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7. Systems and Components

» Monju is a loop-type FR, adopting a hot-type reactor vessel, horizontal
pipe routing at high elevation in the primary heat transport system, and
helical-coil-type steam generators, to realize a simple and highly effi-
cient reactor system while ensuring safety and reliability.

» The major sodium components are used under low pressures, high tem-
peratures, and significant thermal load during transients. Thus, various
mockup tests and thermal-hydraulics tests were conducted to clarify the
mechanical behaviors of the components, such as sodium thermal hy-
draulic behaviors, the occurrence of convection in narrow gaps, and
temperature stratification and striping.

» The major components were manufactured and installed as scheduled
with high precision based on trial-manufacturing experience. In particu-
lar, the reactor vessel, featuring a large thin-walled cylindrical geometry,
was manufactured with careful control of strain using unique large-
scale vertical manufacturing equipment.

» Design and manufacturing technologies for the reactor systems and
components were established by demonstrating their as-designed per-
formances through the commissioning tests up to the 40% power.
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Air cooler

Electro-magnetic

7.1 Plant overview

Monju reactor and cooling systems are
shown in Fig. 7-1. Monju is a loop-type reactor
with three independent sodium cooling sys-
tems. Each of the cooling systems consists of a
primary heat transport system (PHTS) and a
secondary heat transport system (SHTS), and
heat is transferred to the power-generation
steam turbine of a water-steam system via the
steam generators (SGs).

The primary sodium flows into the reactor
vessel (RV) from the bottom shell at 397°C,
flows out from the upper shell at 529°C after be-
ing heated in the reactor core, and then ex-
changes heat with the secondary sodium in the
intermediate heat exchanger (IHX). The sec-
ondary sodium is heated from 325°C to 505°C
and exchanges heat with water and steam in
the SGs to generate superheated steam of
483°C and a pressure of 127 kg/cm?G that is
supplied to the turbine generator.

The reactor system consists of:

* An RV that contains a core,

* A guard vessel to maintain the coolant level
for safe core cooling in case of sodium leak
from the PHTS piping,

* Ashield plug that shields radiation and heat
from the core and maintains an argon gas
atmosphere above the sodium surface,

Reactor containment vessel

Secondary argon gas system

Primary main

* Core internals that support the core and pro-
vide flow distribution for each core compo-
nent, and

* An upper core structure that supports con-
trol rod drive mechanisms (CRDMs) and
core instrumentation wells.

The cooling system consists of the following:

e PHTS equipment (circulation pump, IHX,
guard vessel, etc.),

* SHTS equipment (circulation pump, SG,
efc.),

* An auxiliary cooling system (air cooler, etc.),

* A sodium-water reaction product container,

* Reactor cooling system auxiliary equipment
(auxiliary primary sodium equipment, auxil-
iary secondary sodium equipment, mainte-
nance cooling system equipment, primary
and secondary argon gas system equip-
ment, etc.), and

* Water-steam system equipment including
steam turbines.

The design features, R&D activities, and
manufacturing and installation of the major sys-
tems and components of Monju are described
in the following sections, together with those of
the fuel handling and storage system not
shown in Fig. 7-1.
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Fig.7-1 Reactor and cooloing system of Monju
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7.2 Reactor structure

Reactor structure detail is shown in Fig. 7-2.
The RV contains the core and core internals,
and the reactor guard vessel encloses the RV
and lower part of PHTS piping. The CRDMs
and a refueling system are installed on the
shield plugs (fixed plug and rotating plug).

7.2.1 Reactor vessel

Major specifications of the RV are listed in
Table 7-1. The RV is a large, SUSF304 (forged
material), thin-walled, cylindrical vessel with an
outer diameter of 7 m, a height of 18 m, and a
thickness of 50 mm. The vessel is supported at
the upper flange, and it has a seismic support
on the bottom end plate. The core internals
(material: SUS304 and SUSF304) constitute
the pressure and temperature boundary inside
the RV (the upper plenum is at high tempera-
ture and low pressure, and the lower plenum at
low temperature and high pressure). They also
form flow paths to supply coolant to the fuel
subassembly and other core elements (Figs. 7-
3 and 7-4). The flow rate required for cooling
each core element is supplied from the high
and low pressure plenums below the core. The
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Fig.7-2 Reactor structure
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respectively. The space above the sodium level In-vessel fuel - Reactor vessel
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Table 7-1 Major specifications of reactor vessel Fig.7-3 Core intemnal structure
Type SpeCiﬁcationS* Reactor vessel

Maximum pressure and temperature U I

Lower plenum pressure 10 kg/lcm?G Inner barrel

temperature 420C e Blanket Upper
Upper plenum pressure 2 kglem?G C e Ll Sl
temperature 550°C

Operating pressure (at rated power) L J /

RV inlet ~6 kg/lem?G | \

RV outlet ~1 kglem?G = E:
Operating temperature (at rated power) o

RV inlet ~397C

RV outlet ~529°C g

EA P Core Support Conr?ectlng

Major dimensions plate pipe
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Flow hole Catch pan / \
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Fig.7-4 Coolant flow paths to the reactor core
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(1) Design features of RV

The Monju RV was designed with careful
consideration of the characteristics of sodium-
cooled FRs, compared with LWRs, such as
lower pressures, higher temperatures, and
hence more severe thermal stress during plant
thermal transients. In particular, design
measures such as thin-walled piping must be
taken to cope with thermal stresses. On the
other hand, rigid structures were requested
from perspective of the seismic design. The im-
portant task in RV design, therefore, was to har-
monize and optimize these two competing re-
quirements.

Adoption of the “hot-vessel-type” structure is
another unique feature of the Monju RV. It
makes the RV structure simple and compact by
not installing a function to cool the RV wall,
which was generally adopted in tank-type FRs.

Various R&D activities related to thermal hy-
draulics, seismic design, material strength, etc.
were performed to establish the design meth-
ods and optimize the structure.

Major R&D achievements are summarized
below.

a) Selection of structural materials

Since the main load on the RV is thermal
stress, austenitic stainless steel (SUSF304)
was selected to prevent excessive inelastic de-
formation caused by thermal stress and creep

fatigue fracture. The material’s favorable prop-
erties include elevated-temperature strength
(creep strength, creep fatigue strength, etc.),
corrosion resistance in sodium, and resistance
to neutron irradiation.

b) Measures against thermal transients
near sodium surface

Upon reactor startup or shutdown, core outlet
coolant temperature change is large and rapid,
while that in the cover gas layer is small and
slow. This difference together with the small
heat-transfer rate from the gas to the RV wall
would cause steep temperature gradient in the
axial direction near the sodium surface in the
RV. This would generate large thermal stress in
the RV wall. As a measure to prevent creep fa-
tigue damage due to this thermal stress, a two-
sodium-level system with a protection liner was
developed (Fig. 7-5). This system prevents the
generation of excessive thermal stress in the
RV wall by controlling the sodium level outside
the protection liner. For example, in the case of
reactor startup, the sodium level outside is ini-
tially set to the same level as inside during the
first half period of the reactor startup procedure,
and then the sodium level is lowered by about
0.6 m. This operating procedure would shift the
peak position of the thermal stress with time to
adequately mitigate overall influence on the RV.

c) Measures against thermal shock

Upon a reactor trip, a large thermal shock
may develop in the RV wall and outlet nozzle
because of rapid decrease in core outlet so-
dium temperature. To mitigate the shock, the in-

Controlling
with two
sodium levels

Y-piece
shape

Upper
plenum

Installation of
thermal shield plate

Protection liner
i
Inner barrel

ner barrel was installed in the upper plenum,
and the RV wall was entirely covered with the
thermal shield plate from the top of the inner
side of the protection liner to the upper part of
— the inner barrel support. In the middle plenum,
(f a measure was also taken to smoothen the ax-
ial temperature distribution in the RV wall by
T providing a bypass flow from the lower plenum
through the degassing holes (Fig. 7-5).

—

Partition structure ‘

d) Seismic support allowing thermal expan-

sion

To enhance seismic capability, the lower sup-
port was attached below the bottom end plate
of the RV and was fitted in the lower support
structure on the RV cavity floor to constrain hor-
izontal RV movement during earthquake (Fig.
7-6). This seismic support structure was de-
signed to appropriately accommodate thermal
expansion associated with power increase as
well.

Installation of
thermal shield plate
(safe-end structure

of outlet nozzle)

Middle plenum

Core internals
support

hole ‘

”"'»gi;\::——ﬁ,_: -
=

Fig.7-5 Measures against thermal shock
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e) Measure to prevent fuel subassembly lift-

ing

To prevent the lifting of the core fuel subas-
semblies due to upward coolant flow, a hydrau-
lic hold-down mechanism is provided. Namely,
a downward hold-down force is ensured by
supplying coolant from the high-pressure ple-
num to the core fuel subassemblies. A part of
the coolant flows downward to the low-pres-
sure plenum located below the subassemblies,
as shown in Fig. 7-4.

(2) R&D on RV

Upon a reactor trip, the core flow rate rapidly
decreases to 10% of the rated value, and low-
temperature sodium from the core flows into
the stagnant high-temperature sodium region
in the upper plenum. This creates the low-tem-
perature sodium layer below a high-tempera-
ture layer, and the boundary between the two
layers gradually rises. This phenomenon is
called “thermal stratification” and may cause
large thermal stress caused by the temperature
gradient along the stratification boundary (Fig.
7-7).

A similar thermal stratification phenomenon
is seen at the RV outlet nozzle, where a stag-
nant high-temperature sodium region appears
in the upper layer and a low-temperature so-
dium flow through the inner barrel flow holes
appears in the lower layer.

These phenomena were experimentally sim-
ulated by water and sodium thermal-hydraulic
tests. The obtained data were used in design
improvement to mitigate the influence of the
thermal stratification as follows:

100s after
the reactor trip

(b)

Steady state
Y =3

High
temperature
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The reactor vessel is suspended from
pedestal of the building at the top flange.

Lower .
support structure

Structure to absorb the thermal
expansion and to support RV

during the earthquake. Reactor vessel
~

>~ Guard vessel

7 Retainerring

Lower support
structure

Fig.7-6 Seismic support structure

* The stress at the Y-piece of the RV is miti-
gated by increasing the inner barrel height
by 1 m,

* The thermal stratification in the upper ple-
num is eliminated in a short time by gener-
ating a circulating flow using the sodium
pumped up from the overflow system, and

* The local thermal stratification at the outlet
nozzle is mitigated by providing the flow
holes in the upper and lower parts of the in-
ner barrel.

(3) Manufacturing and installation of RV

Ring forging was adopted in the manufacture
of the RV shell for the purposes of avoiding a
longitudinal weld line near sodium surface
where large thermal stress may occur, minimiz-
ing the number of weld lines from the perspec-
tives of in-service inspection and reliability, and
obtaining geometrical accuracy including
roundness.
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Fig.7-7 Schematic description of thermal stratification
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* Interface rises
with time

* The flow through flow
holes returns to the
steady state.
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Photo 7-1 High-quality, low-strain automatic welding

The forging of such a large-diameter thin-
walled shell as the RV had never been experi-
enced before. Furthermore, the weight of the
used stainless steel ingot was about twice the
largest ingot of 120 tons ever produced. Since
ingot quality may significantly affect product
quality, large ingot production technology with a
high level of cleanliness was further advanced
using a special method called “unified pouring”,
in which ununiformed solidification was pre-
vented by pouring molten steel heats in multiple
steps, gradually decreasing the concentration.
As a result, high-quality steel ingot was suc-
cessfully produced.

In assembling the ring parts of the RV, a
large-scale welding machine capable of high-
quality and low-strain automatic welding was
developed, and the parts were assembled ver-
tically to minimize deformation and to ensure
good welding workability, realizing sufficient ac-
curacy in the manufacturing and installation
(Photo 7-1).

After installation, the straightness of the RV
from the support flange to the lower support
was confirmed within 1 mm for the total height
of 18 m. Concerning the installation accuracy of
core intemnals, which is important for control rod
insertability, the misalignment of the outermost
control rod guide tubes is at most 1.9 mm at the
upper core support frame level, sufficiently sat-
isfying the design allowance. An internal view of
the inner barrel after installation is shown in
Photo 7-2.

(4) Design validation in SST

Axial temperature distribution in the upper
plenum was measured in the reactor trip test
from 40% power level performed during the
SSTin 1995. It was observed that temperature
dropped after reactor trip more sharply in the
lower elevations. The change in the tempera-
ture distribution is successfully simulated by
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Fig.7-8 Temperature change in the upper plenum
after reactor trip

analysis (Fig. 7-8). In addition, this result on the
thermal stratification is well within the range
postulated in the design. The data obtained are
internationally utilized in the IAEA benchmark
analysis’™".

7.2.2 Shield plug

The structure and the major specifications of
the shield plug are shown in Fig. 7-9 and Table
7-2, respectively. The shield plug installed in the
upper part of the RV is of a single rotating type
and consists of the fixed plug and rotating plug.
Each plug consists of the upper plate, shield
shell, and dip plate. The dip plate was designed
to suppress ruffling of sodium surface in the RV
during power operation. The fixed plug has a
maximum diameter of 9.5 m and a total height
of 2.0 m.
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Table 7-2 Major specifications of shield plug

Fixed plug | Rotating plug
(1) Type Single rotating plug
(2) Major dimensions
(upper plate)
Outer diameter (m) ~9.5 ~5.3
Shell thickness (mm) ~70 ~60
Total height (m) ~2.0 ~15
(3) Weight of plug (t) ~570 ~270
(4) Main materials
SVG42, SFVQ1A,
Upper plate SM41B SM41B,
SVG42
Shield shell SUS304, SFVQ1A
Shield layer SUS304, SM41B, SS41
Thermal shield layer SUS304
Dipped plate SUS304
EezElng et Synthlg;lt\:l rrSggQ? (cglggtto?‘::?r/ seal)
6) Rptation speed of ) ~01
rotating plug (rpm)

The upper core structure (Fig. 7-10) is in-
stalled at the center of the shield plug. Itis a top-
supported cylinder with a total height of 14 m
and a diameter of 2.6 m. The structure supports
and guides the CRDMs and the instrumenta-
tion wells and consists of the upper plate, shield
shell, middle shell, flow guide device, CRDM
guide tubes, instrumentation wells, etc.

(1) Design features of shield plug
a) Boundary function for reactor cover gas

Since the PHTS piping was installed at high
elevation, the cover gas pressure was set at the
slightly high level of 5500500 mmAq (54 *
5kPa) to prevent the generation of negative
pressure during reactor operation. The bound-
ary of the reactor cover gas at the fixed and ro-
tating plugs was sealed by low-melting-point al-
loy (freeze seal metal with a melting point of
125°C) with backup inflatable tube seal (elasto-
mer seal). The freeze seal metal was devel-
oped to have required performances, such as
resistance to oxidization, prevention of segre-
gation upon solidification, and good wettability
on and adherability with a structural surface.
The freeze seal metal is kept in a solidified state
when the rotating plug is not operated, such as
during reactor operation. VWWhen operation of the
rotating plug is required, the freeze seal metal
is melted to allow the plug rotation, still main-
taining the sealing function.

b) Functions to shield radiation and heat
from reactor core

A laminated thin-plate structure consisting of
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Fig.7-9 Structure of shield plug
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Fig.7-10 Detail of upper core structure

stainless steel, carbon steel, polyethylene, etc.
was adopted for the fixed plug to shield radia-
tion from the core (Fig. 7-11). In addition, to de-
crease radiation streaming, a stepped (offset)
structure was adopted for the gap between the
fixed and rotating plugs, the penetrations of the
installed components, etc.

As for the thermal shield function, it is re-
quired to minimize heat radiation to above the
RV and maintain the temperature of the upper
surface of the shield plug at 70°C or less. Thus,
a structure with multiple thin stainless steel
plates was adopted taking advantage of the
thermal insulation effect of gas layers. A cooling
layer is provided as well for forced circulation of
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Fig.7-11 Structure of shield plug

nitrogen gas. The pitch between the multi-lay-
ered plates was optimized in consideration of
the fact that a thicker gas layer would decrease
the thermal insulation effect owing to occur-
rence of natural convection, while a thinner gas
layer would negate the thermal insulation effect
owing to the bridges formed by sodium vapor
deposition.

c) Component installation function

The shield plug has a large-diameter flat
plate structure and must support its tare weight
and installed heavy components, such as the
upper core structure, fuel handling machine,
and IVTM. To ensure structural strength and
seismic rigidity, a box-shaped structure was
adopted for the fixed plug and a thick-plate
structure for the rotating plug upper plates.

d) Rotating function for refueling

A single rotating plug with a fixed offset arm
was adopted for the refueling method. In this
method, the fuel handling device of the fuel
handling machine can move to any location in
the core, core rack, or IVTM by rotating the plug
and fuel handling machine. The rotation plug
was developed considering the prevention of
deformation during rotation, good positioning
accuracy, and minimization of eccentricity dur-
ing rotation.

e) Measures against thermal striping in the
upper core structure

The coolant temperature difference at the
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outlets of core fuel subassemblies and control
rod assemblies would become as large as
160°C. This may induce temperature fluctua-
tion, a phenomenon called “thermal striping”.
As a result, high-cycle thermal stress is gener-
ated at the near-surface of the upper core struc-
ture located above the core. Therefore, an ar-
mor structure was adopted in which the com-
ponents made of SUS304, including the tube
plate of the flow guide device and the control
rod upper guide tube, are covered by Alloy 718
having excellent high-cycle fatigue strength.

(2) R&D for shield plug

The thermal insulation performance of the
shield plug, RV, and the pedestal was con-
firmed by thermal insulation performance tests,
using a mockup device with an actual axial size
and a scale of 1/2.5 in the radial direction. In a
thermal insulation test to investigate the behav-
ior of the RV cover gas, circumferential temper-
ature non-uniformity was observed in the nar-
row annulus region of the shield plug, which
may cause unfavorable structure deformation.
This was caused by the natural convection of
cover gas in the annulus. To mitigate this, con-
vection suppressing fins were inserted to the
annulus region. Furthermore, various thermal
hydraulic tests using water and sodium were
performed for a detailed understanding and
evaluation of thermal striping phenomenon,
and the results were reflected to the design
measures for the lower part of the upper core
structure.
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(3) Manufacturing and installation of
shield plug

High accuracies are required for the manu-
facture, assembly, and installation of the shield
plug to ensure the performance of the fuel han-
dling system and the insertability of control rods
during earthquake.

As for installation accuracy, the misalignment
between the bottom end of control rod upper
guide tube (in the upper core structure) and the
control rod guide tube at the upper core support
plate level was a maximum of 2.51 mm. Even if
the error of stop position of the rotating plug and
a possible shift during jack-up and down are
taken into account, this misalignment does not
exceed 5.51 mm; and this satisfies the target
value of the integrated manufacturing and in-
stallation accuracy. Concerning the levelness,
the tilt of the upper plate surface of the fixed
plug, the largest component, was confirmed to
be 0.03 mm/m, almost perfectly horizontal and
satisfied the target value (0.12 mm/m) (Photos
7-3 and 7-4).

Photo 7-4 View of upper core structure from below

(4) Design validation based on SST

Neutron and gamma dose rates in the pit
room above the reactor were measured at a re-
actor thermal power of 39% and the results
were below the lower detection limit, confirming

7. Systems and Components @J

the radiation shielding performance and the ef-
fectiveness of the measure against neutron
streaming by adopting offset structure in the
gap of the shield plug and in component pene-
trations.

7.2.3 Control rod drive mechanism

The CRDMs are incorporated and installed in
the upper core structure and have the following
functions: to drive control rod insertion/with-
drawal during normal operation, emergency
scram, and to delatch control rods during refu-
eling.

The reactor startup, shutdown, and power
operations are controlled using the FCRs and
CCRs, and the reactor emergency shutdown is
performed by the main shutdown system
(FCRs and CCRs) and the backup shutdown
system (BCRs) activated by a signal from the
plant protection system. Major specifications
and a structural concept of the CRDM of each
shutdown system are shown in Table 7-3 and
Fig. 7-12.

The main and backup shutdown systems are
mutually independent, including the plant pro-
tection systems, and different in the mecha-
nisms to accelerate and disconnect the control
rods during a scram (the manufacturers were
different as well) to ensure the diversity. Each
control rod has an independent CRDM as well:
3 CDRM units for FCRs, 10 for CCRs and 6 for
BCRs. The CRDM is comprised of the driving
part, upper guide tube, extension tube, etc. and
the sealing is formed against the RV cover gas
by the bellows in the upper guide tube.

(1) Design features of the CRDM

The design and trial manufacture of the
CRDM were conducted efficiently in phases by
reflecting the results of early mockup manufac-
turing and testing to the design of a later
mockup.

The bellows of FCRD and CCRD must ex-
tend over a long stroke of 1100 mm within 1 s
in case of scram, and thus a series of elemen-
tary tests were conducted to improve the weld-
ing process and the connection structure be-
tween flange and end parts of the bellows. Fur-
thermore, since sliding parts are immersed in
high-temperature sodium for a long time, sur-
face hardening was applied using Stellite and
Alloy 718 to prevent self-welding and sticking of
the removable parts, and seizing and galling of
the sliding parts.
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Table 7-3 Major specifications of Monju CRDM

Main shutdown system Backup shutdown system
FCRD CCRD BCRD
- Power control + Power control
(1) Function (auto/manual) + Burmnup compensation - Reactor trip
- Reactor trip + Reactor trip
(2) Number 3 10 6
(3) Driving method + In normal operation: Ball screw type + In normal operation: Ball screw type
9 - In reactor trip: Gravity-driven, gas acceleration type « In reactor trip: Gravity-driven, spring acceleration type
(4) Driving speed of man-| - 12 cm/min ‘ . 12 cmymin . 18 cymin
ual operation + 3-30 cm/min
(S)SEZ?:)'O"‘ LziEn 1.2 s or less (to the 85% insertion from the opening of trip circuit breaker)
(G g UL 3 9,799 mm 9,879 mm 10,000 mm
tube — finger rod)
(7) Main materials SUS304, SUS304TP (Upper guide tube) Bored hot-worked stainless bar steel (JISG4003)
-+ Welded bellows - Welded bellows - Welded bellows
(8) Long stroke bellows | - In low-temperature Argas | - In high-temperature sodium| - In high-temperature Ar gas
- High-speed expansion - High-speed expansion - Low-speed expansion

Drive motor

| —Synchronous transmitter

- Drive motor

L Load cell

— Latch motor

| Drive shaft lock
| mechanism

44— Holding magnet
— Armature

| Link mechanism

. Acceleration
mechanism

Long stroke
[ bellows

<— Upper guide tube

—Latch bellows

Shield
_|__Sodium surface

Dash ram

Latch shaft
Latch finger

Finger rod

<~—— Control rod

Fine control rod
drive mechanism
(FCRD)

drive

(CCRD)

Synchronous transmitter

Acceleration

mechanism |- Ball screw
|- Ball screw
Acceleration shaft Load cell
Load cell FCRD CCRD

Latch rock motor Holding magnet

v

N

Latch holder [~ Armature
. Latch-link mechanism
Holding magnet
Armature
|1 Lateh finger Extension tube latch mechanism
Lower support
tube coil
{— Drive shaft
Shield Shield plug
Outer extension tubed
Shield . Upper guide tube
Inner extension tube Reactor
Sodium surface Vessel
= Long stroke bellows
— Long stroke bellows i— Latch bellows Upper core
< Upper guide tube structure
| Gripper operation — Sodium surface
shaft N
Latch bellows Acceleration spring Core/
Dash ram Acceleration tube
™ Dash pot

Dash pot

Gripper

Latch finger

< Control rod Finger rod *

Coarse control rod Backup control rod

drive mechanism
(BCRD)

Fig.7-12 Control rod drive mechanisms
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(2) R&D for CRDM

The CRDM is an active component having
the crucial functions of reactivity control during
reactor operation and emergency reactor shut-
down in abnormal conditions. To ensure the re-
liability of these functions, a significant R&D ef-
fort has been made using the prototypes (trial
manufacturing) from the early design stage.

The trial manufacture of the mockup was
performed in three phases. In each phase,
tests were conducted to check various perfor-
mances, such as:

* The under-water functioning, under-sodium
functioning, under-sodium durability for
three times the number of activations as-
sumed during the service period of 30 years,
and

* Under-water vibration performance (the
general performance, structural integrity,

and scram performance during earthquake).

Scram tests were performed more than
16,200 times using the prototype, and no failure
of control rod insertion occurred. In the under-
sodium durability test, intermittent CRDM oper-
ation in high-temperature sodium after long-
term shutdown was simulated to confirm the
presence or absence of self-welding, sticking,
and galling of movable parts, the presence or
absence of sodium sticking on the interface
with the cover gas, and the integrity of bellows.
The obtained results were reflected in design
and fabrication of the actual Monju CRDM, and
accumulated as reliability data for licensing.

(3) Design validation based on SST

In SST, the control rod latch/delatch test, nor-
mal drive test, scram performance test, and a
test to confirm elongation of the drive shaft were

Intermediate heat exchanger 505C

o

Reactor vessel

Primary main
circulation pump

Secondary main
circulation pump

Primary heat transport system

Secondary heat transport system
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performed for each of the three CRDM types
under the condition that sodium was charged
and a dummy core was configured in the RV.
Regarding the safety-related scram function of
the CRDM, a test performed at the rated cool-
ant flow rate confirmed that control rods can be
inserted into the core within the specified scram
time (1.2 seconds) (Fig. 7-13)"2.
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Insertion time (s)

Fig.7-13 Emergency insertion of control rod

7.3 Cooling systems

A system diagram of the Monju cooling sys-
tems is shown in Fig. 7-14.

The PHTS consists of three independent
loops, each consisting of an IHX, PHTS circu-
lation pump and its overflow column, piping,
valves, etc. The PHTS piping is routed at high
elevations, and the guard vessels are provided
for the IHX and PHTS circulation pump, with
the main piping routed at low elevations to con-
nect these components. This arrangement
would ensure a sodium level in the RV required

Air cooler auxiliary
cooling system

Water/Steam System

Fig.7-14 Coolant systems of Monju
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Fig.7-15 Primary main circulation pump

for core cooling in case of sodium leak from the
PHTS piping.

The SHTS consists of three independent
loops, each consisting of the SG (evaporator
and superheater), SHTS circulation pump and
its overflow column, auxiliary cooling system,
piping, and valves. The auxiliary cooling system
removes decay heat from the core after reactor
trip and during long-term reactor shutdown,
such as refueling.

7.3.1 PHTS circulation pump’®

The PHTS circulation pump (main circulation
pump) is a safety-related active component de-
signed to supply a required coolant flow rate to
remove heat generated in the core, decay heat,
and other residual heat, during normal opera-
tion, anticipated operational occurrences, and
accidents. The general structure and the major
specifications of the main circulation pump are
shown in Fig. 7-15 and Table 7-4, respectively.

Upper common temperature surface

Inner casing

Natural

£ convection ]
S Outer casing

Lower heating surface

Fig.7-16 Natural convection in the gap between casings

Table 7-4 Major specifications of primary main
circulation pump

ltem Specifications
T Vertically-mounted free-surface
ype mechanical centrifugal pump
Capacity ~100 m%¥min
Head ~92 mNa
Rated rotation rate ~840 rpm
Operating temperature ~400C
Shell outer
. ~1.8m
Size diameter
Total height ~10.5m
Main material Austenitic stainless steel
(SUS304)
Number of units 3

The pump body has a shell diameter of 1.75
m and a height of about 10 m (including the up-
per shaft seal). Coolant circulation is driven by
the main motor (2,000 kW) during the rated
power operation and by the pony motor
(22 kW) during decay heat removal operation
after reactor shutdown. The circulating flow rate
can be controlled between 48.6% and 100% by
the main circulation pump MG set (variable fre-
quency power supply system of motor genera-
tor) to maintain the RV inlet/outlet temperature
difference almost constant, regardless of reac-
tor power.

(1) Design features of the main circula-
tion pump
The main circulation pump consists of a
pump body and outer casing, and has a struc-
ture allowing the extraction of the pump body
from the outer casing welded to the PHTS pip-
ing for easier maintenance.

In the cover gas space above the sodium
surface in the pump, vertical natural convection
appears in the gap between the inner and outer
casings (Fig. 7-16). This causes a circumferen-
tial temperature gradient, leading to thermal de-
formation of the casing, and may generate ex-
cessive load on the pump drive shaft. To pre-
vent this, natural convection suppressing fins
(rectangular baffle plate) were installed in the bi-
ological and thermal shields. In addition, um-
brella-like natural convection suppressing fins
were provided in the shaft to prevent shaft
bending due to convection of encapsulated ar-
gon gas.
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(2) R&D for circulation pump

The main circulation pump is the only rotating —
component that directly handles high-tempera- gz:;lf;fz:z:‘;otfess;al
ture radioactive sodium. Thus, R&D activities  characteristic
on the pump were conducted step by step aim-
ing at high reliability. A scale-up history of circu-
lation pump development is shown in Fig. 7-17.

Mechanical seal | Performance test of gas seal |

characteristic test

Determination of gas seal
structure and flow rate of
blowdown gas

Confirmation test of
! circumferential temperature
distribution of casing in Ar gas

[In-sodium vibration test]

Integrity confirmation of
hydrostatic bearing

i during the earthquake Determination of natural
A protot;_/pe pump, the ﬁrsg dc_)mest|cally devel- Conﬁfmaﬁon o geal convection suppressing structure
oped unit (capacity of 1 m*/min) was manufac-  characteristic
tured in 1966 and was followed by the design, | alrf]'é"g;ft'%l;gﬁa?; ?:féggllﬁ%
manufacture, and testing of a sodium pump (5 Hydrostatic bearing Confirmation of strength and

m%min), a mockup of the main circulation pump performance test
Determination of the

3 X . .
(21 m*/min). The main Joyo circulation pump  gircture and materials of
for Joy was then developed. The R&D activities ~ hydrostatic bearing Underwater vibration test with
for the main Monju circulation pump, which is ~ (Circular bearing, the scaled-down pump

: Colmonoy) Verification of seismic analysis
about five times as large as that of Joyo, fo- methods

cused on development of the shaft bearing and Hydrodynamic
seal, and a full-scale mockup test. The test re- performance |
sults were reflected in the design and manufac-  Determination of the shape of

. . ) the hydrodynamic component
turing of the actual Monju pump as shown in

sodium corrosion resistance of
annealed and cast materials

Mock-up tests |
Confirmation of pump reliability

Fig. 7-18. Fig.7-18 Improvement of main circulation pump
1966 1969 1971 1973 1977 1989 Completion
year
= ) T 7 | R, ¥ 7 { = 0
s 3 5
d4
E
[ | I g
Mock-up  Actual —6 ?
component E
S L
Mock-up Actual
e S S component
1m/min: 5m/min: 21m/min: 100mi/min: ’ 10
Prototype Sodium test Joyo Mr:njmum' Capacity =

equipment

Fig.7-17 Development history of sodium pump for FRs

a) Development of the shaft bearing and
seal

Mockup parts tests for the shaft bearing were
conducted to obtain design data extrapolatable
to actual components. These included tests in
water and in sodium and low-speed test, which
is more severe for the bearings. For the surface
hardener, Colmonoy alloy (Ni-Cr alloy with ad-
dition of boron and carbon) having a low cobalt
content, a source of radioactive corrosion prod-
uct, was adopted to reduce radiation exposure.

Double mechanical seals were employed in
the pump shaft (Fig. 7-19) to seal the argon
cover gas in the pump. The space between the

two seals are filled with high-pressure lubricat-
ing oil to prevent the leak of radioactive cover
gas to the outside. Furthermore, an argon gas
diffusion seal is also used, by which the cover
gas is purged and shaft sticking due to the dep-
osition of sodium vapor is effectively prevented.
Since the operating conditions become more
severe with increased shaft diameter, a series
of parts tests were performed using a test com-
ponent of an actual size. Particularly for the ar-
gon gas diffusion seal, the effects of the flow
rate and pressure of purge gas were investi-
gated in detail and were reflected in the actual
component design.
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Fig.7-20 Distribution of circumferential temperaure difference
measured in mockup pump

b) Full-scale mockup test

In the series of full-scale mockup tests, the
pump hydraulic characteristics were confirmed
by water tests, and then the mechanical and
structural reliability and durability were verified
by sodium tests (with a partial flow rate using a
special impeller). The main test items and
achievements are listed in Table 7-5.

As an example, the axial distribution of the
circumferential temperature difference is
shown in Fig. 7-20. The effect of the convection
suppressing fins installed in the relevant space
were found to effectively decrease the peak cir-
cumferential temperature difference in the outer
casing from 74°C to 10°C, and thereby signifi-
cantly reduce the amount of thermal defor-
mation of the casing.

Deformation of the casing caused by natural
convection in the annulus space became evi-
dent in the scale-up from Joyo to Monju. This is
a good example showing the importance of so-
dium mockup tests simulating the actual tem-
perature conditions and the effectiveness of full
mockup tests to identify problems due to scale-
up. This is also a valuable finding applicable to
the design of a reactor component having an
annulus space in the cover gas.

(3) Manufacture and installation of cir-
culation pump

The main circulation pump is arranged in the
cold leg of PHTS. Its shatt is considerably long
(about 8.5 m) because a large liquid surface
fluctuation and a gamma shield (about 1.4 m
long) are accommodated. Hollow forged steel

Table 7-5 Achievements of mockup pump tests for Monju

—
[0}
(2]
23

Test contents

Achievements

Remarks

Hydraulic performance test
Rotation rate: 10%-100%
Continuous operation test: 6 h

(QH,n)

Underwater
test

Collection of hydraulic performance data

Confirmation of no abnormal sliding

Disassembling investigation

Confirmation of integrity of each part

Under-sodium test

Hydraulic performance test
Sodium temperature: 200°C —400°C
Low-temperature operation test
Sodium temperature: 180°C

Startup/stop test
Sodium temperature: 200°C, 400°C
Stop interval: 0.5-5 h

Low-level operation test
Sodium temperature: 400°C
Level: 100 mm above hydrostatic

bearing

Disassembling investigation

Cumulative operation time: 18,500 h

Confirmed agreement with underwater test
results
Confirmed circumferential temperature dif-
ference and displacement of casing smaller
than those in high-temperature sodium
Checked bent shaft at shutdown and static
torque in restart

!
Installation of turning equipment
Confirmed no problem in circumferential
temperature difference and displacement of
casing.
Confirmation of durability and integrity
Confirmation of sodium deposition and so-
dium cleaning method

In adjustment operation, deformation of
casing due to natural convection of
cover gas was observed, which
caused sticking of hydrostatic bearings

R&D to cope with the issues

’

Use of convection suppressing fins

!

Retest and confirmation using mockup

’

Reflection in the actual component
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parts (diameter: 550 mm, thickness: 20 mm)
were welded to the shaft at its upper, middle,
and lower levels in order to reduce shaft weight
and set the resonance rotation speed at a high
value. Since high-precision balance is required
in the pump shaft, careful attention was paid to
shaft bending in the manufacturing process by
conducting the shaft runout test under the
same high-temperature environment as the op-
erating temperature (about 400°C) after optimi-
zation of the supporting base position through
automatic measurement of the runout at vari-
ous levels. In addition, in the manufacturing
process, the accuracy of the evenness of the
hollow part was strictly controlled to ensure
high-precision balance, and thick-walled parts
were provided axially at some levels for easy
correction of imbalance.

(4) Design validation based on opera-
tional data

The main circulation pump has been oper-
ated even during reactor shutdown and opera-
tional data were accumulated for more than 20
years. Using temperature data from the gas
layer in the main circulation pump, the relation-
ship between sodium temperature and the
maximum circumferential temperature differ-
ence (at the middle level of the gas layer) was
investigated (Fig. 7-21). The maximum temper-
ature difference at the upper level in the gas
layer was 6°C (design allowance: 10°C), and
those at the middle and lower levels in the gas

Convection
suppressing fins

Upper level 4 points
Medium level | 8 points
Lower level 8 points

Thermocouple positions
in gas layer

(a) Circumferential measurement points

Sodium temperature (°C)
g

400

g

8

0

‘s ‘s N N ' ‘2
R LT IR
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layer were 12°C (design allowance: 15°C).
Based on these data, the natural convection
suppressing fins proved to be effectively func-
tioning.

7.3.2 Intermediate heat exchanger

The IHX is a “vertically-placed, free surface,
straight-parallel countercurrent flow type” heat
exchanger designed to transfer heat from the
radioactive primary sodium to the non-radioac-
tive secondary sodium. Its structure and main
specifications are shown in Fig. 7-22 and Table
7-6, respectively.

The primary sodium at a temperature of
529°C flows into the IHX through the inlet noz-
Zle, rises into the space between the inlet ple-
num outer shell and the outer shroud, and flows
into the heat transfer tube bundle through the
inlet windows. In the tube bundle, sodium ex-
changes heat with the secondary sodium that
flows inside the tubes while flowing down be-
tween the tubes, and flows out from the outlet
nozzle through the outlet windows at a temper-
ature of 397°C. The secondary sodium flows
into the IHX from the secondary sodium inlet at
a temperature of 325°C, flows down in the
downcomer, reverses direction in the lower ple-
num, rises in the heat transfer tubes while being
heated to a temperature of 505°C by the pri-
mary sodium flowing outside the tubes, and
flows out from the secondary sodium outlet
nozzle through the upper plenum.
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Fig.7-21 Maximum circumferential temperature difference and its temperature dependence
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Table 7-6 Major specifications of IHX

Type Free surface, vertically-placed, parallel countercurrent flow type
Number of units 3 (1/loop)
Rated heat quantity transferred 238 MW/unit (2.05 x 108 kcal/h/unit)
Primary side 5.12 x 106 kg/h/unit
Rated flow rate -
Secondary side 3.74 x 106 kg/h/unit
Rated temperature Primary side 529°C/397°C
inlet/outlet Secondary side 325C/505C

Effective heat transfer area

1,093 m?/unit

Dimension Shell I.D.: 2.94 m x Height: 12.1 m x Wall thickness: 30 mm
Main materials SUS304, SUSF304, SUS304TB
Dimension 0O.D.: 21.7 mm x Thickness: 1.2 mm
Heat Number of tubes 3,294
transfer tube Array, layers Circular distribution, 23 layers
Array pitch 30 mm (radial direction) x 31.4 mm (circumferential direction)
(325°C)
| Secondary coolant inlet
| Bellows
plemm 657c)

Outer shell ~,

Inlet plenum
Outer shroud

A'Secondary coolant outlet

| Heat transfer tube

Upper tube sheet

| }/ Down comer

Outlet window

Lower

Lower plenum tube sheet

Secondary
sodium

¥

Primary
sodium

Primary coolant outlet‘
(397°C)

[Heat transfer tube (straight tube)]

Fig.7-22 Structure of IHX

(1) Design features of IHX

In order to ensure the suction pressure of the
main circulation pump, the secondary coolant
flows into the tubes with a larger pressure loss,
and the primary coolant flows between the
tubes and shell. To prevent the radioactive pri-
mary sodium from leaking into the SHTS in
case of a failure of the IHX heat transfer tube
forming the boundary between the PTHS and
STHS, the pressure in the IHX primary side
was designed to be slightly lower than that in
the IHX secondary side.

_88_

Since the IHX is operated at temperatures
where significant creep occurs and may be
used under severe thermal shock conditions
caused by high-temperature sodium, sufficient
measures were taken to mitigate thermal
stress. To prevent component damage due to
rapid thermal shock, thermal shield plates were
installed at the primary-side inlet nozzle, sup-
port skirt, upper and lower tube plates, and sec-
ondary-side upper plenum (Fig. 7-23).
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(2) R&D for IHX

The IHX of Monju has a heat exchange ca-
pacity of 238 MW with a primary-side inlet tem-
perature of 529°C and 3,294 heat transfer
tubes. These specifications differ from the IHX
for Joyo in the larger heat exchange capacity
(about five times), higher operating tempera-
ture, and the adoption of a free surface type.

R&D activites were conducted in various
fields, including thermal hydraulics, material,
structural integrity, and fabrication technologies.
Technologies were developed to mitigate ther-
mal stress and to achieve uniform flow distribu-
tion in component for high performance.

a) Flow characteristics

Uniform flow distribution is desired to attain
good IHX performance and to ensure structural
reliability by limiting the temperature difference
among heat transfer tubes. Therefore, water
flow tests using a full-scale partial model and a
small-scale whole model™ were conducted. It
was confirmed that uneven flow could be sup-
pressed by adjusting the shape of flow paths in
the IHX, the flow guide plates, and baffle shape.
Figure 7-24 illustrates the test units used to
model the primary-side inlet plenum (half-
scale), the heat transfer tube bundle (full-scale,
1/6 sector), and the whole unit (half-scale).
Consequently, an almost uniform flow rate dis-
tribution was obtained in a full-scale heat trans-
fer tube bundle model, as shown in Fig. 7-25.

b) Material™

The main material for the IHX, austenitic
stainless steel (SUS304), was selected for its
superior corrosion resistance and high-temper-
ature strength. For the material used in discon-
tinuous part at high temperatures, the creep
rupture strength of SUS304 was increased by
limiting carbon and nitrogen to no greater than
0.1%. Concerning the weld material, the con-
tents of trace elements as niobium and vana-
dium in the base material were optimized by ex-
perimentally confirming their effects on high-
temperature strength.

c) High-temperature strength and integrity
of tube plate™

Since the IHX is directly connected to the hot-
leg piping of the RV outlet, significant thermal
shock is applied to the IHX during transients
upon reactor trip, PHTS pump trip, and SHTS
pump trip. In particular, serious effects are an-
ticipated at the joint between the shrouds and
the upper tube plate, on the tube-tube plate
joint, and on the primary-side nozzle. A thermal

(3)-1
Upper tube sheet

)
Primary coolant
inlet nozzle
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Fig.7-23 Thermal shield installed in IHX

(a) Primary inlet
plenum water flow

test (1/2 scale)

(b) Heat transfer tube
bundle water flow test (full
scale 1/6 sector)

(c) Overall model
water flow test
(1/2 scale)
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shape of flow control
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flow control conical shell of
the primary inlet plenum
and the shape of flow
control plate of the heat
transfer tube bundle

Confirming the primary
flow property and
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of flow control ring of
the secondary inlet
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Fig.7-24 Water flow tests to develop IHX
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Fig.7-25 Flow rate distribution in IHX heat transfer tubes™
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shock test was performed using a 1/2.5 re-
duced size test unit to understand thermal hy-
draulic behaviors at various parts of the IHX.

d) Integrity of heat transfer tubes against
compressive buckling

The IHX tube bundle has a configuration in
which about 3,000 straight heat transfer tubes
are welded at the upper and lower tube plates.
When a significant temperature difference be-
tween the tubes arises due to nonuniform so-
dium flow in the tube bundle, compressive load
is axially applied to the tubes at relatively higher
temperatures, possibly causing buckling.
Therefore, a test simulating the actual configu-
ration was conducted to confirm that the strain
and horizontal deflection are sufficiently small
under the load conditions anticipated in the ac-
tual plant.

e) Structural integrity of bellows

Bellows in the IHX are intended to accommo-
date the thermal expansion difference between
the secondary-side downcomer and tube bun-
dle, and between the outer shell and tube bun-
dle. The former bellows forms a part of the re-
actor coolant boundary. The integrity of these
bellows was confirmed through the various
tests and stress analysis including fundamental
tests for determining the bellows crest, stress

f) Tube-tube plate welding method

The complete socket welding method was
selected for tube-tube plate welding to ensure
manufacturability and reliability of the bundled
heat transfer tubes. The crevice corrosion,
which may occur in a crevice (gap between
tube and tube plate), was judged unlikely to oc-
cur based on operational experience of sodium
components.

(3) Manufacturing and installation of
IHX

The IHXs were manufactured in a factory
dedicated to stainless steel products with con-
trolled humidity and temperature under a qual-
ity control system specialized for Monju based
on that for commercialized nuclear reactors.
The manufactured IHX thus generally satisfied
all required dimensions within the tolerances
and was then installed in Monju, so that its
lower seismic support fitted the support struc-
ture of the guard vessel.

7.3.3 Steam generator

The SG is a component designed to gener-
ate high-pressure steam by transferring heat
from the heated sodium transported from the
core to the SG. Since many troubles were ex-
perienced with the SGs of earlier foreign FRs,

its performance was considered to be a key to

measurement, fatigue durability tests, and im- Tdrie
plant availability as well as to plant safety.

mersion in sodium.

To develop the Monju SG, a wide range of
R&D activities from fundamental to demonstra-

Table 7-7 Major specifications of Monju SG .
jor speciiicat a tion tests, were performed to accumulate test

Item Evaporator Superheater data on the thermal hydraulic characteristics,
Type Integrated once-through Same as left dynamics, stable controllability, and durability,
helical coil type as well as operating records. The achieve-
Number of units 3 (1/loop) Same as left ments were reflected to the design, manufac-
Heat exchange capacity 191 MW 47T MW ture, and operation of the actual component of
Heat transfer area 900 m? 424 m? Monju.
Heat transfer tube
Number of tubes 140 147 (1) Features of SG design
Outer diameter 31.8mm 31.8mm . . . .
Wall thickness 3.8 mm 3.5mm The major specifications of the SG of Monju
Shell and its structure are shown in Table 7-7, Fig. 7-
Outer diameter ~3m ~3m 26 and Photo 7-5.
Total height ~15m ~12m
Sodium
Inlet temperature 469C 505C
Outlet temperature 325C 469°C
Flow rate 3.7 x 10°%kg/h 3.7 x10°kgh
Steam conditions
Pressure 146 kg/lcm?’G 127 kglem?G
Temperature 369C 487C
Feedwater (steam)
inlet temperature 240C 367C
Water-steam flow rate 3.8x10%kg/h 3.8x10%kg/h
Tube material 2-Y4Cr-1Mo steel SUS321 —

Photo 7-5 Heat transfer tube of SG
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plenum

Fig.7-26 Structure of steam generator (left: evaporator, right: superheater)

a) Structural and material features
The SG has the following features:

» Aseparated type SG consisting of an evap-
orator (EV) and superheater (SH) was
adopted because material satisfying both
anti-stress corrosion performance required
in the EV and high-temperature strength re-
quired in the SH was still in the developmen-
tal stage and there was concern about the
occurrence of flow instability on the water
side.
As the materials for Monju, a low-alloy steel
(2¥4Cr-1Mo steel) was selected for the EV in
consideration of experience with boilers and
anti-stress corrosion performance, while a
stainless steel (SUS321 steel) was se-
lected for the SH for its superior high-tem-
perature strength.
Regarding the type of heat transfer tubes, a
helical coil type, which exhibits good heat
transfer performance, easily absorbs ther-
mal expansion, and can be compact, was
adopted for both the EV and SH.
Recirculation of steam in the EV was exam-
ined in an early design phase because of its
advantage in thermal efficiency; however, it
was not adopted due to lower reliability and
operation controllability with reference to the
experience of earlier foreign plants. As a re-
sult, a once-through type (non-reheat cycle)
SG was adopted.
* The SG has a configuration in which the
feed-water inlet/outlet tube plate is above
the sodium surface to mitigate the thermal

shock at the tube plates and the pressure in-
crease in case of a sodium-water reaction.
* The tube bundle was designed to be sus-
pended from the upper plate or upper shell
to allow withdrawal for inspection and repair.

High-temperature sodium (469°C) flows in
via the inlet sodium ring header located at the
upper part of the EV flows downward between
the tubes, and then flows out from the bottom
end. Water heated at 240°C flows in via the
feed-water ring header located at the upper
part, flows downward through the downcomer,
is heated while rising in the helically-coiled heat
transfer tubes, and then flows out via the steam
outlet plenum in the form of superheated
steam. The steam is further heated in the SH
and then transported to the turbine.

b) Measures against water leak

The SG heat transfer tube is a component
that forms the boundary between sodium and
water-steam, and hence special attention was
paid to ensuring integrity during operation and
measures for the failure of a heat transfer tube.
The main features are described below.

* No crevice (narrow gap) is provided on the
inner (water-steam) side of the tubes to pre-
vent crevice corrosion.

* Hydrogen meters were installed in sodium
and cover gas to detect a small-scale water
leak.

 To address a large-scale water leak, a pres-
sure relief plate was installed to release ex-
cessive pressure. In addition, a reaction
product container was installed to suppress
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the emission of the reaction products to the
air.

* Hydrogen generated in a sodium-water re-
action is released and burnt in the air to pre-
vent accumulation in the facility.

* The liner was installed over the inner surface
of the shell to suppress wastage-type corro-
sion in case of a sodium-water reaction.

(2) R&D for SG

Various tests to investigate heat transfer char-
acteristics and reliability were performed using
the 1-MW SG test rig, the Instability Test Rig
(ITR), and the 50-MW SG test facfility™®» 77 79,
An overview of the tests is given below except
for R&D activities on the sodium-water reaction
described in 4.6.3.

a) Test overview
a-1) Test using 1-MW SG test rig

The 1-MW SG test rig with a heat exchange
capacity of 1 MW was constructed with the
same structure and specifications of heat trans-
fer tubes as those of the integrated once-
through helical coil type SG that was originally
planned in the Monju design. A test operation
was performed for 6,000 hours from 1971 to
1972 to understand the thermal hydraulic char-
acteristics, structural reliability, and material
property change of the heat transfer tube.

a-2) Test using ITR

The ITR was also an integrated once-
through helical coil type SG with a heat ex-
change capacity of 1 MW. It was constructed
specifically to clarify the flow instability on the
water side. It was also used in a detailed test on
dryout and a test to evaluate the dynamic be-
havior of parameters inside the SG such as
temperature distribution on the water side. Tak-
ing advantage of the detailed testing capability
of the ITR, experimental data on the change in
the axial distribution of water-steam tempera-
ture were obtained, and the plant dynamics
code was validated. Also, data on dynamic
characteristics of the state inside the SG were
acquired.

a-3) Test using 50-MW SG

Two 50-MW SG test rigs were constructed
with the same specifications as those of the
separated once-through helical coil type SG fi-
nally adopted in Monju (Fig. 7-27).

A test operation of the 1st rig was started in
1973, and a series of tests were carried out on
the evaluation of static, water-side flow stability,
and dynamic characteristics, as well as on con-
trollability, thermal transient characteristics, and
characteristics during accidents focused on the
cooling systems. A test operation of the 2nd rig

feed water inlet

50-MW SG test rig

(Heat exchange amount 40MW)

Heat transfer tube (First unit) :75
(Second unit): 33

D
@
®
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Sodium water
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. aly
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Feed water inl Steam outlet
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&80
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ring header

Steam outlet

Sodium inlet
ring header

\,\ Helical coil heat
{ transfer tube

Sodium outlet Sodium outlet

Structure of

Structure of /U«T =
first unit evaporator
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Fig.7-27 Comparison of models between 50-MW SG and Monju
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was started in 1976, and a hydrogen behavior
evaluation test and a water leak detection test
in addition to the same series of tests as per-
formed using the 1st rig were carried out. In
1980, maintenance activities were conducted
to demonstrate the withdrawal, cleaning, in-
spection, and plugging of the heat transfer
tubes, and the exchange of the outermost layer
of the helical coils.

The total operating hours of rigs 1 and 2 on
the water side was 19,500 hours, and that on
the sodium side of the SG reached 31,300
hours. During these periods, no failure of a heat
transfer tube occurred, demonstrating high per-
formance and reliability of the SG developed in
Japan.

b) Development of a thermal hydraulic eval-
uation formula

Development of a thermal hydraulic evalua-
tion formula was the most basic and important
item in the design of the SG. The performance
tests using the 1-MW and 50-MW SG were
conducted by taking the pressure, temperature,
and load level as parameters to evaluate and
validate a thermal hydraulic evaluation formu-
lae (for the water-steam-side and the sodium-
side heat transfer coefficients), and thereby to
establish them as the design formulae for the
Monju SG.

c) Measures against water-side flow insta-

bility

Water-side flow instability may arise from the
fluctuation of the pressure drop of a steam-lig-
uid two-phase flow when the water boils in the
heat transfer tubes. An analysis code to evalu-
ate the flow instability of the two-phase flow was
developed and validated, and a range of oper-
ating conditions that can securely eliminate the
occurrence of flow instability has been estab-
lished as a stability map. This map was used to
determine the range of stable operation of the
actual component, which was reflected in de-
signing the Monju SG.

d) Understanding of dryout phenomenon in
tubes

Water flowing in heat transfer tubes is heated
by sodium and boils in a two-phase flow. With
an increased ratio of steam (quality) with in-
creased heating, a state in which the transfer
tube inner surface becomes dry (dryout state)
arises at a certain point. The start of dryout trig-
gers the change in the boiling state from the nu-
cleate to fim boiling followed by a rapid de-
crease in the heat transfer coefficient. There-
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fore, it is necessary to evaluate with high accu-
racy the quality to predict heat transfer perfor-
mance accurately. In addition, the fluctuation of
tube wall temperature near the dryout point is
important from the perspectives of thermal
stress exerted on tubes and thermal fatigue.

To resolve these issues, a test focusing on
dryout was performed using a partially modified
ITR to clarify the dryout phenomenon in a heli-
cal coil type sodium-heated SG. Accordingly, a
method to evaluate the dryout quality and ther-
mal fatigue was developed for the design of the
Moniju SG.

e) Confirmation of material properties and
strength

Candidate materials for the SH have good
high-temperature strength, but the stress corro-
sion cracking was a concern. Therefore, sev-
eral types of austenitic stainless steel were
tested under actual plant conditions and accel-
erated conditions assuming the inflow of wet
steam and the increase in dissolved oxygen.
Test results confirmed that stress corrosion
cracking is unlikely to occur for all tested mate-
rials under the assumed operating conditions.

To confirm the aging of material properties, a
portion of the heat transfer tubes used at 1-MW
and 50-MW SG were cut out for detailed mate-
rial tests to investigate decarburization and car-
burization, corrosion on the sodium side, gen-
eration of scale on the water side, and the
change in material strength. Consequently, no
anomaly was found on the heat transfer tube
material during extended operation of up to
16,000 hours, and it was confirmed that deteri-
oration due to aging is negligible.

(3) Design and fabrication of the SG

Since many troubles in foreign SGs occurred
at heat transfer tube welds, special attention
was paid to the welding of the heat transfer
tubes. The main points to note are described
below.

* Tube to tube plate welding was performed
using butt welding, which allows for volume
inspection, after machining the tube plate.

* Along tube (EV: about 21.5 m, SH: about 32
m) was adopted for the heat transfer tube to
minimize the number of welding zones.

* The heat transfer tubes for the EV are stored
in full water containing hydrazine after com-
pletion of the water pressure test in factory
to suppress corrosion.
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7.4 Fuel handling and storage sys-
tems

The development of Monju fuel handling and
storage systems was based on systems
demonstrated in Joyo, and the technology was
further enhanced toward FR commercializa-
tion. Reduction of the size of the components
around the RV was achieved by developing a
compact fuel handling machine with a fixed off-
set arm pantograph refined from the directly
driven type used in Joyo. The use of the ex-ves-

Connecting tube of
fuel transfer machine

sel fuel storage tank (EVST) to eliminate in-ves-
sel storage adopted in Joyo contributed to the
employment of a compact RV. The refueling
period was minimized using the ex-vessel fuel
transfer machine that moves only between the
reactor and EVST. The fuel transfer machine
was designed to run inside and outside of the
CV (Fig. 7-28).

7.4.1 Refueling system

The major specifications and system of the
refueling system are shown in Table 7-8 and
Fig. 7-29, respectively.
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*Under water car

-Spent fuel transfer machine
-Spent fuel pool

(Spent core components)

Ex-vessel fuel storage tank

In-vessel
transfer

machine

Fuel transfer machine |:|

Reactor vessel

Fig.7-28 Fuel handling and storage systems
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Fig.7-29 Refueling system

Table 7-8 Major specifications of refueling system

Type

Geometry Main materials

Fuel handling machine main unit

Pantograph type

Total length: ~14.2 m, Stroke: 4.3-4.6 m

SUS304

Hold down arm and drive mechanism

Fixed offset arm
(in-vessel installation)

Total length: ~11.4 m, Arm length: ~1.7 m
Up/down stroke: 50 mm (during refueling)

SUS304, carbon steel

IVTM main unit

Rotating rack type

Total length: ~12m, O.D.: ~0.5m

SUS304
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In refueling, a single rotating plug with a fixed
offset arm was adopted in consideration of ex-
trapolation to a larger reactor, reduction of size,
plant availability, reliability, ease of operation
and maintenance, and safety.

In parallel to the design of the fuel handling
machine, mockup tests were conducted in air
and in sodium, and it was confirmed that the
pantograph type has sufficient capability as the
Monju fuel handling machine from the struc-
tural, functional, and material aspects, including
the positioning accuracy, insertion/withdrawal
performance of fuel, decentered operation, self-
orientation function, and durability.

7.4.2 Ex-vessel fuel transfer ma-
chine

The major specifications and appearance of
the ex-vessel fuel transfer machine are shown
in Table 7-9 and Photo 7-6, respectively.

(1) Gripper and gripper driving device

A stainless-steel tape type was adopted for
the gripper driving device of the transfer ma-
chine. The transfer machine consists of the
main units Aand B, and the general structure of
unit A gripper is shown in Fig. 7-30. The main
features are described below.

* Since more numerous and larger core ele-

ments than Joyo are handled, the appropri-
ateness of the design of the gripper driving
device was confirmed by tensile strength
and bending strength tests for the tape and
winding-up drum considering the lifting load
and the operation frequency.

* Two redundant pairs of tape drives were
adopted for the gripper driving device to pre-
vent fuel from dropping in case of the failure
of one of the drives.

* To reduce the number of fuel transfer com-
ponents, an adapter-type gripper was de-
vised and demonstrated by testing in so-
dium. This gripper can handle either fuel
transfer pots or core elements that have dif-
ferent handling head shapes.

* In case that the gripping or release of the
adapter finger is interrupted, the design en-
ables operation of the gripper finger to han-
dle the core element together with the
adapter.

(2) Measures for sodium dripping

The amount of sodium dripping during the
handling of core elements is much larger than
that of Joyo. Therefore, the following measures
were taken:

* The size of the receiver (drip pan) for drip-
ping sodium installed in the door valve was
increased.

_ Tape
‘\‘g?‘léx
/’/’/,
> Drum
Y PleRe Casing
} g " Actuator
yd LM rod
Finger<____ A
~—{Ei )
AN Adapter

Photo 7-6 Ex-vessel fuel transfer machine

Fig.7-30 Gripper of fuel transfer machine unit A

Table 7-9 Specifications of ex-vessel fuel transfer machine

UnitA Unit B
Type Two pairs of tape drives (detachable adaptor) Two pairs of tape drives
Objects to be handled | Fuel transfer pot, single core element, drip pan Single core element, drip pan
Size 0O.D.: ~1.2m x Height: ~8.1m O.D.: ~1.1 m x Height: ~8.1 m
Cooling method Direct/indirect cooling Direct cooling
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Floor door valve
(six-connect type
Guide tube

A

~

Shield plug

Drive shaft

Rotating rack . 0‘._

- 3

* Since the drip pan needs to be replaced pe-
riodically during refueling, a drip pan adapter
is mounted on the gripper to allow for auto-
matic remote handling in a short time.

* Asiphon mechanism is provided for the drip
pan to allow for natural discharge of dripped
sodium to the EVST.

(3) Ex-vessel fuel transfer machine
cooler

The indirect cooling system for ex-vessel fuel
transfer machine unit A supplies the cooling air
between the walls of a built-in double cylinder
to indirectly cool a fuel subassembly. The inner
surface of the inner cylinder is coated to ensure
the emissivity required for cooling. The emissiv-
ity was tested and proved to be ensured even
when sodium is deposited on the cylinder.

High airtightness is required for the direct
cooling system of ex-vessel fuel transfer ma-

~~" Rotating plug drive
mechanism

Upper bearing

Fig.7-31 Structure of EVST

chine unit A, which directly cools the fuel subas-
sembly on which sodium is deposited. Thus, a
highly air-tight blower was developed, and
adaptability was confirmed through prototype
tests and integrated tests with the mockup of
the ex-vessel fuel transfer machine.

7.4.3 Ex-vessel fuel storage system

The major specifications of the EVST system
are listed in Table 7-10, and the structure of the
EVST is shown in Fig. 7-31.

(1) EVST cooling system

The method for cooling the EVST that was
first examined was to circulate the primary so-
dium through the EVST and cool the primary
sodium by the secondary cooling system. Sub-
sequently, the primary cooling system was re-
placed with a direct immersion coil (cooling
pipe) for streamlining, which is cooled by the
secondary cooling system.

Fuel subassemblies stored in the EVST are
cooled by the natural circulation of sodium in
the EVST. Itis required to circulate sodium both
inside and outside of the rotating rack. There-
fore, inside the rotating rack, openings are pro-
vided as flow paths in the upper, middle, and
lower support plates of the rotating rack to allow
sodium to rise from the lower to the upper part
of the rotating rack. Cooling performance by
natural circulation of sodium in the EVST was
confirmed using an analysis code validated
through water flow tests.

(2) Rotating rack and drive mechanism

The rotating rack of the EVST is too large and
heavy to be supported only by the thrust and
radial bearings placed on the shield plug of the
EVST. Consequently, it was decided to install
the in-sodium radial bearing as a stopper of the
rotating rack at the bottom of the fuel storage
tank.

This bearing should be capable of being

Table 7-10 Major specifications of ex-vessel fuel storage system

EVST

Rotating rack Cooling pipe

bottom end plate

Fuel storage tank: Vertical cylindrical vessel equipped with

Storage method: Concentric 6-raw

Type Outer vessel: Vertical cylindrical vessel ;tSCk?)?t?‘:;:é%h Suspended type Helical col type
Shield plug: Cylindrical box having beam concrete therein PP ' P P
Size Fuel storage tank: 0.D.: ~2 m x Height: ~4.5m 0.D.: 88.9 mm

Shell 1.D.: ~6.1 m x Height: ~8.7 m

x Thickness: 3.2 mm

Main materials

SUS304, SUSF304,
carbon steel, concrete

SUS304, SUSF304 SUS304TB

Storage capacity

Fuel transfer pot containing core element: 250 units

Empty fuel transfer pot: 1 unit, Drip pan: 1 area (stacked 10 high)
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used in sodium with no lubrication (i.e., lubri-
cated by sodium only) for 30 years and 20,000
cycles of rotation without maintenance and in-
spection. Thus, the performance was con-
firmed by testing in sodium. In addition, for re-
placement in case of bearing failure, a handling
head is provided and an access route for re-
placement is secured by making the rotating
rack drive shaft hollow.

(3) Six-series floor door valve

The original design of the floor door valve of
the EVST called for the preparation and instal-
lation of six units of the proven gate valve-type
floor door valves on each row of the rotating
rack. However, it turned out to be difficult to in-
stall a required amount of shield in the space
determined from the storage pitch of the rotat-
ing rack. A subsequent design was then pro-
posed and tested in which only one unit moves
from row to row, with the consideration of cost
saving as well.

However, commissioning proved that the
movement would require significant load. Fi-
nally, a six-series floor door valve was devel-
oped for use in Monju (Fig. 7-32). This door
valve adopts a rotary-type valve body to pre-
vent the loss of shielding function.

(4) Common piping room filled with ni-
trogen

The common piping room for the EVST cool-
ing system is used to replace cooling pipe of the
failed system with a spare in case of the failure
of one of the cooling pipes installed in the
EVST. The room initially had an air atmosphere
because the temperature increase even in
case of sodium leak would be insignificant,
causing only minor influence on the other com-
ponents (piping, valve, etc.) in the room.

In consideration of the Secondary Sodium
Leak Accident, however, it was later decided to
apply the measures against sodium leak to the
EVST cooling system as well. The atmosphere
of the common piping room was changed to ni-
trogen except during maintenance and inspec-
tion (Fig. 7-33).

7.4.4 Results of commissioning

An installation test, a single unit functional
test, and SKS in air and in sodium were per-
formed for each part of the equipment to con-
firm the functions and performance of the me-
chanical, electrical, and control systems. Then,
automatic continuous operation tests were con-
ducted to confirm smooth alignment of equip-
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Fig.7-33 Arrangement of coolant piping

ment and sufficient operation monitoring capa-
bility including the location management of core
elements. It was also confirmed that the han-
dling speed satisfies a condition expected in the
system design (refueling operation: 10 subas-
semblies per 16-hour period, fuel pro-
cessing/storage operation: 2 subassemblies
per 16-hour period).

However, since a rated-power plant opera-
tion was not performed, no experience of han-
dling actual spent fuel with large decay heat
and radiation dose was accumulated.

7.5 Instrumentation equipment

The Instrumentation equipment was devel-
oped with full consideration of the features of
sodium cooled FRs. A wide variety of R&D ac-
tivities were conducted with special emphasis
on the reactor instrumentation for neutron de-
tection, and for failed fuel detection and location
instrumentation. Almost all Monju instrumenta-
tion systems were developed with domestic
technologies for future commercialization.

The functions and performance of the devel-
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oped instrumentation equipment were con-
firmed through the commissioning tests in
Moniju.

7.5.1 Neutron instrumentation

The types and functions of the neutron instru-
mentation are listed in Table 7-11, and its sche-
matic arrangement is shown in Fig. 7-34.

Three neutron flux detectors developed in-
clude a proportional counter for a neutron
source range monitor (SRM), also covering the
fuel loading range, a fission counter for a wide
range monitor (WRM), and a gamma-ray com-
pensated ionization chamber for a power range
monitor (PRM).

For the SRM, a '“B-coated proportional
counter with a sensitivity of 10 cps/nv and a ser-
vice life of one year was developed in the early
design phase. Subsequently, a BF3 propor-
tional counter was developed for better meeting
the required conditions because:

* The SRM is also to be used as a monitoring
instrument at the time of an accident.

* The BFs proportional counters developed for
LWR accident monitoring is applicable to

Monju.

The prototype BFs proportional counter was
developed and successfully tested in the irradi-
ation and durability tests. On the other hand, an
irradiation test of the '°B-coated proportional
counter revealed the necessity of periodic gain
adjustment of the pulse system. Based on
these R&D results, it was decided to use BF3
proportional counters (a neutron detection sen-
sitivity of 30 cps/nv is ensured by combining
four counters) as the SRM.

For the WRM, a sensitivity of 0.3 cps/nv is re-
quired under high temperature and radiation
conditions. A fission chamber was selected,
and its durability was confirmed by high-tem-
perature irradiation test under gamma-ray and
neutron irradiation environments. Originally a
two-channel system covering the intermediate
range was planned. However, to ensure the di-
versity of neutron detectors for reactor trip in an
event of abnormal reactivity insertion during
power operation, the design was changed to
use three channels and add an electric current
mode so as to cover the wider range from 10
to 120% of the reactor power.

Table 7-11 Types and features of neutron instrumentation system

(Horizontal view)

Fig.7-34 Arrangement of neutron detectors
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For the PRM to be used under high gamma-
ray background (BG), a gamma-ray compen-
sated ionization chamber that can be used at
high temperatures was developed. A gamma-
ray compensated ionization chamber of voltage
compensation type was experimentally devel-
oped and its durability was confirmed in Joyo.

7.5.2 Failed fuel detection system

(1) Failed fuel detection system by de-
layed neutron method

The failed fuel detection system by delayed
neutron (DN) method was employed in Monju
as one of the plant protection system instru-
mentations. Locations of the detectors were de-
termined considering delay time due to
transport and dilution by mixing of DN precur-
sors released from failed fuel in the RV upper
plenum. These effects were confirmed by water
flow tests.

The BG count rate of the DN method during
normal operation was estimated to be 45 cpsin
the design considering the photo neutrons from
the concrete wall, the neutrons from the core,
surface contamination on fuel pins, etc. How-
ever, from the results obtained in the 40%
power test in 1995, the BG count rate at the
rated power operation was estimated to be
1/50 of the design. Consequently, a neutron
source (Am-Be) was newly installed at the tip of
each DN detector to ensure a meaningful BG
count rate (a dozen cps). This improvement
was necessary to prevent false alarm and op-
eration check of the DN method system.

The layout of the DN method equipment is
shown in Fig. 7-35. A schematic drawing of the
improved DN detector (BF3 proportional coun-
ter) is shown in Fig. 7-36.

(2) Failed fuel detection system by
cover gas methods

The failed fuel detection systems using cover
gas include the precipitator method and the
gamma-ray detection method, both of which
detect radiation from rare gases (krypton and
xenon) released from failed fuel and trans-
ported to the cover gas region.

Regarding the precipitator method, “a gas re-
placement type precipitator’ was selected be-
cause of higher detection sensitivity, high relia-
bility, and easier maintenance and inspection. A
prototype precipitator was produced and im-
proved for Monju, and its performance was
confirmed by durability test in the research re-
actor JRR-3.

Regarding the gamma-ray detection
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method, an Nal scintillator was installed in the
cover gas system, which directly measures the
gamma rays emitted from rare gases and is in-
tended to detect a larger-scale fuel failure than
that covered by the precipitator method.

During the Core Performance Confirmation
Tests in 2010, “the precipitator count rate high”
alarm was frequently activated. The cause is
presumed to be the flux of fine metal powders
produced in a site maintenance work. Subse-
quently, measures were taken for the removal
of foreign materials from the system by gas
blow, installation of an argon gas filter to re-
move foreign material at the detector inlet, and
replacement of the three detectors. A certain ef-
fect on noise reduction was confirmed, but no
reduction of the BG count rate was observed
during the test operation after the above
measures. The cause of this problem has not
been identified.

Regarding the gamma-ray detection
method, the results of the 40% power test in
1995 revealed that the BG count rate at the
rated power was sufficiently lower than the de-
sign value of 340 cps. Consequently, it was

T

This figure shows only one loop.
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_Primary heat transport
system room
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Fig.7-35 Failed fuel detection system by DN method
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Fig.7-36 Neutron detector of DN method
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confirmed that smaller-scale fuel failure, which
the precipitator was expected to detect, would
be detectable by the gamma-ray detection
method as well.

A schematic drawing of the precipitator de-
tector and the overall cover-gas detection sys-
tem diagram is shown in Figs. 7-37 and 7-38,
respectively.

(3) Failed fuel detection system using
tagging gas method

Two methods were examined to identify the
location of failed fuel: the selector valve and tag-
ging gas methods. In Monju, the tagging gas
method (Fig. 7-38) was adopted as the Failed
Fuel Detection and Location system, in consid-
eration of the configuration of the upper core
structure and experience in foreign FRs.

The tagging gas method identifies the loca-
tion of failed fuel by detection and analysis of
the tag gases encapsulated in each fuel ele-
ment. Different compositions of stable krypton
(Kr) and xenon (Xe) isotopes are assigned to
each of the fuel subassemblies. The U.S. and
France were leading the development of this
method, but there remained certain challenges.

Ceramic electrode
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0217 ﬁ) Anode wire
............................................. [/ RN e
ﬂ | =1 1
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(main pipe) (side pipe)

Fig.7-37 Precipitator detector

(Cover gas monitoring system)

These included the understanding of gas
transport behavior, the development of a com-
pact concentrator/separator, an analysis com-
puter code to model tag gas generation and in-
cineration, and the development of a tag gas
capsule.

Concerning the tag gas capsule, a new
method using a shape-memory alloy was de-
veloped for actual use in the reactor. Concem-
ing the development of the tag gas concentra-
tor/separator, basic data using a small-scale
activated charcoal bed were obtained on tem-
perature, time, and carrier gas flow rate in the
gas recovery and desorption processes. Based
on these data, it was foreseen that nearly 100%
of gas could be recovered.

In the Monju design, the recovery time of the
tag gas was revised by using a large-scale ac-
tivated charcoal bed; however, a gas recovery
rate of 100% could not be achieved because of
a smaller recovery rate for Kr than for Xe. The
cause of this small recovery rate was thought to
be excessive time required for rare gas desorp-
tion due to the fact that temperature was not
sufficiently increased in the interior of a large-
diameter adsorption bed because of the small
thermal conductivity of the activated charcoal.
Consequently, a U-shaped adsorption bed with
the original smaller outer diameter and twice
the previous length was adopted in the actual
plant.

Despite the above improvement, the tag gas
recovery rate did not reach the specified value

Compressor
@—E%TN_{X}_’ Activated charcoal
A adsorption tower of

|
—<-FH vt I
Inlet filter > _i-M_ Outlet filter primary argon gas system
o c
Reactor cover gas i |
Precipitator
Suction ,—1 r—‘
buffer tankD'SCharge_{ \vd!
I l—]
buffer tank Bulk gamma ray detector(Nal)
—N_
v X
Compressor *1 *3 %2t %4 ‘
. o Lia. Np— <t—Lig. Ny <~ Liq. N2
(Tagging gas monitoring system)
Ar-gas removal system

Tag gas Tag gas

recove recovery
:; system% system B -

»< Mass spectrometer
‘3 >< ! ]
*4 r —
t 1 L; I

>

Fig.7-38 Failed fuel detection system using cover gas
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(in particular, the recovery rate of Kr was lower
by two orders of magnitude) in SKS and SST
because the activated charcoal temperature
could not be properly controlled.

characteristics of aerosol, self-plugging behav-
ior, corrosion caused by leaked sodium, and a
method of gas sampling. From this R&D, it was
confirmed that a sodium leak with a rate of 100
g/h can be detected within 24 hours in both the
primary and secondary systems. For the leak
detectors in the EVST and its cooling system,
the amount of aerosol generated is less due to
the low system temperature, and it was con-
firmed that a sodium leak with a rate of 100 g/h
can be detected within 150 hours.

Consequently, further improvements were
attempted by changing the method of introduc-
ing the sample gas into mass spectrometer and
replacing the liquid nitrogen supply valve with
the control valve. The resultant tag gas recov-
ery rate was somewhat improved.

Nevertheless, stable performance has not
yet been confirmed. It is necessary to continue
a series of confirmation operations and tests to
establish a method of controlling the activated
charcoal adsorption bed temperature using lig-
uid nitrogen. In addition, because the primary
argon gas system has a high BG of rare gas
nuclides, the same nuclides as the tag gas, itis

The types and principles of fine/small leak
detectors are listed in Table 7-13. Based on ex-
perience in the commissioning tests, the follow-
ing improvements were made:

* Platinum filament with a purity of 99.999% is
used in the SID to suppress BG increase
due to impurities.

necessary to develop a procedure and secure * The alarm setting of the RID was originally
sufficient time to purge the system with fresh ar- based on the absolute value of output signal.
gon gas. However, it was revealed that the RID signal

depends on the atmospheric temperature
(i.e., the output decreases with increasing
temperature) and notable signal fluctuation
associated with the ionization of 2#'Am was
observed. Accordingly, a digital signal pro-
cessing system using the moving average
method was added.

7.5.3 Sodium leak detector

The uses and types of sodium leak detectors
are listed in Table 7-12. In the development of
sodium leak detectors, the focus was placed on
a gas sampling type sodium leak detector ca-
pable of detecting fine leaks. R&D necessary to
demonstrate the feasibility of the gas sampling
type as a leak detection system included: the
detector itself, the generation and attenuation

Table 7-12 Uses and types of sodium leak detectors

D?;?;g?n Fine/small leak from components/piping flztin;?gii?;gs/epﬁiz
Alarm
Use Alarm Automatic shutdown CV separation and reactor trip
of HVAC
Gas sampling type sodium leak detector |Contact-type Cell monitor in air Sodium level meter | Thermometer
Detector SID: Sodium ionization detector sodium leak atmosphere (for detecting sodium | (for detecting
DPD: Differential pressure type detector |detector -Smoke detector leak) sodium leak)
RID: Radiative ionization detector +Heat detector
Major components in |[PHTS room Bottom of tank, Rooms filled with air {In the guard vessel |Primary cooling
primary and second- |(backup for the near valve bellow |where compo- for RV, pumps and  |system room floor
. ary systems (RV, above locations)*! |seal, under piping |nents/piping contain- |IHXs
Location .
pump, IHX), space ing secondary so-
between piping and dium are installed.
heat insulator*!
Detect (gaseous) sodium aerosol leaking | Direct detection of |Detect sodiumfire  |Detect the level of  |Detect the temper-
) from components/piping™ sodium leak from |due to leak of sec-  |sodium accumulated |ature of leaking
Detection - ) ) .
components/piping |ondary sodium to the |in the guard vessel  |sodium accumu-
method .
outside of heat lated on the floor
insulator
Detect fire in the air
*1: Gas sampling point caused by sodium
Remarks [*2: Aiming to detect a leak rate of 100 g/h leak rate of 10 kg/h Plant protection system
within 24 hours or more to the out-
side of heat insulator
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* Deteriorated insulation or false activation of
leak alarm occurred in a silver-soldered
closed CLD at high temperatures. The ion
migration of silver solder causes the deterio-
ration and short circuit (a phenomenon that

causes migration of ionized metal atoms be-
tween electrodes, resulting in short circuit).
Therefore, a gold-soldered closed CLD in
which ion migration is insignificant was intro-
duced.

Table 7-13 Types and principles of sodium leak detectors

Type and principle of detector

Schematic drawing of detector

Gas sampling type sodium leak detector

Sodium ionization detector (SID)

Sodium aerosol in sampling gas introduced to detector is
dissociated and ionized by filament kept at a high tempera-
ture, and the ion current flows between filament collectors. By
detecting this ion current, a fine sodium leak can be detected.

lon collector

Radiative ionization detector (RID)

Sodium aerosol in sampling gas introduced to detector ad-
heres to gas ionized by Am-241, decreasing the electric cur-
rent flowing between electrodes to which extemnal electric field
is applied. By detecting this change in electric current with the
voltage difference from the reference ion chamber, a fine so-

i Voltage
——-indicator

Reference ion chamber
Radiation source

Insulating plate

dium leak can be detected.

pus 4.
T “F—~_Electrode
~~.Jon chamber

~~._Radiation source

T
Sampling gas

Contact-type sodium leak detector (CLD)

cuit, a sodium leak is detected.

The electric conductivity of sodium is utilized. When leaking so-
dium adheres between detector electrodes or electrode and the
earth, an electric current flows. By detecting this electrical short cir-

Electrode S}[der
i

Ceramic

Closed CLD
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» Liquid metal sodium used as a coolant of FRs is opaque, chemically
active and has a high boiling point. Vast knowledge and technologies
were accumulated through R&D on the development, operation, and
maintenance of sodium components for safe use in Monju.

» The technologies for sodium handling and purity control were estab-
lished through the operation of various sodium test facilities and the
commissioning of Monju.

» The technologies of in-service inspection (ISI) have been established
through the development of inspection methods and devices applicable
under FR-specific conditions. The developed technologies have been
successfully applied to the Monju ISI.

» In order to reduce radiation exposure to plant workers during mainte-
nance and inspection, cobalt-free materials are used to suppress the
generation of radioactive corrosion product. Computer codes were de-
veloped to analyze the behavior and removal of radiation sources and
to evaluate dose rate distribution.
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8.1 Development of sodium han-
dling technolgies®"

(1) Sodium purity control technologies

Sodium purity must be appropriately con-
trolled to prevent corrosion of the structural ma-
terials of the components and piping, and the
fuel cladding. The impurity concentrations in the
sodium must be kept low for the reduction of
exposure caused by radioactive corrosion
products in the PHTS and improved detectabil-
ity of water leaks from a SG tube in the SHTS.
The reduction of impurity, therefore, focuses on
oxygen in the PHTS and hydrogen in the
SHTS.

Sodium purity is maintained and controlled
within a prescribed range using a cold trap (CT)
for the removal of impurities in sodium, and a
plugging (PL) meter for measuring the impurity
concentrations. The CT and PL meters operate
on the principle that the solubility of impurities in
sodium decreases as the temperature is low-
ered. Their performance has been confirmed in
various sodium test facilities and operating
methods have been established. In the initial
sodium purification operation, the prevention of
blockage is important in low-temperature sec-
tions of piping around the CT since a large
amount of impurities are attached to the sur-
faces of as-fabricated components and piping.

(2) Sodium cleaning technologies®?

Since sodium burns in air and vigorously re-
acts with water, it is essential to remove the so-
dium adhering to the components and piping
when repairing or modifying the reactor or test
facilities. A sodium cleaning method is selected
considering factors, such as the size and shape
of the object to be cleaned, the amount of so-
dium adhering to the surface of the compo-
nents and piping, the presence or absence of
radioactive sodium, inspection after sodium
cleaning, and reusability. The sodium cleaning
methods are divided into physical and chemical
methods. The former, including scraping, can-
not remove sodium completely, and is thus
generally employed in a preparatory step be-
fore a chemical method (Fig. 8-1). For the latter,
past cleaning experience includes:

» Water cleaning (cold water, hot water and
hot-water decompression boiling cleaning)
This method is used in the finishing step
since it is effective for cleaning small
amounts of sodium on complex shapes and
in crevices.
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Pail for sodium recovery and used waste recovery

Closing plug

Sodium cleaning tool

Other tools

Metal tray

Wet waste (diluted alcohol)

Dry waste Natrex (in pail)

Fig.8-1 Sodium cleaning tools (physical method)

* Steam cleaning (in air, in an inert atmos-
phere or using a mixture with inert gas)

Compared to water cleaning, the reaction
with sodium is milder. This method is capa-
ble of completely removing sodium and is
frequently used. However, attention must be
paid to corrosion caused by cleaning liquid
waste.

Alcohol cleaning

As the reaction of alcohol with sodium is
extremely mild, this method is used when
cleaning an object for use in a material test.
Attention must be paid to preventing the al-
cohol from catching fire.

Carbon dioxide treatment

This method is applicable to components
with large and complex structures. Carbon
dioxide stabilizes sodium by forming sodium
carbonate and was used to clean a tube
bundle of the 50-MW SG used in a mockup
test.

(3) Development of sodium extin-
guisher

In handling sodium, protection against fire
(and fire extinction) is essential. Sodium is clas-
sified as a type 3 hazardous substance under
the Fire Service Act. According to the Act, dry
sand can be used as an extinguisher, but it
should be stored in a dry state. In addition, dry
sand is not suitable for a large-scale sodium fire
since a suffocation effect may not be expected
because it is heavier than sodium. Therefore,
an extinguisher consisting mainly of anhydrous
sodium carbonate powder (product name:
NATREX) was developed in collaboration with
a fire extinguisher manufacturer. Performance
of the extinguisher was tested at the National
Research Institute of Fire and Disaster, and
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was approved as an extinguisher for sodium
fires. The NATREX extinguishers are installed
in the sodium test facilities, Joyo, and Moniju
(Photo 8-1).

Photo 8-1 NATREX fire extinquishers

8.2 Development of sodium compo-
nents

(1) Cold trap

The CT is a device designed to purify so-
dium. It supersaturates and precipitates oxygen
and hydrogen in sodium by lowering the so-
dium temperature (generally to 120°C-150°C)
and traps the precipitates with a stainless steel
mesh. Itis usually installed in a purification sys-
tem branching from main sodium circulation
systems. When the CT is in continuous use
over an extended period, the mesh part be-
comes clogged with impurities. Thus, uniform

trapping of the impurities in the mesh was a ma-
jor R&D issue.

Through various tests in the sodium test fa-
cilities of the OEC and operating experience in
Joyo, findings were obtained on a flattened
temperature distribution in the CTs, an increase
in the inflow areas of the mesh parts to prevent
local blockage formation, and optimization of
the mesh packing density. The findings were re-
flected in the Monju CT design (Fig. 8-2).

CTs in the secondary cooling system are
subjected to a heavy load caused by impurities
due to the permeation of hydrogen from SG
tubes during plant operation, and thus need to
be replaced during the plant lifetime. For this
reason, R&D activities on the regeneration of
the CTs were conducted to reduce waste, and
the applicability to an actual plant was exam-
ined.

(2) Plugging meter

The PL meter is a simple instrument de-
signed to continuously measure impurities in
sodium. The measurement principle uses the
precipitation of an impurity in sodium at a tem-
perature equal to or lower than its saturation
temperature. The impurity concentration in so-
dium is estimated based on the relationship be-
tween a measured saturation temperature and
the saturated solubility of the impurity. A large
number of PL meters have been successfully
used in the sodium test facilities of the OEC and

Sodium
Sodium Sod’lum cooi Sodium it (Unit:mm)
ooling | U
) pper tube 1330
. k? nitrogen outle: sheet |
: H - Cooling nitrogen
i - - _— —
Air outlet l Sodium -~ Sodium | outlet
] 1
Mesh part I E> I$ ! I$ §
w {
(capture part) 8 Mesh part Mesh part | < Mesh part
o™ - & | (capture part)
+ (capture (capture part) S
> - |
!\ part) 3 o
. H
Cp(_)llng - | sodium *
air inlet j drain nozzle
Cooli Cooli Thermocouple well
00ling ooling Z | Heat transfer tube
nitrogen inlet -~ nitrogen inlet | 1 -—
Lower 1 . .
Sodium flow and heat transfer test | Joyo primary system mockup| Monju primary system tube sheet [ = o—_c°°"“9 nitrogen
loop (for sodium purification of (same as left) rototype Skirt 1 inlet
test loops) T
Moju primary system
Impurity capture — _kg-O 16kg— O, 26 kg - O. 70kg - O,
capacity 2 2 2 2
Test it Purification characteristics, temperature distribution, operating characteristics Design evaluation using analysis
estitems Impurity capture capacity / capture distribution (overhaul) code, etc.
= Sodium flow path in mesh part: Small inflow area, long flow path P - Large inflow area, short flow path | * Same as left
Main structure * Temperature distribution in mesh part: Temperature rise along the flow —g * Uniform (with adiabatic gas layer) | * Same as left
* High mesh filling rate 200kg/m? * High mesh filling rate 200kg/m? * Low mesh filling rate 100kg/m?
= Impurities are trapped effectively in low-temperature regions. . Validati f desian i t
— * Uniform temperature distribution increases purification efficiency and aldation ot design Improvement . 1o game type of cold trap was
Findings or y * Validation of analysis code . A
N capture capacity. 3 N " installed in primary system of
achievements . = Impurity trapping capacity can be
. - Development of analysis code (CTRAP) . . . Joyo, and has already been
(reflected to Monju)  Puii . " increased by lowering mesh filling .
urification performance can be simulated. operating smoothly.
- o - rate
= Cold trap design guidelines are established.

Fig.8-2 Development of cold trap for Monju primary system
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Joyo, as well as in foreign FRs. The determina-
tion of impurity becomes difficult when various
types of impurities with different saturated solu-
bilities are present in sodium (called the multiple
breaking phenomenon).

(3) Sodium valves and bellows

Monju uses sodium valves in systems con-
taining sodium and sodium vapor. A sodium
valve needs to withstand high temperatures
(200°C-550°C) and severe thermal transient
conditions, and to have good sealing perfor-
mance and corrosion resistance.

Special consideration must be given to the
shaft sealing mechanism to prevent sodium
leaks from sealed sections. The bellows seal
and the freeze seal methods were adopted in
Monju based on a variety of R&D activities.

The sodium valves are used in sodium test
facilites and Joyo. The findings obtained in
manufacturing and operating experience were
integrated as a comprehensive technical guide
on FR sodium valves. Large valves to be in-
stalled in the PHTS and SHTS were carefully
developed through in-depth structural anal-
yses, the manufacturing of prototypes, and
function tests, in cooperation with valve and
plant manufacturers.

The sizes of the bellows used in Monju vary
from small to large, and the bellows were de-
veloped considering the specific conditions of
sections to which they would be applied. For
example, large bellows were used at the con-
tainment penetrations of the SHTS, and sealing
bellows were used in the CRDMs and sodium
valves. The bellows of frequently used valves
and the CRDMs that have large strokes at a

[N
N

high speed were developed through cyclic fa-
tigue tests to ensure high reliability.

8.3 Achievements in the commis-
sioning
(1) Sodium purity control

The history of oxygen concentration in so-
dium, measured by the PL meter, in the PHTS
since the commissioning (for about 20 years) of
Moniju is shown in Fig. 8-3. The CT in the PHTS
has been operated at 130°C to keep the oxy-
gen concentration at 3 ppm or lower (except for
the initial purification period). At the beginning of
operation, a short increase in the oxygen con-
centration due to the elution of oxygen attached
to the surface of the structure associated with
increased temperatures was observed. There-
after, the oxygen concentration was appropri-
ately controlled, demonstrating the required
performance of both the CT and the PL meter.
The sodium purity control in the SHTS was con-
firmed as well.

(2) CT performance

In the SHTS, it is important to keep the hy-
drogen concentration low during normal opera-
tion to ensure early detection of water leak from
an SG tube. The purification efficiency in the de-
sign is 0.7. Figure 8-4 shows a change in hy-
drogen concentration when the operating tem-
perature of the CT in the SHTS are changed in
a ramp-wise manner. The response curve of
the calculated hydrogen concentration agrees
with the measured data when the purification
efficiency is set at 0.85, which is better than the
design value.

]
T

—— e e e o e e o e o = - ]

-May 1995 — Dec. 1995: Start up test (power operation with maximum temperature of about 485 °C)
-Maximum temperature before the start up test is about 397 °C.
-Impurities elute and oxygen concentration increases by the temperature increase (initial purification).

Upper limit: 10ppm

-Nov. 2010, June 2011: Coping with
drop of In-vessel transfer machine
=June 2009 - July 2009,

Aug. 2010: Fuel Exchange
Control target: 3ppm

Oxygen concentration in primary sodium (ppm)
o))
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Measurement period

Fig.8-3 Trend of oxygen concentration in sodium in the primary cooling system
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The primary and secondary system CTs both 200 T
experienced incidents in which the impurites ~ ~ | Startoframp et o aton)
. . . o response
could not be temporarily removed during the in- & 5o [ o e 3 — Response curve of hydrogen
itial purification operation phase. This was con- s [ "ttadecenny $e concentration (calculated with
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(3) Accumulation of experience in so- S5 _ | § enat e enentagiiencis
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Sodium cleaning has been performed utilizing
a combination of the steam cleaning (mixed
with inert gas) and the water cleaning.

The alcohol cleaning was used specifically
when the thermocouple sheath, the rupture of
which was the cause of the Secondary Sodium
Leak Accident, was cut out and subjected to
material tests to determine the cause of the ac-
cident.

The experience of sodium cleaning in Monju
is summarized in Table 8-1. The problems ex-
perienced in the spent fuel cleaning system
were addressed to improve the system. The
plant-level sodium cleaning technologies were

Measurement date

Fig.8-4 Purification efficiency of cold trap in the secondary

cooling system

by visual observation of welds and by so-
dium leak monitoring of the main compo-
nents and piping throughout the in-service
period.

* The reactor cover gas boundary is sub-
jected to leak monitoring using radioactive
cover gas monitors.

* The important structural materials undergo
tests using a material surveillance piece.
The environmental effects on the materials

established through these cleaning experi- are assessed, as needed.

ences. (2) Formulation of ISI program

The Monju ISI program was formulated in ac-
cordance with the basic ISI policies by consult-
ing U.S. ASME Boiler & Pressure Vessel Code
Case Sec. Xl, Div. 3 (the rules for ISI of liquid-
metal-cooled reactors). An overview of the ISI
program for Monju is shown in Table 8-2. The

8.4 Development of ISI technology
8.4.1 ISl policies and program
(1) Basic ISl policies

The basic ISI policies for Monju are as fol-
lows:

* The reactor coolant boundary is inspected

Table 8-1 Major experiences of sodium cleaning (up to July 2011)

Objects to be cleaned Number Cleaning method Remarks
. Wet nitrogen gas cleaning + water cleaning )
FCRD upper guide tube 3 + depressurized cleaning with hot water
Dummy fuel subassemblies, etc. 203 W?t argon gas deaning . -
+ demineralized water cleaning
NVTM 1 set Wgt argon gas cleaning . )
+ demineralized water cleaning
Temporary strainer 3 Steam cleaning -
Damaged temperature sensor sheath 1 Alcohol cleaning Material test
Removed secondary sodium piping Wet nitrogen gas cleaning + water cleaning
1 set - ! -
and valves + circulated hot water cleaning
. ) Wet nitrogen gas cleaning + Sodium deposited
Leaked secondary sodium water cleaning + circulated hot water cleaning |  in piping room
Pressure relief plate for superheater 1 Alcohol cleaning Material test
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Table 8-2 Overview of ISI program

Component Inspection items Methods of inspection
RV Surroundings of guard vessel Visual inspection, sodium leak monitor, material surveillance
Outside guard vessel Sodium leak monitor, radioactive cover gas monitor
Shield plug Reactor cover gas boundary | Visual inspection, sodium leak monitor, radioactive cover gas monitor
PHTS circulation pump Outer casing Visual inspection, sodium leak monitor, radioactive cover gas monitor
Shell Visual inspection, sodium leak monitor
PHTS IHX -
Heat transfer tube Leak monitor
PHTS piping Piping Visual inspection, sodium leak monitor, volumetric inspection
PHTS check valve Valve box Sodium leak monitor
Guard vessel Shell Visual inspection, (material surveillance)
Core support structure Core support plate, core barrel Material surveillance
Primary auxiliary sodium system piping Piping Sodium leak monitor
SHTS circulation pump Outer casing Visual inspection, sodium leak monitor
SG Shell Visual inspection, sodium leak monitor
Heat transfer tube Volumetric inspection
SHTS piping Piping Visual inspection, sodium leak monitor, volumetric inspection
Auxiliary cooling system air cooler Heat transfer tube Sodium leak monitor
Ex-vessel fuel storage system Sodium boundary Sodium leak monitor

program was based on R&D of inspection de-
vices for RV visual testing and for the volumet-
ric examination of the PHTS piping as well as
the inspection programs of Joyo and LWRs
along with the achievements thereof. The
unique features of Monju were appropriately
taking into account.

8.4.2 Development of inspection de-
vices

(1) Inspection devices for RV and its
surroundings

The visual inspection of the main RV parts
and inlet piping are to be performed under the
unprecedented conditions of a narrow space
inside the guard vessel and high temperature
and radiation environment. Therefore, a re-
mote-controlled inspection device was newly
developed adopting an environment-resistant
remote visual sensor. For the RV, a device
equipped with an electromagnetic acoustic
transducer (EMAT) sensor for volumetric in-
spection was also developed for R&D pur-
poses to detect small defects before they grow
to penetrate the RV wall.

The newly developed inspection devices
were applied to the visual tests of a pre-service
inspection (PSI) of Monju. The absence of sig-
nificant defect in the RV wall was confirmed,
and several points of improvement were identi-
fied for inspection device operation.

To reduce the time for inspection and im-
prove reliability and durability, the RV inspection
device was modified by improving accessibility
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to narrow spaces, widening the field of view us-
ing a CCD camera, and reducing the mainte-
nance time by improving the durability of
mounted components while taking into account
the experience obtained in tests performed in
the initial development phase. The improve-
ments in accessibility are illustrated in Fig. 8-5.
The improved functions were checked in
functional tests using a mockup system and the
performance requirements were satisfied.

Meanwhile, the EMAT was further improved
by enhancing signal strength and reducing
size and weight by adopting the technologies
developed in the field of accelerators. As a re-
sult, defects with a depth-to-plate thickness ra-
tio of 20% were successfully detected with the
new sensor. However, the problem of electrical
noise arose when the sensor was mounted on
the inspection device. Further improvement is
needed for practical application.

(2) Inspection devices for PHTS piping

The ISls for the PHTS piping include visual
inspection and volumetric inspection. Since the
technologies were already available for the vis-
ual inspection device, the development of a vol-
umetric examination device focused on the
available LWR technologies taking into account
thin-walled, large-diameter piping specific to
FRs.

One of the key features of the device is the
use of a tire-type ultrasonic probe. In order to
reduce worker exposure, non-couplant probes,
not requiring a contact medium, were em-
ployed for continuous inspections in vertical
and oblique angles.
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. . Difference from
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Fig.8-5 Improvement of accessibility in narrow space

In the function tests and PSI using the PHTS
piping volumetric examination device, the in-
spection device demonstrated satisfactory per-
formance in terms of driving, flaw detection, and
data storing functions, while identifying remain-
ing issues, such as the complexity of inspection
procedure and the deterioration of sensitivity
due to aging.

The tire-type probes and the scanner were
further improved, and the control device and
the data storage device were updated. The
functions of the new system were confirmed in
a mockup system and in the piping of Monju.
The sensitivity and other probe performance
were further improved on the basis of the ob-
tained data.

(3) SG tube inspection device

The SG tubes have a complex structure with
along, helically-coiled shape (maximum length:
85 m). The evaporator tubes are made of a
magnetic material, which is unsuitable for a
conventional eddy current test (ECT). In addi-
tion, they have a thick wall, which is difficult for
the eddy currents and magnetic fields to pene-
trate. Because of the above, the inspection
technologies successfully used for LWRs could
not be applied without modification. To address
this, new inspection technologies were devel-
oped with a focus on the ECT for ferromagnetic
and thick-wall piping.

In the function tests of the test device and
PSI, information was obtained on a series of
operational performance related to transfer, as-
sembly, installation, adjustment, and flaw de-

tection using the device. In addition, flaw detec-
tion data on all the heat transfer tubes in the
evaporators and superheaters were collected
for ISI.

The defect detection performance and the
aligning mechanism were improved while noise
reduction was achieved (Fig. 8-6). A multiple-
frequency algorithm was also developed for im-
proved signal processing. Performance was
further improved to detect defects on the sup-
port structure with sodium attached to the outer
surface of SG tubes. Evaporator flaw detection
data were obtained in PKS, and stable and im-
proved detectability was confirmed.

8.4.3 Integrity confirmation of SG
tubes of Monju

Before resuming Monju operation following
completion of the modification work after the
Secondary Sodium Leak Accident, the integrity
of the SG tubes, which had been in long-term
storage, had to be confirmed. The SG tubes
thus underwent a series of inspections over
about five months from November 2007.

The SG tubes in the loops were subjected to
ECT (all tubes), leak tests (all tubes), and visual
tests (sampled tubes), and these results com-
prehensively confirmed the integrity of the SG
tubes. The leak and visual tests were voluntarily
performed to ensure that there was no influ-
ence on the tubes from long-term storage. The
configuration of the ECT system is illustrated in
Fig. 8-7. Photographs of the inner surface of an
evaporator heat transfer tube are shown in Fig.
8-8. Although scale was observed on parts of
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Fig.8-6 Defect detectability before and after vibration countermeasures (mockup test)
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Fig.8-7 Configuration of eddy current test devices

the inner surface of the heat transfer tubes, no
significant corrosion or other defects were
found.

8.5 R&D related to CP

Iron, manganese and other elements con-
tained in the FR core material that activate,
elute, and migrate to the components and pip-
ing in the primary system, depositing and ad-
hering to their surfaces, are called corrosion
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product (CP). During refueling the CP is trans-
ferred to the spent fuel cleaning system. In the
overhaul inspections and repair of the primary
system components, the CP is transferred to
the liquid waste disposal facility. Since the CP
becomes a radiation source, which is one of the
major causes of exposure during facility
maintenance, comprehensive = measures
against CP are required.

To address this problem, various tests and
analyses of the data obtained in Joyo were per-
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Fig.8-8 Internal visual inspection of evaporator

formed to develop analysis methods to evalu-
ate CP behavior and suppression. Technolo-
gies were also developed to remove the CP de-
posited on and adhering to the components
and piping.

(1) CP behavior analysis codes

A CP behavior analysis code, PSY-
CHE/JOANDARC, was developed to model
the transport process consisting of the dissolu-
tion and deposition of the CP. The code was
validated by comparing with the surface dose
rate distribution and the CP deposition density
on the PHTS piping measured in Joyo. Taking
these results into account, the CP distribution
behavior in Monju was predicted, and the effect
of measures to reduce the CP was evaluated.
Moreover, the dose rate estimation system for
FR maintenance, DORE, which visualizes the
dose maps, was developed for Monju. The FR
tritium behavior analysis code TTT and the FP
behavior analysis code SAFFIRE were later in-
corporated into the DORE system to create an
integrated radiation dose evaluation tool.

The dose rate distribution by the saturated
source terms in the PHTS room during the
rated power operation of Monju was predicted
using DORE, as shown in Fig. 8-9. The histo-
ries of the dose rates with reactor power oper-
ation were predicted in Fig. 8-10 on the sur-
faces of thermal insulator in snubber sections of
the PHTS hot-leg and cold-leg pipings. It was
predicted that the dose rate would be saturated
before reaching a cumulative reactor power of
2,000 GWd (13-year operation) and the satu-
rated dose rate in cold-leg would be 3 mSv/h,

which is higher than the 2 mSv/h in hot-leg. Iso-
topes *Mn and %Co almost equally contribute
to the dose rate in hot-leg, whereas Mn is
dominant in cold-leg. These achievements en-
able the accurate prediction of dose rates dur-
ing maintenance and inspection. A better un-
derstanding of the radiation environment in a
comprehensive and intuitive manner is useful in
the design of measures to reduce radiation ex-
posure.

(2) CP suppression

The generation of CP can be suppressed by
reducing the CP sources and removing the CP
in a CP trapping device. In the reduction of the
CP sources, isotope ®Co, a major source of ex-
posure, was reduced by developing a non-co-
balt-base (cobalt-free) surface hardening mate-
rial instead of Stellite alloy comprising in more
than 50% cobalt, generally used as a surface
hardening material on the sliding parts (e.g.,
pump bearing) of a device in order to improve
wear resistance. The other major source of
%Mn is difficult to reduce effectively since it is
yielded mainly from %*Fe originally contained in
stainless steel. Then a CP trapping device us-
ing a nickel getter material was developed to
trap ¥Mn. The performance of the device was
confirmed in out-of-pile tests and Joyo. Based
on the test results, the prospect for application
of the device to Monju became clearer.

(3) CP decontamination

Technologies to decontaminate the CP were
developed through basic tests, small-scale
tests, and actual component decontamination
tests using the Fuel Monitoring Facility of the
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Fig.8-10 Predicted radiation dose rate for the primary cooling system at the rated power operation

OEC and the spent fuel cleaning system in
Joyo. The target values of sufficient decontam-
ination factors were attained by these tests and
the dose rates were reduced accordingly. Tech-
nologies to chemically decontaminate the CP
adhering to the spent fuel cleaning system
were developed as well. The most suitable de-
contaminant and decontamination conditions
were selected using the actual plant piping, and
small-scale tests using an out-of-pile loop and
actual plant tests in Joyo were carried out. As a
result, the piping and component surface dose
rates were halved. Through these efforts,
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