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INTRODUCTION
High Temperature Gas-cooled reactors (HTGRs) are
attractive due to its inherent safety features and high
thermal-to-electric energy conversion efficiency. However,
any small quantity of moisture in the primary helium
coolant could threaten reactor structural integrity because of
its reaction with graphite components. In addition, a large
amount of moisture could invade into the reactor core
during a steam ingress accident for HTGRs with Rankine
power cycle [1]. The study by Sato et al. showed that an 8%
burn-off of graphite could reduce its mechanical strength by
50% [2]. Therefore, it is necessary to investigate the
moisture-graphite oxidation for future HTGR development.
The moisture-graphite oxidation is a complex
phenomenon involving several physical processes, such as
fluid flow, heat and mass transfer, chemical reaction, and
material structural changes. It is generally agreed the
reaction rate can be expressed by a Langmuir-Hinshelwood
(LH) equation [3]. Velasquez obtained the reaction
parameters for H-451 graphite by fitting his experimental
data to the LH equation [4]. Contescu introduced a
temperature-dependent moisture reaction order to the
traditional LH equation [5]. These kinetic models make it
possible to study the moisture-graphite oxidation
numerically. In this paper, a multiphysics model that
couples all the aforementioned physical phenomena was
established using COMSOL Multiphysics for moisturegraphite oxidation simulation. Although H-451 graphite is
no longer in commercial production, Velasquez’s kinetic
model was applied as reaction source in our study because
H-451 was the graphite material in the MHTGR design.
Operation conditions of MHTGR were adopted in this study
and simulations were run for a 36-month service period. The
simulation results indicate that most of the graphite
oxidation occurs at the bottom 2~3 fuel blocks in the core
due to their higher temperatures. However, those graphite
blocks should be able to maintain their mechanical strength
and integrity because the oxidation only attacks a 2-mm
deep surface layer over the 36-month period.
NUMERICAL MODEL
Chemical Reaction Source

The moisture-graphite oxidation is mainly initiated by
the primary heterogeneous reaction (C-H2O Reaction):
(1)
C+H2O  CO+H2
Two secondary reactions also exist:
CO+H2O  CO2 +H2

(2)

C+CO2  2CO ,

(3)

which were neglected in this study due to their much
smaller reaction rate [6]. The reaction rate of the C-H2O
Reaction, in unit of mol/(m3-s), is given as [5]:

Rs 

cK1pH2OFbFc
Mc (1  K2 pH0.75  K 3 pH O )
2

where c , Fc , Mc , and

,

(4)

2

p are the graphite density, catalytic

effect factor (which was assumed to be unity in this study),
graphite molar mass, and partial pressure of chemical
species, respectively. At the initial stage, the pores in the
graphite expand as the graphite is consumed in the C-H2O
Reaction. With the progression of the reaction, a maximum
reaction rate will be observed and then the reaction rate
decreases because the pores start to collapse, which
decreases the total reaction surface area. This effect was
accounted for by the burn-off factor Fb :



Fb  1  X



1   ln(1  X ) ,

(5)

where X is the burn-off and  is a graphite property
parameter, which was assumed to be 50 [7]. The coefficient
K i in Eq. (4) follows the Arrhenius expression:





K j  k j exp  E j RT ,

(6)

where k j , E j , R, and T are the frequency factor, activation
energy, specific ideal gas constant, and temperature,
respectively. The calculation of K j was given in Ref. [5].
Mass Transfer Model
The mass transfer was solved for the free flow domain
and graphite domain, as expressed by Eqs. (7) and (8):
c j
(7)
   Dj-mixturec j  u j  c j  0
t
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c j
t
where





   De,jc j  u j  c j  Rs ,

(8)

and u are the molar concentration, diffusivity
j

and velocity, respectively. The bulk volume diffusivity
D j-mixture was calculated using the method suggested in Ref.
[8]. The diffusivity in the graphite domain D was
e,j
calculated by considering the Knudsen diffusion:
 Dj-mixture  DK ,j
De,j 
 D j-mixture  DK ,j

(9)

where  and DK ,j are the graphite porosity and Knudsen
diffusivity. The tortuosity  was assumed to be [9, 10]:

 1 

(10)
The graphite structural parameters changes as the moisturegraphite reaction proceeds. The chemical reaction rate,
graphite burn-off, and porosity can be coupled by solving:
(11)
(12)
The initial graphite density  0 and porosity
to be 1,770 kg/m3 and 0.2, respectively [6].

0

are assumed

Heat Transfer Model
The heat transfer is simulated by:





cpu  T    keff T  Q  Qvd ,

(17)

where  , c p , Q , and Q vd are gas mixture density, specific
heat, fission power, and chemical reaction power,
respectively. The effective thermal conductivity of gas
mixture/porous graphite keff is volume averaged.
Simulation Domain and Boundary Conditions
In the prototypic MHTGR design, the reactor core is
consisted of graphite blocks that are machined out from H451 graphite, in which the coolant channels and fuel holes
are drilled. A schematic of one coolant channel unit is
shown in Fig. 1(a) [13]. To accelerate the COMSOL
calculation, the prototypic structure was simplified into a
hollow cylinder with the same coolant channel diameter and
fluid-to-solid volume ratio, as shown in Fig. 1(b). The
three-dimensional (3-D) hollow cylinder was further
simplified into a two-dimensional (2-D) model due to the
geometrical symmetry, as shown in Fig. 1(c).

Fluid Flow Model
The fluid flow was simulated by using the k  
turbulence model. The micro pore structure in the graphite
domain leads to a very small gas velocity, therefore the
viscous term becomes predominant, which can be described
by the Darcy’s law [11]:


    u  Qm
t

 

u 

 

(13)


p ,


(14)

where Qm and  are the reaction mass source and
viscosity, respectively. The gas mixture
modeled by [12]:
r 2 
  RT
  p2  1  s
rp p
M
8 
where the gas-wall reflection coefficient

permeability  is


,



(15)

s was assumed to

be 5 [12]. With the assumption that no new pores are
created during the oxidation process [9, 10], the pore mean
diameter can be expressed by:

rp  rp,0   0 .

(16)

The static pressure of the free flow was taken as boundary
condition for the Darcy’s law.

(a)
(b)
(c)
Fig. 1. Cross-sectional structure of one coolant channel unit
in the MHTGR fuel block and simulation domain.
The total length of the simulation domain is 100 mm.
The inlet gas mixture (helium, hydrogen, and moisture) is
introduced from the top of the domain with a mean velocity
of 25 m/s. The moisture-graphite reaction temperature was
set by assigning a constant gas mixture inlet temperature.
The outlet pressure was assumed to be 6.4 MPa. The
thermophysical properties of the gases were extracted from
the NIST database [14]. The graphite thermophysical
property correlations in Ref. [15] were adopted in this study.
RESULTS AND CONCLUSION
Parametric Studies
According to previous investigations in literature [3-7,
16], the moisture-graphite oxidaition depends on reaction
temperature significantly. The reaction transfers from a
kinetics controlled regime to a diffusion controlled regime
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as reaction temperature increases to exceed a temperature
limit. Fig. 2 shows the simulation results of the moistrue
concentration in graphite at different reaction temperatures.
As can be seen, the moisture concentration in the graphite is
almost uniform when the reaction temperature is lower than
925 K. As the temperature increases, the moisture
penetration depth into the graphite quickly decreases. When
the temperature is higher than about 1,125 K, the moisture
can only reach a 2-mm depth surface layer in the graphite.
This result matches a conclusion in Ref. [16] that the
reaction temperatures lower than 875 K leads to the kinetic
regime and the temperatures higher than 1,075 K results in
the diffusion controlled regime.

725
Longterm Moisture Graphite Oxidation under Normal
Operation Conditions
The moisture-graphite oxidation under normal
operation conditions was also simulated using the
COMSOL model. The sensitivity of oxidation to the fuel
block positions was invesitigated by assigning different
reaction temperatures. The average block temperature was
extracted from Ref. [17], as shown in TABLE I. Six
combinations of the moisture and hydrogen concentrations
were used in this study, as shown in TABLE II. Hydrogen
inhibits oxidation by competing with water moleculars to
occupy active graphite sites [5]. Therefore, A3 should
exhibite the most severe oxidation among the six cases. The
simualtions were run for 36 months.
TABLE I. Fuel Block Temperature [17]
Block No.
Temperature
Block No.
[K]
1 (top)
623
6
2
665
7
3
715
8
4
769
9
5
831
10 (bottom)

Fig. 2. Effect of reaction temperature on the moisture
concentration in graphite ( p
 6.5Pa in free flow).
H2O

Fig. 3. Effect of reaction temperature and free flow
moisture concentration on the moistrue penetration depth.
Simulations were also performed for different free flow
moisture concentration levels. To better demonstrate the
effects of the reaction temperature and the oxidant partial
pressure simultaneously, we define the moisture peneration
depth as the distance from the graphite surface to the
position at which the steam concentration decreases to 1%
of its concentration in the free flow. According to this
definition, the penetration depth decreases with the increase
of the reaction temperature and moisture concentration in
free flow region. However, if the oxidant partial pressure in
the free flow is higher than 200 Pa, the effect of the oxidant
partial pressure tends to diminish, as shown in Fig. 3.

Temperature
[K]
909
991
1,075
1,138
1,164

TABLE II. Combinations of the Moisture and Hydrogen
Concentrations
H2/H2O
concentration
A1

A2

A3

B1

B2

B3

TABLE III. Graphite Burn-off after 36-Month Operation
for Case A3
Block
Avg. burn-off
Block
Avg. burn-off
No.
(%)
No.
(%)
1
1.329×10-9
6
2.019×10-2
2
3.748×10-8
7
9.501×10-2
-6
3
1.194×10
8
2.310
4
3.007×10-5
9
9.110
5
7.181×10-4
10
16.90
TABLE III shows the burn-off of the 10 blocks at the
end of the 36-month service period for Case A3. Only the
bottom three blocks were studied in the following analyses
because the upper 7 blocks do not exhibit obvious oxidation.
The local burn-off distribution is important for reactor
structural safety. The graphite burn-off distributions for
Cases A2 and A3 are shown in Figs. 4 and 5, respectively.
As can be seen, most of the oxidation occurs within a thin
layer at the graphite surface. Even at the end of the 36
months, the burn-off at 2 mm depth into the graphite is only
~3 % for the bottom block in Case A2. The burn-off for
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Case A3 is much more severe. It should be noted that the
condition of A3 is much harsher than the MHTGR design
operation conditions while Case A2 represents a more
reasonable operation condition. Therefore, it can be
concluded that the chronic moisture graphite oxidation
results in some surface damage for the bottom three fuel
blocks under normal operation conditions. However, the
fuel blocks should still maintain its mechanical strength and
therefore integrity.

Fig. 4. Graphtie burn-off for Case A2.

Fig. 5. Graphtie burn-off for Case A3.
Through the above efforts, a multiphysics model has
been established and applied for moisture-graphite oxidation
studies. This model is able to estimate the oxidation rate,
local burn-off and porosity under the normal operation
conditions. This model will be used as a start point to
evaluate other graphites’ performance during normal and/or
accidental conditions in the near future.
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