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Abstract –The performance of reactivity devices for a Canada deuterium uranium (CANDU) 6 reactor
loaded with Direct Use of Spent Pressurized Water Reactor Fuel In CANDU reactors (DUPIC) fuel is
assessed. The reactivity devices studied are the zone controller units, the adjuster rods, and the mechanical
control absorbers. For the zone controller system, the bulk reactivity control, spatial power control, and
damping capability for spatial oscillation are investigated. For the adjusters, the xenon override, restart
after a poison-out, shim operation, and power step-back capabilities are confirmed. The mechanical con-
trol absorber is assessed for the function of compensating temperature reactivity feedback following a
power reduction. This study shows that the current reactivity device system of a CANDU 6 reactor is
compatible with DUPIC fuel for normal and transient operations.

I. INTRODUCTION

The direct use of pressurized water reactor~PWR!
spent fuel in Canada deuterium uranium~CANDU! re-
actors, called the Direct Use of Spent Pressurized Water
Reactor Fuel In CANDU reactors~DUPIC! ~Refs. 1 and
2! fuel cycle, has been studied as an alternative to either
the once-through or recycling fuel cycles. One of the par-
ticular features of DUPIC fuel is higher fissile content,
which makes it possible to achieve a discharge burnup of
the DUPIC fuel that is twice that of a natural uranium
fuel in the CANDU reactor. Therefore, the discharge rate
of spent CANDU fuel is reduced compared to that of a
natural uranium CANDU fuel. At the same time, the
DUPIC fuel cycle enhances the potential of reducing the
spent PWR fuel because the spent PWR fuel can be re-
used in CANDU reactors instead of being disposed of
with a high level of waste. However, such merits of the
DUPIC fuel cycle are realized when the CANDU reactor
is operated safely and economically with the DUPIC fuel,
which means that the DUPIC fuel should be compatible
with a CANDU reactor, which was originally designed
for natural uranium fuel.

The compatibility of the DUPIC fuel with a CANDU
reactor is determined by how effectively the reactor power
and excess reactivity are controlled during normal and
transient conditions. For reactor power and reactivity
control, the CANDU reactor has three major reactivity
devices that are used during the normal and transient op-
erations: the zone controller unit~ZCU!, the adjuster rod
~ADJ!, and the mechanical control absorber~MCA!. Each
device has its own function in the reactor system: The
ZCUs are used to maintain the reference power distribu-
tion and control excess reactivity, the ADJs establish an
overall power shape and provide a positive reactivity when
required, and the MCAs are used for rapid reduction of
reactor power. Because the DUPIC fuel cycle utilizes the
same reactivity devices used for the natural uranium
CANDU reactors, it is a prerequisite that the reactivity
devices satisfy their design requirements and protect the
reactor system even when the DUPIC fuel is loaded.

The major differences between natural uranium and
DUPIC fuel are in the isotopic composition. For exam-
ple, the fissile content of reference DUPIC fuel3 used for
the compatibility analysis is 1.45 wt%~1.0 wt%235U and
0.45 wt% 239Pu!, while that of natural uranium fuel is
0.71 wt%. The DUPIC fuel contains;18% of fresh ura-
nium and a certain degree of uncertainty in the content
of all other isotopes except235U and239Pu. If the DUPIC*E-mail: cjjeong@nanum.kaeri.re.kr
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fuel is loaded in the current CANDU 6 reactor, the ther-
mal flux is more depressed because of higher fissile con-
tent, and the power0flux distribution is more flattened
because the fuel management strategy changes to accom-
modate the reactive fuel.4 Although the physical designs
of reactivity devices do not change, even for the DUPIC
fuel core, their reactivity worth and importance in the
reactor system change because their physical design and
locations in the reactor were determined based on the nat-
ural uranium fuel core power shape, which is peaked in
the core center region. In addition, it is also expected that
the xenon load, which is one of the most important pa-
rameters when the reactor power level changes, will be
smaller for the DUPIC fuel core when compared to the
natural uranium fuel core because the effective thermal
flux is lower because of higher fissile content. And, the
reduction in equilibrium xenon load is also caused by the
significant increase in the fission cross section with
DUPIC fuel, which tends to reduce all reactivity effects
including the static reactivity worth of all the devices in
the core.

This study analyzes the compatibility of existing re-
activity devices with the DUPIC fuel from the viewpoint
of physics design and examines the operational safety and
reliability of the DUPIC fuel CANDU 6 reactor. In Sec.II,
the design requirements of a CANDU reactor are re-
viewed, and the design requirements for the major reac-
tivity devices are introduced. Section III describes the
CANDU physics method used for the compatibility analy-
sis of reactivity devices with DUPIC fuel. In Sec. IV, each
reactivity device is assessed against its performance re-
quirement in a CANDU 6 reactor and compared to the
performance in a natural uranium core. Finally, conclu-
sions and recommendations are given in Sec. V.

II. PHYSICS DESIGN REQUIREMENTS
OF A CANDU REACTOR

The CANDU reactor design5 requires that the core
design characteristics be maintained without compromis-
ing the safety and economics of the system. For this pur-
pose, the CANDU reactor is equipped with three major
reactivity devices to be used for normal and transient op-
eration conditions. The movement of the reactivity de-
vice is determined by the control algorithm of the reactor
regulating system~RRS!, which measures fission power
by in-core platinum and vanadium self-powered detec-
tors. The RRS is able to cope with the daily on-power
refueling perturbations and partially compensate for xe-
non effects during reactor power maneuvering. The RRS
manipulates the ZCU light water fills and0or other reac-
tivity devices such as ADJs and MCAs to satisfy two
major objectives: the bulk-control function, which main-
tains the reactor power at an operator-specified level for
criticality, and the spatial-control function, which finds

the individual values of the ZCU water fills that are con-
sistent with the specified target power distribution.

II.A. Power Controllability

The bundle power perturbations that may exceed the
fuel design limit must be prevented, and therefore, any
such perturbation should be detected and controlled im-
mediately. For this purpose, the CANDU 6 core has 14
ZCUs, which perform the bulk and spatial control of re-
actor power such that the reference zone power and zone
power tilt are maintained. The performance of the ZCUs
is determined based on the controllability of power dis-
tribution during refueling operations and the damping ca-
pability of spatial oscillation due to changes in the xenon
level. For the natural uranium CANDU 6 core, the ZCU
water level typically changes from 20 to 80%.

II.B. Compliance with Design Limits During
Normal and Transient Conditions

The operational limit of the fuel should be defined
and should not be exceeded during normal and antici-
pated transients. Currently, the nominal design powers
of natural uranium fuel bundles and channels are 800 and
6500 kW, respectively, in a time-average core model, and
the operation limits are 935 and 7300 kW, respectively.
Therefore, the neutron flux and power distributions should
be determined such that the fuel design limits are not vi-
olated without losing the operational economics. In a
CANDU reactor, the overall power distribution and flat-
tening are achieved by deploying ADJs and adjusting the
discharge burnup under a given refueling scheme, where
the zonal discharge burnup is determined to maximize
the fuel burnup and to achieve the optimum form factor.
Consequently, the reactor is designed to operate with
enough margins to bundle and channel power limits in
order to accommodate the power change due to refueling
perturbation and reactivity shim control.

II.C. Reactivity Controllability

The detectors and control devices should monitor the
parameters and systems that have effects on the nuclear
fission reactions during normal, anticipated transient and
accident conditions and should accommodate the feed-
back effects of those parameters. For this purpose, the
ZCU is used to control the bulk reactivity of the system.
When necessary, a liquid poison material is used in the
moderator to compensate for the excess reactivity pro-
vided by fresh fuel, xenon decay, or a long shutdown.
The MCA is used for a rapid power reduction and should
have enough reactivity to compensate for a reactivity in-
crease due to the negative fuel temperature coefficient.
The ADJs are used to compensate for the reactivity loss
due to xenon buildup after a short shutdown. The static
reactivity worth and insertion sequence of the ADJs are
determined to satisfy the design requirements. One of the
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design requirements of the ADJs is to restart the reactor
within 30 min after a shutdown. For the natural uranium
fuel core at equilibrium, the reactivity worth of the ADJs
is ;16.6 mk, and the reactivity worth necessary to re-
start the reactor in 30 min after a shutdown is;14.9 mk.

III. PHYSICS ANALYSIS METHOD

For the analysis of reactivity devices, a conventional
CANDU physics analysis method is used, which in-
cludes cross-section generation of fuel and nonfuel lat-
tices and a three-dimensional core calculation. For DUPIC
physics calculation, the WIMS-AECL lattice code,6 the
SHETAN supercell code,7 and the RFSP refueling sim-
ulation program8 are used for lattice parameter genera-
tion, incremental cross-section generation of the reactivity
device, and core simulation, respectively. In addition, the
WIMTAB process code is used to produce cross-section
tables and other properties for the analysis of xenon be-
havior and the thermal-hydraulic feedback effect.

III.A. Cross-Section Generation

III.A.1. Fuel Lattice

The lattice parameters are generated by WIMS-
AECL with an ENDF0B-V cross-section library for a
CANDU fuel lattice that is composed of a fuel bundle,
heavy water coolant, pressure tube, air gap, calandria tube,
and bulk moderator, as shown in Fig. 1, for a 43-element
CANDU fuel bundle. The multigroup cross sections pro-
duced by WIMS-AECL are collapsed into two groups to
be used by the RFSP code. Because the fast fission and

upscattering are not explicitly treated in RFSP, the effec-
tive fission and moderation cross sections are obtained
as follows9:

nSf 5 nSf 2 1 nSf 1Sf1

f2
D ~1!

and

Sm 5 Ss12 2 Ss21Sf2

f1
D , ~2!

where

nSf 5 effective thermal fission yield cross section

nSf1 5 fast fission cross section

nSf 2 5 thermal fission cross section

Sm 5 moderation cross section

Ss12 5 downscattering cross section

Ss21 5 upscattering cross section.

III.A.2. Reactivity Device

In a CANDU reactor, the fuel channels are horizon-
tally aligned, and most of the reactivity devices are located
vertically between two fuel channels, which necessitates
a three-dimensional modeling of a reactivity device with
a fuel channel to generate the cross sections for the re-
activity device. In the core simulation, the presence of
the reactivity devices is represented by the difference in
macroscopic cross sections of the unit lattice bundle with
and without the reactivity device, which is represented
as an incremental cross section. Considering the symme-
try, one-eighth of one lattice bundle~one-half lattice pitch
and one-half bundle length! is modeled in SHETAN, as
shown in Fig. 2. The incremental cross section is written
as

DS 5 S3D ' 2 S3D , ~3!

whereS3D ' andS3D are the macroscopic cross sections
of a three-dimensional lattice with and without the reac-
tivity device, respectively. Therefore, in the core calcu-
lation, the reactivity device is represented by addingDS
to the base lattice parameters.

III.A.3. Xenon Properties

In the RFSP CANDU core analysis code, the exis-
tence of135Xe is described by an incremental cross sec-
tion, which is additive to the reference thermal absorption
cross section with equilibrium135Xe concentration, as
shown in Eq.~4!. The incremental xenon cross section is
simply a product of the microscopic xenon cross section
[sx and the xenon concentration change. However, sinceFig. 1. DUPIC fuel lattice model.
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RFSP solves the kinetic equation for the relative concen-
tration of xenon0iodine, the incremental xenon cross sec-
tion becomes a product of relative xenon concentration
change from the reference~equilibrium! valuexref and a
proportional constant, which are shown as follows:

Sa~ ?r, x! 5 Sa~ ?r, xref ! 1 DSa
Xe~x~ ?r !! , ~4!

DSa
Xe~x~ ?r !! 5 z~ ?r !~x~ ?r ! 2 xref ! , ~5!

xref 5
ZfF [sx

ZfF [sx 1 lx

, ~6!

and

z 5 ZSf S ZfFVF

ZfCVC
D~gi 1 gx! , ~7!

where

lx 5 decay constant of135Xe

gi 5 yield of 135I

gx 5 yield of 135Xe

F,C 5 subscripts that stand for the fuel and cell re-
gion of a lattice, respectively.

III.B. Core Simulation Model

A CANDU 6 reactor is made of 380 pressure tube
fuel channels surrounded by a heavy water moderator.
The CANDU core is typically divided into two regions
in the radial direction based on the channel flow rate dis-

tribution, and the physics analysis model also utilizes the
two-region model~inner and outer core! to determine the
average discharge burnup for the candidate refueling strat-
egy of a DUPIC core. The discharge burnups of the inner
and outer core are determined such that the reactor is crit-
ical and the peak channel0bundle power is the lowest.
This section describes the core simulation models used
for the compatibility analysis.

III.B.1. Time-Average Model

A time-average core calculation model is imple-
mented in the RFSP code to simulate a representative core
over a fuel cycle. In the time-average core model, the
lattice parameters of a fuel bundle are averaged over a
burnup interval of an individual fuel bundle, which is de-
termined by the discharge burnup and refueling scheme.
The refueling scheme of the DUPIC fuel core is a 2-bundle
shift model, while a natural uranium core is a 4- or
8-bundle shift. The discharge burnup and other proper-
ties of the time-average core are given in Table I for both
the DUPIC fuel and the natural uranium fuel core. As
shown in Table I, the discharge burnup of the DUPIC
fuel is twice that of the natural uranium fuel. In the DUPIC
fuel core, 2 fuel bundles per channel are loaded, and the
average rate of fuel bundle loading is 8 bundles per day,
while it is 16 bundles per day for the natural uranium
core. During the time-average core calculation, the ZCU
water level is typically assumed to be 50%.

III.B.2. Refueling Simulation

The on-power refueling operation is simulated in the
RFSP code by specifying the sequence of channels being

Fig. 2. Supercell model with reactivity device.

TABLE I

Comparison of Time-Average Core Model

DUPIC
Fuel
Core

Natural
Uranium

Core

Maximum channel power~kW! 6623 6732
Maximum bundle power~kW! 764 827
Refueling scheme 2 8

Refueling rate~channel0day!
Inner core 2.58 1.23
Outer core 1.49 0.70
Whole core 4.07 1.93

Discharge burnup~MWd0tonne U!
Inner core 15 369 7799
Outer core 14 511 7051
Whole core 14 825 7321

Form factor~average0maximum!
Radial 0.839 0.809
Axial 0.716 0.685
Whole 0.600 0.554
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fueled over time. Once a fuel channel is refueled, the fuel
burnup distribution is updated, and the ZCU water levels
are adjusted for the purpose of bulk and spatial control.
Because the RFSP code does not solve the time-dependent
diffusion equation for the refueling simulation, it ap-
proximates the ZCU fill manipulation functions in a
quasi-static or “asymptotic” manner.9 During refueling
simulation, criticality is maintained by manipulating all
ZCU compartment fills equally~bulk control function!,
and the target flux distribution is reproduced by manip-
ulating the ZCU compartment fills differentially~spatial
control function!.

III.B.3. Xenon Transient Model

The 135Xe0135I kinetic equations are solved for the
relative xenon0iodine concentrations in each mesh cell
as follows:

dx

dt
5

gx

gi 1 gx

[sx ZfF 1 l i i 2 lx x 2 [sx x ZfF ~8!

and

di

dt
5

gi

gi 1 gx

[sx ZfF 2 l i i , ~9!

where the relative concentrationsx and i are defined as
the isotopic concentration over the asymptotic value of
the steady-state xenon concentration.

III.B.4. Thermal-Hydraulic Coupling

The thermal-hydraulic coupling calculation is per-
formed when the reactivity feedback due to thermal-
hydraulic parameters is important for the case of power
variation. The CERBERUS module, which is a kinetic
routine of the RFSP code, is used for the coupling cal-
culation using the grid-based cross-section set, which is
given for different fuel temperatures and coolant condi-
tions. The CERBERUS routine reads the coolant density
and temperature, which are calculated by the NUCIRC
thermal-hydraulic code,10 and the fuel temperature, which
is calculated based on the average fuel temperature
model11 given as follows:

Tf 5 Tc 1 AP1 BP2 , ~10!

where

Tf 5 bundle-average fuel temperature inC

Tc 5 coolant temperature at the bundle position inC

P 5 bundle thermal power~kW!

A 5 0.475181

B 5 0.2273753 1023.

IV. PERFORMANCE ANALYSIS
OF REACTIVITY DEVICES

The major reactivity devices used during normal and
transient operation conditions are light water ZCUs,ADJs,
and MCAs. The horizontal locations of these reactivity
devices are shown in Fig. 3. The vertical deployments
are shown in Figs. 4 and 5 for the ZCUs and ADJs, re-
spectively. The MCAs are located outside the core dur-
ing normal operation. There are 28 shut-off rods in a
CANDU 6 reactor, which are activated only in case of
accidents and will not be considered in this study. In prin-
ciple, the device position was determined based on the
flux 0power shape of the natural uranium core, which has
peak power in the middle of the fuel channel. However,
in the DUPIC core, as the peak power shifts toward the
channel inlet, the performance of a reactivity device could
be degraded because of not only the power shape but also
the spectral shift and absolute thermal flux level. In this
section, the performances of reactivity devices are as-
sessed based on the design requirements for selected cases
of normal and transient operations.

IV.A. Zone Controller Unit

A unique feature of a CANDU reactor is the provi-
sion of the ZCU filled with light water. The ZCUs are
vertical cylindrical compartments composed of a riser
tube, bubbler0scavengers, and a balance0feeder, as shown
in Fig. 6 for the top portion. The zone power is adjusted
by varying the amount of the ZCU water level in the cor-
responding compartment, which provides bulk~overall!
and spatial control of the reactor power level. Therefore,
the adequacy of the ZCU system is determined by exam-
ining the bulk and spatial controllability of the antici-
pated operational reactivity perturbation, like a refueling
operation and the postulated reactivity perturbation of
zone controller draining.

IV.A.1. Static Reactivity Worth

The static reactivity worth of the ZCU was calcu-
lated as a function of the average ZCU water level, as
given in Table II, where the fractional fills of all the ZCU
compartments are the same for a given ZCU level con-
sidered. The reactivity worth of the ZCU at 100% full
are 5.76 and 6.91 mk for the DUPIC fuel and natural ura-
nium core, respectively. The design value of the zone con-
trollers for the natural uranium core is 6.50 mk~Ref. 5!.
Therefore, there is an 18% reduction in the ZCU reac-
tivity worth for the DUPIC fuel system. The reactivity
worth of an individual ZCU compartment was also cal-
culated by draining the water from the reference level
~50% full!, as shown in Tables III and IV for the DUPIC
fuel and the natural uranium core, respectively. The sen-
sitivities of the zone power to the unit change of an in-
dividual ZCU worth are also shown in Tables III and IV.
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In general, the sensitivity is larger for the DUPIC
fuel core, especially for the zone in which the ZCU wa-
ter level was perturbed, which means that the effective-
ness of the ZCU to control the zone power is increased
and becomes more localized. The average change of the
zone power per unit variation of the ZCU water level~di-
agonal terms in Tables III and IV! are 2.8 and 2.4% for
the DUPIC fuel and the natural uranium core, respec-
tively. Such an increase of ZCU sensitivity in the DUPIC
fuel system is primarily due to the axial power flatten-
ing, which shifts the high-power region toward the ZCU
area. Therefore, it would be necessary to maneuver the
ZCU water level in a precise manner for the DUPIC fuel
system so the reference zone power is not over- or under-
shot during zone power control.

IV.A.2. Preservation of the Reference
Power Distribution

Because of the slight asymmetry of the zone com-
partments with respect to the horizontal midplane, a

Fig. 3. Plan view of reactivity device layout.

Fig. 4. ZCU numbers and zone dividing.
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fractional change in the ZCU fill in all the compartments
always leads to flux0power tilts which are defined as

top-to-bottom tilt~%!

5
~P1,81 P3,101 P6,13! 2 ~P2,91 P5,121 P7,14!

(
i51

14

Pi

3 100 , ~11!

side-to-side tilt~%!

5
~P1,81 P2,9! 2 ~P6,131 P7,14!

(
i51

14

Pi

3 100 , ~12!

and

front-to-back~%!

5
(
i51

7

Pi 2 (
i58

14

Pi

(
i51

14

Pi

3 100 , ~13!

wherePi is the power of zonei andPi, j is the power of
the zone pair~i, j !. Table V shows that a constant frac-
tional change in the ZCU level leads to a top-to-bottom
tilt, but the magnitude of the tilt is,2.7%. The side-to-

side and front-to-back tilts are very small for both the
DUPIC fuel and the natural uranium cores.

The ZCU levels also change the radial and axial flux
shape~or form factor! of a reactor. Table VI compares
the dependency of the form factors on the ZCU level.
The variations of the radial form factor are close to each
other for the DUPIC fuel and the natural uranium cores
because the ZCUs are distributed symmetrically in a ra-
dial direction and the radial form factor was largely de-
termined by the discharge burnup distribution, which was
also determined to minimize the maximum channel0
bundle power. The variation of overall form factor for
the DUPIC fuel core is negligible, while the natural ura-
nium core is;8%. Therefore, it is considered that the
effect of a ZCU level change to the overall power distri-
bution is reasonably small for the DUPIC fuel core.

IV.A.3. Bulk and Spatial Control During
Steady-State Operation

The bulk and spatial controllability of the ZCU
during the steady-state operation was assessed by a

Fig. 5. ADJ position and type.

Fig. 6. Configuration of ZCU top compartment.

TABLE II

Static Reactivity of the ZCU*

Average ZCU
Level
~%!

DUPIC
Fuel
Core

Natural
Uranium

Core

25 1.626 1.933
50 3.222 3.867
75 4.657 5.580

100 5.761 6.911

*The static reactivity is in mk.
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600-full-power-day~FPD! refueling simulation, which is
sufficient to refuel all the fuel bundles in a core at least
one time. The results of the simulations are given in
Table VII for the major core performance parameters. The
maximum channel and bundle powers of the DUPIC fuel
core are well below those of the natural uranium core.
The channel power peaking factor~CPPF!, defined by
the ratio of current channel power over the reference
value, of the DUPIC fuel core is comparable to the nat-

ural uranium core. This result demonstrates that the ZCU,
which is the only mechanism that controls the excess re-
activity and power distribution during normal operation,
maintains its function of bulk and spatial controllability
of zone powers even for the DUPIC fuel core.

To see the detailed behavior of core performance pa-
rameters during a refueling simulation, the administra-
tive limits3 were defined as 95% of the license limits for
channel and bundle powers, which are 6935 and 888 kW,

TABLE III

Power Perturbation Coefficients for DUPIC Fuel Core

Regional Power Change~%! per Unit Water Level~%! Perturbation of ZCU

ZCU
Worth
~mk! 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 0.289 3.3 1.0 0.8 0.5 20.4 20.6 20.9 0.4 20.2 20.3 20.6 20.8 20.9 21.1
2 0.245 0.5 3.1 20.5 0.3 1.0 20.8 20.4 20.3 0.4 20.8 20.5 20.1 21.0 20.8
3 0.218 0.6 20.4 2.2 0.3 20.5 0.5 20.4 20.2 20.6 0.1 20.4 20.8 20.2 20.6
4 0.250 0.2 0.2 0.3 1.6 0.5 0.2 0.220.5 20.5 20.5 20.4 20.4 20.5 20.5
5 0.252 20.4 0.6 20.6 0.3 2.7 20.4 0.7 20.8 20.2 20.9 20.5 0.2 20.8 20.2

6 0.271 20.6 20.8 0.7 0.5 20.3 3.3 1.0 20.9 21.1 20.3 20.6 20.8 0.3 20.1
7 0.258 20.8 20.5 20.5 0.3 1.1 0.5 3.3 21.0 20.8 20.9 20.5 20.1 20.3 0.4
8 0.283 0.3 20.2 20.3 20.6 20.8 20.9 21.1 3.2 1.0 0.7 0.4 20.3 20.6 20.8
9 0.264 20.3 0.4 20.8 20.5 20.1 21.0 20.8 0.5 3.2 20.5 0.3 1.1 20.8 20.5

10 0.207 20.2 20.6 0.2 20.4 20.8 20.2 20.6 0.6 20.4 2.3 0.3 20.5 0.6 20.4

11 0.249 20.5 20.5 20.5 20.4 20.5 20.5 20.5 0.2 0.2 0.3 1.6 0.5 0.2 0.3
12 0.241 20.8 20.2 20.9 20.5 0.2 20.8 20.2 20.4 0.7 20.7 0.3 2.7 20.5 0.6
13 0.289 20.9 21.1 20.3 20.6 20.8 0.4 20.2 20.6 20.9 0.8 0.4 20.4 3.3 1.0
14 0.252 21.0 20.7 20.8 20.5 20.1 20.3 0.4 20.8 20.4 20.5 0.3 1.0 0.5 3.1

TABLE IV

Power Perturbation Coefficients for Natural Uranium Core

Regional Power Change~%! per Unit Water Level~%! Perturbation of ZCU

ZCU
Worth
~mk! 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 0.321 2.9 0.8 0.6 0.3 20.4 20.6 20.8 0.5 0.0 20.2 20.4 20.7 20.8 20.9
2 0.277 0.4 2.8 20.5 0.2 0.8 20.8 20.5 20.2 0.5 20.7 20.4 0.0 20.9 20.6
3 0.229 0.4 20.4 1.9 0.2 20.5 0.4 20.4 20.1 20.5 0.3 20.3 20.6 20.1 20.5
4 0.280 0.1 0.1 0.2 1.3 0.3 0.1 0.120.4 20.3 20.4 20.3 20.3 20.4 20.3
5 0.286 20.5 0.5 20.7 0.2 2.5 20.5 0.5 20.7 20.1 20.8 20.4 0.3 20.7 20.1

6 0.321 20.6 20.8 0.6 0.3 20.4 2.9 0.8 20.8 20.9 20.2 20.4 20.7 0.5 0.0
7 0.282 20.8 20.5 20.5 0.2 0.8 0.4 2.8 20.9 20.6 20.7 20.4 0.0 20.2 0.5
8 0.323 0.5 0.0 20.2 20.4 20.7 20.8 21.0 2.9 0.8 0.6 0.3 20.4 20.6 20.8
9 0.277 20.2 0.5 20.7 20.4 0.0 20.9 20.6 0.4 2.8 20.5 0.2 0.8 20.8 20.5

10 0.231 20.1 20.5 0.3 20.3 20.7 20.1 20.5 0.4 20.4 1.9 0.2 20.5 0.4 20.4

11 0.280 20.4 20.4 20.4 20.3 20.3 20.4 20.3 0.1 0.1 0.2 1.3 0.3 0.1 0.1
12 0.286 20.7 20.1 20.8 20.4 0.3 20.7 20.1 20.5 0.5 20.7 0.2 2.5 20.5 0.5
13 0.315 20.8 20.9 20.2 20.4 20.7 0.5 0.0 20.6 20.8 0.6 0.3 20.4 2.9 0.8
14 0.276 20.9 20.6 20.7 20.4 0.0 20.2 0.5 20.8 20.5 20.5 0.2 0.8 0.4 2.8
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respectively. For convenience, the administrative limits
of the CPPF and the ZCU levels were defined as 1.10
and 20 to 80%, respectively. The probabilities of exceed-
ing the administrative limits during a 600-FPD simula-
tion are given in Table VIII, which clearly shows that the
channel and bundle powers are well controlled by the ZCU
for the DUPIC fuel core. However, the frequency to reach
the administrative limits of the CPPF is higher for the

DUPIC fuel core, which is consistent with the high fre-
quency of reaching the limits of the ZCU levels. There-
fore, the margin to regional overpower protection~ROP!
trip could be slightly worse for the DUPIC fuel core.

IV.A.4. Suppressing Spatial Oscillation
During Refueling Transient

The RFSP code simulates the time-dependent xenon
transient in a quasi-dynamic manner and models the
movement of the ZCU water level according to the spec-
ified scheme to maintain criticality. The xenon-induced
flux 0power transient and the corresponding ZCU water
levels were searched by the RFSP code in order to assess
the effectiveness of the ZCU system for suppressing
xenon-induced spatial oscillation due to reactivity per-
turbations. The reactivity perturbation used in this study
is the refueling operation after a 600-FPD simulation. Re-
fueling channels J-14, S-3, and L-9 are used for both the
DUPIC fuel and the natural uranium core. Channel J-14
is located in a relatively higher burnup region, and chan-
nels S-3 and L-9 are located in a lower-burnup region.

The power tilts for the first 14 h of the transient are
shown in Fig. 7. The power tilts increase for the first 3.5 h

TABLE V

Effect of ZCU Light Water Level

DUPIC Fuel Core Natural Uranium Fuel Core
Average

ZCU
Level
~%!

Top-to-Bottom
Tilt
~%!

Side-to-Side
Tilt
~%!

Front-to-Back
Tilt
~%!

Top-to-Bottom
Tilt
~%!

Side-to-Side
Tilt
~%!

Front-to-Back
Tilt
~%!

25 0.39385 0.06116 0.01620 20.11679 20.01332 0.00750
50 20.09328 0.05626 0.01904 0.03638 20.00976 0.00436
75 21.02084 0.06034 0.01541 20.64521 20.02150 0.01254

100 22.75928 0.06331 0.01711 22.18495 20.01675 0.00789

TABLE VI

Comparison of Form Factors

DUPIC Fuel Core Natural Uranium Fuel Core
Average

ZCU
Level
~%!

Radial
Form
Factor

Axial
Form
Factor

Overall
Form
Factor

Radial
Form
Factor

Axial
Form
Factor

Overall
Form
Factor

0 0.8173 0.7286 0.5955 0.8088 0.7085 0.5730
25 0.8342 0.7197 0.6004 0.8080 0.6985 0.5644
50 0.8385 0.7156 0.6000 0.8091 0.6842 0.5536
75 0.8343 0.7238 0.6039 0.8200 0.6639 0.5444

100 0.8006 0.7482 0.5990 0.8150 0.6530 0.5322

TABLE VII

Comparison of Refueling Simulation for 600 FPD*

DUPIC
Fuel
Core

Natural
Uranium

Core

Maximum channel power~kW! 6835 6859
Maximum bundle power~kW! 802 854
Channel power peaking factor 1.065 1.064
Refueling rate~channel0day! 2.60 1.28

*Reference 3.
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after refueling and approach an asymptotic value, indi-
cating that spatial oscillations are damped. For the natu-
ral uranium core, the damping behaviors of zone power
are the same as those of the DUPIC fuel core. However,
the time required to reach the asymptotic values is slightly
shorter for the natural uranium fuel. Specifically for the
natural uranium fuel, eight fuel bundles per refueling op-
eration are loaded~eight-bundle shift!, which is two-
thirds of a fuel channel; it is expected that the core will
be strongly coupled in the axial direction. On the other
hand, the DUPIC fuel core loads only two bundles per
refueling, and the thermal absorption is stronger; the core
will be loosely coupled in a relative sense, which results
in more time to establish a converged power distribu-
tion. However, if the fuel depletion is considered during
the simulation, which is a reality during refueling oper-
ation, the spatial oscillation will damp out much earlier.

IV.B. The ADJ System

The ADJs are vertical stainless steel~Type 304! rod-
in-tubes, shown in Fig. 8, which are fully inserted into

the core as neutron absorbers during normal operation.
Therefore, the ADJs establish the reference power distri-
bution in conjunction with the ZCUs under a given fuel
management strategy. The ADJs provide a positive reac-
tivity to the core, which can be used to compensate a
xenon concentration transient during 30 min after a
shutdown, maneuver power during startup or derating,
and do shim operations when fueling machines are not
available.

IV.B.1. Static Reactivity Worth

The static reactivity worth of the ADJs was calcu-
lated for the time-average cores. The reactivity worths
are 10.2 and 16.2 mk for the DUPIC fuel and the natural
uranium core, respectively. The design value of the ADJs
for the natural uranium core is 16.6 mk~Ref. 5!. There-
fore, the ADJs possess enough reactivity to override the
xenon load 30 min after shutdown, which is 6.8 mk for
the DUPIC fuel core, as shown in Fig. 9. The power
flattening has already been shown in Table I for the

TABLE VIII

Comparison of Refueling Simulation for Probability
in Percent of Exceeding Administrative Limits*

Administrative Limits

DUPIC
Fuel
Core

Natural
Uranium

Core

Channel power 6935 kW 1.17 13.83
Bundle power 888 kW 0.0 1.17
CPPF 1.10 1.33 0.33
ZCU level 0.2 to 0.8 0.90 0.19

*Reference 3.

Fig. 7. Power tilts after refueling transient.

Fig. 8. Configuration of ADJ rod-in-tube.

Fig. 9. Comparison of xenon load for 30 min after shut-
down.
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time-average cores. The radial form factors are more
or less the same for both the DUPIC fuel and natural
uranium cores. However, the axial power flattening is pro-
nounced for the DUPIC fuel core, which adopts a two-
bundle shift refueling scheme in which two fresh fuel
bundles per channel are loaded. Moreover, the presence
of the ADJs suppresses the channel power in the core
center region, and therefore, the maximum channel and
bundle power of the DUPIC fuel core are reduced by 1.6
and 7.6%, respectively, compared with those of the nat-
ural uranium core. This power flattening is primarily due
to the refueling scheme and secondly due to the deploy-
ment of the ADJs.

IV.B.2. Adjuster Bank Reactivity
Insertion Characteristics

The reactivity insertion characteristics were calcu-
lated based on the ADJ banking scheme. There are seven
ADJ banks~see Fig. 3!, which are inserted from banks 7
to 1. The ADJ bank worth as a function of insertion depth
is summarized in Table IX. During the simulation, the
ZCU water level was at 50%. In Table IX, the insertion
depth is the distance between the bottom of the ADJ and
the centerline of the vertical direction of the core, which
is located 383 cm above the bottom of the core. When
the ADJs are fully inserted, the insertion depth is
2171.45 cm. The simulations have shown that the bank
reactivity worth of the DUPIC fuel core is consistently
lower than the natural uranium core, as is the case for
total ADJ worth. However, this does not mean that the
performance of the ADJs is degraded for the DUPIC fuel
core, which will be shown in Secs. IV.B.3 through IV.B.6.

IV.B.3. Startup After a Short Shutdown

To assess the performance of the ADJs and banking
scheme for the 30-min xenon override capability, a de-
tailed simulation was performed. In this calculation, a
shutdown state was modeled by instantaneously reduc-
ing the reactor power to zero, where all the ADJs were
withdrawn and the average ZCU level was 50%. The re-
actor power increase with theADJ bank insertion is shown
in Fig. 10. At first, ADJ bank 7 is inserted when the power
level reaches 56%. Then, theADJs are inserted from banks
6 to 1 as specified power levels are reached. The edges
of the curves in Fig. 10 indicate the time when the ADJ
banks are inserted.

The longest time that can be reserved to override the
xenon after a short shutdown is 45 and 36 min for the
DUPIC fuel and the natural uranium core, respectively,
and the startup simulations have begun at these times.
For the DUPIC fuel core, it takes;67 min to increase
the power level to 56%. During this period, the ZCU wa-
ter level increases by 20% to compensate for the positive
reactivity attained by the xenon burnout, which is shown
in Fig. 11. The first xenon time step~67 min! is much

longer for the DUPIC fuel core compared with the nat-
ural uranium core~8 min!. When the reactor is restarted
after a short shutdown, the neutron thermal flux destroys
the accumulated xenon. However, the thermal flux level
and the effective thermal absorption cross section of xe-
non is lower for the DUPIC fuel system, which slows
down the transient as it approaches the asymptotic xe-
non distribution. The total recovery time to full power
level is 395 and 205 min for the DUPIC fuel and the nat-
ural uranium core, respectively.

After returning to full power, the average ZCU wa-
ter level increases up to 90% for the DUPIC fuel core,
but the channel and bundle powers are kept within mar-
gins for the license limits throughout the simulation, which
are shown in Figs. 12 and 13. However, it would be pos-
sible to provide moderator poisoning or MCA insertion
to supplement the ZCU function during startup after a
short shutdown, which is typical even for a natural ura-
nium core.

TABLE IX

Adjuster Bank Reactivity Insertion Characteristics

Bank Worth~mk!

Configuration

Insertion
Depth
~cm!

DUPIC
Fuel

Natural
Uranium

Bank 7 being inserted 171.45 0.35 0.46
57.15 0.94 1.44

257.15 1.66 2.80
2171.45 2.03 3.51

Bank 7 fully inserted 171.45 0.31 0.37
Bank 6 being inserted 57.15 0.78 1.09

257.15 1.34 2.03
2171.45 1.62 2.50

Banks 7 and 6 fully inserted 171.45 0.33 0.40
Bank 5 being inserted 57.15 0.79 1.12

257.15 1.33 2.01
2171.45 1.59 2.46

Banks 7 to 5 fully inserted 171.45 0.17 0.22
Bank 4 being inserted 57.15 0.60 0.86

257.15 1.13 1.77
2171.45 1.38 2.28

Banks 7 to 4 fully inserted 171.45 0.26 0.31
Bank 3 being inserted 57.15 0.69 0.94

257.15 1.13 1.66
2171.45 1.32 2.01

Bank 7 to 3 fully inserted 171.45 0.27 0.33
Bank 2 being inserted 57.15 0.71 0.94

257.15 1.13 1.66
2171.45 1.32 2.01

Bank 7 to 2 fully inserted 171.45 0.15 0.19
Bank 1 being inserted 57.15 0.47 0.65

257.15 0.79 1.19
2171.45 0.93 1.44
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IV.B.4. Startup After a Poison-Out

When a reactor fails to restart within 30 min after a
shutdown, the reactor should be kept at the shutdown state
until the poison~xenon! decays out of the system so the
reactor acquires excess reactivity. The restart simulation
after a poison-out was modeled by withdrawing all the
ADJ banks when the xenon is decreased sufficiently to
be compensated by the ADJs. The ADJs are then in-
serted from banks 7 to 1 as specified power levels are
reached. The simulation has shown that the time re-
quired to restart is 29.1 h for the DUPIC fuel core, which
is shorter than the natural uranium core~36.4 h!. This is
due to the smaller xenon load of the DUPIC fuel, which
is shown in Fig. 14. The reactor power level during the
transient is shown in Fig. 15.

After poison-out, the natural uranium core reaches
the 100% power level in 29 min, while the DUPIC fuel
core takes 40 min, indicating that an additional effect of
xenon buildup is relatively small. During the transient,
the ZCU levels are well maintained within the working
range, as shown in Fig. 16. The maximum channel and
bundle powers are all within the limits, as shown in
Figs. 17 and 18, respectively.

IV.B.5. Power Reduction~Step-Back!

If the reactor power is reduced, the xenon burnout
rate decreases, which results in a net increase of xenon
poisoning. To examine the ADJ’s capability to compen-
sate for xenon buildup, a typical power reduction from
100 to 60% has been simulated. During the transient, the

Fig. 10. Power level change for startup after short shut-
down.

Fig. 11. ZCU level change for startup after short shut-
down.

Fig. 12. Maximum channel power for startup after short
shutdown.

Fig. 13. Maximum bundle power for startup after short
shutdown.
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ZCUs are responding to maintain the reference power dis-
tribution by spatial control, and the excess reactivity re-
quired to override the xenon transient is provided by
withdrawing the ADJ banks. Initially, all the ADJs are
fully inserted during 100% power operation. When the
reactor power level is reduced to 60%, bank 1 is with-
drawn first, and banks 2, 3, and 4 follow during the first
84 min of the transient. Then, the banks are reinserted in
the reverse order. The results of the power reduction sim-
ulation are summarized in Table X.

In the DUPIC fuel core, the peak xenon concentra-
tion is achieved when four banks are out, 3 h after the
power reduction. After reaching the peak, the xenon con-
centration starts to drop until the xenon load matches the
reactivity worth of the 67% ZCU water level. This takes
7 h for the DUPIC fuel core, which is 3 h longer than the
natural uranium core. Then, it takes 5 h toreturn to a
steady-state condition. The overall time required to es-
tablish the steady-state reactor condition is 22 and 25 h
for the DUPIC fuel and the natural uranium core, respec-
tively. Therefore, the capability of the ADJs to accom-
modate the power reduction is even better for the DUPIC
fuel core. There is no particular concern over the chan-
nel and bundle power because the total reactor power is
reduced.

Fig. 14. Comparison of xenon buildup after shutdown.

Fig. 15. Power level change for startup after poison-out
shutdown.

Fig. 16. ZCU level change for startup after poison-out
shutdown.

Fig. 17. Maximum channel power for startup after poison-
out shutdown.
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IV.B.6. Reactivity Shim Operation

In the event of a loss of refueling capability, the
CANDU reactor can get excess reactivity by withdraw-
ing the ADJs, which is called a shim operation. The ADJs
are withdrawn from banks 1 to 7 to compensate for the
reactivity decay, which is 0.48 and 0.40 mk per FPD for
the DUPIC fuel and the natural uranium core, respec-
tively. During the shim operation, the flux shape is less
distorted when compared with the startup simulation. The
power is maintained at 94% without exceeding the channel
and bundle power limits. The worth of bank 1 is 1.11 mk
when withdrawn from the DUPIC fuel core during the
shim operation. Therefore, the reactor can be operated
with bank 1 out for;2.3 FPDs without refueling. When
bank 2 is withdrawn, an additional 3.3 days of operation
is available without refueling at the power level of 87%.
Based on these results, successive withdrawal of the ADJs
permits operation for 26 days without refueling for the
DUPIC fuel core, which is;17 days shorter than the
natural uranium core. However, the shim operation is
available for the DUPIC fuel core without violating the
limits of channel and bundle power. The results of the
simulation are shown in Figs. 19 and 20 for the reactor
power and the ZCU level, respectively.

IV.C. Mechanical Control Absorber

The MCAs are strong absorbers made of cadmium
tubes, protected by stainless steel sheathing on the inner
and outer surfaces, as shown in Fig. 21. The MCAs have
enough static reactivity worth to permit the power to be
quickly set back to a low value for the range of fuel burnup
conditions encountered during operation. The degree of
insertion is determined by the amount of power reduc-
tion required. As the reactor power is reduced, there is a

corresponding increase in reactivity due to the negative
fuel temperature coefficient. The design requirement of
the MCA is that the total worth of the four MCAs com-
bined with the filling of the ZCU should be adequate to

Fig. 18. Maximum bundle power for startup after poison-
out shutdown.

TABLE X

Simulation of Stepback to 60% Full Power

DUPIC
Fuel Core

Natural
Uranium Core

Adjuster
Bank

Position

Xenon
Time
Step
~min!

Average
Zone
Level
~%!

Xenon
Time
Step
~min!

Average
Zone
Level
~%!

All banks in 22.0 20.0 12.7 20.1

Bank 1 out 0.0 34.0 0.0 38.1
12.3 20.0 9.0 20.0

Banks 1 and 2 out 0.0 40.0 0.0 45.5
21.3 19.6 16.0 19.7

Banks 1 to 3 out 0.0 39.8 0.0 45.3
27.9 19.7 22.5 19.9

Banks 1 to 4 out 0.0 39.9 0.0 48.3
600.0 67.0 450.0 72.1

Banks 1 to 3 out 0.0 42.8 0.0 36.1
79.3 67.7 183.4 60.9

Banks 1 and 2 out 0.0 46.1 0.0 33.3
227.9 68.1 360.2 68.8

Bank 1 out 0.0 47.8 0.0 41.7
316.9 69.6 552.0 69.2

All banks in 0.0 54.9 0.0 49.9

Fig. 19. Power level change for ADJ shim operation.
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compensate for the maximum possible reactivity in-
crease upon power reduction from nominal operation to
a hot shutdown condition.

The static reactivity worth of the MCA depends on
the insertion depth and location. The calculated total static
reactivity worth of four MCAs in the time-average core
is 8.36 mk for the DUPIC fuel core, which is smaller
than the natural uranium core by 4.45 mk, while the de-
sign value of the MCA for the natural uranium core is
11.3 mk ~Ref. 5!. However, because the reactivity in-
crease following a hot shutdown of the time-average core
is ;0.87 mk, it is considered that these MCAs possess
enough reactivity to compensate for the reactivity in-
crease following a hot shutdown of the DUPIC fuel core.
The static reactivity insertion characteristics of MCAs
are shown in Fig. 22.

V. CONCLUSIONS

Aphysics study on the reactivity devices of a CANDU
6 reactor has been performed to assess the compatibility
of the current reactivity device system with DUPIC fuel.
The results of this study have shown the following:

1. The ZCUs suppress the spatial oscillation follow-
ing a reactor power level change or refueling of a channel.

2. The ZCUs maintain the bulk and spatial control-
lability for the DUPIC fuel core.

3. The ADJs have enough reactivity to override the
xenon load 30 min after a reactor shutdown.

4. The ADJs provide a capability to restart the
DUPIC fuel core after a short shutdown and a poison-
out shutdown without exceeding the channel and bundle
power limits.

5. The ADJs provide a 26-day shim operation for
the DUPIC fuel core.

6. The ADJs can be successfully used for power step-
back to a 60% full-power level.

7. The MCAs possess enough reactivity to compen-
sate for the temperature reactivity feedback of the equi-
librium DUPIC fuel core.

Although the current reactivity device layout in
CANDU 6 has not been optimized for a DUPIC core, it
is shown that the reactivity devices are adequate for
DUPIC fuel. Therefore, it can be concluded that the

Fig. 20. ZCU level change for ADJ shim operation.

Fig. 21. Configuration of the MCA.

Fig. 22. Comparison of the MCA reactivity insertion char-
acteristics.
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current reactivity devices of a CANDU reactor are com-
patible with the DUPIC fuel system. One notable distinc-
tion between the DUPIC fuel and the natural uranium
core is that the response time of a given reactivity device
is relatively longer for the DUPIC fuel system because
of the xenon poisoning effect. However, this does not hurt
the functions of the reactivity devices, and the limits of
the channel and bundle power are always satisfied dur-
ing the transient. In the future, we recommend analysis
of the ROP trip and safety system for the DUPIC fuel
core to assess the operational economics and ultimate
safety of the DUPIC fuel system.
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