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                               Abstract

 This report shows current efforts to improve the proliferation-resistant feature of Super-Safe, Small, and Simple (4S) Reactor. The study on 30 year long lived core, and the design and development status of key plant parameters are introduced, too. The leading criteria of 4S-reactor would be more promising, which is safety, simplicity of operation and maintenance, and sealed reactor configuration without refueling. The more economical design would probably be proposed toward the 21st century by using some innovative technologies in near future.    

1.  Introduction

  A small sized fast reactor 4S(Super-Safe, Small, and Simple) has a core of 10 year 

long 1) . This report describes current efforts to further its core life and plant system design technologies to establish the proliferation-resistant feature worthy of the reactor in the 21st century.      

2. Goal and Scope

 Our design goal for 4S-Reactor is to develop a system that provides a safe and secure energy supply to countries with energy needs but insufficient resources by a cost as low as achievable. This report shows several efforts on the design and development related to the reactor system technology.    

3. The concept of 4S Reactor 

 3.1  Basic design policy 

   4S(Super-Safe, Small, and Simple)-reactor has required the design policy as   

   follows. 

(1) Security ; Elimination of refueling in site

(2) Simple design and construction ; 

(3) Simple operation and maintenance

(4) Safety ; Inherent and Passive safe feature 

3.2 4S-reactor plant concept

  To satisfy these requirements, the 4S-reactor(50Mwe) has a plant concept as shown in Table3-1 and Fig.3-1,2,3 originaly.The reactor design feature is characterized as follows.

(1)The core is designed to be operated for a long period (10yr) without refueling.

  It would be discussed hereafter and furthered up to 30yrs for the same as plant life. 

(2) Rotating mechanism of the shield plug for refueling is eliminated.

(3) In-sodium annular electromagnetic pump replaced the primary centrifugal pumps.

(4) Simple Primary Heat Transport System with annular designed Internals (IHX, Flow    

   pass w/o redan or pipe)

 (5) Sealed up concept for the Primary cover gas system is enabled by those features. 

 (6) Simple shape of containment with a top dome and a guard vessel.

 (7) Decay heat removal systems are fully passive. ; Primary reactor auxiliary cooling

   system and Reactor vessel auxiliary cooling system are driven by natural circulation  

   and natural draft.

 (8)Residual Heat rejection from Secondary system room using heat sink equipment of

   the appropriate heat capacity when a loss of off-site power occurs.        

 (9) Emergency power for reactor auxiliary heat rejection systems or HVAC systems is 

    eliminated by those features. 

 (10) Control system has no control rod but reflector. Reactivity is controlled only by  

    vertical movement of the annular reflector during the plant startup, operation, and  

    shutdown.

 (11) Operation starts from heating the system up to 350 C by primary EMP. Then the  

     reflector begins to be lifted up by a hydraulic system to a critical position, after 

     a neutron absorber is withdrawn. While the reflector is being lifted periodically 

     at a speed of 1mm/15min., the turbine generator system will be connected when

     a power raised up to 20% rated.  After the rated power is achieved by lifting the

     reflector and increasing the feed water flow, a regular operation is attained by    

     moving the reflector upward at a limited speed of 1mm/day to make up the

     reactivity decrease for burn up. 

4. Study on Long Life Core

The operation fuel length of the reference 4S core is ten years, which is restricted by the reactivity of the reflector.

In the paper, we studied various ways for longer operation time in order to enhance the non-proliferation feature, where plutonium can be stored for a long time till plutonium is effectively used for power generation or other peaceful usage.

The most common option is to increase core volume. In general, the smaller the burnup of the core, the less the burnup reactivity change. So, the core volume should be increased by about three times than that of the reference 4S. But the core volume increase tends to shift the coolant void reactivity to be positive. We assumed that the void reactivity of 4S should be negative due to safety requirement, so we did not apply this option.  When stretching the core height for increaing the core volume, the increase of void reactivity is suppressed, but the fuel length is too long to manufacture and handle as well as to verify the integrity by irradiation test.

The second option is to increase the reactivity of the reflector, but the effect of the reflector material or dimensions was found to be rather small.

The third option is to use a separated fixed absorber where the pieces are removed from the core every ten years. This way is reliable for the core operation, but the sealing of plutonium is broke up every ten years.

In light water reactors, burnable poison such as Gadolinium (Gd) is used generally to compensate excess reactivity at initial core conditions. The 4S core has a fast neutron spectrum, so conventional burnable poison materials is difficult to burn. Then we introduced moderator in the core to make the spectrum soft. 

Fig.4.1 shows the burnable poison assembly that is located at the center of the core.

The assembly contains six burnable poison pins in which zirconium-dihydride (ZrH) and Gd is packed in mixture. We assumed the ratio of ZrH to Gd is 5:3 where the worth of Gd is maximized.

Fig.4.2 is a example of the change of reactivity components during the operation life in the MOX fuel core shown in table 4.1.

The reactivity loss due to the fuel burnup is monotonically decreased during the life, otherwise the reactivity increase rate of the burnable poison, which is actually a decrease of negative reactivity, is large at the beginning of the operation in particular. In order to compensate the reactivity loss due to the burnup and to sustain the criticality, the upward speed of the reflector should be slower at the beginning than at other term.

Fig.4.3 is a typical profile of the long life core designed in this study. A burnable poison assembly is located at the core center, in which assembly six ZrH-Gd mixed pins of about 4 meter length are contained. This assembly also works as a safety rod by inserting the upper part of the poison rods, which are almost fresh even after long operation, to the core level.
The core height is reduced to 2 meters compared to 4 meters of the reference. This modification is mainly due to the feasibility of irradiation test of the fuel pin. 

The length of reflector is increased to 2 meters, but the upper part of it is still consisted with cavity region to increase the reactivity. The effect of cavity is enhanced by the B4C shield, where leaked neutrons are absorbed.

Table 4.1 shows a variation of long life cores, though all cores keep 30 year lifetime by introducing the burnable poison assembly. 

Core (2) is the case when the Pu enrichment limit of 20 %, which was a restrict condition to the reference core (1), is excluded.  The increase of Pu inventory due to the higher enrichment and the increase of fuel volume fraction due to the tie rod assembly provide relatively small burnup and reactivity change even at the shorter core height.

Core (3) is a MOX fuel core where the pin diameter is increased to attain larger fuel volume ratio, where the burnup reactivity is suppressed. The lead (Pb) reflector, where Pb is contained in SUS boxes, also assists to compensate burnup reactivity loss. This MOX core has rather higher linear heat rate than that of other metal fuel core, peripheral GEM ( Gas Expansion Module) is located at the gap between the fuels and the core barrel in order to achieve a passive shutdown at ULOF ( Unprotected Loss of Flow) event .

Core (4) shows an enriched uranium core with metal fuel where the pin diameter and core diameter is increased to attain criticality under the enrichment limit, whereas the void reactivity remains negative due to uranium fuel core.

Core (5) shows a Pb cooled core with Pu-U-Zr metal fuel where the pin pitch to pin diameter is increased to suppress core pressure drop. The reflector is graphite, but the cavity effect at the upper part of the reflector  is more important than other cores.








Fig.4.1    Cross Sectional View Of ZrH-Gd  Mixed Burnable Poison Assembly



















Fig.4.3  Cross Sectional View of 30 Year Life Core

Table 4.1 Current Status of 4S Core Study

Item
(1)

Refernce
(2)

Exclusion of Pu enrichment limit
(3)

MOX fuel core
(4)

Enriched uranium fuel core
(5)

Pb cooled core

Electric power(MWe)
50
50
50
50
50

Coolant
Na
Na
Na
Na
Pb

Fuel
Metal
Metal
MOX
Metal
Metal

Core height(m)
4
2
2
2
2

Core diameter(m)
83
83
83
94
90

Fuel pin diameter(mm)
10.0
8.5
8.5
10.2
8.5

Operation length(year)
10
30
30
30
30

Pu enrichment(%)
20(max.)
25(max.)
25(max.)
20(max.)
25(max.)

Fuel burnup(%)
4.5
16
19
16
17

Void reactivity(%Δρ)
-0.4
-0.2
-0.4
-0.2
-0. 2

Core pressure drop(kg/cm2)
2.5
1
1
1
0.25

(for Na Coolant)

Reflector material
Graphite
Graphite
Pb
Graphite
Graphite

Reflector length(m)
1.5
1.5
1.5
1.5
1.5

Fuel assembly type
Bundle in duct
Tie rods without duct
Tie rods without duct
Tie rods without duct
Tie rods without duct

Burnable Poison Assembly
Not used
Used
Used
Used
Used

Note


Peripheral GEM is located at core-core barrel gap



5. Other plant technologies for new ideas and the state of art 

  The other plant technologies have been already developed or being developed for a    new concept of the reactor system. The state of art on major items are as follows.

(1) Reflector controlled core technology(Fig5-1)

(2) Reflector drive technology (Fig5-2)

(3) Electromagnetic pump technology(Fig5-3)

(4) Intermediate Heat Exchanger technology(Fig5-4)

(5) Upper core instrumentation and structure(Fig5-5)

(6) Primary auxiliary System technology(Fig5-6)

(7) Steam generator technology for 21st century(Fig5-7)

(8) Reactor Auxiliary Heat Rejection technology(Fig5-8)

(9) SG system safety technology(Fig5-9)

6. Economics and Potential toward 21st century

 6.1 Economics

   The material weight per output of 4S reactor structures is smaller than that of a large 

  reactor (SPX) , owing to the simplified design concept of 4S reactor.

   The economics of mass production would make the construction cost of 4S reactor 

  equal to that of large LWRs, if producing 10 units a year for 10 years by the fully  

  standardized design (Fig.6-1). 

   And other cost merit of small reactors is expected that the total development cost for 

  commercialization is dramatically smaller than that of large reactors(Fig.6-2).  

 6.2 Potential toward 21st century

   Further potential of 4S reactor on economics and safety is also pursued by various  

  design approaches toward 21st century.

   One is to eliminate the intermediate system including to change coolant materials   

  and another is to change the power conversion mechanism toward 21st century

  (Fig6-3).     

7. Discussion 

  Future potential of 4S reactor for various directions is to be discussed. Which is more economical design or more promising concept toward the 21st century by using innovative technologies for this time or in the near future? 

  Long life core for 30yrs without need for fine control of a neutron absorber, shown at     

 Chapter 4, is therefore promising as a new concept of the once in a plant core, 

 although it needs a slight modification on the reactor design.

   On the other hand there are some new option on the heat transport system such as 

   Elimination of Intermediate Heat Transport System and change of power conversion 

   system, but it needs further more efforts to develop and to achieve the technology 

   realization. One of that efforts is certainly to study a lead cooled reactor, of cause.

8. Concluding Remarks

 Current efforts to improve the proliferation-resistant feature of Super-Safe, Small, and Simple (4S) Reactor, such as a study on 30 year long lived core, and the design and development status of key plant parameters are introduced and discussed.

 The leading criteria of 4S-reactor would be more promising, which is safety, simplicity of operation and maintenance, and sealed reactor configuration without refueling. The more economical design would be proposed toward the 21st century using innovative technologies.

 This development related to 4S shall meet well with the growing and diversified energy demands not only developing but also developed countries (Fig.8).

9.References

1)S.Hatorri and A.Minato(CRIEPI,Japan), Human welfare by nuclear desalination using super-safe small and simple reactors (4S), Desalination 99(1994)pp345-365,Elsevier Science B.V. Amsterdam-Printed in The Netherlands

     End    

ZrH-Gd mixed pack





SUS cladding





30











20











10      











0











-10         











-20











-30            





Fuel burnup reactivity loss











Reactivity (%Δρ）





Reflector reactivity





ZrH-Gd Burnable Poison reactivity





0         5           10         15          20           25          30 





Operation length(years)





Fig.4.2 Reactivity Component Change During Operation Length 





B4C shield





Reflector





ZrH-Gd  mixed burnable poison assembly





２０００





８３０





２６００





Fuel assembly








