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ABSTRACT

Massachusetls Municipal Wholesale Electric Company
(MMWEC) is ﬁsgfamtig modernizing their GE 8TAG™ (Steam
and Gas) 307E compbined-gycle generating station at Stony
Brook Enargy Center. This pw{ect consists of upgrading both
the gas turbine and steam furbine within the constraints of the
existing combined cycle plant.

This modernization program wil improve the availability of
MMWEC's combined-cycle power plant primarily through
doubling the combustion system inspsction interval. Other
bensfits include increasing the present combined-cycle power
putput by approximatsly ten (10} megawatts with less fuel
required per generated megawafl. These benefils are a result
of new technology components developed by General Electric
{GE) and engineerad lor retrolit to earlier steam and gas
turbines such as MMWEC's,

This paper represents the thought process and motivation
that MMWEC has followed 1o justify modernization of thelr ten
{10} year old power plant. This paper ziso represenis the
specifics of the GE advanced technology components,
including their impact on steam and gas turbine unit
performance and reliability.

PLANT BACKGROUND

I the mid-1870s, MMWEC (g joint action power supply
agency for over thirly [30] municipals in Massachusetls)
decided it needed an intermediate and peaking plant to satisfy
iis power supply needs. The intermediate plant had 1o be
capable of reliable daily cydling with fow stant up and shuldown
costs, while meeting rigorous environmental regulations
because of the then pending New Source Performance
Standards. Heavy smphasis was placed on high operational
efficiency since it was inifially decided 1o be a fossilffue! plart.

Extensive study was done and i was decided that the GE
STAG™ 307 Plant came the closest to meeting all the
requirements. Englneering began on the basis that the
intermediate plant would be a combined-cycle plant buillt 1o the
highest possible efficiency and reliability siafséirés for cyeling
cperation. The major components of this plant would be
supplied by GE ang the haart of the plant would be the GF
Frame 7001E model gas turbine. The overall plant rating was
o be in excess of 343MW net at 20°F ambient with a higher
heating value heal rate of approximately 8,200 BTUs per KWH.
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The Stony Brook intermediate plant began commercial
operation on mber 1, 1881 and at that me was the most
efficient fossil fuel fired power plant in the world. In addition,
Stony Brook consistently excesded its targel availability goals
with the most recent four (4} vears of operation experencing
well over 90% availability facior,

STONY BROOK - OPERATION IN THE 1990s

During the 1980¢ the Stony Brook maintenance staff
concentrated ds efforts on reducing demand maintenance,
which increased planned maintenance 10 a cerlain extent. The
overall program was s successtul that in 1980 Stony Brook
maintenance activities were largely preventive in nature, In
order {0 achieve even higher avaiability faclors, the staff
shifted its interest of concenration from demand maintenance
to outage maintenance planning, Carefu! study determined that
the major cause of outage maintenance was gas lurbine
related as opposed to steam twurbine, HREG or balance of
plant-related itlems,

There are three (3) major gas turbine outage activities
{combustion overhaul, hot gas inspection, and major
nspection). With the cooperation of GE, it was defermined that
with new technology it was possible 1o double the interval
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petween combustion overhauls with the ultimate goal of making
them concurrert with hot gas path and major inspechons.

When Stony Brook was construciad, the New England
Power Pool was a winter peaking pool, therefors, all power
piant ratings were based on winler standards. During the
16805 it became evident that the summer pesks experiencss
were rivaling and, in some cases, exceeding the winler peaks.
in 1986 the Pool decided that all power plants would have both
a summer and a winter rating. The summer fating for internal
combustion engines would be based on a 90°F ambient; as a
result MMWEC jost a significant amount of capacity credit
dyring the summoer period. Various options were evaluated that
would recover some of the lost capacity.

MMWEC also realized that parl of the summer derating
and efficiency loss could be recovered by utilizing new §as
turbine and steam turbine materials and technology. The
higher efficlency atlained would increase summer power
putput, and improve summer economics, as well as lower
srvironmentsl emissions on & KW per hour basis,

in order 1o demonstrate thal obiaining the above
availability and performance improvement goals were justified,
a detailed cost analysis was performed. The result indicated an
expenditure of approximately B325/KW (1891 dollars) would be
cost sHeclive. Although the detailed assumption and results of
the cost analysis of this nature would vary from utiiity 1o utility
and region 1o region, MMWEC's analysis was able 1o
demonstrale that this plant renewal effort would be cost-
effective based on the following:

1. Current spares in inventory ware approaching the
gnd of their usefu! life and needed o be replaced. A
significant percentage of the proposed $325/KW
would be needed just to replace the old paris with
components of old technology design.

2. Availability improvement of approximately 2%
{points) would lower costs for capacity credit and
maintenance.

3. Less frequency of plant gas turbine maintenance
outages would reduce replacement power cost and
criticat component refurbishing cosis.

4. Total plant output capacity during the summer would
be increased by greater than 10MW which would
recover a portion of the summer derated capacity.
This would lower all power supply costs during the
summer peak periods,

5. A projected increased efficiency of 1% for each
gas turbine during the summer months lowers
operaling costs.

In order 1o keep implementation costs o a minimum, alt
renewals and modifications are to be performed during normally
scheduled outages. Thus, the Availability Improvement
Program (AP} will not be complstely implemenied untl 1883

PHODUCT BACKGROUND

The GE pre-enginesrsd STAG™ combined-cycle power
generalion systems consist of faclory-packaged components,
including an integrated control sysiem. Infroduced in the iats
18680s, STAG™ systems may include from one (1) 1o six (8)

as turbines, including the ME5001, MS8001, MS7001, or
88001, and one (1) steam turbine maiched 1o the gas
turbine exhayst heatl. STAG™ designations starling with the
rumeral 1" {e.g., STAG™ 107E) employ one (1) gas and {1}
steam lurbine. They can be on a single shall, driving one (1)
generator, of on separate shafls, sach with iis own generator.

All other designations (e.g., STAG™ 307E} are for multi-shall
configurations where the first digit is the number of gas
wrbines per steam lwbine, while the last digit and leter(s)
are the gas wrbineg frame size and modsl designations,
respectively. Current fourth-generation STAG™ systems
have now evolved to the introduction of larger, more efficient
gas turbines, utllizing combustion system and hot gas path
designs which have increased the time bstween scheduled
shuidown inspections such that the objective of achieving
combined-cycle availability greater than 95% i3 obtained.
Table 1 lists 2l the GE Power Generation 8TAG™ combined-
oycle systems currently in operation or on order,

The GE Frame 7001 model gas turbine was introduced in
1970, Design changes mads 1o compressor, combustion, and
hot gas path components have been implemented through the

ears resulting in the performance improvements shown in

igure 1. As of June 30, 1991, thers are 513 Frame 7001 gas
turbines either installed or shipped with a total of approximately
8,000,000 operatling hours.

Steam turbines for STAG™ operation incorporale a
number of special features for oplimum performance, high
reliabiiity, and minimum operating and maintenance ¢osis.
Turhine configurations have included single-, double-, and
four-flow arrangements, utilizing last stage bucket lengths from
10" to 26", During the past 23 years, GE has bulll in excess of
70 steam turbine-gensrator units totaling over 3,500 MW of
capacity for application in combined-cycie power plants,

ADVANCED TECHNOLOGY COMPONENTS

The following GE advance techmfe}g{ gas and steam
turbine components are being implemented In MMWEC's
STAG™ 307E AIP. Projected availability and performance
improvements are as follows:

«  Double combustion system inspection interval to
8,000 fired hours/800 fired starts

* fncrease summaer month output of sach gas turbing
by 6.1% while improving heat rate by 1.1%

¢ improve both cutput and heat rate of the sleam
furbine by 15%

- improve summer month combined-cycle oulput and
neat rate by 5.7% and 0.4%, respectivaly

COMPRESSOR IMPROVEMENTS

The inlet guide vanes (IGVs) that wers originally on the
MMWEC 7E gas twbines are the 403 stainless steel, “high flow”

design. This design ofiered an improved airloll éestggz compared
fo the GV design originally on the MS70018 gas turbines.

The 1GVs that are supplied as part of the AlP are the
“reduced camber” “high flow” IGVs. The “reduced camber”
airfoll permils increased inlet air flow, This aifoll was designed
as part of the MS7001F Development Program and applisd
across the product line sincs i provided a significant
parformance improvemernt. The redesigned alroll can increass
output by 1.5% and decrease the heat rate v 0.3% on a
ME7001E turbine, like MMWECs. The new IGVs are made of
GTD-450, a precipitation-hardened martensific stainisss sies!
that provided increased tensile sirength and superior corrosion
resistance because of s higher concentration of chromium
and molybdenum. There have also been substantial increases
in high cycle and conosion faligue strength. Figure 2 shows 2
summary of e design improvements of the new IGY.
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Country Utility Ho.GT's | No. 8T Tolal MW Commerglsal Total GT Hours
Wolvarine Eleciric 1 1 21 1968 148,000
ﬁssi City aif»!i’}smwa i 3 11 1968 100,000
USA Chty of Clarkedale 1 § 21 1472 117,660
USA Chy of Hulchinson 1 % i1 1972 62.000
UsA Duguesne Power & Light 3 i k<) 1674 25,500
LSA Houston Light & Power 2 2 574 1974 596,200
USA Salt River Prodegt 4" 4 280 1874 187,308
USA Ohio Edison 2 § 225 1974 100,000
Liga Jersey Central Power & Light 4 1 o 1974 135,200
U5A Arizona Public Service 3 3 250 1978 76,600
L8A lows Hinois GAE Company 4 i 105 1877 50,000
USA Puario Rico EPA & 2 606 1977 500
Usa Westem Farmers Elaciic 3 3 bag] 1977 207 200
Usa Portiang Gas & Elsciric g 1 850 1877 15,000
Hersa Korea Elaciric 8 i 840 1978 180,000
USA MMWEC 3 1 343 1981 71700
Taiwan Talwan Power Company - H 570 1983 49,500
et | ke : : = i i
3’&5‘**‘ S5E Cool Water 1600 1 1 126 1584 27500
Trinigad Trinidad & Tobago 2 1 188 1985 30,000
Japarn TEPCO-Group § 7 7 1,115 1885 144,124
Japan TEPCO-Groug 2 7 7 1,158 1388 74,342
China P! Lama Dien it i 1 50 1888 10,000
Paldstan WAPDA 4 2 §23 1988 20,
J%gu Chubu Eleciric Powsr Company 5 5 £77 1888 42,500
g gmmaaeﬁsewm Authority § 2 30 igﬁ 54500
% o
Ugl O%eas State Power 4 2 480 1990 Construction
UBA Virginia Power Company 2 -4 420 1590/82 400
Thailand EGAT 4 2 700 1880 Censtruction
Japar TEPCO-ACT g B 2,600 1855 Design
Korea HKEPCO 4 4 900 1592 Design
usa TECO Power Systam 2 H 250 1862 Design
Other Related Experience 137 % 15,538 3011888
Cogenerstion
inciuding MS6000 and MST000 GTs 140 34 g.213 2313800
*Single Shatt 277 110 23,552 5235786
Table 1. Power Generation STAG™ Combined-Cycle Systems
made from IN-738, a precipitation-hardened, nickel-base super
sue pERF »z;gﬁm CE FIAING  ARFLOW  HEATRATE  EXHALET alioy, which for mgrsy’? Fv\ssr: wa{a fmc induszgf :éaﬂssrd afgr
corrosion resistance. The current first slage bucket is made
MOREL DAIES KM IEMEE URASMHR GLAWMR IMET | from GTD-111, also a precipitation-hardened, nickel-base
A& 1907 &7 1856 1851 1,88 844 super alioy, with the added benefits of a 35°F increase in
B wnge 51,800 1800 1881 12080 544 rupture sirength and greater low-cycle fatigue strength.
19721978 80000 1840 1905 10,560 247
1e78 750 GBS0 neer i 844 Third, because of its location, i is essential 1o coat the first
A s S o S e oot stage buckst 1o prevent oxidation and corrosion. Since 1975,
1975.78 73500 1965 1125 10,530 §74 there has been a progression of coating changes. In 1889,
1678-81 75,000 w8 2178 10,580 gr7 Plasmaguard Plus™ was developed, satisfying both oxidation
188764 76,900 2020 2230 10,565 000 resistance and hot corrosion resistance criteria.
EA 148487 B0080 2020 23 WS B8y
1587 81,760 2026 2343 10.820 9587
1588 £330 2020 2373 10470 98z Smm
[ R 147,218 230G 3307 9860 1160
FA 1982 158,080 2380 3307 8520 1082 The second stage bucket has been redesigned 1o reduce
“BASE LOAD OYSTRLATE WCLUES 00 INCHES KO0 WL EXHAUST PRESSURE the cutward radial creep deflection of the bucket tip shrouds.
Figure 1. M87001 Performance History sonovts seros GeorTas 18 mietn s
itancs o ok = 1
HOT GAS PATH IMPROVEMENTS vAmANE B  Traaesd 16 " ]
~ AT BELABRITY BT BEW DR TRY g - H
&ﬁmﬁﬁgﬁ; SEAAVER PRI KL ARCE PROP IS EL 2
Three (3) major improvemenis have been made to the ! / rimonsns HAN T
new first stage bucke's supplied as part of the AP First, the §g
new bucket has a blunt leading edge airloll, as opposed 1o the e i
sharp leading edge airfoll that is on the original first slage sone FR
buckel. Figure 3 shows a comparison of the two {2} airioll P
shapes. The new design allows more air to the leading adge, asminis
reduced thermal gradients and associated cracks with —— Y § TR
Increased power oulpul. = o 4TRSS 88
The sscond improvement involved a change of material, Figure 2. Design improvements With GTD-450

The MS7001B and sarly MS7001E first stage buckets were

High Flow IGV Designs




A, Sharp Leading Edge

8. Blunt Leading Edge

Figure 3. Sharp and Blunt Leading Edge
Bucket Design Comparison

Figure 4. Scalloping of the Bucket Shroud

=

Figure 5. Final Configuration of Bucket Shroud

The defiection can lead 1o rubbing of tha radial seal on the
stationary shrousds and possibly cracking of the buckst tip
shrouds. The principal cause of the defleciion i elevated gas
temperature in the region of the bucket tip.

The radesign involved the "scalloping” of the upstream
side of the tip shroud fo reduce the operating stress level and

increase the creep life, Figure 4 shows the area of the tip
shroud that was removed due 1o the "scalloping”. Alse, o
further reduce the tip shroud slresses, the area between the
seal teeth was thickened and the underside of the shroud was
tapered. The final configuration, shown in Figure 5, reduced

strass pvels by more than 25% and Increased creep life B0%
over the orignal design.

To help improve the overall refiability of the gas turbine, an
inner sidewall 1angential support was added to the first slage
nozzie. The tangential support consists of an integrally cast side

support lug and milled radial siot on each nozzie segment that has
a mating bushingpir-retainer assembly as shown in Figure 6.

] rhird Stage Nozzh

The second and third stage nozzles in MMWEC'S wrbines
are made of FSX-414, the same materisl used in the first stage
nozzle. GE has developed a new material for the second and
third stage nozzles due to the problem of tangential deflection,

Figure &. First Stage Nozzle Inner
Sidewall Tangential Support

indicating creep in the vane, The new GTD-222 material is &
GE patented, nickel-based allow with a 150°F improvement in
creep strength comparsd 1o FEX-414. This slioy aiso has
enhanced low temperature hot corrosion resistance, and is
weld repairable, This new material nozzle is expecled 1o
double the rewcrk interval. Al the present time, MMWEC has
not replaced their second and third stage nozzles with GTD-
222 nozzies. )

COMBUSTION SYSTEM IMPROVEMENTS

Significart efforts o advance the combustion system are
driven by the need for higher tiring temperatures. What
originally were simple paris in the sarly gas twrbines are now
highly complex pieces of hardware with sophisticated materials
and processing requirements. There are ten {10} combustion
chambers on the MB7001 gas turbine. Figure 7 shows the
arrangament of a typical chamber.

The combustion liners have besn mads of Haslelloy-X, a
nickel-basge alioy, since the infroduction of the MS7001 in
1970, However a thermal barier coaling {TBO) now applied 1o
the liners provides an insulating layer which reduces the
underlyving base material emperalure Dy approximatsly 100°F,
and mitigates the eflects of uneven gas lemperature
disribution. The TBC consists of two (2) materials applied 1o
the hot side of a component: the first provides a bond coal that
is applied to the surface of the part, and the second, an
insulating oxide which i then applied over the bond coal. Total
thickness of the coaling s approximately 015 inches.
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Figure 7. Combustion Chamber Arrangement

Transition Piece

The ransition pleces originally supplied with the MMWEC
gas turbines were the heavy wall Block i ransition pisces
made from Hastelioy-X material. The Block ilf yansition pleces
were an improvermnent over the thin wall transition pleces
shipped on earlier MS7001 gas turbines. The new transition
pieces that are part of the AIP are the HTP784 transition
pieces. The HTP784 transition pieces were introduced to the
GE MS7001 product line in 1984,

The HTP784 transition plece Is made of Nimonic 283, a
nickel-base alloy, which provides superior creep resistance,
oxidation resistance, and fatigue strength over Hastelloy-X.
Nimonic 263 has been used successiully in aircraft gas
turbines for over 25 years.

Like the new combustion liners, the new wansition pleces
are being coated with YBC, reducing the melal temperature
and improving creep resistance. The aft support has been
redasigned to incorporate a covled cylindrical mount welded to
the body which eliminates ¢racking in the body-to-mount weld

ion. Locling air is admitied to the cylinder mount via cooling
holes and an impingement plate to fim cool the mount area.
This film cooling in conjunction with the thermal barrier coating
significantly reduces the transition plece metal temperature.
The aft bracket is hinged from the cylinder mount and has a
two-bolt mounting arrangement 1o the nozzle retaining ring.
This minimizes mounting loads, enhances low-cycle fatigue
capability, increases torsional stability, and reduces aft frame
sesl wear. Figure B shows a comparison of the a® brackets,
The aft frame is of one-piece wrought Nimonic 263

LD DESIGH REDESIGNED
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Figure 8 Comparison of Transition Plece Aft Bucket

construction with machined slots for the end and floating seals.
This att frame sealing design reduces the relative motion
between the end seals and ficating seals and greatly reduces
the wear rate.

STEAM PATH IMPROVEMENTS
Last Stage Bucket

The original 23° last stage bucke! was first introduced info
service in 1948 inftially used in ulility units, this bucket has
been primarily used in Industrial and combined-cycle units
during the last 20 plus years.

The original 23" design consists of individual buckets
coupled together into discrets gﬁéps using a peensd tenon
cover connection at the vane tip a brazed tie-wire located
at mid-vane (Figure 8). The bucket is altached to the rotor
wheel through the use of a finger dovetail design, which was
first applied in 1847 and has been proven In over 24,000 wheel-
vears of satisfactory service on various last stage designs.

Figure 9. Current 23" Last Stage Bucksis

Last stage buckels are one of the most challenging
components of steam turbine design. The last stage {buckel
and diaphragm):

1. Passes the largest volumetric flow in the lurbing

2. Carries the highest stage loading at design
conditions, producing up ©© 10% of the wurbine output

3. Operates In a wet steam environment

4. Must operate in a variable load, flow, and exhaust
pressure environmanis

in 1987, a development project was undertaken fo
redesign the 23" last stage bucket using modern siate-of-the-
art technology (Figure 10). The redesigned 23° las! stage
bucket {Figure 11}, which can be retrofit info existing units, has
design features that are benelicial for ulility, indusirial, and
combined-cycle applications as follows:

Aerodynamic Desinn

 The redesign has accomplished the same high lavel of
sfficiancy found on GE's modern longer slage bucket through
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23* Low Pressure Turbing
3-D Flow Analysis

Figure 10.

Figure 11. Redesigned 23" Last Stage Buckels

ORIGIHAL VANE SHAPE

Figure 12, Mew Redesigned 23" Last Stage

buckel vane section serndynamic design, raising rool reaction,
and betler tip leakage control, while optimizing stage radial fiow
distributions, Heat rate improvemeants ag much as 0.9% are
predicied when replacing the original 23° last stage buskst.

Advances in manufacturing technology since the 23°
bucket was first introduced allow use of an improved bucket
dovelall design, which in tum permits improved bucket flow
passage gecmetry (Figure 12). Current analytical ischniques
permit more accurate determination of, and reduction in flow
incidence angle losses, and also result in & more efficient
transonic tip design, mmnimizing shock losses (Figure 13).

Vane tip leakage control currently used on in-service 23°
tast stage buckets is shown in Figure 14. The redesigned tip
{Figure 15}, provides sealing against steam leakage while
permitting moisture 1o flow out over the bucket tio in a film
along the end wall. Much of the molsture 18 comained in this
film: therefore, the tendency lo erade the bucket covers and
auter vane sections has been sharply reduced. This is of
particular value for nonrsheat application found in combined-
cycle plants.
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Figure 13.  New Redesigned GE 23" Last
Stage Bucket Tip Comparison

Typical Current 23" Tip Leakage

Figure 14.
Contral and Moisture Removal
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Tip Leakage Control of New 23

Figure 15 ¢
Bucket and New Diaphragm

!
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{Redesigned Configurstion wilwershost}

Figure 16.  New Redesigned GE 23" Last Stage
Bucket Cover Design )
Cantinuous Over-Under Construstion

Last stage buckels experience & wide range of exhaust
pressures and loads in service. This wide variety of operating
conditions occasionally exposes the bucket 1o strong dynamic
tarces. Buckst stiftness, damping, and coupling must prevent
strong bucket response 1o these forces. The redesigned 23°
last stage bucke! uses a continyally-coupled cover design
{Figure 16) and a three-piace loose tie-wire o achieve bucket
response suppression and mechanical damping. These
features minimize the risk of damaging responses during of-
design point operation. )

The larger tip chord length and continuously-coupled over-
and-under cover design increases the bucket and dovelad
centrifugal foads. To minimize this effect and yel malniain
satistactory cover strengths, the cover is made from titanium
material. 0 addition, the bucket! is made from high-strength,
erosion-resisiant buckst material

Lasl Stage Nozzle
The redesigned 2% last stage nozzle can be retrofit info

existing twrbines, This nozzle can contribute an additional 0.1-
01.4% heat rate improvemeant when used in conjunction with the

Figure 17. New Redesigned GE 23" Las! Stage

redesigned 23" last stage bucket. More precise estimates can
be predicted on a unil-by-unit basis.

The new nozzle redistributes the low-prassure furping
energy in order to improve last stage roo! reaction. The
original 23" last stage has a nearly flat radial flow distribution,
white the new design shifts more flow to regions of the stage
where efficiency is the highest. This gmvédes a major part of
the contributions of the nozzles to heat rate improvement.
The use of the nozzle design was verified by 3-dimensional
rough-flow calculations, as shown in Figure 10.

This nozzle design, together with overshoo! construction
in the outer wall (Figure 17), permits use of a sealing rib on the
bucket cover (Figure 15) which greatly reduces tip leakage
inss when compared with the oider design (Figure 14). The
redesigned nozzle configuration together with the overshoot
consiruction of the culer wall is also predicied to reduce
erosion at the bucket leading edge.

SUMMARY

Retrofit of GE aﬁ*&aﬁce&eﬁ?‘%&i&gif sleam and gas turbine
components inta MMWEC's Stany Brook Enefi}? Center GE
STAG™ 307F Combined-Cyole Power Plant (AIP) began in
March, 1981 This program is expeciad to improve plant
availability by approximately 2% {points) and improve
combined-cycle power plant summar month output by 5.7%
when completed in 1883

_ Performance testing completed for MMWEC gas twibine
unit 10 after March, 1981 ratrofit with gas turbine AIP
components, demonsirates mors than the expecied summer
month output and heat rate improvement of 6.1% and 1.1%,
respectively. MMWEC is expecting to retrofit a second of their
gas turbines and their steam turbine with AlP components n
spring, 1992,

MMWEC's modernization of their combined-cycle power
plant will result in availability approaching those of now fourth-
generation STAG™ powsr plants.
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