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QUARTERLY STATUS REPORT 

CONTRACT TITLE AND NUMBER. 

CONTRACTOR’S NAME: 

CONTRACT PERIOD: 

Date: January4,1995 

Reporting Period: August-October, 1995 
Report No. TPR-09 

Advanced Turbine Systems Program -- 
Conceptual Design and Product 
Development DE-AC2 1 -93MC30247 

Westinghouse Electric Corporation 
Power Generation Business Unit 
4400 Alafaya Trail 
Orlando, FL 32826-2399 

August 5, 1993 to July 5, 1996 

1.0 SELECTION OF NATURAL GAS-FIRED ADVANCED TURBINE SYSTEMS 
(GFATS) 

Task completed. 

2.0 SELECTION OF COAL-FIRED ADVANCED TURBINE SYSTEMS (CFATS) 

Task completed. 

3.0 MARKETSTUDY 

The initial market study results were reviewed. Final market study report will be completed in 
January, 1996. 
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4.0 SYSTEM DEFINITION AND ANALYSIS 

This task was completed. Topical report on ATS engine and plant conceptual designs will be 
written. 

5.0 DESIGN AND TEST OF CRITICAL COMPONENTS 

Effects of Blade Cooling Alternatives 

This task was completed. The final report has been completed and reviewed. 

Last Row Turbine Blade Development 

The objective of this program is to develop an optimized last stage turbine blade design which 
will result in acceptable mechanical reliability and enhanced engine performance. The design of 
the last stage blade with an interlocked tip shroud and a part span snubber was completed (see 
Figure 1). Although this blade met all the design requirements, casting trials revealed transverse 
columnar grains near the hub section leading and trailing edges. To resolve this problem the 
lower 15% of the airfoil was redesigned with increased thickness. Analysis results showed that 
the effect of increased thickness on blade frequencies and stresses was acceptable. Casting trials 
on the modified blade are in progress. 

Blade vibration monitor @VM) system is being developed to allow unobtrusive blade vibration 
measurement under actual gas turbine engine operating conditions. The data obtained from the 
BVM is used to calculate and monitor the frequency and response of an entire row of blades. 
Initial testing of the BVM system was carried out using two probes to measure nonsynchronous 
vibration of Stage 4 blades. Now a 16-probe system is being used to measure synchronous and 
nonsynchronous response. The vibration pickup probes were acquired and installed in an engine. 
Preliminary tests were carried out to verify stage 4 blade vibration characteristics under various 
operating conditions. Test results showed low amplitudes of synchronous vibration for all test 
conditions. A second BVM test was carried out in August using the 16-probe system. 

Dummy probes have been designed and are being manufactured for installation into the engine. 
This engine contains the 2-probe Nonsynchronous system which will be removed during the 
upcoming outage. Prior to removal of the 2-optic sensors some data will be taken to determine 
how the system has held-up since its installation. The goal is to evaluate the system and 
determine if any changes are needed for future 2-probe or 16-probe systems. 

Single Crystal Blade Casting Development 

The castability study of CMSX-4 alloy for large single crystal gas turbine blades was completed. 
A report prepared by Howmet Hampton was completed and reviewed. This task is completed. 
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Ceramic Materials Development 

A draft of design criteria for the DuPont Lanxide CMC was issued for use by design engineers. 
Guidelines for 501D5 ring segment retrofit design have been established. An alternate design of 
the ring segment for 50 lD5 engine retrofit has been identified. This design reduces the thermal 
stresses compared to the original design. The new design is in conceptual stage and will be 
finalized. A plan has been identified to expose the ceramic matrix composite (CMC) in the Hot 
Gas Filter test facility at Pittsburgh to determine the environmental impact of CT atmosphere. 
NDE vendors have been identified for thermographic and radiographic examination of the CMC 
test coupons. Arrangements are in progress with ORNL for testing ceramic test coupons at their 
High Temperature Materials Laboratory. 

Combustion Cvlinder Flow Mapping 

Static pressure measurements of the modified baseline have been completed. The velocity 
profile measurements were completed after considerable delays due to the five hole probe 
damage and blockage. The modified baseline test results have been analyzed. Velocity profile 
measurements for the 5% air extraction case were completed and the test results are being 
analyzed. Velocity profile measurement for the 20% air extraction case are underway. 

The longer top hat manufacture was completed. They will be installed in the test model after 
completion of the air extraction tests. 

CFD .results are being reviewed (see Figure 2) and compared with the experimental baseline 
results. CFD calculations for the longer top hat case are underway. 

Drafts for two technical papers for the ASME Turbo Expo ‘96 have been completed. 

Shroud Film Cooling 

The objective of this program is to optimize the turbine stator film cooling design by carrying out 
a series of tests on a first stage stator plastic model. The test data acquisition software was found 
to be inadequate. A new compiler did not remedy the situation. It was decided to resolve this by 
converting from coding in BASIC to FORTRAN. This conversion was completed. 

Directionallv Solidified Blade Development 

This program was redirected to generating material design property data for DS blade alloys such 
as CM247 and MARM002. These design data are required to facilitate DS casting technology 
implementation into large industrial gas turbines. The new program plan includes: (1) 
determining the effects of chemistry and withdrawal rates on large DS blade castability, and (2) 
generating long-term creep properties for developing design curves. 
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Long-term Creep Rupture testing of 247 type alloys (CM-247 and Mar M082) in conventionally 
cast (CC) and directionally solidified ( D S )  conditions is in progress. The status is as follows: 

1. One CC247 test specimen has exceeded 13500 hours. 
2. DS247 specimen has been on test for 5000 hours. 
3. DS Mar MOO2 specimen has been on test for 6000 hours. 

High Cycle Fatigue (HCF) tests on DS Mar MOO2 specimens were completed. Specimens are 
being machined for evaluating the effects of coating on HCF strength. Mar MOO2 CC test bars 
were procured for LCF and HCF testing. LCF specimens will be tested at 1400°F and 1600°F. 
1000 hour oxidation tests on CM247 LC at 1750°F and 1850°F were performed. The 
metallographic examination of specimens was completed, and the results are being analyzed. 

Shrouded Blade Cooling 

Task completed. 

Closed-Loop Steam Cooling 

Chordwise cooling channel (Figure 3) and spanwise cooling hole (Figure 4) cooling designs are 
in progress. The chordwise cooling channel concept has the advantage over the spanwise cooling 
hole design because it does not require as much compromise in the airfoil aerodynamic design. 
A parametric study was completed on the effect of coolant inlet pressure on spanwise hole cooled 
first stage vane coolant flow, heat load and trailing edge thickness. 

Active Tip Clearance Control 

As an initial effort in the ATS Phase 2 active tip clearance control system development task, 
available ceramic abradable coatings are being investigated and then applied in an engine 
demonstration test. These coatings are of the order of 0.050 in. thick. They provide: (1) thermal 
insulation for the mating, stationary ring segment to minimize required cooling air flow, and (2) 
a surface for the rotating blade tips to rub against without excessive wear. Initially, no special 
treatment of the blade tips will be used. Such coatings have been under development for over 15 
years by aero gas turbine engine manufacturers and their vendors. They are used in several 
production aero engines. The purpose of this project is to demonstrate that ceramic abradable 
coatings can be successfully applied in an industrial gas turbine engine. 

Flow Visualization Tests 

Effective flow area measurements were carried out on the multi-nozzle combustor. The purpose 
of the effective flow area measurement was to determine the correct air flow splits between the 
pilot and the main nozzles, so that with appropriately metered fuel flows the correct fuel/air ratio 
will be obtained in the lean premix, low NOx combustor. The test results demonstrated that the 
correct effective flow areas were achieved in the multi-nozzle test combustor. 
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Combustion Noise Investigation 

Very lean premix combustion will have to be employed to achieve ultra-low NOx emission in the 
ATS engine. This may result in flame instability, combustion generated noise and high vibratory 
stresses in the combustion system components as well as the downstream turbine airfoils. The 
objective of this program is to extend the stability range for lower emissions. To achieve this 
objective an active noise control system is being developed in collaboration with Dr. Ben Zinn of 
Georgia Tech (see Figure 5). 

An informal desigdsafety review was conducted on the sub-scale combustion stabilization test 
section, and a small number of resultant design changes were implemented in the detail 
drawings. The internal components of the sub-scale combustion stabilization test section have 
been fabricated and trial fitted, and thermocouples and other sensors are now being installed. All 
required off-the-shelf components have been purchased, and the gas line to the test section for 
the pilot fuel flow control system has been installed. The formal safety review on the entire test 
system was completed with resultant recommendations for only procedural changes. 

A Zr0,-coated, air-cooled thermal barrier has been added to preclude erosion of the flame holder 
of the sub-scale combustion stabilization test section. Assembly of the instrumented test section 
is essentially complete, and the fabricated supply-air piping sections have been received. A 
catalytic combustion test section is scheduled for removal from the STC high-pressure, 
'preheated-air test facility in November, to be directly followed by installation of the combustion 
stabilization test section. The test section having been designed with intentional instabilities, the 
initial round of tests will be conducted to establish those combinations of operating parameters at 
which the combustion is unstable. 

The design modifications to the existing fuel injector for the sub-scale combustion section and 
the design of hardware housing the control system electronics continued. 

TBC Field Testing 

The application of uniform and durable TBC on the turbine airfoil and end-wall surfaces is 
critical to the design of closed-loop cooling systems. Without the protection provided by the 
cooling air film in the current cooling designs, the thermal barrier provided by TBC will be very 
important in maintaining low surface metal temperatures in the ATS engine without requiring 
high internal heat transfer coefficients. The results of the TBC field test program will provide 
information on the longevity and effectiveness of the different coating systems. 

Twelve 501D5 first stage coated turbine blades were installed in an engine for long term field 
tests. Four blades were coated with physical vapor deposited (PVD) thermal barrier coating, four 
with air plasma sprayed (APS) TBC, and four blades with metallic coating only. Inspection of 
these blades is expected in mid-1996 or mid-1997. 
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Procurement of eight 501F first stage turbine blades was initiated. These blades will be coated 
with TBC (four by APS and four by PVD) and installed in a customer unit fred at 23OOeF. Field 
testing of these blades will provide data that is more relevant to ATS operating conditions. 

Catalvtic Combustion Development 

Catalytic combustion development is being carried out in collaboration with Precision 
Combustion Incorporated to ensure that single digit NOx emissions and stable operation are 
achieved in the ATS engine. 

Based on good agreement of the 2-D model results with the multi-nozzle 3-D catalytic pilot run 
at ATS conditions, the 2-D model approach is being extended to model the MCSSB and 
EGWATCCDCP combustors. The catalytic combustor (EGWATCCDCP) concept was 
redesigned for three stage operation instead of two stage operation to improve engine 
acceleration and mid-load emissions based on engine test results. Fifty percent of the inlet gas 
would be heated by EGR to 600°C above 50% load to provide single digit emissions. A 
sensitivity study was conducted to produce a configuration reasonably flexible for future engine 
growth. 

Two and three-dimensional Fluent CFD modeling of two EGR concepts have been completed. 
The computational and combustor venturi geometries are the same, however, the complex 
combustor swirler geometry was not modeled. Overall the 6" conical diffuser was predicted to 
do better than the elliptical diffuser design for both static pressure loss and mass of combustor 
gas recirculated. Static pressure losses were about one third less for the conical diffuser design. 

Two EGR designs were provided for construction of the appropriate plastic model additions to 
the existing multi-swirl flow rig for atmospheric rig testing. The atmospheric test data will 
provide valuable source of data for CFD model validation. 

Optical Diagnostics Probe Development 

The portability of the fiber-optic probe has been substantially improved as the result of replacing 
the conventional NdYAG laser with a so-called mini-YAG and replacing the desk-top PC data 
acquisition system with a lap-top PC-based system. This will greatly simplifl the use of the 
probe in the field. 

Preparations continued for the upcoming cold-flow tests in Orlando. A list of tasks which need 
to be completed in preparation for the tests at Casselberry has been provided. Probe calibration 
tests in the high pressure, high temperature flow system have been completed, and the 
measurements in a turbulent jet have been started. 
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Sementine Channel Cooling Tests 

Flow calibration testing mid circuit model has been completed. The turbulators have been added 
to the tip return bend and Styrofoam insulation has been installed. 

Initial tests of the mid circuit model revealed joint gaps at the inner walls. This would result in 
leakages between passages. The gaps will be sealed using gaskets plus RTV. 

Brush Seal DeveloDment 

The ATS Phase 2 brush seal development effort consists of: (1) a preliminary investigation to 
look at the benefits, potential locations, and validation required in applying rush seals to 
industrial gas turbine engines, and (2) a focused development effort for one selected engine 
location, the turbine interstage. EG&G Sealol, Warwick, RJ, is the seal vendor selected to 
support the latter development work. The vendor effort includes: a concept study tribology 
testing, fabrication of rig hardware, and rig testing of candidate brush seals. 

Dr. R. Chupp visited EG&G Sealol to review all aspects of the brush seal program. Final 
designs for the subscale test seals were chosen and a rig test plan was established. 

A formal project review with EG&G was held at Westinghouse with all aspects of the project 
discussed including results of the completed tribopair testing. Recommendations from the 
review will be incorporated into the Phase 2 testing and subsequent development phases. 
Fabrication continued of the subscale test seals, test rotors, and rig adaptive hardware. Details of 
the testing were defmed. 

The tribopair testing was completed and a draft of a report on the tribology evaluation was 
written. Fabrication continued of the subscale test seals, test rotors, and rig adaptive hardware. 

High EEciencv Compressor Design 

The ATS compressor design philosophy will be based on that used for the advanced 501G 
compressor, but with additional enhancements. The 501G compressor is a new aerodynamic 
design using controlled diffusion airfoils (CDA), reduced number of stages, and reduced airfoil 
thickness. An optimization study conducted on the 501G compressor showed that 16 
individually optimized stages will maximize efficiency for the 19: 1 pressure ratio design. 
Continuing the gas path and stage optimization procedure downstream on an additional three 
stages will result in the 25: 1 pressure ratio ATS design. 

High efficiency compressor design is continuing. The inlet strut profile was defined. The profile 
loss was reduced by reducing the strut thickness. Analysis of the new strut definition found it to 
be acceptable from both stress and casting considerations. The inlet guide vane shape was 
changed to achieve required frequencies, exit flow angle and good aerodynamic performance. 
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Rotating and stationary airfoil definition for the first six stages is in the process of 
aero/mechanical iteration. The objective is to satisfy all mechanical constraints without 
excessive airfoil thickness so as to optimize efficiency. All airfoils will be custom shaped using 
controlled difision design process. To maximize efficiency a new “modified parabolic” shape 
was defined to minimize losses and maximize incidence tolerance at loadings and Mach numbers 
common to stages 2 through 16. This basic shape will be cloned throughout the compressor. 

Minimum airfoil leading and trailing edge diameters were established to ensure mechanical 
integrity of the new compressor. These radii were incorporated into all airfoils. 

A complete review of axial gaps in the compressor gas path and between the blade roots and 
diaphragm inner shrouds is being conducted taking into consideration the forcing function, surge 
deflection, stackups, manufacturing tolerances and thermal growths. Any required adjustments 
arising from the review will be incorporated into the airfoil design. Calculation of hot running 
radial clearances on air compressor stages is proceeding. The outlet guide vanes and compressor 
exit flow path dimensions were defined. 

Advanced Air Sealing Development 

The advanced air sealing development task expands the application of brush seals in Tasks 8.23 
and 8.24 to a second location in the ATS combustion turbine engine. The turbine rim is the 
second location. EG&G Sealol, Warwick, RI, is the seal vendor chosen to support the 
development work. The vendor effort includes: an initial feasibility test, tribology testing, 
fabrication of rig hardware, and rig testing of candidate brush seals. 

EG&G Sealol has initiated detailed planning for this task so that the efforts are coordinated with . 
the current Tasks 8.24 and the proposed ATS Phase 3 seal development. 

Advanced Coatinn Development 

Key to the successful operation of the ATS engine is ceramic thermal barrier coatings (TBC) 
which must be capable of operation for 24,000 hours on hot section components. The low 
thermal conductivity of TBC’s allows the metal surface temperature of blades and vanes to be 
effectively reduced to improve life by limiting metal-oxide scale growth. Two methods of TBC 
application includes air plasma spray (APS) and electron-beam physical vapor deposition (EB- 
PVD). Each of these TBC application methods produce as-deposited structures with differing 
properties such as strain tolerance and thermal conductivity. In this program, the optimum bond 
coat will be combined with the best performing TBC to maximize these properties and hence, its 
ATS performance. 

Bond coat development continued. Specimens were tested under accelerated oxidation test 
conditions. RT 122 + Pt system had superior performance to all other APS bond coat candidate 
materials. Several EB-PVD candidates are undergoing accelerated oxidation tests. The test 
matrix for optimizing RT 122 + Pt system on alternate substrates is being generated. The bond 
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coat surface finish task was initiated. Tests at 1850°F have been run for 3500 hours with no 
failures. Comparison of a number.of samples from the 2100°F and 1850°F exposure conditions 
using SEM and metallurgical analysis indicates that the accelerated testing will be a valid 
indicator of failure modes for nominal condition (1 850°F) tests. Additional bond coat 
chemistries are being identified for testing. 

New ceramic candidate materials are being evaluated. Development of alternate stabilizers 
continued. Scandia stabilized zirconia at 1850°F exposure conditions have been tested for 2200 
hours without any failures. 

Single Crvstal Blade DeveloDment 

The objective of this 12 month program is to generate single crystal (SC) materials data for ATS 
turbine blade design. Detailed plan for heat treatment study of CMSX-4 has been fiialized. 
Three 501FA row 1 and three row 3 blades obtained from previous Phase 2 casting trials with 
single crystal CMSX-4 alloys have been shipped to Westinghouse STC for the heat treatment 
study. These blades have been sectioned for metallographic examination in the as-cast condition. 
Metallographic analysis is in progress to determine dendrite arm spacing, % porosity, % eutectic, 
alloy segregation and y’ morphology. The solution heat treatment of blade specimens has been 
delayed because of the need to install a program logic controller to handle the complex heat 
treatment cycles in an inert atmosphere furnace. The installation of the controller is expected to 
be completed early next month. 

CMSX-4 SC test slabs with three different thicknesses were cast at Howmet Hampton. Three 
pieces of 5”x8”~5/8” thick slabs were successfully cast and delivered. Their microstructure will 
be evaluated and compared with that of the blades. 

A data matrix for material property testing has been determined after a review of CMSX-4 
property data from available literature (for small blades) and evaluation of possible ATS blade 
design conditions. 

Ni-Based Disc Forging DeveloDment 

The emphasis of this program was redirected to select a high temperature disc and shaft material, 
develop and qualify forging processes and provide design data for the ATS turbine rotor. The 
program plan and schedule was finalized. Preliminary discussions were held with four candidate 
suppliers. One supplier, ALCOA Forged Products, has offered a piece of disc forging for testing 
and evaluation. 

The disc material requirements were identified and documented. A review of various potential 
disc materials were made to provide assurance that the Inconel 706 was the best candidate 
material. A visit was made to ALCOA Forged Products in Cleveland, Ohio to discuss the 
program and material requirements. A sectioning plan was developed for the ALCOA piece. 
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Steam Cooling Effects on Materials 

In the proposed study, steam chemistry model will be developed to predict types and 
concentrations of impurities along the turbine gas path to identify the critical stage(s). Then 
laboratory hot corrosion tests will be conducted on turbine blade and vane alloys in the coated 
and uncoated conditions at atmospheric pressure for a) an aggressive (1 OOX impurity levels 
predicted by solubility model), and b) mild environments (1 0-50X impurity levels predicted by 
solubility model). The effects of steam with contaminants on high cycle fatigue (HCF) 
properties of blade alloys will be determined and the design curves will then be established. 

Design conditions for closed-loop steam cooling were obtained. Test IN-939 test slabs were 
procured. Investigating appropriate test facilities for performing tests in steam at elevated 
temperatures and pressures. Contacted ORL and Southwest Research Institute, and 
Westinghouse-STC. Proposals from ORL and SRI are being reviewed. NIST was subcontracted 
to determine the solubility of impurities as a function of temperature and pressures. 

PLANS FOR TEE NEXT REPORTING PERIOD 

- Task 

5.0 

6.0 

8.3/8.13 

8.5 

8.7 

8.8 

8.10 

8.1 1 

8.12 

8.17 

8.18 
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Complete the final report on the ATS Market Study. 

Produce topical report on the ATS engine and plant conceptual designs. 

Continue last stage turbine blade and BVM system development. 

This task was completed. 

Develop design concepts for the proposed CFCC ring segment design and select 
the optimum design. 

Complete cooling air extraction tests. 

Complete model tests at Dynalysis. 

Generate material property data for CM247 and MOO2 DS materials. 

This task has been completed. 

Start active noise control concept verification testing. 

Install 501F coated blades in host engine for field testing. 
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8.19. 

8.20 

8.22 

8.23/8.24 Continue brush seal development. 

8.25 Design high efficiency compressor. 

8.29 

8.30 

8.32 

8.33 

8.37 

8.38 

Continue conceptual exploration on catalytic combustion technology. 

Continue optical diagnostics probe development. 

Start tests on the mid circuit cooling circuit model at NASA Lewis. 

Continue advanced air sealing development. 

Develop advanced coating system for ATS engine. 

Develop technology for ceramic components. 

Generate single crystal materials data. 

Develop for Ni-based discs forgings for the ATS turbine rotor. 

Develop steam chemistry model to predict types and concentrations of impurities. 

Ronald L. Bannister 
Program Manager 

Attachments: 
List of Acronyms and Abbreviations 
Figure 1 - Row 4 Blade 
Figure 2 - Combustor Cylinder Velocity Distribution 
Figure 3 - Chordwise Cooling Configuration 
Figure 4 - Spanwise Cooling Hole Concept 
Figure 5 - Active Noise Control Loop 
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LIST OF ACRONYMS AND ABBREVIATIONS 

APS 
ASME 
ATCC 
ATS 
BVM 
cc 
CDA 
CFATS 
CFCC 
CFD 
CM247 
CMC 

CT 
DS 

EGR 
GFATS 
HCF 
ICP 
LC 
LCF 
MARMOO2 
MCSSB 
NdYAG 
NDE 
Ni 
NIST 
NOx 
ORNL 
PC 
PVD 
RT 122 +Pt 
sc 
SEM 
SRI 
STC 
TBC 
Zr02 

CMSX-4 

EB-PVD 

air plasma spray 
American Society of Mechanical Engineering 
advanced technology catalytic combustor 
Advanced Turbine Systems 
blade vibration monitor 
conventionally cast 
controlled diffusion airfoils 
Coal-Fired Advanced Turbine Systems 
continuous fiber ceramic composites 
computational fluid dynamics 
Ni-based blade alloy 
ceramic matrix composite 
single crystal alloy (by Cannon-Muskegon) 
combustion turbine 
directionally solidified 
electron-beam physical vapor deposition 
exhaust gas recirculation 
Gas-Fired Advanced Turbine Systems 
high cycle fatigue 
integrated catalytic pilot 
low carbon 
low cycle fatigue 
Ni-based blade alloy 
multiple catalytic swirl stabilized burner 
neodymium, yttrium, aluminum, garnet 
non-destructive examination 
nickel 
National Institute of Standards &d Technology 
nitrous oxides 
Oakridge National Laboratory 
personal computer 
physical vapor deposition 
diffusion coating with platinum overlay 
single crystal 
scanning electron microscope ' 
Southwest Research Institute 
Science and Technology Center 
thermal barrier coatings 
zirconium oxide 
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Figure 3. Chordwise Cooling Configuration 



Figure 4. Spanwise Cooling Hole Concept 
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