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Abstract

A new 3D numerical model has been developed to simulate the thermal and mechanical characteristics of packed
beds used in fusion reactor blankets and other applications. This method is based on an explicit numerical scheme
which monitors the interaction of the particles contact by contact and their motion particle by particle. In this paper, a
mathematical formulation as well as a model which predicts the packed bed thermomechanical states under imposed
and induced loads are presented. The model is validated by comparing the numerical simulations with thermal ex-
pansion and uniaxial compression experiments of packed beds. The results of the calculated bed effective modulus
compares reasonably well with the experimental data. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Packed beds have been considered for shielding and
tritium breeding as well as neutron multiplication in
fusion reactor blanket designs. During the reactor op-
eration, the blanket structure restrains the expansion of
the packed beds and, therefore, causes stresses. The
larger expansion of the packed beds in comparison with
the surrounding structure is due to a higher coefficient
of thermal expansion, higher temperature in the beds
and radiation-induced swelling. These stresses may
jeopardize the safe blanket operation if the mechanical
integrity of the blanket element is endangered or if heat
and tritium removals are significantly deteriorated due
to particle breakage or melting. The determination of
the stresses caused by the packed beds is important in
the design of the solid breeder blanket, which requires
that the mechanical properties of packed beds be
known.

In a particulate medium such as packed beds, forces
and heat flows are typically transferred through the
contacts between particles. This discrete behavior is very
difficult to describe in detail based only on macroscopic
experiments or numerical methods like finite element
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analysis, in which packed beds are modeled as a con-
tinuum medium. Whereas the discrete numerical simu-
lations [1-4], in which each particle is treated
independently and therefore the discrete nature of par-
ticulate medium is preserved, are more flexible in their
application and have been successfully applied to ana-
lyses of granular materials. Those discrete numerical
methods can better quantify the characteristics of par-
ticulate materials and remedy the deficiency of the loss
of certain information when continuum medium meth-
ods are used for discrete particulate materials.

In this paper, a new 3D numerical model is pre-
sented to simulate the thermal and mechanical proper-
ties of packed beds for fusion reactor blankets. It is a
quasi-static model and no transient effects are consid-
ered. This model uses the micro-mechanics displace-
ment method in conjunction with an iterative process
for the successive releasing of force exerted on each
particle. Such a model could provide microscopic in-
sights into thermal-mechanical interactions between
particles, and particles with the structural wall, as well
as particle relocations at different stages of the reactor
operation. Evolution of the particle—particle contact
characteristics under internal loading (simulating ther-
mal expansion and radiation swelling), as well as ex-
ternal loading, can be monitored. Simulations are
performed to understand the particle bed stress—strain
relationship and thermal expansion forces in response
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to various loads and conditions. The simulation results
are compared with experimental data.

2. Micro-mechanics model
2.1. Normal contact force between two particles

The normal contact force law will be presented for
the case of two spheres in contact, sphere 1 and sphere 2
as shown in Fig. 1. The usual tensor notation in the
Cartesian coordinate system is adopted. The coordina-
tion of the sphere centers are represented as x; (xi, y1, z1)
and x; (x,, y», z;) where the indices x, y, and z refer to the
coordinates of a Cartesian coordinate system as indi-
cated in Fig. 1. The detection of contacts between two
particles is carried out in a straightforward fashion by
checking the radii of two vicinity particles for overlap.
Spheres 1 and 2 with radii R, and R, are taken to be in
contact only if the distance D between their centers is
less than the sum of their radii:

D<R +Rs (1)
and
D= \/(xl —x)+ 0 —»)+ @ —2) 2)

The unit vector e = (cosa,cos ff,cosy) (see Fig. 1) is
introduced as pointing from the center of sphere 1 to the
center of sphere 2:

e= ? = (cosa,cos f3,cosy), (3)
where «, 3,y are the direction angles. Under zero loads,
the particles will be in contact at a single point. As the
load is increased, the particles deform in the vicinity of
the point of initial contact such that the contact area will
be finite but small compared to the particle size. The
contact area is circular with a parabolic surface contact
pressure distribution proposed by Hertz [5]:

p=my1- (1)’ 4)

a

Fc

Fig. 1. Normal contact between two particles.

where « is the radius of the contact area and py the
contact pressure at » = 0. The resultant normal contact
force F, and contact pressure p, are given by Hertz
theory [5] as

4E*\/ RS’

F=— 5
. 5)
and

3F,
= 6
= o (6)
where
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R is the relative curvature, E; and E, are Young’s
moduli, v; and v, are Poisson’s ratios, and R; and R, are
the radii of the particles in contact, respectively. Hertz
theory was first published in 1880s and has stood the
test of time. A thorough experimental check on the
validity of the Hertz theory showed that there was good
agreement with the theoretical predictions of both
contact force and internal stress up to the value of
a/R = 0.3. This reassuring conclusion is rather surpris-
ing since this value of (a/R) corresponds to strains in
the contact region rising to about 10% (on page 99 of

[5D.
2.2. Shear stiffness ki

The solution for shear force is more complicated, as
it depends on the history of sliding and deformation at
the contact. However, observations made during the
tests described below suggest that it is unnecessary to
represent the complete contact behavior in shear. The
contribution of shear forces to the average deviatoric
stress tensor is rather small in the tests, even for the
highest friction used: the shear partition is found to
account for less than 15% of the total deviatoric stress.
The major contribution to deviatoric stress comes
from the unequal distribution of normal forces around
the particles. Furthermore, 30-40% of contacts are
sliding, for most of the tests. Thus the effect of shear
contact stiffness on bed behavior is likely to be small.
In the following numerical model, the shear force, AF;,
is proportional to shear displacement, Au,, at each
contact; the shear stiffness depends on normal force,
and is equal to the initial loading stiffness, as given in
[6,7]

AF, = k.Au, (8)
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and

2G*3[6(1 — v)RE,]"?
k = [6(1 — v)RF;] 7 (9)
2—v
where G is the elastic shear modulus and v the Poisson
ratio of the particles, respectively, which are given by

1 2—v 2—v

[ + ,

G G G, (10)
L1,

v 2y 2w,

2.3. Interface friction force

The friction at an interface has been traditionally
described using Coulomb’s friction law, which states
that at incipient sliding, the friction force is given by

F;:Fntand)w (11)

where ¢, is the interface friction angle. The values of the
friction angle vary not only for material type, but also
for test conditions and test apparatus. Although mi-
croscopic processes associated with interface friction
have been explored, the interface friction phenomenon
has not been completely understood [8]. In light of this,
Coulomb’s friction law and friction angle have served an
important role in practice and are used in this modeling.

2.4. Particle motion law

The force—displacement law of a single particle will
be developed for the simple 2D case first and then it will
be extended to more complicated 3D situation. The
normal contact force is calculated first; based on this
information, the influence of the shear force or friction
force is considered next. If only the normal contact force
is considered, the x, y, and z components of the contact
force, Fe, acting at contact point ¢, denoted as F, F,
and F,., are related to F; as

F. F,cosa
Fo=| Fc | =| Ficosp |. (12)
F. Fycosy

Under quasi-static conditions, the inertial forces may be
neglected and the equation of motion reduces to the
following equilibrium condition:

F—> F.=0, (13)

where F is the externally imposed force and the sum-
mation is performed over all contacts of the particle.
Each particle in the assembly should satisfy the above
equilibrium equation.

Considering the equilibrium of a particle, the inter-
action between the particle and surrounding particles in
x-direction is simplified as a spring as indicated in Fig. 2.

Fy2

kt
FxZ

Fy
X

Fig. 2. Force equilibrium for a single particle.

Here the wall represents the external environment and
the spring represents the interaction. Without consider-
ing the spring first, the net force in the x-direction is

F.=Fq _FrZa (14)

where F,; and F, are the total positive and negative
normal contact forces in the x-direction. If the normal
contact forces at all contact points of the particle have
been calculated through Hertz’s theory (see Section 2.1),
then

Fi—Fo=) Fe (15)

where ) represents the summation over all contact
points of the particle.

Similarly the total absolute force in the y-direction,
which determines the shear stiffness and friction force, is
given by
F=Fy+Fy=) |F|- (16)

C
The total stiffness in the x-direction is k, + &, (normal
stiffness 4, will be derived in Section 2.5), and the in-

cremental displacement of the particle in the x-direction
is given by Hooke’s law as

_ F; ZC F;C
AP = = Tk,
for
ks
G| 2| < b I )
otherwise
0, ~BbE]_ ekt SR

where kr = tan ¢, is the friction coefficient. The factor k;
is determined by (9), and varies from particle to particle
or even from direction to direction for one particle due
to the different shear force. Since the friction force is
always at a direction that is opposite to the particle
motion direction, the £ sign in the Eq. (17) should be
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chosen such that the friction force is opposite to the
active force (3__ Fic).

Similarly, the incremental displacement in the y-di-
rection is

F, > .Fc

AD, =-L =& X

Tk kAt kg
for

ks
e T < o
otherwise
ADy — F:V _kkru:\" — Zc E’C ikkl Zc |Eﬂ«| .

For 3D, similar to the 2D situation, the incremental
displacement of the particle in the x, y, or z-direction can
be derived as

_Q_ZCFXC
Tk kytk
for
k 2 2
h;kSE:EC<kf (}:V;O +<§:FM)
C C C (19)
otherwise
_E kR
x kn
 SFethy/ (BN + (SR
= 0 ,
75720};}&
Tk ks
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k 2 2
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otherwise
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otherwise
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As in Eqgs. (17) and (18), the + signs in Egs. (19)-(21)
should be chosen such that the friction forces are op-
posite to the active force.

The displacement of each particle under external or
internal loads is calculated based on Egs. (19)-(21).
Since any displacement of the neighboring contact par-
ticles would generate a new non-equilibrium situation,
an iterative calculation of successive releasing of forces
exerted on a single particle is performed until the re-
sultant force on each particle in the assembly is suffi-
ciently small.

2.5. Relaxation spring stiffness k,

In Egs. (19)-(21), the normal stiffness &, of the re-
laxation spring still needs to be determined. It is related
to the normal contact force between two particles in Eq.
(5). To simplify the problem, a linear relationship is used
to approximate the non-linear relationship of Eq. (5):

F = kyo. (22)

To better approximate Eq. (5) by Eq. (22), the least-
square regression method is used. The square difference
between Egs. (5) and (22) is

o /73 2
A:/‘<E;£ihg(m (23)
0

3

To find the value of &, such that A is the smallest, let
0A/0k, = 0, then
E*\/Ro¢
kn = 8—51a (24)
7
where 0y is the average value of all . at particle contact
points.

2.6. Particle size distribution

To approximate the real particle size distribution, the
particle size is varied by using two random numbers
from a random number generator. If the particle radius
is RR initially, the final particle radius is given by

R = RR * (1 4+ pr x RANDI — pr + RAND?2), (25)

where the RANDI and RAND?2 are two distinct ran-
dom numbers each ranging from 0.0 to 1.0, pr
(0 < pr < 1.0) is a parameter to control the range of
particle size. If pr = 0, the assembly only has uniform
sized particles of radius RR and if pr = 1.0, the particle
radius ranges from 0.0 to 2.0 RR. Fig. 3 shows the
particle size distribution of an assembly with 10000
particles with pr = 0.03 and RR = 0.5 mm. The resultant
particle size distribution is close to a Gaussian distri-
bution.
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Fig. 3. Distribution of particle size for 10000 particles.

2.7. Initial geometry generation

The program automatically generates the initial
particle assembly. As input data, the total particle
number, thermal properties, and mechanical behavior of
solid particle material are given, as well as the parameter
to control the particle size range. The dimensions of the
assembly and the minimal and maximal particle radii are
automatically calculated during the assembly generation
process. The program can generate particle beds with
two different structures: random packing and high-den-
sity face-centered regular packing. The procedures are
described in the following paragraphs.

2.7.1. Isotropic random packed bed

To generate an isotropic random packed bed, first the
computer program generates N random interpenetrating
sphere particles in a cubic container, which has ap-
proximately N,, N,, and N. units along x,y, and z-di-
rections (N, x N, « N, = N), respectively. The distance
between any two particles i and j is at least 0.7(R; + R))
to guarantee that no two particles are too close initially.
This produces dispersion with a nominal solid fraction
of 0.63, which has many overlaps; the majority of them
are substantial (Fig. 4). To eliminate these overlaps,
particles are moved according to Egs. (19)-(21) with
zero friction coefficients and zero shear stiffness to fa-
cilitate the particle movements. After approximately
20000 iterations (requiring ~3 min on a 64-bit Digital
Unix Workstation for 1000 particles), most of the sub-
stantial overlaps are eliminated. However, calculations
show that there are large stresses (~9 MPa) exerted on
container walls due to the initial high packing density of
63%. Next, the program slowly expands the cubic con-
tainer to release the stresses exerted on it, as well as

Y direction

X direction

Fig. 4. Random interpenetrating particles with substantial
overlaps and large free spaces.

reduce the particle overlaps, until the final stress is less
than 3.0 x 10~ MPa. The final bulk density is approx-
imately 60-62% depending on the particle size (large or
small) and the deviation of the particle sizes. Fig. 5
shows the packed state for a particle assembly using a
range of particle sizes between 0.5497 and 0.4452 mm.
This state is taken as the initial equilibrium state for
following loading and/or temperature rises.

2.7.2. An-isotropic face-center packed bed

The program can also generate a particle assembly of
face-centered regular packing. Initially, the particle lo-
cations are given exactly according to the face-centered
regular packing — which is also an equilibrium state for
assembly with uniform particle sizes. Different from the
isotropic random packed bed generated in previous
section, the face-centered regular packed bed is an-iso-
tropic, which means it exhibits different characteristics
along different directions. The face-centered regular
packing bed is only used for comparison purposes, since
in reality particle beds never pack this way except when
artificially arranged.

3. Thermomechanics characteristics of pebble beds —
numerical results

The particle assembly is assumed to be bounded by
six rigid walls that form a cubic volume. The loading is
controlled by strain — the boundary elements move ac-
cording to the corresponding strain. In the tests, the
boundary elements are moved symmetrically with re-
spect to the central axes of the particle assembly. The
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Y direction

X direction

Fig. 5. Packing state after expanding the cubic container slowly
to release the stress exerted on the container wall.

final particle position, contact forces, and macro-stresses
are calculated after the equilibrium of the assembly is
reached. Depending on the procedure, the next load and
corresponding stresses may be taken and calculated. In
all the simulations, Young’s modulus, Poisson’s ratio,
and friction coefficients are obtained from handbook for
typical beryllium or ceramic particle materials.

Fig. 6 shows the initial and final packed states under
a uniaxial compressive strain of 3% for a packed as-
sembly with initial packing shown in Fig. 5. Different

Y direction

X direction

Fig. 6. Initial and final packed states under a uniaxial com-
pressive strain of 3% (initial packing is shown in Fig. 5).

particles move in different directions if initially the bed is
randomly packed and particle sizes have some range.
The corresponding strain field is not uniform even if the
external loading is uniform (uniaxial compression). This
is particularly noticeable for particles located next to the
boundary. These results point out that the deformation
of the particle material comes from the rearrangement of
particles as well as the local deformation at contact
points. Consequently, a portion of the deformation
(rearrangement of particles) is plastic and is irreversible
if the external loads are removed [9]. Fig. 7 shows the 3D
space locations for the initial and final packed states
under a hydrostatic compression of 3%. White repre-
sents the initial locations whereas red represents the final
locations after 3% compression.

Fig. 8 shows the initial and final packed states under
a 3% uniaxial compressive strain for a face-centered
regular packed assembly using a uniform particle radius
of 0.5 mm. For a regular-packed dense assembly of
uniform size particles (initial density = 74%), the parti-
cles move only in the loading direction under uniaxial
compression — the strain field in the particle assembly is
almost uniform. The whole packed bed deforms like a
continuum homogeneous material. This is due to the
fact that, for a face-centered regular packing of 74%
initial density, basically there is no free space for a given
particle to move or enter. Consequently, the deforma-
tion of the packed bed mainly comes from the local
deformation at the particle contact points rather than
from particle relocation for random packed bed with

Fig. 7. 3D space locations for initial and final particle assembly
(white represents the initial locations whereas the red represents
the final locations after 3% compression).
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Y direction

X direction

Fig. 8. Initial and final packed states under a uniaxial com-
pressive strain of 3% for a particle assembly using uniform
particle size (face centered regular packing, initial den-
sity = 74%).

lower initial density (61-63%). The result is a much
stiffer packed bed.

The average wall stress as a function of compressive
strain is illustrated in Figs. 9 and 10 for uniaxial com-
pressions. It is a beryllium packed bed with average
particle radius 0.5 mm, initial packing = 60%, and
friction coefficient = 0.022 (Fig. 9), 0.2 (Fig. 10), re-
spectively. For a packed bed with small friction coeffi-
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Fig. 9. Stress—strain relationship for uniaxial compression,
beryllium packed bed, average radius = 0.5 mm, initial
packing = 60%, Young’s modulus =249 GPa; Poisson’s
ratio = 0.07, friction coefficient = 0.022.

12 [ O Stress in X-direction =l
F 0 Stress in Y-direction : : o A
- ¢  Stress in Z-direction : :

Stress exerted on the wall (MPa)

0 0.002 0.004 0.006 0.008 0.01

Compress strain

Fig. 10. Stress-strain relationship for uniaxial compression,
beryllium packed bed, average radius = 0.5 mm, initial
packing = 60%, Young’s modulus =249 GPa; Poisson’s
ratio = 0.07, friction coefficient = 0.2.

cient under uniaxial compression, the corresponding
stresses in the x, y, and z-directions are almost the same
(Fig. 9). This is because, under a small friction coeffi-
cient, it is easy for particles to slide and enter the empty
space in the assembly. Consequently, the packed bed
behaves like a fluid and displays the same stresses in
different directions. The variations in the curve gradient
of Fig. 9 are due to local collapse of the fabric in particle
assembly. It seems that local changes in fabric are sig-
nificant even in a small number assembly. A portion of
the deformation of the particle bed is a consequence of
the displacement of particles and is irreversible, which
indicates the change of state, and makes it imperative to
define the mechanical behavior on the basis of state
quantities.

Conversely, for a packed bed with a large friction
coefficient under uniaxial compression, the compressive
stress (in the y-direction) is quite different from the lat-
eral stresses in the x and z-directions (Fig. 10). This is
because, under a large friction coefficient, the large
friction force tends to prevent the sliding and motion of
particles. Also the friction force between the particles
and structural wall hinders the particle motion. The
packed bed behaves more like a solid material and dis-
plays different stresses in compression and lateral di-
rections. Despite the difference between compressive and
lateral stresses, the discrepancy between the two lateral
stresses g, and o, is small (Fig. 10). It proves that the
initial packing is isotropic — even though the loaded
packed bed displays an-isotropy between the y and x/z-
directions, the behaviors in the x and z-directions are
almost same, due to equal load (both have zero strains)
applied in these directions.
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3.1. Thermal stress due to particle bed temperature rise

The model as developed can be used to evaluate the
maximum stress levels to which the bed particles and
the wall are subjected due to bed thermal expansion. The
particle overlap at the contact point due to thermal ex-
pansion is now calculated as

8 = Ri(1 + aAT)) + R;(1 + oAT}) — Dy, (26)

where D; is the distance between particle i and particle ;
along the normal direction, « is the thermal expansion
coefficient of solid particle material, R; and R; are par-
ticle radii, and AT the bed temperature rise.

The container wall is assumed to be rigid without
deformation under external force, which represents the
worst-case scenario. The initial geometry is the same as
that of Fig. 5. A beryllium packed bed is used with av-
erage particle radius 0.5 mm, initial packing = 60%,
Young’s modulus = 249 GPa, and Poisson’s ra-
tio = 0.07. The resultant thermal stress due to the larger
bed thermal expansion, calculated as the force divided
by area, exerted on the walls along the x,y, and z-di-
rections for different increases in bed temperature is
shown in Fig. 11. According to Hertz theory, the max-
imum shear stress in a particle, which happens beneath
the center of contact surface (r = 0) at a depth of 0.48a,
has a value of 0.31py. Using this formula, the maximum
shear stress is about 120 MPa for particle contacting the
wall at highest temperature of 600 °C and the corre-
sponding a/R value is ~0.2. Thus the modeling is still
valid for this temperature situation since the experi-
mental check on the validity of Hertz theory shows that
there is a good agreement for both contact force and
internal stress up to the value of a/R = 0.3 (on page 99

50 e T
L o Stress in X-direction b
40 O Stress in Y-direction |--------- S . =
r ¢ Stress in Z-direction ; : I
! ' i i 8o
‘r a 9o
L T G
[ - I
L oo
[ o

Thermal stress exerted on the wall (MPa)

100 200 300 400 500 600

Particle bed temperature rise (C)

Fig. 11. Thermal stress exerted on the wall along x,y, and z-
directions, beryllium packed bed, average radius = 0.5 mm,
initial packing = 60%, Young’s modulus = 249 GPa; Poisson’s
ratio = 0.07.
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Fig. 12. Thermal stress exerted on the wall along the y-direc-
tion for different initial packing stress, beryllium packed bed,
average radius = 0.5 mm, initial packing = 60%, Young’s
modulus = 249 GPa; Poisson’s ratio = 0.07.

of [5]). If temperature keeps increasing as well as the
stresses in particles, normal contact force relationship
used in the modeling Eq. (5) needs to be changed due to
two reasons: first the Hertz theory is probably not valid
anymore for a/R larger than 0.3; second there is creep at
high temperature. This subject is out of the scope of the
paper.

The stresses exerted on the wall for the various initial
bed packing are shown in Fig. 12. It is seen that, as the
initial packing stress increases (higher initial density),
the thermal expansion stress increases greatly. This re-
sult implies that in selecting the initial bed density,
compromise must be made — bed with higher initial
density will have better heat transfer characteristics,
which are beneficial, but higher thermal expansion
stresses, which are detrimental to the reactor operations.

3.2. Verification of numerical simulations

The numerical calculations of the bed deformation
modulus are compared with experimental results to
check the validity of the modeling. The macroscopic
incremental deformation modulus for uniaxial com-
pression can be calculated as

_Aa

E=—.
Ag

(27)
Figs. 13-15 show the calculated effective deformation
modulus vs. the compression stress for LiySiOy, Li,ZrOs,
and beryllium pebble beds, respectively. Also given in
those figures are Reimann’s uniaxial compression [10]
and the UCLA thermal expansion [11] experimental data
for comparison. Reimann’s experiment set-up, denoted
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Fig. 13. Comparison of numerical calculated deformation
modulus with experimental data obtained at UCLA and by
Reimann et al. (LiySiO4 packed bed, Young’s modulus = 100.4
GPa, Poisson’s ratio = 0.24, average radius = 0.22 mm, initial
packing = 59%, friction coefficient = 0.3).
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Fig. 14. Comparison of numerical calculated deformation
modulus with experimental data obtained by Reimann et al.
(Li,ZrO; packed bed, Young’s modulus = 117.6 GPa, Pois-
son’s ratio = 0.2, average radius = 0.6 mm, initial pack-
ing = 59%, friction coefficient = 0.3).

SCATOLA, utilizes a cylindrical container and two
plates to hold pebble beds of LiySiO,, Li,ZrO;, and be-
ryllium materials. A rod is connected to the lower plate
and is allowed to slide within a tube that is connected to
the upper plate. The relative movement of the two plates
can be measured to derive the bed compaction, elastic—
plastic properties. Whereas in UCLA’s thermal expan-
sion experiments, pebble beds are put into a cylindrical
container. A load cell is used to measure the axial ther-
mal expansion force when pebble beds are heated up (to
600 °C). Thermomechanical properties of bed materials

4

I B L B A LB B B

3.5 - —6— Numerical simulation
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Fig. 15. Comparison of numerical calculated deformation
modulus with experimental data obtained by Reimann et al.
(Beryllium packed bed, Young’s modulus = 276.9 GPa, Pois-
son’s ratio = 0.07, average radius = 1.0 mm, initial pack-
ing = 59%, friction coefficient = 0.3).

can be derived based on the thermal expansion and cal-
ibration tests. Good agreements have been achieved be-
tween the numerical predictions and test data for both
Reimann’s and UCLA experiments. In general, the de-
formation modulus of packed bed material is 2-3 orders
of magnitude smaller than that of solid material, in ad-
dition to being packing dependent.

4. Conclusion

A 3D numerical model has been developed to simu-
late the thermal and mechanical characteristics of
packed beds in response to various loads and different
particle parameters. The particle bed is modeled as a
collection of rigid particles interacting via Hertz—
Mindlin type contact. The model tackles the incremental
movements of the constrained particles, which are
caused by environmental changes such as temperature
increases or external loads. Isotropically random packed
beds were taken as the initial geometry for the following
loading and/or temperature rises.

Macroscopically, the packed bed displays almost the
same behavior in x, y, and z-directions for isotropic ini-
tial packing. By microscopically, different particles move
in different directions even though the external loading is
uniform (uniaxial or hydrostatic compression). The
corresponding strain field in the particle assembly is not
uniform. The deformation of the particle materials
comes from the rearrangement of particles as well as the
local deformation at contact points. The rearrangement
of particles is irreversible even if the external loads are
removed.
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For particle material with a small friction coefficient,
it is easy for particles to slide and enter the empty space
in the assembly. Consequently, the packed bed behaves
like a fluid and exerts same stresses on structural walls in
different directions under uniaxial compression. Con-
versely, for particle material with a large friction coef-
ficient, the large friction force tends to prevent the
sliding and motion of particles. Also the large friction
force between the particles and structural wall hinders
the particle motion. The packed bed is stiffer and be-
haves more like a solid material.

Generally the macroscopic stress—strain relationships
of packed beds are non-linear. The deformation modu-
lus of packed bed material is 2-3 orders of magnitude
smaller than that of solid material, in addition to being
packing dependent. The calculated deformation modu-
lus compares reasonably well with experimental data.
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