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Abstract -An experimental platform was built in the Institute of Nuclear and New 
Energy Technology (INET) to investigate the wear behavior of the graphite ball 
under the operational condition of the high temperature gas-cooled reactor (HTGR) 
fuel handling system. In this experimental platform, a series of experiments were 
carried out under different pneumatic conveying environments with the graphite 
balls, which were made of the material same as the fuel element matrix graphite (A3) 
of the 10 MW high temperature gas cooled reactor (HTR-10). The effect of the 
pneumatic conveying condition on the wear rate of graphite ball has been 
investigated, and the results include: (1)There is an obvious linear relationship 
between the wear rate and the feeding velocity of graphite ball elevated in the 
stainless steel elevating tube, and the wear rate will increase with the increase of the 
feeding velocity. (2)The wear rate of graphite ball under helium environment is 
significantly greater than that under air and nitrogen environments, which is caused 
by the different effects of various gas environments on mechanical properties of 
graphite.

I. INTRODUCTION

High temperature gas-cooled reactor (HTGR), 
which has the features of higher inherent safety and 
economic efficiency, can provide multi-purpose 
high-temperature nuclear process heat and be a 
variety of fuel cycle, is a new type of advanced 
Reactor [1]. Graphite is used as its core structure 
material because of its excellent nuclear properties, 
and helium is used as the coolant. At present, a 
typical fuel used in the pebble bed-type HTGR is the 
coated particle spherical fuel element, with “TRISO” 
coated particles embedded in matrix graphite 
material. The spherical fuel elements are transferred 
into the core through the stainless steel elevating 
tube by means of pneumatic conveying. After 
moving by the gravity from top to bottom, they are 
finally removed out of the core through the discharge 
tube. This type of fuel circle can achieve higher 
availability, but inevitably resulting in the wear of 
the graphite components and as well the generation 
of the graphite dust in the core. The graphite dust 
can be taken away by the helium coolant and

afterwards, most of the dust will deposit on the 
surface of the primary system. Furthermore, in the 
event of break of the primary system (a DLOFC or 
depressurized loss-of-forced-cooling accident) [2], 
there exists the potential significant consequence that 
the activated and contaminated dust is released to the 
reactor cavity or the environment. Hence the study of 
graphite wear behavior is of major significance with 
the development of HTGR.

Since the 80s of last century, with the extensive 
use of graphite materials many studies on friction 
and wear properties of graphite composites materials 
had been carried out. However, few of these studies 
are aimed at the friction and wear properties of the 
graphite materials which are used in the HTGR. 
Kikuchi K [3] studied the influence of the impurities 
in the atmosphere on the friction and wear properties 
of the HTR graphite. Luo[4-7] investigated the friction 
and wear properties of IG11, and the results showed 
that for different types of graphite materials under 
different wear conditions, there existed different 
wear mechanisms, and the wear rate of the graphite 
with friction against stainless steel was significantly
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greater than that with friction against graphite. Fu [8] 
studied the wear behavior of the HTR-10 fuel 
element graphite material (A3) and the reactor 
structure graphite material (IG11), and found that 
under the same conditions the wear rate of A3 was 
greater. On the other hand there are no relevant 
research papers published for the wear behavior of 
graphite material under elevating process by 
pneumatic conveying in HTGR fuel handing system, 
which leads to the difficulty in accurate estimate of 
the amount of graphite dust generated during HTGR 
operation. In view of the above-mentioned facts, 
using the graphite ball with the same material of fuel 
element of the HTR-10, experiment study on its wear 
behavior had been carried out.

II. EXPERIMENT FACILITY AND 
EXPERIMENT METHOD

Based on the fuel handling system of HTR-10, an 
experimental platform was built to study the graphite 
ball wear behavior during the elevating process. Fig. 
1 shows the schematic diagram of the experimental 
platform and the arrangement of main devices.

The graphite matrix material (A3), which was 
developed by INET of Tsinghua University for the 
HTR-10 fuel element, was used to manufacture the 
test graphite ball. The components of the graphite 
matrix include 64% natural flake graphite, 16% 
electrographite and 20% phenolic resin binder. The

graphite ball had the same specifications as the 
HTR-10 spherical fuel elements (Table 1).

The stainless steel tube was processed with the 
same design parameters of the elevating tube of 
HTR-10 fuel handing system. The parameters were 
as following:
Material 304 stainless 

steel(0Cr18Ni9)
Inner diameter(I.D) 62mm
Inner roughness Ra 6.3
Length of straight tube 8000mm
I.D roundness tolerance 0.25mm
I.D straightness tolerance O1mm/m
Bend radius 300mm

Graphite ball wear test was carried out in the 
experimental platform, while the compressed 
nitrogen, air and helium were used as gas source for 
pneumatic conveying. The average feeding velocity 
was obtained in the range of 3~11m/s by controlling 
the gas flow during the pneumatic conveying 
elevating process. The wear rate was measured by 
the weight loss method. The weight of graphite ball 
was measured both before and after the wear test. 
The difference of the measured results was the wear 
weight loss. The graphite ball was measured by 
analytical balance with a precision of 1 mg. In this 
paper the wear rate was defined as the wear mass 
loss per units feeding distance. The worn surface of 
graphite ball was observed by scanning electron 
microscope (SEM).

Fig. 1. The schematic diagram of the experimental platform



Table 1. Main parameters of the graphite ball
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Item Specification Measurement value

Density (g/cm3) >1.70 1.72

Total ash(ppm) <300 89

±:0.31
Thermal conductivity,1000°C(W/cm-K) >0.25

/ :0.28

Corrosion rate, 1000°C,He+1vol%H2O(mg/cm2-h) <1.3 0.95

Erosion rate(mg/h-fuel elememt) <6 3.2

Number of drops(4m) >50 >220

±:22.7
Breaking loading(kN) >18

//:21.6

III. EXPERIMENT RESULTS AND ANALYSIS

III.A. Pneumatic conveying under different gas 
environments

The gas source used for pneumatic conveying in 
this experiment included air, nitrogen and helium. 
The effect of various gas environments on the 
graphite ball during pneumatic conveying process 
can be discussed as follows.

FR, sliding friction Fr and rolling friction (expressed 
as moment of resistance Mr). As the moment of 
resistance affects only the rotation of the ball and 
does not affect the translation movement of the ball 
along the tube, force balance equation along the tube 
direction can be founded as:

Drag force of gas flow FR:
(1)dt

(2)
Suspension velocity V0 is defined as velocity 

difference between the gas and solid phase (V0=Vg- 
Vs). While Ignoring the impact of sliding friction, the 
suspension velocity V0 under a constant speed
(dVs'dt=0) can be obtained by equation (1), (2):

(3)
Therefore, when the graphite ball is elevated by 

the feeding velocity of Vs, the corresponding volume
rate of gas flow is:

' ' )2C = r3j7rD„2 = (4)
wall of the graphite ball wall of the graphite ball

Fig.2.Diagram of the force of graphite ball under

pneumatic conveying

Fig. 2 shows the forces acting on the graphite ball 
during pneumatic conveying process. As shown, Vg 

is velocity of the gas flow; Vs is the feeding velocity 
of graphite ball; Ds is the diameter of graphite ball; 
D0 is the inner diameter of tube. The forces acting on 
the graphite ball during pneumatic conveying 
process include gravity msg, drag force of gas flow

Fig. 3 shows the relationship between the volume 
flow rate of the gas and the feeding velocity of the 
graphite ball in the conditions of pneumatic 
conveying with different gases. It can be seen from 
the figure that, in the same conditions of gas 
environment the feeding velocity of the graphite ball 
increases linearly with increase of the volume flow 
rate of the gas. In order to achieve the same feeding 
velocity of graphite ball, a greater volume flow rate 
is needed for helium with lower density. Because of 
the little difference in the density of air and nitrogen,



the lines for air and nitrogen are almost overlapping 
in the figure. In addition, during the pneumatic 
conveying process, the gas flow velocity is much 
larger than the feeding velocity of graphite ball, 
therefore the gas environment between the elevating 
tube and the graphite ball is same as the gas 
environment used for pneumatic conveying.

Fig.3. Relationship between gas volume rate and 

graphite ball feeding velocity

III.B. Influence of gas environment on the wear 
properties of graphite ball

The design feeding velocity of the fuel element in 
HTR-10 fuel handing system is 7m/s, while during 
the actual operation the measurement value is about 
6~8m/s [9], therefore, the wear rate of graphite ball 
with feeding velocity of 3 m/s, 3.5 m/s, 4 m/s, 5 m/s, 
7 m/s and 11 m/s and under gas environment of air, 
nitrogen and helium were studied in this paper.

Fig. 4 shows the relationship between the mean 
wear rate and the feeding velocity of the graphite

Graphite ball feeding velocity (m/s)

Fig.4. Relationship between the mean graphite ball

wear rate and feeding velocity in different gas 

environments

It can be seen from the figure that under the same 
gas environment there is a clear linear relationship 
between the mean wear rate and the feeding velocity 
of the graphite ball in the experiment range, and 
there exist significant differences for the wear rates 
with the same feeding velocity but under different 
gas environments.

Fitting by linear least squares the wear rate can 
be described as a linear function of feeding velocity 
as follows:

Air: y=0.0597x-0.0452 (5)
Nitrogen: y=0.0592x-0.0286 (6)

Helium: y=0.1053x-0.0932 (7)
By comparing equation (5) - (7) it can be found

that in the velocity range of the experiment, with the 
same feeding velocity, the graphite wear rates under 
air and nitrogen environments are very close, while 
the wear rates under helium environment are 
significantly higher. At the same feeding velocity, the 
wear rate under helium environment is 1.5 to 1.8 
times as much as that under air and nitrogen 
environments.

For the friction between graphite and stainless 
steel, the wear of graphite is mainly caused by the 
cutting action on the graphite materials by peaks of
hard stainless steel surface roughness, which belongs 
to a typical abrasive wear. Because graphite is a
typical brittle material, in this case the main 
mechanisms of abrasive wear are micro-cutting wear 
and micro-fracture wear. In this experiment, the wear
of graphite ball is mainly caused by the forces acting
on the material surface imposed by the stainless steel 
asperity during the collision process, while the 
differences of properties of the abrasive and grinding
charge (hardness and surface roughness of stainless
steel, hardness and fracture toughness of graphite 
ball) and friction environmental (temperature, 
pressure, etc.) can be ignored. During the collision of 
graphite against stainless steel the normal force
promoted hard stainless steel surface roughness peak
to press into the graphite surface and the tangential 
force promoted the asperity to advance on the
graphite surface. The force imposed on the surface
of graphite material by stainless steel asperity 
increased with the increase of the feeding velocity of
graphite ball, which was the main reason for the
wear rate increasing with the increase of the feeding 
velocity.

Influence of gas environment on the wear rate of 
graphite is more complex. Between gas molecules 
and graphite materials, there exist complex chemical 
and physical actions, which can influence the friction 
and wear properties of graphite materials in different 
ways under different gas environments conditions. 
Owing to the lamellar structure of graphite, its 
crystal surface is composed of cleavage-faces and 
edge-faces. The cleavage-face of graphite is a low-
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energy surface that is essentially formed by basal 
planes. Under the air environment, the dangling 
covalent bonds on the edge-faces are highly active, 
so they will react with water and oxygen in the 
atmosphere to form various oxygenated groups on 
the surface [10-12]. The passivation of the dangling 
covalent bonds due to adsorption of vapors and 
gases allow graphite to maintain a low friction and 
reduce the adhesion wear. But according to the 
above analysis, the wear of the graphite ball during 
the elevating process is abrasive wear, the 
passivation of dangling covalent bonds by adsorption 
of vapors and gases has little effect on this wear 
mechanism, and thus the wear rates of graphite ball 
are very close under air and nitrogen environments 
conditions. But under helium environment, the 
insertion of the helium atoms will increase the space 
length between the different hexagonal basal planes 
of the graphite crystallites so as to weaken the 
binding force of adjacent planes [13]. While under air 
or nitrogen environments the gas insertion will not 
happen, so the larger force between planes means 
higher shear strength [14-16]. So under air or nitrogen 
environments the wear rate is less than that under 
helium environment.

III.C. Wearing surface observation by SEM

The graphite wearing surface was observed and 
the wear mechanism was analyzed by scanning 
electron microscope (SEM). The wearing surfaces 
are shown in Fig.5-8, where specimen 1 belongs to 
the graphite ball before the wear experiment, 
specimen 2 belongs to the graphite ball after wear 
experiment under air environment and specimen 3 
belongs to the graphite ball after wear experiment 
under helium environment.

For graphite specimen surface in virgin state 
(specimen 1), it looks very rough under SEM. This is 
because the matrix material of the graphite ball was 
made of the graphite material powder and blinder by 
press forming. There are many pores inside the 
matrix material. When this material was lathed to the 
sphericity with diameter of 60mm in the last 
manufacturing step, the pores near the surface will 
inevitably form the pits and micro-cracks in the 
machining process.

The 60 times, 100 times and 200 times 
magnification SEM photographs of wearing surface 
can clearly show that there are many grooves. But 
when magnified 500 times, it is hard to find the full 
morphology of grooves. This means that most of the 
grooves caused by wearing are shallow. But as 
shown in Fig. 8c, while in the condition of high 
feeding velocity of graphite ball under helium 
environment, a small amount of deep grooves could 
be found. On the other hand, the pits caused by 
plastic deformation do not appear. Morphology of 
the wearing surface shows that the wear of graphite 
ball under the experimental conditions is abrasive 
wear, no obvious adhesion and plastic deformation 
are found on the wearing surface, which is consistent 
with the preceding analysis.

Area of the wearing surface of the graphite ball 
has great randomness during the elevating process, 
therefore, compared with the wearing surface after 
the experiment on the sliding friction test machine, 
the wearing surface of the graphite ball under this 
experimental conditions shows irregular distribution 
of grooves. As the grooves are caused by single 
collision of high probability, most of the grooves are 
shallow. Thus the micro-scale morphology of 
wearing surface is similar with the virgin state.
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a)specimen 1 b)specimen 2

Fig.5. Worn surface, Magnification:6Qx

c)specimen 3
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a)specimen 1 b)specimen 2 c)specimen 3

Fig.6. Worn surface, Magnification:100*

a)specimen 1 b)specimen 2 c)specimen 3

Fig.7. Worn surface, Magnification:200x

a)specimen 1 c)specimen 3b)specimen 2

Fig.8. Worn surface, Magnification:500x

III.D. Influence of gas flow on the wear 
properties of graphite ball

An important feature of this experiment is that 
there is large quantities of gas flowing through the 
wearing interface. Gordelier [17] investigated the 
abrasive wear of graphite at low slip amplitudes, and 
the results showed that a gas flow across the wearing 
interface can lead to high graphite wear rates in a 
high abrasive wear regime because large amplitude 
reciprocating sliding can continuously remove the 
wear debris from the interface. In this paper, the gas 
flow has the same effect on the wear of graphite ball. 
In this pneumatic conveying experiment, under the

same conditions, the wear rate of graphite ball 
changed little with the increase of the feeding 
distance, but it was significantly larger than the wear 
rate of graphite in our previous test on reciprocating 
sliding friction machine [18].

On the other hand, unlike the wear under 
constant load sliding friction, in the conditions of 
pneumatic conveying, gas flow affects not only the 
acting force on the graphite ball during the friction 
but also the probability of wear. In order to further 
study the effect of gas flow on wear performance, a 
wear performance test had been carried out on the 
same experiment platform while the graphite ball
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was dropping down through the tube, and the results 
were shown in Fig. 9.

Fig.9. The relationship between graphite wear rate

with velocity under graphite ball up and down

movement in different gas environments

Under the air environment, while the bottom of 
the elevating tube was open, most of the gas 
displaced by the graphite ball was discharged from 
the tube bottom, the drag force on the graphite ball 
was small and could be ignored. So the movement of 
the graphite ball was similar to the free fall, with the 
average falling velocity of about 6.5m/s. While the 
bottom of the elevating tube was close, most of the 
gas displaced by the graphite ball was discharged 
and flowed upwards through the slit between the 
graphite ball and the inner wall of stainless steel tube, 
and the drag force on the graphite ball caused by the 
gas flow was comparable in magnitude with the force 
of gravity. Due to the drag force, the falling velocity 
of the graphite ball would reduce, and finally could 
reach a terminal velocity when the drag force 
equaling to the gravity. Fig. 9 showed that the 
average falling velocities in different gas 
environments conditions were different. The average 
falling velocities under air, nitrogen and helium 
environments were 2m/s, 2m/s and 3.5m/s 
respectively. The difference of the average falling 
velocity was caused by the difference of the gas 
density. The density of helium is much less than that 
of air and nitrogen, which results in the less drag 
force on the graphite ball and higher speed during 
the dropping down process.

It also can be seen from Fig. 9 that under air and 
nitrogen environments the wear rates of graphite ball 
during dropping down process were almost same, 
but under helium environment the wear rate was 
greater. The result was similar to the wear 
experiment during elevating process. Furthermore, 
under same atmosphere condition and with same 
velocity, the wear rate was significantly less when 
graphite ball moving down. This is probably due to 
that, compared to the elevating process, the gas flow

rate during the dropping down process was 
significantly less, so the lower drag force on the 
graphite ball can reduce its collision probability with 
the stainless steel tube. Comparison results showed 
that the gas flow played a great influence on the 
graphite wear during its friction with stainless steel 
ball tube, further study of its mechanism is necessary.

IV. CONCLUSION

a. Pneumatic conveying was used for the 
elevating of the fuel element on the HTGR fuel 
handing system. The wear of fuel element during 
pneumatic conveying process was mainly caused by 
the cutting action on the graphite materials by peaks 
of hard stainless steel surface roughness.

b. Under the same gas environment, there was a 
clear linear relationship between the mean wear rate 
and the feeding velocity of the graphite ball. The 
force on the surface of graphite material imposed by 
stainless steel asperity increased with the increase of 
the feeding velocity of graphite ball, this was the 
main reason for the wear rate increasing with the 
feeding velocity.

c. The wear rates of graphite ball under helium 
environment were significantly greater than that 
under air and nitrogen environments, the difference 
in wear rate was caused by the different gas 
environment effect on the mechanical properties of 
the graphite.

d. The gas flow across the wearing interface 
prevented the formation of graphite lubricating layer, 
and directly affected the collision frequency. The gas 
flow had a great influence on the wear behavior of 
the graphite ball.
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