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a b s t r a c t

In order to perform dry interim storage and transportation of the spent-fuel assemblies of the Bushehr
Nuclear Power Plant, dual-purpose casks can be utilized. The effectiveness of different neutron-shield
materials for the dual-purpose cask was analyzed through a set of calculations carried out using the
Monte Carlo N-Particle (MCNP) code. The dose rate for the dual-purpose cask utilizing the recently
developed materials of epoxy/clay/B4C and epoxy/clay/B4C/carbon fiber was less than the allowable
radiation level of 2 mSv/h at any point and 0.1 mSv/h at 2 m from the external surface of the cask. By
utilization of epoxy/clay/B4C instead of an ethylene glycol/water mixture, the dose rates on the side
surface of the cask due to neutron sources and consequent secondary gamma rays will be reduced by
17.5% and 10%, respectively. The overall dose rate in this case will be reduced by 11%.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Bushehr Nuclear Power Plant (BNPP) is a WatereWater
Energetic Reactor (VVER) 1000 type (model V-460) with an
annual spent-fuel production of about 21 tons of heavy metals;
the plant has been in full commercial operation since 2013 [1].
The spent-fuel assemblies (SFAs) will be stored for at least 3 years
and usually for more than 5 years in the spent-fuel pool next to
the core. The capacity of the pool for safe storage of SFAs is suf-
ficient for about 8 years [2]. After this cooling time, the old SFAs
shall be transported from the pool to provide enough capacity for
new SFAs. A schema of the BNPP fuel assembly and its main
characteristics is illustrated in Fig. 1 [2,3].

Conventionally, the TK-13 cask, which is a forged stainless-steel
flask with an external neutron shielding of ethylene glycol mixed
with water, is utilized for transporting 12 assemblies from the
spent-fuel pools of VVER 1000 reactors [4]. The transportation
systems using the TK-13 cask for these reactors were developed in
the period of 1983e1991 [5]. A schematic view of this cask is pre-
sented in Fig. 2 [2].

Nowadays, optimization and improvement tasks are being
performed in some countries to design and utilize new casks for

the spent nuclear fuels of VVER 1000 reactors [6e9]. In view of
global trends, these casks are designed as dual-purpose systems
involving the storage of spent fuel, as well as on-site and off-site
transportation, before and after storage [5,10]. One of the main
technical aspects of a dual-purpose cask (DPC) is its shielding
design, which has been considered as a research topic in
different fields [11e17]. In this context, the most important
modification of the newly designed casks for the VVER 1000 SFAs
is the employment of solid neutron shields instead of liquid ones.

The use of liquid neutron shields may often complicate the cask
design and operation. Expansion volumes and pressure relief sys-
tems must be provided to prevent overpressurization during
normal and accident conditions. Additionally, the likelihood of
retaining the liquid neutron shield in accident conditions is low.
The loss of the entire neutron-shielding material in an accident
results in a more difficult and potentially more hazardous accident-
recovery procedure. In this study, the effectiveness of these solid
neutron shields, especially the newly developed nanocomposite
ones, for a DPC of the BNPP SFAs is investigated using Monte Carlo
simulations.

2. Methodology

To evaluate radiation levels and analyze the effect of different
neutron-shield materials, the Monte Carlo N-Particle (MCNP), as a
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well-known and as the most widely used Monte Carlo code, was
utilized [18]. A set of calculations was carried out, and, accordingly,
the overall dose rates from gamma and neutron sources were
determined on the cask surface and 2m from the cask. According to
the International Atomic Energy Agency (IAEA) regulations, the
radiation level under routine conditions shall not exceed 2mSv/h at
any point on and 0.1 mSv/h at 2 m from the external surface of the
cask [10,19]. In the case of accident conditions, the radiation level
1 m from the surface of the cask should not exceed 10 mSv/h [19].

The models of DPC and the SFAs treated in the shielding cal-
culations are shown in Fig. 3. As shown in Fig. 3, the SFAs were
modeled using three homogenized parts of fuel, cap, and tailpiece,
with different radioactive sources. The radioactive-source specifi-
cations of the SFAs were determined using the ORIGEN2 code as
well as data provided in the Final Safety Analysis Report (FSAR) of
the BNPP [2,20].

The effects of different neutron-shield materials on the radi-
ation levels were investigated by considering ethylene glycol
mixed with water, polyethylene, and borated polyethylene as
the common neutron-shield materials, as well as the recently
developed neutron-shield materials of epoxy/clay/B4C and epoxy/
clay/B4C/carbon fiber (CF) for the DPC [21]. Before the main cal-
culations, benchmark calculations were performed by considering
the assumptions of the BNPP FSAR for the TK-13 cask and the
SFAs.

3. Modeling specifications and assumptions

Dose rates were calculated for primary gamma rays from fission
and activation products in the spent fuel, and from activation
products in the fuel-assembly cap and endpiece, and neutrons
emitted by the actinides and (a, n) reactions in the spent fuel. In
addition, secondary-gamma dose rates were considered in the
calculation of the overall dose rates on the cask surface and 2 m
from the cask.

The sources of gamma radiation from an SFA were provided in
the BNPP FSAR for the most energy-critical SFA and 3-year
cooling time. These gamma source specifications are presented
in Table 1.

In addition to the FSAR data, ORIGEN2 calculations were carried
out and gamma radiation was estimated in 18 groups of energy
with a total activity of 4.25 � 1016 Bq [20]. The results were cross
checked using other calculations presented in the literature
[22e24]. As was expected, the neutron emission of the SFA came
dominantly from the spontaneous fission of Cm244. Therefore, the
neutron energy spectra were assumed to follow a Cm244 neutron
distribution. The intensity of neutron sources in this study was
6.9 � 108 n/s for the burnup of 49 MWd/kgU [20].

The dose-rate calculations were made with the MCNP code.
The major features of the shielding model are shown in Fig. 3. As
shown in Fig. 3, the designed DPC for the BNPP SFAs [25,26]

Fig. 1. Schema of the VVER 1000 fuel assemblies used in the Bushehr Nuclear Power Plant. NTMC, Neutron and Temperature Measurement Channel.

M. Rezaeian et al. / Nuclear Engineering and Technology 49 (2017) 1563e15701564



consists of a cylinder body that is made of forged carbon steel
with a wall thickness of 34 cm as the gamma shield. The neutron-
shield material, encased in stainless steel, was attached to the
outer wall of the cask body. Also, the neutron-shield material was
poured into the bottom plate of the cask, and a disk of neutron-
shield material encased in a steel shell was attached to the
closure lid to provide neutron shielding at the bottom and top of
the DPC, respectively. Air was assumed to be the medium sur-
rounding the DPC.

In the MCNPmodel, cylindrical surfaces were placed outside the
radial cask shield at different distances. These surfaces were further
subdivided into segments by horizontal surfaces, and the F2 surface
tally was used to obtain the averaged neutron and photon fluxes
over each surface segment. These fluxes were converted to dose
rates using the ANSI/ANS-6.1.1-1977 American Nuclear Society
(ANS 1977) flux-to-dose-rate conversion factors. Since MCNP yields
results normalized to one source particle, the FMn card is used to
convert the MCNP calculated doses (mSv/particle) to the appro-
priate dose rates (mSv/h). For the gamma-ray doses, geometry
splitting as a variance-reduction technique was employed to bias
photon transport to the outside of the cask.

4. Specifications of neutron-shield materials

In recent years, the enhancement of the properties of the
polymer matrix via the addition of nanoclay has received much
attention, both in the academic area and in industry, because these
additions often lead to an improvement in the mechanical and
thermal properties of the resultant nanocomposite. Two neutron-
shield materials of epoxy/clay/B4C and epoxy/clay/B4C/CF were
developed recently by the authors [21]. These nanocomposites
were manufactured using an epoxy resin, SR 1500, and SD 2505
hardener filled with a commercially available nanoclay, natural
montmorillonite modified withmethyl, tallow, bis-2-hydroxy-ethyl
material, and Cloisite 30B. The mixing ratio of resin/hardener was
100:33, and the formulation bases of the epoxy were bisphenols A
and F. As shown in Fig. 4, the particle sizes are in a range of about
2e6 mm. The main characteristics of the selected CF used in the
material of epoxy/clay/B4C/CF are summarized in Table 2. A scan-
ning electron microscope image of the epoxy/clay/B4C/CF shield
material is shown in Fig. 5.

To investigate the effectiveness of the recently developed ma-
terials of epoxy/clay/B4C and epoxy/clay/B4C/CF for the DPC,

Fig. 2. Schematic view of the TK-13 cask.
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polyethylene and borated polyethylene are also considered in this
study. These materials are the most widely used ones for neutron
shielding in commercial casks. The specifications of the solid
neutron-shield materials considered in this study are presented in
Table 3. Thematerial-composition data of polyethylene and borated

Fig. 3. Schematic view of the dual-purpose cask and the MCNP model. DPC, dual-purpose cask; FA, fuel assembly.

Table 1
Intensity of gamma-radiation sources of a Bushehr Nuclear Power Plant spent-fuel
assembly after 3-year cooling.

Effective energy (MeV) Volumetric intensity (g/cm3/s)

0.13 1.20Eþ09
0.18 1.80Eþ07
0.24 3.70Eþ07
0.3 2.50Eþ06
0.5 1.20Eþ09
0.64 1.20Eþ10
0.8 3.90Eþ09
1.23 5.70Eþ07
1.53 5.50Eþ07
2.18 6.60Eþ07

Fig. 4. SEM image of epoxy/clay/B4C neutron-shield material. SEM, scanning electron
microscope.

Table 2
Main characteristics of the carbon fiber used in the neutron-
shield material.

Main characteristic Value

Tensile strength (MPa) 3,530
Modulus (GPa) 230
Elongation (%) 1.70
Density (g/cm3) 1.76
Thickness (mm) 0.23

Fig. 5. SEM image of epoxy/clay/B4C/carbon fiber neutron-shield material. SEM,
scanning electron microscope; EHT, Extra High Tension Voltage; WD, Working Dis-
tance; Mag, Magnification.
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polyethylene are based on the Pacific Northwest National Labora-
tory data [27].

5. Results and discussion

The dose rates on the cask side surface, trunnion surface, and
1 m from the cask were determined by considering the assump-
tions of the BNPP FSAR for the TK-13 cask and the BNPP spent fuels.
The results of this calculation are compared with the BNPP FSAR
data in Table 4. According to the BNPP FSAR and other references
[4], the neutron-shield material for the conventional TK-13 cask is
ethylene glycol (67%) mixed with water. The differences between
the results and the BNPP FSAR data shown in Table 4 arise from
modeling assumptions, which are not clearly determined in the
BNPP FSAR, as well as the utilized code and cross-sectional data.

For the DPC with the gamma shield of carbon steel, the
replacement of the liquid neutron shield (ethylene glycol mixed

with water) by the solid neutron-shield material of polyethylene
was investigated. Based on the performed calculations, the utili-
zation of polyethylene will reduce the dose rates from neutron
sources by 45%, decreasing the overall dose rates by 10%. The dose
rates from the neutron sources and the consequent secondary
gamma rays on the DPC side surface for a neutron-shield material
of ethylene glycol mixed with water and polyethylene are shown in
Figs. 6 and 7, respectively.

The main portion of the total dose rate on the side surface of the
DPC is related to the secondary gamma emissions caused by
neutron absorption in the shielding materials. To reduce the dose
rates of the secondary gamma, borated materials can be used. The
utilization of borated polyethylene for the DPC, in comparisonwith
using ethylene glycol mixed with water, will reduce the dose rates
from neutron sources and the consequent secondary gamma
emissions by 55% and 6.5%, respectively. As shown in Fig. 8, the
dose rates from neutron sources and consequent secondary gamma
rays in this case will be reduced by 16%.

For the DPC with neutron-shield materials of epoxy/clay/B4C
and epoxy/clay/B4C/CF, the overall dose rates from the primary
gamma rays, neutrons, and secondary gamma rays were deter-
mined. As illustrated in Fig. 9, the maximum dose rate was deter-
mined at a point 271 cm above the DPC center (in the z direction in
Fig. 3), which is related to the trunnion surface. This matter is also
the same in the other cases. To reduce the dose rate in this vicinity,
the trunnions should be manufactured to be hollow, so as to allow
pouring of the neutron-shield material into them.

In the case of the DPC with the neutron-shield material of
epoxy/clay/B4C, in comparison with ethylene glycol mixed with
water, the dose rates from the neutron sources and the consequent
secondary gamma will be reduced by 17.5% and 10%, respectively.
As shown in Fig. 10, the dose rates from the neutron sources and
consequent secondary gamma rays in this case will be reduced by
11%. In the case of the DPC with the neutron-shield material of
epoxy/clay/B4C/CF, the overall dose rate is the highest. However,
the calculated dose rate in this case is also less than the allowable
radiation level of 2mSv/h at any point on the external surface of the
DPC.

For an easy comparison, the dose rates on the DPC side surface
and at the center (z ¼ 0 in Fig. 3) for different neutron shields are
provided in Table 5.

Table 3
Specification of various neutron-shield materials considered in this study.

Material Density
(g/cm3)

Chemical composition (wt %)

Polyethylene 0.93 H (14.4), C (85.6)
Borated polyethylene 1.00 H (12.5), C (77.5), B (10.0)
Epoxy/clay/B4C 1.4 C (75.5), H (7.1), O (10.1),

Si (2.1), Al (1.2), Mg (0.09), B (3.9)
Epoxy/clay/B4C/carbon fiber 1.315 C (85.3), H (4.3), O (6.0), Si (1.3),

Al (0.7), Mg (0.05), B (2.3)

Table 4
Maximum dose rates of the TK-13 cask.

Bushehr Nuclear
Power Plant
Final Safety
Analysis Report
(mSv/hr)

This study
(mSv/hr)

Trunnion surface 0.7 0.67
Cask side surface 0.2 0.29
One meter from

side surface
0.2 0.22

Fig. 6. Dose rates from neutron sources and consequent secondary gamma rays on the surface of the dual-purpose cask (DPC) with neutron-shield material of ethylene glycol mixed
with water.
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6. Conclusion

The effectiveness of different neutron-shield materials for a
DPC of Bushehr's VVER 1000 nuclear-power-plant spent fuels was
investigated through a set of calculations carried out using the
MCNP code. Neutron-shield materials of polyethylene, borated
polyethylene, and the recently developed materials of epoxy/
clay/B4C and epoxy/clay/B4C/CF were employed. Based on the
performed calculations, the replacement of the liquid neutron
shield (ethylene glycol mixed with water) by a solid neutron-
shield material of polyethylene will reduce the overall dose
rates by 10%.

The utilization of borated polyethylene for the DPC, in place of
ethylene glycol mixed with water, will reduce the dose rates from
neutron sources and the consequent secondary gamma by 55% and

6.5%, respectively. The overall dose rates in this case will be reduced
by 16%.

The recently developed materials of epoxy/clay/B4C and epoxy/
clay/B4C/CF can be used as the neutron shield of the DPC. The
calculated dose rates for both cases are less than the allowable
radiation level of 2 mSv/h at any point on the external surface of the
DPC. In the case of the DPC with the neutron-shield material of
epoxy/clay/B4C, the overall dose rates will be reduced by 11% in
comparison with the dose rate for ethylene glycol mixed with
water.

The maximum dose rate for all cases was determined 271 cm
above the DPC center, which is related to the trunnion surface. To
reduce the dose rate in this vicinity, the trunnions should be
manufactured to be hollow, so as to allow pouring of the neutron-
shield material into them.

Fig. 7. Dose rates from neutron sources and consequent secondary gamma rays on the surface of the dual-purpose cask (DPC) with neutron-shield material of polyethylene.

Fig. 8. Dose rates from neutron sources and consequent secondary gamma rays on the surface of the dual-purpose cask (DPC) with neutron-shield material of borated polyethylene.
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Fig. 9. Overall dose rates on the surface of the dual-purpose cask (DPC) with neutron-shield materials of epoxy/clay/B4C and epoxy/clay/B4C/carbon fiber.

Fig. 10. Dose rates from neutron sources and consequent secondary gamma rays on the surface of the dual-purpose cask (DPC) with neutron-shield material of epoxy/clay/B4C.

Table 5
Dose rates on the side surface of the dual-purpose cask with different neutron shields.

Material of neutron shield Maximum dose rates on the side surface and at z ¼ 0 (mSv/hr)

From neutron
sources

From secondary
gamma rays

From neutron sources
and secondary gamma rays

Ethylene glycol mixed with water 0.053 0.257 0.310
Polyethylene 0.029 0.250 0.279
Borated polyethylene 0.025 0.239 0.264
Epoxy/clay/B4C 0.046 0.231 0.277
Epoxy/clay/B4C/carbon fiber 0.186 0.301 0.487
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