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Abstract
In this paper, recent work on the modeling for predicting the eective thermal and mechanical properties of the
ceramic breeder blanket particle bed materials is presented. The model is based on the micromechanics displacement
method in conjunction with an iterative process of the successive releasing of ®xing vectors. It serves as an useful tool to
study the blanket thermomechanical state under prototypical conditions. The stress and strain relationship of the
sphere-pac bed under an applied external constraint was studied. In addition, the model was applied to the analysis of
stress exerted on the container wall due to bed thermal expansion, while calculations were made to estimate the bed
eective modulus and mean thermal expansion coecient. Further development of this computer simulation model is
recommended. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction
In an eort to evaluate the maximum stress levels to
which bed particles and clad wall are subjected, the
stress-strain behavior of the solid breeder blanket particle bed materials have been experimentally studied [1,2].
A series of uniaxial compression tests were performed in
an INSTRON hydraulic-press test facility in which
compressive loads are applied to Li2 ZrO3 packed beds.
The experimental data shows that mechanical properties
such as the bed eective modulus are stress dependent.
Speci®cally, the bed eective modulus is about two orders of magnitude lower than that of the solid material.
On the other hand, analysis concerning blanket particle
bed thermomechanical interaction during reactor operation based on the continuum approach has shown that
the stress caused by the high thermal expansion of the
breeder particle bed material could lead to ceramic particle breakage if the bed behaves like the solid material.
The calculation also shows that the clad deformation
caused by this stress could lead to a possible bed/clad
separation which would add an unfavorable thermal
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resistance to the region and increase local temperature.
These results provided preliminary information regarding the order of the magnitude in terms of eective bed
modulus and the overall stress state. Yet they are not
prototypical while better quanti®cation is needed.
It is desirable to describe the thermomechanical
behavior of packed bed materials using continuum variables such as strain and stress. However, this transformation from a complicated discrete system to a simpler
continuum system results in certain information being
lost. To remedy this de®ciency and better quantify bed
eective thermal and mechanical properties, a numerical
model for simulating packed bed thermomechanical
behavior is currently underdevelopment and is described
in Section 2. The use of this model to estimate the wall
loading of the clad due to bed thermal expansion is also
described. In addition, the eective bed thermal expansion coecient and elastic modulus are derived based on
the macroscopic thermomechanical state of the assembly
and are presented in Section 3.
2. Numerical simulation of packed bed ceramic breeder
materials
The thermomechanical behavior of a packed bed
material can be analyzed using two approaches that
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account for the particulate structure and the particle
interaction, namely, the discrete computer simulation
approach and the homogenization approach. Both approaches are used in conjunction with a micro-mechanics modelling scheme in which the particle bed is
modeled as a collection of rigid particles interacting via
Hertz±Mindlin type contact interactions of non-conforming bodies [3]. Because the discrete computer simulation approach can provide a wide range of valuable
information not available by real experiments, it is
preferred. Our initial eort is to develop a 2-dimensional
model which can be expanded later for a 3-dimensional
assembly.

t  ks Dds :

2.1. The numerical model

and G  shear modulus of the particle material;
m  Poisson's ratio; r  particle radius; and ul  friction
angle between particles.
The equilibrium state of a particle assembly under a
prescribed boundary condition is obtained by releasing
the ®xing vectors which consist of the forces required for
®xing particles at their centers. For a single particle, it is
calculated in terms of the contact force Pc applied at the
contact point c and the body force B as
X
F 
Tc Pc ÿ B;
6

The fundamental idea of the model is based on the
algorithm developed by Kishino [4]. To attain the
equilibrium state of the particle assembly, the model
calculates the displacements of each particle independently of the others, meanwhile the particles are displaced according to stiness of the contacts with
neighboring particles. During each iterative step all
particles are assumed to be ®xed except one. The resultant external and contact forces acting on the particle
are calculated and the displacement is determined. Then
the next particle is considered (Fig. 1).
The basic unknowns are the displacements of the
particles caused by the given external and internal loads.
The model adopts Coulomb's friction law in order to
limit the magnitude of the tangential component of the
contact force [4], while the elastic behavior of a particle
is described by the action of springs virtually attached at
the contact point in the normal and tangential directions. The contact interaction provides a local constitutive relationship between the forces (n, t  the normal
and tangential force at the contact, respectively) at the
contact and relative incremental movement of the contacting particles (Ddn ; Dds ) via the stiness as follows:
n  kn Ddn ;
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The contact stiness, kn and ks , obtained from the
Hertz±mindlin theory for frictional contacts are given as
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c represents the summation over the contact
points of a particle and Tc
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is the transformation matrix.
Because an incremental movement of a particle will
produce an incremental contact force as
DPc  Sc Tct Dx;
where
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and thus, the increment of ®xing vector is expressed as
follows:
DF  S Dx;

10

where
S  Rc Tc Sc Tct

11

is the contact stiness matrix which is de®ned as a set of
additional ®xing vectors required to give unit movements of a particle while other particles are ®xed. The
equilibrium condition for one particle is solved by releasing its ®xing vector as follows:
Fig. 1. Illustration of contact force and ®xing vector used in the
model development.

F  DF  0;
which leads to Dx  ÿS ÿ1 F for the case det S 6 0:

12
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The assembly is assumed to be bounded by four rigid
walls that form a rectangle in the initial state. The interaction between a boundary element and a particle is
represented by virtual springs in a similar way as the
interaction between two particles. The ®xing vector of a
boundary element consists of the external force and the
external moment, whereas the contact stiness of a
boundary element is de®ned as the force required for
unit movement of the boundary element with the
neighboring particles being ®xed. If a load increment is
given, the algorithm searches for the equilibrium state of
the assembly that corresponds to the contact stiness
matrix de®ned from the locations of neighboring particles. In the process of iteration, the contact stiness
matrix keeps changing with the relative movements of
the particles. Nevertheless, it is kept constant during
each iteration step. The iterative calculation is repeated
until an equilibrium and compatible state of the assembly is found.
2.2. Results

Fig. 3. Stress and strain relationship for various packing assemblies (aluminum particle bed arrangement, Young's modulus  70 GPa; Poisson's ratio  0.28).

2.2.1. Stress±strain relationship
Initially, the program searches for an equilibrium
state of a particle assembly by utilizing a random
number generator for a given size of a rectangular area,
a total number of 110 particles, a constant average
particle diameter, and a density function that de®nes the
range of particle diameters. As a result, an assembly
consisting of touching particles with zero contact forces
is given and shown in Fig. 2.
Preliminary cases are performed for particles where
the contacts have resistance to shear (i.e., t  the frictional tangential force  0) such as encountered in a
perfectly smooth surface. The calculated result of the

average wall stress as a function of compressive strain is
illustrated in Fig. 3 for dierent packing assemblies. It is
interesting to note that an increase in the range of particle sizes leads to a decrease in wall stress and a lower
eective modulus. This can be explained by examining
the particle packing geometrical arrangement. As shown
in Fig. 4, for a highly packed arrangement the center of
the particle does not shift relative to the tangential coordinate under uniaxial normal compression. Conversely, the particle moves both in the x- and ydirections if the bed is not fully packed initially due to a
relatively large dierence between Rmin and Rmax as
shown in Fig. 5. These results point out that the presence of small particles facilitates the movement of bigger

Fig. 2. Initial packed state for a range of particle radii between
0.5137134 and 0.4455995 mm.

Fig. 4. Initial and ®nal packed states under a total uniaxial
compressive strain of 1% for a packed assembly using uniform
particle size of 0.5 mm.
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Fig. 5. Initial and ®nal packed states under a total uniaxial
compressive strain of 1% for a packed assembly using a range of
particle sizes between 0.527803 and 0.3971179 mm.
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wall along the x-plane due to bed thermal expansion for
dierent rises in bed temperature is shown in Fig. 7. The
stress magnitude as calculated is much higher than the
stress level inducing the break-up of the ceramic particles as observed in previous experiments [1]. Clearly the
model needs further development of incorporating the
frictional tangential force and fracture criteria before
de®nite conclusions can be drawn. Yet, it is noted that
the stress near the wall deviates from that of the bulk
value in response to local particle rearrangement. The
stresses exerted on the wall for various bed temperature
dierences are shown in Fig. 8. As the temperature difference increases, the stress exerted on the hottest side of
the wall drops slightly even it is kept at the same temperature. This is probably due to the fact that under
such circumstances, the particles have more room to
expand toward the cold side of the wall and thus reduce
the stress level.
3. Derivation of eective bed thermal expansion coecient

particles, so large rearrangements are possible without
signi®cant forces being exerted. The eective modulus
calculated according to the relationship between the
incremental stress and the incremental strain approaches
a constant value of about 3.5 GPa. This is reasonably
close to previous experimental data of 2.2 GPa [2].
2.2.2. Stress distribution due to bed thermal expansion
The model as developed was applied to a blanket
ceramic breeder particle bed to evaluate the maximum
stress levels to which bed particles and wall are subjected
due to bed thermal expansion (see Fig. 6 for the initial
assembly). The relative displacement Ddn at the contact
point as given in Eq. (1) due to thermal expansion is
now calculated as
Ddn  Dn ÿ Ri 1  a DT  ÿ Rj 1  a DT ;

13

where Dn  the initial distance between particle i and
particle j along the normal direction, a  thermal expansion coecient of particle material, R  particle radius and DT  bed temperature rise. The resultant stress,
calculated as the force divided by area, exerted on the

The mean eective bed thermal expansion coecient
is to be calculated as:
ÿ

r 1 ÿ mp
ap 
;
14
Ep DT
where Ep ; mp are the particle bed eective modulus and
Poisson's ratio (a value of 0.25 is used for the assumed
hydrostatic frictionless particle bed), respectively. The
bed eective modulus of 3.63 GPa for a highly packed
state (packing as in Fig. 4) and of 2.0 GPa for a loose
packed state (packing as in Fig. 5) as derived from the
stress±strain relationships are used in the derivation. The
mean eective bed thermal expansion coecient based
on Eq. (14) and the calculated macroscopic stress level
due to bed thermal expansion shows no dierence from
that of the solid material. The possible factors contributing to this ®nding at this stage of the investigation
might be due to the negligence of the frictional tangential forces at the contact points in addition to the 2-dimensional eect. Both aect the rearrangement of the
particles and the distribution of contact forces.

Fig. 6. Initial packed state and boundary conditions for thermal stress calculations.
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Fig. 7. Thermal stress exerted on the wall along the x-plane for dierent rises in bed temperature (Li2 ZrO3 sphere-pac packed bed of 1
mm particle diameter; Young's modulus  169 GPa for 12% porosity; Poisson's ratio  0.2).

Fig. 8. Thermal stress exerted on the wall along the x-plane for dierent temperature dierences across the bed (Li2 ZrO3 sphere-pac
packed bed of 1 mm particle diameter; Young's modulus  169 GPa for 12% porosity; Poisson's ratio  0.2).

4. Summary
A 2-D numerical model has been developed for the
estimation of the thermomechanical state and eective
thermal and mechanical properties of particle bed ceramic breeder blanket materials. The model is able to
follow the rearrangement of the particles under external
and internal loads. Loading processes are given as a
series of load steps while an iteration method is used to

®nd the equilibrated, compatible and physically correct
state of the assembly for each load step. Preliminary
calculations con®rmed that the eective modulus of a
sphere-pac bed material has a much lower magnitude
than that of the solid material in addition to being
packing and stress dependent. Yet the calculations
showed that the eective bed thermal expansion coecient is less packing sensitive for the smooth frictionless
sphere particle beds.
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