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ABSTRACT

In DUFIC fuel cycle, the spent pressurized water reactor (FWE) fuel 1z refabricated as a DTTFIC
fuel by a dry process. Howewer, because the spent PWE. fuel composition depends on the initial
enrichment and burnup condition of the FWE fuel, the compostion of a DUPIC fuel iz not uniquely
defined Therefore, the composition adjustment methods of DTTPIC fuel have been studied for
the purpose of reducng the effects of composition heterogeneity on core performance parameters.
This study focuses on the reactiwity control method which uses natural uranium feed to minimize
the effect on the manufactuning cost of DTUTPIC fuel when adjusting the excess reactivity of spent
TWE fuel The results of this study have shown that the reactivity of DUPIC fuel can be controlled
tightly by feeding natural uranium to the spent FWE fuel mixture However, the advantage of
using natural uranium to reduce the manufacturing cost 15 relatively small consdenng the fuel
cycle cost penalty caused by the discharge burnup decrease

I INTRODUCTION

A synergistics fuel cycde between PWE and CANDT, named a DUFIC fuel cycle,l provides
excellent resource utilization, spent fuel reduction and safecuardakility. Howewer, becanse there
1z no separation of 1sotopes from spent PWE fuel during the refabnication process, the DUFLC
fuel contans al the actinides and fission products, which results in a higher fissile content and
1zotopic composition change depending on the initial and discharge condittons of PYWE fuels. The
fizsile content and heterogeneity of the fuel compeosition introduce complexities when the DTUPIC
fuel 12 actually implemented in a CANDT reactor which adopts an on-power refueling scheme
kecanse the operational flesmbility 1s reduced if fuels of higher fisaile content with different
compositions are loaded throughout the core

For a CANDTT reactor loaded wath the DTUFIC fuel, the effect of a higher fissile content on core
performances 15 accommodated to a certan extent by changing the fuel management scheme”
In other words, the mumber of fuel bundles loaded per refueling operation will be smaller for
a DUPLC fuel core compared with that of a natural wranium core in order to control the excess
reactivity provided by the DTUFIC fuel. On the other hand, in a nuclear plant, operators select
refueling channels based on power distnbution and burnup history, assuming that the nuclear



charactenistics of fresh fuels are the same In order to facilitate such a practice, 1t 15 necessary
to adust the DUPIC fuel composition to reduce the uncertainty in core characteristics and achieve
a large encugh operation margin. However, the adjustment of an individual 1sotopic concentration
1z not practica for the spent PWE fuel which has all actimdes and fission products. Even for
the major fissile 1sotopes like T and *Pu, an adjustrnent of the fuel composition using extra
plutonium 1s not appropriate because of political restnictions.

Therefore three options to reduce the fuel composition heterogeneity have been proposed, which

are;

* adiustment of major fissile content using slightly enriched uranium (SET) and depleted uranium
(D),

* reactivity control by natural uranium, and

* combination of spent PWE fuels by partial mizng.

The first option3 has aready been studied extensvely and the third option 15 under investigation

separately. Howewer, for the first option, there 13 a cost rise for the DUFLC fuel manufacturing

becanse of using SET to adjust the fissile content and, therefore, it has alse been suggested to

investigate the possibility of using natural vranium so that the fuel manufactuning cost 15 saved

In thizs study, we have studied the potential of using natural uranium to control the reactiwity

of a DUPIC fuel and compared results wath those of the first ophion

II. REVIEW OF FISSILE CONTENT ADJUSTMENT OPTION

It a fuel bunde with different neutrenic property 15 loaded 1n a core, it 15 expected that the local
power fluctuation becomes worse, even though the reactivity control system 13 worling properly
and, therefore, it has been recommended that the neutronic property of a DUPIC fuel be made
as uniform as possible in order to mimmize the influence of the fuel composition heterogeneity
oft reactor operation. In the fizsile content adjustment option, the fuel composition 1z adusted
in two steps. First, a few spent PWE fuel assemblies are mixed together to reduce varations
in i1sotopic compoation This operation will reduce the vanation of most 1sotopic concentrations,
depending on how the mixing assemblies are chosen Here, the mizing assemblies are chosen
such that the variation of “ Fu is reduced. However, becanze the mizing operation does not produce
aunique composition of any 1sctope in the fuel, the fresh uranium 15 blended secondly. By adjusting
the “*1T concentration in the fresh uraninm {(SET and DTN, a unique compostion of T and
“*Pu can be achieved

The reference fissile contents of the DUPIC fuel have been determined to be 1.0 wi% =°U and
045 wit% “*Pu. Due to the limitation in enrichment of feed uranium (35 wi%h and 025 wi
for SETT and DTT, respectively), not all spent PWE. fuels satisfy the target ennchments of =47
and “*Pu, which is expressed in terms of spent PWE fuel uhlization factor as shown in Table
I dong with the amount of the fresh uramium feed It can be seen that a very high utilization
factor can be obtained 1f the mizing operation 15 taken three times. At the same time, the amount
of SETT feed 15 getting smaller as the number of mizming increases, meaning that the fissile content

adjustment 15 more advantageous if spent PWE fuels are mized many times.



Table I Characteristics of Fssile Content Control Option

First Mizang | Zecond Mimng | Third Mizing
Mumber of Assemblies Mixzed 2 4 8
spent PWE Fuel Thilization (%) a0 20 26
Amount of SET Feed (%0) 85 8.8 78
Amount of DT Feed (M) 117 122 131

Though the contents of “T and ““Pu are tightly controlled, other isotopes still have composition

variations, which can be seen in terms of anh infinite multplication factor (or reactivity for
convenence). Fig. 1 shows the variation of reactivity distnbution after each mixing operation.
Theugh all the DTTPIC fuel satisfy the reference fissile content, the vanation of reactivity 15 reduced
and the distribution becomes symmetnc as the number of mixing operation increases. In general,
if the plutonium content 15 high, so 15 the fission products content. Therefore 1t can be interpreted
that the mizing operation based on plutoniutn content contributes to the homogenization of fission
products too.
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Fig 1 Distribution of ke for Fisasile Content Adpstment

L REACTIVITY CONTROL OPTION

In this option, the reactiwity of a DUPIC fuel lattice 15 used as a target wariable of the fuel
composition heterogeneity control. The reactivity 15 an integral parameter that represents nuclear
characteristics of a fuel in a reactor systetn. A basic assumption of the fuel composition
heterogeneity control 15 that the adusted cquantity should be meamirable For example, contents
of T and ®Pu can be measured by either chemica andysis of non-destructive assay for the
fizsile content adjustment option. In case of the reactiwity control, the subcriticality of the DTTFIC
fuel powder could be counted by neutron nu.ﬂtiplil:itj.rJr or delayed neutron measurement.”

IT1 Spent P'WE Fuel Mimng

In the reactiwity control option, as was done for the fissile content admstment option, the spent
TWE. fuels of the highest and lowest reactivity are mixed together at first so that the overdl
reactivity vartation is reduced Secondly the excess reactiwity 1z controlled by adding natural

uranium. Fig 2 shows the distribution of reactivity for all spent PWE fuels in the CANDT



environment. It can be seen that about 90040 of the
spent PWE. fuels are located in the linearly varying
region of the ke, About 2% of the fuels have k..'s
which are even lower than that of natural uramum
fuel (1.11681) while about 7% of the spent PWE fuels
have extremely high reactivity {=125811) Fig. 3
shows how the distnbution of reactivity changes as
the number of spent PWE. fuel mixing increases before
natural uwramum 15 added. After the third mumng
operation, the reactivity of shout half of spent PAWE
fuels fall in 1,166 0.001. It 15 worth noting that some
fuels still hawve high reactivity even after the third
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Fig. 2 Distnbution of ke

mizing operation. They are mostly defected fuels which have relatively large amount of ST and

a small amount of fisstion products. Therefore most of natural uranium feed 15 used to reduce
reactivity of those spent FWE fuels. Howewer this also indicates that further reduction 1n natural
uranium feed 15 expected if the spent PYWE fuels are chosen selectively for the mixing operation.
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Fig. 3 Distnbtution of ke for Eeactivity Control (before adding natural uranium)

T2 Eeactiwity Contrel By MNatural Uranium o

By adding natural uramum to spent FWE fuel
mizture, it 15 possible to have fuels of uniform
reactivity. However, because the reachiwity of
natural uraniun fuel 1z fized (111681 at fresh
clean condition), it 15 possible to adjust the spent
TWE fuel reactivity when 1t 15 higher than that
of natural uramum fuel. This means that some of
spent PWE. fuels can not be used for reactivity 0
contral 1f no mizing operation is taken. When the

mizing operation is performed, the amount of

spent PWE. fuels accepted for the reactivity control
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Fig. 4 Spent PWE Fuel Ttilization

will depend on the lowest (target) reactivity. As shown in Fig 4, the lowest reactivity increases
as the number of mixing increases under the condition that 100% of spent PWE. fuels are utilized.
However, a full use of spent PWE. fuels requires to use a large amount of natural vranium feed



and reduces the fuel discharge bumnup 1in a
CAMNDTT reactor. Fig. 5 shows the amount of
natural uranium feed after the third mizng
operation.

I3 Thilizatien of High Eeactivity Fuel

In order to increase the discharge burnup, the spent
ITWE fuels of lgh reactiwity have been chosen
for the mizing operations A was done before,
natural urantum 13 blended after the third mizing
operation to satisfy the target reactivity and natural

N at ur al

100
9
80 -
70
60
50
a0
301
20

10
]

Third Mixing

114

T
115

T
116

117 118
Traget k-inf

T
119 1.20

Fig 5 Amount of Matural Uranium Feed

dysprosium 15 added to the center rod only to suppress the void reactiwity. The charactenistics
of the DUPIC fuel 15 summarnized in Table II for the selected spent PWE fuel utilization factors.
It can be seen that the discharoe burmup increases as the utilization factor decreases. However

the amount of natural uramum feed 13 not changing monotonically, which 1z attributed to the
asymmetric distribution of high reactiwity fuels. In order to estimate the fuel cycle cost, the
manufacturing cost of DTUPIC fuel was calculated by including the cost of natural uranium feed
in the operation and maintenance cost. It can be seen 1n Table I that the manvfactunng cost
does not change much from the reference walue (558%kgTl) and the fuel cycle cost is mostly

atfected by the discharge bumup

Table II Summary for Thlizaton of High Eeactivity Fuels

Thtilization Factor of Spent PWE. Fuel
80 a0l 70 &0 50

Target ke 117178 | 118189 | 119118 | 1.20184 | 121421
Average b 117240 | 118254 | 119185 | 1.20256 | 1.21485
Hatura vranium fraction (wit%o) 279 259 266 254 22.0
Dysprosium in center rod (wiln) an 392 402 4.20 453
Discharge bumup (MWW AT 11869 12799 13539 14500 15854
Antual natoral uranium feed (BT 112 104 106 102 HH

- 400 Tivear capacity
Anmial natural uranium cost (kE* 5580 5180 2320 S0E0 4400

- O&M cost
Manufacturing cost ($kgTh 572 571 57 571 569
Fuel cycle cost (mills/kWh) 579 565 5.54 541 5.24

* T3y o 508keT

IV. COMPARISON OF COMPOSITION ADJUSTMENT OPTIONS

It 15 obwious that the reactiwity of a DUFLC fuel 1z not controlled tightly for the fissile content
adpistment option while the fissile content 12 not tightly controlled for the reactivity control option.

Dustributions of reactivity and major 1sotop ¢ contents are compared in Table I wath their percentile



variation (2 ) after the third mizing operation. For the fissile content adustment, varations of
izotopdc contents are relatively small because amounts of transuranics and fisston products are
proportiona to the Py content for the irradiated fuel and their dstribution iz also narrowed
when spent PWE fuels are mixed such that the Py variation is reduced. On the other hand,
for the reactivity control, the composition variation 15 relatively laroe except ST, which means
that the reactivity 15 strengly dependent on the NI content. The rel atively large variation of
transuranics and fission products content 15 due to the spent IOWE fuel of high reactivity which

requires a large amount of natural uranium feed to have a uniform reactivity.

Table I Comparison of ke and Isctopic Content Distributions

Isotope Fizsile Content Adjustment Eeactivity Control®
1 1.15623 +0.63% 1.17240" + 0.02%
7 10000.0 +0.1% 8707 3 +4 6%
oy 45000 +0.1% 39391 + 36.6%
Actinides Hpy 4237 + 6. 7% 365.4 + 39 9%
“opy 1758.9 +4 1% 1508.3 + 37.9%
*Hpm 617.1 +5.1% 5287 + 38.2%
et 2.8 +8.3% 7.3 + 38 1%
Eission llism 3.3 +0.7% 2.9 + 36.2%
N mNd 608.6 + 3.0% 527.4 +37.9%
St 10.3 + 2 6% 2.9 + 36.9%
Rh 318.6 + 3.9% 274.0 + 38 1%

*opent PWE fuel ubilization @ 90% for high reactivity fuels
"Dysprosium iz net included vet.

Table IV shows typical lathice properties of the DUPIC and natural urantum fuel. Mote that the
void reactivity of the DTUFLC fuel 15 smaller than that of natural uranium fuel a ecuilibrium burnup
becansze a poison material 18 blended in the DTUFIC fuel. For DUFIC fuels of fissile content
adjustment and reactivity control, nuclear properties are sirmlar for typical reactiwity coefficients.
Howewer, the burnup penaty is relatwely large if the reactivity 15 controlled because excess
reactivity was lost when the spent PWE fuels are mixed with natural uranium.

Table TV, Comparisen of Lattice Property

FISSII.E Content Eeactivity Control | Matural Uranium
Adjustment
Fresh Eeuil Fresh Equil Fresh Ecul
WVoid reactivity (mk) 83 11.8 87 119 16.7 14.0
Fuel temp. coeff { L KE) 41 -14 =37 -1.2 -10.% 0.5
Coolant temp. coeff {4 KE) 332 48.2 353 493 1.7 53.9
Discharge burnup 14886 MWWAT 11869 NWAT 7228 MWAT




Y. CONCLUSION

This study has shown that the heterogeneity of DUPIC fuel represented either by fissile content
of reactivity can be reduced appreciably either by adjustng fissile content directly or the reactivity.
EBecausze the fissile content adustment prowides a unique value of uranium to plutonium ratio,
it 15 expected that those fuels have similar burnup behawior, which 15 considered as an advantage
in fuel management of a DUFIC core. However, because SET 15 used to adjust the fissile content,
there 15 a certain amount of penalty in DTPIC fuel fabrication cost, which wall eventually increase
the cverall DUPIC fuel cycle cost. On the other hand, the reactiwity control option prowides an
excellent contral on DUFPIC fuel initial reactiwity, which is an advantage especially for an on-power
refueling reactor like CAMNDTT. The use of natural uranium feed will introduce only a small DUFLC
fuel manufactunng cost increase. Howewer, the burnup penalty of the DUPIC fuel caused by feeding
natural uranum will be a drawback to the fuel cycle cost
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