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The Nuclear Power
Industry at the Turn of
the 21st Century

The Early History of Nuclear
Wet-Steam Turbines

The first kilowatt-hours of electricity from nuclear energy were
produced on December 20, 1951, in the United States by a steam
turbine generator fed with steam from Experimental Breeder Reac-
tor-I (EBR-I). The turbine had a rated output of 200 kW and initial
steam conditions of 2.8 MPa and 220°C (405 psi, 429°F). In 1953,
tests began at the shore-based prototype of a steam-turbine unit for
the first nuclear-powered U.S. submarine, the Nautilus, and in 1954,
the Soviet Union launched the first experimental nuclear power
installation, with a rated output of 5 MW.The first commercial power
generating unit with a nuclear reactor as a steam supply source was
placed in service in 1957 at Shippingport.' The Westinghouse turbine
of this unit was designed for a rotation speed of 1,800 rpm and a
maximum capability rating of 100 MW. It was fed with saturated dry
steam, with the inlet steam pressure varying from 3.8 MPa (545 psi)
at the maximum load to 5.9 MPa (850 psi) when the reactor was at
idle. As shown in Figure 1-1, the turbine was a single-cylinder, single-
exhaust machine with 40-inch last stage blades.
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2 Wet-Steam Turbines for Nuclear Power Plants
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Fig. 1-1. Westinghouse nuclear wet-steam turbine (100-MW, 1,800 rpm) used
at Shippingport Station, 1957
Source:]J.A. Carlson?

It was the first relatively large wet-steam turbine developed for
nuclear power plants. It worked with the steam expansion process
occurring primarily in the moisture region.The major problem in this
case is the increase of the moisture content as the steam expands.
Excessive moisture primarily contributes to turbine blade erosion
and blade efficiency losses. If steam at a dry and saturated condition
expanded directly to the steam pressure in the condenser, the mois-
ture content at the turbine exhaust could reach 20-25%, depending
on the inlet pressure and vacuum conditions.

The first nuclear wet-steam turbines were developed from a base
of design and operation experience accumulated with fossil fuel
non-reheat steam turbines dating back to the 1920s and 1930s. In par-
ticular, of significance was the experience gained from bottoming tur-
bines operated on the exhaust steam of piston engines or technology
processes. However, because of essentially low initial steam pressure,
the final moisture content for all of those turbines was not so great,
and the rather low temperatures mitigated the intensity of the corro-
sion and erosion processes. In addition, all of those old turbines were
inadequate in terms of capacity for turbines to be used in nuclear
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The Nuclear Power Industry at the Turn of the 21st Century 3

power units, whose output should be counted in hundreds of mega-
watts. Relatively low initial steam pressure and a comparatively small
heat drop would result in extremely large volumetric flow amounts
at both the turbine inlet and exhaust, and this scale effect had to be
taken into consideration.

Most of the first nuclear steam turbines, beginning with the one
at Shippingport, were designed as low-speed turbines (with a rotation
speed of 1,800 or 1,500 rpm).The large physical size of such turbines
provided the necessary inlet and exhaust annular areas of the steam
path without an excessive increase in the circumferential speed of
the rotating blades. In order to decrease the final moisture content
at the turbine exhaust and improve the cycle efficiency, the turbines
were designed with mechanical moisture separation between the
high-pressure (HP) and low-pressure (LP) sections.The moisture sepa-
rator for the Shippingport turbine was a stationary, centrifugal type,
and the quality of steam entering the LP section was about 99%.

One of the design requirements for the Shippingport turbine
was that the highest turbine efficiency should be at partial loads,
because the initial reactor core was expected to have a capability
of only about 60 MW (it was later replaced to achieve a 100-MW
capability).To meet this requirement, the turbine was designed with
a bypass-type steam control. The first group of five control valves
admitted steam in sequence to separate nozzle chambers under a
group nozzle control for loads of up to 80 MW. For greater loads,
steam was admitted additionally to the first-stage chamber through a
second group of four control valves operating in parallel, bypassing
the first turbine stage. All nine control valves were mounted on two
crossbars in the steam chest at the top of the turbine.The turbine
was designed with opposite steam flow directions in the HP and LP
sections. This made it possible to locate both the HP and LP steam
admission parts at the central section of the turbine and decrease
the diameter of the dummy (balance) piston required to balance the
axial thrust.This also resulted in reduced balance piston leakages.To
prevent intense erosion of the rotating blades, their inlet (leading)
edges were protected with Stellite strips for all the blades, with the
tip speed exceeding 270 m/s (900 ft/s).
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4 Wet-Steam Turbines for Nuclear Power Plants

Many of the first nuclear power units were designed with two or
more steam turbines fed with steam in parallel from the same reactor.
Double-turbine nuclear power units (with two steam turbines operat-
ing in parallel) have been used up until recently. In particular, such a
project decision makes it possible to limit the turbine sizes and pre-
vent forced reactor outage in the case of a turbine failure. However,
with the increased experience and growing confidence in wet-steam
turbine reliability, the single-turbine scheme has become the most
widespread. With the increase in reactor capability and steam tur-
bine capacity, nuclear turbines have been designed as multi-cylinder
machines. So, for example, the next Westinghouse wet-steam turbine
after Shippingport (built for Yankee Atomic Electric Company), with
a rated output of 145 MW, was designed with two cylinders (double-
flow HP and LP cylinders) and throttle steam control.This steam flow
control type became rather typical for nuclear steam turbines, as they
are supposed to work mainly with invariable maximum loads. The
very first nuclear steam turbines were usually designed with shrunk-
on wheel discs in both the HP and LP sections (see Fig. 1-1). Later,
this concept gave way to forged and welded rotors, and the combined
rotors (with shrunk-on wheel discs), if any, have been employed only
in the LP sections.

The earlier nuclear wet-steam turbines (up to General Electric’s
1,100-MW, 1,800-rpm turbine used at Browns Ferry in Alabama, which
began operation in 1974) mostly employed moisture separation
without reheat. There was even a turbine (AEG’s 670-MW, 1,500-rpm
turbine at Wiirgassen, Germany, 1971) with two-stage separation at
two different pressure levels. However, most of the later wet-steam
turbines have been designed with one- or two-stage steam reheat
after the HP section. It is rather difficult to reheat steam inside the
reactor. In particular, it would necessitate penetrating the reactor
containment twice (for the cold and hot reheat steam lines). That is
why for nuclear wet-steam turbines, reheating has been carried out in
steam-to-steam reheaters. Reheat by main (live) steam was first used
at the Italian power plant Trino Vercellese (Tosi’s 187-MW, 1,500-rpm
turbine, 1964), and reheat by bled steam was first incorporated in
AEl's 100-MW, 3,000-rpm turbine for the British Winfrith Heath
nuclear power plant. Along with this, many wet-steam turbines for
nuclear power plants employ two-stage reheat (with both main and
bled steam); this concept was first used in 1969 in the United States
for General Electric’s turbines at Oyster Creek and Nine Mile Point
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The Nuclear Power Industry at the Turn of the 21st Century 5

(641 MW and 620 MW, respectively, both 1,800 rpm). This steam-to-
steam reheat does not improve the thermal efficiency of the cycle, as
distinguished from fire rebeat for fossil fuel power units. Neverthe-
less, this reheat is very useful in reducing steam wetness in the LP
section, and providing in this way some improvement in its efficiency,
as well as mitigating erosion problems.

For a grid frequency of 60 Hz, wet-steam turbines have been
designed predominantly with a rotation speed of 1,800 rpm. By
the early 1980s, the largest of these were in service in the United
States at Grand Gulf (Siemens/KWU’s 1,306-MW turbine) and Palo
Verde (General Electric’s 1,359-MW turbine). For a 50-Hz grid
frequency, smaller centrifugal forces allowed an economic choice
between the half-speed and somewhat cheaper (because of smaller
sizes) full-speed concepts. In 1984, the largest 3,000-rpm nuclear
turbines were operated in Switzerland at Gosgen (Siemens/KWU'’s
970-MW turbine) and Leibstadt (BBC’s 1,000-MW turbine), and the
largest half-speed (1,500-rpm) turbines were in operation at Paluel
in France (CEM’s 1,347-MW turbine) and Krimmel in Germany
(Siemens/KWU’s 1,316 MW turbine).?

Experience in design and operation of nuclear wet-steam turbines
accumulated during the first decades of their existence was reflected
in some valuable monographs and articles issued in the 1960s, 1970s,
and early 1980s.

Operating Performances in the
Nuclear Power Industry

By the end of 2000—about 40 years after the first experience
in deriving electricity from nuclear energy—according to the In-
ternational Atomic Energy Agency (IAEA), there were 438 nuclear
power reactors operating in the world, with a total net electric power
generation capacity of 351,327 MW. These values seem somewhat
understated, not taking into account for various reasons a few nuclear
power units under operation in several countries, that may or may
not be IAEA members, as well as some nuclear power units that were
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6 Wet-Steam Turbines for Nuclear Power Plants

temporarily out of service. In 2000, six new reactors with a total
capacity of 3,056 MW(e) were commissioned in Brazil, the Czech Re-
public, India, and Pakistan, and 33 more nuclear power reactors were
reported as being under construction, including seven in Asia.? Along
with the launching of new power units, some old ones were decom-
missioned and are permanently or temporarily out of service. As a
result, by the end of 2002, the TAEA counted only 441 nuclear power
reactors in the world, with a total net power generation capacity of
358,660 MW.This was despite six new reactors with the total capac-
ity of 5,013 MW becoming operational in 2002 in the Czech Republic,
China, and South Korea.’

Even though in recent years the annual increases in the world’s
nuclear power capacity have remained rather low, nuclear power
plants have generated a significant part of the world’s electricity
(about 16% in 2002°), made a great contribution to the power indus-
try in many countries, and practically dominated the power industry
in some of them.Table 1-1 shows nuclear electricity production for
some countries with the highest reliance on nuclear power. France
and Lithuania are most dependent on it, with over 70% of their elec-
tricity generated by nuclear power plants; the next six countries on
the list receive 40-60% of their total energy from nuclear power; and
for eight countries, including the United States, this percentage ranges
from 10% to 40%.’

The 50 nuclear power units worldwide with the greatest power
production in 2001 are listed in Table 1-2.

Table 1-1. Nuclear electricity production in various countries (1999)

Country Number Of Reactors In Nuclear Percentage
Service (Reactors Under Electricity 0Of Total

Construction Are Indicated Production Electricity

In Parentheses) (TWh) Production
France 59 (0) 375.0 75.0
Lithuania 2(0) 9.9 73.1
Belgium 7(0) 46.6 57.7
Bulgaria 6 (0) 14.5 471
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The Nuclear Power Industry at the Turn of the 21st Century 7

Slovakia 6 (2) 13.1 47.0
Sweden 11 (0) 70.1 46.8
Ukraine 14 (4) 67.4 43.8
South Korea 16 (4) 97.8 42.8
Hungary 4 (0) 141 38.3
Armenia 1(0) 2.1 36.4
Japan 53 (4) 306.9 36.0
Germany 19 (0) 160.4 31.2
United Kingdom 35 (0) 91.2 28.9
United States 104 (0) 727.7 19.8
Russia 29 (3) 110.9 14.4
Canada 14 (0) 70.4 124
South Africa 2(0) 13.5 7.1

India 11(3) 11.4 27
China 3() 14.1 1.1

Source:“Four New Plants Added to World Nuclear Fleet in 1999, Power Engineering

104(9): 26.

Table 1-2. Top 50 nuclear power plant units ranked by power production

(2001)
Rank | Country Power Plant Name, | Type of | Gross Unit | Gross Power
Unit Reactor | Capacity | Production

(Mw) (GWh)
1 | Germany Isar, 2 PWR 1,475 12,396
2 | Germany Brokdorf PWR 1,440 11,791
3 | Germany Grohnde PWR 1,430 11,560
4 | Germany Emsland PWR 1,400 11,526
5 | Germany Unterweser PWR 1,410 11,206
6 | Germany Neckar, 2 PWR 1,365 11,172
7 | Germany Grafenrheinfeld PWR 1,345 11,154
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8 Wet-Steam Turbines for Nuclear Power Plants
8 | United States | South Texas PWR 1,315 10,804
Project, 1

9 | Germany Gundremmingen, B BWR 1,344 10,784
10 | United States | Byron, 1 PWR 1,242 10,754
11 | United States | Wolf Creek, 1 PWR 1,226 10,726
12 | United States | Palo Verde, 2 PWR 1,307 10,667
13 | United States | Vogtle, 1 PWR 1,215 10,597
14 | France Chooz-B, 2 PWR 1,516 10,585
15 | United States | Catawba, 1 PWR 1,205 10,520
16 | Brazil Angra, 2 PWR 1,350 10,498
17 | United States | Limerick, 1 BWR 1,163 10,466
18 | France Flamanville, 1 PWR 1,382 10,459
19 | Japan Kashiwazaki- BWR 1,356 10,422

Kariwa, 7

20 | Germany Gundremmingen, C BWR 1,344 10,320
21 | United States | Grand Gulf, 1 BWR 1,306 10,319
22 | United States | Comanche Peak, 2 PWR 1,173 10,268
23 | United States | Sequoyah, 2 PWR 1,181 10,257
24 | United States | McGuire, 2 PWR 1,225 10,252
25 | France Penly, 1 PWR 1,382 10,245
26 | France Paluel, 1 PWR 1,382 10,227
27 | United States | LaSalle County, 1 BWR 1,137 10,142
28 | United States | Palo Verde, 1 PWR 1,307 10,128
29 | United States | Byron, 2 PWR 1,210 10,125
30 | Germany Biblis, A PWR 1,225 10,093
31 | United States | Watts Bar, 1 PWR 1,210 10,073
32 | United States | Browns Ferry, 3 BWR 1,155 10,025
33 | United States | San Onofre, 2 PWR 1,181 9,993
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The Nuclear Power Industry at the Turn of the 21st Century 9
34 | United States | Braidwood, 2 PWR 1,210 9,987
35 | United States | South Texas PWR 1,315 9,985
Project, 2
36 | United States | LaSalle County, 2 BWR 1,137 9,981
37 |France Belleville, 1 PWR 1,363 9,965
38 |France Chooz-B, 1 PWR 1,516 9,949
39 | United States | Diablo Canyon, 1 PWR 1,164 9,948
40 | United States | Waterford, 3 PWR 1,153 9,948
41 | United States | Braidwood, 1 PWR 1,242 9,923
42 | United States | Salem, 2 PWR 1,170 9,914
43 | United States | Vogtle, 2 PWR 1,215 9,889
44 | France Nogent, 2 PWR 1,363 9,798
45 | France Cattenom, 1 PWR 1,362 9,732
46 | United States | Palo Verde, 3 PWR 1,307 9,726
47 | United Sizewell-B, 1 PWR 1,250 9,704
Kingdom
48 |Japan Ohi, 1 PWR 1,175 9,697
49 | France St. Alban, 1 PWR 1,381 9,691
50 |Japan Ohi, 4 PWR 1,180 9,652

Source: B. Schwieger, M. Leonard, S.Taylor, et al.

The nuclear power plants in operation have three outstanding

attributes:

D

2)
3

they do not pollute the atmosphere with greenhouse gas

emissions;

they feature high operating availability; and

their electric power production is relatively cheap.
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10  Wet-Steam Turbines for Nuclear Power Plants

According to the Nuclear Energy Institute (NED), power generation
from nuclear power plants in the United States annually precludes
the emission into the atmosphere of 3.4 million tons of sulfur dioxide
(SO,), 1.4 million tons of nitric and nitrous oxides (NO,), and 694
million tons of carbon dioxide (CO,), the major greenhouse gas.The
use of nuclear power avoids emission of as much CO, as is released
from approximately 50% of all U.S. passenger cars and light trucks. If
nuclear power were not employed and were replaced by fossil fuel
power plants, approximately 123 million passenger cars or 88 million
light trucks would have to be eliminated to keep U.S. CO, emissions
at the current level.

For years, U.S. nuclear power plants have consistently maintained
high operating performances with regard to safety, availability and
economics, steadily improving them in recent years (Fig. 1-2). In
2000, according to the data released by the Energy Information Ad-
ministration (EIA) of the U.S. Department of Energy, nuclear power
plants in the United States generated 753.9 billion kWh, 3.5% more
than the previous record in 1999.% In other words, due to raising
operating performances, U.S. nuclear power plants increased their
output in 2000 by an amount equivalent to more than three new
1,000-MW power units. During the 10-year period from 1990 to 2000,
nuclear power production in the United States increased from 574
billion KWh to almost 754 billion kWh, while the number of nuclear
power units in service actually decreased from 111 units in 1990 to
103 units in 2000 due to the decommissioning of eight old units. In
1999, for the first time, nuclear power production costs dropped
below those of coal.” Nuclear power production averaged 1.83
cents/kWh (as compared with 2.13 in 1998); power production from
coal remained steady at 2.07 cents/kWh; and power production from
oilfired and gasfired power plants averaged 3.18 cents/kWh and
3.52 cents/kWh, respectively.The Exelon electric power utility, which
owns 17 nuclear power units in the United States, declared nuclear
power production costs of less than 2.5 cents/kWh, as compared
with 3.5-4.5 cents/kWh for gas-fired power plants, assuming a gas
price of $3-4 per million BTUs.' According to International Journal
Jor Nuclear Power, the cost of electricity produced at U.S. nuclear
power plants decreased from 3.4 cents/kWh in the 1980s to about
1.7 cents/kKWh in 2001,"" and according to the NEI, in 2002 the cost
was 1.67 cents/kWh.'?

https://engineersreferencebookspdf.com



The Nuclear Power Industry at the Turn of the 21st Century 11

/Zr?\% T —,
Nuntic\ello

Virgnid

ew ey : Catawba . "yoim
Texss Arkanans Teemesset o E . 8
° ’\ ot
: wesissoo Browns Ferrg‘ Robinson Two
Nuclear Plants ° Lowsana,
Capacity (300 MW and above) 8

°t.u-uuu

Q© 100010198

© 30010909
Source: POWERmap and Nucweek
’ Highest unit capacity tactor

’ Highest plant efficiancy
p Lowast plant D&M cost

Fig. 1-2. U.S. nuclear power plants
Source: B. Schwieger, M. Leonard, S.Taylor, et al.'?

Similar trends are also evident in other countries. For example,
in Japan, the electricity production cost for nuclear power plants in
the 1990s was 9 yen/kWh, compared with 10 yen/kWh for fossil fuel
power plants operating on coal and liquefied natural gas (LNG) and
11 yen/kWh for oil-fired power plants.'* Experts in Finland estimated
that by 2000, nuclear power plants became the cheapest power
producers in the country—electricity generated by them cost about
2.4 euro cents/kWh, compared with 3.2 euro cents/kWh for coal-fired
power plants and 3.05 euro cents/kWh for gas-fired power plants.'

The 20 U.S. nuclear power plants with the highest efficiency
are presented in Table 1-3, with ranking based on power plant data
averaged for the period 1999-2001. Note that the values in the table
are given with more precision than the accuracy of the initial data
measurements. For all 20 plants, the heat rate variations are within
1.7% of the average, and taking into account the actual power plant
instrumentation accuracy, these data can be considered statistically
equal. Therefore, the data presented in the table are of concern not
for comparing the individual power plant efficiency values, but for
demonstrating their general level.
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Table 1-3. Top 20 U.S. nuclear power plants ranked by efficiency
(1999-2001)

Rank | Power Plant | State | No.and Type | Net Capacity | Average Heat
Name, Unit of Reactors (MW) Rate (Btu/kWh
[kJ/KWh])
1 | Point Beach Wi 2 PWRs 994 10,046 (10,599)
2 | Seabrook NH 1 PWR 449 10,054 (10,608)
3 | Catawba SC 2 PWRs 2,258 10,068 (10,622)
4 | McGuire NC 2 PWRs 2,258 10,180 (10,741)
4 | Braidwood IL 2 PWRs 2,235 10,180 (10,741)
6 | Sequoyah N 2 PWRs 2,238 10,230 (10,793)
7 | Millstone, 3 CT 1 PWR 1,159 10,238 (10,802)
8 | Watts Bar TN 1 PWR 1,218 10,250 (10,814)
9 | Byron IL 2 PWRs 2,296 10,254 (10,819)
10 | Crystal River, 3 FL 1 PWR 825 10,268 (10,833)
11 | Summer SC 1 PWR 954 10,276 (10,842)
12 | Oconee SC 3 PWRs 2,538 10,277 (10,843)
13 | Wolf Creek KS 1 PWR 1,170 10,282 (10,848)
14 | Ginna NY 1 PWR 517 10,285 (10,851)
15 | Limerick PA 2 BWRs 2,310 10,301 (10,868)
16 | Farley AL 2 PWRs 1,658 10,322 (10,890)
17 | Columbia, 2 Wi 1 BWR 1,100 10,331 (10,900)
18 | Monticello MN 1 BWR 545 10,350 (10,920)
19 | Fermi, 2 M 1 BWR 1,094 10,364 (10,935)
20 | South Texas TX 2 PWRs 2,500 10,386 (10,958)
Project

Source: B. Schwieger, M. Leonard, S.Taylor, et al.

Nearly 75% of the production costs for a nuclear power plant are
attributed to labor, whereas for coal-fired power plants, the produc-
tion costs are predominately composed of fuel charges—as much as
about 85%.The 20 U.S. nuclear power plants with the lowest non-fuel
operation and maintenance (O&M) costs are ranked in Table 1-4.The
presented data allow thinking that these expenditures can probably

be further reduced.
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Table 1-4. Top 20 U.S. nuclear power plants ranked by lowest non-fuel O&M
costs (1999-2001)

Rank Power Plant State | No. and Type Net Average Non-

Name, Unit of Reactors | Capacity | Fuel 0&M cost

(Mw) ($ million/yr)
1 Kewaunee Wi 1 PWR 563 53.9
2 Ginna NY 1 PWR 517 53.9
3 Monticello MN 1 BWR 545 55.7
4 H. B. Robinson,2 | SC 1 PWR 739 58.8
5 Duane Arnold IA 1 BWR 614 61.9
6 Shearon-Harris NC 1PWR 950 67.1
7 Summer SC 1PWR 1,005 79.6
8 Nine Mile Point,1 | NY 1 BWR 640 82.3
9 Columbia, 2 WA 1 BWR 1,100 85.5
10 Watts Bar, 1 TN 1 PWR 1,210 87.7
11 Prairie Island MN 2 PWRs 1,120 89.1
12 Fort Calhoun NE 1 PWR 501 89.2
13 River Bend LA 1 BWR 936 94.3
14 Vermont Yankee VT 1 BWR 540 96.1
15 Callaway MO 1 PWR 1,192 96.6
16 Grand Gulf MS 1 BWR 1,306 96.9
17 Davis-Besse OH 1 PWR 925 97.3
18 Waterford, 3 LA 1PWR 1,153 99.3
19 North Anna VA 2 PWRs 1,934 101.4
20 Fitzpatrick NY 1 BWR 849 102.2

Source: B. Schwieger, M. Leonard, S.Taylor, et al.

The top 20 U.S. nuclear power plants ranked by annual power
generation are listed in Table 1-5.The average capacity factor for U.S.
nuclear power units in 1999 was more than 87%, and according to
the EIA, it exceeded 90% in 2002.° According to the NEI's president,
Joe Colvin, the average capacity factors for the U.S. nuclear power
industry for 2001 and 2002 were 90.7% and 91.9%, respectively, and
the preliminary data for 2003 gave a figure of 89.4%."” Explaining
2003’s slight drop-off in performance, Colvin said, “We expect these

small year-to-year variations” and expressed the hope that current
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inspections, replacements, and repairs would further improve indus-
try performances in future years.

Even more important is that the increases in availability are
coupled with equally impressive improvements in safety indices.The
number of “unusual events” reported to the U.S. Nuclear Regulatory
Commission (NRC) dropped from 151 in 1990 to just 18 in 2000.
During the same period, the median number of annual unplanned
automatic shutdowns per unit dropped from 1.2 to 0, according to
the Institute of Nuclear Power Operations (INPO) in Atlanta.

Table 1-5. Top 20 U.S. nuclear power plants ranked by power generation
(2001)

Rank | Power Plant | State | No. and Type Net Net Power | Capacity

Name, Unit of Reactors | Capacity | Generation | Factor
(MW) (GWh) (%)

1 | Palo Verde AZ 3 PWRs 3,742 28,724 87.6
2 | Braidwood IL 2 PWRs 2,235 20,241 103.4
3 | South Texas X 2 PWRs 2,500 19,841 90.6

Project

4 | Vogtle GA 2 PWRs 2,297 19,601 97.4
5 | Byron IL 2 PWRs 2,296 19,443 96.7
6 | Oconee SC 3 PWRs 2,538 19,040 85.6
7 | Sequoyah N 2 PWRs 2,238 18,950 96.7
8 | LaSalle County IL 2 BWRs 2,200 18,584 96.4
9 | McGuire NC 2 PWRs 2,258 18,563 93.8
10 | Catawba SC 2 PWRs 2,258 18,551 93.8
11 | Limerick PA 2 BWRs 2,310 18,491 91.4

12 | Comanche Peak | TX 2 PWRs 2,300 18,322 90.9
13 | Browns Ferry AL 3 BWRs 2,236 18,217 93.0
14 | Diablo Canyon CA 2 PWRs 2,160 18,078 95.5
15 | Salem NJ 2 PWRs 2,230 17,202 88.1
16 | Peach Bottom PA 2BWRs 2,186 17,049 89.0
17 | Susquehanna PA 2 BWRs 2,265 16,867 85.0

18 | Donald C. Cook Mi 2 PWRs 2,130 15,824 84.8
19 | San Onofre CA 2 PWRs 2,150 15,142 80.4
20 | Arkansas AR 2 PWRs 1,694 14,781 99.6

Nuclear One, 1

Source: P.Boschee,“Industry Report,” Electric Light & Power 80 (11):21-24.
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Table 1-6 shows similar trends in data of nuclear power genera-
tion worldwide over the last few years. Nuclear power plant capacity
factor values are higher than that for the United States in seven coun-
tries, with Finland having the best three-year average capacity factor

of 93.17%.

Table 1-6. Nuclear power generation by countries (2001).

Country No. Total | Total Gross | Capacity | Average Average
of Gross Nuclear Factor | Annual Gross | Capacity

Units | Nuclear Power (2001) Nuclear Factor
Capacity | Generation (%) Power (1999-

(MW(e)) (2001) Generation 2001)

(GWh) (1999-2001) (%)

(GWh)

Argentina 2 1,005 7,059 73.10 6,781 71.15
Armenia 1 408 1,700 51.99 1,881 55.59
Belgium 7 5,995 46,349 | 88.81 47,841 91.18
Brazil 2 2,007 14,352 77.86 8,129 67.04

Bulgaria 4 2,880 20,020 N/A N/A N/A
Canada 21 15,795 77,491 53.44 69,703 50.93
China 2 1,968 14,990 86.95 14,786 85.69
Czech 4 1,760 13,593 88.17 13,513 87.56

Republic

Finland 4 2,760 22,773 93.44 22,742 93.17
France 57 62,920 409,361 73.14 394,476 72.16
Germany 19 22,365 171,258 87.16 170,204 87.15
Hungary 4 1,866 14,126 86.39 14,141 87.05
India 14 2,720 19,195 78.47 15,916 69.34
Japan 52 45,082 319,345 79.43 318,930 79.16
Lithuania 2 3,000 11,362 43.24 9,685 37.71
Mexico 2 1,350 8,726 73.79 8,983 75.90
Netherlands 1 480 3,975 94.36 3,911 92.76
Pakistan 2 462 2,169 48.99 886 29.84
Romania 1 706 5,446 | 88.06 5,367 88.69
Russia 30 22,266 134,488 67.28 127,302 65.19
Slovakia 6 2,640 17,094 | 73.92 14,700 71.08
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Slovenia 1 707 5,257 | 84.88 4,905 82.41
South Africa| 2 1,930 11,293 | 66.79 12,797 75.62
South Korea | 16 13,768 112,052 | 92.56 105,078 90.35
Spain 9 7,815 63,715 | 91.56 61,590 89.77
Sweden 11 9,844 72,232 | 83.65 67,575 75.94
Switzerland 5 3,352 26,673 | 90.00 25,945 88.08
Taiwan 6 5,144 35,486 | 79.76 37,472 83.41
Ukraine 13 11,880 76,175 | 74.26 75,236 69.42
United 27 14,612 90,512 | 67.21 89,307 63.78
Kingdom

United 104 | 103,759 794,505 | 88.12 781,626 86.67
States

Totals 427 | 370,366 | 2,602,752 - 2,531,838 -

Source: Data from B. Schwieger, M. Leonard, S.Taylor, et al.

Because of greater capital expenditures and lesser electricity
costs as compared to fossil fuel plants, it is more profitable to operate
nuclear power plants in a base-load mode, in which case the capacity
factor value is primarily determined by the power plant’s reliabil-
ity and characterizes its availability. For the countries where nuclear
power plants account for a significant part of the total installed power
generation capacity, some nuclear plants should lower their output
during the night and weekend ebbs of power consumption in order
to considerably decrease their capacity factor values (Table 1-1).

France is second in the world after the United States in the
number of nuclear power units in operation (see Tables 1-1 and
1-6). From 1992 to 1997, the availability of French standard nuclear
power units with pressurized water reactors (PWRs) increased from
71.2% to 82.6% (20 units with 900-MW capacity and 34 units with
1,300-MW capacity).'® Simultaneously, their operating expenses de-
creased from 5.05 to 4.48 centimes/kWh, and the average number
of automatic and unplanned shutdowns per 7,000 operating hours
fell from 2.9 to 1.4.

The safety level of German nuclear power plants has been raised
considerably over the years, enough so that their safety record can
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compare favorably with other countries.'"” Operating performances
for German nuclear power units in 2002 are shown in Table 1-7. In
2003,19 German nuclear power plants generated a total of 165.1 TWh
of electricity, with an average capacity factor of 87.7%. This is more

than 50% of the required power production in the country.*

Likewise, high levels of operating performances are recorded for
nuclear power plants in Japan, Russia, South Korea, Finland, Belgium,
and other countries.

Table 1-7. Operating performances for German nuclear power units (2002)

Power Plant Name, | Reactor | Gross Gross Time Unplanned | Capacity
Unit Type Rated Power Availability | Outages Factor
Output | Generation | Factor (%) (%) (%)
(MW) (GWh)
Obrigheim PWR 357 2,996 96.0 0.1 95.4
Stade PWR 672 4,948 86.3 7.8 84.0
Biblis, A PWR 1,225 6,558 68.3 2.7 60.3
Biblis, B PWR 1,300 10,745 95.6 0.0 93.7
Neckar, 1 PWR 840 6,672 941 1.3 90.7
Neckar, 2 PWR 1,365 10,489 88.8 6.3 88.0
Brunsbiittel BWR 806 897 13.3 80.6 12.7
Isar, 1 BWR 912 7,870 99.7 0.7 98.5
Isar, 2 PWR 1,475 12,166 95.3 0.1 94.0
Unterweser PWR 1,410 7,114 60.6 326 57.5
Philippsburg, 1 BWR 926 6,896 90.0 4.0 84.2
Philippsburg, 2 PWR 1,458 11,650 929 0.4 90.6
Grafenrheinfeld PWR 1,345 10,432 91.1 15 88.7
Krimmel BWR 1,316 8,854 80.7 0.8 91.6
Gundremmingen,B | BWR 1,344 10,503 92.9 0.2 90.6
Gundremmingen, C | BWR 1,344 10,825 94.8 14 91.6
Grohnde PWR 1,430 11,429 94.0 1.8 90.6
Brokdorf PWR 1,440 11,922 95.9 0.0 94.5
Emsland PWR 1,400 11,862 97.0 0.1 96.6

Source: “Operating results of nuclear power plants in 2002” (in German),

VGB Powerlech 83 (5):37-73.
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Main Types of Reactors Used
for Power Production

The vast majority of the nuclear power units in service are
equipped with light-water reactors (LWRs), which use light water
as both coolant and moderator.?! There are two main types of
LWRs: pressurized water reactors (PWRs) and boiling water reactors
(BWRs). Pressurized-water reactor versions developed in the former
Soviet Union (FSU) are commonly designated as VVER, or WWER. In
PWRs, the primary circuit’s water is pumped at relatively high pres-
sure into the reactor vessel where it is heated and then passed to heat
exchangers (steam generators), where it boils the secondary circuit’s
water, which in turn evaporates and passes to the turbine (Fig. 1-3).
In BWRs, the water in the reactor core is allowed to boil, and the
produced steam passes directly to the turbine (Fig. 1-4).The nuclear
power units with PWRs represent indirect, or two-circuit, cycles,
whereas power units with BWRs employ a direct, or single-circuit,
cycle. The fuel for both of these reactor types is enriched uranium
dioxide, which is clad in zirconium alloy tube assemblies.

Fig. 1-3. Schematic diagram for a nuclear power unit with PWR (1: reactor
containment structure; 2: pressure vessel; 3: control rods; 4: steam
generator(s); 5: steam turbine; 6: condenser; 7: feed water pump(s); 8: main

circulating pump(s))
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Fig. 1-4. Schematic diagram for a nuclear power unit with BWR (1: reactor
containment structure; 2: pressure vessel and steam separator; 3: control
rods; 4: isolation valves; 5: steam turbine; 6: condenser; 7: feed water pump(s);
8: water pool)

LWRs (both PWRs and BWRs) are the most widespread reactors
employed by nuclear power plants throughout the world, with PWRs
slightly outnumbering BWRs.The individual electric capacity of pow-
er units with LWRs presently reaches 1,400-1,500 MW (Table 1-2).
A considerable amount of operating experience with these reactors
has been accumulated over the last five decades. They feature high
reliability and are economically competitive with fossil fuel power
plants in many energy markets. Their greatest advantage is the use of
ordinary, inexpensive water as moderator and coolant.

LWRs—both PWRs and BWRs—should be periodically shut down
for refueling. Refueling cannot be accomplished under load, while
the reactor is working. Commonly, for large-capacity LWRs, refueling
takes place at intervals of about 12 to 18 months, and about a third

of the core is replaced at each refueling. Thus, the fuel elements must
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be capable of lasting from three to five years before discharge. For
refueling, the reactor has to be shut down and brought to a cold
condition. The vessel cover is then removed, allowing the fuel ele-
ment assemblies to be replaced. In the process of refueling, some of
the fuel assemblies in the core are removed and others are moved to
different positions so that new fuel assemblies can be loaded. During
refueling, it is desirable to undertake all preventive maintenance and
repair operations on the unit’s equipment, including any repairs or
refurbishment required for the turbine. Therefore, the maintenance
schedule should be closely tied with the refueling schedule. In the
early 1990s, the reactor refueling process could take up to 90 days.
Reducing the amount of refueling time has been one of the main
sources of raising availability and capacity factors of nuclear power
plants.In 1999, the median refueling time for U.S. nuclear power units
with PWRs dropped to 39 days, and some power plant operators have
been able to complete refueling procedures in as few as 21 days.”
In 2000, Hope Creek managed to complete the refueling of its
1,000-MW BWR in 32 days and 18 hours—15 days quicker than the
plant’s previous best.*?

Extending the time interval between refuelings is another way
to improve a power unit’s availability and lower the operating costs,
along with optimizing maintenance and shortening the duration of
the refueling process. Since 1998, the fuel replacement interval has
been extended from one year to 18 months for 15 out of 20 standard
French 1,300-MW PWR-based nuclear power units, as well as for 16
out of 34 French 900-MW units.**

Both PWRs and BWRs have massive steel pressure vessels that
are only manufactured in a small number of countries with highly
developed heavy industry technologies. Because of high power den-
sity in the core, a PWR pressure vessel is relatively small, with thick
steel walls. The highly pressurized primary circulation system of
PWRs is extensive and increases the possibility of a major rupture.
The PWR steam generators also often show susceptibility for break-
ing down. The PWR coolant system becomes highly radioactive
during use, and adequate shielding of the operational personnel is
an important requirement. BWR-based power units have a single
circuit, and the coolant is pumped into the reactor vessel at a lower
pressure than in PWR-based units. For a comparable output, a BWR

reactor vessel is considerably larger and heavier than one in a PWR,
https://engineersreferencebookspdf.com



The Nuclear Power Industry at the Turn of the 21st Century 21

even though the reactor vessel wall is thinner. The primary cool-
ant system for a BWR, though smaller than that for a PWR, is still
very expensive and poses a potential hazard of radioactive leakage.
Radioactive steam passing to the turbine also requires special coun-
termeasures for protecting the operational personnel.

In addition to the previously mentioned issues, the main generic
disadvantage of all LWRs is the use of enriched uranium, calling for
either international supply or domestic industrial enrichment capabil-
ity. To avoid the need for enriched nuclear fuel, Canada has designed
and built a heavy-water-moderated reactor fueled with natural urani-
um—the Canada deuterium uranium (CANDU) pressurized heavy-wa-
ter reactor (PHWR).As of 2000, 34 PHWRs and CANDU reactors were
in operation at nuclear power plants in various countries: Canada (14
units with net individual electric power capacity of up to 750 MW);
India (12 units with individual electric power capacity of about 200-
220 MW); South Korea (four units of about 700 MW capacity each);
China (two 665-MW units); Argentina (two units of 319 MW and 600
MW capacity); Romania (one unit of 660 MW capacity); and Pakistan
(one unit of 125 MW capacity). Similar steam-generating heavy-water
reactors (SGHWRs) also used to be developed and installed in the
United Kingdom, Japan, and Italy.

In the initial CANDU-based projects, heavy water was used as
both moderator and coolant, circulating in separate circuits, with the
heavy water in the primary circuit collected in a tubed tank, called
a calandria. In the PHWR (advanced CANDU) and SGHWR, heavy
water is used only as moderator, with light water used as coolant
(Fig. 1-5). The fuel, which is natural uranium dioxide, is arranged in
horizontal pressure tubes made of Zircaloy. The use of natural urani-
um results in much lower fuel fabrication expenditures. With natural
uranium, the reactor does not have a high excess of reactivity as it
does in reactors using enriched nuclear fuel, and this helps to reduce
the likelihood of major power trips.The use of pressure tubes for the
fuel in the reactor core allows the coolant to be pressurized without
the need for a large steel pressure vessel. In addition, the large core of
natural uranium allows for on-load refueling without having to stop
operating the unit. Owing to this, the availability and capacity fac-
tors of PHWR-based nuclear power units can reach very high values.
PHWRs also are efficient producers of plutonium. All of these merits
would make the PHWR highly competitive with the LWR, were heavy
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water not so expensive. The CANDU-type reactors typically exhibit
intensive xenon poisoning, accumulating xenon in the reactor core
about one hour after a reactor trip.This sometimes makes it difficult
to restart the reactor quickly after unplanned, occasional trips. After
reactor trips, to enable prompt restarts and shorten the duration of
preliminary technological operations, it is desirable to keep the tur-
bine running at the synchronous rotation speed driven by the genera-
tor as a motor for about an hour. In addition, the minimal continuous
load provided by the CANDU-type reactors is remarkably higher than
that for LWRs (about 60% versus 25%).

Fig. 1-5. Schematic diagram for a nuclear power unit with PHWR (1: reactor
containment structure; 2: calandria; 3: fuel; 4: steam generator(s); 5: steam
turbine; 6: condenser; 7: feed water pump(s); 8: main circulating pump(s);
9: moderator heat exchanger)

The list of the most widespread nuclear power reactors could
be supplemented by light-water-cooled graphite-moderated reac-
tors (LWGRs), which are also called pressure-tube graphite reactors
(PTGRs).They were designed, constructed, and installed only in the
former Soviet Union under the name RBMK—the abbreviation for

the Russian term “channel reactor of large capacity.” The ill-fated
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Chernobyl Unit 4 reactor was of this type, and by 2000, 14 units of
this type, somewhat refurbished and made safer, were in operation
in Russia, Lithuania, and Ukraine. The LWGR works with enriched
uranium dioxide clad in zirconium alloy tubes and cooled by or-
dinary water, which is allowed to boil (Fig. 1-6). The water flows
through the numerous pressure tubes arranged in channels in the
body of graphite, which serves as moderator.The reactor is refueled
on-load.The chief merit of this design is the possibility of achieving
a large individual power capacity (an electric output of 1,500 MW
or more) without using a steel pressure vessel, which is very ex-
pensive and laborious to manufacture. Its main disadvantage is that
poorly controlled water flows through the numerous channels. In
addition, as the Chernobyl catastrophe showed, LWGRs tend toward
potential instability under certain circumstances.

Fig. 1-6. Schematic diagram for a nuclear power unit with LWGR (RBMK)
(1:reactor building; 2: core; 3: steam separators; 4: circulating pumps, 5: steam
turbines; 6: condensers; 7: feed water pumps; 8: water to core)

All of the previously mentioned reactor types have saturated or
slightly superheated steam at their outlet, and this steam produced
by the reactor passes to the power unit’s turbine or turbines (some
nuclear power units are equipped with two or more turbines working
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in parallel). The use of saturated steam requires specially designed
wet-steam turbines. For two-circuit nuclear power units with PWRs or
PHWRs, the steam passing into the turbine(s) does not pass through
the reactor core and is not radioactive. For the single-circuit units
with BWRs or LWGRs, the working steam goes to the turbine(s) just
after passing through the reactor, and this places additional require-
ments on the turbine materials and design.

Along with the previously mentioned reactors with saturated steam
at the outlet, there also exist other reactor types that have not gained as
wide an acceptance, primarily including gas-cooled, graphite-moderated
reactors developed in the United Kingdom and France. France quickly
abandoned these reactors in favor of PWRs, but their development and
application continued in the United Kingdom. According to the IAEA
as of 2001, nuclear power plants in the United Kingdom utilized 13
advanced gas-cooled reactors (AGRs), with an individual electric capac-
ity of 660 MW, as well as 10 older Magnox reactors.”> Magnox reactors
were so named because the natural uranium oxide fuel is enclosed in
a magnesium alloy canister. This reactor design was eventually super-
seded by the AGR, which, with higher steam pressure and temperature,
operates at higher efficiency. For AGRs, CO, is employed as the coolant,
and the outlet temperature is about 650°C (1,200°F). These reactors
use enriched ceramic uranium dioxide fuel in stainless steel shells and
have a much more effective fuel burnup than their Magnox predeces-
sors. The early Magnox reactors used steel pressure vessels. But the
later ones, as well as AGRs, were equipped with pre-stressed concrete
vessels lined with mild steel and integrated into the radiation shielding
to form a concrete shell over 5 m thick. An AGR can be refueled while
operating under load, and its fuel elements can remain in the core for
up to five years.All of these gas-cooled reactors have superheated steam
at their outlet, with the steam parameters close to those employed at
many fossil fuel power plants of 1960s-1980s vintage (16 MPa, 538/
538°C [2,320 psi, 1,000/1,000°F]). In particular, the turbines of British
nuclear power plants with these types of reactors (Dungeness-B, Hartle-
pool, Heysham, Hinkley Point, Hunterston-B) do not differ from those
operated at British fossil fuel power plants. Owing to the higher steam
conditions, the gas-cooled graphite-moderated reactors provide higher
thermal efficiency as compared to those reactors producing saturated
steam. In addition, the AGR is inherently a safe reactor and does not
require special additional containment besides the main reinforced
concrete pressure vessel. However, it requires heavy industry to sup-
port its technology, uses/ennichedititanitmsanckhas not demonstrated
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sufficient economic advantages to warrant acceptance outside the
United Kingdom in competition with the PWR, BWR, and PHWR.

High-temperature gas-cooled reactors (HT'GRs) are another further
development of the gas-cooled reactor concept.The idea is to achieve
higher steam temperatures at the reactor outlet by using helium as
the coolant and graphite-coated spheres of enriched uranium dioxide
as fuel. Experimental and prototype versions were built in the United
Kingdom, the United States, and Germany, but all of them were even-
tually decommissioned, including the largest one—the 330-MW(e)
nuclear power unit at Fort St. Vrain, with output steam parameters of
16.6 MPa and 538/538°C (2,407 psi, 1,000/1,000°F)—in 1989.%

A further development of this concept is tied to the direct use of
a gaseous coolant (helium) as the working fluid for gas turbines in the
Brayton cycle. Two more advanced reactor projects are based on this
idea: the gas turbine-modular helium reactor (GT-MHR), developed by
General Atomics, and the pebble bed modular reactor (PBMR), devel-
oped by Eskom, a large South African utility.”” It might be well to note
that, while typical nuclear power units with LZWRs have a thermal ef-
ficiency of about 33%, a heat efficiency of more than 40% is anticipated
for the basic PBMR project.?® A further increase in the fuel performance
leading to higher outlet gas temperatures offers the prospect of up to
50% efficiency. The world’s first experimental PBMR with a capacity
of 10 MW is operated in China, and a project of a 195-MW reactor is
underway. Eskom plans to launch a pilot 110-MW PBMR at Koeberg
nuclear plant in 2007, and Exelon has indicated an intention to apply
for a license to construct the first PBMR unit in the United States.

Great expectations were set on the development of fast
breeder reactors (FBRs). The FBR is not a thermal reactor, as it has
no moderator and works with fast (instead of “thermal”) neutrons.
Worldwide, there were only a few such reactors built and put into
operation, including the 250-MW Phénix and 1,242-MW Super-Phénix
in France, the BN-350 and BN-600 in the former Soviet Union (with
the rated electric outputs of 350 and 600 MW, respectively), and the
270-MW Dounreay in the United Kingdom. With the use of liquid
sodium employed as coolant (for liquid-metal FSBs—LMFSBs), heat
discharged in the fission process within the reactor core is carried
away by the liquid sodium circulating within a large pool with
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liquid sodium in the secondary, intermediate circuit. In turn, the heat
transfers to the steam generators, where it is transferred to the third
circuit’s water, thus making superheated steam to drive the turbine.
Because the core contains no moderator, the neutrons involved in
the fission process are not slowed down and retain their fast speeds
(hence the term “fast” neutrons).The central core region consists of a
mixed uranium-plutonium oxide fuel (containing U-235, Pu-239, and
U-238) surrounded by a blanket of U-238. Once launched, the FBR is
self-sufficient and may even produce excess plutonium (hence the
appellation “breeder”). The outlet steam conditions for such reactors
(as, for example, Phénix) are approximately 16 MPa and 510/510°C
(2,320 psi, 950/950°F). The FBR-based power units in service employ
steam turbines hardly differing in their design from those of fossil fuel
plants with the same output and steam parameters.

Research in recent years has inspired a renewed interest in
the development of FBRs, as well as LWRs, with supercritical outlet
steam conditions, but for the time being they remain more theoreti-
cal in nature.”

The Nearest Prospects for
Wet-Steam Turbine-Based
Nuclear Power Plants

In view of the worldwide energy situation, there is no doubt
that the importance of nuclear energy will continue to grow in the
foreseeable future. Nuclear power plants currently make, and will
have to continue to make, a vital contribution toward reducing CO,
emissions into the atmosphere and conserving fossil fuel energy
resources. Because of this, a new generation of power reactors is cur-
rently being implemented in newly constructed nuclear power units.
Using the terminology of the U.S. Department of Energy, as proposed
by the NEI, they belong to a Generation III reactor technology, em-
bracing new design concepts developed since 2000 and certified by
the NRC. Some experts have also coined a term for an intermediate
Generation III+, intended for newly developed designs not yet certi-

fied by the NRC.* The next generation of technology, Generation IV,
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should include unique new designs assumed to be deployable by
2030, such as supercritical water-cooled reactors, gas-cooled and lead-
cooled fast reactors, and others.>!

The advanced BWR (ABWR) project was developed by GE. The
project’s features make it more reliable, and also improve the power
unit’s ability to meet the power market’s demands.The ABWR’s com-
pact design results in a building volume that is only 70% as large as
earlier BWR projects. Similarly, the Westinghouse AP600, a Generation
IIT reactor intended for medium-capacity nuclear power units, also
uses a boiling water design, but is smaller and simpler than older
BWRs, with improved safety and 50% less building space required.The
Westinghouse AP1000 project is similar to the AP600 and is intended
for nuclear power units with an electric output of about 1,100 MW.
The NRC has also certified three other standard reactor projects, all of
them targeted for capital expenditures of about $1,000/kW.>

An essential advantage of boiling water reactors, as well as other
single-circuit reactors, is the absence of the great amount of equip-
ment normally required for the secondary circuit. The basic ABWR
project was developed by an international team of BWR suppliers
from Japan, the United States, Sweden, and Italy, for the 1,356 MW
Kashiwazaki-Kariwa Units 6 and 7 in Japan.’® Put into commercial
operation in 1996 and 1997, they became the world’s first nuclear
power units that could rightfully be considered belonging to Gen-
eration III. Performance tests conducted at Unit 6 showed a thermal
efficiency of 34.5%—the highest level yet measured at any Japanese
BWR-based nuclear power plant. Two other similar units are presently
under construction and scheduled to be put into operation in 2005
and 2006 (Hamaoka Unit 5 and Shika Unit 2), and four others are
planned for construction in the next 10 years. In addition, Japan is
scheduled to build two 1,540-MW nuclear power units with APWRs
by 2011. In Western Europe, no new nuclear power units had been
ordered between 1991, when France authorized construction of
its latest reactor (which was finally commissioned in 1996), and
December 2003, when a contract was signed for Finland’s fifth
nuclear power unit. According to the Finnish Ministry of Trade and
Industry, six projects were bid: three with advanced BWRs (one devel-
oped by GE in the United States with a rated electric output of 1,400
MW:; the Westinghouse/BNFL BWR90+ model developed in Sweden
with a rated output of 1,500 MW, and Framatome ANP’s 1,000-MW
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SWR1000 model, developed in Germany), and three with advanced
PWRs (Westinghouse/BNFL'’s 1,000-MW AP1000/EP; Framatome ANP’s
EPR, developed jointly by France and Germany, with an individual
electric capacity of over 1,500 MW, and the Russian 1,000-MW VVER
91/99).*% Electric energy from the new nuclear power units will
be cheaper than that produced by fossil fuel power plants: 2.15
cents/kWh versus 2.41 cents/kWh for coalfired power units, 2.61
cents/kWh for natural gas, and 3.09 cents/kWh for peat. In addition
to the joint French-German EPR project, Siemens has proposed a
new project, currently under consideration, known as the SWR.* In
December 2003, Teollisuuden Voima Oy (TVO), developer, owner, and
operator of the Olkiluoto nuclear power plant, signed a turnkey con-
tract with the Framatome ANP-Siemens consortium for construction
of the plant’s Unit 3, which would be the largest nuclear power unit
ever.The unit is scheduled to be commissioned in 2009, and will have
a net individual capacity of 1,600 MW(e).*

South Korea has announced plans for constructing a series of
Korean advanced PWRs, or Korean next generation reactors (KNGRs),
also known as the APR1400.%” The first two APR1400 units will be
Shin-Kori Units 3 and 4.Their commercial operation is scheduled to
commence in 2010 or 2011.The APR1400, with an electric output of
1,400 MW, has evolved from the 1,000-MW Korean standard nuclear
plant (KSNP) project. Two KSNP units, Ulchin Units 3 and 4, have
been in operation since 1998 and 1999. Yonggwang Units 5 and 6
were put into operation in 2002 and 2003, and Ulchin Units 5 and 6,
currently under construction, are scheduled to be commissioned in
2005 and 2006.The economic target for the APR1400 is a 20% cost
advantage over coalfired power plants. The units are designed for a
lifetime of 60 years, with a refueling interval of 18 to 24 months and
an availability factor expected to be more than 90%.

Atomic Energy of Canada Limited (AECL) has proposed the next
generation CANDU project (NG CANDU). It is envisaged as a medium-
sized reactor with an individual electric capacity of about 650 MW, real-
izing a capital cost reduction of 40% relative to current nuclear power
plants.*®The aim is to achieve a capital expenditure level of $1,000/kW.
In this project, heavy water is used only as coolant. Among other
improvements, the reactor is operated with somewhat higher outlet
steam pressure that raises the unit’s thermal efficiency.The NG CANDU
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basis for two 665-MW units of the Chinese Qinshan Phase 3 (Units 4
and 5) nuclear power plant project, completed in 2003.%

Generation III nuclear power units are designed for a lifetime
of 60 years, instead of the 40 years or less attributed to their Gen-
eration II predecessors.The rated lifetime for the Russian VVER and
RBMK Generation II reactors was 30 years, and these units began
reaching that milestone in the early 2000s, begging the question
of their fate. In the next few years, the same problem will arise
for some Eastern European nuclear power units constructed after
Soviet projects. Evidence shows that for most of them, their lifetime
can be considerably prolonged.

By the end of 2000, 11 Japanese BWR-based power plant units
had been operated for 20 years or more, and this number will almost
double to 19 by 2010.%! In the United States and Western Europe,
several Generation II nuclear power units have also already been de-
commissioned, shut down, and partially or completely dismantled.*
The latest example is the 662-MW(e) Stade nuclear power plant in
Germany, commissioned in 1972. It was shut down on November 1,
2003.Work on dismantling its reactor is due to begin in 2005, once its
fuel has been removed.*?

By 2015, the NRC’s operating license for more than three-dozen
U.S. nuclear power units will have expired.Although it is possible that
many of these units could be decommissioned, there is also a possibil-
ity of prolonging their operation. The recent 20-year license exten-
sions granted to the two-unit, 1,700-MW Calvert Cliffs, the 2,500-MW
Oconee, and the Arkansas Nuclear One nuclear power units were
widely applauded and have given a shot in the arm to proponents of
renewing the licenses for other aging power units. By the early 2000s,
approximately 40 nuclear power units have either filed their license
renewal applications or informed the NRC of their intention to do so.
Many analysts believe that “the future of the U.S. nuclear power indus-
try is brighter today than at any time since the 1979 Three Mile Island
accident.”* Most experts consider it desirable, and quite possible, to
continue operation of existing nuclear power plants for 20 additional
years beyond their original 40-year license term, which would reduce
the number of new base-load nuclear and fossil fuel power plants
needed to be built, thereby avoiding substantial carbon emissions.*
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Many experts now consider it reasonable even to restart some
nuclear power units that were shut down earlier. “ In 2002, the
Tennessee Valley Authority (TVA) announced that it would restart its
1,100-MW Browns Ferry Unit 1, shut down in the mid-1980s along
with two others at Browns Ferry and two at Sequoyah. All five of
these units were restarted and have demonstrated excellent operating
performances.”” These successes have made it possible to consider
completing the construction of some unfinished nuclear power units.
Thus, the TVA has expressed its intention to complete construction of
the two-unit Bellefonte nuclear power plant and Watts Bar Unit 2.

Relicensing and restarting of existing nuclear power plants com-
monly happens in parallel with their uprating. Uprating involves
increasing the power unit’s capacity over the initially assessed value.
This can also be commonly done for other, more recent, nuclear
power units in service, and can be performed in two ways. First,
although a given nuclear power unit may only produce as much
power as licensed by the NRC, most reactors (as well as other main
power equipment, including the turbines) have the design margin to
produce more energy than specified by the current license. Recently,
the NRC has evaluated these design margins and relaxed its policy.
As a result, many nuclear power plant operators have applied for an
uprating and received authorization to increase the reactor output.
Second, nuclear power plants can increase their electric capacity
without increasing the reactor’s output by initiating technological
improvements in “traditional” (non-nuclear) equipment—primarily
steam turbines. The refurbishment of turbines can yield an increase
in the unit output of at least 1.4-1.7% for even relatively modern
turbines with the same reactor capacity.

https://engineersreferencebookspdf.com



10

11

12

13

14

15

16
17
18

The Nuclear Power Industry at the Turn of the 21st Century 31

References

Bannister, R. L., and G. J. Silvestri, Jr. 1989. The evolution of central station
steam turbines. Mechanical Engineering 111(2): 70-78.

Carlson, J. A. 1958. Steam turbines for nuclear power plants. Proceedings of the
American Power Conference 20: 225-231.

Harris, F. R. 1984. The Parsons centenary—A hundred years of steam turbines.
Proceedings of the Institute of Mechanical Engineers 198A(9): 183-223.

2001. Operating Experience with Nuclear Power Stations in Member States
in 2000. Vienna: International Atomic Energy Agency.

2003. Operating Experience with Nuclear Power Stations in Member States
in 2002. Vienna: International Atomic Energy Agency.

Hohlefelder, W. 2003. Nuclear power: Memorandum of understanding
implications for Germany’s energy sector. VGB PowerTech 83(5): 1.

2000. Four new plants added to world nuclear fleet in 1999. Power Engineering
104(9): 26.

Zink, J. C. 2001. Nukes’ performance may encourage bright future. Power
Engineering 105(6): 26.

2001. Nuclear costs less than coal. Nuclear Engineering International
46(559): 2.

Davis, K. 2001. Nuclear reigns as hot commodity. Electric Light & Power
79(6): 1.

Wesselmann, C. 2003. Nuclear power production (in German). BWK
55(6): 40-47.

Rigby, P. 2003. Can Washington jump-start new U.S. nuclear plants? Platis
Energy Business & Technology 20-24.

Schwieger, B., M. Leonard, S. Taylor, et al. 2002. First annual top plants survey.
Power 146(4): 27-70.

Sekine, Y. 1993. Nuclear power generation in Japan—Present status and future
prospects. Proceedings of the Institute of Mechanical Engineers, Part A:
Journal of Power and Energy 207: 233-2406.

Toivola, A. 2004. Nuclear power as part of the Finnish electricity supply. VGB
PowerTech 84(1/2): 52-55.

Rigby, Can Washington jump-start new U.S. nuclear plants?, 20-24.
Peltier, R. 2004. Nuclear renaissance continues. Power 148(5): 32-40.

Serres, R., and D. Carbonnier. 1999. French nuclear power plants—Results and
outlooks. VGB PowerTech 79(8): 16-19.

https://engineersreferencebookspdf.com



32

19

20

21
22
23

24
25

26

27

28

29

30

31
32

33

34

35

36

37

38

39

Wet-Steam Turbines for Nuclear Power Plants

von Weiche, G., and H. Pamme. 2003. Safety culture in nuclear power plants
(in German). VGB PowerTech 83(3): 55-58.

Zaiss, W. 2004. Performance of German nuclear power plants in 2003. VGB
PowerTech 84(5): 2.

El-Wakil, M. M. 1984. Powerplant Technology. New York: McGraw-Hill.
2000. Nuclear power embarks on a renaissance. Power 144(3): 6-7.

Schimmoller, B. K. 2000. Accelerating outages & extending intervals. Power
Engineering 104(11): 42-50.

Serres, French nuclear power plants, 16-19.

2001. Operating Experience with Nuclear Power Stations in Member States
in 2000.

Hylko, J. M. 2002. Nuclear operators weigh decommissioning, relicensing
options. Power 146(3): 64-70.

Gautschi, F. 2003. Nuclear power return may hinge on advanced gas-cooled
reactor design. Power Engineering 107(3): 45-48.

Ferreira, T. 2001. PMBR: The future is now. Modern Power Systems 21(8):
43-44.

Generation IV: To 2030 and beyond. 2003. Modern Power Systems 23(2):
28-29.

Thomas, M. 2002. Nuclear power bids for wider acceptance. EnergyTech 2:
8-11, 52.

Generation IV: To 2030 and beyond, 28-29.

Kennedy, E. H., and R. P. Vijuk. 2003. AP1000: A passive future for the PWR.
Modern Power Systems 23 (8): 49-52.

Moriya, K., M. Ohtsuka, M. Aoyama, and M. Matsuura. 2001. Development study
of nuclear power plants for the 21st century. Hitachi Review 50(3): 61-67.

2002. Finland’s fifth unit hangs in the parliamentary balance. Modern Power
Systems 22(2): 26-27.

Liersch, G., J. Mattern, and R. Danisch. 1999. The new generation of nuclear
power plant reactors: EPR and SWR1000. VGB PowerTech 79(8): 63-67.

Site work underway on Finland’s 1600 MWe EPR. 2004. Modern Power Systems
24(3): 30-34.

2001. Koreans prepare to build the first advanced PWR. Modern Power
Systems 21(8): 37-41.

Hopwood, J., K. Hedges, and M. Pakan. 2002. Next-generation CANDU
technology. Nuclear Plant Journal (5): 35-38.

Haraguchi, M., Q. Liu, and S. Oda. 2001. Steam-turbine equipment for Qinshan
phase-III nuclear power station in China. Hitachi Review 50(3): 95-99.

https://engineersreferencebookspdf.com



40

41

42

43

44
45

46

47

The Nuclear Power Industry at the Turn of the 21st Century 33
Riegg, G. 1999. Decommissioning in the Russian Federation: Rules, planning
and concepts. Nuclear Engineering International 44(11): 27-29.

Ikegami, T., T. Shimura, and M. Koike. 2001. Plant life management technologies
for nuclear power plants. Hitachi Review 50 (3): 84-88.

Wild, E. 2002. The prospects for nuclear power in Europe. VGB PowerTech
82(5): 69-71.

From Stade to finish. 2004. Nuclear Engineering International 49(595):
32-35.

Hylko, Nuclear operators weigh decommissioning, 64-70.

Moore, T. 2002. License renewal revitalizes the nuclear industry. EPRI Journal
27 (3): 9-17.

Swanekamp, R. 2003. License renewal, plant upgrades brighten nuclear’s
future. Power 147(1): 25-31.

Schwieger, First annual top plants survey, 27-70.

https://engineersreferencebookspdf.com



The Nuclear Power Industry at the Turn of the 21st Century 35

Bibliography
Aubert, M. 1974. Phénix 4 fast breeder power plant. Nuclear Engineering (218):

563-566.

Aubry, P, S. Bayard, and A. Anis. 1986. Nuclear LP turbine design and operating
experience. Proceedings of the American Power Conference 48: 166-171.

Bannister, R. L., and G. J. Silvestri, Jr. 1989. The evolution of central station steam
turbines. Mechanical Engineering 111(2): 70-78.

Boschee, P. 2002. Industry report. Electric Light & Power 80(11): 21-24.

Carlson, J. A. 1958. Steam turbines for nuclear power plants. Proceedings of the
American Power Conference 20: 225-231.

Davis, K. 2001. Nuclear reigns as hot commodity. Electric Light & Power 79(6): 1.
El-Wakil, M. M. 1984. Powerplant Technology. New York: McGraw-Hill, 1984.

Elliot, T. C., K. Chen, and R. C. Swanekamp, eds. 1998. Standard Handbook of
Powerplant Engineering, 2d ed. New York: McGraw-Hill, 1998.

Ferreira, T. 2001. PMBR: The future is now. Modern Power Systems 21(8): 43-44.

Filippov, G. A., O. A. Povarov, and V. V. Pryakhin. 1973. Researches and Calculations
for Wet-Steam Turbines (in Russian). Moscow: Energiya, 1973.

Finland’s fifth unit hangs in the parliamentary balance. 2002. Modern Power
Systems 22(2): 26-27.

Four new plants added to world nuclear fleet in 1999. 2000. Power Engineering
104(9): 26.

From Stade to finish. 2004. Nuclear Engineering International 49(595): 32-35.

Gautschi, F. 2003. Nuclear power return may hinge on advanced gas-cooled reactor
design. Power Engineering 107(3): 45-48.

Generation IV: To 2030 and beyond. 2003. Modern Power Systems 23(2):28-29.

Gyamarthy, G. 1962. A Theory of Wet-Steam Turbines (in German). Zurich: Juris-
Verlag, 1962.

———. 1976. Basic notions. In Two-Phase Steam Flow in Turbines and Separators:
Theory, Instrumentation, Engineering, ed. M. J. Moore and C. H. Sieverding,
1-57. Washington, D.C.: Hemisphere Publishing Corp., 1976.

Haraguchi, M., Q. Liu, and S. Oda. 2001. Steam-turbine equipment for Qinshan
phase-III nuclear power station in China. Hitachi Review 50(3): 95-99.

Harris, F. R. 1984. The Parsons centenary—A hundred years of steam turbines.
Proceedings of the Institute of Mechanical Engineers 198A(9): 183-223.

Hohlefelder, W. 2003. Nuclear power: Memorandum of understanding implications
for Germany'’s energy sector. VGB PowerTech 83(5): 1.

https://engineersreferencebookspdf.com



36  Wet-Steam Turbines for Nuclear Power Plants

Hopwood, J., K. Hedges, and M. Pakan. 2002. Next-generation CANDU technology.
Nuclear Plant Journal (5): 35-38.

Hylko, J. M. 2002. Nuclear operators weigh decommissioning, relicensing options.
Power 146(3): 64-70.

Ikegami, T., T. Shimura, and M. Koike. 2001. Plant life management technologies for
nuclear power plants. Hitachi Review 50(3): 84-88.

International Atomic Energy Agency. 2001. Operating Experience with Nuclear
Power Stations in Member States in 2000. Vienna: International Atomic
Energy Agency, 2001.

. 2003. Operating Experience with Nuclear Power Stations in Member
States in 2002. Vienna: International Atomic Energy Agency, 2003.

Kalderon, K. 1971. Large steam turbines for conventional power plants. Journal of
Science and Technology (1): 21-29.

Kennedy, E. H., and R. P. Vijuk. 2003. AP1000: A passive future for the PWR. Modern
Power Systems 23(8): 49-52.

Kirillov, P. L. 2001. Changing over to supercritical parameters: The way to advance
nuclear power stations with water cooled reactors. Thermal Engineering
48(12): 973-978.

Koreans prepare to build the first advanced PWR. 2001. Modern Power Systems
21(8):37 -41.

Kosyak, Y. F, ed. 1978. Steam-Turbine Installations for Nuclear Power Plants (in
Russian). Moscow: Energiya, 1978.

, V. N. Galatsan, and V. A. Paley. 1983. Operating Nuclear Power Plant
Turbines (in Russian). Moscow: Energoatomizdat.

Liersch, G., J. Mattern, and R. Danisch. 1999. The new generation of nuclear power
plant reactors: EPR and SWR1000. VGB PowerTech 79(8): 63-67.

Moore, M. J., and C. H. Sieverding, eds. 1976. Two-Phase Steam Flow in Turbines
and Separators: Theory, Instrumentation, Engineering. Washington, D.C.:
Hemisphere Publishing Corp., 1976.

Moore, T. 2002. License renewal revitalizes the nuclear industry. EPRI Journal
27(3): 9-17.

Moriya, K., M. Ohtsuka, M. Aoyama, and M. Matsuura. 2001. Development study of
nuclear power plants for the 21st century. Hitachi Review 50(3): 61-67.

Mounfield, P. R. 1991. World Nuclear Power. London: Routledge, 1991.

Min, K. H,, and D. R. Chari. 2004. My brilliant Korea. Modern Power Systems 24(3):
34-36.

Nedderman, J. 1997. Kashiwazaki-Kariwa Unit 6 fulfills ABWR promise. Modern
Power Systems 17(3): 50-52.

Next generation aims to combine best of CANDU and PWR. 2002. Modern Power
Systems 22(2): 29-30.

https://engineersreferencebookspdf.com



The Nuclear Power Industry at the Turn of the 21st Century 37

Nuclear costs less than coal. 2001. Nuclear Engineering International 46(559): 2.
Nuclear power embarks on a renaissance. 2000. Power 144(3): 6-7.

Operating results of nuclear power plants in 2002 (in German). 2003. VGB
PowerTech 83(5):37-73.

Peltier, R. 2004. Nuclear renaissance continues. Power 148(5): 32-40.

Proceedings of the First International Symposium on Supercritical Water-Cooled
Reactors. 2000. Tokyo, Japan, 2000.

Riegg, G. 1999. Decommissioning in the Russian Federation: Rules, planning and
concepts. Nuclear Engineering International 44(11): 27-29.

Rigby, P. 2003. Can Washington jump-start new U.S. nuclear plants? Platts Energy
Business & Technology 2003: 20-24.

Schimmoller, B. K. 2000. Accelerating outages & extending intervals. Power
Engineering 104(11): 42-50.

Schwieger, B., M. Leonard, S. Taylor, et al. 2002. First annual top plants survey.
Power 146(4): 27-70.

Sekine, Y. 1993. Nuclear power generation in Japan—Present status and future
prospects. Proceedings of the Institute of Mechanical Engineers, Part A:
Journal of Power and Energy 207: 233-2406.

Serres, R., and D. Carbonnier. 1999. French nuclear power plants—Results and
outlooks. VGB PowerTech 79(8): 16-19.

Site work underway on Finland’s 1600 MWe EPR. 2004. Modern Power Systems
24(3): 30-34.

Spalthoff, F. J., H. Haas, and F. Heindrichs. 1976. First year of operation of the world’s
largest tandem compound turbine-generator. Proceedings of the American
Power Conference 38: 555-569.

Swanekamp, R. 2003. License renewal, plant upgrades brighten nuclear’s future.
Power 147(1): 25-31.

Thomas, M. 2002. Nuclear power bids for wider acceptance. EnergyTech 2: 8-11,
52.

Three US power providers looking at additional nuclear units. 2002. Power
Engineering 106(5): 14.

Toivola, A. 2004. Nuclear power as part of the Finnish electricity supply. VGB
PowerTech 84(1/2): 52-55.

Traupel, W. 1977. Thermal Turbomachinery. 3d ed. (in German). Heidelberg:
Springer, 1977.

Troyanovsky, B. M. 1978. Turbines for Nuclear Power Plants. 2d ed. (in Russian).
Moscow: Energiya, 1978.

Tsuji, A., A. Endoh, and Y. Asada. 1998. Completion of ABWR plant—Kashiwazaki-
Kariwa nuclear power station Unit Nos. 6 and 7. Hitachi Review 47(5):
157-163.

https://engineersreferencebookspdf.com



38  Wet-Steam Turbines for Nuclear Power Plants
von Weiche, G., and H. Pamme. 2003. Safety culture in nuclear power plants (in
German). VGB PowerTech 83(3): 55-58.

Voronin, L. M. 2000. Prospects for the development of nuclear power engineering
in Russia in the XXI century. Thermal Engineering 47(12): 868-872.

, B. Y. Berezin, and 1. M. Kisil. 1997. Extending the service life of power-
generating units at nuclear power stations in Russia. Thermal Engineering
44(8): 639-642.

Wesselmann, C. 2003. Nuclear power production (in German). BWK 55(6): 40-47.

Wild, E. 2002. The prospects for nuclear power in Europe. VGB PowerTech 82(5):
69-71.

Zaiss, W. 2004. Performance of German nuclear power plants in 2003. VGB
PowerTech 84(5): 2.

Zink, J. C. 2001. Nukes’ performance may encourage bright future. Power
Engineering 105(6): 26.

https://engineersreferencebookspdf.com



Copyrighted Materials

Copyright @ 2005 PennWell Retrieved from www knovel.com

2

The Thermal Process
in Wet-steam Turbines

Initial, Partition,
and End Steam Conditions

A characteristic schematic diagram for a turboset of a typical modern
nuclear power unit (for example, with a PWR), with the working
fluid’s operating conditions corresponding to its 100% maximum
continuous rating (MCR), is shown in Figure 2-1. The main (live)
steam leaves the reactor’s steam generator(s) with a steam pressure
of 6.68 MPa (969 psi) and moisture content of 0.25% and enters the
double-flow HP cylinder. After this, it passes through the moisture
separators (MS) and two-stage reheaters (R) and reaches two or
three double-flow, double-exhaust LP cylinders, being superheated
to 273°C (523°F) by steam extracted from the HP cylinder (the first
reheat stage) and a portion of main steam (the second reheat stage).
After the LP cylinders, the working steam passes to the condensers.
The resultant steam condensate is pumped through the LP regenera-
tive heaters to the deaerator, from which the feed water is directed
by the feed pump(s) back into the steam generator(s) through the
HP heaters.The LP and HP regenerative heaters and deaerator are fed
with steam from the turbine’s steam extractions (bleedings).The tur-
bine’s regenerative system also comprises the gland steam condenser
and drain coolers. If the feed pumps are driven by steam turbines,
the driving turbines are also fed with steam from the turbine’s bleed-
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steam and water extractions, the rated steam flow amount at the
LP cylinder exhausts makes up about 55% of the main steam flow
from the steam generators. This simplifies designing the last LP stage
blades (LSBs), improves their operating conditions, and reduces the
energy losses with the exhaust velocity. Because of the low initial
steam parameters and, as a result, less available energy as compared
to that for fossil fuel power units, enormous steam flow amounts
are needed to provide comparable power output—nearly 1.7 tons/s
(about 3,750 Ibs/s) for a 1,000-MW output.
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Fig. 2-1. Schematic diagram of a large double-circuit nuclear power unit
turboset with operating conditions corresponding to 100% MCR
Source:T.H. McCloskey, R. B. Dooley, and W. P. McNaughton'

The thermal (or steam expansion) processes for wet-steam
turbines of nuclear power plants differ considerably from those of
fossil fuel power units. First of all, this difference is determined by
different initial steam conditions and, correspondingly, a different
initial position on the Mollier (h-s) diagram: substantially superheated
high-pressure steam for fossil fuel power units versus saturated steam
of much lower pressure for nuclear power plants (Fig. 2-2). For wet-
steam turbines, to decrease the steam wetness in the last LP stages,
particular attention is given to measures of internal (that is, within the
steam path) moisture separation. In addition, wet-steam turbines are
commonly furnished with external moisture separators and reheaters
(Fig. 2-1). Owing to steam reheat, a certain portion of the steam
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expansion line for the first LP stages lies above the saturation curve
in the Mollier diagram, and the corresponding turbine stages work on
superheated steam. Nevertheless, all of the HP-section stages and at
least a considerable part of the LP stages work with wet steam.

Sz

‘0%

Fig. 2-2. Mollier diagram with characteristic steam expansion lines for
wet-steam turbines compared to superheated steam turbines of fossil fuel
plants (1":a hypothetical wet-steam turbine without any moisture separation;
1: a wet-steam turbine with an external moisture separator; 2: a wet-steam
turbine with an external moisture separator and additional steam reheat;
3 and 4: non-reheat superheated steam turbines of the 1920s and 1940s,
respectively; 5: a reheat steam turbine of a subcritical-pressure fossil fuel
power unit of the 1960s;6:a modern reheat turbine of a supercritical-pressure
fossil fuel power unit with elevated main and reheat steam temperatures;
1" and 2" predicted expansion lines ignoring internal moisture removal)
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The steam expansion process in wet-steam turbines is somewhat
similar to the steam expansion process for non-reheat steam turbines
of fossil fuel power plants of the period between the mid-1920s and
mid-1940s, with rather moderate (from our present point of view)
steam pressure and relatively high (from the standpoint of that time)
steam temperatures: 2.9 MPa and 400°C (420 psi, 750°F) and 8.8 MPa
and 500°C (1,276 psi, 932°F) (see lines 3 and 4 in Fig. 2-2). The steam
wetness in the LP stages and the final moisture content of the ex-
hausted steam of both those old non-reheat steam turbines and modern
wet-steam turbines are approximately the same. However, if the wet-
steam turbines did not have moisture separation and steam reheat, their
last LP stages would have to work with steam containing up to 24%
moisture. The post-World War II progress in fossil fuel steam turbine
power units—raising the initial steam pressure up to supercritical and
ultra-supercritical levels, the use of steam reheat, and the sharp eleva-
tion of the main and reheat steam temperatures up to 600°C (1,112°F)
and even higher—has resulted in a substantial decrease in the exhaust
steam wetness for these turbines with advanced steam conditions (see
lines 5 and 6 in Fig. 2-2). As for nuclear wet-steam turbines, raising the
initial steam pressure to improve the turbine efficiency increases the de-
gree of wetness in the turbine steam path, shifting the steam expansion
process lines to the left on the Mollier diagram.This effect is especially
noticeable for the HP steam path.

The presence of moisture in the steam flow lowers the turbine
efficiency, and it also poses a danger of intense erosion to the
turbine’s steam path elements. First of all, this concerns water drop
erosion (WDE) of rotating blades. Intensity of this erosion is approxi-
mately in proportion to the steam wetness. In turn, water erosion
in the turbine steam path is accompanied with corrosive processes
caused by the presence of corrosive impurities such as chlorides,
sulfates, carbon dioxide, organic impurities, and so on, in the work-
ing fluid. When steam condenses in the turbine, during the transition
to two-phase conditions, these impurities are distributed among the
vapor and the small amounts of water droplets that are formed. Most
of the low-volatile impurities, in particular the chlorides and sulfates,
almost completely pass into the water droplets.As the amount of this
primary condensate is small, the concentration of impurities in it can
be relatively high. When this moisture precipitates at the nearby sur-
faces, it forms liquid films with a high content of corrosive impurities.
This problem is inherent in the processes of moisture formation in
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turbines. Some experimental data also indicate that the intensity of
corrosion processes in steam turbines increases if the condensation
zone reciprocates.? For wet-steam turbines, there exist certain regions
in the Mollier diagram that are characterized by extreme, intense, or
moderate severity of erosion-corrosion wearing (ECW) (Fig. 2-3).
Without steam reheat, significant portions of the HP and LP stages
would work within the severe erosion-corrosion zone. For reheat wet-
steam turbines with appropriate correlations of the initial and reheat
steam pressure, the turbine’s steam path only partially crosses the
severe erosion-corrosion zone, but, nevertheless, a considerable por-
tion of the HP stages remains in the intense erosion-corrosion zone.
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Fig. 2-3. Areas of various levels intensity of erosion-corrosion processes in
the wet-steam region for turbine stator elements made of carbon steels (ECW
rates: I: > 2.5 mm/yr, II: > 1.5 mm/yr, III: > 1.0 mm/yr, IV: < 1.0 mm/yr; @ and
b: steam expansion processes for TurboAtom K-1000-60/1500 and K-220-44

turbines, respectively)
Source: O.A. Povarov, G.V.Tomarov, and V. N. Zharov>

Despite all the countermeasures, the moisture content for the
wet-steam turbines’ last LP stages is usually greater than that for
fossil fuel reheat turbines of superheated steam. The predicted exit
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steam wetness for the wet-steam reheat turbines could reach 12-17%,
however, the actual values are about 11-14%, thanks to the internal
moisture removal in the steam path. Steam wetness after the turbines’
HP section is measured at approximately the same levels as at the
LP cylinder’s exit. Thus, the problems of both energy losses due to
wetness and erosion of the steam path components require equal
attention to both the HP and LP sections. The mean diameters and
lengths of the HP section’s blades are smaller than those for the LP
cylinder, so they work with smaller circumferential velocities. This
circumstance somewhat moderates the energy losses. On the other
hand, steam in the HP section stages is much denser, because of its
higher pressure, and can impair the turbine performances in terms of
energy losses and erosion damages to a greater extent.

Because of the energy losses due to wetness, the internal effi-
ciency values of the wet-steam turbine sections are lower than those
for fossil fuel reheat turbines of superheated steam: about 82% for the
HP sections of wet-steam turbines versus 86-92% for the HP sections
of superheated-steam turbines; and 85-87% for the LP sections of
wet-steam turbines versus 89-94% for the intermediate-pressure (IP)
sections and 90-91% for the LP sections of reheat steam turbines for
fossil fuel power plants.

The most characteristic fossil fuel steam-turbine-based power
units in the second half of the 20th century were designed with sub-
critical main steam pressure—for example, about 16 MPa (2,320 psi),
as shown in Figure 2-2, and main/reheat steam temperatures in the
range between 530°C (985°F) and 565°C (1,050°F).Along with this, in
many countries (the United States, the former Soviet Union, Germany,
Italy, Denmark, Japan, South Korea, and China), a large number of
supercritical-pressure steam turbine units with a main steam pressure
of about 24-25 MPa have been created. In recent years, Germany,
Japan, and Denmark have been developing and implementing a new
generation of modern units with ultra-supercritical (USC) main steam
pressure of up to 31 MPa (4,500 psi) and elevated steam temperatures
of up to 600-610°C (1,112-1,130°F).*

The first fossil fuel steam-turbine power units with USC steam
pressure and advanced steam temperatures were designed, con-
structed, and launched as early as the late 1950s and early 1960s:
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for example, 125-MW Philo Unit no. 6 in Ohio, with a double-reheat
turbine of GE and steam parameters of 31 MPa and 621/565/538°C
(4,500 psi, 1,150/1,050/1,000°F); 325-MW Eddystone Unit 2 in
Pennsylvania, with a double-reheat turbine of Westinghouse and
steam conditions of 34.5 MPa and 650/565/565°C (5,000 psi,
1,200/1,050/1,050°F); the 100-MW back-pressure turbine at Kashira
power plant near Moscow, with steam conditions of 29.4 MPa and
650/565°C (4,350 psi, 1,200/1,050°F); and 107-MW Hattingen Units 3
and 4 in Germany, with an ordinary supercritical steam pressure, but
elevated main steam temperature of 600°C (1,112°C). However, even
though all of these units operated successfully, they were somewhat
premature, and the design was not copied and did not gain further
acceptance.’

In 2000, two new coal-fired USC units exhibited the highest ther-
mal efficiency level yet seen.® These two are the German 907-MW unit
at the Boxberg power plant, with steam conditions of 26.6 MPa and
545/581°C (3,860 psi, 1,013/1,078°F), and the Japanese Tachibana-
wan Unit 2, with a capacity of 1,050 MW and steam conditions of 25
MPa and 600/610°C (3,625 psi, 1,112/1,130°F).The Boxberg unit’s net
efficiency was recorded at 47.2%, and the gross efficiency of its Sie-
mens turbine was 48.5%.The turbine’s acceptance tests demonstrated
an internal efficiency for the HP and IP cylinders of 94.2% and 96.1%,
respectively. With a gross efficiency of 49.0%, the Tachibana-wan unit’s
steam turbine, produced by Mitsubishi Heavy Industries (MHI), has
been acclaimed as the most efficient worldwide.

The previous highest gross efficiency values for modern steam
turbines were recorded at the following power units:

*  47.4%—Japan’s Hekinan 700-MW Unit 3, with MHI’s turbine
for steam conditions of 24 MPa and 538/593°C (3,480 psi,
1,000/1,099°F);

¢ 47.6%—Germany’s Hessler 720-MW power unit, with
ALSTOM'’s turbine for steam conditions of 27.5 MPa and
578/600°C (3,990 psi, 1,072/1,112°F), and

*  48.4%—Japan’s Kawagoe 700-MW Units 1 and 2 , with
Toshiba’s turbine for steam conditions of 31 MPa and
566/566/566°C (4,496 psi, 1,051/1,051/1,051°F)
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Even though the efficiency levels reached at Boxberg and
Tachibana-wan look very impressive, they likely represent only interim
benchmarks.A new efficiency record could be achieved by the Siemens
turbine at Germany’s Niederaussem Unit K, with steam conditions of
27.5 MPa and 580/600°C (3,990 psi, 1,076/1,112°F). This unit’s turbine
has a lower condenser pressure compared with the Boxberg unit and
a 25% larger exhaust area due to the use of longer LSBs.The unit, com-
missioned in September 2002, was designed to reach 45.2% thermal
efficiency. Even higher efficiency values are targeted for the Avedgre
530-MW Unit 2 in Denmark, with steam conditions of 30 MPa and 580/
600°C (4,350 psi, 1,076/1,112°F), and Westafalen 350-MW Unit D in
Germany, with steam conditions of 29 MPa and 600/620°C (4,210 psi,
1,112/1,148°F). Higher performances are also expected from new
Japanese power units to be commissioned by 2005, due to even further
heightened steam conditions—up to 30 MPa and 630/630°C (4,350 psi,
1,166/1,166°F)—and turbine steam path advances.” It is currently
considered technologically feasible, as well as economically advisable,
to raise the steam parameters for future fossil fuel steam-turbine-based
power units up to 35 MPa and 700/720°C (5,075 psi, 1,292/1,328°F).
This promises to increase the net efficiency of such units to as much as
50-51% and to make them effective in combating the rise of fuel prices
by lowering the costs of power generation. ®

Against the background of these figures, the thermal efficiency
data for nuclear wet-steam turbines, with a best gross efficiency of
about 36%, look rather modest. Because nuclear power units of the
nearest future, just like their predecessors, are mostly designed with
a moderate initial steam pressure of up to 7.5 MPa, it is not likely any
radical increases in thermal efficiency will be achieved, except for
gains due to improvements in the steam path design and reduction of
internal energy losses.

In theory, the thermal efficiency of the wet-steam turbine’s simple
cycle (without regeneration, special moisture removal, and steam
reheat) would grow by increasing the initial steam pressure up to
16-17 MPa (2,320-2,465 psi), although it would decrease slightly
with any further increase in initial steam pressure.’ In reality, the
choice of the initial pressure value for nuclear power plants is mainly
dictated by the strength of the reactor’s pressure vessel for single-
circuit units and heat transfer conditions for the boiling coolant for

double-circuit units with BWRs or LWGRs. The pressure vessels of
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modern PWRs are commonly designed for an internal pressure of
about 15-16 MPa (2,175-2,320 psi). With regard to the underheating
of the primary circuit water in reference to its saturation temperature
and the terminal temperature difference (TTD) between the primary
circuit water temperature at the reactor’s outlet and the secondary
circuit water’s saturation temperature in the steam generator, the
primary circuit pressure creates a steam pressure provided by the
steam generator at a level of about 5-7.5 MPa (725-1,085 psi). The
best heat transfer conditions for boiling water take place with a pres-
sure of about 7 MPa (1,015 psi), so nuclear power plants with BWRs
or LWGRs are commonly designed with an outlet steam pressure of
about 6.5-7.3 MPa (940-1,060 psi)."°

An increase of the initial steam pressure entails an undesirable
increase in the steam wetness in the HP section stages when the
turbine works under partial loads, because of throttling of the main
steam in the HP control valves. First-generation wet-steam turbines
with lower initial steam pressures (as, for example, TurboAtom’s
widespread wet-steam turbines K-220-44 with a rated electric output
of 220 MW and initial steam pressure of 44 atm [4.32 MPa; 626 psi]
used with Soviet PWR-type VVER-440 reactors) have somewhat more
favorable conditions during start-ups and deep load changes, because
the initial thermal process point due to throttling extends into the
superheated steam region. However, such a low initial steam pressure
was derived from quite different reasons—primarily because of the
strength of the reactor’s pressure vessel.

Generally, it is desirable to decrease the turbine’s end pressure
(pressure in the condenser) in order to increase the turbine’s avail-
able energy and improve the thermal cycle’s efficiency. For character-
istic wet-steam turbines, reduction of the end pressure from 4 kPa to
3 kPa (from 0.58 to 0.435 psi) could increase the thermal efficiency
by approximately 2-3%."" Because nuclear power plants do not re-
quire continual voluminous fuel deliveries, the developers have more
freedom in choosing a desirable location for a plant that provides
better cooling. As a result, the average end pressure for turbines of
nuclear power plants is commonly somewhat lower than that for fos-
sil fuel power plants located in the same region, even though some
nuclear power plants in industrial zones have to operate with cooling
towers and a relatively high pressure in the condenser. At the same

time, deeper vacuum in the condenser (lower end pressure) increases
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the volumetric steam flow amount at the turbine exit and requires
longer LSBs or a greater number of exhaust flows to limit the exhaust
energy losses. If the turbine’s exit area is not sufficiently large and the
exhaust steam velocity is relatively high, the gain in efficiency reach-
able due to a lower end pressure decreases considerably. Besides, a
lower end pressure means greater steam wetness for the LSBs and
hence additional energy losses.

This influence of the end pressure in the condenser, p ., with regard
to the steam flow amount through the turbine (or the turbine output,
N) related to the exhaust area value, F, is illustrated in Figure 2-4.The
exhaust area is taken equal to the total annular area of the LSBs:

F=nxd,,I, Q.1

where 7 is the number of the LP exhaust flows, and L and d,, are the
LSB’s length and median diameter, respectively.
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Fig. 2-4. Influence of the end steam pressure in the condenser, p., on
wet-steam turbine thermal efficiency (initial steam pressure, p, = 7 MPa
[1,015 psi]; 1:invariable outlet steam velocity, G.xv./F ;2,3,4,and 5: N/F = 5,
10, 15 and 20 MW/m?, respectively)

Source: B. M. Troyanovskii'?
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Large steam flow amounts of wet-steam turbines require vast
exhaust areas (significantly greater than those for superheated-steam
turbines of a comparable output). Wet-steam turbines are designed
with more LP cylinders (up to four) or as low-speed machines (with a
rotation speed of 1,800 or 1,500 rpm) to have a possibility of increas-
ing the LSB length without sacrificing the LSB strength.

For large wet-steam turbines with several LP cylinders and
condensers, additional efficiency gains can be achieved by connecting
the condensers successively with the cooling water. As a result, the
average end pressure would be lower than if the condensers were
connected in parallel. This results in a greater turbine output with the
same steam flow amount and cooling water inlet temperature and
flow amount. Successive connection of condensers was first proposed
for Westinghouse turbines.'> As an example, Figure 2-5 shows
how the gains in LP cylinder outputs and total turbine efficiency
change with the cooling water inlet temperature, as applied to a
750-MW low-speed wet-steam turbine with three serially connected
condensers. Even though the last (third) LP cylinder is underloaded
because of warmer cooling water and higher end pressure, this loss
is more than compensated by the gain in the output of the first two
cylinders, whose condensers are cooled by colder water and provide
deeper vacuum. Under favorable conditions, successive connection
of the condensers can bring an increase in the turbine’s output or
efficiency as much as 0.45%.'* Unfortunately, this gain is notable only
for relatively warm cooling water, although it increases when the
turbine operates under partial loads.
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Fig. 2-5. Gain in the output (a) and efficiency (b) for a 750-MW wet-steam
turbine with three serially connected condensers, related to the turbine load
and cooling water inlet temperature (1, II, and III: gain in the output for the
first, second, and third LP cylinders, respectively, with the turbine working
under full load)

Source:R. L. Coit"®

If the working steam were to expand within the turbine directly
from the initial point to the end pressure, the steam wetness in the last
stages would reach inadmissibly high values of about 24% (Fig. 2-2).
This would bring about large energy losses and, more importantly,
cause intense erosion in the steam path.To reduce the degree of wet-
ness in the LP section and prevent these effects, wet-steam turbines
are equipped with external moisture separators and reheaters. Differ-
ent turbine configurations with the moisture separators and one- and
two-stage reheaters are shown in Figure 2-6. Sometimes designers
furnish a turbine with an additional MS stage and, in addition to the
HP and LP sections, introduce an intermediate-pressure (IP) section
(or cylinder) situated between two moisture separators, as shown in
Figure 2-6d. However, the most widespread configuration for modern
wet-steam turbines comprises a single set of one or more moisture
separator and reheaters (MSRs) placed between the HP and LP cylin-
ders (Figs. 2-6b and 2-6¢). Sometimes, even with this configuration,
the first stages after the MSR are placed in a separate IP section.
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Fig. 2-6. Configurations of wet-steam turbines with different combinations
of external moisture separators (MS) and single-stage and two-stage reheat-
ers (R)

The influence of the partition, or splitting, pressure (the pressure
after the HP section), related to the initial steam pressure (D,,,/Po)
on the turbine efficiency as applied to low-speed wet-steam tur-
bines, according to GE, is shown in Figure 2-7.The choice of the
partition pressure also influences the separator’s and reheater’s
overall dimensions, so with regard to capital expenditures, power
production costs turn out to be less dependent on the aforesaid
pressure ratio. In addition, capital expenditures also depend on
various other subsidiary circumstances.'® The choice of the partition
pressure also considerably influences the steam wetness in the last
stages of both the HP and LP sections: a reduction of the partition
pressure increases the exit wetness in the HP section and decreases
it in the LP cylinders, and an increase in the partition pressure has
the opposite effects. All of these contradictory considerations result
in a large spread of values for the partition-to-initial steam pressure
ratio for wet-steam turbines of different designs. This ratio normally
falls in the range of 0.08-0.2. In the schematic diagram shown in
Figure 2-1, this ratio is 0.088, and for the steam expansion process
shown in Figure 2-2,it is equal to 0.125.
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Fig. 2-7. Influence of partition steam pressure (between the HP and LP
cylinders) on wet-steam turbine efficiency, according to GE (1: with separator
only, as shown in Figure 2-6a; 2: with separator and one-stage reheater, as
shown in Figure 2-6b; 3: with separator and two-stage reheater, as shown in
Figure 2-6¢)

Source: E G. Baily, J.A. Booth, K. C. Cotton, and E. H. Miller"”

0

Wet-steam turbines’ steam reheat does not directly cause any in-
crease in the thermal efficiency as it takes place for fossil fuel power
units, in which steam reheat is provided by external heat. For wet-
steam turbines, steam is reheated by highly potential steam extracted
from the HP section, as well as a portion of the main steam not used
in the turbine. In other words, the heating steam is used ineffectively.
Thus, steam reheat for wet-steam turbines is needed only to decrease
the steam wetness in the LP section, and it raises the turbine’s effi-
ciency indirectly—by reducing the energy losses because of wetness.
Wet-steam turbines are commonly provided with highly developed
regenerative systems, which are designed and calculated like those of
fossil fuel power units'® (Fig. 2-1).
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Features of Wet-Steam Flow in the
Turbine Steam Path

When superheated steam flows through the turbine’s steam path,
its expansion is accompanied by the release of the energy of super-
heating until it reaches a saturated condition. With further expansion,
the flowing steam releases a portion of its latent heat of evaporation.
This results in conceiving particles of water that are drawn by the
parent steam through the steam path until they either pass to the
condenser (or bleedings) or fall onto nearby surfaces. Except for a
few stages of the turbine section immediately after the MSR that oper-
ate on superheated steam, all of the wet-steam turbine’s rest stages
(in both the HP and LP sections) work on wet steam (Fig. 2-2).The
working fluid for these stages is a two-phase steam-water mixture.
The liquid component of this flow exists in the forms of fog (fine
droplets), drops of different diameters, water films and rivulets mov-
ing along the solid surfaces, and water streams separated from these
surfaces (Fig. 2-8). A portion of this liquid separates from the steam
path and passes into bleedings, peripheral water catcher belts, special
slots in hollow vanes, and so on.

The two-phase mixture can exist in states of stable or metastable
thermodynamic equilibrium or phase transition (that is, condensing
or evaporating). In the stable state, the thermodynamic conditions
of wet steam are described by: 1) its wetness, y, which character-
izes the relative mass of the liquid component in the unit volume
as y = my/m = m'/(m'+m"), where m' and m" are the masses of the
liquid and vapor phases, respectively; or 2) its dryness, x = (1 - y).
The water drops drawn by the wet-steam flow vary in their size from
fine particles with diameters of about 0.01 mkm (0.4 x 10~ mil) to
coarse-grained drops with diameters of about 100 mkm (4 mil). Small
droplets can merge and agglomerate, and on the contrary, large drops
can lose stability and divide. The drop stability, characterized by the
Weber number, depends on the liquid’s surface tension, density, and
flow velocity. For more detailed discussion of the fluid dynamics of
wet steam and the motion of two-phase mediums in turbine steam
path elements, there are a number of basic monographs on these
subjects."
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Fig. 2-8. Various forms of water existing in a wet-steam turbine stage

Source: M. J. Moore*

Wet-steam flow in turbine blade rows

When the final point of steam expansion in a turbine row lies in
the wet region (that is, below the saturation curve delineated by x =
1), it is significant whether the process begins at a point lying above
this curve or below it. In the first case, the superheated steam usually
does not have time to condense; the expansion process occurs without
creating a liquid phase and discharging the latent heat of evaporation.
As a result, the final steam temperature, £, turns out to be less than the
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saturation temperature, Z,,, at the pressure after the turbine row, p,.This
temperature difference, At=t,,,~t,,is known as the degree of subcooling,
or supersaturation. It is related to the velocity of steam expansion:

p= 2.2

-

I~
X
SqiSt

where 7 is time. If da is the length differential in the axial direction,
then

P=7x=x ‘Zl—‘;= —%x % (2.22)

I~
SEASE

where % = ¢, is the axial stream velocity. The greater the value p,
the greater the degree of subcooling. It also depends on the initial
steam pressure, decreasing when it increases. Subcooling values of
15-25°C were already obtained in the 1930s by Aurel Stodola,*' but
modern supersonic nozzles have made it possible to increase this
value to 30-45°C.The specific volume of subcooled steam is less than
that in the case of equilibrium expansion, resulting in a decrease of
the available energy. The relative value of this decrease is called the
subcooling loss.

The subcooled steam is not in a stable state. It occurs only in the
course of a dynamic process and disappears as soon as thermodynamic
equilibrium is established. Subcooled steam, being in a metastable
state, passes into a thermodynamically stable state as the liquid phase
arises. The condensation process commences spontaneously (that
is, without any external forces acting on the steam) as a quantum
change around the water microdroplets, which appear randomly in
the flow and act as condensation centers, provided their diameters
exceed a certain critical value.This critical diameter decreases with an
increase of subcooling. Presently, researchers accept indisputably that
just spontaneous nucleation after a limited degree of supersaturation
is the main process responsible for creation of the liquid phase in the
turbine steam flow. With the increase in enthalpy difference in the
wet-steam region, the degree of steam subcooling increases, and the
microdroplets’ critical diameter decreases. This promotes creation of
the condensation centers and initiates condensation shocks, which are
similar to compression shocks in aerodynamics.As the critical diameter
of the condensation centers decreases, the average diameter of drops
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provoking spontaneous condensation also decreases. Some generalized
dependencies relating to the change of the maximum achievable sub-
cooling degree, At = t,,~t,, and the critical droplet radius, 7., with the
steam expansion velocity, p, and initial saturated steam pressure, p,,(as
applied to the LP stage channels) are shown in Figure 2-9.
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Fig. 2-9. Changes of maximum achievable subcooling temperature and
critical droplet radius with initial saturated steam pressure, p,, and steam
expansion velocity (1: p,, = 0.1 MPa; 2: p,, = 0.05 MPa; 3: p,, = 0.03 MPa; 4: p,
= 0.02 MPa) Source: B. M. Troyanovskii, G.A. Filippov, and A. E. Bulkin*

Subcooled (supersaturated) dry steam is described by the same
thermodynamic state equations as superheated steam. This means
that the Mollier diagram for this medium is obtained by extrapolating
the curvilinear isobars and isotherms that apply for the superheated
range. Because of the considerable delay related to subcooling, steam
begins to condense not at x = 1, but at the steam dryness value corre-
sponding to the diagram steam conditions x,< 1.The family of curves
for constant values of x, are known as Wilson lines. Because the
value of x,, depends on the pressure decline rate, p (which, in turn,
depends on the blade row’s size and profiles, stream conditions, and
steam pressure), it is more reasonable to talk about a certain Wilson
region enclosed by the lines corresponding to the actual character-
istic values p; that is, x,,(p). In the range of p values between 10 and
10,000 sec™, the Wilson region occupies the range of steam dryness
values x,, = 0.977-0.963 (Fig. 2-10a).
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Fig. 2-10. Steam expansion process with subcooling shown on h-s axes
(a:Wilson lines x,, = const depending on p, isobars in the wet-steam region
for subcooled steam)

In calculating values in the zone between the saturation curve
where x = 1 and the Wilson line, x,,, it is acceptable to take thermo-
dynamic steam properties like those for superheated steam. It is also
possible to draw conventional isobars for subcooled steam within
this zone in order to obtain the values of the actual available energy,
H'j, taking into account the subcooling loss calculated as:

Cee= (Hy - Hy) / H,, 2.3

where H, is the available energy of the process,and Hj, is the enthalpy
difference corresponding to the isentropic expansion process, but re-
duced because of the smaller steam temperature and specific volume
(Fig. 2-10b).According to theoretical estimates, if the initial pressure,
Do,is not too great, this value can be calculated as:
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where p, and v, are the initial pressure and specific volume of
steam, respectively, € = p/p, is the steam pressure ratio, and &
is the isentropic index, which can be taken equal to that for
superheated steam under the initial pressure p,. If py > pg,, the
pressure ratio is assumed to be related to py,, and all of the steam
parameters in Equation 2.3a are taken for the saturation curve.
This equation can be approximated with good accuracy by the
following empirical expression:

£e=0.12-0.2 x £+ 0.08 x £ 2.3b)

For £ = 0.5, {,.= 0.4.A further reduction of £ < 0.5 corresponds to
conditions of spontaneous condensation (Fig. 2-11).
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Fig. 2-11. Energy loss with subcooling of wet steam depending on pres-
sure ratio (1: calculated data for subcooling; 2: zone in which spontaneous

condensation begins)
Source:A.V. Shcheglyaev>
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Computation techniques have been developed by different
research institutions and turbine manufacturers for simulating the
expansion processes for saturated steam with non-equilibrium spon-
taneous condensation.?® Their results show good agreement with
experimental data, indicating that these techniques can be used for
designing turbine blade profiles that operate near the Wilson region
with minimal subcooling losses.

If the expansion process begins at the point with initial steam
wetness (as it does for most stages of wet-steam turbines), conden-
sation is also influenced by the steam conditions at the row inlet.
The most influential factor in this process is the size of water drops.
For a two-phase steam-water mixture as the working fluid, the ther-
mal processes in rows and cascades are somewhat ambiguous and
intricate, because of variations in the liquid concentration and drop
sizes, their uneven dispersion at the row inlet, and the differences
in stream direction and velocity between the water drops and the
steam stream. The drop traces within the row channels are materi-
ally different, depending on the drop diameter, d (Fig. 2-12). The
smallest drops (with d < 1-5 mkm, or 0.04-0.2 mil) closely follow
the main stream and pass through the channel without colliding
against the profile surfaces and settling on them.The larger drops
deviate from the stream lines to a degree depending on the drop’s
size—the larger the drop, the greater the deviation. And, finally, the
largest drops (d > 50-100 mkm, or 2-4 mil) can move through the
row channel almost independently of the steam stream line and
come onto the concave profile face; some of them break up against
the profile edges.These drops slip along the concave profile surface
generating water films, separate from the surface, collide against the
opposite surface, and are reflected back again. A general pattern of
their flow is shown in Figure 2-13.The drops in streams 1 and 2 of
this sketch have the largest size and the smallest velocity.

https://engineersreferencebookspdf.com



60  Wet-Steam Turbines for Nuclear Power Plants

(a) (b)

Fig. 2-12. Drop paths of water in a nozzle channel depending on the drop
size (a:inlet drop d < 1 mkm; b: inlet drop d = 10 mkm; c-I: inlet drop d = 2
mkm; ¢-II: inlet drop d = 20 mkm, ¢-III: inlet drop d = 200 mkm)

Source:A.V. Shcheglyaev®

777257

Fig. 2-13. General pattern of water motion within a nozzle channel (1: water
drops along the edges; 2 and 3: water drops separating from the convex blade

surface; 4: droplets reflected off the concave blade surface)
26

Source:A.V.Shcheglyaev

Variations in the energy losses in an annular nozzle row placed
behind the preceding turbine stage, based on the initial steam wet-
ness and drop size, are shown in Figure 2-14a. A characteristic feature
is an increase in energy losses if the expansion process commences
near the saturation curve.This is explained by the substantial instabil-
ity of the liquid condensation process.With transference of the satura-
tion curve and the appearance of fine-droplet liquid in the preceding
stage, the energy losses in the row sharply decrease because of less

subcooling and more balanced condensation. The energy losses
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begin to increase again with further increases in the initial wetness
()9 > 0.03).This is mainly related to mechanical interaction between
the phases. Larger water drops at the stage inlet cause greater energy
losses, which increase with greater steam wetness values.
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Fig. 2-14. Experimental characteristics of energy losses (a) and flow amount
factor (b) for slightly superheated and wet steam (I: critical drop d = 40 mkm,;
II: critical drop d = 0.4 mkm; 1: water drop » = 500 mkm; 2: water drop » = 200
mkm; 3: water drop » = 100 mkm; 4: water drop » = 10 mkm)

Source: B. M. Troyanovskii, G.A. Filippov, and A. E. Bulkin®’

The flow amount factor values for wet steam also differ from
those for superheated steam. This factor, u, is the ratio between the
actual steam flow amount through the row and the flow amount for
the steam expansion process if it were isentropic. For the nozzle
rows with superheated steam, the flow amount factor value, u,, can
be accepted equal to approximately 0.97, and for the rotating blade
rows, it varies between 0.89 and 0.97, depending on the relative blade
length, I/b, and the flow turn angle, AB. The longer the blades and
the smaller the flow turn angle, the less the aerodynamic resistance
of the channels and the closer the flow amount factor value to 1.0.
Experiments show that for wet steam this factor is greater than that
for superheated steam (Fig. 2-14b).This effect also increases with an
increase in the water drop diameter.
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As a first approximation for the nozzle rows, the flow amount
factor ratio for wet and superheated steam can be presented by the
following equation:*®

W™ = 1/(Va)), 2.4

where X, is the steam dryness downstream of the row at equilibrium
expansion. For rotating blades of impulse-type stages, the flow amount
factor depends on the enthalpy drop. If the steam pressure values
upstream and downstream of the blade row are equal (that is, the chan-
nel has a constant section area and the stage is purely of an impulse
type), the flow amount factors for wet and superheated steam are ap-
proximately equal. In a general way, this dependence is shown in Figure
2-15, and can be approximated by the following equation:

™) = 2,72 2.5)

whereY = 1 - (sinfy/sinf3). It is important that for wet steam the flow
amount factor L > 1.0.The explanation for this lies in the fact that the
actual specific volume of wet steam is less than that assumed for thermo-
dynamic equilibrium, and this effect outweighs the influence of the
decreased velocity and a certain obstruction of flow by water streams.
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Fig. 2-15. Influence of wetness in the exit section of a turbine blade row on

the flow amount factor, where Y = 1 - sinf3, / sinf},
Source:A.V. Shcheglyaev®

Another important characteristic of a two-phase flow that influ-
ences the blade row performance is a slide factor, which is determined
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as the ratio between the average velocities of the water drops and the
steam: v = c¢/c". This factor has an important influence on the effi-
ciency and erosion reliability of the turbine stages, as well as influenc-
ing the possibility of water separation within the turbine steam path.
An analysis of water distribution and its dispersion downstream of
the turbine rows shows that a substantial portion of the liquid phase
in the flowing steam-water mixture is in the form of large drops, and
their mechanical interaction with the steam and the profile surfaces
is essential. This influence is largely determined by the steam wet-
ness, y, and the specific volume ratio for the steam and water phases,
which in turn depends on the steam pressure. This specific volume
ratio decreases with an increase in steam density. These relationships
are confirmed by experimental data (Fig. 2-16).
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Fig. 2-16. Influence of initial steam pressure, p,, and wetness, y,, on the slide
factor for a supersonic nozzle
Source: B. M. Troyanovskii*

The influence of wetness on wet-steam turbine efficiency

The amount of steam wetness significantly affects all turbine row
characteristics: the amount of energy losses, flow amount factors, flow
exit angles, and so on. The presence of moisture in the steam flow
also changes all of the characteristics of wet-steam turbine stages, as
compared with stages working on gas or superheated steam.
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The water drops leave the nozzle channel with a velocity, c',
which is less than the steam velocity, ¢", achieved due to expansion.
Even if the exit angles of steam flow and liquid motion coincided,
the water drops leaving the nozzle channel with a lower velocity
would move in a different direction relative to the rotating blades,
and would hit the back of the turbine blade at an angle of df, = )
- B (Fig. 2-17).As a result, a retarding torque develops that acts on
the rotating wheel. This retarding torque increases with the increase
of the circumferential speed, u, reduction of the water velocity, in-
crease of the steam wetness, and growth of water drops hitting the
rotating blades. All of these values vary along the height of the stage,
and the stage efficiency is affected by factors that, in turn, remarkably
depend on the turbine’s steam path design features, peculiarities of
the wet-steam flow, the wetness dispersion, and so on.

Cz” l ) Nﬁﬂ

Fig. 2-17. Velocity triangles of a wet-steam turbine stage for steam and
water

This intricate, multifactor influence is difficult to treat theoreti-
cally or to model numerically. In many respects, it is more productive
and reliable to investigate these phenomena experimentally, and even
the best existing theoretical and computational models need for their
verification reliable experimental data on the structure of wet steam
flowing in real turbine stages and multistage turbines.
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Some results of bench gz, ]

||
tests for a model turbine e %
stage with variations in the ' /7—"‘\&
initial steam temperature / ,,// A\
and wetness are shown in /7// // j \\;

Figure 2-18.The initial wet- 0.75
ness was created by a spray
providing relatively large
drops, with an average di-
ameter of about S50mkm.
This diminished the stage
efficiency throughout the
studied velocity ratio range,
simultaneously reducing
its optimal value. Increases
in wetness resulted in in-
creased stage reactivity (re-
action degree). This is pre-
dominantly explained by a
greater increase in the flow
amount factor for the nozzle
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Fig. 2-18. Changes in the internal
efficiency and reaction degree for tip and

row, u,, compared with that
for the rotating blades, u,, as
well as by the increase in

root zones (p, and p,, respectively) related
to velocity ratio and initial steam wetness
for an experimental turbine stage (1: At,

=150 °C;2:y, = 0.005;3: y, = 0.02; 4:y, =
0.042;5:y, = 0.068)

Source: B. M.Troyanovskii, G.A. Filippov, and
A. E.Bulkin®'

the exit angle, ¢;, with the
degree of wetness. Figure
2-19 demonstrates specific
changes in the efficiency for
model stages with different
median diameter-to-height ratios depending on the initial wetness.
The smaller the stage height, the more intensely the wetness diminish-
es the stage efficiency, because a greater part of the moisture precipi-
tates on the wall surfaces, forming thin water films. These films then
divide into drops, but they do not have time to accelerate in the gap
between the nozzles and rotating blades and to a large degree hamper
the rotating blades. For such stages with a relatively small height, the
optimal velocity ratio more noticeably decreases with the increase
of the steam wetness. The wetness influence also differs for different
blade profiles. It is greater for blade rows with larger turn angles and
less for the plane profiles that are characteristic for the tip sections of
blades with large length-to-median diameter ratios (Fig. 2-20).%?
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Fig. 2-19. Changes in optimal velocity ratio and internal stage efficiency for
turbine stages with different median-diameter-to-height ratios, depending on
initial wetness (1:d/l = 27,1, = 15 mm; 2:d/l = 16,1, = 25 mm; 3:d/l = 8,1, =
48 mm; 4:d/l = 2.7,1, = 207 mm)

Source: B. M. Troyanovskii, G.A. Filippov, and A. E. Bulkin*
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Fig. 2-20. Influence of initial wetness on changes in efficiency related to
different rotating blade profiles (I: #/c, = 0.5; Il and III: z2/c, = 0.7)
Source: B. M. Troyanovskii, G.A. Filippov, and A. E. Bulkin®*

Calculations of the turbine steam path fulfilled consecutively
stage-by-stage must take into consideration the change in steam
wetness after the stages due to internal moisture separation. The
actual initial wetness for the next stage is less than the outlet

wetness after the preceding stage, indicated by y,,by the value of
https://engineersreferencebookspdf.com



The Thermal Process in Wet-steam Turbines 67

Ay = y x y,, where  is the separation factor, or separation efficien-
cy. Its value depends on various physical, geometrical, and design
characteristics of the stage, and on the type of moisture separation
used in the stage. According to some experimental data, for typical
internal moisture separation devices, a stage’s separation efficiency,
Y, can vary between 0.02 and 0.2, increasing along the steam path
during the steam expansion process.>> Due to moisture separation,
the initial point of the steam expansion process for the stage shifts
along the initial pressure isobar by Ay, as seen in Figure 2-2 for the
LP stages, and the entire steam expansion line assumes a zigzag
configuration. Because a certain portion of the steam is captured
and removed with the water, the steam flow amount for the stage is
additionally decreased. According to GE, this additional steam flow
loss amounts to about 0.5%.

The total influence of wetness on the wet-steam turbine’s stage
efficiency is often approximated by various semi-empirical equations.
In so doing, the wet-steam turbine’s stage efficiency is related to the
efficiency of the same stage as if it worked with superheated steam.
One of such semi-empirical equations has been proposed as follows:?”

NV = N ™™ % [1- 2 x (1/co) x Ry + R AP, 2.6)

where y = y, - ), is the increase in wetness for the stage, /¢, is the
velocity ratio for the stage, and &, and k, are empirical coefficients,
where &, = 0.35, and the value of &, is supposed linearly dependent
on the share of coarse-grain drops, A

ki~ 0.8+0.5 x Ay Q.7

In turn, the value of A, depends on many steam path character-
istics. This dependence is also described by various semi-empirical
equations. So, for example, for multistage wet-steam turbines, it is
advised to take this value in proportion to the number of preceding
stages working with wet steam, z:>®

A= 0.07 X (24 + 1) X (0.5 - 0.94 x Inpy) (2.8)
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For stages with slightly superheated steam at the entrance, when
the steam expansion line crosses the saturation curve, including the
first HP stage, their efficiency is proposed to count as

T’st wel = T]st s.h.x (1 - Csc), (29)

where the loss due to wetness corresponds to the subcooling loss,
and can be calculated with the help of Equation 2.3b as € = p,/pys,
where p, is the pressure at the point where the steam expansion line
crosses the saturation curve.

)

The overall effect the steam wetness has on wet-steam turbines
efficiency has been empirically proven in numerous bench and field
tests at wet-steam turbines of diverse design features. Of particular
interest is a greater sensitivity to the wetness of the stages with
shrouded, reaction-type rotating blades compared with unshrouded
(free-standing) blades (Fig. 2-21). Results of tests performed by GE
with low-speed impulse-type turbine stages feature, in particular,
rapid declines in efficiency with the first appearance of wetness
(mean values up to 0.02), which points out the significance of en-
ergy losses with steam subcooling in the process of phase transition
(Fig. 2-22). Nonlinear dependencies between energy losses (or de-
crease in efficiency) and median wetness were also found in other
field experiments.?
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Fig. 2-21. Influence of wetness on efficiency for reaction-type turbine stages
(1:steam path with shrouded rotating blades; 2: steam path with unshrouded

rotating blades)

Source: B.M.Troyanovskii, G.A. Filippov, and A.E. Bulkin®
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Nevertheless, as the first approximation, the influence of wetness
on turbine efficiency is often considered to be linear, and can be de-
scribed in the simplest form by the Baumann rule:

nstWC[ = T]st s.h.x (1 - aym)v (210)

where y,, = (3o + ¥2)/2 is the average steam wetness for the stage
or stage group, and a is an empirical coefficient known as the
Baumann factor. Various experiments carried out on different types
of turbines provide a range of values for «, varying from 0.4 to 2.0,
but this factor is usually assumed equal to 1.0, according to Karl
Baumann himself.* This assumption takes into account not only the
previously mentioned energy losses, but also working-fluid mass
losses, because the steam converted into water no longer performs
work in the considered and subsequent turbine stages. Originally
based on experiments carried out on steam turbines in 1921, the
Baumann rule has remained as a long-lived empirical rule in the his-
tory of turbomachinery. Although the Baumann rule is convenient
to apply and in many cases quite commensurate with experimental
data as shown in Figure 2-22, it actually provides little insight into
the physical nature of wetness as it relates to turbine efficiency. It
takes into account the total quantity of moisture in the wet-steam
flow, but ignores its structure. At the same time, according to the
theory of two-phase wet-steam flow, possible variations in the flow
structure can be even more important and influential than the total
moisture quantity.
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Fig. 2-22. Influence of wetness on efficiency for impulse-type turbine stages

(1: HP steam path; 2: LP steam path; 3: Baumann rule)
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All of the previously mentioned approaches are mainly employed
for plain steam path calculations. For turbine stages with relatively
long blades, the steam expansion process is calculated for a few
sections (individual streams) across the stage height. In doing so,
the lengthwise wetness distribution following the preceding stage is
calculated based on the initial average wetness (for the relevant stage)
and the coarse-grain wetness share—as shown in Figure 2-23, for ex-
ample. It is also conditionally accepted that this share for each section
changes in proportion to the total wetness in the relevant section, but
cannot be greater than 0.9.As seen in Figure 2-23, it is assumed that
the greater the drop size, the more uneven the wetness distribution
along the blade length becomes, acquiring an L-shaped appearance.
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Fig. 2-23. Distribution of exit wetness along the height of an individual
stage, depending on the coarse-grain wetness portion

Source: B. M.Troyanovskii, G.A. Filippov, and A. E. Bulkin®
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Most turbine developers currently calculate and design turbine
steam paths with the use of fully three-dimensional (3-D) computa-
tional techniques.® These 3-D computational techniques are aimed
at reducing the secondary energy losses in the turbine stages, along
with profile losses. This has led to the development and use of new,
sometimes nontraditional, blade profiles, and the creation of 3-D,
meridionally profiled steam paths using not only twisted and tapered,
but also bowed (curved) and leaned (inclined) vanes and blades.The
evolution of reaction-type integrally shrouded HP blades for Siemens
turbines shown in Figure 2-24 and Figure 2-25 demonstrates the
effect of replacing a classical vane with a curved and inclined one in
the last LP stage for Asea Brown Boveri (ABB) turbines.

3DS Blade
Profile

T2 Blade
Profile

1970 Vintage

1980 Vintage

1995 Vintage

2000 Vintage
Fig. 2-24. Development of reaction-type, integrally shrouded blades for

Siemens turbines
Source: H. Oeynhausen,A. Drosdziok, W. Ulm, and H.Termyuehlen?
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Fig. 2-25. Changes in meridional steam flow behavior in LP stages of
ABB turbines, due to using 3-D, bowed, and inclined vanes in the last stage
(a: classical vane; b: bowed and leaned vane; c: model of advanced 3-D vane)
Source:A. P-Weiss*’

Curved and inclined blades, with the angle of inclination decreas-
ing from the blade root to its periphery, were first proposed and
investigated at the Moscow Power Engineering Institute by G.A. Filip-
pov and H. Chungchi in 1962.% Nowadays, these saber-like vanes and
blades have gained widespread acceptance in steam turbines built by
almost all the world’s major turbine manufacturers. Although initially
these vanes and blades were predominantly intended only for LP
stages with a large length-to-mean diameter ratio, now such blading is
frequently employed in the HP and IP stages.

Advanced computational fluid dynamics (CFD) calculations have
also been applied to improve the turbine path in nonbladed areas, with
the use of special baffles, razors, and screens to avoid backflows and

vortex formation and to reduce extreme energy and pressure losses.
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Among other novelties of turbomachinery, of importance is
Siemens’ initiative to design the turbine steam path optimizing the
reaction degree for each stage individually, varying it in a wide range
from 10% to 60%.%* Whereas Siemens has traditionally designed their
turbines in a reaction-type mode, GE has traditionally produced
impulse-type turbines. Nevertheless, GE currently suggests a “dense
pack” turbine design methodology, when the steam path is designed
with an increased number of stages and increased reaction degree.>
In so doing, GE arrived at nearly the same intermediate design deci-
sion as Siemens did, but from another direction. The 2000s-vintage
turbines also feature reduced steam leakage due to advanced steam
gland seals. All of these features make modern turbines much more
efficient compared with those of the 1990s.>!

Even though the mentioned design approaches were mainly de-
veloped for fossil fuel power plants, they have been integrated into
modern wet-steam turbine design as well. However, the develop-
ment of wet-steam turbines and computation of their steam paths,
in particular, has demanded a better comprehension of moisture
behavior in the steam path, as well as the motion of water drops and
films with regard to actual turbine design features. Special methods
for calculating the wet steam structure have had to be developed.
In contrast to old flow analysis techniques, which could only deal
with ideal gases, new 3-D calculation methodologies analyze non-
equilibrium condensation flows that take into account different
steam wetness conditions and phase variations, allowing the design-
ers to estimate the flow rate, loads, and losses of individual turbine
stages much more accurately.”> Nevertheless, these methodologies
require further development and improvement.

The mentioned analytical tasks were simultaneously taken up by
different groups of prominent scientists in the mid-1970s.>* Calcula-
tion methods for those years as applied to multistage wet-steam
turbines were mainly based on extremely simplified notions and did
not take into consideration a number of important factors.The short-
age of reliable experimental data concerning the structure of the
wet-steam flow in actual turbine steam paths was also noted, and de-
velopers looked forward to substantial progress in all of the turbine
steam path characteristics based on such experimental data. Almost
20 years later, a scientist of a new generation spoke in front of the

von Karman Institute for Fluid Dynamics’ audience, saying that “our
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inability to understand the nucleation process in steam turbines is
surprising” and emphasized that “it is evident that the nucleation
of water droplets in turbines involves phenomena which are not
reproduced by laboratory experiments on nozzles and stationary
cascades but nevertheless play a dominating role in the process
of phase transition in real machines.”> He also noted that, despite
considerable advances made in aerodynamic design methods,
there existed a tendency to consider the wetness loss component
as unavoidable. Disputing this point of view, A. Guha declared that
more fundamental knowledge of wet-steam flow in turbines could
reduce these losses to a minimum. In addition, this should allow
more effective removal of water from the steam path and minimize
erosion damage. To attain these aims, experimental investigations
should be transferred from stationary nozzle rows, cascades, and
individual stages to actual or model multistage turbines.

Experimental research of wet-steam flow in turbines

Experimental research of wet-steam flow in turbines in service
could be aimed at solving different tasks and using very different
techniques. In the simplest case, the wet steam extracted from the
steam path is directed into measuring tanks, and measuring the water
quantity makes it possible to assess steam conditions by the indirect
route. Figure 2-26 shows some results of experimental and computa-
tional investigations of wet-steam parameters and moisture separation
efficiency for HP stages of the K-220-44 turbine (with a rated output
of 220 MW and main steam pressure of 44 atm [4.3 MPa; 626 psi]).>
The use of measuring tanks connected to different cavities for trap-
ping the water could be quite helpful for investigating and comparing
different moisture removal techniques.>
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Fig. 2-26. Variation in wet-steam conditions along the steam path of the HP
cylinder of a K-220-44 turbine (1: average water drop diameter, d,; 2: portion
of large drops, ignoring moisture separation, A’; 3: total steam wetness, ,;
4: steam wetness for fine water droplets, y';; 5: portion of large drops, with
moisture separation, 4; ¥, and s : moisture separation efficiency for the
water traps after the second and fifth stages)

Source:Y. E Kosyak, G.A. Filippov,Y. E. Yushkevich, et al.>”
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Direct measurement and analysis of the moisture conditions
in the steam path are commonly performed with the use of long
probes inserted into the intracylinder spaces of the operating turbine
through accurately positioned guide tubes. A typical installation of
such probes between the blade rows of an LP turbine is shown in
Figure 2-27.Traversing across the stage height, a probe can provide
detailed data about the radial steam condition distribution. The same
or similar probes with other heads are also used to measure total and
static steam pressure, steam flow direction, and steam velocity in a
3-D field. These probes can also be used for sampling the primary
steam condensate from the flow for chemical analysis. Similarly,
endoscopes are input into the steam path to observe the motion of
the moisture and visually inspect the steam path itself.
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Fig. 2-27. Installation of research probes into an LP turbine section
Source: M.J. Moore>®
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Different methods exist for measuring the various wetness
fractions, in particular, those of coarse-grain water. By definition,
coarse-grain water consists of large water drops (d > 10 mkm)
drawn by the steam flow or water films and rivulets on the bound-
ary surfaces, which can leave these surfaces and join the steam
stream. Mechanical separation and collection of these fractions are
therefore feasible, using various separating elements.A typical coarse-
grain water distribution between the next-to-last and last stages of a
500-MW turbine is shown in Figure 2-28. Numerous methods have
also been developed for measuring the fog wetness fractions.
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Fig. 2-28. Typical distribution of coarse-grain water before the last LP stage
of a 500-MW turbine
Source: M.J. Moore>

The simplest method of assessing the steam wetness consists in
throttling steam from the two-phase region to a superheated condi-
tion. In doing so, the steam wetness is determined by measuring the
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temperature and pressure of the superheated steam at the end of the
throttling process. Some researchers have also used absorption, di-
electrics, psychometrics, and other methods, even though they seem
to provide less accurate results.

Methods of measuring the drop size also differ for large drops and
fog droplets. Among the most widespread and noteworthy is the ex-
tinction (also known as light-scattering or light-attenuation) method,
which is based on the attenuation of a monochromatic light beam
due to its scattering by the drops.The resultant extinction coefficient
to be measured can be expressed as a function of the particle size.
The indicatrix (a polar diagram) of the scattered light radiation can
also be used for measuring the average size of the fog droplets. The
main advantages of these and other optical methods are their high
degree of sensitivity and lack of inertness.

The steam wetness distribution along the stage height shown in
Figure 2-28 is rather typical. It is generally believed that the steam
wetness, as well as the modal size of moisture particles and the rela-
tive portion of large particles, steadily increases toward the periphery
of the stage under the action of centrifugal forces, and experimental
data for individual stages commonly confirm this (Fig. 2-29). If the
stage has a water extraction belt located after the rotating blades, it
promotes this process. Coarse-grain water spray centrifuged from the
blade tips can be seen in Figure 2-8. At the same time, there exist
numerous experimental data for turbine sections that demonstrate
a decrease in the local wetness at the very periphery of the stage,
which can be explained mainly by the lower efficiency of the preced-
ing stages at their tip sections, changes of the stage reactivity along
the height, as well as some other factors (Fig. 2-30).
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Fig. 2-29. Steam wetness variation over the height of an individual stage
(1: without water extraction after the stage; 2: with water drop trap located

after the stage)
Source:1.1.Kirillov, Y. E Kosyak,A. I. Nosovitskii, et al.%°
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Fig. 2-30. Wetness distribution along the length of the last turbine stage
inlet, according to experimental data from Westinghouse (1) and AEI (2)
turbines
Source: B. M. Troyanovskii®'
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Currently, most experimental researches of wet-steam flow in
turbines are produced with the use of optical methods. Figure 2-31
depicts an optical attenuation probe used by researchers of Electricité
de France (EdF) for investigations of the wet-steam structure in the
LP cylinders applied in 900-MW turbines of nuclear power plants and
600-MW turbines of fossil fuel power plants.®* The measurements
were performed within a wide light wavelength range of 0.35 to
5 mkm, that is, extending up to infrared frequencies. The optical
system was incorporated in a 25-mm diameter probe.The wet steam
flows through a slot with a length that can be varied from 0 to 200
mm. Purge air is blown on both ends of the slot to prevent deposi-
tion of droplets on the sapphire windows.The light, originating from
a tungsten lamp, passes through a monochromatic system of inter-
changeable grating plates; it is then channeled through the probe by
a flexible 1 mm silica optical fiber. The changeable detection com-
ponent could be a photomultiplier for visible light (up to 0.7 mkm),
a PbS cell for infrared radiation (0.8 to 2 mkm), or an InSb cell (2 to
5 mkm).A microvideo probe employing back and side lighting meth-
odology is used for coarse-grained drops. This technique was devel-
oped for measuring drop sizes greater than 10 mkm (Fig. 2-32).The
measured volume is illuminated from two directions: perpendicular
to the optical axis, in order to select drops within the focal distance
of the magnifying system, and along the axis, with light shining from
the rear, in order to determine directly the drop size. This optical
system was also incorporated into the same 25-mm diameter tube.
To capture the motion of the drops, a pulse diode laser was used as
a light source. The images were recorded on a video recorder and
then analyzed by the operator (automatic image processing was an
anticipated future development). The ultimate goal was to achieve
real-time analysis (at a video frequency of 25 Hz) and obtain realistic
histograms over a short recording time (1-2 minutes). Experimental
distributions of fog droplets and large drops downstream of the last
stage blade are shown in Figure 2-33. On the basis of these experi-
mental investigations, the EdF researchers calculated the structure of
the energy losses due to wetness for the 900-MW wet-steam turbine’s
LP stages, including the following components: thermodynamic (re-
lated to the non-equilibrium state of the steam), drop acceleration,
drop collisions with the rotating blades, water film deposition, action
of the centrifugal forces, and additional friction (Fig. 2-34).The cal-
culated losses for the last (seventh) stage are compared with those
counted on the basis of the Baumann rule.
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Fig. 2-31. Optical attenuation probe for measuring fog droplet size
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Fig. 2-32. Microvideo probe used for coarse-grain water drop
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Source:A.R.Laali,].]. Courant, and A. Kleitz®!
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Fig. 2-34. Calculated energy losses due to wetness for LP stages of a low-
speed 600-MW wet-steam turbine (loss components: 1: thermodynamic
(related to the nonequilibrium state of the steam); 2: drop acceleration;
3:drop collisions with the rotating blades; 4: water film deposition; 5: action
of the centrifugal forces; 6: additional friction; 7: total energy loss for the
seventh stage (calculated on the basis of the Baumann rule)

Source: B. M. Troyanovskii®®

Figure 2-35 demonstrates a system developed by Russian scientists
at the Moscow Power Engineering Institute, comprising a primary
condensate sample trap and a laser probe inserted into the turbine
steam flow.” The drop size and steam wetness were measured using
two optical methods—an asymmetric indicatrix of optical dispersion
and light attenuation. A helium-neon laser was used as the light source.
The experiments were performed with two different types of water
chemistry, all-volatile treatment (AVT) and oxygenated treatment (OT),
with automatic processing of all the chemical analysis data.The probe
facilitated measurements at several positions along the stage height.
Some results of these experiments for different impurity levels in the

steam at the turbine inlet are shown in Figure 2-36.
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Fig. 2-35. System for sampling primary condensate (a) and laser probe
(b) for investigating corrosive properties of wet steam on a model turbine
(1: turbine rotor; 2: turbine casing; 3: probe and sample trap; 4: turbine stage;
5: sample tank; 6: helium-neon laser; 7: laser power supply; 8: head of the
laser probe; 9: photomultiplier power supply; 10: photomultiplier; 11: analog-
to-digital transformer; 12: interface; 13: computer; J,: radiation intensity;
I,: current signal)

Source: O.1. Martynova, O.A. Povarov,T. I. Petrova, et al.%8
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Fig. 2-36. Content of chlorides (a) and sulfates (¢) in primary condensate;
variation of droplet size over the stage height for different impurity levels in
steam at the turbine inlet (b)

Source: O.1. Martynova, O.A. Povarov,T. I. Petrova, et al.®
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Japanese scientists of Toshiba employed a combined approach to
investigations of wet-steam flow as applied to a new 40-inch titanium
LSB developed for the rotation speed of 3,600 rpm and 52-inch steel
LSB for low-speed turbines.”” The steam wetness and water drop size
distribution along the stage height were measured with the use of an
optical system, as shown in Figure 2-37a. For the measurement, a paral-
lel laser beam was radiated into the steam flow, and the light scattered
from the drops was transmitted through 30-channel optical fibers to
photodiodes. Computerized analysis of the scattered light intensity dis-
tribution enabled calculation of the drop size and moisture mass distri-
bution; some results of the wetness measurements are shown in Figure
2-37b.The tests simultaneously comprised measuring the quantity of
water removed from the stage via suction slots on the surfaces of the
hollow vane, as well as the relative erosion rate of the LSB’s inlet edge
(Figs. 2-38a and ¢). In addition, the steam flow can be viewed through
a boroscope—a kind of endoscope (Fig. 2-392a). In order to avoid direct
contact with the steam, the boroscope was enclosed in a protective
sheath (Fig. 2-39b). It was introduced into the steam path downstream
of the last stage vane row to observe the steam flow and water motion
on the convex vane surface (Fig. 2-39¢). Many water films and rivulets
stripped off from the outlet edge and atomized in the steam stream
were seen along the upper half of the blade height, but these events
were relatively rare in the lower half.
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Fig. 2-38. Schematic diagram for measuring water quantities withdrawn
through suction slots on surfaces of the hollow vane (a); pressure distribution
along the vane profile (b); relative erosion rate of the blade inlet edge (¢)
Source:T. Sakamoto, S. Nagao, and T. Tanuma’
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Fig. 2-39. Boroscope probe (a); inserted into the model turbine steam path
(b); behavior of water flow at outlet edge of the nozzle vane (c)
Source: H. Kawagishi, S. Nagao, and T. Yamamura’>
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According to endoscopic observations by different researchers,
the actual motion of water across the stationary, non-rotating parts of
the steam path (nozzle vanes, diaphragm, and casing walls) composes
an intricate picture (Fig. 2-40).The pattern to a great degree depends
on the pressure and steam-flow fields around the stage, but in many
respects, it is rather disordered, although there exists some well-
defined radial water motion—for example, along the trailing edges of
the stationary blades. These rivulets tend to accumulate and detach
at specific sites, thus causing concentrated blade erosion.The water
motion across the surface of the rotating blades is difficult to observe,
but due to the influence of centrifugal forces, such a motion is much
more predictable. The water films are believed to be relatively thin
and move predominantly in a nearly radial direction, as determined by
centrifugal and Coriolis forces. For typical LP steam path conditions,
a film thickness of about 10 mkm is expected, with flow velocities
on the order of a few meters per second. A supposed characteristic
water flow pattern according to some theoretical treatments is shown
in Figure 2-41.
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Fig. 2-40. Water motion on the pressure surface of the last stage nozzle
vane

Source:M.]. Moore™ .
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Fig. 2-41. Theoretical characteristic water flow field for LP rotating blades
Source:1.1. Kirillov and R. M. Yablonik”

Now it is beyond question that energy losses due to wetness are
unavoidable. However, the amount of these losses in modern turbines
is decidedly too high and could be significantly decreased. On the
other hand, experimental research in the last few years has not
radically changed the understanding of steam and moisture flow in
wet-steam turbines and discovered new ways to decline these losses
generally. New methods of decreasing energy losses due to wetness
have been slow in being developed.The accumulation of new knowl-
edge has resulted in gradual improvements to measurements of the
steam path and methods for drying the steam.These methods actually
increase the working fluid losses with the removed water, but make
the steam flow more efficient.
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Design

Wet-steam turbines for nuclear power plants are currently
designed and produced by only a few manufacturers worldwide.
Several former independent producers of nuclear turbines, includ-
ing the British manufacturer GEC, which was formed from the
merger of AEI and English Electric, French manufacturers Rateau,
Alsacienne de Construction Mecanique (SACM), and Campaignie
Electromecanique (CEM), and the German firm MAN—all merged
to form GEC Alsthom. In turn, GEC Alsthom merged with ABB Kraft-
werke AG, which had been formed from the merger of German-Swiss
firms Brown Boveri and Escher-Wiss and Swedish manufacturer
Stal-Laval, creating the international giant ABB-ALSTOM, pres-
ently named merely ALSTOM. In another spate of conglomeration,
German firm Kraftwerke Union AG (Siemens/KWU) absorbed the
British company NEI Parsons and the German AEG and then merged
with Westinghouse to create another huge international concern,
Siemens Power Generation (Siemens PG), which includes the U.S.
subsidiary Siemens Westinghouse Power Corporation (SWPC).

Among other contemporary producers of wet-steam turbines
for nuclear power plants are General Electric in the United
States; a trio of Japanese manufacturers-Hitachi, Mitsubishi Heavy
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Industries (MHI), and Toshiba; Turboatom (also known as Kharkov
Turbine Works, or KhTGZ) in Ukraine; Leningrad Metallic Works
(LMZ) in Russia, and Skoda Energo (Skoda) in the Czech Republic.
Combined, these companies have provided almost all of the steam
turbines for every nuclear power plant in the world. In addition
to the companies mentioned, Ansaldo Energia manufactured six
turbines for Italian nuclear power plants with a total capacity of
3,530 MW, and Bharat Heavy Electricals Ltd. (BHEL) built a series
of eight wet-steam turbines with individual capacities of about
230 MW for Indian nuclear power plants with PHWRs, under license
from ALSTOM. Production of large-capacity wet-steam turbines
is scheduled to commence in the near future at Donfang Steam
Turbine Works and Shanghai Steam Turbine Co., Ltd. in China and at
Doosan Heavy Industries & Construction Co. in South Korea.

As of January 2001, at the nuclear power plants of the IAEA’s
member countries, there were in service at least 440 nuclear wet-
steam turbines with individual output of more than 100 MW, not
counting those installed in permanently or temporarily decommis-
sioned power units."

Some older nuclear power units were designed to be operated
with two (or more) steam turbines fed with main steam in parallel.
This explains a certain discrepancy between the above figure and
the total number of nuclear power units according to the IAEA data
given in chapter 1. This difference (between the number of nuclear
wet-steam turbines and the total number of nuclear power units) also
takes into account gas-cooled and fast breeder reactors working with
superheated-steam turbines. The double-turbine scheme has been
widely used at nuclear power units employing former Soviet reactors
VVER-440 (31 power units in operation as of 2001, each one with two
turbines with a rated output of about 220 MW), the first VVER-1000
(two 500-MW turbines), and RBMK-1000 and RBMK-1500 (14 power
units in operation as of 2001, with turbines of rated output of 500 and
750 MW, respectively). In addition, this double-turbine scheme has been
employed at some Western European and Asian nuclear power plants
with PWR-, BWR-, and PHWR-type reactors.The use of this scheme was
primarily intended to decrease the number of forced shutdowns in the
case of wet-steam turbine failures, and also allow for the possibility
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of more efficient unloading of the units by shutting down one of the
two (or more) turbines during power consumption ebbs at nights and
on weekends. With regard to double-turbine units, the single capacity
spectrum for the wet-steam turbines presented in Table 3-1 looks more
logical. Even though the single capacities of nuclear power units are
commonly given as net values, as applied to steam turbines it seems
more representative to cite the gross capacity data.

Table 3-1. Distribution of wet-steam turbines by gross individual capacity
(as of 2001)

Gross Gapacity Number of Turbines
(MW)

U.S. | France | Japan | Russia | Germany | Korea | Others | Total
100—200 - - - - - - 2 2
200—400 - - 2 12 1 1 66 82
400—600 8 - 12 24 - 1 22 67
600—800 8 - 4 - 1 4 20 37
800—1,000 | 35| 34 11 - 4 8 22 | 114
1,000—1,200 | 31 - 21 6 - 2 16 76
1,200—1,400 | 22 | 20 2 - 7 - 1 52
1,400—1,600 | - 4 - - 6 - - 10
Total 104 | 58 52 42 19 16 144 | 440

Turbines with rated outputs between 200 and 600 MW, which
amount to a significant portion of “nuclear” wet-steam turbines,
including some of the double-turbine units mentioned previously,
are generally referred to as being of moderate capacity. They are espe-
cially attractive for modest-sized and developing countries, as well as
for relatively autonomous power systems. For industrially developed
countries with highly developed power generation grids, larger power
units (and turbines) are more attractive, with single capacity of about
1,000 MW or more. Due to larger capital expenditures and lower fuel
costs, nuclear power generation costs depend to a greater degree on
the installed capacity as compared with fossil fuel plants. Thus, an

https://engineersreferencebookspdf.com



104 Wet-Steam Turbines for Nuclear Power Plants

increase in capacity from 580 MW to 1,160 MW for a coalfired plant
was determined to decrease its power generation cost by about 8%,
whereas the corresponding reduction for nuclear power plants with
BWRs was approximately 30%.>

Along with a trend toward increasing the single capacity of
nuclear power units in the upper-end range of 1,300-1,700 MW and
perhaps more in the future, many countries still have a demand for
nuclear power plants with units of a moderate and relatively low
single capacity.? This is due to constrained investment capital and
limited power grid capacities. In recent years, many nuclear power
projects featuring medium-sized reactors have begun development,
and they will need wet-steam turbines of a corresponding capacity.
There should be a high degree of freedom in the design of these units
in order to match diverse investment capacities and customer needs.
When the nuclear power plant output is relatively small, the benefits
of improved thermal efficiency become somewhat less noticeable,
and for this reason the emphasis is placed on decreasing civil en-
gineering expenditures and simplifying the equipment design and
operation rather than raising efficiency. As for simplifying the turbine
design, this can first require reducing the number of LP flows and
cylinders, and the use of less expensive material than titanium in the
last stage blades (LSB). On the other hand, the use of longer titanium
LSBs can result in reducing a number of the LP cylinders, and in this
case, can adequately pay for itself.

General Design Features of
Wet-Steam Turbines

Influence of single capacity and rotation speed
on turbine design

As distinct from some steam turbines for fossil fuel power plants,
all wet-steam turbines for nuclear power plants, up to those of the
largest individual capacity, are designed single-shaft, or tandem-
compound (TC).This is mainly explained by the fact that both the HP
and LP sections of wet-steam turbines work with wet steam, and their
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steam paths are exposed to water drop erosion and require similar
approaches to coping with this problem. By contrast, many modern
steam turbines of fossil fuel power plants, with the single capacity
of 700 to 1,300 MW, have been designed as double-shaft, or cross-
compound (CC).This is especially typical for countries with the grid
frequency of 60 Hz and, correspondingly, requires the full rotation
speed of 3,600 rpm, instead of 3,000 rpm for the grid frequency of 50
Hz.The CC turbine configuration is most effective if the LP cylinders
are located on a separate low-speed shaft with a four-pole generator,
and the HP and IP cylinders are located on a high-speed shaft with a
two-pole generator. This scheme helps to cope with large volumetric
steam flow amounts at the LP exhausts, not excessively increasing
this number and simultaneously providing high efficiency in the HP
and IP sections.*

Water drop erosion (WDE) of the rotating blades is one of the
most important factors influencing the operating reliability of wet-
steam turbines and thus also determining their design configuration.
There exist different approaches to determining a so-called WDE cri-
terion, E, as well as different empirical equations that were developed
to estimate its value.” The simplest and most obvious equation was
developed by Hitachi:

E =43 x(0.01u, - 2.44) y,°8 3.1

where u, is the circumferential speed of the blades (m/s), and y, is
the steam wetness in the gap between the nozzle and blade rows
(%). The blade longevity is supposed to be assured if E < 2; if the
value of E ranges from 2 to 4, the blades are regarded as being ex-
posed to moderate corrosion, and if E > 4, this condition is treated
as inadmissible.

According to another approach proposed by R. Hohl of Escher-
Wiss, it is assumed that the longevity of rotating blades is assured if
E < 1.0, where E is calculated as follows:

e Sl s ()
E=— ==X X | —= 2
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where y, is the steam wetness at the stage inlet; y is the stage’s
moisture separation factor, varying from 0.8 to 1.0; v, is the specific
volume of the steam at the stage outlet (m’/kg); ¢,, is the axial com-
ponent of the exit steam flow velocity (m/s); G is the steam flow
amount through the stage (kg/s); and F is the annular area of the
stage blades (m?).

Other turbine producers and research institutions in the power
industry have proposed many other expressions that are more
complex and take into account additional factors, such as the blade
length-to-mean diameter ratio, axial clearance between the nozzle
and blade rows, portion of coarse-grain drops in the total moisture
content, stage reactivity at the blade tip, outlet edge thickness of
the nozzles, and the stage’s enthalpy drop.The admissible value of E
calculated with the use of these equations also varies. Nevertheless,
according to all these approaches, the WDE hazard mainly depends
on the steam wetness and circumferential speed of the rotating
blades, sharply increasing with the latter. A combination of large
steam output and relatively low initial steam pressure for wet-steam
turbines results in enormous mass and volumetric steam flow rates,
and thus requires blades with large mean diameters and lengths,
which aggravates the WDE problem.Therefore, the last stages of the
HP and LP sections of wet-steam turbines operate with a steam wet-
ness of about 10-14 % (see Fig. 2-2).

Currently, the maximum rated single gross capacity for nuclear
power units in service is about 1,500 MW. In particular, this re-
fers to power units of French nuclear power plants Chooz-B and
Civaux (two units each), both commissioned in the late 1990s and
equipped with ALSTOM’s wet-steam turbine, the Arabelle.® These
machines became and have remained the largest steam turbines in
the world. With inlet steam pressure of 7.1 MPa (1,030 psi) and back
pressure of 5.5 kPa (0.8 psi), the Arabelle also has one of the best
gross efficiency performances among wet-steam turbines in opera-
tion: 35.7%. The longitudinal section of the HP cylinder and one of
three LP cylinders of this turbine are shown in Figure 3-1.1It is a
low-speed (1,500 rpm) tandem-compound six-exhaust turbine.All of
the rotors are welded. The HP cylinder, in addition to the HP section,
comprises an intermediate pressure (IP) section. The working steam,
after leaving the HP section and before entering the IP section, goes

through two horizontal moisture separators and reheaters (MSRs)
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Fig. 3-1 Longitudinal section of the HP cylinder and two of three LP
cylinders of ALSTOM’s 1,500-MW 1,500-rpm wet-steam turbine the Arabelle
Source: By courtesy of ALSTOM
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situated on either side of the turbine. Both the HP and IP sections
are single-flow.This provides higher efficiency due to longer blading
and reduced so-called secondary energy losses (at endwalls) in the
blade rows.The HP and IP steam paths have opposite steam flow di-
rections to counterbalance their static axial thrusts.The turbine has
three LP cylinders, with LSBs as long as 1,450 mm (57 in) forming a
total annular exhaust area of 115.2 m? (1240 ft?).

The same exhaust area value could be achieved with four ex-
hausts using the 1,850-mm (73-inch) LSB developed by ALSTOM a
little later. In this case, the turbine, with two LP cylinders, would
measure about 6 m (20 ft) shorter. On the other hand, a six-exhaust
turbine with the 1,850-mm LSBs would have a total annular exhaust
area of about 172 m? (1,850 ft%). It would reduce the energy losses
with the exit steam velocity to relatively small values, despite an
enormous steam flow rate.The circumferential blade tip speed values
for the mentioned 1,450-mm and 1,850-mm LSBs are 445 m/s and
534 m/s, respectively.

Later, a smaller version of the Arabelle was developed—the
Mirabelle, a three-cylinder 1,000-MW turbine of the same configura-
tion, which is 14% lighter than 1,000-MW French wet-steam turbines
of the previous generation.

As opposed to the Arabelle, ALSTOM low-speed turbines of the
same class with an individual capacity of about 1,200-1,500 MW for
use with the 60-Hz grid frequency due to the greater rotation speed
(1,800 rpm) and, as a result, a necessity to limit the HP stage height
have been designed with a double-flow HP cylinder and three LP cyl-
inders (Fig. 3-2). Its general outline and plan view are shown in Fig-
ure 3-3.With an LSB length of 1,194 mm (47 in) and a circumferential
blade tip speed of 449 m/s (almost identical to that of the Arabelle),
this turbine has a total annular exhaust area of only 80.4 m?* (865 ft?),
which provides significantly larger exhaust energy losses compared
to its European 50-Hz analog. At the same time, in order to achieve
even a smaller total annular area of 74.4 m?, a full-speed 60-Hz turbine
of the same capacity should comprise 12 exhausts (that is, six LP
cylinders) with an LSB length of 852 mm (33.5 in), resulting in a con-
siderably greater circumferential speed of 594 m/s. It is obvious that
such a six-cylinder, caterpillar-like machine would create numerous
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Fig. 3-2 Longitudinal section of the HP cylinder and one of three LP cylinders
of ALSTOM’s 1,200-to-1,500-MW 1,800-rpm wet-steam turbine
Source: By courtesy of ALSTOM
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severe design and operation problems. International experience
indicates that the maximum number of cylinders on the shaft should
not exceed five.” For a smaller single capacity of about 1,000 MW and
the rotation speed of 1,800 rpm,ALSTOM also produces four-cylinder
turbines, with a single-flow HP cylinder and three double-exhaust
LP cylinders. In particular, such turbines were delivered for several

nuclear power plants of South Korea.

All of the previously mentioned ALSTOM turbines have cross-
over pipes between the MSRs and LP cylinders situated beneath
the turbine’s horizontal split plane, allowing free access to the LP
cylinders and facilitating their inspection, maintenance, and repair

Unit Oulline Drowing
Elervgiion

Fig. 3-3 Outline drawing and plan view of ALSTOM’s 1,200-to-1,500-MW
1,800-rpm wet-steam turbine

Source: By courtesy of ALSTOM
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(Fig. 3-3). This approach is characteristic for wet-steam turbines of
different manufacturers, even though some turbine types retain more
traditional top crossover pipes.

Designing wet-steam turbines begins with choosing either a high
(full) or low (half) rotation speed, that is, employing either a two-pole
or four-pole generator. With a two-pole generator, the turbine’s rota-
tion speed will be 3,000 or 3,600 rpm for the grid frequency of 50 Hz
or 60 Hz, respectively; with a four-pole generator, it will be 1,500 or
1,800 rpm for 50 Hz or 60 Hz, respectively. For wet-steam turbines of
relatively small output, this design question is traditionally answered
in favor of the high-speed option.

The left-hand (small-capacity) portion of the wet-steam turbine
individual-capacity spectrum is mainly filled by turbines with an
individual capacity of about 200-230 MW (Table 3-1). These are
commonly designed as tandem-compound, high-speed, two- or
three-cylinder turbines with one or two double-flow LP cylinders.
Turboatom’s 3,000-rpm K-220-44 turbine with an 852-mm LSB (an
annular exhaust area of 6.25 m? per flow), as well as its Skoda analog
with an 840-mm LSB (and a slightly larger annular exhaust area of
7.1 m? per flow, due to a greater mean diameter), are both built with
three cylinders and four exhausts (Figs. 3-4 and 3-5).% Both turbines
were designed for a main steam pressure of 4.3 MPa (44 atm; 626
psi) and intended for operation with PWR-type reactors VVER-440.
In order to counterbalance the axial thrust, Skoda’s HP cylinder is
double-flow, whereas the Turboatom turbine has a single-flow HP
cylinder that provides somewhat smaller secondary losses (at the
raw channel endwalls) due to its greater stage height. The HP rotors
for both turbines are made forged with a central axial bore, and the
LP rotors are of a welded type.

Unlike most other turbines for nuclear power plants, the Turbo-
atom K-220-44 turbine was initially designed with a nozzle-group
steam admission control. In later modifications, these turbines were
manufactured with a throttle-type steam admission control,a smooth-
er outline of the HP cylinder casing, and with two cylinders, including
a single LP cylinder furnished with a 920-mm (36-in) LSB (Fig. 3-6).°
Because of the unsteady state thermal stresses that arise in welded
LP rotors during turbine start-ups, a new arrangement of the LP rotor
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Fig. 3-5. Longitudinal section of the HP cylinder and one of two LP cylinders
of Skoda’s 220-MW 3,000-rpm wet-steam turbine
Source: B.M.Troyanovskii'’
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Fig. 3-6. Longitudinal section of Turboatom’s K-220-44 wet-steam turbine,

with one LP cylinder and a 920-mm last stage blade
Source: By courtesy of Turboatom
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disks applied to this turbine seems more favorable due to less intense
heat transfer conditions for the central disk at its periphery (see
chapter 4).As a result, this disk is heated more evenly, with less radial
temperature differences.

The K-220-44 turbines are equipped with an out-of-date
mechanical-hydraulic governing system that tells on its appearance.
The same should be said about location of the HP control valve steam
chests directly on the turbine casing—it is also a legacy of previous
designs; whereas, in most modern steam turbines, the valve casings
are placed beside the turbine (see, for example, Figs. 3-3 and 3-29
through 3-33). Removal of the HP valve steam chests from the HP
casing makes the metal temperature fields more even and decreases
the start-up thermal stresses in both the HP casing and valve steam
chests. Even with full-arc steam admission, the HP cylinder of
K-220-44 retains the nozzle box, which to a degree substitutes for an
absent inner casing (shell). As a rule, large-output wet-steam turbines
are designed with double-casing HP cylinders.This provides for easier
solutions to distortion and corrosion-erosion problems for both the
inner and outer casings.Along with this, for example, the HP cylinder
of the previously mentioned ALSTOM 1,000-MW 1,800-rpm turbine
is designed single-casing, without an inner shell (Fig. 3-2).

With increasing turbine output, the rotation speed choice
becomes more ambiguous up to a certain threshold value. For
nuclear power units with output greater than this threshold value,
the only alternative to the half-speed decision is the use of two half-
capacity full-speed turbines, that is, transition to a double-turbine
scheme. The main problem with low-speed turbines is that they are
more complicated and labor-intensive in the manufacturing process,
require heavier machining facilities and larger manufacturing areas,
necessitate the use of more up-to-date technologies, and so on. High-
speed turbine design is also somewhat more favorable because of
the higher internal efficiency of the HP stages with longer vanes and
blades—that is why the largest superheated-steam turbines in fossil
fuel power plants are designed as cross-compound turbines, with a
low-speed shaft for the LP cylinders and a high-speed shaft for the HP
and IP cylinders."
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The threshold value achievable for full-speed ¢high-speed) wet-
steam turbines without excessive exhaust losses, on one hand, and
an absurd increase in the LP flow number, on the other hand, is not
constant. It depends on the available LSB length and has tended to
grow in time with technology improvements and the appearance of
new, longer LSBs. For the 50-Hz grid frequency, this threshold value is
currently slightly more than 1,000 MW. Attempts to forcedly increase
this threshold value (for example, by using a Baumann stage'?) appear
to be rather ineffective. At the same time, the use of titanium LSBs
with a length of 1,500 mm (59 in) would allow designing a full-speed
(3,000 rpm) wet-steam turbine with an individual capacity of up to
1,250 MW with two or three LP cylinders, depending on the cooling
water temperature.'”> On the other hand, according to estimates by
Turboatom, above the single capacity of about 1,070 MW, the spe-
cific metal requirement (the turbine’s total metal mass related to its
output) for a half-speed turbine comes close to that of a full-speed
turbine of the same output (approximately 2 kg/ kW)."*

For the 60-Hz power utilities of the United States, Canada, South-
west Japan, Korea, Saudi Arabia, the Philippines, and some countries
in Central and Latin America (such as Mexico, Brazil, and Peru), the
threshold value of a maximum individual capacity achievable for
full-speed wet-steam turbines is about 1.5 times less. By way of illus-
tration, of interest are the data of the individual capacity and rotation
speed for wet-steam turbines manufactured by Siemens for nuclear
power plants of different countries presented in Table 3-2. It can
be seen that the turbines built for European countries are designed
as both half-speed and full-speed up to the rated output of approxi-
mately 1,000 MW; the turbines with an output of less than 600 MW
are predominantly full-speed, and the turbines with the single capac-
ity of approximately 1,200 MW and greater are always half-speed. For
the 60-Hz power grids in the United States and Brazil, all of the large
Siemens nuclear wet-steam turbines are half-speed. Similarly, all of the
Westinghouse wet-steam turbines for nuclear power plants with the
single capacity of up to 1,325 MW (57 60-Hz turbines and six 50-Hz
turbines, as of 1989) were half-speed.”
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Table 3-2. Main characteristics of Siemens large wet-steam turbines

Power Plant | Rated | Rotation | Turbine | Reactor In Notes
Name/Unit, Output | Speed Type’ Type | Operation
Country (MW) | (rpm) Since
Obrigheim, 345 | 3,000 |TC-6F30| PWR | Apr.1969
Germany
Stade, Germany 662 | 1,500 |TC-4F54| PWR | Apr.1972
Borssele, 477 | 3,000 |TC-6F35| PWR | Jun.1973 | Two-stage
Netherlands MSR
Atucha, Argentina| 340 | 3,000 |TC-6F27| HWR | Mar. 1974
Biblis A, Germany | 1,204 | 1,500 |TC-6F54| PWR | Feb.1975
Wiirgassen, 670 | 1,500 |TC-4F59| BWR | Nov. 1975 | Two-stage
Germany MS; currently
not in service
Biblis B, 1,300 | 1,500 |TC-6F54| PWR | May 1976
Germany
Brunshiittel, 840 | 1,500 |TC-4F54| BWR | Jul. 1976
Germany
Neckar 1, 732 | 3,000 [TC-6F35| PWR | Dec.1976
Germany
Isar 1, Germany 951 | 1,500 |TC-4F54| BWR | Dec. 1977
Unterweser, 1,300 | 1,500 |TC-6F54| PWR | Mar.1979
Germany
Gosgen, 966 | 3,000 |TC-6F43| PWR | Nov.1979
Switzerland
Philippsburg 1, 946 | 1,500 |TC-6F54| BWR | May 1979
Germany
Grafenrheinfeld, | 1,300 | 1,500 |TC-6F54| PWR | Dec. 1981
Germany
Kriimmel, 1,316 | 1,500 |TC-6F54| BWR | Aug.1982
Germany
Gundremmingen | 1,311 | 1,500 |TC-4F54| BWR | Jun. 1983
B, Germany
Grohnde, 1,361 | 1,500 |TC-6F54| PWR | Mar. 1984
Germany
Gundremmingen | 1,311 1,500 |TC-4F54 | BWR | Jun. 1984
C, Germany
Philippsburg 2, 1,362 | 1,500 |TC-6F54| PWR | Jun.1984
Germany
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Grand Gulf 1, 1,309 | 1,800 |TC-6F44| BWR | Jul. 1985 | Two-stage
United States MSR
Brokdorf, 1,365 | 1,500 |TC-6F54 | PWR | Dec.1986

Germany

Isar 2, Germany | 1,475 | 1,500 |TC-6F54 | PWR | Apr. 1988

Emsland, 1,400 | 1,500 |TC-4F54| PWR | Jun.1988

Germany

Neckar 2, 1,365 | 1,500 |TC-4F54| PWR | Jun.1990

Germany

Comanche Peak | 1,161 1,800 | TC-4F44 | PWR | Jul. 1990
1, United States

Comanche Peak | 1,161 1,800 |TC-4F44 | PWR | Mar. 1993
2, United States

Trillo, Spain 1,032 | 3,000 |TC-6F43| PWR | Aug.1988

Angra 2, Brazil 1,325 | 1,800 |TC-6F44 | PWR | Nov.2000

Source: G.Jacobsen, H. Oeynhausen, and H.Termuehlen'®

For comparison, Figures 3-7 and 3-8 show two Siemens turbines of
almost the same class: one with an individual capacity of slightly more
than 1,000 MW and a rotation speed of 3,000 rpm and the other with
the single capacity of approximately 1,300 MW and a rotation speed of
1,500 rpm. In the first case, the turbine is built with an LSB length of
1,080 mm (42.5 in), and in the second case the LSB length is 1,365 mm
(54 in). Main characteristics of modern LSB for high-speed and low-
speed large steam turbines of various turbine producers are given below
inTables 3-3 and 3-4.The low-speed Siemens turbines, such as the one
shown in Figure 3-8, with the single gross capacities of from 1,200 MW
(Germany’s Biblis Unit A) up to 1,475 MW (Germany’s Isar Unit 2) had
been the largest in the world until ALSTOM’s 1500-MW Arabelle was
developed. Heat rate field tests of the 1,300-MW turbine at Unterweser
in Germany showed a gross efficiency of 35%, which later increased to
36.50% after refurbishment, including the replacement of the LP steam
paths.'” With an LSB of 1,675 mm (66 in), a similar halfspeed (1,500
rpm) turbine, developed by Siemens for the European Pressurized
Water Reactor (EPR), can provide a gross electric output of up to 1,700
MW.The turbine has two vertical MSRs, which makes it more compact.
Its general 3-D view is presented in Figure 3-9.This project won a de-
sign competition for the newest European nuclear power unit built in
Finland (Olkiluoto Unit 3 to be put into operation in 2009).'®
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Fig. 3-7 Longitudinal section of the HP cylinder and one of three LP cylinders
of Siemens’ 1,040-MW 3,000-rpm wet-steam turbine
Source: F.R. Harris"
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Fig. 3-8 Longitudinal section of the HP cylinder and one of three LP cylinders
of Siemens’ 1,300-MW 1,500-rpm wet-steam turbine
Source: E J. Spalthoff, H. Haas, and E Heinrichs*
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Fig. 3-9 Three-dimensional view of Siemens’ 1,700-MW 1,500-rpm wet-steam turbine
Source: By courtesy of Siemens
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Both Siemens’ high-speed and low-speed turbines have one
double-flow HP cylinder and three double-exhaust LP cylinders
(Figs. 3-7 and 3-8). The turbines are quite similar in appearance,
except for their size. The most obvious distinction is the use of LP
rotors with shrunk-on wheel disks for the low-speed turbines, as
compared with solid, or monoblock (that is, forged without a cen-
tral axial bore), LP rotors for the high-speed turbines. In principle,
the combined rotors (with shrunk-on disks) are prone to stress
corrosion cracking (SCC). However, due to special design decisions,
Siemens’ turbines have not exhibited this problem (see chapter 4).
On the other hand, manufacturing enormous solid forgings neces-
sary for the low-speed monoblock LP rotors requires massive expen-
ditures. The second obvious difference between the high- and low-
speed Siemens’ turbines is that the smaller overall sizes and lighter
components of the high-speed turbines allow the use of common
bearings for adjacent rotors, whereas the heavier rotors of the low-
speed turbines must rest on two separate bearings for each rotor.

Along with this, the main design decisions applied by Brown
Boveri (which eventually became ALSTOM) have been practically
the same for their high- and low-speed wet-steam turbines, and their
appearances do not significantly differ, except for the sizes. Both
the HP and LP rotors are welded from forged discs. This design
decision is also used by other turbine manufacturers mostly for
LP rotors (see, for example, Figs. 3-1, 3-2, 3-4 through 3-06, 3-13,
3-16,3-18,and 3-19,).The low-speed (1,800 rpm) turbine shown in
Figure 3-10, with an output of 1,160 MW, was first manufactured for
the Donald C. Cook nuclear power plant in the United States. The
general arrangement of the turbine, with its horizontal MSR located
along both sides of the LP cylinders, is typical for many large nuclear
wet-steam turbines (Fig. 3-10b).
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Fig. 3-10. Longitudinal section of the HP cylinder and one of three LP
cylinders (a) and general view (b) of Brown Boveri’s 1,100-to-1,300-MW

1,800-rpm wet-steam turbine
Source: B. M. Troyanovskii*'
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124  Wet-Steam Turbines for Nuclear Power Plants

As distinct from the ALSTOM and Siemens turbines, most Mitsubi-
shi Heavy Industries low-speed nuclear steam turbines are designed
with forged rotors in both the HP and LP cylinders. The longitudinal
section of such a typical 900-MW turbine is shown in Figure 3-11.
Depending on the needs of a particular customer, the turbine can be
manufactured and delivered with either bored or solid rotors. The
turbine features 3-D reaction blading in the HP cylinder and integrally
shrouded blades in all the LP stages up to the LSB.

Another example of a turbine with solid rotors used in both the
HP and LP cylinders is the GEC Alsthom 3,000-rpm wet-steam turbine
shown in Figure 3-12. This turbine is used in the British double-
turbine nuclear power unit Sizewell-B. As distinct from other British
nuclear power plants, this unit is equipped with a PWR, in which the
secondary circuit incorporates two turbine-generator units, each with
630 MW of nominal output. The turbines have a 945-mm (37-in) LSB.
The average cooling water temperature at the plant is 13°C (55°F).
For the standard LSB module of that time, with an optimized back
pressure of 4.3 kPa (= 0.62 psi), the most economic exhaust area
would be provided by using three LP cylinders. Each rotor rests on
two bearings that are mounted in pedestals supported directly on
the low-tuned foundation block.The rotor system’s thrust bearing is
mounted in the bearing pedestal between the HP cylinder and the
first LP cylinder. The MSR vessels are located horizontally at the floor
level on each side of the turbine next to the LP cylinders.

Nuclear wet-steam turbines demonstrate the whole diversity of
all the rotor types, however high-speed turbines, with their smaller
sizes, provide more freedom in choosing the type of rotor used.*
Solid rotors without a central bore, as well as welded rotors, are char-
acterized by a relatively moderate centrifugal stress level—even the
largest LP rotors with the longest LSB. Therefore, the highest stresses
for these rotors occur in zones completely isolated from the steam
flow. On the other hand, the forged, bored rotors feature easy access
to the central part of the rotor, providing the quality control during
manufacturing that is important for large forged parts. However, they
have high local stresses at the bore surface, even though steam does
not sweep these critical zones. Combined rotors with shrunk-on disks
also produce high stresses at the bore surfaces, as well as additional
stress concentration near the keyways. In addition, steam flow sweeps

directly over these areas, which makes such rotors more vulnerable
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Fig. 3-11 Longitudinal section of MHI’'s 900-MW -class low-speed wet-steam
turbine
Source: By courtesy of Mitsubishi Heavy Industries
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Fig. 3-12 Longitudinal section and general view of GEC Alsthom’s 630-MW 3,000-rpm wet-steam
turbine for the double-turbine Sizewell-B nuclear power unit
Source:J.A. Hesketh and J. Muscroft®
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to stress corrosion cracking (SCC), especially in the Wilson (phase-
transition) region. Advanced disk technology, such as that developed
by Siemens, is needed to prevent these rotors from experiencing SCC.
As a palliative measure, low-speed LP rotors are sometimes manufac-
tured as solid units with shrunk-on disks added at the very last stages,
which allows for a reduction in the size of the forged piece.

The gain in efficiency achievable for half-speed turbines, as com-
pared to full-speed turbines, was demonstrated in efficiency calcula-
tions fulfilled by Turboatom as applied to their 1,000-MW 1,500-rpm
turbine. It was compared with a similar high-speed (3,000 rpm)
turbine designed by LMZ.?* Both of these turbines were intended to
work with PWR-type reactors VVER-1000s, with a main steam pres-
sure of 5.9 MPa (853 psi). The Turboatom K-1000-60/1500-2 turbine
comprises a double-flow HP cylinder and three LP cylinders, with a
1,450-mm (57-in) LSB providing an annular exhaust area of 18.9 m?
(203.4 ft*) per flow (Fig. 3-13).% All of the rotors are made welded.
The LMZ K-1000-60/3000 turbine includes one double-flow HP
cylinder and four LP cylinders, with the LSB made of titanium alloy
with a length of 1,200 mm (47 in) and an annular exhaust area of
11.3 m? (121.6 ft®) per flow (Fig. 3-14).%° This turbine also differs
from all of the previously mentioned ones in the location of its LP
cylinders—instead of the more common “train” arrangement (with
all of the LP cylinders located in series between the HP cylinder
and the generator), it uses a “butterfly” scheme, with the LP cylinders
symmetrically located on both sides of the HP cylinder.This provides
some advantages in the arrangement of the turbine auxiliaries and
somewhat decreases the pressure drops in the LP crossover pipes.
As with the Siemens 1,000-MW high-speed turbine, the LP rotors are
solid (Fig. 3-7). Initially, these rotors were designed to be welded, but
creating them as solid units helped to ensure their greater strength.

Calculations showed that due to the larger total exhaust area (113.4
m?vs. 90.4 m?) and, as a result, smaller energy losses with the exit
velocity (28.0 kJ/kg vs. 45.0 kJ/kg, at the steam back pressure of 4 kPa
[0.58 psi]), the low-speed 1,000-MW Turboatom turbine could be
more efficient by about An/n = 4%.”” The acceptance tests of this tur-
bine at the Zaporozhe nuclear power plant in Ukraine proved a gross
thermal efficiency of 34.8% at the MCR of 1,010 MW.*®
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Fig. 3-13. Longitudinal section of the HP cylinder and one of three LP
cylinders of Turboatom’s 1,000-MW 1,500-rpm K-1000-60/1500-2 wet-

steam turbine
Source: By courtesy of Turboatom
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Fig. 3-14. Longitudinal section of a half of the HP cylinder and one of
four LP cylinders of LMZ’s 1,000-MW 3,000-rpm K-1000-60/3000 wet-
steam turbine

Source: By courtesy of LMZ

According to Turboatom, the larger overall dimensions of the low-
speed turbines provide less pressure drops in the turbine’s nonbladed
areas. In addition, the larger size also allows designers to increase un-
controlled steam extractions in order to cover the heating demands
of adjacent dwelling and industrial regions. This idea materialized
in the next version of Turboatom’s low-speed 1,000-MW turbine
series, the KT-1070-60/1500-3.* It was designed with increased
uncontrolled bleedings for a heating output of up to 5,000 GJ/h
(4.74 billion Btu/h).The schematic diagram of this turboset is shown
in Figure 3-15.The turbine is designed with three cylinders, including
two LP cylinders, and a 1,650-mm (65-in) LSB. The increased steam

https://engineersreferencebookspdf.com



130 Wet-Steam Turbines for Nuclear Power Plants

extractions can be also used for desalination of seawater. Although
sacrificing approximately 20% in electric output, a steam turbine such
as the K-1070-60/1500-3 can provide approximately 15,000 m?/h of
desalinated water, that is, about 100,000 m?/day if the bleedings are
open only at night during the power consumption ebbs.>

p=589 MPa; x = 0995 ~
G = 6430t/h

Fig. 3-15. Schematic diagram of Turboatom’s KT-1070-60/1500-3 1,000-MW
wet-steam turbine with four-stage network water heating to 180°C (1: HP
cylinder; 2: MSR; 3: two LP cylinders; 4: condensers; 5: first-stage condensate
pumps; 6: steam ejector cooler; 7: second-stage condensate pumps; 8: LP
regenerative heaters; 9: deaerators; 10: turbine-driven feed water pumps;
11: HP feed water regenerative heaters; 12: to reactor’s steam generators;
13:network water heaters’ drain coolers; 14: network water heaters; I: first
steam bleeding; IT: second steam bleeding, etc.)

Source: M.A.Virchenko, B.A.Arkad’ev, and V.Y. Ioffe?!
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Modern steam turbines are thoroughly calculated and designed
with the use of contemporary methods of computational fluid dynam-
ics (CFD), applied not only to the primary steam paths of the turbines,
but also to the nonbladed areas, such as steam admission and extrac-
tion chambers, crossover pipes, exhaust ports (hoods), and so on.The
efficiency of “nuclear” wet-steam turbines is more sensitive to energy
losses in the LP cylinders, because their portion in the turbine output
is much more than that of superheated-steam reheat turbines. Hence,
the LP exhaust ports of nuclear turbines need special attention to
maintain efficiency. At the same time, their design optimization is es-
pecially intricate, because of high exit steam velocities after the LSB,
significant unevenness of this velocity field across the steam stream,
and significant changes in the steam flow patterns depending on the
steam flow amount (or turbine load).

The exhaust port efficiency can be characterized by a correlation
between the steam pressure values at the port’s exit and entrance
(that is, in the condenser, p., and after the LSB, p,, respectively) and
the energy losses with the exit steam velocity, ¢,.This value, called the
relative decompression, or hydraulic resistance factor, can be either
negative or positive. It is estimated as follows:

Eiee = 1-8= - po) /(c2*/205)

where v, is the specific volume of steam after the LSB. If the value of
{is less than 1.0 (that is, p. > p, and &,.. > 0), this indicates that the
energy loss with the exit velocity is partially compensated in the ex-
haust port. But if {> 1.0, p. < p,,and .. < 0, the exhaust port energy
loss is added to that with the exit velocity. For typical LP cylinder
exhaust ports, {'is commonly close to 1.2.The use of a special diffuser
configuration for the LP exhaust port makes it possible to decrease
this value to approximately 1.0 or even less.*?

Turboatom’s family of low-speed 1,000-MW turbines also includes
the K-1000-60/1500-1 turbine, which differs from the previously
mentioned models by the use of a separate doubleflow IP cylinder
and side condensers (Figs. 3-16 and 3-17).These two design concepts
were preliminarily worked out at a model 500-MW low-speed turbine,
which was subjected to detailed field tests at the pilot double-turbine
Novovoronezh Unit 5 with a prototype VVER-1000 reactor (Fig. 3-18).
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Fig. 3-16. Longitudinal section of Turboatom’s K-1000-60/1500-1 1,000-MW
1,500-rpm wet-steam turbine with IP cylinder and side condensers
Source: By courtesy of Turboatom
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Fig. 3-17. Rear-view and cross-section of the LP cylinder for Turboatom’s
500- and 1,000-MW 1,500-rpm wet-steam turbines with side condensers
(1: condenser; 2: flexible joint; 3: sylphon; 4: bearing casing; 5: LP cylinder’s
casing; 6: crossover pipes; 7: LP regenerative heater)

Source: By courtesy of Turboatom

All of the rest of previously mentioned turbines, as well as the
overwhelming majority of all large steam turbines used in both
nuclear and fossil fuel power plants, are equipped with basement
condensers. When the exhaust steam leaves the LSB, it disperses in
both radial and axial directions and then turns to reach the condenser.
Simultaneously, the steam streams, which have been annular in cross
section up to this point, develop a rectangular cross section. This
process is accompanied by the creation of vortices, rotation of the
exhausted steam, and additional pressure drops (see Fig. 5-11). With
side condensers, as for the considered K-500-60/1500 and K-1000-
60/1500-1 turbines, a space angle of turning for the steam stream is
less than that for turbines with basement condensers that results in
more even steam conditions after the LSB. Bench tests for the men-
tioned turbines with side exhaust ports showed a value of { close to
0.7.% Field heatrate performance tests at the Novovoronezh, South
Ukraine, and Kalinin nuclear power plants completely confirmed the
higher efficiency ratings of turbines with side exhaust ports. In addi-
tion, the side condensers make the turbine foundation simpler and
stiffer and allow for a decrease in the overall size of the turbine hall.
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Fig. 3-18. Longitudinal section of Turboatom’s 500-MW low-speed wet-
steam turbine with IP section and side condensers
Source: By courtesy of Turboatom
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On the other hand, the side exhaust ports are much more prone to
air suction because of the greater number and length of joints under
vacuum.The danger of water induction into the turbine from the side
condensers is also perceptibly higher, and placement of the condens-
ers underneath the turbine provides more freedom for seating the
turbine auxiliaries in the basement area.

Some considerations show that with employing an LSB of about
1,800 mm (71 in) long, a low-speed turbine with a rotation speed of
1,500 rpm could theoretically be designed for a rated single capac-
ity of about 2,000 MW. Such a turbine could include four cylinders
(a double-flow HP cylinder and three LP cylinders) with a total annular
exhaust area of approximately 163 m?* (1,750 ft*).The LP rotor would
have a root diameter of the LSB wheel disk of approximately 3,000 mm
(118 in), and the span between the bearing axes would be approxi-
mately 10.7 m (35 ft).To transport such a monster by rail, it would have
to be made combined, that is, with bolted journals (Fig. 3-19).

20 f
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Fig. 3-19. Hypothetical LP cylinder with 1,800-mm last stage blades for up to
2,000-MW wet-steam turbine
Source: L. P.Safonov, V. I. Nishnevich, M.V. Bakuradze, et al.**
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136 Wet-Steam Turbines for Nuclear Power Plants

Blading, gland seals, and protection against
erosion-corrosion wear

Wet-steam turbines are made with both impulse-type and reaction
blading in their HP (and IP, if applicable) sections. In impulse-type tur-
bine stages, steam expands only in the nozzle rows (fixed blades), and
the rotating blades are moved only due to the change of the steam
flow direction in the blade channels. In reaction-type turbine stages,
the steam expansion and speed-up of the steam flow take place in
both the fixed blade and rotating blade channels approximately to an
equal degree.The ratio between the available energy (enthalpy drop)
for the blade row and the total available energy of the stage is termed
the stage reactivity or reaction degree, p. For a purely impulse-type
stage, p = 0, and for a characteristic reaction-type stage, p = 0.5.The
optimal velocity ratio (the ratio between the circumferential rotation
speed and the fictitious steam velocity corresponding to the stage’s
available energy) for impulse-type stages is equal to approximately
0.47. For reaction stages (p = 0.5), it is V2 times more, and hence
(because the available energy is in proportion to the velocity ratio
squared) the optimal enthalpy drop per stage is double less than that
for an impulse stage of the same diameter.

Since the steam flow velocity at the nozzle exit usually has a
remarkable circular constituent that arouses the centrifugal force
influencing the steam flow, in the gap between the nozzle and blade
rows there appears an uneven radial pressure distribution counter-
balancing this centrifugal force, and the steam pressure, p, increases
along the stage height—from the root section to the tip section.As a
result, if the stage is not specially profiled, the stage reaction degree,
P, also increases with the radius.The greater the relative blade length
I/d (the blade length related to the mean blade diameter), the more
remarkable is this change.The simplest external manifestation of im-
pulse stages is accommodating the rotating blades in the wheel disks.
On the contrary, for reaction stages, the rotating blades are mounted
directly at the shaft surface because of essential steam pressure dif-
ference upstream and downstream from the blade row. With a wheel
disk, this would have created a large thrust (axial) force at the shaft
and caused large bend stress in the disk. In addition, reaction turbines
have more stages as compared with impulse-type turbines, all other
things being equal. Manufacturers traditionally designed their turbines
with blading of one or another type.Among the consistent promoters
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of impulse-type turbines have been GE, Hitachi, LMZ, Skoda, Toshiba,
Turboatom, as well as AEI, Alsthom, English Electric, MAN, and Rateau,
presently known as ALSTOM. Examples of various impulse-type wet-
steam turbines are shown in Figures 3-1, 3-2,3-4 through 3-6,3-12
through 3-14, 3-16, 3-18, and 3-20.The last one presents Toshiba’s
impulse-type wet-steam turbine designed in close collaboration with
GE, and this turbine, as well as similar ones of Hitachi, greatly resem-
bles wet-steam turbines for nuclear power plants produced by GE.
Reaction-type turbines have been preferred by Brown Boveri (ABB),
Mitsubishi Heavy Industries, NEI Parsons, Siemens, and Westinghouse.
Typical reaction-type wet-steam turbines are presented in Figures 3-7,
3-8,3-10,and 3-11.The LP steam path with reaction-type first stages
of a typical Westinghouse wet-steam turbine (such as the two 560-MW
turbines of Prairie Island or the two 523-MW turbines of Point Beach
nuclear power plants) is shown in Figure 3-21. The subsequent LP
stages, with their long blades and considerable change in the steam
flow characteristics along the stage height, look practically identical
in both impulse- and reaction-type turbines. They all have a high
reaction degree at the blade tip and low (sometimes even negative)

reactivity at the root.

Both impulse- and reaction-type turbines have their inherent
strengths and weaknesses. Reaction-type blading has a somewhat
better internal efficiency, due to lower mean velocities and a
more convergent character of its steam flow. On the other hand,
reaction-type stages commonly have somewhat greater steam leak-
ages through the stage seals. In addition, the optimal available energy
drop for a reaction-type stage is less than that for an impulse-type
stage of the same dimensions, thus resulting in a larger number of
stages compared with impulse-type turbines of the same steam condi-
tions and output. Reaction-type turbines are also characterized by a
greater axial thrust, which requires special design countermeasures.

However, for modern steam turbines, differences in turbine
cost and efficiency depend less on the blading type than on other
factors. With today’s highly three-dimensional steam path designs,
employing either purely impulse- or purely reaction-type blading
has ultimately lost initial benefits. Siemens was the first turbine
manufacturer to abandon the old paradigm and begin individually
setting the reaction of each stage, varying the reaction degree in a

wide range from 10% to 60%.?> On the other hand, GE devised their
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Fig. 3-20. Longitudinal section of the HP cylinder and one of the LP cylinders
of Toshiba’s 800-MW-class low-speed wet-steam turbine
Source: By courtesy of Toshiba
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140 Wet-Steam Turbines for Nuclear Power Plants

Dense Pack turbine design concept, with its increased number of
stages.”” The Dense Pack turbines have a higher reaction degree
compared to a classic impulse-type concept. These ideas seem
especially relevant for wet-steam turbines, with their taller stages.
For 3-D steam path designs incorporating curved and bowed vanes
and buckets, the reaction can also considerably vary along the stage
height, even for relatively short HP stages.

As a rule, both impulse- and reaction-type stages of modern wet-
steam turbines are designed with shrouded rotating blades (except
LSBs in some cases), and with highly developed overshroud and
undershroud seals (for reaction-type stages) or diaphragm seals (for
impulse-type stages) to minimize the parasitic steam leakages besides
the primary steam path (Figs. 3-22 and 3-23). Advanced seals allow
turbine designers to reduce these leakages by as much as 50% with-
out limiting the relative thermal expansion of the rotors.

For impulse-type stages, it is also important to arrange a proper
steam flow through the clearance between the disk and diaphragm
near the inlet blade root to minimize the energy losses (Fig. 3-24).
Any suction of steam from the preceding diaphragm seal into a tur-
bine blade row decreases the stage efficiency, because this steam
does not possess enough energy to be of any use and also disturbs
and retards the major steam streamline. At the same time, some steam
leakage from the blade root zone even decreases the blade energy
losses, ejecting the bottom steam layers with the end vortices from
the nozzle row. For this reason, pressure-balance holes in the disks are
very advisable for withdrawing the leaking steam from the blade root,
even if these holes are not necessary to balance the axial thrust (for
example, in double-flow rotors).
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(a)

(b)

Fig. 3-22. Typical HP steam path stages (a) and double-strip stage seals of

first LP stages (b) for Siemens’ wet-steam turbines
Source: K. D.Weschenfelder, H. Oeynhausen, D. Bergmann, P Hosbein, and H.

Termuehlen?® .
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Fig. 3-23. Typical HP stages for ALSTOM’s 1,500-MW wet-steam turbine
Source:]. C.Franc and D. Gilchrist®
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Fig. 3-24. Influence of steam leakage (or suction) in the blade root zone of
an impulse-type stage on its efficiency

Source: Data from A.V. Shcheglyaev®
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The end gland seal designs of wet-steam turbines were well worked
up at superheated-steam turbines and now provide few possibilities for
further decreases in steam losses. As a result, they do not differ much
from those of fossil fuel power plant turbines with moderate steam
parameters. However, special attention needs to be paid to the single-
circuit power units (with BWR or RBMK-type reactors) whose turbines
work with radioactive steam.The end gland seals of the turbine itself
(as well as those of the HP valve stems) play an important role in pre-
venting the steam from leaking into the turbine hall. For this purpose,
the last chambers of the end gland seals are kept under rarefaction, and
clean steam from an outside source or special evaporator is piped into
the next-to-last chambers (Fig. 3-25).

Fig. 3-25. Scheme of end gland seals for double-flow HP (a) and LP (b)
cylinders for wet-steam turbines operating with radioactive steam (1: steam
from the HP exhaust port; 2: steam to an LP regenerative heater; 3: “clean”
steam from an outside source; 4: connection to a gland seal ejector; 5:ambient
turbine room air; 6: steam to the LP exhaust port)

The gland seals are prone to erosion-corrosion wear (ECW) by
wet-steam flow. This should be taken into account in the turbine
design, especially considering the turbine’s long-term operation
performances. For non-alloy (carbon) steels, the ECW rate can be esti-
mated with the use of an empirical approach developed by Siemens
experts, based on long operational experiences from early wet-steam
turbines:*!

S=kthfXCX\/_)7

where, s is the expected rate of maximal local erosion-corrosion wear
(mm/10* h); ¢ is the steam flow velocity (m/s);y is the steam wetness
(%); the dimensionless factor &, reflects the temperature influence,
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and the flow configuration factor, K, for the end and diaphragm seals
is taken equal to 0.08.Values of the temperature factor, &, significantly
vary in the range from 40 to 260°C—Figure 3-26a.The most severe
ECW damage takes place at about 180°C. The ECW rate falls off at
lower temperatures because of a slower rate of chemical reactions
and at higher temperatures due to formation of a protective layer of
magnetite on the surface of metal.
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Fig. 3-26. Influence of temperature on ECW rate for carbon steels (a) and
comparison of expected and measured ECW rate (b) (1: for horizontal joints;
2:for diaphragm visors, overshroud seals, and water traps; 3: for elbows, joints,
and pipe junctions; 4: for stagnation areas, such as across steam path pipes)
Source: Data from W. Engelke*?

The same approach is also employed for estimating the ECW
rate of other wet-steam turbine stator elements suffering from mis-
cellaneous erosion-corrosion processes combined with water drop
erosion. Depending on the steam flow pattern, the flow configura-
tion factor, K, varies from 0.04 (for steam flowing in straight pipes)
to 1.0 (for objects placed directly against a wet-steam flow, or for
steam line Tjoints). For example, for peripheral diaphragm visors and
water traps, K, = 0.3, assuming a typical steam flow velocity, ¢, equal
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to the tip circumferential blade speed and for nontight flange joints,
K; = 0.08, with the steam flow velocity calculated from the pressure
drop.This approach gives rather qualitative estimates. It is clear from
Siemens’ data presented in Figure 3-26b, where the expected, calcu-
lated ECW rates are plotted against their actual measured values for
several wet-steam turbines.

Experimental and calculated data show that for stator elements
fabricated from carbon steels the ECW rate can reach as much as
4-5 mm/yr (= 200 mil/year). The most characteristic places for ECW
in the HP cylinder of the Turboatom K-220-44 turbine are pointed out
in Figure 3-27.The maximum ECW occurs with a steam wetness of
over 5% and a temperature range of 160-200°C, which completely
corresponds with the Siemens data, as well as the zones of most
intense ECW outlined in the Mollier diagram in Figure 2-3.

Along with ECW, crevice erosion is prevalent in the flange joints
of casings, rings, and diaphragms, and its rate often exceeds the mean
rate expected based on local steam conditions. For these elements,
it is especially important to prevent a through steam leakage across
their joints that bears a positive feedback; the greater the leakage, the
more abrasion there is due to wear. Leakage through the HP cylinder’s
outer casing flanges is especially unacceptable for turbines working
with radioactive steam.To enhance the tightness of the flange joints
in their K-220-44 turbines, Turboatom had to increase the tightening
force for the bolts in the rigid belt zone and bolt the diaphragm
halves together.*> Some other wet-steam turbine producers also had
to increase the number of bolts in the flange joints of HP cylinder
casings.

Intense ECW could be prevented by using high-alloy chromium
steels for endangered elements or by plating the exposed areas with
similar materials. Erosion-corrosion wear of elements composed of
2.5% chromium steel drops to approximately one quarter of that
expected with carbon steel, and elements made from 12-13% chro-
mium steel suffer almost no ECW at all. Comparative calculations for
the LMZ K-1000-60/3000 turbine showed that it is finally more profit-
able to fabricate the HP cylinder casings upon the whole from stain-
less steel (Fig. 3-14).% The HP cylinder casings of some ALSTOM’s
1,000-MW and 1,350-MW turbines are made from 13% Cr steel, with
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stainless steel piping. Along with this, many turbine manufacturers
prefer to protect the endangered elements with special shields or
stainless steel deposits (Figs. 3-23 and 3-28). In addition, the surfaces
of flange joints are built up by welding or spraying with highly resis-
tant alloys.
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Fig. 3-27. Typical ECW locations in the HP cylinder (a) and MSR (b) of
Turboatom’s K-220-44 turbine (the black dots denote areas of the most

intense ECW, with their sizes corresponding to the relative ECW rate)
Source: O.A. Povarov, G.V.Tomarov, and V. N. Zharov*’
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Fig. 3-28. Areas of corrosion-erosion protection in the turbine steam path
and gland seals of ABB’s (a) and Siemens’ (b) wet-steam turbines
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Steam admission elements

Huge steam flow amounts for large wet-steam turbines require
special attention to their steam admission elements. With raising the
turbine output, the size of the turbine valves and the energy amounts
dissipated in them also increase. Simultaneously, it becomes more dif-
ficult to provide their tightness. Increased valve size results in lower
natural frequencies of the moving elements (the valve itself and the
valve stem). This also increases a risk of high-amplitude vibrations of
the valves. There is a rule of thumb that calls for limiting the steam
velocity in HP valves and their inlet pipes to 75 m/s (= 250 ft/s).This
standard has stood the test of time, but designers of large wet-steam
turbines are often forced to ignore it.

To reduce pressure drops, some turbine manufacturers integrate
the HP stop and control valves into a combined unit using sometimes
even a common saddle.An example of such a combined valve unit de-
veloped by Brown Boveri is shown in Figure 3-29a. It resembles the
HP valve unit developed by the same company for the supercritical
1,300-MW turbines manufactured for U.S. fossil fuel power plants.
In particular, the valve unit shown in Figure 3-29a is applied to the
1,160-MW wet-steam turbine installed at the Donald C. Cook nuclear
power plant;the turbine is furnished with four such units (Fig. 3-10b).
A more traditional design of the stop and control valves integrated
in a unit with the common saddle is presented in Figure 3-30a, as
developed for Turboatom’s 1,000-MW-class low-speed wet-steam tur-
bines. Another design, this one used in the HP steam admission unit
(one of four) in LMZ’s 1,000-MW wet-steam turbine, is presented in
Figure 3-31.1In this case, a traditional stop valve is replaced by a turn-
gate, a kind of butterfly valve.
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Fig. 3-29. One of four combined HP stop and control valve units (a) and
butterfly-type intercept valve (b) for Brown Boveri’s large wet-steam turbines
Source: B. M. Troyanovskii'’
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Fig. 3-30. Combined HP stop and control valve unit (a) (1: casing; 2: saddle;

7: stop valve

; 11: stop valve lever) and

intercept valve (b) for Turboatom’s low-speed wet-steam turbines

Source: By courtesy of Turboatom

>

5: relief cylinder; 6: steam sieve;

3: control valve; 4: stop valve;

stem; 8: control valve stem; 9: crossarm; 10: springs
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Fig. 3-31. HP control valve and stop turn-gate for LMZ’s K-1000-60/3000

turbine
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Two other design schemes for the HP stop and control valve units
are presented in Figures 3-32a and 3-33.These are implemented in
the GEC Alsthom’s 630-MW wet-steam turbine, and various Siemens
turbines, respectively.

Fig. 3-32. HP stop and control valve unit (a) and LP butterfly valve (b) for
GEC Alsthom’s 630-MW wet-steam turbine
Source: Data from J.A. Hesketh and J. Muscroft®
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S

Fig. 3-33. HP stop and control valve unit for Siemens’ wet-steam turbines
(1:actuator; 2: steam strainer; 3: actuator; 4: stop valve; 5: control valve)
Source: Data from U. Sill and W. Zorner®

Significant potential for improving valve aerodynamics by means
of streamlining the valve’s geometric shape were revealed by ALSTOM
while developing the control valves for their 1,500-MW Arabelle
turbine.’® The resultant design is presented in Figure 3-34. Serial
wind tests were performed on scale models to classify the different
geometric forms.These experiments were then completed by actual-
size tests at one of the 1,000-MW nuclear power units and led to the
design of the control valves mounted on the Arabelle.
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Fig. 3-34. HP control valve of ALSTOM’s 1,500-MW wet-steam turbine
Source: Data from ALSTOM

Most wet-steam turbines are designed with a throttle control,
that is, with full-arc HP steam admission. In doing so, all of the HP
control valves are handled simultaneously as if they were a single
valve, and the steam flow entering the turbine is forwarded to the
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entire nozzle arc of the first HP stage. When the turbine operates
under a partial load, the entire steam flow is throttled in the control
valves down to a pressure value approximately proportional to
the current turbine load. Such a way of control, combined with
a relatively small available heat drop for the turbine as a whole,
leads to considerable efficiency losses under partial-load operating
conditions. Thus, for the Siemens 1,300-MW turbine, the decrease
of the load to 52% of MCR results in a 12% increase in the heat rate
(Fig. 3-8). The lower the initial main steam pressure and available
heat drop, the greater the efficiency loss.

It is well known that the nozzle-group control mode is more
efficient for partial-load operating conditions. Nevertheless, the Turbo-
atom K-220-44 turbine with its nozzle-group control is an exception
(Fig. 3-4).Turbines with throttle control are simpler in design—they
do not need a special nozzle box and a control stage with an enlarged
diameter and greater enthalpy drop; the first HP stage does not differ
from the other stages, and, as a result, the HP casing gains a more
favorable outline. In addition, with everything else being equal, tur-
bines with nozzle-group control are always a little less efficient under
a full load because of the energy losses in the first stage related to its
partial-arc steam admission. More importantly, nuclear power units are
commonly assumed to predominantly operate under base-load condi-
tions, producing the maximum possible output, because their power
production costs are mainly defined by capital expenditures and are
less dependent on fuel costs. This reasoning is absolutely correct, but
in reality it is not always possible to keep nuclear power units operat-
ing under continuous full load, especially with the higher reliance of
power systems on nuclear power. In many cases, individual nuclear
power units ought to participate in covering the variable part of the
power consumption graphs and operate under a lessened load. Never-
theless, most wet-steam turbine producers prefer to design them with
throttle control.

Turbine manufacturers try to make the steam path between
the HP and LP cylinders, including the MSR, as compact as pos-
sible to reduce the amount of latent energy stored in the enclosed
water, and minimize turbine overspeeding after load rejections
with switching off the generator.The overspeed tests performed by
Siemens on their early wet-steam turbines for nuclear power plants

(one with an output of 662 MW and rotation speed of 1,500 rpm
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and another with an output of 477 MW and rotation speed of 3,000
rpm) demonstrated a speed increase of approximately 12-13% in
6-8 seconds after the turbine trip.>! From correlation of the calcu-
lated and measured data, it was estimated that the average water
film thickness in the wet-steam region of the HP cylinder and MSR
is equal to approximately 3 mm (=120 mil). When the turbine’s stop
valves are closed and the steam pressure throughout the steam path
falls, this water evaporates, and the formed steam rushes into the LP
cylinder, speeding up the turbine.

In order to reduce the overspeeding after load rejections, the tur-
bines are furnished with fast-opening bypass valves that connect the
cold reheat steam lines to the condenser and blow down the cross-
over path after the HP cylinder, including the MSR. In addition, a load
rejection can make the controlled vacuum breaker valves open, and
the resultant increased backpressure in the condenser slows down
the turbine rotation. In many cases these measures are sufficient to
limit the overspeeding by allowable values that were proved by field
tests.” Actual full-load rejection oscillograms for the 1,300-MW Biblis
Unit A turbine are presented in Figure 3-35. Nevertheless, in some
cases, these countermeasures turn out to be insufficient, and calcula-
tions show that to prevent excessive overspeeding, it is necessary to
install intercept valves ahead of the LP cylinders, like that shown in
Figure 3-30b.Along with traditional valve design decisions, butterfly-
type valves are commonly used for this purpose, because in the open
position they provide minimal pressure drops (approximately 1% of
the current steam pressure). Examples of such valves can be seen in
Figures 3-29b and 3-32b.
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Fig. 3-35. Full-load rejection oscillograms for Siemens’ 1,300-MW Biblis
Unit A turbine
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Bearings

Large wet-steam turbines feature large-diameter journal necks—
up to 800-900 mm (30-35 in) for the largest low-speed turbines and
up to 520-560 mm (20-22 in) for high-speed turbines. Due to a large
circular speed on the neck surface, the lubricating oil in the clearance
between the rotor neck and the journal bearing shell is rapidly tur-
bulized, and the energy losses caused by friction sharply rise.That is
why the journal bearings for large high-speed turbines are frequently
made with multi-wedge, or segment, shells. In this case, the lubricant
is delivered to each segment, forming separate oil wedges, and has no
time for turbulization because of a small distance between segments.
A sketch of such a four-segment journal bearing employed by Turbo-
atom is given in Figure 3-36.This type of journal bearing is used in
their high-speed wet-steam turbines, with the single capacities of 500
MW and 750 MW. For low-speed wet-steam turbines, despite greater
diameters of their journal necks, the circular speed on the neck sur-
face is considerably less than that for high-speed turbines and, as a
rule, their journal bearings can be built with single-wedge shells.

Fig. 3-36. Turboatom’s four-segment journal bearing for high-speed wet-
steam turbines (1: segment; 2: segment support; 3: oil supply channel;
4:adjusting pin)
Source: Turboatom
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For large steam turbines, especially low-speed wet-steam turbines,
with their heavy rotors, in order to avoid dry friction in the bearings
when the turbine is shut down and is rotated by the turning gear,
the bearings are additionally supplied with lubricant under increased
pressure to jack the rotors.

Steam turbines commonly have voluminous, multi-branched high-
pressure hydraulic and low-pressure lubrication oil systems. In order
to prevent oil fires in the turbine hall, it is advisable to use synthetic
fire-resistant fluids (FRFs) instead of petroleum oil because of their
higher self-ignition temperature. While this value for petroleum oil
is about 370°C (700°F), for FRFs it usually exceeds 750°C (1,380°F).
Even if a quantity of FRF spills on a high-temperature steam line or
other hot surface, it does not ignite, and even if it is ignited by a local
high-temperature spot or open fire, it does not keep burning. There
also exist special antirad additives developed to allow the use of FRFs
at single-circuit nuclear power units. It is noteworthy that modern
phosphate-ester-based FRFs, as distinct from their earlier analogs,
belong to the same toxicity class as conventional petroleum oil and
do not require any special precautions in service. Presently, more
than 1,000 gas and steam turbines from the world’s leading turbine
producers operate with FRFs in their governing systems.>

Along with this, there exist alarming statistics of oil fires in the
power industry, including nuclear power plants, and many of these
fires originated from the turbine lubrication systems with the use of
flammable petroleum oil as a lubricant.” One of the latest fires of this
kind took place in December 2003 at Novovoronezh Unit 5, when the
leaked lubricant oil soaked the turbine’s thermal insulation and ignited;
the turbine was shut down; the fire was put out and, fortunately, did not
have any serious consequences. Of importance is that the danger of
oil fires considerably increases for the largest steam turbines with their
high-pressure lubricant circuits after jack oil pumps. At the same time,
modern FRFs feature excellent lubricating properties and can success-
fully replace petroleum oil in both hydraulic and lubrication systems.
There has been significant experience using FRFs for lubrication at
power plants in the former Soviet Union and European countries.
In particular, an FRF with the brand name OMTI has been used in
hydraulic circuits for more than 200 steam turbines for their governing
systems, and since the mid-1980s a number of units have successfully
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operated with OMTI in their lubrication systems as well, including two
1,000-MW and two 220-MW nuclear wet-steam turbines.>

The use of FRFs allows turbine designers to install special backup
lubrication oil reservoirs on top of the bearing casings (Figs. 3-13,
3-14,3-16,and 3-18).These back-up reservoirs provide the bearings
with lubricant during turbine coast-downs when the lubrication
pumps are switched off, whereas with petroleum oil such reservoirs
would pose a significant fire hazard. Similar backup lubricant reser-
voirs are situated on top of the LP cylinder casing of the Turboatom
K-220-44-5 turbine (Fig. 3-6).

The use of FRFs as a lubrication oil has definitely prevented sev-
eral serious oil fires at nuclear power plants. For example, in 1995,
because of a rupture of an oil pipeline, approximately 30 metric
tons of lubrication poured out onto the turbine hall floor at the
1,000 MW Khmelnitskaya nuclear power unit in Ukraine. If the
turbine had operated with petroleum oil, a severe fire with possible
complete destruction of the turbine hall would have been unavoid-
able. With OMTI in the turbine lubrication system, the incident did
not have any serious consequences.

Two different design concepts take place in the shaft arrangement
for large wet-steam turbines: some of them have two separate journal
bearings for each rotor, whereas others use a common bearing for the
adjacent HP and LP rotors. Manifestation of the first concept can be
seen in Figures 3-1,3-2,3-4,3-5,3-8,3-10 through 3-14,3-16,3-18,
and 3-20, and the second approach, which allows for some decrease
in the overall turbine length, is presented in the turbines shown in
Figures 3-6 and 3-7. Both of these design concepts can be employed
by the same turbine producers for turbines of different types and
generations. So, for example, the Turboatom turbines K-220-44 were
originally designed according to the first concept, but their later
two-cylinder modifications were built with a common journal bear-
ing between the HP and LP cylinders (Figs. 3-4a and 3-6). Siemens’
high-speed wet-steam turbine also has the common journal bearing
installed between the HP and LP cylinders, whereas for their heavier
low-speed turbines, each rotor is furnished with two separate journal
bearings (Figs. 3-7 and 3-8). The first shaft arrangement approach,
with two journal bearings per rotor, was used for the first series of
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French 1,000-MW turbines; however, their next series of 1,000-MW
and 1,350-MW turbines were designed with the common bearing for
the HP and first LP rotors, but for the 1,500-MW turbine Arabelle,
ALSTOM returned to the two-bearings-per-rotor concept (Figs. 3-1
and 3-2).%7 International experience shows that out-of-balance forces
that may affect rotor vibration are always weaker for shaft-lines with
two bearings per rotor. In addition, such turbines are easier to as-
semble and repair. Along with this, reduction of the bearing number
owing to the use of the common bearing for the adjacent HP and LP
rotors allows designers to make the turbine shorter and cheaper and
can be expedient for relatively light turbines of medium output.

For wet-steam turbines, with their large number of heavy LP
cylinders (up to four for the largest high-speed machines), it seems
especially advisable to use a thermal expansion arrangement with
fixed bearing pedestals—a design concept that has been used with
some large steam turbines for fossil fuel power plants. Such a scheme
was implemented by MAN at the Martin Creek power plant’s 850-MW
turbine, and a similar approach was developed by Siemens for its
1,000-MW turbine series.>® With this concept, in order to facilitate the
turbine’s thermal expansion, the bearing casings are rigidly mounted
on the foundation, and the outer casings of the high-temperature
cylinders and the inner casings of the LP cylinders rest on the adja-
cent bearing pedestals, and the cylinder casings can slide about them
freely along the axial keys. Of importance, especially for turbines with
a great number of cylinders, is that this system reduces a few times
the frictional forces hampering the thermal expansion of the turbine,
and precludes the danger of jamming in the longitudinal keys.

A similar scheme is used in the LMZ K-1000-60/3000 turbine
shown in Figure 3-14. Its thermal expansion arrangement is pre-
sented in Figure 3-37. All four of its LP cylinders have their own fix-
points, and all the bearing pedestals are also fixed on the foundation
by means of a system of axial and lateral keys.Thus, each bearing cas-
ing contains two journal bearings. The HP cylinder, located between
the second and third LP cylinders, rests with its paws on the chairs
of the adjacent bearing pedestals.The lateral keys of the bearing ped-
estal between the second LP and HP cylinders form the fix-point of
the HP cylinder.The integrated journal-thrust bearing is placed in the
same casing. By contrast, the paws resting on the chairs of the bearing

pedestal between the HP cylinder and the third LP cylinder do not
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have lateral keys and slide along the chair surfaces.Thus, both the HP
casing and the turbine shaft expand away from the bearing between
the second LP cylinder and the HP cylinder.

LbPq

/

Fig. 3-37. Thermal expansion arrangement for LMZ’s K-1000-60/3000
turbine (1:LP cylinders’ fixed bearing pedestals; 2: fixed intermediate bearing
pedestal; 3: lateral keys forming fix-point of HP cylinder; 4: HP cylinder
casing’s sliding paws; 5 & 6: foundation frames of bearings and LP cylinders;
7:lateral keys fixing bearing pedestals; 8: vertical keys; 9: lateral keys forming

fix-points of LP cylinders)
Source: Data from LMZ

Last Stage Blades

Length of the last stage blades

The last stage blades (LSBs) are a key design element of wet-steam
turbines that dictate main design decisions for these turbines, including
the choice of the rotation speed and number of LP cylinders.The LSBs
also, to a great degree, determine the turbine’s operating performances.

At the taken rotation speed, 7, the LSB length is mainly limited
by the material strength under the action of centrifugal stress, o;. If
the bucket is not shrouded, it is free standing (that is, not tied with
the neighboring buckets), and its profile is invariable lengthwise of
the blade height, the tensile radial stress in the bucket’s root section
caused by centrifugal forces is accounted as equal to:

0, = 0.5p0°l,d,
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where p is the material density, ® = 27n is the angular velocity, and
I, and d, are the length and mean diameter of the blade, respec-
tively. In reality, the LSB profile changes along its height, decreasing
in area from the root value, f,, to the tip value, J, (Fig. 3-38).This
can be approximated by entering a factor for unloading the root
stress, Ry = 0.35 + 0.65 x ( f./ f;)'. With regard to this factor and
taking the LSB annular exit area as F = 7d,l,, the tensile radial stress in
the bucket’s root section is:

O, = Ryy X 27TF x pn? 3.3

The area ratio, f,/ f, typically lies in the range 7-10, which cor-
responds to k= 0.4. For LSB buckets manufactured from stainless
steel, p = 8.0x10° kg/m?, and thus:

O, %
~— =048 x 10— G.D
27tk i’ P n’

where o, is measured in Pa, z in s, and F in m.

(b)

Fig. 3-38. Typical last LP stages of a large steam turbine (2) and the LSB with
its profiles at the tip, iiean/and sootadiameterskd)if.com
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Development of new blade steels with advanced strength proper-
ties has promoted additional progress in the development of new,
longer blades. It follows that for a high-alloy steel, with the admissible
stress value equal to approximately 620 MPa, the maximum accessible
exit annular area of an LSB row can approach 11.9 m* (128 ft?) for
n =50 Hz and 8.3 m? (89 ft?) for n = 60 Hz.If d/I = 2.7, these annular
area values can be achieved with the LSB length of 1,220 mm (48 in)
for n = 3,000 rpm, and 1,016 mm (40 in) for n = 3,600 rpm. These
values coincide with specifications of the actual steel LSB recently
developed by GE and Toshiba (Table 3-3).>

Table 3-3. Main characteristics of some LSBs for high-speed steam turbines
of various manufacturers

Length | Length- | Material | Developer | Annular Exit | Tip Circumfer- | Notes
(mm | to-Mean Area per ential Speed
[in]) | Diameter Flow (m? (m/s [ft/s])
Ratio [f7])

60-Hz turbines (3,600 rpm)

N/A N/A titanium | Siemens 11.1 (120) N/A Under
development
1,169 N/A titanium Hitachi N/A N/A Under
(46) development
1,150 0.41 titanium MHI 10.1 (109) 746 (2,446)
(45)

1,067 | 0.40 | titanium | Siemens | 10.3(111) | 705(2,311)

1,016 0.41 steel MHI 7.8 (84) 654 (2,147)

(40)
1,016 0.38 titanium GE/ 8.5(92) 693 (2,273)

(40) Toshiba
1,016 0.39 titanium |  Hitachi 8.4 (90) 689 (2,226)

(40)
1,016 0.41 steel GE/ 8.3(89) 682 (2,236) | Available since
(40) Toshiba 2003

955 0.38 steel Siemens 8.7 (94) 658 (2,158)

858 0.41 steel | Turboatom 5.7 (61) 559 (1,834)

852 0.37 steel Hitachi, 6.2 (67) 594 (1,948)
(33.5) Toshiba
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852 0.37 steel GE 6.2 (66) 594 (1,948)
(33.5)

813 0.34 steel Siemens 6.9 (74) 605 (1,092)

(32)

50-Hz turbines (3,000 rpm)
1,500 0.40 | titanium LMz 17.9 (193) 832 (2,729) | Under
(59) development
N/A N/A titanium |  Siemens 16.0 (172) N/A Under
development

1,372 0.41 titanium MHI 14.6 (157) 744 (2,441) | Under
(54) development
1,360 0.40 | titanium | ALSTOM 14.7 (157) 750 (2,460) | Under
(53.5) development
1,220 0.39 steel | GE/Toshiba | 11.9 (128) 679 (2,228) | Available since
(48) 2003
1,220 0.41 steel MHI 11.3 (122) 655 (2,148)

(48)
1,220 N/A titanium | GE/Toshiba N/A N/A

(48)
1,200 0.37 steel, ABB 12.2 (132) 697 (2,286)

(47) titanium

1,200 0.40 titanium LMz 11.3(122) 658 (2,158) | In operation
(47) since 1979
1,146 0.38 steel Siemens 12.5 (135) 658 (2,158) | Available since
(45) 1997
1,130 0.38 steel ALSTOM 10.5(113) 642 (2,106)
(44.5)

1,100 0.37 steel Turboatom | 10.4 (116) 644 (2,112) | Under
(43) development
1,093 N/A steel Siemens N/A N/A

(43)

1,092 0.37 steel Hitachi 10.1 (109) 634 (2,080)

(43)

1,085 0.39 steel Skoda 9.5(102) 608 (1,994)

(43)

1,067 0.38 steel Toshiba 9.5 (103) 613 (2,011)

(42)

1,050 0.36 steel ABB 9.7 (104) 568 (1,863)
(41.5)

1,050 0.41 steel Turboatom 8.4 (95) 565 (1,853)
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1,030 0.35 steel MHI 9.4 (102) 618 (2,027)
(40.5)
1,030 0.41 steel Turboatom 8.2 (88) 560 (1,837)
(40.5)

1,021 0.37 | titanium GE 8.8 (95) 591 (1,938)
(40)

1,016 0.37 titanium |  Toshiba, 8.8 (94) 590 (1,935)
(40) Hitachi

1,000 0.37 steel ALSTOM 8.5(91) 580 (1,902)
(40) (ABB)

975 0.34 steel Siemens 10.0 (108) 605 (1,092)
(38)

960 0.39 steel, LMz 7.5(81) 540 (1,771)

(38) titanium

950 0.33 steel ALSTOM 8.5(92) 596 (1,955)
(37.5) (ABB)

940 0.33 steel Turboatom 8.4 (90) 594 (1,948)
37)
915 0.36 steel Siemens 8.0 (86) 543 (1,781)
(36)

Transitioning to a half-speed turbine theoretically allows design-
ers to quadruple the annular exit area by doubling the LSB length.
But in practice, the maximum LSB length of low-speed turbines does
not exceed one-and-a-half times that of high-speed turbines (compare
Tables 3-3 and 3-4). The explanation for this lies in the fact that
the increased length unavoidably lowers the aerodynamic quality
of the blades and makes their design more complicated because of
the large length-to-mean diameter ratio and an increased pitch of
the meridional stage profile. Maintaining an optimal circumferential
speed-to-steam velocity ratio, the increased mean diameter results in
an increased enthalpy drop and, as a result, a greater difference in
the specific steam volume values between the blade row entrance
and exit. High, supersonic steam velocities and their great variations
along the row height hinder the achievement of optimal aerodynamic
performances. In addition, the erosion impact of wet steam becomes
more serious with longer LP stage blades. Thus, the closer the LSB is
to its limiting length, the smaller the gain in efficiency, and the higher
the cost of this gain. Nevertheless, there still exists a substantial
margin for increasing the size of low-speed steel LSBs, whereas for

high-speed steel LSB, such a margin has practically run out.
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Table 3-4. Main characteristics of some LSBs for low-speed steam turbines of
various manufacturers

Length, | Length- | Material | Developer | Annular | Tip circumfer- Notes

mm to-mean exit area, | ential speed,

(inch) | diameter m?(ft?) m/s (ft/s)
ratio per flow
60 Hz turbines (1,800 rpm)

1,375 N/A steel MHI N/A N/A

(54)

N/A N/A steel ALSTOM 18.0 N/A Under

(194) development

1,320 0.34 steel GE, Hitachi 15.8 485

(52) (170) (1,591)
1,320 0.33 steel Hitachi, 16.7 504

(52) Toshiba (180) (1,653)
1,320 0.33 steel ABB 16.4 498

(52) (176) (1,630)
1,220 N/A steel Hitachi N/A N/A

(48)
1,194 0.33 steel ALSTOM, 134 449

(47 Westinghouse | (144) (1,473)
1,170 0.32 steel Siemens 134 448

(46) (144) (1,469)
1,170 0.34 steel MHI 12.5 427

(46) (134) (1,400)
1,170 0.35 steel ASTOM 12.2 420

(46) (131) (1,377)
1,143 0.33 steel GE 12.3 431

(45) (132) (1,414)
1,118 0.33 steel Siemens N/A N/A

(44)
1,118 N/A steel Westinghouse 11.8 422

(44) (127) (1,383)
1,092 0.33 steel GE, Hitachi 1.5 419

(43) (124) (1,374)
1,041 0.34 steel MHI 10.0 391

(41) (108) (1,282)
1,016 0.34 steel Westinghouse 9.6 379

(40) (103) (1,242)
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50 Hz turbines (1,500 rpm)
1,850 0.37 steel ALSTOM 28.8 534 Under
(73) (310) (1,751) development
1,830 0.37 steel Siemens 28.1 528 Commercially
(72) (302) (1,730) available
1,650 0.36 steel Turboatom 23.6 48 Under
(65) (254) (1,597) development
1,524 N/A steel GE N/A N/A Under
(60) development
1,450 0.35 steel ALSTOM 19.2 445
(57) (207) (1,459)
1,450 0.35 steel Turboatom 18.9 440
(57) (203) (1,443)
1,375 N/A steel MHI N/A N/A
(54)
1,372 0.33 steel Westinghouse 17.8 431
(54) (192) (1,414)
1,365 0.32 steel Siemens 18.4 443
(54) (198) (1,453)
1,320 0.33 steel Hitachi, 16.72 420
(52) Toshiba (180) (1,378)
1,250 0.32 steel Skoda 15.4 406
(49) (166) (1,333)
1,250 0.34 steel MHI 14.5 388
(49) (128) (1,273)
1,220 0.31 steel ALSTOM 15.3 409
(48) (165) (1,343)
1,200 0.29 steel ABB 15.8 424
(47) (170) (1,392)
1,118 0.33 steel MHI, 11.8 351
(44) Westinghouse (127) (1,151)

This is evident in the diagram composed by ABB and shown in
Figure 3-39, where the dimensions of actual LSBs developed by vari-
ous turbine manufacturers are plotted against their theoretical size
limits. In theory, besides the tensile stress caused by centrifugal force,
the LSB length is also limited by some additional factors, including:
the bending stress in the root section caused by steam forces, blade
vibration frequency, and tensile stress in the LP rotor due to the
centrifugal load from the LSB. However, more often than not, these
factors are rather secondary.
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Fig. 3-39. Parameters of actual LSBs provided by various manufacturers
(1:combined blade stress and cascade geometry limit; 2: rotor stress limit;
3: blade frequency limit; St: steel LSBs; Ti: titanium LSBs; S: annular exhaust area
per flow; r,: tip radius; 7, hub radius; b: blade height; d,,,: mean blade diameter)
Source:A. P-Weiss®

It is not currently possible to radically increase the length and
annular exit area of high-speed LSBs other than by transition to manu-
facturing the blades from titanium alloys (for example, Ti-0Al-4 V).As a
rule, titanium alloy blades are called merely “titanium.” The density
of titanium alloys is approximately 1.8 times less than that of steel,
with the same, or even greater, strength. Because of this, the length of
titanium buckets can be extended appreciably. On the other hand, ti-
tanium LSBs are considerably more expensive compared to steel ones
and are much harder to machine. Nevertheless, even former critics of
titanium LSBs have presently turned to developing and implementing
them, and every major turbine producer disposal has made turbines
with titanium blades commercially available. The effectiveness of
titanium LSBs has been well proven in operational practice.®' A typi-
cal modern 1,093-mm (43-in) titanium LSB (for the rotation speed of
3,000 rpm) developed by Hitachi is shown in ]fcig}qlre 3-40.

https:/fengineersreferencebookspdf.



Design 169

An important additional advantage of titanium is its lesser sus-
ceptibility to erosion and corrosion compared to stainless steels.
Because of this, some turbine producers also proposed using titanium
blades for intermediate LP stages operating in the Wilson region, even
though this might turn out to be too expensive in practice.

N

Standstill

Rated Speed

Fig. 3-40. Hitachi’s 43-in titanium-alloy LSB
Source: M. Machida, H.Yoda, E. Saito, and K. Namura®

With an increase in the length of the LSB, not only does the
tensile stress caused by centrifugal forces grow, but the danger of
WDE also increases. Longer LSBs are also more intensely heated
under operating conditions of low flow and high backpressure
because of friction and fanning in the ambient steam.This also low-
ers the blades’ strength and requires special attention to be paid
to the operating conditions. These phenomena are not specific to
wet-steam turbines, but are rather typical for all modern condensing
steam turbines with long LSBs.
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Roots, shrouds, and snubbers

For many years, the most widespread type of attachment bases
for LSBs was a prong-and-finger (or fork-shaped) root with varying
number of prongs. For example, Hitachi’s 1,016-mm (40-in) and
1,092-mm (43-in) titanium LSBs were made with seven- and nine-
prong roots, as shown in Figure 3-40. However, in recent years, most
modern LSBs have been designed with curved-entry fir-tree roots.

This attachment type is employed by almost all of the world’s major
steam turbine manufacturers®

For computational calculations of the blade stress state, the LSB is
digitally modeled together with its attachment base and the adjacent
steeples on the rotor surface with regard to possible clearances in
the joint. An example of such a 3-D finite-element model for an MHI
1,143-mm (45-in) steel LSB with a fir-tree root (for the rotation speed
of 3,600 rpm) is presented in Figure 3-41.Another 3-D finite-element
model example with the resultant relative stress field for Toshiba’s
1,067-mm (42-in) steel LSB (for the rotation speed of 3,000 rpm) is
given in Figure 3-42. The 3-D models sometimes comprise several
buckets connected by a shroud, tie-bosses, or arch bands.*
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Fig. 3-41. Computational 3-D model for calculating the stress state and

vibrational characteristics of MHI’s 1,143-mm titanium LSB with its root and
adjacent steeple

Source: E.Watanabe, H. Ohyama,Y. Kaneko, et al.®®
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FLOW

Fig. 3-42. Three-dimensional calculation mesh and relative stress field for
Toshiba’s 1,067-mm LSB
Source: S. Hisa, T. Matsuura, and H. Ogata®

The curved-entry firtree dovetail is currently the most suitable
attachment structure for the longest LSBs.The compactness of the dove-
tail enables a thinner wheel configuration, and it reduces the centrifugal
stress in the rotor body. In addition, the firtree root does not have any
sharp edges or pin holes. This is especially important for blades made
of titanium alloys, which are relatively brittle and sensitive to notches.
In determining the dovetail shape and its machining tolerance, the dif-
ference in elasticity between the materials of the blade root and disk
wheel should be considered. Of special importance for the curved entry
fir-tree dovetail is a uniform distribution of load on all the blade root
hooks.®” The stress contours and maximum stress values related to the
tensile strength for the blade and wheel dovetail of Hitachi’s 1,016-mm
(40-in) LSB under conditions of the rated rotation speed of 3,600 rpm
are shown in Figure 3-43a.The maximum centrifugal stresses take place
at the corner of the top hook for the blade root and at the corner of the
bottom hook for the wheel dovetail. Their values are sufficiently lower
than the material tensile strength. The load on each hook ranges from

approximately 20% to 30% of the total load under normal conditions.
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However, these fractional loads can be affected by errors while machin-
ing the dovetail, with resultant initial clearances on the individual hook
surfaces. In Figure 3-43b, the dotted line indicates the total load on all
the hooks, and the solid lines refer to the load on the individual hooks.
As the rotor speed increases, the lower hooks come into contact, and
the load on the hooks is equalized, but the portion for the top hook
remains approximately 5% higher compared with normal conditions.

™e

LOAD ON HOOK (%)

=14

ROTOR SPEED (RPM)

(a) (b)

Fig. 3-43. Centrifugal stress contours and maximum stress values related to
the tensile strength for 1,016-mm titanium LSBs with a fir-tree dovetail (a) and

load distributions on hooks with machining errors (b)

Source:T. Suzuki, M. Watanabe, and M.Aoyama®

Modern turbine blades, including LP ones, are mainly manufac-
tured integrally shrouded—the shrouding elements are milled to-
gether with the bucket’s profiled body. The shrouding elements of the
individual blades are connected by special inserts in a wedge-shaped
groove like a dovetail joint or are designed with special wedge-shaped
edges that engage the blades in mesh under action of centrifugal
forces. This second approach is predominantly applied to modern
LSBs (Fig. 3-44).To increase the rigidity of the entire blade structure,
the blades are additionally coupled with a snubber—integral tie-
bosses at the midspan of the blade height (Fig. 3-40). Their edges
also engage under action of centrifugal forces. As a result, when the
turbine rotates, all of the LSBs are tied together, forming a continu-

ous ring of blades. One of the major advantages of such a continuous
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annular blade structure, compared with blade sectors (several units of
several blades each) more conventional in the past, is that it has fewer
resonance points during rotation. An example of a vibration mode
analysis of an LSB wheel is presented in Figure 3-45.This type of
engaging LSBs is widely used by Japanese turbine producers (Hitachi,
MHI, and Toshiba), as well as some European manufacturers. Accord-
ing to ALSTOM, this structure, with two contact supports (tie-bosses
situated at 70% of the blade height and an integral shroud at the blade
tip), applied to a 1,360-mm steel LSB (for the rotation speed of 1,500
rpm), reduces the maximum additional dynamic (vibrational) stress in
the blade body by a factor of two to three times as much as that for
free-standing blades. This type of connection produces well-defined
and easily controlled vibration modes and significantly reduces the
buffeting stresses arising when the LSBs are subjected to low steam
flow and high back-pressure conditions.®

Fig. 3-44. Connection of shrouding elements of the LSB with wedge-shaped
edges
Source: E.V. Levchenko, V. P. Sukhinin, B.A.Arkad’ev, et al.”’
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Fig. 3-45. Example of vibration mode analysis for a last stage wheel with
“continuous cover blades” of Hitachi
Source: M. Machida, H.Yoda, E. Saito, and K. Namura”!

Some other leading turbine producers, including Siemens and
ABB, for many years have successfully used free-standing LSBs, not
connected by shrouds, mid-span damping wire ties, or tie bosses. It
might be well to note that although shrouding the blades typically
reduces leakage losses, this is compensated by more effective periph-
eral water separation for unshrouded blades. In turn, the mid-span
damping devices cause the increase in the airfoil thickness in their
neighborhood, increasing profile losses. In addition, all of the ob-
stacles in the interblade channels (like tie-bosses or wire ties) disrupt
the steam flow and lead to additional energy losses. Of importance is
that any local wetness concentration in the stage channels contrib-
utes considerably to blade erosion. In particular, this concerns wire
ties and tie-bosses between the blades and brings another point in
favor of using free-standing LSBs, as well as shrouded blades without
any additional ties in the preceding stages. Free-standing LSBs manu-
factured by ABB and Siemens can be seen in Figures 3-7, 3-8, and
3-10a. New families of free-standing LSBs developed by Siemens for
newly designed and refurbished turbines, including those for nuclear
power plants, are shown in Figure 3-46.72 Along with this, the use of

free-standing LSBs is possible only up to a certain threshold length.
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So the newest Siemens titanium LSBs, with annular exit areas of 16 m?
and 11.1 m? per flow (for the rotation speeds of 3,000 and 3,600 rpm,
respectively), are characterized by an interlocked design and feature
an integral shroud, as well as a mid-span snubber.

Fm . Rated Speed (RPM)
ade
Famity | 3600 | 3000 | 1800 | 1500
Last Stage Blade Length in. (mm}
23 | 23(585) | 28 (710) |46 (1170)]56 (1420)
27 | 27(685) | 33 (840) |54 (1370)|66 (1675)
30 30 (760) | 35 (890) |60 (1525) -
32 |a2(815) |3B(065) | - -
Blade Family
L o " L. 58"
3000 RPM 3800 APM 3000 RPM 1800RPM 1500 RPM
LP Model 0H:  SOH: 0Hr S0Hz
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Full-Speed Turbines. Half-Spaed Turbines
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Fig. 3-46. Families of Siemens LSBs and selection diagram for 3,600-rpm

turbines

Source: M. Gloger, K. Neumann, D. Bermann, and H. Termuehlen”
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Unshrouded blades allow a more precise determination of their
vibrational characteristics and thus a more reliable tuning out of the
blades. In addition, for unshrouded LSBs, it is easier to arrange their non-
contact continuous vibrational monitoring.”* Such a non-contact vibra-
tion measuring system developed by Siemens is shown in Figure 3-47.
Figure 3-48 gives an idea on how the tip of a vibrating free-standing
blade is moving, and Figure 3-49 presents a Campbell diagram for a
965-mm (38-in) LSB (for the rotation speed of 3,000 rpm) with the
plotted results of actual measurements from a typical 1,000-MW high-
speed wet-steam turbine. An operation principle of a similar optical
measuring system developed by ABB for a 1,200-mm free-standing steel
LSB is shown in Figure 3-50.The calculated vibrational characteristics
were confirmed by bench tests in a vacuum chamber.

Some institutions also managed to develop noncontact vibration
measuring systems as applied to shrouded LSBs, too. In this case, the
primary sensors are installed at the wheel side.”

D/A
441 Meter e or - -—
Step
Generator =

Fig. 3-47. Schematic diagram of a dual-sensor, proximity-type blade vibration
measuring system developed by Siemens
Source: M. Gloger, K. Neumann, D. Bermann, and H.Termuehlen’
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Fig. 3-48. Movement of a tip of a vibrating free-standing LSB

Source: M. Gloger, K. Neumann, D. Bermann, and H. Termuehlen””
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Fig. 3-49. Campbell diagram (see note) for a 965-mm LSB according to
measurements at a Siemens 1,000-MW-class 3,000-rpm wet-steam turbine.
Source: M. Gloger, K. Neumann, D. Bermann, and H.Termuehlen”

Note: A Campbell diagram presents the dynamic frequency of certain tones
for the blade, blade packet, or entire stage wheel, plotted against the turbine
rotational speed. It also includes lines from the coordinate origin showing
changes in rotational speed of the perturbing force frequency for different
harmonics. The abscissas of the intersection of these lines with the blades’
dynamic frequency lines (or ranges) determine the resonant rotational
speeds for each perturbing harmonic.
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Fig. 3-50. Operation principle of ABB’s optical blade vibration measuring
system (a), optical probe (b), and its installation at the LP exhaust (¢)
Source: E.Krimer and E. Plan”
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Aerodynamics of LSBs

The LSB geometry is derived from complex aerodynamic calcula-
tions. The aerodynamic design is confirmed by experiments at test
cascades and model turbines with model and actual buckets. If the
geometry of the developed actual blade is completely similar to that
of the model bucket and their dimensions are in inverse proportion
to the rotation speed, all of the aerodynamic, vibrational, and strength
properties of both the model and actual blades are the same.This en-
ables creating families of standard LSBs for different rotation speeds
(1,500 rpm, 1,800 rpm, 3,000 rpm, and 3,600 rpm) based on a single
model version to cover a wide range of output and vacuum values.
Several families of Siemens LSBs are presented in Figure 3-46.Similar
LSB families are commonly developed and employed by all of the
turbine manufacturers.

The advent of newer, longer, more efficient LSBs allows replace-
ment of older ones at steam turbines in service in the course of their
refurbishment. Thus, for example, in the process of refurbishing the
1,300-MW low-speed wet-steam turbine (similar to that shown in
Fig. 3-8) at the German Unterweser nuclear power plant, the existing
LSBs were replaced by 1,422-mm (56-in) buckets of blade family 23 (see
the table in Figure 3-46); and at the Spanish Trillo nuclear power plant,
new 965-mm (38 in) LSBs of blade family 32 were installed at the 1,000~
MW, high-speed wet-steam turbine (similar to that shown in Fig.3-7),
producing a considerable gain in the turbine output (see chapter 5).
The energy losses with the exit velocity for a full-speed 60-Hz (the rota-
tion speed of 3,600 rpm) turbine, depending on the volumetric exhaust
steam flow amount and the number and size of the LP exhausts, are
plotted in Figure 3-46b. So, for a wet-steam turbine with an exhaust
steam flow amount of 539 kg/s (9,945 m?/s) and the backpressure of
8 kPa (the volumetric exhaust steam flow amount in this case will be
equal to 9,945 m?/s), transitioning from TC-6F30 to TC-6F32 (replace-
ment of 760-mm buckets by 815-mm LSBs in three double-exhaust LP
cylinders) reduces the exhaust losses by approximately 14.5 kJ/kg,
which is equivalent to a gain in the turbine output of approximately
7.8 MW (see the flow chart diagram in Fig. 2-1).
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When designing the last stages, it is especially important not only
to obtain the high efficiency under the nominal (rated) operating
conditions, minimizing the energy loss with the exit velocity. It is also
necessary to ensure stable stage operation at reduced volumetric flow
amounts, as well as to maintain the stage efficiency as high as possible
under these variable conditions. Significant changes in the calculated
steam flow patterns, as applied to the 1,450-mm LSB developed for
Turboatom’s series of 1,000-MW low-speed wet-steam turbines while
operating under load in the range between 84% and 24% MCR, are
shown in Figure 3-51. Under no-load operating conditions and minimal
loads, these changes become even more significant with the appear-
ance of reverse vortex motion in the tip and root sections, capturing
even the nozzle row and the preceding stage blade (Fig. 3-52).
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Fig. 3-51. Changes in a streamline pattern with variations
steam flow amount through the last stage
Source:Y.1. Shnee,Y. E Kosyak, V. N. Ponomarev, et al.*°
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Fig. 3-52. Appearance of reverse vortex motion in the last two LP stages at
low (14%) volumetric steam flow amount
Source:A.V. Shcheglyaev®'

Besides the streamline pattern, with the steam flow amount there
also change the ratios of the steam velocities to the current acous-
tic velocity, that is, the Mach numbers. Because the steam velocity
diagrams, steam flow patterns, and Mach numbers essentially vary
lengthwise of the stage height, the applied blading profiles also must
be different for different sections.The diagrams shown in Figure 3-53
demonstrate the profile types proposed to obtain minimum profile
losses in the wide range of Mach number values for the different
LSB sections. Development of new, often nontraditional, profiles
(especially for LSBs operating with high values of the Mach number
and their sharp variations along the stage height) produces consider-
able gains in the stage efficiency, as seen, for example, in Figure 3-54,
which compares the stage efficiencies for conventional and newly
developed Hitachi LSBs with the length of 660 mm (26 in) for the
rotation speed of 3,600 rpm.*
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Fig. 3-53. Typical blade rows and dependencies of profile losses on Mach
number for the LSB’s root section (a) (1: row with convergent channels;
2:purely impulse blading; 3: row with divergent channels), mean section
() (1: common row; 2: row with double-convex profiles), and tip section
(©) (1:row with divergent channels and common profiles; 2: row with
convergent channels and common profiles; 3: row with convergent channels
and a ridge on the back of the profile)

Source:A.V. Shcheglyaev®
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Fig. 3-54. Comparison of stage efficiencies for conventional and newly
developed, advanced Hitachi 26-in LSBs
Source: M. Machida, H.Yoda, E. Saito, and K. Namura®*

The world’s leading turbine producers presently conduct 3-D
aerodynamic calculations of LP steam paths with regard to the steam
viscosity, taking into consideration the complex shape of the row pro-
files, the appearance of local supersonic velocities, and the wave phe-
nomena that accompany them. Some computer programs have also
been developed to solve the reverse problem—to obtain row profiles
on the basis of the set stream lines and distribution of the steam flow
conditions. Because of the extreme complexity of such a problem, all
the applied approaches and computer programs unavoidably adopt
some more or less serious assumptions. Nevertheless, they allow
researchers and designers to obtain detailed space nets of meridional
stream lines for the given boundary conditions, find lines of constant
relative velocities, A or M, (isotachs) and pressure values (isobars) for
different sections, distribution of energy losses along the stage height,
and so on. Three-dimensional computations also result in a field of
velocities at the exit edge that lead to the possibility of optimizing
the exit edge shape. The relative steam velocity fields for the tip,
median, and root sections of a typical modern LSB are presented in
Figure 3-55. Figure 3-56 illustrates some results of such calculations
for the last LP stage of Turboatom’s 1,000-MW low-speed turbines,
and Figure 3-57 shows the isotach field for the LP steam path of three
stages developed by MHI with 1,143 mm (45-in) titanium LSBs for the

rotation speed of 3,600 rpm.
https://engineersreferencebookspdf.com



Design 185

Fig. 3-55. Isotachs for the tip, median, and root sections of a typical
modern LSB
Source: F P.Borisov, M.Y. Ivanov,A. M. Karelin, et al.®
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Fig. 3-56. Isotach fields on the surfaces of the vane and bucket profiles
(@) and in the interprofile channels (b) for the last stage of Turboatom’s

1,000-MW low-speed turbine
Source:A.V. Shcheglyaev®
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Fig. 3-57. Calculated isotach field for the steam path of three last LP stages
with 1,143-mm titanium LSB of MHI’s 3,600-rpm turbine
Source: By courtesy of Mitsubishi Heavy Industries

Vanes and buckets of axial turbine stages were traditionally con-
figured radially; that is, the projection of the line through the centers
of gravity of their profiles onto the plane perpendicular to the turbine
axis was radial. Along with this, it has been known that some co-
rotational incline of the vanes provides the steam flow with a favor-
able sweep in the root zone, increases the root reactivity, reduces the
end (root) loss, and decreases the stage efficiency reduction when the
steam flow amount varies. However, such an incline can be unfavor-
able for the peripheral stage sections.That is why, as long ago as the
early 1960s, G.A. Filippov and Huang Chungchi of MEI proposed and
investigated what they called saber-type vanes with a variable incline
(that is, with the angle of inclination decreasing from the stage root
to its outlying sections).?” Currently, the inclined and curved (bowed)
vanes and blades are widely used by almost all steam turbine manufac-
turers.®® Analysis shows that the use of such blades is most effective
in the last LP stages. Replacement of traditional (radial) blades and/or
vanes by advanced, saber-type for these stages brings a great effect
and is especially advisable at retrofitting the turbines in service.®

Such an inclined and curved vane of the last LP stage developed by
https://engineersreferencebookspdf.com
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ABB and its influence on the meridional steam flow stream lines are
shown in Figure 2-25. An advanced LP cylinder with a last stage of
this type is presented in Figure 3-58.The field of relative steam veloci-
ties (Mach numbers) for a similar last LP stage developed by LMZ for
reconstructed and newly designed turbines is shown in Figure 3-59b.
It can be seen that the use of saber-type vanes makes the steam
velocity field more uniform as compared with a conventional stage
(Fig. 3-59a). The resultant velocity field also favorably influences the
exhaust port characteristics, thereby making it possible to exclude a
local supersonic zone in the divergent section of the port, even with

relatively high average Mach numbers.

~

|
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i

Fig. 3-58. ABB’s advanced LP cylinder with highly three-dimensional

geometry in the last stage vanes
Source: A.PWeiss”
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(a) (b)

Fig. 3-59. Isotach fields for the last LP stages of LMZ’s newly designed and
refurbished turbines with conventional (a) and saber-type (b) vanes
Source: F.P.Borisov, M.Y. Ivanov,A. M. Karelin, et al.*!

The rapidly increasing specific volume of the steam flowing in
the LP steam path requires a sharp increase in the annular outlet
area of the stages and leads to a large casing pitch angle. Modern
large turbines, including wet-steam ones, feature high length-to-mean
diameter ratios for the LSBs.The value of this ratio can be considered
an indicator of the three-dimensionality for the steam flow through
the last stage, as well as through the LP steam path as a whole. This
ratio (Z,/d,) commonly varies in a range from 0.33 to 0.41 for modern
high-speed turbines and from 0.31 to 0.37 for low-speed turbines.
The higher the ratio value, the more complicated is the aerodynamic
design of the steam path. For high-speed turbines with steel LSBs, in
order to achieve the maximum annular exhaust area with regard to
the limits for tensile stress, this ratio should be equal to approximately
0.35-0.4 (Fig. 3-39).

According to a classic approach to the LP cylinder design, the root
(hub) diameters of the stages are either constant (as in Fig. 3-58) or
slightly decrease toward the last stage (as in the cases with most of the
previously mentioned turbines). In these cases and in situations with high
values for the length-to-mean-diameter ratio for the LSBs, the peripheral
stream line pitch angles can be as high as 60°. Under such circumstances,

transition from a bro}ﬁﬁ%,_ égé{gélégggflé ,ES%‘&E&%%%P&%‘“C of the steam path
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to a conical meridional profile provides a noticeable gain in the local
stage efficiency for the tip sections.This also refers to integrally shrouded
rotating blades and requires a corresponding arrangement of the blade
shrouds (Fig. 3-60).

Substantially lowering the stage hub diameter toward the last stage
reduces the peripheral pitch angle, as shown in Figure 3-57. In this
case, the designers increased the length-to-mean-diameter ratio for the
LSBs up to the highest value of as much as 0.41 and even more.

(b)

Fig. 3-60. Two different types of shrouds for LP stages with conical
meridional profiles

Last stage blade protection against WDE

The circumferential speed of modern steel LSBs used in high-
speed turbines reaches 700 m/s (=2,300 ft/s) and can reach as much
as 800-830 m/s (2,620-2,730 ft/s) for titanium LSBs (Tables 3-3 and
3-4). Even for low-speed turbines, the circumferential speeds reach
500-530 m/s (1,640-1,740 ft/s).Although the mean steam wetness at
the LSBs is never more than about 12-14%, the local steam wetness at
the stage periphery can be significantly greater and more dangerous,
because the water drops are mainly concentrated in the tip region.
The coarse-grained water, which presents the main threat of blade
erosion, lags behind the steam stream and, as a result, impacts the
blade back at the row inlet (see Fig. 2-17).
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In order to protect steel LSBs against WDE, the blade surfaces are
covered by Stellite laminas (shields or strips) brazed to the blade sur-
face (Stellite is a cobalt-based, 60-65%, alloy also containing 25-28%
chromium and 4-5% tungsten. It has a high hardness and a very
high resistance to erosion wear.).”? The erosion resistance of Stellite
exceeds that of stainless steel by 8-9 times and is 5-6 times higher
compared with titanium alloys. Water drop erosion mainly affects the
upper third of the LSB back near the leading (inlet) edge, and the
Stellite laminas are attached only at this surface.This method is com-
monly used for steam turbines of both fossil fuel and nuclear power
plants. Its disadvantage is that it creates some discontinuity in the
blade profile, resulting in performance losses. In addition, during tur-
bine operation, individual Stellite laminas sometimes break away from
the blade surface, causing local abrasion of the blade profile, as well as
changes in the blade’s vibrational characteristics. Nevertheless, Stellite
laminas have remained the most common measure of protecting steel
blades against WDE.

However, the use of Stellite is unacceptable for turbines operat-
ing with radioactive steam, because cobalt is washed out of the
Stellite and brought into the reactor, where it is activated and then is
deposited on the equipment surfaces in the forms of various oxides.
Because Co-60 has a relatively long half-life period, in this case all
of the equipment pieces would have to be thoroughly deactivated
before repairs could be attempted. These deactivation processes
would take much time. For this reason, instead of covering with
Stellite laminas, the blade surfaces are often hardened with elec-
tric-spark machining. (This method is also applied to the first stage
blades of fossil fuel turbines to protect them against solid particle
erosion.”®) In the course of machining, numerous micro discharges
between the blade surface and the electrode result in the electrode
material being deposited on the blade surface. Because the applied
electrodes contain ferrochrome, nickel-boron, or other erosion-resis-
tant materials, they shape the layer of protective alloy on the blade
surface. Another promising method of protecting the LSBs against
WDE is coating them with clustered chromium.”

Instead of Stellite strips, the leading edges of steel blades can be
protected by a welded bar-nose, which combines an erosion-resistant
cobalt-free insert with a weld filler of Inconel® 82, which is a very
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ductile material with high fracture toughness. This method has been
well proven for years in plant operational practice, including English
Electric’s 1,060-MW wet-steam turbine at Fermi Unit 2 with BWR.”
Welding allows complete restoration of the airfoil profile, leaving no
surface discontinuity. The use of ductile weld filler also protects the
blade parent material from crack propagation through the leading
edge in the event of extensive water impact.

Titanium alloys are less prone to WDE than are stainless blade
steels, even though titanium is inferior to Stellite in this regard.The first
commercially employed titanium-alloy LSBs were originally protected
by a nithinol coating, but long-term experience has proven the possibil-
ity of their use without antierosion protection.”® Nevertheless, for the
newest shrouded LSBs with tip circumferential speed of 700 m/s and
more, it is recommended to protect the shroud and the very tip portion
of the blade with an erosion shield made of Ti-15 Mo-5 Zr-3 Al, which is
electron-beam welded to the leading edge.An example of such a shield
is shown in Figure 3-61 as applied to Hitachi’s 1,116-mm titanium
LSB.”” Although the operational experience for these titanium LSBs is
not as long as that for conventional 12% Cr steel blades with Stellite
protection, the first operational data match the predicted erosion rate
for more than 120,000 operation hours (Fig. 3-62).
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Fig. 3-61. Protection against WDE in the tip section and shroud of Toshiba’s
1,016-mm titanium LSB
Source:T. Suzuki, M. Watanabe, and M.Aoyama®®
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Fig. 3-62. Estimation of WDE for Toshiba’s 1,016-mm titanium LSB
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The erosion rate at the leading edge of LSBs can also be influenced
by certain design measures. For example, according to Toshiba,'” the
erosion rate noticeably reduces with an increase in the gap between
the stationary and rotating blades, because this gives more space for
the water drops leaving the nozzles from the steam flow. This effect
was well confirmed by experiments on model turbines. The more ef-
fective the water separation and removal from the steam flow is, the
less the erosion rate (as shown, for example, in Fig. 2-38¢).

Along with the leading edge in the tip zone, LSBs also suffer from
WDE at the trailing (outlet) edge in the lower (root) and median
zones. This phenomenon is mainly stipulated by reverse motion of
steam and vortices in the root stage portion under low-flow transient
operating conditions (Fig. 3-52). These steam streams commonly
bring large-sized water drops that erode the LSBs, especially their
thin outlet edges. All of these unfavorable processes are additionally
promoted by steam discharged into the condenser from the cold re-
heat and main steam-lines through the turbine steam bypasses, which
come into operation exactly at low-flow transients. Sprays cool the
discharged steam, and the resultant steam-water mixture is often
injected by the reverse steam streams to the LSBs.That is why the cor-
rect location of these devices in the condenser port and the correct
design of the turbine exhaust hood are so important.

Water Removal from Turbines

For wet-steam turbines, with the large moisture content in the
operating steam, it is desirable to remove as large a portion of this
moisture from the steam flow as possible. Primarily, this is necessary
to reduce the rate of erosion damage to the turbine components and
secondarily to improve the blading efficiency. The water extraction
devices employed in wet-steam turbines could be subdivided into two
functional classes: 1) those designed to remove potentially hazardous
water drops directly from the blade path and 2) more sophisticated
separators intended to dry the steam flow altogether by removing
the free water.'”! However, in practice, it seems more convenient and
obvious to classify the water extraction devices not by their functional
purposes, but by their designs. On this basis, it makes sense to consider

separately two completely different methods of water separation and
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removal: 1) internal—that is, directly from the steam path and 2) exter-
nal, with the use of special MSRs placed outside (or, more accurately,
beside or alongside) the turbine.'*The measures for internal water ex-
traction include devices of peripheral moisture separation and removal,
intrachannel water extraction, and special stage separators.

Peripheral moisture separation and removal
between the stage rows

Some water is separated and removed from the steam path due
to the circumferential component of the wet-steam motion—under
action of centrifugal forces drawing the water drops out to the stage
periphery. This separation takes place within the stages, in the gaps
between the stationary and rotating blade rows.The separated water
can be captured and gathered in water trap belts (as shown, for exam-
ple, in Figure 2-26 as applied to the Turboatom K-220-44 turbine’s HP
cylinder), but the efficiency of this natural separation is not great.The
separation efficiency, y, is defined as the ratio between the amount
of the removed water and the total water contents in the steam flow-
ing through the stage. Its value depends on the steam wetness, the
steam velocity and circumferential rotation speed at the blade tip, the
portion of the coarse-grained water drops in the wet steam flow, the
shape, size, and location of the water-taking channels and water traps,
as well as numerous other factors.

A major contributor to the moisture separation process is the
centrifugation of water from the surface of the rotating blades (see
Fig. 2-41). To intensify this process, turbine manufacturers such as
GE, Hitachi, and Toshiba have sometimes furnished the rotating blades
(mainly in the HP stages) with special lengthwise (radial) furrows on
the back surface near the leading edge, which in this case is not covered
by the shroud (Fig. 3-63). According to GE, based on their tests at
Dresden Unit 1, such a design decision effectively prevents erosion of
the blades in subsequent stages. The experimental data showing the
separation efficiency for the furrowed rotating blades, as dependent on
the steam pressure and wetness, are presented in Figure 3-64. Moisture
removal can be additionally enhanced by suction of the steam-water
mixture from the water trap chambers to the lower pressure steam
chambers.An example of such a design decision with furrowed rotating
blades and the water trap belts situated after the stationary blade rows
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Fig. 3-63. LP stages with furrowed rotating blades and water traps between
the nozzle and blade rows connected to the condenser (A: radial furrows on
the back surface near the inlet edge)

Source: B. M. Troyanovskii'*
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Fig. 3-64. GE experimental data on separation efficiency for furrowed

rotating blades
Source: B. M. Troyanovskii'"*
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Some turbine designers place the water trap belts between the
stationary and rotating blades of the stage, as shown in Fig. 3-63;
others prefer to position them after the rotating blade rows, as shown
in Figure 3-65.The water amounts to be captured and removed come
from three sources:

¢  Wc — water that enters the stage from the preceding stages
(having not been removed by their separation devices) and
moves mainly along the peripheral side of the nozzle;

*  Wn — water that is deposited on the stationary blade sur-
faces and joins the Wc flow; and

*  Wr — water that is centrifuged by the rotating blades.
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Fig. 3-65. Water trap positioned after the stage
Source:W.P. Sanders'”

All of the variables in Figure 3-65, characterizing the position,
shape, and size of the water trap (Ca, V, S, A, D, and R), are to be
optimized to increase the separation efficiency. To capture more of
the water flow (W7), it is rather advisable, as distinct from the picture
of Figure 3-65, to have the meridional profile of the casing ring across
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the rotating blades and near the water trap belt’s inlet sloping and
the trailing edge of the rotating blades overlapping both the shroud
and the water trap belt’s inlet edge. Positioning the water trap belt
after the stage is also preferable for stages with unshrouded rotating
blades.

Along with the captured water, the water trap belts also withdraw
some amount of steam, usually estimated to be as much as 0.5% of the
total steam flow through the stage. The energy of this steam can be
utilized if the withdrawn water-steam mixture is forwarded into the
regenerative feed-water heaters.The turbine’s regular steam extraction
chambers for steam bleedings also play a role of water traps.The HP
steam path of an impulse-type low-speed wet-steam turbine with the
water trap belts located after the rotating blade rows and connected
to the lower pressure steam bleedings is shown in Figure 3-66.

Fig. 3-66. Water removal from HP steam path of an impulse-type wet-steam
turbine

Source: B. M. Troyanovskii'*

Open chambers of the water trap belts such as those shown in
Figures 3-63 and 3-065 slightly impair the aerodynamic properties of

the steam path and increase the energy losses. For these reasons, some
https://engineersreferencebookspdf.com
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researchers propose not using these chambers (apart from those
used for steam bleedings) and substitute them with specially fluted
surfaces above the rotating blades for the deposition and subsequent
removal of water.A possible appearance of such a surface-type water
trap is shown in Figure 3-67.The captured water is to be gathered
and drained from the casing ring.
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Fig. 3-67. Possible design for a surface-type water trap for LP steam path
Source:1.1. Kirillov and G.G. Shpenzer'”’

Intrachannel moisture separation

The diaphragms of the last and next-to-last LP stages of modern
wet-steam turbines are often made with hollow nozzle vanes, which
are either stamped and welded, or solid and drilled (Figs. 3-68 and
3-69).Apertures or slots connect the nozzle surface with the internal
vane space, the ends of which are drained to the turbine condenser.
As a result, the water film is withdrawn from the nozzle surface
instead of being pulverized into drops and eroding the subsequent
rotating blades.
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Fig. 3-68. Turboatom’s hollow stationary blades with intrachannel water
removal (1: water-taking apertures; 2: water-taking internal channels; 3:

suction slots)
Source: B. M. Troyanovskii, Y. E Kosyak, M.A.Virchenko, et al.'*®

Fig. 3-69. Typical last stage of LMZ with intrachannel water separation and

removal
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Different designers locate the water-taking suction slots in dif-
ferent areas of the nozzle surface: on the back surface near the inlet,
on the face surface where the steam flow turns (see Figs. 3-68 and
3-69), directly in the exit (trailing) edge, and so on.To increase the
separation efficiency, it is reasonable to have at least two slots in dif-
ferent areas. Under conditions of common internal space of the vane,
to avoid water being pumped from one slot to another, these slots
should be located at places on the nozzle surface with equal steam
pressure. For example, in Figure 3-70, the suction slot pairs could
be positioned at points 1 and 2 or 3 and 4 along the nozzle profile.
Suction slots on the back and face surfaces of the nozzle vane can be
seen in Figure 3-71, as applied to Toshiba’s 1,016-mm (40-in) titanium
LSB (similar to points 3 and 4 in Fig. 3-70).The combined influence
of peripheral and intrachannel water separation and removal on the
blade erosion rate is shown in Figure 2-38c.The intrachannel water
extraction decreases the relative erosion rate by as much as a factor
of two, and additional peripheral water extraction with an increased
distance between the stationary and rotating blades further decreases
this rate by another 0.1-0.2.

The separation efficiency of the intrachannel water removal
also significantly depends on the amount of steam withdrawn
along with the water—the separation efficiency increases with the
steam amount until a certain threshold, and then remains almost
invariable. The quantitative characteristics of these dependencies
substantially change with the shape of the suction slots and their
position on the nozzle surface.

(a)

gy

Fig. 3-70. Possible position of suction slots for intrachannel water removal
(@) and distribution of specific steam pressure along the vane profile (b)
Source:V.1. Kiryukhin, G.A. Filippov, O.A. Povarov., and V. I. Dikarev'"?
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Fig. 3-71. Toshiba’s last stage with intrachannel water separation and
removal

Source:T. Sakamoto, S. Nagao, and T.Tanuma'"'

The water separation factor, y, for hollow nozzle vanes with
intrachannel moisture separation can be estimated with the use of
a diagram shown in Figure 3-72 as a function of the steam pressure
at the stage inlet, p,, and the Mach number for the midsection exit of
the nozzle row, M, = (¢;/a,)n. It is assumed that the nozzles have two
suction holes with a slot width of approximately 0.7-0.9 mm (28-36
mil): on the profile back and in the trailing edge (points 1 and 2 in
Fig. 3-70) along the entire vane height for relatively short stages or
in the upper third or half of the stage height for relatively long stages
(l/d, > 0.17).There are many other factors influencing the separation
efficiency (such as the geometric forms of the nozzle vanes and the
slot, the moisture dispersion, the velocity ratio, the Reynolds number,
and so on), but they can be considered only as applied to the actual
geometry and operating conditions of specific stages.
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Fig. 3-72. Estimation of the water separation factor for hollow nozzle vanes

with two suction slots
Source: B. M. Troyanovskii, G.A. Filippov, and A. E. Bulkin
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The LP steam path of a Siemens low-speed (1,500 rpm) wet-steam
turbine, with a 1,365-mm (54-in) LSB and intrachannel water removal
from the last stage nozzle surfaces, is shown in Figure 3-73. In addi-
tion to (or instead of) the intrachannel water removal, for cases with
very high erosion coefficients, Siemens also has proposed heating the
last LP stage stationary nozzle vanes with steam taken from one of the
LP steam extractions (Fig. 3-74).

Fig. 3-73. Steam path of Siemens’ low-speed wet-steam turbine with water
removal from last stage nozzle surfaces

Source: B. M. Troyanovskii'"?
https://engineersreferencebookspdf.com



204 Wet-Steam Turbines for Nuclear Power Plants

From
LP turbine
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Quter ring

Fig. 3-74. Heating hollow nozzle vanes for the last stages of Siemens’ turbines
Source: H. Oeynhausen, G. Roettger, J. Ewald, et al.''*

Moisture separating stages, or stage-separators

The quest for more effective water separation in the blade rows
has led to the creation of special moisture separating stages, or
moisture stage-separators (MSSs), which have been proposed at the
Moscow Power Engineering Institute (MED).'"> Some of the previously
mentioned turbine stages do have a somewhat increased separation
capacity thanks to certain design features such as radial furrows and a
shortened shroud of the rotating blades (Fig. 3-63). Nevertheless, these
stages do not differ in principle from the adjacent ones.The specially
designed MSSs provide increased separation efficiency at the expense
of the stage efficiency. In the ultimate scenario, MSSs do not produce
any useful work at all and can be completely removed from the turbine,
resting on independent bearings. In this case, such an MSS, called a
rotor-type separator, turns into an external MSR.

An MSS; if it remains in the steam path along with the other, “regu-
lar” stages, features a low enthalpy drop, an increased axial clearance
between the nozzle and blade rows, a low pitch-to-chord ratio for the
rotating blade rows, and special profiling and machining of both the
stationary and rotating blades. Some results of experimental investiga-
tions for a few different types of MSSs are presented in Figure 3-75.1In
the experiments, it was found that the moisture separation efficiency
varies differently with the speed to velocity ratio, #/c,, for chambers
positioned across the leading (inlet) or trailing (outlet) edges of the
rotating blades.The total separation efficiency (for both the chambers),
however, remains vittuallyrinveariublesactountifigto over 60%.
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Fig. 3-75. Efficiency of moisture removal for different types of MSSs
depending on the speed-to-velocity ratio, #/c, (1: for the chamber across the
leading edge of the rotating blades; 2: for the chamber across the trailing edge
of the rotating blades; 3: total for both chambers)
Source:V.1. Kiryukhin, G.A. Filippov, and O.I. Nazarov''®
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MSSs can be designed either unshrouded or with a specially
drilled roof-shaped shroud (Fig. 3-75¢). The separation efficiency of
MSSs in the power plant conditions was investigated at several tur-
bines manufactured by Kaluga Turbine Works to drive the feed water
pumps of nuclear power units with VVER-1000 reactors. The MSSs,
made of titanium alloy, replaced the seventh stages in the turbines.
The driving turbines have 450-mm (17.7-in) LSBs made of 13% Cr
steel with the tip circumferential speed of up to 339 m/s (1,111 ft/s).
The flow path has an advanced system of peripheral separation, and
the diaphragms of the last two (ninth and tenth) stages are made hol-
low, with intrachannel water separation. Eight turbines operated in
total for more than 70,000 combined hours with the seventh stages
replaced by the MSSs. The rate of erosion in the LSBs for these tur-
bines was about 2.5 times lower than that for similar turbines without
the MSSs.The MSSs themselves were not affected by erosion.

External moisture separators and reheaters

Almost all modern wet-steam turbines are equipped with external
MSRs, which are usually combined in common vessels, two or four
MSRs per turbine. The MSRs are located after the turbine’s HP cylinder
(section), before the IP section (if it exists) or the LP cylinders. Strictly
speaking, external MSRs are not a portion of wet-steam turbines
themselves, but rather represent a kind of turbine auxiliaries—along
with the condenser, feed-water heaters, and so on—and so are not
considered here in detail. More thorough information about external
MSRs can be found in various sources.

Traditional external MSRs are made up of three parts: 1) an outer
shell (a cylindrical vessel, often with formed heads welded to each
end), 2) the moisture separator’s packing, (usually with chevron
plates, or merely chevrons, which are also called louverplated or
corrugated-plate separator, or knitted wire mesh, which is also
called a demister), and 3) one or more tube bundles for reheating
the working (cycle) steam by the heating steam of a higher pres-
sure. Different versions of MSRs have been designed with heating
steam flowing either within the tubes or between them. Steam for
reheating is commonly taken from the main steam-lines. For wet-
steam turbines with two-stage steam reheat, the first stage is fed
with the heating steam taken from the HP cylinder (see Fig.2-1).
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As a rule, both the separating and reheating surfaces of the MSR
are composed as separate modules to make their replacement
easier. Some turbine producers (for example, ALSTOM, GE, Hitachi,
MHI, and Westinghouse) use horizontal MSRs exclusively (Figs. 3-3,
3-10b, and 3-12b). Other manufacturers (such as Turboatom) prefer
vertical MSRs (Fig. 3-27b). Some use both types, such as Siemens
(Figs. 3-9 and 3-76). Vertical MSRs appear to be more compact,
although in some cases, especially for single-circuit nuclear power
units with hermetically sealed turbines boxes, it is difficult to fit
large vertical MSRs in the turbine enclosure.

H

S NS vl e

Fig. 3-76. Front views of Siemens’ 1,200-MW wet-steam turbines with
horizontal (a) and vertical (b) MSRs
Source: By courtesy of Siemens Power Generation
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Both types of traditional external MSRs (with chevron plates and
knitted wire mesh) can be called inertial separators, because it is
just the inertia of water drops that prevents the water from follow-
ing the steam streamlines. As the steam-water flow passes through
the separator’s chevron plates or knitted wire mesh, the moisture
particles drop out of the flow, and the impinged water then passes
to the feed water system through drains. The separation efficiency
improves with the increase of water drop size and steam velocity
and with the decrease in the size of the collection elements (mesh or
chevrons). For the knitted wire mesh, this size is determined by the
wire diameter, which is about 0.1 mm (4 mil), and for chevron plates,
the effective element size is equal to a half corrugation wavelength,
which is normally not less than 10 mm (0.4 in). With increasing steam
velocity, a breakthrough point is reached at which the deposited wa-
ter is ejected by the steam flow again.This breakthrough velocity for
the knitted wire mesh is significantly less than that for the chevron
plates.

A principle scheme of horizontal MSR developed by Westing-
house is presented in Figure 3-77. It is considered to be the third
MSR generation.''” The first-generation MSR had a demister section
of stainless steel wire mesh. While mesh is able to effectively remove
moisture, large areas placed in a horizontal configuration are needed.
Because of this, meshes were replaced by vertical chevrons in second-
generation MSR designs, allowing 45% more steam to pass through
the unit. Third-generation units shown in Figure 3-77 were actually
made up of two second-generation MSRs connected by a common
inlet section.To improve the thermal cycle efficiency, two-stage steam
reheat was used instead of single-stage reheat. The working steam
from the HP cylinder exhausts passes to the MSR’s steam inlet mani-
fold and is directed to the chevron plate separators (Fig. 3-78). The
dried saturated steam passes over the outside of low-profile, integrally
finned tubes.The heated steam leaves the MSR through outlets on top
of the vessel and flows into the LP cylinders.
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Fig. 3-77. Principle schematic of Westinghouse’s third-generation MSR
Source: R. L. Coit, P. D. Ritland, T. E Rabas, and P.W.Viscovich''®
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Fig. 3-78. Part of a chevron-plate separator
Source: R. L. Coit, P D. Ritland, T. E Rabas, and P.W.Viscovich'"®
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Other turbine producers went through similar design stages,
Therewith, MSRs of different manufacturers and even of the same
manufacturer but different generations may differ significantly in
the arrangement of the steam and water flows and packing of the
internal space. By way of illustration, Figure 3-79 demonstrates two
types of horizontal MSRs developed by Stein Industrie for French nu-
clear power units with individual capacities of 1,000 and 1,350 MW.
Vertical MSRs also feature many different designs. Figure 3-80 shows
a vertical MSR developed for Turboatom’s K-220-44 turbines (Figs. 3-4
and 3-06). Figure 3-81 depicts another vertical MSR used in Siemens’
1,300-MW turbines.

Fig. 3-79. Stein Industrie’s horizontal MSRs for French nuclear power units
of 1,000-MW and 1,300-MW output
Source:]. C.Franc and D. Gilchrist'*°
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Fig. 3-80. Vertical MSR for Turboatom’s K-220-44 turbines (1: first steam
reheater stage; 2: second steam reheater stage; 3: separator; 4: steam
distribution chamber; 5: steam reheater’s tube assembly; A: working steam
inlet; B: superheated steam outlet; C: heated steam supply for the first steam
reheater stage; D: heated steam supply for the second steam reheater stage;
E:heated steam condensate outlet from the first steam reheater stage;
F:heated steam condensate outlet from the second steam reheater stage;
G: separated water outlet; H: drain)

Source: By courtesy of Turboatom
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2765

Fig. 3-81. One of two vertical MSRs for Siemens’ 1,300-MW wet-steam
turbines (1: working steam inlet; 2: superheated steam outlet; 3: steam reheater;
4:heated steam condensate outlet from steam reheater; 5: separator’s modules;
6: separated water outlet; 7: preseparator; 8: drain; 9: working steam inlet)
Source: By courtesy of Siemens Power Generation
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Designers always quest to make their MSRs more compact.
Hitachi, for example, reduced the overall length of its horizontal MSRs
by 28% by means of increasing the steam flow velocities in the MSR
reheater tubes and removing the drain tanks from the MSR shell.'*'

Some turbine and MSR manufacturers have experimented with
different nontraditional design decisions for moisture separation. In
1989, ABB developed and tested a new MSR system built in the LP
crossover pipes between the HP and LP cylinders. This system was
implemented at several nuclear power units with the outputs ranging
from 720 to 1,100 MW (Fig. 3-82).'%* This system consisted of four
moisture preseparators (MOPSs), one at each HP turbine exhaust,
mainly separating the moisture flowing along the turbine walls, and
special cross-under pipe separators (SCRUPS) installed in the cross-
over pipe elbows after the MOPSs. The main SCRUPS components are
turning vanes installed in the internal chamber at the 90° elbows. In
particular, the system was installed and tested at the Swiss nuclear
power plant Leibstadt. The steam quality was measured using the
sodium tracer method. These tests showed a separation efficiency
of approximately 97% downstream of the SCRUPS and verified the
predicted performance of the system. In eight of 10 other nuclear
power units, measurements showed total separation efficiencies
of more than 98%, with decreases in the pressure drop along the
crossover (cross under) pipes. Observed increases in turbine output
varied from 3 to 10 MW. In all cases, the installation of the MOPS/
SCRUPS system significantly reduced erosion-corrosion effects in the
crossover pipes and the separators themselves. At the Swiss nuclear
power plant Miihleberg, the wear on these carbon steel components
decreased from 95 kg/yr to 3.1 kg/yr. Nevertheless, this system has
not found wide acceptance.
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Fig. 3-82. (a) General view of ABB’s three-cylinder wet-steam turbine with
“distributed” MSR system (a) (1: preseparators; 2: separators at the crossover
pipe elbows; 3: steam reheaters); (b) preseparator with phase separation;
(©) preseparator without phase separation; (d) and separator (4: working
steam flow; 5: steam extraction to feed water heater; 6: separated water
extraction; 7: drain)

Source: P.von Boeckh, M. Stiefel, and U. Frick'??
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Centrifugal-type devices called high-velocity separators (HVS)
were developed and implemented at several French nuclear power
plants by EdE in collaboration with Stein Industrie.'** The main
advantage of these MSRs is a ten-fold reduction in size compared
to common chevron-plate separators due to much higher steam
velocities—up to 50 m/s. However, the same circumstance, that is,
the smaller size, causes larger pressure drops in HVSs, which is its
main disadvantage.

Scientists of MEI investigated different kinds of external furbo
separators with different types of rotating elements settled in the
crossover pipes between the HP and LP sections.'®® Extensive experi-
mental research was conducted to analyze the separation efficiency
of external turbo separators, and many design improvements were
developed to increase their effectiveness.
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Operation

Operating Conditions of
Wet-Steam Turbines

As a rule, nuclear power plants cover the base part of power con-
sumption graphs; that is, they are operated in a base-load mode with
minimal participation in governing the power system’s load (Fig. 4-1).
First of all, this is a high portion of capital expenditures and relatively
low contributions from the fuel constituent in the power generation
predetermined by the costs of nuclear power plants. As a result, it
is reasonable and profitable to exploit these plants with as large a
utilization factor value as possible. In addition, stationary operating
conditions provide the most favorable safety environment for nuclear
power plants. For all of these reasons and thanks to high operating
reliability (see chapter 1), the annual average capacity factor for the
world’s nuclear power plants is remarkably high, making up 78.9% in
2001 (compared to 76.4% in 2000).The power utilities of such coun-
tries as Belgium, China, the Czech Republic, Finland, Germany, Hun-
gary, the Netherlands, Romania, South Korea, Spain, Switzerland, and
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the United States managed to maintain the national average capacity
factors of their nuclear power plants above 85%.' Table 4-1 ranks the
top 50 nuclear power units worldwide in 2001 by the annual capacity
factor. A nuclear power unit had to operate at a capacity factor value
above 95% to be included on this list.

An ideal operation diagram of a nuclear power unit (1,365-MW
Unit 2 of the German power plant Neckar) operating in the base-load
mode is presented in Figure 4-2a.The average annual capacity factor
for this unit was 95.4 % in 2001 and 88.7% in 2002, which included a
scheduled, unavoidable outage for refueling, as well as gradual unload-
ing to extend the operation campaign.?
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Fig. 4-1. Participation of different types of power plants in covering daily
power consumption (I: base-load zone; II: variable-load zone; III: medium-load
zone;IV:peak-load zone; 1: nuclear and cogeneration power plants, renewable
power sources; 2: fossil fuel power units with supercritical-steam parameters;
3: fossil fuel power units with subcritical-steam parameters; 4: gas-turbines
and hydroelectric power plants)
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Fig. 4-2. Operation diagrams for German nuclear power units Neckar 2 (a)
and Grohnde (b) in 2002 (a: stretch out, unloading before refueling A)
Source:“Operating results with nuclear power plants in 2002”3

Table 4-1. Top 50 nuclear power plant units worldwide with the highest
annual capacity factor in 2001

Rank | Country Plant name, unit | Reactor Unit 2001 capacity
type capacity, factor, %
MW (gross)

1 |S.Korea Yonggwang, 1 PWR 950 104.36
2 | S. Korea Yonggwang, 3 PWR 1,000 103.61
3 |US Limerick, 1 BWR 1,163 102.73
4 |US La Salle, 1 BWR 1,137 101.83
5 |US Byron, 1 PWR 1,242 101.56
6 |US La Salle, 2 BWR 1,137 100.21
7 |US Arkansas, 2 PWR 943 100.06
8 |Japan Tomari, 1 PWR 579 99.99
9 |Japan Takahama, 4 PWR 870 99.99
10 | Japan Shika, 1 BWR 540 99.97
11 | Japan Mihama, 3 PWR 826 99.97
12 | Japan Shimane, 2 BWR 820 99.96
13 [US Comanche Peak, 2 PWR 1,173 99.92
14 |US Wolf Creek PWR 1,226 99.87
15 |US Davis-Besse PWR 925 99.81
16 | Japan Fukushima ii, 4 BWR 1,100 99.75
17 |US Catawba, 1 PWR 1,205 99.66
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18 |Japan Kashiwazaki, 5 BWR 1,100 99.62
19 |US Vogtle, 1 PWR 1,215 99.57
20 | US Ginna PWR 517 99.35
21 | US Sequoyah, 2 PWR 1,181 99/15
22 | Spain Almaraz, 1 PWR 974 99.13
23 |US Browns Ferry, 3 BWR 1,155 99.08
24 | US Point Beach, 2 PWR 523 98.88
25 | Spain Vandellos, 2 PWR 1,087 98.49
26 | US Waterford, 3 PWR 1.153 98.49
27 | Japan Sendai, 1 PWR 890 98.32
28 |India Kakrapar, 2 PHWR 220 97.80
29 |Finland Olkiluoto, 1 BWR 870 97.57
30 |US Diablo Canyon, 1 PWR 1,164 97.56
31 | Argentina | Embalse PHWR 648 97.54
32 |US Beaver Valley, 2 PWR 888 97.20
33 |US Millstone, 2 PWR 889 96.93
34 |US Byron, 2 PWR 1,210 96.91
35 | Switzerland | Beznau, 1 PWR 380 96.78
36 |US San Onofre, 2 PWR 1,181 96.59
37 |US Braidwood, 2 PWR 1,210 96.54
38 | US Hatch, 1 BWR 924 96.31
39 |US Quad Cities, 1 BWR 833 96.26
40 | Germany Isar, 2 PWR 1,475 95.93
41 |US Brunswick, 1 BWR 895 95.65
42 | Spain Cofrenetes BWR 1,025 95.60
43 | US McGuire, 2 PWR 1,225 95.54
44 | US Braidwood, 1 PWR 1,242 95.49
45 | Japan Ikata, 1 PWR 566 95.20
46 | US Clinton BWR 985 95.18
47 | S. Korea Wolsong, 2 PHWR 715 95.11
48 | S. Korea Kori, 4 PWR 950 95.08
49 | Finland Olkiluoto, 2 BWR 870 95.06
50 |US Watts Bar, 1 PWR 1,210 95.03

Source: B. Schwieger, M. Leonard, S. Taylor; et al*
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In countries where nuclear power plants are of great concern
in the power industry, there arises a challenge to involve individual
nuclear power units in covering the power consumption graphs and
governing the power system’s load. So, for example, some German
nuclear power plants from time to time are required to operate in
a power mode according to the dispatcher’s schedule. Such occa-
sional involvement is illustrated by the annual operation diagrams
for the nuclear power units Grohnde (with the rated gross capacity
of 1,430 MW) for 2002 and Stade (with the rated gross capacity of
672 MW) for 1999 (Figs. 4-2b and 4-3, respectively).” Despite this,
the average annual capacity factor of these units remains quite high
(for example, 93.8% for Grohnde in 2002), and the time availability is
kept almost invariably at a level of approximately 100%.
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Fig. 4-3. Operation diagram for the German nuclear power unit Stade in
1999 (a: stretch out; A: unloading before refueling; b: operation in a planned
power mode with occasional output changes according to dispatcher
instructions; ¢: conditioning the reactor core; d: turbine trip during turbine
tests; e:incorrect rod insertion; f: shutdown for standby; 1: turbine trip/reactor

scram during turbine test)
Source:“Operating results with nuclear power plants in 2000”°

Since 1983, Japanese nuclear power plants have been operated in
the mode of following the power system’s load, thus facilitating sys-
tem load control. Over 70% of the total installed capacity of Japanese
nuclear power plants are supposedly involved in this process, provid-
ing a possibility of deep unloading if necessary.” The same pattern
takes place in France, where nuclear power plants constitute more
than half of the installed capacity of all power plants and generate
more than 75% of the electricity, whereas fossil fuel plants provide
only about 10%. As a rule, nuclear power units participate in cover-
ing the variable part of power consumption graphs by varying their

load within the governed range, as shown, for example, in Figure 4-4.
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The width of this range and the rate of load variations are exclusively
dictated by the reactor and its control mode. French nuclear power
units with PWR-type reactors allow load variations at the rate of up
to 10% MCR (maximum continuous rating) per minute.The governed
range changes during the reactor operation campaign, but it is usually
not less than 20% MCR. Similar processes are also typical for some
other countries.

A, MW

450

T |
13.04.85. 74.04.83, 75.0% 83 i

Fig. 4-4. Daily load variations of the 900-MW French nuclear power unit
Tricastin 3
Source:V.N. Proselkov and V. D. Simonov®

For double-turbine nuclear power units (one reactor and two
turbines), especially if the turbines have throttle steam admission
control, it is advisable to unload the unit by reducing the load of one
turbine, keeping the second one under maximum output. In addition
to more efficient power generation, this provides a higher final feed
water temperature. If the reactor output is to be substantially lowered
(by 50% or more) for a relatively long period (an hour or more), it
may be reasonable to shut down one of the turbines. Another op-
tion is to close the steam inlet to this turbine, but keep it rotated by
the generator as a motor. Both of these scenarios were thoroughly
researched for nuclear power units with different turbine types.®
Results of these investigations showed that wet-steam turbines are
quite flexible and suitable for system load control. However, the true
flexibility of nuclear power units is eventually determined not by the
turbine, but the reactor. Nevertheless, it is important to know that
wet-steam turbines do not generally limit the rate of transients, but
incorrect arrangements of these operating conditions and improper
operation can lead to undesirable consequences for the turbine, caus-
ing damage even with rare, individual transient operating conditions.

A typical start-up diagram for a nuclear power unit is shown in
Figure 4-5 (Kashiwazaki-Kariwa Unit 7 with an ABWR, the rated output
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of 1,356 MW and steam pressure of 7.1 MPa [1,030 psi]).'° The turbine
is started up (rolled up and loaded) after the main steam pressure
reaches its rated level. This is quite typical for wet-steam turbines of
nuclear power plants with different reactor types and different start-
up systems, as well as for different types of start-ups. As can be seen
in the presented start-up diagram, after the reactor reaches criticality,
the steam pressure is raised following the reactor water temperature
change rate (10-55°C/h [5-30°F/h]) by withdrawing the control rods.
After the generator is switched on to the grid, the reactor is controlled
in the generator power control mode by adjusting the control rod posi-
tion to the target generator output and rate of its change.

(%)
120

.(}l.'m.-ramr power control (core Mow ' :
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Automatic rods control
- Automatic core flow control
@B Arother automatic control
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t CR withdrawal start 1 synchonization Time
1 Reach criticality
Fig. 4-5. Cold start-up of 1,356-MW Kashiwazaki-Kariwa Unit 7 with ABWR
Source: F Mizuki, Y. Miyamoto, and T. Seiji"'

Wet-steam turbines for nuclear power plants are commonly
designed with throttle steam flow control (see chapter 3).Thus, any
unloading of the turbine and decrease of the steam flow amount
through the turbine is accompanied by a decrease in the power gen-
eration efficiency.To avoid, or at least reduce this effect, most super-
heated-steam turbines of fossil fuel power units, especially those with
throttle steam flow control, are mostly operated with a sliding, vari-
able main steam pressure. In this case, the line of steam expansion in
the HP section shifts to the right in the Mollier diagram; the enthalpy

drop somewhat increases as compared to the case of throttling the
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steam, and the turbine’s heat rate decreases. The same phenomenon
takes place in wet-steam turbines, but the effect depends more on the
level of initial steam pressure and the depth of steam throttling. What
is more, reduction of the throttle steam pressure also results in some
decrease of the steam temperature after the steam reheater fed by
main steam as the heating fluid.

The steam expansion processes for a wet-steam turbine for full
and partial steam flow amounts under constant and sliding main
steam pressure are shown in the Mollier diagram in Figure 4-6.
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Fig. 4-6. Steam expansion processes for a wet-steam turbine with full and
partial steam flows under constant (I) and sliding (II) main steam pressure
(0: 100% steam flow; 1: 80% steam flow; 2: 60% steam flow; I: constant main
steam pressure; II: sliding main steam pressure)

Source: B.A.Arkad’ ev!?

Even with sliding pressure, the main steam remains on the satura-
tion line. If the main steam pressure is more than 3 MPa, its reduction
with unloading the turbine increases both the initial enthalpy value
and the enthalpy drop and decreases the final steam wetness in the
HP section, thereby increasing its efficiency. A reduction in the main

steam pressure also decreases the reheat steam temperature and the
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enthalpy drop for the turbine section after the MSR, but the final
steam wetness remains approximately the same. When the turbine
is unloaded with a constant main steam pressure, the reheat steam
temperature almost does not change and even slightly rises, and the
final steam wetness decreases, thus increasing turbine efficiency.
Because wet-steam turbines of contemporary nuclear power units are
designed with a relatively low main steam pressure (less than 7 MPa),
the influence of all these effects on turbine efficiency is not as great
as that for modern fossil fuel power units of, for example, supercriti-
cal steam pressure.

Experimental investigations conducted at the Kola nuclear power
plant, which uses PWR-type VVER-440 reactors with the rated main
steam pressure of 4.3 MPa, showed that unloading the unit to 80% MCR
under sliding steam pressure causes a heat rate decrease of approxi-
mately 0.6% as compared with unloading under constant main steam
pressure. This effect should be more for nuclear power units with a
higher main steam pressure and with regard to a possible additional
reduction of the energy expenditures for feed water pumps.*?

Light-water nuclear reactors should be stopped periodically for
refueling. When the reactor’s reactivity margin expires due to fuel burn-
out, the reactor can no longer operate under full load with the rated
parameters (point A in Fig. 4-7) and should begin to shut down with
gradual unloading. This stretch-out process can be seen in Figures 4-2
and 4-3, as well as in line AB of Figure 4-7. Transferring the power
unit to the sliding main steam pressure makes it possible to prolong
the unit’s operation campaign before refueling. Reduction of the main
steam pressure causes a decrease of the average coolant temperature in
the reactor and changes the energetic spectrum of neutrons and their
mean free path.This also results in production of additional amounts of
energy due to deeper burning of the fuel. If, at the end of the operation
campaign, the turbine valves are kept completely open and the main
steam pressure gradually decreases along with the decrease in the reac-
tor load, the stretch-out process can be extended (line AC in Fig. 4-7).In
doing so, if the feed water and hence steam flow amounts are increased,
for some time the turbine load can be kept at the rated level with re-
duced main steam pressure, even with a reduced reactor capacity (line
AD in Fig. 4-7).Then, the reactor output gradually reduces, whereas the
turbine’s control valves remain fully open (line DE in Fig.4-7). In this
case, the stretch-out process and operation campaign can be prolonged
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Fig. 4-7. Load capacity diagrams for a light-water reactor at the end of
operation campaign with constant and sliding main steam pressure
Source:B.A.Arkad’ev'

In the process of experiments at the Kola nuclear power plant, it
was shown to be possible to keep the power unit’s electric output at
the rated level for eight additional days, keeping the turbines’ control
valves fully open and reducing the main steam pressure. In this way, the
reactor’s operation campaign was prolonged by 115 days (84 “effective”
days) with additional power production of 900 million kWh. During
this process, the power unit’s electric output decreased from 410 MW
to 260 MW; the main steam pressure fell from 4.3 MPa to 2.2 MPa (from
624 psi to 320 psi), and the mean water temperature in the reactor
decreased from 284°C to 231°C (from 543°F to 448°F)."

Even if nuclear power units are operated in a purely base-load
mode, they unavoidably go through some transient operating condi-
tions: scheduled and unscheduled shutdowns with subsequent start-
ups, load changes, turbine trips, and so on. Despite low heating steam
temperatures, quite high temperature differences and unsteady ther-
mal stresses can arise in wet-steam turbines during these transient
operating conditions, especially start-ups, due to great dimensions of
the main turbine design components and high heat transfer condi-
tions for wet steam. More often than not, for the largest contemporary
wet-steam turbines, the design components experiencing the highest
thermal stresses are the turbine’s rotors.This refers to not only the HP

rotors, but also the welded or forged LP ones.
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Typical temperature fields in the outer casing and rotor of the inte-
grated HP-IP cylinder of Turboatom’s 500-MW low-speed turbine, as in
Figure 3-18, for a typical start-up instant, based on experimental mea-
surements and calculations, are presented in Figure 4-8.The diagram of
shutting down the turbine and its subsequent start-up after a one-day
outage can be seen in Figure 4-9.The next images of Figure 4-10 show
characteristic calculated temperature fields in the welded LP rotor of
a Turboatom high-speed (3,000 rpm) wet-steam turbine for a typical
start-up instant and stationary operating conditions.

Fig. 4-8. Measured temperature distribution (°C) in outer casing (a) and
calculated temperature field in rotor in the first IP stages zone (b) for the
integrated HP-IP cylinder of Turboatom’s K-500-60/1500 turbine for a typical
start-up instant

Source:V.S Akerman, N.S. Gabrijchuk, V.B. Kirillov,A. S. Leyzerovich, et al.'
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Fig. 4-9. Shutdown and start-up after one-day outage for Turboatom’s
K-500-60/1500 turbine at the Novovoronezh nuclear power plant (Steam
temperatures: 1: in the steam chest of the stop/control valve (SCV); 2: in the
first steam extraction chamber; 3: in the IP steam admission chamber. Metal
temperatures: 4: main steam-line between the main gate valve (MGV) and
SCV; 5: crossover pipe downstream from the SCV; 6: steam-chest wall of the
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SCV; 7: wall of the HP-IP casing in the first steam extraction zone; 8: wall of
the HP-IP casing in the IP steam admission zone; 9: external surface of the
HP-IP casing flange in the HP steam admission zone. Temperature differences:
10:across the wall thickness of the SCV steam chest; 11: between top and
bottom of the HP steam admission sleeve; 12: across the wall thickness of the
HP-IP casing in the first steam extraction zone (on top); 13: across the wall
thickness of the HP-IP casing in the IP steam admission zone (underneath
sleeves); 14:across the wall thickness of the HP-IP casing in the IP steam
admission zone (on top, between the sleeves); 15: across the HP-IP casing
flange width in the first extraction zone; 16: across the HP-IP casing flange
width in the IP steam admission zone; 17: between top and bottom of the
HP-IP casing in the first steam extraction zone; 18: between top and bottom
of the HP-IP casing in the IP steam admission zone; A: relative expansion of
the HP-IP rotor; Pg.y: steam pressure after the MGV in the SCV steam-chest
Source:V.S Akerman, N.S. Gabrijchuk, V.B. Kirillov,A. S. Leyzerovich, et al.'”
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Fig. 4-10. Calculated temperature fields (°C) for the first-stage disk of a
welded double-flow LP rotor of a Turboatom high-speed turbine at cold start-
up (@) and the right half of the same rotor at stationary operating conditions
under load (b)

Unsteady tensile thermal stresses in the rotors at turbine start-
ups, combined with centrifugal stresses, can cause brittle fracture
of the rotors. Repeated transients with high alternating thermal
stresses can cause low-cycle (thermal) fatigue cracks on the rotor
surfaces in the vicinity of stress concentrators. High unsteady ther-
mal stresses in the casings can cause their cracking and distortion
with resulting steam leakages.To prevent these effects, the transients
should be run observing limits for the temperature differences and
thermal stresses in the most stressed components. The diagram of
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Figure 4-11 demonstrates an emulation of a start-up and subsequent
load changes under control of an automated system developed for
the 500-MW high-speed turbines of the Chernobyl nuclear power
plant.The transients’ rates are limited by a so-called “effective” radial
temperature difference in the welded HP rotor. This difference is in
proportion to the thermal stress on the rotor surface in its most
stressed section and is monitored by means of mathematical mod-
eling of the rotor temperature state. The limits for the monitored
temperature difference are set differently for start-ups and load
changes, with regard to different frequencies of these transients and
thus their different expected contributions to thermal fatigue of the
turbine metal. A calculated temperature field in the first stages’ disk
of the HP rotor for a characteristic start-up instant and emulated
start-up diagrams for “hot,” “warm,” and “cold” initial temperature
states of the turbines are presented in Figure 4-12.
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Fig. 4-11. Emulation of automated start-up and load changes for Turboatom’s
K-500-65/3000 turbine with limits for temperature difference and thermal
stress in the HP rotor (1: set turbine load; 2: actual turbine load and metal
temperature on the rotor surface in the most stressed section; 3: average
integral metal temperature of the rotor in the same section; 4: effective radial
temperature difference in the rotor, in proportion to the maximum thermal
stress; I: start-up; II: shutdown)
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Fig. 4-12. Mathematical modeling of automated start-ups from hot (1), warm
(2), and cold (3) initial states for Turboatom’s K-500-65/3000 turbine (a) and

temperature field for the first-stage disk of the HP rotor (b)
Source:A.S. Leyzerovich and V.B. Kirillov'®
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High temperature differences
and thermal stresses can also occur
during the transients in the thick-
walled stator components, such as
the HP valve steam-chests and cyl-
inder casings, potentially causing
their cracking. The highest temper-
ature differences can arise in flange
joints, causing their distortion and
loss of tightness, with subsequent
progressive crevice corrosion of
the joint surfaces. In such cases,
the start-up diagrams should be de-
veloped based on the condition of
maintaining the temperature differ-
ences across the flange width at a
predetermined level, not exceed-
ing it, as in Figure 4-13a.The result-
ed schedule of loading the 220-MW
turbine shown in Fig. 4-13b was in-
cluded in the start-up instruction
for this turbine.

Fig. 4-13. Optimization of loading
schedules for Turboatom’s K-220-44 tur-
bine (a: optimized diagram of warm
start-up; b: generalized schedule of
loading at start-ups from different ini-
tial temperature states. Steam tempera-
tures: 1: in the steam admission cham-
ber; 2:in the first-stage chamber metal
temperatures on the external surface
of the HP flange: 3: in section after the
third stud bolt; 4: in section after the
fifth stud bolt; 5: in section after the
eighth stud bolt. Temperature differ-
ences across the HP flange width: 6: af-
ter the third stud bolt; 7: after the fifth
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stud bolt; 8: after the eighth stud bolt; #4;™: initial HP flange metal tempera-
ture on the external surface in section after the fifth stud bolt before the gen-

erator is switched on to the grid)

Source:A. S. Leyzerovich, V.B. Kirillov, S.P. Kruzhkova, et al."”
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For some turbines, the ,°C .
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Fig. 4-14. Calculated diagram 0 —1| l
of optimized cold start-up for

LMZ’s 1,000-MW high-speed turbine (¢,: steam temperature at first HP stage;
. sSteam temperature at second HP stage. HP cylinder metal temperatures:
1: average integral of the HP rotor in section near the first stage; 2: stud bolt
at mid-height of the upper flange; 3: external surface at mid-height of the
upper flange. metal temperature differences: 4:across the upper flange width;
5:across the lower flange width; 6: along the rotor radius; 7: between the
flange (near the heated surface) and stud bolt at mid-height of the upper
flange)

Source:A. S. Leyzerovich, B. L. Levchenko, and V. B. Kirillov*

At fossil fuel power plants, in order to prevent the appearance of
inadmissible unsteady temperature differences and thermal stresses
in the main turbine components, as well as significant relative rotor
expansions (RRE), and decrease the total start-up duration, the
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start-up operations of the boiler and turbine are partially overlapped.
The turbine start-ups are run with sliding steam parameters in such
a way that the heating steam temperatures within the turbine match
the turbine metal temperatures, and raising the heating steam temper-
atures goes at the rate in proportion to the desirable heating for the
most-stressed turbine components. Running start-ups under variable
steam conditions makes the factors limiting the start-up rate more
controllable. When the start-up is finished and the turbine is operat-
ing under load, keeping the turbine control valves in a fixed position
(that is, allowing the main steam pressure to slide with the steam flow
amount or turbine load) also improves the unit’s flexibility, because
the heating steam temperatures in the HP section vary with the
turbine load much less than they do when operating under constant
main steam pressure.?'

By contrast, wet-steam turbines of nuclear power units are gen-
erally operated under constant main steam pressure. Even during
the start-up process, more often than not main steam is given to
the turbine only after the reactor reaches the rated steam pressure;
meanwhile, the generated steam is discharged through the turbine
bypasses into the main or auxiliary (“technological”) condenser(s).
When the start-up process is finished and the turbine is operating
under load, all of the load changes commonly occur with constant
main steam pressure, with the turbine control valves following
the load changes. Nevertheless, it does not practically affect the
turbine’s flexibility, because the major turbine components (more
accurately, those of the HP section) are swept and heated by wet
steam, with the saturation temperatures at the corresponding pres-
sures varying in proportion to the steam flow amount through the
turbine, independently of the main steam pressure value. Because
the heat transfer coefficients for wet steam are sufficiently high (in
the order of 10* W/m?x°C), the heated surface temperatures may be
thought of as following the saturation temperatures.

The main steam pressure and its possible variations matter only
for the HP valve steam-chests. However, when the turbine is started
up, the valve steam-chests are generally heated before the valves are
opened and steam passes into the turbine. If the turbine is furnished
with combined stop/control HP valves and they are directly connect-
ed to the main steam lines after the reactor (or its steam generator),

their steam-chests are heated in the process of raising the main steam
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pressure after the reactor. This commonly happens with a relatively
low rate and does not cause any problems for the valve steam-chests.
However, if the HP valves are separated from the main steam lines
with main gate valves (MGVs) and the main steam can pass into the
valve steam-chests with the rated pressure, the “temperature shock”
with opening the MGVs can cause fairly high temperature differences
and thermal stresses in these steam-chests. This situation takes place,
for example, at double-turbine nuclear power units—during start-up
of the second turbine when the first one already operates under load.
In this case, it is advisable to have a special bypass of the MGVs with a
governing valve of a limited flow capacity in order to raise the steam
pressure in the HP valve steam-chests gradually before passing steam
into the turbine.This process can be seen in Figure 4-9.When the tur-
bine operates under load, any ordinary variations in the main steam
pressure cannot cause significant temperature unevenness in the HP
valve steam-chests, because the heating steam temperature (that is,
the steam saturation temperature) varies insignificantly.

After steam is passed into the turbine and while running up the
turbine at start-up, the steam flow amount through the turbine is not
more than 6-8% MCR.The corresponding saturation steam tempera-
tures in the HP steam path are not sufficient to cause any significant
temperature differences in the HP metal, even at cold start-ups. Unlike
superheated-steam turbines of fossil fuel power plants (especially
those with a common main steam line, which are started up with the
rated main steam conditions), the temperature state of wet-steam tur-
bines does not limit the rate of running up. More likely, in contrast, at
hot start-ups, it is desirable not to linger at this stage to prevent cool-
ing down the turbine with throttled steam entering the HP section.

One of the most serious problems for superheated-steam turbines
in fossil fuel power plants during start-ups is a danger of brushing and
rubbing in the seals and their resultant wearing out due to excessive
relative rotor expansions (RREs) for the turbine cylinders, especially
the HP one.The main causes of this phenomenon are: 1) much greater
heat transfer coefficients from steam to the rotating surfaces of the
rotors as compared with those for the motionless stator components
and 2) a much more favorable ratio of the heat transfer surface area
and the mass for the rotor as compared to this ratio for the casing.
Sometimes, the difference in the thermal expansion coefficients for

the rotor’s and casing’s steels can play a role, but more often than not
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this difference is of minor importance. For wet-steam turbines, the heat
transfer coefficients from steam to the HP rotor’s and stator’s surfaces
are of the same order, and the mass of the HP rotor is commonly much
more commensurable with the mass of the casing than takes place for
superheated-steam turbines. In addition, a much lower temperature
level makes the final thermal expansions of both the rotor and cas-
ing and hence the difference in their thermal expansion much less.
Because of all these circumstances, for wet-steam turbines, variations
of the HP RRE during start-ups are usually insignificant and do not limit
the rate of start-ups (Fig. 4-9). In some cases, especially for wet-steam
turbines with massive HP rotors, there can even appear a negative RRE.
When the turbine is running up, the rotors additionally shorten, due
to Poisson’s effect, because of the growing centrifugal forces that radi-
ally “tense” the rotors. For typical HP rotors of wet-steam turbines, this
decrease of the rotor length can amount to approximately 1-1.5 mm
(0.04-0.06 in), and for LP rotors it can reach 4-5 mm (0.16-0.20 in).*
This effect should be taken into consideration while setting the axial
clearances in the turbine steam path.

The turbine parts after the external moisture separators and
reheaters MSRs, that is, the IP section (f it exists) or LP cylinder(s),
are swept and heated by superheated steam. Unlike the HP section,
the heating of these parts is determined by two factors: 1) the heat
transfer conditions from steam to the heated surfaces, depending on
the turbine load, as it takes place in the superheated-steam turbines,
and 2) the reheat steam temperature after the MSR.The reheat steam
temperature also depends on the turbine load because of the MSR’s
static characteristics—that is, changes of the reheat temperature with
the main steam flow amount (Fig. 4-54). If the turbine has a separate
IP section or cylinder (as, for example, Turboatom’s K-500-60/1500
and K-1000-60/1500 turbines and ALSTOM’s 1,500-MW turbine, the
Arabelle, shown in Figs. 3-1, 3-16, and 3-18), the main factors that
could limit the increase of the reheat steam temperature are the
temperature differences along the IP rotor radius or across the IP
casing flange width (as, for example, for the previously mentioned
Turboatom turbines with the thin-walled, drum-type welded rotor
of the HP-IP or IP cylinders). If the turbine is designed without an
IP section, with either welded or forged LP rotors, the limiting factor
could be the temperature stresses in the rotors added to the tensile
centrifugal stresses near the steam admission zone.
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Because the heat transfer conditions for superheated steam under
fairly low pressure are not very great and change significantly with in-
creases in steam density, these changes tell remarkably on the rate of
heating the considered design components. Under these conditions, it
can be reasonable to raise the reheat steam temperature nonmonoto-
nously: 1) with a rapid rise up to the rated value while the turbine is
idling, 2) fall to an intermediate value after switching on the generator
to the grid and accepting an initial load, and 3) gradual rise up to
the rated level again in the process of further loading, as is shown in
Figure 4-15.This method can be carried out without problems due to
specific static characteristics of the MSRs (Fig. 4-54).
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Fig. 4-15. Calculated optimization of a cold start-up of Turboatom’s 500-
MW low-speed turbine (#: reheat steam temperature after MSR; 1: metal
temperature on the external surface of the upper flange at mid-height in the
IP steam admission zone; 2 and 3: metal temperature differences across the
HP-IP casing flange width in the IP and HP steam admission zones; o: heat
transfer coefficient from steam to metal of the outer casing in the IP steam

admission zone)
Source:A.S. Leyzerovich and V.B. Kirillov*
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In many cases, reactors can be emergently shut down because of
improper functioning of their monitoring and protection systems or
because of some accidental actions. Usually, in these situations, the
turbines are also shut down; their main gate valves, stop, and intercept
valves are closed, and the generators are switched off from the grid.
It commonly takes the operator 20 to 180 minutes to detect and
eliminate the causes of such operating actions, and then the power
unit can be restarted. In order to make this restart easier, it can be
advisable not to switch off the generator, and leave the turbine rotated
by the generator as a motor. That is, the turbine run in a hot spinning
reserve (standby) mode for as long as it takes to clarify the emergency
situation. This allows avoiding the subsequent necessity of running up
the turbine and synchronizing the generator during restart. The same
method of so-called “motor operating conditions” can also be employed
at double-turbine nuclear power units in the case of a deep short-term
unloading of the reactor to less than 50% MCR.? The same approach
was proposed for fossil fuel power units and was implemented at some
power plants in the former Soviet Union. Experimental investigations at
the Kola nuclear power plant with Turboatom K-220-44 turbines with
852-mm (33.5-in) LSBs (see Fig.3-4) showed that the turbine can be
handled under motor operating conditions for at least 2 hours without
steam flowing through the LP cylinders, and for an unlimitedly long
time period if the LP cylinders are supplied with cooling steam passing
into the LP crossover pipes after the intercept valves and the condenser
is kept under vacuum.

Motor operating conditions are also inherent in the cases of emer-
gency load discharges if the generator is not switched off from the grid.
The main problem in these cases, as well as in other no-load conditions,
with small (or relatively small) steam flow amounts into the condenser,
is a possible overheating of the rotating blades, because of energy
losses due to friction and fanning. Such no-load conditions are also
characteristic for the initial start-up stages, especially idling, before the
generator accepts the load.The severity of this problem grows with the
increase in the LSB length, as well as for turbines with relatively high
back-pressure (for example, with dry cooling towers or with warm
cooling water).” To prevent the LSBs from overheating, the duration
of the no-load conditions can be limited. Another way to prevent over-
heating is the forced cooling of the LP steam path by a water injection
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with special sprays into the exhaust hoods. However, these sprays must
provide good atomization of the injected water, otherwise they can
only cause additional problems with WDE of the LSBs.

With the reduction of the volumetric steam flow amount into the
condenser, the axial exit velocity in the LSB root zone falls to zero, and
at a certain instant in this zone, a reverse steam motion arises, accom-
panied by an appearance of mighty vortices (see Figure 3-51). With a
further decrease of the steam flow amount, the vortex zone occupies
a greater portion of the stage height, even taking over the previous
stage, and another vortex zone arises around the blade tip (see Fig.
3-52). These vortices incite intense vibration in the rotating blades,
causing a sharp increase of dynamic stresses in them (Fig. 4-16). In
addition, the vortices cause intense erosion of the blades (Fig. 4-17).
If water sprayed into the exhaust hood is not well atomized, the ero-
sion hazard sharply increases.
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Fig. 4-16. Change of relative dynamic stresses in LP LSBs with back pressure
and volumetric steam flow in the condenser (Pressure in condenser of: 1: 3-7
kPa [0.435-1.015 psia]; 2: 10-12 kPa [1.45-1.74 psial; 3: 14-16 kPa [2.03-2.32
psial; 4:24-26 kPa [3.48-3.77 psial; 5: 34-37 kPa [4.93-5.37 psia])
Source:N.N. Gribov,A. S. Shemonaev, and E. S. Mandryka®®
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7777 ALT /‘ N

Fig. 4-17. Pattern of steam flows and steam temperatures and zones of
increased erosion wear of blades in last stages of the LP steam path at a low-
flow steam rate

Source:V.A. Khaimov, P.V. Khrabrov,Y.A. Voropaeyv, and O. E. Kotlyar*’

Scheduled shutdowns of wet-steam turbines commonly go in par-
allel with unloading the reactor.When the turbine load decreases, the
heating steam temperatures in the HP section decrease following the
decrease of steam pressures with the steam flow amount.This makes
the HP section cool down. If the turbine is unloaded too quickly,
it can cause undesirable negative temperature differences in the
turbine’s most stressed components, so the unloading process should
be governed and monitored just as the loading process is during start-
ups. While unloading, the turbine can be cooled much more intensely
than in the process of natural cool-down, so the initial temperature
conditions of the subsequent start-ups are more dependent on the
shutdown process than on the outage duration. Deep unloading of
the turbine is desirable when the turbine is shut down for repairs and
inspections. If the turbine outage is expected to be only for a short
period, the turbine should not be kept under partial loads, and it is
advisable to close the turbine valves at a load level of not lower than
50% MCR, to preserve the turbine’s thermal state (Fig. 4-9).
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Turbine load discharges, as well as overly rapid increases in the
steam flow amount through the turbine during start-ups (for example,
while running up the turbine), can cause water induction into the tur-
bine from the connected steam lines, with unpleasant consequences.
Water induction commonly can be revealed with the use of fast-acting
steam-temperature measurements within the turbine chambers.* Such
events are accompanied with impulse-type declines of the measured
steam temperature in the turbine chamber where water inducts. An
example of such an event is shown in Figure 4-44.

The cool-down characteristics of turbine components when the
turbine is stopped are less important for wet-steam turbines than for
superheated-steam ones, because, as said before, the pre-start thermal
conditions of the turbine are determined more by the unloading pro-
cess than the outage duration. The cool-down characteristics them-
selves are of concern only for the HP valve steam-chests and main
steam-lines, to schedule in advance the duration of their pre-start
heating. Analysis of cool-down data for the main steam lines can also
be used to reveal possible water induction sources (Fig. 4-59). At the
same time, the cool-down characteristics of the HP and IP sections
can be used for estimating the quality of thermal insulation for their
casings. Its insufficient quality can result in excessive temperature
differences across the flange width. Relying on data from numerous
field tests and analyses of recorded regular measurements at power
plants with steam turbines of diverse types, the cool-down constant,
m, for the HP (or HP-IP) cylinder casings of large wet-steam turbines
can be expected to be approximately 0.010-0.015 (the cooling time
constant, K = 67-100 h). For the HP valve steam-chests, the expected
value of the cool-down constant is 72 = 0.015-0.020 (K = 50-65 h),
and for the main steam-lines 72 = 0.025-0.033 (K = 30-40 h).

Note that the value of the cool-down constant is determined
from the cool-down characteristic for the measured metal tempera-
ture, £,,, presented in its exponential form: ¢,(7) = £, + [£,,(0) - t,] X
exp(-m7), where £, is the ambient temperature in the turbine room,
7 is the cool-down time period, and K = 1/m.
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Efficiency of Wet-Steam Turbines
and Heat-Rate Performance Tests

Because nuclear power units are mainly operated in the base-
load mode, the operating efficiency of wet-steam turbines, in addi-
tion to their safety, reliability, and availability, is especially important.
However, in this case, the matter is not the quest for the lowest heat
rate in order to decrease fuel expenditures and thus reduce power
generation costs due to the fuel constituent, as it is for fossil fuel
power plants. With nuclear power plants, the goal is to generate the
maximum amount of energy from the reactor’s available thermal
capacity in order to substitute power generation by fossil fuel pow-
er plants and thus reduce environment pollution. The lower cost of
electricity generated by nuclear power units is also of concern.That
is why the wet-steam turbine efficiency is frequently estimated in
terms of an additional output that can be obtained with the same
thermal capacity of the reactor, rather than in terms of a decrease in
the heat rate value.

If the gross efficiency of the best modern superheated-steam
turbines for fossil fuel power plants approaches 50% (see chapter
2), wet-steam turbines rank significantly lower in their efficiency be-
cause of much lower steam parameters, as well as additional energy
losses due to the steam wetness. The heat rate performance data
for some “nuclear” wet-steam turbines of the mid-1980s are listed
in Table 4-2.% Even though these values have been transcended by
more advanced turbines launched since then (as, for example, the
French 1,500-MW Arabelle turbines), as well as some recently refur-
bished turbines (see chapter 5), the data shown in Table 4-2 remain
quite representative even now. The benchmark in efficiency for
wet-steam turbines of the new generation has been set at the level
of about 36.5%, reached for Siemens’ 1,300-MW turbines after their
refurbishment.>® For Siemens’ newest and largest in the world wet-
steam turbine with the rated individual capacity of 1,720 MW to be
commissioned in 2009 at Finnish Olkiluoto Unit 3, the net efficiency
is expected to be at the level of 37%.%!
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Table 4-2. Comparative efficiency data for some wet-steam turbines of
different manufacturers operated at NPP of different countries (as of 1986)

USA

Nuclear power | Reactor Turbine In Turbine Guarantee
unit, country type | manufacturer | service rated heat rate
since capacity/ (efficiency),
rotation kJ/kWh (%)
speed,
MW/ rpm
Grohnde, PWR | Siemens/KWU | 1984 | 1361 /1500 | 9,959 (36.1)
Germany
S.-Ukrainian-1, PWR Turboatom 1983 | 1100/ 1500 | 10,020 (35.9)
Ukraine
0Ohi-2, Japan PWR MHI 1978 | 1175/1800 | 10,035* (35.9)
0hi-1, Japan PWR MHI 1977 | 1175/1800 | 10,040* (35.9)
Philippsburg-1, PWR | Siemens/KWU | 1984 | 1349 /1500 | 10,047 (35.8)
Germany
Fitzpatrick, USA | BWR GE 1975 848 /1800 |10,155* (35.5)
Catawba-1, USA | PWR GE 1985 | 1205/1800 | 10,190 (35.3)
Saint Alban-1, PWR Alsthom 1985 | 1048 /1500 | 10,194 (35.3)
France
Doel-4, Belgium | PWR BBC (ABB) 1985 | 1059 /1500 | 10,198 (35.3)
Biblis-B, PWR | Siemens/KWU | 1976 | 1303 /1500 |10,244* (35.1)
Germany
Wolf Creek-1, PWR GE 1985 | 1197 /1800 | 10,259 (35.1)
USA
Fermi-2, USA BWR English 1985 | 1154 /1800 | 10,273 (35.0)
Electric

Tihange-3, PWR Alsthom 1985 | 1048 /1500 | 10,305 (34.9)
Belgium
Takahama-3, PWR MHI 1984 870 /1800 |10,358* (34.8)
Japan
Ignalina-1, RBMK Turboatom 1983 800 /3000 | 10,383 (34.7)
Lithuania
Pilgrim-1, USA BWR GE 1972 691 /1800 |10,434* (34.5)
Byron-1, USA PWR | Westinghouse | 1985 | 1175/1800 | 10,450 (34.4)
Takahama-4, PWR MHI 1984 870 /1800 |10,496* (34.3)
Japan
Kola-3, Russia PWR Turboatom 1983 220/ 3000 |10,528* (34.2)
Crystal River-3, PWR | Westinghouse | 1977 860 /1800 |10,548* (34.1)
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Loviisa, Finland PWR Turboatom 1980 23573000 |10,549* (34.1)

Gundremmingen | BWR | Siemens/KWU | 1984 | 1310/1500 | 10,553 (34.1)
B and C,

Germany

Fukushima-2, BWR Hitachi 1983 | 1100/ 1500 | 10,570 (34.1)
Japan

Kashiwazaki-1, BWR Toshiba 1985 | 1100/ 1500 | 10,777 (33.4)
Japan

* According to heat-rate test results

Source:Y.F Kosyak??

The main and most reliable source of data on the wet-steam
turbine efficiency is the heatrate performance test. They are often
conducted as acceptance tests to verify the efficiency data guaran-
teed by the turbine producer and to ascertain the actual performance
of the turbine. Performance tests can also pursue the goals of tracking
changes in turbine efficiency during operation or estimating the ef-
fectiveness of modifying the turbine design, that is, refurbishing the
turbine. Some simplified heat-rate performance tests are carried out
before and after turbine overhauls to evaluate the quality of turbine
operation and maintenance. The specific heat-rate test scenarios, ap-
plied methods, instrumentation setup, and operating conditions can
differ depending on the test goals, and they should be agreed upon
prior to conducting the tests.

The main approaches to preparing for and conducting the heat-
rate performance tests, as well as processing and analyzing their re-
sults, are in particular described in the author’s Large Power Steam
Turbines: Design & Operation.This description is mainly based on
general requirements of the ASME Performance Test Codes: Code on
Steam Turbines (PTC 6) developed by ANSI and ASME*® and experi-
ence conducting such tests in the former Soviet Union, generalized
by A. M. Sakharov.**

The philosophy of PTC 6, as is that of all the ASME Performance
Test Codes, is to “provide test procedures which yield results of
the highest level of accuracy consistent with the best engineering
knowledge and practice currently available.” This philosophy can be
traced back to the 1915 Test Code, which provided the directive:

“Ascertain the specific object of the test and keep this in view, not
https://engineersreferencebookspdf.com
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only in the work of preparation, but also during the progress of the
tests and do not let it be obscured by devoting too close attention to
matters of minor importance. Whatever the object of the test might
be, accuracy and reliability must underlie the work from beginning to
end”*> This refers to the entire test process, beginning with develop-
ing the scheme of measurements and scheduling the operating condi-
tions for the tests and up to after-the-fact comparative analysis of the
calculated data. Inattentiveness, carelessness, or errors at any stage of
planning and conducting the tests and processing the measured data
can depreciate the value of the obtained results.

Success of turbine heat-rate performance tests primarily depends
on furnishing the turbine with all of the necessary measurements of
proper accuracy, correct location, and proper arrangement. The gen-
eral concepts for shaping the schema of measurements for heat-rate
performance tests are described in the following paragraph.

All of the measuring instruments should be calibrated according
to the appropriate national standards. The main variables, such as
steam and water flow amounts, temperature and pressure values,
and electrical load at the generator terminals, should be measured
with instruments of the highest accuracy. It is desirable to duplicate
main measurements to increase their reliability and representative-
ness. In particular, the ASME Code specifies duplicate instrumenta-
tion for measuring certain types of data that have been found to
be especially troublesome and for which duplication is readily
available. These measurements are mostly the flow-nozzle differen-
tials and working-fluid temperatures. Several measurements require
confirming each other by tracing their pattern across multiple test
points. Duplication of other types of instrumentation should be
seriously considered to ensure successful use of the instruments, to
detect trouble, and to reduce uncertainty by averaging the results of
the duplicated instruments.

A typical, somewhat simplified diagram of measurements for
heat-rate performance tests as applied to “nuclear” wet-steam turbines
according to PTC 6 is shown in Figure 4-18.This diagram refers to
the turbines with the feed water heater drain pumped forward, and
there is another diagram proposed for turbines with cascading drains
of all the feed water heaters into the condenser.>® Similar recommen-
dations have been used in practice in Europe and the former Soviet
Union. They are maﬁ{t%g /gerounded on tlggogﬁlsr‘r)l _ gogproaches.
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Fig. 4-18. Location and type of main measurements at a wet-steam turbine
for heat-rate performance tests according to PTC 6 (NSSS: nuclear steam
supply system; M/S: moisture separator)

Source:B.Bornstein and K. C. Cotton®’

The main method of primary-flow measurements is based on the
use of calibrated throat-tap nozzles to measure the differential pres-
sure at the nozzle. If the turbine has two or more strings of feed water
heaters, then two or more feed water flow measurement devices are
used in parallel, one for each string. The type of instrumentation and
the technique for measuring secondary flows are determined by the
accuracy requirements, based on calculation of the expected flow
amounts and their effect on the overall results. It is accepted that the
combined error of these measurements should not affect the resul-
tant heat-rate value by more than 0.1%. In particular, any secondary
flow measurements requiring less than 5.0% error must be performed
with calibrated flow-measuring devices. If the extraction steam is
superheated (after the MSR in wet-steam turbines), its flow amount
can be determined by heat balance calculations. The accuracy of the
result decreases as the temperature rise across the heater diminishes.
Errors in the temperature measurements will be carried over to the
error in determining the extraction flow amount. In wet-steam cycles,
extraction flow amounts can be determined from heater drain flow
measurements, using calibrated flow-measuring devices.
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Acceptable temperature measurement systems are mainly based on
the use of suitable thermocouples with integral cold junctions, as well
as platinum resistance-type thermometers. Their accuracy for the most
important measurements is desirable to be 0.1%.This might be the most
critical limitation in the use of regular instruments for heat-rate per-
formance tests, because the accuracy of regular temperature measure-
ments is commonly 0.5% or even worse.The temperatures that have the
greatest influence on the test results should be measured, at least, at two
different nearby points, and the fluid temperature should be calculated
as the average. Discrepancies between two readings must be resolved if
they exceed 0.5°C (1°F).

According to the ASME Code, pressure measurements are mostly
performed with calibrated deadweight gauges for pressures greater
than 240 kPa (35 psia) and with calibrated manometers for pressures
less than this value. For exhaust pressure measurements at condens-
ing turbines, absolute pressure gauges or calibrated manometers are
used. To fit modern data monitoring and processing equipment, the
ASME Codes allows the use of pressure transmitters.

The electric output of the generator is normally measured using
separate test instruments for each phase.The two-wattmeter method
can also be employed to test a generator operating with a grounded
neutral. It is also desirable to measure the power output by several
independent methods, including the meter of output electric en-
ergy. Commonly, these measurements, as well as the measurements
of electric energy expenditures for turbine auxiliaries (primarily
motor-driven pumps), are performed according to the special stan-
dards and instructions for electric measurements in power circuits.
If the feed water pump is driven from the turbine shaft, additional
measurements must be made to determine as accurately as possible
the power supplied by the turbine for the driven pump and any as-
sociated hydraulic couplings.

A big problem for wet-steam turbines, as well as for LP turbine
cylinders of fossil fuel power plants, is the measurement of the qual-
ity of wet steam, that is, the steam wetness. According to the ASME
Code, the following methods, listed in order of preference, can be
used to determine the steam wetness: 1) radioactive tracer technique
(for main and extracted steam), 2) heater drain flow measurements
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determination of wetness (main steam only). The radioactive tracer
technique has the advantage of not requiring a representative sample
of the water-steam mixture—only a water sample is required.

A conventional measurement diagram for an actual Brown Boveri
1,100-MW low-speed wet-steam turbine is presented in Figure 4-19
(the general view and longitudinal section of such a turbine are shown
in Fig. 3-10). The tests were conducted jointly by Brown Boveri and
American Electric Power Service Corporation (AEP), the nuclear power
plant’s owner, in strict accordance with the PTC 6 requirements and
with regard to European practice.’® Because of the very large mass of
the feed water flow, three throat-tap nozzles were installed in parallel
in the feed-pump suction lines.The nozzles were laboratory-calibrated
both before and after the tests. Dual sets of differential pressure taps on
each nozzle were connected to precision quartz Bourdon tubes. At sig-
nificant points in the cycle where the temperature has a great influence
on the test results, anywhere from two to four measurements were set-
tled. For example, at each of the turbine’s LP crossover pipes (between
the MSR and LP cylinders), four thermocouples were placed 90° apart
in one plane. Approximately 140 individual temperature measurements
were installed. Most pressures were measured with deadweight gauges.
For pressures less than approximately 0.3 MPa (45 psia), calibrated,
temperature-compensated Bourdon tube gauges of test-class accuracy
(0.1%) were used.The turbine exhaust pressures were measured with
mercury-filled absolute-pressure gauges; special precautions were taken
to minimize the risk of an accidental introduction of mercury into the
cycle. The total number of individual pressure measurements was ap-
proximately 115. Moisture flows in the wet-steam bleeding lines were
measured using the radioactive tracer technique. An elaborate setup
for this purpose was supplied and operated by BBC.Approximately 25
injection points and 65 sample taps were employed. The test results
showed that the turbine performed better than the manufacturer’s heat
rate guarantees by about 1.0% over a wide range of load changes (from
the rated output to approximately 10% MCR).The tests showed a com-
mensurably high accuracy of the manufacturer’s heat-rate calculations.
Along with this, the obtained results revealed some noticeable errors
in assessing the swallowing capacity of the turbine’s steam path—the
actual measured steam flow amounts occurred to be larger than had
been expected on the basis of calculations and laboratory measure-
ments. According to both the turbine’s manufacturer and operator, the
obtained results completely justified the high cost of the tests.
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Fig. 4-19. Instrumentation diagram for heat-rate performance tests of Brown
Boveri’s 1,100-MW wet-steam turbine (1: steam generator; 2: HP cylinder; 3:
LP cylinders; 4: generator; 5: MSR; 6: condensers; 7: LP feed water heater; 8:
HP feed water heater; 9: feed water pump’s driving turbine; a: calibrated flow
section; b: deadweight gauge; c: U-tube manometer; d: thermocouple; e: tracer
injection; f: water sample)

Source: R. 1. Pawliger,A. Roeder, E. Mueller, and Z.S. Stys®

Even though the full-range heatrate tests according to PTC-6
are very informative and fairly representative, their high costs and
complexity discourage many power plant owners and operators. Ac-
cording to some data, only about one-tenth of all nuclear power units
have been subjected to such full-range tests.*® Because of this, ASME
appointed an ad hoc committee to evaluate the cost effectiveness of
various test procedures, and (after thorough analysis) the committee
recommended an “alternative” heat-rate test procedure that is simpler
and less costly than the traditional full-range ASME acceptance tests,
yet only slightly less accurate.”! This simplified procedure has been
accepted by the ASME and was first published as an Interim Test Code
Jor an Alternative Procedure for Testing Steam Turbines.”? The new
procedure was verified in the course of the “alternative” heat-rate
performance tests of GE’s 570-MW tandem-compound steam turbine
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at the Laramie River fossil fuel power plant in Wyoming.** Results of
these tests were not significantly different from those of the full-range
ASME tests. The main difference of the simplified tests is the use of
fewer high accuracy measurements, which are employed only for
measuring the feed water flow, temperature, and pressure values
around the highest-pressure feed water heater (to establish its com-
plete performance), steam flows for auxiliary turbine drives (f ap-
plicable), and the generator’s electric output.All other measurements
can utilize the power plant’s regular instrumentation calibrated in
place. The comparative error analysis for the simplified acceptance
tests showed a total error of 0.38%, compared to 0.27% for the full-
scale ASME Code test.

According to the latest version of PTC 6, the uncertainty of the
full-scale performance tests “for steam turbines operating predomi-
nantly within the moisture region” makes up approximately 0.375%,
whereas the uncertainty for the alternative simplified tests is 0.5%.%
Despite the higher uncertainty level for the simplified tests, it can be
considered low enough to accept the test results without applying a
measuring tolerance. Because the instrumentation for the simplified
heat-rate tests can be permanently installed, the turbine cycle perfor-
mance can be monitored by repeating the tests periodically. The use
of a laboratory-calibrated flow test section for direct measurements of
the feed water flow permits the owners of nuclear power plants with
light-water reactors to operate them closer to the licensed full capac-
ity without exceeding it.*

Heat-rate performance tests of wet-steam turbines in other
countries are based on similar principles, although individual ap-
proaches differ. For example, according to the heat-rate test practice
at power plants in the former Soviet Union, measuring the feed
water flow amount is commonly supplemented by direct measure-
ments of the main steam flow on the main steam-lines, as well as the
steam flows to the driving turbines of the feed-water pumps and the
first and second reheat stages of the MSR. In addition, the steam wet-
ness is commonly measured with the use of a so-called calorimetric
method, and more attention is paid to the performance properties
of the MSR and its components.
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A typical instrumentation diagram for the heatrate tests of
Turboatom’s 1,000-MW low-speed (1,500 rpm) K-1000-60/1500-2
turbine, as in Figure 3-13, at Zaporozhe Unit 1 is shown in Figure
4-20.7 The turbine has four cylinders: one double-flow HP cylinder
and three LP ones.This turbine, unlike the preceding K-1000-60/1500
model, is designed without an IP section and with basement condens-
ers instead of side condensers. The LSBs are 1,450 mm (57 in) long.
The rated back pressure in the condenser at a load of 1,114 MW is
3.92 kPa (0.57 psi), and the cooling water temperature and flow rate
are 15°C and 168,800 m?/h, respectively. The turbine was put into op-
eration in December 1984 and by the beginning of the performance
tests had operated for 8,700 hours with 60 start-ups. The system of
measurements was arranged in such a way that the most important
variables were determined by no less than two independent methods.
A special system was developed for measuring the main steam wet-
ness based on throttling the steam samples to a superheated state and
determining their thermodynamic characteristics; the resultant error
was assessed as not exceeding 0.1%.

The same approaches were employed in the heat-rate perfor-
mance tests of some other wet-steam turbines of Turboatom, includ-
ing the K-500-65/300, K-500-60/1500, K-750-65/3000, and K-1000-60/
1500 models, at the Sosnovy Bor, Novovoronezh, Ignalina, and South
Ukrainian nuclear power plants.*®
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Fig. 4-20. Instrumentation diagram for heatrate performance tests of
Turboatom’s K-1000-60/1500-2 turbine (Points of measuring: 1: temperatures;
2: pressures; 3: flows (pressure drops); 4: power; 5: steam wetness)
Source:V.A. Buzulukov , M. G.Teplitskii,A.A. Maksimenko, and T.V. Poruchinskii*’
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The main results of the heat-rate tests for the K-1000-60/1500-2
turbine are given in Figure 4-21, and Table 4-3 shows a comparison
of the obtained heat-rate data with the data guaranteed by the turbine
manufacturer. With the maximum main steam flow rate of 6,370 t/h,
the HP control valves completely open, and with main steam pressure
of 5.88 MPa (853 psi), the turbine load made up 1,171 MW, which
matched the guaranteed maximum capacity. With the turbine load
of 1,095 MW, which corresponds to the rated thermal production
capacity of the reactor, the main steam flow amount was 5,900 t/h,
the pressure drop in the HP stop and control valves was 0.58 MPa
(84 psi), or 9.7%, and pressure losses in the main steam-lines were ap-
proximately 0.3 MPa (43.5 psi). With a reduction of the turbine load,
the turbine efficiency decreased, and the heat rate increased by 3.6%
with a turbine load equal to 70% MCR. Apart from throttling in the
control valves, such a significant increase in the heat rate is explained
by switching over the steam supply of the deaerator.
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Fig. 4-21. Heat-rate and steam-rate performances for Turboatom’s K-1000-
60/1500-2 turbine according to heat-rate performance tests at the Zaporozhe
nuclear power plant

Source:V.A. Buzulukov, M. G. Teplitskii,A.A. Maksimenko, and T.V. Poruchinskii*
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Table 4-3. Heat-rate performances of Turboatom’s turbine K-1000-60/1500-2
according to the acceptance tests at Zaporozhe nuclear power plant

Output at the | Heat rate, kdJ/kWh (Btu/kWh) / Efficiency, | Discrepancies,
generator % %
terminals, guaranteed obtained kJ/KWh %

Mw (Btu/kWh)

808 10501 (9953)/ 10505 (9957)/ 4 (4) 0.04
34.28 34.27

1010 10321 (9782)/ 10346 (9806)/ 25(24) | 0.24
34.88 34.80

Source:V.A. Buzulukov, M.G. Teplitskii, A.A. Maksimenko, and T.V. Poruchinskii*

Similar performance data were obtained for the K-1000-60/1500
turbine at South Ukrainian Unit 1.52 In both cases, the heatrate tests
showed that the overall capacity of the HP cylinders of both turbines
is too high in relation to the steam-generation capacity of the reactor
(VVER-1000), causing excessive throttling in the HP control valves.
With the reactor’s rated thermal capacity of 3,000 MW, the overall
main steam flow to the K-1000-60/1500 turbine was 5,975 t/h, with
a 12.8% pressure drop in the HP stop-and-control valves of 0.75 MPa
(109 psi). Based on the test results, the turbine manufacturer some-
what decreased the overall capacity of the HP cylinder for both
turbine types by reducing the height of the first stage’s fixed and
rotating blades. The results of this change were investigated in the
process of the repeated heat-rate tests on the K-1000-60/1500 tur-
bine at South Ukrainian Unit 1 and the K-1000-60/1500-2 turbine at
Zaporozhe Unit 4. According to the data of these tests, the increase in
turbine capacities amounted to 13.9 MW in the first case and 21 MW
in the second case.As a result, at the rated reactor capacities, the over-
all output and efficiency figures for the two turbines were 1,065 MW
and 36.0% for the K-1000-60/1500 turbine and 1,043 MW and 35.7%
for the K-1000-60/1500-2 turbine.>

Heat-rate performance tests are important for verifying certain
assumptions and the use of conventional methods employed in the
process of designing and calculating turbines, providing data for
corrective actions, if necessary, and proving the resultant effective-
ness of fulfilled alterations.
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In the early and mid-1990s, Siemens conducted a series of heat-
rate performance tests on their “nuclear” wet-steam turbines before
and after refurbishing them. These refurbishments mainly included
replacement of the turbine’s LP rotor(s) and inner casing(s). Such a
replacement (at one of three LP cylinders), with the accompanying
heat-rate performance tests, was first accomplished on the 1,300-
MW turbine at the German nuclear power plant Unterweser.”* The
refurbishment was related to the development of an advanced
eight-disk LP rotor to replace the existing 10-disk LP rotors that had
been used at Siemens’ large low-speed wet-steam turbines in service
since the mid-1970s (see Fig. 3-8). By that time, problems arose with
corrosion cracking of disk-type LP rotors (see the next section), and
Siemens initiated a special program of ultrasonic inspections of all
their disk-type rotors of turbines installed at nuclear power plants.
In 1987, indications of corrosion cracking were found on one of the
turbine disks at Unterweser (the only instance among 310 inspected
disks), and it was decided to replace the damaged rotor with a new
advanced one. The newly developed eight-disk rotor exhibited
significantly reduced levels of the tensile centrifugal stresses and
had a more efficient steam path. The comparative performance
heat-rate tests were considered to be of utmost importance because
an increase in the turbine output due to the refurbishment of even
one LP cylinder would provide a benchmark for the future wide
program based only on the turbine efficiency advantage, not even
touching on the reliability aspects.

In order to conduct the comparative performance tests (before
and after the refurbishment) with the highest possible repeatable
accuracy, the Unterweser turbine was equipped with a number of
additional measuring devices, including some specially calibrated
meters. The power plant’s data acquisition system and computer
were updated for gathering and processing the test data. The test
results showed an increase in the turbine output of 15.4 MW. After
correcting the results for the generator efficiency, back pressure, and
extraction leakage losses, the final gain in the output related to the re-
placement of the LP-3 cylinder’s steam path was assessed as 17.9 MW.
It meant that replacement of all the three LP sections would bring a
total increase of 53.7 MW.The initial turbine efficiency, according to
the acceptance tests, accounted to 35.01%; the prereplacement tests
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showed the efficiency value of 35.11%,and the post-replacement tests
result was 35.60%. Assuming the replacement of all three LP sections,
this value would rise to 36.56%.>> The results of comparative heat-rate
tests for other Siemens wet-steam turbines that underwent similar
refurbishments are shown in Table 4-4. Comparative performance
tests at wet-steam turbines before and after refurbishing them have
also been performed by other turbine manufacturers.*® Arrangement
of such tests in strict accordance with PTC 6 requirements at turbines
in service often encountered serious difficulties, and special attention
was paid to the uncertainty of the obtained test results.

Table 4-4. The increase in output for wet-steam turbines of Siemens due to
their refurbishment according to their comparative heat-rate performance tests

Power plant Initially Replacement | Guaranteed | Measured
rated output and
turbine increase, corrected
output, Mw output
Mw increase,
Mw
Unterweser 1300 One (of 3) LP 9 17.9
(1500 rotors and inner
rpm) casings
Phillipsburg-2 1362 One (of 3) LP 12 13.6
(1500 rotors and inner
rpm) casings
Trillo (Spain) 1032 Three (of 3) LP 26 41.6
(3000 rotors and inner
rpm) casings
Emsland 1363 Two (of 2) LP 32 32.0
(1500 rotors and inner
rpm) casings
Gundremmingen 1310 HP and two (of 48 52.0
(1500 2) LP rotors and
rpm) inner casings
Grafenrheidfeld 1300 HP and two (of 40.4 45.3
(1500 2) LP rotors and
rpm) inner casings

Source: K.D.Weschenfelder, H. Oeynhausen, D. Bergman, et al.5”
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One of the most serious difficulties is measuring the quality
of wet steam, or steam wetness. Previously mentioned methods of
this measuring are rather complicated, laborious, and not suited
to automated processing. This situation could improve with the
appearance of moisture gauges to allow continuous measuring. In
particular, such a goal was pursued by EPRI in their development
of a probe, based on the principle of light scattering when passing
through a two-phase flow. It was originally intended for installing
in LP cylinders of steam turbines at fossil fuel power plants. In
1997-98, steam wetness measurements with the use of this probe
were performed at 10 locations, and in 2001 an improved fiber
optic system matching the cycle measurement requirements of PTC
6 was planned for validation in a benchmark test at the TVA’s Martin
Lake lignite-fired power plant.”® Unfortunately, the first tests were
not completely successful—the traverse using the probe resulted in
steam wetness measurements that were several percentage points
higher than the moisture values determined by the ASME PTC 6 test.
Some new steam wetness measurement methods and devices are
under development by other institutions in various countries, but
for the time being they have not successful. Hopefully, in the future,
such measurements will be brought to commercial use at wet-steam
turbines.

The heat-rate tests make it possible to estimate more accurately
the influence on the turbine output and efficiency of deviations of
the actual operating conditions from the rated conditions.This primar-
ily refers to variations of vacuum in the condensers, depending on
the mass steam flow amount through the turbine exhausts into the
condenser (which is approximately equivalent to the current turbine
load) and the cooling water’s temperature and flow rate. In turn, the
volumetric flow amount through the LSBs varies, depending on both
the mass steam flow amount and the back pressure at the turbine ex-
haust. However, the steam velocities and energy losses in the last stage
depend only on the resultant volumetric steam flow, no matter what
factors were involved. This allows calculating a so-called “universal”
correction curve for the vacuum, which shows the dependence of
the turbine output and its changes on the mass steam flow amount
into the condenser and the pressure in the condenser, with additional
correction for the exhaust hood resistance. The methodology of such
calculations is well worked out.> It takes into consideration changes of
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the enthalpy drop in the last stages after the last regenerative bleeding
and steam extraction flow into this bleeding, the internal efficiency of
the last stage, the integral energy loss with the exit steam velocity (with
regard to its change along the stage height), and the power losses in the
exhaust hood.These correction curves, plotted with respect to changes
in the turbine output and pressure in the condenser, as related to the
mass steam flow into the condenser, can be used for different turbines
if they are designed with the same LSBs and exhaust hoods. Examples
of such universal curves of correction for vacuum as applied to Turbo-
atom steam turbines (per exhaust flow) are presented in Figure 4-22.1t
is of importance that these curves are linear over the largest portion of
the change range.
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Fig. 4-22. Calculated “universal” curves of correction for vacuum for
Turboatom’s steam turbines (per exhaust flow) with different LSBs and
exhaust hoods (§ : coefficient of resistance for exhaust hood [0.7 for side
condensers; > 1.0 for basement-mounted condensers])

Source: B.A.Arkadyev®
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The heat-rate test results allow verifying these calculation curves
and assessing the influence of the operating back pressure variations
on the turbine output more accurately. For example, according to the
heat-rate tests of the K-1000-60/1500-2 turbine, correction of the tur-
bine capacity for vacuum makes up +9,800 kW per 1 kPa of variations
in pressure in the condensers.®!

For the most efficient operation of the turbine, it is also helpful to
know the corrections for deviations of other controllable variables.
First of all, this refers to the main steam pressure and steam qual-
ity at the turbine inlet and after the separator. As an example, such
characteristics for Turboatom’s K-1000-60/1500 turbine are given in
Figure 4-23. They are built under the assumption that all the other
operating conditions do not deviate from the rated values.

According to Siemens, as applied to a 1,300-MW wet-steam tur-
bine, a decrease in the main steam quality of 0.5% results in a loss
of the turbine output of 2 MW, reduction of the cooling water flow
rate by 10% also results in an output loss of approximately 2 MW;
bypassing one feed water heater takes approximately 7 MW, an in-
crease of the terminal temperature differences (TTD) in the MSR or
in a mean feed water heater by 1°C decreases the output by 1.5 MW,
and the same (1°C) increase of the TTD in the condenser results in
an output loss of approximately 2 MW.®> Knowledge of the cost of
these deviations makes the operator pay more attention to observ-
ing the rated operating conditions.
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Fig. 4-23. Corrections for deviations of steam conditions for the output (1)
and heat rate (2) for Turboatom’s K-1000-60/1500 turbine (a: main steam
pressure; b: main steam quality; ¢: steam quality after the separator [before
the reheater])

Source: B.A.Arkadyev®

At times it can be read that “in nuclear power plants...deteriora-
tion of the performance can be normally neglected”® In fact, the
turbine efficiency can remain practically unchanged during long-term
operation periods. For example, the gross efficiency of the 1,300-MW
Unterweser turbine after 11 years of operation was found equal
to 35.11% against the initial value of 35.01% from the acceptance
tests.® (This does not mean that the turbine became more efficient in
operation, because such a difference lies within the range of the test
uncertainty.). In any event, the heat-rate performance deterioration
for wet-steam turbines is remarkably less on the average than that
for superheated-steam turbines of fossil fuel power plants.To a great
degree, this can be explained by a smaller probability of increasing
the clearances in the turbine steam path and gland seals due to wear-
ing out caused by brushing and rubbing. Wet-steam turbines are also
less prone to other factors affecting their performance. Nevertheless,
these turbines are not ensured against some damages related specifi-
cally to wet-steam turbines, and it is desirable to monitor their state
during the operation process.
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Under conditions of regular scheduled outages of nuclear power
units with light-water reactors for refueling, it is reasonable to arrange
condition-oriented, predictive maintenance of wet-steam turbines on
the basis of their continuous performance monitoring. In this case,
the turbines are opened and repaired during the outages for refueling
only if it is absolutely necessary to restore their conditions. Continu-
ous monitoring of the steam pressures at a few characteristic points
in the steam path, with statistical processing of the measured data to
account for the influence of varying operating conditions, can effec-
tively replace full-scale on-line heat-rate monitoring. Such an approach
to revealing on-line potential damages in the steam turbine path was
developed and implemented for fossil fuel power units,* and it could
be even more effective for wet-steam turbines.

Some Generic Damages
of Wet-Steam Turbines
and Their Causes

The operating reliability and availability indices of modern
nuclear power plants and their wet-steam turbines are sufficiently
high (see Table 1-7).According to International Journal for Nuclear
Power, in the period between 1992 and 2002, the average annual
time-availability factor for nuclear power plants worldwide increased
from 75.3% to 85.5%, whereas the unplanned outage rate declined
from 6.9% to 3.0%.%7

The reliability and availability of wet-steam turbines are influ-
enced to a great degree by their substantially low steam parameters
and a predominantly base-load operation mode. Because of these
factors, wet-steam turbines avoid many of problems characteristic
of large superheated-steam turbines of fossil fuel power plants. A
low steam temperature level and a more favorable correlation of the

https://engineersreferencebookspdf.com



Operation 277

mass and heat-transfer conditions for the rotors and casings make
wet-steam turbines less prone to significant changes in RRE and, as a
result, decreases in axial clearances in the gland seals, with possible
brushing and rubbing as a consequence. Great rigidity of the rotors
also diminishes the hazard of increased vibration and radial brushing.
On the other hand, the operating reliability of wet-steam turbines is
hindered by the fact that almost the entire turbine path is swept with
wet steam featuring a high content of coarse-grained water, which
promotes the intensity of corrosion-erosion processes. In addition, the
combination of a large individual capacity and low steam parameters
leads to the design of wet-steam turbines with a great number of cyl-
inders and long LSBs, which can also lead to problems in operation.

The comparative influence of different damage mechanisms on
the steam paths for different types of steam turbines is presented in
Table 4-5.%The specific focus of this table is damage to the fixed and
rotating blades, as well as to the blade attachments (including both
the blade roots and the attachment areas on the disk or shaft), lacing
and tie wires, shrouds, tenons, and so on. The table does not cover
specific damages to rotor bodies, casings, casing rings, seals, valves,
pipes and other components beyond the steam path. Nevertheless,
it is obvious that wet-steam turbines are not prone to many factors
that are influential for superheated-steam turbines of high steam
conditions. In particular, this refers to the phenomena of creep, creep-
fatigue, solid particle erosion, and copper deposition. If wet-steam
turbines are operated in a base-load mode, it is understandable that
they are not prone to low-cycle (thermal) fatigue. Thus, the primary
causes of damages to wet-steam turbines are water erosion and cor-
rosion, in all of their different forms. Considerations of damage that
are common to steam turbines of both fossil fuel and nuclear power
plants can be found in various editions. In addition, a general outline
of operating experiences relating to damages of wet-steam turbines is
presented in special articles. Some damages that are most generic to
wet-steam turbines are considered below, although they can also be
observed in LP cylinders of superheated-steam turbines.
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Table 4-5. Relevance of steam path damage mechanisms for various steam-

turbine types

Damage Superheated- | Wet-steam | Steam | Feed-water | Geothermal
mechanism steam fossil | turbines for | turbines pumps turbines
fuel turbines NPP of CC driving
units turbines
Creep and
creep-fatigue in X uc X X uc
blades and blade
attachments
Solid-particle XX uc uc uc XX
erosion
Copper XX uc uc X uc
deposition
Fatigue in LP XX X X X uc
blading
Fatigue in HP X X X X uc
blading
Localized XX XX X X XX
corrosion
Corrosion XX XX X X XX
fatigue
Stress corrosion
cracking in disc- XX XX uc uc XX
rim attachments
Stress corrosion
cracking in X X uc uc XX
blading
Liquid droplet XX XX X X XX
erosion
Water induction XX XX X X X
Flow-
accelerated X XX X X X
corrosion
Fretting X X X X X

Notes: “XX”indicates damages commonly found or presenting a major problem
when found;
“X”indicates damages that can be found but present a lesser problem;
“Uc” indicates damages uncommon to have occurred in this type of turbines.
Source: TH. McCloskey, R.B. Dooley, and W.P. McNaughton®

https://engineersreferencebookspdf.com



Operation 279
Stress-corrosion and corrosion-fatigue cracking

Corrosion-assisted fatigue has been responsible for the cracking
and failures of many rotors and wheel disks of wet-steam turbines.
Cracking of the LP rotors of AEG’s 660-MW low-speed (1,500 rpm)
turbine at Wiirgassen is one of the best-known instances of this type
of damage.”® Cracks were detected in the metal of both LP rotors in
1974 after 6,800 hours of operation.The turbine was stopped because
of a high level of shaft and bearing vibration. Examinations revealed
the cracks initiating from the axial stress-relief slot at the transition
from the seating of the generator-side disk to the central thrust collar
(Fig. 4-24).The crack in the LP-1 rotor reached a maximum depth of
245 mm (10 in), with the shaft diameter of 978 mm (38.5 in), and the
crack in the LP-2 rotor had a maximum depth of 50 mm (2 in), at the
same location on the shaft.

AR

\

Fig. 4-24. Crack damage on the LP-1 rotor of AEG’s 660-MW wet-steam
turbine at Wiirgassen
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Subsequent analysis showed that the cracks were caused by high-
cycle fatigue under the action of altering bending stresses due to the
incorrect fit of the shrunk-on wheel disks. Rotating the turbine with a
high-speed (100-rpm) turning gear caused stresses that probably initi-
ated the cracks, whereas the much smaller high-frequency dynamic
stresses caused by operating at the nominal speed were responsible
for their growth. Calculations showed that in an air or pure steam
atmosphere, these alternating stresses were insufficient for the cracks
to progress as far as they did.The residual time to final fracture of the
rotor at the instant when the turbine was stopped was estimated to
be 1.5 hours.Thus, the cracks were caused by the combined effects of
high-cycle fatigue and corrosion.

Very similar cracks occurred on three LP rotors with shrunk-
on disks in the 500-MW turbines at the British fossil fuel power
plant Ferrybridge “C”, and on the IP rotor’s coupling of BBC'’s
1,300-MW cross-compound turbine at TVA’s fossil fuel power plant
Cumberland.”

Thereafter, most cases of damages with wheel disks have been
experienced on wet-steam turbines and LP cylinders of superheated-
steam turbines. The damages sometimes led to failures of the turbine
rotors. Except for the cracks due to creep-rupture in the blade
grooves of the high-temperature stages, almost all of the disk damages
and failures were caused by stress corrosion—that is, corrosion acting
under high-stress conditions.As in all the previously mentioned cases,
corrosion cracks most frequently originated in places where liquid
concentrates of steam contaminants could gather and be stored for
a long time. Corrosion is stimulated by such mechanisms as deposi-
tion, evaporation, and drying. Impurities are consolidated on the disk
surfaces in various slots, recesses, grooves, and other design crevices,
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or occasional fissures or pores in the metal, which simultaneously
become places of stress concentration. This phenomenon was the
subject of special consideration and analysis in numerous investiga-
tions.”? According to specialists of ABB, for stress corrosion cracking
(SCO) to occur, three conditions must be satisfied: a sufficiently high
tensile stress must be applied to a susceptible steel in a corrosive en-
vironment.”> Combination of all three factors creates a real menace
of the appearance and propagation of SCC.

There are over 150 various steam contaminants, but the most ag-
gressive mediums promoting stress corrosion are such compounds as
NaOH, NaCl, Na,SO,, Na;PO,, NaNOj;, Na,SiO;, NH,Cl, Na,CO;, organic
and inorganic acids, and ferric and cupric oxides.The most indicative
factors of steam impurity are the steam pH level, conductivity, cation
conductivity, and the concentration of such chemicals as oxygen and
sodium chloride. The latter should be kept to concentrations of few
parts per billion (ppb) or less. There were some accidents in which,
when after a damaged rotor had been replaced, the stress corrosion
cracks reappeared at the same wheel disks in the Wilson region. In
these cases, the power plant operators managed to avoid the repeated
appearance and propagation of cracks only by means of radical
improvements in water treatment and steam chemistry monitoring.
The formation of corrosive media and their deposition on steam path
surfaces in the phase transition zone and the effect of these media
on the SCC processes were the subject of special experimental and
analytical investigations.” Proper water treatment and proper mate-
rial selection can diminish and even minimize corrosion attacks.
The effect of the pH level of the steam/water cycle on the specific
corrosion rate is shown in Figure 4-25; the rate drastically reduces
with a pH level above 9.0.” Replacing carbon steel components with
2.5% chromium steel components increases the resistance to erosion-
corrosion from 0% to approximately 97-99%.
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Fig. 4-25. Influence of pH level on the erosion-corrosion rate of various
steels
Source:W. Engelke, K. Schleithoff, H.-A. Jestrich, and H.Termuehlen”®

The most general explanation of SCC is given by its electro-
chemical theory. According to this concept, the main factor affecting
crack propagation is anodal dissolving of metal in the crack root.
Under certain circumstances, a protective film appears on the metal
surface (a phenomenon known as passivation). If the passive layer is
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broken under action of, for example, mechanical stresses, the crack
root turns out to be under conditions of chemical activity, and the
metal begins to dissolve actively with continuous depassivation. This
process is accompanied by hydrogenization of metal on the juvenile
surface at the crack root and results in embrittlement of the metal.
Some ideas exist that this process is intensified if the turbine operates
under conditions of frequent load changes, with resultant shifts of the
phase transition zone and variations of the steam pressure at the tur-
bine stages working in this zone. In particular, this also means that the
Wilson region at transient operating conditions embraces a greater
number of stages, and more disks are involved in this process.

Along with the steam/water chemistry, the intensity of stress
corrosion to a great degree depends on the composition and heat
treatment of the steel applied to the disks, as well as their design
features. So, stress corrosion of disks has been almost absent, not
only at power plants in countries with a traditionally high culture of
steam/water chemistry, but also at steam turbines made by ABB and
Siemens, for example, even if these turbines were operated at power
plants without high-quality water treatment. The only indication
of cracks found in wheel disks of Siemens’ turbines was related to
insufficient local heat treatment.”” In contrast, steam turbines manu-
factured by U.S. producers were prone to stress corrosion to a large
degree. From the late 1970s to July 1980, inspections were carried
out on 72 wet-steam turbines at 32 U.S. nuclear power plants; at 20
of these turbines, cracks were discovered in 70 disks of 36 different
LP rotors.” By 1996, of 110 U.S. nuclear units surveyed, 33% of 290
LP rotors had to be retrofitted, including 18% of 119 LP rotors on the
turbines manufactured by Westinghouse and 35% of 150 LP rotors
produced by GE.”” The cracks took place in the stages in the Wilson
region and ranged in depth from 2.5 to 75 mm (0.1-3 in). The rate
of crack growth varied from 0.1 to 10 mm/yr (4-400 mil/yr). Be-
cause of SCC in the shrunk-on wheel disk keyways, for example, of
four 820-MW turbines at the nuclear power plants Dresden (Units 2
and 3) and Quad Cities, all of the 12 LP rotors with shrunk-on disks
were replaced with rotors of the welded type delivered by another
manufacturer.®® Similar damages were revealed in the LP cylinders
of many turbines at fossil fuel power plants.The most typical zones
of disk damages are shown in Figure 4-26. Among 131 damaged
disks that were inspected, 38% had cracks in the blade attachment
zone, 29% on the side surfaces, and 30% on the bore surface, includ-
ing 26% with cracks in key slots.
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Fig. 4-26. Typical zones of stress corrosion cracking in shrunk-on wheel
disks of wet-steam turbines at U.S. power plants (late 1970s)

Cracks in the blade attachment zone can entail rupture of the
disk rim and blade liberation, with the potential consequences of
avalanche-shaped damages in the steam path, sudden rise in shaft
vibration, damages to bearings, and so on (Fig. 4-27). Cracks on the
bore surface can be equally or even more dangerous, because their
propagation can cause fracture of the whole disk, resulting in sub-
sequent destruction of the turbine. One of the most serious failures
of this type happened at the British nuclear power plant Hinkley
Point A,*' and presently similar failures bear this name. Three wheel
disks on the LP rotor burst; the shaft of the 93-MW turbine was
broken in three places; the entire steam path crashed, and two neigh-
boring turbines were also severely damaged. The process originated
from stress-corrosion cracks in the semicircular axial keyway in the
shrunk-on disks and on their bore surfaces.The cracks propagated, re-
maining unnoticed, and resulted in brittle fracture when the turbine
ran through an ordinary overspeed test and reached a rotation speed
of 3,200 rpm (with the synchronous speed of 3,000 rpm) (Fig. 4-28).
Immediately after this failure, 810 wheel disks on 102 rotors were in-
spected, and stress-corrosion damages were discovered on 124 disks

of 50 rotors.
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Fig. 4-27. Stress corrosion cracks at a disk rim in the blade attachment zone

Fig. 4-28. Brittle fracture of shrunk-on disk due to propagation of stress
corrosion cracks from the bore surface at the British nuclear power plant
Hinkley Point A

If a turbine operates under conditions of aggressive steam (with
undesirable impurities) and the disk steel with regard to its heat treat-

ment is prone to stress corrosion, the }grobability of stress corrosion
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damages for the wheel disks in the Wilson region practically ap-
proaches 100% (Fig. 4-29). These statistical data for Westinghouse
turbines are very similar to those for turbines made by AEG, GE, NEI
Parsons, and TMZ. On the basis of field measurements for 40 damaged
wheel disks, Westinghouse researchers derived an empirical equation
for crack growth, which can be recast as follows:

In(v) = ~16.829 - 40757 +0.04 X Gy,

where v is the crack growth rate in m/s; ¢ is the metal temperature in
°C;and 0y, is the conventional yield limit in MPa.
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Fig. 4-29. Probability of damages in the key slot (1) and on other surfaces (2)

of wheel disks in the Wilson region
Source: O.A. Povarov and E.V.Velichko®

According to investigations of EPRI, the crack growth rate mostly
depends on the steel composition and tempering temperature, yield
limit, and disk metal temperature. For standard NiCrMoV steels used
for LP wheel disks and rotors, the most influential components of the
steel composition are manganese, vanadium, nickel, and sulfur. If the
sulfur content rises to 0.01%, the crack growth rate increases, but any
additional increase of sulfur content is accompanied by a decrease
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in the crack growth rate. It is assumed that the manganese content is
the most representative, and the crack growth rate can be estimated
using an empirical equation based on this value, as well as the tem-
pering temperature:

5,150

In(v) = -4.82 - 23

+0.00480,, +4.53Mn - 0.0127(, + 273),

where Mn is the manganese content (%), and ¢, is the tempering
temperature. As can be seen from the aforesaid equations, the crack
growth rate increases appreciably with the disk metal temperature,
and steels with higher strength properties (yield limit) are more sensi-
tive to stress corrosion.

All of these factors are taken into consideration by turbine manu-
facturers when they choose the material for wheel discs. Presently,
there are some steel grades used in manufacturing LP disks and rotors
that have extremely high resistance to stress corrosion. These steels
are used in newly designed and retrofitted turbines, as well as for
substituting for the damaged wheel disks. At the same time, it is the
power plant’s responsibility to maintain proper steam/water chemis-
try in order to prevent stress-corrosion cracking.

The intensity of the stress corrosion processes essentially depends
on the shrunk-on wheel disk design decisions, especially the keyway
shape. For example, large-scale cracking was observed in turbines of
AEG (prior to its merging with Siemens).The combined LP rotors of
these turbines were mostly made with rectangular-shaped keyways
in the shrunk-on wheel disks.According to inspections conducted by
Siemens on 16 turbines at three South African fossil fuel power plants,
corrosion cracks were revealed on 49 of 128 disks examined.All told,
42 of 61 disks with rectangular-shaped keyways were damaged, and
in 40 cases, the cracks were revealed only in the keyway zones.*
All of the disk cracks demonstrated an intergranular crack pattern
with ramified crack propagation.The crack initiation locations were
often pitted and heavily expanded by corrosion. Corrosion products
penetrated to the crack tips, and after analysis they were found to be
magnetite (Fe;O,4).The maximum crack depth found in one of the 128
inspected disks was 18 mm (0.7 in).
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In order to avoid damages such as those just described, some
turbine manufacturers, including Westinghouse and Siemens, recom-
mended a transition from rectangular to circular keys and keyways.%

Because the highest tensile stresses in shrunk-on disks occur at
the shrink fit, in the wet-steam turbines for the French CP-1 nuclear
power plant series (which had shrunk-on LP rotors), instead of com-
mon axial keys between the shaft and disks, ALSTOM used round
radial keys between the disks in the lower stress zone of their hub
face (Fig. 4-30).This design makes the adjacent disks interconnected,
and the entire disk chain is connected to the shaft by a sleeve that ex-
periences very low centrifugal stresses. This allows the use of a light
shrink for this sleeve, relieving its stress state.®
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Fig. 4-30. Disk keying for the LP rotors of ALSTOM’s wet-steam turbines for

the French CP-1 nuclear power plant series
Source: P Aubry, S. Bayard, and A. Anis®

SCC has never been seen on wheel disks of welded and forged
rotors. According to ABB, by 1996, some of their wet-steam turbines
with welded LP rotors had been in operation for over 200,000 hours;
more than 50 LP rotors had been running for over 150,000 hours, and
SCC failures had never occurred at these turbines.®” This is the reason
why some nuclear power plants have replaced shrunk-on LP rotors in
their wet-steam turbines in service with the welded rotors.®® In par-
ticular, such a replacement was carried out at the U.S. nuclear power
plant Zion with the wet-steam turbines of a domestic manufacturer.

https://engineersreferencebookspdf.com



Operation 289

The LP rotors in the turbines at this plant had numerous cracks after
six years of operation, and the new welded LP rotors showed no signs
of SCC after 47,000 hours operation.®

Without shrunk-on disks, welded or forged LP rotors feature
much more even stress fields, with smaller stresses on the surfaces
swept by steam, no stress concentrators, and no fissures or crevices
where aggressive steam contaminants can gather.

Along with this, it is well known that Siemens’ steam turbines
with shrunk-on LP rotors (in particular, low-speed wet-steam
turbines with the output of up to 1,475 MW as shown in Figure
3-8) have a long experience of operation without any indications
of SCC. By 1987, a total of 40 rotors of this type were in operation,
averaging close to seven years of service; 11 of these rotors had
been in operation for an average of 59,000 hours, with a maximum
of 83,000 hours, before the first ultrasonic inspection was carried
out. No stress corrosion cracks were identified by these inspections,
which covered 100% of the entire disk hub bore area and keyway
zone of all the rotor disks.”® By now, the current lifetime of some
Siemens turbines with shrunk-on wheel disks has reached the level
of 200,000 hours without any signs of SCC.

In the 1980s, in connection with the development of a new,
more efficient LP steam path, Siemens proposed an advanced design
of the LP rotors with shrunk-on wheel disks.”' The stress states of
the rotor shaft and disks were thoroughly investigated with the use
of a finite-element method employing a grid shown in Figure 4-31;
an example of the rotor’s calculated temperature field used for
calculating the rotor’s stress state can be seen in Figure 4-61.
The design configuration of the shrink fit and the keyway section,
presented in Figure 4-32, was completely adopted from the preced-
ing vintage’s rotor design, which had a long and successful operat-
ing experience. This design features the following approaches:
1) the keyways are located on the downstream side of the disks
in order to eliminate condensation during steady-state operation;
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2) a larger-than-1-mm (40-mil) gap between the shaft and disks opens
up the keyways and the circumferential stress relief groove in order
to avoid crevice conditions; 3) large radii of the stress relief grooves
at the shaft and disks are designed to minimize stress concentration,
and 4) the shaft outline is specifically designed for the lowest high-
cycle fatigue stressing caused by shaft bending. All of the LP disk
forgings, as well as the rotor shaft, are manufactured of NiCrMoV
steel with 3.5% nickel and 1.5% chromium content, with advanced
fracture resistance and consistent yield strength.This is achieved by
specifying a proper chemical composition with low phosphor, sul-
fur, and silicon contents.To diminish the tensile surface stresses and
thus reduce the potential for SCC, the residual stresses on the shaft
surface are eliminated by rolling the machined surface, and residual
compressive stresses are artificially developed at the surfaces of the
disk forgings, so that the residual tensile stresses remain only inside
the forgings. How the compressive stresses are formed at the disk
forging surfaces is illustrated in Figure 4-33.The first step is to build
up compressive hub bore stresses by an optimized water spraying
process during the heat treatment of the disk forgings. Shot peening
the disks is the next step, and rolling and honing are applied in the
keyways to produce compressive stresses after the disks have been
shrunk onto the shaft in order to eliminate any potential keyway
cracking. These compressive stresses continue to act during the
later turbine operation, preventing SCC in the keyway.
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Fig. 4-31. Finite element mesh for calculating stress state of the shaft and
disks for a combined LP rotor of Siemens

Source: H. Oeynhausen, G. Roettger, J. Ewald, et al.*?
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Fig. 4-32. Keyway design for combined LP rotors of Siemens’ turbines for

nuclear power plants
Source: H. Oeynhausen, G. Roettger, J. Ewald, et al.*?
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Fig. 4-33. Measures to produce residual compressive stresses at surfaces of
disk forgings for combined LP rotors of Siemens’ turbines for nuclear power

plants

Source: H. Oeynhausen, G. Roettger, J. Ewald, et al.**
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Stress corrosion can also cause damage to the blades operating
in the phase transition zone if they experience high local vibrational
stresses. In particular, such damages occurred in the IP cylinder of Turbo-
atom’s K-1000-60/1500 turbine at the South Ukrainian nuclear power
plant.” If the turbine operates with a somewhat decreased reheat steam
temperature, the damaged turbine stage occurs under conditions of
initial condensation, instead of operating with superheated steam.

Corrosive effects can also occur in the blade attachment zones.
For example, corrosion cracks were revealed in the LSB’s curved
fir-tree fastenings of some ABB turbines.”® The cracks occurred pre-
dominantly in the two upper hooks of the fir-tree groove, in both the
convex and concave bearing shoulders (Fig. 4-34). Metallographic ex-
aminations showed that the cracks were caused by pitting corrosion,
and the crack growth was accelerated by crack opening corrosion,
but no causal connection was found with the number of operating
hours or start-ups of the turbines.As a result, the most probable cause
of pitting corrosion was assumed to be the environmental condi-
tions of the LP exhaust space during outages. It is crucial to prevent
penetration of wet air with carbon dioxide content into the blade
attachment crevices.
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Fig. 4-34. Crack locations in the fir-tree grooves of ABB’s LP last stage blades
Source: L. Busse, D. Heiberger, and E. Krimer®”
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Erosion-corrosion of turbine casings

Most often, wear on turbine stator elements is caused by miscel-
laneous erosion-corrosion processes combined with water drop
erosion (Fig. 4-35).As well as for the rotating elements, the intensity
of these processes for the turbine stator elements essentially depends
on numerous factors, such as steam/water chemistry (in particular, its
hydrogen indicator pH level), steam impurities, local steam flow fea-
tures, the employed steel grade and its corrosion resistance, specific
design decisions applied, and local steam wetness and temperature
(see Fig. 3-26a).
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Fig. 4-35. Different patterns of wear for metal of wet-steam turbines due to
erosion and erosion-corrosion processes (AW: abrasive wear; CC: corrosion
cracking (stress corrosion); CE: cavitation erosion; DIE: drop impact erosion
(water drop erosion); ECW: erosion-corrosion wear; HAW: hydroabrasive wear)
Source: O.A. Povarov, G.V.Tomarov, and V. N. Zharov*®

There are some empirical approaches that make it possible to fore-
see the rate of these processes with regard to the factors mentioned,
but they give rather qualitative results.This is clear from Siemens’ data
in Figure 3-26b, where the expected ECW rate values are plotted
against the actual measured values for several wet-steam turbines. It
can be seen that for stator elements fabricated from carbon steels, the
ECW rate reaches as much as 4-5 mm/yr (120-200 mil/yr).
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Experimental data of bench tests and observations on actual wet-
steam turbines in service allowed determining the areas of various
ECW rates in the two-phase region (see Fig. 2-3). The greatest ECW
intensity threatens the steam path and bleeding steam-lines of the HP
cylinder, crossover pipes to the MSR, and the moisture separator. The
data of Figures 2-3 and 3-26b are valid for structural carbon steels.
For alloyed steels, the characteristic ECW areas are the same, quali-
tatively, differing in a level of the ECW rates. Evidently, there is also a
similar effect caused by steam/water chemistry conditions. The men-
ace of ECW for LP cylinder casings, casing rings, and diaphragms to a
degree depends on the steam-expansion process features. The ECW
rate rises with an increase in the reheat (partition) steam pressure
and a decrease in the corresponding steam temperature, especially if
steam reheat does not exist.

As for HP sections of wet-steam turbines, Figure 3-27 shows the
most typical locations for ECW in the HP cylinder of Turboatom’s
K-220-44 turbine, and Figure 4-36 demonstrates the erosion wear for
the outer HP casing of two actual K-500-65/3000 turbines after differ-
ent operation periods. Analysis of statistical data for the K-220-44 tur-
bines shows that the maximum ECW occurs with a steam wetness of
more than 5% and in the temperature range of 160-200°C.These data
completely correspond to the Siemens data presented in Figure 3-26a.
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Fig. 4-36. Erosion wear for outer casing bottoms of two Turboatom K-500-
65/3000 turbines (a: sample 1 after 6,000 hours in service; b: sample 1 after
12,000 hours; c: sample 2 after 14,000 hours; 0: depth of wear in mm)
Source: B. M. Troyanovskii, Y. E Kosyak, M.A.Virchenko, et al.”®
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Crevice erosion is prevalent in the joints of casings, rings, and
diaphragms, and its rate often exceeds the mean rate expected for
the local steam conditions. For this reason, it is especially important
to prevent steam leakage through the flange joints, which acts as
a positive feedback: the greater the leakage, the more the wear in-
creases.To enhance the tightness of the flange joints, Turboatom had
to increase the tightening force for the bolts in the rigid belt zone of
their K-220-44 turbines and fastened the diaphragm halves together
with bolts; in some places, the stud bolts were replaced by bolts of
enlarged diameters.'® In some cases,ABB and Siemens also increased
the number of bolts in the flange joints of the HP casings.

Many turbine manufacturers apply surfacing (building up by weld-
ing or spraying) the flanges with highly resistant materials. However, the
most drastic way to reduce or completely eliminate ECW is to fabricate
these elements from alloyed and stainless steels. Replacing carbon steel
by steel with 2.5% Cr reduces the ECW rate by a factor of four, and the
use of steel with 12% Cr almost completely eliminates erosion of the
stator elements. Comparative calculations showed that it is finally more
profitable to fabricate the HP cylinder of the K-1000-60/3000 turbine
from stainless steel rather than cheaper alloyed steels (see Fig. 3-14).

For turbines in service, building up the eroded surfaces such as
the horizontal joints of the casings, cylinder rings, and diaphragms
by welding with an erosion-resistant material can be accomplished
when the turbine is being overhauled. No post-weld stress relief is
needed in most cases.

Damages to blading

Blade damages tend to develop and propagate like a chain reac-
tion. If, for whatever cause, a blade loses its pieces, the fragments
broken off come between the rotating and fixed components and
can cause destruction of the next stage blades; then, fragments from
those blades fall into the next stage, ruining their blades, and so on.
Increased vibration of the rotor due to a weight imbalance can prog-
ress following the same pattern. Failures of long LP LSBs are especially
harmful and dangerous.Tearout of even the tip of such a blade results
in an intensive growth in vibration, necessitating the shutdown of the
turbine as soon as possible to prevent further damages, potentially
even the complete déstractivn of the Wibiaed’.com
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Usually, when a blade breaks, it is only the final stage in a long
destructive process that begins well before the breakage with the
appearance of an initial crack in the blade, caused by fatigue or cor-
rosion, for example. The crack continues to grow until reaching its
critical size, at which point the blade breaks.The crack’s critical size
depends to a great degree on the blade’s stress state: the more stress,
the smaller the range in which the crack has grown before breaking.
The appearance of a crack not only causes a decrease in the blade’s
cross-section area and an increase in the stress, but also creates con-
ditions for the potential brittle fracture of the blade, with all of the
attendant consequences.

One example of this is an accident with a wet-steam turbine
of an 895-MW nuclear power unit after four years of operation.'"
The turbine consisted of one double-flow HP cylinder and three
double-flow LP cylinders. The turbine was designed with nozzle
group control and partial steam admission. For its initial six months
of operation, the turbine operated under a two-valve mode. The
remaining three and a half years were operated under “three-
valves-plus-20%” conditions. A single blade, the third of a four-blade
group located in the governor-end row of the control stage, failed
catastrophically and left the rotor. Cracks had occurred within the
blade attachment zone, at both the middle and lower blade hooks.
On inspection, 63 other blades were also found to be cracked in
their attachment regions. Some cracking of the control stage disk
had also occurred. Considerable pounding damage and fretting cor-
rosion were found on the adjacent blade platform faces throughout
both of the control-stage rows.There was no evidence of corrosion
or breach marks on the failure surface or other cracked surfaces,
which suggested that the cracks had propagated rapidly follow-
ing initiation, and that relatively pure steam conditions existed.
In situ vibration tests were conducted on a similar turbine owned
by another utility, and their results were analyzed to identify the
natural frequencies of the blade group. It was concluded that the
blade failure was due to high-cycle fatigue, mainly caused by the
two-valve steam admission operation. This was apparent from the
metallographic test results, and it was confirmed by the fatigue life
calculations. After this failure, the turbine operation was restricted
to full-arc steam admission to minimize variable loading of the
blades.This was expected to cause some loss of efficiency in opera-
tion, but would have a favorable effect on the blade fatigue life.
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When the first large-capacity wet-steam turbines were conceived,
most apprehensions were about WDE of their rotating blades, caused
by the increase of both the steam wetness and high circumferential
velocity of the blades with increases in turbine output and blade
length. However, thanks to withdrawing water from the steam path,
external moisture separation and reheat, and special protection of the
rotating blades (see chapter 3), WDE has never been a decisive factor
for wet-steam turbine reliability.

The problems of WDE for the rotating blades of both superheated-
and wet-steam turbines are considered in detail by many authors. Most
often, the WDE severity for rotating blades is assessed with the use of
a so-called WDE criterion, E, even though the methods of calculating
it and the admissible boundaries employed by different researchers
and turbine producers are substantially different. Two examples of
empirical expressions for calculating this value are presented in chap-
ter 3 (Equations 3.1 and 3.2). According to Siemens, the erosion rate
as a function of the operating conditions for a particular turbine can

be ascertained from the following equation:'**

E =y x u® x K/p, 4.1

where E is the WDE criterion in m*/(sxkg); y,and p, are the moisture
content (steam wetness) and steam pressure ahead of the stage,
respectively; u# is the blade tip speed in m/s; and K is an empirical
coefficient representing the influence of the steam path design fea-
tures.The two main factors, influencing K and affecting the WDE rate,
are the axial distance between the stage’s fixed and rotating blade
rows and the thickness of the trailing edge of the vanes (fixed blades)
(Fig.4-37). The considerable influence of the distance between the
stationary and rotating blades on the LSB erosion rate was also dem-
onstrated in experiments conducted by Toshiba.'*
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Fig. 4-37.Influence of various design parameters on the WDE rate of rotating
blades

Source:W. Engelke!*
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The WDE criterion values, E, calculated according to methodol-
ogy of ABB for some newly designed and employed LSBs with various
values of the peripheral (circumferential) speed (up to 600 m/s for
a 1,000-mm LSB) are plotted in Figure 4-38.The exposed values for
E are related to the characteristics for the LSB with the peripheral
speed, u, of 424 m/s and the moisture content ahead of the blade
row () of 10.7%. Although newly designed stages are assumed to
be resistant to erosion if the E/E, ratio is less than 1.0, some stages
in service have reliably worked with E/E,= 1.1-1.2. It can also be
seen that for longer LSBs, particularly those installed in wet-steam
turbines of nuclear power plants with their greater peripheral speed,
the erosion rate even decreases, due to applied design measures, as
well as relatively rare transients and no-load operating conditions
causing unfavorable steam flows and, as a result, more intense erosion
(Fig. 4-17). However, this problem remains topical.
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Fig. 4-38. Variation of relative WDE criterion with the LSB’s peripheral
speed for different ABB steam turbines (1: superheated-steam turbines with
rotation speed of 3,000 rpm; 2: superheated-steam turbines with rotation
speed of 3,600 rpm; 3: wet-steam turbines with rotation speed of 3,000 rpm;
4:wet-steam turbines with rotation speed of 1,500 rpm; 5: wet-steam turbines
with rotation speed of 3,600 rpm)

Source: B. M. Troyanovskii'®
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As mentioned previously, the leading edges of the last and next-to-
last LP stages’ steel blades are commonly shielded in their peripheral
parts against liquid droplet impacts by Stellite laminas (either shields
or strips) brazed to the blade surface. Instead of Stellite strips, the
leading edges can also be formed by an inlay nose produced from
the protective shield material and welded to the blade body. This
may or may not preserve the aerodynamic shape of the blade profile.
Sometimes the profile shape is purposefully broken in such a way as
to produce a discontinuity that causes premature separation of water
drops from the boundary layer,'° but more often than not the shield
is designed to preserve the aerodynamic form of the edge (Fig. 4-39).
If the shield material is poorly chosen, it can make the blade suscep-
tible to welding-related cracks that eventually cause the blade to
break; such failures were observed, for example, at the nuclear power
plant Dresden.'”

CONCAVE SIDE
WELD

Fig. 4-39. Shielding the leading edge of a steel last stage blade from WDE
Source:J. M. Chynoweth, G. S. Gerzen, and R.W.Tomala'®

At wet-steam turbines with nozzle group control, there occurred
repeated failures of the control stage’s blades. The turbine control
stages face large pulse loads caused by partial steam admission, caus-
ing forced high-frequency blade oscillations. It is almost impossible to
tune these blades to prevent them from resonating due to these oscil-
lations. In addition, the first stages of wet-steam turbines work under
conditions of nonstationary spontaneous condensation, which also
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can cause steam flow oscillations close to the natural frequency of the
nozzle vanes, resulting in flaking of their trailing edges.These types of
damages, as well as fatigue cracks in the fastening zone and, in some
cases, failures of the rotating blades, were found, for example, in some
of Turboatom’s 220-MW turbines operating with nozzle group control.
After transition to throttle control, with the simultaneous opening of
the HP control valves, and removal of the wall between the separate
nozzle boxes, such damages have not been found.'®”

On the other hand, it should be noted that these types of dam-
ages to the first HP stages can also be associated with water induc-
tion into the HP cylinder from the main steam lines.This possibility
was also revealed with the Turboatom 220-MW turbines, and the
potential water induction sources were also eliminated practi-
cally simultaneously with the transition of these turbines to throttle
control. Repeated damages to the rotating blades of the first HP
stages also occurred in Siemens’ low-speed 1,200-MW turbines with
throttle steam admission control.''°

Nonstationary spontaneous condensation also takes place in the
LP steam path in the phase transition zone, promoting the appear-
ance of tiny pits and scratches on the blade surfaces.This pitting cor-
rosion often combines with stress corrosion processes and can lead
to fatigue cracking and eventual failure of the blades.'"

In the 1970s and 1980s, several instances of blade cracks and
failures were reported in large steam turbines at nuclear and fos-
sil fuel power plants that were caused by electr