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Abstract

A Shielding analysis of the shipping cask designed conceptually, of which shielding material
are lead and resin, for containing 4 PWR spent fuel assemblies, has been made with the help
of a computer code, ANISN. The shielding materials being used in the cask have been
selected and arranged to minimize cask weight while maintaining an overall shielding effec-
tiveness. Radiation source terms have been calculated by means of ORIGEN-2 code under
the assumptions of 38,000 MWD/MTU bumup and 3-year cooling time. A calculation of
gamma-ray and neutron dose rates on the cask surface and 1 m from the surface has been
done.

It is revealed that the total dose rates under the normal transport and hypothetical accident
conditions meet the standards specified.
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fuels is increasing with the capacity of nuclear
1. Introduction power reactors being installed. After removal from
the core the irradiated fuels are stored at the

The need for transportation of radioactive spent on-site storage pool for a period of time in which
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short-lived fission products decay to the level at
which the fuel can be shipped. The on-site stor-
age capcity at some of nuclear power plants is ex-
pected to be full sooner or later in Korea. With
growing inventory of spent fuels stored at power
plants throughout the country it is necessary to
transport those spent fuels to other storage facility.
Only one cask which had been designed and
1 PWR
shipment,? which is not suitable in the viewpoint

fabricated for spent fuel asembly
of the transport capacity and economy. Therefore,
a large capacity cask is needed with consideration
of transport route conditions. The optimized large
spent fuel casks have been studied in other coun-
tries since early 1980’s.?

Spent fuels to be shipped in the cask have in
usual high radioactivity. Therefore, all shipping
casks should be designed to protect from radia-
tion. The external radiation level of the cask from
the spent fuel must be limited to meet standards
specified by the regulation. Primary reliance for
safety in transport of spent fuels is placed on the
cask.

A number of spent fuel casks in use had to be
designed to handle a fairly large amount of decay
heat and to shield very intensive neutron and
gamma-ray based on less than 1 year cooling
time. Frequently it required the use of very thick
neutron and gamma shields whose size and
weight further limited to the transport and quantity
of fuel per shipment.

The purpose of this study is to provide an in-
formation for the optimum shielding design by cal-
culating the total gamma-ray and neutron dose
rates outsite the cask under normal transport and
hypothetical accident conditions. The calculation
was based on 4-PWR 17 X 17 spent fuel assemb-

lies with 3-year cooling time.
2. Source Term Calcuations

The radiation source term of the spent fuel is
necessary for the multigroup shielding analysis.

For the typical PWR in equilibrium, fresh fuel at
3.2 wt.% U-235 is loaded. It is assumed that the
PWR fuel was irradiated at a specific power of
37.5 KW/KgU for 1,013 full power days during
3-year period, resulting in an average discharge
burmup of 38,000 MWD/MTU.

The ORIGEN-2 code® was used to calculate
the buildup of the various fission products, activa-
tion products, and higher-order actinides during
the irradiation. The fuels under consideration in
this study are the assemblies of Uljin unit 1 & 2
with the average burnup of 37,000 MWD/MTU.?
Each PWR fuel assembly was assumed to be con-
tained initially 0.46 metric tonnes of heavy metal
and to have a maximum burnup 38,000 MWD/
MTU.

ORIGIN-2 generates an 18-group gamma-ray
source spectrum for fission products, activation
products of light structure materials and actinides
of heavy metals. Each of these was weighted by
the corresponding yield to obtain the net gam-
ma-ray spectrum. The gamma-ray source spec-
trum from 4-PWR assemblies with 3-year cooling
time is shown in Table 1.

Unfortunately, the ORIGEN-2 group structure
does rot correspond exactly to the 18-group
gamma-ray structure used in DLC-23/CASK cross
section library.” To make the necesary transforma-
tion, the gamma-ray sources were considered to
be constant within each ORIGEN energy group It
is assumed that lower energy 1-4 groups of
ORIGEN structure are transformed to 18 group of
DLC-23 structure because the lower groups less
than 01 MeV is not important for the shielding
analysis. Figure 1 shows the normalized gam-
ma-ray spectra of DLC-23 and ORIGEN-2 ener-
gy group structure. The gamma-ray energy spec-
trum of DLC-23 normalized by 18 group is tabu-
lated in Table 2.

The neutron sources are from either ( @ , n)
reaction or spontaneous fisson of heavy metals.

The (¢, n) neutron source is almost entirely due
to the Pu-238, Cm-242 and Cm-244. Likewise,
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Table 1. Gamma-ray Energy Spectrum per 4-PWR Assemblies with
3-Year Cooling Time Calculated by ORIGEN-2.

Mean Photonr Spect}u;m j(Photons/sec)
Group Energy -
(MeV) Total EP LS HM
1 0015 149 +16 148 +16 498 +11 106 +14
2 0.025 347 +15 347 +15 135 +11 138 +12
3 0.0375 352 +15 352 +15 546 +10 458 +11
4 0.0575 305 +15 3.03 +15 390 +10 198 +13
5 0.08 209 +15 209 +15 201 +10 191 +12
6 0.125 227 +15 227 +15 129 +10 163 +12
7 0225 182 +15 182 +15 7.14 +09 130 +12
8 0375 1.06 +15 1.06 +15 265 +10 800 +11
9 0575 165 +16 165 +16 550 +10 146 +09
10 085 505 +15 505 +15 290 +10 284 +09
11 125 906 +14 894 +14 122 +13 134 +09
12 175 491 +13 491 +13 996 +08 3.70 +08
13 225 544 +13 544 413 637 +07 186 +08
14 2.75 133 +12 133 +12 196 +05 391 +08
15 3.5 1.68 +11 1.68 +11 — 9.70 +07
16 5.0 4.15 +.O7 — — 415 +07
17 7.0 4.79 +06 — — 4.79 +06
18 110 550 +05 — — 550 405
Total {P/s) 547 +16 546 +16 131 +13 133 +14
Table 2. Gamma-ray Energy Spectrum per 4-PWR
Assemblies according to DLC-23 Energy — . 73
Structure (38,000 MWD/MTU Burnup, 1.0k ~--— : ORIGEN-2
3-Year Cooling Time)
G Upper Energy Normalized  Spectrum §
roup (MeV) Spectrum  {Photons/s) . 0.ab /
3 1
1 10.0 1004 —11 5495 +05 .
2 80 6556 —11 3587 +06 g
3 6.5 4008 —10 2.193 +07 3 b
4 5.0 3.798 —10 2.074 +07 37
5 4.0 3074 —06 1.682 +11 £
6 3.0 2423 —06 1327 +11 =
7 25 9398 —04 5438 +13 o - .
0.01 . .
8 20 6098 —04 3337 +13 e ey Eneney CHe)
9 1.66 5918 —-03 3238 +14
10 1.33 0.0109 5.981 +14 Fig. 1. Normalized Gamma Spectrum of DLC-23 and
11 L0 0.0616 3.367 +15 ORIGEN-2 Energy Structure.
12 0.8 0.1515 8289 +15
12 gi 8(1);3;2 ;82(6) +1Z the spontaneous fission neutron source is almost
. . . +
15 03 0.0222 1.215 +15 due to the Cm-242, Cm-244 and Cm-246. The
16 02 0.0527 2882 415 energy spectrum of both neutron sources is similar
17 0.1 0.0832 2.091 +15 to that of Cf-252 fission in the PWR spent fuel.®
18 0.05 0.455 2490 +16 The resulting 22-group neutron spectrum to be
Total 1.000 5.427 +16 used in the multigroup shileding calculations is
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Table 3. Neutron Source Spectrum per 4-PWR
Assemblies according to LDC-23 Energy
Structure (38,000 MWD/MTU Burnup,
3-Year Cooling Time)

Group Upper Energy  Normalized Spectrum
{(MeV) Spectrum  (Neutrons/s)
1 1492 0.4653 —3 4.6004 +5
2 122 0.1883 —2 18617 +6
3 100 05756 —2 56910 +6
4 8.18 0.01924 19023 +7
5 6.36 0.04000 3.9548 +7
6 496 0.05174 51155 +7
7 4.06 0.1094 1.0816 +8
8 3.10 0.08804 8.7045 +7
9 2.46 0.02088 2.0644 +7
10 2.35 0.1156 1.1429 +8
11 1.83 0.2089 2.0653 +8
12 1.11 0.1920 1.8983 +8
13 0.55 0.1327 1312 +8
14 0.11 0.0135 1.3298 +7
15 335 -3 00 0.0
16 583 —4 00 0.0
17 1.01 -4 00 0.0
18 290 -5 00 0.0
19 1.01 -5 00 0.0
20 306 —6 00 0.0
21 1.12 -6 0.0 0.0
22 414 -7 00 0.0
Total 1.00 9.887 +8

shown in Table 3. The neutron source strength
per 4-PWR assemblies at 3-year cooling time is
9.89 % 108 neutrons/sec.

3. Shielding Analysis

3.1. Calculation Model

The shipping cask for 4-PWR spent fuels has
been designed for two kinds of shilelding mate-
rials: one is the high density material for gam-
ma-ray source; the other is the light materials for
neutron source. The shielding materials used in
cask design have to be selected and arranged to
minimize the cask weight while maintaining overall
shield effectiveness.

Figure 2 described the conceptually designed
model of the spent fuel shipping cask. Inner bas-
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Fig. 2. Geometrical Model of Actual Cask for 4-PWR
Spent Fuel Assemblies.

Resin

Fig. 3. Homogenized Model of Cask for Shielding Cal-
culation.

kets which house the 4-PWR assemblies are
placed in cask cavity. The cask body consists of
inner, intermediate and outer stainless shells. The
annulus between inner and intermdiate cylinders
contains a lead for gamma-ray shielding. Neutron
shielding is provided by a solid resin which sur-
rounds the outer cylinder and axially blankets the
active fuel region of fuel assemblies. The solid re-
sin as the light materials to make efficiently fast
neutrors slowdown. The 4-fuel baskets which me-

asure 230 mm square with stainless steel of 6 mm
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Table 4. Atom Number Densities of Homogenized Fuel Region and

Shielding Materials (atoms/barn-cm)

Material  Homogen.
Element Fuel $:5.-304
H 1
B 5
C 6
N 7
O 8 1297 -2
Al 13
Cr 24 850 —6 1674 -2
Fe 26 307 -5 606 -2
Ni 28 405 -3 988 -3
Zr 40 1566 —4
Pb 82
U-235 92 395 -5
U-238 92 605 -2
Pu 94 386 -5

Table 5. Summary of Dose Rates under the Normal
and Accident Conditions (mrem/hr)

Dose rate Normal condition Accident
Contents Surface 1m 1m
Primary Gamma 17.6 6.5 28.8
Secondary Gamma 3.7 1.2 0.1
Neutron 4.8 1.7 151.9
Total 26.1 94 180.8
{Limit value) (200.0) (10.0) (1,000.0)

thick are enough to load the 17 X 17 assembly.
The baskets are also lined with plates made of sin-
tered B4C + Al for reducing the criticality. Internal
fluid in the cask cavity is filled with air for dry
shipment. The internal cavity is at least 706 mm in
diameter.

Figure 3 is a calculational model of 4-PWR
assemblies cask, which was homogenized for the
simplified shielding calculations. The fuel region
based on the equivalent circular cross section was
assumed with
4-PWR fuel assemblies. Table 4 gives the atom

to be homogenized together

number densities in the fuel and shield material

regions.

B,C+Al

Solid

Lead Plates Resin
59502

1.471-2
3.674-3 2.305—-2
1.427-3
2.674—2
3.269-2 7.966—-3
0.033

3.2. Shielding Calculations

To determine the optimal shielding layers which
minimize the total weight of the shipping cask, a
number of shielding calculations were performed.
The ANISN” code was used to perform the
one-dimensional multigroup neutron and gam-
ma-ray transport calculations for the flux distribu-
tion throughout the cask materials. In this study,
the P3-Sg approximation to the transport equation
was employed with a 40-group(22-neutron,
18-gamma) of coupled neutron and gamma-ray
energy spectrum. The multigroup neutron cross
sections, the primary gamma-ray transport and
the secondary gamma-ray production cross sec-
tions were coupled to form a 40 group set. A use
of the P; cross section data found in DLC-23/
CASK cross section library allowed us to account
for the forward-direct anisotropic scattering terms
which are characteristic of high-energy neutrons
and gamma-rays, and which are quite important
in deep-penetration shielding problems.

The flux-to-dose conversion factors® is used for
obtaining the dose rates. The shielding calcula-
tions were carried out for a given type of lead and
resin shield cask. In addition, the shielding re-

quirement was imposed to be 40 tonnes or so in
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cask weight for road transport. Therefore,
WEIGHT program was used to calculate the total
weight of loaded cask using a rather simplified

model ?

4. Results and Discussion

In compliance with the regulation specified in
the packaging and transport standards of radioac-
tive materials, the pertinent radiation levels under
the normal transport and hypothetical accident
conditions are as follows:”

200 millirem per hour at any point on the exter-
nal surface of cask and 10 millirem per hour at 1
m from the external surface of cask under the. nor-
mal conditions; 1,000 millirem per hour at 1 m
from the external surface of cask under the acci-
dent conditions.

The dose rates calculated by the ANISN under
the normal transport and accident conditions are
given in Table 5. Here, the accident conditions
were assumed to be loss of neutron shield caused
by drop, impact and fire conditions. The dose
rates were obtaind for the homogenized 4-PWR
assemblies in the cask. The calculated results for
the actual geometry model are slightly lower than
those of the homogenized model, because the in-
ner plates of fuel basket and B4C plates divided
between the baskets were not considered in the
homogenized model.

The total dose rates shown in Table 5 under the
normal condition are 26 mrem/hr at the external
surface and 9.4 mrem/hr at 1 m from the surface
of cask. Also the dose rate under the hypothetical
accident conditions is 180.8 mrem/hr at 1 m from
the surface of cask. The inner, intermediate and
outer shells determined 10, 25.4 and 10 mm
thick. The lead and resin thickness obtained are
155 and 136.6 mm. The resultant total weight of
loaded cask seems to be approximately 38 tonnes.

5. Conclusion

All the calculated results for the normal trans-
port and hypothetical accident conditions do not
exceed the limites specified. It is believed that the
conceptually designed 4-PWR spent fuel assemb-
lies shipping cask which contains the lead for
gamma-ray shielding and resin for neutron shiled-
ing is suitable in a viewpoint of shielding effective-
ness. The information of shielding analysis make it
possible to go through to a basic and detail design
step of the PWR spent fuel shipping cask. This
study provides also a basis for further develop-
ment of the transport shipping cask.
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