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Key Laboratory of Advanced Reactor Engineering and Safety of Ministry of Education, Collaborative Innovation Center of
Advanced Nuclear Energy Technology, Institute of Nuclear and New Energy Technology, Tsinghua University, Beijjing, China

Reliable transportation of fuel elements is vital for High Temperature Reactor (HTR) power
plant. Therefore, the safety performance of the containment boundary in HTR-PM600
fresh fuel transport package under impact loading should be assessed. Specifically,
factors such as the structural integrity, bolt safety, and sealing performance of the
flange are considered. However, it is not convenient to assess the sealing performance
using the helium leakage test without a prototypical experiment. Therefore, to accurately
assess the safety performance in the design stage, we propose a detection technique
combing with the finite element method to measure the leak channel in the flange for HTR-
PM600 transport package. The results show that the boundary containment has no failure,
and there is no complete leak channel in the flange of HTR-PM600 package. Hence, this
package has a great safety performance under impact loading. This work also provides
references for design of fresh fuel transport packages in pebble-bed reactors.

Keywords: HTR-PM600, fuel elements, fresh fuel transport package, finite element method, assessment method

INTRODUCTION

Nuclear power, a form of green and clean energy, has been widely developed as an effective
solution for reducing carbon emissions in terms of electricity supply (Dong et al., 2018). The
high temperature reactor (HTR) is a Generation IV advanced nuclear reactors known for its
safety and reliability. The pebble-bed reactor is considered as one of the primary possibilities
for realising HTR systems. China has successfully established the 10 MWy, prototype pebble
bed reactor (HTR-10) and high temperature reactor-pebble bed modules (HTR-PM). For
further development, the project of a 660 MWe Nuclear Power Plant (NPP) HTR-PM600 is
proposed.

The reliable transportation of SFEs is crucial for the HTR power plants. Therefore INET (institute of
nuclear and new energy technology) is developing the HTR-PM600 transport package system. The
spherical elements are stored in the transport package, and then transported to nuclear power plants
(TAEA, 2006). Considering unexpected traffic accidents on the road, transport packages are required to
meet safety regulations. The IAEA safety requirement SSR-6 lists the test methods for all types of packages
under normal and accident conditions (IAEA, 2018). Two different drop tests under the accident
condition are of major concern, including a 9 m drop to an unyielding surface and a 1 m drop to a bar
rigidly installed on an unyielding surface. The relevant tests have been extensively studied. Kim et al.
(2010) presented a simulation and experiment on a KN-18 spent nuclear fuel transport cask in 9 m drop
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FIGURE 1 | lllustration of HTR-PM600 package. (A) transport container
(B) storage canister.

test and 1 m puncture test. Jaksi¢ and Nilsson (2009) demonstrated
the structural performance of the CASTOR AVR cask in 1m
puncture test. Under such extreme conditions, the safety
performance of containment boundary for nuclear fuel has
become a focus of research.

The total containment boundary system for nuclear fuel
consists of a containment vessel, bolts, lids, cover plates, and
other closure devices. Researchers have explored criteria such as
the containment evaluation criteria in NUREG-2216 (U.S.
Nuclear Regulatory Commission, 2020a) and criteria for
closure bolts for shipping casks in NUREG/CR-6007 (US
Nuclear Regulatory Commission, 1992).

The sealing flange may be a weak link in the containment
boundary. The leakage standard for detecting the pressure
variation in the spent nuclear fuel (SNF) cask is presented in
Regulatory Guide 7.4 Revision 2 (U.S. Nuclear Regulatory
Commission, 2020b), and the test procedures are specified in
ANSI N14.5 (ANSI, 1997). Saito et al. (2014) investigated the
sealing performance on the MSF-type cask for PWR spent fuel
using helium leakage tests. Wang (2009) studied the sealing
performance of containment of SNF cask based on theoretical
and empirical methods, and the reference air and helium leakage
rates were investigated based on the case of the NAC-STC cask.
However, it is not convenient to assess the sealing performance
using the helium leakage test without a prototypical experiment.
The more important is that the sealing performance should be
initially assessed to improve the robustness of project before the
manufacture and further actual test. Therefore, we propose a
detection technique combing with the finite element method to
measure the leak channel in the flange for HTR-PM600 transport

FIGURE 2 | FE model of cask.

package. That is indeed needed for the industry of nuclear fuel
transport.

In this study, a containment integrity and sealing assessment
was conducted on the HTR-PM600 fresh fuel transport package
under impact loading. The remainder of this paper is organised as
follows. The structure, material, and FE (finite element)
modelling of HTR-PM600 fresh fuel transport package are
presented in Structure and FE Methodology. The containment
integrity and sealing assessment method, are presented in
Containment Integrity and Sealing Assessment Method. The
numerical simulation is conducted using the FE code, and the
safety performances of HTR-PM600 package are reported in
Result and Discussion. Finally, the conclusions are presented in
Conclusion.

STRUCTURE AND FE METHODOLOGY

Structure Description

In recent decades, as HTR systems have been improving, the
structure of fresh fuel transport packages in pebble-bed reactors
has developed to meet the requirements in terms of safety and
economy. Figure 1 shows the main components of the HTR-
PM600 fresh fuel transport package—the transport container and
storage canisters.

Four canisters are housed in a transport container. The
transport container, an approximate cubic vessel, is designed
for road transport. The container can protect the canister and
inner fuel elements in drop tests, puncture tests, fire tests, and

TABLE 1 | Mechanical properties of metallic materials.

Material Density (g/cm?) Elastic modulus Poisson’s ratio
(GPa)

SS304 8.0 193 0.3

SS A2-80 8.0 193 0.3

Yield strength Ultimate strength Maximum elongation (%)

(MPa) (MPa)
205 520 40
600 800 30
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FIGURE 4 | Assessment criteria for containment boundary.

other extreme conditions. The top cover in the transport
container is connected to the transport container body with
40-M36 bolts.

The storage canister is thin-walled but is capable of storing
numerous spherical nuclear fuel elements. The canister consists
of a lid, flange, canister body, and frame. The canister body has a
rectangular cross-section and has opening at the top. The lid is
connected to the canister body with 28-M20 bolts. In this system,
the lid flange, bolts, and canister body constitute the containment
boundary to prevent leakage of the TRISO-coated fuel particles.
From this perspective, the storage canister plays an important role
in the protection and containment of nuclear fuel.

The transport container and storage canister are
manufactured mainly using stainless steel 304. In addition,
polyurethane foam is used in the container for thermal
insulation and energy absorption. The bolt is fabricated using
austenitic stainless steel A2-80.

The total weight of the transport container with the four housing
canisters is approximately 11 tons. The external package size is
approximately 2,400 mm x 2,400 mm, with a height of 2,400 mm.

Material Properties
The mechanical properties of the metallic materials used for the

HTR-PM600 transport package are summarised in Table 1. For
stainless steel 304, the mechanical properties are referring to the
ASME standard (American Society of Mechanical Engineers,
2015), and the constitutive modelling is governed by a
piecewise linear plasticity model that accounts for failure. For
the bolt, high-strength austenitic stainless steel A2-80 is used
following ISO 3506-1 (International Organization for
Standardization, 2020). The polyurethane foam absorbs the
impact kinetic energy in a drop accident through its own
compression. The material parameters were recommended by
Nichols (Nichols et al., 2001), and the crushing strength property
of classical polyurethane foam (product code for FR-3700) is
1.1 MPa for 10% strain (General Plastics Manufacturing
Company, 1999).

Finite Element Modelling

Drop tests are commonly regarded as the most reliable
method to ensure the safety and dynamic response of the
transport cask under accident events. However, the actual test
is wusually expensive and time-consuming. With the
development of computer technology, the application of
explicit dynamic code, such as LS-DYNA to simulate the
cask drop, has become popular and has been validated by
many researchers (Kim et al., 2010b; Wu et al., 2012; Sichani
et al, 2019). LS-DYNA is a commercial FE program that
offers highly nonlinear and transient analysis (Livermore
Software Technology Corporation, 2019). In this study, the
FE model (Figure 2) was established using the LS-PrePost
pre-processing software package. The model represents the
entire transport container and canister. The element type for
all thin-walled components was the shell element. For the
thin-walled canister, the thickness of the thin wall is much
smaller than two other characteristic sizes, thus, in
comparison with the solid elements, the shell element is
recommended to obtain more accurate results with fewer
elements to reflect the bending. The number of integration
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FIGURE 5 | Forces and moments in a bolt in 2D and 3D: F is the axial resultant force, My is the resultant bending moment around the S axis, My is the resultant
bending moment around the T axis, Q is the resultant torsional moment, Vs is the shear force along S, and V; is the shear force along T. (A) 2D (B) 3D.
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points through the thickness were set to five for sufficient
accuracy. The foam models were analysed using solid
elements. For the bolt model, it is efficient to use beam
connections with the preloads because the beam model
requires less time to create and solve than the other models
do, especially for a large number of bolts. The nut and bolt head
were modelled using rigid beams to connect with the adjacent
nodes, while the bolt shank was modelled with the bolt beam. The
sliding behaviour and friction effect of the upper flange and lower
flange were considered. The additional mass method (Liu, 2015)
was used to simulate the behaviours of 4.5 tons of nuclear fuel
during the process of drop, thus the additional mass of fuel is
uniformly distributed to bottom wall of containment boundary
for bottom-down drop case, to top and side wall for top-corner
drop case, and to side wall for side puncture case. The entire
model had 498,430 elements and 492,260 nodes. The mesh was
designed for the accurate prediction for the important structural
behaviours.

Dynamic relaxation was used before performing the transient
dynamic analysis. For the nth time increment, the equation for
developing the dynamic relaxation method for structural analysis
is (Belytschko et al., 1985)

Mg +Cq" .+ P(q") = f (") (1)

where M is the mass matrix, C is the damping matrix, ¢ is time,
and q is the vector of dependent discrete variables. This equation
is solved using the central difference method:
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FIGURE 11 | Effective plastic strain contours of the lids, sidewalls, and bottom walls of canister (A) under 9-m bottom-down drop (B) 9-m top-corner drop (C) 1 m
side puncture.

qn’% = (-q""+q") / h (2) Therefore, to apply a preload to the bolts, the load curve (axial

. force versus time) is input by the user, and the load in the bolt is set
q'=(-4""+4"") / h (3)  equal to the value given in the curve until the end of the load. Finally,

dynamic relaxation is completed when the load, contact force, and

where £ is a fixed time increment. stress are equalised. Some accidental drop tests are required by IAEA

Frontiers in Energy Research | www.frontiersin.org 5 May 2022 | Volume 10 | Article 914090


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Hao et al.

Containment Integrity and Sealing Assessment

0.30 300
A [—— Axial stress
Maximum Shear stress.
0.25 - + 250
- A
-§ 0.20 E 200
£ S
€ 0.15 - 2 150
o 4 2
@ 4 =
- 12}
& 0.10 4 A 100
1 A
0.05 - A A A a A A, Aa (42 Ay 50
Bottom-down ‘wmﬂﬁ?ﬁmﬁfﬁm‘ﬁ‘
0.00 +—— : - - | - - T 0 — - - -
0 20 40 60 80 100 120 0 30 60 20 120 150
B Bolt number Time (ms)
1.0 400
Maflmum —— Axial stress
Shear stress.
0.8
300
E -
‘G 0.6 =
£ N =
8 2 200
e g
2044 &
@ a FS i |
Top-corner iy 0
Aaa a A
PUPltt~ S i A 28
il w‘m" ‘T‘ Altilnod ]
0.0 T T T U T T 0 T T T T
20 40 60 80 100 120 0 30 60 20 120 150
Bolt number Time (ms)
0.4 300
C —— Axial stress
—— Shear stress.
Maximum 250
0.3 4
g R 5 2001
g £
€ 0.2 2 150-
) a 2
. @ =
S »
Side puncture 3 \ ' 1001
0.1 . N
. N A A 501
Al ‘%: "W N i
P s-b.ﬁ E‘T ‘W“A:uﬂ.ﬁ
0.0+ . il Il 0 . . : ;
0 20 40 60 80 100 120 0 50 100 150 200 250
Bolt number Time (ms)
FIGURE 12 | Bolt safe coefficient and stress of (A) bottom-down drop test (B) top-corner drop test (C) side puncture test.

SSR-6. In this study, a 9 m drop to an unyielding surface and a 1 m
drop to a steel bar were investigated. Three typical drop scenarios
were considered with different orientations including bottom-down
drop, top-corner drop, and side puncture, as shown in Figure 3. To
save calculation resources, equivalent initial velocity is 13.3 m/s for
bottom-down and top-corner drop, 4.2 m/s for 1 m side puncture.

CONTAINMENT INTEGRITY AND SEALING
ASSESSMENT METHOD

Outlines of Containment Boundary

The containment boundary should maintain its integrity under
accident conditions. The containment boundary system for the
HTR-PM600 fresh fuel transport package, is shown in Figure 4,
where the structural integrity, bolt safety, and sealing
performance should be assessed.

Structural Integrity
NUREG-2216 (U.S. Nuclear Regulatory Commission, 2020a)
prescribes containment evaluation criteria for the Type AF

fissile package. The structural assessment criteria stipulate that
there must be no loss or dispersal of radioactive material under
normal conditions and that the radioactive material must be
confined to a known geometry to remain sub-critical under both
normal and accident conditions.

For the HTR-PM600 transport package, the structural
integrity assessment focused on three essential components
in the storage canister, that is lid, sidewall, and bottom wall,
which directly contain the nuclear fuel element. The effective
plastic strain is considered to be crucial to reflect the
mechanical behaviours of the aforementioned components.
Leakage of radioactive material will occur if the value of the
effective plastic strain exceeds the maximum elongation of
the material; the package will not satisfy the acceptance
criteria in this case.

Bolt Safety

The bolt closure, as a part of the integrated structure, provides
leak-proofing in the containment system to prevent leakage of
radioactive material. However, it is also a weak link in nuclear fuel
containers under accident conditions. Therefore, in this study, the
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TABLE 2 | Automatic quick assessment output for three drop cases based on our code.
Property Bottom-down Top-corner drop Puncture
drop
Containment boundary Integrity assessment Top cover Effective plastic strain 0% 0.04% 0.0%
Sidewall 2.58% 1.99% 15.63%
Bottom wall 11.57% 0.4% 4.85%
Bolt analysis (M20) Tension stress (MPa) 199.17 309.18 179.01
Shear stress (MPa) 166.16 391.66 217.56
Coefficient 0.25 0.92 0.31
Sealing performance of flange Sealed Sealed Sealed
Transport cask Bolt analysis (M36) Number of failures 0 0 0

safety of 4 x 28 bolts installed on the canister flange should be

validated.

The safe performance of bolt closure depends mainly on the
number and strength of the bolts. NUREG/CR-6007 (US Nuclear

Regulatory Commission, 1992) provides guidance and criteria for

closure bolts for shipping casks. For the bolt analysis shown in

Figure 5, the axial tensile force, shear force, bending moment,
and torsional moment are considered. The axial tensile and
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transverse shear bolt forces are the primary forces. Although the
bending moment and torsional moment are not dominant
factors, they are also considered to improve the calculation
accuracy.

Based on a study on the bolt failure criteria provided by (Grelli,
2017), axial stress o,, and shear stress T are computed as follows:

_E+\/M§+Mf

o =~ 7 (4)
A= ndzz (6)
Z = ng (7)

where A is the sectional area, Z is the section modulus, and d is the
diameter of the bolt shank.

The stress analysis of bolts is based on elastic range. According
to the requirement issued by NUREG/CR-6007 (US Nuclear
Regulatory Commission, 1992), the stress should not exceed the
yield strength. Therefore, the final stress limitation in Eqs 8, 9 and
the bolt coefficient in Eq. 10 for bolt are calculated as follows:

o, < [0] (8
< [1] 9)

o : T 2
() +() = (10)
[0] = min{0.7S,, S, } (1)
[] = min{0.425,, 0.65, } (12)

where [o] and [t] are the limitation for axial and shear stress of
bolt, respectively, S, is the minimum ultimate stress of the bolt
material, and S, is the minimum yield stress of the bolt material.
The bolt is thought to be failed once the induced stress does not
meet the Eqs 8-10.

Sealing Performance of Flange

The flange is also a major part of the containment boundary. The
flange deforms under impact loading, in this case the inner
TRISO-coated particles (d = 0.92 mm) have the possibility to
leak through the channel in the flange, as indicated by the marked
points in Figure 6. The sets of marked points can be divided into
two categories: incomplete leak channel (regions 1,2, and 3 in
Figure 6.) and complete leak channel (region 4 in Figure 6.). The
particles can escape only when the complete leak channel is
formed in the flange.

The acceptance of sealing criteria is thus determined, and an
accurate detection technique is required to describe the sealing
performance of the flange. Figure 7 shows the main flow of the
proposed detection technique.

Step 1, Create a neighbour list: The neighbour list contains
information about node positions. For example (Figure 8A),
nodes B, C, and D in the lower flange are closest to node A in the
upper flange; thus, the node information about the number and
corresponding coordinates are recorded in the neighbour list.

Containment Integrity and Sealing Assessment

Step 2, Measure the distance: Figure 8B shows the tetrahedron
constructed by the four nodes mentioned in Step 1. Distance d
between node A of the upper flange and the face of the lower
flange was calculated by the height of the tetrahedron. For
thousands of nodes in the upper flange, the distance from the

nodes to the lower flange was recorded in a set {d;,d,,...,di},
and the maximum distance d,,,, is calculated as
dppax = maxd (13)

If the d,yqyx is smaller than 0.92 mm, the flange has complete
sealing performance. If the d,,y is larger than 0.92 mm, the next
step is to do leak channel detection.

Step 3, Leak channel detection: Figure 9 illustrates the detection
of the flange’s leak channel using depth-first search (DFS)
algorithm. DFS is a typical algorithm for traversing or searching
graph structures in the field of graph theory (Photphanloet and
Lipikorn, 2020). DFS uses a vertex as a starting point to visit
neighbouring vertices. One of the adjacent vertexes that has not
been visited is selected as the new starting point. The DFS
algorithm backtracks until the selected point has no unvisited
adjacent vertices. In this study, the vertices are the nodes with an
opening size greater than 0.92 mm, as calculated in Step 2. As
shown in Figure 9, the orange nodes are on the inner side of the
flange, whereas the destination is on the outer side. The DFS
algorithm starts at the orange node and explores as far as possible
along each branch before backtracking; it stops when arriving at the
red nodes or when all nodes are traversed. If a complete leak
channel exists, the flange loses its sealing performance and the
containment boundary is destroyed.

Protection of Containment Boundary

The transport container plays a key role in the protection of the
containment boundary, which is used for absorbing kinetic
energy under extreme accident conditions. The more energy
the transport container absorbs, the safer are the inner storage
canisters. The primary goal of this research was to ensure the
safety of the containment boundary; Localised failure or
damage is acceptable for transport container. Therefore, the
only situation that should be focused on was the failure of the
transport container bolts, which may result in separation of the
storage canister from the transport container, in turn, inducing
further damage. In this study, our primary concern was the
number of bolts that failed in the transport container.

RESULT AND DISCUSSION

This section presents the test results of FE drop and puncture
analyses conducted on the HTR-PM600 transport package using
the explicit dynamic code LS-DYNA. In addition, the
containment integrity and sealing performance of HTR-
PM600 transport package is assessed.

Energy Balance
Figures 10A-C illustrate the energy versus time-history
curves of the three cases used in the numerical analysis.
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Each includes kinetic energy, internal energy, total energy,
hourglass energy, and sliding energy. Owing to the initial
drop height, the gravitational potential energy continues to
be converted into total energy. In addition, the total energy
remained stable from beginning to end. As the peak hourglass
energy was always less than 4.2% of the total energy, it could
be easily conducted that the control of hourglass energy is
successful. The negative sliding energy was also investigated.
Although the negative sliding energy cannot be avoided in a
complex contacting system, only a small percentage of the
total energy is acceptable. In addition, the smooth energy
balance curves demonstrate no numerical instability. As such,
all the numerical simulations can be said to be accurately
performed.

Structural Integrity

Figures 11A-C illustrate the final effective plastic strain
contours of the lid, sidewall, and bottom wall of the
containment boundary. The bottom-down drop is a
typical drop scenario. The maximum effective plastic
strain at the bottom wall of the canister is approximately
11.57%. The top-corner drop is another representative drop
scenario. The point of the corner fitting first contacts the
ground at the initial stage, and the contact area begins to
increase so that the transport container buckles to absorb the
kinetic energy of the entire package to protect the inner
storage canister. As we can see, the containment boundary
has little plastic deformation under top-corner drop case
that the transport container demonstrates the strong
protection. In addition, the maximum local effective
plastic strain in the 1-m side puncture case is
approximately 15.63%, located in the side wall of
containment boundary. The maximum effective plastic
strains in the three cases are all lower than the 40%, thus
our transport has great package structural integrity in such
extreme accidents.

Bolt Safety

The bolt safety coefficient experienced in the three cases are
shown in Figures 12A-C. Based on the failure criteria given in
(10), no failure occurred in the bolt of the containment boundary.
It is easy to find that the bolt has the biggest bolt coefficient 0.92
under the top-corner drop case located at the corner of the
canister. That is because flange has the deformation when the
canister contacts the container under this case. The figure also
shows the axial and shear stress curves of the bolt with the
maximum bolt coefficient.

Sealing Performance of Flange
A small gap was observed between the upper and lower flange
due to the impact loading. The bottom-down and top-corner
drop cases show that the maximum distance is 0.11 and
0.23 mm, respectively, much less than the outer diameter of
the TRISO-coated particles. That is in compliance with the
requirement.

As for side puncture, the maximum distance between the
flange is 0.97 mm, which is larger than the outer diameter of

Containment Integrity and Sealing Assessment

the particles. To further evaluate the sealing performance of
the flange, the leak channel detection technique mentioned in
Containment Integrity and Sealing Assessment Method was
used. Figure 13 shows the two regions and their leaking
channel. As we can see, no complete leak channel exists; thus,
the flange system still maintains the sealing performance
under side puncture conditions. Compared with the node
information abstracted from the FEM result, the results show
that the detection technique can accurately evaluate the
sealing performance of flanges.

Automatic Assessment Technology

To improve the efficiency of evaluation, the code is developed
using the automation technology to conduct on containment
integrity and sealing assessment for HTR-PM600 fresh fuel
transport package. Table 2 shows the comprehensive
assessment result obtained using the code in a very short time.

CONCLUSION

This work studies on the containment integrity and sealing
performance of the flange in HTR-PM600 fresh fuel
transport package under the drop and puncture loading
based on the dynamic finite element method. To improve
the robustness of project and overcome the inconvenient
helium leakage test before the actual test, a detection
technique combing with the finite element method is
proposed to measure the leak channel in the flange. The
result clearly showed that the boundary containment has no
failure and no complete leak channel exists in flange of HTR-
PM600 package. This method can also be applied to other
similar transport packages.
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