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1 Introduction 
Graphite dust production in the primary circuit is a significant safety issue in High Temperature 
Reactors, particular in the pebble bed configuration [1]. In case of a Depressurized Loss of Forced 
Coolant accident (DLOFC), radioactively contaminated graphite dust can be remobilized from the 
deposition sites and blown out of the primary circuit and even the reactor system boundaries. This 
would contribute to the radioactive source term of such an accident possibly above legal limits. 
Additionally, graphite dust deposition on primary circuit components such as heat exchangers can 
lead to a degradation of their performance. Therefore, thorough simulations of the graphite dust 
transport in HTR primary circuits are carried out by numerous research groups in order to 
determine the amount of radioactively contaminated dust that can be remobilized under accident 
conditions [2]. Based on these results, retention systems for dust particles can be designed.  
A major unknown when performing such analyses are the characteristics of the graphite particles 
themselves. Even though considerable quantities of graphite particles were found both in the 
experimental reactor AVR and in the prototype reactor THTR-300, they do not allow a 
generalization for graphite dust characteristics in the primary circuit of other HTR systems.  This is 
primarily due to incidents that occurred in AVR and THTR, but are unlikely to happen in modern 
HTR systems such as ingress of large amounts of impurities into the primary circuit or the rupture 
of a significant number of fuel pebbles. 
 

1.1 Particle analysis methodology 

For optical evaluation of the particles a 3D laser scanning microscope with a maximum optical 
magnification of 150x yielding image files with a resolution of 1024x768 was used. Particles are 
broadly distributed in size, and their shape in general is complex and very different from an ideal 
sphere [3]. Therefore, adequate particle characterization not only needs to take into account the 
particle size distribution, but also a measure of their shape. 
  
Analyses of particle images obtained from the laser microscope were carried out using digital 
image processing. As Image processing tool, the software ImageJ was chosen due to its very high 
variability and adaptability, as well as its wide recognition in the field of image processing. It is a 
freely available, platform-independent tool developed by Wayne Rasband from U.S. National 
Institutes of Health. It is widely applied in the field of micrograph analyses [4]. The general 
approach to particle analysis using this image processing tool is schematically represented in 
Figure 1.  
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Figure 1: Image processing procedure using the ImageJ software package [3] 
 
In the first step, the images are converted from greyscale into black/white binary image files in 
order to perform the particle analysis algorithm available in ImageJ. To achieve the best possible 
result, the threshold shade of grey that belongs to the particle image (as opposed to the 
background) needs to be identified individually for each image. After this procedure, the binary 
images are converted to matrixes of black pixels and coherent areas of pixels are recognized as 
the projected areas of the original particles. In the subsequent analyses, the number of pixels 
contained in each area representing a particle are counted and converted into an equivalent 
particle surface size which is calculated based on a fixed relation of µm² per pixel. The thereby 
determined particles are saved in a data sheet along with their respective sizes. Further analyses 
can be performed with conventional spreadsheet processors such as MS Excel or Matlab. 
 

1.2 Determination of the particle size distribution 

Here, the projected surface size is used as a basis to calculate equivalent particle diameters 
(Figure 2) which can be statistically evaluated to yield a particle size distribution. 
 

 
Figure 2: Calculation of equivalent particle diameters based on particle data available from 
evaluation with the ImageJ tool  
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In order to facilitate further analyses, if non-spherical particles are to be characterized as in this 
case, an equivalent particle diameter can be defined, which allows treatment of these non-
spherical particles as spherical particles up to a certain extent. In this work, commonly used 
particle size spectrometers could not be used due to the limited amount of generated graphite 
powder. Based on the laser scanning microscope images, the equivalent diameter here is simply 
defined as the diameter of a circle that exhibits the same area as the 2-dimensional projection of 
the particle under investigation (Figure 2). At this point, the third dimension is not taken into 
account. However, since measurement of the particle height is possible, the methodology could be 
extended to consider the particle volume as well and compare it to the volume of a sphere. Given a 
sufficient amount of particles analyzed (N>2000), the particle collectivity can be evaluated 
statistically yielding a particle size distribution (PSD). The PSD is characteristic for the collectivity 
of graphite particles under consideration and depends on all experimental parameters such as the 
graphite grade and the load applied during abrasion. Major parameters of the PSD allowing 
comparison of different particle species are the mean particle diameter đ and the median particle 
diameter d50. The median particle diameter is defined as the particle diameter value for which 50% 
of the particles are smaller and the other 50% are larger.  
In general, the comparability of particle sizes measured using different definitions for equivalent 
diameters need to be cautiously considered. Using such equivalent particle diameters as an input 
for computational fluid dynamics simulations is problematic as well, since the information on 
particle shape is not taken into account. Notably, secondary motion for non-spherical and in 
particular for disc-shaped graphite particles can be significant and must therefore not be excluded 
from the overall analysis. Characterization of the particle shape is further discussed in the following 
section. 
 

1.3 Characterization of the particle shape 

A simple way to systematically characterize the particle shape is determining its aspect ratio, the 
ratio between length and width of a particle. In this work, the aspect ratio is determined based on 
the shape of the projected particles described in the previous section. The Feret diameter, on 
which all further analysis is based, is defined as the length of a straight line from one side of the 2-
dimensional particle image to the other side [5]. For non-circular particles, this results in different 
Feret diameters for different angles in which the straight line is marked on the particle. Therefore, 
there are two distinct angles for which the Feret diameters attain a minimum and a maximum 
value. These minimum and maximum Feret diameters are determined for each particle in order to 
calculate the aspect ratio after the following formula. 
  

𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝐹𝑒𝑟𝑒𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝐹𝑒𝑟𝑒𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

=
𝑥𝐹𝑒_𝑚𝑖𝑛

𝑥𝐹𝑒_𝑚𝑎𝑥
 (1) 

The principle for determining both the minimum and the maximum Feret diameters is illustrated in 
Figure 3.  
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Figure 3: Determination of shape factors based on the projected area of graphite particles [3] 
 
Thus, in case of spherical particles, the aspect ratio is 1, whereas it tends to 0 for very long, rod-
shaped particles. 
 
A further parameter to characterize the particle shape is its sphericity (for 3-dimensional images). 
For the images considered here, the 2-dimensional equivalent is the circularity Ψ of a particle 
defined after the following formula.  

𝛹 =
𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑓 𝑎 𝑠𝑝ℎ𝑒𝑟𝑒 𝑤𝑖𝑡ℎ 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑎𝑟𝑒𝑎

𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 2 − 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑖𝑚𝑎𝑔𝑒
  

For perfectly circular particles, this definition yields a value of Ψ=1, while for any other shape a 
value Ψ≤1 is obtained, since the circumference of an arbitrarily shaped geometry is always larger 
than that of a circle with the same area. Based on the projected area Ap obtained using the ImageJ 
tool as described above, the following formula applies to determine the circularity:  
 

𝛹 =
𝑈𝑒𝑞𝑢𝑎𝑙
𝑈𝑝

=
2 ∙ �𝜋 ∙ 𝐴𝑝

𝑈𝑝
 𝑤𝑖𝑡ℎ 𝑈𝑒𝑞𝑢𝑎𝑙 = 2 ∙ 𝜋 ∙ �

𝐴𝑝
𝜋

= 2 ∙ �𝜋 ∙ 𝐴𝑝 (2) 

 
 
Aspect ratio and circularity aren’t bijective, which means that knowing the aspect ratio is not 
sufficient to specify the circularity and vice versa. However, the aspect ratio is a value which can 
easily be statistically evaluated and which gives basic information on to which extent particles 
deviate from the perfect circular or spherical shape. Literature on simulation of non-spherical 
particles gives a value for the aspect ratio of at least 0.6 for which particles can be treated as 
spherical particles, neglecting their secondary motion. However, at lower values of the aspect ratio, 
the secondary motion and thus the shape of a particle need to be taken into account for accurate 
simulation of its motion [6]. 
 
Comprehensive particle size analysis may be standardized as specified in DIN ISO 9276-6. In this 
norm, properties of particle size distributions are precisely defined along with other parameters 

x_Feretmin

Uequal perimeter of projection surface

Up perimeter of a circle with
equal area

Ap projection surface
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used for particle characterization [7]. Shape parameters are defined for two- and three dimensional 
descriptions of the particles. Parameters used in this work are equivalent diameters based on area 
and circumference of the particles as well as the minimum and maximum Feret diameters. 

  

1.4 Experimental parameters 

Table 1: Range of parameter variation for the experiments referred to in this report 
Parameter Variation range 
Atmosphere  Air 
Interacting surfaces  Pebble-Pebble-Pebble (p-p-p), Pebble-Wall (p-w) 
Contact load 10 – 640 N  
Rotational velocity 10 – 50 min-1 

Graphite grades A 3, and SGL blind pebbles (type MLRF) / SGL NBG-17 
graphite disc 

 
Figure 4 is a photograph of the test facility showing the pebble mill and the electric motor on the 
right and the frequency inverter on the left. The grinding parts (here: ppp-contact) are enclosed in 
an acrylic containment in which the composition of the surrounding gas can be controlled.    
 

 
Figure 4: Test facility pebble mill (left: frequency converter)  
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Table 2: Load scenarios investigated in this work 
 graphite grade 
Load scenario A3 MLRF 
80 N (constant) x x 
160N (constant) x x 
320N (constant) x x 
640 N (constant)) x x 
80-640 N (continuously increasing) x x 
160 N (grinding on NBG-17 disc) x - 
 
 
After each experiment, the pebbles were discharged from the pebble mill and the generated 
graphite particles were carefully removed both from the apparatus and the pebbles using an 
ethanol solution. For each sample, the following parameters were determined: 

• particle size distribution and cumulative size distribution, 
• median particle diameter based on the cumulative particle area, 
• aspect ratio as defined in DIN ISO 9276-6 and, alternatively, using the Ferret diameters, 
• circularity. 

 
The results of these analyses, as listed in Table 2, are documented in the chapters 2, 3, 4, and 5, 
followed by a discussion in chapter 6. 
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2 Results of friction experiments using MLRF pebbles 
 
After completion of each experiment, the generated graphite particles were collected from the test 
chamber and thoroughly analysed with respect to their size and shape. Based on these data, 
particle size distributions and shape distributions have been derived, which are given below. In 
case of the first load scenario 2.1 (160 N, 27.5 Hz rotational frequency, MLRF pebbles), the first 
figure (Figure 5) shows the discrete particle size distribution, and the second figure (Figure 6) 
shows both the number-weighted and area-weighted cumulative size distributions. The third figure 
(Figure 7) is a scatter plot of particle aspect ratio versus particle size for all particles under 
investigation, which is summarized in the distribution shown in Figure 8. In Figure 9, the circularity 
of particles is shown versus the particle size in another scatter plot. These evaluations have been 
performed for all experiments, respectively, and are documented in this deliverable consistently in 
the same manner. In this regard, 5 Figures are given for each experimental run documented in 
chapter 2, 3, and chapter 5. 

 
2.1 Load of 160 N at 27.5 Hz rotational frequency (MLRF pebble) 

 
Figure 5: Particle size distribution of particles generated at 160 N /27.5 Hz (MLRF pebble) 
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Figure 6: Cumulative particle size distribution of particles generated at 160 N/27.5 Hz (MLRF 
pebble) 
 

 
Figure 7: Aspect ratio of particles generated at 160 N/27.5 HZ (MLRF pebble) 
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Figure 8: Distribution of the aspect ratio of particles generated at 160 N/27.5 Hz (MLRF 
pebble) 
 

 
Figure 9: Overview of size and circularity of the particles under investigation (160 N/27.5 Hz, 
MLRF pebble) 
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2.2 Load of 160 N at 5.5 Hz rotational frequency (MLRF pebble) 

 
Figure 10: Particle size distribution of particles generated at 160 N /5.5 Hz (MLRF pebble) 

 
Figure 11: Cumulative particle size distribution of particles generated at 160 N/5.5 Hz (MLRF 
pebble) 
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Figure 12: Aspect ratio of particles generated at 160 N/5.5 HZ (MLRF pebble) 
 

 
Figure 13: Distribution of the aspect ratio of particles generated at 160 N/5.5 Hz (MLRF 
pebble) 
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Figure 14: Overview of size and circularity of the particles under investigation (160 N/5.5 Hz, 
MLRF pebble) 
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Figure 15: Particle size distribution of particles generated at 320 N /27.5 Hz (MLRF pebble) 
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Figure 16: Cumulative particle size distribution of particles generated at 320 N/27.5 Hz 
(MLRF pebble) 
 

 
Figure 17: Aspect ratio of particles generated at 320 N/27.5 HZ (MLRF pebble) 
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Figure 18: Distribution of the aspect ratio of particles generated at 320 N/27.5 Hz (MLRF 
pebble) 
 

 
Figure 19: Overview of size and circularity of the particles under investigation 
(320 N/27.5 Hz, MLRF pebble) 
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2.4 Load of 640 N at 27.5 Hz rotational frequency (MLRF pebble)  

 

 
Figure 20: Particle size distribution of particles generated at 640 N /27.5 Hz (MLRF pebble) 
 
 

 
Figure 21: Cumulative particle size distribution of particles generated at 640 N/27.5 Hz 
(MLRF pebble) 
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Figure 22: Aspect ratio of particles generated at 640 N/27.5 HZ (MLRF pebble) 
 

 
Figure 23: Distribution of the aspect ratio of particles generated at 640 N/27.5 Hz (MLRF 
pebble) 
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Figure 24: Overview of size and circularity of the particles under investigation 
(640 N/27.5 Hz, MLRF pebble) 
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3 Results of friction experiments using A3 pebbles 
The evaluation of particles generated by abrasion of A3 graphite pebbles were performed in the 
same manner as described for particles generated by abrasion of MLRF pebbles described in 
chapter 2. For each experimental run, discrete and cumulative particle size distributions were 
determined (the first and second figure, respectively) as well as the particle aspect ratio (third and 
fourth figure, respectively), and the particle circularity (fifth figure).  
 

3.1 Load of 80 N at 27.5 Hz rotational frequency (A3 pebble) 

 
Figure 25: Particle size distribution of particles generated at 80 N /27.5 Hz (A3 pebble) 
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Figure 26: Cumulative particle size distribution of particles generated at 80 N/27.5 Hz (A3 
pebble) 
 

 
Figure 27: Aspect ratio of particles generated at 80 N/27.5 HZ (A3 pebble) 
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Figure 28: Distribution of the aspect ratio of particles generated at 80 N/27.5 Hz (A3 pebble) 
 

 
Figure 29: Overview of size and circularity of the particles under investigation (80 N/27.5 Hz, 
A3 pebble) 
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3.2 Load of 160 N at 27.5 Hz rotational frequency (A3 pebble) 

 
Figure 30: Particle size distribution of particles generated at 160 N /27.5 Hz (A3 pebble) 
 
 

 
Figure 31: Cumulative particle size distribution of particles generated at 160 N/27.5 Hz (A3 
pebble) 
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Figure 32: Aspect ratio of particles generated at 160 N/27.5 HZ (A3 pebble) 
 

 
Figure 33: Distribution of the aspect ratio of particles generated at 160 N/27.5 Hz (A3 pebble) 
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Figure 34: Overview of size and circularity of the particles under investigation 
(160 N/27.5 Hz, A3 pebble) 

3.3 Load of 320 N at 27.5 Hz rotational frequency (A3 pebble) 

 
Figure 35: Particle size distribution of particles generated at 320 N /27.5 Hz (A3 pebble) 
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Figure 36: Cumulative particle size distribution of particles generated at 320 N/27.5 Hz (A3 
pebble) 

 
Figure 37: Aspect ratio of particles generated at 320 N/27.5 HZ (A3 pebble) 
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Figure 38: Distribution of the aspect ratio of particles generated at 320 N/27.5 Hz (A3 pebble) 
 

 
Figure 39: Overview of size and circularity of the particles under investigation 
(320 N/27.5 Hz, A3 pebble) 
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3.4 Load of 640 N at 27.5 Hz rotational frequency (A3 pebble) 

 
Figure 40: Particle size distribution of particles generated at 640 N /27.5 Hz (A3 pebble) 
 

 
Figure 41: Cumulative particle size distribution of particles generated at 640 N/27.5 Hz (A3 
pebble) 
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Figure 42: Aspect ratio of particles generated at 640 N/27.5 HZ (A3 pebble) 
 

 
Figure 43: Distribution of the aspect ratio of particles generated at 640 N/27.5 Hz (A3 pebble) 
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Figure 44: Overview of size and circularity of the particles under investigation 
(640 N/27.5 Hz, A3 pebble) 
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4 Results of A3 pebble against reflector disc friction 
experiments  

Friction experiments were carried out in the p-w configuration, i.e. compared to the prior 
experiments, the lower 3 half pebbles along with the center pebble were replaced by a NBG-17 
graphite disc. These experiments should represent the case in which, in the reactor core, the 
outermost pebbles grind on the reflector walls. 
In the p-w experiment with a contact force of 160 N, only a few large particles were generated, 
significantly less than in the p-p-p experiment with a contact force of 160 N using A3 pebbles. 
However, the number-weighted particle diameter was a bit larger than in the p-p-p experiment, 
whereas the area-weighted diameter was substantially lower (Table 3)    
 
Table 3: Comparison of p-p-p and p-w experiments using A3 pebbles and, in the p-w configuration, a 
NBG-17 graphite disc at 160 N contact load 

graphite grade diameter 
Friction against 
NBG-17 graphite 

disc (p-w) 

Pebble-pebble 
friction (p-p-p) 

A3 
dp50 (quantity) 3.04 2.13 

dp50 (area) 18.6 28.0 

 
 

 
Figure 45: Particle size distribution of particles generated at 160 N Hz (A3 pebble against 
NBG-17 disc) 
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Figure 46: Cumulative particle size distribution of particles generated at 160 N/27.5 Hz (A3 
pebble against NBG-17 disc) 
 

 
Figure 47: Aspect ratio of particles generated at 160 N/27.5 Hz (A3 pebble against NBG-17 
disc) 
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Figure 48:  Distribution of the aspect ratio of particles (A3 pebble against NBG-17 disc) 
 
 

 
Figure 49: Overview of size and circularity of the particles under investigation (A3 pebble 
against NBG-17 disc) 
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5 Results of p-p-p friction experiments with continuously 
increasing contact force 

In order to reproduce the pebble movement from the top to the bottom of the pebble bed as close 
as possible experimentally, the load of the pebbles was continuously increased from 80 N to 640 N 
in steps of 80 N. It was expected that most particles would be generated at the highest load. 
Indeed, results with respect to amount and size distribution of generated particles were similar to 
those obtained at constant load of 320 N and 640 N both for MLRF and A3 pebbles (Table 3).  
 
Table 4: Comparison of the results for constant and continously increasing load 

graphite grade diameter 
Continuously 

increasing load 
(80-640 N) 

Constant load  
(320 N and 640 N) 

    

MLRF 
dp50 (quantity) 2.66 2,52 – 3.14 

dp50 (area) 28.2 33.2 - 48.3 
    

A3 
dp50 (quantity) 2.91 2.66 - 2.83 

dp50 (area) 104.6 62.4 - 106.0 
 

5.1 Results for continuously increasing load (MLRF pebbles) 

The evaluation of particles generated by abrasion of graphite pebbles under continuously 
increasing load were performed in the same manner as described for particles generated by 
abrasion of graphite pebbles under constant load described in chapter 2. For each experimental 
run, discrete and cumulative particle size distributions were determined (the first and second figure, 
respectively) as well as the particle aspect ratio (third and fourth figure, respectively), and the 
particle circularity (fifth figure). 
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Figure 50: Particle size distribution of particles generated at a continuously increasing load 
of 80 – 640 N at 27.5 Hz (MLRF pebble) 
 

 
Figure 51: Cumulative particle size distribution of particles generated at a continuously 
increasing load of 80 – 640 N at 27.5 Hz (MLRF pebble) 
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Figure 52: Aspect ratio of particles generated at a continuously increasing load of 80 – 
640 N at 27.5 Hz (MLRF pebble) 
 
 

 
Figure 53:  Distribution of the aspect ratio of particles generated at a continuously 
increasing load of 80 – 640 N at 27.5 Hz (MLRF pebble) 
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Figure 54: Overview of size and circularity of the particles under investigation at a 
continuously increasing load of 80 – 640 N at 27.5 Hz (MLRF pebble) 
 

5.2 Results for continuously increasing load (A3 pebbles) 

 
Figure 55: Particle size distribution of particles generated at a continuously increasing load 
of 80 – 640 N at 27.5 Hz (A3 pebble) 
 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 20 40 60 80 100 120

cir
cu

la
rit

y

equivalent particle diameter [μm]

1

10

100

1000

0 10 20 30 40 50 60 70 80 90 100 110 120

ab
so

lu
te

 fr
eq

ue
nc

y

equivalent particle diameter [μm]



 ARCHER – Graphite Dust Production and Characterisation 

Page 39/49 

 
Figure 56: Cumulative particle size distribution of particles generated at a continuously 
increasing load of 80 – 640 N at 27.5 Hz (A3 pebble) 
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Figure 57: Aspect ratio of particles generated at a continuously increasing load of 80 – 
640 N at 27.5 Hz (A3 pebble) 
 

 
Figure 58:  Distribution of the aspect ratio of particles generated at a continuously 
increasing load of 80 – 640 N at 27.5 Hz (A3 pebble) 
 
 

 
Figure 59: Overview of size and circularity of the particles under investigation at a 
continuously increasing load of 80 – 640 N at 27.5 Hz (A3 pebble) 
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6 Comprehensive comparison and discussion of the results 
obtained in the friction experiments  

6.1 Comparison of the cumulative particle size distributions of particles 

obtained by friction of A3 pebbles 

Due to experimental limitations of the test facility such as impure helium atmosphere and an 
operation temperature close to room temperature, the particle size distributions determined in this 
work cannot be understood as representative for graphite particles generated in a HTR core. 
However, some clear trends were observed that should also be relevant for HTR conditions. Most 
significantly, the particle size distribution shifted to larger values if the contact force was increased. 
Accordingly, it can be expected that the deeper a pebble is positioned in the pebble bed, the larger 
the generated particles will be. Based on their number, most particles exhibited a diameter smaller 
than 5 µm. At high contact forces, relatively large particles (dp> 60 µm) were generated that 
skewed the area-weighted size distribution to higher values for the diameter. The area-weighted 
median diameter dp,50 was the highest for particles obtained at medium load, where some 
exceptionally large particles (dp>100 µm) were observed. The diagram for the different loads can 
be seen in figure 60. 
 

6.2 Comparison of the aspect ratio of particles obtained by friction of A3 

pebbles 

For all particles under investigation the aspect ratio (Ferretmin/Ferretmax) was between 0.3 and 0.9 
irrespective of the applied load. Accordingly, although particles were non-spherical, they were not 
rod-shaped either. Most particles had aspect ratios between 0.5 and 0.8. Based on these results it 
should be possible to use existing correlations for spherical particles for characterization of the 
transport behavior of these non-spherical particles if shape factors are taken into account. 
However, determination of the extent of particles in the third dimension is required for conclusive 
results. Based on the observed particle shapes, it can be concluded that the variation of the 
particle shape increases with contact load. Future work needs to determine whether this is solely a 
measurement artifact due to low resolution of the particle micrographs, or which effects cause this 
higher degree of particle uniformity. Scatter plots of the particle shape as a function of particle size 
for each particle is shown in figure 61 for particles that were generated under 4 different loads 
(80 N, 160 N, 320 N, 640 N) using load scenario ppp. 
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Figure 60: Comparison of cumulative particle size distribution (A3 pebble) 
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Figure 61: Comparison of aspect ratio (A3 pebble) 
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6.3 Comparison of the cumulative particle size distributions of particles 

obtained by friction of MLRF pebbles 

Similarly to the results of A3 pebble friction, the number of relatively large particles obtained by 
MLRF pebble friction increases with increasing contact force while the particle size distribution 
widens. For all experiments, the number-weighted median diameter of the particle samples was 
observed to be below 4 µm. The area-weighted diameter increased significantly with increasing 
contact force, particularly due to the large particles (dp>40 µm). The highest area-weighted 
diameter was obtained at a contact force of 320 N, even higher than the one obtained at 640 N. 
This may be due to mechanical destruction of particle agglomerates generated by pebble friction. 
While the number-weighted median particle diameter of MLRF pebble friction does not significantly 
deviate from that of A3 pebble friction, the MLRF area weighted median particle diameter is 
significantly below the one for A3 pebbles. The diagram for the different loads can be seen in figure 
62. 
 
 

6.4 Comparison of the aspect ratio of particles obtained by friction of MLRF 

pebbles 

Within the measurement uncertainty, no significant deviation between aspect ratios of A3 and 
MLRF pebble graphite particles could be determined. As in the A3 case, the aspect ratio was 
between 0.3 and 0.9 for all particles with most particles exhibiting aspect ratios between 0.5 and 
0.8. Figure 63 shows the comparison of the MLRF graphite particles aspect ratio for different loads. 
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Figure 62: Comparison of cumulative particle size distribution (MLRF pebble) 
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Figure 63: Comparison of aspect ratio (MLRF pebble) 
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7 Annexes 
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