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Abstract - Source intensities in terms of the exposure rates at 1 m from the fresh and
spent DUPIC fuels, made from standard and extended burnup PWR fuels, were analyzed.
Two cases were studied based on the degree of elimination of removable elements.
Homogeneous mixture model was applied to get the exposure rate. The exposure rate
turned out to be very high and sensitive to Cs elimination during the dry process. About
90% of exposure can be reduced in the case of fresh DUPIC fuel made from 10-year cooled
spent PWR fuels if Cs is fully removed during the dry process. The main radiation source
in spent fuels is Cs-137. The dry storage of spent DUPIC fuel may need a longer wet stor-
age period and require a further review.
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INTRODUCTION

DUPIC (Direct Use of Spent PWR Fuel in
CANDU) fuel cycle, which maximizes the
use of valuable uranium resources and mini-
mizes the release of radioactive wastes per
electricity-production with less concerns
about nuclear proliferation has been actively
studied as a promising fuel cycle option in
the Republic of Korea(l). DUPIC fuels con-
tain lots of highly radioactive fission prod-
ucts(FPs), and this radioactivity may be one
reason for utilities to hesitate in taking the
resource-saving and waste-reducing DUPIC
as a fuel option.

An elementary question would be how
high the radioactivities of fresh and irradi-
ated DUPIC fuels are DUPIC fuels are made
through the Dry Process, where spent PWR
fuel pellets become powder through repeated
oxidation and reduction, then the powder is
repelletized to be used in CANDU. Volatile
radioactive nuclides are eliminated from the
fuel during the process. These volatile
nuclides not only affect the radioactivity of
DUPIC fuels, but also complicate the treat-
ment of wastes produced during the Dry
Process. All these processes need more in-
depth study of the radiological effect of the
DUPIC fuel cycle. As a first step, we stud-
ied in this paper the radiation source inten-
sity of the DUPIC fuel in terms of exposure
rate at 1 m from the fuel bundle and its
dependency on elimination of radioactive
nuclides during the Dry Process.

Since the Dry Process used for the pro-
duction of DUPIC fuel is under develop-
ment, the definite source intensity cannot
be estimated at this time. In this study, we
set two cases ' partial elimination of
radioactive elements during the Dry Process
and no elimination at all. Source intensity
analyses of fresh and irradiated DUPIC
fuels for these cases are performed, provid-
ing interesting results of which the meaning
is discussed.
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SOURCE TERMS OF THE DUPIC FUEL

Radioactivities in the spent PWR fuel

The main radioactive sources of DUPIC
fuel are FPs generated during the burnup
of urania fuels in PWR. The amount of
each radicactive nuclide in the spent PWR
fuel was obtained by ORIGENZ2{2). Two
types of spent PWR fuels are considered
based on the extent of burnup: standard
(35000 MWD/MTU) and extended burnup
(50000 MWD/MTU) fuels. The total
radioactivities(Ci) per one metric ton of ini-
tial heavy metal{MTHM) are calculated
with respect to the cooling time and shown
in Figure 1. The radioactivity decreases
rapidly up to about 10 years, then decreas-
es slowly (T+~ 30 y).

Gamma radiation in fresh DUPIC fuels is
the main radiation type of source deter-
mines the radiation field around them. The
spectra of gamma radiation in standard and
extended burnup spent PWR fuels were also
calculated using both ORIGEN2 and
MICROSHIELD(3]). Figure 2 shows three 7-
ray spectrums’ two from the decay library of
ORIGEN2 (GXUO2BRM and GXNOBREM)
and one from that of MICROSHIELD. These
spectra are based on 1 kg of 20-year cooled
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Fig. 1. Total radioactivity of spent PWR fuel.
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Fig. 2. The yray spectrum of spent PWR fuel.

standard burnup PWR fuel. Gamma radia-
tions below2 MeV are dominant in intensity.
In ORIGEN-2, 7-ray energies are divided
into 18 fixed energy groups, while
MICROSHIELD sets the energy groups
freely. In Fig. 2, only the important portion
(0.1 MeV ~ 2 MeV) of the spectra is
shown. All three spectra look similar in
general and reasonably well represent the
dominant source, Cs-137(emit 0.622 MeV
gamma via Ba-137m) in 20-year cooled spent
fuels. The exposure calculation using the
MICROSHIELD program with self generated
r-ray spectrum has been checked in many
benchmark problems(3) and is proved to be
valid. Hence, we used the 7-spectrum from
MICROSHIELD for the calculation of the
exposure rate from DUPIC fuels.

Table 1 shows important nuclides which
contribute the main activity in each energy
group. Cs-137 , Sr-90 and Y-90 are f-ray
sources, making low energy x-rays from
Bremsstrahlung in the fuel materials. Y, Sr
and Eu are soluble to fuel matrix(4) and not
removable during the dry process.

Source intensity in Fresh DUPIC Fuel
Spent PWR fuels are decladded and the
pellets become powder through repeated oxi-
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Fig.3. The effects of the elimination of each group
of elements on the radioactivity of fresh DUPIC
fuel (35 = 35,000 MWD/MTU, 50 = 50,000
MWD/MTU).

dation and reduction. This powder is repel-
letized and then cladded to be used in
CANDU. All these processes are called dry
process(specifically, OREOX). While ele-
ments soluble to fuel matrix stay in the fuel
during the dry process, volatile and noble
elements are mostly eliminated. The reduc-
tion of total activity of fuel after the dry
process is important from the viewpoint of
exposure rate analysis and radioactive-waste
production estimates.

We divided the elements of non-soluble
FPs into 4 groups, inert gases(Xe), volatiles
(), volatile compounds(Cs), and metallics
(M) depending on their chemical states in

Table1. Important radioactive nuclei producing 7~
radiation at each energy group (Bremsstrahlung is
considered).

y-ray energy(MeV)  Radioactive Nuclei*
0-0.2 Cs-137, Y-90, Sr-90, Eu-154
0.2-1.0 Ba-137m, Eu-154, Cs-134

1.0 or higher Eu-154, Co-60, T1-208
The order of radioactive nuclei follows approximately the
amount of contribution. (* after 20 year cooling)
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Table 2. Elemental grouping of FPs not soluble to
fuel matrix.

Group Name | Elements -
Xe He, Ne, Ar, Kr, Xe, Rn
1 I, Br
Cs Rb, Cs
M Sb, Te, Cd, Sn, Ag, In
Tc, Ru, Rh, Rd, Mo

the fuel. Table 2 shows the name and the
elements belong to each group. The effect of
the elimination of each group of elements on
the radioactivity of fresh DUPIC fuel was
also analyzed based on the grouping given in
Table 2 (Fig. 3).

The values in Figure 3 indicate the
degree of reduction in fuel activity after full
elimination of each group of elements. The
most activity-reducing group is Cs in which
Cs-137 (Tw2 = 30.17y) is the dominant
radioactive nuclide. Cs-137 is in a secular
equilibrium with Ba-137m (daughter, T2 =
2.252 m). Total removal of Cs group reduces
the fuel activity up to 50%. The rest of
activity comes mainly from Sr-90, its
daughter Y-90, and Pu-241.

The composition of fresh DUPIC fuel
after the dry process is not exactly known,
so far. Recently, Sullivan has analyzed the
composition change of spent fuel after the
dry process(10). His analysis indicates that
the final composition is strongly dependent
on the temperature during the dry process.
Since the detail method of the dry process is
not fully developed yet, we consider two
extreme cases. One is the DUPIC fuel
directly made from spent PWR fuel without

Rod-by-Rod
Model

Fig.4. The modelling of a fuel bundle assembly.

dry process (called ‘direct DUPIC ). The
other is the fuel made from the high tem-
perature dry process (called ‘processed
DUPIC ). Based on the Sullivan's results
and the vapor pressures of important ele-
ments and their compounds(5,11), the fol-
lowing elemental elimination model is set
for the processed DUPIC fuel (table 3).

Source intensity in spent DUPIC fuel

The exposure-rate analysis of spent
DUPIC fuels is also important from the
viewpoint of the methodology development
of spent DUPIC fuel management. Fresh
DUPIC fuel from irradiated PWR fuels
(35,000 MWD/MTU) contains about 0.8% U-
235 and 0.6% Pu-239 on the average. The
library, CANDUSEU in ORIGEN-2 is made
for the calculation of nuclide composition in
the slightly enriched uranium fuel in
CANDUI(9)]. Since the neutronic characteris-
tics of DUPIC fuel during irradiation seem
to be close to those of slightly enriched ura-
nium fuel, we used CANDUSEU for the cal-
culation of the elemental distribution of FPs
in spent DUPIC fuels. The burnup of

Table 3. The assumed elemental elimination during Dry Process.

Elements High TM Metal Low TM Metal
Xe, Kr I,Br Cs.Rb Ru Rh Mo T¢ Te Ag Cd In Sb
Elimination(%) 100 100 100 100 50 50 80 80 100 80 80

(TM : Melting Temperature)
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DUPIC fuel is set as 7,500 MWD/MTU.
EXPOSURE RATE ANALYSIS

Calculation model.

A CANDU fuel bundle consists of 37 fuel
rods (see figure 4). Because of the compli-
cated geometry of the assembly, modeling of
the simplified geometry is necessary for the
exposure rate calculation. DUPIC fuel is
mainly composed of UO, and Zircaloy. UO,
is an effective y-radiation shielding materi-
al. So, the modeling of UO, portions in the
assembly is crucial for the reasonable calcu-
lation.

The fuel bundle is assumed to be a homo—
geneous mixture of UQ,, Zircaloy and void
(i. e., empty spaces). The outer radius of
the homogeneous mixture is set as that of
the bundle. The average density of the mix-
ture is calculated by considering the volume
fraction of each material (see table 4).
Another two geometry models for the fuel
bundle were also considered: rod-by-rod and
condensed models. Effectiveness of the homo-
geneous model can be checked by a high
limit from the rod-by-rod model, where the
exposure rate is simply obtained by multi-
plying the exposure rate of single fuel rod
by the number of rods in a fuel bundle, and
a low limit from the condensed mixture
model, where a fuel assembly is assumed as
a condensed mixture neglecting the empty
space (see Fig. 4).

Results and Discussion
Exposure rate calculation is performed

Table 4. The geometry of each model.
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Fig.5. The geometry setup for the exposure rate
calculation.

using MICROSHIELD(3). MICROSHIELD is a
code which is originated from ISOSHLD (7).
MICROSHIELD conforms to ANSI 6.6.1 and
is validated to be used in the documentation
in accordance with 10 CFR 50 Appendix B.
Several bench mark problems from
ANSI/ANS-6.6.1 and ESIS were tested, and
the results from MICROSHIELD were con-
firmed to be reasonably good(3]. So,
Microshield is accepted as a convincible tool
for the calculation of exposure in this study.

Exposure rate in this study is set as the
value of exposure rate at the position that is
1lm apart from the center of DUPIC fuel
(Fig. 5). Reflection or buildup of y-radiation
is only considered in the sample and sur-
rounding air. Taylor buildup factor (3] is
employed for the exposure rate calculation.
The output of ORIGEN-2 is modified and

CANDU Homogeneous Condensed Multiplication
Assembly Mixture Model Mixture Model Model
0.D.(cm) 10.24 10.24 7.90 1.22(one rod)
Density Uo2 :10.5 U02:10.5
6.0 10.0 )
(g/ar) Zry  6.46 Zry : 6.46
Dose - Reasonable Low Limit High Limit
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Fig.6. The exposure rate of fresh direct DUPIC
fuel made from 35,000 MWD/MTU PWR fuels

used as an imput data  for Microshield.
First, the calculation is performed for fresh
direct DUPIC fuels. Figure 7 shows the cal-
culation results for direct DUPIC fuel from
35000 MWD/MTU spent PWR fuels

As shown in Fig. 6, the exposure rate of
the homogeneous mixture is much lower
than the high limit set by the rod-by-rod
model, and higher than the low limit from
the condensed mixture model. The exposure
rate of a direct DUPIC fuel is very high
(about 200 R/h in the case from 10 year
cooling PWR fuels). The exposure rate
decreases almost exponentially with cooling
time after 10 years.

The contribution of each 7-ray source on
the total exposure rate is also analyzed. In
the calculation logic used in MICROSHIELD,
each contribution of a r-ray is additive, and
the total sum becomes the exposure rate.
Figure 7 shows the contributions of strong
y-ray sources on the exposure rate of fresh
direct DUPIC fuels with respect to cooling
time of spent PWR fuels. More than 95% of
exposure rate is due to four nuclides - Ba-
137m, Cs-134, Eu-154, and Co-60 - in more
than 5 year cooled fuel. Elimination of Cs
group reduces the exposure rate from 87%

Fig. 7. Contribution of each strong 7-ray source to
exposure rate offresh direct DUPIC fuel.

(5 year cooled) to 98% (50 year cooled).

The exposure rates of processed fresh
DUPIC fuels from 35000 MWD/MTU and
50,000 MWD/MTU burnup PWR fuels are
also shown in Figure 8 The big difference
of the exposure rates between processed and
direct DUPIC fuels is mainly due to the
elimination of Cs-137 during the dry process
(see Table 3). The difference becomes bigger
with the cooling time of spent PWR fuels
because of increased contribution of Cs-137
on the exposure. Cs is known to be easily
captured by the cold trap in the laboratory
scale. However, the upscale of the Cs trap
to the industrial use is not fully developed,
and more intense study about the trap is
needed for the prevention of radiation exposure
to the workers in the dry process facility.

Exposure rates of spent DUPIC fuels -
direct and processed from 20 year cooled
PWR fuels - are calculated and compared
with that of ordinary spent CANDU fuel.
(fig. 9) Discharge burnup of CANDU fuel is
set as 7500 MWD/MTU. The exposure rates
of all three fuel types are close to each
other when they are initially taken out
from CANDU reactor after irradiation.
Differences in the exposure rate look clear,
as the cooling time of spent fuel increases.
Direct DUPIC fuel has the highest exposure
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Fig. 8 Exposure rates of direct and processed
DUPIC fuels with respect tospent PWR fuel cool-
ing time.

rate, while that of processed DUPIC fuel is
quite reduced. But, the exposure rates of
both direct and processed DUPIC fuels are
higher than that of CANDU fuels. Due to
the increased r-ray intensity and decay heat
of DUPIC fuels, spent DUPIC fuels may
need longer wet-storage period before dispos-
al to dry storage facilities, which needs fur-
ther detail analysis.

CONCLUSION

Exposure rate analyses of the fresh and
spent DUPIC fuels made from standard and
extended burnup PWR fuels were performed
using MICROSHIELD. A bundle consists of
37 fuel rods was assumed as a homogeneous
mixture for the calculation, and the expo-
sure rate is set as the value at a point
which is 1m apart from the DUPIC fuel
bundle.

The exposure rate of DUPIC fuels strong-
ly depends on the amount of Cs in the fuel.
The main 7-radiation source is Cs-137. The
exposure rate turned out to be quite high -
e.g., the fresh direct DUPIC fuel made
from 10-year-cooled standard-burnup PWR
fuels gives the exposure rate of 200 R/hr.
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Fig. 9. Exposure rates of spent DUPIC (direct and

processed) and spent CANDU fuels. Burnup is
7,500 MWD/MTU.

The exposure rate decreases with the cooling
time of spent PWR fuels and also with the
amount of Cs elimination during the Dry
Process. The exposure rate of spent DUPIC
fuels is higher than that of the ordinary
CANDU fuel, and also dependent on the
amount of Cs elimination during the Dry
Process. There is a possibility of longer peri-
od of wet storage of spent DUPIC fuels
before dry storage. Further analysis of
collected Cs in the Dry Process facilities is
also required for the prevention of radiation
exposure to the workers in the f acility.

Acknowledgement.

The authors would like to appreciate the
valuable helps of Dr. Myung-Seung Yang,
and Dr. Kwan-Sik Jun in KAERI. This
work is supported by KAERI under the con-
tract of 94c-19.

REFERENCES

1. J.S. Lee, et al.,’” Research and
Development Program of KAERI for
DUPIC Proc. Int. Conf. and
Technology Exhibition on Future
Nuclear System, GLOBAL ‘93, Seattle



124

2.

3.

USA (1993)

A.G.Croff, Nuclear Technology 62, 335
(1983)

MICROSHIELD manual, version 3,
Grove Engineering (1987)

4. H. Kleykamp, J. Nucl. Mater. 131, 221

(1985)

5. W.R. Smith and R.W. Missen, ‘Chemi-

cal Reaction Equilibrium Analysis :
Theory and Algorithms' , John Wiley
and Sons (1982)

R.C. Hoyt and B.W. Rhee, ESG-DOE-
13277 (1979)

10. J.D.Sullivan and D.S.Cox,

11. Thsan Barin,

BB R EEE 5214 SE2% 19964

7. R.L. Engle, BNWL-2316 (1966)
8. T.Lindemer,

and C.
100, 178

T.Bessman,
Johnson, J. Nucl. Mater,
(1981)

9. A.G.Croff and M.A.Bjerke, ORNL/TM-

7177 (1980)

‘AECL' s
Progress in Developing the DUPIC Fuel
Fabrication Process’ , Proceedings of
10th KAIF/KNS Annual Conference
(1995)

‘Thermochemical Data of
Pure Substances , VCH (1989)



