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Keynote Address

G. A. W. BLACKMAN, CBE, FEng, Central Electricity Generating Board

The technology of turbine plant operating with
wet steam is a subject which is of immense and
continuing interest in relation to nuclear power
and the low pressure region of steam turbines
for fossil-fired and geothermal power stationms.
It is a subject which is of special significance
to the UK electricity supply industry, not only
because we are embarking on a substantial
programme of new nuclear and coal-fired power
stations, but also because of its relevance to
our existing large fossil-fired steam turbine
plant.

The Conference Papers cover many issues
relating to wet steam technology. These range
from design and flow modelling studies, through
development, materials specification and
manufacturing techniques to operating experience
and on-line measurement of actual physical
parameters in turbine generators connected to
their local power systems. The Authors of these
Papers come from many different countries and,
therefore, the conference seen as a whole
reflects the state of the art world-wide.

The closing of the information feedback loop
between realisation of a concept and the design
stage is an essential step in improving our
understanding of the behaviour of this type of
plant and the fluid flows within it.

Figures published for the year ending March
1988, excluding all the Comecon countries with
the exception of Hungary, show that 329 nuclear
reactors were operational. These have a total
design capacity of over 273 000 MW.

By any standards this is an enormous tranche
of power station plant and it is noteworthy that
three main reactor systems, namely the
pressurised water reactor, the boiling water
reactor and the pressurised heavy water reactor,
or CANDU, alone account for almost 94% of it.

It hardly needs stating that these nuclear steam
supply systems have the important common feature
that they all produce steam at saturation
conditions.

In other words, utilities world-wide, from
Finland to South Korea and to South America,
have invested in over 250 000 MW of power
station plant, relying on wet steam turbine
technology to produce the energy they need to
drive their economies.

This massive investment often represents a
significant proportion of a country's gross
domestic product and reflects both the status of
electricity as an essential commodity and the
confidence that decision-makers have that this
type of plant will fulfil their needs for

reliable and economic supplies of electricity.

The CEGB shares this high level of confidence
in wet steam technology. We have developed a
strategy which proposes the construction of four
large PWR power stations in order to help meet
the growing demands for electricity in the
United Kingdom.

An examination of the operating results for
nuclear power stations illustrates how well
placed the confidence in wet steam technology
is. Plants with wet steam turbines are
achieving annual load factors of well over 90%.
Since first synchronisation, lifetime load
factors of over 80% have been returned by many
units world-wide.

These and other remarkable results are all the
more creditable when it is recognised that these
figures include downtime caused by both routine
outages for reactor refuelling and maintenance,
and breakdown of components completely divorced
from the steam turbine plant.

Overall operating experience with wet steam
technology is generally favourable; several
factors contribute to this situation. Firstly,
most wet steam turbine plant is associated with
nuclear steam supply systems operating in a base
load regime. Secondly, the operating
temperatures are lower and change less with
load. These two considerations lead to lower
thermal fatigue and the absence of creep related
failures. Thirdly, slow speed machines, into
which category many wet steam turbines fall,
generally exhibit lower stress levels and are
subject to fewer cycles than high speed
machines.

However, several areas of difficulty have
arisen which require careful investigation to
identify causal mechanisms and to enable
solutions to be implemented, both at the design
stage as part of operating feedback reviews, and
as retrofits to maintain existing plant at the
high levels of availability required by
utilities,

One particular phenomenon encountered in many
countries is stress corrosion cracking. The
CEGB experienced this in a spectacular way at
Hinkley Point 'A' in 1969, when a catastrophic
failure of low pressure turbine discs occurred.
The failure mechanism was quickly pinpointed,
and the resulting information led to design
revisions with reduced stress levels and
incorporating fewer stress concentrating
features. Plant under threat was guaranteed by
detailed inspection procedures which allowed
continued operation without the risk of more

Technology of turbine plant operating with wet steam. BNES, London, 1988 1
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failures in service.

Also of special significance is wire drawing
or worming erosion, which is the removal of
metal from surfaces as a result of leakage of
wet steam at high pressure through small
clearances. This challenge has been met by the
use of special materials and careful design
features, and by the extraction of moisture from
the path of blades in the high pressure region
of the turbine. These and other issues will be
described in detail at this Conference, leading,
I am sure, to a wider and greater understanding
of the processes involved.

Indeed, development and research aimed at
refining the technology of turbine plant
operating with wet steam is moving quickly on,
as can be deduced from the number and quality of
Papers to be presented at this Conference.
Manufacturers, utilities and universities are
all aiming at even higher levels of reliability
and efficiency.

At present, the CEGB owns and operates 74
power stations, of which 55, the great majority,
are fossil—-fired or nuclear power stations.

None of them employs wet cycles as would be
found in, say, a CANDU plant.

However, the economy of this country is now
more buoyant than it has been for some
considerable time. As such, demand for
electricity is rising. Our latest forecasts
indicate that some 6000 MW of new capacity will
be required by 1995, and 12000 MW by the year
2000. These estimates take into account not
only the rise in demand but also the need to
retire life expired plant and those nuclear
stations which will no longer be able to make an
economic contribution to our business.

The CEGB plans to meet this extra demand in
three ways

(a) by building new nuclear stations

(b) by building new coal stations

(c) by extending the life of our existing
plant where this is technically feasible
and economically attractive.

Following a thorough review of the nuclear
plant available, we have concluded that the PWR
offers the most economic method of generation
able to meet the strict safety standards imposed
by the licensing authority. Our proposed
programme is based on the Westinghouse four loop
design of PWR, known as the standardised nuclear
unit power plant (SNUPP), which is already
operating very successfully in the USA, namely
at Calloway and Wolf Creek.

The CEGB proposes to build four single reactor
stations with dual high speed wet steam turbines
giving a net electrical output of 1175 MW. The
first station is now under construction at
Sizewell in Suffolk and will be commissioned in
1994. At the time of this Conference, the
project is within budget and slightly ahead of
schedule.

The public inquiry into our second station, at
Hinkley Point in Somerset, opened a week ago,
but it is likely to be some considerable time
before the result is known.

The length of time required between the
decision to build a nuclear station and the
commissioning date is such that we must also
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build new fossil-fired plant to meet the
projected demands of the 1990s. We have
developed a new reference design of coal-fired
power station, using twin 900 MW units based on
existing proven technology which utilises
methods and materials that are well understood
and where performance is completely predictable.

Many of the principles and techniques
discussed at this Conference apply not only to
wet steam plant but also to the wet region of
turbines employing higher steam conditions.

Much remains to be learnt of the behaviour of
wet steam in a turbine blade path, and this is
reflected in the significant proportion of
Papers of a research or scientific nature.

Major advances in the efficiency of low
pressure turbine blading have been made possible
by the development of new analytical methods and
the enormous increase in computing power that
has become available in recent years. ‘

While the raw formulae for these methods have
been known for many years, they are being
progressively updated and refined. They are
also being validated by measuring the physical
parameters involved on full-size units in
commercial operation.

In this context, I am able to report that such
work in the United Kingdom involves
collaboration between British manufacturers and
our own Central Electricity Research
Laboratories. Two Papers included in the
Conference give details of their findings.

The CEGB 1is already benefiting from
developments in the efficiency of low pressure
turbines. New, more highly twisted blades, have
been retrofitted to several of our power
stations, resulting in reductions in specific
fuel requirements and direct cost savings.

We are actively evaluating the application of
these techniques to other power stations, with a
view to undertaking similar programmes where the
gains in efficiency and reliability promise good
returns on the investment required.

We are now finding that detailed design and
development of LP blading and careful
optimisation with the remainder of the plant
have a significant bearing on the overall
economics of generation from our proposed new
coal-fired stations.

Furthermore, the work undertaken to improve
the performance of low pressure turbines in
fossil~fired power stations can readily be
translated to plant operating with wet cycles.

In conclusion, the technology of turbine plant
operating with wet steam is of fundamental
importance to power systems world-wide,
especially to those employing large amounts of
nuclear plant that produce saturated steam.
Great strides have been made in our
understanding of the behaviour of such plant and
further progress is an achievable goal.

The CEGB's statutory duty to provide a safe,
secure and economic supply of electricity will
be discharged by building plant operating with
wet steam cycles and by continuing to adopt new
technology as it becomes applicable to both new
and existing conventional plant. The operating
experience of plant of this type is second to
none. The challenges that have arisen have been
met successfully and this mature technology
offers excellent prospects for the future,



1. Design, development and operating experience with wet steam

turbines

J. R. BOLTER, BSc, FEng, FIMechE, NEI Parsons Ltd

The paper first describes the special characteristics of wet steam units. It then goes on to
discuss the orincipal features of the units manufactured by the author's company, the

considerations on which the designs were based,

and the development work carried out to validate

them. Some of the design features such as the separator/reheater units and the arrangements for
water extraction in the HP turbine are unconventional. An important characteristic of all
nuclear plant is the combination of high capital cost and low fuel cost, and the consequent
emphasis placed on high availability. The paper describes some service problems experienced with
wet steam plant and how these were overcome with minimum loss of generation. The paper also
describes a number of the developments for future wet steam plant which have evolved from these
experiences, and from research and development programmes aimed at increasing the efficiency and
reliability of both conventional and wet steam units. Blading, rotor construction and

separator/reheater units are considered.

1. INTRODUCTION

The development in the 1950's and 1960's
of water cooled reactors producing steam at
pressures between 40 bar and 70 bar, usually
about one gquarter percent wet, led to the
development of designs of steam turbine which
differ markedly from the fossil fired units
which at that time had undergone continuous
development for more than seventy years.
Whilst in one sense the use of saturated steam
represented a reversion to much older
practice, it was coupled with an increase in
steam pressure and a very large increase in
size. It therefore presented some novel
design problems.

NEI Parsons has manufactured the following
anits, all for operation on steam from CANDU
reactors and all running at 1800 rpm.

Station Customer No. Stop Valve Commissioning

Thnits Pressure dates

Bar

Pickering A Ontario Hydro 4 x S40MW 40.3 1971-73
Bruce A Ontario Hydro 4 x BOOMW 42.4 1977-78
Point Lepreau New Brunswick EPC 1 x 680MW 4645 1982
Wolsung Korea EPC 1 x 680MW 46.5 1982
Pickering B Ontario Hydro 4 x 560MW 40.3 1982-85

Figure 1 is a cross section of the HP and
one of tne three LP turbine Bruce 430 MW
units and is typical of all *he units.

2, PRINCIPAL CHARACTERISTICS
The salient features of turbine plant for
operating with wet steam are:-

2.1 Temperatures are low, eliminating all
problems with creep and creep relaxation, and
temper embrittlement. Thermal fatique,
although still a &tonsideration, is less
important than on fossil fired plant because:

- the temperature range is less

- the change in temperature with load is less

- nuclear power plant tends to operate at base
load throughout its life

2.2 Because of the low pressure and temperature
the steam mass flow per megawatt generated is
increased., The increase in the volume flow of
the steam, particularly at inlet to the high
pressure turbine, is even more marked. Table 1
compares the volume flows at different points
of the steam cycle on a fossil fired plant and
a unit operating on steam conditions typical of
a Candu reactor. The comparison between fossil
fired plant and PWR steam conditions is very
similar but the ratios are slightly smaller.

TABLE 1

Fossil CANDU
Fired Plant Plant

Stop valve mass flow 1.0 1.69
Stop valve volume flow 1.0 3.43
LP turbine inlet mass flow 1.0 1.90
LP turbine inlet volume flow 1.0 1.07
Mass flow to condenser 1.0 1.79
Volume flow to condenser 1.0 1.72

Technology of turbine plant operating with wet steam. BNES, London, 1988. 3



TURBINE DESIGN AND OPERATIONAL EXPERIENCE
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Fig. 1 - Turbine for Wet Steam Cycle. 800 MW, 1800 rev/min

2.3 The whole of the expansion in the HP
turbine is wet so there is a potential risk of
erosion damage, and a certainty of losses
additional to those normal in HP turbines.
Designers have therefore paid much attention
to means of ensuring that as much as possible
of the water formed during the expansion is
removed and to assessing the losses caused by
the water which remains.

2.4 To avoid excessive wetness in the LP
turbine expansion, moisture removal and reheat
are needed between HP and LP turbines. With
water cooled reactors, reheat from the primary
heat source is not practicable and reheat has
to be by surface type heat exchangers supplied
with live steam from the reactor. As this
steam is condensed without doing useful work
in the turbine, the reheating process is
thermodynamically inefficient. To improve the
heat rate an initial stage of reheating with
steam extracted from an intermediate stage of
the HP turbine expansion is often provided.
Usually this heat exchanger is arranged within
the same reheater shell., Even with this
refinement, the reduction in wetness losses in
the LP turbine only partially offset the
thermodynamic losses in the reheater. So
reheat improves the heat rate of wet steam
plant much less than conventional fossil fired
power plant., Indeed, some early wet steam
turbines were constructed with water =~
separation only, but water separation and
reheat is now universal on large saturated
steam turbine generators.

2.5 Although the energy of the steam in the
separators and reheaters is less than in a
conventional fossil fired reheater, it is

sufficient to cause unacceptably high
transient overspeed on full load rejection,

and valves which close under governor action
have to be provided at inlet to the LP
turbines.

4

No special problems arise in the design of low
pressure turbine blading, since with reheat
the wetness at exhaust is not much higher than
on fossil fired units. However, some special
difficulties have arisen with the construction
of turbine rotors. Indeed the low pressure
turbine is the component which principally
determines the choice of rotational speed.

The following sections discuss the
considerations which have to be taken into
account in the design of the turbine, and the
solutions adopted by the author's Company for
existing and future plant.

3., HIGH PRESSURE TURBINE BLADING

When the first Parsons wet steam units
were designed, there was very little
experience by which to judge the amount of
erosion which would occur in the HP turbine.
Although it was appreciated that the droplets
would be small and blade and steam velocities
low, the volume of water in relation to the
volume of steam is very much higher than in
low pressure turbines. Special features were
therefore introduced to extract the maximum
amount of water from the blade path. Parsons
traditional 50% reaction design was retained,
as this gives minimum steam velocities in
relation to blade speed, but in addition:

- In order to facilitate the removal of
water, the moving blades were of cantilever
unshrouded construction with lacing wires on
the longest blades only.

- The cylinder bore was made as smooth as
possible so that water centrifuged outward
would flow along the bore with the minimum
risk of re-entrainment.

- Special extraction grooves were developed
to ensure that the maximum amount of water was
extracted from the blade path.



- Cylinders were cast in 2 1/4% chromium, 1%
molybdenum steel with erosion resistant
facings at points particularly vulnerable to
erosion. No special measures were applied to
the blade grooves, since it was felt that the
use of Parsons well established segmental
blading with tightly fitted stainless steel
side locking strip would prevent any
significant leakage.

STEAM INLET
L . I
P i - . Hi
; 7] e
: X \
TO MOISTURE
SEPARATORS
& REHEATERS
AUXILIARY — | — ]
SEPARATORS

EXTRACTED WATER
MEASURED ON OFFICIAL
ACCEPTANCE TESTS

Fig. 2

The experimental work on which the design of
Pickering and subsequent units were based is
described in reference 1.

In the event, the service performance of the
HP turbine blading confirmed the experimental
predictions.

On all units the HP turbine blading has been
completely reliable, predicted efficiencies
have been achieved, and there has been no
significant erosion. It has been general
experience in the industry that the
combination of 12% chromium blading steels
with 2 1/4% chromium, 1% molybdenum turbine
casings has given excellent resistance to
erosion.

Measurements to determine the performance of
individual components on wet steam turbines in
service are notoriously difficult, since most
of the expansion lies in the wet region, and
it is particularly difficult to establish the
amount of water extracted from the blade
path. No conclusive results could be deduced
from tests on the Pickering units, but on the
later Bruce units, which have no feed heating
or reheater extractions from the HP turbine
blade path, a novel arrangement of auxiliary
water separators was used (Reference 1). The
amount of water extracted could be measured
directly and the results for two different

extraction belt geometries are shown in Fig. 3.

PAPER 1. BOLTER
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Fig. 3

During tests on a model turbine the amount of
water removed from the blade path through a
lowered extraction belt was measured at
different steam pressures and with different
amounts of steam passing through the louvres.
The results of thése tests were extrapolated
into design curves, which plot drain
efficiency (the percentage of water extracted
divided by the total water present) against
the steam extracted expressed as a percentage
of the steam flowing through the turbine. Aas
might be expected, the amount of water
extracted increases the amount of steam
extracted, and is greater at lower pressure.

Superimposed in these curves are test results
on the full size units, where the amount of
steam extracted is determined by the
performance of the feed heater to which the
extraction belt is connected.

Unit 1 was fitted with louvred extraction
belts similar to those tested in the model :
the extraction rate was higher than that
predicted from the model, but less dependent
on pressure than had been anticipated.

Unit 4 was fitted with a different type of
extraction belt which gave a higher extraction
rate, also comparatively unaffected by steam
pressure.

On Parsons current designs for wet steam
turbines, conventional shrouded moving blades
with reduced tip leakage are used in the early
stages, where wetness is low and reduction of
steam leakage most important.
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4. HP TURBINE ROTOR CONSIRJCIION

On all these 1800 rpm units, the HP
turbine rotors were of Parsons' well
established "hollow and stupb" construction,
wherein stub shafts are attached by 3 shrink
fit to a hollow forging and thermally
tigntenel tapbolts give additional security.
This construction allowed the use of a
relatively high chromium steel for the main
body of the rotor without incurring the risk
of lubrication problems at the bearings, and
avoided the need for very large forgings which
were not readily available at that time.

On one design of rotor, where the pitch circle
diameter of the stup end tapbolts was smaller
than the spigot (Figure 2), high eccentricity
was experienced on cold starts. Steam leaking
past the heads of the tapbolts condensed
during shut down and re-—evaporated during
starting. Since the bore of the rotor body is
not, in practice, absolutely concentric with
the obearings, the water film on the rotor bore
is not uniform and the rotor does not heat up
evenly, causing a transient thermal oend.

This was completely overcome by fitting spiral
wound gaskets under the heads of the tapbolts.

A further problem encountered was stress
corrosion cracking of the tapbolts. As the
shrink fit is more than adequate to resist all
the forces acting on the joint, even at
overspeed, no service problems were
experienced., The problem was traced to the
practice of coating the bolt threads with
molybdenum disulphide grease which, in the
presence of moisture, initiated the cracking.
It was eliminated by fitting bolts of improved
geometry to closely controlled extensions and
using a graphite based thread lubricant.

Now that they are widely available in high
quality, one piece rotor forgings are more
cost effective and reliable, and they are used
on all current hign speed and low speed
designs.

5. LOW PRESSURE TURBINE BLADING

On the first units, the LP turbine blading
was similar to that developed for cross
compound fossil fFired units and had open ended
moving blades with brazed lacing wires.
Whilst reliability has been good, with no
forced outages, some braze cracking has been
found. Occasionally such cracks have
propagated into the blade.

On the later Bruce units, which have last
stage blades 10537 mm long, shrouded moving
blading was used in the early stages. In the
remaining stages loose lacing wires were
axtensively used, comprising overlapped wires
nf semi-circular cross section or, in regions
of higher centrifugal stress, round wires or

tuoes in long lengths, This construction is
almost 23uivalent to continuous lacing and

gives excellent control of vibration
cnaracteristics. On the Bruce units not a
single blade crack has been discovered in 40
machine yeatrs of operation,

6

On current designs, both high and low speed,
the use of coverbands or shrouding has been
extended to all the blades, except the last
one or two stages. This reduces steam leakage
and the losses associated with lacing wires
and stubs in the blade path.

On the last stage, and on some penultimate
stages, a novel form of construction is used.
The application of modern fluid dynamic
computational techniques has led to the
development of last stage moving blades with a
rather higher degree of twist than earlier
designs. Such blades have a pronounced
tendency to untwist as they run up to speed :
if this tendency is resisted by fitting lacing
devices at the blade tip, high stresses are
introduced both in the lacing and in the
relatively thin blade sections near the tip.

One solution is to have no restraint : however
such blades must be of large chord to give
adequately high vibration frequency and to
give sufficient stiffness to control tip
flutter at low loads. Another solution is to
have a restraint or restraints lower down the
blade, but this is subject to the same
objections as tip restraints, albeit to a
lesser degree, Moreover the presence of
oostructions in the main flow path lowers the
blading efficiency.

The solution adopted by the author's company
is shown in figure 4 the blade is
constructed with excess twist so that at speed
its natural shape gives the desired blade
stagger at all points. After assembly of the
blades in the rotor, the sockets of the ball
ended struts are screwed into place, producing
a compression in the tip struts and rotating
the blade tips into their normal running
position.

SELF ALIGNING STRUT

Fig, 4

The compression in the struts induces local
torsional stresses in the blade sections, but
in the absence of centrifugal or oscillatory
stresses these are harmless. The compression
in the struts produces a useful pre-load on
the blade roots, which helps to prevent
movement during barring. At normal operating
speed the blades assume their natural shape

and the compression in the struts and the
torsional stresses in the plade fall almost to

zaero (in oractice matters are arranged so that
about 10% of the initial compression remains
at normal operating speed).
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Fig. 7 (a)
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Fig. 7 (c)

In 1980 it became known that a number of units
in the U.S.A. had suffered stress corrosion
cracking at disc keyways. Whilst the
Pickering units had a low crossover pressure,
resulting in a relatively low wetness in the
expansion and a small rotor diameter with
relatively massive hubs to the discs,
resulting in low centrifugal stresses, it was
considered essential to determine whether
cracking was present. As the customer had
already ordered four more units and a train of
spare rotors, the longest running rotors at
Pickering 'A' were withdrawn from service for
examination, firstly by an ultrasonic
technique and subsequently by dismantling one
train of rotors. No cracks were found by
either technique, but subsequently ultrasonic
techniques have indicated minor cracking of
one disc at the crown of the keyways on each
of two rotors , No cracking has been detected
at disc bores,

In rebuilding the dismantled rotors,
consideration was given to boring out the
discs to eliminate the keyways and shrinking
them on to a new, larger diameter shaft.
However the profiles of some discs were such
as to preclude the fitting of driving pegs, so
an alternative "integral peg" construction was
devised to allow the existing discs and shafts
to be re-used with intermediate sleeves
(Figure 7¢).

One of the reasons for the variable incidence
of stress corrosion cracking in disc keyways
appears to be the inevitable variability in
the fit of the key in the keyway. If for
example there is a tighter fit at the
downstream end, the keyway will be subjected
to upstream steam pressure and condensation is
more likely. Conversely, if the tight fit is
at the upstream end the steam pressure in the
keyway will be lower and condensation and
stress corrosion cracking may be avoided.

More modern constructions such as the driving
button or the integral peg are considered to
be less susceptible, since there is no
pressure gradient forcing steam and possible
contaminants into the most highly stressed
areas, where stress levels are in any case
somewhat lower than with bore keyways.

Shrunk disc construction is no longer
acceptable for new units and the alternative
high integrity rotor constructions now
available are discussed in reference 5 (this
conference) .’

7. STEAM VALVES

The low steam temperatures and pressures
on Wdet steam turbines present few problems and
tne main consideration is the very large
volume flows which have to be accommodated.
Four sets of valves at inlet to the #P turbine
and two sets at inlet to each LP turbine are
virtually universal practice. Usually full
arc admission is adopted for HP turbines so
eliminating the need for external cross



connections to reduce the loss of load whilst
exercising steam valves. However some units
in the U.S. have seguential valve opening with
partial admission and this will improve the
heat rate at partial loads.

A potential problem associated with the HP
throttle valves arises from the large amount
of energy, particularly acoustic energy,
dissipated at part loads. The steam chests
are almost invariably cast. This dictates
scantlings not too different to those of
fossil fired units and there have been few
problems with the chests themselves. ©On the
other hand the low steam pressure and
temperature allow the use of pipes which are
an order less in thickness than pipes of the
same diameter on fossil fired plant. In some
cases, this has led to problems of pipe
vibration and careful consideration is now
given to the mechanisms by which this can be
excited.

Reference 2 gives an account of a particular
problem of this type which was overcome by
modifications to the valve profile.

some manufacturers (Reference 3) make special
arrangements to reduce the forces acting on
the valve plug itself and guided valve heads
are widely used in wet steam turbines. This
construction is used on the Bruce units which
operate at 42.4 bar inlet pressure, have a
steam inlet flow equivalent to a PWR turbine
of about 1300MW rating and so have valves of
comparable size. ©No problems attributable to
forces acting on the valve plug have been
experienced.

On reheat valve systems the use of butterfly
valves has become almost universal because of
their low pressure drop and reduced cost
compared to the plug type valves often used in
early units. Generally two identical valves
in series are used, and on modern units are
operated by quick acting relays powered by
high pressure fluid under the control of the
governor.

8. MOISTURE SEPARATORS AND REHEATERS

In embarking on the design and development
of moisture separator and reheater equipment,
there was very little practical experience of
large equipment of this type. The novel
design adopted on all Parsons wet steam
turbines derived from the following
considerations.

The relative volumes of the live and reheated
steam dictated that the live steam should be
inside the tubes where it would condense.
Condensation within tubes is not common and
the extent to which the presence of condensate
would affect heat transfer and lead to

bi-phase flow problems was unknown. It was
therefore felt to be prudent for the tubes to

be vertical, and relatively short, so that the
amount of condensate formed in each tube was
small and would drain easily. In the Bruce
renheaters the quantity of steam condensed in
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one of the front tubes (20 mm bore, 5.8 metres
long) is only 28 cc/sec at full load. These
tubes are of course the most highly loaded in
the reheater and the guantity will be less on
the other rows of tubes.

With this arrangement the heat transfer inside
the tubes will be very high and the heat
exchange surface required is dictated entirely
by the heat transfer coefficient on the
outside of the tubes. External integral
finning of the tubes was therefore adopted to
reduce the total length of tube required.

These considerations led to the adoption of a
matrix of vertical tubes, approximately square
in plan view, and contained within a vertical
cylindrical vessel, To avoid unacceptable
thermal stresses, it was decided that the
tubes and their top and bottom headers would
be independent of the vessel and mounted
within it.

To avoid excessively thick tube plates, the
tubes were divided into several bundles,
usually five, each with separate top and
bottom headers, the reheated steam flow
passing across each tube bundle in turn.

-
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ter without

can be isolated on one reheater
unpalance in LP

producing an unacceptable
turbine inlet temperature.

On units with two stage steam reheating ail
tube bundles are identical, the front bundles
being connected to the bled steam supply and
the rear bundles to the live steam supply.

The tubes are expanded and face welded into
carbon steel tube plates. For most
applications carbon steel tubes have been used
and have proved entirely satisfactory.
Stainless steel tubes have also been used, and
in this case the tubeplates are faced with
stainless steel to which the tubes are seal
welded.

The weight of the bundles is transferred to
the foundations by two large diameter steel
tubes which penetrate a thickened strake of
the pressure vessel, which thus serves only to
contain the internal pressure., The vessel is
maintained at constant temperature by an
internal shield which directs the reheated
steam into the outlet pipes. There is a large
diameter top flange for access to the tube
bundles.

The use of a "zig-zag" plate type water
separator immediately upstream of the first
tube bundle was considered, but was rejected
on two counts.

1. The velocity head of the steam entering
the bundle was relatively high.

2. It was known from experience on gas
turbine inter-coolers that uniform velocity is
crucial to the satisfactory performance of
this type of separator. It was evident that
this would not easily be achieved within the
confines of an economical pressure vessel.

Parsons already had encouraging experience
with centrifugal separators, which nad been
developed for removing ash from the working
fluid of coal purning gas turbines, and it was
decided to incorporate separators in the pipe
lines between the HP turbine and the reheater.

An account of the development of the
separators is given in reference (1). The
design used on all the recent units is
illustrated in Figure 9 the essential
features are the flush louvres, extraction of

steam through thne louvre gaps, and the large- -- -

diameter outlet pipe with straightening vanes,
which minimise pressure drop and ensure an
aoceptable flow distribution in the reheater
£t bundles. More details of the
Jevelopment, construction and service
performance of the separator and reheaters are
given in tefearence 4 (tnis conferencej.
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9. CHOICE OF ROTATIONAL SPEED

Much has been written about the optimum
rotational speed for wet steam turbine
generators, whereas on tandem coupound fossil
fired plant there is generally little argument
: high speed units are highly desirable so
that the high temperature parts are compact
and able to withstand rapid changes in
temperature without being subjected to
unacceptable thermal stresses.

On low temperature wet steam units which will
operate at high loads throughout their lives,
consideration of thermal stresses are much
less important, and the choice can be made
mainly on the basis of heat rate, reliability
and capital cost.

Generally reactors are designed to give a
definite thermal output, i.e. a fixed quantity
of heat, so that a lower heat rate results in
greater output at the generator terminals.
Because reactors and their supporting services
are expensive the value placed on extra output
is high : £2,000/kWw is a typical figure.

In comparing the heat rates of high speed and
low speed units we need consider only HP and
LP turbine efficiencies and leaving loss,
since all other parameters are essentially
independent of rotational speed.

9.1 Turbine Efficiency

There is likely to be little difference in
high pressure turbine efficiency between high
speed and low speed designs because, as noted
earlier, steam volume flows are large and the
leakage losses will-be small on both designs.
There will probably be a slightly increased
leakage loss on the low speed design but this
will be offset by increased pressure losses at
inlet and outlet to the casing on the high
speed design.

In the past it has generally been found that
low speed LP turbines have had higher

- efficiencies than high speed turbines of egual

output. This 1s mainly because the low speed
unit, with a smaller heat drop per stage, has



a lower flare in the blade annulus.
Consequently the steam flow is closer to that
predicted by the simple cylindrical flow
calculations used at that time, and by which
the blade geometries were then determined.

In recent years, mainly due to the application
of modern fluid dynamic computational ;
techniques, the efficiency of turbine blading
has increased markedly and is now progressing
asymptotically towards practical upper

limits, Progress is being made on all aspects
which contribute to efficiency:

- low loss profiles

- control of secondary losses

- control of steam leakage

- the prediction of steam velocities in highly
divergent steam flows

- the maintenance of positive reaction at all
blade heights

The application of these technidques, in both
low and high speed units, will reduce the
already small differences in blading
efficiency between the two designs. It is
true that the low speed design will have
slightly higher leakage losses but the hign
speed design will have higher losses
associated with higher steam velocities in the
LP turbine. It may be expected, therefore
modern high speed and low speed designs from
the same stable will have the same blading
efficiency and heat rate will depend almost
entirely on leaving loss, i.e. on the exhaust
area provided by the last stage LP blades.

9.2 Exhaust Area

In 50 Hz countries, the maximum exhaust
area for service proven steel blades running
at 3,000 rpm is approximately 9 to 10 sq.
metres per flow and the corresponding areas at
60 Hz are 6 to 7 sq. metres/flow. Assuming
that eight exhaust flows is the maximum which
could reasonably be allowed, areas up to about
80 sg. metres and 56 sq. metres respectively
can be provided.

At low speed, exhaust areas of 15 sg. metres
per flow at 50 Hz and 20 sq. metres per flow
at 50 Hz are readily available.

For outputs of 600 MW upwards, i.e. the
majority of applications, 60 Hz plant operates
exclusively at 1800 rpm. Indeed there are
very few wet steam units operating at 3600 ropm,

At 50 Hz, both 3000 rpm and 1500 rpm units are
practical over a wide range of outputs and the
choice depends entirely on the balance between
the value of extra kilowatts generated by a

low speed design and the extra cost of its
purchase and installation. Maintenance costs
are not expected to be significantly different.

Economic consideration of the balance between
kilowatts and costs is commonplace in the
assessment of tenders for steam turbine plant
and the value thefcustomer places on heat rate

or on extra kilowatts output is usually stated
in tender specifications. With fossil fired

PAPER 1. BOLTER

plant this value is much more dependent on
anticipated but uncertain trends in fuel
prices than in the case of nuclear plant where
fuel represents a much lower proportion of the
generating costs. It follows that whilst on
fossil fired plant the evaluation figures are
relatively uncertain and are not always
followed strictly, on nuclear plant selection
of the optimum design can be based on much
more secure data. Thus extra exhaust area is
more likely to be selected than would be the
case on fossil fired plant.

It is to be expected that manufacturers will
continue to develop longer high speed LP
blades using titanium or more advanced steels,
so long as increasing losses due to high
relative steam velocities are not sufficient
to offset the gains achieved by reducing the
leaving loss. These developments will
progressively increase the megawatt rating at
which a low speed unit becomes the economic
choice. On the other hand reactor outputs are
also likely to increase, since the present
limit appears to be purely a regulatory one
and a corresponding increase in the output of
turbine generators will be required. For low
speed designs there would seem to be no
difficulty in increasing output to 2000 MW
using existing technology.

9.3 Reliability

Records show that the reliability of wet
steam turbines is very high : life time load
factors achieved by many reactors would not be
feasible without very reliable turbine
generators. Since many of the causes of
outages are independent of rotational speed,
it is not to be expected that there will be
much difference in the reliability of high and
low speed turbine generators.

Given that suitable rotor constructions are
used there are a number of factors which seem
to weigh in favour of the low speed unit,
particularly if unit sizes increase.

i} Lower Stress Levels

Whilst few failures in steam turbines are
attributable to too high a stress level per
se, and the absence of creep in wet steam
turbines removes a constraint, a lower stress
level will make any component more tolerant of
mal-operation, material defects and
unpredicted or unsuspected factors. This
effect will be greater on those parts of the
turbine which operate in wet steam. 1In this
environment the fatigue properties of steels
are lower than in air or dry steam : moreover
the stress to failure continues to fall
continuously as the number of cycles is
increased, instead of reaching a limiting
value. On balance therefore it is likely that
there will be a small margin in favour of the
lower speed unit.

ii) HP Casing Design

On a half speed unit, the HP turbine
casing is larger and inherently better able to
resist the forces and moments exerted by large

1
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diameter pipes. However this effect must not
be exaggerated, as the pipes are relatively
thin in relation to their diameter, and to the
thickness of the turbine casings.

iii) Generators

Half speed generators have inherent
advantages over full speed designs, apart from
the obvious one of generally lower stress
levels. These are discussed in some detail in
reference 6 and it would be inappropriate to
repeat them all here. However two advantages
of the half speed unit, due to its more
symmetrical construction, should be mentioned.

a) Full speed generator rotors are inherently
stiffer across the pole faces than across the
winding slots. This assymmetry is a potential
source of double frequency vibration, and
material has to be removed from the pole face
to equalise the stiffness without adversely
affecting the magnetic properties or
mechanical integrity of the rotor, or giving
rise to unacceptable heating under fault
conditions. This becomes more difficult as
unit ratings increase.

On the other hand a four pole unit is
inherently symmetrical and no such
considerations arise.

b) The intense magnetic pull of the generator
rotor distorts the stator core and the axes of
the distortion rotate at the same speed as the
rotor. The form of the distortion has four
nodes on a full speed generator and eight on a
half speed, resulting in deflections an order
less in magnitude. In fact, because of the
lower circumferential magnetic flux in the
half speed unit, the core is usually made less
deep in relation to its diameter, but
deflections due to magnetic pull are still
much less than on a full speed unit.

There are, in fact, few design considerations
which do not favour the half speed generator.
There are penalties in the size and cost,
though these are much less than would at first
be expected by a turbine designer versed in
the laws of dynamic similarity.

For any given duty the choice between high
speed and low speed wet steam turbine
generators will depend mainly on the ecomonic
balance between cost and heat rate. Where the
balance is close, other considerations, such
as the manufacturers.or operators perception._.
of the likely reliability will influence the
choice. With continuing turbine and generator
development, the unit size at which the break-
even point occurs will increase.

10. FUTURE PLANT
Future wet steam plant will incorporate

many of the developments which have been
completed for fossil fired plant, particularly

in auxiliary systems and control. High speed
units in particular will use blading,
pedestals, LP turbine cylinders and generators
identical to those of fossil fired units.
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Only two developments are considered here, HP
steam valves and the layout of reheaters and
separators,

13.1 Steam Chests

On Parson's existing wet steam units, the
four steam chests are arranged at the steam
end of the HP turbine to which they are
connected by loop pipes and the chests are
free to move in a horizontal plane. Each
chest contains an emergency stop valve and a
governor valve, both valve spindle being
vertical., The governor valves are operated
through variable ratio levers which:

- give a high mechanical advantage at low
valve lift when forces on the valve are high

~ help to linearise the relationship between
steam flow and actuator movement

- avoid the valve actuator being directly
above the hot valve

The emergency valve is an inverted valve
operated directly by the relay.

This arrangement has given very good service
but:

- the loop pipes have a number of bends and
therefore a high pressure drop

- there are large forces on the pivots of the
variable ratio levers which can give rise to
wear

- access to the inverted emergency valves 1is
difficult

Figure 10 shows the new valve arrangement
which is now incorporated in Parsons complete
range of turbine generators,

For a 1200 MW wet steam unit the valves are
virtually identical to the reheat valves of a
900 MW fossil fired unit, since the volume
flows are very similar.

All valves are directly coupled to the
actuators. The emergency stop valves are
arranged horizontally alongside the turbine,
and the governor valves are arranged at 30°
to the horizontal with a 902 bend leading
steam to the turbine cylinder.

This bend allows the turbine covers to be.
lifted without disturbing the valves and their
operating relays. Apart from this bend almost
every other change in direction of the steam
is associated with a valve, where a bend is
inevitable in any case. Thus there is a
reduction in pressure drop, compared to the
former arrangement, making a worthwhile
contribution to improvement in heat rate.

Accessibility of the actuators for on-load or
off-load maintenance is excellent; all being
at or close to machine centreline.
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The emergency stop valve and the governor
valve bodies are similar but the former
contains the steam strainer and the valve plug
incorporates a pilot valve. The valve ne=ads
are balanced, minimising the force reguired
from the actuator, and the only large force on
the mechanism is the axial pull of the
actuator against the spring and steam forces.

10.2 Reheaters and Separators

For a given steam cycle and terminal
temperature difference, the reheater surface
is almost exactly proportional to unit
rating. However, the increasing value placed
on heat rate, or additional kilowatts, has led
to the introduction of two stage reheaters,
wherein the first stage is fed with steam
tapped from an intermediate stage in the HP
turbine expansion. This in itself reduces the
mean temperature difference in the renheater,
but there is in addition a tendency to reduce
the terminal temperature difference, i.e. to
raise the reheater outlet temperature in
relation to the live steam temperature. These
developments demand a substantial increase in
surface and thus in the size of the reheater
vessels : to a point where the design of the
main flanged joint becomes difficult.

For such applications the arrangement shown in
Fig. 10 has been developed. Wet steam from
the HP turbine passes to two centrifugal
separators arranged at low level alongside the
HP turbine. From the separators the dried
steam passes along bus pipes arranged beneath
separate reheater vessels, in this case six in
numper. Steam enters the reheaters from the
bottom and passes upward across and into the
front face of the reheater bundle. The
construction of the reheaters is otherwise
similar to that of earlier designs. The
reheated steam passes through a single outlet
to the LP turbine via the reheat emergency and
intercept valves.

These developments give a compact plant which
is easy to maintain. Pressure drops in the
steam cycle are low, resulting in a low heat
rate.

11. CONCLUSION

The industry is well placed to supply
efficient and reliable turbine generators for
operation on saturated steam up to the highest
ratings at present envisaged, which are
limited by the reactors rather than the
turbine generators.

The high cost of reactors has led to a high

value being placed on the heat rate and thus
the output of the turbine generators. Many of
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the developments which have been brought to a
successful conclusion on fossil fired plant
will ke incorporated into saturated steam

plant, together with some developments
specific to such plant.

The choice of rotational speed will remain a
matter for economic analysis, the additional
output and potentially higher reliability of
half speed units being weighed against
additional cost. In 60 cycle countries half
speed units are likely to dominate, whereas in
50 cycle countries both will find application
in the foreseeable future.
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2. Modern large 3000 rev/min steam turbines for pressurlzed water

reactor power stations
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SYNOPSIS

The general thermodynamic cycle requirements applying to modern 3000 rpm steam turbines
for pressurised water reactor power stations are reviewed.

Consideration 1is given to factors

affecting thermal efficiency, including the optimisation of cycle parameters and the use .of

moisture separation and steam reheating.

Principles of mechanical design, based on a modular

design concept for turbine cylinders, are discussed with reference to a range of 3000 rpm turbines

with outputs up to 1300 MW.
output currently under construction,

The most recent developments, involving machines of 630 MW and 985 MW
are described.

The 1importance of service experience with

nuclear steam turbines associated with a variety of types of water cooled reactor is emphasized,
and 1its relevance to the design of modern 3000 rpm turbines for pressurised water reactor

applications discussed.

1. "INTRODUCTION

Significant service experience now exists
with steam ' turbines for wet steam nuclear
applications. The first such GEC machines
entered service in 1965 and a number of
machines have now achieved over 100,000 hours
in service. The experience embraces machines
associated with different types of water cooled
reactors, some machines running at half speed
(1800 RPM) on 60 Hz systems and some at full
speed (3000 RPM) on 50 Hz systems. The most
recent developments have involved pressurized
water reactor applications on 50 Hz systems.
985 MW machines for the Guangdong Nuclear Power
Station in the People's Republic of China and
630 MW machines for the first PWR application
in the United Kingdom at Sizewell 'B' Power
Station are now under construction. The
general design features of the complete range
of such 3000 RPM steam turbines for PHWR
applications are described below against the
background of the earlier experience.

2. THERMODYNAMIC CYCLE PARAMETERS

2.1 General Thermodynamic Requirements

The basic design of the turbine and
associated plant for water cooled reactors is
governed by thermodynamic requirements.
Relatively low pressure steam, initially at
saturated conditions or slightly wet, is
expanded in the high pressure cylinder with
increase in wetness during expansion. At a
suitably selected HP cylinder exhaust pressure
external water separation, by mechanical means,
is wused to produce virtually dry saturated
steam, This is followed by steam-to-steam
reheating using either live steam or live steam
and bled steam to improve cycle efficiency and
also to avoid excessive wetness in the low
pressure expansion. Expansion of this
superheated steam follows in the low pressure

cylinders. Suitable provision is made in the
turbine feedheating system for acceptance of
the water drained from the water separator and
from the 1live and bled steam reheaters to
maximise efficiency.

2.2 Turbine Terminal Conditions

In modern PWR applications turbine stop
valve pressures are typically 60-70 bar with
steam wetness values at turbine inlet of the
order 0.25-0.40%. Final feedwater temperatures
demanded by the reactor are generally in the
range 220-2309C in recent applications,
requiring extraction pressures of about 25 to
30 bar for steam tapped to the final heater.

2.3 Moisture Separator Reheater

Modern large turbines for use with wet
steam cycles employ external moisture
separation. This is followed by live steam
reheating which  results in  performance
improvement and in a low pressure expansion
which, at the thermodynamically optimum levels
of pressure chosen for water separation, leads
to an expansion line close to that used in a
typical high temperature reheat cycle as shown
in Figure 1.

The additional wuse of a bled steam
reheater is governed by economic factors. The
low pressure expansion line is not affected and
the issue is one of efficiency improvement, and
therefore increased output, against additional
cost, the degree of improvement being dependent
on factors which can be selected by the turbine
supplier. Principal factors are the HP
cylinder exhaust pressure, the bled steam
pressure from the appropriate stage of the HP
cylinder, and the terminal temperature
difference in the reheater. The bled steam
reheater improves the «cycle efficiency by
reducing the amount of steam taken by the live

Technology of turbine plant operating with wet steam. BNES, London, 1988. 15
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Fig.l. Expansion 1ines for typical PWR and high
temperature reheat turbines.

steam reheater, but there is also an additional
pressure drop of the reheated steam through the
tube bundle. Nowadays it is generally found
that a bled steam reheater s economically
attractive.

2.4  Cycle Arrangement

A typical cycle arrangement applicable to
PWR turbines incorporates three or four LP
feedwater heaters, a deaerator and either two
or three HP feedwater heaters. An arrangement
with four LP and three HP feedwater heaters as
used on the 630 MW turbines for Sizewell 'B'
Power Station is shown in Figure 2. Three high
pressure heaters can be provided when the
reheat pressure is between 5 and 7 bar, the
final choice of number of heaters being
dependent on an economic assessment. As the
reheat -pressure is increased the advantage of
the additional HP heater reduces. On the
larger 985 MW turbines for Guangdong Power
Station, where a higher reheat pressure was
adopted, only two stages of feedheating after
the deaerator are provided.

A Tlive steam reheater drains cooler can
be installed after the final heater and this
achieves an improvement in thermal efficiency
compared with routing the drain directly to the
final heater. The water quantity removed in
the separator depends primarily on . the reheat
pressure and is typically about 10% of the
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total flow to the turbine stop valve. It is
essential to utilise fully the heat available
in this water and this is normally achieved by
pumping it to the deaerator.

2.5 Reheat Pressure Optimisation

For turbines operating at 3000 rpm, it
is mechanically possible to provide a high
pressure double flow cylinder with sufficient
staging to expand to reheat pressures down to 5
bar or less. The Tow pressure cylinders can be
designed to accommodate a wide range of reheat
pressures, the higher reheat  pressures
necessarily  resulting in shorter, less
efficient, blades in the early stages. The
optimum reheat pressure for best cycle
efficiency, taking account of such changes in
blading efficiency, is in the region of 5 to 8
bar. The variation of cycle efficiency with
reheat pressure is not great over this range,
so that small departures from the optimum do
not involve much penalty. The optimum reheat
pressure is somewhat Tower for two-stage reheat
than for single-stage reheat.

Existing designs of GEC PWR turbines for
3000 rpm application typically have five HP
stages and five LP stages. As stated earlier,
the optimised pressure is such that the
resulting LP expansion line is closely similar
to that used on conventional high temperature
turbines. It follows that the same LP
cylinders can be used on either kind of turbine
without change, subjected to the same steam
conditions and Tast stage blade erosion levels
at which vast experience has already been
gained.

2.6 Choice of Exhaust Area and Number of LP

Cylinders

The Tongest Tlast-stage LP  blades
currently in service in GEC turbines running at
3000 rpm are of 945mm length and the
corresponding exhaust area per double flow LP
cylinder is 15.6m2. Longer last stage blades
have however been developed with a
significantly Targer exhaust area.

Moisture Separator
and Reheater

HP Cylinder

-
Steam
Generator

L

LP Feedwater Heaters

HP Feedwater Heaters

Fig.2. Typical PWR cycle arrangement.



Table 1. Typical economic values of total
exhaust area

CW temperature OC 15 22

Range of economically
achievable backpressures 70-45 95-65

(mbar)
600/700 MW 32-54m2  26-40m2
900/1000 MW 48-77m¢  38-57m

1200/1300 MW 66-101m2  50-75m<

Table 2. Typical required number of
LP cylinders

CW temperature OC 15 22
Last stage 945mm  New 945mm New
blade length blade Tlonger blade Tlonger
blade blade
600/700 MW 3 2 2 2
900/1000 MW 4 3 3 2 or 3
1200/1300 MW 4 3 ord4 4 3

* without full utilization of the low cooling
water temperature potential,

Table 1 summarises the typically economic
values for total turbine exhaust area for a
range of condenser cooling water temperatures,
condenser pressures and outputs up to 1300 MW.
For 3000 RPM turbines the numbers of Tow
pressure cylinders typically required in GEC
turbines to provide the economic exhaust area
are given in Table 2, The maximum number of LP
cylinders that can be practically employed in a
tandem machine arrangement is considered to be
four. It can be seen that the majority of
applications, other than the highest outputs at
lTow cooling water temperatures, can be met by
using the 945mm blade. The development of a
new LP cylinder with longer last stage blades,
as discussed later, extends the range of
application of 3000 rpm machines for 50 Hz
generation to cover the complete output range
at the Towest <cooling water temperatures
envisaged.

2.7 Other Factors Affecting Cycle

Efficiency

In addition to the factors discussed
above, many other internal parameters
associated with the plant have an effect on the
cycle efficiency. They include total number of
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feedheating stages, terminal temperature
differences for feedwater heaters and drain
coolers, terminal temperature differences for
bled steam and 1ive steam reheaters and
pressure drop through the moisture separator
and reheater.

Each of these parameters can be modified
so as to increase efficiency, but in each
instance only at additional cost. Whether such
improvements are worthwhile <can only be
determined by an economic assessment, and
because in each application different
evaluation factors apply, the optimised values
of these parameters differ from case to case.

3. MODULAR CYLINDER DESIGN

3.1 Modular Design Concept

The organisation of the design of a
series of machines covering a wide output range
from a number of standard cylinder modules is
discussed in detail for high temperature
turbines at 3000 rpm in Reference 1. A similar
approach is adopted to the design of cylinder
modules for nuclear wet steam turbines for both
50 Hz and 60 Hz systems as discussed 1in
Reference 2. Essentially a particular cylinder
module has a fixed rotor geometry and fixed
outer casing scantlings. Stationary and moving
blade heights are varied, usually over only the
early stages, to match the flow requirements
over the range of output considered. 1In the
case of LP cylinders adjustments to sizes of
rotor journals and couplings are made to suit
the transmitted machine torgque.

3.2 High Pressure Cylinder Modules

For 50 Hz application at 3000 vrpm
separate HP cylinder modules are designed to
cover the output ranges 600-700 MW, 900-1000 MW
and 1200-1300 MW. Similar principles of
construction are used 1in each case and a
typical cylinder module for a machine output of
900-1000 MW is shown in Figure 3a.

The cylinder consists of two flows, each
with five stages of blading. Because the inlet
pressure and temperature are only moderate the
casing is essentially of single shell
construction,  with diaphragms mounted in
diaphragm carriers to permit ease of extraction
of bled steam. The four steam inlet pipes are
attached directly to the casing. To ease the
arrangement of external pipework on this
cylinder supplying steam to two HP heaters,
steam tappings from two different stages are
bled asymmetrically, one from each flow. Steam
exhausts through eight exhaust pipes, located
symmetrically in top and bottom halves, with
four at each end of the casing.

As on high temperature cylinders, disc
and diaphragm type of construction is employed.
The moving blades are shrouded and are attached
to the monobloc rotor using pinned roots. The
diaphragms, containing the fixed blades, are
kinematically supported 1in the diaphragm
carriers so as to remain concentric whilst
permitting relative thermal expansion. The
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a) Elevation

Fig. 5. General arrangement of PWR turbine and moisture separator and reheater vessels.,
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IR

a) 630 MW turbine for Sizewell 'B' Power Station

b) 985 MW turbine for Guangdong Nuclear Power Station

Fig. 6. 3000 RPM PWR turbines.

The average cooling water temperature at
Sizewell 'B' s 130C and for an optimised back
pressure of 43 mbar the economic exhaust area
is provided by using three standard LP
cylinders. A section through the machine is
shown in Figure 6a.

4,3 985 MW Turbines for Guangdong Nuclear

Power Station in the People's Repulic of

China

For the 985 MW turbines for the Guangdong
PWR Power Station in China the HP cylinder will
be the intermediate module of the range
described earlier. With an inlet pressure of
64.3 bar, slightly lower than that at Sizewell
'B', and an optimised exhaust pressure of 7.8
bar, higher than that at Sizewell 'B', two high
pressure heaters are used taking bled steam
after the second and third stages of blading.
As on the turbines for Sizewell 'B' Power
Station bled steam for the reheater 1is taken
after stage two. The bled steam is taken
asymmetrically from the rear flow after stage
two and the front flow after stage three.

The average cooling water temperature at
Guangdong Nuclear Power Station is 230C and for
an optimised back pressure of 75 mbar the
economic exhaust area is provided by using
three standard LP cylinders, the same as for
the Sizewell 'B' turbine. The higher exhaust
steam flow for the larger output Guangdong
turbine is offset by the higher cooling water
temperature and consequently higher optimised
back pressure than at Sizewell 'B', so that
similar exhaust areas are required. A section
through the turbine for Guangdong Nuclear Power
Station is shown in Figure 6b.
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5. CONTROL REQUIREMENTS AND VALVE
ARRANGEMENTS

5.1 Governing and Control

To provide the required fast response
and high reliability an electro-hydraulic
governing and control system, with two out of
three channel logic, 1is used, employing high
pressure fire resistant fluid 1in the valve
hydraulic operating gear. Use of an electric
governor facilitates interfacing of the turbine
and reactor control systems and co-ordinated
operation of the turbine bypass system. Since
nuclear units generally operate at high levels
of base load, throttle control is used in all
cases, with four governing valves opening in
unison. To prevent the large volumes of steam
and flashing water stored in the reheaters from
causing high machine overspeed under electrical
load rejection, interceptor valves are required
in the hot reheat pipes between the reheater
outlets and LP cylinder inlets.

5.2 High Pressure Valves

The main stop and governing valves used
for present PWR applications are similar 1in
design to those used for reheat valves on high
temperature turbines with appropriate material
changes. Each machine employs four stop and
four governing valves. A piloted stop valve,
surrounded by a strainer, and a single seated
balanced governing valve are arranged coaxially
opposed in a single chest as shown 1in Figure
7a. These chests are mounted horizontally on
flexible supports, two on each side of the HP
cylinder, with short loop pipes connecting to
the turbine inlets. The chests are stacked in
pairs vertically as can be seen in Figure 5.
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b) Low pressure valves.

Fig. 7. Valve arrangements.

5.3 Low Pressure Valves

Because of the large volumetric flow at
LP cylinder inlet the interceptor valves are of
necessity of very large size, generally in the
range 900 to 1050mm diameter. Butterfly valves
as shown in Figure 7b are well suited to this
application, having the advantage of providing
very low pressure drop in the normal operating
fully open position. They are used for both
stop and governing valves, one stop and one
governing valve being combined in a single
chest -located - in each hot reheat pipe.
Substantial operating experience now exists
with valves of this design.

6. MATERIAL SELECTION & OPERATING EXPERIENCE

6.1 Wet Steam Erosion

As discussed earlier steam conditions in
the LP cylinders of PWR turbines with moisture
separation ‘and live steam reheating are very
similar to those in high temperature turbines.
It is evident therefore that there are no
special erosion problems.

However, in the HP cylinder conditions
are completely different from those in high
temperature turbines. The progressive increase
in wetness through the cylinder at relatively
high pressures has a powerful potential for
causing erosion damage. With the velocities of
the moisture droplets and main steam not
differing significantly at the relatively high
steam densities applying, coupled with the use
of stainless steel for the whole steam path,
blade path erosion is not a significant
problem. Potential for erosion damage is
highest in the casings and associated pipework
and valves, either where there are changes in
flow direction or across joint surfaces of
pressure seals. :
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6.2 Operating Experience with Nuclear Wet

Steam Turbines

It follows from the above that
experience with nuclear wet steam turbines has
greatest relevance to the design of the HP
cylinder, valves and pipework, with particular
reference to erosion problems due to the steam
wetness. In considering these problems for
full speed 3000 rpm PWR turbines experience
with wet steam turbines running at both full
speed and half speed and operating with
different types of reactor is fully relevant.
Service experience with 17 GEC turbines with
ratings up to 1200 MW, dincluding PWR, BWR,
CANDU and SGHWR applications, amounts to more
than 170 machine years, with individual machine
operating times up to 150,000 hours.

Earliest experience was with a small
machine of 22 MW rating running at 3600 rpm
with a CANDU reactor. This was followed by two
larger machines, a 100 MW machine running at
3000 rpm using SGHWR steam and a 220 MW machine
running at 1800 rpm with a CANDU reactor. A
number of erosion problems were initially
encountered on these units, for which design
solutions were evolved and changes made in
material selection, and these were proved by
subsequent service.

Later machines incorporating these
features have now achieved considerable service
experience. A machine of 54 MW rating at 3000
rpm for a BWR station in Holland has run for
130000 hours. At 3000 rpm two further machines
for BWR application, of 400 MW output, have
each been 1in operation for more than 70,000
hours. The HP cylinders of these 400 MW
machines are of single flow type, so the
experience 1is equivalent to that of a double
flow cylinder on a machine of up to 800 MW
output. The machines employ three LP
cylinders, the LP rotors being of shrunk-on-
disc type construction. Although not relevant
to modern 3000 rpm turbine designs, it is of
interest to note that inspection of these LP
rotors after approximately 45,000 hours service
demonstrated freedom from stress corrosion
cracking at the disc bores and in the vicinity
of the locating dowel holes in the disc hubs.
These machines are in service at Ringhals
Nuclear Power Station in Sweden, as shown in
Fig. 8, where, to minimise radiation levels in
the turbine hall for this BWR application,
concrete shielding is provided around the HP
cylinder and the moisture separator reheater
vessels are located below floor level. At 1800
rpm a 600 MW turbine for PWR application in
Korea has reached over 60,000 hours of
operation. Inspection of the HP cylinders of
all these machines have shown them to be in
very good condition.

At the Targer outputs two 1200 MW PWR
turbines running at 1800 rpm are in service at
San Onofre in the USA. A similar 1200 MW unit,
but for a BWR application, is in service at
Enrico Fermi Power Station, also in the USA.
Two 1000 MW PWR turbines, also running at 1800
rpm  but of Tlater design, are in service in
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Korea. The machine arrangement of these 1000
MW turbines is generally similar to that of
large 3000 rpm turbines and is shown in Figure
9.
6.3 Material Selection

The above experience allows confident
selection of materials for components in wet
steam environments, as discussed in detail by
Thornton (Reference 4) in a companion paper to
this Conference. The selection depends on
steam pressure and wetness and the nature of
the steam flow associated with the particular
design features of the components involved.

At the very low levels of wetness at
turbine inlet carbon steel is used for steam
pipework and valve chests. For the HP casings
and diaphragm carriers, where the level of
wetness is greater, a Tow chromium alloy steel
is used. The same material is also used for
cold reheat pipes.

For welded diaphragms a fully stainless
steel blade path is employed, including the
nozzle blades and spacer bands forming the
nozzle annulus boundaries at inner and outer
diameters. Low alloy steel is adequate for

~diaphragm inner and outer rings.
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On the faces of all joints sustaining

pressure differences a deposit of stainless
steel cladding is applied to prevent any
significant wire drawing erosion. Such faces

include bolted joints between top and bottom
half casings and diaphragm carriers, and axial

contact surfaces at diaphragm carrier and
diaphragm supports. In addition to the
application of protective cladding on the

horizontal joint faces of diaphragm inner and
outer rings, the top and bottom half diaphragms
are bolted together across the outer rings to
assist in joint protection.

No special protection is applied to the
body of the low alloy steel HP rotor, nor to
the interstage gland regions. However, because
of the high degree of exhaust wetness, the
rotor end glands are packed with dry steam
obtained by throttling 1live steam. '

7. FUTURE DEVELOPMENT OF 3000 RPM NUCLEAR
WET STEAM TURBINES

Increase in unit size of 3000 rpm

nuclear wet steam turbines is limited only by
the exhaust area of existing LP cylinders and
the number of LP cylinders that can be deployed
in a single unit.
Tikely

Against a background of

increase of unit size of both fossil

Lo M

R

o S T > - i
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b) 3000 RPM turbine using new LP cylinders

c) 1800 RPM turbine using

Fig. 10.

current LP cylinders

Turbines for 1200-1300 MW PWR applications.
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high temperature turbines and nuclear wet steam
turbines -a new LP cylinder has been developed
utilising a new last row blade of Tlength
greater than the 945mm blade on which current
large GEC turbine designs are based. The new
blade provides an exhaust area significantly
greater than the current ‘blade and readily
permits increase of unit size to 1200 -1300MW
for the lTowest Tikely cooling water
temperatures.

For such a 1200-1300 MW machine the HP
cylinder will be the 1largest of the module
range described earlier. The LP cylinders will
have similar basic design features to the
smaller module described earlier. The LP rotor
‘will be of monobloc construction, taking
advantage of advances in steel making and rotor
forging practices achieved in recent  years,
Rotors ~are now available of significantly
increased size, having at the  same time
improved material strength and toughness
properties, compared with those available at
the time of initial design of the smaller LP
rotor in current use. The design of the new
last stage blade has taken advantage of the
advances made in recent years in the
understanding of the. nature of the  three
dimensional flow structure in last stages of
steam turbines using improved computational
techniques supported by confirmatory = flow
tests.

Figure 10 shows an arrangement of a 1200-
1300 MW machine using three of the new LP
cylinders compared with a machine of the same
output using four of the current LP cylinders.
Although the new LP cylinders are individually
larger, the use of three instead of four
results in reduction in overall length of the
new machine compared with that wusing the
current LP cylinders. For the lowest 1ikely
cooling water temperatures a greater exhaust
area could be provided by using four of the new
LP cylinders. Also shown for comparison in
Figure 10 is the arrangement of a half speed
1800 rpm machine for 60 Hz systems having the
same output, similar. to machines currently in
service. The new 3000 rpm machine is
substantially shorter than the existing lower
speed machine.
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8. CONCLUSIONS

For application in PWR power stations on
50 Hz electrical systems a range of modern 3000
rpm steam turbines has been designed covering
the output range up to 1300 MW. The designs
are based on substantial operating experience
with machines associated with a variety of
water cooled reactors. The machines have
optimised thermodynamic cycle parameters with
external moisture  separation and steam
reheating to provide high thermal efficiencies.
They are formed from a small number of standard
cylinder modules, the low pressure cylinder
modules being identical to those used on large
high temperature turbines.

Typical of machines from the lower and
intermediate output ranges, 630 MW turbines for
Sizewell 'B' Power Station in the United
Kingdom and 985 MW turbines for Guangdong
Nuclear Power Station in the People's Republic
of  China are currently under construction.
Development of a new LP cylinder, significantly
larger than that used on the Sizewell 'B' and
Guangdong turbines and also on many high
temperature turbines currently 1in service,
ensures that highly efficient 3000 rpm turbine
designs are now available for the higher output
range with the 1lowest 1ikely cooling water
temperatures.
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3a. EDF experience with PWR turbine plant: crack-generating stress

corrosion of low pressure rotors

C. MALHERBE and G. PAGES, Electricité de France

The first signs of stress corrosion were detected in 1986 on low pressure rotors with shrunk-on
disks in the 900 MW turbogenerator sets of France's first contract program (know as "CP1").

The two affected rotors were subjected to expert Investigations and various measures were taken to
permit continued operation of the turbogenerator sets without significantly compromising

availability or safety.

A complementary program to renew a high percentage of all LP rotors over coming years is underway to

counter this development of cracking.

INTRODUCTION

Electricité de France's PWR 900 MW nuclear
power plants have 34 units equipped with two
types of turbogenerator sets:

- 24 1mpulse turbogenerator sets in the first
contract program "CP1" units,

= 10 reaction turbogenerator sets in the second
contract program “CP2" units.

Two different techniques were
construction of their LP rotors:

- shrunk-on disks for type CPl rotors,
— welded disks for type CP2 rotors.

Generally speaking, the operational behaviour
of the turbines has been satisfactory as shown
by the excellent availability statistics for EDF
power plants. However, in 1986, crack—generating
stress corrosion appeared on the LP rotor
shrunk-on disks in the "CPl" sets. This pheno-
menon, Internationally known through the number
of cases encountered with sometimes disastrous
results (as witnessed by several destructive
failures), has been widely published.

This paper presents the results of examina—
tions carried out during refuelling outages and
also current trends for countering the develop-
ment of cracking of LP rotor disks in the "CP1"
series,

employed in

TECHNOLOGY OF "CP1" LP ROTORS

The 1lineshaft of "CP1" turbines consists of
one HP rotor and three LP rotors rotating at
1500 r.p.m.

There are a 1limited number of technological
solutions for LP rotor construction:

- a forged single-block rotor,
- a welded disk rotor,
— a shrunk-on disk rotor.

At the time of thelr construction, ALSTHOM
BELFORT, the CPl contractor could not use the
single-block technique because of the excessive
mass of forged parts, and naturally employed the
shrunk~on disk technique that had been already
used in the past.

Each “"shrunk-on disk technology” LP rotor
welghs 145000 kg and consists of the following
main parts (cf. fig. 1):

Technology of turbine plant operating with wet steam. BNES, London, 1988.

- a forged shaft,

- a set of 12 disks shrunk-on the shaft, symme-
trically disposed about a central spacer,

- coupling sleeves shrunk-on the shaft,

- blades.

Fig. 1 - 900 MW Low Pressure Rotor

To make the disks one with the shaft, they are
normally shrunk-on at bore level and, exceptio-
nally, using a pin-keying system as shown in the
appended drawing (figure nr. 1 ). The latter
system only plays an effective role iIn the case
of shrunk-on disks becoming loose due to centri-
fugal force at about 120% nominal rotating speed
(1500 r.p.m.). In practice, such a situation
only occurs during iIn-factory overspeed tests
and only excesslve overspeed In operation might
result in such an incident (extremely rare, only
a limited number of cases have occurred in past
operations).
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The ‘shrunk-on technique 1s similar tc those
used by some constructors (WESTINGHOUSE, GENERAL
ELECTRIC, KWU, etc.) when confronted with the
problem of making large scale LP turbine rotors,
rotating at 1500 or 1800 r.p.m. because at the
time, there were no technological solutions such
as:

- forged single-block rotors,
- welded disk rotors.

BRIEF REVIEW OF PROBLEMS ENCOUNTERED WORLDWIDE
The maln problem here 1Is CRACK-GENERATING

STRESS CORROSION OF PRESSURISED DISKS IN A WET
ATMOSPHERE.

Since 1969, numerous cracks in shrunk-on LP
rotor disks have been found 1In nuclear and

fossil-fuel powered plants 1In GREAT BRITAIN,
AUSTRALIA, SOUTH FRICA, SWEDEN, USSR and the
USA.

All experts investigations on damaged machines
have confirmed that cracking was due to stress
corrosion.

From a total of almost 300 disk-constructed LP
rotors inspected in the UK and the USA, this
phenomenon was detected on 174 rotors, that is
on more than one rotor out of two.

This very serious phenomenon led to:

1. Partial destruction of three machines when
affected disks falled:

— in o1l fired plant after 31 years' service,
- at HINKLEY POINT A in GREAT BRITAIN (1969)
after 5 years' service,
- at YANKEE ROWE 1in the USA
20 years's service.

2. Affected rotor failure during an in-pit
overspeed test in GREAT BRITAIN (1969).

3. Admitting temporary deteriorated operating
conditions:

- operating with cracked disks,
— removal of disks with unacceptable defects.

4, Lauching of affected LP rotor renovation

or replacement programs as in:
- GREAT BRITAIN, reconstruction of 93 low-power
LP rotors after 1973 by procuring oversized
shafts and disk reboring to remove bore keyways.
- USA, by replacing existing rotors with forged
single-block rotors or welded disks. This
currently involves forty of so rotors.

(1980) after

PROBLEMS ENCOUNTERED WITH EDF "CP1" ROTORS

"The bursting of disks at Hinkley Point "A" in
1969 took place prior to the construction of EDF
machines. Information from Hinkley Point "A"
thus enabled the EDF machines to be designed
without stress concentrating features such as
bore keyways and with lower levels of stress,
thereby reducing risk of stress corrosion.
Furthermore, inspection procedures were devised
to enable condition of disk and shaft to be
checked”, ’

Until September 1986, no 1indications were
detected during shrunk-on disk bore inspections.
The inspection of rotors LP2 and LP3 at the
BUGEY 4 unit during a refuelling outage, after
51500 operating hours, revealed major
indications in the bores of 3 disks (two "11"
disks and one "4" disks).

The nature of these indications, that is:

- localisation 1in hot disk area and at the
beginning of condensation,
- high mechanical stress zone,
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— development in the axial-radial direction,

- multiple indications,

led us to presume we were very probably confron-—
ted with the stress corrosion phenomenon encoun~
tered abroad.

:\l

Fig. 2. Location of the Disc Cracks

As a result, an extensive In-depth inspection
program was Implemented during the 1987 refuel~
ling outages.

Inspection results

The 1inspection covered almost half of the 75
LP rotors in service (including 3 replacement
rotors). The oldest rotor inspected had 67000
hours of operation to its credit.

The following chart gives breakdown of rotors

by unit age:

Age range Total number
of rotors

0 to 10000 h 2
10000 to 20000 h 6
20000 to 30000 h 5
30000 to 40000 h 6

40000 to 50000 h 32
50000 to 60000 h i8

60000 to 70000 h 6
Total ceevevecoanns 75

Indications attributed to stress corrosion

were detected on twenty or so rotors, mainly on
those with more than 40000 operating hours,

Most of the 1indications are located in the
first interdisk gap downstream from the Wilson
line.

Expert iInvestigation of the rotors

" revealed by non-destructive tests.

Three rotors were withdrawn from operation
during the 1987 series of iInspection, to perform
in-depth expert 1investigation of indications

Two of the three rotors have had the shrunk-on
disks removed and one Is under investigation, so
it 1s a 1little early to draw conclusions. The
results of these 1investigations are shown on
Figure nr.3.
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Two mains locations of the cracks:

- the first location is the bore where we found
large cracks, the deepest of them were 25 mm,

- the second locatiorn is the drive button where
we found a lot of small crac™s.

The critical crack size depends on the
location and moreover on the combination of the
location: we could admit a crack deepness of
40 mm 1in the bore but, 1if a bore crack is
located in a button area, the crack size we can
allow 1s only 30 mm.

One of the major problems we are facing is the
velocity of the crack in time., Up to day, we
have not enough datas to give a good figure of
the velocity; so, we suppose a 10 mm/year
velocity 1in order tc adjust the periodicity of
the controls,

Up to now, only one rotor has been unshrunk
and two main features were confirmed from the
analysis:
- the cracks were stress corrosion cracks,
- the non-destructive tests were pessismist,
i.e. the actual size of the cracks were smaller
than the control figures (-~ 20%).
Measures taken

The main measures taken to avoid compromising

machine safety and availability are basically
the following:
1. Precise determination of critical defect

size and defects tolerable in operation.
2. Improvement of inspection techniques to
refine localisation and sizing of defects,
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indispensable 1in determining degree
risk during operation.

3. Continuation of rotor inspection work in
1988, so as to:
- define defect evolution -kinetics,

of rotor

~ adapt machine operating policy and repair
scenarios In consequence,
4, Increase of number of replacement rotors

to cover the repair of the most affected rotors.
The number of spare rotors will be increased
from 3 to 6 in 1988, and to 9 in 1989.

5. Studies for the rehabilitation of defect-
affected rotors. Maximum advantage will be taken
disk-removal operations to make improvements on
shrunk-on disk technology in the face of stress
corrosion phenomena (especially by protecting
sensitive zones).

The main features of the design improvements
are:

- nickel coating of the sensitive zones,

- Increasing of the gap between discs,

- modification of steam flow through the inter—
discs seals in order to avoid condensation.

Technical dispositions should be finalised by
summer of 1988; process qualification, fabrica-
tion and perfecting of the necessary tools
should be finished by the end of this year.

With a cost of about l4m FFrs per rotor, the
operation will be started this year on the three
rotors removed from operation.

Repair scenario envisaged

To date, the state of acquired knowledge, that

is:

- number of rotors affected,

- size of observed defects,

- kinetics of estimated growth,

and availability as of 1989 of 9 replacement
rotors have allowed us to plan on a repair
program for 6 rotors per year starting with the
1989 campaigns.

OUTLOOK FOR THE NEXT 2 OR 3 YEARS — CONCLUSIONS
Given the 1987 1inspections, the state of
health of all the LP rotors 1Is not immediately
critical; however, it is essential to:
-~ maintain our surveillance efforts over the
next few years so as to take all measures
necessary should the problem evolve differently,
- start repair operations immediately trying to
spread these operations over the maximum period
of time without significantly compromising
machine safety or operating flexibility,
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3b. EDF experience with PWR turbine plant: corrosion-erosion in PWR

secondary cycles

C. MALHERBE and J. MARCEAU, Electricité de France

Significant corrosion-erosion
power plants. These components
fittings and pipes.

Various corrective measures were
measures are listed below:

damage has occurred on certain components of the first French 900 MW
include: feedwater heaters, moisture-separator reheaters, valves,

therefore taken to avoid corrosion-erosion in the future. These

- modification of steam generator feedwater conditioning,
- modifications in design criteria and choice of materials for new heaters,

- addition of
that supply the heaters in operation,

water-separator tanks or high velocity separators (HVS) on the steam extractor pipe

- installation of protective nozzles at the inlets of HP heater tubes,
- wuse of a different grade of steel for steam or condensate pipes and for casings of certain valves

and fittings.

The cost of such modifications on a 900 MW power unit is 12 million French francs.

INTRODUCTION
" Secondary system
power plants was

equipment for French PWR
designed according to the
criteria used for fossil-fired power units
(velocity of the fluids, design of equipment,
etc.) while taking into account the theoretical
moisture content deduced from the pressure
reduction curve in the turbine. Moisture measu-
rements recently carried out on high-pressure
steam extractors revealed the presence of mois-
ture far in excess of the theoretical value,

Since the commissioning of these installa-
tions, steam generator feedwater has been ammo-
nia-treated (pH = 9).

The 1initial corrosion-erosion damage appeared
after 10,000 hours of operation, first in the
carbon steel pipes that connect the high-pres-
sure cylinder of the turbine to the moisture-
separator reheaters, and then in the steam
extractor pipes and steam-filled vessels of
high-pressure feedwater heaters R6, R5 and R4
(fig. 1 and 2).

This phenomenon was also observed during an

inspection campaign conducted in several power
plants to measure corrosion losses on sections
of pipes conveying drain water, condensate and

vent pipes, as well as on the associated valves
and fittings.

For reasons of personnal
availability and to reduce the iron content of
the steam generator feedwater, EDF swiftly
launched a series of actions to provide:
~ a better understanding of the corrosion-
erosion phenomenon and of the influence of the
different parameters that govern 1it. This
includes the creation of the water test loop
"CIROCO", monitoring of the equipment in servi-
ce, study of wet steam corrosion on several
dozens of test-pieces taken from different
materials,

safety, equipment

- a change in method of feedwater conditioning
(switch to morpholine pH = 9.1 to 9.3),

- for drying of the extraction steam and
protection of the vessel walls by coverings and
condensate expansion calssons of stainless steel
to insure correct resistance to corrosion-
erosion of the bundles and equipment secondary
vessels,

- 1installation of stainless austenitic steel
(grade 304L) protective nozzles at the inlets of
the unalloyed steel tubes of the HP heaters,

- a different grade of steel for certain piping
elements and associated valve casings,

= annual checking of feedwater piping thicknes~
ses and of pressure boundaries which cannot be
inspected using ultra-sonic means,

- for future equipment (feedheaters, moisture-
separator reheaters, pipes, valves and fittings,
etc.), use of corrosion-erosion resistant mate—
rials for secondary vessels subject to high-
velocity flow and exchange bundles.

SUMMARY DESCRIPTION OF THE SECONDARY SYSTEMS

French PWR power plants are equipped with two
types of secondary systems:

a) lst type: without deaerator feedwater tank
(simplified diagram fig. 1) on the twenty-four
900 MW power plant units of the first program
(called the "CP1" program),

b) 2nd type: with deaerator feedwater tank
(simplified diagram fig., 2) on the ten 900 MW
power plant units of the 2nd program (CP2) and
the twenty 1300 MW power plant units of the 3rd
program (the first one being known as P4 and the
others as P'4).

The first type includes a low pressure (L.P.)
feedwater plant with 4 heating levels and a
high-pressure (H.P.) feedwater plant with 2 hea-
ting levels fitted on 2 feedwater lines.
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Condensates from 4 superheater bundles flow into
2 phase-separator tanks adjoining the R6 hea-
ters, as shown in fig. 3

Condensates from heaters 6, 5 and 4 and from
the moisture-separators, flow into a drain tank
where they are covered and re-injected into the
feedwater upstream of the feedwater pumps.

Fig. 1 - PWR 900 MW -P1
Piping schematic secondary cycle

Fig. 2 - PWR 1300 MW - P4
Piping shematic secondary cycle

The second type includes an L.P. water station
with 3 heating levels arranged on 2 lines in the
case of the 900 MW power plants and 3 lines in
the case of the 1300 MW power plants, plus a
deaerator feedtank and finally, an H.P. feed-
water plant with 1 heating-level for the 900 MW
power plants and 2 for the 1300 MW power plants.
These H.P. heaters are fitted on 2 feedwater
lines, In the case of the 1300 MW P'4 power

plants, the reheater condensate enters the bot-
tom of the steam—filled vessels of the R6
heaters.

The L.P. feedheaters are installed horizon-
tally. The H.P. feedheaters are installed.
either:

= vertically with the water box in the bottom
and a single steam extractor inlet on the upper
extremity, in the case of the 900 MW Pl power
plants, or

- horizontally with 2 steam extractor inlets for

power units of the types 900 - P2 and 1300 - P4
and P'4.
The -heat exchange bundles are composed of

tubes made of the following materials:
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Table 1. Exchange bundle materilals

900 MW P1 900 MW P2 1300 P4
R R2 to R4} RS to RE} Rl - R2 R3 RS Rl - R2 R3 RS - R6
Brass 34 L Carbon Brass 304 L Carbon Brass 34 L Carbon

or steel steel or steel
304 L 304 L

The vessels for
are made of carbon
energy dispersers on
made of stalnless steel.

heaters and deaerator tanks
steel, The deflectors and
the condensate inlet are

PROBLEMS ENCOUNTERED

During the first refuelling outage, a reduc-
tion in thickness was observed in the walls of
the carbon steel pipes connecting the high-
pressure turbine and the moisture-separator
reheaters., Furthermore, the envelopes of the
latter has sustalned notable losses of material.
Immediate action was taken which largely consis-
ted of replacing the piping with 304L stainless
steel, 1improving the flow through the wet steam
Inlet In the moisture-separator reheater circuit
and protecting its envelope by means of a stain-
less steel plate covering lald according to the
method used for tiles.

Regarding the L.P. turbine, the corrosion-
erosion damage remained within the limits of the
diaphragm seats 1in the internal casings. Local
weld repair in stainless steel (309) was carried
out accordingly.

EDF then considered the corrosion-erosion
problem solved. However, filve years after
commissioning of the first 900 MW power plants,
alarming signs began to appear: perforation of
the carbon steel tubes on the R4 feedheaters at
Bugey and perforation of the medium sized
condensate flow pilpes.

This situation which, 1f uncorrected, could
lead to prolonged inoperability and high main-
tenance costs was analysed in collaboration with
the equipment constructors.

The iIntake, distribution, sparging and wet
steam ducts as well as the deaerator discs that
equip the deaerator feedtanks are made of stain—
less steel.

The no, 4 steam extractor pilpe and the
connecting pipes between the H.P. cylinder of
the turbine and the molsture-separator reheaters

are made of 304L steel. Pipes related to steam
extractors 5 and 6 and to condensate extraction
are made of carron steel as are the casings of

the assoclated valves,

Large scale routine checks were then ecided
upon and carriled out during plant outages; 1l.e.:
visual Inspection, and thickness measuring by
ultra-sonic 1inspection. Significant losses of
material were observed on certaln heaters or
assoclated tanks (R4, R5, R6) as well as on
steam extraction pipes (S5, S6).

Locally, on certain apparatus, the minimum
design thickness was reached, prompting the
plant operator to establish two types of emer-
gency measures:

- temporary replacement of certain equipment
parts (envelope shells of feedheaters 4 and 5),



~ a decrease 1n equipment test pressure to

comply with the regulations governing steam
pressure vessel (steam pressure reduction
justified by the 1large margins assumed in the
design).

These administrative measures made it possible
to define a margin by comparison with the mini-
mum required thickness, and to defer the over-
haul or modification of the equipment concerned,
as specified in the following section.

The main deteriorations recorded are described
below:

- condensate recovery tanks of the reheaters
adjoining the R6 feedheater (fig. 3):

Little erosion on the bottom, heavy erosion the
envelope 1in the condensate exXxpansion areas,
necessitating a change of tank pending the final
modification of the system fig. 4).

- R6 feedheaters (fig. 3):

Heavy corrosion-erosion on the bottom of the
envelope near the first tube support plates and
near to the 1inlet for condensates from the
adjoining tank (even for apparatus of a service
life of 1less than 20,000 hours). Certain appa-
ratus were subject to test pressure reduction.

- R5 feedheaters (fig. 3):
Heavy corrosion-erosion
extraction 1inlet and at right angles to the
first tube support plates. Certain envelope
shells have already been replaced and shield in
the form of stainless steel 1linings placed
opposite the 1inlet of the steam extractors of
the modified apparatus. A loss of thickness was
also noted near the condensate return flow from

opposite the steam

MSR
steam heating

condensate Ré

R5
Separator drain

Fig. 3 - PWR 900 MW - Pl
HP5 and 6 Heaters initial Design

MSR sieam% R6 =

MSRventing Rs
Water separator

Water separator drain drain

DT <=&H/ (e

Fig. 4 - PWR 1300 MW ~ P1
HP5 and 6 Heaters after modification
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the R6 heater. R5 heater supply will
subsequently be carried out via an adjoining
water separator tank (as per fig. 4).

- R4 feedheaters:

It was on the envelopes of these heaters that
the corrosion-erosion damage was the_most rapid.
Long before reaching 30,000 operating hours,

heavy 1losses of thickness were recorded in the
bottom of the envelope (near the inlet of steam
extractor 4) and on the straight part, over a
length of 5 to 6 m, notably at right angles to

the tube support plates,

It was quickly decided to change the heater 4
envelopes on plant series 900 MW CPl, This
change involved:

. an Increase in the envelope diameter in order
to reduce fluid velocities,

. Introduction of a second steam extraction
inlet and 1installation of an envelope in 304L
steel. :
~ molsture-separator reheaters:

These 1tems of equipment, on which corrosion-
erosion was expected, have been, from outset,
the subject of very strigent supervision. During
the first years, a shield was installed in the
apparatus on the wet steam inlet. But 1t became
obvious that the corrosion-erosion area was
progressively spreading over the entire
envelope, well beyond the area protected by
stalnless steel cladding or by lining plates.
The envelope protection will be extended to the
bottom of the apparatus and will be ensured by
the 1Installation of free-expansion 304L steel
tiles according to a system patented by the
constructor.

About the tube bundle, the only corrosion-
erosion attack was located on the U bend part of
the tubes (CPl design only). The remedy consis-
ted in the installation of seal screen to avoid
wet steam path along this part of the bundle.

- Steam extraction pipes 5 and 6:

Heavy losses of thickness were recorded, notably
in the elbows. This required the partial
replacement of certain sections pending the
final modification. The pipes will shortly be
replaced with 304L stainless steel.
- Other plpes and associated
valves and fittings:

appartenances

Heavy corrosion-erosion was detected on pipes
carrying condensate and drain water and high-
pressure vent pipes particularly downstream of

the pressure reducing valves, and on associated
tanks and valve casings. Certain pipe elements
were changed temporarily and certain valves weld
repaired pending the final modifications.

Also, after 40,000 hours of operation,
corrosion-erosion appeared at tube inlets and on
the tube plates of HP heaters R5 and R6 (corro-
sion-erosion on the feedwater side caused high
velocities of water and turbulence).

REMEDIAL MEASURES INTRODUCED TO AVOID CORROSION-
EROSION DAMAGE

The modification of steam generator feedwater
conditioning constitutes a major step towards
improving the resistance of carbon steels to
corrosion-erosion phenomena. However it cannot
guarantee, for a 30 year period, the protection
of equipment operating in the temperature range
between 100 and 250°C when such equipment 1s
submitted to wet stream or high velocity water
jets.
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For several years, EDF has been orienting
‘equipment design and adopting appropriate mate-
rials, bit under-estimated the rate of corrosion
-erosion at operating temperatures over 185°C,
particularly with wet steam.

The modifications made on equipment were
conducted in two stages, and dealt with the
following points:

a) Prior to 1982:

- Reduction in the velocity of fluids by intro-
duction of horizontal high pressure heaters with
multiple bleed steam inlets.

- Introduction of 304L stainless steel for: low
pressure heater heat exchange tubes, connection
tubes between the high-pressure cylinder of the
turbine and the moisture-separator reheaters,
the piping of steam extractor 4, the wet steam
ducts supplying the moisture-separator reheaters
(installation of lining plates for 900 MW “"CPl”
units and 1300 MW wunits), the deaerators and
separator units.

b) After 1982:

The modifications
pressure feedwater
ment. They included:
- Modifications to reduce the moisture content
in the steam supply to the heater (value sought:

1% 1in mass) to avoid corrosion of the vessel
and bundles:

. addition of a tank equipped with a water sepa-
rator drum, adjoining each heater, and into
which the bleed steam and condensates flow in
the case of a vertical heater. Case of 900 MW
CP1 power plants (as shown in fig. 4),

. addition of a high velocity moisture separator
on the Dbleed steam pipe in the case of a hori-
zontal heater (as shown in fig. 5).

mainly involved the high-
plant and associated equip-

Fig. 5 - PWR 1300 MW - P4
HP5 and 6 Heater with HVS
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- Modifications aimed at reducing fluid veloci-

ties, 1i.e,: addition of a second bleed steam
inlet on the R4 heaters of power units 900 MW
CP1l.

- Modifications to protect the vessels from the
impact of water jets 1in areas of condensate
return: installation of strainer-fitted pressure
reducing values made of 304L stainless steel for
heaters on 1300 MW P'4 power plants.

- Change of materials (choice of 304L):

. for the steam vessels of R4 heaters on the
900 MW CPl power plants,

. for the piping of steam extractors 5 and 6,

for pipe elements downstream of the control
valves that drain off the condensates, and for
ventilation pipes and associated valve and

fittings - on all power plants.

~ Introduction of corrosion-erosion resistant
material for vessels under steam (low alloy
steel): 1 to 2% chrome) and for the tubes of
heat  exchanger bundles (439L) on the H.P.
heaters and reheaters — on the new power plant
series now under study.

- To avold .the corrosion-erosion observed on the
feedwater side at tube inlet and on the
unalloyed steel tube plates of the HP heaters,
special end-pieces have been installed., These
end-pleces, made of stainless steel, have a
collar or are tulip-shaped. They have been
installed on all 1inlets of LP heater tubes at
"CP1" and "CP2" units, and will be installed on
P4 and P'4 units. For new units, the tube plates
will be cladded.

Up to now, the behaviour of both systems, with
and without deaerator, 1is similar from the
corrosion—erosion point of view.

Nevertheless, the standard for the new units
is with deaerator in order to obtain the best
oxygen rate control.

CONCLUSIONS

High levels of corrosion-erosion, occasionally
unexpected and often 1involving a high rate of
metal loss (1 mm in thickness per year), were
observed iIn particular on high-pressure feed-
water plants in PWR units. These occurrences of
corrosion—erosion induced EDF to study and
implement significant modifications, often at
very short notice, in order to insure the conti-
nued operability of their plants and to comply
with French regulations currently 1in force,
relative to pressure vessels.,

The results of the actions engaged to date
have been satisfactory, with no notable outages
or accidents attributable to these problems.

The final modifications should, in the future,
insure good reliability of the equipment in
operation, personnel safety and a reduction in
the 1iron content of steam generator feedwater.
Experience acquired in operating the initial PWR
power plants will now be taken into account in
the design of future equipment.



3c. EDF experience with PWR turbine plant: moisture-separator

reheater thermal expansion faults

C. MALHERBE and J. MARCEAU, Electricité de France

The bundles of the moisture-separator reheaters that
units are composed of tubes made of austenitic stainless

equip 900 MW "CP2" PWR units and 1300 MW PWR
steel. Since the outset, there have been

cases of tubes becoming wedged in their spacer plates, which causes excessive plate deformation. The

spacer plates most affected by this problem are those

located near the tube U-bends. This deforma-

tion — that can only increase with time - necessitates either bundle replacement or in-depth modifi-
cations on the tube-support structure, together with the use of specific operating procedure.

INTRODUCTION

The bundles on reheaters at 900 MW "CPl™ power
plant wunits are composed of knurled unalloyed
steel tubes. Their behaviour has been very
satisfactory. The BBC-technology bundles on
reheaters at 900 MW "CP2" power plant units are
composed of smooth austenitic stainless steel
(grade 304L) tubes. The supporting structure for
these bundles is made of unalloyed steel.

When these 900 MW "CP2" series moisture-
separator reheaters were started up - even
before full power was attained — significant

deformation was detected on the spacer plates
located near bundle TU-bends. This deformation
had been caused by the thermal expansion
difference between the hairpin-shaped tube (made
of austenitic stainless steel) and the support
structure (made of unalloyed steel).

EXPLANATION OF THE INCIDENT

During bundle heating, very high friction for-
ces appear to hinder the free longitudinal ex-
pansion of the tubes through their plates, par-
ticularly in the area near the U-bends. These
friction forces therefore generate thrust forces
which are unacceptable for the plates; the pla—.
tes buckle and thus jam the tubes. This phenome-
non can be amplified by the presence of oxides
in the interstice between the tube and the spa-
cer plate. The state of a bundle thus deformed
can only deteriorate during successive tempera-—

ture transients, and damage to the bundle pro-
gresses further and further towards the steam
box.

REMEDIES PERFORMED ON THE 900 MW "CP2" MOISTURE-
SEPARATOR REHEATERS

Several modifications have been made to the
bundles, depending on the point in manufactu-
ring/installation progress, 1l.e.:
- omn the first unit, after a few months' opera-
tion at a power load of up to 50%, the badly
deformed bundles were scrapped and replaced by
new bundles;
- on installed bundles, the tail plate were made
no longer solid with the bearing structure, and
the last spacer plates were reinforced on their

flanks by tubes connected to
compose the bundle structure;

- subsequently, as these initial reinforcements
were found to be insufficient, the manufacturer
cut the bearing structure into 4 to 5 elements,
thereby allowing each "block” of 2 or 3 plates
(still solid with the tubes) to move under the

the beams that

"effects of expansion.

To avoid the migration of these "blocks”
towards the bundle tail, an anti-creep system
was associated to each block. The behaviour of
the devices has been effective and has allowed
the bundles to be saved.

Moreover, so as to
expansion due to the
between main steam

reduce the differential
temperature difference
and heating steam, a valve
setting procedure has been implemented so that
heating steam flow valve opening is a function
of the unit's power.

New diaphragms have been installed at bundle
tube 1inlet to secure greater uniformity of the
heat exchanged in each tube, and thereby avoid
the inadequate loading (and flooding) of certain
tubes.

For the bundles that had not yet been manufac-
tured (i.e., those for CHINON B4), and those to
replace the two damaged bundles at CRUAS 3),
another grade of steel was selected for the
tubes. This material, ferritic stainless steel
(grade 439L) has the same thermal expansion
coefficient as the steel used for the support
structure, The behaviour of these bundles is
very satisfactory.

INCIDENTS ENCOUNTERED AND REMEDIES USED FOR THE
MSRs OF THE 1300 MW P4 AND P'4 PWR SERIES

The first seven wunits of the 1300 MW PWR
serles were also equipped with reheater bundles
made of smooth austenitic stainless steel (grade
304L) tubes. The deterioration detected on the
bundles of the 900 MW "CP2" series led the
manufacturer to reinforce the bundle tail spacer
plates on the equipment already manufactured,
Nevertheless, after a year of operation, these
reinforcements were found to to be insufficient:
deformations and tube blocking in their spacer
plates were observed on almost all bundles with
tubes made of 304L grade steel.
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Fig. 1 - Section of the CP2 Moisture Separator Reheater

units of the series, the
damaged bundles were replaced by new bundles
with knurled tubes made of chromium ferritic
steel (grade  439L). Later units put into
operation were equipped with the same bundles
from the outset. The standard for future tube
material 1s 439L, used for new design and spare
parts as well.

Five units are stilll operating with deformed
tubes. Keeping them in service requires the
respect of strict operating instructions and
monitoring. Every three months, leak-detection
inspections are performed during operation. On
these units, a new valve-setting procedure has
been established for the opening of the valve
that adjusts the heating steam flow.

On the first two

34

CONCLUSION

The use of austenitic stainless stell tubes
for reheater bundles and of unalloyed steel
support structure 1s the root cause of tubes
becoming wedged in the support plates, and of
significant unavailability of the 900 MW "CP2"
series in particular.

These incidents have incurred high maintenance
costs.

The behaviour of bundles composed of knurled
or smooth tubes made of ferritic stailnless steel
(grade 439L) 1s very satisfactory.



3d. EDF experience with PWR turbme plant: operation and
maintenance of condensers

C. MALHERBE and B. VINCENT, Electricité de France

Over recent years, the condensers at Electricité de France nuclear power plants have been subjected
to 1increased surveillance. This 1s performed both during operation to detect water intake, and
during unit outages to acquire precise knowledge on the general state of the heat exchanger,
especially the tube bundle.

The main reason behind Electricité de France's work in this field is essentially due to the fact
that switching to nuclear PWR technology has changed the qualitative importance of the condenser. In
effect, the condenser can largely contribute to the long lifetime of steam generators by preserving
the quality of extraction water chemistry.

Our policy for condenser surveillance 1s based on operating feedback and 1s part of the overall
preventive maintenance program applicable to all our nuclear plants, It implies technico-economic
choices regarding condenser renovation and design.

In this paper, we will first briefly describe the technology of the nuclear power plant condensers
operated by EDF. Then, we will examine the main operating feedback data, and finally outline the
surveillance performed on condensers.

1. TECHNOLOGY OF NUCLEAR POWER PLANT CONDENSERS

1.1 Materials used

Specific technical choices were made for the
tube bundle-tube sheet assembly depending on the
type of cooling water (fresh water or sea
water), so as to guarantee complete condenser
leaktightness. Tube sheet connections are
expanded on all our condensers.

Most of the condensers at river-side sites
have drawn brass tubes without welds. However,
better knowledge of the “diseases" affecting
brass has 1In recent years led EDF to use more
exotic materials. The latest units of the
1300 MW series have tubes and tube sheets enti-
rely made of stainless steel. At fresh-water
sites, titanium has only been used in very iso-
lated cases (in particular for partial retubing N AN
and, at a few 1300 MW units, in the air coolers). Fig. la - Radiant Tube Bundle

Condensers at sea-shore sites were, as on the
first 900 MW units, equipped with tube bundles
made of titanium, The tube-sheet liners at the
sea-water side are made of cupro—aluminium.
Cupro—aluminium  behaviour has not been comple-
tely satisfactory at all sites, and now the
tendency 1s for tube sheets lined with tita-
nium. :

1.2 Tube bundle design

The tube bundles of the first eighteen 900 MW
units of fresh water sites, and also of a few
1300 MW units, are composed of straight bundles
(BBC technique). All the other units have
radiant type tube bundles (DELAS TECHNIQUE)
which permits better steam penetration.
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the air cooler zones.

b. Raw water side:

- Regular abrasion of copper-alloy tubes.

This degradation consists of a regular loss of
metal from the whole circumference and length of
the Inside surface of the tube.

First detected at the BUGEY plant in the Rhdne
valley, ten other 900 MW plants are now affect-
ed. Thickness losses can reach 0.4 to 0.5 mm for
an initial thickness of 1 mm after 60 000 hours
of operation,

The current explanation that is most consistent
with the observations made involves a continuous
mechanical action of the continuous cleaning
device balls in the presence of abrasive solid
particles. Regular abrasion and corrosion-
erosion are two very different "diseases"” that

do not generally occur together. Corrosion—
erosion, as such, does not exist in French
nuclear power plant condensers at this time.

Electricité de France will, in all likelihood,
have to completely retube some of its river—-side
condensers Iin years to come.

3. CONDENSER SURVEILLANCE
BASIC PREVENTIVE MAINTENANCE PROGRAM

Apart from monitoring the condenser in opera-
tion, which basically consist of detecting raw
or sea water Intake using the Installed instru-
mentation, particular care is taken when inspec~
ting the entire condenser during unit outages.

3.1 Non-destructive tests

Electricité de France has over the last few
years applied, so as to gain maximum benefit
from the series effect, a basic prevention main-
tenance program on the condensers. With this
program, Instructions for all iInspection opera-
tions and thelr associated corrective measures
are provided for each type of bundle. In this
way, the apparatus are analysed every year and
the results enable comparative analyses between
units on the same site or on different sites.

Essentially, as already stated, inspections
are carried out on the tube bundle to detect and
quantify existing "diseases”. Inspections are
visual, mostly using eddy currents. The latter
have been considerably developped and nowadays
afford great accuracy in detecting and quantify-
ing size of attacks. Nevertheless, it is someti-
mes mnecessary to extract tubes, for example to
determine the cause of a new signal.

Visual examinations of the tube bundle are
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made on the steam side to define erosion area on
the ©bundle. Results are recorded in the form of
charts showing blast marks and rough areas, and
also holes. All rough tubes are plugged. More-
over, comparative reading of the results for
condensers of the same design iIs an excellent
source of information and enables solutions for
bundle protection to be evolved.

Eddy current tests are performed according to
standard grids and as a function of the “disea-
ses” being sought. For a brass tube condenser,
the program calls for the examination of appro-
ximately 3% of the tubes; in a titanium tube
condenser, the extent reduces to 0,5%. If bundle
tightness during the following cycle is likely t
be impaired by thinning of walls, the affected
tubes are plugged.

All the other sub-assemblies in the condenser
are also subject to examination, most often
visual (tubular plates and chanel heads, inter-
nal structure of the condenser, by-pass contain-
ment, flexible seals for turbine connection).

3.2 Lleaktighness examinations

Industrial practice shows that it is worth-
while to check tube bundle leaktightness at the
end of each outage period.

Electricité de France recommends its syste-
matic implementation after each refuelling
outage, preferably using helium. This type of
test has to be performed with the condenser

under vacuum, and 1s more accurate than the so-
called “"water weight" test. With helium test,
several tens of cubic centimeters are detected

per hour. The helium method also enables diffe-
rentiation between leaks in the tubes and expan-
silon leaks.

CONCLUSION
French
million

nuclear plants had more than two
brass tubes and 1.5 million titanium
tubes at the beginning of 1988. In 1992, there
will be about 2.7 million brass and 2 million
titanium tubes.

The condenser inspection program that EDF has
already undertaken will therefore continue in
the future 1in order to maintain at a low level
and even reduce forced outages caused by the
condensers. In 1987, these forced outages
represented less than 0.05 percent of the energy
potential of our nuclear plants overall.
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4. Operating experience with 1100 MW wet steam turbines in a
nuclear power plant

R. I. PAWLIGER, BME, PE, MASME, American Electric Power Service Corporation

The American Electric Power Company, one of the largest U.S. electric utilities, has over ten
years of experience in the successful operation of two 1100-MW wet steam turbines. The two
machines, each designed by a different manufacturer, are in base-load service in a Pressurized
Water Reactor nuclear power plant. This paper presents the highlights of that experience,
covering turbine reliability, performance, inspection and operation. The results of a
full-scale ASME code performance test of one of the turbines are discussed. Moisture erosion,
typical in wet steam cycles, has been found in the turbine steam path and piping systems.
Problems that occurred early in the life of the external moisture separators and reheaters, and
how these problems were resolved, are discussed. The more recent industry-wide problem of disc
cracking of built-up rotors and the mitigation of that problem through periodic inspections and
a change in rotor design are also covered.

THE AMERICAN ELECTRIC POWER COMPANY from the Westinghouse Electric Company .
1. The American Electric Power Co. (AEP) is These were erected at the Donald C. Cook
one of the largest electric utility companies Nuclear Plant on the southeastern shore of
in the United States. AEP’s generating Lake Michigan. Unit 1, with a General
capacity is approximately 23-GW, of which 85% Electric (U.S. made) turbine- generator, was
is coal fired. An in-house group -- the AEP put into commercial service in August 1975.
Service Corporation -- provides central Unit 2, with a Brown Boveri (Swiss made)
management  and professional services, machine, was commissioned in July 1978,
principally .engineering, and has earned the ’
reputation of being a technological leader in Heat Cycle
the U.S. utility industry. 3. The heat cycles of both units are very
similar (see Fig. 1) and have a single-stage
COOK NUCLEAR PLANT reheater, six stages of regenerative
2. In mid-1967, AEP ordered two Pressurized feedwater heating and two 65% capacity feed
Water Reactors (PWR) of the 1100-MW class pumps -- each driven by an auxiliary turbine.
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Fig. 1. Heat cycle diagram of Unit 1 at full load
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TURBINE DESIGN AND OPERATIONAL EXPERIENCE

A once-through cooling water system is used
for the steam condensers, taking water from
and returning it to Lake Michigan.
Deaeration is accomplished in the condenser
and with hydrazine injection. Saturated
steam at 54 Dbar (full load) 1is supplied to
the turbines. Steam pressure increases with
decreasing load. Expansion of the steam
through the machine results in the
accumulation of significant moisture as
depicted by the turbine expansion lines shown
on the  Mollier Diagram, Fig. 2. For
comparison, the expansion 1line of a modern,
single-reheat fossil unit is also shown.

Turbine Description

4. The turbine-generator of each | unit
consists of a tandem-compound, six-flow,
1800 rpm turbine, driving a 4-pole generator.
Compounding is arranged in a double-flow,
high-pressure (h-p) turbine and three
identical double-flow low-pressure (1-p)
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turbines. A comparison of the

design features of the two machines is

in Table 1. An
was made to
(Fig. 3).

help layout

5. The relatively

engineering model of Unit 2
the turbine
Further details of the design may
be found in Ref. 1, 2, and 3.
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Expansion Lines at full load.
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Jogs in

wet region are from internal moisture separation

temperatures allow the use of high-strength
low-alloy steel in the turbine’s
construction. With most of the expansion
taking place in the wet region, parts of the
inner surfaces of the casings directly in the

protect against water erosion. The outer
portion of the leading edge of the last-stage
blades 1is protected against erosion by

steam path are lined with stainless steel to

Table 1.

stellite shields on Unit 1 and by
hardening on Unit 2.

Principal Design Features of the Cook Nuclear Plant Turbines.

Feature

Net Maximum Capacity

Turbine Arrangement

Overall Length
Steam Conditions (full load)
Net Heat-Rate (full load)

Valves

Control

Rotors

Casings h-p
l-p

Main Journal Bearings
Moisture Separators
Reheaters
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Unit 1 - GE

1030-MW

Tandem compound 6-flow
1800-rpm, 1090 mm LSB

68.3 M
54 bar, 0.25% wet, 1795 Kg/s
3.14 J/W-s (10,700 Btu/Kwh)

4 stop, 4 control
6 -combined stop and intercept

Electrohydraulic,
Governing stage,

Full arc admission
(originally partial arc)

Forged shaft, integral h-p discs
Shrunk-on 1l-p discs, 1 stage/disc

Low-alloy cast steel

Fabricated steel hoods,
Cast steel inner casings
centerline supported

in exhaust hood ’

10; largest 760 x 710 mm
Two vessels, chevrons

2, 90/10 Cu-Ni tubes

Unit 2 - BBC

1100-MW

Tandem compound 6-flow
1800-rpm, 1320 mm LSB

75.4 M
54 bar, 0.25% wet, 1853 Kg/s
3.12 J/W-s (10,630 Btu/Kwh)

4 combined stop and control
6 reheat stop, 6 intercept

Mechanical hydraulic,
No governing stage,
Full arc admission

Forged low-alloy discs,
Welded construction

Low-alloy cast steel

Fabricated steel hoods,
Cast steel inner casings

. supported on steel beams

cantilevered from foundation
6; largest 900 x 900 mm
Two vessels, wire mesh

8, 321 stainless steel tubes

induction






TURBINE DESIGN AND OPERATIONAL EXPERIENCE

14. Unit 2 was subject to a full-scale code
‘acceptance test in early 1979, eight months
after the unit was put into commercial
service. The testing required precision
measurement of  some 140 temperatures, 115
Pressures, 5 major water flows throughout the
cycle and electric power output. Because
much of the steam in the cycle is in the wet
region, the steam’s quality was determined by
the use of radioactive sodium as a tracer. A
central device was developed by BBC to inject
the water soluble tracer into 25 injection
points and collect samples from 65 other
points throughout the cycle. Results of the
tests (Ref. 5,6) indicate that the turbine’s
heat-rate, under idealized steady-state test
conditions, was 1% better than guaranteed.

15. Some important results from this test
and from Unit 1 component tests are:

o Isolating the cycle for testing results in
a gain 1in output of wup to 0.7%. This
promotes constant vigilance in minimizing
leaks, both internal and external to the
cycle.

o Reheat operation improves the heat-rate by
approximately 1.0% compared to non-reheat.

o The turbine flow passing capaBility was
too great for the reactor’s licensed
rating, leading to "reblading of Unit 2

inlet stages to allow greater wvalve
opening and concomitant lower throttling
loss. - 3y :

o A modest decrease 1in steam pressure does

not adversely  effect performance.
Pressure 'reduction - is currently being
evaluated to reduce risk of stress
corrosion cracking of steam generator
tubes.

Inspections
16. Internal inspections of the turbines

are performed during refueling outages at
approximately 18-month intervals. Only one
of the four turbines on each shaft is
inspected during an outage unless there are
reasons to do otherwise. Thus, upwards of
30,000 hours of service have elapsed between
major inspections of a particular turbine.
Fig. 4 depicts the inspection history of the
Unit 1 turbines.

17. The MSRs, several of the principal
steam valves, and the cross-under pipe are
also inspected during each refueling outage.
These inspections are conducted to determine
the extent of water erosion, deposits of
foreign material, cracking, misalignment and
to make mnecessary repairs. For the most
part, the findings are quite similar to what
is found when inspecting a dry steam turbine.
The notable difference in the wet steam
turbine is  the absence of solid particle
erosion and the presence of water erosion. A
summary of erosion experienced by these two
units 1is given in Table 3, progressing
through the machine in the direction of steam
flow.
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Fig. 4. Major inspections of Unit 1 turbines

18. Very stringent secondary system water
chemistry criteria is imposed on the  nuclear
cycle, primarily for the benefit of the . steam
generators. Normal values (parts per 10°) are
Sodium < 5; Chlorides < 10; Dissolved Oxygen
< 5; Iron < 20; and Silica < 100. A pH of
8.8-9.2 is maintained. As a result, there is
very little carryover of solids in the steam
and there is no accumulation of deposits on
the turbine blades. Any deposits that might
tend to accumulate are washed off by the wet
steam,

19. The last stage blades, which operate at
the highest velocity . (tip speed of 419 and
498 m/s) and in the wettest environment, are
resisting erosion very well. There is no
significant difference in erosion resistance
between the stellite shielded blades of

"Unit 1 and the hardened blades of Unit 2.
Studies and developments by the manufac¢turers
have resulted in a satisfactory last stage
blade design to resist erosion (Ref. 7, 8).

20..Where erosion does exist,. it poses
little threat to the integrity of the turbine
unless the erosion is - undetected. This has
been the case 1in some of the steam piping,
where pipe walls have eroded completely
through, resulting in steam leaks. Pipe
erosion has also been experienced in other
PWR power plants in the U.S. Reports of pipe

failures surfaced in the industry in early
1982. These reports prompted extensive
research  and investigation into the

phenomenon and the development of mitigation

strategies. Ref. 9, 10, and 11 ©provide
further details.
21. In response to this concern, AEP

initiated an inspection program in late 1982
at the Cook Nuclear Plant. The pipe wall
thickness at key locations on extraction

lines and the cross-under pipe are
periodically measured using ultrasonic
examination. All of these systems were

originally constructed with carbon steel pipe
and fittings. Where erosion required action,
the pipe or fittings were replaced with
austenitic stainless steel, type 304,
Replacements have mainly been in 90  elbows,
although some straight lengths have been
replaced or pad welded. The largest
components treplaced have been the 1.5 M
diameter mitered elbows in Unit 2 cross-under
pipes. Unit 2 h-p turbine expands steam to
7 bar, compared with 15 bar in Unit 1,
resulting in a wetter cross-under for Unit 2.






TURBINE DESIGN AND OPERATIONAL EXPERIENCE

25. From a maintenance viewpoint, the wet
steam turbines are far easier to disassemble

and assemble despite being larger than
high-temperature fossil turbines. Joint
bolts are more easily removed in the nuclear

turbines, and there are fewer parts to handle
as a result of single-shell vs. double-shell
construction of the h-p turbine.

26. The steam valves of the nuclear turbine

are not subject to oxide build-up on the
stems, thus allowing longer intervals between
valve overhauls. Maintenance effort is
required to repair erosion damage in wet
steam turbines but that is offset by not
having to contend with solid particle
erosion, the principal wear agent in
fossil-fueled steam turbines. Even though

there is no significant deposit build-up in
wet steam turbines, the parts are blast
cleaned prior to nondestructive examination,
the same as for fossil machines.

27. Experience with the feedwater heaters
upstream of the feed-pumps has been good,
despite the high moisture content of the
extraction .steam. Early problems in the
high-pressure heaters immediately downstream
of the feed-pumps were traced to flow-induced
vibration of the tubes in the drain cooler
section. This was corrected by staking the
tubes in that area and enlarging the- opening

to the drain cooler. There have  been
relatively few tube leaks in - the
high-pressure or low-pressure feedwater
heaters, all tubed with 304 stainless steel
material.

28. The main steam condensers --‘one per
l-p turbine -- were installed with arsenical
copper tubes. Tube leaks occurred
frequently, primarily as a result of steam
side erosion, tube wvibration, and corrosion
due to ammonia attack. The high moisture
content of the exhaust steam led to heavy
erosion of the wupper peripheral condenser
tubes. Energy absorbing grating and
protective baffling were added to protect
these tubes. In 1984-1985, all condensers
were retubed and design improvements were
made in the tube support system to eliminate
the frequent tube 1leaks and the resultant

contamination of the condensate/feedwater
system. Stainless steel was selected for its
better erosion resistance and to eliminate a
major source of copper in the cycle.

.Major Problems and Their Resolution

29. The two wet steam turbines described in
this paper are both early-vintage machines of
subject to

their class and, as such, were

"growing pains". Nonetheless, some of the
major problems with these machines and how
they were, or are, being resolved is worthy

of discussion. This
resolution of problems
design of future wet steam turbines.

30. Moisture

both units were, by far, the biggest concern.

a4

experience and the
will' benefit  the

Separator/Reheaters. The
external moisture separators and reheaters of

—

The two moisture separators were designed by
different firms, using different separation
concepts. Neither separator performed up to
expectations. Unit 2 moisture separation was
so bad -- an estimated 35% effectiveness vs.
97.9% design because of mal-distribution --

that localized water carryover seriously
damaged the carbon-steel tubes of  the
reheaters in short order. Extensive
revisions, guided by air model testing,

produced a more uniform distribution of the
water over the entire length of the moisture
separator. These revisions resulted in an
effectiveness approaching the expected 97.9%.
The badly damaged reheaters were replaced in
1980 with a new design incorporating a
multi-pass arrangement and tubes of stainless
steel. Multi-pass design provides for a
continuous flow of excess steam through the
tubes, thus ensuring stable operation without
penalizing performance. In the interim, the

unit operated at 1less than full reheat
temperatures for long periods without
suffering extensive erosion in the l-p
turbines.

31. Unit 1 moisture separator also did not
perform up to expectations; installation of
flow guides improved that situation. Of more
concern, were frequent tube-to-tubesheet weld
cracking and tube bundle and support plate
distortion brought on by thermal stresses
resulting from unsteady plug flow within the
tubes. The installation of orifices at the
inlets of the "U" tubes promoted more uniform
steam flow and thus solved that problem. The
original reheaters of 90/10 Cu/Ni finned
tubes are still in operation after 13 years,
with only 4.1% of the tubes plugged because
of leaks. Typical reheater 1life in the
industry has averaged between 8 and 10 years.
AEP plans to replace Unit 1 reheaters in
1990. The new reheaters will be tubed with
stainless steel because of an increasing
trend in tube leaks over the last few years,
and to eliminate the copper in the cycle.

32. Blades. There have been minimal
problems with the stationary and rotating
blades. Only one major  blade failure

occurred and that was on the governing stage
of Unit 1 in early 1982 after nearly 46,000
hours of operation. Several blades cracked
at the base with cracking attributed to
high-cycle fatigue. Fretting damage was
observed on the root surfaces between
adjacent blades.

33. The immediate corrective action was to
replace the first stage blades with identical
spares and to change to a full arc admission
mode to remove the stimulus from the buckets.
This caused a derating from 1:050-MW to
1030-MW since the turbine was mno longer
operating at a valve point. Long-term
corrective action includes obtaining an
interference fit for the first stdge blades
by wusing liquid N, for assembly, nozzle
set-back of approximately 25 mm to reduce the
stimuli caused by the blade passing between



active and inactive arcs, and a modification
to the radius on the root- hook. These
corrections will allow the turbine to return
to the partial arc mode and recover the
20-MW.

34, Disc Cracking. In 1982, cracks were
found in the keyways of several of the
shrunk-on discs of one Unit 1 1-p rotor.
Reports of similar cracks in many other wet
steam turbines utilizing the shrunk-on disc
design emerged at that time (Ref. 12). These
reports attracted much attention in the
utility industry because of concern for the
risk of a rotor or disc fracture such as
occurred at Ridgeland Unit 4 in Chicago in
1954 and at Hinkley Point "A" No. 5 in
England in 1969.

35. These cracks, it was later determined,
were caused by stress corrosion and the
manufacturer identified the mechanism that
allowed the corrodent to form and
concentrate. Stress analysis and fracture
analysis determined that it was acceptable
and safe to continue in operation, even with
the cracks, provided that the cracks did not
exceed a pre-determined  maximum size
(Ref. 13).

36. Consequently, a program was undertaken
to periodically wultrasonically inspect the
rotors to see if new cracks had developed and
to monitor the propagation of previously
detected cracks. To date, 10 of the 48 discs
have developed cracks. Cracks are confined
to the 4th, 5th, and 6th stages (of the 8
stage 1-p rotor) with a maximum crack depth

of 15 mm,. The manufacturer recommends
re-inspection of these particular rotors at
six-year intervals. This recommendation

considers such parameters as crack size and
growth rate, actual material properties,
wheel operating temperature, and a
probabilistic evaluation of generating an
external missile in the event of a disc
burst. AEP purchased a bladed spare rotor to
minimize outage time 1if a future inspection
reveals that a rotor 1is wunacceptable for
continued operation. This spare is a
monoblock rotor (i.e. single piece forging)
with no shrunk-on discs.

37. The Unit 2 rotors use the standard BBC
welded rotor construction and, therefore, are
not subject to this cracking problem.

CONCLUSION

38. The operating experience of these two
wet steam turbines, with total service
approaching 150,000 hours, has, for the most
part, met AEP’'s expectations. Being early
vintage machines of their size class, they
were not free of problems. None of these
problems have been insurmountable mnor have
they detracted from the good operation and
performance records  established. ~ More
important to the industry, is that their

PAPER 4. PAWLIGER

operating experience provided valuable input
to the design of future wet steam turbines.
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5. Operational experience with 1300 MW wet steam "turbines

Dipl. Ing. J. KEYSSELITZ and Dr Rer. NAT. U. PETER, Rheinisch - Westfalisches Elektrizititswerk, Essen

Following a brief summary of the thermodynamic design,

the authors go into special features of

design an control engineering with particular emphasis on erosion protection and overspeed

behaviour. This is followed by a description

of the operating behaviour. A1l the units are

attested smooth running, also at load changes and part-load operation. The specific heat consump-
tion, determined by acceptance tests, was lower than guaranteed. The intercepting tests also

revealed that in the case of load shedding from rated load to station supply with = 180 min

-1
max

there is a good margin of shutdown safety. This shutdown safety is checked every three to four
years unless such tests are required by network failures. Information is given on initial teething

troubles which could all be remedied.

Practical

test methods are described for detection and

analysis of cracks and rate of crack growth due to stress corrosion of large built-up type rotors,
The favourable operating experience shows that the overall concept is correct in its thermo-
dynamic, structural and control engineering design and permits safe operation.

INTRODUCTION ’

1. Today the 1300 MW turbogenerator set is the
standard rating for operation with nuclear
steam supply in the Federa] Republic of Germany
{see Fig. 1).

2. 0On 24 August 1974 the first 1300 MW wet
steam turbine was synchronised. When, in
February 1975, all idinitial start-up tests
required for a nuclear power station had
finally been carried out, the turbine was put
into continuous operation. A total of fourteen
wet- steam turbines of this design and rating
are currently in service; altogether they have
accumulated nearly 66 years of operation.

DESCRIPTION OF THE 1300 MW WET STEAM TURBINE

3. A brief summary of the thermodynamic design
and the structural as well as control
engineering characteristics of the 1300 MW wet
steam turbine is given to provide a better
unterstanding of the operating experience
described later.

Thermodynamic Design

4. The main steam with a pressure of approx.
70 bar, a temperature of 286 °C and a steam
moisture content of 0.25 % 1is fed to the
double-flow HP cylinder by way of four combined
emergency trip and control
expanded down to the transfer pressure of some
11 bar (see Fig. 2).

5. After being dried and superheated 1in a
combined moisture separator/reheater, where the
heating is by main steam, the steam is admitted
to the double-flow, 8 stage LP cylinders - two
or three in number, depending on the
temperature of the cooling water - at a
pressure of approx. 10.5 bar and a temperature
of 220 °C. In case of river water cooling the

Technology of turbine plant operating with wet steam. BNES, London, 1988.

condenser pressure is about 0.04 - 0.045 bar;
in case of closed-circuit cooling using wet
cooling towers, it is about 0.08 - 0.09 bar.

Structural and Control Eng1neer1ng

Characteristics

valves, and is

6. In the structural and control engineering
areas of the design of wet steam turbines, the
following two points have to be given special
attention

7. - control of erosion and erosion-corrosion

8. - control of overspeed behaviour.

9. Erosion. Erosion is caused by water drops
hitting the blade surface at a high relative
speed near the tip section of the last LP
stages (see Fig. 3). To reduce this attack the
following measures were taken

10. - adequate dimensioning of the axial gap
between fixed and rotating blades, so as to
atomise and accelerate the large water drops.

11. - use of fixed blades with sharp trailing
edges, to avoid formation of large water drops.
12. - hardening of the endangered leading

edges of the rotating blades.

13. Erosion-Corrosion. Erosion-corrosion is a
chemical-mechanical surface degradation. It is
caused by the protective oxide Tlayer, which
forms at the surface of low-alloy steels, being
continuosly worn away by water drops or water
streaks pulled along at high steam velocity and
with high turbulence. The following counter-
measures were taken

14. - chrome steel was used as material for
endangered structural members (e.g. gland seg-
ments, HP inner casings)

15. - surfaces were spray-coated with pro-
tective Tlayers based on chromium and nickel
(e.g. inner surfaces of HP outer casings).
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16. Overspeed Behaviour. A large quantity of
water 1s aiways present inside the HP turbine
cylinder (a water film is present over the
entire steam pressurized surface) and in the
interstage moisture separators. When Tload is
rejected, the drop in pressure results in the
water film flashing to steam, which con-
siderably influences the speed which the
turbine attains. If the load were rejected to
the auxiliary Tload, the transient speed rise
would reach approx. 15 %, if .it were fully
rejected to no-load, it would reach approx. 35
%, greatly exceeding the overspeed trip setting
(see Fig. 4).

17. To keep the speed rise within acceptable
Tlimits (1.5 % below trip speed) after 1load
rejection, some or all of the following
measures are taken

18. - intercepting flap valves in front of the
LP cylinders.

19. - by-pass valves conducting the flashed
steam from the HP cylinder around the LP
cylinders and into the condenser.

20. - overspeed govenor - anticipatory action.
At an overspeed of 6 % it checks .the control
valves for being closed and the wheel chamber
pressure for corresponding to the no-load
running condition, so that in case of failure
the tripping mechanism is released.

21.. These measures are completed by the use of
vacuum breakers {in PWR plants only), by the
use of extraction check valves and valves
isolating the reheater condensate tank and the
water separator collecting tank.

OPERATING BEHAVIOUR :
22. Nevertheless, the 1300 MW wet steam
turbines also had their "teething troubles".
That they were just initial problems has been
proven by the course of events. They were found
with the first turbines to be built, as well as
with  machines which had not yet been
strengthened, but did not occur with machines
where the necessary modifications could be
incorporated during production (see Fig. 5).
23. These weak points, which mainly concerned
the HP blading, seal strips, the pipes in the
HP  turbine section, and  the moisture
separator/reheater, are dealt with 1in more
detail in the following sections.

HP-Fixed Blading

24, The fixed blade failure of unit Biblis A
as a prototype turbine and the same problem in
unit B were reported in 1976.

25. The reason of these failures was a kind of
blade fixing construction (pronged root and
effect of brittling of rivets of the rivetted
shroudings). .

26. This construction was replaced back in
1976 by blading with integrated shrouding, i.e.
blade and cover plate of the blade milled of
one piece, and inverted T-root.

27. The problems have therefore been remedied
since 1976.

HP Rotor Blading

28. We knew that there had been problems with
600 MW reheated steam turbines of the manu-
facturer who also produced the 1300 MW wet
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steam turbines, as to the fixing of the HP
rotor blading. Due to an unfavourable blade
root design and insufficient prestressing upon
installation of the blades, several rotating
blades had loosened. Some had broken shrouding
as a result of reduced damping.

29. During a refuelling outage, the turbine at
Biblis was examined by means of an endoscope
and a blade fracture in the first HP rotating
stage was discovered.

30. During scheduled unit outages this
machine, as well as the others, was modified:
31. - improvement of details in the blade root
within the limits of the shaft geometry, for
example

32. grinding correction of the angles of the
diamond shaped top plate and bottom plate of
each blade 1in order to guarantee a definite
prestressing.

33. reinforcement of the projecting bottom
plate by increase of thickness.

34. - ensuring the correct prestress upon
installation.
35. - checking the blade installation con-

dition by measurement.

36. A1l HP blading has shown perfect perfor-
mance in operation since these modifications,
thus confirming the success of the measures
taken.

LP Rotor Blading :

37. Etarly in 1985 we had a defect in stage 6
of the moving blading at a LP vrotor in
Gundremmingen C after only 1.400 operating
hours. 3 blades of LP2/GE were broken in the
upper blade bottom and 6 other blades had
incipient cracks. This case .concerned the first
row of freestanding blades of the LP rotor, the
length of this blade is 825 mm.

38. Investigation-indicated fatique fractures,
starting at the 1inlet side of the pressure
face. Vibrations of the flutter type were
identified. ,

39. Such flutter vibration may be the result
of enhancement of the actual blade vibration by
additional aerodynamic forces due to varying of
unsteady flow characteristics, so that this is
a stability problem.

40. For improved damping in the failed stage
at Gundremmingen C as well as in unit B and at
Grafenrheinfeld, a 5 mm diameter damping wire
was installed. A1l these units were considered
to be equally threatened, having the same
mass-flow per casing.

41. Investigations meanwhile carried out by
the manufacturer came to the conclusion that
damping by Z-lacing near the blade tip (88 mm)
and a 10 mm diameter Tongitudinal splitted wire
at an intermediate height (312 mm from tip)
would be recommended as the best solution {see
Fig. 6).

42. This double lacing suppresses other forms
of vibrations which is considered to be a great
advantage.

43. For the time being no long term solution
has been found. At the moment several turbines
are being retrofitted with Z-lacing. The more
expensive way would be a stronger disk and a
stronger blade, this solution 1is already
offered by the manufacturer.
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54. If a reference measurement was not per-
formed, it has to be accomplished after a time
of operation of 40.000 to 60.000 hours. In case
of a negative result a further test is
recommended after further operation of 50.000
hours.

55. For the built-up rotors of RWE, all the
checked rotors showed negative results.

56. Above all, suitable chemical control with
constantly high pH-values, high steam purity,
and Tow conductance, are the reasons for the
satisfactory operating behaviour of our units.

PIPES IN THE HP TURBINE SECTION

57. Although, on account of the knowledge
acquired about the potential damage by
erosion-corrosion, endangered parts such as
bends were already protected with spray
coatings, inspections of HP exhaust steam and
extraction pipes made of St 35 or St 37
respectively revealed unacceptable wall
erosion, even on the straight pipe lengths -
mainly in the area of welding joints. With a
design wall thickness of 15 mm for the HP
exhaust steam pipes and approx. 8 - 11 mm for
the extraction pipes, the attack amounted to
about 1 - 2 mm per year over large areas. For
some points, however, values of up to 4 mm were
measured (see Fig. 8). )

58. In order to guarantee long term safe
operation it was advisable to change the pipe
material. Pipes made of 10 CrMo 910 were used,
which had been proven to be resistant to
erosion-corrosion.

PAPER 5. KEYSSELITZ AND PETER

MOISTURE SEPARATOR/REHEATER

59. In the reheat part of a moisture separa-
tor/reheater, damage was found at the spacer
brackets of the tube nest. The mounting
brackets had partly come Toose, had slipped, or
had even partially broken.

60. The result was movement and vibration in
the tube nests concerned, which in turn led to
tube fractures.

61. It was recognized that the damage was
caused by a fault which had occured during the
repair of previous damage.

62. In order to prevent subsequent damage, the
tube nests of both reheaters were withdrawn
since it was impossible to repair the damaged
nests.

63. New nests with stronger mounting brackets
had been installed.

64. Since 1980 a new type of complete moisture
separator/reheater has been applied in all new
power plants. In this case four single nests
were mounted in the reheater.

SUMMARY

65. We draw the following conclusion from what
has been said so far:

66. - After a couple of idnitial start-up
difficulties the 1300 MW wet steam turbines
have stood their test.

67. - An almost undisturbed service record for
the last few years has proved the reliability
of these turbines, so that similiar good
operating experience is also to be expected for
the future.
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6. On the design limits of steam turbine last stages

f

Professor Dr G. GYARMATHY, Swiss Federal Institute of Technology, and Dr W. SCHLACHTER,

ASEA Brown Boveri Ltd, Switzerland '

The economic benefits resulting from an increased exhaust flow annulus area in large steam turbines
have lead the manufacturers to pay attention to the optimization of their last-stage designs.

Interestingly,

all manufacturers have realized blades of closely similar overall geometric pro-

portions. In this paper, the reasons for this uniformity are analysed. By considering design crite-
ria like the stress level in the rotor, the stress level and the vibration frequency of the blades,
the aerodynamic quality of the near-hub and near-tip cascades and the level of erosion danger, it
is shown that the designer has very little freedom to deviate from an optimum tip-to-hub diameter

ratio.
and the materials to be used.
developments.

INTRODUCTION

1. For a number of reasons, the design of
the last LP (low-pressure) turbine stage is one
of the most intriguing problems of steam turbine
technology. To mention a few
- the very large steam volume flow rate calls
for a large flow annulus area, i.e., long,
highly stressed blades rotating with very high
tip speed;

- the steam reaches supersonic speeds in se-
veral regions of the blading

- steam wetness complicates the design problem
and causes damage by erosion;

- blade vibration problems may easily arise.

2. For any given plant and site, the LP exit
volume flow rate Q and the network frequency
are prescribed. The manufacturer has some free-
dom in choosing the shaft speed ®, by providing
a standard 2-pole or a "half-speed" (4-pole)
generator, in determining the number i of pa-
rallel LP flows and in selecting their exit
annulus area S.

3. Since the exit kinetic energy constitutes
a significant loss, the magnitude of which is
proportional to the square of Q/iS, the product
i$ is to be kept high. The increase of i in-
volves design complications and a considerable
increase of overall shaft length with further
conseguences regarding plant and building size.
Cost considerations will therefore urge the de-
signer to try to make S as high as possible
before deciding to make a step increase in the
number of flows.

4. Thus, the achievement of a high LP exit-
annulus surface area S was, and continues to be,
of paramount interest.

5. A straightforward but expensive method
involves the reduction of shaft speed by the use
of a 4-pole generator. While this allows the de-
signer to increase S considerably and keep the
number of LP flows low (say i = 4 instead of
i = 6), the weight of each component becomes
multiplied and the costs increase accordingly.
Thus, a smaller full-speed machine with its
annulus area S pushed to the limits remains an
interesting option even if its number of flows
has to be higher than that of a half speed unit.

The value of this ratio is determined by the annulus area to be achieved,

the shaft speed

The results indicate the possibilities and the promise of further

6. We see that the design of the LP last
stage centers around two questions:

a. By what means can the exit annulus area
of a full-speed LP turbine be pushed to its
utmost limits without sacrifices in reliability
and stage efficency?

b. How should the last stage be designed in
cases where the exit area size needs not to be
at its extremes?

7. The answer to these questions will be
sought by investigating the physical factors
influencing the design of the last stage.

8. If o, is the given nominal angular speed
of rotation and 2ry is the diameter of the
rotor at the exit cross section ("hub"™ dia-
meter), then up = O,ry; is the peripheral
velocity of the rotor. The exit-annulus surface
area is given by

uz

2 H 2

s=nri (€ - 1) = n 2 (x%-1) )

n
where X = r;/ry is the tip-to-hub radius ratio
(or diameter ratio) of the last-stage rotor bla-
ding. It is seen that any given value of § can
be realized with an infinite variety of com-
binations of uy and X. The corresponding pe-

ripheral speed at the tip is

u=or. = uHX (2)

9. In Figure 1 the values of the velocities
up, uy and diameters 2r;, 2ry; are independently
plotted in the X, S plane for the case of 50
Hertz full-speed machines (0, = 314.2 rad/s).
Low X values lead to large rotors with short
blades and high X values to small rotors with

long blades, as illustrated by the sketches
referring to cases A and B.

LIMITING FACTORS IN DESIGN

10. with respect to static mechanical
stresses, the critical problem areas are the
rotor disc, the blade roots and the blades them-
selves. Critical dynamic stresses can arise in
free-standing blades if their fundamental
bending-mode frequency is low. From the aerody-
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namic point of view,
viour,

boundary layer disbeha-
shock losses due to high Mach numbers,

wetness losses and erosion have to be kept in
By variing X at any S,

acceptable bounds. some

20
15
2rr ur
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5-09 800
4-46 700
3-82 600
3.18 500
& 2.55 400
E oL
7]
5 f—
2ry Uy
(m) (m/s)
223 350
1-91 300
1-59 250
1-27 200
0-95 150
0

Fig. 1 Tip and hub diameter and peripheral
velocity in function of the annulus area
S and diameter ratio X, for 50-cycle
full-speed turbines.

of these factors are eased while others are
aggravated, and a compromise has to be sought.

eRotor disc stress
11.From the many existing varieties of steam
turbine rotors we base our analysis on the solid
(non-perforated) disc, Figure 2, as used in
welded multiple-disc rotors, because they are
suitable for a simplified analysis and have
become known as particularly suited for large-
size LP units. We are interested in the
influence of the -design parameters S and X on
the peak stress in the rotor, ogp™?X, at given

shaft speed. The basic equations will be derived
from simple two-dimensional analysis of a single

disc having uniform temperature. The centrifugal

forces caused by the blading will be represented
by a uniform mean radial stress

OrD
acting at the radius rp of the disc / blade-root
transition.

12. According to standard textbooks, 1like
e.g. Traupel’s [1], the radial distribution of
the tangential and radial stress components in a
rotating disc of radius r and density ppis
given by :
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s (n=A(r) -c-er + B(r) poir; (3)
o () =A(r) o + B(r)p, w3 (4)

where the analytical form of the functions A,

A,, B and B, is dependent on the disc thickness
distribution y(r). For a disc of constant
thickness yp
Alr) = A(r) =1
2
B(n = £2(1- L) (5)
r 8 r2
D
2
B(r) = 320 1801
t 8 8 2
D

where U is Poisson's ratio of the disc material.
The maximum stress occurs at the axis and has
the value

- 2
of™ = 0,(0) = 0(0) =5, + 0 a2r] (6)

13. The value of 8,pcan be obtained from the

radial forces arising from the presence of the
blades and of the blade root structure. If
GB(rH) denotes the mean radial stress in each

blade at the hub radius where the blade profiles
have a cross section fy and if the root

structure is composed of roughly equal volumes
of blade and disc material, we have
- =°B(rH) fy L 2etPp

D tDyD 2
where Xp = rp/ry = tp/ty characterizes the ra-
dial extent of the root structure, tp and ty is
the blade pitch at rp and ry, respectively, rg
is the density of the blade material and Yp =
y(rp) is the disc thickness.

Expressing fy as

fpo= o by, : (8)

where the coefficient 0y is a measure for the

(1 -X) o?r (7)

"compactness”™ of the blade cascade at the hub
radius, and inserting (7) into (6) we get
max - (I.HYH pB+pD 2 2
Q'D = OB(”"& {1 'Xd (Dn rH +
XpYp 2
"3+v

22 2
8 pD(DnrHXD (9 )
14, If the permissible stress level op™@* and
the blade radial stress oy are given, the maximum

permissible hub speed, uy™** =@ ry(cy™@¥), can ke

calculated from the geometric shape as

[o 4
og“-ae(rH)x_”’“*
W2 - L e (10)
p pg, 1-
D (1 - )%) +3§°X§'(1’—B') 20
Po

15. Typically, for chromium steel blades and
disc, pp =pp = 7.8 + 103 kg/m3, v= 0.3, gy"eX =
300 - 10° N/m? and Op(ry) = 500 - 106 N/m?. The
root structure may typically have Xp = 0.92 and
Yy = Yp. Reasons discussed further below lead to



highly compact hub cascades, tygically
corresponding to gy = 0.25. These values give

- 6 2
.= 167 100 Nm
rD

and
6
e = 10 - 300 - 1329 = 228m/s (11)
78 10° 0.08+0.3
max = 1,42 m.

giving a rotor diameter of 2ry =

16. If a disc of variable thickness is used,
uy"#* values around 300 m/s or slightly above can
be achieved with the same materials. It appears
from Eg. (10) that the value of uy™* is indepen-
dent of the annulus area S. In the X, § plot,
Fig. 1, any condition uy < uy"®* is seen to set a
lower limit on X at a given S or an upper limit
on S at a given X.

17. By using titanium blades on steel rotors,

pe/Pp = 0.6 is achieved, and uy™@* increases by a
small amount
example} .

(from 223 to 227 m/s in the above

Fig. 2 Disc and blade geometry and stress
distributions.

Rotor blade stress

18. Since the radial stresses caused by the
centrifugal forces are predominant in LP turbine
blading, bending and torsional stresses will be
disregarded. The blade radial stress Op(r) shall
be assumed to be uniform within any cross
section of the blade. The case of free-standing
(unlaced) blades will be considered.

19. For a given hub speed uy and hub mean
stress level Gg(ry), the longest blades (i.e.,
the largest annulus area) are obtained if the
blade is tapered for constant nominal stress
op*.

20.
section f(x)
law [11

This is achieved if the blade cross
decreases with r according to the

(12)

p u, 2
fr) =f, exp[- 22 (- 1)]
20 r
B 'H
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giving a hub-to-tip taper ratio of

2

f P U p_ w?

T B H /2 : B_n
?—=exp[——2—‘—(x-1)]=exp(-2 —S) (13)

c

H B TGy

21. The second equation was obtained by using
Eg. (1). The important conclusion is found that

the taper of constant-stress blades only depends
on the annulus area size but not on X.

22. It can be shown that the blade mean
stress at the hub is related to oOz* by
— * fT
Sylry) = o (1- D) (14)
H
Eg. (13) can now be written as
In(f_/f
/W s (15)
1 -f_/f S*
T H
where
2 S_(r)
S* =_B_.2_H (16)
Py @, N

is a reference area expressing the influence of
blade materials.

23. If Gyz(ry) = 500 - 10% N/m?, py= 7.8 - 103

kg/m® and ©, = 314.2 rad/s, we have S* = 4.05
m2, giving the values shown in Table 1. With
titanium blades (pB = 4.6 103 kxg/m3) we have
S* = 6.9 m?. With tinanium, 6.9/4.05 = 1.7 times
larger areas S can be achieved at any given
taper ratio.
Table 1. Blade taper for constant nominal blade
stress
s(n?) steel 18.84}16.17 [12.77{11.12}10.36 |9.04 |8.15 | 6.97
titanium [32.10]27.55{21.76}18.94017.63 }15.40 [13.89 |11.87
S/% 0.01 | 0.02 §0.05} .08} 0.10{0.15 {0.20 | 0.30

24. Blade taper means that the compactness of
the cascade rapidly diminishes along the span of
the blade. The combination of low f;/fy ratios
with high diameter ratios necessarily leads to
aerodynamic problems which will be treated
further below. By the use of hollow rotor blades
the possibility theoretically exists to de-
couple the mechanical stressing and aerodynamic
contouring problems.

25. Slow-turning, large-diameter, single-ex-
haust, vertical-axis low-pressure turbines, as
envisaged in an old patent by C. Seippel [2],
might alleviate the centrifugal stress problems
if combined with 1light-weight, high-strength
plastic blade materials. Modern composites, like
e.g. Kevlar 49, have Oy/pp ratios of the order of
500 - 103 m?/s?, giving $* = 30 m for full-speed
rotors.

At slower speeds, very high areas would become
feasible without the need of excessive blade
taper.

*Blade root structure

26. In the region between rp and ry the
stresses have a complex pattern both in the
blade root and in the disc rim shown in Eigure
3. The aim of the root design must be,
regardless of the particular geometry used
(grooves, pins, etc.), to keep 6, close to opma¥
without locally exceeding the latter limit.
Local stress concentrations in notches of the
blade root structure put a 1limit on the
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compactness of the hub cascade, 0y, and reguire
careful harmonization of the blade and disc
stress levels. The blade root problem is
accounted for in the present treatment by the
use of realistic (optimized) geometric and
stress data in Eg. (9).

sVibrational Limits
27. It is a classical design rule that the
lowest vibrational frequency of a blade should

exceed the double of the shaft rotation
frequency. The lowest eigenfrequency ®.is that
of the first bending mode. Neglecting the

influence of rotation at first, following
estimate can be made for @, by using the theory
of a slender beam of length L rigidly fixed at
cne end and free at the other [1l].

(17)

Fig. 3 Calculated stress patterns in the blade
root region.

28. Here E is Young’s modulus, Jy is the
smallest moment of inertia of the hub profile
section and X, is a numerical coefficient
resulting from theory. The value of K, depends
on the taper and shape of the beam, K, = 5.0
being a realistic value for strongly tapered
blades and e.g. K, = 3.5 pertaining to pris-
matic beams. The blade length L can be written,
using Eg. (1), as

X- 1 S
L=ro-r, = (X- 1, h;/ﬁ\/—; (18)

Jy/fy is conveniently non-dimensionalized by tHZ

=(27trH/NB)2 where ty is the blade pitch at the
hub and Ng is the number of rotor blades.
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Inserting these into Egq. (17) and eliminating ry
by S with help of Eg. (1), one obtains

® = KB __E__ JH 47[3 ]X+1 t (1 9)
® NB Pa tifH

s x-1)°

29. The above vibration frequency pertains to
the blade at stand-still (W= 0). At the nominal
rotor speed ®,, the stiffening effect of the

centrifugal forces raises W, to the value

2
o = [0l + @——+3HK -cos’B]  (20)
e e0 Nt oo 4’ o
where the numerical coefficent [1l] pertaining to
the first bending mode is Kg= 1.61. The angle B
characterizes the vibrational direction of the
blade’s center of gravity with respect to the
peripheral direction and is of little influence.

Fig. 4 Relative-flow Mach number contours in
typical last-stage hub and tip cascades.

The classical design rule mentioned above
requires the blade to be stiff enough to fulfill
the condition

o > 20 (21)
e n
30. Since 0., and W, decrease with increasing
blade length, this vibration frequency condition
puts an upper limit on the annulus area. Setting

e.g. W, = 2.2, and expressing S from Egs. (19)
and (20), one gets
S = (&2v(x 22
= N, (22)
where
E® Jn
G = Ki——-—z——- (23)
% aﬁ by
and
3
22 -{(——+>=) K +cos B
X-1 4 ©



31. This vibration limit depends strongly on
the tip-to-hub ratio X and on the blade number
Np. Since steel and titanium have very similar
E/rp values, the materials choice has little
effect on S, ...

32. The blade shape influence,
(JH/tH2fH), Ke, Kw and B, is of moderate
importance. Aerodynamic considerations will
anyway prevent the effective use of blade shape
as an instrument to achieve stiffer blades.

33. Typical data like E/pg = 2.5 - 107 m?/s2,
w, = 314.2 rad/s, Jy/ty%fy = 0.11, K, = 5, K, =
1.61 and B= 40° yield G = 150 m and values of
V(X) as listed below.

represented by

Table 2. Vibration fregquency limit function

X 1.0 | 2.0]2.2}2.5}2.8 3.0
v (X) o [4.59{2.57]1.31]0.78]0.58

34. Composite plastics would allow to build
slightly stiffer blades. Typically, they have
Elp2 4 - 107 m?/s?, giving G = 180 m. This means
an increase of §,,, by about 50 percent at con-
stant X and Ng.

35. Another vibrational 1limit, due to the
occurrence of aeroelastically induced blade
flutter in certain operating points, may be of
significance for certain designs and can be eli-
minated by using part-span shrouds. No general
quantification of this 1limit appears to be
feasible on the basis of our present knowledge.

sCascade Geometry

36. In blades designed for constant radial
stress the blade profile cross section £(r)
decreases exponentially with radius, as
discussed in Sect. 3.1.2. The taper ratio f./fy
appeared to be a function of the exit annulus
area S only, and not of the tip-to-hub ratio X,
cf. Eqg. (13).

37. Along the blade, concurrently with the
decrease of f(r), the cascade pitch t = 2% x:/NB
increases. The aerodynamicist is confronted at
the hub with the task of accommodating closely
spaced bulky profiles without obstructing the
flow and causing high losses. At the tip the
blades have to be thin, still the cascade ought
to give sufficient guidance to the flow. Typical
designs for the hub and tip cascades are shown
in Figure 4. The Mach number level in both cas-
cades is high. Supersonic values occur at the
nozzle outlet near the hub and at the rotor
outlet near the tip, see also Wallon [3].

38. The hub profile cross sectional area f is

expressed by Eq. (8) as

Yy .2

= = o B 25

= o Yyly aHt ' (25)
H

where ay characterizes the compactness of the hub

cascade. Aerodynamically feasible maximum values
of oy seem to lie about 0.25 to 0.30, and those

of yy/ty about 4 to 5.

39. At the tip, a well-guided acceleration of
the flow to supersonic speeds relative to the
blade requires the blade <chord c¢p to be

comparable to or larger than the blade pitch t,
giving (cgp/tg)min = 1. For a prescribed small
area fy, the mean blade thickness ST = fp/cp will

therefore have to be small.
40. On the other hand,the necessity to avoid
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plate-type vibration of the blade extremity and
manufacturing considerations reqguire
sufficiently thick tip profiles. A practical

rule of thumb is expressed as (§;/cqp)pi, = 0.025.

41. The blade cross sectional area at the tip
can also be written as

8 c
_ _ T 1,2 ,2
to=8c = (;) (:) £ X (26)
Combining Egs. (25) and (26)

have

and expressing X we

-

X = c I

= (27)
fH

where

) @

E/ep) et)"

42. For the maximum acceptable value of C we

(28)

obtain, using the above criteria,
c - 5 o.os2 - 60
0025 1

43. With this value for C, Eg. (27) assigns
to each value of f,/f; a maximum aerodynamically
feasible radius ratio X. Since f;/fy is directly
coupled to the annulus area S by Eq. (15), Egq.
(27) results in a single limit curve in the X, S
plane. This 1limit will depend on the value
assumed for C and on the blade material used,
because this has a great effect on the f;/fg vs.
S relationship.

Reaction grade distribution

44. In order to keep flow losses within

acceptable limits, the reaction grade of the

stage, R, has to fulfill the condition
R~ <R<R (29)
min max
along the whole blade span. Typical limiting
values are Rp;, = 0.05...0.10 and R, ,, =

0.70...0.90. The reaction grade is defined as

Ah
R = rotor (30)
Ah
where Ah = Ahgi,ror *+ Ah, ooy is the stage

enthalpy drop. The variation of R (from a low

value at the hub to a high value at the tip) is

mainly due to the variation of the peripheral

velocity along the blade span. This influence

can be quantified in a rough way by a simple

analysis based on following approximations:

- Ah is constant from hub to tip

~ the flow has no swirl ahead of and behind the
stage

- the meridional through flow velocity at any
stream surface stays constant.

45. These approximations result in a
straightforward relationship between R and the
rotor-inlet peripheral velocity uj at the stream
surface in question:

1-R = -4h

2
2u
1

(31)

46. If the conicity of the inner and outer
duct walls in the rotor cascade domain 1is
expressed by the radius ratios (r;/r,)y and
(ry/ry;)gy, we can set uyy = (ry/r,y) guy, upp =
(ry/r,) ¢Xuy and obtain
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2
- 2
1 RT _ B (r1/r2)H (32)
i- 2 2
I:‘H u1T (r1/ r2)T)(g
47. By setting Ry = Rpinr Rp = Rp,,, wWe may

calculate an estimate for the highest diameter
ratio compatible with these reaction grade 1li-
mits:

- (ry /1)y T -Ron (33)
max (r1/r2)T 1 -Rmax
48. The numerical values for typical current
design practice are Ry;, = 0.1, Ry, = 0.8,
(ri/x5)y = 1, (r{/xry)p = 0.9, yielding X ,x =
2.36. :
49, It is seen that the clue to making X .,

large is a high reaction at the tip (say, Ry.y >
0.9), while Ry;, may stay as high as 0.2...0.3
without affecting X,,, tco much. Therefore the
root reaction need not be made too low. An in-
ward conicity of the rotor, (r;/r,)y > 1, helps
to increase Xp.x-

50. A more comprehensive treatment of the
hub-to-tip reaction distribution based on radial
equilibrium of flow and including swirl and me-
ridional acceleration and variation of Ah shows
that higher X ,, limits can be attained for gi-
ven R.;, and Ry,,. However, the limit stays in-
dependent of area S. For Ry,, = 0.8 it is reali-
stic to set

X = 2.6t028 (34)
max
and X 2 3.0 if tip reaction is made to

max
approach or exceed 0.9.

*Mach number problems

51. In order to avoid high losses, the ae-
rodynamic design has to ensure that the hub-
inlet relative Mach number to the rotor blade
row, M,y stays clearly subsonic (especially if
the hub cascade is highly compact), and that the
rotor-exit relative Mach number at the tip,
M,,rs ©obtains the high wvalue needed for
providing swirl-free outflow toward the diffu-
sor. By considering actual designs, like the one
illustrated in Figure 4, it appears that the
limits imposed on uy and up by mechanical
reasons are such that the Mach number levels in
steam flow can be handled with acceptable
losses.

¢Blade Erosion

52. Beside fluid dynamic and metallurgical
factors not directly influenced by the exit
annulus geometry, the main parameter affecting
the blade erosion rate is the tip speed u; of
the rotor blades. Experience has shown that tip
speeds well beyond ug =
LP turbines. A tentative limit due to blade ero-
sion of appropriately protected blades shall be
represented by the condition

u, =constant = 700..750 m/s (35)

53. More refined limiting conditions could be
obtained for particular cases if the amount of
wetness and its impact on the blades were consi-
dered in detail, as e.g. demonstrated by
Krzyzanowski and co-workers [4].

60
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54. Each limit condition discussed above can
be represented by a curve in the X,S plane.
These limits have been calculated for w, = 314.2
rad/s (i.e., for full-speed turbines in 50 cy-
cles networks). The results are plotted in
Eigure 5.

55. Following critical values, as repre-
sentative of current technology, have been used

a) Rotor stress limit, Eqg. (10):
ug™@* = 250; 300; 320 m/s
b) Blade stress limit, Eg. (15):

S* = 4.05 m? (steel blades stressed 500
N/mm?)
S* = 6.90 m? (titanium blades stressed
500 N/mm?)

c) Blade frequency limit, Egs. (22) and (24)
for metals (steel, titanium):
G =150 m, Kgz = 1,61, B= 40°
Ng= 50; 60; 75 blades

d) Cascade geometry limit, Eg. (27):
C = 60

e) Reaction distribution limit, Eg. (34):

Xpax = 2.67 2.8
f) Blade erosion limit,
ur = 700; 750 m/s

56. For composite plastics (S* = 30 m?), limit
b lies far outside the field shown in the
figure, and limit ¢ is raised by a factor 1.35.

57. The domain in which feasible designs can
be made is seen to be a wedge-shaped area
positioned in the neighbourhood of X = 2.

58. It should be noted that all boundaries
obtained are rigourously valid for machines
running at any other nominal shaft speed m*nz'
if the S values are corrected according to

s - (314 r.ad/s)z s
cort

(o)
n

59. This 1is evident from the fact that, in
all equations, $ and ®, only and exclusively

occur in the combination wnZS, i.e., limits are
set for the value of "the producta%zs only,
rather than for S alone.

Eg. (35):

(36)

eDesign for maximum exit annulus area

60. It appears from Figure 5 that large
annuli can only be achieved in a narrow range of
tip-to-hub diameter ratio values around X = 2.2.

61. With steel blades the maximum achievable
annulus area on full-speed rotors is about § =
11 m? for S50-cycle networks and Sgy = (50/60)2
11 = 7.6 m? for 60 cycles.

61. This limit size of about § = 10...12 m?
is seen to be imposed by several physically in-
dependent factors. Therefore an increase in area
cannot be achieved by relaxing one of the
constraints only. . . o

63. By use of titanium blades instead of
steel, the cascade geometry limit is seen to be
very efficiently relaxed. This change leaves the
rotor stress and blade fregquency limits
unaffected, however, preventing any significant
increase in area. If the blade freguency is
simultaneously raised (e.g. by reducing the
number of blades and increasing the profile di-

accordingly), S can be  further in-
creased up to-the erosion limit which then is
likely to become the next problem. If the high
limits offered by titanium cannot be fully
utilized, the titanium blades may be designed
for a lower stress level, bringing some benefits



in terms of rotor stresses and of aerodynamic
quality (hub and/or tip cascade geometry).
64. Full profit from titanium blades,
mitting an area of about
S = 16 m® (or S¢q = 11 m?) to be realized, can
only be obtained if tip speeds above 750 m/s can
be accepted with regard to erosion and transonic
flow and, simultaneously, the vibrational con-
straints are markedly relaxed. Low blade numbers
(around or below Np = 40) or the transition from
"stiff" (0, > 20, ) to "flexible" (0®, < 20,)
blades may be two alternative answers.
Stiffening by part-span obstructions has dis-
advantages due to increased losses but may be
imperative by vibrational reasons. The
remarkable Alsthom design now being tested [3]
for 3000 rpm (with S = 14.6 m?, L = 1360 mm, X =
2.32, tip speed 750 m/s, titanium blades) has
two stiffening shrouds, one at the tip and one
at 70 % span.

per-

20 ' % /%,
T Blade taper, %, (titanium)
Eg. (15) 2
s (m?) f'{fH(steel) -—-lv 0.10
4 5
0.02- - ,750‘“’ 0,15
Ut S
13  Combined blade-stress
and cascade-geometry 0.20
limits, Egs. (15), (27) A
0.05
Erosion
’ y}" limits,
’ Eg. (29)
0.10] ' i
10 -3 fee/—'
QE?/L—- -& e
: 0.20/1— - -
Z |l
u, =320 m/sj BRZN
300 o X
5 = 250 é
Rotor stress Blade PR
limits, Egq. (10) frequency -\
limits, N
Eg. (22)/7 N
. ™~
Reaction| |~
grade ’//f
limits | R
~ ’ 2527 2.9
0 1
X=fT/fH

Fig. 5 Calculated design limits in the X, S
plane (parameter values as given in
text) with representative design limits

65. Composite plastic blades offer very large
S values but have to be protected against ero-
sion which is likely to be the limiting factor
in this case.

eOptimization within the conservative range
66. If the largest possible area per LP flow
is not imperatively needed, more conservative
designs with lower S values can be adopted. At
low S values, X can be selected in a wide range
between the limits imposed by rotor stresses and
vibration frequencies. The selection of the
proper X is a matter of design optimization. The
criteria affecting it will be discussed below.
67. By choosing a low X (say X < 2) for a gi-
ven area:
- the rotor diameter and the rotor stresses are
relatively high,
- the blade frequencies are high,
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-~ the blade stresses may be relieved without
causing aerodynamic problems, and

- the tip speed and tip diameter will tend to
be high, resulting in a larger overall dia-
meter and higher materials costs than in case
of high X.
68. By choosing a high X

given area: )

~ the rotor becomes less loaded (as beneficial
especially for shrunk-on rotor designs),

- slightly smaller overall diameters are ob-
tained, but

- the aerodynamic design problems associated
with high tip-to-hub ratios tend to remain
important, and

- the rotor diameter is reduced, making rotor
dynamics problems more acute.
69. It appears that the choice of X values on

the low side will be the better compromise in

most cases, especially if solid-disc rotors are

(say X > 2.2) for a

used.
20 Legené: l
o w,= 314.2 rad/s (3000 rpm)
., 8 377.0 " (3600 ")
S(m?) o 157.1 " (1500 " ) bg
O 188.5 " (1800 ™) corr
15
Cascade geometry limit
(steel blades)
10 é;
5
Rotor stress
limit
frequency
limit
Reaction grade J
] limit | ‘/ﬁ |
0 1 2 3

X=fT/fH

Fig. 6 Compilation of actual last-stage
parameters of various manufacturers

sComparison with existing stage designs

) 70. It is interesting to confront the bounda-
ries shown in Figure 5 with existing LP last-
stage designs. For this purpose, the S, X data
of all LP stages of known manufacturers have
been compiled in Figure 6. aAn early compilation
of this type was published in [5]. The small
circles refer to 50-cycle, full-speed machines.
For other types, the corrected area Scorr has
been plotted. Open circles indicate 50-cycle

half-speed machines. Square symbols pertain to
60-cycle full~-speed or half-speed units.

71. It is seen that all stages fall into the
narrow domain left free by the various limits.
Several 50-cycles designs feature area values
above 10 m? with the above-mentioned Alsthom 7
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titanium design of 14.6 m?2 at the top. Most
half-speed LP turbines are of conservative de-
sign "(Scorr < 6 m?). The tendency is clearly
seen 'to reduce the diameter ratio X when S is
moderate.

FLEXIBLE BLADES

72. In the attainment of large annulus areas,
as offered by titanium blades, the first-mode
blade-vibration frequency was shown to be a se-
vere limit. This raises the question whether the
requirement of "stiff" blades can be abandoned,
and the eigenfrequency ®, can be allowed to lie

below the second speed harmonic, 2.

73. Such m"flexible"™ blades inherently display
a strong resonance during start-up and run-out
when the momentary shaft speed w becomes equal
to ©./2. The excitation is due, as pointed out
by Kellenberger [6], to the combined effect of
the shaft unbalance and the anisotropy of the
bearings, causing the blade roots to move along
elliptic paths rather than pure circles around
the axis.

74. For the analysis it suffices to consider
the first bending mode and to model the blade by
a single-mass oscillator as shown in Eigure 7.
The mass m is positioned at the extremity of a
flexible beam of length 1 and shall have, at
rotor speed ®, the eigenfrequency ®,. The blade
damping shall be proportional to deflection
velocity and characterized by the logarithmic
decrement D.

75. During each revolution, the rotor center
completes an ellipse characterized by two half-
axis a and b (where a > b), wusually moving in
the same sense as the rotation.

76. If the blade deflections are small and

the angle @ is used to describe the motion of
the blade, cf. Figure 7, the vibration was shown

to obey an inhomogeneous differential equation
.of the Mathieu type

. . 2 2ab . =
¢+ 20 Dp + [0 + o o0 cos (20 t+v -9,)] ¢ =

- 2 1a+bh o . _a-b.: . :
= 0 [—ET-sm((p1 y) o0 sm(2wnt+\y (pz)] (37)

with Wy defining the position of the blade with
respect to a reference point on the rotor pe-

riphery. ¢; and @y are constants related to the
inclination of the ellipse.

4 ——-m Blade
@UL\Q N
L N\

\

7 \
) \

rH \Y - -
,,,,, Rotor
A Y /'

0 ,”a} >

Fig. 7 Blade root excitation by elliptic
vibration of rotor center.
Stability plot [61 of Eg. (37).
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Fig. 8 Stability plot [6] of Equation (37)

77. The stability of the system depends on
the combined effect of root excitation and blade
damping. Solution of Eg. (37) leads to the
stability chart given in EFigure 8 [6] where the
abscissa is proportional to rotor speed and the
ordinate to the excitation amplitude.

78. It is seen that the most dangerous insta-
bility occurs around © =0, and therefore lies
outside the range of operation (0<w< 1.150.).
Further instabilities occur at® = ©./2 and ® =
®0./3, provided the damping is sufficiently
small. The critical damping at ® =0©./2 is given
by

-b.2
D = - (&b (38)
2 8l

vielding Dgpiy = 2 1072 for pessimistic values
like a = b = 0.2 mm and 1 = 400 mm. The actual
damping of free-standing blades is of the order
of D = 0.001 to 0.010. Therefore instabilities
within the range of operation can be clearly
outruled.

79. There remains to be considered the
amplitude of quasi~steady resonance vibration
during start-up and run-out when ©, =0.,/2 is
crossed. The center-of-gravity linear vibration
amplitude 1@, is found to be

lo = &8 3

% = 16D 39)

80. It appears that in case of low damping
and large unbalance significant amplitudes can
arise while the rotor is accelerated through the
neighbourhood of the resonance speed. With D =
0.005 and a - b = 0.1 mm, which are realistic
values, the amplitudes are of the oxrdexr of 1.2
mm, by no ways negligible. A minimum safety
requirement would be a rapid crossing of the
resonance range in order to avoid damage by
blade fatigue.

81. One can conclude that "flexible" free-
standing blades of first bending frequencies
(0./27) below the two-fold rotation frequency
2(w,/2x), if combined with sufficient damping,
are a promising option in extending the flow
capacity of LP last stages.

82. In the X vs S diagram, Fjigure 5, this has
the effect of moving the blade frequency limit
to higher X values. The limit line for steel or
titanium has been calculated by lowering the
minimum permissible eigenfrequency ®, from 2.2
W, to 1.4 ©,. Even for the highest blade number
considered, Ny = 75 t, the limit is found to be



virtually removed from the field shown in Figure
5. (At X = 2.9 the limit is S = 18.5 m? and at X
= 3.0 it is S = 15.0 m?.)

CONCLUSIONS

83. The maximum last-stage surface area
compatible with any given nominal shaft speed
has been shown to be limited by a number of me-
chanical and aerodynamic considerations. For
full-speed 50-cycle turbines about S = 11 m? can
be achieved with steel rotor blades and about 12
to 16 m? with titanium blades. In the steel
case, the most severe limit is an aerodynamic
one. In the titanium case blade frequency and
erosion are the main restrictions.

84. At current technology, the maximum area
can be achieved with tip-to-hub diameter ratios
about 2.1 to 2.3.

85. In order to increase the area limit fur-
ther, several constraints have to be eased
simultaneously. In order to fully benefit from
the aerodynamic improvements offered by titanium
or plastic composites, the erosion and blade-
vibration problems require severe attention.

86. The vibration limits can be eased by
decreasing the number of rotor blades (and
increasing their profile chord accordingly) or
by admitting "flexible™ blades which have a
first bending-mode frequency below twice the
running speed, or by using part-span shrouds.

87. Sandwich-type fabricated hollow steel
blades could bring about the same effect as
solid titanium blades. In case of titanium, the
higher stiffness of hollow blades brings no fur-
ther advantages.

87. In view of the other 1limitations, a
further increase of rotor disc stress levels has
comparatively 1little effect on the achievable
maximum area.

88. With titanium blades and greatly eased
vibrational and erosional restrictions the
optimum tip-to-hub diameter ratio would slightly
increase (to about 2.3 to 2.5 for an area in the
range of 14 to 16 m?). Simultaneously,
alternative designs of large diameter ratios (of
about 3) would become mechanically feasible.

89. Composite plastic blades, if not erosion
resistant, are not attractive for full-speed
machines. On very slow shafts (1/3 or 1/4 speed)
they offer the chance of very large areas in a
single exhaust. Such high-X designs would
require an important aerodynamic development
aimed at high reaction in the tip cascade and a
generally high Mach number level.

90. All limit conditions define the area S in
terms of the product w?S. Therefore the conclu-
sions can be fully transferred from 50-cycle to
60-cycle machines or to units running at half
speed or less, by scaling all linear dimensions
inversely to shaft speed.
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NOTATION

a major half axis of rotor-path ellipse

A disc shape influence function

b minor half axis of rotor-path ellipse

B disc shape influence function

c blade chord

o constant of the cascade geometry criterion
Eq. (25)

D damping decrement

E Youngs ‘s modulus of elasticity

£ cross sectional area of blade profile or

shaft

G constant of the blade vibration c¢riterion,
Eq. (23)

Ah static enthalpy drop (no index: of entire
stage)

i number of parallel LP flows

J section moment of inertia

KosKp numerical constants of the beam

eigenfrequency equation

equivalent beam length of single-mass
system

blade length (span)

equivalent blade mass

Mach number

number of rotor blades per row

exit volume flow rate

radius

reaction grade

annular exit-surface area

blade pitch

peripheral speed

function of the blade vibration criterion
hub-to-tip radius (and diameter) ratio
disc thickness

cascade compactness ratio, Eg. (8)
angle of blade vibration direction with
respect to rotor periphery

blade profile thickness

elastic contraction coefficient
density

tensile stress

deflection angle of vibrating mass
rotor angular speed (arbitrary and
nominal) )

circular eigenfrequency of blade
vibration (with and without rotor
rotation)

[

w

€
=

e

meo

B blade material

corrected to®, = 314.2 rad/s

disc material or disc periphery

H hub (rotor periphery)

r radial component

t tangential component

T blade tip

- mean value

0 planes upstream, between and downstream
of stator and rotor blade row
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7. Advanced nudear turbines for large output

T. HIRABAYASHI, BSc(Eng), A. OHJI, BSc(Eng), A. SUZUKI, MSc(Eng) and S. NAGAO, BSc(Eng),

Toshiba Corporation, Japan B

An advanced large nuclear turbine suitable for 1,300-1,500 MW has been successfully

developed for use in the 1990's and beyond.
efficient transonic profiles.

The last stage blade is 52-inch long, with
Monobloc low-pressure rotors will bring higher reliability and
maintainability compared with conventional shrunk-on rotors.

Various countermeasures against

water droplet attack are also applied to the new turbine for reduction of blade erosion and

improvement in reliability.

INTRODUCTION

Since the introduction of light-water
reactors, remarkable progress has been achieved
with nuclear power generation systems,
realizing high levels both of security and
availahility. Based on the accumulation of
technological experience, the next steps of
development have been started, not only for
reactors but also for turbine plant, aiming at
further improvements in efficiency, reliability,
operational flexibility and maintainability. To
meet the above requirements, Toshiba has
recently developed a large-capacity nuclear
turbine with a power output of 1,300-1,500MW,
incorporating various advanced technologies.
Fig.1 shows a cross-section of the new turbine,
which consists of a double-flow HP cylinder and
3 double-flow LP cylinders arranged in tandem.

The last stage blade (LSB) is one of the
key-parts of a steam turbine from the viewpoint
of both unit capacity and thermal efficiency.

A newly developed 52-inch LSB is one of the
longest in the world, and has efficient
transonic blade profiles, bringing an
improvement in unit thermal performance.
Aerodynamic and mechanical characteristics have
been fully checked, using‘a model turbine and a
full-scale rotating test wheel.

,The low-pressure rotor of the new turbine
weighs about 280 tons. By using monobloc rotors
instead of those using shrunk-on discs,

significant improvements in reliability and
maintainability can be obtained, because the
stress levels in the rotor are decreased,
stress corrosion cracking at the key way,
sometimes found with shrunk-on discs, are
eliminated, and the rotor vibration level is
considerably reduced.

Various countermeasures against droplet
erosion of the LSBs are incorporated in the new
turbine. Elaborate experiments have been made
in the model turbine both to investigate the wet
steam flows in a nuclear turbine and to verify
several protection systems such as drain
extractions. The application of a reheat
cycle, with moisture separator reheaters
installed upstream of the LP cylinders also
contributes to the reduction of droplet
erosion.

This paper gives details of the development
of-the above techniques, applied to the new
turbine.

52-INCH LAST STAGE BLADE

(a) Principal features of the 52-inch blade

The last stage of a nuclear turbine
contributes more than 10 percent of the overall
turbine output, and the exhaust annulus area of
a LSB determines the maximum steam flow rate.
The exhaust area also controls the magnitude of
the exhaust losses, which have a considerable

Fig.1

Cross Section of 1300-1500MW Nuclear Turbine

Technology of turbine plant operating with wet steam. BNES, London, 1988. 65


















8. Steam tubines for nuclear power stations in Czechoslovakia and

their use for district heating

J. DRAHY, ME, CSc, SKODA-Works, Plzer, Czechoslovakia

The first generation of nuclear power stations is equipped with 440 MW, pressurized water reac=-
tors. Each reactor supplies two 220 MW, 3000 rpm condensing type turbosets operating with
saturated steam,., After the completion of heating water piping systems, all of the 24 units of -

220 MW in Czechoslovak nuclear power stations will be operated as double-purpose units,

delivering both electricity and heat,

At present time, second-generation nuclear power stations, with 1000 MWy PWR s, are being
built. Each such plant is equipped with one 1000 MW full-speed saturated steam turbine. The
turbine is so designed at to persuit the extraction of steam corresponding to the following quanti=-
ties of heat: - 893 M]/s with three -stage water heating (150/60° C)

- 570 MJ/s with two -stage water heating (120/60°C),
the steam being taken from uncontrolled steam extraction points.

INTRODUCTION

1. The construction of power stations with con-
densing turbines in Czechoslovakia after World
War Il was characterized by two typical featu-
res, Firstly, the utilization of the rich resour=
ces of low=grade brown coal, and secondly the
use of standardized unit ratings, To cater for
the over=-increasing total output required,
fossil=fuelled power stations have been built
with the following unit ratings:

- 6x 55 MW, non-reheat

- 6x 110 MW and 4x 200 MW with reheat,

using sub-critical initial steam conditions,

2. The development of thermal power enginee-
ring culminated (and was simultansously termi-
nated, toward the and of the seventies), in the
entry into operation of a 500 MW power unit
with steam conditions of 162 bar and
535/535° C, operating with sliding pressure,
Since that time no fossil-fuelled power sta-
tions have been built in Czechoslovakia.

3. In the early eighties, in consequence of
some new requirements (enhanced utilization
of primary fuel, and due account of ecological
factors), interest in extending centralized long-
distance delivery of heating water for the pur-
poses of district heating was markedly
inerecased, ]

4. White some 55 MW condensing units were
decommisioned, the majority of them were
reconstructed to serve as dual-purpose units,
delivering both electricity and heat in confor-
mity with local requirements. The modifica-
tions necessary were carried out after
reaching the lifespan of the principal turbine
components, that is after an average of 180000
working hours.

5. Presently undergoing reconstruction are
110 MW steam turbines,which have reached
the expiration of their operational lifespan,

All of the turbines are being renovated, and
are modified to provide better thermodynamic

efficiency and to allow of extracting heat for
centralized district heating up to an output of

162 MJ/s with tree-stage heating to 150° C
of the district heating water.

6. The urgent need large amounts o heat in
some locations also recessitated reconstruc-
tion of the 200 MW turbines,which have not
exhausted their design life, in order to allow
of their use for combined production of elec-
tricity and heat, The first of such recon-
structions, expected to supply heat extracti-
ons up to 260 MJ /s with three-stage heating
of the district heating water, are to be in
service in the early nineties.

7. The construction of further power stations
in Czechoslovakia is based on the use of
nuclear fuel. The first generation of nuclear
power stations is equipped with 440 MW
pressurised water reactors produced in©
Skoda Concern Enterprise in conformity with
Soviet designs. Eight such reactors are in
operation and another four are under
construction, Each reactor supplies two 220
MW, 3 000 rpm condensing-type turbosets
operating with saturated steam. Since 1981
there have been brought into operation
successively sixteen 220 MW units in two
power stations; the last of the 220 MW series
of turbines will be delivered for the third
power station in 1991, Extraction of heat for
district heating has been stipulated as an
additional requirement.

8. At present time, second-generation
nuclear power stations, with 1000 MW_ PWRs,
are being built. Each such plant is eqtelipped
with one 1000 MW full-speed saturated steam
turbine. Again, one of the important require-
ments imposed is four the maximum possible
heat extraction for district heating purposes,
‘The locations for these nuclear power stati-
ons are chosen with due account of the

" possibility of utilizing the extracted heat,

Technology of turbine plant operating with wet steam. BNES, London, 1988. . 71
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Table 1

Turbine :

Power output at generator terminals (MWD ’ 220
Admission steam pressure (bar abs.) 43,2
Temperature of saturated admission steam ) 256
Steam mass flow into HP cylinder ( t/hr) 1 356.
Reheat temperature into LP cylinders ( C) 216
Inlet pressure to the LP cylinders (bar abs.) 4,6
LP cylinders exhaust pressure at a cooling water

temperature of 20 °C (mbar abs.) 53,5/68,4
Number of cylinders (1 HP + 2 LP) 3
Last stage blade length (mm) 840
Final feedwater temperature ( ‘C) 222
Rotational speed (rpm) 3000
Feedheating plant

Number of L P heating stages 6
Number of HP heating stages 2

The delivery of the 1000 MW steam turbine for

Temelin nuclear power station in Southern
Bohemia will be completed in 1990, Subsequent
installation of 12 steam turbines of this rating
for Czechoslovak power station is programmed
to proceed until 2010, the time intervals
between individual turbines ranging from 18to
24 months.

9, Greater details concerning both types of
saturated-steam 3000 rpm turbines are given
in the following sections.

220 MW saturated= Steam turbine

10, The principal parameters of this turbine
are shown in table 1, together with leading
particulars of the thermal layout (1),

11. The three-cylinder turbine consists of
one double-~flow HP cylinder and two double-
flow LP cylinders. Setional view of the turbine
is shown in fig. 1. Inlet steam control is
achieved by two assemblies of valves, arran-
ged symmetrically one on each side of the HP
cylinder, each assembly consisting of one quick
-closing stop valve and two governing valves,

12, The double=-flow HP cylinder contains six
impulse~type stages in each flow and, compared
with the alternative single-flow arrangement,
its design is more advantageous from the view-
point of symmetrical steam ocutlet into the
moisture separators: At outlet from the HP
cylinder the steam pressure is 4,9 bar and the
wetness is 12 %. The moisture separator re-
heaters reduce the steam wetness to O,5 %.
Followed by reheating of the steam in two
stages, first by steam tapped from extraction
point VII and secondary from extraction point
VIII (see fig. 3) to temperature of 216 C,

13. In order guard against adverse effects

of the wet steam af relatively high pressure,
the following measures have been adopted in
the HP cylinder:

- welding of stainless-steel sealing strips
at the horizontal points of both halves of
the cylinder and of the diaphragms '

- bolting together of both halves of the
diaphragms to increase the contact pres-
sure at the horizontal joint

- bolting of the diaphragms together in paires,
increase the contact pressure on the face
sealing surface
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Fig. 1. 220 MW saturated steam turbine
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a) steam velocity in the extraction piping

b) loading of the liaphragm ani of the moving
blades in the vinicity of the steam extrac-
tion point

¢) volumetric rate of flow through the last LP

stage considered from a viewpoint of
preventing windage ani back-flow,

20. In power stations denoted by 1 and I in
table 2, an adlitionel requirement for heat
extraction has been consilered that is without
any changes being maile to the turbine,

21, The heating water piping from power stati-
on I to the town of Trnava situated 18 km away,
is completed.

21. Power station Il will deliver heat to the
town of Brno (45 km away); the design of the
district heating water system 1s in progress.

22, The ratio of the extracted heat to the lost
electricity ranges between 5,88 and 7,14,
depending on the extraction points and the uni-
formity of the water temperature rises in the
individual heating stages.

23, After the completion of the heating water
piping systems all of the 24 units of 220 MW in
Czechoslovak nuclear power stations will be
operated as double - purpose units, delivering
both electricity and heat.

1000 MW saturated - steam turbine

24, The following table 3. presents the princi-
pal technical parameters of the 1000 MW full-
speed saturatel - steam turbine anl its thermal
cycle. (2)

Table 3.

Turbine

Nominal power output at generator terminals (MW) 1000
Almission steam pressure (bar abs) 56
Temperature of saturatel almission steam (O 273, 3
Almission steam wetness %) 0,5
Steam mass flow from steam generaters (t/hr) 6060
Steam mass flow into HP cylinler (t/hr) 5495
Reheat temperature into HP cylinder O 251
Reheater outlet pressure (bar abs.) 7,9
LP cylinder exhaust pressure at a cooling

water temperature of 21°C (mbar abs.) 71
Number of cylinlers (LHP + 3LP) 4
Last stage blale length (mm) 1085
Tinal feedwater temperature e 221
Rotational speel (rpm) 3000
Feedheating plant

Number of LP heating stages 4
Number of HP heating stages 1
Number of parallel LP regenerating lines 3
Number of parallel HP regenerating lines 2
Condensing plant

Number of conlensers 3
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D

Fig. 4. 1000 MW, 3000 rpm saturatel steam turbine
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25, Fig. 4 shows a longitudinal sectional view
of the steam turbine, consisting of one double-
flow HP cylinder and three double-flow LP cy-
linders. The turbine is throttle~-controlled,
Each of the four valve assemblies, situated
symmetricaly two on either side of the HP
cylinder, consists of one quick-closing stop
valve and one governing valve. The electro-
hydraulic control system uses mineral oil at
a pressure of 48 bar, but the design allows a
changeover to a fire ~ resistant fluid.
26. Each flows in the HP cylinder consists -
of 5 stages, using the same blade profile,
Diaphragms, and the outer and inner cylinder
castings, are made of 13 %¥-Cr
The moving blades of all HP stages are derived
from a reference blade,i.e. from the last HP
stage having a lenth of 330 mm, which is for
earlier stages successively shortened down
to a length of 120 mm for the first HP stage.
Each row of the HP cylinder develops an out-
put of 41 MW, and the robust moving blades
are electron-beam welded into packets and are
caried on the rotor by means of finger-type
roots. Welded shrouds are machined to provi-
de labyrinths which function as effective
circumferential seals,
27. From the HP cylinder the steam enters
two horizontal separator reheaters situated
at engine room floor level on each side of the
LP cylinders. Single~stage reheat, using live
steam 56 bar, is employed.
28. The double~flow LP cylinders have rotors
welded from discs of constant - strenght pro-
file, and shaft ends, There are 4 stages in
each flow, with root diameter decreasing from
1850 mm for the first stage to 1750 mm for the
last stage. The welded joint connecting the
discs has an outside diameter of 1200 mm.
The moving blades of the first two stages are
fastened to the discs using finger-type roots,
while these of the third and fourth LP stages
use circular side-entry fir-tree roots.
29. The moving blades of the last LP stage
have been designed in two alternative configu-
rations, the base profile being the same in
each case:
- as a free-standing blade with a length
of 1085 mm

~ with all blades conneced into one assembly,
using riveted connecting bridges; the blade
length being 1050 mm,

30. The secondary circuit feed pumps are
driven by condensing steam turbines, taking
steam from the reheater autlet, with provision
for the use of live steam, if required.

31. Leading particulars of the feed pump tur-
bines are: nominal output 7,9 MW at 4500 rpm,
maximum output 9,24 MW at 4700 rpm.

32, Two turbo-feed pumps are in operation
under normal conditions, the third serving as
a stand-by.

Steam extraction from 1000 MW turbine
- 33 . One of the main technical requirements
imposed on the turbine by the customer has
been the possibility of attaining the highest
feasible heat extraction in order to heat water
for a centralised district heating system. The

stainless steel,
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turbine is so designed at to permit the extrac-
tion of steam corresponiling to the following
quantities- of heat:
- 893 MJ/s with thtee - stage water heating
(150/60°C).
- 570 MS/s with two - stage water heating
(120/60° C),
the steam being taken from uncontrolled steam
extraction points in conformity with the schema
shown in diagram 5.

Fig. 5. Diagram of steam extraction from the

1000 MW turboset

1000

800

600
2
=
o
400
200
0 | I 1 i
0 200 400 600 800
Py MW
Fig. 6. Simplified diagram of electrical (P )

and heat (P,) outputs for the
1000 MW turbine
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34. In addition, the design of the HP cylinder
permits further uncontrolled steam extraction
at a higher steam pressure, thereby ensuring
the heating of water in the fourth or fifth
heating stage up to 180 ... 200° C for possible
future generation of the heating steam conveyed
to the point of consumption using turbocompres-
sors,

35. TFig. 6 shows a simplified steam extrac-
tion diagram, both for the highest heat extrac=
tion /MAX), and for the situation of extracting
heat from the first units of Temelin nuclear
power station, where the required heat output
is 306 M ] /s in three - stage heating of water
(65/150°C). The diagram shows the relation-
ship between the electrical output of the units
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and the heat output intended for district
heating, for three different outputs of the
steam generators (100%, 75%, 50%).

36. The sites for further 1000 MW nuclear
power stations will be selected, duly taking

‘into account the need for the highest possible

extraction of heat for district heating.
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9. Reliability of LP steam turbines

J. E. BERTILSSON and U. WILD, ASEA Brown Boveri Ltd, Switzerland

The design of LP-steam turbines is continously being advanced to meet market demands. Alcone the

effeciency improvement of the

S

last blading stages result in an overall unit heat rate improvement

of 0.6 % and this without any reduction of reliability and ease of maintainance. The paper

describes the various boundary conditions,

particularly in the wet steam area,

taken into

consideration in the design of to-days LP-turbines, the design methods used and how these methods
are being verified to ensure reliable performance. The paper also discusses the specific problems

encountered by other manufacturer's design in

respect of

stress corrosion cracking and how such

problems can be resolved by retrofitting such units with the well proven Asea Brown Boveri design.
Such an approach has been successfully implemented for quite a number of units.

INTRODUCTION

Large low pressure turbine rotors for
nuclear application of the shrunk-on disk type
suffer from stress corrosion cracking (SCC) at
the keyway and bore area.

The majority of the stress corrosion
cracks have been observed by inspection before
the cracks grew to critical size and thus,
catastrophic failure was avoided in nearly all
cases. Altogether, only three catastrophic
failures of low pressure turbine disks have
been reported for nuclear power plants and some
disks have also burst due to SCC in fossil
fired power stations.

Because of more demanding safety
requirements, SCC of turbines in nuclear power
plants is closely watched and regulated by
government regulatory commissions.

The U.S. Nuclear Regulatory Commission
(NRC), for example, request a turbine missile
generation analysis which accounts for the SCC
phenomena. In this missile analysis, the
probability of unacceptable damage resulting
from turbine missiles has to be demonstrated.
The calculated probability figures determine
the necessary inspection intervals of the low
pressure turbine rotors.

The second major source of non-
availability of low pressure turbines is the
blading. The highest failure rate has been
observed in the transition zone from
superheated steam to wet steam, i.e. the Wilson
Line. In order to increase the reliability of
the LP-blading measures have to be taken to
ensure a proper dynamic lay out of the blading
and a reasonable level of the' static blade
stresses. The paper describes the design of
modern blading for high efficiency and reliable
LP-turbines.

The rotordynamic behaviour is also of
importance and has to be considered during the
design phase. The methods used will be
discussed.

RELIABLE ROTOR DESIGN

The quality of the rotating part of a
turbine (rotor and blading) is of great
importance to the availability of the entire
power station because:

o It is continuously subjected to both
static and dynamic loads during service.

o A spare is not generally supplied, so
the loss of availability of the rotating
part means outage of the entire
installation.

Whereas failures in the blading can
generally be overcome, or at least minimized,
in a ‘'short' time, i.e. within a few weeks,
problems with' the rotor are of a much more
troublesome variety. As a rule, they result in
considerable limitations and interruptions to
operation and require radical measures for
their solution.

The different possibilities wused by
various manufacturers for the construction of
steam turbine rotors are illustrated in Fig. 1.

There is no scientific explanation for
the fact that the manufacturers employ
different designs. Since the design is always a
compromise, and is influenced by so many
factors, the design chosen depends to a large
extent on the relative importance attached to
particular risks.

For example, Brown Boveri, had already
decided to construct compact steam turbine
rotors by welding together solid discs at the
start of the 1930s. In the last 50 years, this
manufacturing technique has been fully
automated and has reached such a high standard
that the risk of any manufacturing or operating
error can be totally excluded.

Thanks this and the positive operating
experience gained with both small and very
large machines in the 1000 MW range as well as

Technology of turbine plant operating with wet steam. BNES, London, 1988. 77
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Designs of steam turbine rotors

Fig. 1.

a: Solid rotor
b: Rotor weith shrunk-on discs
c: Welded rotor acc. to ABB design

the improvement in the steel making methods,
this technology can now be applied completely
without risk to large turbomachinery for
conventional and nuclear power stations.

Serious operating difficulties caused by
disc explosions, major cracks or SCC of the
rotors are unknown to ABB customers.

Table 1 attempts to evaluate the most
important factors responsible for the
availability of low-pressure rotors.

Table 1. Evaluation of the most important
factors determining the availability of LP-
rotors

Shrunk- | Solid Welded
on-discs{ rotor rotor

Loading at the critical locations High Medium Low

in the rotor

Yield strength of the material High Low Low

Bccess of corrosive enviromment - Yes Yes No
to highly loaded locations

Susceptibility to stress corrosion High Medium Low
cracking

Fracture toughness High Medium High
Operating experience Poor None™ ] Good
Lifetime Short | Unknown} Long

™) for large and half-speed units.
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The evaluation of these factors
demonstrates that the welded rotor has distinct
advantages over the design with shrunk-on
discs. Table 1 also shows just as clearly the
technical lead which the welded rotor has over
the monoblock rotor. The superiority of the
welded steam turbine rotor has been described
in several publications.

The characteristics of the most important
rotor concepts are summarized in the following:

Turbine rotors with shrunk-on discs

A rotating disc having a central bore,
considered as a component of a rotor, exhibits
a much higher stress level at the most highly
loaded location than a solid disc. For the
bored disc, this is at the position of the
shrink fit. The stress 1level at this location
may be twice as high as in the solid disc, see
Fig. 2.
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Fig. 2. Comparison of stresses in solid
disc/axially bored disc

Ca = Stress in welded rotor

Om = Stress in rotor with central shaft and
shrunk-on disc

o = Stress

R = Rotor

The rotor shafts of steam turbomachihery
are subjected to centrifugal forces which
reduce the amount of shrink in the case of. the

"shrunk-on disc design. Also disturbances from

the power system (torsional vibrations) can
cause the discs to 'slip' on the central shaft.
For this reason, certain manufacturers have
attempted to improve the rigidity of the
connection between the disc and the central
shaft by incorporating keys (Fig. 3).

However, this measure results in a
considerable increase in the stresses at the
corners of the keyways of the shrunk-on discs
since the tangential stresses, which are
already very high at these locations, are
concentrated.



low-pressure

formation in
turbines of 700/900 MW nuclear power stations
in the USA

Fig. 3. Crack

Some designers have attempted to find a
way out of this dilemma by adopting a radial
orientation of the keys (Fig. 4).

o

Fig. 4. Shrunk-on disc: key design
1 = Keyway
2 = Radial key

Although, this 4is an effective way of
reducing the stress around the key, the basic
problem of the increased disc loading at the
position of the shrink fit still remains.

Solid Rotors

It is a logical step to consider the
solid rotor in the quest for a solution to the
problems posed by the rotor with shrunk-on
discs. This solution does reduce risks in
operation since the rotor itself comprises a
single piece, just as in the case of the welded
rotor; there are no longer any components which
can become loosened during service (shrunk-on
discs). The shrink-fit location has been
eliminated and with it the potential of stress

PAPER 9. BERTILSSON AND WILD

corrosion cracking at the highly loaded shrink
fit. Particularly for full-speed machines (3000
or 3600 rev/min), many manufacturers have
successfully used the concept of the solid
rotor even in the low-pressure region.

If the designer of half-speed steam
turbine (1500 or 1800 rev/min) wishes to use
the solid rotor for the low-pressure section of
his turbine, then he must consider the several
disadvantages including:

o Low-pressure rotors of large half-speed
steam turbines have 'a finished weight of
100 to 200 t and a body diameter of about
2 to 3 m. In order for a rotor of such
large diameter to be manufactured, the
steel manufacturer must be able to produce
a forging of exceptional size; the final
weights mentioned require ingots sizes of
200 to 400 t. This limits the
possibilities of purchasing the starting
material, and in principle only a single
source exists. As a result, there is only
a very limited international exchange of
technical information - a situation hardly
conductive to the achievement of high
quality in the product.

o A further disadvantage of the large

monoblock rotors lies in the greater
difficulty of testing compared with
smaller forgings. Although <considerable

progress has been made in ultrasonic
testing in recent vyears, the fact remains
that the defect resolution capability is
reduced as the size of the testpiece
increases, i.e. the quality of the test is
not as high. 8Such solid rotors are often
provided with a central bore to avoid this
difficulty, However, this leads in turn to
a higher stress level at the central bore.

This serves to illustrate the
technological limitations of the solid rotor.
The technology of the large solid rotor
provides a new situation which can only be
proven by successful operation in the coming
decade.

Fig. 5. Welded steam turbine rotor of ABB
design with the following advantages:

- Low stress {no central bore, no keyways)

- No shrink-fit, i.e. no fretting fatigue

- Centres of the discs are in an inert
atmosphere

- Low yield strength, i.e. low susceptibility
to stress corrosion cracking
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Welded steam turbine rotors

The previously-mentioned disadvantages,
both of the solid rotor and of the rotor built
up with shrunk-on discs, do not apply .to low-
pressure rotors manufactured by welding
together solid discs. Fig. 5 indicates the
specific advantages of this solution.

It is of interest that the 1limits of
development of this technique are not reached
until well after the solid rotor has lost its
viability. This is because the individual rotor

elements (discs) can be supplied in excellent
quality by a large number of steel
manufacturers.

The welding technique itself has a 50-
year tradition at Brown Boveri and is now fully
automated. The essential experience (learning
curve) had already been accumulated decades ago
from relatively small rotors.

Table 2 provides a
experience with welded rotors.

summary of ABB

Table 2. ABB experience with welded rotors

Total built

(including licensees) | > 4000 welded rotors

Experience since 1930

Range of application - Steam turbines (high-pressure,
intermediate-pressure and low-
pressure turbine sections)

- Gas turbines

Output range 2 to 1300 MW

DESIGN OF LP-TURBINE BLADES

The flow conditions in the last LP stages
have an extremely three-dimensional character.
When developing the "old" LP turbines in the
early seventies, the computer codes for the
fluid-mechanical design of the LP last stage
were capable to an only limited degree to
consider these very complex flow conditions
with adequate accuracy. This means that in the
range of the greatest expansion the energy
conversion takes place with low efficiency due
to insufficient adaptation of the blading.
After improving the program quality of the
meridional flow design in the last 10 to 15
years, the last stages of today's turbines have
an efficiency which is 2.5 to 3.5 % higher.
Given the actual fuel prices, the resultant
heat rate improvement of about 0.6 % is of
economic interest so that the investment costs
will pay off in some years.

Long outages of a turboset reduce the
economic success and cannot be compensated by
an even outstandingly high efficiency. This

applies particularly to plants with high unit
ratings and thus high availability has usually
a higher priority than high efficiency..

The authors' company continuously
developed the turbine family of the 1990s which
is characterized by
o compact construction (small dimensions

in axial and radial direction)
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o good accessibility and serviceability
o high reliability and availability, using
proven materials and improved design

methods

o high efficiency of all turbine
cylinders, improved primarily in the LP
section by employing the most updated

fluid-mechanical design methods.

The following chapters describes the
special boundary conditions for the LP turbine
design, the calculation methods used,\the test
equipment required for design verification and
its specific operating characteristics.

BOUNDARY CONDITIONS FOR LP-TURBINE DESIGN
with a given number of LP-turbine types,
the most favourable design of exhaust area (in

terms of efficiency) is chosen based on the
outlet energy curves.
The selected staggering of the wvarious

type sizes and specified h/D, values (h = blade
height, Dy, = mean outlet diameter), define the
last stage dimensions, i.e. hub diameter, tip
diameter and blade height.

To obtain a design as compact as
possible, the h/Dn values were slightly
increased compared with those of older LP
turbines and are now h/Dyx = 0.33 + 0.37.

For standard feedheater arrangements the
extractions in the LP-turbine part wvary in
comparatively narrow limits with respect to the
condensate flow, i.e. with the LP-turbine
outlet flow the inlet flow is also known with
sufficient accuracy. The inlet volume flow
upstream of the LP turbine is determined by
selecting the LP inlet pressure. The inlet
volume flow of each LP-turbine type is varied
in 3 steps.

The last two blade rows of all LP turbine

types have twisted blades. Optimization
parameters for selecting the twisting and the
blade profile are the ‘aerodynamic parameters

and especially the outlet losses. In order to
keep these losses within narrow limits over the
possible volume flow range of a specific LP
turbine, the geometry of the 1last stage
stationary and rotating blades 1s adjusted
stepwise as a function of the outlet volume
flow.

DESIGN OF A LP-TURBINE

A survey of the various steps and
iterative loops required for the design of a LP
turbine is given in Fig. 6. Before starting the
design .procedure, ..the definite . extraction
pressures and flow rates are calculated from
the specified boundary conditions like exhaust
flow rate and LP inlet pressure.

The calculation of the differential expansion
of the shaft line relative to the LP inner
casing has to be based on the roughly known
expansion steam data in the individual turbine
cylinders and the gland steam . data. The
differential expansion is important when
selecting the shroud configuration because not
all shroud designs are suitable for turbines
with great differential expansions.



(New machine design required?)

I

yes
Calculation: Extractions
Differential expansions

Design: Blade channel, one-dimensional
Cylindrical stages —
Twisted LP stages

Design: Flow field a(r, z); B(r. z)
Meridional flow calculation

Preliminary design: Strength
— s {r} dmax (1}/s,
Fmax. (r)/s'

o.k no

Preliminary design: Fluid mechanics
® Cascade profile, cascade geometry
(curvature, thickness, exit angle

from correlations)

Final design: Mechanics
® Check of strength and natural frequencies
® Sensitivity analysis for frequency corrections

l

no o.k.

Final design: Fluid mechanics

® Cascade cross-section calculations, quasi-three
dimensional {time marching method, potential
method including divergence, conicity)

® Data obtained by meridional streamline calculation

® Corrections with CAD system EUKLID

Perification: Mechanical properties

no o.k

Preparations for engineering, manufacturing,
documentation
® CAD system

Fig. 6. LP-turbine design flow diagram

Once this preliminary work is done, the
first design phase comprises the one-
dimensional layout of the steam path with a

more accurate specification of the blading in.

the area of the untwisted front stages
including the inlet casing with inlet scroll
and radial-axial stage, and a rough
specification of the blade geometry at mean
blade height for the last two twisted blade
rows.

The design of the twisted last stages is
done with repeatedly nested iterative loops.
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The meridional flow <calculation, the
blade-~to-blade calculation and the verification
of blading strength and natural frequencies are
included in the iteration.

The design process is completed with the
CAD-preparation of manufacturing drawings and
documents.

The following subsections describe in
more detail the various steps of the iteration.

One~dimensional design

Inlet scroll and radial-axial stage. The
introduction of the inlet scroll with following
radial-axial stage, replacing the torodial
inlet casing- with a conventional first axial
stage, is a typical example of the technical
progress in small and controlled steps.

The first tests with a 2 x 180° LP inlet
scroll with following radial-axial stage were
made more than 10 years ago. Measurements taken
on the test configuration, Fig. 7, proved

conclusively that the stage efficiency in the
usual design range could be increased by almost
conventional

3 % compared with the
configuration.

&

Fig. 7. Flow in turbine scroll with radial-
axial first stage

The principle to generate a usable vortex
already in the inlet casing and to correct it
only slightly in the subsequent radial
stationary blade row for ensuring an optimal
flow admission to the first rotating blade row
has meanwhile been applied successfully in all
partial turbines (HP, IP and LP).

Meridional channel and untwisted blading.
The calculation of the efficiency is based on
extensive studies on a G5-stage test turbine
where the geometries of the cascade and channel
were varied systematically.

The profile 8000, developed in the 1970s
was first used in a 600 MW plant in 1979. Since
then more than 70 machines have been equipped
with this type of profile. The reliability
proved to be excellent.

From the fluid mechanics point of view
the following advantages of this profile are
worth mentioning:

o) the extremely high insensitivity to
changes of the angle of incidence
- great operating range without
substantial profile loss changes
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e} controlled delay on the profile suction
side
-~ small momentum loss thickness
~ low loss level ‘

o thin profile trailing edge
- low trailing edge losses
- lower nozzle passing excitation of the
following blade rows.

The design calculation includes a check
of the static and dynamic strength properties
of the blading. The calculation of the dynamic
stress is based on test results obtained from a
2-stage test turbine, which was equipped with
50 % reaction stages of profile 8000.

The result of this study are empirical
functions which describe the size of the
transient blade forces as a function of the
distance between the cascades and of the
cascade load.

Meridional flow design
The design of the two last stages takes
into account the following criteria:

[¢] Uniform divergence of the streamlines
over the blade height and

area 1in order to

design.

o Relative inlet Mach numbers at hub and
tip Ma,, < 0.75.

e} Relative exit Mach numbers at the tip
Ma,. < 1.3.

o Degree of reaction at the hub L 2 20 %.

e} Manufacturing costs.

Profile design

The meridional flow calculation yields
the angle and Mach number distribution at the
inlet and outlet of the individual stationary
and rotating blade cascades of the two last
stages. A special correction of angle was made
in the boundary zones of the stationary and
rotating blade rows in order to allow for the
effects of gap and secondary flows.

For cascade cross-sections where the exit
Mach numbers are Ma, < 1.0 or Ma,. < 1.0 an
inverse design method is wused; cascade cross-
sections with greater Mach numbers are designed
iteratively, using a Q3D time marching
procedure. For final design both methods can be
coupled with a boundary layer procedure which
is employed primarily to quantify the relative
differences between the various design methods
and to check the profile.

Q3D Time marching method The
recalculation method is used for cascade cross-
sections with exit Mach numbers Ma, or Ma,. >
1. For given cascade cross-sections, whose
profiles can, if necessary, be modified
comparatively easy using CAD-systems, the Mach
number distributions are calculated along the
profile contour and the position of the shocks
checked and corrected, if required, using plots
with constant Mach lines.

It is endeavoured to optimize the last
stage geometry of the transonic and supersonic
profiles like that of subsonic profiles, not
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smallest
possible divergence especially in the hub
simplify the profile

only for one operating point but for a
comparatively great operating range. This calls
for:

o relatively low exit Mach numbers in the
tip area of the last rotating blade row,
i.e. Ma,, = 1.2 =+ 1.3

o tip cross-sections, which are

insensitive to Mach number variations,
i.e. the profile suction sides are not
concave but straight.

Thus last stage geometry permits a
substantial efficiency increase especially in
the lower volume flow range of a turbine type.

Vibrational design of the last stage rotating
blades

As shown in the design flow diagram, Fig.
8, the design of the last stage rotating blades
is by iteration taking into account the
aerodynamic, vibrational and strength aspects.

,
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Fig. 8. Establishing admissible ranges for
blade natural ferquencies

It is a requirement for the vibrational
design that all Dblades can be operated
resonance~free at operating speed. Based on
theoretical considerations and taking into
account long-term operating experience with
freestanding last . stage . blades, permissible
natural frequency ranges were specified. Only
blades whose natural frequency lies within the
permissible frequency range according to
calculation and measurement are used.

Finite-element programs are employed as
auxiliary means for calculating the natural
frequencies.

The location of the natural frequencies
is specified definitely after taking zero-speed
frequency measurements on each blade and
measurements at operating speed on a definite
number of blades for determining the frequency



increase due to the influence of

force, see Fig. 8.

centrifugal

Blade stresses

When assessing the stresses in the
airfoil, static and dynamic forces are
considered. Static stresses are stresses due to
centrifugal force or caused by deformation and
untwisting of the airfoil under the influence
of centrifugal force.

Blso considered is the bending stress due
to steam forces exerted on the airfoil,
although this stress is normally very small. An

important factor for evaluating the total
static stress 1is the Mises reference stress,
Fig. 9.

ge

Effective stress

Stress due to
centrifugal stress

Bending stress due

to steam force ~
Radius
0 e — -
Hub Tip
Fig. 9. Maximal static stresses of a last

stage rotating blade at rated speed

All disturbances of the steady-state flow
field cause a dynamic stress on the blade. If a
machine is operated under rated conditions, the
result, in the ultimate case, can be a complete
relief of the steam forces, i.e. the
alternating bending stress could be as high as
the bending stress due to steam force. The
recalculation of the design configuraticn is
based on this case which is the most
unfavourable. The actually existing stresses
are considerably lower.

Markably higher alternating stresses can
occur during operation with very small volume
flows because the backflow from the exhaust
chamber causes stochastic excitations of the
airfoil. If the back pressure is high, as for
example in turbines with air condensers, these
excitations yield high stress amplitudes. Such
conditions are taken into account with a
special design of the last stage rotating
blade, particularly in the airfoil-root area.

EXPERIMENTAL, STUDIES ON THE LOW-PRESSURE TEST
TURBINE

Investigations on test turbines have
usually the following goals:
o Verification of the calculation methods

used for determining the distribution and

absolute size of flow parameters in
selected planes.
o Adjustment of empiric correlations for

exit angle and losses.
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o Optimization of components or geometric
details which are not or not completely
computable.

In the last few years the above goals
were pursued by performing systematic tests on
a LP test turbine.

SUMMARY

The use of the most updated calculation
methods and the consistent application of the
experimental results have produced a LP

turbine, redesigned in details, which is shown

in Fig. 10. The special features of this

turbine are:

o compact design

fe) favourable, low-excitation flow

o optimized blading with respect to
efficiency and operating range

o conically cut last stage rotating blade

allowing an optimal diffusor desing.

During the design phase special attention
was paid to the fact that the ranges of

experience established for strength and
vibrations were not exceeded. Performance
testing of turbines built shows no significatn

deviations from the values established in the

model tests.

Fig. 10. LP-turbine

DYNAMIC LAY OUT OF RETROFITTED STEAM TURBINES
Welded LP-rotors have somewhat different

mass and flexibility distribution than their
non-welded counterparts. Consequently,
eventhough the exchange of welded for non-

welded rotors is made only in the LP-cylinder,
the entire shaft line has to be analyzed as a
total 'new system. This is especially true
with regard to the static bending line, bearing
loads, critical speeds, unbalance sensitivity

]

as well as torsional natural frequencies. An
application of the proper design analyses for
such a retrofit case is described in the

following chapters.
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TURBINE DESIGN AND OPERATIONAL EXPERIENCE

MODELLING OF THE SHAFT LINE The critical speeds of the retrofit rotors

For the dynamic considerations of a are practically not influenced by the retained
turbine generator the most important influence HP and generator rotors, mainly due to the
is by "the mass and stiffness distribution of realtive flexiable connections (jack shafts)
the shaft line. The rotors are usually