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ABSTRACT

The fuel bundle in a fast breeder reactor (FBR) is wrapped with wires for guiding the flow of liquid metal. Under
operation condition with irradiation and high temperature, the wrapped bundle undergoes complex contact so
that the flow channel of liquid will be affected. There are mainly four factors involved: radiation swelling,
thermal expansion, radiation creep and thermal creep. In the present study, a full-scale finite element model
(FEM) is established to consider the effect of these factors on the complex contact during operation. The es-
tablished model can capture the contact separation, spacer wire’s dispersion, oval distortion and bowing details
of fuel pins. The results show that the local contact dispersion caused by the wire slip can alleviate the severe
transverse bending deformation of the bundle. What is more important, we find out that the dispersion of contact
points in the peripheral direction of the bundle is another key factor for alleviating the severe deformation of the
bundle during operation, this new mechanism - peripheral dispersion of contact — has not been achieved in

previous studies.

1. Introduction

Most of the large-scale fast breeder reactor (FBR) power stations
were liquid metal fast breeder reactors (LMFBR) cooled by liquid so-
dium. The deformation of pin-to-pin channel or pin-to-duct channel is
critical for the flow of liquid sodium. The bowing of bundle pins may
reduce the clearance and further affect the exchange rate of heat be-
tween the pin and liquid sodium. When fuel burnup increases, the re-
lease of internal fission gas will cause void swelling and irradian creep
of cladding, leading to the increase of fuel pin diameter (Shibahara
et al., 1993; Maeda et al., 2005). Therefore, bundle-duct interaction
(BDI) and pin-to-pin interaction are considered to be the major factors
which affect the life of FBR fuel assemblies, and the deformations of
fuel pins and ducts are investigated for the integrity evaluation of the
fuel assemblies.

In the late 1990s, a computer code Marse (Itoh et al., 1994) has been
developed to analyze structural behaviors of fast breeder reactor (FBR)
fuel subassemblies under irradiation conditions. The contact between
adjacent fuel pins is considered by using spring elements adopted at the
contact points. This program provided the ability to treat the complex
BDI condition (more than 105 contact pairs) with high accuracy and
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low computational cost.

Later, a three dimensional (3D) beam element model (BAMBOO)
has been developed by Uwaba and Tanaka (2001) to analyze the wire-
wrapped fast breeder reactor (FBR) fuel pin bundle deformation under
BDI. The fuel pin bowing and cladding oval distortion can be con-
sidered in the BAMBOO code. The BAMBOO (Uwaba and Tanaka, 2001)
code has been successfully used to predict the pin-to-duct clearances in
the out-of-pile compression test, and they conclude that the cladding
oval distortion may reduce the bowing of the fuel pin. A dispersion
model was introduced in the further version of BAMBOO (Uwaba et al.,
2004; Uwaba et al., 2005), to account for the deviation of the wire
position during irradiation swelling, creep, and thermal expansion.

The BAMBOO code was verified by the out-of-pile bundle com-
pression test with large diameters (8.5 mm and 10.4 mm) (Uwaba et al.,
2014), and the simulation results were in good agreement with the
Computed Tomography (CT) image analysis for the pin-to-duct and pin-
to-pin clearances. BAMBOO also performs iterative calculations in
conjunction with thermal-hydraulic analysis to achieve a balance be-
tween deformation and temperature (Uwaba et al., 2017).

In the past, numerical analysis of full-scale fuel pin bundle could not
be achieved due to limitation of computational capability. From the
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perspective of structure deformation, the previous BDI analysis codes
(Itoh et al., 1994; Uwaba and Tanaka, 2001; Uwaba et al., 2004; Sakai
et al., 1978) were based on the 3D beam model to study the pin-bowing
effect. From the perspective of fluid flow pattern, the subchannel ana-
lysis codes (Chelemer et al., 1972; Sun et al., 2018; Shan et al., 2009)
were developed to study thermo-hydraulic characteristics. Over the
past half-century, computing capability has grown tremendously, and
the dramatic increase in computing capability allows for the 3D simu-
lation of the wire-wrapped fuel bundles. In the previous studies, there
were several full-scale studies about thermal-hydraulic cases that ex-
amined the effects of the wires and pins on turbulent flow and heat
transfer, which have been successfully measured by Goth et al. (2018)
in the experiment. These full-scale studies involve different numbers of
pins. For instance, a 19 pin-wire assemblies were studied by Liu et al.
(2017) and Pacio et al. (2015). A hexagonally arrayed 37-pin wire-
wrapped rod bundle has been numerically studied to provide pressure
loss and flow rate by Chang et al. (2016). A 61-pin wire-wrapped
hexagonal fuel bundle has been performed by Chen et al. (2018). Be-
sides, Merzari et al. (2012) studied the influence of the pin-wire contact
model on thermal and hydraulical performance of the fuel bundle, and
they found the CFD results are very sensitive to the selected interface
model between wires and pins. Since the thermal or mechanical de-
formation of the structure might make the flow channels narrow, and in
a consequence will affect the turbulence model used in the simulation.
Thus, the choose of turbulence models is critical for performing detailed
computational fluids. This poses a big challenge to the CFD calculation.
In recent years, some researchers had also carried out fluid-structure
coupling simulations to explain more complex phenomena under real
working conditions, e.g., Dolfen et al. (2019) and Brockmeyer et al.
(2020) studied the flow-induced vibration of a 7-pin wire-wrapped fuel
bundle. These works provide new insights for the fluid-structure in-
teraction simulations of the bundles.

However, to our knowledge, we have not found any full-scale finite
element cases to study deformation due to contact between pins, ducts,
and wires. The focus here is to find ways to resolve the complex contact
between these components. In the present work, we provide a full-scale
finite element model (FEM) with user defined material behavior, to
study the fuel pin deformation under irradiation swelling, creep, and
thermal expansion. The full scale model can accurately describe the
oval deformation and wire contact dispersion.

Oval deformation and wire contact dispersion play important roles
in determining the bending resistance of FBR fuels. Specifically, lateral
bending of the cladding is less if the oval deformation of fuel pin is
considered. Also, the lateral bending of the cladding can be alleviated
by wire contact dispersion, that is, the squeezing stiffness of the bundle
is smaller if the slip between wire and pin is allowed. However, these
two factors are not well considered in the previous models, e.g. in
BAMBOO code (Uwaba et al., 2005), the wire deviation can not vary
both as a function of the axial position and peripheral position to
maintain the wire-pitch; and the relationship between the contact force
and ovality is considered to be linear in BAMBOO. These assumptions
are not strictly valid for the real fuel pin interactions. The present work
provides a full-scale model to consider these conditions for studying the
bundle deformation under the working conditions with irradiation and
temperature fields.

2. Model description
2.1. Description of the fuel assembly

In the present model, the fuel subassembly consists of an outer duct
and 169 mixed-oxide (MOX) fuel pins. Its cross section is shown in
Fig. 1(a). In order to improve the efficiency of calculation, only cor-
esection of the bundle with large radiation dose and high temperature is
considered. The length of the bundle is L = 996 mm. In each fuel pin,
the spacer wire is wrapped in the counterclockwise sense at a pitch of
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Fig. 1. The geometry of the cross section of fuel assembly and the fuel pin with
its spacer wire.

(a) A cross section of a fuel assembly

(b) one fuel pin
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150 mm, as schematically shown in Fig. 1(b). The relation between the
wire orientation and pin axial position is the same to all fuel pins in the
subassembly. The Cartesian coordinate system in 3D space is also given
in Fig. 1 to facilitate the description of the results later. A general
contact definition is used for the contact interactions between all
components (claddings, wires and duct) in the model. The model uses a
normal hard and tangential frictionless contact property for all inter-
actions.

During the irradiation, due to the interaction of radiation swelling,
thermal expansion, radiation creep and thermal creep, the fuel sub-
assembly will undergo complex deformation (Zhao et al., 2015), which
may lead to changes in the contact position and contact relationship
between various components. In addition, the cladding will be con-
tacted by some adjacent space wires due to their expansion by heating
and irradiation. To accurately describe the above process, a full-scale
finite element model is established in the commercial finite element
package Abaqus/Explicit. The shell element (S4R) is used to simulate
the claddings and the duct, and the solid element (C3D8R) is used to
simulate the spacer wires. The mesh size information is as follows: the
number of elements in cladding’s circumference is 39, the number of
elements in wire’s circumference is 16 and the mesh size in axial di-
rection of the cladding and wire is 2.0 mm. The visualization images of
different scales of the mesh are shown in Fig. S1 of the supplementary
materials. We also investigated the mesh sensitivity of the contact be-
tween the single wire and the cladding and the mesh sensitivity of the
whole model. Under the above mesh size, the results are convergent.
See supplementary material for details.

In view of the complex constitutive behavior of the materials, a user
material subroutine VUMAT in Abaqus/Explicit was developed to ac-
curately characterize the mechanical response of materials under irra-
diation and high temperature. Some researchers have implemented a
similar creep constitutive model through the subroutine UMAT in the
implicit FEM package Abaqus/Standard (Jian et al., 2019; Basirat et al.,
2015).

Two feature planes (sections), that are the pin-duct contact plane
(normal plane) and pin-wire contact plane (pinch plane), are defined to
extract and interpret the results, as shown in Fig. 2. The difference
between the two sections is that: In the normal plane, there is a row of
wires located exactly between claddings and duct; In the pinch plane,
the wires are located exactly between two adjacent claddings. There are
39 normal planes and 39 pinch planes in the entire model (6 in each
wire pitch).

The structural components of these assemblies were made of mod-
ified type 316 stainless steel and 15Cr-20Ni base advanced austenitic
stainless steel. The design parameters for a test subassembly are shown
in Table 1. The test subassembly was irradiated for 558 effective full
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(a) Normal plane (b) Pinch plane

Fig. 2. Schematic of two feature planes of a fuel pin bundle subassembly for the
extraction of results: (a) normal plane, and (b) pinch plane.

Table 1
Design parameters for a test subassembly.
Designed Parameters (unit) Value
Number of pins 169
Fuel column length L (mm) 996.0
Material 316 Ti CW
Cladding Outer Diameter (mm) 6.62
Wall thickness (mm) 0.42
Material 316 Ti CW
Wire wrap Diameter (mm) 1.555
Axial pitch (mm) 150.0
Material 316 Ti CW
Duct Wall thickness (mm) 2.90
Length of one side (mm) 62.9
Exposure (EFPDs) 558
Irradiation conditions Peak neutron fluence (dpa) 75
Peak burnup (GWd/t) 0.65
Work temperature (°C) 560.0

power days (EFPDs). The bottom of the model (Y = 1152 mm) was
clamped (including the duct, claddings and wires). Specifically, three
translational degrees of freedom (Dofs) and three rotational Dofs of the
nodes at the bottom of duct and claddings (shell elements) are con-
strained, and three translational Dofs of the nodes at the bottom of
wires (solid elements) are constrained. It should be noted that the
bottom of the model is far away from the high temperature and high
radiation area, and the deformation is small. It is reasonable to impose
boundary conditions there. Besides, the model was warmed up and the
irradiation dose was increased to simulate the near-true working con-
ditions.

2.1.1. Material model

The irradiation swelling, irradiation creep, thermal creep and
thermal expansion correlations of the modified type 316 stainless steel
for the fuel pin bundle deformation analysis are as follows.

(1) Elastic parameters: The elastic modulus E (unit: MPa) and Poisson’s
ratio v of the material vary with temperature. The relationships are
as follows (Tobbe, 1990; Private communication with China
Institute of Atomic Energy, 2019)

E =195980 — 72.6-T
v =029 + 4.41-1075-T m

where T (unit: °C) is the temperature.

(2) Irradiation swelling correlation: For the irradiation dose d < 50 dpa,
the strain of irradiation swelling strain is 0 and no special treatment
is needed; and for d > 50 dpa, the following expression is given
(Tobbe, 1990; Private communication with China Institute of
Atomic Energy, 2019)

Nuclear Engineering and Design 364 (2020) 110676

ﬂ — . — .10-5 — 21. -
() = 0.3-exp[~4.3-10°(T — 460)2]-(d = 50) @

(3) Irradiation creep correlation: The constitutive equations for the given
creep model of claddings and wires are as follows (Chelemer et al.,
1972; Uehira et al., 2000; Uwaba et al., 2011):

irr
— =1.1-107%Ad + 1.2-1072-A¢S
Oeg 3

where, g, is equivalent stress (unit: MPa), Asj;’ is equivalent creep
strain increment, Ad is the increment of irradiation dose and Ac® is
irradiation swelling strain increment.

(4) Thermal creep correlation: The constitutive equations for the thermal
creep model of the claddings and wires are as follows (T6bbe, 1990;
Private communication with China Institute of Atomic Energy,

2019):

z.o17~107(aeq)3-1-exp(—$) Oog < 150

1.948:10-8(0g 0% exp(— %55 ) Geg > 150 @
in which
B {38565 T < 700
= 134522 + 23.132:(T + 273) — 1.9503-1072(T + 273)> T > 700
(5)

where, is the equivalent thermal creep strain rate, and Q is a tem-
perature-dependent coefficient.

(5) Thermal expansion correlation: The thermal expansion coefficients «
(unit: 1/°C) of claddings and wires are the same and vary with
temperature as follows (T6bbe, 1990; Private communication with
China Institute of Atomic Energy, 2019)

a = 1.867-107% + 2.5-107%(T — 20) (6)

2.1.2. FEM implementation of material model: irradiation swelling as an
example

In Abaqus/Explicit, the above constitutive model is realized by
writing user material subroutine VUMAT. The implementation process
of each part is similar. As an example, we only consider the irradiation
swelling strain when the irradiation dose d is greater than 50 dpa. The
strain increments caused by other mechanisms have similar updating
modes. From Eq. (2), we can get the volumetric strain

6" = 0.003-exp[—4.3-105(T — 460)]-(d — 50) 7)

The principal strains in three directions caused by irradiation swelling
can be obtained from Eq. (2),
e = el = f' = 0.001-exp[—4.3-10~%(T — 460)?]-(d — 50) (8)

The incremental expression of the irradiation swelling principal strains
can be obtained by performing a variational analysis on Eq. (2),

Al = Agl™ = Agl™ = 0.001-exp[—4.3-1075(T — 460)?]-Ad )

The Eq. (9) is the expression of strain increment caused by swelling
and the basis for updating stress in the VUMAT of Abaqus/Explicit is:
Agt = Ag — A (10)
Ohew = Oold + Ac = gyq + C: Ag® 1D

where, A¢"™ is the elastic strain increment and Ae is the total strain
increment. gpy and oy, are the stress tensors corresponding to the
previous incremental step and the current incremental step, respec-
tively. C is the material stiffness matrix. A" is the increment of
thermal expansion strain tensor caused by irradiation:
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The process of stress updating for only considering irradiation
swelling effect in Abaqus/Explicit can be determined by Eq. ((9)-(12)).

2.2. Thermal and Irradiation Conditions

In this paper, the temperature and irradiation load are taken from
real working conditions. The distributions of the temperature and ir-
radiation dose are constant on each cross-section, but the distributions
in the axial direction are different. The final distributions of the tem-
perature and irradiation dose along the Y direction are shown in Fig. 3.
The loading in the simulation is as follows. The temperature was first
linearly increased from O °C to the real working condition shown in
Fig. 3. Then within 558 EFPDs, the irradiation dose was linearly in-
creased from O dpa to the distribution shown in Fig. 3. In the later
period of time, the temperature is kept at the real working condition.
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Fig. 5. The deformation diagram of the centermost
assembly bundle after 558 EFPDs.
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3. Results and discussion
3.1. Bowing of the bundle
The axial profile of the lateral displacement of the fuel pin array

after 558 EFPDs is shown in Fig. 4, where the solid lines correspond to
the lateral displaced positions and the dotted lines are their original
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Fig. 4. Calculated lateral displacement profiles (average value of cross section) of the fuel pins in the diagonal after 558 EFPDs (The dotted lines in the figure

represent the initial positions of the central axes of the claddings.).
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Fig. 6. The definition diagram of the pin-to-duct clearance.

positions. Note that the average displacement of all nodes on the cross
section of the cladding is given here.

From the perspective of the material model, isotropic expansion
occurs at the material point. Moreover, irradiation swelling and thermal
expansion are also isotropic. Under real working conditions (high ir-
radiation dose and high temperature), irradiation swelling and thermal
expansion are the two main deformation factors. The main deformation
pattern of the bundle response is the transverse bending of the pins. The
farther the pin is away from the center of bundle, the greater the degree
of local transverse bending deformation. In addition, along the axial
direction of bundle, pins have the largest local bending deformation
near the locations with highest irradiation dose.

The full-scale finite element model also allows for a more accurate
simulation of the cross-sectional shape of the cladding. In all simula-
tions here, the circumferential direction of the cladding is divided into
39 elements (the edge length of the element is 0.53 mm). The de-
formation diagram of the centermost cladding of fuel-subassembly
bundle after 558 EFPDs of high temperature and irradiation is shown in
Fig. 5, where the local deformation of the cladding details can be ob-
served. We can clearly see the restrained “traces” of the expansion of
the cladding caused by spacer wire, especially at the location with high
temperature and irradiation (from Y = 1352 mm to Y = 1752 mm).
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3.2. Pin-to-duct clearance and oval distortion

Pin-to-duct clearance is often used to quantitatively evaluate the
blockage of flow channels in fuel bundles. For a certain section of an
assembly, pin-to-duct clearance is defined as the distance from the duct
to the nearest points on the section of the cladding. An intuitive defi-
nition of the pin-to-duct clearance is shown in Fig. 6. The figure shows
the deformation of two typical contact between cladding and duct, as
well as the definition of pin-to-duct clearance.

The peripheral distribution of the pin-to-duct clearances of different
cross sections (Y/L = 0.38 and Y/L = 0.56) are shown in Figs. 7 and 8.
These two sections are both normal planes. The positions of the spacer
wires for the bundle peripheral pins in the bundle are shown on the
right-side of Figs. 7 and 8.

As can be seen from Fig. 7 and Fig. 8, for the case of Y/L = 0.38, the
pin-to-duct clearance of the plane I is larger, while that of the plane IV
(opposite to plane I) is smaller. Near plane I, the spacer wires are di-
rected toward the plane. These wires prevent the cladding from bending
toward the plane. Therefore, the pin-to-duct clearance in plane I is re-
latively large. On the other hand, near plane IV, the spacer wires are
opposite to the duct, so the pin can easily move to plane IV. In this case,
the pin-to-duct clearance is relatively small. Similar results were ob-
tained for the case of Y/L = 0.56 (the pin-to-duct clearance of plane VI
was larger than that of plane III). Besides, we also noticed that the
minimum pin-to-duct clearance of Y/L = 0.38 was much smaller than
that of Y/L = 0.56, which was due to the larger radiation dose and
radiation expansion deformation at Y/L = 0.38.

The minimum pin-to-duct clearance as a function of the axial po-
sition is shown in Fig. 9. The smallest value of minimum pin-to-duct
clearance and the largest pin deformation are near the middle of the
bundle (at the position of Y/L = 0.36), this is because the distribution of
irradiation dose along the bundle axis is high in the middle and low in
the two ends. The minimum pin-to-duct clearance along the axis of the
bundle, as shown in Fig. 9, indicates that a narrow channel (with
clearance about 0.6 mm) occurs at the position of Y/L = 0.38. The de-
crease of clearance (around 60%) reduces the flow rate of the fluid for
heat exchange. Less cooling of fluid can cause local overheating,
leading to larger pin deformation and narrower flow channel.

Because of the expansion of the spacer wires, the cladding is com-
pacted and the cross section shape of the cladding changes. The com-
parison of the shape of the middle row of cladding before and after
deformation at Y/L = 0.546 (pinch plane) is shown in Fig. 10. Here, we
translate the initial configuration so that its center coincides with the
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center of the deformed configuration, for better observation of the
shape change of the cladding. Note that the penetration of claddings 1
and 2 in Fig. 10 is caused by deformation amplification, and no pene-
tration occurs under real deformation. As can be seen from the figure,
cladding has changed from a circular shape to a oval-shaped one. It can
be approximately considered that the deformed configuration is an el-
lipse. Further, from the relative position between the deformed position
of each cladding and the horizontal dashed line in Fig. 10, different
degrees of the claddings’ deformation along Z direction can be ob-
served. We also give a schematic diagram of a typical cladding section
changing from circular to oval under working conditions, as shown in
Fig. 11. It can be seen that the oval deformation of the cladding is
mainly caused by the compression of the adjacent wires.

In order to quantitatively characterize the oval deformation of the
claddings and the dispersion along Z direction, we draw the ovality
distributions and the Z-direction displacement distributions of the
middle row of the claddings at a pinch plane (Y/L = 0.546) and a
normal plane (Y/L = 0.560), respectively, as shown in Fig. 12 and

Fig. 13. Here, the ovality AD is defined as follows:
AD =Dy — D, 13)

where Dy and D, are the distances between the farthest two points and

Y/L=0.546 (pinch plane)

Fig. 10. Comparisons between the deformed configuration (The blue round cross section, the deformation scale factor is 4) and the initial configuration (The red
round cross section, the horizontal dashed line represents the connection of the initial center of claddings) of the middle row of the claddings at a pinch plane (Y/L =
0.546). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. The schematic diagram of oval deformation of cladding and the defi-
nition of the ovality.

the nearest two points among the 39 nodes of a certain section of a
cladding, respectively. More detailed and intuitive definitions of Dy and
D,, as well as ovality are also shown in Fig. 11.

The oval deformations of the middle row of the claddings at a pinch
plane (Y/L = 0.546) and a normal plane (Y/L = 0.560) accumulates
continuously from left to right, reaching a maximum of 0.23 mm
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(Y/L = 0.546) and 0.09 mm (Y/L = 0.560) near the outer duct on the
right side, respectively. We also notice that the ovality in the pinch
plane is greater than that in the normal plane near it. This is because, in
the section of the pinch plane, the wires are located exactly between
two adjacent claddings. Under compressive load, a large oval de-
formation will occur. In addition, the Z-direction deviation distributions
indicate that they are no longer in the middle, but have some degree of
misalignment and adjustment for both normal plane and pinch plane.

3.3. Dispersion of the wire-cladding contact

Under irradiation, the fuel pin arrangement of the bundle may be
displaced due to thermal and irradiation effects. This phenomenon is
called pin dispersion. From the mechanical point of view, the dispersion
of fuel pin may be caused by the change of contact position with spacer
wire. Our full-scale finite element model can naturally simulate the
contact, separation and slip of the cladding and wire, so as to analyze
the dispersion process and quantitatively express the degree of disper-
sion.

The contact state between the middle row of claddings and the

0.30 I
—=—Y/L=0.560

0254 |—®—Y/L=0.546
~~
g
g 0.20 4 W\ Y/1L=0546
E/ (pinch plane)
)
E \Y
2 0.15 1
& 1
2
= 0.10
>
@)

0.05

Y/L=0.560
(normal plane)
000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Y
0o 1 2 3 4 5 6 7 8 9 10 I1 12 13 14 15 16
Pin number

Fig. 12. The ovality distributions of claddings in the middle row at a pinch plane (Y/L = 0.546) and a normal plane (Y/L = 0.56).
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Fig. 13. Distributions of Z-direction deviation displacement of claddings in the middle row at a pinch plane (Y/L = 0.546) and a normal plane (Y/L = 0.560).
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Contact points are no longer on the same horizontal line

Fig. 14. The contact state between the middle row of claddings and the adjacent spacer wires. The red area in the figure indicates that there is contact stress on the
claddings. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

adjacent spacer wires is given in Fig. 14 (The height direction (Y di-
rection) in the graph is only partially intercepted (from Y = 1684 mm
to Y = 1848 mm)). Contact separation may occur between the cladding
and the spacer wire near the duct, that is, there will be no contact at the
initial contacted position after operation. The original contact points of
the same initial height do not remain at the same height after de-
formation, but are dispersed.

Fig. 15 shows the Mises stress distribution and contact state before
and after the deformation of the cladding and the spacer wire of the
centermost pin. Initially, there was always a line contact along the

S, Mises (MPa)
SNEG, (fraction = -1.0)
(Avg: 75%)

0.00

(a) Initial configuration

S, Mises (MPa)
SNEG, (fraction = -1.0)
(Avg: 75%)

80.

Contact separation

(b) Deformed configuration after 558 EFPDs

Fig. 15. The initial configuration and the deformed configuration of the cen-
termost pin and the spacer wire (the viewing angle is adjusted to magnify the
local effect).

cladding’s axis. After 558 EPFDs, some of these contacts have separated,
while others have become closer (from point-to-point contact to face-to-
face contact). The closer to the top of the bundle (free end), the greater
the degree of contact separation. This is because at the near free end of
the bundle, the bundle has less restriction on the inner wires and
claddings. As a result of different thermal and irradiative material
models, the wires and claddings near the free end of the bundle (re-
ferring to the free end along the axial direction) will be out of the duct.
The extruded parts are no longer constrained by the duct, thus are
easier to deform.

3.4. Effect of working conditions on bundle deformation

Because the irradiation swelling has an important influence on the
bending deformation and safety of the bundle structure, the deforma-
tion response of the bundle structure under different working condi-
tions (especially under different irradiation intensities) needs to be
studied.

The lateral displacement profiles of the middle row of claddings at
three different irradiation intensities (d = 65 dpa, 75 dpa and 100 dpa)
are shown in Fig. 16. As the irradiation intensity increases, the bending
deformation of the cladding increases. When d = 100 dpa, the bending
degree of the cladding is much larger than that of d = 65 dpa and 75
dpa (the maximum lateral displacement is about twice that of d = 75
dpa), mainly because the radiation swelling only works when d>50 dpa.

The peripheral distribution of the pin-to-duct clearance at the sec-
tion of Y/L = 0.38 at 558 EFPDs under three different irradiation in-
tensities (d = 65 dpa, 75 dpa and 100 dpa) is given in Fig. 17. Simi-
larly, the pin-to-duct clearance decreases as the irradiation dose
increase. At the same time, we also noticed that when d = 100 dpa,
some of the claddings are in contact with the duct, that is, the values of
the pin-to-duct clearance are zero. This is a very dangerous situation,
which can cause fluid blockage and local overheating in the bundle.
Additional attention and monitoring are required in the design and
operation of the bundle.
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Fig. 17. Peripheral distribution of the pin-to-duct clearance at the section of Y/L = 0.38 at 558 EFPDs under three different irradiation intensities (d = 65 dpa, 75

dpa and 100 dpa).

4. Discussion

BAMBOO calculated the deformation of pin-bundle by two steps:
the oval stiffness is experimentally obtained by compression test of a
single wire-wrapped pin, the obtained stiffness is used for the spring
element to represent the wire-contacts between adjacent pins; de-
formation of pin-bundle, including pin’s bowing and cladding’s oval
distortion, is calculated by using 3D beam element for the pin and the
spring element for the contact. While in our model, the oval deforma-
tion is naturally coupled with the pin bending, so that the nonlinear
effect from contact-change can be considered during the deformation.
The axial dispersion, as well as peripheral dispersion, can be taken into
account in present model to produce accurate prediction of pin-to-duct
clearance. For instance, as in Fig. 7, pin-to-duct clearance of pins 1 to 8,
calculated by BAMBOO, is always the diameter of wire, because
BAMBOO does not consider peripheral dispersion. With considering
peripheral dispersion in our model, we found out that pin-to-duct
clearance is approximate 10 percent less than the wire diameter with
present boundary conditions. In the similar position as pins 1 to 8 in
Fig. 7, the differences of pin-to-duct clearance between BAMBOO cal-
culation and out-of-pile bundle test was observed in the work (Uwaba

et al., 2014), the peripheral dispersion is a key factor for the difference.

5. Conclusions

In this paper, we developed a full-scale finite element model to si-
mulate the complex contact behavior of the wire-wrapped fuel sub-
assembly during operation condition. Constitutive behavior of the
bundle subassembly, considering thermal expansion, thermal creep,
irradiation swelling, and irradiation creep, is realized by user sub-
routine in the commercial finite element software package Abaqus/
Explicit. With the contact (between the duct, pins, and wires) well
solved by the explicit solver, the full-scale model can accurately predict
the bundle deformation under operation. Under the combined effects of
radiation swelling and radiation creep, the contact position and state
between wires and cladding may change in three aspects: a dispersion
of contact points along the height direction, a dispersion of contact
points along the peripheral direction, and the switch of contact state
either from contact to separation or vice versa. With the developed
model, we find out that the latter two new aspects, which has not been
discovered in all previous studies, also pay an important role for alle-
viating the severe transverse bending of the bundle. The observed new
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mechanism - contact peripheral dispersion and separation - can provide
a new perspective on the design of bundles.
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