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ABSTRACT

‘This paper reviews the evolution of heavy-dety power generation
and industrial combustion turbines in the United States from a
Westinghouse Electric Corporation perspective. Westinghouse com-
bustion turbine genealogy began in March of 1943 when the first
wholly American designed and manufactured jet engine went on rest
in Philadelphias, and continues today in Orlands, Florida with the
160 MW, 501F Advanced Combustion Turbine. [n this paper,
advances in thermodynamics, materials, cooling, and unit size will
be described. Many basic design features such astwo-bearing rotor,
cold-end drive, can-annular internal combustors, CURVICZ dutched
turbine dises, and tangential exhaust struts have endured success-
fully for over 40 years. Progress in turhine technology includes the
¢lean coal technology and advanced turbine systems initiatives of
the U.S. Department of Energy.

HISTORICAL PERSPECTIVE

Westinghowuse, a major supplier of steam turbines since the begin-
ning of the 20th century (Bannister and Silvestri, 1989, obtained
the experience it needed to develop land based power generation
combustion mrbines through its entry inta the jet engine business,
In March of 1943, the first wholly American designed and manu-
factured jet engine went on test at Westinghonse, 15 months after
obtaining a contract from the U.S. Navy. The engine (designated
WE19A) had a thrust of 1130 Ib (513 kg) and weighed 827 |b (375
kgl Without any knowledge of German, Britich or other United
States activity, Westinghouse developed the first American jet engine
with an axial compressor, an annular combustor, 2 tarhine and a jet
exhaust nozzle. The device resembled the Whittle engine developed
in England, but there were major differences, in that an axial flow
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compressor was used, along with a submenged combustion cham-
ber.

Animproved version of the engine, the WE19B, was test flown at
Patuxent Flight Test Center in January 1944 as a booster unit on a
Chanee Vought Corsair. Tt delivered 1365 Ib (620 kg) of thrust,
weighed 731 Ib (332 kg), and one year later, as the |30, was used to
power the Navy's first jet fighter, the McDonnell Douglas FH-1
Phantom. Sixty-one (61) Phantom planes were equipped with the
130 engine.

The ]34, 2 34-in. diameter engine that delivered 3000 Ib (1362 kg)
of thrust, was the last production sero engine built by Westinghouse.
1t was used extensively by the Navy in the McDonnell Banshee.
Owverall, Westinghouse supplied the engines for 1223 Mavy jets before
exiting the business in 1960.

Westinghouse's experience with land based gas turbines started
in 1945 with the development of a 2000 hp gas turbine generator set
(W21 that consisted of a single reduction gear, compressor, 12 com-
bustors and rorbine (Porz, 1946). A thermal efficiency of 18% lower
heating value {LHV)" was obtained. By 1948, Westinghouse built a
£000 hyp gas turbine locomotive with the Baldwin Company that used
rwo of these units, [nitial operation wis on the Unien Railroad bum-
ing distillate fuel oil. Later operation was on the Pitisburgh and Lake
Erie Railroad using residual oil fuel.

In the late 19405, the U5, Navy wanted 1o develop a back-up for
the nuclear submarine power plant. ‘Westinghouse received a con-
tract designated “Wolverine” 1o develop a gas turbine engine for sur-
face, snorkel, and submerged operations. A gas tarbine engine of
7500 shaft horsepower was designed to operate in open, semi-closed,
and closed cycle modes. In the semi-closed mode, oxygen was
supplied 1o the cycle from the snorkel. While in the submerged mode
{fully closed cycle) oxygen was supplied and CO2 gas was discharged
overboard. Engine testing was done at the U.S. Naval Test Laboratory
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in Annapalis, MT) during the carly 19505 While the power plant
et all contract requirements, the success of the nnclesr submarine
program eliminated the need for “Wolverine.”

By 1954, gas turbine power plants were becoming a practical and
econamic reality for particular applications in the power industry.
Westinghouse was offering 3 basic gas wrbine designs for power gen-
eration which had a rotor inlet temperature of 1350°F (732°C) (Putz,
1954). The umits were rated at 3500 kW, 5000 kW (with s regener-
ator), and 15,000 kW (with 2 regenerator and imtercooler]. The la-
ter unit was designed for a full -load simple cycle efficiency of 29%
compared to the full-load efficiency of 21% for the 5000 kW onit.

West Texas Utilities helped pioneer combustion turbine base-
load generation with a 5000 kW unit that was insalled in 1952 (Cox,
1957). In 1954, another 5000 kW combustion turbine was installed.
The waste heat from this unit was used for feedwater heating unnl
1959 when it was incorporated into a fully-fired combined -cyce sy
tem. This system generated 39 MW in the steam cycle and 5 MW in
the combustion cycle.

The Westinghouse single shaft, two bearing, combustion turbine
with a reduction gear was first introduced in 1952 as the W81 at
5.5 MW (Stephens, 1952). In 1967, the W251A introduced major
innovations such as minimum peak stress turbine blade roots, and
cooled low alloy steel turbine discs. Today there are over 300 gear
driven units operating in both simple, combined, and cogeneration
cycle modes with the current W251 B12 rated at 48 MW,

The first direct drive combustion turbine (W201) at 20 MW
was introduced in 1960, A modified W201 combustion tarbine was
used in 1960 as part of a blast furnace system at LS. Steel's Chicago
Works, The wccesaful development program included design, devel-
opment, and manufacture of a special casing configuration to effi-
ciently remove compressor discharge flow and deliver it externally
to the engine. ( Krapf and Stephens, 1958). Gases from the blast fur-
nace were burned and ducted back to the turbine through a special
duct and scroll.

In 1962, Westinghouse designed the first *packaged” combustion
turbine power plant, which was deliverad to the City of Houma. The
“packaged” power plant concept is retained today in the ECONOPAC
system. This simple cycle paciage includes the combustion turbine
exhanust systems; and plant auclary equipment. (18 constructed 1o
modules for easy shipment and installation. The ECONOPAC
systemm is also the base for cogeneraton and other heat recovery appli-
Cations.

In 1967, & supercharged direct drive W301 ar 25 MW in a hest
recovery apphcatson was rstalled st 'Woest Texas Utihnies San Angelo’s
Power station and achicved over ¥9% in combsined cvcle efficien-
cy. the highest in the U.S. for a number of yean.

The first direct drive W501 combustion turbine went inbo service
in 1968 at the Dow Chemical Company with a rating of 42 MW.
Many basic design innovations were introduced on the W501A
pad bearings. By 1974, ffry-seven 5011 were operating. The 501
technobogy has grown steadily over 25 years. The corrent produc-
tion engine, W01 D5 is o being offered with an 150 rating of over
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118 MW and the 301F is at 160 MW. The “F" technology includes
increases in airflow and firing temperature, improved component
efficiencies, and advances in materials, rarbine cooling, and dry bow
NOx. Currently, there are sbout 300 direct drive units in operation.
A complete listing of all models sold is shown in Table | where total
service hour is seen to exceed 47 million.

For over 30 years, W estinghouse has had icensee arrangements
with several combustion turbine manufactorery, the majypor ones
being Fiat Avio in [taly and Mitsubishi Heavy Industries (MHI) in
Japan. These pariners have contributed 1o the development of the
combustion turbine with i in the 50 Hz
market; Le., the TG50 of Fiat Avio and the MW 701 of MHI, 50 Hz
versions of the Westinghouse W501 Model. During the late | 9805
and eardy 1990, a tri-lateral alliance was formed between Westinghouse,
Faat Avio and MHI to replace the old boemsee/Tieensor arrangement.
The allance provides for jount developroent of combuastion turbaies
and sharing of technology. The 501F and the 50 Hz P01F are the first
engines developed under this paninership arrangement.

WESTINGHOUSE ENGINE TECHNOLOGY EVOLUTION

‘Westinghouse model designations initially meant the horsepow-
eroutput in thousands followed by the number of shafts with letters
denoting whether the engine was intercooled, regenerated, reheat-
ed, or extracted. Thesefore, W201 RE would mean 20,000 hp, single
shaft, regenerated, with cycle air extraction, Later engine evolution,
accelerated by materials and cooling improvements, invalidated such
designations.

1t should be noted that in this paper, the term “firing lempera-
tre” for uncooled engines will be defined as the average tempera-
ture beaving the combustors and entering the turbine. This neglaces
the effect of turbine inlet leakage and first stage vane cooling and will
be confined to first and second generation engines. For all engines
discussed in the third through fifth generations, rotor inlet temper-
ature (RIT) will be used to define the temperature level. RIT is the
mixed out average temperature entering the first rotor blade. The
basic reason for the change is to inchude the effects of cooling air used
Trr the row | vine.

Wstinghouse combustion turbine evolution will be presented as
follows:

First Generation - This period of the mid 19408 was heavily influ-
enced by jet engine and steam turbine philosophies and will be con -
fined to the W11 engine.

Second Generation - This period spanned from the late 1940s 10
the mid 19608 and groerated many major design innovations that
harwe been retzined in our present designs.

Third Generation - The “Northeast Blackout™ of 1965 instiated
this generation that saw an explosion of design effort and introduced
air cooling, higher firing temperatures, improved materiaks, and pre-
cision cast components. [n addition, innovative concepts such as
cooled, filtered rotor cooling air and rotor blade cooling and low
alior tarbine discs, were introduced.

Fourth Generation - The fourth gencration covered the 1970s and
the 1980s, a period that was severely impacted by the “0il Embargo”
and the Fuel Use Act. Essentially the combustion turbine market
disappeared until the Fuel Use Act was repealed and the Public
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Meodel No. of Rating Installed Oper.
Units kw) Capacity Year
(kw)
Wil L 1,300 6,500 1949
W3l 6 2,200 13,200 1956
Wil & 3,100 25,000 1961
Wil 14 3,800 32,400 1958
Wa2 15 5.500 83,000 1961
wr2 17 6,300 107,100 1961
W1 30 5,300 155,400 1952
waz 12 6,000 T1300 1962
Waz Fa 8,200 231,500 1260
wio 83 7450 607,600 1961
Wizl 1 £.950 13,000 1959
Wi i 10215 10,200 1967
w171 » 16,425 509,900 1961
wi91 182 17,300 3,044,500 1965
w21 3 18,650 62,600 1960
251 195 49,100 5,626,700 1967
Wil 32 25,850 938,100 1964
Was2 7 27,900 190,900 1979
501 227 158,000 13,929 466 1968
70l 8 136,900 1,095,200 1942
TOTAL 213 26,780,566

TABLE 1. WESTINGHOUSE SUPPLIED COMBUSTION TURBINES

* Service hours are estimated as of 12/31/52

Regulatory Policies Act of 1978 (PURPA) was upheld. The latter
part of this generation saw the introduction of increased firing tem-
peratures and improvements in materials, cooling and efficiency.
The W501D5, introduced in 1983, became the largest and most effi-
cient 60 Hz single shaft combustion turbine in the world at 100 MW
and over 33% efficiency for a simple cycle plant.

Fifth Generation - This generation covers the late 19805 to the
presentand starts with the 50 1F advanced combustion turbine with
an RIT of 2300F (1260°C). Units in this generation will extend the
air flow limits of last row turbine blades, the temperature limits of
row | turbine vanes, and the flow limits of row 1 compressor blades
through the use of advanced materials and cooling.

First Generation

The jet engine designers needed a high pressure, high flow facil-
ity, for combustor and turbine acrodynamic development. A light-
Iy loaded 23-stage axial flow compressor was designed 1o meet the
needs of the air supply facility. This test compressor together with
4 12 can interconnected combustion system and an 8-stage turbine
formed the Brst industrial combustion engine at 2000 hp. Theair
flow was 35.5 Ihfser (16.1 kpfsec) at a pressure ratio of 5, a firing tem-
perature of 1250°F (677°C), and a power output of 2070 hp at an «ffi-
ciency of 18 % (Mochel, 1947), The unit was a single shaft, three
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bearing design with a design speed of 8750 rpm. The external load
was driven from the compressor end of the engine.

After a development period, the engine was first applied {1948)
as a twin set in a locomotive built by Baldwin and Westinghouse
{Stephens and Young, 1989). The engines burned either diesel fuel
or residual oil. The locomotive was used as a demonstrator and ran
on several railroads, but was never placed in commercial service.
Although the locomotive operated at a cost approximately 5% less
than a diesel locomaotive, the capital costs were not compesitive. The
locomotive was subsequently scrapped, but both turbines were sold
for further operation. The left hand unit was sold to the city of Larned,
Kansas as one of the éarly decentralized peak thaving plants and the
right hand unit became the world's first intercoaled steam injected
plant driving an air compressor at Hopewell, Virginia. The first base-
load service of the engine was as a pipeline gas booster pumper on
The Mississippl River Fuel Company System in March 1949, This
was a dual fuel application borning either oil or gas with the capa-
hility of changing to either fuel at full load, an indwestry first. This
particular engine, the first combastion nerbine in the world o achieve
100,000 operating hours, was retired after more than 150,000 hours
of operation when the gas line was retired.

W21 combustor baskets were contained in individual pipe-like
enclosures connecting compressor discharge to turbine inlet, as
shown in Fig. 1, and bore little resemblance to the Westinghouse avi-



athon gas turhine design which was an snmular combuostor, but it osed
the wall cooling arrungernent [ wigghe stripd ) from the yviation desgn.
The wiggle strip concept of wail cooling was unique; it interposed
a corrugated strip of metal between two cylindncal sections of com-
bustor that permitted the inpection of cooling aif, is structurally supe-
rior 1o a single cylinder because the incressed section modulus pro-
vides supenior buckling characterstics, and proved wo be a fundamental
cooling feature that is still being used in current Westinghouse
turbanes. Also, casings were horrontally splat | ke steam nor-
bines) instead of the axial stackang used by the jets. In addition, Late
production units introduced the CURVIC coupled rotor struc-
ture, as shown in Fig. 1, to align discs and transmit torgue.

FIG. 1. CROSS SECTION OF W21 COMBUSTION
TURBINE

FiG. 2. CURVIC COUPLED TURBINE DISCS

Second Generation

In the Late 19408, Westinghouse formed a design group indepen-
dent of the aircraft group to develop gas turbines for land based appli-
cations. Engineering studies indicated that with the high tempera-

tie materials then available a I!Elrl.".E rmperaiure of 1350°F (7 "-.'"L_._l
was feasible for base-load duty | 100,000 br hife). In response 1o 2
market survey, the first engine developed was 2 5000 kW single shaft,
sample cycle engine. This engine had a design speed of 3740 rpm, an
air flow of about 125 Ib/s (57 kg/s) at & pressure ratio of 6.25.

The second generation engine design eliminated the undesirable cen-
ter bearing and placed the combustion syitem inside a pressure ves-
sel. Owerall, this design had the following improvements:

= Eimmnation of center beanng removed a Sire hacand and
simphified shaft abgnment

» Compressor flow from the diffuser provided impingement
and conwvective cooling of the transition duct.

» Flow into this plenum type enclosure attenuvated flow distur-
bances 10 and from the compressor

= The annulsr plenam sffect provided damping of combustor
pressure focmations { Thas became valoable in later years
when limits of combustor stability were approasched when
using water injection for NOx contral ).

« Provided for improved cross-flame tube connections.

» Permitted the inclined position for the combustors and tran-
sitions, thus, facilitating the center bearing removal by
shortening the span length.

» Combustors and cross- flame tubes completely encased in
relatively cool compressor discharge air, thereby eliminating
2 multitude of pressure connections and potential fire harzard.

In addition to the combustion system changss, the 5000 kW (Wa1)
combustion turbine, introduced in 1952, contained the following
basic mechanical design features that are illustrated in Fig. 3:

o Individually replaceable turbine and compressor rotor blad-
ing without removal of the rotor.

& [nner shrouded diaphragm construction for turbine and
compressor stationary blading to permit servicing with rotor
in place.

» Support of the exhaust bearing housing 6 tangential struts
that rotate the housing during thermal transients and main
tain shaft ahgnment without the need of cooling

FIG. 3. CROSS SECTION OF W1 COMBUSTION
TURBINE
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The WE1 1A-stage compressor design was the result of extensive
analytical and laboratory development. While the free-vortex design
of the early compressor had the advantage of minimizing the effect
of negecting some terms in the Enler equations, the result was many
stages at relatively low blade tip speeds. In addition, theoretical stud-
fes indicated that a design of 50% reaction with a flow cocfficient
of about 0.55 would give a stage of maximum efficiency. By setting
up a pre-swirl entering the first rotating blade, the blade relative
welocity could be significantly reduced and high reaction obtained.
This would allow an increase in blade speed with the consequent
reduction in the number of compressor stages required for a given
pressure ratio. The vortex pattern selecied was a compromise between
litthe change in reaction radially and blade shock losses. This vortex
pattern specified the mean stape absolute swirl constant and made
the axial velocity relatively constant radially. A positive energy
gradient was added from blade b 1o tip in the first few stages, the
energy addition was kept constant in the middle stages, and the gra-
dient removed in the last stages.

Other design techniques used were to specify flow area blockage
factors and to use NACA 65 blade sections on a cincular arc mean
line for the higher Mach number front stages and NACA (4-digit)
sections elsewhere, The resulting design was successful exxcept that
the starting surge margin was inadequate; therefors, an interstage
bleed was added. The average stage efficiency was about 39%.

The aerodynamic design of the 5-stage turbine was taken main-
ly from Westinghouse aircraft engine design practice using a free-
vortex swirl distribution and constant work radially with a last stage
designed for axdal velocity outflow, A minimum reaction was main-
tained at the blade hub sections to prevent suction side separation.
All blade sections were designed to provide smooth accelerating flow
passages. The average stage efficiency was about 90% and the match-
ing of the compressor and turbine flow characteristics was excellent.
The engine produced 5700 KW at the generator terminals ata firing
temperature of 1350°F {732%C) and a thermal efficiency of about
11%. The prototype engine, sold to West Texas Utilities, went in
commercial service in 1952, This unit was the first utility applica-
tion of a Westinghouse gas turbine.

Marketing studies indicated there were many differing applica-
tions for gas turbines from power generation, transpartation, to
mechanical drives. Engineering cycle studies were made 1o deter-
mine the best cycle arrangements for the various applications. A
summary of those studies at 3 1400°F (760°C) firing tlemperature is
shown by Fig. 4. Component efficiencies, pressure losses, and heat

effectiveness for these studies were state-of-the-art.

With the sucoessful completion of the 5000 kW design, a line of
mechanical drive engines using the same basic blading 25 the 5000
with regeneration and a free power turbine (Stephens and Bruce,
1955). The regenerative engine produced about 5400 hp at the
turbine coupling with an effickency of spproximancly 0% The cycle
pressufe ratio was 4.2, the compresaor speed was 6000 rpm, 2nd the
firing temperature was 1 350°F (732°C). The regenerative units did
not perform in the ficld as expected, primarily because leakage and
pressure loss were greater than expected. This same unit was alsa
modified to be used without regeneration.

Ta make the engiines more competitive with steam plants and
other prime movers, it was necessary to use a more efficient cycle.
Asshown in Fig_ 4, 2 gain of about 12% could be obtained by adding
intercooling to the regenerative cycle resulting in 34% efficiency
which made it competitive with small steam plams. A 15,000 kW
engine was designed as a two shaft, intercooled, and regenerative
engine with the load taken from the high pressure shaft. By taking
the load from the 3600 rpm high pressure shaft, the low pressure
{LP) shaft was made variable speed resulting in lile drop off in tur-
hmwumhﬂdmmlﬂmhd
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FIG. 4. SUMMARY OF ENGINEERING CYCLE STUDIES
AT 1400°F

In 1954, prior to the cancellation of the 15,000 kW project.
work was begun on a single thaft smple cycle 3600 rpm gas rurbine.
This engine was later to become the W201 gas turbine, the first direct
drive (no gear) Westinghouse combustion turbine. In the W201,
the acrodynamic design of the successful 3000 kW engine compres-
sor was modified slightly by eliminating the energy gradient so
that stages could be more exsaly added or removed from the basic
design. In addition, ghtly loaded stages for high efficiency were
adopted for these engines. Desagn techniques were also improved
by refining empirscal factors. As high temperature materials advanced,
the allowable turbine inlet temperature was increased, thus improv-
ing otpur and cficency. By the end of the 19505, firing tempera-
tures had risen to 1450°F (785°C) st base load. Also, the W31 and
the W121 a1 3000 hp and 12,000 hp, respectively, both single shafi
engines, were designed following the same philosophy developed in
the W201.

In the middle 1950s, Westinghouse designed a blast furnace blow-
7 o supply 125,000 f)min (3540 md/min jof air at about 2 1/2 stmos-



pheres gauge presure, and burning blast fornsce gas st about 100
Bru/scf (3700 kl/scm). The blower was a modification of the
W01 in which the blast furnace sir was extracted from the com-
presor dncharge and the fuel gas suppbed 1o the engine Girough 4
shaf driven fuel compressor. The fuel compressor was 2 modified
compressor from the W3 | engine. The engine and it's performance
are shown in Figi. 5 and &, respectively. Turbine bladmeg, turbine
desci, compresor dics, and recuperator were tiken from the 15,000
kW unit. This was a very successful design from an enginecTiog pont
of view, but the market disappeared when oxygen blown furnaces
displaced the old air blown ones.

In the late 1930s, production for the direct drive W201 was ini-
tisted. The W201 was the foreranmer of the W01 and the WS501
line. Also, the W21 was improved 1o the W171 by ciminating the
excess quote margin and increasing firing temperature to 1450F
(7B8°C). In the early 1960s, a pero stage was added 1o the 14-stage

FUEL - BLAST FURNACE GAS - 86 BT / STD. CLL FT.
AMBIENT COMDITIONS - 80°F AMD 1000 FT. OR LESS

FURNACE AR PRESSURE - PSIG

FURMACE AJR FLOW - SCFM AT 14.7 PSIA AND &0°F
FIG. 6. PERFORMANCE OF BLAST FURNACE ENGINE

W71 compremor to create the W91 and the fis g lemperature of
the W3] was increased to |450F [738°C) o create the WL,

Presadent Exsenhower's Administration started the * Atoms for
Peace Program ™ An interesting outgrowth of this program was the
“Marine Gas Cooled Reactors Program” ( designaved MGCR) that
was expected to power 4 nuclear powered commercial ship. The
power plant was to be o helium cooled reactor as the heal source,
coupled with 2 dosed crcled gas turteine. W estmghouse was sebect -
oo o prowide the turbomachinery for the power plant and the deugn
proceeded o development testing and engine desagn. However,
when the reactor development lagged., the program wai canceled.
The turbomachinery presented no severe serodynamic problems
2nd was actually much asier to design than air breathang machan-
ey doe 10 the Ecx that hebum 5.2 hght monatoms: gas and the speed
of sound through it is very high. The engine was rated at 20,000 hp,
atan expected efficiency of 31%.

Combined gas and steam plants had been developed as early as
the locomotive engine, but the 19605 saw the development of the
combined cycle. The combined cycle is an ideal thermodynamic
solution to the thermal efficiency problem as it combines the best
attributes of the Joule-Brayton cycle with that of the Rankine
cycle; namely, the addition of heat energy at the high temperature
of the gas turbine and the rejection of heat at the low temperature of
the steam murbine. In 1967, a Westinghouse supercharged combus-
tion turbine (W301), rated at 25 MW with a firing temperature of
1450F (788°C), was placed in operation at West Texas Utllithes San
Angelo's Power Station, Hot turbine exhaust gases were used in o
heavy fuel, reheat bodler (1500 psi, 1000°F [ 10.3 MPu, 537°C| ) which
farnished steam to drive 1 85 MW turbine (Cox, Henson, Johnson,
1967). The plant achieved an annual average efficiency of over 39%,
the highest in the U.S. for s number of years. In 1990, this plant with
aver twenty-three years of successful operating experience, contin-
ued to demonstrate that good combined cycle efficiency over a broad
load range can be obtained with a combustion turbine combined
with a beavy foel, reheat boiler ( Stephens et al., 1990).

An interesting feature of this plant was that the foroed draft fan
of the steam powet plant was used to supercharge the gas turbine.
oy, but the fan was used as 3 starting device to stan the gas trbine
br windmilling the compressor up to self-sustaning speed. o adds-
ton, the fan could sapply the steam boder while the gas tarbing was
oust of service.

Third Generation
In Novernber 1955 the “SNortheas Blackont oshered in the *(as

Turbene Age ™ & i hurbase IANUTATUEr) wETe Pwamped with pesk -
ing power plant orders. Development of gas turbines accelersied a
tochnical staffs expanded. Blade and vane conling, pioneered by the
zircraft engine industry, became avadable 1o the indusinal engine
bailders. Ln response to 3 need for larger, more efficuent engmed,
Westinghouse developed the W25 1 and the W01 cagine

The 20 MW W251A, introduced in 1967, was a single shafft, rwo
bearing. combustion turbine with reduction gear to accommaodate
either 60 Hr or 50 Hi for simple or combined cycle applications.
Mary basic design features proven reluable over many yearn were
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resained alang with the two bearing, single shaft concept. Mot note-
worthy of these are the CURVIC coupled turbine discs, ungential
exhaust bearing struts, blades and stationary vanes which are field
removable with the rotor in place, and a compressor end drive. The
evolution of the W25 s shown in Table 2.

The compressor of the W251A was taken from the W191, 2 rear
stage added 1o allow an increase in engine pressure ratio, and a
Dew 3-stage turbine designed with higher blade speedh 10 replace the
old 5-stage turbine. The first stage turbine vane was cooled with
compressor discharge air. The base load RIT was increased o 1575°F
(857°C) from 1450°F (788°C) increasing the output power by 16%
at constant heat rate. The first engine was placed in commercial
peaking service at Detroit Edison in 1967. The W231A introduced
the following improvements for the first time in & Westinghouse
design:

& MNew S-serration, minimurm peak stress root design with root
extenions o diminate 3-[ strem concentration.

¢ Precuion cast turbine vane segments of cobalt-base muterial
(X45) 1o eliminate structural weld concerns with the nicke-
base welded assemblies.

s Single rurbine blade ring concept with roll out festure 10 pro-
vide service of turbine stationary parts with the rotor in

place.
s Extensive use of turbine cooling including the row | vane

scgment, all three rows of turbine discs, and blade rings
together with associated stationary flow path pares.

» Scgmented ring segments over the rotor blade tips to allow
free thermal

o Interstage seal housing supported from the vane segments on
radially onented keys 1o allow independent thermal growth
of the seal housing to manimire running wal clearances.

» Use of cooled and filtrred compressor discharge air for rotor

cooling,

» Uscof NiCrMioV turbine disc maserial.

« Compressor bleed extractaons for selected cooling of turbine
vanes and disc cavities 10 provide the lowes: cost air for dury

required.

The W2S1AA used the W2S1A compressor with an added front
aned aft stage to increase the sirflow and pressure ratw while using
the same turbine except improved row | vane cooling to permita
modest increase in RIT to 1640°F (893°C).

The WS genealogy begins with the 30 MW W30 1 which began
commmercial operation in 1960, Unlike previous smalber, hagher speed
engines, the W1, like the W201, was directly connected 1o the gen-
eTator without a gear.

Table 3 traces the development of the 501 family from the W301A
10 the current fifth generation 301F model. The WS01A was designed
1o meeta 42 MW need of the Dow Chemical Campany by utilizing

TABLE 2. W251 EVOLUTION

Engine wi9l WISIA  W251AA
First Startup Diate 1961 1967 1969
Power, MW Class " 0 2
Rotor Inlet Temp.F 14s0 1575 Lo
Air Flow, /s 70 1m0 353
Pressure Ratio 7 8 10
No. Comp. Stages 15 16 18
No. Turb. Stages $ 3 3
No. Cooled Rows 0 1 1
Exbaust Temp.. F m 850 850
Heat Rate, Buw/kWhe (150 Gas)

Simple Cycle 13,430 13,775 13,130
Combined Cycle 9,600 9840 9,040

W1s1B W2siB2 Was1Bs WISIBID  WIs1B12
1971 1973 1978 1983 1990
k3| M 3% 40 44
1806 1804 1911 1983 2100
35 353 35 M5 m
10 11 1 14 15
is 18 18 (L] L]
3 3 3 L] 3
5 3 3 4 4
a0 L] 962 w4l 990
12,540 12,265 1,980 10,580 10,600
8,600 8,400 7,900 7400 7,100



the proven, high performance, 15-stage W301 compressor, with
an added front and aft stage 1o increase the air flow and pressure
ratio, and a newly designed lour-stage tarbine to replace the old five-
stage turbine. Dow required 4 cold end drive because their system
design was a single train of combustion rurbine, steam murbine, and
starting. Also, the hot end drive was undesirable because a fexible
vided an excellent maich with Westinghouse turbine design philos-
ophy. Inaddition, the W501A introduced the following improve-

i

s Variable injet guide vane 1o provide exhaust temperature
conirol on beat recovery applications and 10 improve staning
characteristics.

# Individual blade rings with a roll-out feature to provide inde-
pendent ficld service of each stator and seal system with rotor
in place.

» Unique cooled, filtered rotor cooling concept utilizing “air
separator” rotor component to confine rotor cooling air.

+ Unigue fore and aft blade seal plates 1o prevent cooling air
leakage and service of blades with rotor in place,

s Four-pad, tilting pad bearings to eliminate any possibility of
bearing instability from “oil whip" phenomenon.

s Compressor rotor utilizing a hollow shaft with shrenk on
discs to reduce stresses and improve rotor dynamics.

The 60 MW WS01AA in 1971 used a newly designed, higher flow,

higher pressure ratio compressor with the W301 A turbine at essen-
tially the same RIT. Another major design change wai a reduction
in combustor shell diameter in order to facilitate shipping the engine
fully assembled, a feature which has been retained on subsequent
models. The combuestor was set parallel 10 engine axis, resulting in
2n s-shaped transition duct. A secondary benefit of this system
wasa reduction in patiern factor o peak temperature due to increased

A significant improvement in engine performance was due to the
new axial exhaust system. The axial exhaust system aliowed waste
heat recovery systems to be located directly downstream of the
turbine exhaust, avoided high duct losses, and accommodated a
longer and more efficient turbine diffuser.

Many engineering studies were made to determine the optimum
cycle to minimize the cost of electricity. Some of the more promis-
ing ones (intercooled, multiple shafts, reheat, steam injected,
water injected at various locations) were studied in great detail. In
the final analyss, the simple cyche gas turbine combined with a steam
bottoming cycle was the most widely accepted in the market. The
missing link was higher firing temperatures, Fig. 7 is a summary of
some of those studies. (The question of more efficient cycles is cur-
rently being re-visited in the advanced turbine systems program dis-
cussed later in the paper.)

As shown by Fig. 7, the combined cycle is superior to the regen-
erated cycle by a significant amount, The pressure ratio of the gas
turbine that yields maximum specific power ( power output per

TABLE 3. W501 EVOLUTION

Engine WS01A WS01AA W301B
First Startup Date 1968 1971 1973
Power, MW Class @ 60 80
Rotor Inlet Temp..F 1615 1630 1819
Air Flow, Ib/s 548 744 T46
Pressure Ratio 7.5 105 11.2
No. Comp. Stages 17 17 17
No. Turb. Stages 4 4 4
No. Cooled Rows i 1 3
Exhaust Temp., F 885 e %07
Heat Rate, Bro/kWh; (150 Gas)

Simple Cycle 12,600 11,600 11,180
Combined Cycle 9,000 7.9%0 7,350

w01 D W01 D5 w501 D3 S0MF
1975 1981 1995 1993
93 107 118 160
2005 070 1150 1300
781 781 a3 960
126 14 14.8 14.6

19 19 19 16

4 4 i 4

3 i 5 &
982 987 10006 1083
10,925 10,270 10,040 9,590
7025 6,930 6,900 6,600
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pound of alr flow) also gives optimum combined cycle efliciency.
This is a most ineresting conclusion and shows that for simple cycle
gas turbine engine applications, a high pressure ratio engine is the
economic cholce, such as for aircraft propulsion. For the same fir-
ing temperature levels, the lower pressure ratio gas turbine engine
= superor for combimed ook applacaons. Sence the 1970 Watnghouse
enginves have been deugned to be optzmum for combuned crcle appli-
cations and these engines are abo excellent for peaking spploataons,
where first cost dominates, since they yickd the maximum power for
a given amount of hardware. The figure also indicates the dominant
role of turbine inlet temperature on both power output and com-

bined cycle efficiency.
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In thin era, the W251 B used the same compressor a the W2S144,
but with RIT increased 1o 1806°F (986°C). In sddition 1o further
improvement in row | vane cooling, the row 1 blade and row 2 vane
segment were cooled for the first tme ina Westinghouse design. At
this point material changes were made such as the row | blade made
as a casting for the first time with cooling passages integrally cast.

The W251B2 represented additional design improvements in the
turbdne that produced increased performance, while using the same
W251AA compressor with no increase in RIT. The continuation of

growth represented in this model conslsted of adding a single vane
with further improvements in cooling, restaggering of the turbine
blade path for an increase in pressure ratio, improvements in cool-
ing flow management and an improvement in row 2 vane cooling.
The single vane was designed to permit service without removing
the casing cover, an industry first.

The W25 1 B8 used the W23 1AA compressor with performance
improvement from an increase in RIT to 1911°F {1044°C) brought
about by a redesigned combustion system for improved tempera-
ture profile into the turbine, and sdditional improvements in row |
vane cooling. Also, the compressor used coated diaphragms for
imeprowed performance as well as to retard degradation froem ingest-
ed contaminants, and rows | and 2 turbine vanes and blades were
coated for coTTosion protection.

The 50 MW W301B, in 1973, was a planned growth step of the
W50 model with the principal change being an increase in RIT 1o
1E19°F (993°C). In sddition W increased row | vane cooling. cool-
ing was added to the row | blade and row 2 vane and maseral was
changed, as required, on other rows to compensate for higher pas
temperatores. Provison was added for removal of combusion and
LEDsition pirons without a cover lift.

The 95 MW W01 D wai a contineation of the planned growth
program for the W501 frame. A further increase in RIT 1o 2005°F
{1096°C) was made possible by advances in turbine cooling tech-
nology. Two stages were added 1o the aft end of the WS501 B com-
pressor for higher pressure ratio in order to aptimize efficiency in
combined cycle operations, Coaling was added to the row 2 turbine
blade along with increased cooling in upstream stages and material
changes as required,

The W01 D% achirved additional performance gains from improve-
ments in component effickencies, conservation of cooling air ener-
gv. and a modest increase in RIT. Compressor performance was
improved by increming the number of duphragm seal points from
two i foer, by use of couted duaphragms with umproved surace fin-
sk, and by restaggering sirfods 10 improve work distribution. Turbune
performance was improved by reducing exit velociry and swarl, by
reducing incidence losses, and by better stage work distribution.
Stator cooling air was extracied from three compressor bleed pounts
o ceder 10 une 43 8 that loweent suitabile prossuse svadalae. Emiproverment
in detail design reduced internal cooling flow leakage by 2%
compared to the earlier W501D. o addition to improving cooling,
of the first two vanes and row | blade, cooling was added 1o row 2
blade. Other features provided improved reliabality and svailabily-
v by virtoe of improvement in parts’ kife and catier maintenance
and inspection such as 8 single row | vane. [n the compressor, the
acrofoil-chroud joint was redesigned for increased strength in key
diaphragm stages. The combustor coolung techagoe using the stan-
dard “wigght strip” corrugation was improved by the extended lip.
a5 shown in Fig. . This extension improved the tenacity of the con-
wective heat transfer coefficient and reduced downstreum lempera-
tures by 200°F (1 11°C) (Scaleo et al., 1983},

The last engine models of this generation were the W2518 #/10
and the W501 D5, Both engines used the same basic compressor, the
W251 compressar belng o 2/3 scale of the W01, 1n combined cycle
applications the engline's potential efficiency approaches 50%,
The power capability of these engines are more than 2 1/2 times their
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FIG. 8. EXTENDED LIP IMPROVED COMBUSTOR
COOLING

third generation antecedents and the efficiency was increased by
about 113,

The last model engines of this generation utiliced streamline cor-
vature calculation methods to salve the Euler equations, with
energy loss models developed from a very large experimental data
base. The result was compressors with average stage efficiencies
approaching 93% and cooled turbines with excellent characteristics.

The power rating of a gas turbine engine is limited by the amount
of Bow that can be passed by the last stage blade row of the turbine
component. Stress capability of the last row turbine blade material
il operating and aeroelastic blade limits determines the
flow area of the last stage, while leaving axial velocity and density
of the exhaust gases, in addition to flow area, determines engine flow.
The next generation of engines, the F series and beyond, will be flow
limated desigrs.

Fifth Generation

The fifth generation of Westinghouse gas turbine engines brings
ui 1o the present. These engines are designed with the aid of com-
plete 3-D computer codes some of which sobve the Navier-5tokes
equations. The S01F at 160 MW and 2300°F (1260°C) firing bevel
spproaches 55% thermal efficency in combined cvcle apphcacions.

The S01F , shown in Fig. 9, is 2 3600 rpm heavy-duty combustion
turbine designed 1o serve the 60- Hz power peneration needs for util-
ity and industrial service in the 19904, [t was jointly developed by
Westinghouse and Mitsubishi Heavy Industries, Lid. (Scalro etal.,
1989). Designed for both simple and combined cycle apphcations,
it will operate on all conventional combustion turbine fuels as well
as with coal-derived low-Btu gas produced i an integrated gasifi-
cation combined cycle (1GCC) power plant.

The 501F rotor is of balted construction supponed by two, teo-
chement tilting-pad bearings for load carrying and an upper half fixed
bearing. This provides inherent stability JY the rilting pad with the

10

FG. 8. GENERAL CONFIGURATION OF 501F
COMBUSTION TURBINE

reliability of the plain bearing. thus climinating the top pad flutter-
ing problem that has bed 10 local babbit: fatigue distress. The thrust
bearing is 4 double-acting Kingsbury thrust bearing that uses lead-
ing edge proove (LEG ) lubrication system.

The compressor rotor i comprised of s sumber of dements, spig-
otted and bolted together by 12 through bolts. The turbine rotor
section is made up of disks bolted together by 12 through bokts and
using CURVIC dutches. This turbine rotor design has amassed over
40 million hours of reliable service in all sizes of combustion tur-
bings. The compressor is a 16-stage axial flow design of 14 pressure
ratio that is based on the highly successful W501D3 compressor.
A four-stage turbine was sebected 10 maintain moderate serodynamic
loadings even al the increased firing lemperature,

Blade rings have been added in the for stages 7 through
16. Similar to those used in the turbine, they have a high thermal
response independent of the outer casing, can be aligned concentric
to the rotor to prevent blade rubs and minimize clearance, and there-
fore maximize performance as well as enhance maintainability of
Statignary parts.

Flow and pressure coefficients of the 501 F compressor have been
kept similar to the D3 compressor by increasing the mean diameter
of the stages to accommodate the 20% increase in flow. [n addition,
the rear stages of the new compressor have larger diameters to help
balance spindle thrust. Interstage bloeds are used for starting and
for srpplving coolng air to the furbine stationary Mading and inter-
stage cooling system. Rotor blades are double circular arc designs
m the first four stages. The staton and all other rotor blades are con-
ventional W&5 airfoil sections.

The design of the 501F turbine has maintained moderale acro-
dynamic boadings in spite of the increased inlet temperature by choos-
ing a four-stage turbine with higher peripheral speed compared to
the W3D1D5. The Ist and 2nd itage blades are the froe-standing type.
whilke the 3rd and 4th stages wtilize integral "Z” tip shrouds. The use
aof 2 shrouded system i a departure from past design practice on the
501 series, but has been in use on the WIS2

The isz turbine stationary row consists of precishon-cast, single-
vane segments. There are precision-cast, two-vane wegments in
the second turbine station row while the 3rd and 4th turbine 2.
DODATY FOWS Are PecIiaon-Cast vane sgmments three-vane and four .
2K segments, respectively.

Cooling circuits for the turbine section, displayed in Fig. 10, are
sirnilar o those used on the W301D5. Rotor cooling air ks provid-
ed by compressor dischasge air extracted from the combustor shell.
This air is externally cooled and filkered before returning 10 the ionque
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FIG. 10. COOLING CIRCUITS FOR THE 501F
COMBUSTION TURBINE
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FIG. 11. EVOLUTION OF COOLING TECHNILOGY

tube casing for seal air supply and for cooling of the turbine disks 2s
well as the first, second, and third -stage turbine rotor blades. The
row | vane cooling design is shown in Fig. 1 1. This highly effective
configuration, which evobved directly from the W301D5 design uti-
lizes stave-of-the-art concepts with three impingements insers in
combination with an array of film cooling exits and a trailing edge
pin fin system. The first stage blade is cooled by 3 combination of
film cooling and convection techniques via multipass, turbulated,
serpentine passages, with pin fin cooling i the trashng edge oot siots.
The cooling circaitry is shown in Fig. 12

The fifth generation also produced mprovements in the W231B10
and the W301DS modds. Introduced in 1990, the W2S1B12 improve-
menti incloded modest increased in airflow, pressare ratio, and
firing temperature. To sccommeodate these changes, double circe-
lar arc compressor blade profiles were used for the first two blade
OwS, COMPTEISOr SLages were restaggered, and cooling was improved
for the first turbine vane and first rotor blade Corrent rating i 43

11

FIG. 12, 'DDCFLIH'.'H; CIRCGUITRY OF 18T STAGE BLADE
USED IN 501F

MW at a simple cycle efficiency of 32% (Diakunchak, 1989). The
improved W501D5, to be introduced in 1995, also will inchude mod-
st increases in airflow, pressure ratio, and firing temperature,
Compressor changes were scaled from the W251B12 and cooling
was improved for the first three vanes and the first two rotor blades,
Inaddition, the increase in airflow required that the row 4 blade be
changed to a “Z" tip shroud similar to the 501 F design. Rating of the
improved W501D5 will be 118 MW at a simple cycle efficiency of
3d%.

COOLING EVOLUTION

The evolution of the W501 and the W251 was highly dependent
upon improvements in cooling technology as shown in Fig. 13,
Without cooling, the maximum RIT would be under 1800F (982C),
Fig. 11 depicts this evolution for row | vane, from the early W301A
in 1968 to the lavest highly sophisticated cooled design used in the
current 501F. Similariy, rotor biade cooling has evolved from span-
wise holes of the 5018 1o 2 sophisticated multi-pass, turbulated, pin-
fin. film cooled design of the 501F. These advances in cooling tech-
nology were beyond the published state-of-the-art, hence, a
comprehensive development program was required 1o verify the lat-
est blade and vane cooling designs and 1o provide a broad base for
future designs.

For example, parametric design information on various vane inter-
ral cooling features was generated in stmospheric pressure rigs, with
the geometry scaled wp to-effiect Reynokds numiber smulaton. | Scabmo,
Halden and Howard, 1981). Tests were run over 2 wide range of test
pRrameters sang basic test ngs such as the leading edge rg shown
in Fig. 14. The insert nose in the leading edge heat transfer rig can
be replaced 50 as 1 vary tanget distance, radius, and bole armay. Actual
leading edge cooling geometries have been tested as well as a range
of grometries for the generation of parametric design information.
In addition to atmospheric model tests, design verification tests were
Tun on producTion vane segments it full operating temperature and
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FIG. 13. FIRING TEMPERATURE TREND

ELECTRICALLY HEATED ALUMINUM BLOCKS

FIG. 14. INSERT NOSE IN THE LEADING EDGE
HEAT TRANSFER RIG

pressure in a full-scale vane cooling rig.

Final verification of blade and vane temperatures were obtained
from a fully nnstrumented full-load engine tests utilizing over 1400
pressure and temperature sensors. Comparsons were made 1o rig
data to update the rechnology data base. Rotating blades and discs
were monitoned via telemetry | Scalio, Allen and Antos, 1986; Gabnel
and Donato, 1986).

MATERIAL DEVELOPMENT

1 the carly years (19505 10 19605 ) materials were sebected from
availshie in-houss steam turbine snd jet engine expenences. However,
SIDCE 2FT0 ENZInes ey & pristine environment, many of these mate-
rials were not the best choice for the more corrosive fucls and
tion intervals for aer components ane more frequent as dictated by
governmental regulations, while intervals in combustion turbines
are being driven up to 24,000 hours by commercial considera-
tions For these and other reasons, material selection criteria, prob-
iems encountered, and developed solutions, would fill several vol-
wmes and are beyond the scope of this paper; however, a few pertinent
comments will be made.

Compressor Area
Steammn turbine and acro engine experience at the time of the ini-

tation of the Westinghouse combustion turbine { 1948 with the W21}
dictated using a 12% chrome material for rotating and stationary
blading because of its high strength. good corrosion resistance.,
and superior damping characteristics. This rationale is still valid
today with standard strength 12% chrome material the choice for all
compressor rotating blades and diaphragms with the exception of
first twa rotating blades in the 501F which use 17-4 PH, a 17% pre-
cipitation hardened stainless steel, Sermetel 380DP 4 coating bs cur-
rently used in the compressor to retard cormosion. To inhibit fret-
ting, CuNiln coating is used on blade roots. Compressor rotar
materials have essentially retained the low-alloy steel materials based
on steam turbine experience.

The 25-20 series and |88 serbes stainless steel materials were used
in early engines, however, Hastelloy X, a high temperature nick-
el-base alloy, became the standard for combustor baskets and
tramsition ducts in the lite 19605, This material has been highly suc-
cessful when kept below 1550°F (843°C) metal temperatures. For
exrhines with the increased firing temperatures used in the 1980s
and later, the transition duct mmuwwwm:rﬁm-
ever, the standard combustor basket material is still Hastelloy X.
IN&17 provided a more stable higher strength matenial that required
Do pre or post heat treatment as was required by some sheet alloy
candidates.

Turbine Stationary
By desgms utilioed weided sruciuns in AdS] 310, & 25 20 ausdenats.

staindess stoel that had excellent resistance both to corresion and to
oxidation at elevated temperatures, but had limited strength capa-
bilis

A change to the higher strength, nickel-base, IN713 used suc-
cagsfiully by aero engines, met with onaatisfactory results because
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of 2 lack of oxiderion/cormosion reststance. A change to anciher pre-
cision cast nickel-base alloy, 15007, resoived the corrosion concern,

In 1967, Westinghouse introduced precision cast, colbalt-base,
X45 turbine vane segments. This material was a modification of
Haynes Steilite 31 used for years in aero engine murbine blades. It
was the standard for precision cast irbine vane segments up to 1975,
when the W501 D was introduced with Westinghouses ECY768
material in row 1. ECY768, is a cobalt-base alloy with higher creep
strength and oxidation/cornosion resistance than standard X45 mate-
rial. This improved cobalt-base alloy has become the standard for
all row 1 vane segments and some selected row 2 and row 3 vane seg-
ments. Beginning in about 1975, diffision and overlay coatings have
been used selectively 1o enhance oxidation/corrosion resistance, as
dictated by application.

Turbine Rotating

Various forged nickel-base alloys, and even 12% chrome materi-
als, were used for earty combustion turbine blades. Today nickel-
base alloy Inconel X-750 remains the choice for many last row blades.
Increases in fring temperatures necessitated changing to the high-
er strength Udimet nickel-base alloys in the mid 1970s. U520
forgings and cast US00 become the standard materials for front tur-
bine stages. (All marbine blades are frec-standing except for rows 3
and 4 of the 501F and row 4 of the improved W501D5.)

The 19808 and 19905 saw a move from forgings 1o higher strength
cast IN738 material for front end blading because the complex coal-
ing configurations could not be produced in machined, forged blades.
been used for rotor blades. Future advanced engines will see a move
to directionally solidified (DS) and to single erystal (SC) blading
together with advanced coatings,

Turbine Discs

Earty combustion turbine discs used a variety of materials inchad -
ing AISI 422, 19-9, and Discalloy 24 (Westinghouse-developed,
austenitie alloy similar to A286). Selected cooling of the dise rims
was required to prevent creep and notch sensitivity rype concerns.
Toavoid these concerns, Westinghouvse developed, in the mid 1960s,
4 umique cooling system for murbine rotors. High temperature, high
pressure compressor discharge air is taken outside the engine where
it is cooled and flered before returning to the turbine rotor, This
cooled, filtered air provides the rotor with a blanker of protection
from hat blade path pases and supplies filtered cooling air to all dise
rims as well as cooled airfoil. Filtrasion eliminates excessive cont-
aminants that could block critical, intricate cooling passages of ioday’s
advanced combustion turbines. A reliable steamn turbine material,
WiCrMoV, was selected because of its high strengrh and outstand
ing fracture toughness. When cooled below 750°F (400°C), this mate-
rial has infinite life becanse it is below the creep and aging thresh-
olds Also, its cotstanding fracture tounghness accommaodated standand

7 goecial Metals Company
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spin pits 1o qualify the forging as i the case for some materials. Since
the mid 1960, MiCrMoV discs integrated imo the Westinghouse fil-
tered, cooled zir cooling system have generated over 20 million hours
of problem free operation.

MECHANICAL EVOLUTION

in operational reliabilities of over 9% and unit availsbilities of over
95%. Many of the basic design features have stood the test of over
four decades of design evolution. These design innovations were
identified in previous sections of the paper; for example, cooled. fil-
tered terbine cooling air with NiCrMoV turbine discs. However,
several will be expanded in this section; i.e., single row 1 vane, inte-

In the early 1970, the row 1 vane segment of the W251B2 was
introduced as a single vane that could be serviced along with baskets
and transitions through the combustor basket openings with the cas-
ig cover and enclosure roof in place. Other advantages of this design
were structural thermal stress at 25 to 50% of a three-vane strocture
and improved casting quality. (Hultgren, 1981 and Scalzo et al.,
1988). Entering a log/log plot displaying the low cycle fatigue (LCF)
of a nickel base alloy or cobalt base alloy, LCF is increased by over
a factor of 10 when stress is reduced 50%, In addition, a single vane
facilitates higher quality castings compared to multi-vane castings.
For advanced mrbines, the inner shroud is supported from the inner
casing to limit axial and circumferential displacements, thus, con-
trolling flow angles.

Compressor integral Vane

an integral airfoil/shrowd design with four point seais on a remov-
abie seal carrier as shown in Fig. 15. Critical structural weld joints
are eliminated by use of the integral structure. Also, the airfoll thick-
ness/ehiord ratio is tapered to produce an optimized aero/mechan-

Bl ASEY.

FiG. 15. INTEGRAL DIAPHRAGM DESIGN



ical design: Le., high ot the tip required mechanically and acceptable
serodynamically, and low a1 the hub, required serodynamically and
accrptabie mechamscally. Endurance strength of the stroctrme i egual
w0 base -metal propertaes as shown in Fig. 16, Thin design also pro-
vides for service of compressor disphragm with rotor o plice. 4 in
past dewpm

O
Tests Stopped
l 0 At 108 Cycles

4 Cast
DO Forged

108 0 07 108
Life - Cycies
FIG. 16. ENDURANCE STRENGTH OF
DIAPHRAGM DESIGNS

Turbine Blade Roots

In 1963, one of the top priority design goals was to develop an
peratures and increased dyramic koadings expected in the therd gen-
eration designs. Earlier designs were simply scaled from existing
steam turbine and aero technology sources. There was also s
desire 1o incorporate the new root design uning NiCrMoV materi-
al as described in the preceeding materials section. Three basic objec-
tives were wdentified; ie., provide  thermal barrier, eliminate 3-D
itress concentration, and mimmize peak stresses. LU'sing an extend-
od root of extension solates the root from flow path temperatures,
thus providing a thermal conductive barrier Also, it eliminates 3-
D stress concentration resulting from the transfer of bending or
dynamic moments from an airfoil shape 10 the root neck (Scalzo,
1992),

Minimizing peak stresses required the knowledge of 2-D stress
distribution in irregular shapes. Since there were no finite chernent
analysis programs svailable in the early 1960x, 3 peneral method for
the determination of 2-D stress distribution in irregular shapes sub-
jected to body and surface forces was developed using the finite dil-
ference method to represent the governing fourth order partial
differental squation toprther with muitable boundary conditiom. A
mainframe compuler wat used to sobve the malnrode of squations
using the over reliation techaigue {Salso, |96 Paramerr analy-
w1 sirnilar to Fig. 17, developed to determine the optimum tooth
shape for minimum peak stress, resulted in Fig, 18, This was used
1o establish the root configuration for the W25 1 A combustion tur-
bine shipped in 1967, and has been used successfully for every
Westinghouse combustion turbine since that time.
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FIG. 18. ROOT TOOTH PROPORTIONS FOR
MINIMUM PEAK STRESS UNDER DIRECT LOAD

— e =3

 —



ol

-

e~ [ |

re

= B2

COMBUSTION DESIGN EVOLUTION

Overall Geometry

In selecting the can-annular design, the W21 designers drew on
the early experimental combustor can experience of the jet engine
group even though the jets evenmally selected an annular combas-
tor, Sets of hales placed st the upstream end provided primary air
sufficient for stoichiometric burning and another sct of holes placed
temperature down 1o the required burner outlet temperature {BOT).
(Note that BOT b the same value as the “firing temperature™ used
in the first and second generation. )

All engines have used can-annular combustors except foe 8 silo
type combusior installed in the blast furnace unit. The rationale that
supports the can-anmular design is still valid after 45 years, Advantages
of this concept are:

& Shipped fully assembled with engine, thus reducing field cost.

» Facilitated full-scale laboratory testing.

& Can be developed to provide a preferential radial tempera-

o Provides a lower “hot spot™ by control of circumferential
temperature gradients 1o improve tarbine vane life.

» Generates a discrete harmonic content, thos minimizing
blade vibratory design requirements.

The basic concept of fuel injection and ignition has been main-
tained from the W21 up to present engines, with the exception of
the new advanced low NOx designs. Key elements are a pressure
atomizing liquid fuel nozzle with a concentric atomizing air-assist
used for starting. Gas fuel is injected via a concentric set of ori-
fices. To prevent undesirable combustor noise, the orientation of
fuel injection vectors must be compatible with the essential recir-
culation stabilization pattern required 1o anchor the flame front
{Scalzo et. al., 1990). In models built after the mid 1970, mechan-
ical flow dividers were used to meter Hguid fuel equally to each com-
bustor. When required for emissions controd, water is injected through
the air atomizing ports of the liquid nozzle or pre-mixed, steam is
injected either pre-mixed with gaseous fuel or via a separate set of
orifices.

Ignition

1 spring loaded spark plug in each can which retracted s comibus-
tor pressure budt-up to opersting conditions; and cross-flame wbes
was used because, with the large distance between adjacent cans,
crons-firing was not reliable. In later engines, with combustors being
nested closer together (W251A model and later), cross firing was
more effective and spark ignition was provided for only two cans
(for redundancy) and cross-firing lit the others. In early designs the
cross-firing occurred through tubes attached to each combustor at
the combustor flame zone, with one tube fitting inside the other in
asliding fit. In more recent madels this asrmangement has beéen replaced
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by hard-connecod Bexibie twbing, The reuactable sparh phag approach
remained basically the sume with improvements made to the spark
plug, the retracting piston, and the electrical power 1o the plug.

In the earlier engines, flame-on indication was provided by ther-
mocouples protruding into each transition section, which recorded
BOT as well as other control input functions. When the BOT increased
to that required for the W251AA engine and succeeding models, this
arrangement had to be abandoned due 1o the impact of the higher
temperature environment on sensor life. The flame-on detection is
now by an optical sensor which views the combustor flame 2one
through a port. Other control supervisory functions are taken up
by thermocouples placed in the blade path downstream of the last
worbine blade row. These exhaust blade path thermocouples also
monitor each combustor to protect rotating blades against harmiul
harmonies (Scalzo, 1992).

Gas turbines have the capability to burn a wide variety of fuels.
Combustor and foel injector design modifications have been able to
accommodate fuels which have incloded: natural gas, blast furnace
gas, coal gas, distillate fuel, residual fuel, crude oil, methanol, propane,
coal derived liquids, and shale oil (Pillsbury et al., 1974, 1978 and
1979%; Seglem and DeCorso, 1980). Burning fuels which have poten-
tially corrosive elements requires that fuel contaminant specifica-
tions be set (Wenglarz and Mengururk, 1981). The Westinghouse
Research Laboratory was equipped with corrosion evaluation test
rigs where actual fuels were burned making accurate determinations
of fuel element corrosion levels on the combustor and ather turbine
hot parts. This work at the Research Laboratory was key to setting
the ASTM D2880 and ASME B-133 fuel contaminant specifications
now in use industry wide (DeCorso etal., 1971 and Hussey et al.,
1973). Use of these various fuels in the future will now be subject to

Emissions

The first emission concerns to impact combustor designers began
with exhaust visibility {smoke) in 1966. As 4 regult, the W171 and
W91 combustors were modified to produce a smokeless design
(DeCorso, Hussey and Ambrose, 1967). In the early 19705, EPA
began to develop regulations which dealt with NOx emission levels.
in hocal areas of California more stringent emission regulations were
passed In the Los Angeles Air Pollution Control District { LAAPCD)
regulations ( rule 67) called fior particulate emissions of no more than
10 b/hr (4.54 kg/hr ) regardless of plant size, and 3 NOx regulation
which required 32 ppmv from a W01 engine. Particulate hevels were
minimized by adbering to established fuel specifications (Carl,
Ohbidinski and Jersey, 1975) and hmating sulfur content in the fuel,
simce the Los Angeles particulate measuremnent technique counted
sulfur compounds. {Many current regulations require NOx 1o be
25ppmv or lower, regardless of engine size. )

Working in cooperation with the Wstinghouse Research Laboratory,
a theoretical understanding of MO formation was gained and a NOx
formation model was developed and verified by aboratory and field
testing. This model proved to be invalzable in predicting the effect



of combuator opeTating parameters on NOx formation. 1t wes capa-
bile of giving NO= emsuion effects due to combustor operating para-
meeters: and, it abo sccurately predicied the effect on NOx emcssion
of various fuels, fuel bound nitrogen, waler injection, and steam
injection ( Hung, 1974 and Vermes, 1974). With the NOx model
a3 a guide, combustion laboratory test time was greatly redoced and
valuable imight into potential low NOx spproaches was provided.

1n order 1o meet the 12 ppm NOx regulation for W50 | arbines,
waler injection for NOx control was designed, tested and proven
in the laboratory, and then in a full-scale feld test { Ambrose and
Obidinaki, 1972), in what is believed 1o be the first application of
water inpection for NOx control. Subsequent design and testing also
confirmed the me of steam for NOx control, with steamn being less
effective, pound for pound, than water.

Dry Low NOx

Dry low NOx development schemes were explored in the three
arcas; i.e., premived lean combustion, rich-kean combustion, and
catalytic combustion. Small scale Research Laboratory tests had con-
firmed that very low NOx levels were attainable by premixing the air
and fuel. Premixing means in this context that the air and fuel are
mixed on & molecular level. A practical scheme to use premixing
wat devised and given the name of “hybrid combustor™ becanse it
utilized the dual approach of a premixed fuel/air stream and a
pilot flame zone which burned in the diffusion flame mode, The
term “hybrid combustor” s now commeonly used in the industry to
refer to this type of low NOx combustor. An example of an early
design which was tested is shown in Fig. 19 (Mumford, Hungand
Singh, 1977). ‘This design was the basis for the lean, pre-mix com-
bustor design used in the MW701D combustion turbine (Aoyama
and Mandai, 1984). Advanced versions of this design are now oper-
ating in the 701 F ( 50Hz scale of the 501F) engines in Japan with NOx
emissions less than 25 ppmv. This design is currently being devel-
oped farther to produce less than 15 ppmv by the late 1990s.

Another spproach to NOx reduction utilived the rich-lean burn
principle, which did not require premixing and was effective for cases
where the fuel contained fuel bound nitrogen (FBN). The premix-
ing or water/steam injection approach is defeated by the presence of
significant amounts of FBN. In rich-lean burning, the bumning is
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stagedd 10 occur i & fael-rich zone where the va ygen defickency pre-
wents NOx formation; in 4 second lean zone which follows the rich
zoac, burning of the products from the rich sone are completed at
2 temperature low enough to prevent NOx formation. The mulu-
annular swirl burner (MASB) was developed which had the capa-
bility of operating as a rich-lean burner, as well as in the lean burn
mode This combustor was successfully operated at the Wl Miil,
PA coal gas test site (Lew, DeCorso etal, 1981) and is now under
development as a topping combastor for an advanced PFB cycle pro-
gram (Garland and Pillsbury, 1992).

The prospects of ultes low NOx using catalytic combustion was
first evaluated in 1971. Tests run at the Research Center con-
firmed that virtually zero emissions could be sttained and that
very enifor temperature patterns were possible { DeCorso, Murmilord
ctal, 1977). A very active program included testing of catalytic com-
bustors at full-scale conditions (Hung, Dickson and DeCorso, 1978;
Schething et al. 1982). Although NChe was in single digits, the mechan-
ical integriry of the substrate was very unsatisiactory. After the oil
embargo sharply curtailed market activity, development effort in
low emissions tapered off through the early 1980s; however, activi-
ty has surged again in the 19905 with advanced designed catalytic
systemns currently under review.

CLEAN COAL TECHNOLOGY

Combustor design and testing first took place in the mid 1970
under 1.5, Gavernment sponsorship for a projected coal gas plant
for Public Service of Indiana. Full-scale test facilities were built in
al coal gas compositions encompassing air blow gasifier and axygen
blown gasifier gas (Pillsbury, 1974). This development supported
the joint Westinghouse/Dow Chemical Co, program to burn medi-
um Btu (239 Bru/scf [8890 k]/scm|) coal gas; fiest, in a W191 irial
engine: and, later in W301D5 turbines at the Dow Chemical Co.
IGCC plant in Plaquemine, LA (Hendry and Pillshury, 1987). These
Two 104 MW units are operating in 2 Dow Chemical developed oxy-
gen-blown integrated gasification combined cycle (IGCC) that
includes a cold gas cleanup system (Morrison and Pillsbury, 1989),
To date, these combustion turbines have operated with average avail-
abilities in excess of 95% (Geoffroy and Amos, 1991).
¥ axypen rather than air 2 the axsdant for the gasifiers. Recent IGCC
evalnations have kooked at using the combustion terbine air com-
Pressor to supply air for the air separation unit. Typically, this air
stream is sent to a high pressure air scparator unit which produces
oxygen for gasification and high pressore nitrogen for combustion
terbine NOx conirol. The diluent mtrogen kowers the flame tem-
perature and, therefore, lowers the NOx

Other concepts being developed 3t Westinghouse include incor-
porating combustion turbines in a coal-fueled combined cycle for
sexond generation prossurived flusdized bed (PFB), and direct coal-
fired (DCF) combined cycle confignrations. GCC, PFS and DCF
conoepty require = foed gas cleanup system 1o remove particalates,
suifsr, and alkali (Newby and Bannister, 1993 ). Low NOx bevebi are
obtzined through wse of advanced combustion processes (Scaleo
etal, 1991).



M—
-

|

o

Lndr_r a DCIE spm:mmd pfﬂgmn. Westinghouse is developing
a MASE topping combustor which will be used in the second gen-
eration PFR topping combustor (Domeracki, Dowdy and Bachowchin,
1994). The entire combustion air quantity is introduced into the
combustor through axial flow, concentric vane rows, The MASE
utilizes vitiated air at 1600°F (871%C) for cooling. Thermal NOx lev-
els of less than 10 pprm have been measured for a burner outlet tem-
perature of 2300°F (1260°C).

In addition to the topping combustor, Westinghouse is develop-
ing and supplying integrated gas furbine systems that will interface
with PFB plants and incorporate the functions of hot gas filtration,
alkali vapor removal, hot gas piping and control, and turbine com-
pression and expansion (Newby et al., 1994).

Direct Coal

In a direct eoal-fucled concept, ash and sulfur are to be removed
from the coal doring the combustion process. Air from the com-
ging combustor and into 3 topping combustor. About one-thind of
the air is directed to the slagging combustor for utilization in the sab-
stoichiometric combustion of the coal fuel. Two-thirds of the com-
pressor discharge air goes directly to the topping combustor where
the low Btu fued gas is fired under lean-burn conditions. One advan-
tage of this split & that the majority of the primary combustion process
only has to handle one-third of the total air flow required by the com-
bustion turbine. The slagging combustor aperates at temperatures
high enough to melt or vaporize the inert ash constituents in the coal,
Westinghouse has worked with Textron Defense Systems undera
DOE contract to demonstrate the feastbility of this concept (Bannister,
Newby and Diehl, 1992). Test results confirmed 99% carbon con-
version with NOx levels under 50 ppmw. The next step in the devel-
oprment of this process is to integrate various hardware components
into an operating cycle in a pilot plane.

CURRENT AND FUTURE TRENDS

In cooperation with U.S. Department of Energy’s Morgantown
Energy Technology Center, a Westinghouse Jed team is working on
the second part of an $-year, Advanced Turbine Systems (ATS)
Program to develop the technology required to provide a significant
increase in natural gas-fired combined cycle power generation plant
efficiency (Bannister et al., 1994).

Efficiencies for large natural-gas-fired combined-cycle systems
for the utility market have been demonstrated at 54 (o 55%. Even
though manufacturers will make improvements in the 1990s, pur-
suing the historic trend, shown in Tables 2 and 3, efficiency levels
will reach a plateau for simple and combined cycle plants. Cycle
inngvations, a 2600°F (1427°C) combustion turbine RIT, reduced
eooling air usage, steam cooling, improved component efficiencies,
together with improved materialicoating systems can achieve com-
bined cycle efficiencies in the 60% range for natural gas-fired veli-
ty machines.

ATS using nateral gas is to be commercially available by the
year 2000. Coal-derived fuel concepts are candidates for the post-
2005 power-generation market. The final design will be fuel flexible
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in that it will operate on nalural gas, but also be capable of being
adapted to operate on coal, coal-derived, or biomass fuels.

SUMMARY AND CONCLUSION

The Westinghouse evolutionary combustion turbine design phi-
losophy has always maintained relisbility and maintainability as
major considerations, Many basic design innovarions have been
retained after over four decades of evolution, thereby attesting to the
soundness of their selection. Future advancements in firing tem-
perature, materials, cooling, and cycles must also satisfy reliabili-
ty/maintainability requirements,

Westinghouse has actively worked with industry and the gov-
ernment for over three decades in developing the use of coalasa
clean fuel for power generation. The company is currently actively
supporting cean coal technology programs in advanced IGCC, first
generation PFB, and second generation PFB plants.
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