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Abstract –Graphite is widely used in the high temperature gas-cooled reactor 
pebble-bed modular (HTR-PM). There are about 420,000 spherical fuel elements in 
the reactor core. The amount of graphite matrix in the reactor is dozens of tons. In 
normal operating conditions or water/air ingress accident, the matrix graphite of 
spherical fuel element may be oxidized by air or steam. This paper developed a new 
graphite oxidation model, considering the graphite porosity variation with the 
fractional burn-off. This model also considered the effects of microstructure 
development during oxidation and the resulting changing of diffusivity as well as the 
oxidation rate. Based on this theoretical model, this paper analyzed penetration 
depth and the graphite transient oxidation by oxygen. In addition, this paper 
obtained the weight loss ratio and oxidation rate trend over time and space. 

 
 

I. INTRODUCTION 
 

The high temperature gas-cooled reactor pebble 
bed module (HTR-PM) has advanced inherent 
safeties. The analyses of HTR-PM show that the 
highest fuel temperature in the reactor core will not 
exceed the design limit (about 1600 ℃ ) in any 
accidental condition [1]. Water/air ingress is a kind 
of severe and unique accident for HTR-PM, which 
can cause serious consequences and should be 
analyzed carefully. 

In water/air ingress accidents, steam/air can react 
with the hot graphitic structures and the hot graphitic 
fuel elements. The structure integrity may be 
degraded due to these kinds of chemical reactions 
and flammable water gas will be produced by these 
chemical reactions. In normal operating conditions, 
there are some impurities like steam and oxygen in 
the helium flow in primary circuit. Even though the 
amount of impurities is very small and the reaction 
rate between impurities and graphite is very small 
under normal operating conditions. In the lifetime of 
spherical fuel element, the matrix graphite maybe 
oxidized. The analysis of nuclear graphite oxidation 

by oxygen or steam is very important for the safety 
analyses of HTR-PM. 

The mechanism of graphite oxidation is very 
complex. According to the temperature, the reaction 
mechanism can be divided into three parts [2]: Zone 
Ⅰ, Zone Ⅱ and Zone Ⅲ. In Zone Ⅰ, the reaction 
temperature is low and the reaction rate is very small. 
In this regime, the oxidation reaction is dominated 
by the chemical reaction kinetics and the oxygen or 
steam can penetrate the whole graphite. In Zone Ⅱ, 
the temperature is medium, the oxidation reaction is 
dominated by both chemical reaction kinetics and 
diffusion mechanism. The oxygen or steam 
concentration profile is very steep in this regime. 
The concentration gradient is larger than it in Zone 
Ⅰ. In Zone Ⅲ, the reaction temperature is high, the 
oxidation reaction is dominated by the boundary 
diffusion mechanism. In this regime, the oxidation 
rate is more than it in Zone Ⅰand Zone Ⅱ. The 
oxygen or steam almost distributed on the surface of 
the graphite. The penetration depth is very small. 

This paper developed a new graphite oxidation 
model which considers the burn-off effect on the 
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process of graphite oxidation. In the process of 
graphite oxidation, the graphite porosity increases 
with the weight loss ratio. The graphite density, pore 
diameter, effective diffusion coefficient as well as 
the oxidation rate also varies with the weight loss 
ratio. Based on this new model, this paper analyzed 
the penetration depth and transient oxidation of 
graphite by oxygen. 

 
II. GRAPHITE OXIDATION MODEL 

 
II.A. CHEMICAL REACTION EXPRESSION 

 
The chemical reaction expression of graphite 

oxidation by oxygen can be written as: 
 

2 2
C+zO →xCO+yCO  (eq. 1) 

  
x, y and z is the stoichiometric number of the 

chemical expression. 
     The CO/CO2 ratio is f, then from 1x y+ = , one 
can get 
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From Takeda and Hishida [3], the CO/CO2 ratio f 

can be expressed as: 
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78300
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(eq. 3) 

  
Rg is the gas constant, 8.314 J·mol-1·K-1; T is the 

graphite temperature, K. 
 

II.B.CONSERVATION EQUATION 
 

The concentration conservation of component i 
can be expressed as [4]: 
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The symbol C i is the local concentration of 

component i (mol·m-3); ε is the local porosity; Deff,i 
is the local effective diffusion coefficient of 
component i (m2·s-1); R i is the local oxidation rate of 
component i (mol·m-3·s-1). 

 
II.C. WEIGHT LOSS AND POROSITY 

 
The weight loss ratio means the ratio of the 

graphite density reduction to the initial density. 
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The symbol ρc0 is the initial local density of 

graphite. ρc is the instantaneous local density. The 
weight loss ratio b is an important parameter in the 
oxidation model. Many other parameters are related 
to b. 

The instantaneous local density ρc can be 
expressed as: 

 

c 0c c bρ ρ ρ= − ⋅  (eq. 6) 
  

The instantaneous oxidation rate of graphite Rc 
(s-1) can be defined as the weight loss change with 
time: 
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 (eq. 7) 

  
The local porosity ε is defined as the pore 

volume per unit graphite volume. ε0 means the initial 
porosity before the graphite is oxidized. The 
relationship between local porosity ε and the weight 
loss ratio b can be written as:  

 
( )b00 -1 eee +=  (eq. 8) 

  
II.D. EFFECTIVE DIFFUSION 

 
The graphite is usually regarded as a kind of 

porous medium. The gas diffusion in the graphite 
includes the binary molecular diffusion and the 
Knudsen diffusion. So the effective diffusion 
coefficient can be written as: 
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(eq. 9) 

  
τ is the tortuous ratio which defined as the ratio 

of the length of real aperture within porous material 
and the length of superficial aperture, it will change 
with the consumption of solid phase and is similarly 
inverse with  ε [5], 

 
τ e= 1  (eq. 10) 
  

Db,i is the binary molecular diffusion coefficient 
of component i (m2·s-1), it can be expressed as[6]: 
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(eq. 11) 

  
   In the above expression, M i and M j 

respectively means the molecular weight of 
component i and j (g·mol-1). P means the pressure of 
the mixture gas (Pa). σ i,j means the collision 
diameter of component i and j (m). ΩD means the 
collision integral parameters for molecular diffusion. 

DKn,i means the Knudsen diffusion coefficient of 
component i (m2·s-1), it can be written as: 

 

, 48.5Kn i pore
i

TD d
M

=
 

(eq. 12) 

  
In equation (12), dpore means the local pore 

diameter of graphite (m). From the experiment 
results, it can be expressed with the local weight loss 
ratio [6], 

 
4 2 7 88.55 10 2.5 10 10pored b b− − −= × − × +  (eq. 13) 

  
II.E. GRAPHITE OXIDATION RATE 

 
Based on the chemical reaction kinetics, the 

oxygen and graphite reaction rate can be written as: 
 

2 2

a

g

E
R Tn n

c O b O bR k P F A e P F= ⋅ ⋅ = ⋅ ⋅ ⋅
 

(eq. 14) 

 
K is the reaction rate constant; A is the frequency 

factor; Ea is the activation energy (J·mol-1·K-1); n is 
the reaction order. 

PO2 is the local partial pressure of oxygen (Pa). 
Taken the oxygen as an ideal gas, the PO2 can be 
expressed as: 

 

2 2g=O OP R T C⋅ ⋅  (eq. 15) 
 

Fb is the dimensionless gasification factor which 
describes the variation of the reaction surface due to 
the change of micropore structure. Using the random 
pore model, Fb can be written as [7]: 

 

( ) ( )b 1 1 ln 1F b bψ= − − −
 

(eq. 16) 

 
Ψ is the structure parameter. It can be got from 

the experiment results. 

Then, from the chemical expression (eq.2) the 
reaction rate of oxygen can be written as: 
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II.F. PARTIAL DIFFERENTIAL EQUATIONS 

 
Take the spherical fuel element of HTR-PM for 

example and analyze the oxidation reaction between 
the nuclear graphite IG-110 and oxygen. Based on 
the above equations, the partial differential equations 
can be expressed as: 
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18) 

 
The boundary and initial conditions can be 

written as: 
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(eq. 19) 

 
The parameters value adopted in the calculation 

are listed in Table 1. 
 
Table 1. The parameters used in the equations 
 
parameter value unit 

C0 8.62 mol·m-3 
ρC0 1750 kg·m-3 
Ea 198 kJ·mol-1 
A 134.376 s-1·Pa-1 
R 3 cm 
n 1 - 
ε0 0.227 - 
Ψ 268 - 

 
III. RESULTS AND DISCUSSIONS 

 
Based on the boundary and initial conditions, the 
partial differential equations can be solved. The 
partial differential equations (eq.18) consider the 
variation of graphite porosity and density in the 
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process of oxidation. As well as the effective 
diffusion coefficient and oxidation rate vary with 
oxidation. 
 

 
 

Fig 1. The comparison about oxidation rate between 
the calculated results and the experiment results at 

weight loss ratio from 0 to 2%. 
 
Wang Peng [6] gave the experiment results at 

low weight loss. Fig 1 shows the difference between 
the numerical results calculated by (eq.18) and the 
experiment results from Wang Peng. Under the 
assumptions of linearized oxidation kinetics, the 
relationship of the Napierian logarithm of the 
oxidation rate and the reciprocal of temperature 
accords to Arrhenius theory. The oxidation rate 
increases with the temperature increasing. The 
difference between the numerical results and the 
experiment results is very small. This model could 
well simulate the process of graphite oxidation with 
oxygen. 

 
III.A. TRANSIENT WEIGHT LOSS PROFILE 

 

 
Fig.2. Evolution of transient weight loss ratio b 

profile, 773K 
 

 
 

Fig.3. Evolution of transient weight loss ratio b 
profile, 873K 

 

 
 

Fig.4. Evolution of transient weight loss ratio b 
profile, 973K 

 

 
 

Fig.5. Evolution of transient weight loss ratio b 
profile, 1073K 

 
 Fig.2-5 show the evolution of transient weight 

loss ratio b profile of the spherical fuel element. r=0 
and r=3cm respectively means the center and the 
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surface of the spherical fuel element. Fig.2-5 show 
the penetration depth decreased with the temperature 
increasing. At 773K, the penetration depth is more 
than 3cm and the oxygen can penetrate through the 
whole spherical fuel element. At 873K, the 
penetration depth is 1.25cm. At 973K and 1073K, 
the penetration depth is respectively 5mm and 
2.5mm. The mechanism of graphite oxidation is very 
complex, which changes with the temperature. The 
variation tendency of penetration depth from 773K 
to 1073K accords to the graphite oxidation 
mechanism from zone Ⅰ to zone Ⅲ. 

Fig.2-5 also show the local weight loss ratio 
varies with radius r and time t in the graphite. It is 
caused by the different oxygen concentration in the 
porous medium. Even at the same point in the 
graphite, the oxygen concentration changes during 
the process of oxidation. At low temperature, such as 
773K, the local weight loss ratio is very small and 
the weight loss occurs in the whole spherical fuel 
element. At higher temperature, the local weight loss 
ratio is larger and the weight loss only occurs on the 
surface of the graphite. The oxidation rate at high 
temperature is larger than it at low temperature. The 
detailed description of the oxidation rate will be 
showed in the following section. 

 
III.B. TRANSIENT OXIDATION RATE PROFILE 
 

 
 

Fig.6. Evolution of transient oxidation rate Rc (s-1) 
profile, 773K 

 
 

Fig.7. Evolution of transient oxidation rate Rc (s-1) 
profile, 873K 

 

 
 

Fig.8. Evolution of transient oxidation rate Rc (s-1) 
profile, 973K 

 

 
 

Fig.9. Evolution of transient oxidation rate Rc (s-1) 
profile, 1073K 

 
Fig.6-9 show the evolution of transient 

oxidation rate Rc of the spherical fuel element at 
different temperature. From 773K to 1073K, the 
local oxidation rate becomes larger and the increased 
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extent is very obvious, from 10-7 s-1to 10-2 s-1. At low 
temperature, such as 773K, the local oxidation rate 
increases with time, but the increased extent is very 
small. At low temperature, the local oxidation rate is 
very small and the difference of local oxidation rate 
between different time and different points is smaller 
than it at higher temperature.  

Compared Fig.6 and Fig.7 with Fig.8 and Fig.9, 
the maximum local oxidation rate occurs at r=3cm, 
the surface of the spherical fuel element in Fig.6 and 
Fig.7. While in Fig.8 and Fig.9, the maximum local 
oxidation rate occurs in the interior of the graphite. 
In addition, the maximum point moves inward with 
time. In this model, the partial differential equations 
consider the effects of microstructure development 
during oxidation and the resulting changing of the 
oxidation rate. Based on the random pore model, the 
dimensionless gasification factor Fb is expressed as 
(eq.15). The maximum Fb appears when weight loss 
ratio b between 0.3 and 0.4. From the surface to the 
inside of the spherical fuel element, Fig.4 and Fig.5 
show the local weight loss ratio b decreases from 
about 1.0 to 0. So the maximum local oxidation rate 
appears in the interior of the graphite. 

In Fig.9, because of the high temperature, the 
local oxidation rate is very high. At 1073K, in Fig.5, 
the local weight loss ratio is nearly 1.0 when time is 
100s because of the high local oxidation rate. That 
means the surface of the spherical fuel element is 
almost oxidized. In this case, the diameter of the 
spherical fuel element will decrease with time 
increasing. The worst condition is that the graphite 
matrix of the spherical fuel element all be burn off if 
there are no protective measurements to be taken.  
 

IV. CONCLUSION AND FUTURE WORK 
 
This paper developed a new model to simulate 

the process of graphite oxidation. This model 
considered the effects of microstructure development 
during oxidation and the resulting changing of the 
oxidation rate. Based on this theoretical model, the 
graphite porosity and the graphite pore diameter 
increased with weight loss in the process of 
oxidation. 

The oxygen penetration depth decreased with 
temperature increasing. At 773K, the penetration can 
penetrate through the whole spherical fuel element. 
At 873K, 973K and 1073K, the penetration depth is 
respectively about 1.25cm, 5mm and 2.5mm.  

The weight loss and oxidation rate increased 
with temperature and the increased extent is very 
obvious from 773K to 1073K. At 1073K, because of 
the high local oxidation rate, the graphite burn off 

fast. In short time, the high temperature condition is 
more serious than the low temperature condition. At 
low temperature, the graphite density decreased in 
whole volume and this plays an important role on the 
graphite mechanical behavior in the long time. 

In the future work, the long time oxidation 
behavior at low temperature and the short time 
oxidation behavior at high temperature will be 
further analyzed. The mechanical behavior variation 
at low temperature and the depth burn off by oxygen 
at high temperature will also be analyzed. 
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