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PREFACE

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

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

AAEC/PR44-P Power and Energy Program
AAEC/PR44-U Uranium Fuel Cycle Program
AAEC/PR44-N Nuclear Science and Applications Program
AAEC/PR44-D Divisional Research
AAEC/PR44-S Site Management Program

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

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

1976-1977 has seen a number of national efforts to improve
standing of Australian energy resource availability, supply and demand
and to place these factors in a world context. Commission staff have
assisted such bodies as the National Energy Advisory Committee's stand-
ing groups, the Institution of Engineers' Task Force on Energy, and the
Australian national committee of the World Energy Conference. It is
apparent from the studies that there is a need to develop better data
relating to all aspects of energy use in Australia and to provide the
best available techniques to analyse and project energy demand.

1.1 Energy Resources; Availability, Utilisation, Impacts

The Power and Energy Assessment Unit has supplied data and infor-
mation on technical, economic and environmental aspects of energy supply
and demand, and of nuclear power installations. To meet these requests,
the unit is collecting and analysing energy statistics on a broad world
basis, and Australian energy supply and demand data are being compiled
and placed in computer files from which analysis and modelling of
resource utilisation can proceed. A major section of the unit's program
has included the collation and assessment of data and information on
progress in the construction of nuclear power plants and the forward
projection of planning schedules to provide background for assessment of
demands for uranium and its conversion and enrichment.

1.2 Performance and Safety of Nuclear Power Systems

Realisation of the serious nature of the developing oil demand has
emphasised to Australian states with limited energy resources that they
must consider whether they wish to retain nuclear power as a viable
option. Review of the options which utilities are investigating has
continued.

The Power and Energy program has generally maintained a group of
staff with competence in some areas of relevance to nuclear power
station performance and safety, particularly in the more fundamental
aspects. However, as other Commission programs have required additional
support at a time of decreasing staff complement, this nuclear power
section of the program has been reduced, particularly in physics and
engineering areas, and work has stopped on chemical corrosion studies.

In those physics, materials and engineering areas which involve
experienced research staff, results of international scientific signifi-
cance have been produced and are outlined in the report.

1.3 Controlled Thermonuclear Fusion Systems

Arrangements are in progress for the placement of Commission staff
in three universities (Sydney, Flinders and the Australian National
University) to undertake plasma physics studies with existing groups. A
detailed program will be prepared by a nuclear fusion advisory group
made up of Commission and university staff working with the Program
Manager (Power & Energy).

Apart from the plasma physics content of such a program, materials



and engineering studies will be undertaken, first as an extension of the
fission reactor program and later, after ways and means have been
investigated, as independent programs.

1.4 Alternative Energy Conversion Systems

Studies which have developed from fission reactor investigations
include a solar energy conversion system using photovoltaic action. A
patent has developed from this work. Action has also been taken to keep
a watching brief on magnetohydrodynamic (MHD) studies overseas through
the universities and the OECD Nuclear Energy Agency.

2. ENERGY RESOURCES, UTILISATION AND IMPACT

2.1 Modelling of Australian Energy Resources and Utilisation
(P. Essam, K.J, Maher, K. Stocks, J.I. Faulkner)

Work has continued on:

data collection in the fields of

(i) oil and gas,
(ii) electricity, and
(iii) coal and others;

creation of a data base file; and

correlation of energy and energy-related variables or parameters
on demographic and econometric bases.

In addition, the Brookhaven Energy System Optimisation Model (BESOM)
was obtained from the Brookhaven National Laboratory, USA, and work has
commenced to determine its applicability to Australian conditions.

Data Collection and Data File

Most of the statistics on oil and gas, electricity, and coal have
now been entered into a data base file. Sections of the file separately
cover demographic and economic statistics as well as those for oil, gas,
electricity and coal.

In general, it can be said that Australian energy statistics are
satisfactory in terms of production and broad end-use. However, there
are many deficiencies such as

major breaks in important statistical series and sometimes
their cessation;

no satisfactory series on the prices of all fuels in all
states - in some cases there are no series at all of prices in
some states;

a number of collecting agencies, but no single agency, publishing
a comprehensive and consistent set of energy statistics;

different agencies collecting the same type of statistics,
using different descriptions for nominally the same category;

omission of major items from some series; and

no breakdown at all for the amount of energy used by the type
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of end-use equipment or device (e.g. electric motors, stoves,
blast furnaces, electric furnaces, cars, etc.)

Analysis of Electricity Usage

Stocks and Faulkner [1977] analysed the growth of the public
electricity systems in Australia on a state-by-state basis. Two dif-
ferent methods were used to make projections for 1985 and 2000. One
method, called 'trend' analysis, examined the growth in electricity on a
per capita basis (Figure 2.1) and then made projections on the basis of
projected population in 1985 and 2000. A 'low' per capita growth rate
was used, corresponding to the historic trend in the 1950s, together
with a 'high' growth rate corresponding to the historic trend over the
last decade. These rates gave 'low' and 'high' projections.

The second method examined electricity consumption per constant
dollar of gross domestic product (GDP) - see Figure 2.2. This was com-
bined with projections of GDP per capita and population to develop high
and low electricity consumption for Australia in 1985 and 2000. Table
2.1 presents the results for the two methods; the consumption in 1974
was 53.5 TWh (1012 Wh or 109 kWh).

TABLE 2.1
COMPARISON OF ANALYSES OF FUTURE ELECTRICITY CONSUMPTION

Electricity Consumption (TWh)

Trend Analysis Economic Analysis

Year High Median Low High Median Low

1958

2000

91

153

89

141

78

117

97

174

88

161

76

124

Stocks, K.J. & Faulkner, J.I. f!977] - A State-by-State Analysis
of Growth in Electricity Systems in Australia. NSTB/PE9 (AAEC
Internal Document).

BESOM

BESOM is a linear programming model which produces an energy system
network having minimum cost to satisfy a particular set of energy demands.
Essentially, the model consists of a set of supply categories which
satisfy a set of demand categories through various alternative inter-
mediate energy forms (which also include the primary form in some cases).
For example, private vehicle transport could be satisfied from oil via
petroleum (in a petrol engined car) or from coal via electricity (in the
electrical car). Objectives and constraints can be incorporated, and
the model output indicates the monetary and environmental costs or
benefits.

The important characteristics of the model may be summarised as
follows:



(1) The model encompasses the entire energy system including all
alternative resources and both electric and uon-electric
demands.

(2) The full feasible range of interfuel substitution is reflected.

(3) Technical, economic, and environmental characteristics of
energy conversion devices (both supply and utilisation) are
incorporated.

(4) The load-duration characteristics of electrical demands are
included.

(5) Supply, demand and environmental constraints are specified
exogenously.

(6) Optimal supply-demand configurations are indicated by the
model. The optimisation may be performed with respect to
cost, resource consumption, or environmental effects in a
given planning year, or with respect to some arbitrary com-
bination of these factors. It should be noted that the
optimisation is performed on the basis of annual cost in the
planning year rather than a minimum present worth over some
number of years or over a planning increment. Dynamic charac-
teristics of the energy system may be introduced by applying
the model sequentially to a series of development periods,
with the growth of demands and equipment turnover specified
exogenously.

(7) The model may be applied to regional energy planning or at the
national level using national average parameters. The physical
siting of power plants is not considered in the model, although
population density in the vicinity of a class of power plants
may be reflected by appropriate weighting of the environmental
effects.

Brookhaven has supplied inputs related to the USA for 1985, 1990
and 2000 for any standard linear programming optimisation model together
with a report writer program and associated input data. After some
development work, the data have been run using the IBM linear program-
ming package. Some queries arose from the runs and they have been
referred to Brookhaven. Additional parts of the BESOM package which
were not supplied have been requested.

2.2 Energy Statistics, Outlook and Technology (G. Khoe, B.A.
Beard)

The Power and Energy Unit continues to monitor information and
statistics on energy resources, demand, trade, policy and outlook of
various countries. In addition, the unit assesses and stores infor-
mation on research and development in energy technology and energy
system analysis. Communication with the energy statistics departments
of the UN and the OECD has been initiated and maintained.

From the collated statistics and information, the unit has been
able to provide information, at short notice, in response to a number of
requests from within and outside the Commission.

A report assessing the electricity and energy supply and demand



situations in countries and regions of interest to the Commission has
been produced. This will be updated on a regular basis.

The unit has also introduced a Quarterly Information Bulletin which
presents, in a comprehensive form, news and information on energy matters
throughout the world.

2.3 Nuclear Power and Energy (J.R. Fredsall, I.F. Scurr)

Maintenance of the hard copy and computerised filing systems was
continued during this year. These systems constitute the primary
source of information on the world's nuclear power programs that is
available within the Commission. As such they have been used for pro-
viding information on the status of the industry in answer to Parlia-
mentary questions, as a basis for evaluation contained in the AAEC's
Annual Report, and for answering miscellaneous requests from outside
sources. In addition, the data systems have been used as a basis for
periodic reports such as the unit's Quarterly Information Bulletin and
the monthly status summary - the latter being distributed to key over-
seas embassies and to selected people within the Commission.

A significant expansion of the computerised filing ays' em was made
this year with the addition of a file containing a librrry c nuclear
power projections for various countries and country groups. Projections
now held were mostly obtained from the open literature over the past few
years and, as such, provide insight into the way expectations for the
expansion of nuclear power programs have changed. From the projections
on this file a 'best' set is selected, modified to provide high, best
and low estimates which are then recorded on a new interface file for
use by users external to the unit. This best set is modified, if
necessary, when new projections are entered into the basic file. The
idea behind this approach to the provision of recommended projections is
that there seemed to be no single source that gave best projections for
all countries and groups of interest; thus it was necessary to use
a selection of the best available projections from the most authori-
tative sources.

2.4 Australian Usage of Low Grade Heat (P. Essam, K.J. Maher,
K. Stocks)

In national energy accounting, the temperature at which heat is
delivered to the various end-uses (steel making, domestic space heating,
etc.) is as important as the quantity of energy delivered. Yet it is
totally neglected in official statistics. An assessment has been made
of the percentage of primary energy ultimately serving an end-use in the
range 30 to 200°C. One may anticipate increasing solar energy contri-
butions in this range.

It is estimated that, by the year 2000, 23 per cent of Australian
primary energy may ultimately be directed to refrigeration and low grade
heat (LGH). Most of this energy will be in the form of coal converted
to electricity. The percentage of final use energy going to LGH would
be about 16 per cent. These estimates are 'soft' being based firstly,
on one of many feasible energy sector growth projections (one which
assumed continued shifts to electricity in the commercial and domestic
sectors) and secondly, on considerable guesswork in the estimation of
LGH requirements of various sectors of the economy.



Several scenarios were postulated Cor the market penetration of
direct solar devices serving this temperature range. With vigorous
artificial incentives in a context of rapidly increasine fossil fuel
prices (including Australian black coal), about 6 per cent end-use
energy in this range could be provided in the year 2000 by solar energy.
About 40 per cent of all homes and 30 per cent of all commercial estab-
lishments would derive all space heat/cooling and water heat from solar
without conventional backup (or larger percentages with backup) and a
large fraction of the food processing and wood and paper industries
would run on solar process heat. A cumulative investment in collectors
of about $12 x 109($ 1976) would be required. With market forces alone
acting, about 2 per cent of final use energy in the year 2000 might be
provided by solar. Electricity produced by photovoltaics in other than
remote locations and solar ethanol could add to these contributions but
it is considered unlikely that they would do so by the year 2000.

2.5 Methodology for Assessment of Risk and Environmental Damage
(A. Bicevskis)

A new, long-term theoretical investigation has been commenced, the
objective of which is to acquire and develop methods for assessing the
risk and environmental damage associated with nuclear power and alterna-
tive technologies.

The overall decision-making process for formulating an optimal
power program should take into account all the significant factors,
including not only benefits and costs, but also risks to the population,
and environmental damage. The evaluation of benefits and costs in
dollar terms is P. well-established technique. A basis upon which can be
developed calculational schemes for assessing risks has been provided by
the methods of reliability analysis. Environmental damage is, in principle,
also amenable to probability arguments and statistical treatment, rather
similar to the techniques proposed for risk assessment. As a preliminary
to these processes it is necessary to clarify the general concepts and
logic, making full use of available overseas information. The first
step in the actual development of techniques is the quantification of
all the factors involved. The next is to attempt a conversion of all
these components to a common base.

The final results are intended to provide as much practical assis-
tance as possible towards rational decision-making on energy programs.
At present such decisions are taken with, at best, qualitative considera-
tion of some of the factors involved. A survey of the extensive literature
on this rapidly developing subject is in hand.

2.6 Biological Effects of Cooling Water Discharges
(R.D. Simpson)

Many workers have examined the mortality of plankton passing
through the cooling systems of large power stations. However, such
studies concentrate on determining the percentage killed in plankton
that have passed through the system. The sampling methods employed do
not allow comparison of numbers before and after and so do not indicate
the actual losses, over and above the kills, which occur within the
cooling system.

The aim of this AAEC study is to establish a sampling method, at



inlet and outlet points of the cooling system of a large power station,
that will enable elucidation of the hypothesis that plankton mav he
destroyed during passage through the cooling system. A positive result
should enable a separate value of plankton losses within the system to
be determined, and this would be additional to those determined by mor-
tality counts at the outfall.

Throughout the year, samples have been taken at the Electricity
Commission of New South Wales power station at Lake Muntnorah.

3. BASIC DATA AND STUDIES RELATED TO THE PERFORMANCE OF FISSION
REACTORS

3.1 Phase Property and Sintering Studies in Ceramic Oxide Systems
(J.L. Woolfrey, C.E. Webb)

The effect of gadolinia addition (up to 5 wt %) on the grain growth
kinetics of UOa in hydrogen is being investigated over the temperature
range 1400 to 1700°C for times up to 1400 h. The results so far have
shown that:

(a) The grain growth kinetics follow a D2 = kt law, where D is the
grain diameter, t the annealing time and k a rate constant.

(b) Grain growth rates decrease with increasing GdaOa content up
to 2-3 per cent and the effect then remains constant. For
example, at 1500°C the addition of 3-5 wt % Gd203 reduces the
rate of grain growth of UOa by a factor of about eight.

(c) Gadolinia additions have a similar effect on the apparent
activation energy for grain growth, reducing the value for UOj
by a factor of about 2.

3.2 Fuel Performance Studies (K.D. Reeve, R.J. Hilditch, A. Ridal,
N.W.D. Chrimes, J.L. Woolfrey)

The long-term objective of this project is to develop a knowledge
of the behaviour and in-reactor performance of Zircaloy clad U02 fuel
pins. The work involves surveying literature which gives details of
reactor operating experience, and simultaneously developing expertise by
assessing results obtained from the examination of fuel pins irradiated
in the high pressure water loop, X-170.

Fuel pins FP1 and FF2 Series 1 were dismantled and remade using
most of the original UOa fuel pellets and new Zircaloy-2 tubing and end
caps. This work was necessary to allow inclusion of special pellets at
the end of each pin located in an end cap with thicker walls. The new
end cap is drilled to accept four thermocouples. This new arrangement
is designed to give an additional method for detecting reduced coolant
flow. While the fuel pellets were out of the fuel pins they were examined
and photographed. Some of the original pellets had chipped edges and
six pellets were replaced in FP1. The reassembled fuel pins are desig-
nated FP1 and FP2 Series-2.

A quality assurance manual for the manufacture and assessment of
single fuel pins has been prepared to the draft stage. This manual is
based on experience gained to date and details of overseas practice
available in the literature.
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The US computer code GAPCON-THERMAL-2 has been converted for use on
the AAEC's 1BM360 computer. However, one aspect of the code's performance
appears to be affected by the change and will require further detailed
checking.

3.3 Development of Post-irradiation Examination Techniques
(G.J. Mitchell, R.J. Starling, D.S. Bloser, A. Brownseombe)

Further work was carried out to improve techniques Cor handling and
examining the X-182/1 creep rig. The components of the specimen train
failed at position B of the rig and this resulted in breakage of all
specimen thermocouples. The experimental train was completely dis-
mantled and new components were fitted. Techniques were developed for
re-making the thermocouple hot junctions and two of the four specimen
thermocouples were successfully replaced.

Samples of aluminium alloy cut from a HIFAR fuel element were
irradiated in X-183/7, in hollow fuel element D4, for periods ranging
from 180 to 695 hours in such a way that the aluminium surfaces were
exposed to the reactor DaO. The irradiation cans were transferred to
the hot cells, opened, the samples extracted and metallography specimens
cut, mounted and prepared to show the aluminium oxide layer. A number
of microphotographs have been made to allow the oxide thickness to be
measured. This work is continuing. The oxide thickness as a function
of exposure time in the HIFAR DaO will be used to estimate the coefficient
of thermal emissivity. This coefficient is important as it determines
the temperature that a fuel element can attain during post-irradiation
handling.

3.4 Commissioning of the High Pressure Water Loop X-170
(N.W.D. Chrimes, D.S. Bloser, A. Ridal, G.J. Mitchell,
V. Deikus)

Techniques for examining the X-170 high pressure water loop in the
cells have been improved and a new video tape recorder was purchased and
included in the closed circuit television system.

The pressure vessel was transferred to the hoc cells for examination
following the initial commissioning tests in HIFAR. The vessel was in
good condition and further video tapes showing the surface condition
were prepared. Some discoloration was evident on the outside of the
100 mm diameter section and attempts are being made to take samples from
these areas for identification of deposits. The vessel will be polished
to remove the discoloured areas and proof-tested before it is returned
to HIFAR.

A number of probe combinations have been successfully tested in the
development of ultrasonic techniques to detect gross defects in the
walls of a vessel. These techniques have been applied to the vessel of
the X-170 rig. The main work remaining involves manufacture and fitting
of components required to locate and move the probe carriage over the
vessel surface.

3.5 Reliability Analysis Applied to the X-170 High Pressure Water
Loop (H.H. Witt, E.R. Corran)

The X-170 rig has been modified to introduce a bypass facility.
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The reliability analysis performed on the original system has been ex-
tended to include this modification. Fault trees of system failure were
prepared and analysed. Reports have been prepared to form part of a
safety submission for X-170.

3.6 Fission Studies

3.6.1 Collaboration with Bruyeres-le-Chatel (J.W. Boldeman,
R. Walsh)

Boldeman and Walsh, under the sponsorship of the CEA, spent part
of the year at the CEA laboratory, Centre d'Etudes de Bruyeres-le-
Chatel. They participated in measurements of the variation of the
average total fission fragment kinetic and mass distributions in the
neutron fission of 232Th, and gamma ray spectra following resonance
neutron capture in 28Si. A number of discrepancies between v measurements
performed at Lucas Heights and at Bruyeres-le-Chitel, particularly for
the neutron fission of 23SU, were resolved.

3.6.2 Review of V values for thermal fission and 252Cf
(J.W. Boldeman)

A review of V values for thermal neutron induced fission and spon-
taneous fission of 2S2Cf was presented at the International Specialist
Meeting on Neutron Standards and Applications held at Gaithersburg, USA.

The gaper concluded that, following recent revision of the most
accurate V measurements, there was no evidence to suggest that there is
serious discrepancy between different methods of performing V measure-
ments .

3.6.3 Revision of energy dependent V data for Pu isotopes
(J.W. Boldeman, J. Frehaut*, G. Mosinski* [*Centre
d'Etudes de Bruyeres-le-Chatel])

All V data for neutron fission of the plutonium isotopes have been
revised. The most interesting feature to arise from this revision is
the evidence that the v_(En) data for

 239Pu exhibit some structure. In
particular, there appears to be a hitherto unexpected minimum of approxi-
mately 1 per cent near 100 keV neutron energy.

3.6.4 Measurement of the 252Cf spontaneous fission neutron
spectrum (D. Culley, J.W. Boldeman)

The fission neutron spectrum from the spontaneous fission of 2S2Cf
has been accepted as the standard fission neutron spectrum. Despite
this, the shape of the spectrum remains to be definitely established and
there still is a number of discrepancies in the data. The present
measurement has been designed to provide an accurate determination of
this spectrum with particular emphasis on the shape between 7 and 15 MeV.

The measurements involve recording the neutron flight time over
distances of 3-5 m to the neutron detector and, at the same time, re-
cording the energy response of the detector to provide a consistency
check on the data. The neutron detector efficiency and its response
have been determined for a large number of neutron energies between 2
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and 10 MeV by the associated particle technique using the 12 MeV tandem
accelerator at the Australian National University. The efficiencies
havo been determined with accuracies of approximately 2 per cent.

Neutron time-of-flight data have been taken for three separate
independent measurements and the analysis of the data is well advanced.
The overall timing resolution for these experiments, including the
effects of electronic drifts, etc., was approximately 2.4 ns for each of
the three measurements. With a better 2 Cf spontaneous fission source
and an improved fission detector, it is hoped to improve the overall
timing resolution to approximately 1.5 ns. It is also intended to
extend the energy range of the neutron detector efficiency calibration
to 16 MeV neutron energy.

3.6.5 Fission fragment angular distribution for 230»232Th
(J.W. Boldeman, R.L. Walsh)

The simultaneous fitting of the fission fragment angular distribu-
tions and cross sections for noutron fission of Th is complete, but
required a triple humped fission barrier.

With the restriction of a fixed shape for the fission barrier it
was possible to fit both the gross structure in the fission cross
section and the details of the angular distribution, although the fit-
ting procedure did require the use of a large number of fission bands,
i.e. 5 .fl * 60 keV. Fine structure superimposed on the gross features
of the cross section, if it exists, could not be reproduced. Alternatively,
fine struccure can be generated if the shape of the fission barrier is
allowed to change. An attempt to fit the equivalent data for neutron
fission of 230Th favours this second approach. However, we note that
some of the experimental angular distributions are somewhat unsatisfactory
and further measurements are required.

3.7 Measurement of Fragment Kinetic Energies for 239Pu(n,f)
(R.L. Walsh, J.W. Boldeman, M.M. Elcombe)

Resonance Energy Region

During the last ten years, a great deal of effort_in a number of
laboratories has been directed at discovering whether vp, the average
number of prompt neutrons emitted per fission, is correlated with the
spins of the resonances in the fission of 235U and 239Pu. The answer
provides information on how the total energy in fission is dissipated
via the different entry and exit channels available. Because of the
particular nature of its fission channels, 239Pu is more promising to
study than 235U. However, the initial vp results for

 239Pu were in
marked disagreement with the two major groups finding a correlation but
in opposite directions. More recent data for 239Pu imply that vp for
a J = 0 resonance is certainly higher than Vp for a J = 1 resonance,
but the size of the effect is not clear. The data of Leonard [1976]
imply a 2.0 ± 0.7 per cent effect in vp, whereas the data of Frehaut &
Shackleton [1973] imply a 0.5 ± 0.25 per cent effect.

The question can also be investigated by measurement of fragment
kinetic energies IL. The most recent measurement for 239Pu(n,f) [Toraskar
& Melkonian 1971'j implies an effect of 3.0 ± 0.2 per cent in E and
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hence in vp. This experiment used filtered neutron beams to isolate two
energy regions near a 0 and 1 resonance respectively..

Work is in progress to measure the variation of Ejj(En) for
 239Pu(n,f)

where E = 0.005-0.4 eV. The purpose is to check the results of Toraskar
& Helkonian and to clarify the situation further by examining the £„(.£ )
behaviour in the energy region between the first 0 and 1 resonances.
Toraskar & Melkonian, in effect, obtained data at only two energies.
Further, an important factor in obtaining the small 0.5 per cent effect
of Frehaut & Shackleton is the correction that the authors make to their
data to take account of the recently discovered (n,yf) process. In
this process, the excited compound nucleus emits a gamma ray before
fissioning. The present measurement can produce an important, independent
estimate of the contribution from this (n,yf) process.

A triple-axis neutron spectrometer provides a beam of monochromatic
neutrons from the reactor HIFAR, via a single scatter on germanium. The
fissile target is 65 yg cm"2 2 "Pu (99.97 per cent pure) electrosprayed
onto VYNS (a copolymer of vinyl chloride and vinyl acetate), and viewed
by two heavy ion surface barrier detectors in a standard double-energy
configuration. Data are recorded event by event on magnetic tape to
provide both mass yield and kinetic energy information.

MeV Energy Region

Preparations are also in progress to perform a kinetic energy
measurement in the MeV neutron energy region, using a neutron beam from
the 3 MeV Van de Graaff accelerator. Previous measurements of V for
235U, 233U and 239Pu, and also E for 235U and 233U, have been made and
these have produced a theoretical grescription which reproduces the
Vp(E ) and E..(E ) behaviour. The E measurement for 2 Pu remains as
the one outstanding measurement needed to complete the above program.
It is also important because the only E (E ) data available for Pu(n,f)
in this region [Kolosov et al. 1972] are in significant disagreement
with the I (E ) behaviour expected in terms of our established pres-
cription. K n
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3.8 ' Fission Product Cross Section Library (J.L. Cook, E.K. Rose,
H.D. Ferguson)

The basic data for 192 fission product isotopes have been revised,
with particular emphasis on the 104 nuclides whose cross sections are
not contained in the ENDF/B libraries. Two methods of interpolating
level spacings from experimental to unmeasured values have been investi-
gated. The first was a revision of the Gilbert-Cameron theory fitted
Co experimental data to obtain values for the shell and pairing cor-
rections. Estimates were made of errors to be expected when using the
theory to interpolate to unmeasured nuclides and these, in general, were
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quite large, values of 50-100 per cent or so being common. The second
method was to calculate pairing corrections using known empirical fits
to mass formulae and then calculating the correlation between the level
density parameter 'a' and the Myers-Swiatecki shell corrections. A
strong correlation was found only within about three units of charge or
neutron number to the shell model magic numbers. Outside this range,
the scattering of the experimental values tor 'a' around the estimated
value was greater on average than three standard deviations for 21
nuclei. It was concluded that, for the 83 isotopes satisfying the above
condition, reliable predictions could be made in their vicinity but, for
the rest, the uncertainties would be too large to permit reliable estimates
of statistical region cross sections.

More success was obtained in fitting the experimental values by
dividing the mass range into five regions and fitting the level density
parameter separately in each region, but some 20 nuclei still showed
large discrepancies.

Strength function data were obtained from the Musgrove file and the
intermediate values needed were estimated by interpolation in charge and
neutron number. Radiation widths were taken from a wide range of
sources and unknown values estimated by various empirical interpolative
formulae. Musgrove's interpolative formula gave acceptable results
except where spin and parity effects were large. With these data, a
104-nuclide parameter library was prepared ready for use with the new
GUNYA Monte Carlo program, which uses a combination of ENDF/B cross
section files and predicted statistical resonance parameters to generate
radiative capture and scattering cross sections. It was found that,
except for l Xe, ll|9Sm and ll|8Pm, the cross sections for unstable
isotopes are associated with low yields from fission, so in many cases
a large error in the predicted cross section can be tolerated in reactor
physics calculations.

3.9 Neutron Capture Studies

3.9.1 The joint AAEC/ORNL nuclear data project (B.J. Allen,
A.R. Musgrove, R.L. Macklin*, J.A. Harvey*, R. Taylort,
G. Hickst [*0ak Ridge National Laboratory, USA. ''James
Cook University, Townsville])

Neutron capture cross sections in the keV region are measured at
Oak Ridge Electron Linear Accelerator (ORELA) by Macklin using the 40 m
facility, while the 80 m and 200 m flight paths have been used by Harvey
to secure high resolution transmission data for many nuclides. These
data are analysed at the AAEC using locally written or modified codes.

Subsequent sections discuss collaborative and local results for
some of the following nuclides which are under investigation: 23Na, l*5Sc,
"Fe, 9l»96Zr, 106,1*8,110,112.11*,116M 138B 139L 1.,0C
176Lu, 208Pb and 209Bi.

ORELA data for the isotopes S7Fe, '"̂ Pr, 86>87Sr have been analysed
by Taylor and Hicks. Also, preliminary analysis of 27A1, 206Pb has been
completed. Resonance parameters for all these nuclides are forwarded to
the IAEA at Vienna for inclusion in the computerised neutron data
files.
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3.9.2 Resonance neutron capture systematics (B.J. Allen,
A.R. Musgrove)

A detailed study of the neutron capture mechanisms in the threshold
region (i.e. below 1 MeV neutron energy) is to be published in Advances
in Nuclear Physics. Statistical and non-resonant processes are described,
but the main emphasis is on a discussion of valence and doorway state
models for resonance neutron capture.

A comprehensive survey of resonance radiative widths and initial
and final state correlation coefficients is presented. These results
are compared with detailed valence calculations using the optical model
formulation. The valence model has limited success in the 3s and 3p
regions and a further single particle process, uncorrelated with the
reduced neutron widths, is required. In the 4s region and beyond, the
valence contributions are very small and an additional process is
indicated which appears to be correlated with the reduced neutron widths.

Overall, the capture data are found to be consistent with a signifi-
cant valence contribution in the 2p, 3s and 3p regions, together with a
small number of overlapping doorway states in the threshold region which
carry a few per cent of the EI strength of the giant dipole resonance.

3.9.3 Neutron sensitivity of capture "Y-ray detectors
(B.J. Allen, A.R. Musgrove)

Measurements of radiative widths of resonances with large neutron
widths can be critically dependent on the sensitivity of the y-ray
detector to resonance scattered neutrons. This neutron sensitivity
depends on the variation with energy of the capture cross sections of
the detector and its environs. The problem has been found to be of par-
ticular importance to the Oak Ridge capture measurements for certain
nuclei where Tn > 10

3 T . The problem has been resolved by the experi-
mental determination of1'the neutron response function of the detector
and environs, in collaboration with Macklin and Winters of Oak Ridge
National Laboratory.

3.9.A The radiative capture cross section of 23Na
(A.R. Musgrove, B.J. Allen)

The analysis of resonances to 600 keV was completed. The radiative
width of the 2.85 keV resonance is being studied using a separate low
energy run and is awaiting a closer inspection of the prompt neutron
background below the 5.9 keV Al resonance.

3.9.5 Resonance neutron capture in scandium below 100 keV
(M.J. Kenny, B.J. Allen)

The neutron capture cross section of "5Sc has been measured with .
0.2 per cent energy resolution in the range 2.5 to 100 keV. The average
s- and p-wave radiative widths and standard deviations are <rY(s)> =
0.84 ± 0.46 eV and <T(p)> = 0.5 ± 0.3 eV. No significant correlation is
observed between the reduced neutron widths and radiative widths of the
s-wave resonances.
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3.9.6 Resonant and background interference in 5"Fe capture
(B.J. Allen, A.R. Musgrove, W.K. Bertram)

The initial state correlation coefficient for 5<1Fe (p(r?n,I\..) »
0.94) is related to the distant resonance component of the non-resonant
capture cross section. For 5ltFe, Oyp(BG) = 0.32/1̂  = 2 barn a: thermal
energy, a value comparable to the measured thermal capture cross section 01
2.25 barn. Since 1.74 barn is accounted for by the tail of the 7.7 keV
resonance (F̂  = 1.9 eV), this background estimate is at best a factor of
four too large.

Various calculations, which are particularly sensitive to the
potentials used, give thermal background capture cross sections for
Sl*Fe varying from 0.1 to 1.0 barn. Accordingly, a significant background
cross section is expected in sMFe which will interfere with the partial
resonance capture cross sections.

Asymmetric s-wave capture resonances at 130, 148 and 174 keV with
low energy tails have previously been reported, and these have now been
analysed in detail.

Since valence capture is expected to allow the observation of
resonance-direct interference in the total capture cross section, it
will also result in interference between s-wave resonances. It is
therefore necessary to calculate the valence y-ray cross section using a
multilevel formalism.

The asymmetries at 129.6, 146.8 and 174.4 keV are accounted for by
interference with the broad (rn = 40 keV) resonance at 184 keV. This
resonance exhibits an asymmetry opposite to that of the lower energy
resonances, a result which is inconsistent with a resonance-direct
interference hypothesis. The estimated valence width of 10 eV accounts
for ~ 90 per cent of the total radiative width of this resonance, and
supports the validity of the single capture channel, multilevel calcu-
lation.

After subtraction of a 25 per cent multiple-scattering contribution,
the 7.7 keV resonance is found to be quite symmetric. Since this
resonance is estimated to be completely valence in character, an upper
limit of < 0.1 barn can be set for the thermal background cross section.

3.9.7 Resonance parameters for the even-A isotopes of Cd
(A.R. Musgrove, B.J. Allen)

The ORELA (n,y) data for all the even-A Cd isotopes were analysed
and average resonance parameters obtained. This is the first published
resonance parameter information for the neutron deficient isotopes
106'108Cd. Several p-wave resonances have been identified with g - 2
among previously assigned 's-wave' resonances. The new values for both
<D> and Si are increased over the previous values.

The average s-wave radiative width decreases strongly with de-
creasing neutron binding energy contrary to the almost constant trend
previously reported. The p-wave radiative widths are substantially
greater than IV, since most of the low lying states are positive parity
s- and d-wave levels.



17

Both the s- and, to a smaller extent, the p-wave neutron strength
functions decrease as the neutron number increases. This is remarkably
well accounted for by replacing the absorptive part (W) of the optical
model potential with one containing an isospin dependent term W - WQ-
Wj(N-Z/A).

3.9.8 Neutron capture in 138Ba and llf0Ce
(A.R. Musgrox-c, B.J. Allen)

The previous data for 138Ba have been reanalysed in the light of
the new information in the prompt background correction. For both these
nuclides, the correction amounts to up to — 80 per cent of the observed
yield for the large s-wave resonances. It is now apparent that much of
the large reported correlations p(F̂ ,F ) for these nuclei can be attributed
to the prompt scattered neutrons. Previously reported capture cross
sections for these nuclei are now much reduced, a result which has
important astrophysical implications.

3.9.9 Gamma-rays from keV neutron capture in lanthanum
(M.J. Kenny, B.J. Allen)

The neutron capture mechanism for y-ray transitions to final states
with large angular momenta has been investigated for 139La. Neither the
statistical nor valence models could account for the anomalous y-ray
intensities and a two-particle, one-hole mechanism was invoked to explain
the data. Transitions to the 0 , 7 states were not observed and an
upper limit of 20 per cent was deduced for the d-wave contribution to
the capture cross section.

3.9.10 Branching ratio of 176Lu at astrophysical energies
(J.R. de Laeter*, B.J. Allen, G.C. Lowenthal,
[*W.A. Institute of Technology])

Estimates of the age of the universe can be made from measurements
of the expansion of the universe, the evolution of globular clusters and
by nucleocosmochronology. The major processes involved in the latter
occur during a supernova (the rapid r-process) or in stellar interiors
where the capture rate is slow compared to the decay rate of product
nuclides (the slow s-process).

The only true s-process chronometer is the 176Lu-176Hf pair.
Lutetium-176 is formed by 17SLu(n,y) and decays to 176Hf with a half-
life of 3.6 x 1010 years. The Schumann-Wasserburg formalism can there-
fore be applied if the branching ratio to the long-lived ground state is
known at astrophysical neutron energies.

A measurement of this branching ratio was therefore undertaken at
the 3 MeV Van de Graaff accelerator. The 7Li(p,n) reaction at threshold
is a prolific source of 30 keV neutrons which were used to irradiate a
pure sample of Lu203 (97.4%

 175Lu) and a thin Au foil. A cadmium shield
was used to absorb thermalised neutrons. The 80 keV y-ray from the
I76mLu isomer decay (t. = 3.69 hours) was detected by a Ge(Li) spectrometer
and the Au activity measured in a 4ir B-y coincidence counter. A ground
state branching ratio of 0.31 ± 0.06 was found for 30 keV neutrons.
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3.9.11 The radiative capture cross section of :cst'b
(A.R. Musgrove, B.J. Allen)

Recently, Macklin et a2.* at ORNL published high resolution ORELA
data on resonance capture in 208Pb be]ow 850 keV. Although an approxi-
mate correction to the data was made for prompt neutrons scattered into
the capture detector, this has now been found to be entirely inadequate
for thick samples, such as the present one. The Konte Carlo program was
recently modified to handle the prompt background problem and the " J =Pb
data have now been reanalysed. Some of the important resonances,
previously reported, are now seen to have extremely small capture widths
since the prompt background component accounts for 100 per cent of the
observed yield. Most importantly for astrophysical calculations, the
resonances at 68.3, 68.7 and 77.6 keV are in this category.

3.9.12 Neutron resonance spectroscopy on 209Bi (A.R. Musgrove)

Analysis of the 200 m ORELA transmission data for 209Bi was com-
pleted to 170 keV bombarding energy. Approximately 25 per cent of the
expected neutron strength of a particle-vibrator doorway state was
identified at 300 keV.

The average s-wave level spacing is <D> = 4.5 ± 0.6 keV after cor-
recting for missed levels. The s- and p-wave neutron strength functions
are, respectively, 10"Sj = 0.65 ± 0.15 (E <170 keV); lÔ  = 0.25 ± 0.07
(E <60 keV). Both strength functions show evidence of energy dependent
structure.

3.9.13 s-wave neutron capture in 209Bi (A.R. Musgrove,
B.J. Allen)

The recent capture data of Macklin & Halperin'i at ORNL for 209Bi
showed strong correlations between s-wave radiative widths and the
reduced neutron widths (p(r°,r) >0.6). Also the s-wave radiative
widths were a factor of five greater than the p-wave widths. In the
absence of valence neutron transitions, these measurements were particu-
larly difficult to reconcile with theory, especially since the doorway
state observed in the neutron channel has almost no intrinsic radiation
associated with it.

To see whether the prompt neutron background could cause the large
widths and correlations, the 209Bi data were reanalysed using the Monte
Carlo method to correct for prompt scattered neutrons. The observed
correlation coefficient is now p(r ,T ) «* 0.2 ± 0.5, consistent with
zero (although with a large error)? The new s-wave weighted average
radiative width is <T> = 53 ± 15 meV. By comparison, the average p-
wave radiative width is found to be <T > = 22 ± 5 meV.

3.10 Resonance Parameter Analysis (B.E. Clancy, J.L. Cook,
E.K. Rose)

In various compilations of the resonance parameters for 235U,
there are, overall, 26 levels identified as belonging to the J11 = 3~

*Macklin, R.L.et al. [1977] - Phys. Rev. (in press)

•iMacklin, R.L. & Halperin, J. [1976] - Phys. Rev., C14:1389
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state and 40 belonging to the J = 4~ state. Calculations of the fission
cross section from 10 keV to 1.5 MeV require that there be one dominant
fission channel appreciably open in each state at low energies. On the
other hand, examinations of the statistics for the fission widths in
each state imply that one channel is certainly ope.n for the 3 state,
but that apparently three channels are open for J = 4 . A numerical
experiment was performed by supposing that small fission widths are
missed by resonances being unresolved frc~ the background nr-lpe lovol,
and then estimating the effective number of channels. It was found that
if all widths are missed for fission widths less than one half the mean
fission width, the maximum effective number of channels open in the
J - 4~ state could not be greater than 2.6, whereas the experiments
gave a value of 3.7.

To support these findings, an expression was developed for the
resolution probability of a resonance as a function of its fission width
and then, by fitting, the mean and variance of the experimental width
distribution. Only for three channels open does the percentage number
of levels missed for J = 4~ approximate that for J = 3 .

Two methods were tested for finding the effective number of channels
open, given a measured set of fission widths. The first was by attempting
to calculate the partial average fission width in each channel using
calculated first, second, third, etc. moments of the experimental dis-
tribution. Trial fission widths were generated by a Monte Carlo method
for one, two and three channels open. After finding that errors in
partial average widths could reach 100 per cent for 20-40 levels, it
was concluded that the method of moments is unreliable for the available
information.

The second method used Pearson's x2 test on a subdivision of
groups of the distribution. The errors were much less than those ob-
tained by the method of moments, being from 5-10 per cent.

3.11 Calculation of Average Reaction Cross Sections (W.K. Bertram)

It has long been recognised that the Hauser-Feshbach theory for
average reaction cross sections is inadequate in many cases and
attempts have been made to derive a more general statistical theory
from resonance theories. Even so, the Hauser-Feshbach theory is still
widely used today, even though in many cases to which it has been
applied its results are suspect.

It has been shown previously that a more general statistical theory
can be obtained when there are only two reaction channels open. The
problem for non-fluctuating, picket fence model S-matrices when the
number of channels is greater than two, has now been solved. By
generalising these results to the case where the S-matrix widths do fluc-
tuate, a formula for evaluating average cross sections has been obtained.
Using computer generated data, it has been shown that the new formula
provides a more accurate description of average cross sections, especially
when the number of channels is small. The method is particularly successful
in evaluating cross section ratios which cannot be obtained accurately
from the Hauser-Feshbach theory.

At present, investigations are being conducted into the effects of
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direct reactions en the average cross portions and into the ralrnlarion
of cross section fluctuations. A computer program is being prepared
for the analysis of inelastic scattering and fission cross sections.

3.12 Reactor Physics Experiments

Critical Facility
(D.B. McCulloch, G. Durance)

Analysis of the FC1 'hard-spectrum1 core experiment was completed.
Generally good agreement with AUS/ENDF/B-IV calculations was obtained
for most measured parameters.

No further experimental work has been carried out in the facility
as the fuel inventory is inadequate for more intensive experimentation.

Reactor Dynamics
(J.R. Harries, D.J. Wilson)

Transients following a rapid change in the HIFAR primary coolant
flow rate from 400 to 475 kg s~ * have been studied. Experimentally, this
change was produced by changing from two to three, the number of primary
circulation pumps in operation. A dynamic model for HIFAR was developed
which interfaces the flow/heat transfer characteristics of the primary
coolant circuit to a neutron kinetics calculation. This model is incor-
porated in a computer code, HIDYN.

Satisfactory agreement was obtained between the observed transient
power profiles and those calculated by HIDYN. Further substantiation
of the dynamic model is desirable and, if achieved, this could permit a
useful degree of credit to be allowed for dynamic negative reactivity
feedback effects in any future HT.FAR safety reappraisals.

3.13 Radiation Shielding - Bilinear vs Linear Weighting of Multi-
group Cross Sections (I. Donnelly)

Neutron cross sections suitable for shielding calculations are
generally available in a fine group format. It is frequently necessary
to condense them into a coarse group set before use in a transport
theory calculation. Usually an appropriate flux spectrum is used to
weight the cross sections during condensation; however a perturbation
theory analysis indicated that a bilinear weighting using appropriate
flux and adjoint flux spectra should result in coarse group cross
sections which allow a more accurate calculation of the desired reaction
rate.

Several numerical experiments have been carried out to test the
efficacy of bilinear weighting. It was found that bilinear weighting
gives excellent results if good weighting spectra have been used, but
linear weighting is often more accurate when the weighting spectra are
poor.
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3.14 Pulsed Neutron and Spectrum Measurements

Measurement of Time-dependent Spectra in Heavy Metal Assemblies
(S. Whittlestone, I. Ritchie)

Development of small (~ 0.5 cm3) detectors Filled with the liquid
scintillator NE213, which have good (~ 1 ns) timing resolution, hn«
continued. A second small quartz scintillator chamber, delivering ~ 26
per cent more light output, has been manufactured and tested.

A number of measurements have been made to ascertain the significance
of various sources of systematic error in measuring time-dependent
spectra. These include perturbation of the neutron flux in the assembly
by detector components, amplifier gain drifts and timing uncertainties.

A serious timing problem is 'walk1 - the systematic shift in timing
according to the amplitude of the detector pulses. With the rapidly
varying count rates encountered, a walk of only 1 ns can cause severe
distortion of time-dependent pulse height spectra. Since the most
meticulous adjustment of the constant fraction timing system did not
reduce the walk below 0.6 ns for a 40:1 dynamic range, a data processing
program was developed for the on-line computer, which is used to collect
the time-dependent pulse height spectra; this program shifts the
storage channel of each event in the time spectrum according to its
pulse height by an amount based on previously measured walk versus pulse
height curves. The on-line program works well. The overall accuracy of
the correction technique is being tested.

It is expected that the detector system will allow measurement to
be made of time-dependent neutron energy spectra in pulsed heavy metal
assemblies over the range 0.5 to 5 MeV with a timing resolution of < 1
ns.

Integral Pulsed Neutron Experiments with Heavy Metal Assemblies
(M. Rainbow, I. Ritchie)

Measurements of time-dependent 235U reaction rates in the thorium
assembly with a pulsed Li(p,n) source were repeated. The time-dependent
rate of decay of the 23SU reaction rate associated with the fundamental
Fourier spatial mode again varied quite markedly with time, but not in
the same manner as previously found. A thorough investigation failed to
support an hypothesis that the rather complex method of data analysis
used (see below) might have been responsible for this effect.

Because of the difficulties experienced in the analysis of these
measurements, a more direct experimental approach is being attempted.
Time-dependent detector reaction rates measured at some specific location
within the pulsed heavy metal assembly are now being compared directly
with the results of a calculation performed with the multigroup Monte
Carlo transport code MORSE, which can handle time-dependent problems in
complex geometry.

The input, output and data accumulation subroutines of the code
have been modified to suit the peculiarities of the pulsed neutron
problem and to improve accuracy. To facilitate the efficient use of the
results of MORSE calculations, problems are done with a source time
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distribution which has a narrow (short duration) rectangular form.
Calculated time-dependent detector reaction rates for comparison with
experiment are synthesised by convoluting the code output with a histogram
representation of the experimental source pulse profile. As a result,
it a particular experiment is repeated and a different source pulse
profile pertains, a new MORSE calculation is not required.

Time-dependent 23SU and 237Np reaction rates have been measured in
the depleted uranium assembly-using a pulsed 6e(d,n) source. The
results are presently being analysed and compared with MORSE calcu-
lations using ENDF/B-IV data. It appears that at late times there is
reasonable agreement between theory and experiment but, at early times,
the calculated decay rates are much slower than the experimental ones.
Investigations are continuing.

Energy Spectrum from Thick Target Li(p,n)Be Sources
(A. Rose)

The measurement of the angular distribution of neutrons from the
Li(p,n)Be reaction has been completed. Neutron spectra were measured at
angles of 0, 30, 60, 90 and 120° over the neutron energy range 0.08
to 0.9 MeV.

Comparison between these measurements and calculations are in
agreement within the errors which are 5 per cent for measurements and 10
per cent for calculation.

3.15 Single Phase Heat Transfer and Fluid Flow (R.W. Harris,
J.D. Hooper)

Analysis and Measurement of Fluid Flows in
Rod-Bundle Subchannels

A combined theoretical and experimental investigation associated
with the prediction of local temperatures of fuel elements has been
undertaken.

The theoretical part of the work has led to the development of the
ROFLO computer code, based on an eddy diffusivity concept, which predicts
detailed flow and transfer processes within a subchannel.

A ten times full-scale model of a six-rod fuel cluster has been
constructed to use air as the working fluid. The instrumentation has
been tested and calibrated in a circular duct which produces known tur-
bulence characteristics. Measurements have been made of the turbulence
quantities of wall shear stress distribution and mean radial velocity
profile which showed good agreement with the predictions of the ROFLO
code. However, the peak in the experimental values of wall shear
stress distribution occurred at 35° rather than the predicted angle of
45°. This discrepancy between theory and experiment is considered to be
due to secondary flow effects which will have to be incorporated into
the theoretical model.

Work is proceeding on the complete automation of. the probe-scanning
system, since thousands of individual flow and turbulence measurements
are required, and there is then a large amount of processing to be
carried out on these data.
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A by-product of the investigation was related to mechanical vibra-
tions induced by pressure fluctuations in the flow. It was shown that
the far-field component associated with the distant phenomena (e.g.
pulsations from the blower) was more significant 1n producine vibration
than the near-field component associated with the local turbulence.

Use of UKAEA Code Sabre One

The Sabre code is an advanced thermal/hydraulic analysis code
developed principally for the UKAEA fast reactor program. It represents
an attempt to model channel blockages on a three-dimensional basis,
rather than the two-dimensional marching technique used by other fluid
analysis codes such as Hambo (UK) and Cobra (USA).

The tape and report on Sabre were received at Lucas Heights 1n
September 1976. It has been stored on an IBM360 disc and run once.
Some correction cards have been received from the UKAEA and these will
shortly be incorporated into the code. The possession of the code
provides a valuable link with overseas work on reactor fluid dynamics
calculations.

The code will be applied to the experimental data arising from
present work on single phase turbulent flow structure in rod bundles.
This is expected to provide a test of the validity of the channel averaging
and cross-flow models used by Sabre.

3.16 Steady State Burnout (K.R. Lawther, A.G. Chapman, D.N. Miles)

Correlation of Boiling Burnout Data for Rod
Clusters; BACE Computer Code

A computer code (BACE) and ancillary programs, developed for the
testing and assessment of formulae for the prediction of burnout in
water-cooled rod clusters, have been used to examine the accuracy of 19
different formulae throughout the ranges of variables covered by the
AAEC collection of burnout data, which has now been expanded to contain
the results of 8300 burnout experiments on electrically-heated rod
clusters.

The studies made so far with the BACE code show that extremely
large errors of burnout prediction are likely to occur if only a small
number of formulae are used to cover the wide range of conditions antici-
pated in possible occxirrences involving blowdown of a reactor vessel.
As a first step towards improved selection of formulae, a table has been
drawn up to show the most accurate of the existing formulae in each of
625 regions defined by values of the four principal independent variables
(pressure, mass flux, heated equivalent diameter and inlet subcooling).

Theoretical Aspects of Modelling Boiling Water Burnout

The limited effort allocated to this project during the past year
permitted virtually no more than a watching brief on the literature.
This revealed that there had been no new developments in theoretical
aspects of modelling boiling water burnout. The results of the analysis
have confirmed the fact that the scaling laws approach is not worth
pursuing any further at this stage.
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Tests of Modelling Water Burnout Using Freon-12
in Round Tubes

Although a great number of burnout experiments have been performed
with water and other liquids (particularly Freon) in channels of various
dimensions, it is rarely possible to find existing da«-a that will serve
to check the validity of a scaling law, because four or more criteria of
similarity must be satisfied. Usually, data are selected from previously
performed water experiments and new experiments in a modelling fluid arc
designed to correspond to them according to the particular law under
test.

It had originally been intended to obtain experimental Freon-12
burnout data corresponding to the two potential scaling laws which
appeared to have the best performance from initial comparisons with
available data. However, application of revised physical property values
for Freon-12 showed previous assessments of the performance of the
various potential scaling laws to be invalid, and the dimensions of the
test sections on which Freon-12 burnout data were obtained in this
project did not correspond to those required for direct tests of such
scaling laws.

Sets of experimental water burnout data from the literature for
five round tube test sections were used in a reassessment of 14 potential
scaling laws. The corresponding predicted values of scaled water-
equivalent burnout data obtained from corresponding Freon-12 burnout
data were based on the use of a published correlation of Freon-12 burnout
data for round tubes, slightly modified to give close agreement with
recent experimental burnout results obtained at Lucas Heights.

The results showed scaling accuracies within the range -16 to +26
per cent for seven of the proposed laws, but do not indicate that any
single law is better than the others over more than a very limited range
of conditions. Hence, it has been concluded that these scaling laws do
not offer any advantage over current empirical scaling methods and no
further work is planned for this project.

Experimental Tests of Burnout Scaling Techniques Using Water
and Freon-12 in Annular Tesi Sections

Experiments have been performed to test an empirical scaling tech-
nique, first developed at AEE Winfrith, for the prediction of burnout
conditions in water-cooled channels from the results of experiments upon
a full-scale model using a fluorocarbon coolant. The advantages of such
a technique, if it can be proved valid for reactor channels, would be
considerable for the purpose, for example, of mounting tests for assessing
burnout characteristics or for independent checks on relative dryout
margins claimed for reactor fuel rod assemblies. The relative ease with
which experiments can be performed would make the fluorocarbon test an
ideal means for determining the effect of design changes upon the burnout
characteristics of a reactor fuel element assembly.

A reasonable validity of the scaling technique has been demonstrated
for flow inside round tubes, but in the case of flow over rods a com-
plication is introduced by the need for the rods to be supported and
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spaced laterally by pins or pads which disturb the flow of coolant. It
has previously been shown that the use of a low pressure fluorocarbon
coolant magnifies the effect of these spacers on burnout, but the extent
to which this upsets the scaling technique is not known. The purpose of
the rresent series of experiments is to determine whether the spacer
effect invalidates the technique. Using the ACTOR heat transfer rig
with Freon-12 as the coolant, burnout powers have been measured under
various flow conditions in four test channels of annular cross section,
each channel having a different length of the central rod electrically
heated. The effect of rod spacers was minimised by placing the few
indispensable spacers well away from the burnout location. The same
four test channels are now being tested in the HIPPOCRENE high-pressure
water rig (which was extensively modified to provide sufficient power)
to obtain measurements of corresponding burnout powers. Comparison of
the results will provide a test of the scaling technique when spacer
effects are minimal. The rods of the test channels will then be modified
by attaching more spacers to them and the experiments will be repeated
to obtain a test of the technique when spacer effects are significant.

This series of experiments, initiated at Lucas Heights, is being
performed in informal collaboration with AEE Winfrith, the latter
establishment having provided the original test channels.

A. STUDIES RELATED TO FISSION REACTOR SAFETY

A.I Water Chemistry Aspects of Nuclear Reactor Operations
(J.V. Evans, R.T. Lowson, F.D. Nicholson, J.J. Foy,
J.V. Sarbutt)

Work was limited to studies of the pitting of aluminium in chloride
solutions and the mass transfer of solid corrosion products (crud) in
high-temperature water circuits.

Corrosion of Aluminium

During the past year, attention has continued to be directed to
determining the mechanism of pitting corrosion of aluminium. The accumu-
lated evidence indicates that chloride is specific in reacting with the
protecting oxide film. The reaction may be described in simple terms by
the equation

A1203 + 6H
+ + 6C1~ *» 2A1C13/ , + 3H20 A.I

for which the equilibrium condition is thermodynamically determined by
the equation

IA1C1, ]
Log - =3- = -7.1 - 3 pH . A. 2

[Cl~]s

Previous interpretations along these lines failed owing to the use
of the free energy of formation of A1C13/S\ in equation A. 2 instead of
AlCl3/a_\. Thus under natural conditions, pits will form or become
passivated as the chemical environment at the surface oscillates across
the equilibrium conditions defined by the above equations.

It was shown that to maintain an active pit it was necessary either
to maintain the bulk solution chloride concentration above a critical
activity of 0.808 mol fc~ * , or to apply an external potential which caused
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the surface chloride concentration to rise above the critical value.
This applied potential was defined as an overpotential, n. , given by

H = E « E ..p p crit

where F IP tho potential of the specimen at the onset of pitting nnd
Ecrit is tne potential of the specimen under the critical solution
conditions. The overpotential is of kinetic origin depending on ionic
mobility. Hence the overpotential does not have a Nernstian relation-
ship with concentration and consequently this accounts for the failure
of all previous theories of pitting employing a Nernstian approach.

This interpretation indicates that future work should be directed
at establishing pitting potential-temperature relationships in order to
determine the energy of activation of pitting. These energies of acti-
vation would provide the much sought scale of pitting susceptibility of
a metal in a given environment.

Following a reduction in priority, study of the corrosion of
aluminium has been terminated. The work has been fully reported either
as Commission reports, or as conference and journal papers.

Deposition of Corrosion Products

The materials used in the coolant circuits of water-cooled nuclear
power plants are very corrosion resistant so that the integrity of the
circuits is not seriously threatened by general corrosion during normal
operation. However, the corrosion products which do form may be re-
leased to the coolant and carried into regions of the circuit where they
can cause problems. Strict control of the chemistry of the coolant and
the increased use of purification equipment have eliminated some of the
problems that were prevalent ten years ago.

One problem has proved particularly intractable: the high radiation
fields which develop in areas outside the reactor core through the
deposition of corrosion products, made radioactive during a residence
period on surfaces in the core. Radiation from deposited corrosion
products limits access to many areas where maintenance is required. In
heavy water-cooled reactors, such radiation is especially troublesome
because of the difficulty of chemically decontaminating heavy water
circuits, and because increased maintenance is required in these reactors
to minimise leakage of heavy water.

Early experiments established that heat flux, or some manifestation
of heat flux, is more effective than any other parameter in promoting
the deposition of iron-based corrosion products. The effect of heat
flux was therefore studied in detail in recent experiments in the CWL-3
loop.

Although heat fluxes greater than those encountered in nuclear
reactors were used, all boiling was at first suppressed by the application
of high pressures to the system. It was established that by increasing
the temperature of the coolant beyond about 120°C, fairly rapid deposition
was initiated throughout the loop. At temperatures below 150°C, depo-
sition on heated and unheated surfaces was similar. When the temperature
was raised to 200°C, preferential deposition was always observed on
heated, non-boiling surfaces.
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In later experiments, the effects of boiling were studied. The
position of the onset of boiling along the test section was varied by
varying the pressure of the system. When the coolant was allowed to
boil along the full length of the test section, while maintaining all
other parameters constant, preferential deposition on the heated part of
the test section persisted. No differences were apparent near ihe
change from nucleate (subcooled) boiling to bulk boiling.

Investigation of deposition near the onset of nucleate boiling has
not shown unequivocally that preferential deposition always occurs where
nucleate boiling begins. However, deposition was shown to increase
along the test section, being greater in downstream regions where nucleate
boiling was well established. Preferential deposition still occurred on
heated surfaces when boiling was absent, but it was less than the depo-
sition that occurred when boiling was present.

Other variables were found also to effect deposition including the
nature of the surface and the condition of any deposit already present.

It was concluded that, although high temperatures and heat fluxes
were necessary prerequisites for preferential deposition, nucleate
boiling was necessary for the extremely rapid, preferential deposition
which has been reported by a number of authors.

Experiments in the CWL-3 loop showed that deposition was sometimes
completely reversible. Reversibility, which was induced several times,
occurred near the onset of nucleate boiling.

4.2 Corrosion Problems in Reactor Materials (D.H. Bradhurst,
P.M. Heuer)

The main emphasis of this project was transferred from zirconium
alloy corrosion to the stress-corrosion cracking and hydrogen embrit-
tlement of steels.

In-reactor Corrosion of Zirconium Alloys in
'Vault-Gas' Environment

The results were recalculated to include the sixth in-reactor
experiment, which was carried out in program 213. The results obtained
were consistent with those of earlier experiments, the activation
energies for corrosion being only slightly reduced by the inclusion of
data covering the extended temperature range (315-599°C). No in-reactor
enhancement of corrosion was observed in this moist carbon dioxide
environment. Data for Zircaloy-2 are summarised in Table 4.1. Similar
data (not shown) were obtained for zirconium 2.5 wt % Nb alloy, and
Ozhennite. If parabolic kinetics were assumed for pre-transition oxides
on Zircaloy-2, the activation energy was similar to literature values
for oxidation out-of-reactor (109.1 kJ mol"1 compared with 119 kJ mol"1).
The post transition oxides gave a lower activation energy (56 kJ mol'1)
probably as a result of their more permeable structure.



28

TABLE 4.1

WEIGHT GAINS FOR 2IRCALOY-2 IN-REACTOR IN 'VAULT-GAS'

(HIFAR Rig X-179 fast flux ~ 2 x 1017 neutrons nf2 s'1)

Program
No.

190

193

194

205

206

213

Time
(.days)

23.5

24.2

25.0

23.6

23.8

22.7

Temperature
T'C)

525

370

390

457
472

590
599

315
372

Mean Weight
Gain

(mg dm"2)

382*

16.6

16.7

70.7
89.4

879*
787*

10.4
12.9

4.3

*Post transition oxides

Radiation Damage in Metals (R.G. Blake, A. Jostsons,
P.M. Kelly, J.G. Napier)

The choice of suitable materials for reactor structural components,
and hence the design of the reactor itself, is often constrained by the
effects of fast neutron irradiation. These effects on the properties of
engineering materials result largely from the point defect clusters
which can be studied using transmission electron microscopy. Although
the specific research projects are related to thermal reactors, the
approach is fundamental and hence applicable to radiation damage phenomena
in fast neutron and fusion reactor technologies as well.

Zirconium

The work on zirconium has concentrated on two areas of international
collaboration. Our earlier work had shown that dislocation loops in
zone-refined zirconium, irradiated in the range 573-708 K and fast
neutron fluences of 3.3-18.0 x 1023 neutrons m~2 (> 1 MeV), possess 1/3
<1120> perfect Burgers vectors. The loop normals do not correspond to
the simple edge geometry, but exhibit varying degrees of rotation towards
neighbouring <1010> directions with a lesser tilt towards [0001].
Mixed vacancy and interstitial loop populations were observed under all
irradiation conditions. A comprehensive account of this work has been
published in the open literature. Subsequent investigations have been
devoted to the determination of quantitative measurements of loop size
and concentration as a function of irradiation temptrcature and dose.

Our results demonstrate clearly that theoretical models of the
anisotropic growth of irradiated zirconium based on strains generated by
dislocation loops are not adequate.
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International 'Round-robin* Transmission Electron
Microscopy Examination of Irradiated Zirconium

The round-rob'in was organised by Dr D.O. Northwood of Atomic Energy of
Canada Limited (AECL) to resolve conflicting results on the nature of
dislocation loops in irradiated zirconium alloys. Four sets of specimens
were distributed to the participants in order to eliminate specimen
variations as a reason for the discrepancies. The participants were
General Electric (GE, Vallecitos, USA), Berkeley Nuclear Laboratory
(CEGB, UK), Whiteshell and Chalk River Nuclear Laboratories (AECL,
Canada) and the AAEC.

Preliminary results obtained by the AAEC were reported in AAEC/
PR43-P and a final summary of the work (AAEC/E404) was dispatched to
Dr Northwood in February 1977. Since then the results of the Chalk
River Nuclear Laboratories (CRNL) and CEGB studies have been received.
There is excellent agreement between the AAEC results and those of CRNL.
Unfortunately, the CEGB work departed from the original aims of the
exercise and no comparisons can be made. The lesults of the GE and
Whiteshell studies have not yet become available.

Zirconium ex Oak Ridge National Laboratory (ORNL)

These specimens (from experiment ORR-228) were designed primarily
to investigate the effects of specimen purity on the nature of the
damage structure. The irradiations were performed in the Oak Ridge
Research Reactor (ORR) in the temperature range 278 to 823 K and fast
neutron fluences of about 1 x 10 neutrons m~2 (> 0.1 MeV) which is
considerably higher than the fluence that can be achieved in a reasonable
time in the reactor HIFAR. The specimens were obtained from Dr K.
Farrell (ORNL) for electron microscopy studies at Lucas Heights.

Investigations have shown that, up to 673 K, the damage structure
is similar in nature to that found in the high purity material irradiated
at Lucas Heights. At 723 and 773 K, however, faulted dislocation loops
were observed in specimens from two of the five batches of high purity
zirconium. These faulted loops have been characterised and the results
accepted for_publication. The faulted loops lie on the [0001] plane,
have 1/6 <2023> Burgers vectors and are exclusively vacancy in character.
On the other hand, the coexisting population of perfect 1/3 <1120>
loops are of mixed vacancy and interstitial character.

Mass spectrographic analyses have not revealed any major differences
in substitutional element impurity levels between the zirconium con-
taining faulted loops and the material with only the more conventional
perfect loops. Nevertheless, hardness measurements on unirradiated
control specimens have revealed a significantly higher hardness in those
batches of zirconium which eventually showed faulted loops after irradi-
ation. This suggests that interstitial impurities may be responsible
for the faulted loop formation and efforts are being made to identify
the impurity by chemical means.

Iron-Copper Systems

This alloy system is being used to investigate the embrittling
effect of copper in pressure vessel steels exposed to fast neutrons at
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563 K. Preliminary examination of the electron microscopy specimens
revealed evidence of radiation damage, but excessive astigmatism due to
the effects of the magnetic specimens on the electron optics prevented a
detailed characterisation. A special pole piece for examination of
magnetic specimens in the JSEM-200 has been ordered and, after instal-
lation in October, the project will continue.

4.4 Void Growth in Zirconium and Copper (K.U. Snowden,
P.A. Stathers, D.S. Hughes)

The development of voids in structural materials exposed to high
temperature service can result in a loss of ductility or the premature
failure of the material. The growth of voids in zirconium and copper
during high temperature fatigue has been followed by metallographic and
fractional density change techniques. Measurements of grain boundary
migration were also determined in these tests since grain boundary
migration is closely associated with grain boundary diffusion and the
growth of voids. The overall influence of test temperature on the
fatigue behaviour of zirconium and Zircaloy-2 in the range 20 to 700°C
has been reported in the Journal of Nuclear Materials. In this work,
the incidence of voids was found to occur at temperatures above ~ 500°C
for zirconium and ~ 600°C for Zircaloy-2.

Measurements have been made of the number of voids per unit area,
the rate of void growth and the rate of grain boundary migration. This
has shown that most voids are nucleated in the first 20 per cent of the
fatigue life when the rate of grain boundary migration is highest. The
rates of void growth and boundary migration have been determined over a
wider range of temperatures than used previously. The temperature
dependence for boundary migration in zirconium exhibited two distinct
regions which were characterised by different activation energies. The
activation energy for grain boundary migration, 0_KM = 65 kJ mol"

1 in
the high temperature region and a value similar to* lattice self diffusion
in the low temperature range. The activation energy for void growth,
Q , showed a similar behaviour avid similar values. In contrast, the
copper data were linear with 1/T throughout the whole temperature range
with Q M = 32 kJ mol"' and Q •- 41 kj mol"l. These results support the
proposal of Holmes & Winegard [1959] that the value of QGm» should be
equal to that for self diffusion in the liquid state, i.e. 38 kJ mol"1

for copper [Henderson & Yang 1961] and ~ 50 kJ mol"1 for zirconium
[Guiraldeng 1975].

References
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4.5 Creep of Structural Materials (K.U. Snowden, P.A. Stathers,
D.S. Hughes)

The satisfactory performance of components subjected to elevated
temperatures in service depends on being able to predict the rate of
creep deformation and the rate of crack growth from existing defects in
structural materials. Measurements of the rate of crack growth have
been made on notched-round specimens of type 321 stainless steel at
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temperatures of 550 and 650°C. Measurements of the creep rate of un-
notched specimens at the same temperature have also been made. The
apparent activation energy for crack growth decreased with increasing
stress. Measurements of the apparent activation energy for creep show
good agreement with that for crack growth at a given stress level. The
stress dependence of the activation energy for creep and crack growth is
thought to be due to the temperature dependence of each of the stress
exponents. This dependence in the case of creep rate is attributed to
the well-established formation of complex carbides during the test. The
present work suggests that precipitation effects may influence crack
growth rates in a similar way to creep rate.

A.6 Fracture Toughness of Steels (K.R. Brown, P.O. Smith,
B. Zybenko)

Only limited progress has been made on this project owing to the
deployment of our limited effort to other projects. Samples of US533B
reactor pressure vessel steel are still being irradiated in HIFAR and
testing will commence when all samples are available.

4.7 Neutron Diffusion Calculations (J. Barry, J. Pollard,
G. Robinson)

Further verification was carried out on the AUS suite of modules.
A 3D diffusion module POW3D is being developed and will eventually
replace the present 2D diffusion module POW.

POW3D is a 3D (x,y,z) diffusion theory module which uses a finite
difference approximation to the group neutron diffusion equation.
Later, kinetics aspects will be added.

An important feature of the module is the selective use of different
methods for solution of the basic linear equations. A method of implicit
non-stationary iteration, MINI, has been developed which has potential
advantages for speeding up the calculation compared with the well
established successive line over-relaxation (SLOR) technique. MINI
involves more calculation per solution point than SLOR, but generally
requires about 20 per cent fewer iterations to achieve convergence.
This saving in number of iterations is to be exploited in POW3D for 3D
calculations involving extensive disc input-output. Present experience
confirms a saving of machine time when using MINI compared with SLOR.

With any 3D module, fast input-output is an important consideration.
An easy to use input-output routine has been developed which uses the
available core storage or semi-permanent buffers with direct access disc
storage used for any overflow. The routine simulates 'virtual storage1,
although possible retention in core is under the control of the user
rather than on the basis of ad hoc rules. Present limited experience
shows a reasonable time saving in both central processing unit (CPU)
time and real time when a job is run in a bigger region of machine core
storage on the site IBM360/65 computer.

4.8 Collision Probability Methods (G. Robinson)

The correct representation of square or hexagonal boundaries in rod
arrays is of some importance, particularly in resonance calculations.
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The use of a white circular boundary can introduce errors of up to 2 per
cent in resonance capture in water-cooled systems. An approximate
representation of the boundary shape which was based on the work of
Bonalumi [1965] has been included in a set of fast collision probability
routines for rod arrays and clusters which have been incorporated in the
MIRANDA and ICPP modules.

Reference
Bonalumi. R. [1965] - Energia Nucleare, 12 : 1.

4.9 Commissioning of DOT Code (B. McGregor)

Version 3.5 of this two-dimensional transport code has been com-
missioned. Significant differences were found between results obtained
by DOT and the Monte Carlo code MORSE when both were used to calculate a
homogeneous problem derived from a borehole logging study of a californium
source in saturated sand. DOT allows the code user to specify various
options for calculating the angular neutron fluxes transmitted across
each mesh point, the two stanuard options being known as linear and step
function solutions. DOT 3.5 allows the option of a weighted mixture of
these solutions, but further study has shown that the use of this new
option was producing incorrect results on the problem being investi-
gated. Use of the standard options produced results more in agreeement
with MORSE. The results of this study have been forwarded to the code
authors.

4.10 Calculation of Fast Reactor Benchmark Experiments
(G. Robinson)

Calculations of a set of fast reactor critical experiments have
been undertaken primarily to check the accuracy of the representation of
fast reactor nuclides in the AUS/ENDFB library. This library has
groups of 0.25 lethargy width above 10 eV and includes a subgroup repre-
sentation of the resonance scatterers Na, Al, Cr, Fe, Ni and Cu, as well
as the fuel nuclides. All data used were taken from the ENDF/B-IV cross
section library.

Details of the experiments were taken from the compilation of
benchmark specifications given in ENDF-202. Homogeneous spherical
models were used throughout. Calculations were made at a number of
laboratories using ENDF/B-IV data and these specifications have been
reported in ENDF-230. This gives the opportunity of comparing both with
experiment and alternative calculations using -the same cross section
data. Misprints in the specifications for the assemblies VERA-1B, ZPR-
6-7, ZPR-3-56B and ZPR-C-6A in ENDF-202 were noted and corrected. The
modules used in the calculation were MIRANDA to prepare shielded 0.5
lethargy width group cross sections and either ANAUSN or POW to perform
the spatial calculation.

There are large discrepancies between the results from various
laboratories and these should be related to the cross section prepa-
ration methods as the spatial calculation methods have been standardised.
The calculations performed at the Argonne National Laboratory (ANL)
employed fine-group cross sections and should be the most accurate. In
general, the values of k f obtained in this study are higher than ANL
results and lower than tne remainder.
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4.11 LOCA Analysis (W.J. Turner, A.W. Dalton, C.M. Trimble)

Australian participation in the OECD-NEA/CSNI working party on
emergency core cooling continues and further work has been done with
NAIAD on the standard problems.

For Problem 3, agreement between the AAEC calculation using NAIAD
and the experimental data was as good as, or better than, that for any
other solution submitted.

Problem 4 (Semiscale Slowdown S-02-6) was the first attempt to use
NAIAD for a pressurised water reactor (PWR) blowdown situation and is
the most complex problem attempted to date. In this case, agreement
between NAIAD and experiment was better than some and worse than other
calculations submitted.

Standard Problem 6 (blowdown of a large pressure vessel through a
small pipe at two-thirds height) has been studied and preliminary calcu-
lations completed. The results suggest that non-equilibrium effects,
which cannot be represented in the present version of NAIAD, may be
important.

NAIAD modelling of the Engineering Research Division's blowdown
experiments continued. Refinements to allow for heat transfer from the
pressure vessel to the fluid during the transient, and for the flow
restriction due to the heater, did not significantly improve the measure
of agreement between experiment and calculation reported previously.

More detailed investigation of exact transient histories suggests
that countercurrent upward flow of bubbles in the vertical pipe sections
is important and would have to be incorporated in the NAIAD model to
allow realistic simulation of these experiments. In addition, the very
large temperature gradients in the liquid between the pressure vessel
and the test section caused choking to occur upstream of the pressure
tapping. This internal choking effect cannot at present be repre-
sented in NAIAD.

One member of the group completed a one year appointment as a
visiting scientist at Brookhaven National Laboratory, USA, where he
worked on LOCA safety studies.

The NAIAD code has been supplied to the OECD-NBA Computer Program
Library, Ispra, and to the Argonne Code Centre Library, USA.

4.12 Reactor Transient Studies (J.W. Connolly)

Calculations were made of self-terminating power transients following
hypothetical reactivity additions to HIFAR using the model developed for
analysis of forced flow SPERT II transients [Connolly & Harrington
1977]. A revised version of the ZAPP code [Ferguson 1977] allowing
cylindrical geometry was required and, in order to test this revision
and provide more stringent checks of the forced flow model, a comprehen-
sive comparison of calculation with experiment was made for the SPERT
III-E oxide core, which was a small mockup of a typical PWR core. Power
transient data were obtained for a range of initial core conditions.
Excellent agreement with experiment was obtained for the whole measured
range of transients.
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A. 13 Transient Boiling Heat Transfer (.T.W. Connolly1)

The peneral success of the boiling heat transfer model used in ZAPP
has led to an attempt to elucidate the physical phenomena suggested by
the model. To this end, the experiments reported by Johnson et al.
[1961], which involve exponential heating of very thin (0.02-0.2 mm)
metal ribbons immersed in water, have been analysed, and a review of
existing theories of the development of nucleate boiling was undertaken.

Work is continuing towards an understanding of void volume de-
velopment under conditions of rapidly increasing heater surface tem-
perature, as this provides the major shutdown mechanism for severe
transients in water-moderated reactors.

Reference
Johnson, R. et al. [1961] - Temperature variation, heat transfer and

void volume development in the transient atmospheric boiling
of water. SAN 1001.

4.14 Simulation of Two-phase Flow (C.P. Gilbert)

Considerable progress has been made on the hybrid program for the
simulation of a boiling channel. An extensive survey was carried out
into the effects of changing the space sample length, of varying the
time scale, and of using second-order rather than first-order differences
to represent time derivatives. Although all these factors can be optimised
for a given set of channel properties, the only major improvement v/as
given by the use of second-order differences for two of the three stored
variables. This extended the frequency response of the solution by a
factor of two, despite the fact that the increased computing time neces-
sitated a longer time step for real-time working.

The program is now being checked against the digital code SLIP, and
static results, including void and pressure profiles along the channel,
agree to within ± 1 per cent. The comparisons are being extended to
dynamic results.

4.15 Two-phase Heat Transfer and Fluid Flow (K.R. Lawther,
D.R.H. Beattie, R.W. Harris, T.M. Romberg)

Basic Theoretical Studies on Analysis of
Two-phase Flows

The earlier theoretical work included a new rational basis for
classifying two-phase flow structure parameters based on sublayer types.
Applications of the method to two-phase flow structure and friction were
summarised in a paper to an international conference in the UK in
September 1977.

The new approach has now been applied to the changeover from one
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hydrodynamic flow-regime to another associated with flow-boiling heat
transfer crisis, also known as 'burnout1 or 'dryout1. It was observed
that experimental burnout data plotted in the form burnout-heat-flux (Y-
axis) versus steam-quality (X-axis), for constant mass fluxes, forms
contiguous sets of straight lines, each individual line of which may be
extrapolated to intersect the X-axis. The values of quality X for
'zero-burnout-heat-flux' so obtained are found to be identical with
those corresponding to the intersections of pairs of curves of wet-wall
,ind dry-wall data, respectively, on plots of friction-factor (Y1)
versus steam-quality (X). Corresponding relationships have been iden-
tified for annular geometries in which one wall may be dried out while
the other is still wetted: annular geometry relates fairly directly to
the reactor fuel-element rod-bundle configuration.

These findings have suggested that prediction of flow-boiling
crisis (dryout) might be achieved by treating it as a combination of two
effects, one the hydrodynamic contribution, and the other the thermal
contribution. To evaluate the first contribution, the hydrodynamic
dryout (or zero-burnout-heat-flux) quality is determined as above (there
is evidence that dryout can actually occur under certain flow conditions
in the absence of heat input). The second contribution, in which the
thermal aspects are taken into account, presumably determines the slope
of the burnout-heat-flux versus quality relation. It is proposed to
extend the current project to include further investigation of this
approach to the problem of predicting burnout-heat-flux conditions.

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

The limited effort spent on this project during 1976/77 was employed
consolidating some of the ideas given in the 1975/76 Progress Report
(AAEC/PR43-P) and reporting them (with other topics) in a paper presented
at the 2nd Australasian Conference on Heat and Mass Transfer (Sydney,
February 1977).

Instabilities in Two-phase Flow

The objectives of this research and its relevance to nuclear and
other plant were outlined in AAEC/PR43-P, in which an account was also
given of the overall status of the work to September 1976.

Further experiments of the type earlier described have been performed
in the low-pressure Freon-113 recirculating loop apparatus. Five variables
(flow, power, temperature, voidage and pressure drop) were monitored
with regard to their fluctuating components ('noise') and interrelated
by correlation methods. It was found that, at relatively high power
input levels close to that at which instability is initiated, the most
significant relationships were between the fluctuating components of
(voidage and flow) and (pressure drop and flow). The power input when
instability actually occurred was also observed; its value was found to
agree satisfactorily both with that predicted by analysis of the noise
signals from the experiment at a succession of increasing power input
levels below that corresponding to instability, and with the instability
threshold power given by the LOCO computer code. It is believed that
the noise monitoring method has application to operating plant to enable
instability thresholds to be estimated by analysing the output from
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existing plant instrumentation, requiring neither special perturbation
of the installation nor the use of abnormal operating conditions.

To facilitate the analysis, a special computer method of calculation
has been developed to isolate the effect of one input (of several) on
tho output of a multi-input system.

Development and Commissioning
of Gamma-ray Void Gauge

This is a joint project by the Isotope and Engineering Research
Divisions and the Engineering Services Department. The mechanical
mounting and traversing (radial and axial) equipment has been installed
and commissioned. The width of the gamma-ray beam from the americium-
241 source has been reduced from 2 mm to 0.46 mm and improved electronic
(ratemeter) equipment has been proviJed. The traversing mechanism has
been automated and, typical!•", performs one traverse of a 9 mm tubular
test section in five minutes, during which time the flow conditions to
be measured must be held constant. The total absorption of the gamma-
rays by the metal wall plus tube contents along chords of the tube cross
section is automatically plotted on a X-Y plotter. A method of converting
these scans to the required radial profile remains to be devised.
Preliminary scans have been obtained for the test section filled with
air and with Freon liquid. These suggest that the gauge is suitable for
two-phase flow traverses.

Development of Fibre Optic Voidage
Probe for Two-phase Flow in Freons

Water, being electrically conductive, enables several types of
conductivity-dependent voi-!age and film-thickness gauges to be used, but
this simple technique is not applicable to Freon and other non-conducting
liquids. In the case of water, electric needle-probes have been used
successfully for measuring wall-film thickness, local void fraction,
average void size and void distribution in both steam/vater and air/
water mixtures. For use in liquid/vapour mixtures of Freon, several
types of 'point-probe' gauges have been devised overseas which depend
upon the difference in optical refractive index between liquid and void.
One variant makes use of a sharp U-bend in an optical 'light-pipe1

fibre, the amount of light transmitted through the length of the fibre
at any instant depending upon whether the U-bend is wetted or dried out,
with consequent effect upon the amount of light leakage from the fibre.
The U-bend probe does not have the fine spatial resolution for small
bubble sizes possible with a sharpened needle-probe, but useful results
can nevertheless be obtained.

Some preliminary experimental tests were therefore performed with
the object of developing a low-cost optic fibre voidage probe for use in
thermal-hydraulic investigations using Freons. However, it quite soon
became evident that considerable work would be required to develop
methods for forming a small radius, undistorted U-bend in the fibres
able to be reliably replicated. It is therefore considered advisable to
resort to ready-developed commercial units (about which more information
came to hand during f.he development period) even though these are both
costly and fragile. The development project has therefore been dis-
continued.
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4.16 Reactor Slowdown and Containment Performance (J. Marshall,
P. Holland, J.T. Rodd, V. Ilic)

Tests on Bloxcdown of Steaia/Wator into a Containment

Experiments simulating reactor blowdown into a dry containment have
been made with a rig consisting of a 14 litre high pressure vessel
(HPV), connected through pipework containing a double bursting-disc,
fast-acting valve and an 8 mm orifice, into a 2 m3 low pressure vessel
(LPV). Water is boiled in the HPV to attain saturated high-pressure
conditions and then discharged into the LPV, measurements being made of
the steady-state and transient pressure and temperature distribution
throughout the system. One particular aim of the experiments is to
compare the measured pressure transients in the HPV and LPV against
calculations, to investigate the usefulness and validity of calculational
methods, e.g. the local HOTPOT code and the reactor codes RELAP, CONTEMPT
and ZOCO. The HPV response is dominated by the instantaneous rate of
mass outflow, i.e. by choked flow in a defined pipe element, and the LPV
response by the instantaneous mass inflow and condensation heat transfer
to the walls. Thus the experiments can provide a test of the various
models of choked mass flow and the condensation heat transfer schemes
used in the codes.

In the present period, modifications have been made to bring the
whole rig up to the full pressure capability. During the first series
of experiments, the LPV walls became slightly rusted and had to be
cleaned and coated with a carbon-based boiler paint. Various structural
additions were made to the rig to permit better access and to facilitate
the operation. A new choking section was made having smaller internal
diameter (6 mm) and with multiple pressure tappings to facilitate
investigation into pressure gradients in Che choking region. Additions
to instrumentation included installation of pipework and equipment for
differential pressure measurement across the HPV and extension of capa-
bility for measuring temperatures.

Experiments to date have covered a range of initial conditions,
water content of HPV and air content of LPV. In the present period, the
experiments have extended these conditions to higher LPV pressure (10.4
MPa) and to a wider measurement of transient temperature distribution
within the LPV. Preliminary experiments with the new choking section
have indicated that the condensation heat transfer is lower than with
the original section, probably because the lower rate of mass inflow
causes less disturbance of the air. The effective overall heat transfer
in the LPV depends upon the air content and the way in which the incoming
steam/water flow is distributed throughout the vessel and over the
walls. When the velocity is high, the air is swept off the walls and
the heat transfer is high. At low velocity the heat transfer is more
dependent upon the rate of diffusion of steam through air and is much
lower. Attempts have been made in this period to measure the instan-
taneous heat transfer in the LPV at a point opposite the inlet. Prelimi-
nary analysis has been made but difficulties with data processing have
prevented arrival at completely satisfactory conclusions.

Results from this work have been reported at two Australian and one
international conference within this period.
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Heat Transfer from Steam/Air Mixture to the
Walls of a Reactor Containment

An important factor governing the pressure rise in a dry contain-
ment during a reactor blowdown is the heat transfer from the incoming
high energy steam/water fluiJ to the containment v.il]s. This bent
transfer will vary considerably in magnitude over the surfaces depending
upon the fluid conditions at each point, particularly the air-to-stcam
ratio and the velocity. The overall heat transfer is being studied as
one of the projects in the blowdown/containment rig where the average
effective heat transfer is indirectly deduced from the measured pressure
rise. More direct measurements are also being made of instantaneous
heat transfer at particular parts of the low pressure vessel.

The measurement of heat transfer coefficients generally relies upon
measurements of temperature supported by analysis to deduce the heat
flux into a defined test piece. In the present case, where heat flux
and temperatures are continuously varying, it is necessary to know, in
addition to instantaneous heat flux, the instantaneous surface temperature
and bulk fluid temperature. For this purpose, a transducer unit has been
made consisting of a small cylindrical metal plug inserted into an
insulating block but having the surface of one end exposed to atmos-
phere. This transducer is placed in the desired position in the low
pressure vessel and during a blowdown experiment the thermocouple
outputs are continously monitored: they rise rapidly and then fall very
slowly. Preliminary experiments have been made under various blowdown
conditions with the transducer assembly placed on the wall directly
opposite the inlet pipe.

To determine the instantaneous plug surface temperature and heat
flux, the measured metal temperature transient is first converted by
Fourier transform to its equivalent sinusoidal frequency components.
The temperature response along an insulated bar to a given applied
sinusoidal surface temperature or heat flux may be found analytically,
and so, by inversion, the surface temperature and heat flux may be
deduced from a given measured sinusoidal temperature at a point within
the bar. Then inverse Fourier transforms of the frequency functions
will create the surface temperature and heat flux time transients.
Instantaneous condensation heat transfer coefficient values can then be
found from the instantaneous heat flux divided by the instantaneous
fluid-to-surface temperature difference. The general analysis scheme
appears satisfactory in principle but difficulty has been experienced in
the data collection due to instrument noise. Analysis results indicate
very high initial values of heat flux (1 MW m~2) and heat transfer
coefficient (40 kW m~2 K) falling to low values over the blowdown transient.

Blowdown Tests using Freon-12

In addition to the high-pressure blowdown rig designed for water, a
small rig made from glass tube is available for low-pressure work (below
700 kPa). This has been used with Freon-12 and has the advantage that
conditions within the pressure vessel may be observed by eye and recorded
by high speed camera for later visual analysis. Blowdown transients
with Freon-12 were found to be similar in character to those with water
in having an initial pressure fall with recovery to a slowly falling
plateau and then ending with a rapid fall. The initial stage could be
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seen to be accompanied by a very low level of ebullition within the
liquid and was terminated when profuse ebullition commenced. During the
present period, aspects of this behaviour have been investigated in more
detail together with features of the mas.«v outflow characteristics.

The low pressure rig has been modified to include additional
instrumentation and to have an outlet choking section similar to that in
the high pressure rig (a parallel channel with rounded inlet and slow
ta<>er outlet). Fast response pressure transducers and/or thermocouples
have been placed to measure conditions at the end of the outlet parallel
section, where choking is expected to occur, and also at the top of the
vessel and in the fluid.

Slowdown experiments have included:

(a) determination of mass hold-up at specific instants during the
transient by stopping the flow: mass flow rate can be deduced
from the data obtained;

(b) variation of back pressure in the receiver vessel (this
results in very little change to the pressure transient unless
the back pressure is higher than the calculated choking
pressure, thus confirming the expected choking behaviour);

(c) inclusion of differing materials with various surface rough-
nesses, below 1 urn (this was an attempt to find the effect of
these parameters on the ebullition characteristics; definite
effects were found but they appeared to depend more upon the
type of roughness than upon the material or the magnitude as
measured by Tallysurf; more sophisticated methods of rough-
ness measurement are being investigated); and

(d) comparison of measured temperatures with expected saturation
temperatures (the bulk liquid and the outflow are initially
substantially superheated (15°C) but both approach saturation
as ebullition commences).

Development and use of the HOTPOT Code for
Reactor Slowdown/Containment Analysis

HOTPOT is a simplified code being developed locally to deal with
the overall blowdown/containment experimental rig performance which may
be used to deal with corresponding simplified cases of LOCAs. The
general concept is to have available a simple, easily understood analysis
which, while not containing the depth of detail and theoretical accuracy
of the large codes, is capable of performing approximate estimates for
quick surveys and checks on the results supplied by vendors using com-
plex proprietary codes (which are often confidential to the vendor).

Some minor development has taken place on HOTPOT during this period
to incorporate several condensation heat transfer schemes for comparison
with the measured containment response to blowdown in the experimental
rig.
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Utilisation of the US Computer Code CONTEMPT for
Analysis of Pressure Rise in Containments

The CONTEMPT code has now been run extensively to analyse the local
lull-pressure containment experiments. As many as possible of the
facilities provided have been used so that a general understanding of
the code operation can be gained in relation to condensation heat trans-
fer, vessel wall heat-flow computation and heat interchange between
atmospheric vapour and condensed liquid.

Using the built-in option for condensation heat transfer, CONTEMPT
considerably overestimates the pressure rise measured in the experiments
so far carried out. One of the objectives of the blowdown heat-transfer
experiment is to provide more stable coefficients for use in this code.

CONTEMPT is also being applied to the analysis of pressure-
suppression containment systems in preparation for the analysis of
forthcoming experimental tests on this type of containment.

Utilisation of the German Containment
Code ZOCO V

The code users' handbook has now been translated and preliminary
runs made on the standard problem supplied with the code. Owing to lack
of effort it has not yet been possible to test it against local experi-
ments or to run trials against CONTEMPT.

Application and Minor Development of
RELAP (Reactor Accident Codes)

Experience has been gained in using the reactor blowdown codes
RELAP 3 and RELAP 4. The latest version, RELAP 4 MOD 5. has now been
obtained and tested on its sample problem. There have been difficulties
in commissioning the code's own graph-plotting routines and an alterna-
tive scheme is being devised. Arrangements are in hand to apply the
code to analysing the experimental data from the steam/water blowdown
tests.

4.17 Transient Heat Transfer and Dryout (R.W. Harris, A.G. Cassar,
W.J. Green, A.G. Chapman)

Thermal-Hydraulic Processes in Electrically-simulated
Nuclear Excursions

Analysis of t:he SPERT reactor transient experiments at Lucas Heights
by Physics Division, and also by others elsewhere, has indicated that,
for the case of rapid transients, the fuel plate temperatures estimated
from the application of steady-state heat transfer data are higher than
those actually observed. Transient heat transfer experiments performed
in England, Japan and Russia have shown that the mechanisms involved in
fast transientdryout are somewhat different from those in 'steady-
state' or slow transient conditions. In particular, it has been ob-
served in fast transients that successive nucleation sites are activated
before bubbles at the earliest-activated sites have grown appreciably,
so that a brief but effective period of nucleate boiling precedes the
subsequent period of film-boiling or vapour-blanketing. The net result
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is that the burnout heat flux is several times higher in the transient
cases, increasing with decrease of doubling-time of the power input.
(The rate of production and instantaneous size of the vapour voids also
directly affects the rate of reduction of nuclear reactivity due to
displacement of moderator from the core region.)

All the experiments reported in the literature made use of small
test sections in- the form of wires or strips no wider than 5 mm. This
small size called fox correspondingly small input power and so facili-
tated control of the power by electronic means (e.g. power transistors).
However, to exair'.ne in greater detail the surface boiling mechanisms and
overall behaviour of plates of a size more representative of plate-type
reactor conditions, it was thought that advantage could be .taken of the
large ex-submarine batteries which are installed in the Lucas Heights
Engineering Laboratory to enable test plates having a larger surface
area to be employed, although the control of pulse shape was recognised
as a difficult problem since currents of some tens of thousands of
amperes would be involved.

The apparatus for these tests has been under development during
intermittent periods for several years, depending upon the availability
of effort. The equipment has now been developed to the stage that
measurement of average plate temperature from instantaneous resistivity
values appears to have been achieved. Input power is also measured.
The signal voltages are recorded on an instrumentation tape recorder for
subsequent digitisation and numerical analysis for the derivation of
temperature, surface heat flux (= (energy input) - (energy stored in
plate) ), heat transfer coefficient and burnout power.

The aluminium test specimens are typically 60 x 15 x 0.5 mm mounted
30 cm below the surface of the water in an open cube-shaped tank of
0.915 m side. The water in the tank can be preheated to enable the
subcooling below saturation to be controlled. The electric power is
connected to the test specimen via a quick closing switch and is ter-
minated, at present, by the melting and vaporisation of ':he specimen.
The pulse shape is controlled by the inductive/resistive characteristics
of the circuit and is initially exponential, with a typical e-folding
time of a few milliseconds. This time scaling is comparable with the
doubling times in nuclear experiments, which employed a linear rise in
power ('ramp function').

Post-dryout Heat Transfer at Very Low Flowrates

Using a reactor core hydraulics code (RELAP), calculations of core
coolant flows, which occur during a hypothetical LOCA arising from a
double-ended cold-leg rupture, indicate periods in the first few seconds
of the blowdown during which the coolant flowrate is very small or zero.
Evaluations of the corresponding heat transfer conditions for this
period indicate that post-dryout transition or film boiling conditions
are present. However, currently used heat transfer coefficients for
these processes are considered to be unrealistic and there is a need for
relevant experimental data.

As a precursor to tests with water, data have been obtained in the
first phase of an experimental program, using Freon-12 at very low
flowrates (coolant mass fluxes down to 270 kg m"2 s"l (0.2 x 106 Ib



42

ft~2 h"1)) in a number (five) of vertical round tubes (with internal
diameters in the range 7-21 mm), to measure heat transfer coefficients
in the regions immediately downstream of the dryout location. Detailed
analysis of these data is currently in progress using the recently
developed THETRAH code. This analysis is well advanced nnd indicntt-s
that current methods of predicting heat transfer characteristics in the
post-dryout region, between the onset of dryout and the establishment of
stable film boiling, are inadequate. However, the analysis indicates
that it may be possible to derive a relatively simple relation to
describe the heat transfer characteristics of this region.

Heat Transfer Under Transient Flow Conditions

The question has been further reviewed as to whether the rates of
acceleration and deceleration of primary-circuit coolant fluids (e.g.
water, steam, steam/water, gases, etc.), under the conditions of a LOCA
in a power reactor, could cause changes of heat transfer coefficients
sufficiently substantial to affect fuel temperature predictions made by
reactor accident analyses based on steady-state heat transfer data. It
has become clear from available literature that, although transient heat
transfer performance can be significantly different from predictions
using steady-state correlations for certain hypothetical (extremely
rapid) transients, the effects are not expected to be significant under
realistic transient conditions, including accelerating and decelerating
flows, and variations in temperatures and heaf fluxes.

The analyses available for review have not been comprehensive (for
example, the effects of variations in fluid properties have not been
included), but in view of the indications presented it is not considered
worthwhile proceeding with the experimental work originally proposed.

It appears that effects probably having more importance are flow
transients from turbulent to laminar and/or the transition region.
However, it is not proposed to pursue this line of work any further at
this stage.

Combination of Heat Transfer Codes THETA and HEATRAN

In connection with the prediction of maximum fuel element surface
temperatures encountered during the blowdown phase of a LOCA in a water-
cooled power reactor system, local post-dryout heat transfer conditions
are being investigated in a small-scale experiment with thick-wall
tubular test sections and internal coolant flow, measurements being made
under transient heat transfer conditions. Local heat fluxes and tempera-
tures vary in both space and time, and the coolant passes through a
range of two-phase (vapour/liquid) flow conditions. Detailed analysis
of local surface heat transfer under such conditions requires a sophisti-
cated computer code. The US THETA1-B code, which is used to evaluate
reactor fuel pin temperatures corresponding to LOCA conditions, employs
a two-dimensional thermal diffusion program (CINDA) which cannot be used
to model geometries other, than those corresponding to a cylindrical fuel
pin with external cooling. Hence it was proposed to decouple the CINDA
program from THETA1-B, replacing it with the more versatile two-
dimensional UK heat transfer code HEATRAN to provide an extremely versatile
tool for heat transfer analysis.
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Successful combination of these codes depends on correctiy specifying
boundary conditions at the linkage interface. A number of compatibility
problems were encountered with the linking data, partly because of
inherent restrictions in the methods of solution within each code, and
partly associated with numerical instabilities. However, these diffi-
culties were overcome by appropriately removing restrictions within each
of the codes and adopting suitable limiting criteria for the combined
code (THETRAN), which has now performed satisfactorily on a number of
test cases.

Sensitivity Analysis using THETA1-B

The computer code THETA1-B was used to ascertain the significance
and relative importance of the various heat transfer regimes in relation
to the prediction of maximum fuel cladding temperature for the blowdown
phase of a postulated LOCA in a PWR system. Several factors were
considered, including the choice of heat transfer correlation for a
particular heat transfer regime, the method of delineating the boundaries
between regimes, and core inlet coolant flow conditions.

It was found that, for the case of a hot-leg rupture, the maximum
surface temperature is sensitive to a number of factors including choices
of correlations for critical heat flux, flow boiling transition heat
transfer and, in particular, stable film flow boiling. However, for a
LOCA resulting from a double-ended rupture of an inlet feeder, these
factors had been found to have only marginal effects on maximum cladding
temperature. In this case, heat transfer to dry steam coolant at low
net flowrate conditions was of key importance.

A.18 Stresses in Reactor Pipework (J.F. Whatham)

To calculate stresses and strains in pipe networks containing plant
components other than simple runs of piping calls for detailed knowledge
of the 'flexibility' of the individual plant items ('flexibility1 =
amount of angular deflection, angle-closing or arm-twisting, as a
function of applied torque). This problem was encountered in the stress
analysis of the HIFAR primary circuit, in which the flexibilities were
not known for valve bodies and flanged, short-armed elbows. The HIFAR
circuit was especially unusual in this regard since, in order to mini-
mise heavy water inventory, components are juxtaposed as closely as
possible with minimal length of pipework interconnections. Similar
problems can arise in other reactor circuits which include components
having an unusual measure of stiffness due to the presence of heavy
flanges or other restraints which prevent the pipe taking up a slightly
oval cross section as the bending forces are applied.

This problem is now being examined as a fundamental research
problem in respect of equal-armed pipe elbows having a massive flange at
the extremity of each arm. The flexibility is being evaluated in three
ways:

(a) theoretically, using the basic analytical methods of estab-
lished thin-shell theory;

(b) by computer analysis, using the finite-element stress-strain
codes SAP IV and V (SAP V has not yet been received); and
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(c) by experiment, measuring the angular deflection produced by
forces tending

(i) to close the elbow angle, and
(ii) to twist the free arm with the flange of the other arm

anchored.

In the theoretical analyses the assumption is made that the flange
is perfectly rigid, so that the pipe cross section at Uhe outer end 01
the elbow arm cannot change from circular to very slightly oval as the
deflecting force is applied. Using the analytical method the flanged
90° elbows were found to be several-fold stiffer than the values given
in the ASME code for pressure piping, the degree of additional stiffness
for a given pipe diameter, thickness, etc., depending on arm length, and
decreasing as arm length increases. This work has not yet been docu-
mented .

No analyses have yet been performed using the SAP code on the
effect of flanges, but the code has been applied to unstiffened pipe
elbows and demonstrated satisfactory agreement with shell theories in
this case.

The experimental investigation uses two specially made, 0.5 inch
wall thickness, equal-armed, 90°, 10 inch bore, stainless steel elbows
of mean elbow radii 15 and 10 inches respectively. Each arm is provided
with a series of integral flanges along its length such that, by succes-
sively machining away the flanges from the bend outwards to the arm
extremity, the effect of flanged elbows of increasing (but equal) arm
length can be produced. Each elbow is fastened (in turn) to a rigid
base frame, deflection forces are applied by a hydraulic jack fitted
with a load cell, and deflections are measured with dial gauges. Sur-
face strains at the middle region of the elbow surface are measured with
strain gauges. Some experimental data has been obtained from the 15-
inch radius elbow, but this has not yet been compared with the theore-
tical findings.

4.19 Reliability Analysis (A. Bicevskis)

Literature relating to current overseas developments in reliability
analysis were studieu to maintain state-of-the-art capability.

A useful exchange of information was maintained with the Systems
Reliability Service of the UKAEA (AAEC is an Associate Member of SRS).
Arrangements are being made with the Site Operations Department to
collect reliability data from the HIFAR reactor for transmission to the
SRS data bank.

An introductory course on reliability analysis consisting of six
lectures was presented to the Research Establishment staff to disseminate
a knowledge of the currently available techniques.

A paper on Reliability Analysis in Nuclear Systems was presented to
a symposium on reliability, organised by the Statistical Society of
Australia in November 1976.
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5. FUSION AND OTHER ENERGY RELATED STUDIES

5.1 Deformation of Refractory Metals (K. Veevers, K.U. Snowden)

The refractory metals, molybdenum, niobium and tantalum are potential
candidate materials for fusion reactors and their usefulness in these
reactors depends largely on their high temperature behaviour. The as-
received materials (in sheet form) hnve been rhnrnc tori sod by mp->eurinsT
the tensile properties as a function of temperature. The results are
shown in Figure 5.1. One of the most interesting results in the work to
date is the relative temperature independence of the ultimate tensile
strength (UTS) and yield strength (YS) in tantalum between approximately
300 and 600°C. The shape of the curve suggests the occurrence of
strain ageing, as is the case in zirconium alloys, between 250 and
450°C. The presence of strain ageing was confirmed in additonal tests
at 550°C in which both dynamic and static strain ageing were found.
This phenomenon is being investigated further together with creep tests
on the three materials.

5.2 Neutron Source Project (G. Hogg, J. Tendys)

Investigations have been made on the time of emission of the
neutron and X-ray pulses from the compressed plasma with respect to the
state of compression of the plasma (as indicated by the time derivative
of the current pulse). Neutron emission commences some 20 ns before the
peak of the plasma compression and continues for 50-100 ns. Soft (< 50
keV) X-ray emission also occurs at a similar time, but hard (> 100 keV)
X-ray pulses have been observed to commence some 40-50 ns after peak
compression. These measurements correlate with the general theory of
the dense plasma focus.

5.3 Magnetohydrodynamics and Topping Cycles (D.W. Lang)

At present electrical generation by combustion appears thermo-
dynamically inefficient. One limitation is given by the temperatures at
which turbine blade materials fail. In a number of countries attempts
are being made to get direct conversion of gas motion into electric
power economically. The combustion gas itself is produced at a high
enough temperature to be electrically conducting and direct current is
obtained when it is forced through a magnetic field.

The economics of operating an MHD duct requires that the gases be
conducting, and therefore hot, close to the walls. The endurance of the
wall becomes an important economic consideration. A number of proposals
have been made; these include the use of an alternating magnetic field
so that there are no electrodes, and the ability to obtain power by
induction and decrease the temperature close to the wall. So far a
consequent difficulty has been that the varying magnetic field has been
associated with hysteresis loss and, overall, the electrical energy
output has been negative.

To remove electrodes from an MHD duct and, at the same time, avoid
hysteresis loss, it is suggested that the magnetic field be provided by
a rotor and fixed with respect to the rotor. The magnetic field is
given a spiral structure and acts as the blades of a primitive turbine.
The energy is collected from the gas to produce rotation of a shaft
leading to a.c. generation.
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Calculations of the effects expected have been made. A small scale
model suffers because torque is proportional to duct volume. This
defect can be reasonably overcome using mercury as the conducting fluid.

5.4 Saturated Steam Turbine Cycles for Nuclear Power Plants
(G.A. Tingate)

Saturated steam cycles incorporate intermediate drying of Lite
steam, followed by reheating the dried steam with live and extracted
stonn. Each case involves the calculation of hundreds of steam table
values and the solution of 20-30 simultaneous flow equations. The
effects of the important parameters on cycl>a efficiency have been
investigated systematically. Fairly uniform and predictable trends were
observed, but initially the investigation was limited to a narrow range
of pressures, in the vicinity of 750 psia.

The effects of the various parameters have now been evaluated over
the range of pressures of interest to the nuclear industry, viz. 500-
1250 psia. It was found that similar trends applied to the Carnot and
Rankine cycles, and also to the extraction cycle. The latter involves
all the parameters of the reheat cycle except for those relating to
steam drying and reheat.

An empirical equation has been developed for the extraction cycle
efficiency in terms of

(i) initial and final steam conditions,
(ii) turbine stage efficiency,
(iii) number of feed water heaters, and
(iv) Carnot and Rankine cycle efficiencies.

The accuracy of this equation is within the target accuracy of
±0.5 per cent, without reaching the limit of resolution of the com-
puter. Attempts are currently being made to simplify the equation
further without loss of accuracy, and to extend its range of applica-
bility. Indications are that there is also a possibility of further
improvement in accuracy.

5.5 Application of Perfect Gas Laws to High Temperature
Thermodynamic Cycles (G.A. Tingate, A. Smith* [*Vacation
Student])

An exploratory study has been made of the applicability of the
perfect gas laws to high temperature helium and steam cycles. When the
cycle efficiencies of two thermodynamic systems are to be compared, a
difference of 0.1 per cent is significant and a difference of 0.2 per
cent is worth further consideration. It is desirable, therefore, to
achieve an accuracy of i 0.5 per cent in any calculations.

Ideal cycle efficiencies were calculated from the helium and steam
tables, and from the perfect gas equations using text book values of the
relevant gas constants. Errors as great as 5 per cent were incurred in
some cases. By optimising the gas constants, it was possible to reduce
the errors to 0.25 per cent.

Since the helium tables are less accurate than the steam tables,
subsequent work has been restricted to steam cycles. It has been found
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that the errors were affected by the ranges of pressures and tempera-
tures selected. The lower pressure was increased for a sample batch and
the errors dropped to 0.1 per cent. Further work is expected to lead to
better empirical equations for both the ideal and practical cycles.

6. PUBLICATIONS

During the year several papers have been presented at conferences,
reports and other papers published either in technical journals or as
Commission reports. These are listed below.

6.1 Chemical Technology Division

Papers

Berzins, A., Evans, J.V. & Lowson, R.T. 11977] - Aluminium corrosion
studies part II. Corrosion rates in water. Aust. J. Chem.,
30 : 721.

Berzins, A., Lowson, R.T. & Mirams, K. {1977] - Aluminium corrosion
studies III. Chloride adsorption isotherms on corroding
aluminium. Aust. J. Chem. 30 : 1891.

Lowson, R.T. [1977] - The electrochemical mechanism for the room tem-
perature inhibition of corrosion of steel by hydrazine. Br.
Corros. J., 12 (3) 175.

Nicholson, F.D. [1977] - A model of the mass transfer of corrosion
products in high temperature, high pressure water circuits.
Corrosion J., 34 (4) 125.

Conference Papers

Lowson, R.T. [1976] - The electrochemical basis for the protection of
coolant circuits under shutdown conditions by hydrazine. 16th
Australasian Corrosion Conf., 22-26th November 1976, Auckland,
New Zealand.

6.2 Materials Division

Woolfrey, J.L. & Wright, S.J.* (*Univ. of NSW) [1976] - The measurement
of interfacial energies in the U02-Gd203 System. J. Aust.
Ceram. Soc., 12 ; 21.

Bannister, M.J.* & Buykx, W.J. (*CSIRO Div. of Tribophysics) [1977] -
The sintering mechanism in U0z.x. J. Nucl. Mater., 64 ; 57.

Jostsons, A., Blake, R.G. & Kelly, P.M. [1976] - Radiation damage in
zirconium. Proc. Metals Technology Conf., Sydney, 23-27th
August, 14-1-1.

Jostsons, A., Kelly, P.M. & Blake, R.G. [1977] - The nature of dis-
location loops in neutron irradiated zirconium. J. Nucl.
Mater., 66 : 236.
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