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Résumé

Au début des années 1950, L'Energie Atomique du Canada,
Limitée (EACL), en collaboration avec l'industrie canadienne
et les commission électriques provinciales a entrepris le
développement de la filière ëlectronucléaire CANDU et
l'établissement de l'infrastructure industrielle dont cette
filière avait besoin. Bien que les activités en cours dans
les autres pays aient fourni des données utiles pour les
réalisations canadiennes, le réacteur CANDU avait différentes
caractéristiques uniques en leur genre qui nécessitaient des
programmes spécifiques de recherches et développements
orientés vers la physique. Les quatre principaux domaines
couverts par ces R&D étaient la physique fondamentale des
réacteurs, le contrôle des réacteurs, les contrôles et
instrumentations nécessaires pour l'eau lourde et le tritium
et finalement les possibilités d'autres cycles de
combustible. On passe en revue ces quatre domaines dans le
but de donner une idée générale de ce qui a été fait et de ce
qui reste à faire.
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ABSTRACT

In the early 1950s, Atomic Energy of Canada Limited (AECL),
in collaboration with Canadian industry and the power
utilities, started on the task of developing and establishing
the CANDU power reactor system and the necessary industrial
infrastructure. While international activity provided a
useful background and information to support Canadian
activities, there were several unique features of the CANDU
reactor which demanded specific programs of research and
development work with a physics orientation. The four major
areas were basic reactor physics, reactor control, heavy
water and tritium monitoring and instruments and, finally,
the potential of alternative fuel cycles. These four topics
are discussed with the objective of providing an overview of
what has been accomplished and what remains to be done.
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1. INTRODUCTION

In the early 1950s, Atomic Energy of Canada Limited (AECL),
in collaboration with Canadian industry and the power
utilities, started on the task of developing and establishing
the CANDU power reactor system and the necessary industrial
infrastructure. At the same time, parallel development
programs were proceeding in other countries on alternative
thermal reactor systems. In Europe the main emphasis was
directed towards the gas-graphite reactor, while in the USA
attention gradually focussed on light-water, pressure-vessel
concepts. While this international activity provided a
useful background and information to support Canadian
activities, there were several unique features of the CANDU
reactor which demanded specific programs of research and
development work with a physics orientation. The four major
areas are listed on Figure 1.

Firstly, the reactor is fuelled with natural uranium oxide.
This use of natural uranium imposed a discipline on the
design which was unknown to those developing reactors using
enriched fuel. The calculated excess reactivity for the
CANDU design appeared to provide adequate burn-up for
efficient use of uranium and low fuelling cost. One key
question was whether this would be achieved in practice.
Further, the core components are arranged in a more
heterogeneous fashion, compared with a light water reactor.
The highly absorbing fuel is subdivided into short rods,
which are assembled into bundles inside fuel channels
separated by lightly absorbing moderator. The necessity here
was to improve the existing nuclear data and methods of
calculation.

Secondly, it was appreciated that work would be required to
assist in designing the reactor control systems for large
power reactors. In particular, distortions in the spatial
distribution of neutron flux and power in large reactor cores
could arise if operation is unregulated, being driven by the
action of the linked iodine-135/xenon-135 fission products.
Consequently, an on-line spatial control system would be
needed to counter regular perturbations of the core reactiv-
ity and flux shape produced by on-power refuelling.

Thirdly, the reactor uses heavy water, and a heavy water
production industry was to be established. Since some loss
of heavy water had to be expected, techniques and instrumen-
tation were developed to ensure that these losses were kept
to a minimum. As well as the economic impact, the health
physics effects had to be considered since the heavy water in
the reactor becomes radioactive, mainly due to the ingrowth



of tritium resulting from the neutron activation of
deuterium.

Finally, work was directed towards identifying alternative
fuel cycles to assure a long lasting resource base for the
CANDU system. Although the CANDU natural uranium cycle is
very efficient and utilizes the least amount of natural
uranium per unit energy output compared to alternative
thermal reactor systems, it was realized that there was still
further potential to be developed, particularly by recycling
the fissile material left in the spent fuel. To further
strengthen the resource base, the prospects of utilizing
thorium as a nuclear fuel were also to be investigated.

The four topics outlined above will be now discussed in more
detail. The objectives are to provide an overview of what
has been accomplished, and what remains to be done.



2. BASIC REACTOR PHYSICS

The original target for the CANDU design was a heavy-water-
moderated power reactor capable of producing energy at com-
petitive costs, using natural uranium as the fuel. The main
uncertainties concerning reactor physics were associated with
the reactivity of natural uranium lattices with fuel of com-
plex geometry under power reactor conditions of temperature
and pressure, and the change in this reactivity with fuel
irradiation. As already stated, the key activity was to con-
firm that there would be enough excess reactivity to support
a fuel burn-up which would be high enough to make efficient
use of uranium and provide competitive energy costs.

The fundamental nuclear data and the methods of analysis were
not accurate enough at the time that a reliable design could
be based entirely on calculation. As a result, the
development of the CANDU concept was tied closely to the
results of integral physics measurements.

Three main types of integral experiments were used: zero
energy lattice experiments, measurements of reactivity change
with irradiation, and measurements in power reactors. The
results of these measurements were used initially in
developing semi-empirical correlations for studying various
design options and predicting reactor performance character-
istics, and later in checking more sophisticated, fundamental
lattice codes for the same purpose.

The rationale behind the program is quite straightforward.
It is vastly easier and cheaper to do measurements in a zero
energy facility where materials do not become radioactive
than directly in a facility operating under power reactor
conditions. Thus many more measurements can be made in a
test reactor operated at very low power and a much more
detailed understanding of the physics obtained. By measuring
separately the effects of changes in lattice conditions,
perturbations to the lattice, and fuel irradiation, the
results can be satisfactorily extrapolated to power reactors.
The final check is by far less extensive measurements in the
power reactors themselves.

2.1 ZERO ENERGY LATTICE EXPERIMENTS

Since 1945 there has always been at least one zero energy
test reactor at CRNL. Figure 2 illustrates the timing of
these facilities with regard to the total reactor program.
The first such reactor was ZEEP - well known as the first
reactor to operate outside the U.S. One of its major
functions was to supply information on natural uranium metal



lattices to support the design of the NRX and NRU reactors.
In 1960 the larger ZED-2 (Reference 1) was commissioned with
the specific purpose of permitting accurate measurements for
the large fuel assemblies and wide lattice spacings planned
for Canadian D2O power reactors. Both reactors were
operated until mid-1970 when ZEEP was mothballed.

A zero energy test reactor has two main functions. The first
i.s to provide a facility in which a broad range of lattices
of a given general type can be assembled and made critical -
different fuels, with different geometrical designs, at
different lattice spacings. The properties of these lattices
are then studied to aid in assessment of concepts and
proposals, and in designs of research or power reactors. The
second is to provide a facility in which specific situations
that arise in the design or operation of research or power
reactors can be simulated in order to solve specific reactor
physics problems.

While operating conditions of research and power reactors
cannot be exactly duplicated, many can be approximated. The
usefulness of a test reactor lies mainly in the wide variety
of measurements that can be made related to detailed neutron
behaviour in the system. Therefore, two very important
requirements of such a facility are versatility and
accessibility.

Careful attention was paid to these two requirements in the
design of ZED-2 (Figure 3). The facility consists basically
of a reactor vessel (calandria) having an inside diameter of
336 cm and a depth of 334 cm, surrounded by a graphite
reflector 60 cm in mean radial thickness on the sides and
90 cm thick on the bottom, and both enclosed (along with a
D2O pump and drain circuits) in a 7.2 metre square
reactor well having 45 cm thick concrete walls. Fuel rods
are suspended on offset hangers from eleven steel beams
straddling the top of the calandria. Remotely operated
mechanical-hydraulic mechanisms are provided either to move
the beams across the calandria or to move a row of hangers
along the beams, thus permitting a change in lattice spacing
for either square or hexagonal lattices. Reactor control is
achieved by adjustment of the D2O level in the calandria.
This level is measured roughly with a pressure transducer and
accurately with a probe which gives an electrical signal when
lowered to touch the surface of the D2O. To shut down
the reactor quickly, moderator is drained rapidly from the
calandria through three dump lines.

The experiments done in the lattice test reactors, particu-
larly ZED-2, can be divided into four general categories:



(a) Experiments with a uniform lattice, at ambient
temperature, and with unirradiated fuel

(b) Effects of changes in temperature and coolant
density and of the addition of neutron poisons

(c) Spatial perturbation effects caused by non-
uniformities in the lattice

(d) Kinetic experiments

2.1.1 Uniform Cold Clean Lattice Experiments

During the early period, ZED-2 was used mainly for studies of
lattices in the range of interest for the Nuclear Power
Demonstration (NPD) and Douglas Point Reactors. Lattices
were assembled at a variety of lattice spacings and with air,
D2O, H2O and organic "coolants" using bundle assemblies
consisting of 7-element UO2, 19-element UO2, 19-element
U-metal, 7-element UC, and 19-element ThO2-UO2 fuels.
Later, with the adoption of the larger pressure tube and more
subdivided fuel bundle design for the Pickering reactor,
experiments were made using 28-element UO2 and 3i-element
simulated irradiated fuel.

Since that time, further lattice experiments have been done
with rods having other geometries (References 2-6). The most
notable example is a series of experiments carried out in
support of the Bruce and CANDU-600 reactors using 37-element
bundles of UO2, U3Si, UC and U-metal made to identical
geometries. The measurement techniques have improved with
time to a degree that the later experiments have been done
with substitution techniques using as few as seven test fuel
channels, rather than with full-scale lattices.

Measurements made in these lattices gave information on the
critical size of the lattice in any geometry, the ratio of
fissions in fertile isotopes (caused by high energy neutrons)
to fissions in fissile isotopes, the ratio of fissile
material produced (by neutron capture in fertile isotopes) to
fissile material destroyed (by fission or neutron capture),
and the distribution of the neutron density with energy.
Measurements were also made of the spatial distribution of
neutron flux within channels, lattice cells and the lattice.

Figure 4 illustrates the type of data that can be obtained.
The plot shows the variation of material buckling (a measure
of how reactive the lattice is) with fuel channel pitch for
28-element bundles. This type of information was used to
help design the Pickering reactor.



2.1.2 Effects of Changes in Lattice Condition

In both ZEEP and ZED-2, provision is made for heaters in the
moderator. Using these, the lattice temperature can be
raised uniformly by some 60°C. This technique has been used
to measure effects of temperature changes to provide a means
of checking lattice codes, but is a long way from simulating
operating power reactor temperatures.

In order to provide information more directly relevant to
power reactors, a series of experiments was carried out using
a single hot loop in ZEEP. This facility consisted of an
insulated pressure tube through which water or air at
temperatures up to 300°C could be passed. Various test
sections were placed in the pressure tube which was located
centrally in an otherwise uniform lattice.

Measurements were made of the neutron activation rate of
various materials in the test section and through the lattice
cell, for various temperatures inside the pressure tube.
Results proved to be very useful in extrapolating the cold,
clean lattice measurements to power reactor conditions.

More recently we have acquired facilities providing power
reactor coolant temperature conditions in seven lattice sites
of the ZED-2 reactor. The design consists of well-insulated
pressure tubes, each having a nominal inner diameter of 10 cm
(corresponding to current power reactor designs) and con-
taining a 3 kW electric heater which can quickly raise the
temperature of the fuel plus liquid coolant to 300°C. At
full temperature conditions, the heat loss is about 100 W per
channel and only a fraction of this loss is to the moderator.
With chis low heat loss, the fluid temperature can be kept
very uniform axially and moderator heating does not introduce
experimental problems. These facilities make it possible to
perform standard few-rod lattice measurements by substitution
techniques. They have been used for natural uranium lattice
measurements, and we expect them to be particularly useful
for measurements with other fuels.

We have also introduced a moderator poison addition and
removal system into ZED-2 to examine the effects of adding
boron poison to the lattice. Moderator poisons are used in
many of our reactor designs and some reactivity coefficients
depend significantly on the amount of moderator poison
present.

2.1.3 Perturbed Lattices

In a power reactor, the lattice is seldom uniform throughout
the core. For example, irregularities occur due to bundle-
end effects, fuel changing operations, non-uniform burn-up,



control absorbers and in-core flux detectors. These c-ffecis
have also been studied extensively in zero energy lattice
experiments (References 7-10). Generally, measurements have
been made of the reactivity effect of introducing a
perturbation in the spatial flux distribution. At the time
the experiments were performed, much of the data was used
directly in design work. More recently, however, with the
development of more sophisticated methods of calculation,
these data have provided a check on the accuracy of
calculation.

2.1.4 Kinstic Experiments

In large reactors the spatial flux distribution will vary
with time after a small reactivity change from critical, due
to the loose neutron coupling between widely separated
regions of the core. The problem faced was how to use a
small reactor to investigate this problem. The solution
adopted was to do experiments in ZED-2 with "split cores"
(References 11, 12).

Figure 5 shows a typical experimental arrangement. The core
consists of two loosely coupled regions - the decoupling
being achieved by separating the core into two halves and, in
some cases, putting a weakly absorbing curtain of F^O-fiiled
aluminum tubes between them. The separation between the two
halves was also varied in some experimerts.

Figure 6 shows some typical results. An absorber rod was
dropped into the position shown in Figure 5 and the flux
measured as a function of time after the drop at detectors
located in each core half, in diametrically opposite
positions. The curves show the ratio of these detector
signals as a function of time for two cases, with and without
the H2O absorber curtain.

Measurements of this type provide benchmark experiments
against which the codes used for power reactor desicn and
operation can be checked.

2.2 IRRADIATION EFFECTS

Zero energy lattice experiments give a firm basis for the
physics characteristics of power reactors with fre~h fuel,
but do not give information on irradiation effects. Effects
of fission products whose concentration quickly saturates
with irradiation, such as xenon and samarium, were well
defined by data obtained from the operation of the research
reactors, NRX and NRU.

Three experiment programs have provided data on the effects
of long irradiation of na-tural uranium fuel.
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This p^oqra.n was carried out in the 1950s in a
collaborative effort between staff at Chalk River -•
Harwell (References 13, 14). Natural uranium sam^:
irradiated in the NRX reactor at Chalk River, measu-
uf the reactivity were made at the GLEEP oscillator
Harwell before and after irradiation, and chemical ;
rass- ctrotnc'tric analyses of the samples were ma.i-
Chalk x,_ver

>) N'R'i-PTR MEASUREMENTS

i at
: we r e
m ents

In this program, samples of alloys of fissile msz'. r >. '.
were irradiated in the NRU reactor (References \r., . •'• : .
Reactivity measurements were made on the irradia: • '.
samples in the PTR reactor at Chalk River. Then 1,.<.
bdinples were dissolved and the uranium and nlutoni..-
contents determined by precise chemical and mass
spectrometr ic measurements. The reactivity of :.Vi:
remaining fissile material was calculated and s t.'acted
from the r<_ activity of the fission products, f>.̂:> wnich
their cross -̂ ,,-tion was determined.

NPD FUEL ANALYSIS

In 1968 a series of eight 19-element NPD bur.di;s, with
irradiations covering the range 1,000 - 10
was mass-spec trometr ical ly analyzed by •::-.•._'
(Reference 17). The bundles were sel-. *:. ji
irradiation history typical of an unp<=rt_'.:r
reactcr with bi-directional on-power ru
measurements provided relative concentr
U-2J6, U-238, P U - 2 3 9 , Pu-240r Pu-241, P
each rin-i of the bundle.

.000 MW.d/t(U),
•':-,-.' ' HA in France
.ji "o have an
.::r .• d CANDu-type
: 1! ir.g. The
it ions of U-235,
;-.2 4I and Nd-148 in

The net reactivity change with irrad iatio:i of natural uranium
fuel is ci delicate balance between positive ana negative
effects. These experiments were essential in order to attain
a reliable estimate of achievable burn-up.

2.3 STATUS

The experimental program I have just described provided a
firm underpinning for the evolution of the CANDU design
(Reference 18). Further confirmation and information became
available as the NPD, Douglas Point and PickfrJny reactors
were successively commissioned and operated (R̂  i.-rences
19-22).

Figure 7 illustrates the type of information which became
available on fuel burn-up from early operation of Pickering



units 1 and 2 (References 23, 24). The plot of cumulative
fresh natural uranium added to the reactor against total heat
energy output from the reactor gives a very direct
measurement of fuel burn-up performance. The actual heat
energy obtained during operation is close to 170 MW-h per
kg U fed to the reactors. This is somewhat higher than the
160 MW*h projected by calculations.

It must also be remembered that, in parallel with the
experimental program, there was considerable effort devoted
to developing methods of calculation. This technology is now
available in the form of computer codes. Figure 8 shows a
simplified chart of the physics activities involved in
reactor core design and operation, and the names of some
typical computer codes which have been developed. The flow
of activities is from the top of the chart to the bottom
although some iteration is necessary. Arrows indicate where
information from the experimental and operating power
reactors has been used. The numbers indicate the type of
information which is calculated.

Generally, the reactor physics of natural-fuelled CANDU
reactors is now well understood and little further experi-
mental work is required. A limited amount of development
efiort will be concentrated on the associated computer codes,
but mainly from the viewpoint of improving their cost
effectiveness.
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3. REACTOR CONTROL

For purposes of illustration, the reference design of the
Gentilly-2 reactor will be used. This is a 600 MWe CANDU-PHW
reactor presently under construction in the province of
Quebec. It is representative of the present generation of
600 MWe CANDU reactors and is similar in basic design to the
four 540 MWe Pickering units already in commercial
operation.

The power distribution in both radial and axial directions is
flattened by design. Figure 9 shows typical flux distribu-
tions across a diameter. Power flattening is achieved by
varying the burn-up of the discharged fuel across the core
and by a set of neutron absorbing rods, called adjuster rods,
which are inserted in the central region of the core. These
adjuster rods are normally inserted in the core during full
power operation and are withdrawn only to provide positive
reactivity for xenon override purposes.

Long-term control of the power distribution is achieved
through continuous on-power fuelling. The success of this
concept has been demonstrated over many reactor years of
operational experience, most notably at Pickering. Short-
term control of the power distribution is exercised by an
on-line spatial control system. The essential components of
this system are a set of in-core detectors, an on-line
computer, and a set of liquid neutron absorbers. Before
discussing the program underlying this concept, some general
comments on the physics underlying spatial flux control will
be given.

3.1 PHYSICS ASPECTS OF SPATIAL CONTROL

In large CANDU reactors, the spatial flux distribution will
vary with time after a small reactivity change from critical
due to the loose neutron coupling between widely separated
regions of the core (Reference 26).

Initiating reactivity perturbations arise routinely due to
the on-power refuelling operation and due to movement of
control devices of which there are three types. Adjuster
rods, mentioned previously, are moved when necessary to
compensate for bulk xenon reactivity changes. A set of four
mechanical control absorbers may be inserted, in pairs, to
compensate for the negative fuel temperature reactivity
effect during power reductions. Finally, there are the
fourteen individually controllable liquid absorbers which are
used for spatial control.
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Refuelling is done in a push-through manner, whereby several
fresh fuel bundles are pushed in at one end of a horizontal
pressure tube, and a corresponding number of irradiated
bundles are discharged at the opposite end. This continuous
refuelling scheme leads to long-term "power ripples" (local
channel power variations about the reference power) of at
most 10%. No attempt is made to suppress this long-term
power ripple, since it is acceptably small. However,
refuelling also leads to local reactivity and flux changes
which may propagate over a much shorter time-scale.

The questions of whether these local perturbations propagate
or are damped with time, the speed with which they do so, and
the type of flux distortion, are obviously important in
deciding whether an on-line spatial control system is
required. Three properties of the reactor core influence the
answer,

1. The difference in neutron leakage between the
fundamental flux mode and higher modes

2. The linked iodine-135/xenon-135 fission products

3. Thermalhydraulic reactivity feedback effects

A measure of the relative difference in neutron leakage
between the higher flux modes and the fundamental mode is
given on Figure 10 where the first three flux harmonics of a
600 MWe CANDU-PHW are shown. Generally, the larger the value
of the leakage difference the greater the resistance to
propagation of this type of flux mode. However the values
are only significant when compared with the reactivity held
in the xenon-135 fission product.

The effect of the linked iodine-135/xenon-135 fission
products is to increase local reactivity and flux distortions
in that they enhance the effect of local power changes. With
a xenon reactivity coefficient of -0.028, which is typical of
large CANDU reactors, it can be seen, by referring to
Figure 10 that the first two flux modes have lower leakage
differences and will tend to be propagated whereas the third
and higher harmonics will not.

Thermalhydraulic feedback effects are in fact generally
small, and with the exception of the fresh fuel core, are of
only minor significance in a discussion of spatial flux
control. The fuel temperature reactivity coefficient is
moderately large and negative for fresh fuel, and is slightly
negative for equilibrium fuel. Coolant temperature and
moderator temperature are held constant and therefore do not
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contribute to reactivity feedback. Small coolant density
changes with power, due to a small amount of boiling allowed
in the channels, leads to a small positive reactivity
feedback effect. However, the net thermalhydraulic
reactivity effect of increasing power is negative and hence
tends to dampen the effect of perturbations.

Overall, for large CANDU reactors, the net effect of these
three factors is to propagate reactivity and flux perturba-
tions in a limited number of higher flux modes. The on-line
control system is designed to counter this.

3.2 DESIGN EVOLUTION

The essential components of the on-line spatial control
system are a set of in-core detectors, an on-line computer
and a set of liquid absorbers (Reference 25). The current
technology has evolved as the result of significant research
and development activities.

3.2.1 In-Core Detectors

In 1961, experimental measurements were reported of the
electric current produced by the emission of beta-particles
from rhodium-103 when bombarded by neutrons. The potential
applications of this phenomenon to the design of in-core flux
detectors were soon recognized and development work started.
At an early stage it was also discovered that detectors more
responsive to gamma rays could also be developed.

A typical in-core detector looks like a simple metallic
sheathed concentric cable. A simple schematic is shown on
Figure 11. Its performance characteristics depend upon the
materials selected for the inner and outer conductors and the
insulation between them. To ootain the necessary level of
electric current, modern detectors are approximately 300 cm
long and are wound around a central support tube over
distances of 30-85 cm. Several detectors are wound at
different levels on the same assembly to give the variation
of flux over a core sector.

The use of different conductors has been investigated
including rhodium, cobalt, vanadium, platinum and zirconium
emitters (Reference 27). Considerations important in the
selection include the decay period associated with the beta
emission, the variation of the neutron cross section with
energy, the relative sensitivities to neutron and gamma
fluxes and the rate at which the sensitivity reduces with
time due to burn-up of the relevant isotope. The decay period
associated with the beta emission is particularly important
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for control functions since a fast response to changes in
flux level is required.

Currently, platinum and vanadium emitters are used. The
platinum gives a prompt response to changes in gamma flux
level and is used directly in the control system. The
vanadium detectors give a more delayed response to changes in
neutron flux level and are used to provide input to a flux
mapping routine which is executed every two minutes in the
on-line computers. Results from this routine are used in
part for calibration of the platinum detectors.

A self-powered detector is in principle a simple and ruqgf.'ri
device. However, early problems included a failure to
achieve consistent high quality in manufacture and
significant in-service failures. These problems have be-?n
largely solved through improved quality control of materials
used for emitter and insulator and selection of appropriate
sheathing material.

3.2.2 Liquid Control Absorbers

The development of reliable absorber devices using solid ro.is
has been the focus of international activity. However, the
use of these devices for local flux contro', particularly for
a reactor with a horizontal orientation, po ,ed severe
engineering design problems.

The large effect on reactivity of even small quantities of
light water in the CANDU lattice was a well-known phenomenon.
Measurements were made in the ZED-2 reactor to check the
concept and the liquid absorber device was subsequently
developed.

Basically each absorber is an elongated tank within the
moderator, connected by small-bore piping to a reservoir out-
side the reactor core. Local reactivity is changed by
varying the amount of light water in the tank. The versatil-
ity offered by this design allows the required fourteen
absorbers to be arranged on only six vertical assemblies (see
Figure 12).

3.2.3 On-Line Computers

Digital computers have been a part of Canadian control and
instrumentation philosophy since the beginning of the
country's commercial nuclear program, and all our nuclear
power generating units rely heavily on on-line digital
computation for control and monitoring functions (Reference
28).
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In the early 1960's it was appreciated that the medium size
digital computer then beginning to appear in data handling
systems might be well suited for the data processing and
control tasks facing designers of nuclear power plants.

Three steps were taken to introduce this new technology into
the nuclear power industry: experimentation on a research
reactor, use on a prototype nuclear power plant, and finally
complete integration into the CANDU system.

Preliminary experiments were conducted on the control system
of NRU, a higher power research reactor at the Chalk River
Nuclear Laboratories (CRNL) of AECL.

The reactor was equipped with a conventional neutron flux
controller but it suffered from a well-known shortcoming, the
lack of proportionality between measured flux and reactor
power. A digital computer was used to solve this problem.
The true reactor power was computed from a series of thermal
and hydraulic measurements and the error between this power
and the required output was used by the computer to adjust
the neutron flux setpoint.

In parallel with this work, another step was being taken at
the Douglas Point Generating Station (200 MWe prototype of
the CANDU system). A computer was introduced into the design
to deal with a significant portion of the plant monitoring
and logging tasks and also to control power distribution
within the reactor core. For this latter function, the
computer had several absorber rods under its direct control.

Since this was a pilot installation, it was not thought
prudent to have vital control operations depend entirely upon
a computer system. Consequently, the design allowed for
operator intervention and continued plant operation in the
event of a computer breakdown.

Faced with the design of the Pickering Generating Station,
the first full-scale Canadian plant, the major decision to be
made was not whether there would be a computer but rather to
what extent would it become an integral part of the control
and instrumentation system. Several points seemed clear:

To justify the capital outlay for both hardware and
software, the computer would have to deal with as many
tasks as possible.

Complete reliance on a computer system would impose
stringent reliability requirements with availability
targets approaching 99.95%.
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The provision of alternative backup systems had to be
rejected, not only because of equipment costs, but also
because of the double design effort.

The equipment arrangement chosen to meet these requirements
uses a dual computer configuration. Each computer contains
the control routines and each contains an Operations Monitor,
a self-checking feature that continuously surveys the
computer's performance. Only one computer is actually
controlling at any instant but should its Operations Monitor
detect a malfunction that cannot be readily corrected,
control is immediately transferred to the other computer. In
the unlikely event that both computers are unavailable at the
same time, the plant is shut down.

Considerable experience now exists with the dual computer
arrangement at both Pickering and Bruce. The units have high
reliability and have exceeded target availability
requirements.

3.3 FUTURE DIRECTIONS

The on-line spatial control system described here has worked
well and will continue to be installed in CANDU power
stations for the foreseeable future. Development work will
continue on in-core detectors and liquid control absorbers to
further reduce cost and improve maintainability. The digital
computer already plays a major part in control of both the
overall station and the reactors The role will continue to
increase in scope and increasing attention will be paid to
making the optimum use of the rapid advances in both
electronics and computer technology which are occurring
internationally.
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4. HEAVY WATER AND TRITIUM MONITORING AND INSTRUMENTS

Heavy water is an important component of the capita.! cost of
CANDU reactors, and if lost, can add significantly to- the
cost of electric power. To assist in monitoring and
detecting leaks, accurate methods are required for
determining the isotopic concentration of water samples over
the entire range of D2O concentrations.

Tritium, the activation product from deuterium, is formed in
the heavy water of CANDU reactors. Health physics consider-
ations require that laboratory sampling methods for measuring
tritium in air and water be complemented by on-line methods
of monitoring and instrumentation.

4.1 HEAVY WATER MONITORING AND INSTRUMENTS

Measurements can be divided into two basic categories:

Chemical laboratory analysis of samples

On-line monitoring of process streams

At present, on-line D2O monitoring offers the greatest
benefits in applications where isotopic measurements at the
extremes of the concentration range are needed, i.e., around
the composition of natural water and for isotopic values
close to reactor grade heavy water (Reference 29).

In 1962, a detailed appraisal of methods for isotopic
analysis of liquid samples identified infrared absorption
spectrometry as the most practical approach for plant
instruments. The precise determination of the infrared
absorption spectra of water led to the development of a suitable
spectrometer. Subsequent to the basic research and the
development of laboratory models at CRNL, the analyzers were
engineered and developed by Barringer Research Limited (BRL).

The analyzers are infrared spectrophotometers which compare
transmission by the sample at two distinct wavelengths'. The dual
measurement makes the analysis independent of absolute sample
transmission and hence minimizes the sensitivity to contaminants
or variations in the strength of the infrared source.

There are three stable species of water: H2O, D2O and HDO.
In the liquid phase they equilibrate quickly and at low concen-
trations of D2O in H2O, or of H2O in D2O most of the minor
species exist in the form of HDO molecules. Hence, for most
analyses, the concentration of HDO in either an H2O or a D2O
matrix must be determined.
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As shown in Figure 13, the infrared absorption spectra of these
three molecules (in the range 1-10 urn) are markedly different.
At a wavelength cf 3.9 nm, the absorption length of HDO is about
3 x 10 fiia and that of H2O is about 9 x 10~

5
 Mm. The large

difference in absorption lengths makes this wavelength suitable
for measuring concentrations of HDO in H2O and is selected
for measuring low concentrations of D2O in H2O.

At 2.9 /urn there is considerable difference between tho
absorption lengths of HDO and D20" This wavelength is
therefore suitable for the measurement of HDO in the presence of
D2O cjnd is the wavelength used for measuring low concentration
of HjO in D2O.

In practice, it is impossible to maintain the transmission
characteristics of the optical paths of these instruments
sufficiently stable for long-term reproducibility and high
detection sensitivity because of, for example, films of dirt on
filters and on sample cell windows. Therefore, the transmitted
intensity of the sample wavelength (either 3.9 txm or 2.9 ^m) is
compared with a reference signal that has passed through the
same optical path. This reference signal is measured at a
wavelength where the absorption lengths for HDO, D2O and
H2O are approximately equal, so that the reference signal is
independent of concentration. For the HDO-in-H2O measurement
this wavelength is at 3.6 ^m, while for the HDO-in-D2O
measurement it is at 2.6 /urn.

The complete analysis system consists of three distinct
units:

The infrared spectrometer

An electronic processor to convert signals from the
spectrometer into a form suitable for display, recording,
and driving alarms

A sample delivery system which supplies suitably clean
water from the process stream to the spectrometer

Two factors are of overriding importance in the instrument
design:

Contaminants in the water

The temperature of the water being measured

Effects of contamination are minimized by eliminating contam-
inants from the input sample. The sample temperature is
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important because of the sensitivity of the infrared trans-
mission coefficient. The effect of this sensitivity has been
minimized by design and the temperature of the entire
assembly is controlled to within 0.1°C, by means of a
cooling-water regulating circuit.

The currently available Barringer Series 400 heavy-water
liquid analyzers are the result of this program. These are
fully automatic instruments for real-time analysis of
isotopic mixtures in the ranges 0-200 ppm, 0-2% and 99-100%
D2O. The concentrations and applications for which the
analyzers have been used are shown on Figure 14. The leak
detectors (0-200 ppm) monitor the isotopic composition of the
light water in the moderator and primary heat transport
system heat exchangers to detect any leakage of heavy water
from these systems as illustrated on Figure 15. The leak
detectors alarm if deviations from the natural D2O concen-
tration are detected, thus warning the station of heavy-water
losses arising from tube failures in heat exchangers or
steam generators. The product and tails monitors are
normally used for continuous analysis of process streams at
upgraders and heavy-water plants, and can be used for
automatic control where appropriate.

With many instrument-years of operating experience, infrared
spectrometry has now been established as a viable approach to
on-line monitoring of the D2O concentration in process
streams at CANDU power reactors and heavy-water plants. The
recent field experience with the Barringer Series 400
instruments has demonstrated that the technical difficulties
encountered with the earlier installations at Pickering
Generation Station have been overcome and that, with
appropriate maintenance, these monitors can be operated
reliably in the long term. A suitable maintenance and
operating strategy incorporating a contract with the
instrument manufacturer has been developed to meet the
requirements of the stations.

The application of tv jse systems to heavy-water leak detec-
tion at the Bruce Generating Station highlights the economic
benefits of the infrared analyzers. It has been estimated
that as much as $500,000 worth of heavy water would have been
lost in a four-month period had Ontario Hydro depended on
manual sampling and analysis instead of automatic analyzers.

Because of the recent performance record, the analyzers are
now well accepted by station and plant operating personnel,
and by the Atomic Energy Control Board as adequate monitors
to signal when any small heavy-water leak has progressed to
the point that the reactor should be shut down.
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Although there are areas where further improvements are
possible, the successful application'of these instruments to
on-line process monitoring represents a significant milestone
in an instrument development program which spans twenty
years.

4.2 TRITIUM MONITORING AND INSTRUMENTS

Most of the tritium associated with heavy water reactors is
in the chemical form of tritiated water. Measuring it is
complicated by the presence of gamma radiation and noble gas
radionuclides - kryptons, xenons and argon-41 (Reference 30).
Also, since the beta radiation from ^H is too feeble to
penetrate any practical counter window, means have to be
found to intimately mix the tritiated water with the
detecting medium. Therefore, two kinds of detector have been
used: ionization chambers through which mixtures of air and
tritiated water vapour can be drawn, and scintillation
counters in which thin sheets of plastic scintillators are
immersed in the stream of air or water containing tritium to
be monitored.

Five applications of these detectors are shown on Figure 16.
These are portable, transportable and fixed monitors using
ionization chambers for tritium in air. Since noble gas
fission products are so easily measured with such a tritium
detector we have adapted also an ionization chamber
instrument as a monitor for these noble gases. The two
monitors in the lower part of the table use plastic
scintillators. In both of these the tritium is presented to
the scintillator as tritiated water.

The major problems which have been overcome in the design o£
these instruments were interferences from gamma radiation and
noble gas fission products. The instruments shown on
Figure 16 provide an on-line capability to measure less than
maximum permissible concentrations.
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5. ALTERNATIVE FUEL CYCLES FOR CANDU

Despite the excellent uranium utilization of the natural
uranium once-through fuel cycle in CANDU, the adequacy of
natural uranium resources to meet the needs of large nuclear
power programs in the next century is questionable. This has
led to the examination of fuel cycles more efficient in their
use of uranium, particularly those involving the recycle of
fissile material contained in the used fuel. The use of
thorium as an alternative fuel has also been proposed for
many years. Although it does not have a naturally occurring
fissile isotope, neutron capture by thorium-232 leads to the
formation of uranium-233 by radioactive decay. This is a
particularly effective fissile material in a well-moderated
reactor such as CANDU where one neutron absorption leads to
the release of approximately 2.25 fission neutrons, thus
giving the potential of a near-breeder fuel cycle, i.e.,
a fuel cycle in which the fissile material destruction rate
\s roughly balanced by production from fertile material.

5.1 CHARACTERISTICS OF THORIUM AND URANIUM RECYCLE IN CANDU

Thorium and uranium recycle in CANDU reactors has been
analyzed extensively over the last few years (References
31-34). Some details of the current research and development
program are provided in a companion paper (Reference 38).
The designs of CANDU reactors used for these studies are
almost identical to current commercial designs and no
feasibility problems have been identified which would require
a major development program for their resolution.

Basically, the proposed fuel cycle is similar to the more
extensively described plutonium recycle option in all impor-
tant aspects. The cycle can be started using either enriched
uranium (Figure 17) or plutonium extracted from irradiated,
fuel (Figure 18). The fuel would be fed to the reactor as a
homogeneous mixture of thorium and fissile-oxides fabricated
in fuel bundles similar to the current CANDU design
(Reference 39). After discharge from the reactor and a
period in the reactor cooling ponds, the fu^l is shipped to a
reprocessing plant where uranium and thorium are separated
from the fission products and other heavy elements. Current
concepts for this process involve the use of an aqueous-
organic system for the solvent extraction. In the head end,
the oxide fuel is chopped and dissolved in nitric acid
containing a fluoride catalyst and an aluminum ion to inhibit
corrosion of the containing vessel. Thereafter the flow
sheets, components, plant design and waste treatment are very
similar to those developed for reprocessing uranium fuels.
The major difference is that three possible fuel materials
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could be extracted - thorium, uranium and plutonium, rather
than two.

Fabrication of fuel containing recycled uranium produced from
irradiation of thorium is maCe difficult by the associated
alpha and gamma activities. The alpha activity, similar to
that involved in fabricating plutonium bearing fuels, makes
containment of the fabrication process mandatory. The gamma
activity arises from the presence of UP ¥O 1000 ppm U-232 in
the uranium. The decay chain has daughter products which
emit highly energetic gamma rays and a fully remote
fabrication plant would be required. To an extent, however,
these rigorous requirements are mitigated by the simplicity
of construction of the CANDU fuel bundle.

The uranium and possibly the plutonium from the reprocessing
plant would be mixed with fresh thorium and refabricated into
fuel as soon as possible to minimize inventory charges. The
thorium from the reprocessing plant can also be recycled. It
is expected, however, that this thorium would be stored for
10 to 15 years before reuse to allow decay of the
radioactivity associated with Th-228 and its daughters.
Consequently, the potential exists for recycling all heavy '
elements extracted from the spent fuel.

The composition of the fresh fuel varies from the start-up of
the reactor through to equilibrium fuelling conditions.
Initially it is a mixture of thorium and a fissile material
supplied from an external source, e.g., enriched uranium or
plutonium. The irradiated fuel, however, contains
significant amounts of fissile uranium (mainly U-233)
produced by neutron capture in thorium. This is recycled and
successive generations of fuel require smaller amounts of
external fissile material until an equilibrium situation is
reached. This is illustrated on Figure 19 where U-235
requirements for successive generations of a particular cycle
are given. After four generations, the U-235 requirements
have reached an equilibrium level of a little over 4 g/kg HE
(HE = heavy elements, i.e., thorium, uranium and plutonium)
with the remaining fissile loading being obtained from the
spent fuel of the previous generation. This equilibrium
level of external fissile requirements is a function of the
desired fuel burn-up as shown on Figure 20 for thorium cycles
which use an external source of enriched uranium.

The requirements for three thorium cycles ire compared with
those for the natural uranium, once-through cyc^e. The
equilibrium U-235 concentration in fresh fuel increases with
the desired burn-up. This has also been expressed as the
CANDU reactor lifetime requirements (assuming a 30-year life
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at an average load factor of 80%) for natural uranium. The
figures for the thorium cycles were derived on the basis that
the natural uranium is fed to an enrichment plant, operating
at 0.2% tails, and the uranium enriched to 93% prior to
mixing with the thorium. A tight control of reprocessing and
fabrication losses, together with a delay of one year as a
result of recycling, is also assumed. Also shown are the
thorium requirements assuming a 3% loss during reprocessing,
followed by a 10-year hold-up period before refabrication.

A significant reduction in uranium requirements can be
achieved through use of the thorium cycle. Replacement
reactors have even lower requirements since a major part of
the initial fissile inventory is already available in the
irradiated fuel of the decommissioned reactor.

At this stage it is difficult to define a unique reference
cycle for thorium fuel in that the range of possible systems
is broad and the characteristics would be tailored to the
particular circumstances in effect at the time of implementa-
tion. High uranium utilization dictates a low burn-up cycle
but economic considerations indicate a high burn-up cycle to
reduce the impact of the reprocessing and refabrication
charges. System studies on the impact of introducing thorium
cycles in Canada during the next century indicate that an
intermediate burn-up cycle (20-30 MW.d/kg HE) may be the most
appropriate.

Economic evaluation of thorium cycles is uncertain since
costs can be derived only for conceptual designs of reproces-
sing and refabrication facilities which would require verifi-
cation by the operation of demonstration plants. Studies
indicate that currently the fuelling costs of the thorium
cycle are greater than those for once-through natural uranium
fuelling and will be equal only if the price of natural
uranium rises to at least $200/kg U.

5.2 SELF-SUFFICIENT EQUILIBRIUM THORIUM CYCLES

The self-sufficient equilibrium thorium (SSET) cycle
illustrated on Figure 20 is important from a strategic ooint
of view (References 35-37). After an initial fissile
inventory has been provided, this cycle offers the
possibility of continued energy production fuelled only by
small amounts of thorium. This initial fissile inventory
could be either highly enriched uranium, plutonium or
uranium-233. The quantities required for introduction by
either highly enriched uranium or plutonium are given on
Figure 21, together with the quantities of source material.



At this stage there is uncertainty with regard to the burn-up
that can be obtained consistent with self-sufficiency. The
cycle must breed slightly more fissile material than :<;r.sumeu
to compensate for reprocessing and refabr icat ion lot;;;' •. A
more neutron-economic CANDU design is possible to :r.._--.• t. this
requirement but nuclear data are too uncertain to a!low an
accurate prediction of attainable burn-up. More <.-x; •<: r imen ta 1
work is required in this area.

5.3 OTHER CYCLES

Two other cycles have also received oxter.fi i •.'<• ::. iiy :
investigation and the impact on natural uran:-.;::. -o-.r.- :";;;on
is illustrated on Figure 22 together with , i a t. - '>;r :*:.•••-
systems.

The use of low-enriched uranium in a once-through jyc^'j
appears to offer a 25-30% improvement in uranium utilization
and is economically competitive at current prices. Th" cycle
is very similar to the existing natural uranium cy-,-'..- . xc.-pt
that the fuel is slightly enriched and would be discharged
from the reactor at burn-ups which are 2-3 times higher.
Were a secure and economic source of uranium enrichment
capability to be established, this cycle would be attractive
as the next stage in the evolution of the CANDU system.

The plutonium-uranium cycle uses the plutomum from
irradiated CANDU natural fuel and recycles it with uranij^
rather than thorium. Although a further significant
reduction in uranium consumption can be obtained, it is nut
as great as that obtained from the plutonium-thoriurn cycle.

Data are also presented on Figure 22 for the LWR system.
Again, recycle can reduce uranium consumption but not to as
great an extent as the use of thorium in CANDU. Those
countries which adopted LWR's for their first-generation
nuclear program are now looking to a radically different
system in the Fast Breeder Reactors to achieve efficient fuel
utilization in the longer term.

5.4 CURRENT STATUS

AECL is planning to expand its development program lo
establish the long-term potential of fuel recycle to increase
the utilization of our nuclear fuel resources in CANDU
reactors. Its objective would be to develop and demonstrate
a Canadian capability in the use of uranium and thorium fuels
containing recycled plutonium and uranium-233 consistent with
international safeguards and non-proliferation criteria. The
particular advantage lies in the fact that the thoriir.n cycle
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"~v.Id be used directly in the existing concept of CANDU
reactor with little or no modification and no new major
reactor development program would be required. Pending
consideration by the Canadian government, a program of
generic research and development is continuing.

6. SUMMARY

The physics underlying the natural-fuelled CANDU reactor are
now well understood and their application has been amply
demonstrated by the successful operation of large, commercial
reactors. The next major challenge could be the development
of alternative fuel cycles to ensure abundant supplies of
nuclear fuel for the foreseeable future.
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ASYMPTOTIC
TILT

1 1 1 1 JJJJJ 1 I 1 A IJJJ
1.0 10.0

ELAPSED TIME (SECONDS)

50.0

FIGURE 6 COMPARISON OF MEASURED AND CALCULATED FLUX TILTS WITH AND WITHOUT
H2O ABSORBER CURTAIN
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200

K

50

AVG. MONTHLY
DISCHARGE BURNUP

AVG. IN CORE BURNUP

150

3 100

a
UJ
o
a

50

150 MWh/kgU

FUEL ADDED
170 MWh/kgU

I
10 15 20 25

TOTAL HEAT OUTPUT (TWh(th»

30

FIGURE 7
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OUTFIJTS

1 - CROSS SECTIONS VS BURNUP

ISOTOPIC COMPOSITION

VOID EFFECT (POINT MODEL)

REACTIVITY COEFFICIENTS

• POWER DISTRIBUTION IN FUEL

BUNDLES,ETC.

2 • CONTROL DEVICES LAYOUT

• POWER DISTRIBUTION IN THE CORE

- SHUTDOWN SYSTEMS

• VOID EFFECT. ETC.

3 • Xe OSCILLA riON STUDIES

- ZONAL OVERPOWERS AND DETECTOR

LOCATIONS

• SEQUENCES OF WITHDRAWAL OR

INSERTION OF CONTROL

DEVICES. ETC.

4 • POWER FULSE

ADEQUACY OF SHUTDOWN

SYSTEMS. ETC

5 FUELLING SCHEMES

• SIMULATION

REACTOR DESIGN
REQUIREMENTS
— FUEL CHANNEL
— POWER LIMITATIONS
— TEMPS, MATERIALS. ETC.

LATTICE CODES

- POWDERPUFS

- LATREP

- TRANSPORT CODES

o
INDICATES FEEDBACK

INFORMATION FROM

EXPERIMENTAL AND

POWER REACTORS
\

REACTIVITY DEVICE

SIMULATIONS

— 3-D DIFF CODES

— 2-D TRANS CODES

— CORE DESIGN

— CONTROL DEVICES

-SHUTDOWN SYSTEMS

CHEBY

- KINETIC STUDIES

CERBERUS

FUEL MANAGEMENT

STUDIES

FMDP

• REACTOR CONTROL

• TRANSIENTS DUE

TO PERTURBATIONS

SORGHUM

FIGURE 8 A SIMPLIFIED CHART OF THE PHYSICS ANALYSIS OF PHW REACTORS
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DIFFERENCE IN NEUTRON
LEAKAGE BETWEEN HIGHER XENON

HARMONIC AND FUNDAMENTAL MODE REACTIVITY

1 FIRST AZIMUTHAL 0.016 —0.028

2 FIRST AXIAL 0.024

3 SECOND AZIMUTHAL 0.044

FIGURE 10 RELATIVE DEGREE OF HIGHER FLUX MODE INSTABILITY
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COLLECTOR
COAXIAL CABLE

/ / / / / / / / v s

EMITTER

INSULATOR

TYPICAL DIMENSIONS

LENGTH 300 cm

EMITTER: 0.020" (0.5 mm) O.D.

COLLECTOR: 0.063" (1.6 mm) O.D.

FIGURE 11 CONFIGURATION OF AN IN-CORE FLUX DETECTOR



CENTRAL COMPARTMENT ONLY

o ZONE CONTROL ABSORBERS
FLUX DETECTORS

o

I

ADJUSTER RODS
ZONE CONTROL AND FLUX DETECTORS SHUTOFF RODS

FIGURE 12 REACTIVITY CONTROL AND SAFETY DEVICES



1000
1.0 0.8

ENERGY (ELECTRON VOLTS)

0.6 0.5 0.4 0.3 0.25 0.15

o

DC
IU
o
a.

s 0.1

0.01

0.001

THE ABSORPTION 1 ENGTM IS THE DISTANCE ENERGY

TRAVELS BEFORE II IS ATTENUATED BY A I ACUJH e

5.0 60 8.0 10.0

WAVELENGTH

FIGURE 13 INFRARED ABSORPTION SPECTRA OF LIQUID D2O, HDO AND H2O IN THE RANGE 1-10 ,.m
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INSTRUMENT
DESIGNATION

RANGE
D/(O + H)

APPLICATIONS

LEAK DETECTOR

TAILS MONITOR

PRODUCT MONITOR

0-200 ppm"

0-2%

99-100%

• HEAVY-WATER LEAK DETECTION AT POWER
REACTORS

• PROCESS CONTROL AND MONITORING OF
REACTOR UPGRADERS

• MODERATOR ISOTOPIC MONITORING

PRIMARY HEAT TRANSPORT SYSTEM
ISOTOPIC MONITORING

REACTOR UPGRADER PRODUCT
MONITORING

HEAVY-WATER PLANT FINISHING UNIT
PRODUCT MONITORING

*1 ppm = 1 PART PER MILLION

FIGURE 14 BARRINGER SERIES 400 INFRARED ANALYZERS FOR ON-LINE D2O MONITORING



1 STEAM DRUM

4 BOILERS

2 MODERATOR COOLERS

THE SAMPLING POINTS ARE INDICATED BY THE SYMBOL

FIGURE 15 SCHEMATIC DIAGRAM OF THE BRUCE GENERATING STATION
HEAT TRANSPORT SYSTEM
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DETECTOR

IONIZATION
CHAMBER

SCINTILLATOR

MEDIUM

AIR

WATER

AIR

MONITOR

TRITIUM

NOBLE GAS
AND

TRITIUM

TRITIUM

TYPE

PORTABLE

TRANSPORTABLE

FIXED

FIXED

FIGURE 16 TRITIUM DETECTORS

TAILS

u
MINE

Th
MINE

NAT.
U

>w

1

ENRICHMENT

Th

HIGHLY
ENR. U

(

HOLDUP

FIGURE 17 Th WITH U RECYCLE AND NET U235 FEED
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1WASTES

u
MINE

N.U.
CANDU

PHW

Th
MINE

Til

REPR.

\ „ Pu

WASTE

HOLDUP

FIGURE 18 Th WITH U RECYCLE AND NET Pu FEED

FUEL GENERATION

FIRST (INITIAL CORE CHARGE)

SECOND

THIRD

FOURTH

U-235 REQUIRED
<g;kg HE)

23.0

4.5

4.3

4.1

FIGURE 19 VARIATION OF U-235 REQUIREMENTS WITH SUCCESSIVE FUEL GENERATIONS
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FUEL CYCLE

FUEL BURN-UP (MWd/kg HE)

EQUILIBRIUM U-235 CON-
CENTRATION IN FRESH
FUEL (g/kg HE)*

LIFETIME EQUIVALENT
NATURAL URANIUM
REQUIREMENTS (Mg U)

- FIRST REACTOR
— SECOND AND SUB-

SEQUENT REACTORS

LIFETIME THORIUM
REQUIREMENTS (Mg Th)

— FIRST REACTOR
— SECOND AND SUB-

SEQUENT REACTORS

NATURAL U,
ONCE-

THROUGH

6.7- 7.5

7.1

4606 - 4 1 3 0

4606 - 4130

THORIUM RECYCLING

HIGH
BURN-UP

37.4

5.0

1460

780

355

23

INTER-
MEDIATE

19.5

1.0

1019

300

632

46

SELF
SUFFICIENT

MO.O

0.0

871

0

1164

59

Note: for thorium recycling, this U-235 is in addition to the fissile material which is being recycled.

FIGURE 20 EQUILIBRIUM FISSILE REQUIREMENTS AND FUEL BURN-UP

AMOUNT
(Mg)

SOURCE

HEU (93%)

FISSILE PLUTONIUM

4.5

4.9

871 Mg NATURAL URANIUM

"1800 Mg OF SPENT CANDU FUEL, OR

~800 Mg OF SPENT LWR FUEL

FIGURE 21 FISSILE INVENTORY REQUIRED FOR 1 GWe REACTOR FOR SSET CYCLE
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REACTOR

CANDU

LWR*

LMFBR**

FUEL CYCLE

NATURAL URANIUM ONCE-THROUGH

1.2% ENRICHED URANIUM ONCE-THROUGH

PLUTONIUM / URANIUM

PLUTONIUM/THORIUM

URANIUM-235 / THORIUM

THORIUM SELF-SUFFICIENT

ENRICHED URANIUM ONCE-THROUGH

URANIUM RECYCLE

PLUTONIUM / URANIUM RECYCLE

PLUTONIUM / URANIUM

FUEL CONSUMPTION
(kgfMW year)

URANIUM

167

118

70

45

32

—

200

170

125

2

THORIUM

-

-

-

1

1

2

—

—

—

—

LIGHT WATER REACTOR FUELLED WITH ENRICHED URANIUM

LIQUID METAL FAST BREEDER REACTOR FUELLED WITH PLUTONIUM AND URANIUM-238

FIGURE 22 APPROXIMATE EQUILIBRIUM FUEL CONSUMPTION
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