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1. Introduction

The power source of space nuclear reactors is a device which supplies power to
space vehicles by converting the thermal energy generated from the fission in the
nuclear reactor into electric energy. The power source of a nuclear reactor is, under
normal conditions, made up with the reactor, the thermal-electric conversion
system, the heat discharge system, the shadow shield and the automatic control
system.

Together with the advance in science and technology, the pace of the exploration
into the deep space by mankind has also become faster. The top priority issue that
has to be resolved for the exploration into the deep space is the supply of power.
Since the solar constant in the deep space is significant reduced, it is almost
impossible to use the technology of solar power, hence nuclear power supply
becomes the only inevitable choice under the current technological conditions,
while the requirement for high power supply by the mission of exploration into the
deep space dictates that power supply by nuclear reactor becomes the only practical
choice.

In the process of development, the space nuclear reactor power source will normally
undergo trials of generation on the ground. The space nuclear reactor power source
is, during the terrestrial trial, similar to an ordinary critical assembly and a research
reactor, and must meet the standards contained in the current laws and regulations
for critical assemblies and research reactors. However, unlike a reactor on the earth,
a space nuclear reactor power source operates in different working conditions, and
is subjected to numerous limitations in terms of size and quality. A number of
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systems cannot adopt redundancy and diversity designs. In order to develop a
working environment and conditions that are as similar as possible to those that it
works in, the prototype for the trials on the ground should not undergo major
modifications either. Hence, such a power source has numerous special attributes
compared to the ordinary critical assemblies and research reactors, and the safety
issue involved merits further discussions.

2. The Current Laws, Regulations and Standards

The current Chinese laws, regulations and standards relating to research reactors
exist mainly on the following four levels:

State legislature, i.e. The Radioactive Pollution Control Law of the People’s
Republic of China;

Administrative regulations: i.e. Safety Supervision and Management
Regulations of the People’s Republic of China for Civilian Nuclear Facilities;

Regulations of competent authorities: i.e. the No. 2 Implementation Details of
Civilian Nuclear Facilities’ Safety Supervision and Management Ordinance
Rules — the Safety Supervision of Nuclear Facilities; the No. 3 Implementation
Details of Civilian Nuclear Facilities’ Safety Supervision and Management
Ordinance Rules — the Rules for the Application for and Issuance of the Safety
Permits for Research Reactors; the Safety Rules for the Design of Research
Reactors; the Safety Rules for the Operation of Research Reactors; the
Methods for the Control of the Training Assessment and Qualification Review
of the Operators of Research Reactors; the Rules for the Management of the
Radioactive Protection of Nuclear Facilities.

Nuclear Safety Guidance: i.e. the Management of the Operation of Research
Reactors; the Management of Critical Assemblies and Trials; The Application
and Modification of Research Reactors and the Decommissioning of Research
Reactors and Critical Assemblies.

Apart from the above documents, China National Nuclear Security Administration
has also issued for reference purposes a number of technical documents on research
reactors. These documents form the current system of laws and regulations for
nuclear safety of research reactors. This system of laws, regulations and standards
covers essentially everything contained in the safety standards for research reactors
as recommended by the International Atomic Energy Agency, and thereby are
capable of supporting and securing the development of the device for terrestrial
trials of the power source of space nuclear reactor.

3. Reactivity

Since (the reactor) operates in the space, it is recommendable to use solid moderator
materials, such as zirconium hydride, graphite, etc. for space nuclear reactor power
source with thermal neutron spectrum. Should the working temperature change, the
density of the solid moderator material will remain almost unchanged, which can
easily cause the co-efficiency of the reactive temperature of the moderator materials
to become positive, thereby rendering the power co-efficiency of the whole reactor
positive. This is what happened to the power source of Space Nuclear Reactor
TOPAZ-I1.
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In terms of safety, the positive reactivity co-efficiency is not in the interests of the
smooth operation of the reactor, and finds it difficult to automatically recover once
deviation from operation occurs. However a positive co-efficiency of reactive
temperature is not necessarily an out-and-out drawback so far as the power source
of space nuclear reactors are concerned. The power source of space nuclear reactors
with positive co-efficiency of reactive temperature has a smaller residual reactivity
under cold conditions than in the initial operation. As far as space nuclear reactors
are concerned, a major design problem is the critical safety issue that occurs at the
time the reactor crashes onto the earth when the launch vehicle malfunctions during
launch (the reactor remains cold during this stage). As long as the life span of the
core of the reactor and the requirement for reactivity control are the same, it is
easier to avoid the above basic design errors, as the residual reactivity of the cold
power source of the space nuclear reactor with positive reactive temperature
co-efficiency is relatively small.

Another advantage of the reactors with a system of positive reactive temperature is
that all the reactivity control systems can function as a shut-down system
individually, and are in a better position to meet the prescribed limits and conditions
for effectiveness, speed of movements and shutdown margins, and therefore meeting
the requirements for the design of the control system of the reactor as contained in
the laws, regulations and standards.

In order to support the protection against the transience of different reactors, laws,
regulations and standards will generally require that inherent safety attributes
incorporated in the design. A concrete example is to use the materials and the choice
of the geometric shape of the core to allow it to have transient negative temperature
co-efficiency. As far as the power source of the space nuclear reactors is concerned,
the choice of solid uranium as its fuel will ensure that the reactive temperature
co-efficiency of the fuel remains negative, i.e. to have transient negative reactive
co-efficiency, and thereby meeting the requirements of the laws, regulations and
standards.

4. The Control System

The control of the power source of space nuclear reactors working in the universe is
accomplished through remote control, and will experience a certain amount of the
time delay, and, as a result, the control system should be highly automatic. During
the trials on the ground, the control system of the trial platform should also be
involved in the control of the reactor together with the reactor’s own control system,
and the former should have an even higher level of authorisation in order to meet
the safety requirements and increase the safety margins.

During the initial stage of the terrestrial trial, the control system of the launch pad is
used to complete the ignition, operation and shutdown. The reactor’s own control
system can go into operation once all the features and the operation procedures of
the reactor are known so as to realise the complete simulation of the real working
environment. However, the protection system of the launch pad continues to be in
the working state and maintain manual shutdown throughout this process.

To test the capacity of the protection system of the power source of the space
nuclear reactor, different adjustment values of the safety system can be set for the
reactor’s own protection system and that of the launch pad. As long as safety is not
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compromised, the self-protection system can be activated first to accomplish
shutdown and other manoeuvres. Should the self-protection system fail to function,
or the result of the function does not meet the requirement, the protection system of
the pad can be activated to ensure that the reactor remains safe.

5. The Cooling of the Reactor’s Core

During terrestrial trials, the complete power source system should be placed in a
vacuum chamber. The thermo energy from the reactor core after that which is
converted into electric energy is channelled into the radiator through the cooling
system, and projected onto the interior walls of the vacuum chamber, and then
discharged into the terminal heat sink via the cooling water jacket outside the
vacuum chamber.

Compared to research reactors whose cores are immersed in coolants, the prototype
of the power source of space nuclear reactors does not have the capacity for natural
circulation, and its own thermo energy is also quite limited. Nevertheless, the
thermo power of the power source of space nuclear reactor is relatively small, and
will be able to keep the temperature within the limit of safety by ventilating the
residual heat through radiation even if the coolant is completely lost. In order to
increase the capacity of ventilation when the loss of circulation and coolant occurs,
helium gas can be pumped into the vacuum chamber to increase the heat
transmission from the reactor’s core into the vacuum chamber.

The cooling water jacket outside the vacuum chamber is the key device to pump the
heat from the reactor’s core into the terminal heat sink. When the cooling water
jacket is missing or the cooling water is lost, the accumulation of heat inside the
vacuum chamber can be prevented by sprinkling on the exterior wall of the vacuum
chamber to increase the capacity for heat transmission.

6. Radioactivity Containment

As far as ordinary reactors go, their shields that contain the radioactive materials
include the fuel matrix, the fuel shell and primary circuit heat transmission system.
The power source of some of the space nuclear reactors has fewer shields to contain
the radioactive materials. Let’s use once again TOPAZ-II as an example. Its power
source system uses thermionic as the means for heat-electricity conversion. If the
fission gas continues to accumulate, it will make the shield shell inflate causing
short circuits between projection end and the receiving end during the operation,
and end up causing the failure of the power source system. Hence, the power source
system of TOPAZ-II needs to release the fission gas from the component terminal.
Under such circumstances, the fuel shell and the primary circuit heat transmission
system will be able to function as a shield for the radioactive materials.

During the terrestrial trial, the power source is placed completely in the vacuum
chamber, and the fission gas released is collected by an sealed collector and then
released into the filtering ventilation system. Should the collection system brake
down or crack, the fission gas will be released into the vacuum chamber to be
further discharged into the filtering ventilation system via the vacuuming system. If
the melting of the fuel exceeds the limit of design, which is rare in occurring, the
vacuum chamber and the bio-cover outside the vacuum chamber will function as the
shield to contain the melted materials.
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During the terrestrial trial, the vacuum chamber which contains the terrestrial
prototype of the power source of space nuclear reactors will also be placed in a
sealed workshop. The design of the sealed workshop must meet the requirements of
the laws and regulations to form the last shield that seal up and separate the
radioactive materials and prevent or mitigate the unplanned leaking of radioactive
materials into the atmosphere.

7. Conclusion

The power source of space nuclear reactors plays a role that cannot be substituted in
the mission of deep space exploration. Though it has numerous unique attributes
compared to land-based reactors, the requirements of the current laws, regulations
and standards can be fulfilled and safety can be assured by increasing the
appropriate systems and facilities during trials on the ground.

When safety analysis is carried out for the terrestrial trials of the power source of
space nuclear reactors, one would propose to use the analysis method that combines
certainty and probability, and to make sure that the rate of various failures is kept at
the reasonable minimum level. It is also proposed that special laws, regulations and
standards be developed for the power source of space nuclear reactor, and special
requirements be made to reflect its speciality to ensure the successful achievement
of the safety targets. We would call on the rest of the world to strengthen the
development of the safety technologies for the power source of space nuclear
reactor and their cooperation in order to improve the safety technologies together
and use the power source of the space nuclear reactor in a better and safer manner.
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