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The double-ended guillotine break (DEGB) of the horizontal coaxial gas duct accident is a serious air ingress accident of the high
temperature gas-cooled reactor pebble-bed module (HTR-PM). Because the graphite is widely used as the structure material and
the fuel element matrix of HTR-PM, the oxidation analyses of this severe air ingress accident have got enough attention in the
safety analyses of the HTR-PM.TheDEGB of the horizontal coaxial gas duct accident is calculated by using the TINTE code in this
paper. The results show that the maximum local oxidation of the matrix graphite of spherical fuel elements in the core will firstly
reach 3.75 ∗ 104mol/m3 at about 120 h, which means that only the outer 5mm fuel-free zone of matrix graphite will be oxidized
out. Even at 150 h, the maximum local weight loss ratio of the nuclear grade graphite in the bottom reflectors is only 0.26. Besides,
there is enough time to carry out some countermeasures to stop the air ingress during several days. Therefore, the nuclear grade
graphite of the bottom reflectors will not be fractured in the DEGB of the horizontal coaxial gas duct accident and the integrity of
the HTR-PM can be guaranteed.

1. Introduction

The high temperature gas-cooled reactor has been consid-
ered as a candidate of the generation IV nuclear energy
system technologies because of its advanced inherent safety
properties [1]. The most important property is that the fuel
element temperature will never exceed the design limitation
during any accident, even in the case of failure of all active
cooling systems and complete loss of coolant [2]. At the end
of 2012, based on the successful design and operation of the
10MW high temperature gas-cooled test reactor (HTR-10),
the 200MWe high temperature gas-cooled reactor pebble-
bed module (HTR-PM), designed by the Institute of Nuclear
and New Energy Technology (INET) of Tsinghua University,
was started to be constructed in Rongcheng, Shandong
Province of China. Figure 1 shows the cross section of the
primary circuit of the HTR-PM [1].

As illustrated in Figure 1, the primary circuit pressure
boundary of the HTR-PM is constituted by the reactor
pressure vessel, the steam generator pressure vessel, and
the horizontal coaxial gas duct vessel. The break and leak

of the primary circuit pressure boundary may lead to air
ingress accident, which have got enough attention in the
safety analyses of the HTR-PM. In the accident analyses of
the HTR-PM, despite the rare probability, the beyond design
basic accidents (BDBA) still got a lot of concerns because of
the possible severe consequences. In the air ingress accident
analyses of HTR-PM, there are two kinds of air ingress
accidents which are regarded as BDBA: one is the double-
ended guillotine break (DEGB) of the horizontal coaxial gas
duct which could result in large amount of air ingress into
the primary circuit; the other is the simultaneous rupture of
both upper and lower fuel discharging pipes connected to
the primary loop which could also cause large amount of air
ingress due to the chimney effect [3].

Because of the large cross-sectional area and having no
isolation valve on the horizontal coaxial gas duct, the DEGB
of the horizontal coaxial gas duct is a severe kind of air ingress
accident and it is considered as an extremely hypothetical
accident of HTR-PM. When the DEGB of the horizontal
coaxial gas duct accident happens, as discussed by Liu [4],
the following progress can be divided into three stages: (1)

Hindawi Publishing Corporation
Science and Technology of Nuclear Installations
Volume 2016, Article ID 6419124, 9 pages
http://dx.doi.org/10.1155/2016/6419124



2 Science and Technology of Nuclear Installations

1

2
3

4

5

6
7

8

9

10

Figure 1: Cross section of the primary circuit of the HTR-PM. (1)
Reactor core; (2) side reflector and carbon thermal shield; (3) core
barrel; (4) reactor pressure vessel; (5) steam generator; (6) steam
generator vessel; (7) coaxial gas duct; (8) water-cooling panel; (9)
blower; (10) fuel discharging tube.

the helium quickly bursts into the rector cavity due to the
large pressure difference between the primary circuit and
the reactor cavity; (2) after depressurization, stable natural
circulation will be built because of the gas density difference
between the hot leg and the cold leg; (3) after the stable
natural circulation is built up, the graphite in the reactor will
be oxidized by air during a long period.

When the stable natural circulation is built up, air diffuses
into the reactor from the inner coaxial gas duct and then flows
from the bottom reflector, passing away the core, to the top
reflector. Then the air flows from the cold helium plenum,
passing through the circular channel, to the cavity between
the reactor pressure vessel and the core vessel. Finally the air
flows from the outer coaxial gas duct to the reactor cavity.

As discussed by Zhou et al. [5], nuclear grade graphite
is widely used as matrix of the spherical fuel elements, the
reflectors, and structurematerial of the HTR-PM. During the
air ingress accident, the graphite would react with oxygen in
the air. Oxidation of matrix graphite may increase the release

of the radioactivity in the spherical fuel elements, while the
oxidation of bottom reflector may decrease the mechanical
strength which could influence the structure integrity of the
reactor. So the oxidation analyses are very important in the
air ingress accident analyses of the HTR-PM.

Themechanism of graphite oxidation is very complex. As
discussed by some researchers [6, 7], the reactionmechanism
can be divided into three parts according to the temperature.
Figure 2 shows the schematic of oxidation of porous carbon
materials by gaseous oxidants [6].

As shown in Figure 2, zone I is called the chemical regime
(CR), where the reaction temperature is low and the reaction
rate is very small. In this regime, the oxidation reaction rate is
dominated by the chemical reaction kinetics and the oxygen
can penetrate into the whole graphite. Zone II is called the in-
pore diffusion controlled regime (IPDR), where the temper-
ature is medium and the oxidation rate is dominated by both
chemical reaction kinetics and diffusion mechanism. The
oxygen concentration profile ismuch steeper than that in CR.
Zone III is called themass transfer controlled regime (BLDR),
where the reaction temperature is high and the oxidation
rate is dominated by the boundary diffusion mechanism. In
this regime, the oxidation rate is much larger than that in
CR and IPDR. The oxygen is nearly only distributed on the
surface of the graphite. The penetration depth is very small.
The influence of oxidation controlled by different regime
on the mechanical strength is different. When the graphite
oxidation happened in CR or IPDR, the mechanical strength
decreases due to the decrease of the nuclear graphite density.
However, when the graphite oxidation happened in BLDR,
the oxidation causes low strength loss because the graphite
density nearly does not change in this regime.

This paper calculated the DEGB of the horizontal coax-
ial gas duct accident by TIme Dependent Neutronics and
TEmperatures (TINTE) code which is developed by the
Juelich ResearchCenter ofGermany. Based on the calculation
results, this papermainly analyzed the oxidation of thematrix
graphite of spherical fuel elements and the bottom reflector
and further discussed the influence of bottom reflector
oxidation on the integrity analyses in the DEGB of the
horizontal coaxial gas duct accident.

2. Oxidation Model of TINTE Code

The DEGB of the horizontal coaxial gas duct accident was
calculated by TINTE code in this paper. The system program
TINTE code can simulate the reactor physics and the thermal
hydraulics dynamic behavior of the primary circuit of high
temperature gas-cooled reactors which has been discussed
by some researchers [8–10]. The overall simulation of the
multiconnected system is achieved by iteration in TINTE.
The reliability of TINTE code has been validated by a series
of experiments [10–12]. The chemical part of TINTE is pro-
grammed based on the VELUNA corrosion experiments [12].
In addition, for further research of the oxidation behavior of
nuclear graphite, the NACOK facility has been built at Juelich
Research Center. As discussed by Zheng and Stempniewicz
[13], a detailed oxidation model has been applied in TINTE
according to the experiment results on NACOK facility.
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Figure 2: The schematic of oxidation of porous carbon materials by gaseous oxidants.

TINTE code considered three reactions in the air ingress
accident, as shown in (1)∼(3). Reaction (2) is the endothermic
reaction, while reactions (1) and (3) are the exothermic
reactions. The total chemical reaction heat is determined by
all of these three reactions and the amount of the graphite
oxidation can be calculated by applying reaction (2) and
reaction (3):

2CO +O
2
→ 2CO

2
Δ𝐻
1
= −5.64 × 10
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CO
2
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2
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The reaction rates of reactions (1)∼(3) are shown, respec-
tively, as
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In (4)∼(6), 𝐹
1
, 𝐹
2
, and 𝐹

3
are, respectively, the reaction

rates of reactions (1), (2), and (3), mol/(m3⋅s). 𝐶(𝑖) is the
concentration of gas 𝑖 in the boundary layer of solid wall,
mol/m3; 𝐶

𝑊
(𝑖) is the concentration of gas 𝑖 on the solid

wall, mol/m3, while 𝑖 means the gas species, O
2
, CO, CO

2
,

and H
2
O. CGR is the density of nuclear graphite, mol/m3.

𝐹
𝑉
means the area density of spherical fuel element, m2/m3,

while 𝑏 means the weight loss ratio of nuclear graphite. 𝑇
𝐺

and 𝑇
𝑊
, respectively, mean the gas temperature and the solid

wall temperature, 𝐾. 𝑅 is the ideal gas constant, which is
8.314 J/(mol⋅K).

Based on (4)∼(6) and the mechanism of graphite oxida-
tion, it is known that the graphite oxidation rate is mainly
determined by the oxidant gas concentration on the solid
surface and the solid temperature in the primary circuit. The
oxidant gas concentration on the solid surface is determined
by the concentration in the main flow and the mass transfer
velocity in the boundary layer. Due to the principle of mass

conservation, the gas concentration balance equations in the
boundary layer are shown as follows:
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𝐶
𝑓
(𝑖) is the concentration of gas 𝑖 in the main flow,

mol/m3. beta(𝑖) is the mass transfer coefficient of gas 𝑖 on the
solid wall, s−1. gama(𝑖) is the mass transfer coefficient of gas 𝑖
in the boundary layer, and s−1. 𝑞𝑘(𝑖) is the gas source of gas 𝑖
in the main flow, mol/(m3⋅s).

According to (1)∼(13), TINTE can calculate the concen-
trations, the amount of nuclear graphite oxidation, and the
chemical reaction heat which will be discussed in detail in
the next section.

3. Results and Discussion

The DEGB of the horizontal coaxial gas duct accident of
HTR-PM is simulated by TINTE code. Figure 3 shows the
TINTE calculation model of the HTR-PM [1].

When the natural circulation is built up in the DEGB of
the horizontal coaxial gas duct accident, air diffuses into the
reactor from the inner coaxial gas duct and then passes the
reactor core from the bottom reflectors with an upward flow
direction. The oxygen first reacts with the bottom reflectors
and then reacts with the matrix graphite of spherical fuel
elements in the core. So the analyses of the graphite oxidation
are important for both the structure integrity and fuel
element damage analyses of the HTR-PM.

According to the above demonstration and assuming that
the amount of air that could diffuse into the reactor is infinite,
this paper mainly discusses the graphite oxidation of the core
and the bottom reflectors.

3.1. Graphite Oxidation in the Core. The diameter of the
spherical fuel elements is 60mmand the TRISO fuel particles
dispersed in the fuel zonewhose diameter is 50mm.There are
no fuel particles in the outer 5mm thick zone which is called
fuel-free zone. When the air ingress accident happens, the
matrix graphite is oxidized by the oxygen in air. In different
location of the reactor core, the temperature of spherical fuel
elements and the oxygen concentration are different. So the
oxidation rate is also different. In the location where the
oxidation rate is the maximum, assuming that the oxidation
is homogeneous on the graphite surface, the first fuel particles
will be exposed if the outer fuel-free zone of matrix graphite
is completely consumed. Figure 4 shows the maximum local
matrix graphite oxidation in the reactor core.

Figure 4 illustrates the maximum local matrix graphite
oxidation in the reactor core. At about 120 h, the amount
of maximum local matrix graphite oxidation reaches 3.75 ∗
10
4mol/m3 and the weight loss ratio of a spherical fuel

element reaches 0.42, which means that the outer 5mm fuel-
free zone of matrix graphite is completely oxidized out and
the fuel particles will be exposed. As discussed by some
researchers [6, 7], when the oxidation reaction is dominated
by the boundary diffusion mechanism in BLDR, the oxygen
is nearly only distributed on the surface of the graphite and
the penetration depth is very small. Oxidation reaction only
happens on the surface of the graphite in this regime. So
the oxygen partial pressure on the graphite surface has an
obvious influence on the oxidation rate. The configuration of
the spherical fuel elements in the pebble bed and the gas flow

direction both influence the flow field around the spherical
fuel element. The oxygen partial pressure is different on the
matrix graphite surface. Thus the oxidation on the graphite
surface is inhomogeneous. A factor named GITO is defined
to estimate this heterogeneous oxidation on the surface of the
matrix graphite. According to Moormann and Hissen [14],
the value of GITO is between 3 and 9. If GITO = 3, at about
23 h, the maximum local matrix graphite oxidation reaches
1.25∗10

4mol/m3 and the first fuel particle will be exposed. If
GITO = 6, the time and the maximum local matrix graphite
oxidation are changed to about 9 h and 6.25 ∗ 103mol/m3,
respectively. The most severe condition is GITO = 9. At this
condition, the time and the maximum local matrix graphite
oxidation are changed to about 5 h and 4.16 ∗ 103mol/m3,
respectively.

Based on the oxidation analyses of matrix graphite in
this paper, it is known that the first fuel particle will be
exposed at about 120 h under the DEGB of the horizontal
coaxial gas duct accident. It means that the exposure of fuel
particles needs a relatively long time which is about 5 days.
This long time is enough for people to take some protective
measures. In addition, taking the heterogeneous oxidation on
the surface of spherical matrix graphite into consideration,
the first fuel particle will be exposed at about 5 h when GITO
is equal to 9 which is the most severe case, but the ratio of the
maximal oxidized fuel elements is very small. Even under this
condition, the SiC layer of the fuel particle still can retain the
radioactive products and some protective measures will be
taken to mitigate the consequence of the air ingress accident.

3.2. Graphite Oxidation in the Bottom Reflector. As men-
tioned above, the oxidation in IPDR or CR of the bottom
reflectors is very important for the structure integrity anal-
yses. Many studies [15–17] have been done to research the
effect of graphite oxidation on the mechanical strength of
the nuclear grade graphite.The results show that the graphite
mechanical strength will decrease exponentially with the
weight loss ratio of graphite.

If the amount of the bottom reflector oxidation reaches
a certain value, it may damage the structural integrity. As
discussed in the final report of Idaho National Laboratory
[15] in 2011, the average weight loss ratio for fracture of
IG-110 is 0.647 based on the experiments results, while in
the simulation results by MATLAB SIMULINK the average
weight loss ratio for fracture of IG-110 is 0.58 which is similar
to the experiments results.

The oxidation mechanism in the experiments and simu-
lations of INL [15] are both in IPDR. Therefore, calculating
the weight loss ratio of the graphite in the bottom reflectors
and estimating the oxidationmechanism is very important to
analyze the integrity of the bottom reflector under the DEGB
of the horizontal coaxial gas duct accident.

However, in the oxidation model of TINTE, there are
three reactions needing to be considered for the bottom
reflector. Under the same temperature, the oxidation rate
and oxidation mechanism of reaction (2) and reaction (3)
are different. So it is necessary to judge which reaction has
happened in the bottom reflector. In order to do so, the
chemical reaction heat needs to be discussed.
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Figure 4: The maximum local graphite oxidation in the core.

Figure 5 demonstrates the distribution of chemical reac-
tion heat at different time in the core and the bottom reflec-
tors. The height of the bottom reflectors is from𝑍 = 1120 cm
to 𝑍 = 1226 cm. Reaction (2) is endothermic reaction while
reaction (3) is exothermic reaction. From Figure 5, it can be
seen that the oxidation reaction (3) mainly occurs in the
bottom reflectors. In the reactor core, the exothermic reaction
(3) mainly happens at the bottom part of the core, while the
endothermic reaction (2) mainly happens in the middle part.
This is due to the low temperature and low concentration
of oxidant gas in the upper part of the reactor core. Based
on what has been demonstrated, it can be considered that
reaction (3) mainly happens in the bottom reflectors. So in
the following oxidation analyses of the bottom reflectors only
reaction (3) needs to be considered.

From Figure 5(c), it is found that there is no oxida-
tion reaction happening at the bottom part of the bottom
reflectors. Due to the advanced inherent safety properties
of HTR-PM, after the DEGB of the horizontal coaxial gas
duct accident happened, the residual heat of reactor core
could be removed by heat conduction, natural convection,
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Figure 5: Schematic diagram of the chemical reaction heat distribution in the reactor core and the bottom reflectors: (a) 1 h, (b) 10 h, and (c)
100 h.

Table 1: The average temperature of locations 1, 2, and 3 within 150
hours.

Location Average temperature (∘C)
1 678.5
2 726.2
3 784.9

and the radiation through the pebble bed, reflectors, and
pressure vessel to the water panel in the reactor cavity. The
temperature of the reactor would be finally reduced by these
natural physical processes. At the bottom part of the bottom
reflectors, the graphite temperature is firstly reduced below
600∘C as shown in Figure 7. The graphite oxidation rate is
very small when the graphite temperature is below 600∘C. So
there is nearly no oxidation reaction happening at the bottom
part of the bottom reflector. Figure 6 shows the location of the
maximum local graphite oxidation of the bottom reflectors.

Figure 6 depicts the location of the maximum local
graphite oxidation of the bottom reflector and that it moves
upwardwith time.The reason is that the graphite temperature
of the upper part of the bottom reflectors is higher than that
of the bottom part. During the first 28 hours the maximum
local graphite oxidation happens in location 1, and from
28 h to 89 h the maximum local graphite oxidation happens
in location 2. After 89 hours the maximum local graphite
oxidation happens in location 3. Figure 7 shows the graphite
temperature of these three locations versus time and Table 1
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Figure 6: The location of the maximum local graphite oxidation of
the bottom reflectors.

gives the average temperature within 150 hours of these
locations.

Temperature has a very important effect on the graphite
oxidation rate. The oxidation in BLDR changes the cross-
sectional area which load is applied on, while the oxidation
in IPDR or CR changes the graphite density and affects the
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mechanical strength. In addition, the oxidation in IPDR can
also change the cross-sectional area because the oxidation in
this regime not only happens on the surface of the graphite
but also happens in the inner part of the graphite. In the
experiment of INL [15], the nuclear grade graphite is IG-
110, which is the same as the bottom reflectors of HTR-PM.
The oxidation in IPDR was studied in the experiments and
simulations of INL [15]. Figure 8 shows the transient relative
concentration profile in the nuclear grade graphite IG-110.

Based on the transient oxidation model of the previous
study [18], Figure 8 shows the transient profile of oxygen con-
centration relative to surface in the nuclear grade graphite.
It is clear that at 801∘C and 898∘C the oxygen could diffuse
into the inner of the graphite, which means the oxidation is
in IPDR at 801∘C and 898∘C. It can be seen from Figure 7
that the temperatures of location 1 and location 2 are always
smaller than 898∘C. As to location 3, in the early 10 hours
the temperature is larger than 898∘C, and, after 10 hours,
the temperature is always smaller than 898∘C. Based on
Table 1, the average temperatures within 150 hours of the
three locations are all smaller than 801∘C. So the graphite
oxidation of bottom reflectors is in IPDR which is the same
with the experiments and simulations of INL [15]. Figure 9
shows the weight loss ratio of these 3 locations.

Figure 9 demonstrates that, at 150 h, the weight loss ratios
of these three locations are, respectively, about 0.159, 0.22, and
0.26. According to the experiments results by INL [15], the
average weight loss ratio for fracture of IG-110 is 0.647, while
the simulation results show this fracture weight loss ratio is
0.58. The maximum weight loss ratio of location 3 at 150 h is
0.26 which is obviously smaller than the INL results of 0.647
or 0.58. It can be concluded that the nuclear grade graphite
of the bottom reflectors would not fracture and the structure
damage of the reactor core would not happen in the DEGB of
the horizontal coaxial gas duct accident.
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Figure 8: Transient profile of oxygen concentration relative to the
graphite surface of IG-110.

4. Conclusion

Thepossibility of the DEGB of the horizontal coaxial gas duct
is extremely rare and it is a serious air ingress accident of the
HTR-PM. In order to analyze the oxidation performance of
the nuclear grade graphite of the HTR-PM under this kind
of air ingress accident, TINTE code has been adopted to
simulate this accident. Based on the calculation results, the
conclusions are the following:
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Figure 9: The weight loss ratio of locations 1, 2, and 3.

(1) In the bottom part of the reactor core, the matrix
graphite of the spherical fuel elements is mainly
oxidized by oxygen, while, in the middle part of the
reactor core, the matrix graphite is mainly oxidized
by carbon dioxide. Because of low temperature and
low concentration of oxygen, in the upper part of
the reactor core, the amount of the matrix graphite
oxidation is very small.

(2) The fuel particles will be exposed if the outer 5mm
fuel-free zone of matrix graphite is all consumed
by oxidation reactions. In the reactor core, at about
120 h themaximum local oxidation ofmatrix graphite
will firstly reach 3.75 ∗ 104mol/m3 which means the
outer fuel-free zone of matrix graphite is completely
oxidized. 120 hours is a relatively long time and
it is enough to take some protective measures. In
addition, considering the heterogeneous oxidation on
the surface of the matrix graphite and assuming the
most severe condition, the first fuel particle will be
exposed at about 5 h. Even in this case, the SiC layer
of the fuel particle still can retain the radioactive
products.

(3) The bottom reflectors are mainly oxidized by oxygen
and the maximum graphite oxidation is almost in
IPDR. The maximum local weight loss ratio of the
bottom reflectors is 0.26 at 150 h, which happens in
location 3. This weight loss ratio would not result in
fracture of the graphite of bottom reflectors. Further-
more, the graphite temperature of bottom reflectors
would be reduced finally due to the inherent safety
features of the HTR-PM and the oxidation reaction
would not go on under the low temperature.

All of these oxidation results are concluded under the
conservative assumption that the amount of air that could
diffuse into the reactor is infinite. In the actual situations, the

amount of air in the reactor cavity that could diffuse into the
reactor core is limited. Thus both the amount of the matrix
graphite oxidation in the reactor core and the amount of
the nuclear grade graphite oxidation in the bottom reflectors
will be much smaller. In addition, in the actual situations,
some protective measures can be taken when the air ingress
accident happens, which will be able to further mitigate the
consequences of the accident.

The conclusions about the nuclear grade graphite oxida-
tion in this paper are achieved from the preliminary analyses.
Some further researches such as the effect of GITO on the
graphite oxidation rate in BLDRwill be carried out in the near
future.
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