising system behaviour, and that the flow-
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pressure drop relationship is the most sensitive indication of
system stability.

(b) Theoretical analysis

The steady state and frequency response behaviour of the test channel was
analysed using the "hydrodynamics code LOCO. A parameter sensitivity analysis
was made to determine the influence of the subcooled boiling, two-phase slip
and friction correlation coefficients as their values are varied in the ranges
suggested in the heat transfer literature. Accurate values of these
coefficients were obtained by an optimisation procedure; the optimised
theoretical model yielded the following results:

(i) they were in excellent agreement with the steady state and noise
analysis results obtained from the experiments;

(ii) they confirmed that the channel was marginally unstable at the power
level predicted by the inverse variance-power map, and indicated the
mechanisms (perturbed pressure drop components) tending to drive the
channel unstable; and

(iii) they explained why the flow-pressure drop relationship was the most
sensitive indicator of system stability.

Heat transfer coefficients at low flow rates

[K.R. Lawther, W.J. Green, A.G. Chapman]

Questions of the safety of water-cooled reactors can be satisfactorily
answered only if it is possible to predict accurately the temperature that the
fuel elements could attain in accidents such as a loss of coolant. A critical
phase of the accident sequence is the transition from a wet to a dry surface
as the coolant flow diminishes and the proportion of steam increases; it is
important, therefore, to know the rates of heat transfer from the fuel
elements during this phase. Theoretical studies conducted with blowdown
computer codes have indicated that the transition is most likely to occur when
the coolant flow rate hay fallen to a very low value; there were, however,
very few experimental observations at low flow rates from which the heat
transfer behaviour in the transition process could be formulated. Experiments
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have now been performed in the Freon heat transfer loop ACTOR in which rates
of change of temperature in the wall of a heated tube cooled by Freon were
measured as the heating power was increased and the cooled surface changed
from a wet to a dry condition. The mass flow rate of coolant was varied
between the normal reactor operating flow rate and about one twelfth of this,
and tubes of different diameters were used. Further experiments are in
progress in which the heating has a non-uniform axial distribution anu the
pressure of the coolant Is varied.

The computer code THETRAN, developed at Lucas Heights for such work, has
been used to analyse the experimental data and from the results obtained so
far it has been possible to identify four stages of heat transfer:

(i) a transition stage in which the heat flux decreases from the
critical value (CHF) with an increase in surface temperature;

(ii) a minimum heat flux film boiling stage in which the heat flux may be
virtually constant over a substantial range of surface temperatures;

(iii) an intermediate film boiling stage; and

(iv) a high surface temperature film boiling stage.

Empirical formulations of the heat transfer coefficient have been developed
for the final three stages.

4.9 Combination of Heat Transfer Codes

[K.R. Lawther, W.J. Green]

The combined code THETRAN has been successfully used as an aid for the
interpretation of experimental transient heat transfer data obtained after
dryout in a uniformly heated round tube with constant mass flow of Freon-12.
In an experiment performed with transient conditions, measurements were made
of the change of surface temperature with time; this was brought about by a
succession of heat transfer processes, some changing and some constant. Only
in the simplest cases could heat transfer coefficients be determined by direct
analysis of the data; in other cases, the interpretation was best made by
comparing the measured temperature response with that predicted by a time-step
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calculation performed by a combination heat transfer code. Adjustments were
made to factors used in the code until they were verified by agreement between
the measured and calculated temperature responses. Several subprograms were
developed from THETRAN to assist in the adjustment of code factors when
analysing transients. The work was reported in AAEC/E452.

The code has been further developed to allow for axial variation of
pressure within the coolant and its transient input options have been tested
on various tubular models. Currently, methods of verifying optional
procedures for solving the energy equation for the coolant are being examined
and experimental data from a non-uniformly heated test section are being
interpreted using the code.

4.10 Thermal-Hydraulic Processes in Electrically Simulated Nuclear Excursions

[R.W. Harris, A.G. Cassar]

An extended description of the objectives of this investigation and the
apparatus being developed was given in AAEC/PR44-P. In summary, an aluminium
test piece, 60 x 15 x 0.5 mrn, was heated under transient conditions by means
of a pulse of electric current drawn from a bank of ex-submarine cells.
During the year, effort was concentrated on developing analytical methods to
interpret the transient signals (recorded on magnetic tape) arising from
potential-tappings on the surface of (a) the test piece (for voltage and
temperature measurement), and (b) the low-resistance, low-inductance series
resistance (for current measurement). Important factors to be taken into
account in these analyses include the skin effect and the voltages due to
inductance in the circuit. A design for a novel type of series resistor,
especially suited to the measurement of rapidly varying currents, has been
conceived. When constructed, the unit will consist of two tubes formed from
metals having different resistivities but identical geometries and hence
inductances, placed in series. This arrangement will enable the inductive
effect to be separated from the desired resistance-drop voltage, from which
the magnitude of the current can be deduced. Attenuators and protective
devices for connecting the voltage tappings to the amplifier/recorder system
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have also been under development.

4.11 Utilisation and Appraisal of RELAP 4

[I. Mayer, 0. Rodd]

The MODS version of the US loss-of-coolant-accident code RELAP 4 was used
to analyse a hypothetical accident in the large US Indian Point 2 power
reactor, including utilisation of the plotting routines in the code. The
postulated accident was the double-ended rupture of a cold leg coolant pipe
with the reactor at full power. The purpose of the exercise was to confirm
capability for performing such reactor safety analyses.

RELAP 4 was also successfully applied to analysis of the steam/water
blowdown tests performed at Lucas Heights; comparison with experimental
results was satisfactory when a normalising factor was used, similar in
magnitude to the factor used in the RELAP analysis of the US SEMISCALE
experimental data.

4.12 Behaviour of Nuclear Containment Bui 1 dings

Utilisation of US computer code CONTEMPT

[J. Marshall, P.G. Holland]

The CONTEMPT cede has been run to analyse full-pressure containment
experiments, using several heat transfer coefficient schemes, for comparison
with the experimental results and with the local code HOTPOT. The two codes
give very similar results for the simple system represented. Reasonable fit
to the measured transient is possible by choice of appropriate heat transfer
coefficients.

CONTEMPT has also been used to investigate proposed pressure suppression
experiments. It appears to run satisfactorily except within a certain range
of immersion depths of the vent pipe. The reason for this effect is not yet
clear.
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Tests on blowdown of steam/water into a containment

[J. Marshall]

The blowdown/contai nment rig consists of a 14 L, 15 MPa high pressure
vessel (HPV) with an outlet pipe from the bottom containing a defined flow
restricter and a double bursting-disc, fast-acting valve. This pipe leads

o
into a 2 m , 450 kPa containment vessel. Experiments consist of heating water
in the HPV to achieve high pressure saturated conditions, then rupturing the
bursting-disc and measuring the pressure and temperature distribution
throughout the system as functions of time. Results are compared with
calculations to assess their abilities to represent a simplified arrangement
having similarities to a water-cooled nuclear reactor system during a loss-
of-coolant accident.

Previous work had shown that the computational schemes normally used in
reactor safety studies were conservative in calculating pressure rise in the
containment vessel during fast transient conditions, i.e. they generally
predicted higher pressure rises than actually occurred in the experiments.
Time is probably important, so arrangements have been made to increase the
blowdown times substantially in order to investigate the effect of this
parameter. Analysis of experiments with blowdown times between 10 and 100
seconds is in progress,

The instrumentation and the measurement analysis system has been
considerably improved: in particular, a high-speed computer-based data logger
has been procured and commissioned. This involved installation and
development of both hardware and software.

Heat transfer to reactor containment surfaces

[J. Marshall]

In AAEC/PR44-P a description was given of methods being developed for
measuring the heat transfer to a small area well within the containment
volume, or at its internal walls. Further development of the heat flux meter
was undertaken with the object of improving the thermal insulation but
retaining sufficient structural strength. A series of experiments has been
commenced to measure the heat transfer to the containment over a range of
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blowdown times for several values of initial containment pressure (from
atmospheric to near-vacuum).

4.13 Pressure and Flow Characteristics in Choked Two-phase Flow During
Steam/Water Blowdow

[J. Marshall]

The object of this investigation is to measure, as a function of time,
the pressure distribution along the outlet tube which limits flow rate during
blowdown tests. Determining the instantaneous pressure gradient facilitates
identification of the instantaneous position and pressure of the plane of
choking during the blowdown transient for comparison with predictive formulas
used for blowdown calculations. This work should establish more reliably the
choking conditions during laboratory blowdown tests so as to enable
computational me-hods for reactor safety analysis to be compared with
experimental resuHs in a more satisfactory manner.

The experiment requires additional specially-manufactured and proprietary
equipment, only some of which is available. The choked flow test section has
presented some difficulty in manufacture owing to the need to drill a long,
straight, small-bore hole (114 x 5.6 mm) in the steel body. A small-capacity
magnetic-actuated reciprocating circulation pump is in course of construction
and the electrical-impedance void gauge is now available. A drag-disc mass-
flow meter is yet to be obtained, and an improved differential pressure cell
has to be installed to measure the instantaneous water-content of the HPV.

4.14 Effects of Flanges on the Flexibility of Pipe Bends

[R.W. Harris, J.F. Whatham]

The results of the analysis of flanged pipe elbows subjected to pure
inplane bending, using the established methods of thin-shell theory, have been
compared with the results of the experimental investigation on two specially
made stainless steel elbows of mean elbow radii 15" and 10" and having 0.5"
wall thickness, an equal-armed 90° bend, 10" bore, and a series of integral
flanges that can be successively machined away. Agreement between experiment
and theory for the various possible flange configurations was close in all the
aspects examined, namely:



76

(i) surface stresses around the pipe midway between the flanged ends;

(ii) cross section distortion midway between the flanged ends; and

(iii) flange rotations relative to each other, for a particular bending
moment.

The cross sections of pipe bends formed by bending straight pipes are
frequently out-of-round. To investigate this phenomenon, unterminated curved
pipes with non-circular but symmetrical, cross sections were analysed in pure
in-plane bending. The calculated flexibilities depended predominantly on the
radius of the cross section at the sides of the bend and were generally
inversely proportional to it. This work, together with that on the effects of
internal pressure and in-plane shear, is being documented.
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5. FUSION AND OTHER ENERGY RELATED STUDIES

5.1 Materials for Fusion Reactors

Refractory metals

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

Refractory metals are potential materials for fusion reactors.
Molybdenum, niobium and tantalum are being studied to determine the high
temperature tensile and creep properties. Creep studies are continuing on
as-received sheet tantalum to characterise the creep properties by measuring
the creep rate as a function of temperature and stress. Results obtained to
date have been in the temperature range 450-845°C, at two stresses, 180 and
218 MPa. The apparent activation energy has been calculated from a plot of
1/T vs. creep rate and preliminary results indicate a tendency for the
activation energy to approach that of reported values for bulk diffusion. At
present, the temperature limitation on the experimental equipment does not
permit verification of the trend towards creep being dependent on bulk
diffusion. However, a new creep machine which will allow creep experiments up
to 2000°C in vacuum has been designed and partly fabricated.

Welding refractory metals

[N. Chrimes, R. Hi 1 ditch, R. Gardner]

As a preliminary step to the main program - pending purchase of bulk
supplies of refractory metals - a short investigation was carried out on the
properties of welds in tungsten, molybdenum and tantalum. Circumferential end
welds and longitudinal butt welds were prepared and evaluated by tensile and
hydraulic burst tests. The aim of this work is to determine suitable
thicknesses of material and to assist in the design of test coupons.

5.2 Collaboration with Australian Universities

Several members of Physics Division have been seconded to three
Australian universities involved in fusion work.
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Australian National University

[G. Hogg. W. Bertram]

LT-4 is a small Tokamak constructed at the Plasma Research Laboratory,
Research School of Physical Sciences, Australian National University. The
basic parameters are:

Plasma major radius 0.50 m
Plasma minor radius 0.14 rn
Maximum toroidal field 3.0 T
Maximum plasma current 100 kA

The toroidal field coils are powered by a liomopolar generator which permits
plasma lifetimes of approximately 100 ms; this gives a definite advantage for
diagnostic measurements.

The machine has been operated with toroidal fields of 1 T, but the
presence of strong magnetic fields generated by the iron core of the
transformer and the toroidal field coils has limited plasma lifetime to
approximately 10 ms. Modifications to both the core and the field coils have
been undertaken and machine operation will be recommenced shortly.

Soft X-ray measurements on LT-4

The continuum radiation from a hot plasma reflects the distribution of
electron energies within the plasma. Measurement of the X-ray
(bremsstrahlung) emission spectrum permits the determination of the mean
plasma electron temperature and the acquisition of some knowledge of the
plasma impurity content. The overall X-ray emission intensity shows
fluctuations wh^ch result from variations in electron density and temperature
and which have been identified as internal disruptions associated with
magnetohydrodynamic instabilities.

For experiments on the LT-4 Tokamak, a Ge(Li) detector and pulse height
analysis system will be used to measure the bremsstrahlung spectrum in the
range 1-30 keV, with an enorgy resolution of 0.2 keV at a count rate of 30
kHz. The detector and preamplifier were manufactured at Lucas Heights by
Instrumentation and Control Division. The vacuum system and detector
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screening are at present being assembled on LT-4.

The X-ray emission intensity will be determined by an array of silicon
surface barrier detectors which view several different charts across the
plasma. The detectors are sensitive to photons in the energy range 1-20 keV
and each is connected to an amplifier/oscilloscope channel having a bandwidth
of approximately 1 MHz. An analysis system for the data is being developed.

Flinders University of South Australia

[J. Tendys, G. Durance]

In recent years, there has been a general resurgence of interest in
diffuse-pinches and, more particularly, in the reversed-field pinch
configuration. Since a reversed-field Z-pinch reactor (RFZPR) would operate
well above the Krushal-Shafranov limit, the Tokamak-related constraints of low
aspect ratio, low beta-value, and small ratios of poloidal-to-toroidal
magnetic fields no longer apply. Such a reactor would conserve magnetic
energy and, for comparable toroidal fields, could provide larger ohmic heating
rates at higher plasma densities than magnetohydrodynamic (MHD) constraints
allow for Tokamaks. The RFZPR thus promises to be a serious contender as a
fusion reactor.

The linear diffuse-pinch program at Flinders University is oriented
towards the provision of information on the reversed-field pinch (RFP)
concept. The possibility of generating the required field configuration by
means of a transverse rotating magnetic field is under investigation in FUZA-
3, and the preliminary results appear very encouraging.

In addition, a systematic study of conventional 'stabilised1 Z-pinches is
under way, this should also be of interest to those attempting to establish
the RFP configuration. Preliminary studies have been completed on a small
Linear pinch device (FUZA-1) which employs a novel capacitive-inductive
storage circuit to produce the desired fast-rising current and to inhibit
secondary breakdown. This work is continuing on a longer Z-pinch device
(FUZA-2) which, compared with FUZA-1, has better pre-ionisation, improved
vacuum technology and larger current with increased rate of rise. The initial
phase of the FUZA-2 studies has concentrated on the effects of pre-ionisation
on the pinch and instability characteristics.
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Wave propagation studies have also been of continuing interest, and are
being performed in the plasma source FPS-2. In particular, the use of
magneto-acoustic oscillations as a diagnostic technique is being developed.
This work will be extended to include current-carrying plasmas.

Sydney University

[I.J. Donnelly]

(a) Plasma heating due to magnetic field reversal

The SUPPER VI device at the Department of Plasma Physics, Sydney
University, is a 1.7 m long coaxial shock tube, of inner radius 5 cm and outer
radius 11 cm, filled with hydrogen at 6.6 Pa. In one series of experiments,
an initial azimuthal field is set up, a plasma established and a voltage
applied between the inner and outer electrodes. A current flows down the
inner electrode, then travels in a radial sheet through the plasma and returns
via the outer electrode. The radial current sheet forms a magnetic piston
which moves down the tube, generating a MHD shock wave in the plasma in front
of it. Typical speeds are 1.6 x 10 m s for the shock wave and 1.3 x

C 1

10 m s for the piston. If the current flow is chosen so as to reverse the
direction of the initial azimuthal magnetic field, then there is a point in
the piston at which the field is zero, resulting in compression and heating of
the plasma. Preliminary analysis of the cornpressive and ohmic heating of the
electron gas at the field reversal point predicts electron temperatures
considerably less than those found experimentally. A numerical analysis of
the electron temperature and density near the piston is being attempted. If,
as is expected, the calculated temperature is too low then this would indicate
the presence of an anomalous resistivity which could be due to a tearing mode
instability in the piston.

(b) Tearing mode instabilities

Internal disruptions observed in recent Tokamak experiments are probably
due to tearing modes, i.e. resistive MHD instabilities which manifest
themselves in the filamentat ion of current sheets. A study of the growth rate
and nonlinear behaviour of the tearing mode in a partially ionised plasma is
being made to assess the effect of neutral ions on the behaviour of this
instability. It is known, from linear analysis, that the neutral ions
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effectively increase the plasma density for small perturbations, however as
the mode grows it is possible that the extra dissipation due to ion-neutral
friction will be important. This study is primarily of importance for
astrophysical applications. The importance of the tearing mode in the RFP
experiment is also being studied.

5.3 Plasma Equilibrium Calculations

[B. Clancy. J.L. Cook]

Work has started on the calculation of number density balance in the
corona model of a plasma with diffusion in space included for a cylindrical
plasma column. For the five main processes in a clean plasma, rate
coefficients have been evaluated, except for the emission rates of line
radiation which may be included by theoretical calculations. The diffusion
coefficients for elastic electron-electron, electron-ion, and ion-ion
collisions have been calculated from the Born approximation, but the neutral
ion diffusion poses some problems, as inelastic processes dominate.

The aim is to prepare a code which ultimately will include impurity ions
as the data become available. Some information exists for helium, oxygen and
iron in the form of cross sections for ionisation and neutralisation, but
these have not yet been converted to rate coefficients. It is assumed that
the temperature profile is known and it is proposed to determine the density
of each of the ion species as a function of the minor radius. Other
quantities which can be found are the effective Z of all the plasma, the
radiated power loss and the extent to which the plasma may depart from
ionisation balance.

5.4 Fusion Data Library

[J.L. Cook, E,K. Rose]

The most important quantities to be calculated for the number density
balance in a clean DT plasma are the reaction rate coefficients for the
various processes. The most important of these are ionisation by electron
impact, auto-ionisation, dielectronic recombination, radiative recombination,
and ionisation .by ionic impact. Altogether, information has been obtained
from the literature for 25 cross sections, and theoretical calculations can
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supply the missing information. A program was written which averages the
cross sections times the species velocity over a Maxwellian spectrum. These
evaluations are almost complete, but will shortly be terminated owing to
redeployment of staff.

5.5 Atomic and Molecular Data Needs for Fusion Reactors

[M.J. Kenny]

The current research activity aimed at producing controlled thermonuclear
reactors has led to a list of data needs and priorities concerning atomic and
molecular interactions within the plasma, and with the wall materials. The
number of possible interactions is quite large and, in most cases, reaction
rates for such processes as charge exchange, ionisation, dissociation and
recombination, are not known to the required degree of accuracy. Recently,
the IAEA has become involved in the collection and dissemination of data and
requests.

A survey has been carried out within Physics Division of some of these
needs. The survey was confined to the field of charged particle reactions
with ion energies in the range from several hundred keV to 3 MeV. It aims at
identifying areas of greatest need for charged particle reaction information.
Such areas include plasma diagnostics, interaction of helium ions with wall
materials, impurity effects and plasma energy losses.

The survey concluded that a considerable amount of research is required
in atomic and molecular interactions in the short to medium term future, if a
controlled thermonuclear reactor program is to reach the stage of economic
power generation.

5.6 Saturated Steam Turbine Cycles

[G.A. Tingate]

Commercial nuclear power generation is based predominantly on water-
cooled reactors and the saturated steam turbine cycle. A study is under way
to develop a short-cut method of calculating their thermodynamic efficiencies.
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Empirical equations have been developed for the regenerative cycle which
greatly reduces the computing time. Agreement with cycle efficiencies
calculated by the conventional method is within ± 0.05 per cent. The method
is being extended to include the (saturated steam) reheat cycle.

6. PUBLICATIONS

During the year several papers have been presented at conferences, and
other papers published either in technical journals or as Commission reports.
Those relevant to the Power and Energy program are listed below in groups
according to their originating Division.

6.1 Materials Division

Papers

Jostsons, A., Blake, R.G., Napier, J.G., Kelly,. P.M. and *Farrell, K. [1977]
- Faulted Loops in Neutron-irradiated Zirconium. J. Nucl. Mater.,
68:267.

Jostsons, A., Kelly, P.M., and Blake, R.G. [1978] - Neutron Irradiation-
induced Defect Structures in Zirconium. To be published in
Proceedings of ASTM International Symposium on Effects of Radiation
on Structural Materials, Richland, Wash., July.

Morthwood, D.O. (Univ. of Windsor, Ontario, Canada), Gilbert, R.W., Bahen,
L.E. (Chalk River Nuclear Laboratories, Ontario, Canada), Kelly,
P.M., Blake, R.G., Jostsons,A. (AAEC) Madden, P.K. (Berkeley Nuclear
Laboratories, England), Faulkner, D. (Whiteshell Nuclear Research
Estab., Manitoba, Canada), Bell, W. and Adamson, R.B. (GEC,
Vallecitos Nuclear Center, Calif., USA) [1978] - Characterisation of
Neutron Irradiation Damage in Zirconium Alloys - An International
'Round-Robin' Experiment. J. Nucl. Mater., 79:379-394.
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6.2 Engineering Research Division

Papers

Romberg, T.M. [1978] - An Algorithm for the Multivariate Spectral Analysis of
Linear Systems. J. Sound Vib., 59(3)395-404.

Romberg, T.M. [1978] - A Note on the Spectral Analysis of Linear Systems with
Multiple Inputs and Outputs. J. Sound Vib., 60(1)149-150.

External Report

Green, W.J. [1978] - An Experimental and Analytical Study of Transient Heat
Transfer in the Region of Dryout for a Heated Tube using Frecn-12 as
coolant. AAEC/E452.

Internal Report

Miles, D.N., Stevens, J.R. [1978] - An Appraisal of some Boiling Crisis
Scaling Laws. ER/TN403.

Conference Papers

Beattie, D.R.H., Lawther, K.R. [1978] - Relationship between Wall Shear Stress
and the Heat Transfer Crisis Phenomenon with Vapour/Liquid Flows.
6th Int. Heat Transfer Conf., Toronto, 7-11 August.

Beattie, D.R.H., Lawther, K.R. [1978] ~ Two-phase, Hydrodynamic Experiments
with Axial Flow Through Seven-rod Clusters. International Centre
for Heat and Mass Transfer 1978, International Seminar, Dubrovnik,
4-9 September.

Bicevskis, A. [1978] - Approach to Cost Effective Environmental Protection.
Environmental Engineering Conf., Sydney, 12-14 July.

Hooper, J.D. [1977] - A Comparison of Developed Single Phase Turbulent Flow in
Two and Three Dimensions. 6th Aust. Hydraulics and Fluid Mechanics
Conference, Adelaide, 6-9 December.
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Whatham, J.F. [1978] - In-plane Bending of Flanged Pipe Elbow. Metal
Structures Conf., (I.E., Aust.), Perth, 30 November.

Ph.D. Thesis

Romberg, T.M. [1978] - Noise Analysis of Coolant Dynamics in Boiling Two-phase
Flow Systems. Univ. of NSW, August.

6.3 Chemical Technology Division

Papers

Lowson, R.T. [1978] - Aluminium Corrosion Studies (IV). Pitting Corrosion.
Aust. J. Chem., 31:943.

Nicholson, F.D. and Evans, J.V. [1978] - Effect of Nickel Hydroxide Injections
on the Mass Transfer of Corrosion Products in High Temperature, High
Pressure Water Circuits. Corros. 0., 35(4)158-164.

Nicholson, F.D. and Sarbutt, J.V. [1978] - The Effect of Boiling on the Mass
Transfer of Corrosion Products in High Temperature, High Pressure
Water Circuits. Corros. 0., (submitted for publication).

6.4 Instrumentation and Control Division

Conference Paper

Gilbert, C.P. [1978] - The Hybrid Simulation of a Boiling Channel. SIMSIG
Simulation Conf., Canberra.

6.5 Physics Division

Papers

Allen, B.J. and Musgrove, A.R. de L. [1978] - Valence and Doorway Mechanisms
in Resonance Neutron Capture. Advances in Nuclear Physics, 10, 129.
Plenum Press.
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Allen, B.J., Musgrove, A.R. de L. and Bertram, W.K. [1978] - Resonance and
Background Interference in 5^Fe Neutron Capture. Phys. Lett.,
72B:323.

Barry, J.M. and Pollard, J.P. [1977] - Method of Implicit Non-stationary
Iteration for Solving Neutron Diffusion Linear Equations. Ann.
Nucl. Energy, 4:485.

Boldeman, J.W., Allen, B.J., Musgrove, A.R. de L. and Macklin, R.L.* (*0ak
Ridge National Laboratory) [1977] - The Neutron Capture Cross
Section of Yttrium-89. Nucl. Sci. Eng., 64:744.

Kenny, M.J. and Allen, B.J. [1977] - Gamma Rays from keV Neutron Capture in
139La. Aust. J. Phys., 30:591.

Kenny, M.J., Allen, B.J. and Macklin, R.L.* (*0ak Ridge National Laboratory)
[1977] - Resonance Neutron Capture in Sc Below 100 keV. Aust. J.
Phys., 30:605.

Kenny, M.J., McCullagh, C.M.* and Chrien, R.E.* (*Brookhaven National
Laboratory) [1977] - Gamma-ray Transitions in the 5.9 keV 27A1
Resonance. Bull. Am. Phys. Soc., 22:995.

Kenny, M.J. Liou, H.I.*, Chrien, R.E.* and Stelts, M.L.* (*Brookhaven National
Laboratory) [1978] - Neutron Cross Sections for Thorium. Bull. Am.
Phys. Soc., 23:637.

McCullagh, C.M.*, Kenny, M.J. and Chrien, R.E.* (*Brookhaven National
Laboratory) [1977] - Spin Determination of the 398 eY 35C1
Resonance. Bull. Am. Phys. Soc., 22:995.

Musgrove, A.R. de L., Allen, B.J. and Macklin, R.L.* (*0ak Ridge National
Laboratory) [1977] - Resonance Neutron Capture in 139La. Aust. J.
Phys., 30:599.

Musgrove, A.R. de L., Allen, B.J. and Macklin, R.L.* (*0ak Ridge National
Laboratory) [1978] - Neutron Capture Resonance Parameters and Cross
Sections for the Even-A Isotopes of Cadmium. J. Phys., G4:771.
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Stelts, M.L.*, Kenny, M.J., McCullagh, C.M.*, Chrien, R.E.* and Goldhaber, M.*
(*Brookhaven National Laboratory) [1978] - The Angular Distribution
and Branchiny Ratios for the 20B(n,a)7Li reaction at 2 and 24 keV.
Bull. Am. Phys. Soc., 23:526.

External Reports

Connolly, J.W. and Ferguson, H. [1978] - An Analysis of Self-terminating Power
Transients in the Reactor HIFAR. AAEC/E435.

Harries, J.R. and Wilson, D.J. [1978] - Measurement of the Dynamic Response of
HIFAR. AAEC/E428.

Harries, J.R. [1978] - Inverse Kinetics Measurements on HIFAR. AAEC/E456.
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