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a b s t r a c t

In this investigation, a thermo-mechanical model for pebble beds and a method for the identification of the
material parameters, recently developed in Forschungszentrum Karlsruhe, are adopted for the analysis of
eywords:
ebble beds
onstitutive modelling
hermo-mechanical analysis

HE-FUS3 Lithium Cassette (HELICA) mock-up. A pressure-dependent thermal contact conductance model
to represent the pebble–wall interactions has been implemented in the FE code ABAQUS. First, the current
material model has been verified by uniaxial compression and creep experiments under a wide range of
temperature fields, and good agreement between experiments and theory has been achieved. The HELICA
mock-up has been modelled by 2D generalized plane strain elements, and analyzed in ABAQUS. The
results show that the temperature and mechanical fields obtained in FE analysis agree well with the
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. Introduction

In helium cooled pebble bed (HCPB) blankets, pebble beds
ork as breeder (i.e. lithium orthosilicate) and neutron multi-
lier (beryllium) materials. The pebble beds are not only subjected
o extreme conditions, such as neutron irradiation and high heat
ux, but also have complex behaviour due to their discrete nature.
herefore, a constitutive model is necessary for predicting the
hermo-mechanical behaviour of pebble beds [1] and the pebble
ed–container interfaces under fusion-relevant conditions. As a
enchmark exercise for validating different models proposed by
ifferent EU parties (ENEA [2], NRG [3] and FZK), HELICA mock-
p experiment has been carried out at HE-FUS3 facility in ENEA
rasimone [4].

In the framework of continuum mechanics, there are dif-
erent material models describing the thermo-mechanical
ehaviour of granular materials, among which, the modified
rucker–Prager–Cap model, consisting of a shear failure surface
nd a cap surface, can be adopted in fusion-relevant analyses of
ebble beds [5–7]. For interface regions, friction between pebbles
nd the container wall can be taken into account by the Coulomb
aw, and the heat transfer coefficient can be determined as a
unction of local temperature and pressure [8–10]. With the appro-

riate constitutive model of both bulk materials and interfacial
egions, it is possible to study the thermo-mechanical behaviour
f pebble beds by the finite element method.

∗ Corresponding author. Tel.: +49 7247 82 3459; fax: +49 7247 82 2347.
E-mail address: yixiang.gan@imf.fzk.de (Y. Gan).
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les and LVDTs located at different positions.
© 2008 Elsevier B.V. All rights reserved.

This paper has been organized as following. The constitutive
odel of pebble beds, describing behaviour of the bulk mate-

ial and interfacial regions, is briefly introduced in Section 2. In
ection 3, HELICA mock-up experiment has been simulated as a
hermo-mechanically coupled problem. The finite element results
re compared with the experimental data. And a few conclusions
re drawn in Section 4.

. Constitutive modelling of pebble beds

.1. Material model

The present material model is mainly based on the modified
rucker–Prager–Cap theory, which is one of the most popular con-

titutive models for granular materials. The yielding surfaces in
rucker–Prager–Cap theory are sketched in Fig. 1, being composed
f a shear failure surface and cap surface [11]. Details about the
aterial parameters can be found in [6]. In Fig. 1, a unit cell of peb-

les has been schematically drawn for demonstrating the behaviour
f the material while the yield/failure mechanism is active. The
ecoverable deformations have been described by a non-linear elas-
icity law, depending on hydrostatic compressive stress p and von

ises stress q. Time-dependent behaviour has been accounted for
y a consolidation creep law. The material parameters can be identi-
ed from uniaxial compression and creep experiments by a method

roposed in our previous work [6].

The material model and the identification method have been
mplemented in commercial finite element package ABAQUS by
ser-subroutines. For the ceramic pebbles filled into HELICA (with
iameters between 0.2 and 0.4 mm [12]), uniaxial compression and

http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
mailto:yixiang.gan@imf.fzk.de
dx.doi.org/10.1016/j.fusengdes.2008.08.016
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Fig. 1. Modified Drucker–Prager–Cap model. A unit cell shows the schematic con-
figurations under different loading conditions.

Fig. 2. (a) Uniaxial compression of lithium orthosilicate under 50–850 ◦C: dots, pre-
diction of FEA; lines, empirical curves. (b) Creep tests of lithium orthosilicate under
different compressive stress and temperature, comparison between FEA (dotted
lines) and empirical curves (solid lines).
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Fig. 3. FE model of HELICA mock-up. The com
and Design 83 (2008) 1313–1316

reep experiments have been simulated for validation purposes,
ee Fig. 2. The comparison shows that the prediction of the present
aterial model coincides well with the empirical curves [12] over a
ide temperature range. In the framework of the present material,

he temperature effects on plasticity are represented, by introduc-
ng temperature-dependent empirical relations instead of tuning
he material parameters, i.e. hardening data, at different tempera-
ure levels on a trial and error basis.

.2. Interface model

In the interfacial regions at the container wall, the mechanical
nteraction can be modelled by the Coulomb friction law, assum-
ng the pebble beds to be a continuous medium. The friction forces
resent near the wall regions have a significant effect on the over-
ll behaviour of the pebble layer, due to the fact that the pebbles
ehave irreversibly under certain shear stresses.

The interfacial heat transfer includes the solid contact heat
ransfer, as well as gas gap conduction and thermal radiation. Since
adiation is ignorable compared with the other factors, the heat
ransfer coefficient (HTC) depends on both contact area and the gas
ap features. These two mechanisms for heat transfer are in par-
llel, and the overall HTC can be expressed as h = hs + hg. The first
erm on the right-hand side is the solid spot thermal conductance
9], depending on the contact pressure of the interface

s = 2nak.

ere, a is the radius of each contact spot and can be calculated by
ertzian solution as a function of contact pressure, n is the den-

ity of the contact spots at the interface, and k = 2k1k2/(k1 + k2) is
he harmonic mean of the conductivities, where subscripts 1 and
stand for wall and pebble’s bulk materials. The second term hg is

he effect of the gas gap, which depends on the type of the intersti-
ial gas (purged helium in this study), the topology of the near wall
acking [13] and the temperature of the gas.

. Thermo-mechanical analysis and results

.1. Description of the FE model

The HELICA mock-up is filled with breeder ceramic pebbles
Li4SiO4) and heated by two electric heaters located inside the
reeder cell to reproduce the designed temperature increase of
ebble beds. The breeder cell filled with the pebbles is divided into
hree sub-cells, 446 mm in width, 192 mm in depth and 4.6 mm in
hickness [4]. Thermo-couples (TCs) are placed at different posi-
ions, 55/100/150 mm to the first wall (FW), and six LVDTs measure

he deformation of the steel cassette during operation. Consider-
ng not only the ratio of the width to the thickness of the cassette,
ut also the similar loading conditions along the width, a 2D gen-
ralized plain strain model has been used in this investigation. The
ut-of-plane deformation is set to be identical to the one caused by

ponents are shown in different parts.
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ig. 4. Temperature over time during two loading cycles: (a) 55 mm; (b) 100 mm;
c) 150 mm. Dots, experimental data; solid lines, FE calculation (unit: ◦C).

hermal expansion of the cassette. Despite the fact that the helium
emperature varies along the cooling channel, here we take the
elium temperature at the middle cross-section as the reference
alue, since the structural materials have higher thermal conduc-
ivities than the one of helium and hence are less sensitive to the
ariation of the helium temperature. Furthermore, the geometric
ymmetry of the model has been taken into account for reducing
he size of the FE model, by applying the symmetry mechanical and
hermal boundary conditions to this plane. Fig. 3 shows the geomet-
ic model of HELICA with the finite element meshes, based on the
GES-file provided by ENEA, and different components and materi-
ls are shown in different parts. The materials database used in this
nalysis is provided by NRG [14] and the data of ceramic breeder
ebble beds are taken from experiments in FZK [12]. The electrical
eater generates a surface heat flux of 42 kW/m2 in six 1-hour sub-
equent steps. The stiffness plate is pressed with the magnitude

f 0.09 MPa. A forced helium flow in the channels of the cooling
late has an initial inlet temperature of 200 ◦C. The helium tem-
erature increases in the range of 200–300 ◦C during the heat-up
peration. The surface of the mock-up is surrounded by air at the
oom temperature.

fi
m
t
t
a

Fig. 5. Calculated temperature distribution at the maximum elect
ig. 6. Stresses over time during two cycles: top, hydrostatic pressure; bottom, von
ises stress (unit: MPa).

.2. Temperature field in HELICA

Two cycles of loading have been simulated using the present
aterial model for pebble beds. Fig. 4 shows the comparison

etween the measured value and the predictions. The experimen-
al data are taken from one typical cycle during the cyclic loading
n experiments. The locations of the TCs along the thickness are
ketched in a small plot in Fig. 4(a). The prediction underestimates
he temperature at 55 mm (the maximum difference within 15 ◦C),
hile it overestimates the ones at 100 and 150 mm (the maximum
ifference within 30 ◦C). For this simplified FE model, the heat flux
enerated by the heater and the temperature of the coolant are
ssumed to be independent of the positions, while in the mock-
p experiment they are varied by several factors. For instance, the
elium temperature inside the cooling channels could be position-
ependent along the width of the cassette. The calculated value of
he second cycle has also been plotted out to show cyclic effect. In
his investigation, the cyclic effect on the temperature changing is
gnorable. The temperature distribution at the maximum heating
s shown in Fig. 5, with the deformed configuration. The maximum
emperature in the pebbles is located in the middle layer of the
reeder cell, and reaches close to 800 ◦C.

.3. Mechanical field in HELICA

In the coupled thermo-mechanical analysis, the mechanical

eld, as well as the temperature field, has been obtained. The
echanical field is important in the analysis of pebble beds, due to

he fact that not only thermal and mechanical fields are coupled, e.g.
he effective thermal conductivity depends on the average contact
rea of pebbles and the number of contacts, but also the stress con-

rical load (unit: ◦C), with deformations at a scale factor of 5.
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ig. 7. Displacement of HELICA (unit: mm), comparison between LVDTs’ measure-
ents (scattered dots) and calculated value (the solid line).

entration may cause crush of pebbles during the operation. Fig. 6
hows the calculated hydrostatic pressure and von Mises stress at
he locations of the TCs along the symmetric axis during the two
oading cycles. In each cycle, there are obvious decreases of the
tresses at the fifth and sixth loading steps, and this behaviour is
aused by the creep at relative high temperature. The main reason
or this phenomenon is the re-configuration of the local packing
tructure of pebbles. The friction forces and the thermal expansion
f the heaters are present in this analysis, and it turns out to push
he pebbles against the FW. Therefore, the value of hydrostatic pres-
ure at 55 mm to FW is higher than the ones at 100/150 mm. The
ydrostatic pressures during unloading reaches almost zero, but
o tensile stress is present, which is consistent with the nature of
on-cohesive granular materials. Differences between two loading
ycles can be observed but they are not notable.

One node of the FE model, where the LVDT is located, is mon-
tored during the calculation. Fig. 7 shows the comparison of the
xperimental data and predictions. These two sets of data are offset
y the displacement obtained at the beginning of the second cycle,
n order to provide representative results instead of the irreversible
eformation during the first starting cycle. The cyclic effects achieve
aturation at the end of the second cycle, in Fig. 7. Considering the
catter of the measurements, the finite element analysis gives a
easonable prediction.

. Conclusion

In this investigation, the recently developed material model
nd the parameter identification method have been adopted to

he thermo-mechanical analysis of HELICA mock-up. At interfacial
egions, a model describing the mechanical and thermal interac-
ions has also been implemented. Using the finite element method,
two-cycle loading has been simulated, in order to investigate not
nly the response at the maximum loading, but also the cyclic

[

[

and Design 83 (2008) 1313–1316

ffects. The FE calculation is compared with experimental data,
ncluding the temperature and displacement measurements. The
eduction of stress increases caused by creep deformation has also
een observed at high temperature regions. A 3D analysis will pro-
ide more details of this mock-up experiment, but the problem
emains mainly in the computational scale, rather than verifica-
ion of the material model. The present work shows the feasibility
f the simulation of large-scale experiments, and the capability of
he structural analysis to take into account the special features of
ebble beds.
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