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The packing factor is an important parameter for describing the internal structural features in pebble beds, which
have a significant influence on the heat and mass transfer behavior and the thermo-mechanical properties of the
pebble bed. A comprehensive understanding of the packing structure is essential for the design and optimization
of the pebble bed and can promote the application of the pebble bed. In this work, an improved line-based
averaging method was proposed to calculate the local packing factor or local porosity distribution and vali-
dated by comparing the results with those obtained from experimental and numerical studies of cylindrical
packed pebble bed. Furthermore, the local packing factor distributions in the angular-radial plane of the cy-
lindrical pebble bed were revealed for the first time. In addition, the line-based averaging method has been
applied to reveal the local packing factor distributions in the annular pebble beds, U-shaped pebble beds and
hexagonal pebble beds. The main feature of this method is the ability to calculate and plot contour maps of local
packing factor or porosity distributions for columnar pebble beds of arbitrary shapes, especially the local packing
factor distributions in the cross-sectional plane and the angular-radial plane.

1. Introduction

The packing characteristics of a packed pebble bed have a significant
impact on the heat transfer performance, fluid flow characteristics, and
thermo-mechanical properties of the pebble bed [1-6]. For example, in a
fusion reactor blanket pebble bed, the packing structures of tritium
breeder pebbles and neutron multiplier pebbles are closely related to the
effective thermal conductivity of the breeder pebble bed [7-9], the purge
gas flow characteristics through the pebble bed [10-12], the tritium
breeder performance of the blanket [13], and the thermal-mechanical
properties of pebble beds [14]. In a high-temperature gas-cooled
reactor, the fuel pebble packing structures in the reactor core will affect
the heat transfer performance and thermal conductivity of the nuclear
fuel pebble bed [15,16]. Therefore, a comprehensive understanding of
the pebble packing structure is essential for the design optimization of
nuclear reactors.

The packing factor, or called packing fraction and packing density, is
an important parameter for describing the structural features of pebble
beds. The macroscope packing properties of the packed bed, such as the
average packing factor and average porosity, can be obtained through
physical packing experiments. To obtain the radial and axial packing
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factor distribution of pebble beds nondestructively in experiments, some
non-destructive testing technology are required, such as, X-ray CT
technology [17], MRI detection techniques [18] and y ray transmission
technique [19]. These non-destructive testing technologies are costly
and require expensive equipment. However, numerical simulation based
on the discrete element method (DEM) enables the direct acquisition of
pebble center coordinates and radius [20], which can be utilized in
subsequent calculations to derive the average packing factor (porosity),
radial/axial porosity (packing factor) distribution, etc. of the pebble
bed. Consequently, the accurate and expeditious calculation of the
packing factor and porosity of the pebble-packed bed, based on the data
of pebble center coordinates and radius, is of paramount importance for
the analysis of the packing structure of the pebble bed.

Once the pebble center coordinates and pebble radii have been ob-
tained, the average packing factor and radial/axial packing factor of a
pebble bed can be calculated using volume-based averaging method [21,
22], area-based averaging method [23], and line (arc-length) averaging
methods [24-26], respectively. The volume averaging method is usually
employed to calculate the average packing factor (also known as
porosity) of a pebble bed, with the primary objective of determining the
total volume of pebbles present within a specified region. In the case of
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gravimetric methods employed in packing experiments, the total volume
of pebbles is calculated primarily based on their weight and density.
Furthermore, the measuring circle/sphere method, which is also a vol-
ume averaging method, was employed to ascertain the average packing
factor of the pebble bed [27]. In volume average methods, the volume of
the portion of the pebble that intersects the computational boundary and
is within the computational region is usually computed accurately to
improve the accuracy of the computation. In addition, Mueller proposed
a volume-based method by dividing the pebble bed into a large number
of radial annular layers to calculate the radial porosity in cylinder
pebble bed [21]. The radial packing factor is expressed in terms of the
solid volume segments. By reducing the thickness of the radial annular
layer, an area-averaging method was proposed by replacing the radial
annular layer with a radial cylindrical surface [24] to calculate radial
packing factor. However, in this method, more complicated surface
integration is requirements for cylindrical pebble beds because the
intersection of pebbles and cylindrical surfaces is an elliptical surface
[28]. To simplify the calculation of surface integration, Mueller pro-
posed an arc-length based averaging method [24]. The intersecting
surfaces of pebbles with cylindrical cutting surfaces are divided as
arcuate microelements in the axial direction. The local packing factor at
the position (r, z) is obtained by calculating the ratio of the sum of the
intersecting arc lengths to the circumference of the cross-section circle.
Bester [25] proposed a vertical-line based averaging method to calculate
the angular and radial packing factor of cylindrical pebble beds. How-
ever, the area-based averaging method and the arc-lengths-based aver-
aging method are all limited to the calculation of the radial packing
factor for cylindrical beds and not applicable for complex shaped pebble
beds, such as, polygonal pebble beds, U-shaped pebble beds, elliptical
columns, and other special shaped pebble beds.

Therefore, in our previous work, a line-based averaging method was
proposed to calculation the local packing factor distribution in rectan-
gular pebble beds [26]. In this study, an extend of the line-based
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averaging method were reported to calculate the local packing factor
distribution for arbitrarily shaped column beds with spherical particles.
The local packing factor is calculated by determining the length of the
line segment where the particle intersects with a straight line. The
detailed line-based averaging method is described in Section 2. This
method can be generalized to the calculation of axial and radial packing
factors, see Section 3. The validation and the application of the
line-based averaging method are presented in Section 4 and Section 5,
respectively. Finally, some conclusions will be summarized in Section 6.

2. Line-based averaging method

To reveal the local packing characteristics in pebble bed, the local
packing factor is introduced in this study based on the line-averaged
method. This method is mainly based on drawing an orthogonal grid
in the plane perpendicular to the axial direction and calculating the line-
averaging local packing factor at each grid point. Then, the axial/radial
packing factor distribution of the pebble bed can be obtained by
calculating the average according to the axial/radial position. The total
average packing factor can be calculated by averaging over the whole
areas. The flowchart of the local packing factor calculation based on the
line-averaging method is shown in Fig. 1.

Firstly, coordinate data of the pebble bed, such as the center coor-
dinate and radius of the pebbles, are obtained. These pebble data can
come from discrete element method simulations or from CT scanning
experiments. Secondly, the parameters and boundary conditions must
be set, including the computational region boundary, the packing factor
distribution plane, and the orthogonal grid size. Thirdly, an orthogonal
grid is drawn in the distribution plane according to the grid size settings
and grid point coordinates are obtained. Subsequently, the line-
averaged local packing factor is calculated for each grid point through
an iterative process. If the local packing factors are calculated for all grid
points, proceed to the next step to begin plotting the local packing factor
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Fig. 1. Flowchart of local packing factor calculation based on line averaged method.
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planar distribution of the pebble bed and calculating the axial and radial
packing factor distributions and the average packing factor of the pebble
bed.

For instance, for the rectangular and cylindrical pebble bed, the
pebble bed region can be meshed firstly in the cross-sectional plane such
as the x-y plane, as shown in Fig. 2. The grid size can be manually set
according to needs. The red point is the grid point of (x, y). In addition,
there are five types of interactions between pebbles and upper/lower
boundary, as shown in Fig. 3(a). Sections of a boundary pebble above
the upper boundary and below the lower boundary have to be excluded.

Then, the local packing factor, yiine(X, ¥, Ziows Zup), at each grid point
(vertical grid line at grid point) can be calculated by the ratio of the sum
of these interacted line segment lengths to the vertical line segment
length, as shown in Fig. 3b. The line-averaged local packing factor
Y1ine(X; ¥, Ziow» Zup) can be expressed as following:

h(xvyvzlquzup)

@

Vline (X, Y Ziow, Zup)

where, h (X, y, ziow, Zyp) is the vertical line segment length and deter-
mined by |2w-2yp|. m is the number of pebbles intersecting with the
vertical line. i(X, ¥, Ziow, Zy) is the interacted line segment length of
pebble i and the vertical grid line.

It is assumption that the pebbles are hard spheres or particles. The
slight overlap between pebbles is so small that it can be ignored. Thus,
accord to the relation of pebbles and the vertical grid line and upper/
lower boundary, their interaction can be divided into five ways as dis-
placed in Table 1. In addition, the calculation formula of the intersecting
line segments length, I; (x, y, Ziws Zyp) also displayed in Table 1. After
obtaining I; (X, y, Zlow, Zup), the local packing factor of the grid point can
be calculated by Eq. (1). After obtaining the local packing factor for each
grid point, the local packing factor distribution can be also obtained.

3. Calculation of packing factors

Both the axial packing factor and radial packing factor can reflect the
wall effect on the pebble packings close to the container walls. After
obtaining the local packing factor for each grid point (line), the radial
and axial packing factor distribution can also be obtained by further
processing.

3.1. Radial packing factor

For the pebble packing in cylindrical and annular containers, radial
packing factor is recommended to describe the pebble packing struc-
tures which can be also obtained by the line-based averaging method.
Along the radial direction, the pebble bed is cut by many concentric
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cylindrical surfaces with specified radial position steps. The radical cy-
lindrical cutting surface can be discretized as numerous vertical lines
along the circumferential direction with specified steps., as shown in
Fig. 4. After obtaining the local packing factor at each vertical line, the
radial packing factor, yjine (Rradial), Of @ cylindrical pebble bed can be
obtained by averaging the local packing factor along the circumferential
direction.

Tcircum
Zl Vline (x7y~, Zlow, 2:up)
Yradial (Rradial7 Ziow Zup) = (2)
Neircum

where, Ryggiat = \/ (x— xo)2 + (y - yo)z, X, and y, are the Coordinates of
the central axis of the cylinder pebble bed. zj,w and z,p are the low and
up limitation along the vertical direction. ncjreum is the number of the
divided vertical lines in cylindrical surfaces.

The line-based averaging local packing factor yiine(X, ¥, Ziows Zyp) can
be expressed as following:

h(x-,y-,ZZOW7zup)

3

Yline (xvya Zlow) zup)

where, h (X, ¥, Ziow, 2yp) is the vertical line segment length. m; is the
number of pebbles intersecting with the vertical line. li(x, ¥, Ziow, Zyp) is
the interacted line segment length of pebble i and the vertical line. The
calculation of li(x, ¥, Zjow, Zyp) can refer the Table 1.

3.2. Axial packing factor

For the rectangular or cubic pebble beds, Axial packing factor is al-
ways used to reveal the flat wall effect on the packing structure. The
axial packing factor can be easily calculated based on both the area-
based averaging method and line-based averaging method. For the
pebble packing near a flat plane, such as pebble packing close to the
bottom/top wall in cylindrical pebble bed, or pebble packing in cubic/
rectangular container, the axial packing factor is preferred to reflect the
local packing structure. As an example, Fig. 5 shows the calculation
methods of axial packing factor based on both the area-based averaging
method and line-based averaging method. Lots of parallel cutting planes
were inserted into the pebble bed with a specific distance step. All
pebbles interact with cutting planes to produce many cross-sectional
circles. The axial packing factor can be determined based on area-
based averaging method as:

Teur Qeut
2a"S
ScuLplane '

Yaxial (Laxiat) = @

where, ngy is the number of pebbles interacted with cutting planes at

Fig. 2. Schematic of the orthogonal grid in cross-sectional plane in (a) rectangular and (b) cylinder pebble bed.
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Fig. 3. Schematic of interaction (a) between pebbles and upper/lower boundary, (b) between pebbles and grid line.

position of Laxial Scutplane is the area of the cutting plane. S7* is the cross-
sectional circle area of pebble i interacted with the cutting plane, which
can be calculated by the

Si= %, = (r? - 12,,) ®)
where r; is the radius of pebble i, L.y is the distance between the cutting
plane and the touched pebble center, 0 < Leyp< 1.

For the line-based averaging method, the axial packing factor can be
expressed as:

quwme line (X, Y Zlow; zup)

ncutplane

Y axial (Laxiah Ziow Zup) =

where Lgyiq is the distance to boundary wall along the axial direction,
Laxial=|X—X,| O [y—Yo| 0r |2—20|, Xo OF ¥o or 2o are the coordinate of the
one boundary wall. ncypiane is the number of the divided vertical lines in
cutting plane.

3.3. Local packing factor distribution

The axial packing factor and radial packing factor distribution can
reflect the one fixed wall effect on the adjacent pebble packing struc-
tures. However, in the corner region of the rectangular pebble bed or
other irregularly shaped pebble beds, the packing structure is affected by
two or more fixed wall. At this stage, the most effective means of visu-
alizing the influence of multiwall effects is through the use of a cloud
map displaying the local packing factor distribution. This approach
enables the viewer to gain a clear understanding of the impact of these
effects on the local packing structure of pebble bed. The cloud map of the
local packing factor distribution can be drawn from the local packing
factors obtained from the calculations in Section 2 by Eq. (1).

4. Validation in the cylindrical packed pebble bed

Cylindrical pebble bed is widely used in the chemical and energy
fields, such as catalyst packed fixed bed [29], nuclear fuel pebble bed in
the high-temperature gas-cooled reactor core [30], etc. There are a lot of
data of pebble packing structures in cylindrical and rectangular packed
pebble bed. Therefore, the line-based averaging method was validated in
this work by comparing the results with those obtained from experi-
mental [31,32] and numerical studies [24] of cylindrical packed pebble
bed. Fig. 6 shows a cylindrical bed packed with the mono-sized spherical
pebbles, which were obtained by a DEM simulation. The cylinder and

pebble diameter are 15 mm and 1 mm, respectively. In the validation,
the radial and axial packing factor distributions are considered in the
evaluation.

As shown in Fig. 6, an obvious wall effect on the pebble packing can
be observed in the top view of the pebble bed and the pebble center
distribution, where pebble centers were projected into the bottom wall.
In the region proximate to the wall, the pebbles are arranged in a rela-
tively more regular manner, resulting in a layered distribution in the
pebble center. This layered distribution is reflected in the radial packing
factor, which exhibits an oscillatory decay, as shown in Fig. 7. In order to
adapt to the cylindrical surface, a circular ring is formed by the pebble
center of the first layer of pebbles in direct contact with the cylindrical
wall, which were located at 0.5d from the wall. It is reflected as the first
maximum point of the radial packing factor distribution in Fig. 7 and the
first red circle areas with high packing factor in the local packing factor
distribution, as shown in Fig. 8. Similarly, the 2nd, 3rd, and 4th
maximum points of the radial packing factor and the 2nd, 3rd, and 4th
circles formed by a high local packing factor correspond to the 2nd, 3rd,
and 4th circles composed of pebble centers. In the central bulk zone of
the pebble bed, pebbles are randomly and uniformly stacked, and the
packing factor gradually tends to stable value. The phenomenon of
radial packing factor oscillation only occurring within the range of 5d
near the container wall is a major feature of the wall effect in random
packed pebble beds with fixed walls.

The results of the radial packing factor calculated by line-based
averaging method are compared with that of the arc-length based
method proposed by Mueller [24], as shown in Fig. 7a. There is almost
exact agreement between the different sets of results based on the
line-based averaging method and the arc-length based method. The
difference between the results of the current line-based averaging
method and the arc-length based method shows a maximum difference
of —0.9275 %. In addition, the results of radial packing factor of DEM
simulation were also compared with that predicted by empirical model
based on the experiment, as shown in Fig. 7b. It can be observed that the
results are also agreement well. The difference they still get good con-
sistency between them. The differences may be due to simplifications in
discrete element simulations and material parameters that are different
from experiments.

In addition, the local packing factor distributions in the cross-
sectional plane and angular-radial plane were also calculated and
figured, as shown in Fig. 8. The packing factor inside the pebble bed is
shown in a more visual way. Local packing factor variations in the
pebble bed due to wall effects are shown more clearly. In further, the
local packing factor distributions in angular-radial plane of cylindrical
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Table 1
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Intersecting line segments and I; (X, ¥, Ziow, Zup) between pebble i and grid line (x, y).

Cases Pebble height Interaction type L (X Y, Zow Zup)
1 "
%> ZuP (X Y Zlow, Zup) \/ r2 lee LPZ
\/rz x x)? + (¥ =) }7}zi7z,4,\
2 Zyp — 11 < % < Zyp L(X, s Zlow: 2up) = \/ 17 — Lifye + Lps
\/r2 x x)?+ (v - y)2}+}zifzup\
3 Zlow +Ti < 2 < Zyp - T I (x~y~zlow~zup) =2 V r12 - Lﬁne
= 2\/ri2 - [(x —x)°+ (y *_Yi)ﬂ
4 Zlow < Zi < Zjow + Ti I; (x,y, Zluwvzup) =1/ 77— Lin + Ly
= \/ﬂz - [(X*Xi)2 + (}'—}'iﬂ + |2t — Ziow
5 Ziow — Ti < Zi < Ziow

X, Y Zlows Zuy 2 —L2,— Ly
(. p) = »

\/r2 x x)? + (y - yl)} [2i — Ziow

pebble bed was revealed for the first time, as shown in Fig. 8b. The
ability to calculate and plot contour maps of local packing factor dis-
tributions for columnar pebble beds of arbitrary shapes is the main
feature of the line-averaging method proposed in this work.

5. Application in annular and other shaped pebble bed
5.1. Packing factor in annular pebble bed

In various applications of pebble beds, the fuel pebbles of high-
temperature gas-cooled reactors (HTGR) accumulate in the reactor
core into an annular pebble bed [33,34], while the tritium breeder
pebbles in a water-cooled ceramic breeder (WCCB) blanket of fusion
reactors are packed into an annular tube [35]. Therefore, the annular
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Fig. 4. Calculation method of radial packing factor in pebble beds.

Fig. 5. Calculation method of axial packing factor in pebble beds [26]: (a) pebble bed, (b)cutting plane, (c) grid line in cutting plane, (d) calculation of

cross-sectional circle area.

pebble bed packing structures were also analyzed by the line-averaged
method. Fig. 9 shows the two annular pebble beds with same inner
diameter Di = 5 mm, pebble diameter d = 1 mm, widths of these two
annular are 10 mm and 15 mm respectively. The radial packing factor
and local packing factor distribution are also calculated based on the
line-based averaging method and plotted in Figs. 10 and 11.

Fig. 10 shows the radial packing factor variation with the distance to
the inner side cylindrical walls, which can reflect the pebbles packing
structures near convex and concave cylindrical surfaces. Fig. 10a shows

that although the radial packing factor exhibits an oscillation and
damping characteristic as the distance to the wall increases, the oscil-
lation region close to the concave and convex cylindrical surfaces is
different from that close to a flat plane. When D; = 5d, after the oscil-
lation about 3d close to the inner convex cylindrical surface, the radial
packing factor gradually tends to a stable value. However, near the outer
concave cylindrical wall, the radial packing factor still oscillates within
the range of 5d close to the concave wall. When the width of the annular
channel increases to 15d, the oscillation region of the radial packing
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Fig. 6. Cylindrical beds packed with mono-sized pebbles: a) pebble bed; b) top view; c¢) pebble center distribution.

Fig. 7. Radical packing factor distribution in cylindrical beds based on the line-based averaging method: a) comparison with arc-length based method; b) comparison
with empirical model.

Fig. 8. Local packing factor distribution of cylindrical beds packed with mono-sized pebbles: a) cross-sectional distribution; b) angularly distribution.
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Fig. 9. Annular pebble beds with a) di = 5d, w = 10d; b) di = 5d, w = 15d.

factor near the inner cylindrical wall is still limited to the range of 3d,
while it is limited to the range of 5d near the outer cylindrical wall. The
radial packing factor reaches a stable value within a range of about 7d in
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the middle of the pebble bed. The oscillation characteristics of the
packing factor near the convex cylindrical wall are related to Di/d,
which will be conduct in the future, not in this paper.

Fig. 11 shows the local packing factor distribution in annular pebble
beds. The wall effect of the local packing factor distribution can be
clearly observed. Compared to cylindrical pebble beds, due to the
presence of a central column inside the annular pebble bed, wall effects
are also observed near the internal cylindrical surface. Compared to the
concave cylindrical surface on the outside, the number of the rings with
high packing factor near the inner convex cylindrical surface is reduced,
which is consistent with the changes in radial packing factor distribution
in Fig. 10.

For annular pebble beds, the packing factor of the bed is affected by
both the width and the inner diameter (or outer diameter of cylindrical
wall). There is a significant difference of the radial and local packing
factor distribution of annular pebble bed between pebbles close to the
inner convex cylindrical wall and close to the outer concave cylindrical
wall, which needs to be studied more thoroughly, especially with
smaller diameters ratio pebble beds.

5.2. Packing factor in other shaped pebble beds

The ability to calculate and plot contour maps of local packing factor
distributions for arbitrary shaped columnar packed pebble beds is the
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Fig. 10. Radial packing factor along the distance to inner cylindrical wall: a) di = 5d, w = 10d; b) di = 5d, w = 15d.

Fig. 11. Local packing factor distribution: a) di = 5d, w = 10d; b) di = 5d, w = 15d.
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main feature of the line-averaging method proposed in this work, such
as, annular, U-shaped and other shaped pebble beds.

For example, in some other special applications, pebbles are not
stacked in cylindrical or square containers, but filled in other special
irregular shaped containers, such as in the helium cooled ceramic
breeder (HCCB) blanket of fusion reactors [36,37], where tritium
breeders are stacked in the U-shaped cavity. Hence, in this section, the
pebbles packing in U-shaped and hexagonal containers were analyzed
by the line-based averaging method. Fig. 12 shows the mono-sized
pebble packing in U-shaped and hexagonal container. In these two
pebble beds, pebble diameter d is 2 mm. Pebble bed heights are 100 mm
and 80 mm respectively.

Fig. 13 shows the local packing factor distribution of U-shaped
pebble bed and hexagonal pebble bed, which are calculated using the
line-averaged method, respectively. It can be seen that in the region near
the wall of the pebble bed container, there is a layered distribution of
high packing factors along the wall, and its variation characteristics
follow the wall of the container. For example, in a U-shaped pebble bed,
a U-shaped structure is also formed in the first layer of high packing
factor area near the wall; Similarly, the high packing factor near the wall
in a hexagonal pebble bed also forms a hexagonal shape; These high
local packing factor regions are mainly contributed by pebbles in direct
contact with the container wall; This is mainly because granular matter
has fluid characteristics. During the packing process, the pebble flow can
fill any other shaped container.

Particularly, the axial and radial packing factor distribution in
different regions of the U-shaped pebble bed are also calculated, as
shown in Fig. 14. The width of the pebble bed w = 10d. The diameter of
the inner convex wall is 12.5d, the diameter of the outer concave wall is
32.5d. The entire U-shaped pebble bed was divided into 5 regions, as
shown in Fig. 14a. Among them, Fig 11b represents the axial packing
factor distribution in a rectangular area. The axial distribution charac-
teristics of the packing factor in the arm region of the U-shaped pebble
bed are similar to those of the rectangular pebble bed, and the packing
factor presents a symmetrical distribution feature. However, in the bend
region (as shown in region @ and ® in Fig. 14), it can be observed that
the radial packing factor in this region has asymmetric distribution
characteristics, similar to the distribution characteristics of a annular
pebble bed. When approaching the convex surface on the inner side, the
oscillation region of the radial packing factor is relatively small, which is
mainly because this area can be considered as a 1/4 annular pebble bed.
Thus the pebble packing close to a convex cylinder wall will be

Fusion Engineering and Design 208 (2024) 114658

investigated in future.

6. Conclusion

Local packing factor distribution can reveal the local structural fea-
tures of random pebble packing, which have a great influence on the
heat and mass transfer behaviors and mechanical properties of a pebble
packed bed. Thus, in this work, a line-based averaging method was
proposed to calculation the local packing factor or local porosity dis-
tribution. This method was extended and improved upon the develop-
ment of Feng [26]. The validation was implemented by comparing the
results with those obtained from experimental and numerical studies of
cylindrical packed pebble bed. There is almost exact agreement between
the different sets of results based on the line-based averaging method
and the arc-length based method. The local packing factor distributions
in angular-radial plane of cylindrical pebble bed was revealed for the
first time. In further, the line-based averaging method have been applied
to reveal the local packing factor distribution in the annular pebble beds,
U-shaped pebble beds and hexagonal pebble beds.

This method can be applied to evaluate radial packing factor, axial
packing factor and local packing factor by selecting a specific region to
average, especially for the irregular shaped pebble beds. The ability to
calculate and plot contour maps of local packing factor or porosity
distributions for columnar pebble beds of arbitrary shapes is the main
feature of the line-based averaging method, especially the local packing
factor distributions in the cross-sectional plane and angular-radial plane.
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Fig. 12. Pebbles packing in the a) U-shaped container and b) hexagonal container.
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Fig. 13. Pebbles packing in the a) U-shaped container and b) hexagonal container.

Fig. 14. Radial/axial packing factor distribution in the U-shaped pebble beds.
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