Steam generators

Improving likefor-like RSGs
The RSG is lifted onto a purpose-build
platform, skidded into the building, and
then set into its final position by the
containment vessel’s internal crane

Although in a recent project Mitsubishi Heavy Industries suppled what were nominally replacements-in-kind of original
steam generators at the San Onofre Nuclear Generating Station, the specifications in fact included many new
requirements to improve longevity, reliability, performance and maintainability. By Boguslaw Olech and Tomoyuki Inoue
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ONGS is a two-reactor Pressurized
Water Reactor (PWR) nuclear power
plant (NPP) located in California, USA.
SONGS consists of two twin units (unit 2 and
unit 3) each rated at 3358 MWt (1180 MWe).
SONGS is majority owned and operated by
Southern California Edison Company
(Edison). SONGS unit 2 began commercial
operation in 1983 and unit 3 in 1984.
Each of the SONGS units were originally
equipped with two CE Model 3340
recirculating steam generators. The OSGs
were designed for a 40-year service life.
Over the years of operation of the PWR
plants, it became evident that the steam
generator tubes, made predominantly of
Alloy 600, were susceptible to inter-granular
attack (IGA) and primary water stress
corrosion cracking (PWSCC). These corrosion
mechanisms were resulting in tube
degradation necessitating plugging large
numbers of tubes. In addition, the SONGS
OSG design has shown to be susceptible to
tube through-wall wear and severe corrosion
of the tube supports. It became evident that
the OSGs would have to be replaced much
sooner than stipulated by their design
service life.
Replacement of the steam generators has
typically been performed when the utility
concluded that they were reaching their
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economic end-of-life. This occurs when
forecasts of maintenance and repair costs
exceed the amortized benefits of the reduced
costs achievable with the replacement steam
generators. Continuing to operate with highly
degraded steam generators can involve
substantial economic risks from forced
outages, extended refuelling outages, as well
as the direct costs of inspections and repair.
Several plants have been required by safety
analysis to conduct mid-cycle inspection and
repair outages. The repair levels (including
plugging, sleeving, or using alternative repair
criteria) at the replacement plants averaged
25%. Edison has set a 21.4% plugging level as
the technical end-of-life of the SONGS steam
generators. Forecasting when this would
occur resulted in a range of years depending
on the level of confidence in the projection.
The SONGS worst case forecast indicated that
the 21.4% plugging level could be reached as
early as 2012.
All the considerations mentioned above
prompted Edison to undertake a conservative
decision to replace the SONGS steam
generators in both units during their
respective cycle 16 refueling outages. The
contract for design and fabrication of the RSGs
was awarded to MHI and the unit 2 RSGs
were delivered and replaced in 2009; unit 3
RSGs were delivered and replaced in 2010.
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Design bases
The SONGS CE recirculating steam generators
employed heat transfer tubing made of Alloy
600 Mill Annealed (MA) and the carbon steel
egg-crate type tube supports with batwings
in the tube bundle U-bend region. Because of
the unit two-loop design, the SONGS steam
generators were one of the largest in the
industry. The major shortcoming of such large
steam generators, as seen during their
operating history, was tube wear, particularly
in the U-bend region.
At SONGS, the steam generators have the
following design functions:
To function as a part of the reactor coolant
system (RCS) pressure boundary (the
primary side and the tubes)
To remove heat from the RCS and transfer
it to the main steam system (MSS)
To remove heat from the RCS to achieve
and maintain safe shutdown following
design-basis accidents (except for a large
break LOCA) and other transients
To provide high-quality steam to the main
turbine
The steam generators also have the following
design bases:
To transfer a total of 3458 MWt with two
steam generators from the RCS to the MSS
To produce 15.176x106 lbs/hr (6.88 x106
kg/hr) of saturated steam at a pressure
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ensuring safe and efficient plant
operation, and with a very low moisture
content
To ensure that a blowdown rate of at least
2% of the feedwater flow can be achieved
and maintained continuously, if necessary
or desired.
At SONGS, the major premise of the steam
generator replacement project was that it
would be implemented under the 10CFR50.59
rule, that is, without prior approval by the US
Nuclear Regulatory Commission (USNRC). To
achieve this goal, the RSGs were to be
designed as ‘in-kind’ replacement for the
OSGs in terms of form, fit and function. The
design limitations were identified by
performing a preliminary 50.59 Safety
Evaluation, a standard tool used in the US
nuclear power industry for determination
whether or not prior NRC approval is
required for a proposed plant change.
Also, the replacement was to be designed
such that it involved no, or only minimal,
permanent modifications to the plant
systems, structures or components (SSCs)
other than the steam generators themselves.
Also, the replacement was to be designed
with no intended changes to the plant set
points or plant computer software.
In order to meet all these objectives, the
specification for design and fabrication of the
SONGS RSGs imposed several requirements
and limitations on the RSG design. These
requirements and limitations for the key RSG
parameters are listed in Table 1 and are
compared to the values of these parameters
as-designed by MHI. This comparison clearly
shows that the MHI design satisfied all
specified requirements.
However, imposing the requirements
listed in Table 1 did not mean that the RSGs
were intended to be merely OSG duplicates.
The SONGS RSGs were intended to include
all possible improvements introduced by the
industry into the steam generator design and
fabrication processes based on the US
industry operating experience with all PWR
plants, inside and outside of the USA.
Therefore, the SONGS specification also
incorporated design and fabrication
requirements derived from the SONGS
operating experience with its OSGs, and the
industry experience with the plants with
both the OSGs and RSGs installed, including
those supplied by MHI. These requirements
were aimed at addressing these experiences
and overall improving longevity, reliability,
performance and maintainability of the steam
generators. During RSG fabrication, strict
quality controls were in effect at MHI to
ensure as best as possible execution of the
improved design and fabrication processes.
All these requirements were imposed with
the following goals in mind:

January 2012

Table 1: Key design parameters
Parameter

units

As-required

1

Thermal rating (@ 100% reactor power)

MWt

1729

1729

2

Design pressure: primary side

MPa (Psia)

17.24 (2500)

17.24 (2500)

3

Design temperature: primary side

°C (°F)

343 (650)

343 (650)

4

Design pressure: secondary side

MPa (Psia)

7.58 (1100)

7.58 (1100)

5

Design temperature: secondary side

°C (°F)

293 (560)

293 (560)

6

Steam pressure (at RSG outlet nozzle)

MPa (Psia)

≤6.21 (900)

5.74 (833) (1)

7

RCS design flow (0% tubes plugged)

% /lpm (gpm)

≤106.5/958,615
(210,870)

106/954,114
(209,880)(1)

8

Tube plugging margin

9

Primary coolant volume

As-designed

%

≥8

8

m3 (ft3)

≤57.2 (2020)

56.7 (2003)

10 Moisture carryover (at 100% design steam flow)

%

< 0.10

<0.10

11 Continuous blowdown (at 100% power)

%

≥2

2

mm (in)

≤6709 (264 1/8)

6709 (264 1/8)

13 Lower shell outside diameter

mm (in)

≤4531 (178 3/8)

4436 (174.65)

14 Overall vessel height

mm (in)

19,964 (786)

19,954 (785.6)

15 Steam/water weight (at 0% power)

kg (Lbm)

≤127,458
(280,991)

122681
(270,460)

16 Steam/water weight (at 100% power)

kg (Lbm)

≤83,474
(184,026)

77,679
(171,250)

17 Total operating weight (at 100% power)

kg (Lbm)

≤710,181
(1,565,654)

702,490
(1,548,700)

mm (in)

9681-9703
(381 9/16-382)

9855 (388)

12 Upper shell outside diameter

18 Operating centre of gravity (at 100% power)
(1)

Best estimate values

To minimize wear of the steam generator
tubes
To eliminate susceptibility of the steam
generator tubes to inter-granular attack
(IGA) and primary water stress corrosion
cracking (PWSCC)
To provide tube-to-tubesheet joints with
proper strength, leak resistance and
corrosion resistance
To minimize general corrosion within the
steam generators
To eliminate susceptibility to thermal
stratification in the feedwater inlet piping
to the feedwater ring
To eliminate potential for feedwater ring
water hammer
To maintain operating characteristics the
same as that of the OSGs in terms of
water level stability and controllability
To optimize the materials of construction
for the intended applications.

Design and fabrication
Including all these requirements and
improvements in the RSG design without
affecting their form, fit and function and their
ability to be installed under the 50.59 rule,
and satisfying the design requirements
without exceeding imposed limitations
presented many challenges for the Edison
and MHI project teams. Table 2 summarizes
the challenges which both teams faced over
the design and fabrication cycle of the

SONGS RSGs. The table lists the RSG
components/assemblies for which meeting
the specification requirements was
particularly challenging in the areas of
design, fabrication and/or quality control, the
reason for which it was challenging and the
area of the challenge. Below it is described
how these challenges were addressed by the
Edison and MHI project teams in order to
obtain a satisfactory outcome.
Channel head
The RSG had to have the same thermal rating
as the OSG, the number of heat transfer tubes
had to be maximized, the stay cylinder
supporting the tubesheet had to be
eliminated and the channel head had to have
a flat bottom. On the other hand, limitations
were imposed on the maximum allowable
reactor coolant flow rate to prevent the
potential for fuel pin fretting and on a relative
increase of the primary side volume to
prevent exceeding containment allowable
flooding levels.
These requirements presented two unique
design and fabrication challenges. First,
elimination of the stay cylinder allowed for
installation of more tubes than there were in
the OSG, but having more tubes was leading
to higher reactor coolant flow rates. Second,
having more tubes and no stay cylinder was
leading to primary side volume increase. The
first challenge was addressed by performing
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Table 2: Summary of Challenges
RSG Component/
Assembly

Specification Requirements

Challenges

Design

Fabrication
X

1

Channel head

Maintain thermal rating
Maximize number of heat transfer tubes
Eliminate stay cylinder

Maintaining reactor coolant flow rate within
specified limits
Optimizing primary side volume

X

2

Tubesheet

Withstand primary-to-secondary full dP
Limit on tube hole runout
Minimize number of hole surface
imperfections

Optimizing tubesheet thickness
Tubesheet drilling

X

Limit on number of tube dings at time
of delivery

X

3

Tube bundle

4

Tube-to-tubesheet
joints

Ensuring adequate tube-to tubesheet joint
strength, leak resistance and corrosion
resistance
Limit on allowable tube-to-tubesheet
crevice depth

Qualifying tube-to-tubesheet joint
Controlling tube-to-tubesheet joint crevice
depth

X

5

Tube supports

Preventing tube wear
Preventing tube denting at tube supports

Configuring tube-to-tube support interface

X

6

AVB support structure

Preventing tube wear

AVB structure assembly

X

7

Feedwater distribution
system

Elimination of susceptibility to water
hammer and thermal stratification
Resistance to erosion/corrosion

Configuring inlet piping to feedwater ring

X

8

Moisture separators

Limit on allowable moisture carryover

Designing moisture separator assemblies

X

extensive computer modeling and 1:5.2 scale
model testing of the RSG primary side, which
resulted in incorporation of a carefully-sized
reactor coolant flow limiting orifice in the RSG
hot leg. The flow orifice had to limit the flow
rate somewhat, but not to the degree to which

Controlling tube bundle sag during assembly
Monitoring temperature distribution during
PWHT of the channel head-to-tubesheet weld

it might affect the reactor core thermalhydraulics. The second challenge was
addressed by reducing the volume of the
channel head by lowering the tubesheet while
still maintaining the channel head vertical
clearance sufficiently to perform tube
inspections and maintenance.

Schematic of RSG internals
Steam flow
limiter
Steam
dryers
Moisture
separators

Feedwater
ring

Drain
tube

AVB
assembly

Tube
bundle
Stay
rods

Tube
support
plates

Inlet
(hot leg)
plenum
Divider
plate
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Tubesheet

Outlet
(cold
leg)
plenum

Tubesheet
The tubesheet had to be designed such that it
could withstand the differential pressure
resulting from the primary side being at the
design pressure and the secondary side at
atmospheric pressure, without excessive
deformation. To meet this objective, the
tubesheet had to be made thicker than in the
OSG, as it was supported only by a flat
structural divider plate in lieu of the stay
cylinder. Also, the tubesheet had to be clad
with Alloy 690 equivalent to provide a surface
suitable for welding the heat transfer tubes
made from Alloy 690. In addition, the
tubesheet had to be fabricated with a very
tight tolerance on tube hole runout, and with a
minimal number of tube hole surface
imperfections (for example, tool marks) to meet
the requirements for tube-to-tubesheet joints.
A thicker tubesheet clad with a very hard
material, along with these fabrication
requirements, presented a unique challenge
for tubesheet drilling and quality control. This
challenge was addressed starting with the
use of the BTA drilling technique, through
extensive mockup qualification testing and
extensive quality control, and ending with
utilizing modified drill bits having much
better performance characteristics.
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X

X

X

X

X

X

X
X

X
X

X

X

Tube bundle
The RSG tube bundle had to be fabricated
such that the number of tube dings was
minimized, and remained within the
specified limit.
Considering the size and weight of the
SONGS RSG tube bundles, this requirement
presented two unique fabrication challenges.
The first challenge was tube bundle
assembly when dings could be generated as
a result of the bundle sagging considerably.
The second challenge was during post-weld
heat treatment (PWHT) of the channel headto-tubesheet weld when dings could be
generated by bowing of the RSG vessel due
to its uneven thermal expansion as a result of
temperature stratification within the vessel.
The first challenge was addressed by
customizing the assembly process,
analytically determining the maximum
allowable sag and monitoring the sag
throughout the assembly process. The
second challenge was addressed by
analytically determining the maximum shell
distortion and 1:1 scale model mockup
testing to empirically determine the
magnitude of shell distortion necessary to
result in tube dinging.
Tube-to-tubesheet joints
The tube-to-tubesheet joints had to be
designed such that they had adequate
strength, leakage resistance and corrosion
resistance, and that the tube-to-tubesheet
crevice depth was kept within the specified
limits. The single biggest challenge here was
to devise and implement a competent joint
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qualification process. To address this
challenge, an extensive and in-depth joint
qualification program was developed,
comprising both analytical and empirical
elements, and was meticulously implemented
in the MHI R&D centre, and properly
documented.
Tube supports
The tube supports had to be designed such
that the potential for tube wear due to flowinduced vibration was minimized, and the
potential for tube denting at tube supports
due to corrosion product deposition was
eliminated. To achieve this objective, seven
tube support plates made from Type 405
ferritic stainless steel with broached, trefoil
tube holes were installed in each RSG. The
tube support plates were designed with a
flat-land tube-to-tube support plate contact
geometry to reduce the tube-to-tube support
plate contact and crevice areas, while
providing for a maximum steam/water flow
in the open areas adjacent to the tube.
AVB support structure
The term ’AVB structure’ describes tube
supports in the tube bundle U-bend region.
The AVB structure had to be designed such
that the potential for tube wear due to flow
induced vibration was minimized.
To achieve this objective, six sets of Vshaped AVBs made from Type 405 ferritic
stainless steel, providing up to 12 support
points per tube bend, were installed in the U
bend region to provide support in the region
where the tubes are most susceptible to
degradation due to wear from flow-induced
vibration. The single major challenge here
was control of the AVB thickness and
flatness, and tube-to-AVB gap size. This
challenge was addressed by customizing the
fabrication and assembly processes and
implementing strict quality control in various
stages of AVB fabrication and AVB structure
assembly.
Feedwater distribution system
The feedwater distribution system consisted
of the feedwater distribution ring and the
inlet piping to the feedwater ring internal to
the RSG. The feedwater distribution system
had to be designed such that it was not
susceptible to water hammer, the inlet piping
had to be configured such that no thermal
stratification occurred in this piping, and the
inlet piping had to be especially resistant to
erosion/corrosion. To address these
requirements, the feedwater spray nozzles
were mounted on the top of the feedwater
ring to prevent it from draining, thus
eliminating the potential for water hammer
on steam generator water level decrease. The
design of the inlet piping included a vented
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goose-neck extending above the elevation of
the feedwater spray nozzles. This feature
eliminated thermal stratification in the RSG
feedwater nozzle and the inlet piping to the
feedwater ring, and prevented the feedwater
ring from draining on loss of main feedwater
flow, thus also eliminating the potential for
water hammer. The feedwater ring was
fabricated from Cr-Mo alloy steel with the tee
and elbows made from Alloy 690 TT, which
provided excellent resistance to
erosion/corrosion.
Moisture separators
The moisture separators had to be designed
such as to provide the first stage of moisture
separation adequate to limit the moisture
carry-over in the steam leaving the RSG to no
more than 0.1% by weight. For this purpose,
MHI had to come up with a brand-new
separator size and separator assembly
configuration. In order to verify that the new
design could meet this requirement, and to
optimize the size of the individual separators
and their number, MHI utilized the results of
an extensive R&D programme conducted to
develop the design of moisture separators for
its smaller steam generators.

Results
Even though all design and fabrication
challenges were addressed during
manufacturing, it was not known if the asdesigned and fabricated RSGs would
eventually perform as specified. To verify
this, the RSGs were functionally tested after
installation in the plant after unit re-start
from the replacement outage. The following
essential operating parameters were verified
through functional tests.
Heat transfer (steam pressure)
As-designed, the RSGs operating at full
(100%) reactor rated power with the reactor
coolant temperature at the design point were
expected to generate steam whose pressure
was to be no less than 816 psia (and no
greater than 900 psia) at the steam outlet
nozzle. As-tested, one RSG generated steam
at approximately 831 psia (5.73 MPa) and the
other one at approximately 837 psia.
Water level stability
As-designed, in the RSGs operating at any
power level between 0 and 100% reactor
rated power, including ramp power level
changes of up to +/-15% per hour, the
maximum amplitude of the water level
fluctuations was expected not to exceed +/1% of the narrow range span. The test was
performed in a form of simulator runs using
the plant long-term cooling (LTC) model, as
the 15% per hour reactor power changes
could not be imposed on the plant during

normal startup, shutdown, or power
operation. The simulator runs have shown
that the amplitude of water level fluctuations
was less than 1% under all specified
transient conditions.
Moisture carryover
As-designed, the RSGs operating at full
(100%) reactor rated power were expected to
generate steam with moisture content less
than 0.1% by weight. As-tested, one RSG
generated steam with moisture content of
approximately 0.0037% and the other one
with approximately 0.0042%.
Reactor coolant flow rate
As-designed, with the RSGs operating at full
(100%) reactor rated power with reactor
coolant temperature at a design point, the
‘as-measured’ reactor coolant flow rate was
expected not to exceed 106.5% of the original
volumetric design flow rate. As-tested, the
reactor coolant flow rate was 104.35% of the
original design flow rate.
Primary-to-secondary leakage
As-designed, the RSGs were not supposed to
exhibit a detectable primary-to-secondary
leakage with the primary side at 2250 psia,
and the secondary side at the normal
operating pressure and temperature. Astested, a primary-to-secondary leakage of
less than 1 gallon per day (3.87 litres/day)
was reported when the plant stabilized at full
(100%) reactor rated power.
Blowdown capacity
As-designed, with the RSGs operating at full
(100%) reactor rated power with reactor
coolant temperature at the design point, the
continuous blowdown capacity with the RSG
installed was expected to be no less than
that with the OSGs installed. As-tested, it
was verified that with the RSGs installed the
same blowdown flow rate could be attained
as with the OSGs installed.
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