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Among  the  international  fusion  solid  breeder  blanket  community,  there  exists  steady  progress  on  the
experimental,  phenomenological,  and  numerical  characterizations  of the  pebble  bed  effective  thermo
physical  and  mechanical  properties,  and  of thermomechanic  state  of  the  bed  under  prototypical  operat-
ing  conditions.  This  paper  summarizes  recent  achievements  in  pebble  bed  thermomechanics  that  were
carried  out  by  members  of  the  IEA  Fusion  Nuclear  Technology  Subtask  I  Solid  Breeding  Blanket.  A major
hermomechanics
henomenological models
olid breeder blanket design

goal  is  on  developing  predictive  capability  while  identifying  a pre-conditioned  equilibrium  stress  state
that  would  warrant  pebble  bed  integrity  during  operations.  The  paper  reviews  and  synthesizes  existing
computational  modeling  approaches  for pebble  bed  thermomechanics  prediction,  and  differentiating
points  of  convergence/divergence  among  existing  approaches.  The  progress  toward  modeling  bench-
mark  is  also  discussed.  These  advancements  have  led  to  a framework  to  help  navigate  future  research.

Published by Elsevier B.V.
. Introduction

Ceramic breeders, by their nature, are brittle and prone to crack-
ng under external mechanical loadings. These breeders, in the
orm of packed beds of pebbles, are loaded into a box-like struc-
ure for tritium fuel production in a fusion reactor. When subjected
o nuclear heating in a reactor, a strong mechanical loading arises
rom the differential thermal expansion between breeder pebbles
nd their containing structure. Research efforts have therefore been
imed at developing a thorough understanding and characteriza-
ion of the ceramic breeder pebble bed thermomechanics. Such
n understanding is essential to providing confidence in the per-
ormance and lifetime of a ceramic breeder blanket design. In
articular, a significant effort of the pebble bed thermomechanics

tudy is on the development of modeling simulation tools.

Reimann et al. [1–5] have conducted an extensive experimental
tudy of the stress–strain relations of the ceramic breeder pebble

∗ Corresponding author. Tel.: +1 310 206 8815; fax: +1 310 825 2599.
E-mail address: ying@fusion.ucla.edu (A. Ying).

920-3796/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.fusengdes.2012.02.090
beds using an oedometric test apparatus. The most significant
macroscopic experimental phenomena witnessed in the pebble bed
are an irreversible plastic strain when the load is removed, a non-
linear elasticity, a pressure-dependent plasticity, and a volumetric
creep. A particularly noticeable feature, clearly demonstrated in
Fig. 1, is the reduced amount of irreversible strain when subjected
to additional loading cycles after the first unloading. This may sug-
gest the existence of a semi-equilibrium packing state in the pebble
bed which can be reached after applying a pre-load to account
for the large strain in the first cycle of a pebble bed. This semi-
equilibrium packing state is a feature which may be advantageous
for use in a fusion reactor.

To study the temperature effect in Reimann’s studies, the bed
is freely heated to the desired working temperature before the
pressure load is applied. Under the same loading condition, the
bed behaves much softer at higher temperatures. The bed stiffens
as the pressure increases. An illustration of this phenomenon is

presented in Fig. 2 for a lithium orthosilicate pebble bed between
50 − 850 ◦C. At higher temperatures (such as >650 ◦C), a creep-like
behavior becomes apparent. The creep behavior allows the pebble
bed to relax and sustain higher stresses, however one needs to avoid

dx.doi.org/10.1016/j.fusengdes.2012.02.090
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
mailto:ying@fusion.ucla.edu
dx.doi.org/10.1016/j.fusengdes.2012.02.090
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ig. 1. Example of uniaxial compression testing results for lithium metatitanate
ebble bed [6].

intering. The data was used to correlate creep rate as a function of
emperature, stress, and time for both lithium orthosilicate, lithium

etatitanate, and beryllium pebble beds [7,5,8].
Phenomenological models, derived from the volumes of col-

ected data, have been proposed to describe the aforementioned
echanical behavior of the pebble beds with a conventional

ontinuum-based approach. The continuum approach allows treat-
ent of the pebble beds with standard finite element modeling

FEM). To employ FEM, mathematical models written in terms of
verage quantities and containing effective parameters are used.
hese models deduce a set of constitutive equations to be imple-
ented in the framework of a finite element code. There are

wo major variants of phenomenological modeling approaches
eveloped among institutions, including: (1) a non-linear elas-
ic model and a modified Drucker–Prager-Cap theory for plastic
train [10,11]; and (2) a hyperporous non-linear elastic model

nd a Gurson model for plastic model [12–14].  The readers are
eferred to the additional efforts used in a third method [11]
hich employed two different elasticity laws for the loading and

ig. 2. Example of uniaxial compression testing results compared with predictions
rom material constitutive equations for lithium orthosilicate pebble beds at differ-
nt  temperatures [9].
 Design 87 (2012) 1130– 1137 1131

unloading branches but will not be discussed here. Alongside the
development of the modeling techniques, several large scale peb-
ble bed thermomechanics experiments were conducted in parallel.
These experiments were intended to reveal the underlined thermo-
mechanical characteristics of ceramic breeder pebble beds, and
provide data for benchmarking the developed models. The vali-
dation statuses as well as the features of the models are briefly
described in the following section.

Another modeling strategy is to model the pebble bed as a sys-
tem of distinct interacting bodies that are subject to forces and
resulting motions. This modeling approach called discrete element
modeling (DEM) considers the mechanical interaction between
pebbles and numerically solves the associated equations of motion
[15–18].  The DEM approach to pebble bed thermo-mechanics has
recently received increased attention and the progress will be sum-
marized in Section 3.

The review of the current status of development on the ceramic
breeder pebble bed thermomechanics is organized as follows. In
Section 2, current continuum modeling approaches and constitu-
tive models for mechanical and thermal interactions are presented.
In Section 3, a review of recent advancements on DEM is presented.
A brief discussion on recently initiated benchmarking efforts, in-
pile experimental results, and other experimental observations
relevant to pebble bed thermomechanics are given in Section 4.
A proposed framework and a few conclusions on the outlook are
drawn in Section 5.

2. Status of continuum modeling approaches

2.1. Mechanical constitutive equations

Continuum models focus on predicting global behavior, includ-
ing volumetric strain and stress and the impact on the effective
thermal conductivity, etc. Two  institutions in Europe have
spearheaded modeling efforts. One being Karlsruhe Institute of
Technology, formerly FZK and referred to as such throughout this
paper, and the other being ENEA-Brasimone with the Department
of Nuclear Engineering at the University of Palermo, referred to as
DIN throughout this paper. These two  institutions have published
a great deal of detail in regards to the specific details of their mod-
eling techniques and the reader is referred to these publications for
the fine points of the models [12,13,19,10].  The discussion here calls
attention to differences between models and attempts to serve as
a reference basis for future modeling efforts.

The models from FZK and DIN share a common treatment of the
mechanical interaction between the pebble beds with structural
walls. In models from the two  institutes, interfacial contact and
friction forces are taken into account by application of the Coulomb
friction law. This frictional contact law can be simply implemented
in finite element code without considerable computation effort.

2.1.1. FZK mechanical model
In the FZK approach, the corresponding phenomenological con-

stitutive models were developed based on the soil mechanics
models implemented in the finite element code ABAQUS. This
includes a non-linear elasticity model, which was originally devel-
oped for powder die compaction; a plastic strain model via a
modified Drucker–Prager-Cap model, which was originally devel-
oped for soil mechanics; time-dependence via a consolidation
creep law; and global thermal–mechanical coupling from material
parameters.
The Drucker–Prager-Cap model captures the plasticity of the
pebble beds and predicts the yielding and hardening behavior. A
feature of the classic Druger–Prager-Cap model, as implemented
in ABAQUS, is the ability to describe the plastic behavior of pebble
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eds under hydrostatic compression; a feature which is not present
n classical metal plasticity models. However, researchers at FZK
ecognized that for materials with large creep strain amplitudes
e.g. beryllium pebble beds), hardening laws defined by default in
BAQUS were insufficient. Therefore, unique hardening laws were
eveloped and implemented in place of the standard equations
eferenced in ABAQUS. An advantage gained from the redefined
ardening laws is their capture of the creep behavior witnessed

n pebble beds at high temperatures. The disadvantage of the
rucker–Prager-Cap model is the computational resources neces-

ary for convergence of solutions. This has so far limited the FZK
odel to spatially two-dimensional simulations.
The main distinguishing feature unique to the continuum model

eveloped in FZK is in their treatment of the material parameters
hat feed into the models described above. In particular, the harden-
ng law in the model is manipulated to accommodate direct fitting
o the oedometric tests. Unlike other continuum models, which
equire a trial-and-error method of optimizing numeric elasto-
lastic parameters, the FZK model can be directly and clearly linked
o experimental data. In this way, the model may  be most adept
t predicting behavior of a pebble beds where stress and tempera-
ure fields are very different from the controlled experiments which
roduced the constitutive relationships [10,20–22].

.1.2. DIN mechanical model
The mechanical model established in the DIN model similarly

ssumes a non-linear elasticity model and a plasticity model. The
on-linear elastic model assumes that during the reversible strain-

ng of a pebble bed, its effective logarithmic bulk modulus depends
n the equivalent pressure according to a hypothesized power law.
rom this assumption as the foundation, DIN proceeds through a
emi-theoretical derivation to relate the bed deformation modulus
o the equivalent pressure; and stress state to volumetric strain.
ncluded in the derivation are a number of effective parameter
alues. Values of all material parameters are chosen on an iter-
tive trial-and-error basis until the model agreed well with the
on-linear, elastic curves seen in oedometric experiments.

Attempting to resolve large computing time required when
sing the Drucker–Prager-Cap model for plastic deformation, DIN

nstead used a Gurson model. The Gurson model was originally
eveloped for the analysis of pressure-dependent plastic behav-

or of mildly voided materials. The Gurson model postulates that
he pebble bed behavior can be modeled as a continuous matrix in
hich stochastically distributed voids are contained. In the Gurson
odel, compaction-related plastic deformation of the bed can to be

eproduced. For material parameters in the Gurson model, again
n iterative procedure was used until the model reproduced the
esults of relevant experimental tests. Lastly, in the consideration
f the effective hardening law in pebble beds, a fifth order poly-
omial function was hypothesized. It should be noted that in the
odel’s current form, it is incapable of directly capturing the creep

ehavior of pebble beds. However, the model was designed such
hat a future creep law could readily be implemented [12,13,19].

The main advantage of the approach taken by DIN in their model
s apparent when considering computational demand. DIN is cur-
ently able to model three-dimensional experiments with modest
omputer time. The most apparent drawback is the ad hoc pro-
edure of determining effective parameters used in the model.

ithout a direct link to experimental data, the applicability of
he chosen effective parameters at predicting behavior beyond the
ange of the experimental conditions is unknown.
.2. Mechanics and heat transfer coupling

Maintaining the breeder temperature within its temperature
indow is crucial for predictable performance and lifetime of the
 Design 87 (2012) 1130– 1137

breeder unit. Proper temperature analysis requires careful charac-
terization of thermal properties of the pebble beds.

The pebble-bed experiments demonstrated that the effective
thermal conductivity depends on the volumetric compressive
strain; changes in thermal conductivity occurred between com-
pacted and un-compacted systems. These measured phenomena
indicate that thermo-mechanical modeling must also consider full,
non-linear coupling between thermal and mechanical analysis.

The thermal models of the two institutions are fundamentally
similar. The form of thermal model used by FZK follows from the
experimental work carried out by J. Reimann from FZK in which
empirical equations have been reported where the temperature
and volumetric inelastic strain-dependence is incorporated into
the bulk thermal conductivity. The thermal conductivity for a lithi-
ated ceramic pebble bed over a specified range of temperature is
reported in Ref. [10] as:

k(W/m K) = 1.81 + 0.0012T − 5 × 10−7T2

+ (9.03 − 1.386 × 10−3T − 7.6 × 10−6T2 + 2.1 × 10−9T3)� (1)

where T and � are the local temperature and strain, respectively. The
formula for thermal conductivity owes its functional form to the
widely used Schlunder, Zehner, and Bauer (SZB) model. The coeffi-
cients in Eq. (1) are empirically derived from experiments. The FZK
model has linked its constitutive equations directly to experimental
data.

In the DIN thermal model, the effective thermal conductivity has
a quasi-linear dependence on volumetric strain and temperature.
DIN reports the equation for determining thermal conductivity in
Ref. [12], it is:

k(W/m K) = �0
(

1 + �T + ı�
)

(2)

where T and � are the local temperature and strain, respectively. The
relationship of Eq. (2) introduces several effective parameters, �0, � ,
and ı, that are determined from iterative fits to experimental data.
Values of these effective parameters have been determined thus
far for beryllium and certain lithium orthosilicate pebble beds[19].
The thermal conductivity, being a function of both thermal and
mechanical parameters endows the models with a full coupling
between thermo-mechanical analyses.

2.2.1. Thermal interface model
The thermal interaction at the interface between pebble bed and

containment wall is represented in both models as an effective heat
transfer conductance, with only slight variations between the two
approaches. In the FZK model, the thermal interaction is simulated
with an effective heat transfer coefficient. The heat transfer coef-
ficient (HTC) incorporates the combined effects of radiation heat
transfer, pebble-solid conduction, and solid-gas heat transfer. Fur-
thermore, in the event of a gap formation at the interface between
pebble bed and containing surface, a separate heat transfer coef-
ficient is employed. The researchers at DIN noted that interface
conductance is affected by parallel paths of heat flow: pebble-wall
conduction at contact areas and gas-wall convection. DIN there-
fore posits that the macroscopic phenomena can be modeled as
a pressure-dependent thermal gap at the interface. They there-
fore have a thermal interface conductance that is a function of
temperature, pressure, and local volumetric strain. An iterative
trial-and-error method was  also used to determine the effective
parameters in this term.
3. Discrete element method

Discrete element method (DEM) introduced by [23] has been
shown to be a promising tool to study the behavior of granular
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ystems through the interaction between the individual particles.
EM has been used successfully to study the micromechanical
spects of pebble bed thermo-mechanics in the past [15,17].  Fur-
hermore, DEM can be used to establish a relation between the

icroscopic interactions and the macroscopic response of the
ranular assemblies. Ref. [15] studied the pebble assemblies in rect-
ngular and cylindrical containers bounded by a elastic walls. The
ffect of packing factor, geometry of the assembly on the over-
ll stress–strain response under uniaxial compression tests (UCT)
as been thoroughly investigated. [17] have studied similar peb-
le assemblies in a cubic box with periodic boundary conditions. In
oth the above studies, a non-linear stress–strain response and a
haracteristic residual strain after unloading (analogous to plastic
train in continuum systems) has been observed akin to the experi-
ental results [24]. It has been shown that the average coordination

umber, average normal contact force and the maximum normal
ontact force in the assembly has a unique functional relation (non-
inear, linear and linear, respectively) with the hydrostatic pressure
r the applied pressure independent of the packing factor [17,16].
hese functional relations may  be used as master curves for the
icro-macro correspondence in the pebble bed thermo-mechanics

tudies. A first attempt to include the creep mechanism in DEM
as been made by [16] showing the experimentally observed phe-
omenon such as the reduction of creep strain rate over time under
onstant load, albeit qualitatively. Further advances in the thermo-
echanics of pebble beds using DEM are under progress at KIT and
CLA in collaboration with experiments.

Recently, the effect of the pebble size distribution on the
verall thermo-mechanical behavior of the pebble assembly is
tudied by [25] considering the pebble size distribution of ceramic
reeder pebbles (Orthosilicate (OSi) pebbles) with a diameter range
f 0.25–0.65 mm.  Fig. 3 shows a binary pebble assembly in a
eriodic box. The colors indicate stored elastic strain energy of
he pebble (red: maximum and blue: zero). The assembly has a

aximum pebble radius rg = 0.25 mm with the pebble size ratio
* = rs/rg = 0.6, relative volume fraction V* = Vg/V = 0.7 and a packing
actor � = 0.643. The average stress in a granular assembly can be
educed from the contact forces between individual grains.

Another aspect of interest in the study of mechanics of pebble
eds is the crush behavior of individual pebbles and their impact on
he over all pebble bed response. DEM is used to study the behav-

or of a crushable pebble assembly with the crush load data for
Si pebbles (for individual pebbles) measured at KIT for pebbles of
iameter 0.5 mm.

ig. 3. A binary pebble assembly with r* = 0.6 and V* = 0.7 showing the stored elastic
nergy of the pebbles at �33 = 1.5%; pebbles of radius rs (small) and rg (large). (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web  version of this article.)
Fig. 4. Cumulative distribution functions for crushing of individual pebbles inside
the bed for as-fabricated pebbles, calculated by (1) maximum contact forces and (2)
all  inter-particle contact forces [22].

A probabilistic method for analyzing the crush events of indi-
vidual pebbles and a procedure with the combination of DEM
and experimental data to obtain crush load probability has been
reported by [22]. Fig. 4 shows the cumulative distribution func-
tion as a function of the hydrostatic pressure placed on the bed.
The probability analysis, derived from DEM calculations, provides
quantitative report of pebble crushing as a function of a specific
hydrostatic pressure. The results of this analysis exemplify the
growing strength of DEM techniques for analyses connecting global
pebble bed loads to individual pebbles.

However, it has been shown [26,27] that a criterion based
on critical stored elastic energy is the most suitable criterion for
describing the OSi pebble failure. Hence, the crush load data (pro-
vided by fusion materials laboratory at KIT) has been transformed
into equivalent elastic strain energy showing a Weibull distribu-
tion [26]. This critical energy (randomly generated distribution) is
used as the criterion for failure of pebbles in the DEM simulations.
First, the assembly is loaded up to 3% strain in uniaxial compression
and then unloaded to a stress-free state. The elastic modulus of the
pebble is reduced (from initial value to a small value of 1 kPa) with
increase in elastic strain energy of the pebble according to a phe-
nomenological damage accumulation law [28]. The damage state is
frozen at the end of loading step and hence there will be no further
damage accumulation in the unloading step.

Fig. 5 shows the results for two types of damage law each with
three different realizations. Each realization corresponds to a differ-
ent random distribution of critical energies assigned to the pebbles
in the assembly. The results do not show appreciable sensitivity
to random distribution of energies. In the case of gradual dam-
age law, the reduction of the elastic modulus of the pebble starts
when the stored elastic energy reaches 50% of the critical energy
for that pebble and the elastic modulus reaches exponentially to its
minimum value when the stored elastic energy reaches the criti-
cal energy prescribed. In the case of sudden damage this reduction
starts at a much later stage when the stored elastic energy reaches
95% of the critical energy of the pebble. Clearly, the assembly with
a sudden damage accumulation shows a higher maximum strength
compared to the gradual damage. In the case of the gradual dam-
age, the pebbles start to degrade much earlier (at small strain) than
in the case of sudden damage. Hence the critical number of peb-
bles to fail for the onset of maximum strength is reached earlier
(at small strain) in gradual damage. It turns out that a mere 0.2%
pebbles is the critical number for the onset of maximum strength
(stress plateau) observed.
The nature of damage evolution influences the maximum
strength and strain at which the maximum strength is attained
while the critical number of failed pebbles for this saturation is
independent of the damage evolution law (also see Ref. [26]). Also
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spatial temperature variation of e.g. coolants would likely explain
much of the deviation between temperature profiles predicted by
the simulation and measured in the HELICA experiment; (ii) gap
formations, with sizes on the order of a pebble diameter, were
or two  different damage evolution laws (gradual and sudden). Each damage evolu-
ion  criterion is simulated with three different realizations of randomly prescribed
ritical failure energy for individual pebbles following Weibull distribution.

ote that the high frequency oscillations during loading in the
tress-plateau region represent the failure of new pebbles. The cur-
ent analysis also shows a creep-like behavior of the stress–strain
esponse and hence the stress-plateaus observed in the experi-
ents [24] may  indicate the presence of pebble crushing in addition

o the thermal creep mechanism. Furthermore, the residual strain
fter unloading is large for the system with sudden damage than the
ystem with gradual damage. It should be noted that the assembly
ith gradual damage has more number of damaged pebbles at the

nd of loading (at 3% strain) making the assembly more compliant
han in the case of sudden damage.

. Experimental pebble bed thermomechanics studies

.1. Out-of-pile experiments

The constitutive equations developed for finite element models
ere derived from the uniaxial compression experiments, which

re not fully representative of fusion operating conditions. A more
rototypical experiment should subject a pebble bed to isostatic

oading. This could be generated by either an in-pile pebble bed
xperiment or by making use of differential thermal expansion
etween a pebble bed and its containing structure. The latter has
een attempted with several out-of-pile experiments launched by
he HE-FUS 3 facility at ENEA Brasimone. The experiments inves-
igated the thermo-mechanical behavior of pebble beds within
eometry much more representative of current breeder designs.
hese include the medium-scale mock-up exercises of HELICA
HE-FUS3 lithium cassette) and HEXCALIBER (HE-FUS3 experimen-
al cassette of lithium beryllium pebble beds) [29,14]. For those
xperiments, the pebble layers are heated by electric heaters, and
emperature and displacement were measured.

.1.1. FZK benchmarking
FZK has performed validation of their FEM code against the data

ollected from the HELICA experiment [9].  They have also reported
he results of simulations of HEXCALIBER but have, as yet, not

irectly validated against the collected experimental data [20].

In the HELICA experiment, the pebble beds experienced six ther-
al  ramps, each applied for an hour, and then the pebble beds were

ctively cooled with a helium flow. After cooling, the pebble beds
Fig. 6. Results of the FZK benchmarking with HELICA [20] showing temperature
variations with time during a loading cycle (T in ◦C) at 100 mm from FW.

were subjected to the another thermal ramp and the process was
repeated. DIN reports [29] that the pebble bed temperatures exhib-
ited cyclical behavior. FZK simulated two cycles of the HELICA test
and an example of the calculated results and experimental data
are shown in Figs. 6 and 7. In Fig. 6 we  see temperature histo-
ries at a particular location (100 mm from the first wall) during a
loading–unloading cycle. The simulation results follow the temper-
ature increase during the thermal ramps up until the seventh hour,
then again follow the experimental data as the test rig is cooled with
the helium coolant. Even with the two-dimensional simplification
of the model, there is excellent agreement between calculations
and measurements. In Fig. 7 the displacement calculated by FZK is
also in strong agreement with the average of measured displace-
ments for the entire duration of the heating–cooling cycle. Because
of the overwhelming amount of computer time necessary for the
FZK model to complete a fully three-dimensional and transient
simulation, the FZK computations of HELICA and HEXCALIBER are
carried out in two  dimensions; the helium temperature is chosen
at an average value of measured inlet and outlet temperatures.

From FZK’s numeric simulation arise several important observa-
tions: (i) a three-dimensional analysis would provide more detail,
Fig. 7. Results of the FZK benchmarking with HELICA [20] showing a comparison of
displacements (in mm)  in HELICA between calculated and measured LVDT values.
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ig. 8. Exemplary results of the DIN benchmarking with HELICA: temperature vari-
tions with time during a loading cycle at 100 mm from FW [12].

etected at the interface of the first wall in ceramic beds; (iii) the
aximum hydrostatic pressures seen in the ceramic bed are antic-

pated to be above the fracturing limit of the lithium ceramic. The
onsequences of some of these observations, if true and real, are
evere enough that they merit careful attention. Gap formation and
ebble failure (crush or fracturing) are important topics that must
e considered in validation with future experiments.

.1.2. DIN benchmarking
Because of the characteristics of the DIN model, full three-

imensional simulations were capable of being relatively easily
erformed. In the framework of benchmarking efforts, DIN has per-
ormed validation of their model against experimental results of
ELICA, shown in Fig. 8 as well as HEXCALIBER, shown in Fig. 9.

The results of the DIN model show also strong agreement to
he experimental results of HELICA as demonstrated in one exam-
le of temperature histories shown in Fig. 8. In this profile, the
ame location as that modeled by FZK (100 mm from the first wall)
s simulated by DIN. The FEM simulations from DIN (Fig. 8) are
eported over the 6-h heating portion of a single heating ramp
ycle of HELICA. When comparing the results from DIN with those
f FZK (in Figs. 6 and 7) we see the DIN model has slightly bet-
er predictive capabilities for the temperature histories. This may
e due attributed to the three-dimensional variations in coolant
emperature being captured by the DIN model.

Unfortunately, the ambitions of HEXCALIBER were limited due
o the crippling of several heaters. Nevertheless, the limited data

as still used in efforts to validate the constitutive relationships

f the DIN model. The temperature variations with time were the
nly major result reported by the ENEA Brasimone team, such as

ig. 9. Exemplary results of the DIN benchmarking with HEXCALIBER: temperature
ariations with time during a loading cycle within the first lithium–orthosilicate cell
13].
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that shown in Fig. 9; mechanical results are still forthcoming from
the research group. From the comparisons to experimental mea-
surements in HELICA and HEXCALIBER it is encouraging to notice
that even in the absence of a creep model, satisfactorily close agree-
ment were seen between computation and measurement. So far, no
detailed displacement comparisons have been made to experimen-
tal data.

Several important observations are also made from the results
of the DIN simulation: (i) three-dimensional effects were impor-
tant to calculations of the convective energy transport of the
helium coolant; future models should continue to be analyzed in
three-dimensions; (ii) DIN reports that in HELICA all ceramic beds
experience a compressive force everywhere and no gap formation
is ever detected.

In summary, the benchmarking efforts have only recently begun
in Europe. A typical pebble bed thermomechanics simulation
involves first calculating overall temperature fields of the blanket
unit as it undergoes volumetric nuclear heating as well as cool-
ing at the boundaries. The non-linear mechanical analysis is then
performed for stress and strain estimations. However, since the
effective thermal conductivity of the ceramic breeder pebble bed
is, to some degree, dependent on strain, a coupled thermal and
mechanical analysis is needed. Additional details on modeling steps
can be found in Refs. [13,14,19–21,29]. The two  most developed
models, from FZK and DIN, have had their results compared to
experimental data and have thus far shown great promise.

However, it must be noted that the benchmarking efforts are
incomplete and inconsistencies between the two  models must be
explained as they move forward. For example, the model of FZK
concluded that a gap appeared between the pebble bed and struc-
tural wall, however the model from DIN reported no gap formation.
The existence of a gap between pebble bed and structural wall will
negatively affect the ability to cool the pebble bed and thereby
impact structural and tritium release properties of the bed. That
such a discrepancy exists between calculated results of the mod-
els on such a critical feature warrants either more benchmarking
efforts or a careful deconstruction of the constitutive equations to
discover the source of the inconsistency. Future experiments aimed
at benchmarking ought to focus on creating apparatus capable of
expressing, among other things, when gap formation or pebble
failure occurs.

4.2. Pebble bed assemblies experiment

The pebble bed assemblies (PBA) experiment is designed to
study the effect of neutron irradiation on the thermo-mechanical
behavior of a ceramic breeder pebble-bed under DEMO  representa-
tive thermo-mechanical loads [30–32].  This was accomplished via
analysis of changes of the in-pile temperature profiles during irradi-
ation as wall as from the post irradiation examination of the pebble
bed in the hot cells. Within the assemblies, there are four test ele-
ments; each resembling a small-scale mock-up of a HCPB TBM with
a ceramic breeder pebble bed sandwiched between two beryllium
pebble beds. Before irradiation, the beds are pre-compacted with a
compressive load of 3 MPa  to ensure good settling and contact.

FEM analysis was performed to study pre-compaction proce-
dures. During progressive irradiation, temperatures are recorded
at several locations in the ceramic breeder bed as well as other
critical positions. Reviewing the recorded temperature data, when
comparing the temperature in the center of the ceramic breeder
pebble bed during later cycles and earlier cycles there appears to be

a decrease in temperature for the exact same environmental con-
ditions. Changes in the pebble beds and their characteristics are
examined both in-pile by neutron radiography and out-of-pile by
e.g. SEM during post-irradiation examination (PIE). The estimated
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ig. 10. Notable features of irradiated Li2TiO3 and Li4SiO4 pebble beds from PBA [33
isible  cracks originated from production and handling. (Right) Demonstration of c

ed height reduction from neutron radiographies over the course
f the irradiation has shown 3% of creep compaction.

A pebble bed experiencing creep compaction is both becom-
ng more dense as well seeing more-developed inter-pebble
onduction paths. The effective thermal conductivity for a creep-
ompacted ceramic pebble bed is thus expected to be higher than

 standard ceramic pebble bed. This phenomenon results in lower
emperature gradients and a lower overall temperature magnitude,
hich is precisely what was observed in the experiment over the

ourse of the cycling.
During PIE, various microscopy preparation techniques are used

o study the deformation state of the pebble beds (signs of creep
ompaction and sintering), formation of gas gaps between the
ebble beds and structural materials, and the interaction layers
etween eurofer–ceramic and eurofer–beryllium.

Fig. 10 shows the cross-section of Li2TiO3 pebbles (left) and
i4SiO4 pebbles (right) post irradiation. Evident in the images is sin-
ering of the lithium titanite and significant fracturing of the lithium
rthosilicate pebbles. Importantly, however, it must be noted that
he pebble beds performed reliably in spite of the changes displayed
n these images [33].

.3. Other thermomechanics characterization experiments

Coming from the standpoint that strain in a pebble bed is
nduced by thermal expansion, an experiment was conducted to
haracterize the pebble bed thermal expansion coefficient [34].
he thermal expansion coefficient of a packed Li2TiO3 pebble bed
s measured under a compressive load of 0.1 MPa. The study con-
ludes that for beds with packing factors of 65.368.5%, the average
hermal expansion coefficient was (1.4 ± 0.2) × 10−5 K−1. This ther-

al  expansion coefficient of the pebble bed was equal to 78% of
hat for the bulk material under the conditions used in the study.
he reduction in thermal expansion coefficient is less significant
han that of the effective modulus, which is more than 2 orders of

agnitude smaller than the bulk value.
The effect of thermal cycling on the packing state is of interest;

n particular, it is foreseen that the ITER TBM will be subjected to
uch conditions. The question that arises is whether a void region
ill be created under thermal-cyclic loading due to the differential

ates of expansion and contraction of the pebble bed and struc-
ural containing wall. This uncertainty was first addressed in an
xperimental set-up involving Li2TiO3 pebbles enclosed by two

ovar flanges while sandwiched between two commercial-grade
VD silicon carbide discs [35]. The set-up allows for generating a
igh stress through large differential in thermal expansion coeffi-
ients. The experimental results indicate that high thermal stresses
ft) Demonstration of significant sintering of Li2TiO3 pebbles with no fracturing; the
g of Li4SiO4 pebbles.

and deformations are present during the initial thermal cycle of
the assembled test article, but are successively alleviated due to
a combination of pebble re-arrangement within the bed and creep
induced deformation. This suggests that a few thermal cycles under
a controlled atmosphere and a compressive load before final assem-
bly of blanket sections would mitigate the severity of the thermal
stresses during start-up. This is also shown in a later experiment,
in which the increment of compression decreased with each heat-
ing cycle and became negligible after 30 cycles [36]. Extrapolating
the finding to a prototypical blanket breeder pebble bed design, the
study concludes that for a height of 1 m long pebble bed, a 51 mm
high cavity may  be generated at the top of the bed with an initial
packing of 65% under thermal cyclic operations.

5. Pebble bed thermomechanics summary and framework

The progress already achieved holds the promise of a pebble
bed thermomechanics framework that will contribute substan-
tially to the success of the ceramic breeder blanket development.
In this framework, the continuum modeling approach using FEM
and empirically derived material constitutive equations is capa-
ble of correctly characterizing the stress load to which a breeder
pebble bed unit may  be subject during the operations as shown
in Fig. 11.  The DEM approach analyzes this load and determines
the possibility fraction of pebble cracking based on the crush load
data of pebbles or the degree of sintering depending on the local
contact stress. The combined analyses warrant a high confidence
of success to the assembly and design of breeder units in a blan-
ket. Experiments should also be conducted to assess the manner of
pebble relocations and packing rearrangement when pebble crack-
ing occurs. Since there is no perfect packing state, it is important
to learn if the breeder unit will continue to function in accord with
the original design goals under all complex operating conditions.
The ultimate objectives of the pebble bed thermomechanics include
to delineate a near-equilibrium packing state as the initial state,
quantify breeder unit thermomechanics parameters during opera-
tions, understand how these properties vary as packing state alters
and the degree of variation, and ensure breeder functions as it is
intended to in the fusion operational phase spaces.

This leads to a more reliable blanket design. The analysis has
preliminarily defined what peak stress values the breeder unit may
be subjected to under the operations (e.g. <2–3 MPa  for Li4SiO4 or
<5 MPa  for Li2TiO3). Since creep will lead to stress relaxation, fur-

ther development incorporating creep models for high temperature
DEM simulation is desired. This may  increase the peak stress mar-
gin if stress relaxation is taken into account. Despite the scale of
the experiments conducted so far, validation experiments are still
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Fig. 11. Example pebble bed thermo-mechanics research framework.

ecessary in regards to current continuum FEM models. Moreover,
alidation and refinement of simulations with regards to pebble
amage crush properties are desired in particular in view of dam-
ge mechanisms. There may  be merits to perform crush load tests
or irradiated pebbles at operating temperature ranges (room to
50/900 ◦C). It holds forth promising on the continued pebble bed
hermomechanics study in fine details a higher confidence to the
eramic breeder lifetime performance in a blanket. The quest is
o define and search a persistent ceramic breeder packing state
hroughout the blanket lifetime.
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