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Abstract

This report covers the material presented in a series of six
lectures at the winter College on Nuclear Physics and Reactors
held at the International Centre for Theoretical Physics in
Trieste, Italy, Jan 22 - March 28, 1980. The report deals with
fuel management in natural uranium fuelled CANDU-PHW reactors.
Assuming that the reader has a basic knowledge of CANDU core
physics, some of the reactor systems which are more closely
related to fuelling are described. This is followed by a
discussion of the methods used to calculate the power
distribution and perform fuel management analyses for the
equilibrium core.

A brief description of some computer codes used in fuel
management is given, together with an overview of the
calculations required to provide parameters for core design end
support the accident analysis. Fuel scheduling during approach
to equilibrium and equilibrium is discussed. Fuel management
during actual reactor operation is discussed with a review of
the operating experience for some of the Ontario Hydro CANOU
reactors.

In general, methods and procedures used in other reactor
systems are not applicable to CANOU fuel management. This
series of lectures deals with the methods of calculations and
the operating procedures currently used in CANDU fuel
management. Further information on CANDU reactors and CANDU
fuel management may be obtained from References 1 to 10.

1.1.1 Definition of Fuel Management

The term "fuel management11 is used in reactor physics to
indicate those aspects of fuel loading, whether related to
physics, engineering or economic decisions, which are
associated with fuel utilization and fuelling system
performance. Fuel management fits within the framework of the
overall fuel cycle, and the design limits imposed on the
reactor.

A more precise designation is "in-core fuel management" since
other aspects of fuel management, such as fuel procurement,
fabrication and disposal are peripheral to the work of the
reactor physicist. It is in this sense that the term "fuel
management" will be used here.

Fuel management plays a central role in the design and
subsequent operation of a CANDU reactor. As an integral part
of the design process, it defines the requirements for several
reactor parameters, for example fuel and channel design, fuel
handling system, control margins, etc.

During reactor operation, fuel management defines the fuelling
strategy and the fuel replacement pattern. Information
generated by fuel management is also used for station fuel
accounting.
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1.1.2 Objectives of Fuel Management

1.0 INTRODUCTION TO CANDU FUEL MANAGEMENT

1.1 General Remarks

Natural uranium fuelled CANDU-Pressurized Heavy Water (PHW)
reactors, developed mainly by Atomic Energy of Canada Ltd.
(AECL), have now reached the stage of mature commercial
application [1, 2, 3]. On-power fuelling and special design
characteristics make the fuel management in these reactors
substantially different from that of Light Water Reactors (LWR),

The primary objective of fuel management is to determine fuel
loading and fuel replacement strategies which will result in
minimum total unit energy cost while operating the reactor in a
safe and reliable fashion. Within this context, the specific
objectives of CANDU fuel management are as follows:

(a) The reactor must be kept critical and at full power.
On-power fuelling is the means of maintaining criticality.
If the fuelling rate is inadequate, the reactor would
eventually have to be derated, resulting in large cost
penalties.
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(b) The core power distribution must be controlled to satisfy
safety and operational limits on fuel and channel powers.

(c) The fuel burnup is to be maximized within the operational
constraints to minimize fuel cost.

(d) Fuel defects are to be avoided or minimized. This
minimizes replacement fuel costs and radiological
occupational hazards.

1.1.4 On-Power Bidirectional Fuelling

(e) Fuel handling capability must be optimized,
capital, operating and maintenance costs.

This minimizes

1.1.3 Periods During Operating Life

From the point of view of fuel management the operating life of
a CANDU reactor can be separated into three periods.

The first period is from first criticality until onset of
fuelling. It is of limited duration, usually about 100 to 150
full power days.* The reactor is initially loaded with all
fresh fuel. Consequently, there is considerable excess
reactivity which is compensated by adding boron poison to the
moderator. This period does not have a major impact on the
determination of the total unit energy cost. Fuel management
calculations are required to assess the effect of the initial
fuel loading on the subsequent power operation.

When the excess reactivity in the core falls to a small value,
fuelling begins to maintain the reactor critical. During this
transitional or "pre-equilibrium" period, the reactor gradually
approaches the final or "equilibrium" state.

The equilibrium condition in a CANDU reactor is reached after
approximately 400 to 500 full power days. It is characterized
by a relatively unchanging core configuration in which the
macroscopic or global power and burnup distributions do not
vary significantly with time. The burnup of the discharged
fuel, and the fuelling rate of new fuel become essentially
constant.

Although the macroscopic power distribution is relatively
unchanging, the microscopic or local power distribution is
constantly changing as fuel burns up and is replaced. We shall
discuss this important effect in considerable detail later.

The equilibrium period covers about 95 percent of the reactor
life. It is by far the most important period in determining
the total unit energy cost. Most fuel management studies are
therefore performed for this core configuration.

A CANDU reactor is fuelled while the reactor is operating at
full power. After the excess reactivity of the initial load
has decreased to a small value, several fuelling operations are
carried out every day on various channels in the core. Only a
very small fraction of the core is changed at one fuelling
operation, so that fuelling is essentially continuous. This
avoids the need for a fuelling shutdown, making it unnecessary
to tailor the fuelling schedule to the utility power grid's
system requirements.

Fuelling is the primary method of controlling the long term
core reactivity, and maintaining the desired power
distribution. By adjusting the overall fuelling rate we can
control the core reactivity. By fuelling one region of the
core more frequently than another we can control the power
distribution - a lower fuelling rate leads to an increased
irradiation and reduces the region's relative power.

An important consequence of this feature is that the reactor
regulating system has only to compensate for changes in
reactivity due to power maneuvering, fuelling of one channel at
a time, and short term xenon transients. Therefore, the
reactivity control margin can be maintained at a small value
resulting in good neutron economy and contributing to low
fuelling costs.

Another important feature of CANDU fuelling is the
bi directional axial fuelling. Alternate fuel channels are
fuelled in opposite directions by inserting new fuel in one end
and removing irradiated fuel at the other end. This results in
a symmetric axial flux and power distribution and an
approximately constant burnup for all discharged fuel bundles
in a radial burnup region.

Normally only a portion of the fuel in a channel is replaced in
a single fuelling operation. The remaining fuel is shifted
along the channel. During its life in the reactor each fuel
bundle moves along the channel in a series of steps.

1.2 Outline of the Report

452 A "full power day" is the energy generated by a reactor
when operating at rated power for 24 hours.

The reactor physicist is involved with fuel management not only
during the design phase of a reactor but also during operation
of a power reactor. Both points of view are discussed in this
report.

Since fuel management in CANDU reactors differs substantially
from that of Light Water Reactors (LWR's), we shall devote the
rest of this section to a discussion of some of the systems
which most directly affect fuel management. A broader overview
of a typical CANDU core design has been given earlier in this
coursellOl.
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In the second section we shall consider the basic design
methods used to calculate power distributions for the
equilibrium core and some quantities of interest in fuel
management.

In the third section wp shall discuss briefly the computer
codes in which these methods are applied, describe typical core
models and discuss the types of calculations that have to be
performed to provide design parameters for the core and support
the safety analysis.

In the fourth section we shall discuss fuel scheduling during
approach to equilibrium and equilibrium operation.

Finally, in the last two sections we shall deal with the
procedures used for fuel management during actual reactor
operation and discuss some operational problems. Data obtained
from operating CANDU reactors will be presented to demonstrate
how the objectives of fuel management are achieved in practice.

1.3 Overview of Some CANDU Reactor Systems
Related to Fuel Management

For a more complete understanding of CANDU fuel management, we
need to have a general physical picture of those reactor
systems closely related to fuelling. This will also serve to
define some terms commonly used in relation to CANDU reactors.
For convenience, a glossary of frequently used terms is given
in Section 7.

As an example of current CANDU design, we shall use the
reactors of the Darlington Nuclear Generating Station,
presently in the early stages of construction. The station
consists of four identical units each rated at 850 MW(e).

Some basic parameters for these reactors are given in Table I.I.

The reactor assembly is illustrated in Figure 1.1. It
comprises the calandria/shield tank assembly, the fuel channels
and the reactivity control units. The calandria vessel is a
horizontal cylinder approximately 4 m in radius and 6 m long
which contains heavy water moderator and reflector. The
calandria is made of sitainless steel. It is of relatively
simple design and fabr ication since the moderator system is
operated at low temperature and pressure.

The moderator surrounds the pressure tubes from which it is
separated by Zircaloy-2 calandria tubes. A stagnant gas space
between the calandria and the pressure tubes provides thermal
insulation for the hot, pressurized heavy water coolant
circulating through the pressure tubes. Fuel is contained in
the pressure tubes. The Darlington reactor consists of 480
pressure tubes on a 285.8 mm square lattice.

The general layout of the reactivity control units is
illustrated in Figure 1.9a and Figure 1.9b. They include
control devices such as adjuster rods and zone controllers,
shut-off units for a rapid shutdown of the reactor, and
measuring devices such as in-core detectors. The main
functions and design characteristics of the control and
shutdown devices are similar to those discussed in [10J for a
600 MW(e) CANDU reactor. We shall spend some time later on in
this section dealing with the in-core detectors in view of
their importance to fuelling.

1.3.1 Fuel Bundle

Fuel in Darlington is in the form of short fuel bundles as
shown in Figure 1.2. The bundle is approximately 500 mm long
and 100 mm in diameter. It consists of 37 natural UO2
elements hermetically sealed in a thin (/" 0.4 mm) Zircaloy
sheath. The bundle is approximately 92 weight percent UO2
and 8 weight percent Zircaloy (sheath, end caps, etc).

The structural material accounts for only approximately 0.7
percent of the thermal neutron cross-section of the bundle,
contributing to the highly efficient use of neutrons typical of
CANDU reactors. Other CANDU reactors employ a similar design
with smaller number of elements, 19 or 28 instead of 37. In
general, increasing the number of elements allows operation at
higher bundle power for a constant outer element linear
rating. It also increases the fabrication costs for the fuel
bundle, and decreases the burnup.

1.3.2 Fuel Channel

A fuel channel assembly is shown in Figure 1.3. It consists of
a zirconium-niobium pressure tube expanded at each end into the
hub of an alloy steel end fitting. It is provided with a
closure plug to contain the hê at transport fluid and with a
shield plug to attenuate axial streaming of neutron and gamma
flux. Bot:» these plugs are removable to allow fuelling.
Feeder pipers connect the pressure tube to inlet and outlet
headers andV.he rest of the heat transport system.

1.3.3 Fuel Handling System

Fuelling machines similar to the ones shown in Figure 1.4
enable the reactors to be fuelled on power.The fuelling
machines in Darlington are mounted on trolleys which travel on
rails in a duct beneath the reactors. Each trolley can reach
and fuel any of the four reactors in the station.

A general view of the fuel handling system is given in
Figure 1.5, while Figure 1.6 illustrates a fuelling machine
head.
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From the point of view of fuel management important
characteristics of the fuel handling equipment are:

(a) Fuelling Rate: The system must be capable of fuelling the
number of channels pec week of full power operation as
determined from the average core discharge burnup.
Moreover, the system should be able to sustain a higher or
"catch up" fuelling rate for short periods of unusually
high fuelling demand or following fuelling machine outages.

(b) A break down of the time spent in each task leading to
fuelling one channel. These tasks include loading of fresh
fuel into the magazines, travel to the reactor face,
locating and inserting the fuel in the desired channel,
discharging of irradiated fuel, etc.

This is an important consideration when selecting the axial
fuelling scheme. As we shall see later, it may be more
efficient to replace, for instance, eight fuel bundles in a
single channel rather than four bundles each in two
different channels during one cycle of the fuel handling
system.

1.3.4 Fuelling Operation

In simple terms, in order to perform a fuelling operation, two
fuelling machines latch onto either end of a channel, new fuel
bundles are inserted from one machine in pairs, shifting the
remaining fuel along the channel and discharging irradiated
fuel into the other machine. Fuelling machines work in pairs,
one at each end of the coce.

The detailed operation of the fuelling machines is as follows:

To perform a fuelling operation the transport trolley carries
the fuelling machine heads under the reactor where they are
picked up by the carriage on the reactor bridge.

Each bridge is then raised to the reactor face and the fuelling
machine heads are positioned at opposite ends of the channel
about to be fuelled. Normally, one head carries fresh fuel
bundles while the other is empty.

The operations performed by the fuelling machines from this
point on are illustrated in Figure 1.7. Once the fuelling
machines lock onto the channel their heads are filled with
&20 and pressurized. A leak test is performed and, if
satisfactory, the channel closure and shield plugs are removed
and stored in a rotating magazine on the fuelling machine head.

At this point one fuelling machine head inserts fuel bundles,
.P. two at a time, from the fuel carrier into the channel. This
™ causes the string of bundles to be shifted and the two end

bundles to enter an empty fuel carrier at the other fuelling
machine head. This operation is repeated several times until
the desired number of bundles are loaded into the channel.

Following this, the channel closure and shield plugs are
replaced, the heads cooled and depressurized, a leak test
performed and, if satisfactory, the fuelling machines are
unlocked from the channel. All the operations of the fuel
handling system are performed automatically under the control
of a central computer located in the main control room.

1.3.5 In-Core Detectors

Current designs of CANDU reactors incorporate a large number of
in-core, self-powered detectors located between and
perpendicular to the fuel channels. The signals from these
detectors are proportional to the local thermal neutron and
gamma flux. They are used for a variety of purposes in the
reactor regulating and protective systems.

The on-power, bi-directional fuelling feature of the CANDU
implies that, once equilibrium is reached, the macroscopic
power and burnup distributions are approximately constant with
time. This, however, is only true in a macroscopic sense, if
we consider individual fuel bundles in a core region we notice
a significant variability in their irradiations and powers.
This is because fuel bundles in adjacent channels have
different "ages", i.e., have resided in the core for different
times, and hence have different burnups.

Since the in-core detector signals are proportional to the
thermal neutron and gamma flux in their immediate vicinity,
fuelling close to a detector may lead to a large change in the
signal. This change is, generally, undesirable since it may
not be possible to establish whether it reflects a macroscopic
change in the power distribution or simply a localized
perturbation.

The localized effect on the detector signal can be attenuated
by using "long" detectors, that is, detectors which extend past
several fuel channels. Nevertheless, this must be considered
when planning the fuel management for the core. In-core
detectors are used in most CANDU designs for three different
systems:

(a) flux mapping,
(b) regulating systems, and
(c) regional overpower (ROP) system.

Localized perturbations have an effect on all three systems.
It is, however, more important on the last two. All three
systems have been described with some detail earlier [10]. We
shall make only some qualitative remarks about the regulating
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and overpower systems to give a feel for how they might be
affected by fuel management.

1.3.6 Reactor Regulating System

The primary control devices for regulating both the bulk
reactor power and the spatial power distribution are iourteen
light water zone controllers. These devices are located in two
axial planes, each containing three assemblies. The assemblies
in each plane are subdivided into a total of seven controller
compartments each of which is individually controlled. The
general layout of the zone controllers is illustrated in
Figure 1.8.

The level of light water in each compartment is governed by the
reactivity balance required to regulate:

(a) the reactor power to a specific setpoint, and

(bt the spatial power distribution to a nominal distribution.

The basis for changing the levels is provided from measurements
of zonal power given by a set of in-core detectors, and fully
instrumented channels. The latter are fuel channels where
accurate flow and temperature measurements are taken to
determine the channel power.

The in-core detectors for this system are approximately
one metre long and, therefore, not particularly sensitive to
localized perturbations. Nevertheless, fuelling close to a
detector or fuelling ai> instrumented channel could leaci to an
erroneous indication ol the zonal power and therefore to
inappropriate control action. This may lead to difficulties in
maintaining the desired fuelling pattern as we shall see later
when discussing operating experience.

1.3.7 Regional Overpower System

In order to protect the reactor against local fuel bundle and
channel overpowers that arise from perturbations in the power
distribution or from postulated loss of regulation accidents,
CANDU reactors are equipped with a regional overpower (ROP)
system.

An "overpower" is a fuel bundle or channel power in excess of
specified safety related limits. These limits are distinct
from and above the normal operating limits on bundle and
channel powers.

The ROP system consists of a grid of in-core detectors, usually
40 to 60, distributed throughout the core perpendicular to fuel
channels. The detectors are mounted on special assemblies as
indicated in Figure 1.9. They are approximately one metre long

and are characterized by a fast response to changes in neutron
flux.

The detectors of an ROP system are grouped into three
protective channels. If, in response to a flux change in the
reactor core, the signal from one or more detectors in each of
two of the three protective channels exceeds a pre-determined
setpoint, a fast reactor shutdown is initiated. This is called
a "reactor trip". Current CANDU designs have two independent
and diverse shutdown systems each with its own set of ROP
detectors.

Because the microscopic flux distribution is time varying, a
detector will measure a flux at any given time which may be
highet or lower than the macroscopic average flux in its
region. Similarly, channel powers may be higher or lower than
their time averaged values. Figure 1.10 illustrates this
situation where the lower solid line shows the smooth time
averaged channel power distribution, and the X shows the
channel power at some instance in the reactor life. The basic
problem is that a detector which may be reading a low flux at a
particular time is required to protect channels in its vicinity
vhich may be relatively highly powered at that time.

To solve the problem, the detectors are periodically calibrated
so that they read the reference flux multiplied by the "channel
power peaking factor" (CPPF). The CPPF is determined by
computing the ratio of the instantaneous power to the reference
power for all the high power channels in the core, and
selecting the largest.The effect of this is that if the flux at
a detector rises above the reference value to its setpoint, the
reactor will be shut down before even the highest power channel
in the region reaches its overpower limit.

The CPPF is calculated regularly from a continuing simulation
of reactor power distribution which follows the operating
reactor. It is apparent that it is highly desirable to
minimize CPPF in order to maximize the margin between the
detector readings and the setpoint.

We will be discussing methods of computing the "reference"
power distributions, and estimating the CPPF during reactor
design in some detail in subsequent sections.

From the point of view of fuel management the ROP system
presents two problems. First, the fuelling strategy must
minimize the CPPF in order to allow the maximum operating
margin. This implies accurate control of the macroscopic power
distribution to ensure that "on average" the actual power
distribution is close to the reference. It also implies
minimizing the variations in the fine structure of the power
distribution and therefore, keeping to a minimum the .„.
perturbation due to fuelling. This means that an axial 433
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fuelling scheme in which a small number of fuel bundles is
replaced in a channel visit is preferable to one where a large
number of bundles is replaced. This, however, is not the only
consideration in deciding the optimum axial fuelling scheme as
we shall discuss in Section 3.4.

The second problem is caused by refuelling in the vicinity o£
one ROP detector. Concentrated fuelling near a detector will
increase its reading even though this may not increase the CPPF
in the core. The high detector reading, if not corrected by a
calibration, may lead either to spurious trips or power
deratings, both of which lead to loss of power production.

TABLE I.I

the pp.

Some Nuclear Design Data for the
Darlington Reactors

Gross Properties of Core

Core radius: 3.5 m
Number of fuel channels: 480
Number of bundles per channel: 13
Number of bundles in core portion of fuel channel:
Reactor length: 5.944 m
Average reflector thickness at mid point: 0.699 m
Coolant temperature (average): 276°C
Moderator temperature: 80°C
Fuel temperature (core average): 882oc
Radial power form factor: 0.863
Axial power form factor: 0.679
Overall form factor: 0.586
Total fission power: 2798 MW
Heat removed by coolant: 2651 MW
Unit electric output: 850 MW

12

Channel Ratings

Time-averaged maximum channel power: 6.4 MW
Time-averaged maximum bundle power: 787 kW
Linear bundle rating corresponding to maximum bundle power:
1590 kw/m of bundle length

Fuel Bundle and Channel

Fuel: Natural uranium dioxide
Number of elements per bundles 37
Element outside diameter: 13 mm
Pellet outside diameter: 12 mm
Bundle length: 495.3 mm
Average uranium dioxide density: 10-6 Mg/m3
Uranium dioxide weight per bundle: 21.23 kg
Zircaloy weight per bundle: 2.27 leg
Pressure tube material: Zr-Nb
Inner radius: 51.7 mm
Calandria tube material: Zr-2
Inner radius: 64.5 mm
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1 . CALANDRIA
2. CALANDRIA MAIN SHELL
3. CALANORIA-SIDE TUBSSHEET
4. CALANDRIA SUB-SHELL
5. FUELLING MACHINE-SIDE TUBESHEET

6. LATTICE TUBES
7. END FITTINGS
S. FEEDERS
9. CALANORIA TUBES

10. SHIELD TANK SOLID SHIELDING
11. STEEL BALLSHIELOING (END SHIELD!
12. MANHOLE
13. EMERGENCY DISCHARGE PIPES

14. MODERATOR INLETS
15. MODERATOR OUTLETS
16. SHUT-OFF UNIT
17. ADJUSTER UNIT
tB. VERTICAL FLUX OETECTOR
19. CONTROL ABSORBER
20. LIQUID ZONE CONTROL UNIT
21. END SHIELD COOLING PIPING
22. SHIELD TANK
23. SHIELD TANK EXTENSION
24. RUPTURE DISC ASSEMBLY
SS. MODERATOR OVERFLOW

FIGURE 1.1
REACTOR ASSEMBLY
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1 ZiRCALQ* SEARING PADS
2 2IRCA10V FUEL SHEATH
3 ZinCALWZHQCAP

4 21RCAL0V END SUPPORT PtATE
& URANIUM DIOXIDE PELtETS
6 CAMLl)»GRftPHiT£ INTEBLAfEH

> IMTEft EV.CM£NT SPACERS

8 PRESSUflE tUBE

FIGURE 1,2
3? ELEMENT FUEL BUNDLE
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1 CHANNEL CLOSURE
2 FEEDER COUPLING
3 LINER TUBE
4 END FITTING BODY
5 CHANNEL ANNULUS BELLOWS
6 FUELLING MACHINE-SIDE TUBESHEET
7 END SHIELD SHIELDING BALLS

8 SHIELDING SLEEVE
9 SHIELD PLUG

10 OUTBOARD END FITTING SLEEVE
BEARING AND JOURNAL

11 SPACER SLEEVE
12 SPLIT (INBOARD) END FITTING SLEEVE

BEARING AND JOURNAL

13 TUBE SPACER
14 PRESSURE TUSE
15 FUEL BUNDLE
16 CAIANORIATUBE
17 CAIANDRIA-SIDE TUBESHEET
18 END SHIELD LATTICE TUBE

CHANNEL 'FLOATING'SIDE

19 LATCH ASSEMBLY
20 SHIELD PLUG
21 LINER TUBE
22 SHIELDING SLEEVE
23 POSITIONING ASSEMBLY YOKES
24 POSITIONING ASSEMBLY STUD

FIGURE 1.3
FUEL CHANNEL ASSEMBLY
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FUEL HANDLING
SERVICE AREA WEST REACTOR NO. I REACTOR NO I CENTRAL REACTOR NO. 3

SERVICE BUILDING

REACTOR NO. 4
FUEL HANDLING

SERVICE AREA EAST

F/K HEAD ON REACTOR REACTOR AREA BRIDGE

HEAD REMOVAL AREA

I
MAINTENANCE
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FIGURE 1.5
FUEL HANDLING SYSTEM
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1. SHOUT LOCKING 1AWS
2. DRWE GEAR I WORM HOUSING
3. SNOUT GUIOE RING
4. SEAl UNO
V WOUT
I HIAVV W » m UAK OETECTOlt
7. MAGAZINE
t . THERHAt tAKfttEK
». FUEl CAUME*

to. FUEL BUNDLE
I I . CHANNEL CLOSURE ADAPTER
I I . RAH HEAD
U. CHAUGE TLJM HEAD
14. MAGAZINE INDEXING UNIT

li. CHAROf TUM AXIAl INfUT DRIVE
It . *AM lN»U1 OltWC
17. CHARGE TUIE
I I . CHARGE TUtE t A t l HUT
l». (LAPI SHINE
30. RAM DRIVE SLEEVE
I I . GEARIOX
U . FINE V DRIVE
IV FINE * DRIVE
U RAM EXTENSION TUIE
» . GUIDE WHEEL
I t RAM IALL NUT
V. RAM ORNE GUIDE
I I . RAM SCREW ROLLER

FIGURE 1.6
FUELLING MACHINE HEAD
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CHARGE MACHINE ACCEPT MACHINE

CHANNEL CLOSURE CHANNEL CLOSURE
/ \

SHI E L O \ CLOSURE CHARGE TUBE
AND NAM AOAPTER / PLUG COOLANT PLOW PLUG \ ADAPTER AND RAM
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STORED IN MAGAZINE STOREO IN MAGAZINE
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ADVANCED ADVANCED
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FIGURE 1.7
FUEL MOVEMENT SEQUENCE
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) CONTHOL
ASSORBEH UNIT
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FIGURE 1.9a
REACTIVITY CONTROL UNIT LOCATIONS

(VERTICALLY MOUNTED UNITS)

FIGURE 1.9b
REACTIVITY CONTROL UNIT LOCATIONS
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2.0 DESIGN METHODS FOR THE EQUILIBRIUM CCRE

2.1 Introduction

As we have seen in the first section, the equilibrium core
configuration in a CANDU reactor is characterized by
macroscopic power and irradiation distributions which do not
change significantly with time.

This, however, is only true in a macroscopic or time-averaged
sense. In reality, a limited number of channels are fuelled
every day to compensate for the loss of reactivity due to fuel
burnup. As a consequence, different fuel bundles will have
different irradiations which change with time. If we take a
"snapshot" of a CANDU core operating at equilibrium, we shall
see a fine structure in the power distribution, which varies
with time, superimposed on a smooth distribution which is
invariant with time as indicated schematically in Figure 2.1.
The "smooth" power distribution is often called the "nominal"
or "reference" power distribution since it forms the basis for
the design of a reactor.

The fine structure is considered in the design by adding
appropriate margins to the nominal design values. Note that
the "fine structure" we are considering here refers to the
channel to channel and bundle to bundle variations in flux and
power. Beyond this, there is an ultra-fine structure variation
in the flux distribution through the cell* and power
distribution within the bundle. This ultra-fine structure flux
distribution is also time varying since it is a function of the
irradiation of the fuel in the lattice cell.

Some quantities of interest to fusl management such as fuelling
rate, average discharge burnup, residence time of a fuel bundle
in the core can be derived from the "smooth" distribution.
Others, such as channel power peaking factor, require the
determination of the fine structure in the power distribution.
The fuel management methods for. the equilibrium cote can.
therefore, be divided into two broad classes, those required to
determine the nominal, smooth power distribution and those
required to determine "instantaneous" power distributions which
include the time-varying fine structure.

For each class several methods of varying degree of
sophistication have been developed and are used in different
phases of the design process. For instance, during the
conceptual design phase of a reactor, a large number of
alternatives usually have to be examined in a reasonable time.
An appropriate model is therefore one which is easy to prepare,
inexpensive in computer usage, and gives results with good
relative accuracy rather than absolute accuracy. The model
must have the ability to simulate the equilibrium core directly

* A unit cell is defined to include the fuel bundle, the
associated pressure and calandria tubes and the surrounding
moderator. See Figure 2.2.

since the initial core configuration may not be known and it
would be impractical to simulate the approach to equilibrium
period.

In the detailed design phase, absolute accuracy is more
important. The smooth power distribution must be calculated
with detailed three-dimensional core models which include
representation of all in-core structural materials and
reactivity devices. Also a determination of various
instantaneous distributions is needed to assess the adequacy of
the fuel design, the control system and the safety systems.

In this design phase, a model which allows the detailed
simulation of the approach to equilibrium transient is usually
required.

In this section we will examine these methods and point out
their limitations and applicability.

2.1.1 Nuclear Cross Sections

The isotopic composition of the fuel varies with the
irradiation of the fuel bundle and depends on the flux history
to which the bundle has been exposed. The cross sections for
the lattice cell containing the fuel bundle depend in turn on
the isotopic composition. It is neither practical nor
necessary to calculate the isotopic composition of every fuel
bundle as a function of its operating history in the core, even
if this were known in advance. Instead, we assume a
representative mean flux, and compute the fuel isotopic
compositions as a function of irradiation using this constant
value. The value commonly used is the flux-squared-weighted
mean flux*.

Lattice cell cross sections are then calculated as a function
of irradiation using a lattice cell such as shown in Figure
2.2. These are stored as tabulated functions of irradiation
for use in core flux distribution calculations.

2.2 Methods for Calculating Nominal Power Distributions

Two methods are normally used to determine the nominal,
equilibrium power distribution. They are usually referred to
as the "homogeneous" and "time-averaged" methods,
respectively.

2.2.1 Homogeneous Model Approximation

The continuous bi-directional fuelling of the CANDU can be
idealized by assuming that the fuel moves at a constant rate R
from one end to the other of the channels as illustrated
schematically in Figure 2.3.

The "flux-squared-weighted" mean flux is /** dV/* dV
, where * is the flux, and the integral is over the core.



The irradiation of the fuel is the integral of the flux seen by
the fuel in its travel along the channel.

The irradiation at position Z in the channel is given by:

= /

for a channel fuelled from the Z=0 end and is

•e
<&(7)

dz

for a channel fuelled from Z=L end.

The average irradiation at point Z is thus:

• 1/2 ["(^(z) + &>2

2 *gl dz
= 1/2 u (L) = a constant

The average irradiation along the channel is therefore
constant, so that reactivity and cross sections will also be
approximately constant. The average cross sections to be used
in the core calculation can be obtained from:

"exit

exit
£(u>)du

The two-group cross sections based on this approximation are
obtained directly from a lattice cell program that calculates
isotopic compositions and cross sections as a function of
irradiation. The cross sections are then used in a diffusion
code to generate the powr<- distribution. This is referred to
as "homogeneous" modal si ,ce the cross sections are constant
along the channel, that i - axially homogenous•

In most CANDU designs the :ore is divided into two concentric
irradiation regions. The irradiation in the inner region is
adjusted to give a flat flux distribution; that is, no radial
leakage. The outer region has a lower irradiation which is
selected so as to make the reactor critical. The flux in the
inner region is constant at the maximum value (See Figure
2.4). The size of the inner region determines the form factor,
that is, the ratio of average to maximum flux in the core.
Initially, in the conceptual design phase, simple
one-dimensional diffusion calculations are performed to
determine the approximate size of the two regions.

As the core design progresses, three dimensional core
calculations are performed. These calculations are normally
not very expensive in computer time since coarse mesh
subdivision can be used in the core model without significant
loss of accuracy. This is due to the very large neutron
migration area of the D2O lattices.

2.2.2 Time-Averaged Approximation

The "homogeneous" approximation cannot determine the variations
in power and flux which occur because a finite number of
bundles are replaced at every channel visit. The homogeneous
model neglects the axial fuel management scheme. To determine
the effect of the axial fuelling scheme the time average
approximation is used.

In the time average model we assume that the power distribution
which is calculated from cross sections averaged over the
residence time of the fuel is the time averaged power.

That is, we use cross sections which are obtained from:

/' Z (w)dw

where m 1 and «i 2 are the irradiations at the beginning and
at the end of the residence time and Aw = uj - uj_.

The £ 's will, in general, vary with axial position in the
channel since Aw varies with the flux at each position and
A a 1 Ht,

To obtain the initial and final irradiation for each axial
position we assume an axial flux distribution, then

& 00 1 * T,

where T is the residence time.

Now when the fuel string is pushed to a new position, the
irradiation at the start of the new cycle is equal to the end
of the cycle irradiation at the previous position. Therefore,
starting from the fresh bundles, and knowing the axial fuel
management scheme, we can determine
positions in the channel.

1 and u 2 for all

Generally, however, the residence time is not known, but the
average discharge irradiation is known (for instance, from a
previous homogeneous calculation). That is:

"out

1 N

= 1 £ 467



where the summation is over all the bundles discharged. But,

oo. =
1

where the summation is over all the positions occupied by the
bundle during its core residence period. Thus,

out
i 1

The double summation includes all positions in the channel.
This can be clarified by looking at Figure 2.5. As a
consequence:

Now if we know the axial flux shape 5>K we can derive the
residence time

T = out

and substitute to get

The fluxes we want to use in this equation are the time
averaged fluxes that we wish to calculate. We are, therefore,
in an iterative situation where the output of one calculation
must be used to provide the fluxes for calculating the input to
the next step in the cycle until the process has converged. In
practice convergence is achieved in a very small number of
iterations.

The basic steps in an iterative, time-averaged calculation are
illustrated in Figure 2.6 and described in the following:

1. An initial estimate is made of the exit irradiation, the
size and shape of the inner region. This can be obtained
from previous homogeneous calculations. An initial guess

468 for the axial flux shape is assumed.

2. The initial and discharge irradiations for each bundle are
computed from the exit irradiation, the axial flux shape
and the fuelling scheme.

3. For each position (bundle) in the channel, average cross
sections are calculated by integrating from initial to
final irradiation as illustrated in Figure 2.7.

4. with this cross section a core calculation is performed to
derive the flux distribution, the eigenvalue and the power
distribution.

5. steps 2 to 4 are repeated until the axial flux shape has
converged.

6. The irradiation of the inner region is adjusted to get a
flat channel power distribution in this region, the outer
region irradiation is adjusted to produce the required
excess reactivity. The relative size of the inner and
outer region is adjusted to get the desired form factor.
All these factors are not necessarily adjusted at every
iteration.

7. steps 2 to 6 are repeated until the desired form factor and
excess reactivity are obtained.

2.2.3 Comparison of Homogeneous and Time-Averaged Power
pistr ibutions

in order to get a feeling for the effect of the approximations
involved in the models discussed above, let us look at some
representative results. Table II.1 presents some data obtained
with the two approximations using identical reactor core
models. The main difference is in the maximum bundle power.
The burnup and the maximum channel power are quite close.

Figure 2.8 and Figure 2.9 give a radial channel power
distribution and an axial bundle power distribution,
respectively. Since both approximations ignore the fact that
adjacent channels are fuelled at different times, the channel
power distributions are similar. The axial power
distributions, as it is to be expected, are different. The
"homogeneous" approximation uses constant properties along the
channel while the "time-average" approximation includes the
effect of the discrete nature of the fuelling.

2.3 Methods for the Estimation of the Fine Structure
in the Power Distribution

As has been discussed previously, if we examine a CANDU reactor
operating at equilibrium, each channel will have resided in the
core for a different length of time' since it was last fuelled.



At a given time in the reactor's history we will have a fine
structure in the distribution of the irradiation which will
produce a fine structure in the distribution of power and
flux.

To calculate the effects associated with this fine structure in
the irradiation distribution, several methods have been
developed. They include:

(a) the random age approximation,
(b) the patterned age approximation, and
(c) simulation of time history of the core.

Figure 2.10 shows schematically the various quantities we are
trying to estimate. The maximum channel power, maximum Bundle
power, and channel power peaking factor (CPPF) in the core are
time-varying about some average value which is greater than the
corresponding value from a time-averaged calculation. Methods
(a) and (b) attempt to estimate the magnitude of the variable
fine structure by sampling "typical" irradiation distributions
from the range of possible distributions and calculating the
corresponding power distribution. Several calculations are
then combined to give statistical estimates of the required
quantities.

Method (e) requires a flux calculation at every time-step.
Since fairly long periods of operation must be simulated to
give representative results, this method is quite expensive,
even when a code optimized for this kind of calculation is
used.

2.3.1 The Random Age Approximation

The simplest method of obtaining an instantaneous power
distribution or a "snapshot" of a core at a certain time during
its equilibrium operation is to assume that a given channel has
equal probability of having resided in the core for any length
of time from its last fuelling to the next.

The irradiation of a bundle at position
is then given by the expression:

(i, j, k) in the core

where » i(k) is the bundle irradiation immediately after
refuelling, that is zero for the fresh bundle and equal to the
end of cycle irradiation at its previous position for a bundle
which has been shifted; w 2(k) is the bundle irradiation
immediately before refuelling and f(i, j) is the "age" of the
channel, that is the fraction of time since last fuelling for
channel (i, j ) .

The fraction, f, can be selected from a uniform random
distribution in the interval (0, 1) for all the channels in the
core, while mi and u>2 are obtained from a time averaged
calculation discussed previously.

The above equation assumes that the irradiation increases
directly with time, that is:

constant =

This implies that the flux is constant.

The irradiations produced by this method an be used to
calculate the corresponding flux and power distribution. By
selecting several random age distributions, we can obtain a
representative sample of power variations for the equilibrium
core without having to know the previous operating history.

Calculating irradiation distributions this way is not very
accurate, because the flux is not constant and because channels
are fuelled in a certain sequence by following specific rules,
as we will see later in this report, rather than at random.

This method yields results which are pessimistic in estimating
the maximum bundle and channel powers. The random sample
selected could result in large tilts in the power distribution
or in a "cluster" of fuel channels having approximately the
same age. This is not very realistic since, in reality, the
reactor will be fuelled carefully to avoid large tilts or
clustering. However, the method gives a conservative upper
limit, below which we can expect the reactor to operate.
Moreover, the results can be treated statistically to provide
more realistic estimates of the maximum channel and bundle
power and to compare the CPPF obtained from different axial
fuelling schemes as we shall see later.

2.3.2 The Patterned Age Approximation

The distribution of channel ages can also be selected assuming
that the channels in the core are fuelled in a fixed pattern.
To be useful, the selected fuelling pattern must maximize the
separation between channels fuelled sequentially and be
approximately symmetric so as not to produce gross tilts in the
power distribution. One pattern which is often used is based
on the Knight's move of the chess game. That is, the fuelling
sequence within a four by four square of channels is as shown
below:

2
9

12
5

15
4
1
8

6
11
14

3

13
16

7
10

This pattern is repeated over the whole core.

Each block of 16 channels can be laid over the core in super
blocks of 4 by 4 blocks and the fuelling sequence for the
blocks is the same as the sequence of fuelling channels within
blocks.



The patterned age approximation yields maximum bundle and
channel powers which are usually lower than achieved in
operating the reactor. This is because a rigid pattern in the
fuelling cannot be followed in practice since unusual or random
occurences such as, fuel failure, unavailability of fuelling
machines, etc., would destroy a pattern very quickly.

However, the results obtained from this approximation are
useful to provide a lower limit below which we would not expect
the reactor to operate with a given flattening of the cote flux
distribution.

5.

2.3.3 Simulations

The random and patterned age methods provide upper and lower
limits for the maximum channel and bundle power in the
equilibrium core. More realistic values can be obtained by
simulation of the core operation, that is, by calculating the
time history of the flux and power distributions at discrete
time steps. This type of calculation is used to obtain the
initial transient from start-up to equilibrium, to investigate
the effect of various refuelling rules and to follow the
fuelling of an operating reactor. These calculations are
expensive, particularly if a 3-dimensional model is used, and
therefore are not performed often during the design of a core.

The basic steps required in a simulation are as follows (see
Figure 2.11):

'

1.

2.

3.

Irradiation and flux distributions from a previous
calculation are used to start the calculation,
alternatively, the core can be assumed to be entirely fresh
fuel.

If the reactor requires fuelling, the channels to be
refuelled are either used as an input or are determined
according to some fuelling rules. We will discuss these
rules later on.

If a time step is to be taken,
bundle is calculated from:

the new irradiation for each

The new flux distribution, eigenvalue and power
distribution are calculated.

•"k

where ui

At)

ii i is the previous irradiation,
* k is the bundle flux from the

previous time step, and A ti is the
time increment.
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Cross section are calculated for each mesh point. This is
done by interpolating in a table of cross sections vs.
irradiation calculated beforehand by a lattice cell
program.

6. Steps 2 to 5 are repeated as required.

2.3.4 Comparison of "Instantaneous" Methods

Table II.2. illustrates maximum channel and bundle power
obtained from a simulation of the equilibrium core, and random
age and patterned age calculations. All these data were
derived assuming a uniform eight bundle shift, that is eight
bundles are replaced in a single channel visit for all channels
in the core.

The core models used in the simulation and the "random age"
approximation calculations are slightly different. However,
corrections have been applied to the results to account for
this. As we have discussed previously, the maximum channel and
bundle power obtained from the simulation are bracketed by
those obtained from the random and patterned age
approximation.

Table II.I

Comparison of Homogeneous and Time-Averaged Calculations

Homogeneous Time Averaged

Irradiation (input)
Inner region
Outer region

k-effective

Corrected average burnup

Maximum channel power
Maximum bundle power

1.72 n/kb
1.31 n/kb

1.00007

149 MWh/kg

6356 kW
697 kW

1.72 n/kb
1.31 n/kb

.99969

148 MWh/kg

6160 kW
7 51 kW



Table II.2

Results from Patterned Fuelling, Simulation and Random Fuelling

Time- Patterned Simulation
Averaged Instantaneous Average (2) Overall (3)

Maximum Maximum

Maximum
bundle
power (fcVJ) 788 807

Maximum
channel
power (kW) 6.46 6.67

816

6.72

851

6.96

Random (1)
Instantaneous

898

7.23

1. Results based on average of 3 runs with clusters removed by

statistical treatment (see Section 3.3.2).

2. Average maximum and channel powers over the time period.

3. Peak values obtained in the simulation.
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3.0 FUEL MANAGEMENT CALCULATIONS FOR THE EQUILIBRIUM CORE

3.1 Introduction

In the previous section we have discussed some of the methods
used to calculate nominal and instantaneous power distributions
for the equilibrium core. In this section we will deal briefly
with the computer codes in which these methods are applied,
describe typical core models used and discuss the types of
calculation that have to be performed to provide design
parameters for the core and support the safety analyses.

3.2 Computer Codes

3.2.1 Lattice Cell Codes

Cell averaged nuclear cross section as a function of
irradiation are calculated by lattice cell codes which assume
unit cells such as that shown in Figure 2.2 in an infinite
repeating array of such cells. The computer code
POWDERPUFS-V [IT.] , developed by Atomic Energy of Canada Limited
(AECL), is most commonly used in CANDU fuel management
calculations. Other more expensive codes, such as LATREP [12]
and WIMS [13], are used for intercomparison of results and
specific purposes.

POWDERPUFS uses data about the geometry, materials, densities,
and temperatures of the cell to generate tables of two group
cross section? as a function of irradiation. It can generate
time averaged cross sections suitable for use in homogeneous
model calculations directly. It can calculate the effect of
perturbations on the unit cell for use in reactivity
coefficient calculations.

3.2.2 Core Physics Codes

Two computer codes are most commonly used for fuel management
core calculations in CANDU reactors. The first, FMDP (for Fuel
Management Design Program) [14] has been developed by Atomic
Energy of Canada Limited, it is used mainly for design and
analysis activities. The second program, SORO (for Simulation
Of Raactor Operation) (15], is mainly used to follow operation
of existing stations and select channels for fuelling. It is
also used to perform detailed cere simulation during the final
design of a reactor. This program has been developed by
Ontario Hydro.

Both programs perform a large number of different types of
calculations. A complete description would require
considerably more time than available here. We shall give only
a brief description of their main features.
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3.2.2.1 The FMDP Computer Program

This program is primarily intended as a design tool for
predicting reactor behaviour in response to various fuel
management schemes. It performs the calculations based on the
methods described in the previous section.

The program solves the two-group three-dimensional diffusion
equations by a finite difference iterative technique using
cell-centre fluxes. Succ ,<=ive point overrelaxation is
employed to accelerate the ̂  nvergence.

Some of the features of the code are:

(a) It allows variable mesh spacings. That is, the grid for
the flux calculations can be selected by the user to fit
the requirements of the problem without being limited by
the positions of the fuel bundles in the core.

(b) It can use extrapolated, symmetry and inhomogeneous
boundary conditions at all boundaries.

(c) It employs dynamically allocated variable dimensioning so
that the computer core memory required is selected
automatically to the size of the problem.

(d) It is of modular design. That is, each element which has a
distinct function is a separate entity with well defined
input and output. This makes the code flexible and easy to
modify. Similarly, the data are organized in blocks
according to function and type.

Three dimensional core models similar to the one illustrated in
Figure 3.1 are used in the FMDP program. Depending on the
requirement of the problem, symmetry can be used to reduce the
cost of a calculation.

Reactivity devices and structural materials are represented by
incremental cross sections which are added to the fuel cross
section of the lattice cells affected. These incremental
"supercell" cross sections are calculated separately by
suitable programs. Typical models have from 5,000 to 30,000
mesh points depending on the requirements of the problem.

3.2.2.2 The SORO Computer Program

SORO is the program used by Ontario Hydro to follow the history
of an operating reactor and to perform predictive simulations
of reactor operation for both reactors in-service and under
design.This program can also perform "homogeneous" and
"time-averaged" calculations. However, it is rot as flexible
as FMDP for these purposes.

SORO has been optimized for simulating operating histories. It
uses a simpler core model. However, its computing costs are
lower than those of FMDP.

The program reads its data from a master file on magnetic tape,
transferring it to a word addressable drum for 'use internally
by the program. The program then does any or all of the
following:

(a) It can update its data set from input data cards.

(bj It can increase the irradiation and burnup arrays to
simulate burn up over a time step.

(c) It can rearrange data arrays to simulate fuelling of
selected channels. The program keeps track of the location
of each bundle in core and the destination of each bundle
in the spent fuel bay.

(d) It can calculate the flux and power distributions by
solving the two-group three-dimensional diffusion equations
by accelerated point successive overrelaxation.

(e) It can print selected data blocks such as flux and power
distributions, lists of channels in decreasing order of
burnup, histograms of channel burnup and refuelling
reactivity gain. This information is useful to decide
which channels to refuel in the next period of reactor
operation.

(f) The program can select automatically the channels to be
fuelled in the next simulation step. We shall discuss the
criteria used in the next section.

3.2.2.3 Reactor Core Model in SORO

Only full core models are used in SORO. Symmetries are not
normally possible for detailed fuel management simulation.
Models almost always have one flux mesh point per fuel bundle.
Reactivity devices and structural materials are treated by
increasing the basic fuel cell thermal absorption cross section
with pre-calculated quantities. These quantities are usually
obtained by matching SORO results to values calculated by more
detailed codes such as FMDP. The program has been developed
specifically for UNIVAC computers. It takes advantages of many
special characteristics of this computer particularly in the
data handling.

Comparison of SORO with measured values will be discussed later.
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3.3 Fuel Management Analysis of the Equilibrium Core

Fuel management analysis for the equilibrium core provides a
large number of quantities of interest in th<=. design or
operation of a reactor.

Some of these quantities are:

(a) core average burnup,
(b) fuelling rates,
(c) core reactivity decay per full power day of operation,
(d) reactivity change upon fuelling, and
(e) channel and bundle residence time in the core

These can be derived in a simple manner once the nominal flux
distribution has been calculated. For instance, the core
average irradiation, u, for a reactor with two concentric
burnup regions at average irradiation u)i and i»Q is derived from

P P. P

where P, Pi and P o are the total reactor power and the powers
of the two burnup regions. The reactivity change upon fuelling
is calculated from:

Ap (channel N) = V1
chanchannel

Apx$

where the first summation is over all bundles in the channel,
and the second is over the entire core, and

Ap =

with u a an(j u b being the irradiations after and before
fuelling, respectively, ands

p(u) [k(u) -ll

where:

/kfw)

vEt is the yield cross section,
XR is the removal cross section,

are the absorption cross sections for the
fast and thermal energy groups, respectively.

Fuel management calculations are also performed to provide data
for fuel design, accident analysis, and to select the axial
fuel management scheme.

3.3.1 Data For Fuel Design and Accident Analysis

An 850 MWe CANDU reactor contains nearly a quarter of a million
fuel elements in fuel bundles in the fuel channels. Each
element during its life in the core has a different power and
burnup history. This is because the power of the element
changes for reasons such as:

(a) changes in the concentration of fissionable isotopes,

(b) movements of the fuel in the channel during refuelling,

(c) perturbation in the flux due to maneuvering of reactivity
devices, fuelling of neighbouring channels, or xenon
transients, and

(d) changes in total reactor power due to normal power
maneuvering (i.e., load following) or abnormal conditions
(i.e., equipment malfunctions).

Clearly, analysis of every single element to assess its
behaviour for fuel design or for accident analysis is
impractical. Recourse is then made to upper bound techniques
and conservative assumptions.

For the CANDU reactor, this technique consists of calculating a
bundle power history envelope. This is a curve of expected
bundle power versus burnup which encompasses or "envelopes" all
possible individual bundle histories and includes all the
changes in fuel power due to the effects listed above.

The concept of bundle power history envelope is illustrated
schematically in Figure 3.2. Different fuel bundles in the
core have different histories. However, they all fall under
the "envelope". Clearly, if the analysis is performed for the
envelope, it will be conservative for all individual bundles
whose histories fall below it. To calculate the "envelope" two
methods are normally used.

The first one consists of simulating a long period of reactor
operation with the reactor at equilibrium. The "envelope" can
then be constructed by following the individual history of a
large number of bundles and choosing for each burnup interval
the highest power for the bundle or the element. This method
is accurate but rather expensive. A more economical end direct
method is the following.
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It can be shown (Appendix 3ft) that the flux in the lattic cell
occupied by a particular fuel bundle can be related to the
average flux in the four neighbouring cells by the approximate
relation:

3.3.2 Calculation of Channel Power Peaking Factor

where *n is the average flux of the four neighbours,
the lattice pitch and:

2

B is the material buckling (calculated by a lattice code as
a function of irradiation) and B is the axial buckling of
the core.
The power of a bundle can be calculated from the average cell
flux as:

P = H*

where H is the power to flux ratio, which is calculated as a
function of irradiation by a lattice code.

If we assume that the flux *n is constant, which is not a bad
approximation for the equilibrium core, then we have the
relative bundle or element power as a function of burnup. in
this manner we have obtained the shape of the fuel power
history envelope but not its magnitude.

For the fuelling schemes normally used in CANDU reactors, the
maximum power of a bundle during its life in the core is
generally reached when the concentration of fissionable
isotopes is maximum. This occurs after a bundle has
accumulated some burnup as illustrated in Figure 3.3.

From this we can determine the burnup at which the bundle power
will be maximum. If we know the maximum bundle power we can
normalize accordingly the shape of the "envelope". The maximum
bundle power can be estimated on the basis of a simulation or
from instantaneous distributions obtained with the random age
approximation.

Additional margins are usually added to the maximum bundle
power obtained from simulations or instantaneous distributions

482 to allow for transients and provide operational flexibility.

As we have seen in the first lecture, one important parameter
which has to be derived from fuel management studies is the
Channel Power Peaking Factor (CPPF). This is defined as:

CPPF = Max / =

where CP(i,j,T) is the channel power distribution at time T,
and CP(i,j) is the "nominal" channel power distribution.

During the operating life of a reactor the CPPF is calculated
frequently with a program such as SORO which gives CP(i,j,T),
using a fixed nominal distribution CP(i,j).

In the design phase of a core, two methods are normally used
for this purpose. The first consists of using the results of a
long period of simulation for the equilibrium core obtained
from SORO or FMDP.

With this method CP(i,j) can be obtained simply by averaging
all the channel power distributions obtained in the course of
the simulation. This is:

whet
bunc

The
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N

CPn(i,j)

where N is the number of channel power distributions
calculated, -̂ nd CPnare the individual distributions. With this
we can derive the maximum CPPF or an average CPPF over the
period of simulation.

The second method consists of using the results of time-average
and instantaneous distributions. This is a direct method which
is useful particularly if we need to compare CPPF's for
different axial fuel management schemes. With this procedure,
the CP(i,j) is available from a time-averaged calculation while
CP(i,j,T) can be obtained from instantaneous distributions
using the random age approximation.

Usually a number of instantaneous distributions are calculated
using different "seeds" for the random number generator. For
each case, tilts in the power distribution are partly removed
by dividing the core into subregions and normalizing the
subregion power to an average value. We then calculate the
average ratio of instantaneous to time-averaged channel power
as:

where N is the number of chattels in the core or in the region

Now
resi

and

The
avei
in i
raus
the
prai
itei

The
illi

1.

468



of interest; and:

- r)2

where s is the standard deviation/ and is a measure of the
variability within the region. The CPPF is then calculate from:

CPPF = 1.0 +/f s

where s is the average standard direction from the various
instantaneous distributions.

This statistical procedure has the advantage of removing
effects of "clustering"; that isr a group of adjacent channels
having similar "ages" which results in unrealistic local peaks
and tilts in the power distribution. The method gives a very
good relative accuracy particularly if the same set of random
numbers is used when comparing different axial fuelling schemes.

3.4 Selection of Axial Fuel Management Scheme

One of the primary requirements of fuel management studies for
CANDU reactors is the determination of the optimum axial fuel
management scheme. For the once-through fuelling normally used
in CANDU-PHW, this requires determining the number of bundles
which are replaced with fresh ones or "shifted" every time a
channel is fuelled. This is referred to as the "bundle shift
scheme".

The select on of the bundle shift scheme is usually done by
comparing a number of possible schemes and determining the one
which minimizes total unit energy cost for the reactor while
satisfying the appropriate limits. This comparison is done
during the design phase to select the best scheme for reference
design and initial fuelling. It is also, at times, repeated
during the operating life of a plant to estimate whether
different conditions, such as availability of improved fuel
design or better knowledge of certain parameters acquired
during commissioning and operation warrant a change.

Since the CANDU reactors are fuelled on power, a change in the
bundle shifting scheme can easily be accomplished with a change
in the operating procedure, requiring little lead time, without
shutting down the reactor.

3.4.1 Basis For Comparing Axial Fuelling Schemes

In order to arrive at the axial scheme with the minimum total
unit energy cost, a series of parameters have to be calculated
and compared for each scheme. The parameters which are
normally required are:

(a) discharge burnup
(b) maximum channel power and channel power peaking factor
(c) fuelling machine usage
(d) fuel performance and bundle power

Many of these parameters are interrelated and therefore they
cannot be rigourously considered separately. Nevertheless, we
shall make some remarks about each to give an appreciation of
their importance.

3.4.1.1 Fuel Burnup

Usually, bundle shifting schemes involving a small number of
bundles, 2 or 4, give the highest burnup since they approximate
more closely the ideal "continuous" fuelling. However, the
loss of burnup associated with an 8 bundle shift is small while
10 or 12 bundle shifts produce a significant burnup penalty.

The discharge burnup obtainable from various schemes is usually
evaluated intially using a "time-averaged" model.

3.4.1.2 Maximum Channel Power and CPPF

Usually the time averaged maximum channel power is not
significantly affected by the axial fuel management scheme.
The variations in channel power with respect to the "nominal"
distribution, however, are strongly dependent upon the axial
fuel management scheme.

As we have seen in the first section, the ROP detectors are
calibrated, on a frequent basis, to reflect the maximum ratio
of instantaneous to nominal channel power or CPPF. In order to
maximize the margin to trip it is important that the CPPF be
kept at a minimum value. A fuel shifting scheme involving a
small number of bundles shifted may be preferable since it
causes small variations in the channel power distribution and
therefore a small CPPF. For instance, the (CPPF-1) obtained
from a eight bundle shift scheme is about twice that obtained
from a four bundle shift scheme.

Current CANDU reactors are designed so that the ratio of the
limiting channel power to the nominal channel power is higher
for the channels in the outer part of the core. Thus, higher
CPPF can be tolerated in the outer region than in the inner.
As a consequence, mixed fuel shifting schemes involving, for
instance, 4 bundle shift in the inner region and 8 bundle shift
in the outer core region are often considered and used.

3.4.1.3 Fuelling Machine Usage

In order to minimize the load, and the maintenance costs on the
fuelling machine, the number of fuelling operations should be



kept to a minimum. From this point of view, the more bundles
are loaded per cycle, the fewer visits the fuelling machine has
to make to the core. Fuel shifting schemes involving large
number of bundles are therefore desirable.

There is an upper limit on the capability of the fuel handling
system so that it may not be possible to fuel the entire core
with the a fuelling scheme involving a small number of bundles
per shift, for example, a four bundle shift. As discussed
previously, it is possible to fuel outer region channels with
eight bundle shifts and inner region channels with four bundle
shift. The fuel handling system capacity then determines the
size of the region which can be fuelled with four bundle shifts.

3.4.1.4 Fuel Performance

Another factor considered in selecting the axial fuelling
scheme is the fuel performance, specifically, the probability
of fuel defects. If irradiated fuel bundles are moved along
the channel from a low power position to a high power position,
the sudden increase in power (power ramp) may cause the bundle
to fail.

As an example, one can consider the typical bundle history
shown in Figure 3.4 for a 4 bundle shift scheme. The bundle at
position 2 moves to position 6 and its power increases from
about 400 to over 800 kW. This increase exceeds the
empirically determined limit shown on the figure as the "defect
line". Fuel bundles whose power exceeds this line have a
significant possibility of failure. A discussion of the
current power ramp performance criteria is given in [16] .

3.5 Comparison of Various Fuelling Schemes

Table III.l and III.2 compare FMDP calculations for various
bundle shift schemes for an 850 MWe reactor. Note that the
time averaged calculation reveals very little difference among
the various schemes. However, the CPPF values for the schemes
are:

Appendix 3A

Derivation of Cell Flux Equation

Using a one-group, discrete diffusion theory model, the flux in
a bundle is coupled to the flux in the neighboring bundles bys

-£* + 4 $
n

(1)

where £ * n is the sum of the fluxes in the neighbors,* is
the neutron flux in the cell containing the bundle, B2 is the
local radial buckling, which is a function of burnup, and £ is
the lattice spacing. The axial leakage is treated by assuming
a cosine axial flux distribution, so that the radial buckling
is given by:

where

B 2 =

B„

- (TT/L)

is the cell material buckling which is a

(2)

function of irradiation, « , and L is the extrapolated core
length. This is a fairly reasonable assumption for
eight-bundle shift fuelling. Equation (1) can now be
rearranged to yield:

(3)

1.120 for all eight bundle shift,
1.064 for 4 bundle shift in inner 208 channels, 8 bundle

shift elsewhere,
1.061 for 4 bundle shift in inner 256 channels, 8 bundle

shift elsewhere, and
1.050 for all 4 bundle shift.

Note that the CPPF in the four bundle region of the mixed
schemes is higher than for a complete 4 bundle shift scheme.
This is because eight bundle shifted channels on one side of
the interface increases the CPPF of the four bundle shift

484 channels immediately on the other side.

where *n = 1/4 I * n is the average flux in the neighboring
cells. If we assume that, on the average, *n is constant,
then we can use (3) to get the variation of * with burnup.



TABLE III.l

FUEL MANAGEMENT DATA FROM FMDP TIME AVERAGED CALCULATIONS

Cote fission power is 2773.5 MW
Core thermal power is 2651.0 MW
Zone controller level is 40%

Inner region size is 208 channels
Outer region size is 272 cnannels

Fuelling Scheme
B bundle
shift

4 inner (208)
8 outer 1272)

4 inner (256)
8 outer (224)

4 bundle
Shift

Inner region irradiation 1.795 n/kb 1.795 n/Kb 1.795 n/kb 1.795 n/kb

Outer region irradiation 1.555 n/kb 1.555 n/kb 1.555 n/kb 1.555 n/kb

7. .

Average exit irradiation

Calculated k-effective

Average exit burnup

Fuelling rate
(channels/day!

Feed rate (bundles/day)

1.664 n/kb

.99981

165.3 MWh/kg

2.69

21.5

1.665 n/Kb

1.U0002

166.1 MWh/kg

2.45, inner
1.45, outer

21.4

1.665 n/kb

1.00007

166.3 MWh/kg

3.06, inner
1.14, outer

211.4

1.664 n/kb

1.00020

166.6 MWh/Kg

5.34

21.4

Reactivity decay rate
(milli-k/day)

-.393 -.402 -.405 -.418

Maximum channel power 6458 kW 6514 kW b509 KW 6499 kW

Maximum bundle power 788 kW 777 kW 785 kW 793 kW
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TABLE III. 2

RESULTS FROM FMDP INSTANTANEOUS CALCULATIONS

8 Bundle Shift Fuellinq

Case

Time averaged

Patterned Instantaneous

Random Instantaneous
Case 1
Case 2
Case 3

Average of Random
Clusters removed

4 Bundle Shift Fuellinq

Time averaged

Patterned Instantaneous

Random instantaneous
Case 1
Case 2
Case 3

Average of Random
Clusters removed

Scheme

k-eff

.99981

1.00053

.99990
1.00018
1.00138

Scheme

1.00020

1.00047

1.00005
1.00029
1.00082

Maximum
Channel
Power (kW)

6458

6668

7323
6938
8098
7953
7233

6499

6617

6812
67 56
6848
6806
6824

Maximum
Bundle

Power (kW)

788

807

944
824
997
921
898

793

809

879
832
852
854
849

Estimated
CPPF

(1 + 30)

1.047

1.140
1.083
1.137
1.120

1.024

1.063
1.038
1.050
1.050



TABLE I I I . 2 Continued

Case

4/8 Bundle Shift Fuellinq

Time averaged

Patterned Instantaneous

Random Instantaneous
Case 1
Case 2
Case 3

Average of Random
Clusters Removed

4/8 Bundle Shift Fuellinq

Time averaged

Patterned Instantaneous

Random Instantaneous
Case 1
Case 2
Case 3

Average of Random
Clusters Removed

k-eff

Scheme, 108

1.00004

1.00043

1.00033
1.00053
1.00147

Schemer 256

1.00007

1.00061

1.00005
1.00092
1.00146

Maximum
Channel
Power (kW)

inner, 272

6514

6628

7096
6737
6915
6913
6990

inner, 224

6509

6595

7180
6687
69b7
6945
6906

Maximum
Bundle

Power (KW)

outer

777

788

899
839
840
859
846

outer

785

792

911
835
861
902
846

Estimated
CPPF

(1 + 30)

4 B.S.
Reqion

4 B.S.
Reqio"

1.028

1.084
X.050
1.057
1.064

1.028

1.079
1.045
1.058
1.061

8 B.S.
Reqion

8 B.S.
Reqion

1.046

1.098
1.060
1.065
1.073

1.053

1.076
1.059
1.062
1.066
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FIGURE 3.2
CONCEPT OF BUNDLE POWER HISTORY ENVELOPE
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4.0 FUEL SCHEDULING DURING APPROACH TO EQUILIBRIUM AND
EQUILIBRIUM

4.1 Introduction

During approach to equilibrium and equilibrium operation of a
reactor the fuel scheduling or fuel replacement pattern has to
be determined. For the CANDU reactors, fuel scheduling -
requires the determination of: i) the bundle shift scheme, and
ii) the sequence of channels to be fuelled.

The determination of the bundle shift scheme is mainly a design
problem. Normally, it is specified before the reactor is
commissioned, although operating experience may lead to
changing the originally specified scheme.The determination of
the sequence of channels to be fuelled is an operating more
than a design problem.

While designing a reactor, it would be possible to specify the
detailed schedule of fuel movements, giving the time of each
move in the lifetime of the reactor in terms of integrated
reactor power. Such a detailed fuel schedule is of limited
value for the following reasons.

(a) It might be unusable because no allowance can be made in
this type of approach for unusual, random or unforeseen
occurences such as temporary unavailability of the fuelling
machines, fuel failures, or action of the reactor
regulating system.

(b) It would likely be inefficient, since it would not take
into account inaccuracies in the calculations, and
experience gained during commissioning and operation of the
reactor.

Detailed simulation of reactor operation are performed to
provide the operator with some broad guidance in the form of
general fuelling rules. These rules should be framed so as to
allow the operator to make a decision as to the action to take
under a large range of conditions using the information which
tie has available on the state of the reactor.

In this section, we will discuss the general rules used to
select the channels to be fuelled during reactor operation. We
will examine how these rules are used in computer programs for
reactoc simulation and review some of the characteristics of
fuel management during approach to equilibrium and
equilibrium. Some data obtained from the operation of the
Bruce NGS A reactors will be used for this purpose.

4.2 Rules for Channel Selection

The selection of the channels to be fuelled is usually made on
M A the basis of the following general guidelines:

1. Priority in fuelling is given to channels with the highest
burnup. This is an obvious requirement. To minimize the
total unit energy cost it is desirable to maximize the
burnup obtainable from the fuel. Therefore, for any
reactor configuration, the high burnup channels are the
ones to fuel, where possible.

2. The power distribution must be controlled to approximate
the reference power distribution in order to limit
overpowers and minimize CPPF. Underpowered zones are
fuelled preferentially and overpowered zones are avoided.

3. The power distribution has to be kept symmetrical.
Distortions in the power distribution would increase the
load on the reactor regulating system and increase the
probability of reactor trips by reducing the margin
available at the ROP detectors (see Section 1 ) . In order
to maintain a symmetrical power distribution, two factors
have to be considered:

(a) Axial distortions can be minimized by fuelling an
equal number of channels having opposite fuelling
direction at about the same time. As we have seen, in
CANDU reactors, adjacent channels have opposite
fuelling and coolant flow direction. In order to
avoid end-to-end tilts it is desirable that an
approximately equal amount of fresh fuel is present at
each end of the core at all times.

(b) Radial and azimuthal distortion can be avoided by
fuelling an equal number of channels in each zone
controller region. As we have seen in Section 1,
CANDJ reactors are divided for control purposes in
seven radial azimuthal zones, each containing two
axial light water controllers and a set of measuring
devices. Fuelling an equal number of channels in each
controller zone helps to keep the level of light water
in each controller compartment close to the average
for the reactor and to minimize radial and azimuthal
distortions in the power distribution. If distortions
are already present, low zones are preferentially
fuelled to raise the power.

4. Maximum separation is maintained between channels fuelled
at about the same time. Concentrations of freshly fuelled
channels would create "hot spots" in the power distribution
increasing the probability of fuel defects, and increase
the CPPF, thereby reducing the margin to ROP trip.

5. High reactivity gain in the channels fuelled is desirable.
Sufficient reactivity is normally maintained by adjusting
the fuelling rate to compensate for the reactivity loss due
to fuel burnup. when this fuelling rate cannot be
maintained, it is necessary to select channels which will



produce high reactivity gain upon fuelling. These are the
high burnup channels with high neutron importance/ usually
channels in the innermost part of the core.

Obviously these guidelines do not provide a unique selection
and are often conflicting. The process of channel selection
for fuelling is then performed by compromising and trying to
achieve a satisfactory overall balance. The procedure used to
sele'ct the channels to be fuelled in an operating station will
be examined later on.

4.3.1 The AUTOFUEL Metnod

4.3 Simulation Methods

In Section 2 we discussed the basic steps required to perform a
simulation of a period of reactor operation. These are
illustrated in Figure 2.11. The second step involves the
specification of the channels to be fuelled in the next
irradiation period. The SORO or FMDP computer programs are
used for these calculations.

In both these programs the selection of the channels to be
fuelled can be made "manually" or "automatically".

In the "manual" selection mode, the user specifies in input to
the program the channels to be fuelled. The manual selection
is usually performed in the following steps:

(a) The user decides how many channels should be fuelled in the
next irradiation step, typically 5 or 10 full power days,
in order to maintain the desired reactivity margin. This
could be done on the basis of previous experience or with
the aid of the reactivity gain per channel fuelled
calculated using a simple one group perturbation theory
method.

(b) SORO or FMDP produce, from the last calculation, a list of
channels in decreasing order of burnup, the channel bundle
power and irradiation distribution. On the basis of these
data, the channels which best fit the above mentioned
guidelines are marked for fuelling in the next simulation
step.

The process may require repetition of some steps if the results
are not satisfactory and the conclusions depend to some extent
on the "experience" of the user. The manual method is very
flexible since different rules can be used easily. It is,
however, very time consuming and its use is reserved for
detailed studies when the parameters of the reactor ace well
established.

To eliminate this repetitive "manual" selection of channels to
be fuelled, an "automatic" procedure has been developed. In
the "automatic" mode, the guidelines discussed above are
translated into a series of logic steps that are programed into
the computer, and result in a selection of a set of channels at
every time step. A description of the salient features of the
method as implemented in the SORO program is given below. The
FMDP algorithm is very similar.

In performing a simulation with this method, which is
incorporated as a module in both the SORO and FMDP programs,
the channel selection is done in the following steps:

(a) The reactor core is divided into burnup regions. There are
typically two burnup regions in current CANDU designs. For
each burnup region a minimum acceptable discharge burnup is
specified.

(b) The burnup regions are further subdivided into blocks of
channels. Each channel block is assigned a target or
reference power, usually obtained from a time-averaged
calculation. A typical model for an 850 MWe reactor is
shown in Figure 4.1.

(c) The allowable maximum bundle and channel powers, and
fuelling rate are specified. Also a linear reactivity
rundown rate is given in input, together with the excess
reactivity from the previous flux calculation. All ether
data needed such as reactor geometry, bundle and channel
power distribution, etc., are available from other SORO
modules.

For each time step the sequence of operations is illustrated in
Figures 4.2 and 4.3 and consists of the following:

(a) For each channel, the expected reactivity gain from
fuelling is evaluated using a one-group perturbation theory
method. The required reactivity insertion to maintain the
desired margin over the next period of simulation is also
evaluated.

(b) Each pair of symmetric channel blocks is tested for
excessive difference in power or tilts. If the tilt is in
excess of a specified limit, the block with lower power ~'.s
marked for fuelling.

(c) The power of each symmetric pair of block is calculated and
a list of the power for each pair of blocks is produced in
order of decreasing percent variation from the reference
block power. 491



(d) For each block selected in (b) and, starting from the top
of list produced in (c), for each pair of symmetric blocks
a channel is chosen for testing on the basis of the highest
burnup in the block. Before the channel is accepted for
fuelling, it is tested for:

i) fuelling di-ection - if too many channels have already
been fuelled in that direction the channel is
rejected. This is done to maintain axial symmetry.

ii) surrounding channels are checked for high bundle and
channel power, or for recent refuelling. This is done
to avoid creating "hot spots" in the power
distribution.

If the channel does not satisfy the above two criteria, it
is rejected and the channel with the second highest burnup
in the block is tested.

(e) The process is repeated until enc-jgh channels have been
found to give the desired reactivity insertion over the
next period of simulation.

(f) At the end of the selection process, the channels are
fuelled and the calculation continues as specified in
Section 3.3.

This method usually gives maximum channel and bundle powers
wh.ich are slightly higher than obtained with the "manual"
selection. Obviously, in using "manual" selection the same
rules can be used with more flexibility. However, comparisons
of results obtained from AUTOFUEL with actual data for the
Pickering reactors give a rather satisfactory agreement.

4.4 Initial Fuel Loading and Approach to Equilibrium

Having discussed the criteria used in deciding the fuel
scheduling for the equilibrium core, we will now examine some
of the characteristics of the initial core and the transient
leading to equilibrium operation.

4.4.1 The Fresh Core

4S2

As we have seen, most CANDU designs have two burnup regions
when at equilibrium. This differential burnup is used in
combination with absorber rods to flatten the power
distribution. At the time of first start-up, a CANDU core
consists entirely of fresh fuel. In order to be able to
operate the reactor at full power without exceeding the target
values on maximum channel and bundle power, additional flux
flattening is often required.

Bundles having a concentration of U-235 lower than natural
uranium are loaded in some positions of the inner core
channels. These "depleted" bundles have lower reactivity than
natural OO2 bundles, and hence tend to reduce the flux and
power in the inner region. They are removed from the core
during the course of normal fuelling and replaced with natural
UO2 bundles. By that time, there is sufficient differential
burnup to flatten the flux distribution, and special bundles
are no longer required.

The 850 MWe CANDU reactors are loaded at start-up with two
"depleted" bundles in each of the inner burnup region
channels. In the case of the Darlington reactors, the U-235
concentration of these depleted bundles will be 0.57 percent by
weight.

4.4.2 Initial Transient to Onset of Fuelling

The initial reactivity transient is illustrated in Figure 4.3.
At start-up, the core has a considerable excess reactivity
which is compensated by adding soluble boron poison to the
moderator. As the fuel burns up, plutonium is produced so that
the core excess reactivity initially increases up to about 50
full power days. From this time the concentration of
fissionable isotopes in the fuel decreases, as does the
reactivity. By approximately lit) full power days, the core
excess reactivity falls to zero, and some fuelling must be done
to keep the reactor operating.

The maximum channel power versus time is presented in
Figure 4.4. The trend is similar to that of the reactivity. A
peak is reached at approximately 50 to 60 full power days.
Then the maximum channel power decreases until onset of
fuelling. By this time the channel power distribution is
overflattened and some fuelling must be done to remove the
depleted bundles from the core inner region and bring the
channel power distribution to equilibrium shape. This is shown
in Figure 4.5.

4.4.3 Initial Fuelling Up to Equilibrium

Fuelling usually begins shortly before the boron concentration
in the moderator falls to zero. The fuel scheduling is done
using procedures similar to the ones followed for the
equilibrium core. The bundle shifting scheme which will be
used for equilibrium fuelling is also used in this period while
the channels to be fuelled are selected on the basis of the
general guidelines discussed previously. These guidelines,
however, must be applied with some caution since fuel
management during approach to equilibrium presents some special
problems.
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At the onset of fuelling the inner core region has the highest
burnup and the lowest power relative to the equilibrium power
distribution. If we wish to maximize the discharge burnup and
bring the power of the inner channels rapidly up to the
equilibrium value, we should fuel preferentially in this Legion.

Only some channels, however, can be fuelled in the inner region
before the power rises to the equilibrium value, After that,
some outer region channels must be fuelled in order to keep the
reactor critical. Xn the outer region, channel burnup
decreases with increasing radius so that fuelling tends to
proceed generally from the inside toward the outside.

To avoid "hot spots" we have to maintain separation between
channels which are fuelled at approximately the same time.
Therefore, only a few channels are fuelled in each ring in the
first cycle. Channels missed will be fuelled on subsequent
cycles until the burnup in each ring reaches an approximately
uniform distribution between fresh ana discharge.

In practice, for every period a mixture of inner and outer
channels are fuelled with the aim of maintaining a symmetric
power distribution and a fuelling rate high enough to
compensate for the reactivity loss due to fuel burnup. This
procedure implies that the channel with the highest burnup is
not always the one which is fuelled. In going from onset of
fuelling to equilibrium, the average burnup of the discharged
fuel bundles increases approximately linearly until the
constant equilibrium burnup is achieved. Usually, during this
period the fuellinj rate is significanf.y higher than at
equilibrium and may present considerable variations around the
average, if care is not taken to maintain a balance of inner
and outer channel fuelling in a given time period. Fuelling
outer channels results in very small reactivity gains since
these channels have low neutronic importance and also low
burnup.

In the approach to equilibrium period, many of the discharged
fuel bundles have low burnup since they come from outer
channels or end positions in the channel. These bundles can be
recycled into other channels to acquire additional burnup.
This would result in a better utilization of the fuel.
However, it would complicate considerably the fuel scheduling
and increase the fuelling machine usage at a time when the
iuelling rate is already abnormally high.

Recycling of fuel bundles has not been used in the nuclear
generating stations operated by Ontario Hydro because the
operational problems outweigh the advantages. Different
economic conditions, however, can make the recycling attractive.

Usually a detailed simulation of the approach to equilibrium
phase is performed, using SORO or FMDP, just prior to

commissioning tha reactor. This is useful because of the
special problems associated with fuel scheduling during this
period and also to provide the operator with some general
guidance on the reactor response before actual experience is
available.

4.4.4 Approach to Equilibrium for the Bruce A Reactors

The Bruce A Nuclear Generating Station consists of four
identical 740 MWe reactors which were placed in service between
1976 and 1979. The reactors are very similar to the Darlington
units described in the first section.

Before the first unit started up, a "manual" simulation of the
approach to equi.libi.ium period was performed using the SORO
computer program. As we have mentioned, SORO is also used to
follow reactor operation, that is, to simulate the fuel
scheduling using input data obtained from actual operation of
the reactor. These data include the sequence of channels
fuelled as a function of time, the position of the reactivity
control devices averaged over the irradiation step and various
random occucances such as temporary unavailability of the
fuelling machines, associated with reactor operation.

Figure 4.6 illustrates the burnup of the discharge bundles as a
function of integrated reactor power. The data obtained from
the "manual" SORO simulation are plotted with thoso obtained
during operation as calculated in the routine "monthly" SORO
run for the first two reactor units placed in service.

The agreement is quite good. Note that the channel fuelling
sequence is different in the three cases. The burnup increases
in linear fashion until an approximately constant value is
reached. At this point the core is considered at equilibrium.
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5.0 Fuel Management and Reactor Operation

5.1 Introduction

The last two sections are concerned with fuel management during
reactor operation. We shall review the procedures used by
Ontario Hydro to plan and implement the fuel scheduling,
discuss some special problems that arise during reactor
operation and present data to demonstrate our ability to meet
the objectives of efficient fuel management. These sections
are of particular interest for the reactor physicist who is
involved with the daily operation of a CANDU reactor, or who
provides advice to the operating staff when unusual or
unforseen situations develop.

5.3.1 The Role of Head Office Staff

5.2 Organization of Ontario Hydro With Respect to Fuel
Management

Ontario Hydro is the electric utility serving the Canadian
province of Ontario. Currently it has an installed electrical
capacity of approximately 25000 MW of which over 5000 MW are in
Nuclear Generating Stations (NGS), all using CANDU-PHW
reactors. The nuclear stations operated by Ontario Hydro are
listed in Table V.I, along with the ones currently under
construction. Within Ontario Hydro, the Nuclear Generation
Division has the responsibilty for operating the stations, and
for planning and implementing the fuel scheduling. A staff
group, located away from the generating stations, defines the
limitations within which the fuel should operate, provides
expertise in the event of unusual or unexpected occurrences,
and analysis of long term problems. The work includes support
and co-ordination of research and development activities to
anticipate the cause of malfunctions or provide improved
performance for the fuel. It also includes feedback of
operating data to the designers of new generating stations.

The operating and technical personnel at the stations are
concerned with the daily operation of the reactor and with the
solution of problems which do not require the use of
specialized tools (i.e., large computers) or methods. This
type of organization, which has been built over a considerable
period of time, is appropriate for utilities with a large
nuclear capacity in their generating mix, and may not be
typical of other utilities operating CANDU reactors.

5.3 Procedures for Fuel Scheduling in Ontario Hydro

The planning and implementation of the fuel management is a
co-operative effort between head office and station operating
staff, with a key function being provided by the "monthly" SORO
simulation. Their roles are discussed in the following.

The activity of Head Office staff with regard to fuel
management usually begins well before the reactor is
commissioned. Studies are done, in collaboration with the
reactor designers, to compare various fuel bundle shifting
schemes and select the most suitable for reactor operation.
Calculations are performed to determine the initial fuel
loading and to simulate the initial core transient and the
approach to equilibrium.

Results of these studies are used, in conjunction with the data
provided by the designers, to plan the fuel procurement and
fabrication. Very often the effects of varying fuelling rules
are studied oy simulating a period of operation at
equilibrium. The results are usually reviewed and discussed
with the operating staff and may be used as part of their
training.

During reactor commissioning and initial low power operation,
special tests are performed to verify oc improve the accuracy
of the data and computer methods which will be used later in
fuel management. These tests typically include measurements of
reactivity worth of control and shutdown devices, flux
distributions, etc.

Once the reactor begins power operation, the Head Office
personnel follow the fuel management by running the SORO
program, usually on a monthly basis, to simulate the actual
station operation. Support to operating staff is also provided
in the event that unusual problems lead to special difficulties
in planning the fuel scheduling. Typical examples are the
occurrence of fuel defects or the temporary unavailability of
the fuel handling equipment. We shall discuss these problems
later in this section.

Complementary to this function of direct support is the
collection and analysis of operating data. Activities in this
area include:

(a) Fuel performance analyses. The output from the monthly
SORO simulation provides the input to a program which
records the operating history of each bundle which has gone
through the reactor. These data are analyzed to determine
the mechanisms leading to fjel defects and to provide
feedback to designers on criteria for more efficient
operation of the reactor.

(b) Analyses of the reactor regulating and protective systems
to optimize their performance and assure that the
reliability targets are met.
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(c) Calculation of cobalt activity in the adjuster rods. The
Pickering NGS A units are equipped with adjuster rods made
of cobalt. These are periodically removed from the core
when they reach a certain activity since the Co-60 produced
has a commercial value.

5.3.2 The Role of the Fuel Engineer

Each operating station in Ontario Hydro has a "fuel engineer".
This is a professional or a group of professionals who have the
responsibility for planning the fuel scheduling on a daily
basis and dealing with all operating problems related to
reactor physics. Once the bundle shifting scheme has been
selected through design studies, the main function of the fuel
engineer is to provide the operators with a list of channels to
be fuelled in the following period of operation. In order to
determine this list at any given time, the fuel engineer must
first establish the status of the core and of other systems
such as ROP, reactor regulating system, etc. which are affected
by fuelling.

To determine the status of the core the fuel engineer has
available the latest SORO simulation and readings from the
reactor's instrumentation. The SORO output contains all the
information needed to plan the fuel scheduling on the basis of
the general guidelines discussed in the previous lecture. This
output includes the detailed channel and bundle power
distributions, the irradiation of each bundle or channel in the
core and a list of channels in descending order of burnup for
each zone. The SORO simulation, however, is normally performed
on a monthly basis and therefore the information provided may
be partially or completely out-of-date.

While in general the irradiation distribution or the channel
burnup provided by SORO are still approximately valid, the
local bundle and channel power distribution may have changed
significantly since the simulation was performed.

The power distribution, however, can be inferred from the
available reactor instrumentation readings. The
instrumentation varies from station to station. Some stations
such as Bruce NGS A have a flux mapping system which provides
an on-line three-dimensional map of the flux distribution using
the signals from a set of in-core detectors and a modal flux
synthesis method [17]. Other stations, such as
Pickering NGS A, have coolant temperature instrumentation at
the outlet end of each fuel channel and at the inlet reactor
headers. In general, a first indication of the power
distribution can be obtained from the distribution of the water
level in the zone controllers. A persistent low lavel in one
zone may indicate that the zone is underpowered and needs

fuelling. A better indication of the power distribution can be
derived from flux mapping or temperature rise across each
channel.

Once the status of the core is established, the fuel engineer
can select the channels to be fuelled using the channel burnup
list from SORO and the general guidelines discussed
previously. Particular care is usually taken to account for
the effect that fuelling may have on the ROP and control system
in-core detectors. Special SORO predictive simulations can be
performed or the fuel engineer can rely on the experience
obtained in similar situations.

Usually, enough channels are selected at one time to allow
fuelling at the desired rate for one to two weeks at full power
operation. The list of channels selected, however is
re-evaluated and, if necessary, revised on a daily basis to
reflect the current status of the core. The frequency of
predictive SORO simulation usually varies with the age of the
reactor and the experience of the fuel engineer. For the
initial period of operation at Bruce NGS A, predictive
simulations were performed twice weekly on average. This
frequency has now decreased considerably.

5.3.3 The SORO Monthly Simulation
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Apart from the various predictive simulations which may be
required, a SORO simulation is performed once a month to
provide data on the operating history of the reactor for the
previous month of operation.

The simulation is performed following the steps described in
Lection 2.3.3. Some of the input data, however, are obtained
d.Mrectly from the station's records. These data include the
set̂ -sice of channels fuelled during the month, the position of
the zone controllers averaged over a period of 4 or 5 days, the
reactor power history and data to identify the fuel bundles
which have been loaded or discharged from the reactor during
the period.

In the simulation, a flux calculation is performed at intervals
of 4 to 5 full power days. The channels fuelled during each
interval are simulated as being fuelled in a batch at the
beginning of the interval. This tends to overestimate slightly
the actual maximum bundle and channel power, and core
reactivity. A number of tests performed have indicated that
the error is negligible for practical purposes. This is in
contrast to FMDP which simulates fuelling within the interval.

The output from SORO includes, as we have seen, the power and
irradiation for each bundle at each time step and several other
data which are used for fuel accounting (i.e. bundle serial
numbers) and long term analyses.



5.3.4 Accuracy of SORO and SORO Simulation

Given the importance of the SORO simulation in planning and
following the fuel scheduling, the code has been extensively
validated against operating data.

Figure 5.1 presents a comparison of channel power as calculated
by SORO, and as measured by instrumented channels for the
Bruce NGS A reactors. The mean diffference is -1.8% with a
standard deviation of 3%. The agreement is within the error of
the instrumentation. Another way of verifying the SORO
simulation is to compare the discharge burnup of selected
bundles with that obtained by measuring, through chemical
separation and mass spectrometry, the U-235/U-238 ratio and
deriving the burnup from a lattice code. The results for
various elements of two Bruce NGS A fuel bundles are shown in
Figure 5.2. The difference is less than 3%.

A third method of validating SORO is to compare the measured
activity of the cobalt adjuster rods removed from the core with
that predicted using the flux distributions calculated by
SORO. A typical comparison for a set of adjuster rods is given
in Table V.2. The mean and standard deviation are 1.1% and 5%
respectively.

5.3.5 Accuracy of FMDP and FMDP Simulation

Both FMDP and SORO obtain their cross sections (fuel tables)
from the POWDERPUFS program. The FMDP program allows modelling
of the reactor with variable mesh spacing so that any desired
degree of accuracy can be obtained, whereas SORO uses a fixed
one lattice pitch square by one bundle length mesh spacing.
(There are other minor approximations made in SORO which are
not made in FMDP, which will not concern us here.) In
principle, one can input a SORO model into FMDP, and reproduce
the SORO flux distribution. In this case, the verification of
SORO discussed above is also a verification of FMDP.

In practice, one usually takes advantage of the FMDP features,
and consequently FMDP models are usually more detailed than
SORO models. Incremental cross sections of devices (eg.
adjuster rods) in SORO are frequently obtained by matching flux
distributions and reactivity against the corresponding FMDP
distribution.

FMDP has been independently verified against flux measurement
taken during Bruce GS A commissioning. Figure 5.3 shows
measured and simulated flux distributions for Bruie GS A
initial core. Figure 5.4 shows the discrepancies between
simulated and measured fluxes. (Note that Figure S.I shows
channel powers, where 5.4 shows fluxes, so they are not
directly comparable.)

The burnup and CPPF prdictions from FMDP time averaged and
instantaneous calculations have been compared with Bruce NGS A
operating data. The predicted burnup agreed with the fuel
added within one percent. The predicted CPPF was 1.10 which
agreed with observed values of from 1.08 to 1.11.

5.4 Special Operating Problems

The normal fuel scheduling is, at times, disrupted by unusual
events. These are often related to fuel failures or
malfunction of the fuel handling equipment. The flexibility
inherent in the on-power fuelling feature of the CANDO system
permits the fuelling strategy to be adapted promptly to the
changing operating conditions with minimum loss of production.
Typical situations which affect the fuel management are
discussed in the following.

5.4.1 Occurrence of Fuel Defects

The performance of the CANDU fuel has been outstanding as we
will see later when reviewing operating experience. Some fuel
defects, however, did occur in the Douglas Point and Pickering
reactors in the early part of their operating life. Most fuel
failures originated when there were large increases of power in
fuel bundles which had accumulated appreciable burnup. The
principal defect mechanism was stress corrosion cracking of the
Zircalloy fuel sheath induced by fission products, mainly
iodine. The fuel jurnup governs the iodine inventory and the
power increase determines the UO2 temperature and hence the
release of iodine to the Zircalloy surface.

CANDU reactors are normally equipped with a Failed Fuel
Detection system which allows the defected fuel bundles to be
located quickly. Failed bundles are removed from the core by
fuelling.

In most cases, the occurrence of defects is followed by a
re-examination of the fuel management schemes in order to
eliminate the potential for further fuel failures. This
re-examination may lead to a change in the fuel shifting
scheme. As we have seen in 3.4.1.4, some fuel shifting schemes
may lead to large increases in bundle power in excess of an
empirically determined "defect line" as illustrated in
Figure 3.4.

Excessive and concentrated fuelling in one region of the core
may also lead to high bundle powers and fuel failures. In this
case the removal of the defective bundles must be accompanied
by reactor power derating and a fuelling strategy which reduces
the power in the region where the failures have occurred.
Bundles with a U-235 content lower than that of natural fuel
(depleted bundles) may be used to replace the defective bundles
and reduce the region's power. 501



5.4.2 Reactivity Shim Operation

Since the reactivity control margin in the zone controllers is
very small, whenever the fuel handling equipment becomes
unavailable additional positive reactivity must be provided to
keep the reactor operating. For most CANDU reactors reactivity
shim compensation is accomplished by withdrawing adjuster rods
from the core in a pre-specified seguence. Removal of adjuster
rods leads to a distortion in the normal flux distribution. In
most cases some derating is required to keep the maximum bundle
and channel power within target limits. The derating depends
on the number of adjuster rods withdrawn from the core and
hence on the duration of fuel handling system outage.
Table V.3 gives the reactor power level vs number of adjuster
rods withdrawn for a typical CANDU. Typically, the reactivity
worth of a single adjuster rod is approximately 1x10-3 Ak/k
on average while the reactivity loss due to fuel burnup is in
order of 0.3 to 0.4x10-3 .. k/k per full power day so that in
the great majority of cases only the first few adjuster rods
need to be withdrawn from the reactor core. If, however, the
inability to fuel persists for a significant time, a special
fuel management strategy must be followed, once fuelling
capabilty is re-established, in order to speed up the recovery
to full power operation and return to a normal flux
distribution.

The fuelling strategy followed varies from case to case.
Normally priority is given to improving rapidly the overall
core reactivity rather than the flux distribution. In the
recovery period the channels to be fuelled are selected
primarily on the basis of high reactivity gain.

5.4.3 Moderator Poison Management
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In the CANDU reactors long term reactivity control is achieved
by maintaining an appropriate fuelling rate. Moderator poison
is not normally required for the equilibrium core. Adding
poison to the moderator leads to a burnup penalty and to
increased fuelling machine usage. On the other hand with
poison present, if fuelling becomes unavailable, the reactor
can be operated at full power by decreasing gradually the
moderator boron concentration rather than removing adjuster
rods.

Some CANDU reactors are equipped with booster rods instead of
adjuster rods. These are rods of highly enriched uranium which
are normally parked outside the core, and are inserted when
additional reactivity is required. If booster rods are used
for reactivity shim, besides the cost of the lost generating
capability associated with the flux distortion, there is an
additional cost associated with the burnup of booster fuel.

The optimum moderator poison is then determined by the economic
balance between burnup penalty on one hand and reactor derating
and booster fuel burnup on the other, and by the expected
frequency and duration of the fuelling machine outages. Some
moderator poison can also be used in anticipation of a period
of peak electrical demand from the power grid to assure
continuous full power operation.

The Pickering NGS A reactors are not normally operated with
poison in the moderator, while the Bruce NGS A reactors, which
are equipped with booster rods, run normally with enough poison
in the moderator to allow full power operation for 8-10 days
without fuelling.

5.4.4 Example of Reactivity Shim Transient

To illustrate some of the problems which can be encountered in
the operation of a power reactor and to demonstrate the
flexibility of the CANDU fuel management in meeting unforeseen
situations, we will nov review a transient that occurred in
Pickering Unit 1 in the fall of 1974.

A series of events related to problems with the reactor coolant
temperature instrumentation and to some non-optimum fuelling
led to bundle powers in excess of the target limits and to a
significant side to side tilt in the power distribution.

The high bundle power was discovered through the SOkO monthly
simulation and the reactor was immediately derated by a few
percent in accordance with operating practices. This problem
was further complicated by a failure of the fuelling machine a
few days later. There then ensued a period of 84 days during
which no fuelling took place. A complete history of the event
is shown in Figure 5.5. Adjuster rods were withdrawn from the
core in a pre-determined sequence and the reactor derated in
successive steps. The normal reactor power limits for
operation with adjuster rods withdrawn could not be used
because of the flux distortions. New limits were derived using
a time-dependent neutron diffusion code to follow the xenon
transients and the burnup distribution from the SORO runs. The
reactor was operated with up to 16 adjuster rods withdrawn from
the core. The rods were withdrawn in pairs to minimize the
flux distortion.

During this period many predictive SORO simulations were done
to study recovery fuelling patterns. Since fuelling could not
be done to correct the original flux distortion, the location
of the maximum bundle power shifted in the core depending upon
the number of adjuster rods withdrawn. Each time more rods
were withdrawn, a new fuelling pattern was examined.



Once fuelling capability was re-established the ideal fuelling
pattern would have been one which immediately improved the flux
distribution. This could have been achieved by either fuelling
in the high power region of the core with depleted fuel or by
fuelling a large number of channels well away from this
region. Neither of these schemes, however, would have improved
the reactivity of the core rapidly. The decision was then made
to fuel channels with high reactivity gain. This led to all
the adjuster rods being reinserted after 122 channels were
fuelled. However, reactor power was still restricted to 96% of
full power because of bundle power in excess of the target
limit.

Co-60 Calculated

Calc. Activity
At Measurement

224,781
223,657
161,792
383,096
380,549
393,322
376,078
284,423

Table V.2

Activity Versus

Measured
Activity

(Ci)

222,962
231,392
158,132
392,310
387,492
349,216
378,422
280,486

Measurements

Calc.-Meas x 100%
Meas.

+ 0.8%
- 3.3%
+ 2.3%
- 2.3%
- 1.8%
+12.6%
- 0.6%
+ 1.4%

Rod
Mo

2-AA3
2-AA8
3-AA14
4-AA6
4-AA7
4-AA8
4-AA10
4-AA17

The mean and standard deviation is (1.1 + 5.0)%.
(0.6 + 3.5)%.

Another set gave

Table V.I

CANDU Nuclear Stations Table V.3

Adjuster Rods Withdrawn for Reactivity Shim Operation

Station Owner
Electrical Output First
MW(e) net Electricity

Pickering GS A Reactors

Ontario Hydro/AECL 22 1962
AECL 208 1967
Ontario Hydro 4 x 508 = 2032 1971-1973
AECL 250 1971
Pakistan 125 1971
India 2 X 200 - 400 197 2-80
Ontario Hydro 4 x 732 « 2928 1976-1979
Ontario Hydro 4 x 732 - 2928 1983-1987
Hydro Quebec 638 1982
CNEA, Argentina 600 1981
NBEPC, New Brunswick 635 1981
Ontario Hydro 4 x 516 - 2064 1982-1983
Korea Electric Co. 629 1982
Ontario Hydro 4 x 881 - 3224 1988-1990

Total - 16683

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)

NPD
Douglas Point
Pickering GS A
Gentilly-1
KANUPP
RAPP
Bruce GS A
Bruce GS B
Gentilly-2
Cordoba
Point Lepteau
Pickering GS B
Wolsung 1
Darlington GS A

No. of Adjuster
Rods Withdrawn

2
4
6
8

10
12
14
16

Reactor Power Level
(% of Full Power)

100
100
100
98
90
90
86
83
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6.0 REVIEW OF OPERATING EXPERIENCE

6.1 Introduction

The excellent performance of the Pickering reactors is a
measure of the successful operation of CANDU reactors. These
reactors have achieved a high capacity factor and very low
fuelling cost. Approximately 30 reactor-years of commercial
experience have now been accumulated with the four Pickering
reactors,

The average capacity factor of all units since their in-service
date is very close to 80 percent. In 1978 the total unit
energy cost at Pickering was 10.1 mj/kwh. This compares
favourably with the fuelling cost alone of 13.7 m$/kWh for the
most efficient coal-fired station in the Ontario Hydro system.
Meeting the objectives of efficient fuel management both during
design and operation has made a significant contribution to
this achievement.

To illustrate how this performance is achieved with the methods
and procedures for fuel management discussed in the previous
sections, we shall now review the operating experience at the
Pickering and Bruce Nuclear Generating Stations. In doing this
we shall consider one typical unit from each station and
highlight the lessons learned and problems of general interest
encountered.

6.2 Fuel Management at Pickering

6.2.1 Initial Operation

Pickering Unit 1 went critical on February 25, 1971. The
Pickering core was designed to have a radially uniform
discharge burnup. Adjuster rods provide radial and axial flux
flattening. The first fuel charge consisted entirely of
natural UO2 bundles. Because the adjusters provided
sufficient flattening, no "depleted" fuel bundles were
required. Fuelling began at approximately 5 TWh (-130 FPD)
when the excess reactivity in the core was reduced to
approximately 5 x 10-3 Ak/k. A uniform 8 bundle shift scheme
was selected as being the most suitable on the basis of the
following economic factors:

(a) fuel maKe-up cost, that is the cost of fuel bundles
inserted in the core per unit energy output;

(b) fuelling machine operating and maintenance cost; and

(c) costs associated with fuel defects.

At that time the only known cause of fuel failure associated
with fuelling was large increases in fuel rating of highly

irradiated bundles after fu^l shifting. No special
consideration was given to Minimizing the CPPF. The Pickering
reactors use out-of-core instrumentation rather than in-core
detectors for overpower protection. Out-of-core
instrumentation is not very sensitive to local flux
perturbations. In addition, the Pickering reactors have
j>re-specified limits on the coolant temperature rise across
each channel. If these limits are approached, because of an
overpower, the reactor power is reduced.

By late 1971, a large increase in the iodine-131 concentration
in the heat transport system indicated the presence of fuel
failures. The resulting investigation revealed two reasons for
the fuel defects:

(a) excessive variations in bundle power due to adjuster rod
maneuvering; and

(b) high incremental bundle powers due to the eight bundle
shifting scheme.

The first problem was eliminated by re-analyzing the adjuster
rod sequencing and associated reactor power levels, with an
imposed arbitrary limit of 15% on bundle power variations. The
new adjuster rod withdrawal sequence considerably reduced
bundle power variations.

The second cause of fuel defects was due to two effects:

(a) large permanent increase in fuel rating when bundles in
position 1 are moved to position : by an 8 bundle shift, and

(b) a short exposure (about 15 minutes) of bundles in position
1 and 2 to high powers at the centre of the channel during
the fuel movement.

To remedy the piobleni two steps were taken. Fuel management
simulations were carried out to compare the economics of 8, 10
and 12 bundle shifting in light of the increased cost
associated with fuel defects. The 10 bundle shift scheme was
found to give a small burnup penalty when compared to the 8
bundle shifting scheme, while eliminating permanent increases
in oundle power due to fuel re-arrangement within the channel.
This scheme was, therefore, adopted for all the high power
channels in the core.

The exposure of some bundles to high fluxes in the centre
the channel during fuel movement was shortened to about 5
minutes by a change in the sequence of operation of the
fuelling machine. These steps were very effective. Of the
approximately 48,000 bundles fuelled to the end of 1974, 101
had developed defects. Of these, 88 are attributed to the
above effects. Excluding these the defect rate is 0.027 587
percent.



Some of the lessons learned in the area of fuel scheduling from
this period of operation of the Pickering reactors can be
summarized as follows:

(a) It is valuable to be able to simulate reactor operation
accurately and in a timely manner. The availability of
individual bundle power histories from the simulations
enabled a prompt identification of the defective bundle
location and provided the data to understand the underlying
causes of fuel defects.

(b) It is valuable to be able to compare different bundle
shifting schemes on short notice, taking into account
changing operating requirements or situations unforseen
during the design phase.

(c) The flexibility of the CANDU fuel scheduling allowed the
station to adapt to new schemes and incorporate changing
operating requirements without having to shut down the
reactors.

(d) It was important to develop a fuel design more tolerant of
the variations in power which can be expected from movement
of the reactivity mechanisms or from the fuel shifting
scheme itself.

6.2.2 Subsequent Experience

In 1972, tests indicated that the deposition of a thin graphite
layer on the inner surface of the fuel sheath would make the
fuel more tolerant to power variations. This fuel, designated
CANLUB, became the standard design and bundles of this type
were used to fuel the reactors starting in 1974. The
experience gained with this fuel design allowed the relaxation
of the 15% limit on short term power variation. The fuel
shifting scheme, however, was not changed. Since then the fuel
management at Pickering has been very successful when measured
against the objectives described in the introduction of the
first section.

6.2.2.1 Maximum Bundle Power History

Figure 6.1 shows the maximum bundle power as a function of
integrated reactor energy for Pickering Unit 1. The shaded
band is a +10% variation about the nominal reference bundle
power of 6?0 kW, the upper end of the band being the target
power limit of 705 kW. The original objective of the fuel
scheduling was to maintain the maximum bundle power close to
the nominal 640 kW value. The data show that, in general, this
was achieved.

cnn In particular, if we examine the period after 1974 ( 40 TWh)
""• with the unit having reached maturity, the variation in maximum

bundle power is very small. A slow trend towards a lower
target maximum bundle power is also evident from about 50 TWh.
In the last 4 years the maximum bundle power has been varying
around an average value of approximately 600 kW with variations
of the order of 6% or less.

6.2.2.2 Maximum Channel Power History

The history of the maximum channel power is given in
Figure 6.2. The reference design value of 5.5 MW has been
maintained, with a few exceptions, to within +10%. As with the
maximum bundle power, the band of variation around the nominal
value decreased as the unit reached maturity.

6.2.2.3 Burnup and Fuel Consumed

Figure 6.3 shows the core excess reactivity as a function of
reactor integrated power. After the initial reactivity
transient due to firesh fuel had decayed, the excess reactivity
in the core was maintained close to zero. Moderator poison as
a means of "storing" reactivity has been used very rarely at
Pickering. Figure 6.4 shows the average monthly discharge
burnup as obtained by the SORO simulation. Figure 6.5 shows
the fuel added versus reactor heat. Also plotted is d e line
of "ideal fuel added" assuming a burnup of 175 MWh/kg. The
data indicate that the burnup is in the range 170-175 MWh/kg.

Unit 3 and 4 have Zr 2.5% Nb pressure tube rather than
zircalloy. This material allows thinner pressure tubes to be
used with an attendant burnup gain of approximately 15 MWh/kg.

6.2.2.4 Fuel Defect Performance

The performance of the fuel at Pickering after the initial
problems were solved has beer, extremely good. As can be seen
from Table VI.1, the total number of defective bundles,
including suspected ones, was 112 up to the end of June 1978.
This gave a defect rate for the 4 units of 0.12*.

6.3 Fuel Management at Bruce

The Bruce units were the first CANDU reactors to incorporate a
regional overpower (ROP) system for overpower protection.
Early fuel management studies indicated that controlling and
minimizing the CPPF was imperative to maintain an adequate
operating margin at the ROP in-core detectors. As we discussed
in the first section, the ROP detectors are calibrated on a
frequent basis to reflect the CPPF existing in the core. Large
variations in the CPPF would increase the frequency of time
consuming calibrations and the probability of spurious
activation of the shutdown systems. 494



The f •- ing schemes used at Pickering (8 or 10 bundle shift)
would luce i-nacceptably high CPPF in Bruce A. On the other
hand sc.iemes involving a small number of bundles, 2 or 4, tend
to increase the fuelling machine usage and cause relatively
high increases in bundle power during shifting, leading to
higher probability of fuel defects. From a number of studies
performed during the final design phase, it was concluded that
the most suitable scheme was a mixed 4 and 8 bundle shifting.
As indicated in Figure 6.6 the channels in the inner part of
the core are fuelled with a four bundle shift, while the outer
channels are fuelled with an eight bundle shift.

The studies showed that this scheme has the following
characteristics:

(a) It yields a discharge burnup comparable to that obtainable
from a uniform 2 or 4 bundle shifting and slightly higher
than that of an 8 or 10 bundle shifting scheme.

(b) The (CPPF-1) is approximately half that of an 8 or 10
bundle shift.

(c) The probability of fuel defects due to fuelling was
acceptably low. CANLUB fuel, which is more tolerant to
power variations, is the reference design.

A uniform 4 bundle shift would have been preferable from the
point of view of minimizing CPPF. This scheme, however, would
have increased excessively the fuelling machine usage. Fuel
management at Bruce has been generally successful as we shall
see later by reviewing the operating data. Some operational
difficulties associated with fuelling have been encountered,
however, with the reactor regulating system and the ROP
system. A brief discussion is outlined below.

6.3.1 Reactor Regulating System

As we have seen in the first section, the reactor regulating
system employs in-core, self-powered detectors to provide an
estimate of the power in 14 zones (regions) of the core which
are controlled by the 14 light water zone controllers. The
flux detectors are continuously calibrated to estimates of the
thermal power in each zone. The calibration factors are
derived from 3 or i fully instrumented channels (inlet and
outlet flow, inlet temperature and temperature rise
measurements) located in each zone.

A typical response of the zone controllers to a fuelling
operation is shown in Figures 6.7 and 6.8. Zones 3 and 10,
which are close to the channel being fuelled, change in level
by approximately 20%. The remaining controllers show little
change. The figure shows a comparison of actual data with a

simulation using the SMOKIN code [18]. rhis code is often used
in conjunction with SORO to predict the control system
configuration after fuelling. Ideally, the fuel scheduling
provides the means of controlling the power distribution and,
hence, of maintaining an approximately uniform level
distribution in the controllers. At Bruce, however, individual
controllers have displayed a tendency to drift to extreme level
over a period of fuelling. This anomalous drift has adversely
affected, at times, the ability to maintain the desired fuel
scheduling. Analysis has shown that the drift is directly
related to local burnup dependent flux variations which are not
completely calibrated out of the in-core flux detector signals.

A fuelling operation causes a redistribution of the flux and
power distribution in the core. The perturbation consists of
both a global tilt component and localized flux peaking
component. Since the number of controllers is limited, only
the global tilts can be effectively controlled. Localized flux
peaks due to the fine structure in the irradiation distribution
cannot be controlled, if these are not calibrated out of the
detector signals, an inappropriate control action might be
taken which can cause the controllers to drift to extreme
values.

The problem is presently being handled by performing periodic
manual adjustments of the pre-calibrated detector signals and
spatial power distribution setpoints. Efforts are currently
underway to modify the spatial control algorithm to make it
less sensitive to these local flux variations.

Another difficulty encountered is related to over-response of
individual zone controller level changes when one of the fully
instrumented channels is fuelled. Since an average of a few
measured channel powers in a zone is used to provide an
estimate of the average power in the zone, the local power
peaking in a freshly fuelled channel may result in an apparent
higher zone average power. The zone controller is called upon
to reduce the estimated power to the desired setpoint and does
so by filling to a higher level then is required.

Some test data collected at Bruce are shown in the upper part
of Figure 6.9. It can be seen that the change in level in the
controllers is strongly influenced by the distance between the
channel being fuelled and the closest fully instrumented
channel.

The lower part of Figure 6.9 shows the response of the zone
controllers when the zonal power is estimated from the
temperature rise across each channel in the zone and the
instrumented channels. The response is fairly independent of
the distance up to about 3 lattice pitches.



This type of calibration, which is also used at Pickering, is
only a temporary solution to the problem. The Bruce reactors
are currently operated at full electric-1 output which
corresponds to approximately 88% of ful] thermal power. Once
the additional power is required to provide steam for a heavy
water plant on the site, some channels will be boiling at the
outlet end. The power estimate from temperature measurements
will, therefore, be unreliable. A more permanent solution is
being sought through modification of spatial control algorithm
as mentioned above.

These problems have indicated the need for a representation of
the control system response in fuel management programs, like
SORO, which are often used to predict the fuelling pattern
during operation.

A model of the control system based on the SMOKIN program is
now being incorporated into the SORO program.

6.3.3 Maximum Bundle Power History

6.3.2 The Regional Overpower System

510

The occasional difficulties in maintaining a reasonable
distribution of zone controller levels have also caused
additional problems in maintaining an adequate margin at the
ROP detectors. Since the desired fuelling pattern could not
always be maintained, relatively high CPPF's were occasionally
encountered.

Moreover, as mentioned previously, particular care had to be
taken in fuelling channels close to ROP detectors. The
observed changes in detector reading following fuelling close
to a detector is in the range 1.5 to 6 percent. Of this
change, up to 2 percent has, in some cases, been attributed to
control system action. In general, those changes in detector
signals exceed the changes in channel powers, thereby resulting
in an effective reduction of the operating margin.

The net result of fuelling on the ROP system detectors and
regulating system response has been to place an abnormal burden
on operating personnel to ensure that fuelling does not lead to
spurious overpower trips of the reactor. This has resulted in
small temporary deratings and loss of production due to
inadequate operating margin in the ROP system.

Some improvements are expected to be obtained through proposed
modifications of the spatial control algorithm. The benefits
will be derived through an improved ability to maintain a
better distribution of the level in the zone controllers and an
attendant improvement in the control of the CPPP.

Maximum bundle power as a function of integrated energy for
Bruce Unit 1 is presented in Figure 6.10.

It can be seen that after the onset of fuelling the maximum
bundle power increased fairly rapidly to a value of
approximately 800 kW ±10%. The variations in Bruce are somehow
larger than Pickering due to the fact that the reactor has not
yet reached maturity and also to the fact that no special
attempt was made to strictly control the bundle power. The
operational margin on maximum bundle power is larger in Bruce
that it is in Pickering.

6.3.4 Maximum Channel Power History

Because of the relatively narrow margin on the ROP system and
the need to minimize the CPPF, good control was kept on the
maximum channel power. As can be seen from Figure 6.11, the
target value of 6.0 MW has been maintained, with a few
exceptions, within a very small band.

6.3.5 Burnup and Fuel Consumed

Figure 6.12 shows the fuel usage, burnup, and core excess
reactivity as function of reactor integrated power. The upper
portion of the figure shows the core excess reactivity. After
the initial reactivity transient due to fresh fuel had decayed,
the excess reactivity in the core was maintained close to 5 x
10-3 ft/i This excess reactivity is held in soluble boron
in the moderator to provide additional "shim- reactivity when
fuelling machines are unavailable. The Bruce reactor does not
have adjuster rods for shim purposes. Power shaping is
provided principlely by burnup flattening.

The lower portion of the figure shows the average monthly
discharge burnup as obtained by the SORO simulation, and the
fuel added versus reactor heat curve. Also, plotted is the
line of "ideal fuel added", for a burnup of 195 MWh/kg. With
boron in the moderator, the actual fuel added data indicate a
burnup of about 175 MWh/kg.

6.3.6 Fuel Defect Performance

Table VI.1 shows the defect rates for both Pickering and
Bruce. Overall defect rate was .11%, comparable to Pickering.
Bruce uses 37 element CANLUB fuel. The station has not yet
reached maturity. Most of the 9 confirmed defects were dus to
manufacturing defects in the fuel bundles and are not related
to fuelling.



First Core Bundles

Replacement

Total Bundles
Irradiated

Defect Bundles
- visually

confirmed

Defect Bundles0

- suspected

Total Defective
Bundles (confirmed
and suspected)

Defect Rate t
(accumulative)

Defect Rate * (1976)

Defect Rate % (1977)

Defect Rate % (1978)

Notes for Fuel Defect

NFD

1 188

2 852

4 040

8

0

8

0.198

0.000

0.000

0.000

Statistics

Douglas
Point

3 632a

12 085

15 717

58

33

91

0.579

0.194

0.000

0.000

Unit 1

4 680

23 800

28 480

77

24

101

0.355

0.000

0.000

0.030

Unit 2

4 680

22 442

27 122

0

1

1

0.004

0.000

0.000

0.000

Table

Fuel Defect
(To End of

Pickering
Unit 3

4 680

16 992

21 672

6

0

6

0.028

0.000

0.000

0.000

VI. 1

Statistics
June, 1978)

Unit 4

4 680

14 292

18 972

1

3

4

0.021

0.000

0.000

o.coo

Total

18 720

77 526

96 246

84

28

112

0.116

0.000

0.000

0.008

Unit 1

6 240

4 836

11 076

4

8

12

0.108

—

0.035

0.101

Unit 2

6 240

5 042

11 282

5

16

21

0.186

—

0.136

0.100

Bruce
unit 3

6 240

1 264

7 504

0

0

0

0.000

—

0.000

0.000

Onit 4

(a) Forty cobalt bundles are not included.
(b) A Minimum of one defective bundle is assumed to have been discharged froa positions 5 to 10 of channels from which defective

fuel was suspected on discharge based on radioactivity measurements (e.g., bay water, bay fields, air, release through the stack)
or due to defect location measurements (DH of feeder scan) prior to channel being discharged.

,_> n«f«ct Rate total defective bundles
(c) Defect Rate , t o t a l b u n d l e s irradiate x 1 0 °

Total

18 720

11 142

29 862

24

•33

0.111

0.062

0.070
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6.3.7 Channel Power Peaking Factor

Figure 6.13 shows the channel power peaking factor as
calculated by SORO.

6.4 Conclusion

In this report a broad overview of the analytical methods and
operating procedures used in CANDU-PHW fuel management has been
given. Following a brief description of some of the reactor
systems which are more closely associated with fuelling, the
methods which are employed to determine "reference" and
"instantaneous" power distributions for the equilibrium core
have been discussed. The salient features of the fuel
management computer codes most commonly ustS, and the
parameters which have to be calculated as part of the analysis
of the equilibrium core have been reviewed. The general

800-

guidelines for selecting the sequence of channels to be fuelled
while the reactor is in the approach to equilibrium and
equilibrium phases was discussed.

Operating procedures used by Ontario Hydro to plan and
implement the fuel management in operating reactors were
described. Some special operating problems were discussed in
this context. A review of operating experience for the
Pickering NGS A and Bruce NGS A was presented. This review
indicated that the objectives of fuel management set out in
Section 1.1.2 are achieved in actual reactor operation.
Meeting these objectives with the methods of calculation and
operating procedures discussed contributed strongly to the
achievement of high capacity factors and low fuelling costs for
the CANDU-PHW reactors.
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7.0 GLOSSARY

to
r vessel

Adjuster rods - control rods normally fully inserted in the
core to provide positive reactivity for xenon override or
reactivity shim.

Bidirectional fuelling - adjacent channels are fuelled in
opposite directions.

Booster rods - rods of highly enriched uranium which provide
positive reactivity when inserted in the core for xenon
override or reactivity shim. CANDU reactors have either
booster rods or adjuster rods, but not both.

Bundle power envelope - a fictitious bundle power history which
gives a power for every burnup which is greater than or equal
to the power produced by any bundle in the core at any time
which has that burnup.

Bundle shifting scheme - the number of new bundles charged to a
channel at one fuelling. For example in an "eight bundle
shift", eight bundles are inserted in one end of the channelr
the bundles in the channel are shifted along by eight
positions, and eight irradiated bundles are discharged.

Burnup - the integrated energy produced by the fuel per unit
mass of heavy elements initially in the fuel. It is usually
expressed in units of MWh/kg.

Calandria - cylindrical vessel which holds the moderator. It
is also called "reactor vessel".

Calandria tube - zirconium alloy tube which surrounds the
pressure tube. It separates the cold moderator from the
pressure tube containing the hot coolant.

Channel age - the fraction of the dwell time for a channel
since its last refuelling.

Channel power peaking factor (CPPF) - the ratio of the channel
power at a particular time to the reference channel power for
that channel. The CPPF for a regioni on the whole core, is
taken as the maximum CPPF of all channels in the region.

Continuous bidirectional fuelling - an approximation used in
calculations which assumes the fuel moves continuously through
the channels in opposite directions in adjacent channels.

Core code - a computer program which computes flux distribution
and reactivity from lattice cell cross sections, using discrete
diffusion theory.

Depleted fuel bundles - fuel bundles having U-235 concentration
522 lower than natural uranium, used for flux flattening or for

fuel defects replacement.

Discharge burnup - the burnup corresponding to the discharge
irradiation.

Discharge irradiation - average irradiation of fuel bundles
discharged from a channel. As an approximation in
calculations, the average discharge irradiation in a region is
fixed at a constant value. It is also referred to as "exit
irradiation".

Dwell time - the length of time between fuellings for a
channel, in full power days.

Excess reactivity - the reactivity cf the core compensated by
removable poisons.

Flux distribution - the variation of the relative value of
neutron flux from point to point in the core.

Flux-squared-weighted-mean-flux - the integral of the flux over
the core, weighted by the flux squared.

FMPD - acronym for "Fuel Management Design Program" • a series
of linked computer programs or "modules" used by AECL for
reactor physics and fuel management calculations, and fuelling
simulations. Ontario Hydro has a version of this program
called OHRFSP for "Ontario Hydro Reactor Fuelling Simulation
Program".

Fresh core - core consisting entirely of irradiated (fresh)
fuel.

Fresh fuel - unirradiated fuel, sometimes called "new" fuel.

Fuel - the fissionable material, uranium or plutonium, which
generates the heat, and the neutrons to sustain the chain
reaction, in the form of a metal or oxide, including the
associated cladding and other required structural materials.

Fuel accounting - is a record of each bundle which is or has
been in the core, its burnup, serial number, and other relevant
data.

1'uel bundle - assembly of fuel elements into a single
structural unit. There are 28 or 37-fuel elements in
commercial CANDU fuel bundles. The bundles are about .5 m long
and .1 m in diameter. See Figure 1.2.

Fuel channel - assembly of pressure tube which contains the
fuel bundles, and associated end fittings, feeders, closures
and other hardware. Also used loosely to mean the pressure
tube containing the fuel.

Fuel defect - any hole, crack or leak in the fuel sheath which
allows the escape of fission products. Also called "fuel
failure".

(a)

(d)



Fuel element - rod of zirconium alloy (sheath) and the
cylindrical pellets of fuel material, usually UO2, contained
therein. It is sometimes referred to as a "pin" or "pencil".

Fuel engineer - a professional member of the station operating
staff responsible for fuel scheduling.

Fuel handling system - all the mechanisms which take part in
charging the fuel to the reactor, and removing irradiated
fuel. It includes new and irradiated fuel bays, transfer
mechanisms, trolleys, fuelling machines, fuelling machine
carriages, and associated cooling, hydraulic and electrical
systems, and control computers.

Fuel management - those aspects of loading, whether related to
physics, engineering, or economic decisions, which are
associated with fuel utilization and fuelling system
performance. In this report, "fuel management" always refer:.
to "in-core fuel management".

Fuel scheduling - the selection of channels for fuelling durii.-:
the operation of a reactor.

Fuelling - the act of charging fresh fuel to the reactor and
removing spent fuel. It is done on-power in CANDU reactors.
The term "refuelling" is sometimes used interchangeably with
"fuelling". The act of putting new fuel into the fresh core is
referred to as "fuel loading", rather than "fuelling", and is
usually done manually.

Fuelling capability, or fuel handling capability - the maximum
number of channels or bundles which the fuel handling system
can fuel per unit time over an extended period of time.

Fuelling machine - mechanical device for charging new fuel to a
fuel channel and removing irradiated fuel. Fuelling machines
usually work in pairs, one at each end of the channel .

Fuelling rate - number of channels or bundles which must be
fuelled per unit time to keep the reactor critical.

Fuelling scheme - a more general term than "bundle shifting
scheme". It refers to the replacement pattern of fuel in the
channel and applies to systems where schemes more elaborate
than simple push through fuelling are allowed.

Fuelling strategy - the selection of channels for fuelling, or
the set of rules by which channels are selected for fuelling.

Full power day (FPO) - the energy generated in 24 hours of
normal full power operation.

Homogeneous method - a method of calculating the flux
distribution by assuming the irradiation dependent fuel
cross-sections are constant axially in the core. The values of
the cross-sections are determined by making the "continuous
bidirectional fuelling approximation".

Initial core - core which has not yet been fuelled. The
"initial core" extends from the fresh core to onset of fuelling.

Initial fuel loading - pattern of depleted and natural fuel
bundles in the initial core.

Instantaneous power distribution - the power distribution at a
particular time in a real reactor, or a power distribution
calculated with a varying irradiation distribution.

Irradiation - the integrated flux to which the fuel has been
exposed. It is usually expressed in units of neutrons/kilobarn
(n/kb). Since burnup and irradiation are almost directly
proportional, they are frequently used interchangeably in
qualitative discussions.

Lattice cell code - a computer program which computes neutron
balance and flux distribution for a unit cell in an infinite
repeating array of unit cells. These codes are used to
calculate cross-sections as a function of irradiation.

Liquid zone controllers - tubes in the core having compartments
partially filled with light water. Reactivity is controlled by
emptying or filling the compartments.

Milli k - unit of reactivity, sometimes written "mk". It is
numerically 1000 times the value of reactivity.

Nominal power distribution - the time-averaged or reference
power distribution used in the CPPF and other calculations.
The ROP design and fuelling strategy are based on this
distribution. The fuelling engineer uses this as a "target"
distribution in fuel scheduling.

Onset of fuelling - time at which the core is first fuelled.
It must occur before the excess reactivity has dropped below
zero.

Overpower - fuel bundle or channel power in excess of specified
safety related limits.

Power distribution - the variation of the relative value of
bundle (or channel) power from point to point in the core.

POWDERPUFS - a computer code used for lattice cell calculations
for CANDU reactors. POWDERPUFS is included within FMDP. 523



Pressure tube - zirconium alloy tube which runs horizontally
through the core, it contains fuel bundles and coolant.

Regional overpower system (ROP) - the system which detects an
overpower condition somewhere in the core, and causes a rapid
shutdown (trip).

Residence time - length of time a bundle has resided in the
core, in full power days.

Sheath - the rod which contains the fuel pellets, usually made
of zirconium alloy. It provides structural support for the
fuel and prevents escape of fission products. It is sometimes
called "clad" or "cladding".

Simulation - a mathematical model of the reactor is set up on a
large digital computer, and the behaviour of the system is
approximated by calculating the flux and power distributions.
In a "fuelling simulation" the irradiation is computed by
integrating the flux distribution, and lattice cell
cross-sections are calculated as functions of irradiation.

SMOKIN - a computer program which simulates reactor transients
by expanding the flux distribution in a series of modes based
on the higher harmonics of the diffusion equation.

SORO - acronym for "Simulation Of Reactor Operation", a
computer program used by Ontario Hydro for fuelling simulations.

Spent fuel - fuel which has been irradiated in the core and
discharged. Fuel is usually discharged because of low
reactivity (high burnup) or because of a defect detected in the
channel. Fuel bundles are not recycled in current CANDU
reactors, so all discharged bundles are "spent fuel".

Supercell - a special unit cell which contains a reactivity
device in addition to the fuel channnel. Since the reactivity
devices are perpendicular to the fuel channels, the supercell
is inherently three-dimensional and requires special computer
programs for calculation of the cross sections.

Tilt - an imbalance in power between one location in the core,
and the symmetrically opposite location.

Time-averaged method - a method of calculating the flux
distribution by assuming cross sections for each bundle which
are averaged over the bundle's residence time at each position
in the channel. The resulting power distribution is a good
approximation to the "time-averaged power distribution".

Time-averaged power distribution - the power distribution of
524 channels or bundles, averaged over a sufficiently long time.

For an equilibrium core the time-averaged power distribution is
a constant.

Trip - a rapid shutdown of the reactor in response to the
detection of certain abnormal and potentially dangerous
conditions.

Unit cell - a fuel bundle, pressure tube and calandria tube,
and associated coolant and moderator, used in the calculation
of cross-sections by lattice cell codes. See Figure 2.2. It
is also called a "lattice cell".
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