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a b s t r a c t

In HCPB blankets, interfaces between pebble beds and structural material provide for an additional heat
resistance, which depends on local mechanical stresses and temperature. The heat transfer coefficient
of pebble bed–wall interfaces was investigated by modelling particle–wall contact, radiation effect, and
interstitial gas. The predictions of the model were compared to the experimental data. Interfacial mod-
elling as presented by this paper, which takes the coupled thermo-mechanical behaviour of the interface
into account, opens up the possibility to implement these effects in a finite element simulation of a
structure containing pebble beds.

© 2009 Yixiang Gan.. Published by Elsevier B.V. All rights reserved.

1. Introduction

In HCPB blankets, pebble beds are used as tritium breeder and
neutron multiplier materials. The interaction of pebble beds with
structural material is one of the critical issues in the design and
analysis of HCPB blankets [1]. Using the phenomenological model
of pebble beds discussed in previous investigations [2], structures
containing pebble beds, such as HCPB blankets, can be analyzed
using coupled thermo-mechanical finite element codes. Before the
material model is employed in engineering, however, the interfa-
cial behaviour of interactions between the pebble bed and container
wall has to be investigated. The interfacial behaviour is important in
coupled thermo-mechanical analyses, since it provides for bound-
ary conditions in the bulk region of the pebble bed in terms of both
temperature and displacement.

The pebble–wall interactions may be divided into two cate-
gories: (1) mechanical interactions; and (2) the interfacial heat
transfer. For mechanical interactions, the interfacial contact and
friction forces can be taken into account by a frictional contact law,
such as the Coulomb friction law, in the finite element code with-
out spending too much effort for considering the microstructure of
pebble beds. As far as the heat transfer coefficient (HTC) between
the contacting parts is concerned, however, the microstructure of
the pebble beds has to be considered. The HTC depends on the prop-
erties of the bulk materials, overall properties of the pebble bed as
well as on the temperature and mechanical fields near the interface.
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Following a review of experiments and models available, the
interfacial heat transfer will be investigated theoretically in Sec-
tions 2 and 3, taking into account mechanical contributions. Then,
the model prediction will be compared to the experimental data
in Section 4. In Section 5, some critical issues will be discussed in
detail.

1.1. Experiments

Experimental investigations of heat transfer coefficients for
pebble bed–wall interfaces were carried out for ceramic breeder
[3–5] and beryllium pebble beds [6,7]. Dalle Donne and Sordon [3]
performed experiments to study the interface between a Li4SiO4
pebble bed and a stainless steel container. The ceramic pebbles had
an average diameter of 0.5 mm and a packing factor of 61.9%. Tehra-
nian et al. [4] and Tehranian and Abdou [5] studied different types
of pebble beds in contact with stainless steel, including aluminium
pebbles with a diameter of 0.8 mm and packing factor of 63%, and
Li2ZrO3(lithium zirconate) pebbles with an average diameter of
1.2 mm and packing factor of 65–69%. The purge gas consisted of
either air or helium at different pressures. Mechanical load was
taken into account, but the average bed temperature was compa-
rably low. For beryllium pebble beds, interfaces were investigated
experimentally by Dalle Donne et al. [6] and Abou-Sena et al. [7].
The first type of experiments focusing on the interfaces between
a beryllium pebble bed and container wall was carried out in a
stainless steel container. Beryllium pebbles had a diameter of 2 mm
and two levels of packing factors, namely, 60% and 63% [6]. Due to
the experimental set-up, it was not easy to separate the influences
of temperature and mechanical loads. Recently, Abou-Sena et al.
[7] studied the interfacial heat transfer of a beryllium pebble bed
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Fig. 1. Interface between the HTC model and a finite element code.

(d = 2 mm, PF = 60.6%) in contact with a layer of silicon carbide
(SiC), including the dependence on both the bed temperature and
compressive stresses.

In the above experiments, the basic strategy consisted in extrap-
olating the temperature measurements by thermo-couples, located
inside the pebble bed, to the pebble–wall interface as Tb, and mean-
while measuring the wall temperature Tw . Knowing the surface heat
flux q via the interface, the HTC could be expressed as

h = q

Tb − Tw
. (1)

However, inaccuracy of the measurements was introduced by
different factors, such as errors of the thermo-couples and the
measurement of heat flux q. Another important fact was that the
temperature drop through the pebble–wall interface was compa-
rably small due to the limitation of heat supply in the experiments.
Therefore, the measurements of the HTC varied over a wide range
of magnitudes [3]. A theoretical model of interfacial heat transfer
is essential to understand the pebble–wall interactions.

1.2. Available models

Models of interfacial heat transfer were proposed mainly for a
packed bed in contact with a flat surface rather than for the specific
case of interfaces between pebble beds and wall under fusion-
relevant conditions. The latter case includes some specific features,
such as the use of high-temperature helium as interstitial gas and a
low solid-to-gas conductivity ratio. Still, the basic concepts of these
models can be utilized in this investigation.

Of the existing interfacial models, a unit cell is commonly
used to study thermal contact conductance of a single spherical
particle–wall interaction. Interfacial heat transfer can be separated
into different mechanisms, such as heat transfer in the solid–gas
region and heat transfer in the solid–solid region. Different assump-
tions were made with respect to the temperature distribution inside
the unit cell, e.g., temperatures at the surfaces of the bulk materials
were assumed to be either uniform [8] or non-uniform [9]. Heat
transfer through the interstitial gas gap was mostly concerned [8].
Recent models did not only consider the contact between parti-
cle and wall, but also the influence of wall materials [10]. In most
cases, a parallel heat transfer was assumed in the solid–gas region.
As regards the solid–solid contact region, Peterson and Fletcher
[11] studied the interface in a vacuum and compared the model
with experiments. Gorbis et al. [12] proposed a model based on the
near-wall conductivity and studied both solid–gas and solid–solid
regions. Except for the work of Kikuchi [10], wall effects were not
considered in literature. However, investigation of wall effects is
important, if the wall material has a lower thermal conductivity
than the bulk material of the pebbles, such as in the case of the
interface between beryllium pebble beds and the stainless steel
container. For applications in fusion blankets, Reimann et al. [13]
investigated the pebble–wall interactions of ceramic and beryllium
pebble beds based on Schlünder’s model, and this model was pro-
posed to be the reference model for pebble beds. Nevertheless,
the solid–solid contact region and wall effects were not taken into
account by this model.

Finally, an averaging method was applied to transfer the results
from the microscopic study to a phenomenological model. In this
way, the HTC model can be combined with a finite element code as

shown in Fig. 1. The HTC model needs the definitions of the contact-
ing materials from the material database, i.e., material properties in
terms of temperature and state variables from finite element anal-
ysis, such as temperature, strains, and stresses. On the other hand,
the finite element code needs the HTC value as an input for pre-
dicting the current temperature distribution. These procedures are
coupled, but an explicit scheme can be adopted in each increment
with an adequate time step, e.g., calculating the HTC value with the
state variables at the beginning of the time step, and then providing
thermal boundary conditions for the finite element code.

2. Modelling of interfacial heat transfer

For heat transfer between two surfaces, the thermal contact con-
ductance (TCC) of the interface is defined as

h = q

�T
, (2)

where q is the surface heat flux through the interface and �T is the
additional temperature drop due to the presence of the imperfect
joint. This concept can be applied directly to study the pebble–wall
interaction.

Here, it is focused on pebble–wall interfaces, i.e., interfaces
between the pebble bed and container wall. Perpendicular to the
interface between the near-wall pebbles and the container wall,
an area A containing N contact zones is located (see Fig. 2). These
contacting pebbles have a radius of R that is projected onto the
interface as dashed circles and the average radius of the contact
zones is a. These contact areas are assumed to have the same tem-
perature as the contacting pebbles and they act as “hot spots” on
the wall, while heat is transferred from the pebbles to the wall
region.

In order to obtain the HTC value of the interface, density of the
contact zones has to be taken into account. Here, the parameter

L =
(

A

�N

)0.5

(3)

is used, depending on the near-wall packing structure, which can
be either a regular or a random packing of pebbles. To estimate the
value of L, the pebbles are assumed to be packed regularly. For the
(0 0 1) direction of an FCC packing, the typical value of L/R is 4/�;
for the (0 0 1) direction of a BCC packing, it is 16/3�.

Considering the condition of axisymmetry, a basic unit cell can
be sketched, as shown in Fig. 3(a). This is a microscopic side view of

Fig. 2. Multiple “hot spots” model for thermal contact conductance.
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Fig. 3. (a) The unit cell of the HTC model and (b) temperature distribution.

each contact zone and includes the regions of the wall, pebble, and
interstitial gas. The pebble has a radius of R and the unit cell has a
thickness of 2R. The radius of the unit cell is L and depends on the
topology of the packed pebbles near the wall, as defined by Eq. (3).
L = 4R/� is used in this unit cell.

Temperature distribution along the direction perpendicular to
the interface, representing the temperature averaged in r-direction
at each cross-section, is schematically drawn in Fig. 3(b). The two
temperature values at the upper and lower boundaries of the unit
cell, denoted as T1 and T0, respectively, are connected by a solid
curve that reflects the actual temperature distribution. Two dashed
lines indicate the temperature distributions extrapolated by the
thermal conductivity of wall material, kw , and the effective thermal
conductivity of the pebble bed, keff, respectively. The temperature
difference �TC at the interface is calculated by the difference of
these two extrapolated temperatures and corresponds to the addi-
tional temperature drop due to the presence of the interface. If Q
is the total heat flow through the unit cell, then the heat transfer
coefficient can be expressed as

h = Q

�L2 �TC
= q

�TC
. (4)

In principle, heat transfer via an interface occurs by a combina-
tion of four different modes: conduction through the pebble–wall
contacts, conduction through the interstitial gas, convection in
the interstitial gas region, and thermal radiation. Researchers [14]
pointed out that the convection mode usually is negligible for gap
widths of up to 6 mm (corresponding to a Grashof number of 2000

Fig. 5. Electrical analog of thermal conductances in Fig. 4.

for air at atmospheric pressure of 101 kPa and a temperature of
300 K). A similar conclusion was drawn by Yagi and Kunii [15]. In the
case of helium being the interstitial purge gas, as in fusion blankets,
the convection mode hence is negligible.

Fig. 4. Three mechanisms of heat transfer in the unit cell.
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Heat flux q through the unit cell is split up into three main mech-
anisms in Fig. 4: (a) qc , heat transfer through the solid–solid contact;
(b) qg , through the gas gap; and (c) qr , by thermal radiation. These
types of heat flux fulfill the condition

q = qc + qg + gr. (5)

In Fig. 4, keff, kp, kw , and kg indicate the effective thermal con-
ductivity of pebble beds, as well as the thermal conductivities of
the bulk material of pebbles, wall material, and interstitial gas,
respectively.

Since the equations of thermal conduction have a form simi-
lar to that of Ohm’s law, these types of thermal conduction can
be summed in the same manner as serial and parallel electrical
conductors. The electrical analogous problem here is sketched in
Fig. 5. Inside each mechanism, the thermal resistors are connected
in series, while for the three different mechanisms, the overall resis-
tors are connected in parallel. It is aimed at finding the solution of
the interfacial heat transfer coefficient h0 in the relation

∑
i=c,g,r

(
R

keff
+ 1

hi
+ R

kw

)−1
=
(

R

keff
+ 1

h0
+ R

kw

)−1
. (6)

The different mechanisms will be analyzed in the following sec-
tion. From Eq. (6), the heat transfer coefficient of the interface, h0,
can be obtained.

3. Analysis of the unit cell

In this section, three different mechanisms will be analyzed sep-
arately to obtain the overall behaviour of the unit cell. Heat transfer
through each pebble–wall unit cell at the interface is assumed to be
identical. Consequently, the phenomenological heat transfer coef-
ficient is obtained directly from the unit cell.

3.1. Solid–solid region

The first mechanism of interfacial heat transfer is conduction
via pebble–wall contact in the unit cell. To solve the problem ana-
lytically, the change of the mechanical field resulting from the
compressive stress present at the interface, pn, has to be taken into
account. If the interface has a surface normal n, pn = � · n. Accord-
ing to the Hertzian solution [16], the radius of the contact zone and
the contact force P = pn(�L2) are related as follows

a =
[

3
4

�P(Kp + Kw)R
]1/3

, (7)

where Kp and Kw depend on the elastic moduli of the bulk materials,
as Ki = (1 − �2

i
)/�Ei with i = p, w.

In the solid–solid region, Madhusudana [17] provided a solution
for thermal conductance of the solid spot contact as a function of
the contact area

hc = 2ak

�L2
. (8)

Here, k = 2kwkp/(kw + kp) is the harmonic mean of the bulk
thermal conductivities of wall and pebble and a is the radius of
the contact spot in Eq. (7).

Peterson and Fletcher [11] investigated interfacial heat trans-
fer in a vacuum experimentally, which resulted in the summation
of the contributions of solid–solid contacts and thermal radiation.
The analytical result of solid contact conductance fits well to the
experiments, since the contribution of thermal radiation is rela-
tively small.

3.2. Solid–gas region

For heat transfer via the gas gap as illustrated in Fig. 4(b), the
overall heat conductance h(b)is

h(b) =
(

R

keff
+ 1

hg
+ R

kw

)−1

. (9)

In this region, h(b) can be obtained directly from the analysis of
the unit cell instead of calculating hg .

As shown in Fig. 3(a), the distance between the two surfaces at
the same radial position r can be expressed as

ı0(r) =
{

R −
√

R2 − r2, r < R,

R, L ≥ r ≥ R.
(10)

This expression is valid, if the bulk materials of pebble and wall
are hard materials, and, hence, the gap reduction due to compres-
sive stresses is negligible over a certain range of mechanical load.
Otherwise, gap reduction can be taken into account by the relative
displacement between the contacted surfaces.

To study heat transfer via a interstitial gas gap, general prop-
erties of the gas gap have to be considered first. For the gas gap,
thermal conductivity in the microscopic region near the solid sur-
face decreases due to the Smoluchowski effect. This effect accounts
for the inefficiency of energy exchange between gas molecules and
solid surfaces during single collisions [17]. Thus, thermal conduc-
tivity of a gas gap with a width of ı0(r) reads as

kg(r) = kg,∞
1 + (� + j)/ı0(r)

, (11)

where kg,∞ is the thermal conductivity of gas without the effect
of solid–gas interfaces and � is the summation of surface rough-
ness. The coefficient j is the temperature jump distance, taking into
account the Smoluchowski effect. In a sufficiently large gas gap, the
Smoluchowski effect vanishes. The temperature jump distance can
be expressed as

j =
(∑

i

2 − ˛i

˛i

)
2�

� + 1
�

Pr
, (12)

where ˛i denotes the accommodation coefficient of the interstitial
gas on the corresponding surface, � is the ratio of specific heats, �
is the mean free path of gas molecules, and Pr is the Prandlt num-
ber. The mean free path �g of gas molecules at temperature Tg and
pressure pg is related to �0 as

�g = �0

(
Tg

T0

)(
p0

pg

)
, (13)

at temperature T0 and pressure p0. It was suggested by Song and
Yovanovich [18] that the accommodation coefficient ˛ = 0.4 can be
used for most engineering surfaces to give a reasonable approxi-
mation.

In the solid–gas region, different assumptions can be made with
respect to the heat transfer. The interstitial gas gap was studied
under the following assumptions by Schlünder [8]: (1) temperature
on each surface is uniform; (2) temperature difference between two
different surfaces corresponds to the additional temperature drop
�TC of the unit cell; and (3) heat flow is one-dimensional. This gives
the heat transfer coefficient as

h(b) = 1
�L2

∫ L

a

kg(r)
ı0(r)

2�r dr. (14)

It is valid in case of kg � kp and kg � kw . This expression can
be used for packed beds and yields reasonable results, although
it was assumed that all contacts are point-wise and the surfaces
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Fig. 6. Radiation effect as a function of temperature.

have zero roughness [8]. In other words, this model does not sepa-
rate the effects of the solid–solid and solid–gas regions. As a result,
the model may yield an overestimation, if the solid–gas region is
considered only.

Alternatively, heat transfer may be assumed to follow parallel
heat pipes from the top to the bottom of the unit cell [9]. Compared
with the assumptions made by Schlünder [8], assumption (1) has
been released, so the temperature distributions on the surfaces can
be position-dependent; assumption (2) is irrelevant in this case;
assumption (3) remains and parallel heat transfer is also assumed
in this case. This model considers the effects of both the wall and the
bulk region of pebbles. The corresponding heat transfer coefficient
in the solid–gas region is

h(b) = 1
�L2

∫ L

a

1
(R − ı0(r))/kp + ı0(r)/kg(r) + R/kw

2�r dr. (15)

Both types of assumptions give comparable predictions of the
heat transfer coefficient, while the value obtained by the second
one is smaller, especially for materials with a low solid-to-gas con-
ductivity ratio. Therefore, for ceramic breeder pebble beds, the
Schlünder model usually gives an overestimation. In this inves-
tigation, the second type of modelling is used for the solid–gas
region.

3.3. Radiation effect

For thermal radiation, the heat transfer coefficient depends on
the mean temperature of the interface, Ti, as

hr = 4
Cs

1/�w + 1/�p − 1
T3

i (16)

where Cs is the Stefan–Boltzman constant (5.67 × 10−8 W/m2 K4),
�w is the emissivity of the wall, and �p is the emissivity of pebble
bed. Fig. 6 shows the radiation effects as a function of temperature,
with different values of emissivity. In this investigation, �w = �p =
0.5. The radiation effect is negligible in the low-temperature region,
which was also found in the experiments [11].

3.4. Overall behaviour

By inserting the solutions of hc , hg (or h(b)), and hr into Eq. (6), the
value of h0 is obtained. This solution represents the dependence on
temperature, gas pressure, and mechanical stress. By implementing
this relation in the finite element code, the heat transfer coefficient
can be realized in a fully coupled thermo-mechanical analysis.

Table 1
Properties of bulk materials for heat transfer coefficients.

Bulk material Thermal conductivity
(W/mK)

Young’s
modulus (GPa)

Poisson’s
ratio

Beryllium 176.95 287 0.032
Li4SiO4 1.42 90 0.24
Stainless steel 14.15 196 0.30
SiC 45 450 0.21

Table 2
Parameters for the thermal conductivity of the gas gap.

Thermal conductivity kg,∞ (W/mK) 3.623 × 10−3 × T(K)0.66

Ratio of specific heats, � 1.66
Prandtl number, Pr 0.67
Accommodation coefficient, ˛ 0.4
Mean free path of gas molecules, � (nm) 0.186 (T0 = 300 K, p0 = 101 kPa)

Table 3
Correlations of the effective thermal conductivities of pebble beds.

Types Thermal conductivity Ref.

Be d = 2 mm; PF = 63%. 2.499 + 2.07 × 10−3Tm [6]
d = 2 mm; PF = 60%. 1.823 + 2.053 × 10−3Tm [6]
d = 2 mm; PF = 60.6%. 1.9712 + 2.2 × 10−3Tm [7]

Li4SiO4 d = 0.5 mm; PF = 61.9%. 0.736 (Tm = 51.6); 0.825 (Tm = 131.6) [3]

4. Comparison with the experiments

The heat transfer coefficient depends on the additional tempera-
ture drop �TC at the interface, which typically is small and not easy
to measure in experiments. Only a few measurements are available
for Li4SiO4 and beryllium pebble beds in literature [3,6,7]. In this
section, the prediction of the theoretical model shall be compared
to the experimental data available.

4.1. Material parameters

In the present HTC model, material properties are required
for the purpose of validation. To facilitate prediction, tempera-
ture dependence of the bulk material properties is not taken into
account, since its effect is moderate.1 Hence, temperature depen-
dence of the heat transfer coefficient is dominated by the interstitial
gas phase. Table 1 shows the properties of the bulk materials used
in this investigation.2Table 2 shows the parameters for the thermal
conductivity of the gas gap, with helium being chosen as the inter-
stitial purge gas. Surface roughness (�) of these materials is set
to 5 �m. The effective thermal conductivities (keff) of pebble beds
are listed in Table 3. Here, the unit of keff is (W/mK); Tm (◦C) is the
mean temperature of the pebble bed; d is the mean diameter of
pebbles; PF denotes the packing factor; and ε(%) is the compressive
strain. These measurements of keff in Table 3 were made in the same
experiments to obtain the heat transfer coefficients. The reference
effective thermal conductivities can be found in Refs. [19,20,13] for
both Li4SiO4 and beryllium pebble beds.

4.2. Comparison with available experiments

Table 4 summaries the experimental HTC results, where Tw (◦C)
is the near-wall temperature of the pebble bed. Depending on the

1 For parameter study, a case with Li4SiO4/stainless steel interface has been inves-
tigated: increasing the bulk thermal conductivity of the wall material by 10% will
bring an increase of HTC of 0.1%; while increasing the thermal conductivity of bulk
Li4SiO4 by 10% will bring an increase of HTC of 5%. Therefore, we state that temper-
ature dependence of the bulk material properties is moderate.

2 Data from Fusion Network: http://fusionnet.seas.ucla.edu/fusionnetwork/index.
php, and the bulk material properties are calculated at room temperature.
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Table 4
Heat transfer coefficients of pebble–wall interactions.

Types HTC (W/m2 K) Ref.

Be d = 2 mm; PF = 63%. 369 + 0.8666Tw + 3.472 × 10−3T2
w

(Be/stainless steel)
[6]

d = 2 mm; PF = 60%. 614.6 − 0.8867Tw + 7.899 ×
10−3T2

w (Be/stainless steel)
[6]

d = 2 mm; PF = 60.6%. data points (Be/SiC) [7]

Li4SiO4 d = 0.5 mm; PF = 61.9%. data points (Li4SiO4/stainless steel) [3]

bulk materials, three types of experiments can be distinguished:
experiments focussing on the Be/stainless steel interface [6], the
Be/SiC interface [7], and the Li4SiO4/stainless steel interface [3]. The
above material properties as well as the effective thermal conduc-
tivity of pebble beds are used as inputs of the present interfacial
model.

4.2.1. Be/stainless steel
Fig. 7 compares the present HTC model and experimental results

for the Be/stainless steel interface. This type of experiments was
performed in PEHTRA [6], with a cylindrical container and a rod
heater located in the center. It is difficult to control the thermal
stresses induced by the temperature change. Heat conductance
at high temperatures increases not only because of the changing
thermal conductivity of the interstitial gas with temperature, but
also due to the induced compressive stresses at the interface. A
small increase of the compressive stresses may cause noticeable
changes of the HTC value, since beryllium has a relatively high-
thermal conductivity. Although the model overestimates the value
at low temperatures, it still gives reasonable predictions, including
temperature dependence and the difference between the two cases
with different packing factors. At the same temperature level, the
case with a packing factor of 60% has a higher HTC value than the one
with a packing factor of 63% for both experiments and predictions.
The unit cell at the near-wall region for both cases with different
packing factors are identical, which indicates that the right hand
side of Eq. (6) is the same. However, the denser packed bed has
higher effective thermal conductivity, keff, as shown in Table 3. As
a result, a lower value of HTC is expected in the case with PF =63%.

4.2.2. Be/SiC
Predictions and experiments regarding the Be/SiC interface are

compared in Fig. 8. Abou-Sena et al. [7] performed a series of mea-
surements to investigate: (i) the dependence on the mean bed
temperature and (ii) the dependence on the pressure at a fixed bed

Fig. 7. Comparison of the HTC model with data from Ref. [6]: the Be/stainless steel
interface.

temperature. Fig. 8(a) shows that the HTC changes over the mean
bed temperature, from room temperature to 450 ◦C. In Fig. 8(b),
the pressure varies from 0 to 2 MPa at a mean bed temperature of
270 ◦C. The prediction shows a clear increase of HTC with respect
to the mechanical pressure. An overestimation of the theoretical
model is also found in this case.

4.2.3. Li4SiO4/stainless steel
The experimental data are limited for the Li4SiO4/stainless steel

interface [3]. Again, a cylindrical container with a heater rod in its
center is used. Two data points are measured near the heater side
(the inner wall), and the remaining measurements are performed
near the coolant side (the outer wall). The model and measure-
ments are compared in Fig. 9(a). It has been suggested that these
data from the inner wall are more reliable, due to the presence of
larger temperature drops [3]. The outer wall exhibits smaller tem-
perature drops, as a consequence of which the HTC is difficult to be
determined. The level of the compressive stresses inside the con-
tainer is not clear. Hence, the prediction of uncompressed pebble
beds is used, similar to the case of the Be/stainless steel interface.
Predictions of the HTC model here are below the experimental data
on the heater side and above the experimental data on the coolant
side. The predictions of Li4SiO4/stainless steel interface are shown
in Fig. 9(b), with effective thermal conductivity of the bed from
Refs. [3,13], respectively. However, the existing experimental data
points are scattered as shown in Fig. 9(a), further experimental
investigation on Li4SiO4/stainless steel interface will be necessary.

5. Discussion

The differences between the predictions by the HTC model and
experimental data were outlined in the previous section. Now, the
accuracy of both the theoretical model and the experimental mea-
surements shall be discussed.

5.1. Predictions and experimental measurements

(1) One explanation for the error introduced by experiments is,
as sketched in Fig. 10(a), the difference between the real tem-
perature distribution (dashed curve) and the extrapolated one
(solid line) inside the pebble bed. The additional temperature
drop �TC is calculated by the difference between the near-wall
temperature Tn and wall temperature Tw,n, where n = 1, 2 indi-
cates the position of the interface. The mean temperature of
the bed is denoted by Tm obtained by integration over the true
temperature distribution. The effective thermal conductivity of
the pebble bed is considered to be a monotonically increas-
ing function of temperature. For the temperature distribution
extrapolated by using keff(Tm) and represented by the solid line,
this introduces larger �TC on the low-temperature side and
smaller �TC on the high-temperature side. This phenomenon
can also be observed in the experimental results provided by
Ref. [3]: the outer wall measurements of the HTC are much
smaller than those near the inner wall, as shown in Fig. 9(a).
However, the magnitudes of these two types of measurements
are supposed to be comparable.

A similar simplification is made in the theoretical model dur-
ing validation. To extrapolate the temperature inside the unit
cell, the effective thermal conductivity can be used as a function
of either the mean temperature of the bed or the local tempera-
ture, as in Fig. 10(b). In experiments, the mean temperature has
been used. Therefore, the effective thermal conductivity keff is
estimated and used for comparison as a function of the mean
bed temperature Tm to compare with experiments. In practice,
however, the near-wall temperature Tn should be used. The
difference is pronounced for pebble beds having low effective
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Fig. 8. Comparison of the HTC model with data from Ref. [7]: the Be/SiC interface. HTC versus: (a) the mean bed temperature and (b) compressive stresses (Tm = 270 ◦C).

Fig. 9. Li4SiO4/stainless steel interface: (a) comparison of the HTC model with data from Ref. [3]. (b) HTC model versus the near-wall temperature, with the effective thermal
conductivity of the bed from Ref. [3](dashed line) and Ref. [13](solid line).

Fig. 10. (a) Schematic representation of temperature distributions and (b) the near-
wall regions.

thermal conductivities and, thus, larger values of |Tm − Tn|. This
effect in the near-wall regions results in an overestimation near
the high-temperature region, and an underestimation near the
low-temperature region.

(2) Furthermore, the gas properties depend on the local temper-
ature, as shown in Table 2. Use of the near-wall temperature
Tn instead of the local interstitial gas temperature Tg leads to
additional errors. Since the gas has lower thermal conductivity
than the bulk material of pebble, in a pebble bed, Tg < Tn on
the heater side and Tg > Tn on the coolant side. For instance, if
thermal conductivity of the interstitial gas is a monotonically
increasing function of temperature, the present model overes-
timates the HTC value at the high-temperature region and vice
versa.

(3) Except for the experiments conducted by Ref. [7], the mechani-
cal field was not separated from the temperature field. However,
the size of the contact zone is important to the beryl-
lium pebble–wall interactions, as shown in Fig. 8(b). With
more information from experiments, the predictions of the
present model can be validated better. Moreover, changes
of the average coordination number in the bulk region are
observed by discrete element simulations [21]. In addition,
the stress state may cause a variation of the contact num-
ber between pebbles and the wall during heating. In the
theoretical model, however, the contact number was fixed
as an intermediate value (L/R = 4/�), which results in an
overestimation in the region with low compressive stresses
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Table 5
Factors influencing the predictions of the present HTC model.

Influencing factors Low temperature High temperature

(1) Eff. thermal cond. using Tm
a Underestimation overestimation

(2) Gas properties using Tw Underestimation Overestimation
(3) Without compressive stress Underestimation Underestimation
(4) Near-wall topology Overestimation Overestimation

a For both the theoretical model and experiments.

and an underestimation in the region with high-compressive
stresses.

(4) According to the HTC model with a unit cell, keff is indepen-
dent of the near-wall packing, except for the first (1/2) diameter
region near the wall. Nevertheless, the changes of topology are
found mainly in the region of 4 diameters away from the wall
[22]. Recently, it was possible to investigate how the packing
factor changes near the wall by means of microtomography
[23,24]. The effective thermal conductivity could be varied and
most likely decreased, but the influence is not yet clear. Accord-
ingly, the HTC model may yield an overestimation compared to
the real situation.

The above facts influencing the accuracy of the predictions are
listed in Table 5. Despite the fact that the current model already is
in reasonable agreement with the experimental observations, the
influences of factors (1)–(3) can be eliminated if more informa-
tion will be obtained in further experiments. For instance, Tn and
Tg can be derived from the experimental data as a function of Tm

and moreover, the compressive stresses can be observed explic-
itly [7]. Here, The reasons of inaccuracies during validation were
discussed.

However, for a fully coupled thermo-mechanical analysis of the
structure containing pebble beds, local temperature and stress state
can be obtained and considered in the interfacial model. In this way,
the influences of (1) and (3) are eliminated. In engineering appli-
cations, the prediction of the present theoretical model, h0, usually
represents an overestimation, such as in the benchmark exercises
of HELICA and HEXCALIBER. It is suggested to use h̄ = ˛h0(˛ < 1)
to calibrate the heat transfer coefficient. For example, a value of
˛ =0.6–0.8 has been used in the analyses of the HELICA and HEX-
CALIBER benchmark exercises [25,26].

5.2. Gap formation

In the case of gap formation, a layer of interstitial gas can be
added to the unit cell. The solid–solid region is removed, and gap
formation is taken into account by varying the thickness of the gas
gap. A simplified model can be written as

h̄0 =
(

1
h0

+ ı

kg,∞

)−1

, (17)

where ı is the thickness of the additional gas gap, and h0 is the
solution of the unit cell without the solid–solid region.

In spite of the simplification made in the theoretical model, it
gives reasonable predictions. The model has been implemented in
ABAQUS, coupled with the phenomenological model for the bulk
region of pebble beds, to perform thermo-mechanical analyses of
HCPB blankets under fusion-relevant conditions.

6. Conclusion

In this paper, heat transfer via the pebble–wall interface was
investigated theoretically. A model to estimate the interfacial heat
transfer coefficient based on the temperature and mechanical fields

was proposed. In this model, a unit cell, consisting of a solid–solid
region, a solid–gas region, and thermal radiation, was analyzed.
Comparisons were made to validate the present HTC model to the
available experiments. The differences between predictions and
experimental data were explained by discussing the current HTC
model. This model can be implemented straightforwardly in a finite
element code to perform fully coupled thermo-mechanical analyses
of structures taking into account pebble beds.
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