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 i  g h  l  i g  h t  s

New  type  of  dry  spent fuel storage  was  designed.
MC  method  and  FEM were used  to  verify  the  reliability  of new storage.
Radiation  shield  and heat transfer  both  meet  IAEA  standards: 2 mSv/h, 0.1  mSv/h and 190 ◦C, 85 ◦C.
Provided  possibilities  for future  implementation  of this type of dry  storage.
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a  b s  t r  a  c t

The  goal  of this  research  is to develop  a type  of  dry  spent fuel storage  called CHN-24  container,  which
could  contain  an  equivalent  load  of  45 GWD/MTU  of spent  fuel  after 10  years  cooling.  Basically,  radi-
ation  shielding  performance  and safe removal of decay heat, which  play important  roles  in  the  safety
performance,  were checked  and validated  using the  Monte  Carlo method  and finite  element  analysis  to
establish  the radiation  dose  rate  calculation  model  and  three-dimensional  heat transfer  model  for  the
CHN-24  container.  The  dose  rates  at the  surface of  the container  and at  a distance  of 1  m from  the surface
were  0.42  mSv/h and 0.06  mSv/h,  respectively.  These  conform  to the International  Atomic  Energy  Agency
(IAEA)  radioactive  material  transportation  safety  standards  2 mSv/h  and  0.1 mSv/h. The  results shows

spent fuel storage model
that  the  CHN-24  container  maintains  its  structural  and  material  integrity  under  the  condition  of  normal
thermal  steady-state  heat  transfer as  well as  in case  of extreme  fire as  evinced  by transient-state  analy-
sis.  The  temperature  inside  and  on  the  surface of the  container  were 150.91 ◦C and  80 ◦C under  normal
storage  conditions,  which  indicated  that  the  design  also  conform  to  IAEA  heat transfer  safety  standards
of  190 ◦C and 85 ◦C.

©  2015  Elsevier  B.V. All rights reserved.
. Introduction

Nuclear safety is always stressed as the top priority when devel-
ping a nuclear power facility. At present, the nuclear industry is
apidly developing in China. Ensuring the safety of nuclear spent

uel storage and its transportation are important parts of this
ndeavour. However, as the world’s nuclear powers are gradu-
lly extending their use of dry storage for spent fuel (Saegusa
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029-5493/© 2015 Elsevier B.V. All rights reserved.
et al., 2010), there is neither enough dry storage for nuclear spent
fuel with independent intellectual property in China, nor sufficient
related research into dry spent fuel storage.

Therefore, in this work, in view of the fact that nuclear power
stations are producing increasing amounts of spent fuel of burn-up
rating 45 GWD/MTU in China, and that there are insufficient dry
storages meeting this supply. The preliminary work before design-
ing a type of dedicated container (CHN-24) for spent fuel, which can
store 24 groups of spent fuel assemblies, proceed with referring to
the dry containers which have superior performance (Chikazawa
et al., 2009), meanwhile, in consideration of the actual produc-
tion and manufacturing technology available for nuclear spent fuel

dry storage containers. In this paper, associated safety evaluations
of container are discussed, which accord to the regulations for
the safe transport of radioactive material (International Atomic
Energy Agency (IAEA) Safety Standards Series No. 6 TS-R-1199
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Fig. 1. Diagram of CHN-24 container structure

dition (2003) As Amended, IDT). Actually, the CHN-24 container is
esigned along with studying its radiation shielding performance
Iqbal et al., 2006) and heat transfer characteristics (Santo Domingo
t al., 1998) using Monte Carlo method and finite element analysis
Hammersley and Handscomb, 1964).

. Models and methods

Due to some unsafe effects arising from spent fuel which include
ts continual radioactivity and decay heat generation, the new CHN-
4 container must be designed to meet IAEA Safety Standards Series
o. TS-R-1: the safe upper limit of dose at the surface of the con-

ainer which has contained spent fuel is 2 mSv/h, and at a distance of
 m from the container falls to 0.1 mSv/h; the whole container could
se natural air circulation for cooling when spent fuel is stored.
herefore, the following study has been carried out for this CHN-
4 container to validate its safety performance: (1) dose calculation
nd (2) heat transfer analysis.

.1. Details of CHN-24 container model

The CHN-24 container designed here was cylindrical with a total
eight of container of 440 cm,  the maximum height of spent fuel
ssemblies of 370 cm,  and its inner diameter measuring 152 cm.
n order to improve the thermal performance of the whole con-
ainer, copper was chosen to constitute the photon shield (Keech
t al., 2014). Due to cost effectiveness, Type 304 stainless steel was
elected as main photon shield material, which has good photon
hielding effectiveness and a high melting point by around 200 ◦C.
PC-H.O.T.-NSC resin matrix composite material was  used as neu-
ron shield material, due to it has a relatively high melting point by
round 176 ◦C with good neutron shield performance.

The photon shield on the curved side of the container with a total
hickness of 32 cm (externally mounted), and a thickness of 31 cm
n both ends, which consists of a copper layer (thickness of 3 cm on

he curved side, and 10 cm on both ends) and a Type 304 stainless
teel layer (thickness of 29 cm on the curved side, and 21 cm on both
nds). Outside the photon shielding layer, lay the 6 cm thickness of a
eutron shielding layer which made of PPC-H.O.T.-NSC resin matrix
ongitudinal section and (b) transverse section.

composite materials (manufactured in USA). Then, 1 cm thickness
of Type 304 stainless steel as cladding formed the outermost layer.
There are eight blocks measuring 4 cm × 20 cm × 270 cm evenly
disposed around the hanging basket holder for spent fuel assem-
blies within (Fig. 1).

2.2. Dose calculations

Spent fuel, retired from nuclear reactors, is radioactive and
emits photons and neutrons. If there is a lack of radiation shielding
to its containers, the environment and humans will be damaged.
MCNP code is used widely in nuclear technology including dose
calculation for designing neutron shields to nuclear reactors, accel-
erators, and radioactive environments. MCNP is well-known for
precise radiation dosimetry according to ICRP validation. MCNP5
was therefore used here in the dose calculation for this container
and its 24 groups of spent fuel assemblies.

According to the materials chosen for the CHN-24 dedicated
container model, a dose calculation model container was  estab-
lished along with 24 groups of 17 × 17 spent fuel assemblies
(Hammersley and Handscomb, 1964). The length and height of
each fuel assembly are 270 cm and 23.61 cm,  respectively which
includes the fuel rods whose diameter is 1.33 cm,  the thickness of
the hanging basket for spent fuel is an additional 1 cm.

The MCNP repeated structures cards: U cards (described only
once, can be designated to fill each of any number of cells in the
geometry) and FILL cards were utilized to improve the reliability
and speed of dose calculations, we  refined the internal structures
of the spent fuel assembly model by using MCNP multi-level U and
FILL cards, which means the cells in a universe themselves are filled
with another universes. There is a maximum of 10 levels, here, 4 lev-
els U-FILL cards were used to construct the dose calculation model.
As a result, all of the fuel rods, neutron measuring tubes, and absorb-
ing rods which make up each group of spent fuel assemblies were
established respectively: a total of 6936 of these units were used

(Fig. 2).

The burn-up level of spent fuel assemblies, with initial fuel
enrichment of 4.0 wt% 35U, is 45 GWD/MTU (after ten years cool-
ing), and the constituents of the spent fuel obtained from the book
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ig. 2. CHN-24 container model in MCNP: (a) cross-section and (b) details of one 

eutron  measurement tube (circle with a plus sign). (For interpretation of the ref
rticle.)

Broadhead et al., 1995.). The neutron and photon energy spectrums
or each spent fuel assembly are shown in Fig. 3. MCNP source cards:
I and SP cards were used to describe the source terms (shown in
ig. 3) in MCNP input files. A total of 24 groups of spent fuel assem-
lies were simulated as a whole source term on condition that
ach fuel assembly was considered as a separate source. Dose con-
ributed by neutrons and photons was calculated using the MCNP
ally f6 (energy deposition tally, MeV/g), and tally FM6 was adopted
hich values were respectively set as 5.48812E13 (for photons) and

.916672E6 (for neutrons) to convert energy deposition to dose rate
mSv/h).

The equivalent symmetric method was used to study the dose
ate of the CHN-24 container. Considering that the whole container
s symmetrical, simulations were carried out to calculate the dose
ate of the container, which ranged from the central shaft to the
dge of one side and from the central plane to upper surface, to
epresent the dose rate values radially and axially of the whole

ontainer. In consideration of the influence of the spent fuel storage
ontainers on the surrounding environment, doses induced by neu-
rons and photons at different distances from the container surface
ere calculated separately.

Fig. 3. Source terms of 45 GWD/MTU fuel assemblies: (a) neu
ssembly, which consists of: fuel rods (red circles), absorbing rods (yellow circles),
s to colour in this figure legend, the reader is referred to the web  version of this

2.3. Heat transfer analysis

Finite element analysis, which solves the problem by dividing
the solution domain into many interconnected finite domains, then
each subdomain assumes a suitable approximate solution to derive
boundary constraints, the right solution will be got till entire sub-
domains are satisfied. It is used widely to solve practical problems,
especially in case of complicated geometry and physical field.

Here, finite element software COMSOL was  employed, which
contains a large number of predefined physics application patterns,
including solid heat transfer and radiation heat transfer as well as
other physical fields. It supports multiple physical field coupling
and can simulate heat transfer in spent fuel containers while pro-
viding accurate temperature fields in and around the container.
According to the materials and construction of CHN-24 container,
a dedicated physical field model-based simulation was set-up. For
the complex structures in these CHN-24 containers, it was difficult

to establish this model if the native modelling functions of COMSOL
was used. So pre-processing with SOLIDWORKS bridged this gap to
the COMSOL software and simplified the process of modelling the
heat transfer effectively. Heat transfer simulation was  based on the

tron energy spectrum and (b) photon energy spectrum.
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Fig. 4. Dose calculation model for CHN-24: (a) cells divided on the surface and (b) radial distribution of dose rate.

Fig. 5. Dose on the surface of the CHN-24 container: (a) cross-section of source terms and (b) axial distribution of dose rate.

Fig. 6. Dose distribution around the container: (a) neutron dose and (b) photon dose.
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Fig. 7. Temperatures of CHN-24 container: (a) surface temperature, (b) cur

olid heat transfer coupled radiation heat transfer physical fields by
olving the heat conduction equation for a homogeneous air system
sing the Newton iterative solutions. Each element uses a different
quation based on the results generated from the surrounding ele-
ents. The equation used to approximate conduction through a

olid is given in the following equation:

Cputrans∇T = ∇ × (k∇T) + Q (1)

here � = material density; Cp = specific heat; utrans = translational
otion vector; ∇T = temperature gradient; k = thermal conductiv-

ty; Q = heat generation.
The change in temperature depends on the thermal conductivity
k) and the heat generation (Q) of each fuel rod. The initial temper-
ture was set to 293.15 K, each of the fuel rods has calorific power
f 2.44 W (Iqbal et al., 2006) on condition that the spent fuel, after
eing retired from the reactor, had been cooled for ten years. Here,

Fig. 8. Temperature distribution of transverse section at the middle height in
 temperatures at different heights and (c) inside temperature of container.

264 fuel rods were contained in each group of spent fuel assemblies,
so the heating power of all of the spent fuel components inside the
container was  about 15.5 kW.

Additionally, air-driven natural convective cooling was  adopted
to represent the model of the surrounds to the container
(Roychowdhury et al., 2002). The key to finite element mod-
elling lies in the meshing calculation. Due to the complexity of
such container structures, discontinuous in mesh boundaries arise,
meanwhile, it is essential to choose a suitable grid size in order
to ensure the reliability of the heat transfer simulation results. So a
tetrahedral grid domain division was applied for the container, and
for the sake of accuracy, the boundary grid was  refined.
Two  solution steps were conducted in each specific heat trans-
fer calculation to verify heat transfer compliance with IAEA safety
standards. The steady-state analysis was  used to calculate the tem-
perature field under normal storage conditions. Then the container

 CHN-24 container: (a) diagram in COMSOL and (b) plotting in ORIGIN.
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Fig. 9. Temperature changes over time in accident of fire: (a)

emperature change over time in the event of an extreme fire was
ssessed by transient analysis, paying special attention to struc-
ural and material integrity, and in particular to assess whether it
emained undamaged or not after 30 min.

. Results and discussion

.1. Radiation dose at the container surface

The sectional drawings of the CHN-24 container model in the
CNP visualisation are shown in Figs. 4a and 5a. In addition, In

rder to calculate the dose rate to surface of container, 1 cm thick-
ess of cylinder with two bottoms, consists of tissue equivalent
aterial, was as the exterior cladding to the CHN-24 container.
nd it was divided into 11 separate cells in the axial and radial
irections.
The error bars represent the Monte Carlo statistical uncertainty
f dose rate calculation for CHN-24 container and the error ratios
re all less than 2%, which meet the accuracy of calculation by
onte Carlo method.
in, (b) 20 min, and (c) 30 min, (d) 40 min  after fire happened.

The dose distribution curve to the surface of the CHN-24 con-
tainer is shown in Figs. 4b and 5b, dose rates to radial and axial
surfaces both gradually decreased from the centre of symmetry
to the edge. The changes in dose induced by photons and neu-
trons irradiance in an axial direction was  similar, yet changes of
dose rate induced by neutrons in the radial direction was  relatively
flat as demonstrated by the transition rate, in that dose induced
by neutrons being slower than that induced by photons decreased
from the centre to the edge of the container (Chen et al., 2013). As
seen in Figs. 4b and 5b, on the surface of container, the peak dose
induced by neutrons and photons was  0.42 mSv/h: this was within
the IAEA’s upper limit of 2 mSv/h.

3.2. Radiation dose to the container’s surrounds

The dose at different distances (0 m to 5 m) from the ends and
sides was calculated (see Fig. 6). Dose induced by photons and

neutrons decreased exponentially with distance from the CHN-24
container. In the distance of 1 m from surface of container, the peak
dose induced by neutrons and photons was 0.06 mSv/h: this was
lower than the IAEA’s upper limit of 0.1 mSv/h.
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Fig. 10. Temperature variations of sh

.3. Temperature of the container under normal conditions

The maximum and minimum temperature of each X–Y cross-
ection every 20 cm from H = 0 cm to H = 440 cm (i.e.  from bottom
o top) is shown in Fig. 7.

Fig. 7 shows that both maximum and minimum temperatures
ecreased from the centre to edge, and the maximum temperature

nside the container underwent a greater change than the mini-
um on the container surface.
The highest temperature inside the CHN-24 container was

50.91 ◦C which was lower than the IAEA upper limit of 190 ◦C, and
uch lower than the 300 ◦C maximum temperature that materials

nside the container could withstand. The highest temperature on
he surface of the CHN-24 container was 80 ◦C, also lower than the
AEA upper limit of 85 ◦C.

From the analysis of above, the maximum temperature inside
he container decreased from middle to edge, so the temperature
istribution along a cross-section at mid-height (H = 220 cm)  of the
ontainer could be used to characterize the highest temperature
nywhere in the container. In order to assess the heat transfer
afety of the container, observing the temperatures in the neutron
hielding layer, which has the poorest heat resistance, and assessing
hether it was  below its melting point or not.

Fig. 8 shows the across-section at mid-height, the temperature
radually decreased from the centre outwards (the 24 groups of
pent fuel assemblies were deemed to be a decay heat source).
ccording to Fig. 8b, the temperature of the neutron shielding
aterial was 102 ◦C, far below its 176 ◦C melting point. There-

ore it could be concluded that CHN-24 containers can retain their
tructural integrity and that of their constituent materials in good
ondition using natural air circulation for cooling.

.4. Temperature of the container under extreme fire conditions

Heat transfer simulation of CHN-24 container was carried out
sing COMSOL software: when the external extreme fire occurred,

t was assumed that the ambient temperature rose to 800 ◦C. Then

 study of the temporal and spatial temperature variations was
ndertaken by transient analysis.

Fig. 9 shows that temperature distributions of container at four
oments, respectively 10 min, 20 min, and 30 min, 40 min  since the
g layers with time in accident of fire.

fire occurred. It can be seen that the temperature became higher as
time went on. The temperature of container surface was  the high-
est, and in the centre of container was  the second high. While, the
temperatures of photon and neutron shield layers were lower than
both above-mentioned.

Fig. 10 shows that the temperature of each layer in the container
wall increased with the on-going duration of the fire. The differ-
ence in temperature across each shielding layer was  1 ◦C, of which
the outer cladding was  the hottest, and also changed the fastest.
Compared with other materials in each layer, the heat-resisting
performance of the neutron shielding material was  the worst espe-
cially when considering its temperature change over time. As fire
lasts for 30 min, the temperature of the neutron shielding layer rose
to 153 ◦C, however which still below its melting point of 176 ◦C.
However, within 30 min  since the fire occurred, the CHN-24 con-
tainer maintained its structural and material integrity and met  the
IAEA safety standards for heat transfer.

4. Conclusions

The safety performance of the CHN-24 container was verified:
the container was designed independently for storing 24 groups of
spent fuel assemblies with burn-up level of 45 GWD/MTU after 10
years cooling.

The dose rates at the surface of the container and at a distance
of 1 m are 0.42 mSv/h and 0.06 mSv/h, which conform to the pre-
scribed IAEA standards for radioactive material transportation. The
dose rate decreases exponentially from the centre to the edge of
the container as well as along the distance from the surface of the
container to farther.

Under normal storage conditions, the temperature inside and on
the surface of the container are 150.91 ◦C and 80 ◦C, respectively:
these meet the IAEA regulations for safe temperature operations. In
the event of an extreme fire accident, the CHN-24 container retains
its structural and material integrity for 30 min: this also conforms
to IAEA safety standards.

This study verified safety aspects such as those pertaining to

safe enclosure of radioactive materials and safe removal of decay
heat for the CHN-24 dedicated container. This provided possi-
bilities for future implementation of this type of dry spent fuel
storage.
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