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Disclaimer 
This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, 
or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise does 
not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 

This report has been reproduced directly from the best available 
COPY. 

Available to DOE and DOE contractors from the Office of 
Scientific and Technical Information, 175 Oak Ridge Turnpike, 
Oak Ridge, TN 37831; prices available at (615) 576-8401. 

Available to the public from the National Technical Information 
Service, U.S. Department of Commerce, 5285 Port Royal Road, 
Springfield, VA 22161; phone orders accepted at (703) 487-4650. 
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2.9 Technical Review of Westinghouse's 
Advanced Turbine Systems Program 

Ihor S. Diakunchak (407-281-51 15) 
Ronald L. Bannister (407-281-3270) 

Westinghouse Electric Corporation 
4400 Alafaya Trail 

Orlando, Florida 32826-2399 

Introduction ' 

U. S. Department of Energy, Office of 
Fossil Energy Advanced Turbine Systems 
(ATS) Program is an ambitious program to 
develop the necessary technologies, which 
will result in a significant increase in natural 
gas-fired power generation plant efficiency, a 
decrease in cost of electricity and a decrease 
in harmful emissions. In Phase 1 of the ATS 
Program, preliminary investigations on 
different gas turbine cycles demonstrated that 
net plant efficiency greater than 60% could be 
achieved (Little et.al., 1993). The more 
promising cycles were evaluated in more 
detail in Phase 2 in order to select the one that 
would achieve all of the program goals 
(Briesh et.al., 1994). The closed-loop cooled 
combined cycle was selected because it 
offered the best solution with the least risk for 
exceeding the ATS Program goals of net plant 
efficiency, emissions, cost of electricity, 
reliability, availability, and maintainability 
(RAM), and commercialization in the year 
2000. 

The Westinghouse ATS plant is based on 
an advanced gas turbine design combined 
with an advanced steam turbine and a high 
efficiency generator. To enhance 
achievement of the challenging performance, 
emissions, and RAM goals, current 
technologies are being extended and new 
technologies developed. The attainment of 
ATS performance goal necessitates 
advancements in aerodynamics, sealing, 
cooling, coatings, and materials technologies. 
To reduce emissions to the required levels, 
demands a development effort in the 
following combustion technology areas: pre- 
mixed ultra low NOx combustion, catalytic 
combustion, combustion instabilities, and 
optical diagnostics. To achieve the RAM 
targets, requires the utilization of proven 
design features, with quantified risk analysis, 
and advanced materials, coatings, and cooling 
technologies. Phase 2 research and 
development projects currently in progress, as 
well as those planned for Phase 3, will result 
in advances in gas turbine technology and 
greatly contribute to ATS Program success. 

Research sponsored by the U.S. Department of Energy 's 
Morgantown Energy Technology Center, under Contract 
DE-AC21-93MC30247 with Westinghouse Electric Corp.., 
4400 Alafwa Trail, Orlando, FIorida 32826-2399, 
IeIefm: 407-2814633 
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The ATS engine will be the next frame in 
the series of successful utility turbines 
developed by Westinghouse over the last 50 
years. During that time, Westinghouse 
engineers made significant contributions in 
advancing gas turbine technology as applied 
to heavy-duty industrial and utility engines 
(Scalzo et. al., 1994). Some of the 
innovations included single-shaft two-bearing 
engine design, cold-end drive, axial exhaust, 
first cooled turbine airfoils in an industrial 
engine, and tilting pad bearings, features 
which all major gas turbine manufactures are 
now incorporating in their designs. In the 
past, enhancements in Westinghouse gas 
turbine performance and mechanical 
reliability were made in continuous steps. 
The evolution of large gas turbines started 
with the introduction of the 45 MW 501A 
engine in 1968. Continuous enhancements in 
performance were made up to the 100 MW 
501D5 introduced in 1981. The next engine 
was the 160 MW 50 1 F introduced in 199 1. 
The 230 MW 501G is the latest engine in the 
series and is the initial step in ATS engine 
development. Each successive engine design 
was based on the proven concepts used in the 
previous design (see Table 1). 

Table 1. Proven Design Features 

The 501F produces 160 MW at a simple 
cycle efficiency of 36%. Its combined cycle 
net efficiency is higher than 55%. This 
performance level was achieved by 
approximately 1 10°C (200°F) increase in 

firing temperature, compared to the previous 
engine, advanced compressor and turbine 
design, advanced airfoil cooling design, and 
improved materials. 

The current production engine, 50 1 G, 
introduced in the Spring of 1994, produces 
230 MW. Its combined cycle net efficiency is 
58%. This engine incorporates further 
advancements in materials, cooling 
technology, and component aerodynamic 
design. The 19: 1 pressure ratio compressor 
uses advanced profile high efficiency airfoils. 
The combustion system incorporates 16 dry 
low NOx combustors. The combustor design 
is similar to 50 1 F with the same flame 
temperature and hence the same low NOx 
emission. The four-stage turbine uses full 3- 
D design airfoils and proven aeroderivative 
materials and coatings. 

Achieving the ATS Program’s challenging 
goals will require breakthroughs in several 
key technologies as well as enhancements in a 
broad range of current technologies. At the 
ATS performance level, the key issues are 
turbine component cooling, coating systems, 
and emissions control. Of almost equal 
importance in achieving the ATS Program 
goals will be the advances in component 
aerodynamic performance, sealing 
technology, and materials. To mitigate the 
key technical issues and to bring about the 
necessary advances in the supporting 
technologies, several development programs 
were proposed for ATS Phase 2. These 
programs include developments in 
combustion, emissions, cooling, 
aerodynamics, sealing, coating, and materials 
technologies. 

Westinghouse’s strategy to achieve, and 
exceed, the ATS Program goals is to build on 
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the proven technologies used in the 
successfully operating fleet of its utility gas 
turbines, such as the 501 F, to extend the 
technologies developed for the 501G and to 
overcome the identified barrier issues through 
a concerted technology development effort in 
ATS Phases 2 and 3 (see Figure 1). 

The gas turbine exhaust gases will pass 
through the three-pressure level heat recovery 
steam generator (HRSG) before being 
exhausted through the stack. The steam 
turbine will employ advanced 3-D 
aerodynamic design methods. The 60-Hz 

ATS 
Phase 111 

50 1 F’s ATS 
Operating Phase I1 

Past Present Future 

ATS 
Phase IV 

ATS 
Phase 111 

50 1 F’s ATS 
Operating Phase I1 

ATS 
Phase IV 
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i 

Figure 1. ATS Technology Development 
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Objectives 

The objectives of the ATS Program Phase 
2 were to select the ATS cycle and to enhance 
or develop technologies required to achieve 
the ATS Program goals. This paper describes 
progress on the different technology 
development programs being conducted by 
Westinghouse in support of the ATS Progam. 

ATS Description 

The ATS plant is based on the advanced 
combined cycle. The gas turbine, generator, 
and steam turbine will be connected together 
in an in-line arrangement with a clutch located 
between the generator and the steam turbine. 

two-pole generator will be an extension of the 
Westinghouse hydrogen-cooled modular 
design concept. 

The ATS engine is an advanced 300 MW 
class design incorporating many proven 
design features used in previous 
Westinghouse gas turbines and new design 
features and technologies required to achieve 
the ATS Program goals. The compressor 
design philosophy is based on that used in the 
advanced 501 G compressor. The 
aerodynamic design uses 3-D viscous codes, 
controlled diffusion airfoils and reduced 
airfoil thicknesses. Variable stators are 
incorporated in the front stages to improve 
starting and part-load operation. 



The combustion system has 16 
combustors of lean-premixed multistage 
design with catalytic components. To limit 
NOx emissions to less than 10 ppmv, nearly 
all of the compressor delivery air is premixed 
with the fkel. Therefore, closed-loop steam 
cooling is used to cool the combustors and 
transitions. 

The four-stage turbine is an extension of 
the advanced 50fG turbine design. The 
design is based on 3-D design philosophy and 
advanced viscous analysis codes. The airfoil 
loadings are optimized to enhance 
aerodynamic performance while minimizing 
airfoil solidity. The reduced solidity results in 
reduced cooling requirements and increased 
efficiency. To further enhance plant 
efficiency, the following features are 
included: turbine airfoil closed-loop cooling, 
active blade tip clearance control on the first 
two stages, improved rotor sealing, and 
optimum circumferential alignment of 
airfoils. 

The ATS engine and plant conceptual 
designs have been completed and design 
reviews were held to verify these preliminary 
designs. 

Phase 2 Component Development 
Projects 

To resolve the identified barrier issues and 
achieve the ATS Program goals, an extensive 
R&D program is in progress in the fields of 
combustion, cooling, aerodynamics, leakage 
control, coatings, and materials. 

Combustion 

Due to the strict emissions requirements 
for the ATS engine, combustion development 

will be one of the critical areas requiring 
significant effort. To address this issue the 
following combustion development programs 
were initiated: combustor flow visualization, 
combustor cylinder flow mapping, optical 
diagnostics probe development, combustion 
instabilityhoise investigation, and catalytic 
combustion component development. In 
addition, several dry ultra low NOx 
combustor development programs are in 
progress. 

Flow Visualization. Air flows inside the 
combustor cylinder and into the combustor 
baskets are very complicated. These flows 
have a significant effect on the losses, and 
hence on engine performance, and on the flow 
distribution inside the combustor baskets and 
hence on the combustion processes. The 
latter effect is especially critical in the dry 
ultra low NOx lean-premix combustors, 
which rely on the correct heVair ratios within 
a very narrow tolerance band, for low NOx 
production and operational flame stability. 
Flow tests are being carried out on plastic 
models of the ultra low NOx baskets in the 
single-can rig and the sector rig at 
Westinghouse Casselberry Labs. Flow 
visualization, detail flow mapping tests and 
effective flow area measurements are being 
performed. Hot wire anemometry, as well as 
other conventional measurement techniques, 
are employed. 

Combustion Cylinder Flow Mapping. 
Flow mapping and flow visualization tests are 
in progress on a half-scale plastic model of a 
combustion cylinder at Clemson University. 
Higher order effects inside the combustor are 
being investigated. Detailed measurements of 
pressures, velocities and flow angles inside 
the combustion cylinder, and especially 
around the combustor baskets, are being 



obtained. Included in this investigation is the 
effect of struts, cooling air return pipes, top- 
hat length increase and cooling air extraction. 
In addition to studying and optimizing the 
flow around the combustor baskets, the 
objectives of these tests are to optimize the 
performance of the compressor exit diffuser, 
reduce the diffuser exit dump loss, and hence 
improve the ATS engine performance. In 
support of the experimental program, a CFD 
analysis of the combustion cylinder flow field 
was carried out. 

Optical Diagnostics Probe 
Development. Optical diagnostics allow 
measurement of pertinent parameters, such as 
the composition and concentration of 
combustion products, in addition to velocities 
and flow angles, without disturbing the main 
flow. A laser-induced fluorescence fibre optic 
probe is being developed. Probe evaluation at 
high pressures and temperatures is in 
progress. This probe will be a very useful 
tool in enhancing combustion development 
productivity. It will be used in cold flow and 
fired tests. 

Combustion Instability Investigation. 
Lean-premix combustion system will be 
employed to achieve the NOx emissions 
goals. The lean combustion with its inherent 
flame instability results in more combustion 
generated noise and hence in vibration 
problems in the combustion system as well as 
in the downstream components. A program to 
develop the theoretical background for 
combustion instabilities, to carry out 
experiments to aid in the understanding of the 
problem, develop a generalized analysis 
procedure, and to develop stability criteria is 
under way. 

An active noise control system is being 
developed to eliminate combustion 
instabilities. It consists of a sensor to detect 
the combustion instabilities, signal processor, 
feedback algorithm generator and a fuel 
modulation valve and controller. 

Ultra Low NOx and Catalytic 
Combustion Development. Westinghouse is 
developing several ultra low NOx combustors 
(Foss et. al., 1994). The ATS combustor will 
be based on the most successful candidate. 
Catalytic combustion will play an important 
role in achieving ultra low NOx emissions at 
the ATS engine firing temperature. The 
catalyst allows ultra lean-premix combustion 
without flame instability and flame outs. 
Therefore, NOx production is restricted to low 
single digits at ATS firing temperature with 
stable operation. Development is in progress 
to gain theoretical understanding of catalytic 
combustion, to design a catalytic combustion 
system using the "clean sheet approach" and 
to develop a practical catalytic combustor. 
Catalyst coated pilot has been tested in an 
ultra low NOx combustor with excellent 
results. A catalytic combustor with exhaust 
gas recirculation to preheat the catalyst to the 
required temperature is being designed. 

Cooling 

Closed-Loop Steam Cooling. The one 
new concept that will result in the greatest 
increase in the ATS plant cycle efficiency is 
closed-loop steam cooling. There are several 
challenges to a successful closed-loop steam 
cooling system. These include maintaining 
airfoil surface metal temperatures without 
outside film cooling, limiting wall 
temperature gradients, preventing corrosion 
and fouling of internal components over long 
periods of time, bringing coolant to and out of 



iotating components, leakage control, and 
cold start before steam from the downstream 
HRSG is available. 

The major contributor to plant efficiency 
increase with closed-loop steam cooling is the 
elimination of cooling air injection into the 
turbine flow path. This results in an increase 
in gas temperature downstream of the first 
stage vane and hence an increase in gas 
energy level during the expansion process. A 
secondary contributor is the elimination of 
mixing losses associated with cooling air 
ejection. The combination of these effects 
results in a significant increase in ATS plant 
efficiency. In addition, NOx emissions will 
decrease because more air is available for the 
lean-premix combustor at the same burner 
outlet temperature. Achieving acceptable 
blade metal temperatures in a closed-loop 
cooling design is a challenge due to the 
absence of cooling air film to shield the 
turbine airfoil and shroud wall, and no 
shower-head or trailing edge ejection to 
provide enhanced cooling in the critical 
leading and trailing edge regions. To produce 
an optimized closed-loop cooling design, the 
following approaches are utilized: (1) airfoil 
aerodynamic design tailored to provide 
minimum gas side heat transfer coefficients, 
(2) minimum coolant inlet temperature, (3) 
thermal barrier coating applied on airfoil and 
end wall surfaces to reduce heat input, (4) 
maximized cold side surface area, ( 5 )  
turbulators to enhance cold side heat transfer 
coefficients, and (6) minimum outside wall 
thicknesses to reduce wall temperature 
gradients and hence the internal heat transfer 
coefficients required to cool the airfoil. 

Preliminary investigation was carried out 
on the following turbine airfoil closed-loop 
cooling concepts: thin wall shell/spar, thin 

wall casting, and peripheral spanwise cooling 
hole. More detailed calculations will be 
carried out to select the final ATS airfoil 
cooling design. 

Shroud Cooling. The airfoil end walls or 
shrouds present a cooling challenge. The 
combination of flat burner outlet temperature 
profiles and uncertainty in the end wall heat 
transfer coefficients make it difficult to arrive 
at an optimized shroud cooling design 
analytically. To address this issue, plastic 
model tests are in progress to optimize first 
stage turbine vane shroud film cooling design. 
The thermochromic liquid crystal technique is 
being used to measure the surface 
temperatures and hence the heat transfer 
coefficients. 

Serpentine Channel Cooling. To 
maintain low blade metal temperatures, 
complicated multipass serpentine cooling 
schemes are being developed. Plastic model 
tests are being conducted to verify and 
optimize the design prior to incorporation into 
the engine. Two models are being tested: one 
model simulating the multipass mid chord 
region of the blade and the second model 
representing the trailing edge portion of the 
blade. Tests are being carried out at different 
cooling air flow rates. The internal heat 
transfer coefficients and pressure losses are 
being measured. Tests on the trailing edge 
model have been completed, and testing on 
the mid chord model is in progress. 

Integral Shroud Cooling. Turbine 
blades in the rear stages are designed with an 
inqegral interlocked tip shroud to enhance 
performance and to improve mechanical 
integrity by providing vibration damping. 
Metal temperatures and stress levels on these 
blades may necessitate cooling not only the 
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airfoil, but also the tip shroud. A new 
approach is required in the cooling design, 
casting, and machining to cool the shrouds 
with cooling air, which will heat up through 
the blade before reaching the tip shroud. To 
effectively cool the tip shroud, alternative 
cooling schemes and manufacturing processes 
were investigated. An optimized shroud 
cooling design was developed. This cooling 
concept consists of a cast cavity in the bottom 
portion of the blade and a mid chord radial 
hole to supply tip shroud cooling air. The 
velocities and internal heat transfer 
coefficients in this hole are low. Therefore, 
the cooling air heat pick-up is minimized 
before the cooling air enters the cooling holes 
machined in the shroud. 

Aerodynamics 

High Efficiency Compressor. High 
efficiency compressor design is being 
developed for the ATS engine. The ATS 
compressor design philosophy is based on that 
used for the advanced 50 1 G compressor. The 
aerodynamic design uses 3-D viscous codes, 
reduced number of stages, controlled 
diffusion airfoil design, reduced airfoil 
thicknesses and advanced sealing. An 
optimization study was carried out to optimize 
each stage efficiency individually so as to 
maximize the eEciency for the design 
pressure ratio with the minimum number of 
stages. Compressor performance at off- 
design conditions was investigated to ensure 
adequate surge margin over the entire 
operating range. Blade and stator profile 
definition is in aerodynamic/mechanical 
design iteration. All airfoils are custom 
shaped using controlled difision design 
process. The design objective is to satisfl all 
mechanical constraints with minimum airfoil 
thickness so as to optimize efficiency. 

Leakage Control 

Active Blade Tip Clearance Control. 
Turbine blade tip clearance has a significant 
effect on the performance of highly loaded 
front stages. For each one percent tip 
clearance increase (based on blade height), the 
stage efficiency may decrease by up to 2 
percent. Even if the initial cold blade tip 
clearances are set at minimum values, during 
transients, such as rapid starts and emergency 
shutdowns, the blade tips are ground off. This 
results in increased hot running blade tip 
clearances, which get progressively worse 
with time. To optimize turbine efficiency, an 
active tip clearance control system is being 
developed. The objective of such a scheme is 
to maintain large tip clearances on start-up 
and to reduce them to minimum acceptable 
values when the engine has reached steady 
state operating condition. A conceptual 
design of an active tip clearance control 
system is in progress. 

Brush Seals. To reduce air leakage, as 
well as hot gas ingestion into turbine disc 
cavities, brush seals, which have the potential 
to reduce leakage by up to 90%, will be 
incorporated in appropriate locations in the 
turbine and compressor. This will enhance 
engine efficiency as well as mechanical 
integrity of the turbine components. To 
incorporate an effective, reliable, and long- 
lasting brush seal system into a heavy-duty 
industrial gas turbine, a development program 
was initiated. Preliminary investigation was 
carried out to evaluate the benefits, potential 
seal locations, and validation testing required 
to apply brush seals to industrial gas turbine 
engines. Conceptual seal design at one engine 
location was carried out. Tribopair tests were 
carried out on five different bristle alloys, two 
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rotor materials, and two rotor surface finishes 
to determine which tribopair results in 
minimum wear. The optimum tribopair was 
selected for seal leakage testing. 

Coatings 

TBC Field Testing. Ceramic thermal 
barrier coatings (TBC) are important to the 
success of the ATS program. TBC low 
thermal conductivity effectively insulates the 
metal substrate and provides approximately 
11 to 14°C (20 to 25°F) metal temperature 
reduction per .025 mm (.001 in.) coating 
thickness. While TBC’s have been used 
widely on stationary components, use on 
rotating components has been limited. Field 
testing of coated blades must be carried out to 
determine comparative coating longevity and 
effectiveness of air plasma spray (APS) and 
physical vapor deposition (PVD) thermal 
barrier coatings. Three batches of first stage 
turbine blades coated with APS TBC, PVD 
TBC, and with only the metallic coating were 
installed in an operating engine. At the next 
engine inspection, these blades will be 
removed and the coating performance will be 
evaluated. 

Advanced Coating Development. The 
ATS engine turbine component coatings must 
be capable of operation for 24,000 hours. To 
ensure this, a program is in progress to 
develop an advanced bond coat/TBC system. 
Different bond coats are being evaluated 
under accelerated oxidation test conditions. 
New ceramic candidate materials are also 
undergoing testing. The objective of this 
program is to combine the optimum bond coat 
with the best performing TBC to provide a 
coating system with maximum service life at 
the ATS operating conditions. 

Materials 

Single Crystal Blade Development. To 
enhance performance and reliability, single 
crystal blades will be incorporated in the ATS 
engine. A casting development program was 
carried out to demonstrate castability of large 
industrial turbine blades in CMSX-4 material. 
Existing 501F engine tooling was used to cast 
single crystal blades. The castings were 
evaluated by grain etching, selected NDE 
methods and dimensional inspection methods 
to determine their metallurgical acceptability. 
After several trials, excellent results were 
obtained on a solid and a cored stage 3 
shrouded blade. These results demonstrate 
that large single crystal blades are castable in 
CMSX-4 alloy, although M e r  process 
development is still needed to improve the 
yield. 

A development program is in progress to 
generate single crystal materials data for ATS 
turbine blade design. The program objectives 
are: (1) to optimize post-cast heat treatment, 
(2) to generate tensile, creep, and fatigue test 
data, and (3) to generate single crystal 
material design curves. 

Ceramic Components. Ceramic 
components have potential for reducing 
cooling requirements, enhancing engine 
performance and improving turbine 
component reliability. Investigations are 
being carried out into the applicability of 
ceramic components, such as combustors, 
transitions, and ring segments into large 
industrial gas turbines. A conceptual design 
of turbine ring segments using ceramic matrix 
composite material is in progress. 

10 
- 



Future Activities References 

The Phase 2 technology development 
efforts have progressed sufficiently to 
demonstrate that the ATS program goals are 
obtainable in the 5-year time frame. The 
Phase 2 technology developments currently 
under way and those planned for Phase 3 
should resolve the identified technical barrier 
issues, so that the performance, emissions, 
and RAM objectives may be achieved. A 
concerted combustion development effort will 
be carried out to provide the ATS engine with 
an environmentally benign combustion 
system limiting NOx emissions to single 
digits while achieving stable, reliable, long 
service life operation. The cooling program 
will lead to optimized cooling designs which 
should result in enhanced performance, 
mechanical integrity, and reliability. The 
advanced coating systems and materials 
development programs will make a significant 
contribution to enhanced turbine component 
reliability as well as increased performance. 
The aerodynamics and advanced sealing 
developments are intended to ensure that the 
ATS program performance goal of greater 
than 60% net plant efficiency would be 
achieved with a substantial margin. 
Significant tehcnological advancements have 
already been achieved in Phase 2. The 
technology development programs planned 
for Phase 3 will build upon these successes 
and advance the gas turbine state-of-the-art 
thus making a major contribution to the 
success of the ATS Program. 
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