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ABSTRACT 

MONJU is a prototype fast breeder reactor (FBR) of Japan. Sodium-water reaction in the SGs is one of 
important safety assessment items for sodium cooled reactors. A latest evaluation method on the overheating tube 
rupture was introduced to evaluate the steam generator (SG) tube failure of MONJU. The results revealed that the 
design margin against the overheating tube rupture, which would be caused by a creep failure or a ductile failure, 
was not enough on the present SG system in the worst case. For increasing the margin, it is required to shorten the 
time of the sodium-water reaction by an earlier water leak detection of the SG and a sooner water blow from the 
SG tubes. Therefore the following modifications are to be taken; [1] provision of supplementary steam relief 
valves, [2] addition of another cover-gas pressure gauge and improvement of the interlock logic, [3] alteration of 
the trigger level of the cover-gas pressure, [4] regulation of valve opening in the cover-gas line. After these 
modifications, the design margin would be increased: the value of the cumulative damage for the creep failure 
would be sufficiently smaller than 1 and the equivalent stress for the ductile failure would be sufficiently smaller 
than the tensile strength, respectively. 
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1. INTRODUCTION 
MONJU is a prototype fast breeder reactor located in Fukui Prefecture of Japan, which has 280MW electrical 

capacity to the grid. The reactor fuel is a mixed plutonium and uranium oxide. The reactor cooling system consists 
of three primary and secondary sodium loops and one steam-water loop. The planning and designing was started in 
1968. After a thorough site survey and a formal licensing application, the construction began in 1985. The reactor 
reached an initial criticality in 1994 and was connected to the grid in 1995. At present, the plant has been shut 
down because of the sodium leak accident in the secondary loop on December of 1995. 

After the accident, a thorough investigation of the cause of accident had been carried out and the safety of the 
MONJU design and operation had been comprehensively reviewed. The steam blow-down performance of the 
SGs had been also checked and discussed in this comprehensive review. This paper describes on the improvement 
of blow-down performance of the evaporators and the safety system against sodium-water reaction in the SGs. 
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2. DESIGN FEATURES OF MONJU 

2.1 Outline of MONJU Plant 
The reactor cooling system of MONJU consists of three primary and secondary sodium loops and one 

steam-water loop (see Fig. 1). These loops are thermally connected by the intermediate heat exchangers and the 
SGs. The SGs consist of an evaporator and a super-heater. After the reactor shut down, the reactor decay heat is 
removed by the air-cooled heat exchangers of the secondary loops. The turbine generator supplies electricity to the 
grid with 60Hz frequency. The turbine is deigned to rotate at 3,600rpm as same as combustion power plants. 

Sodium-water reaction in the SG is one of important safety assessment items for sodium cooled reactors. 
MONJU is equipped with the secondary sodium loops in order to prevent the reactor from being affected by the 
sodium-water reaction in the SG. The other safety systems are also provided against sodium-water reaction; the 
water leak detectors to find the water leakage earlier, the pressure relief plates to reduce rise of the secondary loop 
pressure, the steam blow-down system to purge water from the SG, and so on. In case of the large scale 
sodium-water reaction, the pressure relief plate, which is called as the rupture disk, is opened and the sodium 
compound products are stored in the storage tank and hydrogen gas is fired in the air by the igniters. 

2.2 Evaporator and Super-heater 
The steam for the turbine generator is produced on the two stages: the evaporator and the super-heater as 

shown in Fig. 2. The evaporator consists of a cylindrical vessel with a helical tube bundle inside. The tube material 
is 2.25Cr-1Mo and the tube thickness is 3.8mm. The sodium flows through the vessel and the water flows through 
the helical tubes. The water arrives at 240°C from the feed-water heater. It is heated up to 369°C and leaves as 
steam. The sodium temperature of the evaporator is 469°C. The sodium comes from the super-heater and leaves at 
325°C. Then the sodium flows back to the intermediate heat exchanger by the secondary pump. 

The super-heater is the second stage. Wet steam generated from the evaporator is heated up to 487°C in the 
super-heater. The design of the super-heater is mostly similar to that of the evaporator; a cylindrical vessel with a 
helical tube bundle inside. The tube material is SUS321 and the tube thickness is 3.5mm. The sodium flows into 
the vessel of the super-heater from the intermediate heat exchanger at 505°C and leaves to the evaporator. 

3. WATER LEAK ACCIDENT AND DETECTORS 

3.1 Sodium-Water Reaction in SG 
In both evaporator and super-heater, sodium and water are separated only by the wall of the heat exchanger 

tubes. In case of tube failure of the SG, the water or steam leaks into sodium and reacts with sodium and generates 
hydrogen gas and chemical reaction heat. The hydrogen detectors are provided for the secondary loops at MONJU 
in order to detect an early stage of the water leak. If the leak rate increases, the hydrogen gas is accumulated in the 
vessel of the SG and raises the pressure of cover gas up. Pressure gauges can detect the leak over a medium scale of 
water leakage. If the leak is greater, the cover gas pressure in the SG rises and the rupture disk, which is placed to 
between the SG and the sodium-water reaction products storage tank, is broken to release the over pressure. 
Therefore sensors to detect the break of the rupture disk are provided in order to detect a large scale of water 
leakage. 

3.2 Classification of Water Leak 
The water leak from the SG tubes is classified into small, medium and large, according to damage to the plant 

or possible failure propagation of tubes. These are shown in Table 1 and Fig. 3. In case of a small water leak, like a 
leak from a crack in the tube, neighboring tubes might be damaged by a high temperature sodium-water reaction jet 
due to corrosion-erosion called as wastage. In case of a medium water leak, neighboring tubes might be ruptured 
by a sodium-water reaction heat due to a high internal pressure and reduction of mechanical strength of the tube 
material, called as an overheating rupture. The degree of these damages depends on the design and operating 
condition of the SG. The demonstrative tests were carried out to investigate the tube failure propagation of the SGs 
for MONJU by using a test facility ‘SWAT’ at Oarai Engineering Center of JNC. The test results showed that the 
wastage was a main cause of failure and the overheating rupture would not occur under the MONJU operating 
conditions. 

In case of a large water leak, the pressure in the SG would increases by emanation of the hydrogen gas and a 
larger pressure rise might have damage to components of the secondary cooling loop. The pressure relief plate is 
provided to the evaporator and the super-heater, respectively and it would rupture to reduce the pressure rise in the 
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event of a large water leak. The safety assessment verified structural integrity of the secondary cooling system 
under the condition that one tube would be initially ruptured fully then neighboring tree tubes fully ruptured due to 
the failure propagation. 

3.3 Instrumentation of Water Leak Surveillance 
Hydrogen detectors are suitable to survey a small water leak and five detectors are provided to each secondary 

cooling loop; at the inlet of the secondary circulation pump, at the out let of the SG, and in the cover gas of the SG 
(see Fig. 4). The hydrogen detector is a kind of vacuum gauge which measures a degree of vacuum in a chamber 
connected to the secondary loop. The vacuum chamber is isolated from the secondary loop by a nickel membrane 
which only hydrogen can pass through (see Fig. 5). Since the hydrogen detectors take a time lag to detect increase 
of the hydrogen concentration of the secondary loop, they are not suitable to survey a larger water leak which 
requires quick detection. In case of a medium leak, the hydrogen gas is accumulated in the vessel of the SG and 
raises the pressure of cover gas up. The pressure gauges in the cover gas are more suitable to quick detection than 
the hydrogen detectors for the medium scale of water leakage. 

In case of a large water leak, the rupture disk is broken due to the pressure rise of cover gas. The sensors to 
detect failure of rapture disk are provided to the rupture disk. The rupture disk signals and the pressure rise signals 
of the cover gas trigger the plant trip interlock such as a secondary circulation pump trip which leads to the reactor 
trip, SG isolation from the secondary cooling loop, steam blow-down in the SG tubes and so on. 

4. MODIFICATION OF SG SYSTEM 

4.1 Improvement of SG System 
A new evaluation method of failure propagation of SG tubes had been developed for the next generation plant 

after MONJU. This method introduced an overheating rupture model which was based on high-temperature 
strength and creep data of tube materials and improvement of blow-down evaluation methods to estimate the tube 
temperatures in the sodium-water reaction considering heat transfer coefficient of the tube. The new evaluation 
method is applied to the SG of MONJU in order to verify a design margin against the overheating rupture in the 
comprehensive safety review which was carried out after the sodium leak accident. As a result, it was revealed that 
the design margin of the evaporator tubes against the overheating rupture was very small in case of the worst 
condition. 

It is easily understandable that an early detection of water leak and an early release of the internal pressure of 
tubes can be effective to extend the design margin against the overheating rupture. Therefore addition of relief 
valves and a pressure gauge are taken in order to improve the blow-down performance and water leak detection. 
On the other hand, the super-heater has an advantage against the overheating rupture compared with the evaporator, 
since the strength of tube material of stainless steel is lager in the high-temperature than that of low alloy steel of 
the evaporator. Therefore it is not necessary for the super-heater to improve the present system. 

4.2 Modification of SG System 
Figure 6 shows the modification of the SG system to prevent the overheating tube rupture accident. New relief 

valves will be provided to the SG at the inlet and outlet in order to increase the blow-down capacity which can 
shorten the duration of blow-down and decrease the internal pressure of tubes earlier. The structure of the valves 
are shown in Fig. 7. In addition to the present two pressure gauges at the evaporator, another pressure gauge will be 
installed in order to reinforce the reliability of water leak detection. The interlock logic of water leak detection will 
be altered from “2 out of 2” to “2 out of 3”. The “2 out of 3” logic is popular for the reactor protection system. 
However the SG safety system is not required the same reliability and redundancy as the reactor protection system 
because two cooling loops can keep a plant safety of MONJU in case of losing a function of one loop. Therefore 
the “2 out of 3” logic is an owner’s specification, and introduced from the viewpoint of improving the SG safety. 

The set value of the pressure gauge to trigger the interlock will be also lowered from 170kPa to 150kPa. The 
valve opening of the gas line connecting the evaporator to the over flow tank will be slightly choked in order to 
raise the pressure of the cover gas in the evaporator easier. But the increase of flow resistance at the regulation 
valve will make a gas flow worse in the emergency drain of the secondary sodium. In order to keep the secondary 
sodium drain performance, another gas line with a check valve will be installed in parallel to the regulation valve. 
This line can block the gas flow from the evaporator to the over flow tank and run the gas flow in reverse not to 
affect the emergency sodium drain performance. 
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4.3 Operative Sequence at Water Leak Accident 
When the water leak accident occurs in the SG, the rupture disk is broken by the rise of the cover gas pressure. 

The rupture disk signals are automatically transferred to a series of trip operations. The rupture disk signals trigger 
the secondary pump trip, and then the low signals of the secondary pump rotation number or the secondary 
circulation flow rate trigger the reactor trip. The rupture disk signals also close stop valves of the secondary loop 
and the steam-water loop to isolate a failure SG from the systems. The signals have the relief valves of the SGs 
open to blow down the steam. After completion of the steam blow-down, nitrogen gas is supplied to the 
steam-water lines and the inside of the SG tubes are filled with nitrogen gas. 

5. VALIDITY OF MODIFICATION 

5.1 Analytical Results of Modification 
Table 2 compares the analytical data which are evaluated by the above mentioned method to confirm validity 

of modification. The start time of the blow-down after modification gets earlier compared with that before 
modification. It is caused by lowering the pressure set values of leak detection and choke of the valve opening in 
the gas line. The ratios of the stress of tubes to the tensile strength are slightly improved, while cumulative 
damages are much improved owing to early leak detection and increase of blow-down capacity. The cumulative 
damage means an indicator of a creep failure and it is calculated as a sum of creep damage. The detail of this 
evaluation has been published by Hamada et al.(1) The summary is as follow. 
1. The analytical criterion values for the strength of tube material were based on the material tests. The tensile 

and creep strength data of the tube material '2.25Cr-1Mo' were obtained by experiment at 700~1200°C, since 
the over heating tube rapture was such a characteristic feature that the rapture would mainly occur by creep 
rupture and within a short time. It was confirmed that the criterion could agree with the experiment of 
TRUST-2 which was carried out by an inducting heating of pressurized tubes. 

2. Temperature profiles of neighboring tubes heated by the sodium-water reaction were simulated by models of 
cosine curves with a peak temperature of 1170°C at 40% or 100% feed water flow, and with a peak 
temperature of 1110°C at 10% feed water flow. The heat transfer coefficients from sodium to tubes were 
determined by a relation between a reaction temperature and an effective heat transfer coefficient which was 
obtained by experiments. These models are conservative for assessment of the overheating rapture problems. 

3. The steam blow down performance of the evaporator tubes was assessed by computation code of BLOOF 
which had been developed for an analysis of water leak incidents of the SGs. In this code, the heat removal 
from tube to steam or water was estimated on the basis of a correlative equation of heat transfer for helical 
coil type SGs. Validity of this code was confirmed by a wide use computation code of RELAP5 which was 
used for accident analyses of LWRs. 

5.2 Evaluation of Design Margin 
The tube failure is categorized into two types: a ductile failure and a creep failure. As a design assessment, the 

ductile failure is defined that it occurs when the tube stress exceeds the allowable stress, namely, the tensile 
strength. On the other hand, the creep failure is defined that it occurs when the cumulative damage is over 1. The 
cumulative damage (DC) is defined the sum of ∆t/tR (∆t: the time mesh of calculation, tR: the creep failure time 
which is calculated by using Larson-Miller's parameter) in each calculation step. 

DC = Σ ∆t/tR 
Tk (αRtR + C) = A0 + A1log σ 

σ: Stress (MPa) 
Tk: Temperature (K) 
tR: Failure time (sec) 
αR: Time coefficient 
C, A0, A1: Constant values 

Figure 8 shows the profile of the analytical data from the viewpoint of design margin to the creep failure and 
the ductile failure of the tubes when the water leak occurs in the middle of a tube bundle at the feed water flow rate 
of 10%. This is the most severe condition for the tube to evaluate the overheating rupture. Time of zero represents 
a start of the steam blow-down; therefore the water leak began at minus 14 seconds. The analytical values are 
sufficiently content with the design criteria: the cumulative damage is smaller than 1 and the equivalent stress of 
tubes is smaller than the tensile strength.(2) 
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6. CONCLUSION 
The sodium-water reaction in the SGs is one of characteristic items of safety assessment for MONJU. It was 

assumed that failure propagation of SG tubes might be occurred by the wastage or the overheating rupture in the 
event of water leak. The overheating tube rupture was evaluated by the newly developed method which introduced 
the overheating rupture model of SG tubes. This assessment revealed that design margin of the evaporator tubes 
was very small in case of the worst condition. Modification of the SG system will be implemented in order to 
extend the design margin of the overheating tube rupture against the water leak incidents in the evaporator. Relief 
valves and a pressure gauge will be provided to the SG system to improve the blow-down performance of the 
evaporator. Validity of this modification has been verified by the newly developed method and the modification 
started this year. 
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Table 1 Classification of Water Leak 

 

Leak scale Assessment of damage 

Small leak 
(~20 or 30 g/sec) 

Wastage type 
(In the cause of a tube wall 
wasted) 

Medium leak 
(20 or 30 g/sec 
~2 or 3 kg/sec) 

Overheating Rupture type 
(In the cause of inside 
pressure of tube) 

Large leak 
(2 or 3 kg/sec~) 

A corrosive and high 
temperature sodium-water 
reaction jet corrodes 
neighboring tubes. 
 
Sodium-water reaction heats 
neighboring tubes. 
 
Pressure wave propagates in 
the secondary sodium. 

Structural integrity 
(Increase of pressure in the 
cause of hydrogen gas 
generation) 

 
 
 

Table 2 Analytical Results of Modification 
 

(Items)  Before modification After modification 

Tube thickness mm 3.5* 3.5* 

Operating condition - 100% 40% 10% 100% 40% 10% 

Water leak point - Middle of tube bundle** Middle of tube bundle** 

Water leak detection - Cover gas pressure 
(trigger level: 170kPa) 

Cover gas pressure 
(trigger level: 150kPa) 

Blow-down start time sec 14 15 18 11 12 14 

Reaction temperature oC 1,170 1,170 1,110 1,170 1,170 1,110 

Stress/Tensile 
strength*** - 0.87 0.94 0.81 0.86 0.79 0.74 

Cumulative damage*** - 0.70 0.84 0.99 0.34 0.33 0.52 

*) The thinnest part of the tube (nominal thickness is 3.8mm) 
**) The worst point for the water leak assessment 
***) When this value is over 1, it is assumed that the rupture may occur in the analysis. 
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Fig.1 Outline of MONJU Plant 

 
 
 

 
Fig.2 Evaporator and Super-heater 
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Fig.3 Types of Sodium-Water Reaction 

 
 
 

 
Fig.4 Water Leak Detection System 
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Fig.5 Diagram of Hydrogen Detector 

 
 
 

 
Fig.6 Modification of SG System 
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Fig.7 Structure of Relief Valves 

 

 
Fig.8 Evaluation of Design Margin 
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