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 i g  h  l  i g  h  t  s

This  study  explicitly  demonstrates  the  influence  of the  gas  pressure  on  the  effective  thermal  conductivity  of pebble  beds.
The  gas  pressure  influence  is shown  to  correlated  to the  pebble  size.
The  effective  thermal  conductivity  is  linked  to thermal-mechanical  properties  of pebbles  and  packing  structure.
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a  b  s  t  r  a  c  t

Lithium  ceramics  have  been  considered  as tritium  breeder  materials  in many  proposed  designs  of  fusion
breeding  blankets.  Heat  generated  in  breeder  pebble  beds  due  to  nuclear  breeding  reaction  must  be
removed  by  means  of actively  cooled  plates  while  generated  tritiums  is recovered  by  purge  gas  slowly
flowing  through  beds.  Therefore,  the  effective  thermal  conductivity  of  pebble  beds  that  is  one  of  the
governing  parameters  determining  heat  transport  phenomenon  needs  to  be  addressed  with  respect  to
mechanical  status  of  beds  and  purge  gas  pressure.  In this  study,  a numerical  framework  combining  finite
element  simulation  and  a semi-empirical  correlation  of  gas  gap conduction  is  proposed  to predict  the
ebble beds
ranular materials
as pressure

effective  thermal  conductivity.  The  purge  gas  pressure  is found  to vary  the  effective  thermal  conductivity,
in  particular  with  the  presence  of various  sized  gaps  in  pebble  beds.  Random  packing  of  pebble  beds
is  taken  into  account  by  an  approximated  correlation  considering  the  packing  factor  and  coordination
number  of pebble  beds.  The  model  prediction  is  compared  with  experimental  observation  from different
sources  showing  a quantitative  agreement  with  the  measurement.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The lithium orthosilicate, Li4SiO4, is one of the most widely
nvestigated lithium ceramic materials in the design of the tritium
reeding blanket [1–9]. To maintain the tritium breeding efficiency
nd reduce the occurrences of mechanical failure including crush-
ng, creeping and swelling, the material form is chosen to be pebble
eds instead of directly using sintering blocks [10]. The lithium
reeder beds consist of solid phase (nearly spherical-shaped solid
articles) and a gas phase (helium) that fills the voids between peb-

les. Although the pebble bed has better mechanical stability than
intering blocks, the effective thermal conductivity of the pebble
eds is considerably lower than the intrinsic thermal conductivity

∗ Corresponding author.
E-mail address: yixiang.gan@sydney.edu.au (Y. Gan).

ttp://dx.doi.org/10.1016/j.fusengdes.2017.03.073
920-3796/© 2017 Elsevier B.V. All rights reserved.
of Li4SiO4 due to the discrete nature of the structure and the exis-
tence of the gaseous phase of low thermal conductivity. Therefore,
an adequate blanket design is crucial to remove the heat generated
inside the pebble bed to guarantee the optimal bed performance for
the tritium breeding and extraction. For the design of the cooling
system, the effective thermal conductivity of the pebble bed is of
primary importance. Many studies have investigated this property
experimentally and theoretically [1–3,11]. In general, the effective
thermal conductivity of the Li4SiO4 pebble beds in different mea-
surement conditions falls into the range around 0.75–1.2 W/mK
that is about 4 times lower than thermal conductivity of bulk
Li4SiO4. Not only the intrinsic properties of the constituent phases
of the pebble beds but also other parameter such as the gas pres-

sure, the pebble size, the packing structure, the external loading
and other controllable parameters can affect the effective thermal
conductivity [1,12].

dx.doi.org/10.1016/j.fusengdes.2017.03.073
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
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For the Li4SiO4 pebble beds, the thermal conductivity ratio
etween the solid and the gas phase is small. As a result, it is
ound experimentally that the increase of the contact area intro-
uced by the external loading contributed little to the thermal
ransport [6,12,13]. While varying the gas pressure is proved to
lter the effective thermal conductivity of the pebble beds because
he vacancies in the pebble beds are small enough to trigger the
moluschowski effect in the gas phase [1]. However, only has a
ew theoretical models considered this gas pressure dependency
ehaviour [14–17], and such models did not consider explicitly the
as gap conduction at the scale of individual pebbles. To contribute
he complete picture between experimental observation and the
heoretical explanation, a numerical framework is put forward in
his work to illustrate the gas pressure dependency of the effec-
ive thermal conductivity of the Li4SiO4 pebble beds. Recent work

easured a gas pressure drop inside the pebble bed [5], which
mplies an influence of a non-uniform gas pressure distribution
nside the beds on the overall bed performance. During operation
ycles, the actual gas pressure inside the bed may differ from the
esigned value, resulting in a non-uniform distribution of effective
hermal conductivity. Such inhomogeneous distribution may  cause
ocal heat accumulation inside pebble beds. Design and operation
f tritium breeding pebble beds should consider the variation of gas
ressure.

This numerical framework is designed to simulate thermal
ransport processes in the assemblies of individual contact units
nd then predict the overall thermal conductivity of pebble beds
onsisting of poly-disperse particles. The relation between the gas
ressure effect and particle size is explored. The model prediction
hows a quantitative agreement with experimental measurements
f the ceramic pebble beds, in particular the gas pressure dependent
ehaviour.

. Numerical framework

This numerical framework mainly consists of two parts,
he finite element simulation of a representative unit and the
omogenisation to assemble the units to predict the effective
hermal conductivity. Since this framework is mainly focus on
nvestigating the relation between the gas pressure and the effec-
ive thermal conductivity, a model to describe the behaviour of gas
eat transfer regarding to the change of gas pressure is prerequisite.

.1. Gas heat transfer model

In the breeder pebble beds, gases can be recognised as stagnant
ulk materials because the purge speed of gases inside the beds is
mall enough to consider the gases as static. In practise, the thermal
onductivity of a gas having a viscosity of � can be predicted by the
odified Eucken equation as

Eu = 9� − 5
4

∗ CV

�
(1)

here � = Cp
CV

, is the adiabatic gas constant. CP and CV are specific
eat at constant gas pressure and constant volume respectively
18].

However, Eq. (1) is applicable when the characteristic length of
he space occupied by the gas is much larger than the mean free
ath of the gas molecules. When the mean free path of the gas
olecules is comparable to the characteristic length of the space,
he gas thermal conductivity is reduced and the Eucken equation is
o longer valid. This phenomenon is called Smoluschowski effect.
o quantitatively describe the Smoluschowski effect, the mean free
ath of the gas molecules needs to be calculated first. As the viscos-
Fig. 1. Helium thermal conductivity predicted by the Gusarov’s model, the temper-
ature jump model and the Kistler’s model.

ity of gases is able to be measured in labs and given by an empirical
function as [19]

�He = 1.865 ∗ 10-5 ∗
(

T

273.16

)0.7
(2)

and according to the kinetic theory, the mean free path l can be
calculated by

l = �

P

√
�RT

2M
(3)

where P is the pressure of the gas, T is the temperature of the
gas, M is the molar mass of the gas and R is the gas constant. The
Knudsen number Kn = l/d, defined as the mean free path l of the
gas molecules over the characteristic length d of the space filled
by the gas, is introduced to evaluate the significance of the Smo-
luschowski effect. A model derived by A.V. Gusarov [18] based on a
two parallel plates geometry is applied to explain the dependency
of heat transfer coefficient h upon the Kn. When the d is approach-
ing zero (i.e., Kn � 100), the heat transfer coefficient is reaching the
free molecular limit h0, defined as

h0 = 1
4
� + 1
� − 1

P
(

2R
�MT

) 1
2

(4)

When Kn decreases, the h follows

h = h0

2

⎛
⎜⎝ 1

1 + 1/ (� ∗ Kn)
+ 1(

1 +
√

1/� ∗ Kn)
)2

⎞
⎟⎠ (5)

in which � = 2
√
�

3
9�−5
�+1 .

The thermal conductivity of helium of 293 K at different gas
pressure predicted by different models are compared in Fig. 1,
including the temperature jump model and the Kistler model [20].
The Kistler model has the simplest form, kK = kEu

1+Kn The tempera-

ture jump model adopts a similar form, kTJ = kEu
1+j/d in which jump

distance j is proportional to mean free path l and depends on gas
type. Although the Knudsen number Kn is missing in the equation,
j/d can be considered to be proportional to Kn. The apparent ther-
mal  conductivity (kapparent = h * d) that is converted from the heat
conductance coefficient directly obtained from the Gusarov model

is used in the plot. All the models show the S shape of the helium
thermal conductivity when the Knudsen number is varying. It can
be seen from Fig. 1 that the Knudsen number is the essential param-
eter determining the thermal conductivity of gases, combing the
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ig. 2. Heat conductance coefficient of helium by the truncated Gusarov model
truncated G.) at 293 K with Helium pressure varying.

ffects of the characteristics of gases and the geometry of spaces.
owever, the Gusarov model over predict the thermal conductiv-

ty when the Knudsen number drops beyond 0.01. Thus, the part
bove the horizontal line drawn by the Eucken equation is trun-
ated. Afterwards, the helium heat conductance coefficient applied
n this study is presented in Fig. 2.

.2. Finite element simulation

The finite element simulation of a contact unit model is per-
ormed to obtain the representative thermal conductivity kcont of
ne representative contact unit using the commercial finite ele-
ent analysis (FEA) software (ABAQUS, [21]). In the FEA, the contact

nit consists of two identical hemispheres contacting each other at
 centre point. A constant temperature difference �T  between two
urfaces is maintained through the simulation, which results in a
onstant heat flux � through the upper surface and lower surface
t the surfaces at steady states, conceptually presented in the Fig. 3.
hus, the representative thermal conductivity of the contact unit is
o be calculated by the Fourier’s law, kcont = �D

�TA , in which D and A
re the diameter and the cross-sectional area of the hemisphere.

In reality, a gaseous phase present in the void space between
wo hemispheres transfers the heat between two  spherical sur-
aces. However, the thermal conductivity of the gaseous phase is
ot uniform in this model, which is complicated to implement.
o maintain the simplicity of the numerical simulation but pre-
erve the accuracy of the definition, we apply a distance-dependent
hermal gap conductance (*GAP CONDUCTANCE in the ABAQUS
oftware) between two spherical surfaces instead of creating addi-
ional phases, e.g., no additional dedicated elements for the gas
hase. The magnitude of the thermal gap conductance follows
he modified Gusarov’s model introduced in the previous section,
hown in Fig. 2.

.3. Effective thermal conductivity

To derive the effective thermal conductivity keff of pebble beds
rom the properties of contact units, the topological characteris-
ics of pebble beds must be considered, i.e., the contact network
f packed pebbles. Although by implementing discrete element
ethods (DEM) the detailed geometry can be simulated [22–24],
hose methods require significant computational efforts. Therefore,
 concise approximation is preferred in this study. Batchelor and
’Brien [25,26] derived a model to predict the effective thermal
onductivity of granular materials comprising identical spheres
nd Design 118 (2017) 45–51 47

having a radius of r and a solid thermal conductivity of ks. In this pre-
diction, a similar contact unit is established to calculate heat flux
� transferring through the contact unit exhibiting a temperature
difference of �T. A non-dimensional heat flux �  = �

�rks�T
is used

for simplification. The effective thermal conductivity is attributed
by the network of the contact units throughout the entire granu-
lar material. An integration of heat flux over surface of all spheres
which representing the contact network gives the total heat flux
across the entire volume of the granular material. Based on this the-
orem, the estimation equation [26] based on the volume fraction f
and coordination number Nc is drawn as

keff

ks
= 1

2
fNc� (6)

A similar equation was  derived by Gusarov and Kovalev [14] for
a randomly packed structure of mono-sized spheres. In practice,
pebbles are nearly spherical in shape, which makes it possible to
apply the above equation. Although pebbles vary in size, a bed of
mono-sized pebbles of a reasonable average size is supposed to be
representative. To use this prediction, the heat flux � computed
from the finite element simulation described in the previous sec-
tion is used. As the non-dimensional heat flux �  is calculated, the
effective thermal conductivity is evaluated with knowing volume
fraction f and coordination number Nc. Experimentally, volume
fraction can be obtained easily but coordination number requires
sophisticated test equipment and data processing [24,27].

2.4. Estimation of coordination number

Following the above discussion, this section introduces a cor-
relation between volume fraction f and coordination number Nc.
Experimentally, the detail information of coordination number can
be measured by X-ray detection with image analysis techniques.
However, it is not efficient to measure every pebble bed and the
scale of beds being measured is limited by the detection machine.
Therefore, a proper estimation of the average coordination number
of the pebble beds is necessary to predict the effective properties. A
theoretical estimation of sphere beds was proposed by the Suzuki
and Oshima [28,29] later validated by G.A. Georgalli and M.A. Reuter
[30]. This theoretical estimation can take the particle size distribu-
tion and volume fraction of the pebble beds into account, which is
relevant to the fusion blanket application. In Suzuki and Oshima’s
model, there is only one adjustable model parameter �

 ̨ = 2 −
√

3
4

∗  Nci (7)

where Nci is the coordination number of a sphere bed having the
same volume fraction f but consisted of uniformly sized spheres.
Varying volume fraction change the corresponding coordination
number as well as the � according to Eq. (7). The correlation

between f and Nci of regular packing structure, including simple
cubic, body-centred cubic, face-centred cubic and hexagonal closed

packing, can be used to calculate �. By selecting the Nci of the
regular packing with similar volume fraction f to the investigated
granular materials, the corresponding � is acquired and used to
estimate the coordination number of non-uniformly sized beds.
During the homogenisation, we adopted this approach to estimate
the coordination number, and more details should be referred to
the literature mentioned above.

3. Result and discussion
To validate our theoretical framework, the current European ref-
erence breeding material (properties listed in Table 1), i.e., Li4SiO4
pebbles, fabricated by melting-spraying [31] is used as the object in
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Fig. 3. Schematic drawing of contact unit model: (a) two hemispheres in contact without mechanical loading; (b) The contact under a constant mechanical loading; (c) The
FEM  model with temperature profile with an arbitrary unit. Here, �T, �x, hg denote the temperature difference, particle deformation, and heat flux through the gas phase,
respectively.

Table 1
Li4SiO4 properties (T = 293 K) [32,33].

Thermal conductivity ks 4.881 �W/�m*K
Specific heat CP 8.99 × 108 �J/kg*K
Density � 2.28 × 10−15 kg/�m3

Young’s modulo 8.849 × 10−2 N/�m2

Poisson ratio 0.24
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Fig. 4. Size distribution of the pebbles.

his study. Particle size distribution is shown in Fig. 4 with size rang-
ng from 250 �m to 650 �m and an average particle size is about
50 �m.  The effective thermal conductivity of this pebble bed is
easured by the hot wire method in helium gas environment with

ariable gas pressure.

.1. Mechanical load

First, influence of external mechanical loading on effective ther-
al  conductivity of pebble beds is exanimated in order to validate

he assumption of the point-contact mode in the following stud-
es. In the simulation, the contact unit is compressed by a series
f predefined length but maintaining the constant temperature
ifference between the top and the bottom surfaces. For each com-
ression case, the compression force and total heat flux on the top
urface of the contact unit is calculated. Gan and Kamlah [34] pro-
osed a model to approximate the apparent mechanical loading on
 pebble bed based on the average contact force. We  treat the sim-
lated compression force as the average contact force and use the
odel to calculate external mechanical loading, more details can

e found in [34]. After that, a relation of the representative ther-
Fig. 5. Influence of external mechanical loading on the contact unit of D = 350 �m,
and the helium gas pressure is 120 kPa.

mal  conductivity of contact units versus the external mechanical
loading on a pebble bed is plotted in Fig. 5. The Fig. 5 presents vari-
ance of the representative thermal conductivity of the contact unit,
D = 350 �m,  when the external mechanical loading ranging from
0.08 MPa  up to 1.2 MPa. The representative thermal conductivity
of the contact unit only increases slightly (≤4%), when the exter-
nal mechanical loading exceeds 1 MPa. This numerical result shows
consistency with the experimental observations in the literature
[6,12,13] that external mechanical loading playing a minor role in
varying the effective thermal conductivity of the pebble beds when
external mechanical loading does not exceed 1 MPa. Therefore, it
is reasonable to concentrates on the influence of the gas pressure
in the pebble beds and neglects the external mechanical loading,
i.e., only point contact cases were studied in the rest of the result
section.

3.2. Size dependency

The representative thermal conductivity of contact units of dif-
ferent sizes were first examined according to the result of the
finite element simulation, shown in Fig. 6. Contact units of four
sizes (sphere diameter D = 250 �m,  350 �m,  500 �m,  and 650 �m)
were simulated in the Abaqus software. The representative thermal
conductivities of these four contact units have a similar positive
relation with gas pressure, increasing as gas pressure rises up.

This result consists with the observation of the effective thermal
conductivity of pebble beds under various magnitudes of helium
pressure [1]. Such a trend of the representative thermal conduc-
tivity is consistent with the upward shift of the heat conductance
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Fig. 6. Gas pressure related size dependency of the contact units.

oefficient of helium when gas pressure increases shown in Fig. 2.
dditionally, a size dependency is shown by the simulation with

 smaller contact unit bringing about a decrease in representative
hermal conductivity. Such size dependency is significant when the
as pressure is low. A gas pressure sensitive region is defined to
xplain this gas pressure related size dependency. As shown in
he insert of Fig. 6, the gas pressure sensitive region is restricted
y a boundary at which heat conductance coefficient of helium is
qual to 90% of the magnitude calculated by the Eucken equation
t the same gas pressure. Even though the area of the gas pres-
ure sensitive zone is relative small, the effect of gas pressure is
till obvious in these contact units. When helium pressure is as low
s 50 kPa, a cross-sectional area ratio of a corresponding sensitive
one to a total cross-section of the contact unit is 15% and 6% for

 = 250 � m and D = 650 � m,  respectively. This contrast indicates
hat for a contact unit of a smaller diameter, a larger portion of
he surface of the hemisphere is influenced by the Smoluschowski
ffect. Since the Smoluschowski effect deteriorates heat transfer
bility of helium, the overall ability of contact units to transfer heat
s weakened. While the helium pressure is elevated up to 1000 kPa,
uch cross-sectional area ratio becomes 2% and 1% for D = 250 � m
nd D = 650 � m,  respectively, which means almost all surface of
oth contact units escapes from the Smoluschowski effect. It can
e seen from Fig. 6, the representative thermal conductivity of the
our contact units start to converge towards the Eucken limit that
s acquired by neglecting the Smoluschowski effect and applying
eat conductance coefficient of the dashed line in Fig. 2 in the finite
lement simulation. Thus, due to diminution of the gas pressure
ensitive zone along with elevation of the gas pressure, deterio-
ation of the representative thermal conductivity of contact units
anishes.

.3. Effective thermal conductivity of the pebble bed

According to the methodology introduced in the previous sec-
ions, volume fraction f and coordination number Nc is required
o estimate the effective thermal conductivity. The volume frac-
ion of the pebble bed was experimentally measured as about 0.64
nd close to the volume fraction of a BCC packing of 0.68, so the
oordination number of the BCC packing of 8 was used as the

ci to adjust � properly in Eq. (7) in the calculation of the aver-

ge coordination number based on the Suzuki and Oshima’s model
28,29]. The model was further fed with the size distribution shown
n Fig. 4, and the resultant average coordination number was  7.8
or this poly-dispersed pebble bed. A mono-size pebble bed of the
Fig. 7. Effective thermal conductivity predicted by the Gusarov’s model, the SZB
model, the modified Batchelor’s model, and the proposed framework.

same volume fraction and coordination number with size of peb-
bles equal to the average size 350 �m is assumed to represent this
poly-disperse one. This assumption may  introduce potential uncer-
tainty but should be acceptable in an average sense. Recalling Eq.
(6), after nondimensionalisation of heat flux of the contact unit of
D = 350 � m computed by simulation, the effective thermal conduc-
tivity of the pebble bed can be obtained by rearranging Eq. (6) as
keff = 1

2 fNc�ks. Besides, the effective thermal conductivity of SC,
BCC and FCC packing were calculated through the same procedure.
In addition, the original model developed by Batchelor, the model
proposed by Gusarov and the Schlunder-Zehner-Bauer (SZB) model
were supplied with the identical parameter and the gas heat con-
ductance coefficient discussed before. The results were compared
with the current work as shown in Fig. 7.

The original Batchelor’s model omitted the Smoluschowski
effect in gas phase and consequently the effective thermal con-
ductivity given by the model was  independent of gas pressure.
However in order to examine the effect of gas pressure, a slight
modification inspired by the Gusarov’s model [18] is adopted. In
this modification, the length of contact units is considered as the
characteristic length to compare with the mean free path of gas at
given gas pressure to obtain the Knudsen number. The gas pressure
dependency of the effective thermal conductivity of this numeri-
cal framework and the Gusarov’s model expands over the entire
span of investigated gas pressure. However, when helium pressure
approaches 1000 kPa, the effective thermal conductivity predicted
by this framework converges towards an upper bound and such an
upper bound can be concluded with the Eucken limit discussed in
the analysis of individual contact unit. For the modified Batchelor’s
model and the SZB model, a saturation phenomenon of the effective
thermal conductivity appears at helium pressure of about 10 kPa
and afterward saturated conductivity is maintained in the rest
range of helium pressure. It is because in this range, the Knudsen
number is small enough to overlook the Smoluschowski effect and
the helium thermal conductivity is constant. The sharp transition in
the SZB model is caused by the truncation of heat conductance coef-
ficient above the Eucken limit mentioned in the previous section. In
contrast, the effective thermal conductivity of the Gusarov’s model
exhibits an infinite monotonic function depending on increase of
helium pressure increases within the investigated range. One of the
reasons to explain this indefinite increase of the effective thermal
conductivity of the Gusarov’s model is overestimate of gas thermal

conductivity discussed in the previous section. Although similar
formulas have been used to estimate gas heat conductance coeffi-
cient, a cut-off mechanism was  imposed in other models to avoid
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Fig. 8. Effective thermal conductivity comparison between model predictions

ver prediction of gas thermal conductivity. However, such a cut-off
echanism cannot be imposed in the Gusarov’s model.

At low gas pressure limit, the effective thermal conductivity pre-
icted by this numerical framework approaches zero. It is because
hat solid heat conduction contributes little in this point contact

ode of the simulated units and helium thermal conductivity
pproaches zero at low gas pressure as well. Though this can be
voided by introduce a small amount of mechanical loading as
hown in Section 3.1, this is not our main focus in the present
aper. The prediction made by the Gusarov’s model and the SZB
odel trend towards zero as well since the assumption made in

he models is similar to this framework. The Batchelor model gives
elative large result at the same low gas pressure limit but a clear
ecline pointing to zero is reasonable to speculate with gas pres-
ure being lowered further. At high gas pressure limit, the effective
hermal conductivity of this work reaches to the saturated con-
uctivity of the SZB model. The Batchelor’s model has the highest
agnitude and the Gusarov’s model is close to it and supposed

o exceed the saturated conductivity of the Batchelor’s model if gas
ressure keeps rising. The Batchelor’s model shows over prediction
f the effective thermal conductivity, and an offset was suggested
o use to fit with experimental data [26].

From comparison, one similarity shared by this framework and
he other three models is that the effective thermal conductivity
as a positive correlation with the volume fraction and coordina-
ion number. It is not surprising that this framework, the Batchelor’s

odel and the Gusarov’s model present an upward shift of the
ffective thermal conductivity against the extent of denseness
ecause the same homogenisation method is employed. Unlike
ther three models, the SZB model was directly constructed based
n volume fraction of beds and accordingly predicts the effective
hermal conductivity without the need to assemble contact units.
n this case it takes only the volume fraction rather than both of the
wo characteristics into account, but a shape factor is introduced to
ompensate lack of consideration about the coordination number.
hus, the denseness has a less significant effect in the SZB model
hen compared to the other three models.

Even though this framework, the Batchelor’s model, and the
usarov’s model using the equal homogenisation equation to pre-
ict the effective thermal conductivity of pebble beds based on
hermal properties of contact units, the predicted magnitude and
ehaviour of the effective thermal conductivity of the same peb-

le bed are different. At contact unit level, the original Batchelor’s
odel neglected the Smoluschowski effect and thus the original
odel has no gas pressure dependency and size dependency. For a
xperiments data from: (a) S. Pupeschi et al. [31] and (b) Abou-Sena, et al. [1].

contact unit of given length and material, the Gusarov’s model pre-
dicts conductivity increases only depends upon the increase of gas
pressure, implying that conductivity increase only when the Knud-
sen number decreases. Therefore, for a given gas pressure, meaning
a given gas mean free path, conductivity increases as the length of
contact units increases. However, both of the Bachelor’s model and
the Gusarov model hold the assumption that thermal conductivity
of pebbles is much higher than that of gas, which is the reason why
the effective thermal conductivity given by these two models is rel-
atively high. Such an assumption restricts application of these two
models. Our model for the contact unit considers the Knudsen num-
ber in the gap region, and therefore the gas and size dependency is
presented in the model prediction.

3.4. Experimental validation

The effective thermal conductivity of pebble beds measured
by hot wire method [1,31] is compared with the result predicted
by this work, shown in Fig. 8. The prediction used parameters
directly from the experiments, e.g., volume fraction, pebble size
distribution, gas pressure and temperature (but the size distri-
bution of Ref. [1] can hardly be found and so the same average
size and coordination number were used). The experimental data
show that the effective thermal conductivity presents an increasing
with the increase of gas pressure within the measurement range.
This numerical framework captures this gas pressure dependency
shown by the corresponding experimental data. Compared with
the corresponding effective thermal conductivity of pebble bed
measured by KIT, the predicted result is about 20% lower. The dis-
crepancy between the high temperature result of this work and
the corresponding experiments data of Ref. [1] is relatively large
and the numerical result is lower as well. However, the numerical
result presents a similar gas pressure dependency in the entire gas
pressure range. It demonstrates the validity of application of the
Smoluschowski effect.

Several reasons may contribute to quantitative discrepancy
between this work and the experimental data. First, due to point-
contact assumption in establishment of contact units, solid heat
conduction at contact points is ignored. However, a contact zone of
a finite area always exists in a real contact unit and hence enhances
heat transfer ability of a contact unit, increasing the effective ther-

mal  conductivity. With elevation of temperature, thermal radiation
gains importance. It may  be the reason leading the uncertainty.
Since coordination number of pebble beds cannot be experimen-
tally detected easily like volume fraction, the coordination number
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[33] M.  Akiyama, Design technology of fusion reactors, in: World Scientific, 1991.
[34] Y. Gan, M.  Kamlah, Discrete element modelling of pebble beds: with

application to uniaxial compression tests of ceramic breeder pebble beds, J.
Mech. Phys. Solids 58 (2010) 129–144.
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s estimated based on the volume fraction. So this estimation
ethod may  introduce some discrepancy. Furthermore, a refined
ethod to consider size distribution of pebble bed can contribute

o more accurate predictions under the proposed numerical frame-
ork.

. Conclusion

A numerical framework consisted of a finite element simulation
nd a semi-analytical relation is established to predict the effec-
ive thermal conductivity of Li4SiO4 pebble beds. The predicted
esult captures gas pressure dependency of the effective thermal
onductivity correctly and fits the experimental data of the inves-
igated pebble bed with acceptable discrepancy. Gas pressure effect
n thermal transport behaviour of pebble beds is extensively stud-

ed and discussed in this work. The effective thermal conductivity of
ebble beds is positively correlated to gas pressure and converges at
igh gas pressure. Such macro-scale phenomenon is resulted from
roperties of contact units of particle scale. In particle scale, the
moluschowski effect was taken into account by considering the
nudsen number. As a result, reducing particle size or gas pres-
ure causes decline of the effective thermal conductivity of contact
nits and hence of pebble beds. The proposed numerical frame-
ork is useful to predict the effective thermal conductivity of the

ebble beds, and optimise thermal performance of tritium breed-
ng by tuning purge gas pressure and adjusting cooling systems. The
ramework introduced in this study is ready to extend to investigate
ther types of granular materials, especially those materials in var-

ous applications comprising spherical particles, including thermal
nsulation, food production and heat exchangers.
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