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ABSTRACT

The fuel conp osition heterogeneity dfect on reactor p eif ormance p arameters was assessed by
rd ueling simulationsf or the r¢ erence D UPICf uel model. The rd ueling simulation wasp eif ormed
using 30 heterogeneous fuel ypes which were determined by the agglomerative hierarchical
clustering method. The heterogeneity dfect was considered during the rd ueling simulation by
randomly selecting fuel ypes for the rdueling qeration. The rdueling simulations ¢ the
heterogeneous core have shown that the key p eif ormance p arameters are close to those ¢ the
core that has singlefuel yp e. The uncertainties ¢ the maximum channelp ower, maximum bundle
power, and channel p ower p eaking factor due to the fuel conp osition heterogeneity are 0.5,
0.7, and 0.8%, rep ectively, including the uncertainy o the grow -averagefuel preperty. This
study has shown that the r¢ erence D UPIC fuel @ tion reduces the comp osition heterogeneity
df ectively and the zone controller unit has a syficient margin to ad ust the p erturbations caused

by the fuel composition heterogeneity.
I. INTRODUCTION

The direct use of gent pressurized water reactor (PWR) fud in the Canada deuterium uranium
(CANDU) readtor is collectively referred to asthe DUPIC fud cyde.' In the DUPIC fud cyde,
however, the direct refabrication of pent PWR fud to CANDU fuds reaults in heterogeneous
fud compostion, depending on the enrichment, irradiaion hisory, and discharge burnup of PWR
fuds. If the fuds with different compogtions are loaded during the on-powver refuding of a
CANDU reactor, it is expected tha the channd and bundle powers upon refuding are
unpredictable because the fresh fud compostion changes whenever the refuding operdion is



peformed. Therefore, extensve gudies”® have been performed to reduce the DUPIC fud
compostion heterogenaity in CANDU reactors. As a reallt, the reference DUPIC fud modd
was determined such tha the fissle content is aguged tightly usng dightly enriched uranium
(SEVU) and depleged uranium (DU) feed maerid. Though this option effectively reduces the
heterogeneity of the DUPIC fud, there isaresdud heterogeneity in the fud compostion, which
could affect the core paformance parameters. The o ettive of this dudy is to egimate the
uncertanty leve of core performance parameters daigicdly by performing refuding smulations
usng the heterogeneous fud types randomly loaded in the core.

However, a direct introduction of the heterogeneous fud types into the diffuson cdaulaion
is nat generdly dlowed due to the sysem size and complexity,” so that a specific method is
necessty to reduce the dze and Implify the sysem. For the DUPIC fud compogtion
heterogeneity contra sudy, aout 3600 spent PWR fud assemblies are consdered initidly, and
inter-assembly mixing operaions are performed in order to reduce the compostion heterogeneity .
Even though the inter-assembly mixing operaions are performed three times, the number of
diginct fud typesis gill more than 400, which istoo many to be hand ed by the core amulation
code. Therefore, an agglomeraive hierarchica dugering (AHC)® technique was gpplied in order
to reduce the problem dze. Then, the fud compogtion heerogendaty effect on the core
performance parameters is edimated by randomly assgning the fud type for the refuding
amulaion.

II. REFERENCE DUPIC FUEL MODEL

The target of the fisdle content ag ugment is to produce spent PWR fue powder which has
fixed contents of mgor fissle isotopes **°U and **°Pu. For this end, the spent PWR fuds of
the highest and the lowest ***Pu content are mixed. The mixing operdion is performed three
times 0 tha overdl isotopic variation isreduced. Then, fresh uranium (3.5 wt% SEU and 0.25
wt% DU) is added to the pent PWR fud mixture to fix the **°U and **Pu content by ad uging
the ratio of SFEU and DU feed. Based on the sengtivity cdcaulaions for the latice and core
performance parameters’ the target contents of **°U and ***Pu were determined as 1.0 and 045
wit%, respectively . Though the mg or fisdle contents arefixed, other actinides and fisson products
have vaidions in isotopic contents. Such a heterogendty in the fud compogtion can be
represented by an integrd parameter such as an infinite multiplication factor. The digribution

of k., for the fissle-content-ad uged DUPIC fud is shown in Fig. 1 Though about 3600 spent

PWR fud assemblies were used initidly, there are 450 digina fud types because the mixing
operaion was performed three times.



III. HETEROGENEITY ANALYSIS BY REFUELING SIMULATION

The effet of fud compogtion heterogenety on the core performance can be egimated by the
refuding amulaion. But, if dl different fud types are moddled in the refuding smulaion,
the amulaion will be very expensve because dl the latice parangers should be generaed
before-hand and the capacity of the Smulaion program needsto be expanded enormoudy, which
isimpracticd to edimatethe heterogenaty effect. Therefore, adudering techniquewasintroduced
to reduce the number of digina fud types without loang physcd importance of them. During
cdugering, the fud types of amilar neutronic properties (eg., k..) ae regarded as the same

fud type. By daing this the number of digina fud typesis reduced and the computing effort
for the andyss of heterogenaty effect can be lightened appreciadly.

1 A. Number of Fud Types

The sengtivity of the dudering group to core performance paamae's was asessed for the
ingantaneous core by changing the number of fud types. The number of dugering groups
conddered are 1, 10, 15, 20, 25 and 30. Currently, the maximum number of fud types tha
can be smulaed by the RFP [Ref. 6] code is ~35 depending on the Sze of auxiliary daa
used. For each dudeing group (fud types), crosssections were generaed by averaging
compostions of fudsin the same clugering group. Then, the core cdculaions were performed
by assgning the fud types randomly to each bunde postion. In this cdculaion, assumptions
and andyds draegies were made as follows:

« The fud burnup digribution is fixed. The effect of different fud burnup digributions on the
core paformance should be assessed through refuding smulaion.

- The didribution of heterogeneous fuds in the core is fixed too. The effect of different fud
type digributions on the core performance will be assessed through refuding smulation too.

» The paramdric cdculaion on the number of fud types will provide senstivities of core
performance parameters, when the number of fud typesis reduced from 30to 1by clugering
amilar fud types.

- The neutronic property of each fud type is generaed usng the average compostion of fuds
tha bdong to a dugering group. The uncertainty due to the use of average fud compostion
should be assessed by an gopropriate method.

Therefore, the sengtivity cdcaulaion on the number of dudering groups separaes the effect
of the number of fud types from the integraed fue compostion heterogeneity effect by fixing
the didributions of fud burnup and fud types in the core.



At fird, the cdauldion was performed with a fixed ZCU water leve of 0.5 which was used
for the time-average core cdculaion. Therefore, the spaid and bulk control of ZCU are nat
working, which can show the effect of fud type heterogenety eadly. In fact, the MCP, MBP,
and CPPF do na change much once the number of fud typesis more than ten, indicaing tha
thefud compodtion heterogenety was dready greetly reduced. Though the sengtivity cdculaion
has shown that the variaions of core peformance parameters are asymptotic when the number
of dudering groups is more than ten, it was decided to use 30 fud types in the heterogendty
andydsin order to condder the heterogenety effect as much as possble within the cgpacity
of core smulaion code RFSP. The procedure to generae 30 fud typesis schematicdly shown
in Fig. 2 and the didribution is shown in Fig. 3, respectivey.

Secondly, the performance parameters were cdaulaed by dlowing the spaid and bulk control
by ZCU to see how effectively the ZCU sygem compensates for the perturbaions caused by
the fud compogtion heterogenaty. The MCP, MBP, and CPPF are summarized in Table I.
It should be noted tha the ZCUs are working to maintain the reference zone power didribution
of the core. If there is a peturbaion in zone power due to the fud type heterogendty, the
ZCUswork to ag ug the zone power, which could result in the M CP to ether increase or decrease.
As shown in Table I, there ae no big changes in MCP, MBP, and CPPF, when the number
of fue types change, indicating that the fud type heterogenaty is dmog compensaed by ZCUs.

[11.B. Uncetanty of Each Fud Type

As mentioned in Sec. lI1LA, the heterogenaty effect was assessed assuming tha there are
heterogeneaities among different fud types but each fud type has a uniform fud compodtion.
In fact, the fud compostion heterogendty exids for each fud type. For example, there are
A different fudsfor fud type 13 as shown in Fig. 3. The effect of auch aresdud heterogenaty
was assesed by sdetting a fud randomly from each dudering group ingead of usng
group-average fud property. Here agan, the digribution of fud typesin the core is fixed, but
the propety of each fud type is changed depending on the fud randomly sdected for the
gamulation. In order to cover mog of the possble cases, atatd of 100 Smulaionswere performed.
The difference of the channd power was cdaulaed agand the core smulaion usng
group-average fud propeties as shown in Fig. 4. The differences were dbtained with a 95%
confidence levd, and the core-average vdues are compared in Table Il. It can be seen tha
the average differences of the channd power, bundle power and CPPF are 049, 0.57, and 0.46%,
repectively.



I11.C. Refuding Smulaion

The refuding smulaion was performed with 30 fud types and the results are compared with
those of the refuding amulaion with a angle fud typein Table Ill. The dmulaion has shown
that the MCP and MBP of the heterogeneous core are dmog the same as those of the gngle
fud type core. The CPPF was increased dightly (0.34%) in the heterogeneous core. If the
uncertanty dueto the group-average fud compostion (see Table I1) isincuded, the uncertainties
of the MCP, MBP and CPPF ae expected to be 0.5, 0.7, and 0.8%, respectively. The result
of this amulaion indicaes tha the fud compostion heterogenety was dready reduced
gppreciably by fixing the isotopic contents of mgor fisdle isotopes *°U and *Pu and the
compostion variaions of ather isatopes have minor impacts on core peformance parameters.
It is dso bdieved that the effects of fud compostion heterogeneity on core performance
paamees ae urdy within the cgpability of reactor regulaing sysem (RRS). The realts of

refuding smulaions are shown in Figs. 5, 6, and 7 for MCP, MBP, and CPPF, resectively.

[11 D. Discusson

It isworth nating tha the CANDU reactor acceptsfresh fue s during normal operaion to maintan
the excess readtivity and reference power digribution. When a refuding channd is sdected,
the ZCU levd istypicdly bdow the average levd, which resarves a reactivity margin for the
fresh fud. Even if the readivity of the fresh fud is higher or lower than that of the nomind
fud (heterogendity effect), thereactivity of thefresh fud is surdy higher than tha of theirradiated
fud in the core. Therefore, the excess reactivity is provided to the core though the magnitude
may change depending on the fud type sdected. However, such a deficit in the excess readtivity
is compensaed by the RRS represented by the ZCU. Even when the ZCU levd increases too
much, the extra reactivity can be easly accommodaed by na refuding channds tha beong
to tha soecific ZCU. Therefore, the on-power refuding cgpability of a CANDU reactor provides
an excdlent flexibility to ajud the reactivity perturbaions caused by the fud compodtion
heterogendty.

IV. SUMMARY AND CONCLUSION
The fud compostion heterogenaty effect on the core performance has been dudied for three

DUPIC fud options. The compogtion heterogenaity was modeled by 30 fud types which were
generaed by the AHC technique. The heterogeneity effect was assessed by performing core



amulaionswith the anglefud type (average fud compostion) and 30 fud typesfor each DUPIC
fud option. The comparisons have shown tha the heterogenaty effects on MCP, MBP, and
CPPF arelessthan 0.6, 1.5, and 0.8%, regectively. Therefore, the MCP and MBP ae far bdow
the license limits (7300 and 935 kW, respectivedly) even though the heterogendty effects are
conddered. Such a andl heterogendty effect could be atributed to the compostion ad usment
method devel oped for the DUPIC fud and the inherent zone power control mechani sm associ ated
with the on-power refuding cgpability of a CANDU reactor. In concluson, the DUPIC fud
compogtion heterogeneaity has only a minor effect on the core performance parameers under
the condition that they are ajuded to have a uniform neutronic property.
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Table |

Effect of Number of Clugering Groups on Core Performance Parameters

(With Spatid and Bulk Contrd)

_ DUPIC Fud Ogption
Clugering Group
MCP MBP CPPF
1 6885 796 1051
10 6843 805 1055
15 6849 84 1054
20 6844 805 1056
25 6843 805 1054
30 6849 805 1054
Table 11

Uncertanty of Core Performance Parameters due to Group-average Fud Type

Performance Parameter

Uncertanty (%)

Maximum channd power
Maximum bundle power

Channd power pesking factor

049
0.57
046

Table 111

Compaison of Core Paformance Paaneaers

Performance Parameter

DUPIC Fud Modd

dngle Fud Type, 30 Fud Types | Difference (%)
Maximum channd power (kW) 6844 6843 001
Maximum bunde power (kW) 804 805 0.12
Channd power pesking factor 10625 10661 034
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