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for Sodium Cooled Reactors

S.C. Chetaland G. Vaidyanathan.
Nuclear Systems Division Reactor Group, Indira Ghandi, India

iis paper reviews the design of steam generators used in
sodium cooled reactors all over the world: Dounreay and PFR
UK, Fermi and EBR -II (USA), BOR-60, BN 600 and CRBRP
(Russia), KNK -II and SNR Germany, BN -350 (Kazakisthan),
Phenix and SPX-I France, MONJU and DFBR (Japan), and
FBTR and PFBR (India). It discusses, (on the bases of the
experiences gained from the above different reported reactor)
the consideration of the maintenance and repair processes in
design of such a type of steam generators. The design
leading to reduction in the number of welds by utilizing long
seamless tubes in straight tube is recommended. Selection of
Cr-Mo steel and elimination of sodium reheater are
alternative developments in the design.
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1.0 INTRODUCTION

The first sodium cooled reactor was the Experimental Breeder Reactor (EBR-I) in USA
which was commissioned in 1951 and was incidentally the first nuclear reactor to generate electrical
energy. This was followed by fast breeder reactors in USSR, UK, France, USA, Japan, Germany
and India. The use of sodium as a coolant is due to its low moderation which helps in breeding
fissile fuel from fertile materials and also its high heat transfer coefficient at comparatively low
velocities. The good heat transfer properties introduce thermal stresses when there are rapid changes
in the sodium temperatures. Also sodium has a chemical affinity with air and water. The steam
generators for sodium cooled reactors have to allow for these novel conditions and in addition,
questions of material technology as a result of sodium and water side environments have to be
solved. The design of steam generators in the different plants show a large amount of diversity,
unlike other components. Choices have to be made whether it is a recirculation type as in most
fossil plants or an once through unit, the power rating, shape of the tube (straight, helical, U-tube),
materials (Ferritic or austenitic), with free level of sodium or not, sodium on tube side or shell side
and so on. With higher pressures and steam temperatures reheating of steam after partial expansion
in the turbine becomes essential as in conventional turbines. For this purpose the choice of reheating
fluid viz sodium or live main steam has to be made. This paper traces the evolution of steam
generator designs in the different sodium cooled reactors (chronologically) and the operation
experience.

2.0 DOUNREAY FAST REACTOR (UK)

This plant was designed for relatively low coolant temperature and steam pressure (400 deg
C, 10 b). The steam generator had been conceived with a high availability in mind [1]. It consisted
of separate but parallel serpentine tube coils (austenitic stainless steel) for sodium and
feedwater/steam which were connected with each other only by brazed copper laminations (Fig 1).
Each water tube was surrounded by 4 sodium carrying tubes. The heat transferred from sodium to
water was by conduction through the copper lamination. To allow easy preheating, all the tubes
were encased in a thermally insulated box. It used a recirculation type concept. The steam generated
was separated in the boiler drum by mechanical steam separators and passed through the
superheater.

3.0 FERMI (USA)

Fermi steam generator was a cylindrical, vertical shell, single walled, counter flow once
through type unit as shown in Fig 2. The tubes were arranged in the anular space between the outer
shell and an inner insulated guide cylinder [2J. Sodium flowed on the shell side and feedwater
flowed in serpentine tubes. The shell and tubes were made in 2.25Cr-lMo steel. Operating
experience of this steam generator led to improvement in the later US designs. During 1961, a
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rountine pressure test led to discovey of leak in many tubes. The cause was determined to be stress
corrosion cracking from residue of a cleaning solution containing sodium nitrate and sodium
hydroxide. The affected unit was completely retubed and tube bundles were stress relieved. A major
sodium water reaction occurred in 1962 followed by small leaks in the water head tube to tubesheet
welds. The large leak happened after about 2 weeks of operation. Excessive damage was due to the
flow induced vibration directly in front of the sodium inlet nozzles. Five additional tubes failed by
wastage mechanism and overheating. The tubes were replaced and sodium flow impinging baffles
and tube lacing clips were installed in all tube bundles to prevent flow induced vibration. It was
postulated that the failures could be related to a complex combination of vibration, material
chemistry, coolant impurities and defects in the tubesheet forging possibly aggravated by lack of
post weld heat treament.

Leakages also resulted from shallow cracks in the ligaments between tubes of inner row and
water tubesheets. Cause of this was attributed to fatigue failure from thermal stresses resulting from
thermal hydraulic instabilities combined with embrittlement of the surface of the tubesheets from
early weld repairs. During initial operation, gross instability occurred in the steam side several times
and poppet type orifices were installed in the water downcomer tubes in 1968. The considerable
difficulties experienced with the Fermi steam generators emphasised the importance of adequate
design analysis, quality assurance procedures, fabrication technology development and testing prior
to fabricating steam generators for a reactor plant.

4.0 EBR-II (USA)

The steam generating system for EBR-II consisted of a natural circulation evaporating
section, a conventional steam drum and superheating section (Fig 3). Both evaporators and
superheaters were of 2.25Cr-lMo steel and utilised double wall tubes [2]. The duplex tubing and
duplex tubesheets were of unique design in that no welds were exposed to sodium on one side and
water on the other. Metallurgical and mechanical bonding techniques were used to fabricate the
duplex tubing. Mechanical bonding resulted in a prestressed condition with the outer tube in tension
and inner tube in compression. In metallurgically bonded tubes, the additional processes of flowing
the nickel brazing alloy annealed out the prestress. Except for a small water leak during the first
year of operation, the availability factor has been 100 %.

Although operation was good, one of the superheaters containing mechanically bonded tubes
began exhibiting analomous behaviour typified by a sudden decrease in superheater outlet steam
temperature as full power was approached. This behaviour was explained as an increase in the
thermal resistance of the mechanically bonded tubes caused by a reduction in residual interface
contact stress between inner and outer tubes.

5.0 BOR-60 (Russia)

This was conceived as a test reactor within the Russian FBR programme [1,3]. It has been
used to test SG designs of 6 types which includes the inverse SG i.e. sodium on tube side and water
on shell side. One of the designs used natural circulation. The evaporator had straight tubes while
the superheater uses U-tubes. The water-steam mixture was fed into a drum equipped with steam
separator and dried steam sent to superheater. Expansion bellows installed in the evaporator takes
care of differential thermal expansion. Both the units are made of ferritic steel. Another unit
working on once through mode has serpentine tube bundles. The inverse SG (Fig 4) has undergone
lot of tests and is considered good from the point of view of minimising water leaks into sodium.



6.0 KNK-II (Germany)

The structure of this SG is as shown in Fig 5. It comprised a serpentine coaxial tube [4].
Water flowed from bottom to top through the inner tube and secondary sodium flowed in the
annulus formed by the inner and outer tube. Each SG comprised 34 such tubes put in a thermally
insulated casing. The material was 2.25Cr-lMoNb. The addition of Nb binds the carbon contained
in the steel so that this material can be used at higher tempratures without significant risk of
decarburisation and associated loss of strength.

In 1972, a small leak was detected in one of the steam generators at tube support location.
The leak was located in the superheater region. The primary defect was judged to be a "tube shaped
pore" which was very small or plugged by residual slag and not detected during manufacturing
tests. It was also felt that the steel used is susceptible to other deficiencies at the welds than
conventional 2.25Cr-lMo steel because welding may increase the hardness of the heat affected
zone and cause cracks.

7.0 BN-350 (Kazaksthan)

BN-350 plant has six secondary loops, one of which is a standby. Each loop consists of 2
evaporators and 2 superheaters [5]. The principal material of construction is 2.25 Cr-lMo for both
the units. The tube configuration for evaporator is bayonet type whereas superheater is of U tube
type. The plant attained its first criticality in 1972 but delayed the operation at full power upto 1976
end, due to leaks in steam generators. All water- into-sodium leaks occurred at an initial stage of
operation. Only one of the six evaporators operated without leak.

The leaks (Fig.6) were found mainly in the welds connecting the end cap to the tubes and in
the end caps (bottom) itself. All the leaking tubes were plugged and steam generators were put back
in operation. Most of these leaks are in the small leak ranges. A large leak also occurred in one of
the evaporators. The reactor and steam generators were shut down by the emergency protection
system. However, owing to leakage of the isolation valves, water continued entering the shell side
of steam generator for several minutes. Sodium side draining could not be done completely, due to
the clogging of drain lines by reaction products of sodium with water. According to estimates, 800
kg of water entered the sodium side. Owing to the large number of damaged tube (about 120) and
damage to the shell, the evaporator was dismantled and a modular steam generator with new design
was installed. These leak problems were attributed to the poor quality material of end caps, low
quality of welds, insufficient quality control during manufacture and inadequate leak detection
instrumentation to mitigate the consequences. Subsequently, a decision was made to overhaul the
evaporator. The overhaul consisted of complete replacement of tubes, improvement in the
fabrication of end caps (machined instead of stamping) and more stringent quality control.

8.0 PHEN1X (France)

Phenix nuclear plant (250 MWe) is the prototype of the French breeder reactors with three
secondary loop. Each loop consists of 12 evaporators, 12 superheaters and 12 theater modules.
Each steam generator module is a seven tube heat exchanger in a shell in serpentine shape (Fig 7).
Principal material of construction is 2.25Cr-lMo for evaporator and SS 321 for superheater and
reheater. Some of the evaporators were made in 2.25Cr-lMoNb. After nearly eight years of
operation four leaks occurred on four different reheaters giving rise each time to a small sodium-
water reaction [6]. In all cases the fault leading to the sodium water reaction occurred at tube to tube
butt weld. The damage was caused by fatigue after several thousand cycles during the power plant
start up phase when the turbine bypass system was in operation. These thermal cycles caused major
thermal stresses particularly around the weld beads where extra thickness was present. In 2 leak
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events, adjacent tubes also failed before detection. Start of the shell wastage was also noticed in one
of the leak event.

Precautions were taken to prevent reccurence of the fault by specifying a maximum excess
thickness of weld beads at design stage itself. All the 36 reheater modules were replaced with
similar design and no new tube leaks have been reported since then.

In the initial period of operation there was water to air leakage on a tube. This leak was
apparently due to erosion of the tube wall caused by the expanding water jet downstream of an
orifice for flow regulation in each tube. The orifice inlet arrangement was modified and since then
no incident of this nature has been reported.

9.0 PFR (UK)

The prototype fast reactor (PFR) was a 250 MWe pool type with 3 secondary circuits. Each
circuit contained an evaporator, a superheater and a reheater [7,8]. The tube configuration was of U
type with tube to tubesheet weld in the cover gas space. Principal material of construction was
2.25Cr-lMo for evaporators and SS 316 for supeiheaiers and reheaters (Fig 8). The tubes were
joined to the tube sheet by an autogenous fusion vvdd to the bottom of the tubesheet. The steam
generators had serious and continuing problems with small leaks. Soon after commissioning, leaks
developed in the tube to tubesheet weld of 2 superheaters and one reheater. Damage to reheater was
extensive and the unit was taken out of service. Number of tube to tubesheet welds leak developed
on evaporators also during operation. Leaks were the result of no post weld heat treatment of these
welds combined with environmental effects (stress corrosion cracking of hard welds in pure
water/steam). These leaks (in evaporators, superheaters and reheaters) were dealt with effectively by
the fitting of explosively welded plugs to remove affected tubes from service. The tube to tubesheet
welds were all shot peened in situ to eliminate stress corrosion failures from the water side of the
weld, and although the evidence indicated this was successful, weld failures continued to occur at a
gradually escalating rate. The major design change to the evaporator's tube to tubesheet joint was
carried out. The repair technique was a sleeve inserted inside the weld. It was, attached to the
tubesheet near the top surface by an explosive weld and to the tube below by a nickel braze. New
tube bundles were manufactured to replace the austenitic superheaters and reheaters also. These new
units had 9 Cr-lMo ferritic steel tubes and a seal plate and thermal sleeve arrangement to avoid the
need for a tube to tubesheet joint. PFR plant had worked with a very poor load factor of maximum
13% due to the incidents indicated above prior to 1984. No further leak was observed upto 1986.
Again an old superheater leaked at the weld location and it was later replaced by new one. In 1987,
a major leak under sodium was observed in old superheater unit. The incident was initiated by a
fatigue failure of a tube which had, along with other tubes suffered fretting damage from impact on
the central duct caused by flow induced vibration. The trip sequence initiated by bursting rupture
disc, responded as expected and actions were effectively completed within 10 seconds. 39 other
tubes then failed during the incident. Major cause of such rapid propagation was overheating. In
fact, the hydrogen in sodium leak detector would have detected this ieak at the very beginning of the
leak event but hydrogen in sodium leak detector was not in operation hence ieak continued. The
subsequent clean up of circuit prevented any power operation for next 2 1/2 months. In addition, the
sodium leaks from the circumferential welds in vessel shells (material SS 321) of the reheater &
superheater were also observed. At the time of failure, the vessels had operated for a total of some
50,000 hrs at ~ 500 deg C. The cracks were due to initial weld defects and delayed reheat cracking.
Repairs to these vessels were carried out subsequently.
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10.0 BN-600 (Russia)

BN-600 has modular steam generator (8 SG/loop) design of straight shell and tube design
with evaporators, superheaters and reheaters with 3 loops in the plant [9]. It is once through type
with bellows on the shell to take care of differential expansion (Fig 9). The principal material of
construction is 2.25 Cr-lMo for evaporator and SS 304 for superheater and reheater. Tube to
tubesheet joint is of rolled and seal welded type. 12 steam generator leaks have taken place in 14
years of operation. The majority of the leaks were observed at the point of tube to tubesheet joint of
superheater and reheater. There were only two leak events which required total shut down of the
loop in all for approximately 400 hours. In other cases the SG module was isolated by the valves on
the sodium and water side without power decrease. Whereas 12 water to sodium leaks occurred the
electrical generation loss attributable to this cause was only 0.3%. The leakages in the modules
were caused by manufacturing defects and were not discovered during tests at the manufacturing
stages by accepted test methods. All leaking modules were replaced by new ones. One leak that
occurred in the evaporator could not be detected in the tube bundle. The reactor operation has been
otherwise satisfactory with average load factor of 73%.

11.0 SNR (Germany)

This project was completed but could not get licence for operation due to opposition to
nuclear power in Germany. It envisaged 2 steam generator design viz. straight tube and helical tube
designs [1]. Both designs had separate evaporator and superheater to be operated in once through
mode. To accommodate differential thermal expansion between tube bundle and shell an expansion
joint had been provided in the straight tube design. The material for evaporators and superheaters
was niobium stabilised ferritic steel 2.25Cr-lMo.

12.0 CRBRP(USA)

The Clinch River Breeder Reactor Plant in USA constructed in 1974 and later abandoned
because of the US policy, had the hockey stick configuration with single wall tubes as the reference
concept [2]. There were 3 heat transport loops of 325 MWt each. In each loop there were 2
evaporators and 1 superheater and it used the forced recirculation concept with the drum. The bends
were essentially to accommodate differential expansion between the tubes and between tube bundle
and shell. The only welds in the tubing were full penetration, autogenous butt welds between the
tube ends and machined spigot on the tube sheet (Fig 10). Inservice inspection of the tubes was
accomplished through removable water heads. The construction material for all the units was
2.25Cr-l Mo steel.

13.0 SPX-1 (France)

The Super Phenix reactor comprises the maximum rated sodium heated steam generator with
750 MWt capacity [10]. It employs a helical tube design (Fig 11) which is extremely good for space
utilisation. Individual layers of tube coils (Alloy 800) are wound in opposite direction. This design
does not use tubesheets and each tube penetrates the shell through thermal sleeves. Individual tube
coils can be plugged from outside. The operating experience with this unit has been good.

14.0 FBTR (India)

This plant (40 MWt, 13.2 MWe) uses a serpentine shell and tube configuration akin to the
Phenix reactor in France, with a difference that both evaporator and superheater are integrated in a
single unit (Fig 12). There are 4 modules each with 7 tubes. In case of sodium water reaction
affected module can be removed and replaced with a spare module. The operating experience has
been good so far and no water leak into sodium has been experienced. However, there was a water
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leak into air in one of the tube end caps housing the orifice assembly. The leaky cap was replaced
and additional caps were welded over the defective and suspected ones.

15.0 MONJU (Japan)

The 300 MWe Monju reactor in Japan employs helical tube design [11]. It has an evaporator
and superheater without any drum in between i.e. as a once through unit (Fig 13). While the
evaporator is made of 2.25Cr-lMo the superheater is made of austenitic stainless steel SS 321.
Operational experience has so far been reported to be trouble free.

16.0 EFR (Europe)

The 1500 MWe European Fast Reactor design (EFR) developed as a collaborative venture
between France, UK and Germany considers a 600MWt straight tube bundle with a bellow on the
shell (Fig 14) [12]. This design is reported to be cheaper than the helical design of SPX-1. The
material is modified 9Cr-lMo.

17.0 BN-600M (Russia)

This plant is under design and in one design option it employs a unique mixture of the
available steam generator designs [13]. It is reported that the design overcomes most of the negative
features of the available concepts. The steam generators consists of a vessel, a removable shell and
heat exchange surface in section (Fig 15). Sectional designs are joined together to form a large unit.
The design is still under evolution.

18.0 PFBR (India)

This is a 500 MWe, plant under design. It envisages a straight tube design with expansion
bends (Fig 16). It uses a single tube length of 23 m. It is planned to go for 8 units (4 SG/loop). Tube
to tubesheet joint is by internal bore welding (raised spigot type) which provides the most reliable
weld joint.

The material chosen for the steam generator is modified 9Cr- IMo. In case of sodium water
reaction in any module, it is planned to operate with the remaining (N-l) modules in a loop. Impact
of such an operation on plant parameters has been studied.

19.0 DFBR (Japan)

This is a 600 MWe demonstration FBR now under design. It has selected three secondary
loops with each loop employing once through helical coil steam generator, as proven in the
development of MONJU steam generator. It is made of modified 9Cr-lMo steel. [14]

20.0 DESIGN EVOLUTION BASED ON OPERATING EXPERIENCE

Maintenance and repair considerations are getting a higher priority in the design of steam
generators. Most of the leaks have occurred in welds. More attention is being paid to the reduction
in number of welds by utilising long seamless tubes in straight tube design (36 m in EFR, 23 m in
PFBR), the weld quality (internal bore welding permitting volumetric examination and weld free
from crevice corrosion), and the inservice examination (earlier designs like Phenix and FBTR tube
layout do not permit eddy current examination. New design like SPX-1, EFR and PFBR tube size
and layout design is also governed by inservice examination). Austenitic stainless steel for
superheater is being dropped in light of PFR experience in the current designs.
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21.0 SUMMARY

Development and operation of LMFBR steam generators worldwide over the past 40 years
has not resulted in a single optimum design concept as evidenced by a continuing interest in
alternative design concepts. A major approach for increasing steam generator reliability has led to
advancement of design and manufacturing technology of welds separating the sodium and water
steam boundary. There appears to be a uniform agreement in the selection of Cr-Mo steel, and
elimination of sodium reheater for the current designs. In-service examintion of the heat exchanger
tubes is being included at the design stage itself.
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TABLE: 1 DATA ON FBR STEAM GENERATORS

Plant

DFR

FERMI

EBR-II

BOR-60

K.NK-II

BN-350

Phénix

PFR

BN-600

SNR-300

CRBRP

SPX-1

FBTR

MONJU

DFBR

EFR

PFBR

Concept

Recircu-
lation

OSTG

Recircu-
lation

Power/
loop
Mwt

6

150

62.5

Recircula- 30
tion, OTSG,
Inverse

OTSG
(Integral)

Recircu-
lation

OTSG

Recircu-
lation

OTSG

OTSG

Recircu-
lation

OTSG
(Integral)

OTSG
(Intergral)

OTSG

OTSG
(Integral)

OTSG
(Integral)
OTSG

(Integral)

29

200

120

200

200

85

325

750

25

257

534

600

625

No. of modules/
loop

12 EVA 12 SH

1 EVA 1SH

8 EVA 2 SH

1 EVA 1 SH

1

2 EVA 2 SH

12 EVA
12 SH 12 RH

1EVA,
1 SH,1RH

8 EVA,
8 SH, 8 RH

3 EVA, 3 SH

2 EVA 1 SH

1

2

1 EVA, 1 SH

1

1

4

Tube
Shape

S

S

DW
St

S

S

B-EVA
U-SH

S

u

St

H, St

Hockey
Stick

H

S

H

H

St

St

Covergas

No

Yes

No

No

No

Yes

No

Yes

No

No

No

Yes

No

Yes

No

No

No

Material

Austenitic

2.25Cr-lMo

2.25Cr-lMo

2.25Cr-lMo

2.25Cr-lMo
Nb

2.25Cr- lMo

2.25Cr-lMo
(EVA) 321
(SH,RH)

2.25Cr-lMo
+Nb+Ni (EVA),
3I6SH,RH

2.25Cr-lMo
EVA, SS304 SH

2.25Cr-lMo
+Nb+Ni

2.25Cr- lMo
(EVA+SH)

Alloy 800
490 deg C

2.25Cr-lMo
+Nb+Ni

2.25Cr-lMo
(EVA), Auste-
nitic SS (SH)

Modified
9Cr-lMo

Modified
9Cr-lMo
Modified
9Cr-lMo

Steam
condition
at SG outlet

10 b
280deg C

63 b
410 deg C

88 b
438 deg C

88 b
440 deg C

63 b
485 deg C

50 b
435 deg C

174 b
512 deg C

171 b
512 degC

137b
505 deg C

167 b
500 deg C

100 b
482 deg C

182 b

125 b
480 deg C

127 b
487 deg C

172 b
497 deg C

185 b
490 deg C
177b
493 deg C

Reheat

No

No

No

No

No

No

Sodium

Sodium

Sodium

Steam

No

Steam

No

No

Steam

Steam

Steam

DW - Double wall (EBR II double wall concept. All others single wall)
OTSG - Once Through Steam Generator
S - Serpentine St - Straight B- Bayonet U - U-tube
EVA - Evaporator SH - Superheater RH - Reheater H - Helical
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