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ABSTRACT  
In the year 2002 and 2003 the Japanese Ministry of Education, Culture, Sports, Science and Technology 

started the "The 21st Century Center of Excellence (COE) Program".  A program proposed by Tokyo 
Institute of Technology “Innovative Nuclear Energy Systems for Sustainable Development of the World 
(COE-INES)” was selected as only one program in nuclear engineering.  In this program the system of 
nuclear energy park and small reacotors will be intensively investigated.  Here the small reactors are 
constructed in the nuclear ennergy park and transferred to the site and set there.  The reactor vessel is sealed 
and can not be opened at the site.  It is excellent from the nonproliferation point of view. It is also good from 
safety and easy maintenance, since refueling is not performed at the site.  At the end of the reactor life it is 
replace by a new one.  The old one will be shipped to the nuclear energy park.  There is not radioactive 
wastes left at the site, the site is free from the waste problems. 
 

1 INTRODUCTION 

1.1 COE-INES 
In the year 2002 and 2003 in Japan, the Ministry of Education, Culture, Sports, Science and Technology 

(MEXT) started the "Priority Assistance for the Formation of Worldwide Renowned Centers of Research - 
The 21st Century Center of Excellence (COE) Program."  This program is based on the competitive principle 
that selection for support by the program relies on third party evaluation, and by giving priority support to 
the formation of world-class centers of research it aims to promote the creation of internationally competitive 
universities that answer to the world's highest standards.  

The Ministry makes a selection from proposals sent by universities from all over Japan for the formation 
of centers of research and education on a graduate school specialization level.  From 10 fields (from social 
sicence to medical sciencd) of study 246 centers were selected from a total of 1075 applications.  Each 
proposal adopted as a COE receives support for 5 years to form a research base at the highest level in the 
world. 

A program proposed by Tokyo Institute of Technology (TITech) was selected as the only one program in 
nuclear engineering.  This program is planned to continue for 5 years, and the monetary support for the first 
year (2003-4) is already fixed to be 196M yens.  We have a plan to promote the international collaboration 
for research and education on innovative nuclear energy systems.  Here the innovative nuclear energy 
systems include innovative nuclear reactors and innovative separation and transmutation technologies.  
Personnel exchange is one of the important activities, and an international meeting is also planned in 2004. 

1.2 Innovative Nuclear Energy Systems for Sustainable Development of the World 
Nuclear energy development is sluggish because it has triggered social unrest by repeated accidents.  

Clearly, however, it has great potential in the future as a source of energy.  To break the present deadlock 
and fully realize this potential we must conduct lively research and education activities.  We have chosen the 
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subject title “Innovative Nuclear Energy Systems for Sustainable Development of the World (COE-INES)” 
to represent opening the prospect of nuclear energy.  

Nuclear energy involves a wide variety of research areas.  In the COE-INES program, these areas are 
grouped into two parts, i.e., nuclear reactors and the fuel cycle supporting them.  We have considered that it 
is suitable for the university to study the frontiers of each of these areas.   

2 NUCLEAR ENERGY PARK AND LONG-LIFE SMALL REACTORS  
An example of an innovative nuclear energy system to be pursued in the COE-INES is shown in Figure 

1.  We imagine a nuclear energy park, within which radioactive wastes are subjected to separation and 
transmutation.  Innovative separation and nuclear transmutation with micro- or nano- technologies will be 
conducted here, aiming at reducing the toxicity associated with material taken out of the park to a level less 
than the toxicity associated with material brought into the park. 

 
 

 
 

Figure 1.  Equilibrium nuclear system in the future. 
TM: Transmutation, Sprtn: Separation, Strg: Storage, NU: Natural uranium, Act: Actinide, 

FP: Fission product, StFP: Stable fission product, LLFP: Long-life fission product. 
 

It is desirable that the number of such parks is kept as small as possible.  Therefore, nuclear energy is 
used by bringing small, long-life reactors manufactured here into relevant sites.  If fuel is contained in the 
nuclear reactor without refueling, resistance to nuclear proliferation and safety will be greatly increased.  
We expect that this system will be particularly valuable in the future, when a large quantity of energy will be 
consumed in developing countries.   

In the COE-INES program, research into nuclear energy will be pursued by viewing the current situation 
from the viewpoint of an ideal target.  This viewpoint will enhance the possibility of discovering truly 
innovative technologies, as well as providing great opportunities for cultivating free thinking and overall 
vision. 

3 LONG-LIFE SMALL REACTOR  

3.1 Introduction 
Conventional nuclear power reactors have been developed to obtain better economical performance by 

making full use of scale merits in their history.  However, at present further deployment of large nuclear 
reactors seems difficult, and meets large economical risks.  Small reactors are good from investment 
protection.  However, they are considered more expensive, though many factors can be expected for 
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reducing expense, such as removal of safety equipments, mass production, reduced regulatory cost, increased 
experience, reduced construction period, increased operation efficiency.  They can be built on a less graded 
land such as a small land and less stable land. Therefore they usually can be built in more diversified sites.  
They are also suitable for more diversified purposes.  The transportation of heat and pure water for long 
distance requires high cost and meets energy and material loss.  For such a purpose, a local reactor is proper. 
Then the required power is small, and the reactor should be small.  In the second half of this century, 
hydrogen production may be requested to nuclear reactors.  For such cases small reactors seem suitable.  The 
nuclear reactor can be utilized for other than energy production such as neutron utlitization and medical uses.  
For such cases small reactors can be better applicable.  

A small reactor may be considered better for exportation than a large reactor, since large markets in the 
future locate mostly in developing countries, where each demand is usually small.  If the small reactor 
satisfies long-life, it usually becomes more satisfactory.  It can be utilized in the way shown in Chapter 2.   

However, both smallness and long-life require excellent neutron economy, from the requirements of 
reactor criticality and fissile-nuclide conversion ratio, respectively.  Fast reactors show a good conversion 
ratio, and lead bismuth eutectic (LBE) is a good coolant to perform better criticality performance from hard 
spectrum (caused by large nuclear mass) and better neutron confinement performance (due to large scattering 
cross section).  LBE is good not only for neutron economy but for chemical inertness, high boiling point and 
low gamma activity under neutron irradiation, which may realize a much safer reactor than conventional 
sodium-cooled reactor.  However, it has some problems such as large specific mass, corrosiveness, polonium 
production, and small resource amount.  They are now intensively investigated and may be considered 
solvable.  The author proposed a concept of long-life small reactor by employing LBE cooled fast reactor, 
which is the world first trial[1], and later we named this reactor LBE-Cooled Long-Life Safe Simple Small 
Portable Proliferation-Resistant Reactor (LSPR) to distinguish it from reactors proposed by the other 
institutes.  

3.2 Characteristics of LBE 
As previously mentioned the neutron economy is very important for realizing long-life small reactor.  For 

the small fast reactor, it is expected that LBE coolant shows much better performance on the neutron 
economy than sodium coolant because of its large scattering cross section and heavy nuclide mass.  It is 
reported that the LBE-cooled long-life small fast reactor shows better performances for neutron economy, 
burnup reactivity swing and void coefficient [1]. 

However, in the western world it has been considered for long time that LBE cannot be used as a reactor 
coolant from negative experimental results on corrosion problem.  But in Russia this problem was solved by 
oxygen concentration control, and LBE was employed as submarine reactor coolant.  It is reported that 8 
nuclear submarines with LBE coolant were constructed and operated for about 80 reactor-years [2].  After 
the Russian research results were opened, many research works especially for corrosion experiment are 
started worldwide. The corrosion problem is considered to be solved by choosing proper material, 
temperature, fluid velocity and oxygen concentration. 

The most important merit of LBE compared to sodium is chemical inertness.  LBE does not react 
violently with water or air. 

The boiling temperature of sodium is 1156K, and it is not easy to protect boiling at some severe accidents.  
If the void coefficient is positive, the accident may lead to core destructive accident.  The boiling 
temperature of LBE is 1943K, and the possibility of boiling seems negligible. Furthermore, the void 
coefficient is more negative than sodium as mentioned before.  

The density of LBE is about 12 times of sodium density.  The viscosity of LBE is large and pressure drop 
is expected to be large.  The Prandtl number is about 3 times of sodium value.  These characteristics lead to 
the poor cooling ability of LBE.  Then the power density of LBE-cooled reactor should be lower.  Anyway 
from corrosion protection, the flow speed has to be set lower. 

For small power reactor, since its power density is usually restricted from the minimum size of core 
determined by criticality conditions [3], power density of some very small fast reactor even with sodium 
coolant becomes very low.  Therefore, the poor cooling ability of LBE is not so important for long-life small 
reactors. 
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For natural circulation capability, LBE-cooled reactors can offer better potential provided by larger core 
equivalent hydraulic diameter [4].  It improves the response of the reactor at accidents. 

As mentioned before the LBE-cooled long-life small fast reactor shows better performances for neutron 
economy, burnup reactivity swing and void coefficient from large scattering cross section.  The LBE shows 
also large shielding effects for neutrons and gamma-rays.  Then the size of the reactor can be reduced. 

The radioactive materials produced in the coolant during operation are also important.  For sodium 24Na 
should be considered.  Its half-life is 15 hrs and emits high-energy gamma-rays (2.8MeV and 1.4MeV). 
Therefore, the primary loop of sodium cooled reactor shows very high dose rate.  On the other hand, LBE 
does not produce so much gamma-ray emitters, though polonium is produced, which is an alpha-ray emitter. 
Then the dose-rate around the primary loop of LBE is expected much lower than the sodium case.  

3.3 Design of  “LSPR” 
The LSPR plant artist view and its main parameters are shown in Fig. 2 and Table 1 respectively. An 

integral type reactor design where steam generators (SG) are installed within a reactor vessel is employed, 
since severe reaction between LBE reactor coolant and SG water coolant is not anticipated.  Nitride fuel, 
which has high thermal conductivity, is chosen as a principal candidate because of its good adaptability with 
LBE coolant.  Metal fuel, which has a potential to give higher performances is left for the future study 
concerned with the material issues. 

 

 

Pump

Core 

Steam 

 generator

 
 

Figure 2.  LSPR artist view 

. 

 Two units of SGs, mechanical pumps, coolant purifying units and oxygen-concentration modulation 
units are respectively installed within a reactor vessel.  Serpentine tube type steam generators are employed 
because of their good space factors.  The selection of the driving devices for the heavy metal coolant is one 
of the key issues in the reactor design.  In this design mechanical centrifuge pumps are chosen from views of 
the flexibility to the further study of the long life cores, possibly with higher pressure drop and of the 
versatility to be able to have adequate pump coast-down times.  The natural circulation potential of the 
primary circuit is arranged to have from 30 to 40 % of the nominal primary flow at the nominal heat balance 
level. 
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The re-circulation in the secondary system with the free surface in the water drum at the power 
operation is proposed from the view of passive heat removal by natural circulation through steam generators. 
SG Auxiliary Heat Removable System (SGAHRS) is adopted, where the decay heat is removed by natural 
circulation through SGs to air coolers, without having auxiliary cooling systems in the reactor vessel.  
Instead, the reactor vessel auxiliary cooling system (RVACS) is installed as a backup system to SGAHRS.  In 
order to control the thermal conductivity and to enhance the function of RVACS, the reactor wall is designed 
to stay in the cold leg temperature at the power operation, but to rise to the hot leg temperature by the coolant 
overflow at the accident condition. 

 
Table 1.  LSPR Design Parameters 

 

Polonium produced by the neutron irradiation of bismuth will not be hazardous since the reactor vessel 
is closed and not to be opened for regular fuel handling as mentioned above.  If the reactor vessel is opened 
soon after the shut down, however, the high radioactivity is no doubt very hazardous, which is rather 
beneficial from the view of the proliferation resistances. 

3.4 Burnup Characteristics 
Natural uranium or depleted uranium fuel assemblies are placed at the center of the core as an inner 

blanket, whereas plutonium fuel assemblies are settled outside of the inner blanket.  In this core composition, 
the burnup of fuels will progress from the outer core into the inner blanket region, which is beneficial for 
sustaining the reactivity for long-term burnup with small reactivity swing [5].  The reactivity change due to 
burnup is shown in Fig. 3, where the curves are shown for the cases of lead coolant and also metal fuel 
respectively for comparison.  

For the reactor lifetime of 12 years, the expected reactivity swing is more or less than 0.1%, hence in 
any circumstance there will be no chance of exceeding the prompt critical.  In the long life core it is not easy 
to have high heat density but in this design 60MW/m3 can be achieved, which is reasonably accepted 
compared with about 100MW/m3 averaged over the core and the blanket in typical fast reactors.  Three 
control rods are placed within the core region.  It is proposed and now under study not to use these control 
rods for the power regulation but to use them only for the start up and for shut down of the reactor taking 
advantage of the very small excess reactivity.  

Reactor Thermal Output 150 MWt
Reactor Electric Output 53 MWe
Reactor Outlet Temperature 510 ℃
Reacot Inlet Temperature 360 ℃
Reactor Vessel Diameter 5.2 m
Reacor Vessel Height 15.2 m
Core Barrel Diameter 3.4 m
Type of Steam Generator Serpentine Tube
No. of Steam Generators 2 unit
Type of Pump Centrifuge Pump
No. of Circulating Pump 2 unit
Total Pressure Drop 0.7 kg/cm2

LBE Coolant Flow Rate 12300 ton/hr
LBE Coolant Core Velocity 0.9 m/s
Feed Water Temperature 210 ℃
Feed Water Flow Rate 294 ton/hr
SG Outlet Steam Temperature 280 ℃
SG Outlet Steam Pressure 6.47 MPa
Turbine Efficiency 35 %
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Newly proposed innovative burnup scheme named CANDLE (Constant Axial shape of Neutron flux, 
nuclide densities and power shape During Life of Energy producing reactor), where the burnup region shifts 
along the central axis of core is under investigation for application in our laboratory [6].  In this new burnup 
scheme it is possible to have not only a higher power density but also a longer core lifetime, due to the fact 
that the excess reactivity can be set nearly zero.   

 

Figure 3.  Change of effective neutron multiplication factor along burnup 

 

The changes of coolant void coefficients for whole core are shown in Fig. 4, where the coefficients for 
the cases of lead coolant and metal fuel are shown for comparison respectively [5].  In all cases the coolant 
void coefficients stay in negative, whereas the coefficients appear to fall in positive if the coolant is changed 
to sodium.  These facts clearly show that LBE cooled reactors have much safer characteristics than sodium 
cooled reactors for such an event with the coolant void reactivity insertion.  

 

 
Figure 4.  Change of coolant void coefficient along burnup 
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3.5 Passive Safety Features 
As a representative incident of an anticipated transient, the loss of external electricity is commonly 

postulated, in which a diesel generator (DG) is expected to start up and to supply electricity to safety class 
demands in the conventional design.  On the other hand, however, in the present study it is aimed to comply 
with passive safety demand of the decay heat removal system without the help of DGs.  Ambient decay heat 
can be removed in the present design by SGAHRS through the SGs to the air coolers by virtue of natural 
circulation for the anticipated transient of loss of external electricity. 

The transient of power (TOP) due to a control rod withdrawal, the loss of primary flow (LOF) and the 
loss of heat sink (LOHS) due to the loss of heat removal capability of secondary system are widely 
postulated as accident events.  Even though the loss of external electricity is commonly superposed on these 
events, this does not lead to any serious problem as far as the reactor is safely tripped.  The severe accidents, 
where the failure of scram is superposed on the above-mentioned accidents, are surveyed hereafter.  
Employed analytical method is written in Ref. [8]. 

In UTOP (Uncontrolled TOP) the power excursion comes down to a stable state without scram by virtue 
of a negative feedback coefficient, since the maximum insertion reactivity in this study is only 0.25$ due to 
very low burn up reactivity swing.  The change of hot spot temperature during transient for this accident is 
shown in Fig. 5.  The each attained maximum temperatures is much lower than the corresponding 
temperature limit. 

 

Figure 5.  Hot spot temperature change during UTOP accident 

In ULOF (Uncontrolled LOF), all primary pumps are postulated to stall without scram, and the total 
coolant mass flow rate across core and SG changes, where the coast-down half time of the primary pump is 
set to 6 sec.  The change of hot spot temperature during transient for this accident is shown in Fig. 6.  The 
each attained maximum temperatures is much lower than the corresponding temperature limit.   

ULOHS (Uncontrolled LOHS) terminates also without problem as far as SGAHRS holds the safety 
passive function.  RVACS, which removes the excess heat through the reactor wall to chimney, serves as an 
inherent passive system to backup the function of SGAHRS in the accident condition.  

Since the result for each above accident shows considerable safety margin, we try to investigate 
UTOP+ULOF+ULOHS accident, though it is the case not necessarily to be considered in the conventional 
safety analysis.  The change of hot spot temperature during transient for this accident is shown in Fig. 7.  
There will be no damage anticipated on the fuel, though the cladding temperature is slightly over the present 
safer temperature limit in a short period.  It seems to be possible to restart the reactor even in these 

500

600

700

800

900

1000

0 50 100 150 200

Te
m
p
er
a
t
u
r
e
 [
℃

]

Time [s]

Max.Coolant

Max.Clad

Max.Fuel

τ
rod
 = 7.5 [s], 0.25 [$]



5th International Conference on Nuclear Option in Countries with Small and Medium Electricity Grids 
Dubrovnik, Croatia, May 16-20, 2004. 

 8

circumstances, if the causes of the accidents can be removed.  We can even improve the reactor performance 
by changing design parameters.  

 

 Figure 6.  Hot spot temperature change during ULOF accident 

 

Figure 7.  Hot spot temperature change during UTOP+ULOF+ULOHS accident 

 

The tube rupture accident of steam generators, which brings water in steam generator tubes into the 
LBE coolant, is one of the most serious events.  The high-pressure steam ejected in the reactor coolant is 
relieved to a steam relief tank situated above the reactor vessel through relief valves, which keeps the 
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pressure in the reactor vessel below a certain level.  The impact on hydrodynamic behavior of the primary 
coolant and the behavior of steam bubbles due to a steam generator tube rupture as well as the possibility of 
production of the oxides of lead and bismuth have to be fully investigated. 

4 CONCLUSIONS 
In a reserch plogram of COE-INES, the nuclear energy park is proposed, within which radioactive 

wastes are subjected to separation and transmutation.  Innovative separation and nuclear transmutation will 
be conducted here, aiming at reducing the toxicity associated with material taken out of the park to a level 
less than the toxicity associated with material brought into the park. 

In order that the number of such parks is kept as small as possible, nuclear energy is used by bringing 
small long-life reactors manufactured in the park into relevant sites.  If fuel is contained in the nuclear 
reactor without refueling, resistance to nuclear proliferation and safety will be greatly increased.  We expect 
that this system will be particularly valuable in the future, when a large quantity of energy will be consumed 
in developing countries.   

From the mainly neutronics and safety points of view the LBE cooled fast reactor is considered to be the 
best candidate for this purpose.  A LBE cooled fast reactor LSPR has been designed.  In the present paper a 
recent version of LSPR is presented, whose total power is 150 MWt (53MWe).  During whole reactor life of 
12 years the excess reactivity required for burnup is very low, and negative coolant dilatation coefficient is 
confirmed.  This characteristic together with some other characteristics makes ULOF accident inherently 
safe.  It can survive even simultaneous UTOP+ULOF+ULOHS accident without the help of an operator or 
active device.  
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