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a b s t r a c t

Although, the direct use of spent pressurized water reactor (PWR) fuel in CANda Deuterium

Uranium (CANDU) reactors (DUPIC) cycle is still under investigation, DUPIC cycle is a

promising method for uranium utilization improvement, for reduction of high level nu-

clear waste, and for high degree of proliferation resistance. This paper focuses on the effect

of DUPIC cycle on CANDU reactor safety parameters. MCNP6 was used for lattice cell

simulation of a typical 3,411 MWth PWR fueled by UO2 enriched to 4.5w/o U-235 to

calculate the spent fuel inventories after a burnup of 51.7 MWd/kgU. The code was also

used to simulate the lattice cell of CANDU-6 reactor fueled with spent fuel after its fabri-

cation into the standard 37-element fuel bundle. It is assumed a 5-year cooling time be-

tween the spent fuel discharges from the PWR to the loading into the CANDU-6. The

simulation was carried out to calculate the burnup and the effect of DUPIC fuel on: (1) the

power distribution amongst the fuel elements of the bundle; (2) the coolant void reactivity;

and (3) the reactor point-kinetics parameters.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Direct use of spent pressurized water reactor fuel in CANda

Deuterium Uranium (CANDU) reactors (DUPIC) has been

studied since the early 1990s as an alternative source of fuel in

addition to reducing the amount of spent fuel through recy-

cling. Originally proposed in Korea, DUPIC employs dry ther-

malemechanical processes to convert spent pressurized

water reactor (PWR) fuel into CANDU fuel. According to the

DUPIC fuel cycle: (1) the direct disposal of PWR spent fuel

would be eliminated; (2) the natural uranium sources would

be preserved; and (3) the amount of CANDU spent fuel would

be decreased, because the DUPIC fuel usually contains fissile

isotopes that are approximately twice the natural uranium [1].

One simple way of DUPIC is cutting the PWR fuel elements

into CANDU length (~50 cm), straighten them, and then weld

new end-caps to the ends and constricting the CANDU bun-

dles from 48 elements or 61 elements [2].

The general method of DUPIC is puncturing the fuel rod

cladding and reducing the fuel pellets to a fine powder in a

furnace and then milling, shaping, and sintering into CANDU

fuel pellets. The process is carried out in a DUPIC plant such as
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AIROX [1,3e5]. Fission products are removed at three points

during the AIROX process: cladding puncture, pellet oxida-

tion/reduction, and pellet sintering. The estimated percent

fission products removal is given in Table 1.

Mohamed [7,8] proposed a new design of the PWR fuel

assembly for direct use of the PWR spent fuel without pro-

cessing. The PWR spent fuel is transferred directly (after a

certain cooling time) to CANDU reactors, preferably built in

the same site to avoid the problem of transportations. The

proposed assembly has four zircaloy-4 tubes containing 61-

element CANDU fuel bundles (7 or 8 bundles per tube)

stacked end to end. Each tube has the same inner diameter of

that of CANDU pressure tubes. This design eliminates all

process required to refabricate the spent fuel into CANDU fuel

bundles.

The Korea Atomic Energy Research Institute (KAERI; Dae-

jeon, Korea) has been developing the basic DUPIC fabrication

technology since 1992. The DUPIC fuel pellet basic tests,

regarding the thermal and mechanical properties and pos-

tirritation examination, have been carried out. Compatibilities

with the reactor power distribution and with the reactivity

devices have been studied [1,9,10].

Ref. [1] summarizes the safety parameters regarding the

DUPIC fuel as follows. At the equilibrium burnup state, the

DUPIC fuel temperature coefficient is more negative when

compared with natural uranium whereas the coolant and

moderator temperature coefficients of the DUPIC fuel are

smaller than those of the natural uranium. The estimated void

reactivities were 12 mk and 14 mk for the DUPIC and natural

uranium, respectively for fuel lattice. The estimated kinetic

parameters, delayed neutron fraction and the neutron gen-

eration time, are reduced by 3% and 24%, respectively.

In this work, we considered the effect of the DUPIC fuel on:

(1) the power distribution amongst the fuel elements of the

bundle; (2) the coolant void reactivity; and, (3) the reactor

point-kinetics parameters. The calculations were carried out

using MCNP6 Code and the results were comparedwith KAERI

results. The effect of the reduction in the kinetic parameters

on the reactor period was discussed.

2. Safety parameters

In addition to evaluating the axial power profile and radial

power form factor, the distribution of power amongst the fuel

elements of the bundle should be considered, because in

CANDU reactors the fission neutrons are moderated in the

moderator outside the fuel channel and the fission rate is

decreased from the outer pins to the central pins. Axial

power profile and radial power form factor depend mainly on

fuel management strategy. Reference CANDU-6 has an 8-

bundle-shift refueling scheme, eight fresh fuel bundles

from the upstream fuelling machine are pushed into the fuel

channel and eight irradiated bundles are discharged to the

downstream fuelling machine. Adjacent channels are fuelled

from opposite ends of the core. This gives symmetric axial

flux distributions in the core. The 700 MWe Advanced CANDU

Reactor (ACR-700) uses 2.1 w/o (weight percent) enriched

uranium which increases the bundle excess reactivity.

Therefore, ACR-700 has a 2-bundle-shift refueling scheme

[11]. DUPIC fuel contains approximately twice more fissile

isotopes than natural uranium and therefore would have a

refueling scheme between CANDU-6 and ACR-700 reactors

that keep the axial power profile and radial power form factor

within the limits.

Table 1 e Estimated fission product removal during
AIROX (cited from Ref. [6]).

Fission product Removal (%)

C-14 100

Cd 80

Cs 99

H-3 100

I 99

In 75

Kr 99

Mo 80

Ru 80

Se 99

AIROX, Atomics International Reduction Oxidation.

Fig. 1 e Reactor period as a function of reactivity for Pu-239 and U-235 fueled reactors at L ¼ 0.05 ms and 1 ms.

Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 1 1 0 9e1 1 1 91110

http://dx.doi.org/10.1016/j.net.2016.03.010
http://dx.doi.org/10.1016/j.net.2016.03.010


Power distribution amongst the fuel elements of the

bundle limits the bundle power such that the fuel melting will

not occur. As a figure ofmerit, theN equivalent,Neq parameter

is a measure of the power distribution across the bundle. The

parameter is defined as [12]:

Neq ¼
X
i

pi

pm
(1)

where the sum is over all elements i, pi is the power of element

I, and pm is the maximum power produced in an element. Neq

provides good estimations for fuel pin diameter of 1e2 cm.

From this definition, higher Neq means more uniform power

distribution.

Many parameters affect the Neq parameter. These include

fuel enrichments, lattice pitch size, fuel pin diameter, and

number of fuel pins. Higher amounts of fissile isotopes and

actinides and fission fragments in the DUPIC fuel would

decrease Neq parameter.

In CANDU reactors, the moderator remains when the

coolant is lost, and consequently the coolant void reactivity

may be positive. Although CANDU-6 operates with a positive

coolant void reactivity (CVR) with a value greater than the

delayed neutron fraction, the reduction of CANDU coolant

void reactivity is a main target in the design of advanced

CANDU reactors. CVR depends mainly on the moderator to

fuel volume ratio (M/F) and also, on the type of fuel.

Decreasing the M/F, by reducing the lattice pitch, will reduce

the CVR. CANDU-6 has a large lattice pitch, 28.6 cm to operate

with natural UO2. To compare the effect of natural and DUPIC

fuels on the CVR, we considered the system multiplication

factor, keff given by [13]:

keff ¼ hfp 3PNL (2)

where, h is the number of neutrons emitted per thermal

neutron absorbed in fuel, f is the thermal utilization (the ratio

between the thermal neutron absorbed in fuel to total neutron

absorptions), p is the resonance escape probability, 3is the fast

fission factor, and pNL is the nonleakage probability. At low

neutron energies, h increases with increasing the neutron

energy for U-235 whereas it decreases for Pu-239 [13]. The

thermal neutrons pass from the D2O cool moderator (~350 K)

to the hot D2O moderator/coolant (~600 K). This hardens the

thermal neutron spectrum. Loss Of Coolant Accident (LOCA)

softens the thermal neutron spectrum because the hot D2O

moderator/coolant will be voided. In this case, h will increase

for U-235 and decrease for Pu-239. The high amount of Pu-239

in DUPIC fuel would reduce the contribution of h to CVR.

In LOCA, the absorption by the coolant is lost and the

thermal neutron flux through the fuel bundle will increase in

the inner fuel pins. In the beginning of burnup, all fuel pins

have the same amount of fissile isotopes. However, during

irradiation, the burnup in the outer fuel pins is higher than the

inner pins, resulting in higher fissile isotopes in the inner pins.

Thus DUPIC fuel would have more distortion of the fissile

isotope distribution in the fuel bundle. This in turn increases

the contribution of the thermal utilization, f to CVR. The fast

Fig. 2 e CANDU lattice cell modeled using MCNP6. CANDU,

CANada deuterium uranium reactor; MCNP6, Monte Carlo

N-Particle code (version: 6).

Fig. 3 e Depletion histories of natural and DUPIC fuels in CANDU-6 reactor. CANDU, CANada deuterium uranium reactor;

DUPIC, direct use of spent PWR fuel in CANDU reactors.
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neutrons produced from fission will not be slowed by D2O

moderator/coolant and therefore the resonance escape prob-

ability, p and the fast fission factor, 3will be enhanced. Since

U-238 is the main contributor to p and 3factors, they will have

equivalent contribution to the CVR for both natural and DUPIC

fuels. Removing the coolant will reduce the nonleakage

probability. However, for large CANDU reactors, the change in

the nonleakage probability due to loss of coolant is very small.

One method to reduce the CVR is by poisoning the central

element by a strong thermal neutron absorber (such as

dysprosium). However, this method will also reduce the fuel

burnup due to the reactivity penalty of the poisons.

A main challenge of using Pu-239 as nuclear fuel is its low

delayed neutrons fraction: 0.0021 against 0.0065 for U-235.

Therefore, plutonium fuel is partially loaded with uranium as

a Mixed Oxides (MOX) fuel such that the effective delayed

neutron fraction, beff is within the safety limits [14]. Lower

delayed neutron fraction shortens the reactor period (time

needed for onefold increase in neutron population) andmakes

the reactor more difficult to control upon reactivity pertur-

bations. Moreover, low beff makes the LOCA power transients

very sensitive to trip time and magnitude of the CVR. The

relation between a step reactivity insertion, r and reactor

period, T is expressed as [13]:

r ¼ L

Tþ L
þ T
Tþ L

X6
i¼1

bi

1þ Tli
(3)

where, L is the prompt-neutron life time (average time be-

tween the emission of the prompt neutrons to their absorp-

tion in the reactor) and bi and li are the ith precursor effective

delayed neutrons and decay constant, respectively. The

Fig. 4 e Depletion/generation of the main fissile isotopes with the burnup of the natural and DUPIC fuels in CANDU-6

reactor. CANDU, CANada deuterium uranium reactor; DUPIC, direct use of spent PWR fuel in CANDU reactors.

Fig. 5 e Distribution of fissile isotopes in the fuel pins at zero, mid-, and exit-burnup.
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prompt-neutron lifetime, L in CANDU-6 reactors (~1 ms) is

longer than in LWRs (~0.05 ms) due to the relatively long

diffusion time of the thermal neutrons in D2O. Fig. 1 is a plot of

Eq. (3) for Pu-239 and U-235 fueled reactors with L ¼ 0.05 ms

and 1 ms. Data for bi and li were cited from [15]. As the

inserted reactivity approaches beff, the importance of the

prompt-neutron lifetime increases, resulting in a longer

reactor period and better reactor control. Therefore, the long

prompt neutron lifetime of CANDU reactors helps in limiting

the increasing power rate following a LOCA.

In DUPIC fuel, the concentration ratio between Pu-239 and

U-235 depends on the fuel burnup in light water reactors

(LWRs). At burnup of ~50 MWd/kgU, U-235 represents ~52%,

Pu-239 represents ~39%, and Pu-241 (beff ¼ 0.0049) represents

~9% of the fissile isotopes in the fuel (Appendix 1). As L is

inversely proportional to the neutron absorption cross section

(including fission) [13], L would be decreased for DUPIC fuel

that contains higher amounts of neutron absorbers (actinides

and nonactinides) beside the higher amount of fissile isotopes.

3. Calculations

The Monte Carlo N-Particle, version: 6 (MCNP6) radiation

transport code has been used for the calculations in this

research. MCNP6 represents the culmination of a multi-year

effort to merge the MCNP5 and MCNPX codes into a single

product comprising all features of both [16]. MCNP6 provides

new options of calculating the point-kinetics parameters for

criticality: the neutron generation time, the effective delayed

neutron fraction, and Rossi-alpha.

As a case study, the spent fuel from the 3,411 MWth

Westinghouse PWR has been used for this study. The reactor

Fig. 6 e Neq parameter as a function of the burnup for the natural and DUPIC fuel bundles. DUPIC, direct use of spent PWR

fuel in CANDU reactors; LOCA, loss of coolant accident.

Fig. 7 e Power distribution in the fuel pins at zero, mid-, and exit-burnup.
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core is built from 193 17 x 17 pins fuel assembly. The MCNP6

code was used for lattice cell calculation. The fresh fuel is UO2

fuel enriched to 4.5% w U-235. The code was run to calculate

the fuel materials inventories after 1,335 effective full power

days (EFPDs), burnup of 51.7 MWd/kgU, followed by 5 years

cooling time. In BOPT card the Tier 3 fission products which

comprise fission products in ENDF/B-VII.0 was selected with

using cross-sectionmodels for nuclides not containing tabular

data and then allowing CINDER90 [17] to calculate the 1-group

cross-section for these nuclides by importing a 63-group flux

and matching to a 63-group cross-section set. Appendix 1

gives the spent fuel inventories after 1,335 EFPDs followed

by 5 years decay time.

The standard 37-elements CANDU-6 fuel bundle was

selected as the reference for lattice cell calculations (Fig. 2). The

reference CANDU fuel is the natural UO2 whereas the DUPIC

fuel bundle contained the spent Westinghouse PWR fuel with

the inventories calculated and given in Appendix 1. In the

calculations, fission products were removed from the DUPIC

fuel according to Table 1. Each fuel ring was represented by a

material card in the MCNP6 simulation. The neutron cross

section data for the fuel, the moderator and cladding were

recalled from ENDF/B-VII.0. The best matching temperature in

the library for the fuel was 900 K and for the moderator and

cladding was 600 K. S(a,b) data were recalled for hydrogen and

deuterium with best matching temperature in the library.

BURN cards were used with a criticality calculation (KCODE

calculations) to calculate the system criticality and the fuel

burnup and inventory after each time interval (defined in the

BURN cards). A total of 400 cycles per burnup step in which 50

were skipped and 10,000 histories per cycle were used to reach

standard deviation in the k∞ values around 20 pcm. The data

used in the simulation were collected from [12].

3.1. Burnup

Fig. 3 shows the depletion histories of the natural UO2 and

DUPIC fuels. As CANDU-6 is fueled on-power, the equilibrium

CANDU core contains fuel with different burnups: from fresh

to exit-burnup. Therefore, the infinite medium reactivity, r∞
can be calculated from the following equation:

r∞ ¼

Z exit

0

r∞ðBÞdB
Bexit

(4)

where, r∞(B) is the infinite medium reactivity at burnup B and

Bexit is the burnup at the discharge. The discharge burnup

(BYexit) of the reference CANDU-6 is 7.5 MWd/kgU, by using Eq.

(4) and Fig. 3, r∞ was calculated for the CANDU-6 and found

equal to 0.05358. In order to find the discharge burnup of the

DUPIC fuel, the integration of Eq. (4) was carried out over the

burnup until r∞ decreases to 0.05358. At burnup of 13.5 MWd/

kgU of the DUPIC fuel, r∞ ¼ 0.055 whichmeans that the DUPIC

fuel can be burnt in the CANDU-6 to ~13.5 MWd/kgU.

Fig. 4 shows the depletion/generation of the main fissile

isotopes with the fuel burnup. The DUPIC fuel contained

amounts of fissile isotopes that were approximately twice that

of natural uranium at the beginning of the burnup. The

presence of the other actinides and the fission products in the

DUPIC fuel limited its excess reactivity (Fig. 3). At the end of

irradiation the DUPIC fuel contained fissile isotopes that were

more than one and a half of the amount in natural uranium

(Fig. 4). The amount of Pu-239 generally increased with the

burnup in the case of natural fuel whereas it decreased with

burnup in the case of DUPIC fuel. This means that the DUPIC

cycle decreases the amount of plutonium per unit energy

generated. Moreover, the plutonium vector is degraded, hence

less attractive for weapons, which improves the proliferation

resistant. As the amount of fissile isotopes in the DUPIC fuel is

high, the gradient of the fission rate from the outer pins

become higher than that from the central pin. This made the

depletion of the fissile isotopes in the DUPIC fuel bundle more

distorted than the natural fuel bundle (Fig. 5).

3.2. Power distribution

Fig. 6 shows the Neq parameter for the natural and DUPIC fuel

bundles as a function of the burnup. Fig. 7 shows the power

distributions on the fuel pins at zero, mid, and exit-burnup.

Fig. 8 e Coolant void reactivity as function of the burnup for the natural and DUPIC fuel bundles (the change in the nonleakage

probability was not included). CVR, coolant void reactivity; DUPIC, direct use of spent PWR fuel in CANDU reactors.

Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 1 1 0 9e1 1 1 91114

http://dx.doi.org/10.1016/j.net.2016.03.010
http://dx.doi.org/10.1016/j.net.2016.03.010


The power distribution through the DUPIC fuel bundle was

less flat than the natural fuel bundle. At the start of burnup,

Neq parameter for the DUPIC fuel bundle was less than that of

the natural fuel bundle by ~4. This difference decreased with

burnup and became ~1.8 at the midburnup and 0.7 at the

bundles. As the two fuel bundles had the same number of fuel

pins, the hot pin in the DUPIC fuel bundle operated at a power

of 5.5% more than in the natural fuel bundle, at the mid-

burnup. The axial power peaking of CANDU-6 is at the middle

for an 8-bundle-shift refueling scheme [12]. For DUPIC fuel it is

recommended 2-bundle-shift refueling scheme [1]. This in

turn shifts axial power peeking toward the channel inlet [10]

at lower Neq parameter. Neq parameter can be increased,

thus decreasing the hot pin power, by increasing the number

of fuel pins in the bundle to 43 pins similar to advanced

CANDU reactors [11]. The hot fuel ring during all values of

burnup remained the outer ring for both the natural and

DUPIC fuel bundles (Fig. 7).

3.3. Coolant void reactivity

At different burnup values, the coolant void reactivity (CVR)

was calculated by simulating the lattice cell with the material

inventories at the corresponding fuel burnup for normal and

voided coolant. In the criticality calculations 150 cycles of

which 10 were skipped and 40,000 histories per cycle were

used to reach standard deviation of ~20 pcm. The CVRs as

function of the burnups for the natural and DUPIC fuel bun-

dles are given in Fig. 8. The CVR for the DUPIC fuel was less

than that of natural fuel at the beginning of the burnup and

Fig. 10 e Effective delayed neutron fraction (beff) as function of the burnup for natural and DUPIC fuel bundles. DUPIC, direct

use of spent PWR fuel in CANDU reactors.

Fig. 9 e The ratio between the 4V, thermal neutron flux during LOCA and 4C, the thermal neutron flux in the cold case, for

the natural and DUPIC fuel bundles at zero, mid- and exit-burnups. DUPIC, direct use of spent PWR fuel in CANDU reactors ;

LOCA, loss of coolant accident.
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increased to more than the natural fuel after burnup of

2.4MWd/kgU. Two important parametersmade the CVR of the

DUPIC fuel different from the natural fuel: (1) the high amount

of plutonium in the DUPIC fuel decreased the h factor (Eq. 2)

when the coolant was voided and, therefore, decreased the

CVR; and (2) the LOCA eliminated the scattering and absorp-

tion by the coolant and redistributed the neutron flux in the

fuel bundles towards the increase in the inner pins. Fig. 9

shows the ratio between the thermal neutron flux during

LOCA and in the cold case for the natural and DUPIC fuel

bundles at zero-, mid-, and exit-burnups. The high distortion

of the fissile isotopes distribution through the fuel bundle

during the burnup (Fig. 5) increased the thermal utilization

factor, f, which in turn increased the CVR.

In the region around the midburnup, CVR of DUPIC fuel is

higher than that of natural fuel by ~2 mk. In KAERI calcula-

tions, the DUPIC fuel has lower CVR than in natural fuel by

~2 mk (12 mk vs. 14 mk for DUPIC and natural fuel, respec-

tively) [1]. The CVR would be reduced by poisoning the central

element. In light water reactors (LWRs), the penalty of using

burnable poisons is calculated at the end of core cycle. CANDU

reactors are fueled on-power and the burnable poisons pen-

alty would be calculated over all the fuel irradiation.

3.4. Point-kinetics parameters

The KOPTS card was used in MCNP6 to calculate the point-

kinetics parameters. The calculated results for the effective

delayed neutron fraction, beff, for the natural and DUPIC fuel

bundles had < 4% standard division. The results were plotted

as a function of the burnup and were fitted with linear fittings

(Fig. 10). The high amount of Pu-239 in the DUPIC fuel

decreased the effective delayed neutron fraction. The mid-

burnup value of beff can approximately represent the beff of

equilibrium CANDU core. From Fig. 10, the midburnup beff

values are 505 pcmand 435 pcm for the natural andDUPIC fuel

bundles, respectively. The effective delayed neutron fraction

and decay constant for each precursor group at the mid-

burnup is given in Table 2 for natural and DUPIC fuels.

The effective thermal neutron absorption cross-section

(including fission) for DUPIC fuel is larger than that of natu-

ral fuel, due to the higher amount of fissile isotopes and the

higher amount of fission fragments (actinides and non-

actinides). As the prompt neutron lifetime, L is inversely

proportional to the neutron absorption cross section, L

decreased in the case of DUPIC fuel than the natural fuel as

shown in Fig. 11. ThemidburnupL values are about 793 ms and

600 ms for the natural and DUPIC fuels, respectively.

Comparing the point kinetics results in this studywith that

given by KAERI [1], it can be noted in this study and KAERI

results agreed in the calculation of the reduction in L (24%)

whereas there is a large difference between this study and

KAERI calculations of the reduction in beff (14% by this study

vs. 3% by KAERI).

Assuming a single effective group of delayed neutrons, the

time dependent neutron flux, f(t) following a step insertion of

reactivity, r, can be expressed by the point-kinetics approxi-

mation [18]:

fðtÞ ¼ f0

"
beff

beff � r
Exp

 
rleff

beff � r
t

!
� r

beff � r
Exp

�
� beff � r

L
t

�#

(5)

Fig. 11 e Prompt neutron lifetime (L) as function of burnup for natural and DUPIC fuel bundles. DUPIC, direct use of spent

PWR fuel in CANDU reactors.

Table 2 e The effective delayed neutron fraction and
decay constants for each precursor group for the natural
and DUPIC fuel.

Precursor Natural fuel DUPIC fuel

beff (fraction) l (/s) beff (fraction) l (/s)

1 0.00011 0.01249 0.00010 0.01262

2 0.00107 0.03148 0.00080 0.0307

3 0.00082 0.10992 0.00057 0.1107

4 0.00219 0.32012 0.00201 0.3197

5 0.00064 1.3435 0.00069 1.2400

6 0.00022 8.8731 0.00018 7.6577

Effective 0.00505 0.08767 0.00435 0.09457

DUPIC, direct use of spent PWR fuel in CANDU reactors.
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where f0 is the initial neutron flux amplitude and t is the time

following the activity insertion. The effective decay constant,

leff is calculated from:

beff

leff
¼
X6
i¼1

bi

li
; (6)

The midburnup leff values are 0.08767 s�1for the natural

and 0.09457 s�1 for the DUPIC fuel bundles, as given in Table

2. Fig. 12 is a plot of f(t)/f0 obtained from Eq. (5) at r of

100 pcm, 200 pcm, and 250 pcm for the natural and DUPIC

fuels. The reactor period can be obtained when the relative

neutron flux becomes e1 (shown in Fig. 12). At low reactivity

insertion, the two fuels had long reactor periods. At a step

reactivity insertion of 200 pcm, the neutron flux is duplicated

after 3.2 seconds in the case of natural fuel whereas it is

duplicated after only 1 second in the case of DUPIC fuel with

reactors periods of 8.8 seconds and 4.8 seconds, respectively.

As the reactivity insertion increases, the ratio between the

reactor periods, for natural and DUPIC fuels, increases. At a

step reactivity insertion of 250 pcm, the reactor periods

become 3.7 seconds and 1.1 seconds for the two cases,

respectively as shown in Fig. 12.

One reason for accepting the positive coolant void reac-

tivity in CANDU-6 is that, during LOCA the coolant voids at a

slow rate ensuring effective shutdown system action. LOCA

power transients will be very sensitive to trip time and

magnitude of the CVR in the case of DUPIC fuel than in the

case of natural fuel. Therefore, it is better to load the DUPIC

fuel in CANDU-6 partially with the natural fuel in order to limit

the change in the CANDU-6 safety parameters. For example, if

the CANDU-6 is loaded by 50%natural UO2 and 50%DUPIC fuel

bundles, the CVR and the point kinetics parameters would be

approximately the average between that in the natural and

DUPIC fuels.

4. Conclusion

DUPIC cycle is a promising method for uranium utilization

improvement, for reduction of high level nuclear waste and

for high degree of proliferation resistance. However, the

safety parameters associated with DUPIC fuel in CANDU-6

reactor should be considered. The simulation using MCNP6

of a typical 3,411 MWth PWR fueled by UO2 enriched to 4.5w/o
235U showed that the discharged fuel, after 51.7 MWd/kgU,

contains fissile isotopes that are approximately twice that in

natural uranium. The calculations indicated that direct

recycling of this spent fuel in CANDU-6 reactor as a DUPIC

cycle increases the burnup of the fuel by an additional

13.5 MWd/kgU. The power distribution through the DUPIC

fuel bundle is less flat than the natural fuel bundle due to the

higher amount of fissile isotopes and actinides and non-

actinides in the DUPIC fuel. This problem can be overcome by

increasing the number of fuel bundle elements from 37 to 43.

The high amount of plutonium in the DUPIC fuel decreases

the h factor when the coolant is voided and therefore de-

creases the coolant void reactivity. However, the high

distortion of the fissile isotopes distribution through the fuel

bundle during the burnup increases the thermal utilization

factor, f during LOCA which increases the coolant void reac-

tivity. In the region around the midburnup (that approxi-

mately represents the equilibrium core), the coolant void

reactivity of DUPIC fuel is higher than that of natural fuel by

~2 mk.

The high amount of Pu-239 in the DUPIC fuel decreases the

effective delayed neutron fraction, beff. The midburnup beff

values are 505 pcm and 435 pcm for the natural andDUPIC fuel

bundles, respectively. The prompt neutron lifetime, L de-

creases in the case of DUPIC fuel. However, it is still a factor of

10 longer than that in the light-water reactors (LWRs). The

Fig. 12 e Power transient following step reactivity insertion for natural and DUPIC fuels. DUPIC, direct use of spent PWR fuel

in CANDU reactors.
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midburnupL values are about 793 ms and 600 ms for the natural

and DUPIC fuel bundles, respectively. The long prompt

neutron lifetime of CANDU reactors helps in limiting the

power increase rate following a LOCA. Lower delayed neutron

fraction in the case of DUPIC fuel bundle decreases the reactor

period and makes the reactor more difficult to control upon

reactivity perturbations. Moreover, LOCA power transients

will be very sensitive to trip time andmagnitude of the coolant

void reactivity in the case of DUPIC fuel than in the case of

natural fuel. Therefore, it is better to load the DUPIC fuel in

CANDU-6 partially with the natural fuel in order to limit the

change in the CANDU-6 safety parameters (CVR and kinetics

parameters).

Conflicts of interest

All authors have no conflicts of interest to declare.

Appendix 1 e Westinghouse 3411 MWth PWR spent fuel inventories after 1,335 effective full power days (EFPDs) followed
by 5 years decay time for 4.5 w/o 235U enrichment UO2 fuel.

Actinide Nonactinide

Zaida Weight fraction Zaid Weight fraction Zaid Weight fraction Zaid Weight fraction Zaid Weight fraction

90,230 1.39E�10 6,012 4.71E-07 41,093 4.38E�10 50,122 5.87E�06 60,142 3.43E�05

90,232 1.29E�09 6,013 1.01E�05 41,094 3.12E�09 50,124 1.02E�05 60,143 9.24E�04

92,233 2.13E�09 7,015 2.62E�08 42,094 1.69E�08 50,126 2.46E�05 60,144 1.80E�03

92,234 1.46E�05 8,016 1.19E�01 42,095 9.81E�04 51,121 4.21E�06 60,145 8.31E�04

9,2235 6.77E�03 8,017 6.17E�08 42,096 6.94E�05 51,123 5.83E�06 60,146 9.68E�04

92236 5.42E�03 31,069 6.96E�10 42,097 1.02E�03 51,125 2.59E�06 60,148 5.00E�04

92,238 8.13E�01 31,071 2.83E�09 42,098 1.05E�03 52,122 3.73E�07 60,150 2.28E�04

93,236 2.83E�09 32,072 7.49E�09 42,100 1.20E�03 52,123 4.37E�09 61,147 4.07E�05

93,237 6.45E�04 32,073 1.90E�08 43,099 9.67E�04 52,124 3.02E�07 62,147 1.91E�04

93,239 1.51E�10 32,074 5.74E�08 44,099 5.59E�08 52,125 1.10E�05 62,148 1.55E�04

94,236 1.38E�10 32,076 3.96E�07 44,100 1.63E�04 52,126 1.14E�06 62,149 2.61E�06

94,238 2.81E�04 33,075 1.46E�07 44,101 9.76E�04 52,128 1.12E�04 62,150 3.35E�04

94,239 5.04E�03 34,076 6.61E�09 44,102 1.02E�03 52,130 5.11E�04 62,151 1.07E�05

94,240 2.42E�03 34,077 9.46E�07 44,104 7.04E�04 53,127 6.01E�05 62,152 1.13E�04

94,241 1.16E�03 34,078 2.95E�06 44,106 5.71E�06 53,129 1.97E�04 62,154 4.74E�05

94,242 7.60E�04 34,079 5.65E�06 45,103 5.04E�04 54,126 1.82E�10 63,151 4.27E�07

94,244 4.24E�08 34,080 1.66E�05 46,102 4.03E�10 54,128 4.80E�06 63,152 4.52E�09

95,241 3.60E�04 34,082 4.37E�05 46,104 3.17E�04 54,129 3.96E�08 63,153 1.34E�04

95,242 2.82E�07 35,079 8.22E�10 46,105 4.61E�04 54,130 1.03E�05 63,154 2.04E�05

95,243 1.76E�04 35,081 2.56E�05 46,106 4.44E�04 54,131 5.23E�04 63,155 4.80E�06

96,242 9.60E�09 36,080 3.70E�10 46,107 2.65E�04 54,132 1.53E�03 64,152 2.20E�08

96,243 5.15E�07 36,082 9.61E�07 46,108 1.69E�04 54,134 2.07E�03 64,154 1.34E�05

96,244 6.34E�05 36,083 5.00E�05 46,110 5.60E�05 54,136 3.09E�03 64,155 5.34E�06

96,245 5.72E�06 36,084 1.51E�04 47,107 1.81E�10 55,133 1.41E�03 64,156 1.31E�04

96,246 7.28E�07 36,085 2.19E�05 47,109 8.03E�05 55,134 3.70E�05 64,157 1.32E�07

96,247 1.06E�08 36,086 2.61E�04 48,108 5.13E�10 55,135 5.16E�04 64,158 2.55E�05

96,248 8.55E�10 37,085 1.30E�04 48,110 4.66E�05 55,137 1.44E�03 64,160 1.28E�06

37,087 3.27E�04 48,111 2.69E�05 56,132 2.31E�10 65,159 3.27E�06

38,086 8.67E�07 48,112 1.27E�05 56,133 5.21E�10 66,160 4.05E�07

38,087 6.09E�09 48,113 8.07E�08 56,134 2.51E�04 66,161 4.64E�07

38,088 4.54E�04 48,114 1.51E�05 56,135 6.98E�07 66,162 3.66E�07

38,090 6.28E�04 48,116 5.59E�06 56,136 2.99E�05 66,163 2.42E�07

39,089 6.12E�04 49,113 7.45E�10 56,137 2.46E�04 66,164 3.53E�08

39,090 1.63E�07 49,115 8.15E�07 56,138 1.76E�03 67,165 6.82E�08

40,090 1.18E�04 50,115 2.25E�07 57,138 2.25E�08 68,166 2.21E�08

40,091 7.92E�04 50,116 2.60E�06 57,139 1.63E�03 68,167 8.58E�10

40,092 8.52E�04 50,117 5.18E�06 58,140 1.60E�03 68,168 4.18E�09

40,093 9.31E�04 50,118 4.37E�06 58,142 1.51E�03 68,170 3.06E�10

40,094 1.03E�03 50,119 4.74E�06 58,144 4.21E�06

40,096 1.05E�03 50,120 4.46E�06 59,141 1.44E�03

a Nuclides are defined by four or five digits in which the last three digits are the mass number and the remaining digit(s) is/are the atomic

number. For example O-16 is given by 8,016 and U-235 is given by 92,235.

w/o, weight percent.
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