
III. SUMMARY

A summary of the U.S. LMFBR Steam Generator Systems Development

Program was presented. This program was initiated in consolidated

form under AEC sponsorship, 1971. The near-term ;rcjram is focused

upon the Clinch River Breeder Reactor Plant initial design, with

increased emphasis placed upon steam generator testing. The long-

term program is directed towards the development of data and analysis

tools which can be applied to advanced steam generator design. The

total program includes design fabrication, and test of reference

and backup steam generators for the CRBRP as well as single-tube

and multiple-tube model tests for detailed data and design confirmation.

Comprehensive analysis development and test programs are underway

addressing the problems associated with both small and large

leaks, including leak detector development and preparations for

prototype-scale large-leak tests. Materials work includes properties

measurements for code requirements, corrosion and carburization/

decarburization testing as well as raw material quality and NDE

inspection methods improvement.

A.3. Design and Operating Experiences
with 50MW Steam Generator
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The rain purpose of the 50 MW steam generator is to have
experiences of manufacturing and operation with If rge scale
steam generator including necessary research and development
works which ccrn be reflected on the design and fabrication of
"Monju" (Japan 300 MWe prototype LMFBR). The detailed design of
the 50 MW steair, generator was begun on March, 1972 and succeeded
in the demonstration of 72 hours continuous operation with full
power on June, 197^- It has been successfully operated since
then, the performances of which Iiave been evaluated through
various kinds of tests. In this paper, the following items are
msinly discussed; system design, thermal and hydraulic design,
structure and fabrication and some experiences on testing opera-
tion including cleaning and sodium flushing of equipments, oodium
level control system, the behavior of hydrogen detection system
and general outlook оГ the performance.

INTRODUCTION

The steam generator is generally considered to be one of

the key components of the LMFBR. In Japan, research and develop-

ment of the steam generator have been carried forward mainly by

the Power Reactor and Nuclear Fuel Development Corporation and

Industries.

The 50 MW steam generator plays very important role in the

middle stage of this research and development program, the

preliminary stage of which is the 1 MW steam generator and the

target one is 2^0 MW steam generator for "Monju". The main

purposes of the 50 KW steam generator mock-up test are the

followings:

(1) To establish the manufacturing and inspectional techniques 0C
for large scale steam generator. »U

(2) To confirm the total performance of multiple heat transfer
tubes for large scale steam generator.

(3) To study the dynamics of whole steam generator system and
to establish the operational techniques.

Tht- detailed design of the 50 MW steam generator was begun
on March, 1972 by Hitachi, Ltd. The construction work was
completed at Oarai Engineering Center of the PNC on March, 197^,
and after commissioning, the demonstration of 72 hours con-
tinuous operation with full power was succeeded on June,

Ihe 50 MW steam generator system consists of an evaporator
and a superheater, and both of them are helical coil type with
downcomers. The rated thermal capacities of the evaporator and
superheater are 'l0 MW and 10 MW respectively. Fig. 1 shows the
scheme.tic flow diagram of tHe 50 MW steam generator system.
The sodium of 505 С from the intermediate heat exchanger is
supplied into the superheater and finally the sodium goes out
of the evaporator at the temperature of 328°C. The heeted water
of 2kO С is fed to the evaporator and comes out at the temperature
over 30 С above saturated temperature. This superheated steam
goes through the water-steam soparater which is installed
between the evaporator and the superheater for water-ste.'im
separation or temporary route at start-up and/or transient
operation. This super]еz ted steam can be strictly controlled
for protection from caustic or chloride stress corrosion cracking
on the superheater. The steam frou the evaporator flows into
the superheater and comes out from the superheater at the
condition of 132 kg/cm

2
 •g/t87

<
"'c. To control the steam temperature

at tl̂ e inlet of the superheater, a water spray system is
installed. The sodium levels are controlled by overflow with
supply, line for the evaporator and by cover gas pressure for the
superheater. For the measurement of sodium level, induction
type level indicators are installed.
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Fig. I Schematic Flow Diagram of the 50MW SG System.



For the potential possibility of sodium-water reaction,
hydrogen in the cover gas is Monitored by gas-ciironiatokrapfc.es
and one in sodium is monitored by mass-spectrometers and vacuum
gauges. The evaporator, superheater and tl ese associated
pipings are designed to withstand against the burst pressure and
reaction products from large sodium-water reaction by guillotine
rupture of four heat transfer tubes.

TI-JEK-:AL AND HYDRAULIC DESIGN

The design'data of the 50 I-ЛГ steam generator are shown in
Table 1. Correlations used to determine heat transfer area of
the s:eam generators are as follows:
(1) iJittus-Boelter

1
s correlation for preheat and superheat

region.
(2) Rohsenow's correlation for nucleate boiling region (steam
quality up to 0.6).
(3) Colburn's correlation with factor a half for film boiling
region (steam quality over 0.6;.
(4) Кое ' s correlation for sodium side.
Unlike the conventional oil burned boiler, there are two factors
which greatly affect the determination of heat transfer area;
one is the fouling factor of water side and the other is the
thermal conductivity of 2 1/4 Cr. - 1 Mo ferritic steel. To
decide the design data of these two, the results of operational
testing of the 1 MW mock-up steam generator system was utilized.

The important problems on the thermal and hydraulic design
are mainly the fact that the flow distribution of both sodium
and water should be satisfied with temperature and quantity at
the same time. It is naturally expected that the flow distribu-
tion of water side is affected by the difference of coil circle
diameter. For each heat transfer tubes, the ratio of water flow
rate to sodium flow rate should not be so much scattered as
causing the problem of enthp.lpy unbalance which is unfavourable
for the operation. From this point of view, the heat current
to downcomers is undesirable because it causes the larger radial
temperature gradient in sodium at the heat transfer coil bundle.
To reduce the heat current to downcomers, the sbroud filled with
argon are installed between flowing sodium and stagnant sodium
in which the downcomers are situated. Thick wall tubes are also
adopted for this purpose at the downcomers. Above previsions
are also effective against hydraulic instability associated
with the radial temperature gradient in sodium at the heat
transfer coil bundle. The leveling of water/steam enthalpy
becomes the main design requirement for the determination of
coil circle diameter, number of tubes and coil pitch. The
result is shown in Table 1.

For the determination of heat transfer area, the integra-
tion of heat transfered to both downcomers and helically coiled
tubes is repeated simultaneously from the uppermost position to
downward until the enthalpies of both tubes are matched. This
position is defined to be the lowest point of heat transfer
coil bundle.

The practice, which was used to determine the heat transfer
area, is evaluated through the experiments with the 50 MW steam
generator and it will be reflected on the final design of
"Monju" steam generator system.

Tobie 1 Design Data of the 50MW

Item

Тур.

Number of Unit

Thermol Power MW

Sodium Inltt Temperoture *c

Sodium Outlet Temperoture s c

Sodium Flow Rart t/h

Water / Sttam Inltt Temperature *C

Woter/Steom Outltt Temperoture »c

Wafer/Steam Outltt Pressure kg/crr£g

Wat*г /Steom Flow Rote 1/n

Htat Transfer Area m*

Number of Tubes

Tube Outer Diameter mm

Tube Thickness (Downcomer) mm

Tube Pitch (Radial) mm

Tube Pitch (Axial } mm

Tube Material

Steom Generator

Evaporotor

Helical Coil

1

40.1

4 6 9 6

327.6

794 8

2 4 0

3 6 7

143

79.6

186

7 9

25 4

3.2(4.5)

4 0

4 0

2ЧСГ-1 Mo

Superheater

Helical Coil

1

9 9

505

469.6

7948

3 6 5

4 8 7

132

79.6

1 0 0

6 0

25.4

3.2

4 0

4 0

Type304SS
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MATERIAL

The 50 M¥ steair. generator is so called "separated type"
which consists of an evaporator and a superheater. Tube materials
are one of the major concerns in the steam generator design.
Non-stabilized 2 l/4 Cr - 1 Mo ferritic steel is selected as the
tube material for the evaporator by the following reasons.
(1) Availability due to its wide spread use as tube materials
for conventional boilers.
(2) Plentiful experience in welding and heat treatment.
(3) Satisfactory mechanical strength at high design temperature
of "Monju".
(4) Resistance to stress corrosion cracking.

For the tube material of the superheater, type 304 stainless
steel is selected by the following reasons.
(1) Lesser decarburization at high temperature sodium compared
with 2 1/4 Cr - 1 Mo ferritic steel.
(2) No distinguished difference on mechanical strength, corro-
sion and mass transfer in Type 304, 316 and 321 stainless steel.
(3) Availability due to its wide spread use as tube rr-aterials
for superheater of conventional boilers.
(4) Plentiful experience in fabrication.
However, since type 300 series aust.enitic stainless steels are
sensitive to stress corrosion cracking due to chloride, tempera-
ture of the steam int.o the superl^eater is designed to be over
30 С above saturation temperature for all loads.



SODIUM-WATER REACTION

A sodium-water reaction is one of the major concerns in
the safety and reliability of LMFBR steam generators. So we
must take the following three items into consideration,
(l) To reduce the potential of the reaction.
2) To detect the small water leak quickly.
3) To protect the steam generator in case of the reaction.

For 50 MW steam generator, the following considerations
have been paid:

(1) A tube sheet is placed in the cover gas region to reduce
thermal shock in all transient conditions. To ensure the weld-
ing quality, tube-to-tube sheet joint is butt-welded by internal
bore welding. Heat transfer tubes are also butt-welded by
orbital welding. All these butt-welded joints are examined by
radi ography.

(2) For water leak detection, both the evaporator and the
superheater have gas—chromatograph type hydrogen monitor in their
cover gas regions and nickel membrane type hydrogen monitor in
their sodium regions. They are effective for small leak and the
pressure sensors are useful for large leak.

(3) To protect the intermediate cooling system against the
pressure burst, following three devices are designed. They are
the isolation valves of both sodium and water/steam lines, the
relief valves of water/steam line and the relief valves and
rapture disks in the cover gas regions.

STRUCTURE AND FABRICATION

The structure of the evaporator is shown in Fig. 2. The
superheater has almost the same configuration as the evaporator.
Feedwater is distributed into 75 heat transfer tubes at the
ringheader located upper end of the evaporator and flows down
through the downcomer which is arranged within the annular space
between shell and shroud where sodium stays stagnant. Then, at
the bottom of tube bundle it turns up and flows upward througn
the helically coiled tubes to the steam header, which is located
at the central position of the upper end plate, and goes out at
not less than 30 С superheated steam. Sodium from the super-
heater is introduced to helically coiled tube bundle through
six distributors, nozzle of which is located at the upper shell
and end part is inserted deeply enough for the gas entrainment.
Then it flows downward through the tube bundle transfering heat
to the water/steam, and goes out of a bottom nozzle.

The followings are the main structural features of the
50 MW steam generator.

(1) Its configuration is helical coil with downcomer and
sodium free surface.

(2) Entire upper shell is assembled with, the lower shell by
bolted flanges and therefore the tube bundle which is si:pported
from the upper shell is removable from the main shell in order
to observe the internals. In that case, welded seal of the
flanges must be removed by cutting.

Steam Outlet

Sodkm Wet

to Relief System —
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"Downcomer

Helically Colled
Tube

Thermal Imulation

Sodium Outlet

Fig. 2 50MW Steam Generator (Evaporator.)

(3) A tube sheet and feedwater inlet penetrations are placed
in the cover gas region to reduce the potential of sodium-water
reaction due to thermal transients by direct contact with
sodium.

(k) Feedwater tubes are arranged symmetricaly by utilizing a
ring header and an exit tube sheet is placed at the center of
the upper end plate so as to reduce the difference of each heat
transfer tube length.

(5) To ensure the welding quality, tube-to-tube sheet joint is
butt-welded by internal bore welding and heat, transfer tubes are
also butt-welded by orbital welding.

(6) To reduce the heat current to downcomors, argon filled
layers are installed between flowing sodium and outer stagnant
sodium as shroud.
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For the 50 МУ steam generatoi", the following several kinds
of instruments (shown in Table 2) are installed for the purpose
of observing the static and dynamic characteristic aaid of the
operating survei i ian.ee .

(1) Thermometer
For the evs/porator, 126 thermocouples (rariial.ly 7 positions,

с ircumf erential.iy ') positions and a.x.ifil.ly 6 planes) are attached
in. the «odiv.m of the he !.:• c-c-: 1 i.y coiled tube region. Furthermore
temperatures are monitored at the dovneomer sodium region,
sodium distributor outlet region, cover gas region and so on.
As for water side, each heat transfer tube layer has a thermo-
couples at the mid point' of the <X own с ome r, another 6 at the
bottom of the dov;ueoi:;er and i2 at the outlet tube sheet.
The.rmc>i;itfters of the superheater are set almost s.imiller points
of Che evaporator's except fo.r moni to.ri.ng at the dovmcomer
va t е r s x d е .

(2) Fieivmeter
For the evaporator, the feiidwater flow rates are monitored

by 6 fioraeters vhiob are placed vith each layer prior to the
penetration of the shell so as to check flow difference among
various coil circle diameters. It is possible to calculate the
amount of heat transfer for each layer.
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(3) Sodiuii; level monitor

A set of one induction type and 5 on-off contact type level
monitors are installed both at the top of the helically coiled
region and downcomer region. These are used for sodium level
monitoring and control.

(4) Pressure gauge
A NaK filled capillary tube type pressure gauge is installed

in the cover gas region to detect pressure buildup due to sodium-
water reaction.

(5) Hydrogen monitor
To detect sodium-water reaction quickly, a gas-chromatograph

hydrogen monitor in the cover gas region and a mass-spectrometer
with vacuum gauge to minitor the hydrogen diffusing a thin
nickel membrane frou sodium and installed.

CONSTRUCTION WORKS

The construction of 50 MW steam generator test facility was
made contracts with the group of Fuji Electric and Kawasaki
Heavy Industries, Ltd. on June, 1971. The test facility is
purposed not only to get information with the steam generator
but also to evaluate control systems or dynamic behaviors of
the coolant system for "Monju" as well as to educate operators
for it through actual operation with the facility.

To meet with the purposes, the design of the test facility
was followed as closely as to that of "Monju", which consists
of reactor, both primary and secondary sodium circuits and
water-steam circuit. The reactor was simulated with sodium
heater, heated with burning of LPG-butane, and several bypass
lines were installed to compensate the longer time constant
compared with the reactor. The main flow circuits of the test
facility are presented in Fig. 4.

Intermediate
Heat Exchanger

Feedwater Pump

Fig. 4 Main Flow Diagram of 50MW Steam Generator Test Facility

The construction works at the field were started on October,
1972 and most of the works were completed on November, 1973.
Commissioning tests and some modification works were followed
until the end of March, 1974 and sodium was charged into storage
tanks during December, 1973.

The construction of the steam generator was made contracts Qfl

with Hitachi, Ltd. on March, 1972 and the field works were **"

started on May , 1973 with the support structure work. The

superheater was transported to the field on late December, 1973

and the evaporater was done on early January, 1974. The coupling

of tube bundle and lower shell with latter was made in the field,

to which the final piping work was followed. The situation was

attained to be ready for the coupled operation with the test

facility and the steam generator on the end of March, 1974.

Presented in Fig. 5 is the time- schedule which was proceeded
during the construction and pre-operational tests. Water and
sodium was coupled in the evaporater for the first time on May
11, 1974 after the purification of sodium and adjustment works
with control systems for sodium levels both in the evaporater
and the superheater as well as for leak detectors. The rated
steam condition from the superheater was attained on May 23 and
the 72 hours continuous operation with full power was succeeded
from June 11 to June 14, 1974.

FIELD CONSTRUCTION

Fuel System

Sodium System

Wafer System

Electric 8 Instrumentation

Steam Generator

COMMISSIONING

Component Function Test

Preheating Test

Sodium Charge to Tanks

Sodium Pumps Running

Calibration of Flow Meters

Adjustment on Leak Detectors

ft Level Control System

Sodium Purification

Coupling of Water в Sodium

Operation with Power
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Fig.5 Schedule of Field Construction в Commissioning

CLEANING

The evaporator was made of ferritic steel and took more

than eight months in the stage of the fabrication. As usual,

the tube surface was coated with chemicals, which are similar

to a paraffin, to protect the surface from rusting. However,

it was afraid from the operating experiences with 1 MW steam

generator that the chemicals might increase a background level

of hydrogen both in sodium and cover gas. Prior to the fabri-

cation of the tubes in the shop, the chemicals were brushed away

in hot water. Because of the material of ferritic steel and the

above processing, it could not be ignored to remove the surface

rust that was generated during the construction.



Theoretically it was not impossible that an acid cleaning
was tried to remove the rust but because of a complex structure
especially at tube supports, a complete removal of residue was
not confident which would work worse to the material with
corrosion. Sodium flushing was adopted to remove the rust at
the field instead of acid cleaning after the construction work
was completed. First, the evsporator was evacuated to a vacuum
of 1 torr at 250 С and was maintained for ̂+8 hours to remove
moisture from surface. Then sodium was charged into the evapo-
rator and kept for Zk hours at 270°C. After that, it was drained
through two porus filters of 5 /1 and 20 fi before returning to
the system, however a dismantling of them revealed no distinctive
rust product nor foreign object.

Purification of sodium was carried out next for eight days
and succeeded in decreasing plugging

Q
temperature to l40°C.

Initial plugging temperature was 220 С under 25O°C of system
temperature. Presented in Fig. 6 is the records of the purifi-
cation. No difficulty has been experienced with a impurity in
sodium since then.

On the other hand, tube side of the evaporater was cleaned
with citric acid and washed with pure water before it was
delivered to the site. At the time of cleaning, it was lE.id
horizontally on the roller and revolved intermittently to remove
retaining liquid arround the bottom of downcomer. Superheater
was just washed with pure water and blowed with dry nitrogen
gas on the same kind of roller. At the site after the delivery,
an entire water—steam system except the superheater was free—
blowed with superheated steam after the piping work was completed.
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Fig. 6 Purification Records with Secondary Sodium Circuit

SODIUM LEVEL CCKTROL

The 5° MW steam generator consists of the superheater and
the evaporater, each of which has sodium level. They were
installed in such a way that sodium levels would be the same in
all components at the time of charging or no sodium flow. So,
level control systems are required to compensate a friction loss
under a situation of sodium flow. Fig. 7 shows the system.

Sodium level in the superheater is controlled by cover gas
pressure and that in the evaporater is kept constant by sodium
overflow. The cover gas of the superheater is designed to
breathe through two discharge valves and two charge valves,
corresponding with the sodium level in it. Adjustment was made
with trial and error method to keep sodium level within 100 mm
of a base level for roost of operation modes. Fig. 8 presents
how levels were controlled in case of 8

 l
f> flow decrease by

step under 100 # sodium flow, recorded at the time of adjustment.

It was recongnized with trial operations that a friction
loss in sodium flow through tube bundle had been underestimated
by 2.7 times, which resulted in so much level difference
between flowing and stagnant sodium region. The difference
would come from a flow pattern that sodium would flow just
through an annulus gap rather than utilize available section
with mixing;.
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З.Ог Г Secondary Pump Outlet Pressure

Fig. 8 50MW Steam Generator Level Control Characteristics

The fact resulted in a poor capability to control sodium
level in ce.se of rapid transitions, as a make-up sodium flow by
EM puinp had been specified with the less friction loss or less
level difference. For future designs, some remedies like a

widening of a radial pitch or space to decrease friction loss
through tube bundle, limiting a sectional area of a stagnant
region as narrow as possible or increasing of capacity of make-
up pump should be considered.
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HYDROGEN DETECTORS

It was mentioned before that the steam generator was
instrumented for a detection of any water leakage with gas-
chromatograph to monitor hydrogen in cover gas and membrane
detector in sodium by an ion pump current and mass-spectrometer.
Fig. 9 shows one of the typical behaviors of detectors at the
time of initially coupled operation of superlveater and evaporator.
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Fie. 9 Plots af Readings with Detector
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50MW Steam Generator Heat Transfer Characteristics
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Generally speaking, hydrogen concentrations both in cover
gas and sodium corresponded with с. feedwater pressure and they
showed higher readings in the superheater than in the evaporater.
It is considered at this moment that hydrogen mig^t be generated
inside of tube in corrosive action of steel with water and be
penetrated with diffusion through tube walls into sodium side.
A hydrogen detector such as a Cambridge type is considered to
be put in water-steam system to evaluate the above supposition.

PERFORMANCES

Presented in Fig. 10 is a performance data in conjunction
with design expectation. In this case, sodium flow rate, steam
outlet temperature, feedwater flow rate and feedwater temperature
were set to the design parameters. Sodium inlet temperature
turned out 8 С below the designed value while steam outlet
temperature from the evaporater turned out about JO С above
the design. It is reasoned with an excessive heat transfer
surface due to a fouling factor and conservative heat transfer
correlations which were adopted to the design. The excessive
heat transfer area can be estimsted as 15 $.

Some difficulties were experienced with a control of steam
outlet temperature from the evaporater. A lower sodium inlet
temperature and a higher inlet steam temperature to the super-
heater resulted in a decrease of power duty of it and in an
increase of that in the evaporater. An outlet steam temperature
from the evaporater was extremely sensitive to sodium tempera-
ture and flow which were controlled indirectly at inlet of the
superheater. Modifications are being planned so as to control
the steam outlet temperature from the evaporater directly with
incoming sodium temperature or flow to it.

A temperature rise in downcomer region is maintained in
less than 10 С under full load which shows an effectiveness of
the shroud filled with ergon. No significant flow instability
has been experienced in any power level of 30 'S to 100 >S.
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