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Abstract – Graphite dust has an important effect on the safe operation of the HTGR. 

Most researches of graphite dusts’ production and migration focus on the physical 

mechanism. This study investigates the chemical mechanism of graphite dust s’ 

migration from the reactor core to the steam generator through an ideal model 

based on chemical thermodynamics. The results show that the impurities in helium 

coolant react with graphite components in the reactor core due to high 

temperature and then the reverse reaction happens with the production of graphite 

dust in the steam generator due to low temperature. According to the calculations, 

the amount of graphite dust increased with the increasing temperature in the 

reactor core. Also, the influence of the initial amount of CO and H2 on the amount 

of graphite dusts produced in the steam generator is investigated. The calculations 

shows that more CO and H2 lead to more graphite dusts produced, though the effect 

of the amount of H2 is more complicated. 

 

I. INTRODUCTION 

 

The pebble-bed high-temperature gas-cooled 

reactor has been considered to best meet the 

requirement of the four-generation reactors and will 

be very important in the development of nuclear 

power. It uses spherical graphite elements in the fuel 

cycle and helium as coolant in the primary loop.  

According to the existing studies, due to the 

friction between spherical graphite elements  in the 

reactor core, graphite dusts are produced and then 

migrate with helium flow in the primary loop[1]. Large 

graphite dust particles deposit at the bottom of the 

reactor core due to gravity and then block the fuel 

cycle[2]. With helium flow, Small particles migrate 

and then deposit in the steam generator due to the 

complex structure of steam generator[3]. It will affect 

the maintenance and repair of the equipment. In 

addition, the deposition of graphite dusts in the 

helium turbine generator can cause short circuit due 

to the electrical conductivity of graphite[2]. Thus, it’s 

necessary to research the production and migration 

of the graphite dusts. 

Most reviewed investigation focus on the 

production of graphite dusts in the reactor core, the 

characteristics of motion of graphite dusts in the 

primary loop[4] and the deposition of graphite dusts 

in the steam generator [5-7], and the studies are all 

based on physical mechanism. Studies  about the 

chemical mechanism of graphite dusts ’ production 

were not found in literature. Considering the 

reactions between the impurities in the helium 

coolant and the graphite components in the reactor 

core under high temperature and the possible reverse 

reaction in the steam generator, this article 

investigates the chemical mechanism of the 

production of the graphite dusts based on chemical 

thermodynamics.  
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II. MODEL 

 

II.A. Chemical Thermodynamics Model 

 

The theory of Chemical Thermodynamics is  

based on the second law of thermodynamics and can 

be used to describe the equilibrium state of chemical 

reaction[8]. Fig.1 shows the schematic diagram of the 

chemical thermodynamics model. Table 1 shows the 

impurities and the limit value of the volume fractions 

of HTR-PM. 

 

 

 

 

 
 

Fig.1. The schematic diagram of the chemical 

thermodynamics model. 

 

impurities 
The volume fraction 

of the impurities (cm
3
/m

3
) 

H2O <2 

CO2 <6 

CO <30 

H2 <30 

N2 <2 

O2 <2 

CH4 <5 

Table1: The limit value of the volume fractions  in the 

helium coolant 

 

The reactor core and the steam generator are 

assumed to be two ideal chemical reactors and meet 

the following assumptions: 

i.      All gas is thought to be ideal gas. The 

assumption is just to simplify the calculations 

and won’t affect the qualitative results. 

ii.     The temperature in the reactor core is always 

750 ℃ while the temperature in the steam 

generator is always 250℃; The pressure in the 

reactor core and steam generator is 7MPa. The 

effect of the real inhomogeneous temperature 

field and pressure field is just quantitative. 

iii.     The chemical reactions are not limited by 

chemical kinetics. That is to say, all reaction is 

completely finished, while the real reaction is 

limited by reaction velocity. 

According to the assumptions, the calculations  

of the reaction equilibrium state in the reactor core 

and the steam generator can be done to obtain the 

amount of graphite dust produced in the steam 

generator. 

 

II.B. Calculations 

 

eq.(1)[8] is the chemical reaction equilibrium 

constant formula which is derived according to the 

second law of thermodynamics. K is the reaction 

equilibrium constant that reflect the molar fraction of  

the resultants to the molar of the  reactants ratio 

when the reaction reach equilibrium state. 
0

0
exp( ) ( ) ivi

i n

x PG
K

RT P


   eq.(1) 

0G  is standard free energy and 
0G  is the 

difference value for the standard energy of the 

resultants minus the standard energy of the 

reactants. The data of the standard free energy of 

every substance come from CRC hand book of 

chemistry and physics[9]. R is molar gas constant 

that is 8.315 /J mol K  and T is temperature. And 

then the K can be calculated and is showed in the 

table 3. 
ix  is mole fraction of the reactants and 

resultants, and the 
i  is stoichiometric coefficient of 

the chemical equation. P is the pressure and 0P is the 

standard pressure that is thought to be 0.1Mpa in 

the calculations. 

According to the limit value of the volume 

fractions and the reaction equilibrium constant 

formula, the results of the reaction equilibrium state 

in the core reactor is calculated considering the four 

chemical reaction equations in the reactor core 

showed in table 2. 

The initial amount of the substances can be 

calculated by gas state equation which is showed as 

eq.(2). 

PV
n

RT
  eq.(2) 

n is molar weight and V is volume that is showed 

in table 1. In the calculations, the molar weight of 

every substance in one cubic meter of helium is 

considered. 

 

Reaction equation Serial number 

2H2O+O2→2H2O a 

2C+O2→CO b 

C+O2→CO2 c 

C+H2→CH4 d 

Table 2: The four chemical reaction equations used 

for calculation in the reactor core 

 

a b c d 

aK  bK  cK  dK  

3.5E+19 4.5E+20 1.6E+20 13.3 

a  b  c  d  

Table 3: The important parameters (750℃) 

 

Reactor 

Core 

750℃ 

Steam 

Generator 

250℃ 
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Then the reaction degree (
i ) defined as the 

reaction amount of the four reaction equation are set 

so that the molar fraction (
ix ) of every substance in 

the equilibrium state can be expressed by the 

reaction rates in eq.(3). The equation systems in 

eq.(4) can be built to express the equilibrium state. 

Table 3 shows the important parameters. 

As is showed in Eq.(3) and Eq.(4), 
1x ~ 

6x are the 

molar fractions of H2, O2, H2O, CO, CO2 and CH4 and 

n is the molar weight of one cubic meter helium that 

changes with temperature. The initial molar fractions 

of every substance are the limit value of the volume 

fractions of every substance. 
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 eq.(4) 

With solving the equation systems, the molar 

fraction of every substance can be obtained after the 

reactions reach equilibrium state in the reactor core. 

And the results are considered to be the initial molar 

fractions of every substance in the steam generator. 

The calculations in the steam generator are based 

on the four reactions showed in table 4. 

Considering that the reaction g can hardly 

happen (the reaction equilibrium constant of the 

reaction g is less than 10
-30

 and it’s too small 

compared to the other reaction) under relatively low 

temperature in the steam generator, it can be 

neglected when calculated to simplify the 

calculations. 

Then the equations system can be built like that 

in the reactor core to calculate the reaction degree of 

every reaction and then the amount of graphite can 

be obtained. The table 5 shows the important 

parameters. 

 

Reaction equation Serial number 

H2+CO→H2O+C e 

2H2+CO2→2H2O+C f 

2CO→2C+O2 g 

CH4→C+2H2 k 

Table 4: The four chemical reaction equations used 

for calculation in the steam generator 

 

e f k 

eK  
fK  

kK  

1076285 11838 0.0009552 

e  
f  

k  

Table 5: The important parameters (250℃) 

 

III. RESULTS AND DISCUSSIONS 

 

III.A. Production of graphite 

 

Calculations are carried out by using MATLAB 

software. The reaction rate in the reactor core under 

750℃ is showed in table 6 and the reaction rate in 

the steam generator under 250℃ is showed in table 7. 

eq.(3) is the calculation formula of the amount of 

graphite dust produced in the steam generator 

according to the reaction equations. 

( )e f k Cm M       eq.(3) 

 
210 a  

(mol) 

210 b  

(mol) 

210 c  

(mol) 

210 d  

(mol) 

-0.0807 0.7342 -0.4889 0.4107 

Table 6: The reaction degree in the reactor core 

(750℃) 

 
210 e  

(mol) 

210 f  

(mol) 

210 k  

(mol) 

3.8478 -0.55135 -1.19256 

Table 7: the reaction degree in the steam generator 

(250℃) 

 

m is the quality of graphite dust produced in one 

cubic meter of helium in the steam generator. CM  is 

the molar weight of carbon. According to the 

calculation, 0.2525g graphite dusts are produced in 

one cubic meter of helium in the ideal model.  

eq.(4) is the calculation formula of the production 

of  graphite dusts per year. 

/ ( ) 3600 24 365
1000

He

He

M
Y F n m       eq.(4) 
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Y is the production of graphite dusts per year, F 

is the flux of helium coolant, 
Hen  is the molar weight 

per cubic meter of the helium in the steam generator 

that can be calculated according to eq.(2), 
HeM  is 

the molar mass of helium. Then if the flux of helium 

coolant is 96kg/s (HTR-PM), the amount of graphite 

dusts will be about 110842.5kg/a, which is much 

larger than the production due to physical function 

(2.7kg/a[1] according to numerical analysis ). 

Although   accurate experimental data hasn’t 

appeared, the engineering experience reveals that the 

real value of graphite dus ts produced in the 

generator may be far less than the calculated value. 

The reason is that the calculations didn’t consider 

the slow reaction velocity due to low temperature in 

the steam generator.  But the calculations and results 

prove that the graphite dusts can be produced and 

migrated in the primary loop though chemical 

reactions. 

 

III.B. Influence of temperature 

 

Fig.2 shows the amount of H2, H2O, CO2, CO and 

CH4 in the reactor core under different temperatures. 

The Fig.3 shows the amount of graphite dusts 

produced in the steam generator.  

 

 

200 400 600 800

0.000

0.001

0.002

0.003

0.004

0.005

v
o
lu

m
e 

fr
ac

ti
o
n
 (

%
)

temperature (C)

 Hydrogen

 Water vapour

 Carbon monoxide

 Carbon dioxide

 Methane

Fig.2 The amount of H2, H2O, CO2, CO and CH4 in the 

reactor core under different temperatures  

 

According to Fig.2, as the temperature in the 

reactor core increases, the amount of H2 and CO 

produced in the reactor core increase. The amount of 

H2O decreases and the amount of CO2 increases first 

and then decreases when the temperature comes to a 

critical value. The results qualitatively accord with 

the existing study [10-12]. 

Fig.3 shows that when temperature in the reactor 

core increases, the amount of graphite dusts in the 

steam generator increases, which is owed to the 

increasing amount of H2 and CO in the reactor core, 

causing an enhancement of  
e . But when the 

temperature increases to some point, the increasing 

of the amount of graphite dusts become slowly. The 

reason is that the enhancement of 
e  is limited by 

the amount of CO. 
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Fig.3 The amount of graphite dusts produced in the 

steam generator 

 

III.C. Influence of the initial amount of CO 

 

Fig.4 shows that the amount of graphite dusts 

increases as the initial amount of CO is increased. 

And the change of the amount of graphite dusts with 

the increasing amount of CO is approximately linear. 
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Fig.4 The amount of graphite dusts produced in the 

steam generator for different initial amount of CO. 

 

According to the calculations, the reason why 

the amount of graphite dusts increases is that the 

increasing the amount of CO causes an enhancement 

of e . The approximately linear relation between the 

amount of graphite dusts and the initial amount of 

CO is attributed to the leading role of the reaction e 

in the production of graphite dusts in the steam 

generator due to its high reaction equilibrium 

constant showed in table 5 and high positive 
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reaction degree showed in table 7. And so the 

amount of graphite dusts produced in the steam 

generator is mainly decided by the initial amount of 

H2 and the initial amount of CO in the steam 

generator according to the reaction e. While the 

initial amount of H2 in the steam generator is always 

more enough in the reaction e according to the 

relatively high initial amount of H2 and the reaction in 

the reactor core, the initial amount of CO in the steam 

generator which nearly linearly increases with the 

increase of the initial amount of CO in the reactor 

core because of the small amount of O2 and H2O 

decide the amount of the graphite dusts produced in 

the steam generator. Given all above, the 

approximately linear relation is tenable. It can also be 

seen that when the amount of CO is very low, the 

value of the amount of graphite dusts is negative, 

which is not reasonable. It is because of the high 

reaction degree of the reverse reaction of k (1/ kK ), 

while the low reaction velocity of the reverse 

reaction is neglected. 

 

III.D. Influence of the initial amount of H2 

 

Fig.5 shows that at first the amount of graphite 

dusts produced in the steam generator increases 

when the initial amount of H2 is increased. While 

when the amount of H2 reaches a certain value, the 

amount of graphite dusts decrease. 
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Fig.5 The amount of graphite dusts produced in the 

steam generator for different initial amount of H2. 

 

According to the calculations, the reason why 

the amount of graphite dusts increases is also that 

increasing the amount of H2 causes an enhancement 

of e . The reason why the amount of graphite dusts 

decreases after the amount of H2 reaches a certain 

value is that the amount of CO produced in the 

reactor core changes very little, and so the 

enhancement  of e is limited by the amount of CO 

after the amount of H2 reaches a certain value. 

Meanwhile, the reverse reaction of k is considered, 

and because of the high reaction degree mentioned 

in III.C, the absolute value of 
k increases when the 

amount of H2 increases. Therefore, the general 

amount of graphite dusts produced in the generator   

decreases after the amount of H2 reaches a certain 

value. 

 

IV. CONCLUSION 

 

This article investigated the chemical mechanism 

of graphite dusts’ migration from the reactor core to 

the steam generator in HTGR. The following are the 

main conclusions: 

(1) Through an ideal model based on chemical 

thermodynamics, the chemical mechanism of 

graphite dusts migration in the primary loop of 

HTGR is proved to be existed. 

(2) The amount of graphite dusts produced in the 

steam generator increases with increasing 

temperature in the reactor core. 

(3) The amount of graphite dusts produced in the 

steam generator increases with increasing the 

initial amount of CO. 

(4) The amount of graphite dusts produced in the 

steam generator first increases when the initial 

amount of H2 is increased. While after the 

amount of H2 reaches a certain value, the 

amount of graphite dusts decreases. 

Because this study is just qualitative 

investigation in order to express how the graphite 

dusts migrate due to the chemical reactions. The 

actual amount of graphite dusts produced may be 

much less than that presented in the study based on 

the ideal model that neglected the restriction of 

chemical kinetics under low temperature in the steam 

generator. Further study is needed to take chemical 

kinetics into account. 
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