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)e double-ended guillotine break (DEGB) of the horizontal coaxial gas duct of a high-temperature gas-cooled reactor is an
extremely hypothetical accident, which could cause the air to enter into the primary circuit and react with graphite in the reactor
core. )e performance of the HTR-PM plant under this extremely hypothetical accident has been studied by the system code
TINTE in this work. )e results show that the maximum fuel temperature will not reach the temperature design limitation, and
the graphite oxidation will not cause unacceptable consequences even under some conservative assumptions. Moreover, nitrogen
and helium injected from the fuel charging tube were studied as the possible mitigation measures to further alleviate the
consequences of this air ingress accident.)e preliminary results show that only the flow rate of nitrogen injected reaches a certain
value, which can effectively alleviate the consequences, while for helium injection, both high and small flow rate can prevent or cut
off the natural circulation and alleviate the consequences. )e reason is that helium is much lighter than nitrogen, and the density
difference between the coolant channel and the reactor core is small when helium is injected. Considering the injection velocity,
the total usage amount, and the start time of gas injection, helium injected with a small flow rate is suggested.

1. Introduction

)e high-temperature gas-cooled reactor has been a can-
didate of the Generation IV nuclear energy system tech-
nology due to its advanced inherent safety [1]. As discussed
by Lohnert and Reutler [2], the fuel temperature of the
modular High-Temperature gas-cooled Reactor (HTR) will
never exceed the design limitation even in the case of failure
of all active cooling systems and complete loss of forced
cooling.

At the end of 2012, the 200MWeHigh-Temperature gas-
cooled Reactor Pebble-bed Module (HTR-PM) which is
designed by the Institute of Nuclear and New Energy
Technology (INET) of Tsinghua University was started to be
constructed in Rongcheng, Shandong Province, China.
HTR-PM is a commercial demonstration power plant and
will connect to the national grid power in the future. Figure 1
provides the cross section of the primary circuit of the HTR-
PM [1]. As shown in Figure 1, the primary circuit pressure

boundary of the HTR-PM is composed of the reactor
pressure vessel, the steam generator pressure vessel, and the
horizontal coaxial gas duct vessel. )e break or leak of the
primary circuit pressure boundary would cause air ingress
accident.

)ere are two kinds of scenarios which are being
researched extensively by researchers: one is the simulta-
neous rupture of both upper and lower pipes connected to
the primary loop, which could cause air ingress due to the
chimney effect [3]; the other is the double-ended guillotine
break (DEGB) of the horizontal coaxial gas duct, which
could also result in air ingress into the primary circuit. )ese
two kinds of air ingress accident are both regarded as Be-
yond Design Basis Accident (BDBA) of the HTR-PM.

)e air may react with graphite in the reactor when the
air ingress accident occurred because there are a lot of
graphite materials in the reactor such as the matrix graphite
of spherical fuel element and graphite reflector. )e oxi-
dation of the spherical fuel elements may impact the
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retention capacity of the fuel coated particles and may in-
crease the radioactivity released from the fuel elements. At
the same time, the oxidation of the bottom reflector may
weaken the structural strength and damage the integrity of
the graphite structure.

Juelich Research Center has studied the air ingress ac-
cident of HTRs from the 1970s and found that the conse-
quences of double-ended guillotine break (DEGB) of coaxial
gas duct are more severe than the simultaneous rupture of
the upper and lower pipe connected to the primary circuit
[4]. JAERI studied a lot about the development of natural
circulation after the double-ended guillotine break (DEGB)
of the coaxial gas duct and found that the natural convection
in the core accelerated the development of natural circu-
lation [5, 6]. Idaho National Laboratory (INL) also
researched the air ingress accident because the air ingress
accident was very important based on the Phenomena
Identification and Ranking studies [7]. )e studies of INL
indicated that the air ingress phenomena are different
depending on the different locations and different sizes of
the pipe break. A fracture model of nuclear graphite was
proposed by INL based on the structure tests of the oxidized
core bottom structures. A multidimensional code named
GAMMA was developed by Korea Atom Energy Research
Institute (KAERI) to predict the air ingress accident of high-
temperature gas-cooled reactor [8] and the advanced air
ingress-related models developed by INL was implemented
into the GAMMA code. Shiga discussed the process of air

ingress during a depressurization accident of GTHTR300
[9]. )e results show that the onset time of natural circu-
lation depends on the location of the horizontal coaxial gas
duct and the competition between natural convection and
molecular diffusion.

Due to the severe consequences of air ingress accident,
INET also has done much research on the air ingress ac-
cident. Liu [10] has researched the DEGB of the horizontal
coaxial gas duct accident of HTR-10 and suggested injecting
CO2 into the core to alleviate these accident consequences.
However, the average fuel temperature of the HTR-PM is
higher than that of HTR-10, and the CO2 will react with the
graphite in the reactor. So CO2 is not a good choice to
alleviate the consequences for the HTR-PM. Zheng et al. [11]
and Liu [12] have done much work on the DEGB of the
horizontal coaxial gas duct accident of the HTR-PM and
discussed a lot about the diffusion process of this accident.
)e results of Zheng et al. [11] showed that it costed dozens
of hours to establish a stable natural circulation. Liu [12]
figured out that the air concentration in the cavity played an
important role in the process of establishing the stable
natural circulation and suggested injecting nitrogen with a
large flow rate to alleviate the consequences. Xu et al. [13, 14]
analyzed the oxidation results of this air ingress accident for
the HTR-PM in detail and showed that the bottom reflector
material with a higher oxidation rate is a better choice
considering this air ingress accident. In this work, the DEGB
of horizontal coaxial gas duct accident for the HTR-PM is
analyzed by system code TINTE, and the possible mitigation
measures are discussed to alleviate the consequences of this
air ingress accident.

2. Air Ingress Accident Sequence and
Simulation Model

)e DEGB of the horizontal coaxial gas duct accident
process can be divided into three stages according to the
existing work [10, 15, 16]: (1) helium in the reactor quickly
bursts into the reactor cavity on account of the large pressure
difference between the reactor core and the reactor cavity.
(2) After the depressurization, air will slowly diffuse into the
reactor and stable natural circulation will finally be estab-
lished due to the gas density difference between the reactor
core and the coolant channel. (3) )e graphite in the reactor
will be oxidized by air over a long period after the stable
natural circulation is built up.

In the first stage, helium quickly pours into the reactor
cavity and results in an increase in the pressure of the cavity.)e
pressure of the primary circuit will decrease rapidly until the
pressure of the primary circuit equals the pressure of the reactor
cavity. After the pressure equilibrium is reached between the
outside (reactor cavity) and the inside (primary circuit), the
diffusion process begins.

)e gas temperature in the reactor core is higher than the
gas temperature in the coolant channel. )e stable natural
circulation will be established when the driving force caused
by gas density difference is sufficient to overcome the re-
sistance along the path. As shown in Figure 2, after having
reached a state of stable natural circulation, the air flows into
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Figure 1: Cross section of the primary circuit of the HTR-PM [1].
(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.
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the reactor from the inner coaxial gas duct and then flows
from the bottom reflector, passing through the core, to the
top reflector. )en 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 out from the outer coaxial gas duct to
the reactor cavity.

After the stable natural circulation is established, the
graphite in the reactor will be oxidized by air over a long
period. )e onset time and flow rate of stable natural cir-
culation are very important for this third stage. As men-
tioned above, the severe consequence of air ingress accident
is mainly due to the graphite oxidation which may cause the
fuel particles to be exposed and the integrity of graphite
structure to be damaged.

)e system code TINTE is used to simulate the DEGB
of horizontal coaxial gas duct accident for the HTR-PM.
)e TIme-dependent Neutronics and TEmperatures
(TINTE) code, developed by the Juelich Research Center
in Germany, is a special-designed code to simulate the
reactor physics, thermal hydraulics, and chemical dy-
namic behavior of the primary circuit of HTRs [17]. )e
TINTE code system deals with the nuclear and thermal
transient behavior of the primary circuit of the high-
temperature gas reactor, taking into consideration the
mutual feedback effects in a two-dimensional axisym-
metric geometry. Two-dimensional time-dependent
neutronic module, pebble-bed temperature module, fluid
dynamics module, chemical corrosion module, and

control module are included in the TINTE code. )e
neutronic calculation and thermal gas calculation are
solved separately in the original version TINTE and
further developed into the fully implicit coupling methods
by INET [18, 19]. TINTE code has been validated by AVR
and some experiments and codes [20–23]. )e simulation
results of TINTE are well accepted by the HTR research
community. In detail, the chemical model in TINTE is
validated by the VELUNA corrosion experiments [24].
)e component connection under the DEGB of horizontal
coaxial gas duct accident is shown in Figure 3, and the
TINTE model of the HTR-PM reactor is shown in Figure 4
[1]. )ere are three kinds of chemical reaction related to
the air ingress accident in the TINTE code which are as
follows:

2CO + O2⟶ 2CO2 ΔH1 � −5.64 × 105
J

mol
(1)

CO2 + C⇄2CO ΔH2 � 1.71 × 105
J

mol
(2)

O2 + C⟶ CO2 ΔH3 � −3.94 × 105
J

mol
(3)

In the TINTE code, the reaction rates of reactions (1)∼(2)
are given in the following equations (4)∼(5). For reaction (3),
the reaction rates of the matrix graphite of spherical fuel
element and reflector graphite are, respectively, equations
(6) and (7).

Rc1 � 1.3 × 1020 · exp −
1.44 × 105

R · TG

  · C(CO) ·

������

C O2( 



·

�������

C H2O( 



, (4)

Rc2 � 2.64 × 106 · exp
− 3.58 × 104/TW)  · CGR · CW CO2( ,

1 + 8.1 × 10−6
· exp 1.7 × 104/TW) ·

������
C(CO)


+ 179 · exp − 9.82 × 103/TW)  · CW CO2( 

⎛⎝ (5)

Rc3 � 1667 · exp −
1.614 × 104

TW

  · R · TG(  · CW O2( , (6)

Rc4 � 134.376 · exp −
23815

TW

  · R · TG(  · CGR · CW O2( , (7)

where Rc1 and Rc2 are the reaction rates of reactions (1) and
(2), respectively, mol·m−3·s−1. Rc3 and Rc4 are the oxidation
rates of matrix graphite and reflector graphite, respectively.
C (i) is the concentration of i in the boundary layer of a solid
wall, mol·m−3; CW (i) is the concentration of i on the solid
wall, mol·m−3, while i means the gas species: O2, CO, CO2,
and H2O. CGR is the density of nuclear grade graphite,
mol·m−3. TG and TWmean the gas temperature and the solid
wall temperature, respectively, K. R is the ideal gas constant,
which is 8.314 J mol−1 K−1.

To simulate this air ingress accident, the following as-
sumptions have been done:

(1) )e initial nuclear power is 100% rated power, and
the keff will be reduced to 0.91 in 200 s

(2) )e primary circuit pressure is reduced to 0.1MPa in
70 s

(3) It is assumed that the amount of air which could be
diffused into the reactor is infinite
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(4) )e temperature and pressure of air in reactor cavity
are, respectively, 35°C and 0.1MPa

(5) It is assumed that the product gas will not enter into
the reactor again

(6) For the spherical fuel element in the radius direction,
it is assumed that the oxidation rate is the same

(7) )ere are no other protection measurements that
will be taken after the reactor shut down; that is to
say, the residual heat of the reactor will be carried out
in a passive way

Obviously, the assumptions demonstrated above are
conservative to simulate the air ingress accident.

3. Results and Discussion

3.1. Maximum Fuel Temperature. )ree aspects are mainly
focused on about the consequences of the air ingress
accident: (1) the first aspect is that the maximum fuel
temperature during the whole accident exceeds the design
limitation. )e fission products may be released from the
coated fuel particles if the fuel temperature is too high. (2)

)e second aspect is that the graphite oxidation affects the
integrity of the fuel element and the bottom reflector. (3)
)e third aspect is that the carbon monoxide produced by
the C/CO2 reaction causes more serious consequences.
)e following will be discussed about these three aspects
in detail.

)e fuel temperature design limitation of the HTR-PM is
1620°C under accident conditions. Under 1620°C, the SiC
layer of the coated fuel particles can maintain the integrity
and its capability of retaining fission products will not be
damaged. In fact, the SiC layer of the coated fuel particles can
maintain integrity even under higher temperature according
to the results of the high-temperature irradiation
experiment.

Figure 5 shows the maximum fuel temperature variation
in time. It presents that the maximum fuel temperature
during the air ingress accident is about 1462°C. Many re-
searchers [25–28] have paid a lot of effort on the uncertainty
and sensitivity analysis of the maximum fuel temperature.
According to the recent results [28], the effective conduc-
tivity of pebble-bed and the decay heat contribute the most
uncertainty in the maximum fuel temperature analysis, and
the uncertainty of maximum fuel temperature is smaller
than ±80°C under a two standard deviation (2σ). )erefore,
even considering the uncertainty effect, the maximum fuel
temperature is 1542°C which still has a margin of the
temperature design limitation.

3.2. Graphite Oxidation. As mentioned above, the onset
time of stable natural circulation is very important for
graphite oxidation. )e oxygen concentration is relatively
small in the reactor before the stable natural circulation is
established. So the graphite oxidation is very small and the
consequences can be ignored. As shown in Figure 6, stable
natural circulation is established at about 73 h. )e oxygen
concentration at the bottom of the reactor increased obvi-
ously after the stable natural circulation is established.
)erefore, the graphite oxidation increased significantly
after 73 h. )e total amount of graphite oxidation in the
reactor is about 2231 kg. )e graphite oxidation distribution
is decided by the temperature distribution and oxygen
distribution in the pebble bed.

Figure 7 shows the distribution of temperature, the
graphite oxidation, and the oxygen concentration in the
reactor at 144 h. It can be figured out from Figure 7(a) that
the maximum temperature appears at the top area in the
reactor and the temperature decreased from the top area to
the bottom area. )e maximum graphite oxidation appears
at the bottom reflector and the bottom area of the core. It can
be explained from Figure 7(c) that the oxygen is mainly
distributed at the bottom area. )e air flows into the core
from the inner coaxial gas duct and then flows from the
bottom reflector, passing through the core, to the top re-
flector. So the oxygen will be first consumed at the bottom
area. )e oxygen is consumed up in the bottom part and the
temperature range of this part is about 600–800°C. At this
temperature range, the chemical reaction is mainly C/O2 and
CO2 is produced. Figure 7(b) also shows that the graphite

Pebble bed

Bottom reflector

Hot helium
plenum

Fuel discharge
tube

Horizontal
coaxial gas duct

Coolant channel

Carbon brick

Side reflector

Cold helium
plenum

Figure 2: Schematic diagram of gas flow after stable natural cir-
culation is established in the HTR-PM.
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oxidation is relatively high in the middle area of the core.
From Figure 7(a), it can be known that the temperature of
this area is about 1000°C. CO2 produced by the C/O2 re-
action in the bottom area will react with graphite at 1000°C
and produced CO. So the graphite oxidation in this region is
mainly due to the C/CO2 reaction.

)e diameter of the fuel element of the HTR-PM is
60mm, and there is a 5mm fuel-free zone in outer matrix
graphite. )e TRISO particles were dispersed in the inner
50mm zone of matrix graphite. When the local graphite
oxidation reaches 3.75×104mol/m3, the outer 5mm fuel-
free zone of matrix graphite is completely oxidized, and the
TRISO fuel particles begin to be exposed. As shown in
Figure 7(b), the maximum local graphite oxidation is about
1.67×104mol/m3, and 2mm of the outer fuel-free zone is
oxidized. )e TRISO fuel particles will not be exposed.

)e maximum local weight loss ratio of the bottom
reflector (nuclear graphite IG-110) is about 0.114. Due to the
experiment result by Idaho National Laboratory [7], the
weight loss ratio for fracture of IG-110 is 0.647. So, the
integrity of the bottom reflector will not be damaged under
this air ingress accident.

)ese results show that even under the assumption of
infinite air in the reactor cavity, the graphite oxidation will
not cause unacceptable consequences.

3.3. CO Production. Carbon monoxide produced by the C/
CO2 reaction is flammable gas, and explosion may occur

when the CO concentration and O2 concentration are large
enough. As shown in Figure 8, the mole fraction of CO at the
outlet of the horizontal coaxial gas duct is about 0.266 at
144 h. )is result assumed that the amount of air which
could be diffused into the reactor is infinite, and this as-
sumption is too conservative. Another conservative as-
sumption is that the pressure relief valve of the reactor cavity
remains open, and the air concentration in the reactor cavity
is only about 5% [16]. In this condition, the CO mole
fraction at the outlet of the horizontal coaxial gas duct is
about 2% [29]. )is concentration is small and cannot cause
explosion, even though oxygen is enough.

4. Possible Mitigation Measures

Many researchers have done much effort on the mitigation
measures of the DEGB of the horizontal coaxial gas duct
accident for the high-temperature gas-cooled reactor. Since
the accident consequences become more serious after the
stable natural circulation is established, the onset time of
stable natural circulation is very important for the air ingress
accident of the high-temperature reactor. Many researchers
tried to alleviate the consequence by cutting off the natural
circulation or preventing the establishment of natural cir-
culation. )e injection of chemical inert gas like helium or
nitrogen to prevent the establishment of natural circulation
has been proposed. Yan et al. [30] proposed the idea of
injecting helium from the top of the core to mitigate the
consequence of the double-end of the fuel charging tube

Cold helium plenum

Coolant channel

Outer coaxial
gas duct

Pebble
bed

Hot helium plenum Inner coaxial
gas duct

Outlet

Inlet

Figure 3: Component connection under the DEGB of the horizontal coaxial gas duct accident.
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accident. )e simulation results show that the small flow
helium from the top of the core was enough to prevent the
establishment of natural circulation.

)e Idaho National Laboratory [7] also proposed
injecting helium to mitigate the consequence for the DEGB
of the horizontal coaxial gas duct of GTHTR300 and verified
the effectiveness of these mitigation measures by the CFD
method. Liu [12] proposed injecting nitrogen from the fuel
charging tube to prevent the establishment of natural cir-
culation of the HTR-PM under DEGB of the horizontal
coaxial gas duct accident. According to Liu’s results, only
when the flow rate of nitrogen injection reaches a certain
value can the natural circulation be effectively prevented.

4.1.NitrogenandHeliumInjection. Considering the structure
of the HTR-PM, injecting chemical inert gas from the fuel
charging tube to mitigate the DEGB of horizontal coaxial gas
duct accident has been studied by TINTE. )e candidate
chemical inert gas is helium and nitrogen. Different flow rates
of helium (0.005 kg/s, 0.05 kg/s, and 0.5 kg/s) and nitrogen
(1.0 kg/s, 1.5 kg/s, and 2.0 kg/s) are injected from the fuel
charging tube at 51 h (before the establishment of natural
circulation).)e temperature of helium or nitrogen injected is
35°C. )e simulation results by TINTE are shown in Table 1.

Table 1 shows that the total graphite oxidation with
1.0 kg/s nitrogen injected is more than the graphite oxida-
tion without nitrogen injected. )at is to say, the conse-
quence is more serious if 1.0 kg/s nitrogen is injected from
the fuel charging tube.)e reason is that themost chemically
inert gas injected from the fuel charging tube will flow into
the coolant channel through the cold helium plenum at the
top of the core according to the structure of the HTR-PM,

which can increase the gas density difference between the
coolant channel and the core. )erefore, the natural cir-
culation comes into being as soon as the 1.0 kg/s nitrogen is
injected. So, the total graphite oxidation with 1.0 kg/s ni-
trogen injected is more than the total graphite oxidation
without injection. )e nitrogen injected with a higher flow
rate of 1.5 kg/s can put off the establishment of stable natural
circulation. So, the total graphite oxidation with 1.5 kg/s
nitrogen injection is less than that without nitrogen injec-
tion, while nitrogen injected with 2.0 kg/s can overcome the
buoyancy force in the reactor core, and even a small fraction
of the gas can flow out to the cavity from the inner pipe of
horizontal coaxial gas duct. )erefore, the natural circula-
tion can be prevented, and the total graphite oxidation is
nearly zero. However, the natural circulation can still be
established with the increase of the density difference be-
tween the coolant channel and the core. )ese can also be
explained by Figure 9.

When the mass flow rate of nitrogen injected is 1.0 kg/s,
the natural circulation is established soon and the natural
circulationmass flow rate is higher than that without nitrogen
injected.)at is to say, when the flow rate of nitrogen injected
is small, it cannot alleviate the consequences of the air ingress
accident and even will make the consequences more serious.
When the mass flow rate of nitrogen injected is 1.5 kg/s or
2.0 kg/s, the onset time of natural circulation can be put off
and the natural circulation mass flow rate is lower than that
without nitrogen injected. )is conclusion about the nitrogen
injection is in accordance with the conclusion of Liu [12].

For the helium injection in Table 1, no matter the small
flow rate (0.005 kg/s) or higher flow rate (0.05 kg/s and
0.5 kg/s), the graphite oxidation is quite small. Most of
helium injected from the fuel charging tube will flow into the
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coolant channel, the molecular weight of helium is very
small, and the density difference between the core and the
coolant channel will decrease if helium is injected.

)e fuel temperature is also an important parameter to
evaluate the air ingress accident consequences in addition to
the graphite oxidation. When nitrogen is injected, both the

maximum fuel temperature and average fuel temperature are
lower than those without nitrogen injected. On the one hand,
the temperature of nitrogen injected is low; on the other hand,
the natural circulation is helpful for heat removal in the
pebble bed. So, both the maximum and average fuel tem-
perature are lower than those without nitrogen injection.
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When 0.005 kg/s or 0.05 kg/s of helium is injected from the
fuel charging tube, the natural circulation is not established till
144 h. Because the natural circulation is helpful for heat re-
moval in the pebble bed, the maximum fuel temperature is
higher than that without gas injected. Due to the low tem-
perature of helium injected, the average fuel temperature is
lower than that without helium injected. While the flow rate
of helium injected is 0.5 kg/s, low-temperature helium can
flow to the bottom of the pebble bed. So, the maximum fuel
temperature is lower than that without the gas injected.

As to flammable gas CO produced by reaction C/CO2, it
can be known from Table 1 that chemical inert gas injected
from a fuel charging tube could decrease the CO mole
fraction at outlet. No matter nitrogen or helium is injected,
the CO mole fraction at the outlet is lower than that without
injection, and the explosion probability is decreased.

In conclusion, if nitrogen is injected from the fuel
charging tube, only the nitrogen flow rate which reaches
some value (such as 2.0 kg/s) can decrease the graphite
oxidation, maximum fuel temperature, and CO mole frac-
tion, namely, alleviating the consequences of this air ingress
accident. If helium is injected from the fuel charging tube, no
matter small or high flow rate can alleviate the consequences.

4.2. Feasibility Analysis. Considering the structure of the
HTR-PM, the nitrogen or helium is injected from the fuel
charging tube. )e diameter of the fuel charging tube is

6.5 cm. If the pressure and temperature of nitrogen and
helium injected are the same, then the ratio of the velocity of
helium and nitrogen in the fuel charging tube is as follows:

uHe

uN2

�
Gin,He/ PMHe/RT × Ain( 

Gin,N2
/PMN2

/RT × Ain

�
Gin,He

Gin,N2

×
MN2

MHe
.

(8)

Gin,He is the mass flow rate of helium injected and
suppose it takes 0.005 kg/s. Gin,N2 is the mass flow rate of
nitrogen injected and suppose it takes 1.5 kg/s.MHe andMN2
are the molar mass of helium and nitrogen, respectively.
)erefore, it can be known that uHe/uN2

is about 0.02. )e
high speed will affect the mechanical properties of the fuel
charging tube. For this reason, helium is more suitable for
the mitigation measure. Further, considering the total mass
of the nitrogen or helium, one day will need 129600 kg
nitrogen or 432 kg helium. It means thousands of bottles of
nitrogen or hundreds of bottles of helium. It is difficult for
the reactor plant to restore so many bottles. Helium is more
suitable if it is urgently transported from another place.

As mentioned above, helium injected at 51 h (before
natural circulation established) can effectively prevent the
establishment of natural circulation. Figure 10 shows the
results if helium is injected after the establishment of natural
circulation. It can be figured out that when 0.005 kg/s helium

Table 1: Simulation results at 144 h when different flow rates of helium and nitrogen are injected at 51 h.

Without
injection

N2-
1.0 kg/s

N2-
1.5 kg/s

N2-
2.0 kg/s

He-
0.005 kg/s

He-
0.05 kg/s

He-
0.5 kg/s

Total graphite oxidation/mol 186300 228200 62380 333.3 377 263.2 193.7
Local maximum graphite oxidation in
core/mol·m−3 16760 18660 18220 100 187.2 138.5 98.3

CO mole fraction at the outlet 0.265 0.009 0.0042 0 0 0 0
CO2 mole fraction at the outlet 0.037 0.011 0.0037 0 0 0 0
Maximum fuel temperature/°C 1210 1083 1082 1108 1260 1229 1110
Average fuel temperature/°C 870 714 673 622 857 808 629
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Figure 9: )e mass flow rate at the inlet of the horizontal coaxial gas duct at different conditions.
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is injected at 100 h, the total graphite oxidation stops in-
creasing immediately. )e natural circulation is cut off as
soon as helium is injected from the fuel charging tube. )e
graphite in the reactor is almost no longer oxidized when the
natural circulation is cut off. )erefore, even if the natural
circulation is established, the helium injection still can
mitigate the consequences effectively.

5. Conclusions

)e double-ended guillotine break (DEGB) of the horizontal
coaxial gas duct accident of the HTR-PM and its mitigation
measures have been analyzed by TINTE in this work. )e
maximum fuel temperature of this air ingress accident is
about 1462°C, which is lower than the fuel temperature
design limitation. )e SiC layer of the coated fuel particles
would not be damaged under this accident.)e onset time of
stable natural circulation is about 73 h under some con-
servative assumptions. Graphite in the reactor would be
oxidized significantly after the stable natural circulation is
established. )e total amount of graphite oxidation in the
reactor is about 2231 kg till 144 h.

Considering the structure of the HTR-PM, helium or
nitrogen injected from the fuel charging tube has been used
as the mitigation measures. When different flow rates of
helium (0.005 kg/s, 0.05 kg/s, and 0.5 kg/s) and nitrogen
(1.0 kg/s, 1.5 kg/s, and 2.0 kg/s) are injected into the reactor,
the simulation results show that helium and nitrogen have
different performances. For nitrogen, only the higher flow
rate (1.5 kg/s or 2.0 kg/s) could mitigate the consequences of
this air ingress accident. For helium, even a small flow rate
(0.005 kg/s) could prevent the establishment of natural
circulation and mitigate the consequences.

Feasibility analyses show that the velocity and usage amount
are toomuch for nitrogen.)eremay be some difficulties in the
actual operation process. Further analysis figured out that
0.005kg/s helium injected could also cut off the natural cir-
culation even though it has been established. Considering these

advantages, helium injected with a small flow rate from the fuel
charging tube has been suggested as themitigationmeasures for
the DEGB of the horizontal coaxial gas duct accident.

)e more detailed performances of nitrogen injection
and helium injection will be studied in the future.
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