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Abstract

It is of vital importance for commercialized fast reactor to achieve component design with excellent integrity and eco-
nomics. In the phase II of feasibility study till 2005, a system design for commercialized fast reactor for sodium cooling was
achieved. For economical improvement, the system design was undertaken along the guideline including innovative tech-
nology for system simplification and new material development. In this paper, the results from the design for shortening of
cooling pipings, new components and three dimensional seismic isolation are described, which are design challenges for the
sodium cooled fast reactor. Furthermore, in-service inspection and repair is mentioned. Finally, economics for the simpli-
fication and the mass reduction employing above technologies are examined.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

A fast reactor (FR) is only energy source which
generates its own fuel with sufficient level of safety.
No other energy source has this characteristic. But
this characteristic would be a weak point from a
non-proliferation point of view. Fortunately this will
be overcome to utilize minor actinide fuel and proper
physical protection system. Then this technology can
satisfy the requirement of non-proliferation and
safety. On the other hand, economical competitive-
ness is still issue to be solved. Although technology
of a sodium cooled FR has been accomplished up to
a demonstration of a nuclear power plant, for exam-
ple Super-Phenix in France, there is room of techno-
logical improvement in order to utilize a sodium
cooled FR for commercial use; that is, economical
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competitiveness should be accomplished. The impor-
tant points to realize this are the compactness of a
sodium cooled FR system taking inspections and
repairs into consideration and the increase of reliabil-
ity of sodium cooling system, which present design
challenges for sodium cooled FR.

In this paper, the development of such techno-
logies to achieve economical competitiveness is
described. In the following section, our plant design
characteristics are described with respect to plant
design approach, compactness of sodium cooling
system and increasing of reliability of sodium tech-
nology. The policy for each issue consists of many
innovative technologies.
2. Plant concept

2.1. Overview of plant concept of JSFR

The reactor described here is called JAEA
sodium cooled FR (JSFR) [1]. As shown in Fig. 1,
.
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Fig. 1. Plant concept of JSFR.
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the reactor is allocated in close proximity to the
steam generator (SG) due to shortening of piping.
In Fig. 2, a reactor concept of our design has many
design improvements. The output power is
1500 MW (electric) with two main loops. The design
specifications for JSFR are summarized in Table 1.

A plan figure and an elevation are shown in Figs.
3 and 4. As shown in Fig. 3, the distance between
the reactor vessel (RV) and SGs is very short. These
main components are set within a space 35.9 m long
and 31.8 wide. The primary system (RV and inter-
mediate heat exchanger (IHX)) and secondary sys-
tem (secondary pump and SG) are set respectively
in one area. And this power station has two main
reactor systems; that is, it is a twin plant. Each reac-
tor system generates 1500 MWe and the capacity of
this station is 3000 MWe. Although the reactors
operate independently of each other, they are con-
trolled from one operating room which is shown
in the middle above part of Fig. 3.

As shown in Fig. 4, the height of a double walled
straight tube typed SG is 37.8 m, which is the tallest
component of JSFR. Secondary dump tanks are set
in the area under the SG where the secondary sodium
system is installed, which is the saving of the building
space. As a result, the difference between the center of
the IHX and SG is more than enough to induce nat-
ural circulation forces. All the components except the
SG can be accessed with a polar crane. In case of SG,
it will be carried out by a large crane which will be
prepared outside of the reactor building. In the right
hand side of Fig. 4, the piping layout is shown
between IHX and secondary pump. This layout is
also very short; however we cannot remove the mid-
dle leg pipe of secondary system.

When fuel is exchanged, the spent fuel is pulled
out from the core and inserted into an ex-vessel
storage tank (EVST) where it is stored in liquid
sodium for about one year in order to reduce the
decay heat. Then it is pulled out from the EVST
and inserted into the water of a spent fuel pool.
The time from pulling out from the core to carrying
out from the station is four years.

2.2. Overview of plant design approach

In this section, a plant design approach of JSFR
is described. In order to achieve economical com-
petitiveness of a sodium cooled FR, the designers
can make use of three primary means and their



Fig. 2. Design improvements of JSFR.
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combination: scale merit, standardization and learn-
ing effects, and improvement of design [2]. Scale
merit (or economy of scale) is realized the construc-
tion cost by increasing the electric output of a reac-
tor. Benefits of standardization and learning effects
are realized by reducing construction cost through
a mass production with the same standards. Cost
reduction is achieved through design by decreasing
of the amount of materials for components with
innovative technologies which present design chal-
lenges compared a conventional design.

In order to achieve compactness with innovative
technologies, we look carefully at several physical
characteristics of the system configuration: power
density of core, flow velocity of coolant, heat
transfer coefficient of tubes of heat exchanger and
thermal expansion of structural material. Higher
power density of core can be achieved with a smaller
size of core with the same total power, which allows
use of smaller radius reactor vessel. Normally this
is one of the most important characteristic of a
sodium cooled FR and is achieved by core design.

In a plant design, we turn our attention to the
rest of physical characteristics: flow velocity of cool-
ant, heat transfer coefficient of tubes and thermal
expansion of structural material. For a given pipe
sectional area, higher flow velocity of coolant can
reduce the number of loops in a heat transport sys-
tem, because mass flow rate in a piping is decided by
sectional area of pipe, flow velocity and the number
of coolant loops. Larger heat transfer coefficient of
tubes of heat exchanger can decrease the mass of the
tubes and component. Lower thermal expansion of
structural material can reduce the number of elbows
of piping system, with the result that the volume of
reactor building is decreased.

There are two important design points in our
plant system. The first point of our design is to
realize compactness of sodium cooling system with
combination a high sodium flow velocity with
reduction of the number of loops and use of ferritic
material which has good thermal conductivity and
small thermal expansion coefficient. This character-
istic makes it possible to reduce the amount of steel
mass of a plant, decreasing the construction cost.
Furthermore we introduce a complete natural circu-
lation system into the main coolant circuit to oper-
ate all electric power supply is out of service, in
addition to a decay heat removal circuit, in order
to increase reliability of decay heat removal. For
this purpose, the coolant pressure drop through
the core of JSFR is set lower than the conventional
design. As a result, even if a station blackout occurs
and all forced power stops, the decay heat can be
removed more reliably. This characteristic should
be realized by harmony of plant and core design.

The second point of our design is to increase reli-
ability of sodium cooling system, which is related to



Table 1
Design specifications for JSFR

Items Values

Electricity output (MW) 1500

Reactor vessel Material SUS316FR
Diameter (m) 10.7
Height (m) 21.2
Thickness (mm) 30

Piping system Material 12Cr steel
Diameter of primary hot leg (HL) (m) 1.2382
Thickness of primary hot leg (mm) 15.1
Diameter of primary cold leg (CL) (m) 0.8382
Thickness of primary cold leg (mm) 12.7
Outlet temperature of primary coolant (�C) 550
Inlet temperature of primary coolant (�C) 395
Outlet temperature of secondary coolant (�C) 520
Inlet temperature of secondary coolant (�C) 335

IHX Capacity of an IHX (MW) 1765
Material of heat transfer tube 12Cr steel
Length of heat transfer tube (m) 6
Flow rate of a primary pump (m3/min) 630

Steam generator Heat exchange capacity of an SG (MW) 1765
Material of heat transfer tube Double wall 12Cr steel
Temperature of steam (�C) 497
Pressure of steam (MPa) 19.2
Temperature of feed water (�C) 240

Turbine efficiency (%) 42.5

Decay heat removal system Configuration One direct heat removal auxiliary cooling
system
Two primary heat removal auxiliary cooling
systems

Capacity of each systems (MW) 23

Spent fuel storage External vessel storage

Volume of reactor building 151000 m3
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operational reliance. This is realized with a double-
wall concept with a minimum of penetration ports
through the outer walls, reducing probability of a
leak of coolant sodium from the cooling system to
atmosphere. All pipes have their guard pipes and
all vessels have their guard vessels. These guard
pipes and guard vessels are connected and they
make a closed space in which the main pipe is con-
tained. And there is no branch pipe on the main
pipe. This design increases toughness against
sodium leak from the main pipe. That is, the guard
pipes and guard vessels are an engineered safety fea-
tures system for maintaining a level of sodium in the
primary system and retaining any leaked sodium in
the gap, if the main pipe were to fail.

An intermediate sodium loop has been set in the
conventional design of sodium cooled FR in order
to prevent any sodium/water reaction in the SG from
leading to core damage. The designers should be
allowed an adequate distance between a reactor and
a SG for setting this intermediate loop in their design.
This distance affects a volume of building of nuclear
steam supply system (NSSS) and the amount of mass
of structural material of NSSS. The economical com-
petitiveness depends on these values mainly. The
characteristics as mentioned above make it possible
to reduce a distance between a reactor and a steam
generator (SG) with an intermediate sodium loop.

2.3. Design challenges for sodium cooled fast reactor

2.3.1. Compactness of sodium cooling system

For JSFR design, we take six major technologies
in order to realize compactness of a sodium cooled



Fig. 3. Plan figure of JSFR.

Fig. 4. Elevation of JSFR.
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FR as shown in Fig. 2: (1) shortening of piping, (2)
reduction of loop number, (3) compact design of
reactor structure, (4) integration of components,
(5) elevated temperature structural design guide,
and (6) seismic isolation technology.
2.3.1.1. Shortening of piping. The shortening of pip-
ing and reduction of loop number should be achieved
with utilization of ferritic material which has high
strength, low thermal expansion and high thermal
conductivity, for example 12Cr steel, as shown in
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Table 2. Austenitic stainless steels are usually used as
structural materials for the primary components of
the past and existing sodium cooled FRs, mainly
due to their superior elevated temperature strength,
Table 2
Comparison of material properties

Thermal expansion
rate (1/K)

Thermal conductivity
(W/mK)

Austenitic
stainless steel

18.33 · 10�6 21.75

12Cr steel 13.51 · 10�6 29.3

Fig. 5. L-shaped h
ample ductility, and good compatibility with liquid
sodium. Since steady and transient thermal stresses,
which are displacement controlled in nature, are the
primary concern in the structural design, ductile
materials are basically preferred. On the contrary,
their large thermal expansion characteristics some-
times result in long piping designs with number of
elbows. High chromium ferritic steel with optimiza-
tion of added elements has the capability to improve
upon these weak points of austenitic stainless steel.
The purpose of using the high Cr ferritic steel is to
take a full advantage of its low thermal expansion
ot leg piping.
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and high creep strength in realizing a substantially
short primary sodium pipe layout design, which, in
turn, leads to a compact components layout
and reduces NSSS volume. Each loop consists of
one L-shaped hot leg (HL) piping and two cold leg
(CL) pipings. In Fig. 5, the L-shaped HL piping is
shown. The main pipe is indicated with ‘inner pipe’
in the figure. The inlet of inner pipe is connected with
‘support pipe’ which goes down from a roof deck
around the inner pipe. The inner pipe on the side of
the reactor goes up straight to an elbow, turns to
the IHX horizontally and is welded to the outer shell
of the IHX with a nozzle. All the inner pipe is covered
with outer pipe and the guard vessel of the IHX, that
is, double-wall system. The load of the piping is sup-
ported at both the connection between the roof deck
and the support pipe and the section of the nozzle of
IHX shell. The thermal expansion is absorbed with
two straight pipes. That is, almost angular deforma-
tion is absorbed with these two straight pipes. Such a
shortened piping layout with one elbow is realized
with the aid of an adoption of ferritic steel which
embodies high strength and low thermal expansion
coefficient. In this concept, the primary HL piping
has been drastically shortened and simplified as
shown in Table 3 compared with the Japanese dem-
onstration fast breeder reactor (DFBR: 600 MWe)
and Prototype FBR MONJU.

This simple L-shaped short piping design system
has different materials: the roof deck is made from
usual carbon steel, the support pipe, the inner pipe
and the shell of IHX is high Cr steel, and the outer
pipe is austenitic stainless steel. Therefore, a dissim-
ilar metal weld cannot be avoided. In this design,
such a weld is made at the location which the
support pipe is connected to the roof deck, because
the temperature at the location is cold: less than
around 100 �C. Considering that a remarkable
strain concentrates on the primary piping, the stress
and strain at the concerned part have been esti-
mated, and it has been shown that the strain (rat-
cheting deformation) due to repeated thermal
stress is not accumulated as high Cr steel is adopted.

The adoption of high Cr steel with high strength
and high thermal conductivity makes it possible to
Table 3
Comparison of the hot leg piping design

Plant Design Material

JSFR L-shaped top entry 12Cr
Demo plant Inverse U-shaped top entry 316FR
Prototype Plant Monju High piping layout side entry SUS304
enlarge the heat transfer capacity further than that
the conventional design because a thinner heat
transfer tube is available and it is easier to ensure
the structural integrity against thermal stress by a
large-sized tube sheet. This allows a design of larger
capacity heat exchangers. In the design of the JSFR,
the capacity of heat exchanger, that is, the heat
transfer capacity per one cooling loop has been
enlarged and then the number of loops has been
reduced to two loops. As a result, the cooling system
has been remarkably simplified.
2.3.1.2. Reduction of loop number. Concerning the
reduction of cooling loops, the primary cooling
pipings are shown in Fig. 1. The primary cooling
pipings perforate the roof deck of the RV. In order
to achieve compactness of cooling system, higher
coolant velocity should be applied in this design
with a reduction in loop numbers. Then larger
diameter pipings are applied.

From a hydrodynamic point of view, sodium
flow velocity in the primary piping increases up to
approximately 9 m/s, and the maximum Reynolds
(Re) number of HL piping reaches 4.2 · 107, which
is much higher than past sodium cooled FR design
conditions. This leads to make a piping design
within some limit of a cross section of pipe. And
higher sodium flow velocity in pipings with a reduc-
tion of loop numbers should be studied carefully. In
JSFR, thin piping is adopted because of lower
design pressure conditions. Therefore, in the piping
design, it is necessary to pay attention to the flow-
induced vibration (FIV) of the thin piping under
high velocity conditions [3,4]. However, knowledge
concerning hydraulic behavior around the elbow
and the vibration data of the large diameter piping
under high velocity conditions was insufficient.
Thus, it is necessary to acquire both hydraulic and
FIV data to confirm the structural integrity of the
piping system. To solve the above issues, we have
performed some water experiments, and the results
indicate that the structure should be viable.

In order to clarify the hydraulic and vibration
behaviors in the primary cooling pipings, FIV tests
were carried out using a water test loop as shown in
Outer diameter (mm) Length (m) Fluid velocity (m/s)

1270.0 13.4 9.2
965.2 22.3 4.8
812.8 39 3.5
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Fig. 6. The test section simulates HL piping includ-
ing an elbow of the primary cooling system, which is
the largest piping of the JSFR, at 1/3 reduced scale.
The test section is set on the top of the rectification
tank, which corresponds to the reactor upper ple-
num. Two types of elbow test pieces can be
exchanged according to the test purpose. One is
an acrylic pipe to examine the flow pattern and to
measure the pressure fluctuations on the piping wall
which are the exiting force to the pipe wall. The
other is a stainless steel pipe to understand the
vibration response. The stiffness of the steel pipe
almost agrees with that of the actual HL piping.

Based on test results, we plan to clarify the
dependency of velocity or Re number on pressure
loss and pressure fluctuations on pipe wall in order
to extrapolate to designed HL condition. As a first
step, we have performed a flow visualization test
using an acrylic pipe. In this test, the mean velocity
was changed from 0.8 to 9.2 m/s (the same velocity
as that of the designed HL piping) by using room
temperature water.

The main stream in the piping separated from the
inside surface at the corner of the elbow, then it re-
attached at about 290 mm downstream from the
separated point. Further, the discharge of vortexes
was observed intermittently from the region of flow
separation to the downstream.

The flow pattern and the velocity profiles in the
piping were also examined in lower velocity condi-
tions (0.8 to 7.0 m/s). However, no clear difference
in flow pattern and the velocity profiles was seen
in lower velocity conditions. Therefore, it was con-
firmed that both the flow pattern and the velocity
Fig. 6. Visualization in elbow model.
profiles in the piping were independent of the Re

number.
The pressure loss of the piping corresponds to the

energy provided by the flow turbulence, so the pres-
sure loss can be used to estimate the intensity of the
turbulence in the elbow. In this test, pressure loss
coefficient was measured up to 3.7 · 106 of Re num-
ber, which is one order higher than existing data. In
this high Re number area, the pressure loss coeffi-
cient was in the post-critical regime. This indicated
that the turbulence energy given by the elbow was
small even in higher Re number region [5].

The pressure fluctuations on the piping wall were
measured with the pressure sensor installed in the
axial and circumferential directions of the elbow
model. The experiment shows the spatial distribu-
tion of variances of the measured pressure fluctua-
tions at 9.2 m/s of the mean velocity. It was
shown that the pressure fluctuation was high in
the region of flow separation. The maximum value
was indicated at the re-attachment point. As a
result, it was confirmed that the behaviors of the
pressure fluctuations on the piping greatly changed
along the flow direction owing to the turbulence
formed in the region of flow separation.

From this large-sized water experiment, the
applicability of large-sized piping system to JSFR
should be viable from a thermo-hydraulic point of
view.

2.3.1.3. Compact design of reactor structure. The
compact design of reactor structure should be real-
ized by simplification of the fuel handling system,
hot vessel design, seismic isolation and re-criticality
free core design. In particular, the hydraulic design
of cooling system is essential, and flow optimization
in an upper plenum of JSFR is very important. A
conceptual drawing of a RV is shown in Fig. 7.
The diameter of the RV is reduced by adopting a
compact core design and a single rotating plug,
combined with a simplified manipulator-type fuel
handling machine (FHM). In the upper plenum
region, various structures are arranged: HL and
CL pipes of the primary cooling system, double
dipped plates (D/Ps) for prevention of cover gas
entrainment, a decay heat exchanger for a decay
heat removal system, two cold traps for a sodium
purification system, and a shell-less column type
upper internal structure (UIS). In order to manage
flow configuration of sodium, the UIS consists of
the combination of six perforated plates and con-
trol rod guide tubes (called column-type UIS).



Fig. 7. Conceptual drawing of RV.
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Therefore, sodium that flows out from the core out-
let rises inside the UIS through these plates. All of
these plates have radial slits in order to pass through
the arm of the FHM toward the core center. This
slit of UIS causes very complicated flow pattern in
an upper plenum.

Electric output of JSFR is 2.5 times greater than
that of the DFBR, though the size of the RV is
nearly the same as the DFBR. By adopting the com-
pacted RV, the sodium mass flow rate in the RV is
thus 2.5 times higher than that in the DFBR. Fur-
ther, it is predicted that a high velocity upward flow
is formed through the UIS slit and that this upward
flow collides directly with the D/Ps. Under this com-
plicated flow field, potential of gas entrainment at
the free surface would be increased. Therefore, it
is necessary to clarify the flow pattern in the upper
plenum and to confirm the effectiveness of the D/
Ps with respect to the prevention of gas entrain-
ment. We have performed several water experiments
and proposed a design solution of the structure of
the upper plenum.

Two types of water experiments [6,7] have been
performed in order to clarify the flow pattern in
the upper plenum. One is a 1/10th scaled plenum
model which simulates the entire region of the
actual plenum in order to confirm the flow pattern.
The other is 1/1.8th scaled partial model shown in
Fig. 8, which simulates a 90-degree sector of the
upper region above the D/Ps in order to evaluate
the scale effect of the test models and the onset con-
ditions of the gas entrainment.

At first, the flow pattern with the 1/10th plenum
model was examined in two conditions. One is the
Froude (Fr) number similar condition where free
surface deformation and also the flow pattern are
expected to be similar to that in the designed reac-
tor. The other has the same velocity conditions as
the reactor which is set as a criterion to examine
the onset conditions of gas entrainment based on
the similarity study for DFBR [8].

In the case of the Fr number similar conditions,
the free surface was relatively smooth. In the case
of same velocity conditions, the upward flow
through the gap between the D/P and RV wall
reached the free surface and lifted up the free sur-
face, but no gas entrainment was observed. These
results showed that the D/P was effective to prevent
gas entrainment even in same velocity condition.
However, it was clarified that a countermeasure to
suppress the upward flow through the D/P gap in
front of the UIS slit was necessary.

As another issue, vortex cavitations were found
near the HL intake: one was stretched from the
RV wall and the other two were from both CLs.
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It was considered that these vortex cavitations were
mainly caused by high velocity rotating flow sucked
into the HL. In general, cavitations formed in the
fluid machinery have the potential to damage the
components, so the countermeasure to suppress
the vortex cavitation was also necessary to maintain
the structural integrity for piping.

As countermeasures for flow optimization, two
flow control devices were proposed from the exper-
iments [6]. As shown in Fig. 9, one is an FHM plug,
which is a cylinder inserted in the penetration for
the FHM during the normal operation period in
order to suppress upward flow from the UIS slit.
The other is a flow splitter which is set on the RV
wall facing the HL piping to control the vortex cav-
itation stretched from the RV wall. A triangular pil-
lar type of vertical rib has been adopted as one of
the devices to prevent the vortex cavitation in pump
sumps. These devices were effective to flow optimi-
zation from experiments, and were introduced in
the reactor design.

Furthermore, concerning to the scale effect on the
gas entrainment, another water test experiment was
performed using the 1/1.8th scaled partial model as
shown in Fig. 8. Rated condition of the circumfer-
ential velocity (Vc) and downward flow velocity
through the gap of the D/P (Vg) were estimated as
the condition in the designed reactor based on the
measured velocity profiles in the 1/10th scaled full
sector model. As shown in Fig. 10, it was found that
the circumferential velocity was the dominant factor
on the onset condition of gas entrainment, and the
downward velocity through the D/P gaps was less
effective in the case of high water level condition
[7]. Based on the test results, it was clarified that
the present D/P design had enough margins to pre-
vent the gas entrainment.

A computational fluid dynamics (CFD) analysis
was performed in the designed reactor geometry.
Plenum
BottomUIS

Inner
D/PFHM

Plug
B/P#4

HLCL

RV WallFlow
Splitter

Fig. 9. Flow control devices.
The flow pattern near the FHM plug was in good
agreement with velocity field measured by particle
image velocimetry in the 1/10th plenum model.
The maximum velocity at free surface in the RV
was approximately 0.1 m/s [3]. Maximum surface
velocity of 0.1 m/s or less was provided as a crite-
rion for prevention of gas entrainment based on
the DFBR test results. From this analytical result,
we have prospected that the gas entrainment could
be prevented by applying the flow splitters which
are set up on the louver-shaped thermal liner facing
both HL pipes.

Based on the results of water experiments and the
CFD analysis, flow field in the upper plenum was
optimized by applying D/Ps and flow control
devices.

So the management of the upper plenum with a
high sodium velocity can be found, which would
be viable on a concept of a compact RV and a
UIS without outer shell.
2.3.1.4. Integration of components. An ‘integrated
pump/IHX component’ is also selected for JSFR
primary cooling system. This component design
aims at compactness of cooling system and
improvement of maintenance capability. The inte-
gration of components can be achieved by installing
a primary pump into an IHX with a common vessel.
Therefore the primary cooling system is composed
of only three main vessels: a reactor vessel and
two integration component vessels. Although the
integration component leads to a larger tube sheet
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diameter of the IHX, the utilization of high Cr steel
ensures structural integrity as previously mentioned
due to the characteristics of this material.

As shown in Fig. 11, the integrated pump/IHX
component consists of homocentric pump and
IHX in one vessel. To increase heat exchange capa-
bility, baffle plates are installed and they support the
tube bundle with 0.1–0.3 mm gaps. In this compo-
nent, a pump shaft does not have enough cross
section to keep stiffness for its own vibration fre-
quency and heat transfer tube is weak structure
for vibration and detrition with the baffle plate.
For the tube integrity, vibration transfer from pump
shaft to tubes is maintained at a low value through-
out the 60-year operating period. This vibration
control design is a key technology for the integrated
pump/IHX component.

The final goal of the component design is ‘design
by analysis’ and the next two issues should be devel-
oped for it. (1) Vibration transfer from pump shaft
to heat transfer tube should be maintained suffi-
ciently low. For the vibration controlled design,
analysis method on vibration transfer in the struc-
ture is important issue. (2) Wear-out behavior on
heat transfer tube should be investigated, because
heat transfer tubes are made from a new material,
Fig. 11. Structure of the integrat
that is, high Cr steel. For the reliable design, wear-
out data is needed.

To develop vibration transfer controlled design,
scale model experiment and analytical studies were
carried out. In order to establish its design feasibil-
ity and to develop a methods of vibration control
design, 1/4 scaled experiment has been carried out
[9]. An inertial vibration exciter was placed in a sim-
ulated pump casing of test apparatus and the exciter
generated vibration. The frequency response char-
acteristic was acquired from a result of data analy-
sis. The analysis was done using 3D shell model of
FINAS code, which was developed by JAEA and
has a fluid structure interaction module and can
directly handle the vibration behavior of complex
multi-cylinders with fluid between the cylinders,
and the analytical results were compared with the
test results.

Using the evaluation method which is developed
by 1/4 scale experiment and analysis, the compo-
nent design is evaluated. It is evaluated that there
is no resonant frequency vibration mode for pump
speeds of 100% operation, 44% (initial low power
operation), and 10% (stand by) with safety margin
20%. Then the component design is evaluated as
feasible.
ed IHX/pump component.



M. Konomura, M. Ichimiya / Journal of Nuclear Materials 371 (2007) 250–269 261
In the future work, 1/4 scaled experiment using
mechanical pump and the wear-out experiment on
heat transfer tube are planned. From these experi-
ments, the design evaluation method will have
enough accuracy to assure the integrity of tube
and component for the operating period.

2.3.1.5. Elevated temperature structural design guide.

Particular characteristics of structural design of a
sodium cooled FR are low pressure and high tem-
perature conditions due to the use of liquid metal
as a coolant. Under a high temperature condition,
the thermal stress induced by the temperature differ-
ence in the structure increases; further, elastic,
plastic and creep deformation easily occur due to
a decrease in the yield strength of the material.
Therefore, elevated temperature structural design
methods are required for assuring structural integ-
rity under above conditions. For that reason we
have prepared an elevated temperature structural
design guide.

The first established sodium cooled FR structural
design code in Japan was the ‘elevated temperature
structural design guide for class 1 components of
prototype fast breeder reactor (ETSDG for proto-
type) [10]’ which was developed by extension of
the ASME B&PV Code Sec. III CC1592 [11]. Intro-
ducing additional developments of materials and
structural analysis methods to ETSDG for proto-
type, the ‘elevated temperature structural design
guide for demonstration fast breeder reactor
(ETSDG for DFBR) [12]’ was developed.

Furthermore, commercialized FRs have different
design needs from prototype and DFBR. To satisfy
above needs, new design methods are developed and
integrated with ETSDG for DFBR into ETSDG for
commercialized FR with two sets of guidelines for
inelastic design analysis and for thermal load mod-
eling [13].

Consider the compact and simple plant design of
the JSFR as shown in Fig. 2. Removal of protection
equipments for the reactor vessel wall (reactor wall
cooling system, etc.) increases the thermal stress on
the relevant section. Further, in a small, thin-walled
vessel, the primary stress for supporting the core
weight overlaid on the reactor vessel wall becomes
larger than that observed in previous FRs. These
loading conditions enhance ratchet deformation
and (creep) fatigue damage at a vessel wall around
liquid free surface and at a lower part of vessel.

With regard to the cooling system, the decrease
of an amount of coolant and the high coolant flow
velocity cause a severe thermal transient load. It
increases risk of high cycle thermal fatigue of pipes
which is typical problem at mixing zone of high and
low temperature fluid.

In order to overcome the above structural design
problems, ETSDG for commercialized FR intro-
duces several new technologies. (1) Some severe
parts of reactor vessel and IHX are located in the
cold leg where normal operating temperature is
under creep regime. To treat these parts as non-
creep design area, classification method of high tem-
perature design area is improved. (2) When both
ratchet strain and fatigue damages increase, there
is a possibility of those interactions. Failure criteria
considering those interactions are investigated. (3)
To predict inelastic response of structures, inelastic
constitutive equations and (4) design evaluation
method based on inelastic analysis results are rec-
ommended [14]. In spite of more severe thermal
loads, conventional design guides for FRs have no
rule for thermal load modeling. (5) Load modeling
methods are studied for system thermal transient
load [15] and (6) thermal striping load [16,17].

Above developments are integrated with ETSDG
for DFBR into ETSDG for commercialized FR
which consists of ‘elevated temperature structural
design guide’, ‘guidelines for inelastic design analy-
sis’ and ‘guidelines for thermal load modeling’.

2.3.1.6. Three-dimensional seismic isolation techno-

logy. Sodium cooled FR components adopt thin
wall structures since their low constraint conditions
are advantageous to mitigation of thermal stresses.
Additionally, a low pressure condition dose not
require a thick wall. However, flexible structures
have disadvantage against seismic load. In order
to reconcile opposite requirements from thermal
and seismic loads, seismic isolation technology
would be desired.

In the design of JSFR, many innovative techno-
logies are introduced, which requires sophistication
of the mitigation of seismic loads. Two types of
three-dimensional seismic isolation systems for FR
are developed in the R&D project from the view-
points of realization and economic competency
[18]. One is a three-dimensional, entire-building seis-
mic isolation system (3D-SIS) and the other is a ver-
tical isolation of main components with horizontal
base isolation system (Vertical+2D-SIS), which are
schematically shown in Fig. 12. 3D-SIS supports
the entire reactor building as shown in Fig. 12(a).
As for the Vertical+2D-SIS, horizontal seismic
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isolation devices support the reactor building and
vertical seismic isolation devices support ‘common
deck’ that holds main components such as RV,
IHX as shown in Fig. 12(b).

As for 3D-SIS, ‘rolling seal (U-shape rubber)
type air spring’ is adopted as its device. At the same
time, ‘hydraulic type of rocking suppression cylin-
der system’ is added to suppress the excessive rock-
ing motions of the building, which occurs in the
three-dimensional isolated structure. The reactor
building weighs about 2700 MN, and target perfor-
mance of the system is that the natural period is
greater than or equal to 1.0 s and the damping ratio
is more than 0.2. Air springs (160) are placed
around the inner area and 112 hydraulic supports
function with rocking suppression systems around
the outer area. Hydraulic pressure of the load sup-
port cylinder is transferred to rocking suppression
cylinder and further to an accumulator unit which
mitigates the shock of the vertical load by a bladder
inside. All piston rods of the rocking suppression
cylinder are connected each other to suppress the
entire rocking motion.

As for Vertical+2D-SIS, a reactor vessel and
major primary components are suspended from a
large common deck supported by vertical isolation
devices consisting of large coned disk springs and
steel beam dampers. The isolation device, which
can achieve vertical isolation frequency of 1 Hz
and damping ratio of 20%, is designed. The device
is composed of 70 coned disk springs of 1 m outside
diameter. The damper is made to be a tapering
beam damper so that the stress distribution may
become uniform. The applicability of the common
deck isolation system to a sodium cooled loop type
FR plant is examined. Total installation weight is
about 6000 ton, and it is supported by 20 isolation
devices. Considering weight distribution and rigidity
allocation, the isolation device is mainly placed at
the circumference of the reactor vessel and periphe-
ral part of the deck. Horizontal load support struc-
ture is established so as not to exert the horizontal
load on the vertical isolation device. Full scale
coned disk spring and damper performance tests
were carried, and the validity of design methods
was confirmed. A series of shaking table tests using
a 1/8 scale model was performed. As a result, it is
confirmed that proposed isolation system is quite
effective in mitigating seismic loads to major
components.

2.3.2. Increasing of reliability of sodium system

2.3.2.1. Countermeasures against the chemical poten-

tial of sodium (double-wall concept). It is important
to increase reliability of sodium system in order to
attain economical competitiveness of a sodium
cooled FR system and to keep a high load factor.
For this purpose, a double-wall concept is adopted
in this design. All main pipes and vessels have each
guard pipes and guard vessels which are connected
and make a closed area with nitrogen atmosphere.
If a defect occurs at a main pipe and sodium coolant
leaks from a crack, the guard pipe will keep the
leaked sodium in the annular space between main
and guard pipe, then the leaked sodium will not
be exposed to air. In this double-wall concept, a
sodium boundary is set at the main piping and main
vessels, that is, the inner wall. The function of outer
wall is to contain sodium during an accident condi-
tion in which the sodium mass flow rate is quite less
than the full power condition.

As for the primary system, the guard pipe and
guard vessel are airproof and sodium leakage is
restricted. And sodium combustion is prevented
because the closed space inside the outer wall has
inert atmosphere filled with nitrogen gas. Therefore,
welding structure is adopted for outer wall because
of the requirement of leak-tightness for sodium. The
countermeasures to sodium leakage at primary pip-
ing is shown in Fig. 5.

As for the secondary system, the space inside the
enclosure of sodium pipe and components also have
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inert atmosphere because of restriction for sodium
combustion. As the secondary system is not a safety
system and leak-tightness is not required for enclo-
sure, a lip-seal structure is adopted for the enclosure
flange as shown in Fig. 2. Therefore, repair capabil-
ity is improved and the recovery time after a sodium
leak is shortened.

We make a design of a part of penetration through
the double-wall with great care. The number of such
parts in the cooling system should be minimized. For
example, in the conventional design, an electromag-
netic flow meter is utilized as a coolant flow meter.
But a ferritic material in our design has magnetic
characteristic under which an electromagnetic flow
meter cannot work well. Then we pick up an ultra-
sonic flow meter technology which need not pierce
the double-wall. And this flow meter can be utilized
also as a thermometer which need not pierce the walls
as would a conventional thermometer.

Furthermore, the frequency of sodium leak is
reduced because the area of sodium boundary is
reduced by elimination of branch pipes from main
pipe of primary and secondary cooling system.

Partition structure is adopted in the annular
space between main and guard pipe. Then, the
increment of leaked sodium and the aerosol diffu-
sion is limited by these partitions and it is easier
to locate and recover the leaked region. However,
a large number of partitions make it difficult to con-
struct piping systems. Therefore there is a good bal-
ance of localization and construction.

2.3.2.2. Double wall straight tube steam generator. It
is desirable that sodium heated SGs of a com-
mercialized FR should avoid the possibility of
sodium/water reaction, because the failure of plural
heat transfer tubes by reaction jets or reaction prod-
ucts significantly affects the operating time of the
plant, that is, which can reduce operating revenue
and increase operating cost.

Then, a double-wall type that consists of inner
and outer tubes is employed for heat transfer tubes
of an SG in order to prevent sodium/water reaction
practically [19,20]. The conceptual picture of a dou-
ble-wall tube SG is shown in Fig. 13. Both tubes are
mechanically contacted by pre-stress, and they are
fabricated in straight type. The integrity of inner
and outer tubes is confirmed by ultrasonic test
(UT) and eddy current test (ECT) during the peri-
odic inspection of the plant. These tube examina-
tions are necessary to prevent simultaneous failure
of the inner and outer tubes.
As for the heat transfer performance for double-
wall tube, sufficient pre-stress of the interface
between inner and outer tubes can avoid thermal
deteriorations in the duration of service (60 years)
without being affected by interface stress relax-
ations. This was shown by our analysis [21].

Since the heat exchange capacity of the SG of
JSFR is very large for enhancing cost-effectiveness
by scale merit, the diameter of the SG shell is also
large. Therefore, the shape of tube sheet is semi-
sphere type standing for the water-side pressure.
Besides, this tube sheet is single type to simplify its
structure and plugging process.

From the thermal-hydraulic perspective, the
down and up flow of sodium by baffle plate struc-
ture which surrounds a sodium inlet plenum of the
SG can unify the radius sodium flow distribution
into the tube bundle region seen in Fig. 13. This
uniform sodium flow contributes to flatten a hori-
zontal temperature distribution in the bundle
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region. This is indispensable for preventing a tube
buckling or tube-to-tube sheet junction failure.
The shell bellows can compensate the thermal
expansion difference between the SG shell and the
tube bundle.

Sodium and water flow is counter-flow, and the
sodium flow parallels the tubes of SG in order to
reduce the pressure loss and to avoid tube-fretting.
No flow dynamic instability in water side occurs
by increasing water pressure without orifice [20].
This orifice-less method helps the tube reliability
in terms of undesirable phenomena like erosion or
blockage at the orifice.
2.3.2.3. Development of in-service inspection and

repair. From early stage of the design, many con-
cepts for inspection and repairing mechanism are
incorporated into the JSFR design. The design pol-
icy of in-service inspection (ISI) is that every part
can be looked at whenever one wants to and several
parts can be repaired when necessary.

Sodium is an opaque medium and an object in
sodium fluid cannot be seen directly. Furthermore
sodium is chemically active. These characteristics
are a weak point of a sodium cooled FR from
inspecting and repairing point of view. Although
the most important point in a design of a sodium
cooled FR should be to attain high reliability, the
inspection and repair technologies are key issues
for commercialization of a sodium cooled FR.
When the inspection and the repair are examined,
we should consider the double-wall structure from
leakage point of view and the reducing atmosphere
in sodium from corrosion point of view. Assuming
that all the functions of each component for safety
are maintained, reasonable inspection method con-
sidering the above characteristics of a sodium
cooled FR system should be established with respect
to ISI. For example, for core support structures,
only the defect check should be needed to assure
that there is enough tolerance against a structural
deformation, because the structure exists in low
pressure difference circumstance.

Continuous leakage monitors can detect a small
leakage at coolant boundary in its early stage in
order to maintain a reactor core cooling function.
Even if a leak occurs, the reactor core cooling func-
tion can be maintained with double-wall concept: a
guard vessel and guard pipes. To assure the intact-
ness of the double-wall concept, a guard vessel
and guard pipes should be checked with VTM-1
or a leak rate examination which confirms that no
penetration defect is generated.

The monitoring devices for visualization with
high resolution and the device for volume examina-
tion should be developed in order to perform a
visual examination for these structures inside the
reactor vessel.

Although the SG in our design is not expected for
the safety function of decay heat removal during an
accident, a water leak rate of a failed heating tube
should be limited in order to keep intactness of cool-
ant boundary, early restart and preservation of
property. So, ISI should confirm the integrity of
heating tubes, tube sheets, baffle plates and welding
points. Several R&D activities have been performed
in this field: ultrasonic device for camera, treatment
of cables and device moving in sodium.

The design of JSFR includes the way to inspect
and to repair, especially a reactor structure, an inte-
grated pump/IHX and an SG. For example, there is
an inspection hole between each main heat trans-
port pipe in a RV. And this inspection hole goes
from a top of the roof deck through the reactor core
support skirt. The four inspection holes in total
should be needed to access the range around all
the reactor core support skirt and the lower plenum.

The method of the localization of a damaged
position is examined for the primary system pipe,
the secondary system pipe, and the IHX heat
exchanger tube. After the damaged section is
roughly specified by the signal of the leakage detec-
tor, the damage position is visually identified by the
fiberscope for the primary piping system. Therefore,
for the primary piping system, the guide of the fiber-
scope is set beforehand on the inside of the outer
pipe. On the contrary, for the secondary piping
system, the damage position is identified by direct
removing outer pipe. For the secondary piping sys-
tem, the gap of inner and outer pipe is divided into
independent sections in order to identify a damaged
section by each individual leakage detector. In addi-
tion, the outer pipe has a flange structure in order to
remove it easily as shown in Fig. 2.

For repairing methods, we classified repairing
issues into three categories according to the fre-
quency of the damage. The first category is that
there is a possibility of occurrence of damage in a
plant-life time, for example a loosened bolt of
dipped plate. And it is assured in this category that
the repair should be performed easily in short time.
The second category is that the possibility is lower
than the first category, for example a crack of



M. Konomura, M. Ichimiya / Journal of Nuclear Materials 371 (2007) 250–269 265
primary main pipe. And it is assured in this category
that the repair should be performed even if it takes
longer time. The last category is that the possibility
is extremely very low. The decision of repair would
be expected by plant owner on a case-by-case basis.

If the draining of sodium is needed at the repair,
it requires a long-duration procedure, especially for
large-sized components such as RV and SG. There-
fore it is desired that repairing is performed without
coolant draining as long as possible for shortening
of inspection period and improvement of availab-
ility. Consequently, development of repairing tech-
nologies which can be implemented under the
circumstance of high temperature and high radia-
tion is needed. Such technologies in sodium coolant
are also required for the structures in reactor vessel
such as core support structure. So there are many
development issues as follows: information of wet-
ting effect of ultrasonic transducer, development of
ultrasonic transducer resistant to high temperature,
high resolution image processing program, phased
array ultrasonic system, and so on. And the method
to carry the equipment to the examination parts
must also be developed.

2.3.3. Other important design topics

A thermal source for hydrogen production is an
attractive utilization of an FR. Hydrogen is noticed
to be an energy carrier for next generation and
hydrogen fuel cells can be used for both stationary
electric generation and transportation. In Japan, a
large amount of petroleum is used for transporta-
tion and the share of oil imports is above 95% and
carbon dioxide emission form transport is increas-
ing. It is desired that the dependence on petroleum
should be reduced concerning energy security and
environmental protection [22]. Diverse utilization
of hydrogen as energy carrier and energy source
for transportation can reduce carbon dioxide emis-
sion. Nuclear energy is one of the attractive energy
sources to produce hydrogen suitable for energy
security and reduction of carbon dioxide emission.

A sodium cooled FR can supply heat around
500 �C. There are two hydrogen production meth-
ods using sodium cooled FRs. One is the steam
reforming at the temperature 500 �C. The other is
a steam methane reforming which is still attractive
as a low cost hydrogen production method, though
the goal of hydrogen production is water splitting
without any fossil fuel. And the system design of a
steam reforming hydrogen production plant using
a sodium cooled FR is studied [23].
Thermochemical and electrolytic hybrid cycle is a
new process developed by Nakagiri [24]. The pro-
cess is based on the Westinghouse process [25]
which requires high temperature over 800 �C to
decomposition sulfur trioxide gas into sulfur diox-
ide and oxygen. The new process can be operated
at the temperature approximately 500 �C because
sulfuric trioxide gas is decomposed by electrolysis
with ionic oxygen conductive solid electrolyte such
as yttria stabilized ziruconia. The other electrolysis
which is also adopted by the Westinghouse process
is the room temperature electrolysis of sulfur diox-
ide solution with polymer electrolyte. Hydrogen
production plant with the thermochemical and elec-
trolytic hybrid method using a sodium cooled FR is
designed [26]. The ideal hydrogen production effi-
ciency 42% (high heating value) is expected with
the thermochemical and electrolytic hybrid cycle,
assuming development of high efficiency electrolysis
in future.

Hydrogen production system is designed to uti-
lize components of steels such as high Si cast iron,
which has good toughness against sulfuric acid.
From structural material point of view, prolonga-
tion of life time of such structure under very severe
acid condition is essential for commercialization.

Hydrogen production with a sodium cooled FR
is attractive as a long term energy source with
breeding of nuclear fuel. This is coming from some
possibilities to use a sodium cooled FR for heat
source. The combination of a sodium cooled FR
and this method can produce hydrogen, and will
convert nuclear energy to chemical energy. For real-
izing this technology, structural material develop-
ment should be necessary as mentioned above.

3. High chromium ferritic steel for primary sodium

components and pipes

For the shortening of piping and reduction of
loop number, a challenge is made to adopt a high
chromium ferritic steel, in place of an austenitic
stainless steel, to the primary components and pipes
except for the reactor vessel. The underlying recog-
nition in this challenge was that, thanks to the
advances in the steel production technology, ferritic
steels could be used as the structural material of the
primary sodium components and high chromium
pipes with reliance. In fact, high chromium steels
with improved creep strength and weldability were
developed for fossil power plant applications.
Forging steel (12%Cr) was realized by some major
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technical breakthroughs that took place in 1990s,
including the technology of eliminating gaseous ele-
ments from the steel [27] and the knowledge about
the effect of tungsten/molybdenum to the improve-
ment of the high temperature strength [28].

In Fig. 14, the thermal stress resistance of various
steels is compared, in which the ordinate is taken as
a ratio of creep strength to the thermal stress
induced by a certain amount of temperature varia-
tion. Here, P122 is a 12%Cr steel originally devel-
oped for fossil plant applications. One can note
that the 12%Cr steel is somewhat superior to
316FR in terms of this parameter. This superiority
of the 12%Cr against thermal stresses comes from
its low thermal expansion property and sufficient
creep strength. Since the most important property
required to JSFR structural materials is the resis-
tance to steady and transient thermal stresses, high
Cr steels have a potential as a JSFR structural
material.

Structural materials for JSFR components are
required to have good performance also in other
properties. These include high creep–fatigue strength,
sufficient tensile and creep ductility, sufficient fracture
toughness, and good weldability.

The major concern on the existing 12%Cr steel
for JSFR applications were its low ductility and
fracture toughness especially after long aging expo-
Fig. 14. Comparison of resistivity of some steels for thermal
transient loading.
sure. Therefore it was judged a sort of optimization
of the alloy was inevitable to improve these impor-
tant properties for the operating condition of JSFR,
that is, temperature range of around 550 �C and
long operation of 60 years.

The optimum total content of tungsten (W) and
molybdenum (Mo) for high Cr steel had been known
to be 1.5 wt% as an equivalent Mo content for the
improvement of high temperature strength [29].
Empirical knowledge in the steel manufacture was
that W had an improving effect on the creep strength
of Cr steel at temperatures higher than 600 �C and
that Mo was effective at lower temperatures.

A series of long term material tests were run to
assess the effects of the W and Mo contents on the
creep ductility. Fig. 15 shows the creep reduction
of area of three kinds of 12%Cr steels with various
W/Mo contents at 550 �C. Data of Mod.9Cr–1Mo
steel, whose creep ductility and creep–fatigue
strength were the targets of the optimized high Cr
steel, are over plotted as a reference. While the creep
ductility data of P122 with high W content is infe-
rior to those of other steels, those of the W-free steel
falls in the lower scattering band of the data of
Mod.9Cr–1Mo steel. Although the number of data
is limited, the figure suggests a correlation between
the creep ductility and the W content. The results
of creep–fatigue tests with one hour dwell at peak
tensile strain at 550 �C on these steels showed that
at lower strain range, creep–fatigue strength of W-
free steel was also superior to those of the other
steels. This tendency is consistent with the observa-
tion on the creep ductility shown in Fig. 15.

Another important material property is fracture
toughness, which is closely related with the leak
before break (LBB) characteristics of components
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and pipes. It was found that the W/Mo content
plays a key role here also. As is shown in Fig. 14,
the Charpy impact tests results on these high Cr
steels before and after aging at 600 �C for 6000 h,
which is closely correlated to the fracture toughness,
revealed that the upper shelf energies (USE) of the
three 12%Cr steels were lower than that of
Mod.9Cr–1Mo steel both before and after aging.
Among these 12%Cr steels, the USE of P122 with
high W content significantly decreased after aging
in comparison with those of med.-W content and
W-free steels. Based on this observation, an adverse
effect of the W content on the fracture toughness
after aging was clarified.

A scanning electron microscope (SEM) observa-
tion of some aged (600 �C–6000 h) materials revealed
the formation of Laves phase, Fe2W or Fe2Mo. The
amount of Laves phase observed in aged P122 was
considerably larger than those of other 12%Cr steels,
which coincides with the impact tests results; W tends
to form Laves phases more easily than Mo during
aging and degrades fracture toughness as a result.
Since the stability of the microstructure/metallurgical
phase is of a great importance for long term opera-
tion at elevated temperatures, this result also suggests
the necessity of limiting or eliminating the W content
in the optimized alloy.

Ferritic steels have attractive characteristics from
a cost-reduction point of view. By now, several mate-
rial experiments have been done. And the possibility
to apply a sodium cooled FR would be found; that is,
the resistance to thermal stress of ferritic steel could
be achieved by the optimization of several elements
in ferritic steel, although the more experiments are
required on several conditions (temperature, stress,
etc.) in order to confirm applicability for a sodium
cooled FR.

4. Cost evaluation of sodium cooled FR

A method to evaluate construction cost of JSFR
is developed. The method is revised based on that of
construction-cost evaluation of DFBR which was
used in the former joint study by utilities.

Two types of cost are classified based on the mod-
ified NUS codes of account: the cost of a sodium
cooled FR facilities and equipment (direct cost)
and the cost of miscellaneous expenses related to
construction (indirect cost). Each account item is
further developed into related facilities and equip-
ments. NUS code of account was originally arranged
by Nuclear Utility Service in 1969 for the evaluation
of economics of LWRs, while the modified NUS
code is a modified version of the original NUS code
for the evaluation of FRs. The total plant construc-
tion cost is evaluated as the sum of all account items
which are evaluated based on the formulae defined
for each facility and equipment of the respective
account items using the commodity data derived
from the conceptual design of sodium cooled FR.

This cost evaluation formula is formulated as the
product of a unit cost and the amount of materials
for each facility and equipment, that is, basically
formulated in the following form: construction cost
of facilities and equipment = (amount of materi-
als) · (unit cost).

The following four issues are presumed for the
cost evaluation of sodium cooled FR: (1) the
demand for resources used for the calculation of
the interest during the construction period is to be
raised fully on loan basis. The total demand is given
as the sum of the direct cost and the indirect cost
(excluding the interest during the construction).
The proposed project period based on the field work
is used as the construction period; (2) the demand
curve for the resources is to be represented by a pat-
tern curve used in the OECD/NEA evaluation,
where the interest rate of 2% is used; (3) the owner’s
expense is to be 10% of the total construction cost
(the sum of the direct cost and the indirect cost,
excluding the interest during the construction
period and the owner’s expense); (4) the plant to
be constructed is a twin plant and is assumed to
replace a former water cooled reactor. The expenses
of the land and the civil work for the accommoda-
tions already existed at the site, such as the harbor
facilities not directly related to the building con-
struction, are not included.

The value of 200000 yen/kWe is set as a target
for the construction cost of a sodium cooled FR.
This value comes from that of the future construc-
tion cost of LWR for a first of a kind plant includ-
ing the interest during construction. And the value
of $1000/kWe in overnight cost with number of a
kind corresponds to the above 200000 yen/kWe.

The outcome of the construction cost evaluation
shows that a large sodium cooled FR has the most
promising capability of reducing the construction
cost to 90% of the target, taking a full advantage
of the scale merit.

The features and the commodity of a large
sodium cooled FR and a same scale future water
cooled reactor (APWR) are compared as shown in
Table 4. From this table, the following three issues



Table 4
Comparison with a LWR

Sodium cooled
FR

LWR (APWR)

Electricity output
(MWe)

1500 1530

Number of primary
loops

2 4

Weights of the R/V
(ton)

465 590

Weights of the IHX
(ton)

520 (2 units) –

Weights of the SG (ton) 1230 (2 units) 1760 (4 units)
Total (ton) 2215 2350
Volume of R/B 13 · 104 m3

(round)
36 · 104 m3

(round)
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come: (1) Compared with the high temperature and
the low pressure of a sodium cooled FR (550 �C/
1.5 atg at reactor outlet), an APWR shows the lower
temperature and the higher pressure characteristics
(325 �C/160 atg). The plant thermal efficiency of a
sodium cooled FR is of 42% which is higher than
that of an APWR of 35%. (2) The reactor structure
of a sodium cooled FR can be composed of thinner
vessel plates, due to the lower plant pressure, which
contributes to the reduction of construction com-
modity. (3) The cooling system of a large sodium
cooled FR is presumed to be composed of 2 loops
(2 intermediate heat exchangers and 2 steam gener-
ators), while a same scale APWR is composed of 4
loops (4 steam generators), which lead to nearly
the same amount of total commodity of the cooling
system. Furthermore, (4) the decay heat removal
system of a sodium cooled reactor is presumed to
be composed of 3 loops with full natural circulation
heat removal capability, while that of an APWR is
composed of lots of miscellaneous equipments
related to the ECCS.

The result of our cost evaluation shows that
JSFR with many innovative technologies has cost
competitiveness as comparing of a future LWR.

5. Conclusions

The economical competitiveness would be essen-
tial to a new energy source in order to use it in the
situation that the conventional energy sources are
widely used. To get the competitiveness, we apply
many innovative technologies to design of sodium
cooled FR.

The high chromium ferritic steel in place of an
austenitic stainless steel makes it possible to realize
the simpler design of a sodium cooled FR, which
is performed in design of JSFR. Critical technolo-
gies for the integrated pump/IHX component, the
control of flow dynamics in the upper plenum of
RV and the large diameter piping system are exam-
ined by experiments which reveal a strong possibil-
ity of the component and the control methods,
though R&D work is still needed. ISI and repair
method are developed on the basis of the low pres-
sure and reducing atmosphere in sodium. Seismic
isolation technology proceeds to apply for sodium
cooled FR.

The cost evaluation of sodium cooled FR has
been carried out based on the above technologies
under the condition that the safety should be the
first prerequisite. As a result, a sodium cooled FR
can achieve the construction cost target to be com-
petitive enough with a future LWR.
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