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Abstract

The High Temperature Gas-cooled Reactor (HTR-10) is under construction at the Institute
of Nuclear Energy Technology site northwest of Beijing. This 10 MW thermal plant
utilizes a pebble bed high temperature gas cooled reactor for a large range of applications
such as electricity generation, steam and district heat generation, gas turbine and steam
turbine combined cycle and process heat for methane reforming. The HTR-10 is the first
high temperature gas cooled reactor to be licensed in China. This paper describes the
safety characteristics and design criteria for the HTR-10 as well as the accident
management and analysis required for the licensing process.

1. INTRODUCTION

The 10MW High Temperature Gas-cooled Reactor (termed HTR-10) is a
pebble bed type high temperature gas-cooled reactor with 10MW thermal
power output for a wide range of possible application for e.g. electricity, steam
and district heat generation, gas turbine and steam turbine combined cycle as
well as process heat generation for methane reforming. It is located on the site
of Institute of Nuclear Energy Technology of Tsinghua University (INET) in the
northwest suburb of Beijing, about 40km away from the city. On the area of
INET, there already exist a swimming pool experimental reactor and a 5MW
nuclear heating reactor. The HTR-10 is under construction and it is expected to
reach critical in 1999.

The main basic design features of the HTR-10 are derived from the HTR-
Module, Germany. Due to the relatively small size and corresponding small
power output of the HTR-10 it has own design features from safety point of
view. In summarize it is much safer than the HTR-Module and therefore the
auxiliary systems are more simple.

In this paper the HTR-10 safety design criteria and safety characteristics
were presented. The accident analysis were described and accident
management as well as corresponding measures were introduced.

2. SAFETY DESIGN CRITERIA

The following safety design criteria for the HTR-10 were set up, taking into
account the inherent safety characteristics of a HTR-Modular and design
requirements as an experimental reactor.

• The reactivity temperature coefficient shall be negative at any operation
condition.
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• Coated fuel particles (CPs) shall not fail during normal operation and
anticipated operational occurrences. That is, at any accident event the
maximum fuel temperature shall not exceed 1600 °C .

• The means for shutting down the reactor shall consist of two diverse
systems. Main system shall perform its function assuming a single failure and
shall be, on its own, capable of quickly rendering the reactor subcritical by
an adequate margin from operation and accident condition. Meanwhile
reserved shutdown system shall perform its function without assumption of a
single failure and shall be, on its own, capable of quickly rendering the
reactor subcritical by an adequate margin from operation and accident
condition.

• A severe accident resulting from control rods ejection must be avoided at any
condition.

• The lines connected to the reactor coolant pressure boundary shall be fitted
with the isolation valve in principle. It shall be designed to ensure that the
maximum rupture area at any line should not be larger than pipe area with
equivalent diameter of 65 mm.

• The pressure resisting and heat resisting functions of the structure, where
high pressure and high temperature coolant is contained, are separated to
reduce mechanical loads on high temperature metal structure.

• The passive residual heat remove system shall be to transfer fission
production decay heat and other residual heat from the reactor core at a rate
such that prescribed fuel design limits and design condition of the pressure
vessel are not exceeded.

3. DESIGN FEATURES

Technical design of the HTR-10 represents the features of HTR-Module
HTGR design. The cross section of the HTR-10 primary circuit is shown in Fig.1

The helium at the temperature of 250 °C enters the main circulator and
is pressured, then flows into the outer coaxial pipe of the hot gas duct and
enters borings in the side reflector, and flows through these from the bottom
to the top. The cold gas directly enters reactor core and is heated up to a
temperature of 700 °C while flowing through the pebble bed from the top to the
bottom. An effective mixing of the hot helium gas is attained by the geometrical
design of the bottom reflector in order to make uniform temperature
distribution. Then helium flows through the center tube of the hot gas duct and
enters steam generator. The heat is transferred to water in secondary circuit
while the helium temperature is cooled down to 250 °C. The HTR-10 main
design parameters are listed in Table 1.

The important technical features of the HTR-10 are as follow:

• Using spherical fuel elements, which are formed with coated particles.
• Reactor core design ensures that the maxim fuel element temperature of

1600°C cannot be exceeded in any accident
• The reactor core and the steam generator are housed in two separate steel

pressure vessels. They are connected by the hot gas duct pressure vessel
and arranged side by side.

94



: • • • . : : • • • • » • • • , . . -

FIG 1. The Cross Section of the HTR-10 Primary Circuit

Table 1 HTR-10 Main Design Parameters

Reactor thermal power
Active core volume
Average power density
Primary helium pressure
Helium inlet temperature
Helium outlet temperature
Helium mass flow rate
Fuel

U-235 enrichment of fresh fuel elements
Diameter of spherical fuel elements
Number of spherical fuel elements
Refueling mode

Average discharge burnup

MW

m3

MW/m3

MPa

°C

°C
kg/s

%
mm

MWd/t

10

5

2

3

250 / 300
700 / 900
4.3 / 3.2

U02

17

60

27,000
multi-pass,

continuously
80,000
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Active core cooling system is not required for residual heat removal in case
of accident. Residual heat can be dissipated by means of passive heat
transfer mechanism to surrounding atmosphere.
The reactor core is entirely constructed by graphite materials, no metallic
component are used in the region of the core.
The two reactor shut down systems, i.e. the ten control rods and seven
small absorber ball systems, are all positioned in the side reflector. They can
drop into borings by means of gravity. In-core control rods are not needed.
Spherical fuel elements go through the reactor core in a "multi-pass" pattern.
Thus all fuel elements attain a relatively uniform burn-up distribution in the
core. Fuel pebbles are continuously discharged via a pneumatic pulse single-
exit gate (or better called "reducer") which is placed inside the reactor
pressure vessel
The integrated steam generator and intermediate heat exchanger (IHX) are
designed. The steam generator is once through, modular small helical tube
type. The helium circulator is installed in the steam generator pressure vessel
and positioned above the steam generator and the IHX.
A ventilated primary cavity is designed as a confinement to restrict the
radioactivity release into the environment, it has not the function of gas-tight
and pressure-retaining containment.
The digital reactor protection system is used in the HTR-10.
Use of domestic standard turbine-generator unit in secondary circuit to
provide electrical power.

4. SAFETY CONSIDERATION

The basic safety features of the HTR-10 include the multi-barriers against
release of radioactivity and the reactor inherent safety.

4.1. Multi-barriers against release of radioactivity

• Integrity of fuel particle coatings
The HTR-10 uses spherical fuel elements which are formed from many small
TRISO-coated fuel particles. The fuel particles are coated with two high -
density layers of pyrocarbon and one layer of silicon carbide. The silicon
carbide layer is very dense so that no significant quantities of radioactive
gaseous or metallic fission products can be released from intact fuel particles
even if their temperature is up to 1600 °C, but the maximum fuel temperature
is far below 1600°C under all normal operating and accident conditions.

• Integrity of the primary gas envelope
The primary gas pressure envelope is the second barrier to the release of
radioactive substances. The primary gas envelope of the HTR-10 is
composed of reactor pressure vessel, steam generator pressure vessel and
hot gas duct pressure vessel. These pressure vessels will be cooled by cold
helium flow and kept in low operating temperature. The components of the
pressure vessel unit are designed in such a way that the possibility of
through-wall cracks can be ruled out.
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• Confinement function of primary cavity:
The reactor pressure vessel, the steam generator pressure vessel and the hot
gas duct pressure vessel are positioned inside primary cavity. When the
postulated event of unisolatable piping break happens, the radioactivity
substances in the primary coolant and portion of the activity deposited on
the surface of the primary system are released into the primary closed cavity.
Afterwards, primary gas which carries radioactivity will be exhausted into the
environment pass-through the vent stack. Under normal operating condition,
the sub-atmospheric pressure of primary cavity can prevent leakage of
radioactive gas into the reactor building.

4.2. Passive removal of reactor residual heat
Residual heat after reactor shutdown can be removed from the core to
surrounding graphite structures and components and up to residual heat
removal system in the primary cavity through convection and radiation. There
are no any active components in this system. Heat can be dissipated through
the air coolers to final heat sink-atmosphere.

4.3. Negative reactivity temperature coefficient
The HTR-10 has negative reactivity temperature coefficient for both fuel and
moderator of about 8.8x10*5/K and during normal operation the fuel
temperature is 700 K far from allowable maximum temperature. Therefore
about 5x10"2 reactivity compensation can be provided by negative reactivity
temperature coefficient. It can offset reactivity increase at accidents of water
ingress and control rods withdrawal.

5. ACCIDENT CLASSIFICATION CRITERIA

The spectrum of accident events are identified in accordance with their
best-estimate frequency of occurrence and its consequence. In the HTR-10 they
are divided into five categories: normal operation states (category 1),
anticipated operational occurrences (or middle frequency accidents- category
2), rare accidents (category 3), limited accidents (category 4) and severe
accidents (category 5).

At rare accidents and limited accidents the reactor should be maintained at
subcritical condition even if the reactor could not operated in short period as
well as the capacity of residual heat remove should be kept and maximum fuel
temperature should not exceed 1200 °C. At rare accidents the exposure level
for any individual outside the HTR-10 siting due to release of radioactivity shall
be less than 1 mSv for whole body dose and 10 mSv for thyroid dose. At
limited accident the exposure level for any individual outside the HTR-10 siting
due to release of radioactivity shall be less than 5 mSv for whole body dose
and 50 mSv for thyroid dose.

At serious accidents the exposure level for any individual outside the HTR-
10 siting due to release of radioactivity shall be the same as one at limited
accidents. The difference is that at serious accidents reactor mechanical
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integrity would not taken into consideration and only the exposure level for any
individual outside the HTR-10 siting due to release of radioactivity are
estimated.

6. DESIGN BASIS ACCIDENTS

The design basis accidents (DBA) are classified into several groups. There
are: increase of heat removal capacity in primary circuit, decrease of heat
removal capacity in primary circuit, abnormality of reactivity and power
distribution, rupture of primary pressure boundary tubes and anticipated
transients without scram (ATWS). The analysis results for above mentioned
accidents are shown as follow:

At the accident of loss of the heat sink the maximum fuel temperature is
about 868 °C and the primary pressure change is very small. Therefore it is no
need to use additional measure except stopping the helium blower and inserting
control rods by the means of the reactor protection initiated by signals of the
ratio of primary flow to secondary flow, the helium inlet temperature raise and
the rate of neutron flux decrease.

During the accident of abnormal reactivity and power distribution it is
assumed that the maximum reactivity increase with one control rod withdrawal
is 1.83% at the rate of 1 cm/s within the moving internal of 2.2m. The
maximum power rate would be 2.7 times higher than normal power rate and
the maximum fuel temperature is 925 °C. It is still no need to take additional
measure.

At the accident of the rupture of primary boundary tube the tube rupture in
the fuel handling system with diameter of 65mm is the most severe accident
due to appropriate design. With the signals of the ratio of primary flow to
secondary flow and primary pressure decrease rate the reactor should be
shutdown and the helium blower should be stopped. However due to rapid
release of the helium the reactor cavity pressure would be raised up 0.11MPa
within few seconds and the helium would be released into the surrounding
environment. Low radioactivity of the helium at normal operation will not much
effect the radioactivity level at the siting surrounding. In about three minutes
the primary pressure is equal to the reactor cavity pressure and the decay heat
is mainly dispatched by heat conduction and radiation as the natural convection
effect is very weak. Although the generated heat is higher than the heat
removed capacity at first few hours, the core temperature raise is very small
due to large heat capacity, that is the maximum fuel temperature is about 874
°C . It is much lower than safety limited temperature and the fuel failure would
not be occurred. Meanwhile it is assumed the natural convection flow would be
established and total air in the reactor cavity would be reacted with the core
graphite. In this case the total amount of graphite corrosion is only 4.3 kg and
the maximum corrosion rate of the spherical ball surface is about 323 mol/m2.
The coated particles are not exposed to air atmosphere and can keep their
integrity.
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7. BEYOND DESIGN BASIS ACCIDENTS

Beyond design basis accidents mainly include: long-term failure of the
reactor cavity cooling system, simultaneous withdrawal of all control rods at
power operation and at reactor start-up, failure of the helium blower shut-
down, simultaneous rupture of all steam generator tubes and rupture of the hot
gas duct vessel.

For the accident analysis of failure of the helium blower shut-down it is
assumed that the helium blower could not be stopped due to some reason so
that primary pressure and the temperature of components in the primary circle
would be raised. The primary pressure would be increased to 3.5 MPa in 76
seconds and the helium would be released to the cavity, and then to
surrounding environment via the filter. It has no significant influence on the
surrounding. The temperature of the helium blower would be increased to about
490 °C. As there is no heavy load on the blower material it will not influence on
the reactor safety. The temperature of the steam generator pressure vessel, the
reactor pressure vessel and lower part of metallic internal would be raised to
about 272 °C , 386 °C and 298 °C, respectively. They are lower than the
material allowance operating temperature.

At the accident of simultaneous rupture of all steam generator tubes the
reactor protection system is put into operation by the signal of high humidity.
The initial flow rates in the broken hot and cold legs are 3.4 kg/s and 3.47 kg/s
respectively. Total 102 kg water is pored into the primary circle. The oxidization
corrosion rate and pressure increase is very small and can be negligible.

The accident of rupture of the hot gas duct pressure vessel is the most
severe accident. The reasonable and conservative assumptions are made. That
is the integrity of the reactor core is not taken into consideration at the accident
analysis and the accident duration is only three days as the management
measures are taken to terminate continuous air ingress into the reactor core
within three days. Under above mentioned assumption at the accident of
rupture of the cross duct vessel the helium would be released to the
surrounding without flowing through the filter at beginning of the accident. Due
to low radioactivity at normal operation it will no significant influence on the
surrounding. Then the air will continually ingress into the rector core and react
with the graphite. The total graphite corrosion amount is about 340kg. The
graphite matrix corrosion amount is about 35% of the total graphite corrosion.
Therefore about 0.75% of the coated particles are exposed and small amount
radioactive material would be released to the surrounding. The exposure level
for any individual outside the HTR-10 siting due to release of radioactivity is
0.36mSv for whole body dose and 1.75mSv for thyroid dose. They are much
lower than specified dose limit. The fuel elements temperature is about 890 °C.

At the accident of ATWS initiated by depressurization and long-term failure
of the reactor cavity cooling system the reactor can be automatically shut down
by the means of the negative reactivity temperature coefficient. The
temperature of fuel elements and the reactor pressure vessel are only 898 °C
and 250 °C, respectively.
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8. CONCLUSION

Due to the HTR-10' inherent safety features except the severe accident no
management measures have to be taken. It is only in the case of hot gas duct
pressure vessel failure that management measures are needed to terminate
continuous air ingress into the reactor core.
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