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Abstract – It has been received wide attentions to investigate the radioactive 

graphite dust in the primary circuit since it was thought to be related to the safety of 

the pebble bed high-temperature gas-cooled reactors. Recently, the radioactive 

graphite dust experimental system in the primary circuit of HTR-10 has been built 

and a preliminary measurement of γ dose rate of the facilities in the helium 

purification system of HTR-10 indicates the existence of the radioactive graphite 

dust. Based on the experience of HTR-10 and AVR, a system for sampling the 

radioactive graphite dust in the primary circuit has been designed in the helium 

purification system of HTR-PM. The key instrument for the radioactive graphite dust 

system is a sampling filter, which can contain several filter elements with different 

pore sizes. To give an accurate measurement of the concentration, particle size 

distribution, etc. of the radioactive graphite dust in the primary circuit involves 

many factors. Combined with the international research results, the characteristics 

of the graphite dust, the mechanisms of the filtration and separation, the features of 

the filter element, etc. will be discussed. It is expected to do a systematical 

investigation with this sampling system, which can provide useful information of the 

radioactive graphite dust and amount of important experimental data to study the 

behavior of the fission products in HTR-PM 

 
I. INTRODUCTION 

 

The high temperature gas-cooled reactor 

pebbled-bed module (HTR-PM) is a modular high 

temperature gas-cooled reactor (MHTGR) 

demonstration power plant [1]. Based on the 

technology and experience of 10MW high 

temperature gas-cooled reactor (HTR-10), AVR and 

THTR, HTR-PM has been designed and is being 

constructed in Shidao Bay, Rongcheng City, 

Shandong Province, China. It contains two reactor 

modules with the thermal power of 500 MW and the 

electrical output of 200 MW totally [1-2]. 

HTR-PM is thought as a kind of innovative small 

sized reactors. After Fukushima accident, the 

advantages of modular HTR become more attractive 

for its inherent safety property. As indicated, HTR-

10 is an ideal test bed for HTR-PM. The HTR-10 

reached its criticality in December 2000, and its full 

power operation in January 2003 [2]. From April 

2003 to September 2006, four experiments which 

can verify the crucial inherent safety features of the 

modular high-temperature gas-cooled reactor had 

been carried out on HTR-10: (1) loss of offsite 

power without any counter-measures, (2) main 

helium blower shutdown without any counter-

measures, (3) loss of main heat sink without any 

counter-measures, and (4) withdrawal of all rods 

without any counter-measures [3]. During the 

operation of AVR, totally about 20 experiments have 

been carried out to test and study the inherent safety 

features and related items including the most 

important safety project, i.e. simulation experiments 

on a loss-of-coolant accident [4]. Because of the 



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-71239 

 

 

serial experimental results, the inherent safety 

features of MHTR have been widely acknowledged. 

Well, some researchers indicated that the primary 

loop of the AVR reactor had been heavily 

contaminated with dust-bound solid fission products, 

which could cause problems in dismantling and 

decommissioning work [5]. Furthermore, the 

radioactive dust will be an important source term in 

depressurization accidents [6]. 

In order to get the information about the 

radioactive graphite dust in the primary circuit of 

HTR-10, a sampling loop had been built by the end 

of 2013 [7-8]. Some useful experimental results have 

been obtained with a preliminary measurement of the 

facilities and pipes cut off during the reform in the 

helium purification system. Based on the experience 

and experimental results in HTR-10, a similar 

sampling loop for the radioactive graphite dust in 

HTR-PM has been considered. In current paper, we 

focus on the design of the radioactive graphite dust 

experimental system in the primary circuit of HTR-

PM. The detailed design of this system will be 

introduced as well as the related research progress in 

HTR-10 and AVR. The features of the design will be 

discussed and the related basic research on the 

characteristics of the graphite particles, the 

mechanisms of the filtration, the features of the filter 

element, etc. will be also presented. 

 

II. THE DESIGN FEATURES 

 

II.A. Research Progress on Radioactive Graphite 

Dust in AVR and HTR-10 

 

Both in AVR and HTR-10, the graphite is used as 

the matrix material of the spherical fuel elements, the 

moderator and the structural material of the reactor 

core [3, 4]. It is inevitable to cause the wear of 

graphite components and generate the graphite dust 

in the primary circuit with the cycle of the spherical 

fuel elements. The graphite dust which can adsorb 

the solid fission products would bring about a series 

of questions which are important in safe enclosure of 

the reactor during its decommissioning and validated 

assessment. The detailed knowledge of the 

radioactive graphite dust is helpful to the 

minimization of the personnel radiation exposure 

during maintenance and decontamination and to the 

prevention of activity entrainment into auxiliary 

systems. 

Under the AVR steady-state operating condition, 

the activity concentrations in the hot gas region of 

the primary system have been measured, for Cs-137 

about 3.0×10
2
 Bq/m

3
, and noble fission gases about 

4.6×10
8
 Bq/m

3
 (standard conditions) [4]. It means 

the activity concentration of the noble fission gases 

was much bigger than those of other nuclides. 

However, the noble fission gases cannot accumulate 

in the primary system for it can be removed by the 

gas purification system. Thus, the solid fission 

products, of which the activity concentration was 

lower than that of noble fission gases by orders of 

magnitude, received more attentions for its 

accumulation in the primary system. 

The fission and activation products which 

released from the fuel element surface into the 

cooling gas flow can deposit on the surface in the 

primary system. At the same time, they can be 

absorbed to form the radioactive dust which can be 

transported, deposited or remobilized depending on 

its grain size, the local and temporal flow forces and 

the surface condition [4, 9, 10]. The radioactive 

graphite dust is a kind of aerosol, which has different 

transport mechanism from free activities. 

The dust inventory of the primary system of AVR 

was calculated to be about 60 kg at the end of 1988 

and the dust production rate was about 3 kg per 

operating year. Most of the dust deposited on the 

surfaces of the primary system, and some could be 

remobilized by the gas flow. In the cooling gas, the 

average dust concentration was about 5 µg/m
3
 

(standard conditions) during steady-state power 

operation, while during the load change or start-up 

procedures, the dust concentrations can be up to 

about 2 mg/m
3
 (standard conditions) [4]. 

 

 
Fig. 1: The facilities cut off from the primary circuit 

of HTR-10, including pipes, a valve and a dust filter. 

 

In HTR-10, only a few theoretical calculations 

based on the conservative hypothesis or non-

radioactive graphite dust experimental data were 

available before 2013 [11, 12]. A measurement of γ 

dose rates of facilities, including valves, pipes, dust 

filter, etc., in the helium purification system of HTR-
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10, has been performed, which indicated the 

existence of the radioactive graphite dust in the 

primary loop [7]. In order to obtain the accurate and 

believable data about the radioactive graphite dust in 

HTR-10, a project to build a sampling loop in the 

primary system of HTR-10 has started at the end of 

2011, of which the design has been approved by the 

State Bureau of Nuclear Safety. By the end of 2013, 

the radioactive graphite dust sampling loop with 

high-performance sintered metal powder filter 

elements has been built at the entrance of the helium 

purification system of HTR-10, which can be used to 

separate the dust according to its size, and analyze 

the dust concentration, particle size distribution, etc 

[8]. During the construction, some pipes, a valve, 

and a dust filter of the primary circuit have been 

replaced and used for laboratory analysis. 

 

(a)  

(b)  

Fig. 2: The comparison of inner surface (a) the new 

dust filter and (b) the old dust filter. 

 

By now, the study on the radioactive graphite 

dust in HTR-10 can be divided into two parts: (1) 

some pipes, a valve, and a dust filter of the primary 

circuit, as in Fig.1, of which the analysis can reflect 

the deposition behavior of the radioactive graphite 

dust and solid fission products since the operation of 

HTR-10 from 2002; (2) the radioactive graphite dust 

sampling loop, which can be used after the restart of 

HTR-10. It should be noted that most of the fission 

products would deposit on the steam generator tube 

surfaces, and this sampling loop is mainly aiming at 

the small size radioactive graphite dust which can be 

transported into the primary circuit. 

Fig. 2 shows the inner surface of the new and 

old dust filters. The bottom of the new dust filter 

seems very smooth and bright and the four sintered 

metal powder filter tubes appear clean and clear, 

while the inner surface of the old dust filter looks 

blurry and dirty. It clearly indicates that the graphite 

dust deposited on the surface of the old dust filter. 

Close to the outside of the old dust filter without 

thermal insulation layer, the γ dose rate is about 0.80 

µSv/h, which is much higher than the background 

(~0.15 µSv/h). A conclusion can be come to that the 

radioactive graphite dust exits and is confined in the 

old dust filter. The further analysis with this dust 

filter is under progress. The γ spectrometry 

measurement of the pipes cut off from the primary 

circuit has been done. From the spectra, a 

preliminary analysis indicates the distinct peaks 

belonging to Co-60 and Cs-137. The detailed 

research results with the γ spectra will be published 

in a separate paper in the future. 

A series of basic research related to the 

radioactive graphite dust sampling loop in HTR-10 

have been carried out, including the filtration 

mechanisms and the filtration efficiency of the filter 

elements [13, 14]. After the restart of HTR-10, this 

sampling loop will be used to investigate the 

transportation behavior and characteristics of the 

radioactive graphite dust in the primary loop at 

different operation stage. The design features and 

experimental plans about this sampling loop can be 

found in Ref. [8]. 

 

II.B. Design of the Radioactive Graphite Dust 

Experimental System in HTR-PM 

 

Based on the former study of radioactive graphite 

dust, especially the experience of AVR and HTR-10, 

the radioactive graphite dust experimental system in 

the primary circuit of HTR-PM has been designed. 

Similar to that in HTR-10, the experimental system 

in HTR-PM will be also installed in the helium 

purification system, parallel to the dust filter in the 

primary circuit. 

It is necessary to give a brief review about the 

helium purification system of HTR-PM which 

follows the design in HTR-10 [15]. The helium 

purification system, which contains two parallel 

normal purification lines and one dehumidification 

line, is very important for the reactor operation. Each 

normal line which mainly composes of a dust filter, a 

copper oxide bed, a molecular sieve adsorber and a 

low temperature adsorber, etc., purifies a bypass 

stream from the primary coolant system in order to 

reduce the quantity of chemical impurities, and to 
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remove the radioactive dust and gaseous 

radionuclide fission products. 

The dust filter of about 1000 mm in length and 

about 250 mm for the diameter is installed at the 

entrance of the helium purification system. Inside the 

dust filter, there are four sintered metal powder filter 

tubes to purify the dust in the primary coolant. The 

complicated structure and great bulk of the dust filter 

makes it difficult to dismantle and give an accurate 

measurement for the radioactive graphite dust. Thus, 

the radioactive graphite dust experimental system 

has been considered. 

 

 

Fig. 3: The schematic of the radioactive graphite 

dust experimental system in HTR-PM.  

 

Fig. 3 shows the schematic of the radioactive 

graphite dust experimental system in HTR-PM. The 

main idea is to build an experimental system which 

contains a small sampling filter parallel to the dust 

filter. After flowing out of the heat exchange tube of 

the steam generator, part of the total helium coolant 

can go through the sampling filter, and the 

radioactive graphite dust would be left in the filter 

elements. Several features have been considered for 

this radioactive graphite dust experimental system: 

(a)  Based on the measurement and experience of 

HTR-10, there is radioactive graphite dust in the 

primary coolant at the entrance of helium 

purification system, which confirms the aim of the 

experimental system in HTR-PM. 

(b) A small and easy disassembling sampling 

filter has been designed, as indicated in Fig.4, which 

can contain several filter elements with different 

pore size. It can separate the radioactive graphite 

dust according to its diameter and incorporate with 

the further γ spectrometry measurement. 

(c)  At the entrance (denoted as 1) and exit 

(denoted as 2) of the experimental system, there are 

electric check valves, which can realize the isolation 

between the experimental system and the helium 

purification system safely and effectively. The 

electric control valve at the entrance can adjust the 

flow capacity between these two loops. 

(d) The thermometer, the pressure gauge, and 

the flowmeter can supply the temperature, the 

pressure, and the flow capacity separately. The 

differential pressure transmitter can measure the 

pressure drop of the sampling filter which can 

indicate the collection situation of the radioactive 

graphite dust. 

(e)  Before the operation of the radioactive 

graphite dust experimental system, the ingressive air 

can be pumped from the channel 3 (denoted as 3) to 

prevent the pollution of the primary helium. After the 

sampling process, the experimental system should 

release the pressure (from 7 MPa to normal pressure) 

from channel 3 firstly to ensure safety. 

(f) Four manual globe valves have been used to 

separate the experimental loop and the sampling 

filter. All filter elements are installed inside the 

cavity of the sampling filter with seal rings, which 

prevent the radioactive substance release and 

accomplish the sampling of the radioactive graphite 

dust effectively. 

 

 

Fig. 4: The schematic illustration of the structure of 

the sampling filter. 

 

The whole progress for the radioactive graphite 

dust experimental system mainly includes 

preparatory phase, sampling phase, and shutdown 

phase. In preparatory phase, all facilities have been 

installed correctly, the electric check valves both at 

entrance and exit of the sampling loop are closed, 

four manual globe valves are open, and the sampling 

loop is pumped from channel 3. When the pressure 

of the system was pumped below 100 Pa, the electric 

check valve at channel 3 would be closed and the 

preparatory phase finished. Open the electric check 

valves both at entrance and exit of the sampling loop, 

and the radioactive graphite dust experimental 

system is connected to the helium purification 

system. Adjust the electric control valve to a preset 

flow capacity and the sampling phase may last 

several weeks. When there is pressure drop change 

of the sampling filter or γ dose rate outside the 

sampling filter is higher than the background, the 
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shutdown phase is coming. Close the electric check 

valves both at entrance and exit of the sampling loop, 

thus the radioactive graphite dust experimental 

system is isolated from the helium purification 

system of HTR-PM. Open the electric check valve at 

channel 3, and after the pressure release to the 

normal condition slowly, close the electric check 

valve and four manual globe valves. When the 

temperature of the experimental system drops to the 

normal condition, dismantle the sampling filter from 

the loop and fetch it to the lab for further analysis. 

 

III. DISCUSSION 

 

Both in HTR-10 and HTR-PM, the spherical fuel 

elements with a diameter of 60 mm are used and 

TRISO coated particles are embedded in matrix 

graphite material. The fraction of the fission 

products released from the TRISO coated particles 

and fuel elements can be afforded with Fick’s 

diffusion equation. Although only very few fission 

products can escape from the core, it dominates the 

activity in the primary circuit. With the method used 

in HTR-10 and AVR [16], the total inventory in the 

equilibrium core of HTR-PM is 5.12 × 10
19

 Bq, and 

the activities of fission products in the primary 

helium have been estimated, which are 5.9 × 10
11

 Bq 

for noble gases of which Kr and Xe isotopes are the 

most abundant, 5.8 × 10
9
 Bq for volatile iodine 

isotopes, 4.0 × 10
5
 Bq for long-lived solid isotopes 

(Cs-134, Cs-137, Sr-89, Sr-90, and Ag-110m) of 

which can be adsorbed on the aerosol particles, 8.5 × 

10
10

 Bq for H-3, and 1.3 × 10
9
 Bq for C-14. 

To give an accurate measurement of the 

concentration, particle size distribution, etc. of the 

radioactive graphite dust in the primary circuit of 

HTR-PM, several factors including the 

characteristics of the graphite dust, the resuspension 

behavior of the graphite particles, the mechanisms of 

the filtration, the features of the filter element, etc. 

should be carefully studied. The interaction of 

graphite particles with surfaces, such as deposition 

and resuspension, is governed by the adhesion force 

and has been measured with an atomic force 

microscope [17]. The theoretical value has been 

estimated and compared with the experimental 

results. The surface conditions, such as roughness 

and oxidation, may play a significant role in the 

adhesion of particles to the surface. 

In order to obtain the radioactive graphite dust 

from the primary helium, a series of filter elements 

will be installed inside the sampling filter. Currently, 

the sintered metal powder filter element is the 

candidate since it has been used in HTR-10. A 

careful study indicates this kind of filter element has 

a small porosity factor. Fig. 5 shows the 

microstructure of the sintered metal powder filter 

element and also presents manufacturing defects and 

impureness. However, the sintered metal fiber filter 

element has a higher porosity factor, thus a smaller 

pressure drop and larger volume fraction is expected 

in comparison with the sintered metal powder filter. 

 

 
Fig. 5: The microstructure of the sintered metal 

powder filter element with SEM. 

 

An experimental setup has been designed and 

built to measure the filtration efficiency of the 

sintered metal powder and the sintered metal fiber 

filter elements. A preliminary research reviews the 

filtration mechanisms for the particles [13, 14], 

which usually include gravitational settling, 

interception, inertial impaction, diffusion, and 

electrostatic attraction. The main impact factors of 

the filtration mechanisms are the particle size and its 

characteristics. When the diameter of the particle is 

less than 0.1 µm, the diffusion will be the dominate 

effect. When the diameter of the particle is bigger 

than 0.5 µm, the interception and inertial impaction 

will play an important role in filtration process. The 

lowest filtration efficiency will appear in the range of 

0.1 to 0.5 µm of the particle diameter. 

The radioactive graphite dust may be charged in 

the dry environment. The magnitude of the charge 

depends on the particle size. The electrostatic forces 

among charged particles are much stronger than the 

forces that ordinarily drive the agglomeration of 

aerosol particles to sizes such that they readily 

deposit by gravitational settling or inertial impaction 

on structures [18, 19]. 

However, most of the studies on the graphite dust 

are non-radioactive. The basic research on the 

characteristics of graphite dust, the adhesion force of 

the graphite particles, the mechanisms of the 

filtration, etc. will promote the study on the 

radioactive graphite dust in the reactor. Compared to 

the ordinary graphite dust, the adsorbed nuclides that 

radiate β or/and γ rays, may affect the characteristics 

of the graphite particles and change the state of the 

surface. The adsorption behavior between the solid 

fission products (Cs, Sr, Ag and I) and the graphite 

particles should be clarified. Besides, the 

information about the concentration, particle size 

distribution, etc. of the radioactive graphite dust in 
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the primary circuit at different operational stage can 

only be obtained with the experimental loop in the 

reactor. The difference between ordinary and 

radioactive graphite dust should always be 

concerned. 

 

IV. CONCLUSION 

      

It is an important issue to study the behavior of 

the radioactive graphite dust since it is a safety 

related problem and may give a great impact on the 

decommissioning work. The experimental data about 

the graphite dust in the AVR reactor has been 

reviewed and the research progress on the 

radioactive graphite dust in HTR-10 has been 

presented. The preliminary measurement about the 

pipes, valves, and a dust filter of the primary circuit 

of HTR-10 gives evidence of the existence of 

radioactive graphite dust. The radioactive graphite 

dust sampling loop of HTR-10 has been constructed 

and will be carried on after the restart of HTR-10. 

The current analysis of the facilities cut off from the 

primary circuit of HTR-10 indicates the strong 

energy peaks of Co-60 and Cs-137.  

Based on the former study of radioactive 

graphite dust, especially the experience of AVR and 

HTR-10, the radioactive graphite dust experimental 

system in the primary circuit of HTR-PM has been 

designed parallel to the dust filter in the helium 

purification system. The features of this sampling 

loop have been introduced and the operating process 

has been illustrated. The factors including the 

characteristics of the graphite dust, the mechanisms 

of the filtration, the features of the filter element, etc. 

which can affect the accuracy of the measurement for 

the radioactive graphite dust, have been reviewed 

and discussed. The radioactive graphite dust 

experimental system in the primary circuit of HTR-

PM can accomplish a systematical investigation on 

the concentration, particle size distribution, etc. of 

the radioactive graphite dust, which can provide 

amount of important experimental data to study the 

behavior of the fission products and radioactive 

graphite dust in HTR-PM. 
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